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Preface 

Geoscience is the scientific field of science covering all related disciplines dealing with 
Earth and its systems. The scientific field includes geology, physical geography, 
geophysics, geodesy, soil science, oceanography, hydrology, glaciology and 
atmospheric sciences. New Achievements in Geoscience is a comprehensive, up-to-
date resource for academic researchers in geophysics, environmental science, earth 
science, natural resource managements and their related support fields. This book 
attempts to highlight issues dealing with geophysical and earth sciences. It describes 
the research carried out by world-class scientists in the fields of geoscience. 

The content of the book includes selected chapters covering seismic interpretation, 
potential field data interpretation and several chapters on earth science. It also includs 
an introductory chapter on new techniques for potential field data interpretation. This 
book also includes a few chapters on volcanic activity research. The knowledge and 
skills in regards of Howardite, Eucrite, and Diogenite meteorites (HED) originating in 
deep spalling of Mercury - Implications for composition and differentiation of the 
inner planets also described fully in this book. Finally, I’m sure that this book will 
provide precious opportunities for all the readers or researchers a new stage for earth 
science research for the benefit of the entire population. The direct contributions from 
the authors are sincerely appreciated by the editors, as well as the effort by Ana 
Skalamera for her coordinating to this book. 

Hwee-San Lim 
School of Physics, 

University Sains Malaysia, 
Malaysia 
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Seismic Reflection Contribution  
to the Study of the Jerid Complexe  

Terminal Aquifer (Tunisia) 
Rihab Guellala1*, Mohamed Hédi Inoubli2,   

Lahmaidi Moumni3 and Taher Zouaghi1 
1Laboratoire de Géoressources, CERTE, Pôle Technologique de Borj Cédria, 

2Département des Sciences de la Terre, FST, Université Tunis El Manar, 
3Arrondissement des Ressources en Eaux de Tozeur, 

Tunisia 

1. Introduction  
The North African Sahara is characterized by the immense aquifer system of the «Complexe 
Terminal» (Fig.1) covering 655.000 Km2 of the Algerian- Tunisian-Libyan domain (UNESCO, 
1972c; OSS, 2003). The aquifer thickness is on average 340 m and its reserves are estimated 
of 11.000 109 m3 (Ould Baba Sy, 2005).  

According to Kilan (1931) the term « Continental Terminal » concerns the sandy and clayey 
continental Formations dated Miocene-Pliocene. In 1966, Bel & Demargne highlighted a 
vertical communication between the aquifer contained in these Formations and the Eocene, 
Senonian and Turonian aquifers. Consequently, the Continetal Terminal is redefined as a 
multi-layered aquifer which extends from the Late Cretaceous to the Miocene –Pliocene. 
Frequently, this hydrogeological system is designated by the term «Complexe Terminal» 
proposed by Bel & Cuche in 1969.  

The «Complexe Terminal» aquifer has been exploited since the XIX th century (Jus, 1890). The 
drilled wells provided much information about the aquifer. They encouraged the launching of 
various hydrogeological studies (Cornet, 1964 ; Ricolvi,1970; UNESCO, 1972a ; Mekrazi, 1975 ; 
Ben Salah & Lessi,1978 ; Levassor, 1978; Ben Baccar, 1982 ; Castany , 1982; PNUD, 1983 ; 
ARMINES & ENIT, 1984 ; Pizzi & Sartori, 1984 ; Besbès & Zammouri, 1985 ; Mamou, 1990; 
Zammouri, 1990 ; BRL, 1998; Swezey, 1999 ; Guendouz et al., 2003 ; OSS, 2003 ; Chalbaoui, 
2005 ; Ould Baba Sy, 2005 ; Kamel et al., 2006; Guellala, 2010; Guellala et al., 2011). 

The Jerid area (Fig.2), located in the Southwestern Tunisia is an arid region where the 
pluviometry doesn’t exceed 200 mm/year. The strong needs in water supply for domestic 
needs and irrigation render necessary the exploitation of the underground water reserves. 

The «Complexe terminal» appears as a potential resource able to provide interesting flows. 
However, former geological and hydrogeological studies in this region were not sufficient to 
propose zones and strategies for the exploitation of this resource. Tectonic and sedimentary 
phenomena and their impact on the aquifer functioning had not been elucidated.  
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Fig. 1. Extent of the Complexe Terminal aquifer (OSS, 2003, modified). 

The aim of this study is therefore to precise the deposits structures in the Jerid area in view 
to guarantee a good knowledge of the «Complexe Terminal» geometry and an accurate 
estimation of the relations between the different hydrogeological units.  

Usually, the aquifers prospection is the privileged application of the electrical method 
(Gasmi, 2002 ; Koussoubé et al., 2003; Zouhri et al., 2004; Gouasmia et al., 2006; Asfahani, 
2007; Guellala et al., 2005; 2009a; 2009b; 2010; Tizro et al., 2010). In this study, the 
important depth of the «Complexe Terminal » aquifer (>500 m) incites the use of the 
seismic method associated to the deep wells data (Jaffal et al., 2002; Zouhri et al. ,2003 
;Larroque & Dupuy 2004; Sumanovac, 2006; Saidane et al., 2008 ; Guellala et al, 2008 ; 
2011; Lachaal et al., 2011). 

2. Geological context 
Part of the Maghreb, Tunisia is characterized by two different geological domains: the 
folded and faulted Atlas in the north and the stable saharan platform in the south 
(Caire,1971; Aissaoui, 1984; Addoum, 1995; Jallouli & Mickus, 2000; Bouaziz et al., 2002; 
Gabtni et al., 2005; Frizon de Lamotte, 2006 ; Missenard, 2006 ; Rigane & Gourmelen, 20011 ). 

The Jerid area occupies an intermediate position between these domains. The anticlinal 
structures of Draa Jerid and Sidi Bouhlel, situated between El Gharsa Chott and Jerid Chott 
(Fig.2), constitute the western extent of the Chotts fold belt (Fakraoui, 1990; Zouaghi et al., 
2011), which corresponds to the most southern structures of the Atlassic domain 
(Abdeljaoued,1983; Rabia ,1984 ; Zargouni, 1985; Abbes & Zargouni, 1986; Fakraoui, 1990; 
Ben Ayed, 1993; Boukadi, 1994; Zouari, 1995; Bouaziz, 1995; Bédir, 1995; Hlaiem, 1999; 
Zouaghi et al., 2005; Lazzez et al.,2008). 

The «Complexe Terminal» Formations ranging from Late Cretaceous to Miocene –Pliocene 
in age are largely outcropped in the Jerid area (Fig.3).They are characterized by different 
facies indicating the combined action of continental and marine domains. 
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Fig. 2. Study area setting. 

 
Fig. 3. Geological map of the Jerid area (Fakraoui & Mahjoub, 1995; Mahjoub, 1995;  
Regaya et al., 2001). 



 
New Achievements in Geoscience 

 

2 

 
Fig. 1. Extent of the Complexe Terminal aquifer (OSS, 2003, modified). 

The aim of this study is therefore to precise the deposits structures in the Jerid area in view 
to guarantee a good knowledge of the «Complexe Terminal» geometry and an accurate 
estimation of the relations between the different hydrogeological units.  

Usually, the aquifers prospection is the privileged application of the electrical method 
(Gasmi, 2002 ; Koussoubé et al., 2003; Zouhri et al., 2004; Gouasmia et al., 2006; Asfahani, 
2007; Guellala et al., 2005; 2009a; 2009b; 2010; Tizro et al., 2010). In this study, the 
important depth of the «Complexe Terminal » aquifer (>500 m) incites the use of the 
seismic method associated to the deep wells data (Jaffal et al., 2002; Zouhri et al. ,2003 
;Larroque & Dupuy 2004; Sumanovac, 2006; Saidane et al., 2008 ; Guellala et al, 2008 ; 
2011; Lachaal et al., 2011). 

2. Geological context 
Part of the Maghreb, Tunisia is characterized by two different geological domains: the 
folded and faulted Atlas in the north and the stable saharan platform in the south 
(Caire,1971; Aissaoui, 1984; Addoum, 1995; Jallouli & Mickus, 2000; Bouaziz et al., 2002; 
Gabtni et al., 2005; Frizon de Lamotte, 2006 ; Missenard, 2006 ; Rigane & Gourmelen, 20011 ). 

The Jerid area occupies an intermediate position between these domains. The anticlinal 
structures of Draa Jerid and Sidi Bouhlel, situated between El Gharsa Chott and Jerid Chott 
(Fig.2), constitute the western extent of the Chotts fold belt (Fakraoui, 1990; Zouaghi et al., 
2011), which corresponds to the most southern structures of the Atlassic domain 
(Abdeljaoued,1983; Rabia ,1984 ; Zargouni, 1985; Abbes & Zargouni, 1986; Fakraoui, 1990; 
Ben Ayed, 1993; Boukadi, 1994; Zouari, 1995; Bouaziz, 1995; Bédir, 1995; Hlaiem, 1999; 
Zouaghi et al., 2005; Lazzez et al.,2008). 

The «Complexe Terminal» Formations ranging from Late Cretaceous to Miocene –Pliocene 
in age are largely outcropped in the Jerid area (Fig.3).They are characterized by different 
facies indicating the combined action of continental and marine domains. 

Seismic Reflection Contribution  
to the Study of the Jerid Complexe Terminal Aquifer (Tunisia) 

 

3 

 
Fig. 2. Study area setting. 

 
Fig. 3. Geological map of the Jerid area (Fakraoui & Mahjoub, 1995; Mahjoub, 1995;  
Regaya et al., 2001). 



 
New Achievements in Geoscience 

 

4 

The Late Cretaceous is represented by the lithostratigraphic Formations: Zebbag, Aleg and 
Berda. 

The Zebbag Formation dated Late Albian –Cenomanian –Turonian is recognized from deep 
well data (Fig.3). It is subdivided in three members. The lower member (Late Albian –
Cenomanian), thick on average 150 m, is constituted by dolomites and dolomitic limestones. 
The Middle member (Cenomanian) is composed of marls, clays, gypsums and thin 
dolomitic limestones beds. Its power exceeds 600 m in Mergueb and Tazrarit. It varies 
between 300 and 400 m in the other localities. The upper member (Turonian) is formed of 
fractured limestones and dolomitic limestones. This member with a thickness ranging from 
130 to 300 m is an excellent stratigraphic marker. It corresponds to the «Gattar bar» 
described in the center and southern Tunisia (Burollet, 1956; Fournié, 1978; Boltenhagen, 
1985; M’Rabet, 1987; Abdallah, 1987; Chaabani, 1995; Zouari et al., 1990; Negra, 1994; Ben 
Youssef, 1999). 

The Aleg Formation attributed to the Lower Senonian is represented by clays and marls 
with limestone and gypsum intercalations. It reveals different thickness: 400 to 470 m in 
Mergueb, Hezoua and Nefta, 310 to 350 in Degache, Tazrarit and Tozeur and 220 to 280 m in 
Mahassen, Mzaraa and Hamma. The Aleg Formation constitutes the Sidi Bouhlel anticline 
core (Fakraoui, 1990). 

The Berda Formation dated Late Senonian is marked by friable limestones intercalated by 
marly beds. It is thick of 120 to 380 m with remarkable thinning towards Sidi Bouhlel Jebel. 
Mahassen well and Degache well implanted on this structure are drilled on the Berda 
Formation outcrops (Fig.4).  

 
Fig. 4. Geological cross-section at Sidi Bouhlel Jebel. 

The Paleocene is made up of clays and marls. The Eocene is represented by limestones, 
phosphates and marls. The Paleocene –Eocene sedimentation is absent at Sidi Bouhlel Jebel. 
It is recognized in Hezoua, Mzaraa, Nefta, Mergueb and Tozeur and its thickness doesn’t 
reach 300 m. 

The Paleocene –Eocene exposures characterize Metlaoui chain, northern border of the Jerid. 
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The Miocene –Pliocene largely outcropped in the Jerid area is characterized by continental 
sedimentation represented by Beglia Formation (Tayech-Mannai & Otera, 2005; Tayech-
Mannai , 2006;2009; Swezy,2009) and Segui Formation . 

The Beglia Formation (Miocene), thick on average 100 m, is made up of fine to coarse sands 
with thin clayey intercalations. At Sidi Bouhlel Jebel, this Formation is underlain by the 
Senonian deposits (Fig.4). 

The Segui Formation (Miocene-Pliocene) is essentially clayey. It is enriched in sands and this 
thickness decreases towards the eastern part of the Jerid. Its power attains 500m in Mzaraa 
well implanted in the western part (Fig.3). 

3. Hydrogeological context 
On the basis of the preceding descriptions, the fractured limestones and dolomitic 
limestones of the Upper member of Zebbag Formation (Turonian), the friable limestones of 
Berda Formation (Upper Senonian) and the sands of Beglia Formation (Miocene) are the 
Jerid «Complexe Terminal» reservoirs (Fig.5).The clayey and marly deposits of the Lower 
and Middle members of Zebbag Formation, Aleg Formation, El Haria Formation and Segui 
Formation are aquicludes (Fig.5). 

 
Fig. 5. Deep wells correlation. 

The deep wells correlation (Fig.5) shows notable variation of the Complexe Terminal aquifer 
depth. It is characterized by raised and subsided zones (Fig.5). The Beglia Formation, the 
most superficial reservoir, is encountered at 570 m in Mzaraa well, at 100 m in Hezoua well 
and at 220 m in Mergueb well. It outcrops in many localities along Draa Jerid and Sidi 
Bouhlel structures. The Berda Formation reservoir is reached at 790 m in Mzaraa and about 
350 m in Hezoua, Nefta and Tozeur. The Upper Zebbag Formation, the deepest reservoir, is 
encountered at 370 m in Mahassen and Degache. Its depth exceeds 1000 m in Hezoua, 
Mzaraa, Nefta and Mergueb.  
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Fig. 6. Piezometric map of the Beglia aquifer (2008). 

 
Fig. 7. Water salinity map of the Beglia aquifer (2008). 

In the Jerid area, the catchment of the «Complexe Terminal» groundwater is restricted to the 
Beglia Formation. Piezometric measures (General Direction of Water Resources, 2008), 
contoured in the form of map (Fig.6) show a piezometry decrease towards the nord. It is -
7/0 sea at Hezoua. It drops to -50 m/0 sea in the southern part of Gharsa Chott. Therefore, 
south to north is the main groundwater flow direction.  
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It is interesting to note the packed piezometric contours at the north flank of the Draa Jerid 
structure; the piezometry falls abruptly to -40 m/0 sea. 

 The water salinity measured for eleven groundwater samples collected from Beglia aquifer 
ranges from 2, 2 g/l to 5.9 g/l. The salinity map (Fig.7) reveals a clear increase of values 
from south to north which coincides with the groundwater flow direction. Additionally, this 
map exposes high values in the eastern part of the Jerid area, at Sidi Bouhlel Jebel: 3.7 g/l in 
Hamma well, 4.5 g/l in Kriz well and 5.9 g/l in Tazrarit well. Nearby, Ceddada well 
expresses a value of 2g/l. This sudden salinity change may indicate an obstructed lateral 
communication between the aquifers. 

4. Data and methodology  
The present study is based on seismic reflection sections associated to deep wells (Fig.8). 
These data are provided by the "General Direction of Water Resources" in Tunisia. 

 
Fig. 8. Seismic profiles location. 
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The seismic reflection (Lavergne, 1986) is a method of exploration geophysics which 
estimates the properties of the Earth's subsurface from reflected seismic waves (Cagniard , 
1962 ; Telford et al., 1976). It requires a controlled seismic source of energy, such as seismic 
vibrator (Vibroseis) or dynamite explosion. 

Seismic waves will be reflected when they encounter a boundary between two different 
materials with different acoustic impedances. They are detected using seismometers ; On 
land, the typical seismometer is the geophone. In water, hydrophone is used. 

The recorded signals are plotted on a seismic section after significant amounts of processing 
(Gardner, 1985; Inoubli, 1993; Henry, 1997; Cox, 1999; Inoubli & Mechler, 1999; Robein, 1999; 
Mari et al., 2001; Upadhyay, 2004): demultiplexing, filtring, deconvolution, velocity analysis, 
stacking, migration…  

A seismic section resembles a geological cross-section, but the vertical axis is in time, rather 
than depth. It still needs to be interpreted.  

In this study, 31 seismic profiles (Fig.8) covering the Jerid area are interpreted .Realized by 
oil industry (Tab.1) during four seismic surveys using different parameters of acquisition 
and processing (Tab.1), these profiles show variable quality. 
 

Survey MT MTB GSB MET 
Date 1973 1974 1982 1989 
Operator MOBIL MOBIL AGIP SCHELL 

Seismic source Weight 
dropping Dynamite Dynamite Vibroseis 

Shot interval (m) 150 125 150 25 
Distance between geophones (m) 150 125 75 25 

Bandpass-filters (Hz) 3/8 -30/40 5/10 -32/42
8/12 - 50/57 
7/10 - 40/46 
6/8 - 32/37 

8-75 
8-45 

Display for interpretation Stack Stack Stack Migrated 

Table 1. Seismic reflection data. 

The Miocene sands (Beglia Formation), the Upper Senonian (Berda Formation) and the 
Turonian (Upper Zebbag Formation) limestones which are the main reservoirs of the 
«Complexe Terminal» groundwater in the Jerid area constitute good seismic markers. The 
abrupt lithological change between these deposits and the clays and marly Formations 
originates a strong acoustic impedance contrast. 

Seismic calibration (Fig.9) was performed using GNT-1 and to a lesser extent NF-1 
petroleum wells. Seismic horizons and facies have been tied using the relation time-depth. 

The different reflectors corresponding to the «Complexe Terminal » aquifers and aquicludes 
have been identified and picked on seismic profiles all over the area.  

The interpolation between the interpreted seismic sections leads to the isochron maps 
construction. These maps display the tectonic structures which affect the « Jerid Complexe 
Terminal » aquifer. Their analysis specifies the reservoirs geometry. 
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The geoseismic cross sections, integrating wells data and seismic interpretation, clarify the 
relations between the different hydrogeological units. They allow the comprehension of the 
Jerid« Complexe Terminal» aquifer functioning. 

 
Fig. 9. Seismic profile «K» calibrated with the «GNT-1» petroleum well. 

5. Results and discussions  
The isochron map (Fig.10) of the botton of the Beglia Formation (Miocene) reflects the main 
deformations characterizing the «Complexe Terminal» multilayered aquifer in the Jerid 
area. In the center, it reveals narrow anticlinals, overfolded towards the south (Fig.10). These 
structures situated between 200 and 300 ms extend from Sidi Bouhlel Jebel in the east to 
Hezoua region in the west. They allow the elongation of the Chotts fold belt, most southern 
Atlassic structures, until the Tunisian-Algerian boundary. 

Major reverse faults oriented E-W to NE-SW, mark the limit between anticlinal structures 
and two large syncline basins highlighted along the northwestern border of Jerid Chott and 
in the south of Gharsa Chott (Fig.11), where the depth of the Beglia aquifer bottom reach 
respectively 800 and 600 ms.  

The northern basin named «Jerid basin» widens and deepens towards the West (Fig.10). It is 
limited by a raised structure (400 to 500 ms) characterizing the southern part of Gharsa 
Chott. Towards the north, this structure evolves to a depression deep of 1600 ms. 

Geodynamic studies (Ben Ayed , 1980 ;Ben Ayed & Viguier, 1981; Zargouni et al. ,1985; 
Fakraoui ,1990; Zouari, 1995; Bouaziz, 1995; Zitouni et al., 1997; Boutib & Zargouni,1998; 
Zouaghi et al., 2011) describe three main directions: NW – SE, E-W and NE-SW for the 
accidents which guided the formation of the Atlas folds attributed to the Tortonian 
compression. These accidents are reactivated in reverse faults during the post-
Villafranchian compressive episode, responsible of the Chotts chain actual structure 
(Fakraoui, 1990). 

In this study, the majority of tectonic accidents are exposed by N-S and NW-SE seismic 
sections indicating the predominance of E-W and NE-SW directions. 
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Fig. 10. Isochron map of the Beglia aquifer bottom. 

 
Fig. 11. Seismic section «V» interpretation. 
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Therefore, the resulting structural map of the Jerid area (Fig.10) reveals that in addition to 
the tectonic traits described on the geological map, exist in subsurface more important 
structures which must be taken in consideration for the hydrogeological system 
characterization.  

The obtained results highlighted the tectonics influence on the« Complexe Terminal» aquifer 
geometry; the Tortonian folding, the reverse faulting during the post-Villafranchian 
compressive phase compartmentalized the aquifer in the form of tilted blocks.  

The geosismic cross sections show the variability of this structure implication. 

In Mzaraa-Hezoua sector, western part of the Jerid area , the tectonic deformations affecting 
the «Complexe Terminal» series control the aquifers depth without influencing the 
groundwater circulation. In fact, the geoseismic cross section corresponding to the profile E1 
(Fig.12) reveals that the reservoirs formations in Hezoua anticlinal are in communication with 
their equivalents in Jerid basin, at the north and in Chott Jerid, at the south. The Beglia 
aquifer expresses similar chemical (chemical composition) and isotopic (14C, 2H, 18O tenor) 
characteristics in Hezoua and Mzaraa regions (Kamel et al., 2005) reflecting this lateral 
communication.  

The geoseismic cross section corresponding to the profile V (Fig.13) describes the relations 
between the different hydrogeological units in Tozeur –Mergueb sector, central part of the 
Jerid area. It is controlled by Tozeur and Mergueb deep wells and Neflayett and Jhim wells 
which exploit the Beglia aquifer. 

The geoseismic cross section shows an important variation of the aquifers depth between 
the exposed geological structures. In Draa Jerid anticlinal, the Beglia Formation outcrops 

 

Fig. 12. Geoseismic cross section corresponding to the profile E1. 
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Fig. 13. Geoseismic cross section corresponding to the profile V. 
 

 
 

 
Fig. 14. Geoseismic cross section corresponding to the profiles L and L‘. 
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The Berda Formation is encountered at 300 m and the Upper Zebbag Formation is 
recognized at 845 m. In Jerid basin, these reservoirs are respectively reached at 220 m, 460 m 
and 1180 m.  

Additionnaly, this cross section reveals an obstructed communication between the aquifers 
Formations. In Draa Jerid anticlinal, the Beglia sandy reservoir is isolated. It is wedged 
between the Segui clays of the Jerid basin and those deposed in the northern edge of the 
Jerid Chott.  

In the same structure (Draa Jerid), the fractured limestones of Berda aquifer are in contact 
with their equivalents of the Jerid basin and with the Beglia aquifer situated in the Jerid 
Chott. The Upper Zebbag aquifer collides with the clays and marls of Aleg Formation in the 
north and in the south.  

In the Eastern part of Jerid area, the seismic profiles L and L’ interpretation and the data of 
Tazrarit and Ceddada wells allow the « Complexe Terminal» aquifer characterization. The 
established geoseismic cross section (Fig.14) provides informations about the geometry of 
the aquifer and the groundwater flow.  

At Sidi Bouhlel Jebel, the Beglia reservoir exists only in the southern flank , where it 
outcrops. At the northern edge of Jerid Chott, this reservoir is attained at 600 m. In the basin 
separating Sidi Bouhlel and Gantass anticlinals, the Beglia Formation depth and thickness 
decrease towards the south. 

Equally, in this sector, the tectonic deformations affecting the «Complexe Terminal» series 
influence the groundwater circulation, the Beglia aquifer of Sidi Bouhlel anticlinal is opposite 
the Segui clays deposed in the synclinal basin at the south. This obstructed hydraulic 
communication between the folded structures explains the significant difference between the 
salinity of Beglia aquifer at Ceddada well: 2g/l and Tazrarit well: 5.9 g/l (Fig.7).  

The Berda aquifer is exposed at Sidi Bouhlel Jebel. In the north it is in contact with its 
equivalent which shows an important thickness. In the south it is against the clayey Segui 
Formation.  

A vertical communication between Beglia and Berda aquifers is noticed at the northern edge 
of Jerid Chott and at Sidi Bouhlel anticlinal. At Gantass-Sidi Bouhlel basin, they are 
separated by the Eocene-Paleocene deposits, pinched out nearby Sidi Bouhlel Jebel.  

At Sidi Bouhlel anticlinal are located the most raised Upper Zebbag aquifer of the Jerid area 
(300 m). This aquifer is blocked between the clays and marls of Aleg Formation.  

6. Conclusion  
This study based on seismic reflection sections and wells data display the tectonic 
deformations which affect the multilayered «Complexe Terminal» aquifer in the Jerid area 
(Fig.15). 

The Tortonian folding, the reverse faulting during the post-Villafranchian compressive phase 
compartmentalized the aquifer in raised and subsided blocks. The geoseismic cross sections 
reveal that this structure has variable implications; except Hezoua –Mzaraa sector where the 
reservoirs are in communication, it influences the depth of permeable formations and the 
circulation of groundwater  
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These results should be useful for choosing the best sites for the «Complexe Terminal» 
aquifer exploitation in the Jerid area. 

Additionally, the present study shows the interest of the seismic reflection method for the 
hydrogeological systems comprehension when the well data are limited for a precise 
characterization. Such prospection appeared particularly suitable in this study in view of the 
great depth of the aquifer and the importance of the tectonic structures which are not easily 
detectable by the simple well correlations.  

 
Fig. 15. Geometry of the Jerid «Complexe Terminal» aquifer and communication between 
compartments. 
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These results should be useful for choosing the best sites for the «Complexe Terminal» 
aquifer exploitation in the Jerid area. 

Additionally, the present study shows the interest of the seismic reflection method for the 
hydrogeological systems comprehension when the well data are limited for a precise 
characterization. Such prospection appeared particularly suitable in this study in view of the 
great depth of the aquifer and the importance of the tectonic structures which are not easily 
detectable by the simple well correlations.  

 
Fig. 15. Geometry of the Jerid «Complexe Terminal» aquifer and communication between 
compartments. 
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1. Introduction  

Many of the geological structures in mineral and petroleum exploration can be classified 
into four categories: spheres, cylinders, dikes and geological contacts. These four simple 
geometric forms are convenient approximations to common geological structures often 
encountered in the interpretation of magnetic and gravity data. Two quantitative categories 
are usually adapted for the interpretation of magnetic and gravity anomalies in order to 
determine basically the depth, the shape of the buried structure and the other model 
parameters. First, two parameters are considered the most important problem in exploration 
geophysics. The first category includes 2D and 3D continuous modelling and inversion 
methods (Mohan et al., 1982; Nabighian, 1984; Chai & Hinze, 1988; Martin-Atienza & 
Garcia-Abdeslem 1999; Zhang et al., 2001; Keating & Pilkington, 2004; Numes et al., 2008; 
Martins et al., 2010; Silva et al., 2010). The solutions of these methods require magnetic 
susceptibility and/or remanent magnetization for magnetic interpretation and density 
information for gravity interpretation a as part of the input, along with the same depth 
information obtained from geological and/or other geophysical data. Thus, the resulting 
model can vary widely depending on these factors because the magnetic and gravity inverse 
problem are ill-posed and are, therefore unstable and nonunique (Zhdanov, 2002; Tarantola, 
2005). Standard techniques for obtaining a stable solution of an ill-posed inverse problem 
include those based on regularization methods (Tikhonov & Arsenin, 1977). The second 
category is fixed simple geometry methods, in which the spheres, cylinders, dikes, and 
geological contacts models estimate the depth and the shape of the buried structures from 
residuals and/or observed data. The models may be shifted from geological reality, but they 
are usually sufficient to determine whether the form and the magnitude of both calculated 
magnetic and gravity effects are close enough to those observed to make the geological 
interpretation reasonable. Several methods have been developed for the second category to 
interpret magnetic and gravity data using a fixed simple geometry (Nettleton, 1976; Stanley, 
1977; Atchuta Rao & Ram Babu, 1980; Prakasa Rao & Subrahmanyan, 1988; Abdelrahman & 
El-Araby, 1993; Zhang et al., 2000; Salem et al., 2004; Abdelrahman & Essa, 2005; Essa, 2007; 
Essa, 2011). The drawbacks of these methods are that they are highly subjective, need a 
priori information about the shape (shape factor) of the anomalous body and use few 
characteristic points when inverting for the remaining parameters. New algorithms for 
magnetic and gravity inversion have been developed that successively determines the depth 
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(z) and the other associated model parameters of the buried structure. The inverse problem 
of the depth estimation from the observed magnetic and gravity data has been transformed 
into a nonlinear equation of the form f(z) = 0. This equation is then solved for depth by 
minimizing an objective functional in the least-squares sense. Using the estimated depth, the 
other model parameters are computed from the measured magnetic and gravity data, 
respectively. The procedures are applied to synthetic data with and without noise for 
magnetic and gravity data. These procedures are also tested to complicated regional and 
interference from neighbouring magnetic rocks. Finally, these techniques are also 
successfully applied to real data sets for mineral and petroleum exploration, and it is found 
that the estimated depths and the associated model parameters are in good agreement with 
the actual values.  

2. Formulation of the problems 
2.1 A least-squares minimization approach to depth determination from residual 
magnetic anomaly 

Following Gay (1963), Prakasa Rao et al. (1986), and Prakasa Rao & Subrahmanyan (1988), 
the magnetic anomaly expression produced by most geologic structures with center located 
at xi= 0 can be represented by the following equation:  
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 (1) 

The geometries are shown in Figure 1. In equation (1), z is the depth, K is the amplitude 
coefficient (effective magnetization intensity), θ is the index parameter (effective 
magnetization inclination), xi is the horizontal coordinate position, and q is the shape factor. 
Values for a, b, c, m, n, r, p, and q, are given in Table 1.  

At the origin (xi =0), equation (1) gives the following relationship:  
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where T(0) is the anomaly value at the origin (Fig. 2).  

Using equation (2), equation (1) can be rewritten as  
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For all shapes (function of q), equation (3) gives the following relationship at xi=N 
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where T (N) is the anomaly value at xi = N (Fig. 2).  
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Fig. 1. Various simple geometrical structures diagram.  

 
Table 1. Definition of a, b, c, m, n, p, r, and q values were shown in equation (1). F.H.D. and 
S.H.D. are the first and the second horizontal derivatives of the magnetic anomaly, 
respectively. 

Substituting equation (4) into equation (3), we obtain the following nonlinear equation in z  
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The unknown depth z in equation (5) can be obtained by minimizing  

  
2
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where L (xi) denotes the observed magnetic anomaly at xi.  
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(z) and the other associated model parameters of the buried structure. The inverse problem 
of the depth estimation from the observed magnetic and gravity data has been transformed 
into a nonlinear equation of the form f(z) = 0. This equation is then solved for depth by 
minimizing an objective functional in the least-squares sense. Using the estimated depth, the 
other model parameters are computed from the measured magnetic and gravity data, 
respectively. The procedures are applied to synthetic data with and without noise for 
magnetic and gravity data. These procedures are also tested to complicated regional and 
interference from neighbouring magnetic rocks. Finally, these techniques are also 
successfully applied to real data sets for mineral and petroleum exploration, and it is found 
that the estimated depths and the associated model parameters are in good agreement with 
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The geometries are shown in Figure 1. In equation (1), z is the depth, K is the amplitude 
coefficient (effective magnetization intensity), θ is the index parameter (effective 
magnetization inclination), xi is the horizontal coordinate position, and q is the shape factor. 
Values for a, b, c, m, n, r, p, and q, are given in Table 1.  
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where T(0) is the anomaly value at the origin (Fig. 2).  

Using equation (2), equation (1) can be rewritten as  
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For all shapes (function of q), equation (3) gives the following relationship at xi=N 
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where T (N) is the anomaly value at xi = N (Fig. 2).  
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Fig. 1. Various simple geometrical structures diagram.  

 
Table 1. Definition of a, b, c, m, n, p, r, and q values were shown in equation (1). F.H.D. and 
S.H.D. are the first and the second horizontal derivatives of the magnetic anomaly, 
respectively. 
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The unknown depth z in equation (5) can be obtained by minimizing  
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where L (xi) denotes the observed magnetic anomaly at xi.  
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Fig. 2. A typical magnetic anomaly profile over a thin dike. The anomaly value at the origin 
T(0) and the anomaly value T(N) where N is taken to be 1arbitrary unit in this case, the 
position of the maximum value (M), and the minimum value (m) are illustrated.  

Minimization of ψ(z) in the least - squares sense, i.e., (d/dz) ψ(z)=0 leads to the following 
equation:  

  ) ( ) ( , ) ( , ) 0,
N

i i i
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where 

*( , ) ( ) ( , )i i
dT x z T x zdz   

Equation (7) can be solved for z using the standard methods for solving nonlinear equations. 
Here, it is solved by an iteration method (Press et al., 1986). The iteration form of equation 
(7) is given as  

 ( ) ,f jz f z   (8) 

where zj is the initial depth and zf is the revised depth. zf will be used as zj for next iteration. 
The iteration stops when |zf - zj |< e, where e is a small predetermined real number close to 
zero. The source body depth is determined by solving one nonlinear equation in z. Any 
initial guess for z works well because there is only one minimum. The experience with the 
minimization technique for two or more unknowns is that it always produced good results 
for synthetic data with or without random noise. In the case of field data, good results may 
only be obtained when using very good initial guesses on the model parameters. The 
optimization problem for the depth parameter is highly nonlinear, increasing the number of 
parameters to be solved simultaneously also increases the dimensionality of the energy 
surface, thereby greatly increasing the probability of the optimization stalling in a local 
minimum on that surface. Thus common sense dictates that the nonlinear optimization 
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should be restricted to as few parameters as is consistent with obtaining useful results. This 
is why we propose a solution for only one unknown, z. Once z is known, the effective 
magnetization inclination, θ, can be determined from equation (4). Finally, knowing θ, the 
effective magnetization intensity, K, can be determined from equation (2). Then, we measure 
the goodness of fit between the observed and the computed magnetic data for each N value. 
The simplest way to compare two magnetic profiles is to compute the root-mean-square 
(RMS) of the differences between the observed and the fitted anomalies. The model 
parameters which give the least root-mean square error are the best. To this point we have 
assumed knowledge of the axes of the magnetic profile so that T(0) can be found. T(0) is 
determined using methods described by Stanley (1977). As illustrated in Figure 2, the line 
M-m intersects the anomaly profile at xi = 0. The base line of the anomaly profile lies a 
distance M-T(0) above the minimum. A semi-automated interpretation scheme based on the 
above equations for analyzing field data is illustrated in Figure 3.  

 
Fig. 3. Generalized scheme for semi-automatic depth, index parameter and amplitude 
coefficient estimations.  

2.1.1 Synthetic example  

Synthetic examples of spheres and horizontal cylinders buried at different depths (profile 
length = 40 units, K = 100 units, θ = 60o, sampling interval = 1unit) were interpreted using 
the present method [equations (7), (4), and (2)] to determine depth, index parameter, and 
amplitude coefficient, respectively. In each case, the starting depth was 5 units. In all cases 
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examined, the exact values of z, θ, and K were obtained. However, in studying the error 
response of the least-squares method, synthetic examples contaminated with 5% random 
errors were considered. Following the interpretation scheme, values of the most appropriate 
model parameters (z, θ, K) were computed and percentage of error in model parameters was 
plotted against the model depth for comparison (Fig. 4). We verified numerically that the 
depth obtained is within 3% for horizontal cylinders and 4% for spheres. The index 
parameter obtained is within 5.5% whereas the amplitude coefficient is within 8% (Fig. 4). 
Good results are obtained by using the present algorithm, particularly for depth estimation, 
which is a primary concern in magnetic prospecting and other geophysical work.  

 
Fig. 4. Model parameters error response estimates. Abscissa: model depth. Ordinate: percent 
error in model parameters.  

2.1.2 Field example  

Figure 5 shows a total magnetic anomaly above an olivine diabase dike, Pishabo Lake, Ontario 
(McGrath & Hood, 1970). The geological cross section of the dike is shown beneath the 
anomaly. The depth to the outcropping dike (sensor height) is 304 m (Fig. 5). The anomaly 
profile was digitized at an interval of 100 m. Equations (7), (4), and (2) were used to determine 
depth, index parameter and amplitude coefficient, respectively, using all possible cases on N 
values. The starting depth used in this field example was 50 m. Then, we computed the root-
mean-square of the differences between the observed and the fitted anomalies. The best fit 
model parameters are: z = 306 m, θ = 38o and K = 1422 nT*Z (Table 2). McGrath & Hood (1970) 
applied a computer curve-matching method to the same magnetic data employing a least-
squares method and obtained a depth of 301 m. Moreover, Figure 5 shows that there is a lack 
of ‘‘thinness’’ because the thickness of the dike is only slightly less than the depth. However, 
because many of the characteristics of the thick dike anomalies are similar to those for thin 
dike (Gay, 1963), our method can be applied not only to magnetic anomalies due to thin dikes, 
but also to those due to thick dikes to obtain reliable depth estimates.  
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Fig. 5. Total magnetic anomaly (above) over an outcropping diabase dike (below), Pishabo 
Lake, Ontario, Canada (McGrath & Hood, 1970). The base line and zero crossing shown are 
determined using Stanley’s method (1977).  

 
Table 2. Numerical results of the Pishabo field example.  

2.2 Three least-squares minimization approach to model parameters estimation from 
magnetic anomaly due to thin dikes  

From equation (1), the magnetic anomaly expression of a thin dike which extends to infinity 
in both strike direction and down dip (2-D) is given by:  
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where z is the depth to the top of the body, xi is a distance point along x-axis where the 
observed anomaly is located, K is the amplitude coefficient, and θ is the index parameter. 
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where z is the depth to the top of the body, xi is a distance point along x-axis where the 
observed anomaly is located, K is the amplitude coefficient, and θ is the index parameter. 
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The values of K and θ for the anomalies in total, vertical, and horizontal fields are given in 
Table 3. The index parameter θ is related to the effective direction of the resultant 
magnetization, the dip and strike of the dike. 

 
Table 3. Characteristic index parameter θ and amplitude coefficient K in vertical (ΔV), 
horizontal (ΔH), and total (ΔT) magnetic anomalies due to thin dikes where t is the 
thickness, k is the magnetic susceptibility contrast, d is the dip angle, To and Ío are the 
values of effective total intensity and effective inclination of magnetic polarization, and α is 
the strike (after Gay, 1963). 

Following Griffin (1949), the moving average residual magnetic anomaly (R) is defined as  

 (0) ( ),R T T s    (10) 

where T(0) is the magnetic anomaly value at a given point on the magnetic anomaly map, and  
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is the average magnetic value at the radial distance s from the point where the magnetic 
value is T(0). The geometrical interpretation of equation (11) is that the average value, ( )T s , 
is obtained by going around a circle of radius s, having T(0) as its centre, and forming the 
sum of the products of T(s, β) and dβ for an infinite number of infinitesimally small dβ’s. 
The result of the above is then divided by 2π. Since an integral form of ( )T s is not know, 
Griffin (1949) has adopted a simple numerical method to obtain the average magnetic 
anomaly value. The method is to form the arithmetical average of a finite number of points 
about the circumference of a circle of radius s, or  
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for n points. 

Along a profile, the moving average residual magnetic anomaly is then defined as  
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where s = 1, 2, 3,…., M sample spacing units and is defined here as the window length or 
graticule spacing. 

Applying equation (13) to equation (9), the moving average residual magnetic anomaly due 
to a thin dike is obtained as  
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The specific value R(xi, z, θ, s) at xi = 0 is given by  
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Using equation (15), equation (14) can now be written as  
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Using equation (16), we can obtain the following equations at xi =  s  
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From equations (17) and (18), we obtain  
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which is computed directly from observed anomaly. In all cases, the maximum value of s is 
less than or equal (N-1)/4, where N is the number of the data points along the anomaly 
profile whose centre is located at xi = 0. Using equation (19), equation (16) can be written as  
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The unknown depth (z) in equation (20) can be obtained by minimizing  
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The specific value R(xi, z, θ, s) at xi = 0 is given by  
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Using equation (16), we can obtain the following equations at xi =  s  
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The unknown depth (z) in equation (20) can be obtained by minimizing  
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where L(xi) denotes the moving average residual magnetic anomalies at xi. Setting the 
derivative of φ(z) to zero with respect to z leads to 
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where W*(xi, z, s) is evaluated by analytically differentiating W(xi, z, s) and is given by the 
following equation 
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Equation (22) can be solved for z using standard methods for solving nonlinear equations. 
Here, it is solved by an iterative method (Demidovich & Maron, 1973).  

Substituting the computed depth (zc) as a fixed parameter in equation (16), we obtain  
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The unknown index parameter (θ) in equation (23) can be obtained by minimizing  
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Setting the derivative of ψ(θ) to zero with respect to θ leads to  
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where P*(xi, θ, s) is obtained by differentiating P(xi, θ, s) with respect to θ and is given by the 
following equation  
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Equation (25) can be solved using a simple iterative method (Demodivch & Maron, 1973). 
Substituting the computed depth (zc) and index parameter (θc) in equation (14) as fixed 
parameters, we obtain  
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Finally, applying the least-squares method to equation (26), the unknown amplitude 
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Theoretically, one value of s is enough to determine the model parameters (z, θ, K) from 
equations (22), (25), and (27), respectively. In practice, more than one value of s is desirable 
because of the presence of noise, interference from neighbouring magnetic rocks, and 
complicated regional in data. Moreover, the advantage of this method over continuous 
modelling methods is that it requires neither magnetic susceptibility contrast nor depth 
information, and it can be applied if little or no factual information other than the magnetic 
data is available. The method may be automated to solve for a number of anomalies along a 
magnetic profile when the origin of each dike is known from other geophysical and/or 
geological data.  

2.2.1 Synthetic example  

The composite vertical magnetic anomaly in nanoteslas of Figure 6 consisting of the 
combined effect of an intermediate structure of interest (thin dike with K = 200 nT, z = 5 km, 
and θ = 40o), an interference neighbouring magnetic rocks (horizontal cylinder with K = 40 
nT, z = 2 km, and θ = 30o), and a deep-seated structure (sphere with K = 80000 nT, z = 15 km, 
and θ = 10o) was computed by the following expression: 
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where L(xi) denotes the moving average residual magnetic anomalies at xi. Setting the 
derivative of φ(z) to zero with respect to z leads to 
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where W*(xi, z, s) is evaluated by analytically differentiating W(xi, z, s) and is given by the 
following equation 
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Equation (22) can be solved for z using standard methods for solving nonlinear equations. 
Here, it is solved by an iterative method (Demidovich & Maron, 1973).  

Substituting the computed depth (zc) as a fixed parameter in equation (16), we obtain  
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The unknown index parameter (θ) in equation (23) can be obtained by minimizing  
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Setting the derivative of ψ(θ) to zero with respect to θ leads to  
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where P*(xi, θ, s) is obtained by differentiating P(xi, θ, s) with respect to θ and is given by the 
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Equation (25) can be solved using a simple iterative method (Demodivch & Maron, 1973). 
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Theoretically, one value of s is enough to determine the model parameters (z, θ, K) from 
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Fig. 6. Noisy composite vertical magnetic anomaly consisting of the combined effect of an 
intermediate structure (thin dike with K = 200 nT, z = 5 km, and θ = 40°) [anomaly 1], a 
deep-seated structure (sphere with K = 80000 nT, z = 15 km, and θ = 10°) [anomaly 2], and 
an interference from neighbouring magnetic rocks (horizontal cylinder with K = 40 nT, z = 2 
km, and θ = 30°) [anomaly 3].  

In Figure 6, anomaly 1 is the anomaly due to the intermediate structure of our interest, 
anomaly 2 is the anomaly due to the interference from neighbouring magnetic rocks, and 
anomaly 3 is the anomaly due to the deep-seated structure. The composite magnetic 
anomaly ΔT(xi) is contaminated with 20% random error using the following equation:  

  ( ) ( ) 1 ( ( ) 0.5) * 0.2 ,rnd i iT x T x RND i      (29) 

where ΔTrnd(xi) is the contaminated anomaly value at xi, and RND(i) is a pseudo random 
number whose range is [0, 1]. The interval of the pseudo random number is an open 
interval, i.e. it does not include the extremes 0 and 1.  

The noisy composite magnetic anomaly (ΔT) is subjected to a separation technique using the 
moving-average method. Nine successive moving-average graticule spacings were applied 
to each set of input data. Equations (22), (25), and (27) were applied to each of the nine 
moving-average residual profiles, yielding depth, index parameter, and amplitude 
coefficient solutions. The results and their average values are given in Table 4.  

We verified numerically that the depth obtained is within 0.38%. The index parameter 
obtained is within 0.4%, whereas the error in the amplitude coefficient is within 4.7%. Good 
results are obtained by using the present algorithm for depth, index parameter, and 
amplitude coefficient, which are a primary concern in magnetic prospecting and other 
geophysical work. On the other hand, the Euler deconvolution method (Thompson, 1982) 
has been applied to the same noisy composite magnetic anomaly to determine the depth to 
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the buried dike. The result in this case is shown in Figure 7. The average depth obtained is 
3.27 km compared with 4.99 km using the least-squares method. This result indicates that 
the present least-squares method is less sensitive to errors in the magnetic anomaly than 
Euler deconvolution method.  

 
Table 4. Theoretical results obtained from the noisy composite magnetic anomaly. The 
depth, index parameter, and amplitude coefficient were computed from equations (22), (25), 
and (27), respectively. The actual dike parameters are: z = 5 km, θ = 40° and K = 200 nT.  

 
Fig. 7. Euler deconvolution depth estimates from the data of the noisy composite vertical 
magnetic anomaly of Figure 6 using a thin dike model. The average depth obtained is 3.27 km.  

2.2.2 Field example  

Figure 8 shows a total-field magnetic anomaly above a Mesozoic diabase dike (2 m thick) 
intruded into Palaeozoic sediments of the Parnaiba Basin, Brazil (Silva, 1989; Fig. 10). The 
total-field data were collected along profile perpendicular to the dike, with sampling 
interval of about 2 m. The depth to the outcropping dike (sensor height) is 1.9 m. This 
anomaly profile of 24.64 m was digitised at an interval of 0.385 m.  

 
Table 5. Computed values of depth, index parameter, and amplitude coefficient obtained 
from a total-field magnetic anomaly above a Mesozoic diabase dike intruded into Palaeozoic 
sediments from the Parnaiba Basin, Brazil.  
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Fig. 8. A total field magnetic anomaly above a Mesozoic diabase dike (2 m thick) intruded 
into Palaeozoic sediments from the Parnaiba Basin, Brazil (after Silva, 1989). 

 
Fig. 9. Moving average residual magnetic anomalies above a Mesozoic diabase dike 
intruded into Palaeozoic sediments from the Parnaiba Basin, Brazil.  

Adopting the same technique applied in the example above, we found the results given in 
Figure 9 and Table 5. The model parameters obtained are: z = 2.22 m, θ = 53o, and K = -215 
nT. Silva (1989) applied a method to the same magnetic data employing the M-fitting 
technique and obtained a depth of about 3.5 m. The depth to the top is overestimated by 
both methods. This is reasonable because the upper part of the dike was weathered and the 
magnetite present was oxidized, losing most of its magnetic property (Silva, 1989). This field 
example shows also that there is a lack of "thinness". However, because many of the 
characteristics of wide dike anomalies are similar to those for thin dikes (Gay, 1963), our 
method can be applied not only to magnetic anomalies due to thin dikes, but also to those 
due to wide dikes to obtain reliable estimates of model parameters.  
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2.3 A window curves method to shape and depth solutions from third moving average 
residual gravity anomalies  

Following Abdelrahman & El-Araby (1993), the general gravity anomaly expression 
produced by most geological structures is given by the following equation:  

 2 2( , , ) ,
( )i q

i

Ag x z q
x z




 (30)  

where q is the shape (shape factor), z is the depth, x is the position coordinate and A is 
amplitude coefficient related to the radius and density contrast of the buried structures. 
Examples of the shape factor for the semi-infinite vertical cylinder (3D), horizontal cylinder 
(2D), and sphere (3D) are 0.5, 1.0, and 1.5, respectively. Also, the shape factor for the finite 
vertical cylinder is approximately 1.0. The shape factor (q) approaches zero as the structure 
becomes a flat slab, and approaches 1.5 as the structure becomes a perfect sphere (point 
mass). The moving average (grid) method is an important yet simple technique for the 
separation of gravity anomalies into residual and regional components. The basic theory of 
the moving average methods is described by Griffin (1949), Agocs (1951), Abdelrahman & 
El-Araby (1996) and Abdelrahman et al. (2001). 

Let us consider seven observation points (xi-3s, xi-2s, xi - s, xi, xi + s, xi +2s, and xi+3s) along 
the anomaly profile where s=1, 2,…, M spacing units and is called the window length. The 
first moving average regional gravity field Z1(xi, z, q, s) is defined as the average of g(xi-s, z, 
q) and g(xi+s, z, q), which for the simple shapes mentioned above can be written as  
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The first moving average residual gravity anomaly R1(xi, z, q, s) at the point xi is defined as 
(Abdelrahman & El-Araby, 1996).  

  2 2 2 2 2 2
1( , , , ) 2( ) (( ) ) (( ) )

2
q q q

i i i i
AR x z q s x z x s z x s z              (32)  

The second moving average residual gravity anomaly R2(xi, z, q, s) at the point xi is 
(Abdelrahman et al. 2001)  
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The third moving average residual gravity anomaly R3(xi, z, q, s) at any point xi is 
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 (34) 

For all shape factors (q), equation (34) gives the following value at xi=0  
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The third moving average residual gravity anomaly R3(xi, z, q, s) at any point xi is 
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For all shape factors (q), equation (34) gives the following value at xi=0  
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Using equation (34) and equation (35), we obtain the following normalized equation at xi=s  
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Equation (36) is independent on the amplitude coefficient (A). Let F= R3(s)/R3(0) then from 
equation (36) we obtain 
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Where  
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Equation (37) can be used not only to determine the depth, but also to simultaneously 
estimate the shape of the buried structure as will be illustrated by theoretical and field 
examples.  

2.3.1 Synthetic example  

The composite gravity anomaly in mGals of Figure 10 consisting of the combined effect of a 
shallow structure (horizontal cylinder with 3 km depth) and a deep-seated structure 
(dipping fault with depth to upper faulted slab = 15 km, depth to lower faulted slab = 20 
km, and dip angle of fault plane = 50 degrees) was computed by the above expression:  
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 (38) 

(Horizontal cylinder + dipping fault)  

The composite gravity field (Δg) was subjected to our third moving average technique. The 
third moving average residual value at point xi is computed from the input gravity data 
g(xi) using the following equation:  

3
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  (39) 

Five successive third moving average windows (s= 2, 3, 4, 5, and 6 km) were applied to 
input data. Each of the resulting moving average profiles was analyzed by equation (37). For 
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each window length, a depth value was determined iteratively for all shape values, and a 
window curve was plotted, illustrating the relation between the depth and shape. 

We have also applied the first moving average method (Abdelrahman & El-Araby 1996) and 
the second moving average method (Abdelrahman et al. 2001) to the same input data 
generated from equation (38). The results in the case of using first, second, and third moving 
average techniques are shown in Figures 11, 12, and 13, respectively. 

 
Fig. 10. Composite gravity anomaly (Δg) of a buried horizontal cylinder and a dipping fault 
as obtained from equation (38). 

 

Fig. 11. Family of window curves of z as a function of q for s= 2, 3, 4, 5, and 6 km as obtained 
from gravity anomaly (Δg) using the first moving average method. Estimates of q and z are, 
respectively, 0.26, and 2.1 km. 
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Equation (36) is independent on the amplitude coefficient (A). Let F= R3(s)/R3(0) then from 
equation (36) we obtain 
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Equation (37) can be used not only to determine the depth, but also to simultaneously 
estimate the shape of the buried structure as will be illustrated by theoretical and field 
examples.  

2.3.1 Synthetic example  

The composite gravity anomaly in mGals of Figure 10 consisting of the combined effect of a 
shallow structure (horizontal cylinder with 3 km depth) and a deep-seated structure 
(dipping fault with depth to upper faulted slab = 15 km, depth to lower faulted slab = 20 
km, and dip angle of fault plane = 50 degrees) was computed by the above expression:  
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(Horizontal cylinder + dipping fault)  

The composite gravity field (Δg) was subjected to our third moving average technique. The 
third moving average residual value at point xi is computed from the input gravity data 
g(xi) using the following equation:  
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Five successive third moving average windows (s= 2, 3, 4, 5, and 6 km) were applied to 
input data. Each of the resulting moving average profiles was analyzed by equation (37). For 
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each window length, a depth value was determined iteratively for all shape values, and a 
window curve was plotted, illustrating the relation between the depth and shape. 

We have also applied the first moving average method (Abdelrahman & El-Araby 1996) and 
the second moving average method (Abdelrahman et al. 2001) to the same input data 
generated from equation (38). The results in the case of using first, second, and third moving 
average techniques are shown in Figures 11, 12, and 13, respectively. 

 
Fig. 10. Composite gravity anomaly (Δg) of a buried horizontal cylinder and a dipping fault 
as obtained from equation (38). 

 

Fig. 11. Family of window curves of z as a function of q for s= 2, 3, 4, 5, and 6 km as obtained 
from gravity anomaly (Δg) using the first moving average method. Estimates of q and z are, 
respectively, 0.26, and 2.1 km. 
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Fig. 12. Family of window curves of z as a function of q for s= 2, 3, 4, 5, and 6 km as obtained 
from gravity anomaly (Δg) using the second moving average method. Estimates of q and z 
are, respectively, 0.75, and 2.7 km.  

 
Fig. 13. Family of window curves of z as a function of q for s= 2, 3, 4, 5, and 6 km as obtained 
from gravity anomaly (Δg) using the present third moving average method. Estimates of q 
and z are, respectively, 1.03, and 3.05 km.  

In the case of using first moving average technique, the window curves intersect at a 
narrow region where 0.55>q>0.05 and 2.5 km>z> 1.8 km (Fig. 11). The central point of this 
region occurs at the location q= 0.26 and z= 2.1 km. On the other hand, in the case of using 
second moving average technique, the curves intersect each other nearly at a point where 
q= 0.75 and z= 2.7 km (Fig. 12). Finally, in the case of using the third moving average 
method (present method), the curves intersect each other at the correct locations q= 1.03 
and z= 3.05 km (Fig. 13). From these results (Figs. 11-13), it is evident that the first and the 
second moving average methods give erroneous results for the shape and depth solutions 
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whereas the model parameters obtained from the third moving average method are in 
excellent agreement with the parameters of the shallow structure given in model 
[equation (38)]. The conclusion is inescapable that the third moving average technique 
gives the best result. Moreover, random errors were added to the composite gravity 
anomaly Δg(xi) to produce noisy anomaly. In this case, we choose a white random noise 
with amplitude being 5% of the maximum amplitude variation along the entire profile, so 
that the noise will be equally along the profile. The noisy anomaly is subjected to a 
separation technique using only the third moving average method. Five successive third 
moving average windows were applied to the noisy input data. Adapting the same 
interpretation procedure, the results are shown in Figure 14. 

 
Fig. 14. Family of window curves of z as a function of q for s= 2, 3, 4, 5, 6, and 7 km as obtained 
from gravity anomaly (Δg) after adding 5% random errors to the data using the present third 
moving average method. Estimates of q and z are, respectively, 1.09, and 2.98 km.  

Figure 14 shows the window curves intersect at approximately q= 1.09 and z= 2.98 km. The 
results (Fig. 14) are generally in very good agreement with the shape factor and depth 
parameters shown in [equation (38)]. This indicates that our method will produce reliable 
shape and depth estimates when applied to noisy gravity data.  

2.3.2 Field example 

A Bouguer gravity anomaly profile along AÁ of the gravity map of the Humble salt dome, 
near Houston (Nettleton, 1962, Fig. 22) is shown in Figure 15. The gravity profile has been 
digitized at an interval of 0.26 km. The Bouguer gravity anomalies thus obtained have 
been subjected to a separation technique using the third moving average method. Filters 
were applied in four successive windows (s= 2.60, 2.86, 3.12, and 3.38 km). In this way, 
four third moving average residual anomaly profiles were obtained (Fig. 16). The same 
procedure described for the synthetic examples was used to estimate the shape and the 
depth of the salt dome. The results are plotted in Figure 17. Figure 17 shows that the 
window curves intersect at a point where the depth is about 4.95 km and at q=1.41. This 
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suggests that the shape of the salt dome resembles a sphere or, practically, a three-
dimensional source with a hemi- spherical roof and root. This result is generally in good 
agreement with the dome form estimated from drilling top and contact (Nettleton, 1976; 
Fig. 8-16). 

 
 

 
Fig. 15. Observed gravity profile of the Humble salt dome, near Houston, TX, USA (after 
Nettleton 1962) 

 

 
Fig. 16. Third moving average residual gravity anomalies on line AÁ of the Humble salt 
dome, for s= 2.60, 2. 86, 3.12 and 3.38 km. 
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Fig. 17. Family of window curves of z as a function of q for s= 2.60, 2. 86, 3.12 and 3.38 km as 
obtained from the Humble gravity anomaly profile  

3. Conclusion  
Three different numerical algorithms to depth and other associated model parameters 
determination from magnetic and gravity data have been presented. In the first method, a 
least-squares minimization approach has been developed to determine the depth to a buried 
structure from magnetic data. The problem of determining the depth of a buried structure 
from the magnetic anomaly has been transformed into the problem of finding a solution of a 
nonlinear equation. The method presented is very simple to execute. The advantages of the 
present method over previous techniques, which use only a few points, distances, 
standardized curves, and nomograms are: (1) all observed values cal be used, (2) the method 
is automatic, and (3) the method is not sensitive to errors in the magnetic anomaly. Finally, 
the advantage of the proposed method over previous least-squares techniques is that any 
initial guess for the depth parameter works well. In the second method, the problem of 
determining the depth, index parameter, and amplitude coefficient of the buried thin dike 
from a magnetic anomaly profile has been transformed into the problem of solving two 
individual nonlinear equations and a linear equation, respectively. A scheme for 
interpreting the magnetic data to obtain the model parameters based on the least-squares 
method is developed. The method provides two advantages over previous least-squares 
techniques: (1) each model parameter is computed from all observed data, and (2) the 
method is less sensitive to errors in the magnetic anomaly. The method involves using a thin 
dike model convolved with the same moving average filter as applied to the observed data. 
As a result, the method can be applied not only to residuals, but also to measured magnetic 
data having noise, interference from neighboring magnetic rocks, and complicated regional. 
Synthetic and field studies demonstrate the efficiency of the present technique. Finally, the 
problem of determining the shape and depth from gravity data of long or short profile 
length can be solved using the window curves methods for simple anomalies. The window 
curves methods are very simple to execute and work well even when the data contains 
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As a result, the method can be applied not only to residuals, but also to measured magnetic 
data having noise, interference from neighboring magnetic rocks, and complicated regional. 
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noise. The methods involve using simple models convolved with the same moving average 
filter as applied to the observed gravity data. As a result, the methods can be applied not 
only to residuals, but also to measured gravity data. Given their relative strength, the 
present techniques complement the existing methods of shape and depth determination 
from moving average residual gravity anomaly profiles and overcome some of their 
shortcomings. The present iterative methods converge to a depth solution for any shape 
factor value and when applying any window length. The methods are developed to derive 
shape–related parameter and depth and remove the regional trend from gravity data. These 
two parameters might be used to gain geological insight concerning the subsurface. 
However, the advantages of the third moving average method over the first and the second 
moving average techniques are: (1) the method removes adequately the regional field due to 
deep-seated structure from gravity data and (2) the method can be applied to large gridded 
data. Theoretical and field examples have illustrated the validity of the algorithms 
presented.  
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1. Introduction 
Environmental and engineering geophysics are new branches of geophysics that focus on 
data collection and an analysis of the present day environment. Noninvasive, 
nondestructive, and inexpensive geophysical technologies are now capable of providing 
detailed 3D and 4D representations of the subsurface. These advances in geophysical survey 
techniques have not only enhanced traditional applications, such as prospecting geophysics, 
but also made way for development of new methodologies in near surface investigations. 
Environmental and engineering geophysics includes mapping of shallow geological 
formations, prospecting for resources located in the near surface, monitoring aquifers, 
mapping anthropogenic effects on the environment, and surveying for civil engineering and 
archaeological projects. Environmental and engineering geophysics measures parameters 
such as salinity of subsurface fluids, levels of radioactivity, and other soil properties affected 
by industrial activity.  

The increasing demand for sustainable development as well as community efforts to 
preserve and conserve the environment have fostered the development of engineering 
technologies that are more environmentally friendly than traditional geophysical tools. 
Newer techniques are often used to monitor and protect the environment, as well as 
evaluate geotechnical risks of various natural and human - made structures. The increasing 
number of these modern geophysical applications, and of professionals specializing in them, 
bear witness to their emerging significance. 

2. Petrophysical background for geophysical investigations (Jadwiga A. 
Jarzyna) 
Petrophysics is a subdiscipline of geophysics that addresses the physical properties and 
other parameters of rock and other subsurface material. Applied geophysics combines the 
theoretical foundation of a given geophysical method with empirical understanding of the 
materials involved. In the case of petrophysics, theoretical parameters of rock and other 
subsurface materials (i.e. their physical properties) are used to interpret empirical 
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observations (i.e. quantities, subsurface extent etc.). For example, geoeletrical investigations 
use Archie’s law (theoretical) to interpret voltage and current measurements (empirical) to 
gain insight into the effective porosity and resistivity of the materials under study. 

Petrophysics provides empirical information on rocks from laboratory measurements and 
field investigations. Laboratory measurements offer a direct way to determine rock 
parameters, but the results are not always directly applicable to the real world. The 
relatively small size of samples studied in typical laboratory experiments, and the 
complexity of the natural environment bedevil integration of laboratory results not just in 
applied geophysics, but in nearly all Earth science disciplines. High costs of drilling and 
limited number of cores can also constrain the practicality of investigations that rely heavily 
on parameters gathered through laboratory experiments.  

In spite of these constraints, petrophysics aims to consistently integrate information from 
laboratory and field measurements. In subsurface investigations for example, the accuracy 
and resolution of geological profiles depend heavily on parameters provided by field 
measurements. Field measurements such as resistivity, measured by surface geoelectric 
methods and resistivity well logs, in turn reflect both the heterogeneity of subsurface rock 
formations and operational characteristics of the device used to perform the measurement. 
Given the variability among these factors, statistical methods can be used to synthesize and 
interpret data obtained using different methodologies. Empirical formulas generated 
through petrophysical investigations can also be used to standardize, calibrate and scale 
geophysical devices.  

In practice, petrophysics often provides geophysical models with estimates of subsurface 
parameters. Estimated parameters can include bulk density, resistivity, dielectric 
permittivity, velocity of elastic waves, and magnetic susceptibility. In reservoir 
characterization for example, petrophysics parameterizes porosity, permeability and 
filtration factors. Accurate and consistent estimation of these parameters requires 
understanding of mineral composition, porosity, and properties of the interstitial media, (i.e. 
salinity, temperature, etc.). In larger scale studies of anisotropy, petrophysics provides 
estimates of structure, texture and facies type for materials under investigation.  

Petrophysical analysis begins with the assumptions that the subsurface is heterogeneous 
and may undergo change. Subsurface materials may vary in terms of their geometry, size, 
composition, structure and other properties. Petrophysical and petrochemical variables 
address heterogeneity in these properties by averaging them over unit volumes. Subsurface 
materials are also affected by temperature, pressure and the resonant frequencies of physical 
fields used to evaluate them. Near surface investigations are less dependent on subsurface 
pressure and temperature conditions than traditional (deeper) geophysical applications, but 
these factors still come into play. Lack of compaction or varying degrees of consolidation in 
near surface materials can result in differing resistivity and bulk density for rocks of 
identical lithology, but occurring at different depths. Physical fields are also affected by 
consolidation and compaction. Loose subsurface sands and gravels, as well as sandstones 
and mudstones in the aeration zone have anomalously high resistivity for example, due to 
the air content of their pore space.  

Because most of the near surface is composed of sediments and sedimentary rock, this 
chapter focuses on these materials. The chapter first outlines the basics of petrophysical 
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properties, and then describes their use in environmental and engineering geophysical 
applications. The most basic petrophysical property of rock is that of density. Bulk density 
is defined as the ratio of a rock’s mass to its volume. It is lower or equal to matrix density 
(mineralogical density, specific density), which is defined as the ratio of the mass of a rock 
in powdered form, to its volume. Bulk density of sedimentary rocks, δb, depends on the 
density of minerals (matrix material), δm; porosity, Ф; and density of the pore space media, 
δf (2.1).  

 (1 ) ( )b m f m m f             (2.1) 

Bulk density is intuitively inversely proportional to porosity, but it is specifically a function 
of matrix and pore media density. For example, gaseous hydrocarbons in the pore space of a 
reservoir rock will significantly decrease its bulk density. Most rock-forming minerals have 
bulk densities ranging from 2200 to 3500 kg/m3. Ore bodies and associated minerals have 
average densities of 4000 to 8000 kg/m3. Sedimentary rocks are composed of matrix 
materials that range in average density from 2500 to 2900 kg/m3, of fluids ranging from 800 
to 1240 kg/m3, and of gases that have average densities of less than 1000 kg/m3 (Kobranova, 
1989). Given variation in the densities of sedimentary components, the range in bulk density 
can be quite broad from lignite (1000 - 1300 kg/m3); clay (1300 - 2300 kg/m3); sand and 
gravel (1400 - 2300 kg/m3); loam (1500 - 2200 kg/m3); sandstone (2000 - 2800 kg/m3); shale 
(2300 - 2800 kg/m3); limestone (2300 - 2900 kg/m3); and dolomite (2400 - 2900 kg/m3); 
(Schön, 2004). Porosity is an important property of sedimentary rocks that often enters into 
petrophysical considerations. Total porosity is defined as the volume of free space per given 
volume of rock. Effective porosity refers only to the volume of connected pores, fractures, 
fissures and vugs. Porosity can be modelled as spherical volumes of various radii 
(Kobranova, 1989) but is more reliably measured in the laboratory using rock samples or 
well log data. Porosity is related to texture, mineral composition, sedimentary fabric and 

a) b 

  
Fig. 2.1 Permeability vs. porosity of the Rotliegend sandstones; a) datasets from different 
wells; b) datasets ordered according FZI (Jarzyna et al., 2009). 
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degree of lithification. Clay content reduces porosity. Permeability is the ability of a material 
to transmit pore media, which depends heavily on the material’s porosity. A functional 
alternative to calculating a rock’s hydraulic properties as separate porosity and permeability 
variables is the Flow Zone Index (FZI). FZI depends on permeability and porosity, 
specifically considers tortuosity of pore space and specific surfaces without parameterizing 
either of these quantities. The advantages of using FZI over porosity and permeability are 
presented in figure 2.1 (Tiab & Donaldson, 2004; Jarzyna et al., 2009). 

Resistivity and dielectric permittivity refer to electric properties of rocks. Both properties 
depend on mineral composition, porosity and properties of the pore space media. Dielectric 
permittivity is inversely proportional to the electromagnetic (EM) field frequencies often 
used in geophysical measurements. Factors such as water saturation may also influence the 
dielectric permittivity of subsurface materials. Frequency dependence makes it a dispersive 
parameter. Because the dielectric permittivity of water is relatively high compared to 
permittivity values for minerals and hydrocarbons, this parameter can be used to 
distinguish hydrocarbon plumes in water saturated materials. In terms of resistivity, 
silicates and carbonates have high specific resistivities (>109 Ohmm; Kobranova, 1989) and 
are thus classified as insulators. Sulfides and some oxides meanwhile are classified as 
mineral conductors (specific resistivities between 10-6 and 10-1 Ohmm), as are native metals 
(10-8 to 10-5 Ohmm). Variation in the specific resistivities of various minerals can be due to 
the presence of impurities, subsurface structural effects, and anisotropy. Relative dielectric 
permittivity, εr, is defined as the dielectric permittivity of rock, ε, divided by the dielectric 
permittivity of vacuum, ε0. For most rock forming minerals, εr ranges between 4 and 10 
(Table 2.1). Relative dielectric permittivity is correlated to bulk density (2.2). The generalized 
formula (2.2) applies to most minerals with the exception of hydrated forms of 
montmorillonite and members of the sulfide group (Schön, 2004).  

 (1.93 0.17) b
r

    (2.2) 
 

Mineral *VP 
[km/s]

*VS 

[km/s]
*δb 

[kg/m3]
**εr 

[MHz] Rock VP 
[km/s]

E 
[GPa] σ 

Quartz 5.492 4.119 2650  Sandstone^ 0.8-4.5 30-100 0.06-0.6 
Calcite 6.403 3.436 2710 6.35; 7.5-8.7 Sandstone# 1.4-4.3 3-41 0.13-0.33 

Orthoclase 5.690 3.260 2570 5.6; 4.5-6.2 Sandy shale^ 1.45-5.18 5-69 0.12-0.21 
Dolomite 7.007 4.293 2870 7.46; 6.3-8.2 Sand (dry)# 0.2-1.0 0.03-0.72 0.405 
Anhydrite 6.096 3.126 2960 6.5; 5.7-6.7 Sand (wet)# 0.8-2.2 0.55-4.18 0.405 

Siderite 6.959 3.590 3960 9.3; 5.2-7.4 Clay^ 0.3-3 30 0.25-0.45 
Pyrite 8.021 5.166 5020 33.7-81 Clay# 1.0-2.5 0.78-4.91 0.405 

Hematite 6.626 4.233 5270 25 Shale (slate)^ 2.3-6.65 24-72 0.17 
Magnetite 4.175 1.966 5180 33.7-81 Limestone^ 1.0-7.0 13-175 0.18-0.31 
Kaolinite 1.438 0.929 2610 11.8; 9.1 Limestone# 5.9-6.1 55-63 0.34-0.354 

Biotite 6.220 3.717 3010 6.3; 6.2-9.3 Marl^ 1.3-4.5 10-135 0.11-0.23 
Halite 4.549 2.628 2170 5.9; 5.7-6.2 Granite# 5.5-5.9 56-64 0.325 

Table 2.1 Petrophysical properties of minerals and rocks (*after Halliburton, 1991; ** Schön, 
2004; ^Kobranova, 1989; #calculated on the basis of averaged data). 
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The specific resistivity of air equals 1014 Ohmm, and is similar to that of hydrocarbons. 
Electrolytes are ionic conductors. Conductivity of porous, fractured rocks is caused by ionic 
movement in subsurface fluids. Under these conditions, resistivity depends primarily on 
mineral type, rock fabric, temperature of the subsurface fluid, and the volume of connected 
pores. The resistivity of pure water (containing only H+ and OH- ions) is very high 
( > 105 Ohms; Hearst et al., 2000). Conductivity, σw, and resistivity of subsurface water (ρw), 
depends on several factors (2.3; 2.4): 
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In equations 2.3 and 2.4, n is the number of components in the subsurface water,  is the 
degree of dissociation, c is the concentration, z is the valence, and v is the mobility. Factors 
of α and v depend on temperature. Models often assume that pore fluid is a simple sodium-
chloride solution. Formula 2.4 shows that pore fluid resistivity is temperature dependent. 
The variables t1, t2 are temperatures given in Celsius degrees. The relative dielectric 
permittivity of pore water, εr=81 (at t=21oC) differs from that of oil and gas (εr < 3). Salt 
concentration, cmol (given in moles per liter), exerts a relatively small influence on the 
relative dielectric permittivity of pore fluids. The relative dialectric permittivity of pore 
fluids, εr, is related to cmol as follows (Schön, 2004): 

 2 3
_ _ 13 1.065 0.03006r r pure water mol mol molc c c         (2.5) 

Dielectric permittivity, εr, the velocity of electromagnetic waves, VEM, and EM attenuation, 
AEM, are used in georadar investigations. The dielectric permittivity of porous rocks strongly 
depends on the degree of water saturation. The salinity of pore water does not strongly 
affect εr (2.5), but does influence conductivity and attenuation of electromagnetic waves. 
Selected values for the electromagnetic properties of different pore media as well as surface 
and subsurface materials are presented below in Table 2.2.  
 

Material etha- 
nol 

glyce- 
rine oil petro- 

leum ice ice 
* 

ice
** 

snow 
^ 

snow 
^^ 

εr 25.8 56.2 2.0-2.7 2.0-2.2 3.1 4,15 3.2 1.2 1.55 

Material water
(fresh)

water 
(saline)

ice 
# 

silts 
# 

sand
(dry)

sand 
(wet) air clay peat 

εr 80 80 3-4 5-30 4 25 1 5-40 60-80 
VEM [m/ns] 0.03 0.03 0.16 0.07 0.15 0.06 0.30 0.05-0.13 0.03-0.04 
AEM [dB/m] 0.1 1000 0.01 1-100 0.01 0.03-0.3 0 1-300 0.3 

Table 2.2 Relative dielectric permittivity of selected materials; *from pure distilled water 
(-12ºC, 106 Hz), **from pure distilled water (-12º C, 109 Hz), ^freshly fallen, hard packed, 
followed by rain (-20º C, 106 - 109 Hz), ^^freshly fallen, hard packed, followed by rain (-6° C, 
106 Hz) (after Schön, 2004; # from http://www.physics.utoronto.ca/~exploration/courses). 
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Mineral *VP 
[km/s]

*VS 

[km/s]
*δb 

[kg/m3]
**εr 

[MHz] Rock VP 
[km/s]

E 
[GPa] σ 

Quartz 5.492 4.119 2650  Sandstone^ 0.8-4.5 30-100 0.06-0.6 
Calcite 6.403 3.436 2710 6.35; 7.5-8.7 Sandstone# 1.4-4.3 3-41 0.13-0.33 

Orthoclase 5.690 3.260 2570 5.6; 4.5-6.2 Sandy shale^ 1.45-5.18 5-69 0.12-0.21 
Dolomite 7.007 4.293 2870 7.46; 6.3-8.2 Sand (dry)# 0.2-1.0 0.03-0.72 0.405 
Anhydrite 6.096 3.126 2960 6.5; 5.7-6.7 Sand (wet)# 0.8-2.2 0.55-4.18 0.405 

Siderite 6.959 3.590 3960 9.3; 5.2-7.4 Clay^ 0.3-3 30 0.25-0.45 
Pyrite 8.021 5.166 5020 33.7-81 Clay# 1.0-2.5 0.78-4.91 0.405 

Hematite 6.626 4.233 5270 25 Shale (slate)^ 2.3-6.65 24-72 0.17 
Magnetite 4.175 1.966 5180 33.7-81 Limestone^ 1.0-7.0 13-175 0.18-0.31 
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Table 2.1 Petrophysical properties of minerals and rocks (*after Halliburton, 1991; ** Schön, 
2004; ^Kobranova, 1989; #calculated on the basis of averaged data). 
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The specific resistivity of air equals 1014 Ohmm, and is similar to that of hydrocarbons. 
Electrolytes are ionic conductors. Conductivity of porous, fractured rocks is caused by ionic 
movement in subsurface fluids. Under these conditions, resistivity depends primarily on 
mineral type, rock fabric, temperature of the subsurface fluid, and the volume of connected 
pores. The resistivity of pure water (containing only H+ and OH- ions) is very high 
( > 105 Ohms; Hearst et al., 2000). Conductivity, σw, and resistivity of subsurface water (ρw), 
depends on several factors (2.3; 2.4): 
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In equations 2.3 and 2.4, n is the number of components in the subsurface water,  is the 
degree of dissociation, c is the concentration, z is the valence, and v is the mobility. Factors 
of α and v depend on temperature. Models often assume that pore fluid is a simple sodium-
chloride solution. Formula 2.4 shows that pore fluid resistivity is temperature dependent. 
The variables t1, t2 are temperatures given in Celsius degrees. The relative dielectric 
permittivity of pore water, εr=81 (at t=21oC) differs from that of oil and gas (εr < 3). Salt 
concentration, cmol (given in moles per liter), exerts a relatively small influence on the 
relative dielectric permittivity of pore fluids. The relative dialectric permittivity of pore 
fluids, εr, is related to cmol as follows (Schön, 2004): 

 2 3
_ _ 13 1.065 0.03006r r pure water mol mol molc c c         (2.5) 

Dielectric permittivity, εr, the velocity of electromagnetic waves, VEM, and EM attenuation, 
AEM, are used in georadar investigations. The dielectric permittivity of porous rocks strongly 
depends on the degree of water saturation. The salinity of pore water does not strongly 
affect εr (2.5), but does influence conductivity and attenuation of electromagnetic waves. 
Selected values for the electromagnetic properties of different pore media as well as surface 
and subsurface materials are presented below in Table 2.2.  
 

Material etha- 
nol 

glyce- 
rine oil petro- 

leum ice ice 
* 

ice
** 

snow 
^ 

snow 
^^ 

εr 25.8 56.2 2.0-2.7 2.0-2.2 3.1 4,15 3.2 1.2 1.55 

Material water
(fresh)

water 
(saline)

ice 
# 

silts 
# 

sand
(dry)

sand 
(wet) air clay peat 

εr 80 80 3-4 5-30 4 25 1 5-40 60-80 
VEM [m/ns] 0.03 0.03 0.16 0.07 0.15 0.06 0.30 0.05-0.13 0.03-0.04 
AEM [dB/m] 0.1 1000 0.01 1-100 0.01 0.03-0.3 0 1-300 0.3 

Table 2.2 Relative dielectric permittivity of selected materials; *from pure distilled water 
(-12ºC, 106 Hz), **from pure distilled water (-12º C, 109 Hz), ^freshly fallen, hard packed, 
followed by rain (-20º C, 106 - 109 Hz), ^^freshly fallen, hard packed, followed by rain (-6° C, 
106 Hz) (after Schön, 2004; # from http://www.physics.utoronto.ca/~exploration/courses). 
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For rocks that have no clay minerals, Archie’s laws (2.6 and 2.7) describe the relationships 
among the resistivity of fully saturated rock (R0), the resistivity of rock partially saturated 
with water and hydrocarbons (Rt), effective porosity (Фeff), resistivity of formation water 
(Rw), and water saturation (Sw) or hydrocarbon saturation (1-Sw). Relationship I vs. Sw (2.7; 
Archie law) may be nonlinear on a bi-logarithmic scale, especially if there are several 
different brine or porosity systems within the subsurface formation, or if the formation has a 
significant fine-grained lithological component (≤ mud sized particles). 
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In equations 2.6 and 2.7, F is the formation factor, I is the resistivity index, m is a 
cementation factor ranging from 1.3 for unconsolidated sediments, to 2.2 for lithified, non-
porous, non-permeable rock, and n is the saturation exponent, ranging from 1.12 to 2.55 for 
sandstone, and from 1.1 to 2.38 for limestone. The variables m and n are empirically 
determined (Tiab & Donaldson, 2004). 

 
 

 

Fig. 2.2 Bulk density vs. depth; sandstone, S, limestone, L, anhydrite, A, Miocene N-E - 
north-eastern Carpathian Foredeep. 
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Fig. 2.3 Velocity and bulk density vs. porosity; Miocene sandstones and anhydrites; 
O.F.- units older than Permian. 

Velocities of elastic waves used in seismic surveys (longitudinal P-waves, and shear 
S-waves) strongly depend on porosity and elastic moduli of the subsurface matrix, and on 
the type and properties of the pore space media. P- and S-wave velocities, along with bulk 
density and lithological information are used to calibrate seismic profiles. The velocity 
ratio, VP/VS, and acoustic impedance can indicate differences in lithology. Many 
petrophysical parameters are strongly depth dependent, and wave velocities in particular 
can be obscured by depth dependent changes in materials (Fig. 2.2). Porosity typically 
reduces velocity (Fig. 2.3.), as described by the Wyllie equation, the Raymer-Hunt-
Gardner formula, and by others (Schön, 2004). A velocity correction for lack of 
compaction is necessary for empirical analysis of unconsolidated near-surface materials. 
Clays lower the elastic moduli of rocks and thus significantly reduce velocities of elastic 
waves. Velocities in clay-rich materials are lower than those in quartz- or calcite- rich 
materials (Table 2.1) while the compressibility of clay is higher than that of quartz and 
calcite. Clay properties are also strongly influenced by water volume. The above factors 
lead to complex relationships among the physical properties of subsurface materials that 
have high clay and water content.  

Wave velocities in frozen unconsolidated sediments (permafrost) are similar to velocities in 
consolidated sediments, as ice can serve as a cement. Pronounced differences in the VP/VS 

ratio for gas- and water-saturated rocks are useful in energy exploration and cases of 
subsurface hydrocarbon contamination. Differences in the VP/VS ratio for gas and liquid 
saturated materials arise from the differential influence of pore space media on P- and 
S-wave velocities (differing effects on VP and VS, respectively). Velocities (for Poisson ratio, 
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materials (Table 2.1) while the compressibility of clay is higher than that of quartz and 
calcite. Clay properties are also strongly influenced by water volume. The above factors 
lead to complex relationships among the physical properties of subsurface materials that 
have high clay and water content.  

Wave velocities in frozen unconsolidated sediments (permafrost) are similar to velocities in 
consolidated sediments, as ice can serve as a cement. Pronounced differences in the VP/VS 

ratio for gas- and water-saturated rocks are useful in energy exploration and cases of 
subsurface hydrocarbon contamination. Differences in the VP/VS ratio for gas and liquid 
saturated materials arise from the differential influence of pore space media on P- and 
S-wave velocities (differing effects on VP and VS, respectively). Velocities (for Poisson ratio, 
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σ) and bulk density (for Young modulus, E, and others) can be used to calculate the dynamic 
elastic moduli of rocks. Sonic well logs record full, acoustic waveforms for in situ elastic 
wave velocity analysis. In unconsolidated, near-surface sediments, shear wave velocity can 
be lower than the velocity of borehole mud. Under these conditions, it is necessary to use a 
formula derived from the Stoneley wave equation in order to calculate S-wave velocity 
(Jarzyna et al., 2010). Sedimentary rocks are often anisotropic and well layered. When 
measured parallel to sedimentary layers, velocity, VP//, and Young’s modulus, E//, are 
greater than VP┴ and E┴, measured perpendicular to layers. The anisotropic coefficient of 
longitudinal wave velocity can reach values of 1.2 to 1.3. These values can exceed transverse 
wave coefficients and anisotropic coefficients pertaining to Young’s modulus (~1.1 to 2.0; 
Kobranova, 1989). In finely laminated rocks, such as shale-rich sandstones, elastic waves 
having wavelengths longer than the thickness of the individual laminae must be normalized 
in order to calculate the effective properties of the material. 

Magnetic susceptibility is an important parameter for soils and shallow subsurface rocks 
containing ferrimagnetic minerals. The magnetic susceptibility of soil and rock depends 
on shape, size and concentration of susceptible minerals. Most minerals are dia- and 
paramagnetic. Antiferrimagnetic minerals are relatively rare and ferromagnetic minerals 
are very rare (Kobranova, 1989). Specific volumetric susceptibility, κ, and mass 
susceptibility, χ, respectively, are proportionality coefficients in the presented below 
mutual relationships: 

 vJ H 
 

 (2.8) 

 mJ H 
 

 (2.9) 

 / m    (2.10) 

In equations 2.8 and 2.9, H


 is magnetic field, vJ


is specific volume, and mJ


is specific mass 
magnetization.  

The magnetic susceptibility of dia- and paramagnetic native elements is governed by their 
chemical properties. For multi-element minerals, magnetic susceptibility is governed by 
stoichiometric composition and the arrangement of elements in the crystal lattice. The 
specific volumetric magnetic susceptibility of diamagnetic minerals is negligible and 
negative in value, ranging from -5.024 to -1.63 x 10-4 SI units (Kobranova, 1989). The most 
common minerals found in sedimentary rocks are diamagnetic (i.e. quartz, calcite, feldspar, 
dolomite, gypsum, halite, etc). Trace minerals such as biotite, pyrite, ilmenite, siderite, 
chlorite, and clays are paramagnetic or paraferrimagnetic. Accessory minerals such as 
magnetite, maghemite, hematite, and goethite are ferro- or ferrimagnetic. Magnetite is one 
of the most susceptible minerals, with 1.25 to 25 or more SI units. Water and oil are 
diamagnetic (κw=χw= -0.9 10-5 and κo=χo= -1.04 10-5 SI units, respectively). The influence of 
the mineral matrix on the susceptibility of the pore fluid is insignificant. Gases, including 
gaseous hydrocarbons have much lower magnetic susceptibility than liquids. Oxygen is 
paramagnetic with a relatively low, κoxyg = 0.17 x 10-5 SI units. The magnetic susceptibility of 
air, κair, equals 0.04 x 10-5 SI units. The ferromagnetic properties of magnetized rocks are the 
basis of magnetic surveys, paleogeographic reconstructions, and the paleomagnetic record. 
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Iron-oxide minerals are often used as paleoenvironmental proxies due to their high 
magnetic susceptibility, and because environmental conditions can be interpreted from iron 
oxide composition and grain size distribution. 

3. Near surface georadar investigations (Jerzy Karczewski & Jerzy Ziętek) 
In recent years, ground penetrating radar (GPR) has become the most popular geophysical 
method for near surface investigations. GPR belongs to a group of radio wave methods 
which evaluate electromagnetic wave propagation within a geological medium. The most 
popular GPR apparatus is the impulse type, which uses transmitting antennas to emit short 
electromagnetic pulses of 0.5 to 10 ns in the 10MHz to 6GHz frequency range (f). Under 
favorable conditions, low frequency antennas (f < 50 MHz) can be used to map the structure 
of the subsurface down to depths of a few dozen meters. Higher frequency pulses increase 
the resolution of shallow features, but decrease the depth range of the survey. EM waves 
from GPR devices can be attenuated, reflected or refracted. Reflection or refraction 
coefficients of EM waves for a given subsurface boundary layer will depend on different 
dielectric permittivities (ε) of the materials involved. Dielectric permittivity also influences 
velocities of the EM waves. Wave attenuation depends on wave frequency and the 
conductivity of the media, which in turn is strongly influenced by depth. While GPR devices 
are cheap and relatively easy to operate, GPR echograms are difficult to interpret and 
require knowledge of subsurface structure and petrophysical properties. Methods for 
processing GPR field data can enhance signal to noise ratios and the accuracy of reflector 
images. The most common GPR processing procedures include DC-Bias, time gain, filtration 
in the frequency domain, f/k filtration, deconvolution, migration and others (Annan, 2001; 
Daniels, 2004; Jol, 2009). 

3.1 Landslide investigations 

Landslides can damage infrastructure and pose a variety of other environmental risks. Mass 
wasting during a landslide event strongly depends on topography, hydrology, the structure 
of underlying bedrock, soil and bedrock type, and other factors. Strategies for landslide risk 
mitigation require a detailed understanding of the internal structure of the landslides, 
especially the slide surface. GPR surveys performed to image a landslide surface should 
profile the main landslide axis, as well as an axis perpendicular to the slide if possible.  

For landslides that cut through inclined layers, a topographic correction is necessary to 
properly locate and map the slide surface. Stacking of multiple signals during data 
acquisition and maximizing the number stacked signals improves the significance and 
clarity of the echograms. If the terrain permits, several parallel profiles can be recorded to 
render a 3D map of the main slide surface. A small landside that destroyed a relatively new 
house in the south of Poland provides a case study of the methods described above. GPR 
was used to locate and map the landslide surface, which developed following a period of 
heavy rain in 1997 (Fig. 3.1). No landslide activity had been observed in the area prior to 
1997, leading investigators to suspect that construction of the house and it adjacent 
swimming pool in 1995 may have disturbed the geotechnical balance of the property. Later 
drilling revealed the lithological composition of the subsurface rocks, and confirmed the 
presence of slide surface. 
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Fig. 3.1 GPR echogram of a landslide. RAMAC/GPR apparatus, 200 MHz antennas. 

3.2 GPR in archeology 

More and more archeological investigations utilize geophysical methods of magnetometry, 
GPR, and geoelectrics. Features such as old moats, ramparts, walls, basements, cemeteries, 
residual strongholds, foundations, and tumuli have all been located using GPR methods. 
Archeological objects can be successfully identified using medium frequency antennas, as 
they are buried at depths of less than 10 m. GPR is non-invasive and thus offers the 
advantages of speed and precision in archeology, as well as the possibility of object 
recognition without digging an exploratory trench. Archeological interpretations can be 
optimized by doing GPR profiles of an entire grid system if terrain conditions permit. Under 
these conditions a GPR survey can significantly reduce the time and effort necessary to 
locate subsurface objects, thus lowering the costs of excavation. GPR can also help optimize 
design of research trenches and excavation plans for specific objects. Higher frequency GPR 
records can help differentiate small artifacts from other, less significant fragments of rock in 
the subsurface.  

GPR is an especially effective, low impact method for surveys carried out inside historic 
buildings. Void space such as crypts, basements and tunnels can be detected as a large 
increase in EM wave velocity. As a result, the boundaries of void spaces are visible in 
echograms at apparent depths that are below the actual boundaries or floors of these 
features. Voids appear in echograms as low frequency impulses zones. Shielded antennas 
are often used for GPR measurements inside of buildings to reduce feedback from walls, 
ceilings and other objects (i.e. reflex anomalies), but unshielded antennas can also provide 
adequate results. Echograms collected inside buildings can contain a significant amount of 
noise from reflex anomalies, but these datasets have nevertheless facilitated numerous 
archeological discoveries.  

GPR surveys of Saint Margaret’s collegiate in central Poland for example, were used to 
determine whether a Romanesque basement excavated outside of the church continued 
beneath the floor of the historic structure above. A GPR survey using shielded antennas (800 
MHz) confirmed that the basement extended beneath the church (Fig. 3.2). Due to the 
architectural continuity of many historical structures, archeological GPR profiles can be 
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planned according to known subsurface patterns, or the layout of the overlying structure. 
GPR surveys of the churches of Saint Peter and Saint Paul in Krakow were planned using 
the surface structure as a template (Fig. 3.3). In this example, the survey used shielded 250 
MHz antennas and followed an aisle in the church that lay above known and accessible 
crypts. The longitudinal axes of the last two crypts (Fig. 3.3) are parallel to the profile. The 
echogram from the aisle was then used to interpret depth profiles of the nave of the church 
where unknown and inaccessible crypts were suspected to exist. 

 
Fig. 3.2 GPR of Saint Margaret’s collegiate in central Poland; a) echogram, b) ruins of the 
Romanesque basement. RAMAC/GPR apparatus, 800 MHz antennas. 

3.3 GPR for controlling embankments 

River embankments, levies and dams that secure reservoirs, holding ponds and other bodies 
of water, require periodic maintenance and upgrade. Even robustly constructed 
embankments degrade over time, usually from infiltration at the embankment’s base. Water 
filtration across the body of the embankment results in soil suffusion and liquefaction. 

Animal burrows, vegetation, and other biological modifications can also degrade 
embankments. Assessment of embankments is usually performed using geotechnical 
methods. These include drilling wells, conducting well tests, testing of well plugs in the 
laboratory, and in situ ground testing. Geomorphological factors affecting embankments can 
be ascertained via larger scale surveys of the area, using maps, photointerpretation, 
photogrammetry. 
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GPR surveys of Saint Margaret’s collegiate in central Poland for example, were used to 
determine whether a Romanesque basement excavated outside of the church continued 
beneath the floor of the historic structure above. A GPR survey using shielded antennas (800 
MHz) confirmed that the basement extended beneath the church (Fig. 3.2). Due to the 
architectural continuity of many historical structures, archeological GPR profiles can be 
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planned according to known subsurface patterns, or the layout of the overlying structure. 
GPR surveys of the churches of Saint Peter and Saint Paul in Krakow were planned using 
the surface structure as a template (Fig. 3.3). In this example, the survey used shielded 250 
MHz antennas and followed an aisle in the church that lay above known and accessible 
crypts. The longitudinal axes of the last two crypts (Fig. 3.3) are parallel to the profile. The 
echogram from the aisle was then used to interpret depth profiles of the nave of the church 
where unknown and inaccessible crypts were suspected to exist. 

 
Fig. 3.2 GPR of Saint Margaret’s collegiate in central Poland; a) echogram, b) ruins of the 
Romanesque basement. RAMAC/GPR apparatus, 800 MHz antennas. 

3.3 GPR for controlling embankments 

River embankments, levies and dams that secure reservoirs, holding ponds and other bodies 
of water, require periodic maintenance and upgrade. Even robustly constructed 
embankments degrade over time, usually from infiltration at the embankment’s base. Water 
filtration across the body of the embankment results in soil suffusion and liquefaction. 

Animal burrows, vegetation, and other biological modifications can also degrade 
embankments. Assessment of embankments is usually performed using geotechnical 
methods. These include drilling wells, conducting well tests, testing of well plugs in the 
laboratory, and in situ ground testing. Geomorphological factors affecting embankments can 
be ascertained via larger scale surveys of the area, using maps, photointerpretation, 
photogrammetry. 
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Fig. 3.3 Echogram in the Saint Peter and Saint Paul church in Krakow. RAMAC/CU II 
apparatus, shielded 250 MHz antennas. 

GPR is highly effective in locating zones of weakness in river embankments. This method is 
useful for performing qualitative investigations of the embankment’s inner structure and 
basal materials. GPR measurement profiles are best carried out along the rim of an 
embankment, along inner and outer shelves, and also within intervening areas between the 
river and the embankment. GPR signals can render the subsurface in sufficiently high 
resolution as to show relatively small anomalies in the embankment’s subsurface structure. 
Varying degrees of cementation for example can be detected by GPR. Lower frequency 
antennas are generally used to query an embankment’s basal structure. 

 
Fig. 3.4 Echogram of the Odra river embankment. RAMAC/GPR apparatus, unshielded 
200 MHz antennas. 

Frequently, river embankments are composed of impermeable clays and silts, materials that 
have relatively low resistivity. These materials attenuate EM signals, allowing GPR surveys 
to penetrate only the shallowest zones of the subsurface. GPR signals can also be obscured 
by high water, flooding, or heavy rains which saturate embankment material, and thus 
attenuate EM waves (Nguyen et al., 2005). Trees growing on or near the embankment can 
also interfere with signals, obscuring recognition of heterogeneities. 

In spite of these limitations, the high measurement efficiency and low cost of GPR relative to 
other methods recommend it as a first order survey strategy for assessing embankments. 
GPR anomalies can then be confirmed with second order geotechnical methods. Used in this 
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way, GPR can optimize the more expensive assessment techniques, limiting their use to 
zones where GPR anomalies are apparent. The echogram shown in Fig. 3.4 was recorded on 
the Odra river embankment using 200 MHz unshielded antennas. The height of the 
embankment along the section analyzed was about 4 m. The goal of the investigation was to 
identify heterogeneities within the embankment and its basal materials. No meaningful 
heterogeneities were observed within the embankment but a significant anomaly appeared 
at its base. Drilling revealed that the anomaly was a permeable layer of coarse-grained 
gravel. Further study of the anomaly identified this area of the embankment as being at risk 
of hydraulic puncture during high water events. 

4. Georadar for monitoring soil contamination (Sylwia Tomecka-Suchoń) 
Georadar methods (GPR) are a valuable tool in detection and remediation of soil pollution 
due to their sensitivity to the electrical properties of subsurface materials. Hydrocarbons 
and salts leaking from containment at industrial sites are the two most common classes of 
soil pollutants. Hydrocarbon contamination is usually a consequence of leakage from 
collecting tanks and pipelines used in various petroleum operations. Mining operations with 
their sizeable holding ponds, debris, and chemical dumps can also pollute soil and ground 
water. Identification and remediation of hazardous chemicals is complicated by the fact that 
waste material can be distributed at various depths, and may migrate in any direction, at 
any speed. The GPR method is a particularly sensitive method under conditions of pore 
water saturation, due to the high relative dielectric permittivity of water. In saturated soils 
for example, GPR can be used to perform real time monitoring of contaminant plume 
migration. As with applications described in the previous section, GPR is non-invasive and 
allows parties involved to forgo the more expensive activities of digging wells and trenches 
(Gołębiowski et al., 2010a). Two case studies of GPR use in soil contamination studies are 
described below. These include both types of liquid pollutants: low-conductivity 
hydrocarbons (a fuel station in Krakow) and high-conductivity chemical solutions (former 
military installation at B-S (Poland), and D waste dump). 

4.1 Low-conductivity hydrocarbon contamination 

The conductivity of soil media depends on 1) the relative volumes of the components 
(e.g., articles, water, air) and 2) their conductivity. The former volumetric factors will in turn 
affect the soil’s overall dielectric permittivity. Owing to its very high dielectric permittivity, 
(εr =81) water content greatly facilitates imaging of Light Non-Aqueous Phase Liquid 
(LNAPL) contamination in sandy subsurface materials. Hydrocarbons have a low εr (Table 
2.1). Detection of a LNAPL plume in dry, aerated soil horizons is difficult, but in water 
saturated soils, phase separation occurs between the LNAPL plume and uncontaminated 
surroundings. Differences in permittivity mean that higher concentrations of immiscible 
hydrocarbons (e.g. gasoline) can enhance detection and mapping of plumes. LNAPL plumes 
tend migrate in a downward direction due to gravity and capillary action. When a plume 
reaches the capillary fringe zone, contrasting electromagnetic properties between 
contaminants and the surrounding medium resolve the plume in GPR echograms. 

A GPR survey was carried out at a fuel station in Krakow (Gołębiowski et al., 2010a). The 
study area was contaminated by repeated spills where hydrocarbon mixtures soaked and 
infiltrated the ground surface. GPR measurements were carried out in a constant-offset 
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gravel. Further study of the anomaly identified this area of the embankment as being at risk 
of hydraulic puncture during high water events. 

4. Georadar for monitoring soil contamination (Sylwia Tomecka-Suchoń) 
Georadar methods (GPR) are a valuable tool in detection and remediation of soil pollution 
due to their sensitivity to the electrical properties of subsurface materials. Hydrocarbons 
and salts leaking from containment at industrial sites are the two most common classes of 
soil pollutants. Hydrocarbon contamination is usually a consequence of leakage from 
collecting tanks and pipelines used in various petroleum operations. Mining operations with 
their sizeable holding ponds, debris, and chemical dumps can also pollute soil and ground 
water. Identification and remediation of hazardous chemicals is complicated by the fact that 
waste material can be distributed at various depths, and may migrate in any direction, at 
any speed. The GPR method is a particularly sensitive method under conditions of pore 
water saturation, due to the high relative dielectric permittivity of water. In saturated soils 
for example, GPR can be used to perform real time monitoring of contaminant plume 
migration. As with applications described in the previous section, GPR is non-invasive and 
allows parties involved to forgo the more expensive activities of digging wells and trenches 
(Gołębiowski et al., 2010a). Two case studies of GPR use in soil contamination studies are 
described below. These include both types of liquid pollutants: low-conductivity 
hydrocarbons (a fuel station in Krakow) and high-conductivity chemical solutions (former 
military installation at B-S (Poland), and D waste dump). 

4.1 Low-conductivity hydrocarbon contamination 

The conductivity of soil media depends on 1) the relative volumes of the components 
(e.g., articles, water, air) and 2) their conductivity. The former volumetric factors will in turn 
affect the soil’s overall dielectric permittivity. Owing to its very high dielectric permittivity, 
(εr =81) water content greatly facilitates imaging of Light Non-Aqueous Phase Liquid 
(LNAPL) contamination in sandy subsurface materials. Hydrocarbons have a low εr (Table 
2.1). Detection of a LNAPL plume in dry, aerated soil horizons is difficult, but in water 
saturated soils, phase separation occurs between the LNAPL plume and uncontaminated 
surroundings. Differences in permittivity mean that higher concentrations of immiscible 
hydrocarbons (e.g. gasoline) can enhance detection and mapping of plumes. LNAPL plumes 
tend migrate in a downward direction due to gravity and capillary action. When a plume 
reaches the capillary fringe zone, contrasting electromagnetic properties between 
contaminants and the surrounding medium resolve the plume in GPR echograms. 

A GPR survey was carried out at a fuel station in Krakow (Gołębiowski et al., 2010a). The 
study area was contaminated by repeated spills where hydrocarbon mixtures soaked and 
infiltrated the ground surface. GPR measurements were carried out in a constant-offset 
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reflection mode along two lines that transected the site. A RAMAC/GPR device was used 
with 200 MHz antennas. Traces were collected every 0.05 m to generate a total of 64 stacked 
signals. All echograms were processed with the ReflexW program using phase correlation, 
time zero correction, amplitude declipping, dewowing, DC-shift, background removal, gain, 
the Butterworth filter, and smoothing procedures. Identification of contaminated zones was 
based on energy distribution analysis, counted from Hilbert transformation of raw signals. 
Areas where pockets of high energy (Fig. 4.1) overlapped anomalies in power spectra were 
interpreted as contaminated zones (Fig. 4.2). The energy envelope was normalized to the 
maximum value of the direct air wave. 

Analysis of well cores (Fig. 4.1) found neither anisotropy nor other compositional anomalies 
in the subsurface of the study area. Parts of high energy in the echograms (violet area 
between 1 m and 2.5 m in Fig. 4.1) were therefore interpreted as contaminated zones. 
Analysis of GPR power spectra from the profile (Fig. 4.2) showed phase shifts and other 
irregularities that likewise indicated high concentrations of hydrocarbons. Power spectra 
irregularities correlated well with the zones of high energy in areas located at 15 and 32 m 
along the transect (Figs 4.1 and 4.2). The location of a high energy zone at ~2.5 m depth 
highlighted depression or downward bowing of the water table due to the gravitational 
pressure of the hydrocarbon plume. 

 
Fig. 4.1 GPR energy distribution (Gołębiowski et al., 2010a) 

 
Fig. 4.2 GPR power spectra (Gołębiowski et al., 2010a) 

4.2 High-conductivity chemical contamination 

GPR can be used to detect subsurface chemical contamination through analysis of electrical 
conductivity profiles. Conductivity strongly affects attenuation of EM waves such that  
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contaminated versus uncontaminated areas can be differentiated according to signal 
amplitudes in echograms (Marcak & Tomecka-Suchoń, 2010). The higher conductivity of 
some pollutants leads to greater attenuation and in echograms the absence of reflexes may 
be expected. Real time monitoring at the B-S military site revealed immediate changes in the 
GPR signals following injection of a high-conductivity NaCl solution into a zone of 
concentrated hydrocarbon contamination. The salt solution (5 kg of NaCl in 30 liters of 
water) was injected into a well located at point C along the profile (Fig. 4.3). Twenty liters of 
gasoline were simultaneously poured into the ground surface at point B. The injection well 
passes through sands of mixed grain size, overlying a clay layer. The clay layer is 
impermeable, separating the contamination experiment from the top of the water table 
at ~9 m depth. 

GPR recordings were performed within the aeration zone of a lossless geological medium 
using high resolution antennas (500 and 800 MHz) at low depth, and operating in time-
monitoring mode in order to track migration of contaminants (Fig. 4.3). A mean velocity of 
Vmean= 10 cm/ns, estimated from well core materials (i.e. dry sands) was used for time-
depth conversions. GPR results show that attenuation increases dramatically around the 
borehole such that the lateral boundary of the contaminant plume was easily identified. The 
depth of contamination however was more difficult to locate due to the high conductivity 
and high attenuation of the NaCl solution. GPR time-monitoring of the gasoline spill 
showed that the horizontal length of the salt-contaminated area (~30 - 32.5 m; Fig. 4.3a-d) 
exceeded the original area of the spill, and did not change significantly. Twenty four hours 
later the contaminant plume had moved down on the profile and a hyperbola located at 30.5 
m which probably originated from root  reappeared on GPR echograms (Fig. 4.3d). 

Different areas of the same water table can be contaminated from different local point 
sources, leading to varying levels of contamination along a given horizontal transect. In 
these situations, a single attenuation coefficient cannot be used to map the contamination. 
Changes detected in the coefficients themselves however may be used to locate 
boundaries of various contaminated areas. For porous media, reflection coefficients for 
EM waves depend not only on pore fluid type, but also on its degree of saturation (Schön, 
1996). The effects of conductivity variation (ionic content of pore fluids) are evident in the 
GPR profile of an area of D waste dump contaminated by a high-conductivity solution, 
shown in Fig. 4.4. GPR data was winnowed according to an echogram time window of 20 
and 35 ns to optimize recognition of the near surface aquifer and the horizon of salt 
contamination. 

The energy component of the GPR signal reflected from the salt-contaminated horizon was 
subjected to a Hilbert transform, and then normalized along both horizontal and vertical 
axes to determine the dominant trend of energy changes (Fig. 4.4a, blue dots). Energy 
changes were then projected, using a cubic polynomial function, along the entire profile 
(Fig. 4.4a, red line). GPR results were merged with hydrological data on the basis of pore 
fluid conductivity (green line). Near the piezometer Pz-2, concentrated pore fluids 
corresponded to high energy GPR signals. To the right of Pz-2, GPR signal energy decreases 
rapidly until well site S-640A. The trend in energy change (Fig. 4.4a, red line) corresponds to 
trends in water conductivity change (Fig. 4.4a, green line). 
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Fig. 4.3 Echograms (800 MHz antennas) from the B-S site a) before simulated gasoline spill, 
b) immediately after the spill, c) 3 hours after d), 24 hours after (Gołębiowski et al., 2010a) 
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Fig. 4.4 Results of GPR investigations of an area surrounding a mining dump; a) energy 
distributions of GPR signals along the measurement profile and changes of ground water 
conductivity according to hydrogeological results; b) modified echogram - white 
perpendicular stripes are zones of high interference that were removed from GPR signals 
(Gołębiowski et al., 2010b) 

5. Microgravity investigations (Sławomir Porzucek) 
Micro-scale gravity measurements are the newest type of the gravimetric investigations in 
geophysics. Anomalies measured in the microgravity range are much smaller than those 
measured by traditional gravimetric methods. Microgravity amplitudes are only few times 
higher than average measurement errors for typical gravimetric devices. The newest 
generation of gravity meters have measurement accuracies of ~5 x 10-8 m/s2 (0.005 mGal). 
Gravity field values for a given object depend primarily on how its bulk density is spatially 
distributed. For subsurface materials, shapes, sizes and the depth of objects may effect 
gravity measurements, but other petrophysical properties do not. Microgravity 
measurements can be influenced by strong winds or ground vibrations from traffic, both of 
which can lead to large errors. Special methods can be used to reduce the microgravity 
measurement error and enhance a signal/error ratio. These include shortening the time 
intervals between measurements to eliminate instrument drift (i.e. measurement intervals of 
no more than 1-3 hrs), performing replicate measurements to reduce random measurement 
error, and using relatively short distances between measurement stations in order to image 
anomalies as precisely as possible. Gravimetric modelling of the geological or human - made 
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structures under investigation can assist in selecting the optimal distance interval between 
measurement stations. The height of the tripod on which the instrument is mounted should 
be measured as precisely as possible. An error of 0.03 m in tripod height estimation can 
change gravity measurements by as much as 0.01 mGal. Station location and terrain 
corrections are also extremely important. Improper processing of microgravity data (e.g. 
poorly chosen filters and so forth) may mask subsurface anomalies or create artefacts in the 
data. A poorly executed microgravity survey may reveal little more than the obvious 
Bouguer anomalies. For a carefully executed survey, microgravity anomalies with 
amplitudes of as little as 1.5 times the measurement error can be identified from as few as 
four stations, with a 99.9% confidence level (Liu, 2007). Microgravity methods are highly 
sensitive to the density of subsurface objects and thus are generally used for investigating 
small objects at relatively shallow depths. Microgravimetric information combined with 
borehole data can provide 2- and 3-D density models of the subsurface. Bulk density 
differences apparent in microgravity data can be to used locate and identify loosened debris, 
such as slag heaps, salts or other industrial waste materials. Microgravity surveys are also 
useful in searching for natural cavities caused by karst processes. In both active and 
abandoned subsurface mine sites, microgravity surveys can show underground shafts, 
chambers and other low density features. Microgravity surveys can thus identify risks to 
surface activities posed by old, closed underground workings and their potential 
deformation.  

A microgravity survey of the Wieliczka salt mine provides an example of the application 
described above. A 600 x 350 m area was surveyed for microgravity anomalies to indentify 
zones in the rock mass that posed a structural risk to surface activities (Madej et al., 2001). 
Residual anomalies (Fig. 5.1) reflected both the geological structure of the subsurface and 
structures related to former mining operations. Negative concentric anomalies revealed 
chambers excavated by historical mining operations. The negative, concentric anomaly 
denoted as ‘1’ in Fig. 5.1, was the result of weakened materials around an abandoned 16th 
century structure, the Lois shaft. Negative anomalies 2, 3 and 4 (Fig. 5.1) were interpreted as 
the main excavation area of the 16th century operation. Collapsing mine chambers and 
corresponding surface subsidence were recorded as early as the 16th century, indicating an 
on-going risk to modern surface activities. Microgravimetric surveys and modelling based 
on historical information enabled location of the weakened zones between level I of the 
mine and the surface. The negative, concentric anomalies 5 and 6 (Fig. 5.1) corresponded to 
excavation chambers located on level II. The relatively low amplitudes of these anomalies 
indicated insignificant dewatering of the strata above the chambers, and thus a slower than 
expected advance of the weakened zones towards the surface. A WWN-EES trending 
negative anomaly 7; (Fig. 5.1) is situated near a local road. This anomaly corresponded to a 
system of chambers that was undergoing uplift and deformation. The collapse of roof 
material caused structurally weakened zones above the chambers and posed significant risk 
to the road.  

Microgravity surveys have also been conducted near a calamine deposit that was exploited 
during the first half of the 19th century. These investigations sought to identify shafts that 
posed risk to planned construction of a nearby road. The calamine deposit occurred in a 
Lower Triassic dolomite unit directly overlain by relatively thin (< 1 m) Quaternary 
deposits. The exploited calamine horizon was about 2 m thick, and located at depths of ~20-
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m, and occurring at depths of several meters up to several tens of meters. Archival maps 
provided the approximate location of these shafts. The survey was conducted using a main 
grid of 50 x 50 m, with stations spaced every 5 m. Additional stations were implemented 
within the main grid, creating a secondary 17.5 x 17.5 m grid with stations every 2.5 m. 
 

 
Fig. 5.1 Microgravity residual anomalies in the eastern part of the Wieliczka salt mine 

 
Fig. 5.2 Bouguer anomaly in the area where the shaft was suspected to be located; irregular 
positioning of stations is due to terrain, as well as surface and underground infrastructure 
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The number of stations used in this two grid survey strategy provided the subsurface 
resolution necessary to locate several shafts and surrounding zones of weakness that were at 
risk of collapse. The highlighted area shown along with the Bouguer anomalies in Fig. 5.2, is 
a 40 x 20 m zone that exhibited a distinct, negative gravity anomaly. This area encircled a 
smaller anomaly with a diameter of about 10 m. Old mining maps indicated uncertainty 
concerning the location of a shaft that might have been moved from its original position in 
the central part of the study area. The microgravimetric anomalies clearly identified the 
shaft as the smaller, encircled anomaly. The larger oval-shaped anomaly surrounding the 
shaft was interpreted as a weakened zone, and identified as a possible risk to road 
construction and other surface activities. 
 

 
Fig. 5.3 Gravity anomalies and corrections over the subsurface drift 

Microgravity surveys conducted prior to land development projects have also confirmed 
usefulness of the technique in risk mitigation. Results shown in figure 5.3 were collected 
from an area overlying a sealed mine drift, tunneled out of the local sandstone formation at 
the end of the 19th century. The tunnel had a total length of about 15.5 m, a triangular cross-
section with a 3-5 m base, and a height of 3-4 m. The microgravity measurement stations 
were positioned across the drift at intervals of 1-4 m. The drift is visible as a relatively 
negative anomaly (Fig. 5.3, ΔgB) but the amplitude of the anomaly is difficult to determine 
due to the bulk density properties of the surrounding media. Excavation of the entrance to 
the drift increased the difficulty in detecting the structure by gravimetric methods. To 
minimize the impact of irregularities in the overlying terrain, the triangulation method was 
used to calculate a terrain correction, gt (Wójcicki, 1993). Investigators also corrected for 
three dimensional gravitational effects of the drift, gd, using geodesy measurements to 
subtract the drift from the local gravity anomaly. Together, these corrections yielded a final 
anomaly, gBdt (Fig. 5.3). The final anomaly was based on points 8–9, and bore some 
similarity to the initial distribution. The shape of the anomaly however did not correspond 
to the shape of the applied corrections. The final anomaly was thus interpreted as a 
fractured zone, weakened by earlier construction of the drift. These findings demonstrated 
that the subsurface was not entirely stable. 
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Fig. 5.4 a) Bouguer anomaly A, b) result of gravimetric modelling of the A anomaly 

 
Fig. 5.5 a) Bouguer anomaly B, b) result of gravimetric modelling of the B anomaly 

Microgravity can also be applied to investigate embankments and earthen dams that are at 
risk of water leakage and possible failure. Figures 5.4 and 5.5 show results from 
microgravity surveys conducted to detect zones of weakness along embankments that 
surround an underground water reservoir. Surveys were carried out along the embankment 
using a measurement interval of 2 m. A terrain correction was applied to the data to address 
irregularities in the topography of the study area. The survey revealed some relatively 
negative anomalies, and identified several zones of weakness within the embankment. The 
anomaly labeled A is based on 14 measurement stations and had an amplitude of about 0.03 
mGal (Fig. 5.4a), a factor of 3 times higher than the overall measurement error of the study. 
The next anomaly was a separate residual anomaly, which was then modelled (results 
shown in Fig. 5.4b). One zone identified in the survey was found to have a density of 
0.30 Mg/m3 less than the average density of surrounding material in the embankment. This 
zone begins 2 m below the surface, has a thickness of about 3 m, and contains piping that 
carries water from the reservoir. Poor sealing of the pipes had likely caused leakage and soil 
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suffusion, resulting in this lower density zone. The second anomaly marked B had a much 
smaller amplitude (Fig 5.5a) and was located beneath the causeway crossing the reservoir. 
The anomaly is based on 6 - 7 measurement stations, and was identified with a 99.99% 
confidence level (Liu, 2007). 

The B anomaly was modelled (Fig. 5.5b) under the assumptions that it was a zone of poorly 
consolidated material that extended from the bottom of the reservoir to a depth of about 2 m 
below the surface. The top of the zone of weakness was also analyzed using GPR 
echograms, allowing for a consistent and unambiguous model solution. The left edge of the 
unconsolidated zone corresponded to the location of an HDPE reservoir liner, embedded 
within the slope of the main embankment. In this case, microgravimetric identification of 
the zone of weakness demonstrated poor construction of the embankment in the study area. 

6. Magnetometry in the investigation of surface materials (Anna Wojas) 
6.1 Origin of magnetic particles 

In near surface investigations of the Earth’s crust (shallow rock formations and soils), 
magnetometry can be used to identify magnetic minerals, determine their origin and reveal 
certain physicochemical processes that may be occurring in the soil. Soil magnetometry 
measures a given soil’s magnetic susceptibility. The technique is commonly used to assess 
topsoil contamination by heavy metals and to track sources of magnetic particles in urban 
and industrial areas. Fly ash from incinerators is among others the source of magnetic 
particles in urban and industrial soils. The magnetic particles derive mostly from 
combustion of coals containing iron sulfides. High temperature oxidation transforms iron 
sulfides into magnetite, maghemite, and other less common types of ferrites. Both human 
activities and natural processes can influence the magnetic susceptibility of soils. Magnetic 
anomalies can thus be caused by industrial operations, weathering of ferrimagnetic and 
antiferromagnetic minerals, or other pedogenic processes. 

6.2 The role of magnetic susceptibility in assessing topsoil contamination 

Surface surveys of the magnetic susceptibility of topsoil were carried out in the vicinity of a 
major steel operation in Krakow. The soil surrounding the steel plant is contaminated by 
high levels of Zn, Pb, Cu, Cd and Hg. 

Magnetic susceptibility surveys were performed only in the northeastern corner of the steel 
plant due to limitations in site accessibility. Prevailing winds blow emissions from the plant 
in a southeasterly direction. A nearby railroad track was also considered as a possible source 
of magnetic particles in study area soils. In situ measurements of magnetic susceptibility 
were performed using a MS2 meter and a MS2D sensor (Bartington Co.), working from 
principles of magnetic induction. Measured magnetic susceptibilities of soil were in the 
range of 20 to 435 x 10-5 SI units. The highest values were found closest to the steel plant 
(average values of 215 x 10-5 SI units). These results confirmed fall and nearby deposition of 
the heavy fraction of emission particles in the soil. The outlying regions of the study area 
had soil magnetic susceptibility ranging from 20 to 122 x 10-5 SI units, with an average value 
of 64 x 10-5 SI units (Fig. 6.1). An oval shaped magnetic susceptibility anomaly (isoline 150 x 
10-5 SI units) having an easterly directed axis, highlights the direction of prevailing winds 
and magnetic particle transport. Magnetic and mineralogical analyses of the magnetic 
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concentrate from soil samples revealed high concentrations of magnetite. Maghemite and 
iron sulfides were also identified. Subsequent studies have revealed a significant increase in 
the magnetic susceptibility of soil closest to the steel plant in the last four years (Rosowiecka 
& Nawrocki, 2010). Land near the steel plant is composed of fertile soil (chernozem, brown 
soils, loess) and is under cultivation. Magnetometry is especially suitable for further 
effective monitoring of the surrounding area. 

 

 
Fig. 6.1 Map of the magnetic susceptibility of topsoil in the vicinity of a Krakow steel plant 

6.3 Magnetic susceptibility of historical sequence layers 

A magnetic susceptibility study of historical sequence layers underlying the Main Market 
Square in Krakow revealed information about past human activity in the area. Subsurface 
samples collected during an archaeological excavation were analyzed in the laboratory 
using a MS2 meter and MS2B sensor. Analysis revealed contrasts in the magnetic 
susceptibility of underlying sands and overlying layers affected by anthropogenic activities 
(Fig. 6.2). Anthropogenic layers, which contained dark particles, fragments of bricks and 
sediment filled void space, often showed greater magnetic susceptibility. Overall, the 
historical layers had relatively weak magnetic properties. 

 

 

Fig. 6.2 Magnetic susceptibility of samples (χ · 10-8 m3kg-1) of historical sequence layers from 
the Main Market Square in Krakow. 
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6.4 Magnetic susceptibility studies of ochra deposit 

Magnetometry studies of an ochre deposit in the Carpathians demonstrate the use of 
magnetometry in reconnaissance of potential economic deposits (Wojas, 2009). Certain iron 
oxy- hydroxide minerals weather to an ochre colour, which lends its name to ochre type 
deposits. These deposits are generally composed of goethite (yellow), hematite (red), and 
manganese oxides (dark hues). The magnetic susceptibility of the ochre deposit under 
investigation was attributable to the accumulation of secondary iron sulfides weathered 
from nearby rocks, and was also influenced by underlying bedrock. Magnetic susceptibility 
of the area was measured in situ using a MS2 meter and MS2F sensor. Low values of 
magnetic susceptibility (40 to 60 x 10-5 SI units) indicated soil devoid of ochre. The ochre 
deposit itself was recognizable by its stronger magnetic properties, and wide ranging 
magnetic susceptibility values. Magnetic susceptibility of yellow and rubiginous ochre 
ranged from 60 to 200 x 10-5 SI units. Crystalline rocks containing high concentrations of 
Fe2O3, and appearing as brown ochre had the highest magnetic susceptibility, from 200 to 
900 x 10-5 SI units (Kotlarczyk & Ratajczak, 2002) (Fig. 6.3). 

 
Fig. 6.3 Magnetic susceptibility values for an ochre deposit shown with a geological cross 
section of the deposit (Kotlarczyk & Ratajczak, 2002). 

7. Environmental seismic investigations (Jerzy Dec) 
7.1 Seismic evaluation of surface risks in developed areas overlying former mine 
sites 

Closed or abandoned coal mines are often monitored using seismic surveys, which can 
locate and characterize workings a few meters below the surface, to depths of up to 60 m. 
Such workings may collapse or destabilize their surroundings, and thus pose a significant 
risk to surface activities. The stress field surrounding an abandoned working depends on 
the initial stress affecting the subsurface structure, which is in turn related to the depth and 
geometry of the working. The stress field can be evident as both continuous and 
discontinuous deformation (Mange & Kochonov, 1994). Continuous deformation occurs as 
elastic and plastic strain in layers, which deform but maintain their continuity. 
Discontinuous deformation manifests as fractures and displacement of bedrock, evident in 
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small scale faulting and other discontinuities (Goodman & Shi, 1985). Discontinuous 
deformational features pose the greatest risk to the overlying surface. In solid rocks, seismic 
surveys can identify fractured zones and potential fault planes as velocity changes in 
seismic data. A seismic refraction survey of shallow workings at a former mine site within 
Carboniferous rocks, revealed differing behaviour and degrees of deformation (Table 7.1). 
 

Terrain 
Category 

Velocity, 
VP, [m/s] 

Structure of 
Carboniferous rocks Fractures Hazards to surface 

A >1900 contiguous rock None none 

B >1900 
separate blocks of rocks, 
contiguous rock within a 
block 

None infiltration hazard at 
block contacts 

C 1500-1900 continuous surface of 
uppermost Carboniferous fractured rocks infiltration hazard 

C1 1500-1900 separate blocks of rocks, 
displaced 

fractured blocks 
of rocks 

discontinuous 
deformation hazard 

C2 1100-1500 fractured rock, possible 
blocks of rocks 

highly fractured 
rocks 

infiltration and 
discontinuous 
deformation hazards 

D <1100 destruction of rock mass highly fractured 
rocks, fissures 

high risk of 
discontinuous 
deformation 

Table 7.1 Seismic categories of Carboniferous rocks 

7.1.1 Seismic surveys in developed areas 

Standard seismic surveys often cannot be conducted at construction sites in developed areas 
due to their disruptiveness, risks to nearby inhabitants, and accessibility of the area 
surrounding the site. 

In these cases, the uppermost body of bedrock beneath the surface can be imaged by seismic 
refraction tomography (Fig. 7.1). This technique interprets changes in wave velocity during 
P-wave propagation, in this example, through a near-surface Quaternary deposit (AB and 
CD in Fig. 7.1; velocity = V0) and underlying bedrock (BC in Fig. 7.1; velocity = V1). P-wave 
velocity for the Quaternary deposit was much smaller than that of the Carboniferous rocks 
(V0 < V1), which resulted in a relatively small critical angle of refraction (i < 10o). The near 
surface Quaternary deposit was only a few meters thick. AB was thus insignificant, and the 
distance BC was assumed to equal that of AD. The errors for estimating unit thickness and 
their associated velocity changes were based on critical angle, i, and refractor depth, h. 

Given an AD thickness of 100 m, refractor depth h of 2 - 8m, and i equal to 5 - 15o, errors 
were relatively small, ranging from 0.3 – 4.3 %. In the model described above, the initial 
arrival time for the refracted signal TABCD (traversing ABCD), could be approximated as the 
time necessary to traverse BC (Dec, 2004). The study used a seismic source located at point 
B, and receiver at point C, which reduced the initial arrival time to TAB, or time necessary to 
traverse distance AB. Arrival times were used to construct a tomographic image of the P-
wave velocity distribution for rocks beneath the Carboniferous surface. Velocity values were 
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directly correlated to the composition and physical state of the subsurface material. 
Fractures and void space for example were evident as areas of reduced velocity. 
 

 
Fig. 7.1 Seismic refraction tomography: the study model 

7.1.2 Evaluating ground surface stability risks 

A survey carried out at the K-K coal mine in Katowice, Poland was used to image the 
continuity and stability of a subsurface Carboniferous unit, and the risk it posed to surface 
activities. The survey imaged old shallow (20-50 m) workings dating from the late 19th to the 
20th century, which were located in upper parts of the Carboniferous unit. The workings 
have caused extensive fracturing of the unit (VP <1200 m/s) and cavity migration towards 
the surface. Fractures from the working significantly increase the risk of ground surface 
deformation and failure. Due to urban development in the area, a standard seismic profile 
was not possible; refraction seismic tomography was used instead. 
 

 
Fig. 7.2 Location and results (velocity distribution) of a tomographic study conducted in a 
developed area, Katowice-D, Poland; colours indicate velocity values [km/s] from the 
Carboniferous surface 
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Quaternary deposits that overly the Carboniferous unit include several meters of loamy 
sands and clays. The Carboniferous unit is comprised of sandstone, mudstone, shale and 
coal seams. The contact between the two units is an angular unconformity (lower units dip 
~ 6 - 8o) with a pronounced erosional surface. The survey showed numerous locations where 
the rock mass was continuous and not fractured, as indicated by velocities of VP > 1900 m/s 
(Table 7.1). Most of the subsurface in the study area however was strongly fractured and 
appeared as a discontinuous refraction boundary (700>VP>1800 m/s). A representative 
location of the study area was the Katowice-D district (Fig. 7.2), where the Carboniferous 
unit exists in each of the different physical states or categories as described in Table 7.1. 

Velocity, VP, from profile 15 was equal to around ~2200 to 1100 m/s (Fig. 7.3), and the state 
of the Carboniferous surface (B-C2) was categorized as significantly fractured near the edges 
of the profile. The adjacent profile 16 had VP=900 m/s, and rock structure category D, 
having no contiguous structure. Data from boreholes drilled in the survey area verified 
results of the seismic survey. Concrete was then injected into the top parts of the 
Carboniferous unit through the boreholes. The concrete was readily absorbed by the 
fractures and cavities. 

 
Fig. 7.3 Cross-sections along refraction profile 15, Katowice-D, Poland 

The 160 x 70 m investigation area was located between two streets, and was thus divided 
into two sections (Fig. 7.2). Measurements were performed using a TERRALOC MK6 
seismic system. Accelerated weight-drop source EWG-III and L-40B geophones (100 Hz) 
were used to record seismic sources. Descriptive results for the structure and physical state 
of the Carboniferous rocks are presented as categories in (Table 7.1). Figure 7.2 illustrates 
that the subsurface structure was unstable throughout most of study area (category B-D). 
Two different zones of the study area were distinguished based on the physical state of the 
subsurface (Fig. 7.2). The left-hand zone was characterized by fractured rock (category B-C2) 
and the right-hand zone was characterized by rocks that had been pulverized (category D). 
A contour outlining material with velocity VP = 900 m/s, separates the zone with a fractured 
foundation. A low velocity anomaly (VP < 700 m/s) is probably related to old workings 
(cavities) which connect to the ground surface through a system of fractures. Such zones are 
at risk of infiltration, suffusion and ground collapse. In conclusion, refraction tomography 
was effective in determining rock properties beneath a developed area, where traditional 
seismic methods could not be used. Fracture zones overlying old mine workings were 
evident as strong velocity anomalies, whose magnitude could be correlated to the degree of 
rock fracturing. Seismic refraction methods are thus suitable for evaluating surface risks of 
abandoned mines in developed areas. 
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7.2 High resolution seismic techniques for investigating the economic sulphur 
deposits 

Exploitation of sulphur deposits using the underground ‘melting’ method (also referred to 
as well mining, or hydrodynamic process mining, or Frash method) poses significant 
environmental risks. A seismic investigation of the Osiek sulphur mine (Staszow district, 
Poland) illustrates the usefulness of seismic surveys in managing these risks. Sulphur is 
extracted at Osiek by pumping hot extraction fluids into the subsurface sulphur deposit. 
Melted, liquid sulphur is then brought to the surface through a series of production wells. 
Although the Osiek mine is the only operation in the world to use this technique, extraction 
at Osiek as well as similar oil and gas operations, put soils, ground water, and air quality at 
risk. Mine operators can manage risks by closely monitoring the melting process, and 
incorporating real time geophysical data into risk management decisions. Seismic surveys 
can specifically be used to monitor the spatial range of the melting zone (Dec, 2010) (i.e. its 
rate of expansion), and potential subsidence of the overburden (materials overlying the 
deposit). A seismic investigation of the Osiek mine site illustrates the application described 
above. Fluid removal of sulphur at the Osiek mine decreases the mechanical strength of 
porous limestone host rock, which can fail under the pressure of the overburden. Melting 
zones are not only at risk of failure, but melting may also cause changes in elastic properties 
of the areas surrounding the extraction zone. Such changes can induce subsidence and other 
disruptions to the subsurface stress field. High-resolution reflected seismic profiles provide 
accurate images of the structure of the deposit, its overburden, and signs of deformation in 
the surroundings. Seismic methods were also used to monitor the melting front and to 
watch for potential initiation of subsidence troughs, whose risks can be better managed by 
early detection (Al-Rawahy & Goulty, 1995). Changes in subsurface structure imparted by 
the Osiek melting method were detected by seismic surveys as early as a month after 
melting operations began at a particular well site. The extraction fluids used to control the 
size and expansion rate of the melt zone can also be used to manage subsidence troughs. 
Under these circumstances, pressure and flow direction of the extraction fluids were used to 
shape the subsidence trough in a way that prevented the destruction of adjacent wells 
located along the trough margins. 

7.2.1 Field methods for the Osiek mine seismic survey 

Seismic measurements imaged the Miocene unit being exploited by the mining operation 
and underlying sub-Tertiary strata, at depths of 20 – 200 m. The survey was conducted 
along lines defined by the positions of overlying production wells (Fig. 7.5). A short spread, 
high frequency seismic source (Elastic Wave Generator EWG-III, 250 kg accelerated weight-
drop), and high frequency geophones (100 Hz) were used to obtain high vertical and 
horizontal resolution (Brouwer & Helbig, 1998). In order to avoid errors caused by 
heterogeneities in the subsurface, a split spread with a 100 m interval was applied. 
Geophones were positioned at 5 m intervals (trace spacing). Near offset was equal to 50 m 
and far offset was equal to 165 m. The 5 m trace spacing and 1 m shot interval gave CMP 
resolution equal to 2.5 m and a 24 fold CMP gather. 

The majority of the profile was collected using the full 24 fold CMP gather. For parts of the 
study area that were difficult to access, a 24 channel end-off spread with a 12 fold CMP 
gather was used. Vertical stacking of signals helped reduce ambient noise caused by mine 
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equipment. This procedure combines signals recorded from the same seismic source and at 
the same geophone location (Upadhyay, 2004). As many as 20 stacked signals were required 
to generate high resolution records for some areas. A model of the deposit and the seismic 
profile obtained from the 24 channel end-off spread are shown in figure 7.4. The following 
data processing procedures were applied to enhance profile resolution: field static 
correction, spherical divergence (spreading) correction, refraction static based on the first 
break picking, surface consistent scaling, surface consistent deconvolution, shaping filter 
based on the refraction wavelet, Ormsby filter 40/60-150/200 Hz, iterative velocity analysis, 
NMO, residual static correction, and CMP stacking. Several profiles, referred to as time 
sections, were recorded throughout the extraction process to monitor temporal changes 
associated with various phases of extraction. 
 

 

 
Fig. 7.4 Deposit model and seismic raw record; 1-top of the deposit, 4 sand horizon in the 
overburden 

 

 

 
Fig. 7.5 Osiek mine, location of seismic profiles; 1-unexploited zone, 2-producing wells, 
3-wells prepared for exploitation, 4-wells with increasing temperature 
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7.2.2 Influence of melting on the overburden 

Time sections obtained prior to the initiation of melting revealed a number of continuous 
reflectors in the overburden. Profiles collected during extraction show distinct changes in 
the top surface of the deposit (above the producing formation), which usually appeared as 
discontinuities in previously continuous reflectors. These changes were also evident as 
changes in amplitudes and even disappearance of certain reflectors. 

 
Fig. 7.6 Seismic sections of the sulphur –bearing horizon obtained before (a) and during 
exploitation (b); 1-top of the sulphur horizon, 2-unexploited zone, 3-exploitation zone, 4-
horizons in overburden, 5-deformation zone 

Anomalies were also evident in seismic images of the overburden material. These anomalies 
(50-100 ms) appeared as discontinuities in specific reflectors, indicating subsidence of the 
formation. Time sections of profile 15 collected prior to initiation of melting, and 3 months 
after initiation of melting, showed changes in the subsurface (Fig. 7.6). Asymmetric 
subsidence resulted from destruction and collapse of the overburden strata, which was 
inturn related to the expansion rate and direction of the melting front. Intuitively, observed 
deformation was more severe in areas having more closely spaced production wells 
(Fig. .7a). Deformation of the overburden also appeared to correlate with the boundary 
between exploited and unexploited zones of the deposit. The most intensive deformation 
and overburden subsidence (broken continuity of strata; to the right of 1609 well), 
corresponded to the boundary of an unexploited part of the deposit. The 1609 well was 
destroyed under similar conditions, by stresses generated in the deformation zone. If 
deformation-induced stresses generated along planes within the overburden formation 
attain critical values, production wells within the subsidence zone can be subjected to 
shearing and ultimate destruction. This scenario (Fig. 7.7b) is evident in the time section 
profile presented in figure 7.7a. 
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Fig. 7.7 a) Seismic image of overburden layers and associated deformation zone; 
b) Subsidence effects around exploitation zone and the area of subsidence trough; numerical 
labels the same as those in Fig. 7.6 

7.2.3 Studies of water flow in the Osiek subsurface 

Infiltration of fluids into the overburden can change the elastic properties of the materials 
therein, and thus cause the disappearance of natural reflectors observed in previous 
surveys. For example, fluid migration into arenaceous horizons of the overburden caused 
the disappearance of a reflector, demonstrating the physical response of subsurface 
materials to infiltration. The water infiltration occurred within a zone of the overburden that 
allowed investigators to identify the source of the infiltration. Successful location of the leak 
allowed for repair of the failed component. Subsurface monitoring of infiltration is 
recommended if a given recharge point (e.g. the C-45 recharge well) is located a significant 
distance from its discharge (eruption) zone (Fig. 7.8). The unexploited part of the deposit is 
located to the left and the melting-induced destruction zone is located on the right side of 
figure 7.8. Strong subsidence above the exploited area caused failure of the C-45 well and 
fluid infiltration into the overburden strata. 

The disappearance of seismic reflectors in profiles affected by the infiltration event 
demonstrates that the zone of infiltration can be precisely identified (Fig. 7.9). Near the F-71 
well for example, all seismic reflectors found within the overburden strata disappeared. Fluid 
infiltration of the arenaceous horizon at 95 m depth was also visible. Post infiltration seismic 
profiles also indicated that subsidence associated with exploitation of this particular area may 
facilitate water migration not only within the arenaceous horizon, but also through horizons of 
the overburden. The broad infiltrated zone around the C-45 well narrowed into an elongated 
flow path directed to the F-71 well, a site of intensive surface discharge. The system of parallel 
seismic sections allowed precise imaging of the direction and width of the flow path. 
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Fig. 7.8 Seismic section in the zone around the failed well; 1-top of the bed, 2-unexploited 
zone, 3-exploitation zone, 4-horizons in the overburden, 5-deformation zone, 6-recharge 
zone. 

 
Fig. 7.9 Seismic profile of a zone affected by extraction fluid migration from the overburden 
to the surface; labels 1 through 6 are the same as in Fig. 7.8; 7-flow and eruption zone. 

7.3 Evaluating landslide stability from seismic surveys 

The current geophysical methods for investigating landslides assume that each landslide 
must be analyzed separately. Various geophysical methods, including seismic refraction, 
geoelectrical profiles, and GPR can be integrated in geophysical analysis of landslides. 
Integrated methods were used to study a landslide that occurred in the Krynica subunit of 
the Magura unit, Outer Carpathians. The landslide covered approximately 3 hectares, and 
was located on a slope that descends to a river. The slide surface was initiated in thin, 
weathered subsurface rocks, and in outcrops of the Eocene Piwniczna sandstones (the 
sandstone member of the Magura unit). The Piwniczna sandstone is a massive, thickly 
bedded (1.5 - 6 m) unit with conglomeratic horizons. Fractures are rare in the unit. Within 
the Piwniczna, packets of medium to fine grained, rhythmically bedded flysch occur. These 
beds are generally several meters thick. Thin-bedded sandstones and marly shales were also 
observed in the eastern part of landslide. Field measurements of the landslide were difficult 
due to the steep gradient of the slope, dense vegetation, and damage to slide surface caused 
by recent minor reactivation. Nevertheless, eight seismic refraction profiles, three 
geoelectrical profiles, and six GPR profiles were collected from accessible areas. The seismic 
boundary separating the overburden (VP ~ 1000 - 1400 m/s) and basement (VP ~ 2200 - 2500 
m/s) were distinctly visible on seismic records (Fig. 7.10). 
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Fig. 7.10 Landslide - seismic refraction depth section. 

Geoelectric profiles were strongly influenced by the water saturated overburden, and were 
consistent with seismic profiles. The GPR survey showed several areas of the overburden 
where shallow layers of differing inclination highlighted the landslide's progression. Large 
blocks of rocks within the slide probably caused the irregular movement observed in the 
overall landslide. Visible variations in bedrock morphology (Fig. 7.10) provided evidence 
that the landslide plane formed within flysch strata. Geophysical investigations enabled 
determination of the depth and horizontal range of the landslide. The integrated 
interpretation was used to select sites for geotechnical boreholes, and forecast the landslide's 
future stability. These interpretations suggested that even slight shifts in geotechnical 
features could reactivate the landslide and jeopardize a nearby road. The risk is a natural 
consequence of the geomorphology of the study area, where fine-grained units within the 
subsurface can easily become natural slide surfaces. 

8. Conclusions 
The examples presented above demonstrate how geophysical methods can be used in near 
surface applications such as resource development, engineering, archaeology, mitigation, 
remediation and environmental protection. In all cases, the available geophysical techniques 
were applied using modified methodologies, field measurements and processing strategies.  

Contemporary catastrophic events and Earth processes in macro scale force application of 
current geophysical methods in recognition of their results influencing the environment. 
Heavy rains and floods in Poland in the last ten years gave rise to intensive works in 
identification and recognizing and mitigation of landslides. Results of geophysical 
surveys including GPR and shallow seismic refraction were integrated for investigation of 
landslides. The presented investigations enabled determination of the depth and 
horizontal range of the landslide. The integrated interpretation showed sites for 
geotechnical boreholes, and forecasted the landslide's future stability. Geophysical 
surveys were also useful in preparing the strategy for landslide risk mitigation and 
helped in the detailed understanding of the internal structure of the landslides, especially 
the slide surface.  
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to the surface; labels 1 through 6 are the same as in Fig. 7.8; 7-flow and eruption zone. 
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observed in the eastern part of landslide. Field measurements of the landslide were difficult 
due to the steep gradient of the slope, dense vegetation, and damage to slide surface caused 
by recent minor reactivation. Nevertheless, eight seismic refraction profiles, three 
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Fig. 7.10 Landslide - seismic refraction depth section. 
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landslides. The presented investigations enabled determination of the depth and 
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Results of GPR and microgravity surveys turned out also to be highly effective in locating 
zones of weakness in river embankments. The results of field measurements enabled 
qualitative determination of the embankment’s inner structure and basal materials. It was 
shown that GPR and microgravity methods were useful in the investigation of 
embankments and earthen dams that are at risk of water leakage and possible failure. 

Well known applications of GPR in archaeology were also presented together with new area 
oriented to identification of low conductivity and high conductivity contaminations of 
subsurface formations. 

Seismics in tomography mode and refraction mode and microgravity surveys were shown 
as methods useful in identification and recognition of weak zones in the industrial areas of 
former and contemporary mining activity. Fracture zones overlying old mine workings 
were evident as strong velocity anomalies and low density anomalies, whose magnitude 
could be correlated to the degree of rock fracturing suitable for evaluating surface risks of 
abandoned mines in developed areas. 

Magnetic susceptibility measurements in situ and in laboratory were presented as an useful 
tool in effective monitoring of anthropogenic influences on the environment in the past 
(historical layers) and in tracking the contemporary pollution by iron compounds. Magnetic 
anomalies are also the evidence of weathering of ferrimagnetic and antiferromagnetic 
minerals, or other pedogenic processes. 

Universal petrophysical formulas were demonstrated to combine empirical laboratory data 
with geophysical and well logging measurements and theoretical expectations and 
parameters forming relationships useful in a consistent, quantitative geophysical 
interpretation. Exemplary values of parameters for the lithology types were presented in 
tables and figures to illustrate the level of parameters values frequently found in the near 
surface formations.  
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Magnetotelluric Tensor Decomposition: Insights
from Linear Algebra and Mohr Diagrams

F.E.M.(Ted) Lilley
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Australia

1. Introduction

The magnetotelluric (MT) method of geophysics exploits the phenomenon of natural
electromagnetic induction which takes place at and near the surface of Earth. The purpose
is to determine information about the electrical conductivity structure of Earth, upon which
the process of electromagnetic induction depends. The MT method has been well described
recently in books such as Simpson & Bahr (2005), Gubbins & Herrero-Bervera (2007), and
Berdichevsky & Dmitriev (2008). The reader is referred to these for general information about
the method and its results. Notable modern extensions of the method are observation at an
array of sites simultaneously, and observation on the seafloor (both shallow and deep oceans).

In the most simple form of the method, data are observed at a single field site. Typically,
three components (north, east and vertically downwards) of the fluctuating magnetic field
are observed, and two components (north and east) of the fluctuating electric field. The
magnetic field is measured using a variety of instruments such as fluxgates and induction
coils. The electric field is measured more simply, between grounded electrodes typically
several hundred metres apart.

The natural signals observed cover a frequency band from 0.001 to 1000 Hz. They have a
variety of causes, the relative importance of which varies with position on the Earth, especially
latitude. Recorded data are transformed to the frequency domain, and interpretation proceeds
based on frequency-dependence.

The reduction of observed time-series to the frequency domain is thus fundamental to the MT
method. In the frequency domain various transfer functions are determined, encapsulating
the response of the observing site to the source fields causing the induction.

Another fundamental part of the data-reduction process, the focus of the present chapter, is
“rotation” of observed data. By rotation is meant an examination of the observed transfer
functions to see how they would vary were the observing axes rotated at the observing site.
Rotation may reveal geologic dimensionality, and strike direction.

The MT tensor has a 2 x 2 form and is well-suited to analysis by the methods of linear algebra.
This suitability was evident early in the development of MT, and it is common for a paper on
MT to start with such an analysis. The papers of Eggers (1982), LaTorraca et al. (1986), and
Yee & Paulson (1987), for example, specifically proceed with eigenvalue analysis and singular
value decomposition (SVD), and see also Weaver (1994).
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2 Will-be-set-by-IN-TECH

There appear however to be a number of aspects of this approach as yet unexplored, especially
when the in-phase and quadrature parts of the tensor are analysed separately. This chapter
now follows such a line of enquiry, investigating the significance of symmetric, antisymmetric
and non-symmetric parts, eigenvalue analysis and SVD.

The Mohr diagram representation is found to be a useful way to display some of the results.
Cases of 1D, 2D and 3D electrical conductivity structure are examined, including the 3D case
where the MT phase is greater than 90◦ or “out of quadrant”.

Taking the Smith (1995) treatment of telluric distortion, a particular case examined is that
where SVD gives an angle which is frequency independent, implying that it contains
geological information. Such angles arise when MT tensor data are nearly singular.

The analysis of in-phase and quadrature parts separately is seen to give further insight into
the question of whether, as suspected by Lilley (1998), the determinants of the parts taken
separately should always be positive.

2. Notation

The common representation of a magnetotelluric tensor Z is taken,

E = ZH (1)

of components [
Ex
Ey

]
=

[
Zxx Zxy
Zyx Zyy

] [
Hx
Hy

]
(2)

linking observed electric E and magnetic H fluctuations at an observing site on the surface of
Earth.

All quantities are complex functions of frequency ω, and in Equations 1 and 2 a time
dependence of exp(iωt) is understood.

In this chapter the subscripts p, q will be used to denote in-phase and quadrature parts. For
example the complex quantity Zσ is expressed

Zσ = Zσ
p + iZσ

q (3)

Note that adopting a time-dependence of exp(−iωt) as recommended by authors such as
Stratton (1941) and Hobbs (1992) would change the sign of Zσ

q . Such a change may be
misinterpreted, especially when distortion has caused the phase to be out of its expected first
quadrant.

The subscripts p, q will also be used to denote quantities which are derived from the in-phase
and quadrature parts, respectively, of a complex quantity, but which are themselves not
recombined to give a further complex quantity. In Sections 2.1, 3, 5 and 11 below, where
derivations apply equally to in-phase and quadrature cases, subscripts p, q are omitted for
simplicity. Such derivations can be taken as applying to in-phase components, with similar
derivations possible for quadrature components.

Also in this chapter, for compactness of text, a 2 x 2 matrix such as that for Z in Equation 2
will in places be written [Zxx, Zxy; Zyx, Zyy]. A rotation matrix R(θ) will be introduced

R(θ) = [cos θ, sin θ;− sin θ, cos θ] (4)
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Fig. 1. The rotation of MT observing axes clockwise by angle θ�, from OX and OY (north and
east) to OX’ and OY’.

with RT(θ) the transpose of R(θ). RT(θ) will sometimes be written R(−θ).

2.1 Rotation of the horizontal axes

Upon rotation of the horizontal measuring axes clockwise by angle θ’ as shown in Fig. 1,
matrix [Zxx, Zxy; Zyx, Zyy] changes to [Z�

xx, Z�
xy; Z�

yx, Z�
yy] according to

[
Z�

xx Z�
xy

Z�
yx Z�

yy

]
= R(θ�)

[
Zxx Zxy
Zyx Zyy

]
R(−θ�) (5)

Thus the elements of the second matrix are related to the first by the following equations:

Z�
xx = (Zxx + Zyy)/2 + C sin(2θ� + β) (6)

Z�
xy = (Zxy − Zyx)/2 + C cos(2θ� + β) (7)

Z�
yx = −(Zxy − Zyx)/2 + C cos(2θ� + β) (8)

Z�
yy = (Zxx + Zyy)/2 − C sin(2θ� + β) (9)

where
C = [(Zxx − Zyy)

2 + (Zxy + Zyx)
2]

1
2 /2 (10)

and β is defined by
tan β = (Zxx − Zyy)/(Zxy + Zyx) (11)
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The analysis of in-phase and quadrature parts separately is seen to give further insight into
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2. Notation

The common representation of a magnetotelluric tensor Z is taken,

E = ZH (1)

of components [
Ex
Ey

]
=

[
Zxx Zxy
Zyx Zyy

] [
Hx
Hy

]
(2)

linking observed electric E and magnetic H fluctuations at an observing site on the surface of
Earth.

All quantities are complex functions of frequency ω, and in Equations 1 and 2 a time
dependence of exp(iωt) is understood.

In this chapter the subscripts p, q will be used to denote in-phase and quadrature parts. For
example the complex quantity Zσ is expressed

Zσ = Zσ
p + iZσ

q (3)

Note that adopting a time-dependence of exp(−iωt) as recommended by authors such as
Stratton (1941) and Hobbs (1992) would change the sign of Zσ

q . Such a change may be
misinterpreted, especially when distortion has caused the phase to be out of its expected first
quadrant.

The subscripts p, q will also be used to denote quantities which are derived from the in-phase
and quadrature parts, respectively, of a complex quantity, but which are themselves not
recombined to give a further complex quantity. In Sections 2.1, 3, 5 and 11 below, where
derivations apply equally to in-phase and quadrature cases, subscripts p, q are omitted for
simplicity. Such derivations can be taken as applying to in-phase components, with similar
derivations possible for quadrature components.

Also in this chapter, for compactness of text, a 2 x 2 matrix such as that for Z in Equation 2
will in places be written [Zxx, Zxy; Zyx, Zyy]. A rotation matrix R(θ) will be introduced

R(θ) = [cos θ, sin θ;− sin θ, cos θ] (4)
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Fig. 1. The rotation of MT observing axes clockwise by angle θ�, from OX and OY (north and
east) to OX’ and OY’.

with RT(θ) the transpose of R(θ). RT(θ) will sometimes be written R(−θ).

2.1 Rotation of the horizontal axes

Upon rotation of the horizontal measuring axes clockwise by angle θ’ as shown in Fig. 1,
matrix [Zxx, Zxy; Zyx, Zyy] changes to [Z�

xx, Z�
xy; Z�

yx, Z�
yy] according to

[
Z�

xx Z�
xy

Z�
yx Z�

yy

]
= R(θ�)

[
Zxx Zxy
Zyx Zyy

]
R(−θ�) (5)

Thus the elements of the second matrix are related to the first by the following equations:

Z�
xx = (Zxx + Zyy)/2 + C sin(2θ� + β) (6)

Z�
xy = (Zxy − Zyx)/2 + C cos(2θ� + β) (7)

Z�
yx = −(Zxy − Zyx)/2 + C cos(2θ� + β) (8)

Z�
yy = (Zxx + Zyy)/2 − C sin(2θ� + β) (9)

where
C = [(Zxx − Zyy)

2 + (Zxy + Zyx)
2]

1
2 /2 (10)

and β is defined by
tan β = (Zxx − Zyy)/(Zxy + Zyx) (11)
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It is also useful to define an auxiliary angle β� by

tan β� = (Z�
xx − Z�

yy)/(Z�
xy + Z�

yx) (12)

with
θ� = (β� − β)/2 (13)

and angle μ as
tan μ = (Zyy + Zxx)/(Zxy − Zyx) (14)

also ZL as
ZL = [(Zxx + Zyy)

2 + (Zxy − Zyx)
2]

1
2 /2 (15)

Then plotting Z�
xx against Z�

xy as the axes are rotated (i.e. θ� varies) defines a circle, known
(with its axes) as a Mohr diagram. On such a figure axes for Z�

yx and Z�
yy may be included, to

display the variation of these components also.

3. The depiction of MT tensors using Mohr diagrams

The Mohr diagram representation, straightforward for a 2 x 2 matrix, is an informative figure
for the student of linear algebra. For the MT case it may be a useful way to display results, as
will now be shown for the general case of 3D conductivity structure, and the particular cases
of 2D and 1D conductivity structure to which the 3D case simplifies.

In this chapter in-phase and quadrature data will be presented in adjacent figures. There is an
appeal in putting both in-phase and quadrature data on the same axes, as demonstrated by
Szarka & Menvielle (1997) and Weaver et al. (2000), but when showing a full frequency range
separate sets of axes are practical. Also at times it is helpful to add axes for Z�

yx and Z�
yy as on

Fig. 2a, and such an addition is not possible for Z�
xx and Z�

xy axes common to both in-phase
and quadrature parts.

3.1 The general case; 3D structure

Mohr diagrams for the general case of the MT tensor are shown in Fig. 2a. Different points
on the diagram can be checked to confirm that Equations 6 to 15 for the rotation of axes
are obeyed. The diagram is “Type 1” of Lilley (1998, p.1889), and shows how axes for
Z�

yx and Z�
yy can be included. The diagram in Fig. 2a is drawn for relatively mild 3D

characteristics. Diagrams for strong 3D characteristics are discussed below and shown in an
example; however, what limits there may be to extreme 3D behaviour have not yet been fully
explored. Some examples of 3D behaviour which appear to be prohibited will be discussed in
this chapter.

3.2 2D structure

When the geologic structure is 2D and the axes are rotated to be along and across geologic
strike, the MT tensor can be rotated to have the form [0, Zσ;−Zχ, 0], where it is expected both
Zσ and Zχ are positive (a point discussed in Section 13.1 below). As shown in Fig. 2b, the
diagram becomes a pair of circles with origins on the Z�

xy axes, and angles μp and μq are zero.
The in-phase and quadrature radial arms are parallel. Zσ and Zχ are known as the TE and
TM modes (or vice-versa).

84 New Achievements in Geoscience Magnetotelluric Tensor Decomposition: Insights from Linear Algebra and Mohr Diagrams 5

Z L 

C 

(Zxx+Zyy)/2 

(Zxy-Zyx)/2 

Z’xxp

Z’xyp

Z’xxq

Z’xyq

Z’xxp

Z’xyp

Z’xxq

Z’xyq

Zp 
χ Zp 

σ Zq 
χ Zq 

σ 

Zp Zq 

0 0

0 0

a 

b 

c 

In-phase Quadrature

marks observed point (Zxy, Zxx)
marks general point (Z’xy, Z’xx) after axes rotation of θ’

Z’xy

Z’xx

Z’yy

Z’yx

0

0

μ

β

β β

β’
2θ’

Fig. 2. Mohr diagrams for a: The general MT tensor; both in-phase and quadrature parts take
this general form. b: The 2D case; radial arms are now parallel, with circle centres on the
horizontal axes. The 2D values Zσ and Zχ could be interchanged. c: The 1D case, for Z
observed as [0, Z;−Z, 0].

3.3 1D structure

If a 2D case simplifies further to become a 1D case, Zσ = Zχ = Z say, and the tensor for all
rotations has the form [0, Z;−Z, 0]. The length C of the radial arm vanishes, and the diagram
reduces to a pair of points on the horizontal axes, as shown in Fig. 2c.

4. Invariants of rotation of the measuring axes

It can be seen from Fig. 2a that the MT observations can be expressed in terms of seven
invariants of rotation. From different sets which are possible, and evident from formal analysis
(Szarka & Menvielle, 1997; Weaver et al., 2000), this chapter adopts the invariants shown
in Fig. 3. Thus the eight values of the MT tensor, all of which generally change upon axes
rotation, become seven invariants plus one angle. That angle, θ� in Fig. 2a, is the angle which
defines the direction of the measuring axes (for example, with respect to north).
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It can be seen from Fig. 2a that the MT observations can be expressed in terms of seven
invariants of rotation. From different sets which are possible, and evident from formal analysis
(Szarka & Menvielle, 1997; Weaver et al., 2000), this chapter adopts the invariants shown
in Fig. 3. Thus the eight values of the MT tensor, all of which generally change upon axes
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Fig. 3. Seven invariants of rotation for a general 3D MT tensor.

4.1 Two invariants summarising the 1D character of the tensor

The two invariants ZL
p,q summarising the 1D character are straightforward and were termed

“central impedances” by Lilley (1993). Note that the second could be expressed normalised
by the first, and so as a ratio (and then as an angle, taking the arctangent of that ratio).

4.2 Two invariants summarising the 2D character of the tensor

Two invariants λp,q measure the 2D character, and are also straightforward. They are naturally
angles, and were termed anisotropy angles by Lilley (1993). They may be expressed

λp,q = arcsin(Cp,q/ZL
p,q) (16)

where λp,q is in the range 0 to 90◦. (Note this definition fails if Cp,q > ZL
p,q and the relevant

circle encloses the origin.)

4.3 Two (of three) invariants summarising the 3D character of the tensor

Two angles μp,q characterising the 3D nature of the impedance tensor are also straightforward,
and are shown in Fig. 3. It may be effective to express them as their mean and difference
values, because certain mechanisms for causing 3D effects, especially static distortion, give
the same μ contribution to both the in-phase and quadrature parts of a tensor (Lilley, 1993). In
such cases, static distortion of a regional 2D structure is then measured by (μq + μp)/2, and
the difference (μq − μp) would be zero. Thus (μq − μp), when non-zero, may be a measure of
any 3D effects present, beyond static distortion.

4.4 The third 3D invariant

A third 3D invariant (δβ = βq − βp) can be seen from Fig. 3 to be the angle by which the two
radial arms of the in-phase and quadrature circles are not parallel. It is significant as it alone, of
the invariants chosen, links the in-phase and quadrature parts of an observed tensor. Another
possibility for this seventh invariant is (δβ − μq + μp), where the difference (μq − μp) is
removed first from δβ, and the departure of the radial arms from being parallel is then judged
afresh.
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However a related angle for the seventh invariant, derived by Weaver et al. (2000), has the
great utility that it appears again in the Mohr diagram for the phase tensor, to be introduced
in Section 8 below. There, as angle γ, it has a simple significance concerning geologic strike.

4.5 Angles or their sines?

Weaver et al. (2000) take sines of the angles to give measures in the range 0 to 1, and this
technique is adopted by Marti et al. (2005). However, if ambiguity is to be avoided, such
a procedure restricts the angles to being not greater than 90◦. Because examples occur for
which the values of μp,q are greater than 90◦, it may be preferable to quote the invariants as
angles, allowing them a 360◦ range (perhaps most usefully expressed in the range ±180◦).

5. Some basic techniques of linear algebra applied to the analysis of the MT tensor

To gain familiarity with the MT tensor, it is instructive to explore some common steps taken
in matrix analysis. The steps described form part of the history of MT.

5.1 Separation into symmetric and antisymmetric components

The MT tensor Z, if split into symmetric Zs and antisymmetric Za parts

Z = Zs + Za (17)

may be written
[

Zxx Zxy
Zyx Zyy

]
=

[
Zxx (Zxy + Zyx)/2

(Zxy + Zyx)/2 Zyy

]
+

[
0 (Zxy − Zyx)/2

(Zyx − Zxy)/2 0

]
(18)

The second and antisymmetric part, Za, is immediately recognised as being of the ideal 1D
MT form described in Section 3.3.

In much MT interpretation, it has been common practice to obtain “1D estimates” from 2D
or 3D data by taking the average of observed Zxy and (−)Zyx as (Zxy − Zyx)/2. Equation 18
demonstrates the approximations made in such a procedure. For in taking such an average,
it can be seen that the information in the first matrix term Zs is ignored, perhaps without
justification. Diagrammatically, the procedure is equivalent, in Fig. 4a, to representing the
circle on the left-hand side by the sum of the two circles on the right-hand side. The first circle
on the right-hand side is then ignored, leaving the second circle which, reduced to its central
point, is a 1D case.

5.2 Separation into symmetric and 2D components

The exercise in Section 5.1 may be regarded as a separation into symmetric and 1D
components, and suggests a similar separation of the observed tensor into two parts of which
the second, Z2D, is chosen to be of ideal 2D form. The first part, Zs2, is found to again be
symmetric.

Thus the MT tensor is expressed
Z = Zs2 + Z2D (19)
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Fig. 4. Separation of a 2 x 2 matrix, a: into symmetric and 1D parts as in Equation 18; b: into
symmetric and 2D parts as in Equation 20. The diagrams are drawn for
Z = [1.75, 3.30;−0.70, 0.25]. Thus case a is: Z = [1.75, 1.3; 1.3, 0.25] + [0, 2.0;−2.0, 0], and case
b is: Z = [1.0, 0; 0, 1.0] + [0.75, 3.3;−0.7,−0.75].

and by partition as
[

Zxx Zxy
Zyx Zyy

]
=

[
(Zxx + Zyy)/2 0

0 (Zxx + Zyy)/2

]
+

[
(Zxx − Zyy)/2 Zxy

Zyx (−Zxx + Zyy)/2

]
(20)

where the second part is now of ideal 2D form.

Equation 20 is expressed in Mohr diagrams in Fig. 4b, where it can be seen that the first part
is a point on the vertical axis, and the second part, Z2D, taken by itself plots as an ideal 2D
circle with centre on the horizontal Z�

xy axis. The intersections of the circle with the axis give
the values of the TE and TM impedances for this (now artificially) ideal tensor.

Thus the common practice with MT data, when seeking TE and TM values, of finding the
maximum and minimum values of Z�

xy as the observing axes are rotated, can be seen to be
tantamount to an assumption that the Zs2 part of the matrix be ignored, so that the circle for
the Z2D part indeed plots in ideal 2D form.

5.3 Eigenvalue analysis

Eigenvalues ζ1 and ζ2 of a matrix Z are found by solving the characteristic equation

ζ2 − (Zxx + Zyy)ζ + ZxxZyy − ZxyZyx = 0 (21)

to obtain

ζ1, ζ2 = (Zxx + Zyy)/2 ± [(Zxx + Zyy)
2 + 4(ZxyZyx − ZxxZyy)]

1
2 /2 (22)

Three cases are possible and of interest. Each case will be discussed separately.
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5.3.1 Eigenvalues are conjugate pairs

The first case occurs when

(Zxx + Zyy)
2 + 4(ZxyZyx − ZxxZyy) < 0 (23)

and the two roots of the conjugate equation form a conjugate pair. The product of the two
roots, ζ1ζ2, will always be positive. An equivalent way of expressing Inequality 23 is as

(Zxx − Zyy)
2 + 4ZxyZyx < 0 (24)

5.3.2 Eigenvalues are real and equal

The second case occurs when

(Zxx + Zyy)
2 + 4(ZxyZyx − ZxxZyy) = 0 (25)

The two roots of the conjugate equation are now both real (positive or negative), and equal.
In fact

ζ1 = ζ2 = (Zxx + Zyy)/2 (26)

Again, the product of the two roots, ζ1ζ2, will be positive.

5.3.3 Eigenvalues are real and different

The third case occurs when

(Zxx + Zyy)
2 + 4(ZxyZyx − ZxxZyy) > 0 (27)

The two roots of the conjugate equation are now both real, different, and positive or negative
depending on the signs of (Zxx + Zyy) and (ZxxZyy − ZxyZyx), the trace and determinant
respectively of Z.

The product of the two eigenvalues is given by

ζ1ζ2 = det Z (28)

and is positive if detZ is positive, and negative if detZ is negative.

5.4 Eigenvalues on Mohr diagrams

The three eigenvalue cases discussed in the preceding three subsections are clearly defined
when the data are plotted on Mohr diagrams. Eigenvalues which are real are shown
graphically. The directions of their eigenvectors may be read from the diagrams remembering,
in Fig. 2a, the 2θ� anticlockwise rotation of the radial arm for, in Fig. 1, the θ� clockwise rotation
of the axes.

Thus for the case of Section 5.3.1, circles which (as in Fig. 5a) do not touch the vertical axes
obey Inequality 23. Their eigenvalues are complex conjugate pairs, and real eigenvectors for
them do not exist.

Secondly, for the case discussed in Section 5.3.2, Fig. 5b shows a circle which is just touching
both vertical axes, Z�

xy = 0 and Z�
yx = 0. The eigenvalues may be read off the Z�

xx axis, as
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circle with centre on the horizontal Z�

xy axis. The intersections of the circle with the axis give
the values of the TE and TM impedances for this (now artificially) ideal tensor.

Thus the common practice with MT data, when seeking TE and TM values, of finding the
maximum and minimum values of Z�

xy as the observing axes are rotated, can be seen to be
tantamount to an assumption that the Zs2 part of the matrix be ignored, so that the circle for
the Z2D part indeed plots in ideal 2D form.

5.3 Eigenvalue analysis

Eigenvalues ζ1 and ζ2 of a matrix Z are found by solving the characteristic equation

ζ2 − (Zxx + Zyy)ζ + ZxxZyy − ZxyZyx = 0 (21)

to obtain

ζ1, ζ2 = (Zxx + Zyy)/2 ± [(Zxx + Zyy)
2 + 4(ZxyZyx − ZxxZyy)]

1
2 /2 (22)

Three cases are possible and of interest. Each case will be discussed separately.
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5.3.1 Eigenvalues are conjugate pairs

The first case occurs when

(Zxx + Zyy)
2 + 4(ZxyZyx − ZxxZyy) < 0 (23)

and the two roots of the conjugate equation form a conjugate pair. The product of the two
roots, ζ1ζ2, will always be positive. An equivalent way of expressing Inequality 23 is as

(Zxx − Zyy)
2 + 4ZxyZyx < 0 (24)

5.3.2 Eigenvalues are real and equal

The second case occurs when

(Zxx + Zyy)
2 + 4(ZxyZyx − ZxxZyy) = 0 (25)

The two roots of the conjugate equation are now both real (positive or negative), and equal.
In fact

ζ1 = ζ2 = (Zxx + Zyy)/2 (26)

Again, the product of the two roots, ζ1ζ2, will be positive.

5.3.3 Eigenvalues are real and different

The third case occurs when

(Zxx + Zyy)
2 + 4(ZxyZyx − ZxxZyy) > 0 (27)

The two roots of the conjugate equation are now both real, different, and positive or negative
depending on the signs of (Zxx + Zyy) and (ZxxZyy − ZxyZyx), the trace and determinant
respectively of Z.

The product of the two eigenvalues is given by

ζ1ζ2 = det Z (28)

and is positive if detZ is positive, and negative if detZ is negative.

5.4 Eigenvalues on Mohr diagrams

The three eigenvalue cases discussed in the preceding three subsections are clearly defined
when the data are plotted on Mohr diagrams. Eigenvalues which are real are shown
graphically. The directions of their eigenvectors may be read from the diagrams remembering,
in Fig. 2a, the 2θ� anticlockwise rotation of the radial arm for, in Fig. 1, the θ� clockwise rotation
of the axes.

Thus for the case of Section 5.3.1, circles which (as in Fig. 5a) do not touch the vertical axes
obey Inequality 23. Their eigenvalues are complex conjugate pairs, and real eigenvectors for
them do not exist.

Secondly, for the case discussed in Section 5.3.2, Fig. 5b shows a circle which is just touching
both vertical axes, Z�

xy = 0 and Z�
yx = 0. The eigenvalues may be read off the Z�

xx axis, as
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d e f 

Fig. 5. Eigenvector directions (according to the radial arrows) and eigenvalues (where the
arrowheads touch an axis) displayed on Mohr diagrams for a 2 x 2 matrix. a: Eigenvalues are
complex conjugates, and are not evident on the diagram. b: Eigenvalues are real and equal;
both eigenvectors are the same. c: Eigenvalues are real and different; eigenvectors are not
orthogonal. d: Eigenvalues are real and different; eigenvectors are orthogonal. e: Associated
MT eigenvalues are real and different; eigenvectors are not orthogonal. f: Associated MT
eigenvalues are real and different; eigenvectors are orthogonal (the 2D case). In Fig. 5a axes
are also drawn for Z′

yx and Z′
yy. Between the Z′

xx and Z′
yy axes, the product Z′

xy.Z′
yx < 0. On

the Z′
xx and Z′

yy axes, Z′
xy.Z′

yx = 0. Outside the Z′
xx and Z′

yy axes, Z′
xy.Z′

yx > 0.

(Zxx + Zyy)/2. The direction of the repeated eigenvector corresponds to the direction of a
radial arm which is horizontal in the diagram, as shown.

Thirdly, for the case discussed in Section 5.3.3, in Fig. 5c a circle is shown which, like examples
to be discussed below, now crosses the vertical axes. The two eigenvalues may again be read
off the Z′

xx axis where the circle cuts this axis, and the two eigenvector directions are given by
the θ′ values for the radial arms to these points.

The example in Fig. 5c demonstrates that real eigenvalues correspond to the MT case of “phase
going out of quadrant”. Also it can be seen, by an extension of the discussion in Section 5.3.3
above, that for a Mohr circle to not capture the origin the product of the two eigenvalues must
be positive; i.e. detZ must be positive.

Of equal interest in MT are the eigenvectors of the associated problem, which correspond to
intersections of a circle with the horizontal Z′

xy axis. As shown in Fig. 5e, these might be
regarded as an approximation to 2D TE and TM values, and for the true 2D case (Fig. 5f) they
will indeed be so. These eigenvalues may be found by similar formalism, or by elementary
trigonometry based on Fig. 2a. They may be evident from inspection, as in Lilley (1993).
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6. Singular value decomposition

It is instructive also to apply SVD to an MT tensor, taking the in-phase and quadrature parts
of the tensor separately.

As described for example by Strang (2005), decomposition by SVD factors a matrix A into

A = UΣVT (29)

where the columns of V are eigenvectors of ATA, and AT denotes the transpose of A. The
columns of U (which are eigenvectors of AAT) may be found by multiplying A by the
columns of V. The singular values on the diagonal of Σ are the square roots (taken positive
by convention, a most important point in the present context) of the non-zero eigenvalues of
AAT. As Σ is diagonal, it is straightforward to convert it to the antidiagonal form of an ideal
2D tensor, for example by expressing Equation 29 as

A = UΣWW−1VT (30)

where W = [0, 1;−1, 0] and VT is pre-multiplied by W−1, with W−1 denoting the inverse of
W.

Equations for this form of the SVD of an MT tensor were derived in an earlier paper (Lilley,
1998). Taking phase relative to the H signal, so that Hq is zero, Equation 1 is written in its
in-phase and quadrature parts as

Ep,q = R(−θep,q)

[
0 Υp,q

−Ψp,q 0

]
R(θhp,q)H (31)

where the electric and magnetic observation axes are rotated clockwise independently, the
electric axes by θep,q and the magnetic axes by θhp,q. Thus the in-phase part of the tensor, Zp,
is factored into [

Zxx p Zxy p
Zyx p Zyy p

]
= R(−θep)

[
0 Υp

−Ψp 0

]
R(θhp) (32)

where

θep =
1
2

[
arctan

Zyy p − Zxx p

Zxy p + Zyx p
+ arctan

Zyy p + Zxx p

Zxy p − Zyx p

]
(33)

θhp =
1
2

[
arctan

Zyy p − Zxx p

Zxy p + Zyx p
− arctan

Zyy p + Zxx p

Zxy p − Zyx p

]
(34)

Υp − Ψp = cos(θep + θhp)[(Zxy p + Zyx p)− tan(θep + θhp)(Zxx p − Zyy p)] (35)

and
Υp + Ψp = cos(θep − θhp)[(Zxy p − Zyx p) + tan(θep − θhp)(Zxx p + Zyy p)] (36)

(Equation 36 corrects equation 22 of Lilley (1998), where a negative sign is missing.) A similar
set to Equations 32, 33, 34, 35 and 36 applies for the quadrature part of a tensor, with subscript
q replacing p.

The quantities Υp,q and Ψp,q are termed principal values. An examination of the possibility
that one or both of Ψp,q may be zero or negative is addressed in Section 13.3.
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6. Singular value decomposition

It is instructive also to apply SVD to an MT tensor, taking the in-phase and quadrature parts
of the tensor separately.

As described for example by Strang (2005), decomposition by SVD factors a matrix A into

A = UΣVT (29)

where the columns of V are eigenvectors of ATA, and AT denotes the transpose of A. The
columns of U (which are eigenvectors of AAT) may be found by multiplying A by the
columns of V. The singular values on the diagonal of Σ are the square roots (taken positive
by convention, a most important point in the present context) of the non-zero eigenvalues of
AAT. As Σ is diagonal, it is straightforward to convert it to the antidiagonal form of an ideal
2D tensor, for example by expressing Equation 29 as

A = UΣWW−1VT (30)

where W = [0, 1;−1, 0] and VT is pre-multiplied by W−1, with W−1 denoting the inverse of
W.

Equations for this form of the SVD of an MT tensor were derived in an earlier paper (Lilley,
1998). Taking phase relative to the H signal, so that Hq is zero, Equation 1 is written in its
in-phase and quadrature parts as

Ep,q = R(−θep,q)

[
0 Υp,q

−Ψp,q 0

]
R(θhp,q)H (31)

where the electric and magnetic observation axes are rotated clockwise independently, the
electric axes by θep,q and the magnetic axes by θhp,q. Thus the in-phase part of the tensor, Zp,
is factored into [

Zxx p Zxy p
Zyx p Zyy p

]
= R(−θep)

[
0 Υp

−Ψp 0

]
R(θhp) (32)

where

θep =
1
2
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arctan

Zyy p − Zxx p

Zxy p + Zyx p
+ arctan

Zyy p + Zxx p

Zxy p − Zyx p

]
(33)

θhp =
1
2

[
arctan

Zyy p − Zxx p

Zxy p + Zyx p
− arctan

Zyy p + Zxx p

Zxy p − Zyx p

]
(34)

Υp − Ψp = cos(θep + θhp)[(Zxy p + Zyx p)− tan(θep + θhp)(Zxx p − Zyy p)] (35)

and
Υp + Ψp = cos(θep − θhp)[(Zxy p − Zyx p) + tan(θep − θhp)(Zxx p + Zyy p)] (36)

(Equation 36 corrects equation 22 of Lilley (1998), where a negative sign is missing.) A similar
set to Equations 32, 33, 34, 35 and 36 applies for the quadrature part of a tensor, with subscript
q replacing p.

The quantities Υp,q and Ψp,q are termed principal values. An examination of the possibility
that one or both of Ψp,q may be zero or negative is addressed in Section 13.3.
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Fig. 6. Diagram showing the Mohr representation and the SVD of the matrix in Equation 37.
The values of θep, θhp, Υp and Ψp are evident as 32◦, 21◦, 8.1 and 3.1. The axes for E�

x, E�
y and

H�
x, H�

y show the rotations, from Ex, Ey and Hx, Hy by θep and θhp respectively, to give an
ideal 2D antidiagonal response.

The quantities arising from the SVD may be displayed on a Mohr diagram as in Fig. 6, which
has been drawn for a tensor

Zp = [−1, 7;−4, 3] (37)

The values of θep, θhp, Υp and Ψp may be evaluated by the equations above as 31.7◦, 21.4◦, 8.09
and 3.09 respectively. These values may also be read off the figure.

When the matrix of Equation 37 is put into a standard computing routine, the SVD returned
is commonly in the form of Equation 29:

Zp =

[−.8507 −.5257
−.5257 .8507

] [
8.0902 0

0 3.0902

] [
.3651 −.9310
−.9310 −.3651

]
(38)

which may be given the form of Equation 32 by expressing it first as

Zp =

[
.8507 −.5257
.5257 .8507

] [
0 8.0902

−3.0902 0

] [
.9310 .3651
−.3651 .9310

]
(39)
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and then as

Zp =

[
cos 31.71◦ − sin 31.71◦
sin 31.71◦ cos 31.71◦

] [
0 8.0902

−3.0902 0

] [
cos 21.41◦ sin 21.41◦
− sin 21.41◦ cos 21.41◦

]
(40)

The columns of the first matrix [cos 31.71◦,− sin 31.71◦; sin 31.71◦, cos 31.71◦], which
have been derived from U in Equation 29, can be seen to define unit vectors u1
and u2 which are as given for E�

x and E�
y in Fig. 6. The rows of the third

matrix [cos 21.41◦, sin 21.41◦;− sin 21.41◦, cos 21.41◦], which have been derived from VT in
Equation 29, can be seen to define unit vectors v1 and v2 as given for H�

x and H�
y in Fig. 6.

Also, as is evident, the singular values in the diagonal of matrix Σ (the second matrix) give
the values of Υp and Ψp.

Note that by rotation of the electric and magnetic axes separately, the MT tensor has been
reduced to an ideal 2D form. In a search for the nearest 2D model in a 3D situation the results
of SVD may be valuable to bear in mind; the magnetic axes may be an indication of regional
strike, with the electric axes showing the brunt of the distortion. A disadvantage of such an
analysis however is that a rather artificial conductivity structure is required to simply twist
the electric field at an observing site to explain the different rotations required of the E and
H axes. A more specific (if simple) model for local distortion is widely accepted, and will be
discussed in Section 11. With this model, in the case of near-singular MT data, it will be shown
that a surficial strike direction is determined. However regional strike determination remains
possible if regional anisotropy is high.

7. A condition number to measure singularity in an MT tensor

It is common experience to find very strong anisotropy in an observed tensor, both for
distorted 2D cases, and indeed generally. As a consequence, the tensor approaches a condition
of singularity, in both its in-phase and quadrature parts. In a Mohr diagram the condition of
singularity is shown by a circle touching the origin. If for example Zp is a singular tensor, then
there is some rotation of axes for which both Z�

xx p and Z�
xy p

are zero (or indistinguishable from

zero, when error is taken into account). For the student of linear algebra, an example of a null
space occurs: it is the line of the direction of nil electric field change, holding for all magnetic
field changes.

A condition number may be used to warn that singularity is being approached (Strang,
2005). When the condition number becomes high in some sense, the matrix is said to be
ill-conditioned (Press et al., 1989). The condition number suggested by Strang (2005) is the
norm of the matrix (sometimes called the spectral norm) multiplied by the norm of the inverse
of the matrix; or equivalently, the greater principal value of the matrix divided by the lesser
principal value. For the 2 x 2 matrix Z in Equation 1 the condition numbers κp,q are

κp,q = Υp,q/|Ψp,q| (41)

The greater and lesser principal values Υp,q and Ψp,q are given by Equations 35 and 36 and, as
discussed above, are the singular values of the matrix. Following the convention that singular
values are never negative, a modulus sign is put into the denominator of Equation 41 to cover
cases where computation of the lesser principal value produces a negative number. In terms
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and then as
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of SVD may be valuable to bear in mind; the magnetic axes may be an indication of regional
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discussed in Section 11. With this model, in the case of near-singular MT data, it will be shown
that a surficial strike direction is determined. However regional strike determination remains
possible if regional anisotropy is high.

7. A condition number to measure singularity in an MT tensor

It is common experience to find very strong anisotropy in an observed tensor, both for
distorted 2D cases, and indeed generally. As a consequence, the tensor approaches a condition
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singularity is shown by a circle touching the origin. If for example Zp is a singular tensor, then
there is some rotation of axes for which both Z�
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space occurs: it is the line of the direction of nil electric field change, holding for all magnetic
field changes.

A condition number may be used to warn that singularity is being approached (Strang,
2005). When the condition number becomes high in some sense, the matrix is said to be
ill-conditioned (Press et al., 1989). The condition number suggested by Strang (2005) is the
norm of the matrix (sometimes called the spectral norm) multiplied by the norm of the inverse
of the matrix; or equivalently, the greater principal value of the matrix divided by the lesser
principal value. For the 2 x 2 matrix Z in Equation 1 the condition numbers κp,q are
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Fig. 7. The condition number κp,q displayed as a function of the anisotropy angle λp,q in
degrees, using linear (left) and logarithmic (right) scales for κp,q.

of the Mohr representations in Figs 2, 3 and 6, from Equation 41 the condition numbers are
given by

κp,q = (ZL
p,q + Cp,q)/|(ZL

p,q − Cp,q)| (42)

that is
κp,q = 2/(cscλp,q − 1) + 1 (43)

remembering Equation 16. Fig. 7 shows κp,q as a function of λp,q. While λp,q itself is a
measure of condition, Fig. 7 demonstrates that κp,q is more sensitive than λp,q as ill-condition
is approached. Note that κp,q ≥ 1.

An example is given in Fig. 8 of condition numbers determined for a set of data from a recent
MT site, NQ142, in north Queensland, Australia. An increase in condition number above
10 monitors the decrease of the lesser principle value Ψp,q, which becomes negligible. The
variation of angle θep,q with period (T) stabilizes as condition numbers rise, an effect discussed
below in Section 11.

8. The phase tensor

Caldwell et al. (2004) introduced a “phase tensor” based on the magnetotelluric tensor, and
the concept was further developed by Bibby et al. (2005). The phase tensor is a real matrix Φ,
defined by

Φ = Z−1
p Zq (44)

and it has the property that it is unaffected by the in-phase distortion (described in Section 11.1
below) which is recognised as common in MT data. Note, however, that the computation of
phase tensor values may encounter difficulties for high condition numbers and singularities
in Zp and Zq, which can be caused by strong distortion.

8.1 Mohr diagram for the phase tensor

The phase tensor, a 2 x 2 matrix, can also be represented by a Mohr diagram, as described by
Weaver et al. (2003; 2006). The general form is shown in Fig. 9, following the convention for
axes of Fig. 2a. Equations 6 to 15 can be adapted to apply to the quantities shown in Fig. 9.
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Fig. 8. The NQ142 data plotted as Mohr diagrams and analysed by SVD to give: angles θep,
θeq, θhp and θhq; the principal values Υp, Ψp, Υq and Ψq; and the condition numbers κp and
κq. The variation of period with colour in the circles is the same as for the other plots. The
Mohr diagrams follow the form of Fig. 2a, and have their impedance values multiplied by
the square root of period (T) to make the plots more compact. Where circles enclose the
origin, their lesser principal value (Ψ) is given an artificially high value to flag this
circumstance; however condition numbers are computed nevertheless.
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Fig. 7. The condition number κp,q displayed as a function of the anisotropy angle λp,q in
degrees, using linear (left) and logarithmic (right) scales for κp,q.

of the Mohr representations in Figs 2, 3 and 6, from Equation 41 the condition numbers are
given by

κp,q = (ZL
p,q + Cp,q)/|(ZL

p,q − Cp,q)| (42)

that is
κp,q = 2/(cscλp,q − 1) + 1 (43)

remembering Equation 16. Fig. 7 shows κp,q as a function of λp,q. While λp,q itself is a
measure of condition, Fig. 7 demonstrates that κp,q is more sensitive than λp,q as ill-condition
is approached. Note that κp,q ≥ 1.

An example is given in Fig. 8 of condition numbers determined for a set of data from a recent
MT site, NQ142, in north Queensland, Australia. An increase in condition number above
10 monitors the decrease of the lesser principle value Ψp,q, which becomes negligible. The
variation of angle θep,q with period (T) stabilizes as condition numbers rise, an effect discussed
below in Section 11.

8. The phase tensor

Caldwell et al. (2004) introduced a “phase tensor” based on the magnetotelluric tensor, and
the concept was further developed by Bibby et al. (2005). The phase tensor is a real matrix Φ,
defined by

Φ = Z−1
p Zq (44)

and it has the property that it is unaffected by the in-phase distortion (described in Section 11.1
below) which is recognised as common in MT data. Note, however, that the computation of
phase tensor values may encounter difficulties for high condition numbers and singularities
in Zp and Zq, which can be caused by strong distortion.

8.1 Mohr diagram for the phase tensor

The phase tensor, a 2 x 2 matrix, can also be represented by a Mohr diagram, as described by
Weaver et al. (2003; 2006). The general form is shown in Fig. 9, following the convention for
axes of Fig. 2a. Equations 6 to 15 can be adapted to apply to the quantities shown in Fig. 9.
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circumstance; however condition numbers are computed nevertheless.

95Magnetotelluric Tensor Decomposition: Insights from Linear Algebra and Mohr Diagrams



16 Will-be-set-by-IN-TECH

Φ’xx 

Φ’xy 

(Φxx+ Φyy)/2

(Φxy- Φyx)/2

0

γ
2θ’

marks observed point 

marks general point after axes rotation

strike direction based on maximum Φ’xx

strike direction based on Φmax

J1

J2 

J3

Fig. 9. Diagram showing the Mohr representation of the general phase tensor. Axes for Φ�
yy

and Φ�
yx could be added (following Fig. 2a). The principal values (equivalent to Υp and Ψp in

Fig. 6) are given by (J1
2 + J3

2)1/2 ± J2, and are denoted Φmax and Φmin by Caldwell et al.
(2004).

The angle γ, which is a measure of 3D effects, is the seventh invariant of Weaver et al. (2000),
described in Section 4.

The regional 2D strike direction chosen on phase considerations, as advocated by Bahr (1988)
for example, is given by the point of maximum Φ�

xx, which is the highest point of the circle
as drawn. However when the regional structure is recognised as being 3D, the best estimate
of geologic strike is recommended by Caldwell et al. (2004) as the orientation of the principal
axes of the phase tensor, shown in Fig. 9 as “strike direction based on Φmax”.

Note that a Mohr diagram for the phase tensor shows the variation of phase-tensor values as
the observing axes are rotated, but that these values are generally not those of the usual MT
Zxy phase.

Also note that a Zxy phase going “out of quadrant” does not imply that a principal value of Φ

is negative. In fact detΦ is expected to be never negative, consistent with the principal values
of Φ (Φmax and Φmin) being never negative.

Examples of Mohr diagrams for phase tensors, which illustrate some of these points, are given
in Lilley & Weaver (2010).
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8.2 Mohr diagram for the 2D phase tensor

For the 2D case, the Mohr diagram reduces to a circle with centre on the Φ�
xx axis. The TE and

TM phase values are then the arctangents of the intercepts which, from the analysis already
given, are eigenvalues of the phase tensor. The two eigenvectors are orthogonal.

8.3 Mohr diagram for the 1D phase tensor

For the 1D case, the Mohr diagram reduces to a point on the Φ�
xx axis, marking the tangent of

the phase value of the 1D MT response.

9. Invariants for the general phase tensor

To characterize the phase tensor just three invariants of rotation are needed, as pointed out by
Caldwell et al. (2004), together with an angle defining the direction of the original observing
axes. Options for invariants are evident from an inspection of Fig. 9, and include those
adopted in Section 4 for Fig. 3. Weaver et al. (2003) chose J1, J2 and J3 as shown in Fig. 9,
which neatly summarize 1D, 2D and 3D characteristics, respectively.

10. Some complications illustrated by Mohr diagrams

10.1 Conditions for Zxy and Zyx phases out of quadrant

For simple cases of induction in 1D layered media, Zxy phases will be in the first quadrant, and
Zyx phases in the third quadrant. However, it is not uncommon with complicated geologic
structure to find phases which are out of these expected quadrants, for some orientation of
the measuring axes. Experimental or computational error may be invoked in explanation,
when in fact a common cause is simply distortion. Such distortion may be understood by
reference to Fig. 3. Clearly once, due say to distortion, angle μp (or μq) increases to the point
where the in-phase (or quadrature) circle first touches and then crosses the vertical Z�

xx axis,
for an appropriate direction of the observing axes the phase observed of Zxy will be “out of
quadrant”.

Adopting, in the rotated frame, the common definition for phase φ�
xy of

φ�
xy = arctan(Z�

xyq
/Z�

xy p
) (45)

where the signs of numerator and denominator are taken into account, then φ�
xy is in the first

quadrant when both Z�
xy p

and Z�
xyq

are positive.

The condition for the phase of Z�
xy to go out of quadrant is that one or both of its in-phase and

quadrature parts should be negative. On the Mohr circle diagram, this condition is equivalent
to either or both of the in-phase and quadrature circles for the data crossing the vertical axis.
Phases greater than 90◦ are then possible for Z�

xy. If the circles however remain to the right
of their vertical axes, the Z�

xy phase will be in quadrant for any orientation of the measuring
axes.

With reference to Fig. 3, for the crossing of the vertical axis to occur, it can be seen that λp,q
and μp,q must together be greater than 90◦, i.e.

λp,q + |μp,q| > 90◦ (46)
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Note that a Mohr diagram for the phase tensor shows the variation of phase-tensor values as
the observing axes are rotated, but that these values are generally not those of the usual MT
Zxy phase.

Also note that a Zxy phase going “out of quadrant” does not imply that a principal value of Φ

is negative. In fact detΦ is expected to be never negative, consistent with the principal values
of Φ (Φmax and Φmin) being never negative.

Examples of Mohr diagrams for phase tensors, which illustrate some of these points, are given
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the phase value of the 1D MT response.
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10.1 Conditions for Zxy and Zyx phases out of quadrant

For simple cases of induction in 1D layered media, Zxy phases will be in the first quadrant, and
Zyx phases in the third quadrant. However, it is not uncommon with complicated geologic
structure to find phases which are out of these expected quadrants, for some orientation of
the measuring axes. Experimental or computational error may be invoked in explanation,
when in fact a common cause is simply distortion. Such distortion may be understood by
reference to Fig. 3. Clearly once, due say to distortion, angle μp (or μq) increases to the point
where the in-phase (or quadrature) circle first touches and then crosses the vertical Z�
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for an appropriate direction of the observing axes the phase observed of Zxy will be “out of
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Adopting, in the rotated frame, the common definition for phase φ�
xy of
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where the signs of numerator and denominator are taken into account, then φ�
xy is in the first

quadrant when both Z�
xy p

and Z�
xyq

are positive.

The condition for the phase of Z�
xy to go out of quadrant is that one or both of its in-phase and

quadrature parts should be negative. On the Mohr circle diagram, this condition is equivalent
to either or both of the in-phase and quadrature circles for the data crossing the vertical axis.
Phases greater than 90◦ are then possible for Z�

xy. If the circles however remain to the right
of their vertical axes, the Z�

xy phase will be in quadrant for any orientation of the measuring
axes.

With reference to Fig. 3, for the crossing of the vertical axis to occur, it can be seen that λp,q
and μp,q must together be greater than 90◦, i.e.

λp,q + |μp,q| > 90◦ (46)

97Magnetotelluric Tensor Decomposition: Insights from Linear Algebra and Mohr Diagrams



18 Will-be-set-by-IN-TECH

With reference to the Z�
yy p

and Z�
yx p

axes also included in Fig. 2a, consequences for the phases

of other elements are also clear. The symmetry of the figure is such that if the circle crosses
the Z�

xx p axis to the left, it will also cross the Z�
yy p

axis to the right. Thus if phases out of

quadrant are possible for Z�
xy, so are they also possible for Z�

yx. However, the latter will occur
for rotations 90◦ different from the former.

Similar considerations will give rules regarding the quadrants to be expected for Z�
xx and Z�

yy
phases. An analysis of Fig. 2a shows that these phases will generally change quadrant with
a rotation of the observing axes. An exception, when they would not do so, would be if the
circle in Fig. 2a did not cross the horizontal Z�

xy p
axis, but stayed completely above (or below)

this axis (and the circle for the quadrature part of the tensor behaved similarly).

10.2 Strike coordinates from phase considerations

The situation of Zxy phase out of quadrant (for example for the part of the circle to the
left of the vertical axis in Fig. 5c) causes difficulty in the symmetric-antisymmetric and the
symmetric-2D partitions of Sections 5.1 and 5.2. First, if the circle in Fig. 5c is simply moved
down so that its centre lies on the horizontal axis, the left-hand intercept with the horizontal
axis is less than zero. The circle has enclosed the origin, and a negative value is obtained for
the lesser of TE and TM, contrary to expectation (see Section 13.1).

Similarly there are methods which seek, as geologic strike coordinates, those given by
maximum and minimum Z�

xy phase values when the axes are rotated. These methods will
find erratic phase behaviour when either or both of the in-phase and quadrature circles cross
the vertical axis as in Fig. 5c.

However Z�
xy phase will usually be at or near a maximum (or minimum) at the right-hand

side of a circle which on its left-hand side crosses the vertical axis. Thus sensible results for
maximum or minimum phase can be expected, if based only on a determination from the
right-hand side.

11. Geologic interpretation of angles found by SVD, when condition numbers are
high

Singular value decomposition of observed magnetotelluric tensors, taking the in-phase and
quadrature parts separately, often produces directions which are frequency independent
below a certain frequency which is found to be common to both in-phase and quadrature
parts. This section examines how such directions may be related to the angles which arise in
basic distortion models of MT data. It is found that while MT data are expected in general to
be frequency dependent, there are particular limiting cases which are constant with frequency.
Understanding such observed data may be useful in interpretation.

11.1 The Smith (1995) model for local distortion

This section applies the Smith (1995) description of local “static” distortion, which follows
Bahr (1988) and Groom & Bailey (1989). In the absence of local distortion the measured
magnetic field H is related to the regional electric field Er by the tensor Zr:

Er = ZrH (47)
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and with distortion d present, affecting the measured electric field Em only,

Em = dEr (48)

and
Em = ZmH = dZrH (49)

For the case of 2D regional structure, with measuring axes aligned with regional strike,

Z̃r = [0, Zr
12; Zr

21, 0] (50)

and so
Ẽm = d[0, Zr

12; Zr
21, 0]H (51)

where the overscore˜indicates observing axes aligned with regional strike.

If the observation axes are north-south and east-west, say, and need to be rotated angle θ for
alignment with regional strike, then Equation 51 (without distortion) gives

R(θ)

[
Em

x
Em

y

]
=

[
0 Zr

12
Zr

21 0

]
R(θ)

[
Hx
Hy

]
(52)

and with distortion

R(θ)

[
Em

x
Em

y

]
= d

[
0 Zr

12
Zr

21 0

]
R(θ)

[
Hx
Hy

]
(53)

In co-ordinates aligned with the surficial geology the distortion amounts to scaling the electric
fields by different amounts, g1 and g2, in directions parallel and perpendicular to the surficial
strike (Zhang et al., 1987). Distortion matrix d then has the form

[
d11 d12
d12 d22

]
= R(−αs)

[
g1 0
0 g2

]
R(αs) (54)

where due to the restricted distortion model the d21 element has the value d12, g1 and g2
are real constants (frequency independent), and αs is the angle from the regional strike
coordinates to the strike coordinates of the surficial structure causing the distortion. The
decomposition of d in Equation 54 is displayed in Fig. 10.

Substituting the expression for d from Equation 54 into Equation 53 gives

Em = R(−θ − αs)

[
g1Zr

21 sin αs g1Zr
12 cos αs

g2Zr
21 cos αs −g2Zr

12 sin αs

]
R(θ)H (55)

At this stage the in-phase and quadrature parts can be considered separately. Avoiding the
encumbrance of additional notation, now assume that just the in-phase part of the measured
E field is being considered, giving information on just the in-phase parts of the regional
impedance tensor Zr.

Then following the form of Equation 32, SVD can be carried out on the central tensor in
Equation 55, expanding it as

[
g1Zr

21 sin αs g1Zr
12 cos αs

g2Zr
21 cos αs −g2Zr

12 sin αs

]
= R(−ηe)

[
0 Υ

−Ψ 0

]
R(ηh) (56)
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and with distortion d present, affecting the measured electric field Em only,

Em = dEr (48)

and
Em = ZmH = dZrH (49)

For the case of 2D regional structure, with measuring axes aligned with regional strike,
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where the overscore˜indicates observing axes aligned with regional strike.
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alignment with regional strike, then Equation 51 (without distortion) gives

R(θ)

[
Em

x
Em

y

]
=
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0 Zr
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Zr

21 0

]
R(θ)
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Hy
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Hy

]
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In co-ordinates aligned with the surficial geology the distortion amounts to scaling the electric
fields by different amounts, g1 and g2, in directions parallel and perpendicular to the surficial
strike (Zhang et al., 1987). Distortion matrix d then has the form

[
d11 d12
d12 d22

]
= R(−αs)

[
g1 0
0 g2

]
R(αs) (54)

where due to the restricted distortion model the d21 element has the value d12, g1 and g2
are real constants (frequency independent), and αs is the angle from the regional strike
coordinates to the strike coordinates of the surficial structure causing the distortion. The
decomposition of d in Equation 54 is displayed in Fig. 10.

Substituting the expression for d from Equation 54 into Equation 53 gives
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12 cos αs
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]
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At this stage the in-phase and quadrature parts can be considered separately. Avoiding the
encumbrance of additional notation, now assume that just the in-phase part of the measured
E field is being considered, giving information on just the in-phase parts of the regional
impedance tensor Zr.

Then following the form of Equation 32, SVD can be carried out on the central tensor in
Equation 55, expanding it as
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12 cos αs

g2Zr
21 cos αs −g2Zr

12 sin αs

]
= R(−ηe)

[
0 Υ

−Ψ 0

]
R(ηh) (56)
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Fig. 10. Mohr diagrams for the decomposition in Equation 54. On the left the diagram shows
the distortion matrix d. It is positive definite, due to the assumption of strictly 2D surficial
anisotropy, and so has orthogonal eigenvectors. The radius of the circle is (g2 − g1)/2. The
numerical matrix taken for the example is [3.5, 2.6; 2.6, 6.5], and the directions and
magnitudes of its eigenvectors are shown by rotating the radial arm until it is parallel to the
vertical axis. The eigenvalues then are g1 = 2 and g2 = 8. The angle 2αs on the figure is 60◦,
indicating that a rotation of axes anticlockwise through 30◦ is necessary to change the matrix
to [2, 0: 0, 8]. On the right is shown the matrix decomposition as in Equation 54. The three
diagrams represent the three matrices on the right-hand side of that equation, in turn. The
first Mohr diagram represents a rotation by angle (−αs). The second Mohr diagram is
symmetric, representing a positive definite matrix according to the scaling factors g1 and g2.
The third matrix is like the first, representing a rotation by angle (+αs). Note the changes of
scale between the diagrams.

where the angles ηe and ηh, and the principal values Υ and Ψ are given by

ηe + ηh = arctan
[−g2Zr

12 sin αs − g1Zr
21 sin αs

g1Zr
12 cos αs + g2Zr

21 cos αs

]
(57)

ηe − ηh = arctan
[−g2Zr

12 sin αs + g1Zr
21 sin αs

g1Zr
12 cos αs − g2Zr

21 cos αs

]
(58)

Υ + Ψ = [(g1Zr
21 sin αs − g2Zr

12 sin αs)
2 + (g2Zr

21 cos αs − g1Zr
12 cos αs)

2]1/2 (59)

and
Υ − Ψ = [(g1Zr

21 sin αs + g2Zr
12 sin αs)

2 + (g1Zr
12 cos αs + g2Zr

21 cos αs)
2]1/2 (60)

Replacing into Equation 55 the matrix in its expanded form as in Equation 56, and combining
adjoining rotation matrices, gives

Em = R(−θ − αs − ηe)

[
0 Υ

−Ψ 0

]
R(θ + ηh)H (61)

Thus in the SVD of an MT tensor resulting from 2D surficial distortion of a regional 2D
structure, the regional strike θ and the various distortion quantities g1, g2 and αs occur
in a way which does not allow their straightforward individual solution, because the SVD
produces values for (θ + αs + ηe) and (θ + ηh). It is of interest however to examine two limiting
cases, as in the following sections.
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11.2 First limiting case

Now consider, in Equations 57, 58, 59 and 60, that g2 � g1, so that terms in g1 are ignored
with respect to terms in g2. The results are then obtained that

Υ = g2[(Zr
12 sin αs)

2 + (Zr
21 cos αs)

2]1/2 (62)

and
Ψ = 0 (63)

For the angles ηe and ηh the limiting case gives

ηe = 0 (64)

and
ηh = − arctan(Zr

12tan αs/Zr
21) (65)

While in Equation 65 for ηh the values Zr
12, Zr

21 and αs still occur together, for ηe there is the
simple result of zero. Fed back into Equation 61 it is seen that SVD of an MT tensor now gives,
in the equivalent of θe in Equation 31, a result for (θ + αs): that is, the direction of surficial 2D
strike.

Further, note that if Zr
12/Zr

21 = −1, then ηh = αs, and the magnetic axes are also aligned
with (or normal to) the surficial strike. This case can be seen to be that where the regional 2D
anisotropy is out-weighed by the surficial anisotropy, so that the former approximates a 1D
case.

11.3 Second limiting case

A second limiting case might be gross inequality in the TE and TM components of the regional
2D impedance. Consider the case where |Zr

12| � |Zr
21|, so that terms involving the latter may

be ignored with respect to terms involving the former. Then Equations 57, 58, 59 and 60 give

Υ = Zr
12[(g2 sin αs)

2 + (g1 cos αs)
2]1/2 (66)

and
Ψ = 0 (67)

For the angles ηe and ηh this limiting case gives

ηe = − arctan(g2tan αs/g1) (68)

and
ηh = 0 (69)

Fed back into Equation 61, it is seen that SVD of an MT tensor for the case where ηh = 0 now
gives, in the equivalent of θh in Equation 31, a result for θ: that is, the direction of regional 2D
strike.

12. Discussion and example

The two limiting cases, where realised, give angles of interest. Also, it should be noted that
both cases correspond to the MT tensor being singular, or nearly so.
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Fig. 10. Mohr diagrams for the decomposition in Equation 54. On the left the diagram shows
the distortion matrix d. It is positive definite, due to the assumption of strictly 2D surficial
anisotropy, and so has orthogonal eigenvectors. The radius of the circle is (g2 − g1)/2. The
numerical matrix taken for the example is [3.5, 2.6; 2.6, 6.5], and the directions and
magnitudes of its eigenvectors are shown by rotating the radial arm until it is parallel to the
vertical axis. The eigenvalues then are g1 = 2 and g2 = 8. The angle 2αs on the figure is 60◦,
indicating that a rotation of axes anticlockwise through 30◦ is necessary to change the matrix
to [2, 0: 0, 8]. On the right is shown the matrix decomposition as in Equation 54. The three
diagrams represent the three matrices on the right-hand side of that equation, in turn. The
first Mohr diagram represents a rotation by angle (−αs). The second Mohr diagram is
symmetric, representing a positive definite matrix according to the scaling factors g1 and g2.
The third matrix is like the first, representing a rotation by angle (+αs). Note the changes of
scale between the diagrams.

where the angles ηe and ηh, and the principal values Υ and Ψ are given by

ηe + ηh = arctan
[−g2Zr

12 sin αs − g1Zr
21 sin αs

g1Zr
12 cos αs + g2Zr

21 cos αs

]
(57)

ηe − ηh = arctan
[−g2Zr

12 sin αs + g1Zr
21 sin αs

g1Zr
12 cos αs − g2Zr

21 cos αs

]
(58)

Υ + Ψ = [(g1Zr
21 sin αs − g2Zr

12 sin αs)
2 + (g2Zr

21 cos αs − g1Zr
12 cos αs)

2]1/2 (59)

and
Υ − Ψ = [(g1Zr

21 sin αs + g2Zr
12 sin αs)

2 + (g1Zr
12 cos αs + g2Zr

21 cos αs)
2]1/2 (60)

Replacing into Equation 55 the matrix in its expanded form as in Equation 56, and combining
adjoining rotation matrices, gives

Em = R(−θ − αs − ηe)

[
0 Υ

−Ψ 0

]
R(θ + ηh)H (61)

Thus in the SVD of an MT tensor resulting from 2D surficial distortion of a regional 2D
structure, the regional strike θ and the various distortion quantities g1, g2 and αs occur
in a way which does not allow their straightforward individual solution, because the SVD
produces values for (θ + αs + ηe) and (θ + ηh). It is of interest however to examine two limiting
cases, as in the following sections.
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Fed back into Equation 61, it is seen that SVD of an MT tensor for the case where ηh = 0 now
gives, in the equivalent of θh in Equation 31, a result for θ: that is, the direction of regional 2D
strike.

12. Discussion and example

The two limiting cases, where realised, give angles of interest. Also, it should be noted that
both cases correspond to the MT tensor being singular, or nearly so.
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Fig. 11. Hypothetical example of a 2D case with the in-phase and quadrature radial arms
anti-parallel. Such cases appear to be prohibited in nature, but inadvertently can be posed as
numerical examples.

The example in Fig. 8, for frequencies less that 10 Hz, gives θep,q values which are fixed at
−67◦, while θhp,q values continue to vary with period. The model of Section 11.1 is therefore a
good candidate for the interpretation of the data. Applying the results of Section 11.2, surficial
strike is determined at −67◦ (±90◦ allowing for the usual ambiguity).

However the observation that there is a critical frequency, say fc, only below which θep,q
values are frequency independent (and in the case of Fig. 8 are stable at −67◦), implies a
contradiction to the initial distortion model in Section 11.1, which was frequency independent,
generally. The existence of such a “critical frequency” suggests distortion which is “at a
distance”, rather than immediately local.

13. Some remaining problems

13.1 TE and TM modes both positive?

It is well known that for the 2D case the TM mode is always positive (Weidelt & Kaikkonen,
1994), but proof has not been achieved for the TE case. It can be seen from Fig. 2b that were
the TE case to be negative in either in-phase or quadrature part (or both) then the appropriate
circles would enclose their origin of axes. Thus a general proof that circles cannot enclose
their origins (discussed in Section 13.3 below) would also prove that the TE mode can never
be negative.

13.2 Radial arms anti-parallel

The 2D example given in Fig. 2b, where the in-phase and quadrature radial arms are parallel,
represents the common case observed without exception in the experience of the present
author. However, in principle the case shown in Fig. 11 where the in-phase and quadrature
radial arms are anti-parallel would also be two dimensional. If there is a theoretical reason
why cases with radial arms anti-parallel as in Fig. 11 do not occur in practice it would be an
advance to have it clarified.
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observed point (Zxxp =-3, Zxyp =3)
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Fig. 12. The Mohr diagram for the matrix in Equation 70. The circle encloses the origin of
axes because the matrix has a negative determinant. The values of θep, θhp, Υp and Ψp are
evident as 51◦, 25◦, 6.3 and −1.8 (Ψp being of negative sign when the direction of Υp from the
origin defines positive).

13.3 Circles capturing the origin: a note on negative determinants

It is also observed that circles do not capture or enclose their origins of axes, except for reasons
of obvious error, or usual errors associated with singularity. The author suggests that this
observed behaviour corresponds to the prohibition of components of negative resistivity in the
electrical conductivity structure. Again a proof regarding this possibility would be welcome.

Negative determinants (no matter how they arise) need care in their analysis, as the following
example illustrates. If, in contrast to the example in Section 6, the determinant (say of Zp) is
negative, then the matrices ZpZT

p and ZT
p Zp will each have a negative eigenvalue. However

in a conventional SVD these negative eigenvalues are taken as positive singular values, and
to allow for this action the sign is also changed of the eigenvector of U which they multiply.

To demonstrate this point, consider the hypothetical matrix

Zp = [−3, 3;−1, 5] (70)

which has a negative determinant. The Mohr diagram representation of the matrix is shown
in Fig. 12.
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good candidate for the interpretation of the data. Applying the results of Section 11.2, surficial
strike is determined at −67◦ (±90◦ allowing for the usual ambiguity).

However the observation that there is a critical frequency, say fc, only below which θep,q
values are frequency independent (and in the case of Fig. 8 are stable at −67◦), implies a
contradiction to the initial distortion model in Section 11.1, which was frequency independent,
generally. The existence of such a “critical frequency” suggests distortion which is “at a
distance”, rather than immediately local.

13. Some remaining problems

13.1 TE and TM modes both positive?

It is well known that for the 2D case the TM mode is always positive (Weidelt & Kaikkonen,
1994), but proof has not been achieved for the TE case. It can be seen from Fig. 2b that were
the TE case to be negative in either in-phase or quadrature part (or both) then the appropriate
circles would enclose their origin of axes. Thus a general proof that circles cannot enclose
their origins (discussed in Section 13.3 below) would also prove that the TE mode can never
be negative.

13.2 Radial arms anti-parallel

The 2D example given in Fig. 2b, where the in-phase and quadrature radial arms are parallel,
represents the common case observed without exception in the experience of the present
author. However, in principle the case shown in Fig. 11 where the in-phase and quadrature
radial arms are anti-parallel would also be two dimensional. If there is a theoretical reason
why cases with radial arms anti-parallel as in Fig. 11 do not occur in practice it would be an
advance to have it clarified.
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13.3 Circles capturing the origin: a note on negative determinants

It is also observed that circles do not capture or enclose their origins of axes, except for reasons
of obvious error, or usual errors associated with singularity. The author suggests that this
observed behaviour corresponds to the prohibition of components of negative resistivity in the
electrical conductivity structure. Again a proof regarding this possibility would be welcome.

Negative determinants (no matter how they arise) need care in their analysis, as the following
example illustrates. If, in contrast to the example in Section 6, the determinant (say of Zp) is
negative, then the matrices ZpZT

p and ZT
p Zp will each have a negative eigenvalue. However

in a conventional SVD these negative eigenvalues are taken as positive singular values, and
to allow for this action the sign is also changed of the eigenvector of U which they multiply.

To demonstrate this point, consider the hypothetical matrix

Zp = [−3, 3;−1, 5] (70)

which has a negative determinant. The Mohr diagram representation of the matrix is shown
in Fig. 12.
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By Equations 33, 34, 35 and 36, the values of θep, θhp, Υp and Ψp are evaluated as
51.26◦, 24.70◦, 6.36 and −1.88 respectively. As before, by multiplying out the right-hand side, it
can be checked that these values do indeed satisfy Equation 32. Also these values may be read
off Fig. 12 as 51◦, 25◦, 6.3 and −1.8, but now difficulties arising from the negative determinant
are evident. Taking the direction of Υp from the origin to define positive, the value of Ψp is
seen to be negative.

Put into a standard computing routine, the SVD returned for the matrix in Equation 70 is

Zp =

[
.6257 .7800
.7800 −.6257

] [
6.3592 0

0 1.8870

] [−.4179 .9085
−.9085 −.4179

]
(71)

which may also be obtained formally by determining the eigenvalues and eigenvectors of
ZT

p Zp. To give it the form of Equation 32, Equation 71 may be expressed

Zp =

[
.6257 .7800
.7800 −.6257

] [
0 6.3592

−1.8870 0

] [
.9085 .4179
−.4179 .9085

]
(72)

and then written

Zp =

[
cos 51.26◦ sin 51.26◦
sin 51.26◦ − cos 51.26◦

] [
0 6.3592

−1.8870 0

] [
cos 24.70◦ sin 24.70◦
− sin 24.70◦ cos 24.70◦

]
(73)

The rows of the third matrix [cos 24.70◦, sin 24.70◦;− sin 24.70◦, cos 24.70◦] define unit vectors
v1 and v2 for H�

x, H�
y as shown in Fig. 12. As for Fig. 6, these indicate a rotation of the Hx, Hy

observing axes.

However, the columns of the first matrix [cos 51.26◦, sin 51.26◦; sin 51.26◦,− cos 51.26◦] define
unit vectors u1 and u2 also as shown in Fig. 12. These unit vectors do not now represent just
a simple rotation of the Ex, Ey axes, but also the reflection of one of them. The negative value
of Ψp given by Equations 35 and 36 has been cast by the SVD analysis as a positive singular
value in the second matrix in Equation 71. To compensate for this convention, the direction
of one of the axes (originating as the direction of an eigenvector of U in Equation 29) has
been reversed. Any model of distortion rotating the electric fields is thus contravened. An
extra physical phenomenon is required to explain the reflection of one of the rotated electric
field axes. Pending such an explanation, a negative principal value (−1.8870 in the present
example) must be regarded with great caution.

In normal SVD formalism the change of sign of an eigenvector, as demonstrated in the above
example, may occur with little comment. In the present case however it has had the profound
effect of destroying, after rotation, the “right-handedness” of the observing axes of the MT
data.

14. Conclusion

Basic 2 x 2 matrices arise commonly in linear algebra, and Mohr diagrams have wide
application in displaying their properties. Complementing the usual algebraic approach, they
may help the student understand especially anomalous data.

Such Mohr diagrams have proved useful in checking MT data for basic errors arising in
the manipulation of time-series; in checking hypothetical examples for realistic form; and
in checking for errors which are demonstrated by negative determinants.
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Invariants of an observed tensor under axes rotation are evident from inspection of such Mohr
diagrams. The invariants may be used as indicators of the geologic dimensionality of the
tensor; they may also be useful in the inversion and interpretation of MT data. Mohr diagrams
of the MT phase tensor also show invariants which measure geologic dimensionality, and
indicate regional geologic strike.

Attention has been given to monitoring the singularity of an MT tensor with a condition
number, as tensors which approach singularity are common. Carrying out SVD on observed
data with high condition numbers can indicate a direction of surficial 2D strike, for the simple
case of the surficial distortion of a regional 2D MT response. In some circumstances the 2D
regional strike is found in this straightforward way.

Particularly noteworthy is the observation of a critical frequency below which an observed
MT tensor becomes sufficiently ill-conditioned for the surficial strike to become evident.
The example in Fig. 8 shows this behaviour to apply at frequencies below 10 Hz. That a
frequency-independent model produces a frequency-dependent result in this way requires
care in interpretation.

Remaining problems for which proofs would augment the subject are the evident prohibition
of negative TE values, the evident non-observation of antiparallel radial arms, and the evident
non-observation of MT tensor data with negative determinant values (corresponding to Mohr
circles prohibited from enclosing their origins of axes).
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volcanic events so as to support forecasting efforts. Since 1980s scientific community has 
progressively drifted research and surveillance at active volcanoes by integrated approach. 
Nowadays, volcano observatories over the world record and integrate real or near-real time 
data for monitoring and understanding volcano behaviour. Among the geophysical, 
geochemical, and volcanological parameters, the tracking of temperature changes at several 
volcanic features (e.g. open-vent systems, eruptive vents, fumaroles) and variations in 
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and once an eruption begins, temperature plays a major role in lava flow emplacement and 
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1a, c). Direct measurements represent the traditional thermal monitoring carried out at 
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kinds of eruption, and the need of monitoring inaccessible areas on volcanoes (e.g. Wright & 
Pilger, 2008), indirect measurements are especially attractive. Among them, thermal imagery 
is one of the most widespread and results from the capability to detect the infrared radiation 
emitted from the surface of hot bodies, and to provide the radiometric map of heat 
distribution of the body’s surface (Spampinato et al., 2011). This has been of primary 
importance for capturing the evolution of thermal anomalies, which shed light on magma 
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separate from the melt and escape either directly from the main conduits, or indirectly by 
leaking through fumaroles, fractures, and faults, or by dissolving within crater lakes and hot 
spring waters, resulting in variations in their temperature and chemical composition. At the 
surface, these phenomena are also associated with radiative heat fluxes, which can be 
detected by infrared thermal detectors. The application of thermal imaging to volcanology 
was largely performed using satellite surveys (e.g. Harris et al., 2011; Vicari et al., 2008), but 
in the last decade there has been increasing application of compact (hand-held) thermal 
imagers used from the air or ground (Spampinato et al., 2011).  

 
Fig. 1. Different modes for temperature and volcanic gas sampling. Conventional in situ 
measurements of (a) the temperature of Hawaiian pāhoehoe lava flow fields (photo by P. 
Mouginis-Mark, volcano.oregonstate.edu), and (b) volcanic gas from the summit fumarole 
field of Kīlauea volcano in 2005. In (c) and (d) ground-based thermal imagery of the Laguna 
Caliente crater lake (Poás volcano, Costa Rica; 2009) and UV-DOAS measurements of the 
Santiago crater (Masaya volcano, Nicaragua; 2009) volcanic plume, respectively.  

Volcanic degassing plays a key role in magma transport and style, and timing of volcanic 
eruptions observed at the Earth’s surface (e.g. Carroll & Holloway, 1994; Gilbert & Sparks, 
1998; Huppert & Woods, 2002; Sparks, 2003). The assessment of volcanic gas composition 
and flux has become a standard procedure for volcanic monitoring and eruption forecasting, 
since degassing regimes are fundamentally linked to volcanic processes (e.g. Aiuppa et al., 
2007, 2010; Edmonds, 2008; Noguchi & Kamiya, 1963; Oppenheimer, 2003; Sutton et al., 
2001). Magma contains dissolved gases that are released into the atmosphere during both 
quiescent and eruptive degassing phases (e.g. Oppenheimer, 2003). At high pressures, deep 
beneath the Earth’s surface, gases are dissolved in magma; however as soon as magma rises 
toward the surface, where pressures are lower, gases start to exsolve according to the 
solubility-pressure relationship of each species, as well as compositional and diffusional 
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constraints (e.g. Carroll & Holloway, 1994; Carroll & Webster, 1994; Oppenheimer, 2003; 
Spilliaert et al., 2006; Villemant & Boudon, 1999). The abundance and final gas phase 
composition of the emitted plume depends on magma composition(s), volatile fugacities, 
crystallisation, and on the dynamics of magma degassing, including kinetic effects (e.g. 
Giggenbach, 1996; Oppenheimer, 2003; Symonds et al., 1994, 2011). However, at the surface, 
the composition and flux of volcanic gases may change with time, reflecting variations in the 
magmatic feeding system of the volcano. Hence, by studying and tracking this variability a 
number of parameters, such as magma residing depths and the amount of degassing magma 
bodies can be determined (Allard, 1997; Steffke et al., 2010). 

Among the volcanic gas species, sulphur dioxide (SO2) is one of the most well 
investigated in remote sensing (e.g. Bluth et al., 2007; Carn et al., 2003; Galle et al.,  
2010; Hamilton et al., 1978; McGonigle et al., 2009; Salerno et al., 2009a; Williams-Jones,  
et al., 2008; Sweeney et al., 2008; Thomas & Watson, 2010). As for temperature, SO2 
concentration and emission rates can be measured using both direct sampling and  
non-contact remote sensing techniques (Fig. 1b, d; e.g. Finnegan et al., 1989; Giggenbach 
& Goguel, 1989; McGee & Sutton, 1994; McGonigle & Oppenheimer, 2003; Mouginis- 
Mark et al., 2000). The latter carried out during air- and ground-based surveys and on 
satellite platforms, are based on optical spectroscopy. Since the 1970s, SO2 flux has been 
remotely measured using the COrrelation SPECtrometer (COSPEC; Newcomb & Millán, 
1970; Stoiber & Jepsen, 1973; Stoiber et al., 1983) at several volcanoes worldwide (e.g. 
Caltabiano et al., 1994; Malinconico, 1979; Realmuto, 2000; Sutton et al., 2001; Williams-
Jones et al., 2008). Over the last 10 years the advent of small, commercial and low cost 
spectrometers (Mini-DOAS, Galle et al., 2003; RMDI, Wardell et al., 2003; MUSE, 
Rodriguez et al., 2004; Flyspec, Horton et al., 2006; Dual-Field of View, McGonigle et al., 
2009) offered a valuable replacement to the outdated COSPEC. In particular, the 
combination of Ultraviolet (UV) spectrometers with the Differential Optical Absorption 
Spectroscopy (DOAS) analytical method (Noxon, 1975; Platt, 1994; Platt & Stutz, 2008) 
improved significantly data collection, offering a number of advantages such as the 
possibility of obtaining measurements in the challenging environments typical of volcanic 
areas, detection of other plume species (Bobrowski et al., 2003; O’Dwyer et al., 2003; 
Oppenheimer et al., 2005), and collection of high-resolution SO2 flux by permanent 
scanner networks (e.g. Arellano et al., 2008; Edmonds et al., 2003; Salerno et al., 2009a, 
2009b).  

Our intent here is to discuss findings and implications arising from the integration of 
thermal imaging-derived temperature and SO2 emission rates by UV-DOAS spectroscopy 
collected in March 2009 at Masaya volcano, Nicaragua. Calibrated temperatures from 
thermal imagery can provide qualitative as well as quantitative information, fundamental 
insights and parameters contributing to understanding and modelling of several eruptive 
features. Anomalies in SO2 emission rates have been often documented at several volcanoes 
prior to eruptive crisis (e.g. Casadevall et al., 1981; Daag et al., 1996; Kyle et al., 1994; 
Malinconico, 1979; Sutton et al., 2001; Williams-Jones et al., 2008; Young et al., 1998; Zapata 
et al., 1997). In syn-eruptive stages, anomalies in the SO2 flux pattern might indicate 
variations in the eruptive style and regime associated with changes in the volcano shallow 
feeder system (e.g. Andronico et al., 2005; Delgado-Granados et al., 2001; Olmos et al., 2007; 
Spampinato et al., 2008a; Spilliaert et al., 2006). At open-vent systems, in non-eruptive 
phases, changes in SO2 flux emission have provided information on increases or decreases 
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of magma supply in the shallow plumbing system (Allard, 1997; Wallace & Gerlach, 1994) 
suggesting likely volcanic unrests or magma migration towards peripheral areas of the 
volcano edifice, respectively.  

There is still much to explore about volcano behaviour and eruptive mechanisms, however, 
the combination of different types of monitoring techniques is crucial for constraining 
baselines for predicting phases of volcano unrests and for gaining useful insights for 
volcano hazard assessment. 

2. Masaya volcano  
Masaya is an open-vent, basaltic shield volcano (560 m a.s.l.) sited in western Nicaragua 
(Central America). The volcano edifice includes a 11  6 km-elongated caldera that formed 
~2,500 yrs ago as a result of a 8 km3-basaltic ignimbrite eruption (Williams, 1983). The 
caldera hosts a complex of lavas and cinder cones, with cones cut by pit craters, of which the 
Santiago is the presently active (e.g. Harris, 2009; Roche et al., 2001; Fig. 2). Over time, the 
Santiago pit crater has been characterised by the development of ephemeral lava lakes 

 
Fig. 2. (a) Photograph of Masaya volcano taken from NNE (geoalba.com).  
(b) Satellite image of Masaya volcano summit area (googleEarth 2011). San Pedro, Nindiri, 
Santiago, and Masaya craters are shown (see Harris, 2009 for more details). The Santiago 
crater is the currently active and the site of our investigation. The yellow and red dots 
indicate the sites from which thermal imagery and SO2 amount measurements were 
respectively carried out in March 2009. 
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(Allen et al., 2002), explosive activity (e.g. Duffell et al., 2003; Perez et al., 2009; Rausch & 
Schmincke, 2010) effusive eruptions (e.g. Harris, 2009), intense degassing (e.g. Branan et al., 
2008; Kern et al., 2009a; Williams-Jones, 2001), and phases of inner crater collapses (e.g. 
McBirney, 1956; Harris, 2009; Rymer, et al., 1998). The volcano activity has consisted of 
phases of quiescent degassing for over 150 years, punctuated by intermittent gas crises 
associated with high SO2 emissions (e.g. Delmelle et al., 2002; Stix, 2007), and minor 
explosive phases throwing ejecta around the summit area, of which the most significant 
event of the last 30 years occurred in 2001 (e.g. Branan et al., 2008; Duffell et al., 2003).  

The persistent loose of gas has been interpreted as the result of periodic magma convective 
overturn within the volcano shallow feeding system (Delmelle et al., 1999; Horrocks, 2001; 
Horrocks et al., 1999). It has been estimated that during the last 150 years, degassing has 
been supplied by ~10 km3 of magma (e.g. Rymer et al., 1998; Stoiber et al., 1986).  

The easy accessibility of Masaya summit area has made the volcano an ideal natural 
laboratory, where a number of different monitoring techniques, direct and indirect 
observations, have been carried out since the onset of the post-1993 degassing crisis (e.g. 
Allen et al., 2002; Galle et al., 2003; Mather et al., 2003; Martin et al., 2009; Nadeau & 
Williams-Jones, 2009). Tracking of Masaya’s activity has been of primary importance not 
only for the understanding and modelling of the volcano deep processes (e.g. Stix, 2007; 
Williams-Jones et al., 2003), but also for the potential health hazard posed by the volcanic 
gas emissions (Delmelle et al., 2002). In fact, due to the low altitude of the volcano edifice, 
the continuous degassing from the Santiago crater represents a threat for people living close 
to the volcano foot (Fig. 3). 

 
Fig. 3. (a) Satellite image showing the persistent volcanic plume from Santiago crater 
(zonu.com). (b) Photograph of Masaya volcano and its volcanic plume taken in March 2009 
from ENE. 

The persistent degassing from Santiago crater has been extensively studied by remote 
sensing methodologies, spanning from infrared to ultraviolet spectroscopy, carried out 
during ground-based surveys or by satellite platforms (e.g. Branan et al., 2008; Burton et al., 
2000; Horrocks et al., 2003; Martin et al., 2010; Nadeau & Williams-Jones, 2009; Thomas & 
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the continuous degassing from the Santiago crater represents a threat for people living close 
to the volcano foot (Fig. 3). 

 
Fig. 3. (a) Satellite image showing the persistent volcanic plume from Santiago crater 
(zonu.com). (b) Photograph of Masaya volcano and its volcanic plume taken in March 2009 
from ENE. 
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Watson, 2010). Here we report on the Santiago’s crater activity that we observed, between 20 
and 24 March 2009, carrying out simultaneous volcanic plume measurements using a 
portable infrared imager and an ultraviolet spectrometer.  

3. Infrared and ultraviolet remote sensing  
Following we shortly report the main techniques for the acquisition of thermal imagery and 
SO2 fluxes and amounts, and the instrumental specifications and details on the methodology 
of data collection during the March 2009 field campaign at Masaya volcano.  

3.1 Thermal imagery 

During the 20-24 March 2009, we recorded thermal imagery of the Santiago crater using a 
P25 FLIR (Forward Looking InfraRed Systems) portable thermal camera from the Sapper 
car park on the south-western crater rim. The instrument is an uncooled microbolometer 
with a 320  240 pixel array sensitive to the 7.5-13 µm wave band with a 24  18° field-of-
view (FOV). Its quoted precision is ±2% and the thermal sensitivity is less than 273.23 K at 
303.15 K. The camera is equipped with three dynamic temperature ranges 233.15 to 393.15 
K, 273.15 to 773.15 K, and 623.15 to 1773.15 K, of which we used the middle one. In order 
to make a first-order correction for the atmospheric effects (e.g. Spampinato et al., 2011), 
we input in the camera internal software the measured line-of-sight from the crater 
bottom (~340 m; see yellow dot in Fig. 2 for the camera site), and the daily mean 
temperature and relative humidity of the air (306.15 K and 38% on 20 March; 306.15 K and 
32% on 21 March; 303.15 K and 40% on 22 March; 303.15 K and 42% on 23 March; and 
306.15 K and 35% on 24 March). Considering the camera instrumental specifications and 
the path length of ~340 m, the nominal pixel size was of ~0.47 m. According to Branan et 
al. (2008), we used an emissivity (ε) value of the hot source of 1, and given that emissivity 
has non-Lambertian behaviour, we measured the inclination angle of the camera (70°) for 
error evaluation (e.g. Ball and Pinkerton, 2006; Spampinato et al., 2011). Images were 
collected every 8 seconds between 17:06:27 and 18:48:29 (here after all times are in GMT) 
on 20 March, 20:10:47 and 21:40:45 on 21 March, 15:53:04 and 18:22:54 on 22 March, 
16:05:26 and 18:31:47 on 23 March, and 15:39:02 and 17:07:34 on 24 March. Along the five 
days of the survey, thermal imagery was recorded from the same identical position and 
viewing inclination (Fig. 2).  

A recent account on the uncertainty in thermal imagery-derived data was provided by 
Spampinato et al. (2011). 

3.2 UV spectroscopy 

On 20, 21, 23 and 24 March 2009, we carried out SO2 flux measurements (tonnes day-1) by 
car-based traverses along the Llano Pacaya road (15 km downwind of the Santiago crater, 
see Martin et al., 2010) and along the Ticuantepe road (5 km downwind of the Santiago 
crater, see Martin et al., 2010). Optimal integration time for the collection of spectra in the 
traverse technique was 100 ms, and 50 spectra were co-added to improve the signal-to-noise 
ratio. Spectra were time- and position-stamped using a USB GPS receiver. In addition, 
between 20, 21, 22, and 23 March, we collected also SO2 column amounts (CA, in ppm  m) 
using a UV spectrometer and scattered sunlight as the light source. Individual spectra were 
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recorded from fixed position from the eastern flank of the Santiago crater, ~400 m far from 
the plume (see Fig. 2 for the measurement sites) at sampling rate between 14 and 17 s. 

For both kinds of measurement techniques, we used an Ocean Optics USB2000 
spectrometer. The instrument comprises a 2048 pixel-detector-array and diffraction grating 
with 3600 grooves per mm, which combined with a 200 μm entrance slit, delivers a spectral 
resolution of ~0.44 nm FWHM in the 295-375 nm wavelength range. To perform SO2 flux 
traverses the instrument was mounted inside a car and connected via fibre optic cable to a 
telescope (8 mrad FOV) oriented vertically upwards.  

SO2 CA were retrieved using the WinDoas software package (Fayt & van Roozendael, 2001) 
applying the standard DOAS method (Platt & Stutz, 2008). The ring spectrum (e.g. Fish & 
Jones, 1995; Solomon et al., 1987) was calculated from the clear sky-spectrum (spectrum 
collected out of the plume) following the approach of Chance (1998). Both laboratory spectra 
of SO2 and O3 (Malicet et al., 1995; Vandaele et al., 1994) and the Ring spectrum were 
convolved to the spectrometer’s resolution. UV spectra were evaluated in the 305-316 nm 
window to yield the time-series of the SO2 CA in the FOV of the spectrometer. SO2 flux was 
evaluated following Stoiber et al. (1983). Wind speed was measured every 10 minutes using 
a portable hand-held anemometer. In the days of our observations, mean wind speed and 
direction were of ~5 m s-1 toward the SW. Error in SO2 flux detection by UV spectroscopy 
depends mainly on the uncertainty in the plume-wind speed (e.g. Doukas, 2002; Mather et 
al., 2006). Stoiber et al. (1983) estimated uncertainty in flux calculation between 10-40%. 
Negligible uncertainty arises from the error in the retrieved SO2 CA (e.g. Kern, 2009; Platt & 
Stutz, 2008), multiple scattering (e.g. Kern et al., 2009b; Millan, 1980), the presence of 
volcanic ash in the plume (Andres & Schimd, 2001), or SO2 depletion (McGonigle et al., 
2004; Nadeau and Williams-Jones, 2009; Oppenheimer et al., 1998). During our campaign, 
the plume always appeared to be bright and free from ash and situated below the clouds, 
thus we can consider the influence of multiple scattering and ash to be negligible.  

4. Observations of the Santiago crater activity 
Along the 5 day-observation period, the Santiago activity consisted of persistent degassing 
from two vents opened at the crater floor (Martin et al., 2010; Vent 1 and Vent 2 in Fig. 4). 
From the Santiago crater SW rim, from which we carried out thermal imagery (Fig. 2), Vent 
2 was clearly visible at the naked eye, whereas Vent 1 was hidden by Vent 1 plume, and 
thus recognisable only by infrared optics (Fig. 4c). Thermal imagery showed that Vent 2 was 
eventually wider than Vent 1 (Fig. 4c). Applying an apparent temperature threshold of 300 
K on thermal images and considering the nominal pixel size of ~0.47 m, we estimated an 
area of ~450 and ~715 m2 for Vent 1 and Vent 2, respectively. Owning to the oblique 
imagery, we consider such areas as minimum estimates.  

The two vents were both persistently degassing with the two plumes joining together a few 
seconds after the emission (Fig. 4b). Qualitatively, the plume seemed to be whitish and 
denser next to the crater floor (Fig. 4b) and transparent and more diluted close to crater rim 
(Fig. 4a). Plume conditions varied also according to the time of day, i.e. more transparent in 
the morning and more condensed in the evening (Burton et al., 2001; Martin et al., 2010; 
Mather et al., 2003). Along the 5-day-survey, we did not detect any explosion; however 
thermal images showed that the quiescent degassing observed at the crater exit, had in 
reality a pulsating behaviour at the vent region (Fig. 5).  
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Jones, 1995; Solomon et al., 1987) was calculated from the clear sky-spectrum (spectrum 
collected out of the plume) following the approach of Chance (1998). Both laboratory spectra 
of SO2 and O3 (Malicet et al., 1995; Vandaele et al., 1994) and the Ring spectrum were 
convolved to the spectrometer’s resolution. UV spectra were evaluated in the 305-316 nm 
window to yield the time-series of the SO2 CA in the FOV of the spectrometer. SO2 flux was 
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Fig. 4. (a) Photograph of the Santiago crater rim and its volcanic plume taken from the SSE 
rim on 22 March 2009. (b) Photograph of the two degassing vents opened at the Santiago 
crater floor taken from the SW rim on 22 March 2009. (c) Zoom of the satellite image of 
Masaya volcano summit area (googleEarth 2011) shown in Fig. 2. The overlapped thermal 
image localises the position of Vent 1 and Vent 2 within the Santiago crater. The thermal 
image was recorded on 22 March 2009 from the SW crater rim. 
 

 
Fig. 5. (a-f) Thermal image sequence showing the degassing pulsating behaviour at both 
vents. The sequence was recorded on 21 March 2009 from the Santiago crater SW rim. 
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In addition, thermal images revealed that the magma level inside the two vents remained 
below both vent rims allowing estimation of the crusted crater floor thickness; that was of 
~10-15 m (Fig. 5). Next to the degassing vents, the crater floor was characterised by talus 
coverage due to the collapses of the eastern crater inner walls (Fig. 4b).  

5. Results and discussion 
Following we report results of the analysis of thermal image and SO2 CA and flux data, 
providing interpretation of the relationship between temperature pattern and heat flux, and 
SO2 concentration and emission rates.  

5.1 Thermal imaging-derived data  

In figure 6, we have plotted the variability of the maximum and mean apparent 
temperatures (K) of Vent 1 (Fig. 6a, b, d, f, and h) and Vent 2 (Fig. 6c, e, g, and i) over time, 
along the five days of measurements (of which we lack Vent 2 imagery of the first day). 
Overall, Vent 2 plume showed somewhat higher temperatures than those of Vent 1 with 
peak values of ~500 K and maximum means of ~400 K, with respect to the ~460 K and ~380 
K of Vent 1. However, the temperature difference between the two vents might have 
resulted from the viewing angle difference with which the two vents were imaged (Fig. 5).  

In detail, Vent 1 maximum temperatures varied between 360-454 K on 20 March, 374-475 K 
on 21 March, 372-453 K on 22 March, 355-466 K on 23 March, and between 376-452 K on 24 
March (Fig. 6a, b, d, f, and h). The vent mean values ranged between 338-384 K, 346-388 K, 
344-384 K, 336-392 K, and 348-386 K, from 20 to 24 March, respectively (Fig. 6a, b, d, f, and 
h). Vent 2 maximum temperatures fluctuated between 385-510 K, 363-488 K, 376-500 K, and 
373-504 K on 21, 22, 23, and 24 March, respectively (Fig. 6c, e, g, and i). Mean temperatures 
of Vent 2 varied between 343-405 K, 332-394 K, 340-397 K, and 336-396 K from 21 to 24 
March, respectively (Fig. 6c, e, g, and i). Both the maximum and mean temperature trends of 
the two vents are characterised by the overlapping of waveforms of different amplitudes 
that we consider in section 5.3.  

Using the estimated areas of 450 and 715 m2 respectively for Vent 1 and Vent 2, ε = 1, and 
the most representative thermal images (i.e. those with the highest mean temperature values 
and the lowest standard deviations; e.g. Spampinato et al., 2008b), we have calculated 
magma heat loss by radiation (Qrad; MW) from the two vents between 20 and 24 March 2009 
(Fig. 7).  

Figure 7 shows the variability of the daily mean Qrad of the two vents (Vent 1 grey line and 
Vent 2 black line). As previously argued, given that the areas considered are minimum 
values, the Qrad estimates in figure 7 correspond to minimum daily mean values. Along the 
days of observation, the total Qrad from the two vents remained quite stable varying between 
1.2 and 1.8 MW.  

Note that we have considered only the radiated flux as we have assumed that the incidence 
of heat loss by conduction (Qcond) and convection (Qconv) was reduced. In particular, at 
Santiago crater, Qcond implies heat dissipation from the walls of the conduit; however, 
following Giberti et al. (1992), we have assumed that after years of persistent activity the 
volcano shallow system is likely long-established and well insulated. Thus, we have  
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~10-15 m (Fig. 5). Next to the degassing vents, the crater floor was characterised by talus 
coverage due to the collapses of the eastern crater inner walls (Fig. 4b).  

5. Results and discussion 
Following we report results of the analysis of thermal image and SO2 CA and flux data, 
providing interpretation of the relationship between temperature pattern and heat flux, and 
SO2 concentration and emission rates.  

5.1 Thermal imaging-derived data  

In figure 6, we have plotted the variability of the maximum and mean apparent 
temperatures (K) of Vent 1 (Fig. 6a, b, d, f, and h) and Vent 2 (Fig. 6c, e, g, and i) over time, 
along the five days of measurements (of which we lack Vent 2 imagery of the first day). 
Overall, Vent 2 plume showed somewhat higher temperatures than those of Vent 1 with 
peak values of ~500 K and maximum means of ~400 K, with respect to the ~460 K and ~380 
K of Vent 1. However, the temperature difference between the two vents might have 
resulted from the viewing angle difference with which the two vents were imaged (Fig. 5).  
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of Vent 2 varied between 343-405 K, 332-394 K, 340-397 K, and 336-396 K from 21 to 24 
March, respectively (Fig. 6c, e, g, and i). Both the maximum and mean temperature trends of 
the two vents are characterised by the overlapping of waveforms of different amplitudes 
that we consider in section 5.3.  

Using the estimated areas of 450 and 715 m2 respectively for Vent 1 and Vent 2, ε = 1, and 
the most representative thermal images (i.e. those with the highest mean temperature values 
and the lowest standard deviations; e.g. Spampinato et al., 2008b), we have calculated 
magma heat loss by radiation (Qrad; MW) from the two vents between 20 and 24 March 2009 
(Fig. 7).  

Figure 7 shows the variability of the daily mean Qrad of the two vents (Vent 1 grey line and 
Vent 2 black line). As previously argued, given that the areas considered are minimum 
values, the Qrad estimates in figure 7 correspond to minimum daily mean values. Along the 
days of observation, the total Qrad from the two vents remained quite stable varying between 
1.2 and 1.8 MW.  

Note that we have considered only the radiated flux as we have assumed that the incidence 
of heat loss by conduction (Qcond) and convection (Qconv) was reduced. In particular, at 
Santiago crater, Qcond implies heat dissipation from the walls of the conduit; however, 
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Fig. 6. Temporal variability of Vent 1 (on the left; a, b, d, f, and h) and Vent 2 (on the right;  
c, e, g, and i) maximum and mean apparent temperatures during the 20-24 March 2009 
ground-based thermal surveys. 
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supposed that conduction to the country rock was irrelevant with respect to Qrad. At the same 
manner, we have neglected the contribution of Qconv. In fact, during the 5-day survey, wind 
conditions were quite stable (~5 m s-1; free convection, e.g. Keszthelyi & Denlinger, 1996; 
Keszthelyi et al., 2003; Neri, 1989), and the magma level was confined at least ~15 m below the 
crater floor (Fig. 5). Hence, magma surface was not directly exposed to wind action. 

 
Fig. 7. Variability of Vent 1 and Vent 2 radiant heat flux from 20 to 24 March 2009. The grey 
line refers to Vent 1, the black line to Vent 2, and the black-dotted line to the total heat flux 
radiated by the two vents. 

5.2 SO2 column amounts and fluxes 

Figure 8 reports the SO2 CA collected between 20 and 23 March 2009 at the Santiago crater 
volcanic plume (a, b, c, and d). Given that measurements were taken out of the crater (Fig. 
2), the amounts represent the contribution of both vents.  

The highest SO2 concentrations were detected on 20 March when the maximum CA was 
5430 ppm  m (mean of 1832 ppm  m; Fig. 8a), with respect to the maxima of 2185, 2672, 
and 2590 ppm  m (means of 472, 966, and 885 ppm  m) recorded on 21, 22, and 23 March, 
respectively (Fig. 8b, c, d). As for the temperature data sets of figure 6, the SO2 CA time-
series show several high amplitude fluctuations on which higher frequency components are 
superimposed. In particular, on the 20 March time-series we recognised at least four main 
fluctuations peaking at 5430 (17:34:36), 5360 (17:56:01), 5240 (18:07:03), and 4800 ppm  m 
(18:21:52). In terms of maximum SO2 concentrations, the fluctuations are characterised by a 
decreasing trend (Fig. 8a). On 21 March, we observed a more defined trend in which we 
clearly recognise three fluctuations of the SO2 CA with maximum values of 1998 (20:42:51), 
2186 (21:05:17), and 1583 (21:25:03) ppm  m (Fig. 8b). In the 22 March time-series, we 
distinguished four main fluctuations (Fig. 8c) with maximum SO2 CA of 2058 (15:41:08), 
2672 (16:26:04), 1794 (17:12:57), and 1942 ppm  m (17:43:51). Note that due to the length of 
the time-series, we could not determine the exact end of the last fluctuation (Fig. 8c). The 
last time-series, recorded on 23 March, displays four main SO2 CA fluctuations with peaks 
of 2088 (16:42:43), 2257 (17:03:13), 2104 (17:40:54), and 2590 ppm  m (18:04:16), respectively 
(Fig. 8d). As for the maximum and mean temperature trends of figure 6, the nature of the 
overlapped waveforms, recognised in figure 8, are investigated in section 5.3.  
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Fig. 8. Temporal variability of SO2 CA from Vent 1 and Vent 2 between 20 and 23 March 
2009. The CA were collected from fixed position and from different sites (see Fig. 2b for 
details). 

During the March 2009 field campaign, we measured also the SO2 flux by car-based 
traverses (Fig. 9; see also Martin et al., 2010). In detail, we carried out three traverses on 20 
March (from 20:20:00 to 21:30:00), six on the 21st (from 16:40:00 to 18:30:00), four on the 23rd 
(from 20:30:00 to 22:10:00), and ten on 24 March (from 15:15:00 to 16:50:00).  

 
Fig. 9. Daily mean SO2 flux measured during the 20, 21, 23, and 24 March 2009 by car-based 
traverses. 

Overall, the daily mean SO2 flux was characterised by an increasing trend from 20 to 24 
March, when the flux reached values of 1350 and 1325 tonnes day-1 (Fig. 9). Daily mean 
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fluxes (±1 standard deviation) were 580±180 (20 March), 470±100 (21 March), 490±170 (23 
March), and 930±280 tonnes day−1 (24 March). The average SO2 flux measured during the 4-
day survey was of 690 tonnes day−1 (Martin et al., 2010). 

5.3 Comparative signal processing and results 

Figure 10 shows the behaviour of the mean apparent temperatures of Vent 1 and Vent 2 
with respect to the pattern of the SO2 CA from 20 to 23 March 2009. In order to make a 
reasonable comparison between temperatures and SO2 CA, we have plotted the 10-point 
running means of both parameters. The black and grey lines refer to Vent 1 and Vent 2 mean 
temperatures, respectively, and the red line to the SO2 CA. In addition, moving average has 
allowed us to filter the very high frequency signals, which are commonly related to noise 
effects of variable nature such as turbulence of the volcanic plume next to the vent area and 
drifting of the plume within the FOV of the UV spectroscopy system.  

 
Fig. 10. Comparison between the temporal trends of Vent 1 and Vent 2-10 point running 
mean apparent temperatures and the 10-point running mean of the SO2 CA.  

Along the four days of measurements, temperatures and SO2 CA are well correlated, though 
they show a somewhat shifting due to the different sites from which temperatures and CA 
were measured, i.e. the thermal camera pointed directly at the vents whereas SO2 
concentrations were taken out of the Santiago’s crater rim (Fig. 2). Both temperatures and 
CA are characterised by superimposed cycles of different periods (Fig. 10). In order to 
investigate the reliability of the qualitatively observed cycles, we have carried out time-
series analysis by Fast Fourier transform on both mean apparent temperatures and SO2 CA 
(Fig. 11). Figure 11 shows the power spectra and the statistical significance calculated 
considering the hypothesis of a background red noise, and thus we have considered reliable 
only the peaks lying above the green line, which represents the 95% confidence spectrum 
(e.g. Spampinato et al., 2008b; Torrence & Compo, 1998).  
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only the peaks lying above the green line, which represents the 95% confidence spectrum 
(e.g. Spampinato et al., 2008b; Torrence & Compo, 1998).  
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Vent 1 shows significant periods of 1-2 min and 8 min on 20 March, 1-3 min and 15 min on 
21 March, 1-3 min, 5 min, 7 min, and 13 min on 22 March, 2 min, 4 min, and 46 min on 23 
March, and of 1 min, 6 min, 11 min, and 18 min on 24 March (Fig. 11). Vent 2 is 
characterised by significant peaks of 1 min and 7 min on 21 March, 1-3 min, 7 min, and 21 
min on 22 March, 1 min, 7 min, and 28 min on 23 March, and of 1 min, 7 min, and 15 min on 
24 March (Fig. 11). The SO2 CA time-series display major peaks at 1-2 min and 4 min on the 
20th, 2-3 min, 4-5 min, 7 min, and 10 min on the 21st, 1-3 min, 5 min, 8 min, and 11 min on 
the 22nd, and at 1-3 min and 4 min on 23 March (Fig. 11). 

 
Fig. 11. Power spectra and statistical significance of Vent 1 and Vent 2 mean temperature 
time-series and of the SO2 CA data sets collected between 20 and 24 March 2009. The green 
and red lines represent the 95% and 75% confidence spectra, respectively. In the figure, we 
have reported only the period of peaks above the green lines. The cyan dashed rectangles 
enclose low spectral power peaks with periods below 1 minute.  

Observing in details the power spectrum time-series of figure 11, we detected also peaks 
that, though they do not overcome the green line, they are above the red lines representing 
the 75% confidence spectra. Most of these peaks consist of low frequency signals, between 
~40 and 50 min in the temperature time-series and ~30 and 50 min in the SO2 
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concentrations, which due to the reduced length of the data sets have a low spectral power 
(Fig. 11). 

5.4 Data interpretation and concluding remarks 

Here we have reported on the integration of thermal imaging-derived data with both SO2 
fluxes and concentrations from the Santiago active crater of Masaya volcano in March 2009. 
As already reported by Martin et al. (2010), in that period the crater activity was fed by two 
vents opened at the crater floor. The opening and closure of vents over time (e.g. Branan et 
al., 2008), combined with results from structural and geophysical studies (Rymer et al., 1998; 
Williams-Jones et al., 2003), has suggested that the vents result from the collapses of the thin 
crusted roof of the volcano shallow magma accumulation zone (Martin et al., 2010). Thermal 
imagery collected during our campaign allowed us to infer that the magma surface within 
the two vents was at least ~10-15 m below the surface (Fig. 5a; Martin et al., 2010), 
suggestive of drop of the magma level over time. Magma level fluctuations have been 
commonly detected at several basaltic volcanoes (e.g. Stromboli, Calvari et al., 2005; Kīlauea, 
Tilling, 1987). In particular at lava lakes such as Erta 'Ale volcano in Ethiopia, variations in 
magma level within the crater have been related to magma pressures in the connected 
reservoir (Oppenheimer & Francis, 1997), thus to changes in the magma supply rate (e.g. 
Oppenheimer et al., 2004; Spampinato et al., 2008b). 

Although Masaya is currently at minimum in its degassing cycle (Williams-Jones et al., 
2003), during the time of our observations, the eruptive activity consisted of steady intense 
degassing from the two vents (the total volatile flux was of 14,000 tonnes day-1; Martin et al., 
2010). Except for the first day of survey, SO2 CA recorded between 21 and 23 March were in 
agreement with those previously observed by Branan et al. (2008), marking the overall 
stable state of the volcano activity over long time-scales (Martin et al., 2010). 

Peaks in brightness temperature of Vent 2, where somewhat higher with respect to Vent 1 
(Fig. 6), likely due to vent geometry combined with the oblique imagery. However, they are 
comparable with temperatures recorded by Branan et al. (2008) in February 2002 and March 
2003 using a thermal infrared thermometer. Whilst maximum apparent temperatures 
showed greater variability, mean apparent temperatures of both vents ranged between ~340 
and 380 K, thus marking the quite stable background of the degassing mode.  

The minimum total radiant heat power outputs estimated for the two vents did not display 
any remarkable variation as well, ranging from ~1.2 to 1.8 MW. The increasing trend of the 
radiant heat power output from 20 to 24 March can be found also in the pattern of the daily 
mean SO2 fluxes, whose values pass from ~460 to 1350 tonnes day-1. This suggests that, 
during our campaign the day-to-day variability of mean SO2 flux might not be largely 
affected by wind speed uncertainty (Martin et al., 2010), as thermal imagery and SO2 
traverses were carried out from different sites and with different geometrical viewing, i.e. 
pointing directly the vents and crossing the plume from below. The simultaneous variations 
of both fluxes suggested to us that within the long-term degassing cycles (on the scale of 
years) of Masaya (Williams-Jones et al., 2003), there might be shorter-term sub-cycles (on the 
order of days) related to processes occurring within the volcano shallow feeding system 
(Martin et al., 2010; Nadeau & Williams-Jones, 2009; Witt et al., 2008). In detail, we believe 
that the increase in heat and SO2 release might be connected to the rising of a new hot and 
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concentrations, which due to the reduced length of the data sets have a low spectral power 
(Fig. 11). 
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gas-rich batch of magma from the volcano shallow reservoir feeding the persistent 
degassing of this volcano, through processes of magma overturning (Harris et al., 1999; 
Martin et al., 2010).  

Figure 10 shows that both the thermal and SO2 column amount time-series are not only 
correlated but they are both characterised by high and low frequency cycles, of which we 
have recognised periodicities on the order of minutes, of tens of minutes, and wider 
fluctuations of almost a hour. Owning to instrumental limitations, we could not record 
frequencies of tens of seconds associated with gas puffing characteristic of Santiago’s 
degassing (Branan et al., 2008; Williams-Jones et al., 2003). Combining our observations 
with previous interpretations of lava lake dynamics and models (e.g. Spampinato et al., 
2008b; Witham et al., 2006), we propose that cycles on the scale of minutes might relate to 
rates of gas bubbles/trains of bubbles bursting at the magma surface. Instead longer 
fluctuations in both thermal and SO2 concentration trends might result from gradual 
variations in gas supply rate. However longer time-series are needed in order to better 
understand the meaning of these degassing cycles, especially those referring to the long 
fluctuations. In a site like Masaya volcano representing the ideal natural laboratory, the 
install of multi-parametric permanent stations will open up opportunities of long-term 
observations of the volcanic activity allowing refinement of models developed for open-
vent volcanic systems.  
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The empirical facts are confronted with two theories.

The usual attempt to explain the Ice Ages is based on two phenomena. First, the other
planets of the solar system induce small and slow variations of Earth’s orbit. They were
introduced by Milankovich (Milankovitch, 1941). They lead to variations of the insolation on
Earth. Secondly, various feedbacks in Earth’s climate system are considered. An example
of a positive feedback: cold brings snow, which reflects solar light efficiently, so that the
temperature decreases. The question is, whether the feedbacks are large enough to produce
the Ice Ages. The small quasi periodic changes of Earth’s orbit follow directly from the laws
of mechanics and gravity; they are not questioned. Milankovitch cycles in the climate should
belong to any climate model. The problem is the size of the feedbacks, which at present
produce our regular climate. This model of the Ice Ages, often simply called "the Milankovitch
theory", is used by practically all members of the scientific community for the interpretation
of the data.

The second theory, which has been developed by us, involves a very unusual astronomical
action on Earth’s climate system during the last 3 million years. The revealing observation
is an asymmetry with respect to the present North Pole: when the glaciation was at its
maximum, it reached the region of New York City, while East Siberia remained ice free.
Evidently, the North Pole was in Greenland. Therefore, at the end of the Ice Ages it shifted
geographically to its present position in the Arctic Sea. This involves a motion of the globe,
not of the rotation axis. We claim that there are circumstances in which this is compatible
with laws of nature and observations. A planetary object with a mass at least 1/10 of Earth’s
mass must pass very close to Earth. We shall call this planet "Z". The tidal forces induce a
1 per mil stretching deformation of Earth’s globe. While this relaxes in a time of order one
year the pole moves. Since Z has disappeared, it must have disintegrated and the fractions
evaporated. By necessity, Z was hot, liquid and radiant. It moved in an extremely eccentric
orbit. Its evaporation created a disk shaped cloud of ions around the Sun.

A disk shaped cloud has been postulated by R.A. Muller and G.J. MacDonald (Muller&
MacDonald, 1995; 1997), since Earth’s orbit would be in the cloud with a Milankovitch period

In this didactic paper basic features of the Ice Ages will be illustrated using well known data.
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of 100 000 years. This is the dominant climate cycle. During cold periods Earth’s orbit was
in the cloud. This is when fine grained inclusions were deposited into the ice. The cloud has
its proper dynamics. It builds up to a density at which inelastic particle collisions induce its
collapse. The resulting near-periodic time dependence resembles that of Dansgaard-Oeschger
(Dansgaard, 1993) climate events. When the plane of Earth’s orbit was outside the cloud, the
Earth received additional scattered radiation. This occurred during the last interglacial, about
120 000 years ago, and again during most of the last 10 000 years. In this theory with a shift of
the poles, the Ice Ages were a singular and now definitely finished period of Earth’s history.

In short, this is the contents of this chapter. New is only the interpretation of ”reverse
Dansgaard–Oeschger events” in subsection 4.4.

At the present time, the study of the Ice Ages is a detective story. This chapter describes
two possible culprits. One is the system itself, which produced the Ice Ages. Somewhat like
the weather, which creates a storm on one day and sunshine on the next. The other possible
culprit is an exceedingly rare external object: a hot planet. A good detective keeps more than
one hypothesis in his mind.

2. Basic features of the Ice Ages

2.1 When did the Ice Ages begin?

fig 1. Marine sediments contain information of the past. The 18O to 16O isotope ratio was
measured on organic matter (Benthic foraminifera) as function of depth of the sediment. The
diagram shows δ 18O for 5 million years. δ 18O is 1000 times the difference of the 18O to 16O
ratio for the sample and a standard divided by the standard value. Lower δ 18O corresponds
to colder climate. Measurements from the Atlantic Ocean east of Africa. (site 659: 18◦ 05’ N,
21◦ 02’ W). The horizontal dashed line corresponds to the present value. Data from
(Clemens&Tiedemann, 1997).

We see in fig 1 that the Ice Ages began about 3.2 million years ago. Before that time the
temperature was similar to that of our time. The mean temperature of the Ice Ages was low,
but the temperature variations were large. In fig 1 with the scale of million years the end of
the Ice Ages and the present situation are not visible.
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2.2 When did the Ice Ages end

fig 2. Location of the GISP2 and NGRIP stations in central Greenland.

The 18O to 16O isotope ratio can also be measured as a function of depth in an ice core. Fig
2 shows the position of the GISP2 research station. Variations of the isotope ratio of Oxygen
in Greenland arise from the following process. Water evaporates from tropical seas. On the
way to arctic regions it rains. In the formation of ice particles or water droplets there is a
slight preference for the heavier atom. This is actually a quantum effect, due to the fact that
lighter atoms have a higher energy in a localized state. This selection is more effective at
lower temperatures. Therefore, the lower the temperature between the tropical sea and the
arctic position of GISP2, the more deficient in the heavier atom will the isotope ratio be. This
indicates a temperature variation of the hemisphere. In fig 3 the red curve shows this as
temperature at the site in Greenland for the last 20 000 years.

10 000 years ago the Ice Ages with its cold periods and violent climate changes stopped. This
is the end of the geological period called Pleistocene and the beginning of the Holocene, which
in its usual definition includes the present time. Most of the Holocene was warmer than at
present. Its temperature variations of up to two degrees were much smaller than those of the
Ice Ages. Still, they could be a respectable threat to civilization. The last 200 years were calm,
so that man made changes (subsection 2.4) became a serious consideration.

2.3 Are we at present between two cold periods or did the Ice Ages end definitely?

This is the basic question of this paper. Are we in a warm peak like those of Fig 12 or in a
period as before 3.2 Myr in fig 1 ?

The dominant theory assumes that the Ice Ages with all its variations were a product of the
system. Small changes of Earth’s orbit due to the other planets lead to small changes in solar
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fig 3. Temperature at the site GISP2 in Greenland as inferred from the 18O to 16O ratio in an
ice core for the last 20 kyr. Also shown (blue) is the yearly snow accumulation, which
increases with temperature. Data from (Alley, 2000).

radiation on Earth, as first calculated by Milankovitch (Milankovitch, 1941). In many research
projects Milankovitch cycles have been identified in the empirical data. This is common to all
theories, since the variations of the solar radiation and some feedback undoubtedly exist. The
distinction is quantitative: the main stream theory assumes the feedbacks to be sufficiently
large to produce non linear effects and thereby the Ice Age mode of the climate system with
cold periods and strong variations.

In the theory with a pole shift the Ice Ages were produced by an exceptional astronomic object,
a hot evaporating planet Z, which no more exists. In this model the exceptional situation is
gone and will not come back. This theory is actually not a wide open field, but a narrow
window. It describes a barely possible sequence of events.

The mere fact that the Ice Ages had a beginning and apparently an end may favor the second
theory, but it does not contradict the first. As an example, you may drive a car on a rainy day.
The windscreen wiper works smoothly. Suddenly it starts jumping noisily over the window.
The system went into a different mode. This may reverse after a while. In this case the noisy
mode may start again. This simple mechanical system can work in two modes.

For much older geological times (about 600 to 750 million years ago) there are evidences for
a "Snowball Earth" (Snowball, Bibl.). Then the continents were joined together. When the
continent is one block, then it surrounds the rotation axis in the stable motion of the rotating
globe. The causes of the "Snowball Earth" may be quite different from those of the Ice Ages.
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2.4 How important are the man made climate changes?
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fig 4. Global averages of measured temperatures since 1880. Green intervals are estimated
uncertainties. Figure from NASA.

Fig 4 shows instrumental mean global temperatures since 1880. The temperature increase of
about 1 degree centigrade is most likely due to greenhouse gases, notably CO2; it is human
made. Since it modifies the environment to which plants, animals and ourselves are adjusted,
we must consider it as bad. Fig 3 shows that the variations of the temperature of the last
10 000 years were larger, and in the Ice Ages they were so enormous that the mere survival of
a species must have been an achievement.

The development of the human species in the last 2 to 3 million years was simultaneous
with the Ice Ages; this is certainly not a mere coincidence. In the dramatic climate changes
the innate reactions of the individuals may often have been inadequate. The large brain
of the human species can carry a complex language. Thus humans dispose of a new type
of information: orally transmitted experience. This was an advantage. It also created new
problems: the language had to learned, so that the time of childhood was increased, the brain
is energy consuming, and - last not least - there are two decision makers in one brain: the
instinctive and the rational.

The climate changes of the Ice Ages inhibited organized civilizations; therefore we probably
tend to underestimate the capabilities of the humans of those times. Even 8 000 years ago,
when organized civilizations arouse, the climate showed considerable variations (Fig 3). The
quiet period of the last 300 years may have helped the astounding development of our modern
world.
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fig 5. The largest glaciation (about 20 000 years ago) was not symmetric with respect to the
present position of the North Pole in the Arctic Sea. fig by J, Ehlers. Data from (Ehlers&
Gibbard, 2004)

What value should we give to the measured mean temperature changes of fig 4? They are now
larger than intrinsic fluctuations, which reversed the trend between 1940 and 1980. Clearly, we
should avoid modifying the global climate, which is the basis of life of all plants and animals
and ourselves. However, the answer depends on the theory of the Ice Ages. If the system
itself produced the Ice Ages, then the most urgent questions are: Do we understand how the
Ice Ages were switched on and off? Do the greenhouse gases increase or lower the chances
that the system drops again into its Ice Age mode?

In the theory with a pole shift there is no danger of a new Ice Era, since astronomical
observations show that the causes (a hot planet or its fractions and a disk shaped cloud of ions
around the Sun) have disappeared. Therefore, the planetary system is now clean, and it is up
to us that we do not perturb our climate. In this view, at least after the Little Ice Age, i.e. about
300 years ago, a new, clean period had started. In the Holocene, the warmer temperatures
and their variations were produced by the cloud from the fractions of Z. At present this cloud
does not exist any more. This geological period deserves to have a new name, such as the
sometimes used ”Anthropocene”.
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2.5 Why was the glaciation asymmetric with respect to the present position of the North
Pole?

fig 6. Geographic shift of the North Pole: path from Greenland, the assumed center of the
largest glaciation, to the present position in the Arctic Sea. One turn of the spiral takes about
400 days (Chandler period). fig from Woelfli et al. (2002)

The maximum ice distribution on land is clearly visible from erosion and moraines. It
occurred about 20 000 years ago. The ice reached New York City, while East Siberia remained
ice free. In fig 5 the center of the ice distribution is obviously not the present North Pole in the
Arctic Sea. The glaciation suggests a position in Greenland, about 17◦ away from the present
North Pole. The best suggested position depends on the influence attributed to the Atlantic
Ocean.

Remains of mammoths have been found in East Siberia in regions with a high latitude, where
at present these herbivores could not exist. In East Siberia herds of mammoths grazed within
the arctic circle, even on islands in the Arctic Sea, which were connected with the mainland
during the glacial periods. These facts were first reported in the Soviet literature and are
confirmed by current investigations (Bocherens, 2003; Orlova et al., 2001; Schirrmeister et al.,
2002). The data are complex, since the temperature varied between stadials and interstadials,
but consistently this area was not ice covered. The yearly insolation decreases with increasing
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latitude. The present distribution of the flora on the globe suggests that in arctic regions the
yearly insolation is insufficient for steppe plants.

While the North Pole changed from land to sea, the South Pole remained within the Antarctic
continent. Correspondingly, the climate was less affected on the southern hemisphere.

These facts are explained by the shift of the poles, which is the basic assumption of the
alternative theory.

The dominant theory discusses changes of the water currents in the oceans. In particular,
during cold periods the Golf Stream is supposed to sink into the deep Atlantic and revert
its direction before it reaches Northern Europe (fig 7). At present the importance of water
streams as compared to air currents is questioned (Seager, 2006). The absence of glaciation in
East Siberia is attributed to cold and dry air with the corresponding lack of snow (fig 3).

fig 7. Simplified picture of the ocean streams.

3. The rapid geographic shift of the poles

The observation that during the ice ages the North Pole was in Greenland was the motivation
for postulating planet Z. At the the end of the Pleistocene the Earth turned relative to the fixed
rotation axis. We claim, that a close passage of an object with about 1/10 the mass of the Earth
could do the trick. Fig. 6 shows a calculated geographic path of the North Pole. One turn of
the spiral takes about 400 days.

This event of the close passage of Z was complex. Z was scattered by a few degrees and,
aided by the pressure of the hot interior, it decayed into several parts. The evaporation rate
from the fractions is vastly increased, since their escape velocity is reduced. At present they
do not exist any more. However, during their evaporation a dense disk shaped cloud around
the Sun made an angle of a few degrees with Earth’s orbit. Then most of the time the Earth
was outside this cloud and received an increased amount of radiation due to scattered light
from the cloud.

138 New Achievements in Geoscience What Caused the Ice Ages? 9

3.1 What is the physics of a rapid geographic pole shift?

This subsection is destined to those who want to know the mechanics that we used to describe
the geographic motion of the pole. The inertial tensor of a rigid body with mass density ρ(�r)
in a coordinate system fixed to this body and with the origin at the center of gravity is

Ijk =
∫

d3r ρ(�r)(r2
j δjk − rjrk) (1)

The tensor I enters into the equation of motion for the rotation of the solid. This is the Euler
equation, which determines the motion of the angular velocity vector �ω in coordinates fixed
to the body:

dI�ω
dt

= [I�ω, �ω] (2)

where the bracket signifies the vector product. The equation expresses the conservation of
angular momentum in the moving coordinates.

We introduce a (dominant) relaxation time τ for global deformations. Let I0[�ω] be the inertial
tensor for the equilibrium shape of the globe with a rotation vector �ω, i.e. for a globe with an
increased radius at the corresponding equator. The inertial tensor I(t) relaxes in direction to
the one of the equilibrium shape I0[ω(t)]:

dI(t)
dt

= − I(t)− I0[ω(t)]
τ

(3)

The spiral of fig 6 is a numerical solution of the Euler and relaxation equations with τ =1 000
days. The Euler equation is valid for rigid solids only, but since �ω(t) varies much more rapidly
than I(t), it should hold approximately.

As initial condition, I(0) was calculated for a globe with the increased radius at the equator
and in addition a stretching deformation of one per mil in a direction 30◦ from the rotation
axis. A real symmetric tensor can be represented by three axis. In the initial situation the
longest axis of I(0) makes an angle with the rotation axis. Then the rotation axis will precess
around the main axis of I. This motion is similar, although much larger, than the observed
"Chandler wobble". This is a minute geographic motion of the position of the rotation axis on
the globe, in which the axis circles irregularly with a Chandler period of about 400 days. If
the global deformation relaxes in a time, which is neither very short nor very long compared
to this period, the geographic path of the rotation axis will be a spiral that ends at a different
place than the starting point. This is the mechanics of a rapid geographic polar shift

3.2 Why was a polar shift considered impossible?

Already in the 19th century geologists wondered about the asymmetry of the glaciations as
shown in fig 5. Then the possibility of a rapid geographic shift of the poles was studied by
leading physicists including Lord Kelvin, J. C. Maxwell, G. Darwin and G.W. Schiaparelli.
They concluded that a shift was impossible. A direct hit of an astronomic object of the
required size would liberate an amount of energy incompatible with the continuation of life
on Earth. A deformation of Earth, as we assume it, would relax too rapidly to allow the
necessary shift. At that time, condensed matter was considered to be either solid or liquid,
and in both cases the relaxation time would not be in the range of the Chandler period. Later,
F. Klein and A. Sommerfeld (Klein & Sommerfeld,1910) in their compendium on the theory
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of the gyroscope remark, that there are also substances such as tar. The true relaxation of a
deformed Earth to a new equilibrium shape is a complex phenomenon. We simply assume a
relaxation time in the good range. Then the two formulas (2) and (3) indicate the essence of the
phenomenon. That a rapid pole shift is possible has been pointed out by T. Gold (Gold,1955).

3.3 How could the Earth become stretched?

When a mass is not far from Earth, it accelerates the Earth as a whole, but the side near the
mass more and the opposite side less. Thus the Earth is stretched by the tidal force. When the
distance between Earth’s center and the mass is large compared to the radii of these objects,
the tidal force varies with the inverse third power of the distance. If the Moon were 10 times
nearer, i.e. at 40 000 km, its tidal force would be 1 000 times larger. For the required pole shift
this would not be sufficient. A 10 times bigger mass has to pass at half this distance to produce
the 1 per mil stretching. When this happened, it produced a cataclysmic earthquake. Heavy
animals could hardly survive.

fig 8. Dansgaard-Oeschger Oxygen isotope variations in ice cores of two sites in Greenland

3.4 How could this passing mass disappear?

Earth created a tidal force on Z . Could this disintegrate this Mars sized object? In 1993 the
comet Shoemaker-Levy 9 passed near Jupiter and broke into 21 fragments. This event was
studied with a computer model by Erik Asphaug and Willy Benz (Asphaug & Benz,1996).
Their fig 13 indicates that a Mars sized pile of stones (and therefore probably also a fluid
sphere) passing near the Earth would not disintegrate into several fractions. However, if it
were hot inside, the resulting pressure would tend to make it explode when deformed.

The evaporation from a planet is determined by gravity. The escape velocity of a fraction is
smaller. This highly increases the evaporation rate. As the object loses mass, even molecules
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fig 9. Temperatures from Oxygen isotopes in Greenland (black) and Antartica (blue) between
present and 140 000 years before present.

and clusters escape. Therefore, a fraction of a Mars sized object could evaporate within the 10
000 years of the Holocene.

The cloud produced by the evaporation of the fractions of Z will influence the climate on
Earth during the Holocene. The close passage of Z near Earth scatters the fractions by a few
degrees. In the case of the comet Shoemaker-Levy 9 the 21 fractions moved one behind the
other practically on the same orbit. This indicates the possibility that during the Holocene the
cloud continued to be disk shaped and furthermore that it made an angle with the plane of
Earth’s orbit.

3.5 How could this planet Z be hot?

Z must be hot, since otherwise it cannot disappear. Its orbit has to be extremely eccentric, so
that it passes close to the Sun. Near the Sun it is heated inside by tidal work and outside by
solar radiation. In our examples we often used an eccentricity � = 0.973. Then the ratio of the
distance to the Sun at aphelion to that at parhelion becomes (1 + �)/(1 − �) = 73. During the
Ice Ages Z was liquid and shining. It evaporated particles. Due to tidal work the parhelion
distance slowly diminished. The cloud of evaporated particles became denser. Therefore, the
characteristics of the Ice Age climate gradually increased. This effect is clearly visible in fig 1.

3.6 What were the chances of a close approach?

Since Z was in an extremely eccentric orbit, it passed radially through the sphere at the
distance of Earth’s orbit. This distance is the astronomic unit A = 1.5 · 108 km. Let’s suppose
that the orbit of Z remained near the invariant plane, which is perpendicular to the angular
momentum of the planetary system. Let’s take near to mean within an angle of ±1 degree.
Then the crossings of Z at distance A are limited by a surface S = 2πA · 2(π/180)A. For a
near passage or hit the distance between the centers of Z and Earth have to come closer than
R = 20 000 km. The target surface is T = πR2. Then S/T = 4 · 106 is the typical number of
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fig 10. The temperature change from Pleistocene to Holocene at GISP2. The change is
representative for the northern hemisphere.

passages for one encounter. There is a lot of space in the planetary system! If the period of Z’s
orbit was of order 1 year, then it is expected to have spent of order 2 million years before the
close encounter. This is the order of the time that the Ice Ages lasted.

An actual hit would occur at distances under R/2. Fortunately, a close passage between R/2
and R is 3 times more probable. Nevertheless, this shows that the scenario could not have
happened several times while life on Earth developed. This hot planet must be something
exceedingly rare and therefore unlikely to be observed.

The fact that Z is singular corresponds to a rare origin: perhaps a moon of Jupiter or even an
object from interplanetary space (MOA & OGLE, 2011).

This theory with a pole shift is a narrow window. The necessary sequence of events is quite
well defined. This is actually a strength of this model: if it fits the facts, then this is not adapted
by hand. However, we must admit that our estimates were crude, mostly determining orders
of magnitude. More detailed estimates should be made. If they differ from ours, they could
close the window.

4. The disk shaped cloud around the Sun

4.1 How was this cloud created?

Z had sufficient mass to produce a 1 per mil stretching deformation on Earth during its close
passage and it had to disintegrate into fractions in this event. Therefore it must have been
hot inside. If its orbit was very eccentric, near the perihelion, say at about 4 million km from
the Sun, it was heated inside by tidal work and on the illuminated surface by solar radiation.
Evaporation was possible for particles which exceeded the escape velocity, which must have
been about 5 km/s. As an example, for an 16O atom the corresponding kinetic energy is 2.1
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fig 11. Temperatures in the Holocene from isotope variations in ice at the Greenland station
GISP2.

eV. Even for a temperature of T = 1000◦ this is 16 times larger than the mean thermal kinetic
energy 3

2 kBT = 0.13 eV. Evaporation against gravity favors light particles. The evaporated
elements have a strong isotope effect.

The speed of Z is much higher than thermal velocities. The emitted particles start their journey
practically with the velocity of Z. They are attracted to the Sun by gravity and repelled by the
light pressure, which also decreases with the inverse square of the distance. Effectively, the
particles suffer a reduced gravitational attraction. If light pressure on particles were a purely
geometric question, the cross section of a spherical cluster would increase with the square of
the diameter and the mass with the cube. Then for a density of 1000 kg/m3, light pressure
would dominate gravity, when the diameter of the sphere is less than 1.16 · 10−6 m. At present
in the solar system a weak dust cloud exists, which is visible in a dark night as Zodiacal light.
This dust is due to asteroids, which disintegrate near the Sun.

The cloud produced by the evaporation from Z is quite different. Scattering of light from small
objects is not a geometric problem. For atoms, ions or molecules quantum phenomena rule. If
the particle has a dipole transition in the main solar spectrum, light pressure dominates. For
that reason molecules and atoms (with the possible exception of Helium) cannot remain in an
orbit around the Sun. Actually, molecules dissociate and atoms ionize. Then excitations by the
solar radiation become quite rare. Some weak light scattering by the ions will persists from
resonant scattering near the high end of the solar spectrum or from forbidden transitions.

4.2 How did the cloud disappear?

When Earth’s orbit is in the cloud, it receives less solar radiation. A decrease of a few percent
reduces the global temperature to the level of the cold periods.

The cloud is composed of ions in orbits, which are slightly different from that of Z due
to thermal velocities and the interaction with solar light. The density of ions in the cloud
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fig 12. Temperature Variations (blue), CO2 (green) and Dust content (red) in an ice core from
the Vostok station in Antarctica over the last 420 000 years. Data from (Petit et al.1999)

increases with each passage of Z near the Sun. Since the particles have planetary velocities,
collisions between ions can be inelastic. They convert kinetic energy into light. The
reduced orbits have a higher probability for further collisions. Light carries little momentum,
so that these processes end in small orbits with the initial angular momentum (Woelfli&
Baltensperger, 2007a). The Poynting-Robertson drag (Gustafson, 1994), a sort of friction with
light, finally leads the particles into the Sun.

We frankly admit that this cloud of ions and electrons, this plasma, may have many properties
unknown to us. Just imagine how a purely theoretical study of water vapor in Earth’s
atmosphere could miss the clouds and their amazing variety, which determine the weather.
Possibly the plasma lowers the energy of electric fields diminishing the width of the cloud.
Then this width could be smaller than what is expected from the initial thermal velocities of
the particles. For us, the question whether electric discharges exist in the cloud, is open.

4.3 What caused the Dansgaard-Oeschger events?

Fig 8 shows isotope variations due to temperature changes of the northern hemisphere, which
have first been described by Dansgaard and Oeschger (Dansgaard, 1993). The periods are too
short to be connected with Milankovitch cycles of Earth’s orbit. In the dominant model these
variations are attributed to changes of water streams on the surface and depth of the oceans
(fig 7).

We suggest that the gradual increase of the cloud’s density followed by its collapse
corresponds to the lowering of the global temperature followed by its rapid increase.
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Fig 9 shows, that the Dansgaard-Oeschger temperature variations are much smaller in the
Antarctic than in Greenland. This may be due to stronger feedbacks on the northern
hemisphere.

4.4 Why was the Holocene mostly warmer than the present?

Various aspects of climate variability of the last 10 000 years, i.e. the Holocene, have been
examined (Mayewski et al.,2004). Global temperature variations were found. Fig 11 shows
data from the GISP 2 station: the temperature was mostly higher during the Holocene than
at present. The main stream theory does not offer processes, that would explain the large
temperature increases at the GISP2 station over the present temperature. The CO2 content
varied. However, the changes of CO2 content followed the temperature variations and could
not be the cause. Warmer oceans emitted CO2 into the atmosphere and colder oceans absorbed
it. The temperature varied too rapidly to be connected with Milankovitch changes of Earth’s
orbit.

In our model (Woelfli & Baltensperger,2007) a close approach of Z with Earth happened at the
End of the Pleistocene. The hot planet disintegrated into several fractions, which evaporated
during the Holocene. Therefore an intense disk shaped cloud existed around the Sun. Due to
the scattering at the close encounter the plane of the orbits of the fractions probably made an
angle of one or several degrees with the plane of Earth’s orbit. Each year the Earth crossed
this cloud twice, but most of the time it was outside and received scattered light. Since the
outgoing radial component of the radiation flux is diminished inside the cloud, it must be
larger outside. In addition the scattered light has tangential components. Therefore, outside
the cloud there is additional radiation.

Thus the cloud cools the Earth in cold periods and it warms it in warm periods. In this last
case, an increase in the clouds density increases the temperature gradually and the cloud’s
collapse diminishes it abruptly. Warm periods have reverse Dansgaard-Oeschger events with
gradual warming and rapid cooling. In fig 11 this tendency is recognizable in contrast to the
cold periods of fig 8 or fig 9.

4.5 Why was the last interglacial warmer than the present?

As seen in fig 12 the cold periods were separated by warm periods roughly with a 100 ka
periodicity. The last interglacial began 127 kyr ago and lasted for about 9 000 years. It was
warmer than the present time. Forests reached the North Cap, where now there is tundra.
The sea level was 4 to 6 m higher. This indicates warmer oceans and less glaciation.

The cloud again offers an explanation. When the inclinations of Earth’s orbit and of the cloud
differed sufficiently so that the Earth was outside the cloud, then the Earth received solar light
scattered by the cloud. Half a year one side of the Earth was illuminated and, after crossing
the cloud, half a year the other side. Since the light comes from a planar cloud and Earth’s
obliquity to the orbit is only about 23◦, this additional illumination changes essentially from
one hemisphere to the other. When within the year this change happens depends on unknown
details of the orbits. The additional illumination would be most effective, if each hemisphere
received it during its winter.

What was the color of the scattered light ? This is not an easy question, since the particles
in the cloud are ions without a dipole transition in the main solar spectrum. That may be an
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fig 12. Temperature Variations (blue), CO2 (green) and Dust content (red) in an ice core from
the Vostok station in Antarctica over the last 420 000 years. Data from (Petit et al.1999)
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argument for the violet end of the solar spectrum. However, weak transitions of lower energy
could also contribute.

4.6 Why were small grained inclusions in ice cores dense in cold periods?

fig 13. Distribution of the small grained dust (radius < 4μm) from 3 Antarctic sites and two
dates. Data from (Delmonte et al.2003).

The red curve of fig 12 represents the dust content in ice cores of the Vostok station in
Antarctica. A comparison with the blue curve shows that the dust density is high during
cold periods. Planet Z theory offers this interpretation: in cold periods Earth’s orbit is in the
cloud, so that particles enter into Earth’s atmosphere, where they coagulate and are included
in precipitation or sink to the ground.

The dust in the ice cores contains small (radius < 4μm) and large grains. The small grains
have a bell shaped distribution as seen in fig 13. This regular distribution may result from a
coagulation in the upper atmosphere (Baltensperger& Woelfli, 2009). In this case, the small
grained dust would be extraterrestrial. The evaporation from Z would modify its isotope
distributions. We suggest that this should be examined using the three stable isotopes of Mg.
The absence of an isotope effect in Mg would be a severe difficulty for our theory. In order
to determine the origin of the small grains the isotope distributions of Sr and Nd has been
compared with that from samples from many regions of the globe (Delmonte et al., 2004b).
An agreement was found between material from Antarctica and from Patagonia. In Table 1b
of (Delmonte et al., 2004b) the samples of South America are dated; those of the Pampas have
ages between 10 and 25 kyr. It was concluded that the small grains have been transported from
Patagonia to Antactica (Delmonte et al., 2004b; Gaiero, 2007). However, it is also possible that
the grains from the two regions have the same extraterrestrial origin.
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Large dust particles in ice cores have more irregular size distributions. They have been
examined carefully, since their mineralogical structure reveals their origin. The large grains
from antarctic sites come from Patagonia, while those from Greenland originated in the Gobi
desert (Biscaye et al., 1997). They must have been transported by storms.

5. The Milankovitch cycles

5.1 What are Milankovitch cycles?

The mass of the Sun is about 1000 times larger than the mass of all its planets. Therefore,
the motion of a planet is an approximate two-body problem: planets move in Kepler orbits.
Milankovitch considered the gravitational interactions between the planets and found that the
parameters of the Kepler orbits suffered slow variations. Typically, the variations of an orbital
parameter are dominated by one or a few frequencies. These are the Milankovitch cycles.

5.2 What produced the 100 000 year cycle of the Ice Ages?

fig 14. The calculated inclination of Earth’s orbit (full line) and the isotope variation δ18O
(dotted line) from (Imbrie et al., 1984) for 600 000 years. Figure from (Muller& MacDonald,
1995)

Figures 12, 14 and 15 show that 100 000 years is the strongest period of the Ice Ages.
Earth’s inclination, i.e. the angle between the plane of Earth’s orbit and the invariant plane
(perpendicular to the angular momentum vector of the planetary system) varies with this
period. In view of this, R.A. Muller and G.J. MacDonald (Muller& MacDonald, 1995; 1997)
postulated the existence of a disk shaped cloud around the Sun. Depending on the value of
the inclination, the Earth would be inside the cloud and therefore in a cold period or outside
in a warm period. In the planet Z theory, this cloud necessarily exists before the pole shift.

The dominant theory is based on the Milankovitch cycles. However, changes of the inclination
are not relevant in this theory, since the Sun radiates with equal strength in all directions.
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fig 15. Temperature anomaly with respect to the mean temperature of the last millennium
(EPICA from antarctic Dome C) and CO2 record from several research groups. A tendency of
a sharp increase in temperature followed by a gradual decrease exists in the 100 kyr period.
Figure from (Luethi & al., 2008)

Earth’s orbital eccentricity has periods at 95 kyr, 105 kyr and 400 kyr. The problem is that
with Earth’s small eccentricity (< 0.05) the variations have little effect on the insulation. If
one argues that strong feedbacks could amplify these effects, then it remains unclear, why the
400 ka period is not visible. Thus, the strongest period of the Ice Ages of the last million years
remains unexplained in the dominant theory.

5.3 What determined the shape of the 100 kyr cycles?

fig 12 and 15 show that the 100 kyr cycles have a similar behavior as the Dansgaard-Oeschger
events in fig 8: a rapid increase in temperature is followed by a gradual decrease. We do not
know the origin of this. If in Dansgaard-Oeschger events the cloud builds up in a time of
about 2 kyr and then collapses, this cannot be responsible for a 100 kyr buildup. There must
be a climate relevant process on Earth or in the cloud or in their coupling, which requires 100
kyr for its formation. Does this shape simply indicate that creating ice in the cold takes more
time than melting it?

5.4 Why could the 40 000 year cycle be dominant before 1 million years?

The 100 kyr cycle was only dominant in the last million years. Before that time a 40 kyr cycle
appears. Since the Earth is essentially a sphere and its orbit nearly a circle, the total insulation
on Earth is essentially constant. However, the axial tilt, the angle between Earth’s axis and the
perpendicular direction to the orbital plane, varies between 22.1◦ and 24.5◦ with a 41 kyr cycle.
The larger this obliquity the more winter differs from summer on both hemispheres. Since the
hemispheres differ from each other and feedbacks depend on the seasons, the obliquity affects
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fig 16. Calculated Milankovitch variations of the orbital parameters of Z with assumed mass
0.11ME. (a, semi-major axis; e, eccentricity; i, inclination; Ω, longitude of the perihelion; ω,
argument of the perihelion) over 750 kyr. Note the short cycles of the inclination. Details of
the calculation are found in section 2 of (Nufer et al., 1999).

the mean temperature. Evidently, an explanation of the 41◦ cycle involves detailed knowledge
of the climate system.

The disk shaped cloud due to Z explains the 100 kyr climate cycle by the inclination cycle.
However, in the theory with a pole shift we only know Earth’s orbit after the cataclysmic
encounter. Then Earth was scattered and this could change the angle of its motion by a sizable
fraction of a degree. The fact, that the calculation backward in time is made with an invalid
orbit may be a reason for a failure for large times. Furthermore, the existence of Z may have an
unknown influence on Earth’s orbit. In the theory with a pole shift long backward calculations
are doubtful.

5.5 What about Milankovitch cycles of Z ?

For Z in an eccentric orbit a calculation of the Milankovitch variations is reported: fig 16 (Nufer
et al., 1999). In this example, the inclination of Z shows variations of 10◦ with periods less than
10 kyr. Consequently, a single particle of the cloud emitted from this Z should have similar
variations. However, in the interpretation of the 100 kyr climate cycle the cloud behaves like a
disk in the invariant plane. For this to be true, the particles must be coupled somehow in this
plasma of ions and electrons, so that their variations average out. At present this is an open
problem.
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In fig 11, occasionally, the temperature drops for times of the order of a few hundred years,
notably at the 8.2 kyr Event. Then Earth entered the cloud in a motion too rapid for Earth’s
periods. In this case evidently the cloud continued to grow, since afterwards the temperature
had gradually increased, as it should in a reverse Dansgaard–Oeschger event.

6. Does this paper lead to conclusions?

This depends on the reader, especially since two very different theories are confronted.

The dominant theory is based on the Milankovitch cycles. A wealth of research has shown that
Milankovitch cycles appear in the climate data. The production of these data are one of the
truly great scientific achievements of our time. In our view an influence of the Milankovitch
cycles on climate is undisputed. The question is, whether the Ice Ages were produced by the
Milankovitch variations and Earth’s climate system alone. The dominant theory assumes that
this is the case. It claims that feedbacks amplify small differences of the radiative input to the
extend that the climate system can enter into a different mode.

The starting point of the alternative theory with a pole shift is the asymmetry of the glaciation
with respect to the present position of the North Pole, as seen in fig 5. We claim that the
geographic pole shift shown in fig 6 is both necessary and possible. It requires a hot planet,
which produces a disc shaped cloud of ions around the Sun.

In a way the situation resembles that of a century ago, when the energies of electrons emitted
by light from a metallic surface could not be explained by Maxwell’s equations. These
well proven equations continued to be valid, but something else had to be introduced:
quantization. Quantum theory became a vast science with many applications. It was
somewhat crazy at the beginning and continues to be so at present.

We claim that the Milankovitch cycles are valid, but a hot planet Z has to be introduced. Z
was probably unique in the history of the Solar system, since it involved a danger of collision
with Earth, which would have stopped the development of life. The requirements on Z are
stringent. This theory is not a vast field, but a narrow possible window. Although the theory
involves only known scientific concepts, the uniqueness of Z makes it look somewhat crazy.

If you accept Z, you understand

• the asymmetry of the glaciation (fig 5),
• the gradual lowering of the temperature and increase of the fluctuations during the Ice

Ages (fig 1),
• the fact that the Ice Ages lasted for a time of order a few million years (fig 1),
• the rapid geographic shift of the poles, a cataclysmic event, which killed heavy animals

(fig 6),
• the dominant 100 kyr cycle of the ice ages (fig 14),
• the high density of small grains in ice cores during cold periods (fig 12),
• the gradual decrease and rapid increase of the temperature of Dansgaard-Oeschger events

(fig 9),
• the enhanced temperatures during the Holocene (figs 10 and 11) and the last interglacial

(fig 12) as compared to the present,
• the reverse Dansgaard-Oeschger events (i.e. gradual increase and rapid decrease of the

temperature) in the Holocene (fig 11),
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This list contains basic properties. There are may special facts that become plausible: e.g.
northern Amazon was a desert (Filho et al., 2002), because before the pole shift its latitude was
that of the present Sahara, or Bolivia was humid (Baker, 2001), because it was at the equator,
or lake Baikal was not frozen during the whole year in cold periods (Kashiwaya, 2001), since
it was about 10◦ further south than at present.

So far the theory of the pole shift has only been sketched. Some of our estimates were just
order of magnitude considerations. Further work would be highly valuable. Research on the
Ice Ages is a detective story. A scientist should be able to keep more than one theory in his
mind. Also, a hypothesis must be excluded by scientific arguments only.

The concept ”reverse Dansgaard-Oeschger event” visible in temperature variations of the
Holoceen, fig 11, and its interpretation may be new. Otherwise, the aim of this chapter was
didactic.
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well proven equations continued to be valid, but something else had to be introduced:
quantization. Quantum theory became a vast science with many applications. It was
somewhat crazy at the beginning and continues to be so at present.

We claim that the Milankovitch cycles are valid, but a hot planet Z has to be introduced. Z
was probably unique in the history of the Solar system, since it involved a danger of collision
with Earth, which would have stopped the development of life. The requirements on Z are
stringent. This theory is not a vast field, but a narrow possible window. Although the theory
involves only known scientific concepts, the uniqueness of Z makes it look somewhat crazy.

If you accept Z, you understand

• the asymmetry of the glaciation (fig 5),
• the gradual lowering of the temperature and increase of the fluctuations during the Ice

Ages (fig 1),
• the fact that the Ice Ages lasted for a time of order a few million years (fig 1),
• the rapid geographic shift of the poles, a cataclysmic event, which killed heavy animals

(fig 6),
• the dominant 100 kyr cycle of the ice ages (fig 14),
• the high density of small grains in ice cores during cold periods (fig 12),
• the gradual decrease and rapid increase of the temperature of Dansgaard-Oeschger events

(fig 9),
• the enhanced temperatures during the Holocene (figs 10 and 11) and the last interglacial

(fig 12) as compared to the present,
• the reverse Dansgaard-Oeschger events (i.e. gradual increase and rapid decrease of the

temperature) in the Holocene (fig 11),
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This list contains basic properties. There are may special facts that become plausible: e.g.
northern Amazon was a desert (Filho et al., 2002), because before the pole shift its latitude was
that of the present Sahara, or Bolivia was humid (Baker, 2001), because it was at the equator,
or lake Baikal was not frozen during the whole year in cold periods (Kashiwaya, 2001), since
it was about 10◦ further south than at present.

So far the theory of the pole shift has only been sketched. Some of our estimates were just
order of magnitude considerations. Further work would be highly valuable. Research on the
Ice Ages is a detective story. A scientist should be able to keep more than one theory in his
mind. Also, a hypothesis must be excluded by scientific arguments only.

The concept ”reverse Dansgaard-Oeschger event” visible in temperature variations of the
Holoceen, fig 11, and its interpretation may be new. Otherwise, the aim of this chapter was
didactic.
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1. Introduction 

The bulk chemical composition of the Earth is poorly constrained because samples are 
limited to only the outer 10% of its radius. Meteorite data are used to represent the huge 
zones that we cannot sample, but for this approach to provide a realistic model of the Earth, 
we need to know where various meteorites originated and what processing they underwent. 
Currently popular models of the Solar System presume that the Sun formed first, followed 
by assembly of the planets from mineral dust in a disk that condensed locally from hot gas 
(e.g., Boss, 1998). More recent findings that comets are mixtures of phases formed at high 
and low temperature (Zolensky et al., 2006) came as a great surprise to planetary scientists 
because this contraindicates the existence of a condensation gradient as proposed by Lewis 
(1974). The alternative to dust condensation around a pre-formed Sun is a nebula containing 
dust inherited from older generations of stars. Meteorites possess small amounts of 
isotopically distinctive pre-solar material, proving that the nebula included some dust that 
predates our Sun (e.g., Bernatowicz & Zinner, 1997). Recent detection of silicate dust in 
molecular clouds (van Breeman et al., 2011), which are loci of star formation, suggests that 
pre-solar dust was abundant. Disk models also have problems conserving angular 
momentum (Armitage, 2011) and fail to explain the first order characteristics of the Solar 
System (upright axial spin and nearly circular orbits). Thus, independent evidence points to 
formation of planets and Sun simultaneously from a 3-dimensional dusty nebula 
(Hofmeister & Criss, 2012), in which case, virtually all meteoritic material has been 
processed. What represents the bulk Earth?  

It is generally accepted that chondritic meteorites are very primitive material, and bulk 
compositions of the silicate Earth have been derived from various averages. Models based 
on enstatite chondrites (Javoy, 1995; Lodders, 2000), which have Earth-like oxygen isotopes 
and Fe-metal content, agree with heat flux measurements (Hofmeister & Criss, 2005). Newly 
measured flux of neutrinos from within the Earth (Gando et al., 2011) support the enstatite 
chondrite model. However, because even the most primitive meteorites show some 
evidence of alteration and are comprised of non-equilibrium assemblages (e.g., Brearley & 
Jones, 1998), bulk compositions so derived are estimates, not exact representations of the 
Earth. Hence, it is worthwhile to consider alternative means of inferring bulk composition. 
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The present paper considers how more processed meteorites (the differentiated achondrites) 
may be related to the Earth. We demonstrate that the largest class of achondrites (the HEDs) 
has been wrongly assigned to an asteroidal parent body: a planet is required. The likely 
source is evolving Mercury, which suffered severe impacts that ejected the majority of its 
mantle to space (Section 1.2). This connection permits us to decipher information about the 
Earth during core formation, a very early and important step in its history which is not 
documented in terrestrial samples, and to estimate bulk planetary composition. 

1.1 Problems in assigning HED meteorites to the asteroid Vesta 

Many different classes of achondrites are recognized, but most of these classes contain few 
meteorites (e.g., Mittlefehldt et al., 1998, summarized in Table 1). The largest single class of 
achondrites, the HEDs (= howardite, eucrite, and diogenite) is a distinctive petrographic 
family whose affinity has been confirmed by oxygen isotopes (e.g., Taylor et al., 1965). 
Eucrites are similar to pigeonite-plagioclase basalts and basaltic cumulates, while diogenites 
are similar to orthopyroxenites, and howardites are brecciated mixtures of these two types 
(e.g., Dymek et al., 1976; Shearer et al., 1997). It is further recognized that mesosiderites, 
pallasites, and IIIAB iron meteorites are geochemically similar to each other and to HEDs 
(e.g., Duke & Silver, 1967; Clayton & Mayeda, 1996). Section 5 provides further discussion. 
 

Main type Description Type Mineralogy ρ, g cm-3 Number Total kg 
Chondrites unmelted stones* ordinary pyroxene, olivine 3.3 36326 43000 
  carbonaceous hydrated, C 2.1-3.5 1385 3281† 
  enstatite ~MgSiO3, albite 3.6 506 850 
Achondrites melted stones HEDs‡ basaltic, see text 2.9-3.3 1033‡ 1250‡ 
  Martian pigeonite, olivine 3.2 99 100 
  Lunar anorthite, basalt 2.7, 3.8 146 60 
  other§ as above, fassaite ~3 576§ 4700§ 
Stony- irons Metal+ silicates mesosiderites‡ HED minerals 4.2 170‡ 6300‡ 
  pallasites‡ olivine 4.8 89‡ 13100‡ 
Irons Fe with<20% Ni non-magmatic most have low Ni 7.5 280 150000 
  magmatic IIIAB‡ most have low Ni 7.5 288‡ 136000‡ 
  other magmatic variable Ni 7.5 485 164000 

* Most contain chondrules (spheres of once melted material, typically olivine+pyroxene+feldspar rim or 
of forsterite+enstatite+Fe0), calcium-aluminum-rich inclusions, and/or pre-solar grains. 
† Virtually all carbonaceous chondrite mass is in the Allende meteorite (3000 kg).  
‡ Part of the HED family, sensu lato. 
§ Of the remaining achondrites, 298 are C-rich ureilites but 67 aubrites (related to enstatite chondrites) 
have 4300 kg of the mass. Brachinites and angrites have chemical affinities to HEDs (Section 5). 

Table 1. Summary of meteorite types with simple descriptions. Density from Britt and 
Consolmagno (2003). Number and mass from The Meteoritical Bulletin database 
(www.lpi.usra.edu/meteor/metbull.php, accessed 9/26/2011). 

Sourcing the HEDs to the 3rd largest asteroid, Vesta, is based on spectral comparisons (e.g., 
Gaffey, 1997). Slight variations in spectra across its surface were interpreted as differing 
proportions of pigeonite to other phases. Detection of a basaltic mineral was taken as 
evidence that the asteroid had differentiated, and thus has a core (e.g., Ruzika et al., 1997). 
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Attribution of HED meteorites to Vesta and a few spectrally similar asteroids, despite weak 
evidence for orthopyroxenes or olivine (e.g., Burbine et al., 2001), sets the view that this tiny 
object is a major parent body. Spectral variations do not require differentiation: 1) dust on 
the surface could be non-uniform in grain-size, distribution, or mineral proportions, 2) Vesta 
could be a remnant from a larger body, or 3) Vesta could be a conglomerate, as are many 
meteorites. Section 2 shows that Vesta is too small to sort phases by density in its own 
gravitational field. Section 4 shows that grain-size variations explain Vesta’s spectra. 

The Vesta hypothesis is counter-evidenced by the abundance of HEDs, which outnumber all 
other achondrites combined (Table I). Assignment of the HEDs to Vesta further requires a 
few asteroids provide IIIAB irons, and most mesosiderites and pallasites, which constitute a 
huge proportion of the collection (Table I). It is far more likely that Vesta and similar 
asteroids are cousin fragments of a much larger parent body.  

Dynamical arguments that were set forth against proposals of Mars as the source of SNC 
meteorites (e.g., Vickery & Melosh, 1983) were refuted by subsequent isotopic and chemical 
evidence (summarized by Grady, 2006). Recognition of lunar and Martian meteorites, 
coupled with Mercury being of intermediate size to these parent bodies led Love & Kiel 
(1995) to suggest that some Mercurian samples may reside in available collections. Although 
impact calculations have been extensively revised to explain the existence of lunar and 
Martian meteorites, the view is nevertheless still held that dynamics forbid Mercury as a 
meteorite source (e.g., Melosh & Tonks, 1993). Clearly, dynamical arguments can neither 
prove nor preclude planetary ejection, let alone establish transport. Problems with such 
modeling are covered in Sections 1.2 and 3.  

1.1.1 Is Vesta a mesosiderite? Was Vesta highly impacted? 

Low orbital eccentricity of ~0.09 for Vesta and Ceres, compared to an average of 0.26 for 25 
large asteroids which is similar to those of Pallas and Juno (http://nssc.gsfc.an.gov), 
indicates that Vesta was not more heavily impacted. We propose that Vesta is a mesosiderite 
with ~20% iron, based on its density of 3.9 g cm-3, and spectra (Section 4), and represents 
below of 1% of the mass ejected from Mercury. High iron content provides material 
strength. The lumpy shape resembles that of iron-rich meteorites.  

1.2 Is early Mercury the source of HEDs and related meteorites? 

Mercury’s unique characteristics are its high orbital eccentricity (0.2056 compared to 0.0067-
0.094 for the other seven planets), the large size of its Fe core compared to its mantle, and its 
similarity to the Moon, with craters upon craters, ejecta, impact basins, and smooth plains 
that are probably volcanic (e.g., Spudis & Guest, 1988). Delivery of immense kinetic energy 
in an impact is evidenced by the Caloris basin, and its antipodal structure. 

Various hypotheses attempt to explain Mercury’s special characteristics. Attribution of 
Mercury’s Fe rich composition to high-temperature nebular condensates being located near 
the Sun (Lewis, 1974) cannot be the cause because condensation temperatures of Fe0 and 
Mg2SiO4 (forsterite) only differ by a few degrees (Lodders, 2003) which precludes their 
sorting during condensation. Attribution of Fe-enrichment to vaporization of its surface 
(Cameron et al., 1988) does not address high orbital eccentricity and requires excessively 
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Mg2SiO4 (forsterite) only differ by a few degrees (Lodders, 2003) which precludes their 
sorting during condensation. Attribution of Fe-enrichment to vaporization of its surface 
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high surface temperatures. It is difficult to reconcile the topography with vaporization. Loss 
of Mercury’s mantle through catastrophic fragmentation following many giant impacts, in 
which most of the material was reassembled while Mercury’s orbit ranged dramatically, 
including beyond the Earth (Wetherill, 1988) has problems as regards orbital excursions, and 
incorrectly assumes that the impactor plus Mercury constituted a bound state, see Section 3. 
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Fig. 1. Mercury’s internal structure and surface features. Left = comparison of the terrestrial 
planets to scale. Surfaces = heavy lines. Metal cores = shaded sections. Data from Lodders & 
Fegely (1998). Right = photo of a limb of Mercury taken by the Mariner spacecraft. The 
lower edge shows about 560 km across. From http://history.nasa.gov/EP-177/ch2-2-2.html. 

Hofmeister and Criss (2012) recently proposed a different history for Mercury, whereby 
repeated impacts stripped away the mantle through the late heavy bombardment (LHB) that 
occurred up to 800 Ma after formation (Gomes et al., 2005). Given the physical 
characteristics of Mercury, its proximity to the gravitational focus of the Solar System (the 
Sun), and events like the LHB we propose that the spallation of Mercury before core 
formation was complete provided HEDs, pallasites, mesosiderites, irons, and others. 
Minimal addition of kinetic energy is needed to promote ejecta to distant orbits (Section 3). 
We conclude that the asteroid belt is a junkyard of debris that originated from diverse 
regions of the Solar System over its history, particularly small bodies (e.g., various moons, 
Mars, and Mercury as it evolved) and outer Solar System primitive material drawn in, e.g., 
during the LHB. Oxygen isotope data implicate early Mercury as the parent body of the 
HEDs (Section 5) and lead to bulk chemical compositions for Earth and its core (Section 6).  

2. Did Vesta differentiate under its own gravity?  
This section compares characteristics of Vesta to those of bodies with known cores. The 
observed trends are explained using Stokes’ law and stability arguments. 

2.1 Limitation of known cores to round, large bodies 

Small planets are cold relative to large, due to their high surface area to volume ratio, which 
provides for greater radiative cooling to space, and shorter distances over which internal 
heat diffuses. Hence, their potential for differentiation via convection and gravitational 
segregation is limited. Mass fractions of planetary cores depend on planetary radius (Fig. 
2a). Trends of the rocky bodies suggest that a minimum radius of ~1200 km is required to 
form a core. Considering icy and rocky bodies for which the moment of inertia is known, 
differentiation is also associated with a minimum surface gravitational acceleration (g) of 
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~1.2 ms-2 (Fig. 2b). The trends show that an object must have a mass in excess of ~1022 kg to 
have a metallic core, which is greater than the mass of the entire asteroid belt. 
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Fig. 2. Dependence of core size, expressed as the ratio of core mass to total planetary mass, 
on (a) the logarithm of the surface radius and (b) the surface gravitational acceleration. 
Diamonds = asteroids. Dots (with error bars) = rocky moons. Open circles = icy moons with 
highly uncertain core sizes. Mercury was not included in the linear regression, although the 
x-intercept of the fits would change little if it were. Measured moments of inertia (J=I/Mr2 
where r is radius and M is total mass) are indicated. Bodies with cores have J<0.4, which is 
the value for a sphere of constant density. Dashed vertical arrows emphasize minimum 
values needed for core formation. Data from Lodders & Fegley (1998).  

2.2 A minimum planetary size is required for gravitational settling 

Core size correlates with both g and R (Fig. 2) because the latter are related through: 

 g = 4GR/3 (1) 

where G is the gravitational constant, and is the mean density. Forming a planetary core 
involves sorting of different density phases in a gravitational field. We therefore focus our 
discussion on gravitational acceleration. Because iron and silicate melts are immiscible (e.g., 
Goodrich and Bird, 1985) and density of liquids and crystals generally correlate, core 
formation can be viewed as sinking of Fe0 particles or blobs within a silicate “fluid” in the 
hot interior of the planet. Settling is described in terms of a Stokes (terminal) velocity:  

 v = gd2/(18), (2) 

where  is dynamic viscosity of the “fluid,” d is particle diameter, and  is the density 
difference between the particle and the fluid. The percentage difference between silicate 
and ice being similar to that of Fe and silicate and  being related to the density 
(compression) explains why one trend in surface g exists for bodies with different 
compositions (Fig. 2b).  
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where r is radius and M is total mass) are indicated. Bodies with cores have J<0.4, which is 
the value for a sphere of constant density. Dashed vertical arrows emphasize minimum 
values needed for core formation. Data from Lodders & Fegley (1998).  

2.2 A minimum planetary size is required for gravitational settling 

Core size correlates with both g and R (Fig. 2) because the latter are related through: 

 g = 4GR/3 (1) 

where G is the gravitational constant, and is the mean density. Forming a planetary core 
involves sorting of different density phases in a gravitational field. We therefore focus our 
discussion on gravitational acceleration. Because iron and silicate melts are immiscible (e.g., 
Goodrich and Bird, 1985) and density of liquids and crystals generally correlate, core 
formation can be viewed as sinking of Fe0 particles or blobs within a silicate “fluid” in the 
hot interior of the planet. Settling is described in terms of a Stokes (terminal) velocity:  

 v = gd2/(18), (2) 

where  is dynamic viscosity of the “fluid,” d is particle diameter, and  is the density 
difference between the particle and the fluid. The percentage difference between silicate 
and ice being similar to that of Fe and silicate and  being related to the density 
(compression) explains why one trend in surface g exists for bodies with different 
compositions (Fig. 2b).  
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The core grows at a rate comparable to Stokes’ velocity. Large planets with large g remain 
hot longer, forming proportionately larger cores (Fig. 2b). For bodies with g exceeding ~2 
m.s-2, core size directly depends on g, as indicted by Eq. 2. Because large planets retain more 
heat than small, viscosity decreases as planet size increases which makes the dependence of 
v on g weaker than linear. However, Eq. 2 assumes that particles sink and reach a terminal 
velocity within the static fluid, but does not describe whether sinking is possible. Figure 2 
demonstrates that a minimum g is needed for coherent, downward motions. 

Asteroids are too small to possess cores. It is immaterial whether asteroidal bodies are 
mixtures of iron and silicate or of silicate and ice, given similar density contrasts. Because 
the density contrast among various silicate mineral pairs are an order of magnitude smaller, 
asteroids could not have sorted olivine from plagioclase. Our conclusion that Vesta and all 
other asteroids could not differentiate due to internal gravitational sorting does not preclude 
these being differentiated material. Rather, our analysis shows that the differentiation 
occurred within a larger body with sufficient mass to permit density sorting.  

3. Derivation of achondrites from the inner Solar System  
Derivation of meteorites from Mars has been demonstrated (summarized by Grady, 2000). 
Mercury has g = 3.70 m.s-2, close to that of Mars (3.71 m.s-2) and an escape velocity of 4.3 
km.s-1, low compared to Mars (5 km.s-1). Together these characteristics show that ejection of 
material from Mercury is not merely possible, but expected. Hence, objections to Mercury as 
a parent body rest on the notion that transport of material outward from the innermost Solar 
System is prohibited due to the huge gravitational influence of the Sun (e.g., Melosh & 
Tonks, 1993; summarized by Love & Kiel, 1995). Such difficulties have been overstated. As 
discussed below in general terms, classical mechanics indicates transport is feasible.  

3.1 Dynamical constraints 

Calculations concerning ejection of objects from planetary bodies and the consequent orbits 
are a variant of the three-body problem of classical mechanics. A system of three or more 
masses, moving under their mutual gravitational forces, cannot be solved in any general 
way (e.g., Goldstein, 1950; Symon, 1971). For example, the three-body problem cannot be 
reduced to three one-body problems. Very few special solutions exist: 1) the restricted three-
body problem can be solved, wherein one mass is small and does not perturb the motions of 
the other two large masses (e.g., the trajectory of a rocket from Earth to the Moon);  
2) motions of the planets can be accurately calculated, which represent a numerical solution 
obtained from specified initial conditions that holds over some period of time; and 3) a 
particular solution exists for three-bodies orbiting about the center of mass (discovered by 
Lagrange). Dynamical studies of ejection of material from planets, and the resultant 
trajectories, are neither general nor particular solutions to the n-body problem, but are 
numerical results predicated on various assumptions, whether implicitly or explicitly stated. 
Hence, the fate of an impact can only be deduced in general terms from simple approaches.  

3.2 Outward transport of material ejected during collisions  

The total kinetic and potential energy of a particle in an elliptical orbit depends on the semi-
major radius but not on the eccentricity (e), semi-minor radius, or angular momentum  
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(e.g., Symon, 1971). Hence, an object in a circular orbit of radius r from the Sun has the same 
total energy as an object in extremely eccentric orbits whose distance at aphelion can 
approach 2r. Due to this property, ejecta can be transported to beyond the orbit of Venus 
without adding any kinetic energy (Fig. 3).  
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Fig. 3. Elliptical orbits for objects sharing the orbital energy of Mercury (solid curves, 
Mercury in bold), compared to the nearly circular orbit of Venus (dashed curve). Labels 
indicate the eccentricity of the orbits, which vary from a perfect circle (e = 0) to nearly unity. 

3.2.1 Sling-shotting to distant reaches  

For any ejecta, including those in elliptical orbits sharing the kinetic energy of Mercury’s 
orbit, promotion to even more distant parts of the Solar System is possible. We base this 
remark on use of Jupiter’s gravitational well to “slingshot” the famous Voyager spacecraft 
into the outer Solar System. If Venus were in a suitable position relative to the trajectories of 
ejected material in a highly eccentric orbit (e>0.86, Fig. 3), it is possible for that material with 
minimum kinetic energy to be promoted far beyond Venus’ orbit. 

3.2.2 Effect of kinetic energy beyond the minimum  

If the perturbing collision adds energy to the object being ejected, far greater distances than 
Venus’ orbit can be realized. Escape from Mercury itself requires 4.3 km.s-1, a mere 1% 
increase over existing orbital energy. For transport to infinity, the velocity needed for an 
object to escape the gravitational well of the Sun at Mercury’s orbit is 68 km.s-1. Because the 
orbital speed of Mercury is 48 km.s-1, escape of ejecta from the Sun’s pull to infinity requires 
only doubling their kinetic energy. It should be clear that energies arising from impacts 
were sufficient to move material from the inner to the outer Solar System. 

The kinetic energy of Mercury in its orbit is ~106 J.g-1 whereas that of the asteroids is much 
smaller, ~105 J.g-1, because orbital velocities become progressively slower with distance from 
the Sun. Hence, material ejected from an inner planet, if on an appropriate trajectory, has 
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The core grows at a rate comparable to Stokes’ velocity. Large planets with large g remain 
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approach 2r. Due to this property, ejecta can be transported to beyond the orbit of Venus 
without adding any kinetic energy (Fig. 3).  

-0.4

-0.2

0

0.2

0.4

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4

e=0
0.206

0.48
0.66

0.86

e=0.97

Venus
Mercury

A.U.

A.U.

 
Fig. 3. Elliptical orbits for objects sharing the orbital energy of Mercury (solid curves, 
Mercury in bold), compared to the nearly circular orbit of Venus (dashed curve). Labels 
indicate the eccentricity of the orbits, which vary from a perfect circle (e = 0) to nearly unity. 

3.2.1 Sling-shotting to distant reaches  

For any ejecta, including those in elliptical orbits sharing the kinetic energy of Mercury’s 
orbit, promotion to even more distant parts of the Solar System is possible. We base this 
remark on use of Jupiter’s gravitational well to “slingshot” the famous Voyager spacecraft 
into the outer Solar System. If Venus were in a suitable position relative to the trajectories of 
ejected material in a highly eccentric orbit (e>0.86, Fig. 3), it is possible for that material with 
minimum kinetic energy to be promoted far beyond Venus’ orbit. 

3.2.2 Effect of kinetic energy beyond the minimum  

If the perturbing collision adds energy to the object being ejected, far greater distances than 
Venus’ orbit can be realized. Escape from Mercury itself requires 4.3 km.s-1, a mere 1% 
increase over existing orbital energy. For transport to infinity, the velocity needed for an 
object to escape the gravitational well of the Sun at Mercury’s orbit is 68 km.s-1. Because the 
orbital speed of Mercury is 48 km.s-1, escape of ejecta from the Sun’s pull to infinity requires 
only doubling their kinetic energy. It should be clear that energies arising from impacts 
were sufficient to move material from the inner to the outer Solar System. 

The kinetic energy of Mercury in its orbit is ~106 J.g-1 whereas that of the asteroids is much 
smaller, ~105 J.g-1, because orbital velocities become progressively slower with distance from 
the Sun. Hence, material ejected from an inner planet, if on an appropriate trajectory, has 



 
New Achievements in Geoscience 

 

160 

more than enough kinetic energy for placement in the asteroid belt. Once material reaches 
the belt, interactions and collisions with inward bound material could reduce their kinetic 
energy to an amount appropriate to the orbital energy in this region. 

3.2.3 Solar controls on the draw of Mercury and on impact and ejecta trajectory  

Geometry, properties of central forces, and relative sizes of Mercury and the Sun suggest 
possible paths. Importantly, gravitational competition with the Sun severely limits 
Mercury’s draw. Due to the central nature of this force, for a particle within a dust cloud to 
be incorporated in a body orbiting a larger central mass (Fig. 4a), 
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(Hofmeister and Criss, 2012). Although Mercury would actually draw in more distant 
material above and below its orbital plane and away from the Sun, our spherical formula 
suffices due to the large orbital radii and small planet mass: using the masses of the Sun and 
Mercury, provides a cloud size of 4.4x107 m, which is only 20 times Mercury’s planetary 
radius (2.4x106 m) and an insignificant portion of its orbital radius (5.79x1010 m). Hence, a 
tiny spherical cloud reasonably describes the gravitational draw of Mercury. Impacts 
derived from cloud material are radial inward and help assemble the planet’s mass. Our 
interest is rather collisions occurring after formation that would scour evolving Mercury. 

 
Fig. 4. Geometrical control on impacts on a planet. (a) Gravitational competition. The size of 
a cloud collecting unto an orbiting body (dashed circle) is determined by where the 
gravitational force (black arrow) of the central object (Sun) balances that (white arrow) of the 
orbiting protoplanet (dot). (b) Input trajectories. The planet (circle) in its orbit, intercepts 
material that is stationary or moving towards the planet (dotted arrows). Material focused 
on the Sun strikes the planet at nearly right angles (heavy dashed arrows). Shaded area = 
the most affected quadrant. (c) Initial output trajectories are shown for direct hits, glancing 
blows and strikes in the middle of the preferred quadrant. 

Once Mercury was formed, two paths for impact are relevant. One is a “windshield” effect, 
whereby Mercury collides with debris entering its orbit (Fig. 4b). Because of the great distance 
to the Sun, these trajectories are approximately tangential to the orbit. The other impact path is 
approximately radially inward to the Sun (Fig. 4b), which is the gravitational focus of the Solar 
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System. Given the great distances, parallel paths reasonably approximate these impacts. 
Consequently, Mercury’s outer leading quadrant is struck preferentially, and most of the 
resulting recoil paths point away from the Sun or are tangential to Mercury’s orbit (Fig. 4c).  

A minimum energy escape trajectory from an isolated body follows a parabolic path (e = 1). 
With increasing energy, hyperbolae are expected (e = 2; e.g., Symon, 1971). However, 
Mercury is not isolated and the Sun pulls ejecta with v < 68 km.s-1 into bound orbits (Fig. 5a). 
With more energy, the ellipse is larger, making excursion to the location of the asteroid belt 
possible for certain values of kinetic energy and initial paths. Aperiodic bounded orbits 
which exist for central forces (Symon, 1971) would be possible trajectory paths for 
intermediate energy particles, with initially tangential trajectories (Fig. 5b). This type of orbit 
can be open as shown, or closed, similar to the patterns of a drawing implement known as a 
“spirograph.” Orbits of meteor strikes are presumed ellipses (e.g., Gounelle et al., 2006). To 
our knowledge, aperiodic bound orbits have not been considered, yet these are not only less 
restricted by geometry but are more likely to intersect Earth over time. 
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Fig. 5. Schematic of possible ejecta orbits. (a) Simple orbits showing the connection of 
eccentricity with velocities needed to escape the Sun’s control. Only for v>68 km.s-1 can the 
ejecta escape the Solar system. (b) Aperiodic bound orbits are permissible for a central force 
(Symon, 1971) and could arise from initially tangential recoil paths.  

3.3 Mass arguments for the asteroid belt as debris 

Regular and distinct trends exist for the mass of dusty and gassy bodies that orbit the Sun with 
distance (Fig. 6). These trends result from 3-d accretion of the pre-solar nebula (Hofmeister & 
Criss, 2012), such that the dusty bodies form first, and gas is augmented onto dusty 
protoplanets in accord with Eq. 3. The decrease in mass for the dusty bodies going as r-1.7 is 
consistent with conservation of angular momentum and energy during 3-collapse. 
Independent of our model, the trend for dusty primary satellites shows that objects in the 
asteroid belt formed in a different manner than did the planets and dwarf planets, especially 
insofar as the total mass in the asteroid belt falls two orders of magnitude below the trend. 

3.4 Type and mass of material excavated from evolving Mercury  

The innermost planet seems to have lost practically all of its mantle, as its core extends out 
to nearly 80% of the planet’s radius, and constitutes ~⅔ of its total mass (Fig. 1). A plausible 
interpretation is that proto-Mercury was once at least as large as Mars (Fig. 1) and that 
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more than enough kinetic energy for placement in the asteroid belt. Once material reaches 
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energy to an amount appropriate to the orbital energy in this region. 
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Mercury’s draw. Due to the central nature of this force, for a particle within a dust cloud to 
be incorporated in a body orbiting a larger central mass (Fig. 4a), 
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(Hofmeister and Criss, 2012). Although Mercury would actually draw in more distant 
material above and below its orbital plane and away from the Sun, our spherical formula 
suffices due to the large orbital radii and small planet mass: using the masses of the Sun and 
Mercury, provides a cloud size of 4.4x107 m, which is only 20 times Mercury’s planetary 
radius (2.4x106 m) and an insignificant portion of its orbital radius (5.79x1010 m). Hence, a 
tiny spherical cloud reasonably describes the gravitational draw of Mercury. Impacts 
derived from cloud material are radial inward and help assemble the planet’s mass. Our 
interest is rather collisions occurring after formation that would scour evolving Mercury. 

 
Fig. 4. Geometrical control on impacts on a planet. (a) Gravitational competition. The size of 
a cloud collecting unto an orbiting body (dashed circle) is determined by where the 
gravitational force (black arrow) of the central object (Sun) balances that (white arrow) of the 
orbiting protoplanet (dot). (b) Input trajectories. The planet (circle) in its orbit, intercepts 
material that is stationary or moving towards the planet (dotted arrows). Material focused 
on the Sun strikes the planet at nearly right angles (heavy dashed arrows). Shaded area = 
the most affected quadrant. (c) Initial output trajectories are shown for direct hits, glancing 
blows and strikes in the middle of the preferred quadrant. 

Once Mercury was formed, two paths for impact are relevant. One is a “windshield” effect, 
whereby Mercury collides with debris entering its orbit (Fig. 4b). Because of the great distance 
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System. Given the great distances, parallel paths reasonably approximate these impacts. 
Consequently, Mercury’s outer leading quadrant is struck preferentially, and most of the 
resulting recoil paths point away from the Sun or are tangential to Mercury’s orbit (Fig. 4c).  

A minimum energy escape trajectory from an isolated body follows a parabolic path (e = 1). 
With increasing energy, hyperbolae are expected (e = 2; e.g., Symon, 1971). However, 
Mercury is not isolated and the Sun pulls ejecta with v < 68 km.s-1 into bound orbits (Fig. 5a). 
With more energy, the ellipse is larger, making excursion to the location of the asteroid belt 
possible for certain values of kinetic energy and initial paths. Aperiodic bounded orbits 
which exist for central forces (Symon, 1971) would be possible trajectory paths for 
intermediate energy particles, with initially tangential trajectories (Fig. 5b). This type of orbit 
can be open as shown, or closed, similar to the patterns of a drawing implement known as a 
“spirograph.” Orbits of meteor strikes are presumed ellipses (e.g., Gounelle et al., 2006). To 
our knowledge, aperiodic bound orbits have not been considered, yet these are not only less 
restricted by geometry but are more likely to intersect Earth over time. 
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Fig. 5. Schematic of possible ejecta orbits. (a) Simple orbits showing the connection of 
eccentricity with velocities needed to escape the Sun’s control. Only for v>68 km.s-1 can the 
ejecta escape the Solar system. (b) Aperiodic bound orbits are permissible for a central force 
(Symon, 1971) and could arise from initially tangential recoil paths.  

3.3 Mass arguments for the asteroid belt as debris 

Regular and distinct trends exist for the mass of dusty and gassy bodies that orbit the Sun with 
distance (Fig. 6). These trends result from 3-d accretion of the pre-solar nebula (Hofmeister & 
Criss, 2012), such that the dusty bodies form first, and gas is augmented onto dusty 
protoplanets in accord with Eq. 3. The decrease in mass for the dusty bodies going as r-1.7 is 
consistent with conservation of angular momentum and energy during 3-collapse. 
Independent of our model, the trend for dusty primary satellites shows that objects in the 
asteroid belt formed in a different manner than did the planets and dwarf planets, especially 
insofar as the total mass in the asteroid belt falls two orders of magnitude below the trend. 

3.4 Type and mass of material excavated from evolving Mercury  

The innermost planet seems to have lost practically all of its mantle, as its core extends out 
to nearly 80% of the planet’s radius, and constitutes ~⅔ of its total mass (Fig. 1). A plausible 
interpretation is that proto-Mercury was once at least as large as Mars (Fig. 1) and that 
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>3x1023 kg mostly of silicates was blasted off this battered planet early in its history. The 
total mass of the asteroid belt (~3x1021 kg) is only 1% of Mercury’s loss, and half of the mass 
in the belt is sequestered in one object, Ceres. Much of Mercury’s lost mantle would have 
been absorbed within the inner Solar System, but this huge quantity of material will offset 
the low probabilities of ejecting material and transferring it to Earth-crossing orbits. 
Transport of <1% of Mercury’s loss to the asteroid belt is reasonable, and, more importantly, 
is much more than sufficient to generate the aggregate mass of achondrite and other classes 
of meteorites in available collections, including the ~1000 kg of HEDs (Table 1). Other 
bodies will provide achondritic material, but in much smaller amounts and ejecta originate 
at various times. Chondritic material would represent dust originating from this region. 
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Fig. 6. Mass of large bodies orbiting the Sun vs. distance from the origin. The Sun is plotted at 
its body radius to use a logarithm plot, needed to represent the vastness of the Solar System. 
Open circles and dotted line = gas giants. Dashed line at right side = radius of the pre-solar 
nebula, calculated from the Sun’s mass, assuming an initial density like that of molecular 
clouds. Filled circle = heavy elements in the Sun (Basu & Antia, 2008), taken to represent the 
dust component of the pre-solar nebula (PSN). Squares = inner rocky planets, except Mercury 
(open square) which has lost significant mass. Diamonds = dwarf planets of the outer Solar 
System. Line = fit to the circles, squares and diamonds. Grey diamond = Sedna. Horizontal 
lines describe substantially elliptical orbits. Triangles = individual asteroids (grey for the total 
mass). Data from Lodders & Fegely (1998) and http://pds.jpl.nasa.gov/.  

The heavily cratered surface of Mercury and its location as the innermost planet provide 
evidence for deep excavation. Saturation of the surfaces of Callisto and Ganymede with 
craters implies that the Jovian moons were also extensively bombarded, due to the 
gravitational focus of impactors by Jupiter. By analogy, early, evolving Mercury received an 
intense flux of impactors, due to its proximity to the Sun.  

Our understanding of impacts is skewed toward late, low energy events which do not cause 
great loss of planetary matter. Such minor impacts provide dust (rayed craters), breccias, 
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shock metamorphism, large volumes of melt, and small volumes of melt ejecta (tektites and 
small spherules) (French, 1998). Mercury has low gravity and lacks an impeding 
atmosphere. Impacts into pools of melt on Mercury splattered innumerable chondrules into 
space. Crystallization of the melt in space would provide round rather than the 
aerodynamic shapes of tektites, and would have formed bodies of diverse sizes. More 
massive impacts would have vaporized material, which would have escaped and then 
condensed. The internal structure of Mercury suggests that most ejecta would be from the 
mantle. However, impacts add their own matter to the surface, which would also be 
subsequently ejected. Hence, primitive material, differentiated material, both their melts, and 
mixtures of all such debris are possible. Vesta could be a conglomerate of ejecta from Mercury.  

3.5 Statistical arguments for planetary origins of meteorites 

Asteroids are classified by remotely sensed data by several schemes. Spectra (Bus & Binzel, 
2002) or spectra plus albedo (Tholen, 1989) are further used to link these types to meteorites. 
Broad categories of asteroids common among these schemes occur in percentages that are 
inconsistent with the numerical occurrence of meteorites (Fig. 7). Current collections have 
~40,000 samples (Table 1) and should be statistically representative. Mass distribution gives 
us a different perspective and is skewed towards high iron content, due to material strength. 
Also, spectra of asteroids preferentially represent larger bodies.  
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Fig. 7. Large disparity between two different asteroidal classifications (left) and meteorite 
types (right). Dark “C-type” asteroids represent a majority, yet are considered as the 
primary sources of the rare carbonaceous chondrites. Vesta is only one of >106 asteroids, but 
is presumed to be the source of the HEDs, which represent >½ of the achondrites, and are 
geochemically tied to ~ ⅓ of the irons, and most stony-iron meteorites. Data from Table 1. 

The current linkage is statistically untenable, as is well known. Problems exist with 
attribution of C-type asteroids to carbonaceous chondrites. Spectra of C-types are featureless 
with low albedo, consistent with dusty surfaces; it may simply be that their mineralogy is 
equivocal. Grain-size and dust coverage affect surface spectra (Section 4).  

3.6 The asteroid belt as the junkyard of the Solar System 

The above dynamical, mass, and statistical considerations lead to an alternative view of the 
asteroid belt. Classical mechanics requires that ejecta from early Mercury predominately 
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>3x1023 kg mostly of silicates was blasted off this battered planet early in its history. The 
total mass of the asteroid belt (~3x1021 kg) is only 1% of Mercury’s loss, and half of the mass 
in the belt is sequestered in one object, Ceres. Much of Mercury’s lost mantle would have 
been absorbed within the inner Solar System, but this huge quantity of material will offset 
the low probabilities of ejecting material and transferring it to Earth-crossing orbits. 
Transport of <1% of Mercury’s loss to the asteroid belt is reasonable, and, more importantly, 
is much more than sufficient to generate the aggregate mass of achondrite and other classes 
of meteorites in available collections, including the ~1000 kg of HEDs (Table 1). Other 
bodies will provide achondritic material, but in much smaller amounts and ejecta originate 
at various times. Chondritic material would represent dust originating from this region. 
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Fig. 6. Mass of large bodies orbiting the Sun vs. distance from the origin. The Sun is plotted at 
its body radius to use a logarithm plot, needed to represent the vastness of the Solar System. 
Open circles and dotted line = gas giants. Dashed line at right side = radius of the pre-solar 
nebula, calculated from the Sun’s mass, assuming an initial density like that of molecular 
clouds. Filled circle = heavy elements in the Sun (Basu & Antia, 2008), taken to represent the 
dust component of the pre-solar nebula (PSN). Squares = inner rocky planets, except Mercury 
(open square) which has lost significant mass. Diamonds = dwarf planets of the outer Solar 
System. Line = fit to the circles, squares and diamonds. Grey diamond = Sedna. Horizontal 
lines describe substantially elliptical orbits. Triangles = individual asteroids (grey for the total 
mass). Data from Lodders & Fegely (1998) and http://pds.jpl.nasa.gov/.  

The heavily cratered surface of Mercury and its location as the innermost planet provide 
evidence for deep excavation. Saturation of the surfaces of Callisto and Ganymede with 
craters implies that the Jovian moons were also extensively bombarded, due to the 
gravitational focus of impactors by Jupiter. By analogy, early, evolving Mercury received an 
intense flux of impactors, due to its proximity to the Sun.  

Our understanding of impacts is skewed toward late, low energy events which do not cause 
great loss of planetary matter. Such minor impacts provide dust (rayed craters), breccias, 
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shock metamorphism, large volumes of melt, and small volumes of melt ejecta (tektites and 
small spherules) (French, 1998). Mercury has low gravity and lacks an impeding 
atmosphere. Impacts into pools of melt on Mercury splattered innumerable chondrules into 
space. Crystallization of the melt in space would provide round rather than the 
aerodynamic shapes of tektites, and would have formed bodies of diverse sizes. More 
massive impacts would have vaporized material, which would have escaped and then 
condensed. The internal structure of Mercury suggests that most ejecta would be from the 
mantle. However, impacts add their own matter to the surface, which would also be 
subsequently ejected. Hence, primitive material, differentiated material, both their melts, and 
mixtures of all such debris are possible. Vesta could be a conglomerate of ejecta from Mercury.  

3.5 Statistical arguments for planetary origins of meteorites 

Asteroids are classified by remotely sensed data by several schemes. Spectra (Bus & Binzel, 
2002) or spectra plus albedo (Tholen, 1989) are further used to link these types to meteorites. 
Broad categories of asteroids common among these schemes occur in percentages that are 
inconsistent with the numerical occurrence of meteorites (Fig. 7). Current collections have 
~40,000 samples (Table 1) and should be statistically representative. Mass distribution gives 
us a different perspective and is skewed towards high iron content, due to material strength. 
Also, spectra of asteroids preferentially represent larger bodies.  
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Fig. 7. Large disparity between two different asteroidal classifications (left) and meteorite 
types (right). Dark “C-type” asteroids represent a majority, yet are considered as the 
primary sources of the rare carbonaceous chondrites. Vesta is only one of >106 asteroids, but 
is presumed to be the source of the HEDs, which represent >½ of the achondrites, and are 
geochemically tied to ~ ⅓ of the irons, and most stony-iron meteorites. Data from Table 1. 

The current linkage is statistically untenable, as is well known. Problems exist with 
attribution of C-type asteroids to carbonaceous chondrites. Spectra of C-types are featureless 
with low albedo, consistent with dusty surfaces; it may simply be that their mineralogy is 
equivocal. Grain-size and dust coverage affect surface spectra (Section 4).  

3.6 The asteroid belt as the junkyard of the Solar System 

The above dynamical, mass, and statistical considerations lead to an alternative view of the 
asteroid belt. Classical mechanics requires that ejecta from early Mercury predominately 
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occupy elliptical orbits and aperiodic bound orbits. Over time, the amount of material is 
non-circular orbits will diminish. The inner Solar System has been swept clean. The asteroid 
belt has a large number of objects because the distances are large, so the clearing rate is low, 
and a planet did not form in this area. On this basis, a likely repository for the ejecta and 
leftovers of accretion is the asteroid belt. Gravitational forces (e.g. Jupiter) have shepherded 
errant objects into this veritable junkyard of debris. Nothing requires this zone to be the 
locus of accretion for all of its material.  

4. Limitations of spectroscopic assignments 
Spectra from remote objects are obtained under uncontrolled conditions and contain a 
mixture of absorption, emission, and reflection features. To relate these data to laboratory 
mineral spectra, we need to understand how spectra are affected by sampling conditions. 

4.1 Effect of temperature on spectra 

For a remotely probed surface, the most important effect of temperature (T), is the control it 
exerts on whether the object is emitting or reflecting light over any given frequency range.  

Blackbody emission curves depend strongly on T and frequency (Fig. 8a). The 1st law of 
thermodynamics requires that the flux from Vesta match that received from the Sun (Fig. 
8b); roughly speaking, the areas under the curves must be equal. Due to the properties of 
Planck curves, Vesta, which is cold (85<T<255 K; e.g., Lucey et al., 1998) outputs virtually all 
its light below 2200 cm-1, and therefore is emitting in the infrared but reflects light in the 
near-IR to visible.  
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Fig. 8. Factors governing whether light is emitted or reflected. (a) Dependence of blackbody 
curves on temperature, as labeled. Except for the Sun at ~6000 K (grey), the left y-axis 
pertains. Arrows indicate spectral ranges sampled by different instruments. (b) Schematic of 
the first law of thermodynamics. Black arrow = light from Sun. Grey arrows = light emitted, 
which integrated over the area and frequency must equal the flux received.  
(c) Cold objects emit at low frequency, and reflect sunlight at high frequency (speckled 
arrow). Both are modified by spectral properties, which depend largely on whether the 
surface is bare (d) or dusty (e), as sketched for the case of reflected sunlight.  
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4.2 Effect of grain-size on spectra 

Grain-size controls whether peaks are superimposed positively or negatively on the 
baseline, and strengths of the features.  

Light produced by a body at any frequency is the product of the blackbody function times the 
emissivity. Kirchhoff’s law for a body in thermodynamic equilibrium requires that 
absorptivity (= Iabs/I0, where Iabs = the intensity of light actually absorbed) equals emissivity 
() (e.g., Bates, 1978; Brewster 1992). For an opaque material such as a metal, 1= +r, where r 
=Iref/I0 is reflectivity. Although asteroids are large and opaque, dust grains on their surface are 
partially transparent. For the part of the asteroid that is sampled, 1= +r +t, where t = Itran/I0 is 
transmittivity of the uppermost layer as derived by Bates (1978) for dielectrics (e.g. silicates). 
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Fig. 9. Effect of grain-size. (a) Comparison of orientational differences in spectra for Vesta to 
the grain-size dependence of reflectance-absorbance spectra from eucrites [solid = 
Padvarminkai (Hiroi et al., 1995); dashed = Macibini (Burbine et al. 2001); dotted = 
Padvarminkai (Gaffey, 1976)] and powdered mesosiderites as labeled (Burbine et al., 2007). 
Vesta spectra (Gaffey, 1997) are shown for two rotational aspects (dots), with each compared 
to the average (lines) of 4 to 5 rotational aspects. The uncertainties are roughly 2-3 times the 
symbol size, and the placement of the points near 2 m is not exact because spectra 
presented at different scales were merged. Spectra offset for clarity. (b) Schematic of 
reflections for the most intense ray paths at near-normal incidence (the angle is exaggerated 
and the white arrow is not labeled). The light received by a detector (Imeas) relative to 
incident intensity (I0) is a combination of reflection and absorption, depending on thickness, 
d. (c) Schematic of emissions, where IBB is blackbody intensity. 

Measurements are affected by back reflections (e.g., Hofmeister et al., 2003). If the surface 
layer is very thick then the back reflections are not sensed. Reflectivity at high frequency is 
flat for a bare, large, single crystal due to Fresnel’s law, (r = [(n-1)2+k2]/[(n+1)2+k2] where n is 
the index of refraction, k = a/4 where a is the absorption coefficient, and  = frequency. 
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occupy elliptical orbits and aperiodic bound orbits. Over time, the amount of material is 
non-circular orbits will diminish. The inner Solar System has been swept clean. The asteroid 
belt has a large number of objects because the distances are large, so the clearing rate is low, 
and a planet did not form in this area. On this basis, a likely repository for the ejecta and 
leftovers of accretion is the asteroid belt. Gravitational forces (e.g. Jupiter) have shepherded 
errant objects into this veritable junkyard of debris. Nothing requires this zone to be the 
locus of accretion for all of its material.  

4. Limitations of spectroscopic assignments 
Spectra from remote objects are obtained under uncontrolled conditions and contain a 
mixture of absorption, emission, and reflection features. To relate these data to laboratory 
mineral spectra, we need to understand how spectra are affected by sampling conditions. 

4.1 Effect of temperature on spectra 

For a remotely probed surface, the most important effect of temperature (T), is the control it 
exerts on whether the object is emitting or reflecting light over any given frequency range.  

Blackbody emission curves depend strongly on T and frequency (Fig. 8a). The 1st law of 
thermodynamics requires that the flux from Vesta match that received from the Sun (Fig. 
8b); roughly speaking, the areas under the curves must be equal. Due to the properties of 
Planck curves, Vesta, which is cold (85<T<255 K; e.g., Lucey et al., 1998) outputs virtually all 
its light below 2200 cm-1, and therefore is emitting in the infrared but reflects light in the 
near-IR to visible.  
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surface is bare (d) or dusty (e), as sketched for the case of reflected sunlight.  
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4.2 Effect of grain-size on spectra 

Grain-size controls whether peaks are superimposed positively or negatively on the 
baseline, and strengths of the features.  

Light produced by a body at any frequency is the product of the blackbody function times the 
emissivity. Kirchhoff’s law for a body in thermodynamic equilibrium requires that 
absorptivity (= Iabs/I0, where Iabs = the intensity of light actually absorbed) equals emissivity 
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=Iref/I0 is reflectivity. Although asteroids are large and opaque, dust grains on their surface are 
partially transparent. For the part of the asteroid that is sampled, 1= +r +t, where t = Itran/I0 is 
transmittivity of the uppermost layer as derived by Bates (1978) for dielectrics (e.g. silicates). 
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Measurements are affected by back reflections (e.g., Hofmeister et al., 2003). If the surface 
layer is very thick then the back reflections are not sensed. Reflectivity at high frequency is 
flat for a bare, large, single crystal due to Fresnel’s law, (r = [(n-1)2+k2]/[(n+1)2+k2] where n is 
the index of refraction, k = a/4 where a is the absorption coefficient, and  = frequency. 
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For grain sizes of rocks, measured reflectance is reduced by back reflections (Fig. 9b). As 
spectra of eucrites demonstrate (Fig. 9a), larger grain size at the surface means deeper 
absorption features. Small grains are not detected: these contribute only to scattering.  

Regarding emitted light, for a bare, thick surface or large grains,  = , so emissions go as 
IBB(1-r). At frequencies where transitions occur less light is received, i.e., peaks point down 
as seen in the spectra of Christensen et al. (2000). (Note: 1-r has been incorrectly interpreted 
as emissivity for large grains). If the surface is covered with dust, this layer is heated by 
lattice conduction from below and emitted light comes only from this layer. Because 
reflection peaks are broader than absorption peaks, emissions from a dusty surface go as 
IBB = IBB and peaks point up as seen in spectra from small grains (Low & Coleman, 1966; 
Bates, 1978) and references therein.  

4.3 Effect of Fe2+ contents and grain-size on near-IR reflectance spectra of Vesta  

High frequency reflection spectra (Fig. 9a) have the strong peaks of pigeonite (as in eucrites). 
Fe-bearing plagioclase may be present: its 8000 cm-1 band (Hofmeister & Rossman, 1984) is 
weak for Serra de Magé eucrite. No obvious peaks for orthopyroxene (dioginites) or olivine 
(pallasites) exists. Such may be extracted by peak fitting, but variations in grain-size of 
pigeonite suffice to explain the scant differences, as is clear from Fig. 9. Variation in grain-size 
were inferred from recent analysis of Vesta’s mid-IR light-curves (Chamberlain et al., 2011).  

Mesosiderite spectra are similar to eucrites, but the presence of orthopyroxene broadens the 
peak at 2000 nm and shifts it to 1800 nm (Fig. 9). The surface of Vesta was impacted. Rapid 
surface cooling would produce pigeonite as in terrestrial lavas. From Fig. 9, the surface of 
Vesta could be a mixture of pigeonite and metal. The proportion of pigeonite is high, based 
on peak depths, which is consistent with Vesta’s density (Section 1.1.1). 

Importantly, the depths of the peaks are connected with Fe2+ content of the minerals. 
Orthopyroxene in the HEDs has Fe/(Mg+Fe) of 0.25 which is half that of pigeonites. 
Therefore, pigeonite will dominate if in equal proportions. Orthopyroxene is also coarse 
grained: large crystals will not provide back reflections. The spectra of Vesta could contain 
all phases of mesosiderites, but spectra only prove that pigeonite is present and abundant. 

4.4 Problems with interpretation of mid-IR emission spectra from Vesta 

Spectra obtained of Vesta using the Infrared Satellite Observatory (ISO) record its emitted 
light. A broad peak near 450 cm-1 (Heras et al., 2000) indicates a blackbody temperature of 
130 K, consistent with previous inferences (e.g., Lucey et al., 1998). ISO spectra in this 
range and below are noisy, obscuring features of minerals. Mid-IR features are weak, 
consistent with a dust covering (Dotto et al., 2000; Lim et al., 2005). Hence, these features 
are in emission. Unfortunately, spectral analyses by these authors assume that emissions 
are that of an opaque (metallic) body [= IBB(1-r)] whereas presence of a dust cover requires 
that  Imeas,emit = IBB   for a dielectric (silicate) material (Fig. 9bc). The fits need redoing.  

5. Geochemical arguments for HEDs as inner Solar System material 
Meteorites display a bewildering complexity of chemical and isotopic relationships. The 
following discussion focuses on characteristics that reveal radial chemical gradients in the 
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Solar system inherited from the pre-solar nebula. An important marker is the ratio of 
volatile to refractory elements, which is exemplified by K/U and Rb/Ba ratios. A ratio 
involving Al is useful because this refractory element has a short-lived isotope. We selected 
Ga for normalization as it is a more volatile Group IIIA element with a similar ionic radius.  

Stable isotope ratios (e.g. Si, O) have proven utility to petrogenesis. Oxygen isotopes are 
exceedingly important because this element is abundant and its fractionation and 
distribution are well-understood.  

5.1 Geochemical characteristics of meteorites 

Detailed descriptions of the geochemical and petrological characteristics of HED meteorites 
are available (see references in Section 1.1). Compared to other achondritic meteorites, the 
HED family includes the oldest known basalts in the Solar System, is the most volatile 
depleted, the most strongly reduced, and distinct in terms of isotopes (Table 2).  

Ordinary chondrites, by far the most abundant stony meteorites (>90%), are widely believed 
to originate from the asteroid belt. This attribution is consistent with chemical uniformity of 
this group of meteorites. Persuasive arguments for the origination of SNC meteorites from 
Mars have been advanced (see Grady, 2006). In contrast, assigning the HED family to Vesta 
or Vestoids (e.g., Drake, 2001) contradicts physical data (Section 1), abundances (Fig. 7), and 
geochemical characteristics, discussed below.  
 

 A.U. K/U Rb/Ba 104 Ga/Al 17O 18O 30Si 
R chondrite ~3 >40000 >0.35 8  4.3  
Ordinary chondrites 2-3 60000 0.6 5 0.7 to 1.3 3.7 to 5.6 -0.46 
Mars, SNCs 1.52 16000 0.17 4 0.27 4.5 -0.48 
Earth upper mantle 1.00 10000 0.10 2 0.00 5.7 -0.68 
Moon, Lunar 1.00 3000 0.015 0.3 0.00 5.7 -0.45 
Venus 0.72 7000*      
HEDs, protoMercury 0.39 3700 0.007 0.2 -0.25 3.7 -0.45 
Ureilites, CAI, K-ch ~0 <1000 0.002 0.005 <-0.8 <8.1 -0.47 

Table 2. Geochemical and isotopic characteristics of meteorites and rocky planets. Data 
Sources: BVSP (1981), Lodders and Fegley (1998), Lodders (1998), Kitts and Lodders (1998), 
Molini-Velsko et al. (1986), McKeegan et al., (1998); MacPherson et al. (2005), Franchi et al. 
(2008), Armytage et al. (2011) and others. For A.U.~0, oxygen values were taken from a 
cluster of ureilites and a chondrule from the Kakangari chondrite (Prinz et al., 1989). For R 
chondrites, the average excludes hot desert finds. *Gamma ray spectrometer results for Vega 
1 and 2 (Surkov et al., 1987).  

5.2 Chemical trends in the Solar System 

The trends in Table 2 are coherent and regular. Similarities in the K/U ratio among 
disparate rock types on Earth, and the large difference of this ratio from that in chondrites, 
were established long ago by Wasserburg et al. (1964).  

Note that the K/U ratio of HED meteorites is much more similar to rocky materials from the 
inner Solar System than it is to materials presumed to have originated outside Earth’s orbit. 
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exceedingly important because this element is abundant and its fractionation and 
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5.1 Geochemical characteristics of meteorites 
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HED family includes the oldest known basalts in the Solar System, is the most volatile 
depleted, the most strongly reduced, and distinct in terms of isotopes (Table 2).  
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to originate from the asteroid belt. This attribution is consistent with chemical uniformity of 
this group of meteorites. Persuasive arguments for the origination of SNC meteorites from 
Mars have been advanced (see Grady, 2006). In contrast, assigning the HED family to Vesta 
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5.2 Chemical trends in the Solar System 

The trends in Table 2 are coherent and regular. Similarities in the K/U ratio among 
disparate rock types on Earth, and the large difference of this ratio from that in chondrites, 
were established long ago by Wasserburg et al. (1964).  

Note that the K/U ratio of HED meteorites is much more similar to rocky materials from the 
inner Solar System than it is to materials presumed to have originated outside Earth’s orbit. 
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The Rb/Ba ratio is also consistent and characteristic for each of the rock suites under 
consideration (Fig. 10). This and the Ga/Al ratio increase markedly in the order that the 
K/U ratio increases (Table 2). The remarkable coherency of Rb/Ba ratios in lunar materials, 
which are distinct from the chondritic ratio, has been demonstrated (BVSP, 1981, p. 251).  

5.2.1 Attribution of the HEDs to protoMercury: implications for elemental compositions 

Not all element ratios will vary in the same manner as those in Table 2, nor would such 
coherency be expected given the profound differences in planetary masses, timescales and 
extents of differentiation, and other factors. What is remarkable, however, is that so many 
compelling geochemical signatures vary in the same order, with the HED family near one 
extreme. These regular variations involving both major and minor elements, as well as the 
stable isotopic variations of the most abundant elements, are consistent with an origin from 
the inner Solar System, most logically, from early Mercury. The inventory of volatile and 
large ion lithophile elements in protoMercury would have been greatly reduced by spalling, 
leaving a remnant planet highly depleted in these elements, including K, U, and Th. 
Chemical data provided by Nittler et al (2011) and Peplowski et al. (2011) confirm our 
deduction.  
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Fig. 10. Zonation in the pre-solar nebula. (a) Rb vs. Ba concentrations for Solar System 
materials, suggesting HEDs are refractory inner Solar System material. Sources as in Table 2. 
(b) One hypothesis for origination of the zonation. From left to right: the pre-solar nebula of 
dust and gas (white cloud) is stable, but a nova injects material (grey) including refractory 
CAIs, while producing or inducing short-lived isotopes such as 26Al (grey). The injection 
diffuses, but the center of its mass provides a gravitational instability, precipitating nebula 
contraction, rotation around this locus, and planetary accretion. (c) Alternatively, two 
passing and interacting stars provide distinct reservoirs of dusty gas. 

5.3 Oxygen isotope variations in the Solar System 

Graphs of 17O vs. 18O values of achondrites and other meteorite types (Fig. 11) display a 
lattice-work of 1:1 and 1:2 lines, which respectively represent a mass-independent 
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fractionation trend and an ordinary mass-dependent fractionation trend. Practically all Solar 
system materials lie between the 1:1 lines known as EC (Equilibrated chondrites) and 
CCAM (carbonaceous chondrite anhydrous minerals). The CCAM line includes CAI 
inclusions from Allende which are very old, refractory, were rich in short lived isotopes and 
extend to incredibly low values. CAIs from enstatite and ordinary chondrites have similarly 
low values (McKeagen et al., 1998; Guan et al., 2000). Several lines of evidence point to CAI’s 
being near the center of the Solar System and representing a distant reservoir (MacPherson 
et al., 2005). 

The 1:2 trends are superimposed on the 1:1 trends and are due to ordinary fractionation 
processes that continue today on Earth (the TFL). For any given planet, surface materials 
will lie to the upper right along these 1:2 lines (Fig. 11), while deep interior materials will lie 
to the lower left. Mars’ meteorites lie above the TFL, whereas the HEDs lie below by a 
similar amount. These 1:2 trends develop during late stage heating of formed bodies by 
various processes and may onset early from impact heating  

 
Fig. 11. Oxygen isotopes. Tiny triangles = ureilites. Open squares = winonaites. Grey square 
= IIICD irons. Black squares = IAB irons. Circles = HEDS. Dark grey dots = mesosiderites. 
Light grey dots = main group pallasites. Black dots = IIIAB irons. Open cross = angrites. 
Open diamond = brachinites. Light X = aubrites. Heavy X = enstatite chondrites. Open 
triangles = Mars meteorites. Filled triangles =IIE irons. Filled diamonds = IVA irons. Small 
plus = H chondrites. Tiny black squares = L chondrites. Tiny grey squares = LL chondrites. 
Large plus = R-chondrites. Light lines = fractionation trends for various bodies, as labeled. 
Heavy lines = solid-gas interaction, as labeled. Double arrow indicates the Solar System 
gradient. Data from Clayton and Mayeda (1996); Franchi et al. (2008); and other sources.  
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fractionation trend and an ordinary mass-dependent fractionation trend. Practically all Solar 
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CCAM (carbonaceous chondrite anhydrous minerals). The CCAM line includes CAI 
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extend to incredibly low values. CAIs from enstatite and ordinary chondrites have similarly 
low values (McKeagen et al., 1998; Guan et al., 2000). Several lines of evidence point to CAI’s 
being near the center of the Solar System and representing a distant reservoir (MacPherson 
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6. Geophysical implications 
To obtain bulk compositions of the silicate Earth and its core requires coherently explaining 
Fig. 11 in general terms that are consistent with fundamental principles and the data, and 
understanding the assembly, spalling, and resultant layers of Mercury.  

6.1 Attribution of the HEDs to evolving Mercury: implications for layer compositions 

The large size of Mercury’s core shows that it was deeply spalled both during and after core 
formation. Spalling was caused by late-stage impacts from the outer Solar System (Section 
1.2), which added material from distance because impactors bury themselves while ejecting 
target material (French, 1988). Thus, the HED family trend lies closer to the TF line than 
proto-Mercury did. The upper layers of early Mercury must be represented in the meteorite 
collection. The trend of winonaites, IAB and IIICD irons lies below the HEDs (Fig. 11). This 
material is more pristine, consisting of non-magmatic irons and is similar to the enstatite 
chondrites associated with the Earth (e.g., Javoy, 1995) corroborating proto-Mercury as the 
source.  

The HEDs represent early Mercury’s present mantle, the mesosiderites are a combination of 
poorly sorted core-mantle boundary material and late-stage additions, and the IIIAB irons 
represent core material. Main-group pallasites represent material ejected from the zone of 
gravitational settling during core formation. Approximate compositions are in Table 3. 
 

Object or layer Meteorite analogy or composition 
Proto-Mercury Winonaites + IAB + IIICD + ices 
Bulk silicate early Mercury HEDs 
Core-mantle sorting Pallasites, main group 
Mercury’s evolving core IIIAB 
 
Proto-Earth enstatite chondrites + ices 
Bulk silicate Earth ½ enstatite chondrites + ½ ordinary chondrites + ices 
Earth’s core ~85%Fe + ~5%Ni + ~10%C with minor S, N, P 

Table 3. Zones in Mercury and Earth and their connections with meteorite types.  

6.2 Explanation of solar system gradients and trends 

We dismiss the hypothesis that the material which formed the planets post-dates the Sun. 
The “condensation gradient” is invalid in view of recent data on comets (Zolensky et al., 
2006). Simultaneous formation of the Sun and planets by 3-d nebular collapse is supported 
by the axial spins and orbital characteristics of the planets (Hofmeister & Criss, 2012) and 
indicates rapid accretion over ~1-3 Ma. What did the Solar System form from? Pre-solar 
grains indicate diverse sources (Bernatowicz & Zinner, 1997). For simplicity, given Table 2 
and Fig. 11, we consider that two reservoirs of dust existed, which were embedded in an 
immense reservoir of gas. Gas constituents are mostly H2 with He and CO. Its mass is ~100 
times larger than the dust mass, based on solar composition (Basu & Antia, 2008).  

Our analysis is also based on the mineralogy of dust in astronomical environments. Infrared 
dust emissions of the exploded circumstellar dust of NGC 6302 contain many peaks, 
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consistent with the presence of pure, magnesium endmember silicates (forsterite, enstatite, 
and diopside), possibly calcium carbonate (Molster et al., 2001; Kemper et al., 2002), along 
with CAI minerals (Hofmeister et al., 2004). Hydrosilicates are possible (Hofmeister & 
Bowey, 2006). Dense dust clouds around young stellar objects contain ices (H2O, CO, CO2, 
CH4, hydrocarbons) thought to nucleate on the dust, summarized by Bowey and Hofmeister 
(2005) who identified melilite (a CAI phase) and Mg-rich amphiboles (hydrated pyroxenes). 

Both dust reservoirs condensed from hot gas expelled from pre-existing stars (Fig. 10bc). 
The large, and possibly pre-existing, dust reservoir involves O, Mg, Si, Fe, consistent with 
major elements in the Earth and with stellar nucleosynthesis. This reservoir is exemplified 
by the ordinary and R chondrites and dominates the outer reaches (Fig. 12). The large dust 
reservoir also contained lesser amounts of high-temperature phases, and lower temperature 
phases with volatile elements. The small, probably injected, dust reservoir provided the CAI 
inclusions, short-lived isotopes, refractory elements, and lesser amounts of iron and other 
materials which dominate the large dust reservoir. For a simple explanation of the 1:1 
trends, we assume that the gas phase is greatly enriched in 16O.  

 
Fig. 12. Reservoirs and processes altering oxygen isotopes and mineral phases and 
compositions. Symbols for meteorites as in Fig. 11 with the exception of open cross = R-
chondrites, and a few additions: Square with cross = acapulcoites. Square with X = K-
chondrites. Right triangles = dark inclusions in CAIs. Light lines = late, ordinary 
fractionation within the various bodies, as labeled. Heavy lines = mixing or gas 
fractionation, as labeled. Grey double arrow indicates the Solar System gradient.  
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consistent with the presence of pure, magnesium endmember silicates (forsterite, enstatite, 
and diopside), possibly calcium carbonate (Molster et al., 2001; Kemper et al., 2002), along 
with CAI minerals (Hofmeister et al., 2004). Hydrosilicates are possible (Hofmeister & 
Bowey, 2006). Dense dust clouds around young stellar objects contain ices (H2O, CO, CO2, 
CH4, hydrocarbons) thought to nucleate on the dust, summarized by Bowey and Hofmeister 
(2005) who identified melilite (a CAI phase) and Mg-rich amphiboles (hydrated pyroxenes). 

Both dust reservoirs condensed from hot gas expelled from pre-existing stars (Fig. 10bc). 
The large, and possibly pre-existing, dust reservoir involves O, Mg, Si, Fe, consistent with 
major elements in the Earth and with stellar nucleosynthesis. This reservoir is exemplified 
by the ordinary and R chondrites and dominates the outer reaches (Fig. 12). The large dust 
reservoir also contained lesser amounts of high-temperature phases, and lower temperature 
phases with volatile elements. The small, probably injected, dust reservoir provided the CAI 
inclusions, short-lived isotopes, refractory elements, and lesser amounts of iron and other 
materials which dominate the large dust reservoir. For a simple explanation of the 1:1 
trends, we assume that the gas phase is greatly enriched in 16O.  

 
Fig. 12. Reservoirs and processes altering oxygen isotopes and mineral phases and 
compositions. Symbols for meteorites as in Fig. 11 with the exception of open cross = R-
chondrites, and a few additions: Square with cross = acapulcoites. Square with X = K-
chondrites. Right triangles = dark inclusions in CAIs. Light lines = late, ordinary 
fractionation within the various bodies, as labeled. Heavy lines = mixing or gas 
fractionation, as labeled. Grey double arrow indicates the Solar System gradient.  
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Upon assembly of the planets, and heating via impacts or radioactivity, dust in the main 
reservoir reacted with trapped ices, exemplified by CO: 

 2Fe0 + CO +MgSiO3 (enstatite)  FeC + (Mg,Fe)SiO4 (olivine). (4) 

This reaction converted end-member pyroxene to solid-solution olivine. The isotopic drive 
was towards the CO reservoir, which was rich in 16O. This reaction is germane to core 
formation, suggesting that carbon is the core’s light element, consistent with solar 
abundances. Earth’s core has ~10% light elements, mostly C, consistent with ubiquitous 
occurrence of olivine with Fe/(Mg+Fe) ~ 0.1 in meteorites, mantle samples, and terrestrial 
basalts. Equation 4 and similar reactions provide for enrichment of Ni accompanying 
incorporation of C, S, N and P in the core while lithophiles (e.g., Ge and Ga) are transferred 
to the silicates. Comparison of the composition of IAB to IIIAB irons associated with 
evolving Mercury (see Mittlefehldt et al., 1998) supports our proposal. 

The small dust reservoir (CAIs, ureilites) has many phases and many reactions are possible. 
Because metals that condense at high T are rare (e.g., V, Mo, Nb, Pt group), reactions similar 
to Eq. 4 in the small reservoir could go to completion. Melilite could be converted to 
forsterite and fassitic pyroxene would be formed, for example. Without ample Fe0, the 
following reaction is suggested to be important with dust serving as nuclei: 

 CO + H2  C + H2O. (5) 

Metals such as V were incorporated in hibonite, ample graphite was produced, material was 
hydrated and/or carbonated, and the CAI phases were mass-independently fractionated.  

Reactions like Eq. 4 and 5 proceed with time and this sequence is recorded in meteorities 
which were ejected from evolving Mercury and other planets as the late stages of accretion 
progressed. Nearly full-formed planets provided the ejecta, in accord with early assembly 
involving dust, with large impacts being associated with the late influx from great distance 
(Hofmeister & Criss, 2012). The earliest ages deduced from isotopic studies correspond to 
condensation of the dust reservoirs from their stellar sources. Early chondrule ages (Amelin 
et al., 2002) of 2.5 Ma later record the onset of large impacts, and the end of proto-planet 
assembly, consistent with Hofmeister and Criss’ (2012) analysis using the time-dependent 
virial theorem. 

Mixing of these two dust reservoirs created a graded solar system (Figs. 11 and 12). Because 
of contraction and events like the LHB, the proportion of the main (outer) reservoir 
increased with time. The EC line pertains to the asteroid belt, whereas the K line pertains to 
the dust in the inner Solar System. The current planets lie about half way between these 1:1 
lines. To this, CO and H2O and other ices, which were frozen on dust drawn into 
protoplanets, were added in indeterminate amounts.  

6.3 Fractionation trends and evolutionary processes 

After assembly of the bodies and heating, mass-dependent fractionation occurs, 
superimposing lines parallel to TF for individual planets and large masses. All 1:2 lines for 
meteorite types are about the same length, consistent with similar thermal histories of the body 
after ejection to the asteroid belt. The longer line for the HEDs and related meteorites is 
consistent with origination in Mercury, given that the large Earth has an even longer 1:2 line. 
The degree of ordinary fractionation directly depends on the mass of the object (Fig. 13).  
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Fig. 13. Dependence of mass dependent fractionation on mass and of the inverse mass-
independent fractionation on distance from the center. Objects and fractionation trends as 
labeled. 

This trend is consistent with larger bodies being hotter and staying active longer. This trend 
may aid in deciphering parent bodies. 

In contrast, the inverse of the length of the 1:1 lines depends on distance from the nebula 
center (Fig. 13). This important new finding corroborates that the small reservoir with short-
lived isotopes was indeed at the center of the nebula, and suggests that our Solar System 
formed after a nova. Involvement of a second star is mandated by the existence of two dust 
reservoirs. The 1:1 line lengths could be derived from light-energy from the nova. 

7. Conclusions and future research 
We provide an alternative view of the origins of meteorites and the asteroid belt, based on 
fundamental principles. The connection of HEDs and related meteorites with early Mercury 
provides a coherent view of the ~40,000 samples of meteorites, suggests new relationships 
with the planets, and provides a consistent picture of their formation. Our analysis removes 
guesswork in estimating chemical compositions for the planets and provides many testable 
predictions to guide future work: 

 The light elements in the core are C, S, N and P. 
 Core formation involved redox reactions dominated by C, and released divalent iron 

into mantle minerals. This process increased the proportion of olivine to pyroxene.  
 The 18O values of Earth are vertically zoned, with the lower mantle being lower in 18O 

than the upper mantle. Earth’s bulk 18O value is close to +4.  
 Carbonaceous chondrites are too refractory to describe the Earth’s composition. 
 The smaller the object’s core, the more Fe-rich the basalts. 
 The oxygen isotope composition of Mercury will be shown to be similar to that of the 

HEDs.  
 Asteroid 4Vesta is a mesosiderite that has undergone minor surface melting and rapid 

quenching due to impacts.  
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Upon assembly of the planets, and heating via impacts or radioactivity, dust in the main 
reservoir reacted with trapped ices, exemplified by CO: 

 2Fe0 + CO +MgSiO3 (enstatite)  FeC + (Mg,Fe)SiO4 (olivine). (4) 

This reaction converted end-member pyroxene to solid-solution olivine. The isotopic drive 
was towards the CO reservoir, which was rich in 16O. This reaction is germane to core 
formation, suggesting that carbon is the core’s light element, consistent with solar 
abundances. Earth’s core has ~10% light elements, mostly C, consistent with ubiquitous 
occurrence of olivine with Fe/(Mg+Fe) ~ 0.1 in meteorites, mantle samples, and terrestrial 
basalts. Equation 4 and similar reactions provide for enrichment of Ni accompanying 
incorporation of C, S, N and P in the core while lithophiles (e.g., Ge and Ga) are transferred 
to the silicates. Comparison of the composition of IAB to IIIAB irons associated with 
evolving Mercury (see Mittlefehldt et al., 1998) supports our proposal. 

The small dust reservoir (CAIs, ureilites) has many phases and many reactions are possible. 
Because metals that condense at high T are rare (e.g., V, Mo, Nb, Pt group), reactions similar 
to Eq. 4 in the small reservoir could go to completion. Melilite could be converted to 
forsterite and fassitic pyroxene would be formed, for example. Without ample Fe0, the 
following reaction is suggested to be important with dust serving as nuclei: 

 CO + H2  C + H2O. (5) 

Metals such as V were incorporated in hibonite, ample graphite was produced, material was 
hydrated and/or carbonated, and the CAI phases were mass-independently fractionated.  

Reactions like Eq. 4 and 5 proceed with time and this sequence is recorded in meteorities 
which were ejected from evolving Mercury and other planets as the late stages of accretion 
progressed. Nearly full-formed planets provided the ejecta, in accord with early assembly 
involving dust, with large impacts being associated with the late influx from great distance 
(Hofmeister & Criss, 2012). The earliest ages deduced from isotopic studies correspond to 
condensation of the dust reservoirs from their stellar sources. Early chondrule ages (Amelin 
et al., 2002) of 2.5 Ma later record the onset of large impacts, and the end of proto-planet 
assembly, consistent with Hofmeister and Criss’ (2012) analysis using the time-dependent 
virial theorem. 

Mixing of these two dust reservoirs created a graded solar system (Figs. 11 and 12). Because 
of contraction and events like the LHB, the proportion of the main (outer) reservoir 
increased with time. The EC line pertains to the asteroid belt, whereas the K line pertains to 
the dust in the inner Solar System. The current planets lie about half way between these 1:1 
lines. To this, CO and H2O and other ices, which were frozen on dust drawn into 
protoplanets, were added in indeterminate amounts.  

6.3 Fractionation trends and evolutionary processes 

After assembly of the bodies and heating, mass-dependent fractionation occurs, 
superimposing lines parallel to TF for individual planets and large masses. All 1:2 lines for 
meteorite types are about the same length, consistent with similar thermal histories of the body 
after ejection to the asteroid belt. The longer line for the HEDs and related meteorites is 
consistent with origination in Mercury, given that the large Earth has an even longer 1:2 line. 
The degree of ordinary fractionation directly depends on the mass of the object (Fig. 13).  
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Fig. 13. Dependence of mass dependent fractionation on mass and of the inverse mass-
independent fractionation on distance from the center. Objects and fractionation trends as 
labeled. 

This trend is consistent with larger bodies being hotter and staying active longer. This trend 
may aid in deciphering parent bodies. 

In contrast, the inverse of the length of the 1:1 lines depends on distance from the nebula 
center (Fig. 13). This important new finding corroborates that the small reservoir with short-
lived isotopes was indeed at the center of the nebula, and suggests that our Solar System 
formed after a nova. Involvement of a second star is mandated by the existence of two dust 
reservoirs. The 1:1 line lengths could be derived from light-energy from the nova. 

7. Conclusions and future research 
We provide an alternative view of the origins of meteorites and the asteroid belt, based on 
fundamental principles. The connection of HEDs and related meteorites with early Mercury 
provides a coherent view of the ~40,000 samples of meteorites, suggests new relationships 
with the planets, and provides a consistent picture of their formation. Our analysis removes 
guesswork in estimating chemical compositions for the planets and provides many testable 
predictions to guide future work: 

 The light elements in the core are C, S, N and P. 
 Core formation involved redox reactions dominated by C, and released divalent iron 

into mantle minerals. This process increased the proportion of olivine to pyroxene.  
 The 18O values of Earth are vertically zoned, with the lower mantle being lower in 18O 

than the upper mantle. Earth’s bulk 18O value is close to +4.  
 Carbonaceous chondrites are too refractory to describe the Earth’s composition. 
 The smaller the object’s core, the more Fe-rich the basalts. 
 The oxygen isotope composition of Mercury will be shown to be similar to that of the 

HEDs.  
 Asteroid 4Vesta is a mesosiderite that has undergone minor surface melting and rapid 

quenching due to impacts.  
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 Studies of Vesta’s moment of inertia will disclose that it is internally homogeneous and 
lacks a core.  

 Many Earth-crossing orbits are not elliptical but aperiodic bounded orbits. 
 Properly analyzed emission spectra will help correct the asteroid classification system.  
 All differentiated meteorites will be eventually linked to planetary bodies and other 

large objects such as the Moon that have a minimum radius of 1200 km. 
 All meteorite materials are processed.  
 The preSolar nebula was grossly homogeneous, but chemically and isotopically zoned 

in detail, with refractory elements more concentrated in the center, and volatile 
elements concentrated in outer zones. 

 Mineral dust in the preSolar nebula was dominated by pure enstatite and iron metal.  
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1. Introduction  
More then 68 quaternary volcanic edifices are picked out in the Kurile Islands, among them 
36 are active and potentially dangerous. During 45 thousand years not less then 12 large 
explosive eruptions, connected with the formation of the calderas, have occurred. During 
these eruptions a great amount of ash emitted and large pumice-pyroclastic covers formed, 
that caused the climate and landscape changes (Melekestsev et al., 1988).  

During the historical time (about 250 years for the Kurile Islands) about 29 great and 
catastrophic eruptions were fixed (Gorshkov, 1967). In XXth century the volcanoes of the 
Central and Northern Kurils were the most active and productive by the volume of the 
erupted material. These tendencies have continued in current century. Explosive 
eruptions occurred many times on Chikurachki volcano (Girina et al., 2008). Phreatic and 
phreato-magmatic explosions were detected on the Ebeko, Berga, Chirinkotan, Severgin 
volcanoes. 

Because of rare population of the Kurile Islands the damage at the eruptions was not so 
considerable as it usually was in densely populated island countries such as Indonesia, 
Japan and others. However, some cases were written in the historical documents, when the 
eruptions in the Kurile Islands caused the material damage and victims. In 1778 during the 
strong eruption of Raikoke volcano 15 Russian manufacturers died. There are the historical 
materials about the destruction of ainu settlements in Shiashkotan Island after the eruption 
of Sinarka volcano (Gorshkov, 1967). In 1933 at the eruption of Severgin volcano in 
Harimkotan Island the Japanese settlement was destroyed, tsunami waves formed by the 
eruption, caused the death of several people in the neighboring islands Onekotan and 
Paramushir (Miyakate, 1934).  

During the eruptions of Sarychev Peak volcano in 1946 and 1973 the evacuation of military 
unit was conducted in Matua Island. At Tyatya volcano eruption in 1973 the military camp 
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materials about the destruction of ainu settlements in Shiashkotan Island after the eruption 
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was destroyed on the Lovtsov peninsular (the north of Kunashir Island). In settlement 
Yuzhno-Kurilsk located at the distance of 60 km from the volcano, the ash fell and great 
panic among the population was. Great panic was also fixed at small phreatic eruption of 
Ivan Grozny volcano in Iturup Island in 1989 (Abdurakhmanov et al., 1990). 

At present time the constant population in the Kurile Islands lives only in the southern 
(Kunashir, Iturup, Shikotan) and northern (Paramushir) islands, and practically all the 
settlements, excepting those located in Shikotan Island (the Small Kurile Arc) are in the zone 
of different volcanic danger.  

  
Fig. 1. Map of the Kuril Islands and the zone of the responsibility of the monitoring of the 
volcanic activity of Sakhalin Volcanic Eruption Response Team (SVERT) and Kamchatka 
Volcanic Eruption Response Team (KVERT). KVERT issues information for the 
northernmost Kuriles (Paramushir and Atlasova Islands). The remaining Kuriles are 
monitored by SVERT. Sarychev Peak is located on Matua Island in the central Kuriles. Inset 
shows a schematic version of the primary air routes in the vicinity of the northwest Pacific.  

During last decades the cases when airplanes fall into the clouds of ash, become more 
frequent because of increasing of volume and geography of airtraffic. The last information is 
represented very important because the most part of air routs connecting the North America 
and the East-Asia region goes along the Kurile Islands (fig. 1). During passed 40 years 4 
serious cases, when airplanes fell into the clouds of ash, occurred only on Alaska, three last 
incidents were during last 15 years.  
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After 33 years of break in eruptive activity, Sarychev Peak volcano, located in Matua Island 
in the Central part of the Kurile arc and being one of the most active volcanoes, began its 
work (fig. 1, 2). The eruption in 2009 several days impeded the work of airtransport passed 
along the Kurile arc (Salinas, 2009). Sulfur aerosols emitted as a result of explosive activity 
of the volcano could possibly influence to the climate of region (Haywood et al., 2010). 
Besides that a large emission of pyroclastic material such as pyroclastic flows and tephra 
produced considerable geological and ecological effects (fig. 2). The landscape structure of 
Matua Island underwent the cardinal changes: in the bounds of Sarychev Peak volcano 
edifice the full reconstruction of the landscapes occurred, the view of the adjacent 
surroundings was considerably changed (Ganzey et al., 2010).  
 

  
Fig. 2. Sarychev Peak volcano: A – explosive activity of Sarychev Peak volcano at the 
eruption in 2009. On the image made by the astronauts of ISS the eruptive column, reached 
the height of several kilometers, and pyroclastic flows, descended along the slopes of the 
volcano are seen, 12 June 2009. (Published by Earth Sciences and Image Analysis 
Laboratory, NASA Johnson Space Center, 
http://earthobservatory.nasa.gov/NaturalHazards/view.php?id=38985);  
B - Sarychev Peak after the eruption on June 27, 2009. Robust gas and water vapor cloud 
rises from the summit vent. The green vegetated terrain in the near ground is the 
southeastern sector of the island that was only minimally impacted by the eruption (fig. 2). 
Photo A.V. Rybin, IMGG FEB RAS; C – Sarychev Peak volcano in 2010, the north-western 
view. Photo A.V. Rybin, IMGG FEB RAS.  
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In given work we represent the results of the researches of Sarychev Peak volcano eruption 
in 2009: (1) a common characteristic of Sarychev Peak volcano is shown – geological 
structure, morphology, data about its historical eruptions; (2) the chronology of the eruptive 
activity at the eruption 2009 is described; (3) data of study of the eruption products, their 
facial and chemical composition are presented; (4) the influence of Sarychev Peak volcano 
eruption to the nature of Matua Island is described.  

2. Common characteristic of Sarychev Peak volcano 
Sarychev Peak volcano is one of the most active volcanoes of the Kurile Island arc (fig. 1). 
The edifice of Sarychev Peak Volcano occupies the north-western part of Matua Island that 
is located in the central part of the Kurile Islands. The island has a form of sublongitude 
ellipse with the sizes 6×12 km, the area of it before the eruption of Sarychev Peak volcano in 
June 2009 was 52.5 km2 (fig. 2).  

  
Fig. 3. Geological scheme of Sarychev Peak volcano, stroke shows the line of fault picked out 
by G.S. Gorshkov (1967). The map of the Kurile Islands is on the additional map.  

Sarychev Peak volcano is intracalderal stratovolcano (elevation 1446 m; coordinates: 48.92° 
N., 153.20° E), formed mainly by pyroclastic material (fig. 3). The volcano is located in the 
caldera of Pleistocene volcano Matua, the ruins of which form the north-western part of 
Matua Isl. In spite of the volcano is formed by “Somma-Vesuvius” type, the characteristic 
elements of its structure is closed to a large measure. The north-western part of the island 
with a half of somma of Matua volcano was sank along the fault plane (fig. 3), detected by 
G.S. Gorshkov (1967) and overlapped by the formations of young cone – pyroclastic and 
lava flows. The basement of the volcanic edifices consists of volcanogenic rocks with 
absolute age according to data of К-Ar-dating Ishizuka et al. (2011) 1.61 mln. years.  
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3. Historical eruptions of Sarychev Peak volcano 
Since 1760th not less than 10 eruptions of Sarychev Peak volcano were fixed in the historical 
chronics and described with different degree of details (Andreev et al., 1978; Glavatsky & 
Efremov, 1948; Gorshkov, 1948, 1967; Grishin & Melekestsev, 2010; Levin et al., 2009; 
Markhinin, 1964; Rybin et al., 2010; Shilov, 1962). Among them the most studied events 
occurred in the XXth century: 1946, 1960, 1976 и 2009. The behavior of these eruptions in 
comparison with previous events is reconstructed in details, and their sequences were 
studied soon by specialists-volcanologists. Lower the brief description of historical eruption 
of Sarychev Peak volcano is given.  

3.1 The eruptions of the volcano in XVIII-XXI centuries  

XVIII century  

The eruption in 1760th: strong explosive eruption, the data about it are contained in the 
descriptions of Cossack sotnik I. Chyorny, visited the Kurile Islands in 1766-1769 and 
known about it from inhabitants (Polonsky, 1994). According to this information, as a result 
of this eruption in considerable degree in Matua Isl. the vegetation was destroyed, and 
Toporkovy Isl. was fully burnt.  

XIX century  

The eruptions in 1878-1879: weak effusive-explosive eruption, a brief mention about it is in 
the work of English trader G. Snow (1992). It was reported about lava flows slowly 
descended to the sea.  

XX century 

The eruptions on the 17-22 of January 1923: weak explosive eruption when “the explosions 
with emission of ash and scoria” were marked (Kamio, 1931; Gorshkov, 1967). 

The eruptions on the 14th of February 1928: moderate explosive eruption, accompanied 
with “storm of bombs and lappili in the surroundings of the crater” (Tanakadate, 1931; 
Gorshkov, 1948).  

The eruptions on the 13th of February 1930: explosive eruption is of moderate power. There 
are no the concrete estimations of volume of erupted products; it was reported only, that it 
was erupted “colossal” amount of volcanic material. The accumulation of pyroclastic in the 
southern part of the island caused the increasing of the shore line up to 30 m (Tanakadate, 
1931; Gorshkov, 1948)  

The eruptions on the 9-17th of November 1946: strong explosive-effusive eruption, the 
process and the sequences of it were reconstructed on the base of polling data, collected by 
S. Glavatsky in Kamchatka and G. Efremov in Sakhalin (Glavatsky & Efremov, 1948).  

The eruption was accompanied by emission of large amount of heated clastic material, 
mainly pyroclastic flows and tephra. The accumulation of pyroclastic material in the shore 
zone caused to local increasing of the shore line, the sites of new formed surface were found 
by the eye-witnesses in the north-eastern, north-western and south-western parts of the 
island. Lava flows formed several new capes. The height of ash clouds according to data of 
the eye-witnesses reached 7 km. Ash-falls caused by this eruption were fixed on the territory 
of neighboring islands and even in Kamchatka (Glavatsky & Efremov, 1948).  
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The eruptions in 1954: weak explosive activity of the volcano at the end of summer and 
autumn 1954, expressed in weak ash emissions. Luminescence above the crater was fixed, 
however lava eruption did not occur, after lifting it solidified in the form of lava plug 
(Gorshkov, 1967; Shilov, 1962).  

The eruptions from the 30th of August till the 3d of September 1960: moderate explosive 
eruption was accompanied by emission of ash and formation of pyroclastic flows. By the 
information of inhabitants of the island the first explosion elevated the eruptive column up 
to 4.5 km, the height of next emissions did not excess 0.5 km (Shilov, 1962).  

The eruptions from the 23d of September till 2d of October 1976: moderate explosive- 
effusive eruption, the only historical eruption of Sarychev Peak volcano that was observed 
by the volcanologists (Andreev et al., 1978). The eruption consisted of series of explosions 
up to the height from 0.5 to 2.5 km. Along the north-western and western slopes of the cone 
the pyroclastic flows descended, they burnt the soil-vegetation cover on their way. Lava 
flows are fixed on the western, south-western and north-western slopes of the edifice; two of 
them (western and south-western) reached the sea and formed two new capes.  

  
Fig. 4. The chronology of the eruptions of modern eruptive stage of Sarychev Peak volcano. 
Legend: 1 – explosive eruption; 2 – explosive-effusive eruption; 3 – effusive - explosive 
eruption. The evaluation of eruptions Volcanic Explosive Index (VEI) was done on the base 
of characteristics of historical eruptions found in the literature.  

After the eruption in 1976 the information about the state of the volcano was received 
from local inhabitants and rare air observations. By data of SEAN Bulletin (Scientific 
Event Alert Network Bulletin), published by Smithson’s Institute (USA) in 1986 and 
1989 two episodes of volcano activity – weak phreatic eruptions were detected. 
(http://www.volcano.si.edu/world/volcano.cfm?vnum=0900-24=&volpage=var). It is 
probably that it was small activity expressed in increasing of steam-gas emission or in the 
form of weak phreatic outbursts.  
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In August 2007 A.K. Klitin (Yuzhno-Sakhalinsk) and S.A. Chirkov (Institute of volcanology 
and seismology FEB RAS, Petropavlovsk-Kamchatsky) visited the crater of the volcano. In 
2008 the crater was researched by the scientists of the Institute of Marine Geology and 
Geophysics FEB RAS R.V. Zharkov, D.N. Kozlov and A.V. Degterev. Great fumarolic activity 
was observed in the crater of the volcano, but because of large gas-laden the fumarolic areas 
were not investigated. The temperature on the crater rim did not exceed 100°С.  

As it is seen from the given data, the character of the eruptive activity of Sarychev Peak 
volcano is mainly explosive and explosive-effusive – from weak phreatic emissions with VEI 
0-1 to strong explosive eruptions of sup-plinian type with VEI 3-4 (fig. 4). The characteristic 
features of the eruptions of Sarychev Peak volcano are their high explosiveness at which 
emitted fragmental material forms pyroclastic flows and long ash plumes. Sarychev Peak 
volcano is one of few volcanoes of the Kurile Island Arc at the historical eruptions of which 
the ash fell not only in the limits of the island arc but also to the north-east in Kamchatka 
(Glavatsky & Efremov 1948) and to the west on the territory of Khabarovsky Kray and 
Sakhalin (Levin et al., 2009). The products of all the historical eruptions of Sarychev Peak 
volcano are represented by andesite-basalts with 53.78 wt. %, SiO2, 3.07 wt.% Na2O, 0.96 
wt.% К2O (Table 1). 
 

Date 1930 1946 1960 1976 2009 
№ 1 2 3 4 5 6 7 8 9 10 11 12 

SiO2 53.4 50.85 53.84 52.95 53.6 54.82 54.72 54.76 53.22 54.04 54.41 54.85 
TiO2 1.09 1.07 0.96 0.8 0.93 0.88 0.93 0.93 0.85 0.87 0.88 0.93 

Al2O3 19.14 18.88 18.58 19.14 16.3 18.02 18.1 18.16 17.95 18.27 18.23 17.78 
Fe2O3 2.64 4.83 4.43 3.93 3.71 3.76 4.31 4.2 4.75 9.61 9.74 9.3 
FeO 5.76 5.06 4.26 5.76 4.47 5.14 4.68 4.74 5.08    
MnO 0.28 0.42 0.22 0.18 0.11 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
MgO 4.42 4.38 3.96 3.65 3.83 3.74 3.7 3.75 4.13 4.16 4.12 3.86 
CaO 8.7 9.3 8.91 8.8 7.89 8.76 8.82 8.72 9.24 9.17 9.1 8.91 
Na2O 3.22 2.88 3.24 3.23 2.95 3.06 3.18 3.13 2.98 2.97 2.84 3.25 
K2O 1.08 0.99 1.06 0.93 0.22 1.06 1.1 1.15 1.06 0.91 0.93 1.02 
P2O5 0.21 0.1 0.08 0.07 0.17 0.36 0.3 0.36 0.48 0.21 0.21 0.23 
Sum 100.11 100.35 99.61 99.57 100.38 100.07 100.29 100.34 100.15 100.52 100.76 100.33 

Table 1. Summary composition of lavas and pyroclastic material of some historical eruptions 
of Sarychev Peak volcano (mas. %).  

Note. All the analyses are given by reference data excepting № 12: 1. Volcanic bomb 1930 , 
analyst V.P. Enman, Institute of Volcanology (IV) (Gorshkov, 1967); 2. Matrix of pyroclastic 
flow 1946, analyst N.S.Klassova, IV (Gorshkov, 1967); 3. Volcanic bomb 1946 (average of two 
analyses), (Gorshkov, 1967); 4. The material of pyroclastic flows 1946(?),Sakhalin Complex 
Scientific Research Institute (SakhCSRI) (Fedorchenko et al., 1989); 5. Volcanic sand 1960, 
SakhCSRI (Shilov, 1962); 6. Lava 1976 (Andreev et al., 1978); 7. Lava 1976 (Andreev et al., 1978); 
8. Volcanic bomb 1976 (Andreev et al., 1978); 9. Volcanic ash 1976, analyst T.S. Osetrova, IV 
(Andreev et al., 1978); 10. Volcanic bomb 2009, Alaska University (Fairbanks, USA) (Rybin et 
al., 2011); 11. Volcanic bomb 2009, Alaska University (Fairbanks, USA) (Rybin et al., 2011); 
Lava 2009, analysts Gorbach G.A., Tkalina E.A., Hurkalo N.V., Far East Geological Institute.  
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2008 the crater was researched by the scientists of the Institute of Marine Geology and 
Geophysics FEB RAS R.V. Zharkov, D.N. Kozlov and A.V. Degterev. Great fumarolic activity 
was observed in the crater of the volcano, but because of large gas-laden the fumarolic areas 
were not investigated. The temperature on the crater rim did not exceed 100°С.  

As it is seen from the given data, the character of the eruptive activity of Sarychev Peak 
volcano is mainly explosive and explosive-effusive – from weak phreatic emissions with VEI 
0-1 to strong explosive eruptions of sup-plinian type with VEI 3-4 (fig. 4). The characteristic 
features of the eruptions of Sarychev Peak volcano are their high explosiveness at which 
emitted fragmental material forms pyroclastic flows and long ash plumes. Sarychev Peak 
volcano is one of few volcanoes of the Kurile Island Arc at the historical eruptions of which 
the ash fell not only in the limits of the island arc but also to the north-east in Kamchatka 
(Glavatsky & Efremov 1948) and to the west on the territory of Khabarovsky Kray and 
Sakhalin (Levin et al., 2009). The products of all the historical eruptions of Sarychev Peak 
volcano are represented by andesite-basalts with 53.78 wt. %, SiO2, 3.07 wt.% Na2O, 0.96 
wt.% К2O (Table 1). 
 

Date 1930 1946 1960 1976 2009 
№ 1 2 3 4 5 6 7 8 9 10 11 12 

SiO2 53.4 50.85 53.84 52.95 53.6 54.82 54.72 54.76 53.22 54.04 54.41 54.85 
TiO2 1.09 1.07 0.96 0.8 0.93 0.88 0.93 0.93 0.85 0.87 0.88 0.93 

Al2O3 19.14 18.88 18.58 19.14 16.3 18.02 18.1 18.16 17.95 18.27 18.23 17.78 
Fe2O3 2.64 4.83 4.43 3.93 3.71 3.76 4.31 4.2 4.75 9.61 9.74 9.3 
FeO 5.76 5.06 4.26 5.76 4.47 5.14 4.68 4.74 5.08    
MnO 0.28 0.42 0.22 0.18 0.11 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
MgO 4.42 4.38 3.96 3.65 3.83 3.74 3.7 3.75 4.13 4.16 4.12 3.86 
CaO 8.7 9.3 8.91 8.8 7.89 8.76 8.82 8.72 9.24 9.17 9.1 8.91 
Na2O 3.22 2.88 3.24 3.23 2.95 3.06 3.18 3.13 2.98 2.97 2.84 3.25 
K2O 1.08 0.99 1.06 0.93 0.22 1.06 1.1 1.15 1.06 0.91 0.93 1.02 
P2O5 0.21 0.1 0.08 0.07 0.17 0.36 0.3 0.36 0.48 0.21 0.21 0.23 
Sum 100.11 100.35 99.61 99.57 100.38 100.07 100.29 100.34 100.15 100.52 100.76 100.33 

Table 1. Summary composition of lavas and pyroclastic material of some historical eruptions 
of Sarychev Peak volcano (mas. %).  

Note. All the analyses are given by reference data excepting № 12: 1. Volcanic bomb 1930 , 
analyst V.P. Enman, Institute of Volcanology (IV) (Gorshkov, 1967); 2. Matrix of pyroclastic 
flow 1946, analyst N.S.Klassova, IV (Gorshkov, 1967); 3. Volcanic bomb 1946 (average of two 
analyses), (Gorshkov, 1967); 4. The material of pyroclastic flows 1946(?),Sakhalin Complex 
Scientific Research Institute (SakhCSRI) (Fedorchenko et al., 1989); 5. Volcanic sand 1960, 
SakhCSRI (Shilov, 1962); 6. Lava 1976 (Andreev et al., 1978); 7. Lava 1976 (Andreev et al., 1978); 
8. Volcanic bomb 1976 (Andreev et al., 1978); 9. Volcanic ash 1976, analyst T.S. Osetrova, IV 
(Andreev et al., 1978); 10. Volcanic bomb 2009, Alaska University (Fairbanks, USA) (Rybin et 
al., 2011); 11. Volcanic bomb 2009, Alaska University (Fairbanks, USA) (Rybin et al., 2011); 
Lava 2009, analysts Gorbach G.A., Tkalina E.A., Hurkalo N.V., Far East Geological Institute.  
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4. The eruption of Sarychev Peak volcano on the 11-17th of June 2009 
Strong explosive-effusive eruption on the 11-17 of June 2009 came to the list of the strongest 
volcanic events occurred in the Kurile Islands during last 300 years and became the first 
eruption in the Central Kurile Islands in XXI century. Eruptive clouds by data of Tokyo 
VAAC (Volcanic Ash Advisory Center) raised the height 8-16 km, the plume of the volcanic 
ash stretched to the western and north-western direction at the distance of 1.5 thousand km, 
to the east and south-eastern direction at the distance more then 3.0 th. km, this corresponds 
with the sector of covering from Amur Region to Alaska Peninsula. For the first time during 
the historical period the ashfalls were fixed on the territory of Sakhalin Island and 
Khabarovsky Kray (Grishin et al., 2010; Levin et al., 2010).  

4.1 The chronology of the eruptive activity of Sarychev Peak volcano at the eruption 
in 2009 

The first signs of volcanic activity of Sarychev Peak volcano were fixed by Sakhalin Volcanic 
Eruption Response Team (SVERT): on satellite images of NOAA (spectroradiometer 
AVHRR) and Terra (spectroradiometer MODIS) on 11th of June, a thermal anomaly testified 
to the increasing of fumarolic activity (Rybin et al., 2010). Further monitoring of the eruptive 
process was also done on the base of data of distance sounding.  

On 12th of June the increase of the activity of the volcano began, eight volcanic explosions 
occurred; their height above the rim of the crater was from 5 to 12 km (fig. 5). The largest 
explosion during this day occurred at 07:57, as a result of this a dense ash cloud with 
diameter 35 km formed on the height 12 km. 3.5 hours later the cloud without changing of 
form moved eastward 30 km from the volcano, further ash plumes stretched in two 
directions: to the south-east at the distance 200 km and to the south-west 185 km. Beginning 
from 14:57 the series of the explosions occurred and ash plumes from them increased in 
sizes and stretched to the south-eastern direction more than 500 km and to the south-
western direction more 150 km. The eruption accompanied by the descending of heat 
pyroclastic flows along the slopes of the volcano.  

On 13th of June between 01:30 and 04:50 a series of explosions occurred, the maximal height 
of ash columns above crater rim reached 10 km. At 01:30 on the satellite images the ash 
cloud with diameter more than 50 km was observed, in 2 hours it moved 80 km from Matua 
Island to the south-eastern direction.  

Next two explosions had the same characteristics. Ash cloud of isometric form with 
diameter 18 km originated at the explosion which had occurred at 04:50. Over an hour the 
cloud had increased up to 60 km, them the dense part of it began to move eastward formed 
a plume more than 500 km in the south-eastern direction. 5 hours later the explosion with 
ash emission up to 10 km occurred, it formed ash cloud 60 km in diameter during 5 hours 
grew up to 120 km and also moved in the south-eastern direction, the width of originated 
plume reached 200 km. At 21:30 the greatest explosion for all the period of eruption was 
fixed, the diameter of dense part of ash cloud reached 65 km. During four hours it increased 
and reached 140 km in diameter. Ash plumes moved in two directions, the denser part 
stretched in the south-eastern direction, and the part with lower content of ash traveled in 
the north-western direction. After this explosion the considerable pause of volcanic activity 
was observed, it lasted 14 hours.  
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Fig. 5. Summary of satellite observations, inferred explosive events and representative imagery 
through the eruption, adapted from Levin et al. (2010). Heights of individual ash clouds were 
determined by using the altitude temperature (Kienle & Shaw, 1979; Sparks et al., 1997) and 
parallax (referred to in Oppenheimer 1998) methods from the MTSAT satellite data and those 
reported by the Tokyo VAAC. Symbols are as follows: 1 - gas–steam emissions, 2 - explosions, 
3 - continuous ash emission, 4 - times are reported in Greenwich Time or UTC.  

The volcanic explosion in June, 14 at 18:57 began the next series of the events. Ash cloud of 
the first explosion had the diameter about 20 km, then in 3 hours its size increased to 120 km 
and at 21:30 ash cloud lost its round form and stretched in the western and eastern 
directions. 

On 15th of June seven explosions were detected, ash clouds had diameters from 62 to 170 km 
(fig. 6). Ash plumes move in the north-western and south-eastern directions. Continuous 
emissions of ash occurred between the explosions. Last large explosion was at 16:55.  

On the 16th of June the eruption lasted. A continuous supply of volcanic material and weak 
volcanic explosions were fixed during this day. Such situation remained until June, 19.  

Since June, 20 the volcano went to the stage of large steam-gas activity, which was 
accompanied by rare explosions with small amount of ash. During the period from June, 20 
till October the thermal anomaly, connected with heated pyroclastic flows on the slopes of 
the volcano, was often detected in the satellite images.  

Ash falls during the period of eruption (collections of the material and the eye-witness 
accounts) were detected in Raikoke, Rasshua, Ushishir, Ketoi, Simushir, in the northern part 
of Urup and on all the territory of Sakhalin and in Khabarovsky Kray.  
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Fig. 6. Explosive activity of Sarychev Peak volcano on 15th of June 2009. Ash cloud formed 
above the volcano and its diameter is more then 100 km (satellite image MODIS).  

  
Fig. 7. Summary concentration of sulfur dioxide from 11th till 17th of June 2009, emitted 
during the eruption of Sarychev Peak volcano (by data Aura – OMI, published by Earth 
Sciences and Image Analysis Laboratory, NASA Johnson Space Center, 
http://earthobservatory.nasa.gov/IOTD/view.php?id=38975).  
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According to data of the group of ozone monitoring of NASA, the total concentration of 
sulfur dioxide in aerosol from 11th till 17th of June was the maximal for the Pacific region 
in 2009, aerosol clouds by the instrumental methods (satellite AURA) were fixed up to 
the western shore of Alaska (fig. 7). Data of satellite CALIPSO corroborate the emission 
of ash material on the height up to 15 km and possibly up to 21 km. The ions of sulfur on 
such heights can live for a long time and, reflecting the sun light cause the fall of 
temperature.  

Eruptive clouds, connected fine-dispersed pyroclastic material and lifted during the 
explosive activity on the considerable height, represented a serious danger for airplanes. By 
data (Salinas, 2009) at the eruption of Sarychev Peak volcano in 2009 65 routs, passed along 
the Kurile Islands, were changed; 6 changed the course; 2 planes returned to airports of 
departure; besides 12 non-planed landings were made for re-fuelling. Additional expenses 
of air-companies because of eruption were evaluated $1.8 mln (Salinas, 2009). Due to 
operative acts of Sakhalin Volcanic Eruption Response Team (SVERT) in collaboration with 
Alaska Volcano Observatory (AVO) the negative sequences were avoided.  

4.2 Pyroclastic deposits of the Sarychev Peak volcano eruption in 2009 

Occurred eruption also as previous events of Sarychev Peak volcano was characterized by 
high explosiveness, at which the material, erupted by the volcano, formed numerous 
pyroclastic flows. The process of their formation was fixed in photographs, made by ISS 
astronauts (fig. 1 a). Ten days later after the ending of active phase of the eruption the 
products of the explosive activity of the volcano were studied by us during the field works 
(fig. 8). On the base of the complex of stratigraphical and lithological data the next types of 
fascias were detected (according to the classification in the work (Fisher & Schminke, 1984): 
the deposits of pyroclastic flows; the deposits of ground surge; the deposits of ash cloud 
surge; the deposits of ash cloud of pyroclastic flow; tephra fall. Tephra of the eruption 2009 
are represented by two benches of ashes: brown and grey, the bound between them is rather 
clear. The ash of brown color was probably connected with the initial stage of the eruption, 
when the voiding of volcanic vent had occurred after considerable pause in its eruptive 
activity. The ash of brown color is covered with the ash of grey color. Its fall possibly 
occurred during the final stage of the eruption.  

Total volume of volcanites erupted during the active phase of the eruption (11-17 June 2009) 
was, according to different estimations from 0.1-0.2 (Grishin et al., 2010) to 0.2-0.4 km3 
(Levin et al., 2010b; Rybin et al., 2010). The products of the eruption were presented by 
andesite-basalts that are typical rocks of its modern eruptions with the content 54.04-54.41 
wt.% SiO2, 18.23-18.27 wt.% Al2O3, and 0.91-0.93 wt.% K2O (Rybin et al., 2011).  

The deposits of pyroclastic flows strip mainly in the bounds of near-shore part of the island, 
forming new-formed surface in the small harbors of shore line. On one of the sites of such 
surface we found a small lake (~10×25 m), its formation occurred as a result of supply of 
storm water or, that is more probably, by local tsunami of volcanogenic origin (fig. 8). 
Tsunami of such type, but in considerably larger quantity, was fixed at the eruption of 
Severgin Peak volcano (Harimkotan Island) in January 1933, when the supply of pyroclastic 
material of directed explosion to near-sea water caused the formation of tsunami waves 
with height ~20 m (Gorshkov, 1967).  
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Fig. 8. Pyroclastic deposits: (a) the site of land formed as a result of accumulation of 
pyroclastic material in near-shore area and the lake appeared on its surface; (b) the frontal 
part of pyroclastic flow; (c) the surface of pyroclastic flow covered by the ridges of 
fragments; (d) fumaroles activity of new pyroclastic deposits. Photos (a, c, d) were made 10 
days later after the end of the eruption.  

The analysis of satellite images allow to mark out, at least 8 pyroclastic flows, the most of 
them occupy the northern and western slopes of the volcano. This estimation in definite 
degree is conventional, because the flows cover each other and in the lower part of the cone 
form practically interflowing cover, setting off the foot of the volcano. The total area of 
pyroclastic flows is about 25 km2 (Ganzey et al., 2010). During the period of conducting of 
the field works in 2009 the intensive solfataric activity connected with residual heat of 
pyroclastic material was seen on the flows (fig. 8). By measuring of R.V. Zharkov the 
maximal temperature of output of gases was 476°С. Visible thickness of the flows in the 
near-shore part of the island varies from <1 to 4 m, depending on their distance from 
eruptive center. They are formed by porous lightly rounded fragments of andesite-basalts 
with size 15-30 cm and account for about 50-80% of total volume of visible thickness. The 
separate blocks >1 m are met. The maximal concentration of the fragments is characteristic 
for the surface of the flow, where they form lengthwise stretched ridges (fig. 8).  

4.3 The changes of the landscapes of Matua Island after the eruption of Sarychev 
Peak volcano in 2009 

As a result of Sarychev Peak volcano eruption the landscapes of Matua Isl. underwent the 
considerable changes. The full reconstruction of the landscapes occurred in the bounds of 
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the Sarychev Peak volcano cone that is connected with moving of pyroclastic flows, which 
effected thermal (in June, 28 in the northern part of the island on the pyroclastic flow on the 
depth 30 cm the temperature was 420°С) and mechanical influence. All the vegetation and 
soil cover were destroyed (fig. 9). The summit part of the volcano was occupied by the 
landscapes of stratovolcanic cone with thick layer of pyroclastic deposits. The landscapes of 
steep slopes and slopes of average steepness are dominant on the slopes of the volcanic 
cone; they are covered with loose and weakly lithified pyroclastic deposits (fig. 9). In 
separate sites the landscapes of steep slopes and average steepness slopes of lava flows and 
disjoint scarps remain. (Levin et al., 2010).  

Near the south-eastern foot of volcanic cone the belt stretched, which represented the ecoton 
between the zones of full (“dead zone”) and the least reconstruction of the landscapes. The 
boundary of distribution of the brush-woods of alder descended again and now it was 
located on the mark about 450 m. In transition zone we observed shrinkage of practically all 
the brushes of alder. Low plants suffered larger from the ash-falls especially such small 
bushes as Rhododendron aureum, Empetrum sibiricum, Cassiope lycopodioides, Phyllodoce 
aleutica et al. Some of them near “dead zone” were covered with the layer of ash, but 
continue to blossom. Projective vegetation on the sites, where ash cover reached 10-12 cm, 
was only 10-15%. Low bushes such as cowberries suffered mostly; part of them on the sites 
of intense ash-fall was buried fully (Levin et al., 2010).  

The landscapes of terraces surfaces in the south-eastern part of the island subjected to the 
least volcanic transformation. They remained in previous boundaries, a fall of volcanic ash 
did not considerably influence to vegetative and soil covers. The bushes of alder (Duschekia 
fruticosa) suffered least of all in the southern part of the island; they on the same sites in 
contrast to mountain ash (Sorbus sambucifolia) have not the signs of negative influence (fig. 
10 a, b, c). The leaves of mountain ash have yellow edging, though such changes do not 
influence greatly to the vegetation of the bushes.  

The brush-woods of alder, growing in the zone of fall of rudaceous ash and scoria, have on 
the leaves the signs of shrinkage and spots. Thin layer of ash of silt size remains on some of 
them. High-grasses, located in the south-eastern part of the island did not suffer from ash 
falls. In given zone the elementary plants (green moss and lichens) were subjected to great 
influence, they were fully covered with ash (Levin et al., 2010).  

Before the eruption along all the shore of the island, the landscapes of abrasion- denudation 
cliffs with boulder-pebble beaches and storm ramparts with meadow associations with high-
grasses on the meadow-sod soils were located (8,31 % of island area). Passing of pyroclastic 
flows to the shore destroyed them in the northern part of the island (0,89 % of island area).  

Before the eruption practically all central cone was covered with numerous firn. It is 
probably that during the initial stage of the eruption (sooner on 12th of June) as a result of 
temperature rising on the surface after the influence of erupted volcanic material, several 
lahars descended along the slopes of the volcano, the signs of their movement were retained 
in the eastern and south-eastern parts of the island. The analogues process was marked by 
E.K. Markhinin (1964) after the eruption in November 1960. The thickest and longest flow 
was observed on the southern slope of the volcano up to old runways at the distance 2,4 km. 
The width of the zone of lahars influence was not more than 10-15 m, the vegetative and soil 
cover in the zone of lahars movement was fully destroyed (fig. 11 a, b). Intense melting of 
the firns during the eruption caused the formation of numerous temporary water flows on 
the surface of small bog in Ainu bay; this was not observed in 2007-2008.  
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part of pyroclastic flow; (c) the surface of pyroclastic flow covered by the ridges of 
fragments; (d) fumaroles activity of new pyroclastic deposits. Photos (a, c, d) were made 10 
days later after the end of the eruption.  
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degree is conventional, because the flows cover each other and in the lower part of the cone 
form practically interflowing cover, setting off the foot of the volcano. The total area of 
pyroclastic flows is about 25 km2 (Ganzey et al., 2010). During the period of conducting of 
the field works in 2009 the intensive solfataric activity connected with residual heat of 
pyroclastic material was seen on the flows (fig. 8). By measuring of R.V. Zharkov the 
maximal temperature of output of gases was 476°С. Visible thickness of the flows in the 
near-shore part of the island varies from <1 to 4 m, depending on their distance from 
eruptive center. They are formed by porous lightly rounded fragments of andesite-basalts 
with size 15-30 cm and account for about 50-80% of total volume of visible thickness. The 
separate blocks >1 m are met. The maximal concentration of the fragments is characteristic 
for the surface of the flow, where they form lengthwise stretched ridges (fig. 8).  

4.3 The changes of the landscapes of Matua Island after the eruption of Sarychev 
Peak volcano in 2009 

As a result of Sarychev Peak volcano eruption the landscapes of Matua Isl. underwent the 
considerable changes. The full reconstruction of the landscapes occurred in the bounds of 
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the Sarychev Peak volcano cone that is connected with moving of pyroclastic flows, which 
effected thermal (in June, 28 in the northern part of the island on the pyroclastic flow on the 
depth 30 cm the temperature was 420°С) and mechanical influence. All the vegetation and 
soil cover were destroyed (fig. 9). The summit part of the volcano was occupied by the 
landscapes of stratovolcanic cone with thick layer of pyroclastic deposits. The landscapes of 
steep slopes and slopes of average steepness are dominant on the slopes of the volcanic 
cone; they are covered with loose and weakly lithified pyroclastic deposits (fig. 9). In 
separate sites the landscapes of steep slopes and average steepness slopes of lava flows and 
disjoint scarps remain. (Levin et al., 2010).  

Near the south-eastern foot of volcanic cone the belt stretched, which represented the ecoton 
between the zones of full (“dead zone”) and the least reconstruction of the landscapes. The 
boundary of distribution of the brush-woods of alder descended again and now it was 
located on the mark about 450 m. In transition zone we observed shrinkage of practically all 
the brushes of alder. Low plants suffered larger from the ash-falls especially such small 
bushes as Rhododendron aureum, Empetrum sibiricum, Cassiope lycopodioides, Phyllodoce 
aleutica et al. Some of them near “dead zone” were covered with the layer of ash, but 
continue to blossom. Projective vegetation on the sites, where ash cover reached 10-12 cm, 
was only 10-15%. Low bushes such as cowberries suffered mostly; part of them on the sites 
of intense ash-fall was buried fully (Levin et al., 2010).  

The landscapes of terraces surfaces in the south-eastern part of the island subjected to the 
least volcanic transformation. They remained in previous boundaries, a fall of volcanic ash 
did not considerably influence to vegetative and soil covers. The bushes of alder (Duschekia 
fruticosa) suffered least of all in the southern part of the island; they on the same sites in 
contrast to mountain ash (Sorbus sambucifolia) have not the signs of negative influence (fig. 
10 a, b, c). The leaves of mountain ash have yellow edging, though such changes do not 
influence greatly to the vegetation of the bushes.  

The brush-woods of alder, growing in the zone of fall of rudaceous ash and scoria, have on 
the leaves the signs of shrinkage and spots. Thin layer of ash of silt size remains on some of 
them. High-grasses, located in the south-eastern part of the island did not suffer from ash 
falls. In given zone the elementary plants (green moss and lichens) were subjected to great 
influence, they were fully covered with ash (Levin et al., 2010).  

Before the eruption along all the shore of the island, the landscapes of abrasion- denudation 
cliffs with boulder-pebble beaches and storm ramparts with meadow associations with high-
grasses on the meadow-sod soils were located (8,31 % of island area). Passing of pyroclastic 
flows to the shore destroyed them in the northern part of the island (0,89 % of island area).  

Before the eruption practically all central cone was covered with numerous firn. It is 
probably that during the initial stage of the eruption (sooner on 12th of June) as a result of 
temperature rising on the surface after the influence of erupted volcanic material, several 
lahars descended along the slopes of the volcano, the signs of their movement were retained 
in the eastern and south-eastern parts of the island. The analogues process was marked by 
E.K. Markhinin (1964) after the eruption in November 1960. The thickest and longest flow 
was observed on the southern slope of the volcano up to old runways at the distance 2,4 km. 
The width of the zone of lahars influence was not more than 10-15 m, the vegetative and soil 
cover in the zone of lahars movement was fully destroyed (fig. 11 a, b). Intense melting of 
the firns during the eruption caused the formation of numerous temporary water flows on 
the surface of small bog in Ainu bay; this was not observed in 2007-2008.  
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During the year and a half after the volcanic event, the view of the island considerably 
changed. The pioneer landscapes began to form, because of loose composition of volcanic 
material the erosion processes develop intensely on the different hypsometrical levels, the 
change of shore line is observed. The formation of system of ravines goes on the slopes of 
the volcano. Their depth can reach 5-6 m. Weak lithification of pyroclastic deposits and great 
amount of atmospheric precipitations cause the formation of small mud flows, descending 
along the slopes and penetrating to the zones with remained vegetation and soil cover. The 
signs of mud flows are seen on the slopes of southern and south-eastern expositions 
(Ganzey et al., 2011).  

The eruption of lava flows did not cause the considerable changes in geomorphologic view 
of the island. The flows of lava are clear seen on the landscape maps. There are no 
vegetation and soil cover on their surface. The trunks of alder with the sings of charring on 
the side close to the flow are found near the foot of the north-eastern flow. As S. Yu. Grishin 
with co-authors (2010) noticed, the restocking of vegetative-soil cover can lasted many 
hundreds years, but “it is not real in the conditions of very intense activity of the volcano”.  

Main changes of geomorphic structure of the island are expressed in smoothing of shore 
line. It is connected with that the frontal parts of pyroclastic flows, penetrated to near-shore 
zone (the area of the island was increased at the cost of this), began to destroyed because of 
loose character of forming rocks and active development of abrasion processes. The material 
began to redeposit by alongshore currents in nearest bays. As a result of this the sharp 
increasing of beach zone occurred. In some bays these widths reached more than 150 m. In 
spite of increasing of beach zone, in total the decreasing of Matua Island area is observed 
from 53,67 km2 in 2009 to 53,48 km2 in 2010.  

Vegetative cover on the slopes of Sarychev Peak volcano began to restock, but this process has 
a local character. The appearance of grass vegetation occurs in the zones, where the deposits of 
pyroclastic material have small thickness. These zones are the sites of volcano edifice with 
projections of the relief, characterized by the presence of rather steep slopes, which are not able 
to keep great amount of loose material. And also the scarps such as frontal parts of old lava 
flows are turned to opposite side from the volcano (Ganzey et al., 2011).  

From remained root system the new shoots began to grow through the deposits of 
pyroclastic flows, waves and volcanic ash. In the near-shore zone in the northern, north-
western and north-eastern parts of the island, for example on Lisiy Cape, the vegetation was 
burnt by pyroclastic waves; the trunks of alder with the sings of charring were found. Here 
greatly thinned grass vegetation without soil cover or on the primitive-turf soils began to 
form in the conditions of the landscapes of steep and average steep slopes of weakly 
lithofying pyroclastic deposits and sub-volcanic bodies  

The analogous tendency of restocking of the vegetation along the shore line was noticed by 
E.K. Markhinin (1964), who had visited the island in the autumn 1960. After the eruptions in 
1930, 1946 and 1960 the low parts of volcano slopes were covered with thick grass vegetation. 
In separate sites the branches of the alder had the signs of burning and charring by volcanic 
material. Grass vegetation was represented in the area of Lisiy Cape and Sivuch Cape.  

On the south-eastern slopes of Sarychev Peak volcano, where in 2009 ecoton zone had been 
marked, the vegetation began to penetrate on the slopes of the volcano. The restocking of 
vegetation is seen along the boundaries of pyroclastic flows, where the thickness of deposits  
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is lesser and the vegetation is destroyed by pyroclastic waves. At present time the thin grass 
cover with separate greatly depressed bushes of alder are met on the height up to 650 m.  

  
Fig. 9. The landscapes of the volcanic cone (the southern slope) before (upper photo, August 
2008) and after (low photo, June 2009) the eruption 2009. 

  
Fig. 10. The state of vegetative cover buried under the layer of ash: (a) rhododendron 
goldish (Rhododendron aureum Georgi); (b) Cassiope lycopodioides (Pall.) D. Don; (c) 
blueberry (Empetrum).  
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is lesser and the vegetation is destroyed by pyroclastic waves. At present time the thin grass 
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Fig. 11. The largest lahar of the eruption 2009: (a) the frontal part. The edifice of Sarychev 
Peak volcano is seen on the background; (b) the valley along which the mud flow moved.  

The analogous processes as on the slopes of the volcano are found in the zones of lahars 
movement. Washing out of the floor of the valleys along which the lahars descended is of 
small-scale manifestation, the restocking of the vegetation has dotted character. The 
representatives of cereals prevail in the vegetation; the bushes of alder and mountain ash are 
met in the single cases. The restocking goes more actively owing to ferns (Drypteris expana) 
(fig. 12 a).  

The different species of mushrooms intensely grow on the separate sites (fig. 12 b, c). The 
analogous vegetative associations form on the boards of the valleys, but the processes go 
considerably quicker. Soil cover was either destroyed fully both on the board and floors of 
the valleys, or buried under the great thickness of pyroclastic material. Only in the places 
with conserved soil cover the pioneer vegetation forms. In the valleys dried bushes of alder 
are met everywhere, the trunks of them are polished. The view of damage of the trees shows 
that pyroclastic waves were the main damage factor; the surface of the trunks is smoothly 
polished, the ends of the branches are sharpened, but the integrity is not damaged. Such 
character of damage is caused by high speed of the waves and small size of the particles of 
solid components.  

So, after the analysis of the landscape structure of Matua Isl. from 1964 till 2009 the definite 
evolutional tendencies of the landscapes were revealed. The landscapes in the south-eastern 
part of the island were subjected the least change by the eruption. Even at the strong 
eruptions in 1946 and 2009 the thickness of fallen volcanic ash did not exceed 1 sm, this did 
not considerably effect to vegetative and soil covers. At the influence of volcanic activity the 
changes of the landscapes occurred in the bounds of Sarychev Peak volcano edifice, first of 
all they expressed in destroying and burying of vegetative and soil cover. The boundaries of 
the distribution of alder bushes on the southern slopes of Sarychev Peak volcano changed 
from 600 m in 1964 to 840 m in 2008. Catastrophic eruption in June 2009 sank this boundary 
to the height 450 m (Ganzey et al., 2010).  

By 2010 the greatest transformations are connected with the change of shore line after the 
destruction of the frontal parts of pyroclastic flows, penetrated to near-shore zone and 
redeposition of the material in small bays. It is observed the development of active erosion 
processes on the slopes of the volcano that connected with weak lithification of deposits. 
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Restocking of vegetative and soil components of the landscapes on the slopes of Sarychev 
Peak volcano has dotted character and goes in the zones where the thickness of volcanic 
deposits is not large. There is no doubt that vegetative groups penetrate to new 
hypsometrical levels. However, given scheme is possible only in the condition of absence of 
volcanic activity in the nearest time.  

Interesting data were received after the quantitative analysis of built landscape maps. In the 
table the indexes for 2009 were obtained two weeks later the eruption of Sarychev Peak 
volcano. As it was noticed above, a year later the eruption the decrease of the area of Matua 
Island was by 0,19 km2, this was connected with washing out of the frontal parts of 
pyroclastic flows and redeposition of the material along shore line.  

Number of landscape contours increased twice. During a year after the eruption the 
complexity of landscape picture of Matua Isl. increased more than five times. Given index 
shows the interaction between quantity and average area of landscape contours. Analogous 
situation relates to the coefficient of breaking up, which since the moment of eruption 
increased two times (index has the reciprocal dependence). 

The process of increase of given values complex is connected with that after the eruption the 
restocking of vegetative and soil cover goes on the small sites, where the thickness of 
pyroclastic deposits is not large. However the increase of amount of natural-territorial 
complex (NTC) is not so considerable. This is connected with that the formation of pioneer 
landscapes goes on identical scheme all over the island. It is probable that given index in 
future will also vary in the analogous limits.  

The eruption of Sarychev Peak volcano caused the increase of index of entropic degree of 
complexity of landscape picture. It reflects the probability of change of one landscapes site 
by another, we can indirectly judge about the balance and stability of landscape structure. 
So, the tendency of increase of entropic degree of complexity shows the increase of 
instability of formed system NTC at present time.  

The estimation of landscape variety for Matua Island was done during finishing stage of the 
works. As it is seen from the table the tendency of its increase remains, this is caused by the 
increase of quantity of landscape contours, NTC, dotted character of restocking of the 
landscapes. It is probable that in future the tendency of increase of landscape variety will 
remain up to reaching of climax of the system, when landscape complexes will reach stable 
state and will be in equilibrium with the conditions of environment. It is very difficult to say 
about time periods for this process. Will it last decades or centuries? However, reaching of 
such state is possible only under the conditions of absence of strong volcanic events in the 
island, this is hardly probable, data on the activity of the volcano corroborate about this not 
only during the historic time but also in Holocene.  

It is necessary to notice that the change of landscape contour of Matua Island went under 
the influence of inner forces during the volcanic silence. For characteristic of the process of 
landscape change of islands-volcanoes it is expedient to use term “relaxation of 
environment” of theory of island biogeography (MacArthur, Wilson, 1967; Diamond, 1972), 
which the nature is subjected after their separation from the continent. Only the process of 
relaxation of the landscapes during volcanically quiet periods favors the decrease of 
landscape areas, breaking of landscapes, their complexity and variety; and the eruptions of 
the volcanoes cause a sharp sometimes one-moment increase of given indexes.  



 
New Achievements in Geoscience 

 

194 

  
Fig. 11. The largest lahar of the eruption 2009: (a) the frontal part. The edifice of Sarychev 
Peak volcano is seen on the background; (b) the valley along which the mud flow moved.  

The analogous processes as on the slopes of the volcano are found in the zones of lahars 
movement. Washing out of the floor of the valleys along which the lahars descended is of 
small-scale manifestation, the restocking of the vegetation has dotted character. The 
representatives of cereals prevail in the vegetation; the bushes of alder and mountain ash are 
met in the single cases. The restocking goes more actively owing to ferns (Drypteris expana) 
(fig. 12 a).  

The different species of mushrooms intensely grow on the separate sites (fig. 12 b, c). The 
analogous vegetative associations form on the boards of the valleys, but the processes go 
considerably quicker. Soil cover was either destroyed fully both on the board and floors of 
the valleys, or buried under the great thickness of pyroclastic material. Only in the places 
with conserved soil cover the pioneer vegetation forms. In the valleys dried bushes of alder 
are met everywhere, the trunks of them are polished. The view of damage of the trees shows 
that pyroclastic waves were the main damage factor; the surface of the trunks is smoothly 
polished, the ends of the branches are sharpened, but the integrity is not damaged. Such 
character of damage is caused by high speed of the waves and small size of the particles of 
solid components.  

So, after the analysis of the landscape structure of Matua Isl. from 1964 till 2009 the definite 
evolutional tendencies of the landscapes were revealed. The landscapes in the south-eastern 
part of the island were subjected the least change by the eruption. Even at the strong 
eruptions in 1946 and 2009 the thickness of fallen volcanic ash did not exceed 1 sm, this did 
not considerably effect to vegetative and soil covers. At the influence of volcanic activity the 
changes of the landscapes occurred in the bounds of Sarychev Peak volcano edifice, first of 
all they expressed in destroying and burying of vegetative and soil cover. The boundaries of 
the distribution of alder bushes on the southern slopes of Sarychev Peak volcano changed 
from 600 m in 1964 to 840 m in 2008. Catastrophic eruption in June 2009 sank this boundary 
to the height 450 m (Ganzey et al., 2010).  

By 2010 the greatest transformations are connected with the change of shore line after the 
destruction of the frontal parts of pyroclastic flows, penetrated to near-shore zone and 
redeposition of the material in small bays. It is observed the development of active erosion 
processes on the slopes of the volcano that connected with weak lithification of deposits. 

The Eruptions of Sarychev Peak Volcano, Kurile Arc:  
Particularities of Activity and Influence on the Environment 

 

195 

Restocking of vegetative and soil components of the landscapes on the slopes of Sarychev 
Peak volcano has dotted character and goes in the zones where the thickness of volcanic 
deposits is not large. There is no doubt that vegetative groups penetrate to new 
hypsometrical levels. However, given scheme is possible only in the condition of absence of 
volcanic activity in the nearest time.  

Interesting data were received after the quantitative analysis of built landscape maps. In the 
table the indexes for 2009 were obtained two weeks later the eruption of Sarychev Peak 
volcano. As it was noticed above, a year later the eruption the decrease of the area of Matua 
Island was by 0,19 km2, this was connected with washing out of the frontal parts of 
pyroclastic flows and redeposition of the material along shore line.  

Number of landscape contours increased twice. During a year after the eruption the 
complexity of landscape picture of Matua Isl. increased more than five times. Given index 
shows the interaction between quantity and average area of landscape contours. Analogous 
situation relates to the coefficient of breaking up, which since the moment of eruption 
increased two times (index has the reciprocal dependence). 

The process of increase of given values complex is connected with that after the eruption the 
restocking of vegetative and soil cover goes on the small sites, where the thickness of 
pyroclastic deposits is not large. However the increase of amount of natural-territorial 
complex (NTC) is not so considerable. This is connected with that the formation of pioneer 
landscapes goes on identical scheme all over the island. It is probable that given index in 
future will also vary in the analogous limits.  

The eruption of Sarychev Peak volcano caused the increase of index of entropic degree of 
complexity of landscape picture. It reflects the probability of change of one landscapes site 
by another, we can indirectly judge about the balance and stability of landscape structure. 
So, the tendency of increase of entropic degree of complexity shows the increase of 
instability of formed system NTC at present time.  

The estimation of landscape variety for Matua Island was done during finishing stage of the 
works. As it is seen from the table the tendency of its increase remains, this is caused by the 
increase of quantity of landscape contours, NTC, dotted character of restocking of the 
landscapes. It is probable that in future the tendency of increase of landscape variety will 
remain up to reaching of climax of the system, when landscape complexes will reach stable 
state and will be in equilibrium with the conditions of environment. It is very difficult to say 
about time periods for this process. Will it last decades or centuries? However, reaching of 
such state is possible only under the conditions of absence of strong volcanic events in the 
island, this is hardly probable, data on the activity of the volcano corroborate about this not 
only during the historic time but also in Holocene.  

It is necessary to notice that the change of landscape contour of Matua Island went under 
the influence of inner forces during the volcanic silence. For characteristic of the process of 
landscape change of islands-volcanoes it is expedient to use term “relaxation of 
environment” of theory of island biogeography (MacArthur, Wilson, 1967; Diamond, 1972), 
which the nature is subjected after their separation from the continent. Only the process of 
relaxation of the landscapes during volcanically quiet periods favors the decrease of 
landscape areas, breaking of landscapes, their complexity and variety; and the eruptions of 
the volcanoes cause a sharp sometimes one-moment increase of given indexes.  



 
New Achievements in Geoscience 

 

196 

  
Fig. 12. Restocking of vegetative cover and penetration of vegetation to the territory of 
volcanic desert: (a) Drypteris expana; (b, c) mushrooms.  

5. Conclusions 
Occurred eruption is a characteristic episode of the newest stage of the eruptive history of 
Sarychev Peak volcano, which is the most active volcano. Sarychev Peak volcano intensely 
worked, during last 250 years in average its eruptions occurred every 25 years; in connection 
with this the possibility of its eruptions is high in the nearest future.  

The peculiarities of the eruption 2009 is analogues to previous events, such as strong 
eruptions in 1765±5, 1930 and 1945, that also characterized by emissions of great amount of 
pyroclastic rocks and the considerable influence to nature of the island.  

Considering a high activity of Sarychev Peak volcano during historical period, it is unlikely 
that in nearest time it will change cardinally its regime of the eruptive activity and become 
less dangerous. Taking into account a high explosiveness of the volcano, nearly all of its 
eruptions will represent a hazard in different degree for the aviation. Also people in the 
island will be subjected danger at the strongest eruptions (periodically scientific and tourist 
groups visit Matua). The main striking factors near the edifice will be pyroclastic flows and 
waves, also lahars, at the distance – volcanic ash with its highly expressed abrasive features 
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and eruptive gases. So, at monitoring of the volcanic activity, much attention must be paid 
to this object. 
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Fig. 12. Restocking of vegetative cover and penetration of vegetation to the territory of 
volcanic desert: (a) Drypteris expana; (b, c) mushrooms.  
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and eruptive gases. So, at monitoring of the volcanic activity, much attention must be paid 
to this object. 
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1. Introduction 
Our consideration has its origin in a well known fact that the classical continuum mechanics 
cannot well describe the seismic processes, seismic wave emission and even wave 
propagation. Classical elasticity describes perfectly the small deformations, but in its frame 
we cannot imagine the recording of the very long seismic displacement waves. In fact we 
record the deformation waves which, in case of a constant pressure load, directly relate to 
shear and rotation waves. Only in a more general theories, like the very complicated 
micromorphic theory, the rotation waves may exist: some recent observation data, obtained 
by very sensitive sensors, confirm existence of the rotational waves. Our aim is to present a 
relatively simple theoretical frame, based on the Newton law (exactly its first order 
derivatives) applied for the deformation strains (first order derivatives of displacements); in 
this way we arrive directly to the fundament of the Asymmetric Continuum Theory. 
Following this way we like also to present an approach to Asymmetric Molecular Strain 
Theory, such way may lead us to some explanations related to the vortex problems in fluids 
and even mechanism of turbulence. 

The Asymmetric Continuum Theory (Teisseyre, 2008, 2009, 2011) has been developed due to 
many insufficiencies of the classic symmetric theory and some phenomena found by 
seismological observations, e.g., the trials to record the rotation motions has started already 
at beginning of last century, while only at end of that century such reliable records have 
been discovered by means of the Sagnac measurement system (cf., Lee et al., 2009).  

The similar asymmetric approach can be introduced for the fluids; the molecular strains 
may present the symmetric and anti-symmetric molecular deformations (Teisseyre, 2009). 
However, we will meet there the additional complications when considering the non-
laminar and turbulent motions; moreover, the density variation in gases will have a great 
importance. We will try to present here some related trials.  

However, firstly we may shortly explain the difficulties found with an use of the classic 
elasticity:  

 Classic elasticity include only displacements as basic motions; rotations and strains do 
not appear as independent deformations. The independently released rotation and 
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However, we will meet there the additional complications when considering the non-
laminar and turbulent motions; moreover, the density variation in gases will have a great 
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strain fields should have the own independent motion relations, e.g., a balance of 
angular momentum shall be independently introduced, while in the classical elasticity 
this balance holds automatically due to the symmetry of stresses;  

 Fault slip solutions used in seismology could be included only by the additional friction 
constitutive laws;  

 Fracture pattern reveals usually an asymmetric pattern with a main slip plane; fracture 
deformations with the granulation and fragmentation processes include the rotation 
motions; 

 Edge dislocations present the asymmetric strains; relation between a density of the edge 
dislocations and stresses cannot be found in the frame of the classical theory. 

Of course the classical elasticity describes almost perfectly the small deformations, but in 
observations in a near field earthquake zone we meet with a number of the well-recognized 
insufficiencies, moreover the recoding of the very long seismic waves means that in fact we 
record the deformation fields, /ik k iD u x    , which becomes integrated during the 
adequate time by a seismometer to reveal in abstraction the long displacement motion 
(  / dk k i iu u x x t    ; where x means a rigid element of seismometer platform). 

We might mention some numerous attempts used to improve the classical elasticity; 
however we will confine ourselves to the following: 

 The Cosserat brothers’ theory of elasticity (Cosserat, E. and F. 1909) included the 
displacements and rotations; 

 The micropolar and micromorphic elastic theories (cf., Eringen and Suhubi, 1964; 
Mindlin, 1965; Nowacki, 1986; for an advanced review, see Eringen 1999, 2001).  

These micropolar and micromorphic theories present a very powerful tool to describe many 
complicated problems (see, e.g, Teisseyre, 1973; 1974). These theories seem to be too much 
complicated for an use in common seismological studies and require a knowledge of many 
additional material constants. 

The similar approach can be introduced for the fluids; the molecular strains may present the 
symmetric and anti-symmetric molecular deformations (Teisseyre, 2009). We will meet there 
the additional complications when considering the non-laminar and turbulent motions; 
moreover, the density variation in gases will have a great importance. We will present here 
the first trials in these directions; however, we should underline that such efforts have been 
already undertaken in a frame of the micropolar and micromorphic theories (Eringen, 2001).  

From the presented reason this contribution is divided into two parts: Fracture earthquake 
processes and Extreme fluid dynamics; 

2. Fracture earthquake processes 
2.1 Motion relations for fields released in independent fractures 

Following the Asymmetric Theory (cf., Teisseyre, R. 2009, Teisseyre, 2011) we present the 
relations for the basic motions and deformations. For the basic fields, displacements, 
rotations, axial and strains treated as the independent motions we present the related 
motion equations. For the symmetric strain and for rotation strain we write:  
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relate to the shear field. 
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where some inter-relations between the written reference displacements may be related to 
the join source processes; in general the relation to common, phase shifted, or independent 
displacements may be expressed as:  
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where in all these formulae we may use the different reference displacement motions as 
explained above (see, eqs. 4a-4c); we have also omitted the external forces.  

For the constitutional relations, joining stresses and strains, we choice the most simple 
relations:  
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2.2 Release-rebound fractures and propagation of waves 

We have already mentioned that the fracture source processes could run according to the 
release - rebound related processes; this can have its influence on a propagation pattern. We 
follow some result presented by Teisseyre, (1985, 2009, 2011). 

When a total axial stress is constant, the release-rebound system may be described by the 
linear relations between the time and space derivatives; the unique relations might remind 
the Maxwell-like ones. To this end we should choice the special coordinate system in which 
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the deviatoric strains can be represented by the off- diagonal tensor in the specially chosen 
coordinate system:  
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In this system we can define the shear vector as  (23) (31) (12)
ˆ ˆ ˆ ˆ, ,iE E E E , and the rotation 

vector iE


 as  [23] [31] [12], ,iE E E E
   

. We may mention that when using the 4D approach, the 
vector ˆ  iE can be defined invariantly (cf., Teisseyre, 2009) 

The release-rebound process may mean that a break of molecular bonds on molecular level 
releases a rotation field, /E t 


, and than in a rebound motion will appear, rot Ê , and 

reversely a release of shear field, ˆ /E t  , causes the rebound change: a rotation of the 
angular strains, rot E


; a shear strain may cause a slip motion at a source.  

Such a release-rebound processes are adequately described by the Maxwell-like relations 
(Teisseyre, 2009, 2011): 
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From these relations we obtain the wave equations which coincide with the earlier derived 

formulae (6a) and (6c). When s

ss
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x

  remains constant we obtain the wave relations for 

rotation and shear fields, which, de facto, are mutually correlated as shown in the previous 
equation:  
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Fig. 1. Wave interaction pattern related to shears and rotation strains. 
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The related wave mosaic (Teisseyre and Gorski 2011) explains the interrelated propagation 
pattern of the shear and rotation motions as presented on Fig. 1. 

Such pattern visualizes the wave interactions corresponding to the release-rebound 
processes at a fracture source. 

2.3 Induced strains  

In a seismic active zones we have a very high concentration of the defects; the classic paper by 
Eshelby et al. (1951) states that an array of the n linear defects leads to a concentration of the 
applied external stress field, S, to a multiple value of the applied field at a top of an array:  

  TopS nS   (11) 

Such stress concentration can form a crack. The Peach - Koehler forces exerted on defect 
lines (Peach and Koehler, 1950) are related to the dislocation slip vector, b , dislocation line 
versor, ν , and the applied stress field , skS :  

  n nsq sk k q
k

F S b     (12)  

where the fully asymmetric tensor, nsq , expresses the vector product between the stress 
field multiplied by a slip vector and a dislocation line versors.  

Two opposite cracks could mutually join to form a bigger crack; in such a process the 
stresses concentrated at the opposite edges of these cracks (or arrays) become mutually 
annihilated; that means their energies become released. This simple fracture model (cf., 
Droste , Teisseyre, 1959) could be applied to a continuum with a high defect content. To this 
end we should generalize the original Peach - Koehler expression (12) assuming, first, that 
the stresses, skS , represent an asymmetric field and, second, that we can describe the defect 
density by means of dislocation slip vector and dislocation line versor: 

  qk q kb   (13) 

Then using relations (12) and (13) we can define the induced stresses as product of the 
Peach-Koehler force and normal to a defect plane, n pF n :  
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  (14)  

The total stresses would means a reorganized stress system due to a defect influence:  

  ( ) [ ] ( ) [ ]= T Ind Ind Ind
np np np np np np npS S S S S S S       (15)  
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Considering the applied field as given by the constant total axial stresses only (that is 
applied stresses equivalent to an applied constant pressure, = T Ind

np np npS p S  ) we obtain 
from eqs. 14 and 15 that the non diagonal component of asymmetric total stresses will relate 
to the expressions with a defect contain:  

      12 23 32 2 23 31 13 3 31 12 21 1 ,   ,  T T TS p n S p n S p n             (16a) 

while the axial fields will be given as follows 

      11 23 32 1 22 31 13 2 33 12 21 31 ,  1 ,  1T T TS pn S pn S p pn                (16b) 

Thus, we come to an important expression that a fracture under pressure will run as the shear 
and strain rotation mutually related processes; this result confirms a known experimental fact 
that under applied pressure a fragmentation has a shear and rotational character. 

2.4 Seismological networks 

The global seismological network is based only on recording of displacements by the system 
of seismometers; only in some separate seismically active regions we have the local system 
of strain-meters and in some places also the devises to record a rotation motion.  

However, a desired global system could watch any strain changes and related waves in a 
global scale.  

At a given time moment the recorded displacement data presents a total sum of all 
deformation released and appears only due to the integration effect of a sum of 

deformations, q

p

u
x



 , over an interval, x , which means a length of a seismometer platform 

much more rigid than soil layers. At a given time moment we obtain:  

  =   k
k i

i

uu x
x


 


 (17a) 

and the total displacement would be given as: 

  dk
k i

i

uu x t
x


 

   (17b) 

Only in such a way we might be inform on a displacement amplitude of the long strain waves.  

Thus, it is extremely important to have the new word-wide seismic network based on the 
strain and rotation recording systems. We should note that only in the few seismic active 
regions such recording systems already exist, this is not enough as the strain waves can 
propagate over the whole word. 

3. Extreme fluid dynamics 
3.1 Asymmetric relations for momentum flux 

We follow the asymmetric continuum theory developed in our former papers (Teisseyre, 
2007; 2008; 2009; 2011); we assume that beside the symmetric molecular strains (strain rates) 
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there appear also the antisymmetric molecular strain rates (spins); for the related molecular 
stresses we write: 

  ( ) [ ]kl kl klS S S      (18) 

These fields, stress and strain rates, can be related by means of the following constitutive 
relations 
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  (19)  

where  and  D D
kl klS E   mean the deviatoric parts of tensors and η is the viscosity; for a 

simplicity we have assumed the same constant, η, for symmetric and antisymmetric parts; 
the points in the considered fluid continuum will have six degrees of freedom: displacement 
velocity and rotation motion - spin.  

The molecular strain rates could be related the derivatives of some reference displacement 
velocities, l  and l : 
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where the field   may have only a mathematical sense.  

For the equal reference velocities,    , we can obtain the relation between the molecular 
stresses and displacement velocity as a sum of molecular strain rate and molecular spin 
(having another sense that a simple point rotation velocity (cf., eqs. 1, 2 and Fig.1): 

   ( ) [ ] ( )l
kl kl kl kl kl

k
S S S E E
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      (21) 

A macroscopic transport field, υ, we will treat as an imposed external field, while the 
internal transport related to the rotation velocity could be treated as the additional motion 
introduced to the system of equations. Thus, in motions with advanced vorticity dynamics 
we assume that a transport can be related both to displacement velocity and the vortex 
motions (cf., Teisseyre, 2009).  

First we may remember the Navier-Stokes relations:  

    2d
d

i i i i
i s i

s k k
F

t t t x x x
      

  
    

    
  (22a) 

where F  are the body forces, υ is the displacement velocity, η is the dynamic viscosity. 

We may present this relation in the different forms, with the independent fields kiE and 

 kiE

 , and valid both for ( )kiE  and  ( )kiE 


  with    , or with the phase shifted reference 

displacements, i    : 
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This is an equivalent form expressing a possible relation between the molecular strain and 
spin fields.  

For the molecular symmetric stresses we can write after Landau and Lipshitz (1959; new 
edition in Russian , 2001, cited as its Polish translantion, 2009): 
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  (25a)  

In our new approach we should add an influence of rotation molecular processes; therefore 
we introduce the asymmetric fluid viscous stress tensor adding an influence of the 
antisymmetric molecular stresses (Teisseyre, 2009): 
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The total stresses become give as :  
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and the total molecular axial strain as: 

  3ss
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S p    (25d) 

Now for the momentum flux we write the modified asymmetric tensor: 
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or we could write  
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We arrive to the general expression for the motion of fluids given as follows 
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and for a mass conservation we will have 

      0  s s

s ss s

d
dt t x x

    
   
   


 (28)  

3.2 Vortex transport processes 

In some problems, a macroscopic transport field, υ, can be treated as an imposed external 
field, while the internal transport rotation shall enter into the additional terms introduced to 
the system of equations. Thus, in motions with advanced vorticity dynamics we assume that 
a transport can be related both to displacement velocity and the vortex motions; we follow 
the approach applied to fragmentation and slip in the fracture processes (Teisseyre, 2009).  

For great Reynolds number the laminar motions become unstable and the double transport 
process with displacement velocities and spin motions may generate the micro-vortices; a 
kind of dynamic vortex structure can be formed, simultaneously undergoing a displacement 
transport process.  

However, under some special conditions, an isolated vortex center can be formed; inside it, 
the displacement velocity transport might be negligible. However, to consider formally the 
transport related to such extreme conditions we should return to the basic problem: how to 
incorporate the spin motion into the system of basic relations.  

The independent rotational motions related to angular moment and the variable arm and 
spin could well describe the vortex transport phenomena (Teisseyre, 2009); we should 
underline that our approach differs from the classical one defining a vorticity as rotation of 
transport velocity: 

   ς rot    or      /n npi i px         .  

Following that paper (Teisseyre, 2009) the rotation transport, k , can be given as radial 
velocity, r , angular velocity,   and axial velocity, z : 

   , ,  k r z       (29) 

We obtain for a rotation transport in the vortices along the z-axis:  
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At such the vortex motion we obtain from the equations (26-28) for the momentum flux only 
a simple expression:  
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and for a mass conservation we will have 

  0  d r z
dt t r z
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These relation present the dynamic relation under a given thermodynamical condition.  

At constant thermodynamical condition, 0
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, we obtain: 
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and for a mass conservation we will have 

  0  d r z
dt r z
   


  

   
  
     (33b)  

A complex system presents relations given by the equations 25 and 33. We might solve these 
equations for two cases; first with constant density 0  outside the vortices, (e.g., for 
liquids), given by the relations (25) and with a variable density inside the vortices, ( , , )r z  ; 
still this complex system with relations (25 and 33) will remain quite complicated. Outsite 
the vortices we could have the curvilinear system of flow around and between the vortices.  

3.3 Stationary vortex relations 

We will confine our consideration to a single vortex space, the related stationary equations 
at constant thermodynamical condition with 0

t
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3.2 Vortex transport processes 
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At such the vortex motion we obtain from the equations (26-28) for the momentum flux only 
a simple expression:  
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Note that such the flows can occur effectively for the Reynolds numbers above the critical 
value. It would be possible to solve these stationary cases with a help of the following types 
of relations:  
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where 0  , 0  . 

The profiles of related vortices, ( )r z , may differ from almost linear for very small, ( that is 
for  exp 1z z    ) up to very rapidly decreasing,  0r z , for the great  values. The spin 
motion should adequately increase and vertical vortex component, z , might increase or 
decrease.  

We may simplify these relations assuming that density can change only along the z- axis: 

   0exp z     (36a) 

and further more we might put instead of eq. 35: 

            0 0 0exp exp ,   exp exp ,   exp expr r z r z r z z z r                  (36b) 

Here to solve the equations 
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we will have enough parameters,  ,  ,  ,  ,  ,  ,  , to solve the same number of 
linear equations as the three equations (34a) will split into six relations: three additional 
equtions should express the equality of the exponnetial parameters appearing there.  

Note that such the flows can occur effectively for the Reynolds numbers above the critical 
value.  

4. Conclusions 
Our consideration on the continuum theories used in seismology clearly indicate that the 
global seismic recording network based on the 3-components seismometer stations is quite 
insufficient to trace the strain waves, especially the long period waves spreading inside a 
whole Earth interior. To confirm this important need of a global strain and rotation seismic 
network we should mention that in some seismically very active regions the strain-meter 
system and rotation sensor system already exist.  

Following this new approach to solid state continuum theory, we presented a new 
asymmetric molecular theory for fluids with a hope that this new approach opens a way to 
consider a mechanical model of vortex and turbulence motions; here, we have confined our 
considerations to processes under a constant thermodynamical condition.  
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