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ABSTRACI' 

The 2-D Schlumberger and the combined l -D TEM/MT sounding interpretations have given 
results that relate to permeability, temperature, degree of hydrothermal alteration, and geological 
and structural features of Eburru and Bakki geothermaI fields. 

The 2-D interpretation of Schlumberger sounding data from Eburru, Kenya has identified two 
anomalous areas of low resistivity (.=s. 10 nm) at 1000 m a.s.l. The first anomaly is in the Eburru 
crater area which is currently under exploratory drilling. The low resistivity seems to define an 
area of interpolated reservoir temperature of 2WC. The low resistivity above 1800 m a.s.1. is 
caused by hydrothermal alteration of pyrociastics by acidic steam condensates and lateral outflows 
mainly to the northwest, northeast and south along faultlines. The low resistivity area has sharp 
boundaries. Outside this area the resistivity is higher (> 30 nm) due to low permeability and 
temperature which has been confirmed by exploration wells. The second anomaly is found in the 
Badlands in association with a gravity high and a magnetic low. The two areas are separated by 
high resistivity and an E-W structural discontinuity. The depth to the bottom of the low resistivity 
is not defined. 

The combined interpretation of 1-D TEM and MT sounding data at Bakki and a comparison with 
well data shows that the surface low resistivity layer corresponds to a permeable layer of 
hyaloclastites, temperatures of 100" to 150°C and laumontite - wairakite alteration mineralogy. 
The low resistivity layer is thicker at Bakki which is probably related to upflow of geothermal 
flu ids. A thick (> 4 km) high resistivity layer (~100 Om) is found below the low resistivity layer. 
A conductive layer « 5 nm) at a depth of more than 5 km has been identified at Bakki. This 
layer may be related to the heat source of the geothermal system. 

The TEM/MT data interpretation has also given an indication of the problem of static shifts in 
MT data due to near-surface inhomogeneities. The MT data is shifted by more than one order 
of magnitude. 
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1. lNTRODUCIlON 

1.1 Scope of work 

This report presents the work of the author in the last two and a half months of the UNU 
Geothermal Training Programme in Iceland. The report presents the two dimensional 
interpretation of 2-D Scblumberger soundings from Eburru, Kenya and the application and 
interpretation of the central loop transient electromagnetic method (CLTEM) and 
audiomagnetotelluric and magnetotelluric (AMT/MT) soundings from Bakki, S-Iceland. A brief 
overview of theoretical aspects of the methods in their application in geothermal exploration is 
given. An attempt is made to relate the modeUed geophysical parameters to the geological and 
tectonic structures and the physio-chemical characteristics of these geothermal fields. 

1.2 Application of resistivily methods in geothermal exploration 

Electrical resistivity methods have proven to be very useful in geothermal exploration because 
they relate directly to the properties of interest such as temperature, effective porosity and the 
degree of hydrothermal alteration of the rocks. 

The most common methods are DC resistivity sounding, especially with the Schlumberger 
electrode configuration and the magnetotelluric (MT) methods. In the DC method, an electrical 
current is injected into the earth and the potential signal generated by the current distribution is 
measured on the surface. In the MT method, the current in the ground is induced by the time 
varying electromagnetic field. Orthogonal components of the magnetic and electric fields are 
measured. Transient electromagnetic methods (TEM) have recently gained popularity and may 
replace the DC resistivity sounding method in geothermal exploration. In the TEM method, the 
current is induced by a time varying magnetic field generated by a loop or a grounded dipole and 
the decaying induced magnetic field is monitored at the surface. 

The basic problem in these methods is the non-uniqueness in the modelled parameters. A 
combined interpretation approach gives a better resolution of the sub-surface parameters. The 
TEM method gives a better resolution of conductive layers while the DC method is more sensitive 
to resistive structures. The MT method is better suited for investigation of deeper regional 
structures. The TEM method may be used to correct for static shifts inherent in MT data. 

13 Resistivily of rocks 

The electrical resistivity of rocks varies tremendously depending on the origin and the physio­
chemical properties of the rocks. The bulk resistivity p is related to porosity (especially fracture 
porosity and pore structure), temperature and pressure, geological structure, the degree of 
hydrothermal alteration of the rocks, fluid saturation and salinity. For saturated rocks where ionic 
conduction is dominant, the bulk resistivity is related to porosity ~t and the resistivity Pw of the 
pore fluid through Archie's law. 

F = p/ Pw = a ~I·n (1.1) 

Where F is the formation factor, a and n are constants which may be determined empirically. The 
increase in resistivity with an increase in temperature and/or pressure for saturated samples 
(Drury and Hyndman, 1979) gives evidence of pore fluid conduction. In dehydrated rocks, 
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conduction is mainly through mineral grains. The pore fluid resistivity for temperatures between 
150"-2OO"C may be approached as 

P. = poOl (I + a(T-To)), (1.2) 

where P'A() is the resistivity of the fluid at temperature Tot and 0: is the temperature coefficient 
of resistivity at To-

In basalts, the bulk resistivity is also affected by interface conduction, mainly due to the presence 
of clay minerals along fractures. The interface conduction is more important where pore fluid 
resistivity exceeds approximately 5 nm, while pore fluid conduction dominates for pore fluid 
resistivity values of 1 Om or lower (Flovenz et al., 1985). 
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2. 2-D MODELLING OF SCHLUMBERGER SOUNDINGS FROM EBURRU, KENYA 

2.1 Introduction 

The Eburru geothermal field is situated within the Eburru volcanic complex of the Kenya Rift 
Valley (Figure 1). The volcanic complex has two major volcanic centres arranged in an E-W 
direction. The present exploration area is a part of the eastern volcanic centre that has many 
craters and faults. There arc two major fault systems: the NNW-SSE trending old rift faults and 
the younger N-S faults which form a graben structure with young rhyolitic lava flo"W'S, craters, 
fumaroles and steaming grounds. The Eburru area is mostly covered by pyroclastics with some 
outcrops of rhyolite, obsidian, trachytes, basalts and tuffs of Miocene-Pliocene age (Figure 2). 

Geothermal exploration has been carried out in Eburru since 1972 when the UNDP completed 
a survey of the area along with several other prospects in Kenya. In 1983, JICA also made a 
study of the geothermal activity of the northern part of Eburru. Previous geophysical work 
carried out in this area include the roving dipole (Group Seven Inc., 1972), gravity (Simiyu, 1990), 
aeromagnetic survey (Figure 3) and S-P measurements (!<pC, 1986). A total of 125 DC 
Schlumberger soundings with a maximum current electrode spacing of 6000 m and 363 profiling 
stations have been made, covering an area of 850 square kilometres. 

L~~ 
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FIGURE 1: The location of the Ehurru geothennal field in the Kenya Rift Valley 
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FIGURE 2: Simplified geological map of the Eburru-Badlands area 
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Based on a qualitative interpretation of aeromagnelic data by KPC (1986), it was proposed that 
the broad magnetic high over the Eburru area is caused by deep hydrothermal alterations while 
the strong negative anomaly to the north of Eburru in the Badlands is caused by near-surface 
basalts, together with a deeper body. The E-W or NW -SE orientation of the magnetic anomalies 
tends to suggest a relationship to old faulting trends. However, the dipolar nature of the 
anomalies in the Rift Valley (Figure 3) has been a major obstacle in the interpretation of the 
data. 
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FIGURE 3: The total magnetic anomaly map of the Olkaria-Eburru-Badlands area 
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Recent gravity measurements (Simiyu. 1990) indicate that the area has a general NE-SW trending 
gravity low, probably due to a cover of pyrociastics and tuffs. The Eburru field is located on a 
gravity high with a localized occurrence of gravity lows. The field is separated from the Badlands 
area in the north by a NW-SE trending structural discontinuity. 

Four exploratory wells have been drilled in this area. Three of the wells, EW2, EW3 and EW4 
are cold wells, while EWl is productive with a capacity of about 2.5 MWc. The highest 
temperature recorded in EWl is 2.8()OC. The wells have encountered some syenitic intrusions at 
the bottom. 

2.2 Thcory of DC Scblumbergcr sounding 

In the Schlumberger method, two potential and two current electrodes are arranged symmetrically 
around a midpoint. A current (I) is injected through the current electrodes while the potential 
difference (.6. V) is measured between the potential electrodes. For an inhomogeneous earth, the 
apparent resistivity PI is defined as 

P. = 11 VII .. (S2. p2)/2P, (2.1 ) 

where S = half the current electrode spacing, and P is half the potential electrode spacing. 

The derivation of the expressions of the potential field due to a point current source at the 
surface of a horizontally layered earth is carried out by considering the relationship between the 
CUrrent density, the electric field intensity and resistivity. H we assume isotropic horizontal 
layering with the last layer N of infinite thickness, the general solution for potential in any given 
layer is defined by: 

Vi(r,z) = plIl2 .. JiCi(),) cosh[),(z • hi)] + Di(),) sinh[),(z - hi)]} 10 ),r d)" (2.2) 

where Cj and Dj are determined recursively in terms of resistivity and thickness of the layers. Jo 
is the Besscl function of order zero and l. is a variable of integration, PI is the resistivity of the 
first layer and hi is the depth to the itb layer. The functions C j and Di are determined by imposing 
the following boundary conditions: 

(a) The potential V -> 0 as z ->((1 and r ->((1. 
(b) The potential is continuous at each of the boundary planes between layers, 

i.e. Vi = Vi + l' 
(c) The vertical component of the current density is continuous at the boundaries of layers, 

i.e. 
(1/ Pi) (aVi 1 u.) = (11 Pi+l) (aV1+ll u.) at z = hi' 

(d) The current density is l z = CJ av I Ut. = 0 at the surface layer, except near the current 
source. 

By considering boundary condition (b), we see that at z = hi + 1 

Ci + 1 = Ci cosh (),di) + Di sinh(),di), (2.3) 
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Similarly, for boundary condition (c) 

Dj + , = [C, sinh()'dj) + Dj cosh()'d,)] p,+, 1 Pj' (2.4) 

and for the Nth layer, V N -> 0 as z ->00 so that from Equation 2.2, 

By defining K; = -C, 1 Dj, we have K" = 1 and 

K; = lK; + , + (p ,I P ,+ ,) tanh()'d,)] 1 [(p ,I p ,+ ,) + K; +, tanh()'d,)l (2.5) 

This is a recursive formula. For the uppermost layer, boundary condition (d) can be shown to 
imply that D = -1 and 

V,(r,z) = I p, / 2", J~, cosh().z) - sinh().z)] Jo().r) d)', (2.6) 

and at the surface (z = 0), we have 

V,(r,z) = Ip,/2", J~, Jo().r) d)'. (2.7) 

Equations 2.5 and 2.7 form the basis for I-dimensional interpretation of DC soundings. 

When the potential electrode spacing is increased, there frequently appear shifts in the apparent 
resistivity curve. These shifts are often a severe problem in the interpretation of Schlumberger 
soundings. There are basically two types of shifts. The convergent shifts are due to large 
resistivity contrasts between layers in horizontally stratified earth. These shifts are greatest where 
S-P is the same order of magnitude as the depth to the boundary between the layers (Arnason, 
1984). These shifts also increase with increasing resistivity contrasts. The nonconvergent shifts 
are caused by lateral resistivity variations at the centre of the array. 

23 Data analysis 

The initial 2-D model was based on the l-D interpretation of the Schlumberger soundings. The 
author reinterpreted Schlumberger soundings around Eburru (Figure 4) using the program 
ELLIPSE which was written at Orkustofnun. This is a non-linear least square inversion program 
which uses the Lcvenberg-Marquart iteration algorithm. The program simulates the actual 
electrode configuration used in the field by computing the potential at each potential electrode. 
The shifts due to lateral inhomogeneities close to the centre of the sounding are automatically 
removed, and all segments tied in with the longest potential electrode spacing (400 m). The 
results of I-D inversions are presented along a N-S profile through the Eburru field and on iso­
resistivity contour maps for 1800 m a.s.l. and 1000 m a.s.1. 

The 2-D modelling was carried out for the N-S profile by the program FELIX which uses a finite 
element algorithm for modelling arbitrarily shaped two-dimensional resistivity structures with 
surface topography. The program is basically divided into two parts. The first part is used for 
entering, changing and plotting model parameters, while the second part is for calculation. A 
1:50,000 map with a contour interval of 20 m was used to generate the topography. This implies 
that topographic surface inhomogeneities are poorly resolved. There is good data coverage 
around the Eburru peak but sparse data at the southern and northern boundaries of the profile . 
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The initial vertical and horizontal boundaries were based on the I-D resistivity structure. The 
basis of the model is a grid of semi-horiwntal and vertical lines. These lines intersect at nodes 
and form quadrilaterals called elements. The quadrilaterals can be sub-divided into triangles by 
diagonal lines. Each element is assigned a resistivity index corresponding to a particular resistivity 
value. A group of connected elements with the same resistivity index defines a resistivity structure 
or sub-domain. The nodes are numbered to facilitate manipulation of the variations in the shape 
of sub-domains. The size of elements is altered by changing the positions of nodes, while the 
resistivity is changed by varying the values of resistivity indices (Figure 5) . 
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A grid generator subdivides the resistivity model into a triangular grid whose dimensions increase 
quadratically both with depth and laterally outside the traversed area (Figure 6). The program 
simultaneously computes the responses for Schlumberger soundings, head-on resistivity profiles 
and co-linear dipoles from a given 2-D resistivity model. The program utilizes a maximum of 10 
Schlumberger soundings. 

The response of the model is calculated and the results compared to the field data. The initial 
stages of the modelling were devoted to fitting the surface layer parameters, taking into account 
the shape and shifts of the field data. After a reasonable fit was obtained, only the 100,200 and 
400 m potential electrode spacings were used for modelling the deeper layers. The calculated 
curves, based on the final 2-D models with a comparison to the field data, are presented in 
Appendix A. together with the fmal modeL 
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FIGURE 6: The 2·D finite element grid subdivided into a triangular grid 

24 Interpretation of results 

24.1 I-D interpretation 

The I -D interpretation of profile AB (Figure 7) shows that the subsurface in the Ndabibi-Eburru­
Badlands area has a wide variation of resistivity values. The exact locations of vertical and 
horizontal boundaries are not well defined. The important features arc: 

a) The resistivity of the surface layer varies between lOO - 10,000 Om with the highest 
resistivity values in the Badlands. The thickness varies from 20 - 250 m. 
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FIGURE 7: I-D resistivity section along profile AB in the Eburru-Badlands area 
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b) There are [our different areas of low resistivity (to - 20 Om). These are: the Ndabibi 
area, the Eburru crater, around the Eburru station, and the Badlands. The Eburru crater area 
occurs as a narrow conduit whose depth is not well resolved. This anomaly comes close to the 
surface between soundings EBI08 and EBl28. 

c) The low resistivity areas are separated by zones of intermediate resistivity (20 - 100 nm). 
Similar resistivity values also occur at depth to the south and north of the Eburru crater. 
However, the depth and resistivity of this layer are poorly defined. 

d) A extensive layer of low resistivity « 10 Om) is found in the Badlands area below 1000 
m a.s.l. 

The resistivity map at 1800 m a.s.l. (Figure 8) shows three areas of low resistivity « 20 Om). 
These are found in the Eburru crater area and the Eburru station-Badlands-Oljorai area. The 
Eburru crater area anomaly has extensions to the northwest, northeast and south around EB1l. 
The values « 10 Om) are found around sounding EB28 and close to well EW3. These outliers 
may represent near-surface outfloVlS whose surface manifestations are fumaroles along N-S faults. 
The Badlands anomaly extends in a NW-SE direction with outliers to the south of the Eburru 
station. The low resistivity areas are separated by an area of intermediate resistivity. 

The map at 1000 m a.s.! (Figure 9) indicates the same general features as Figure 8 except that 
the low resistivity around the Eburru crater is confined by areas of intermediate resistivity. The 
Badlands-Eburru station anomaly extends in an E-W direction to the Oljorai Ranch where very 
low resistivity « 10 Om) is found at depth. 

2.4.2 2-D interpretation 

Figure 10 shows similar features as those of 1-D interpretation. However, the 2-D interpretation 
gives a better resolution of resistivity values and the location of vertical and some of the 
horizontal boundaries. This is exemplified by a bigger contrast in the resistivity values. The 2-D 
interpretation shows the following features: 

a) There are three areas of low resistivity (.:::. 10 Om). The first area is under the Eburru 
crater with a shallow extension to the north around EBl28. The second is found to the south of 
Eburru station around EB54. The third area is found in the Badlands. The thickness of this layer 
is poorly defined, although there are indications of higher resistivity at depth. 

b) The 10 - 20 Om layer extends northwards to the Eburru station. This layer is deeper 
between EB54 and EB102 and also around the Eburru Station, where its depth is not well 
resolved. This layer is closer to the surface around the crater area. 

c) The areas of low resistivity are separated by areas of intermediate resistivity (20 -100 Om) 
and the boundaries are sharp, especially between EB77 and EB28. There is good resolution of 
the intermediate resistivity layers at depth, both to the north and south of the Eburru crater area. 

The 2-D interpretation gives good evidence of high resistivity around the Eburru geothermal field. 
The results also indicate a good correlation with 1-D modelling but give high resistivity contrasts, 
(lower values for low resistivity areas and higher values for resistive areas) and a better resolution 
of the depths to the layer interfaces. 
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25 D~ions 

The combined results of I-D and 2-D modelling may be related to permeability, degree of 
hydrothermal alteration and type of fluid in the rocks, and to the geological, structural and 
tectonic features of this area. 

The resistivity structure agrees with some of the results from the drilled wells in the Eburru area. 
The high resistivity values at depth around Eburru correlate with low permeability, hydrothermal 
alteration and low measured temperatures, e.g. wells EW2, EW3, and EW4. The higher resistivity 
also correlates with the occurrence of a syenitic intrusion at depth (Figure 11). Gravity 
measurements (Simiyu. 1990) also give evidence of the intrusive body (Figure 12). The top of 
this intrusion is at about 1600 m a.s.l. to the north of the crater area. The resistive structure 
indicates that the crater anomaly is separated from the Badlands anomaly by a zone of low 
permeability and temperature. The Badlands anomaly has the same resistivity structure as the 
Eburru crater anomaly and this may suggest similar reservoir conditions. However, the lower 
resistivity below 1000 m a.s.l. in the Badlands area, might be an indication of either higher 
temperature or permeability. 

The 20 - 100 nm layers at depth represent areas of temperatures between 500 - 1500C depending 
on the permeability distribution and degree of hydrothermal alteration. The lower temperatures 
at depth encountered in wells EW2, EW3 and EW4 are within these areas of higher resistivity. 
The 10 - 20 nm layer near the surface may be influenced by hydrothermal alteration of 
pyroclastics to low temperature clays (e.g. smectites). Fumaroles are also found where this layer 
comes close to the surface. 

The sparse occurrence of fumaroles in the Badlands area may be due to the thicker high resistivity 
layer on the surface. The northward extension of the 10 - 20 nm layer (Figure 8) may be due to 
lateral flows from both the Eburru crater and Badlands anomalies through N-S trending fractures. 
The occurrence of this layer at deeper levels between EB54 and EB102 and around the Eburru 
station may indicate deeper percolation of 500 - 150°C geothermal fluids in E-W trending 
structures. The discontinuity around Eburru station has been observed in a previous resistivity 
interpretation (Onacha, 1990) and in gravity mapping (Figure 12). 

The low resistivity in the crater area correlates with the effect of high salinity (fluid resistivity 2 
nm) and high temperature (>200"C) below 1000 m a.s.l. This high temperature occurs in a 
narrow conduit which implies that the reservoir is largely controlled by vertical permeability, and 
fracture porosity is important. The resistivity anomaly indicates higher temperature closer to the 
surface to the north of well EWl. There are also near-surface outflows to the northwest, 
northeast and south (Figure 8). The outflows arc mainly fault wntrolled (Figure 13). The 
northeast outflow passes through well EW3. It is also worth noting that the shape of the 
geochemistry anomaly coincides with the outflow paths of geothermal fluids and also the low 
resistivity anomaly (at 1000 m a.s.l.) seems to define the 200"C isotherm confined to the crater 
area within the proposed ring structure (see Figure 2). 

Although the 2-D modelling has helped to define the north and south boundaries, their exact 
locations are not very well defined, due to the sparse data coverage. A clearer picture would be 
obtained if 2-D modelling of most of the soundings was carried out, augmented by the MT data 
to give a better resolution of deeper structures. The 2-D modelling of narrow low resistivity 
anomalies reduces the low resistivity values obtained from I-D interpretation by a factor of more 
than two. The Badlands-Oljarai anomalies should be investigated further. The gravity high in this 
area is probably associated with the heat source, and the low resistivity (found in gravity lows) may 
relate to high permeability. 
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3. TEM AND AMTJMT METIIODS AT BAKKI, S-ICELAND 

3.1 Introduction 

N 

t 

OLFusA 

- --- " 

. . , , 
ICElAND r "­" '., 

FIGURE 14: Location of the Bakki geothermal 
field in the OIfus region of S-Iceland 

The Bakki geothermal field is 
located in the Olfus region of the 
southern lowlands of Iceland 
(Figure 14). The active volcanic 
zone is to the west of this region. 
The area is mainly covered by 
basaltic hyaloclastites and clastic 
sediments of young Quaternary age. 
There have been repeated 
transgressions by the sea so that 
reservoir rocks have high salinity. 
The lithological logs from the 
production wells at Bakki indicate 
that formations are made of 
intercalations of tuffs, fine to 
medium grained fresh and altered 
basalts and fine to coarse grained 
sediments. The Bakki field has 
been exploited for the municipal 
heating system for the town of 
Thorlakshofn since 1979. The 
geothermal water is also utilized for 
fish farming. 

The interpretation of Schlumberger 
and TEM soundings indicates that 
there is an extensive area of low 
resistivity (5-10) nm at 800 m b.s. l. 
(Figure 15). Probably the area 
enclosed by the 5 Om contour line 
(Georgsson, 1989) defines the 
boundaries of the field. 

Geochemical measurements and temperature logs indicate that well HJ-Ol has cooled by 5° to 6°C 
(Kristmannsdottir et aI., 1990). The cooling has occurred in the deepest aquifers at a depth of 
450 to 590 m. The cooling has been attributed to an inflow of cold groundwater through a 
fracture or fracture system in direct connection to the reservoir feeding the bottom aquifer. 

3.2. TEM method 

3.21. Introduction 

The method used in the present study is the Central Loop Transient Electromagnetic sounding 
(CL TEM). In this method, a loop of wire is placed on the ground and a step current transmitted 
through it. When this current is turned off, an electric current is induced into the ground by the 
decaying magnetic field. The receiver coil is placed at the centre of the loop and the decay rate 
of the secondary magnetic field recorded as a function of time. The decay rate depends on the 
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FIGURE 15: Resistivity in the 01[05 region at 800 m b.s.l. (Georgsson, 1990) 

resistivity structure and may be used to evaluate the sub-surface resistivity structures. The depth 
of penetration depends on how long the induction in the receiver may be traced in time, which 
in turn is dependent on the effective areas of the receiver and transmitter coils, transmitted 
current and the resistivity structure. 

The CL TEM method has several advantages over the DC sounding method. There is no direct 
injection of current into the ground, so that the transmitter only couples inductively to the 
ground. The method is less dependent on local resistivity inhomogeneities. The curves only 
respond to the surface inhomogeneity at early times. This is an important characteristic that may 
be applied to correcting static shifts in MT soundings (Sternberg et aI., 1988). The method gives 
a stronger signal in low resistivity areas and is much faster and requires comparatively less 
manpower. 

Although the theoretical treatment of the data interpretation procedures is more complicated 
than for DC sounding, 1·D interpretation is a better approximation of sub-surface resistivity. The 
method has been used successfully at several places in Iceland, and in the Asal Rift in Djibouti 
where it was used to map the saline groundwater table, and a geothermal system. An exhaustive 
treatment of the theory of this method is beyond the scope of the present study. 

3.22 Overview of theory 

The mathematical and physical basis of the TEM method is described in numerous publications 
(e.g. Kaufman and KelJer, 1983; Ward and Hohman, 1988; Amason, 1989). The interpretation 
of the response for 3·D structures has been outlined by various authors (e.g. McNeill et aI., 1984; 
Newman et aI., 1987). 

The theory of the CL TEM in the case of a horizontally layered earth is based on Maxwell's 
equations for the electromagnetic field caused by a vertical magnetic dipole at the surface. By 
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using a magnetic vector and scalar potentials A and ~, we get 

ii: = oA + «aA 1 at) - V. ~, (3.1) 

where E is the electric fie ld intensity, H is the magnetic field intensity, JJ is the permeability, and 
f is dielectric permittivity. By imposing the gauge condition v.A = IJ. a~ Idt , it can be shown 
that 

v2 A - 1'0 aA 1 at - 1'< i?A 1 at' = I' aM 1 at. (3.2) 

M is the magnetic source dipole moment and is non-zero only at one point at the surface. 
Equation 3.2 is a dynamic equation that may be solved by imposing boundary conditions for the 
electromagnetic field at the interfaces between la~rs and at ~he surface (see Arnason, 1989). For 
harmonic time variation of the source dipole (M = MOZ'e1wt

). the azimuth component of the 
electric field at the surface of a homogeneous half-space can, in the quasi-stationary 
approximation, be expressed in the following analytical form: 

E. (r) = [-i"'l'o Mo 12,,] [(3 + 3ik'r - k'r') e'''' - 3] /k'r', (3.3) 

where r is the distance along the surface from the source dipole to the measuring point. 

The electrical field generated by the magnetic dipole without the earth can be written as: 

(3.4) 

The electrical field at the surface of a homogeneous half-space In the quasi-stationary 
approximation can, therefore, be written as: 

E.(r) = EO.(r) E\(r), 

where E\(r) = 2 [(3 + 3ikr - k'r')e·;!rr - 3]1 k'r'. 

Similarly, at the surface of a horizontally layered earth: 

E.(r) = EO .(r) E'(r), 

where E'(r) = 2r' ;:[SoI(So - To)] Jt (~r)d~. 

(3.5) 

(3.6) 

(3.7) 

(3.8) 

The functions 80(1) and To(l) are determined recursively in terms of frequency, resistivity, and 
thickness of successive layers. 11 is the first order Bessel function. 

The voltage measured in a receiver loop of radius r with the source dipole at the centre may be 
expressed as: 

v = 2 "r n, E.(r) = A,n, 2E.(r) 1 r, (3.9) 

Ar = 7r r2, nr = number of windings in the loop. 

By using Equations 3.5, 3.8 and 3.9, 

V(""r) = A,n, A,n,lo (-i J.lo"') 1 "r J ~"'[SoI(So - To)]Jl(~r)d~, (3.10) 
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where we have written 

By the principal of reciprocity, the source and receiver may be interchanged. Therefore, Equation 
3.10 also describes the voltage generated in a receiver coil of effective area As Os at the centre 
of a source loop of effective area A.: or 

The transmitted current is usually a square wave such that the abrupt change when current is 
turned off, may be treated as an individual step function. The induced voltage can, in this case, 
be shown to be given by a cosine transform integral as a function of time. 

V(t,r) = 2hr j;e[V(."r) l -i.,J cos (.,t) d.,. (3.11) 

The integrals in Equations 3.10 and 3.11 may be expressed as a convolution integral by changing 
to logarithmic variables. The convolution can be evaluated by digital filters (Amason, 1989). The 
induced current distribution after current turnaff may be viewed as a diffuse current ring which 
propagates downwards and outwards from the source loop (Nabighian, 1979; Hoversten and 
Morrison, 1982). If the series expansion of e-ikr is applied to Equation 3.6, the induced voltage 
can be shown to be given as: 

V(r,t)" [CI101T 112 (1'0 a ,')"'J 1 t'12 for large (, 

where C = [A, n, A, n, 1'0J121Tr'· 

Hence, the late time apparent resistivity is defined by: 

p,(r,t) = (1'0 141T) [(2I'oJ\n,A,n,) 1 (5('12 Vir,t))]"'. 

The results of CL TEM soundings are usually expressed in this form. 

3.23 Data acquisition and analysis 

(3.12) 

(3.13) 

The author took part in data acquisition of 5 TEM-soundings (A017 - A02l) (for location, see 
Figure 16). The field equipment consisted of a transmitter, receiver, generator, and receiver and 
transmitter loops. The receiver loops consisted of a small coil with an effective area of 100 m2 

and a flexible loop with an effective area of 8112 m2. Square transmitter loops of side length of 
200 - 300 m were used. The transmitter and receiver are synchronized through crystal clocks and 
the data are digitally recorded as voltage versus time in the receiver. The current turn-off time 
which is dependent on the size of the transmitter loop. was also recorded. The data was recorded 
over high and low frequency sweeps. 

Preliminary data analysis includes stacking of the recorded voltages. The stacked data is edited 
to remove any spurious measurements due to cultural noise and then the results averaged to 
obtain induced voltages as a function of time. The voltage values are converted to apparent 
resistivity as a function of time by use of Equation 3.13. 

One-dimensional interpretation of the smoothed data was carried out using an iterative 
Levenberg-Marquardt type inversion. The goal was to determine the layered earth model whose 
response produces the measured values as closely as possible. The data and the model curves are 
presented in Appendix B. 
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FIGURE 16: Location of DC Schlumberger, TEM and AMTIMT soundings in Olfus 

3.24 Interpretation of the results 

The results were incorporated into the previous interpretation by Georgsson (1989). Two 
profiles, AA' and BB' are presented. The location of the profi les is shown on Figure 16. Profile 
AA' (Figure 17) is represented by a five layer model. The first surface layer has high resistivity 
(> 500 Om) and the thickness varies between 30 - 80 ID. This layer is not found between 
Grimslaekur and Bakki. The second layer (30 - 100 nm) is at the surface in the vicinity of Bakki, 
it dips to the southwest and its thickness ranges from 50 - lOO m. The third layer (10 - 30 nm) 
dips to the southwest and has a thickness of 100 - 200 m. The fourth layer has the lowest 
resistivity « 10 Om) and has a thickness of 250 - 600 m. The bottom section shows indications 
of higher resistivity but the values are poorly defined. Evidence from AMTIMT ( section 3.3.4) 
shows that this layer is very thick and has resistivity of > 30 nm. 

Profile BB' (Figure 18) combines TEM and Schlumberger soundings. This profile shows the same 
features as profile AA'. The main difference is the discontinuity of the low resistivity layer CS. 
10 nm) between AOJO and AOZl. This implies that the low resistivity layer is either deeper or 
absent to the north around Vindheimar. The exact location of this discontinuity is not well 
defined. The low resistivity layer towards Thorlakshofn is not resolved by the DC soundings. 
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33 Audiomagnctotelluric (AM1) and magnctotelluric (M1) methods 

33.1 Introduction 

The two methods are the same in application. The only difference is the frequency range, i.e 0.1 
to 10' Hz for AMT and 104 to 10 Hz for MT. The electrical properties of the subsurface are 
determined from the measurements of orthogonal components of the natural time varying 
electrical and magnetic fields. The electrical fields are detected between orthogonal sets of non­
polarizing electrodes while the magnetic fields are detected by induction coils, squids, or fluxgate 
magnetometers. The data acquisition procedures arc morc or less the same where either two or 
three components of the magnetic field and two components of the electrical field are measured. 
The orthogonal electrical and magnetic fields arc related through the impedance tensor. 

33.2 Theory 

The detailed development of the theory of this method may be found in various publications, e.g 
Vowff (1972), Kaufman and Keller, (1981) and Ward and Wannamaker (1983), upon which this 
overview is based. The l·D formulation is developed from Maxwell's equations assuming an 
incidental plane wave and no displacement currents. The relation between the orthogonal 
e lectrical and magnetic fields is given by: 

z., = E,JH,. = i 1'0'" I k, 

z". = Ey'H, = -i 1'0'" I k, 

(3.14) 

(3.15) 

where ~ and Zy. are the impedance (Zxr = . z,;J, x and y are measuring directions, w is the 
angular frequency, Jjo is the magnetic permeability, and k2 =i~w I p. The apparent resistivity 
Pa can be calculated from Equation 3.14 or 3.15 as: 

(3.16) 

Equation 3.16 can also be written as: 

P. = 0.2 T 1 Z I', (3.17) 

where Z (= z., or z".J is in (m V /km )/gamma, and T is the period in seconds. 

The skin depth 6 is defined as the depth when the fields have reduced to e-l of their surface 
values and is given by: 

6 = Real (Ilk) = (Tp/2"I')l12 '" 0.5 (Tp)l12 km. (3.18) 

For an N - layered earth, the plane wave impedance is given by a recursive formula (Ward and 
Wannamaker, 1983): 

where 
Zn = Jjow/kn (intrinsic impedance of nth layer), 
Z· n = impedance at the top of the nth layer, 

(3.19) 
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kn and hn are the wave number and thickness of the nth layer respectively, and Z -N = ZN' 

In the 2-D casc, the resistivity is invariant in one direction. This axis, along which there is no 
variation in resistivity, is known as the strike direction. The electrical and magnetic fields are 
related through the impedance tensor. In the E-polarization (TE mode). the electrical field is 
parallel to the strike and in the H -polarization (T M mode). the electrical field is perpendicular to 
the strike. If x I is the strike direction, then 

'4t = E"IIfy, = Zre, 

z" = E"/H,, = Zm· 

In matrix notation 

= [Z] H. 

(3.20) 

(3.21 ) 

(3.22) 

If measurements are made in any arbitrary directions, we may rotate them to find the direction 
of strike x I by minimizing diagonal elements (or maximizing the off-diagonal elements of the 
tensor). The principle direction for clockwise rotation is defined below by maximizing 

[ '4t (8) I' + 1 z" (8) I', 

and tan (480) = a.. -~l..Lz,.,,,±..Z,,) : + r:l", + ~"L.Ik, -z".1 
1 ~-Zyy ['-I '4t +z" I' 

where· is the complex conjugate and 9 0 (or eo + 90") is called the principle direction. 

The tipper (T) is given by: 

T = [ I A I' + I B 1']Ii2 where H, = AH, + BH,-

(3.23) 

(3.24) 

(3.25) 

If x is the strike direction, then for the T M mode there is no 1\, and A reduces to zero. Thus, 
the tipper can be used to determine the strike direction. 

The skew (S) defined below is a measure of dimensionality and large skew (2: 0.4) implies 3-D 
(Vozoff, 1972), 

s = I:l", + z"J 
1'4t - z,,1 

The impedance tensor may be calculated in the least square fit by minimizing 

F =I E - ZHI'. 

From Equation 3.22, we have in the measuring direction (x and y): 

(3.26) 

(3.27) 

(3.28) 

(3.29) 
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The least square fits (Ward and Wannamaker, 1983) give: 

z.. = [(EA') (HA') - (E,H,.') (H,.H;)]! D, 

z,., = [(E,H,.') (H.H;) - (Eyf() (H.H,.')] ! D, 

z". = [(EyH.') (HA') - (EyH,.') (H,.H.')]! D, 

z" = [(EyH,.') (H.H.') - (EyH.') (H.H,.')] ! D, 

(3.30) 

• denotes the complex conjugate and the bars indicate smooth auto and cross powers defined as: 
k 

2 • •• A;Bj = 1: A; Bj w-. (3.31) 
k, 

Where A and B are either E or H, i and j are either x or y and A k is the klh fourier coefficient. 
The weighting function wk is generally a Hamming window from £1 to £2 around the centre 
frequency fo, where f, < fo < f2 and f, = k,! (N6t), f2 = k2! (N6t), 6t is the sampling interval 
and N is the number of samples. 

Equations 3.28 and 3.29 may also be expressed as: 

(3.32) 

or H = [A] E, 

and A is known as the admittance tensor. 

Aliasing is a problem encountered in data sampling. For a sampling interval of b.t the Nyquist 
frequency re is defined by re =1/ (2 At) such that frequencies above re are folded back into the 
range 0 - fe . All data with frequency 20fe + f have the same cosine function as that of 
frequency f sampled at 6t = 11 (2f.,). Therefore, a low pass filter with cut off frequency ~ f, is 
used before sampling (antialiasing filter). 

If a time series x.(t) is sampled over the same time interval T such that 

where 

x(t) = "o(t) . d(t), 

d(t) = ( 0 t <0 t>T'l 
\ 1 0 < t <T 

is called a boxcar window. 

(3.33) 

(3.34) 



34 

In the frequency domain, Equation 3.33 becomes a convolution of the form; 

XC"') = X.(",) • 0(",), 

where 0(",) = T [sin ",T!2]! ",T!2. 

(3.35) 

(3.36) 

For the time series with a single frequency (0)0' Xa(t) = sin (,)ot ,and the Fourier transform of Xa(t) 
is a delta function S( (&l -<0>0)' After convolution in the frequency domain, the final spectrum is 
different from the true spectrum. This is called leakage and is caused by energy from the existing 
frequency being leaked into the side lobes where no real power exists. The leakage can be 
reduced by applying windows with smaller side lobes, then the boxear window c.g. the Hanning 
window, the Hamming window or the cosine taper window. 

The most common inversion methods are the least square and the damped least square methods 
where the nonlinear MT response function is approximated by linearization using the Taylor series 
expansion of the MT response function about a starting model. The partial derivatives of the 
response function (Le the Jakobian or the sensitivity matrix) can be calculated analytically for 1-D 
and 2-D inversion problems (Eysteinsson, 1988). In the damped least square method, the 
damping factor at each iteration is optimized to minimize the difference between the observations 
and model responses. 

Generally, the E-polarization (TB mode) apparent resistivity curve and the associated phase are 
utilized in I-D modelling (Jones and Hutton, 1979). However, in the presence of 3-D structures, 
the use of either the invariant impedances (Ingham, 1988) or the determinant impedances 
(Ranganayaki, 1984) may be preferable. 

The AMT/MT method is inherent with problems both in data acquisition and interpretation. The 
first problem is encountered in the source dimensions. Although the plane wave assumption is 
valid in the frequency range 10-4 - 1 Hz, significant errors may occur at frequencies less than 0.1 
Hz in areas of high resistivity within 500 km of the position vertically above the electrojet 
(Bannister, 1969). Random equipment noise and quantization errors are frequently encountered 
on the magnetic channels due to the movement of magnetometers in the earth's magnetic field. 
Electromagnetic inductive noise occurs on both magnetic and electric channels. This noise comes 
from non-plane wave components of the electromagnetic field which may be either natural or 
manmade. Other sources of noise include geological noise due to the overburden or topography 
(Ku et aI., 1973), current channelling (lones, 1988), frequency· independent anisotropy (Ward and 
Wannamaker, 1983) and static shifts. These shifts are caused by shallow inhomogeneities that 
lead to a constant vertical displacement of the MT apparent resistivity curve on a log scale 
independent of frequency. Prior to inversion, one needs to shift the measured apparent resistivity 
by this constant factor. 

The effects of noise on data may be reduced during data acquisition by remote reference (Clarke 
et aI., 1983). The use of notch filters and delay time filters are appreciable (Fontes et aI., 1987). 
Irregular coherent noise may be eliminated by the use of either the maximum entropy method, 
or window deconvolution techniques. Hattingh (1989) has proposed the use of the correlated 
data-adaptive noise cancelling method (CANC) to reduce the bias error, as well as random error, 
of the magnetotelluric impedance tensor. 
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333 Acquisition and analysis of AMT I MT field data from Baldci 

Data acquisition was carried out at two sites. Both AMT and MT were measured at site 9001, 
but only AMT at 9002 (see Figure 16). The magnetic field was measured by two horizontal 
induction coils while the electrical fields were measured by a pair of non-polarizing copper 
sulphate electrodes placed at 100 m distance in the N-S and E-W directions. The AMT data was 
recorded over two overlapping bands of 0.05 to 5 and 0.5 to 50 s at 64 and 8 Hz sampling 
intervals respectively. The MT data was collected at 1 Hz sampling interval with a low pass filter 
at 0.3 Hz and no high pass filter. 

The time series for 40% samples in AMT and up to 32,768 in MT was plotted to check for any 
spurious data points. After detrending and tapering, the data was transformed to the frequency 
domain by the Fast Fourier Transfonn (FFI) and the impedance tensor determined by the 
eigenstate estimator. The data was evaluated further by considering the coherence in phase and 
resistivity, predictability, and skew at all frequencies. Predicability of higher than 0.8 and skew 
of less than 0.2 was used as the basis of data acceptance. The angle of ftxed rotation was about 
300 from the magnetic north over the whole frequency range for the two sites. The AMT I MT 
data is given in Appendix C. No quantitative analysis of the noise was carried out. The data 
indicates that the E and H polarization are affected by the ocean. The E polarization is biased 
down while the H polarization is biased up at low frequencies. A previous study of the ocean 
effect indicates that 10 km away from the coast (Figure 19). the effect is less than 6% for E 
polarization for periods less than 100 s (Eysteinsson and Hennance, 1985). 

,,' 
~ 10 Km From Ocean 

------ ---
- =:::- ~~-

- Ocean Model 

No Ocean Model 

" 10 10 10 ' 

Period, sec 

FIGURE 19: Theoretical MT apparent resistivity curves, 10 km away from the ocean. The 
solid lines show the presence of the ocean while dashed lines indicate the absence of the 

ocean for both E and H polarization (Eysteinsson and Hermance. 1985) 

The ftrst step in the interpretation of the data was to determine the appropriate shift to be used 
to constrain the MT data to fit the TEM interpretation. Theoretical I-D MT models were 
computed from TEM models at the two sites and compared with the measured MT data. The 
initial shift was then calculated from this comparison. Various models and shifts were then tried 
for the E polarization (YX). H polarization (xy), and the determinant resistivity estimates by using 
the TEM results to constrain the inversions. The principal directions are parallel to the 
Neovolcanic zone and the ocean but the strike direction cannot be determined. The present 
study assumes the direction of strike to be parallel to the coastline. 
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The root mean square error (0) was used as a measure of the fit between the data and the model 
parameters. It was found that the E polarization gave models that were consistent with TEM 
results. The H polarization results gave higher resistivity and thickness values of the layers. It is 
noted that when constraining the model by the TEM results for the first km, there is an optimum 
shift for a good data fit ; an increase or decrease of this optimum shift gives poorer data fit (Figure 
20). For site 9002 the optimum shift was found to be 0.08, and 0.085 for site 9001. The inversion 
of unshifted data from site 9002 where wc have constrained the model with the TEM results gives 
poor data 6t as shown in Figure 21. Probably the best way of evaluating the shifts would be a 
joint MT and TEM inversion. 

rj'T"=I JHO-HSp-9000.SO 
t...:..l=..J 9O.10.0512-T 

8. 00 

6.00 

0 4 .00 
~ 

o 
~ 
~ 

w 
2 .00 

0.00 'tn==,,-n= rrrr==""=='TTT==fTTT=T'1 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 

Shift 
FlGURE 20: The effect of shift on the model response fit for MT data from site 9002 data 
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The inversion of the shifted data was carried out by the non-linear damped least square method. 
Seven layer models for the two sites (Figure 22) were found to represent the minimum number 
of layers that gave an adequate fit to the data. For site 9001, the resistivity of the first three 
layers and thicknesses of the first two layers were fIXed from the TM results, while at site 9002, 
the resistivity of the first four layers and thicknesses of the first two layers were flxed. 

33.4 Interpretation of the results 

The interpretation of E polarization AMT/MT data as well as the results from the TEM 
soundings are shown on profile AA' (Figure 23) (see Figure 16 for location of the profile). The 
interpretation has given an indication of the thickness (250 - 600 m) of the low resistivity layer 
«10 Om) within the uppermost kilometre. The results also show that there is a thick (>4 km) 
resistive layer (> 100 nm) below the surface low resistivity. A low resistivity « 5 nm) layer is 
found at site 9001 near Bakki between 5 and 7 km. This layer is not resolved by the AMT data 
at Hlidarendi. The low resistivity layer may be related to the geothermal structure at Bakki. The 
very low resistivity at Bakki is underlain by higher resistivity at a depth of more than 7 km. 
However, more data is needed for a detailed interpretation. 
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FIGURE 23: I-D TEM and MT resistivity section along profile AA' from Hlidarendi to Bakki 
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3.4 Discussions 

The combined interpretation of DC Schlumberger, TEM and MT data has yielded some 
interesting results of the resistivity structure and its relationship with geophysical parameters and 
geological structure. 

The low resistivity layer in the uppermost kilometre is found mainly in hyaloclastites and the 
temperatures are between uxr and 150"C (Figure 23). Most of the productive feeder zones arc 
found within this permeable layer. The resistivity structure is generally affected by the percolation 
of saline seawatec. Since there is no increase in resistivity below 600 m at site AOt8 (Figure 18) 
unlike at all the other sites, one may expect that below this site there is a zone of vertical 
permeability that may be related to the upfiow of geothcrmal fluids. However, it should be noted 
that the data from this site is rather noisy due to fences and power lines and, therefore, more data 
is needed to evaluate this proposition. 

There is a correlation between the resistivity and the degree of hydrothermal alteration. The low 
resistivity in the hyaloclastite layer is associated with laumontite-wairakite zone while the higher 
resistivity below the low resistivity occurs in the epidote zone in association with basalts 
(Fridleifsson, 1990). 

A deep low resistivity layer has been found in the neovolcanic zone in S-Iccland. It has been 
attributed to the presence of a basaltic partial melt at temperatures of 1100 to 13000C and a melt 
[raction o[ 1()'20% (Hersir et aI., 1984; Eysteinsson and Hermance, 1985). Similar deep low 
resistivity in the Roosevelt hot springs thermal area have also been attributed to a partially molten 
magma chamber that might be the heat source for the geothermal system (Ward and 
Wannamaker, 1983). The deep low resistivity layer at Bakki may be either a part of the regional 
feature of the neovolcanic zone or a localized structure. The relationship between this deep low 
resistivity and the geothermal manifestations at Bakki is not clear. More data is needed to 
confirm the existence and extent of this layer at Bakki. 
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4. CONCLUSIONS AND RECOMMENDATIONS 

The electrical methods are effective in evaluating the resistivity structure that may be related to 
the physio-chemical characteristics of the geothennal fields. The modelled resistivity structures 
relate directly to temperature, permeability. degree of hydrothermal alteration and geological and 
tectonic structures. The resolution of the model parameters depends on the electric method used 
and the procedures of interpretation. The 2-D modelling of the Schlumberger soundings from 
Eburru has given a better resolution of the lateral and vertical resistivity boundaries. The model 
has shown that the Eburru geothermal field is confined to the crater region and is mainly 
controlled by vertical permeability. The near-surface low resistivity is related to the effects of 
outflows along near-surface fractures and hydrothermal alteration of pyroclastics by acidic steam 
condensates. However, the 2·D model has not resolved the deeper structure below the 
conductive layer in the Eburru crater area and the Badlands. 

The TEM method has given good resolution of the resistivity structure in the uppermost 
kilometre at Bakki. The low resistivity layer at a depth of 200 to 850 m is the main feeder zone 
for geothermal water at a temperature of 1~ to 1500C. The low resistivity below 600m at site 
A018 may related to the upflow zone of the Bakki geothermal field. This method is less sensitive 
to small scale inhomogeneities and has been used effectively to constrain the inversion of MT 
data. The TEM method has also been used to gain insight into the nature of MT shifts. The 
shifts vary from site to site but they are more than a decade (down) at the two sites in the Bakki 
area. The results of the combined interpretation of the TEM and MT methods show a deep (>5 
km) low resistivity layer at Bakki that may be related to the heat source. 

It is recommended that either a comhined approach of DC Schlumberger, TEM and MT methods 
or a detailed 2-D Schlumberger interpretation augmented by MT be utilized in future projects in 
defining the lateral and horizontal boundaries of geothermal fields in Kenya. A detailed 2·D 
interpretation of the Badlands anomaly should be carried out. In the Bakki area of S·Ice1and, 
a detailed combined interpretation ofTEM and MT soundings should be carried out to investigate 
the main uptlow zone and the extent of the deep low resistivity. The interpretation of the MT 
data should also involve a quantitative investigation of the ocean effects and the shifts on the 
data. 
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APPENDIX A 2-D resistivity model of profile AB, and Schlumberger data with 2-D model curves 
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APPENDIX B: TEM data from Bakki in Olfus with I-D model curves 
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APPENDIX C: AMT/MT data from Bakki in Olfus 

E 
c 

"" 

10'.------------, 

10' ,-t, .... '=-,ru"F, ~~,c'"...,,;'"'..,,~,;, 
10 10 10 10 10 10 10 

Period, s . 

00 

~ 60 
"0 .. 
~ 

cD 30 

" 
° 10-2 10 - 1 10° 101 102 103 104 

Period, s. 

1.0 

,0 

'.' • 

. . 

. ' .' 

.8 '0 a 10-1 lOCI 10' 102 

Period , s . 

• . 
. 
• 

• 

1.0 r------------, 

.6 

•• 
" 

. 2 . . 
~ ... - ..... ........ --

Period, s. 

9001 
10',------------, 

E 
c 10 

10' '=t ... =t'..., ... "";~..";"'".,,,=.J, 
lO-a 10-1 10° 101 lOll 103 10" 

Period , s . 

00 

"" ~ 60 .., 
•• • ;;30 

010- 2 10- 1 10° 101 10' 103 10" 

Period, s. 

1.0 , 
' . 

.8 - 2 1 
10 10-

"" ~ 
160 

Q 135 

§ 90 

~ 

" ~ ., o 

'" 

.: 
' . 

. . •• "'. .' 

10° 10
1 

10
1 

10
3 

Period , s. 

Period, s. 



52 

9002 
10' 10' 

E 10 E 10 
C C .-, - ........ . - ..... -~ . .. 

" , 
10 ~ 10 ~ ~ 

10' 
10-1 10-1 10' 10' 10' 10' 10' 

10' 
10-a 10-- 10' 10 ' 10' 10' 10' 

Period, s . Period, s. 

• 0 90 

7. 7' 
be be 
~ .0 " .0 

-0 

-:-,,~ " . " .' , 45 .. " . 
~ " ',~.-, 

30 1"-. ~ 30 <1l ", ® 

I. I. 

0 .~ ." . ~ 

10-2 10- 1 10' 10' 10' 10' 10' 
0 

10- 2 10-- 10' 10' 10' 10' 10' 

Period. s. Period, s. 

1.0 1.0 .' #--." -r • 
• . 

'" x • '.' ' . w w 

" • ." 
"0 •• 

" " ~ ~ 

'" '" 
... ,." • 

.8 
10-2 10- 1 10' 10' 10' 10' 10' 

.8 
10-2 10- 1 10' 10' 10' 10' 10' 

Period, s . Period, s. 

1.0 180 

be 
.8 " Cl 105 

~ .6 s:: " -" 0 90 

Ul .4 .-
~ 

" .2 
~ •• 0 . 0: . 

0 
10- 2 10 - 1 10' 10' 10' 10' 10' 

0 to-2 10- - 10' 10' 10 10 10 

Period, s. Period, s. 


