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A3.1 Two-dimensional topographic effects in MT data

· Owing to the large change in resistivity across the Earth-air interface, topography can have a significant effect on apparent resistivity.
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· Here a TM mode example is illustrated with electric current flowing horizontally within the plane of the diagram (from Wannamaker et al., 1986). Electric current is deflected downwards to avoid the hemisphere. Sketch a diagram of the current flow pattern.

· Electric current density (J) and electric field strength (E) are thus lower at the sharp corner at y = 50 m. This causes a decrease in apparent resistivity at the corner.

· Similarly electric current density (J) and electric field strength (E) are increased beneath the hemisphere.

· Note here that length scale >> skin depth in Earth so this effect will not show a frequency dependence.

· Following figure is also from Wannamaker et al., (1986) and shows the TE and TM mode responses across a small hill at a frequency of 10 Hz. 
· In this case the length scale << skin depth so inductive effects may occur.  This can be seen in the phase angles not being 45°
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· In the TM mode current is concentrated at the base of the slope, increasing ρTM as in the previous example. 

· Current density (J) and electric field strength (E) are lower at the  top of the hill, causing a decrease in ρTM
· The along strike electric field (Ex) is increased in the TE mode, causing an increase in ρTE at 10 Hz. This can be understood by considering the vertical attenuation of  Ex since below the hill EM waves will propagate from both sides. This will reduce 
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causing a rise in ρTE
· What about the frequency dependence of topography effects?  Figure below is from Brasse and Eydam (2008). This modelling study was motivated by the fact that some of their long-period MT stations were in a valley close to several volcanoes in Bolivia.
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· Can see that the all data components (ρ, Φ and W) are influenced at short period (T < 10 s) by the topography.
· Short period is defined as being when the skin depth < horizontal scale of topography. Verify these numbers in this example!

· At long period, only ρTM is influenced and this effect can be seen to be frequency independent. It can thus be treated as a static shift in long-period MT data (perhaps).

· Note that real topography is 3-D so both ρTM and ρTE may both contain the effects of topography as frequency independent effects at long-periods.
· When should we be concerned about topographic effects in MT data?
Application to MT data collection

· Can collect MT data on a steep hill side. Problems may exist with Ez but generally the current flowing parallel to surface is the same as the current that flows regionally in horizontal direction. May have a static shift in long period data.
· Discussion of Taiwan data collection. Valley bottom has noise, terraces may be acceptable. Draw a simple diagram.
· Practical problem of steep slopes is that streaming potentials may cause noise in tellurics. Variations in groundwater flow after rain can cause time variations in telluric voltages (not always).

Numerical modelling of topography
· Finite difference algorithms use derivatives computed from adjacent nodes. This is simple to code but generally uses a rectilinear mesh.

· Problem that fine mesh at surface results in a fine mesh everywhere at this depth, not just below MT stations.

· Finite element have advantages that elements do not need to be rectangular. Use variational calculus (integrals) over mesh.

· Can have unstructured meshes in outer part of mesh. Also easily model topography with sloping interfaces.  Wannamker et al., (1986) code was used in Geotools.
A3.2 The coast effect

· The contrast in electrical resistivity across the continent-ocean transition is one of the largest on the surface of the Earth. The presence of a low resistivity ocean can influence geomagnetic fields hundreds of kilometres inland.
· If the effect of the ocean is not included in data modelling and inversion (2-D and 3-D), then misleading answers will result.

· Sir Edward Bullard once commented about induction studies, presumably in Great Britain that “geomagnetism was a good way to find coastlines, but there are easier ones”.

· The large contrast in resistivity between the continent and ocean is one of the more difficult geometries to model numerically.

A3.2.1 Coast effects in TE and TM mode impedance data
· The basic phenomena is controlled by the following effect. Consider an EM signal with a period of T = 100 seconds. The skin depth in the ρ = 0.3 Ωm ocean is 2.75 km. In the adjacent ρ = 100 Ωm continent the skin depth is 50 km.

· As the EM signal attenuates in the ocean or continent, all the induced electric current will be concentrated within a skin depth of the surface. 
· Thus the electric current with T = 100 s is confined to the upper 2.75 km of the ocean, and the upper 50 km of the continent.
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· The TM-mode electric currents will oscillate every 100 s, so consider a time when the currents flowing from ocean to the land.
· As the currents move into the continent they diffuse vertically, until they have a depth extent typical of the continent (50 km in this case).  The horizontal distance over which this occurs is called the adjustment distance.

· The idea of adjustment distance (r) was first introduced by Ranganayaki and Madden (1980) based on thin-sheet modelling. Thin sheet modelling considers the low frequency limit of induction in a surface layer. Modelling only considers the conductance of the layer. 

· Ranganayaki and Madden (1980) proposed that 
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where λ is integrated resistivity of the underlying layer and τ is the conductance of the ocean layer.  With τ = 10000 S and λ= 108 Ωm this gives a large value of r ~ 1000 km

· More detailed discussion of adjustment by Weaver and Dawson (1992) who included a frequency variation. They showed that the r value is an upper limit to the actual value measured at finite frequencies.
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· TM mode measurements close to the coast will detect an anomalously high value of Jy(y) and Ey(y). This causes an high values of ρTM and low values of ΦTM
· Strong TE mode electric currents are induced that flow parallel to the coast. These can be understood by analogy with A2.2
· ρTE varies smoothly across the coast line. Thus onshore values of ρTE are lower than expected for the continent. Similarly, ΦTE values are relatively high.
Example of coast effect from 2004 survey on Amchitka Island, Alaska
· A typical MT sounding from Amchitka Island is shown below. This a 5 km wide, 50 km long island in the Aleutian Islands of Alaska.  Data have been rotated to a strike direction parallel to the long axis of the island.
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· See Unsworth et  al., (2007) for details and inversions.

Central California - Hollister
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· At very long periods, onshore MT measurements at a coastal site are mainly sensitive to the resistivity of the seafloor. 

· See Mackie et al., (1988) for an example of this effect from Central California.
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Example of coast effect  from Taiwan

· The coast effect can be seen below in the figure of pseudosections from Central Taiwan (Bertrand et al., 2009).  Note the low values of ΦTM between y = 70 km and 110 km at periods from 100 -10000 seconds.

· The impedances were very distorted at many MT sites on the eastern half of this profile, hence the large amount of data that has been excluded. 

· High values of ρTM are also observed on the eastern half of the profile, but this is partly due to resistive rocks of the Central Range.
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Increased sensitivity to vertical conductors

· The downward diffusion of the TM-mode electric currents does not always occur smoothly with distance with the coastline. 
· Consider the case where there is a horizontal zone of low resistivity in the lower crust or upper mantle beneath the continent. If there are sub-vertical, low resistivity zones in the continent, then the ocean currents will use these features as short cuts. These features can reduce the adjustment distance significantly.

· Suture zones can produce a sub-vertical, low resistivity zones and can sometimes be detected by a change in ΦTM across the suture. The low phase values associated with ocean electric currents increase to values more typical of the continent. See an example of this effect in Park et al., (1991) where suture zones were discovered on each side of the Great Valley in California. These features are at offsets of 150 and 240 km in depth range 10-30 km in the model below,
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· Another example comes from Taiwan. See figure from Bertrand et al., (2009) above. Note the east-west increase in ΦTM that occurs at y = 70 km. The inversion of these MT data reveal a major sub-vertical conductor at this location which extends from the surface to at least 20-30 km. 
· This phenomena is an example of current channelling. This is when the MT response is dominated by electric currents that have been induced at a location horizontally offset from the measurement site.
A3.2.2 Induction vectors and the coast effect

· The TE mode generates anomalous vertical magnetic fields at coastal stations which result in induction vectors that point towards the ocean in the Parkinson convention (Parkinson, 1962). 

· More discussion of coast effect in Parkinson and Jones (1979) and Fischer (1979).
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· Example below from Taiwan where long-period induction vectors point at the 4-5 km deep Philippine Sea (Bertrand et al., 2009). Can also see this effect in the pseudosection shown above. Note the large values of the in-phase tipper on east side of Taiwan.
More complicated effects
· Vancouver Island and the Georgia Strait has long been the subject of 3-D induction vector modelling. Figures below from 2003 ABC project, later published by Soyer and Unsworth (2006). Note these figures use the Weise convention.
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· At T = 30 s the IVs show induction in the Strait of Georgia and Strait of Juan de Fuca. At longer periods the greater conductance of the Pacific Ocean dominates 
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