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8 Abstract

9 MT data obtained at an alluvial valley in Argentina showed a strong telluric current channeling along its axis. This

10 effect was reflected in the MT curves as a very low response for the TM apparent resistivity for periods longer than 1 s.

11 The cause of this channeling remained unsolved although the existence of shallow conductive structures may be related to

12 this effect. The purpose of this work is to analyze in detail the magnetotelluric response of this kind of structures. The

13 main objectives are to identify the relevant geometrical and electrical features that cause the anomalous TM response and

14 to study the sensitivity of the MT modes to characterize this kind of structures. Starting from a previous 2D TE inversion,

15 we modified the structure in order to reproduce the behavior of the MT curves. 2D and 3D forward modeling of different

16 shallow conductive structures were carried out and synthetic data from related structures were inverted using the 2D RRI

17 code.

18 D 2002 Published by Elsevier Science B.V.
19
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21

2223 1. Introduction

24 One of the main applications of the magnetotelluric

25 method is the characterization of sedimentary basins.

26 The frequency-dependent apparent resistivity and

27 phase are usually inverted following different meth-

28 ods. In the two-dimensional case, the TE and TM

29modes provide complementary information about the

30resistivity distribution in the subsurface, and the joint

31inversion of both modes is recommended (Berdichev-

32sky et al., 1998). However, the presence of shallow

33conductive structures can produce a current channel-

34ing of the telluric currents that might result in an

35anomalous behavior of the apparent resistivity and the

36phase of a mode. In these cases, the inversion is

37performed with partial information using different

38strategies.

39In this paper, a two-dimensional MT data set

40recorded in the region of Antinaco–Los Colorados

41Valley in the Province of La Rioja in the North–

42West part of Argentina (Fig. 1) is presented as an
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43 example of this kind of data (from Pomposiello et

44 al., 1998). The profile consists of 12 stations, and

45 the measurements were collected in the range of

46 periods from 0.1 to 8000 s. The most surprising

47 aspect of these soundings was the anomalous behav-

48 ior of the electric field in the East–West direction

49 for periods longer than 1 s. Throughout six stations

50 (S3–S8, Fig. 1), over 13 km, the electric field values

51 measured in the E–W direction were lower in two

52 orders of magnitude than the corresponding N–S

53 values. Furthermore, the potential differences meas-

54 ured were in the resolution limit of the equipment.

55 These facts clearly make evident the presence of a

56 strong channeling of the telluric currents in the

57 North–South direction, which coincides with the

58 symmetry axis of the geological structure as well

59 as the strike direction. The telluric field is polarized

60 along the elongated depression filled with conductive

61 sediments. This current channeling effect was re-

62 flected in the MT curves as a very low response of

63 the TM apparent resistivity for periods longer than

641 s. Those values were in the order of 1 V m and

65even lower.

66Different authors have studied the problem of the

67distortions in the magnetotelluric response due to

68shallow conductive structures. Particularly, the work

69by Berdichevsky et al. (1998) deals with the sensitiv-

70ity of the TE and TM modes to detect shallow and

71deep structures. One result of that work indicated that

72the TM mode is more sensitive to the near surface

73structures and the TE mode may be more sensitive to

74the deep structures.

75In the present work, we use the data from Anti-

76naco–Los Colorados Valley as a starting point for the

77study of the current channeling effects caused by

78shallow conductive structures. In particular, we study

79the electrical and geometrical features a structure

80should have to generate the kind of electromagnetic

81response observed in the data. The dimensionality of

82the structure is analyzed; that is, if the electromagnetic

83response is basically due to a 2D structure or is a

84probable 3D effect. The main goal of this work is to

Fig. 1. Geological map of Antinaco–Los Colorados Valley.
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85 identify the relative importance of the parameters that

86 cause the low TM apparent resistivity response.

87 Starting from the previous 2D inversion model, we

88 performed 2D forward modeling of related structures

89 using the finite difference code included in the RRI

90 (Smith and Booker, 1991). We focused our attention on

91 the set of stations where the effect was notorious, from

92 S3 to S8, and we studied modifications to the model in

93 order to reproduce the behavior of the measured data.

94 The sensitivity of the MT data to detect and char-

95 acterize this kind of structures was studied through the

96 2D inversion of the theoretical response corresponding

97 to representative models that present the effect.

98Finally, the response corresponding to 3D struc-

99tures was analyzed, in order to look for a similar

100behavior in the MT curves. The calculations were

101performed using the PW3D code (Wannamaker et al.,

1021984; Wannamaker,1991). The 2D interpretation of

103the 3D responses along different profiles was carried

104out.

1052. Previous results from the 2D inversion

106In this section, we review the main results of the 2D

107inversion of the field data (Pomposiello et al., 1998).

Fig. 2. TE (n) and TM (o) apparent resistivity data corresponding to station S5(a), S6(b), S7(c) and S8(d). The theoretical response of the

model shown in Fig. 3 is displayed for the TE (—) and TM (- - -) modes.

G. Chao, A. Osella / Journal of Applied Geophysics 1407 (2002) 1–15 3
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108 As stated previously, we restrict our study to the

109 stations located within the anomalous zone, which

110 includes stations S3 to S8 (Fig. 1). As an example of

111 the anomalous behavior observed throughout these

112 stations, Fig. 2 shows the apparent resistivity data

113 corresponding to stations S5–S8 for the TE and TM

114 modes. The data corresponding to the TM mode for

115 periods longer than 100 s present large distortions due

116 to the current channeling effect, and it is omitted.

117 The inversion is performed using only the TE

118 component because the TM mode is strongly affected

119 by the current channeling. Furthermore, any attempt

120 to include the TM data resulted in serious problems of

121 convergence. The result is shown in Fig. 3. This

122 inversion model allowed characterizing a sedimentary

123 basin of 6-km thickness over a resistive basement. It

124 revealed the presence of a shallow structure that

125 consists of two conductive blocks (5–10 V m) sep-

126 arated by a higher-resistivity medium. The shallow

127 conductive zones may be related to the high salinity

128 areas corresponding to the Bajos de Santa Elena

129 region (Fig. 1).

130 The fittings corresponding to stations S5–S8 are

131 also shown in Fig. 2. The apparent resitivity inver-

132 sion for the TE mode presents a normalized misfit

133 of 1.35 and the fittings agree reasonable well with

134 the field data. However, it is important to point out

135 that the model obtained did not reproduce the TM

136 apparent resistivity anomalous low response and the

137 physical parameters which could produce this kind

138of effect remained at that stage not clear and

139requiered further investigation.

1403. 2D analysis

141In this section, we focus on the study of the

142geometrical and electrical features that should have

143a 2D structure to generate the current channeling

144effect observed in the data. We propose different 2D

145structures and calculate the electromagnetic response

146at the surface using the finite difference method code

147included in the RRI (Smith and Booker, 1991). The

148following parameters are studied: depth and thickness

149of the conductive structure, resistivity contrast with

150the medium and lateral extension of the conductive

151blocks.

152Fig. 4a shows the first model. It consists of two 5

153V m blocks (width: 5 km; thickness: 2 km; depth: 200

154m) embedded in a 100 V m half-space. We calculated

155the electromagnetic response at sites O and P for

156different values of the distance between the blocks:

157d = 6, 4, 2 and 0 km (Fig. 4b).

158The analysis of the TM apparent resistivity re-

159sponse (Fig. 5) clearly demonstrates that this mode

160has a high lateral sensitivity to detect this kind of 2D

161conductive structure. On site P, above the conductive

162block, the TM apparent resistivity curve was decreas-

163ing for all the d values considered, reaching values of

164the order and even less than 1 V m. It is important to

Fig. 3. 2D resistivity model.
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165 note that when the width of the blocks increases the

166 decreasing behavior diminishes.

167 The results obtained at point O allow us to con-

168 clude that if there is not a conductive body below the

169 station, the TM apparent resistivity does not present

170 the distortion associated with a current channeling.

171 This conclusion is evident from the analysis of the

172 TM apparent resistivity pseudosections (Fig. 6). In the

173 data measured, the current channeling effect was

174 observed in six consecutive stations along 13 km.

175 Taking into account the results of the 2D models

176discussed above, it is feasible to consider a extended

177conductive structure for the following calculations.

178The next step was the study of the depth depend-

179ence of the conductive structure. From the previous

180model (Fig. 4b), different depths were considered:

181200, 400, 800, 1600 and 3200 m and the theoretical

182response calculated at points O and P. From the TM

183apparent resistivity results (Fig. 7), we can conclude

184that the conductive block must be clearly shallow.

185Besides, there is a gap between the model corre-

186sponding to 200 m and the others. This model was

Fig. 4. Theoretical 2D models. The parameter d indicates the distance between the conductive bodies. (a) d= 6 km.; (b) d= 0 km.
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187 the only one that showed TM apparent resistivity

188 values in the order of 1–2 V m for periods longer

189 than 1 s. Even the 400 m model showed a remarkable

190 higher behavior, reaching values in the range of 5 V

191 m in this range of periods. This result was observed at

192 points O and P.

193 In order to verify the feasibility of the geoelectrical

194 features of the model proposed, it was very important

195 to analyze the TE apparent resistivity curves because

196 in the data, the TE mode did not show a rugged

197 decreasing behavior (Fig. 2). Fig. 8 shows the results.

198 It is possible to observe that the TE apparent resis-

199 tivity minimum value is approximately 5 V m at 1–3

200 s period; however, it then recovers and finally reaches

201 100 V m at longer periods (1000 s).

202 The TM apparent resistivity thickness dependence

203 for model 4b at point P is showed in Fig. 9. It is

204 interesting to note that for 0.5 and 1 km structure

205 thickness the TM apparent resistivity shows a slowly

206 decreasing shape, but then it is possible to observe a

207 little recovery. For 2 and 4 km structure thickness, the

208 decreasing behavior is more notorious and is observed

209 even in the longest periods. The TM apparent resis-

210 tivity curve is satisfactory for these thicknesses for the

211 resistivity contrast between the conductive body (5 V

212 m) and the medium (100 V m). We chose 2-km

213 thickness for the calculations involved in the study

214 of the resistivity contrast.

215 Fig. 10 represents the TE and TM apparent

216 resistivity response for different resistivity medium

217values: 25 and 50 V m and the previous one (100 V

218m). The analysis of the results indicates that the TM

219apparent resistivity decreasing behavior was ob-

220served in all cases, but it is more important when

221the resistivity contrast is higher. Also, the TE appa-

222rent resistivity response was similar in all cases,

223showing a slow decreasing behavior at shorter peri-

224ods (until 2 s), but then recovering and reaching the

225resistivity medium value at longer periods.

226Previous geoelectrical surveys in the Valley (Osella

227et al, 1999) indicated the presence of aquifers with

228high concentration of salts in the area. In order to

229study the influence of this kind of structure, we

230decided to model a 500-m thickness block of 1 V

231m. The model is shown in Fig. 11a. The correspond-

232ing MT curves are displayed in Fig. 12a and b, and we

233can conclude that the effect is still important.

234The last 2D models studied consists of two 1 V m

235blocks of 500-m thickness separated 4 km (Fig. 11b).

236The electromagnetic response is shown in Fig.12c and

237d and presents the same characteristics as previously

238calculated for the two 5 V m blocks. The same

239arguments for the TM apparent resistivity lateral

240sensitivity are applied to this case.

241Finally, we can summarize the 2D results remark-

242ing that a shallow model with the following parame-

243ters: resistivity, 1–5 V m; depth, 200 m; thickness,

2440.5–2 km; and lateral extension of 15 km in a 100 V

245m host media presents the kind of electromagnetic

246response that can be associated with a current chan-

247neling.

248It is not possible to assert that the 2D model

249proposed corresponds to the geological structure

250in Antinaco–Los Colorados Valley, but it is clear

251that a very shallow 2D conductive structure gener-

252ates the type of distortion registered in the zone.

253Besides, the fact that the model was obtained

254through modifications to the TE apparent resistivity

255inversion model and is consistent with previous

256geophysical studies indicates that it is highly possi-

257ble the presence of a structure with very similar

258characteristics in Antinaco–Los Colorados Valley.

2594. 2D inversion of synthetic data

260The usual procedure to analyze 2D MT data

261prioritizes the inversion of the TM mode (e.g., Wu

Fig. 5. TM apparent resistivity responses at points O (—) and P

(- - -) for Fig. 4 models. E, d= 6 km; o, d= 4 km; n, d= 2

km; No symbol, d= 0 km.

G. Chao, A. Osella / Journal of Applied Geophysics 1407 (2002) 1–156
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262 et al., 1993). However, for the cases studied in this

263 work, it is important to point out that in an actual

264 situation a TM apparent resistivity low response

265 might result in large errors for the TM data. In this

266 section, we concentrate on the inversion of the

267 synthetic data corresponding to the models dis-

268 played in Fig. 11 in order to analyze the sensitivity

269 of each TE and TM modes to characterize the

270 structures. Inversions of the TE data, TM data and

271 both modes are carried out in order to compare the

272 results and to discuss the applicability and accuracy

273 of each one.

274The inversions were performed using the RRI

275code (Smith and Booker, 1991). A relative error

276floor of 0.5 was considered for TM data and 0.1 for

277TE apparent resistivity and 0.15 for TE phase.

278Large uncertainties in the TM mode were consid-

279ered in order to reproduce the high errors presented

280in the data. This is a consequence of the strong

281channeling of the telluric currents and the fact that

282the electric field measured might be in the limit of

283resolution of the equipment. Goals for the misfit of

2841.1 were required at each theoretical station and an

285initial 100 V m half-space model was used.

Fig. 6. TM apparent resistivity pseudosections corresponding to Fig. 4 models.

G. Chao, A. Osella / Journal of Applied Geophysics 1407 (2002) 1–15 7
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286 The results are displayed in Fig. 13. All the

287 inversions converged to acceptable mean squared

288 misfit, with values close to 1.1.

289 Fig. 13 reveals that the TE mode presents a higher

290 accuracy in the imaging of the thickness than the

291 corresponding TM mode inversion. However, in the

292 case of the two conductive blocks, the TM inversion,

293 despite the large errors involved, shows a better

294 resolution of the width of the bodies. The joint TE

295 and TM inversion allows characterizing very well the

296 model corresponding to Fig. 11a (Fig. 13c), but fails

297in the imaging of the two conductive bodies present-

298ing a conductive zone between the two blocks (Fig.

29913f).

3005. 3D forward modeling

301The purpose of this section is to analyze the

302variation of the electromagnetic results calculated

303in the 2D forward modeling section when consid-

304ering an elongated 3D body instead of the 2D

Fig. 6 (continued).
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305models previously studied. The main goal was to

306determine if 3D effects could be responsible for

307the anomalous behavior of the TM apparent resis-

308tivity, or if it is basically caused by a 2D structure.

309In order to compare the results, a similar 3D

310structure was modeled. The model is shown in

311Fig. 14 and consists of a conductive body (resistiv-

312ity: 0.5 V m; thickness: 500 m; depth: 200 m.)

313embedded in a 100 V m half-space. The lengths of

314the body are 32 km in the x̂ direction and 16 km in

315the ŷ direction.

316The calculations were realized with the PW3D

317code (Wannamaker, 1991) and different profiles were

Fig. 7. TM apparent resistivity for different depths of the buried

conductive structure at points O (a) and P (b).

Fig. 8. TE and TM apparent resistivity response for Fig. 4b model at

point O (—) and P (- - -).

Fig. 9. TM apparent resistivity response at point P for different

thickness of the conductive block.

Fig. 10. TM (—) and TE (- - -) apparent resistivity at point P for

different half-space resistivity. E, q = 100 V m; n, q = 50 V m; No

symbol, q= 25 V m

G. Chao, A. Osella / Journal of Applied Geophysics 1407 (2002) 1–15 9
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318 obtained in each case: centered and parallel to the

319 smallest axis (profile 1, Fig. 14), parallel to the

320 smallest axis close to the edge of the body (profile

321 2) and, finally, centered and parallel to the largest axis

322 (profile 3).

323 The apparent resistivity results are summarized in

324 Fig. 15 where the corresponding 2D interpretation

325 of the 3D electromagnetic data at relevant points is

326 shown in order to compare the results from the 3D

327 modeling with the previous 2D modeling.

328 The analysis of the first profile indicates that the

329 corresponding TE apparent resistivity curves have a

330similar behavior to the 2D model, but the apparent

331resistivity values do not reach the electrical resistivity

332of the half-space. However, the TM apparent resis-

333tivity response is quite different from the 2D case.

334From Fig. 15b and c, it can be concluded that

335the decreasing TM apparent resistivity behavior was

336not reproduced at any point. Note that in the case of

337Fig. 15c, the 2D profile 3 (Fig. 14) is parallel to the

338x-axis. Then in a 2D interpretation, the strike would

339be in the y direction. Then the TM mode would be

340associated to the component Zxy because the profile

341is rotated 90j, but the axes do not.

− − − − − −

−−−−−−

Fig. 11. Two-dimensional synthetic models.

G. Chao, A. Osella / Journal of Applied Geophysics 1407 (2002) 1–1510
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342 In summary, we can conclude that the 3D effects

343 studied in this work are not the cause of the anom-

344 alous behavior of the TM mode.

345 6. Conclusions

346 In this paper, we have characterized the structures

347 that can produce current channeling effects as strong

348 as the one detected at Antinaco–Los Colorados Val-

349 ley. This kind of effects produce anomalously low

350 response in one of the components of the MT impe-

351 dance tensor, not allowing performing the usual

352 tensorial analysis. Then different strategy should be

353 addressed in order to determine the features of the

354 anomalies.

355Within this frame, we performed 2D and 3D

356forward modeling calculations to look for structures

357which produced this kind of anomalous behavior as

358a means to identify it in actual data, and we studied

359the approximations that can be obtained by applying

360inversion codes to synthetic data. We used the data

361from Antinaco–Los Colorados Valley as an example

362where this kind of anomaly was detected.

363From the analysis of the forward modeling cal-

364culations, it can be concluded that the current

365channeling effect detected in Antinaco–Los Colora-

366dos Valley is due to a 2D structure. It was demon-

367strated that the MT apparent resistivity response for

368both modes corresponding to a shallow conductive

369structure (1–5 V m), embedded in a more resistive

370half-space (100 V m), presents the same character-

Fig. 12. Magnetotelluric response in models corresponding to Fig. 11 at points O (—) and P (- - -). The results for Fig. 11a model are shown in

(a) and (b) and the results for Fig. 11b model in (c) and (d).

G. Chao, A. Osella / Journal of Applied Geophysics 1407 (2002) 1–15 11
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Fig. 13. 2D inversion of synthetic data corresponding to Fig. 11 models.
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Fig. 13 (continued).
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371 istics that the data measured. The lateral extension

372 of the structure must be as extended as the length of

373 the profile where the effect is detected. This is a

374 consequence of the high lateral TM sensibility. The

375structure depth turned out to be the most important

376parameter. Satisfactory results were obtained at

377depth of 200 m, and it is important to emphasize

378that the effect clearly diminishes when considering

Fig. 14. 3D model. The coordinates of the points indicated in the figure are: O1=(0,0) km, O2=(6,0) km, P=(0,12) km, Q1=(0,14) km and

Q2=(6,14) km.

Fig. 15. Apparent resistivity curves in 3D model corresponding to Fig. 14, profile 1 (a), profile 2 (b) and profile 3 (c)

G. Chao, A. Osella / Journal of Applied Geophysics 1407 (2002) 1–1514
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379 larger depths. The 2D inversion of synthetic data

380 demonstrated that the TE inversions present a better

381 resolution of the structure thickness and that the TM

382 mode allows characterizing the width of the con-

383 ductive structure with higher accuracy.
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