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SUMMARY

A ZTEMA (Z Tipper Axis Electromagnetic) airborne AFMAG
survey was conducted over the Pampa Lirima geothermg
project where a number of other ground gephysical

surveys had bea previously undertaken, includng

magnetotelluric (MT), time domain transient electro

magnetic (TDEM), andDC resistivity soundings. Restsvity

methods such as MT are typically used to map structure
lithology and alteration, especially the low resistivity cap
over the outer margins of the geothermal reervoir at

depth. The ZTEM survey at Pampa Lirima overflew the are
for comparison purposes.

The ZTEM results appear to correlate well with previous
geophysics and the known geology, including known faul
structures and contacts, as well as a prominent cadluctivity
high over the Lirima hot spring field. 2D inversions of the|
airborne ZTEM appear to agree quite well with 3D
inversion of ground MT for shallower depths (<2km), in
particular the conductive clay-cap attributed to the deep 3D
MT conductive heat surce and a resistive NESW
lineament that extends between the Lirima and San André
hot springs. Joint 3D MIZTEM inversion results should
improve the accuracy and the areal extent of the knowr
subsurface resistivity structure at Pampa Lirima.
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INTRODUCTION

A ZTEM (ZTipper Axis Electromagnetic; Lo and Zang
2008) airborne AFMAG survey was conducted over the
Pampa Lirima geothermal prospect in northern Chile
(Figure 1) in December, 2010. Resistivity and EM methods
are used in geothermal exploration to map the electric
properties of the geology at depth. Howeer, while these

preferred methods, like ground magnetotellurics (MT),

provide excellent depths of investigation and resolution,

they come at a very higtcost.
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A) Geothermal Heat Flow
of South America

B) Geothermal Areas
of Northern Chile

Figure 1: Showing Pampa Lirima in: a) geothermal heat flow
map of South America; and b) geothermal areas of Northern
Chile (after Haraldsson, 2012).
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Figure 2: Google Earth image showing ZTEM linei locations
and known geothermal prospects at Pampa Lirima.

ZTEM B an airborne variant of the tipper AFMAG method
(Ward, 1959; Labson et al., 1985) and is a relatively new
air-borne technology for geothermal exploration that is

capable of mapping the electrical properties of large areas,
in conjunction with MT (Legault et al., 2010; Lazaro et al.,



2011; Legault et al.,, 2011), to reasonably great depth
(>1km), at a fractional cost of ground geophysical
methods. The ZTEM survey waflown to test its capability
as a reconnaissance resistivity majping tool and in direct
comparison with magnetotelluric and other ground
geophysical results.

The Pampa Lirima project area (Arcos et al., 2011),
belonging to Energia Andina, a Chilean geothermal energy
company, is located in the Altiplano of northern Chile,
approximately 1700 km north of Santiago, near the
Bolivian border, in a region of high heat flow and known
geothermal prospectivity (Figure 1). Pampa Lirima is long
well known for its hot springs and several known
geothermal occurrences lie within the survey area,
including Termas Lirima to the west, Bafios San Andrés
further northeast and Bafios Chalviri to the northeast, as
well as Termas Cancosa, southeast of the property (Figure
2).
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Figure 3: a) ZTEM helicopter EM system in flight, showing HZ
receiver Coil and magnetic sensor, b) Hz receiver coil, c) Hx-Hy

base station coils located at a remote site adjacent to survey
area.

The Pampa Lirima ZTEM survey consisted of 1630 lidem
over a 675km2 area using the helicoptetowed ZTEM
system (Figure 3), as well as combinederomagnetics. The
survey consisted of 1895 km long, N1200 oriented flight
lines obtained at nominal 425m linespacings. Zaxis tipper
measurements of the vertical (Z) component were
obtained using an induction aircoil sensor, suspended at
approximately 90m elevation above ground level. The
vertical component time-series data (Hz) were acquired at
2k Hz, then merged with similarly sampled horizontal field
measurements (HxHy) from fixed basestation reference
coils, in order to obtain the tipper vectorsTzx (in-line) and
Tzy (crossline). The ZTEM tipper IaPhase and
Quadrature transfer functions were derived from 1.0sec
time-series using Fourierbased, digital signal processing
analyses, and then were output at 2.5Hz (~10m stations)
for 6 frequencies, letween 25Hz and 600Hz. The
magnetometer was an optically pumped caesium vapour
magnetic field sensor, towed at approximately 20m above
the ZTEM sensor, roughly at 110m ground elevation.
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GENERAL THEORY

The ZTEM airborne AFMAG system measures the
anomalous vertical secondary magnetic fields that are
created by the interaction between naturally occurring,
plane wave audio frequency EM fields and electrical
heterogeneities in the earth. The vertical magnetic field
(Hz) is linearly related to the horizontal fields (Hx, Hy)
according to the following (Vozoff, 1972):

Hz = Tzx Hx + Tzy Hy (1)

where the magnetic field vector T = (Tzx, Tzy), known as
the tipper, is complex and a funtion of frequency, but has
rotationally invariant properties, such as its magnitude
and direction, that are independent of the subsurface, the
measurement direction and the field polarization (Labson
et al., 1985).

AFMAG uses naturally occurring audio frequency magnetic
fields from worldwide atmospheric thunderstorm activity
as the source of the primary field signal, and therefore
requires no transmitter (Ward, 1959). The primary fields
resemble those from VLF except that they are not man
made, are at lower frequency (tens & hundreds of Hz
versus tens of kHz), are pseudoandom rather than
cyclically repetitive, and are usually not as strongly
directionally polarized. The EM fields used in AFMAG have
the unique characteristic of being uniform, planar and
horizontal, and also propagate vertically into the earth, to
great depth, up to several km, as determined by the
magnetotelluric (MT) skin depth (Vozoff, 1972):

is= 503 * a(y |/

where mis the bedrock resistivity (chm-metres), dis the
frequency of measurement (hertz) and)s is the depth
where the amplitudes of the EM fields are reduced to 1/e
(37%) of their surface values.A reasonable rule of thumb
estimate for the depth of investigation for MT is taken to
be approximately equal to 1.5 skin depths (Spies, 1989).

The tipper from a single site contains information on the
dimensionality of the subsurface (Pedersen, 1998), for
example, in a horizontally stratified or 1D earth, T=0 and
as such Hz is absent. For a 2D earth with theaxis along
strike, Tzy=0 and Hz = Tzx*HxIn 3D earths, both Tzx and
Tzy will be nonzero. Hz is therefore only present as a
secondary field due to a lateral resistivity contrast,
whereas the horizontal Hx and Hy fields are a mixture of
secondary and primary fields (Stodt et al., 1981). But, @
approximation, as in the telluricmagnetotelluric method
(T-MT; Hermance and Thayer, 1975), the horizontal fields
are assumed to be practically uniform, which is
particularly useful for rapid reconnaissance mapping
purposes.

By measuring the vertical nagnetic field Hz, using a mobile
receiver (r) and the orthogonal horizontal Hx and Hy fields
at a fixed base station reference site (r0), ZTEM is a direct
adap-tation of the T-MT technique for airborne AFMAG
surveying. For ZTEM the tipper equation (1) is Hen
rewritten as follows (Holtham and Oldenburg, 2010):

Hz(r) = Tzx(r,r ) HX(r o) + Tzy(r,ro) Hy(r o) 3)

a2) metres



GEOLOGIC SETTING

The geology of the Pampa Lirima prospect (Figure 4)
consists of: a) basement Mesozoic carbonate rocks that
form a folded and thrustedbelt and Cretaceous volcanics
that cover the older sediments in angular unconformity; b)
OligoceneMiocene volcanic and sedimentary cover rocks
are 500-700m thick and strongly folded; c) covering these
rocks are middle-Miocene to Pleistocene volcanic eddes,
that form the mountain peaks, reaching to great altitudes
and featuring varying degrees of erosion, with large
volumes of accumulated material. Stru¢urally, a series of
NS, NW and NE oriented structures affect the Oligo
Miocene cover rocks as wells the Mesozoic basenent
(Arcos et al., 2011).

The Pampa Lirima survey area is distinguished by its many
sectors with distinct colour anomalies (see Figure 2), due
to hydrothermal alteration and iron oxide staining. The
alteration styles range fromargillic (illite -smectite), phyllic
(illite -sericite-muscovite) and advanced argillic (silica
alunite-kaolinite). At San Andrés, the alteration is covered
by relatively fresh Miocene lavas, unaltered Pliocene
volcanics and locally by till deposits. At Lirna, the altered
rocks that extend over a large area are gradationally
covered by unaltered to altered Miocene lavas (Arcos et al.,
2011).

Geologically, the Lirima and San Andrés geothermal
systems, which are in the Coscaya River basin and its
tributary, both lie along the same NESW alignment
(Figure 4) and each is assaiated with large areas of
steamheated type argilic to advanced argillic
hydrothermal alteration. The Chalviri geothermal hot
springs (Figure 4), which drain into the Cancosa Basin
further southeast, are located in a NVBE lineament that
marks the contact between upper Miocene volcanic
complex and the large Pleistocene volcanic edifice of Cerro
Sillajhuay to the north (Arcos et al., 2011).

PREVIOUS GEOPHYSICS

The Pampa Lirima geothermaprospect has been host to a
number of geophysical surveys, including regional
airborne magnetics across the entire property, micro
seismic and nagnetaelluric coverage spanning the Lirima
and San Andrés area (Arcos et al.,, 2011), as well as
individual lines of vertical electrical resistivity soundings
(VES) and timedomain EM (TDEM) sounding directly
across the Lirima and San Andrés fields (I. Aguirre, pers.
comm., 022011).

The regional aeromagnetics defined an area of high
magnetism at San Andrés that iselated to the Miocene
Pliocene volcanic cover. In contrast, Lirima is situated in a
large region of low magnetism, reflecting either
demagnetized or weakly magnetized rocks, due to
hydrothermal alteration. Also, a clear NESW lineament
joins San Andrésto Lirima (see Figure 4) and appears to
coincide with regional structural trends (Arcos et al.,
2011).
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Figure 4: Geological map of Lirima area, with property
boundary (red polygons), ground MT deep conductive anomaly
(red circle), interpreted major lineament (black dashes) and
ZTEM flight (grey lines) lines (after Arcos et al., 2011).

Shallow time-domain electromagnetic (TDEM) soundings
using a NanoTEM instrument were obtained at Pampa
Lirima (Geodatos, 2010), including two northwest
southeast profies over the Lirima and San Andrés fields
that are presented in Figure 5. 1D inversions for both areas
indicate higher resistivities at surface and generally lower
resistivities below 100-200m depths, which is consistent
with the younger unaltered cover alove the more heavily
altered basement rocks. At Lirima, anomalous
conductivities are detected directly above the hot spring
and the inferred NESW structure in both TDEM and
vertical electrical array sounding (VES) results (see Figure
5 and Figure 6; I. Agirre, pers. comm.., 02011).

The micro-seismic survey that continuously recorded a
network of stations at Lirima over a six month period
recorded >3500 events, of which 1200 were focused at
less than 25km depth. Some of these seismic events tended
to be aligned along the MT and aeromagnetic lineament,
thereby reinforcing the idea of a major NESW structural
control (Arcos et al., 2011).

An 82 site full tensor MT survey, consisting of 0.0630k
Hz frequency soundings, was conducted in the Lirim&an
Andrés region. These results were then fed to a 3D
inversion, using the Mackie and Madden (1993) code for
further interpretation (Arcos et al., 2011).

The 3D inversion results (Figure 7) indicate that the south
to southwestern survey area is underlain by a <hlow
conductive layer (<10 ohmm) within 1000m below the
surface, that is interpreted as the clay cap (argillic
alteration) of the geothermal reservoir. This clay cap
conductive layer is in turn interrupted in the center by a
higher resistivity zone (seeFigure 7b) that coincides with



the regional NESW lineament interpreted from the
regional geology and aeromagnetic data.

More importantly, in the southwestern corner of the
survey area, below the upper claycap conductive layer, a
very large (8x8x2km thick) distinctive, deep conductive
body is observed at >2km depths. A massive, partially
melted intrusive body is given as a possible explanation for
this anomaly, which is interpreted to be the heat source for
the geothermal system. This would distinguish Rapas
Lirima from more typical active volcanic systems that are
the heat sources elsewhere in the Andean environment
and whose heat sources are usually deep resistive bodies
(Arcos et al., 2011).
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Figure 5: NanoTEMtime-domain EM sounding results at Pampa
Lirima (Geodatos, 2010): 1d inversion section across Lirima, b)
TEM sounding at Lirima, and c) 1D inversion section at San
Andrés (after |. Aguirre, pers. Comm., 02-2011). TEM line
locations are shown in Figure 6.
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Figure 6: a) VES soundings (circles) and TDEM soundings
(triangles) overlain on Lirima geology; b) VES survey (JICA,
1978) 1D resistivity contours for upper layer at Lirima (after I.
Aguirre, pers.comm., 02-2011).
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3D Magnetotelluric Inversion over Pampa Lirima Block
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Figure 7: 3D Magnetotelluric inversion results, showing: a) NE-
SW and b) NW-SE oriented sections across the 3D model (after
Arcos ET AL., 2011). Their location is approximately by the 2D
ZTEM inversion lines presented in Figure 8.

RESULTS AND DISCUSSN

Tipper AFMAG data, by their nature, typically exhibit
cross-over behaviour over lateral heterogeneities (Ward,
1959; Labson et al., 1985). The fPhase (IP) Total Phase
Rotation (TPR) results, shown in Figure 8 and Figure 9, are
representations of the ZTHEM tipper data that convert
cross-overs to singlepeak responses while allowing the
orthogonal Tzx and Tzy components to be combined.
Analogous to the DT (Lo and Zang, 2008) and also the
Peaker parameter, used in VLF (Pedersen, 1998), the TPR
grid imaging o geoelectric strudures is omni-directional,
with all orientations being highlighted. These results are
compared against the paleduced (RTP) aeromagnetic image
presentedn Figure 10.

ZTEM 300Hz In-Phase TPR
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Figure 8: ZTEM 300 Hz In-phase Total Phase Rotation (TPR)
tipper results, with locations of geothermal hot springs and also
2D ZTEM inversions shown in Figure 11 and Figure 13.

Whereas the higher frequency 300Hz IP TPR image in
Figure 8 highlights the shallower geologic featws that are
mainly influenced/controlled by topography, the lower
frequency 25Hz IP TPR in Figure 9 images the deeper,
bedrock geology. This is highlighted using the structural
geology overlay from Figure 4, which is also used in the
magnetic image in Figoe 10. Clearly the ZTEM resistivity



images are defining the same major features identified in
the geology and the magnetics with NE-SW and NWSE,
and also more NS structures; as well as others, including a
prominent short strike-length NEtrending condudivity
high feature that coincides with the known Lirima
geothermal target area. This feature can also be followed
as a narrow resistivity break further to the northeast to
San Andrés, where a major resistivity contact is defined
along the quebrada that cincides with a faultcontact
between younger Pleistocene volcanics to the NW and
older Miocene volcanic basement to the SE. A similar, but
subtler, NW-SE oriented resistivity contact is also defined
in the lower frequency TPR along the same type of
MiocenePleistocene contact that controls the Chalviri hot
springs structure. Several other prominent linear ZTEM
conductive anomalies, similar to that found at Lirima, are
also defined below the pampa overburden cover
elsewhere in the Coscaya River Basin, furtheto the
southeast (Figure 9).
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Figure 9: ZTEM25 Hz Inphase Total Phase Rotation (TPR)
tipper results, with geologic structures from Figure 4.

RTP of Total Magnetic Intensity

505000€ 5100008 5160006 5200006 5260008 5300008

oL

78200008

7815000N

NOOOS 184
2xg38838

78100008

NOOOOI8L

N000S0RL
323

7805000N

T795000N

NOOOSELL
28

T790000N
'NOOOOSLL

Figure 10: ZTEM aeromagnetic total magnetic intensity after
reduction to pole (RTP), with structures from Figure 4.
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ZTEM 2D INVERSION REULTS

The ZTEM survey tipper results can be converted to their
equivalent resistivity-depth source model using 2D
inversion, as shown in Figure 11. The older Zvert2d
algorithm (Legault et al., 2009) had been adapted for
ZTEM by accounting for the air layer, as &l as the mobile
Hz and fixed Hx base station. The new Av2dtopo code
(Legault et al., 2012), which now accounts for 2D ground
topography, also uses the finite element forward problem
and inversion parameter sensitivities using reciprocity of
Wannamaker etal. (1987) and de Lugao and Wannamaker
(1996), with the regularized GaussNewton non-linear
parameter step estimate of Tarantola (1987). It also
implements a depthof-investigation (DOI) index (see
Figure 11), using the 1.5x MT maximum skin depth and
integrated 1D conductance method of Spies (1989).

The input data for the ZTEM 2D inversions were the Hine
(Tzx) In-Phase and Quadratte Phase data from all six
measured frequencies (25600Hz). Based on previous
ground residivity results, a 100 ohmmetres half-space
was used as the apriori starting model. Using an assigned
data error of 1-2%, a convergence value of nRMS of close
to unity (1.0) was achieved in 5 iterations for most lines at
Pampa Lirima.

Figure 11 presents the ZTEM 2D inversion results for
L1401, a NWSE section directly across the Lirima
geothermal field (see Figure 8) that roughly coincides with
the NW-SE trending 3D MT section shown in Figure 7b.
The 2D inversion for L6000, shown in Figure 12,
represents a No t/ %
orthogonal to L1401 and that was extracted from the in
line tipper vector data from adjacent ZTEM flightines.
L6000 roughly coincides with the NESW trending 3D MT
section presented in Figure 7a. Figure 13 presents a 500m
depth-slice obtainedfrom the 3D resistivity voxel created
from the 2D ZTEM inversions at Pampa Lirima and
highlighting the inferred NE-trending resistivity high
lineament that corresponds with a similar 3D MT feature
identified in Figure 7b.

Figure 11: 2D ZTEM inversion br L1401 across the Lirima
geothermal field that roughly coincides with the NW-SE
trending 3D MT inversion section in Figure 7b.

Although skin depth DOI estimates suggest that the ZTEM
does not image below 1.2km depths and therefore
cannot corroborate EA AAAD - 4
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