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What is geothermal energy?

« Geothermal energy is the heat from the
earth

« The heat increase with depth

« Geothermal energy is exposed to the .
surface as a result of Earth’s cooling T
mechanism (Convection process)

« The geothermal tends to be strongest along tectonic
plate boundaries
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Geothermal systems in volcanic provinces

a
volcanic field

Production well
composition

plutonic type

Production well
composition

Amagmatic geothermal systems

Production well
composition

Cl
& Mature
o
&
X Peripheral
&/~ 7\ waters
D, N~
A
X | |
SO | :

Steam-heated

Production well
HCO, composition

& Springs Silicic magma

© Fumarole ﬂ Intermediate magma
[ Bicarbonate water+CO, Mafic magma

[ Sulfate water+H,S Clay cap

Chloride water Advanced argillic alteration

Surface expression
composition

Deep permeable
sedimentary layers

w»  Brittle-ductile transition
--- Isotherms

B

> Cold recharge

- Hot fluids (gas+water)
- Wells

-= Supercritical target

Egbert Jolie et., al 2021

T Volcanic field type Plutonic type Extensional domain type
2] Java-Kamojang Larderelio Bradys (Basin and Range)
Metamorphic core complexes
Magmatic arcs Young orogens Bag-am e:tensiuﬁ
Wid o i ges Post-oragenic phase Pull-apart basins
spot Intracontinental rifts
Magma chamber, intrusion Young intrusion+extension Thinned crust — elevated heatflow

Ive magmatism (volcanism)

[s-
6] +

Recent plutonism

Fault controlled
Magmatic

I.S. Moeck , 2014

Active extensional domain
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Geologlcal background
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The TVG multi-vent volcano group
covers an area of approximately 400 km?
on the northern tip of Taiwan.

The TVG is composed of more than 20
Quaternary-age volcanoes.

Taiwanese Ministry of Science and Technology
https://www.youtube.com/watch?v=M5rnPO1h-ro&t=1s&ab_channel=sunartscience

Most of Taiwan is currently undergoing

crustal shortening
Northern Taiwan

IS

extensional deformation.

experiencing
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Resistivity of Earth material

Resistivity is one of the most
variable physical properties of
materials and has proven to be
the most useful geophysical
parameter in the search for
geothermal resources.

Mineralogy,  temperature,...
affected to resistivity

Resistivity (Qm)

0.01 0.1 1 10 100 1000
1 l ] l |

10 000 100 000

massive sulfides

shield

- unweathered rocks
igneous and

metamorphic rocks

graphite
(igneous rocks: mafic felsic) mottled duricrust

saprolite I-[r ] i

(metamorphic rocks)

weathered layered

clays gravel and sand

| 8

shales sandstone and conglomerate

lignite, coal

glacial sediments

tills

sedimentary rocks

dolomite, limestone

salt water ___ fresh water ermafrost

I
seaice
100 000 10 000 1 000 100 10 1 0.1 0.01
Conductivity (mS/m)

water, aquifers
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Ba3|c prmuple of Magnetotelluric
Magnetotellurics (M1) s 2 ELECTROMAGNETIC WAVE

passive EM (electromagnetic)
geophysical method that uses
natural time variations of the
Earth's magnetic and electric
fields to measure the electrical
resistivity of the sub-surface.

Signal: ~0-10kHz
Electric Field

Wavelength | Wave-cycle \

\
)

Amplitude
by e Crest

Centre line

Direction of propagation
Ll

Trough —n
Oscillation \ Frequency

ED

Wavelength: The distance between successive crests of a wave
Frequency: Wave cycles passing a given point in a given period of time
Amplitude: Measured between the crest and the mid-point of a wave
Velocity: Speed and direction of propagation
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How to measure the resistivity of the Earth with MT

555

s

. 23 A
Skin Depth= 6§ = |—— = |—2
meep Jﬁfu J T -,

p, = Apparent Resistivity (Q.m)

0 = depth of penetration (m)

E, — electric field component (V/m)

H, = magnetic field components (A/m)

1 — magnetic permeability of the medium
(H/m)

f = frequency (Hz)

o = angular frequency (rad/s)

Ir = Relative Permeability (usually 1)

I, = Permeability Constant = 4 x 107

=500 *pa/f
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MT role in geothermal
exploration

Unaltered zone
>100 2Qm

Temperature of Stability (°C)
Mineral 100 150 200 250 300

I
Epithermal Ofe Deposition
Smectite (ZfRA) +——
lllite / smectite (FFIH/ZF M A) -

Illite (A7 A) —

Chlorite / smectite (4£EH/Z/HA) —_—
Chlorite (£iEH) —

v

Biotite (BEH) _—

Amphibole (B 4) .
Mordenite (#5655 )
Laumontite (&%)
Wairakite (f£185364)

Epidote (46 4) _—— >
— Adulana Ukt p—

Geothermal system (volcanic type conceptual
model ):

« Clay cap: smectite and illite zone low
resistivity (<10 Qm)

» Reservoir: chlorite and epidote (related to
high-temperature mineral low resistivity but
slightly higher than clay cap (10-60 Qm)

Johnston et al. (1992) and Cumming (2009)

The main target for MT investigation
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Purpose

» Understanding the TVG structural geology through the Resistivity model

« Locating the heat source and estimating the boundaries of the TGV
geothermal system.

« Point out the most appropriate sites to develop the geothermal power plant
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Acq Unit

Methodologies: MT

Ex

Ey

‘. |TRI data 1 ( ModEM

. gomphuta_tlo;nal «  Remove noise Create files for _
eophysica - Modify Sounding Inversion Inversion Plot results

Research Group cUrve

_, . ) 3D gird 3D gird
data

Note: A remote reference site was use in order to remove electromagnetic noise from the electromagnetic signal at each measuring station
(Yamashita, 2013)
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Shan-chiao Fault Discontinuity Kan-chiao Fault
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Current view at -1.5 km
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Current view at -0.19 km (depth: 0.19-0.25 km)

0005082

25.25°N

000S6.Z

25.20°N A 25.20°N

0000642

25.15°N

0005842

25.10°N -25.10°N

000SLL2Z 00008.Z

121.50°E 121.55°E 121.60°E 121.65°E

295000 300000 305000 310000 315000 320000

Current view at -0.6 km (depth: 0.6-0.69 km)

25.25°N 4 F 25.25°N

2800000

25.20°N

2795000
0005622

2790000
000062

25.15°N

2785000
00082

25.10°N 25.10°N

2780000
0000822

HEEE  --- 8 : \E 2

LUBNE  —— EW ~ e DES PO

MRS A WEN = - WERESK
295000 300000 305000 310000 315000 320000

ol vnliinia wirna B W R st vl
! 2 - 20 S 250 500 7500 S [ }
e s

121.50°E 121.55°E 121.60°E 121.65°E

2775000
®eeeoe
0005LL2

Log10 Resis. [ohm.m] 000003 000010 000027 000058 0.00147 0.00307 000908 —

metres - .
GRS 1980/ TWD97 VD SRRty 8D



nesEuvRY W
121°36" 121°38° 12140
310000 312500 315000 317500

T TP T

* Current view at -0.38 km (depth: 0.38-0.45 km)

25°16°
9482

25.25°N

F o uld
»hST

M T 25.20°N

FIN4

25"

"0
o482

25.15°N 25.15°N

80.52

2508
2777500 2780000 2782500 2785000 2787500 2790000 2792500 2795000

previous
results

| _ :
00SLLLZ 0000RLZ  OOSTRIZ OO0SRLZ OOSLR4Z  OO00SLZ  OOSZBLZ  00OSSLZ

25'08
0.2

25.10°N 25.10°N

307500 310000 312500 315000 7500 320000
7rw 121°98° 1219 1214 nre

2 ® o = cosesm— ]
121.50°F 121.55°E 121.60°E 121.65°E et  Elev.: -400 m
GRS 1080 / Tanwan 3-dwgroe TM rove 171 m(m)

121°36° 1°38° 121°40°

71w 121
305000 307500 310000 312900 315000 317500

Current view at -0.77 km (depth 0.77-0.86km) 200000

12128
297500

25°16°

25.25°N 25.25°N

%514

25.20°N 25.20°N

25"

25.15°N 25.15°N

2508

!
é
E
i
]
s
!
!

28

0 0
25"0 N 25"0 N 17500 300000 302500 305000 307500 310000 312500 315000 317500 320000
7w 21°% 1z 21 12198 1219 1216 n7re

2300 [) 2500 . = eoe—— )
] Elev-- '800 m 1235 812 24 47 91 177

(meters)
GAS 1000/ Tamean 3 dwgree TV rose 121 Resistivity (ohm-m)

121.50°E 121.55°E 121.60°E 121.65°E

2 19

1
Log10. Resis. (ohm.m)



hebanade as M paassadeny |

4
6x10 b a P p: plagioclas
q: quartz
4 | a: amphibole
5x10° c: ciay
b: biotite
4x10* 1
3x10% 4
a
2x10*
b P
+]c e 9, c
1x10* 4 a q 4
0 T T T y T
10 20 30 40 50

.
I: alkaline montmorillor(li)te

I’: Smectite (with mordenite and
clinoptilolite)

I1: Smectite-chlorite with laumotite
I1l: wairakite

Qz: Quartz

Ka: Kaolinite

1l: lite

Lm: Laumotite, Wt: wairakite, Am:
Analcime, Ab: Albite, Ep: Epidote,
Cc: Calcite, Gy: Gypsum, Anh:
anhudrite, Py: Pyrite, Mt: Magnetite,
Hm: Hemaite

DEPTH , meters

TEMPERATURE ,

"¢

Smect-Cngite  WDACT ] Gy M .
0z Ko|; y o|m! ¥ EocmPv'ﬁ".' 50 100 l?oz'oozlsosoo.
0 I ;
o
N
r—
>IN T g B B B
AR IR | " gLl 8] .
o * % ' 2Ll
4 ® e | e | @
L ] : ° ®
..! . E e ] o % :. ﬂ
g 1B 4 QLS
600_. o L] J ° o °
s 8| ¢ 3| 8/ 8
7001
L [) L] -] L]
am L@ ° * Shan-chiao Fault Blind Fault
900+ °
L[] o
L] -] L ]
lOOO-g 8 '
° o] @ P 7 s
1100~
g
1200} * o s =
=
. L] (-] L ]
1300 10
1400 |- * M
1500

Log10 Resis. [ohm.m]

_



) _5/ National Central University
v Graduate Institute of Applied Geology

Summary

Improve the MT resistivity result
Detect a Discontinuity between Shan-chiao fault and Kan-chiao faults
Point out 3 areas that have high potential to develop Geothermal Power plant

Indicated the heat source with high resistivity located 5 km beneath the SW of
TVG
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Current and Future work

 Compare current MT resistivity results and ITRI (MT resistivity, airborne magnetic
survey) results
= Plot results and export cross-sections flowing NE-SW and NW-SE directions

« Combine MT resistivity results and seismic velocity (Vp/Vs ratio) results to indicate
the magma chamber position.
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Site: TVG248 Org 7x
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.510000E-04 TVG202_Org  25.126110 121.546669  -5247.498 -4747.498 -224.000 T -2.621935E-01 -4.537855E-02 3.000000E-2

.510000E-04 TVG202_Org  25.126110 121.546669  -5247.498 -4747.498 -224.000 TY ~2.338577E-01 1.389433E-02 3.000000E-2

.000000E-03 TVG202_Org  25.126110 121.546669  -5247.498 -4747.498 -224.000 T ~2.762388E-01 ~5.015748E-02 3.000000E-2

.000000E-03 TVG202_Org  25.126110 121.546669  -5247.498 -4747.498 -224.000 TY ~2.378696E-01 2.364402E-03 3.000000E-2

.585000E-03 TVG20Z_Org  25.126110 121.546669  -5247.498 -4747.498 -224.000 T -2.749251E-01 -5.090669E-02 3.000000E-2

-585000E-03 TVG202 Org 25.126110 121.54€6€9 -5247.498 -4747.4598 -224.000 IQ{ CAEMpower_Workspace\Lanchi\About_Inversion\Naser_Z Tz\INV_data\model_filemod - Notepad++

.000000E-04 TVG203a_Org  25.130527 121.563637  -4747.498 -3247.498 -374.000 y ) ]

000000E-04 TVG203a Org  25.130527 151 zea637 _2747.488 3247, _374.000 File Edit Search View Encoding Language Settings Tools Macro Run Plugins Window 7

.580000E-04 TVG203a_Org  25.130527 121.563637 -4747.493 -3247.493 -374.000 AHERGS DRl e x| BEIST EEfRe® BEMBEB

.580000E-04 TVG203a_Org  25.130527 121.563637  -4747.498 -3247.498 -374.000

.510000E-04 TVG2035:Org 25.130527 121.563637 -4747.498 -3247.498 -374.000 [l bizasured _data_file.dat £| [ modelfile mudﬂl

.510000E-04 TVG203a_Org  25.130527 121.563637  -4747.498 -3247.498 -374.000 T 2

.980000E-04 TVG203a_Org  25.130527 121.563637  -4747.498 -3247.498 -374.000 = e2 ea 71 0 LogE

-920000E-04  TVG203a Org  25.130527 121.5€3637  -4747.4928 -3247.458 —374.000 5 11649.040 B960.799 6892.922 5302.248 4078.652 3137.425 2413.404 1856.465 1428.050 1098.500 845.000 £50.000 500.000

:ggggggi:g: ggig:—gig iz:igzggg Ei::;:::g :;g::‘;:::g jg::‘;:::g :::‘::ggg 4 11649.040 8960.799 £392.922 5302.248 4078.652 3137.425 2413.404 1856.465 1428.050 1098.500 £45.000 £50.000 500.000

‘Socanor-o: Tvesoiora 23108308 131 evaaas  _vsay.aos oar ane Tiva 000 5 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.008 50.000 50.

$390000E70% TVG204 Org  29.103906 121.579%48 -7247.a%e 224788 J374.000 : 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢

.510000E-04 TVG204 Org  25.105806 121.574448  -7247.498 -2247.498 -374.000 . . . . . . . . . . ]

510000E-04 TVG204 Oorg 25105306 151 572245 -7047.4a8 247,248 372,000 2 [3.91439E+01 3.51439E+0L 3.51439E+01 3.91435E+01 3.91435E+01 3.91435E+01 3.91435E+01 3.91439E+01 3.91439E+01 3.9143¢

S20000E-04 TVG204 Grg  25.10580¢ 151.c72223  _7247.292 247,488 _374.000 5 3.91439E401 3.91439E+01 3.91439E401 3.91439E+01 3.91439E401 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢

. S80000E-02 TVG204 Org  25.105806 121.574248  -7247.498 _2247.498 _374.000 10 3.91439E+0L 3.91439E+0L 3.91439E+0L 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢

.511900E-02 TVG204 Org  25.105806 121.574448  -7247.498 _2247.4%8 _374.000 11 3.51435E+01 3.91439E+01 3.51435E+01 3.91435E+01 3.81439E+01 3.91439E+01 3.81439E+01 3.91439E+01 3.51435E+01 3.9143¢

.511900E-02 TVG204 Org  25.105806 121.574448  -7247.498 -2247.498 -374.000 2 3.91439E+01 3.91439E+0L 3.91439E+01 3.91439E+0L 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢

.981100E-02 TVG204 Org  25.105806 121.574448  -7247.498 -2247.498 -374.000 13 3.51435E+01 3.91439E+01 3.51435E+01 3.91435E+01 3.81439E+01 3.91439E+01 3.81439E+01 3.91439E+01 3.51435E+01 3.9143¢

.981100E-02 TVG204 Org  25.105806 121.574448  -7247.498 -2247.498 -374.000 14  3.91439E+0L 3.91439E+0l 3.91439E+0L 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢

.309600E-02 TVG204 Org  25.105806 121.574448  -7247.498 -2247.498 -374.000 15 3.6143GE+01 3.91436E+01 3.G143GE+01 3.91430E+01 3.01430E+01 3.91430E+01 3.01430E+01 3.91430E+01 3.01430E+01 3.9143¢

- 308600E-02  TVG20<¢ Crg 25.105806 121.574448 -7247.458 -2247.4%8 -374.000 16 3.91439E+01 3.91439E+01 3.91439E+01 3.91435E+01 3.51439E+01 3.9143SE+01 3.81439E+01 3.91439E+01 3.91439E+01 3.9143¢

-000000E-01 TVG204_Org 25.105806 121.574442 -7247.498 -2247.4%8 -374.000 17 3.914359E+01 3.9143%E+01 3.91438E+01 3.89143%E+01 3.91439E+01 3.91438E+01 3.81439E+01 3.91439E+01 3.91439E+01 3.9143¢

-000000E-01  TVG204 Crg 25.105806 121.574448 -7247.498 -2247.498 -374.000 15 3.91439E401 3.91439E401 3.91439E+01 3.91439E+01 3.91439E+01 3.514359E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢

-584850E-01 TVG204 Org  25.105806 121.574448 -7247.428 —2247.458 -374.000 19 3.6143GE+01 3.91436E+01 3.G143GE+01 3.91430E+01 3.01430E+01 3.91430E+01 3.01430E+01 3.91430E+01 3.01430E+01 3.9143¢

»584890E-01 TVG204 Org  29.105306 121.574243  -7247.420 -2247.458 -374.000 20 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91239E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3,9143¢

-000000E-0¢ TVG205 Org  25.05713% 121.596001  -5247.397 282503 74000 21 3.91439E+01 3.014359E+01 3,01439E+01 3.01430E+01 3.01430E+01 3.91439E+01 3.91438E+01 3.91436E+01 3.91439E+01 3.9143¢
22 3.91439E+01 3.91439E+01 3.91439E+0L 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢
23 3,51435E+01 3.91439E+01 3,51430E+01 3.9143SE+01 3,51438E+01 3.91436E+01 3.91439E+01 3.91439E+01 3.91439E+01 3,9143¢
24  3.91439E+0L 3.91439E+0L 3.91439E+0L 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢
25  3,51435E+01 3.91439E+01 3,51430E+01 3.9143SE+01 3,51438E+01 3.91436E+01 3.91439E+01 3.91439E+01 3.91439E+01 3,9143¢
26  3.91439E+0L 3.91439E+01 3.91439E+0L 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢
27  3,51435E+01 3.91439E+01 3,51430E+01 3.9143SE+01 3,51438E+01 3.91436E+01 3.91439E+01 3.91439E+01 3.91439E+01 3,9143¢
28 3.91439E+01 3.91439E+01 3.91439E+0L 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢
29 3,51439E+01 3.91439E+01 3,51430E+01 3.9143SE+01 3,51438E+01 3.91436E+01 3.91439E+01 3.91439E+01 3.91439E+01 3,9143¢
30 3.91439E+01 3.91439E+0L 3.91439E+0L 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢
31 3,51439E+01 3.91439E+01 3,5143GE+01 3.91435E+01 3,51438E+01 3.91436E+01 3.91439E+01 3.91439E+01 3.91439E+01 3,9143¢
2 3.91439E+01 3.91439E+0L 3.91439E+01 3.91439E+0L 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢
33 3,51435E+01 3.91430E+01 3,5143GE+01 3.9143SE+01 3,51438E+01 3.91436E+01 3.91439E+01 3.91439E+01 3.91439E+01 3,9143¢
34 3.91439E+01 3.91439E+01 3.91439E+0L 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢
35 3,51435E+01 3.91430E+01 3,51430E+01 3.9143SE+01 3,51438E+01 3.91436E+01 3.91439E+01 3.91439E+01 3.91439E+01 3,9143¢
36 3.91439E+01 3.91439E+01 3.91439E+0L 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢
37  3.51439E+01 3.91439E+01 3.51435E+01 3.91430E+01 3.51435E+01 3.914309E+01 3.51435E+01 3.91439E+01 3.91439E+01 3.9143
35 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143
39  3,51439E+01 3.91439E+01 3.51435E+01 3.91430E+01 3.51435E+01 3.914309E+01 3.51435E+01 3.91439E+01 3.91439E+01 3.9143
40 3.91439E+01 3.91439E+01 3.91439E+0L 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.91439E+01 3.9143¢
41 3,91439E+01 3.9143%E+01 3,5143%E+01 3,91439E+01 3.5143SE+01 3.91439E+01 3.91438E+01 3.51439E+01 3.91439E+01 3,.5143¢
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