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Abstract

The problem of efficient sand removal from geothermal Wells in complex
formations has always been one of the key challenges restricting the development and
utilization of geothermal energy. Traditional sand removal processes have problems
such as low sand removal accuracy, slow speed, and poor insulation effect during
sand-water separation. However, the cyclone sand remover has high sand removal
accuracy and a large processing flow rate, and has been widely used in the field of
geothermal sand removal. The cyclone desander is a sand-water separation device
through centrifugal force, which can efficiently treat the geothermal production fluid
from traditional geothermal Wells in formations. However, in the face of the
characteristics of complex karst fractured formations, such as small sand particle size,
large sand volume, and periodic changes in production volume, there may be
problems such as poor desander effect. Based on the sand production characteristics
of geothermal Wells in karst fractured formations in Guizhou Province, this paper
designs a new type of cyclone desander. The correctness of the cyclone desander is
verified through CFD simulation, and the sand removal process in karst fractured
formations is optimized, providing application value for the design of efficient
cyclone desanders for geothermal Wells in complex formations.

(1) Summarize the advantages and disadvantages of typical geothermal sand
removal processes, clarify the definition of complex formations, namely karst
fractured formations, analyze the factors affecting the sand content in the geothermal
production fluid of karst fractured formations: carbonate rock geology, seasonal water
volume and residue from production equipment, and determine that the difficulty in
sand removal lies in the large amount of sand produced and the small particle size of
sand.

(2) Through the geological environment analysis of a geothermal well in a karst
fractured stratum in Tongren City, Guizhou Province and the investigation of the
characteristics of geothermal produced fluid, the optimization direction of the cyclone
sand removal device was clarified. The structural parameters of the cyclone sand
removal device were preliminarily designed, and the basic parameters of the
numerical simulation were determined.

(3) By applying the ANSYS series software and Space Claim to create the

cyclone desander model, Workbench defined the inlet and outlet conditions of the

II



model and conducted grid processing simultaneously. Finally, the internal flow
process of the cyclone desander was numerically simulated through Fluent, and the
particle separation trajectories and trace trajectories of the cyclone desander were
obtained. Preliminarily verify the correctness of the model.

(4) The separation efficiency of particles with different particle sizes at different
flow rates was studied through the Discrete Phase Model (DPM). The particle size
efficiency of the cyclone desander increases with the increase of particle size. When
the particle size is greater than 0.3mm, the cyclone desander can achieve basic
separation, which is much larger than the particle size distribution of the sand
produced in karst fractured formations by 0.5-1mm. When the inlet flow velocity is
1m/s (flow rate: 36m?/h), the total separation efficiency is the highest and the particle
separation effect is the best. Verify the rationality of the model design again.

(5) The optimization directions of layer stabilization and sand filtration, cyclone
sand removal and tail water reinjection processes in the three stages of source,
production and injection during the development and utilization of geothermal Wells
in karst fractured formations under the new type of cyclone desander were discussed.

This paper has 32 figures, 6 tables and 56 references.

Keywords: Cyclone sand removal; Karst fractured formations; CFD; Particle size

efficiency
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Figure 1-1 Influence of sand in geothermal water on pipelines
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Figure 1-2 Research technology roadmap
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2 Comparison of Typical Sand Removal Process

Characteristics of Geothermal Wells

2.1 154 T2 (Traditional Sand Removal Process)
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Figure 2-1 Horizontal flow sedimentation sand removal tank
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Figure 2-2 Vertical flow sedimentation sand removal tank
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Figure 2-3 Round strainer with wire-wrapped screen pipe
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Figure 2-4 Particles attached to the screen
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Figure 2-5 Schematic diagram of the basic principle of cyclone sand removal process
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Figure 2-6 Basic principle of complex production fluid cyclone sand removal
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Figure 2-7 Comparison of sand particle size between traditional formation (left) and karst

fractured formation (right)
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3 Design of Cyclone Desander for Geothermal Wells

in Karst Fractured Formations in Guizhou Province
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Conditions)
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Figure 3-1 Distribution map of regional geothermal anomalies
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Figure 3-2 The particle size of sand produced in different formations of geothermal wells
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p (B) ¢ (1/zB*") p (B)
T H T H
(mg/L) (mmol/L) (mg/L)
K* 4.90 0.13 MBEEE (P CaCOs i) 278.11
FH Na* 27.26 1.19 B (P CaCOs 1) 255.73
= Ca?* 59.56 2.97 MERE (L CaCOsih) 6.23
¥ Mg2* 31.42 2.58 i AR 11.11
it 123.14 6.87 HEE (0 1.04
5 Cl 54.82 1.55 VAR ST A 508.4
- SO4* 17.29 0.36
5
HCO5 311.85 5.11
Mt 383.96 7.02
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Figure 3-3 Structure of the cyclone desander
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Table 3-2 Structural parameters of the cyclone desander (Unit: mm)
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Figure 3-6 Model of the the cyclone desander
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4 Separation Characteristics of Cyclone Desander
and Optimization of Sand Removal Process under

Complex Formations Conditions

4.1 WERRIVEE B4 (Separation Trajectory of the Cyclone
Desander)
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Figure 4-2 Calculation of inlet and outlet mass flow rate
4.1.1 SRR

W 4-3 N EAR Tmm FURLEIR AT IR IS S . BURLI2E K8 HEA et
B ashedifE b, W B E s, SRR &R, EHIEBIR BT
B, ascipd DHisRER 5. K 4-3 RIS e s sh A i, LI
H oA [ R U AT RRAEHE IR IX, B RS IR, ANAFAERURL M i I 1 B3R

[ms ]
3.19
2.89
2.59
2.29
1.99
1.69
1.40
1.10
0.80
0.50
0.20

Kl 4-3 kife 1mm ik ki & i R
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Figure 4-4 Flow line trajectory of liquid phase fluid
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Figure 4-5 Cross-section of the flow line trajectory of the liquid phase fluid
42 FEMFRAD & B AR ZE (Particle Size Efficiency of the
Cyclone Desander)
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Table 4-1 Tracking results of particle quantity
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( The Characteristics of Water-sand Separation during the Cyclone

Process under the Changes of Particle Size and Inlet Flow
Parameters)

TG TR IR R TR SERR A TR VB, 2 o 125 T 2R A & A i
TR SR SRR RO RAR AN —, SRR T &0 A R R R BURLR 590 DI
s R I RLAR TP AL S, %P RS T BURHEAT e R AL G, 3 B
X AN [RPRUREREAR RS BEAT BTN 0 M7 » BIF FERA T AE AN [RDRLAR T BRI AR R 7 i
TR0 B VERE, e D 2 500 i 2 S e e B 0 28 B kit i & B

AR FEBURLRIAT 22 5 W e BRI &5 0 B IR RE , X0 1% St 24 il 2 T ek
B IR TR OK B EAEIAFAE, 548 S VA IR I 2 T 2R . FLISUA T
RO A, PRI RS N K SRR IEIA TR, 5 R A I T K I R
MR 255, PRI R R SR BEAN ], b SRR AR R VR AL, P
AFRZEA R HAGER R A R E T, R TR R a8 N LR EAF ST
PEARACRFAIE,  SE— N BfUE AL .

AL W, ARV BRI ER D 45 2> B VR REFRARING, &R BTRLRLAR 5 N i
30



4 SR SRR N R AD R B ) BURHE K R T2

S MR T RETIS AR K- S) BEREAE,  S0IE L5 L S P PR 8 38 T 1
4.3.1 FRRIZS TN THERTIE FK-D 2 BHFHE

WEMEANOREA 3m/s (JiiE: 108m¥h) FEHESHATHERT, X&
URLRIAR HEATA5EA0L o 38 0] 53 M 45 5 VAL AR b J2 b P SRR RIE, AT R DR
BEESANT 0.5mm-1mm Z[8], $DEBRRAE )Y 0.5mm AR, 85 Rtk
PR KT Imm, BORCRAEFAEA Imm. SEBRURAE N 1mm $0RE R 28 300%
9 100%, MURDRIASERA, BEH B sz 850 0K, URGERZS ) 5 b 14 3R BR
2%, BRI KT Tmm FORCRE 030 28 A IR EE T 100%, 5 18 2 g im bR b 48 B
B0 B8 I RURDREAR BRI, 70 B M RE R 4 DL R S Y WP REAR 20 AR IR SR IR, ORE R A%
#E#E 0.lmm. 0.2mm. 0.3mm. 0.4mm. 0.5mm. 0.6mm. 0.7mm. 0.8mm. 0.9mm
A Imme 0.1mm PA FERAREHZE S ERD A THIE . e SRR AL
PREHEZSHEE, it DPM Bk 5 R FT R0 e AL 5028 R 73 B9 300

] 4-6 AN [EPRLAE T RIORE gt 02 B FRAT T AT DA I A RORREAE 0N 0.1mm,
WL 5 I A IR ARARL, A7 AE UL M I I b IR PNE, BN 5 P A, T B IR
BRAb 4T 0. 1mm RS FORL RIS ROREL 22 . 34T 0.2mm RLAS FIORL ) BE L Pz i
T PR RIURE 106 3G L 35 B S gk, i B B S URLREA RIS 0, e 2 B s AR K
RS . GBRDRAR N 0.3mm I, 8 S BRI I, i AN A E R
BRI R, U BEBR D #8XF 0.3mm R e o BiAE H B, WP S
WHETRBRIP A3 EE 0T 0.3mm LA A4S B RORL e SEIEE A 8270 & . 294 0.4mm
FEAR BRI UE IS, i I ANEAERURL N, ORIk kg2 A E, WikSs i B
PEo 2% 0.5mm-0.6mm K47 KRR HEAT BE AL AUINT , i i 1 AR A AEAR /D HOR
RERER AN, (H B A R FER RAD &R 1 0 B 75 oK, FTReJE R A B S RSHE
T AL TZRAE T B Is B AR B I, AT REIR « 0.7mm DA FRAS R R0RE 106 1 £ =
NE, TR BRI A FRAR BRI E b, R 5 A Re i A A &
0.3mm J¢ PA_ERi .

31



4 SR FAT T eI B BORHIE X BRD T2

[mis] [m/s]
323 3.23
293 2.92
262 262
232 232
201 2.01
1.71 1.71
i 141
110 A
0.80 0.80
0.50 450
019 019

[ms] o]

520 322
291
292 o
261 =
231 i
201 o
1.70 o
1.40 I
1.09 0.79
0.79 o
0.49 i
0.18
(c) 0.3mm Fi 42 Hiki
[m/s] [m/s ]
3.21 3.21
2.91 2.90
2.60 2 60
2.30 2 09
1.99 ilan
1.69 169
1.38 138
i 1.08
0.78 077
0.47 0.47
0.17 i 017 D
(e) 0.5mm Fi4% Fiks () 0.6mm Fi4% FUHL

K 4-6 A [FIRLARBORL e L CGEEr)
Figure 4-6 cyclone trajectory diagrams of particles with different particle sizes (Partial)
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Table 4-2 Particle size efficiency of Particles with different particle sizes

TR R ES Track (Ef#F)  Escape (ki)  Trap (isk) WL R %
0.Imm 206 84 122 59.22
0.2mm 206 43 163 79.13
0.3mm 206 4 202 98.06
0.4mm 206 0 206 100
0.5mm 206 2 204 99.03
0.6mm 206 2 204 99.03

0.7-Imm 206 0 206 100
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Figure 4-7 Line graph of particle size efficiency
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Figure 4-8 cyclone trajectory diagrams of particles with different particle sizes (Partial)
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Table 4-3 Particle size efficiency of particles at an inlet flow rate of 36m3/h

WUk A2 Track (Ei7F)  Escape (ki)  Trap (i) KL%

0.Imm 206 71 135 65.53
0.2mm 206 18 188 91.26
0.3mm 206 4 202 98.06
0.4-Imm 206 0 206 100
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Figure 4-9 cyclone trajectory diagrams of particles with different particle sizes (Partial)
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Table 4-4 Particle size efficiency of particles at an inlet flow rate of 72m3/h

WUk A2 Track (Ei7F)  Escape (ki)  Trap (i) R K%

0.1mm 206 86 120 58.25
0.2mm 206 68 138 66.99
0.3mm 206 3 203 98.54
0.4mm 206 4 202 98.06
0.5mm 206 1 205 99.51
0.6-1mm 206 0 206 100
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Figure 4-10 Particle size efficiency under different inlet flow rates
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Figure 4-11 Optimization of the drilling and completion process system
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Figure 4-12 Optimization of cyclone sand removal process
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5 Conclusions and Prospects
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Abstract: The search for indigenous, renewable, environment-friendly, and sustainable energy
resources has increased globally during the past few decades. Geothermal energy is one such
ubiquitous source of energy, having the potential to become an alternate energy resource with a
reduced carbon footprint. In this study, eight crucial characteristic parameters, i.e., heat flow,
thermal gradient, Curie point depth, lithology, basement depth, crustal thickness, and seismicity,
were integrated into a multi-criteria decision model framework to identify areas that may have the
potential for geothermal energy in India. The weights of various parameters estimated using AHP
are in the order of heat flow (~ 0.252), followed by the Curie point depth (~ 0.195), thermal
gradient (~ 0.173), and crustal thickness. Our analysis indicates that the geothermal province in
the Himalayas (including the NW and NE regions), SONATA lineaments, central parts, and some
parts of the west coasts and Mahanadi graben may have better prospects of geothermal energy
compared to other tectonic provinces. We find that ~ 14.86 %, and ~ 21.98 % of the study region
have extremely high to high geothermal potential. About ~ 27.18 % of the region have medium
geothermal prospects, whereas ~ 11.78 % and 24.20 % of the region have very low to low
potential for geothermal energy.

Keywords: Geothermal energy; Hot-springs; AHP; MCDM; India
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1. Introduction

Energy is a basic necessity for developing countries and serves as a major driver of
macroeconomic growth and overall development. However, various types of energy resources,
their exploration and production process, and usages have varied impact on the environment.
Recent studies indicate that fossil fuels such as petroleum, coal, and gas are depleting at a faster
pace, besides polluting the atmosphere, causing climate change, and regional acidification of
rainfall. Similarly, in case of nuclear energy, storage, and disposal of high-level radioactive waste
is a matter of great concern. Therefore, during the past few decades, there has been a lot of interest
in exploration and exploitation of environmentally friendly, relatively green, and sustainable
energy resources such as geothermal, ocean wave energy, wind and solar energy, etc. Geothermal
energy extraction is becoming more and more popular as an unconventional alternate energy
resource, primarily because it is clean and relatively pollution-free, ubiquitous, and inexhaustible
energy resource.

Geothermal energy accounted for only 0.1 % of the world’s primary energy supply in 2008,
but projections suggest that it might meet ~ 3 % of global power demand in the future, and ~ 5 %
of global heating demand by 2050. By 2050, geothermal energy is likely to supply 13 GW of
electrical power, and 70 GW of thermal power to worldwide grids, meeting ~ 3-5 % of the world’s
energy needs. During 2021, geothermal electric generation totalled 96552 GWh, or 0.34 % of
global electric output, and 0.87 % of global clean energy generated. Continuous efforts are being
made to harness geothermal energy due to its abundant availability at optimal, economically
feasible subsurface depths at various locations. The latest pattern shows impressive growth in
yearly energy usage primarily due to improvements in geothermal heat pump installations
globally, even though they have a low capacity of 0.245. The government in India has also set an
ambitious target of generating 500 GW of renewable energy by 2030, which is one of the largest
expansion plans for renewable energy in the world, and represents ~ 40 % of the country’s entire
installed power capacity. Although the government’s efforts have reduced energy shortages and
electrified over 99 % of households, India’s power grids are still stressed and lag behind many
industrialized countries in reliability and per capita usages.

Although geothermal energy is being seen as a promising renewable energy resource, its
exploration, exploitation, and applications have multi-dimensional sustainability considerations.
Traditionally, geothermal heat sources are detected by surface indicators such as surface hot
steams, hot springs, geysers, fumaroles, etc. Such surface manifestations of geothermal energy are

numerous and are scattered on every continent. Various mechanisms may be responsible for

46



D

geothermal activity in any region depending on the tectonics of the region. In general, the
presence of a magma chamber heats the rocks in the subsurface, and the heat flows out through the
deep-seated faults, besides elevating the temperature of the groundwater in its contact, which is in
turn manifested as hot springs at the surface. Apart from volcanic-originated hot springs, there are
numerous non-volcanic hot springs distributed in tectonically stable regions, such as West
Malaysia, South Australia, Thailand, Japan, Indonesia, Zambia, and India. The average heat flow
in the continental crust is about 65 + 1.6 mW/m?. The main source of subsurface heat in the
continental part is the decay of radioactive isotopes such as U, TH, and K. Although a lot of
geothermal reservoirs are buried deep underground with no surface manifestation, geothermal heat
energy can rise to the surface in the form of hot springs in areas where deep fluids percolate
deeper in the subsurface and gets heated under normal geothermal gradient. In areas without
volcanism or magmatic activity, the spring waters are relatively low temperatures (<100 °C),
where the deep penetrating groundwater through fractures is heated at depths under the normal
geothermal gradient (i.e., 30 °C/km), or rise in temperature of the aquifer due to disintegration of
radioactive decay in the basement rocks. The rising water also interacts with surrounding rocks,
thus its hydrogeochemical characteristics may be different from hot springs originating in volcanic
areas. The region is affected by deep-seated faults that carry the hot water to the surface.

India is the third-largest energy consumer in the world, relying on fossil fuels for 80 % of its
energy. Rapid industrialization and population growth have surpassed India’s energy production,
causing an energy crisis. The outflow of foreign currency for imports of fossil fuel is slowly
becoming difficult to handle by the exchequer. Therefore, finding an alternate energy source that
may be used locally, may be advantageous for local economic activities. Due to the abundant
availability of hydro and thermal power, India’s geothermal resources have been largely
underexplored and underdeveloped. However, due to growing interest in alternative resources,
pilot projects for exploitation of subsurface geothermal energy have been installed at several
places such as the Cambay, Puga Valley of Ladakh, and Tatapani (Chhattisgarh). Additionally, a
trial project is running at Manuguru, Andhra Pradesh, and Ladakh for the production of
commercial geothermal energy. According to some estimates, India has a total geothermal energy
potential of over 10000 MW, with the Himalayan zone alone having a potential for more than 134
MW.

Reduced fossil fuel usage in the energy industry is required to achieve the least amount of
environmental damage, economic savings, and energy independence. The multi-criteria decision
models (MCDM) have been used for finding the best answer for academics, decision-makers,

stakeholders, banks, businesses, and local communities. In solving energy-related
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decision-making issues involving various competing criteria and objectives, MCDM techniques
can be helpful. Over the past few years, MCDM has been widely used for various purposes such
as resource allocation, planning, policymaking, and management. Several studies have used
different types of MCDM techniques such as the fuzzy TOPSIS methods in a variety of problems.
Several renewable and non-renewable energy generation systems were evaluated and ranked using
various other MCDM techniques. Furthermore, the AHP and GIS methods have been used to
detect the shallow subsurface reservoir condition and identify the most dominant factors that
influence the geothermal system in Europe.

The occurrence of geothermal activity at various locations affect various subsurface
geophysical parameters such as change in geothermal gradient, heat flow values etc. Furthermore,
the presence of geothermal energy is further facilitated by the shallow depth of the basement, curie
point depth, network of faults and fractures, etc. This makes the problem of identifying
geothermal prospects at any location, a multi-criteria decision model problem. The Analytic
Hierarchy Process (AHP) is one of the most popular multi-criteria decision-making techniques for
organizing and analyzing such challenging problems.

The current study aims to identify potential geothermal locations in India using multi-criteria
decision method (MCDM). In this study, we use the multi-criteria decision model and GIS
technique to study and map India’s geothermal potential zones. This novel strategy uses GIS data
to analyse geothermal potential over wide geographic areas, unlike costly and
spatially-constrained borehole-centric methods. The results of this study might be helpful in
searching geothermal energy, exploration, and exploitation activity in the study region, and also in
other parts of the world. The details of the methodology, analysis, and results are discussed in the

following sections.
2. Study area

The hot springs in India are distributed in various geologic provinces (Figs. 1 and 2). Recent
studies have identified more than 400 geothermal springs with surface temperatures varying
between 25 °C and 100 °C, located between longitudes of 8°4’ - 37°6' north and latitude 68°7' -
97°25" east respectively (Fig. 1). In India, majority of geothermal springs are medium to high
temperature (125 °C - 200 °C), and lowenthalpy fields (less than 100 °C). The estimated total
geothermal energy potential in India is more than 10000 MW, out of which the Himalayan
province has a capacity of more than 134 MW. In India, most of the geothermal sites can be
placed into a few main tectonic settings i.e., a) the Himalayan zone which is a continental collision

zone, b) the Himalayan foredeep area or the Siwaliks, and c) the peninsular India region
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particularly near the SONATA region and Gondwana provinces besides hot-springs located in the
east and west-coasts. Furthermore, based on the heat flow, geothermal gradient, and tectonic
settings seven major geothermal provinces were identified, i.e., a) Himalaya Geothermal Province,
b) West Coast Geothermal Province, c¢) Gujarat-Rajasthan Geothermal Province, d) Sohana
Geothermal Province, ¢) Godavari Geothermal Province, f) Mahanadi Geothermal Province, and
g) SONATA Geothermal Province, which are briefly discussed below.

The Indo-Tsangpo collision suture zone (ITSZ) in the northwest Himalayas (Fig. 2) has
deep-seated fractures of Precambrian crystalline rocks bounded by the crystalline axis and Central
thrust, and sedimentary-metasedimentary sequences are intruded by Ladakh granite and
Chumathang granite. More than 100 geothermal sites located in Himalaya Geothermal Province
exhibit high-temperature gradients (> 100 - 200 °C/km) and high heat flow of more than 150 - 200
mW/m? associated with Tertiary magmatism and metamorphism. The inter-plate tectonics along
the western coast and the West Coast fault may be the reason for aligned geothermal activity. This
region belongs to a failed rift and was also related to one of the largest flood volcanic eruptions (~
66.25 ma) in the world. Most of the springs in the western Indian region appear to be controlled
mostly by fault and fracture NNW-SSE lineaments of post-Trappean dykes. The region
encompasses a broad high-heat flow area, known as the West Coast thermal anomaly. The Cambay
Graben province (Fig. 2) is a 200 km x 50 km area with moderate temperature gradients of 40 +
15 °C and heat flow of 75 + 18 mW/m? , extending northward. The Aravalli province lies towards
the eastern parts of Rajasthan (including North Cambay and Sohana) where the lithological age
ranges from Archean to Recent.

The Son-Narmada-Tapti lineament (SONATA) zone (Fig. 2) is characterized by a basement
depth of more than 2.5 km and a thinner crust (33 - 38 km). Bakreswar geothermal springs are in
the extreme eastern parts of SONATA in peninsular India. The presence of deep-insulated granitic
igneous bodies under Gondwana makes SONATA one of the best-enhanced geothermal systems in
the country, and temperature gradient ranging from 40 °C/km to 120 °C/km, and heat flow values
varying from 70 to 139 mW/m?. On the other hand, both the Godavari and Mahanadi geothermal
provinces (Fig. 2) belong to the late Tertiary to Quaternary periods or in the post-Gondwana
stages. The faults are oriented in the NW-SE direction along the Gondwana graben. The spring
temperature of the Godavari geothermal province (Fig. 2) varies from 30 to 67 °C and the
geothermal gradient is 45 °C/km and heat flows are about 70 - 100 mW/m?. The springs in Odisha
belong to Mahanadi Geothermal Province, where the spring orientation trend is along the
NNE-SSW lineaments in the Precambrian terrain. Compared to other geothermal provinces

Mahanadi geothermal province is one of the least explored.
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Fig. 1. Map of the study area.
Major lineaments are shown by thin gray lines. Geothermal hot springs, clustered in 2 groups (based on
hydrogeochemical characteristics), are shown by green and yellow stars.
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Fig. 2. Map of major Geothermal province of India.

3. Methodology

The mathematical approach which is used for evaluating multi-parametric problems is widely
known as the Multi-Criteria Decision Model (MCDM) technique. This approach helps in
analyzing a problem’s complexity and evaluating various solutions based on the appropriate
choice of options. The various criteria are typically normalized and weighted according to their
relative significance. The alternatives are then assessed and ranked based on how well they meet
the criteria, allowing decision-makers to make optimal decisions. MCDM has become an
indispensable instrument for addressing complex decision problems by considering multiple,
frequently conflicting objectives and criteria and ultimately aiding in selecting the most

appropriate alternative. Depending on whether criteria trade-offs are permitted, MCDM methods
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can be categorized as compensatory or non-compensatory. The sensitivity analysis strengthens the
robustness of the effectiveness of a decision. Understanding the relative importance of various
parameters necessitates an expert’s view, which might occasionally result in some uncertainties.
The impact of various parameters on the result can be easily analyzed using the MCDM.
Furthermore, the geographic information system (GIS) provides a platform for the decision-maker
to examine and assess the desirability of various choices.

The Analytic Hierarchy Process (AHP) method is a weight estimation method, that has been
used in this study for finding the geothermal prospects in India. The eight thematic parameters
such as heat flow, thermal gradient, sediment thickness, crustal thickness, structural density,
earthquake density, lithology, and Currie point depth (CPD), which are the main parameters and
are likely to have a major impact on geothermal prospects have been used. This approach assesses
the priority of the criteria included in a challenging decision-making problem using a set of
pairwise comparison matrices and a hierarchical framework. The pairwise comparison matrix is
built using the criterion scores and is one of the processes in this methodology (Table 1). The
criteria score is based on expert knowledge and/or published literature, and it goes from 1 to 9.
Major influencing elements have a direct impact on groundwater potentiality, whereas minor
influencing factors have an indirect impact. Then the normalized matrix is used to evaluate the
criteria weights (w; .... ws) under the constraint that Z;LIVVJ =1 ;and W ZZ)(IJVVJ where Xj;
represents the ith class rank for the jth layer, and W represents the weight of the jth layer.

Various thematic layers as discussed earlier have been taken into consideration to evaluate
the geothermal prospects of India, e.g. a high geothermal heat flow suggests the greater possibility
of the occurrence of a subsurface geothermal energy source. Similarly, high geothermal gradient,
low curie point depth, low basement depth, etc. have impacts on the availability of geothermal
energy in the subsurface. Consequently, an 8x8 matrix with a diagonal element of 1 must be used
for comparison pair-wise (Table 1). The weight of each thematic layer has evolved based on the
variables impacting the geothermal system and it computes the normalized weight or priority
vector and their sum must be 1. Using the rating scale, where 1 to 9 corresponds to equal
importance to excessive importance, the estimated primary eigenvalue was discovered to be 9.092
ranging from 1 to 9 means equal importance to extreme importance. The consistency index i.e. can
be evaluated by the following equation;

A~

Cl =
n—1

Where Amax indicates the major eigenvalue and n is the matrix’s order.

CI=(9.09-8)/(8—1)=0.15
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Table 1 Assessment of the selected criteria based on the decision matrix, classes, and priority for estimating the

geothermal prospects.

Matrix HeatFlow  Thermal Gradient  Lithology = Crustal Thickness  Sediment Thickness  Earthquake Density  Structural Density =~ CPD  Priority
Heat Flow 1.00 1.00 3.00 5.00 5.00 5.00 5.00 1.00 252%
Thermal Gradient 1.00 1.00 3.00 1.00 5.00 3.00 3.00 1.00 17.3%
Lithology 0.33 0.33 1.00 3.00 3.00 3.00 1.00 0.33 11.3%
Crustal Thickness 0.20 1.00 0.33 1.00 3.00 5.00 5.00 1.00 13.01 %
Sediment Thickness ~ 0.20 0.20 0.33 0.33 1.00 1.00 1.00 020 5.6%
Earthquake Density 0.20 0.33 0.33 0.20 1.00 1.00 5.00 0.20 3.8 %
Structural Density 0.20 0.33 1.00 0.20 1.00 0.20 1.00 020 42%
CPD 1.00 1.00 3.00 1.00 5.00 5.00 5.00 1.00 195%

Consistency Ratio (CR) = 0.9 %.

After commutating the consistency index, the next step is to find the consistency ratio. The
ratio between the consistency index (CI) and random index (RI) is known as the consistency ratio
(CR). Saaty revealed that a consistency ratio (CR) of 0.10 or lower is sufficient to continue the
AHP analysis. If the consistency ratio exceeds 0.10, the results must be revisited to identify and
address the source of the inconsistency. The Consistency Ratio (CR) = 0.096 %. According to the
findings, the consistency ratio had a value of 0.096, which is less than 0.1. As a result of CI, it is
possible to conclude that this CR can be used to evaluate the geothermal prospects of India.

Additionally, the data samples were grouped into clusters based on their characteristics or
composition to identify general similarities and differences in the hydrogeochemical composition
of the water samples. A cluster is a group of items that have been grouped due to particular
commonalities. The primary goal of spatial clustering is to divide geographical data into
meaningful subclasses, or clusters, where items within a cluster share a great deal of similarities
and differ from those in other clusters. Several spatial clustering techniques based on attributes
have been developed for geo-referenced 2 - D spatial data. For example, partitioning algorithms
like k-means have been used to handle spatial clustering problems. One of the most
straightforward and well-established unsupervised machine learning algorithms is K-means
clustering. To cluster the hydrogeochemical compositions based on several variables, such as heat
flow, thermal gradient, CPD, sediment thickness, crustal thickness, and structural density, we
employ k-means algorithms. We then divided the data into two general categories as shown in Fig.

1.
4. Results and discussions

The eight major thematic layers were selected based on the literature review, importance, and
geothermal flow conditions that directly influence the availability of geothermal provinces in
India. The primary datasets were compiled from various publicly available sources and
publications. The heat flow and thermal gradient data were taken from the IHFC or International
Heat Flow Commission world database. The lithology, and structural density including the fault,

fracture, and lineament data were collected from the global lithological map, Geological Survey of
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India (GSI) and Bhukosh service. Basement depth and crustal thickness data were collected from
the crust 1.0 model, whereas the seismicity data were obtained from the Indian seismological
center. The Currie point data available from published literature were used.

Heat flow and thermal Gradient (Fig. 3a and b) are important parameters and are influenced
by potential subsurface availability of geothermal fields, and therefore can be used for identifying
Geothermal energy resources underneath the subsurface. Identified geothermal provinces typically
show greater heat flow values, which can be attributed to a variety of factors, including the
disintegration of lithophilic radioactive minerals, increased mobilization of deep hydrothermal
fluids, and presence of shallow magmatic intrusive bodies. Old volcanic and intrusive rocks are
known to be present where geothermal energy sources are found. The other main factors
influencing hot springs’ presence are heat flow and faults or fracture planes that have reached
great depths, causing circulations and movement of thermal water upraised direction by buoyancy
force. The source of heat supply is often controlled by strongly joined deep faults, lineaments,
fractures, geothermal gradients, and disintegrating lithophilic materials by exothermic processes.
As a result, the distance from faults and the fault density also assist in the rising of geothermally

heated fluid from the deeper depths.

Fig. 3. Thematic layers of various parameters: a) heat flow, b) geothermal gradient, c) lithology, d) Currie Point

Depth.

53



D

Fig. 4. Thematic layers of various parameters: a) earthquake density, b) structural density, ¢) crustal thickness, d)

sediment thickness.
4.1. Thematic parameters layers

The selected crucial variables (Figs. 3 and 4) used for estimating geothermal potential
mapping are discussed briefly in the following sections.

(a) Heat Flow and Thermal Gradient

The presence of the high heat-producing Ladakh and Chumathang granites may be the cause
of the maximum heat flow seen in the Himalayas. Another good potential heat source in the west
coast provinces may have been formed by rifting, inter-plate tectonics, and flood volcanic
eruptions (66.25 Ma). On the other hand, the majority of hot springs in Peninsular India are
probably connected to Graben, where deep-seated faults may operate as active channels for high
heat flow and geothermal fluid circulation. The typical average heat flow is between 50 and 70
mW/m? , indicating good potential in the geothermal provinces (Fig. 3a and b). For analysis the
heat flow data was divided into five different categories such as 9.15 - 36.01 (class 1); 36.01 -
52.79 (class 2); 19252.79 - 70.97 (class 3); 70.97 - 93.44 (class 4); 93.44 - 132.44 (class 5).

Furthermore, the average thermal gradient values observed in the Himalaya (50 + 20 °C/km),
west coast (44 £+ 20 °C/km), West Bengal (40 + 10 °C/km), and Odisha (45 £+ 20 °C/km) are shown
in Fig. 3a and b. In this study, the data were classified into five classes: 0 - 7.0195 (class 1); 7.0 -
14.20 (class 2); 14.20 - 19.08 (class 3); 19.08 - 26.18 (class 4); 26.18 - 59.65 (class 5). Most areas
with high heat flow show high geothermal energy prospects (Fig. 4).

(b) Lithology and Currie Point Depth (CPD)

Various types of rocks in the crust can contribute differently to the crustal heat flow primarily
because of varying concertation of radioactive elements (U, Th, and K). The lithological data of

India were collected from the global lithological map. The major rock types in the region were
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mainly evaporites, metamorphic, plutonic, and volcanic rocks (i.e., acid, basic, and intermediate),
sedimentary rocks (i.e., carbonate, mixed, unconsolidated, and siliciclastic) (Fig. 3c).

The depth at which the earth’s magnetic material transitions from a ferromagnetic to a
paramagnetic state, as a result of temperature increase is known as the Curie point depth (CPD),
and is regarded as the bottom depth of a magnetic source. The CPD (Fig. 3d) can be easily derived
from land or aeromagnetic data, and may be influenced by seismic activity. Tectonically active
and geothermal areas are likely to have a shallower CPD depth. The CPD in the study area has
been classified into five classes 15.97 - 27.29 (class 1); 27.29 - 32.36 (class 2); 32.36 - 38.44
(class 3); 38.44 - 45.61 (class 4); 45.61 - 51.10 (class 5).

(c) seismicity and lineament density

Fault and lineaments are essential for heat transfer from deeper depths as discussed earlier.
Intense seismic activity in a region suggests the presence of highly fractured subsurface rocks
which can act as pathway for rising heated fluid from deeper depths. The faults are probably very
permeable, which contributed to the formation of the hot springs. The fractures may remain open
or reopen in the affected zones due to seismic activity (Fig. 4a) and can contribute significantly to
fluid circulation in general, and geothermal activity. The seismicity density has been classified into
five main domains based on the data such as 0.0 - 15.39 (class 1); 15.39 - 43.26 (class 2); 43.26 -
83.74 (class 3); 83.74 - 139.25 (class 4); 139.25 - 229.84 (class 5).

Some of the identified geothermal areas such as those on the east coast of India are likely to
have connected deep-seated faults, e.g. the north Khurda faults with an orientation of NW-SE are
likely to play a vital role in enhancing the circulation of water in east-coast geothermal provinces.
The NNW-SSE lineaments of post-Trappean dykes’ fault and fracture surfaces appear to be
primarily responsible for controlling the majority of the springs in the western region. The NE-SW
trending faults in the Aravalli provinces may have played an active role in fluid migration in the
high-heat flow regions. Similarly, the Sonata lineament is made up of various EWE-WSW
trending series of echelon faults and tectonic lineaments that are oriented in the directions of E-W
(Narmada) to ENW-WSW (Tapti). The ratio of fault length and area of a specific province is
known as fault density (Fig. 4b). A high fault density is likely to boost region’s geothermal
potential. For the purpose of analysis, the lineament density has been classified into five divisions,
and their ranks were estimated as: 0 - 5.8 (class 1); 5.8 - 11.23 (class 2); 11.23 - 17.425 (class 3);
17.42 - 24.79 (class 4); 24.79 - 40.22 (class 5).

(d) crustal and sediment thickness variations

The crustal thickness is another crucial parameter that can affect the heat transfer from the

mantle depths and impact the geothermal potential in a region (Fig. 4c). Global data indicate that
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the crustal thickness widely varies across the tectonic zones, i.e. on an average crustal thickness of
~ 35 km is sheen for the continents, which can be much lesser (~ 7 km) in the oceanic crust, with
an exception for the active tectonic regions where crustal thickness may be double to that of the
normal crustal thickness. In this study area, maximum crustal thickness is observed in the upper
Himalayas (Fig. 4c). However, in general, the thinner crust is likely to transmit more heat from the
mantle. The crustal thickness data was classified into five different groups and the estimated ranks
are obtained as: 33.34 - 38.43 km (class 1); 38.43 - 42.99 km (class 2); 42.99 - 25650.91 km (class
3); 50.91 - 62.60 km (class 4); 62.60 - 75.93 km (class 5).

Similarly, the sediment thickness varies from region to region, with highest sediment
thickness observed along the NE-Himalayas. The upper Himalayas, central India, West Bengal,
and Odisha have relatively less sediment thickness (Fig. 4d). The continental margins show
highest variations in sediment thickness due to varying degrees of tectonic extension and
subsidence. Less sediment thickness indicates shallow basement depths, which is likely to have a
positive impact on geothermal prospects in a region. The sediment thickness data (Fig. 4d), were
classified into five categories by using Quentile breaks methods and their estimated ranks are: 0 -
0.24 (class 1); 0.24 - 0.63 (class 2); 0.63 - 2691.04 (class 3); 1.04 - 1.56 (class 4); 1.56 - 2.04
(class 5).

4.2. Sensitivity analysis

The evaluation criteria, as well as the weights assigned to each criterion, have a significant
impact on the rankings derived from the MCDM approach. Criteria weights are often assigned by
the decision maker or a group of experts, this introduces subjectivity and risk of bias. To
effectively use and execute quantitative decision, sensitivity analysis of individual parameters is
vital. Its goal is to evaluate the stability of an optimal solution when small changes are applied to
the parameters. In this study. sensitivity analysis was employed to ascertain the relationship
between the criteria weights and the ranking, and to assess their impacts on final results. The
one-at-a-time (OAT) technique was used, which involves changing one input element at a time
while leaving all other parameters unchanged. The weight of other criteria, wj, alters if weight of

the criteria were changed from wiO to w, ,
_[1-w 0
W/ = - ‘,V’O X W/

Where w, is the new weight value of the other attribute (criterion) to be changed, w,.O and w?

are the initial weight values of the criteria before being subjected to sensitivity analysis, e.g., for
the heat flow (Table 2) criteria at cut-off weight values of 0 %, 20 %, 40 %, 60 %, and 80 % for

each criterion. Except for the 20 % weight, the remaining weights ranging from 0 %, 40 %, 60 %,
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and 80 % show a comparable ranking for the AHP model. Similarly, altering different input
variables one at a time during the sensitivity analysis can be done to examine the impact on model

outputs.
Table 2 Sensitivity analysis for AHP-weights parameters ranging from 0 % to 80 %; Where Heat Flow is used as a

cut-off criterion.

Criteria Initial 0% 20 % 40 % 60 % 80 %
Weight Rank Weight Rank Weight Rank Weight Rank Weight Rank Weight Rank

Heat Flow 0.252 8 0.000 8 0.200 7 0.400 8 0.600 8 0.800 8
Thermal Gradient 0.173 6 0.231 6 0.185 6 0.139 6 0.093 6 0.046 6
Geology Age 0.113 4 0.152 4 0.122 5 0.091 4 0.061 4 0.030 4
Crustal Thickness 0.131 5 0.175 5 0.140 4 0.105 5 0.070 5 0.035 5
Sediment thickness 0.038 1 0.051 1 0.041 i, 0.030 1 0.020 1 0.010 1
Earthquake Density 0.056 3 0.075 3 0.060 3 0.045 3 0.030 3 0.015 3
Structural Density 0.042 2 0.056 2 0.045 2 0.034 2 0.022 2 0.011 2
CPD 0.195 7 0.261 V4 0.209 8 0.156 7 0.104 7 0.052 7

Note: Highest Rank is indicated by 8, and the lowest rank by 1.
4.3. Geothermal prospects map zonation

All the parameters were integrated, by AHP weighted MCDM methods. The final geothermal
prospect map of India is shown in Fig. 5. The study area can be categorized into very low
(11.78 %), low (24.20 %), moderate (27.18 %), high (21.98 %), and very high (14.86 %)
geothermal prospect regions as per area. Our analysis indicates that the Himalayan geothermal
province (including NW and NE parts), the SONATA lineaments, central parts, and some parts of
the west coasts Mahanadi Graben show the highest probability of geothermal energy compared to
other areas. The results are consistent with recent findings suggesting that the Himalayan region
and West Coast geothermal provinces have higher reservoir depth and temperature compared to
West Bengal and Odisha. Most of the well-known hot springs are located in the high prospect

regions.
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6°N: . 6° N
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Fig. 5. Map showing estimated geothermal prospect.
High and low prospect regions are shown in red and blue colors, respectively. Green stars are locations of

geothermal springs with relatively high discharge temperatures.

The model parameters, implementation and model data determine the strengths, and
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drawbacks of the results derived by the MCDM techniques. Individual parameters have limited
impact on a multicriteria evaluation problem. However, considering several parameters
simultaneously reduces the impact of bias on final results due to individual parameters. Other
methods such as machine learning models can also be used for an independent assessment of
geothermal prospects. Finally, the estimated results are verified by field observations of already

established locations of hot springs in the study region.

5. Conclusions

Table 3 Correlation Matrix of thematic parameters.

Parameters Currie Point Earthquake Geothermal Heat Sediment Structural Crustal Lithology
Depth Depth Gradient Flow Thickness Density Thickness
Currie Point Depth 1.00 0.32 0.32 0.45 0.30 0.11 0.40 0.40
Earthquake Depth 0.32 1.00 0.31 0.30 0.31 0.20 0.31 0.32
Geothermal 0.32 0.31 1.00 0.44 0.31 0.24 0.41 0.36
Gradient
Heat Flow 0.35 0.30 0.44 1.00 0.38 0.09 0.44 0.42
Sediment Thickness  0.30 0.31 0.31 0.38 1.00 0.15 0.39 0.37
Structural Density 0.11 0.20 0.24 0.09 0.15 1.00 0.15 0.14
Crustal Thickness 0.40 0.31 0.41 0.44 0.39 0.15 1.00 0.37
Lithology 0.37 0.32 0.36 0.42 0.37 0.14 0.37 1.00

The eight main parameters that are directly or indirectly related to the geothermal energy
prospects in the subsurface, i.e., heat flow, thermal gradient, Curie Point Depth (CPD), sediment
thickness, crustal thickness, fault, earthquake density and lithology, were used to estimate the
prospects of geothermal energy. Except for the 20 % weight, the remaining weights of 0 %, 40 %,
60 %, and 80 % resulted in a similar classification using the AHP model. The highest AHP weights
were in the order of heat flow (~ 0.252), followed by curried point depth (~ 0.195), thermal
gradient (~ 0.173), crustal thickness, (0.131), and lithology (~ 0.114), , which are the most
important parameters contributing to the geothermal prospect. Heat flow is strongly correlated
with the geothermal gradient, crustal thickness, and lithology (Table 3). We find that ~ 11.78 %
and ~ 24.20 of the study area can be classified as having very low to low geothermal prospects.
Whereas, ~ 27.18 % of areas show medium prospects, ~ 21.98 % as high, and 14.86 % as having
very high geothermal prospects. The locations of geothermal springs, identified in various studies
validate our estimates. Furthermore, most of the identified geothermal springs with high discharge
temperatures (50 - 69°C and 70 - 100°C) are located in the high to medium geothermal prospect
areas. Exploration and exploitation of renewable energy can boost the efforts of developing
countries to fulfill their economic, environmental, social and energy goals. The results obtained in
this study may be useful in the efficient search and development of sustainable, renewable, and

clean energy.
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(c) HuFEImsh AL fy it %

W7 2 AT EEN T R URH R AR A O E B, QAT AT . — M X BE F A M AR
T BN B AE 2 PER R R 5, XS5 A m] DAE A T R Z BT+ R4 1)
Wi, WERIERIEK, B TIEBRR. HTHERES) (Bl 4a) , BiEnT
REDRFFETT TBCER EB TR, FF 7T Be XKD A G H 2t aE 3h 7 A R DTk . AR
N 0.0-15.39C5 1 25);15.39-43.26( 5 2 2£),43.26-83.74(55 3 35), 83.74-139.25
(25 4 28) 5 139.25-229.84 (35 5 28) S58dl, MR T O N i F 2 X
578

—B6 R AR SR X, G B AR R B X I8, AT REAEAEAE IR Z T Z,
B anA6H Khurda W), HERPEIL-ZRFE, AT BEXTIEG 98 AR i A i 5T 748 1K A6
R 2 e EE/EH « Trappean 12 N7 W 2 A0 K22 1] 22 NNW-SSE &[], 1
S 2 B 8 U R B IX ) 22 BORR - Aravalli 45 ) 4 6- 75 7 7 ) 67 2 AT BEAE S T
WEh XK FER R IE T FRAEH . [FIBE, SONATA ZRlRA4E B &Rk A
EWE-WSW )55 8 W7 2 FIAL i 2R At 2H A, 3 )i 2 TR AG 18 11 77 1) A 2R - 78
(/R GIE) 2 ENW-WSW (EHEHE) o FEE 8 2K SRR RERN
WiZE R (K 4b) o mE% e izt X it B 7. 8 7o B Y,
ARG T T ORI A TAER, HAF At 0-5.8 (55 128) ; 5.8-11.23
(55235 5 11.23-17.425 (35335 1 17.42-24.79 (354 25) ; 24.79-40.22 (5
539 .

(d) HbFERIIRR 2 S R AR AL

58 SRS T — N OSSR, e R E I8 VR AL IR R B AR F R RE A %
X Eth#aE 71 (Bl 4e) o REREURKRW, MR EREAEMGEX 2284, B Kk
7 B 35 A8, TAEFEFRR A ReE/ M2 (T A8 , fERKWIE
DX IR AN, 0 R A 5 S R A E M SE S B I — % o EARBF TS X3RN, &)
58 AR B SR L K B (BT 4e) o 28T, — ki, BOERHsE ]
HE M 18 A% 330 5 22 () 3 o b 72 SR R B A 70 A OSSR, btk R4 T
e 33.34-38.43 AH (55 13%) 5 38.43-42.99 AH (55225) ; 42.99-25650.91
ANHE (B3 5 5091-62.60 AH (55428 5 62.60-75.93 ~H (B 53 .

[FIRE, DURRPI IS FEAEA R X A PrAN ], A2 2R A6 = S b L koW 5% 3] f v 1)
VORI FE . S SRk BB ERREEFRS . P SN R A B B 5 (1) AR ) )&
FEARRHEL D (B 4d) o R 2% B T #a s o e AT B B2 AN ], SO AR JEL R
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A B R o DURRA IR 5 P50 /N B JEC IR FE A, T ] R i X b iy 55 07 1 = AR
FAMesZ e o A o3 A B W s TR IR e e (B 4d) o, HoAhvhoE
ZT: 0-0.24 G 1D 5 0.24-0.63 (1 2) 5 0.63-2691.04 (251 3) 5 1.04-1.56
(KA 4) 5 1.56-2.04 (355 5) .

4.2. BURMES

DAL AR TEE DL A B 2 AN PR AL EE N >R B 2 dE I 50775 (MCDMD) 3
HH IHEA A R AR H B R B AT K ie, XTI T EWE
AR DL RS o 9 T A Rt 8 P ATHAT RE B SR, X B SRR BB 70 #2855
HE HHARAVHE S S HO AU R U AR . AEATT T, B
PET M85 R s P VER L S5 R4 2 TR A S 2R, IR DAl e AT B R S SR M 5
fEfH T — % (OAT) R, KXW RERSAE —MATTER, RN ORI HAb
SRAZ . NP w) SRR wi, HARFSERIBCE wy ok 2L

l—Wl. 0
Wj = I_WO XWJ.

wy RN U AR B I b)) BB AR w? AT SR BBURR A 23 B 2 1T
IARE IR LE AR, B, XFHR (R 2) AR A EE 755008 0%-
20%-. 40%- 60%F1 80%. B 1 20%MIALESL, HARMIBEEMN 0% 40%. 60%
F1 80% uFE Y, X AHP B S R AT LR I HE % o [RIRE, RSB 2 A )

BATRANFE AR, W] DL RS S0 0 AR AR 4 A B2
R 2 i 0~80% M AHPEUE Z A BB E M, o B A B b

Criteria Initial 0% 20 % 40 % 60 % 80 %
Weight Rank Weight Rank Weight Rank Weight Rank Weight Rank Weight Rank

Heat Flow 0.252 8 0.000 8 0.200 7 0.400 8 0.600 8 0.800 8
Thermal Gradient 0.173 6 0.231 6 0.185 6 0.139 6 0.093 6 0.046 6
Geology Age 0.113 4 0.152 4 0.122 5 0.091 4 0.061 4 0.030 4
Crustal Thickness 0.131 5 0.175 5 0.140 4 0.105 5 0.070 5 0.035 5
Sediment thickness 0.038 il 0.051 1 0.041 i, 0.030 1 0.020 1 0.010 1
Earthquake Density 0.056 3 0.075 3 0.060 3 0.045 3 0.030 3 0.015 3
Structural Density 0.042 2 0.056 2 0.045 2 0.034 2 0.022 2 0.011 2
CPD 0.195 7 0.261 7 0.209 8 0.156 7 0.104 7 0.052 7

e EHAH 8 #on, BARSAI 1 Fon
4.3. WHREB 7 XE

Fr SHERE L JZ R o i (AHP) IR #EN 38 773 (MCDM) 3347
TG . BRI S A M AR B AN 5 PR o A A X SRR AR T LA AR AR
(11.78%) « & (24.20%) 1% (27.18%) . &= (21.98%) AL & (14.86%)
H IR X . AT AR, B S X CREE LA R AL
SONATA ZRH4 3 , s LA S T4 1 o 5 s 40 e 29 (103508 4 X, 5 A X AR L,
MR BE IR s G R ST AN — 3, R TR b XA G i 5 b A XA
bl P o 0 SRR B B 3, B A SE R () i J2 R0 B vy L E o K 22 BN 44 (1)L SR
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76 E 8B 2 E

B 5 AT AL TR
e A X AR AT 5 X AL M (o, Zrt 2 B R RUR L &, IR R

RASH BT AR JE 1 2 EN R SRT57% (MCDMD &3+
M4 RAIL AR e B SR 22 bR E P IR RS AT BR . R0, [R5 )8
2SR DL BT SRS S B0 7 A R Al 22 X B 28 A RN e . oAt 9%,
P2 SRRt n] DL X s 38 0 AN DA o f i, BT FT X3 L Y
IR SIS LGRS 1 Al T4

5. &5ig

* 3 EEZHUH RIS

Parameters Currie Point Earthquake Geothermal Heat Sediment Structural Crustal Lithology
Depth Depth Gradient Flow Thickness Density Thickness
Currie Point Depth 1.00 0.32 0.32 0.45 0.30 0.11 0.40 0.40
Earthquake Depth 0.32 1.00 0.31 0.30 0.31 0.20 0.31 0.32
Geothermal 0.32 0.31 1.00 0.44 0.31 0.24 0.41 0.36
Gradient
Heat Flow 0.35 0.30 0.44 1.00 0.38 0.09 0.44 0.42
Sediment Thickness  0.30 0.31 0.31 0.38 1.00 0.15 0.39 0.37
Structural Density 0.11 0.20 0.24 0.09 0.15 1.00 0.15 0.14
Crustal Thickness 0.40 0.31 0.41 0.44 0.39 0.15 1.00 0.37
Lithology 0.37 0.32 0.36 0.42 0.37 0.14 0.37 1.00

J\AS FE S E S R AR IR AT A OS, RIRWR R A, B
B ERE (CPD)  UIARZEREE. Hse)ERE . W2, HEH RS, s RS
THHBAERIR AT S BR T 20%BIBLE A, HAR 0%, 40%. 60%A1 80% KA H 1E
i AHP BRI B 732K femii AHP AU AR O #GRRE(0.252), K
A B IR (0.195), #ABEEE0.173), HLFEJESE0.131), PAAATE(0.114), , X
T HIAEIIR A B XS PR SHER . e B R A S DI oG (%
3) o ATKRIL, WEFTIXIERA 11.78%F1 24.20% 7] LLIAE Ay it 5 AR B R RN
MM 27.18% M X 38 & 7% HY 25 T 5, 21.98% 0 X4 o AT, 14.86% ) X 18 & 7
ARG SRR - 7RSI FT R AR SR A B AR T BRATT AN TR thAb,

K2 E I EE (50-69 °CHlI 70-100 °C) [ FE SR A7 T 150 31 H 25 b By 56 X
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