maUszendIsnisdrsannudiumuliihdimegsududeyawinanluihlawuvesiaiite

aiuuuInaemennsIalingwBalurimiludmindunanys

YIYLUR AISLDLL

unAngauasuitudoyaatuiinveineinusaauntnsfing 2554 Aliusnisluadetdyaig (CUIR)
\uuitudoyavestidndwoivendnus Ndsnunadudningidy
The abstract and full text of theses from the academic year 2011 in Chulalongkormn University Intellectual Repository (CUIR)

are the thesis authors' files submitted through the University Graduate School.

v
f & 1 =

MendnusiiludiumilveimsAnwmunanansuTygyinermansundadin
ANUNIYITIAINGT NIAIYITIUING
ANEINEIMERS PNAINTAINNINIAY
Unisfinwn 2557

AvaAvEveRIIAINTAlUNINSY



APPLICATION OF ELECTRICAL RESISTIVITY METHOD COMBINED WITH TIME DOMAIN ELE
CTROMAGNETIC DATA FOR CONCEPTUAL HYDROGEOLOGICAL MODELING IN
CHANGWAT KAMPHAENGPHET

Mr. Neti Kuaneiam

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science Program in Geology
Department of Geology
Faculty of Science
Chulalongkorn University
Academic Year 2014

Copyright of Chulalongkorn University



Thesis Title APPLICATION ~ OF  ELECTRICAL  RESISTIVITY
METHOD COMBINED  WITH TIME  DOMAIN
ELECTROMAGNETIC DATA FOR CONCEPTUAL
HYDROGEOLOGICAL MODELING IN CHANGWAT

KAMPHAENGPHET
By Mr. Neti Kuaneiam
Field of Study Geology
Thesis Advisor Assistant Professor Thanop Thitimakorn, Ph.D.
Thesis Co-Advisor Assistant Professor Srilert Chotpantarat, Ph.D.

Accepted by the Faculty of Science, Chulalongkorn University in Partial

Fulfillment of the Requirements for the Master's Degree

Dean of the Faculty of Science

(Professor Supot Hannongbua, Dr.rer.nat.)

THESIS COMMITTEE

Chairman

Thesis Advisor

(Assistant Professor Thanop Thitimakorn, Ph.D.)

Thesis Co-Advisor

(Assistant Professor Srilert Chotpantarat, Ph.D.)
Examiner

External Examiner

(Assistant Professor Winit Youngme, M.Sc)



&aa o

WA A58 n15UsEYNAITsd19RNd U Ul S umghududeya
wsimdnlwilawuvesnanieaisuvudrasmisgrnssalinendaluvimiludania
ATWWILWY S (APPLICATION OF ELECTRICAL RESISTIVITY METHOD COMBINED WITH
TIME DOMAIN ELECTROMAGNETIC DATA FOR CONCEPTUAL HYDROGEOLOGICAL
MODELING IN CHANGWAT KAMPHAENGPHET) 8.7U3nuinenfinusvan: ue. as. g1uu

5AUNT, 8.NUSNWINYITNUSIIY: WA, A5, ASLaF LYRNUSSAY, 132 U,

Janiamunanysasegluiiunusudmszeimsuuuvesssmalnedlinisveedi

NP UNBATNTIUADLTLDIDE195IAL5T NTNFuLaNINIAULINEIRg 1R eIV lARAN Iz NLARY

a

e maundsihumanlfiiensvauswionnudesnislithiiutuiadunadenuisiias
Preusamuaziilaniznaueauilutiggudsldossiusyniam Tasiansediadsluiiug
Anwiithuiaagniufiveguudsdainnisdisniiuinalden FBiteudundnaiviaia
lsuAmadiamsdsiatarnusummliihdinng msdrsaiamiusmumulwihuuuvdadnazee
arwsaiiasastoyn lunendsdsldfinsliszuumssuuunaisds shlilunudisaunaa
vmaansaiuTeandealdAdu Tasiamgegndinsthdeyanisiudisessdiand fnen
auuwdmdntiinwandudeyanisdrsiaiaaianudiuniulniiinszuanss asgreliminges

SNuaEYaITUTNUIANakaTAILUR s Ua lanlug B9y

I@w‘%nmmuimjsumﬁuﬁﬁﬂmﬂﬂﬂqmé’wmzﬂauﬁm wazuRUsaUsan mduAan
uas despssudeiufialadyalegFou - Aladouluseduiu Feidaudunulnigannnd
200 Tovimstuly TnglufiufidnunuuinuihedemsiuasinnsouluduivliihyalegSou
- Ao Wununadiuy vie/uazsesunn nie/uazsesideuriinlgvesiuiialaddnisily
e ldesiiuiiAnw nanisdmansssiifdndvesuinainanauansanaudumuln
soglurae 10 - 50 Toviuuns Sadusuihumandnlufufinesuinaifdneammaiuiaags
ansazimuivetinuiniald Tnefianianislvandnvesinuiniaszegluuuigiungedny
py funnasgussngnauduiirny fuoon uazfimmmanmslvazesiuinalutuiuudazgnauasiae

SRULANWAYITBULADUNY UL

a

AMAIVY 558N aeilayalidn

@3N §503Ne aeilade 0. 1USNwIVen

Unsfinwn 2557 A18iaTe 0.1USNWI5IU



# # 5472185023 : MAJOR GEOLOGY

KEYWORDS: GROUNDWATER / KAMPHAENGPHET / VES / TEM / RESISTIVITY
NETI KUANEIAM: APPLICATION OF ELECTRICAL RESISTIVITY METHOD COMBINED
WITH  TIME  DOMAIN  ELECTROMAGNETIC ~ DATA  FOR  CONCEPTUAL
HYDROGEOLOGICAL MODELING IN CHANGWAT KAMPHAENGPHET. ADVISOR: ASST.
PROF. THANOP THITIMAKORN, Ph.D., CO-ADVISOR: ASST. PROF. SRILERT
CHOTPANTARAT, Ph.D., 132 pp.

Kamphaengphet is a part of upper Chao Phraya basin of Thailand. The rapid growth
of agriculture results in significantly gsrowing water demand. Reliance on surface water only
causes water shortage. Groundwater resources are great alternatives to satisfy such a growing
water demand, which solves the water shortage in dry season efficiency. Especially in the
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popular methodology for groundwater survey is electrical geophysical technique. The
vertical electrical sounding technique lacks data continuity. Later, the exploration has been
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CHAPTER |
INTRODUCTION

1.1 Rational

Changwat Kamphaengphet is located in the upper Chao Phraya basin of
Thailand. The rapid growth of agriculture and industries results in significantly growing
water demand, especially from agriculture section with a great number of off-season
rice, cassava, and sugar cane farms. Reliance on surface water only without
groundwater caused water shortage and drought risk as 2548 B.E. Water shortage
attributable to climate variability in various localities damaged wide area of community
and farmland. Groundwater resources are great alternatives to satisfy growing water

demand, which solves the water shortage in dry season efficiency.

Changwat Kamphaengphet is situated in the lower Ping River basin and displays
as alluvial terrace with elevation 60 — 140 meters above mean sea level. Potential
surface water source is from the Ping River (DMR, 2550). The groundwater in study area
is divided into 2 types according to reservoir characteristics consisting of
unconsolidated-rocks aquifers storing gsroundwater in sediment, which is the primary
groundwater aquifer in the study area, and consolidated-rock aquifers storing
groundwater in rock structures such as holes, fractures, or faults, producing low water

yield except large fault or large cavity zone.

Aquifer characteristic expansion surveys have been studied for a long time
based on geophysical knowledge. The popular methodology is geophysical survey to
determine the specific electrical resistance of aquifer by using direct current which is
called “geophysical direct current resistivity survey” (DC resistivity survey). Aquifer
resistance depends on porosity, water resistance, type and characteristic of sediment,

and electrical conductivity of clay minerals.

The geophysical DC resistivity survey uses vertical electrical survey (VES)

technique exploring and collecting single point data, which takes a long exploration



time and lacks data continuity. Later, the exploration has been relying on the multi -
electrode system that can use Schlumberger, Dipole — Dipole, or other array systems,
resulting in accurate groundwater surveys and continuity resistivity data. Additionally,
the method can help discover consolidated-rock aquifers containing groundwater in
fractures, faults, holes, or shearing zone which are hard to explore and have a high risk
of failure by relying solely on VES. 2D imaging multi - electrode resistivity survey
technique can estimate aquifers depth and position more accurate and faster than
typical vertical electrical sounding (VES) 1D imaging technique. The more continual

data, the better interpretation.

However, DC resistivity survey has some limitation. For example, the survey in
regional scale will take a long time, its maximum investigation depth is approximately
100 - 200 meters (depending on rock/soil characteristic, rock/soil type, wire length, and
the current strength), and inaccessible area such as deep forest or overgrown areas. In
addition, only single resistance data from resistivity survey cannot estimate soil depth
and characteristic accurately. The interpretation requires a combination of lithological
logs, wire-line logs and other data for more reliable. Application of several geophysical
survey techniques in combination with DC resistivity survey provides the better and
more dependable results. Nowadays, the explorations apply several techniques from
various researches, including airborne time-domain and frequency-domain

electromagnetic to study hydrogeology and aquifers.

Kurt L.S. and Auken E. (2004) developed groundwater survey technique which
applied airborne Time-domain electromagnetic called SkyTEM by using helicopter for
exploration in several areas within Denmark. The main cause of time - domain
electromagnetic method (TEM) development was that frequency - domain
electromagnetic method (FEM) had high sensibility for mineral deposits (low electric
resistance) in host rock areas (high electric resistance > 100,000 Qm.), which are general
geological mineral deposits in North America, leading to ambiguous results. Moreover,
for example, many areas of Australia overlain by thick bed Rhyolites ( > 100 m.) have
low electric resistance, cause FEM technique therefore cannot easily penetrated this

layer. This drives the development of TEM techniques in Australia despite the technical



difficulty from features and characteristics of electronic device in the past. In 2003 A.D.,
Flemming J. and Auken E. applied TEM technique for survey old river channel in
Denmark for the first time. It is found that river channels are distributed throughout
Denmark. This aquifer is the primary water source for all domestic consumption in the

country without reliance on surface water. The survey results are satisfactory.

Time - domain electromagnetic method (TEM) has been become more
popular in ground water survey and geological mapping section. The main objective
of time - domain electromagnetic method application is the requirements regarding
the data accuracy having high spatial density. These include tools and equipment,
processing, and interpretation accuracy for precise geological and hydrogeological
interpretation. There are many cases that researchers face the problem that aquifers
exploration and mapping alone is not sufficient for interpretation, which calls for other
factors such as geological structures, aquifers and soil layer size, volume variables,

including covered surface characteristics of geophysical in study area.

At the present time, there are many researches that compared results and
equipment performances of time — domain and frequency - domain methods. For
example, Munday T. and et al.(2007), tested these techniques in Murray River basin
in the south of Australia. Frequency — domain employed RESOLVE frequency domain
helicopter electromagnetic (FDHEM) system, and Time — domain used SkyTEM time
domain helicopter electromagnetic survey (TDHEM). It is found that both systems can
classify and investigate salt water intrusion near estuary. Frequency — domain showed
a sligshtly better result in shallow zone near the surface, but in the thick clay layer or
deep zone, time domain clearly gave more accurate result than Frequency — domain

which cannot penetrate thick conductive layers.

Although airborne time - domain electromagnetic method can penetrate
deeper, faster, wider, and clearly classify clay-sand sediments, but it had some
limitation about hard to classify high electric resistance rock/soil layer and provided
less details when compared with ground survey. The method is easily affected by

building, household, and electricity post, causing error interpretation.



Therefore, application of airborne time — domain electromagnetic method
(TEM) in combination with DC resistivity survey, consisting of vertical electrical sounding
(VES), multi — electrode system, and lithological and wire-line logging, will analyze
aquifers characteristics, aquifers expansion, aquifers depth, and drilling wells location

accurately.

1.2 Objective

In this study area, characteristic of aquifers and groundwater potential areas
are main objectives. The difference of rock/soil types and variety kind of structures
such as fracture, fault, hole or shear zone related to geological setting are also
concerned. This research objective is to present and interpret the potential aquifers
details in the study area within Kamphaengphet province. The main objectives of this

study are as follows.

1. To analyze the extension, thickness and hydrogeological properties of
aquifers in the study area.
2. To examine groundwater potential zone in the study area.

3. To create the conceptual model of the study area.

1.3 Scope of work

This thesis focuses on the hydrogeological unit or aquifers classification and
interpretation of both unconsolidated and consolidated rock in the study area within
Khlongmaelai, Amphoemuang , Kamphaengphet province, which is approximately 750

Rai. or 1.2 square kilometers having electromagnetic lineaments anomalies.

1.4 Assumption

Upon reviewing the “Groundwater mapping within Kamphaengphet province”
at scale 1:100,000 (DGR, 2001), that represented 2 hydrogeological units consist of
unconsolidated rock is old terrace deposits aquifers underlain by consolidated rocks is
Silurian-Devonian Metamorphic aquifers. The unconsolidated rocks groundwater
potentials are stored in sand and gravel sediment with well sorted, represented in high

resistivity value approximately 100 - 160 ohm.meters. The consolidated rocks



groundwater potentials are stored in cavitys, fractures, or faults represented

lineaments anomalies in low resistivity zone of hard rock.

1.5 Expected output

The major expectation of this thesis is to understand the characteristics of

aquifers, and groundwater potential area. Expected results are as follows:

1. Aquifer characteristics and groundwater potential area.
2. Groundwater potential zone

3. Conceptual model
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2.1 General information in regional scale

According to “Classification for geological management and resources,
Kamphaengphet” (DMR, 2012), Kamphaengphet is the upper central province in 15°
517 -16° 54’ Latitude and 90° - 100° 3’ Longitude with 8,607.5 square kilometers
(5,379,687.5 Rai). Its topography is complex mountains areas with slopes down toward
the east in the west, hilly plain in the central and north, and terrace deposited Ping

river basin in the east and south, with is 43— 107 meters above mean sea level.

2.1.1 Geology and Geological stratigraphy units

According to “Detailed Exploration and Groundwater Mapping within the Upper
Chao Phraya Basin” at scale 1:50,000 Area 3: Nakhonsawan, Tak and Kamphaengphet
province (DGR, 2010) and “Classification for Management The Geology and Mineral
Resources, Kamphangphet province” (DMR, 2012), the chrono - lithological units are
divided into 14 geological units, including igneous rocks, sedimentary rocks,
metamorphic rocks, and unconsolidated sediments such as clay, sand, and gravel,
which are arranged in ascending order (oldest-youngest) from Precambrian rocks to

Quaternary unconsolidated sediments (Figure 2.1.1-1), the information is as follows :
(1) Igneous rocks - consists of 2 units, including granitic and volcanic rocks

a. Granitic rocks (Gr) - their majority appear in highly steeps - lower mountain
ranges, which particularly occurs as weathered rock debris rolling hills within
upper part on the west of Kosamphi Nakhon, Mueng Kamphaengphet, and
Khlong Lan districts, composing of various kinds of Triassic granitic rocks (Trgr)
including quartz-biotite granite, fine-grained hornblende granite, and light

green coarse-grained grano-diorite.
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a. Volcanic rocks (Vc) — appear in the central part of Kamphaengphet provinces

within Kosamphinakhon, and Phran Kratai districts, composing of various kind of
Permian - Triassic volcanic rocks, including reddish purple - greyish purple

rhyolitic tuff, Porphyritic rhyolite, and light pink fine-grained rhyolite.

(2) Sedimentary and Metamorphic rocks -

a.

Precambrian rocks (PE€) - appear in the south-western part of
Kamphaengphet province within Klong Lan districts, composing foliated dark
gray fine-grained mica schist, greenish gray schistoscity Cal-Silicate rocks,
orthorgneiss which usually occurs lens structure consisting of quartz, feldspar,

and foliated mica.

Cambrian rock (€) — Their majority appear in the north-western mountain
ranges within parts of Muang Kamphaengphet district, Kamphaengphet
province, composing of light gray massive quartzite, dark gray mica-schist
interbedded with quartz-schist, white and light yellow schist, quartz-mica-

schist, and phyllite.

Silurian-Devonian rocks (Sd) - appear in western part of Kamphaengphet
province within KlonglLan and Mueng Kamphaengphet districts, composing of
greenish gray, very fine-grained phyletic shale with granoblastic texture,
showing fracture cleavage and particularly showing silicification,
metamorphosed light gray arkosic sandstone consisting mostly of cracked
quartz affected by faulting, metamorphosed light gray feldsparthic sandstone
with granoblastic texture, consisting of quartz, feldspar, showing slickenside
texture, and light gray fine-grained arkosic sandstone, interbedded with white

mudstone consisting of feldsparthic clay.

. Permian - Carboniferous rocks (PC) - appear in mountain ranges or

monadnock within the south-western part of Kosampeenakorn district,
Kamphaengphet province. These rocks comprise brownish gray quartzite,

siltstone, and phyletic tuff.



e. Triassic Rocks (Trpt) — appear in mountain ranges or monadnock areas within

f.

south-west part of Kosampeenakorn district, Kamphaengphet province. The
rocks are composed of massive bed brown - reddish brown coarse-grained

sandstone or conglomerate interbedded with reddish brown mudstone

Jurassic rocks (J) — appear in mountain ranges or hills within the central part
of Klong Lan district, Kamphaengphet province. The rocks are composed of
brown-reddish brown sandstone or/and siltstone alternate with reddish
brown shale, and conglomerate with coarsening upward sequence, sub
rounded - rounded poor sorting. The rocks consist of quartz, sandstone,
feldspar, and rhyolite grained, and light gray arkosic sandstone with medium
grained, sub angular — rounded, well sorting and are comprised of quartz,
feldspar cemented with iron, silica, and calcium oxide. Locally shear zone

areas are discovered phyletic conglomerate.

(3) Quaternary sediment — is composed of unconsolidated sediments consisting of

5 units as colluvium deposits, old and younger terrace deposits, alluvial fan

deposits, and recent alluvial deposits. Details are follows :

a.

Colluvial deposits (Qc) — appear at foothills on the basin boundary or in the
west of Kamphaengphet province within Kosamphinakhon, Khlong Lan,
Khlong Khlung and Pang Sila Thong districts. They are in-situ sediments from
weathering rocks transported short distance. The sediment components are
composed of silt, sand, gravel, and clastics of which the largest size is 12
millimeters, angular roundness and poor — medium sorting. Its regular

thickness are approximately 15 - 40 meters.

Old terrace deposits (Qt2) - appear in the northwestern parts of
Kampheangphet province within Phran Kraitai, Kosamphinakhon, and Mueang
Kamphaengphet districts. They are from Late Pliocene - Early Pleistocene age.
The deposits comprise coarse sand and clayey cobble sediments extensively

extending over flat plain basin and underlying the younger terrace deposits.
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These deposits are the lowest Quaternary sediment bottom, composing of
fine sand — gravel approximately 28 millimeters in size, sub angular — rounded,
poor — well sorting. The sediment components are composed mostly of
quartz, feldspar, and clastic. These sediments were cemented by iron oxide

and changed to laterite. Its thickness are approximately 25-45 meters

Young terrace deposits (Qt1) - appear in the western and northwestern part
of Kamphaengphet province within Phran Kraitai, Kosamphinakhon and
Mueang Kamphaengphet districts. The deposits are of Middle Pleistocene age
and comprise gravel and sandy clay sediments extensively extending over flat
basin plain and underlying the alluvial fan deposits. The sediments comprise
fine sand - gravel approximately 22 millimeters in size, sub angular - rounded,
poor - well sorting and are mostly composed of quartz, feldspar, and clastics
with some mica. Particularly, these sediments were cemented by iron oxide

and changed to laterite. Its thickness are approximately 60 - 100 meters.

. Old alluvial fan deposits (Qaf2) — appear in the lower western part of

Mueang Kamphaengphet district, toward flat land on the western side of Ping
River, in Mueang Kamphaengphet and Khlong Khlung districts. The deposits
are of Middle Pleistocene age and comprise fine sand — gravel approximately
15 millimeters in size, sub angular - rounded, poor — well sorting and are
mostly composed of quartz, feldspar, and some clastics. Its thickness are

approximately 35 - 40 meters.

Younger alluvial fan deposits (Qaf1) — appear in the eastern of Phran Kratai
and Mueang Kamphaengphet districts, reaching down to eastern rim of the
project area that bounds Lan Krabue, Sai Ngam, Klong Khlung, Sai Thong
Wattana, and Bueng Samakkhi districts. The deposits are from Middle - Late
Pleistocene age and comprise fine sand — gravel approximately 15 millimeters
in size, angular - sub rounded, poor - well sorting and are mostly composed
of quartz, feldspar, and clastics with some mica. Its thickness are

approximately 15 — 25 meters.
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2.1.2 Structural geology

According to “the study of geomorphology on the Tertiary basin in Thailand”
(Bal & et al, 1992), the crucial structural geology consisting of three major strike-slip
fault zones engraved through the Upper Central Plain Basin (Phitsanulok Basin) which
is the biggest Tertiary sediments basin of Thailand where Kamphaengphet and the
surrounding provinces is situated, including the Phetchabun Fault Zone, Mae Ping Fault
Zone, and Uttaradit Fault Zone (or Nam Pat Fault Zone) (Figure 2.1.2-1, and 2.1.2-2).
Furthermore, the seismic survey study (Bal & et al, 1992) (Figure 2.1.2-3, 2.1.2-4 and
2.1.2-5) presents that these major fault zones are around carved s the Phitsanulok
Basin and its vicinity is in the south, north, and east respectively. In addition, this study
reveals normal fault that can be discovered in. Phitsanulok Basin’s western boundary

as well, which are called the Western Boundary Fault in this study.

In addition, “Advance Airborne Time-Domain Electromagnetic Survey Project”
(DGR, 2012) has interpreted LANDSAT satellite imagery analysis on geological structure
of Kamphaengphet province and produced LANDSAT lineament imagery map. All
geologic structural featuring both small and large size, especially the western and
northern part of Kamphaengphet province mountain ranges, are enhanced and
emphasized, which presents important structural alisnment lineaments in the

northwest-southeast and northeast-southwest directions (Figure 2.1.2-6).

(1) The Phetchabun Faults - attains about 350 kilometers total length which Khorat
and Saraburi Groups cross-cut in. This incision effect is resulted informing of the
Phetchabun Basin, and aligning in the north — south direction gradually, which is
uninterrupted conjugating fault-line from the Uttaradit Fault that originated from
Pak Lay in Laos People’s Democratic Republic. Afterwards. Phetchabun fault
crosses over to Thailand in the western part of Phu Ruea, which aligns north -
south trend through Phetchabun Basin along Pa Sak River and continues to

Saraburi province.



(2)

(3)
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The Mae Ping Faults - attains about 750 kilometers total length which cut through
several rock units from Precambrian to Mesozoic Era. Approximately 100
kilometers of left lateral faults (Sinistral displacement) have been discovered.
(Campbell & Nutalaya 1973; Bunopas, 1981; Chantaramee, 1981; Tapponnier &et
al,, 1986). Nevertheless, they are right lateral fault (Dextral displacement)
currently. These faults are combined with several faults including Moei — Uthai
Fault or Mae Moei Fault, Wang Chao Fault, and Lan Sang Fault, aligning in the
south — eastern direction. Mae Ping Faults originate from Sakiang Fault or Shan
Boundary Fault Zone in western Myanmar. It cuts across Thailand and is parallel
to Moei River in south-western part of Mae Sariang district of Mae Hong Son
province. The Faults passes through Ban Lan Sang, Tak province, Ping River in
Kamphaengphet and Nakhonsawan provinces, then proceeds toward Sa Kaeo

province and continues into south west Cambodia.

The Uttaradit Faults - attains about 250 kilometers total length, aligning in
northwest — southeast direction and mainly cuts through The Khorat Group. The
Faults begin from Dien Bien Phu Fault Zone in Veitnam, pass through Xaignabouli
in Laos, and continue along to Nam Pat River, Khlong Tron, then cross through
The Pitsanulok Basin in Uttaradit, Sukothai provinces, and also proceeds into Lan
Krabue district of Kampheangphet province. The displacement of faults are right
lateral faults (Dextral displacement) which originated during middle Tertiary
period, and reversed movement into left lateral fault (Sinitral displacement) during
Quaternary period afterwards (Tapponnier & et al, 1986), and attaining long — term

slip rate (mm/yr) = 0.04 (Fenton & et al, 1997).
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2.1.3 Hydrogeology and Hydrogeological units

The aquifers are divided into 2 types according to their hydraulic characteristics,
which are unconsolidated-rocks are water-bearing unconsolidated materials (such as
sand sediment) underground layers, and consolidated-rocks are water — bearing

permeable rocks underground layers.

Two important aquifer properties are related to water yield or specific yield
porosity, which is the percentage of rock or sediment that consists of voids or openings,
which is a measurement of a rock’s ability to hold water (Charles C. P. & Diane H. C,,
2008) and groundwater storage. Groundwater environments examination indicates that
openings in aquifers that affect water storage comprise three general classes (Fletcher

G. D., 1987);

1. Opening between individual particles in sandstone, conglomerate, sand,
and gravel formation.
2. Crevices, joints, faults, and holes in igneous and metamorphic rocks.

3. Solution channels, caverns, and cavities in limestone and dolomite.

The shape of the openings in the rock or sediment, their size, volume, and
interconnection all play a vital part in the hydraulic characteristics of an aquifer
(Fletcher G. D., 1987). However, most rocks can hold some water and they vary a great
deal in their ability to allow water to pass through. Permeability refers to the rock
capacity to transmit a fluid through pores and fracture. In other words, permeability
measures the relative ease of water flow and indicates the degree to which openings
in a rock interconnect (Charles C. P. & Diane H. C., 2008). The sediments/rocks porosity

and permeability are presented in Table 2.1.3-1



19

Table 2.1.3 — 1. Porosity and permeability of sediments and rocks. Most of sandstone,
conglomerates and sand (Clean) - gravel sediments are “porous” and permeable.
Unfractured crystalline rocks are impermeable. Shale and clay sediments can have
substantial porosity, but low permeability because their pores are too small to permit

easy water passage (Charles C. P. & Diane H. C., 2008).

According to “Exploration and Groundwater Mapping in Kamphaengphet
province at scale 1:100,000” (DGR, 2001) and “Detailed Exploration and Groundwater
Mapping within the Upper Chao Phraya Basin” at scale 1:50,000 Area 3: Nakhonsawan,
Tak and Kamphaengphet provinces ( DGR, 2010) , both unconsolidated and
consolidated rocks aquifers are presented in Figure 2.1.3-1, their cross-sections are
presented in Figure 2.1.3-2 - 2.1.3-7 and can be classified chrono - hydrogeological

stratigraphy in ascending order (oldest — youngest). Details are as follows:

(1) Consolidated-rocks aquifers — consists of various aquifers which are classified

hydrogeological stratigraphy in ascending order (oldest to youngest) as follows:
a. lIgneous-rock aquifers —consists of 2 aquifers as follows ;

i. Granitic rocks aquifers (Gr) - Depth to aquifers are approximately 5-90
meters. Their majority appear in highly steep - lower mountain ranges
within  upper part on the west of Kosamphinakhon, Mueng
Kamphaengphet, and Khlong Lan districts. These aquifers are composed of
various kinds of Triassic granitic rocks (Trgr), including quartz-biotite granite,

fine-grained hornblende granite, light green coarse-grained granodiorite.
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i. Volcanic rocks aquifers (Vc) — Depth to aquifers are approximately 5-40

meters. Their majority appear in low mountains and monadnock zone
aligning in north — south direction at Kosamphinakhon district and they are

composed of rhyolite, andesite, agglomerate, tuff and rhyolitic tuff.

b. Sedimentary and Metamorphic aquifers - consists of various aquifers which

are classified hydrogeological stratigraphy in ascending order (oldest to

youngest) as follows :

Precambrian Metamorphic aquifers (PEmm) - Depth to aquifers are
approximately 25-30 meters and their yields are 3-4 cubic meters per hour.
These aquifers generally appear in the western part of Kamphangphet
province such as Klong Suan Mak, Khun Nam Yen mountain, and Klong
Wang Chao up steam. These aquifers composing of Lens gneiss, Biotite-

schist, and cal-silicate

i. Cambrian metamorphic aquifers (Emm) - Depth to aquifers are 50

meters at the most and their yields are 2-3 cubic meters per hour. This
aquifers occurred in Klong Suan Mak. These aquifers are composed of

yellowish brown massive quartzite and arkosic sandstone.

Silurian — Devonian metamorphic aquifers (SDmm) - Depth to aquifers
are approximatelyd45-55 meters and their yields are 2-5 cubic meters per
hour. Their majority appear within Khao Lawein at Khanu Woralaksaburi
districts of Kamphaengphet province. The aquifers are composed of
phyletic tuff, rhyolitic tuff, greywacke, and some part of phyllite interbeded

with quartzite.

Ordovician limestone aquifers (Oc) - Depth to aquifers are
approximately 30-40 meter and their yields are 2-5 cubic meters per hour.
These aquifers appear in Ban Pong Nam Ron, Klong Lan district, and marble

in Pran Kratai district and comprised massive limestone and marble.
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v. Carboniferous Metasediment aquifers (Cms) — Depth to aquifers are
approximately 40-50 meter and their yields are 2-3 cubic meter per hour.
The aquifers appear in Ban Wangmaidang, Yod lek foothill, Pran Kratai
district, align through Nang Tong mountain, Ban Wangparn and are
composed of greenish gray shale, sandstone and conglomerate. The upper
part is sandstone and shale of Lan Hoi Formation in Mae Tha Group which

are low grade metamorphism rocks.

vi. Lower Khorat aquifers (TRJIk) — Depth to aquifers are approximately 20-
30 meter and their yields are two cubic meter per hour at the most. These
aquifers appear in Khaosangampang, Khaochonkarn, Khaoprikthai and are
composed of Mesozoic rocks, especially Khaodang formation in lower
Khorat Groups, This aquifers are volcanic clastic conglomerate,

interbedded with sandstone and red shale which have less fracture / fault.

(2) Unconsolidated-rocks aquifers — consist of various aquifers and are classified

hydrogeological stratigraphy in ascending order (oldest to youngest) as follows :

a.

Old terrace aquifers (Qot) — expose some parts in upper western of Phran
Kratai, Kosamphinakhon, Khlong Lan, Mueang Kamphaengphet, Pang Sila
Thong, and Khanu Woralaksaburi districts, reaching general thickness of
approximately 20-150 meters. They comprise coarse sand and coarse clayey
gravel sediments, sub angular to rounded, poor to well sorting. These aquifers
occur in flat plain area overlain by the younger terrace aquifers (Qytl).
However, distinct specific yield is examined where a better yield is expected
in the middle of basin compare to that of rim portion of the basin. On the
other hand, at the upper western rim of groundwater basin where high terrace
sediments accumulation is observed, are attain to rather good hydraulic

characteristics for groundwater storage.

Young terrace aquifers (Qyt) — expose at the western parts of Phran Kratai,
Kosamphinakhon and Mueang Kamphaengphet districts. Depth to aquifers is
approximately 5-40 meters with varying thickness of approximately 15-20
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meters. The aquifers mainly comprise rather thick clay bed and/or sandy clay,
intercalated with sand and gravel bulb, particularly thick sandy gravels are
observed. These aquifers occur in flat plain area, overlain alluvial fan and

flood plain aquifers.

Alluvial fan aquifers (Qafl & Qaf2) — underlies the flood plain aquifers,
which have thick clay bed at the bottom. These aquifers extend throughout
the study area over both sides of the Ping River alluvial plains. The Alluvial

fan aquifers can be sub-divided into 2 sub aquifers as follows:

i. Old alluvial fan aquifers (Qaf2)-exposes from the lower west of Mueang
Kamphaengphet district, towards the west side alluvial plains of Ping River
in Mueang Kamphaenghet district. They occurred during middle
Pleistocene period and comprise coarse sand and gravel attaining grain size

bigger than 20 millimeters, angular to rounded, poor to well of sorting.

ii. Young alluvial fan aquifers (Qafl) - exposes from east of
Kosamphinakhon, Muaeng Kamphaengphet, Khlong Khlung districts,
where the alluvial sand and gravel sediments stretch to 5-20 meters
thickness along the Ping River. They comprise coarse sand and gravel
attaining grain size of fine sand to gravel of approximately 5 millimeters,

sub rounded to rounded, medium to well sorting.

Both aquifers have similar hydraulic characteristics. Nevertheless, they
occurred in different ages and sediment sources. However, they are potential

shallow groundwater resource of Kamphaengphet province.

. Alluvial, Flood-plain aquifers (Qa, Qfd) — They are the youngest aquifers
(approximately 1,000 — 10,000 years before present) laying the uppermost
layer of all unconsolidated-rocks aquifers and extend throughout
Kamphaengphet province. In the high topography regions, they may underlie
by shallow bedrock that mostly exposes at the north-western part of the area.

The ordinary sediments thickness are approximately 6-15 meters and may
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increase to 15-35 meters on approaching towards flood plain of Ping River
and its tributaries. The thickest layer could reach up to 48 meters. The Ping
River flood-plain normally extends within Kosamphinakhon, Muaeng
Kamphaengphet, Khlong Khlung districts where the alluvial sand and gravel
sediments stretch to 5-20 meters thickness along the Ping River, attaining
grain size of fine sand to gravel approximately 5 millimeters, sub rounded
to rounded, medium to well sorting. Nevertheless, further away from the
main river and its tributaries, comprising clay, silt, sand and gravel sediments

are in-homogeneously mixed-up.
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Lan, Klong Klung, Sai Ngam, Lan Krabue district, Kamphaengphet province (Refers to

“Detailed Exploration and Groundwater Mapping within the Upper Chao Phraya Basin”

at scale 1:50,000 Area 3: Nakhonsawan, Tak and Kamphaengphet provinces(DGR, 2010))
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Figure 2.1.3
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Khanu Wrlaksburi, Klong Klung, district, Kamphaengphet province. (Refers to “Detailed

Exploration and Groundwater Mapping within the Upper Chao Phraya Basin” at scale

1:50,000 Area 3: Nakhonsawan, Tak and Kamphaengphet provinces (DGR, 2010))
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2.2 Electrical and Electromagnetic Prospecting Method

The electrical resistivity surveys measurement can be classified into various
methods, depending on tools and technique such as direct current resistivity survey,
induced polarization, self-potential survey, electromagnetic survey, and etc. The
exploration process used electrical prospecting as an integral part for long times in
wide range such as engineering geophysics, environmental geophysics, gas and oil

prospecting through mining and groundwater management.
2.2.1 Electrical resistivity principle

“Electrical resistivity” is intrinsic property of material which describes capability
of material that quantifies how well a material oppose electric currents flow through
it, and its reciprocal is called “electrical conductivity” or that measures a material’s

ability electric current conduction.

The electrical resistivity surveys measurement can classify soil/rock
characteristic and their structures by relying on specific electrical conductivity
properties of different soil/rock (Figure2.2.1-1).Generally, the majority of rocks and
sediments mainly consists of silicate minerals such as Nesosilicates group comprising
olivine, garnet, zircon, and etc.; sorosilicates group comprising epidote, lawsonite, etc.;
inosilicates group comprising pyroxene and amphibole, and etc., which are significant
dielectric (nonconductor), in other words, they have low electrical conductivity (High
resistivity), with the exception of hematite, magnetite, carbon, graphite, pyrite, and
most of all metal minerals. As a result, conduction is mostly electrolytic depends on
porosity, permeability, electrolyte concentration, moisture contents, temperature,
composition of clay content, and geological structure such as fault, crack, cavity, vug,

and fracture

Porosity is one of the most valuable factors. It occurs in fault, fracture, crack,
vug (dissolved cavities in limestone or dolomite) and etc., in igneous and metamorphic

rocks, and intergranular void in sedimentary rocks and/or soils.



32

resistivity (ohm-m)
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Figure 2.2.1-1. Typical ranges of electrical resistivity (ohm-m) or conductivity

(mS/m) for selected earth materials such as rocks, soils, massive sulfides,

and etc. (Palacky, 1988) (http://emgeo.sdsu.edu/images/0.3.jog)

7 ‘:-_ NG

Sandstone clay

_Mixture
Rock or Formation Porosity  Ratio 7

Igneous and metamorphic rocks -2 100
Dense limestones and sandstonés -4 50 -100
Clays and sands in gencral 8-15 20 - 40
Porous clays, sands, sandstone,

ccllular limestones, and dolomites  15-40 3 -2
Marl, loess, clay, and sandy soil 40-75 1.5- 4
Pcat, diatomaceous carth 30-90 1.0- 1.5

Figure 2.2.1-2. Porosity in hard rocks. The lower part is a ratio column which

is bulk resistivity divided by electrolyte resistivity (Geonics TN5, 1980)
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Vugey porosity (composed of larger discrete voids) may have very low
permeability, resulting in low resistivity when measured by direct current resistivity
techniques. Nevertheless, inductively resistivity measurement such as electromagnetic
method may show higher resistivity values because of the fact that currents induced

by oscillating electromagnetic fields do not have to flow over large distances.

This research use airborne time-domain electromagnetic survey as secondary
data in combination with direct current resistivity survey consisting of 2 methods, 1D

vertical electrical sounding and 2D multi-electrode system. Details are as follows:
2.2.2 Direct current resistivity method

The direct current resistivity sounding method for carrying out measurements
involves the transmission into the earth of direct current, which are generally carried
out using four electrode arrays at the surface, and usually placed symmetrically on a
line. One electrode pair for introducing current passing through the ground is called
“current electrodes” or “source electrode” and the other electrode pair for
measurement of the potential associated with the current field affected by voltage
difference is called “potential electrode” or “receiver electrode”. The electrodes
position, the transmitted current, and the resistivity distribution in the ground can affect

the potential dissimilarity.

The field work measures the current amplitude value (1) that through the source
electrodes, and the voltage difference (AV), between the receiver electrodes. The data
results can calculate the ground apparent resistivity (p,), which is used in the

geophysical and geological interpretation.
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(1) In addition, direct current resistivity methods in relation to fundamental concepts
are related to Ohm’s law, current patterns in the ground, apparent resistivity,
electrode configuration, and penetration depth. Ohm’s law- is presented below

(Figure 2.2.2-1) ;

AV =Rl ()
AV is the potential difference measured across conductor in “volts” unit.
R is the resistance of the conductor in “ohms” unit.

| is the current through the conductor in “amperes” unit.

Refer to law several generalizations formulated by Ohm, is considered as
- -
E=p-J 2)

E is the electric field at that area in “V/m” unit.
Jis the current density at that area in resistive material in “A/m?” unit.

p is a material resistivity in “Qm” unit.

uniform conductor electrical resistance is given in terms of resistivity by;

I or L is the length of the conductor in “meters” unit.

4

a or A is cross-section area in “m?” unit. (Round wire a = 172, ris radius)

E

‘IE J ; )__\L
J \\a
-

Figure 2.2.2-1 Current flowing through a uniform cylindrical conductor (such as

round wire) with a uniform field (Spinning S., 2009)
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By using equation (1) and equation (3), the new equation can be formulated as;

_AVA
TS

Ohm’s law implies that there is proportionality between the current injected by

the source electrodes and the potential measured over the receiver electrodes.

Ground current patterns - are presented with as follows

@41y~ | —— \ Equipotential

Figure 2.2.2-2. Electrical current and potential field
around a single point electrode (Niel, B. C., 2008)

In figure 2.2.2-2 the electrode sends current into homogenous layer.In addition,
the electrode discharge radial current flow equally in all direction and
equipotential surfaces. According to “Ohm’s law” the equation can be formulated
as below;

VA @)
2ar

“ _n

is the current, “p” is the resistivity, and “r” is the distance

“l”

From this equation,
between the observation point and the point source. The observation point can

be anywhere in the layer.
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Figure 2.2.2-3 Electrical current and potential field in homogenous ground. A and

B are source electrodes, M and N are receiver electrodes (Niel, B. C., 2008)

The current pattern around two electrodes is presented in figure 2.2.2-3, showing
a vertical section in a homogeneous layer through the line, connecting the source

electrodes (A & B), and receiver electrodes (M & N) respectively. (Niel, B. C., 2008)

TN

Figure 2.2.2-4. Current pattern over 2-layer earth is different distance of the

source electrodes of a Schlumberger configuration. (Niel, B. C., 2008)



(3)

37

Figure 2.2.2-4 Shows the two different electrode configurations which are
presented with increasing electrode distance and increasingly deeper parts of a 2-
layer earth (Niel, B. C., 2008). The picture shows that only the longer electrode
distance can affect the lower layer resistivity. The penetration depth increases

with increasing distance between the source and the receiver electrodes.

Apparent resistivity — The homogenous layer resistivity can be specified by

concurrently measuring the potential V, and the current |, by using equation (4)

| V V
V.= = p=2mr- L =K. -
27 I I

For four-electrodes configuration; the source electrode pair, and the receiver

electrode pair, the potential difference between the receiver electrodes can be

discovered by using the superposition principle is showed as below;

AV =Vm —Vn=(Vam —Vem) — (Van —Ven)
U
_ o p N ol
27[‘AM‘ 27[‘BI\/I‘ ZH‘AN‘ Zﬂ‘BN‘
U

- I S S S
2z||AM| |BM| |AN| [BN]

AV

In addition, it is seen that the resistivity can be determined as: (Niel, B. C., 2008)

AV 1 1 1 1] AV
27 — - + =K-— (5)
| [AM| " [BM] AN [BN] |

p:

K is the geometrical factor that determined exclusively by the geometry of the
electrode configuration. The equation (5) can be formulated for calculate the

apparent resistivity “p,” presented as below;



(4)
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-1
=K Ke2g 1
| |AM| [BM| |AN| [BN|

The apparent resistivity must give the same measurement as the actual one. It
therefore expresses a sort of average resistivity within the volume where the

current flows. (Niel, B. C., 2008)

Electrode configuration — There are several kinds of electrodes configurations
that can use for both sounding and profiling, have proven popular for a wide range
of geophysics applications (Loke, 1999). Nevertheless, it remains worthwhile to
briefly discuss a few of the traditional electrode configuration in order to gain
insight into the capabilities of the resistivity method and explore the advantages
and disadvantages of the various electrode configuration in terms of depth
penetration, lateral resolution, ease of deployment, and signal to noise ratio
(Zonge et al, 2005). The traditional four electrodes configuration consists of

schlumberger array, wenner array, and dipole-dipole array (Figure2.2.2-5).
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Figure 2.2.2-5. Traditional four electrodes configuration (a) Schlumberger,

(b) Wenner, (c) Dipole-Dipole (Modified from Mark E. E., 2013)
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The comparisons various electrode configurations about their advantage and

disadvantage are studied by Loke (1999), Niel B. C. (2008), and Mark E. E. (2013).

Details are described as below;

(@) Schlumberger array - shows in figure2.2.2-5a. This is designed for sounding

to determine the earth resistivity depth profile beneath a single location. Its
sounding can achieve outstanding depth penetration with adequately wide
source electrodes separations. This array has moderate lateral and vertical
resolution and is suitable for both of horizontal and vertical structures. The
sigcnal — noise ratio is moderate to good. The penetration depth s
approximately 0.64 x (AB/2) in homogeneous layer, AB is the distance between

the source electrodes.

(b) Wenner array - shows in figure2.2.2-5b. This is designed for lateral profiling

()

to determine the earth resistivity at roughly constant depth of penetration.
This array is relatively sensitive to vertical changes in subsurface resistivity but
insensitive to horizontal changes in subsurface resistivity, making it good in
mapping horizontal structures such as sills or sedimentary layers, but
relatively poor in mapping vertical structures, such as dykes and cavities. The
signal — noise ratio is generally good because the receiver electrode MN are
situated in the central part of array and near the source electrode AB. The

penetration depth is approximately 0.30 x “a” in homogeneous layer, “a” is

the distance between the receiver electrodes.

Dipole-Dipole array — shows figure2.2.2-5c. This takes advantages of both
Wenner lateral profiling and Schlumberger depth sounding. The array is very
sensitive to horizontal changes in subsurface resistivity but relatively
insensitive to vertical changes in subsurface resistivity, making it ¢ood in
mapping vertical structures, such as dykes and cavities, but relatively poor in
mapping horizontal structures such as sills or sedimentary layers. The signal -
noise ratio is very low because it has high noise values. The penetration depth

approximately 0.22L in homogeneous layer, L is maximum electrode distance.


http://dict.longdo.com/search/adequately
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(5) Interpretation and Model computation - the quantitative interpretation of dc
resistivity sounding has been the subject of numerous mathematical modeling
studies for several decades (Milton B. D. & Carl H. S. 1988). All physical laws are
formulated in a forward manner as direct problem. This means that if one knows
the model described by the distribution of the model parameters, it is possible to
calculate the model response (the response that one would measure in field
situation) (Niels N. B., 2008). The model that is in accordance with real geology in
the study area is interpreted by apparent resistivity curve plot with electrode
separation that is measured in fieldwork. In this study use IPI2WIN, Prosysll,

RES2DIV, and GEOSCENE3D programs for process and interoperate raw data.
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Figure2.2.2-6 Shows current flow in clay interbedded with sand sediment layers
with apparent resistivity curve plot with electrode separation, a) the current mainly
flow in 1 layer through clay layer (low resistivity) over sand layer (high resistivity),
b) the current flow affected by 2 layers including clay and sand, c) the current

flow distributed in layers, and d) the current mainly flow in 3 layers.
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2.2.3 Airborne time-domain electromagnetic method

Electromagnetic method broadly consists of two types, one is frequency-
domain technique and the other is time-domain technique. The frequency technique
has disadvantage for groundwater exploration in sedimentary area. The distinct
advantage of time-domain technique when compared with frequency technique is
investigation depth. Time-domain technique investigation depth is 250-350 meters, but

frequency-domain technique investigation depth is limited to 50-80 meters only.

(1) Measuring technique and Principle - All electromagnetic geophysical methods
(TEM) are based on the fact that a magnetic field varies in time and thus, according
to the Maxwell equation, induce an electrical current in the surroundings (GEUS,
2010). TEM method uses direct current which is generated by transmitter coil. The
current passes through a wire loop that causes electromagnetic field called
“Primary field” are stopped suddenly and this Primary field penetrate through
subsurface. According to the Faraday’s law, subsurface consists of conductive
inhomogeneous layers causing “eddy current” which is induced by primary field
in the subsurface layer. The eddy current flows through layers and generates other
electromagnetic field called “secondary field” that can be measured by receiver

coil on wire loop (Figure 2.2.3-1).

Secondary field

........................

......

...............................
........

........................

Figure 2.2.3-1. Primary field, secondary field and eddy currents (GEUS, 2010)
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Figure 2.2.3-2. TEM current pattern, (a) presents the current in the transmitter loop,

Secondary
magnetic fiald

(b) presents the induced electromagnetic force in the ground, (c) presents the

secondary field measured in receiver coil. (Auken E., 2003)

(2) Airborne TEM instruments - In this study, “SkyTEM” data is used as secondary
data. A list of instruments are presented below (Figure 2.2.3-3 to Figure 2.2.3-5 ;
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Figure 2.2.3-3. Transmitter coil (TX), Magnetic field instrument (MagPCQ), Differential
GPS (DGPS), Control box set (PaPc, Cond.Box, and Cooling Unit) (DGR, 2011)
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Figure 2.2.3-4. 2 receiver coils measure secondary field in different direction, Z

measures vertical direction, X measures horizontal direction. (DGR, 2011)

Figure 2.2.3-5. Generator and SkyTEM flame (DGR, 2011).

SkyTEM instrumental system setup on duel transmitter mode, one is low moment
mode that yields maximum resolution at near surface geological structure and the
other is high moment mode that yields a better resolution of geological structure

features at deeper depth (DGR, 2013).
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(3) TEM Interpretation— The secondary field can be measured in terms of impulse
responses (db/dt) that is the induced electromotoric force, which is proportional
to the time derivative of the magnetic flux passing the coil. The impulse responses
(db/dt) can be applied to apparent resistivity form, and use for interpretation

procedure. The curves graphs are presented in figure 2.2.3-6 and figure 2.2.3-7
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Figure2.2.3-6 (a) Presents impulse response (db/dt) with varying resistivity. The
same curves converted to apparent resistivity are shown in (b). The line is response
of a two-layer subsurface with 100 ohm.meters in layer 1, and 10 ohm.meters in

layer 2. Layer 1 thickness is 40 m. (Auken E., 2003)

(4) TEM advantages and limitation — The advantages of the airborne time-domain
electromagnetic method are that it can be carried out quickly in a regional scale
and in a deep investigation depth. However, this method outstandingly analyzes

low-rather high resistivity underground layer approximately 80 — 100 Ohm.meters.
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Figure2.2.3-7 Sounding curve and inverted model for TEM sounding consisting of

low moment curve (blue) and high moment curve (black)

However, it is very sensitive with coupling noise that appears due to induced
currents in all manmade electrical conductor such as cables, rails, power lines,
metal fences, and etc. Data coupling effect cannot be interpreted and should be
deleted. Furthermore, TEM method has only limited sensitivity to high resistivity
layers. Figure 2.2.3-7 presents the fact that high resistivity layers cannot generate

any significant responses because the curves are almost no different from others.
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Figure2.2.3-8 Resistivity equivalence. The top layer is 32 ohm.meters. The second
layer is varied from 64 ohm.meters — 1024 ohm.meters. The bottom layer is 10
ohm.meters. The top and second layer thickness are 16 meters. (Modified from

Auken E., 2003)
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2.3 The study area

In this research, the study sites were selected by focusing on the airborne time-
domain electromagnetic survey project area (ATDEM) in Muang Kamphaengphet district
within Kamphaengphet provinces, induced by the remarkable anomalies which are

high resistivity value, distinctly clear shape and lineaments within appropriate area size.
2.3.1 Size and location of study area

The study area covers two Tambon consisting of most area in “Klong Mae Lai”
and other is in “Wang Tong” within the northwest part of a ATDEM area covering 1.2
square kilometers which is total of 81 vertical electrical sounding points, and 2.6

kilometers 2D multi-electrode lines have been achieved (Figure 2.3.1-1 and 2.3.1-2).
2.3.2 Topography, Geology, and hydrogeology

The study area topography shows Klong Mae Lai river line up along northeast-
southwest direction. Most of the area is rather smooth and flat and is overlain by
sandy-clay sediment. Their elevations range from 91 meters to 105 meters above mean

sea level and incline from west to east of study area.
The study area geology is composed of 2 geological units as follows :

1). Silurian-Devonian rocks. The rocks consist of greenish gray, very fined grained
phyletic shale, and green phyllite comprising quartz and mica, which showing
fracture cleavage and foliation. Their yields are 2-5 cubic meters per hour, which

are 45-55 meters aquifer depth.

2). Old terrace deposits, these deposits of gravel and sandy clay sediment are
mostly composed of quartz, feldspar, and clastics. Particularly, these unit
sediments were cemented by iron oxide and changed to laterite. The old

terrace deposits thickness are approximately 25-45 meters.



47

‘The primary potential aquifer is Silurian-Devonian metamorphic aquifers storing

water in cleavage, joint, fault and/or fracture. The major lineament is in north-south

direction which is presented in mean resistivity map from TEM resistivity value.

Figure 2.3.1-1.(Right) Mean resistivity from ATDEM project at depth 45-50 m. over mean
sea level. (Left) The study area (black frame) is in the northwest part of ATDEM project.

EECED0

/

Silurian — Divanian

metamorphic aquifer @ld terrace deposit aquifer

Silurian — Divonian

metamorphic aquifer

Figure 2.3.1-2. The study area satellite image in Tambon Klong Mae Lai and Wang Tong,
Muang Kamphaengphet district, Kamphaengphet province, in white frame are overlaid

by hydrogeological unit. (DGR, 2001)
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CHAPTER IlI
METHODOLOGY

This study methodology is divided into six stages including (1) Literature review
and secondary data collection, (2) The study area survey, (3) Vertical electrical
sounding (VES) geophysical survey, (4) 2D multi-electrode geophysical survey, (5) Data

processing, and (6) Data interpretation.

3.1 Literature review and secondary data collection

Literature review related to general information of Kamphaengphet province
such as geology and geological stratigraphy units, Structural geology, hydrogeology and
hydrogeological stratigraphy units, electrical resistivity principle, direct current
resistivity method, and airborne time-domain electromagnetic method. Furthermore,
this study collects several secondary data including geolosgical data, hydrogeological
data, well logging data consisting of electrical log and lithology log, satellite image and

airborne time-domain geophysical data, for interpretation.

3.2 The study area survey

After literature review and secondary data collection procedure, the
exploration and field check in the study area where the geophysical resistivity has been
mapped from ATDEM project show the significant anomalies which contrast with
resistivity value, distinctly clear shape and lineament in the northwest part were
implemented carefully together with many kind of tools such as geological compass,
ruler, Kamphaengphet map scale 1:50,000, GPS receiver, and etc. Generally, GPS
receiver is used for providing location and time information and marking interesting
points such as large water pond, or lateritic borrow pit on the map. This survey helps
for planning the geophysical VES point location and 2D multi-electrode survey line
direction because some fields such as dense sugarcane field or miry overgrown weed
area are unable to survey and the researcher needs to find new point location or

change line of direction and length. (Figure 3.2-1)
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Figure3.2-1. Some landuse in the study area, (a) high tree area with dense weed near

cassava field, (b) sugarcane field, (c) overgrown weed area, (d) cassava field

3.3 Vertical electrical sounding geophysical survey (VES)

Vertical electrical sounding survey is a low cost geophysical exploration applied
to investigate bedrock and deep subsurface layer. This study uses schlumberger array
configuration that can achieve outstanding depth penetration with adequately wide
source electrodes separations and is suitable for both horizontal and vertical
structures. Schlumberger array technique is an easy configuration and conveniently
increases the source electrode (AB electrode) separation for increasing the investigation
depth. This survey design offers the widest source electrode distance up to 300 meters
width and explores at least 75 investigation points. This study uses “SUEBSAK SS 09”
instruments composing of one control box, two cable rolls, four electrode poles as
parts of receiver electrode pair, source electrode pair, hammers, and a one battery.

(Figure 3.3-1)
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Figure3.3-1. The VES instruments and survey method (a) control box measures voltage
and current, (b) two cable rolls are connected with source electrode at cable terminal,
(c) some electrode poles which have at least 1 pair is receiver electrode are connected
with control box, and other pair is source electrode are connected with cable rolls ,
(d) instrument emplacement have battery, cable rolls, and etc., are connected with
control box, (e) connecting cable and electrode pole and, (f) hammering the electrode

pole to the ground.

3.4 2D multi-electrode resistivity survey

2D multi-electrode survey is applied to investicate detailed subsurface layers
or explore proper structure zone in the study area. 2D multi-electrode consisting of 48
electrodes and 5 meters electrode spacing were applied for exploring local aquifer,
especially, consolidated rock aquifer bearing water in its vug, fracture, or fault zone.
This study uses dipole-dipole array configuration that is very sensitive to horizontal
changes in subsurface resistivity, meaning that it is good in mapping vertical structures,
such as dykes, and fractures or faults. The electrode separation section designed for
this study area ranges from 235 meters to 515 meters, depending on geological
structure, land use, cost, and time. “SYSCAL R1+ SWITCH 48” instruments made from
one control box, two multi-core cable rolls, forty-eight electrodes, forty-eight jumper

clips, hammers and a one battery are used in the study is well. (Figure 3.4-1)
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Figure3.4-1. The 2D multi-electrode instruments and survey method (a) control box
and battery, (b) two multi-core cable rolls, (c) forty-eight electrode poles (d) forty-eight
jumper clips, (e) showing the jumper clips that are used to connect multi-core cable

with electrode pole , and (f) showing control box connected with 2 multi-core cables.

3.5 Data processing

Data processing is a procedure to produce significant data from raw data or
field measuring data for interpretation in the next stage. Generally, raw data have some
errors from human errors and/or instrument errors such as over value resistivity data,
noise data and/or, coupling effect data, therefore, data adjustment is indispensable.
The vertical electrical sounding geophysical survey data uses “IPI2WIN”for processing
and calibrating, and 2D multi electrode geophysical survey data uses “Prosysll” for

processing and calibrating (Figure 3.5-1).
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Figure3.5-1. The 2D multi-electrode resistivity survey data of Linel in program “Prosys
II” for data processing. Data elevations are adjusted in Z spacing column for precisely
interpretation. Black frames showing irregular data are minus and immoderate apparent
resistivity that should be eliminated before interpretation procedure. The processed
data will be saved and exported to RES2DIV file format for model inversion and

interpretation after adjusting and calibrating procedures.

3.6 Data interpretation

The data analysis and interpretation procedures combine all secondary data
such as well-log data, airborne time-domain electromagnetic survey data, geology and
geological unit data, hydrology and hydrogeological unit data, etc., with primary data
including Vertical electrical sounding geophysical survey data and 2D multi electrode
survey data. Data interpretation consists of geophysical model inversion by apparent
resistivity curve calculation to classify subsurface layers, and hydrogeological /
geological unit classification to analyze aquifers characteristic and groundwater
potential respectively. The vertical electrical sounding geophysical survey data relies
on “IPI2WIN” for interpretation. Figure3.6-1 showing 6 layers model inversion that can
interpret layer 1 and 2 which are top unsaturated sandy-clay sediment. Layer 3 is
saturated clay sediment and layer 4 is weathering phyllite. Layer 5 is weathering
phyllite with fracture zone and is followed by layer 6, fresh phyllite. 2D multi electrode
geophysical survey data relies on “RES2DIV” (Figure 3.6-2), and TEM sounding data
relies on “GEOSCENE3D” for interpretation.
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Figure3.6-1. Vertical electrical sounding seophysical survey data for model inversion of
VES4 5 point in program “IPI2WIN” that consists of 6 layers model : 1.) Layer 1 is 26.7
Qm. and 0.235 m. thickness. 2.) Layer 2 is 164 Qm. And 2.88 m. thickness. 3.) Layer 3
is 10.4 Qm and 4.46 m. thickness. 4.) Layer 4 is 71.9 Qm and 24.3 m. thickness. 5.) Layer
5is 21 Qm and 32.7 m. thickness. 6.) Layer 6 is 798 Qm.
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Figure3.6-2. 2D multi electrode geophysical pseudosection for model inversion of Line
4-2 in program “RES2DIV” that calculates measured apparent resistivity from processed

data to true resistivity section with elevation, and resistivity scale bar.
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Table 3.3-1. VES geophysical survey raw data of “VES2-1” point.
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CHAPTER IV
RESULTS

This research uses direct-current resistivity inversion data which are interpreted
from apparent resistivity curve plot with electrode spacing (AB/2) and secondary
inversion TEM data from ATDEM project in A.D. 2012 of “Department of Ground Water
Resources” with 5 flight lines as shown in figure 4-3for classified soil and/or rock layers.
The study is designed to carry out vertical electrical sounding (VES) geophysical survey
into 81 points, 79points of which are in the study area and 2 points of which are outside
the area. The data for the latter 2 points are collected for comparison and

interpretation purpose in soil open pit (80" point) and well-logging location (81"

point)
as shown in figure 4-1. The inversion result will be shown in apparent resistivity fitting
curve and cross section from Linel to Line6 (Figure 4-2). The interpretation procedure
will rely both on field survey data and well-logging data with geophysical data. The

results are presented below;

4.1 Well-logging and geophysical data comparison

Nearby study area has a drilling well of ATDEM project (DGR, 2012) that are
applied wireline-logging and the rock samples from the well were collected in cutting
sample, which is in UTM grid 549696E, 1813719N. The drilling well is located
approximately 400 meters in the north of the study area, which has VES geophysical
survey 81" point (VES-Loggingwell) for comparison and interpretation purpose. The
inversion result is shown in table 4.1-1 and the comparison with TEM inversion data,

wireline-logging data, and cutting sample data are shown in table 4.1-2.

Table 4.1-1. “VES-Loggingwell” apparent resistivity curve and inversion result.

Apparent resistivity curve Layer | P (Qm} | Thickness (M.} | bottom depth (m.d

N
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Figure 4-1. 81 vertical electrical sounding points and 2D multi-electrode line

(white line) in study area (white frame).
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Figure 4-2. 6 vertical electrical sounding section lines and area elevation.
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Figure 4-5. Comparison of wireline-logging consisting of gamma ray,

self-potential, and point resistance; lithological logging; TEM; and VES data.
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Figure 4-5 shows the comparison of wireline logging data, lithological logging
data, TEM data, and VES data. The result presents that VES resistivity value quite
corresponds with to wireline-logging and lithological logging data. VES Inversion result
shows that laterite layer is 2.74 meters thick with resistivity value of more than 200
ohm.m. The next lower layer is clay and clay & gravel with 5.26 meters of thickness in
total and has resistivity value range between 20 — 30 ohm.m. The fresh phyllite layer
is the bedrock occurring in 8 meters depth below the surface and has resistivity value
more than 200 ohm.m. The resistivity values depend on clay content, moisture, and

degree of weathering.

However, TEM resistivity values are rather different from reality. The TEM
resistivity values in fresh phyllite are lower than expected. The inversion result shows
topsoil consisting of laterite and clay, which is approximately 6 meters thick and has
resistivity range between 20 - 30 ohm.m, and fresh phyllite bedrock, which is 6 meters
depth from the surface and has resistivity from 45 ohm.m onwards. Because TEM has
limited capabilities to classify high resistivity layer of rock or soil. The response curve
of dissimilar model are insignificantly separated if resistivity value is over 80 ohm.m
(Auken, 2003), causing inaccurate interpretations. Moreover, TEM data have a chance
to be affected by noises such as electric post, building, or some types of land cover

more than DC resistivity ground survey.

Although, TEM resistivity inversion values are rather different from reality, but
the interpretation procedure can use these values as an advantage to make a
comparison and correlation of rock or soil layers in areas where data are lacking
because TEM data have quite detailed retention period with its sounding point spacing
only of 20 meters and quite high penetration depth, which can compensate for
limitation of VES ground survey that it cannot survey some area such as dense forest
or swamp and has limitation of sounding point quantity and wide spacing of

approximately 100 meters.

Furthermore, the wireline-logging result shows low value gamma ray and high

electric resistance zone, indicating low quantity of clay contents and rather fresher
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rocks than other zones such as 56 — 62 and 76 - 80 meters depth rock layers,

which possibly have quartz vein intrusive as shown in figure 4.1-1 and 4.1-2.

Figure 4.1-1. Large quartz vein in soil pit at UTM grid 549212E, 1813133N
aligns in 336°/74° is 1.2 — 1.5 meters thick.

Figure 4.1-2. Quartz vein is 10 centimeters maximum thick in soil pit

at UTM grid 549244E, 1813154N intrude in phyllite layer.
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4.2 Soil pit section and geophysical data comparison

The northwest of study area has soil pit. This research adopts VES resistivity
technique for survey 80" point (VES-mine) at UTM Grid 549268E, 1813107N (table 4.2-

1) for interpretation and the comparison results are illustrated in figure 4.2-1

Table 4.2-1 “VES-Mine” apparent resistivity curve and inversion result.

Apparent resistivity curve Layer | P (Qm) | Thickness {m) |bottomn depth (m)

1 143 032 032

Figure 4.2-1 shows comparison of soil pit cross-section, TEM inversion data, and
VES inversion data. The VES inversion results present that lateritic topsoil consists of
gravel and sand, which has resistivity range in 90 — 350 ohm.m. The next lower layer is
weathered phyllite and has approximately 9 meters thickness which has resistivity
range between 10 — 130 ohm.m depending on the degree of weathering, moisture of
soil/rock layer, and quantity of clay contents. The bottom or bedrock is fresh phyllite
that is 12.1 meters depth below from the ground surface, which has resistivity more

than 300 ohm.m

The TEM inversion result (*1) shows insignificant difference and high error in
high resistivity layer, making it difficult to classify high resistivity lateritic topsoil and
thick weathered phyllite. Moreover, TEM resistivity values in fresh phyllite is lower than
reality. TEM inversion result shows topsoil is approximately 4 meters thick, and the
next lower layer is weathered phyllite having similar resistivity value to topsoil between

40 - 80 ohm.m.

(*1) TEM inversion data does not belong to this location, but the sounding point

of TEM Linel which is the nearest data point in 40 meters distance from soil section.
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Figure 4.2-1. VES-mine point and comparison of soil pit cross section picture,

TEM, and VES data.
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Figure 4.2-2. Soil pit cross section at UTM Grid 549110E, 1813129N
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Figure 4.2-3. Fresh phyllite at UTM Grid 549110E, 1813129N

Figure 4.2-2 and Figure 4.2-3 show soil pit cross section at UTM 549110E,
1813129N. The top layer is sand and gravel lateritic topsoil and the lower layer is
weathered phyllite. The next lower layer is greyish-green fresh phyllite which is
approximately 2.5 — 4 meter below the surface. Figure 4.2-4 and Figure 4.2-5 illustrate
weathered phyllites in soil pit that has various degree of weathering. Some high

weathered phyllites are weathered into clay and gravel sediment.

Figure 4.2-4. Weathered phyllite at UTM Grid 549156E, 1813117N
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Figure 4.2-5. Soil pit cross section at UTM Grid 549032E, 1813005N

Figure 4.2-2 and Figure 4.2-6 show geological structure having significant
changes in the area nearby. Figure 4.2-2 illustrates shallow fresh phyllite, on the other
hand, figure 4.2-6 does not show fresh phyllite in 5 meters depth from surface, which
has topsoil of 2 — 3 meters thickness, and the next lower layer is high weathered
phyllite weathered into clay and gravel in some areas. Rocks were highly weathered

in weak zones such as fracture or crack zone that make water to permeate and scour.
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Figure 4.2-6. Weathered phyllite at UTM Grid 549062E, 1813089N
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4.3 Time-domain data interpretation

The study area consists of 5 TEM geophysical survey flight lines which are
secondary data from ATDEM project (DGR, 2012). The flight lines are shown in figure 4-
3 with 20-meter sounding point spacing approximately. The results help classify rock
units by resistivity values from TEM data inversion (¥2) which are shown in figure 4.3-1.

The cross-section including data interpretation is also presented below as well;

P (Ohrm.m) Degree of weathering Rock unit

Fresh phylite

Laterite, Lateritic soil,

Fresh rock Unsaturated soil
quartz vein
Moderated weathered phylite
Moderated weathered rock Clayey sand

Gravel and clay

High weathered rock High weathered phylite, Clay

ﬂ“i$¥§$$¥$$

TEM Meaan Resetivty

Figure 4.3-1. Resistivity value from TEM data inversion including

data interpretation in degree of weathering and rock units’ form.

(*2) TEM data inversion results of high resistivity layer is subject to high error chance
(lower than reality). The above table shows the results which are already compared
with well-logging and pit cross section for correlation in the next procedure. Presented

resistivity values of some areas do not reflect the area actual resistivity.
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Figure 4.3-2 shows time-domain electromagnetic 1D sounding cross section of
TEM linel to line 5. These section is 1,600 meters in total length in the northeast —
southwest direction and the spacing between line surveys are approximately 200
meters interval. TEM cross sections present topsoil thickness of 0.5 — 15 meters with
range between 5 — 50 ohm.m depending on soil type, clay mineral contents and
moisture. Low resistivity topsoil is toward to the left side of TEM survey lines overlie
significant weak zone that presented in dark blue - light blue. Most of topsoil are

gravelly clay sediment and some “gravel and sand” is occurred some area.

In addition, high resistivity zones that present in dark orange - purple presented
below are approximately 10 — 20 meters from surface, are phyllite or phyletic shale
zone. The TEM resistivity values show phyllite in the left side of these section (west
zone of study areas are almost present in dark red - purple) are fresher and denser
than the right side of these section (east zone of study areas are almost present in
orange - red) which are indicated fracture or/and crack in the west zones are less than
the east zone and less groundwater potential. According to these TEM section, the
east zone show many weak zones that are weathered phyllite or/and minor fractures
in phyllite present in yellow or light orange inside dark orange - red mass zone (fresh
phyllite). These some weak zones could be groundwater potential expected location

of the study area.

Furthermore, the study area has significant weak zones which are presented in
dark blue - blue mass zones below the surface that are showed in TEM cross section
from the middle of TEM linel slightly toward to left side of TEM line5. According to
TEM resistivity cross section, these significant weak zones, which align in northern —
southern direction and dip to west side, are mass weathered phyllite or phyletic shale
or/and major fractures zones and could be strike slip fault, which are the most

groundwater potential zone in consolidated rock aquifer of the study area.
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4.4 VES data inversion and interpretation

The study area consists of 79 vertical electrical sounding points and other 2
points at logging well and soil pit, which are divided into 6 survey lines. These are
shown in figure 4-2. Most of them have 100 meter distance sounding point spacing,
however, some of the points have less or more distance depending on whether or not
the area can be explored and facilitates the use of electrical cables. VES data inversion
results can classify rock units from resistivity value as shown in figure 4.4-1. Inversion

results and their interpretations of 6 survey lines are provided below;

P (Ohm.m) Degree of weathering Rock unit

400
0 .
o Fresh phylite
340
320

Laterite, Lateritic soil,
Unsaturated soil

300
Fresh rock
280
260
240
220 quartz vein
200

150

e Moderated weathered phylite

140
120
. Moderated weathered rock Clayey sand
80
2 Gravel and day
40

201
u- High weathered rock High weathered phylite, Clay

Figure 4.4-1. Resistivity value from VES inversion including

data interpretation in degree of weathering and rock unit forms.
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4.41 VES Line 1 —consists of 14 sounding points which are labeled as 1°
point — 14" point having approximately 1,400 meters in total length in the northeast

- southwest direction. The results are shown in appendix.

113 1o Resistivity Cross-Section VES 1
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Figure 4.4.1-1. VES Line 1 cross-section and resistivity values.

Figure 4.4.1-1 shows VES Line 1 cross section. Topsoil resistivity depends on
clay content, moisture, and soil type. Laterites are found in VES1-7, VES1-11, and VES
1-12 sounding points are 0 — 1.5 meter depth from the surface. Most of the top fresh
bedrocks are occurred approximately 5 — 10 meters from the surface below and are
discovered in weak zones at VES1-10 sounding point that corresponds with TEM
interpretation results. Interbedded high weathered phyllite with moderated weathered
phyllite are occurred approximately 5 meters from the surface and no fresh phyllite is

discovered from the surface to 70 meters depth.

4.4.2 VES Line 2 - consists of 12 sounding points labeled as 15 point — 26"
point which are approximately 1,300 meters in total length in the northeast -

southwest direction. The results are shown in appendix.
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Figure 4.4.2-1. VES Line 2 cross-section and resistivity values.
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Figure 4.4.2-1 shows VES Line 2 cross section. Topsoil resistivity depends on

clay content, moisture, and soil type. Laterites are not found in this section. Most of

the top fresh bedrocks are occurred 10 meters depth or more below the surface and

are discovered weak zones at VES2-9 sounding point that corresponds with TEM

interpretation results. Interbedded high weathered with moderated weathered phyllite

are occurred approximately 3 meters from the surface and no fresh phyllite is

discovered from the surface to 60 meters depth.

4.4.3 VES Line 3 - consists of 15 sounding points labeled as 27° point — 41"

point which is approximately 1,550 meters in total length in the northeast — southwest

direction. The results are shown in appendix.
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Figure 4.4.3-1. VES Line 3 cross-section and resistivity values.
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Figure 4.4.3-1 shows VES Line 3 cross section. Topsoil resistivity depends on
clay content, moisture, and soil type. Possible Laterites layers are found in VES3-2, and
VES3-3 sounding points (Figure 4.3-2) which are 2 — 5 meters depth from surface. Most
of the top fresh bedrocks are occurred approximately 5 — 30 meters depth from the
surface and are discovered in weak zones at VES3-11 sounding point that corresponds
with TEM interpretation results. Interbedded high weathered phyllite with moderated
weathered phyllite are occurred approximately 2 meters from the surface and no fresh

phyllite is discovered from the surface to 60 meters depth.

Figure 4.4.3-3. Laterite emerging from ground at UTMGrid 550303E, 1813130N
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4.4.4 VES Line 4 - consists of 15 sounding points labeled as 42°' point — 56"
point which is approximately 1,550 meters in total length in the northeast - southwest

direction. The results are shown in appendix.
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Figure 4.4.4-1. VES Line 4 cross-section and resistivity values.
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Figure 4.4.4-1 shows VES Lined cross section. Topsoil resistivity depends on clay
content, moisture, and soil type. Possible Laterites layers are found in VES4-1, VES4-2,
VES4-3, VESA-6, VESA-7 and VES 4-11 sounding points which are 2-4 meters depth from

the surface. Most of the top fresh bedrocks are occurred approximately 5 — 40 meters

depth from the surface.

4.4.5 VES Line 5 - consists of 13 sounding points labeled as 57° point — 69"
point which is approximately 1,400 meters in total length in the northeast - southwest

direction. The results are shown in appendix.

ok Resistivity Cross-Section VES 5
59

Elevation (m.)
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Figure 4.4.5-1. VES Line 5 cross-section and resistivity values.
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Figure 4.4.5-1 shows VES Line5 cross section. Topsoil resistivity depends on clay
content, moisture, and soil type. Possible Laterites layers are found in VES5-2, VES5-3,
and VES 5.9 sounding points which are 0 - 2 meter depth from surface. Most of the
top fresh bedrocks are occurred approximately 4 — 50 meters depth from the surface
and are discovered in weak zones at VES5-9 and VES 5-12 sounding point that
corresponds with TEM interpretation results. Interbedded high weathered phyllite with
moderated weathered phyllite are occurred approximately 2 - 3 meters from the

surface and no fresh phyllite is discovered from the surface to 70 meters depth.

4.4.6 VES Line 6 — consists of 10 sounding points labeled as 70" point — 79"
point which is approximately 1,300 meters in total length in the northeast — southwest

direction. The results are shown in appendix.
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Figure 4.4.6-1. VES Line 6 cross-section and resistivity values.

Figure 4.4.6-1 shows VES Line6 cross section. Topsoil resistivity depends on clay
content, moisture, and soil type. Possible Laterites layer are found in VES6-2, VES6-3,
and VES 6-12 sounding points which are 0 — 1.5 meters depth from surface. Most of
the top fresh bedrocks are occurred approximately 12 — 60 meters from the surface.
High weathered zone and deep fresh bedrocks are found at VES6-9, VES6-10, and VES

6-11. Fresh rocks are discovered at depth of 50 meters and below.
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4.5 2D Multi-electrode data interpretation

The study area consists of 8 2D multi-electrode survey lines. Linel is 505 meters
in length, line2 is 415 meters in length, line3-1 is 235 meters in length, line3-2 is 235
meters in length, lined-1 is 235 meters in length, lined-2 is 325 meters in length, line5-
1 is 235 meters in length, and line5-2 is 415 meters in length. They are presented in
fisure 4.5-1 and are approximately 2,600 meters in total length and 5 meters distance
electrode spacing. The topsoil results are rather different from VES technique because
this 2D multi-electrode technique survey different period season. VES technique is
used in early June which is in the rainy season, most of the topsoil is therefore
saturated. On the other hand, 2D multi-electrode technique is used in December, a
month in the winter season when topsoil is rather dry and unsaturated. These lead to
different resistivity values. However, sub surface zone that is saturated and has some
moisture takes no effect from this condition, therefore, no difference in resistivity
values are observed. In addition, this research has limitations in terms of time, budget,
and inaccessible area, therefore, the 2D multi-electrode lines are designed to survey
accessible significant anomaly zones where potential aquifers are expected. The

results and their interpretations are presented below;
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Figure 4.5-1. 2D-multi electrode survey lines in study area.
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2D Line 1 - This line is 505 meters in total length in the northeast — southwest
direction as shown in figure 4.5-2. 2D resistivity cross-section presents lateritic
topsoil thickness of 3 — 5 meters with resistivity range between 15 — 300 ohm.m
depending on soil types, clay mineral contents and moisture. The line left end
shows low resistivity zone near the surface which is clay and/or gravelly clay
topsoil sediment, and the other high resistivity topsoil zones are laterite or
unsaturated clayey sand or/and sand and gravel. Topsoils are underlain by high
weathered phyllite or/and saturated clay sediment layer with resistivity range
between 1 — 30 ohm.m that is presented in dark blue — light greenish blue. The
red — purple zones shown below are approximately 6 — 12 meters from the
surface, which are fresh phyllite having some weak zones that presented in light
blue - green such as fracture, fault zones or/and weathered phyllites that have
various degree of weathering and present different resistivity values, indicating
potential aquifers depending on fracture connection, weathered zone thickness,

and degree of weathering. The higher degree of weathering, the lower resistivity.

2D Line 2 - This line is 415 meters in total length in the northeast — southwest
direction as shown in figure 4.5-3. 2D resistivity cross-section presents lateritic
topsoil thickness of 2 — 5 meters with resistivity range between 100 - 300 ohm.m
depending on soil types, clay mineral contents and moisture. Most of the topsoils
are sand and gravel sediment which are underlain by moderated - high weathered
phyllite layer with resistivity range between 1 — 30 ohm.m that is presented in
dark blue - yellowish green. The red-purple zones shown below are
approximately 3 — 8 meters from the surface, which are fresh phyllite having some
weak zones that presented in light blue - green such as fracture, fault zones or/and
weathered phyllites that have various degree of weathering and present different
resistivity values, indicating potential aquifers depending on fracture/fault zone
connection, weathered zone thickness, and degree of weathering. The higher
degree of weathering, the lower resistivity value. Line 2 degree of weathering zone
follows similar trend and characteristic when compared with Linel, and some

fractures or/and weathered zones which are connected can be potential aquifers.
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Figure 4.5-2. 2D multi-electrode resistivity cross-section of Line 1. Black dot lines
present phyllite weak zones that have high degree of weathering rock or/and fracture

or fault zone, which shows high possibility of potential aquifers.
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Figure 4.5-3. 2D multi-electrode resistivity cross-section of Line 2. Black dot lines
present phyllite weak zones that have high degree of weathering rock or/and fracture

or fault zone, which shows high possibility of potential aquifers.

(3) 2D Line 3-1 - This line is 235 meters in total length in the northeast — southwest
direction as shown in figure 4.5-4. 2D resistivity cross-section presents lateritic
topsoil thickness of 1 — 3 meters with resistivity range between 10 - 60 ohm.m
depending on soil types, clay mineral contents and moisture. Most of the topsoils
are low resistivity layer, gravelly clay sediments which are underlain by high
weathered phyllite or/and saturated clay sediment layer with resistivity range
between 5 - 30 ohm.m that is presented in dark blue - light green blue. The red-
purple zones shown below are approximately 5 — 15 meters from the surface,
which are dense fresh phyllites having few fractures or/and weathered zone that
is showed as black dot line. The dense fresh phyllites overlie moderated
weathered phyllite in horizontal position parallel to the surface is presented in

yellowish green - orange.
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(4) 2D Line 3-2 - This line is 235 meters in total length in the northeast — southwest
direction as shown in figure 4.5-5. 2D resistivity cross-section presents lateritic
topsoil thickness of 1 — 5 meters with resistivity range between 5 - 60 ohm.m
depending on soil types, clay mineral contents and moisture. Most of the topsoils
are underlain by high weathered phyllite or/and saturated clay sediment layer
with resistivity range between 2 - 30 ohm.m that is presented in dark blue - light
green blue in “1-500 ohm.m scale bar”. Line 3-2 section crosses through the
significant weak zone in blue (low resistivity zone) in TEM data interpretation of
the study area. The fresh rock zone, which is presented below from the surface
approximately 15 meters, is shown between 50 - 80 meters from the line left end.
Most of the areas, which have low resistivity values with resistivity range between
5 - 60 ohm.m, are considered as weak zones. The weak zones consist of thick high
weathered phyllite and/or fracture and/or fault zone, and some moderated
weathered phyllites which could be the main trend fractures of this area can be

potential aquifers.
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Figure 4.5-4. 2D multi-electrode resistivity cross-section of Line 3-1 and black dot lines

present phyllite weak zones.

Figure 4.5-5. 2D multi-electrode resistivity cross-section of Line 3-2 in 2 different scale
bars; (1) presents in 1 - 500 ohm.m resistivity scale bar, (2) present in logarithm

resistivity scale bar.
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2D Line 4-1 - This line is 235 meters in total length in the northeast — southwest
direction as shown in figure 4.5-6. 2D resistivity cross-section presents lateritic
topsoil thickness of 0.5 — 8 meters with resistivity range between 15 - 80 ohm.m
depending on soil types, clay mineral contents and moisture. Most of the topsoils
are low resistivity layer which is gravelly clay sediment and some clayey sand near
the line right zone. Line 4-1 characteristic and structure are similar to line3-1. The
red — purple zones, which shown below are approximately 8 — 15 meters from
the surface, are dense fresh phyllite having few fractures or/and weathered zone
that is showed as black dot line. The dense fresh phyllites overlie moderated
weathered phyllite in horizontal position parallel to the surface is presented in

yellowish green — orange.

2D Line 4-2 - This line is 325 meters in total length in the northeast — southwest
direction as shown in figure 4.5-7. 2D resistivity cross-section presents lateritic
topsoil thickness of 1 — 5 meters with resistivity range between 5 - 20 ohm.m
depending on soil types, clay mineral contents and moisture. The topsoils are
underlain by high weathered phyllite or/and saturated clay sediment layer with
resistivity range between 5 — 20 ohm.m that is presented in dark blue — light
greenish blue. Line 4-2 section crosses through the significant weak zone in blue
(low resistivity zone) in TEM data interpretation of the study area. The fresh rock
zone, which is presented below from the surface approximately 15 - 30 meters, is
shown between 120 - 260 meters from the line left end. More than half of the
areas, which have low resistivity values with resistivity range between 5 - 40
ohm.m, are considered as weak zones. The weak zones consist of thick high
weathered phyllite and/or fracture and/or fault zone. Left zone of the lined-2,
which is more weathered than other zones showing thick weathered rock or/and
fracture zones, is approximately 30 - 40 meters thick, and could be the main trend

fractures of this area can be potential aquifers.
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Figure 4.5-6. 2D multi-electrode resistivity cross-section of Line 4-1 and black dot lines

present phyllite weak zones.
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Figure 4.5-7. 2D multi-electrode resistivity cross-section of Line 4-2 and black dot lines

present phyllite weak zones.

(7) 2D Line 5-1 - This line is 235 meters in total length in the northeast — southwest
direction as shown in figure 4.5-8. 2D resistivity cross-section presents lateritic
topsoil thickness of 1 — 10 meters with resistivity range between 15 - 300 ohm.m
depending on soil types, clay mineral contents and moisture. Topsoil, which is
high resistivity unsaturated “gravel and sand” sediments and laterite layer are 5 -
7 meters thick presented in orange - red; and other is “clay and gravel” or “sandy
clay” is presented in light blue — green, is underlain by high weathered phyllite or
saturated clay sediment layer with resistivity range between 5 — 25 ohm.m that is
presented in dark blue - light greenish blue. The red - purple zones, which shown
below are approximately 10 — 35 meters from the surface, are dense fresh phyllite
having few fractures or/and weathered zone that is showed as black dot line. The
dense fresh phyllites overlie moderated weathered phyllite in horizontal position

parallel to the surface is presented in yellowish green — orange.
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(8) 2D Line 5-2 - This line is 415 meters in total length in the northeast — southwest
direction as shown in figure 4.5-9. 2D resistivity cross-section presents lateritic
topsoil thickness of 1 — 9 meters with resistivity range between 15 — 300 ohm.m
depending on soil types, clay mineral contents and moisture. Topsoil, which is
high resistivity unsaturated “gravel and sand” sediments and laterite layer are 4 —
7 meters thick presented in orange - reddish purple; and other is “clay and gravel”
or “sandy clay” is presented in light blue — green, is underlain by high weathered
phyllite or saturated clay sediment layer with resistivity range between 5 — 30
ohm.m that is presented in dark blue - light greenish blue. The red - purple zones
shown below are approximately 9 — 30 meters from the surface, which is fresh
phyllite having some weak zones such as fracture, fault zone or/and weathered
phyllite. Weathered phyllite have various degree of weathering and present
different resistivity values, which can be potential aquifers depending on fracture
zone connection, weathered zone thickness, and degree of weathering. The higher

degree of weathering, the lower resistivity value.
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Figure 4.5-8. 2D multi-electrode resistivity cross-section of Line 5-1 and black dot lines

present phyllite weak zones.
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Figure 4.5-9. 2D multi-electrode resistivity cross-section of Line 5-2 and black dot lines

present phyllite weak zones.
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CHAPTER V
DISCUSSION AND CONCLUSION

5.1 Geology of study area

According to result interpretations of VES, TEM, and 2D-multi electrode data in
chapter 4, the study area is covered by lateritic, high leaching old soil. The chemical
erosion will leach Silica(SiO,) from the original soil, and cause accumulation and
dissolution of Iron(Fe) and Aluminum Oxide(Al,O3) under oxidation and reduction
conditions beneath the surface which has groundwater level changes at the same time
(Buol et al., 1989). The study area consists of light brown topsoil which is approximately
0.5 — 3 meters thick and is “clay and gravel” or “sand and gravel”. The underlying
yellowish brown — light grey strong cementation lateritic clay is weathered from
“original phyllite or phyletic shale” with various degree of weathering depending on
each area. The sediment characteristic in the study area indicates most of sediments

are residual deposit as presented in figure 5.1-1.

High weathered Phyllite / Clay

Figure 5.1-1. Soil pit cross section at UTM Grid 549361E, 1813179N
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Figure 5.1-2. The study area elevation overlays by TEM survey lines. The black dot line

shows weak zone trend which is in blue zone of the study area. (Low resistivity zone

is approximately 1 — 25 ohm.meters)
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Figure 5.1-3. All geophysical cross-sections of TEM survey line from TEM linel - TEM

line5. The black dot line shows weak zone trend which is in blue zone of the study

area. (Low resistivity zone is approximately 1 — 25 ohm.meters)
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High weathered rock

Moderated weathered rock

Figure 5.1-4. Interpretation of all VES data points which are presented in 3D sounding
point models. Blue is topsoil, Cream is high weathered phyllite, brownish yellow is

moderated weathered phyllite, and brown is fresh phyllite.

Figure 5.1-5. Lithological cross-sections of VES lines from VES linel — VES line6, which

are plotted with 3D sounding point model. Blue is topsoil, Cream is high weathered

phyllite, Brownish yellow is moderated weathered phyllite, and Brown is fresh phyllite.
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The bedrock of study area is Silurian — Devonian rocks which are grey — greyish
green phyllites that have quartz vein intrusion in some areas. The fresh rocks depth
are different in each area depending on degree of weathering and weak zones such as
fractures, fault or/and crack zones. Inversion result of TEM data, sounding point’s
interpretation and cross-section of VES data in the study area are shown in figure 5.1-
2, 5.1-3, 5.1-4 and 5.1-5.The VES results are quite conform to TEM results, which are
showing shallow fresh bed rocks which mostly occurred in the northwest and
southeast of study area, presenting significant major fracture in northeast-southwest
pass through VES sounding point comprising VES1-9, VES1-10, VES2-8, VES2-9, VES3-11,
VES4-12, VES5-12 and VES6-10, and other is VES1-8, VES2-7, and VES5-9 trend. The
significant major fractures zones are composed of thick high weathered phyllite
(Cream) interbedded moderated weathered phyllite (brownish yellow), which are not
occurred fresh phyllite or in deep zone (up to 70 meters) as shown in “figure 5.1-6,
5.1-7 and 5.1-8” presenting fence diagram crossing the study area. White circle zone is

weak zone that consists mostly of high weathered rock.

549000 549500 0000 ~ 5505000

Figure 5.1-6. Top view of fence diagram directions which are presented as yellow lines.

Weak zone are presented as white circle.
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Figure 5.1-7. Fence diagram directions of VES interpretation data. Weak zones or
significant fracture zones are presented as black dot circle. Light grey is topsoil, Cream
is high weathered phyllite, Brownish yellow is moderated weathered phyllite, and
Brown is fresh phyllite.

Ficure 5.1-8. The different camera view of fence diagram directions of VES
interpretation data. Weak zones or significant fracture zones are presented as black
dot circle. Light grey is topsoil, Cream is high weathered phyllite, Brownish yellow is
moderated weathered phyllite, and Brown is fresh phyllite.
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5.2 Hydrogeology and groundwater expected location

Primary aquifer in the study area is Silurian — Devonian metamorphic aquifer
(SDmm) from phyllite or phyletic shale. Groundwater is occurred in weathered rock,
faults, cracks, or/and fractures zone. This ground water flows along the fractures that
are almost aligned in northeast—southwest. The more connected, bigger, and thicker
weak zones (weathered rock, fracture, or/and fault zone), the greater chance to find
groundwater. Especially, significant weak zones which are presented in fence diagram

directions in figure 5.1-7 and 5.1-8, are potential groundwater zones.

According to Figure 5.2-1, E points are weak zones in each 2D multi-electrode
survey line providing highly-detailed survey data with its 5-meter electrode spacing.
The results clearly show geological structures and present minor weak zone trends in
north- south at least 8 lines (presented as yellow line) which are aligned along the
main weak zone direction. These minor weak zones are expected to be potential

groundwater areas.

549000 549500 s 550500
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Figure 5.2-1. The potential groundwater expected location points and weak zones that

are weathered phyllite or/and fracture zones in the study area.
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Figure 5.2-2. 2D multi-electrode resistivity cross-section of Line 1 and

potential groundwater expected locationE01™ — E06" points.
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Figure 5.2-3. 2D multi-electrode resistivity cross-section of Line 2 and

potential groundwater expected locationE07™ — E11" points.

In Linel and line2 area, most of the rocks are not fresh as line3-1, line 4-1, and

line 5-1 area, but they are fresher than line3-2, lined-2, and line5-2 area. However,

although there are quite a lot of weak zones (fracture or/and weathered rocks) but all

of them are rather small. Most of the weak zones are more than 35 meters depth

which have at least 10 groundwater potential expected location points, and 4 weak

zone lines consisting of LineE2-E8, E3-E9, E4-E10, and E5-E11 which are presented in

Figure5.2-2, and 5.2-3.
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Figure 5.2-4. 2D multi-electrode resistivity cross-section of Line 3-1 and

potential groundwater expected locationE14™ point.
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Figure 5.2-5. 2D multi-electrode resistivity cross-section of Line 4-1 and

potential groundwater expected locationE18™ point.
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Figure 5.2-6. 2D multi-electrode resistivity cross-section of Line 5-1 and

potential groundwater expected locationE22™ and E23" points.

Furthermore, the western part of study area (left side of the cement road)
comprising LINE4-1 and Line5-1 shows low groundwater potential because rocks are
fresh and shallow. However, weak zones aligned along “E14-E17-E22 trend” are
discovered and at“E23 point in Line5-1” there appears to be fracture in phyllite, which

has groundwater potential zone for ground water well development (Figure5.2-4,

Figure5.2-5, and Figure5.2-6).
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Figure 5.2-7. 2D multi-electrode resistivity cross-section of Line 3-2 and

potential groundwater expected locationE12™ and E13" points.
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Figure 5.2-8. 2D multi-electrode resistivity cross-section of Line 4-2 and

potential groundwater expected locationE15™ - E17™ points.
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Figure 5.2-9. 2D multi-electrode resistivity cross-section of Line 5-2 and

potential groundwater expected locationE19™ — E21" points.

In addition, shallow and thick weak zones are discovered along “Line3-2, Lined-
2, and Line5-2 areas”. These multiply connected weak zones consist of “E15-E19, E12-
E16-E20, andE13-E17-E-21” trends. 2D multi-electrode result interpretations conform
to VES and TEM survey data, revealing that these area are major significant weak zones
,and they are the most groundwater potential zone in the study area that is suitable

for groundwater development (Figure5.2-7, Figure5.2-8, and Figure5.2-9).



90

5.3 Conceptual model of the study area

Figure 5.3-1 shows surface runoff direction, groundwater flow direction, and
expected potential wells. In the surface water system part, the water flows into lower
area. Most of it flows from north-western high altitude areas to the south-eastern low
altitude areas. Groundwater flow in bedrock is controlled by fractures or/and faults
having quite high degree of weathering is potential groundwater zone. Blue cylinders
are expected potential wells, most of which are in weak zones. Some of them are in

the lower altitude areas.

The western zone sub-surface characteristic of the study area is shallow dense
fresh phyllite, making it difficult to explore for groundwater potential. Some areas
found are shallow weak zones consisting of fractures or/and weathered rock such as
E14-18-22 trend or in E23 points. The eastern zone is rather different from the western
zone which is full of phyllites having various degrees of weathering. The probability in
finding potential aquifers, therefore, depending on fracture/fault zone connection,

weathered zone thickness, and degree of weathering.

Figure 5.3-1. Conceptual model of study area shows surface runoff, weak zones,

groundwater direction and expected potential wells.
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5.4 Physical model of water flow system

According to figure 5.4-1, the picture shows water system, geological structures,
and hydrogeological units of the study area and the surrounding area. The recharge
systems are composed of “R1”, precipitation recharge; “R2” is baseflow recharge from
irrigation, perennial and ephemeral streams, and surface runoff water; and “R3” is
subsurface recharge. The discharge systems are composed of “D1”, baseflow
discharge; “D2” is evapotranspiration discharge; “D3” is well withdrawals discharge;

“D4” is subsurface discharge; and “D5” is human activity water consumption.

In the surface water system part, the water flows into mountain stream, and
flows to lower discharge area when it rains. Most of water flow from the higher altitude
in the western zone to the lower altitude in the eastern zone based on topography
elevation. Low land areas recharge water from surface runoff, mountain stream, and
Ping River including perennial and ephemeral streams. Surface water will discharge to
human activity water consumption, agriculture, and evapotranspiration from trees and
etc. Moreover, some surface runoff will flow to lower area according to topography.
Sometimes the agricultural area will recharge water which from irrigation when there

is an increase in water demand.

In the groundwater system part, the water flows through cracks, fractures
or/and faults zone in high mountain, and then flows to lower discharge area.
Groundwater flow in hard rock is controlled by fractures or/and fault trends which
have quite high degree of weathering and are potential aquifers. According to
piezometric level data of ATDEM project (DGR, 2012), the unconsolidated rock aquifers
consist of young terrace deposit and old terrace deposit flowing from the western part
to the eastern basin. Some groundwater, however, flows to the southeastern area.
Furthermore, some of groundwater flow and runoff overland will recharge Ping river
and water from Ping river has a chance to flow through aquifer as well. In addition,

some groundwater is discharged from system by well withdrawal too.
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5.5 Suggestion and conclusion

The application of geophysical data in combination with field survey and well-
logging data can accurately clearly classify and analyze subsurface soil or/and layers
characteristic. In this research, it is presented that most sediment characteristic is
residual deposit which is different from the first assumption that most of it is old
terrace deposit. Because of increasing field survey and geophysical data, classification
and analysis of quaternary sediment characteristic are more accurate than previous
results. The new interpretation of result can be used to adjust former database of
department of groundwater resources for more precise mappings. However,

geophysical survey in various techniques have their limitations, for example;

Airborne TEM geophysical survey offers deep penetration depth, high frequency
of sounding points with its 20-meter point spacing, fast survey in large area, and can
survey inaccessible area such as overgrown weed area or dense forest, which helps
provide clear and precise presented geological structures in regional scale. On the
other hand, this technique has limitation in its classification capability in high resistivity

layers and there is a high risk that the technique will be affected by noise.

VES geophysical ground survey is more accurate and can classify high resistivity
layer better than airborne TEM geophysical survey. In addition, their results comparing
with wireline logging data are quite accurate. On the other hand, this technique takes
rather long survey time if the research needs highly-detailed and high quantity of data.
Furthermore, the penetration depth is shallower than airborne TEM geophysical survey
and cannot be used to survey inaccessible area such as overgrown weed area, dense
forest, or dense sugar cane field, however, it is more flexible than 2D multi electrode
survey. This research uses Schlumberger configuration which offers quite deep
penetration depth and quite accurate horizontal and vertical geological structure

survey. In addition, the electrode spacing can be easily extended.
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2D multi-electrode geophysical ground survey captures the highest data detail
with 5-meters electrode spacing and results from this technique are more accurate
than VES geophysical ground survey and airborne TEM geophysical survey. In addition,
it can precisely and clearly survey subsurface structures such as significant cracks,
fractures, or/and faults. On the other hand, this technique has shallow penetration
depth (Maximum penetration depth is 40 — 50 meters depending on cable length and
configuration), and calls for large budget because the instrument rental price is rather
high and at least 3 workers including instrument operator for work must be hired. In
addition, this technique faces more difficulty in accessing some areas than VES ground
survey. The area suitable for this technique should be clear or has a pathway where
cables can be dragged through. Furthermore, the other 2D multi-electrode limitation
is that cables cannot be dragged across roads wider than 5 meters or more, making
several areas in accessible for survey. In addition, this research relies on dipole-dipole
configuration that accurately explores horizontal changes in subsurface structures

(vertical structures) such as significant vertical fractures, or/and dip slip faults.

Combining the advantage of each technique will reduce limitation in terms of
area data access and better data accuracy. Moreover, it will reduce budget, cost, and
survey time especially for consolidated rock aquifers survey as most groundwater is
stored in cracks, fractures, or/and faults, which makes it difficult to explore and calls
for highly-detailed and accurate data to discover the exact location of groundwater
potential areas. Particularly, there is very limited secondary data in the study area and
potential aquifers are in hard rocks (Silurian — Devonian metamorphic rock aquifer).
Application of TEM and direct current resistivity in combination with field survey and
well-logging data produce accurate and clear results of the study that will be helpful
and acts as a guideline for drilling groundwater in this area or even consolidated rock

aquifers in other areas in the future.
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1. VES Line 1 interpretation results

99

Table A.1-1. 1%lateritic topsoil layer consisting of sandy clay and gravel and is 3.17

meters thick, 2" high weathered phyllite layer is 0.55 meters thick, 3 moderated

weathered phyllite layer is 7.80 meters thick, 4" fresh phyllite layer is 3.55 meters

thick., 5"high weathered phyllite layer is 18.80 meters thick, 6" fresh phyllite layer is

32.38 meters thick, and 7" moderated weathered phyllite layer.

Apparent resistivity curve VES1-1 ID | P (@Qm) | Thickness (m.) |bottom depth (m.) Description
1 44.00 061 061
J_ 2 188.00 0.71 132 Topsoil
I 3 373 1.85 317
|i,~ﬁh ‘ 1| a 17.00 055 372 High wethered phyllite
\ /,w"l 3 8240 T.80 11.52 Moderated weathered phyllite
|' ‘ h _ : | i 6 202.00 3.55 15.07
: : . “; 7 2100 18.80 33.87
J 8 209.00 6.48 4035
9 1458.00 2590 66.25
10 57.90 Moderated weathered phyllite

Table A.1-2. 1% topsoil layer consisting of sandy clay and clay which is 3.19 meters

thick, 2" high weathered phyllite layer is 4.16 meters thick, 3 moderated weathered

phyllite layer is 4.40 meters thick, 4" high weathered phyllite layer is 17.90 meters

thick, 5™ fresh phyllite layer is 31.02 meters thick, and 6™ high weathered phyllite layer.

Apparent resistivity curve VES1-2 ID | p(Qm) | Thickness (m.} bottom depth (m.) Description

R 1 9.67 064 0.64

2 84.09 04ds 1.10
- Topsoil
3 286 135 245
4 34.24 074 3.19
5 9.83 116 135 High wethered phyllite
| 6 131.20 4.40 11.75 Moderated weathered phyllite

7 9.70 17.90 2965 High wethered phyllite
8 438.80 3102 6067
9 2362 High wethered phyllite
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Table A.1-3. 1% lateritic topsoil layer consisting of sand and gravel and underlying clay

which is 2.08 meters thick, 2™ moderated weathered phyllite layer is 2.03 meters thick,

3" high weathered phyllite layer is 5.20 meters thick, 4" moderated weathered phyllite

layer is 13.20 meters thick, 5" fresh phyllite layer is 27.90 meters thick, 6" moderated

weathered phyllite layer is 21.20 meters thick, and 7 high weathered phyllite layer.

Apparent resistivity curve VES1-3 ID | P (@m) | Thickness (m.) |bottom depth (m.) Description
1 229.00 0.26 0.26
|7“" P 2 | 121000 047 073
; i ; ; Topsoil
f i 3 | 2110 0.15 0.88
\ 1 | 216 1.20 208
\ — 5 54.70 203 4.11 Moderated weathered phyllite
:_\ —' 6 837 5.20 931 High wethered phyllite
n \ / 7 53.50 13.20 2251 Moderated weathered phyllite
i \\ / ) 8 334.00 27.90 5041 —
I 9 83.40 21.20 7161 Moderated weathered phyllite
o 10 9.30 High wethered phyllite

Table A.1-4. 1% lateritic topsoil layer consisting of sand and gravel and underlying clay

which is 2.69 meters thick, 2™ high weathered phyllite layer is 4.51 meters thick, 3™

moderated weathered phyllite layer is 6.09 meters thick, 4™ high weathered phyllite

layer is 7.38 meters thick, 5" moderated phyllite layer is 5.83 meters thick, 6™ fresh

phyllite layer is 18.60 meters thick, and 7" moderated weathered phyllite layer is 19.10

meters thick, 8" high weathered phyllite layer.

Apparent resistivity curve VES1-4 D P (@m) | Thickness (m.) |bottom depth (m.) Description
1 120.00 0.24d 0.24
2 518.00 042 066
Topsoil

3 471 0.81 147
l 120.00 122 269
5 21.30 0.54 5.23

High wethered phyllite
6 6.59 397 T7.20
7 98.80 6.09 13.29 Moderated weathered phyllite
8 16.40 T.38 2067 High wethered phyllite
El 46.50 583 26.50 iModerated weathered phyllite
11 38.80 15.10 64.20 Moderated weathered phyllite
12 3.60 High wethered phyllite
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Table A.1-5. 1° lateritic topsoil layer consisting of sand and gravel and underlying sandy
clay which is 2.93 meters thick, 2™ high weathered phyllite layer is 4.30 meters thick,
39 moderated weathered phyllite layer is 3.15 meters thick, 4" fresh phyllite layer is
16.80 meters thick, 5"high weathered phyllite layer is 19.30 meters thick, 6™
moderated weathered phyllite layer is 28.60 meters thick, and 7" fresh phyllite layer.

Apparent resistivity curve VE51-5 ID P (@m) | Thickness (m.) |bottom depth (m.) Description
1 4560 027 027
T : : : 2 877.00 0.40 0.87
A 5 | 4820 025 092 Topsoil
oo a | 567 0.70 162
/A\ _ 5 | 6000 131 293
_ ; i Ergf‘w 6 9.87 4.30 7.23 High wethered phyllite
r’af i T 48.80 3.15 10.38 Mederated weathered phyllite
\’/ g | 54400 1680 27.18 —
P i ‘3 9 12.40 19.30 46.48 High wethered phyllite
L 10 65.60 28.60 75.08 Moderated weathered phyllite

Table A.1-6. 1°! lateritic topsoil layer consisting of sand and gravel which is 2.21 meters
thick, 2" high weathered phyllite layer is 2.93 meters thick, 3 moderated weathered
phyllite layer is 1.62 meters thick, 4™ fresh phyllite layer is 12.23 meters thick, 5"high
weathered phyllite layer is 18.93 meters thick, 6" moderated weathered phyllite layer
is 28.52 meters thick, and 7" fresh phyllite layer.

Apparent resistivity curve VES1-6 ID | P (@Qm) | Thickness (m.) (bottom depth (m.) Description
1 127.20 0.36 0.36
: 2 42360 0.29 0.65
: Topsail
__ 3 63.80 0.35 1.00
E 4 198.10 121 221
5 585 293 5.14 High wethered phyllite
6 34.00 162 6.76 Moderated weathered phyllite
7 337.00 1225 1899 —
s 8 5.80 18.53 37.92 High wethered phyllite
. 9 80.15 2852 66.44 Moderated weathered phyllite
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Table A.1-7. 1% lateritic topsoil layer consisting of sandy clay and underlying laterite
which is 1.74 meters thick, 2" high weathered phyllite layer is 2.93 meters thick,3™
moderated weathered phyllite layer is 5.83 meters thick, 4™ high weathered phyllite
layer is 13.80 meters thick, 5""moderated weathered phyllite layer is 4.92 meters thick,
6"fresh phyllite layer is 20.30 meters thick, 7""moderated weathered phyllite layer is
15.90 meters thick, and 8" high weathered phyllite layer.

Apparent resistivity curve VES1-7 ID | P (@m) | Thickness (m.) |bottom depth (m.) Description
1 48.00 0.76 0.76
2 473.00 0.60 136 Topsoil
] 3 193.00 0.38 1.74
i /f \ J ol ! > L SIIIj High wethered phyllite
J o 5 18.20 0.85 4.67
\H 6 269.00 5.83 10.50 —
_ " e 7 10.60 13.80 24.30 High wetherad phyllite
_J S I —i | g 57.80 4.92 29.22 Moderated weathered phyllite
El 524.00 2030 49.52 —
10 150.00 1590 65.42 Moderated weathered phyllite
11 13.20 High wethered phyllite

Table A.1-8. 1" lateritic topsoil layer mostly consisting of clay and some gravel which
is 3.14 meters thick, 2"moderated weathered phyllite layer is 2.15 meters thick, 3high
weathered phyllite layer is 6.65 meters thick, 4"moderated weathered phyllite layer
is 11.41 meters thick, 5"high weathered phyllite layer is 29.92 meters thick,

6"'moderated weathered phyllite layer is 20.59 meters thick, and "fresh phyllite layer.

Apparent resistivity curve VES1-8 ID | p (@m) | Thickness (m) |bottorn depth (m.) Description

1 9.90 049 049

2 22050 0.24 0.73

Topsoil

3 4197 0.45 1.18

4 3.15 1.96 3.14

5 34.90 215 5.29 Mederated weathered phyllite

6 7.50 6.65 1194 High wethered phyllite

[ e 7 125.50 1141 2335 Moderated weathered phyllite

8 9.50 2992 5327 High wethered phyllite

o 9 49.72 20.59 73.86 Moderated weathered phyllite
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Table A.1-9. 1% lateritic topsoil layer consisting of clay and gravel which is 1.98 meters
thick, 2" high weathered phyllite layer is 6.50 meters thick, 3 moderated weathered
phyllite layer is 2.72 meters thick, 4™ high weathered phyllite layer is 9.81 meters thick,
5"moderated weathered phyllite layer is 15.30 meters thick, 6™ high weathered
phyllite layer is 44.50 meters thick, and ™ fresh phyllite layer.

Apparent resistivity curve VES1-9 ID | p (@m) | Thickness (m) |bottom depth (m.) Description
1 3040 049 049
2 214.00 035 0.84
Topsoil
3 5200 030 1.14
i M S e R 072 186
/—-\ R 5 10.40 5.50 836 High wethered phyllite
‘ N [ _/,f"_ el | 8 7930 272 11.08 Moderated weathered phyllite
N 10.20 981 20.89 High wethered phyllite
J 8 107.00 15.30 36.19 Moderated weathered phyllite
9 1360 44.50 80.69 High wethered phyllite

Table A.1-10. 1% lateritic topsoil layer consisting of clay and gravel which is 1.90 meters
thick, 2™ high weathered phyllite layer is 4.03 meters thick,3" moderated weathered
phyllite layer is 7.46 meters thick, gth hish weathered phyllite layer is 17.70 meters
thick, 5"moderated weathered phyllite layer is 38.60 meters thick, and 6™ high
weathered phyllite layer.

Apparent resistivity curve VES1-10 ID | p@m) | Thickness (m.) |bottom depth (m.) Description
1 66.10 0.66 0.86
J_l 2 453.00 0.29 055
4 Topsoil
[ o 3 69.60 0.46 141
S I e 0.49 190
=a AN 5 | 142 250 140
] ] i High wethered phyllite
6 8.25 1.53 593
7 70.30 746 13.39 Moderated weathered phyllite
| 8 4.16 17.70 21.09 High wethered phyllite
u
9 45.50 38.60 69.69 Moderated weathered phyllite
10 443 High wethered phyllite
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Table A.1-11. 1% lateritic topsoil layer consisting of laterite and underlying clay which

is 2.80 meters thick, 2" high weathered phyllite layer is 1.91 meters thick,3™

moderated weathered phyllite layer is 4.35 meters thick, 4™ high weathered phyllite

layer is 12.30 meters thick, 5""moderated weathered phyllite layer is 16.00 meters thick,

and 6™ fresh phyllite layer.

Apparent resistivity curve VES1-11 ID | P (@m) | Thickness (m.) |bottom depth (m.) Description

o 1 162.00 0.25 0.25
2 635.00 047 0.72 Topsoil
3 20.20 208 280
il 224 191 471 High wethered phyllite
5 38.70 435 9.06 Moderated weathered phyllite
6 174 1230 2136 High wethered phyllite

ol 7 66.80 16.00 3736 Moderated weathered phyllite

Table A.1-12. 1* lateritic topsoil layer consisting of laterite, and underlying unsaturated

weathered phyllite which is 3.90 meters thick, 2™ high weathered phyllite layer is 38.34

meters thick, and 3" fresh phyllite layer.

Apparent resistivity curve VES1-12 ID | P (@m) | Thickness (m.) |bottom depth (m.) Description
— 1 3421.00 0.19 0.19
2 41.40 0.11 0.30
....... Topsoil
3 322.00 0.18 0.49
q 144.00 341 380
5 19.70 376 T.66
6 6.18 5.18 1284 High wethered phyllite
T 24.50 29.40 4224
“' 8 1585.00 26.20 68.44
9 255.00

Table A.1-13. 1*! lateritic topsoil layer consisting of sand and gravel which is 1.14 meters

thick, 2" moderated weathered phyllite layer is 3.97 meters thick, and 3™ high

weathered phyllite layer is 9.11 meters thick,a™ fresh phyllite layer is 60.72 meters

thick, and 5"high weathered phyllite layer.
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Apparent resistivity curve VE51-13 D P (@m) | Thickness (m.) |bottom depth (m.) Description
1 58.00 0.29 0.29
Lo H ] 2. <
2 439.00 04s 0T7 Topsoil
P P 3 | 979 037 114
; ; — L | ;
f : ; : i i 4 62.00 397 511
N . L
i \ i i o i i 5 6.25 .11 1422 High wethered phyllite
—N
i N / o 6 | 24300 592 2014
e 7 | 160200 2270 azgd
i H H HY
- o it 8 22500 3210 T4.94
9 27.00 High wethered phyllite

Table A.1-14. 1*" ateritic topsoil layer consisting of sandy clay and rock fragments which
is 2.56 meters thick, 2" high weathered phyllite layer is 5.02 meters thick, and 3™ fresh
phyllite layer is 4.03 meters thick,4" moderated weathered phyllite layer is 14.00
meters thick, and 5"fresh phyllite layer.

Apparent resistivity curve VES1-14 D P (@m) | Thickness (m.) |bottom depth (m.) Description
1 37.80 0.25 0.25
i T 2 | 33600 045 0.70
Topsoil
3 298 0.26 095
4 39.90 1.60 256
\ /s“"’ 5 a77 502 758 High wethered phyllite
/ ] 600.00 4.03 1161
L-// "
! T a . T 41.10 14.00 2561
8 319.00

2. VES Line 2 interpretation results

Table A.2-1. 1°" topsoil layer consisting of sandy clay and underlying clay or high
weathered phyllite which is 5.62 meters thick, 2" moderated weathered phyllite layer
is 1.98 meters thick, 3" high weathered phyllite layer is 7.32 meters thick., 4" high
weathered phyllite layer is 37.84 meters thick, and 5" fresh phyllite layer.

Apparent resistivity curve VES2-1 D P (Qm) | Thickness (m.) |bottom depth (m.) Description

1 57.95 042 042

T r 2 39440 046 0.88 Topscil
; : : H H 3 1293 4.74 562
o ] 1 | 7e.15 198 760
‘\ /_‘}_;f/ 6 10540 1205 2697
T 3163 2579 5276
. kd : L 8 29150 14.78 67.54

9 2160.00
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Table A.2-2. 1% lateritic topsoil layer consisting of sandy clay and underlying laterite

which is 1.88 meters thick, 2" high weathered phyllite layer is 2.57 meters thick,

3“moderated weathered phyllite layer is 3.34 meters thick, 4™ high weathered phyllite

layer is 10.60 meters thick, and 5" fresh phyllite layer.

Apparent resistivity curve VES2-2 ID | P (Qm) | Thickness (m.) |bottom depth (m.) Description
1 aa.70 0.56 056
Topsoil

2 183.00 132 1.88
3 2850 048 236

High wethered phyllite
4 537 209 4.45
5 83.00 334 779 IModerated weathered phyllite
6 899 10.60 1839 High wethered phyllite

Table A.2-3. 1% lateritic topsoil layer consisting of clayey sand and gravel which is 1.44

meters thick, 2" high weathered phyllite layer is 3.22 meters thick, 3 moderated

weathered phyllite layer is 1.96 meters thick, 4" fresh phyllite layer is 38.71 meters

thick, 5™ moderated weathered phyllite layer is 21.70 meters thick, and 6" fresh

phyllite layer.

Apparent resistivity curve VES2-3 ID | P (@Qm) | Thickness (m.) |bottom depth (m.) Description
1 123.00 0.57 0.57
2 106%.00 047 1.04 Topsoil
3 10.80 0.41 1.44
il 435 3.22 466 High wethered phyllite
5 152.00 1.96 6.62 Moderated weathered phyllite
6 778.00 371 1033
7 184.00 3500 4533
] ! . :“ 8 50.40 2170 67.03
9 1123.00

Table A.2-4. 1°" lateritic topsoil layer consisting of clayey sand and gravel which is 1.44

meters thick, 2"* moderated weathered phyllite layer is 2.52 meters thick, 3" high

weathered phyllite layer is 4.35 meters thick, 4™ fresh phyllite layer is 8.61 meters

thick, 5™ high weathered phyllite layer is 20.90 meters thick, and 6" fresh phyllite layer.
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Apparent resistivity curve VES2-4 (o] P (©@m) | Thickness (m.) |bottorm depth (m.) Description
1 51.10 032 032
2 4581.00 0.43 0.74 Topsoil
1 3 13.00 0.56 1.30
[ q 73.80 252 3.82 Moderated weathered phyllite
h\\ ) D i 5 13.80 4.35 8.17 High wethered phyllite
; “-—j-'( ! ! : 6 279.00 8.61 16.78
| : : e : ?‘; 8 206.00 15.90 5358
El 2025.00

Table A.2-5. 1% lateritic topsoil layer consisting of gravelly clay and underlying clay or
high weathered phyllite which is 3.29 meters thick, 2" moderated weathered phyllite
layer is 12.10 meters thick, 3" fresh phyllite layer is 5.33 meters thick, 4" high
weathered phyllite layer is 23.80 meters thick, 5" moderated weathered phyllite layer
is 12.40 meters thick, and 6™ fresh phyllite layer.

Apparent resistivity curve VES2-5 D P (Qm) | Thickness (m.) |bottom depth (m.) Description
1 21.80 031 031
" . 2 693.00 0.51 0.83
H ; Topsoil
i i 3 36.10 0.44 1.26
T i ] et a 855 203 3.29
/7 <] : — 5 67.10 12.10 1539 Moderated weathered phyllite
7 11.80 2380 4452 High wethered phyllite
L serd
hp——— ; i 8 152.00 12.40 56.92 Moderated weathered phyllite

Table A.2-6. 1*" lateritic topsoil layer consisting of gravelly clay and underlying clay or
high weathered phyllite which is 3.25 meters thick, 2" moderated weathered phyllite
layer is 2.70 meters thick, 3" high weathered phyllite layer is 4.50 meters thick, 4"
fresh phyllite layer is 11.30 meters thick, 5™ high weathered phyllite layer is 32.10
meters thick, and 6" fresh phyllite.

Apparent resistivity curve VES2-6 [n] P @Qm) | Thickness (m_} | bottom depth (m.) Description
1 41.40 0.29 0.29
2 478.00 0.35 0.63
Topsoil
[ : 3 6110 145 208
: qa 947 1.17 3.25
e H H : H
P : : 5 57.60 270 585 Moderated weathered phyllite
;E_&f’ v i 6 23.50 4.50 10.45 High wethered phyllite
T 196.00 11.30 2175
w .,

[0 H : i
! 7 ! 8 11.00 3210 5385 High wethered phyllite

9 258.00
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Table A.2-7. 1 topsoil layer mostly consisting of clay which is 1.31 meters thick, 2"
high weathered phyllite layer is 37.14 meters thick, 3" moderated weathered phyllite
layer is 37.90 meters thick, and 4" high weathered phyllite layer.

Apparent resistivity curve VES2-T ID | p (@m) | Thickness (m.) |bottom depth (m.) Description
1 10.30 0.26 0.26
2 616.00 046 0.72 Topsoil
- ——— S 3 289 0.58 131
/’ : \ 4 29.00 270 4.01
: : T
. i i 5 8.31 2.64 6.65 High wethered phyllite
I I ad
— " " e 6 2550 31.80 3845
L 7 88.50 37.80 7635 Moderated weathered phyllite
8 269 High wethered phyllite

Table A.2-8. 1°' topsoil layer consisting of clay and gravel and underlying clay or high
weathered phyllite which is 3.15 meters thick, 2" high weathered phyllite layer is 10.70
meters thick, 3 moderated weathered phyllite layer is 7.48 meters thick, 4" high
weathered phyllite layer is 27.10 meters thick, 5" moderated weathered phyllite layer
is 16.80 meters thick, and 6" fresh phyllite layer.

Apparent resistivity curve VES2-8 ID | P (Qm) | Thickness (m.) kottom depth (m.) Description
1 3930 055 0.55
2 192.00 041 056
Topsoil

3 887 071 167

4 2840 1.48 3.15

5 8.07 10.70 12.85 High wethered phyllite

6 134.00 748 2133 Moderated weathered phyllite
7 10.90 27.10 48.43 High wethered phyllite

8 120.00 16.80 65.23 Moderated weathered phyllite

Table A.2-9. 1% topsoil layer consisting of sandy clay and gravel which is 2.50 meters
thick, 2" high weathered phyllite layer is 4.2 meters thick, 3" moderated weathered
phyllite layer is 9.36 meters thick, 4™ high weathered phyllite layer
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Apparent resistivity curve VES2-9 D P (@Qm) | Thickness (m.) |bottormn depth (m.) Description
1 20.20 0.29 0.29
] 2 344.00 0.22 0.51
3 98.50 0.22 0.73 Topsoil
: q 2.04 0.74 147
);a;'““"’ 5 4020 1.03 250
SO : 6 182 331 581
High wethered phyllite
i £ 7 28.70 0.89 6.70
]_._ 8 165.00 936 16.06 Moderated weathered phyllite
_I : : &‘" 9 0.78 18.90 34.96
10 177 25.10 60.06 High wethered phyllite
11 2060

Table A.2-10. 1°! lateritic topsoil layer consisting of sandy clay and gravel which is 3.04
meters thick, 2"%high weathered phyllite layer is 5.88 meters thick, 3“fresh phyllite
layer is 2.16 meters thick, 4"moderated weathered phyllite layer 20.64 meters thick,
and 5" fresh phyllite layer.

Apparent resistivity curve VE52-10 ID | p ({@m) | Thickness (m.) |bottom depth (m.) Description
1 26.60 037 0.37
2 255.00 053 0.90
Topsoil
3 1.93 151 241
A, /’y 4 68.20 064 3.04
\ / 5 | 1590 588 892 High wethered phyllice

o R

125.00 344 1452

Mederated weathered phyllite

8 47.40 17.20 3172

Table A.2-11. 1% lateritic topsoil layer consisting of clay and gravel which is 2.46 meters
thick, 2" high weathered phyllite layer is 7.55 meters thick, 3 moderated weathered
phyllite layer 16.60 meters thick, and 4" fresh phyllite layer.

Apparent resistivity curve VES2-11 ID | P (Qm) | Thickness (m.) |bottom depth (m) Description

1 28.00 036 036
2 | 299.00 054 090 Topsoil

3 299 156 246

il 26.10 138 384

High wethered phyllite
5 8.00 6.17 10.01
29 6 167.00 16.60 26.61 lederated weathered phyllite




110

Table A.2-12 1% lateritic topsoil layer consisting of clay and gravel which is 1.95 meters

thick, 2" moderated weathered phyllite layer is 1.93 meters thick, 3" high weathered

phyllite layer 5.64 meters thick, and 4" fresh phyllite layer.

Apparent resistivity curve VES2-12 ID | P (Qm) | Thickness (m.) |bottorn depth (m.) Description
1 824 030 0.30
2 159.00 0.46 0.76 Topsoil
3 295 1.19 195
4 56.50 193 3.88 Moderated weathered phyllite
5 802 564 952 High wethered phyllite

3. VES Line 3 interpretation results

Table A.3-1. 1% lateritic topsoil layer consisting of clayey sand and gravel which is 3.17

meters thick, 2"* high weathered phyllite layer is 11.88 meters thick, 3" fresh phyllite

layer 7.94 meters thick, 4" moderated weathered phyllite layer is 5.28 meters thick,

5™ high weathered phyllite layer is 35.40 meters thick, and 6" fresh phyllite layer.

Apparent resistivity curve VES3-1 ID | p (Qm) | Thickness (m.) |bottom depth (m.) Description
1 3530 0.70 0.70
—‘ 2 68.90 161 251 Topsoil
) fa= 3 115.00 0.86 317
j o L| I - 4 | 1400 636 953
1 \ ] ; High wethered phyllite
[ BN : 5 750 552 15.05
: i [ :
i :
7 80.10 528 2827 Moderated weathered phyllite
8 33.50 35.40 63.67 High wethered phyllite

Table A.3-2. 1% ateritic topsoil layer consisting of sandy clay and gravel and underlying

clay or high weathered phyllite which is 5.35 meters thick, 2"%resh phyllite or laterite

layeris 2.86 meters thick, 3“moderated weathered phyllite layer 6.68 meters thick,

4™high weathered phyllite layer is 23.20 meters thick, and 5"fresh phyllite layer.
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Apparent resistivity curve VES3-2 D P (@m) | Thickness (m.) |bottom depth (m.) Description
1 2020 0.29 0.29
- s 2 1390.00 0.46 0.75 Topsoil
| 3 13.40 460 535
P 4 817.00 286 821
2z i 5 | 4110 6.68 14.89
6 2040 23.20 38.09 High wethered phyllite
- T 258.00 17.00 55.09
8 2607.00

Table A.3-3. 1*" lateritic topsoil layer consisting of sandy clay and gravel which is 1.98

meters thick, 2" fresh phyllite or laterite layer is 3.04 meters thick, 39 moderated

weathered phyllite layer 5.15 meters thick, 4™ fresh phyllite layer is 9.31 meters thick,

5™ high weathered phyllite layer is 20.50 meters thick, and 6™ fresh phyllite layer.

Apparent resistivity curve VES3-3 1D P (Qm) | Thickness (m.) |bottom depth (m.) Description
1 19.20 031 031
" i i q 2 844.00 035 066
Topsoil
_ 3 14.60 075 1.41
SR = 4 43.40 0.56 1.98
. 5 18%9.00 .04 5.02
6 37.20 515 1017
|_ _ T 238.00 9351 15.48
—nJ “ 8 20.10 20.50 39.98
‘ I I g 44%.00 18.60 5858
10 3730.00

Table A.3-4. 1*" lateritic topsoil layer consisting of sandy clay and gravel which is 2.65

meters thick, 2" moderated weathered phyllite layer is 4.06 meters thick, 3 fresh

phyllite layer 13.40 meters thick, 4" high weathered phyllite layer is 19.30 meters thick,

5" fresh phyllite layer.

Apparent resistivity curve VES3-4 D P (@Qm) | Thickness (m.) | bottom depth (m.) Description
1 24.10 0.26 0286
po 5 2 78.20 0.83 1.09
— Topsoil
3 642.00 0.79 188
4 827 077 265
/’h i 5 4880 406 671
al B e o
& 181.00 13.40 20.11
. 7 10.80 19.30 39.41 High wethered phyllite
L - "
- 8 264.00 13.00 5241
9 10750.00
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Table A.3-5. 1% lateritic topsoil layer consisting of sandy clay and gravel and underlying
laterite which is 4.55 meters thick, 2™ high weathered phyllite layer 18.10 meters thick,
3"%resh phyllite layer is 21.23 meters thick, 4" moderated weathered phyllite layer is
34.30 meters thick, and 5" fresh phyllite layer.

Apparent resistivity curve VES3-5 D P (@Qm) | Thickness (m.) |bottom depth (m.) Description
- 1 65.10 0.26 0.26
T T 2 821.00 045 0.71
Topsoil

] ' 3 705 1.20 191
5 a | 45500 264 4.55

I 5 13.30 18.10 2265 High wethered phyllite
i 6 1%2.00 733 2998
R 7 | 2558.00 13.90 4388

L | " ' 8 61.60 34.30 78.18 Moderated weathered phyllite
9 48500

Table A.3-6. 1°* lateritic topsoil layer consisting of sandy gravel and underlying laterite
which is 2.64 meters thick, 2" high weathered phyllite layer 2.32 meters thick, 3
moderated weathered phyllite layer is 3.74 meters thick, 4™ high weathered phyllite
layer is 7.29 meters thick, 5" moderated phyllite layer is 46.44 meters thick, and 6"
fresh phyllite layer.

Apparent resistivity curve VES3-6 ID | P @Qm) | Thickness (m.) |bottom depth (m.) Description
1 65.17 037 037
2 71530 021 0.58 Topsoil
” N 3| 16340 206 264
: _ e 4 1237 232 4.96 High wethered phyllite
| ' l‘r\ ‘ﬁpf 5 116.00 3.74 8.70 Moderated weathered phyllite
: = :
g - 6 25.34 7.29 15.98 High wethered phyllite
: - H R T 168.10 10.74 26.72
U | Moderated weathered phyllite
w L L 8 37.83 35.70 6242

Table A.3-7. 1 lateritic topsoil layer consisting of clay and gravel which is 2.60 meters
thick, 2" fresh phyllite/or laterite layer 6.49 meters thick, 3" high weathered phyllite
layer is 12.20 meters thick, 4" fresh phyllite layer is 12.80 meters thick, 5 high phyllite
layer is 22.10 meters thick, 6""moderated weathered phyllite layer is 27.20 meters thick,
and 7" fresh phyllite layer.
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Apparent resistivity curve VES3-7 ID | P @m) | Thickness (m.) |bottom depth (m.) Description
1 132.00 031 031
1 — 2 | 1616.00 0.54 0.86 Topsoll
/’3’&:_ Ll | 3 4.17 1.74 260
b 4 235.00 3.89 6.49
5 11.70 12.20 18.69 High wethered phyllite
6 734.00 12.80 3149
"""" 7 1.57 22.10 5359 High wethered phyllite
N o k"" 8 56.20 27.20 80.79 Mederated weathered phyllite
_ 9 277.00

Table A.3-8. 1 lateritic topsoil layer consisting of sand and gravel and underlying clay

which is 2.59 meters thick, 2" moderated weathered phyllite layer 16.85 meters thick,

3'9 high weathered phyllite layer is 18.40 meters thick, and 4™ fresh phyllite layer.

Apparent resistivity curve VES3-8 ID | P (Qm) | Thickness (m.} |bottom depth (m.) Description
1 178.00 0.60 0.60
I : F [ 2 1086.00 0.46 1.06
Topsoil
: ; 3 63.20 033 139
"-\ 1 4 7.56 1.20 259
' \ 5 | 7730 230 089
L SES S 6 | 3330 4.35 924 Moderated weathered phyllite
: : 7 104.00 10.20 19.44
; — " c 8 5.08 18.40 37.84 High wethered phyllite

Table A.3-9. 1" lateritic topsoil layer consisting of sand and gravel and underlying sandy

clay which is 3.44 meters, 2" high weathered phyllite layer 4.64 meters thick, 3™

moderated weathered phyllite layer is 7.70 meters thick, 4™ high weathered phyllite

layer is 24.30 meters thick, 5™ fresh phyllite layer.

Apparent resistivity curve VES3-9 ID | P {@m) |Thickness (m.) |bottom depth (m.) Description
1 150.00 0.54 054
b T . 2 | 661.00 0.45 0.98
: é Topsoil
3 4.50 0.71 170
M a | 4020 174 3.44
SO SN, W B (ST 5 8.87 4.64 8.08 High wethered phyllite
T .,r-'ﬂ",
’; ‘ i N 6 | 164.00 770 15.78 Moderated weathered phyllite
'JE = . = 7 10.40 24.30 40.08 High wethered phyllite
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Table A.3-10. 1°' lateritic topsoil layer consisting of sand and gravel which is 3.62 meters

thick, 2™ high weathered phyllite layer 3.79 meters thick, 3 fresh phyllite layer is 8.18

meters thick, 4" high weathered phyllite layer is 14.40 meters thick, 5" fresh phyllite

layer is 47.50 meters thick, 6™ high weathered phyllite.

Apparent resistivity curve VES3-10 D P (@m) | Thickness (m.) |bottomn depth (m.) Description
1 2390 0.27 0.27
— 2 360.00 0.44 071
Topsoil

— 1 3 4.25 0.46 118
f\\ ) T a | 4130 244 362

B ERANDE ”/ _____________________ 5 | a0 379 741 High wathered phyllite
i i ] | 6 238.00 8.18 15.59

1 o

_— 7 18.70 14.40 29.99 High wethered phyllite
8 201.00 47.50 77.49

9 14.90 High wethered phyllite

Table A.3-11. 1° lateritic topsoil layer consisting of sand and gravel which is 1.95 meters

thick, 2" high weathered phyllite layer 33.38 meters thick, 3" moderated weathered

phyllite layer is 23.73 meters thick, 4™ high weathered phyllite layer.

Apparent resistivity curve VES3-11 ID | P (Qm) | Thickness (m.) bottom depth (m.) Description
1 76.21 0.65 065
2 132.10 0.25 1.00 Topsoil
J__N\ : : 3 5387 085 185
N i 4 9.75 12.53 14.48
\ — 5 20.05 6.40 20.88
1 \ e - High wethered phyllite
d F N ‘F“‘.’ e 6 451 508 2596
' ¥ J Yo7 | 127a 938 3533
8 65.03 23753 59.06 Moderated weathered phyllite
9 11.07 High wethered phyllite

Table A.3-12. 1*" ateritic topsoil layer consisting of clay and gravel which is 2.53 meters

thickness, 2"® high weathered phyllite layer is 7.21 meters thick, 3 moderated

weathered phyllite layer is 11.50 meters thick, 4" high weathered phyllite layer is 23.20

meters thick, and 5" fresh phyllite layer.
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Apparent resistivity curve VES3-12 ID | p @m) | Thickness (m) (bottorn depth (m.) Description
1 51.70 087 087
2 249.00 0.48 135 Topsoil
3 46l 1.18 253
4 15.60 198 4.51
High wethered phyllite
5 1.34 523 9.74
4] 3250 11.50 2124 Mederated weathered phyllite
7 5.58 24.20 45.44 High wethered phyllite

Table A.3-13. 1* lateritic topsoil layer consisting of clay and gravel which is 1.52 meters
thick, 2" high weathered phyllite layer is 6.32 meters thick, 3 moderated weathered
phyllite layer is 4.60 meters thick, 4™ high weathered phyllite layer is 10.90 meters
thick, and 5" fresh phyllite layer.

Apparent resistivity curve VES3-13 ID | P @m) | Thickness (m.) | bottom depth (m.) Description
1 18.00 0.26 0.26
L 2 7170 057 0.83 Topsoil
-—\\ 3 1.34 0.69 1.52
\ i 4 11.40 6.32 7.84 High wethered phyllite
. ad . 5 62.50 460 1244 Meoderated weathered phyllite
6 10.80 10.90 2334 High wethered phyllite
- L, s 7 | 18200 9.88 33.22
8 T016.00

Table A.3-14. 1°' lateritic topsoil layer consisting of sand and gravel which is 1.40 meters
thick, 2" high weathered phyllite layer is 2.26 meters thick, 3™ fresh phyllite layer is
2.23 meters thick, 4 high weathered phyllite layer is 16.50 meters thick, and 5% fresh
phyllite layer.

Apparent resistivity curve VE53-14 ID | P (@Qm) | Thickness (m.) |bottom depth (m.) Description
1 486.00 0.27 0.27
m 2 6.39 0.21 0.48 Topsoil

3 110.00 092 1.40

..... 4 3.58 226 3.66 High wethered phyllite
5 657.00 223 589

- 6 24.70 16.50 2239 High wethered phyllite
-5 7 200.00 1290 35.29

8 4881.00
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Table A.3-15. 1*" ateritic topsoil layer consisting of clay and gravel which is 2.30 meters

thick, 2" moderated weathered phyllite layer is 0.72 meters thick, 3" high weathered

phyllite layer is 5.14 meters thick, 4" fresh phyllite layer is 5.82 meters thick, 5

moderated weathered phyllite layer is 20.40 meters thick, 6™ fresh phyllite layer.

Apparent resistivity curve VES3-15 ID | p (OQm) |Thickness (m.) |bottom depth (m) Description
1 18.80 0.25 0.25
i e 2 245.00 0.51 0.75 Topsoil
3 293 155 230
] 4 | 113.00 0.72 3.02 Moderated weathered phyllite
5 16.60 5.14 8.16 High wethered phyllite
6 2533.00 582 13.98
7 67.20 2040 34.38
8 1229.00 36.40 T70.78
9 6706.00

4. VES Line 4 interpretation results

Table A.4-1. 1% lateritic topsoil layer consisting of clay and gravel which is 2.51 meters

thick, 2™ laterite or/and fresh phyllite layer is 4.02 meters thick, 3" high weathered

phyllite layer is 14.30 meters thick, 4" moderated weathered phyllite layer is 12.50

meters thick, and 5" fresh phyllite layer.

Apparent resistivity curve VES4-1 ID | P (@m) | Thickness (m.) |bottom depth (m) Description
1 9.66 0.25 0.25
’» 2 197.00 039 0.65
Topsoil
:. _J : - 3 1.88 1.29 194
;3/‘»’_» ; o g o
) \w/ .| 5 | 54500 4.02 6.53 laterite -
. - b 6 557 14.30 2083 High wethered phyllite
T 79.00 12.50 3333 Moderated weathered phyllite

Table A.4-2. 1* lateritic topsoil layer consisting of clay and gravel which is 2.10 meters

thick, 2" clay or high weathered phyllite layer is 2.18 meters thick, 3" laterite or fresh

phyllite layer is 4.39 meters thick, 4" high weathered phyllite layer is 14.27 meters

thick, 5 moderated weathered phyllite layer is 8.81 meters thick, and 6" fresh phyllite

layer.
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Apparent resistivity curve VES4-2 ID | p @m) | Thickness (m) |bottom depth (m) Description
1 6.82 032 032
2 158.10 0.19 051
Topsoil
3 9.56 0.69 1.20
4 54.13 0.%0 210
5 13.59 2.18 4.28 High wethered phyllite
6 32460 439 867 laterite —
I
- 7 7.02 14.27 2293 High wethered phyllite
8 131.70 8.81 31.74 Moderated weathered phyllite

Table A.4-3. 1°! lateritic topsoil layer consisting of clayey sand and underlying sandy

clay which is 1.74 meters thick, 2" laterite or fresh phyllite layer is 1.69 meters thick,

3" high weathered phyllite layer is 5.39 meters thick, 4" moderated weathered phyllite

layer is 14.90 meters thick, 5" high weathered phyllite layer is 15.30 meters thick, 6™

moderated weathered phyllite layer is 15.40 meters thick, and 7" fresh phyllite layer.

Apparent resistivity curve VES4-3 I | P (@Qm) | Thickness (m.) |bottom depth (m.) Description
1 130.00 0.22 0.22
i i 2 1216.00 040 0.62
: i Topsail
H i 3 357 0.60 1.22
7R i
ST 90 Y O RO SO SO SO S q 87.80 052 1.74
y— : e 5 502.00 189 343 laterite -
\ ,w*“"‘""P e . ) )
\Fgf-" 6 2170 539 8.82 High wethered phyllite
7 133.00 14.90 2372 Moderated weathered phyllite
_ 8 15.20 15.30 39.02 High wethered phyllite
1 L]
9 116.00 1540 54.42 tMeoderated weathered phyllite

Table A.4-4. 1° lateritic topsoil layer consisting of clay and gravel which is 0.54 meters

thick, 2" sand and gravel or/and moderated weathered phyllite layer is 4.77 meters

thick, 3" high weathered phyllite layer is 3.15 meters thick, 4™ moderated weathered

phyllite layer is 16.42 meters thick, 5" high weathered phyllite layer is 19.55 meters

thick, 6™ moderated weathered phyllite layer is 25.56 meters thick, and 7" fresh

phyllite layer.
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Apparent resistivity curve VES4-4 ID | P @m) | Thickness (m.) |bottom depth (m.) Description
1 7367 0.54 0.54 Topsoil
2 101.40 aTT 5351 Moderated weathered phyllite
3 14.93 3.15 845 High wethered phyllite
| =xg.:.-?---‘\—| T — 5 | 4 | 12350 240 1085 _
P \I_l A D N N Moderated weathered phyllite
: 8 Rt . 5 76.00 1402 2487
llllllll } |_| é . 6 21.78 19.55 44.42 High wethered phyllite
] - P 7 49.80 2556 69.98 Modearated weathared phyllite

Table A.4-5. 1% lateritic topsoil layer consisting of gravelly clay and underlying gravel
or moderated weathered phyllite layer which is 2.85 meters thickness, 2™ high
weathered phyllite layer is 3.74 meters thick, 3 fresh phyllite layer is 6.19 meters
thick, 4™ high weathered phyllite layer is 22.70 meters thick, and 5" fresh phyllite layer.

Apparent resistivity curve VES4-5 ID | P (@) | Thickness (m.) |bottom depth (m.) Description
1 28.20 031 031
: : 2 | 603.00 0.31 0.62
; i Topsoil
B I 5 6300 058 191
- - a | 16100 164 285
! J,)' _"“ \ : R 5 7.22 3.74 6.59 High wethered phyllite
i i e ;
A 6 | 26100 6.19 1278
7 13.60 22.70 35.48 High wethered phyllite
=
e 8 273.00 18.10 5358
9 4958.00

Table A.4-6. 1% lateritic topsoil layer consisting of clay and gravel which is 1.74 meters
thick, 2™ laterite or fresh phyllite layer is 3.23 meters thick, 3™ high weathered phyllite
layer is 1.80 meters thick, 4" moderated weathered phyllite layer is 9.20 meters thick,
5™ high weathered phyllite layer is 18.30 meters thick, and 6™ fresh phyllite layer.

Apparent resistivity curve VES4-6 ID | P (@m) | Thickness (m.) |bottom depth (m.) Description
1 45.10 030 030
m ; i 2 1894.00 043 0.73 Topsoil
l s | 200 101 174
%W 5 23.00 1.80 677 High wethered phyllite
[ L 6 | 11200 9.20 1597 Moderated weathered phyllite
:_ ‘ : ‘ I- wd 7 28.90 18.320 24.27 High wethered phyllite
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Table A.4-7. 1* lateritic topsoil layer consisting of sand and gravel and underlying clay

or high weathered phyllite which is 2.73 meters thick, 2" laterite or fresh phyllite layer

is 3.86 meters thick, 3 high weathered phyllite layer is 6.76 meters thick, 4" fresh

phyllite layer is 28.80 meters thick, 5" high weathered phyllite layer is 25.40 meters

thick, and 6" fresh phyllite layer.

Apparent resistivity curve VES4-T ID | P ({Qm) | Thickness (m.) kottorm depth (m.) Description
1 127.00 072 072
2 478.00 040 112 Topsoil
1T — 3 3.92 161 273
. :
\ g 5 303 392 10.51
SN 0 A - High wethered phyllite
f 6 27.60 284 13.35
-
] - 7 483.00 28.80 42.15
L
" 8 4.01 25.40 67.55 High wethered phyllite
9 483.00

Table A.4-8. 1 lateritic topsoil layer consisting of clay and gravel which is 0.76 meters

thick, 2™ clay or/and high weathered phyllite layer is 7.44 meters thick, 3" fresh

phyllite layer is 4.62 meters thick, 4™ high weathered phyllite layer is 9.52 meters thick,

5™ moderated weathered phyllite layer is 8.57 meters thick, and 6" fresh phyllite layer.

Apparent resistivity curve VES4-8 ID | p (Qm) | Thickness (m.) bottom depth (m.) Descripticn
1 21.00 0.22 022
Topsoil
2 101.00 054 076
3 9.59 7.44 820 Clay/High wethered phyllite
4 22300 462 1282 —
5 5.40 9.52 2234 High wethered phyllite
_ 6 177.00 8.57 3091 Mederated weathered phyllite

Table A.4-9 shows 1° lateritic topsoil layer consisting of gravelly clay which is 2.08

meters thick, 2" clay or/and high weathered phyllite layer is 4.22 meters thicks, 3™

fresh phyllite layer is 3.58 meters thick, 4" high weathered phyllite layer is 14.60 meters

thick, and 5" fresh phyllite layer.
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Apparent resistivity curve VES4-9 ID | P (@m) | Thickness (m.) | bottom depth (m.) Description
_ ] - 1 46.50 111 111
] s
t 2 13.10 0.21 132
Topsoil
3 119.00 0.76 208
4 18.40 047 255
5 251 422 677 High wethered phyllite
6 1895.00 3.58 10.35
el 7 2690 14.60 2495 High wethered phyllite
II i W
8 3197.00

Table A.4-10. 1*" ateritic topsoil layer consisting of sand and gravel and underlying clay
which is 3.29 meters thick, 2™ moderated weathered phyllite layer is 1.07 meters thick,
3'9 high weathered phyllite layer is 6.05 meters thick, 4" fresh phyllite layer is 9.85
meters thick, 5" high weathered phyllite layer is 23.70 meters thick, and 6" fresh
phyllite layer.

Apparent resistivity curve VE54-10 ID | p @m) | Thickness (m.) |bottom depth (m.) Description
1 177.00 045 045
Z 2 | sss0 032 077
: ] ] Topsoil
- I g 3| 28500 0.76 154
w“‘m_f q 231 175 3.2%
‘\é 5 | 16200 107 436 Moderated weathered phyllite
; sy ;
i /,P"rﬁ 6 22.10 6.05 1041 High wethered phyllite
A ........... m ; eao . o8
) i H ey
— o8 .00 23.70 43.96 High wethered phyllite
9 656.00

Table A.4-11. 1*" lateritic topsoil layer consisting of clay and gravel which is 2.68 meters
thick, 2" laterite or/ fresh phyllite layer is 2.71 meters thick, 3 high weathered phyllite
layer is 28.50 meters thick, and 4" fresh phyllite layer.

Apparent resistivity curve VES4-11 ID | P (@m) | Thickness (m.) |bottom depth (m.) Description
o — | 1 19.30 0.24 0.20
;,v*:\ e T 2| 29300 0.46 0.70 Topsoil
: :,}«"f 3 084 198 268
1 \ . i 4 | 45200 271 539 laterite —
= i3
; o o 5 348 1350 18.89
: High wethered phyllite
L g 2830 15.00 33.89
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Table 4.4.4-12. 1° lateritic topsoil layer consisting of sand and gravel which is 2.62
meters thick, 2" high weathered phyllite layer is 25.78 meters thick, 3" fresh phyllite
layer is 21.10 meters thick, and 4" high weathered phyllite layer.

Apparent resistivity curve VES4-12 ID | p@m) | Thickness (m) |bottorn depth (m) Description
"1 1 22500 106 106
_“T'K 000 O I O T 2 25.90 052 1.58 Topsoil
_‘} \\ ; 3 | 16500 104 262
I H \\ S s 4 18.30 16.60 19.22
P " : High wethered phyllite
E 5 117 5.18 2840

: 6 32000 21.10 4950
= A 7 408 High wethered phyllite

Table A.4-13. 1*" lateritic topsoil layer consisting of sandy clay and underlying gravel

which is 1.79 meters thick, 2" high weathered phyllite layer is 42.86 meters thick, 3
moderated weathered phyllite layer is 9.55 meters thick, and 4" fresh phyllite layer.

Apparent resistivity curve VE54-13 ID | p@m) | Thickness (m) |bottom depth (m.) Description
— I, 1 68.90 0.73 0.73
! 2 16.40 032 1.04 Topsoil
=
—L 3 274.00 0.75 1.79
] 4 7.10 17.30 1%.08
: 5 14.60 T46 26.55 High wethered phyllite
6 131 18.10 44.65
NE SR 7 33.00 9.55 54.20 Mederated weathered phyllite

Table A.4-14. 1*" ateritic topsoil layer consisting of clay and gravel which is 3.03 meters
thick, 2" moderated weathered phyllite layer is 1.86 meters thick, 3™ high weathered
phyllite layer is 5.22 meters thick, 4" moderated weathered phyllite layer is 2.01
meters thick, and 5" fresh phyllite layer.

Apparent resistivity curve VES4-14 ID | P (@m) | Thickness (m.) |bottom depth (m.) Description
1 118.00 1.75 175
Topsoil
2 5.67 1.28 3.03
3 34.60 186 4.89 Moderated weathered phyllite
il 8.09 522 10.11 High wethered phyllite
5 150.00 201 1212 Moderated weathered phyllite
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Table A.4-15. 1** ateritic topsoil layer consisting of clay and gravel which is 2.76 meters
thick, 2" high weathered phyllite layer is 2.84 meters thick, 3™ fresh phyllite layer is
9.39 meters thick, 4" high weathered phyllite layer is 9.85 meters thick, and 5" fresh
phyllite layer.

Apparent resistivity curve VES4-15 ID | p @m) | Thickness (m.) |bottom depth (m.) Description
— 1 2090 0.26 0.26
2 330.00 038 063
Topsoil

3 430 053 117
4 3940 1.59 2786

. 5 284 3.85 6.61 High wethered phyllite
6 1667.00 939 16.00

7 0.60 9.85 25.85 High wethered phyllite

o 8 | 429.00

5. VES Line 5 interpretation results

Table A.5-1. 1% lateritic topsoil layer consisting of unsaturated sand and gravel and
underlying saturated clay which is 2.33 meters thick, 2" laterite or fresh phyllite layer
is 201 meters thick, 3 high weathered phyllite layer is 5.97 meters thick, 4™
moderated weathered phyllite layer is 8.08 meters thick, 5"high weathered phyllite
layer is 25.34 meters thick, and 6" fresh phyllite layer.

Apparent resistivity curve VES5-1 ID | p @m) | Thickness (m.) |bottom depth (m.) Description
1 307.50 0.54 0.54
2 475.80 063 117 Topsoil
M i 3 5.96 116 233
e e e e ——
\#j|:).ﬂf’° — 5 14.00 597 10.31 High wethered phyllite
E 6 160.00 8.08 1839 Moderated weathered phyllite
- G007 18.36 2534 4373 High wethered phyllite
o 8 23560 17.65 61.38
9 2265.00

Table A.5-2. 1°" lateritic topsoil layer consisting of clay and gravel and underlying
laterite which is 3.87 meters thick, 2™ high weathered phyllite layer is 3.48 meters
thick, 3" fresh phyllite layer is 9.43 meters thick, 4™ high weathered phyllite layer is
15.00 meters thick, and 5" fresh phyllite layer.
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Apparent resistivity curve VES5-2 D | P (Qm) | Thickness (m.) |bottom depth (m.) Description
1 75.60 051 051
Topsail
2 34800 2% 387
/*’“F 3 16.20 348 735 High wethered phyllite
- J il 204.00 943 16.78
- m 5 734 15.00 3178 High wethered phyllite
HEE- S --\-I:ﬁ
6 | 3436.00

Table A.5-3. 1°! lateritic topsoil layer consisting of sand and gravel, and underlying
laterite which is 2.07 meters thick, 2" moderated weathered phyllite layer is 6.02
meters thick, 3" high weathered phyllite layer is 4.02 meters thick, 4" moderated
weathered phyllite layer is 9.57 meters thick, 5" high weathered phyllite layer is 18.90
meters thick, and 6" fresh phyllite layer.

Apparent resistivity curve VES5-3 ID | P (Qm) | Thickness (m.) |bottom depth (m.) Description
1 530.00 0.82 082
Topsoil
" ; Z 2 267.00 125 207
............ 3 137.00 602 8.09 Moderated weathered phyllite
4 30.10 402 1211 High wethered phyllite
5 133.00 9.57 2168 Moderated weathered phyllite
L] 6 16.70 18.50 40.58 High wethered phyllite

i Wl 7| 52100 12.20 5278
. . o WK
g | 4569.00

Table A.5-4. 1*" lateritic topsoil layer consisting of clay and gravel which is 2.82 meters

thick, 2" moderated weathered phyllite layer is 3.85 meters thick, 3" high weathered
phyllite layer is 7.d6meters thick, 4" fresh phyllite layer is 40.80 meters thick, and 5™
high weathered phyllite layer.

Apparent resistivity curve VES5-4 ID | P (@m) | Thickness (m.) |bottorn depth (m.) Description
1 74.20 0.68 0.68
2 276.00 039 107 Topsoil
3 3.15 175 282
il 12800 385 6.67 Moderated weathered phyllite
& | 5 | 1220 7.46 14.13 High wethered phyllite

6 226.00 40.80 5093
7 7.29 High wethered phyllite
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Table A.5-5. 1% lateritic topsoil layer consisting of clay and gravel which is 2.40 meters
thick, 2™ moderated weathered phyllite layer is 0.99 meters thick, 3™ fresh phyllite
layer is 3.36 meters thick, 4" high weathered phyllite layer is 14.10 meters thick, 5
moderated weathered phyllite layer is 12.00 meters thick, 6™ high weathered phyllite
layer is 40.80 meters thick, and 7" fresh phyllite layer.

Apparent resistivity curve VES5-5 o] P (@m) | Thickness (m.) |bottorn depth (m.) Description
1 477 0.27 0.27
2 6d7.00 036 063 Topsoil
J_ 3 296 177 240
i . i " 4 117.00 0.99 3.39 Moderated weathered phyllite
/ i ] . 6 27.40 14.10 20.85 High wethered phyllite
' L i 7 532.00 12.00 32.85 Moderated weathered phyllite
L 8 3220 16.50 4535
High wethered phyllite
9 131 24.30 73.65

Table A.5-6. 1% lateritic topsoil layer consisting of clay and gravel which is 1.67 meters
thick, 2" high weathered phyllite layer is 5.64 meters thick, 3" moderated weathered
phyllite layer is 9.82 meters thick, 4™ high weathered phyllite layer is 18.90 meters
thick, and 5™ fresh phyllite layer.

Apparent resistivity curve VES5-6 ID | P (@Qm) | Thickness {m.) |bottom depth (m.) Description
1 18.30 0.29 029
2 193.00 045 075 Topsoil
3 257 093 187
4 37.20 173 3.40
High wethered phyllite
5 461 391 731
6 136.00 9.82 17.13 Mederated weathered phyllite
7 7.88 18.90 36.03 High wethered phyllite

Table A5-7. 1% lateritic sandy clay topsoil layer which is 2.54 meters thick, 2" high
weathered phyllite layer is 2.83 meters thick, 3™ moderated weathered phyllite layer
is 6.53 meters thick, 4™ high weathered phyllite layer is 16.60 meters thick, and 5™
fresh phyllite layer.
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Apparent resistivity curve VES5-T ID | P (Qm) | Thickness (m.} |bottom depth (m.) Description

1 463 0.28 0.28

- 2 56.20 0.33 061

Topsoil

3 3.09 0.58 1.19
4 34.80 1.35 254
5 371 283 537 High wethered phyllite
& 170.00 653 1190 Moderated weathered phyllite
7 5.03 16.60 28.50 High wethered phyllite

Table A.5-8. 1°" lateritic topsoil layer consisting of clay and gravel and underlying clay

which is 2.84 meters thick, 2" high weathered phyllite layer is 1.07 meters thick, 3

fresh phyllite layer is 5.38 meters thick, 4" high weathered phyllite layer is 15.20 meters

thick, 5" moderated weathered phyllite layer is 8.55 meters thick, and 6'" fresh phyllite.

Apparent resistivity curve VES5-8 ID | P @m) | Thickness (m.) |bottom depth (m.) Description
1 26.60 036 036
2 266.00 0.57 093
Topsoil

3 37.50 058 151

4 192 133 284

5 10.40 107 391 High wethered phyllite

7 7.52 15.20 24.49 High wethered phyllite

8 96.00 855 35.04 Moderated weathered phyllite

Table A.5-9. 1°" lateritic topsoil layer consisting of clayey sand and underlying clay

which is 3.18 meters thick, 2" moderated weathered phyllite layer is 1.90 meters thick,

3" high weathered phyllite layer is 62.50 meters thick, and 4" moderated weathered

phyllite layer.

Apparent resistivity curve VESE-9 ID | p@m) | Thickness (m) |bottom depth (m) Description
1 1043.00 0.38 0.38
i 2 | 4880 0.32 0.70
Topsoil
3 625.00 077 147
a 13.50 171 3.18
5 122.00 1.90 508 Moderated weathered phyllite
6 25.20 3290 37.98
) High wethered phyllite
L a1 - -
7 7 12.40 29.60 67.58
8 111.00 Moderated weathered phyllite
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Table A.5-10. 1% lateritic topsoil layer consisting of clay and gravel which is 0.77 meters
thick, 2" clay or/and high weathered phyllite layer is 15.73 meters thick, 3™ fresh
phyllite layer is 10.70 meters thick, 4" high weathered phyllite layer is 11.60 meters
thick, and 5" moderated weathered phyllite layer.

Apparent resistivity curve VES5-10 ID | P (@m) | Thickness (m.) |bottom depth (m.) Description
1 19.50 0.27 0.27
Topsoil

2 308.00 0.50 0.77
3 8.60 6.86 763

High wethered phyllite
4 1930 8.87 16.50
6 1.54 11.60 38.80 High wethered phyllite
7 93.80 Moderated weathered phyllite

Table A.5-11. 1*" lateritic topsoil layer consisting of clay and gravel which is 0.70 meters
thick, 2" clay or high weathered phyllite layer is 1.54 meters thick, 3“moderated
weathered phyllite layer is 0.68 meters thick, 4™ fresh phyllite layer is 2.83 meters
thick, 5™ high weathered phyllite layer is 14.80 meters thick, and 6" fresh phyllite layer.

Apparent resistivity curve VES5-11 I | P (@m) | Thickness (m.) |bottom depth (m.) Description
l_ — 1 254 0.40 0.40 Topsoil

1N Pl 2 49.60 030 0.70

i i {; 3 125 1.54 2249 High wethered phyllite

f*é B a 60.50 068 292 Moderated weathered phyllite
1 T 5 | 33300 081 374
6 120.00 202 578
~ 8 273.00 26.60 47.16
9 1887.00

Table A.5-12. 1°! lateritic topsoil layer consisting of sand and gravel which is 2.04 meters
thick, 2™ clay or/and high weathered phyllite layer is 1.17 meters thick, 3 moderated
weathered phyllite layer is 2.60 meters thick, 4™ high weathered phyllite layer is 69.04

meters thick, and 5" moderated weathered phyllite layer.
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Apparent resistivity curve VES5-12 ID | P (@Qm) | Thickness (m.) |bottom depth (m.) Description
1 81.50 204 204 Topsoil
2 2130 117 321 High wethered phyllite
3 90.70 260 581 lModerated weathered phyllite
q 172 9.34 15.15
5 33.40 12.10 27125 High wethered phyllite
dl e | ser 47.60 7485
“ - 7 56.30 Moderated weathered phyllite

Table A.5-13. 1% lateritic topsoil layer consisting of clay and gravel which is 1.80 meters

thick, 2™ moderated weathered phyllite layer is 4.32 meters thick, 3" high weathered

phyllite layer is 7.12 meters thick, and 4" fresh phyllite layer.

Apparent resistivity curve VES5-13 ID | P @m) | Thickness (m.) |bottom depth (m.) Description
1 3150 0.26 0.26
2 695.00 0.56 0.82 Topsoil
3 153 098 1.80
q 97.30 432 6.12 Moderated weathered phyllite
5 248 7.12 13.24 High wethered phyllite
6 253.00 27.10 4034
7 817.00

6. VES Line 6 interpretation results

Table A6-1. 1°" lateritic topsoil layer consisting of clay and gravel and underlying

laterite which is 3.94 meters thick, 2" high weathered phyllite layer is 3.75 meters

thick, 3" moderated weathered phyllite layer is 8.93 meters thick, 4" high weathered

phyllite layer is 13.60 meters thick, 5 fresh phyllite layer is 32.90 meters thick, and 6"

high weathered phyllite layer.

Apparent resistivity curve VES6-2 D P (@m) | Thickness (m.) |bottorn depth (m.) Description
1 121.00 0.28 0.28
2 25%4.00 0.44 072
Topsoil
3 2580 0.8% 161
a 327.00 233 394
5 24.90 375 7.69 High wethered phyllite
& 115.00 8.593 l6.62 Moderated weathered phyllite
o 7 1790 1360 30.22 High wethered phyllite
h ) 8 250.00 32.90 63.12
9 6.02 High wethered phyllite
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Table A.6-2. 1°" lateritic topsoil layer consisting of clay and gravel and underlying

laterite which is 3.91 meters thick, 2™ high weathered phyllite layer is 5.23 meters

thick, 3 moderated weathered phyllite layer is 8.15 meters thick, 4™ high weathered

phyllite layer is 19.90 meters thick, 5 fresh phyllite layer is 25.00 meters thick, and 6"

high weathered phyllite layer.

Apparent resistivity curve VES6-3 ID | p (@m) | Thickness (m.) |bottom depth (m.) Description
1 147.00 0.28 0.26
m: 2 2086.00 0.4% 0.74
- H_ 3 5.87 0.24 0.58 Topsoil
- q 34.10 0.51 1.49
: 5 220.00 242 391
i .""" 6 1550 523 914 High wethered phyllite
B 7 148.00 8.15 17.29 Moderated weathered phyllite
o "— 8 1280 19.90 37.19 High wethered phyllite
— 9 549.00 25.00 4229
10 30.20 High wethered phyllite

Table A.6-3 1% lateritic topsoil layer consisting of clay and gravel which is 2.30 meters

thick, 2" moderated weathered phyllite layer is 4.70 meters thick, 3™ high weathered

phyllite layer is 16.10 meters thick, 4" fresh phyllite layer is 12.70 meters thick, 5"

moderated weathered phyllite layer is 19.90 meters thick, and 6" high weathered

phyllite layer.

Apparent resistivity curve VES6-4 D P (@m) [ Thickness (m.) |bottom depth (m.) Description
_ 1 8.27 0.29 0.2%
—‘ 2 950.00 041 070 Topsoil
3 3.94 1.60 230
g ]'_ 0O
Pl - : | e q 57.00 1.04 334
b \\.M Meoderated weathered phyllite
/ T 5 | 12100 366 7.00
I 6 20.30 16.10 23.10 High wethered phyllite
8 63.70 19.90 55.70 Moderated weathered phyllite
9 10.30 High wethered phyllite
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Table A.4-4 1° lateritic topsoil layer consisting of clay and gravel which is 2.29 meters
thick, 2" high weathered phyllite layer is 7.64 meters thick, 3™ fresh phyllite layer is
12.02 meters thick, 4" moderated weathered phyllite layer is 10.30 meters thick, 5™
high weathered phyllite layer is 14.60 meters thick, and 6™ fresh phyllite layer.

Apparent resistivity curve VES6-5 ID | P (@m) | Thickness (m.) |bottom depth (m.) Description
1 6.56 0.28 0.28
2 412.00 0.44 07z Topsoil
3 238 1.57 229
' : : S 4 28.50 1.50 3.79
: : High wethered phyllite
/“\ 5 9.20 6.14 9.93
H H N & 183.00 250 1243
e T 1257.00 9.52 2195
8 85.70 1030 32.25 Moderated weathered phyllite
- 9 0.70 14.60 46.85 High wethered phyllite
10 575.00

Table A.6-5 1% lateritic topsoil layer consisting of clay and gravel which is 2.85 meters
thick, 2 high weathered phyllite layer is 3.64 meters thick, 39 moderated weathered
phyllite layer is 7.59 meters thick, 4™ high weathered phyllite layer is 15.90 meters
thick, and 5" fresh phyllite layer.

Apparent resistivity curve VES6-6 1D P (@m) | Thickness (m.) |bottom depth (m.) Description
1 24.80 0.27 0.27
— . 2 £14.00 0.31 0.57
; Topsoil
: 3 21.20 057 114
4 | 167.00 171 285
el . : 5 9.03 3.64 6.49 High wethered phyllite
RNy : £
NS : 6 161.00 7.59 14.08 Moderated weathered phyllite
R I . - 7 14.10 15.90 29.98 High wethered phyllite
o — P
b : w8 769.00 27.80 57.78
9 | 295700

Table A.6-6. 1% lateritic topsoil layer consisting of clayey sand and gravel which is 2.15
meters thick, 2" high weathered phyllite layer is 2.17 meters thick, 3" moderated
weathered phyllite layer is 6.14 meters thick, 4" high weathered phyllite layer is 18.70
meters thick, and 5" fresh phyllite layer.



130

Apparent resistivity curve VES6-T 1D P (@m) | Thickness (m.) |bottom depth (m.) Description
1 36.80 0.62 0.62
2 783.00 0.5% 1.20
Topsail
3 354.00 041 161
q 2130 0.54 215
5 6.21 217 432 High wethered phyllite
6 80.40 1.02 534
o Mederated weathered phyllite
. T 143.00 512 1048
L] ' Tl o 10.10 18.70 29.16 High wethered phyllite

Table A.6-7. 1% lateritic topsoil layer consisting of clay and gravel which is 1.37 meters
thick, 2™ high weathered phyllite layer is 11.24 meters thick, 3 moderated weathered
phyllite layer is 10.30 meters thick, 4™ high weathered phyllite layer is 25.00 meters
thick, 5"moderated weathered phyllite layer is 11.80 meters thick, and 6™ fresh

phyllite layer.

Apparent resistivity curve VES6-9 ID | P @m) | Thickness (m.) |bottom depth (m) Description
1 15.00 032 032
2 198.00 0.45 0.78 Topsoil
3 303 0.60 137
P | . S e | z0m0 249 386
/\ - o : 5 4.79 4.08 7.94 High wethered phyllite
m \\_vénfw s | w0 467 1261
N — ! 7 104.00 10.30 2291 Moderated weathered phyllite
. 8 8.38 25.00 4791 High wethered phyllite
9 64.40 11.80 59.71 Moderated weathered phyllite

Table A.6-8. 1°*" lateritic topsoil layer consisting of sandy clay and gravel which is 1.68
meters thick, 2" moderated weathered phyllite layer is 6.39 meters thick, 3" high
weathered phyllite layer is 33.30 meters thick, 4" moderated weathered phyllite layer
is 11.70 meters thick, and 5" fresh phyllite layer.
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Apparent resistivity curve VES6-10 ID | P (@m) | Thickness (m.) |bottom depth (m.) Description
1 736.00 0.24 0.24
- 2 7080 0.26 0.50
] : Topsoil
3 | 27500 088 137
n a | 3150 0.30 168
P | ] ] i
T~ s 5 | 7080 363 531
; . : Moderated weathered phyllite
J: AN = 6 | 13000 276 8.07
. T 2320 15.20 2327
; v : High wethered phyllite
o JAlos 288 18.10 4137
£ 0o
9 86.20 11.70 5307 Moderated weathered phyllite

Table A.6-9. 1% lateritic topsoil layer consisting of clayey sand and gravel which is 0.74

meters thick, 2"* moderated weathered phyllite layer is 4.14 meters thick, 3 high

weathered phyllite layer is 34.50 meters thick, 4" moderated weathered phyllite layer

is 35.60 meters thick, and 5" fresh phyllite layer.

Apparent resistivity curve VES6-11 I | P {@m) | Thickness (m.) |bottom depth (m.) Description
— : 1 75.00 0.27 027
b 470,00 036 062 Topsoil
...........
. AN 3 33.80 0.11 0.74
q 162.00 4.14 4.88 Moderated weathered phyllite
................. Y : . 600 g
\gfi High wethered phyllite
T i 6 098 17.60 3938
-------------- 7 | 13300 3560 74.98 Moderated weathered phyllite

Table A.6-10. 1°! lateritic topsoil layer consisting of clayey sand and underlying laterite

which is 2.08 meters thick, 2" moderated weathered phyllite layer is 1.06 meters thick,

3" high weathered phyllite layer is 4.40 meters thick, 4" moderated weathered phyllite

layer is 6.99 meters thick, 5" high weathered phyllite layer 17.30 meters thick, 6"

moderated weathered phyllite layer is 6.48 meters thick, and 7" fresh phyllite layer.
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