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Arkansas Research Consultants, Inc. (ARCI), conducted an  extensive 
imaging radar  survey of selected petroleum and geothermal sites in the 
Republic of the Philippines. The effort w a s  supported by the United States 
Department of Energy (DOE), Grant Number DE-FG01-86IE10574.AOOO. 

OBJECTIVES 

The primary objectives of this  work were (1) to fur ther  the goals of 
international energy development by helping the Philippine’s Government 
improve i ts  understanding of its energy potential, ( 2 )  to advance the 
economic and energy development of the Philippines and, ( 3 )  to increase 
the world’s oil supply base. Secondary objectives were (1) to teach 
scientists and engineers in the Republic of the Philippines the  fundamentals 
of radar  image interpretation, and ( 2 )  to provide them with a data base 
for their  continued research and analysis. 

SCOPE 

The work conducted w a s  limited to acquiring S A R  (synthetic aper ture  
r ada r )  data which included four potential petroleum resource basins and 
three areas of geothermal resources in the Republic of the Philippines, to 
interpreting the data acquired for hydrocarbon or geothermal potential, 
and to ranking the potential of various prospects identified. 
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This Executive Summary relates the essential aspects of the work 
conducted for petroleum prospect evaluation and summarized here. A 
separate report  has also been prepared to detail the work performed in 
the hydrocarbon analysis,' The geothermal investigation is reported in a 
separate document as well2. 

A s  with most nations of the world, the Republic of the Philippines is 
intensely interested in the identification, development, and conservation of 
natural resources. In keeping with this, the Government of the  Philippines 
has recently completed a nation-wide sedimentary basin evaluation program 
to assess hydrocarbon potential and assist  in future  exploration activities. 
This s tudy w a s  directed by the Philippine Bureau of Energy Development 
( B E D )  with a significant portion of the work performed by the Philippine 
National Oil Company Exploration Corporation (PNOC EC 1. Since this work 
w a s  completed, the BED has been reorganized and is  now known as the 
Office of Energy Affairs (OEA).  

This program of collection and interpretation of the radar  imagery w a s  
designed to augment and complement the existing data base prepared by 
BED and PNOC EC. Hydrocarbon and geothermal si tes were selected through 
the cooperative efforts of BED and PNOC EC scientific personnel. The 
primary objective of the project w a s  to fur ther  the goals of international 
energy development by aiding the Republic of the Philippines in the 
assessment of potential petroleum and geothermal prospects within the 
areas imaged. Secondary goals were to assist the Republic of the Philippines 
in utilizing state-of-the-art radar  remote sensing technology for resource 
exploration, and to train key Philippines scientists in the use of imaging 
radar  data. 

1 ARCI, 1988, Radar Imagery  Interpre ta t ion  to A s s e s s  the Hydrocarbon 
Potential  of Four S i t e s  in the Philippines,  ARCI TR 8701-101, Arkansas 
Research Consultants, Inc., November 17, 1988. 

2 ARCI, 1988, Radar Imagery  Interpre ta t ion  to Prov ide  Information about 
Several  Geothermal S i t e s  in the Philippines,  ARCI TR 8701-102, Arkansas 
Research Consultants, Inc., November 17, 1988. 
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BADAB*S UNIQUE CAPABILITIES 

Because radar  provides i ts  own source of illumination, radar  images 
can be produced tha t  preferentially highlight geologic s t ructure  and surface 
detail. Radar images so constructed provide unique information about the  
local geology which may not be available from other sources. Such information 
is  needed in the Republic of the Philippines because although the region 
has been extensively mapped via conventional techniques, large uncertainties 
in the petroleum resource potential of the area still exist. 

Radar’s unique capabilities include: 

* 
* 

* 
* 
* 
* 
* 
* 

* 

DATA 

All weather, day-night operation 

Control of look direction and look angle for improved geological 
interpretation 

Wide areal coverage-synoptic view 

High resolution comparable with most remote sensing sys t ems  

Stereo capability allows rapid formulation of geologic models 

Sensitivity to vegetation at shorter  wavelengths 

Terrain texture discrimination in non-vegetated regions 

Digital capability for  image enhancement and multi-sensor 
integration 

Radar mosaic provides an  accurate base map 

ACQUIRED 

Radar imagery covering roughly 60,000 km* w a s  acquired. These data 
were collected by Intera  Technology, Inc., under subcontract from ARCI. 
ARCI provided mission planning and quality assurance for the program. 
Complete stereo coverage of five different regions w a s  acquired. Within 
these five sites, the following seven different se t s  of data were collected, 
including f o u r  for hydrocarbon interpretation and three for geothermal 
evaluation. 
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Hvdrocarbon Sites 

* Bondoc Peninsula 

* Cotabato Basin, Mindanao 

* Mindoro Island 

* Cebu Island 

G e o t h e - 1  Sftes 

* Mt.  Apo, Mindanao 

* North Negros Island 

* South Negros Island 

1 
DATA PRODUCED 

I 
I 
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The final data products were (1) negative f i lm and positive pr ints  of 
each of 34 flight line strips,  ( 2 )  computer compatible tapes ( C C T )  of each 
image s t r ip ,  and ( 3 )  negative film and positive prints of radar mosaics of 
four petroleum sites at 1:250,000 scale. The Intera  STAR-1 imaging radar  
system used to acquire these data operated at X-band, HH-polarization, 
with 12 m resolution. The final data set represents one of the best  examples 
of radar  imagery for resource exploration available anywhere. 

Interpretive data products produced include (1) geologic maps, ( 2  ) 
lineament m a p s ,  and ( 3 )  prospect evaluations. D e v e l o p m e n t  of geologic 
maps and prospect evaluations included extensive use of surface and 
subsurface data furnished by BED and PNOC EC. Thus, the final evaluation 
is a synthesis of all data available ra ther  than simply that  obtainable from 
the radar  imagery itself. This is perhaps the most significant aspect of 
the program in that  i t  demonstrates the use of radar  as a sensor in an 
integrated program for hydrocarbon and geothermal exploration. The 
imagery acquired is an excellent source of data that  may be used to refine 
exploration strategy and define areas for more detailed investigation by 
ground survey and seismic data acquisition, The image analysis shows 
numerous areas of agreement with prospects developed from other data 
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sources such as field and geophysical surveys.  In  addition, a considerable 
number of s t ruc tures  and prospects were  discovered, particularly in areas 
where other data sources were unavailable. 

This synthesis of all available data shows radar imagery to be an  
excellent survey tool in an  integrated multilevel exploration. The radar  
by itself may be used to guide acquisition of more detailed data and develop 
a general exploration strategy. Where other survey data such as pho- 
tography or LANDSAT are available, the unique response and illumination 
enhancement of surface s t ruc ture  obtainable with radar  is seen to provide 
additional data complementary to other survey imagery. 

Important new prospects and prospect areas have been identified which 
will provide a focus for fur ther  follow-up field and geophysical studies. 

Especially for the Bondoc Peninsula and Cotabato Basin, Mindanao, 
radar  imagery interpretation has provided a n  increase in the s t ructural  
information by several o rders  of magnitude over existing data, and the 
fault and lineament pat terns  reveal s t ructural  complexity not previously 
recognized. 

Hydrocarbon Pros~ects 

* Bondoc Peninsula - Seven prime hydrocarbon prospects have 
been identified. I t  is recommended tha t  these potential plays 
be refined with seismic data. The region is  considered to  
have good potential for both oil and gas. Average field size 
should range from 5-50 MMBBLS of oil, and 50-500 BCF of 
gas. 

* Cotabato Basin - Five prime hydrocarbon prospects have been 
identified. Two of these plays a re  in the central par t  of the 
basin where relatively large reserves are possible. The region 
is  considered to have poor to fair oil potential. Average field 
size should be in the  range of 5-20 MMBBLS of oil. 

* Mindoro Island - Only the coastal margins on the southern 
two-thirds of Mindoro Island are considered favorable for 
hydrocarbon accumulation. Five prime hydrocarbon prospects 
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and two additional prospect areas  have been identified. 
Although the geologic m a p s  provided by PNOC EC are of good 
quality for delineating fold patterns,  the s t ructural  complexity 
of fault and lineament pat terns  has been revealed for the 
f i r s t  time on the radar  imagery. The Mindoro region is 
considered to have fair to good potential for predominantly 
gas plays, Average field size should be in the range of 
5-50 MMBBLS of oil, or 50-500 BCF of gas. 

* -- Cebu Island - Southern Cebu has received considerable seismic 
exploration effort; however, the northern half of the island 
has not been mapped in detail. Ten prime hydrocarbon 
prospects  have been identified with more than half of them 
being located in the poorly explored northern portion part 
of the island. Cebu is considered to have good potential for  
both oil and gas. Average field size should range from 5-50 
MMBBLS of oil, or 50-500 BCF of gas. 
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* A significant number of new onshore prospects have been 
identified in this project that  these warrant new seismic 
investigations. 

* The radar  data and this  project have significantly improved 
the knowledge of stratigraphy and s t ructure ,  and in many 
cases have provided data for updating existing geologic maps. 

* The radar  geologic m a p s  produced, while important by 
themselves, can be used to complement existing geoscience 
data and can provide new map products tailored to support  
exploration activities. 

* An important aspect of radar  investigations is that  recon- 
naissance radar  images facilitate field work in remote and 
impassable areas. 

* The baseline survey and interpretation w e r e  conducted at a 
scale of 1:250,000, but  the data support  increasing the scale 
to 1:50,000. 
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* A training course on radar  interpretation and SAR funda- 
mentals has been provided to Philippines geoscientists, and 
they have become enthusiastic in the potential application of 
using radar  images for this and other important investigations 
such as land cover mapping (forestry or other vegetation 
covers),  land use mapping, hydrology, and ground-water 
exploration. 

RECOMMENDATIONS 

* Detailed field studies should be conducted to determine the 
precise locations of prime prospects and then correlate with 
all available subsurface data. Prospects that  do not have 
supporting surface or subsurface data should be refined with 
seismic interpretation. More subtle s t ructural  targets,  such 
as fault traps and g e o m o r p h i c  a n o m a l i e s  should receive 
exploration attention using seismic data to confirm the radar  
imagery-defined plays. 

* Additional radar  imagery should be acquired over a much 
larger  region of the Philippines, especially within those 
sedimentary basins where radar  can contribute significant 
data to  the development of an  integrated exploration s t ra tegy 
for hydrocarbons. 
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1-1 Objectives 
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The Republic of the Philippines is not well endowed with hydrocarbon 

reserves,  and the Government of the Philippines is  anxious to s p u r  more 

petroleum exploration. For both the Philippines National Oil Company 

Exploration Corporation (PNOC EC) and Bureau of Energy Development (BED),  

i t  has been a n  important goal to upgrade available geological information 

on various sedimentary basins in the interest  of attracting foreign firms 

to invest o r  explore for hydrocarbons. The Government of the Republic 

of the Philippines has invited new bids from international companies to 

explore for  oil and gas in onshore and offshore sedimentary basins. To 

assist the private oil industry in the evaluation of the petroleum potential 

of these basins, the Government, with the assistance of a loan from the 

World Bank, has completed a nation-wide basin evaluation program.3 

The collection and interpretation of radar  imagery is designed to 

augment and complement the existing data base prepared by PNOC EC and 

BED. The primary objective of the project is  to fur ther  the goals of 

international energy development by aiding the Republic of the Philippines 

in the assessnient of potential petroleum prospects within the areas imaged. 
Secondary goals are to assist  the Republic of the Philippines in utilizing 

state-of-the-art radar  remote sensing technology for resource exploration, 

and to train key Philippines scientists in the use of imaging radar  data. 

3 Sedimentary Basins of the Philippines - Their Geology Hydrocar- 
- bon Potential (BED et  al., 1987). 
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1-2 Project Description 

Specific project accomplishments include: 

Side-looking airborne radar  (SLAR) imagery of certain key 
regions within the Republic of the Philippines has been 
ac quire d . 
The SLAR data have been processed into images and the 
separate images have been mosaicked. 

Most of the SLAR data have been interpreted for petroleum 
prospects. 

Final geologic maps have been prepared for each petroleum 
prospect region and a re  enclosures with this report. These 
show structural ,  lithologic, and stratigraphic detail. 

This technical report  describes the geological details of the 
regions covered by the maps. 

An Executive Summary highlighting the results of this study 
has been written for a non-technical audience. 

A percentage of the  data have been reviewed for geothermal 
prospects and this work and recommendations is  presented 
in a separate report. 

A training course in the methods of interpreting S L A R  images, 
the relative merits of SLAR vs  other forms of images, and 
the results of the interpretation of images used for this 
project w a s  prepared. The training course, approximately 
one week in length, was conducted for Philippines geoscientists 
in Manila in May, 1988. 
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Key personnel from Arkansas Research Consultants, Inc ( A R C I )  and 

the U. S. Department of Energy (DOE)  traveled to the Republic of the 

Philippines (March 1987) to explore the possibilities of scientific and technical 

interchange in conducting a SAR (synthetic aper ture  radar  1 mapping 

campaign in the Philippines. The proposed project would involve acquiring 

SAR data of selected sites in the Philippines, processing the data, preparing 

mosaics, and interpreting and analyzing the resultant image data for  

hydrocarbon resource exploration potential. 

2-1 Synopsis of M e e t i n g s  

Meetings w e r e  held during the week of March 16-20, 1987 in the  

Republic of the Philippines. The primary objectives of these meetings 

were: 1) to be introduced to the Minister of Energy and geoscience 

personnel from PNOC EC and BED; 2 )  to propose a SAR mapping campaign 

to the Philippines officials which could help them assess their  petroleum 

potential and; 3)  to present a brief overview of the proposed project. 

DOE personnel presented to the Philippines officials and scientists 

present  at the meetings an  outline of our  proposal to conduct a SAR mapping 

campaign in the Philippines to aid in understanding their  petroleum resource 

potential. ARCI personnel summarized the project, keyed issues for dis- 

cussion, identified data acquisition and analysis plans, and requested help 

in selecting and prioritizing sites, ARCI discussed preparations to acquire 

SAR image data for certain selected regions in the Philippines, and asked 

for local Philippines experts to aid in deciding which specific areas should 
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be imaged, and in prioritizing the areas selected. I t  w a s  fur ther  indicated 

tha t  ARC1 would require certain geologic data from previous Philippines 

studies to be integrated into the total interpretation package. 

2-2 Potentid H y d r o c a r b o n  Areas  

The Philippines Archipelago (a group of islands) consists of 11 major 

and more than 7000 smaller islands. The Archipelago is located between 

Taiwan on the north and the Indonesian Archipelago to the south (Fig. 

2.1). I t  i s  separated from the Asiatic continent by the deep basin of the  

South China Sea to the w e s t ,  and is  bounded on the east  by the Philippines 

Sea. The terr i tory is enclosed roughly by 5" and 2 1 " N  latitudes and 116" 
and 127"E longitudes. Thirteen potential hydrocarbon areas (sedimentary 

basins) have been identified (Fig. 2.2). 

4 



1 

1 
1 
I 

1 

3 

A I 

p S O 0  I O O O K N  

C H I N A  

Y 
e 

P 

10.u 

O C C 4 N  

10.00 

Figure 2.1: Location map. (After BED e t  al., 1987) 
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3 IMAGING EbADAR PRINCIPLES, 

INTERPRETATION TECHNIQUES. AND 
IMAGERY ACQUISITION 

3-1 Radar Principles 

Imaging radars  w e r e  first developed in the early fifties as incoherent 

side-looking airborne radars  (SLAR) for high-resolution remote sensing, 

and by 1969 SLAR surveys w e r e  available on a commercial basis. In  parallel 

with SLAR exploitation, the coherent imaging radar  or SAR (synthetic 

aper ture  radar )  w a s  in the  making; f i r s t  with the early fifties experiments 

by Carl Wiley of the Goodyear Aircraft Corporation, and later at the 

Universities of Illinois and Michigan (MacDonald, 1980). The SAR makes 

use  of the  Doppler phase history of the backscattered radiation from natural 

t a rge ts  to synthesize an effective along-track aperture  which is much 

larger than the real aper ture ,  thereby permitting fine along-track resolution 

without the need for an impractically long antenna. 

Since the late 1960's, large par t s  of the world have been surveyed 

by airborne side-looking radar. Most of these surveys w e r e  carried out  

in Third World countries where the complete lack of any type of map 

severely hampered development progress. The "&dam" project in Brazil 

is the best known example and the largest  in areal extent (4 .5  mill ion k m 2 ) .  

The survey w a s  later expanded to cover the entire Brazilian terr i tory of 

8.5 million km2. With other radar  surveys over the Colombian, Ecuadorian, 

Peruvian and Bolivian Amazon areas, the largest  cartographic blank in the 

world ( the South American Amazon area) w a s  filled in by the fast method 

of data acquisition (independent of weather conditions) and the synoptic 

view provided by radar  mosaics, which permitted relatively rapid recon- 

naissance surveying. 
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3,1,1 Terminologv Significant to 
Interpretation 

The term radar  is an  acronym for the phrase radio detection and 

ranging, Radar is a remote-sensing device that  is  active (Le., i t  provides 

its own illumination energy).  I t  transmits pulses of microwave energy and 

then receives reflections of the signal from a target. The reflected component 

is  called the echo or backscatter. By providing its own illumination, radar  

operates entirely independent of sunlight, and equally effective missions 

can be conducted by day or night. In addition, the angle and direction 

of microwave illumination for imaging radars  can be controlled to enhance 

features of special interest. 

Radar systems operate in the microwave portion of the electromagnetic 

spectrum, where wavelengths range from a few millimeters to more than a 

meter. Radars a re  monochromatic-type sensors because they use microwave 

energy of single wavelengths as does a laser. Figure 3.1 provides the 

subdivisions of the microwave spectrum, letter codes, and the frequencies 

and wavelengths that  have been used for imaging radars;  the random letter 

designations a r e  a carryover from the military when radar  development 

was  classified. 

An antenna is positioned laterally (in the azimuth or along-track 

direction) at the velocity of the aircraft. Through this fixed antenna, 

pulses of microwave energy a re  propagated outward in a perpendicular 

plane at the speed of light in the range, look, o r  across-track direction. 

Slant range i s  the line-of-sight distance measured from the antenna to the 

terrain target ,  while ground range i s  the horizontal distance measured 

along the surface from the ground t ract  or nadir line to the target. The 
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Figure 3.1: Radar frequencies and wavelength bands. 
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area closest to ground track where a radar  pulse intercepts the terrain 

is the near range, and the area of pulse termination far thest  from ground 

track is the far range. 

The angle measured between a horizontal plane relative to the Earth’s 

surface and the radar  beam defines the depression angle (Fig. 3.2). Far 

range and near range represent the minimum and maximum depression 

angles, respectively, over the entire image swath. The angle measured 

f r o m  a vertical plane to the radar  beam is the look angle off ground track. 

The depression angle and look angle a re  complementary angles. The local 

angle of incidence is the angle measured between the beam and the normal 

to the local surface. Unlike the look angle and depression angle, which 

are fixed, the local incidence angle varies in accordance with the slope of 
the terrain. The look angle and incidence angle a re  equal only in the 

special case where the terrain is  level (Fig. 3.2). 
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3.1.2 Geometr ic  C h a r a c t e r i s t i c s  

Certain geometric effects related to variable elevation in the target  

scene result  in nonrecoverable ambiguities or distortions of the image. 

These include shortening, layover, and shadowing. If a surface were 

perfectly flat, surface elements closer to the subnadir point of the SAR 

would be illuminated and reflect the radar  signals before surface elements 

fa r ther  from the subnadir point. Thus, the signals would reflect from 

"near" - range to "far" - range elements progressively in time, However, 

if a surface element is  elevated relative to its surroundings, i t  will intercept 

the radar  signal sooner and appear in the radar  image to be closer than 

in actuality. Figure 3.3 (a) illustrates how this effect results in an apparent 
shortening of slopes inclined toward the radar;  i.e., slope AB appears in 

the radar  image as shortened slope A'B'. The "radar image plane'' in the 

figure is  a geometrical representation (a right-angle projection) of the 

conversion between target  range and location on the resulting image. For 

extreme cases of relief displacement (Figure 3.3 ( b ) ) ,  the  ordering of surface 

elements on the radar  image is the reverse of the ordering on the ground; 

Le., B' appears at a nearer range than A', while actually A is  at a nearer 

range than B. The elevated element can also 

stop the radar  signal from illuminating elements in i t s  shadow (Figure 3.3 

(c ) ) .  

This is known as "layover." 
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3.1.3 Radar R e t u r n  and I m a s e  Tone 

The SAR image is a measure of the radar backscatter (reflectivity) 

of the target  scene. The backscatter depends upon slope, roughness-size 

scale of the surface material, and sometimes the composition of the terrain 

materials/cover. Bright regions on the imagery can be caused by surface 

roughness on a size scale comparable to the radar  wavelength, terrain 

orientation and slope, and when present, large changes in the dielectric 

properties of the surface (and Sometimes subsurface) materials. 

The s t rength  of radar re turn  and, hence image tone a re  primarily 

These a re  listed influenced by key terrain and radar  system parameters. 
in Table 3.1. 

Table 3.1: Ground and radar system parameters. 

G r o u n d  Parameters Radar System Parrueters I 
I ]I Surface roughness I Kaclarbokangle 

(depression angle) 

The last two decades have provided rapid technological progress in 

radar  remote sensing. Imaging radars  that  were relatively unknown to 

geologists only a few years ago a re  now used for extensive geologic mapping 

in many parts of the world. Aircraft radar images have proven valuable 

for geologic interpretation in a wide range o f ,  terrain environments. In 
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fact, most of the proven benefits to date from radar  remote sensing have 

been derived from geologic interpretation for non-renewable resources. 

Radar’s unique capabilities a re  listed in Table 3.2. 

Table 3.2: Radar’s unique capabilities. Why use radar  for non-renewable 
resource exploration? 

x udar m o s a x  pmvdes an accurate base map 

3-2 Interpretation Techniques 

Geologists within the user community have done an  impressive job of 

image interpretation and of development of geologic models from image 

recognition elements such as tone, texture, pattern,  shadow, size, shape, 

and context. The geologic models developed by these geologists a r e  not 

unlike the three-dimensional concepts achieved in the field, where outcrop 

observations provide information for a geologic map (plan view) and 

s t ructural  cross-sections of the subsurface. Radar imagery enables the 
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geologist to analyze systematically the visual pattern elements of the terrain 

(drainage, vegetation, landforms, etc. 1 for geologic significance, from which 

geologic models can often be developed rapidly. Model implementation 

ultimately provides the geologist with an  insight into the three-dimensional 

geologic environment (i.e., inference about landform type and origin, rock 

characteristics, and s t ructural  complexity). 

3-2-1 Recognition Elements  

Recognition elements a re  important considerations for interpretation 

of radar  imagery and contribute to the extraction of geologic data. Rec- 

ognition elements include tone, texture, shape, pattern,  shadow, size, and 
context. 

3 - 2 - 1 - 1  Tone 

Tone on radar  imagery is  the  shade of gray recorded for the signal 

returned from each resolution cell on the ground. When a transmitted 

radar  signal interacts with the ground, a certain percentage of the incident 

energy will be reradiated from each resolution cell back to the radar.  This 

re turn  signal is  processed for resolution and noise averaging, and the 

resulting signal is ultimately recorded on photographic film as a shade of 

gray,  or tone, pixel by pixel. 

The s t rength of the  signal re turned to  the radar  from each resolution 

cell will vary according to  the character of the  terrain or target  area. 

The s t rength of the returned signal determines the tone, or shade of gray 

recorded for the intensity of a point on the radar  imagery. High intensities 

representing strong re turn  signals appear as light or bright tones on 

positive imagery prints,  whereas low intensities, or low re turn  signals 

appear as dark tones on the imagery. 
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Although tone is  a basic recognition element for imagery interpretation, 

i t  i s  highly system dependent. For example, both the brightest  and darkest  

radar  imagery tones (other  than shadow) are generally caused by the 

influence of specular reflection. In specular reflection, the surface from 

which the reradiation occurs is essentially smooth o r  has a surface roughness 

about ten t i m e s  smaller than the wavelength of the incident radiation. 

Strongest re turns  occur when such a smooth surface is oriented so that 

a major part of the energy is  returned to the radar  (Le., oriented essentially 

perpendicular to the incident radiation 1. Conversely, weakest re turns  

occur when such a surface is  tipped away from the incident radiation (Le., 

oriented essentially parallel to the  incident radiation) allowing only a small 

percentage to be returned to the radar. 

If the surface is  rough relative to the wavelength of the impinging 

radar  energy (Le., has a roughness scale greater than a wavelength), 

reradiation will occur in many directions. This type of surface produces 

what is called diffuse reflection and may produce a broad range of tones 

in radar  imagery. A perfectly rough surface spreads the incident energy 

in all directions. Most rough surfaces have a preferential orientation and 

the re turn  from such a surface has both a specular and diffuse component. 

Features imaged in proximity to  a specular surface commonly allow 

rapid identification because of marked tonal contrasts. Water is  typically 

a specular reflector. The signal re turned from land near w a t e r  produces 

a striking tonal contrast  with the signal from the water. Land/water 

boundaries then produce striking interfaces on radar  imagery which are 

advantageous for the delineation and mapping of coastal features. 
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3-2-1-2 Texture 

Texture can be described as the frequency of tone change within an 

image, and is produced by an  aggregate of unit features too s m a l l  to be 

clearly discerned individually on the image. The scale of an image would 

obviously have an important bearing on this definition of texture, 

When considering the natural terrain where landforms have developed, 

texture can also be defined as the degree of erosional dissection which 

results in an aggregate of unit features refIected in the terrain configuration. 

The distribution and tone of individual resolution elements form an image 

texture. While average or representative tone of a small area indicates 
the general reflecting characteristic of the local terrain surface, image 

texture yields evidence of variability of reflection within that  unit. 

Imagery texture can be evaluated as fine, smooth, coarse, grainy, 

speckled, mottled, irregular,  etc. SLAR image texture is  generally used to 

permit identification and delineation of unit areas contained within 

boundaries of homogeneity. This concept of texture contrasts with the 

recognition of imagery pattern ( to  be discussed la ter)  which refers to an 

ordinary spatial arrangement of geologic, topographic, and vegetation 

features. 

3-2-1-3 Shape 

In the interpretation of medium or large scale photographic images, 

the shapes of objects a r e  configured in terms of planimetric geometry and 

a re  primary factors in their analysis. The planimetric geometry of individual 

scene objects is expressed in terms of differences in configuration, Le., 

object A is  round and object B is square,  therefore object A is not the 

same as object B. This reliance on shape is reinforced in large or medium 
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scale aerial photographs by the interpreter’s familiarity with objects. In 

aerial photographs, objects retain their  natural shapes, t hus  the individual 

scene units are recognizable in themselves. An individual scene unit is  

the basic unit perceived by an  interpreter  which, when aggregated, 

comprises a scene. For instance, a building, a smokestack, a cooling tower 

and a transformer yard are individual scene units which, when assembled, 

become a power station. With imaging radars,  the basic scene unit loses 

i ts  shape, and thus  i ts  object context. This occurs in radar  more often 

than in photography because of resolution considerations, fading noise, 

geometric distortion, and the backscattering properties of the  individual 

scene objects. 

The shape of natural objects depends on their genesis and consequently, 

shape can be defined as a spatial form with respect to a relatively constant 

contour or periphery. Because cultural features  generally have regular 

geometric shapes, the radar  image interpreter  can usually distinguish 

natural from cultural features. Even though many elements of the landscape 

usually have irregular outlines, numerous geologic features can be 

interpreted by their shape alone, i.e., alluvial fans, volcanic cones, r iver 

terraces,  many glacial features,  and folded strata are but  a few examples. 

3-2-1-4 Pattern 

Pattern can be defined as the  arrangement of geologic, topographic, 

or vegetation features; tha t  is, areas or groups of areas throughout a 

region with recurring configuration. Patterns resulting from particular 

distributions of gently curved or st raight  lines are common and are 

frequently of s t ructural  significance; they may represent  faults, joints, 

bedding, and so forth. The distribution of s t ra ight  and then gently curved 

ridges provide classic indicators of folded sedimentary rock units. 
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Drainage pattern analysis provides the geologist with an  extremely 

important geomorphic and s t ructural  interpretive technique. Drainage 

patterns (spatial relationships 1 generally reflect at the surface the 

underlying s t ruc ture  and rock type. In  addition to drainage patterns,  

vegetation and soil pat terns  commonly reflect s t ructural  conditions, lithologic 

character of rock type,  and distribution of surficial materials. 

3-2-1-5 Shadow 

The interpretation of subtle terrain configurations is  often improved 

by radar  shadow. Shadows on radar ,  in contrast  to those on photography, 

are black (no re turn) ,  and while radar  shadowing may aid in determining 
the shapes of certain terrain features,  i t  also limits stereoscopic inter- 

pretation. The length of shadows will, under the similar constrains of 

shadow measurement on single aerial photos, allow for the determination 

of the height of certain features. Shadow frequency can also be used to 

i" infer relative relief, whereas the  shapes of radar  shadowing may allow the 

_ _  interpreter  to infer information about the relative relief of the terrain. 

For example, the length of a radar  shadow can be used for determining 

the height of some objects, and shadow shape may be used for inferring 

spatial form. Where relief is relatively rugged and radar  depression angles 

are shallow (small), the shadow outlines commonly reveal more about terrain 

configuration than do the crestlines or summits which are portrayed on 

the radar  imagery. 

3-2-1-6 Siee 

The measurement of length, width, area, and volume of basic scene 

objects has long been a major interpretation element in photo-interpretation 

of cultural features; however, the surface or volume dimensions of an  object 
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have been used only in a qualitative way on radar  imagery. Because of 

image obliquity and geometric distortions, size measurement is seldom 

determined using SLAR imagery. Greater interest  in measurement data has 

recently developed as a consequence of improved SLAR ground range image 

presentation and rectification. This is  particularly t r u e  where the objects 

are sizeable enough to exceed sys tem resolution. 

As a general rule, size is used in a qualitative way as an  image 

recognition element for non-renewable resource exploration. The size of 

known features  on the imagery provides a relative evaluation of scale and 

dimensions of other terrain features. 

The geographic, geomorphic, and geologic chayacteristics of the sur-  

rounding area contribute to the "background" information provided in a 

radar  image. The interpretive expertise is  of considerable importance in 

determining the significance of this recognition element. The importance 

of context explains why automated mapping and interpretation has advanced 

slowly. Machine systems can easily regis ter  tonal differences between 

adjacent pixels and have some success in texture recognition, but  they 

face a difficult problem in equaling the interpreter's experience and his 
ability to appreciate spatial relationships. 

3-2-2 Litholoay and Structure 

Detailed observation of the terrain is  required for all phases of applied 

geology which includes exploration for non-renewable resources. Deter- 

mining surface geology from radar  images has found more practicality than 

perhaps any other  usage. The interpreter  who utilizes radar  images for 

geologic synthesis usually has four ultimate objectives: (1) correlation of 
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outcrops from one location to another,  ( 2 )  determination of the stratigraphic 

sequence, ( 3 )  delimitation of rock types o r  lithologic units, and ( 4 )  

determination of geologic s t ructure .  

Radar images provide the geologist with a terrain format approximating 

a three-dimensional s t r ip  map that  can reveal varying amounts of geologic 

information depending on the terrain environment and stage of erosional 

. development. For example, in areas where rock type and s t ruc ture  a re  

reflected in the  topography, one may be able to recognize certain geological 

features quite unequivocally from the  evidence provided by the  radar  

images. However, in many areas of the  world, where bedrock is obscured 

by surficial deposits or  vegetation, and where underlying geologic conditions 
have little direct influence on the surface, the interpretive skill of the 

geologist to analyze landforms becomes the  critical link for s t ructural  or 
even lithologic evaluation. The extent to which radar  geological inter- 

pretation methods can be successful varies considerably depending primarily 

upon the geological and geomorphological character of the region. 

Geological information tha t  can be interpreted from radar  images can 

be grouped broadly into two categories: (1) lithologic and (2 )  structural .  

Analysis of landforms provides valuable information on the composition and 

mode of origin of different terrains.  Coupled with a n  understanding of 

the  climatic influences on geomorphic processes, landform analysis is  one 

of the most important techniques for lithologic and s t ruc tura l  mapping. 

Geologists commonly use landform to describe the geomorphic char- 

acteristics of a region. Landforms are the physical features of the  Earth’s 

surface that  have resulted from constructional or  erosional ( destructional) 

processes tha t  when found under similar conditions (such as climate, 
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weathering, erosion, s t ructural  att i tude etc. ) will exhibit a definite range 

of visual and physical characteristics. In  geological analysis, i t  is generally 

impossible to  consider drainage and landform development as separate 

processes, Drainage is  analyzed according to i ts  pattern type and i ts  texture 

or  density of dissection. 

Landform and drainage analyses are extremely important in the rec- 

ognition and mapping of numerous geologic s t ructures .  Examples might 

include: 

(1) Characteristic landform shape or form that  allows for the 
identification of many geologic features such a s  domes, cinder 
cones, volcanos, plunging folds, etc. 

( 2 )  Topographic highs and lows in areas  of little relief and low 
dip tha t  are indicative af subsurface structure.  

( 3 )  Abrupt changes in direction (s t r ike 1 of topographic features 
such as ridges which may be indicative of faulting. 

(4) Recognition of slope asymmetry where infacing escarpments 
are towards the structurally high par t  of an  anticline; and 
conversely, outfacing escarpments a re  indicative of synclines. 

( 5 )  Contrast of slopes on opposite sides of a ridge or valley 
related to dipping strata. 

( 6 )  Marked changes in slope orientation which may be related to 
jointing or fracturing. 

(7) A r e a s  where the surface is more intensely eroded than the 
surrounding area resulting in differing slope orientations 
and drainage pat terns  or textures. 

I 
1 

(8) Drainage contrasts on opposite sides of a ridge or  a valley. 
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Radar’s sensitivity to changes in surface slope is  particularly useful 

for highlighting landforms, t hus  improving geologic interpretation. Examples 

listed above provide evidence that  recognition of slope changes significantly 

impacts geological interpretation. 

3-2-2-2 Lithologic Analysis 

Lithologic mapping experiments involve the use of radar  data to obtain 

information concerning the  roughness and dielectric properties of natural 

surfaces. Researchers have reported mixed results in attempts to correlate 

radar  signatures with specific rock types or lithologic units. The results 
have ranged from no correlation (Ford, 1980), to good correlation using 

co-registered data (Rebillard and Evans, 1983). Several investigators have 

successfully used tone and texture to differentiate lithologic units (Elachi 

et al., 1980; Bloni and Daily, 1982; Canoba, 1983; Wadge and Dixon, 1984; and 

Podwysocki et al., 1985). Daily et al. (1978), have accomplished a nearly 

complete discrimination of surficial geologic units in Death Valley, California, 

using dual frequency and polarization imaging radar  data, 

Rebillard and Evans (1983) report  tha t  texture and backscatter 

information provided by radars  with different illumination geometries 

improves discernability and classification accuracy of geologic units over 

Landsat images alone, or combinations of Landsat images and radar  images 

obtained at a single incidence angle. Bloni and Daily (1982) have used 

radar  data filtering methods to improve rock-type discrimination, but  not 

for specific rock-type identification, Curlis et al. (1986), reported tha t  

computer enhancement techniques applied to the Shuttle Imaging Radar-A 

(SIR-A) data from Lisbon Valley area in the northern portion of the Paradox 

Basin increased the value of the imagery in the development of geologically 
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useful niaps. The enhanceinelit techniques iriclude filtering to reniox e inluge 

speckle from the SIR-.A data aiid combining these data 1% ith Lalidsat 

multi-spectral scanner data. A method 1% ell-suited for the cori:?-~iiiatioii of 

the data se t s  utilized a three-dimensional domaill defined b j  intensit? - 

Iiue-saturation (IHS 1 coordinates. Such a systeni allo\\ s the Lalidsat data 

to modulate image intensity, Txhile the SIR-A data control image h u e  and 

saturation. Khereas the addition of Landsat data to the SIR-A image b )  

nieans o f  a pixel-by-pixel r a t i o  accentuated textural \ ariatioiis v, ithill the  

image, the addition of color to the conibiried images enabled isolation of 

areas  in xihich gray-tone coiitrast i ias  miniinal. ‘This isolation resulted i n  

a more precise definition of sLr’i-ltigraphic units. 

The discrimnation of lithic type,  a s  discussed in the preceding tho  

paragraphs,  \\-as generall!, successful only in those regioris \%here arid or  

semi-arid climatic c,onditions 1)revailed. In  these i*egions of little pi,eciyitatioii 

where the  weathered material is not excessik el3 leached, A close i~elatioiiship 

of soil to lithic type niay occiir. Where this close associatioii of litholog:, 

to residual soil exists, the distribution of differelit \-egetatioii t)-p,es or 

terrain textures ma;\- facilitate the mapping of lithology. Huh ever,  the 

extent to which radar can be applied to lithologic niapying mal- vars bidel?. 

In  tropical climatic regions of abundant rainfall such as the Philippines, 

soils are ustiall>- leached of salts, and there is a teiidenc;v for soils from 

different parent formations to become more s i m i l a r  w i t h  maturity. Thus, 

differences in vegetation a s  velated to specific lithic t,tpes bill be less 

de\-eloped under these climatic conditions, except for those plant associatioils 

that  may depend primarily on the  physical characteristics of the soil ra ther  

than chemical, Consequently, landforni discrirninatiori, and differences in 

drainage patterns and tei-rain tex ture  niay be the urd>- iridicators of certain 

lithic types. For esample, Longoria arid Jinreiiez ( 1985) using ‘i isual analysis 
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of SIR-A images in northeastern Mexico, recognized morphostratigraphic 

units (lithic packages) which maintain their textural expression in the 

images throughout the region. Their identification on the radar  images 

w a s  considered vital for recognizing mappable units comparable to lithologic 

discrimination during ground mapping. 

3-2-2-3 Structure 

Structural  information is  generally extracted from radar  imagery for 

non-renewable resource exploration by empirical correlation between 

landform units and a hypothetical geological model. , Radar recognition 

elements (Section 3.2.1) are used in concert in the identification of landforms 

with special emphasis on examining drainage patterns,  topographic relief, 

erosional characteristics, cover type, and land use. Certain pat terns  

occurring either singly or in combination can be correlated with the actual 

presence of predicted conditions, and thus  by analogy, unknown conditions 

can be inferred. 

3-3 Rzxdar Imagery Acquisition - 
Philippines Sites 

In  support  of the hydrocarbon exploration program, radar  imagery 

was acquired of four sites in the Philippines. These sites were selected 

in coordination with BED and PNOC EC personnel. Site selection was  

determined from evaluation of the extensive data base of hydrocarbon 

potential in the  Philippines previously assembled by BED and PNOC EC. 

Selection criteria included not only hydrocarbon potential, but locations 

wherein i t  w a s  felt the  unique perspective of surface s t ruc ture  and features 

afforded by radar  would best  complement existing surface and subsurface 

data. 
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Site selection w a s  fur ther  constrained by cost considerations. These 

dictated the total area imaged to be in the range of 30,000 to 60,000 km'. 

The total amount to be spent  on imagery acquisition w a s  fixed; however, 

total coverage could vary  significantly depending on the acquisition 

parameters specified. The major parameters affecting the total coverage 

available at a fixed price w e r e  the flight line spacings and the number of 

look directions specified. 

In order  to increase coverage and permit investigation of the maximum 

number of sites, ARC1 recommended tha t  coverage be acquired from only 

a single look direction. However, i t  was felt that  because of the s t ructural  

complexity of the Philippines sites, stereo interpretation w a s  mandatory. 

Complete stereo coverage requires a n  image sidelap of at least 50%. Slight 

variations in ground swath coverage due to elevation differences and 

positional e r ro r s  in flight line location must also be accommodated. Thus, 

flight plans for stereo mapping normally specify a 55% nominal image sidelap. 

The previous considerations restricted the coverage area to appros- 

imately 15,000 km2. Accordingly, four sites were selected whose total area 

met this  constraint. Subsequent to these initial site selection negotiations, 

a request  was received from the Philippines representatives tha t  coverage 

of a f e w  small geothermal si tes be included in the program even at the 
expense of dropping one of the hydrocarbon sites selected. The image 

acquisition contractor agreed to cover three small geothermal sites for the 

fixed maximum price even though this coverage increased the total area to 

well beyond 45,000 km2. I t  w a s  stipulated these data w e r e  also to have 

complete stereo coverage, however, no mosaics were to be delivered for 

the geothermal sites. This essentially no-cost addition of coverage w a s  

possible at this  stage by selecting geothermal si tes tha t  could be imaged 

during the same flights tha t  hydrocarbon site imagery w a s  collected and 
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in some cases by even sharing the s a m e  flight lines. The coordinates of 

the selected sites, both hydrocarbon and geothermal, a r e  listed in Table 

3.3. Sketch maps of the areas are shown in Figures 3.4 through 3.7. 

I t  should be pointed out  that  the total coverage obtained is well beyond 

the total area of both hydrocarbon and geothermal sites. This is due, to 

the extent of the flight lines beyond the  site boundaries and extra coverage 

required to provide full stereo sidelap. While much of this additional 

coverage is  monoscopic, i t  still represents  a significant and valuable addition 

to the total data acquired. Table 3.4 shows the approximate area of each 

site along with the additional coverage obtained. 
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Point 

1 

I 

Coordinates Point Coordinates 

13-55” 121’41’E 4 13-13” 122’48’E 1 

Point Coordinates Point Coordinates 

6-22” 125’42’E 3 1 7-07” 123’55’E 
I 

3 

Point Coordinates Point 

1 13-15” 120’32’E 4 

J 

Coordinates 

12’41’N 121’35’E 

3 
3 
J 
1 

1 
I 

Table 3.3: Site coordinates for Philippines radar survey project. 

Hydrocarmn Site 1 - Bondoc Peninsula 

2 13-31” 122’18’E 5 13-52” 122’31’E 

14-17” 121’57’E 

5-50” 125’00’E 4 7-30” 124’40’E I I 2 

I 1 I 12’11” 121’00’E 5 13’02’N 121’30’E 
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Hydrocarbon Site 4 - Cebu 

Point 

1 

2 

3 

4 

Coordinates Point Coordinates 

11-17” 123’58’E 5 9-23” 123’24’E 

10’30’N 123’41’E 6 10’00’N 123‘41’E 

10‘00’N 123‘21’E 7 10.26” 124’04’E 

9-23” 123’16’E 8 11-17” 124’06’E 

Point 

1 

2 

Point Coordinates 

9-30” 123’00’E 9-19” 123’19’E 

9-03” 123’00’E 9-30” 123”ll’E 

9’03’N 123’09’E 

Coordinates Point Coordinates 

10’41” 123’00’E 3 10’18” 123’20’E 

10’1S’N 123’00’E 4 10’41” 123’20’E 

Geothermal S i t e  C - Mt, A m ,  Mindanao 

Point Coordinates 

1 7 05 ’ 4 1”N 12 5 04 ’ 16”E 

2 6’49’28”N 125’04’16”E 

Point Coordinates 

3 6‘4 9 ’ 2 8°K 12 5 2 1 ’ 36”E 

1 7’05’41”N 125’21’36“E 
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Figure 3.6: Mindoro hydrocarbon site. 
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Figure 3.7: Cebu hydrocarbon site and Negros geothermal sites. 
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Bondoc Peninsula 6,250 2,010 8,260 

Cotabato Basin, Mindanao 19,000 3,265 22,265 

M indo r o 11,500 2,100 13,600 

Cebu 7,525 400 7,925 

I Subtotal 44.275 7.775 52,050 

I 

I 
Table 3.4: Coverage for Philippines radar survey project. 

IiYDBOCARBON SITES 

1 
ll 

North Negros I 1,325 I 2,600 I 3,925 U 

Subtotal 3,610 5.265 8,875 

GBAND TOTAL 47,885 13,040 60,925 

3.3.1 S v s t e m  Chara,czteristicr;r 

The radar  imagery for this program was acquired by Intera Technologies, 

Inc. ( In te ra)  under  subcontract from Arkansas Research Consultants, Inc. 
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A s  discussed previously, the radar  system characteristics have a direct 

bearing not only on the quality of the  data acquired but  on the interpretation 

of these data as well. The characteristics of the STAR-1 system used by 

Intera to collect the imagery are shown in Table 3.5. Comments on the 

characteristics particularly significant for mission planning and quality 

control are contained in the following paragraphs. 

The Philippines radar  survey w a s  conducted using exclusively wide 

swath coverage. According to the Table of Specifications this yields a 

resolution of 6x12 m (azimuth x range)  and an  incoherent averaging of 

approximately 8 independent samples. The actual operation of the system 

and the processing of the data is  somewhat different than this, leading to  
some modification of both the swath width and number of samples averaged. 

In general, the  azimuth resolution is  subsequently averaged to near the  

same value as the range resolution. For wide swath coverage this produces 

a resolution cell of approximately 12x12 m and on the order  of 24 independent 

samples. 

For mission planning i t  i s  critical that  the actual swath width be known 

along with the  incidence angles at the swath limits. L e t  u s  consider how 

the swath width of the imagery is  controlled in actual system operation. 

Figure 3.8 shows the side-looking geometry of the SAR system. The near 

range of the  swath is set by means of a time delay which corresponds to 

the slant range to the near edge of the swath. The swath extent is  

controlled by the s w e e p  duration, again in time or slant range. The swath 

width in the ground plane is a function not only of the  time delay and 

sweep extent of the system, but  also the altitude of the aircraft. 
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Parameter 

Freyuencv 

Average Power Output 

Antenna Length (Physical 1 

Viewing Direction 

Antenna Stabilization 

1 

Value 

X-Band 1 9 . 3 7 5  CHz) 

160 W 

1.0 m 

Left or Right 

3-AxiS 

1 

Operating A1 t it ucle 

Yaximum Ground Speed 

1 
to 10,000 m (33,000 feet) 

5 5 0  knots 

NIUIWW Wide 

1 

1 

1 ~~ 

Swath Coverage 25 km 5 0  km 

Besolut ion 

- Range 6 m  12 m 

- Azimuth G m  12 m 

Averaging 

1 
- Range 
- Azimuth 

J 

1 

7 I 14 

Table 3.5: STAR-1 s y s t e m  p a r a m e t e r s .  

Minimum Detectable Reflectivity 

Recording 

Display 

Scale 

-30dB across swath 

Digital HDDT (on-board 
full-bandwidth) 

Real-time (on-board dry 
silver paper) 

1: 250,000 
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The processor used in the STAR-1 system is  capable of digitizing 4,096 

range samples; and with a range resolution (in the slant plane) of 1 2  m,  

the resulting range sweep extent is  4,096~12 = 49.1 km. The system is 

operated such tha t  the far range incidence angle is  approximately 80",  

which corresponds to a ground swath width of approximately 49.9 km. Xote 

this gives a ground range resolution of j u s t  slightly over 12 m,  the exact 

amount varying over the swath with changing incidence angle. This is  

obviously the basis for the 50 km swath width listed in the STAR-1 Table 

of Specifications. 

The fashion in which Intera operates the system is  slightly different 

from tha t  described above and implied by the Table of Specifications. The 

Intera mode of operation is a compromise between not only swath width 

and sensitivity, bu t  also selection of the optimum range of incidence angle 

for terrain enhancement, the characteristics of the specific antenna used, 

and ease of adjustment in field operations. This compromise results in 

basic operation over the angular range of approximately 60" to 80" incidence 

at normal operating altitudes. To maximize sensitivity, the antenna vertical 

beam width is  only slightly greater than this range. 

The STAR-1 system is  operated with a fixed s w e e p  extent in the slant 

range of approximately 43.7 km. This results in slightly better resolution 
in  the slant plane and thus  at least 1 2  m resolution in the  ground plane 

for all but  the  near range edge of the image. Adjustment of the incidence 

angle range necessitated by altitude changes is accommodated by varying 

the slant range delay time. A limited range of tilt i s  possible in the antenna 

elevation angle permitting the beam to be centered over the range used, 

After all this i t  must be pointed out tha t  the exact incidence angles 

over the swath width are not really fixed. This is  because these angles 

are determined by the altitude above the terrain rather  than above a 
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reference such a s  mean sea level. This altitude may vary widely along 

the flight line and even across the swath, particularly for relatively 

mountainous regions such as much of the area covered by the Philippines 

radar  survey. Note the aircraft  altitude with respect to a reference level 

must be held constant along the flight line to permit formation of the 

synthetic a r r ay  providing the azimuth resolution. 

In theory, the radar  operator estimates the mean terrain elevation for 

a given flight line then sets the range delay time to obtain the optimum 

angular range over the image swath. The antenna tilt angle may be adjusted 

to insure the complete swath remains within the antenna beam even as the 

terrain elevation and consequently the incidence angle vary. This also 

maximizes the s y s t e m  sensitivity for the specific configuration. 

In actual practice, the flight altitude with respect to a barometric 

reference and the slant range delay a re  usually selected for an  entire 

imaging mission and rarely changed unless dictated by flight operations. 

The only adjustment then, is of the antenna tilt angle. While this significantly 

eases operation and operator training, i t  does sacrifice line-to-line opti- 

mization and permits increased angular variation and scale changes which 

must  be rectified in mosaic construction. 

For the Philippines survey,  Intera operated consistently at a barometric 

altitude of 29,000 feet (8,840 m )  and a slant range delay of 18 km. For 

sea level operation this results in an  incidence angle range of 60.6" to 

81.9" with a ground swath width of 46.4 km. Ob\-iously, the altitude above 

the terrain is variable and in many cases quite substantially less than the 

above figure. However, with operation a t  these relatively high incidence 

angles the swath width is  not greatly sensitive to altitude changes. For 

instance, at an altitude of 24,000 feet ( 7 , 3 i O  m )  above the terrain the 

incidence angle range becomes 66.0" to 83.3" with a ground swath width 
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of 45.8 km. The most significant parameter changes from the standpoint 

of flight planning are the increased incidence angles which increase the 

data loss due to terrain shadowing. 

A significant advantage of the Intera STAR-1 system, particularly in 

comparison with previous orbital radars  such as Seasat, SIR-A, and SIR-B, 

is the large number of independent samples averaged at this  resolution 

(in the range of 20 to 25). This degree of averaging greatly reduces the 

coherent fading or speckle common to  radar  and laser imaging systems, 

This significantly improves the effective resolution of the imagery ( tha t  

useable for interpretation) and thus  increases the range of image scale 

tha t  may be used. 

The imagery used for this survey w a s  printed at a scale of 1:250,000 

and t ransferred to base m a p s  of the s a m e  scale. However, much of the 

detailed interpretation w a s  performed by viewing the flight s t r ips  in stereo 

and under  magnification. The high degree of averaging in these data 

permit viewing under magnifications up  to 5 or  6 to 1. This means the 

data will support  interpretation even at a scale of 1:50,000. Satellite imagery 

typically has 3 or  4 sample averaging, however, even if acquired at the 

same resolution, interpretation is effectively limited to a scale of 1:250,000. 

Only slight magnification can be used with such data before the coherent 
fading becomes too distracting for interpretation. 

3-3-2 Flight Plannine 

The objective of flight planning should be to not only insure coverage 

of the survey area, but  to do so in a fashion tha t  optimally enhances the 

terrain and minimizes data loss due to geometric and radiometric distortions 

as well as shadowing. While this objective appears  quite simple, cost 

considerations dictate tha t  satisfaction of the objective is  inevitably a 
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compromise between the cost of data acquisition and the quality of the 

data obtained. Where the organization collecting the data is  likewise 

responsible for i ts  interpretation, this compromise is  usually weighted 

toward improved data quality and arrived at by internal negotiations 

between individuals directing flight operations and those charged with data 

analysis and application. The far more common situation is where data 

collection is contracted from the organization responsible for interpretation 

to one responsible solely for data collection. In this case, the contracting 

document becomes the mechanism for effecting this compromise. While major 

items such as the amount of coverage, overlap, look direction(s), etc, a r e  

easily documented, others  a re  quite site and application specific and require 

detailed flight planning. Unfortunately, the detailed flight plan is normally 

not prepared until contract award  and is in fact a portion of the effort 

covered by the contract. 

To insure optimum data quality within the bounds of the contract 

specifications the contracting organization should reserve the r ight  to 

participate in preparation of and approve the detailed flight plan. Without 

this reservation, flight plan compromises between acquisition cost and data 

quality will inevitably be weighted toward cost reduction. This obviously 

means the contracting organization must have detailed familiarity with the 

flight planning process and its effect on the quality of the data. In this 

section we shall describe the nominal process of flight planning, the flight 

plan used for the Philippines survey, and point out those areas of concern. 

Specification of the area to be covered is self explanatory. The only 

Many features 

regional 

caution to be exercised is to not bound the area too closely. 

of geological interest  a re  best evaluated by their placement in a 
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, perspective. However, particularly where stereo coverage is specified, the 

monoscopic coverage extending beyond the bounds of the specified area 

may be used to extend this  regional perspective at no additional cost. 

A s  with aerial photography surveys,  radar  coverage is  obtained by 

flying parallel flight paths over the area. The major difference with radar  

is  tha t  the area covered is offset to the side of the flight line by a 

considerable distance. For the Intera  STAR-1 system this offset is  generally 

on the order  of 15 to 20 km. Cost considerations generally dictate tha t  

the number of flight lines be minimized, t hus  they are normally oriented 

parallel to the largest  dimension of the defined area. However, this should 

definitely not be the criterion used to orient the flight path. One of the 

major advantages of radar  is  in i ts  enhancement of s t ructural  and par- 

ticularly linear features oriented parallel to the flight path. Where the 

region to be imaged has a definite s t ructural  orientation, or grain, the 

flight direction should be oriented parallel to this  trend. In  many cases 

these requirements for flight line orientation will be in close agreement as 

areas tend to be defined longer parallel to the direction of s t ructural  grain. 

However, where conflict arises,  the orientation with respect to s t ructural  

grain should take precedence. To prevent such conflict, the  flight line 

orientation should be contractually specified along with the definition of 

the  area. 

The look direction perpendicular to  the flight path is less critical but  

should also be specified. The radar  enhancement of s t ruc ture  comes at 

the expense of incurring data loss from shadowing due to the oblique look 

angle. Terrain back slopes (measured in the plane of incidence) exceeding 

the compliment of the  incidence angle will be in shadow, with the shadow 

length a function of the relative relief of the  feature. For the relatively 

high incidence angles of the STAR-1 system (roughly 60" to 80" )  this means 
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back slopes of 10" to 30" will be in shadow depending on their placement 

in the swath. Thus, in relatively rugged terrain such as much of the 

Philippines survey area there  will be some unavoidable data loss due to 

shadow for single look direction imagery. Where i t  i s  known which side 

of the dominant s t ructural  grain is  of most interest ,  the  look direction 

should be specified toward this side to minimize data loss due to shadow 

for the more critical region. This specification of look direction (left  or 

r igh t )  after specification of flight path will normally not impact acquisition 

time or cost, however, i t  should likewise be contractually specified with 

the area definition to prevent later misunderstanding. 

A s  pointed out  above, there  is  some inevitable data loss in relatively 

high relief-high slope regions due to the oblique perspective of radar 

imagery. This oblique perspective, that  may be selectively oriented to  

complement the terrain s t ructure ,  is  also one of the major advantages of 

radar  imagery in i ts  enhancement of s t ructure .  This does mean, however, 

tha t  complete radar  data coverage is not possible in high relief areas with 

a single look direction. In  many cases the percentage of the  area affected 

may be quite small and t rends  in the affected areas may be inferred and 

extrapolated from the surrounding area. The additional information provided 

by a second look direction must be weighed against the cost of acquisition. 

Although this cost will vary  between regions and contractors, one m a y  

roughly estimate tha t  complete coverage of the s a m e  type with a second 

look direction will increase the total acquisition cost by 50%. Obviously, 

reduced coverage of selected regions would cost less, however, the reduction 

may not be a simple linear function of area coverage. 

The decision as to single or multiple look coverage should be made 

by the organization contracting the  data acquisition and responsible for 

analysis of the data, subject as always to their own cost constraints. While 
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the decision is greatly influenced by cost, i t  i s  also very definitely a 

function of the specific s i te(s) ,  the  particular application(s), and the 

acquisition system characteristics. This trade-off should be evaluated in 

conjunction with the  original site specification and obviously must be 

specified in the original contract. 

The trade-off involved in the Philippines survey w a s  basically how 

best  to spend the fixed sum available for data acquisition. ARCI, in 

consultation with BED and PNOC EC personnel, felt tha t  for an initial survey 

the weighting should be toward coverage of more sites ra ther  than filling 

in the  small percentage of lost data for f e w e r  sites. Accordingly, the 

contract with Intera called for single look coverage. 

Although multiple look direction coverage w a s  not recommended for 

this survey,  i t  w a s  strongly recommended by ARCI that  the data be flown 

with sufficient sidelap to permit stereo viewing of the complete defined 

area( s )  (exclusive, of course, of shadowed regions), The three-dimensional 

perspective afforded by stereo viewing is  an invaluable aid to  interpretation 

in regions of pronounced s t ructural  definition. This is the only means of 

discriminating relatively subtle slopes and even moderate slopes not oriented 

normal to the flight line. Even with the relatively low vertical exaggeration 

provided by the STAR-1 high incidence angle imagery, the three-dimensional 

view greatly aids formation of three-dimensional terrain models for inference 

of subsurface conditions. The added benefit of stereo coverage is only 

slightly less for radar  imagery than for photographic reconnaissance, where 

stereo has become virtually standard for serious exploration surveys. 

Obviously, complete stereo coverage requires the  entire survey area  

to have duplicate coverage at two incidence angles. This duplication of 

coverage is  somewhat more significant with radar  than with photography. 

With photography, the number of flight lines required to cover the area 
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is  essentially the same whether the f rame overlap is  5% or 75%. The major 

difference is  basically one of film and processing cost. Radar, due to the 

fact that  coverage is  lapped to the side rather  than along the flight line, 

requires a near doubling of the required flight lines. Even with this,  the  

cost differential between monoscopic and stereo coverage should not exceed 

50% as fixed mobilization charges a re  a significant fraction of the cost for  

moderate surveys.  In  addition, staging costs will be significantly less 

when simply extending the t i m e  in the area. 

Obviously, stereo coverage requires a minimum sidelap of 50%. The 

data acquisition contract awarded to Intera  specified the  imagery to  be 

flown with a nominal sidelap of 55%. The additional 5% sidelap is  to absorb 
errors in flight line positioning and the variation of swath width with 

elevation discussed previously. In  order  to simplify flight operations, 

Intera  typically flies all lines at the same barometric altitude ( t h u s  a 

varying altitude with respect to the  ground) and maintains both the slant 

range delay and s w e e p  extent constant as well. Note that  the relatively 

high incidence angles employed in the STAR-1 system tend to minimize the 

swath width variation with altitude above the ground. Even for an  altitude 

range of 20,000 feet (6,100 m )  to the  maximum operating altitude of 33,000 

feet (10,060 m )  the swath width remains between 45 to 47 km. 

Due to this  relatively small variation of swath width with altitude, 

Intera chooses to fur ther  simplify flight planning and operation by- spacing 

all flight lines equally. This spacing is chosen to provide sufficient sidelap 

under worst conditions. Typically-, and for the  entire Philippines survey,  

the flight line spacing is  10 nautical miles. Taking a worst case swath 

width of 45 km this  provides a sidelap of 59%. This is  certainly adequate 
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and provides considerable margin for possible e r ro r s  in flight line posi- 

tioning. While no exact f igures for positioning e r ro r s  a re  available, i t  is 

felt tha t  the inertial navigation system (INS) used by Intera provides 

accuracy well within these bounds. 

With the STAR-1 characteristics and procedures used, the requirements 

for stereo sidelap are m e t  quite well. The safety margins used are adequate 

in normal operation and the only problems should stem from incorrect 

calculation or setting of the coordinates and possibly equipment ( ITS ) 

malfunction. The minimum sidelap measured for all imagery collected during 

this survey was  55%. Even though no problem w a s  encountered in  obtaining 

complete stereo sidelap, i t  i s  recommended that  any  f u t u r e  contracts be 

worded to call for a minimum 55% sidelap rather  than nominal. .Any failure 

to obtain stereo coverage, whether by e r ro r  o r  malfunction, is completely 

the responsibility of the contractor and should be acknowledged as such. 

The flight line coordinates used for the Philippines survey are  listed 

in Table 3.6 and shown on the sketch maps of Figures 3.9 through 3.12. 

The swath coverage is  likewise indicated for a few lines to give some 

perspective. 
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Table 3 .6  Flight line coordinates for Philippines radar gurvey project. 

1 

2 

H y d r o c a r b o n  S i t e  1 - Bondoc Peninsula 

14-12” 121‘46’E 13-53” 122’05’E 

13’18” 122‘54’E 14-20” 121’52’E 

3 

4 

5 

14-28” 121’59’E 13-25” 123’02’E 

13-33” 123’09’E 14‘36“ 122’05’E 

14-44” 122’12’E 13-45” 123’12’E 

H y d r o c a r b o n  S i t e  2 and G e o t h e r ~ n a l  S i t e  C - 
Cotabato B a s i n  and Mt, A g o ,  M i n d a n a o  

Line No. 

1 

Coordinates Coordinates 

6-56” 123’34’E 5-29” 124’45‘E 

2 

3 

4 

5 

6 

7 

8 

48 

5-35” 124’55’E 7-03” 123’41’E 

7-08” 123’50’E 5’42’N 125’02’E 

5-49” 125’10’E 7-13” 123”59’E 

7-17” 124’08’E 5‘56” 125’17’E 

6-01” 125’26’E 7-22” 124’17’E 

7-00” 124’49’E 6-34” 125’12’E 

6-40” 125’20’E 7-06” 124’57’E 
1 
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10’46” 123’21’E 10’13’N 123’21’E 

10’13’N 123’31’E 10.46” 123‘31’E 

3 

3 

4 

5 

J 

10.46” 123’41’E I 10’13” 123’41’E 

9-29” 123’32’E 8-52” 123’16’E 

6-49“ 123’26’E 11’16’N 124’24’E 

J 

H y d r o c a r b o n  Site 3 - M i n d o r o  

1 L i n e  No. I Coordinates II 
1 13-20” 120’57’E 12-40” 120’57’E 

12.20” 121’07’E 13”20’N 121’07’E 

11 3 I 13-17” 121’17’E 12-05” 121’17’E 11 
4 12-05” 121’27’E 13’15’N 121’27’E 

13-14” 121’37’E 12-05” 121’37’E 

6 12-05” 121’47’E 13‘13” 121’47’E 

13-10” 121’57’E 12’10’N 121’57’E 

H y d r o c a r - n  Site 4 and Geothermal Sites A and 
B -  Cebu and N e g r o s  

II L i n e  No. I Coordimtes 1 Coordinates II 

J 
6 11-12” 124’33’E 8’45’N 123’36’E 

7 9-14” 123‘59’E 10‘55” 124’37’E 

49 
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Figure 3 . 9  Flight lines for Bondoc test site. 
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Figure 3.10: Flight lines for Mindanao test site. 

51 



I90 

\ 

TAYABAS OA 

7 

Figure 3.11: Flight lines for Mindoro test site. 
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Figure 3.12: Flight lines for Cebu and Negros test sites. 

53  



The preceding discussion describes the extent of the flight planning 

conducted by Intera  for this survey,  and is  a fair representation of tha t  

conducted by other firms or agencies conducting radar  surveys. Most 

neglect another important consideration. This is in not making an  effort 

to minimize the data loss due to shadowing which is increasingly important 

as the system is operated at higher incidence angles. For example, consider 

the nominal coverage used by Intera  for this survey; 29,000 foot (8 ,840 m )  

altitude with approximately a 46.4 km swath width. The near and far range 

incidence angles a re  approximately 60.6" and 81.9" for the reference elevation. 

More importantly, however, the mid-swath angle is  77.4". Thus, the near 

range portion of the imagery spans nearly 17" while the far range is  

confined to less than 5" in the  region above 77.4". This means backslopes 

exceeding 12.6" will be in shadow and these shadows may be quite extensive 

depending on the relative relief. This obviously precludes stereo viewing. 

X region imaged f i rs t  near mid-swath (77 .4")  will nest  be imaged close to 

the near range l i m i t  (60.6"), and if the slopes do not exceed 29.3", at least 

monoscopic coverage is obtained. However, a region imaged f i rs t  close to 

the far range limit (81.9") will next be imaged near mid-swath (77 .4") .  In 

this case not even monoscopic coverage is  obtained for slopes exceeding 

12.6". 

This situation can be alleviated slightly by increasing altitude, however, 

going to the maximum operating altitude of the STAR-1 aircraft only increases 

the mid-swath angle by approximately 2". This may also be alleviated 

somewhat by decreasing the slant range delay thus  decreasing the incidence 

angles over the swath. However, this will incur some increase in slant 

range compression and relief distortion as well as decreasing the 

enhancement of more subtle slopes. Still another means of improving this 

situation would be decreasing the flight line spacing o r  increasing the 
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sidelap such tha t  each area is imaged at least once at a lower incidence 

angle. This obviously impacts acquisition cost, and if used for more than 

a few sub-regions would have to be contrasted with the cost increase to 

obtain coverage at a different aspect angle. 

Under a standard fixed price contract there  is  little flexibility in 

adding additional flight time. Thus, i t  i s  critical tha t  the  basic parameters 

of altitude, slant range delay, and sweep extent be chosen based on the 

known characteristics (slope and relief) of the area to be imaged. Even 

after arriving at compromise values for these parameters, the flight line 

placement should be reviewed for location with respect to any known critical 

areas. Minor offsets of flight lines and/or spacing changes should be 

negotiated to insure best  coverage of known critical areas. 

In  summary, one must conclude tha t  approval of the detailed flight 

plan including operating parameters of the system and coordinate location 

of all flight lines should, in the future ,  be acontract  requirement. Generation 

of the plan and approval by the contracting agency should be conducted 

prior to  aircraft  mobilization. This will prevent expenditure of any significant 

funds  prior to agreement on all details of the flight plan tha t  could be 

construed to impact the contract cost. 

3.3.3 Q ualitv Assurance 

Quality assurance encompasses all actions taken to insure the final 

data products are the best  obtainable under the  particular set of cost, 

system, and operational constraints. The quality assurance activity may 

be separated into the three distinct phases listed below: 

(1) Mission planning 

( 2 )  On-site review of interim data products 

( 3 )  Detailed review of final data products 

1 
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3-3-3-1 Mission Planning 

The f i rs t  and perhaps the most critical step in assuring the data 

collected a re  optimum for performance of the particular application is  in 

definition of the data acquisition contract and formulation of the detailed 

flight plan. N o t  

as much control as desired could be exercised at this stage for the 

Philippines survey by virtue of the position as an add-on contract to an  

existing mission. Standard contract t e r m s  were accepted in order  to minimize 

cost and assure collection of these data at the start ra ther  than the end 

of a lengthy aircraft  deployment. Note, however, i t  is strongly recommended 

tha t  under normal circumstances the standard data acquisition contract be 
modified to require full stereo co\Terage and approval of the detailed flight 

plan before aircraft  deployment. 

This s tep  w a s  covered in detail in the preceding section. 

3-3-3-2 On-Site Review of Interim Data Prod- 

ucts 

The second step, on-site review of interim data products,  is where 

the Intera STAR-1 system has a decided advantage over most other radar  

imaging systems. With most other radar  systems, the data are not reduced 

to image form until well after completion of the  mission. This depends to 

some extent on the size of the survey which in tu rn  determines the amount 

of support  equipment moved to the staging area. However, for relatively 

small surveys  such as this, the image data are normally not available for 

review until well after completion of the aircraft  mission. This means 

quality assurance of the data is completely dependent upon system readings 

monitored by the radar  operator. If marginal or  unacceptable segments 

are subsequently found in the image data, the aircraft  m u s t  r e turn  to 
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the site at some later time for reflights. This is an extremely costly s tep 

in t e r m s  of both time and money. Vnless substantial penalties for late 

delivery, incomplete coverage, and image qualit>- have been incorporated 

into the contract, negotiation of reflights is  extremely difficult. Note this 

problem is  primarily due to timing. A reflight for a questionable data strip 

while the  aircraft  is on-station for the mission is relatii-ely inexpensive 

and thus  considerably easier to negotiate. Once the aircraft has departed 

the area,  the cost of returning for the same reflight is many times t ha t  

while on- station, 

With the Intera STAR-1 system, the SAR data are fully correlated in 

real time and an interim image product produced on d ry  silver paper. 

Since this  image is produced from the digital data recorded on the high 

density digital tape ( H D D T ) ,  i t  provides a complete check of the system 

through reception of the signal, correlation, and recording. While this  

paper image has degraded spatial and gray tone resolution, i t  still permits 

a detailed quality review of the data both in real time by the radar  operator 

and immediately after each flight by the quality assurance ( Q A )  repre- 

sentatives of the contractor and contracting agency. 

I t  would be difficult to overemphasize the importance of this immediate 

post-flight review of the  data by the QA representative of the contracting 

agency. Appro\-al of the data by the contracting agency QA repyesentative 

at this time should definitely be written into the data acquisition contract. 

Contract definition should provide substantial payment penalty for lack of 

this approval. This will insure cooperation on both sides in resolving any 

disputes over the adequacy of the data. Note again how critical i t  is to 

resolve questions involving possible reflights at this time. The cost to 

the contractor of reflying a line as a portion of the next flight is relatively 

minor. Thus, the possibility of incurring even a small penalty is sufficient 
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inducement for reflying. Once the aircraft  has left the nearest staging 

area this cost goes up  substantially, and once it has departed the complete 

survey area i t  escalates even more. A t  this point, the  penalty for even 

a small data loss would have to be a substantial portion of the contract 

amount to balance the cost of returning the aircraft  and crew to the survey 

site. 

Now let us consider the items which the contracting agency & A  rep- 

resentative may check in reviewing the interim d ry  silver paper imagery. 

These fall into two general categories: coverage of the contract area and 

quality of the recorded data. Specific items to be checked are  listed in 

Table 3.7. Detailed monitoring of the items listed in Table 3.7 will insure 

tha t  the basic data recorded on the High Density Digital Tape ( H D D T )  i s  

of acceptable quality while the aircraft  and crew are still on-site and 

available for reflights. 

Review of the coverage items is  quite s t ra ight  forward and relatively 

rapid if prior preparations have been made. The nominal acquisition scale 

of the imagery is  1:250,000 and the  final image s t r ips  will be adjusted 

exactly to this scale. The interim real-time paper images will not have all 

scale corrections incorporated to produce an  exact 1:250,000 scale, however, 

the scale will be relatively close to this. The &A representative should 

have on-site a set of 1:250,000 maps with the survey area,  flight lines, 

swath extent, and critical areas plotted. Superposition of the interim image 

s t r ips  on these maps permits rapid verification of the coverage requirements. 

Review of the quality items is  more time consuming and requires some 

familiarity with radar  imagery, system operation, and the image appearance 

of various operational deficiencies. Flight line annotation by the radar  

operator of the occurrence of both rain and turbulence greatly aids this 

operation by pinpointing regions needing more detailed inspection. However, 
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Table 3.7: I t e m s  for on-site review of interim data products 

I. Coverage of Contract Area 

J 
~~ 

1. F h g h t h e s  located and oraented as defined by m1ssu)o plan. 

2. bmkdrectkm correct 

3, 

4. Near and far rap e e x t r e m e s  of -tract area covered. Coverage of range e x e m e s  of area must 

Flight lines extend beyond the bounds of the amlzact area on both ends 

appear on t w o  m%t lines to piwvde stelPo. 

J 
J 

1. 

** w% ted m range delay mtervaL 

Areas of lugh return not correlated w& surface fmtures  mdra tmg  return fiwm mtense ram cells 
wlthm the range sweep. 

of l o w  return not correlated w l t h  surface f m t m e s  mdmitmg p o w e r  loss due to mtense ram 

J 
a 

31 

3. 

4. A n t e n M x t t e r n  bandmg produung alternate 

5. 

re& bandmg extendmg arross the full m g e  s w a t h  m the range -. r)us IS due to osullatmns 
m the antenna motzon compensamn system normally exuted by turbulence. 

h t  and dark S r w s  m the near range e x t e n h g  h g  
the 1 ” n L  of the unage or m the  azunuth &n. Z b  bandmg IS due to antenna pattern npples  
m t h e  vatmn plane. 

Areas of l o w  return at water-tc+land transrbons. ‘lhese may m r  due to me delay of the clutter-lock 
svstem m trackmil h a e  t r a n s l t l ~ ~ s  m the center of the  -ved doppler spectrum. 

even with this,  each image s t r ip  should be examined in its entirety for  

any evidence of rain effects or periodic range bands due to turbulence. 

Land-water transitions occupying a large swath extent should also be 

examined in detail for shif ts  in average gray scale due to synchronization 

delay of the clutter-lock system. 
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Evidence of antenna banding in the azimuth dimension due to gain 

ripples in the antenna pattern at low elevation angles is best detected 

through examination of the  near range portion of the  imagery in regions 

along the flight path that  a re  relatively flat and also at a lower elevation. 

While the antenna pattern is a basic design characteristic of the system 

that  cannot be changed in field operation, this does not mean that  the 

effects of antenna banding cannot be minimized. The low elevation angle 

ripples of the antenna pattern are a function of the ground plane mounting, 

thus  v a r y  with slight changes in the azimuth pointing direction. The 

antenna is  pointed perpendicular to the velocity vector along the flight 

track. Under normal conditions, the flight velocity vector and the aircraft  

axis are near parallel, thus  the antenna pointing direction i s  perpendicular 
to the axis of the aircraft. However, under crosswind conditions the axis 

of the aircraft  and the flight velocity vector may differ by a substantial 

"crab" angle. To maintain perpendicularity to the velocity vector, the 

antenna must be pointed off broadside to the aircraft  axis. This slight 

alteration of the ground plane and particularly reflections from the  engine 

nacelle, cause significant perturbations (ripples) in the elevation pat tern 

particularly at low angles. 

This effect  may best  be minimized by reflying under low crosswind 

conditions or by changing look direction (so crab angle adjustment of 

azimuth pointing is toward aircraft  tail). In many cases, other requirements 

dictate the look direction, t hus  i t  may not be possible to change this 

parameter. Also in regions of prevailing wind conditions i t  may not be 

practical to wait for decreased crosswinds. Under these conditions, i t  may 

still be possible to move operation to higher elevation angles of the pattern 

by- adjusting the combination of aircraft  altitude, slant range delay, and 

elevation tilt angle. While these adjustments may not totally eliminate the 
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banding, they may significantly reduce the effect. In  general, imagery 

with substantial antenna banding should not be accepted until reflights 

have demonstrated the problem has been minimized through ad justnient of 

s y s tem parameters. 

3-3-3-3 Detailed Review of Final Data Prod- 

ucts  

The final data products normally produced are: 

1) Digital tape ( C C T )  of each image strip. 

2 )  Negative film and positive pr int  of each image s t r ip  at 1:250,000 
scale. 

3 )  Negative film and positive pr int  of radar  mosaic of each area 
at 1:250,000 scale. 

L e t  u s  consider the sequence of production of these products and the 

inspection needed for quality assurance at each step. 

The f i r s t  step in this process is  transcription of the H D D T  recorded 

on board the  aircraft  to a computer compatible tape ( C C T ) .  The data a re  

resanipled and, for wide swath operation, a three-line incoherent average 

is  performed. The basic pixel size is set by the on-board SAR correlator, 

however, small e r ro r s  in the along-track dimension are cumulative along 

the flight line. A s  many of the flight lines exceed 150 km, these cumulative 

e r ro r s  may produce a significant scale change in the azimuth (along-track) 

dimension. During this resampling and averaging conversion, tie points 

between the image and base m a p  a re  identified and the scale adjusted to 

1:250,000. 
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Errors  in the range dimension are obviously not cumulative along the 

flight track and consequently are much less severe. However, there  is  

some uncertainty in this dimension due to varying relief displacement across 

the swath. These e r ro r s  a re  normally corrected in the mosaicking process. 

Where a lay-down process (as opposed to digital) i s  used, as on this  

program, the image s t r ips  are printed at a slightly reduced cross-track 

scale. During the mosaicking process, this dimension is continuously 

stretched along the s t r ip  to meet tie points on the base map. 

The general format description of the  CCT produced by either of the 

Intera systems is  shown in Table 3.8. The resulting CCT may be checked 

for readability and parity, however, this is implicitly performed by using 

the tape in the next s tep  of the process; to  produce a n  image strip negative. 

A digital controlled film laser writer is used to produce the s t r ip  negative 

f r o m  the CCT. There should be no substantial change between these s t r ips  

and the interim paper s t r ips  inspected on-site, other than greatly improved 

resolution and gray-scale. However, each s t r ip  should be inspected for 

the s a m e  coverage and quality items as the on-site inspection and should 

also be compared with the  interim product to insure no reduction of coverage 

or quality in the tape transcription and negative printing process. There 

are three additional items tha t  should now be checked at this  stage. These 

are: 

1) Scale in both range and azimuth should be 1:250,000 or  very  
slightly smaller. 

2 )  There should be a continuous range of gray-tones for  the 
regions of interest  and these should span the full range from 
bright to dark. 

3 )  The tonal distribution should be relatively well centered on 
the mid-grey level and should not significantly vary between 
regions and s t r ips  covering similar terrain. 
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Table 3.8: Format description for computer compatible tapes of STAR radar 
data 

STAH-1 and S’L’AK-2 data are rean-ded on 9-track 2 4 0  foot mmputer compamle 
tapes (CCTS at 6250 bpi,. in one of severalformats des&&d below. Each CCT contams 
records of 40% bytes w l t h  a n  EUT mark after the  last record on the tape. The, f n 3  
record contams the A S C l l  annotatmn record. The subsequent records each consist of 
one range line of r a d w  data (1096, &-bit pixels), presented m one of the followmg formats. 
In every case, one h e  = one block. 

STAK-1 Standard 

STAK-1 .wi th  AUMl; 
A n n o t a m  

1 time event 
mark mark 

bytes bytes 
4064 bytes 16 16 

I I time event 
mark mark 

6 4  4000 16 16 
bytes bytes k% 

STAH-2 W a h  AUMU 

4056 bytes 

STAH72 W & h  AUflU Modified to 
provlde a n n o t a m  data 

64 
b s  
A E U  

4032 bytes 

The inte - rd gap is 0 5 inches thus giving a total of I) 65 t 0 5 = 1.15 mches/block. 
For a 2,&d‘%!%t tape, the’maxunum’ number of records Is tha-eforci 

[ ~ ] - 2 5 . 0 4 3  2 . l T J O “ ! ? ’  r e t o r  ds 
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The maxllllum amount of data contamed on one CC'r IS thus: 

ST AH- 1 25,043 1 12.6 315.5 170.4 

STAR-2 25,043 1 18.0 450.8 243.4 

NEAH-SQUAKE Y U K L  EUHMAT (WIUE SWATHJ 

System I mrds/tape I x I line/recoi.d I x I m / h e  I = 1 km/tape I or I nm/tape1 

S T A K - 1  

STAH-2 
I 

81.1 

25,043 1 4.2 105.2 

25,043 1 6.0 150.3 

HAW STANUAKU YlXPL ( F U L L )  FOHMAT (WIDE SWATH) 

HAW H l G H  HESOLUTlON EOPMAI' (NAHPOW SWA'I'HJ 

STAH-1 25,043 1 4.2 105.2 56.8 

STAH-2 25,043 1 6.0 150.2 81.1 

HEPHISENTATION or STAK DATA ON CCT 
Uata on e CFrs reprvsent ground distances in the across-tmck and alcmg-track 

dwctlDns as f&WS. 

I S'I'AH-11 I S'I'AK-22 

1 Line &n track 
( A W U & )  

m e a r  square 12.6 m ~ 16.2 m - 

rull nes. 4.2 m 4.2 m 5.4 m 5.2 m 

Notes: 1. Altitude = 33,000 feet 
kmge  M a y  = 20 km 

2. Aleude  = 33,000 feet 
&mge Delay = 15 km 

The first b wh& the last byte of 
each h e  re r e s e n e t h e  l h u s  If the radar lslbokmg r u h t  out of the 
ay"Bft kdoim, the fn~?%yte of each h e  &corded re i-esents the near edge of the 
swath ani the last byte re resents the far ed e. If b i g  Idt the reverse 
IS true: the first byte g e a c h  h e  repi-esenki t h e k  edge 3 %e swath,'and the last 
byte the near edge. 

of each h e  represents the l e f t m o s t  pxie 
htmostpxeL 

e ra8ar 
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Contact pr ints  produced from these negatives should also be inspected 

for the above three items. The primary concern here is that  the exposure 

control preserve the  dynamic range of gray tones and hence the  dis- 

crimination of regions with differing scattering characteristics. 

The preparation of the mosaic is covered in considerable detail in the 

next section. Insofar as inspection is  concerned, this  is  performed on the 

positive print  produced from the  mosaic negative. The items checked and 

the concerns a re  the s a m e  as for the image s t r ips  except the measured 

scale should now be 1:250,000 within the allowable e r ro r  tolerance. 

3-3-4 Base M a p /  M o s a i c  Construction 

1 
J 

1 

Base maps used for the Philippines radar  survey and preparation of 

radar  mosaics w e r e  United States Defense Mapping Agency ( D M A )  1:250,000 

Joint Operation Graphics ( J O G  sheets).  Copies of these maps, plotted on 

stable base film, w e r e  procured from DMA. The planimetric detail and 

drainage compiled on these maps provide an  abundance of check points 

used to initially compute the t rue  scale of each flight strip. The scale 

ratios computed are used in an optical projector to pr int  tone and scale 

matched pr ints  for mosaic construction. The optical projector can 

accommodate flight s t r ips  up  to 45 inches (114 cm) in length, t hus  m o s t  

flight s t r ips  can be printed and mosaicked in one piece, minimizing the 

number of cut-and-join lines in the mosaic. The strips for mosaic con- 

struction are printed on Ilfobrom fiber base paper. Surface IP glossy is  

used because of i ts  ability to retain fine gradations of tone and i t s  resistance 

to edge chipping. 

Mosaic assembly is made at 1:250,000 scale on tempered masonite boards. 

The DMA maps, plotted on stable base film and with Transverse Mercator 

(TM) grid lines, serve as the  Base Manuscript for mosaic construction. 

1 
I 
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Control overlays on stable base film were constructed from the Base 

Manuscript. These overlays are simply separations obtained from the Base 

Manuscript containing only prominent features used for  checking scale and 

registration. This stable base film overlay is  punched and pin registered 

to the mosaic assembly board so it can be rolled back as new str ips  a re  

pasted to the  mosaic board and then returned in position over the board 

to check the registration of the radar  s t r ip  to the detail on the control 

overlay. The adhesive used allows time for final movement of the  print ,  

and careful adjustments are made until the  s t r ip  is completely registered. 

Adjacent s t r ips  are tied one-to-another so the entire project area is covered 

with continuous tone-matched radar  imagery. 

Each completed mosaic sheet is set on a specially designed camera 

easel and optically copied at 1:l to produce a copy negative, scale 1:250,000. 

The film used for the negative is  Kodak Commercial Film coated on a ,007 

inch E s t a r  base. This emulsion is  by far the best  in i t s  class because of 

the even coating, long tonal range, excellent anti-halation backing, safelight 

tolerance, and range of contrast  possible with varied development time. 

The most valuable assets for this  purpose are, (1) the long tonal range, 

providing a D-LogE curve with a s t ra ight  line portion from .30 to 3.0 

density; and ( 2 )  a G a m m a  ranging from 0.90 to 1.10 with standard developer 

Kodak DK-50. 

In  order  to produce an  accurate 1:l copy negative each time, a Robertson 

26x32 inch Floor C a m e r a  is  specially modified so it may be accurately set 

and locked in copy position without having to rely on visual focusing and 

aligning of the optical image for each setup. The copy easel is designed 

to have side-to-side movement with pin locks which allows a board containing 

four mosaic sheets to be positioned so tha t  the center of each sheet to  be 

copied automatically falls exactly on the center of the lens axis. The 
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process mosaic negative is checked for scale by aligning the corners of 

the sheet with the plotted corners on the Base Manuscript. The process 

G a m m a  (contrast)  of the mosaic negative is  controlled to 1.0 plus or minus 

10%. Note how well Kodak Commercial Film fits this requirement with a 

Gamma range of 0.90 to 1.10. 

All information required in the border area of the mosaic sheet: corner 

coordinates, scale bar,  date of image acquisition, and all descriptive 

nomenclature is  set  up at the same scale as the mosaic and copied onto 

Kodak Ortho Type 3 Film, coated on a ,007 inch Estar base. The border 

negative is  punched and pin registered to the camera mosaic negative so 

that  the film couplet is  the Master Image Mosaic. The result  is  a master 

mosaic negative with fine reproduction of tonal differences in the radar  

mosaic and crisp,  high density type in the border area. 

3-3-5 I n t e r m r e t i v e  Products 

The final interpretive products a re  positive pr ints  of each flight line 

The negatives of these products s t r ip  and mosaics of each project area. 

serve as the working data masters. 

From the individual flight line negatives, positive glossy pr ints  a r e  
produced by vacuum contact printing on Kodak Polycontrast Rapid I1 Resin 

Coated ( R C )  Paper. The glossy surface enhances the appearance of the 

data giving i t  a visual "sharpness" that  cannot be achieved using a 

matte-surfaced paper. The RC paper also provides an  excellent dynamic 

range of tonal contrast and i s  reasonably stable dimensionally. 

a 
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The positive strip prints a re  the basic data from which virtually all 

interpretation is performed. Interpretation is normally performed by viewing 

each area in stereo and under  some degree of magnification. Overlays 

produced on the s t r ips  a re  subsequently transcribed onto the area mosaic. 

The radar  mosaics a re  normally printed on a stable base Cronopaque 

material to prevent swelling or shrinkage over long term use. These 

mosaics serve as the masters for transcription of all data obtained from 

the radar survey. The complete process flow of the image data along with 

the points of quality inspection a re  shown in Figure 3.13. 
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4 INTERPRETIVE STEtATEaY 
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Prior to interpretation of the imagery, an  extensive l i terature search 

was  conducted. This review allowed image interpreters  to become familiar 

with the geologic history, rock types,  and s t ructural  styles within each 

area. In  the initial phase of the interpretation procedure, monoscopic 

analysis of the radar  mosaic allowed the  analysts to develop a comprehensive 

familiarity of the  s tudy area  and determine the regional geology. Regional 

geology in a n  interpretive sense refers  to the relationship between large 

scale geologic features tha t  can be readily identified on the imagery. 

Coastlines and major r ivers  were then transferred from the radar  mosaic 

to a n  overlay of stable-base drafting film. These features a re  easily 

identified on radar  imagery due to  a large tonal contrast  between land and 

water boundaries. The overlay served as a base for geologic interpretation 

and provided points of reference between the imagery and published maps 

of the area. 

The most comprehensive part of the initial interpretation procedure 

was the determination of local geology. Stereo radar  imagery w a s  used to 

enhance interpretation capabilities. Stereoscopic viewing of radar  imagery 

produces a three-dimensional impression which creates the illusion of depth. 

The three-dimensional mental impression obtained from stereoscopic analysis 

is seldom an accurate replica of the terrain because of vertical exaggeration. 

In  most cases, relief will appear more severe than i t  i s  in nature; however, 

vertical exaggeration increases the interpreter’s ability to identify many 

subtle geologic features. For example, terrain slope, dip direction, strata 

thickness, surface morphology, and relief displacement due to faulting 

become more visually apparent under stereoscopic examination. Magnification 

( u p  to 1 O X )  was used during the stereoscopic analysis in areas of greater 
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geologic complexity or to more clearly define subtle terrain features. 

Through the use of stereoscopic viewing, numerous previously unmapped 

s t ructural  features (folds, faults, lineaments) were recognized. 

The second phase of the interpretation procedure entailed the synthesis 

of the two individual geologic interpretations to produce an  integrated set 

of preliminary overlays. This was  accomplished through a cooperative 

inspection and evaluation procedure involving the two imagery analysts. 

The preliminary overlays were  then reviewed by a consultant and a final 

editor. A f t e r  fu r ther  revisions and refinements, a final set of overlays 

w a s  drafted. The final interpretive products consisted of 1) a radar-geologic 

map which included lithologic boundaries, faults, lineaments, folds, form 

lines, and geomorphic anomalies, and 2 )  a radar-lineament map. 

4-1 Etadar - G e o l o g i c  M a p  

Part  of the overall interpretive s t ra tegy w a s  the  examination and 

incorporation of known geologic data. Available geologic maps aided in 

providing a general geographic location of lithologic boundaries and 

previously recognized s t ructural  features. Geologic l i terature provided 

lithologic descriptions which were used to acquire an understanding of the 

interrelationship between rock type and the corresponding radar  image 

appearance. 

Age relationships between geologic units were initially assumed to be 

correct as previously mapped; stratigraphic information was  derived from 

the existing geologic m a p s  of the  Philippines, and the legends for the  

radar-geologic maps are  a result  of the combination of the legends of these 

previously published maps. In the identification of lithologic units, if the  

tone-texture signature on the radar  suggested that the observed lithology 

contrasted with published information, a change w a s  made to  conform with 
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the evidence interpreted from the radar  imagery. Characteristic tone-texture 

signatures were selected f r o m  areas which appear to relate accurately to 

mapped units, while allowing for variations due to  topographic relief, 

lithologic variations within the unit, partial masking by transported material, 

slope, and s t ructural  variations within the unit. These characteristic 

signatures w e r e  used as guides for determining the areal extent of each 

unit. 

Abrupt changes in drainage pat terns  were also assumed to suggest  

changes in composition or st ructure  of the underlying rocks and were 

mapped as lithologic contacts. Unless a rock unit has developed particular 

tone-texture-topographic signature that  contrasts with adjacent units, or 

unless i t  was  sufficiently distinct to permit positive identification and 

isolation, i t  w a s  not mapped. Thus, only those units that  were clearly 

expressed on the radar  imagery were compiled on the interpretation overlays. 

This does not mean or imply tha t  the unit is  not sufficiently unique in 

composition to be identified on the ground. 

I t  w a s  assumed that  the available geologic m a p s  were based on field 

data, whereas units on the  radar-geologic maps w e r e  delineated only if 

they were detectable on the radar  imagery. Hence, some outcrops mapped 

on the  existing geologic maps, may not appear on the radar-geologic maps 
because the areal extent of the outcrops is small, or the  small scale of the 

radar  imagery does not lend itself to such fine discrimination. 

Geologic m a p s  provided by PNOC EC and BED were used as the primary 

source of geologic information in areas where excessive terrain relief 

produced adverse radar  shadowing, or where tonal, textural, or morphologic 

changes w e r e  not sufficiently expressed on the radar  imagery to  provide 

accurate delineation of lithologic boundaries. 
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I t  is sometimes possible to  discern movement across faults and con- 

fidently identify these features. Further ,  i t  i s  possible to  identify the 

sense of movement and consequently the type of fault on only a s m a l l  

percentage of these features. In  determining fault movement, a problem 

which leads to confusing evidence in the imagery arises when older faults 

have experienced different senses of movement at different times. 

Unfortunately, for most faults, there is  no clear evidence of offset. However, 

many of the lineaments in recent volcanic material and associated alluvial 

fans, terraces,  etc., show evidence of recent disturbances. Folds and faults 

shown on the radar-geologic maps w e r e  inferred from the  radar  imagery 

and their actual location and orientation relates directly to position on the  

radar  mosaic. 

4-2 Radar - Lineament  M a p  

According to O'Leary et al. (19761, a lineament is  a "mappable, simple 

or composite linear feature of a surface, whose par t s  are aligned in a 

rectilinear or slightly curvilinear relationship and which differs distinctly 

from the pat terns  of adjacent features  and presumably reflects a subsurface 

phenomenon," Important elements of the definition a re  that  i t  is naturally 

occurring, i t  i s  mappable, and i t  i s  presumed to represent  or  reflect some 

subsurface phenomenon. Fractures in hydrocarbon-bearing strata have 

been recognized as factors affecting migration, accumulation, and production 

of hydrocarbons. Because fractures  are commonly propagated upward and 

are  reflected at the Earth's surface as subtle lineaments, mapping of these 

surface features can be extremely important in many phases of petroleum 

exploration and development. 
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A wide variety of terrain features, such as s t ra ight  stream segments, 

aligned stream offsets, s t ra ight  scarps,  valleys and ridges, tonal or textural 

boundaries or alignments, aligned terminations, or interruption of topo- 

graphic fabric, etc., can manifest lineaments. In reality, many lineaments 

and most of the longer lineaments or zones mapped are composed of a 

combination of features. In  the more rugged mountainous areas, s t ra ight  

valleys and ridges constitute many of the lineaments. In the lowland areas, 

tonal alignments and tonal or textural boundaries are more common. Drainage 

anomalies, either s t ra ight  stream segments or aligned discontinuities or 

offsets, form lineaments in virtually any terrain. 

In  general, lineaments are more boldly displayed and confidently 

identified in the more rugged areas than in the lowlands. Much of this 

is  the effect of shadow highlighting of aligned topographic features. In 

the  lowlands, the subtle tonal or textural boundaries are more difficult to 

identify and confidently separate from agricultural practice or other cultural 

features. 

4-3 Prospect Evaluation 

The supreme achievement in petroleum exploration is  the  development 

of a prospect or play, and the eventual discovery of hydrocarbons tha t  
opens a new petroleum province. Upon what cri teria should the geologic 

choice of the  best  area to drill be based? What evidence is significant? 

What kinds of geologic evidence can be used or is available in predicting 

where a petroleum discovery will eventually be found, and what weight 

should be given to each kind of evidence? I 

If we compare the geologic conditions tha t  a r e  found in the known 

petroleum producing areas we  see tha t  they are extremely diverse. Each 

area may have i ts  own geologic history, its own characteristic deformation, 
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i ts  own stratigraphy, and i ts  own particular types of petroleum accumulation. 

I t  ~ is doubtful whether many geologic conditions could be accurately 

anticipated for an  unknown region in advance of drilling. Yet there are 

certain empirical characteristics tha t  s e e m  to be present in most productive 

areas, and tha t  seem to car ry  more weight than others in a prediscovery 

evaluation of the prospects of a region. These characteristics might be 

classified as (1) sediment type, ( 2 )  source potential and maturity, ( 3 )  

reservoir and seal type,  (4) regional arching with associated pinch-outs 

and unconformities, and ( 5 )  nature of local traps. 
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5 IRADAR-GEOLOGIC INTERPRETATION 

- BONDOC PENINSULA 

The Southeast Luzon Basin embraces the Bondoc Peninsula. For 

purposes of radar  flight line planning, the Bondoc radar  mosaic includes 

approximately 6,250 km2 of land/water coverage (see Bondoc Radar Mosaic 

which is  an  enclosure with this report) .  

5.1 Background and Petroleum 
Exploration Activities 

5-1.1 Structure 

The Bondoc part of the Geologic Map of the Bicol Shelf, Lamon Bay 

and Southeast Luzon Basins (BED, 1985), which w a s  provided by the 

Philippines Bureau of Energy Development, w a s  used to familiarize radar  

image interpreters  with the regional geologic framework. The Bondoc 

Peninsula has been described structurally as a southeast plunging anti- 

clinorium or s t ructural  high, with associated northwest-trending folds, and 

major longitudinal-type faults which parallel the trend of the Peninsula 

(Philippines Minerals and Fuels Division, 1976). However, based on recent 

analysis of aeromagnetic and seismic data, BED et al. (1987) suggest  that  

a major par t  of the Bondoc Peninsula is  within the Bondoc Graben, the 

central par t  of which is a probable diapiric zone tha t  w a s  uplifted during 

the Pleistocene. Consequently, the basement i s  relatively deep in this  area. 

The Bondoc Graben (Fig. 5.1) is one of eleven s t ructural  provinces 

corresponding to  a series of parallel and elongate northwest-trending horst ,  

graben, platform, and terrace features that  make up  the Southeast Luzon 

Basin. The s t ructural  highs (horsts ,  platforms, and terraces)  a re  char- 

acterized by relatively thin sedimentary cover, generally Iess than 3 km 



Figure 5.1: 
( A f t e r  BED e t  al., 1987) 

Structural provinces in the vicinity of the Bondoc Peninsula, 
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thick, and/or exposures of basement rocks. The grabens comprise the 

major depocenters with probable maximum thickness of sedimentary fill of 

8 k m  (BED e t  al., 1987). The Bondoc Graben which appears to plunge from 

northwest to southeast is  bordered on the southwest by the Tayabas- 

Marinduque Platform, and on the northeast by the Alabat-Burias Horst and 

Ragay Gulf Graben (Fig. 5.1) 

The stratigraphy of the Bondoc Peninsula has been described by BED 

e t  al. (1987), the Philippines Bureau of Mines and Geo-Sciences (19811, the 

Philippines Mineral Fuels Division (1976), and Robertson Research Inter- 

national Ltd. ( 1975). The following stratigraphic discussion is a synthesis 

of these reports. The section includes s t ra ta  which ranges in age from 

Cretaceous to Pleistocene with Quaternary and Recent sediments. 

The stratigraphic descriptions provided here include only those 

stratigraphic units that  have been mapped on the Radar-Geologic Inter- 

pretation of the Bondoc Peninsula which accompanies this report. 

Stratigraphic units were selected from the 1985 Geological Map of the Bicol 

Shelf-Lamon Bay and Southeast Luzon Basins prepared by the Philippines 

B u r e a u  of E n e r g y  D e v e l o p m e n t .  

Cretaceous 

The Cretaceous section forms the  stratigraphic basement and is 

composed of amphibolites, gneiss and spilitic rock groups. Pillow lavas, 

graywackes, and cherts  have also been identified. 

79 



Eocene - Oligocene 

This interval is represented by the deposition of the Unisan Volcanics 

which have been located in the vicinity of Unisan, Quezon. The formation 

consists of porphyritic andesite and amygdaloidal basalt with occasional 

interbeds of tuffaceous sandstone and conglomerate. Lithologic evidence 

and a faunal mix of planktonic and benthonic foraminifera indicate tha t  

this formation w a s  probably deposited in an  outer neritic to upper bathyal 

environment during a time of active volcanism. 

Oligocene - Early Miocene 

The Panaon Limestone, which unconformably overlies the Unisan Vol- 
canics, has outcrops near Barrio Panaon and covers the whole Quezon 

National Park. The limestones may be massive to nodular or well bedded 

and are  generally hard,  dense, and tight. Fossiliferous portions are 

composed of whole tests and fragments of red algae, corals, benthonic and 

planktonic foraminifera, echinoids, molluscs, and occasional green algae. 

The microfacies of the Panaon Limestone indicate variable environments 

of deposition. In most cases, the limestones were deposited in either 

lagoonal environments with open marine influences or foreslope to  deep-shelf 

margin environments characterized by sedimentary brecciation. 

Middle Miocene 

Unconformably overlying the Panaon Limestone is  the Middle Miocene 

Vigo Formation. This formation is predominantly a thick shale unit with 

sandstone interbeds and sandy or coralline fossiliferous limestone lenses. 

The shales a re  gray to brown and are soft, silty, and calcareous. The 

gray sandstones a re  medium to coarse grained and are moderately sorted. 
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Although late Early Miocene fossils have been identified in the basal 

portion of the formation, the occurrence of Globorotalia fohsi and Orbulina 

universa in the overlying beds gives a Middle Miocene age for the bulk 

of the Vigo Formation. This paleontological evidence along with sedimentary 

analysis indicates the Vigo Formation w a s  generally deposited in a deep 

w a t e r ,  open marine environment. Formation thickness is  approximately 

6,560 feet (2,000 m ) .  

Late Miocene - Pliocene 

The Canguinsa Formation unconforniably overlies the  Vigo Formation. 

This formation w a s  subdivided into two members by Santiago (1968) and 

the Philippines Oil Development Company (1978). The Late Miocene Lower 

Canguinsa is  predominantly medium-to coarse-grained sandstone with 

interbedded siltstone, shale, and mudstone. Pebbles of conglomerate, found 

at local basal areas, are mostly of basalt and andesite and are cemented 

with a coarse sandy matrix. The Late Miocene - Pliocene Upper. Canguinsa 

consists of finer-grained sandstone and siltstone. The formation as a whole 

can be described as rhythmically bedded sandstones, shales, and con- 

glomerates with sandstones being predominant. Outcrops of the  Canguinsa 

Formation are  dark gray to brown, medium- to  coarse-grained, friable 

sandstone. The sand grains are subrounded with a clay matrix. 

Sandstones of the Canguinsa Formation contain abundant leaf imprints 

and fragments which a re  indicative of deposition in shallow to moderately 

deep w a t e r ,  perhaps near the  outer shelf area. Formation thickness ranges 

from 6,560-9,840 feet (2,000-3,000 m) .  An open marine environment of 

deposition near the outer edge of the shelf has  been suggested for  the 

Canguinsa Formation. 
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Pliocene 

The Hondagua Formation of Pliocene age i s  mostly siltstone with 

interbeds of shales and calcareous sandstone. This clastic sequence reaches 

an approximate thickness of 3,300 feet (1,006 m) and appears over a small 

area in northwestern Bondoc Peninsula. The sediments comprising this  

unit w e r e  generally deposited under deep water, open marine conditions. 

Pliocene - Pleistocene 

The Vinas Formation, which is  conformable over the Hondagua Formation, 

is a sequence of coarse-grained sandstones and sandy shales with basal 

occurrences of gravelly limestone and conglomerate. Exposures of this 

formation are located northwest of Calauag town between Calauag Bay and 

Lopez Bay. The microfauna indicates the  sediments of the Vinas Formation 

were deposited in a shallow marine, inner sublittoral, protected environment. 

Pleistocene 

The Malunibang Formation unconformably overlies several different 

formations and occurs as widespread exposures on the  periphery of the 

Bondoc Peninsula. This Pleistocene formation is  mostly limestone with 

occasional interbeds of sandstone, shale, siltstone, and m a r l  in the lower 

portions. The limestone is bedded, sandy, crystalline, and porous with a 

measured thickness of over 4,000 feet (1,220 m )  in the northern par t  of 

the Bondoc Peninsula; however, in southern Bondoc thicknesses vary from 

425-1,000 feet (130-305 m). 

The faunal assemblage found in the Malunibang Formation, which includes 

algae, echinoid spines, corals, molluscan shells and bryozoan fragments, 

indicates a warm,  shallow marine, inner sublittoral environment of deposition. 
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Included in this group are all unconsolidated sediments. Deposits 

occur as floodplain alluvium, terraces,  and colluvial flats within inland 

areas. Superficial sands appear as accumulations in depressions or along 

diffuse drainage channels. 

5-1-3 Hydrocarbon Occurrences and 

Exploration Act iv i ty  

The Bondoc Peninsula, because of the existence of several oil seeps, 

has long been recognized as a potential petroleum province. Many of the 

exploratory wells drilled on Bondoc have reported hydrocarbon shows, and 

a f e w  have tested significant amounts of oil and gas (Table 5 .1 ) .  Unfor- 

tunately, subsequent production testing has proven all prospective zones 

to be non-commercial. Figure 5.2 shows the approximate locations and 

Table 5.1 provides pertinent information for the exploratory wells drilled 

on the Bondoc Peninsula. 

A s  indicated in Table 5.1, initial wildcat drilling took place on the  

Bondoc Peninsula in the early 1920’s. Activity peaked between 1948 and 

1960. In  1971, White Eagle Overseas Oil Company drilled the Aurora wells 
and penetrated hydrocarbon bearing sandstones in the Canguinsa and Vigo 

Formations (Philippines Minerals and Fuels Division, 1976). SEDCO Explo- 

ration Company drilled the m o s t  recent well  in  the  area in 1980, the Katumbo 

Creek-1 well, in northwest Bondoc Peninsula. The well failed to encounter 

the prognosticated limestone target  in a seismically defined anticlinal feature 

and was  consequently plugged and abandoned as a d ry  hole (BED, e t  al., 

1987). According to Petroconsultants (1988), an  onshore Bondoc Peninsula 

wildcat well i s  planned for 1988. 
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Table 5.1: Exploratory wells and hydrocarbon occurrences - Bondoc 
Peninsula. (Modified from BED et al., 1987) 

oil show surfgce 
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(Tabh? 5.1: Continued) 
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Figure 5.2: Approximate locations of petroleum exploration wells. I is 
Bondoc 1-7; I1 is Maglihi 1-5; I11 is S a p - 1 ;  IV is Amoguis-1; V is Yebaan-1; 
VI is Pina-1; VI1 is Aurora 1-2 and San Francisco 1-2; arid VI11 is Katumbo 
C reek- 1. 
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Early to Middle Miocene age coarse grained sandstones and fossiliferous 

limestones which may be reefal in part could provide potential reservoir 

rocks. Middle Miocene sandstones encountered in Katumbo Creek-1 had 

log-calculated porosities ranging from 12 to 26 percent (BED et al., 1987). 

In some places, Late Miocene age sandstones and limestones also appear to 

have good reservoir characteristics. For example, according to Robertson 

Research International Ltd. (1975), Late Miocene sandstones in three wells 

in the southern Bondoc Peninsula area (Aurora-1 and -2, and Bondoc - 3 )  

exhibited good reservoir properties. Katumbo Creek-1 revealed Late Miocene 

sandstones with porosities ranging from 18 to 29 percent (Bed, 1987). More 

specific information on reservoir characteristics and sealing potential has 

been provided by BED et al. (1987). 

50105 Source Bocks 

The evaluation of hydrocarbon source potential of Southeast Luzon 

Basin is  based on the total organic carbon (TOC) and pyrolysis analysis 

results available for both San Francisco-1 and Katumbo Creek-1 wells and 

a number of field samples (BED e t  al., 1987). Based on the maturity data, 
the Recent, Pleistocene, Pliocene, L a t e  Miocene and parts of the Middle 

Miocene sediments penetrated in this basin a re  immature for hydrocarbon 

generation. The Middle Miocene sediments penetrated in Katumbo Creek-1 

are  early mature, with middle maturity being attained in Early Miocene or 

older sediments. N o  significant oil-prone sources have been identified in 

any of the geochemical studies performed to date. Only thin gas-prone 

sources of fair to good quality have been recognized in San Francisco-1 
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well within the  1478-1722 m (4850 to 5650 f t )  interval (Middle Miocene). 

However, these sources are not at sufficient maturity level to  generate 

hydrocarbons. 

According to BED et al. (1987), the occurrence of oil and gas shows 

reported in a number of wells,  particularly on the Bondoc Peninsula, 

indicates the  presence of significant hydrocarbon sources. I t  i s  assumed 

that  these source rocks may occur in deeper and probably older formations 

of higher maturity than those penetrated. The kerogen is resin-rich type 

derived from land plant material. This is  quite conceivable as the basin 

could, on the basis of seismic evidence, contain as much as 8 km of section 

of which only 2100 m has been penetrated by drilling (BED et al., 1987). 

. 

5-2 Interpretive Products 

5.2.1 ELadar-Geologic M a p  

The Radar-Geologic Map for the Bondoc Peninsula (which is  an  enclosure 

with this repor t )  was  developed through the analysis of radar  imagery 

and review of 1985 geological and s t ructural  m a p s  of the  area provided 

by BED. The interpretive product contains lithologic boundaries, s t r ikes  

and dips, faults, folds, and s t ructural  form lines. 

5-2-1-1 Badar mp Units <Lithology> 

The following is  a description of the radar  appearance of each lithologic 

unit within the area of interest. 

Cretaceous Metamorphic Rocks and Intrusives (Bst) 

The basement unit is  exposed as a narrow s t r ip  along the western 

coast of Lopez Bay between Gumaca and Atimonan. Minor surface occurrences 

are also located on the eastern edge of Alabat Island. The rocks of this 
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unit form narrow symmetrical ridges of high relief with sharp continuous 

crestlines. This geomorphic expression produces parallel curvilinear areas 

of intermediate to bright radar  tones from foreslopes and consequent areas 

of radar  shadow on backslopes. highly resistant nature of 

this unit i s  responsible for the continuous gray tones exhibited across the 

radar-facing surfaces. Gray tones vary only where scarps produced by 

faulting a re  present which cause local areas of highlight and shadow. 

The massive, 
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Eocene - Oligocene Volcanics (Te-To) 

The Unisan Volcanics occupy a small area in northern Bondoc Peninsula 

w e s t  of Lopez Bay and appear on radar  imagery as featureless smooth- 

textured platforms. Gray tones a re  medium dark and continuous except 

for local areas where rougher pitted surfaces create small groups of 

subrounded light and dark tones. Faults in the area show significant 

displacement and cause abrupt  tonal contrasts. 

Oligocene - Early Miocene Limestone (To-Tme) 

The Panaon Formation i s  exposed over a considerable portion of Alabat 

Island where cliff-forming ridges to the east yield high intensity radar  

re turns .  Moving westward, the formation produces highly variable gray 

tones which alternate from light to dark and are indicative of a highly 
weathered rough surface. Incident radar  energy is strongly reflected from 

the edges of flatirons which have formed in great numbers on moderately 

sloped surfaces. This unit is  sometimes difficult to distinguish from sur-  

rounding rock units that  have responded to weathering in a similar fashion. 

Near Panaon, this unit is  recognized by bright tones from a small area of 

subtle discontinuous ridges. 
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Middle Miocene Clas t i c s  (Tmm) 

The Vigo Formation, a thick Middle Miocene shale and sandstone 

sequence, forms the interior surface of the Bondoc Peninsula f r o m  the 

south coast of Lopez Bay to N 13" 28'. The formation is  also widely exposed 

in the northwest par t  of the peninsula w e s t  of Lopez Bay. This unit is 

easily recognized on radar  imagery by an  assemblage of terrain features 

which appear to have no preferred orientation. Ridges that  are oriented 

perpendicular to the radar  look direction are responsible for the brightest  

re turns  in the area. Radar shadow on backslopes is common in that  many 

ridges are from moderate to high relief. The remainder of the area is 

characterized by continuous intermediate to dark tones which form a smooth 

texture. Local slopes control erosional characteristics and f o r m  the regional 

network of ridges and depressions. 

Late  Miocene Clas t i c s  (Tml) 

This unit  occurs as a small outcrop located in northeastern Bondoc 

Peninsula between Caua and Capuluan. This unit i s  ra ther  featureless and 

is poorly distinguished from surrounding radar  m a p  units. Consequently, 

the interpreters  had to rely solely on geologic m a p  data to define radar  

map unit boundaries. 

Late  Miocene - Pliocene Clas t i c s  (Tml-Tp) 

Surface exposures of the U p p e r  Canguinsa Formation a re  widespread 

throughout the Bondoc Peninsula. In  the southern t ip of the peninsula 

this unit is difficult to distinguish from surrounding radar  map units due 

to a high degree of variability in local gray tones. Severe faulting has 

created highly complex stratigraphic and morphological relationships. From 

the central to the northern part of the peninsula, the Upper Canguinsa 

appears as a thinly bedded unit which forms ridges tha t  t rend parallel 
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to the orientation of the peninsula. The linear bright tones produced by 

the ridges can be easily traced for many kilometers even though faulting 

has caused numerous discontinuities. 

Pl iocene  Clas t i c s  (Tp) 

The Hondagua Formation has limited surface exposure in the Bondoc 

Peninsula. On the radar  imagery this unit  appears as a flat-lying featureless 

surface with a smooth texture of intermediate to dark tones. Brighter 

tones are produced from small isolated areas  of subtle relief. 

Pl iocene  - Ple i s tocene  C b s t i c s  (Tp-Qp) 

The radar  appearance of the Vinas Formation i s  one of consistent 

intermediate to bright tones, and is  indicative of a moderately rough surface. 

This unit lacks any other distinguishing characteristics and consequently, 

the interpreters  relied heavily on geologic m a p  data to define radar  map 

unit boundaries. 

Ple i s tocene  Limestone (Qp)  

The Malumbang Formation appears in the southcentral portion and 

along both coasts of the Bondoc Peninsula. In  the  east, this unit takes 

the form of a symmetrical ridge with eastward dipping flatirons on the 

eastern flank. In i ts  southcentral location, the unit f o r m s  the crestal 

par t  of a major anticline. Here the unit has been fractured by east-west 

trending faults, and near vertical scarps  are responsible for high intensity 

radar  re turns .  In the west, the unit t rends  parallel to the coast and 

extends nearly the entire length of the s tudy area. The cliff-forming, 

east-northeast facing edge of the unit is  easily discerned by radar  re turns  

of higher intensity. In  all locations, the surface generally exhibits a rough 
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texture. Tones vary from medium dark to bright as incident radar  energy 

is strongly reflected from the  edges of small subrounded features that 

form the kars t  topographic surface of this limestone unit. 

Quaternary Alluvium (Qal) 

Alluvial deposits are easily recognized on radar  imagery by their flat 

featureless appearance. Intermediate to dark gray tones f o r m  areas  which 

exhibit a uniform smooth texture. In  marshy areas or along river channels, 

this characteristic appearance may be disturbed by scattered patches of 

extremely dark tones caused by pools of water. Inland, these deposits fill 

depressions between surrounding areas of topographic relief. 

5-2-1-2 Structure 

The s t ructural  style consists for the most part of long, narrow, 

northwest-trending folds with axial orientations parallel to the long 

dimension of the  peninsula. Faulting is  prevalent through the entire s tudy 

area. Major faults generally t rend parallel to  the coastlines of the peninsula. 

Both northwest- and northeast-trending faults t raverse  the major longi- 

tudinal faults except in southern Bondoc, where the faults become more 

west-trending, 

The east-central part of the Bondoc Peninsula is  characterized by 

broad northwest-trending folds. Several major faults which t rend nearly 

parallel to these folds may be par t  of the Philippines Fault System. According 

to published reports  (BED et al., 1987; and Robertson Research International 

Ltd., 1975), the northwest-trending Philippines Fault System r u n s  the length 

of the southeastern Luzon region, including east-central Bondoc. Major 
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northeast-trending, strike-slip faults tha t  have been inferred from the 

radar  imagery transect fold axes and may be second order  wrench faults 

also associated with the Philippines Fault System. 

In southern Bondoc, the s t ructure  is  dominated by major faults which, 

due to significant topographic displacement, a re  easily recognized on radar  

imagery. Abrupt morphological and image texture changes form continuous 

linear to curvilinear features which represent the surface expression of 

faults. Intersecting faults have created chaotic s t ructural  and stratigraphic 

relationships in this region. In the upper northwest Bondoc region, vertical 

displacement along major northeast-trending faults has exposed Cretaceous 

basement rocks over much of the area. The most conspicuous s t ructural  

features on the radar  imagery a re  fault blocks of basement rock which are 

clearly defined by parallel northeast-trending fault pairs. 

5-2-2 Radar-Lineament  M a p  

Lineaments in the Bondoc Peninsula s tudy area have four general 

orientations. One group is  oriented parallel to the long dimensions of the 

peninsula. These lineaments probably reflect f ractures  which a re  related 

to the major longitudinal faults. Two other groups of lineaments t rend 1) 
northeast at angles 30"-45" east of north, and 2 )  northwest at angles 30"-45" 
w e s t  of north. The orientation of these lineaments corresponds with the 

orientation of the faults tha t  t raverse  the major longitudinal faults of the 

Bondoc Peninsula. Other west-trending lineaments are scattered throughout 

the s tudy  area. A high concentration of lineaments with this orientation 

is located between N13"45" and N13"50", which may be associated with a 

zone of s t ructural  weakness. 
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5.3 Prospect Evaluation 

Prospect evaluation evolved from 1) radar  imagery analysis used in 

con junction with corroborative data from sources previously discussed, 2 )  
subdividing the  area of radar  coverage into different geologic terrain 

categories, and 3 )  defining prospects based on specific selection criteria. 

The Bondoc s tudy area was  subdivided into four geologic terrain categories 

which have been designated by Roman numerals (Fig.  5 .3) .  The values of 

the numerals have no prioritization significance, but  a re  provided to  aid 

discussing the significant geologic aspects of the Bondoc Peninsula. The 

le t ters  (A-G) indicate the approximate location of prospects with potential 

hydrocarbon accumulation and entrapment. 

5.3-1 Geoloscic Terrain Cateszorv Cri- 

teria 

AREA I 

* Younger stratigraphic units appear at the  surface indicating 
the possibility for a relatively thick sedimentary subsurface 
section. 

* Contains several s t ructural  features tha t  may provide potential 
sites for hydrocarbon accumulation. 

AREA I1 

* Surface exposure of Middle Miocene strata and older strati- 
graphic units indicating a relatively thin sedimentary section. 

* Poor seismic data because of shale diapirism. 

AREA I11 

* Surface lithologies north of 13"52'N are  predominantly volcanics, 
volcanic sediments, metaniorphics and intrusives. 
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Figure 5.3: Terrain categories (I-IV) and prospects (A-G). 
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AREA IV 

* The youngest rocks occurring at the surface a re  of Late Miocene 
age with rocks of Oligocene-Early Miocene and older exposed 
over the remainder of the area indicating a lack of suitable 
sub surf ace se dimentar y section. 

* N o  s t ructural  features considered to be potential prospects for 
hydrocarbon accumulation. 

5-3-2 Prospects and Selection Crite- 

ria 

Based on negative criteria, areas (111 and I V )  have been excluded as 

potential sites for hydrocarbon accumulation. Area I1 m a y  become more 

favorable with additional seismic data. Area I is considered to have the 

most potential for. hydrocarbon exploration. The following is a list of 

prospects and the selection criteria for each potential site. 

Prospect A Anticlinal Crest (13"22'45"N, 122"36'00"E) 

Prospect is  located within the southern part of the Bondoc 
Graben t rend which should provide a relatively thick sequence 
of potential reservoir. rocks. 

Numerous secondary s t ructures  ( faul ts)  located down dip from 
crest;  potential for additional entrapment features and/or 
f racture  porosity. 

Anticline is regionally expressed, extending over 14 miles (22.4 
km) in length. 

Prospect is located between two areas which have demonstrated 
the presence of hydrocarbons. 

Structure  i s  well expressed on radar  imagery. 

Collapse feature located near anticlinal c res t  presents possible 
loss of near-surface closure. 
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P r o s p e c t  B Anticlinal Crest ( 13°31'30"N, 122"34'00"E) 

* Prospect is within proximity to the Bondoc Graben t rend and 
may be located up-dip from potential source rocks. 

* Secondary s t ruc tures  (faults)  located down dip from crest;  
potential for entrapment features and/or f racture  porosity. 

* Anticline is regionally expressed, extending over 6 miles (9.6 
km) in length, 

* Structure  is well expressed on radar  imagery. 

P r o s p e c t  C Anticlinal Crest (13"43'20"N, 122'26'40"E) 

* Secondary s t ructures  (faults)  located down dip from crest ;  
potential for entrapment features and/or f racture  porosity. 

* Structure  is large in dimensions. 

* Structure  is moderately expressed on radar  imagery. 

* Prospect is  on the Alabat-Burias High which may have a relatively 
thin sedimentary section; however, potential source rocks are 
located down-dip in a favorable position. 

P r o s p e c t  D Anticlinal Crest ( 13"36'40"N, 122O20'30"E) 

* Prospect is located on the southwestern edge of the Bondoc 
Graben t rend which is  up-dip from potential source rocks. 

* Subtle expression on radar  imagery. 

Three anticlinal features (E ,  F, and G )  appear to have relatively ' large 

surface dimensions; however, they may not be attractive for hydrocarbon 

accumulation because of a high geothermal gradient in proximity to the 

Philippines Fault System. Conversely, there  is a distinct possibility tha t  

faulting might have upgraded reservoir properties locally through increased 

secondary (fracture)  porosity and permeability. Geothermal gradient and 

geophysical data a re  necessary for site evaluation. 
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Prospect E Anticlinal C r e s t  (13"56'20"N, 122"18'30"E) 

* Structure  is  well expressed on radar  imagery. 

* Structure  is  of large dimensions. 

* Faults t ransverse anticlinal axis which could provide additional 
s t ructural  entrapment. 

* Prospect is located within the  Alabat-Burias High which will 
have a relatively thin sedimentary section. 

Prospect F Anticlinal Crest (13"58'30"N, 122"12'15"E) 

* Structure  is  moderately expressed on radar  imagery. 

Prospect G Anticlinal C r e s t  (13"50'40"N, 122"25'30"E 1 

* Structure  is well expressed on the radar  imagery, 

* Secondary s t ruc tures  ( faul ts)  located down dip from crest;  
potential for entrapment features and/or f racture  porosity. 

* Faults t ransverse anticlinal axis which could provide additional 
s t ructural  entrapment, 

Prospect is  located along the  Ragay Gulf Graben which should 
have a relatively thick sedimentary section. 

* 

5-4 Est imated Hydrocarbon Resources 

The 13 sedimentary basins of the Philippines have been categorized 

into 6 classes based on relative oil and/or gas potential or  prospectivity 

(BED et al., 1987). According to BED, the Southeast Luzon Basin which 

includes the Bondoc Peninsula is ranked as C l a s s  11, having good potential 

for both oil and gas. Average field size should range from 5-50 MMBBLS 

of oil, or 50-500 BCF of gas. 
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5-5 Recommendations 

With sufficient seismic coverage, anticlinal fold s t ruc tures  whose 

subsurface axial positions may have been displaced by wrench or th rus t  

faulting can usually be accurately delineated. In  order  to refine the 

prospects obtained from interpretation of the radar  data, i t  is therefore 

recommended that: 

* geophysical data be acquired and interpreted to confirm 
subsurface closure of prospects, 

* the  approximate thickness of the subsurface sedimentary 
section be inferred from the seismic data. 
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6 -DAR--EOlLOGIC INTERPRETATION 

- COTABATO BASIN, M I N D M A 0  

The Cotabato Basin covers approximately 10,000 km2 in southern 

Mindanao. For purposes of flight line planning and to include the adjacent 

M t .  A p o  geothermal site, the Mindanao radar  mosaic includes approximately 

20,000 km2 of land/water coverage (refer to the Mindanao Radar Mosaic 

which is an enclosure with this report) .  

6-1 B a c k g r o u n d  and Petro leum 

Explorat ion  A c t i v i t i e s  

6- 1- 1 Structure 

Two geologic maps (scale 1:500,000) which w e r e  provided by the BED 

w e r e  used to familiarize radar  image interpreters  with the regional geologic 

framework; Geologic Map Agusan - Davao Basin and Cotabato Basin (19851, 

and Structural  Framework Yap of the Cotabato Basin (1985). The Cotabato 

Basin is a northwest-southeast oriented trough containing a sequence of 

sediments approaching approximately 14,000 feet (4,268 m )  in thickness 

which range in age from Late Oligocene to Pleistocene. The basin boundaries 

include: the fault  controlled basement rocks of the Tiruray Uplands and 

Southwest Coastal Range, on the w e s t  and southwest, respectively; the 

Cotabato Highlands on the north, the Central Cordillera on the  east, and 

the Sarangani Peninsula on the southeast. According to the geologic maps 

previously mentioned, fold s t ructures  t rend parallel to the basin axis in 

the south, whereas in the north folds are oriented nearly north-trending. 
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The Cotabato Basin on the island of Mindanao is  a northwest-southeast 

area of deposition containing Pre-Oligocene to Pleistocene stratigraphic 

units which total an approximate thickness of 28,000 feet (8,537 m ) .  The 

stratigraphy of the Cotabato Basin has been described by BED e t  al. (19871, 

the Philippines Bureau of Mines and Geo-Sciences ( 1981 1, the  Philippines 

Mineral Fuels Division ( 1976), and Robertson Research International Ltd. 

( 1975 1. The following stratigraphic discussion is a synthesis of these 

reports,  but  includes only those stratigraphic units tha t  have been mapped 

on the Radar-Geologic Interpretation of the  Cotabato Basin, Mindanao which 

accompanies this report. Stratigraphic units were selected from the 1985 

Geological Map of the Agusan-Davao Basin and Cotabato Basin prepared by 

BED. 

Pre-Oligocene 

The basement complex of the  Cotabato Basin is composed of a variety 

of metamorphic, volcanic, and intrusive rocks. Porphyritic andesite, basalt, 

agglomerate, schists, and metasediments a re  predominant. In  local 

occurrences, quartzites, slates, and marbles have been intruded by per- 

idotites, gabbros, and diorites. Sedimentary rocks affected by low grade 

metamorphism include argillaceous sandstones, siltstones, and calcareous 

siltstones. Porphyritic, finely crystalline rocks are present throughout 

the sedimentary sequence. 

Late Oligocene 

The Late Oligocene Maganoy Formation unconformably overlies the 

basement complex and represents the oldest exposed Tertiary sedimentary 

unit in the s tudy area. The sequence is  principally of marine origin and 
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measures at least 1,500 feet (460 m) .  Fossiliferous, well bedded marine 

limestones are the dominate rock type with orbitoidal, conglomeratic 

sandstones and volcanic conglomerates present as interbeds, Gray or  green 

shale and occasional coal seams occur in the upper par t  of the formation. 

Oligocene-Early Miocene 

This lithologic unit consists of undifferentiated Oligocene-Early Miocene 

clastic rocks. 

Early-Middle Miocene 

This lithologic unit consists of undifferentiated Early-Middle Miocene 

clastic rocks. 

Middle Miocene 

The Middle Miocene Patut Formation is sepayated from older stratigraphic 

units by an argillaceous sandstone and conglomerate sequence belonging 

to the  Nakal Formation. The Naltal Formation, which has not been defined 

as par t  of the Radar-Geologic Interpretation, i s  of Early Miocene age. 

The Patut Formation exhibits several facies changes in the Cotabato 

Basin which indicate variable depositional environments existed during 

Middle Miocene time. In the northwest, the formation is  composed primarily 
of deep w a t e r  volcanoclastics, occasional lava flows, and minor intercalations 

of calcarenites. To the east ,  in the vicinity of the Kitubod Range, there  

is  a facies change to deep water dark indurated shales which contain no 

volcanic constituents. 

Well data from the central region of the Cotabato Basin indicate a more 

shallow water environment of deposition during the Middle Miocene consisting 

of an upper  bathyal to outer neritic sequence of mudstone, minor sandstone, 

and limestone with a basal conglomerate. Outer neritic to lagoonal-shelf 
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shale, siltstone, and sandstone with minor coals s e a m s  of Middle Miocene 

age have also been identified from cuttings analysis. Sandstones in central 

Cotabato Basin tend to be medium grained and well bedded. The clastic 

constituents in this area a re  usually calcareous, silty or sandy, and 

tuffaceous. A light colored reefal limestone can also occur at the base of 

the formation. The Patut Formation varies in thickness from a maximum 

of 3,770 feet (1,150 m )  in the  north to 2,950 feet (900 m )  in the south. 

Middle-Late Miocene 

This lithologic unit consists of undifferentiated Middle-Late Miocene 

clastic rocks. 

Late  M i o c e n e  

The Late Miocene Dinganen Formation is  a thick marine sequence 

consisting of mudstone, claystone, sandstone, siltstone, and conglomerate. 

In  the north, the section is  primarily mudstone and claystone and measures 

6,560 feet (2,000 m ) .  The section appears  to thin towards the south and 

becomes increasingly non-marine. Southward, the sandstone components 

become conglomeratic and boulder conglomerates a re  f requent  interbeds in 

mudstone and siltstone. 

Late  Miocene-Pliocene 

The accumulation of sediments in the Cotabato Basin w a s  continuous 

through Late Miocene-Pliocene time when the Nicaan Formation w a s  deposited. 

The lower part of the formation is composed of shallow marine clastic rocks 

including dark,  thin-bedded, tuffaceous sandstone, siltstone, and thin to 

massive pebble conglomerate. Agglomerates and intercalations of marl and 

impure limestone a re  also present in the lower par t  of the Nicaan Formation. 

The clastic constituents tend to be coarser toward the top of the formation 

and vary from conglomeratic, cross-bedded sandstone to marine mudstone 
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and siltstone. The Nicaan Formation reaches a thickness of 3,900 feet 

(1,190 m )  at i ts  type locality in the north along the Nicaan River. The 

average thickness for the rest of the s tudy area varies from 960 feet 

(290 m )  to 1,640 feet (500 m ) .  

Pliocene 

An unconformity separates Pliocene strata of the Marbel Formation 

from the underlying Nicaan Formation. The Marbel Formation can be divided 

into two distinct lithologic facies. The Awang-Table Limestone i s  strati- 

graphically lower than the San Mateo Clastics and is  described as a light 

colored, porous, lenticular biohernial limestone with interbedded marl. The 

San Mateo Clastics often intertongues with the Awang-Table Limestone and 

is  composed of tuffaceous and calcareous mudstone, shale, and sandstone 

with interbedded marl, limestone, and pebble conglomerate. The total 

thickness of the Marbel Formation is uncertain, but  is  estimated between 

1,300 feet (400 m )  and 1,600 feet (490 m ) .  

Pliocene- Pleistocene 

Pliocene-Pleistocene lithologic units in the  Cotabato Basin a re  generally 

poorly consolidated accumulations of clastic and pyroclastic rocks, volcanic 

flows, and limestone. 

Unconformably overlying the Pliocene Marbel Formation is a thin clastic 

unit of poorly consolidated fluviatile to shallow lacustrine, ferruginous 

sandstone and calcareous siltstones with occurrences of tuffaceous sandstone 

and pebble conglomerate. In some areas, the  Pliocene-Pleistocene section 

consists of soft white chalky coralline limestone. 

The Carmen Formation, which covers the slopes of Mount Apo, Mount 

Parker,  and Mount Matutum, is  also dated as Pliocene-Pleistocene age and 

consists predominantly of pyroclastic rocks and volcanic flows with 
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interbedded clastic material composed largely of detr i tus  from volcanic 

rocks. The formation contains interbeds of fine- to coarse-grained, poorly 

consolidated tuffaceous sandstone and clay. Channel deposits of the 

Carmen Formation a re  poorly consolidated conglomerates and agglomerates 

tha t  radiate from volcanic centers. 

Pleistocene 

The final cycle of marine deposition in the  Cotabato Basin is represented 

by thin accumulations of the  Omanap Marl. The formation, with a maximum 

thickness of only 115 feet (35 nil ,  interfingers with or is conformable over 

the Carmen Formation. The Onianay Marl is a soft, greenish to cream colored 

m a r l  and contains perfectly preserved oyster beds and abundant forami- 

nifera. Well developed coralline reefal limestones interbedded with marine 

mudstones and sandstones have also been included in the Pleistocene 

stratigraphy. 

Quaternary 

Quaternary sedimentation in the Cotabato Basin consists of volcanic 

and alluvial deposits. Lavas, pyroclastics, and poorly consolidated 

agglomeratic and conglomeratic clastic sediments occur around volcanic 

centers. Quaternary alluvium consists of unconsolidated stream and valley 

gravels, low level terrace deposits along present r ivers,  natural levees, 

unconsolidated swamp muds, and flood plain sediments. 

6.1.3 Hydrocarbon Occurrences and 
Exploration Activitv 

According to BED et al. (1987), three oil seeps w e r e  reported in the 

basin. The Kirusoy and Matinaw oil seeps a re  located in the northernmost 

part of the basin while the Tiboli oil seep is  situated in the southern 
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portion of the main Cotabato Basin. The Kirusoy oil seep was  sampled by 

PNOC-EC and the Tiboli oil seep was  also verified, whereas the Matinaw oil 

seep is still unconfirmed. The Kirusoy oil seep emanates along a fault 

plane in overlying fractured basalt of probable Middle Miocene age. The 

oil reportedly flows at a rate of about one barrel per day and has an API 

gravity of 23.8". Recent geochemical analyses indicate that  the seep is a 

biodegraded, originally high gravity (l ight)  oil generated by a probable 

non-marine algal source at a late maturation stage. Table 6.1 provides 

pertinent information for the exploratory wells drilled in the Cotabato Basin, 

and Figure 6.1 shows the approximate locations of these wells. 

6- 1-4 R e s e r v o i r  C h a r a c t e r i s t i c s  

The Cotabato Basin contains a sedimentary section ranging in age from 

Late Oligocene to Pleistocene, The sequence varies in thickness from 

8,300-14,000 feet (2,530-4,268 nil. Late Oligocene and Early-Middle Miocene 

age sandstones a re  believed to be potential reservoir rocks. Robertson 

Research International Ltd. (1975) reports  that  the Roxas-1 well (Table 6.1) 

encountered porous sandstones and limestones of Early-Middle Miocene age. 

The Middle Miocene is marked by two distinct facies; a nearshore marine 

and continental sequence in the northern Cotabato Basin, and an offshore 
marine sequence to the south. The northern facies is  composed of con- 

glomerates, thick bedded graywacke sandstones and a few interbeds of 

carbonaceous mudstones. The southern facies includes a basal reefal 

limestone with interbedded siltstone and mudstone. The Late Miocene and 

Early Pliocene sequence is characterized by marine deposits in  the lower 

sections, becoming non-marine towards the top Late Pliocene to Pleistocene 

strata. This stratagraphic section includes biohermal limestones, sandstones 

and con glomerate s. 
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Table 6.1: Exploratory wells and hydrocarbon occurrences - Cotabato Basin, 

Drilled 
a s a  
water 
well  

Mindanao. (Modified from BED et al., 1987) 
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Figure 6.1: Approximate location of petroleum exploration wells. I is Roxas 
1-3; I1 is Banibad-1; I11 is Gansing 1-2; I V  is Lagao-1; V is Pedtobo-1; and 
V I  is Dulawan-1. 
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Evaluation of reservoir character and properties in the Cotabato Basin 

is based mainly on lithologic log-reports and outcrop description because 

of the lack of mechanical logs or petrographic analyses (BED e t  al., 1987). 

Nonetheless, reservoir quality rocks can be expected in strata ranging in 

age from Oligocene to Late Miocene. 

6-1-5 Source R o c k s  

Hydrocarbon source potential of the Cotabato Basin has been evaluated 

using geochemical analyses of Early Miocene to Pleistocene sediments from 

the Bambad-1 well (BED e t  al., 1987). Early Miocene shales are the most 

likely candidates for potential source rocks and are  ranked as middle 
mature. According to Robertson Research International Ltd. i 1975 1, mature 

sediments extend downward from depths of approximately 3,000 feet (915 

m ) .  In  Bambad-1, younger rocks a re  organically lean, especially the 

Pleistocene shales. However, the lateral equivalents of these shales in the 

deepest par t  of the basin, if mature enough, may provide fair quantities 

of gas (BED e t  al., 1987). 

6.2 Interpretive Products 

6-2.1 Radar-Geoloszic Ma- 

The Radar-Geologic Map for the Cotabato Basin, Mindanao was developed 

through the analysis of radar  imagery and review of 1985 geological and 

s t ructural  maps of the area provided by BED. The interpretive product 

contains lithologic boundaries, str ike and dip, faults, folds, s t ructural  form 

lines, and geomorphic anomalies. 
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The following is a description of the radar  appearance of each lithologic 

unit  within the  area of interest. 

Pre-Oligocene Basement  Complex (Bs t )  

The basement rocks of the Cotabato Basin a re  extensively exposed in 

the Daguma Range along the western border of the s tudy area. Other 

large outcrops are in the southcentral region where in one location, basement 

rocks form an  anticlinal core in the Alip Mountains. This radar  m a p  unit 

occurs as topographic highs tha t  obstruct  radar  energy from backslope 

areas and cause large areas of radar  shadow. Where the basement forms 

the cores of anticlines, continuously pointed, symmetrical crestlines separate 

bright foreslopes from dark radar-shadowed backslopes. The resistant 

basement unit can be easily distinguished from the adjacent, less resistant 

sedimentary radar  map units. 

Late Oligocene  Clas t i c s  (Tol) 

The Maganoy Formation occurs in a limited area in the Litubod Range 

located in the northeast corner of the s tudy area. The m a p  unit has been 

severely faulted and eroded, and any  stratigraphic characteristics that  

may have existed have been replaced by ridges and steep-walled ravines. 

Ridges and ravine walls oriented more perpendicular to the radar  look 
direction produce the strongest radar  returns.  

Oligocene-Early Miocene Clas t i c s  (Tol-Tme) 

The Quezon Mountain Range in southcentral Cotabato Basin is composed 

primarily of Oligocene-Early Miocene clastic rocks. On radar  imagery this 

unit appears extremely rugged. Uplift, faulting, and erosion has produced 

a heavily dissected and blocky terrain,  Brightest radar  tones are produced 
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from fault scarps  and angular ridges that  face the incident radar  energy. 

A series of regularly spaced west-trending fault blocks can be easily 

identified in the central portion of this unit. 

Early-Middle Miocene C l a s t i c s  (Tme-Tmm) 

Located in the northwestern corner of the s tudy area, this clastic unit 

appears on radar  imagery as large slabs of gently northeast dipping strata. 

The surface appears smooth (medium-dark tones) except where poorly 

consolidated sediments have produced bright image tones. Linear areas 

of highlight a re  produced by regularly spaced fault scarps. In certain 

areas, the boundaries of this radar  m a p  unit were difficult to locate and 

consequently, the interpreters  used geologic map data to define unit 
boundaries. 

Middle Miocene Clas t i c s  (Tmm) 

Middle Miocene clastic rocks a re  extensively exposed in southeastern 

Cotabato Basin in the Tangbulan Range and the Kioto Mountains. These 

rocks also form the core of an anticline in the northern par t  of the Roxas 

Range. 

In the southeast, this m a p  unit appears on radar imagery as a strongly 

dissected, high relief, clastic terrain with angular ridges and peaks. These 

rugged terrain features a re  distinguished by high intensity radar  re turns  

on foreslopes and prominent radar  shadow in backslope areas. Stratification 

is recognizable only in localized areas. The Tmm map unit is  easily 

distinguished from the surrounding less consolidated and low lying radar  

map units. 

A s  an anticlinal core, this unit displays a prismatic geomorphic 

appearance which is caused by a pointed symmetrical crest. The crestline 

is  continuous except where i t  has been displaced by faulting. Brightest 
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image tones are from fault scarps  and cres t s  oriented more perpendicular 

to the radar  look direction. Edges of flatirons tha t  occur on slopes also 

produce bright tones on the imagery. 

Late-Middle Mioene C l a s t i c s  (Tmm-Tml) 

The unit occurs only in a small area in the Roxas Range on the flanks 

of an  anticline. Because of the  indistinct radar  appearance of this unit, 

in terpreters  w e r e  forced to 

unit boundaries. 

L a t e  Miocene C l a s t i c s  (Tml) 

Late Miocene clastic roc 

rely largely on 

;s occur throug 

geologic m a p  data to define 

lout the Cotabato Basin and 

exhibit several distinct landforms. In  the largest  exposure, located in the 

northcentral region, this unit appears as a broad north-trending area 

which has been severely dissected by numerous s m a l l  drainage channels. 

Consequently, the surface has a uniform rough texture because radar  

energy reflected from closely spaced channel banks and local fault scarps  

result  in bright tones on the imagery. The topography is  of low to moderate 

relief and consequently, radar  shadow is minimal. The escarpments formed 

by gently dipping clastic strata produce linear bright tones on the imagery. 

Vertical bedding in the northeastern portion of this area is  readily identified 
on the imagery as a distinct series of parallel highlights and shadows. 

The Tml map unit in this area is  easily distinguished from surrounding 

m a p  units by abrupt  changes in tone, texture, and landform. 

In the Roxas Range, the Tml m a p  unit appears as moderately dipping 

truncated strata on the flanks of anticlines. Again, this unit has  been 

severely affected by drainage channel erosion. Flatirons and fault scarps  

are common on sloping surfaces. This map unit  is easily identified by an  

apparent change in terrain slope and image texture. 
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A t  a third location in southwestern Cotabato Basin, the Tml map unit 

forms a moderately rugged terrain where angular ridges cause significant 

areas of highlight and shadow. 

Late Miocene-Pliocene Clast ics  (Tml-Tp) 

The Tml-Tp radar  m a p  unit occurs mainly in the southeastern region 

of the s tudy area on the flanks of the Alip, Tangbulan, and Kioto Mountains. 

Along the Alip Mountain Range these rocks appear as thin, well-bedded, 

moderately dipping strata. Stratification is  evident along the entire length 

of the north-trending exposure of this  map unit. 

Along the Tangbulan and Kioto Mountains, the Tml-Tp m a p  unit is  

poorly distinguished from the adjacent Middle Miocene m a p  unit (Tnini) .  In  

both cases, the clastic rocks produce a similar rugged terrain appearance 

on the radar  imagery. Consequently, the interpreters  relied largely on 

geologic map data to define radar  m a p  unit boundaries. 

Pliocene Limestone Tp(L) and Clastics Tp(C) 

The limestone facies of the Pliocene map unit occurs on a 

northwest-trending, narrow anticline in the northcentral region of the 

s tudy area. The surface is  characterized by intermediate to dark tones 

except where bright tones are produced by stratification, escarpments, and 

channel banks. Flatirons surround the s t ruc ture  and are  responsible for 

V-shaped bright tones on the imagery. 

The clastic facies of the Pliocene m a p  unit is  scattered throughout 

southcentral Cotabato Basin. This unit has been eroded to small angular 

ridges and peaks. Stratification cannot be inferred from imagery inter- 

pretation. 
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In northern exposures, the Pliocene-Pleistocene limestone facies appears 

as broad platforms which have been severely faulted. Groups of parallel 

trending fault scarps produce linear bright tones on the imagery. The 

kars t  topography of this unit is  readily identified by EL distinctive pitted 

surface tha t  produces subround small scale areas of radar  highlight and 

shadow. A high degree of s t r e a m  erosion adds  to the overall surface 

roughness of this map unit. 

On the  eastern flank of the Alip Mountains, the east dipping surface 

of the Tp-Qp(L) m a p  unit has been reduced to groups of small scale 

flatirons. Edges of flatirons tha t  are more perpendicular to the radar  look 

direction cause higher intensity radar  re turns  and consequent bright tones 

on the imagery. The large number of these features  gives this unit an  

extremely rough appearance. 

The Pliocene-Pleistocene clastic facies occurs largely as an  elongated 

north-trending unit on the western flank of the Kioto Mountains. On radar  

imagery, this m a p  unit appears as a poorly consolidated clastic section 

which has been strongly dissected by multidirectional stream channels. 

Erosion has destroyed stratification characteristics tha t  may have existed. 

Pliocene-Pliestocene (Tpv-Qpv) 

The Pliocene-Pleistocene Tpv-Qpv map unit is  located in the vicinity 

of volcanos or radiates from volcanic centers. This unit is characterized 

by loosely consolidated pyroclastics which have been deeply incised by 

drainage channels. Bright linear and curvilinear image tones identify 

channel banks tha t  face incident radar  energy. Drainage density is very  

high and consequently, laterally continuous surfaces are rare. Small surface 

areas between drainage channels appear smooth and featureless. 
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Pleistocene Clastics (Qp) 

Pleistocene clastic rocks occur only a s  the outer most rock unit 

surrounding the Roxas Range anticlines. The unit possesses a rather subtle 

image appearance. The distinguishing characteristics used to map this 

unit were slope changes and a greater surface roughness than surrounding 

map units. Bright curvilinear image tones produced by stratigraphic 

escarpments mark the updip truncation of this unit round the anticlinal 

f Ian k s. 

Quaternary Volcanics (Qv) 

The Qv map unit occurs as conical-shaped landform deposits of volcanic 
rocks which radiate f r o m  volcanic craters. This unit is somewhat s i m i l a r  

in appearance to the Tpv-Qpv map unit except drainage density is less, 

and the surface materials a r e  significantly mure consolidated. 

Quaternary Alluvium (Qal) 

Alluvial deposits are easily recognized on radar  imagery by their flat 

featureless appearance as well as intermediate to dark gray tones which 

exhibit a uniform smooth texture. In marshy areas,  this characteristic 

appearance may be disturbed by patches of extremely dark tones caused 

by pools of water. Vegetation along r ivers  and streams often causes volume 

scattering of radar  energy which produces sinuous areas of extremely 

bright image tones. 

6-2-1-2 Structure 

The Cotabato Basin i s  characterized by broad areas of topographic 

relief separated by synclinal basins and plains containing younger sediments. 

Two major s t ructural  provinces, a southcentral province and a northeastern 

province, display contrasting s t ructural  styles. 
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In the southcentral province, a series of parallel, evenly spaced, 

symmetrical anticlines a re  separated by wide synclinal basins. These folds 

s t r ike parallel to the northwest-trending basin axis. The topographic 

expression of these s t ruc tures  form the Roxas, Quezon, and Alip mountain 

ranges. The geologic age of the rock units exposed in the  cores of these 

anticlines becomes increasingly older from w e s t  to  east. 

In the northeastern province, numerous closely spaced folds t rend 

approximately north-south. Rock units exposed in the  anticlinal cores 

range in age from Late Miocene to Pre-Oligocene. Recent uplift in this 

area has resulted in deflection of t he  Mindanao River (Rio Grande) to a 

more southerly course. A geomorphic high has been inferred for the region 

immediately north of the present r iver course. Other geomorphic anomalies 

have been interpreted from the radar  imagery based on changes in drainage 

density and image gray tone. 

A single anticline forms the Reina Regente Hills and is  located in the  

northcentral part of the s tudy area. This s t ruc ture  displays the s a m e  

northwesterly orientation as the folds in the southcentral s t ructural  

province. This s t ructure ,  however, has a considerably younger rock unit  

at the crest (Pliocene age)  and appears to represent  (1) a less developed, 

well preserved s t ructural  feature from the  southcentral s t ructural  event,  

or ( 2 )  a younger s t ruc ture  created upon rejuvenation of similar deformational 

forces tha t  existed during the generation of the southcentral s t ructural  

province. 

Faulting is  evident throughout the Cotabato Basin except in areas of 

thick alluvial cover. The most dramatic faulting occurs near the  Dagunia 

Range where fault controlled Pre-Oligocene basement rocks of the 

Tiruray-Daguma High are in direct contact with Quaternary and Recent 

alluvial sediments. The uplifted basement high reaches an  average elevation 
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of 984 feet (300 m )  and defines the southwestern edge of the main basin. 

Major faults in southcentral Cotabato a re  northwest-trending and form 

horst  and graben s t ruc tures  that  define the present basin configuration. 

The Tiruray-Daguma High and the Quezon Mountain Range are the  more 

prominent horst  s t ruc tures  in the area. 

6-2.2 Radar-Lineament Ma- 

Lineaments in the Cotabato Basin are relatively short  in length (3-4 

km). This characteristic reflects abrupt  truncation by faulting, numerous 

lateral changes in rock type,  and extensive alluvial cover which tends to 

obscure or segment the surface expression of longer linear features. The 

principal lineament orientation is  northeast, while a lesser number are 

north- and east- trending. 

6.3 Prospect Everluation 

The prioritization sequence and ranking of prospects which follows 

evolved from the analysis of radar  imagery used in conjunction with 

corroborative data available from sources previously discussed. The s tudy 

area was  subdivided into seven geologic terrain categories which a r e  

designated by Roman numerals (Fig. 6.2).  The values of the numerals have 

no prioritization significance, but  are provided to aid in discussing the 

significant geologic aspects of the Cotabato Basin. The le t ters  (A-E) indicate 

prospects with potential for hydrocarbon accumulation and entrapment. 
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Figure 6.2: Terrain categories (I-VII) and prospects (A-E). 
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Cri- 6-3-1 G e o l o e i c  Terrdn Cer;teeorv 

teria 

AREA I 

* Cotabato Basin alluvial deposits. 

AREA I1 

* Southern Cotabato Basin s t ructural  province. 

AREA I11 

* Northeastern Cotabato Basin s t ructural  province. 

AREA I V  

* Cotabato Basin geothermal/volcanic regions. 

AREA V 

* Cotabato Basin Basement Complex. 

AREA VI 

* Southeastern Cotabato Basin mountain ranges. 

AREA VI1 

* Areas lacking s t ructural  features considered potential 
sites for hydrocarbon accumulation. 

6-3-2 Prospects and Selection Cri te -  

ria 

Based on the following negative criteria, five areas have been excluded 

as  having potential for hydrocarbon accumulation. 
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AREA I1 
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* Extensive surface exposure of Middle Miocene and 
older stratigraphic units indicates lack of suitable 
sub  surf ace sedimentary sequence. 

AREA IV 

* Area of recent volcanic activity. 

AREA V 

* Surface stratigraphic unit is the Basement Complex; 
lack of subsurface sedimentary sequence. 

AREA VI 

* Extensive surface exposure of Middle Miocene 
stratigraphic unit indicates lack of suitable subsurface 
sedimentary sequence. 

1 
* Poorly expressed s t ructural  features. 

AREA VI1 

* N o  surface expression of s t ructural  features consid- 
ered favorable for hydrocarbon accumulation. 

The areas considered to be the most potentially important a s  sites for 

hydrocarbon exploration are I and 111. The following is a list of prospects 

with the selection criteria for each potential site. 

Prospect A Anticlinal Crest (6'59'N, 124'33'30"E) 

* Two directions of plunge, creating potential for complete closure. 

* Pliocene stratigraphic unit at the surface indicates sufficient 
subsurface sedimentary section. 

* Prospect is  in an area which has not been tested for hydrocarbon 
accumulation . 
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* Presence of secondary s t ructures  (faults)  located down dip 
from crest;  potential for additional entrapment feature and/or 
f racture  porosity. 

* Well expressed on radar  imagery. 

* Faults t ransverse anticlinal axis which may provide additional 
s t ructural  entrapment. 

Prospect B Anticlinal Crest (7"8'45"N, 124'39'30"E) 

Two directions of plunge, creating potential for complete closure. 

Presence of secondary s t ruc tures  ( faul ts)  located down dip 
from crest;  potential for additional entrapment feature and/or 
f racture  porosity. 

Prospect is in an area which has not been tested for hydrocarbon 
accumulation. 

Well expressed on radar  imagery 

Severely faulted crest ,  which may be indicative of additional 
s t ructural  entrapment. 

Prospect C Inferred Anticlinal Crest (6"31'N, 124"39'57"E) 

* Nearby well (Bambad-1) indicates a thick sedimentary section 
in this area. 

* Located along t rend with s t ructural  features considered 
favorable for hydrocarbon accumulation. 

* Identified on radar  imagery by analysis of drainage patterns 
and regional s t ructural  trends. 

Prospect D Geomorphic High (7"00'N, 124'38'E) 

* Possible subsurface s t ructural  feature considered favorable for 
hydrocarbon potential. 

* Quaternary alluvium at surface indicates potential for complete 
subsurface stratigraphic sequence. 
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* Prospect is  in an  area which has not been tested for hydrocarbon 
accumulation. 

* Located along t rend with s t ructural  features considered 
favorable for hydrocarbon accumulation. 

* Identified on radar  imagery by analysis of drainage patterns 
and regional s t ructural  trends. 

* Well expressed on radar  imagery. 

Prospect E Geomorphic High (7"11'N, 124'45'E) 

* Possible subsurface s t ructural  feature considered favorable for 
hydrocarbon potential. 

* Quaternary alluvium at surface indicates potential for complete 
subsurface stratigraphic sequence. 

* Prospect is an area which has not been tested for hydrocarbon 
accumulation. 

* Located along t rend with s t ructural  features considered 
favorable for hydrocarbon potential. 

* Identified on radar  imagery by analysis of drainage patterns 
and regional s t ructural  trends. 

* Moderately expressed on radar  imagery, 

6-4 Estimated Hydrocarbon Resources 

According to BED e t  al. (1987), the Cotabato Basin is ranked as Class 

Average IV,  which includes those assessed with poor to fair oil potential. 

field size should be in the range of 5-20 MMBBLS of oil. 
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6-5 Recommendations 

The most obvious prospects a r e  anticlines mapped at the surface; 

however, according to BED e t  al. (1987), most of the folding in the Cotabato 

Basin is  thrust-fault related. Consequently, the mapped axial positions of 

the radar-inferred s t ructures  may not coincide with their subsurface 

locations. In order  to refine the prospects obtained from interpretation 

of the radar data, i t  is therefore recommended that: 

* geophysical data be acquired and interpreted to confirm 
subsurface closure of prospects, 

* the approximate thickness of the subsurface sedimentary 
section be inferred from the seismic data. 
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7 ELADAR-GEOLOGIC INTERPRETATION 

- MINDORO ISLAND 

The island of Mindoro is located south of Luzon and is  considered to 

be the northeastern part of the North Palawan-Mindoro Basin. For the 

purposes of flight line planning, the Mindoro radar  mosaic includes 

approximately 11,500 km2 of land/water coverage ( see Mindoro Radar Mosaic 

which i s  an  enclosure with this  report) .  

7-1 Backggrournd and P e t r o l e u m  

E x p l o r a t i o n  A c t i v i t i e s  

The North Palawan-Mindoro Basin is  the largest  sedimentary basin in 

the Philippines, and contains all of the country’s commercially producing 

oil fields. The basin represents  the oldest and most stable terrain in the 

Archipelago, having a metamorphic basement complex of Paleozoic age. 

Prior to radar  interpretation, the Geologic Map of Mindoro (PNOC EC, 1986) 

w a s  provided to familiarize radar  image interpreters  with the regional 

geologic framework. PNOC EC has conducted intensive geological mapping 

and geophysical surveys  for a large area of Mindoro (Fig. 7.1). During 

the  interpretation effort, a 20-page Executive Summary (PNOC EC, 1987a) 

Petroleum Potential on Mindoro, Philippines w a s  provided and used to brief 

image analysts on the important geologic aspects of Mindoro. A f t e r  completion 

of the radar-geologic map, additional geological and geophysical data were 

provided by both PNOC EC and BED to aid in refining prospects and 

preparing this final report. 
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y/// PNOC EC Contract Area 

Figure 7.1: 
geologic and geophysical studies. 

Mindoro Island and vicinity. Map shows the  contract  a rea  for 
( A f t e r  PNOC EC, 1987b. ) 
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Since the  f i rs t  commercial oil discovery in 1976 off the northwest coast 

of Palawan, extensive geologic exploration has been conducted in the Mindoro 

Island region. PNOC EC (1987) reports  tha t  this  effort has resulted in 

formulation of two significant geologic concepts concerning the origin of 

Palawan and Mindoro: 1) they are similar continental crustal  blocks tha t  

rifted-off from a zone of spreading on the Asian continental margin in 

Early Oligocene time during evolution of the South China Sea, and 2 )  they 

evolved from contiguous areas  of sedimentation, which makes their  

hydrocarbon potentials very closely related or equivalent. The continental 

fragments migrated southward until they collided with the Philippines 

magmatic a rc  during the Middle to Late Miocene. Consequently, even though 

Palawan and Mindoro are part of the pl-esent-day Philippines Archipelago, 

they have distinctly separate origins and geologic histories from the  

Philippines Island-arc system (Holloway, 1982 1. 

Two major tectonic styles are recognized in the region (PNOC EC, 1987). 

One is  related to extensional deformation which created rif t  depression 

basins as the continental fragments moved away from the Asian continental 

margin. The other is compressional deformation which occurred during 
the convergence of the fragments with the Philippines a rc ,  resulting in a 

zone of thrust-fold s t ruc tures  (Figure 7.2). 

The Mindoro Island stratigraphic column consists of a variety of rock 

types ranging in age from Carboniferous to  Pleistocene. The stratigraphy 

of the Mindoro Island has  been described by BED et al. (19871, PNOC EC 
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Figure 7.2: Major structural features of Mindoro. ( A f t e r  PNOC EC, 1987a.) 
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( 1987 1, Holloway ( 1982 ), and the Philippines Bureau of Mines and Geo-Sciences 

(1981). The following stratigraphic discussion is a synthesis of these 

reports. 
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The successive stratigraphic descriptions include only those strati- 

graphic units that  have been mapped on the Radar-Geologic Interpretation 

of Mindoro Island which accompanies this  report. Stratigraphic units were 

selected from the 1986 Geologic Map of Mindoro. 

Upper Paleozoic-Mesozoic 

Metamorphic rocks of the Mindoro Metamorphics are the oldest exposed 

stratigraphic unit in the Mindoro Island s tudy area. An upper Paleozoic 

section exposed along the Bongabon River consists of schist, phyllite, 

gneiss, and marble. Upper Paleozoic intrusions of metaquartz diorite, 

hornblende diorite, and quartz monzonite occur within this sequence. Age 

determination for this  section is from a Carboniferous cyatopsid coral found 

within a clast of highly indurated mudstone. 

Semischists, spilitic basalt, and metaconglomerate unconformably overlie 

Paleozoic rocks. Fossils in the metaconglomerate suggest  a Late Triassic 

age for this section. 

Eocene 

The Eocene Batangan formation, which attains an  estimated thickness 

of 14,000 feet (4260 m )  in the Batangan Creek area, can be divided into 

t w o  distinct lithologic facies. A lower, thick clastic facies is  mostly 

quartz-rich arkosic sandstone, shelfal calcarenites, and thick dark shale 

with thin carbonate and carbonaceous siltstone beds deposited in a shallor 

marine environment. Claystone and minor cross-bedded quartz arenite are 
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also present, In the upper  portion of this clastic sequence is a sandstone 

unit which varies in composition from hard foraminiferal sandstone to coarse 

porous quartz-feldspathic sandstone with metamorphic lithic grains. 

The remainder of the Eocene section is composed of a biohermal orbitoidal 

limestone and interbedded shale facies. The limestones a re  generally banded, 

hard, and in part micritic to calcarenitic, 

Oligocene 

The Oligocene stratigraphy is represented by a group of dissimilar 

rock types. Altered pillow basalts and bathyal red argillites occupy a 

large central portion of the s tudy area and occur as scattered outcrops 

to the north. The Anahawin Formation attains maximum thickness of 10,000 
feet  (300 m )  and consists of a thin-bedded open marine detrital limestone 

facies and a clastic facies of shallow wa te r  argillaceous sandstone and 

claystone. Small areas  of undifferentiated ultramafic rocks a re  also par t  

of the Oligocene stratigraphy. 

Miocene 

Early Miocene s t ra ta  a re  composed of marine clastics and limestone. 

The Mompong Turbidites a re  clastic turbidites, interbedded carbonaceous 

shale and sandstone, and hypabyssal micrites. The Bulalacao Limestone is 

a group of undifferentiated carbonate rocks. 

A Middle Miocene limestone unit, the Tusk Peak Limestone, is a section 

of thick-bedded lagoonal and shelfal carbonates and patch reefs. 

Late Miocene sedimentation is represented by the non-marine Punso 

Conglomerates. 

consolidated arkose and terrigenous calcarenite. 

This unit is  an accumulation of conglomerates with poorly 
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The Late Miocene-Pliocene section in the Yindoro Island s tudy  area 

includes a transgi.essi\7e shelfal limestone of the Bongabong Limestones and 

a polymictic conglomeratic unit called the Bansud Conglomerates. Surface 

exposures of these two units a r e  confined to a narroI%\' s t r ip  of land tha t  

t rends parallel to the eastern coast. 

Pliocene 

A shallow marine depositional environment appears to  have existed 

during Pliocene t ime .  A thick section of reefal and shallow water detri tal  

limestone, belonging to the Pliocene Paclolo Limestones, crops out in the 

southcentral region and also forms the Ilin and Ambulong Islands. Pliocene 

clastic rocks occur throughout the southcentral and southwestern Mindoro 

Basin area and a r e  composed of a basal planktonic calcisiltite unit and a 

poorly consolidated quartzose sandstone and siltstone sequence with coal 

seams. 

Pleistocene 

The Pleistocene stratigraphic section in the Mindoro Island s tudy area 

is  represented by the Central Conglomerate and the Sumagui Pyroclastics. 

The Centml Conglomerate occurs as scattered outcrops in the southwestern 
region and consists of semi-consolidated conglomerates of terrace gravel 

and carbonate rubble. The Sumagui Pyroclastics occur in the northwest 

in the general vicinity of the Mount Dumali volcano. 
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Quaternary 

central-1 
IKtUtCU) 

Quaternary calk-alkali volcanic rocks occur only as a small outcrop in 

southcentral Mindoro Island. Quaternary alluvium is widespread along the 

coastal areas of the island and consists mainly of clay, silt, sand, and 

gravel deposits along streams and rivers and in flood plains. 

1%2 lY&9 A n t x h e  bemmu, EOcene N o t  Dry v a h d  lest 
I b&b and quartz known 

gravity sand 

7.1.3 Hvdrocarbon Occurrences and 

Exploration A c t i v i t y  

fiindoro-1 
(MP 

"EN- 
lJOK1') 

P r o  reso- 
sx 

(SEUCO) 

According to the geologic information available, only three wells have 

been drilled to test the sedimentary area of Mindoro that is included in 

the radar  mosaic coverage. Table 7.1 provides pertinent information for 

the exploratory wells drilled on Mindoro, and Figure 7.3  shows the 

approximate locations of these wells. The Progreso-1X well (Figures 7.1 
and 7-21, which was  abandoned as a d ry  hole in 1982, had significant shows 

of methane gas while drilling through Eocene sandstones. 

1979 1,523.9 AntLclIne Uutcvp r;p]og EOcene UFy ClbJectlve sectiDn 
mappmg AntIclIne I?) missed. Not 

valid test. 

1982 1594 A n t x h e  seismic Miocene L.  Dry b a l i d  test 

( >uuo ) 
omega Juias- 
struct. sic ('?) 

(52301 clasbc Eccene 

Table 7.1: Exploratory wells and hydrocarbon Occurrences - South Mindoro 

(Modified from BED e t  al., 1987) 

KEUECU - Kepubhc K ~ S O ~ S  and Uevebpment Corpoi'atlon 
s ~ u C O  - south East ~xplomtmn Company 
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Figure 7.3: Approximate locations of petroleum exploration wells. I is 
Mindoro-1; I1 is Progresso-11; and I11 is Central-1. 

1 3 3 



7.1.4 R e s e r v o i r  C h a r a c t e r i s t i c s  

Reservoir strata have been identified in Eocene to Oligocene sections, 

as well as in the Lower Yiocene sequence. The quartz arenites and arkoses 

with calcareous cement tha t  comprise the uppermost Eocene-transitional 

Oligocene sequence a re  considered to be the most attractive reservoirs. 

Oligocene to Yiocene carbonate s t ra ta  which a re  known to be oil reservoirs 

in the Nido, Cadlao, and Matinloc North Palawan oil fields may be present 

on Mindoro. The lower section of the Eocene sandstone sequence and the 

Middle Miocene carbonates also provide rocks b-ith favorable reservoir 

characteristics. Turbidite sandstone sections that  overlie Oligocene to 

Lower Miocene Carbonates on 31indoro may be correlatable with the oil- 
producing turbidites in the Galoc-1 well of North Palawan (Figure 7.11,  

thus could provide potential reservoir rock. 

7.1.5 Source R o c k s  

Rocks capable of generating hydrocarbons have been identified from 

the Eocene and Oligocene to Lower Miocene sections. Fully mature Eocene 

source rocks consist of dark-colored carbonaceous siltstones, silty clay- 

stones, and occasional coaly lenses. ?.farginally mature Oligocene and Lower 

Miocene strata consist of carbonaceus mudstones and claystones. Source 

rocks in the Yiocene-Pliocene horizon, although generally immature, show 

oil generation potential. 

7.2 Interpretive Products 

7.2.1 +tadar-GeolosZic M a p  

The Radar-Geologic Map for the Mindoro Island s tudy area w a s  developed 

through analysis of radar  imagery and review of the Geologic Map of 
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Nindoro (PNOC EC, 1986). The interpretive product contains lithologic 

boundaries, stratigraphic strikes and dips, faults, folds, s t ructural  form 

lines, and geomorphic anomalies. 

7-2-1-1 R a d a r  M a p  Units (Lithology) 

The following is a description of the radar  appearance of each lithologic 

unit within the area of interest. 

Paleozoic-Mesozoic Metamorphics  (Bs t )  

The Mindoro Metamorphic Formation forms the stable core of ?lindoro 

Island. The strongly dissected metamorphic terrain is composed of high 

relief angular ridges that distinguish i t  from the lower relief and rounded 

appearance of the surrounding sedimentary terrain. The relatively high 

relief of this unit results in bright image tones on foreslopes, and large 

areas of radar  shadow on baclislope regions. 

Eocene Limestone B t n  (L) and Clast ics  B t n  (C) 
1 

1 
1 
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The limestone facies of the Eocene Batangan Formation occui-s as large 

outcrops in the southwestern Mindoro region that  are easily differentiated 

from the adjacent metamorphic terrain. This unit commonly forms large 

mound-like topogmphic highs. The surface of these features appears 

extremely rugged which is typical of carbonate terrain in humid envi- 

ronments. The kars t  landforms produce small scale, subyound areas of 

highlight and shadow on the radar  imagery. 

The clastic facies of the Batangan Formation occupies a large portion 

of southcentral Mindoro. The terrain is rugged and consists of subangular 

landforms of moderate relief. This unit is distinguished from the adjacent 

metamorphic complex by i ts  lower relief, less rugged, more rounded peaks 
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and ridges. The surface of the Btn ( C )  map unit displaj-s a rough grainy 

texture composed of intermediate to bright image tones. The terrain is 

heal-ily dissected, and stratification characteristics are  not recognizable. 

Oligocene Ultramafics  (Umf) 

Oligocene ultramafic rocks a re  scattered throughout northcentral and 

northeastern Yindoro. The massive, well consolidated appearance of this  

unit was the distinguishing characteristic used to define the boundaries 

of this radar  niap unit. 

Oligocene Metavolcanics  (Mv) 

The Oligocene nietavolcanics niap unit (511- 1 occurs in close prosimitj- 

to the Mindoro Metamorphic Formation. Because the metal-olcanics have a 

radar appearance that  is similar to the adjacent metamorphic unit, n iap  

boundaries for the metal-olcanics were obtained from the geologic map of 

bl i n do r 0. 

Oligocene Limestone Anw (L) and Clas t i c s  Anw (C) 

The Oligocene Xnahawin Formation liniestone facies appears 011 radar  

imagery as a massive coarse-textured unit. In  smaller exposures, the unit 

is reduced to groups of coarse-textured subangular peaks and ridges that 

produce isolated high intensity radar  returns.  

The clastic facies is  distinguished as a thinly-bedded sequence with 

a smooth to moderately rough surface. Stratification is well developed and 

easily identified on the imageyy by  linear bright tones from radar-facing 

escarpments. Largest exposures of this map unit occur in the westcentral 

region of the s tudy area near T u s k  Peak and Mount Tallitlah. 
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The Monipong Turbidites a re  easily defined as a radar map unit in the 

westcentral portion of FIindoro Island. The rocks of this unit form distinct 

groups of moderate relief, narrow ridges that  have been severelp segmented 

and eroded. Sloping surfaces produced by dipping s t ra ta  a re  heavily 

dissected and cause bright image tones from drainage channels arid fault 

scarps.  Truncation of s t ra ta  has produced escarpments that  are identified 

by linear areas of image highlight and shadow. 

Early Miocene Limestone (Bll) 

The B11 map unit represents an Early Miocene carbonate unit belonging 

to the Bulalacao Limestone. The unit is found mainly in southeastern 

Mindoro near the town of Bulalacao and on the slopes of Knob Peak. 

Morphological differences from surrounding map units were used to define 

the boundaries of the B11 radar  map unit. The rocks of this unit form 

broad areas of elelvated terrain. The unit appears partly massive, but 

remnants of stratification are  present in the form of segmented subangular 

ridges. The surface of this unit produces intermediate and bright image 

tones typical of a rough pitted carbonate surface. 

Middle Miocene Limestone (Tpl) 

The thick carbonate beds of the Tusk Peak Limestone form the 

topographic highs of Mount Tallulah and Tusk Peak. In  both locations, 

thick resistant stratification is clearly expressed on radar  imagery. Surface 

texture is difficult to determine since the stratigraphic escarpments produce 

large areas of image highlight and shadow. The rocks of Mount Tallulah 

form a large mound-like geomorphic expression. 
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Late Miocene Clastics (Pso) 

The Late Miocene Punso Conglomerates map unit (Pso) appears as a 

thick bedded sedimentary- section that  forms distinctive curvilinear ridges. 
The unit generally displays significant stratigraphic dip with fl a t’ 1rons 

present on sloping surfaces. In smaller outcrops, the ridges have been 

reduced to isolated triangular or  cone-shaped peaks. Bright image toiles 

identify stratigraphic escarpments and peaks. 

Late Miocene-Pliocene Limestone (Bnb) 

The Bongabong Limestones have a radar  image appearance characteristic 

of extreme surface roughness. The terrain is composed of relatively small 

scale rectangular blocks which have formed through faulting, dissection 

by  drainage channels, and solutioning of carbonate constituents. This unit 

is limited to the eastern Mindoro Island coast in the vicinity of Bongabong 

town. 

Late Miocene-Pliocene Clastics (Bsd) 

Parallel, rectangular- shaped , nortlieas t- t re  ndin g ridges of moderate 

relief characterize this Late Miocene-Pliocene map unit. The unit has an 

overall coarse surface texture on radar  imagery and appears less affected 

by weathering than the surrounding map units. The Bsd map unit occurs 

exclusively along the eastern coast of Plindoro near the town of Bansud. 

Pliocene Clastics (Hno) 

The Hinago Calcisiltites, in the southeastern region of Mindoro, appear 

on radar imagery as flat, low lying areas with very rough surfaces. The 

boundaries of this unit a re  easily identified from adjacent areas  of high 

relief, and the featureless, smooth-textured alluvial deposits. 
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Large carbonate platforms of the Paclolo Limestones form the Ilin and 

Ambulong Islands in the southh-est, and the highlands of southcentral 

Mindoro. On the islands, this niap unit displays well developed bedding. 

Circular to semi-circular bright tones define the edges of successive rock 

layers. The surface appears unifornily rough and produces bright image 

tones. The southcentral exposure is characterized by a distinctive pitted 

surface which is characteristic of carbonate terrain in humid environments. 

Karst surfaces produce alternating light and dark subround iniage tones. 

Pliocene Clastics (Cwc) 

The clastic rocks of this Pliocene map unit ( C w c )  form a featureless 

rolling terrain. The surface area appears smooth and is characterized by 

intermediate gray tones on the imager>-;. The Cwc map unit occurs on11 

i n  southeastern to southcentral ?.findoro, and is easily distinguished from 

the more rugged topography of surrounding radar map units. 

Pleistocene Pyroclastics (Smg) 

The Pleistocene Sumagui Pyroclastics occupy a significant portion of 

the coastal region in northeastern Mindoro. The volcanic constituents 

appear to be poorly consolidated i n  that  the entire surface area of this 

map unit has  been heavily dissected by subparallel drainage channels, 

Alternating light and dark linear to curvilinear iniage tones correspond to 

mdar-  fac in g channel banks and radar- s hadowe d channel floors respectively . 
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Pleistocene Clastics ( C t r )  

The Central Conglomerate n i a p  unit ( C t r )  exhibits a n  extremely rough 

surface appearance on radar  imagery. Angular and subround light tones 

saturate the map unit area. The Central Conglomerate is located exclusively 

on the northwestern to southwestern region of the s tudy area. 

Quaternary Volcanics (Qv) 

Large areas of Quaternary volcanic rocks a re  outside the cur ren t  area 

of interest  near the Dumali volcano in northeast Nindoro. The only 

occurrence of these rocks in the s tudy area is  in southcentral Mindoro. 

The boundaries of this m a p  unit a re  poorly expressed on the radar  imagery. 
Consequently, the interpreters  relied largely on the Mindoro geologic map 

to define niap unit boundaries. 

Quaternary Alluvium (Qal) 

Quaternary alluvial deposits occur in broad areas near coastlines and 

in depressions between highlands. Alluvial deposits are easily recognized 

on radar  imagery by their  flat featureless appearance and uniform 

intermediate to dark tones. In marshy areas  and near river floodplains, 

this  characteristic appearance may be disturbed by patches of extremely 

dark tones from pools of w a t e r  and mud, Vegetation along drainage channels 

often causes volume scattering of incident radar  energy which is  char- 

acterized by sinuous pat terns  of extremely bright image tones. 

7-2-1-2 structure 

Numerous folds, faults, and geomorphic anomalies were inferred from 

the radar  imagery of Mindoro Island. These features,  along with strike 

and dip directions and estimations of dip angles, appear on the Radar- 

Geologic Interpretation (an  enclosure with this  report  ). 
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The Mindoro Island s t ructural  style is  characterized by a broad central 

Paleozoic-Mesozoic metamorphic basement that  is separated from peripheral 

deformed Tertiary sedimentary sections by major northwest-trending faults. 

The central basement complex and eastern sedimentary units have no surface 

expression of fold structures.  

Folds in the Mindoro Island s tudy area have a subtle surface expression 

and generally extend less than 4 miles (6.4 k m )  in the axial direction. 

Folded s t ra ta  have been severely affected by faulting and erosion, and 

conse y uen tl y , surf icial s t ructural  c harac t e  r is  tic s are dif f ic u 1 t to identify . 
The best  preserved s t ruc tures  commonly occur within the boundaries of 

the Mompong Turbidites radar  map unit (Mpo). 

Faults are prevalent throughout the s tudy area particularly within 

the sedimentary radar  map units. However, large alluvial deposits tend to 

obscure the surface expression of faults in low lying coastal areas. Two 

principal strike directions, northwest- and northeast-trending, can be 

observed. As previously mentioned, major northwest-trending faults define 

general boundaries between metamorphic basement rocks and adjacent 

Sedimentary sections on the east and wes t .  Other major faults a re  oriented 

northeast o r  nearly perpendicular to this group, Two conspicuous 

north-trending parallel faults in the southcentral region isolate the Pliocene 

Paclolo Limestones from surrounding sedimentary units. 

7.2.2 FZadar-Lineament Map 

Lineaments in the Mindoro Island s tudy area  are evenly distributed 

among radar  map units, and have two principal orientations; northwest- 

and northeast-trending. Small-scale lineaments, which have a surface 

expression of approximately 5 miles (8  km), may be related to faults which 

a re  inherent only to a particular radar map unit, or a re  regionally 
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extensive but  have limited surficial expression. Small-scale lineaments 

within the boundaries of the metamorphic basement m a y  represent local 

areas  of f ractures  or  joints. 

7.3 Prospect Evaluation 

The prioritization sequence and ranking of pr.ospects which follows 

evolved from the analysis of radar  imagery used in conjunction with 

corroborative data available from sources previously discussed. The s tudy 

area w a s  subdivided into three geologic terrain categories which are 

designated by Roman numerals (Fig. 7.41. The t-alues of the numerals have 

R no prioritization significance, but  a re  provided to aid discussing the 
The le t ters  ( A  - GI indicate significant radar-geologic aspects of Mindoro. 

prospects with potential for hydrocarbon accumulation and entrapment. 

7-3.1 Geoloszic Terrain C a t e f l o r y  Cri- 

teria 

A r e a  I 

* Western Mindoro sedimentary section. 

:i: I'oungest stratigraphic unit in the s tudy area appears 
at the surface indicating the possibility for a relatively 
thick subsurface sedimentary section. 

* Contains several s t ructural  features that  may provide 
potential prospects for hydrocarbon accumulation. 

A r e a  I1 

:i: Paleozoic and Flesozoic metamorphic rocks constitute 
the majority of the surface area. 
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Figure 7.4: Terrain categories (1-111) and prospects (A-G). 
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* Youngest stratigraphic unit a t  the surface is Oligocene 
age indicating lack of suitable subsurface sedimentary 
sequence. 

Area I11 

* Eastern blindoro Sedimentary section. 

:i( Youngest stratigraphic unit in the s tudy area  appears 
at the surface indicating the possibility for sufficient 
subsurface sedimentary section. 

7-3-22 Prospects and Selection Crite-  

ria 

Based on negative criteria, A r e a  I1 has been excluded f r o m  prospect 

consideration. The areas considered potentially important as sites for 

hydrocarbon exploration a re  Areas I and 111. 

Prospect A Anticlinal Crest (12"19'50"N, 121"13'50"E) 

Two directions of plunge, creating potential for complete 
su b s u r f ace closure. 

Anticline is  regionally extensive, extending more than 6 miles 
(9.6 km) in the axial direction. 

Presence of secondary s t ruc tures  (faults 1 located dorm dip 
from crest;  potential for additional entrapment feature and/or 
f racture  porosity. 

Moderately expressed on radar  imagery. 

Breached anticlinal c res t  indicates some loss of near-surface 
3 tr ti c t ti ral closure. 

Prospect B Inferred Anticlinal Crest ( 12"19'20"K, 121" 22'20"E 1 

* Probable s t ructural  feature considered favorable for hydro- 
c ai- b o n ac c u mu la t io n . 
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Secondary s t ruc tures  (faults)  located down dip from crest;  
potential entrapment features and/or f racture  porosity. 

Prospect is located up  dip from an area which has demonstrated 
the presence of hydrocarbons. 

Faulted c res t  which may provide additional s t ructural  
e n t r ap me n t , 

Identified by geomorphic expression and scattered s t ructural  
dip angles. 

Prospect C 

* Secondary s t ruc tures  (faults)  located down dip from crest;  

Anticlinal Crest (12"21'30"N, 121"15'15"E) 

potential entrapment features and/or f racture  porosity. 

Moderately expressed on radar  imagery. 

Location appears to coincide with a seismically defined s t ructure ,  
E a s t  Paclolo Prospect (PNOC EC, 1987a). 

* 
:I: 

Prospect D 

* Numerous secondary s t ructures  (faults);  potential for entrap- 

Anticlinal Crest ( 12"51'30"N, 120"48'50"E 1 

ment feature and/or f racture  porosity. 

* Apparent breached anticlinal c res t  indicates some loss of 
near-surface s t ructural  closure. 

* Subtle expression on radar  imagery. 

Prospect E Geomorphic Anomaly ( 12"55'00"11, 120"48'45"E) 

* Possible subsurface s t ructural  feature. 

:I: Quaternary stratigraphic unit at the surface indicates sufficient 
s u b surf ac e s e dim e n t ar y sect ion . 

* Moderately expressed on radar  imagery. 

* Identified on radar  imagery by drainage pattern analysis. 
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Area I11 

Prospect Area F Onshore Deltaic Sediments ( 12"32'00" - 12"15'OO"X, 
121"28'00" - 121"33'00"E) 

* Large a rea  of fluvio-deltaic sedimentation; potential for a well 
sorted,  high porosity subsurface section. 

* N o  s t ructural  features  expressed at the surface. 

* Onshore and offshore plays need to be defined with geophysical 
data. 

Prospect Area G 

:C Fault patterns n iay  aid in refining seismically defined half- 
graben plays. 

* Area is within the  Calayan half-graben s t ructural  eler,ient (Fig. 
7 .2) .  Although folds are not apparent on the radar  imagery, 
radar-inferred fault pat terns  may aid in refining seisniicallp 
defined half-graben plays. 

7-4 Est imated  Hydrocarbon R e s o u r c e s  

-According to BED et al. (19871, the hlindoro region is  ranked as Class 

111, ha\-ing fair to good potential for predoininantly gas plays. Average 

field size should be in the range of 5-50 MMBBLS of oil, or 50-500 BCF of 

gas. 

7-5 Recommendat ions  

L-itli sufficient seismic col-erage, anticlinal fold s t ructures  whose 

subsurface axial positions may have been displaced by wrench or  t h rus t  

faultiiig can usually be accurately delineated. In  order  to refine the 

prospects obtained from interpretation of the radar  data, i t  is therefore 

r ec om men d e d that: 
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* geophysical data be acquired and interpreted to confirm 
subsurface closure of prospects, 

* the  approximate thickness of the subsurface sedimentary 
section be inferred from the seismic data. 

I t  i s  fur ther  recommended that: 

:K the  anticlinal prospects referred to as prospects "A" and "B" 
be confirmed with field and seismic investigations, 

* since prospect "C"  appears to coincide with a seismically- 
defined PNOC EC prospect, an  attempt should be made to 
correlate the surface s t ructure  with additional seismic 
interpretation, 

* prospects I'D" and "E", which are subtly expressed on the 
radar  imagery, be confirmed with seismic investigations, 

* fault t raps  within area "G" should be defined using seismic 
data in conjunction with radar  imagery-defined fault zones. 

I t  i s  also noted that: 

:# prospect area "F" includes a large area of fluvio-deltaic 
sedimentation, 

* onshore and offshore plays need to be defined with geophysical 
data. 
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8 IRADAR-GEOLOGIC INTERPRETATION 

- CEBU 1SL-D 

. -  
Cebu is a long narrow island with i ts  major axis trending slightly east  

of north,  located within the 1-isapan Basin in the Central Philippines between 

the islands of Kegros on the w e s t ,  and Leyte and Bohol to the east. For 

the ptirposes of radar flight planning, the Cebu radar  mosaic includes 

approximately 7,525 lim' of land/water coverage ( see Cebu Radar Mosaic 

which is an enclosure with this report) .  

8- 1 Background and Petroleum 

Exploration Act5v i . t i . e~  

Prior to radar  interpretation, the 1985 Geologic Yap of Cebu (1:250,000) 

was provided by PNOC EC. The PXOC EC technical staff has conducted 

detailed geological and geophysical studies in southern Cebu to develop 

tectonic models and upgrade petroleum prospects (Fig. 8.1 1. During the 

interpretation effort, a draf t  copy of a report  "Hydrocarbon Potential of 

the Cebu Basin Philippines" (PNOC EC, 1987c 1, and the following additional 

maps were niade available: 

* 1:60,000 Map set  for southern Cebu including Geologic Map of 
G i n a t i l a n  A r e a ,  G e o l o g i c  M a p  of A l e g r i a  A r e a ,  and  G e o l o g i c  Map 
of Monipeller Badian Area 

* 1:125,000 Structure  Map in Time of Eocene Horizon Southwestern 
Cebu (Sub-ThrustJExtensional Zone) 

* 1:125,000 Structure  Map in Time of Eocene Horizon - South- 
western Cebu (Thrust  - Fold Zone). 
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* PROSPECT/LEAD 

OILFIELD AND/OR DISCOVERY WELL 

v74 CONTRACT AREA 

Figure 8.1: 
( A f t e r  PNOC EC, 1987b). 

Contract area for detailed geological and geophysical studies. 
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A f t e r  completion of the radar-geologic map, additional geological and 

geophysical data were provided by both PNOC EC and BED to aid in refining 

prospects and preparing this final report. 

€3- 1- 1 Structure 
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The entire island of Cebu has been described as a sigmoidal, north- 

northeast oriented fault block (BED e t  al., 1987). The dominant faults a re  

reported to be north to north-northeast-trending in the north and south, 

and northeast oriented in central Cebu. According to PNOC EC (1987c), 

two parallel fold belts are mappable over long distances on the southwestern 

and south-central portion of the island, and are  referred to as the 

Alegria-Malabuyoc fold belt and the Cebu anticlinorium, respectively. A 

third eastern fold belt has been identified in the subsurface from seismic 

data. The Alegria-Malabuyoc fold belt extends from Aloguisan OH the north 

(9"48'N, 123"22'E), to Ginatilan on the south (9'34'N, 123'20'E). The southern 

Cebu anticlinorium consists of a narrow (3.5 to 7.0 km-wide) fold belt that  

extends southward from the central Cebu highland. 

The Cebu Island stratigraphic column is composed of a pre-Cretaceous 
basement complex consisting of metamorphic, intrusive, and volcanic rocks 

overlain by a succession of Oligocene to Pliocene-Pleistocene sedimentary 

rocks. The stratigraphy of Cebu Island has been described in  detail by 

BED e t  al. (19871, PFOC EC 11987~) , the  Philippines Bureau of Mines and 

Geo-Sciences ( 1981 1, and Corby- e t  al. ( 1951). The following stratigraphic 

discussion is a synthesis of these reports,  and the stratigraphic descriptions 

include only those stratigraphic units that  have been mapped on the 
1 
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Radar-Geologic Interpretation of Cebu Island which accompanies this report. 

Stratigraphic units were selected from the 1985 Geological Map of Cebu 

Island. 

Pre-Cretaceous (?) 

The basement complex consists mostly of metamorphic rocks overlain 

by volcanic and clastic sections. The Tunlob Schist is  the oldest identified 

formation on the island. This unit is Cretaceous in age or  younger and 

consists mainly of chlorite-amphibolite schist and partly of phyllites and 

slates. 

The Cansi and Pandan Formations a re  included as part of the basement 

complex on the Radar-Geologic Map but a re  undifferentiated. The Early 
Cretaceous Cansi Formation, often referred to a s  the Cansi Volcanics, is a 

sequence of basaltic to andesitic lava flows and agglomerates with interbeds 

of limestone and volcanic breccia. Massive extrusive rocks and pilloh- lavas 

ha\-e also been identified. Early Cretaceous Orbitolina fossils in shale and 

limestone fragments from the Cansi Formation have been found near the 

Nanaga River. 

The Pandan Formation consists of an indurated sequence of limestones, 

shales, sandstones, and conglomerates with occasional coal stringers.  

Globotruncana fossils in the limestone a re  a Late Cretaceous marker. 

Middle-Late Oligocene 

The Calagasan Formation of southern Cebu is composed of conglomerate, 

fine to coarse-grained tuffaceous sandstone, and carbonaceous shale with 

interbedded limestone and coal seams. 
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Late Oligocene 

The Cebu Limestone Member of the Cebu Formation is hard,  white, pure 

limestone which locally may contain gray or  brown shale stringers.  Orbitoid 

Lepidocyclina fossils are present throughout this unit and become more 

abundant near the base. The Cebu Limestone varies in thickness from 250 

feet (75  m )  to 330 feet (100 m) .  

Early Miocene 

The Early Miocene Yalubog Formation is composed essentially of shale 

and sandstone with lesser amounts of conglomerate, limestone, and coal. 

The clastic section is highly variable and exhibits rapid horizontal and 

vertical lithologic and facies changes. The lower portion consists mainly 

of shale, mudstone, and siltstone with thin sandstone interbeds. Foraminifera 

a re  present which suggests  an upper to middle bathyal environment. This 

fine clastic sequence coarsens upward to a section of siltstone, tuffaceous 

sandstone, and conglomerate with interbedded coal. Stratigraphic and 

lithologic evidence points to a fluvial-deltaic depositional environment. Dark 

g r a y  claystone, carbonaceous shale and siltstone with frequent interbeds 

of sandstone occur towards the top of the formation. Locally, the upper 

par t  of this sequence contains limestone composed of branching corals in 

a calcareous sand matrix. The presence of benthonic foraminifera suggests  

a middle neritic environment of deposition. The total thickness of the 

Malubog Formation ranges from 1640 feet (500 m )  to 4920 feet (1500 m ) .  

Middle Miocene 

The Middle Miocene depositional record, as preserved by the Toledo 

Formation, indicates a time of intense tectonic activity. The formation is 

predominantly thick tuffaceous shale with sandstone interbeds and occasional 

lenses of clastic limestone. Andesitic breccias, tuffs,  tuffaceous marls, 
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bentonites, and a striking white bentonitic shale occur as basal units. 

Abundant foraminifera and scarce megafossils indicate that the Toledo 

Formation w a s  probably deposited in an upper to  middle bathyal environment. 

Formational thickness ranges from 660 feet (200 m )  to 820 feet (250 m ) .  

Middle-Late Miocene 

A basal white reefal limestone belonging to the Maingit Formation has 

been interpreted to represent a progressive lowering of sea level during 

the late Middle Miocene. The limestone contains numerous corals but f e w  

microfossils and is usually less than 165 feet (50 m )  in thickness. 

The remainder of the Maingit Formation is  composed of conglomerate, 
coarse carbonaceous sandstones, and shale w i t h  coal s t r ingers  and occasional 

thin beds of limestone. The conglomeratic section is  around 1880 feet 

(575 m )  thick and contains boulders of conglomerate in a sandstone matrix 

which are as large as 15 centimeters in diameter. The total thickness of 

the Maingit Formation is  estimated at 3850 feet (1175 nil .  

Late Miocene-Pliocene 

Late Miocene to Pliocene sedimentation on Cebu Island is represented 

by the Barili Formation which unconformably overlies the Maingit Formation. 

The formation i s  divided into two members; a lower limestone, and an u p p e r  

m a r l .  

The Barili Limestone, which has a thickness of 660 feet (200 m )  to 1150 

feet (350 m ) ,  i s  widespread in the southern half of Cebu. Lithologically, 

this unit  is  composed of dense, white, deep water, niicritic limestone and 

minor porous coralline limestone. The limestone is occasionally light brown 

and marly. 
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The Barili Marl is  generally a brown, poorly bedded, slightly sandy 

marl with occasional thin s t r ingers  of limestone. Basal sections contain 

dark gray to blue, carbonaceous shale and thin, poorly bedded, lenticular 

sandstone and conglomerate. The Barili Marl ranges in thickness from 660 

feet (200 m )  to 1640 feet (500 nil. 

Pliocene- Pleistocene 

The Pliocene-Pleistocene Carcar Formation is a porous coralline 

transgressive-type limestone that  is poorly bedded to massive. Occasionally, 

the limestone grades into limestone rubble or conglomerate and may contain 

thick beds of marl. The Carcar Formation lies unconformably on the Barili 

Formation and is  widespread throughout the s tudy area especial1;v along 

coastal areas. 

Quaternary 

Q u a t e r nar y a 11 u v ial de posits o c c u r p r e dominant 1 y alo n g c oa s ta  1 mar gins . 
€3- 1-3 Hydrocarbon Occurrences and 
Exploration Activitv 

Surface seepages of oil have been known in the southwestern part of 

Cebu, and  the first recorded show of oil in a well occurred in 1896 when 

Smith, Bell and Co. drilled two wells in the Toledo area (Corby et al., 1951). 

Considerable exploration has  continued to the present  date; however, in 

spite of some significant oil and gas flows on drillstem tes t s  or hy-drocarbon 

shows during drilling, Cebu has no commercial oil or gas production. Table 

8.1 provides pertinent information for  some of the more significant 

exploratory wells drilled on Cebu Island, and Figure 8.2 shows the 

approximate location of these wells. Data for most of the exploratory wells 

are listed (chronologically) in 4ppendi.u A. 
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Table 8.1: Significant exploratory wells and hydrocarbon occurrences - 
Cebu Olodified f r o m  BED et  al., 1987) 
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~ u m p - 2  
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Figure 8.2: Approximate locations of petroleum exploration wells. ( A4fter 
Petyoconsultants, 19861, 
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According to PNOC EC ( 1 9 8 7 ~ )  and BED et al. (198'7), exploration in 

southern Cebu has defined the  existence of potential reservoir horizons, 

both clastics and carbonates in the Oligocene to Pliocene succession. 

However, the primary reservoirs include: 1) Upper Miocene sandstones of 

the blaingit Formation, 2 Middle Miocene carbonates of the Maingit Formation, 

and 3 )  Upper Oligocene to Lower Miocene sandstones of the Slalubog 

Forma tion. The Tertiary depositional environments include bath y-1 clas tics, 

shallow beach sands,  and coral patch reefs, all of which have reservoir 

potential. 

8.1.5 Source R o c k s  

Source rock potential occurs throughout the Oligocene-Miocene suc- 

cession, primarily because of the organically rich sediments. For example, 

analysis of saniples obtained from the Malubog Formation indicated that 70% 

contained a total organic carbon content ranging from 1 to 5% (PNOC EC, 

1 9 8 7 ~ ) .  This is in excess of the 0.5% considered to be a minimum requirement 

for a rock to have a source potential. Other geochemical studies have 
indicated that  the fine grained clastics of the Middle Miocene Toledo 

Formation, and Upper Miocene Maingit Formation also have hydrocarbon 

source potential. 

€3-2 Interpretive Products 

8-2-1 Rzxdar-Geolosxic M a p  

The Radar-Geologic Map for the Cebu Island s tudy area b-as developed 

through analysis of radar  imagery and review of geological and s t ructural  
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maps provided by PKOC EC. The interpretive product contains lithologic 

boundaries, s t r ikes  and dips, faults, folds, s t ructural  foym lines, and 

geomorphic anomalies. 

8-2-1-1 Radar Map Units (Litholoay) 

The following is a description of the radar  appearance of each lithologic 

unit within the area of interest. 

Pre-Cretaceous Metamorphics, Volcanics,  Clast ics  ( B s t )  

Rocks of the basement complex are widespread throughout central Cebu 

where they form dissected ridges of high relief. The steep ridge faces 
cause high intensity radar re turns  and are identified on the imagery by  

linear 01’ angular bright tones. Radar shadow is prominent in backsloye 

areas. The clastic units frequently exhibit well defined stratification. 

Middle- Late  Ol igocene  Clast ic  s (Toc g s ) 

The Calagasan Formation map unit (Tocgs) is  located in central and 

southcentral Cebu, and occurs as low lying terrain between adjacent areas 

of higher elevation. On radar  imagery, this unit produces uniform bright 

tones which are indicative of a continuously rough surface. Low relief 

r idges which have been se\Terely dissected a re  common throughout the 

espo s u r e  s . 
Late  Ol igocene  Limestone  (Tmcl) 

The Cebu Limestone Member of the Cebu Formation has a comparatively 

small surface exposure. The limestone forms narroti,  conspicuous, highly 

resistant,  steep ridges which are recognized on the imagery as curvilinear, 

bright tones. 
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Widespread occurrences of the  Malubog Formation map unit (Tme  ) are 

in central Cebu. Typically, the unit forms smooth rolling hills and valleys 

of moderate relief. Radar image tones are predominantly intermediate on 

the gray scale which indicates a relatively smooth surface. 

Middle Miocene Clastics (Tmm) 

The boundaries of the Tmm map unit are difficult to locate due to 

limited surface expression and indistinct image appearance. The unit forms 

low relief terrain,  without obvious stratification. Geologic map data aided 

the interpreters  in defining the Tmm map unit boundaries. 

Middle-Late Miocene Limestone and Clast ics  (Tmmgt) 

The Middle-Late Miocene map unit (Tmnigt ) occurs predominantly in 

west central Cebu. On radar  imagery, this unit appears thick bedded 

and very  well stratified. The s t ra ta  dip to the w e s t  at moderate to steep 

angles. Bright linear image tones result  from updip, ridge-forming 

escarpments. Ridges have been reduced to individual angular peaks where 

escarpments have been heavily dissected b y  faults. 

Late  Miocene-Pliocene Limestone (Tpbl)  

The Bar i l i  Limestone ( T p b l )  is one of the most widespread formations 

in the southern half of Cebu. The map unit exhibits a kars t  topographic 

surface which is easily identified on radar  imagery by a distinctive pitted 

surface. Small scale, subrounded, bright tones mark pit and groove edges 

which strongly reflect the incident radar  imagery. 
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Late Miocene-Pliocene Clastics (Tpbm) 

The Barili Marl ITpbm) covers a comparatively large surface area in 

southwestern Cebu. The unit is characterized by uniform intermediate 

image tones which exhibit a smooth image texture. Escarpments which a re  

associated with steeply- dipping s t ra ta  appear on the imagery as sinuous 

and linear bright tones. 

Pliocene-Pleistocene Limestone (Tpcl) 

The Carcar Limestone map unit (Tpcl) is  the most widespread of all 

formations on the island of Cebu. I t  occupies nearly the entire coastal 

area and is continuous across the island in the north. A distinctive pitted 

surface (karstic 1 permits easy delineation of map unit boundaries throughout 

most of the outcrop area. The unit extends outward from the center of 

the island. Sharp,  angular escarpments with near vertical faces cause 

high intensity radar  returns.  

Quaternary Alluvium (Qal)  

Quaternary alluvial deposits occur mainly along coastal margins and 

are  easily recognized on radar  imagery b y  their flat and featureless 

appearance. Image tones are intermediate to dark except where heavy 

vegetation cover causes volume scattering of incident radar  energy, 

resulting in bright image tones. 

8*2,1,2 Structure 

Numerous folds and faults were highlighted on the radar  imagery, 

The Cebu Island s t ructural  style is  characterized by two distinct fold 

groups. Broad, oval-shaped, breached anticlines a re  oriented parallel to 

the local t rend of the island and are  generally centered between adjacent 

coastlines. These folds are regionally expressed and have axial lengths 
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that vary from 7-15 miles (11-24 km).  A second group of smaller, lo\b-er 

amplitude, more narrow folds is located along the southwest, northwest, 

and northern coastlines, and also near the limbs of the major central 

anticlines. 

Faults a r e  prevalent throughout the entire s tudy area. Major faults 

generally have a strike direction that  is near parallel to coastlines. These 

faults a re  recognized on the radar  imagery by abrupt  textural differences 

between radar  map units on opposite sides of the faults. Local or  minor 

faults occur with high frequency in the Pliocene-Pleistocene Carcar 

Limestone. The faults in this group generally intersect at 45O angles and 

strike northeast o r  northwest. 

8,2,2 Iiadar-Linearnent M a p  

Lineaments mapped on Cebu Island have a t  least two general orientations. 

One major group is northwest-trending, whereas a second less significant 

group is northeast-trending. The majority of the lineaments in these two 

groups is located along coastal regions within exposures of the Pliocene- 

Pleistocene Carcar Limestone. These linear features may correspond to 

zones of s t ructural  weakness in the limestone. 

Other lineaments ha\-e a more north-south orientation and :ire commonly 

parallel to local coastlines. These lineaments may represent contacts 

between stratigraphic units that  dip seaward from the center of the island, 

or  poorly expressed faults which are present in the dipi>ing styata. 

8-3 Prospect Evaluation 

The prioritization sequence and ranking of prospects n-liich follows 

evolved from the analysis of radar  imagery used in conjunction Tib.ith 

1 
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corroborative data available from sources previously discussed. The s tudy  

area w a s  subdivided into two geologic terrain categories which a re  designated 

by Roman numerals (Fig. 8.3). The values of the numerals ha\-e no 

prioritization significance, but a r e  provided to aid discussing the significant 

geologic aspects of Cebu Island. The le t ters  ( A  - J) indicate prospects 

with potential for hydrocarbon accumulation and entrapment. 

€ 3 - 3 - 1  G e o l o g i c  Terrain Category Cri- 

teria 

A r e a  I 

4: Youngest stratigraphic formation of the area is 
widespread at the surface indicating the possibility 
for  sufficient s ii b s u r f ac e sedimentary sect ion. 

8 Contains several s t ructural  features that may provide 
potential s i tes  for hydrocarbon accumulation. 

A r e a  I1 

* Youngest stratigraphic unit a t  the surface is 
Middle-L,ate Pliocene age indicating lack of suitable 
subsurface sedimentary section. 

:i: Pre-C retaceou s basement metamorphic rocks coiistitu te  
a large percentage of the surface area. 
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1 Figure 8.3: Terrain categories (1-11) and prospects (A-J). 
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8-3-2 Prospects and Selection Crite- 

ria 

Based on negative criteria, Area I1 has been excluded as having potential 

for hydrocarbon accumulation. Area I has several distinct anticlinal features 

tha t  have been inferred from radar  imagery analysis. 

P r o s p e c t  A Anticlinal Crests (9"37'40"N, 123"20'30"E), (9"36'10"N, 
12  3 20' 15" E 1 

* Tt io  directions of plunge; creating potential for. complete closure. 

* Secondary s t ructures  ( faul ts  1 located down dip from crest ;  
poteiitial for additional entrapment feature and/or fracture 
porosity . 

* Prospect area is  adjacent to  regions which have demonstrated 
the presence of hydrocarbons. 

* Location appears to coincide with a seismically defined structiure, 
the Ginatilan North Prospect (PNOC EC, 1987b 1. 

* Faults t ransverse crest  which may provide additional structliral 
en trapmen t. 

P r o s p e c t  B Anticlinal Crest (9'1O'X, 123"20'30"E) 

Late Miocene-Pliocene s t ra ta  at the surface indicates suitable 
s u b s u r f ac e se d i ni e n t ar y sect ion . 
Two directions of plunge; creating potential for complete closure. 

Surface exposure of Late Oligocene stratigraphic unit near the 
prospect indicates faulting which niay provide additional 
s t ructural  entrapment. 

Structure  is well expressed on radar  imagery. 

Location appears to coincide with a seismically defined s t ruc ture ,  
the Elalabuyoc Prospect ( P K O C  EC, 1987b 1. 
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:I: Two directions of plunge; creating potential for complete closure. 

:I: Surface exposure of Late Oligocene stratigraphic unit near the 
prospect indicates faulting which may provide additional 
s t ruc  tural  en t rap  men t. 

* Sumerous wells in the prospect a rea  have demonstrated the 
presence of hydrocarbons. 

:$ Struc ture  is \\-ell expressed on iaadar imagery. 

4: Prospect appears  to coincide with seismically defined prospects; 
the Lumpan and Alegria Prospects (PNOC EC, 1987b1, 

P r o s p e c t  Area  D -Anticlinal Crests (9"42'15"3, 123"26 '20"E),  
(9"13'30"Y, 123"26'30"E 1 

* Late FIiocene-Pliocene stratigraphic units at the surface indicate 
suit  ab le s u b s 11 r f ac e s e d i 1x1 e n ta 1- 5- s e c t io n . 

:i: Secondary s t ruc tures  (faults 1 located do\.sn dip from crest;  
pot en t ial for  s t 1- u c t u ral  en t rap  men t feature s and/or  f rac t 1-1 r e  
porosity. 

;j: Prospect Area appears  to be in proximit>- to a seismically defined 
s t ruc ture ,  the Central Anticline East Prospect (PNOC E C ,  198'ib 1. 

P r o s p e c t  E Anticlinal Crest ( 10"35'2O"N, 123%'20"E 1 

Two directions of plunge, creating potential for complete closure. 

Secondary s t ruc tures  ( faul ts)  located down dip from crest;  
potential for additional entrapment features  and/or frat-ture 
p o 1-0 sit y . 
Struc ture  is regionally expressed, extending over 5 miles ( 8  
km) in the axial direction. 

S t ruc ture  is  well expressed on radar  imagery. 

1 
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:!: Faults occur- near the c res t  which may provide additional 
s t r u c t u  r a1 e n t rap  m e  n t . 

Prospect F Anticlinal Crest ( 10*39’.45”N, 123”.47’20”E 1 

Two directions of plunge, creating potential for complete closure. 

Secondary s t ruc tures  ( faul ts)  located down dip from crest;  
potential for additional entrapment features and/or fracture 
porosity. 

Structure  is regionally expressed extending over 5 miles ( 8  
k m )  in the axial direction. 

Structure  is we11 expressed on radar  imagery. 

Sexrerely faulted c res t  which m a y  provide additional s t ructural  
entrapment, 

Prospect G Anticlinal Cyest ( 10“56’4O”N, 123”8’00’’E 1 

* Struc ture  is regionally expressed, estending over 9 miles ( 14.4 
k m )  in the axial direction. 

* Secondary s t ruc tures  (faults 1 located down dip from crest;  
potential for entrapment features and/or f racture  porosity. 

:I: Breached anticlinal c res t  indicates some loss of near-surface 
s t ructural  closure. 

* Severely faulted c res t  which may provide additional s t ructural  
en t r ap  men t, 

Prospect H Anticlinal Crest ( 11*01’30”K, 12-l”01’30”E 1 

:i: Moderately expressed on radar  imagery. 

* Prospect is located near an area which has demonstrated the 
absence of hydrocarbons; however, these h-ells were drilled off 
structure.  

* Severely faulted c res t  which may provide additional s t ructural  
entrapment. 



Prospect I Anticlinal Crest (11"10'N, 123"59'E) 
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* Late Miocene-Pliocene stratigraphic formation at the surface 
indicates suitable subsurface sedimentary section. 

* Secondary s t ructures  (faults 1 located down dip from crest;  
potential for s t ructural  entrapment features and/or fracture 
porosity. 

* Structure  is regionally expressed, extending over 6 miles (9.6 
km)  in the axial direction. 

* Several wells in the area have demonstrated the presence of 
hydrocarbons. 

Prospect is considered a s t ructural  lead on the Play >lap of 
the Visayan Basin, Plate No.  I11 -A. H. 20 (BED e t  al., 1987) .  

* Breached anticlinal c res t  indicates some loss of near-surface 
structural  closure. 

Prospect J 4nticlinal Crest (11"15'10''T, 1?1"02'20"E) 

* Pleistocene stratigraphic formation at the c res t  indicates 
suitable subsurface sedimentary section. 

* Severely faulted c res t  which may provide additional s t ructural  
entrapment features and/or fracture porosity. 

* Nearby wells demonstrated the presence of hydrocarbons. 

* Moderately espressed on radar  imagery. 

8-4 Est imated Hydrocarbon Resources 

According to BED et al. (19871, the Visayan Basin which includes Cebu 

Island is  ranked as Class 11, having good potential for both oil and gas. 

Average field size should range from 5-50 MMBBLS of oil, 01' 50-500 BCF 

of gas. 
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8-5 Recommendat ions  

The anticlinal prospects referred to as prospects " A " ,  "B", "C"  and 

"D" (described in Section 8.3.2 1 appear to be in prosimity to seismically- 

defined structures.  In order  to refine the prospects obtained from 

interpretation of the radar  data, i t  is therefore recommended that: 

3: geophysical data be acquired and interpreted to confirm 
su b s u r f ace closure of prospects , 

:i: the approximate thickness of the subsurface sedimentary 
section be inferred from the seismic data. 

I t  is specifically recommended that: 

:!: detailed field studies be conducted to determine the pl'ecise 
locations of surface features "-4", "B", " C "  and "D" ,  and then 
compared with subsurface s t ructural  data, 

:I: prospects which do not coincide with seismically-defined PXOC 
EC plays should be refined with additional seismic inter- 
pretation, 

* more subtle s t ructural  targets ,  such as fault t raps ,  should 
receive exploration attention using seismic data to confirm 
the radar  imagery-defined fault zones. 
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9 S U M M A R Y  AND R E C O M M E N D A T I O N S  

The Philippines Archipelago is not well endowed ith hydrocarbon 

reserves ,  and the Go\-ernment of the Philippines is  anxious to s p u r  more 

petroleum exploration. For both the Philippine “Itional Oil Company 

Exploration Corporation ( PZOC EC ) and Bureau of Energy De\-elopment ( B E D  1, 

it has been an  important goal to upgrade available geological information 

on \-arious sedimentary basins in the interest  of attracting foreign f i r m s  

to invest  o r  explore for hydrocarbons. The Goveriinient of the Republic 

of the Philippines has invited new bids from international companies to 

explore for oil and gas in onshore and offshore sedimentary basins. To  

assist  the private oil indiistry in the evaluation of the  petroleurn potential 

of these basins, the Government, with the assistance of a loan f r o m  the 

Iiorld Bank, has completed a nation-wide basin es-aluation 

The collection and interpretation of radar  imagery was designed to  

augment and complement the existing data base prepared b>- PKOC EC and 

BED. The primary objective of the  project w a s  to  fur ther  the goals of 

international energy  de\-elopment b;v aiding the Republic of the Philippines 

in  the assessment of potential petroleum prospects within the a reas  imaged. 

Secondary goals \%“ere to assist the Republic of the Philippines in utilizing 
stat e - o f - the -art radar  remote se n sin g t e c h nolo g y for 1’ e sou r c e ex 1) lor at io in, 

and to train key Philippines scientists in the use of imaging radar  data. 

4 BED, 198i, Sedimentary Basins of 
Hydrocarbon Potential, Bureau of Energy Development, Yanila, The 
Republic of the  Philippines. 

Philippines - Their Geology and 
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9.1 Radar’s Value  

Because a radar  provides i ts  own source of illumination, radar  images 

can be produced that  preferentially highlight geologic s t ructure  and surface 

detail. Radar images so constructed provide unique information about the 

local geology which may not be available from other sources. Such information 

is needed in the Republic of the Philippines because although the region 

has been extensively mapped via conventional techniques, large uncertainties 

in the petroleum resource potential of the area still exist. 

Radar’s unique capabilities include: 

* 
* 

* 
* 
* 
* 
* 
* 

* 
9.2 

A11 weather, day-night operation 

Control of look direction and look angle for improved geological 
in te r p r eta  t io n 

Wide areal coverage-synoptic view 

High resolution comparable with most remote sensing systems 

Stereo capability allows rapid formulation of geologic models 

Sensitivity- to vegetation at shorter  wavelengths 

Terrain texture discrimination in non-vegetated regions 

Digital capability for  image enhancement and multi-sensor 
in t e g ration 

Radar mosaic provides an  accurate base m a p  

D a t a  Acquired 

Radar imagery covering roughly 60,000 km2 was acquired. These data 

were collected by Intera  Technology, Inc., under subcontract from ARCI. 

ARCI provided mission planning and quality assurance for the program. 
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Complete stereo coverage of five different regions was acquired. Within 

these fil-e sites, the following four different se t s  of data w e ~ e  collected 

for hydrocarbon interpretation. 

Hvdrocarbon Sites 

* Bondoc Peninsula 

* Cotabato Basin, Yindanao 

* Flindoro Island 

* Cebu Island 

9-3 D a t a  Produced 

The final data products were (1) negative film and positive pr ints  of 

each of 34 flight line s t r ips ,  ( 2 )  computer compatible tapes ( C C T )  of each 

image s t r ip ,  and ( 3 )  negative film and positive pr ints  of radar  mosaics of 

four petroleum sites at 1:250,000 scale. The Intera STAR-1 imaging radar  

system used to acquire these data operated a t  X-band with the linear 

HH-polarization, and produced data representing 12  m resoliltion. T h e  final 

data set represents one of the best examples of radar  imagery for resource 
esploration available anywhere. 

Interpretive data products produced include ( 1) geologic maps, ( 2 )  

lineament maps, and ( 3 1 prospect evaluations. Development of geologic 

maps and prospect evaluations included extensive use of siirface and 

subsurface data furnished by EED and PXOC EC. Thus, the final evaluation 

is a synthesis of all data available rather than simply that  obtainable from 

the radar  imagery itself. This is perhaps the most significant aspect of 

the program in that  i t  demonstrates the use of radar. as  a sensor in an 
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integrated program for hydrocarbon and geotherma! exploration. The 

imagery acquired is an  escellent source of data that may be Lised to refine 

exploration s t ra tegy arid define areas for more detailed in\-estigation b>- 

g round  survey arid seismic data acquisition. Tl ie  inlage anaivsis ;iioc\;s 

numerous areas of agi.eenierit 1,-it.h prospec.:ts de\-eloped from otkler data 

sources such as field and geophysical surveys.  In  adtlitiori, a considerable 

I-iumbrr of str.uctures arid prospects were disco\iered, parl_icularl> in areds 

w he re o t he r data sou r: c e s Lk-e re 1.i ria vai 13-b le. 

9-4 Summary  

T h i s  synthesis of all available data sJio\>.s radar imager->- to be a n  
excellent sur\-e>- tool in an integrated mri l t i l eve i  esplorstior!. The rad:3r 

b>- itself may be used to gtiide acqrcisitiori of more detailed d;tt;t and tie\-eIop 

a eeneral exploration strotee;)-. where other  siirl-ey data such  as pho- 

t.ogi.apfly or LASDS.AT a r e  available! the uniqiie t-esporist: atid il l : iwiir ia! : iGr)  

enharicement o f  surface s t ruc ture  obtainable with 1tsdar is  seen to  pro\-ide 

ad  d it. ionai data c om p le me ri ta r v to o t he 1' s u r \-e y- image r >-. 
Impoi,t,ant nei$- prospects and prospect areas  ha\-e heen icjentified whic-.li 

Tv\-iil pi*o\-ide a foc.:r.is for further. follow-up field and geoph:-sical studies. 

Esixcially foi. tlhe EondGc Penirisuia and Cotahato Basin, blindanao, 

radar. imagery interpretation tias provided a n  increase in the stracti.irs1 

information by several o rde r s  of magnitude over existing data, and  the 

faLilt and lineament patterns rec-ea1 s t ructural  conil.~lesit>- riot pre\rioi;sl>- 

r-ecogriized. 



Hydrocarbon P ~ O S D ~ C ~ S  11 
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* Bondoc Peninsula - Seven pi’ime hvdrocarbon prosuects have 
been identified. I‘i is  recommended that  these potential plays 
be refined with seismic data. The region is considered to 
have  good potential for both oil and gas. Average field size 
should range from 5-50 MYBBLS of oil, and 50-500 B C F  of 
gas. 

* Cotabato Basin - Five prime h>-drocarbon prospects have been 
identified. Two of these plays are in the central  part of the 
basin where relatively large reserves  are possible. The region 
is considered to have poor to fair oil potential. Average field 
size should be in the range of 5-20 YMBBLS of oil. 

* Mindoro Island - Only the coastal margins 011 the southern 
two-thirds of Mindoro Island a r e  considered faT-orable for 
hydrocarbon accumulation. Five prime hydrocarbon prospects 
and t w o  additional prospect areas  have been identified. 
.Although the geologic m a p s  provided by PNOC EC a re  of good 
quality for delineating fold patterns,  the s t ruc tumi  cornpiesit>- 
of fault and lineament pat terns  has been rrvealed for the 
f i r s t  time on the radar imagery. The ?fin(-Ioro region 1s. 
considered to  have fair to good potential foi. prrdominantl>; 
gas plays. Average field size should be in the raage of  
5-50 MMBBLS of oil, o r  50-500 BCF of gas. 

* -~ Cebu Island - Southern Cebu has receir-ed considerable seismic 
exploration effort: howeT e r ,  the northerr: half of the island 
has not been mapped in detail. Ten prime hx-drocarbon 
prospects have neen identified with more tharl half of them 
being located in the  ~)oorl;v e\:plored northern portion pa r t  
of the  island. Cebu is considered to halre good poter:tinl fur 
both oil and gas. Average field size should range from 5-50 
Y?.lBRLS of oil, o r  50-300 BCF of gas.  

* The radar  geologic maps prodi~ced ,  ~ ~ h l l e  in!portnIit b ?  
thenisel\.-es, can be used to complenierit existm1g geo.;ciencr 
data and t a n  provide neb map products tailored to suppoiat 
e ‘i ploration act  ivi t le s. 
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* 

9-6 

* 

An important aspect of radar  investigations is  tha t  recon- 
naissance radar images facilitate field work in remote and 
impassable areas. 

The radar  data will significantly improve the existing 
knowledge of stratigraphy and s t ructure ,  and in many cases 
update existing geologic m a p s .  

Because of the significant number of new onshore prospects 
identified in this project, new seismic investigations a re  
warranted. Prospects and prospect areas  have been defined 
which will provide a focus for fur ther  follow-up field and 
geophysical s t u dies. 

With the base line survey provided by radar ,  it is possible 
to  upgrade and extend the  interpretation using a large-scale 
(1:100,000 or 1:50,000) image f o r m a t  in conjunction with field 
surveys.  

,4 training course on radar  interpretation has been provided 
to Philippines geoscientists, and they have been made a w a r e  
of the importance of using radar  imagery in other application 
areas  such as land cover mapping, land use mapping, 
hydrology, and ground-water exploration. 

Radar imagery has provided significant new geologic infor- 
mation that  could coniplenient the existing petroleum potential 
data set used to a t t ract  foreisn energy investment. 

Recommendat ions  

Detailed field studies should be coiiducted to determine the 
precise locations of prime prospects and then correlate with 
all avaliable subsurface data. Prospects that  do not have 
suplmrting surface or subsurface data should be refined with 
seismic interpretation. Yore subtle s t ructural  targets,  such 
as fault t raps  and geomorphic anomalies should receive 
exploration attention using seismic data to confirm the radar  
imagery-defined plays. 
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* Additional radar  imagery should be acquired over a much 
larger region of the Philippines, especially within those 
sedimentary basins where radar  can contribute significant 
data to the development of an integrated exploration styategy 
for h 3- d rocar bon s. 
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Appendix A - CEBU W E L L  HISTORY 

The following table contains a listing of the known historical exploratory 

wel l s  drilled on Cebu. 

Table A. 1: Significant exploratory wells and hydrocarbon occurrences - 
Cebu. (Modified from BED e t  al., 1987) 

w d  N a m e  uriming I 
18% I 'Toledo-1 

(SMl1" 
BELL a' 

CU) 

I 1936 

Toledo-3 
(SMITH, 
BELL a. 

CO) 
I 

cebu-1 1942 
jroucu /, 
kAK hASl  

OIL) 

cebu-2 1947 
(POUCO) 

cebu-3 1949 
(PUUCO) 

1950 

(2045) 

Hemarks Target H i t 9  K e s u l r s  
T.O. 

No data Mtdubog O f  shows lndetermlnate 

No data Malubog O f  shows lndetermmate 

NO data Malubog ShOhVS No data 

No data Mlocene O f  shows ho data 

No data N o t  Of shows ho data 
known 

N o  data ~ f i  shows well and 
o&o- m the Mal- equpment =ne(?) ubog r m .  demohshed a t  
(Malu- start of Whll 

E 5  
NO data M e t a m .  coed Oll \iaM test 

base- and gas 
ment shows m 

Malubog 
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No data base- les ted a V a M  test 

K%FPfru9 
m 113 da s 
f i v m  H&L 
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No data Base-  Las shows ?bald test 
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1 

L h r t a d - 6  
( A C O J L )  

Llbertad-9 
(ACUJL) 

LlbelZad-10 
I A C U J L )  

LhiZad-11 
( A C U J  h 1 

1954 265.3 
(880) 

1955 230.2 
(755) 

1558 2@.6 
( I S 3 )  

1958 2&7,1 
( I L L )  

No data 

No data 

N O  data 

No data 

No data 

ho data N o  data 

No data No data 

NO data h 0  data 

No data No data 

No data No data 

Table A . l  (cont.) 

1 
1 Nodata I Nodata I Nodata N o t  1 Ury I lndeterminatt 

known 

lndetermmatc 
known 

known J 
I1,ahbo tias shows 
k m .  (?f I Anticline 1 Surface I No data 

geology 

1 I 

Not ury ? V a l i d  test 
known 

Libertad-3 I 1956 I 197.2 11 (ACOJL)  (647) 1 11 LhlZad-4 1 1558 I 221.0 
( A C U J E )  (725) 

urp 
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11 Libertad-5 1 1958 I 260.7 
I ACOJ E 1 1855) 1 

ury ?vaM test 
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lndeterminate 1 

No data I No data I No data Not I Ury I hdeterminete 
known 

1 

lndetermmate 
known 

I 

1 

Indetermmatp 
MLF’LPU 

f r o m  W 
h Hetested 
650 MCI’LPU 

rn 1974 
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Table A.l (cont.) 

G00d od 1 lncletermmatc 
shows at  
437.5 - 
44i.3m 

IJry 1 nd~termmat~ 

ury lndeterminatc 

I 

lndetermman 

lndetermmtc 
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1 
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Lihertad-IS 
i AUOJE) 

Llhertad-19 
I AVOJE)  

1959 No h o  data No data 

1959 No $0 data ho data 

data 

I data 

1 

1 

Table A . l  (conk) 
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1 I 1 
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1 
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Table A. l  (cont.) 

NO data 

I I 

I 
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30 data 
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Table A.l (cont.) 1 
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Table A . l  (cont.) 

1 H W e l l  N a m e  K e m a r k s  urilling mte 

1964 v r y  baM test bu 
drilled off 
strucutre 

M. Y l o -  

M. rim- h o t  

M. ilm 

vil shows I 1964 

1964 

1964 

1971 

V a M  test bu 
drllied oi3 
strucutre 

bald test hi1 
dnlied off 
.structure 

lndetermmte 

Ury 

1 cletom-102 
A- 16 

KhUEUO / 
CLE'I'OM) 
cryucu / 

O i l  shows 
at 3r~.b - 

3W.2 m and 
449.0 - 
463.4 m 

tias shows J '+ Middle M i d d l e  

1 I' 
V a M  test N i l  

1971 

1972 

L. and L .  Mm- 
M. Ilm- cene 
cene ss iyamgit 

MlddlP rl. I?* 
i l m n e  cene 
ss / Is (loled0 

k m . )  

k m . J  

Muddle Joledo 
MlOcene k m. 
ss Lc, 

(;as shows 
from Maul- 

g1t ss 

Gas and oil 
shows 1 VaM test. 

E ncou ntered 
1.3.4 m of 

hpdrpcarbon 
at  bottom t a' 
flowed 13 bhl! 
of light oil in 

b m3n w l t h  
pressum. of 

650 p s ,  
Later testmg 

no d. 

u' test. 
horizons 554.5 - 590.0. Pro- 

duced gas 
w i t h  

mwrmlttent 
oil €low, 

u r w  off 
structure. 

*w2 =p 

2 gas 

1 
1 Gas and oii 

shows 

J l9iZ V F l l i d  test 1016.3 
(3340 

- 

Tested neg- 
amounts ot 
od and gas 

f r o m  L. 
M-ne Is 

- 

J 

189 



Table A . l  (cont.) 
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Table A. l  (cont.) 1 
urilling uate 1 memarks 

\aid test 195-1 

and some 

1975 E. mio- 
cene 

I f l a k  
ho 
F m j  

AnFWe Surface L. N m -  

ggheo$) cene ss 

w e l l  
data 

fault 
-P 

Lalid test C P K - i  
( H L U L C U  1 
C P C  / PlU- 

N t t K )  1 
ury b a l d  test on 

structure 
E. Mi!J- 
cene 

1975 

19; i L. M i c -  
cepe 

(Mamgit 
L S )  

lJr>- V a l d  test on 
Structu1e 

Antciuie weil L. Mm- I data 1 cene ss 1 

1955 e .  MI* 
cene 

I 'roledo 
P'm.) 

No mfs. Not 
vahd test 

1 
IYih E. M i c -  

cene 
( Malu- 
bo 

P'm5 

\ah? test on 
szructure 

Antlrhne Surface 11. to L. 

%*22 EylY 
other Is 

w e l l  
datn 1 

1979 L. nic- 
cene 

( M a 1  it 
LS. k 

lestecl m a x  
106 M C k L P U  
from M a u l -  
g1t clasws 

.4ntxhne surface L.  ilm- 

qeoldgy 
cene ss 

other 
w e l i  
data 

U r y  bahd test. 
tncountrred 

1-f 

1979 

ury 

' I  cu 

1 

191 1 



Appendix B - TEtAINING COURSE 

A training course in the methods of interpreting SLAR images, the 

relative merits of SLAR v s  other forms of images, and the results of the 

interpretation of images used for this project w a s  prepared. The training 

course, of one week duration, w a s  conducted for key Philippine geoscientists 

during Flay, 1988. 

In  the following sections a re  shown an outline of the course and a 

very brief description of some of the more significant points concerning 

the use of radar  images for geoscience applications. The details of the 

treatment a re  contained in the notes5 distributed to the training course 
participants. 

€ 3 - 1  Training Course Outline 

The following topics were covered in the training course. The fun- 

damental theoretical concepts a re  contained within this  document, but  the  

enhanced treatment beyond basic principles will be presented during the 

c o u 1- se . 
I. Radar theory. 

i. Real aper ture  systems. 
ii. Synthetic aper ture  systems. 
iii. Stereo radar  concepts. 

i. Principles of interpretation. 
ii. Radar image interpretation keys. 
iii. Laboratory exercises. 

11. Interpretation concepts. 

5 ARCI, 1988, SAR Technology and Interpretation, ARCI TR 8701-104, 
Arkansas Research Consultants, Inc., Fayetteville. 
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111. Multi-parameter concept. 
i. Frequency. 
ii. Polarization. 
iii. Techniques and exercises. 

i. Resolution vs coherent noise. 
ii. Dynamic range, mapping, and information content. 
iii. Image quality. 
iv. Mission planning. 
v. Digital image exploitation. 

i. Automated digital stereo. 
ii. Interferometry techniques. 
iu. Automated image rectification. 
iv. Commercial imaging systems. 
v. Future radar  sensors and space programs. 

IV. Enhancement Techniques 

V. Advanced Concepts 

... 

€3.2 Background 

B-2.1 Introduction 

Radar is  generally described as a mapping device although the direct 

product is not a map but a visual output,  called imagery, from which maps 

can be constructed. Although the resolutions of most side looking girboi.ne 

- radar  ( S L A R )  systems do not match those of high resolution photography 
( b u t  exceed resoltitions of systems such as LANDSAT MSS - multi-spectral 

scanners 1, these same s>-stems have the unique ability to delineate phl-sical 

characteristics of the Earth’s surface providing an image of photographic 

quality independent of visibility or  weather conditions. This operational 

advantage is related to the wavelength region of radars ,  which can penetrate 

clouds, smoke, fog, and most precipitation. Radar mapping surveys can 

thus  be conducted a t  virtually any time, day or  night. 

1 9 3  



A t a sk  shared by almost every nation in the world today is the 

identification, del-elopment, and conservation of natural resources. From 

the geologist’s point of view, i t  is essential that  older exploration methods 

be improved, and newer exploration techniques be developed. The unique 

operational capabilities and information content available in radar remote 

sensing establishes i t  as a prime candidate for continued evaluation and 

development as an  exploration tool. 

?.ficrowax.e sensing shows two distinct areas of sensor utilization; active 

and passive. The active s>-stenis, which will be explained in detail in other 

sections, have been employed to generate radar images for a xariety of 

geoscience studies for which cameras w e r e  exclusively used in the past,. 

In contrast ,  passix-e systems have not yet pro\-en to be practical for most 

g e olo g i c e s p 1 or  at i o n in v e s t i gat ion s . T he pas s iv e m ic row av e rad io m e t e r , for 

example, when directed toward the ground, provides composite signals 

resulting in a brightness temperature of the terrain. Applicability of 

passive systems appears  to have value for sea state determination, sea ice 

identification, soil moisture studies and basic investigations for 

microwave-terrain interaction mechanisms. 

The design of imaging radars  for geological investigations requires an  

interdisciplinary effort which includes both a theoretical (provided by the 

radar  engineer 1 and applications-oriented (provided b y  the geologist or 

other geoscientists) understanding of the sensor’s operation. Certainly 

the geologist utilizing the imagery need not be capable of system design; 

however, certain fundamentals of radar  operation should be understood in 

order  to pro\ride optimum data retrieval for the interpretation. 
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B-2-2 Radar Operation Frequencies 

Conventional radars  utilize the frequency range from 230 to 40,000 3fHz 

although neither end of this range is t r u l y  definitive of the frequenc3- 

limitation for radar  operation. A letter code of frequency-b-avelength 

bands, K, S, L ,  etc., w a s  arbitrarily selected for niilitary security in the 

early developniental stages of radar and has continued in remote sensing 

for convenience, Table B. 1 lists these bands. The military has reassigned 

the wavelength bands, but the older band designations are still popularly 

used. 

Table B.l: Radar wavelength bands. 

1 

1 
1 

2 . 4  - . 8 3  12 ,500  - 36,000 

5 . 5  - 2 .4  5,200 - 12,500 

7.7 - 4 . 8  3,900 - 6,200 

1 9 .  - 5.8 1,550 - 5,200 

390 - 1,550 

133 - 7 7 .  220 - 390 
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33-2-3 Radar Geoloszv before Side- 

Looking Radar 

In the early 1900's the United States and several European countries 

independently developed Plan Position Indicator (PPI 1 radar  for military 

applications. These circularly scanning devices provided a terrain format 

radiating in a circular fashion from beneath the aircraft. During World 

W a r  11, radar  operational techniques were developed to a high degree; after 

the w a r ,  however, the development of radar  technology was  somewhat 

decelerated. Dunlap (1946) was  among the f i rs t  authors to provide 

high-quality PPI radar  scope photographs in the open literature after the 

w a r .  These relatively high resolution images of New k'ork City, Washington, 

D.C., and Nantucket Island off the Massachusetts coast pro\ ided an  early 

indication of non-military uses for radar. L t .  H. P. Smith (1948) compared 

PPI presentations with existing charts  of northwestern Greenland and noted 

that  the radar-derived data far exceeded the terrain information from 

available maps. He submitted his report  to the U.S. Geological Survey and 

subsequently other government agencies began to consider the potential 

of radar  imagery for displaying terrain information (Scheps 1962 1. 

Among the first unclassified reports  and open literature articles 

suggesting the use of radar  images (PPI 1 for terrain-geologic studies weye 

those of Hoffman (1954, 1958, 1960) and Feder (1957, 1959, 1960a). Hoffman's 

work related mostly to development of radar  imagery interpretation keys, 

parallel to the recognition elements used in photo interpretation. Feder 

stressed the potential qualitative and quantitative u s e s  of radar,  and 

suggested tha t  textures of surficial materials a s  well as subsurface soil 

and rock composition might be determined through image interpretation. 

Feder ( 1960b) completed an M. S. thesis, "Radar Geology," a t  the University 
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of Buffalo, and although his initial research embraced only images from 

low resolution PPI systems, he was one of the primary advocates of the 

potential application of radar interpretation to geologic investigations. 

Coincident with the declassification of PPI radar  images in the early 1950’s 

w a s  the del-elopment of complex navigational radars  and sophisticated 

components required for the tracking of missiles and satellites. Although 

the concept of side-looking airborne radar  ( S L A R )  systems had been known 

in the late 194O’s, i t  w a s  not until the 1950’s that  system components became 

available. 

€3-2-4 Side-Looking mdar Operation 

Side-looking airborne radars  ( S L X R )  produce imagery of the terrain 

on one or both sides of the aircraft flight path. SLAR differs fron: other 

scanning radar  systems in that  the antenna is fixed to the aircraft  and 

i ts  radiation pattern is directed perpendicular to the ground track. Scanning 

is accomplished b y  the movement of the aircraft  in flight. 

Side-looking airborne radars often produce 
imagery of the terrain on one or both sides 
of  the aircraft flight path. SLAR differs 
from other scanning radar systems in that 
the antenna is fixed to the aircraft and its 
radia tion pat tern is directed perpendicular 
to the ground track. Scanning’ is 
accomplished by the movement of the 
aircraft in flight. 
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B-2-4-1 R e a l  Aperture vs Synthetic Aperture 

There a re  two primary methods of SLAR operation: (1) real aper ture  

(b ru te  force) and ( 2 )  synthetic aperture.  Advantages of one mode of 

operation over the other are related to achieving improved azimuth resolution 

(along t rack) .  

  here are t w o  primary methods of SLAH operatim 

H e a l  aperture radar (KAK) 

Real aperture radar systems employ long 
antennas to achie1.e their resolution. The 
longer the antenna, compai-ed to the 
wal-elength of the transmitted electro- 
magnetic signal, the finer the resolution. 
Practical antenna sizes limit resolution 
achievable v ia  this technique. 

synthetic aperture radar ( S A K )  

Synthetic aperture radar  s.vstenis use 
signal processing, theor*.v- to synthesize the 
effect  of a long antenna from a short one 
the]-eby achieving fine resolution. The 
smallel* the antenna, compared to the 
transmitted wavelength, the finer the 
resolution achiel-able 17ia sjTnthetic aper- 
tiire techniqiies. 

Figure B . l ( a )  shows an area being imaged b y  a typical real aper ture  

S L A R  system where the antenna ( A )  is repositioned laterally at the velocity 

of the aircraft  (Va). Each radar  pulse transmitted ( B )  re turns  signals from 

the targets  within the beamwidth. These target  re turns  a re  conT-tlrted to 
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a time/amplitude video signal ( C )  which is imaged as a signal line ( E )  or1 

photographic film ( F  1. Returns from subsequently transmitted pulses a re  

displayed on the CRT at the same position ( D )  as the previous scan lines. 

By moving the photographic film past  the C R T  display line a t  a velocity 

( V f )  pro2ortional to the velocity of the aircraft  (Ira), an image of the terrain 

is recorded on the film ( F )  as a continuous s t r ip  map. 

B-2-4-2 Terrain-Signal Interaction 

Radar re turn  is that  portion of the transmitted radar energy returned 

to the receil-er. The appearance of radar  imagery can be understood by 

considering some of the characteristics microwave energy shares  with light 

waves. When electromagnetic waves strike a boundary or surface, some 

of the energy is transmitted into the new material with the remainder 

reflected. Waves striking a boundary are  reflected specularly (similar to 

light reflection from a mirror or  diffusely (scattered in all directions). 

The significant difference between light waves and microwaxTe energy is 

the respective wavelength involved (visible light is  0.4-0.7 niicronieters, 

radar  is 1 mm to several meters). 

Radar signals are normally returned from the terrain to the receiver. 

by a scattering process (backscatter 1. The signal s t rength (o r  intensit). 
of this terrain re turn  1 received at the antenna determines the relatix-e 

degree or  brightness ( tone)  on the imagery. The fundamental parameters 

which affect radar  re turn are: angle of incidence, surface roughness, 

frequei?c,v/wa\-elength, polarization, and complex dielectric constant. 
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A. REAL APERTURE RADAR 

< -  

B. SYNTHETIC APERTURE RADAR 

REAL ANTENNA 

i 
: 

SYNTHETIC BEAM WIDTH 

: 

/ 
REAL BEAM WIDTH 

Figure B. l :  Radar imaging system illustrations. ( a )  Real aper ture  system, 
( 1,) Synthetic aper ture  system, 
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ll The fundamental p a m m e t e r s  which influen- radar return 

A n gl e of In cid en ce 

Surface Rorighness 

3 
Fre q t i  en c J-/ h'a velen g t h 

Polarization 

J 

I 
1 

1 

a 

Complex Dielectric ll 

The angle of incidence 9 (often referred to as radar  look angle) is the 

angle formed by an impinging beam of radar  energy and a perpendicular 

to t h e  incident surface at the point of incidence (Figure B.2 (a)  and ( b ) ) .  

The angle between a line from the traiisniitter to a point on the terrain,  

and a horizontal plane passing through the transmitter is the depression 

angle. 

The geometric parameters of S L A R  imaging systems are  such tha t  along 

the swath of an  area imaged (near  to far  range)  there is a continuous 
change in the angle of incidence (Figure B.2 ( a )  and ( b ) ) .  When imaging 

homogeneous flat terrain for any constant depression angle along the flight 

path, the angle of incidence will remain constant. Under more typical 

natural terrain conditions, however, local variations in terrain slope can 

change the effecti\-e angle of incidence (called the local angle of incidence). 

The consequence of terrain slope on both the local incidence angle and 

aspect angle (coniplenient of incidence angle),  at a constant depression 

angle, is shown in Fig. B.2c. Note in Fig. B.Z(c) that  if the terrain is flat, 

2 0 1  



A . .  

P B 
al 

loo 20' 30' 40' SOo 60' Incidence Anale 

Swath Width of Imaglng System 
Near Range Far Range 

-.r" 

€'la t Terrain 

0 - Angle of Incldence 
a = Deprerralon Angle 

Terrain Slope 
Toward Radar 

C 

Terraln Slo e 
Away from Radar 

Figure B.2: SLAR ground swath. (a) Ground coverage. (b) Swath width 
for  flat  ter'raain, change in incidence and depression angles neap to Par 
range. ( c )  Effec t  of terrain slope (with constant depresssion angle) on 
incidence and aspect angle. 
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Local Angle of Incidence 

The angle formed b y  an impinging beam of  
radar energy and a perpendicular to the 
incident surface a t  the point of incidence. 

Look Angle or mgle of Incidence 

The angle formed b.y- an impinging beam of  
radar energy and a perpendicular drawn 
at nadir. 

ikpression Angle 

The angle bethveen a line from the antenna 
to a point on the terrain, and a horizontal 
line passing through the antennna. 

nspect Angk 

The angle between a line from the antenna 
to a point on the terrain and a line parallel 
to the incident surface. 

I 
J 

3 

IJ 
3 

3 

a 

the aspect angle equals the depression angle and the local incidence angle 

equals the incidence angle. Howel-er, if terrain slopes a re  oriented at an 

angle toward the imaging radar,  the effective angle of incidence decreases 

(with increasing terrain slope angle) to a point where the aspect angle 

equals 90" and the local angle of incidence is  0" (vertical incidence) and 

maximum reradiation results. Conversely, if terrain slopes a re  orieiited 

a w a y  from the imaging radar,  the angle of incidence increases (with 

increasing terrain slope angle) to a point where grazing (minimum rera- 

diation) results. 
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B,2,4-2,2 Surface Bouahness 

Surface roughness, a geometric property of the terrain,  generally has 

the most important influence upon the re turn  signal (image tone 1. Terrain 

surfaces may be divided into two major categories according to the degree 

of surface roughness; smooth or rough. In  general, smooth surfaces appear 

dark in an image and rough surfaces appear bright. If the root-mean-square 

( r m s )  surface roughness is much less than a wavelength ( r m s  < h /  lo ) ,  the  

surface appears "smooth". If the r m s  surface roughness is of the order  

of a wavelength or more C r m s 2 h )  the surface appears "rough". Terrain 

surfaces therefore can be classed according to roughness. On the one 

extreme is a very smooth surface acting like a perfect specular reflector, 

where backscatter exists only near 1-ertical incidence. A t  the other extreme 

is a very rough surface acting like a perfect diffuse or  isotropic scatterer,  

where the scattering coefficient is  independent of the angle of incidence. 

Surface Houghness ll 
Geometric property of  the terrain at a 
wavelength scale. Generally surface 
roughness is the most important influence 
upon radar return. In general, smooth 
surfaces appear dark  in an image and rough 
surfaces appear bright. Signal surface 
roughness is not an absolute roughness, 
but the relative roughness expressed in 
wavelength units. 
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Varying the frequency of the radar energy 
upon a natural terrain surface produces 
an effect similar to variations in surface 
roughness. 
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The variations attributable to frequency are directly related to two 

parameters; surface roughness and complex dielectric constant. In general, 

the rougher the surface in terms of wavelength, the more diffuse the  

return.  Consequently, a given surface will normally appear rougher a t  a' 

higher frequency (shorter  wavelength) than at a lower frequency. Varying 

the frequency of the wave incident upon a natural terrain surface of any 

roughness produces a n  effect similar to variations in surface roughness. 

k?-eqwncy/ wavelength H 

E-2-4-2-4 Polarfzation 

The polarization of an  electromagnetic wave describes the orientation 

of the electric field s t rength vector at a given point in space during one 

period of oscillation, With traditional single polarization SLAR configurations, 

a horizontal electric field vector is radiated and upon striking the terrain 

some of the energy is returned to the antenna with the same polarization 

as the transmitted pulse. Thus, only the horizontal component- of the 

return signal from the terrain will be displayed on the imagery-; however, 

independent of the transmitted polarization, the re turn  signals ccw also 

contain a depolarized component, i.e., energy depolarized by the terrain 

surface and vibrating in various directions. Depolarization refers  to the 
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change in polarization that  an electromagnetic wave undergoes as a con- 

sequence of interaction with the terrain. Radar systems which provide 

traditional horizontally polarized antenna and an  additional vertically 

polarized antenna allow siniultaneous display of re turn signals of both 

polarizations. The HH (transmit and receive horizontal electric-field vector 1 

is known as the co-polarized return;  the HV (receive vertical electric-field 

vector) re turn  is known as the cross-polarized return.  

I 

Pakrrization 

In traditional SAR configurations the 
electromagnetic signal is radiated and 
received with the electric vector oriented 
so that it is horizontal to the Earth a t  
grazing incidence. This is known a s  

The complex dielectric constant ( the  electrical properties of the surface 1 

will influence reflectivity of the radar  re turn  from terrain surfaces. A s  

a function of the dielectric constant, observed changes in reflectivity from 

1 

natural surfaces are primarily due to changes in the moisture content of 

either the vegetation or  soil surface. In  the microwave region of the 

horizon tal co-polariza tion. Vertical co- 
polarization and both cross-polarizations 
can also be transmitted and received. 

Independent of  the transmitted polariza- 
tion, the return signal will be depolarized 
a s  a function of certain terrain parameters. 
The cross-polarized return can be dis- 
played siniLiltaneous1.v with the like- 
polarized signal, if the SAR system is 
capable of receiving both polarizations. 
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spectrum, the dielectric constant of most naturally- occurring materials, 

when drJ-, i s  in the range of 3 to 8. Here, the radar  energy would travel 

through a relatively large volume of material and reflectivity would be 

comparatively low. However, in the same frequency region, the dielectric 

constant of hater may be near 80. An increase in the dielectric constant 

increases the reflecti\-ity of a surface and the radar  energy would be 

reflected back without significant travel through the material. The effect 

of water content on the re turn  from a dense volume of foilage has  been 

observed where variations in re turn were attributable principally to the 

moisture content of the vegetation itself. 

We may also see that  the loss or attenuation of the microwave energy 

is a function of the conductivity of the material and the frequency of the 

energy. In general, the higher the frequency, the greater is the attenuation 

in the material and hence the effective penetration is less. This may have 

a marked effect on the re turn  from vegetated surfaces. At the higher 

frequencies, the re turn  is essentially from the top of the \-egetation canopy. 

A t  lower frequencies, with greater penetration capability, the return may 

be primarily- a volume re turn  contributed by leaves, branches, t runks ,  and, 

perhaps,  even the ground. The complex dielectric constant varies almost 

linearly in response to the moisture per  unit volume contained, and 

penetration of microb-ave energy is greatest  and  reflection least with lob- 

moisture contents. Con\-ersely, penetration is least and reflection is  greatest  

when moisture contents a re  high. 

I 
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I Complex D i e k t r i c  

Relates to the electrical properties of the 
surface. At radai.  frequencies, the 
dielectric constant of  most Earth materials, 
when dr.v, are verj- similar. Hot\.e.r-er, 
significant changes in dielectric properties 
of natural materials usual l~~ result from 
changes in moisture content. 
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