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1. ABSTRACT

imaging can improve the efficiency and accuracy of
tion, interpretation and archiving of reservoir data. Digital images
whole or core can replace traditional photography and 
means of quantitative analysis that were previously available.
Images with the resolution of conventional photographs can be col-
lected using either a still or video imaging camera and then
using image processing Geographic Information System 
software. The images can be annotated describe lithology and
identify important features. Color techniques
used classify important features such as mineralogy, rock type, 
vein distribution, and fracture matrix porosity. This digital data 
may be used establish the statistical distribution of these features
in the core. Image analysis also can be accomplished at the micro-
scopic level. This approach has been used document character
of porosity in core from The geothermal field and simulate
the process of adsorption. Once digital images are collected, they can
be in a GIS database. The large size data files produced
by imaging suggests that CD-ROM is the preferred for long-
term storage. The data basc also allows other information, such
as porosity and permeability or geophysical logs, he
combined with the images.

2. INTRODUCTION

Core from a geothermal is aften for understanding
the hydrothcrmal alteration and structural and lithologic aspects of
permeability control. However, core is expensive collect, is often
under utilized, and is commonly lost destroyed after some period
of time. In addition, the quality of core logs is highly dependent on
the skill and training of the geologist doing the logging.

Recent developments i n digital cameras and image analysis can he
applied to improve archiving and analysis of core. This paper dis-
cusses the use of digital core images in conjunction with image pro-
cessing and Geographic Information System software to
improve cataloging and archiving and to analyze lithologic and
structural features. 

This paper will he organized first indicate the procedures for
archiving core, followed by some aspects detailed image analysis 
that can be applied to the core. Core from Geysers geothermal 
system will he used illustrate the techniques.

3. CORE IMAGING

Core prepared for imaging by slabbing with a rock saw. This
step required some care in that saw marks cause difficulty in later
analysis. If needed, the contrast between mineralogic and lithologic
componcnts can enhanced spraying the with an acrylic
matte finish or by polishing.

procedure for digitally imaging, capturing, and archiving rock
core is shown graphically in Figure I . first step in the imaging
process i s position half of the split in a box. A 165 cm
long X 20 wide X 20 cm deep, was constructed hold a typical

run of drill core. The box was placed on a metal assem-
bly which allowed the core to be easily beneath the fixed
imaging camera. tan-colored sand was used to fill the 

box about from the top. The was then placed an tap
the sand layer, and more sand added fill in the areas between the 

and the box, as well as the cracks between core pieces. The sand
allowed the halves to he held in a stable position with the 
slabbed surfaces of different pieces at the same level. Black cloth 
was used outline the core and reduce reflections.

Core images were recorded using 
Professional Still Video Camera. This camera produces high quality 
color video pictures with a horizontal resolution of or more
lines during and playback, The images were recorded on
47 mm MP-50 floppy disk which has capability of 
staring up 25 high-resolution images, and can he and
reused.

The core imaging was done in a studio that was painted flat black to
reduce reflected light. Two professional photographer's lamps were
arranged so that light was evenly dispersed on the core. After adjust-
ment of the white balance so that the images would he recorded in
natural tones, several different aperture and F-stop settings were 

The settings of and F2.8 were found most
in producing a good quality image of light to medium

rock core. With camera raised about 35 cm above core,
each image recorded slightly 30 of care. camera was

to a high-resolution video monitor which aided in posi-
tioning the core and focusing the camera. A 15 cm scale was

with each piece of core and toothpicks were used lo mark
the beginning and end each depth interval. These toothpicks were 
later used help stitch the individual images into one scene of the
entire Depth intervals were also recorded on each image 

After recording the image, the camera was attached to
486 personal computer. The floppy disk was played hack 

using the camera and the images were captured using a Matrox Video 
Plus board and software. The images were then

enhanced using Photostyler Pro software.
Photostyler is used first core images that they are ver-
tical instead of horizontal. Some images required simple 

adjustments and this was also accomplished using
Photostyler. The images were saved as files and
then loaded Pro graphics software, which used

from format to Tag Image File Format (*.tit). 
The TIFF files can be read by ERDAS image processing software 
which was used further enhance the imagery and stitch the indi-
vidual images together to form an image of entire core.

4. CORE IMAGE ANALYSIS DEVELOPMENT

Image analysis can take several forms. The most basic annotates the
image producc a log. Thus, the image replaces

graphic log through the addition of descriptive text. Second,
may be drawn on the image to highlight features of interest or

those that may be subtle he recognized on the image. Third, a
rudimentary spectral analysis may be done; an example of this is out-
lined below. 

The digital analysis of can be done using methods that are
overlapping and often indistinguishable from one another: image pro-
cessing and Geographic Information Systems During the
image processing phase, the data is processed color, contrast, and
brightness corrections and enhancements, and then subjected to sta-
tistical analysis to produce digital data for input the
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Figure 1. Procedures for imaging, capturing and archiving core
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2a Figure

Geysers Core Classified Core Lithology Calcite Overlay

Core Legend Calcite Overlay Legend

2
Calcite 5 82233 c m 2

Quartz 38 8305 c m 13
2

2
Argil l i te 40.8255

Graywacke 186.114

2
Black Shale 7 3955

Chert 11.4199

2

Calcite

Other

Figurc 2 . a) Image from CA h) image showing and their lithologic designations. c)
calcite in
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Figure 3. Laser Scanning Confocal images of core from
well NEGU-I 7 that differentiates pore space (dark from rock
matrix (light pattern).

hum of

Figure Calculated porosity as a function of distance from the
line nf the fracture shown in Figure 3.

Figure 5 . Digitized SEM image of an actinolite-filled vug from well
classified to show pore, mineral and 

adsorbed water with a thickness of 7575 angstroms.

combined and with other database compo
such microscopic images 

5. MICROSCOPIC IMAGE ANALYSIS

The observation complex textures in samples suggests that
total porosity on core samples partially describe 
the relationships necessary understand storage. 'The pore

and distribution will determine how effective the porosity is i n
contributing fluid reserves the production zone, and surface
of mincrdls within the pore space will influence adsorption and cap-
illarity.

Two different techniques have bcen used characterize porosity on
a microscopic scale. Measurement of the distribution of with-
in a sample has utilized a known as Scanning
Confocal Microscopy (LSCM). The application this
requires that the sample be injected with an doped with a

LSCM a fucus different layers the
sample, allowing three-dimensional imaging of the pores. A

aspect of LSCM is that the data arc rccordcd digitally. Scanning
Microscopy (SEM) has been used to image mineral-void

relationships inside pores. It has the advantage of not disturbing 
fine textural features while being capable of higher magnification
than the LSCM method. The fallowing examples illustrate applica-
tions of these techniques.

Distribution of Fracture

Porosity and permeability within most high-temperature
arc formed principally by fracturing and faulting related tectonic,
magmatic and hydrothermal processes. Fluid flow paths and storage 
capacity are related to fracture geometry, development of and
secondary precipitation and dissolution of hydrothermal mineral 
species.

core from well from The Geysers was select-
ed for its well-developed fracture porosity. This has been
described in detail by el who have emphasized
the importance of calcite on the control of porosity. The 
sample was from a steeply dipping vein that had been

and calcite, with most calcite subsequently removed by disso-
lution. The LSCM image (Fig. 3) the sample differentiates
space and rock matrix. The image clearly shows the "dual porosity"
character of the sample with interconnected porosity along 

and isolated pores distributed around the fracture

A computer program written to calculate the distribution of
porosity as function of the distance away from the center line of the
fracture. The results of this analysis shown in Figure 4. Although
the fracture width does vary, it averages about 500 microns. The
porosity distribution is somewhat bimodal, decays nil

four fracture widths from the center line.

One of the tenets of structural geology holds that minor structures 
mimic major At this point, Figure 4 con-
cept ofthe distribution of fracture porosity i n the reservoir. The main
fracture is through-going and could be expected carry steam.
non-conncctcd porosity adjacent to the fracture would contain liq-
uid reserves. The access of the matrix porosity to the fracture would
be through cracks that are of the plane of the image or through
those that would develop as a result of imposed pressurc differentials

crack and the fluid-filled pores. hypothesis that
these minor and associated matrix porosity mimic the
er will be tested in The Geysers when core becomes avail-
able from well from The Geysers Coring Project et

Whole-core imaging, as descrihed i n sections 3 and 4 ai
this paper, will be done to the character of the larger frac-
tures and surrounding matrix porosity. 

5.2 Adsorption

In order quantify porosity distribution and surface area available
adsorption i n Geysers geothermal reservoir, Scanning

Electron Microscope (SEM) images were analyzed using ERDAS
software. This software classify the images as either
crystal or pore along lines and then accumulate data on pore 
sizc. total porosity and surface area the mineral-purr interface.
The measurements of pore characteristics are based the methods
descrihed in and hut we modified
their image analysis techniques enable calculate mineral sur-

area as well pore volume.

Digital image processing SEM data was approached as a
scalc and geographic information system

This consisted of digitizing SEM images to 256
gray-scale levels to be used in the classification pore space by
do. Classifications were made digitally overlaying files,

of maps the gray-scale images by albedo, onto
the original gray-scale images. Details of the image analysis proce-
dures in Nielson et

In this analyzing SEM data, we used core samples
from wcll located in northwest sam-
ple a pore wherc been removed and a

was used deter-
mine pore-space perimeter, solid-mineral area,
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increased spectral resolution will result in significantly better litho-
logic and mineral identification than is possible with the equipment 

have described here. 
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total length of the interface between pore space and solid miner-
al, and the total area of the image. Figurc 5 is a processed image 
showing solid mineral stippled, pare space as black, and an
adsorbed water layer as white. At this scale, the adsorbed phase is
one pixel thick which is equivalent to 7575 Angstroms.

The objective of this research was estimate the potential adsorbed 
liquid reserves. The lengths of chords that traverse pare space and the
length the boundary between the solid and pore were measured.
Relative volume calculations the percent adsorbed fluid assumed
that the images represent slices of rock that arc the thickness the
adsorbed layer. It is also assumed that the total pore space is filled
with water resulting in simple two phase water adsorbed-water rela-
tionship. The calculated relative volume of adsorbed water is a func-
tion of the magnification of the image. The calculated volume per-

plotted against magnification and then extrapolated to 0.
I t was found that, to different surface areas resulting from miner-
al the actinolite-filled pares had a slightly higher adsorption 
capacity than epidote-filled pores. The actinolite assemblages 
parted a 0.005% volume at an assumed adsorption thick-
ness of 10 Angstroms, 0.05% at 100 Angstroms, and 2.5% at
Angstroms. I t concluded from this work that adsorption can not

for significant fluid reserves in Geysers reservoir.

6. SUMMARY

This papcr has given three examples, at three different scales (whole
core, microscopic, and electron microscopic) of the application of
digital imaging techniques to the characterization of geothermal
reservoirs. These techniques can provide significant
i n ability to archive data as well as perform statistical analyses on
the distribution of mineral phases and porosity. The applications are
only limited by the imagination of the researcher and the imaging
techniques available. As the technology for building 
scanners is now available, we the use high-resolution
scanning spectrometers for the future characterization of core. The

Workshop on Geothermal Reservoir Engineering, Stanford
University, 45-52.
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