Abstract
Microresistivity images of the borehole wall are used for qualitative recognition and quantitative extraction of structural features. This study applies digital image analysis on FMS
(Formation Micro Scanner) images to quantify the internal morphological characteristics
of a single lava ﬂow regarding to vesicles and fractures of a diﬀerent size, shape and
distribution. Data was selected from subaerial basalts of Hole 917A, drilled by the Ocean
Drilling Program at the outer part of the East Greenland Shelf. These volcanic rocks are
related to the Cenozoic North Atlantic Volcanic Province, a major Large Igneous Province
of the world. One single lava ﬂow was selected and its dynamically processed FMS images
were used to convert qualitative information into quantitative parameters by applying
digital image analysis software (Zeiss KS400). The applied software determines geometric
parameters such as area and ellipse axes of each selected object, to calculate objects’
aspect ratios, average area and average diameter. The object selection was carried out
by colour scale deﬁnition, where darker colours were interpreted as electrically conductive
rock elements, which are assumed to be ﬂuid or clay mineral ﬁlled voids, vesicles and
fractures. This quantitative object information derived from FMS images is represented
in dependence of depth and integrated with downhole logging data (electrical resistivity,
bulk density, compressional wave velocity). Results are used to investigate the inﬂuence
of morphological characteristics on in-situ physical properties and particularly seismic
properties of subaerial lava ﬂows. Additionally, software based on object oriented ﬁnite
element method is used to investigate the elastic properties of this lava ﬂow. Pore ﬁllings
are varied for this calculation and the comparison with logging data is used to suggest the
in-situ properties of the basalt regarding to its pore ﬁllings.

Zusammenfassung
In Bildern dargestellte Microwiderstandsmessung der Bohrlochwand werden heutzutage für
die qualitative Erkennung und quantitative Auswertung struktureller Daten verwendet. In
Rahmen dieser Diplomarbeit wird die digitale Bildverarbeitung angewandt, um FMS (Formation Micro Scanner) Bilder hinsichtlich der internen morphologischen Eigenschaften von
basaltischen Lavaströmen zu untersuchen. Von besonderer Bedeutung ist hierbei die Verteilung von Vesikeln und Klüften hinsichtlich der Größe und Form. Ein subaerisch abgelagerter Lavastrom wird untersucht, der durch die ODP Bohrung 917A auf dem südöstlichen
Grönlandschelf aufgeschlossen wurde. Die durch die Bohrung gewonnenen vulkanischen
Gesteinseinheiten werden zu Eruptionen innerhalb der känozoisch Nordatlantischen vulkanischen Provinz bezogen, welche zu den größeren sogenannten Large Igneous Provinces der Welt zählt. Mit Hilfe geophysikalischer Bohrlochmessungen wurde ein Lavastrom
lokalisiert, und dessen dynamisch prozessierten Bilder unter Verwendung des Computerprogramms KS400 (Carl Zeiss) untersucht. Geometrische Faktoren wie Objektﬂäche und
Ellipsenachsen sind bestimmt worden, um das durchschnittliche Längen-Breitenverhältnis
(aspect ratio), Objektﬂäche und Objektdurchmesser einzelner Bildintervalle zu bestimmen.
Die Objektselektion innerhalb des Programmes beruht auf der Farbwerterkennung. Dunklere Farben innerhalb der Widerstandsbilder repräsentieren dabei leitfähige Gesteinselemente, welche in diesem Fall als Wasser oder Tonmineral gefüllte Hohlräume, Blasen oder
Klüfte gedeutet werden. Ergebnisse der Objektquantiﬁzierung wurden Teufen orientiert
aufgetragen und mit den Daten der Bohrlochmessung bezüglich der Dichte, Widerstandsmessung und Kompressionswellengeschwindigkeit verglichen. Dabei wird vor allem der
Einﬂuß der morphologischen Eigenschaften auf die in-situ, besonders der seismischen, Gesteinseigenschaften untersucht. In diesem Zusammenhang wurde Software, basierend auf
der Objekt orientierten Finiten Element Methode, verwendet und mit Hilfe virtueller mechanischer Experimente unterschiedliche Füllungeigenschaften untersucht. Ein Vergleich
der Daten gab Auskunft über die in-situ Verhältnisse des untersuchten Basaltes.
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Chapter 1
Introduction
High resolution electrical and acoustic images of borehole walls have been developed for
borehole inspection and fracture detection. Nowadays, these images play an important role
in modern reservoir description and characterisation. So far, image analysis techniques are
used for qualitative recognition and quantitative extraction of structural features (strike
and dip), fracture features (e.g. apertures) and depositional features (e.g. vugs and
bedding) [Prensky, 1999].
Only a few studies exist that derive quantitative information for rock properties from
borehole wall images [Tyagi and Bhaduri, 2002]. This diploma thesis is focused on the
quantiﬁcation of the internal morphological characteristics of a basaltic lava ﬂow. Downhole
measurements including Formation Micro Scanner (FMS) images are investigated which
were run during Ocean Drilling Project (ODP) Leg 152 - East Greenland Margin - in 1993.
Digital image analysis software converts qualitative information of dynamically processed
images into quantitative parameter. Geometric features of objects such as size, shape
and distribution of vesicles and fractures will be studied and integrated with logging data.
Results will be used to investigate the inﬂuence of morphological characteristics particularly
on seismic properties. Petrophysical investigations on core samples are carried out to
compare these results and support the interpretation of FMS image data.
Elastic properties of this basaltic lava ﬂow are additionally derived from the FMS images by
calculating seismic velocity. Here, an object oriented ﬁnite element method software is used
to calculate the compressional wave velocity of the basalt depending on the diﬀerent ﬁlling
characteristics. Image microstructure is used to assign diﬀerent material properties and to
predict the in-situ properties regarding to the pore ﬁllings by comparing the computed
results with logging data. Results of digital FMS image analysis, modelling, logging
and core data shall express dependence of seismic behaviour on object’s shape and ﬁlling
properties.
1

Chapter 2
Geological context
The Ocean Drilling Program (ODP) is an international partnership of scientists and research
institutes, which use the drill ship JOIDES Resolution to recover material from the ocean
ﬂoor and to explore the evolution and structure of the Earth. Scientiﬁc investigations
include downhole logging, which continuously records the physical and chemical properties
of sediments and rock surrounding the drill hole. The combination of log and core data
gives the ODP the most comprehensive data set to study problems from a number of
diﬀerent research ﬁelds.
ODP-Leg 152 drilled 11 holes in the Northeast Atlantic Ocean and sedimentary as well
as volcanic rocks have been recovered. The volcanic rocks belong to Continental Flood
Basalts of the North Atlantic Volcanic Provinces which is a major Large Igneous Province
of the world [Larsen et al., 1994]. This chapter outlines the emplacement of Large Igneous
Provinces and Continental Flood Basalts and gives an introduction into the evolution of
the Northeast Atlantic Ocean.

2.1

Large Igneous Provinces

Large Igneous Provinces (LIPs) are a continuum of predominantly maﬁc rock emplacements including continental and ocean basin ﬂood basalts, associated intrusive rocks as
well as volcanic passive margins. Their crustal thickness ranges from 20 to 40 km. This
expanded crustal thickness is characterized by high seismic velocities [Coﬃn and Eldholm,
1994]. As shown in Figure 2.1, LIPs occur globally on both continental and oceanic crusts
in intraplate settings, on former and present plate boundaries and along the continental
margins. Figure 2.2 reﬂects the environment of LIP formation: (A) Continental Flood
2
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Figure 2.1: Global distribution of LIPs [Coﬃn and Eldholm, 1994].

Basalts associated with limited lithospheric extension above hot mantle, (B) excess magmatism at a spreading centre resulting in on-lapping basalt sequences on continental margin,
rift-dipping reﬂector sequences along volcanic rifted margin and (C) vertical crustal growth
model for over-thickening of pre-existing oceanic crust [Saunders et al., 1996].
Extensive igneous activity often accompanies the rifting of continents, which are stretched
prior to breaking to form new ocean basins. The occurrence of volcanic continental margins
and ﬂood basalts, e.g. the East Greenland Margin, can be explained by a model of rifting
above a thermal anomaly in the underlying mantle [Saunders et al., 1992]. White [1989,
1995] assumes the following model: the volcanic activity is proposed to be a consequence of
a small increase in temperature (100-200◦ C) of the underlying asthenospheric mantle across
which rifts run. The igneous rocks are a product of partial melting of the asthenosphere
caused by decompression as it wells up passively to ﬁll the space generated by stretching
and thinning of the lithosphere.
In contrast to the model of White [1989, 1995], where magmatism responds to lithospheric
extension, Morgan [1971] suggests active riﬁng, so stress and strain are transferred from the
plume to lithospheric plates. It is also not satisfactorily explained whether LIPs represent
the arrival of the plume head at the base of the lithosphere [Campbell and Griﬃths, 1990;
Griﬃths and Campbell, 1990], or whether the plume grows more slowly (incubates) and the
magmatic eruption is due to the extension of the lithosphere [Kent et al., 1992]. Anderson

4
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Figure 2.2: Environment of LIP formation: (A) Continental Flood Basalts
associated with limited lithospheric extension above hot mantle. (B) Excess
magmatism at a spreading centre, resulting in on-lapping basalt sequences
on continental margin, rift-dipping reﬂector sequences along volcanic rifted
margin. (C) Vertical crustal growth model for over-thickening of preexisting oceanic crust [Saunders et al., 1996].

et al. [1992] propose a further LIP forming model of ’hotcells’, where weak lithosphere is
inserted by extensive material from hot upper mantle region melting further by ascent and
decompression.

2.2

Continental Flood Basalts

Continental Flood Basalts (CFBs) are part of major Large Igneous Provinces. Their ﬁelds
consist of monogenetic volcanoes and their lava ﬂows cover wide areas to form parallelstratiﬁed successions. These lava ﬂows have characteristic morphological features [Walker,
1993].

2.2.1

Flow morphologies

Subaerial lava ﬂows are generated in most basaltic eruptions and form two main structural
types of subaerial basaltic ﬂows which are diﬀerent in their structures and ﬂow dynamics.
The smooth-surfaced are called pahoehoe, whereas the rough-surfaced are known as aa-lava
[Walker, 1993].

2.2 Continental Flood Basalts
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The surface morphology of ﬂows from pahoehoe to aa are correlated with increases in
lava crystallinity, as the addition of crystals to a melt will change the lava rheology and
may inhibit viscous ﬂow [Crisp et al., 1994; Cashman et al., 1999]. Early crust formation
insulates ﬂow interiors, allowing slow cooling by conductive heat transfer through the
growing crust and promoting pahoehoe ﬂow ﬁeld development [Cashman et al., 1999].
Thus, transport of pahoehoe to distal parts of the ﬂow requires either rapid transport of
lava or well-insulated channels [Kauahikaua et al., 1999].
In contrast, continuous crustal disruption characteristic of open chance ﬂows allows rapid,
radiative cooling of the ﬂow interiors. Generally, rapid cooling results in high rates of
crystallisation. Consequently rapid crystallisation leads to the transition from smoothsurfaced, low viscous pahoehoe ﬂows to high viscous aa ﬂows [Cashman et al., 1999]. The
surface crust of aa ﬂows is repeatedly torn by ﬂow. The viscosity and yield strength of
underlying lava is too high for it to well up and to repair the tear. By repeated tearing,
the typical clinkery rubble surface of aa lava is caused [Walker, 1993].

2.2.2

Vesicularity of basaltic rocks

Vesicles or gas bubbles formed by exsolution of dissolved magmatic gases occur within
basaltic ﬂows. Beside the jointing style, their pattern is one of the main internal structures
of inﬂated pahoehoe lobes [Keszthelyi et al., 1999] and yield important information on
ﬂow mechanisms and lava rheology [Walker, 1993]. Investigations on vesicles have revealed
the relationship between rising and growing by coalescence [Sahagian et al., 1989] thus
increasing their ascent velocity.
A typical basaltic pahoehoe ﬂow is characterised by three vertical zones [Aubele et al.,
1988]. A generalised cross section across a pahoehoe ﬂow unit is displayed in Figure 2.3.
The upper crust, constituting 40-50 % of the total ﬂow thickness, shows a high vesicularity.
Vesicles become concentrated near the ﬂow top. Downward into the ﬂow, vesicularity
gradually decreases while vesicle size increases. Vesicles are often concentrated in horizontal layers. The core usually makes up 40-60 % of the ﬂow thickness. Very few vesicles
appear in the core of the ﬂow. During crystallisation, volatiles remain in the melt producing
a vesicular silicic sludge. Due to its lower density, the ﬂuid rises in cylindrical conduits
of which vesicle cylinders remain. The basal zone usually comprises less than 10 % of the
ﬂow thickness. It is vesicular and poorly jointed. Pipe vesicles are characteristic for the
ﬂow base. The boundaries between these three zones are gradual [Aubele et al., 1988; Self
et al., 1997; Keszthelyi et al., 1999].
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Figure 2.3: Generalized section of pahoehoe lava ﬂow showing
its internal zonation regarding vesicle size, shape and distribution
(modiﬁed after Walker [1993]).

The three part internal division of pahoehoe ﬂows is formed by the process of inﬂation.
As shown in Figure 2.4 (a), the ﬂow arrives as a thin and slow-advancing lobe. Lava
is held inside a stretchable, chilled visco-elastic skin with brittle crust on top. Bubbles
are initially trapped in the upper and basal crust. Continued injection of fresh lava causes
inﬂation. As shown in Figure 2.4 (b) this results in lifting of the upper crust. Bubbles rising
from the molten core become trapped in the visco-elastic layer forming horizontal vesicular
layers. As displayed in Figure 2.4 (c) after stagnation, vesicular residuum form the vertical
cylinders within the crystallising lava core. Figure 2.4 (d) represents the emplacement
history of the ﬂow, which is preserved in the vesicle distribution of the frozen lava [Self
et al., 1997].

2.3

North Atlantic Volcanic Province

The North Atlantic Volcanic Province extends about 2000 km from Eastern Canada to the
British Isles and consists mainly of basaltic rocks, but also diﬀerentiates and anatectic melts
[Saunders et al., 1997]. This province was emplaced during and immediately subsequent
to continental breakup and opening of the Northeast Atlantic Ocean; continents were
completely separated by accretion of oceanic crust [Clift et al., 1995; Skogseid et al., 2000].

2.3 North Atlantic Volcanic Province
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Figure 2.4: Schematic illustration of emplacement of a generic inﬂating pahoehoe sheet ﬂow: (a) Flow
arrives as a small, slow-moving lobe of molten lava held inside a stretchable, chilled visco-elastic skin
with brittle crust on top. Bubbles are initially trapped in upper and lower crust. (b) Continued
lava injection results in inﬂation and new breakouts forming horizontal vesicular zones. (c) After
stagnation, vesicular residuum form vertical cylinders and horizontal sheets within the crystallising
lava core. (d) Emplacement history is preserved in vesicle distribution of frozen lava [Self et al., 1997].

In the Mid-Jurassic, the development of oceanic crust in the central Atlantic marked the
beginning of a new extensional regime in the Atlantic domain [Skogseid et al., 2000].
During the Latest Cretaceous to the earliest Tertiary, the opening of the Atlantic Ocean
progressed northwards, leading to the initial formation of the Labrador Sea. This extension
continued until the separation of North America and Greenland [Hinz et al., 1993; Larsen
et al., 1994; Skogseid et al., 2000]. The ﬁnal generation of the Labrador Sea was ﬁnished
between Chrons C26r to C27n1 . A further extension, which started with seaﬂoor-spreading
east of Greenland, took place no later than Chron C24r2 along the Reykjanes and Mohns
Ridges and spreading along the Kolbeinsey Ridge leading to the formation of the Northeast
Atlantic Ocean [Larsen et al., 1994].

1
2

corresponding to 62-58 m. y. according to the timescale by Cande and Kent [1992]
corresponding to 56-53 m. y. according to the timescale by Cande and Kent [1992]
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The northeastern part of the Atlantic Ocean is deﬁned as the ocean basin which developed
between the Spitsbergen-Barents Sea Margin in the north and the Charlie-Gibbs Fracture
Zone to the south of Greenland. This basin is subdivided into several distinct ridges and
plateaus. Figure 2.5 gives an overview of the main physiographic features of this region
[Larsen et al., 1994].
Due to the widespread occurrence of early Tertiary CFBs, the North Atlantic Volcanic
Province is considered as a major CFB. Its volume was estimated about 6 ∗ 106 km3
over an area of more than 1.3 ∗ 106 km2 by seismic refraction and drilling data [Coﬃn
and Eldholm, 1994; Eldholm and Grue, 1994; Jackson et al., 2000]. Volcanic events are
interpreted to be plume heads. In this case, the rift was aﬀected by the impingement of
the Iceland plume accompanied by massive volcanic activity [Clift et al., 1995; Skogseid
et al., 2000].
Two major phases of volcanic activity are discerned. Continent-based magmatism started
62 m. y. ago. This activity preceded the main breakup and separation of Greenland from
NW Europe [Saunders et al., 1997]. During the second phase between 57.5 and 54.5 m. y.,
lavas were largely extruded along an almost 3000 km long rifted plate boundary [Coﬃn and
Eldholm, 1994; Eldholm et al., 2000]. The so-called seaward-dipping reﬂector sequences
(SDRS), which are characteristic seismic features of volcanic rifted margins, were formed
along the eastern Greenland and northwest European margins [Coﬃn and Eldholm, 1994;
Planke and Cambray, 1998; Eldholm et al., 2000]. This succession erupted into a subaerial
or shallow aqueous environment, which is established by the absence of pillow lavas and the
presence of highly oxidized ﬂow tops. Due to two main activity periods, there are two series
of basalts within the region of central East Greenland sitting on Palaeogene sediments or
lapping onto the Precambrian basement. The Lower Basalts have an estimated thickness
of about 1.5 km and are high-MgO basalts or picrites. The Main Series Basalts are mostly
tholeiitic [Saunders et al., 1997].

2.4

ODP-Leg 152 and Hole 917A

ODP-Leg 152 drilled 11 holes in the Northeast Atlantic Ocean and sedimentary and
volcanic rocks have been recovered and belong to the North Atlantic Volcanic Province.
The drill sites are located on the outer part of the East Greenland Shelf as shown in
Figure 2.5. The main scientiﬁc objectives of this leg have been the study about the

2.4 ODP-Leg 152 and Hole 917A
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Figure 2.5: Location of Site 917 and the main physiographic features of the Northeast Atlantic Ocean;
abbreviations from north to south: KR = Knipovich Ridge, GFZ = Greenland Fracture Zone, SFZ = Senja
Fracture Zone, JMFZ = Jan Mayen Fracture Zone, JMR = Jan Mayen Ridge, GIR = Greenlad Iceland
Ridge, FIR = Faeroeres Iceland Ridge [Saunders et al., 1997].
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emplacement environment of the seaward dipping volcanic margins, to collect data about
their subsidence history and to investigate the Cenozoic evolution of the Iceland plume
[Larsen et al., 1994].
The most successful penetration was Hole 917A with a total length of cored section of
874.90 m and an average core recovery of 52%. Hole 917A is situated approximately 50 km
from the coast, positioned at 63◦ 29.5’ N and 39◦ 49.7’ W. Volcanic rocks have been
recovered from 41.9 metres below sea ﬂoor (mbsf) down to 820.74 mbsf. They are mainly
basaltic, the total range in composition contains picrite to acid welded tuﬀ. On the basis of
cores, 91 individual ﬂows have been recovered within this 778.8 m long volcanic sequence.
The volcanic succession is divided into three series: an Upper Series (41.9-183.4 mbsf)
of olivine basalts and picrites, a Middle Series (184.1-376.7 mbsf) of basalts and dacites
with minor pyroclastic units and a Lower Series (376.7-821.06 mbsf) of basalts and olivine
basalts. The entire sequence is interpreted to have erupted under subaerial or shallow
water conditions and subsequently subsided to their present position 508 m below sea level
due to thermal cooling of the lithosphere [Larsen et al., 1994; Shipboard Scientiﬁc Party,
1994b].

Chapter 3
Well-logging data
The Ocean Drilling Program (ODP) studies the oceanic crust using diﬀerent techniques
including core and logging data. The recovery of material through drilling is emphasised, but due to the discontinuous nature of the cores, downhole measurements provide
important additional information [Lovell et al., 1998]. The last technique reveals continuous
information about the in-situ physical properties in the vicinity of the borehole using a
constant sampling rate.
As the main objectives of this thesis are focused on the analysis of micro-resistivity images
of the borehole wall, this technique will be introduced in more detail. The principle of other
logging tools, which were run during ODP-Leg 152, is only brieﬂy summarised. Table 3.1
shows a list of the logging program. All the following information is reproduced after Rider
[1996], unless otherwise mentioned.

3.1

Mechanical caliper

The mechanical caliper tool is used to measure the variations in borehole diameter with
depth. Depending on the speciﬁc logging tool, up to four articulated arms are pushed
against the borehole wall. Lateral movement of the arms, which are linked to a cursor of
variable resistance, is converted from mechanical movement to an electrical signal. The
variations in output are translated into diameter variations.
The borehole diameter (Cali) is measured in inches. Additional caliper measurements are
carried out by the Formation MicroScanner. Here, a perpendicular pair of arms (C1 and
C2) gives information about hole size and shape.
11
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Table 3.1: Logging program during ODP Leg 152 containing mechanical, electrical and
radiometric logging tools.
Tool

Logs

Parameter

Mechanical logs
Cali

Cali [in]

borehole diameter

IDPH [Ωm]
IMPH [Ωm]
SFLU [Ωm]
C1, C2 [in], images

formation‘s resitivity (deep)
formation‘s resitivity (medium)
formation‘s resitivity
borehole diameter

SGR [API]
CGR [API]
POTA [weight%]
THOR [ppm]
URAN [ppm]
RHOB [g/cm3 ]
PEF [barns/e− ]

Natural Gamma Ray
(POTA+THOR)
potassium content
thorium content
uranium content
bulk density
photoelectrical absorptions index

Electrical logs
Dual Induction Tool (DIT)
Spherically Focused Log (SFL)
Formation MicroScanner (FMS)
Radiometric logs
Natural Gamma Ray Spectrometry
Tool (NGT)

Hostile Environmental Litho-Density
Tool (HLDT)

3.2

Resistivity measurements

The resistivity log is used to determine the formation’s resistivity, which is deﬁned as the
resistance to the passage of an electrical current in units of Ωm. During Leg 152 distinctive
methods were applied.

3.2.1

Dual Induction Tool

The Dual Induction Tool (DIT) consists of an emitting coil and a receiving one, which
are separated by an electrically isolated section. A high-frequency alternating current (1040 kHZ) is applied to the transmitter coil and creates a magnetic ﬁeld. This induces a
ground loop in the formation depending on its resistivity. The magnetic ﬁeld of the ground
loop induces a voltage in the receiver coil which is measured. Two depths of penetration
into the formation are distinguished: Phasor Deep Induction (IDPH) and Phasor Medium
Induction (IMPH).

3.2.2

Spherically Focused Log

The Spherically Focused Log (SFL) is commonly run together with the DIT. The SFL is
based on galvanic measurements, which is focused by electrodes to be spherically applied to
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Figure 3.1: Schematic diagram illustrating the acquisition of Formation Micro
Scanner (FMS) image data: pads represent borehole wall response, which is
translated into a matrix and colour coded [Lovell et al., 1998].

the formation. Two sets of monitor electrodes are used to sustain the potential diﬀerence
between the electrodes constant. The intensity of the monitoring current is proportional
to conductivity of the formation.

3.2.3

Formation MicroScanner

The Formation MicroScanner (FMS) has been developed for micro-resistivity investigations
and represents the formation response at the borehole wall. The FMS tool is equipped
with four perpendiculary disposed arms which are opened downhole and force one pad
each against the borehole wall [Lovell et al., 1998; Cheung, 1999]. Each pad contains an
array of 16 electrodes which give a continuous vertical record with a sampling rate of 0.1 in
and an investigation depth of 10 in [Borehole Research Group, 2000].
The micro-resistivity responses from all electrodes in front of each pad are processed
together as a matrix into an image. Images are displayed in a so-called ”azimuthal plot
positioned” referring to their orientation [Borehole Research Group, 2000]. Between the
individual pads is a gap.
Figure 3.1 illustrates the FMS tool and how a single pad provides the continuous record
of current intensity with depth, which is subsequently converted into a strip-like image of

14

Well-logging data

Figure 3.2: Main normalisation types for FMS images showing advantage of object
recognition within dynamically processed images.

3.3 Radiometric measurements
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the borehole wall [Lovell et al., 1998]. Individual log values representing a pixel are colour
coded. Two main types of image colour designation are possible. The so-called static
normalisation represents the colour range covering the entire log dataset and is used for the
comparison of images over the entire well. The second type is called dynamic normalisation,
in which a selected sliding window is coded by the entire pixel colour scale. This procedure
reveals local details. In Figure 3.2 both types for normalisation are displayed showing the
diﬀerences and the advantage of object recognition in dynamically processed images.
Additionally, FMS measurements include a General Purpose Inclinometer Tool (GPIT) to
determine its orientation by magnetic measurements.

3.3

Radiometric measurements

Radiometric measurements are divided into passive and active data acquisition. The
Natural Gamma Ray Spectrometry Tool (NGT) provides the passive measurement, whereas
the Hostile Environmental Litho-Density Tool (HLDT) is used to determine the bulk
density in g/cm3 by active radiation.

3.3.1

Natural Gamma Ray Spectrometry Tool

Natural radiation is caused by the occurrence of radioactive elements of the thorium
decay series, the uranium-radium decay series and the radioactive isotope of potassium
40
K within the formation. The NGT consists of a sensitive sodium iodide scintillation
detector and a photomultiplier. When radiation passes through the scintillation crystal, a
ﬂash is collected by the photomultiplier depending on the energy of the incident gamma
ray. This speciﬁc energy is used to identify the gamma radiation in several pre-deﬁned
energy bins. Distinctive energy peaks are related to the elements mentioned above.
The Standard Gamma Ray (SGR) reﬂects the total amount of natural gamma radiation
and is measured in API unit, which is standardized in the American Petroleum Institute,
Houston, Texas. The Computed Gamma Ray (CGR) reveals the potassium and thorium
content in API units. The content of potassium (POTA) is given in weight%, while the
contents of thorium (THOR) and uranium (URAN) are given in ppm.
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Hostile Environmental Litho-Density Tool

This is a tool used for determination of bulk density and eﬀective photoelectric absorptions
index (PEF). Gamma radiation is transmitted by a caesium source to the formation and
the attenuation between the tool source and two detectors is measured. The radiation is
degrading through Compton scattering. This eﬀect is used for the determination of bulk
density. It is a function of the number of electrons that the formation contains - its electron
density - which in turn is related to rock density.
Detector counts are directly converted to bulk density. At low energies, photoelectric
absorption takes place. It occurs when gamma rays have lost suﬃcient energy to be
captured and absorbed by an electron, which will leave its atomic orbit and be detected
by two scintillation detectors. The degree of photoelectric absorption, depending on
the atomic number and electron density, refers to chemical composition and, hence, to
lithology. The bulk density (RHOB) in g/cm3 , the diﬀerence in density between two
detectors (DRHO) in g/cm3 and the PEF in barns/e− are measured. PEF is not relevant
for the objectives of this thesis, thus it is disregarded within further investigations.

3.4

Acoustic measurements

To determine compressional wave velocities, the travel time of ultrasonic impulses along
the borehole wall is measured between a transmitter and a receiver. The transmitter
producing source frequencies between 10-40 kHz is normally piezoelectric, which enables
it to translate an electrical signal into an ultrasonic vibration. The receiver is usually
piezoelectric too, and converts pressure waves into electromagnetic signals. To diminish
borehole eﬀects, the sonic tool consists of a number of transmitters and receivers. The
Sonic Digital Tool (SDT) used here has a two transmitter - eight receiver conﬁguration.

Chapter 4
Log data quality
Prior to interpretation, it is important to consider the quality of the logging data which
is largely dependent on the state of the borehole wall. Errors and low quality of data
may be detected by descriptive statistical methods and may be discarded or corrected.
Figure 4.1 represents the investigated depth interval of the individual parameter including
the lithology determined by cores on board.
Data quality is inﬂuenced by diﬀerent parameters, e.g. the mud (in ODP sea water), the
temperature and the borehole diameter. Especially measurements from tools which press
arms against the borehole wall, react sensitively to the roughness of the borehole wall
and borehole enlargements. Logging tools are commonly unable to collect formation data,
when the conﬁguration of the sensors does not match with the geometry of the borehole
[Theys, 1991].

4.1
4.1.1

Standard logging data
Depth shifting

In ODP it is commonly measured using a composition of diﬀerent logging tools called
tool string. Depth shifting between singles runs may occur due to sea level change and
cable enlargement by the tool string’s weight. Therefore, during each logging operation the
gamma ray is recorded and the correlation between the diﬀerent gamma ray curves are used
to merge the data from diﬀerent runs according to depth. The data set from Hole 917A was
already depth corrected by the Borehole Research Group in Lamont, Columbia University,
so no depth shifting was necessary. Figure 4.1 shows the good agreement of the SGR
measured with the FMS tool string (SGR-FMS) and SGR logged during the geophysical
combination tool (SGR-GCT).
17
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Figure 4.1: Depth intervals of logging data measured during Hole 917A and core recovery
(composed after Shipboard Scientiﬁc Party [1994a]); data focus is also set on SGR aggreement:
NGT-Tool run with GCT and FMS tool string reveal high quality data due to a good agreement
of both logs.

4.1.2

Caliper

The borehole diameter is less important for interpretation, but predominately used for data
quality control, because most logging tools are designed to log smooth and round holes
[Theys, 1991]. Measurements such as the density and FMS-data acquisition are sensitive
to changes in borehole diameter. Diameter enlargements increase the inﬂuence of the mud
and falsify data due to their shallow investigation depth.
The bit size of Hole 917A was 9.875 in [T.Williams, personal communication]. As listed
in Table A.1, the caliper data scatters around a mean of 11.12 in, whereas the minimum
data value is about 9.88 in and the maximum is 17.47 in. The majority of the data has
been determined between 10 and 12 in of the borehole diameter, which is in range of its
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standard deviation (see Table A.1). Some data has been acquired at higher caliper values
up to 18 in, but is still reasonable.

4.1.3

Natural Gamma Ray

The gamma ray curves, obtained from diﬀerent runs, agree very well. Figure 4.1 shows
the Spectral Gamma Ray (SGR) agreement over the entire logging interval. Due to the
log corresponds only the logging data from the geophysical combination tool (GCT) are
used for further investigations. These SGR values vary around a mean of 24.43 API with
a maximum value of 81.85 API and a minimum value of 4.54 API (see Table A.1).
THOR and URAN contents comprise negative values and range up to almost 5 and 3 ppm
respectively (see Table A.1). However, values are too low for meaningful interpretation
and will be excluded from further consideration. The potassium content (POTA) varies
between 0.15 wt% and 3.26 wt%.

4.1.4

Formation’s resistivity

Formation‘s resistivity was investigated at three diﬀerent depths of investigation with a
range from 1.13 to almost 851 Ωm. Values from the DIT tool are similar to those measured
by the SFL. IDPH values scatter around a mean of 17.3 Ωm, while the mean of IMPH is
11.2 Ωm. This diﬀerence in mean is possibly caused by the deeper penetration of IDPH.
SFL has a higher vertical resolution. Its values also range from 1.19 Ωm up to 851 Ωm
(see Figure 4.2) with a mean of 19.9 Ωm.
Most data determined by electrical logs was retrieved between 10 and 12 in borehole
diameter. Figure 4.2 shows the SFL range depending on caliper data. Some data was
acquired at a lower or higher caliper, but is similar to data within range of the standard
deviation of the caliper tool. A comparison with other data has revealed that values of
Hole 917A are within the range of electrical resistivity data (up to 1000 Ωm) expected for
subaerial basalts from Large Igneous Provinces [Bartetzko et al., accepted] .

4.1.5

Bulk density

The values for the bulk density range from 2.01 g/cm3 to 3.02 g/cm3 . The mean is
2.5 g/cm3 . Schön [1983] speciﬁes the density for vesicular basalts as 2.1 to 2.45 g/cm3
and for massive basalts as 3.0 g/cm3 . Thus, logging data show a good agreement with

20

Log data quality

(a)

(b)

Figure 4.2: (a) Cross plot of SFLU data versus caliper data showing that the majority
of data was retrieved within reasonable caliper range (b) Cross plot of DRHO versus
caliper data showing that the majority of data was obtained within a small diﬀerence in
density of 0.1 g/cm3 between both detectors.

literature. The measured diﬀerence between both detectors DRHO can be used for quality
control. If the diﬀerence exceeds the absolute value of 0.1 g/cm3 [Borehole Research Group,
2000], data is of poor quality and will be discarded. The DRHO scatter plot in Figure 4.2
shows that the majority of retrieved data is within the given range.

4.1.6

Compressional wave velocity

The sonic tool measures compressional wave velocity with two distinctive spacing conﬁgurations. Due to the excellent agreement of seismic velocity data measured by short
spacing vp1 and vp2 representing the long spacing conﬁguration, only vp1 will be considered
for further investigations. Values of vp1 range from 2.18 to 8.94 km/s with a mean of
4.23 km/s and are reasonable for basaltic rocks.

4.2

FMS image data

FMS image data was obtained from 664 mbsf up to 165 mbsf [Shipboard Scientiﬁc Party,
1994c], as shown in Figure 4.1. Data quality control of these images is of prime importance,
since the main focus of this thesis is set on their interpretation.

4.2 FMS image data
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Figure 4.3: Artefacts occurring in FMS images of Hole 917A: a) halo; b) tool speed
irregularities; c) inconsistent pad (no contact with borehole wall) and d) rotation.

Data quality is mainly inﬂuenced by the borehole geometry, because the arms of this
tool should be forced against the wall. If the diameter exceeds 15 in, the pad contact
will be inconsistent [Borehole Research Group, 2000]. Poor quality can also be caused
by data processing. During data quality control of FMS images, it should be looked for
artefacts. Lofts and Bourke [1999] deﬁne artefacts as non-geological features produced by
tool sticking, diﬀerences between pad and borehole (washouts) and oﬀsets between pads.
Artefacts are classiﬁed into four groups [Lofts and Bourke, 1999]:
Borehole wall artefacts appear at the wall as a consequence of drilling or logging operations including washouts, tool marks and rugosity.
Processing artefacts may be caused by the incorrect use of normalisation parameters,
incorrect distribution of colour scales and incorrect speed correction.
Measurement derived artefacts are developed by the interaction of physical properties
of the measuring device and the present geological features and give eﬀect as halos,
aureoles and cementation mottling.
Acquisition artefacts are subdivided into drilling and logging related features. The ﬁrst
one results from disruption such as tool orbiting and drill bit slide. The second class is
related to physical problems accompanied by tool malfunction (eccentralisation, dead
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button, excessive rotation and decreased signal-noise ratio) and formation properties
which causes tool speed variations. A log will be locally stretched/compressed when
the tool speed is below or above the elastic cable speed causing tool speed variations.
Consequently, the data attributed to an obtained depth interval is in fact acquired
over a smaller/larger distance. Extreme case: tool may become stuck while the cable
continues to wind in. The same data will be collected over several cable depths.
Correction for tool speed is done using an accelerometer located along the tool axis.
Fast rotation occurs frequently at the start of a log. During the downward trip, the
tool may touch the bottom and stop rotating before having unwound all the cable
twist. Inclinometry data acquired with an image tool allows the image to be correctly
oriented even when rotating. Correctly oriented images have been obtained for up
to one rotation per metre [Cheung, 1999].

Systematic data quality control of the FMS images from Hole 917A revealed images of
high quality with a small amount of artefacts only. Figure 4.2 shows examples of artefacts
occurred within the images of Hole 917A.

Chapter 5
Methods
The main objectives of this thesis were to characterise a single basaltic lava ﬂow referring to
its pore space geometry as well as distribution derived from FMS images and to study the
eﬀect on physical, particularly seismic properties. Processing of digital image analysis was
time-consuming, thus only one ﬂow was selected which had to be identiﬁed by log responses.
Digital image analysis was applied to the corresponding FMS images to investigate pore
parameters (size, shape and porosity) within this ﬂow. Additional information was gained
from rock samples by petrophysical measurements, which were used to calculated porosity
from logging data and to compare results with data based on image analysis. FMS images
were additionally used to study elastic behaviour of basaltic lava ﬂows by ﬁnite element
method using diﬀerent ﬁlling materials for pore space.

5.1

Selection of a representative lava ﬂow

Subaerial lava ﬂows show internal ﬂow zonation by characteristic log responses which reﬂect
physical properties. Small scale variations of physical properties are mainly controlled
by vesicularity. In general, four units can be distinguished using log responses within
one single lava ﬂow. Zonation is indicated by stepped trends and alternating gradients
in the logs as shown in Figure 5.1, which summarises the most signiﬁcant logs such as
bulk density (RHOB), compressional wave velocity (vp ), deep induction (ILD), spherically
focused resistivity (SFLU) and neutron porosity (NPHI) [Planke, 1994; Delius et al., 1995;
Bücker et al., 1998; Delius et al., 2003].
To identify one single lava ﬂow in Hole 917A, the following log responses were used: bulk
density, spherically focused resistivity, phasor deep induction, compressional wave velocity
and FMS image data.
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Figure 5.1: Schematic illustration of log responses reﬂecting ﬂow zonation of a basaltic
lava ﬂow; log responses: bulk density (RHOB), compressional wave velocity (vp), deep
induction resistivity (ILD), spherically focused resistivity (SFLU) and neutron porosity (NPHI)
(composed after Walker [1993]; Planke [1994]; Delius et al. [1995]; Bücker et al. [1998]; Delius
et al. [2003]).

5.2

Processing and data acquisition of image analysis

This study is focused on digital analysis applied to characterise one lava ﬂow from Hole 917A.
The selected lava ﬂow was studied referring to its pore space and the distribution of vesicles
as well as fractures appearing within FMS images.
For digital analysis, dynamically normalised images processed with 64 colours and a larger
sliding window of 1.22 m than standard size (0.65 m) were used, because conductive features
interpreted as vesicles and fractures can be more clearly distinguished in dynamically
processed images due to better contrast enhancement than in statically processed images.
The FMS image interval between 432.0 mbsf and 450.0 mbsf was exported from Geoframe
3.8.1 (Schlumberger) and cut into 20 cm depth intervals for digital analysis by KS400.
Since data gained from digital image analysis had to be averaged for each image, splitting
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of the entire lava ﬂow was necessary to observe variations related to depth. The 20 cm
depth interval was chosen du to similar tools’ sampling rate. 20 cm splitting was done for
two runs to reduce error and to retrieve comprehensive information from image analysis.
Consequently, 179 individual image intervals had to be investigated by digital image
analysis. The ﬁrst interval of run 1 started at 432.1 mbsf to 432.3 mbsf, whereas run 2
started with a depth shift of 10 cm at 432.0 mbsf to 432.2 mbsf.
KS400 is a versatile image analysis system designed to provide quantitative measurements
of images. Highly productive processes can be automated by a script called macro. Thus,
routine operations can be created and modiﬁed to suit speciﬁc requirements [Kontron
Elektronik, 1995].
In this study, the macro involved three stages to provide appropriate binary images for
automatical analysis as shown in Figure 5.2. At ﬁrst, objects of interest have been selected
by a deﬁned threshold range to convert colour images into binary (black and white) ones.
The desired objects such as vesicles and fractures appear as dark brown features in contrast
to their light and yellowish surrounding. Once the threshold range was manually adapted
and reﬁned to each image, all objects within this limit were selected. In the next stage,
the selected objects were edited by eroding and dilation: large objects were reduced by
deleting marginal pixel. Adjacent objects were separated. This step also included rounding
of angular objects. As shown in Figure 5.2, some objects had to be ﬁlled in the third stage.
Both editing stage were done to adapt the third binary image to the original one as good as
possible. The third binary image is used for digital image analysis. Finally, the following
geometric parameters have been speciﬁed and automatically measured: area, area ﬁlled,
the minor and major ellipse axes.
Data calculated by KS400 from every 20 cm interval was averaged and tabulated to
obtained only one value for all parameters measured. The average values of all parameters
have been depth related to the middle of each depth interval. An object’s aspect ratio was
calculated by the ratio between minor and major ellipse axis. It was also weighted according
to the object area proportionally to the total area. The percentage of total object area to
the entire pad area of the 20 cm depth interval, which was determined by the calculation
of the pad width (2.8 in [G. Guerin, personal communication]) was interpreted as image
porosity. If an artefact occurred within one pad, the pad was discarded from analysis.
Porosity was determined from investigated pad area. The macro procedure was applied to
core sample photographs.
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Figure 5.2: Stages involved in digital image analysis: original FMS image is split into 20 cm
depth intervals, translated into binary images through colour selection by KS400, edited and
ﬁnally ﬁlled; the last image is used for digital image analysis.
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Prior to image analysis, the error of the software package KS400 was determined using
images of a known porosity and aspect ratio to be analysed. Figure C.1 shows generic
images in comparison with KS400 data which are averaged for each image. Output data
revealed a maximum error of object’s aspect ratio of 1.67 % and image porosity of 0.46 %,
on average the error was determined as 0.6 % for aspect ratio and 0.28 % for porosity. Due
to the low error, it was disregarded for further FMS digital image analysis.

5.3

Core measurements and porosity calculation

Petrophysical measurements on core samples were carried out in order to obtain more
information about the physical properties of the rock. As shown in Figures B.1 and B.2
listed within the appendix, 12 samples selected from the vicinity of the detected lava
ﬂow were analysed regarding to their compressional wave velocity, formation’s resistivity,
bulk and matrix density as well as core porosity. The results were used for the porosity
computation from well-logging data.

5.3.1

Compressional wave velocity

The Core-logger from Geotek Ltd. illustrated in Figure 5.3 was used to determine the
compressional wave velocity of the rock samples. While whole cores can be automatically
measured using the core liner, here it was carried out separately for each sample.
To determine the compressional wave velocity, the travel time Tot of ultrasonic impulses
along the sample between one transmitter and one receiver is measured. A short p-wave
pulse is produced at the transmitter, which propagates through the core and is detected.
Pulse timing is used to measure the travel time [Geotek Ltd, 2000]. The travel time Tot is
composed of the travel time through the rock Tt and the travel time through transmitter
and receiver Pto . After the determination of Pto , where transmitter and receiver are directly
contacted, the travel time Tt is determined by:
Tt = Tot − Pto .

(5.1)

The distance D is the core diameter measured with an accuracy of 0.1 mm. With Tt and
the diameter D the compressional wave velocity is determined by:
D
(5.2)
vp = .
Tt
The compressional wave velocity was determined from wet and dry rock samples.
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Figure 5.3: Schematic illustration of the Core-logger [Geotek Ltd, 2000] which is used to determine
the compressional wave velocity of core samples.

5.3.2

Density measurements and porosity

The devices AccuPyc and GeoPyc (Micromeritics) determine matrix and bulk density by
two diﬀerent methods of volume determination. Prior to each measurement, rock samples
were air dried and weighed.
Matrix density
Matrix density is measured by AccuPyc. The sample is ﬁlled with Helium gas at a pressure
of 1.5 - 1.7 bar. If the pressure remains constant, no more gas will be pressed into the pore
space of the rock sample. The matrix volume will be determined by using the general Gas
law:
p∗V
= const.,
(5.3)
T
where p is the pressure, V the volume and T the temperature. Using the input weight of
each sample, the matrix density ρma is calculated [Micromeritics, 2001a].
Bulk density
The GeoPyc is used to measure the bulk density of rock. Firstly, so-called DryFlow
is ﬁlled into a beaker and its volume is determined. DryFlow is a synthetic material
consisting of tiny, rigid beads and a small amount of dry lubricant to ﬂow freely over
surfaces. Subsequently, the sample is added and the increase in volume within the beaker
is measured. The diﬀerence is interpreted as the bulk volume of the rock sample. Using
the weight of the sample, the bulk density ρbulk is calculated [Micromeritics, 2001b]. For
the calculation of porosity Φdensity in %, the determined densities ρma and ρbulk are used
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in the following equation:
Φcore =

5.3.3

ρma − ρbulk
∗ 100.
ρma

(5.4)

Resistivity measurements

Measurements of electrical resistivity of core samples were carried out using a four electrode
conﬁguration called ’4-Punkt-light instrument’ of LGM (Lippman Geophysikalische Messgeräte) as illustrated in Figure 5.4. It consists of a pair of current electrodes (A and B)
and a pair of potential electrodes (M and N ). The sample is clamped between A and B
and an alternating voltage of 14 V and a frequency of 8.33 Hz is applied. Low frequency
allows the use of Ohm’s law. The strength of the electrical current is variable between
100 nA and 10 mA [Lippmann, 2002]. The contact between rock and electrodes A and B
is established by water saturated sponges. At the electrodes M and N , the eﬀective direct
voltage is measured. These electrodes consist of copper wires which are tightly wound
round the sample to validate excellent contact.
Rock’s resistivity  is calculated by the following equation:
 = K ∗ R.

(5.5)

K represents the geometry factor of the rock sample calculated by
K=

A
,
L

(5.6)

where A stands for the cross section area of the sample in m2 and L represents the distance
between electrodes M and N in m. The electrical resistance R is determined by Ohm’s
law:
U
R= ,
(5.7)
I
where the voltage U is measured in V and the electrical current I given in A. To validate
results, each sample was measured three times and the mean value was taken. Samples were
saturated and measured at six salinities, in the following order: distilled (demineralised)
water (Aqua dest.), 0.01 mol NaCl, 0.1 mol NaCl, 0.6 mol NaCl (representing sea water),
1 mol NaCl and fully saturated NaCl, to gain information about the relation between
sample and ﬂuid conductivity to calculate the formation factor for porosity calculation.
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Figure 5.4: ’4-Punkt-light’ instrument of LGM - a four electrode
conﬁguration which is used to determine electrical resistivity at diﬀerent
saturation levels for each sample.

5.4

Porosity calculation from downhole measurements

At Hole 917A no porosity data was obtained during wireline operations. Therefore, porosity
was calculated from downhole logging data using core measurements and the standard
logging methods: bulk density, compressional wave velocity and resistivity data.

5.4.1

Porosity computation from the density log

The density log represents the bulk density, which is the sum of densities of the component
parts of the the formation expressed by [Serra, 1984]:
ρlog = Φ ∗ ρf luid + (1 − Φ) ∗ ρma



ρma = 2.82 (average core ρma see Table 6.1)
ρf luid = 1.03 g/cm3 (sea water) [Carmichael, 1989].

Φdensity =

ρma − ρlog
ρma − ρf luid

(5.8)

5.4 Porosity calculation from downhole measurements
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Porosity computation from compressional wave velocity log

Determination of porosity derived from vp log follows Wyllie et al. [1956]. The relationship
between compressional wave velocity and porosity is expressed as:
 


1
1
Φ
1−Φ
1
1
1
/
.
(5.9)
=
+

Φvp =
−
−
vlog
vf luid
vma
vlog vma
vf luid vma
Matrix velocity vma was not directly measured on core samples, but computed for each
rock sample using Wyllie’s equation [Wyllie et al., 1956]:
vma =

1 − Φcore
1
− vΦfcore
vcore
luid

(5.10)

Φcore = porosity measured on cores (see Table 6.1)
vcore = compressional wave velocity on wet cores (see Table 6.1)
vf luid = 1.521 km/s (sea water) [Carmichael, 1989]

5.4.3

Porosity computation from electrical resistivity log

The determination of porosity from resistivity logs is also based on core measurements and
follows Serra [1984] after Archie [1942]. Formation’s resistivity ρ0 is related to resistivity
of pore ﬂuid ρf luid [Archie, 1942]:
ρ0 = F ∗ ρf luid .

(5.11)

F is called the formation factor which depends on rock properties. The relationship for
sedimentary rocks (free of clay minerals) is expressed by [Archie, 1942]:
F =

a
Φm



log10 F = log10 a − m ∗ log10 Φ,

(5.12)

where Φ is the porosity, a an empirical constant and m presents the cementation factor.
Archie’s law was developed for clay-free sedimentary rocks, Pezard [1990], Jarrard and
Schaar [1991] demonstrated that it can also be used for crystalline rocks.
To determine porosity by resistivity, ﬁrstly the formation factor for each sample has to be
calculated. Sample conductivity σ 0 (reciprocal of ρ0 ) depends on interface conductivity
σ int , the conductivity of the electrolyte σ f luid and the mineral conductivity σ min [Pezard,
1990], which was disregarded due to low values. In consideration of equation 5.11 and
Figure 5.5, the formation factor F is determined by:
F =

σ f luid
.
σ 0 − σ int

(5.13)
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Figure 5.5: Dependence between ﬂuid conductivity and
sample conductivity, core samples 1 to 7 represent the vesicular
basalt, while core samples 8 to 12 appear as massive basalt.

In Figure 5.6, the log10 F obtained for each sample is plotted against the log10 Φcore from
core samples. The resulting regression line represents equation 5.12, where log10 a is the
intersection with the ordinate axis and −m represents the gradient. In this case, a was
calculated as 13.96 and m 0.9115. To determine Φres the following equation was used:

Φres =

m

a ∗ ρf luid
.
ρlog

(5.14)

The measured ﬂuid conductivity 77.4 mS/cm of saturation level 0.6 mol NaCl representing
sea water’s conductivity was used to determine the ﬂuid resistivity ρf luid . ρlog represents
the log resistivity measured by the SFL tool.

5.5 Modelling the elastic behaviour of the lava ﬂow

33

Figure 5.6: Relation between formation factor and porosity,
constant a and cementation factor m is determined by
regression, which is represented as red line and expressed by
the following equation: y = −0.9115 ∗ x + 1.1448 and by a
certainty of R2 = 0.79; results for formation factor are listed
in Table B.5.

For each method of porosity computation from wire-line logs, the error for porosity was
determined concerning error propagation depending on the combination of each parameter:




δΦ
 ∗ ∆(parameter1)
∆Φ = 
δ(parameter1) 


(5.15)


δΦ


+
∗ ∆(parameter2) + ...
δ(parameter2) 
where the partial derivative for each parameter had to be determined.

5.5

Modelling the elastic behaviour of the lava ﬂow

Elastic properties were studied based on FMS images and were used to derive the compressional wave velocity in reliance on diﬀerent pore ﬁllings. Image structure is investigated
by OOF - a public domain software created at the National Institute of Standards and
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Figure 5.7: Pixel selection with software PPM2OOF and adding to
vesicle/fracture group.

Figure 5.8: Assign elastic properties for basalt group with software
PPM2OOF.

5.5 Modelling the elastic behaviour of the lava ﬂow
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Technology (NIST). ’OOF’ stands for Object Oriented Finite Element. It allows the user
to generate ﬁnite element grids from 2D image data and to model its elastic and thermal
properties. [Carter et al., 2000].
At ﬁrst, the same FMS images for digital image analysis were used and again divided into
single images for each pad representing a 20 cm depth interval owing a width of 7 cm. The
starting point for an OOF calculation is the tandem program called PPM2OOF, which
creates a grid ﬁle by graphically combining structural data from the image. It is used to
design the microstructure with its spatially correlated properties [Carter et al., 2000].
FMS images are micro-resistivity measurements and their brownish spots and lines are
interpreted as vesicles and fractures ﬁlled with conductive material. Hence, the elastic
properties of the vesicle and fractures are assigned to clay minerals and water ﬁllings.
Core description and photographs of rock samples also suggest calcitic ﬁllings. However,
these do not appear within micro-resistivity images and, consequently, are disregarded.
For each image, pixels of brown objects were manually selected and classiﬁed into a
vesicle/fracture group (Figure 5.7), the yellowish background was added to the massive
basalt group. By changing the elastic properties of the vesicle/fracture group, four mechanic
experiments were carried out:
Montmorillonite ﬁlling pores: E = 4.15 ∗ 1010 Pa and ν = 0.267 [Wang et al., 2001];
basalt: E = 6.24 ∗ 1010 Pa and ν = 0.19 [Gueguen and Palciauskas, 1994]
Illite - smectite ﬁlling pore: E = 4.73 ∗ 1010 Pa and ν = 0.285 [Wang et al., 2001];
basalt: E = 6.24 ∗ 1010 Pa and ν = 0.19 [Gueguen and Palciauskas, 1994]
Illite pore: E = 6.67 ∗ 1010 Pa and ν = 0.315 [Wang et al., 2001];
basalt: E = 6.24 ∗ 1010 Pa and ν = 0.19 [Gueguen and Palciauskas, 1994]
empty pore: = empty;
basalt: E = 6.24 ∗ 1010 Pa and ν = 0.19 [Gueguen and Palciauskas, 1994].

Empty pores are set for assumed water ﬁlling. The prediction of seismic velocities in
rocks saturated with a ﬂuid is one of the most important problems in the rock physics
analysis, because the limit ν → 0.5 corresponds to a ﬂuid when µ and E → 0. This
causes numerical problems [Gueguen and Palciauskas, 1994; Mavkov et al., 1998; Arns
et al., 2002]. In this case, ﬂuid substitution by Gassmann’s relations was used to solve
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Figure 5.9: Adaptive grid creation with software PPM2OOF.

the mechanic experiment for water saturation using empty pores [Mavkov et al., 1998].
Gassman’s equation relates the bulk and shear moduli of a saturated porous medium to
the moduli of the same medium in a dry state. It shows, that the shear modulus is
mechanically independent of the properties of any ﬂuid present in pore space µsat = µdry
[Arns et al., 2002]. The eﬀective bulk modulus Ksat of the saturated rock is predicted
through the following equation [Mavkov et al., 1998]:
Ksat
Kdry
Kf l
=
+
K0 − Ksat
K0 − Kdry Φ(K0 − Kf l )

µsat = µdry ,

where
Kdry = eﬀective bulk modulus of dry rock (calculated by OOF)
Ksat = eﬀective bulk modulus of the rock with pore ﬂuid
K0 = bulk modulus of mineral material making up rock (here: Kbasalt = 33.5 GPa
[Gueguen and Palciauskas, 1994])
Kf l = eﬀective bulk modulus of pore ﬂuid (here: Kwater = 2 GPa)
Φ = porosity (here: image porosity)
µdry = eﬀective shear modulus of dry rock
µsat = eﬀective shear modulus of rock with pore ﬂuid.

(5.16)
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Figure 5.10: Example for the uniaxial compression experiment which allows to determine
the stress σ and strain ε. These are used to
calculate the Young’s modulus E = σ yy /εyy
with εyy = δl/l and the Poisson ratio
deﬁned as ν = −εxx /εyy , which in turn
are transformed to bulk modulus K and
shear modulus µ.

Gassmann’s equation assumes a homogeneous mineral modulus and statistical isotropy of
the pore space. Instead of homogeneous mineral modulus, elastic properties for basalt were
used in this case. Dry rock refers to the incremental bulk deformation and corresponds
to an experiment where the pore ﬂuid is allowed to ﬂow freely in or out of the sample to
facilitate constant pore pressure [Mavkov et al., 1998].
Elastic properties were assigned to each group (Figure 5.8) and a ﬁnite element mesh was
created, which can be manually reﬁned and adapted to the microstructure of the image
(Figure 5.9). Once the mesh is designed, OOF is used to perform virtual mechanical tests
to investigate the behaviour of its microstrucure [Carter et al., 2000].
In this study, the interests are focused on the compressional wave velocity, which is
determined by [Gueguen and Palciauskas, 1994]:

K + 43 µ
vp =
,
(5.17)
ρ
where K is the bulk modulus, µ the shear modulus and ρ the density in kg/m3 . Due
to the dependence of both moduli on the Young’s modulus E and the Poisson ratio ν,
OOF is used to calculate the effective E and ν applying a deformation. Instead of elastic
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Table 5.1: Deﬁnition of elastic constants bulk modulus K, shear
modulus µ, Young’s modulus E as well as Poisson ratio ν and their
relations [Gueguen and Palciauskas, 1994].

elastic constants relation between K, µ and E, ν
K

−V

δP
δV

in [Pa]

E
3(1−2ν)

µ

σ xz
2εxz

in [Pa]

E
2(1+ν)

E

σ yy
εyy

in [Pa]

9Kµ
3K+µ

ν

− εεxx
yy

3K−3µ
2(3K+µ)

pulse propagation (dynamic deformation), elastic moduli were measured using compression
experiments (static deformation). Uniaxial compression was performed to the grids as
shown in Figure 5.10. This experiment allows to determine the elastic constants for stress σ
and strain ε which were observed and output as tensors by OOF. Tensors are used for
calculation of E and ν which in turn are transformed to K and µ. The relations between
these parameters are summarised in Table 5.1.

Chapter 6
Results
6.1

Log analysis

For this study, the basaltic lava ﬂow ranging from 432.5 mbsf up to 449.5 mbsf was selected.
Its log responses are presented in Figure 6.1. Logging data allow a subdivision into four
individual units according to the typical zonation of subaerial lava ﬂows [Planke, 1994;
Delius et al., 1995; Bücker et al., 1998; Delius et al., 2003]. The uppermost unit I
(432.5 mbsf-436.5 mbsf) is represented by low density ( = 2.43 g/cm3 ), low resistivity
values (< 10 Ωm) and low velocity (vp = 3.59 km/s). FMS images within the depth
interval of unit I appear as yellowish images containing randomly scattered dark brown
spots. Due to the occurrence of those brown spots interpreted as water or clay mineral
ﬁlled and conductive vesicles, unit I is interpreted as highly vesicular top zone of the lava
ﬂow.
Unit II (436.5 mbsf-439.0 mbsf) shows a continuous increase in density (2.4 g/cm3 2.8 g/cm3 ), velocity (3.6 km/s - 4.8 km/s)and resistivities (7 Ωm - 58 Ωm), whereas the
corresponding FMS images maintain their vesicular appearance. So, unit II is interpreted
as the moderately vesicular part of the lava zone.
Maximum values of density, resistivity and compressional wave velocity occur in unit III
(439.0 mbsf-448.5 mbsf), where RHOB is on average 2.8 g/cm3 , vp exceeds 5 km/s and
spherically focused and deep resistivity values are > 10 Ωm. Due to white and light
yellow colour, the respective FMS images indicate the highly resistive part of the ﬂow.
Dark zones continuing almost horizontally across all four FMS pads are interpreted as
conductive fractures.
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Figure 6.1: Log responses showing the internal ﬂow zonation from selected lava ﬂow: unit I the
highly vesicular part, unit II ; the green marks within this plot reveal data measured on core samples.
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Table 6.1: Results of core measurements: compressional wave
velocity (vp ) [m/s], matrix density (ρma ) [g/cm3 ], bulk density
(ρbulk ) [g/cm3 ], porosity Φ [%], electrical resistivity ρ [Ωm]
and conductivity σ 0 [S/m] at a saturation level 0.6 mol NaCl
corresponding to sea water.
sample

vp /wet

vp /dry

ρma

ρbulk

Φ

ρ

σ0

1
2
3
4
5
6
7
8
9
10
11
12
mean

4000.00
3566.67
4395.83
4565.22
4117.65
3000.00
4867.47
7118.64
6181.82
5626.67
6507.94
6338.46
5023.86

3286.82
2364.64
3246.15
3307.09
3088.24
2372.88
3366.67
5384.62
4250.00
3734.51
4712.64
4478.26
3632.71

2.77
2.77
2.79
2.77
2.84
2.79
2.74
2.91
2.87
2.86
2.83
2.84
2.82

2.52
2.46
2.58
2.70
2.41
2.26
2.59
2.83
2.80
2.81
2.79
2.82
2.63

8.99
11.38
7.47
2.98
15.14
19.05
5.42
4.12
2.34
1.75
1.43
0.96
6.71

7.87
6.21
10.80
12.18
9.89
3.47
11.33
87.23
627.06
664.93
80.96
70.02
39.10

0.1271
0.1610
0.0926
0.0821
0.1011
0.2882
0.0883
0.0115
0.0016
0.0015
0.0124
0.0143
0.0838

Unit IV (448.5 mbsf up to 449.5 mbsf) is characterised by decreasing density (2.9 g/cm3
- 2.5 g/cm3 ), velocity (5.7 km/s - 4.1 km/s) and resistivity values (46 Ωm - 13 Ωm). The
SFLU log does not show the remarkable positive peak at the bottom known from other
studies [Planke, 1994; Delius et al., 1995; Bücker et al., 1998]. The boundary between core
and basal zone was set at the local peak of compressional wave velocity and the subsequent
decrease. The appropriate FMS images do not show the expected high vesicularity.

6.2

Core measurements

Measurement of compressional wave velocity for dry cores, listed in Table 6.1, range from
2364.64 m/s (sample 2) to 5384.62 m/s (sample 8) and are in general lower than velocities
measured for wet cores ranging from 3000 m/s up to 7118.64 m/s. As shown in Figure 6.1,
core data does not follow the increasing trend of logging data within ﬂow unit II, but
sustain more or less constant at the same velocity of ≈ 4000 m/s.
Results of measured bulk density (Table 6.1) agree well with in-situ data throughout the
lava ﬂow ranging from 2.26 g/cm3 up to 2.83 g/cm3 . Minor deviation occur in ﬂow unit II,
where laboratory data of dry cores scatter around the increasing trend of the in-situ (wet)
logging curve.
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Table 6.2: Summary of error determination for porosity calculation from diﬀerent log responses:
minimum (min), maximum (max), standard deviation (σ), average porosity Φ± average error.
Log

result of error propagation

min

max

σ

± average error

density

0.478∗0.00056+0.645∗0.0269+0.0103∗
0.072 = 0.0184
0.003 ∗ 0.057 + 0.047 ∗ 0.105 + 0.015 ∗
0.089 = 0.0064
0.5651∗0.11+0.00129∗0.703+0.1396∗
0.007 + 0.00915 ∗ 0.1720 = 0.0097

0.16

24.16

9.02

11.66 % ± 1.84 %

0.05

30.61

8.73

10.20 % ± 0.64 %

0.77

28.75

9.48

8.28 % ± 0.97%

vp
resistivity

Core resistivity was measured at diﬀerent saturation levels and results are listed in
Tables B.3 and B.4. Data in Figure 6.1 represent results measured at a saturation level
of 0.6 mol NaCl corresponding to sea water (see also Table 6.3). Resistivity values range
from 3.47 Ωm to 113.87 Ωm. Data shows an excellent agreement in ﬂow unit I and III, but
diﬀer slightly in ﬂow unit II.
In general, core measurements show a good agreement with corresponding logging data
as shown in Figure 6.1, thus observed internal ﬂow zonation is enhanced by sample data
within the main ﬂow part. No core data was obtained from the basal zone.

6.3

Porosity calculation

Results of porosity calculation from logging data are also displayed in Figure 6.1. Diﬀerent
porosities agree well among themselves and also indicate four ﬂow units. As listed in
Table 6.2, data derived from compressional wave velocity ranges from 0.5% to 30.61%,
data from density varies between 0.16% and 24.16% and porosity values obtained from
resistivity data range from 0.77% up to 28.75%.
The highly vesicular ﬂow part is pointed out by high porosity values > 20% of all curves,
the moderately vesicular part is characterised by a decreasing trend of all logging data.
Low porosity data was obtained within the massive part for all calculation methods and
an increasing trend indicates the ﬂow basement, particularly for porosity data retrieved
from compressional wave velocity.
Calculated porosity data diﬀer slightly from core data in the highly and moderately
vesicular part, but ﬁt to measured porosity of massive rock samples. The error was
determined for each method considering error propagation and average errors are below
2%. As shown in Table 6.2, the lowest error for porosity calculation was obtained for
calculation from compressional wave velocity log and averages 0.64%.

6.4 Image analyis

6.4
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Image analyis

Results of image analysis are displayed in Figure 6.2. The data of two analyses with
diﬀerent steps can be distinguished by the red and black colour code, the results of analysis
on sample photographs are marked in green. In contrast to the logging data, where four
ﬂow units have been recognised, only two distinctive ﬂow units A and B were obtained by
the image analysis results. This is consistent with observations from FMS images that also
allows distinction of only two ﬂow zones.
As listed in Table 6.3, weighted aspect ratio (0.83 - 0.15) and numbers of objects (64 4) decrease with depth, while average area (0.44 cm2 - 11.71 cm2 ) and average diameter
(0.69 cm-4.84 cm) increase with depth. In other words: ﬂat and larger objects increasingly
occur with depth, while the majority of round and small objects is concentrated near the
ﬂow top. This agrees with observations from Walker [1993] and Keszthelyi et al. [1999]
that numbers of vesicles is decreasing while their size increases with depth. There is no
signiﬁcant variation in image porosity throughout the entire ﬂow.
As shown in Figure 6.2, image unit A corresponds to the vesicular part of the ﬂow
comprising log units I and II, while image unit B contains ﬂow units III and IV. The
transition between vesicular and massive part is observed at 439 mbsf, the same depth as
retrieved from logging data. It was determined within all image results of both runs.
Image unit A is characterised by an almost constant aspect ratio above 0.5 and a high
number of objects (± 40), except between 434.5 mbsf and 435.5 mbsf where a decreasing
number of objects corresponds to the local peak of SFLU. Image analysis also reveals a
more or less constant average object area of about 2 cm2 and an average diameter of 1 cm.
Between 437 mbsf and 439 mbsf (the lower part of image unit A), weighted aspect ratio
and the numbers of objects of run 1 decrease with depth. Although this trend is only
recognisable in run 1 and consequently not determined as boundary, this section might
indicate the moderately vesicular part (ﬂow unit II). Porosity derived from FMS images is
about 20 % through the entire unit A.
Image unit B is characterised by a downward decreasing weighted aspect ratio, which
sometimes reaches values lower than 0.2, and a decrease in the Numbers of Objects curve.
From 439 mbsf, this trend continues down to 445.5 mbsf, where suddenly the weighted
aspect ratio rises to almost 0.5 and average area shows a sudden decline towards 2 cm2 .
There is a strong downward increase in average area and diameter within unit B. Image
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Figure 6.2: Results of digital image analysis; the red and black marks represent the average parameter
obtained from the analysed image interval during run 1 and run 2; the green mark represents data
obtained by analysis of sample photographs.
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Table 6.3: Descriptive statistics of image analysis from
FMS and rock images: minimum (min), maximum (max),
average (mean) and standard deviation (σ) averaged for
each 20 depth interval throughout the entire lava ﬂow.
parameter

unit

min

max

mean

σ

FMS image porosity
FMS aspect ratio
FMS weighted aspect ratio
FMS numbers of objects
FMS area
FMS diameter
rock image porosity
rock aspect ratio
rock weighted aspect ratio
rock numbers of objects
rock area
rock diameter

%

1.05
0.29
0.15
4
0.44
0.69
3.11
0.39
0.28
16
0.98
0.99

36.71
0.79
0.83
64
11.71
4.84
21.69
0.68
0.63
68
4.88
2.21

11.27
0.58
0.46
22.34
2.94
1.55
7.44
0.60
0.52
39.00
1.92
1.49

6.42
0.07
0.12
12.03
1.84
0.54
5.00
0.08
0.10
15.43
1.09
0.38

cm2
cm
%

mm2
mm

porosity is higher than data calculated by diﬀerent log responses. In general, data of unit B
scatters strongers than values of the upper unit.
Beside FMS images, digital image analysis was also applied to the photographs of rock
samples. Results of rock analysis are also displayed in Figure 6.2. Image analysis data
derived from samples ﬁt with porosity, weighted aspect ratio and numbers of objects data
obtained from FMS images. Average area and diameter data diﬀer in scale. Objects
occurring on FMS images average an area of almost 2 cm2 within the upper part and
4 cm2 throughout the massive part. Digital image analysis of rock samples revealed average
values for area of 2 mm2 for vesicular rocks and 4 mm2 for massive rocks. Results diﬀer by
a factor of 10, but similar trends as in FMS images (increasing average area and diameter,
decreasing weighted aspect ratio) occur.

6.5

Results of modelling

Due to problems with fractured FMS images, only images from the vesicular top ranging
from 432.0 mbsf up to 439.0 mbsf could be used for modelling the elastic behaviour of
one basaltic lava ﬂow in dependence on diﬀerent ﬁlling properties. Figure 6.3 reveals the
velocity results obtained by calculation with the software OOF for each pad, their mean and
in-situ compressional wave velocity. Velocities obtained for clay ﬁlling reach compressional
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velocity values of almost 6 km/s. Calculated water velocities revealed velocities around
3.5 km/s and are lower than the clay ﬁllings throughout the entire part. The clay ﬁlling
has a small inﬂuence. Velocity calculated for montmorillonite is slightly lower than illitesmektite and illite pore ﬁlling.
In-situ compressional wave velocity is compared with modelled average velocity per depth.
Column 5 of Figure 6.3 shows that the best agreement to in-situ data is represented by the
assumed water ﬁlling. Between 432 mbsf and 437 mbsf results of the water-model mainly
follow the log curve. Modelled velocity shows a small decrease indicating the beginning of
the ﬂow and sustains almost constants at a low level. In-situ and modelled velocity agree
well between 435.0 mbsf and 436.4 mbsf, where even the local minimum is calculated and
reﬂects the maximum peak of image porosity. Minor deviations between both curves occur
between 433.2 mbsf and 434.2 mbsf, where the calculated compressional wave velocity is
slightly higher than the in-situ one. Between 434.2 mbsf and 435.0 mbsf the calculated
velocity with water saturation is slightly lower than the measured one. Below 437.2 mbsf
data from water-model diﬀers strongly from logging data which tend towards the clay ﬁlled
models. This is the ﬂow part where logging curves show the transition from highly vesicular
to the moderately vesicular unit.

6.5 Results of modelling

Figure 6.3: Results of modelling the compressional wave velocity from the upper ﬂow
part simulating four diﬀerent ﬁlling properties, separately calculated and displayed for each
pad; vp-mean represents the average compressional wave velocity for each depth; the vp-log
represents in-situ measurements.
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Chapter 7
Interpretation and discussion
7.1

Comparison of the results from diﬀerent methods

A comparison of core and logging data revealed a good agreement. Four ﬂow units were
observed. Stepped trends and alternating gradients allowed to distinguish between the
highly and the moderately vesicular top as well as the bottom and the massive part. Digital
image analysis of FMS images and rock photographs showed two ﬂow units: it could not
be distinguished between the highly and moderately vesicular top, the basal zone was not
recognisable. Calculation of compressional wave velocity based on FMS images of the
upper ﬂow part did not show this distinction, too.
Image porosity diﬀered from porosity calculated using well-logging data. It did not reﬂect
the internal zonation of the pahoehoe lava ﬂow as observed in Keszthelyi et al. [1999] and
Walker [1993]. This may be caused by the following reasons:
1. Image porosity reﬂects 2D information while calculated porosity from log responses
represents 3D data.
2. As shown in Figure 5.2, errors occurred while automatic object identiﬁcation by
colour code using KS400. Although the threshold range for object selection was
adapted and reﬁned for each image, there were still objects which did not ﬁt into the
colour range and, consequently, which were not selected as object. Too few objects
were selected. In this case, image porosity is lower than the calculated porosity from
log responses.
3. Contrast enhancement by dynamical processing may increase objects’ size and, thus,
falsify porosity. Image porosity is overestimated compared to calculated data from
48
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logging. This case often occurred in the fractured massive part. A possible explanation is the circulation of water within open fractures causing alteration, which
increases the rock conductivity in the vicinity of fractures. Due to dynamical processing the entire colour range is applied to a small sliding window, where the vicinity
of fractures is more conductive than the massive basalt. Consequently, there is a
resistivity and colour gradient, that makes it diﬃcult to determine the real fracture
boundaries.
4. Clay ﬁlled vesicles decrease in-situ porosity, but are conductive and appear on microresistivity images. Hence, they are selected by digital image analysis and increase
porosity determination based on FMS images.
5. Porosity may also be falsiﬁed, because only conductive object were detected and
measured. Vesicles and fractures with resistive ﬁlling (e.g. calcite) do not appear on
micro-resistivity images.
Due to ﬁeld observations from Walker [1993] the distinction between vesicular and massive
part should be based on observation from diﬀerences in weighted aspect ratio and numbers
of objects (see Table 6.3). Vesicles are expected to have a high aspect ratio, whereas
fractures are expected to occur as ﬂatted objects with smaller aspect ratios. Although
there are trends recognisable for weighted aspect ratio, very small aspect ratios for ﬂat
objects such as fractures did not occur. This may be caused by the following reasons:
1. Due to the strip-like data acquisition, vesicles and fractures occurring on FMS images
are often cut oﬀ at the end of an individual pad (see Figure 7.1). This truncation
may falsify the object’s ellipse axes and consequently its aspect ratio. Especially
fractures continuing across all four pads are divided into four parts by strip-like data
acquisition resulting in four objects of high aspect ratio rather than one object with
low aspect ratio. Obtained values for aspect ratio are too high and overestimated.
2. The problem of truncation also occurs on 20 cm interval intersections (see Figures 7.2
and 7.3), where images are cut into two smaller ones for digital image analysis. To
reduce the error of aspect ratio, the FMS images of the lava ﬂow have been cut into
two depth shifted runs.
3. Another problem is the patchy appearance of FMS images, where adjacent objects
are too close for the individual object recognition. In this case, the selection included
more than one single object. Hence, this also falsiﬁed aspect ratio and increased the
average object diameter, average object area and consequently the porosity.
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Figure 7.1: Due to strip-like data acquisition
of FMS images, fractures are cut oﬀ at the
end of an individual pad, hence aspect ratio
for each object is overestimated.

Figure
7.2: Fracture
truncation
by
splitting into 20 cm depth intervals causes
overestimation of aspect ratio.

Figure 7.3: Vesicle truncation due to
splitting into 20 cm depth intervals falsiﬁes
object’s aspect ratio.

7.2 Implications for pore space ﬁlling and eﬀect on physical properties
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Figure 7.4: Frequency plots for aspect ratio: comparison between FMS images
and sample photographs.

Comparison between FMS image and rock photographs revealed an excellent agreement
regarding to the geometric features such as aspect ratio and weighted aspect ratio as well as
image porosity. Data also corresponds with numbers of objects throughout the upper part.
Figure 7.4 shows the distribution of obtained aspect ratios to verify agreement in geometric
features between rocks and FMS images. Both frequency plots representing aspect ratio
measured by digital images analysis show a similar range and slightly skew to the left.
Diﬀerences in scale occur in determination of object area and diameter. Objects occurring
on FMS images average an area of 2 cm2 within the upper part and 4 cm2 throughout the
massive part. Digital image analysis of rock samples revealed average values for area of
2 mm2 for vesicular rocks and 4 mm2 for massive rocks. As shown in Figure 6.2, results
diﬀer by a factor of 10, but show an excellent agreement. Discrepance might be caused
by the vertical resolution of 5 mm (0.2 in) [Borehole Research Group, 2000] for the FMS
tool. Smaller objects are not detected, but were measured by digital images analysis of
rock photographs.

7.2

Implications for pore space ﬁlling and eﬀect on
physical properties

Seismic velocities are inversely and strongly dependent of porosity, a parameter describing
the percentage of the volume of void space within a solid framework. In oceanic crust, a
three component system has to be considered consisting of the basaltic framework (matrix),
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water-ﬁlled pores and pores ﬁlled with secondary minerals [Jacobson, 1992]. Alteration and
hydrothermal processes lead to modiﬁcation of porosity initially determined by physics of
extrusion. Inﬁlling of fractures and pores causes velocities to increase by reducing total
porosity [Wilkens et al., 1991]. Distinctive methods for porosity determination reﬂect
diﬀerent porosities. Porosity derived from compressional wave velocity, density and and
cores represent the recent porosity, while resistivity derived porosity from logs and images
(FMS) reﬂects initial porosity under.
Modelling was carried out using diﬀerent ﬁlling materials for the vesicular ﬂow part. The
comparison of diﬀerent ﬁlling properties in Figure 6.3 showed a good agreement for the
water ﬁlled model and in-situ logging data. Hence, it can be assumed that vesicles of the
lava ﬂow are mainly ﬁlled with water in the upper part, although minor deviations occur
between in-situ measurements and water-model results. Possible reasons are:
1. Grids may be oversimpliﬁed and not every pore is represented. Too few pores were
modelled, thus the calculated velocity is too fast.
2. Velocity diﬀerences could also be caused by the enhancement of the pores. Vesicles
are oversized resulting in a decrease of calculated velocity. Here, calculated velocity
is slower than measured by the sonic tool.
3. Only homogenous ﬁlling were assumed, so that the rock was entirely ﬁlled with a
single material. Pad intervals may be mixed with diﬀerent materials which increase
seismic velocity such as the occurrence of clay minerals.
Figure 7.5 shows the porosity-velocity relation for logging, core and modelled (computed)
data. Core porosity was determined by density measurements, logging porosity is calculated
by density log and FMS porosity was determined by digital image analysis. Similar
dependence (increasing velocity with decreasing porosity) is reﬂected for core and logging
data. Data for diﬀerent ﬁlling materials does not show same trend as core and logging
data. The comparison reﬂects a good agreement for vesicular data from logging, core and
water modelled data. Computed values for porosity ≥ 10% from water model agree with
logging data, computed values < 10% for clay ﬁllings tend towards core data and logging
data.
Porosity values < 10% were mainly obtained in the lower part of the vesicular ﬂow top,
where the in-situ compressional wave velocity approaches to calculated velocities for clay
ﬁllings. The agreement with core data and the velocity shift towards clay ﬁllings as shown

7.2 Implications for pore space ﬁlling and eﬀect on physical properties

Figure 7.5: Comparison of logging, core and modelling data regarding velocity - porosity
relation; core porosity was determined by density measurements, logging porosity was calculated
from density log, modelling porosity was determined by digital image anaylsis
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Figure 7.6: Aspect ratio is deﬁned as the ratio
of the minor axis of an ellipsoid to the major axis
[Wilkens et al., 1991]).

in Figure 6.3 might indicate that vesicles in the lower part are increasingly ﬁlled with clay
minerals. This is conﬁrmed by core description through Shipboard Scientiﬁc Party [1994a],
who noticed that pores of rocks at deeper depth were ﬁlled with green minerals and linings.

7.3

Importance of aspect ratio

Numerical models computed by Wilkens et al. [1991] use rock physics theory based on
Kuster-Toksöz which assumes that pores can be represented by spheres and oblate spheroids
of diﬀering aspect ratio. Aspect ratio is deﬁned as the ratio of the minor axis of an ellipsoid
to the major axis. As displayed in Figure 7.6, an aspect ratio of 1.0 represents a sphere,
a ratio of 0.01 is 100:1 ﬂattening of a sphere. Furthermore, the distribution of pores is
assumed to be random and the medium is assumed to be isotropic. The results for generic
models, displayed as black lines in Figure 7.7, illustrate that lower aspect ratios have a
greater eﬀect (higher gradient) on seismic velocity than higher ratios. In other words, rock
fractures reduce velocities much more than vesicle, vugs and voids of the same volume.
The models also show that large velocity increase can take place in oceanic crust with only
minimal changes in porosity by crack sealing due to alteration and deposition of secondary
minerals controlled by the eﬀect of low aspect ratios on seismic velocity [Wilkens et al.,
1991].

7.3 Importance of aspect ratio
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Figure 7.7: Dependence of porosity-velocity relation on mutable aspect ratio; comparison of calculated
values for basalt with logging data (modiﬁed after Wilkens et al. [1991].

In this study, the concept of aspect ratios was used to investigate the dependence of porosity
and seismic properties on the object geometry. Results plotted in Figure 7.7 emphasise
varieties in elastic behaviour depending on aspect ratios based on natural data. Results
show diﬀerences in range between generic data from Wilkens et al. [1991] and data derived
from the FMS images. Digital image analysis revealed an aspect ratio range from 0.1 to
1, but displayed aspect ratio represents weighted aspect ratio for an depth interval. Due
to weighting aspect ratios ranges from 0.1 to 0.84 and does not reach smaller values. The
strip-like appearance of FMS images prohibits low aspect ratios for long and ﬂat objects,
because the truncation of fractures as shown in Figure 7.1 cuts ﬂat object into smaller
ones with higher aspect ratio. Consequently, low aspect ratios disappear on FMS images.
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There is also a velocity shift between generic and FMS image data concerning aspect ratio
and porosity values. A smaller velocity is determined with FMS image data for objects
with the same porosity and aspect ratio than for generic model data.
Despite of diﬀerences in aspect ratio range, Figure 7.7 shows the dependence of velocityporosity relation on the geometry of pore space. Aspect ratios were classiﬁed into six groups
and regression was determined and displayed for each class. Regression from weighted
aspect ratios (a) < 0.2 was only based on two data points. Besides the a < 0.2 trend, it
is visible that the gradient of other classes increases with decreasing aspect ratio. This
presents the fact, that a small change in porosity has a greater eﬀect on compressional
wave velocity for ﬂat objects than for objects with higher aspect ratios.
Objects with an aspect ratio above > 0.3 reﬂect similar gradients to the modelled trend
a = 1. Objects with a weighted aspect ratio below ≤ 0.3 have a close gradient to the
generic model data for a = 0.05. Due to strong diﬀerence in elastic behaviour, which is
expressed by distinctive gradients, object on FMS images can be classiﬁed according to
vesicles and fractures. In this case, objects owing an aspect ration ≥ 0.3 are interpreted as
vesicles, while fractures might be represented by aspect ratio < 0.3. These aspect ratio are
weighted aspect ratio, which are distorted due to weighting and FMS data acqusition.

Chapter 8
Conclusion
Data from ODP Hole 917A was used to investigate the pore space of a single lava ﬂow
representing the four typical subunits. A basaltic ﬂow was detected by density, compressional wave velocity and formation’s resistivity logs ranging from 432.5 mbsf up to
449.5 mbsf. This basaltic ﬂow consists of a highly vesicular (4 m thick)and a moderately
(2.5 thick) vesicular ﬂow top. Its massive part constitutes the main ﬂow ranging from
439.0 mbsf to 448.5 mbsf. The basal zone is about 1 m thick. Porosity was not obtained
during logging operations, hence it was determined from density, resistivity and compressional wave velocity logging data.
Micro-resistivity measurements in form of dynamically processed FMS images were investigated by digital image analysis. The software package KS400 determined object’s
morphological parameters like area and ellipse axes. On this basis data was calculated for
aspect ratio and image porosity. Image data shows diﬀerences between vesicular top and
massive part. Results do not clearly diﬀer between moderately and highly top as well as
basal zone. Diﬀerences are enhanced by a changing gradient of the number of objects and
weighted aspect ratio. A comparison between image porosity and porosity calculated from
log responses revealed higher image porosity values for the massive part. This might be
caused by contrast enhancement due to dynamical processing. Image analysis was also
applied to photographs of rock samples. Excellent agreements in weighted aspect ratio
veriﬁed results from FMS images regarding to geometric data.
Object oriented ﬁnite element method was applied to images from the vesicular ﬂow
part. Due to numerical problems with water saturation, images from the massive part
were disregarded for modelling. The software package OOF allows virtual mechanical
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experiments using diﬀerent material properties. Here, four diﬀerent pore ﬁllings were
assumed as followed: illite, illite-smectite, montmorillonite and water. The compressional
wave velocity was derived from images by calculation of the eﬀective Young’s modulus
and Poisson ratio. Elastic properties of ﬂuids cause numerical problems. In this case, the
eﬀective bulk modulus was determined by Gassmann’s relation: water-saturated rock was
substituted by the dry rock properties using empty pores. Dry rock’s bulk modulus was
determined and related to water saturated rock properties. A comparison between image
data and the vp log showed a good agreement for water saturated rocks. Therefore, the
vesicles were interpreted as mainly water ﬁlled.
Investigations for the dependence of porosity-velocity relation also showed a good agreement
with generic data by Wilkens et al. [1991]. The range of aspect ratio diﬀered, but it was
proved that a change in porosity has a greater eﬀect on compressional wave velocity for
objects with smaller aspect ratios rather than objects similar to a sphere. Within this
context, two diﬀerent gradients occurred for classiﬁed aspect ratios. Objects on FMS
images for a ≤ 0.3 show a similar elastic behaviour as strongly ﬂatted objects of generic
models. Hence, they are interpreted as fractures. Objects on FMS images for a > 0.3 show
a similar elastic behaviour as minor ﬂatted and spheric objects of generic models. Hence,
they are interpreted as vesicles.
Finally, even with contrast enhancement and scale diﬀerences, FMS images represent the
basaltic rocks concerning their morphological features. As shown, the pore space can be
used for investigation of elastic behaviour assuming diﬀerent physical properties. From
that, prediction about in-situ parameters might be provided. Due to the enhancement,
problems occurred at determination for porosity data derived from images. In future, this
could be improved by studying the distribution of artefacts and developing a correction for
dynamical image processing possibly based on color values.
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Appendix A
Logging data

i

ii

Logging data

Figure A.1: Composite Log including marks of core data measured on board of JOIDES
Resolution (to be continued).

iii

Figure A.2: Composite Log (continued).

iv

Logging data

Figure A.3: Composite Log (continued).

v

Figure A.4: Composite Log (continued).

vi

Logging data

Table A.1: Descriptive statistic values of logging data
representing parameter s number N, the minimum, the maximum,
the mean and its standard deviation.
Parameter

unit

CALI
IDPH
IMPH
SFLU
RHOB
SGR-GCT
THOR-GCT
URAN-GCT
POTA-GCT
SGR-FMS
THOR-FMS
URAN-FMS
POTA-FMS
vp1
vp2

in
Ωm
Ωm
Ωm
g/cm3
API
ppm
ppm
wt%
API
ppm
ppm
wt%
km/s
km/s

N
2459
2424
2430
2420
2458
2374
2374
2374
2374
2783
2783
2783
2783
2418
2418

minimum

maximum

mean

σ

9.88
2.14
1.12
1.20
2.01
4.57
-1.31
-0.71
0.15
3.09
-0.27
-1.12
0.04
2.18
2.18

17.47
691.83
97.72
851.1
3.02
81.85
5.26
3.49
5.62
74.18
5.13
2.56
3.44
8.94
8.96

11.12
17.26
11.22
19.88
2.54
24.43
1.62
0.26
0.97
20.66
1.28
0.30
0.79
4.23
4.22

1.03
2.66
1.91
3.31
0.03
16.88
1.19
0.41
0.73
15.11
1.14
0.41
0.66
0.94
0.93
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Core data

Table B.1: Core description for sample 1-6 from Hole 917A by Shipboard Scientiﬁc Party [1994a].
no.

label

description

reference depth

1

152-917A-59R-2W (11.0 16.0)

aphyric olivine basalt; brownish grey; 15% vesicles, 0.5-5 mm,
irregular, random distribution, empty or ﬁlled with green or
banded red and pink minerals; alteration strong

433.74 mbsf

2

152-917A-59R-2W (84.5 89.5)

aphyric olivine basalt; grayish red; 2%-20% vesicles, 0.5-5 mm,
spherical to irregular, patchy distribution, mostly empty with gray
linings, some contain zeolite crystals; alteration strong

434.47 mbsf

3

152-917A-60R-1W (25.0 30.0)

aphyric olivine basalt; dark gray; 5-10% vesicles, 0.5-200 mm,
spherical to irregular, patchy distribution, ﬁlled with calcite
and/or green amorphous mineral; veins and fractures < 1%, 0.21 mm, ﬁlled with calcite and green mineral; alteration moderate
to strong

436.98 mbsf

4

152-917A-60R-1W (64.5 69.5)

aphyric olivine basalt; dark gray; 5-10% vesicles, 0.5-200 mm,
spherical to irregular, patchy distribution, ﬁlled with calcite
and/or green amorphous mineral; veins and fractures < 1%, 0.21 mm, ﬁlled with calcite and green mineral; alteration moderate
to strong

437.37 mbsf

5

152-917A-60R-1W (107.0 112.0)

aphyric olivine basalt; brownish dark gray; 1-10% vesicles, 0.58 mm, spherical to irregular, patchy distribution, empty with
white linings; no fractures, veins; alteration strong

437.80 mbsf

6

152-917A-60R-1W (126.0 131.0)

aphyric basalt, brownish dark gray; 1-10% vesicles, 0.5-8 mm,
spherical to irregular, patchy distribution, empty with white
linings; no fractures, veins; alteration strong, oxidized in places

437.99 mbsf

ix

Figure B.1: Rock samples of ODP Leg 152 Hole 917A no. 1 to 6.
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Core data

Figure B.2: Rock samples of ODP Leg 152 Hole 917A no. 7 to 12.
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Table B.2: Core description for samples 7-12 from Hole 917A by Shipboard Scientiﬁc Party [1994a].
no.

label

description

reference depth

7

152-917A-60R-2W (53.0 58.0)

aphyric basalt; olive gray; 2-20% vesicles, 0.5-10 mm, spherical to
irregular, patchy distribution, empty or white lined with zeolite
crystals; alteration moderate to strong; veins and fractures < 1%,
0.2-4 mm, inclined, ﬁlled with white green mineral and calcite

438.76 mbsf

8

152-917A-61R-1W (55.0 60.0)

aphyric olivine basalt; medium light gray; vesicles 0-5%, 0.3-3 mm,
alteration moderate; numerous ﬁne fractures

442.28 mbsf

9

152-917A-61R-2W (21.0 26.0)

aphyric olivine basalt; medium light gray; 0-5% vesicles, 18 mm, random to irregular, ﬁlled with green material and some
calcite, calcite deposited in vesicles after green mineral; alteration
moderate; veins/fractures < 1-5 mm, random orientation, empty
or ﬁlled with granular calcite

443.44 mbsf

10

152-917A-61R-2W (30.0 35.0)

aphyric olivine basalt; medium light gray; 0-5% vesicles, 18 mm, random to irregular, ﬁlled with green material and some
calcite, calcite deposited in vesicles after green mineral; alteration
moderate; veins/fractures < 1-5 mm, random orientation, empty
or ﬁlled with granular calcite

443.53 mbsf

11

152-917A-61R-3W
47.0)

(42.0-

aphyric olivine basalt; medium light gray; < 1% vesicles, 515 mm, irregular, ﬁlled with calcite; ﬂowbanding horizontal to
subhorizontal; alteration moderate

445.15 mbsf

12

152-917-A-62R-1W (57.062.0)

aphyric olivine basalt; medium light gray, < 1% vesicles, 510 mm, irregular, ﬁlled with calcite; ﬂowbanding dipping 20°;
alteration slight to moderate; veins/fractures <1%, 0.5-5 mm,
random orientation

451.90 mbsf
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Core data

Table B.3: Results of resistivity measurements (part 1): resistivity ρ0 in Ωm, sample
conductivity σ 0 in S/m, respectively and ﬂuid conductivity σ w .

σw
1
2
3
4
5
6
7
8
9
10
11
12

ρ [Ωm]

σ 0 [S/m]

ρ [Ωm]

σ 0 [S/m]

ρ [Ωm]

σ 0 [S/m]

Aqua dest
59.8 µS/cm
17.37
16.66
20.55
26.01
32.35
10.49
23.45
618.38
627.06
664.93
204.00
201.44

Aqua dest
59.8 µS/cm
0.0576
0.0600
0.0487
0.0384
0.0309
0.0953
0.0426
0.0016
0.0016
0.0015
0.0049
0.0050

0.01 mol NaCl
1814 µS/cm
16.10
12.96
19.75
24.87
27.47
8.69
23.03
503.30
501.91
499.27
214.40
208.44

0.01 mol NaCl
1814 µS/cm
0.0621
0.0772
0.0506
0.0402
0.0364
0.1151
0.0434
0.0020
0.0020
0.0020
0.0047
0.0048

0.1 mol NaCl
13.16 mS/cm
16.47
12.03
16.97
20.54
21.57
7.57
19.49
249.85
220.95
192.54
153.2
165.38

0.1 mol NaCl
13.16 mS/cm
0.0607
0.0831
0.0589
0.0487
0.0464
0.1321
0.0513
0.0040
0.0045
0.0052
0.0065
0.0060

Table B.4: Results of resistivity measurements (part 2): resistivity ρ0 in Ωm, sample
conductivity σ 0 in S/m, respectively and ﬂuid conductivity σ w .

σw
1
2
3
4
5
6
7
8
9
10
11
12

ρ [Ωm]

σ 0 [S/m]

ρ [Ωm]

σ 0 [S/m]

ρ [Ωm]

σ 0 [S/m]

0.6 mol NaCl
77.4 mS/cm
7.87
6.21
10.80
12.18
9.89
3.47
11.33
87.23
113.87
55.31
80.96
70.02

0.6 mol NaCl
77.4 mS/cm
0.1271
0.1610
0.0926
0.0821
0.1011
0.2882
0.0883
0.0115
0.0088
0.0181
0.0124
0.0143

1.0 mol NaCl
116.6 mS/cm
6.78
5.86
8.12
9.26
6.26
2.72
9.58
43.22
48.37
56.85
41.39
40.32

1.0 mol NaCl
116.6 mS/cm
0.1475
0.1706
0.1232
0.1080
0.1597
0.3676
0.1044
0.0231
0.0207
0.0176
0.0242
0.0248

saturated NaCl
226.0 mS/cm
5.29
4.12
6.01
5.61
5.29
1.53
6.43
45.01
41.36
32.55
37.92
41.23

saturated NaCl
226.0 mS/cm
0.1890
0.2427
0.1664
0.1783
0.1890
0.6536
0.1555
0.0222
0.0242
0.0307
0.0264
0.0243

Table B.5: Porosity data and formation factor used for
determination of constants a and cementation factor m for
porosity calculation.
sample

porosity

log porosity

formation factor

log formation factor

1
2
3
4
5
6
7
8
9
10
11
12

0.0899
0.1138
0.0747
0.0298
0.1514
0.1905
0.0542
0.0412
0.0234
0.0175
0.0143
0.0096

-1.05
-0.94
-1.13
-1.53
-0.82
-0.72
-1.27
-1.38
-1.63
-1.76
-1.85
-2.02

139.85
108.28
166.79
144.26
104.07
34.38
175.31
612.96
635.66
478.40
750.92
785.28

2.15
2.03
2.22
2.16
2.02
1.54
2.24
2.79
2.80
2.68
2.88
2.90

Appendix C
Image data

xiii

xv

Figure C.1: Calibration masques for KS400 to determine the error for digital image analysis; generic
image data and values derived from KS400 averaged for each image are displayed.

Appendix D
Error anaylsis for porosity
determination
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D.1 Computation from density log

D.1

xix

Computation from density log

Individual error ρma , ρlog and ρf luid :
individual error of AccuPyc = 0.02 %
average ρma = 2.82 g/cm3
∆ρma = 40.0002 ∗ 2.82 g/cm3 = 0.00056 g/cm3
individual error for the log data assumed as 1 %
average ρlog = 2.69 g/cm3
∆ρlog = 40.01 ∗ 2.69 g/cm3 = 0.0269 g/cm3
correctness of ρf luid assumed as 1%
ρf luid = 1.03 g/cm3
∆ρf luid = 0.01 ∗ 1.03 g/cm3 = 0.0103 g/cm3
Partial derivatives for density calculation:






 δΦdensity 
 δΦdensity 
 δΦdensity 
 ∗ ∆ρma + 
 ∗ ∆ρlog + 
 ∗ ∆ρf luid
∆Φ = 


 δρ
 δρ
δρma 
log
f luid




 ρlog − ρf luid 
 ∗ ∆ρma + −
∆Φ = 

 ρ
2
(ρ − ρ
)
ma

f luid

(D.1)





 ρma − ρlog 
1
 ∗ ∆ρlog + 
 ∗ ∆ρf luid (D.2)

 (ρ − ρ
2
ma − ρf luid
ma
f luid )

Partial derivatives for each parameter on average:


 δΦdensity 

 = 0.478
 δρ

ma

D.2

and



 δΦdensity 

 = 0.645
 δρ

bulk

and



 δΦdensity 

 = 0.072
 δρ

f luid
(D.3)

Computation from compressional wave velocity
log

Individual error vma , vlog and vf luid :
individual error for vma is given as 3 m/s (Geotek Ltd, 2000)
∆vma = 0.003 km/s

xx

Error anaylsis for porosity determination

error for logging data is assumed as 1%
average vlog = 4.70 km/s
∆vlog = 0.01 ∗ 4.70 km/s = 0.0470 km/s
correctness of vf luid is assumed as 1 %
vf luid = 1.521 km/s (Carmichael, 1989)
∆vf luid = 0.01 ∗ 1.521 km/s = 0.015 km/s
Partial derivatives for compressional wave velocity calculation:

∆Φvp







 δΦvp 
 δΦvp 
 δΦvp 
 ∗ ∆vma + 



= 
 δvlog  ∗ ∆vlog +  δvf luid  ∗ ∆vf luid
δvma 





 −v

 vf luid ∗ (vlog − vf luid ) 
∗
v


f
luid
ma
 ∗ ∆vma + 
∆Φvp = 
 ∗ ∆vlog
2

2
 (vma − vf luid ) ∗ vlog 
(vma − vf luid ) ∗ vlog


 (vma − vlog ) ∗ vma 
 ∗ ∆vf luid

+
(vma − vf luid )2 ∗ vlog 

(D.4)

(D.5)

Partial derivatives for each parameter on average:


 δΦv 


 δvma  = 0.057

D.3

and



 δΦv 


 δvlog  = 0.105

Computation from electrical resistivity log

Individual error ρlog , ρf luid , m and a:
individual error for ρlog is assumed as 1 %
average log resistivity = 56.51 Ωm
∆ρlog = 0.01*56.51 Ωm = 0.5651 Ωm
individual error for ρf luid 1 is assumed as 1 %
1
ρf luid = 0.129 Ωm (ρf luid = σf luid
see Table B.4)
∆ρf luid = 0.01 ∗ 0.129 Ωm = 0.00129 Ωm
1

and



 δΦvp 


 δvf luid  = 0.089.

0.6 mol NaCl corresponding to sea water

(D.6)

D.3 Computation from electrical resistivity log

xxi

individual error of a is assumed as 1 %
a = 13.96
∆a = 0.01 ∗ 13.96 = 0.1396
individual error of m is assumed as 1 %
m = 0.9115
∆m = 0.01 ∗ 0.9115 = 0.009115
Partial derivatives for resistivity calculation:








 ∆Φρ 
 δΦρ 
 ∆Φρ 
 δΦρ 
 ∗ ∆ρlog + 
 ∗ ∆ρf luid + 



∆Φρ = 

 δρ
 δρ  ∗ ∆a +  δρ  ∗ ∆m.
δρlog 
f luid
a
m

( m1 −1)


 1 a ∗ ρ
a
∗
ρ

f luid
f luid 
∆Φ =  ∗
∗−
 ∗ ∆ρlog
m

ρlog
ρlog 2


( m1 −1)
 1 a ∗ ρ
a 

f luid
∗
+ ∗
 ∗ ∆ρf luid
m
ρlog 
ρlog


( m1 −1)
 1 a ∗ ρ

ρ

f luid
f luid 
∗
+ ∗
 ∗ ∆a
m
ρlog
ρlog 

 
 
 m1

a
∗
ρ
a
∗
ρ
1 

f luid
f luid
∗
∗ 2  ∗ ∆m
+ ln

ρlog
ρlog
m 

(D.7)

(D.8)

Partial derivatives for each parameter on average:


 δΦρ 


 δρ  = 0.011
log


 δΦρ 


 δa  = 0.007

and
and



 δΦρ 

 = 0.703
 δρ

f luid


 δΦρ 


 δm  = 0.1720.

and
(D.9)

