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Abstract: Anisotropy of magnetic susceptibility (AMS) has been used in various studies related to
interpreting the direction of lava flow, some of which have shown ambiguity with regard to the data
generated. In this study, we explored an alternative option to support the aforementioned application,
using lava flow type igneous rock samples from the Ijen Volcanic Complex, East Java, Indonesia.
We have investigated the preferred rock pore orientations from micro-computed tomography (uCT)
images and quantified their directions. We then calculated their correlation with AMS data by
calculating the angle between preferred pore orientation. The axis with the smallest gap to the
preferred pore orientation of each sample was assumed to imply lava flow direction. Different lava
flow direction preferences were obtained from different magnetic ellipsoids. Another important
factor for consideration is the relative vertical position of the sampling site within a single lava flow
unit. Only one out of five samples (ANY2) show good quantitative conformity between AMS data,
preferred pore orientation, and topographical slope, despite these limitations. Our results point to a
direction that seems to be correct and coherent on a physical basis. Additional research would likely
clarify the issues involved. This encourages us to explore and work further in this field of research.

Keywords: anisotropy of magnetic susceptibility (AMS); preferred pore orientation; igneous rock;
lava flow direction

1. Introduction

Anisotropy of magnetic susceptibility (AMS) is defined as the characteristic of a rock that has
different values of magnetic susceptibility if measured by different angles or directions. This particular
parameter has been used in previous studies, most commonly to determine lava flow direction [1-10].
However, the results of these studies are inconsistent: Some concluded that flow direction was parallel
to the maximum susceptibility axis [1-4]; one study indicated that the intermediate susceptibility axis
flow direction tended to be parallel [5]; another study [6] showed that there were differences in the
characteristics between the end and toe of a lava flow. In addition, other studies concluded that AMS
was not always reliable for indicating lava flow direction [6-9]. The study in reference [11] on Xitle
lava in Mexico showed no correlation between lava flow direction and the maximum or intermediate
susceptibility axes. These contradictory results could be accommodated by considering the local
lava flow direction. Based on these inconsistencies, it is difficult generalize statements regarding the
correlation between AMS and lava flow direction [12]. Nevertheless, the correlation between AMS and
lava flow direction is undeniable [13].
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Hence there is a need to introduce another parameter to the equation that can facilitate interpreting
lava flow direction using AMS data. In this study, we proposed pore orientation as an auxiliary
parameter in lava flow direction interpretation. When pressure drops during rock formation, vesicles
are formed, causing an increase in gas content inside magma under saturated conditions [14]. The
trapped gas then diffuses from the newly-formed rock, forming empty space within it. By analyzing the
preferred pattern of pore orientation, we can predict lava flow direction. The long-axis and inclination
of vesicles/pores inside the rock can indicate the movement of lava at the time of rock formation [15].
Obstacles on the ground can disturb lava movement, causing tilting of flattened vesicles towards their
source [16]. We analyzed lava flow direction using images of pores inside the specimens. The images
were generated using the micro-computed tomography (LCT) method, which has been applied for
geoscience purposes in several studies [17-22].

The aim of our study was to identify alternatives in lava flow direction interpretation using
AMS data, to specifically correlate AMS with the preferred pore orientation. Only a few studies have
previously combined AMS and pores/vesicles analysis [9,23]. In this paper, we discuss our results
correlating AMS data and pore orientation obtained from the uCT images relevant to their implication
on lava flow direction. This study is one of the first attempts to combine these two parameters in this
context, which could be a new solution to the problem encountered in previous studies.

2. Samples and Measurements

2.1. Samples

We used five lava samples from five different outcrops in the Ijen Volcanic Complex, West Java,
Indonesia (Figure 1), the outcrops of which have been the sites of previous research [24,25]. Identifying
mineralogy, texture, geochemistry, and rock magnetic properties of lavas, which were resulted from
[jen Crater and Mount Anyar eruptions was performed in a previous study [25]. Four samples (ANY1,
ANY2, ANY3, and ANY4) are products of Mount Anyar’s eruption. Meanwhile, another sample (IJ1)
was the product of Jjen Crater’s eruption. The eruptions occurred about 2590 years ago [26]. The
characteristics of all samples (based on reference [25]) are shown in Table 1.

Sample locations in the lava body were different. ANY1 and IJ4 were positioned relatively at the
bottom part of the lava body, while others were found in the upper part. ANY3 and ANY4 were taken
from the surface of the flow, while ANY2 was found relatively below them. No samples were taken
from the middle part of the lava body, because usually samples from this zone are more compact with
no visible vesicles. This sampling method was applied to investigate the effect of sample location in
the lava body to the characteristics of anisotropy and pore distribution in the lava sample. In addition,
outcrop sites have different slopes: 1J4 site had a slope ~20-25 degrees with northwest relative direction;
ANY1, ANY2, ANY3, and ANY4 sites had directions relative to the northeast with ~35-40 degree
slopes. Slope data were taken from the topography map created by the Geospatial Information Agency
(Badan Informasi Geospasial, BIG) of the Republic of Indonesia. We converted the topography map to
slope map using ArcGIS software (by ESRI, Redlands, CA, USA).

Lava samples obtained from the field were then prepared to form cylindrical cores, six of each
(from now on will be referred as specimens) at the Faculty of Mining and Petroleum Engineering,
Institut Teknologi Bandung. The dimension of each core was 2.5 cm in diameter and 2.2 cm in height.
All specimens were used in magnetic susceptibility measurements. One specimen of each hand sample
was used to generate a pore distribution image using the pCT method.
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Figure 1. The Jjen Volcanic Complex map shows the distribution of volcanic products and eruption
centers. Red dots indicate the sampling sites (modified from reference [25]).

Table 1. Magnetic and petrography data of the samples [25].

Sample 1J4 ANY1 ANY2 ANY3 ANY4
Source Jjen Crater Mt. Anyar Mt. Anyar Mt. Anyar Mt. Anyar
Lithology Andesite Basaltic Basalt Basalt Basalt Basalt
Opaque mineral (%) 8 8 6 7 6
Predoi““"‘“tfgram Subhedral, Subhedral, Subhedral, Subhedral, Subhedral,
SHape o Granular Prismatic Prismatic Prismatic Prismatic
opaque mineral
Vesicular/Porosity (%) 2 4 12 12 15
Saturation Field
IRM (mT) 140 240 340 350 337
Curie Temperature
HS - - - ~350 and ~550 -
(Te) (°C)
Mys/Ms 0.20 0.31 - 0.30 0.26
H¢/He 2.81 1.78 - 1.21 1.98
Predo.mm'ant Titano-magnetite  Titano-magnetite  Titano-Magnetite Titano-magnetite = Titano-magnetite
Magnetic mineral
Predominant PSD PSD PSD PSD PSD
Magnetic Domain

Notes: M;s = magnetic saturation remanence; M, = saturation magnetization; H.r = coercivity of remanent; H. =
coercive force.
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2.2. Anisotropy of Magnetic Susceptibility

Magnetic susceptibilities of rocks can have different values, depending on their measurement
direction. In a three-axis coordinate system, three principal magnetic susceptibilities exist: Kj, K3,
and K3, known as maximum susceptibility, intermediate susceptibility, and minimum susceptibility,
respectively with K, as their mean value (K, = (Kj 4+ Kz +K3)/3). In an isotropic medium, these
three susceptibilities are equal in magnitude. However, in an anisotropic medium, the magnitudes
are different, with the relationship K; > K; > Kj3. We also used the degree of anisotropy (P%)
defined as ratio between K; and K3, rationalized by 100% to determine a sample’s anisotropy. P; is a

corrected anisotropy degree and defined as P; = exp \/{2[(171 — ) 4+ (= ) + (3 = )* )
with iy = InKy, 12 = InKy, 13 = In K3, and 1 = /(m1-m2113).-

Magnetic susceptibility measurements were conducted using a Bartington Susceptibility Meter
MS2 instrument at the Faculty of Mining and Petroleum Engineering, Institut Teknologi Bandung.
The measurements were carried out in in six directions: Up-down (A1), north-south (A2), east-west
(A3), north-east (A4), north-down (A5), and east-down (A6) modified from the original nine directions
technique [27]. Each measurement was conducted in low-frequency (xrr), at 470 Hz [28,29]. For quality
control, we conducted the measurements three times for each direction, and the standard deviation
was no more than 2%.

2.3. Pore Orientation

Micro-computed Tomography (uCT) imaging is based on X-ray tracing while passing through
a medium. In this study, the imaging process was conducted using a Bruker MicroCT Scanning
Devices—SkyScan 1173 instrument at the Faculty of Mathematics and Natural Sciences, Institut
Teknologi Bandung. This method is not destructive, with no damage to the specimens. The device
generates high energy X-ray beams that can penetrate high-density rocks. The principle of this device
is based on X-ray attenuation when the radiation passes the specimen, where high density corresponds
to high attenuation. This process allowed us to differentiate between the solid parts and pores of the
sample using the gray threshold [30]. A previous study has shown that porosity measurement results
obtained using the CT method were similar to the results obtained using conventional methods [31].

To produce a 3D image, the object is rotated inside the device and the measurements are taken at
particular degrees with constant increments. The raw datasets obtained using the instrument are then
reconstructed to create a whole image of the samples using NRecon software (by Bruker MicroCT).
After reconstruction, the images were then filtered using BLOB3D software (by The High-Resolution
X-ray Computed Tomography Facility at The University of Texas at Austin/UTCT) [32] to differentiate
between the solid part—referred as matrix—and the pores within the specimens. The process was done
by filtering the pores from the matrix using the grayscale filter. In general, pores have low grayscale
values, while matrices have relatively higher values. After filtering, the pores can be observed. Black
and greyish hues were representative of the solid parts and the pores, respectively. These filtered
images were then analyzed using the Directionality plugin from Image] program (developed by
Wayne Rasband as an open source software) [33] in order to identify the pores’ preferred orientation.
This plugin analyzed the structures, i.e., the pores, in the input images and computed a histogram
of the structure’s amount of directions. This histogram was calculated using either local gradients
orientation method or Fourier components analysis. Local gradients orientation is a local method that
calculates the image using a 5 X 5 Sobel filter to derive the local gradient orientations. Meanwhile,
the Fourier components analysis uses Fourier transform to transform the images and computes the
images’ Fourier power spectra. The results from these two methods can automatically computed by
the Directionality plugin. A preferred pore orientation was analyzed from the histograms and their
respective rose diagrams.
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3. Results

3.1. Magnetic Anisotropy Parameters

Table 2 shows the magnetic anisotropy parameters for all specimens. Samples from Mt. Anyar
were more anisotropic than samples from Mt. Ijen Muda. T indicates the shape parameter of each
specimens [34] and is defined as T = (21, — 11 — 13)/(11 — 113). Positive value T > 0 means that the
specimen has oblate shape while negative value T < 0 indicates prolate shape [35]. It is important
to note that within the same sample, specimens might have either prolate or oblate shapes. From all
specimens, only IJ4 had an overall positive value, indicating the sample has oblate shape (Figure 2), in
contrast with ANY1, ANY2, and ANY3, which had overall negative value. Meanwhile, ANY4 had an
equal number of positive and negative valued specimens.

Table 2. Magnetic anisotropy parameters for all specimens.

Sample Specimen K, (SI) T L F P; P% P% mean

ANY1_1 1.624 x 10 —0.038 1.024 1.022 1.046 4.611
ANY1_2 1.572x10™°  —0.208 1.035 1.023 1.059 5.831
ANY1_3 1.590 x 1075 —0.209 1.040 1.026 1.067 6.678

7'
ANY ANY1_4 1.595 x 10> 0.010 1.040 1.041 1.083 8.302 6790
ANY1_5 1.571 x 10 —-0.010 1.034 1.033 1.068 6.830
ANY1_6 1.578 x 10~ 0.356 1.027 1.057 1.087 8.491
ANY2_ 1 0.954 x 107° 0.823 1.002 1.021 1.025 2.275
ANY2 2 0.918 x 10~° —0.066 1.027 1.024 1.052 5.218
-5
ANY?2 ANY2_3 0.903 x 10_ 0.389 1.008 1.019 1.027 2.679 2786
ANY2_ 4 1.980 x 107> —0.856 1.015 1.001 1.018 1.629
ANY2_5 2.024 x 107° —0.098 1.013 1.011 1.024 2.419
ANY2_6 2.007 x 107° —0.748 1.022 1.003 1.027 2.497
ANY3_1 1.403 x 107> -0.567 1.019 1.005 1.026 2.468
ANY3_2 1.140 x 107 —0.089 1.018 1.015 1.033 3.261
5 .
ANY3 ANY3_3 1.329 x 10 0.542 1.020 1.006 1.027 2.563 4213
ANY3_4 1.300 x 10 0.353 1.019 1.041 1.062 6.078
ANY3_5 1.148 x 105 -0.378 1.027 1.012 1.041 3.982
ANY3_6 1.140 x 10~ —0.442 1.049 1.019 1.072 6.928
ANY4_1 1.154 x 10~ 0.337 1.012 1.024 1.037 3.590
ANY4_ 2 1.130 x 107> 0.428 1.015 1.037 1.054 5.223
-5
ANY4 ANY4_3 1.220 x 10_ 0.361 1.014 1.029 1.044 4.302 4508
ANY4 4 0.954 x 107° -0.010 1.018 1.017 1.035 3.541
ANY4_ 5 0.894 x 107° —0.436 1.035 1.013 1.050 4.862
ANY4_6 0.933 x 107° -0.356 1.038 1.018 1.058 5.652
IJ4_1 1.019 x 10 —0.247 1.023 1.014 1.037 3.640
1J4_2 1.046 x 102 0.687 1.007 1.040 1.051 4.739
174 1J4_3 9.709 x 107° 0.638 1.005 1.025 1.033 3.076 3.004
1J4 4 0.962 x 10~° 0.470 1.008 1.023 1.033 3.194 ’
1J4.5 0.896 x 10~° 0.433 1.005 1.014 1.020 1.897
1J4_6 0.913 x 107° 0.690 1.004 1.023 1.029 2.675

Notes: K;; = mean susceptibility; T = shape parameter; L = lineation; F = foliation; P; = corrected degree of
anisotropy; P% = degree of anisotropy; P%;ean = mean of degree of anisotropy.
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Figure 2. A plot of shape parameter (T) and the corrected degree of anisotropy (P;). Positive values
indicate an oblate shape, whereas negative values indicate a prolate shape.

The degrees of anisotropy for samples used in this study were 1%-8%. These values were typical
for basaltic lava flows, which usually less than 10% [5,27,36,37]. Overall, samples from Mt. Anyar had
higher degrees of anisotropy on average compared to samples from Mt. Merapi and Mt. [jen Muda.
ANY3 had the highest degree of anisotropy on average. P% variations between the core samples from
the same rock specimen were observed. However, the variations were relatively small.

3.2. Direction of the Principal Susceptibilities

All three axes of susceptibility (K, K, and K3) were projected onto an equal area stereograph
to better represent the declination and inclination of the axes (Figure 3). Mean vectors with their
respective circle of confidence calculated using Jelinek statistic [38] gave a statistical insight into the
degree of data scatter, represented by the 95% area of confidence (shown as circles of confidences
in Figure 3), and how reliably they infer flow direction. The mean values (Table 3) of all principal
magnetic susceptibility axes in each sample can be an indication of lava flow direction if the level of
confidence of the respective susceptibility axis was high.
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Figure 3. Lower hemisphere projection on equal area stereograph of (a) ANY1; (b) ANY2; (c) ANY3;
(d) ANY4 and (e) IJ4 that contain all the principal susceptibilities from six core specimens. Large filled
symbols represent the mean vector of each corresponding axis. Circles show the 95% area of confidence.
K; = maximum susceptibility, K, = intermediate susceptibility, and K3 = minimum susceptibility.
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Table 3. Mean values of susceptibility axes of each sample.

Direction of Mean Principal Susceptibility Axes

Sample K, K> K3
Dec (°) Inc (°) Dec (°) Inc (°) Dec (°) Inc (°)
ANY1 13 10 107 21 259 67
ANY?2 27 55 143 17 243 29
ANY3 45 46 311 4 218 44
ANY4 55 37 308 22 194 45
1J4 88 34 339 26 220 45

The maximum axes in all samples generally clustered, except for ANY1 and ANY2, whereas the
maximum axes were more scattered and had wider circles of confidence. Intermediate axes were
always scattered with shallow inclination or had a low level of confidence. ANY3 and ANY4 had the
highest level of confidence for their maximum axes.

3.3. Pore Distribution

Pore distribution images obtained using the micro-computed tomography (uCT) method are
shown in Figure 4. The images show pore distribution cut horizontally (round images) and vertically
(rectangular images). The differentiation between the specimen’s solid and hollow parts was based on
the grayscale filter. We calculated the porosity of each specimen (Table 4) using CTAn software (by
Bruker MicroCT, Kontich, Belgium). In accordance with a previous study [31], the result from uCT and
thin-slice showed a very good relationship in the porosity percentage, except for ANY1. However,
it was expected given that ANY1 had a low value of porosity. The lower the value of porosity, the
calculation of porosity using thin-slice becomes less accurate. The images confirmed the porosity
values, where ANY1 and IJ4 had significantly less pore space compared to ANY2, ANY3, and ANY4.

Table 4. Porosity percentage comparison between micro-CT method and thin-slice [25].

Porosity Percentage

Sample
uCT (%) Thin-Slice (%)
ANY1 1.8 4
ANY2 12.8 12
ANY3 13.4 12
ANY4 15.1 15
1J4 2.5 2

ANY1 had the lowest percentage of porosity and smallest pore space. This is different from other
Mt. Anyar samples (ANY2, ANY3, ANY4), which have a larger pore space. IJ4 fell somewhere in
between, despite coming from a different eruption source, which could be caused by the sampling
position relative to the lava body. The upper part of a lava flow usually has a larger and higher vesicle
density content [39,40].

For specimens, the preferred pore orientations were calculated using the Directionality plugin
from Image]. We calculated the preferred orientations from the horizontal slices to obtain declination,
and from vertical slices to obtain inclination. Vertical slices were cut parallel to the North direction. The
preferred orientation and the distribution of pore orientations are better presented with rose diagrams
calculated from the directional histograms. The rose diagrams are shown in Figures 5 and 6. The
values (Table 5) were calculated by the Directionality plugin.
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(2) ANY1

Figure 4. Pore distribution images of (a) ANY1; (b) ANY2; (c) ANY3; (d) ANY4 and (e) IJ4 seen from
the top (circles) and side (rectangles) of the core specimens. Black hue represents the solid parts while
greyish hue represents the pores. Round images are the vertical view of each sample while rectangular
images represent the side view. N indicates north directions. Vertical streaks are from where the pores
intersect the scan field. Darker images for ANY1 and IJ4 reflect their relatively low percentage of
porosity and small pore space.
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Figure 5. Rose diagrams of horizontal slices of (a) ANY1; (b) ANY2; (c) ANY3; (d) ANY4 and (e) IJ4
specimens that were used in uCT imaging. These diagrams show the distribution of the declination
of pores orientation. Vertical axis represents North-South direction while horizontal axis represents
East-West direction. Black arrows indicate the declination preferred pore orientation.

(c) ANY3

Figure 6. Rose diagrams of vertical slices of (a) ANY1; (b) ANY2; (c) ANY3; (d) ANY4 and (e) IJ4
specimens that were used in uCT imaging. These diagrams show the distribution of the inclination pores

orientation. Vertical axis represents Up-Down direction while horizontal axis represents North-South
direction. Black arrows indicate the inclination preferred pore orientation.
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Table 5. Preferred pore orientation calculated using the Directionality plugin from Image] and the
angle between preferred pore orientation and either Ky, Ky, or K3. * indicates the closest axis to the
preferred orientation.

Preferred Pore Orientation Angle between Preferred Pore

Sample Orientation and Susceptibility Axes
Dec (°) Inc (°) K1 (®) K, (°) K5 (°)
ANY1 75 69 71 52 46 *
ANY2 41 32 25* 89 65
ANY3 199 14 64 68 34*
ANY4 219 6 71 52 46 *
1J4 234 52 90 78 12#

4. Discussion

Using AMS to interpret lava flow direction has not always been successful [6-9], however, the
implications are undeniable [13]. The most common conclusion is that a specimen with normal
fabric will have the maximum axes lay parallel to the flow plane [1-4]. Following this, other studies
concluded that the maximum axes would be parallel with the flow plane only if the lava had a laminar
flow [41], or it will be parallel to the local lava flow direction [11]. A general geometry of magnetic
fabric can be seen in most cases (Figure 3), with ANY3 and ANY4 being the most well-defined, in
contrast with ANY1.

Based on the topographical slope, ANY1, ANY2, ANY3, and ANY4 have a relative slope with
northeast direction. This confirmed by the maximum susceptibility axes of all samples from Mt. Anyar.
On the other hand, IJ4 has a relative slope to the northwest direction while its maximum susceptibility
axis has the declination of 88°. In the case of 1J4, the topographical slope is closely parallel to the
intermediate susceptibility axis. These conditions are likely related to the magnetic ellipsoid shape of
each sample, where samples from Mt. Anyar generally (except ANY4) have prolate shapes (highly
influenced by the maximum axis), while the sample from Jjen crater has overall oblate shape.

We investigated the possibility that analyzing pore orientation is reliable enough to support AMS
data. Qualitatively, all samples from Mt. Anyar have the direction of the declination of the axis of the
preferred pore orientation relative to the northeast-southwest, as shown in Figure 5. This coincides
with the direction of topographical slopes and the mean vector of the maximum susceptibility axes. In
the case of IJ4, the axis of the preferred pore orientation lays parallel with the maximum susceptibility
axis but perpendicular to the topographical slope.

The inclinations of the axes of preferred pore orientation are represented by the rose diagrams
shown in Figure 6. In order to determine the actual direction from the axes, we observed the direction
of which the inclination is positive (below the north-south axis on the rose diagrams). Based on this,
we chose the value of the declination and inclination of preferred pore orientation of each sample and
later calculated their correlations with their respective AMS data.

Table 5 shows the calculated preferred pore orientation for each sample. In order to find
the correlation between AMS and pore orientation, we calculated the angle between the preferred
orientations and all susceptibility axes of each sample using Stereonet program (developed by Richard
Allmendinger) [42,43] (Table 5). The axis with the smallest gap to the preferred pore orientation of each
sample is assumed to imply the lava flow direction. Following this assumption, it can be observed that
the flow directions of ANY?2 lay closer to the maximum axes, while it is closer to the minimum axes for
ANY1, ANY3, ANY4, and IJ4.

These results are consistent only with the topographical slopes of ANY2. The sample was
taken from the lower part of the lava flow, shows good conformity between AMS (respective to the
susceptibility axis), preferred pore orientation, and topographical slope. This may be because the lower
zone usually has less density and size of vesicles than the upper part. In addition, it usually is the most
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indicated region to obtain lava flow direction from AMS [44]. It also should be noted that ANY2 has
the lowest average of degree of anisotropy.

In contrast, the results for ANY1, ANY3, and ANY4 show that the preferred pore orientations are
not close to the maximum axes, but instead are nearly perpendicular to each other. For both ANY3
and ANY4, despite their relatively good AMS fabric, this can be considered as the effect of larger
size and population of pores [45], as ANY3 and ANY4 are both taken from the upper part of the lava
flow [41,42]. This could make the distribution of the pore space more ambiguous because the directions
are evenly distributed. The software used to determine the pore direction (Directionality plugin from
Image]) calculates all possible directions of the pores. Therefore, larger size and population tend to
make the calculated direction more evenly distributed. In addition, AMS can be disturbed in the upper
part of lava with high concentration of vesicles [11], making it more scattered [41].

Considering the topographical slopes of all Mt. Anyar samples, the preferred pore orientations of
all samples (Table 5) should be to the northeast direction. Instead, for both ANY3 and ANY4 they are
shifted nearly 180 degrees. This suggests that the rock bodies of ANY3 and ANY4 had undergone
several geological deformations. As shown in Figure 1, both were taken near a fault line. Thorough
examination of both rock bodies is needed for more accurate results.

A different case is observed with IJ4. The result shows that the preferred pore orientation is not
consistent with the topographical slope. It is nearly parallel with the minimum susceptibility axis,
making it nearly perpendicular to the intermediate and the maximum axes. In this case, all three
parameters show no positive correlation. If the assumption of relative sampling position used for
ANY?2 taken into account, IJ4 should show a good conformity within all parameters. This can be
accommodated by considering its magnetic ellipsoid, which are mostly oblate. However, the effect
of exact sampling position within the same zone in a lava body and magnetic ellipsoid for both pore
orientation and AMS is still not thoroughly defined. Further examination of the vertical position effects
within the lava body relative to the orientation of vesicles is needed.

5. Conclusions

Only one out of five samples (ANY2) show good quantitative conformity between AMS data,
preferred pore orientation, and topographical slope. Although ANY1 has a relatively large angle
between the preferred pore orientation to all susceptibility axes, the relative direction of all parameters
is to the northeast-southwest. A different case is observed with both ANY3 and ANY4 where the
preferred pore orientations seem to be shifted nearly 180 degrees. The sampling sites were near a fault
line, making it possible that the rock bodies had undergone some deformations. In the case of IJ4, all
parameters showed no positive correlation. It should be noted that for all samples except ANY2, the
preferred pores orientation lay nearly perpendicular to the maximum susceptibility axis. The different
results obtained for each sample maybe influenced by the sample’s magnetic ellipsoid and the relative
vertical position of the sampling site within a single lava flow unit. The upper part usually has bigger
size and pore density, which can disturb AMS data and pore/vesicle orientation. Based on the results
of this study, it is advisable to take the samples from the lower part of the flow—which usually have
sufficient pores and good AMS data—to determine lava flow direction. As can be seen in the cases
of ANY3 and ANY4, another important factor to consider in this analysis is the geological condition
of the rock bodies, which in the case of this study was the change of rock bodies” orientations, made
apparent by the presence of a fault line. Despite the limitations in statistical aspects, the structure and
the results of this study are encouraging and shall be explored further.
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