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Abstract 20 

The in-situ orientation of drilled core samples provides valuable information 21 

for a broad range of geological and geophysical studies, such as the determination of in-22 

situ principal stress directions or analyses of geological structure. However, the in-situ 23 

orientation of core samples is not available in many cases. In this paper, we present a 24 

method for restoring the in-situ orientation of drilled whole-round core samples and its 25 

application to hemipelagic sedimentary rocks. The method is based on the natural 26 

remanent magnetization (NRM) of rocks. As a case study, we apply this method to 15 27 

oceanic sedimentary soft rock samples recovered from the toe of the Nankai Trough off 28 

Cape Muroto, SW Japan, during International Ocean Discovery Program Expedition 370. 29 

We developed a new sample-preparation procedure that enables more data 30 
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acquisition and evaluated the NRM measurement results. Some samples could not be 31 

reoriented owing to magnetic overprints associated with the drilling operations. To 32 

evaluate the magnetic overprints caused by drilling and assess the data quality of the 33 

core reorientation by this method, we propose an evaluation system with three ranks 34 

defined for different levels by which NRM results are affected by drilling. This 35 

evaluation system is also useful for assessing the data quality of core reorientation by 36 

the NRM method in other similar applications. 37 

 38 
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1. Introduction 43 

 44 

The safe and effective exploitation of the crust requires a wide range of 45 

information regarding its physical properties, in-situ stress, and underground structure. 46 

One way to obtain this information is to analyze drilled rock core samples (referred to 47 

as core samples). The use of core samples offers the following advantages: i) real 48 

materials in the crust can be measured directly, and ii) experiments can be conducted 49 

under a range of laboratory conditions. The in-situ orientation of a core sample is 50 

crucial to extract its full range of information, including principal stress directions, 51 

anisotropy of permeability, and geological structures such as orientations of faults. 52 

However, core samples are rotated during conventional drilling and the in-situ 53 

orientation is lost. Several methods have been reported to restore the in-situ orientation 54 

of a core sample, referred to as “core sample reorientation” 1–3) . 55 

The natural remanent magnetization (NRM) of a core sample has been 56 

successfully used for core reorientation 4–7) with some variations according to 57 

differences in the sample preparation . The most common method uses a small 58 

cylindrical specimen drilled from a core sample, and the specimen NRM is measured. 59 

However, this method cannot determine measurement errors. To address this problem, 60 

we propose a new method of preparing nine small specimens from a single core 61 

sample and measuring the NRM of eight of the specimens to obtain a statistical 62 

evaluation of the measurement error. While some previous studies have performed 63 

NRM measurements on several specimens from a single rock sample8), those studies 64 

did not undertake core reorientation. 65 

In this article, we first present the principle of core reorientation based on 66 

NRM, followed by a detailed explanation of specimen preparation from a core sample. 67 

We then discuss the results of an application of this method to hemipelagic 68 

sedimentary soft rock collected from an ocean drilling borehole off Cape Muroto 69 

during Expedition 370 conducted by the International Ocean Discovery Program 70 

(IODP). We also discuss the effects of secondary remanent magnetization owing to 71 

drilling process on core reorientation and propose a data quality assessment criterion. 72 
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2. Theoretical basis for reorientation 73 

 74 

2.1 Core sample reorientation based on rock NRM 75 

Rocks generally contain magnetic minerals, such as magnetite and pyrrhotite, 76 

and hence can be magnetized. When a rock forms, it usually acquires a remanent 77 

magnetization parallel to the Earth’s magnetic field at that time: referred to as the 78 

primary NRM 9). The method used in this study reorientates a core sample based on the 79 

assumption that the primary NRM points to the present geographic north. This 80 

assumption is reasonable for areas that have experienced small degrees of regional 81 

tectonic rotation. 82 

 83 

2.2 Demagnetization of secondary NRM 84 

After a rock forms, it can acquire secondary remanent magnetizations owing to 85 

changes in the external environment, such as an artificial magnetic field caused by 86 

drilling. This type of remanent magnetization is called secondary NRM. The resultant 87 

NRM of a core sample immediately after drilling is a vector sum of primary and 88 

secondary NRMs (Fig. 1). To reorientate a core sample based on the primary NRM, it is 89 

necessary to eliminate the secondary NRM. This process is called demagnetization (Fig. 90 

1). 91 

There are two main demagnetization techniques: i) thermal demagnetization 92 

(ThD), which demagnetizes secondary NRM by heating a sample in a zero magnetic 93 

field; or ii) alternating field demagnetization (AFD), which demagnetizes secondary 94 

NRM by applying an alternating magnetic field to a sample in a zero magnetic field. In 95 

this study, we used the AFD technique, which can effectively demagnetize multiple 96 

samples simultaneously. The demagnetization process is usually plotted on a Zijderveld 97 

diagram 10) ,as shown in Fig. 2. 98 

Two important hypotheses are as follows: i) the measured NRM is the vector 99 

sum of primary and secondary NRMs; and ii) demagnetization of primary NRM begins 100 

after the secondary NRM is completely demagnetized. Then projections of the vector 101 

end points of the primary NRM during the demagnetization process form a line that 102 
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passes through the origin on the Zijderveld diagram. Previous studies have used this fact 103 

to distinguish primary NRM from secondary NRM and we also adopt this approach. 104 

 105 

2.3 Assessment of reorientation results 106 

This section describes the quality assessment of reorientation results, with 107 

particular attention given to quantifying the influence of drilling. Reorientation results 108 

were classified into three ranks indicating good (A), fair (B), and poor (C) quality 109 

according to the following procedures. 110 

 111 

Step 1 Determination of rank C 112 

This classification was based on the demagnetization results of specimen 1 (Fig. 113 

3b), which was located at the center of the disc-shaped sample and thought to be less 114 

influenced by drilling than the other specimens. Rank C is defined if a demagnetized 115 

component that does not linearly decay to the origin on the Zijderveld diagram and thus 116 

primary NRM is not recognized. Consequently, the core sample cannot be reoriented by 117 

NRM analysis. If the line can be confirmed, further analysis is conducted in Step 2.  118 

 119 

Step 2 Classification of the remaining results into ranks A or B 120 

If the result is not classified into rank C, that is, primary NRM can be 121 

determined in specimen 1, the 95% confidence limit of the mean angle (α95) of the 122 

primary NRM10) is calculated using the demagnetization results from the eight 123 

specimens from the same core sample including specimen 1. A result of α95 ≤ 5∘ is 124 

classified as rank A and α95  > 5∘  as rank B. Rank A results can be used for 125 

reorientations without problems. On the other hand, we suggest that the use of rank B 126 

results depends on the number of core samples and/or the importance of the location 127 

where the sample is retrieved. 128 

  129 



6 

3. Materials and methods 130 

3.1 Experimental procedure 131 

 132 

A detailed explanation of the procedure used to prepare eight specimens from 133 

a core sample is given below. 134 

First, a disc-shaped sample with a thickness of about 2 cm was cut from the 135 

upper or lower end of the core sample (Fig. 3a) using a diamond saw. The thickness was 136 

determined by the maximum specimen height measured by the NRM-measuring 137 

instrument because larger specimen volumes may increase data quality. The disc-shaped 138 

sample was then cut into nine specimens, as shown in Fig. 3b. The reasons for separating 139 

the sample are 1) limited sample size by the measuring equipment, 2) the remaining core 140 

sample can be used for other measurements, 3) the quality of the results can be 141 

determined statistically.  142 

When cutting a sample, an isothermal remanent magnetization (IRM) can be 143 

added owing to the artificial magnetic field around the diamond saw. However, this 144 

mainly affects the specimen surface, which is small compared with the total volume 145 

(~8 cm3). In the case that the influence cannot be ignored, the IRM formed from the saw 146 

is also considered as a part of the secondary NRM. An assessment of the influence of 147 

cutting therefore requires consideration based on the final result. To prevent drying, 148 

specimens were wrapped in parafilm (Fig. 3c). Because the number of specimens that 149 

can be simultaneously measured is eight according to the equipment specifications, eight 150 

specimens including specimen 1 were selected from nine specimens. Specimens with 151 

sufficient volume were selected. 152 

In this study, NRM demagnetization and measurement were conducted using a 153 

pass-through superconducting rock magnetometer manufactured by 2-G Enterprise 154 

(Model 760R) at Kochi University, Japan. Progressive AFD was performed by applying 155 

an alternating magnetic field to specimens, typically in 24 steps between 0 and 80 mT. 156 

NRM vector end points at each demagnetization step were plotted on a Zijderveld 157 

diagram and the primary NRM was extracted as the line passing through the origin 11, 12) 158 

(Fig. 2). 159 
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Two angles are usually used to represent the NRM orientation, namely, 160 

inclination and declination (Fig. 4). In this study, declination is defined as the angle 161 

between an arbitrary determined reference line (Fig. 4) and the horizontal NRM 162 

component, although it generally refers to the angle between the latter and true north. 163 

Inclination is defined as the angle between the horizontal plane and NRM vector. It is 164 

known that the Earth’s magnetic field varies over time and the two angles of primary 165 

NRM usually correspond to the averaged direction of the field over time for formation 166 

of a rock. If a rock formed over a few thousand years, the geocentric axial dipole 167 

hypothesis10) allows the declination of the primary NRM to be regarded as 168 

corresponding to the present geographic north. These two angles were calculated by 169 

linear regression analysis on components that linearly decay to the origin on a Zijderveld 170 

diagram12). 171 

 172 

3.2 Core samples 173 

The core samples used in the case study were retrieved from borehole C0023A 174 

during the IODP Expedition 370. C0023A is a vertical borehole located at the toe of the 175 

subduction zone of the Nankai Trough about 120 km southeast of Muroto, Kochi 176 

(32∘ 22.00′ N, 134∘ 57. 98′ E, 4,776 m water depth)13). The core samples are composed 177 

of Miocene to Quaternary soft sedimentary rocks (Table 1) (430–1123 m below seafloor) 178 

with porosities of 25%–45%13). Fifteen core samples were used and nine specimens were 179 

cut from each sample, as described in section 3.1. 180 

 181 

4. Results 182 

 183 

Fig. 5 shows the Zijderveld diagram with the demagnetization results of 184 

specimen 1 from sample core-1 in each demagnetization step. Black solid circles 185 

represent projections of the end points of the NRM vectors in each demagnetization step 186 

onto the horizontal plane, and black open circles are those onto a vertical plane oriented 187 

north-south. Gray circles (both solid and open) show the secondary components of the 188 

NRM vector. The vector length represents the magnetization magnitude. The two black 189 
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dashed lines in the figure are regression lines fitted to the primary NRM. To extract the 190 

primary NRM, a straight line is fitted to a component that linearly decays to the origin. 191 

The inclination and declination can be determined from the angles between the lines and 192 

the x-axis. Table 1 lists the inclinations and declinations obtained from each core sample. 193 

Some inclinations show negative values, which are due to magnetization recorded in the 194 

reversed polarity chron10). 195 

Following the geocentric axial dipole hypothesis, the inclination at each latitude 196 

of Earth’s surface can be calculated as follows10): 197 

 𝐼𝐼 = tan−1(2 tan 𝜆𝜆), (1) 

where 𝐼𝐼 represents inclination and 𝜆𝜆 is the latitude of the drilling site. Substituting the 198 

latitude of the drilling site into Eq. (1), the calculated inclination is ~52∘. Although it 199 

is seemingly possible to assess the quality of the reorientation based on this theoretical 200 

value, the actual inclination value has been reported to potentially differ substantially 201 

from theory owing to the consolidation or rotation of the formation10). An evaluation of 202 

the data quality is therefore difficult using only this value. 203 

 204 

5. Assessment of drilling influence  205 

 206 

The most unique feature of the reorientation method proposed in this study is 207 

that it can statistically assess the influence of secondary NRM caused by drilling. In this 208 

section, we show the results of three samples (Core-1, Core-6, and Core-4) selected from 209 

each of the three ranks defined in section 2.3 and discuss the influence of drilling on the 210 

reorientation results.  211 

Fig. 6 shows the Zijderveld diagrams of each specimen from the three core 212 

samples. Numbers 1–9 in the figure correspond to the numbers of specimens in Fig. 3b. 213 

Fig. 7 shows equal area projections of the primary components of the normalized NRM 214 

vectors for each specimen. Black solid and open circles indicate lower and upper 215 

hemisphere projections, respectively. Gray circles (solid and open) indicate specimens 216 

that were not used for averaging. Triangles show the averaged direction using the results 217 

from specimens, except for those marked by gray circles. Dotted ellipses show the 95% 218 
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confidence areas. 219 

 220 

5.1  Rank A 221 

Fig. 6a and Fig. 7a show the results of Core-1, which is rank A. The results 222 

show no significant difference between the specimen in the center (specimen 1) and the 223 

others. We consider that this type of sample was not affected by drilling and reorientation 224 

was accomplished. However, Core-15, which is also rank A, has an inclination of ~80∘ 225 

(Table 1), which indicates a vertical downward NRM and requires further consideration 226 

with regards to the influence of drilling. 227 

 228 

5.2 Rank B 229 

Fig. 6b and Fig. 7b show the results of Core-6, which is rank B. α95 of Core-230 

6 is 13.7∘. For this type of result, the primary NRM component of specimen 1 was able 231 

to be extracted. However, specimens cut from the periphery (4, 5, 6) were affected by 232 

drilling and have secondary NRMs with inclinations of ~90∘. It is therefore difficult to 233 

extract the primary NRM component from these specimens. 234 

 235 

5.3 Rank C 236 

Fig. 6c and Fig. 7c show the results of Core-4, which is rank C. For this type of 237 

sample, almost all the specimens, including the central one, were affected by 238 

ferromagnetic materials (such as steel pipes) while drilling, and the primary NRM itself 239 

was also disturbed. There are no specimens from which the linear component decays to 240 

the origin on a Zijderveld diagram can be extracted, and the method proposed in this 241 

paper cannot be applied. Three different results can therefore be obtained from the same 242 

drilling owing to the different degrees of magnetization of the drilling bit and coercive 243 

forces of the sample itself. 244 

  245 
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6. Conclusions 246 

 247 

We applied a reorientation method using the NRM of rock to hemipelagic 248 

sedimentary soft rocks from the Nankai Trough and discuss the magnetic influence of 249 

drilling on the reorientation results. The primary NRM recorded in the central specimen 250 

must be extracted to reorientate a core sample. Because rocks can acquire secondary 251 

NRM after formation, secondary NRM must be demagnetized. When applying the 252 

reorientation method based on rock NRM, it is important to evaluate the influence of 253 

drilling on the reorientation results. In this study, this assessment was conducted by 254 

comparing the demagnetization results of the central specimen, which is considered to 255 

be less affected by drilling, with those of surrounding specimens, which are more likely 256 

to be affected by drilling. Reorientations were achieved in cases where the components 257 

decaying linearly to the origin on the Zijderveld diagrams were identified. Statistical 258 

analyses then allow for further data assessment: rank A (good) is defined by a 259 

concentrated distribution of the primary NRM orientation (α95  ≤ 5∘ ) (e.g. Core-1), 260 

whereas rank B (fair) is defined by a relatively scattered distribution (α95 > 5∘) (e.g. 261 

Core-6).  262 

One of the remaining problems is the approach by which to weigh the results 263 

of each specimen by calculating the average direction of each specimen. The result of 264 

the central specimen is generally considered to be more reliable than those of other 265 

specimens. A means to incorporate this information into the average calculation is the 266 

subject of a future study. The method of sample preparation and data quality assessment 267 

proposed here offers important guidelines, especially for valuable core samples such as 268 

those retrieved from the deep drilling of the IODP. 269 

  270 



11 

Acknowledgments 271 

 272 

In this study, we used core samples collected during the IODP expedition 370. Takehiro 273 

Hirose from JAMSTEC and Osamu Tadai from Marine Work Japan strongly supported 274 

us in sample preparations. In addition, Sumihiko Murata, Graduate School of 275 

Engineering, Kyoto University, provided excellent suggestions for discussions. Part of 276 

the work was supported by Grants-in-Aid for Scientific Research 16H04065 and 277 

19H00717 of the Japan Society for the Promotion of Science (JSPS), Japan. 278 

NRM measurements was performed under the cooperative research program of Center 279 

for Advanced Marine Core Research (CMCR), Kochi University <No. 16C002>.  280 

 281 

  282 



12 

REFERENCES 283 

1) N. Shigematsu, M. Otsubo, K. Fujimoto and N. Tanaka: J. Struct. Geol. 67 (2014) 284 

293-299. 285 

2) M. Tamaki, K. Suzuki and T. Fujii: Mar. Pet. Geol. 66 (2014) 404-417. 286 

3) R. A. Nelson, L. C. Lenox and B. J. Ward Jr: AAPG Bull. 71 (1987) 357-367. 287 

4) T. B. Byrne, W. Lin, A. Tsutsumi, Y. Yamamoto, J. C. Lewis, K. Kanagawa, Y. 288 

Kitamura, A. Yamaguchi and G. Kimura: Geophys. Res. Lett. 36 (2009) L23310. 289 

5) Y. Yamamoto, W. Lin, H. Oda, T. B. Byrne and Y.Yamamoto: Tectonophysics. 600 290 

(2013) 91-98. 291 

6) Y. Nagano, W. Lin and K.Yamamoto: Mar. Pet. Geol. 66 (2014) 418-424. 292 

7) J. M. Parés, A. M. Schleicher, B. A.van der Pluijm and S. Hickman: Geophys. Res. 293 

Lett. 35 (2008) L02306. 294 

8) C. Jin and Q. Liu: J. Geophys. Res. 115 (2010) 1–15. 295 

9) R. T. Merrill, M. W. McElhinny and P. L.McFadden: The magnetic field of the 296 

earth : paleomagnetism, the core, and the deep mantle, (Academic Press, San Diego, 297 

1996) pp. 531. 298 

10) R. F. Butler: Paleomagnetism: magnetic domains to geologic terranes. (Blackwell 299 

Scientific Publications, Boston, 1992), pp. 319. 300 

11) P. L. McFadden and M. W. McElhinny: Earth Planet. Sci. Lett. 87 (1988) 161-172. 301 

12) J. L. Kirschvink: Geophys. J. R. Astron. Soc. 62 (1980) 699-718. 302 

13) V.B. Heuer, F. Inagaki, Y. Morono, Y. Kubo, L. Maeda and the Expedition 370 303 

Scientists: Proceedings of the International Ocean Discovery Program, 370 (2017) pp. 304 

1-20. 305 

306 



13 

Caption List 307 

Table 1 Results of core reorientation based on the Natural Remanent Magnetization 308 

Measurements. 309 

 310 

Fig. 1 Schematic graph showing demagnetization steps. Two-dot chain lines show 311 

primary natural remanent magnetization (NRM). One-dot chain lines show secondary 312 

NRM on each demagnetization steps, which are demagnetized in order to extract 313 

primary NRM. Black solid lines show sums of primary NRM and secondary NRM 314 

(resultant NRM) on each demagnetization steps. Broken lines show demagnetized 315 

secondary NRMs. Resultant NRMs are measured on each step and plotted on Zijderveld 316 

diagram. 317 

 318 

Fig. 2 (a) Projections of NRM onto the horizontal and vertical planes. (b) Schematic 319 

diagram of a Zijderveld projection. The numbers in the figures show the number of steps 320 

in demagnetization process. Solid black circles are projections of the end points of the 321 

NRM vector onto the horizontal plane and open circles are those onto a vertical plane 322 

oriented north-south10). 323 

 324 

Fig. 3 Pictures of sample preparation. (a) A whole round core sample. Strain gages 325 

attached to the sample were used for another measurement. (b) A disc-shaped sample 326 

cut from a whole round core sample. The numbers show those of specimens used in Fig. 327 

6. (c) Specimens wrapped by parafilms. White allow show the direction of the reference 328 

line of the whole-round core sample. 329 

 330 

Fig. 4 The definitions of inclination and declination. Inclination is the angle from the 331 

horizontal plane and declination is the angle from an arbitrary determined reference line. 332 

 333 

Fig. 5 The Zijderveld diagram of the result of specimen Core-1-1. Black solid circles 334 

are projections of the end points of the NRM vector onto the horizontal plane and black 335 

open circles are those onto a vertical plane oriented north-south. Gray circles (open and 336 
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solid) are the secondary components of the NRM vector. 337 

 338 

Fig. 6 Zijderveld diagrams of NRM obtained from (a) Core-1, (b) Core-6, (c) Core-4. 339 

The numbers show those of the specimens (see Fig. 3 (b)). 340 

 341 

Fig. 7 Equal-area projections of the NRM directions for 8 specimens from one whole 342 

round core sample. Black solid circles show lower hemisphere projection and open 343 

circles show upper hemisphere projection. Gray circles (solid and open) show the 344 

specimens which are not used for averaging. Triangles show the averaged direction 345 

using the results from specimens except for gray ones. Dotted circles show the 95 % 346 

confidential area. (a) The result of Core-1 (rank A), (b) the result of Core-6 (rank B), (c) 347 

the result of Core-4 (rank C). 348 

 349 

  350 
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Table 1 Results of core reorientation based on the Natural Remanent Magnetization Measurements. 

 

Sample 

ID 
IODP core sample source 

Core top depth 

(mbsf) 

Inclination 

(degree) 

Declination 

(degree) 

α95 

(degree) 
Rank 

Core-1 C0023A-18R-1-WR 101.0-121.0 cm 429.01 54.4 286.7 3.8 A 

Core-2 C0023A-23R-1-WR 98.0-109.0 cm 475.98 55.6 137.8 3.3 A 

Core-3 C0023A-24R-7-WR 25.0-45.0 cm 491.17 45.5 317.1 2.2 A 

Core-4 C0023A-33R-7-WR 70.0-85.0 cm 567.13 -52.0 214.5 7.8 C 

Core-5 C0023A-43R-5-WR 60.0-81.0 cm 654.87 63.5 215.2 1.8 A 

Core-6 C0023A-54R-2-WR 20.0-37.0 cm 713.80 -37.1 36.7 13.7 B 

Core-7 C0023A-55R-1-WR 112.0-131.0 cm 718.62 63.4 180.5 4.1 A 

Core-8 C0023A-61R-2-WR 0.0-19.0 cm 748.34 56.9 102.2 1.9 A 

Core-9 C0023A-67R-1-WR 108.0-121.0 cm 776.08 -16.7 188.5 4.7 A 

Core-10 C0023A-77R-2-WR 127.0-146.5 cm 822.02 -17.9 18.2 2.7 A 

Core-11 C0023A-81R-4-WR 15.0-35.0 cm 846.48 56.4 290.7 2.4 A 

Core-12 C0023A-86R-3-WR 131.0-151.0 cm 892.99 -54.4 117.5 3.8 A 

Core-13 C0023A-92R-3-WR 70.0-96.0 cm 950.11 -73.8 156.6 18.4 C 

Core-14 C0023A-99R-3-WR 20.0-40.0 cm 1023.11 71.9 116.7 5.3 C 

Core-15 C0023A-110R-2-WR 46.0-65.0 cm 1122.74 80.2 71.5 2.5 A 
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Fig. 1 Schematic graph showing progressive demagnetization steps. Two-dot chain lines show 

primary natural remanent magnetization (NRM). One-dot chain lines show secondary NRM on 

each demagnetization steps, which are demagnetized in order to extract primary NRM. Black solid 

lines show sums of primary NRM and secondary NRM (resultant NRM) on each demagnetization 

steps. Broken lines show demagnetized secondary NRMs. Resultant NRMs are measured on each 

step and plotted on a Zijderveld diagram.  
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Fig. 2 (a) Projections of NRM onto the horizontal and vertical planes. (b) Schematic diagram of a 

Zijderveld diagram. The numbers in the figures show the number of steps in demagnetization process. 

Solid black circles are projections of the end points of the NRM vector onto the horizontal plane and 

open circles are those onto a vertical plane oriented north-south10).  
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Fig. 3 Pictures of sample preparation. (a) A whole round core sample. Strain gages attached to the 

sample were used for another measurement. (b) A disc-shaped sample cut from a whole round core 

sample. The numbers show those of specimens used in Fig. 6. (c) Specimens wrapped by parafilms. 

White allow show the direction of the reference line of the whole-round core sample.  



19 

 
Fig. 4 The definitions of inclination and declination. Inclination is the angle from the horizontal 

plane and declination is the angle from an arbitrary determined reference line. 

  351 
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 352 

 

Fig. 5 The Zijderveld diagram of the result of Core-1-1. Black solid circles are projections of the end 

points of the NRM vector onto the horizontal plane and black open circles are those onto a vertical 

plane oriented north-south. Gray circles (open and solid) are the secondary components of the NRM 

vector.  
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Fig. 6 Zijderveld diagrams of NRM obtained from (a) Core-1, (b) Core-6, (c) Core-4. The numbers 

show those of the specimens (see Fig. 3 (b)). 

 353 
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Fig. 7 Equal-area projections of the NRM directions for 8 specimens from one whole round core 

sample. Black solid circles show lower hemisphere projection and open circles show upper 

hemisphere projection. Gray circles (solid and open) show the specimens which are not used for 

averaging. Triangles show the averaged direction using the results from specimens except for gray 

ones. Dotted circles show the 95 % confidential area. (a) The result of Core-1 (rank A), (b) the result 

of Core-6 (rank B), (c) the result of Core-4 (rank C). 

 354 


