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11. COMPUTED TOMOGRAPHY SCAN IMAGE ANALYSISOF SEDIMENTS!

Juichiro Ashi?

ABSTRACT

Three-dimensional high-resolution images of density distributions were obtained on unsplit cores using a medical X-ray
computed tomography (CT) scanner. The resolution of CT scanning is about 0.6 mm? and allows a 5-mm depth for beam width.
Electrical resistivity measurements were also conducted to know porosity at high depth resolution after core splitting. Whole-
round core samples for this study were collected from Sites 948 and 949 in the northern Barbados ridge accretionary prism dur-
ing Ocean Drilling Program Leg 156. On the basis of the relationship between densities and linear attenuation coefficients of
standard samples, densities derived from CT scans are consistent with densities by the mass/volume method of al the samples
irrespective of their compositions. Sample disturbance is easily detected in CT-scan images by convolutional texture in CT
images perpendicular to core axes. This nondestructive technique provides reliable densities at high depth resolutions for eval-
uating disturbances by drilling or core splitting.

INTRODUCTION METHODS

) Computed Tomogr aphy Scanning
A large amount of physical property data has been collected
worldwide by Deep Sea Drilling Project (DSDP) and Ocean Drilling Two types of commercial medical X-ray CT scanners (Toshiba
Program (ODP) cruises. During Leg 156, a logging-while-drilling  TCT-700S and Xforce) were used to acquire the CT images. In these
(LWD) tool acquired density and formation conductivity profiles  systems, the X-ray source produces a fan-shaped collimated beam,
(Shipley, Ogawa, Blum, et al., 1995). Thislogging techniqueisvery  and the beam rotates around the sample, with a detector pad at the op-
effective, especially in the accretionary prism where boreholes are  posite side. The CT scan image is mathematically reconstructed us-
unstable. Moore et &l. (1995) reported abnormally low density inthe g the intensities of the transmitted X-ray beam collected at regular
décollement zone, suggesting the existence of high pore-pressyfrements of rotation around the sample (Iwai, 1979; Morgan,
zones. Continuous or dense shipboard measurements of physiq@g3). The intensity of the transmitted X-ray beam is usually ex-
properties are required for correlation with logging data and studiggressed as the CT value, i.e., the ratio of the linear attenuation coef-
of high-resolution sedimentary environments. ODP shipboard medicient p of the material to that of pure water. A two-dimensional,
surements of sediment density are usually made on cores at intervg|gck-and-white image corresponding to CT values is derived by ir-
of several decimeters. The gamma-ray attenuation porosity evaluatg{diating a slice of finite thickness. Two different procedures were
(GRAPE) has provided bulk density data (Evans, 1965) at 2-chadopted for each scanner. In the TCT-700S type, samples were turned
depth intervals. Without considering core condition, however, bulkpn the core axes and slice images were taken at 15° intervals. Black-
densities derived from GRAPE can be misleading or incorrect due tgnd_white images from the CT scan were constructed using histo-
original and/or artificial fracturing, or gas expansion (Westbrook,gram equalization, which determines brightness windows and ranges,
Carson, Musgrave, et al., 1994; Shipley, Ogawa, Blum, et al., 1995)n the image processing system (Inazaki and Nakano, 1993). Histo-
The X-ray computed tomography (CT) technique has the advantaggam equalization provides contrastive images for structure observa-
of being nondestructive and providing high-resolution density datgons. In the Xforce type, 2-mm slice profiles were taken sequentially
and images. Use of the CT technique for geological samples has iffom the top to the bottom of each whole-round core, and processed
creased recently (e.g., Vinegar, 1986; Kenter, 1989; Kimura et akg make three-dimensional images by the core analysis system at
1989; Holler and Kdgler, 1990; Orsi, 1994; Orsi et al., 1994; Boesptechnology Research Center, Japan National Oil Corporation
flug et al., 1995). CT studies of internal structures and density detef(JNOC). As a result, three-dimensional images derived from the
minations were also done for deep-sea drilling samples (Soh &fforce scanner are helpful in the understanding of internal core struc-
al., 1993; Rutledge et al., 1995; Ashi, 1995). tures. Reconstruction using 2-mm slices, however, results in a slight
During Leg 156, eight whole-round and one half-round core samdegradation of the images. CT scan data using TCT-700S are mainly
ples were collected from the toe of the northern Barbados accretiogiscussed below.
ary prism (Fig. 1, Table 1). All samples consist of semiconsolidated The unit volume for which the CT value is acquired depends on
gray, light brownish gray, or pale yellowish claystone. In this studythe slice width of scanning. This is changeable within 1, 2, 5, and 10
CT and electrical resistiVity are employed to evaluate Sma”-scalﬁ]m’ a|th0ugh the resolution in a prof"e image is ~062nt_|’8|ng a
density and porosity variations, respectively. Both results are cals-mm slice width, the unit volume corresponds to a 0.6x6 mm
brated using discrete physical property data. x 5.0 mm cube. CT values were calibrated for density using six ben-
tonite standards with different densities regulated by void ratio (Ashi,
1995). The linear regression is

density = CT value/1250 + 1.0{R 0.902).
1Shipley, T.H., Ogawa, Y., Blum, P., and Bahr, JM. (Eds.), 1997. Proc. ODP, Sci.
Results, Vol. 156: College Station, TX (Ocean Drilling Program). . . _ . .
2Geologicdl Insiitute, University of Tokyo, 7-3-1 Bunkyo Hongo, Tokyo, 113 Japan. Linear attenuation coefficients depend on material compositions

ashi @geol .s.u-tokyo.acjp (e.g., Hounsfield, 1973). This is a question to be considered later.
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Figure 1. Bulk density and porosity vs. depth for Holes 948C (A) and 949B (B). Circles are derived from shipboard measurements of index properties (Shipley,
Ogawa, Blum, et al., 1995). Bulk densities from the LWD tool in Hole 948A are also shown (open squares). Rectangles show maximum and minimum values of
bulk density and porosity data measured on discrete samples from whole-round cores.

Table 1. Eight whole-round and one half-round core samples used in this
study.

Interval Depth
SampleID  Hole Core  Section (cm) (mbsf)
948-4 948C 4X 2 20-41 441.9
948-8 948C 8X 4 70-80 483.9
948-13 948C 13X CcC 15-25 536.46
948-15 948C 15X 1 93-103 546.33
949-5 949B 5X 4 43-56 287.73
949-7 949B 7X 4 42-55 307.02
949-14 949B 14X 4 33-45 359.73
949-19 949B 19X 3 95106 402.25
949-25 949B 25H 2 8493 460.74

Note: Sample 948-15 is a half-round core.

Figure 2 shows the density profiles estimated from CT values
aong acore axis line (solid circle) and 2 cm to the left (open circle)
and right of it (triangle). Also shown are density values calculated
from mass and volume measurements (dashed lines). In addition,
Figure 2 shows selected CT scan images of whole-round cores
(right), with photographs of split-core faces (center). Brighter partsin
CT scan images, indicating higher CT values, correspond to higher
densities. Brightness, however, cannot be correlated among the
scans, because the windows and ranges used in this study were dif-
ferent in each image.

Electrical Resistivity
Electrical resistivity measurements (Boyce, 1968; Kermabon et

a., 1969) can be used to estimate porosity at high depth resolutions.
The probe and resistivity device used in this study were designed at
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the Bedford Institute of Oceanography and are the same asthose used
for shipboard electrical resistivity measurements (Westbrook, Car-
son, Musgrave, et al., 1994) and shore-based study (Ashi, 1995) of
Leg 146. The probe consists of four pins, 2.5 mm apart. An aternat-
ing current is applied to the outer electrodes and the resistance of the
sediment between the two inner electrodes is calculated from the
measured voltage. Resistivity is defined as the resistance of a unit
area across a unit length.

Electrical resistivity measurements were made on the split-core
samples. The choice of cutting direction was selected according to
the CT scan images. To evauate anisotropy of resistivity, voltages
were applied in both transverse (horizontal) and longitudinal (verti-
cal) directionsrelative to the core axes, and spaced at intervals of 0.5
cm or 1 cm. Longitudina resistivities were measured sequentially
aong the center line of the split core and a 2 cm to theleft and right;
transverse resistivities were measured at 1 cm to the left and right of
the center line.

Porosity can be estimated using the formation factor (Archie,
1942), which is the ratio of the resistivity of the sediment to that of
the pore fluid (assumed seawater), using the following modified Ar-
chie equation (Lovell, 1985):

formation factor = a Cporosity ™,

where a and m are constants attributed to grain size and composi-
tion. The coefficients a and m were determined by plotting forma-
tion factor vs. measured porosity and fitting an exponential curve to
these data.

The quality of resistivity measurementsis attributed in large part
to the condition of the contacts between the sample and the electrical
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probes. Resistivity dataare, therefore, collected from portions of core vals less than 5 mm, is used for porosity estimation. Where the fluc-
where no fractureis observed, and datafrom samplesinwhichcracks  tuation of grain density is small, variations of porosity and bulk den-

formed during measurements are excluded. sity should be inversely correlated. A best fit in the Archie equation
between formation factors calculated from resistivities and mass/vol-
Sediment I ndex Properties ume derived porosities gives the coefficiemts 2 andm = 1.76.

There are correlations between resistivity-derived porosity and

After resistivity measurements, samples of approximately 12 cm? mass/volume-derived porosity in Samples 948-4, 948-13, 949-7, and
were collected at 2-cm intervals for index property measurements. 949-25 (Figs. 2D, 2G, 2H). Some samples indicate discrepancies be-
Bulk density was calculated from wet mass and volume (mass/vol- tween porosities derived from resistivity and mass/volume measure-
ume method) using an electronic balance and a Beckman air-compar- ments (Fig. 2). The largest discrepancy is observed in Sample 948-8,
ison pycnometer under helium-displacement. Core specimens must which is highly fractured (Fig. 2C). This sample also shows very low
be dried to obtain moisture content. To retain the interlayer water of CT values in comparison with the mass/volume-derived densities, as
clay minerals, oven temperature was set low. After drying at 50°C fomentioned above.
24 hr and freeze drying for 24 hr, dry weight and volume were mea- Anisotropy of electrical resistivity is clearly recognized in Sam-
sured. The freeze-drying time is determined by no weight changgles 948-13, 948-15, and 949-25 (Figs. 2A, 2D, 2l). Porosity calcu-
during drying in various density samples. Results are plotted in Fidated from transverse (horizontal) resistivity is always approximately
ure 1. Such index property data from split cores provided control dafZ%o lower than that from longitudinal (vertical) resistivity. A similar
for evaluating CT values and formation factors. discrepancy (less than 5%) is also observed in Sample 949-19 (Fig.

2E).

RESULTS
DISCUSSION

Multidirectional CT images are useful for understanding the ori-
entations of layers or shapes of deformation structures. Figure 2A Discrepancies between porosities derived from resistivity and
shows folded lamina and slightly inclined lamina truncated by anass/volume measurements may be due to the inadequate coeffi-
sharp horizontal plane in Sample 948-15. Burrows developed at tletents & and m) for porosity estimations from formation factors.
upper part are obscure because of limited CT resolution (Fig. 2A). Buch discrepancies, however, occur only in samples that contain
an object within a core is large enough for CT resolution correspondnany visible fractures (Figs. 2B, 2C, 2E, 2F). It is likely that micro-
ing to scan-slice width, a small density contrast, much less than Oszopic cracks increase resistivity because of the high electrical con-
glcn?, is recognized by CT-scan method. In Sample 949-5 (Fig. 2B)luctivity of the void filled by air.
a sharp density boundary with a dip of about 60° is observed. This The anisotropy of resistivity has been examined to investigate the
boundary is interpreted to be a healed fault because a probable shalerofabric of sedimentation or tectonic deformation in deep-sea
low dip in bedding is recognized at the top of this core (Fig. 2B). drilling samples (Tamaki, Piscicotto, Allan, et al., 1990; Ashi, 1995;
The most conspicuous structures in CT images are thin horizont&hipley, Ogawa, Blum, et al., 1995), although no anisotropy was rec-
zones up to 6 mm thick, which display slight downward deflection abgnized by previous work. Strong anisotropy was observed in Sam-
the margins (Figs. 2A, 2C, 2D, 2E). Observation of split-core faceples 948-13, 948-15, and 949-25 (Figs. 2A, 2D, 2I), which are char-
shows that these features correspond to rotation planes formed hgterized by weakly developed cleavage. Development of subhori-
drilling disturbance. Deformation along these planes is evidenced kgontal cleavage is thought to produce an anisotropy characterized by
marked convolutional textures in CT scan images (Fig. 3A). Thdéow horizontal and high vertical resistivities. However, results from
brightness of the thin horizontal zones is slightly higher or lower tharesistivity measurements show evidence to the contrary. High hori-
surrounding materials, implying positive or negative density contrastontal resistivities are probably caused by open cracks when probes
(e.g., Figs. 2A, 2C, 2D, 2E). Where drilling disturbance extends ovewere inserted along the cleavage. The fact that porosity calculated
a whole core (drilling breccia), no obvious rotation plane is observettom vertical resistivity coincides with mass/volume-derived porosi-
in split-core faces (Fig. 2F). In this case, the CT scanner can captuse (Figs. 2A, 2D, 2I) suggests that probe alignment normal to the
images similar to those observed in rotation planes (Fig. 3B). Fracleavage may instead close microcracks along the cleavage. Electri-
tures characterized by abnormally low CT values because of voidsl resistivity measurements are inappropriate for sedimentary fabric
are also well recognized as dark parts in CT images. analyses, which are done by anisotropy of magnetic susceptibility
Mean CT values, which are derived from sampling the same volShipley, Ogawa, Blum, et al., 1995), because of disturbance by
ume as that used for index property determination, are compared wiginobe insertion.
bulk densities by the mass/volume method (Fig. 4). Cross plots of CT In Sample 948-13, CT-derived densities at the upper half are
values and bulk densities are consistent with the linear relationshipuch higher than the bulk densities by the mass/volume method (Fig.
obtained using standard bentonite samples. Some data points wib). It is difficult to consider large differences in attenuation coeffi-
relatively large deviations are thought to be caused by sample condiients because grain sizes and grain densities are almost constant
tions or compositions, as discussed below. Density profiles vs. depfrom the top to the bottom within this sample. Disturbance during
for each core are shown in Figure 2. Densities calculated from C@ore splitting is the most plausible cause.
values are always lower than bulk densities by the mass/volume Whether the relationship between CT value and density estimated
method at the intervals where fractures are well developed. Large disem standard samples can be applied to sediments is discussed by
crepancies are found in Sample 948-8 (Fig. 2C) and at the bottom Aghi (1995) and many others. The main concern is that natural sedi-
Sample 948-15 (Fig. 2A). In contrast, densities estimated from Cents include grains with various attenuation coefficients. Also, the
values are much lower than bulk densities from the upper half gfolychromatic nature of the X-ray beam results in a nonlinear re-
Sample 948-13, although there is no difference from the lower half isponse to bulk density. Comparison of mass/volume-derived densi-
structure, grain size, and lithology (Fig. 2D). ties with mean CT values, which are derived from sampling portions
The CT method provides more detailed distributions of densitfor index property measurements, indicates no systematic deviation
than the conventional mass/volume method. In fact, a 2-cm samplif§ig. 4). This may be caused by relatively high pore-water content
interval was adopted to reduce errors caused mainly by volume meand negligible variations in composition and grain size.
surements. To evaluate short interval changes of densities calculated Figure 1 shows that bulk densities by the mass/volume method in
from CT values, electrical resistivity, which can be measured at intetthis study are close to corresponding shipboard bulk density data.
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Figure 2. Density and porosity vs. depth (left), core photographs (center), and CT scan images (right). Three density profiles estimated by CT scans show density
distributions of samples along a core axis line (solid circles), 2 cm Ieft of the axis (open circles) and 2 cm right of the axis (triangles). Dashed line intervals rep-
resent values of core specimens measured by the mass/volume method. Porosity profiles were estimated from electrical resistivity measurements made in longi-
tudinal (vertical) and transverse (horizontal) directions. Longitudinal measurements were made sequentially along a core axis line (solid circles) and 2 cm to the
left (open circles) and right of it (triangles). Transverse measurements were made at 1 cm to the left (crosses) and right (pluses) of the core axis. Porosities calcu-
lated from mass and volume measurements are al so shown (dashed lines). Brighter portions on CT scan images indicate higher density. A. Sample 948-15 (half-
round). The direction of the CT image on the right is perpendicular to the split-core face. Note the cleavage (upper arrow) and the fault and drag folds (lower
arrow). Diamond (right) shows the position of drilling disturbance example (see Fig. 3C). B. Sample 949-5. Note the fault showing a sharp density boundary
(arrow). C. Sample 948-8. Note the rotation plane (diamond) between biscuits. The CT image is shown in Figure 3A. D. Sample 948-13. E. Sample 949-19. F.
Sample 949-14. A light brownish gray claystone shows the texture of drilling breccia. The diamond shows the typical convolutional texture in CT images per-
pendicular to core axes (see Fig. 3B). G. Sample 948-4. H. Sample 949-7. Vertical lines at the upper part are artifacts probably caused by the sample shape. Sub-
tle differencesin CT values are enhanced by histogram equalization during image processing. |. Sample 949-25. Note the well-devel oped cleavage.
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Figure 2 (continued).

Large discrepancies (~0.5 g/cm?) between Sample 948-13, and ship-
board data are probably due to the derivation of this sample from the
core catcher (Fig. 1A). The bulk densities from the shipboard mea-
surements tend to be higher than densities estimated by the LWD tool
and this study (Fig. 1A). During shipboard measurements of index
properties, massive cubic samples were selectively taken for P-wave
and S'wave velocity measurements. In contrast, the LWD tool ob-
tained in situ densities and CT scanner measured densities of whole-
round cores successively at high depth resolution. High densities
from shipboard measurements are perhaps attributed to sampling
from higher consolidated parts. Resistivity data from Site 948 using
the LWD tool (Shipley, Ogawa, Blum, et d., 1995) provide forma-

CT images are useful in the examining of three-dimensional
structures and drilling disturbances. In this study, most samples are
highly deformed by drilling, and no significant tectonic structure is
observed (Fig. 2). In Sample 948-15, scaly fabric and a healed fault
with drag folds have developed (Fig. 2A), suggesting tectonic- or
gravity-induced structures. These structures are, however, associated
with horizontal discontinuities caused by drilling rotations (Fig. 2A,
Fig. 3C) and interpreted as drilling disturbance structures.

CONCLUSIONS

tion factors ranging from about 6 (above the décollement) to 4 (below A medical X-ray CT scanner was used to acquire high-resolution
it). These values coincide with data from this study above the décaimages and density distributions of marine sediments from ODP Leg
lement (about 6) and are much lower than those from below the dé56. Knowledge of the relation between density and the linear X-ray
collement (about 6.5). The cause of this discrepancy remains an uattenuation coefficient of standard samples made possible quantita-

resolved question.

tive discussion of even small sample volumes. Following this rela-
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Figure 2 (continued).

tionship, density and porosity estimated by CT scan and resistivity
aregenerally in good agreement with the |aboratory measurements of
physical properties by the mass/volume method. The CT method,
therefore, can play a role in determining high-resolution densities
that cannot be acquired by conventional methods such as GRAPE. In
addition, sample disturbances can also be easily detected by CT scan
images. Characteristic convolutional texturesin CT images perpen-
dicular to core axes are good indicators of drilling disturbance. Thus,
the CT method will be indispensable for obtaining reliable density
dataat high resolution and for observing internal structures, although
it is expensive tool.
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Figure 2 (continued).
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Figure 3. Examples of CT scan images showing drilling disturbance obtained using the Xforce-type scanner. Images are perpendicular to the core axes. A. Sam-
ple 948-8. B. Sample 949-14. C. Sample 948-15. The positions of slice images are shown in Figure 2 (diamonds).
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Figure 4. Scatter plot of CT values vs. mass/volume derived densities with the best-fit line derived from standard sample measurements. Note the relatively large
deviation from the best-fit line in Samples 948-8 (solid circle), and 948-13 (triangle). See text for explanation.
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