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Abstract
We perform terrestrial laser scanning (TLS) to detect changes in surface morphology of a mud volcano in Murono,
north-central Japan. The study site underwent significant deformation by a strong earthquake in 2011, and the
surface deformation has continued in the following years. The point cloud datasets were obtained by TLS at three
different times in 2011, 2013 and 2014. Those point clouds were aligned by cloud-based registration, which minimizes
the closest point distance of point clouds of unchanged ground features, and the TLS-based point cloud data appear
to be suitable for detecting centimeter-order deformations in the central domain of the mud volcano, as well as for
measurements of topographic features including cracks of paved ground surface. The spatial patterns and accumulative amount of the vertical deformation during 2011–2014 captured by TLS correspond well with those previously
reported based on point-based leveling surveys, supporting the validity of TLS survey.
Keywords: Mud volcano, Deformation, TLS (terrestrial laser scanning), Point cloud, DEM (digital elevation model)
Background
Geodetic study often requires highly accurate and precise measurements of ground surface positions, and several approaches have been developed for the detection
of ground surface deformation including leveling, total
station and global satellite navigation system (GNSS)
(e.g., Hubbard and Glasser 2005; Mottershead et al.
2008; McCormac et al. 2012). However, such previous
approaches have often been limited to some specific
points of measurement, and if one would like to know
the characteristics of spatially variable deformation of
ground surface, increasing the density of measurement
points could be one solution which requires significant
time of measurement in the field, or one needs to introduce InSAR (e.g., Antonielli et al. 2014).
Among else, terrestrial laser scanning (TLS) has been
an emerging approach for the measurement of spatially
varying topographic changes in environmental sciences
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(Heritage and Hetherington 2007; Heritage and Large
2009). TLS enables accurate measurements of highly
dense point cloud on the ground surface, and detection of
changes in surface morphology is feasible when multiple
time series of measurement data are obtained. Although
the accuracy assessment is crucial for determining the
level of detection (Lane et al. 2003; Milan et al. 2011), the
validity of application of TLS for geodetic measurements
would be promising (DeLong et al. 2015).
Here, we examine the applicability of TLS measurement for an active mud volcano where both gradual and
abrupt surficial changes have been observed with precise
measurements using the leveling method (Kusumoto
et al. 2014, 2015). Topographic features are explored from
the high-definition data by TLS, and changes in ground
surface elevation are examined by multi-temporal TLS
measurements. Because the TLS approach generally provides morphological information of the surface of a target
object (Heritage and Large, 2009) and not for its internal
structures, here we focus on the surficial deformation of
the mud volcano, whose amount is on the order of centimeters in a year (Kusumoto et al. 2014).
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Methods
Study area

The study site is an active mud volcano in Murono area,
Niigata Prefecture in north-central Japan (Fig. 1). The
mud volcano locates at 316 m a.s.l. near an anticline limb
of the Naradate syncline (e.g., Noda 1962), with a small
coverage area of approximately 130 m × 180 m. The surrounding area is characterized by many fold structures in
the NE–SW direction and is known as one of the most
important petroleum-producing areas in Japan. The mud
volcano has therefore been attracted many interests for
geophysical and geochemical researches (e.g., Onishi
et al. 2009; Shinya and Tanaka 2009; Suzuki et al. 2009;
Etiope et al. 2011). The domain of the mud volcano is
used as a practice course for automobile driving, and
many areas are paved but others are covered with vegetation including grass and trees (Fig. 1b).
Significant deformations of the mud volcano have
been observed by several large earthquakes in the area.
Onishi et al. (2009) reported a vertical movement of
up to 400 mm in the area before and after the Niigataken Chuetsu-oki Earthquake in 2007 (Mj = 6.8) whose
epicenter is 44 km away, using a GNSS survey. Such
remarkable vertical deformation was also observed by
the North Nagano Prefecture Earthquake (Mj = 6.7, epicenter 16 km away) in March 2011 (Matta et al. 2012), as
well as by the Nagano-ken Kamishiro Fault Earthquake
(Mj = 6.7, 76 km away) in November 2014 (Kusumoto
et al. 2015). Furthermore, although the amount is less
than those caused by large earthquakes, inter-seismic
uplift of the mud volcano has also been observed by precise leveling survey at approximately 50 mm (Kusumoto
et al. 2014).
However, such vertical movements have only been
observed at sparse points by GNSS or leveling survey,
and the detailed spatial characteristics of the deformation
have been unknown. The dense measurement by TLS is
therefore applied to reveal the spatial distribution of vertical displacements in the study area. The target of measurement is approximately 50 m × 60 m zone (Fig. 1b,c),
where vertical displacement has been frequently occurring (Kusumoto et al. 2014, 2015).
Data acquisition and processing

On-site measurements using TLS were taken three
times: June 2011 (110623), December 2013 (131205) and
December 2014 (141204), where the date of survey is
expressed as YYMMDD. The first measurement (110623)
was just after the North Nagano Prefecture Earthquake
occurred on March 12, 2011, whereas the third (141204)
was after the Nagano-ken Kamishiro Fault Earthquake on
November 22, 2014. There was no significant earthquake
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between the first (110623) and second (131205)
measurements.
For the first measurement (110623), a medium-range,
time-of-flight-type terrestrial laser scanner GLS-1500 by
Topcon Co. was used (Fig. 2a). This device has an ability
of measuring up to 500 m distance with a 1-mm minimum pitch of laser pulse, with a scan frequency of 30,000
points per second (Topcon 2010). The range accuracy of
the laser measurement is 4 mm within 150 m of distance.
The weight of the device is 16 kg (without batteries). Initial data management and basic processing of the point
cloud obtained with this device are performed using Topcon ScanMaster v.2.0, which is bundled with the scanner.
For the following measurements (131205 and 141204),
we use a lightweight, phase-based short-range scanner
Trimble TX5. This device is more suitable for such shortrange measurements with denser point acquisition with
an ability of measuring up to 120 m in distance at a scan
frequency of up to 900,000 points per second (Trimble
Navigation Limited 2012). The range accuracy of the laser
measurement is 0.3–1.1 mm at 10–25 m of distance from
scanner. The weight is only 5 kg. Trimble RealWorks v.8.1
is used for the initial data processing of point clouds by
TX5. The RealWorks software enables not only the initial
processing of the raw point cloud data but also the postprocessing including cloud-based registration as noted
later.
For each measurement, scanners were placed at multiple positions (4–7 for the target zone of 50 m by 50 m) to
obtain the data from different sight of views. The point
clouds from different scan positions are then registered
to each other by several reference targets, as well as by
key morphological features in the point cloud without
positional changes such as tree trunks and poles in the
surrounding areas. For the matching of the key features,
cloud-based registration is applied based on the iterative closest point (ICP) algorithm built in the RealWorks
software (Besl and McKay 1992; Bergevin et al. 1996). In
this algorithm, one point cloud is fixed as a reference,
and another cloud is transformed (shift and rotation) to
best match the reference. Overlap areas with the same
morphological features for both the reference and moving clouds are necessary to perform the matching. The
transformation of the moving cloud is iteratively refined
to minimize the distance between closest points in the
moving and reference point clouds. The aligned point
clouds are finally merged after achieving the least error of
the cloud-based registration (at millimeter scales). Such
a cloud-based registration method has an advantage in
that many tie points (registration targets) are not necessarily set. This process is hereafter referred to as “internal
registration.”
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Fig. 1 Study area. a Overview of topographic map (contour interval of 10 m, provided by Geospatial Authority of Japan) showing the location of
study area. b Orthorectified aerial photograph of the study area (taken on December 2014). The target zone of TLS measurement (50 m × 60 m)
is shown by a white dashed line. c Masked target area for the analyses. A–A′ to C–C′ indicates locations of topographic section lines shown in Fig. 5.
Numbers associated with vertical (N–S) and horizontal (E–W) thin lines indicate grid coordinates on UTM Zone 54N (JGD2000 datum) projection
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Fig. 2 Terrestrial laser scanners used. a Topcon GLS-1500 (June 2011). b Trimble TX5 (December 2013)

The merged point cloud is then georeferenced using
target references whose geographical coordinates are
obtained by GNSS measurement (in UTM Zone 54N
projection). Checkerboard-type flat targets made by
black and white tapes were placed on the paved ground,
whose central point was identified in the TLS point cloud
using the RealWorks software. The GNSS positioning
data are post-processed by carrier-phase correction using
a nearby base station data of GEONET (GNSS network
in Japan) provided by Geospatial Authority of Japan.
Accuracy of the GNSS measurement is on the order of
centimeters with the fix solutions after post-processing.
The point clouds obtained at different times can be
roughly aligned to each other by the georeferencing process above. However, since some centimeter-scale errors
may remain in the GNSS positioning data, the registration is further refined based on the cloud-based registration with the same, unchanged key features in the
point cloud using the ICP algorithm, which can reduce
the errors down to millimeter scales (e.g., Pesci et al.
2007; Teza et al. 2007). The third measurement dataset
(141204) was set as the reference because it showed the
best fix-solution accuracy in GNSS positioning for the
georeference: 12.1 mm in XY and 23.1 mm in Z directions with 11 GCP targets. Each of the other datasets is
successively aligned to one following dataset. To perform
the cloud-based ICP registration, it is important to find
overlaps of the same objects in two clouds. The main target area of measurement is therefore cropped out, and
stable, unchanged features in surrounding areas are used
for the registration. For the best registration accuracy,
the ICP registration procedure was repeatedly applied
by limiting the overlap areas: Once the moving cloud is

registered to the reference cloud, the points that are significantly away from the overlap areas of the moving and
reference clouds are excluded, and the ICP registration is
again applied. Because the exclusion of points out of the
overlap areas forces the remaining points to represent the
unchanged features more clearly, repeated application
of this process enables to significantly refine the registration. This process is hereafter referred to as “external
registration.”
The raw point cloud contains some unnecessary points,
which can be derived from temporally located materials on ground (e.g., tripods, antenna rods and bags) and/
or materials passing through the laser pulse (e.g., walking person, raindrops, birds and bugs). These anomalous,
noisy features are readily removed either by automatic filtering or visual inspection because the presence of those
materials is not so frequent during the measurements.
Digital elevation models (DEMs) with a fixed grid size
are then generated from the point clouds. The resolution of DEMs is determined based on the spatial density
of point cloud data. Although the linear interpolation by
triangular irregular network is applied to fill voids, the
uncertainty of the interpolation for the areas with insufficient point density is minimal because the target zone is
selected with enough point density. Because areas apart
from scanner position often have insufficient density of
point cloud, those areas are excluded from the following
analyses by setting a mask. The mask is also applied to
vegetation areas covered by low-height (<40 cm) plants
where the ground surface is rarely detected (Fig. 1c).
Within the domain of the analysis, three section lines are
set along which topographic profiles are extracted from
the DEMs (Fig. 1c). The target area after the masking
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(2038 m2) is therefore smaller than the original point
cloud extents.
The difference of DEMs is then computed. The periods
of comparison are defined as below: Period I, 110623 to
131205; and Period II, 131205 to 141204. We use ESRI
ArcGIS 10.3 software for the DEM data processing.
Since the bulging ground surface has exhibited apparent cracks at the time of measurement 110623, the cracks
are traced using the generated DEM of this time. To support the tracing, crack features are highlighted by hillshade image and local variation of elevation (3 × 3 cell
statistics) calculated from the DEM.

Results
Targeting the central zone of deformation, three time
series of point cloud data were obtained by the TLS
measurements. Table 1 shows the properties of point
clouds for each measurement series. The density of the
point clouds ranges from 385.6 to 16,253.3 points per
square meters, which are equivalent to average point
spacing of approximately 8–51 mm. The resolutions of
DEMs are therefore set as 50 mm for 110623 and 10 mm
for 131205 and 141204.
As noted, this third measurement dataset (141204) was
set as the reference, and each dataset was aligned to one
following dataset. The computed error values of the ICP
registrations, expressed as an average distance between
nearest points in point clouds on the overlap areas (hundreds to thousands for each pair), for the internal registration were 2.9–7.9 mm, while those for the external
registration procedure were 6.2–15.7 mm (Table 1).
The cracks on the paved ground surface found in June
2011 were mapped (Fig. 3). The average direction of the
crack lines was found to be 37.5°W.
Differences in elevation values of the DEMs were computed for each period (Fig. 4). Centimeter-scale vertical changes of the ground surface appear to be spatially
variable. Positive changes in elevation for Period I are

Table 1 Point cloud properties obtained by TLS
Date of measurement
(YYMMDD)

110623

131205

141204

Terrestrial laser scanner used

GLS-1500 TX5

TX5

Number of scan position

4

8

7

Internal registration errors for
scan positions (mm)

4.0

2.9

7.9

External registration errors for
time series (mm)

6.2

15.7

–

Number of points used

1,973,134 130,137,112 102,864,460

Point density (pt/m2)

385.6

15,516.4

16,253.3

Average point spacing (mm)

50.9

8.0

7.8

apparent around the western side of the cracks in 2011
(up to ca. 80 mm), whereas some negative changes are
also found in the eastern side. Because the paved area
with cracks was partially repaired after the 110623 measurement, these patchy decreases in elevation may have
derived from such artificial modification. Nevertheless,
the apparent increase in elevation is more likely natural
changes because it is not realistic to fill up the cracked
surface for the repair purpose. Also, anomalously large
changes around the corners of the target area are supposed to be the interpolation errors due to insufficient point density, and they are ignored. For Period II,
increase in ground surface elevation is clear around the
central areas with previous cracks with up to ca. 60 mm,
while the easternmost side shows negative changes in the
ground surface elevation.
Figure 5 illustrates the topographic profiles of the target area at the different times. In section A–A’, the ground
surface elevation seems to have continuously increased
since 2011. However, the section B–B’ shows decrease
in elevation in 2013, which again shows increase in 2014.
Such contrasts of the western and eastern sides are also
shown in the section C–C’.

Discussion and conclusions
To find the feasible level of detection of the vertical displacements in the ground surface of the mud volcano,
the accuracy of the TLS measurement should be carefully assessed. In general, the measurement accuracy by
TLS may be affected by (1) specification of scanner, (2)
internal registration, (3) external registration and (4) filtering (Heritage et al. 2009; Hayakawa and Oguchi 2016).
The assessment of spatial variability in such errors is also
essential for areas with local topographic variations (Heritage et al. 2009; Wheaton et al. 2010; Milan et al. 2011).
However, the area of this study has less variation in topographic condition with a smooth, paved ground surface.
Because of this condition without significant spatial variability in errors due to the local topographic anomalies,
we only consider uniform level of detection for centimeter-scale changes within the target zone.
Among the error sources listed above, the scannerderived error may increase with the elongation of laser
footprint due to lower hit angle of laser beams on target
objects, as well as the bad reflectance of target material.
As noted, the amount of this is given to be 1–4 mm for
the scanners used. Regarding the internal registration
errors, the cloud-based ICP refinement gave 2.9–7.9 mm
of fit after repeated refinements (Table 1). Compared to
the average point spacing of the point clouds obtained
(7.8–50.9 mm), these values are small enough, whereas
the external registration errors after the cloud-based
refinement were 6.2–15.7 mm, which are twice as large
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Fig. 3 Traces of cracks on paved ground surface observed in June 2011. Mean orientation of the lines is N37.5°W

Fig. 4 Differences of DEMs showing temporal changes in ground surface elevation. Blue color indicates uplift, while orange/red color shows
subsidence. a Changes in Period I (from June 2011 to December 2013). b Changes in Period II (from December 2013 to December 2014). “P” and “Q”
indicate the major uplift area for each Period. “e” shows locations of small artifacts identifiable
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Fig. 5 Topographic profiles of the target zone for the three times of measurements (location of the sections is shown in Fig. 1c). a Section A–A’,
showing continuous increase. b Section B–B’, showing decrease in 2013 and rebound afterward at the main bulge. c Section C–C’
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as the internal registration errors. It is common that
external registration gives significantly larger errors than
scanner-derived and internal registration errors (Pfeifer
et al. 2007), because the point clouds at different times
may contain large amount of different features that are
natively different. Nevertheless, the external registration errors observed in this study fall in a reasonable
range, which is smaller than the average point spacing
(7.8–50.9 mm). Summarizing the error values above as
the square root of the sum of squares of maximum error
values for each, the overall accuracy of the TLS measurement is supposed to be 18.0 mm. This would be small
enough to detect centimeter-scale changes over 20 mm
in the land surface.
In addition, conversion from the point cloud to DEM
can also produce some more errors due to inappropriate
interpolation between largely spacing points, i.e., in areas
with low point density (Heritage et al. 2009). Although
such areas are mostly excluded from the analysis of this
study, some errors could have remained particularly
around the edge of the data extent and at the bottom of
scanner where point data cannot be obtained. Because
such errors are small and visually identifiable (marked by
“e” in Fig. 4), they are simply ignored as noted before.
These accuracies or errors indicate the level of detection plausible by these TLS-derived datasets. Because the
error values listed above are maximal in three dimensions
including XYZ components, the error values in one component can be similar to or smaller than those values. In
Fig. 4, we showed changes over ±20 mm of Z component, i.e., vertical displacements, and this was enough to
represent the actual vertical displacements which often
exceeded this level. Although changes less than a centimeter may be difficult to detect by this method, the TLS
approach effectively enables centimeter- to decimeterscale topographic changes.
Compared to the leveling survey, one of the advantages
of the TLS measurement is that it can obtain significantly
dense points over an area. Because the leveling survey is
based on measurements of fixed points whose density is
generally sparse, it cannot provide information for a certain distance between points (at least several meters in
the case of Kusumoto et al. 2014, 2015), and interpolation is necessary to obtain the intermediate information,
whereas the dense point cloud data by TLS (7.8–50.9 mm
in this study) can provide more aerial information, which
enables to show spatial distribution of surficial displacements with direct measurement (Fig. 4). Topographic
profiles can also be utilized to help the interpretation of
the changes (Fig. 5).
Artificial modification (repair of pavement) after the
earthquake-derived deformation has partially applied in
the study area. The area of such artificial modification is
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clearly shown in the data, i.e., the surface in the eastern
side of the target area has significantly been smoothed in
Period I (Figs. 4a, 5a, c). In this side, the rough surface
with cracks found in 2011 has been smoothened and the
elevation decreased. Such artificial modification has also
been applied to the western side of the target area where
the cracks were smoothed (Fig. 5a), although the uplift is
more active in this side as noted later.
The deformation of Murono mud volcano has been
recognized to be particularly active when large earthquakes occur in this region (Onishi et al. 2009; Kusumoto et al. 2015), while it has been deformed even when
without such strong earthquakes (Kusumoto et al. 2014).
Kusumoto et al. (2014) reported +26 to −14 mm uplift
and subsidence by means of leveling survey in June to
December 2012, while no particular earthquake was
observed in this period. They also reported seasonal variance in the uplift and subsidence throughout the measurement period. Such seasonal fluctuations, as well as the
differences in the covering time span [Period I: June 2011
to December 2013, which is much longer than that by
Kusumoto et al. (2014)] hinder direct comparison of the
amount of displacement. Nevertheless, the spatial pattern
of uplift and subsidence within the target seems to correspond well with those reported by Kusumoto et al. (2014)
(Fig. 4a): The spatial distribution of the large (≥40 mm)
uplift seems to follow the displacement in 2011 as shown
in the crack distribution (Fig. 3). This suggests that the
activity of the mud volcano similarly continues even after
the 2011 earthquake. The amount of maximum total
uplift of ~80 mm in 2.5 years of Period I corresponds to
some extent with that in the half a year in 2012 (~26 mm;
Kusumoto et al. 2014) if they are normalized over time.
Such gradual changes are therefore supposed to be accumulated during the quiescent phase.
When the large earthquake in 2014 (Nagano-ken
Kamishiro Fault Earthquake) hit the region, the vertical displacement of the Murono mud volcano area was
more than 50 mm (Kusumoto et al. 2015). Period II of
this study covers the earthquake event, and the locus
of marked uplift observed in this period (Figs. 4b, 5)
corresponds well with the point having the highest uplift by the earthquake (Kusumoto et al. 2015).
Because the maximum amount of uplift in this Period
II (ca. 60 mm) is almost the same as or slightly larger
than that by the earthquake, it is plausible that the
changes in Period II comprise both the activities by
the earthquake and in the quiescent phase. Furthermore, the spatial distribution of vertical displacements
in this period exhibits oval pattern (Fig. 4b), and the
direction of its major axis also corresponds well with
those of the cracks (37.5°W) found in 2011. Therefore, the activity pattern of the mud volcano by the
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2014 earthquake is supposed to be similar to that by
the 2011 earthquake. It is also noted that the largest
uplift is observed in the western side in Period I (P in
Fig. 4a), while that is found in the slightly eastern side
in Period II (Q in Fig. 4). This may indicate that the
central position of the activity of the mud volcano is
being shifted from the west to east side within the target area.
The high-definition data were also quite useful for
accurate mapping of small topographic features on the
ground including the cracks in the pavement (Fig. 3).
Such distinct cracks are well shown in the profiles
(Fig. 5), whose depths are identifiable to be 100–200 mm.
Although we only focused on the vertical displacements
of the ground surface based on DEM analyses, it would
also be possible to detect changes of horizontal components if such comparable feature extraction is effectively
performed.
In this study, we demonstrated the effectiveness of
TLS measurements for the detection of ground surface
changes due to underground activities of a mud volcano.
The results of error estimates, as well as good accordance with the leveling survey, support the validity of
TLS measurements to detect centimeter-scale changes.
Repeated measurements will also be taken to further
examine long-term activities of the mud volcano. As
noted, the TLS approach only provides information on
surficial morphology and not internal structures, and
mechanical details of the mud volcano remain to be
examined. Combinations with other geophysical data will
therefore allow us to unravel the subsurface mechanisms
of the mud volcano.
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