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We used a gPhone (serial number 90), the newest spring-type gravimeter manufactured by Micro-g LaCoste
Inc., to acquire high-quality, continuous gravity records, both below- and aboveground. At a depth of 100 m,
when the gPhone was situated under an uncon ned aquifer, the standard deviations of the residual gravity based
on rst- and second-order curve ttings are 4.2 and 2.7 pGal, respectively. Some gravity decreases caused by
rainfall were clearly observed, and unknown gravity variations may also have occurred. Alternatively, when the
gPhone was placed aboveground on the ank of a high mountain, the standard deviation of the residual gravity
was 1.7 uGal for both the rst- and second-order curve ttings. The rainfall amount and snow depth can explain
most of the residual gravity. On the basis of these results, we propose to detect and correct hydrological gravity
responses using multiple gravimeters to study gravity signals from deep within the earth.
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1. Introduction

The study of hydrological effects on continuous grav-
ity observations has been shifting from the use of empiri-
cal to physical models in recent years. Kazama and Okubo
(2009) and Naujoks et al. (2010) calculated the water distri-
bution around a gravity observation point such that hydro-
logical simulations based on both hydrogeological obser-
vations and subsurface-structure assumptions and surveys
were needed. It was natural that these hydrological models
did not include unknown inland water ows.

Tanaka et al. (2006) determined the groundwater-to-
gravity response factors of both uncon ned and con ned
aquifers at an aboveground measurement site. The gravity
variations caused by rainfall were consequently eliminated
using an uncon ned response factor (see Section 5). It was
merely due to accidental good luck that a groundwater-level
observation well represented inland water variation in the
vicinity of a gravity observation point. Moreover, Tanaka
et al. (2006) concluded that a gravimeter is the best device
for monitoring the total mass of groundwater change. In re-
cent years, the tilt meter is also used for validation of the
groundwater level change (Matsuki et al., 2008; Queitsch
et al., in press).

Here, we apply the use of an effective method called the
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“gravimeter array method” (Tanaka, 2010a) to remove the
gravity change caused by inland water uctuations by can-
cellations using two continuous gravimeters with a free wa-
ter plane between them. Although it is a rare environment
in which a gravimeter can be installed under a free water
plane, such an installation would be possible if the perfor-
mance of borehole gravimeters were to improve in the fu-
ture. In this case, gravimeter users could correct changes
in gravity caused by inland water uctuations without hy-
drological model construction, if borehole gravimeters are
adopted in a nationwide, high-density observation network.
It is reasonable that a spring-type gravimeter could be in-
stalled underground or in a borehole due to the reasons dis-
cussed below. The gPhone gravimeter, manufactured by
Micro-g LaCoste, Inc. (Lafayette, Colorado, USA), is the
one of the most recent gravimeters that has been tuned to
make continuous observations. We should mention that
the ZLS Corp. (Austin, Texas, USA) has also developed
an attractive gravimeter. The establishment of a gravime-
ter array method is the rst step in clarifying whether a
gPhone can detect gravity changes caused by inland wa-
ter uctuations. Since the gPhone was introduced at the
end of 2009, we have been devising effective installation
and data analysis methods through trial and error as well
as through the use of some observation points. In ad-
dition, apparent gravity changes accompanied by anoma-
lous sensor temperature changes and tilt instability in non-
recommended observation environments have been found
(see Section 3). Riccardi et al. (2011) also reported that a
gPhone has a lower long-term stability and a higher noise
level than a superconducting gravimeter. However, the
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Fig. 1. Map showing the location of the Mizunami Underground Research Laboratory (MIU) and the Ontake Kougen Hotel (OKH), where continuous
gravity observations were performed. (a) Regional map of Gifu, Nagao, and Aichi prefectures, Central Japan. The GPS station TOKI (ID:020994
of GEONET of the Geospatial Information Authority of Japan) is also shown. (b) Topographic map with roads around the MIU construction site.
The closed square denotes the refuge area of the 100-m sub-stage (at a depth of 100 m below the surface) where a gPhone-90 was set up during the
summer of 2010. A sub-stage is a horizontal tunnel between the Main shaft (northeast open circle) and the Ventilation shaft (southwest open circle)
at every 100 m in depth. The label MGA denotes the Mizunami Geoscience Academy building. (c) Topographic relief map of the eastern flank of the
Mt. Ontake Volcano. The gPhone-90 was set up in the elevator engine room of the OKH (solid square) from the winter of 2010 to the spring of 2011.
The two open squares show the Automated Meteorological Data Acquisition System (AMeDAS) stations (KID, Kaida-kogen; ONT, Ontakesan) of

the Japan Meteorological Agency (JMA).

portability and ease of operation and maintenance of the
gPhone justifies its use for the present time. In this re-
port, we investigate the relationship between local inland
water and gravity measurements at two observation sites
at the Mizunami Underground Research Laboratory (MIU;
installation period: July—November 2010) and the Ontake
Kougen Hotel (OKH; installation period: November 2010-
April 2011) (Fig. 1). We then discuss a more effective
gravity-monitoring method that does not take hydrological
modeling into account. However, we use records of only
approximately two months at each site to avoid including
man-made disturbances and earthquake motions in the anal-
ysis.

2. Observations

While collecting the following observations, we attached
standard accessory pads to the leg of a gPhone sensor (Me-
ter box). Although this caused decreases in sensitivity for
a short period (Micro-g LaCoste, Inc., 2008), this attach-
ment was added to decrease artificial vibration disturbances
caused by a drainage system near the meter at the MIU and
by earthquakes that were frequently sensed directly under
the OKH (Fig. 1). The level-checking procedure for the Me-
ter box might not have been optimized because it was based
on an old manual (Micro-g LaCoste, Inc., 2008, 2010).
However, the influence of the incomplete level check was
mostly reduced by the data analysis device (Section 3). The
timing module was equipped with a gPhone with a GPS-
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synchronizing rubidium clock and was nonfunctional be-
cause the antenna cable was too short. Therefore, the clock
of the PC used to control and acquire data was corrected
with the Network Time Protocol (NTP). Vibrations from
the electronics box—mainly from the uninterruptible power
supply (UPS)—were suppressed with a resilient isolator.
The sensor drift rates were —6 to —5 pGal/day at the MIU
and —4 to —3 pGal/day at the OKH. Both of these rates de-
creased over time. Fortunately, these rates are considerably
smaller than those of the gPhone-054 drift (Riccardi et al.,
2011).

The introduction of the gPhone-90 was intended for in-
stallation at the MIU. However, at the time, the background
noise level at the MIU was high due to construction, re-
search, and educational activities. Therefore, observations
without either arti cial disturbances or human activities,
such as the conditions that were available around Mt. On-
take, were also necessary to evaluate the intrinsic perfor-
mance of the gPhone. In addition, since 2004, we have
been conducting repeated measurements using a FG5 ab-
solute gravimeter on the eastern ank of Mt. Ontake (two
solid circles in Fig. 1(c)). When the relationship between
gravity and precipitation is revealed by continuous gPhone
observations near the absolute gravity observation sites, an
assessment of precipitation to absolute gravity records may

be possible.
2.1 Belowground observations at the MIU (100-m
depth)

We installed a gPhone-90 in the refuge area of the 100-
m-deep sub-stage (sub-stage is a horizontal tunnel between
the Main and Ventilation shafts) in July 2010. Because the

oor was made of uneven concrete, we laid a stainless steel
plate of 1.2-mm thickness under the Meter box. The Long-
level tilt change of approximately 1000 analog-digital units
(AD units) occurred, which far exceeded the standard 500
AD units (Micro-g LaCoste, 2008). Here, the Long direc-
tion is perpendicular to a sub-stage tunnel, approximately
NW-SE. The number of AD units multiplied by a user-
de ned coef cient became the radian-unit tilt. Here, the
user-de ned coef cient means a calibration factor, which
was uniquely determined by collecting a certain number of
calibration data (the relationship between gravity and tilt)
with a least-squares method (Micro-g LaCoste, 2008). As
the tilt change steadily increased, the in uence on gravity
records was also monotonous.

A piece of styrofoam was used to cover the Meter box
to suppress the in uences of both ambient temperature
change and high humidity. The temperature and humidity
in the analysis period still changed between certain ranges:
23-27°C and 60-80 RH%, respectively. The temperature
change slightly correlated with the level change.

Data were recorded every 1 second. We used the gMon-
itor software (Micro-g LaCoste, 2009), which stored a bi-
nary le and two text les (1 sec sampling and 5 min sam-
pling). The 5-min interval data is used for long-term real-
time display and has a delay of approximately 12 minutes
as a result of down-sampling lItering, so that it was inap-
propriate for data analysis.

We used a rain gauge at the MIU construction site
(Fig. 1(b)) to determine 1-hour integrated rainfall data,

which was originally a 10-minute sampling rate with a 0.5-
mm resolution, for the comparison with gravity.
2.2 Aboveground observations at Mt. Ontake

We installed the gPhone-90 in the elevator room of the
OKH on the southeastern ank of Mt. Ontake (Fig. 1(c)).
The OKH was closed for the winter season during our
observation period. The oor surface was composed of
slightly uneven concrete, so we installed a square (30 x 30 x
2 cm) hard tile on a thin layer of gypsum and set the Me-
ter box on it. As a result, the tilting of the Meter box in
both directions (Cross and Long) was less than several hun-
dred AD units. Here again, we used a styrofoam casing and
adopted a 1-second sampling rate.

We made use of the Automated Meteorological Data Ac-
quisition System (AMeDAS) data of the Japan Meteoro-
logical Agency (the Ontakesan (ONT) site provided rainfall
data and the Kaida-kogen (KID) site provided snow depth
data, shown as two open squares in Fig. 1(c)). Although
the ONT is closer to the OKH than the KID, snow depth
observations were not available from ONT.

3. Data Analysis

The 1-second data obtained using the gPhone were down-
sampled to 1-hour data through a least-squares lItering in
Tsoft (Van Camp and Vauterin, 2005). Afterward, the tidal
analysis program BAYTAP-G (Tamura et al., 1991) was
used to decompose the gravity data into four components,
namely tidal, trend, irregular, and response for auxiliary
data. The input gravity for BAYTAP-G was derived by
subtracting both Polar Motion Correction based on IERS
Bulletin (http://maia.usno.navy.mil/) and Level Correction
calculated from observed level changes with user-de ned
parameters (Subsection 2.1) from raw gravity. The Po-
lar Motion Correction and Level Correction are the name
of row the gMonitor software outputs. We used ambient
pressure, sensor temperature, and level correction (in dupli-
cate) as auxiliary data. The reason for the use of duplicate
data was that the trend components derived by BAYTAP-
G were correlated with level corrections in a preliminary
analysis, indicating probable incompleteness of the user-
determined coef cients in the level check procedure men-
tioned in Section 2. Additionally, the reason for using the
sensor temperatures as auxiliary data was that the sensor
temperatures are usually self-regulated to an order of 10~
degrees, but a step-like change of an order of 1073 de-
grees that occurred less than once a month produced an ap-
proximately 2.6 1Gal per 1073°C gravity change (Tanaka,
2010b). This result seemed to be particular to the gPhone-
90 (Derek von Westrum of Micro-g LaCoste, Inc., personal
communication).

Figure 2 shows that the residual gravity of the two sites
was derived from the trend components of BAYTAP-G
through subtractions of linear and quadratic equations ob-
tained through least-squares tting. Note that the nega-
tive direction of the residual gravity indicates an increase
in gravity. Although the actual data analysis periods were
longer than those presented here, we focused our exami-
nation on periods when arti cial and seismic disturbances
were relatively low to detect gravity changes caused by pre-
cipitation.
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Fig. 2. Comparison of residual gravity (first- and second-order curve fittings) with precipitation. The residual gravity is derived by subtracting a
regression curve from the statistically noise-rejected component (or trend component) of the BAYTAP-G (Tamura et al., 1991). The SD is also
shown. Note that the negative direction of the residual gravity indicates an increase in gravity. (a) At a depth of 100 m belowground at the MIU,
rainfall data are available from the gPhone at an approximately 100-m horizontal distance (Fig. 1(b)). (b) At the surface of the southeastern flank of
Mt. Ontake, no significant difference is seen between the first- and second-order curves. Rainfall data are available from the gPhone at a horizontal
distance of approximately 9 km (Fig. 1(c), ONT), and snow depth data are available from the gPhone at a horizontal distance of approximately12 km

(Fig. 1(c), KID).

4. Curve-Fitting Evaluation and Comparison
with Precipitation Data

41 MIU

As shown in Fig. 2(a), the large difference between the
linear equation fitting (SD 4.2 pGal) and the quadratic
equation fitting (SD 2.7 uGal) may indicate the existence
of nonlinear drift (Riccardi et al., 2011). The drift rate
from August to the beginning of September may not have
been stable because a planned blackout occurred on Au-
gust 7. However, the residual gravity resulting from the lin-
ear equation fitting might have included real, but unknown,
gravity variations on a timescale on the order of months.

Unfortunately, our FGS5 absolute gravimeter was not in op-
eration during that period due to problems associated with
the laser.

Some gravity responses caused by rainfall were clearly
detected as gravity decreases, particularly the responses that
occurred on September 8, September 22, and October 9,
that were over 1 puGal in amplitude. Gravity responses on
the order of sub-microGal were also observed.

42 OKH

As shown in Fig. 2(b), the difference between the two-
ways residuals is quite small with the same SD (1.7 puGal).
In other words, the drift rate is extremely linear. A paral-
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lel observation with a FG5 was not initially scheduled. A
correlation between the residual gravity and the amounts
of rainfall and snow depth is clear, despite the consider-
able distance between the OKH and the ONT/KID stations
(Fig. 1(c)). Therefore, we can interpret Fig. 2(b) as follows:

(1) The gravity increased in December 13 in response to a
mass increase below the height of the OKH caused by
both rainfall and snowmelt.

(2) Similarly, the gravity increased in December 21 due to
rainfall.

(3) As the gravity increased between December 23 and

December 28 in response to an increase in mass

accompanied by an increase in snow depth below

the height of the OKH, the gravity decrease be-
tween December 14 and December 21 re ected the
mass increase caused by snowfall above the height of

OKH/KID.

After December 29, as the both wavelength gravity

and snow-depth shorter than a few days were almost

equal (not exactly in phase), the gravity decreased due
to snowfall above the height of OKH.

The snow-depth increase of 20 cm from December 15

to December 18 corresponded to a gravity decrease of

—4.3 pGal from December 16 to December 19, such

that an estimated snow density of 500 kg/m® was rea-

sonable (Public Works Research Institute, 2009) with
the assumption of an in nite slab.

After January 22, a gravity increase corresponded to

the mass increase below the height of the OKH that

was caused by snow melting below the height of the

KID.

“)

®)

(6)

5. Comparison with the Study by Tanaka et al
(2006)
5.1 Differences from the study by Tanaka et al. (2006)
Tanaka et al. (2006) indicated that the groundwater level
(strictly speaking, the pressure head change) of a con ned
aquifer in a granite rock basement dominates in gravity vari-
ations at the measuring room of the Mizunami Geoscience
Academy (MGA) (Fig. 1(b)). The primary cause of the con-
ned groundwater level change is the occurrence of earth-
quakes. Probe-7 of the MSB-3 borehole that Tanaka et al.
(2006) used had been suffering from remarkable arti cial
disturbances due to construction work at the MIU since
the spring of 2005. Therefore, we used the TGR350 bore-
hole (350-m depth, with casing above the granite basement)
(Fig. 1(b)), where the disturbance level was less than at
probe-7 of the MSB-3. The TGR350 and MSB-3 boreholes
had very similar responses to earthquakes. The long-term
decreasing trend of the TGR350 (Fig. 3) was caused by a
hydrological test (Tono Geoscience Center, 2011). Tanaka
et al. (2006) had studied the gravity and pore pressure
data obtained during the effect of two earthquakes (2003
Tokachi-Oki (MJIMA 8.0) and 2004 Off the Kii peninsula
(MJMA 7.4)) had been included. However, one such re-
sponse was negligible during the period of this study.
The uncon ned groundwater level in the subsurface Ter-
tiary deposit (Mizunami Group) re ected rainfall, and the
contribution to the gravity change was one- fth as com-

pared with the con ned groundwater (Tanaka et al., 2006).
Instead of the pore pressure of probe-1 of the MSB-3, we
used the groundwater level in the SBS16 borehole (a 16-m-
deep well in the Akeyo formation of the Mizunami Group)
(Fig. 1(b)) in this study where no arti cial disturbance ef-
fects were seen.

To evaluate the contribution of the height change of
the gravimeter, we utilized a simple method described by
Tanaka et al. (2006). One difference between our study and
that of Tanaka et al. (2006) was that the analysis of the daily
coordinates of the GEONET (GPS Earth Observation Net-
work System by the Geospatial Information Authority of
Japan) changed from analysis strategy 3 to 4 (Munekane,
2010). To brie y outline the method, the smoothed ellip-
soidal height change of the TOKI station (Fig. 1(a)) was
interpolated to the hourly data, by a least-squares method,
from the daily one (this oversampling is a merely procedure
to unify the sampling intervals) and then the effect of the
height change was calculated by multiplying by a free-air
gradient. However, at a 100-m depth from the surface, it is
unknown whether the application of the surface GPS is ap-
propriate or not, and the resultant effect is small. Therefore,
we did not combine the effect in our analysis. Namely, in
Fig. 4, the predicted gravity did not take into account of the
FA effect.

5.2 Calculation of gravity change

The groundwater level changes of both the TGR350 and
SBS16 boreholes are shown as W¢ and Wu in Fig. 3 (left
vertical axis), respectively. W clearly responded to tides
with the above-mentioned decreasing trend. Wu acted as
typical uncon ned groundwater, responding quickly to rain-
fall. Tanaka er al. (2006) de ned a “conversion coef cient
from pressure head to gravity” and estimated that each con-
tribution to the gravity change was the con ned aquifer,
Ceont = —6.70 and the uncon ned aquifer, Cypeo = 1.26
uGal/m, respectively (namely, |Cynco| is a one fth of
|Ccont| as mentioned above).

The height change effect (—3.059 pGal/cm that was used
as a free-air gradient (Tanaka et al., 2006) of the gravimeter
is shown in Fig. 3 (the right vertical axis) as an FA effect.
However, the height change was smoothed and interpolated
from the daily solution to hourly data. Uplift was in the
positive direction of the vertical axis. The FA effect was less
than approximately 1 ©Gal, so we ignore it in the following
discussions.

The sign of Cypyeo reversed compared with Tanaka er al.
(2006) because the gPhone at the 100-m sub-stage was un-
der the uncon ned aquifer. Thus, the total gravity effect of
Wec and Wu, Agp, is expressed as follows:

Agp = —CuncoWu + CeoniWrc

Here, Wrc (the broken line overlaid on W in Fig. 3) indi-
cates the smoothed W, which represents the suppression
of diurnal/semidiurnal tide uctuations by a weighted least-
squares method (Chambers et al., 1983). A data point for
W u is missing for September 23 due to a temporary fault of
data acquisition. Some step-shaped gravity decreases cor-
responded to an abrupt increase of Wu when rainfall oc-
curred. Additionally, these amplitudes are somewhat small
and almost the same despite daily (not hourly) Cunco and
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Fig. 3. Groundwater levels (Wu, unconfined SBS16; Wc¢, Wrc, confined TGR350), the free-air (FA) gradient effect, residual gravity (first- and

second-order curve fittings), and predicted gravity levels calculated from the two groundwater levels are shown. W/c (bold dashed line) represents
the W ¢ curve smoothed (thin solid line) using a weighted least-squares method (Chambers et al., 1983) to reduce diurnal-semidiurnal tidal variations.

SBS16 (not MSB-3) measurements. The decreasing trend
of Agp reflects the decreasing trend of We. The effect
of rainfall is dominant over Agp except in the hydrologi-
cal test. Therefore, for the two forms of residual gravity,
neither the fluctuations in the peak-to-peak amplitude of 5
nGal with a wavelength of 10-15 days, nor the peak-to-
peak amplitude of less than 1 uGal with a wavelength of
1 day, can be explained by the framework of Tanaka et al.
(2006). With only one gPhone gravimeter, it is impossible
to determine the cause of the fluctuations, whether from a
non-linear spring response (Riccardi et al., 2011), or an ori-
gin with an unknown gravity change.

6. Discussion and Conclusions

In this study, we have demonstrated that we can success-
fully detect gravity variations of hydrological origin of ap-
proximately 1 pGal using a gPhone, as already many ob-
servations using superconducting gravimeters have been re-
ported (Kroner et al., 2004; Kazama et al., 2012 and refer-
ences there-in). Belowground at the MIU, gravity decreases
that reflected mass increases above the gravimeter due to
rainfall were observed. The estimated gravity response of
rainfall with the conversion coefficients prepared by Tanaka

et al. (2006) was in good agreement to the observed grav-
ity variation, even though the observation environments dif-
fered from those of Tanaka et al. (2006). These results vali-
date the approach of Tanaka et al. (2006); namely, a cor-
relation between absolute gravity change and unconfined
groundwater level change was successfully established. On
Mt. Ontake, aboveground observations indicate that the re-
lationship between gravity change and rainfall-/snow-depth
is so strong that gravity effect changes are easily inter-
pretable through sign variations in response to inland water
mass changes based on the relative height of the gravime-
ter. If a rain gauge and a snow-depth meter are installed
in the vicinity of a gravimeter site, the correlation between
gravity and inland water becomes clearer; therefore, the
rain/snow-depth and gravity simultaneous observation may
be effective for monitoring calm magma intrusion activity
(Nakamichi et al., 2009).

Some problems arise concerning gravity monitoring by
gPhone: (1) an apparent gravity change due to anomalous
sensor temperature changes was detected as described in
Section 3 (it was not shown in this paper, but a step change
of approximately 1073 degrees occurred between Aug. 29
and Sep. 3); and (2) inappropriate tilt correction parameters
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Fig. 4. Illustration of the ideal gravity monitoring system (gravimeter array method) for reducing hydrological gravity disturbances. This article only
includes underground and surface gPhone observations. As a result of this study, we suggest that simultaneous operation of both types of gPhone
measurements (along with repeated absolute measurements) is the next step for correcting groundwater disturbances. In the future, the underground
gPhone could be replaced by a borehole gravimeter to eliminate the need for a large-scale underground facility.

and large tilt over/under +/—500 AD units, such as in the
MIU, may produce improper gravity signals, although these
can mostly be overcome using the analytical procedure de-
scribed in Section 3. With regard to (1), the observations
on Mt. Ontake were carried out just after those made at the
MIU, so it is unlikely that the sensor of the gPhone-90 mal-
functioned.

Based upon the abovementioned information, we can de-
velop the following strategy to study gravity signals from
the deep part of the crust/Earth by constructing a gravime-
ter array method around the MIU in the near future (Fig. 4):

(1) Simultaneous observations can be conducted both
above- and belowground using two gPhone gravime-
ters.

The gravity effect of rainfall can be nearly compen-
sated each other by the sum of two gravity data points,
and the signal from the deep part of the subsurface area
can be stacked.

The absolute gravity can be measured a few times
per month to evaluate the sensor drift of two gPhone
gravimeters.

(@3]

3

We can avoid the disturbance of rainfall, and obtain high-
quality absolute values, if we collect measurements during
stable weather conditions. Additionally, unnecessary use of
the absolute gravimeter should be reduced to save wear and
tear on its expendable parts. In the near future, instead of us-
ing a gPhone underground, an equivalent (and inexpensive)
borehole gravimeter should be developed and installed. If
such a borehole gravimeter were incorporated into a device
such as a multi-component borehole instrument (Ishii ez al.,

2002), the cost of each observation item would decrease.
Furthermore, if the borehole device housing the gravimeter
were adopted as part of a nationwide observation infrastruc-
ture, such as Hi-net (Obara et al., 2005), many observation
environments would become available without requiring the
construction of local hydrological models, thus enabling the
correction of the inland-water gravity effect. Such a gravity
monitoring system would contribute not only to geophysi-
cal applications, but also to monitoring at geothermal power
stations and geological disposal sites.
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