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Continuous monitoring system 
for safe managements of CO2 
storage and geothermal reservoirs
Takeshi Tsuji1,2,3*, Tatsunori Ikeda1,2, Ryosuke Matsuura1, Kota Mukumoto1, 
Fernando Lawrens Hutapea1,2,4, Tsunehisa Kimura5, Koshun Yamaoka6 & 
Masanao Shinohara7

We have developed a new continuous monitoring system based on small seismic sources and 
distributed acoustic sensing (DAS). The source system generates continuous waveforms with a 
wide frequency range. Because the signal timing is accurately controlled, stacking the continuous 
waveforms enhances the signal-to-noise ratio, allowing the use of a small seismic source to monitor 
extensive areas (multi-reservoir). Our field experiments demonstrated that the monitoring signal 
was detected at a distance of ~ 80 km, and temporal variations of the monitoring signal (i.e., seismic 
velocity) were identified with an error of < 0.01%. Through the monitoring, we identified pore 
pressure variations due to geothermal operations and rains. When we used seafloor cable for DAS 
measurements, we identified the monitoring signals at > 10 km far from the source in high-spatial 
resolution. This study demonstrates that multi-reservoir in an extensive area can be continuously 
monitored at a relatively low cost by combining our seismic source and DAS.

Carbon capture and storage (CCS) enables us to reduce a large amount of CO2 in the near future, and it costs less 
than many CO2 reduction technologies1–3. Especially, to achieve negative emissions (i.e., CO2 reduction from 
the atmosphere), the sequestration of the captured CO2 into the earth’s geological formation is a key approach4. 
However, reducing a large amount of CO2 by CCS to achieve the IEA 1.5 °C scenario (i.e., ~ 15% of the cumula-
tive reduction in CO2 emissions by CCS)5 requires thousands of large-scale CO2 storage sites (~ 1 million tons/
year) in the world. To achieve such a large number of CO2 storage sites, we should manage multi CO2 storage 
reservoirs in extensive areas using an innovative monitoring system for the stored CO2. Monitoring injected CO2 
in its reservoir is crucial for predicting the risk of CO2 leakage, increasing efficiency, reducing the cost of CO2 
storage, and reducing the risk of induced seismicity6,7. Also, the information derived from monitoring is vital to 
obtain public acceptance for the projects.

Geothermal power is another main approach to reduce CO2 emission using the earth system. In geothermal 
operations, the elevated pore fluid pressure due to fluid injection often increases seismicity8, and reductions in 
reservoir pressure due to production are monitored to help maintain geothermal operations. Since production 
and reduction wells in geothermal fields are also widely distributed in the geothermal field, a monitoring system 
for the multi geothermal reservoirs is crucial for sustainable geothermal power generation9 Monitoring, in sum, 
provides key information for effective and safe reservoir management for CO2 reduction. In addition to the CO2 
storage and geothermal power, the earth monitoring over a spatial range from small reservoirs to the crustal 
domain is a central technology for energy exploration (e.g., petroleum exploration)10, environmental projects 
(e.g., aquifer utilization)11, and disaster prevention (e.g., earthquake fault and volcano monitoring)12,13.

In monitoring subsurface reservoirs, we often use elastic properties constrained mainly by seismic velocity6,14. 
Active-source time-lapse (4D) seismic surveys are successfully used for monitoring reservoirs10. The temporal 
and spatial variations of pore pressure or fluid saturation are detected mainly based on variations in seismic 
velocity. For example, because a P-wave velocity dramatically decreases as CO2 replaces brine in the pore spaces 
of reservoir rocks15, changes with time in the reflection characteristics of seismic data evaluate the distribution 
of injected CO2

16. Because of its cost, however, conventional time-lapse seismic monitoring is typically done at 
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long time intervals, making it difficult to identify unexpected and rapid changes in reservoirs (e.g., CO2 leakage). 
For that reason, a continuous monitoring approach has been developed to detect variations of seismic velocity 
in a timely way. Analyzing the ambient noise in continuous seismometer records shows spatio-temporal velocity 
variations for monitoring purposes12,17–19; in this approach, ambient noise is used to derive virtual active-source 
seismic data20. This method has been used to document crustal-scale seismic velocity variations near earthquake 
faults and volcanoes12,21–23. However, when applying to the shallower reservoirs, the temporal variation of ambient 
noise characteristics (e.g., variation of its frequency components) decreased the monitoring accuracy24,25. These 
ambient noise characteristics are particularly variable for higher frequencies, strongly influenced by human 
activities and weather events.

To improve the reliability of monitoring of shallower reservoirs without using ambient noise, we have devel-
oped a system that relies on a continuous and controlled seismic source (Fig. 1). In our monitoring source system, 
repeated signals with a wide frequency range (i.e., chirp) are continuously generated by a rotating eccentric 
mass26. By stacking the continuous waveforms produced by our source system, we can improve the signal-to-
noise ratio (SNR) of the seismic signal. Thus, less energetic signals generated from a smaller source can explore 
deeper geological units. Furthermore, we recorded the source signals with a distributed acoustic sensing (DAS) 
system based on fiber-optic cables. Because the DAS system enables us to acquire monitoring signals in a long 
and dense receiver array, our monitoring system shows promise for high-resolution and low-cost monitoring of 
reservoirs. Here, we report monitoring results for the (1) onshore geothermal field in Kyushu Island in southwest 
Japan and the (2) offshore geological formation in northeast Japan, using our continuous monitoring source and 
the DAS system. We discuss the possibility of operating a continuous monitoring system for widely distributed 
onshore/offshore reservoirs.

Continuous monitoring system
Continuous and controlled seismic source.  Our permanent seismic source continuously generates 
repeatable signals (i.e., chirp) with a wide frequency range (10–35 Hz) by a rotating eccentric mass that is pre-
cisely synchronized to Global Positioning System (GPS) time (Fig. 1). Stacking the chirps from this source sys-

Figure 1.   Continuous controlled seismic source system. (a) Picture of the continuous source system. (b) The 
eccentric rotating weight of the same source type with larger force. (c) Conceptual diagram of vertical and 
horizontal motions using our monitoring system based on the rotation direction of the eccentric mass. Blue 
indicates the mass position. (d) Chirps generated every 50 s by the source system. The rotation direction is 
switched every 2 h.
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tem improves the signal-to-noise ratio of the seismic signal (i.e., transfer function). We calculated the transfer 
functions (Green’s functions) by deconvolution of the signal recorded at each seismic station with the source 
function (i.e., chirp) excited by the monitoring source system (Fig. 1d)27. If we use different source functions in 
the monitoring sources, we can operate many monitoring sources in the same field at the same time. To calcu-
late temporal variation of seismic velocity, we compared the transfer function with 1 day or 20 days of stacking 
(i.e., the current transfer function) to a reference function and calculated the travel time change throughout the 
period (see “Methods”).

The rotation direction of the eccentric mass in the source system was switched every 2 h. A linear vibration in 
any direction can be synthesized from a combination of clockwise and counterclockwise rotations. We used the 
vertical and horizontal components of continuous seismic records to synthesize transfer functions for vertical 
and horizontal forces (Fig. 1c)28,29. A similar continuous-source monitoring system developed for seismology 
and volcanology, the Accurately Controlled Routinely Operated Signal System (ACROSS)29, has successfully 
monitored changes in seismic properties associated with earthquakes27,30, and volcanic activity31. However, the 
ACROSS targets deep features, and its source waveform is dominantly at lower frequencies. To accurately moni-
tor shallower targets, we have downsized the permanent monitoring source system to generate higher frequency 
waveforms and estimate subsurface behavior at higher resolution. The system we designed in this study uses a 
rotating mass and generates chirp signals that reach 35 Hz (Fig. 1b). The weight of the mass including the shaft 
part is ~ 17 kg. The eccentric moment of this mass rotation is 0.507 kg m, and the force during 20 Hz rotation is 
8,000 N. Because the vibroseis that is commonly used in time-lapse seismic surveys uses the moving mass with 
several tons, our seismic source system is much smaller than the conventional source. The surface orbital vibrator 
(SOV) has been further developed as a similar source system32–34. However, our system is larger than the SOV 
and is designed to monitor multi reservoirs in wider areas (~ 10 km). Also our seismic source system controls 
the timing of the source signal using GPS, thus we did not need to deploy the seismometer at the source system.

In this study, we have deployed our continuous source system in the Kuju geothermal field in northeastern 
Kyushu Island, Japan, since 2018 (Fig. 2a–c, Fig. S1), operating with a frequency range of 10.11–20.11 Hz or 
12.11–22.11 Hz. To further evaluate the monitoring signal propagation for an offshore fiber-optic cable (i.e., DAS 
measurement), we deployed the monitoring source system at the ocean coast in Kamaishi city, northeast Japan, 
in 2020 (Fig. 2d,e, Fig. S1), operating with a frequency range of 12.11–22.11 Hz. We computed the daily transfer 
functions of the monitoring system by stacking data from 1 day or 20 successive days.

Long and dense receiver array using DAS.  Because deployments of many seismometers improve the 
spatial resolution of monitoring results, we used a DAS to serve as an array of hundreds/thousands of densely 
spaced seismometers. Borehole seismic networks based on DAS technology using various fiber-optic cables have 
been widely used for subsurface imaging35. The DAS system can continuously record dynamic strain along the 
direction of the cable in a succession of ~ 1 m segments for distances of tens of kilometers. This study used the 
fiber-optic cables deployed at (1) onshore geothermal field and (2) offshore area.

Deployment at onshore geothermal field.  To evaluate the applicability of DAS for our monitoring source sys-
tem, we deployed ~ 1.2 km of fiber-optic cable at geothermal power plants at ~ 1.75 km from the monitoring 
source system (Fig. 2a–c). Because the cable was folded back in some parts, the total survey line is ~ 700 m. The 
cable was in trenches at a depth of ~ 15 cm to record the horizontal motion parallel to the cable (Figure S2). We 
recorded the DAS data from 19 September to 5 November 2019. The spatial sample interval or channel spacing 
was set to 1 m, while the gauge length was 4 m which acts as moving average filter. This experiment used two 
types of fiber-optic cables, which yielded identical results. The sampling rate was 1 ms in this onshore monitor-
ing experiment.

Deployment at offshore area (seafloor cable).  To evaluate whether DAS can be applied to the seafloor cable for 
offshore monitoring purposes, we used fiber-optic cable deployed on the seafloor off the Kamaishi, northeast 
Japan (Fig.  2d,e). Many CO2 storage projects are suitable for offshore environments, especially in the coun-
tries close to the ocean (e.g., Norway, Japan and Indonesia). We recorded the DAS data from 10 October to 23 
November 2020. The spatial sample interval was set to 10 m, while the gauge length was 20 m in this test survey. 
We recorded the seismic signal for the 60 km cable by considering the attenuation of signal propagation of the 
DAS system. Therefore, we successfully recorded the monitoring signal at 6,000 channels. The sampling rate was 
2 ms in this offshore experiment.

Results and interpretation
Signal enhancements by stacking.  By stacking the continuous chirp signals from the source system, 
random noises cancel each other, and signals are enhanced. The transfer functions between the source and a 
three-component seismometer located 14.6 km east of the source (X in Fig. 2a) demonstrate that stacking data 
from longer time periods enhances the signal (Fig. 3a). Because the monitoring signal was distinctly defined in a 
stack of 10–30 days of data (Fig. 3a), the temporal resolution of the monitoring is ~ 10 days for the seismometer 
14.6 km from the source system.

Because the seismic source simultaneously generates P and S waves (i.e., vertical and horizontal motions) 
by considering rotation directions (Fig. 1c), the records from the three-component seismometers (X in Fig. 2a) 
yield several wavefields (Fig. 4a). The transfer function derived from the vertical source and receiver records is 
interpreted as representing P-wave propagation, and the transfer function from the horizontal source and receiver 
could represent the S wave. Wavefields derived from other transfer functions include converted waves, such as 
PS converted waves from vertical source motion and horizontal receiver component. The travel times for the 
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Figure 2.   Locations of the continuous monitoring source system, seismometers and fiber-optic cable for DAS. (a) 
Locations of the monitoring source system (green star) and Hi-net seismometers (yellow dots) in the Kuju geothermal 
field of central Kyushu, southwest Japan. (b) Locations of the source system, the temporal seismometers Z (red dot) 
and fiber-optic cable for DAS (green line). This map includes the locations of 2 geothermal power plants (red shaded 
areas). (c) Positions of the fiber-optic cable (green line) and three-component seismometers Y (red dot). (d) Locations 
of the monitoring source system (green star) and the fiber-optic cable used in this study for DAS (green line) in 
Kamaishi, northeast Japan. (e) Relative locations of source system and fiber-optic cable for DAS. The distance between 
the source and DAS station is ~ 1.6 km. The base map in panel (a) is a 10-m-mesh digital elevation model published by 
the Geospatial Information Authority of Japan44. Panel (a) is modified from Nimiya et al.12. The base map in panel (d) 
is from JCG and JAMSTEC45. We drew the panels (a) and (d) with Generic Mapping Tools46. The base maps in panels 
(b,c,e) are modified from the Geospatial Information Authority of Japan (http://​maps.​gsi.​go.​jp/).

http://maps.gsi.go.jp/
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Figure 3.   Improvement of signal-to-noise ratio of the monitoring signals by stacking. (a) Transfer functions 
between the source and a Hi-net seismometer for different numbers of stacking days, derived from vertical 
source motions and the vertical receiver component. The Hi-net seismometer is 14.6 km from the source system 
(X in Fig. 2a). (b) Transfer functions between the source and the 700 channels of the DAS system derived from 
vertical force data. The high-amplitude waveforms at ~ 1 s represent signals from the continuous monitoring 
system. The fiber-optic cable is 1.75 km from the source system (green line in Fig. 2b).
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first arrivals indicate P-wave velocity Vp of ~ 4.29 km/s, an S-wave velocity Vs of ~ 2.36 km/s, and a Vp/Vs ratio 
of ~ 1.81. Note that the slightly different ray paths of the P and S waves add a degree of error to the Vp/Vs estimate. 
Using a three-component seismometer close to the source system (1.75 km south from the source system; Y in 
Fig. 2c), we obtained a similar wavefield (Fig. 4b) and calculated Vp as ~ 2.18 km/s, Vs as ~ 1.01 km/s, and Vp/Vs 
as ~ 2.16. Because the signal propagated through shallower and softer material where Vp/Vs was higher36, the 
estimated Vp/Vs (~ 2.16) was higher than that of longer-offset data (~ 1.81).

To evaluate the applicability of the DAS in our monitoring system, we used a fiber-optic cable deployed in 
the geothermal field (green line in Fig. 2b,c). Because the cable was laid out horizontally in a shallow trench 
(Figure S2), the DAS system mainly recorded horizontal strain. We demonstrated signal enhancement for the 
DAS data by the stacking process (Fig. 3b). Although the DAS cable was deployed at a geothermal power plant 
generating strong noise, we identified the source signal in most channels (1 m segments) of the cable. The signal-
to-noise ratio improved with longer stacking periods, but the monitoring signal was clear with a single day of 
data stacking (Fig. 3b). Therefore, we can monitor at a high temporal resolution (~ 1 day) using a seismometer 
and a DAS system a few kilometers from the source. The channels with larger noise (channel No. 370) corre-
spond to the locations where the cable did not attach to the ground surface (i.e., bridge). At channel No. 617, the 
travel time of the vertical source signal was ~ 0.77 s for a P-wave velocity of ~ 2.16 km/s, and the travel time of 
the horizontal signal was ~ 1.63 s for a S-wave velocity of 1.02 km/s (Fig. 4c). Therefore, the Vp/Vs is 2.12. These 
velocities derived from DAS agree with the 3-component seismometer results shown in Fig. 4b. Although the 
DAS records could be the horizontal motions, we detected a P-wave from the vertical source motion (Fig. 4c) 
and estimated the P-wave velocity.

Signal propagation distance.  To evaluate the signal propagation for monitoring extensive areas, we ana-
lyzed the signal recorded at many Hi-net seismometers in and around Kyushu Island (Figs. 2a, 5). By stacking 
4 months of continuous monitoring data with source frequencies of 15.11–20.11 Hz, we successfully observed 
that the monitoring signal propagated more than 10 km (Fig. 5a,b), although our monitoring source system is 
small (~ 8,000 N) and generates high-frequency waveforms causing high wave energy attenuation. This long 
signal propagation could be achieved due to well-controlled continuous signals of our source system. Figure 5a 
displays the transfer functions (i.e., signal propagation) derived from the vertical source motion and the verti-
cal receiver component, in which the first arrival of the wavefield probably represents the P wave. Surprisingly, 
this first arrival could be identified as far as ~ 80 km away (Fig. 5a), and the S-wave arrival ~ 50 km (Fig. 5b). 
Therefore, we can monitor an extensive area using this source system. We calculated the signal-to-noise ratio of 
the vertical transfer function for each of the Hi-net seismometer stations (Fig. 5c; see “Methods”). Although the 
signal-to-noise ratio was high near the source system, there appears to be a lithological effect in that a clearer sig-
nal was identified at seismometers deployed in areas of igneous rock east of the source system (Fig. 5d). Where 
lithological boundaries or fault zones lay between the source and the seismometers, the signal-to-noise ratio 
appeared lower due to greater wave energy attenuation.

Figure 4.   Monitoring signals received by two seismometers and DAS with different distances. (a) Transfer 
functions between the source and a Hi-net seismometer (14.6 km distance). (b) Transfer functions between 
the source and temporal seismometer (1.75 km distance). (c) Transfer functions between the source and a DAS 
record (channel #617). The upper and lower panels show the results from vertical and horizontal source motion, 
respectively.
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Figure 5.   Signal propagation from continuous source system. (a) Transfer functions from the vertical source 
motion and the vertical component of Hi-net seismometers with 2 months of stacking. P-wave was recorded 
at ~ 80 km distance from the source. (b) Transfer functions from the vertical source motion and the horizontal 
component of Hi-net seismometers. (c) Signal-to-noise ratio (SNR) of each seismometer. (d) The relationship 
between lithology and signal-to-noise ratio. The igneous rocks are in pink and brown, and the sedimentary 
rocks are in other color. The lithological map was from Geological Survey of Japan, AIST, (2015)44. We drew the 
coastline of this map with Generic Mapping Tools46. (e) Transfer function derived from horizontal motion of 
the source system and DAS for seafloor cable. (f) Transfer function derived from vertical motion of the source 
system and DAS.
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We used DAS for the seafloor fiber-optic cable off the Kamaishi to reveal signal propagation in an offshore 
environment (green line in Fig. 2d). We stacked ~ 1.5-month monitoring data to enhance the signal. Since the 
signal was unclearer than the onshore experiment, we applied the lateral coherence filter37 to enhance the moni-
toring signal. The unclear signal in offshore environments could be due to the soft sediment at shallow geological 
formation; the shear motions mainly recorded by DAS are much attenuated within the unconsolidated sediment. 
After applying the lateral coherence filter and finding optimum deconvolution parameters, we observed the 
monitoring signal propagation on the offshore DAS records with the distance > 10 km from the source (Fig. 5e,f). 
Since the strong noises related to ocean-seafloor interaction were observed from 10 to 30 km distance in our DAS 
record (Fig. 6), we analyzed the monitoring data with the distance < 10 km from the source in this study. When 
we analyzed the signal from horizontal source motion (Fig. 5e), the signal propagation can be clearly observed. 
Because the source and receiver are horizontal motion in Fig. 5e, the signal could be S-wave. From the travel time 
as a function of distance, the S-wave velocity can be ~ 2.5 km/s. The results from vertical source motion (Fig. 5f) 
enabled us to observe other signal propagations earlier than the S-wave. The signal is related to P-wave, and the 
velocity was calculated as ~ 4.2 km/s. If the seismic wave is assumed as the P-wave, the Vp/Vs is ~ 1.69 and is 
lower than the typical Vp/Vs in seafloor sediment36. Therefore, there is a possibility that the converted waves are 
included in the wavefield. If we measure P-wave (vertical motion) using the seafloor cable, the spiral or helical 
cables that are sensitive for motions perpendicular to the cable could be more suitable.

Monitoring.  We calculated temporal changes in seismic velocity from our monitoring data in the onshore 
geothermal field (Fig. 2a). In this experiment, we focus on two monitoring periods: (1) 21 October–20 Decem-
ber 2018 (10.11–20.11 Hz source frequency) and (2) 1 October–31 December 2019 (12.11–22.11 Hz source fre-
quency). During these periods, the monitoring source system can be operated stably. During the second period, 
the geothermal power plant changed the amount of its fluid injection into a reservoir, causing a corresponding 
change of the pore fluid pressure in the reservoir. In addition, we used the DAS system during a portion of the 
second period (20 September to 5 November 2019).

The results of this exercise are shown in Fig. 7a,b for the transfer function between the source and the 3-com-
ponent seismometer 14.6 km away. We then calculated the tempral variations of seismic velocity from the transfer 
function (see “Methods”; Fig. 7c). To stabilize the monitoring result, daily transfer functions were calculated by 
20 days of stacking. Because the date of velocity variation shown in Fig. 7c is the central of the 20 days stacking 
window, the velocity change appears 10 days ahead of the events that influence the velocity change (e.g., rain 
precipitation). Although the transfer functions were very similar during the monitoring period (21 October–20 
December; middle and right panels in Fig. 7a,b), we identified temporal variations of P- and S-wave velocities 
with an error of < 0.01% (Fig. 7c). The monitoring results showed that P-wave velocity slightly decreased until 

Figure 6.   Ambient noise and natural earthquake records by DAS for seafloor fiber-optic cable. Here 
we displayed 6000 traces with 10 m channel interval. (a) Continuous record without the earthquake. (b) 
Continuous DAS record with the earthquake. P-wave and S-wave during the earthquake were clearly recorded at 
all channels (6000 traces). We clearly observed the noise related to ocean dynamics from 10 to 30 km distance. 
The location and intensity of the noise is temporarily varied.
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early December 2018, then increased until mid-December (blue line in Fig. 7c) and that Vs decreased until early 
December and increased after that (red line in Fig. 7c). Furthermore, the Vp/Vs was slightly varied from 1.6912 

Figure 7.   Monitoring results derived from the Hi-net seismometer ~ 14.6 km from the source system. (a) 
Transfer functions derived from vertical source motion (left) and its temporal variation (middle and right). The 
right panel shows the enlarged waveform close to the first arrival. (b) Transfer functions derived from horizontal 
source motion and its temporal variation. (c) Temporal variation of seismic velocity. (d) Temporal variation of 
Vp/Vs, and precipitation from rain events recorded in the study area.
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to 1.6927, and it slightly increased after the end of November 2018 (Fig. 7d). These seismic velocity variations 
are well related to the precipitation (blue bars in Fig. 7d). A positive relationship between Vp/Vs and rain may 
indicate that fluid saturation and/or pore pressure variations influence seismic velocity due to fluctuating ground-
water levels. The increase of fluid saturation due to precipitation increases P-wave velocity and decreases S-wave 
velocity, resulting increase in Vp/Vs. Furthermore, the overburden imposed by precipitation (i.e., groundwater 
level increase) may change the stress state and pore pressure within the deep crust (with low permeability), 
resulting increase in Vp/Vs. We believe that this mechanism (i.e., pore pressure variation) is the most dominant 
in deeper formation. Similar temporal velocity variation associated with precipitation can be observed by ambi-
ent noise analysis13. The previous study13 revealed a time lag between the precipitation and velocity change; the 
velocity change occurs several days after the rain events. Therefore, it could be difficult to compare the velocity 
change and precipitation at same time scale. Also, some other factors such as volcanic activities influence seismic 
velocity, because the volcano is located between the source and the seismometer.

We found velocity variations in short-offset monitoring results via a seismometer (Fig. 8) and DAS (Fig. 9) 
based on daily stacking of transfer functions. In Fig. 8, we selected the seismometer whose raypath from the 
source system across the geothermal reservoirs (Z in Fig. 2b). Furthermore, we choose the monitoring period 
when monitoring source system generated stable signals (from 1 October to 31 December 2019; orange line 
in Fig. 8a). The longer-period velocity variation (blue line in Fig. 8a) seems to be related to geothermal power 
plant operations (Fig. 8b). Because the geothermal power plant halted its operation by mid-November 2019 
and the injection fluid amount increased after mid-November, the pore pressure in the geothermal reservoir 
dynamically change; pore pressure close to the reduction wells (or fluid injection well) increased after mid-
November (Fig. 8b). Indeed, the P-wave velocity across such reduction areas decreased after starting the plant 
(mid-November; blue line in Fig. 8a). The P-wave velocity has a negative relationship with pore pressure (or 
positive relationship with effective stress), thus this relationship can be explained in rock physics models38,39. 
This experiment demonstrates that our monitoring system can reveal temporal variations of pore pressure in the 
geothermal reservoirs. Because the pore pressure is related to the seismicity7, we will be able to use this monitor-
ing system for safe reservoir managements in geothermal power.

The temporal velocity variation acquired by the DAS system had a similar trend in most channels (Fig. 9c), 
suggesting that DAS provides stable records for the monitoring system. A similar velocity variation can be seen 
in the seismometer close to the fiber-optic cable. A clear negative correlation between rainfall events and seis-
mic velocity (Fig. 9c,d) can be observed in the DAS record. The seismic velocity variation between the seismic 
source and the DAS ~ 1.7 km away (± 0.2%; Fig. 9c) was large compared to that in the long-offset monitoring 
data (± 0.02%; Fig. 7c). Because the ray-path is through shallower formation for shorter-offset monitoring data 

Figure 8.   Monitoring results and geothermal operation data during 3 months. (a) Temporal velocity variation 
between the source system and a seismometer ~ 1.75 km (blue), and its correlation coefficient R between current 
and reference trances (orange). The velocity variation is derived from vertical source motion and vertical 
receiver component (blue). The geothermal fields locate between the source and the seismometer. (b) Temporal 
variations of fluid injection amount (blue) and pressure change in the reservoir (orange).
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Figure 9.   Monitoring results derived from the DAS system ~ 1.75 km from the source system. (a) Transfer 
functions at all receiver channels derived from vertical source motion (left) and temporal variation of channel 
617 (middle and right). (b) Transfer functions at all receiver channels derived from horizontal source motion 
and temporal variation of channel 617. (c) Temporal variation of P-wave velocity for channels #615–#650 from 
10 October to 4 November. The velocity change is defined by using the velocity on 22 October as zero. (d) The 
velocity change averaged from channel #615–#650 results (black), and the precipitation from rain events (blue).
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(shorter distance between source and seismometer; Fig. 9), the velocity variation of the shallower formation is 
larger than that of deeper crust.

Discussion and implications
We have developed continuous and low-cost monitoring system for multi-reservoir distributed in extensive area 
(Fig. 10). This study confirmed that the monitoring signal propagates as far as ~ 80 km via onshore seismometers 
and longer than 10 km via DAS for the seafloor cable (Fig. 5). Because the monitoring data recorded by DAS 
can be transferred and analyzed in real-time, we can continuously obtain the monitoring results, making it pos-
sible to identify unexpected and rapid changes in reservoirs (e.g., CO2 leakage). Furthermore, we can operate 
many monitoring sources in the same field at the same time by using different source functions (Figs. 1d, 10). 
We measured the temporal variation of seismic velocities with an error of < 0.01% (Fig. 7). The combination of 
continuous sources and a DAS system (long and dense seismometer array) was sensitive enough to monitor the 
temporal variation of seismic velocity (Fig. 9). Indeed, we could identify the temporal variation of the geothermal 
reservoir based on our monitoring system (Fig. 8). The numerical simulation results (i.e., CO2 reservoir simula-
tion and dynamic wave propagation simulation) demonstrated that similar monitoring systems can monitor the 
injected CO2 in the reservoirs as seismic velocity variation derived from tomography analysis40. Therefore, using 
our monitoring system, we can monitor extensive areas, such as CO2 storage projects or geothermal projects 
with multiple wells. Because DAS receivers accurately estimate natural earthquakes and CO2 injection-induced 
seismicity, the receiver array via DAS can be also used for such earthquake and geomechanical monitoring41. 
Indeed, our DAS data include several earthquakes, and P-wave and S-wave arrivals of the natural earthquakes can 
be accurately identified in our DAS record (Fig. 6b). Because our fiber-optic cable is linear-shape in the Kamai-
shi experiment (green line in Fig. 2d), we cannot accurately estimate the earthquake locations. Nevertheless, if 
we use a spatially distributed fiber cable as shown in Fig. 10 or use additional seismometers, we can accurately 
estimate the source locations.

This study showed that smaller source systems (Fig. 1a) could be effective for monitoring multi-reservoir 
distributed in an extensive area. However, even with several more source systems and dense DAS receivers, the 
spatial resolution of our system would be inferior to that of time-lapse (4D) seismic reflection surveys16. Nev-
ertheless, our monitoring system has value because it does not require frequent expensive time-lapse seismic 
surveys. The less number of time-lapse seismic surveys could reduce the total monitoring cost. The utilization of 
the existing seafloor cable for DAS42,43 can further reduce the monitoring cost of offshore reservoirs. Because we 
can continuously monitor reservoirs (e.g., Fig. 8) and immediately detect accidents, this permanent monitoring 
system may also be valuable for public acceptance in CO2 storage and geothermal projects.

In offshore environments, the deployment of our motor-based seismic source system on the seafloor could 
be difficult, because the soft seafloor sediment cannot hold the source system. Although the monitoring signal 
propagates for several 10 km from the coast such as the Kamaishi experiment (onshore source and seafloor cable; 
Fig. 5e,f), it is better to deploy other types of a source in the offshore area in order to improve the spatial resolu-
tion of the monitoring results. For example, the sound source sparkers could be deployed close to the seafloor 
(orange cylinder in Fig. 10). If the source continuously generates the signal with wide frequency, the stacking of 
the monitoring signal enables us to monitor the deep reservoir, as demonstrated in this study (Fig. 3). To further 
improve the spatial resolution, we have designed an unmanned vessel (autonomous surface vehicle; ASV) for 
the monitoring source system (Fig. 10). If the ASV carrying a small seismic source continuously generate the 
monitoring source signals, we can monitor the offshore reservoirs with higher spatial resolution.

Figure 10.   Schematic image of continuous monitoring systems and seismometer networks, including a DAS 
array. We manage the multi-reservoir using our continuous monitoring system.
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Methods
Calculation of temporal variation of seismic velocity.  To calculate temporal variation of seismic 
velocity from our continuous monitoring source system, we compared the transfer function with 1  day or 
20 days of stacking (the current transfer function) to a reference function and calculated the travel time change 
throughout the period using the relationships30

where Δt is the travel time change, C
(

fk
)

 is the square root of the amplitude of cross-spectra densities of k-th 
frequency component, θ

(

fk
)

 is the relative phase delay of cross-spectra densities, F is the current transfer function, 
and Fref is the reference transfer function. Note that we estimated travel time changes by selecting time windows 
that included the P- or S-wave first arrival. Seismic velocity change Δv is estimated from Δt by

This approach can be used when the two transfer functions F and Fref are similar. Therefore, we calculated 
the correlation coefficient of F and Fref (R in Fig. 8a) and used this coefficient to evaluate the reliability of the 
estimated velocity change.

Calculation of signal‑to‑noise ratio.  We divided 2  h of monitoring data into 72 segments of 100  s. 
Because the modulation period was 50 s and two cycles were included in each 100 s time window (Fig. 1d), the 
estimated amplitude spectra had larger amplitudes for every other data point in the frequency domain, repre-
senting signals from the source system. In contrast, the intervening data points corresponded to ambient noise. 
Therefore, we calculated the signal-to-noise ratio (SNR) for each station by dividing the amplitudes of the signal 
channel with that of the noise channel. We used the following stacking equations to estimate the levels of signal 
and noise, then calculate signal-to-noise ratio (SNR):

where ε is the signal or noise level, f is the frequency, X is the amplitude in each channel, and N is the number of 
channels. Note the amplitudes of the signal channel |X(fsig)| include both signal and noise. When SNR = 1.0, the 
amplitudes of the signal and noise channels are equal, such that only random noise that exists at all frequencies 
is dominant. If SNR is significantly higher than 1.0, the signal from the source system can be observed at that 
station. In Fig. 5d, we showed the seismic station with SNR > 1.1. Overall, the SNR decreases with source-receiver 
distance (Fig. 5c).

Materials availablity
We used Hi-net seismometers opened from the NIED website and the seismometers close to the monitoring 
source system. The latter seismometers were deployed in the geothermal power plant and cannot be open to the 
public. The owner of the DAS data is the Ministry of Environment (government of Japan). You may use the DAS 
data after obtaining approval from the Ministry. The source functions of this continuous source are available 
from the corresponding author upon reasonable request.

Received: 26 June 2021; Accepted: 27 August 2021

References
	 1.	 Johnson, J. W., Nitao, J. K. & Knauss, K. G. In Geological Storage of Carbon Dioxide Vol 233 (ed. Baines, W. R. H.) 107–128 (Geo-

logical Society of London Special Publication, 2014).
	 2.	 Haszeldine, R. S. Carbon capture and storage: How green can black be?. Science 325(5948), 1647–1652 (2009).
	 3.	 Boot-Handford, M. E. et al. Carbon capture and storage update. Energy Environ. Sci. 7, 130–189 (2014).
	 4.	 Tsuji, T., Sorai, M., Shiga, M., Fujikawa, S. & Kunitake, T. Geological storage of CO2-N2-O2 mixtures produced by membrane-based 

direct air capture (DAC). Greenh. Gases Sci. Technol. 11(4), 610–618. https://​doi.​org/​10.​1002/​ghg.​2099 (2021).

(1)�t =
1

∑

k C
(

fk
)

∑

k

C
(

fk
) θ

(

fk
)

2π fk

(2)C
(

fk
)

=

√

∣

∣F(fk)Fref (fk)
∣

∣

(3)θ
(

fk
)

= Arg
(

C
(

fk
))

,

(4)
�v

v
= −

�t

t
.

(5)εsig =

√

1

2Nsig
�fsig

∣

∣X
(

fsig
)∣

∣

2

(6)εnoi =

√

1

2Nnoi
�fnoi

∣

∣X
(

fnoi
)∣

∣

2

(7)SNR = εsig/εnoi,

https://doi.org/10.1002/ghg.2099


14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19120  | https://doi.org/10.1038/s41598-021-97881-5

www.nature.com/scientificreports/

	 5.	 IEA. Energy Technology Perspectives 2020, Special Report on Carbon Capture Utilisation and Storage (CCUS in Clean Energy Transi-
tions) (IEA, 2020).

	 6.	 Chadwick, A. et al. Quantitative analysis of time-lapse seismic monitoring data at the Sleipner CO2 storage operation. Lead Edge 
(Tulsa, OK) 29, 170–177. https://​doi.​org/​10.​1190/1.​33048​20 (2010).

	 7.	 Chhun, C. & Tsuji, T. Pore pressure analysis for distinguishing earthquakes induced by CO2 injection from natural earthquakes. 
Sustainability 12, 9723. https://​doi.​org/​10.​3390/​su122​29723 (2020).

	 8.	 Chang, K. W. et al. Operational and geological controls of coupled poroelastic stressing and pore-pressure accumulation along 
faults: Induced earthquakes in Pohang, South Korea. Sci Rep 10, 2073. https://​doi.​org/​10.​1038/​s41598-​020-​58881-z (2020).

	 9.	 Ishitsuka, K., Tsuji, T., Matsuoka, T., Nishijima, J. & Fujimitsu, Y. Heterogeneous surface displacement pattern at the hatchobaru 
geothermal field inferred from SAR interferometry time-series. Int. J. Appl. Earth Obs. Geoinf. 44, 95–103. https://​doi.​org/​10.​
1016/j.​jag.​2015.​07.​006 (2015).

	10.	 Lumley, D. E. Time-lapse seismic reservoir monitoring. Geophysics 66, 50–53. https://​doi.​org/​10.​1190/1.​14449​21 (2001).
	11.	 Ishitsuka, K. et al. Natural surface rebound of the Bangkok plain and aquifer characterization by persistent scatterer interferometry. 

Geochem. Geophys. Geosyst. 15(4), 965–974. https://​doi.​org/​10.​1002/​2013G​C0051​54 (2014).
	12.	 Nimiya, H., Ikeda, T. & Tsuji, T. Spatial and temporal seismic velocity changes on Kyushu Island during the 2016 Kumamoto 

earthquake. Sci. Adv. 3(11), e1700817 (2017).
	13.	 Andajani, R. D., Tsuji, T., Snieder, R. & Ikeda, T. Spatial and temporal influence of rainfall on crustal pore pressure based on seismic 

velocity monitoring. Earth Planets Sp. 72, 1–17 (2020).
	14.	 Tsuji, T., Ikeda, T. & Jiang, F. Evolution of hydraulic and elastic properties of reservoir rocks due to mineral precipitation in CO2 

geological storage. Comput. Geosci. 126, 84–95. https://​doi.​org/​10.​1016/j.​cageo.​2019.​02.​005 (2019).
	15.	 Yamabe, H., Tsuji, T., Liang, Y. & Matsuoka, T. Influence of fluid displacement patterns on seismic velocity during supercritical 

CO2 injection: Simulation study for evaluation of the relationship between seismic velocity and CO2 saturation. Int. J. Greenh. Gas 
Control 46, 197–204. https://​doi.​org/​10.​1016/j.​ijggc.​2016.​01.​011 (2016).

	16.	 White, D. Seismic characterization and time-lapse imaging during seven years of CO2 flood in the weyburn field, saskatchewan, 
canada. Int. J. Greenh. Gas Control 16, S78–S94. https://​doi.​org/​10.​1016/j.​ijggc.​2013.​02.​006 (2013).

	17.	 Wang, Q. Y. et al. Seasonal crustal seismic velocity changes throughout Japan. J. Geophys. Res. 122, 7987–8002 (2017).
	18.	 Hutapea, F. L., Tsuji, T. & Ikeda, T. Real-time crustal monitoring system of Japanese Islands based on spatio-temporal seismic 

velocity variation. Earth Planets Sp. 72, 19. https://​doi.​org/​10.​1186/​s40623-​020-​1147-y (2020).
	19.	 Taira, T., Nayak, A., Brenguier, F. & Manga, M. Monitoring reservoir response to earthquakes and fluid extraction, Salton Sea 

geothermal field, California. Sci. Adv. 4(1), e1701536 (2018).
	20.	 Nakata, N., Snieder, R., Tsuji, T., Larner, K. & Matsuoka, T. Shear wave imaging from traffic noise using seismic interferometry by 

cross-coherence. Geophysics 20, 97–106 (2010).
	21.	 Brenguier, F. et al. Postseismic relaxation along the San Andreas fault at Parkfield from continuous seismological observations. 

Science 321, 1478–1481 (2008).
	22.	 Brenguier, F. et al. Towards forecasting volcanic eruptions using seismic noise. Nat. Geosci. 1, 126–130 (2008).
	23.	 Ikeda, T. & Tsuji, T. Temporal change in seismic velocity associated with an offshore MW 5.9 Off-Mie earthquake in the Nankai 

subduction zone from ambient noise cross-correlation. Prog. Earth Planet. Sci. https://​doi.​org/​10.​1186/​s40645-​018-​0211-8 (2018).
	24.	 Zhan, Z., Tsai, V. C. & Clayton, R. W. Spurious velocity changes caused by temporal variations in ambient noise frequency content. 

Geophys. J. Int. 194, 1574–1581. https://​doi.​org/​10.​1093/​gji/​ggt170 (2013).
	25.	 Tsuji, T., Ikeda, T., Johansen, T. A. & Ole, RuudB. Using seismic noise derived from fluid injection well for continuous reservoir 

monitoring. Interpretation 4(4), SQ1–SQ11. https://​doi.​org/​10.​1190/​INT-​2016-​0019.1 (2016).
	26.	 Yamaoka, K., Kunitomo, T., Miyakawa, K., Kobayashi, K. & Kumazawa, M. A trial for monitoring temporal variation of seismic 

velocity using an ACROSS system. Island Arc 10, 336–347. https://​doi.​org/​10.​1111/j.​1440-​1738.​2001.​00332.x (2001).
	27.	 Tsuji, S. et al. Secular and coseismic changes in S-wave velocity detected using ACROSS in the Tokai region. Earth Planets Sp. 70, 

145. https://​doi.​org/​10.​1186/​s40623-​018-​0917-2 (2018).
	28.	 Saiga, A., Yamaoka, K., Kunitomo, T. & Watanabe, T. Continuous observation of seismic wave velocity and apparent velocity using 

a precise seismic array and ACROSS seismic source. Earth Planets Sp. 58, 993–1005. https://​doi.​org/​10.​1186/​BF033​52604 (2006).
	29.	 Yamaoka, K. et al. Active monitoring at an active volcano: Amplitude–distance dependence of ACROSS at Sakurajima Volcano, 

Japan. Earth Planets Sp. https://​doi.​org/​10.​1186/​1880-​5981-​66-​32 (2014).
	30.	 Ikuta, R., Yamaoka, K., Miyakawa, K., Kunitomo, T. & Kumazawa, M. Continuous monitoring of propagation velocity of seismic 

wave using ACROSS. Geophys. Res. Lett. 29(13), 51–55. https://​doi.​org/​10.​1029/​2001G​L0139​74 (2002).
	31.	 Maeda, Y. et al. A subsurface structure change associated with the eruptive activity at Sakurajima Volcano, Japan, inferred from 

an accurately controlled source. Geophys. Res. Lett. 42(13), 5179–5186. https://​doi.​org/​10.​1002/​2015G​L0643​51 (2015).
	32.	 Daley, T. M. & Cox, D. Orbital vibrator seismic source for simultaneous P- and S-wave crosswell acquisition. Geophysics 66, 

1471–1480. https://​doi.​org/​10.​1190/1.​14870​92 (2001).
	33.	 Ajo-Franklin, J., et al. Time-lapse surface wave monitoring of permafrost thaw using distributed acoustic sensing and a permanent 

automated seismic source: SEG Technical Program Expanded Abstracts 2017.
	34.	 Dou, S., et al. Surface orbital vibrator (SOV) and fiber-optic DAS: Field demonstration of economical, continuous-land seismic 

time-lapse monitoring from the Australian CO2CRC Otway site: SEG Technical Program Expanded Abstracts (2016).
	35.	 Daley, T. M. et al. Field testing of fiber-optic distributed acoustic sensing (DAS) for subsurface seismic monitoring. Lead. Edge 

32(6), 699–706 (2013).
	36.	 Tsuji, T. et al. VP/VS ratio and shear-wave splitting in the Nankai Trough seismogenic zone: Insights into effective stress, pore 

pressure, and sediment consolidation. Geophysics 76, WA71–WA82 (2011).
	37.	 Schimmel, M. & Gallart, J. Frequency-dependent phase coherence for noise suppression in seismic array data. J. Geophys. Res. 112, 

1–14. https://​doi.​org/​10.​1029/​2006J​B0046​80 (2007).
	38.	 Christensen, N. I. & Wang, H. F. The influence of pore pressure and confining pressure on dynamic elastic properties of BereaSand-

stone. Geophysics 50, 207–213 (1985).
	39.	 Tsuji, T., Kamei, R. & Pratt, R. G. Pore pressure distribution of a mega-splay fault system in the Nankai trough subduction zone: 

Insight into up-dip extent of the seismogenic zone. Earth Planet. Sci. Lett. 396, 165–178. https://​doi.​org/​10.​1016/j.​epsl.​2014.​04.​
011 (2014).

	40.	 Kikuchi, R., et al. Pressure monitoring in the sea using DAS; Numerical study by 3D seismic refraction survey. In Proceedings of 
SEGJ Annual Meeting, (Japanese with English Abstract) (2021).

	41.	 Lindsey, N. J., Craig Dawe, T. & Ajo-Franklin, J. B. Illuminating seafloor faults and ocean dynamics with dark fiber distributed 
acoustic sensing. Science 366, 1103–1107. https://​doi.​org/​10.​1126/​scien​ce.​aay58​81 (2019).

	42.	 Lindsey, N. J. et al. Fiber-optic network observations of earthquake wavefields. Geophys. Res. Lett. 44(23), 11792–11799 (2017).
	43.	 Sladen, A. et al. Distributed sensing of earthquakes and ocean-solid Earth interactions on seafloor telecom cables. Nat. Commun. 

10, 5777. https://​doi.​org/​10.​1038/​s41467-​019-​13793-z (2019).
	44.	 Geological Survey of Japan, AIST (ed.), Seamless digital geological map of Japan 1:200,000. May 29, 2015 version. Geological 

Survey of Japan, National Institute of Advanced Industrial Science and Technology (2015).
	45.	 Japan Coast Guard (JCG), Japan Agency for Marine-Earth Science and Technology (JAMSTEC). Compilation of the Japan Trench 

bathymetry data collected by Japan Coast Guard and JAMSTEC. Newsl. Seismol. Soc. Jpn. 23, 35–36 (2011).

https://doi.org/10.1190/1.3304820
https://doi.org/10.3390/su12229723
https://doi.org/10.1038/s41598-020-58881-z
https://doi.org/10.1016/j.jag.2015.07.006
https://doi.org/10.1016/j.jag.2015.07.006
https://doi.org/10.1190/1.1444921
https://doi.org/10.1002/2013GC005154
https://doi.org/10.1016/j.cageo.2019.02.005
https://doi.org/10.1016/j.ijggc.2016.01.011
https://doi.org/10.1016/j.ijggc.2013.02.006
https://doi.org/10.1186/s40623-020-1147-y
https://doi.org/10.1186/s40645-018-0211-8
https://doi.org/10.1093/gji/ggt170
https://doi.org/10.1190/INT-2016-0019.1
https://doi.org/10.1111/j.1440-1738.2001.00332.x
https://doi.org/10.1186/s40623-018-0917-2
https://doi.org/10.1186/BF03352604
https://doi.org/10.1186/1880-5981-66-32
https://doi.org/10.1029/2001GL013974
https://doi.org/10.1002/2015GL064351
https://doi.org/10.1190/1.1487092
https://doi.org/10.1029/2006JB004680
https://doi.org/10.1016/j.epsl.2014.04.011
https://doi.org/10.1016/j.epsl.2014.04.011
https://doi.org/10.1126/science.aay5881
https://doi.org/10.1038/s41467-019-13793-z


15

Vol.:(0123456789)

Scientific Reports |        (2021) 11:19120  | https://doi.org/10.1038/s41598-021-97881-5

www.nature.com/scientificreports/

	46.	 Wessel, P. & Smith, W. H. F. New, improved version of generic mapping tools released. Eos Trans. Am. Geophys. Union 79, 579 
(1998).

Acknowledgements
This work was conducted under the “Sustainable CCS project” of the Ministry of the Environment, Government 
of Japan. T. Kunitomo and T. Watanabe (Nagoya University) and J. Kinoshita (Kyushu University) supported 
the deployment of the monitoring system and seismometers. We are grateful to the National Research Institute 
for Earth Science and Disaster Prevention (NIED) for providing us with the Hi-net data. We thank Y. Yamaura 
(West Jec) for supporting the deployment of seismometers. We also thank to Kyushu Electric Power CO., INC., 
because the company provided the geothermal data shown in Fig. 8b. This study was partially supported through 
the Japan Society for the Promotion of Science KAKENHI Grants JP20H01997 and JP20K04133.

Author contributions
T.T. developed the conceptual idea and designed the experiments. T.T. and K.Y. designed the monitoring source 
system. T.T., T.I., R.M., K.M. and H.F.L. executed the data analysis. T.T., T.K., K.Y. and M.S. conducted field exper-
iments. T.T. drafted the manuscript, and all the authors contributed to the discussion and finalized the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​97881-5.

Correspondence and requests for materials should be addressed to T.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-97881-5
https://doi.org/10.1038/s41598-021-97881-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Continuous monitoring system for safe managements of CO2 storage and geothermal reservoirs
	Continuous monitoring system
	Continuous and controlled seismic source. 
	Long and dense receiver array using DAS. 
	Deployment at onshore geothermal field. 
	Deployment at offshore area (seafloor cable). 


	Results and interpretation
	Signal enhancements by stacking. 
	Signal propagation distance. 
	Monitoring. 

	Discussion and implications
	Methods
	Calculation of temporal variation of seismic velocity. 
	Calculation of signal-to-noise ratio. 

	References
	Acknowledgements


