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In n o va t ion  fo r De -Riskin g  En h a n ce d  Ge o t h e rm a l En e rg y P ro je c t s  (DEEP )

Go a l: A h o lis t ic  a p p ro a ch  t o  re a l-t im e  m o n it o r in g , r is k  a n a lys is , a n d  m it ig a t io n  
o f se ism ic it y in d u ce d  b y  d e e p  g e o t h e rm a l syst e m s – fu lly o p e n  a cce ss!  

• Du ra t io n : De c . 20 20  – Ma y 20 24
• DEEP  co n so rt iu m : 6  n a t io n s (8  

a ca d e m ic  p a rt n e rs , 3 in d u st ry 
co m p a n ie s)

h t t p ://d e e p g e o t h e rm a l.o rg

Presenter Notes
Presentation Notes
 

http://deepgeothermal.org/home
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Ch a lle n g e s o f m o n it o rin g  in d u ce d  m ic ro se ism ic it y

• Hig h  e ve n t  ra t e (u p  t o  10 0  / m in u t e )
• Ove rla p p in g  p h a se s
• St ro n g ly n o ise -co n t a m in a t e d  e ve n t s  
• Hig h  sa m p lin g  ra t e s  a n d  in t e g ra t io n  o f d iffe re n t  se n so rs
• La rg e  d a t a se t s  (e .g ., DAS)

P o s s ib le  s o lu t io n s ?  

• Ma ch in e  Le a rn in g  a p p ro a ch e s
• Dig it a l t w in s

Presenter Notes
Presentation Notes
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MALMI w o rk flo w

MAc h in e Le a rn in g  a id e d  
e a rt h q u a k e  MIg ra t io n
lo c a t io n  
Shi et a l. 2022, SRL

Pre-trained 
ML models

Migration

2-min. segments

h t t p s://g it h u b .com /sp e e d sh i/MALMI

Presenter Notes
Presentation Notes
 Malmi uses ML to generate phase probabilities and then use the  phase probabilities for stacking and migration. Among the benefits of this tool are that No need to do phase associationTackle overlapping events wellRobust to outliers at single stationIt requires Fewer parameters to tuneCombine ML with physical-based model

https://github.com/speedshi/MALMI
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Ea rt h q u a ke  Lo ca t ion  u sin g  w a ve fo rm  b a c k p ro je c t io n a n d  s t a c k in g

P ro s :
● No  p h a se  p ickin g  (a u t o m a t e d  – u se  ML p h a se  

p ro b a b ilit y d ire c t ly a s  ch a ra c t e ris t ic  fu n c t io n  
fo r b a ckp ro je c t io n a n d  st a ckin g );

● No  p h a se  a sso c ia t io n  (g re a t  fo r sh o rt  in t e r-
e ve n t  t im e  a n d  o ve rla p p in g  e ve n t s!);

● in c re a se  SNR (fro m  st a ckin g );

Co n s :

● Co m p u t a t io n a lly e xp e n sive

Uncertain range

Max prob: 0.09

Max prob: 0.95

Presenter Notes
Presentation Notes
The MALMI workflow is based on an earthquake location approach using waveform backprojection and stacking. The basic idea of this approach is fairly simple. It simply stacks the seismic waveforms along the pre-calculated travletime trajectories at each sub-surface imaging points and potential origin times. The corresponding stacking maxima reveals the earthquake location and origin time. Because the process is very straightforward and simple, it brings a few pros, for example this approach does not need phase picking and association because events are automatically detected and located by backprojection process. This feature makes it very suitable for processing overlapping events. Thus it is particularly suitable for microseismic monitoring, as a lot of events can occur in a short time period thus causing a lot of overlapping phase arrivals which can be difficult to associate. Since stacking is used to increase SNR, thus this approach have potential to detect and locate small events. The biggest drawback of this approach is that it is very computationally expensive since we have to deal with a lot of imaging points and process continuous data. Secondly, for better performance, we usually need to find a good characteristic function for imaging. So what is a characteristic function and why we need it?So in the end, I compiled this MALMI workflow to process continuous data and get an earthquake catalog directly from it. And the core part is to use different ML models to generate continuous phase probabilities for stacking and event location. So now we have a workflow, are we ready to apply it for FORGE microseismic monitoring?     Not quite yet. 
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Sc a le  Is s u e  a n d  Ou t -o f-Dis t r ib u t io n  (ODD) d a t a s e t s

Woollam et al., 2022 P re -t ra in e d m o d e ls:
● Ma g n it u d e  ra n g e : 0  - 6 ;
● Eve n t  d u ra t io n : 5 - 6 0  s  @ 10 0 -20 0  Hz;

FORGE MS e ve n t s:
● Ma g n it u d e  ra n g e : -3 t o  0 .6 ;
● Eve n t  d u ra t io n : ~0 .5 s  @ 4 0 0 0  Hz; 

FORGE m ic ro se ism ic e ve n t

0.1 s

Presenter Notes
Presentation Notes
The issue is: there is a systematic scale difference between the model we use and the data want to apply. At first, we do not have any labelled dataset for re-training or transfer learning for FORGE datasets. So we have no choice but to use pre-trained models. Most available models are trained on tectonic earthquakes with magnitudes spanning from 0 - 6, and depending on the distances the event waveforms last around a few seconds to tens of seconds. These training data are mostly recorded by broadband stations at 100 or 200 Hz. But the data at FORGE is so different, we target at microseismic events with magnitude down to -3 and data recorded at 4000 hz. Events are of much higher frequencies and usually last less than 0.5 seconds. So how do we apply the pre-trained models to this out-of-distribution data set? 
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Re s c a le  d a t a  fo r  a u g m e n t in g  ML m o d e l p e rfo rm a n c e  

Re s c a lin g  s c h e m e

Affe c t  t w o  a s p e c t s :

● P -t o -S sa m p le s (d is t a n ce );
● Sa m p le s p e r cyc le s  (fre q u e n cy);

Tw o  d ire c t io n s :
● Up sca lin g  (zo o m -in ) – u p -sa m p lin g  (fo r sm a ll EQs);
● Do w n sca lin g  (zo o m -ou t ) – d o w n -sa m p lin g  (fo r la rg e  EQs);

● Se lf-sim ila rit y o f la rg e  a n d  sm a ll EQs;
● Syst e m a t ica lly s t re t ch  o r sq u e e ze  w a ve fo rm s t o  m a t ch  

t h e  t ra in in g  d a t a ;
● Sca le -in d e p e n d e n t  p ro p e rt y fo r m o st  ML a rch it e c t u re s;

Presenter Notes
Presentation Notes
This figure shows how rescaling works. The core idea is to manipulate the input waveforms by resampling. For example, for 100 Hz data, if we resample to 200 Hz, since ML model takes a fixed number of samples as inputs, from example 3000 points here, the input waveforms will look like been stretched twice longer. This changing of scale can affect model performance dramatically, as we can see without rescaling model fails to predict, but as rescale twice longer, the model performs perfectly at capturing the phases. The rescaling will affet two aspects: one is P-to-S samples which corresponds to distance; the other is samples per cycle which relevant to frequency as percep by model. There are two directions of rescaling. Upscaling: means stretch the waveforms and provide a zoom-in effect, this is achieved by upsampling; Downscaling: which means squeeze the waveforms and provide a zoom-out effect and is achieved by downsampling. So how do we decide when to use upscaling and when to use downscaling? The third feature/property of rescaling scheme, it utilize the fact that most ML models directly work on time serial samples, and ignore the actual frequency and time information.
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Re s c a le  d a t a  fo r  a u g m e n t in g  ML m o d e l p e rfo rm a n c e  

W h e n  t o  Up -s c a le :

● Sm a ll e ve n t s;
● Ne a r fie ld  re co rd in g s;

W h e n  t o  Do w n -s c a le :

● La rg e  e ve n t s;
● Re m o te  e ve n t s;
● Re la t ive ly fa r fie ld  

re co rd in g s (co m p a re d  
t o  t ra in in g  se t s)

Presenter Notes
Presentation Notes
I perform systematic analysis and find out that upscaling should be used for smaller events or near field recordings where the P-to-S time is too short. The movie highlights how upscaling works and affects the model performance. Below is a few snapshots of how the waveforms look like in time domain after upscaling. The shape keeps consistent with original data, but since we have more samples, the input data to the model is actually enlarged. If we upscale too much, the model will lose the global sense of the whole wave trains, thus leads to poor model performance.On the other side, downscaling is needed for large events or remote events that the wave train is too long and can not fit into a single ML prediction window as illustrated in the plot. The movie and the snapshots reveal how downscaling affects the input waveforms to the model and its performance. We can see that, at first, the scale is too large and P and S-phases can not even appear in the same window, but as we downscale further, we zoom-out and start to see the whole wave trains and the model starts to work.
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Ve rify c ro s s -s c a le  m o n it o r in g  a b ilit y

● Te st e d  a c ro ss d iffe re n t  sca le s , 
fro m  t e c t o n ic  t o  la b q u a ke s;

● Re sca lin g  is  a  ve ry e ffe c t ive  w a y 
t o  a p p ly p re -t ra in e d  m o d e ls  t o  
OOD sca le s;

Acoustic emission 
sensor

Distributed acoustic 
sensor

Downhole geophone 
chain

Presenter Notes
Presentation Notes
We tested the rescaling scheme across different scales, from large tectonic scale such as megathrust to labquake scale, and find out that rescaling is actually a very effective way to apply pre-trained models to out-of-distribution scales. We believe the underlying mechanism of why this works is the self-similarity of large and small earthquakes. 
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Qu a k e p h a s e : a  u n ifie d  p la t fo rm  fo r ML m o d e l a u g m e n t a t ion

Fin a lly re a d y t o  a p p ly t o  FORGE!

Shi et a l. 2024 , JGR-Ma chine Learn in g  a n d  
Co m p u ta tio n

h t t p s://g it h u b .com /sp e e d sh i/q u a k e p h a s e

● En se m b le  t h e  p re d ic t io n s fro m  
d iffe re n t  s t ra t e g ie s  in t o  a  u n ifie d  
p re d ic t io n

● Se le c t  e n se m b le  m e t h o d s (e .g ., P CA, 
m a x, se m b la n ce , m e d ia n , m e a n , 
p ro b a b ilit y a n d  m in im u m ) a cco rd in g  
t o  t h e  u se r p u rp o se  

Presenter Notes
Presentation Notes
I developed a unified platform called quakephase, which integrates rescaling along with some other techniques, for example model aggregation and ensemble, to enhance the model performance on out-of-distribution datasets. Now finally we are ready to apply the workflow to FORGE. So we will use quakephase to generate continuous phase probabilities and use MALMI for event detection and location. 

https://github.com/speedshi/quakephase


Ut a h Fron t ie r Ob se rva t o ry fo r Re se a rch  in  Ge o t h e rm a l En e rg y (FORGE)

2022 2024
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Presenter Notes
Presentation Notes
(FORGE) in Utah (USA), an international field underground laboratory that provide  us with a perfect controlled environment in a low-risk area (with no physical and social vulnerability) to develop, and optimize the technologies required the monitoring of EGS reservoirs. FORGE points of strengths are the presence of High temperatures (> 175 °C), Deep injection/monitoring wells, as well as a high resolution seismic network for reservoir and hazard monitoring  which include downhole and surface arrays, DAS, large-N nodal arraysHigh temperatures Multi-method seismic network for reservoir and hazard monitoringLow risk area
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16 A-32 Ap ril 20 22 s t im u la t io n

58

56

78B

78A

• De m o n st ra t e  re se rvo ir g ro w t h
• Use  t h e  se ism ic  im a g in g  t o  g u id e  lo ca t io n  o f se co n d  w e ll

St a g e  1
• 677 m ³  vo lu m e  in je c t e d  in  a  20 0  ft  

o p e n  h o le  se c t io n  a t  t h e  t o e  o f t h e  
w e ll.

• 8 23 e ve n t s , la rg e st : M 0 .0 4

St a g e  2
• 4 4 3 m ³  vo lu m e  in je c t e d  in  a  20 ft  lo n g  

p e rfo ra t e d  in t e rva l (2570  m  d e p t h )
• 1322 e ve n t s , la rg e st : M -0 .33

St a g e  3
• 4 8 0  m ³  vo lu m e  in je c t e d  (w it h  

p ro p p a n t s) in  a  20  ft  lo n g  p e rfo ra t e d  
in t e rva l (2510  m  d e p t h )

• 528 3 e ve n t s , la rg e st : M 0 .52
21.03.2025 www.deepgeothermal.org 12

Presenter Notes
Presentation Notes
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MALMI & Qu a k e p h a s e a p p lie d  t o  FORGE 

Re sca lin g  ra t e : 60
Fre q u e n cy: 10 0 -18 0 0
Mod e l: EQT_st e a d

Quality N° of 
events

Classification criterion

A 11,390 At least one P+S picks from each well

B 12,895 At least four picks (pick SNR>1)

C 11,203 not-locatable

DEEP  c a t a lo g
35,4 8 8  e ve n t s

80%

90%

Q u a lit y  “A”:

Q u a lit y  “B”:

Presenter Notes
Presentation Notes
To check how the model and rescaling works, here is the P and S phase picking results in this 5 minutes. For overlapping arrivals, model can still recognize the phases well 



Hig h -re s o lu t io n  DL c a t a lo g
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• Tw o -st e p  c lu st e rin g : De n sit y-Ba se d  Sp a t ia l Clu st e rin g  + Ga u ssia n  Mixt u re  Mo d e ls;
• 10  e ve n t  c lu st e rs  id e n t ifyin g  d ist in c t  fra c t u re  p la n e s

σH

σh

σv

GES catalog V_3

Presenter Notes
Presentation Notes
Applying the workflow to continuous data of a few days during and after the stimulation, we automatically detect and locate over 34K events. Their spatial distribution is highlighted in the movie. I applied spatial clustering to the event cloud and identified 10 events clusters. Each of them would correspond to one fracture plan induced by injection, we can find the strike and dip angles of these planes by PCA analysis. We are still trying to understand the fauctureing dynamics during injection.clustering only applies to the quality A eventsGeneral trend of seismicity cloud is NNE-SSW, parallel to the orientation of Shmax (N25E) with two wings–like lobes at the edge of the cloud (slightly shifted location with respect to GES catalog)



Fra c t u rin g  m e c h a n is m s

• P CA a n a lysis  o n  DL ca t a lo g  re ve a ls  
s t rike  a n d  d ip  o f t h e  fra c t u re  p la n e s;

• In d e p e n d e n t  a n a lysis  u sin g  GES 
ca t a lo g  sh o w s t h a t  a  p e n n y-sh a p e d  
c ra ck m o d e l is  t h e  b e st  m o d e l d u rin g  
in je c t io n  p h a se  (La n za  e t  a l., in  p re p )

• Se ism ic it y c lo u d  is  like ly t h e  re su lt  o f 
fra c t u rin g  a n d  st re ss  ch a n g e  d u e  t o  t h e  
o p e n in g  a n d  g ro w in g  o f h yd ro -
fra c t u re s  

16www.deepgeothermal.org21.03.2025

Presenter Notes
Presentation Notes
Applying the workflow to continuous data of a few days during and after the stimulation, we automatically detect and locate over 34K events. Their spatial distribution is highlighted in the movie. I applied spatial clustering to the event cloud and identified 10 events clusters. Each of them would correspond to one fracture plan induced by injection, we can find the strike and dip angles of these planes by PCA analysis. We are still trying to understand the fauctureing dynamics during injection.






20 24  FORGE o n -s it e  (re a l-t im e ) m o n it o r in g

0 4 /0 3 16:0 0  t o  
0 4 /17 0 0 :0 0

~4 35K e ve n t s
m a x ra t e : 8 7/m in
m a x m a g : 1.0 6

21.03.2025 www.deepgeothermal.org 17

Presenter Notes
Presentation Notes
During the monitoring time of around two weeks, we are able to automatically detect and locate over 400K events using the workflow. I am satisfied with the detection rate, but there are still some defects. we are currently looking into quality control of the catalog and calibration of the locations, given a less favorable well configuration with respect to the 2022 stimualtion



To w a rd s  Dig it a l Tw in s  fo r  w a ve  p ro p a g a t io n  in  EGS

Cre a t e  a n  e n d -t o -e n d  s im u la t io n  e n viro n m e n t  w h e re  ‘g ro u n d  t ru t h ’ is  kn o w n  (e .g . FORGE sit e )  

Ho w  d o  w e  o p t im ize , t e st , b e n ch m a rk, a n d  va lid a t e  m o n it o rin g  w o rkflo w s?  

1. In c o rp o ra t in g g e o lo g y

• Se d im e n t , b e d ro ck ve lo c it ie s
(Zh a n g  & P a n ko w  20 21)

• In t e rfa c e fro m se ism ic re fle c t io n
d a t a (W a n n a m a ke r e t  a l. 20 20 )

• vo n -Ká rm á n ra n d o m
p e rt u rb a t io n s

21.03.2025 www.deepgeothermal.org 18



To w a rd s  Dig it a l Tw in s  fo r  w a ve  p ro p a g a t io n  in  EGS

Cre a t e  a n  e n d -t o -e n d  s im u la t io n  e n viro n m e n t  w h e re  ‘g ro u n d  t ru t h ’ is  kn o w n  (e .g . FORGE sit e )  

Ho w  d o  w e  o p t im ize , t e st , b e n ch m a rk, a n d  va lid a t e  m o n it o rin g  w o rkflo w s?

1. In c o rp o ra t in g g e o lo g y 2. Sit e -s p e c ific n o is e

• Sa m p le d sit e n o ise (No o sh iri
e t  a l. 20 22)

• Est im a t e n o ise m e a n a n d  
co va ria n ce d u rin g p re -
st im u la t io n  p h a se

• La t e r su p e rim p o se d o n  
co n t in u o u s t im e  se rie s

21.03.2025 www.deepgeothermal.org 19



To w a rd s  Dig it a l Tw in s  fo r  w a ve  p ro p a g a t io n  in  EGS

Cre a t e  a n  e n d -t o -e n d  s im u la t io n  e n viro n m e n t  w h e re  ‘g ro u n d  t ru t h ’ is  kn o w n  (e .g . FORGE sit e )  

Ho w  d o  w e  o p t im ize , t e st , b e n ch m a rk, a n d  va lid a t e  m o n it o rin g  w o rkflo w s?

1. In c o rp o ra t in g g e o lo g y 2. Sit e -s p e c ific n o is e 3. Nu m e ric a l So lu t io n

sp e c t ra l-e le m e n t  so lve r Sa lvu s
(Afa n a sie v e t  a l. 20 19)

21.03.2025 www.deepgeothermal.org 20

Presenter Notes
Presentation Notes
target time series have 1000s to 10000s eventsuse source-receiver reciprocitysimulations using spectral-element solver Salvus (Afanasiev et al., 2019) at Swiss National Supercomputing Center



Re a lis t ic  s yn t h e t ic  c o n t in u o u s  w a ve fo rm s

Co m p a riso n  o f o b se rve d  a n d  syn t h e t ic  
a m p lit u d e  sp e c t ra

Syn t h e t ic  d a t a  w it h  s it e  
n o ise  fro m  a  syn t h e t ic  
s t o ch a st ic  ca t a lo g  
b a se d  o n  o b se rve d  
se ism ic  ca t a lo g  fro m  
St a g e  3 o f FORGE 20 22 
st im u la t io n  (~20 ,0 0 0  
e ve n t s  w it h  Mw  -2.5 t o  
0 .4 4 )

21.03.2025 www.deepgeothermal.org 21

Erm ert et a l. 2025, in  
p rep

Presenter Notes
Presentation Notes
Understand different impacts/ noise. Siute, frequency cotent, station configuration Comparison of observed and synthetic Fourier amplitude spectra Simulations were performed in a homogeneous-bedrock model with velocities calibrated by check shots The synthetic catalogue was generated in several steps. First, the timing of synthetic events was scaled from the observed temporal distribution in the input catalogue.Second, the location of synthetic events was modeled to follow the spatial growth of the seismicity cloud observed in the input catalogue, introducing a 10 ft error to add variability. Third, the size of the events was determined by extending the frequency-magnitude distribution (FMD) to smaller magnitudes, creating a complete catalogue down to Mc target= −2.5 and randomly sampling from that FMDFinally, the moment tensor was assigned as a six-component pure double couple randomly sampled from the (strike, dip, rake) spaceThe possible strike angles were modeled to follow a normal distribution centered on the regional stress alignment at 210°N ± 30 ° (Moore et al., 2019), the dip angles are constrained to [75, 90]° to obtain pre- dominantly strike-slip events, and the possible rake angles were left unconstrained. The final catalog covers a duration of approximately 3 days and contains 21832 events with moment magnitudes Mw -2.53 to 0.44.



Be n c h m a rk in g  re s u lt s

• Tw o d a t a se t s (g a u ssia n a n d  sit e -sp e c ific n o ise )
• Ma ch in e -le a rn in g b a se d a n d  STA/LTA d e t e c t io n m e t h o d s
• ML h a s ve ry g o o d re st it u t io n fo r t h e sit e -sp e c ific n o ise ca se

21.03.2025 www.deepgeothermal.org 22

Presenter Notes
Presentation Notes
Comparison of observed and synthetic Fourier amplitude spectra Simulations were performed in a homogeneous-bedrock model with velocities calibrated by check shots The synthetic catalogue was generated in several steps. First, the timing of synthetic events was scaled from the observed temporal distribution in the input catalogue.Second, the location of synthetic events was modeled to follow the spatial growth of the seismicity cloud observed in the input catalogue, introducing a 10 ft error to add variability. Third, the size of the events was determined by extending the frequency-magnitude distribution (FMD) to smaller magnitudes, creating a complete catalogue down to Mc target= −2.5 and randomly sampling from that FMDFinally, the moment tensor was assigned as a six-component pure double couple randomly sampled from the (strike, dip, rake) spaceThe possible strike angles were modeled to follow a normal distribution centered on the regional stress alignment at 210°N ± 30 ° (Moore et al., 2019), the dip angles are constrained to [75, 90]° to obtain pre- dominantly strike-slip events, and the possible rake angles were left unconstrained. The final catalog covers a duration of approximately 3 days and contains 21832 events with moment magnitudes Mw -2.53 to 0.44.



Su m m a ry

● Re s c a lin g  a n d  e n s e m b le  a p p ro a c h e s  a re  e ffe c t ive  in  e n h a n c in g   p re -
t ra in e d  ML m o d e ls  t o  OOD sca le s: a p p lica b le  t o  e n t ire  EQ m a g n it u d e  
ra n g e  (fro m  la b q u a ke s o f M=-9 t o  m a jo r t e c t o n ic  e a rt h q u a ke s o f M=8 , 
fro m  10  Hz t o  10  MHz);

● Hig h -re s o lu t io n  DL c a t a lo g s  h o ld  p ro m ise  fo r d e t a ile d  in ve st ig a t io n  o f 
fra c t u rin g  d yn a m ics in  p o st p ro ce ssin g ;

● Mo re  o p t im iza t io n  is  s t ill n e e d e d  fo r re a l-t im e  p e rfo rm a n ce s

● Dig it a l t w in s  o f w a ve  p ro p a g a t io n  co u ld  su p p o rt  d e c isio n  m a kin g  b y 
e n a b lin g  b e n ch m a rkin g  o f m o n it o rin g  so ft w a re , a n d  b e yo n d  (e .g ., 
m o n it o rin g  n e t w o rk o p t im iza t io n , g ro u n d  m o t io n  m o d e lin g )

21.03.2025 www.deepgeothermal.org 23



31 May 2024 GEOTHERMICA Initiative 

Th a n k  yo u !





Qu a k e P h a s e  w o rk flo w  a p p lic a t io n : FORGE DAS

In st ru m e n t : 1-co m p o n e n t  DAS
Re sca lin g : 5 t o  30
Mo d e l: P h a se Ne t _o rig in a l
Fre q u e n cy: 3 b a n d s



Qu a k e P h a s e  w o rk flo w  a p p lic a t io n : FORGE Re fle c t io n  Su rve y

Re sca lin g : 17



78B

56

16A

16B

p la n vie w3D vie w

20 24  FORGE o n -s it e  re a l-t im e  m o n it o rin g P ro b le m s:
● No t  a b le  t o  d o  re a l-t im e ;
● Lo ca t io n  issu e  d u e  t o  a c t ive  

b o re h o le  co n fig u ra t io n ;

Presenter Notes
Presentation Notes
The first defect is that we are not able to do in real-time. It takes the workflow nearly 1 minute to backproject and locate one event. The second is the event locations are biased. This is because the sensor deployment of one borehole fails and we only left with two boreholes for monitoring, which can not provide enough azimuth constrain. Here we did not utilize DAS data for detection and location, if we were able to use DAS data, we could be able to get accurate locations.
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