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DIRECT IMAGING OF FRACS, NATURAL FRACTURE NETWORKS,

AND PRODUCING VOLUMES WITH PASSIVE SEISMIC DATA
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Direct imaging of SRV, induced fractures & stimulated natural

fractures as complex surfaces & networks
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Cloud: Direct image of
SRV of a single frac

stage.
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Surface within the
cloud: Main fracture
surfaces.
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Sepia: Slice of direct
image of natural
fractures stimulated by
the frac.
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Direct |mag|ng of hydraulic fracture - movie
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Passive seismic monitoring through the unconventional life cycle
B 5 JEH PR 3 R R4 3l Hb iR e )
Before « During = After
EFATe Fe J5
Before - Before well completion or even DURING
before drilling a well, map the natural R
fractures.
EHAT-BH TR 2 H AT R R R ERE
During - Image the effect of stimulation. Map
Interactions between wells.
ERP-BUEB R BER . HRHMERZE.
After - Monitor changes in the reservoir during
production.
ERE-BNAPEEF#ERRL
Products are computed directly from the
recorded field data.i@id B SME R IR B HEF
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Acoustic Activity - Before, During and After Stimulation
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1000 ft.

Eagle Ford example. Oblique view of wellbore with microearthquake hypocenters
(blue dots). Red dots on the wellbore are the perf clusters.

Eagle Fordszfl: FHREAMMMBEE (EL) WA HE g SRHFLE.



1000 ft.

Eagle Ford example. Hypocenters (blue dots) and slice of the Tomographic
Fracture Image™ at depth of the wellbore. Red dots are perf locations.
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Generating Tomographic Fracture Imagess"
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How Tomographic Fracture Imaging* works ®sE#sg-H#

STEP 1: Seismic Emission Tomography (SET) e ESTABLISHED SCIENCE
BB BRFERBE (SET) © DAFERIREE
1. Deploy surface array, acquire. & H: 5 FK 4 » WIDELY USEDJ #Z N ]

2. Develop velocity model, preliminary processing: statics, noise removal etc.
SRS, Wb FRRIE, MEERRREE.
3. Define study volume, build travel-time table from every voxel to every receiver.
BhEWT LI,  FAL A TC BB R A I RAT I =A%
4. Voxel-by-voxel, align traces & compute semblance (or other measure) in small, overlapping time-

steps. Result is a 5D data volume (X, Y, Z, time-step, semblance)
BAETT, BOFESEIFITEMALME (BEENEME) , SN2 K. AR Xz RE2P K, AMED

STEP 2: Tomographic Fracture Imaging*" (TFl)
P2 HEENTHUE™ (TFI)
5. Sum timesteps over period of interest to cancel random noise and stack signal.
S IR A A H B PRI ERBEA L & 0F B & IE 5
: . : : : : NEW, PATENTED
6. Clip data to eliminate residual noise leaving high energy clouds .
DI SCH T R A A E B AR i, TR
7. Find maximum activity surfaces of high energy clouds. S &=t & = &IGEKE




suppress noise
L=y
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Non-uniform, poor
sampling, difficult to

Star-shaped grids
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Ideal Grid — Hexagonal
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Acquisition - Uniform grids allow for optimal no
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Passive Recording
Using Active
Acquisition
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TRACE PROCESSING: Trace view of MEQ with only DC debias and moveout

Sorted by azimuth
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Trace Display - Microlnsight : reproc@s09_geom_dc.js
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TRACE PROCESSING: After noise removal

Sorted by azimuth
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TRACE PROCESSING: Semblance plot with only DC debias and moveout
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TRACE PROCESSING: Semblance plot after noise removal
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Fracture Fairways teir Damage Zones & Microseismicity
HEEEH B B X 35 Tk

fracture with high-semblance
damage zone cloud
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Janssen et al. 2001

Crack Density and seismicity
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SUMMATION INCREASES S/N, SUPPRESSES RANDOM NOISE, REVEALS FRACTURES
SINRFERRE, EHRIEHRYE, £

FRACTURE + NOISE NOISE ONLY
RE+IRE RERE










Generating a raster TFl from the stacked semblance volume

3B B N AR BUA = A TG TR

3D stacked volume CIi'pped stacked volume
BN =4k (high-semblance cloud)

Z1 =9 IEES

CEAHIMEZ)
Semblance amplitude FHLMEIRIE

TFI (discrete fractures)

REEEMT L (BHIGRED

Raster TFIs can be

exported as SEGY files.
JETRISET PAAE B SEGY X4




Generating a vector TFl from the stacked semblance volume

BB EUA = R ETFI

3D stacked volume

Semblance amplitude

Copeland, D.M., Lacazette, A., 2015, Fracture surface extraction and stress field
estimation from three-dimensional microseismic data: URTeC 2155064, 19 p.

Vector TFIsF< & TFls:

e

are extracted directly from thé
semblance volume as
tessellated surfaces —
continuous surfaces composed
of flat triangles that share
edges,

Hitessellated R 1A LIA B #2
P, tessellated R1H- L=l
()1 THD = A TR 2 R i B3R THI
have no imprint of the
processing grid geometry,

A AP T RS B

can be exported as TSURF files —
a standard, non-proprietary,

widely-supported format,

A A A TSURFAS AR AERT, To& A
B2 A =X

can be imported into 3D
visualization and DFN modeling
software.

AN B =2 r AL R A AT DN ASE
AR AE




SENSITIVITY: IMAGING TOTAL TRACE ENERGY TAKES IN ORDERS OF MAGNITUDE
MORE ENERGY THAN IMAGING ONLY MICROEARTQUAKES
R XHATE KIERRERGE LN REFHIT B EL HIRZHER

MICROEARTHQUAKEST# i /&

A LOWER NOISE FLOOR
INCLUDES EXPONENTIALLY
MORE MICROEARTHQUAKES!
BEAR B R B B B 0 2 e B A 2 1
M R

CLASSICAL SEISMOLOGY HAS

HIGH NOISE FLOOR

STACKING TOTAL TRACE ENERGY

HAS LOWER NOISE FLOOR

LPLD ENERGYK B HiK & 4Ent R fe &
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Indrajit Das and Mark D. Zoback (2011) Long-period,
1012 . n : ; ;
long-duration seismic events during hydraulic fracture
stimulation of a shale gas reservoir: Leading Edge, July
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Geophysical Services

PRODUCTS




Before: Ambient imaging and fault probability

FRZER0: R A5 BB i = T e i

* Seismic amplitude
Hh R E

« Ambient emissions

J5) B ﬂ:j%

 Fault probability
W = 0] 5E 1
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Semblance amplitude




e —
During: Induced fracture image TFlI
Induced fractures are

v S ) m

,"‘ﬁ%‘ltjt E&ﬁ%%@)ﬁz@-ﬂ:l either:
 new fractures induced b

1,653,000 1,655,000 1,657,000 the pumping, or
— L 2e000 e pre-existing fractures or
" ’ planes of weakness
directly activated by the
pumping.
-+ 288,000 _ &%ﬁ%@%
' o ERPFERFIRE
282010 - -  ERIAEEERBEHCEFE
B

289,000

286,000

Stage | Length |Length E | Total Length ab':ifute” b;':f:‘vte“ Total Height
W (feet) (feet) (feet) (feet)
(feet) (feet)
-— 285,000 1 325 125 450 285 89 375
2 75 0 75 135 39 175
3 325 0 325 260 214 475
4 375 75 450 285 289 575
-— 284,000 5 325 150 475 210 589 800
6 350 0 350 160 114 275
‘“ i‘ 7 325 125 450 260 214 475
20 40 6 8 100 120 140 8 325 225 550 310 439 750
283,000 Semplangeampliude 9 425 125 550 285 264 550
10 300 150 450 235 164 400
fracture half-lengths & 72|00 | 500 | 600 | se0 | s | 700
282,000 . 13 325 275 600 260 314 575
fractu re he|ghts 14 250 225 475 235 489 725
15 425 350 775 335 664 1000
ol -500 %-&*ﬂ%% 16 150 150 300 235 589 825
AVERAGE| 306 150 456 252 333 586

Near-well TFIs - Orthogonal projection viewed

from aboveirF L& EHT G F



During: Reservoir-scale TFI
K. BEEETF

Reservoir Scale TFI shows the
macrofracture permeability field for the
eservoir. it )2 Vi B TFUE s il /278185 X3 i
4%
o Can aid in planning well locations and
direction®] AFE BRI Az A0 77 7]
They are generally pre-existing fractures
that produce microseismicity due to
changes in fluid pressure and reservoir
stress associated with pumping.
flf i@ B A FAAERRSE, BT RIETRE R
A s Ay A i /2 B 77 ) e A 7 AR b R
Some locations in the reservoir are highly

fractured, some show little fracturing.
il Jo= o — L [X da 2 v IR 2R Xt — L I R 2 X d

Horizontal slice at horizontal well depth 7 I T O T
IKF) R i B 9 7K-F 1000 ft 2000 ft




During: Reservoir-Scale Emissions
EREES: #EEEMMERKNER

* Reservoir-scale microseismic emissions volumes
show activity level through whole study volume

o fEETE B R R SRR BN AN X B R K S

o Activity generally associated w/ pre-existing
fractures that produce microseismicity due to
changes in fluid pressure and reservoir stress

associated w/ pumping

o FEFRKFEENMEEFAENREE, XUREEEREHTHRE
FE 104 2 DL 77 B3R = AL T R

 Some locations in reservoir highly active, some

show very little activity
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 Volume shows accumulation of total trace energy,
incorporates all seismic activity, not just discrete
microearthquakes

o BRERTBERKEENER, BMAAMRESIIHEE
BB R

 Horizontal slice at horizontal well depth
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Before, During, After: Fracture orientation plots

E%ﬁﬂ" I:I:I’ }E}z %%ﬁﬁ@ Published
 TFIl are generated as tessellated surfaces Shimin
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« Contour poles to TFI facets, weighted for facet e -

area
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 Lower hemisphere equal-angle projection for
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Before, During, After: Stress inversion
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Shmin

TFI are generated as tessellated surfaces. S
TFI# A B N tessellated 2% [ Sh_.
Slip Tendency Analysis uses the orientations, areas, min
and cumulative seismic activities of individual
triangular facets of TFlIs to find the orientations and
relative magnitudes of the principal stresses that
best fit the properties of the population of facets.
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e —
During: Stimulated Reservoir Volume (SRV)
ERISES: #EBEAER

.. Stage  Volume (ft3) HkcKelolo 1,655,000 1,657,000 N
* Induced activity 1 55,015,625 | A | |1 14290.000
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« Active-volume clouds directly 3 gii‘ggg?g 1 289.000
connected to the stage being . 61,453,125
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During: Reservoir-Scale TFl & Induced TFI
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* Viewing the reservoir-scale and
Induced TFIs together shows how
the induced fractures interact
with the transmissive fractures

within the reservaoir.
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« RS TFI shown as a horizontal slice
at horizontal well depth
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 Induced TFI shown as a projection

of a 3D volume
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During: Fracture propagation mapping EZIFEH:

Tomographic
Fracture
Image™ (TFID)
colored by
activation time
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After: Active Production Volume (APV)
ERE: BriERER

SRV is measured during hydraulic fracture
completion.
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e Some of these active fractures close as
fluid pressures decline.
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e Monitoring during production shows only
locations activated by the production

activity.
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e The APV is smaller than the SRV.
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After: SRV vs. APV Comparison
ER5: SRVAIAPVYTH

Top view - full volume
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SRV Volume = 2,181,031,250 ft3
APV Volume = 1,390,625,000 ft3

Horizontal slice alonhg well path
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After: APV decrease after frac of adjacent well
R5: MEHERE, APVERE




EOR MONITORING  DEPTH SLICES — TFI ON STACKED SEMBLANCE
R e R s WATERFLOOD, SANDSTONE RESERVOIR, CANADA, DEPTH = 2km
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No injection, no production Injection + production
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Circle diameter = 3,350 m / 11,000 ft




TFIs CAN BE USED DIRECTLY FOR DISCRETE FRACTURE NETWORK (DFN) RESERVOIR SIMULATION AND
CAN BE IMPORTED DIRECTLY INTO DFN SIMULATORS
TRIsT] DI B3 T E &M (DFN)EEERL, FHEAFTULEZESAED S S

Pressure snapshot of single-well

simulation
BRI 7R

Pressure snapshot during DFN simulation of
production. 3-D surfaces show hydraulic fractures
simulated with DFN model conditioned to TFI data.
These are embedded in a semitransparent depth
slice of the matrix pressure. Colors indicate
pressure. The limit of departure of reservoir
pressure from the virgin reservoir pressure defines
the Tributary Drainage Volume up to the specified
time.
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Lacazette, A., Dershowitz, W., Vermilye, J., 2014, Geomechanical
and flow simulation of hydraulic fractures using high-resolution
passive seismic images: URTeC 1935902, 10 p.




FRAC HIT - MARCELLUS FM., PENNSYLVANIA

The following movie shows a frac hit from a horizontal well onto an old vertical producer. The vertical well was equipped
with a pressure and chemical tracer monitor. The movie shows stage 3. The TFl connecting the two wells developed
almost immediately when stage 3 began. The activity resulted from increasing the pressure and hence decreasing friction
in a preexisting fracture zone allowing release of stored elastic strain energy. However, the pressure and chemical tracer
were not detected until the onset of stage 5. Two stages of pumping may have been required to pressurize the fracture
system. Another reason may be the connection of the fracture zone to stage 5 that is clearly visible in the stage 3 TFI.
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A new approach to
Microseismic Monitoring
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Before - During — After
RGP

During - Image the effect of

stimulation. Map interactions between

wells.
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Data Driven Products

Products are computed directly from the
recorded data. Products provided by
other service contractors are derived
based on hypocenters and MEQs. For
these products, a model of the Earth is
assumed and the parameters for the
model are estimated from the
hypocenter results.
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