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Abstract

The hydrocarbon generation potential of a source rock is a calculated volume that utilizes multiple rock properties including gross
rock volume, total organic carbon, kerogen type, and pyrolysis parameters. Here we detail a probabilistic workflow to the generation
potential calculation, using Monte Carlo simulation of the modified Schmoker (1994) equation with a distribution of values for each
input parameter. This methodology can be an important component in identifying prospective shale plays for oil and gas production,
and can be compared against traditionally calculated hydrocarbons-in-place as a screening tool for ranking prospects. Specifically,
traditional oil-in-place calculations for shale plays, due to uncertainties in porosity and fluid saturation, may overestimate available
resources that can be estimated independently by calculating oil generation potential. The comparison of the two calculations can
provide valuable insight into the volume of oil that can be generated and stored within a source rock interval and adjacent reservoirs.

In a test of the probabilistic workflow, we use source rock data from the Upper Cretaceous Niobrara Formation and evaluate the
results in comparison to horizontal Niobrara production at Silo Field, Wyoming, USA. The simulation outputs show that the Niobrara
Formation in Silo Field has the potential to generate a mean resource of 29 million barrels of oil equivalent (MMBOE) of
hydrocarbons per square mile, and store a mean of 21 MMBOE per square mile. A calculated net resource of 140 thousand barrels of
oil equivalent per well closely approximates historical production for unstimulated, horizontal Niobrara wells at Silo Field.


mailto:vvkuchinskiy@marathonoil.com�

We then apply the methodology to Ordovician and Silurian source rocks in Poland to determine source rock quality, and compare
calculated generation potential against traditional volumetric in-place calculations. The results indicate the potential for significant
resources in shale plays and can be used as screening criteria for ranking various acreage positions.

Determining generation potential provides a first step in understanding resource distribution by validating traditional in-place
calculations. An integrated, probabilistic approach is crucial in areas where individual rock properties are inadequate indicators of
source rock quality. To be truly robust, this method must incorporate resource preservation, migration, and flow characteristics to
determine ultimate recoverability.
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WORK SCOPE

The workflow integrates probabilistic calculations of hydrocarbon generation
potential with in-place resource calculations and risking. It may serve for:

(J VALIDATION: Source rock quality is adequate for generation of significant hydrocarbon
volumes; requires integration of ALL available source rock data in to appropriate
“prospect”-level maps and correlation panels

(J PRIORITIZATION: Can be used as an “early” screening tool for assessment and/or
ranking of acreage blocks; largely based on HC/acre yield in a given area

“Hard Data” Analysis

(J RESOURCE POTENTIAL ASSESMENT: Use estimates of reservoir quality (i.e. retaining
factor) and apply recovery factor to develop potential in-place volumes and
recoverable resources

[ RISKING: Apply subjective factors such as “Tectonic history” and “Existing Field data” to
further refine the “hard data” prioritization and assess containment risk

’i’v\\.t"lw
“Subjective Data” Analysis MarathonOil




Log Analysis, Correlation, Mapping Source Rock Analysis

. ' | y

Generated - % . SI % = I %
Hydrocarbon MHC — (Area Thicknes P bUlk) Tocoriginal (Hloriginal-HIpresent)
modified from TOC,,igina= OFiginal total organic carbon
Schmoker, 1994 HI = hydrogen index (S2*100/TOC), mg of HC generated from gram of TOC
@ Storage Capacity Analog Data
Adsorbed Amount
v v
Recoverable Recoverable Resources= V.* |Retaining Factor}* Recovery Factor

Resources

My converted to volume (Vc)

oil system: use BOE to account for volume of gas generated at onset of oil generation (early maturity)

gas system: incorporate hydrogen-deficiency coefficient for oil-gas conversion (0.53 from Jarvie, 2010)
Retaining Factor: percentage of generated HC which is preserved inside of the source rock

interval or adjacent reservoirs

Well Data Basin Modeling Regional Study
L ¥ ¥
Risking | Preservation Chance = Retaining Factor *|Seal Presence|* (( Burial History + Existing Fields)/2)
Preservation Chance: chance for generated HC to be preserved inside of the Ny .
source rock interval or adjacent reservoirs MarathonOil

Presenter’s Notes: Mass to volume conversion: 6.58 bbl/tonne




GENERATED HYDROCARBON ESTIMATION

The Calculation Workflow

Generated Hydrocarbon from modified Schmoker equation, 1994

— * H * * *
MHC - (Area Thlckness P bulk) Tocoriginal (HloriginaI'HIpresent)
M AREA: license block, development area, area with specific maturity level, etc
M THICKNESS: identified source rock intervals; required to accurately average TOC data
B BULK DENSITY (P ik ): has to be established for each of defined source rock intervals
B TOC,zinai: Can be calculated from Peters
. HI, mg/g
(2005) or Jarvie (2007) formulas v o o0 T
“STEEP SLOPE” AREA “GENTLE SLOPE” AREA : - i
83.33(H1,4)(T0C,z)
T0Cors = Fi (i =) (8333 ~ T0C,0) + FlaOED Peters, 2005 o 8 oq o200 o

Ume:ﬁable dma;
(high maturity

unreliable 52 measurements)

i, 2 or ratio caleulated from Hlug and Hlp
H i e O
lpd (1200 (1 - Plorg)) 1200 is the maximum amount of hydrocarbons that could be formed assuming 83.33% carbon in
f=1- HI hydrocarbons
—f—pd
HI,, (1200 ( T-Fl )) #3.33 is theaverage casbon content in hydrocarbona ind k is a comvcction factor basod on rosidual
pd organic carbon being enriched in carbon over original values at high maturity (Burnbam, 1989)

Pl (production Index) - free HC content as measured by S, only divided by the sum of S, plus the
remaining generation potential (S;) or S,/ (5:+5;)

4 »
W ATAM A MM AL

0..0/\.

Pl (original productionindex)=0.02

DEPTH
MATURITY

&

o %o
__.ﬁ“--'.' --8'

.

>

B HYDROGEN INDEX “HI”: -
PRESENT DAY HI (H,osene); ORIGINAL HI (HI

* Derived from Pyrolysis Analysis: S,/TOC*100 (mg/g TOC)

original)

stretched vertically

Example of HI index being plotted

5 : [ @ sourcerockl O 1o
= Depends on maturity and kerogen composition o versus depth for different source 5| M souncerockz Uli
= Hl can be defined from HI vs. Depth trend for the study area (depth rocks within 2 tectonic basins “L A sourcerocks A

intervals) when lacking actual HI data

Presenter’s Notes: Mass to volume conversion: 6.58 bbl/tonne




RETAINING FACTOR

From Generated Hydrocarbon to In-Place Resources

Retaining Factor is defined as percentage of generated HC which can be
preserved within the source rock interval or adjacent reservoirs

Retaining Factor = (Storage Capacity Coefficient+ Retain Capacity Coefficient)

1. Storage Capacity is defined as ability of source rocks and adjacent reservoirs to store some
volume of hydrocarbon under defined thickness, porosity, saturation and pressure. Can be
calculated using traditional volumetric formulas for oil and gas in-place calculations.

GIIP=43560 * A* h * @ * Sg * Eg 00IP=7758 * A* h * ® * So * Bo

Storage Capacity Coefficient can be calculated as ratio of In-Place Volume to Volume of generated HC

2. Retain Capacity is defined as amount of retained HC that can be trapped in organic matter
due to adsorption (depends on maturity and kerogen type, e.g. for oil window adsorbed HC is
ranged from 130-200 mgHC/qg TOC, for gas is around 50 mgHC/qg TOC, Pepper 1992)

Retain Capacity Coefficient can be calculated as ratio of retained Hl to total generated HI

Retain Capacity Coefficient= Adsorbed HIl / Generated HI
HI-Hydrogen Index, mg/g TOC ”v\\.“ ll

MarathonOil




PRESERVATION CHANCE

Containment Risking at Early Exploration Stage

Preservation Chance is defined as the chance for generated HC to be
preserved inside of the source rock interval or adjacent reservoirs

A subjective parameter, not measured directly, but it can be evaluated based on several input
parameters:

Less Subjective Data:

1. - Storage capacity of source rocks and adjacent reservoirs ( if storage capacity is big enough to retain amount
of generated HC without creating much overpressure then the chance of preservation is higher)
- Amount of retained HC that can be trapped in organic matter due to adsorption

Storage and Retained HC can be described by Retaining Factor

2. Presence of a seal at the top of analyzed SR interval

More Subjective Data:
3. Basin Tectonic History (amount of uplifts, faulting occurred or currently present at the area of interest)
4. Presence of overlaying (underlying) producing fields sourced from analyzed source rocks

Preservation Chance = Retaining Factor*Seal Presence*((Burial History + Existing Fields)/2)

*Burial history and Existing fields parameters are weighted on 0.5 due to subjective nature
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STOCHASTIC WORKFLOW: GENERIC SPREADSHEET EXAMPLE

Gas Model

- _ - Deterministic
AREA HAME z P10 . P10 Value RUN ¥IEW CHARTS
= P30 . P80 Value AL
- Lo
| B I c I D I g | |- Caleulated Value CREATE REPORT |  CLOSE CHARTS APROTE
GENERAL INFO Zone & | 2 | 3 [ s | Determini 3
Depth ft 3000-10000 | P10 [Mean| Pa0
HC Type gas SAYE WORKBODK
ARER determin. | &
acres P10 § 320 320 320 320 320 AREA NAWE GENERATION POTENTIAL TO IN-PLACE RESOURCES
P30 1280 1280 1280 1280 1280
ZONE NAME
2100 A | B | C | D) | E
determin. . GENERAL INFO Tone # =) [ 2 [ 3 [ ™. [ @5
THICKNESS, P10 Depth ft 9000-10000
f Pao HC Type =
AREA, acre | 1 1 1 1 1 1 |
determin.
BULK DENSITY, [ ©° 2" ceermin [2 2100
Fl0 THICKNESS, H
glce f P10 5 15.0 45.0 25.0 35.0 65.0
Fao P30 - 25.0 55.0 35.0 45.0 75.0
POROSITY. determin. 5
TOC PRESENT. it Plo |5 0.04 0.06 0.05 0.03 0.03
= P90 — 0.06 0.08 0.07 0.05 0.05
determin.
STORAGE CAPACITY sw, P10
COEFFICIENT unit P
GAS GENERATED | HI PRESENT,
ESTIMATES mglg EXPANSION | determin
FACTOR Eg, MIN 215 2115 215 215
scfircf MAX 295 205 205 205 295
ToTAL
HI ORIGINAL, GlIP,
mg!g MMCFIACRE | 5.6 19.4 10.0 8.9 15.6 59.4
sTomace
CAPACITY 0.2 04 0.2 0.2 0.2
Pl PRESENT | | 0.3 0.3 0.3 0.3 0.3 | coerFiCien
TOC ORIGINAL ADSORBED M. dm;;’;” H 20 20 20 20 20
. g TOC s
o | 5.3 3.6 51 48 33 mos poo |= 2 2 2 20 2
RETAINING CAPACITY [ SENERATED il
TS COEFFICIENT malg TOC | | 380 380 380 500 500 |
GENERATED, 19 ki 34 33 55 172 129 | 182 | 201 RETAINING
TCF CAPACITY | 0.08 0.08 0.08 0.06 0.06 |
cossrICIENT
AveRAGE
GAS TIELD MEAN [ 0.3 | 0.5 | 0.3 | 0.2 | 0.2 I 0.3
P )
GENERATED, 30 49 53 51 86 269 235 | 271 | 309 | RETAINING FACTOR L [ > ‘ 3 I
MMCFIACRE ! ‘ - L
RETAINING
RETAINING 03 o5 0z 0z 0z RISKING ‘ FACTOR | 047 |
FACTOR ! i ! " "
PR K
determin. PRESENCE l;;g 5 233
RECOYERY P10 :
FACTOR PRESERVATION —‘ determin. |5
P30 CHANCE r?lLs";i?llfv P1 § 0.60
P90 £ 0.80
RECOYERAELE
o I3
RESDURCES HECDBVSE;!:BLE- | 1 4 2 2 3 2 | 3 | 13 | 18 A B T
ESTIMATES poo [F] om0
P10_MEAN | P90 =
ACRES PER "":::'“' PRESERVATION | 0m [ozr| 07| 0ss =
WELL MAK
RECOYERABLE v'Allows to evaluate and compare multiple source rock intervals/zones
PER MELL 03 09 08 05 08 31 25| 31| 3.8 v'The spreadsheet integrated with Crystal Ball for probab
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STOCHASTIC WORKFLOW: GENERIC SPREADSHEET EXAMPLE

Oil Model

s - Deterministic
AREA NAME z P10 -P10 Value RUN VIEV CHARTS
= P90__. P90 Value ALLOW
ZONE HAME 1~ 'unﬁ'ﬂﬁcr
B c D E TOTAL g |___-calculated Value CREATEREPORT | CLOSECHARTS SHEET'
GENERAL INFO Zone # M1 #2 [ ™3 | s F5 | Probabilistic 2
Deterministic o
Depth it B000-10000 P10 |Mean| Po0
HC Type oil SAVE WORKBOOK
AREA. determin.| &
' P10 120 120 120 220 320 AREA NAME GENERATION POTENTIAL TO IN-PLACE RESOURCES
acres g
PO 1280 1280 1280 1280 1280 ZONE NANE
A | B | [ | D | E
termi 175.0 ‘GENERAL INFO Zone # 1 ‘ 2 ‘ 3 ‘ 4 ‘ M5
THICKNESS, determin. . Depth # 900010000
it P10 HC Type ail
PO
AREA, acre | 1 1 1 1 1 1 |
termin. jetermin. | 5 175.0
BULK DENSI—I—Y' determin THICTESS' ’ F’1rﬂWH % 10.0 45.0 5.0 25.0 65.0
ngC P10 P90 - 20.0 55.0 15.0 35.0 75.0
Pan
POROSITY, dét;;:” ? 0.04 0.06 0.05 0.03 0.03
TOC PRESENT, determin. onit e | 0.06 0.08 0.07 005 005
o P10
Po0 sw, determin.
STORAGE CAPACITY v, P10
COEFFICIENT unit pso
determin.
HI PRESENT, .
A i Plo |4 125 125 125 200 200 Formamion | e [
Pa0 175 175 175 300 300 FACTOR Bo max |2
ToTAL
determin. OllP, | | 22 101 17 34 80 | 254
HI ORIGINAL, o WsBOBACRE
mgig
P90 B ‘ ‘ 0 “ s . ‘
coFricENT
Pl PRESENT _| | 0.1 0.1 0.1 0.1 0.1
ADSORBED HI, dg:;?” k: 75 75 75 75 75
malg TOC P90 § 125 125 125 125 125
TOC ORIGINAL, 5.4 32 45 40 27
% ’ ’ ' ' ' RETAINING CAPACITY
COEFFICIENT GE:?;:%%“" | | 250 250 250 300 300 |
OIL GEHERATED, feTAlG
e ——— 2 5 1 4 7 19 13 | 20 | 28 Shmact ‘ 0.40 040 0.40 0.33 0.33 ‘
AveRace
MEAN [ 1.0 | 1.0 | 1.0 | 0.9 | 1.0 | 0.97
RETAINING FACTOR | P10 | | 07 | 10 | 07 | 06 | 07 |
OIL YIELD l T T S N N N N |
GENERATED, 33 7.3 20 65 10.9 30 25 | 30 | 37 |
MEBOEIACRE
[RISKING] IEN
— S
R,Elé%rf | 10 10 10 09 10 If Retaining Factor >1, —— [
then less hydrocarbon preseice | 0 |G 0o
determin.] 5 was generated than ‘
| ) . PRESERVATION BURIAL determin. =
R&ig_l\{g;‘f P10 g 0.05 0.05 0.05 0.05 0.05 estimated from the CHANCE msrore | P05 0 -
PO 0.15 0.15 0.15 0.15 0.15 “ T T
BSTING | E o 7
RECOVERABLE FIELDS poo 2] oo i
RESOURCES RECOVERABLE, | | 0.2 05 0.4 0.4 07 pro_wean poo JI5
MMBOE
ESTIMATES presERuATON | s [oso| oo o |||l
determin. %
ACRES PERWELL] nun | & 80 30 80 80 80
max | 240 240 240 240 240 A "
v'Allows to evaluate and compare multiple source rock intervals/zones
RECOVERABLE v'The spreadsheet integrated with Crystal Ball for probabilistic estimates
PER WELL 53 15 32 90 173 452 305 | 434 | 574
MBOEI!WELL
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CASE STUDY: POLAND UNCONVENTIONAL

Overview

B The unconventional shale

resource trend in

Poland comprises three tectonic basins: Lublin,

Podlasie, Baltic

B Most resource potential in the shale trend lies in
Lower Silurian and Ordovician source rocks

M Variable TOC, source rock thickness, and maturity

Oil/Gas line based on Reflection Data )‘
after Poprawa
awa 1 dithuaniz

D, \
LN

o777, \Baltic Basin
7 s //‘\ N
&0

; ’;/36%\
4 Shale Tret c:l?{*/‘:”1

S
N N 0‘ \
¥ Marathon Co,nfessr?xm%\\. oL —
. N ™ NN
! %&w- Q}l
] N 74

§ & Polsnd

4] 50 100 km
[ S—_

e - - J""‘./—'.—- = .
% RN el L
¥ Slavakia ey

Upper Ordovician and/or
Lower Silurian sediment:

|

deformed

undeformed

—

eroded

uncertain or missing

Location of the Lower Paleozoic Baltic-Podlasie-Lublin Basin
after Poprawa P, 2010 (PGl Resources Report, 2011)

SYSTEM | SERIES |
TS

LUDLOW

ORDOVICIAN g
. LLANDEILO
Targets are the regionally extensive

mudstones of Ordovician - Silurian
age containing organic-rich zones.

1000 m

syn-collisional fexural bending

post-rift thermal sag

fift

subsidence

syn-ift
voicanics

Lublin Basin

Baltic Basin

TOC TOC
I high ] I high
=
3 3
I &
3 v + |
2 b 2
3 & 2
k]
[ § é
=) £ =
@ @ | =
L
- ]
& =
i@ ot
] iﬁ ==
.i - | -N.. .r
* == % =
= @ g —
2 a =
— & _—
b= ) g ti=
anrw.%_R = |z |omoov—
il
g L
=
!
g
e = B
Reserrrock R man AR subocinate B M enaee GHEE mst R sssedur ke

shale gas__

Simplified lithostratigraphic column of the Lower Paleozoic at the Lublin and Baltic basins

after Poprawa P, 2010 (from PGl Resources Report, 2011)

shale gas




CASE STUDY: POLAND UNCONVENTIONAL

Results

M Data Set Available for Evaluation:
= Extensive geochemical data: TOC and kerogen pyrolysis analyses
= Regional well data: well logs and core data from legacy wells

= No production, test data are available

B Generation Potential: The evaluation confirmed adequate source rock quality,
generated hydrocarbon yields were defined for each study area

B In-Place Resources: The results indicate the potential for hydrocarbon
resources in Lower Silurian/ Ordovician source rocks

B Risking: Containment risk was evaluated suggesting high chance for large
fraction of generated hydrocarbon to be preserved

B Results: Used as one of the screening criteria for ranking various study areas
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CASE STUDY: SILO FIELD NIOBRARA

Overview

17N 66W . 17‘N B5W . 17& éAW A 17N 63W ~ B
Areas of Niobrara Potential : b Silo Field T
7% \ T | _Niobrara Production [} z p—
6 } o - ® - 000 GRG(iEIS] 200) 2 Ri::la;m oops _pigécc&]_ 7
lw/ e CENGL N R e e T e e —
/’, 2 5 ‘ L . r CALICALS) FesSsF) | ... PR el
It 5, s ‘,(c- |' . QA ] .iu-uu N 16.000{ 2 OHhM 20000 - 20|
& AR -+
5 S . - : ' N 600 &
- A . N o L, |} ‘ :
8 .-.t ; 4| 1sneTW 15N 66W, 15N B5W 4 4 :"‘ 5
L . ! W
Fip . —r 7 " T
: i L 7’ . :
. mean = 162 MBOE/well s oo
14N 67W 14N 65W - 1{1&6{1\/\/ 14ne3w |} ,\/ "J
0 . [ - : P ..'o
- C eyenne . 2 ' ‘; IOBRAFA LI 5 :.:
3N 67TW /EL 3N 66W 13N65W | 1.3h64w [ 13Nesw If 8 /\_t{ .‘...
: ' B L Source & @ » f.
_ Upper Cretaceous Niobrara Formation | \ Storage | %
| 5 | "
e ( :zxs| M Self-sourced reservoir, interbedded = IR AT
5 . 4 .
i e series of chalks and marls c g0
-,.:. : X E s'\ N
¥ $ : . . . CL [ ] L4
2 ; <4 B Model assumes combined interval is § L2
”"*i'f gt~ . [CBRARA,_L- - = .
e ), simultaneous source and storage * NI )
:‘g ;{; A .’,.‘ e . . CODELL E’ 5
i, A A L 14 B Variable TOC (1-5%) and porosity (8- o £
N S : L \ 12%) between chalks and marls \ \% % }
f B et AN s it Stratigraphic Type Log
S 22 S “«| W Silo Field case study draws on
B | o oo historical data from 68 horizontal Y/}
| % (3 SiE< Ty wells produced from naturally MarathonQil
MR+ o s R fractured Niobrara in the 1990s




CASE STUDY: SILO FIELD NIOBRARA

Results

Model Inputs Model Outputs

HC Generated Yield

B Niobrara broken out into 4 chalks and 4
marls with rock properties
characterized separately for each

Mean =29.4
MMBOE/section

=
2

Probability
o
3

°
8
Fousnbaiy

o
2

* Thickness, RhoB, porosity, and S
averaged for each interval from wireline
logs, and TOC and HI derived from

£

20 M0 z0 WO @ %0 B8O 420
MMBQE/section

Apply retaining factor

nearby core data (mean = 0.74)
» Storage capacity determined from . . | Mean=214
standard  OOIP  calculation  using pom ag MMBOE/section
2. . . . | : w'g
thickness, porosity, Archie-derived water " 3
saturation, and formation volume factor

(Bo)

40 80 120 160 20 240 80 20 X0 400
MMBOQE/section

) 2

Apply recovery factor, isolate target zone(s)
(unstimulated well)

B Multi-zone breakout allows flexible
application for multiple targets e &

# Mean = 142.5

= Can be isolated to individual target zones B

&

Prabability

Kausnbai

* Silo Field case study assumes only the B
interval and adjacent marls

40

20

e ’i\\"” .
1000 t\?énOEnWe‘ﬂM 5000 6000 Marathon OII

Presenter’s Notes: B zone and adjacent marls (source-reservoir-source)



CASE STUDY: SILO FIELD NIOBRARA

Conclusions

B The net recoverable resource of 143 MBOE/well approximates the mean
cumulative horizontal production at Silo Field of 162 MBOE/well (lognormal
mean, source: IHS) and helps validate this methodology. This determination
assumes unstimulated horizontal production from a single zone and does
not take artificial fracturing into account.

B As an assumption of determining the retaining factor, the reservoir is filled
to spill by the generated hydrocarbon volume with the remainder expelled
from the reservoir.

= Silo Field is a relatively mature source area, in the early oil window, where the
retaining factor is less than 1 and retained hydrocarbon volume is equal to
storage capacity.

= Use of this method in other, less mature areas yields generated hydrocarbon
volumes that are much smaller than calculated storage capacity, resulting in
retaining factors greater than 1.

" Use of OOIP calculations alone in areas of low maturity carries the risk of
overestimating recoverable resources. ANy

MarathonOil

Presenter’s Notes: Net recoverable resource has tighter distribution than that for cumulative well production at Silo.
Altering inputs can bring these numbers much closer together.




SUMMARY/CONCLUSION

B This workflow can be utilized in the early exploration stage:

= to validate adequate source rock quality
= to use as an “early” screening tool for area prioritization and risking

= to incorporate uncertainty of the input data into probabilistic results
B Used to validate the traditional in-place calculation for mature fields

B For cases where calculated storage capacity exceeds generated volume,
conventional in-place calculations may lead to overestimation of
recoverable resources

B Key uncertainties: lateral and vertical migration, original HI, adsorption Hl,
fluid saturation (storage capacity)

B The results can be represented in map view as a key component of play
fairway analysis for unconventional plays
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