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Abstract

The reconstruction of paleo-fluid circulations in sedimentary basins is often under-constrained. This results from both the analytical challenge
of performing the required analyses on the diagenetic mineral phases available in small quantities and the lack of tracers for some of the key
diagenetic parameters (temperature, timing, fluid composition). Modern thermal reconstructions rely on various thermochronology methods
such as fission-track, (U-Th)/He or K-Ar systems on U- or K-rich minerals, generally limited to siliciclastic lithologies. Carbonate rocks do not
contain such mineral phases, limiting the possibilities to evaluate their thermal history. Given the widespread occurrence of carbonate
lithologies, and their ubiquity in a variety of crustal and sedimentary settings, the development of a carbonate thermo-chronometer would open
a new realm of applications in basin analysis. By coupling carbonate clumped isotope A47 thermometry, laser ablation U-Pb dating and fluid
inclusion studies, new perspectives are opened for determining the temperatures of carbonate diagenetic phases together with the origin and
composition of their parent fluids.

To validate these approaches on a well constrained case history, analyses were performed on carbonate specimens from 2000 m deep cores in a
Middle Jurassic reservoir formation of the Paris Basin (France). Laser ablation U-Pb dating was achieved on low U-bearing carbonates with an
absolute uncertainty between 2.2 Ma and 16 Ma across a time span from 154 to 37 Myrs. These ages revealed successive phases of carbonates
precipitated from early to late diagenetic conditions. The integration of these U-Pb data with A47 paleo-temperatures allowed defining time-
temperature couples for each carbonate phase investigated that directly reveal the thermal history of the reservoir unit. This time-temperature
path well agrees with the thermal scenario modelled on underlying shale layers and calibrated against organic matter maturity. This emerging
carbonate A47/(U-Pb) thermo-chronometer has thus the ability to accurately and self consistently reconstruct thermal and fluid-flow histories of
carbonate-bearing rocks within the oil window maturity zone (0-120°C). Then, this methodology was applied to constrain the occurrence of the
Thermochemical Sulphate Reduction (TSR) reaction during the burial history of carbonate reservoirs from the Western Canada Sedimentary



Basin. The study focused on the Devonian reefal carbonate reservoirs of the Nisku and Leduc formations, where some hydrocarbon fields have
experienced TSR and contain up to 30% of H,S. Seven cores were chosen from areas of the basin having experienced different thermal
histories and characterized by contrasting H»S production. The thermal information obtained from calcite fluid inclusions was combined with
the burial-thermal history modelled for Devonian rocks of each of the investigated cores. This allowed to infer possible timing and fluid
geochemistry for the occurrence of TSR reaction at basin scale.
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INNOVATIVE APPROACHES OF CARBONATE DIAGENESIS CHARACTERIZATION
TO PREDICT TSR OCCURRENCE IN SEDIMENTARY BASINS

CONTRIBUTION FROM CLUMPED ISOTOPES (A47) THERMOMETRY, LASER ABLATION U-PB
CHRONOMETRY AND FLUID INCLUSION STUDIES
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@ Conventional / advanced Thermometry - Chronometry

@ Application on basin scale
@ Paris basin for temperature calibration
@ Western Canadian Basin for TSR occurence
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CARBONATE DIAGENESIS: WHY WE CARE?

Hyd.rocTarboTn reser\foirs

Ore deposits

Recrystallization ===y  Temperature (T)
Dolomitization
Cementation
Thermo-Chemical
Reduction (TSR)

|

Kind of fluid?
When was that?
Which conditions?

D

Pb-Zn-chloride

S hydrothermal
fluid; H2S
depleted

Pressure (P)

—  (Timing(0

CONTINENTAL
CRUST
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Processes
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The most hunted
parameters governing
diagenesis !
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TOOLS FOR INTEGRATED STUDIES i Qucrops

F toxzimm &
W |
k_'_ - o

— Field / cores observation
(macro-, mesoscopic study)

— Petrographic tools Fluorescence

(microscopic study) Cathodoluminescence

— Fluid inclusions
(micron-scale study)

New developments promise to overcome

26 radiogenic isatopes "
2 long half-life isotopes 3

— Geochemistry s.I. Ko limitations of conventional approaches
(atomic-scale study) . ¥ : _ _
% % e Potential to unravel carbonate diagenesis
206,

| © 2016 IFPEN 1 #@ U-Pbisotopes  Clumped isotopes (A,,) key parameters: T, P, t, 6180fluid
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, what for?

Iagenesis
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@ Application on basin scale

@ Carbonate D

-

@ Paris basin for temperature calibration

@ Western Canadian Basin for TSR occurence
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CONVENTIONAL THERMOMETERS & FLUID TRACERS IN

CARBONATE DIAGENESIS

| © 2016 IFPEN

1) Fluid Inclusions (FI) microthermometry

- Temperature - Salinity - Pressure

Pressure (P)

A

Aqueous FI

isochore of
| trapped fluid
Thermo-barometry
‘‘‘‘‘‘ gradient
DAYy <o YR
"""""""""" critical point

= N2 .
T“"""\ T \ K Temperature (T)

2) Carbonate-fluid O isotope equilibrium
60 ig = T (T, 3'°Ocqry)

Need of
190 4t 1 ciivcvciovooo o hvpothesis
@ "4 4, 5180 flpids (%eSMOW) | yp
110 | g, /7;) 1 !
\\ ™ Q@ ! i
00 i
O wizm 4 - ® T=85%T -
i) A% e i g_
5 700 . Sl =
© 60 1 e% - i 5
] . A =
g s o ’be[eo i ‘ 2
S e - °
0 - -1
~10%o0 I
20 . : §
o @ T=25%C
- . .
0 i : : s

1
-14 -13 -12 -11 -10 -9 -8 -?:-6 5 4 3 -2 -1 0 1 2

@ O 5180 Calcite (%oPDB)
\j Measured

Limitations of Fls in carbonates: small,
metastable, reequilibrated...

= known

8305, may vary through time, difficult to
predict for burial diagenetic carbonates




I « NEW » THERMOMETER & FLUID TRACER : CLUMPED
ISOTOPES (A,-)

Carbonate p_owder
(5-1048

« Abundance of 3C-'%0 in carbonate molecules =» 2 e

function of crystallisation T

Ca2+ 16
» Applicable to # mineralogy (calcite, dolomite...) in
“°t“é'(‘)‘;?ped '!) « Allows to reconstruct independently the 5'80;,,

& % composition =» marine, meteoric, brine...
3 < ¥ Clumped 8 o -

\ 4

1’

the 0t0 200 ° C =» diagenesis realm Clumped molecule

- SR Overcomes many limits of fluid inclusion
o ) microthermometry (optical, thermal reequilibration,
Low crystallization High crystallization metastablllty)
temperature temperature

nouvelles
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BUT: very few study on natural samples QfPEnergies



CONVENTIONAL « CHRONOMETERS » IN CARBONATE
«¥ DIAGENESIS

Indirect: FIs + thermal modeling Absolute: U-Pb decay series
Parent isotope (red) Daughter isotope (purple)
Strongly «user » Y I b ‘ e33se33ee e30e3333es 13333333333 3333333333
dependent i““i i o L ? 2333030333 ©338333303 3338333333 3333333333
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Pyrite ||- 8 Y o
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Mechanical compaction ] : i j : : : | | | § 25
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Calcite 2 (blocky to granular) |} iy observed n tho ® ‘ : : : ‘ \ : : : :
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Dot sz T In basins with well-known burial-thermal
-_ glsttorlgtsr; fltgnlg OII;I1 mlclrothermometry Used since the '80s via ID-TIMS.
N oz with m m rves. I :
C ata odeled thermal curves Strong limits: high U contents needed, large
Calcite 3 | | 3§ . . .
=1 volumes required, bulk analysis, time
: : : - Uncertainties in thermal model and Fl data consuming
Based on cross-cutting relationships o _
between carbonate phases - Thermal equilibrium hypothesis Absolute constraint on diagenesis
- Different age solutions for a given T timing, though so far seldom applied...




« NEW CHRONOMETER » : U AND PB DATING

ting of carbonate minerals

by Laser Ablation Inductively Coupled Plasma Mass Spectrometer (LA-ICP-MS) Un AR « rrixine

Different diagenetic phases at small scale

In situ ablation on thin section or slab :

) No sample destruction
e Spotsize: 213um (or less) No phase mixin
e U detection limit: 0.1 - 0.04 ppb » P g
* \Very light sample preparation

Suitable for low U minerals

* Pre-screening to detect good spots for dating No time consuming
Best if
Laser Ablation spots (Pb/Pb)o. - High
(~200pm) on thin section os T heterogeinity in
- el the U/Pb and
Concordia CURVE: o 06 N Pb/Pb ratios
locus of point 3 M \ U/Pb is high
giving concordant :‘E os e (l;m/m;t;:&_ X = g
ages with thetwo | * 0% - No mixing
U decays series o & g =N _ among phases
(PuPband | _— N _§ .~ O AGH (ex. partial
235J-207ppy) o0 = 10 oy aepp 30 a0 doIomitization)

TERA-WASSERBURG DIAGRAM N—
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PARIS BASIN

THERMAL AND FLUID-FLOW HISTORY (MIDDLE JURASSIC, PARIS BASIN)

1111 T T T T T T A Y

OM pyrolysis -Tmax

@ Villeperdue : 1884-1924m

Y Fossoy : 1910-1220m
] ambrevitie - modetea therma nistory|

Present depth: 1,6-1,9 km
Max heating: 90-95° C

| © 2016 IFPEN

T

T LSO L L L L L L
b o

L LR
L Ll L 1%

(

4 cores were selected
from the depocenter,
similar thermal history
T . Toarcian 435-440 °C)

max

Calll (b)

" Cathdoluminescence cement stratigraph

~15 mg of carbonate powder

Single Fl analysis (few pm)

Micrites

- Energies
(lanouvelIes
K—/



I PARIS BASIN

A, VALIDATION ON NATURAL BURIAL CALCITES AND DOLOMITES (60-100C)

5 Cal-Dol cements with uniform CL,
0180, d3C, Primary Fls

=
10 Bl cai2
58 ' I oo
26 -T"!'.n
£a
£ :
2

=

Frequency

-

Frequency

Frequency

NEOme ONBOE SO NBOmS MAOD DS

FO51610
n=321
9240°C
0057C

Frequency

"40 50 60 ' 70 80 90 100110
Homogenization temperaturas (°C)

@ Excellent match between the two thermometers for T between 60-100 °C.

@ Overcome microthermometry limits due to metastability =2 less time-
consuming temperature measurements

@ Variable salinity of the parent fluids does not affect the A47 signal.



PARIS BASIN
THERMAL AND FLUID-FLOW HISTORY (MIDDLE JURASSIC, PARIS BASIN)

Time (Ma)
105 160 140 120 100 a0
Carbonates
(¢) MDol2 % == Pe | fomme | 06 | Miowss |Q
(5) Il cal2 Depotition s 2 PLIFT
o D SUBSIDENCE 2 u
(4) Il oon 20 ‘\ Bioc|edimentlloading driven flow k " Gravity driven fidgw "
(3) [can e 29t4°C
(2) I Micrites &
[Bioclasts & *
65 9 MESOGENESIS TELDGENE§l$
=
Sampled cores s E 40
D B.'-:ulneen Brie ﬁ g icrite MIET Lﬁli'n‘g;lm
Rigny la s = 3'c DOWNWARD
Nonneuse 45 ﬁ s 50
([ Villeperdue §
35
Fosso!
Y Fossoy Sa_mples used for 3 A l
) microthermometry | | I Y E -
I*'S'D (data comparison) s = ) [;5 Dbi2
........................................................................ 15 BA{INAL BRINE ]
T 1 [ 1 UPWARD b
18 16 14 12 -10 -8 i -4 2 0 = 3| Cal2
6'%0 carb (%o, VPDB) N "G
Dol
06
: ) BASINAL BRINE + OIL
UPWARD
' 160M 140Ma  120Ma 100Ma  80Ma 60Ma 40Ma 20Ma
| “1s0.140Ma _ 135thoma ' | ' | 75.csma bossMa adaoma’ | T
Timing of
cristallization

Extensional tectonic Compressional tectonic

>

Paris Basin model ' "”"’”’_’/(Temperaturé modelled NESW NE-SW Y Nesw E-W Bxtension

regime
Compression Compression Compression  N-5 compression (30-35Ma) 9 = Energies
SR 2, = o ifioces
= @ == P Bt b e . nouvélles
| © 2016 IFPEN N
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PARIS BASIN

DIRECT DATING AND FLUID-FLOW

Concordia & Y-Intercepts at
120.7 £ 2.2My (1.8%)
207pp /20%6ph : 084752

MSWD = 0.79
nspot: 28
06
(7 oror are 20
o 04
&
0.2 t=120.7+t2.2Ma
TA,, = 58+6°C
0.0 - - -
10 20 30 40 50
238[206pp
1.0 7 - —
Concordia & Y-Intercepts
D |1 o at 107 £ 13 My (12,1%)
o Ph™ph c 0.8432 £
0.9 MSWD =14
n spot : 26
data pord erree ellipaes are Jo
08 .‘8
0.7 ™~
3 )
s} t=107+13Ma
TA,, = 87+1°C Rt
05
o 4 8 12 16 20 24

20°C

30°C

&
[=]

]
m

50°C

TEMPERATURES

2
A

70°C

80°C

235 238

OD @
=
@

207,
®

Falea, I Eocene

[ ofi Mn.txene- |

EA_,,—U{' Pb temperature-time path
Wsiogenic @Micrite [can oo M caz W poi2
. Upper Bathonian seawater temperature (Lecuyer et al. 2013)

- Present-day borehole temperature
...... Modeled thermal history

Thermal

A,,/U-Pb: A new thermo-
chronometer for carbonate
bearing rocks to help to better
calibrate numerical model

Hydrothermal origin for Dol1?

anomaly !
v
D—'——4
| ! | b LTI I : : |
160Ma 140Ma 120Ma 100Ma 80Ma 60Ma 40Ma 20Ma
AGE (Ma)




WESTERN CANADIAN BASIN
THERMOCHEMICAL SULFATE REDUCTION (TSR)

Temperature > 110C

Anhydrite Seal

CaMg(CO; ), Complex series of redox reactions

Can we use diagetenic
characterisation tools to
contrain TSR modelling?

[

Within Carbonate (Dolomite) reservoi
Sulfate (ArThydrite) + Hf”-l- H,0 2 Carbonate (Calcite) $ H,S + CO, + HC? + H,0

Cas04  (HCES)W CaCOy (HC £ 5) ) + 5, OSCy, + PBy
Enriched in S Qfﬁﬁ?ﬁfgﬂiﬁ
\_—/

| © 2016 IFPEN



WESTERN CANADIAN BASIN
FLUID-MINERAL CHARACTERIZATION METHODS

(modified from Machel & Buschkuehle, 2008)

Period
Miss.

\
1\

Caigc_lj

Devonian

Area

@ Study area: : :
@ Southesk-Cairn Carbonate Complex - SCCC). 7 studied wells. Frasnian-Fammenian:
@ Platform sediments (white), reefs (light grey) and basin sediments (grey). 375-365 Ma
@ Fields in Devonian reef carbonates produce >> 30% H2S.

@ Tools:
@ Optical, cathodoluminescence petrography
@ O-Cisotope analysis
@ Fluid inclusion (FI) microthermometry
@ U-Pb carbonate chronometry by LA-ICP-MS

- Energies
(}'%=houwﬂ@s
K—/4

| © 2016 IFPEN



PARAGENESIS

| | Telogenesis

Sedimentation (reefal, lagoonal, intertidal with primary anhydrite
nodules)

Framboidal Py

Planar P dolo

Dissolution

Fibrous Isopacheou:

Radiaxial fibrous botryoid

Syntaxial calcite overgrowth af

Recrystallization of fibrous

Dog tooth calc}

Bladed to Blocky calcite (pore filling)

Chemical compaction

Non-planar A dolomite

Planar S dolomite

Recrystallization of planar P dolomite : Planar E sucrosic

Anhydrite Il

Fracture

% Saddle dolomite 1 (cement + replacem)

Saddle dolomite 2 (overgrowth)

Planar C dolomite (filling post nonplanar A and saddle dolomite
fractures)

= Solid bitumen

Mud-like sediment

é Pyrite Il from bitumen

=3 Ssulphides

© 2016 IFPEN
Anhydrite Il (fibrous and elongated/tabular)

s



WESTERN CANADIAN BASIN
O-C ISOTOPES (%o, V-PDB)

Dolomites

5180 %g A '.

< | D —— L] Ab

GHC

L\

Dolomite precipitated

L7
-5

Blocky calcites

from Devonian sea water[—©
= =Z 2 0

-10 Blocky Cal
-12 Bitumen

Saddle Dolo

Blocky calcite post-date saddle dolomite and bitumen.
0180 of dolomite shows evolution of water content from dep osit.
013C of calcite influenced by HC.

Calcite: better candidate to gather constraints on TSR !!




WESTERN CANADIAN BASIN
FLUID INCLUSION MICROTHERMOMETRY

Frequency

Dolomite: aqueous FI, NO GAS.

Calcite: acqueous FI, presence
of CLATHRATES (water-GAS)

| © 2016 IFPEN

Th: Calcite and Saddle dolomite (SD)

M Calcite M SD

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210
Th

Homogenization temperature of
Dolomite between 80-120° C

Homogenization temperature of
Calcite > 100° C

N N
N =

N
o

Eq. wt% NacCl

=
o

Th vs. Salinity: Calcite and Saddle

Dolomite

M Calcite m Saddle dolomite

o o s 8 g%
wsenes B E

20 40 60 80 100 120 140

Th

160 180

Water salinity of
Calcite FI < Dolomite FI

- €Energies
(ifPae
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Temperature HC saturation

TSR risk

WESTERN CANADIAN BASIN
BASIN MODELLING AT NISKU FM.

70My

© 2016bHEi\?|

58My

Max burial

T risk [¥]

8004 8 200

o (1-58) (8]
i £

E316CA SaTUrati

OMy

100My
HC saturation [0-45%)]
Temperature [0-200° €Energies
TSR risk [0-100%] 'fP""”"E”ES



WESTERN CANADIAN BASIN

FITTING CALCITE T DATAWITH THERMAL HISTORY

24
22
= 20
S
-
s 18
Q@ 16
£
= 14
>
£ 12
a
10
0

50

D e DL P e P P e C T

%

et e R PR PR PP

100 150

Homogenization temperature (°C)

| © 2016 IFPE

207Ph20sph

04 -

02

=>

200

data-point_error ellipses are 2o

~
[_ower & Y-Intercepts at

59.8#9.1 Ma & 0.824
MSWD =1.2

Absolute age of TSR
-] calcite: ~60+6 Ma!

Isochrone 238U/206P.-

207pp/206Ph

20 40
2381 1/206Ph

4

60 80

TSR Risk Maps % |

(TemisFlow)
High I__ TSR onset
temperature
i g
5 g
= 3 80
o
1. :
Low £
ﬁ .
A Modelled thermal . R.e|atl;le
curve (TemisFlow) timing of TSR
1
Input for basin | . ‘ ‘ | v |
modell.n 400 350 300 250 200 150 100 50 0
= > Age (Ma)

U-Pb carbonate chronometry by LA-ICP-MS

v
=

Laser Ablation (LA)

Laser Ablation
spots (200 ,m)




HC saturation

TSR risk

I WESTERN CANADIAN BASIN
MODELLING TSR

@ Chemical balance of TSR reaction proposed by Uteyev (2011)

8 C H,, + (4n+m) CaSO,=»(4n+m) CaCO; + (4n+m) H,S + (4n-m) CO, + (3m - 4n) H,0

HC consumed

H,S gas mass
H,S dissolved mass

CO, gas mass
Water produced

CO, dissolved mass
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Application of a characterization workflow based on diagenetic

RESPONSIBLE
carbonate minerals allowed to:

===) ( Temperature (T) '
(a) Quantify Temperature and Timing of Carbonate formatio
w (b) Provide calibration points of numerical models in the pastﬁ;«---

(c) Identify TSR related carbonate phases
— (hs D
(d) Quantify the possible Temperature-Timing of TSR onset
—) (e) Help to validate the hypothesis of the TSR risk study (basin
modeling)

— (salinity
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	*Adapted from oral presentation given at AAPG Middle East Region GTW, Regional Variations in Charge Systems and their Impact on Petroleum Fluid Properties in Exploration, Dubai, UAE, February 11-13, 2019

