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Outline:

Carbonate Sedimentology

Accomodation and sea level cycles
Wind waves and facies template models
Sediment production

Sediment transport

Hydrodynamics and timescale issues
Prediction of porosity

Carbonate Diagenesis

The hydrozones concept and common links to extrinsic controls
Prediction of hydrozones (hydraulic conductivity and up-scaling issues)
Diagenesis by hydrozone template (parameterisation issues)
Carbonate budgets

Coupled groundwater flow and geochemical models (RTM)
Problems of RTM
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Focus on Carbonate Developments since 1999

+ Sedimentological Models
— DIONISOS (Granjeon and Joseph, 1999)
— CSM Carbsim (Taizhong Duan,2000)
— REPRO (Hussner et al, 2001)
— 7?7 (Burgess et al, 2001)
— SedTec 2000 (Boylan et al, 2002)*
— CARBONATE 3D (Warrlich et al, 2002)*
— SIMSAFADIM (Bitzer and Salas, 2002)
— FUZZYREEF (Parcell, 2003)
—  TAWIC+? (Quinquerez et al, 2004)
— CARBONATE GPM (Hill et al in prep)

+ Diagenetic (Reactive Transport) Models
— PHAST (Parkhurst et al, 2004)
— TOUGHREACT (Xu et al, 2004)
— GEOCHEMISTS WORKBENCH (Bethke, 2007)
— +others in house

+ Sedimentological and Diagenetic Models
— CARB3D+ (Paterson et al, 2006)*
— FACIES 3D (Matsuda et al, 2004)

— BASIN 2 (Bethke et al, 2007)
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Why the move to 3D?
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Model Fundamentals : Sea level + Subsidence = Accommodation,
Hydrodynamic Environment and Sedimentary Processes > Sediments
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CARB3D+ symmetric sea level generator

| #] Sea Level Generator

Sea level at start of curve (m) | 0.0000 Linear rise rate (msky) | 0.0400

Period (ky)  Amplitude (m]  Shift (ky) S Ll Cirvs

Sinusoid 1 40.0000 10.0000 0.0000 80

Sinusoid 2 100.0000 10.0000 0.0000 ’I

Sinusoid 3 400.0000 1)0.0000 0.0000

Height [m]
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Symmetric cycles give symmetric sequences

. Cross—Section: Palaee—Bathymetry (m)

Sea Level & Subsidence Curve
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Shallow-Deep-Shallow Sequences:
the norm in sedimentological models
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Icehouse (and other?) sea levels are highly asymmetric, so why don’t
we use them in modelling?
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Shallowing Upward Sequences result from asymmetric sea level curves
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Facies Template Sedimentology

l

l

Wind Waves

Currents

&/OR

Facies Template

Sediment Properties

|

- Sedimentation

A

Depth

|

Platform prography

|

A Accom'modation

k1
o

University of

=l BRISTOL



(7)) SF
m S
‘>“
o

$ 4
©
= T
= <3
c o
s i
o B 2
(@] o
Q
e -
LL

l:l ......... (POTeToreT (PP e PP (FrrTrrTeT ITrrrTaTe

O 1 2 3 4 6
DEPTH 10 m Distance (km)

5. lllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
) :
°o__
© 4
3
© —
= &3
= :
c [

a

o 5 2
(3] a
o
O ——p 1 .
(] —
b
L. -

1| =errrrre (PR (PR (PR VivivTeTes (PR,

Wind generated waves and wave refraction: CARB3D*

Distance (km)

DEPTH 2 m o g g s gy

Distance {km)

Wave Ray Paths

Wind Direction

Wind (red) & current direction-to indicators

-% University of
Y BRISTOL



Distribution of wave energy: CARB3D*
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Wave propagation, long shallow fetch on platform top with
wind reinforcement balancing energy loss?

Predominant Winds
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Platform
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Effect of friction factor on wave energy in platform interior: CARB3D
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Breaking waves should entrain more sediment
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Enhanced sediment entrainment: CARB3D+
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Facies Template Sedimentology
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Facies template models: Need to convert wave energy to actual facies

Comparison of Wells and Simulated Sections

CSM Carbsim
i nda Ino Lcwvenergy
Taizhong Duan (2000) LN = et e JEEE Cinen

(ehliowstsn e B (shallow water)

e = s
WA . R i

A High energy R, sediment
1 2 3 4 -sedimert Reef AARAY
water . . . Aaa
Azl kenetic kenetic kenetic kenetic AT _

Pt en ergy | energy | energy energy Py - High energy
<= > > > > [ Shoal FELE sediment
200m | 7.3 3.5 15 0.0 9335 AR

1
SRR
PO

T ——

Care descrptions from Eberli, Swart, Mcheil, w

Iom ’\lk)\)
.

EW-65 =

University of

A BRISTOL

IE
R



FACIES 3D: a facies template model based on currents
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Calibration issues: Tidal or unidirectional currents?

E: low tide, F: high tide

E 20, F 19: current speed (cm/s)
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Miyako Island tidal current calibration (Tsuji et al 1994)
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Sediment production and transport models: Carbonate Production
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Angle of repose slopes: empirical calibration v fully
explicit process specification CARB3D*
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How many factories? CARB3D™ bank margin sediment production by reef
and margin (shoal) + interior & pelagic factories

Interior

Predominant Winds
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Environmental dependence of production: We know lots.
Eg. Depth (light + suspended sediments etc) reduction
of carbonate production with depth: coral Montrastrea annularis
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We also have good factory production rate data
(Although as accommodation is usually limiting this is not so critical)
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But are individual species rates and dependencies representative of
factories? How do we model changes in community structure in past?

Comparison of faunal groups in cool-water factories
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In any case do short term measurements represent long-term rates?
And do models account for some of these effects especially non-

deposition & platform exposure (oozes v reefs)?

% TKmM/Kyr ; ; .

a 4 . :
= * ..‘N g S : : S
< e ---:------:---a---reeifdepoa:lts---------_,-----
- ; ; ; : ;
-
=
3
O 1Tm/Kyr
<C
L
O
"
<C
i< :
— Tmm/Kyr gg
<C : . oc'
L ; : ' : :
= 001 yr 1yr 1 Kyr 1 Myr

TIME SPAN

Sadler (1999) University of

s
LS

BRISTOL



2 key issues affecting sediment availability for transport: cementation
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2 key issues affecting sediment availability for transport: cementation
and conversely bio-erosion (and geochemical loss of carbonate?)
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We need more careful sediment budget studies like this one,
and to use the results from them.

Bio-erosion c60%
production.....

BEDLOAD ....of which 25% is
exported
Cane Bay Reef Hubbard et al (1990) EAKC University of

BB BRISTOL



We need to be able to incorporate controls on bio-erosion into models:
eg nutrients
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Carbonate production rates: dependence on carbonate avialability.
Residence time & carbonate exhaustion, Great Bahama Bank

CaCO3 Loss (1 0® moles/liter)
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Flow vectors

Carbonate GPM (Geological Process Modeller)
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Carbonate GPM: Water depth history (central lagoon)
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Carbonate GPM: Detail of structure in lagoon sediments
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Complex palimpsest of facies or lateral uniformity?

Landward A’ Island migration
100 km |

Burgess and Wright (2003)
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Are models for simulating real examples or for testing ideas or both?
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Sediment production and transport models: Sediment Transport
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Sediment Transport: 2 basic models

Diffusive Model Advective Model

Sediment transport processas

related to fair-weather conditions Storm-induced sediment transport

reworking/reshaping su;pet}s:on
by swells, bioturbation, reptation action
Velocity profile
y . 24} CO |
Ve
: Bottom boundary ..
Water : Ealients layer o* ' Transport induced
column - 1men ux by low-frequency
: Water currents
column™~10'm
Sea-floor
Wave-current Entrainment
bottom boundary into suspension
layer Sea-floor wave/current
) interaction

From Quinquerez et al, 2004
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Dionisos a diffusion-based model:
effect of increasing water depth on platform facies

512 m
Boundstone slope

Grainstone platform

Packstone platform
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Transport proportional to slope

Mathematically efficient

Diffusion lengths must be calibrated (up to 9!) 10-20 m

Very flexible sediment sources and
environmental dependence

Chevron
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CARB3D* Sedimentology: Advective sediment transport
Suspension of sediment by wind generated waves
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Distance {km)

CARB3D* Sedimentology :
Sediment transport by 2D (depth averaged) potential flow currents

Current Yector Plot
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Externally specified depth averaged currents:
What is the drive and where does the water go to?

» simulated block
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What about entrainment by currents? Depth averaged or 2D (3D)
currents? Bi-directional wind driven circulation STORMSED 1.0

Streamlines Onshore surface Ekman Layer flow

Offshore downwelling in
bottom Ekman Layer

Water Depth (m)

100

Deposition o~
E Ot T e S S —__J—__—__—-/""— ——————————— e
g Erosjer g P
3 ~1F ; / — ]
Bigl N .
= Sediment Transport
_.3 ! 1 | 1 1 |
0 20 40 60 80 100 120

Distance from Shore (km)

Coopman & Flemmings (2001): STORMSED 1.0 (2D)

‘Large Storm’ ( 20 m/s wind parallel to coast): BAK Universitv of
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What about tidal currents (which we can also do well), don’t we
need them too?

ia
27N A

Depth-averaged M2 current
ellipse for Bight of Abaco.

Grenier et al (1995)

Computational
Mesh




Need to develop criteria for separating different modes of sediment

transport + Timescales

- oz -

Percentage of time significant S -
wave height exceeds 3.5m T ——

|[=3 Tropical cyclones 54%%
[] Tidal currents o,
. Intruding ccean currents 1%

B Temperate storms & swell 28%

0° 120° 130° 140° 150°
........................ e, S b | ( 1
----- 7 e et Tty B~ R SRR P
/4 S
{4
| &
---------------------------------------------- ----30°
B Waves only ., .
Bl Waves dominate - - - - ---------- = = N - - -~ -~~~ - - 40°
l___JT’des Only E : 3 E
B Tides dominate : : :
| | Mixed ’ ; |
.. [ Zero 130° 140° 150°

Dominant process from ratio of
wave & tidal exceedance for actual
sediment size

.wé University of

Porter-Smith et al (2004) BRISTOL



Sediment transport timescales: scaling of storm condition
advection and magnitude /frequency response

I flow

Storm effect

Time ult), Hit), Tit) Timesdt

(| |
[ |
Il |
(| |
(| |
Il |
| 1 BO"OITI shcarslrcss Tl‘anspon Ntass cunscn’n[ion |
(| |
Il - |
I : End of storm I
|
(| |
(|

Topography induced by | storm |

Xnb storms/year

Topography for | year

XTdiff years

Topography for Tdiff years

T+T Intermediate topography

Diffusion

Final topography

|

Quinquerez et al, 2004

Individual storm (5 parts)
Advective Model

Sum storms for year
Sum storms for n year timestep

Modify storm transport by
fair-weather processes

Diffusive Model

E%’ University of
LI BRISTOL



Sediment

Properties

l

l

Wind Waves

Currents

N

Transport

: |

Sediment Properties

Angvle of
Repose

+—— Sedimentation

Production —T

|

|

Platform prography

|

A Accom'modation

CARB3D+ structure

k1
o

% University of
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How many grain sizes?
CARB3D* Sedimentology : 2 Grain sizes + boundstones

Granular Cemented

Margin

77 [coarse Re-worked 1.

Pelagic

Reef

Fine Interior

Produced in situ _

E%’ University of
LI BRISTOL



CARB3D* Sedimentology:
The 2 component concept (coarse and fine grains)

GRAIN-DOMINATED FABRIC
GRAINSTONE  PACKSTONE

Grain size controls  Grain/mud size
pore siz ‘controls pore size
DR

intergranular pore
space or cement

Intergranular pore
space or cement

MUD-DOMINATED FABRIC
PACKSTONE WACKESTONE MUDSTONE

Mud size controls connecting pore size

E% University of
LI BRISTOL

Lucia (1995)



CARB3D" sedimentology:
The 2 component concept, facies

Dunham (1962) Percent
Class Fines

Grainstone <10% fines

CARB3D*
Facies Key

>10 <30 % fines

a°

Packestone
Wackestone >30 <50 %
fines
Mudstone >50% B
fines
Boundstone >50% Reef f’
S0
£ a0
g' =30
-
ro
T - -

(] -
Miaztance, kM



CARB3D+:Coarse fraction moves as bedload, fine as suspended load

Cross—Section: Wain Scurce Breaoking—waves 15

Main Source Key:

Margin
. Codrse Reworked
- Fine Reworked

. Pelagic

T rrrp e e et

1 N 1
o.o Distance, km .5 1.0 1.5 2.0

Windward Margin Progrades over Coarse Reworked Slope Debris

Distance (km)

Sea Level & Subsidence Curve
T T T T T T T T

I0oCT T

- *\N\‘!\\
AN

30

Cross—Section: Wain Scurce Breaoking—waves 15

20

—

I e I A

VP
_IE?JZ;DI — ‘D,CISI ' Ag.a‘%Mq} IDJSI = ICl.QCI -
Leeward Margin Progrades Over Fines Transported by Current . .
Bl University of

All Sediment is from reef on windward margin only BRISTOL



Prediction of depositional porosity: CARB3D*

80 1 ¢ Bennett et al s
(uncompacted) toca S -
o Enos & Sawatsky y= 20-023)(0 o
single
70l (single)
m Bennett et al 7
compacted
(comp ) N
[ |
[ |

Porosity (%)

y = 29.1270x16%

60 80
Fines <63 um (%)

100

k1
o

%’ University of
BRISTOL



Depositional Porosity, an alternative model

1.0 1
2 )
(7))
3 Pory —
o 0.6 =
© / 101 =
- L0
o 0.4 =
- Permeabijlity @
b
S 0.2 £
a a
™ 0
0.0 0.01
0.0 0.2 0.4 0.6 0.8 1.0
Fraction Fine

Vé University of

Koltermann & Gorelick (1995): 0.063 and 0.5 mm grainsize mix E BRIST()L



CARB3D*: Compaction is grain size dependent

0% fines > 100% fines

% [ University of
AL BRISTOL



Cementation and compaction

100

® Compaction-Dominated
O Cement-Dominated

x Mixed

- Minimal Cement and 9
Compaction

Cementation Pathway

50l:|,lllll'll[lllllll!|50
50 40 30 20 10 0O

% INTERPARTICLE CEMENT

Budd (2002) K University of
§

£
BB BRISTOL



Data handling: digital rocks and facies comparator

Facies name Ficki-based facies Digital facies Digital faCieS defined
Descripti Depositional Platf: Coars Pelagic = fu Coars A
e cm!i\:o:m:]:l nL:rg(i‘;m rc(\:::icd rccw:r:-:cd —]c \.I:?lr: cllallclic from % mOdeI
(%) (%) platform (%) (%)
interior (%) Compo.nents t_o
Grainstone-houndstone Coral-microbial patch Normal marine 20-100 0-50 040 0-10 0-20 matCh fleld faCIes
reefs and interbedded mod-high encray.
. . Match for 1 m
LAGOON Devonian Judy Creek Field, Canada core intervals
W MARGIN
SLOPE SAND Core
Modelled

™ sLoPEMUD .
N BASIN f

pre
T ‘ d Sectlon 1 -
' - \
v ) - '
' Section 2 (72% match)
7 1 Key 10 ngnt hand
A ] column

l Match

Facies Malch

Faces
Mismatch

Section 1 (60.5% match) EAKC University of

BB BRISTOL

Boylan et al (2002 ) & Warrlich et al (2008)



Some Conclusions on Modelling of Carbonate Sedimentology:

Existing models are improving:
— Strong hydrodynamic base (waves and currents)
— Coupling of storm and fair-weather conditions
— More flexible specification of carbonate factories
— Budgeting of carbonate
— Slope transport
— Flexible GUI and output

Issues for the future:
— Focus on dominant sediment entrainment and transport processes
— More sophisticated ‘competition’ between carbonate factories
— Development of more sophisticated facies (spatial variability)
— Consideration of role of bio-erosion and cementation on sediment mobility
— Improved prediction of porosity
— Improved simulation of compaction (especially role of cementation)

All are possible, but we must be parsimonious to achieve realistic run
times

ﬁ% University of
L BRISTOL



Why is diagenesis important?
Practical as well as intellectual drive

Cemented Grainstone — low porosity

. ,
» & %
3 g4 ‘8 b .8

Diagenesis

There is no simple relationship between facies and

poro-perm characteristics A University of
BRISTOL




The conceptual base:

Common extrinsic controls on sedimentology and diagenesis

(Eummc Sea-leveq [Subsulence j [

Terrestrial
Climate

Hydrozones Concept

Relative Sea-level Hydrological Zones

'

!

Ocean &
Wind Climate

Sedimentary Diagenetic
Processes Processes

Y

'

Platform n Mineralogy &
Architecture Porosity

'

!

Characteristic Associations?

D
I
A
VADOSE G
ZONE , E
Water Table ) N
FRESH E
WATER T
PHREATIC I
. C
MIXING
ZONE p
R
(0]
MARINE D
PHREATIC U
C
T
S

% [ University of
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CARB3D+ Diagenesis Components:
Hydrozones

Sedimentology

| Freshwéter Lens |

& Mixing Zone

|

Diagenetic

A Sea Level :
% Transformations -

l % [ University of
&l BRISTOL

o



CARB3D* Diagenesis :
Depositional porosity to permeability based on facies

1000000 —— T
100000 Grainstones
Cte Coral
%. 10000 Wackestones
_E_ 1000 Packstones y
2 Arag Coral AV
= 100 | Zaa
-
Q 10 //
: 1 1 7
L~
0.1 /
0.01 ' /
1 10 100
Porosity (%)

Empirical poro-perm relationships from published data Ak University of

A BRISTOL



CARB3D* Diagenesis :
3D depth-averaged freshwater lens model

%edfmenf surface R (rainfall )é

VADOSE ZONE

Watsrtapia

K(1+a)V.(hVh)=R

Where:
K = hydraulic conductivity,

o = Ap/p density diff sea & freshwater / density of fresh water
h =lens top height above sea level,

R =recharge

% [ University of
Fetter (1972) A BRISTOL



CARB3D* Diagenesis:
3D depth-averaged freshwater lens model

—-Section: Secondary Hydraulic Conductivity
20 = === '

Elevation (m)

Height {m)

1 1 1 1 l 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1
0.0 Distance, km 0.5 1.0 15 2.0 2.5 10

x iversi
Distance (km) gll;:fsr”isglf,



Hydraulic Conductivity (m/d)

CARB3D* Diagenesis:
Up-scaling of permeability

Inverse DGH
4 Modelling
1x107 Slug I
Tests il
Lat.)rt;;attsory Packer T
e Tests J_
1x102- g -%— J
§
i [}
Pump
1%x10 0_| ° Tests
Field data:
1x10%- Pleistocene Lucayan
Limestone, Bahamas
1x1064
1x104 | T | T T T
1x101 1x101 1x103

(Whitaker & Smart, 1997)

Scale of observation (m)

E% University of
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CARB3D* Diagenesis:
Up-scaling of permeability using dissolutional porosity

Fabric Selective
— Matrix
(Depositional)
Non-fabric Selective
— Secondary
(Dissolutional)
% [ University of

= BRISTOL



CARB3D* Diagenesis:

Up-scaling of permeability using Kozeny-Carmen model

Tube frequency (/cm?)

0.01 0.1 1
10000 - 03

1000

100

77T 77

7z
/[ A

777
10 ol

02 /~ /

22

Hydraulic conductivity (m/d)

/

y.ai /'//'/'
T2 =7
0.01 0.10 1.00

Porosity (%)

10.00

Tube frequency is fixed, diameter increases

100.00

with progressive dissolution

Tube diameter (cm)

1
[

<+—— ‘Reallistic’ poro-perm bounds

% University of
BRISTOL



CARB3D+ Diagenesis:

Alternative model non-fabric selective porosity to permeability

] Blowers et al model

k/r2=827x109% (¢ -0.3)210

——

20

10000 ~{

| n =
6'IOO()- - '
E ‘ 10! b
e 1 '—.— 107+
z .
:5 ‘ 00}
© 1
O 10*
=
Q 1 10°
o [ f(x) = 2. 5‘In(x) -1

= 0.62
R e T
0 5 10 15 20 25 30

Connected macroporosity (%)

Clino & Unda data, Mellim et al (2001)

35

0 4 50 60
porosity (%)

E%’ University of
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80
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CARB3D+ Diagenesis:
Alternative model non-fabric selective porosity to permeability

« Use of lattice-Boltzmann model for predicting
permeability of vuggy carbonates

(Felce et al., in prep)

E% University of
LI BRISTOL




CARB3D* Diagenesis:
Up-scaling of permeability using dissolutional porosity

10000 -
)
£
)
S 1000 -
°
-
=
o
(=)
(&)
% 100 + ' Probable timescale for
E : / up-scaling?
= 4
= g
- &

10 = | | | | |
100 600 1100 1600 2100 2600
Age (ka)

Lucayan Limestone, Grand Bahama Vé University of

2 ,
(depth/age conversion) A BRISTOL



CARB3D+ Diagenesis Components:
Diagenetic Transformations

Sedimentology

| Freshwéter Lens |

& Mixing Zone

|

Diagenetic

A Sea Level :
% Transformations -

l % [ University of
&l BRISTOL
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Hydrozone diagenesis template: Facies-3D

above 60.00
58.33 = 60.00
56.67 = 58.33
55.00 = 56.67
53.33 =55.00
51.67=53.33
50.00 = 51.67
48.33 = 50.00
46.67 = 48.33
45.00 = 46.67
43.33 =45.00
41.67 =-43.33
40.00 = 41.67
38.33 = 40.00
36.67 = 38.33

35.00 =36.67

0 1000 2000 3000 4000 5000 Bl below —35.00

m
Porosity Change: (m) Legend of

1 Q
a) Vadose +0.198 %/ka Matsuda et al (2004) porosity (%)

b) FWL -0.536 %/ka Vacher 2D model and k???
(No mixing zone hydrozone)

Sea level

Top basement

* .
c) Marine 0 %/ka gi{flesr%y(;{,



CARB3D: Mineralogical Components

Grains Cement
Q ) .
8 Aragonite Aragonite
i -
(a - ]
— Calcite Calcite
(4v]
| -
Q - ]
< Dolomite Dolomite
=

Pleistocene ooid grainstone,
West Caicos

Porosity

(Primary and Secondary)

ﬁl’é University of
LI BRISTOL




CARB2D Diagenesis:
Diagenetic transformations for each hydrozone

Reactant

A O A
% < % %

L7
%

W T K| K

Stabilization” \

S j [ Cementation
N\ \__/
O/O,,) . Secondary
“%e \ Dolomitization
g
"0, Dissolution —
/{t}

%Ié Excluded on thermodynamic grounds g Univer;sity of
EIEI BRISTOL

Product
o

(Whitaker et al, 1997)



CARB3D+ V2.0 Diagenesis:
What determines the extent of diagenetic modification?

CARB3D* Hydrozone
Residence Times

1

1) Total Diagenesis = Ratep;,gcnesis X Time Acting

|

Geological, Field Process &
Modelling Studies

Sequence of diagenetic stages —
(I 1 v Vv
100 L L 1

Sparry calcite cement of distant origin

Original porosity
Approximate
percentage
of rock

Sparry calcite cement

Aragonite filling mouldic porosity

. paramorphic calcite from aragonite
Gavish &
. Calcite (identifiable as former Mg calcite )
Freidman (1969) |v, cacn
0




Paterson et al (2008) hydrozone residence times

A Facies
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CARB3D+ Diagenesis:

Link between hydrozone residence times and sequence types
400 ka

200
2 Ma
N VR v
— | e » 3rd and 4th Order
s - Transgressive System Tract
a |y 7 W (TST) have Minimum Meteoric
Lo las Alteration
00 4~/ / ' > 3rd and 4th Order
il (Highstand System Track) HST
== 18- have Maximum Meteoric
___________ - ' Alteration
i == _n.l_
---------- — ‘ ‘ V =HsTs
0 _ : , . A =TsTs
0 100 200 300 ----=SBs
Residence time (ka) Catonas ——-- = MFS
Hydrozones Packestones
Vadose Wackestones
—— FW Phreatic Mudstones -wé University of
Mixing Zone Bl 5oundstones (Paterson et al, 2008) BRISTOL




CARB3D+ V2.0 Diagenetic rates parameterization overload
Need to reduce and simplify

Reactant
4
’5”0 Q % 'oo,
%, %, Y %
“ % % K2

%, \ | , | Vadose Zone
’),/',@ EE—

O@/ /_S\_t;ablllzatEIn sactant
0/,;@ Cementation <, 2,
o, o)
/)),/',Q \9/&,/

Secondary
Dolomitization

ition
’oo ). - Cementationt)ant 2
s, Dissolution — % %o,
(/3
) —

oO
%,
Excluded on thermodynamic grounds i z
~N

FWL Zone

Mixing Zone

lon Cementation,;

% "R
%Ié Excluded on thermodynamic grounds >|é /\ Saline Zone
A
O, B Cementation
o%/ DissolulD — j\/
Up tO 10 reaction rates required for 4 % Excluded on thermodynamicgrounds) - ﬁ% Uni\"t’l'sit\" ()f
l

A BRISTOL

different hydrozones = 40 numbers to find!

% Excluded on thermodynamic grounds



Effective hydraulic conductivity (m/d)

CARB3D+ V2.0 Diagenetic rates parameterisation
eg Using climate parameters such mean annual rainfall

1x 10°

1 x 10% -

1x 10"

e El

P $ Bi

L1 }_E‘

Little Bahama~._
Bank E

1500mm

Atlantic

O cean

Bahamas rainfall

1x10%

1
800

1

I T I
1000 1200 1400

Mean annual rainfall {(mm)

Whitaker & Smart (1997)

1600

ﬁ% University of
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(o aentain (o)

But remember as for sediment transport, diagenetic transformations
occur as a cumulative result of many individual events in time

Southern Bahamas

O. 012 .
C. OS5 m
O. 01 - N\/\/Ww
o.cos /\-—”\N\/\/\/\/\/\l/__,‘
O._. 0066 —\/,
O. 004 -
O.002 -
O - - s ' 2 > s ¥ ¥ -
O a8 o6 1 <1<t 192 2440 288 3236 3284 S432 480
Time (hours)

s o001{ Northern Bahamas

% Aragonite equilibrium

E 0.008

; Low-Mg calcite equilibrium

2 0.006 - - - -

g Calcium concentrations in 0.05 m

g 0.004 1 ore waters in relation to

5 P

&8 0.002 carbonate saturation

0.05m
0 T L N T T
0 48 96 144 192 240 . . .
SR Ranson (Unpublished dissertation)

Simulation conditions

”’\I‘emperature 24° C 27° C

Base temperature 20°C 23°C
Storm frequency 48 hours 240 hours

Storm duration 10 minutes 5 minutes

—— K University of
Storm intensity .40 mm/h 20 mm/h

S )
Evapotranspiration 3.8 mm/day 4.7 mm/day E BRIST()L




CARB3D+ V2.0 Diagenesis rates are uniform with depth (A), have no
feedback between zones (B) and are not dependent on grain size (C)

A Ca2*mM/L B
0 o w0 o
o — _ '] ’
L 1 1
S 5 : A.Sealevelat-30 £ 20 m B. Sea level at -100 £ 20 m
o o S <1 «Thin Yad°s° zone. «Thick vadose zone.
o a Sy *Lens is near soil. «Lens is far from soil.
| e B §: *Lens thickness unknown. ) *Lens thickness is unknown.
o~ \ : = sActive alteration and dissolution. *No documented alteration or dissolution.
S @
Fo4® =%
\ =SS gl £-30+20m
o i
3 e gl ~
> Q- . (S E
= o e —*— 21 o
Heore—i @13
@ roited 8_' P
o \ = lo
E e 215
b= el . = . . 3
2 W\, B'S Melim et al (1995) inactive deep meteoric lens model
8 i
2 =" 0.8 -
1
> \ 1 C g
z ey B o074 —T —1000 um
R &
3 [ : § 06 ——1000 um
s ' —
% ol : é RO — um
© g ] = —200um
0 - 2 { g ——200um
| S 03 100 um
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—o— ;.'1 g 0.2 4
: § 50 um
Lo : é 0.1 4 / 50 um
i 0.0 el s . . : |
1 0 2000 4000 6000 8000 10000
Time (years)

Depth dependence of vadose dissolution, o
karstified Paleozoic Limestone, UK Dependence of A to C stabilisation on grain size
(Smart & Freiderich 1980) (Whitaker & Smart in prep)



CARB3D+ Diagenesis: uniform hydrozones template (V2.0 top) and
(STEP1) sequential carbonate budget approach (V3.0 below)...then

Total Diagenesis = Ratep,;,yq,esis X Time Acting (V2.0)

Ratep,,qenesis = Flux H,0 x Reactant Concentration (V3.0)

1204
Calcium excess (mg/L)
€@ Observed
100 o Modelled
Q Calcium dissolved (mg/i)
80—

Calcium excess (mg/L)
[}
o
1

—
»
>

:

= « P - o
S 33 55 £0 2 $ 85
1S 39 228 20 3 = =2
3 T3 ISpd g5 S S 85
(3 ol o] 1) 35 < = ke)
< £ : a 2
5% o2 ST 2 o5
c? o5 QS 5 <
QP =3 > o
[sls} 2 = 2 S
@@ P 2 5 o
— 52 S Q 3
Surface 8 o
Dissofution Qx €
'—'—J Y
Vadose Fresh Water
Dissofution Dissofution

(Whitaker & Smart, 2006 a and b) Northern Bahamas field data: Water & Ca budgets



...... distribute reactions along the flow path (Step 2)

Total Diagenesis = Ratep,;,4cnesis X Time Acting

Ratep,,qenesis = Flux H,0 x Reactant Concentration

Reactant Concentration = f (degree of saturation, time, surface area)

Chemical reaction rate Rock property

+

Groundwater velocity and
flow path

o Mixing zone T
Saline zone

&% University of
After Craig (1987) A BRISTOL



Field sampling along the flowpath:
We try hard but....

North and South
Andros Blue-holes,

exploration,
geochemical and
hydrological
sampling

Shell & Amoco




Reactive Transport Models:
reach the parts that other research techniques don’t!

Rate of Porosity Change (%/ky)

0.00 0.05 0.10 0.15
0]
£ ,
Q2
e
=
5 4
e
©
=
=z |
o 6 Recharge
L —0.5m/y
2 1.0m/y
2 3 —1.5m/y
—0.25m/y Saline zone "
—0.5m/y
10

Depth dependence of fresh water

lens dissolution, non-karstified |
Pleistocene Limestone from RTM K University of
A5

BRISTOL

k1
o

(Whitaker and Smart in prep)



Reactive Transport Models: Integrate transport and geochemical
reactions including reaction kinetics

N fluid flow and chemic
Inflow reactions Outflow

CO, Ca?*

porosity/permeability /

Calcite Dissolution: CaCO;+ CO, + H,0 = Ca?*+ 2HCO;

2(9C) =
¢ ox ox k
lefusLn & Dispersion Advection, N )
TraRs/Qort Reactlon
N
- N\

E,
accalcite SA@ RT ( Q _1)2.26
at/' \ Keq\

Surface Area Klnetlcs Saturation Index
E% University of
After Xiao and Jones (2006) E! BRISTOL



RTM is applicable across a great range of scales

Integrated Reservoir Characterization - Scales Xiao and Jones (2006)

< Core ,><j Geologic Models >

crop S
RISCED 0D and 1D profiles q‘%‘ Seismic >
: del
CT Scans Reservoir Mo els
Data .
Wt >
Basin Models
Well Logs

< Reactive Transport Models >
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__ 08 Stabilisation rate for different grainsizes (saturated)
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2 05 500 um E 250 e \
(=]
E 04 ——200 um % 200 v
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s 034 100 um g 150 / \
= B
.§ 02 100 um E 100
< 50 um 5
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[~
E 0.0 e —= T T T T 0
0 2000 4000 6000 8000 10000 0.00 0.20 0.40 0.60 0.80 1.00
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(Whitaker and Smart in prep)




RTM give great results: Reflux dolomitisation

—  DOlOmite (baseline) Anhydrite (baseline) Porosity (baseline) S

(A) 0.12 m.y. (F) 0.12 m.y. (K) 0.12 m.y.
B 2 %

>

(B) 0.2 m.y. (G) 0.2 m.y.

(C) 0.32 m.y. (H) 0.32 m.y. (M) 0.32 m.y.

TIME

(1) 0.56 m.y. (N) 0.56 m.y.

(0) 1 m.y.

Dolomite, vol. %

00m | OST Porosity

500 m 0 30 70

Jones & Xiao (2005)



Depth (m)

BUT>>>>RTM Issues:
Challenging to parameterise, slow and cumbersome to run

Dolomitisation rate >1%/Myr Maximum = 0.175%

100 ky

Geothermal convection and
dolomitisation

Wilson et al (2001)

1 Non-linearities in th m
) | on-iinearities in the syste
B 05 10.15 .20 .25 30 .35 40 .45 50 55 60 65 .70.75.80 .85 .90 .95 as a function of dolomite

surface area

15 My

0 10000 20000 30000

Distance (m ) ) -
(m) University of

Whitaker & Xiao (2007) % BRISTOL



RTM Issues:
Need to better model heterogeneous permeability systems

X-permeability, darcy 1 .gs .
Reflux dolomitisation

with spatially random
variation in porosity
and permeability

500 m 10 80 125

(Jones & Xiao, 2005)

Dolomite, vol. % 1

om |, —— Gk
50m 0 30 70 B University of

iy BRISTOL



RTM Issues:
Fractures & high

k routes

Depth (m)

-2000

Depth (m)

-2000

Unfractured Platform Fractured Platform Margin

Log k mD (1

Dolomite fraction 15 My |

10000 20000 30000
Distance (m)
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RTM Issues: Fractures & matrix, conceptual models and numeric
formulations (and not just in reservoirs)
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RTM Issues (geochemistry): Reactive surface area much greater
for real carbonate grains than their geometric surface areas
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RTM Issues: Reactive surface area changes during dissolution
and reaction rates vary between sites

dissolving mineral grain

o

c1mm

N

high step density

etch pits on
flat terraces |

Calcite surface after dissolution

Arvidson et al (2003)

Luttge et al 2005 University of
BRISTOL



RTM Issues: Reaction constants from laboratory experiments depend
on surface area, and may not be representative of natural conditions

-5

Bulk reaction rate
Rate constant =

Surface area

\ Systematic differences
between studies

log rate (mol/cm?/s)

E%’ University of
Rate constants for calcite dissolution: Arvidson et al (2003) m BRISTOL



RTM Issues: Geochemical reactions are not wholly inorganic but

may be driven by organic matter oxidation
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RTM Issues: Microbial mediation of reactions is important

Ordered dolomite precipitated on microbe, at 25 C in
low Mg/Ca solution experiment (Roberts et el, 2004)
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RTM Issues:

Need to consider changing boundary conditions
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In the meantime we have CARB3D+!
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 Model complexity and applicability issues:
— How many processes are explicitly represented?
— How detailed or realistic are the representations?

— What are the time and space scales at which the processes can
be explicitly represented?

— Model applicability
* GUI & run time issues
» Model purpose (simulator v hypothesis testing)

E% University of
LI BRISTOL



Model development & parameterisation: the rock record

_Form | |

Material Properties
]

Physical & Chemical
Principles

Process

Je—

| |

Controls

Dating ~
I

Constancy of Action?

¥

Process Rates 1%

Key: Darker better known

% [ University of
BRISTOL



Model development & parameterisation, a Polemic:
More process work, less geological case studies please!

Process Studies
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Geological Case Studies
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Some Conclusions on Modelling of Carbonate Diagenesis:

Reactive transport models are great, but

« Slow and complex (precludes use in coupled
sedimentological modelling)

 For the future need to:

— Incorporate heterogeneity in rock properties

— Model fracture/matrix interaction

— Improve understanding of reactive surface area and kinetic rates
— Include biogeochemical reactions

— Deal with changing sea level and platform geometry

ﬁ% University of
L BRISTOL
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Not for warm water non-coralgal factory, but strong dependence on
individual species makeup of factory (larger species ranges)
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Enhanced Entrainment Model

1.2
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Limited field data for parameterisation
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Mixing zone thickness, Grand Bahama A University of
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The New Mixing Zone Scheme after Bear & Todd, 1960

Where

Where

D, =a42D, ut

The mixing zone thickness (m)

A constant (normally taken as ‘5’)
The constant of dispersion (normally taken as 0.01 cm)
The amplitude of the fluctuating velocity (m/day)

The time for the system to reach equilibrium (normally taken as 10,000 d)

Only Tidal Amplitude is not know
(1 parameter)

The amplitude of the fluctuating velocity (m/d) There are feedbacks to evolving
The hydraulic conductivity of the aquifer (m/d) porpo/perm of sediments>
The tidal amplitude (m) dynamic response

The porosity of the aquifer (%)

The storativity of the aquifer (equals the porosity in unconfined aquifer)

The tidal cycle (normally half a day, in d) &% Unive l’iit\" ()f‘

The transmissivity of the aquifer (m2/d) m BRIST()L

The distance from the coast (m)
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CARB3D": externally coupled reactive transport model of
mixing zone porosity generation
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CARB3D* Diagenetic Processes: Aragonite Stabilisation> FW
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A complete diagenetic salinity cycle Gldstein slide

mixing-zone diagenesis

Elic University of
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wave height exceeds 3.5m

Tropical cyclones

Tidal currents
Intruding ccean currents

Temperate storms & swell
39

Fig. 1. Division of the Australian shelf (after Harnis, 1995) into regions in which sediment transport is caused mainly by tidal currents (17 4% of
the shelf area), currents derived from tropical cyclones (53

of major ocean currents are indicated.

%a), ocean swell and storm generated currents (2
(0.6%). Contours representing tropical cyclone frequency are from the Bureamn of Meteorlogy (http://www.bom govau/climate/averages/
climatology/tropical_cyclones/tropical_cyclshtml) and contours for significant wave height percentage exceedence are from McMillan (1982).
Mean spring tidal ranges indicated along the coastline are denved from the Australian National Tide Tables. The location and direction of flow
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What do we do at Bristol?

Modern Process-Based Studies

:

;

:

:
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CARB3D*: Cementation and compaction

O data on carbonate rocks
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CARB3D" Sedimentology:
Comparison with Modern Turks & Caicos Platform
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Type of break depends on sea floor gradient + wave energy:
CARB3D+
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Additional sediment types: Reef derived slope breccias in REPRO

Lagoonal facies

Field section

Breccia facies
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Angle of repose slopes: empirical calibration CARB3D*
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