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IIpeononenne mpodieM MoAeIMPOBAHUS 0ACCEIHOB C Y4eTOM CTPYKTYPHOW TeoJIOTHH

Mogenu 0acceiilHOB PEKOHCTPYHPYIOT BPeMEHHYI0, MPOCTPAHCTBEHHYI0 M (U3HYECKYI0 IBOJIOIHIO
CBOJICTB OCAJ0YHbIX 0ACCEAHOB U SIBJISIOTCS BAKHBIM CPEICTBOM ]Il MPOTHO3MPOBAHUSI BO3HUKHOBEHMS
W CBOWCTB HAKOIUICHWIi YIJIeBOAOPOAOB. XOTsI MHOTHE JIOBYIIKH YIJIEBOJOPOJOB CBSI3aHBI CO CJIOKHBIMHA
re0JIOrHYeCKUMH CTPYKTYPaMH, OOJbHIMHCTBO COBPEMEHHBIX CHCTEM MOJIEMPOBAHMS 0ACCEHOB 3HAYM-
TeJbHO YNPOIIAET X FeoMeTPUYECKHe PEKOHCTPYKUMH. B cTaThe OMMCHIBAIOTCSA TPH METOAA MOBBIMICHHUS
3 dekTMBHOCTH MOeMPOBAaHNS DAacceilHA B CTPYKTYPHO CJIOKHBIX PErHOHAX:

1) reomeTpuyecKasi PpEKOHCTPYKIMS B3aMMOCBSI3AHHBIX MACCHBOB C Pa3jioMaMH COPOCOBOro W B30po-
COBOIO THNA;

2) reoMeTpUYECKAsT PEKOHCTPYKIHS COJIEBBIX CTPYKTYP;

3) MozieIMpPOBaHKeE TENJIOBOTO NMOTOKA, CBA3AHHOTO ¢ MArMATHYECKUMHM MHTPY3USIMH.

Kazxkplii MeTo1 3HAYUTEILHO YIyYIaeT TOYHOCTh BBOJA JAHHBIX IS TEMJIOBOTO MOIEIMPOBAHKS (A TaK-
Ke MOTEeHIUAJIbHO /I MOJEIMPOBAHNUS NMOTOKOB (DJIIOUIOB).

MeToapl yaydilleHHOH reoMeTPUYECKOi PEKOHCTPYKIMH YNPOLIAIOT Pe3yJbTaThl MOJEHPOBAaHUsA Oac-
ceifHa B OCHOBHOM 32 CYeT 0oJjiee PeaTUCTHYHBIX MPOCTPAHCTBEHHbIX PEKOHCTPYKIMIA CJI0EB U CONMPSIKEH-
HBIX CBOVICTB TOPHBIX MOPoA. Moeu omyCKaHusl/MOHATHS 00eCTIeYuBAIOT 0Jiee TOYHbIE PEKOHCTPYKIMH
TEIJIOBOTO MOTOKA, A TAKIKE MOJIE3HbI IS OIIEHKH BEPOSATHBIX IIyOUH 3asiexeii ¢monnos. Moaeauposanue
JMareHe3a MecYaHuka o0ecrneynBaeT YAydlIeHHYI0 TOYHOCTD JIJIS TIPOTHO3UPOBAHMS CBOICTB MOPOJ, TAKHX
KaK MOPUCTOCTb, MPOHMIAEMOCTh W TEIIONPOBOJHOCTh, U 00Jiee PeaTUCTHIHOE MOJETMPOBAHNE MHTEp-
BAJIbHOTO YIUIOTHEHHSI U COOTBETCTBYIOLIET0 NMPOCEIAHMS.
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Bridging the gap between basin modelling and structural geology

Basin models reconstruct the temporal, spatial, and physical property evolution of sedimentary basins
and are important means for predicting the occurrence and properties of hydrocarbon accumulations. While
many hydrocarbon accumulations are associated with complex geological structures, most basin modelling
systems greatly oversimplify the geometric evolution of such structures. This paper describes three methods
for improving basin modelling performance in structurally complex regions:

(1) geometric reconstruction of interconnected normal and reverse fault arrays,

(2) geometric reconstruction of salt structures, and

(3) simulation of heat flow associated with magmatic intrusions.

Each of these methods significantly improves the accuracy of input constraints for thermal simulations
(as well as potentially for fluid flow simulations).

The geometric reconstruction methods improve basin modelling results mainly by allowing for more
realistic representations of the spatial geometries of geologic strata and their associated rock properties.
The subsidence / uplift models provide more accurate heat flow reconstructions and also are useful for
estimating likely paleowater depths. The sandstone diagenesis modelling provides substantially improved
accuracy for prediction of rock properties such as porosity, permeability, and thermal conductivity together
with more realistic simulation of interval compaction and associated subsidence.

Keywords: basin modelling, faulting, salt, compaction, sandstone diagenesis.
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Introduction. In many hydrocarbon-bearing
provinces structural events are a first order control
on the timing and spatial distribution of hydrocarbon
generation in addition to influencing the migration and
entrapment of hydrocarbons. Basin models have the
potential to unravel the complex interactions between
the development of large-scale geologic structures and
hydrocarbon generation and migration. Most current
basin modelling systems, however, reconstruct geologic
structures crudely, if at all. We designed the research
software system BMT™ (a trademark of Tectonor AS,
Stavanger) to provide a more rigorous approach toward
simulation of hydrocarbon systems in structurally
complex settings. This is possible because BMT is a 2D
system, and is thus able to do modelling on complex
structures within a reasonable time. Sensitivity analyses
could be very important in structurally complex settings,
and BMT is well suited for that because of very low
CPU time. Sensitivity analyses are not possible with
3D systems in structurally complex settings, as input
of parameters to 3D systems is a very time consuming
process, and CPU time is a significantly obstacle.

Pertinent features of the system include:

Representation of sequence stratigraphic geometries
and lithofacies distributions at a high spatial and
temporal resolution in two-dimensional cross sections.

= Structural reconstruction [8]

— automated area balanced reconstruction of inter-
connected normal and reverse fault arrays by verti-
cal simple shear,

— user-specified evolution in salt structures.

Sediment compaction

— Rigorous simulation of sandstone diagenesis via
coupled mechanical and chemical process models
[12],

— exponential or linear porosity/depth curves are
used for each lithology.

= Subsidence/heat flow simulation

— flexural-isostatic response of the lithosphere to
sedimentation/erosion and extension [8],

— tectonic response to lithospheric thinning, includ-
ing the effect of depth of ‘necking’ 8],

— tectonic subsidence/uplift caused by changes in
intra plate stress [8, 10],

— heat flow from crustal and subcrustal thinning
[5, 6].

= Thermal modelling

— transient thermal modelling that considers advec-
tion of heat associated with faulting,

— thermal effects of magmatic sills and underplat-
ing [5, 6],

— hydrocarbon generation and oil-to-gas cracking
[5].

BMT modelling involves the following steps:
(1) definition of stratigraphic, structural, and
depositional geometries in the present-day geologic
section; (2) “backstripping” including sediment
decompaction, automated fault restoration, user
defined changes to salt geometry, and user definition
of the geometry and lithologies for intervals that
were eroded, if any; (3) forward modelling of section
geometry to account for the influence of erosion and
salt movement on sediment compaction and interval
thicknesses; (4) forward simulation of isostatic and
tectonic subsidence and uplift and associated heat
flow using basin loading results derived from step 3;
(5) forward transient thermal simulation that accounts
for vertical and lateral mass and energy movements
using reconstructed basin geometry from step 3 and
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basement heat flow from step 4; (6) simulation of
hydrocarbon generation and oil-to-gas cracking using
the temperature reconstructions from step 5, and
(7) simulation of sandstone compaction and quartz
cementation using the temperature reconstructions
from step 5.

BMT is designed to represent unusually high
degrees of geologic complexity with respect to
structural features, stratigraphy, and lithologic
distributions (Fig. 1). Incorporation of this complexity
is possible due to a unique approach involving several
separate gridding systems that have been optimized
for accuracy and numerical efficiency. BMT gridding
schemes include: (i) a polygon grid based on
interpreted seismic sections that is used to represent
the present-day geometry of depositional, hiatal, and
erosional surfaces together with lithologic boundaries
and fault surfaces, (ii) a “Bambino” grid based on
the polygon grid that is used for reconstructing the
geometry of the modelled region and that serves
as a storage datum for rock properties and model
results, (iii) a coarser vertical grid used for subsidence
simulations and (iv) a high-resolution orthogonal grid
used for thermal modelling.

Input Geology. The present-day geology of the
modelled cross section is represented by digitized
line segments that, in turn, are derived from seismic
data. There are three line types used for this purpose
(Fig. 2): “Timelines” represent depositional, hiatal,
and erosional surfaces; “Faultlines” are used to
represent interconnected arrays of normal and reverse
faults; and “Litholines” define lithologic boundaries
that occur within stratigraphic intervals. Lithologies
are also assigned to polygons and serve as the basis
for determination of various rock properties such
as porosity, thermal conductivity, heat capacity, and
source rock kinetics.

When the geometry of the various line types has been
completely defined, BMT creates an interconnected
set of polygons that are the basis for the “Bambino”
grid discussed below. These polygons are the building
blocks that BMT uses when it applies time-to-depth
conversions, detects surfaces of erosion or non-
deposition, and simulates sediment compaction and
structural deformation.

BMT detects erosion when an older timeline is trun-
cated by a younger one, forming an angular unconform-
ity. BMT will not allow the user to proceed with the
reconstruction process until the nature of the eroded
interval is fully defined (Figs 3 and 4). The eroded
interval will be reconstructed at the timeline when the
erosion occurred.

“Bambino Grid”. The “Bambino Grid” provides the
basis for reconstruction of the cross section geometry in
addition to serving as a data storage reference. Bambinos
are vertical line segments that are connected to the base
of a polygon (Fig. 5). They are created when a stra-
tum is deposited and exist in all reconstructed timesteps
younger than the depositional age of their host time-
stratigraphic unit. The top of a Bambino is always at the
line segment defining the top of its host polygon, and
the length of the Bambino thus represents the thickness
of the stratum at any particular time (Fig. 5). Bambinos
refer to their host polygon to derive properties such as
seismic velocity and lithology designation.

Bambinos within the same polygon maintain the
same horizontal distance to their neighbors throughout
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Coastal plain ss

Pelagic carbonate

Fig. 1. BMT model in sequence strati-
graphic environment

Puc. 1. Moaen» BMT
B ceiicMocTpaTurpadmyecKkoii cpeae

Timelines

Litholines <

Fault lines

Fig. 2. Different line types defined in BMT; litholines, time
lines and fault lines. The dots are the digital points

Puc. 2. Pa3iuunble TMOBI JIMHUIA, ompenejieHHbie B BMT;
JIATOJIOTUYECKHE JMHUM, JUHUH BPEMEHH W JMHUH Pa3JIOMOB.
JlaHHBIE TOYKH SABIAIOTCS IU(POBHIMI

Fig. 4. User-defined eroded timelines or
faults. Left: BMT detects erosion surface
when older timelines are truncated by a
younger one. In this case several timelines
have been eroded. Right: the nature of the
eroded interval is fully defined

Puc. 4. OmnpenelienHbie MOJb30BaTEIEM
BpPEMCHHbIC JIMHUM WK Pa3JIOMbl, NMOA-
Beprinmecs 3po3uu. CieBa: mocpeacTBoOM
cucrembl BMT BoIsIBIISIIOTCSI 9DO3HOHHDBIE
NOBEPXHOCTH, KOraa GoJiee Mo3aHue JiM-
HHUH yceKaloTcs OoJiee paHneii. B nannom
cjyyae HECKOJbKO BPEMEHHBIX JIMHMIl
noasepmch dpo3un. Cnpasa: xapakrep
3POIMPOBAHHOTO HMHTEPBAJIA OMNpejeseH
MOJHOCTBIO

the reconstruction. If a strata polygon is cut by a fault,
however, Bambinos in the hanging wall portion of the
fault are translated with respect to footwall Bambinos
according to the scheme described below (Fig. 6).
Thus fault Bambinos are cut into two parts and the
displacement of these parts marks the fault movement
that has occurred between some time in the past and
the present.

A Bambino is always created at each digitized point
in the present-day polygon grid. Additional Bambino
columns are added to the section automatically. The
number of inserted Bambinos can be controlled by
the user (the default is 70). These inserted columns
are aligned vertically throughout the whole section at
the top timestep, but will be offset at fault boundaries
after fault restoration. Bambinos store the following
information:

PETHOHAJIBHAA TEOJOT'UA

Shallow marine ss slope & shelf

mudstone

Basement
Organic rich
marine shale

Limestone

Fig. 3. BMT detects erosion (white lines) when
an older timeline is truncated by a younger one

Puc. 3. BMT o0HapyxuBaeTt 3po3uio (0eJbie
JIMHUHA), Koraa (oJiee PaHHSS JIMHUS BPeMeHH
ycekaeTcs GoJiee mo3aHei

Bambino Line Reference Points

K ‘\‘ Timeline, Faultline,
or Litholine

; ¥ I

Bambino
Line

Bambino Re'ference Point

Fig. 5. Illustration of reference points that define the Bambino
Lines

Puc. 5. NnmocTpupoBanne OMOPHBIX TOYEK, ONMpeIesIOmIX
Juaud Bambino (oTpe3ku BepTUKaIbHOU JIMHUU, KOTOPHIE
COEIMHEHBI ¢ OCHOBAHMEM ITOJINTOHA)
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Fig. 6. Example of the Bambino Grid present timestep (upper figure) and at a reconstructed
timestep (lower figure). If a strata polygon is cut by a fault, Bambinos in the hanging wall portion
of the fault are translated with respect to footwall Bambinos. This is shown in the black formation

Puc. 6. IIpumep BpemenHoro mara cetkn Bambino, cymecTByioniero Ha JanHblii MOMEHT (CBepXY),
U PEKOHCTPYHPOBAHHOTO BpeMeHHOro mara (cum3y). Eciam mojuron HamiacToBaHwii pa3pe3an
pasiiomoM, Bambinos B yacTu Bucsiuero 00ka pasjioMa nepeMemanTcs B COOTBETCTBHH C JIeKAYUM
0okoM Bambinos. DTo moka3aHo B 4epHOil YACTH PUCYHKA

= the Bambino reference point and Bambino line
reference points (as shown in Fig. 2 the reference point
is the point on the lower Polygon Line segment to which
the Bambino is attached, and the Line reference points
are two points on the upper line segment of the Polygon
that straddle the Bambino),

= the x and z coordinates of the Bambino reference
point for each reconstructed timestep,

= the maximum burial depth yet encountered for
the Bambino reference point at each reconstructed
timestep,

= the Bambino line length for every reconstructed
timestep,

= temperature and maturation data.

Geohistory Reconstruction. The first step in the
reconstruction at a particular timestep is to remove the
top layer, and decompact the remaining layers using
porosity depth functions. Next all the faults that inter-
sect the new top surface are restored. Finally the eleva-
tion of the top surface is adjusted using the user defined
paleowater depth as a datum.
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Sediment Decompaction is based on porosity-depth
trends for each defined lithology and the thickness of
overlying sediments (e.g. [13]). The mean porosity ¢ for
a Bambino line with top z, and bottom z, is
d):d)_ne 1 _g

C

21 —2
where ¢ is porosity (fraction), ¢, is the surface porosity
(fraction), ¢ is a constant in km™' and z is the depth
in km.

When the top of the Bambino line moves from z, to
z', the new bottom position z) is calculated using the

following expression

ry

5 -6—4)—00_‘:2 +4)—08—€:3 ((’_C:' —e Fr T )+ zy—zy3—z; =0.
¢ c

This expression is solved numerically for z’, using
Newton’s Method.

Fault Restoration is included in BMT to account
for structural effects on temperature and maturation
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Before Restoration

Fig. 7. Illustration of vertical
shear method for fault resto-
ration

Puc. 7. WnmocTpupoBanue
MeTO0/1a BEPTUKAJILHOTO C/IBUTA
ISl BOCCTAHOBJIEHUS Pa3jioMa

Top Node

Leaker 1

Leaker 2

Master =

Fig. 8. An example of the fault types defined by BMT’s res-
toration algorithm

Puc. 8. Ilpumep BUIOB Pa3iOMOB, BBISIBJIEHHBIX C MOMOIIbLIO
ajroputma BoccraHopyienusi BMT

timing and to give insights into the geometry of pos-
sible hydrocarbon migration pathways and traps through
time. Many workers have presented geometric and phys-
ical models of hanging-wall collapse along vertical or
steeply dipping shear surfaces (e.g., [9, 18]).

There are a number of fault restoration methods
described in the literature such as vertical shear, inclined
shear, bedding plane slip, slip line, etc. Dula (1991)
[3] provides a review of these and discusses how the
methods compare with clay models and seismic data.
In general, Dula found that the inclined shear model
with an antithetic shear of 20° gave the best fit with
observations although all models did a reasonably good
job of restoration. The vertical shear method also gave
very good results.

Requirements for temperature and maturation
modelling impose some restrictions on the way that
BMT restores faults compared to other specialized
fault restoration programs. In such programs, fault
blocks are permitted to have gaps or overlaps during
restoration to datum surfaces. BMT, however, requires
a continuous geological section for temperature and
maturation modelling. Gaps in the section cannot be
tolerated by the system because they are discontinuities
to transfer of heat. Overlaps also cannot be tolerated
because the ambiguity that arises for defining the
thermal properties of the system for a given point in
the overlap zone. Thus BMT uses the vertical shear
method for fault restoration because it provides a good
approximation to observed fault displacements, can
track rock mass, and needs less user interaction than
the inclined shear method which requires that shear
angles be defined on a fault-by-fault basis.

An example of a BMT fault restoration is shown for
a listric growth fault in Fig. 7. For the sake of simplicity,
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Su&
5‘”4&

Fig. 9. Illustration of the sequence of restoration steps taken
in a fault complex. Upper left figure is the present day situa-
tion. The steps are: 1) restore Top Node; 2) restore Leakerl;
3) restore Leaker2; 4) restore Master

Step 1

Step 3

Puc. 9. UnaocTpupoBaHue NOCJI€A0BATEIbHOCTH 3TANOB
BOCCTAHOBJIEHHS, TPEANPUHATHIX B KOMILUIEKCE PAa3JIOMOB.
BepxHuii cieBa pUCYHOK 0TOOpazKaeT COBPEMEHHYIO CHTYAIIMIO.
Dranei: 1) BoccTtanosnenne Top Node; 2) BoccTaHOBjIEHHE
Leakerl; 3) Boccranosienune Leaker2; 4) BoccTraHoBjeHHe
Master

the figure does not show how the system accounts for the
effects of compaction and maintains area balance. Dur-
ing the reconstruction, the vertical bars are translated up
the fault system until the top surface is continuous across
the fault. The lateral translation, which is significant, is
shown by the gap on the right hand side of the restored
portion of Fig. 7. This restoration method is called ver-
tical shear because the bars remain vertical throughout
the fault restoration process. In our implementation of
vertical shear the hanging wall portion of the fault block
is draped over the fault surface after it is moved (Fig. 7),
and results in a deformation of the hanging wall part of
the fault block. The vertical shear ensures that there is no
overlap or gaps in the geologic section that could cause
errors in the temperature and maturation simulations.

The steps taken to restore an individual fault seg-
ment are:

1. The restoration process begins by calculating the
lateral distance, Ax, for the translation of the hanging
wall portion of the fault block during reconstruction.
This is done by measuring the lateral distance between
the fault and its intersection with the hanging and foot-
wall portions of the timeline to be restored.

2. The Bambino grid elements that are in the hanging
wall portion of the fault and are attached to the fault
plane must be given new reference points (ID) during
the restoration. This step ensures that the movement
of mass resulting from fault restoration is accounted
for properly. The new Bambino reference positions are
obtained by adding Ax to the pre-restoration ID and
projecting the z coordinate onto the fault line at the
new corresponding X position.

3. Restoration of faults that intersect the side bound-
aries of the model requires that new material is brought
into the model area (Fig. 7). This new material is auto-
matically given the same Az as the reference point line
that defines the point on the edge of the model before
fault movement.

The system also reconstructs thrust faults if they can
be represented by simple reverse fault geometries. In
addition to restoring “single” faults such as the example
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East Shetland Basin

Tampen Spur

Horda Platform Norway

//’/i
A

Tri!sic

Fig. 10. Transect across the North Sea, with extensive faulting in the rift phase as is typical for an extensional basin.
Display of two calibration wells (at 85 km and 195 km) are also shown

Puc. 10. TpancekT yepe3 CeBepHoe MOpe, XapaKTePHbIii 1JIs1 BLITIHYTOr0 0acceiiHa ¢ 00UIMPHOIi COPOCOBOI 1eATEILHOCTHIO
B (aze pudtuara. Takke gaHbl MOKa3aHUA ABYX KaJMOPOBOUHbIX CKBAXKMH (Ha 85 m 195 km)

Litho-switched
‘polygons

7=

Fig. 11. Illustration of litho-switching in modelling of salt move-
ments. The salt lithology for a polygon is changed at a given time

Puc. 11. WnmocTpaius B MO TMPOBAHNY JIUTO-TIEPEKIIOYEHHS
JBUXKEHUS coJeil. JluTonorus coueii 4151 NOJIMIoHA M3MEHsSIeTCs
B 33/IaHHbIII MOMEHT BPeMeHH

Initial Boundary

Fig. 12. Polygon inflation. The selected gridlines (red color) are
extended above the upper (moving) boundary while remaining
fixed along the lower boundary. Note how overlying polygons
are pushed upwards

Puc. 12. B3nyBanme nosmrona. OToOpaHHbIe JMHUM CETKH
(KpacHblii 11BeT) BBIXOAAT 32 HIKHIOI (IBMKYILYIOCS) TPAHMILY,
0CTaBAasICh HEMOABUKHBIMH BJI0JIb BepxHeil rpanuipl. QopaTute
BHUMAHME HA TO, KAK HIKeJIeXKAIHe MOJTUTOHbI BHITAIKHUBAIOTCS
BHH3
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above, BMT also restores interconnected fault complex-
es by analyzing the hierarchy of constituent faults and
systematically propagating displacement among them
(Fig. 8). At the base of the hierarchy is the “master”
fault, which receives the cumulative displacement from
other higher level faults while passing none on to oth-
er faults. At the top of the hierarchy are “top node”
faults that propagate displacement on other faults while
receiving none. “Leaker” faults are intermediate in the
hierarchy and both accept and propagate displacement
from other faults. BMT uses this hierarchy to recon-
struct each fault complex starting with the “top node”,
working progressively through each “leaker”, and finally
to the “master” (Fig. 9). Once all fault complexes have
been restored the system determines the burial depth
for each Bambino point by working downward from the
upper boundary of the section. BMT then renders the
restored section geometry given the user defined paleo-
water depth profile and the Bambino x and z locations
and line lengths.

The ability of fault restoration for temperature cal-
culations is particularly important in extensional settings
(Fig. 10).

Salt Reconstruction. Salt structures are attractive
targets for hydrocarbon exploration all over the
world. The low density and the viscous nature of salt
enable it to deform by buoyancy flow, deforming and
perhaps penetrating sedimentary sequences above it.
Hydrocarbons may be trapped under large salt domes,
along salt flanks, or along salt associated faults. The
structural traps as we see on present seismic sections
are unlikely to be the structures that were in place
when hydrocarbons migrated into the area. Thus
reconstructing the evolution of salt structures may
be crucial for constraining the filling and spilling of
hydrocarbon accumulations. Because the high thermal
conductivity of salt, salt structures act like heat pipes
and can dramatically change subsurface temperatures,
potentially affecting the timing of hydrocarbon
maturation.

Simulating the evolution of a salt structure is not
straightforward because many different processes and
deformation mechanisms are involved. Salt deforms
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Fig. 14. Modelled temperature effect of
the salt pillow of Figure 13. The figure
shows the difference of the temperature
field in ("C) calculated with salt lithology
versus sediment lithology

Puc. 14. Moneaupyembliii TemnepaTtyp-
oIl 3pdekT coseBoro Kymosa puc. 13.
Iloka3zana pa3HuMEa TeMmepaTypHOToO
noJisi B “C, BBIYHCIIEHHOTO MO JIMTOJIO-
MM CoJiell B CPABHEHUHU C JIMTOJIOTHEN
OTJIOKEeHUIA

as a viscous fluid, whereas the surrounding sediments
typically deform by brittle and/or viscous and elastic
mechanisms. Salt movement may be triggered by
local faulting or regional extension or compression,
differential loading, erosion, dissolution etc. [14],
and the mobilization of the salt invoke several other
processes that can reinforce the salt flowage. Salt
flowage and accumulation of salt in central pillows,
domes or diapirs assume withdrawal and thinning of
the salt from the surrounding area (e.g. [16]). This
again causes increased subsidence and collapse of the
overburden, which provides accommodation space
for sedimentation, in turn enhancing the salt drive.
Likewise, doming and uplift of overburden above the
evolving salt may lead to erosion, increasing the gravity
instability by removing mass above the thickest part of
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Fig. 13. Profile over a salt dome from the
Central Graben, North Sea, with modelled
evolution of the salt by litho-switching and
inflation/deflation technique. The snap-
shots are for present day, 18, 38, 61, 75
and 130 Ma

Puc. 13. Ilpoduas Hax COJSAHBIM Ky-
nojom u3 IlentpansHoro rpadena (Ce-
BEpHOE MOpe), BMECTE C MOETHPYEMbIM
Pa3BUTHEM coJieii ¢ MPUMEHEeHHeM MeToa
JINTO-TIEPEKTIOUEHNsT M NPUEMOB cnana/
noabeMa. CHUMKH COOTBETCTBYIOT CHTya-
oMM HAa JaHHbIi MomenT, 18, 38, 61, 75
u 130 wmH aer
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the salt and loading erosive material on the flanks. The
upward movement of salt will apply an upward force
on the sedimentary overburden. This effect can create
overpressure in certain areas and affect the sealing and
fluid-flow properties of a reservoir.

In BMT salt movement is simulated during
backstripping by manual editing of the salt geometry
at every appropriate time step. Salt reconstruction
is accomplished by: (1) changing the lithology of
a polygon at a given time (litho-switching) and
(2) inflating or deflating salt polygons. Litho-switching
allows adding or removing portions of a salt body
to mimic salt growth or withdrawal (Fig. 11). It is
used when a salt body completely pierces overlying
sediments or when the salt body thickens horizontally,
for example. Inflation and deflation allows the size
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and shape of a single salt polygon or a set of salt
polygons to be changed (Fig. 12). A polygon is inflated
or deflated by increasing or decreasing the length of
the selected Bambino, which are connected along the
upper and lower boundaries of a polygon. When a
selected Bambino is inflated or deflated it will remain
fixed with respect to one of these boundaries while
moving the other boundary upwards or downwards.
The polygons may be vertically inflated to many times
their original height or deflated to a thickness of less
than one meter.

The mass added or removed by litho-switching
is not accounted for in BMT. For example, if the
lithology of a polygon is switched from salt to shale
during reconstruction, the added shale mass is not
automatically deducted from elsewhere in the shale
unit. In essence the mass in a polygon that has been
litho-switched spontaneously appears or disappears.
However, BMT calculates the area of selected polygons
allowing the user to keep track of the area added or
removed by litho-switching. The user thus has the
option of modifying a lithology unit by inflation/
deflation to account for mass that has been added or
removed by litho-switching.

Fig. 13 shows a cross-section from the Central
Graben of the North Sea where salt movement was
simulated during backstripping by editing salt geom-
etry at every time step. The use of litho-switching and
inflation facilities made it possible to produce real-
istic salt geometries through geologic time as illus-
trated in Fig. 13. The thermal conductivity of the
salt gives a clear thermal impact, shown in Fig. 14.
The temperature will be higher above the salt and
significantly lower beneath the salt pillow, compared
to a situation with only sedimentary thermal properties.

Subsidence and Thermal Modelling. BMT provides
forward models of both isostatic and tectonic subsidence
that can be used to generate overall subsidence models for
the modelled cross section. These forward subsidence sim-
ulations are constrained by requiring their sum to match
the subsidence history generated from the geohistory

reconstruction described above (cf. [8]). An important
output from the subsidence modelling is the palaco
heatflow.

The isostatic subsidence results from the load of the
sediments and seawater through time and is associated
with deposition, erosion and faulting. The isostatic
model simulates how the lithosphere supports load
through flexure as well as by buoyancy [7]. An analogue
for the lithosphere is a thin elastic plate overlying an
inviscid substrate. The thin elastic plate is characterized
by its flexural rigidity D, or equivalently by its effective
elastic thickness (EET), which we believe represents
the mechanically strong part of the lithosphere in a
depth-averaged sense [2]. The elastic strength varies
over time and space, probably mainly due to variations
in heatflow and the age of the load.

The tectonic subsidence is a quantification of the
effects of crustal and sub-crustal thinning, i.e. the sub-
sidence an extensional basin would undergo if it was not
loaded with sediments. BMT’s forward model for the
theoretical tectonic subsidence is a two-dimensional
non-uniform extensional necking model, implying that
the crustal thinning and the lithosphere heating do not
necessarily have a one-to-one relationship [8]. The
isostatic and tectonic models are based on a FFT algo-
rithm [7], and use a gridding system consisting of equally
spaced columns along the cross section. At each grid
column the mass of the sedimentary section serves as
an input parameter for subsidence calculations. The grid
column positions are fixed throughout the simulation,
but account for lateral movement of mass resulting from
structural deformation.

Thermal Modelling Grid. The temperature
calculation grid is a rectangular grid system suited for
the application of finite difference calculations (Fig. 15).
Thermal conductivity values used in the temperature
calculation grid are derived from the Bambino grid.
In most basin modelling systems the thermal grid
geometry is tied to stratigraphic units. Such a gridding
approach results in large-scale distortions to the grid
geometry through geologic time due to depositional,

Fig. 15. Example of grid used for the temperature calculations. Horizontal and vertical grid lines are automatically
inserted whenever needed for representing the geometry properly

Puc. 15. Ilpumep ceTku, HCHOIB3yeMOii 15 pacyeTa Temneparyp. [opu30oHTaIbHbIE U BePTHKAJIbHbIE JIMHUN CETKH
ABTOMATHYECKH BCTABJISIOTCS BCErAa, KOrAa 3TO HEOOXOIUMO Ui MPABUIBHOIO OTOOPAXKEHUsI reoMeTPHI
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erosional and structural changes. By contrast, BMT
creates a new high-resolution thermal modelling grid
at each reconstructed timestep that represents spatial
variations in rock properties at a high spatial resolution.
In this way the thermal modelling grid always retains
the orthogonal geometry that is required for accurate
finite difference calculations.

Properties of the thermal modelling grid cells
include heat capacities, vertical and horizontal thermal
conductivities, and initial temperatures (from the
previous timestep), and are derived from the Bambino
lines. The porosity dependency of heat capacity and
thermal conductivity are accounted for using the
reconstructed porosities along the Bambino lines at each
timestep. Grid cells intersecting Bambino lines directly
derived their properties from the Bambinos (values are
averaged when more than one Bambino intersects a
cell). Cells not intersected by a Bambino line derive
their properties by linear interpolation from the closest
Bambinos.

A new, independent temperature calculation grid
is made at each reconstructed timestep. The upper
boundary condition for the thermal model is taken
from a user-defined surface temperature that may
vary through geologic time and across the modelled
section. The lower boundary condition is defined
by basement heat flow derived from the subsidence
modelling (described above). The side boundaries are
closed with respect to heat flow. Once the temperature
has been calculated for a timestep it is extracted from
the temperature calculation grid and stored on the
Bambino grid. The temperature model is described in
more detail in the Appendix.

The thermal conductivity values within the Bambino
grid are determined using the porosity distribution along
each Bambino and the linear porosity / conductivity
function defined for the lithology of the Bambino. Ver-
tical and horizontal thermal conductivity values from
Bambinos are read into the nearest corresponding tem-
perature calculation grid cell. Thermal conductivity val-
ues are averaged when more than one Bambino value
occurs within a cell. Once the temperature has been
calculated for a timestep it is extracted from the temper-
ature calculation grid and stored on the Bambino Grid.
The implemented temperature algorithm, described in
more detail in the Appendix, is very efficient and ensures
low CPU time even for unusually high temporal and
spatial resolution. The thermal conductivity structure is
one of the most important controls on its temperature
distribution. The parameters that control the thermal
conductivity structure are defined for each lithology
type in the model, and BMT predicts the horizontal
and vertical thermal conductivity of the lithology based
on mineralogy and porosity of the sediments [4]. But
there is anyway significant uncertainty in the resulting
temperature. It is therefore important to calibrate the
results with observed well data, which include present day
temperature and vitrinite reflectance. BMT is flexible in
its ability to simultaneously display model results and
well-based measurements. Examples of calibration wells
display are shown in Fig. 10.

Example Applications. A) Fault restoration method
has been used in several basin modelling case studies
on the Norwegian Continental Shelf as discussed
above. We also have used BMT to reconstruct a cross
section from the Gulf of Mexico basin with extensive
listric faulting. The present-day geometry is shown
in Figure 16a whereas Fig. 16b show two alternative
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reconstructions at 18.5 Ma (this corresponds to the
upper portion of the second yellow unit from the top).

In the restoration that ignores fault reconstruction
(Fig. 16b) the geometry of the footwall portions of fault
blocks show geologically implausible geometries near the
present-day location of fault “gaps” between stratigraph-
ic surfaces. This geometry incorrectly implies a series of
depositional hiatuses where the yellow unit is missing
along the section such as from 4 to 5 km along the sec-
tion where the orange unit is restored as being on the
depositional surface instead of at ~2 km depth as shown
in Fig. 16b. By contrast, BMT’s fault algorithm was used
to restore the fault complexes. The comparable sediment
thicknesses across the faults left of 15 km along the sec-
tion suggests that these faults formed after 18.5 Ma. The
increase in thickness on the downthrown sides of faults
to the right of 15 km along the section, however, suggests
active growth faulting at this time. The reconstruction
with simple vertical shear also indicates the substantial
extension experienced by this section.

This systematic error in the reconstructed burial
depth for the footwall portions of fault blocks results
in substantial errors in temperature reconstructions.
Fig. 16¢ shows the difference in simulated temperature
at 18.5 Ma between the two alternative restoration mod-
els and indicates that the section lacking fault restoration
has temperatures up to 80 °C lower than the structur-
ally restored model due to errors in reconstructed burial
depth in excess of ~2.5 km.

B) Magmatism. Magma transport often ends in or
beneath extensional sedimentary basins. While it erupts
at the surface, a significant part of the magma emplaces
in depth as magmatic underplating trapped under the
crust, or as basin forming sheet complexes dominated
by horizontal sills associated with vertical dykes.

Magmatic underplating occurs when basaltic magmas
are trapped during their rise to the surface at the Moho
discontinuity or within the crust.

The magmatic underplating has two main effects.
One is a short-lived (less than 5 m.y.) increase in
heat flow related to dissipation of heat. The other is a
longer-term effect associated with increased lithospheric
stretching. The combined effects result in a heat pulse
that will accelerate generation of oil and gas.

In the Vering area offshore mid Norway there is
a “‘low-velocity layer’” observed on seismic refraction
data. This low-velocity layer is termed the Lower Crustal
Body (LCB). The thickness of LCB can exceed 8 km.
Fjeldskaar et al. (2009) [5] studied the implications for
the temperature regime and maturation historyfor a sce-
nario where the LCB formed by magmatic underplating.
The emplacement of the magmatic body was simulated
by litho-switching from basement lithology to basaltic
lithology with a starting temperature of 800—1100 °C. It
was shown that the maximum temperature effects in the
sediments was significantly (Fig. 17) and was achieved
2 million years after the underplating emplacement.
More details in [5].

Magmatic sill intrusion. Many extensional basins
incorporate substantial volumes of saucer-shaped mag-
matic sills The sills are typically ~20—200 m thick with
a lateral extent of ~10—20 km. When a large igneous
event occurs, the emplacement of sill complexes may
lead to substantial heating of the host sedimentary basin.
Such thermal events may have important implications
for organic matter maturation and rock diagenesis in
sedimentary basins.

The emplacement of magmatic sills is simulated in
BMT with the litho-switching technique. At the time
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Fig. 16. a) 2D section from Gulf of Mexico with extensive listric faults. b) Example of reconstructed basin geometry using
a simple 1D method (upper) and 2D listric fault model (lower). ¢) Temperature difference (in °C) between the two recon-
struction methods; in this example close to 80 °C in the footwall portions of the profile

Puc. 16. a) JIByxmepnbiii pa3pe3 B MeKCHKAHCKOM 3a/IMBe ¢ OOIIMPHBIMH JIMCTPUYECKHMH pasjomamu. b) IIpumep pekon-
CTPYMPOBAHHOIi reOMeTpUM 0acceiiHa ¢ MCIOJb30BAHHEM MPOCTOTO OJAHOMEPHOTO MeToAa (BepXy) M MOJAENU JBYXMEPHOro
JMCTPUYECKOro pasioma (BHH3Y). ¢) Pasnocts Temmeparyp (B °C) MexRmy AByMsl MeTONAMH PEKOHCTPYKIMH; B JAHHOM
npumepe moutu 80 °C Ha cerMeHTax MOJAOMIBbI Mpoduis
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Underplating

Underplating

Fig. 17. A section over the Vering area, offshore mid Norway with the mapped Lower Crustal Body at 16—18 km depth (left).
The temperature effect of the possible magmatic underplating 2 million years after the emplacement is shown at the right

Puc. 17. Pa3pe3 no miomaau Bépunr, y nodepexns LlenTpanbHoii HopBernu, ¢ HaHeCeHHBIMH HA KapTy HU3aMH 3€MHOii KOpPbI
(Lower Crustal Body) na myoune 16—18 km (cieBa). CnipaBa nmoka3aHn TemmepaTypHblii 3¢()eKT BO3MOKHOIO MarMaTH4eckKoro
TO/ICIANBAHHUS Yepe3 2 MIMH JIeT MOCjie BHEIPEHHUs
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Fig. 18. Left: A section over the Vering area (offshore mid Norway) with magmatic sill complexes (white polygons). Right:
Modelled temperature effects (in °C) 100 years after the sill emplacement. The temperature of the sills is close to 1000 °C, but
have started to cool, and the thermal anomalies will be smeared out over a large area and impact the generation of hydrocarbons
over a large area (see [6] for more details)

Puc. 18. Pa3pe3 no miomann Bépunr, y modepexns IlentpanabHoit HopBernu ¢ KoMIieKcaMH MarMaTHYeCKOro cuiuia (0ejble
nosmronsi). Momempyembie TemneparypHbie 3dektsi yepe3 100 et moc.ie BHeAPeHUs MOKA3aHbI HA pUCYHKe cnpaBa. Temneparypa
Bce eme Oum3kas K 1000 °C, HayHeT NOHMKATHCS, 2 AHOMAJIMU TEIJIOBOrO MOJs OYAyT PACIPOCTPAHATHCS MO OOJIBLIONH IIOMAIN
U BJIMATH HA 00pa30BaHUE YIIEBOJOPOAOB HA OOJNBIION MIOIIATM

of emplacement relevant polygons are switched from
sediment lithology to basaltic lithology with starting
temperature of 800—1100 °C. Figure 18 shows a
modelled line from offshore mid Norway comprising
of sill complexes [6]. The simulation of the temperature
effects over time requires high spatial and temporal
resolution as illustrated in Fig. 18, which shows the
temperature effect 100 years after the sill emplacement.
Over time the sills cool, and the temperature anomalies
smear out over large areas. The thermal effects on the
generation of hydrocarbons nonetheless can be very
significant [6].

Conclusions. Basin models have the potential
to unravel the complex interactions between the
development of large-scale geologic structures and
hydrocarbon generation and migration. Better insight
into the mechanisms of basin formation has a direct
bearing on the predictive power of basin models. We
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designed BMT to provide a rigorous approach toward
simulation of hydrocarbon systems in structurally
complex settings.

This paper presents three methods for improving
basin modelling performance in structurally complex
regions: (1) geometric reconstruction of interconnected
normal and reverse fault arrays, (2) geometric recon-
struction of salt structures, and (3) simulation of heat
flow associated with magmatic underplating and mag-
matic sill intrusions. Each of these methods significantly
improves the accuracy of input constraints for thermal
simulations. The geometric reconstruction methods
improve basin modelling results mainly by allowing for
more realistic representations of the spatial geometries
of geologic strata and their associated rock properties.
Reconstructing the evolution of salt structures may be
crucial for constraining the filling and spilling of hydro-
carbon accumulations. The subsidence/uplift models
provide more accurate heat flow reconstructions and

75



also are useful for estimating likely paleowater depths
and basin structures.

We thank Lawrence Cathles and an anonymous ref-
eree for constructive comments on an earlier version
of this paper.

APPENDIX. Numerical temperature model. The fol-
lowing equation are discretizised:

0/0x KhoT/ox + 0/0z KvoT/oz = o/ot(cT),

where T is the temperature, K/ is the horizontal con-
ductivity, and Kv is the vertical conductivity. Finite dif-
ferences and a cell-centered grid are used. In the block
with indices (ij) the expression

6/0z KhoT)/oz

is evaluated by the following formula [15]:

0 AT, T
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ax ox X; bx; + 8xj 4

Z(T.' J - Tj j)
—Kh;_yn j ALY B N
’ dx;_y + 8x;
Kh,,,,, ; is the value of Kh at the boundary between the
blocks (i,j) and (i + 1,). It is computed as the harmonic
mean of Kh; ;and Kh,,, ;. The expression 6/0z KvoT/0z
is treated analogously.

This gives M x N equations to find the 7jj,
unknowns, where i = 1, 2, ..., Mand j =1, 2, ..., 1<’
Here M and N are the number of blocks in x-direction
and z-direction, respectively.

We use both Dirichlet and Neumann boundary con-
ditions for the temperature model. For Dirichlet bound-
ary conditions the temperature, 7, at the boundary is
given whereas for Neumann conditions the heat flux,
KhoT/oz and KvoT/oz, is given. A Neumann bound-
ary condition with a heat flux of zero is used for the
basin edges.

An iterative method is used to solve the linear system.
Conjugate gradients are used as an acceleration method
[11, 17]. The conjugate gradient method is precondi-
tioned by nested factorization [1].
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