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Abstract

In basins with complex histories, conventional basin modelling invariably combines burial histories based on the preserved stratigraphic
section with variable heat flow to match calibration data (usually vitrinite reflectance). However, numerous studies involving application of
low temperature thermochronology (principally apatite fission track analysis) combined with VR have shown that thermal history is often
controlled not by variation in heat flow but by deeper burial and subsequent exhumation, in which km-scale section is deposited and
subsequently removed typically within 30 Myr or less. These episodes are not restricted to basins, but also affect adjacent basement regions
across areas of several 10* km®. The origin of such events has long been debated. Due to the regional extent, the resulting unconformities are
often very low angle, and the corresponding time intervals are often erroneously interpreted as periods of stability and non-deposition. The
notion of deeper burial and subsequent exhumation during these intervals is sometimes questioned because of the lack of an accepted
mechanism. Nevertheless, a large body of data points to the reality of these events. It has also become clear that these exhumation episodes are
broadly synchronous over vast regions. Three phases of Cenozoic exhumation are recorded in areas from Alaska to Greenland, Norway and
Svalbard, while exhumation episodes ranging in time from Carboniferous to Cenozoic appear to be broadly synchronous in Brazil, South
Africa, and Australia. The lack of attention to missing section contrasts starkly with the effort devoted to the preserved section. Yet in many
basins hydrocarbon prospectivity is controlled by deposition and removal of the missing section rather than elevated heat flow. Deeper burial
leads to enhanced maturity levels while mistaking the effects of deeper burial for elevated heat flow can lead to incorrect discounting of deep
source potential. Exhumation can lead to remigration and loss of charge due to seal breach and phase change. Understanding the controlling
processes is essential in order to accurately define the variation of maturity in time and space so as to identify more prospective regions, and
geodynamic models are required that can provide a mechanism. Meanwhile, basin modelling studies should focus more on deposition and
removal of km-scale thicknesses of section instead of elevated heat flow.
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The art of basin modelling: Waples et al 1992

The American Association of Petroleum Geologists Bulletin

The Art of Maturity Mode]ing, V. 76, No. 1 (January 1992), P. 31-46, 9 Figs., 2 Tables
Part 1: Finding a Satisfactory Geologic Modell

The logistics of maturity modeling are discussed in
Douglas W. Waples, Hiromi Kamata, and Masahiro Suizu? detail elsewhere (Waples, in press). Briefly summa-
rized, we first make a best estimate of the burial, ero-
sional, and thermal history of the area based on all

ABSTRACT available geological and geophysical data. We then
check the correctness of some aspects of this model

An example of one-dimensional maturity modeling (particularly present heat flow and thermal conductivi-
of the MITI Rumoi well, a stratigraphic test drilled in a ties of rocks) by comparing measured present-day for-

frontier area of Japan, is worked out in detail to illus- matio
trate how maturity modeling should be carried out. Once a plausible set of input values for these

------------- parameters has been established, paleoheat flow and
hi ) amounts of erosional removal are deduced by compar-

Things to deduce: ing predicted and measured values for thermal indica-

tors. When a plausible burial, erosional, and thermal

1: pa leo-heat flow history has been established that is consistent with our
geologic concepts and measured data, we can then
2: erosional removal model] the process of hydrocarbon generation.
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Basic premise

In our experience, basin modellers (and others) are happy to vary paleo-heat flow to match calibration
data (usually vitrinite reflectance), but are much more hesitant when it comes to incorporating erosional
removal (i.e. deeper burial and subsequent exhumation).

However, in routine application of AFTA (apatite fission track analysis) combined with VR in many
sedimentary basins around the world, we have found that thermal history is often controlled not by

variation in heat flow but by deeper burial and subsequent exhumation.

These events involve deposition and subsequently removal of km-scale section, typically within intervals
of a few 10s of Myr or less.

These episodes are not restricted to basins, but also affect adjacent basement regions, and extend across
areas of several 10* km?.

The cause of these episodes is unknown, but must act on a plate scale.
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Measuring missing section

For this purpose, our principal tools are
AFTA (Apatite Fission Track Analysis,
above) and vitrinite reflectance (right).

The key to accurate modelling of maturation
histories lies not only in describing the rocks
that are present but also in understanding
the rocks that were once present but have
now been removed by erosion.

AAPG ICE Melbourne September 2015



Thermal history reconstruction - 1

THR relies on application of AFTA (Apatite Fission Track Analysis®) and Vitrinite reflectance
(VR) to:
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Thermal history reconstruction - 2

And to characterise mechanisms of heating and cooling

Temperature (°C) Temperature (*C) Temperature (*C) Temperature (*C)
020 40 60 80 100 120 140 16 0 20 40 &0 80 100 120 140 16 0 20 40 &0 80 100 120 140 16 0 20 40 &0 80 100 120 140 160
T T T T LI B R T T T T T T T T T T T T T T T T T T T T T
9 B
s 0.5 ° 0sr i‘ | 05 ;
@ \
G 1’:‘ ] 4!,:
EE-‘l_l] _—"EC_.1 or 51.0 - \ §1_0 - ;\\
= = = ) _ = \.\.,__ .
'E_ E_ E_ aquifer o] go—a__ ]%_o—j- ‘% aquifer l? Shas >
a1s alsl alsr . [y alsl o, —
‘I'\_I. }ﬁ.. .'kl
% 'R o
20 201 20 'kl 20 \ I-}
B C: D: o
DEEPER BURIAL ELEVATED HEAT FLOW TRANSIENT FLUID FLOW STEADY-STATE FLUID FLOW
Palectemperature constraints from AFTA &  Maxi leote rature from VR YAt
- imit (0.9, <70°C) i peseTEmperEE The variation of paleotemperatures from AFTA and
| R @ Present-day temperaturs ; ; ; el ;
Range (e.g. 90-100°C) 2.0, comected BHT) VR with depth provides direct insight into the

" Lower limit {e.g. >100°C) processes responsible for heating and cooling.

GEOTRACK AAPG ICE Melbourne September 2015




Paleogeothermal gradients and missing section
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Barents Sea - 1
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AFTA and VR data show that ~2 km of additional
section was deposited prior to the onset of
exhumation in the interval 40 to 20 Ma.

Results show no evidence of elevated heat flow.
Cooling was due solely to exhumation.
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Barents Sea - 2

Tlmmg of Maxlmum Paleotemperatures

Results from other wells around the Barents
: Sea consistently define three episodes of
s exhumation, beginning in these intervals:

goma| 65 to 45

Fingerjupet
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The earliest episode is seen only in the

northeast, where no Paleogene sediments
are preserved. The two more recent
episodes affected the whole region.
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Alaska North Slope - 1

Study Area

Rk @

o
OASTAL pLAN

+
Ni
ORTHSLOPE + O,
+

+ o+
o+

BROOKS

+ Amethyst State-1

<
co®

Prudhoe Bay

Temperature (°C)
0 50 100 150 200

250

0 T T T T

* .

100 km

GEOTRACK

4 . .
Pr?ﬁ:;:.-;::ay Miccene Eacene
4 — radent  Palectemp-  palectemp-
Sadiem erature eralure
profile profile

Onset of cooling from AFTA (Ma)

250 225 200 175 150 125 100 75 50 25 0

0

Depth (km)
N =
[=] [=]

w
=3

4.0

Triassi | Jrassk | Crelacecs [ Pal Eoco  OL ML Pl

GCTER31 ———

Amethyst State-1

GCTE3-22
GCT63-23 ——
GCT63-34 ——
GCTE3-35 —
Stratigraphic age
—
£ 10.0 Present-day
x thermal gradient
c 8.0 30°Cikm
[=]
8 .
ocene
g 6.0 |
4 oL F From
8 4.0 N sonic-
> - Miocene U ™ porosity
o . log
E 90« 20 @%
g <V Ia e
x < 10 N

0.0
0 10 20 30 40 50
Paleogeothermal gradient (°C/km)

AAPG ICE Melbourne September 2015




Alaska North Slope - 2
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AFTA reveals repeated cycles of burial and exhumation, beginning

in these intervals:
Early Tertiary (60 - 50 Ma)

Present day thermal gradient (°C/km)
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Mid-Norway - 1
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Mid-Norway - 2
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Controversy over missing section

The idea of missing section — significant amounts (km-scale) of section that
were deposited and subsequently eroded away — has been the subject of
controversy in many areas, e.g.

Sydney Basin
UK East Midlands Shelf
Appalachian Basin

But the concept is actually quite consistent with the imperfect nature of the
stratigraphic record.
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The nature of the stratigraphic record

&, STRATIGRAPHICAL
X RECORD

' Third Ediion

B Derek V. Ager
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What happened during the gaps?

Was it this?

B THE
s STRATIGRAPHICAL
% RECORD

Third Edition

Derek V. Ager

£ 4 D
CES—
13 :]‘:: (&
E’[Eg B
GAP
= A

Figure 3.8 Comparison of the conventional picture of a particular part of the strati-
graphical record (left) with what is probably the true picture (right); see text for explanation
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What happened during the gaps?

Or this?

THE
{0 STRATIGRAPHICAL
%, *RECORD

Third Edition

Derek V. Ager

- ) WILEY

= A EIi= A
So we may come to the third pr(%gsumn of this book: the
sedimentary pile at any one place on the earth’s surface is nothing more  xplanation
than a tiny and fragmentary record of vast periods of earth history.
This may be called the ‘Phenomenon of the Gap Being More

Important than the Record’.
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What really happened during the gaps?

L, STRATIGRAPHICAL

RECORD

Third Edition

Derek V. Ager

GEOTRACK

We often see this!

AFTA and VR often reveal
major periods of heating
and cooling, representing
deposition and removal of
km-scale thicknesses,
during time intervals
represented by gaps in the
preserved section.
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Figure 3.8 Comparison of the conventional picture of a particular part of the strati-
graphical record (left) with what is probably the true picture (right); see text for explanation
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Stratigraphy as a set of frozen accidents

Updating uniformitarianism: stratigraphy as just
a set of ‘frozen accidents’
Time intervals recorded by sedimeniation

ANDREW D. MIALL
Columnar

section

Department of Earth Sciences, University of Toronto, Toronto, Ontario,
Canada M58 3B1 (e-mail: miall@es.utoronto.ca)

Abstract: It has long been understood that the stratigraphic record is fragmentary.

- 1000

Fieurs 5. —~Sedimentary Record made by harmonic Oscillations in Baselevel

A-A, Primary curve of rising baselevel.

B-B. Diastrophic oscillations, giving disconformities D-D.

C.C. Minor oscillations, exaggerated and simplified, due largely to climatic rhythms
Equation of curve C-C: y =sin x—.25 cos 8 x—.05 cos 64 x.

- 500

Thickness (m)

Fig. 1. Explanation of how oscillatory variations in base level control the timing of deposition (from Barrell 1917).
Sedimentation can only occur when base level is actively rising. These short intervals are indicated by the black bars in
the top diagram. The resulting stratigraphic column, shown at the left, is full of disconformities, but appears to be the

result of continuous sedimentation.

_ . 0 From: SMmiTH, D. G, BAILEY, R. J., BURGESS, P. M. & Fraser, A. J. (eds) 2015. Strata and Time: Probing the
0 5x10° 10° Gaps in Our Understanding. Geological Society, London, Special Publications, 404, 11-36.

Time (yrs) First published online April 11, 2014, http://dx.doi.org/10.1144/SP404.4
N N BN R ) 2015 The Geological Society of London. For permissions: http://www.geolsoc.org.uk/permissions.
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Key aspects of burial/exhumation episodes - 1

Events in which 1 km or more of section is deposited and
subsequently removed within a few 10s of Myr are fairly
common.

These events affect regions of several 10 km?.

The regional extent results in very low angle unconformities,
often mistaken for periods of non-deposition
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Key aspects of burial/exhumation episodes - 2

Events in different continents often appear to be broadly synchronous
(e,g, Paleocene, end-Eocene and Miocene events in Alaska, UK and

West Greenland; Late Cretaceous in Brasil, South Africa and eastern

Australia)

Events also appear to correlate with plate boundary events (e,g, end-
Eocene in North Atlantic).

The nature of the controlling processes is unknown but must act on a
plate scale.

AAPG ICE Melbourne September 2015




The punchline

In many areas these events exert a critical

iInfluence on hydrocarbon prospectivity.
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Implications for hydrocarbon prospectivity

Failure to appreciate the extent of deeper burial can lead to
underestimation of maturity levels.

Tendency to explain elevated VR data by elevated basal heat
flow will lead to over-prediction of maturity levels at depth.

Failure to recognise exhumation results in lack of appreciation
of the effects of phase transformations and breach of seals,
leading to loss of charge.
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Closing thought

A huge amount of time, effort and money goes into seismic
acquisition, processing and interpretation, sequence stratigraphy,

biostratigraphy etc to define the preserved section.

Compare that with the lack of attention given to worrying about

what’'s missing. Yet what's missing can ultimately result in a dry hole!
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