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Context of the Present work

Recent discoveries of giant oil fields along the so utheast continental
margin of Brazil (at depths > 6km and temperatures >150 °C) have
reopened the debate on the origin of petroleum.

The characteristics of occurrence, generation and p reservation of
petroleum in pre-salt structures of SE Brazilare k  nown to be NOT fully
compatible with the premises set forth in biogenic models.

The model of abiogenic (mantle) origin of petroleum IS also found to
be unsatisfactory, there being difficulties in iden tifying specific
physical and chemical processes for production and transport of
complex molecules of hydrocarbons within the relati vely tight mineral

structures present in sub crustal layers.

In the present work a new hybrid model of petroleum generation is
proposed that can overcome the above mentioned pr oblems
encountered in biogenic and abiogenic models.



and
rmal maturation

del

deposits.

logenic mo

ftheb

1- The presence of source rocks (bituminous shale)

iImitations o
occurrence of favorable geologic conditions for the

are not always sufficient for the formation of oll

The |

-

-
-
-

o

.

-

.
.

-
-
-
-
-

-
o

-
.
.
.
o

-

-

-
-

-
.

.
.
e
.
_
.

-
_

...,..: .
*: *:,:
o PN e
- NNd 1Y

.

'\ N
Iy N
[y
1) 4.3
Al <+
|
- o
e
NS
**

-

.
.

.

-
.

-
.
-~

-
=
-
L

-
-

.
-
o
-
4

-
s

-

-

o
-

=
-
-

po—

.

T
G
-
-
o
-

.

=
-

2
-’ X
i
.
.
-

-

-
-
"

.

)

)
J

U

-
-
‘
-
-

-

-
-

****
.:.:.:%
.
- V,
L e
oL g
NN o
= ax
i i,
=y

-

f

|
-

-
-

-

-

-
-
-

-
N
S

”

o

.

.

-
-

r 1\
# & it
.
.

\

Nt
=
=

i
=
.
-
1
.
.
-

.

-
-
.
-
-
5
1
.
e
e
-
o

o
.

fE b,
RS

-
.
.
g
-
-
-
.
-
-

-
-
-

-
-
-
5
i
it
-
-
o
-
-
-

.
-

£ ¢

|

.

-
.
.
-
-
.
-
.
L

g
o

-
-

-
.

.

-

-

-

-
-
L

- -

-
-

>

.
-

L

- .
o -

e .

 a -

| e - :

- - e

-

-
.
.
.

r

F

o
-
B

.
.

‘e
=

-
.
-
|
/ |
-
e

.
-
-

-
-

=

-

-

-
-
.
\
-
-
e

-
.
-

-

.
-

.
.
L
S

- .
g 8
e

J
. M)
. .
- o

5
r
ik

-

Tt
-
.

-
-

-

.
-
o
-

-

%
.
-
5
.
C
55

= |
i
-
-
e

c
.
a

-

é

4§
.
<
T

't

P

il
~
"/
.
.
.
i
f

\

N
-
.
-
-
.
»
-
.
-

-
-
-
-
|
|
y |
o
-
-
-
L
|
|
|
'
-
-
-
-

-

-
.
-
-
-

-

.
h

]

)
5,
o
-
e
-
!
-
-
-
e

é
@
.

L

B

., |
a

.

o
-

-
-
-

-
.

{
e
1
s

-
-
L
:
E
-
-
.
i

-

[

-
-
-
-
|
e
L

|
|
i
e
-
e

]

:
1
:

-
e

-

-

-
-

-
]
1
o
-

)

*.
=
-
-
-

|

-

o
-

-
-
-
%
]
s
o
\
-
-
-
e

[
o
|
ad
-
-
-

-
-

-

=
-

|

S
1
|
]
|
|
”‘::
o

.
.
=

.

|

.
-
-
-
-

_—
T
[
|

3y
1 )

-
-
-
.
-
-
-
-
-
-
-
-
-
-
.
-
-
e

-
-

-
-
-
-
[
|
 k
-
-
.
-
-
-
-
-
-

.
-
-
.
-
-
-
-
-
-
-
-
-
-
-
-
.
|
o
-
-
-

.
-

-

-

:

P

’

-

-

*
Lo

-
-
-
.
.
-
-
1
]
]
]
- |
T
-
-
-

o
ey
-
»*
i

S
s
=
-
.
b
-
i
S
.
-

=

o
&
&

=
-
-
-
-
-
-
o
-
|
-
-
-
-
-
-
-
-
=

-

.
\
g

%
-
A
-

-
.

-

-
e

5
ot

:
-
-
-

-
-
-

-
-
o
.
.

-

2
S
S
L4
|\
-
.
.
ik

!
-
-
-
.
-
-

1

:

-
-

-
-

-
|
.
-
.
-
s

.
N

&
.
-
.
-

e
.
11
L
|
it
-
.
-
-
-
\

-~
S
-
i
-
s

-

-

:
.
.
.
.

.

\ |

k-
ik

-

-
.
1
L
-
S
s
.
\
-
=

-
.
-

|
i
-

:
b

-
-

-
5

-1
d
e

.
%
@
.
-
-
-
-
-’
i

é
@

-

=
-
-
-
-
-
-

-

|

-
.*
-
-
-
po

-

-
o -
. 7
- W f
. =L 4
-

.

-
-
.
-
-

-
-

-
-
e

b

-
4
~
-
-

-
.
.
-
-
|

-
o
.
.
=
.
i

-
-
-

-
-

-

.
.

.
.
.
s

-
-

i

et
-

-
-

5
e
|

-
s
.

L
-
.
2
-
-
i
-
.
i

| |

=
e
-

-
-
-
-
L
-
-
-

.
*.
-
!
!
o
) §
-
-
.
R

.

.

.*
-
s

I0ONS INn

.
)

.
-
-
e
5
-
-
-
.

~
=

-
-

i

=

\
*

ik

.
-~

.
.
-

.
T
| o
e
=
-
-
-
.
|
-1
i
e
-
-
=
£y
o
-
-
=

W

.
.

’
-
=
=
.
=
.
-
.
-
.

|
5o
55

.
-
-
-
-
-
=
.
- |
-
-
-

-

i
1
e

&
g
|
|
|
.
.
.
|
i
|
.
-
o

a0

-
—~
£y
~
b
-
.
.
.
.
o
~
N
- |
b
bt
|
.
P
e

-
T4
1
1
L
-
=
=
=

-

.
-
-

-
-

-

gna
B8

.
-~

-
.

-

-
-
4

il |

l
-
-
-

.

i

-

-

-

e

@

.
-
-
.
| |
S
-
-

i

-
s
P
-
4

-
i N

g

.
| o
2
!

ik

|
| |
.
-
-
-
-
.
i

L |
|

| |
:
.
.
-

-
-

.
 —
et
3 T
. e
-

|
|

-
.
-

1
-
-

A

-
-
-
-
o
-

.

-
.

b

7
-
.
-
-
.
.
-
-
-
-

h format

-

o
-
B
-
-

=

-
-
-
|
|
|
|

-
.
-
.
:
-
-
-

-
i
=
-

-
-
!

T

.
e
T
|
|
b~
|
.
=
-
.
-
.
-
-
-
-
-
-
-
.
.
.
-

-
-

!
o
.
#

-
|
-

=
-
o
-

]
o

.
.
-
E
v

.
.
o~
e
:
e
E
-
-
-1
o
=
-
s

-
-
=

=
-
o

-
-
4

\

4

-
-
.
S

-
-

-
o
.
-
-

.
.
.

-
-
-
-
|
et
e
.
i

.
| =
.
-
.

-
-
-

|
i
(.
‘.
-
-
-

3t
 \

-’
-

-
W

-
-

.
-
.
.

B

-
-
.
.
o
L
-
!
)
-
.

\
-
o
o

.
| |
i
.

!
.
-

|

-
g
.
-
.
.

-
-

&

|
| |
]
-

-
-

.
.
-
.
\
555

“
.
-
S

!
:
-
-
-

.
.
| 1
o
T
.
.
.
-

5
@
|
-

-
-
-
-
y

4
e

5
.

e

.
&

-

.
|
55

-
-

-
.
|

| |
-
-
=
|
.
-
-
.
Nt
-
ol
-
—

|
)
[ ]
| |
' !
-
-
.
rr
L L
h
o
=
=
=
=
-
-
-
.
e

s
1
-
]
-
8
.
.
[

1: (::: (:i (:i l:l I 1: IEE; .

-
-
-
5 |
. | \
. e
- -
-
.
L

m
1
L ]
& '
L -
-
Sk
| =
. i
S
- e
- =

.
|
-
.
.
.
"
J

i
i
-

-

-
-
-

-

=
1]

:

.
-
-

.
-
-
&
©

-
-
-
o
i

-
-

.
)
-

o

-
.
.
-

-
-
5
|
|
-

.

.
.

.

" 4

[
{
|
-
-

|

-
-

-
=
-
.
\
-
-
-
-
-

-
-
He

e = Fa
.

[}
[}
|
|
0
i
-
-
-

.
.
.
-

.
F
-
-

s
>
-
-
.
3
.
-
A
.
.

|
\
]
.
s
-
-
L
|
S
i
5
5
o
5
-
.
5

&
-

B
-
-
-
|
|
|
|
|
.
&
-
-

)

-

-

.
.
.
.
W
"
5
.
55

|
{
@
-
[
g

K

-
o/
S
-
-
-
-
-
-
=

-
-
-
o

s

.
k.
|
.
o
|
.
-
-
-

-
-
.

o

i g
i

.
- i
-

-

-

L

-

"
-
|
o
|
s

C
~
.
-
.
-
-
y
|
T
-
-
-
-
e

.
=
-
-

.

-

-
-

L |
)|
|

.
r

-

-

-

-

-

-

.
.
-

-
e
| ¢
-
-
i
ol
e
g
-
-
\
.
o
.
.

s
=
v
&
.
-
-

\J
[

o

.

)

.

.

|
.
. .
Y
=
] '
d
] N

-

-
i
=
-
.
-
.
i

| N
s
.
- |
S

A\
-
-
-
-
-
-
-
:
-
g
i
-

:

-
-

t

J .

-
.
-

]

o
-
.
.
|
.
5
.
”
-

| )

.
.
-
.
5
.
.
555

-

-
.
m
|
-
” 1
o
E
.
=
&
a
!
.
-

-

5

|
|
| |
| |
-
-
-
-
-

o
] w
-

.

-
r
-
.
1

-
-
.
-
-
-
-

.

g
-
-

-
e
. L
e
=

- |
" ]
o
-
-
-
-
i

-
-

-

-
-
-
-
.
_

=
-
L
[
-
-

|

-

-
-
-
-
.
.
-

= -

s
|
=
.
.
.
55

;
5
.
.

-
-
-
*
&
2
=
.
-
o
-
-
-
-
-

.
.

g
S
N
<
S
-

.
o

|

| |

| |
.l
.
.
.
.
.
L

Y

L

S
=
.
.
.

-
-
-
-
-
-

-
-
-
-

-
-

-
-
.
|
|
| |
1

-
.

-

-

.
.
-~
b
R

.
S
.
ta
s
. =
B
S

-

.
-
-
r
f
s
o
-
-

]
]

.
o
-
.
o

-
-
.

*
-
|
7 N
-
.
-

-
-
=
e

-
[
©
e
-
-

-

-

-
.

-

ing in

erat
pecific thermal

Such processes
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| fields.

are frequently incompatible with estimates of pale

- In many cases multiple heat transfer processes op
lon oi
conditions of sedimentary basins.

complex geometry are necessary to account for the s

features in generation and preservat



Example: Maturation Levels in shales of the
Western parts of New York
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Vitrinite reflectance values of Urica and Marcellus shales

Taury Smith and Jim Leone, NY State Museum




Widespread occurrence of gas fields point to the
presence of gas reservoirs, but oll fields are abse  nt.

Marcellus Shale Gas Play, Appalach[an Basin
: —

*  Wella Produeing from Marece llus Sha
Bome dso comminge production from other formatons.

—— Marcellua Shale gross thickness, Ft (Wrightstone)
I Extent of Marcellus Shale (USGS, Wrightatana)

Bouree: Energy informa minaraton DEIed o & ftrom WAGER, PA DONR, b DuS. ‘v DEC, WA DMME, LSGS,
Wigntstone {2008), Onay walis compseies aﬂe-‘--‘--;-.:@a anown, Lpdstes Mareh 17, 2010



Santos basin, offshore SE Brazll
According to biogenic models maturation levelssoe

Tambad. Urugua

) E Cliva

" Mexilhao Cardpia  Tambuata

Merliza - -Lagosta

Tupl

Coral—_ — Estrela do Mar oa “1_0'5

gat? N

g SC l'; Caravela

Cavalo-Marinho

Zona de Fratyra de Florianépolis



Stratigraphic sequences (northern sector)

Oil accumulations
occur in sand
seqguences of

EOCElle (0

Thick Salt covers
act as cap rocks

Giant oil deposits
occur in pre-salt
sand sequences of
Guaratiba
formation.

Guaratiba formation
in the rift sequence
Is considered the
source rock of both
shallow and deep oil
accumulations.

Basement rocks are mesozoic
Volcanic sequences.



LATITUDE SUL

Heat Flow in Santos Basin (Vieirae Hamza, 2010)

mW/m?
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Mean Heat Flow determined using BHT data from 36 oil wellsis
70 +/- 15 mW/m?



Evolution of basal temperatures in the rift sequence
(simulation using PETROMOD)

Time [Ma]
134 120 M0 100 S0 & 70 60 350 40 30 2 1w 0

Temperature [Celzsius]
=
oo}

a0 |

20
[ Temperature - layer Pre-Rift - Santos_TrendHF_copy |



Burial depth [meter]

History of subsidence and Temperatures
(Simulation using PETROMOD)

Age [Ma] Santos - TrendHF _copy
13430 120 1 100 il a0 il 60 50 40 Kl 20 10 0
0Z0
Py Ng
1A

10007
Tertiary

20007

30007
Jureia

40007 iy
Temperature [Celiug]
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s Mevoomsm [ 20002500
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Boooorzon B0o2sn
7oo0{ M roso0r2000 2z 0027000
B 20003500 200028500

1350015000 250030000
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Problems with Biogenic Model of Oil generation in
Santos Basin

1- The main fase of oil generation (70-90 Ma)
PRECEDES formation of shallow turbidite reservoirs

2- The maturation levels (Ro and TTI) in pre-salt
formations are ABOVE the limits oil generation.

As a result the known oll fields are situated indr  y gas
Zones.




Bulk Generation Rate [mgHCYgTOCHKw]

1- Evolutionary sequence of oil generation according

i

i)

0]

models. Note that peak occurs during 70-90 Ma.
It PRECEDES formation of shallow turbidite reservoi rs

120 1o 100

MESOZOIC
K

Main fase of
oil generation

a0

a

70

Time [Ma]

il

il 4 il il

to biogenic

Ny

Upper reservoirs
developed 30Ma after
oil generation




2A- The Ro values are ABOVE the limits oil generatio  n in pre-salt
formations . As a result, source beds are situated In senile zones.

Swweeney&Burnham(1590)} EASY % Ro [YeRo]
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—
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2B- The TTI values are ABOVE the limits oil generati  on in pre-salt
formations . As a result, the source rocks are situ ated in dry gas zones,
over the last 80 Ma.

= ¥ P 3l | H H Fm
\ “‘H\ N
\\ \ ERCIARIO
2000 —
= J
o] LIREIA
B
= Early Matue (o)
000 —
= 2510 16 (TTY)
=5
L]
= 4 b d Mabure (oil]
3 15 to €6 (TTI)
=0 I o T, HELAM D
G000 — Late Mature (o)
B4 to 200 (T
1 Main Gas Generation :
200 103800 (TN
8000 — .
& | I

410 A e Leon] = 1n] S0 “HQ 0 o

Age (my)

Reference: http://www.anp.gov.br/brnd/round5/round5/Apres SemTec/R5 Santos.pdf



3- Major oil fields are outside zones of optimal matu ration,
according to Biogenic models

Oll fields




The failure of the theory of Biogenic Origin of Pet  roleum
(BOP) points to the need for a new model.

Solution? A new model of Petroleum Generation



Hypothesis of Mantle Root for Origin of Petroleum

Basic assumptions

2- The agents for catalytic reactions (Fisher-Tropsc  h
process and schemes proposed by Mango) are released
from the Dbrittle segment of the upper mantle.




Implications of the Mantle Root hypothesis for the
occurrence of oil fields

1- Mantle emanations move along structural
discontinuities in the upper crust and hence zones
where catalytic reactions occur are likely to be lo cated
near such paths.

2- Factors that control oil generation in mantle roo t
model are:
a) Permeability of structural features in the crust;
b) Intensity of mantle emanations



Test of the Mantle Root Hypothesis

1- Evidences that support the
hypothesis of Mantle Root origin of oll
generation in Santos Basin

2- Modify maturation calculations
allowing for effects of mantle root
connections



1- Most of the known oll fields are situated on or ¢ lose to
lineaments identified in the basement rocks.




2- A number of volcanic structures are located in th e
Interior and alkaline intrusions in the northern bo rder.

/

Intrusions

These are believed to provide catalytic agents for oil generation
over large areas of the upper crust beneath the bas in.



Values of maturity (R om) are recalculated in the Mantle
Root Model using the following procedure

1- Rom Inversely proportional to the distance from
the nearest lineament or structural feature;

R =R 1 X — 0 Rom — Large
o © exp(x/ B) -1 x — Large Rom — 0

2- Rom directly proportional to intensity of mantle
emanations (the spatial density of volcanics and int rusions).

F%m - F% (1+10/ D) pp—> Larrgz1 ler:m_) Lachg)je



Modified indices of maturation as per Mantle Root m  odel




Biogenic
model

Mantle Root
Model




Timing of OIl Generation

Mantle root model predicts late stage oll
generation, only after brittle regime sets in the
upper parts of subcrustal lithosphere.

This Is when permeabillity increases and flow
of catalytic agents (gases and volatiles)
becomes significant.

The time scale for installation of brittle regime
Is of the order of 50 Ma, after formation of
lithosphere.



Permeability changes during Brittle — Ductile Transition
(Ingerbritsen and Manning, 2002)

o O

Depth (km)
8 h 8 o o

)
n

-20 -18 -16 -14 -12
Log permeability (m2)



Timescalefor brittleregimein subcrustal lithosphere

S00

_Ductileregime

Distance fromBase of Lithosphere (km )

10 20 30 40 50 60 70 80 90 100 110 120

Age (ma)



Conclusions

1- Biogenic model leads to maturation levels incompa tible
with occurrences of hydrocarbons in Santos basin;

2- Mantle Root Model provides better account of the
geographic distribution of known oil deposits;

3- Catalytic reactions by Hydrogen (Fisher-Tropsch
process) and transition elements (schemes proposed by
Mango) have lower activation energy and hence more
Important in oil generation, than normal reactions
controlled by time and temperature.



Thanks for your
attention



