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EDITORIAL

Africa and New Technologies

Africa and new technologies: the focus of
this edition of GEO ExPro Magazine and
a very appropriate juxtaposition of ideas.
Many of the most exciting discoveries in
the last decade have been in Africa — and
technological developments have been key
to a good number of them.

Back at the turn of the century there
was a lot of talk about the gas potential
of the deep waters of the Nile Delta in
the Mediterranean Sea, an area that has
since proved very prolific, with latest USGS
estimates suggesting that there are still
about 223 Tcf of gas to be found. One of
the keys to unlocking this region wasthe use ~ Ghanaian President John Evans Atta Mills opens the valve for First
of multi-azimuth seismic, then in its infancy ~ Oif 0n the Jubilee field in December 2010
but now, along with wide-azimuth seismic, accepted as standard procedure for detailed prospect investigation.

The excitement travelled westwards — initially to the deep waters off Ghana, and then following additional
finds further to the west along the West African Transform Margin. Once more, improvements in seismic
acquisition technology as well as in processing and imaging techniques, outlining, for example, important
AVO anomalies, made an important impact on these discoveries. Advances in drilling capabilities were also
crucial to enable effective exploration in such deep waters, leading to time from discovery to first oil for the
Jubilee field to be a mere three and a half years.

Interest has now moved to East Africa, where there have been major discoveries both offshore, particularly
in Mozambique, and onshore in the Rift Valley areas of Uganda and Kenya. Recent technological developments
in seismic acquisition and processing, as well as the introduction of non-seismic techniques such as full tensor
graviometry are believed to be partly responsible for these recent successes.

In this edition of GEO ExPro we look in more detail at some of these areas, but also at technological
developments which could revolutionise exploration in parts of the world which have been stepped over in
the search for hydrocarbons, as much of Africa had been a decade ago. New ways of viewing the subsurface,
whether through innovative seismic imaging or the using next generation of facies modelling, will all have
their part to play in helping to unlock and exploit much needed resources in the future.

JANE WHALEY
Editor in Chief
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Miradoura da Lua (Portuguese for “Landscape of the Moon™ on the c
Ocean coastline, 30 km south of Luanda. The outcrops of Miocene-age shallow
water marine sediments located seen here are stratigraphically equivalent

to the Tertiary age (Miocene and Oligocene) strata in the deep water area

of the Lower Congo Basin which contain the prolific turbidite reservoirs that
produce about three-quarters of Angola’s approximately 1.9 million barrels of
oil per day.A thick layer of red lateritic clay overlies the underlying Miocene
sediments. Recent sub-salt discoveries in the deep waters of the South Atlantic
promise to further revolutionise output from this well established petroleum
producing country.

Inset: With the Olympics upon us it is an appropriate time to reveal the
geology of London for our visitors.
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EXPLORATION

TAKO KONING

Angola is set in the
next decade to
overtake Nigeria
as the biggest oil
producer in Africa.

We look at the
milestones in the
country’s rapidly
expanding oil and
gas industry.
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Cretaceous (Albian-age) carbonates outcropping at the gorge
of the Cubal River near the town of Sumbe, 275 km south of
Luanda. These strata are approximately age-equivalent

The oil and gas plays found in Angola
range from the pre-salt to the post-salt
and include Tertiary-age clastic turbidite
reservoirs, salt-rafted Cretaceous age
Pinda carbonates, and pre-salt microbalitic
carbonates similar to Brazil's giant Tupi
oil discovery. Many of these have only
been identified since the turn of the new
century, and these wide-ranging, high
potential plays have led to a dramatic
surge in Angola’s oil production.

A decade ago, the country was
producing  approximately 750,000
bopd, while now production of almost 2
MMbopd has been achieved. Angola is
already the second biggest oil producer
in Africa after Nigeria (which is currently
producing about 2.4 MMbopd), but its
highly favourable petroleum geology
means that within the next decade it
is expected to replace that country as
Africa’s top oil producer.

to the prolific Pinda carbonate oil reservoirs in
the shallow water area of the
Lower Congo Basin.

Historic Milestones

The first milestone in Angola’s
petroleum industry occurred in the late
1700s when the Portuguese colonialists
discovered oil seeps and asphalt
deposits at Libongos, about 60 km
north of Luanda, and shipped some of
the oil to Lisbon and Rio de Janeiro to
be used as caulking material to prevent
water leakage into their ships. Libongos
is located on the eastern edge of the
Kwanza Basin, within half a kilometre of
outcrops of Precambrian granites.

The year 1915 marked the next
important milestone for Angola when the
Portuguese oil company, Companhia de
Pesquisias Mineras de Angola, carried out
the first drilling for oil in the valley of the
Dande River, near the coastal village of
Barra do Dande, about 40 km north-east
of Luanda. One of the wells, Dande-4,
drilled in 1916, was tested at 6 bopd and

Henriette Konina




The author standing in front of the Libongos oil seeps near
Caxito, 50 km north of Luanda in the north of Angola. These
seeps have been known for several hundred years.

was subsequently abandoned, but it signified the first
flow of oil in Angola.

Drilling for oil in the onshore Kwanza Basin
continued sporadically for the next forty years but
with no commercial success until 1955, when the
Benfica-2 well just south of Luanda resulted in the first
commercial oil discovery in Angola. The field went
on production in 1956, representing the beginning
of oil production in Angola. The first offshore oil field
in Angola, Malongo, was discovered ten years later in
1968 in Cabinda by the American company, Cabinda
Gulf Oil Company. Chevron bought Gulf Oil in the
early 1980s and the company is still an operator, now
producing approximately 500,000 bopd from just
two blocks offshore Cabinda.

Angola’s long-drawn-out civil war, which lasted
from independence in 1975 until 2002, undoubtedly
slowed down onshore exploration, so international
companies concentrated on the offshore during these
years. Angola was producing about 700,000 bopd
by 1996 when another historic event happened: the
French oil company Elf Petroleum discovered the
Girassol oil field in Block 17 in deep waters (1,300m),
about 140 km off the coast of Angola. This discovery
stunned the oil industry, since finding oil so far from
the coastand in a new geological formation was totally
unexpected. Additional drilling by Elf proved Girassol
to be a giant size field, with the oil-bearing reservoir
located in Oligocene sandstones and conglomerates
which had been deposited as turbidites. This led to
many more such discoveries in the Oligocene and
Miocene (15 Ma) in the deep waters off Angola,
including by Chevron, Esso, Maersk, Total, BP and
Sonangol P&P. As a result, about 75% of Angola’s
production now comes from such reservoirs. Had
Girassol and the follow-up fields not been discovered,
Angola would have remained merely a modest oil-
producing country with production of only about
500,000 bopd - now it is an important one.

Looking Across the Atlantic

The discovery of the Tupi oil field on the other side of
the southern Atlantic in Brazil in 2007 was an historic
event for the oil industry. Tupi was drilled by Petrobras
in the deepwater part of the Santos sedimentary basin
in water depths of 2,100m. It was drilled to a depth of
about 5,200m below the sea floor, giving a total drill
depth of the well of 7,300m; it had many mechanical
problems and the final cost was $240 million. But the
costs were justified by the results. Tupi is estimated
to hold eight billion barrels of recoverable oil reserves
in a high pressure, high temperature environment
beneath a massive salt sheet over 2,000m thick. Tupi
(now renamed Lula after Brazil’s ex-President Lula)
proved to be the first of the now famous pre-salt oil

GEO ExPro MAY 2012 21




EXPLORATION

~ r 2,500,000
ANGOLA OIL PRODUCTION BY YEAR (Barrels Oil Per Day)
- 2,000,000
B Deep Water (>500 metres water depth)
M Shallow Water (0-500 metres water depth)
M Onshore (Soyo Area)
L 1,500,000 2
[}
@
[o}
“®
o
[
m
1,000,000
|| | L 500,000
L .T.,||I||,|!|,I,l,ll”,”, I” | [ i,
© [<e] o o < © (= o N < o 0 o o~ < © @ o o < © [~ o N < © o] o N __
n 0 © © © © © ~ ~ ~ ~ N~ (=) (o] <o) (<=} (=] (2] (2] D (2] (2] o o o o o — %
S S S EEEEEEEEEEEEESEEEEEEENEEREREN

Angola’s oil production was considerably boosted by the discovery of the deepwater fields, starting with Girassol, which began producing in 2000
Source: Sonangol Universo magazines, SPE Journal of Petroleum Technology (JPT), Energy Administration Agency (EIA), Oil & Gas Journal

and gas fields which have been found in the Santos Basin as well
as in the more northerly Campos Basin in Brazil.

The Tupi discovery proved that a working petroleum system
exists beneath the salt layer of the Santos Basin. The oil source
rocks are the organically rich lake shales, the reservoirs are lake
beach sands and porous limestones and dolomites known as
microbalites, and the seal above the reservoirs which keeps the
oil entrapped is the thick, impervious salt layer. Oil industry
analysts such as Wood Mackenzie and IHS have estimated
that the oil reserves in
Brazil's pre-salt reservoirs
could amount to some 20
to 30 Bbo recoverable, with
ANP, Brazil’s government oil
industry regulatory agency, quoting recoverable reserves of up
to 50 Bbo. The impact of these discoveries has been dramatic:
Brazil’s oil production is now at a record 2.2 MMbopd of which
already about 150,000 bopd is from the pre-salt. Petrobras
recently announced that output from the pre-salt reserves is
expected to grow, bringing Brazil’s per-day oil output to 6
MMbo, nearly triple current production.

When the conjugate margins of Angola and Brazil are juxtaposed
or reconstructed to the time of the initial opening of the southern
Atlantic, about 140 million years ago in the early Cretaceous, the
Santos and Campos Basins are clearly located adjacent to Angola’s
Benguela and Kwanza Basins. Accordingly, the success in the
pre-salt of Brazil could be repeated in Angola’s deepwater areas,
where drilling in the pre-salt was negligible before 2011.
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“Ifyou are a petroleum geoscientist, you'll be challenged
to find a country as interesting as Angola”

More History is Made

As a result of investigating the southern Atlantic conjugate
margins, an historic event for the hydrocarbon industry in Angola
occurred in 2011 when eleven deep to ultra-deepwater pre-salt
blocks in the Kwanza and Benguela Basins were awarded by
Sonangol to a number of operators. These included BP, Cobalt,
Repsol, Total, Eni, ConocoPhillips and Statoil, the last obtaining
the lion’s share with two operated blocks and non-operated
working interests in three others (see GEO Expro, Vol. 5, No. 4).
On 4 January this year Maersk
and Sonangol announced that
Azul-1 on deepwater Block 23
was the first well to penetrate
pre-salt objectives in Angolan
deepwater. The well was drilled in a water depth of 920m and
reached a total depth of 5,330m. The press release stated that
“the preliminary interpretation of the data indicated a potential
flow capacity of greater than 3,000 bopd. We are encouraged
by the results of our first pre-salt exploration well in this region,
which was also the first ever deepwater well targeting pre-salt
reservoirs in the Kwanza Basin”.

Shortly afterwards, on 9 February 2012, Cobalt International
Energy (CIE) announced the results of its Cameia-1 well, drilled
in 1,680m of water in deepwater Block 21, again targeting the
pre-salt section. Cobalt reported that the well confirmed the
presence of 360m of gross continuous oil column with over a
75% net to gross pay estimate. No gas-oil or oil-water contact
was evident on the wireline logs. An extended DST (drill stem
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test) was performed on Cameia-1 which flowed at a sustained
rate of 5,010 bpd of 44° API oil and 14.3 MMcfpd of associated
gas, giving a total of approximately 7,400 boepd day with
limited drawdown. Cobalt stated that it believes that the well
has the potential to produce in excess of 20,000 bopd.

What Does the Future Hold?

Based on my 40 years of experience in the oil industry, | expect
that the Angolan oil industry will remain vital for many more
years. Already, two-thirds of Angola’s production is from the
deepwater and, unquestionably, more Oligocene and Miocene
oil discoveries will be made in the ultra-deepwater areas
seawards of Blocks 31, 32 and 33. Based on the drill results of
Maersk’s and Cobalt’s wells, the pre-salt play suddenly looks
very promising.

Could the dramatic increase in production seen in Brazil as a
result of the discovery of the pre-salt oil fields happen to Angola?
Based on the very recent successes by Maersk and Cobalt, it is
possible, although, of course, much more drilling is needed.

Another milestone in Angola’s petroleum industry
will happen in June 2012 when the LNG plant at Soyo in
northern Angola commences production at 5.2 MM tonnes
per year. On an energy-equivalent basis, this amounts to
about 200,000 barrels of oil per day. A strong demand exists
for Angola’s natural gas due to the increasing consumption
of LNG in Asia and also as Europe seeks to reduce its reliance
on gas from Russia. In addition, as gas becomes increasingly
the preferred fuel of the future, there will be much focus on
the gas potential in Angola, which to date has been only
minimally explored. »

Spectacular outcrops near Bentiaba, southern Angola. The underlying reddish-brown unit consists of Lower Cretaceous terrestrial sediments which were
deposited during the initial continental break-up of south-western Gondwana. These are unconformably overlain by Cretaceous Albian carbonates. The
contact between these two sequences is the continental break-up unconformity.
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Angola’s Petroleum Systems

Angola is made up of the Kwanza, Congo and Namibe
sedimentary basins, but so far only the first two have
yielded oil in commercial quantities. The southern Namibe
Basin remains underexplored, although on the basis of
limited vintage seismic data and regional geology many
commentators consider that it has plenty of potential.
Angola’s strong oil and gas production is intimately
related to its working petroleum systems, which are primarily
Lower Cretaceous and Tertiary in age. The geological
evolution of these began during the Early Cretaceous
with the continental break-up of Gondwana. Lacustrine
rift basins developed in extensive north-south trending
linear depocentres in the Lower Congo and Kwanza Basins.
The now-famous major source rock, an organically rich
lacustrine shale known as the Bucomazi Formation, fed oil
into the recently-formed Kwanza Basin pre-salt traps as well
as into the numerous Pinda carbonate oil fields in the Lower
Congo Basin. The nature of the salt which was deposited
in a narrow highly saline basin immediately before the two
continents split apart varies across the Angolan offshore. In
the deeper water parts of the Kwanza Basin, for example,
it is thicker but at less depth than in the shallower areas,
where thick diapirs appear to be more common. Extensional
rift tectonics dominate in the pre-salt section, with a fault-

induced relief that exhibits both tilted and folded sections.

The Tertiary-age Miocene and Oligocene oil fields in the
deepwater part of the Lower Congo Basin are the result of
a geological evolution separate and distinctive from the
Bucomazi. Giant-sized oil fields (>0.5 Bbo) such as Girassol,
Dalia, Great Plutonia and Kizomba, are reservoired in
highly porous sands and conglomerates which flowed as
turbidites seaward from the ancestral Congo River. The
Congo, currently the second biggest river in the world
after the Amazon, was also one of the world’s largest
rivers in Miocene and Oligocene time (5-35 million
years ago), during which time it spewed an enormous
amount of coarse-grained clastic sediment eroded from
the vast African proto-continent into the Lower Congo
Basin. Since tropical conditions with attendant thick and
luxurious terrestrial vegetation existed at that time, these
sediments also included vast amounts of organic material.
The net effect was to provide the Lower Congo Basin with
excellent, highly porous reservoirs as well as rich oil and
gas source rocks.

The oil and gas source rocks of Angola have provided
crude oil which is typically medium gravity, minimum wax
and with almost no sulphur. These crudes are welcomed by
refineries worldwide.

Peter Moeller
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Tako Koning is a long time resident of Angola. Born in Holland
and raised in Canada, he is a geologist who started his career
forty years ago working with Texaco in Canada, followed by
assignments to a number of countries, including Indonesia and
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Nigeria. Since 1995 he has been living and working in Angola,
where he combines being a consultant in Luanda for Gaffney,
Cline and Associates with leading field trips in the country.
He has published more than 100 papers and abstracts and
in 2010 was awarded the AAPG’s Public Service Award for a
lifetime of mixing humanitarian aid with his science on a global
basis. ®




