Sediment Provenance Studies in Hydrocarbon Exploration & Production

\ PETROLEUM
GROUP

Sediment Provenance
Studies in Hydrocarbon
Exploration & Production

5-7 December 2011

The Petroleum Group would like to thank Statoil,
and Maersk Oil for their support of this event:

Corporate Supporters

AL
7" Statoil

Conference Sponsors

MAERSK
OIL

December 2011 #SedProv11l Page 1



Sediment Provenance Studies in Hydrocarbon Exploration & Production

CONTENTS PAGE

Conference Programme Pages 3-6

Oral Presentation Abstracts Pages 7 - 110

Poster Abstracts Pages 1117 130

Fire and Safety Information Pages 112 - 131

December 2011 #SedProv11l Page 2

Li



Sediment Provenance Studies in Hydrocarbon Exploration & Production

PROGRAMME

Monday December

8.30 Registration and Coffee
9.00 Welcome and Introduction

Session One Session Chairs: Robert Scott & Steve B
9.15 Keynote Speaker: Bill Heins

Pragmatic Strategies for Provenance Analysis in Hydrocarbon Exploration
10.00, Grant WackDalhousie University)

Heavy Mineral SignaturesgAline Northern South America and Trinidad Active N
10.25] Steve Vincer(CASP)

Composition and Provenance of Cz Depositional Systems Supplying the Easte
10.50, Tea, Coffee and Poster Session
11.15] Keynote Speaker: Andy Caftirkbeck Wiversity of London)

A Geochronological Perspective of the Temporal Sensitivity of Detrital Archive
12.00| Mathieu Ducro@FP)

3D Stratigraphic Modelling and Sensitivity Analysis of Climatic and Tectonic F¢
12.25] Randy ParrisfUniversity of Leisger)

Rutile/Zircon Geochronology: Analytical Advances
12.50, Lunch and Poster Session

Session Two Session Chairs: Helen Smyth & John
14.00] Keynote Speaker: Robert HRlbyal Holloway Unigéy of London)

Provenance Studies in Indonesia and Malaysia
14.45] Duncan WittéRoyal Holloway University of London)

Recognising Sediment Source Areas@ the Barito Basin, Southeast Kalimanta
15.10| Inga Sevastjano\&oyal Holloway UniversitlyLondon)

Detrital Zircdromhe Banda Arc: Insights he Palaeogeographic Reconstructions
15.35| Indra GunawafRoyal Holloway University of London)

Age Character and Provenande @lastic Tipuma Formation, West Papua, tidenesia

Insightérom Detrital Zircon Dating
16.00| Tea, Coffee and Poster Session
16.25| Simon Suggat@Royal Holloway University of London)

Provenance of Neogene Sandstones, Sabah, Northern Borneo
16.50| Yani NajmafLancaster University)

An Isotopic and Geochemid#&Mdahnique Approach; Case Studies in the Benga
17.15] Alessandro Amorogiuniversity of Bologna)

Influence of Sediment Provenance and Grain SizeMatbldaiggribution in a Holog

Alluvial and Coastal System (Southern Po Plain, Italy)
1740 Wine Reception
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Tuesday 6 December

8.45

Registration and Coffee

Session Three Session Chairs: Robert Scott & David Mag

9.15

Keynote Speaker: Steve Bergman
The Ins and Outs of Drainage Basind&roe@nd Souf€eSink Analysis in Sedimer
Basins

10.00

David PipefGeological Survey of Canada)
Mass Balance Interpretation of Nd Isotope composition of Detrital Sediments i
Cretaceous of the Scotian Basin

10.25

Georgia P@iper(StMay 6 s Uni versity)

Integrating Geochronology of Muscovite, Monazite and Zircon with Bulk Geocl
Varietal Detrital Mineralogy: Application to Cretaceous Reservoir Sandstones (
Basin, Eastern Canada

10.50

Tea, Coffee and Poster Session

11.15

Grant WaclkDalhousie University)
Reservoir Quality, Diagenetic History and Provenance of the Late Triassic San
Woliville Formation, Bay of Fundy, Nova Scotia, Canada

11.40

Vicky PeaséStockholm University)
U-Pb Zircon Provenanckle$ozoic Strata from Franz Josef Land

12.05

TimMorganChemostrat Ltd)
The Subregional Correlation and Provenance Mapping of Triassic/Jurassic Se
Barents Sea using Chemostratigraphic Data

12.30

Edina Pozer By&niversity of Oslo)
Constraing Depositional Models in the Barents Sea using Zircon Provenance {
Permian Sediments on Svalbard

12.55

Lunch and Poster Session

Session Four Session Chairs: Nick Richardson & Vicky

14.00

Keynote Speaker: Rick Tobin
Effects of Sandstone Provenance on Reservoir Quality Preservation in the Deg
Experimental Modelling of Gulf of Mexico Deep Water Sand

14.45

Laura Gonzales Acebron
Provenance Controls on Sandstone Diagem&ifted Basin: The Cameros Basin,
Spain

15.10

David MacDona(tUniversity of Aberdeen)
SourceloSink Analysis of the Amur River and North Sakhalin Basin: Implicatio
Setting, Drainage Stability and Reservoir Distribution

15.35

Arild Andresen(University of Oslo)
Source Areas for PGatedonian Sedimentary Basin Deposits in the North Atlant
How Diagnostic are they?

16.00

Tea, Coffee and Poster Session

16.25

Aine McElhinnefluniversity College Dublin)
Evolving Sand Suppig Dispersal in the Upper Jurassic of the Northern Porcupi
Constraints from the Pb Isotopic Composition offEtisahK

16.50

Dirk Frei (Stellenbosch University)
HighResolution Detrital Zircon Stratigraphy of the Kangerlussuaj®@asinlaitds
Constraints on Cretacd@aisieocene Sediment Transport Paths and Basin Evoly
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17.15| Christian KnudsefGEUS)
Petrography, Geochemistry and Provenance of Cretaceous and Paleocene Sa
Disko Nuussuaq Basin
17.40| Wine Receptio
Wednesday 7 December
8.45 Registration and Coffee
Session Five Session Chairs: Andy Morton & Gary
9.15 Keynote Speaker: Andy Hurst
MineraChemical Stratigraphandstone Hydrocameservoirs
10.00; Keith Sircombe
New Insights into Reservoir Sand Provenance on the North West Shelf, Austrg
Zircon Geochronology
10.25| Alja Schmid(Royal Holloway University of London)
Provenance of Devot@amboniferous Sandstoreea the Clair Basin: New Insights
Detrital Zircon Age Dating
10.50| Tea, Coffee and Poster Session
11.15] Shane Tyre(University College Dublin)
Provenance ofReldspar in Upper Jurassic Reservoir Sandstones in the Northe
Implicatiofsr Sand Sourcing, Sedimentary Recycling and Well Correlation
11.40| Sergio And@MilaneBicocca University)
Raman Spectroscopy in Higlwgral Studies
12.05| Carita AugustssofWestfalische Wilhelstniversitat)
Cathodoluminescence Spectra of QuandzexsaRce Indicators Revisited
12.30{ Anders Lundmarniversity of Oslo)
Provenance of Palaeozoic Terrestrial Sediments irGbetRdoBraben, Mid North §
High: Detrital Zircon Geochronology and Rutile Geochemical Constrains
12.55| Lunch and Post Session
Session Six Session Chairs: Steve Vincent & Andy W
14.000 Keynote Speaker: Eduardo Garzanti
The NikSediment Routing System
14.45| Guido Meinhol(CASP)
Sediment Provenance Stuittee Murzuqg Basin of Southern Libya
15.10{ Kathelijne BonnGETECH)
The Evolution of the Niger River: Implications for Sediment Supply to the Equa
Margin During the Cretaceous and Cenozoic
15.35| Tea, Coffee and Poster Session
15.55 Algandro BeltraiTrivino(Geologisches Institut, ETH Zurich)
Detrital Zircon KB#5 Laser AblatioBupported Provenance Analysis on Alpine Sg
16.20| Victoria ErshovéSaint Petersburg State University)
Provenance of Carboniferous Sedimentanc&gdgueribastern Siberia
16.45| Mahdi Jafarzadgrerdowsi University of Mashhad)
Trace Element Geochemistry as a Provenance Indicator of Ahwaz Sandstone
Asmari Formation, Zagros, Iran
17.10| Closing Remarks
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Poster Programme

Laura Bracaili (BGS)

Diverse and Complimentary Geochronometers Applied to the Study-of the Yarly
Brahmaputra Detrital System: Determining the Sediment Routing History in the
and Testing Erosibectonic Feedback Models in the Easternmost Himalaya

LucaCaracioldUniversita della Calabria)
The Diagenetic Destruction of PotentiaQuBlighPlutoniclastic Reservoirs: The Dil
and Maniobra Formations, Diligencia Basin, Southern California, USA

Lorin DaviegRoyal Holloway University of London)
U-Pb Dating of Zircons from Sw Borneo: Insights into Provenance from Metamo
Rocks and River Sediments

Audrey Deco(CASP)
Timing of Early Andean Uplift Inferred from a Detailed Provenance Analysis: A |
Approach That Can Be Usethph&size the Quality of Hydrocarbon Reservoirs in
Levantine Basin

Laura Edward@ ancaster University)
Determining the palaeodrainage history of the nile river: investigating rift teetoni
ocearatmosphere interactions

Michael Flowerde{Biitish Antarctic Survey)
Pblsotope CompositiohBetrital keldspar Can Quantify Recycling of Detrital Zirc
Examplesdm Permidfiuvial Sandstonesiintarctica

Nadine Joh(FriedrichSchillerUniversitat)
A Heavy Mineised Provenance StudlyeoPermian Takrouna Formation, Antarct

Ben KilhamgUniversity of Aberdeen)
Determining Forties Sandstone Member Provenance: Using Heavy Mineral Ang
Implications for Exploration and Production in the UK Central Graben

Sergey Malyshe@dint Petersburg State University)
SmNd Study of the Permian to Palaeogene Strata, The Northeast Part of Siberi
Provenance Interpretation

Tin Tin Nain¢e THZentrum)
Provenance Study in the Tertiary Sedimentary Rocks from the Rakhn&&dgetiq
Burma (Myanmar)

Helen SmytfiCASP)
Tracing SarAbypes Across the Sverdrup Basin, Canadian Arctic

Simon SuggatéRoyal Holloway University of London)
Provenance of Neogene Sandstones, Sabah, Northern Borneo

Marianna | TuchkoyRussian Academy 8ciences)
Sedimentary Provenances of Passive Continental MargieasnRms$ia and their
Implications for Arctic Palaeoreconstruction

Shane Tyre(University College Dublin)
Topographic and Climatic Controls on Sediment Dispersal in pleaiNWi&ssio:
Insights from the Pb Isotopic Composition of -Beldsqlak
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Keynote Speaker: Pragmatic Strategies for Provenance Analysis in Hydrocarbon
Exploration

William A. Heins, ExxonMobil Production Deutschland, Hannover, Germany

The last decade has witnessed an explosion of mechanical, statistical, and conceptual
tools to relate environmental parameters associated with sediment generation (such as
provenance lithotype, climate, transportation history, etc.) with physical parameters of
the generated sediments (such as mineralogy and grain-size distribution). The
successful application of these tools to hydrocarbon exploration requires a consistent
and comprehensive intellectual framework, which focuses on play element prediction.

Any successful analysis starts with standard journalistic questions: who, what, when,
where, why and how:

e For whom is the analysis conducted? All the other answers depend on this
one; corporate shareholders, government funding agencies, and academic
reviewers all have different goals, which require different approaches;

e What properties must be predicted? On what rock? Oil-company
shareholders want to know, for example, about the presence and quality of
reservoirs and seals. In that context, the genetic history of the sediments only
matters to the extent that it affects the play elements. All the other questions
must be posed regarding a very specific body of sediments, which has distinct
stratigraphic and lateral limits.

e Where did the sediments come from? Usually the goal of the analysis is to
predict properties that cannot be directly observed, typically in a reservoir that
has rarely or never been drilled. Rather than trying to infer the genetic
conditions from physical properties of the sediment, which might be typical in
an academic study, we must reason the other way around. In this case, we can
only select the appropriate set of environmental parameters if we know where
the sediment was born. In most cases, knowing the provenance lithotype, the
transport distance to the basin, and a crude paleo latitude is sufficient for a first-
order approximation of all relevant physical parameters of the sediment.

e When were the sediments born and buried? Of t en Awheno i s more |
for choosing among alternate scenarios of i
However Afwheno can also be useful for maki i

conditions.

e Why is the analysis necessary? Provenance analysis makes sense in
hydrocarbon exploration when it helps predict the spatial distribution of play-
element characteristics that cannot be observed directly, or not at an
appropriately fine resolution. The case must always be made why inferences
from provenance/paleogeography are better than direct measurements.

e How did provenance influence the play elements? The focus of the analysis
must always remain on play-element distribution. Insight into the genetic history
of the sediments can yield important, and otherwise unobtainable, inferences
about sediment phyiscal properties that can be used for play-element
prediction. Moreover, much of the work that goes into answering the question
Awheredo the sedi ment came f r omonstricion e x amp |
and structural restoration, may also do double duty for understanding the
burial-thermal history that drives source-rock maturation and reservoir
diagenesis.

Provenance analysis tools can be useful in hydrocarbon exploration (for many play
elements), but only if they are deliberately applied in a thoughtfully constructed
framework.
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Heavy Mineral Signatures along the Northern South America and Trinidad Active
Margin

Hasley Vincent!, Yawooz Kettanah®, Grant Wach
Dalhousie University, Halifax, Nova Scotia, Canada

Current affiliations:
'BGTT, Port of Spain Trinidad
Salahaddin University, Erbil, Iraq

Cenozoic sediments in Trinidad record elements of pre- and syn-orogenic siliciclastic
deposition related to the advance of the Caribbean Pl at e with it
along the northern South American margin. Interpretations regarding timing of this
change in tectonic regime vary from Late Cretaceous to Neogene. Integrated analyses
of heavy minerals and process sedimentology were conducted to refine the timing of
active margin deformation and understand the distribution and quality of known
hydrocarbon reservoirs. The relative uniformity of deepwater sedimentological
processes from Late Cretaceous through most of the Cenozoic meant process
sedimentology could not be used exclusively to discern changes in tectonic-
sedimentary signatures, and this was further hampered by poor and segmented
outcrop exposures. However, changing tectonic regimes and provenance domains
were recorded in the sandstone composition.

At least three associations of heavy mineral assemblages were compiled from the
heavy mineral literature of modern sands within and around Trinidad basins. The
Guyana Shield Association is characterized by high grade metamorphic minerals such
as sillimanite and staurolite, derived from the Guyana Shield and mountain belts such
as the Merida Andes. The Caribbean Mountain Association, derived from the rising
Caribbean Mountain belt, comprise minerals more typical of low temperature, high
pressure metamorphism inclusive of epidote, chloritoid and rare glaucophane. The
Orinoco Association comprises an ultrastable mineral assemblage that is almost
entirely zircons, and is interpreted to represent the effects of extreme chemical
weathering within the Orinoco fluvial belt of the Andean foreland basin. The recognition
of these Associations provided the basis to deduce the changing tectonic regimes in
Trinidad basins and effectively map the migration of active tectonism across the
margin.

The Late Cretaceous and most of the Paleogene (Paleocene to Early Oligocene) were
associated with the delivery of coarse-grained, mature quartz arenites with a heavy
mineral assemblage of the Orinoco Association. The source of these mature
siliciclastics was the South American foreland basin. Changing heavy mineral
character suggests the incipient input of syn-orogenic sediments into the basin as early
as the Eocene, although the onset of active syn-orogenic sedimentation is clearly
recorded in the mineralogy of Late Oligocene to Early Miocene sands of the Nariva
and Cipero formations. That heavy mineral assemblage is more typical of the
Caribbean Mountain Association with a significant input of chloritoid and detrital
chlorite. This was the dominant source by the Pliocene with a flood of epidotes and
further abundances in chloritoid and chlorite. This was mixed with rare occurrences of
andalusite-sillimanite suggesting input from high grade metamorphic sources (Guyana
Shield Association).

The Cenozoic sandstones evolved from mature Paleocene-Eocene quartz arenites
sourced from continental lowlands, into immature litharenites sourced primarily from
the uplifted Caribbean Mountains. The changing heavy mineral associations mirror
changes in the lithic component of the detrital framework with the most notable
increase in metamorphic schist fragments coincident with the occurrence of the
Caribbean Mountain Association in the Late Oligocene sandstones. This represents a
December 2011 #SedProv11l Page 11
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significant departure from the siliciclastic-dominated rock fragments of earlier

sandstones. The mod al detrital framewor

signature on Dickinson compositional plots. Sediment dispersal patterns gradually
became south and east directed during the later Cenozoic.

The results from this study do not support inferences for a northern source of clastics
during the Paleocene-Eocene, and a southern Guyana Shield was not the dominant
source for Pliocene sands. Changes in sediment dispersal patterns in the Trinidad
basins were consistent with changes across northern South America related to the
uplift of the northern Andean mountains, including the Caribbean Mountains. The
results suggest t hat mo st of Trinidadod
active margins with greater lithic input and detrital clays. It is interesting that no
hydrocarbons have yet been found within the clean, quartzose Paleogene passive
margin sandstones.
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Figure 1 Compilation of modal framework and heavy mineral percentages from modern
sands and ancient sandstones in north-eastern South America, into heavy mineral
associations representative of different provenance domains. Note the separation of zircon
from the main graph as depicted in the legend. Arrows indicate sediment transport
direction.
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Composition and Provenance of Cenozoic Siliciclastic Depositional Systems
Supplying the Eastern Black Sea

Stephen J. Vincent', Andrew C. Morton'?, Fiona Hyden®, Bill Braham®

'CASP, University of Cambridge
’HM Research

*0il Quest Ltd

*Consultant stratigrapher

Reservoir quality is a key uncertainty for hydrocarbon geologists in the Black Sea.
Petrographic data from the proximal, onshore components of depositional systems that
supplied the Eastern Black Sea have been analysed in Georgia, Russia and Ukraine.
Sandstone compositions vary from quartz arenites with ~95% quartz to lithic arenites
with up to 90% volcanic rock fragments. These data can help delineate depositional
systems with differing reservoir potentials, although it is only when they are integrated
with sediment provenance studies that a thorough assessment can be made. For
instance, once the sediment source area for a particular depositional system has been
established, field observations and analysis can constrain likely variations in sediment
flux from this source area and thus its relative importance within the Eastern Black Sea
basin fill through time.

In the Eastern Black Sea region, three main source areas have been identified that
were capable of supplying quartz-rich sediments during the Cenozoic; the Russian
Platform, western Greater Caucasus and Dziruli Massif. These have been
distinguished by field mapping and sedimentological analysis, standard heavy mineral
analysis, single mineral grain geochemistry and U-Pb zircon dating. Furthermore, the
controls on variations in sediment composition derived from the western Greater
Caucasus have been investigated through the analysis of reworked palynomorphs.
This indicates that different stratigraphic units were reworked along the length of the
range during Greater Caucasus Basin inversion.

Provenance work is ongoing in Turkey, Bulgaria and Romania in order to expand the
geographic scope of this research.
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Keynote Speaker: A Geochronological Perspective of the Temporal Sensitivity of
Detrital Archives.

Andrew Carter, Department of Earth and Planetary Sciences, Birkbeck, University of London

Geochronology and thermochronology studies of basin sedimentary rocks are
increasingly used to understand sediment provenance and the connections and
feedbacks between tectonics and surface processes that drive and moderate
particulate fluxes, useful for predicting reservoir extent and quality. Such approaches
can only work if the original chronological fingerprint has been preserved and there is
no significant lag between perturbation and response. Hence interpretations depend
on understanding the sediment routing system, transport times and how erosional
systems respond to variations in climate or tectonics. Sediment flux can rapidly adapt
to changes in precipitation rates driven by climate changes due to isostasy but
theoretical considerations based on simplifying diffusion models show that only short
(< 300km) transfer systems will produce a sediment record in tune with the changes.
Landscape responses to tectonic perturbations mostly take longer and are therefore
less likely to be in equilibrium even for 100 ka timescales. Indeed for large orogenic
belts sediment flux rates can take several million years to stabilise following a shift in
tectonic accretion rate. Such issues present a challenge to reading basin sediment flux
changes and requires the application of a range of techniques and research strategies
that enable comparison between basin sediment provenance and hinterland erosion
histories. Examples from basin studies in Europe and Asia will be used to illustrate
different influences on basin sediment flux and provenance signals.

December 2011 #SedProv11l Page 16



Sediment Provenance Studies in Hydrocarbon Exploration & Production

NOTES

December 2011 #SedProv11l Page 17



Sediment Provenance Studies in Hydrocarbon Exploration & Production

3D Stratigraphic Modeling and Sensitivity Analysis of Climatic and Tectonic
Forcings in a Coupled Catchment i Fan System

Mathieu Ducros, Elodie Heckenmeyer, Sébastien Rohais, Mathieu Feraille, Didier Granjeon,
IFP Energies nouvelles, 1-4 avenue de Bois Préau, 92852, Rueil-Malmaison Cedex, France

The link between basinal sedimentation and hinterland tectonics is a key question for
both academic (e.g. climate record in sedimentary basin) and industrial purposes (e.g.
sediment dispersal patterns and reservoir distribution). Because of their location at
catchment outlets, alluvial fans represent a good potential record of the erosional
dynamics of the landscape as well as their tectonic or climatic perturbation. They are
thus the first key milestone to characterize for understanding the relationship between
sedimentary basin and hinterland dynamics.

Recently, coupled catchment-fan systems have been studied using many approaches
such as fieldwork (e.g. Whittaker et al., 2010), experimental modelling (e.g. Rohais et
al., 2011) or numerical modelling (e.g. Armitage et al., 2011), proposing key results
and concepts in the comprehension of stratigraphic record of a climatic or tectonic
perturbation in sedimentary architectures. They highlighted questions such as i How
can we transpose experimental and numerical results to natural alluvial fan? i What is
the sensitivity of the coupled catchment-fan system to a forcing, in nature, in
amplitude, in duration? We address these questions using a new workflow based on
industrial software widely use in petroleum exploration.

Based on present day alluvial fan examples (China, Spain) we design all the input
parameters for 3D stratigraphic modelling such as the rainfall rate, uplift rate, grain
size, erosion rate, diffusion coefficient, scale. Starting from dynamic equilibrium, when
sediment supply and fan slope are almost constant, we study the impact of tectonic
and climatic changes within the catchment in terms of sediment supply and related fan
dynamics by varying either the uplift rate or rainfall rate to a new value. The erosional
perturbation induces characteristic dynamics of both the sediment supply (Qs) and the
ratio between the sediment (Qs) to water (Qw) supply, which has a direct impact on
the transport capacity. This results in univocal fan dynamics with regard to the forcings.

We then characterized the response of the coupled catchment-fan system using
sensitivity analysis software, for several model sizes, amplitude and duration of the
forcing. It provides simple laws that can be adjusted to one particular example, and
tested for inverting the stratigraphic record.
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Single Grain Rutile and Zircon U-Pb Geochronology in Sedimentary Provenance
Research - Analytical Advances and its Applications to Sedimentary Basin
Evolution

Randall R. Parrish™?, Laura Bracciali*®, Yani Najman®

1Department of Geology, University of Leicester
’NERC Isotope Geosciences Laboratory, British Geological Survey, Keyworth, Notts, UK
®Lancaster Environment Centre, Lancaster University, Lancaster, UK

Single grain zircon geochronology is a powerful tool that has provided a rich dimension
to the study of sediment provenance in fields as diverse as Precambrian sedimentary
rock dating, reconstruction of orogens and continental configuration, sedimentary basin
evolution and stratigraphic correlation, orogen exhumation studies, and even sourcing
windblown dust or ice rafted debris of oceans e di ment s . Because of zir
characteristics, it often preserves multiple age zones that can only be observed by
electron microscopy and which can complicate the interpretation of standard single
grain zircon U-Pb data. In addition, zircon can survive metamorphism and melting,
and multiple sedimentary erosion and deposition cycles; therefore its interpretation as
a fingerprint of sediment source can be ambiguous, especially if that source consists of
a complex assemblage of polygenetic continental rocks. The ability to confidently
identify a source of sediment relies critically upon a set of source characteristics
preserved in the single detrital mineral grains. The isotopic U-Pb age of zircon alone,
however, is often not a diagnostic proxy or fingerprint of source regions.

In order to more confidently identify sources regions and assist in the reconstruction of
a basinbés depositional history, one needs to ¢
dating and use a more effective approach that includes other detrital minerals. We
have developed an approach of imaging (using cathodoluminescence SEM methods)
and subsequently dating the multiple zones of zircon, in particular any very thin
external growth rims i which are most likely to record the most recent events in the
orogen from which the zircon was eroded. In addition to zircon, we have developed
the rapid U-Pb dating of single grains of rutile (TiO,) from the heavy mineral suite to
complement zircon. Rutile U-Pb ages primarily indicate the time since the last
significant metamorphism or cooling below ~500°C within the orogen that generated
the rutile-bearing rocks. Rutile therefore adds an important lower-temperature
complement to zircon ages, and together comprises a much more unique isotope
fingerprint of the source region than standard zircon data. This approach should allow
more confident interpretations of sedimentary provenance signals, and permit more
sophisticated basin reconstructions.

The analytical measurement of rutile U-Pb ages is routine using LA-ICP-(MC)-MS with
high sensitivity instrumentation. It has comparable age precision (~t 2-4% of U-Pb
age) to zircon for grains with >20ppm U, a concentration found in >50% of all rutile
grains in sediments we have examined. With its simpler geological interpretation, its
lack of age and growth zoning, and the rapid analysis by LA-ICP-(MC)-MS, rutile is an
ideal but under-exploited mineral in this field of applied research, with considerable
potential in the hydrocarbon industry. Examples of this combined approach will be
presented in this talk.
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Keynoter Speaker: Provenance Studies in Indonesia and Malaysia

Robert Hall, SE Asia Research Group, Department of Earth Sciences, Royal Holloway
University of London, Egham, Surrey, TW20 OEX, UK

Sedimentary provenance studies in SE Asia are in their early days and only ten years
ago there were very few in Indonesia and Malaysia. Their results are proving very
useful for our tectonic understanding of the region. They give information which is
otherwise hard to obtain about areas that were emergent, and provide valuable
insights into timing and patterns of sediment supply to basins. Both factors are
important in hydrocarbon exploration. In addition, provenance work is providing
important information about the age and nature of the basement, particularly from
studies using zircons.

Most of the provenance studies that have been carried out have are those by the SE
Asia Research Group in London, complemented by a small number of others. In such
a large region it is not unexpected that it was initially difficult to understand the
meaning of all our results, but although there are still many puzzles we are also seeing
patterns that can now be interpreted with confidence. These will be highlighted, noting
especially surprises and differences from previous ideas about regional development.

Although the region is well-known for its volcanic history the abundance of volcanic
quartz has been largely overlooked and there has been a common assumption that
quartz-rich sediments indicate a continental provenance. In some areas this is not the
case. Light and heavy mineral studies often use models that were developed in
temperate climatic settings. These are undoubtedly important but in the tropics
different rules apply and conventional models can mislead. Mineral assemblages are
modified in tropical settings, but some supposedly unstable minerals are more
common than might be expected. In some cases this is the result of high rates of
erosion, transport and deposition but it may also reflect a relatively limited
understanding of mineral stability in tropical settings.

Zircon dating studies suggest that there is much more continental crust at depth in
areas previously identified as accreted arcs, ophiolites and melange, and some is
significantly older than expected. Most of this crust came from Gondwana at different
times and means that Indonesia provides detrital zircons with ages that resemble
those from Australia. In eastern Indonesia this has added to the tectonic confusion.
Most Early Archaean zircons originated in West Australia but there are a few areas
where an Australian-origin explanation is problematical. Permian and Triassic zircons
came mainly from the Tin Belt, but some originatedintheBi r d6s Head of New G
and some probably came from Australian fragments accreted to SE Asia in the
Cretaceous. Jurassic zircons, when abundant, generally indicate a Cathaysian origin.
Most Cretaceous zircons originated from the Schwaner granites of Borneo, with a
contribution from the Malay peninsula and Sunda shelf granites. Cenozoic zircons can
usually be matched with known nearby arcs, but in some areas of arc activity expected
volcanic detritus is not found, and in other areas zircon ages cannot be matched to
known arc activity.

Provenance work has already proved valuable in changing ideas and offering new
insights. Many more studies are required because only with a much larger data set will
we acquire a good understanding of the emergent terrestrial source areas that leave
so little record.
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Recognising Sediment Source Areas of a Transgressive Coastal Plain: The
Barito Basin, Southeast Kalimantan, Indonesia.

Duncan Witts, Robert Hall, Southeast Asia Research Group, Royal Holloway University
London, Surrey TW20 OEX.

The Barito Basin is located in southeast Kalimantan, Indonesia. It contains a thick, and
well exposed sedimentary succession that records different processes influencing the
basin since its formation in the early Cenozoic, that include changes in climate,
tectonics, sea level and sediment source.

Over the past fifty years, the Barito Basin has been the subject of numerous studies as
a result of its long history of coal, oil and gas exploitation. However, these previous
studies have produced an array of conflicting models for the basin, with considerable
disagreement on the age and depositional environments of the sedimentary
succession and nomenclature used to describe it. The provenance of sandstones,
some of which are proven hydrocarbon reservoirs, has never been investigated, thus
sediment source areas have never been identified. A robust stratigraphic framework
and a clear understanding of the sedimentary succession and its sources are needed,
not only for academic interest, but for effective economic evaluation of subsurface
hydrocarbons and associated reservoir potential.

Part of an extensive study of the Barito Basin sedimentary succession is presented,
focussing on the Tanjung Formation. Field observations and new biostratigraphic data
have provided a robust stratigraphic framework. Depositional environments and
sediment dispersal patterns have been determined from facies analysis and
palaeocurrent data, and sediment source areas have been identified from detrital
modes of light minerals and lithic fragments, heavy mineral assemblages and U-Pb
dating of detrital zircons. The data have enabled the succession to be correlated where
possible with regional tectonic events and climatic and eustatic fluctuations.

The Tanjung Formation represents the oldest part of the Barito Basin succession and
records the earliest stages of basin formation in a largely terrestrial tropical setting,
followed by a complete transgression to shallow marine conditions. Palynomorph
assemblages have dated the oldest part of the formation as late Middle Eocene, in
contrast to some previous estimates that include Late Cretaceous and Paleocene.
Foraminiferal assemblages have dated the top of the formation as late Early
Oligocene. A significant part of the Tanjung Formation has previously been regarded
as deltaic. Field evidence however, conflicts with this interpretation. Twenty lithofacies
have been defined, and assembled into four facies associations: TFA1 - alluvial
braidplain, TFA2 - fluvio-tidal coastal plain, TFA3 - lower coastal plain and estuarine,
and TFA4 - estuarine to shallow marine. The characteristics and stratigraphic
organisation of these associations suggest a tidally-influenced fluvio-tidal coastal plain
undergoing transgression. Correlation with global sea level curves suggests the
transgression was driven largely by eustatic change, with relatively minor tectonic
influence.

During the deposition of the Tanjung Formation, the Barito Basin was essentially flat,
more or less at sea level, and was affected by tidal processes from a very early stage.
This is recognised by the presence of laterally extensive coals, and the abundance of
tidal signatures throughout the formation, such as bi-polar palaeocurrents, synaeresis
cracks, mud drapes, the presence of Paleophycus heberti, Teichichnus and
Psilonichnus upsilon, and inner neritic larger foraminifera. Palaeocurrent data indicate
sediment was being transported into the coastal plain by a river system flowing
towards the north. The rivers comprised fluvial channels of low sinuosity and smaller,
sinuous tidal channels and estuaries
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and the fluvial system had a strong flood cycle, as recognised by the thick successions
of overbank deposits.

The rivers were transporting sediment from the Schwaner Complex in the west and the
Karimunjawa Arch in the southwest, as indicated by provenance work. The sandstones
are texturally immature, yet compositionally mature which is relatively unusual. Light
minerals other than quartz and quartz-rich lithic fragments are essentially missing from
the sandstones, and heavy mineral assemblages are dominantly stable and ultra-
stable species such as zircon and rutile. This discordance between texture and
composition is interpreted to be the consequence of tropical processes which can
strongly alter the composition of sandstones by the systematic removal of unstable
minerals and lithic grains. There is no evidence to suggest the sandstones were
derived from distant sources. In addition, identifying the Karimunjawa Arch as an
important source indicates the arch was elevated during the Eocene and acting as a
barrier to transport from inland areas of Sundaland.

These data conflict with previous suggestions of a northwestern source for the Tanjung
Formation, and need to be considered in conjunction with facies interpretations when
developing regional reconstructions. The data also provide a new insight into
hydrocarbon plays and in the prediction of reservoir geometries, compositions and
quality.
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Detrital Zircon from the Banda Arc: Insights into the Palaeogeographic
Reconstructions

Inga Sevastjanova, Robert Hall, SE Asia Research Group, Royal Holloway University of
London, Egham, Surrey, TW20 OEX, UK

1. Introduction

The Banda Arc is composed of volcanic inner arc, outer arc islands and a trough
parallel to the Australian continental margin which curves in horse-shoe shape around
the Banda Sea. Being the source of the latest plate tectonics discoveries and having
high hydrocarbon potential, it is the focus of active scientific debate.

2. Geological Background

Most authors agree that in the south, in Timor, the arc was produced by the collision
between a volcanic and Australian continental margin. Fragments of continental crust
in the Banda arc are unequivocally known to be of Australian origin; however their
ages of rifting and collisions remain controversial. Hall (2011) suggested that Jurassic
rifting of the Banda and Argo Blocks from the Australian margin produced a continental
promontory, the Sula Spur. Fragmentation of this spur in Neogene is responsible for
the present day complex distribution of the continental crust in the Banda Arc (Hall,
2011). Hall (2011) suggests that the Banda Block is now in SW Borneo. This
interpretation is  dramatically different from traditional palaeogeographic
reconstructions (e.g. Wakita and Metcalfe, 2005) that treat SW Borneo as a part of
Cathaysia (see Table 1).

3. Aims

This study aims to provide detrital zircon age data that will help to resolve arguments
between the existing models for the Banda Arc. In order to achieve this, U-Pb ages
and Hf isotope analyses were collected from two Karimunjawa Arch (SW Borneo
Block) and four Seram (the Banda Arc) Permian-Triassic sandstones samples. These
data were then compared with published detrital zircon U-Pb ages from Timor and
Sawvu Islands (e.g. Zobell, 2007, Ely, 2009) and potential zircon source areas (e.g.
Chen et al., 2011; Neumann and Fraser, 2007, Southgate et al., 2011,van Leuween et
al., 2007; Zhu et al.,2011) inferred from the existing reconstructions (Table 1).

4. Preliminary results and Discussion

Analysed samples yield Paleoproterozoic, Mesoproterozoic, Neoproterozoic-Cambrian,
minor Ordovician-Silurian, Devonian and Permian-Triassic detrital zircon U-Pb age
populations. Zircon U-Pb ages in samples from the Karimunjawa Arch are similar to
those from Seram, suggesting derivation from similar source areas. Similar 17eHf/177Hfi
ratios of these zircons support this suggestion. Mesoproterozoic zircons present in the
Karimunjawa Arch are uncommon on the Cathaysian Blocks (e.g. Chen et al., 2011;
Zhu et al., 2011). This provides evidence against the Cathaysian affinity for the SW
Borneo Block. Triassic zircons are more abundant in the Karimunjawa Arch.
Traditionally Permian-Triassic zircons in SE Asia are interpreted as derived from the
Tin Belt granitoids in the Thai-Malay Peninsula. However, this remote source is
unlikely for the Banda Arc sandstones. Instead these zircons suggest existence of a
local Permian-Triassic zircon source in Eastern Indonesia and/or on the NW Shelf.
This suggestion is further reinforced by recent discoveries of Triassic detrital zircons
on the Exmouth Pl ateau (Southgate et
(Gunawan, 2011).
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Age, Character and Provenance of the Clastic Tipuma Formation, West Papua,
Indonesia: New Insights from Detrital Zircon Dating

Indra Gunawan, Robert Hall, Michael A. Cottam, Southeast Asia Research Group, Department
of Earth Sciences, Royal Holloway University of London, Egham, Surrey, TW20 0EX

The Tipuma Formation of West Papua, Indonesia is a potentially important reservoir.
l'ts sedimentation may record parts of t
several phases of rifting. Little is known about the composition of the formation or
variations in |ithologies, and nothing

region of West Papua is underlain by Australian continental crust and has a relatively
complete stratigraphy from Palaeozoic to Recent. The region is surrounded by active
or recently active tectonic zones. GPS measurements and seismicity indicate that at

he

regi

k no\

present the Birddéds Head is moving independentl

The Tipuma Formation is dominated by red to cream well-bedded mudstone,
sandstone and conglomerate. It rests unconformably on the Kemum Formation and is
overlain by the Cretaceous Jass Formation, with a total thickness of 90-150 m. The
formation was deposited in a terrestrial fluvial system. Sandstones are generally
compositionally and texturally immature, dominated by quartz and lithic fragments with
angular to sub-rounded shape. Volcanic quartz was also found within the sequence.
Overall, the modal composition of the Tipuma Formation shows a transitional recycled
orogenic and transitional arc character with only two samples that have a continental
character. It is difficult to assess the true age of the Tipuma Formation due to the
absence of fossils, and the suggested Triassic age is based solely on its stratigraphic
position.

Detrital zircons from nine samples of the Tipuma Formation were dated using Laser
Ablation ICPMS to estimate the age of sedimentation and to identify major sediment
sources. The formation is divided into Lower, Middle, and Upper Members. The Lower
Member has Triassic, Permian, and Carboniferous age populations, and Proterozoic
peaks. Phanerozoic ages in the Middle Member are mainly Triassic to Carboniferous
with a few Ordovician grains. The most important age populations are Permian and
Carboniferous. The Middle Member has an important Precambrian population in the
Paleoproterozoic, with a single Archaean zircon (3266+24 Ma), which is the oldest
radi ometric age ever reported émberof Tipuma
Formation has important Middle Triassic and Late Permian populations, with other
significant populations in the Carboniferous, Devonian, Silurian, and Ordovician.
Precambrian ages include Neoproterozoic, Mesoproterozoic, and Paleoproterozoic
populations. Based on these zircon age data the maximum depositional ages for the
Lower, Middle, and Upper members of the Tipuma Formation are ca. 214 Ma, 229 Ma,
and 205 Ma respectively.

The Tipuma Formation has a complicated history contrary to the popular belief that it
was deposited in a simple continental block setting. The geochronological results
suggest that the Tipuma Formation was deposited during the Late Triassic. Data show
no strong evidence for the rifting event suggested by previous workers. The Upper and
Lower Members are dominated by Late Triassic subhedral zircons, overwhelming or

masking any ol der popul ations, and suggesting

during the deposition of these units. The absence of Late Triassic zircon ages 1 and
the abundance of older zircons i in the Middle Member suggests there was a
cessation in the volcanic activity during its deposition. Local intrusive bodies and
volcanic rocks outcropping to the north of the Tipuma Formation represent a possible
source of sediment, but there is no provenance work and little geochronological
information available for this area. Sediment derived either or indirectly from the
Australian continent for the older zircons is another possibility

December 2011 #SedProv11l Page 30



Sediment Provenance Studies in Hydrocarbon Exploration & Production

NOTES

December 2011 #SedProv11l Page 31



Sediment Provenance Studies in Hydrocarbon Exploration & Production

Provenance of Neogene Sandstones, Sabah, Northern Borneo

Simon Suggate, SE Asia Research Group, Department of Earth Sciences, Royal Holloway
University of London, Egham, Surrey, TW20 OEX, UK

The Early Miocene Sabah Orogeny uplifted, deformed and exposed pre-Neogene
rocks in northern Borneo. Post-TCU (Top Crocker Unconformity) Neogene
sedimentary rocks of the Kudat, Tanjong, Sandakan, and Bongaya Formations were
deposited in fluvio-deltaic to shallow marine environments in Sabah.

The majority of Neogene sandstones are compositionally and texturally mature, have a
quartzose recycled orogenic source, and ultrastable heavy mineral assemblages
dominated by zircon, tourmaline and rutile. An exception is the oldest member of the
Kudat Formation, which is compositionally and texturally immature, has a mixed and
dissected arc provenance, with heavy mineral assemblages dominated by euhedral
and subhedral zircons and garnets.

Petrographic data, garnet analyses and U-Pb geochronological studies of the
sandstones indicate multiple sediment sources. LA-ICPMS U-Pb ages from detrital
zircons reveal a spread of ages from Proterozoic to Early Miocene, with the majority
being Mesozoic. The most significant clusters of ages are Cretaceous, Jurassic and
Permo-Triassic.

The Rajang and Crocker Groups were the principal sources throughout the Neogene
for the Tanjong and Sandakan Formations in eastern Sabah, to the offshore basins in
western Sabah, and contributed to the Kudat Formation of northern Sabah. Sediments
were derived from recycled pre-Neogene sedimentary rocks which were ultimately
derived from the Schwaner Mountains on Borneo and the Malay-Thai Tin Belt
Granites, with some input from northern Borneo ophiolitic basement, and Cenozoic
volcanic rocks.

In contrast, during the Early Miocene, granites and metamorphic rocks of the Palawan
Microcontinental Block contributed significant amounts of sediment to the oldest
member of the Kudat Formation. The Jurassic zircon population indicate a South
China source. A new garnet compositional database compiled from the literature to
help identify the provenance of detrital garnets supports the derivation of garnets from
Palawan.
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An Isotopic and Geochemical Multi-Technique Approach to Provenance Studies;
A Case Study in the Bengal Basin, Bangladesh (With Cairn Energy PIc)

Yani Najman®, M.J Bickle?, M. BouDagher-Fadel®, A. Carter®*, E. Garzanti®, M. Paul®, J.
Wijbrans7, E.Willett®, G. Oliver®, R. Parrish'®, S. Akhter', R. Allen', S. Ando®, E. Chistys, L.
Reisberg®, G.Vezzoli®

1Dept of Environmental Science, Lancaster University, Lancaster, LA1, 4YQ, UK

2Dept of Earth Science, Cambridge University, Downing St., Cambridge CB2 3EQ, UK

3Dept of Earth Sciences, UCL, Malet St, London WC1E 7HX, UK

4Dept of Earth Sciences, UCL-Birkbeck, Malet St, London WC1E 7HX, UK

*Dip Geologiche e Geotechnologie, Universita Milano-Bicocca, Piazza della Scienza 4, 20126
Milano, Italy

®Centre de Pétrographiques et Géochimiques, CNRS UPR2300, BP 20, 54501 Vandoeuvre-
Les-Nancy Cedex, France

7Dept Isotope Geology, Vrije Universiteit, De Boelelaan 1085, 1081 Amsterdam, Netherlands
8Cairn Energy plc, 50 Lothian Rd, Edinburgh, EH3 9BY, UK. (Willett now at Bowleven PIc)
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NIGL, BGS Keyworth, Nottingham NG12 9GG, UK and Dept of Geology, Leicester University,
UK

“Dept of Geology, University of Dhaka, Curzon Hall Campus, Dhaka 1000, Bangladesh

A researcher undertaking a provenance study on a sediment is confronted with a
myriad of techniques which may be suitable; isotopic or geochemical based, applied to
bulk (whole) rock or single grain, the latter with potential for more than one technique
to be applied to the same crystal. Cost and time constraints also need to be factored in
when choosing a suitable approach. This presentation illustrates the considerations
taken to determine a suitable approach to documenting the first arrival of Himalayan
material into the Bengal Basin, a multi-technique provenance study on core and
outcrop samples in collaboration with Cairn Energy.

The rationale behind this study is two-fold. From an academic perspective, a
knowledge of when Himalayan material was first eroded is critical to understanding
crustal deformation processes and to testing the proposed link between Himalayan
evolution and changes in global climate ocean geochemistry. Whilst most people are in
agreement that the Neogene deposits in the Bengal Basin are Himalayan-derived, the
product of deposition from the Ganges-Brahmaputra rivers, the origin of the
Palaeogene sediments is disputed, with suggestions of provenance from the Indian
craton to the west, the Himalaya to the north, and the Indo-Burman ranges (IBR) to the
east all proposed. From an industrial perspective, Cairn Energy are interested in
palaeogeographies, in particular sediment pathways and routing.

The first issue considered was whether the potential source terrains which may have
contributed detritus to Bengal Basin sediment i.e. the Himalaya, Indian craton and Indo
Burman Ranges were adequately characterised and whether their signatures were
sufficiently distinct from each other that the material could be recognised and uniquely
identified in the sediment. Also, it needed to be considered whether the signatures of
the source regions seen today are the same as they would have been at the time the
sediment in question was deposited, or whether subsequent metamorphism had
altered the signature. If characterisation of source areas was deemed insufficient, this
first needs to be rectified. Analysis of modern river sands draining the source areas is
an efficient method of gaining representative grains, usually more efficient than
analysing numerous bedrock samples, if the source regions are heterogenous. In this
project, numerous published Himalayan bedrock data, typified as reflecting largely
Proterozoic Indian crust  with large parts affected by Cenozoic Himalayan
metamorphism, were complemented by additional analyses, where appropriate, from
Brahmaputra modern river sand in order to isotopically and geochemically characterise
the Himalayan potential source terrain. Due regard was taken of the fact that much of
the rock at surface today in the Himalaya has been influenced by Neogene
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metamorphism which occurred after deposition of the studied Bengal Basin sediment.

Indian craton signature is typically considered to reflect Archaean crust, yet our

analyses from modern river sand reflected the Proterozoic signature of the

Chotanagpur Mobile belt. Published data from bed rock and river sands draining the

sedimentary Paleogene Indo-Bur man Ranges reflected the | BR®
Cretaceous Burmese arc to the east.

The isotopic / geochemical characterisation of the three potential source regions then
allowed us to choose techniques which permitted maximum discrimination between
source signatures. We chose a multi-technique approach since, unless the drainage
basin is relatively simple and/or the potential contributing source rocks easily
distinguished in terms of composition or age (not the case in this study) application of a
single technique often cannot adequately distinguish between all sources. Decisions
on whether bulk rock or single grains should be analysed were also taken. Whilst bulk
rock analysis, usually of mudstones, provides a good average of what has been
contributed to the basin, the signature obtained will likely be an average due to mixing
of more than one source, and subordinate contributions may be masked. By contrast,
single grain analyses overcome these limitations, and double or triple dating
techniques on the same grain allow maximum information to be derived. However,
single grain techniques are dependent on the mineral phase analysed actually being
present in all the potential source terrains. The number of analyses to be undertaken is
always a compromise when time and cost considerations need to be taken into
account. How many grains are needed to adequately characterise a sample? Most
workers consider 100 grains to be ideal, but 50 grains are often analysed either due to
lack of availability of grains, or time / cost considerations. If the presence of a specific
signature is needed to determine a provenance, obviously analyses can be terminated
once this signature is found and replicated. However, if absence of a signature is
required, then considerably more analyses must be undertaken for the interpretation to
be robust.

We used a range of techniques to determine the provenance of the sediments, firstly
dating them using biostratigraphy, complemented with maximum age constraints
gained from detrital mineral isotopic ages. Seismic data helped determine sediment
input directions to the basin. Petrography and heavy mineral data allowed first order
differentiation between the arkosic signature of a craton vs the metamorphic orogenic
signature of the Himalaya, vs an igneous lithics-rich signature of the IBR. U-Pb dating
of zircon, Sm-Nd and '*’0s/**®0Os isotopic analyses on mudstones did not allow
differentiation between the Precambrian Himalaya and the craton of similar age and
composition, but did allow distinction between these two sources and IBR material
derived from the juvenile Cretaceous Burmese arc. Ar-Ar dating on white micas and
zircon fission track dating allowed discrimination between the Indian craton, and the
Himalaya which has been metamorphosed during the Cenozoic. Cr-spinel
geochemistry allowed determination as to whether the grains had been derived from
the Deccan Traps of the craton, or from Himalayan ophiolites.

Finally, the effect of diagenesis needs to be taken into account. Changes seen
upsection in a core, or absence of a certain mineral may be the result not of changes
in the detritus being contributed to the basin, but post-depositional diagenetic
alteration. In this study, detailed examination of grain morphology pointed towards
significant diagenetic alteration and preferential dissolution of minerals in this wet and
humid environment. Thus petrographic and heavy mineral data were treated with
caution.

Combining these techniques, we concluded that the 38 Ma and younger Baralil
Formation represents the earliest significant input of Himalayan derived material
preserved in the Bengal Basin, and lag time data (defined as the difference between a
detrital mi neral 6s cool ipogtionalgge) showed thatrapid host se
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exhumation of the source region was occurring by 38 Ma. By this time, major
sediment routing was therefore from the north, from the rapidly exhuming orogen,
rather than from the east or west as also proposed. This is the earliest record of
significant erosion from the southern flanks of the eastern Himalaya, 17 My older than
previously recorded, in Nepal. Discovery of Himalayan detritus in the Bengal Basin
from 38 Ma: 1) resolves the discrepancy between the lack of erosional evidence for
Paleogene crustal thickening that is recorded in the hinterland; 2) invalidates those
previously proposed evidences of diachronous collision which were based on the tenet
that Himalayan-derived sediments were deposited earlier in the west than the east; 3)
enables models of Himalayan exhumation (e.g. by mid crustal channel flow) to be
revised to reflect vigorous erosion and rapid exhumation by 38 Ma, and 4) provides
evidence that rapid erosion in the Himalaya was coincident with the marked rise in
marine ®'Sr/*°Sr values since ~40 Ma. Whether 38 Ma represents the actual initial
onset of vigorous erosion from the southern flanks of the east-central Himalaya, or
whether older material was deposited elsewhere, remains an open question.

Our ongoing studies are now concentrated on the Neogene sediments of the Bengal
Basin, using the sediment record to determine the timing of proposed river capture of
the Yarlung Tsangpo by the Brahmaputra River, and to constrain the timing of uplift of
the Shillong Plateau and the influence of that uplift on palaeodrainage and sediment
routing i see conference abstract and poster by Laura Bracciali et al, for more details.
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Influence of Sediment Provenance and Grain Size on Heavy-Metal Distribution in
a Holocene Alluvial and Coastal System (Southern Po Plain, Italy)

Alessandro Amorosi, Department of Earth and Environmental Sciences, University of
Bologna, Italy

Reliable quantitative estimates of source-to-sink sediment transfer from multi-sourced
sedimentary successions require that high-resolution stratigraphic studies be coupled
with accurate reconstructions of spatial and temporal variability of the sediment-routing
system through time. Source-to-sink patterns from river catchments to the deltaic and
coastal system are reconstructed from the Holocene succession of southern Po River
Basin on the basis of the natural distribution of trace metals in sediments.

Approximately 700 study sites and 28 distinct river basins south of Po River were
subject to integrated sedimentological, geomorphological, soil and geochemical
investigation. Two sets of samples were collected for each site, at depths of 20-30 cm
and 120-130 cm, respectively, for a total of 1,400 samples. Bulk samples were
analyzed by means of both X-ray fluorescence and aqua-regia inductive coupled
plasma mass spectrometry. Comparison with hundreds of data from about 20
continuously-cored boreholes, 30 to 170 m deep, allowed precise identification of the
background levels of selected potentially toxic metals (Cr, Ni, Zn, Cu and Pb) for each
river basin.

Differences in terms of trace-element chemistry between the study samples are

primarily related to differences in sediment provenance, and thus can readily be used

for discrimination of separate sediment pathways. Sediment supplied to the delta by

Po River and four out of its Apenninic tributaries (Trebbia, Nure, Arda and Taro rivers)

exhibits very high natural background levels of Cr and Ni, which invariably exceed the

threshold limit values for unpollut e d sites. These 6anomal ous
concentrations are shown to reflect, instead, remarkable sediment contribution from

ultramafic parent rocks cropping out in specific catchments of the Western Alps and

NW Apennines (ophi ol i tLiicguadmml euxne st skbnawn na sc odn |
drainage basins are ophiolite-free and consist almost entirely of monotonous turbidite

successions (Marnoso-arenacea Formation), significantly lower Cr and Ni contents are

recorded at distal locations, within alluvial plain and coastal plain deposits.

Heavy-metal distribution in the study area is not controlled uniquely by source-rock
composition, and spatial changes in the proportion of other metals appear to reflect
primarily variations in grain size of the host deposit (i.e., depositional facies). For a
given provenance domain, each individual facies association is observed to be
fingerprinted by peculiar geochemical composition. Specifically, detailed analysis of
seven alluvial and coastal facies associations for their heavy-metal contents show
consistently distinct, and easily predictable, geochemical properties for each
sedimentological unit. Metal concentration in alluvial and deltaic sediments appears to
be related with the proportion of clay, fine-grained (floodplain, swamp, interdistributary
bay/lagoon) deposits invariably showing higher values than their coarse-grained (fluvial
channel, crevasse/levee, distributary channel and delta front) counterparts.

The different hydrodynamic behaviour of suspended versus bedload sediment and,
more in general, the effect of hydraulic sorting during transport and deposition are
shown to be the dominant factors controlling the natural spatial distribution of other
metals, such as Zn. In addition to sediment provenance and grain size, processes of
soil formation and development may play a fundamental role in determining the
geochemical composition of sediments, through selective metal enrichment or
depletion. A mixed influence of grain size and degree of soil weathering is observed to
influence the natural distribution of Cu and Pb.
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Geochemical characterization of individual sedimentological units in terms of their
natural metal contents results in the construction of a new type of (geologically-
oriented) geochemical map. This map, which is largely based on the identified
sediment pathways and facies associations, offers a more reliable depiction of the
spatial distribution of background levels than interpolation techniques based uniquely
upon statistical methods.

From a (sequence-) stratigraphic perspective, geochemical fingerprinting of facies
associations framed by surfaces of chronostratigraphic significance is shown to
represent an invaluable approach towards mass-transfer calculations and the accurate
guantitative assessment of sediment storage, as opposed to volumetric
reconstructions based on lithological or geometrical criteria alone.
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Keynote Speaker: The Ins and Outs of Drainage Basin Provenance and Source-
To-Sink Analysis in Sedimentary Basins

Steven Bergman®, Calum Macaulay’, Tom Taylor', Tim Diggs®, John Decker?

'Shell International Exploration & Production, Houston, TX 77025
’Niko Asia Ltd, 12510 Indonesia

Sedimentary basins receive sediment from a variety of sources. An understanding of
these sources is required for many aspects of resource exploration, including
petroleum systems, basin modeling, and depositional systems analysis. Much
attention has been devoted to the thermochronology and chemistry of detrital
sedimentary rock constituents to constrain the nature and unroofing history of
hinterland source regions and their tectonic evolution. Whereas these data provide
important constraints for basin evolution and the tectonic evolution of hinterlands,
ambiguities may arise if the source complexities are not properly evaluated. Case
studies from widely spaced parts of Mesozoic and Cenozoic North American
Cordilleran forearc and foreland basins from North and South Alaska to the Gulf of
Mexico Coastal Plains will be presented to illustrate these concepts and how valuable
provenance information can be extracted from the sedimentary record. The data also
provide insights into diverse tectonic events that have impacted North American
Cordilleran basins, including magmatic belt, fold and thrust belt, strike slip margin, and
accretionary tectonic evolution. The integrated datasets include conventional
petrography as well as apatite and zircon fission track, “°Ar-**Ar, U/Pb, Rb/Sr, and
other geochemistry and geochronology data.

This talk also aims to separate the relative contributions of detritus internally derived
from within the drainage basin from those externally derived from outside the source

drainage basin, buil ding on t he oeresihcluger wor k
basement rocks and those overlying sedimentary rocks exposed at the surface within
the ITimits of source drainage basins whereas

outside of the drainage basin divides and include volcanic ash, eolian and other exotic
materials.
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Mass Balance Interpretation of Nd Isotope Composition of Detrital Sediments in
the Lower Cretaceous of the Scotian Basin

David J.W. Piper’, Georgia Pe-Piper’, Ben Daniels®

1Geological Survey of Canada (Atlantic), Bedford Institute of Oceanography, Dartmouth, Nova

Scotia, Canada

2Department of Geology, Saint Maryds University, Ha l
*Department of Earth Sciences, Waterloo University, Ontario, Canada

The study of detrital minerals provides good evidence for specific sediment sources
and thus transport routes. However, it is difficult to estimate the volumetric proportions
of sediment from different sources using mineralogical data, because many source
rocks lack abundant diagnostic minerals. We have carried out a scoping study to
assess the usefulness of Nd isotope determinations in making semiquantitative
estimates of the role of different source terranes in provenance studies.

A GIS geological map of Atlantic Canada was assembled from individual provincial
maps. Rock units were characterised by proportions of different lithologies. Nd isotope
determinations from the literature were assembled and the Nd isotope composition of
each rock unit was estimated. In this manner, the Nd isotope composition of detrital
sediment from any designated source area could be calculated.

Forty five shale samples and thirty sandstone samples from different parts of the
Scotian Basin and at different stratigraphic levels were analysed for Nd isotope
composition. In general, adjacent shales and sandstones show similar Nd isotopic
composition. Shales with significant content of volcanic ash (based on bulk
geochemistry) have relatively high syq values of -5, compared with a range of -6 to -13
for shales lacking abundant ash. Relatively high gyq values in some sandstones also
correlate with the presence of detrital volcanic clasts, of probable Cretaceous age.

A first order distinction of sources can be made between stratigraphic levels where
detrital minerals indicate a predominant source from the outboard Meguma terrane,
characterized by strongly negative gyg values (-11 to -14), and stratigraphic levels
where there is a higher proportion of supply from more inboard Appalachian terranes
with more juvenile igneous rock sources (gng Values typically -6 to -10). We continue to
work on linking the petrography of sandstone samples and the geochemistry of shales
to the Nd isotope composition, to understand factors that may perturb the Nd isotope
composition.

This approach has already demonstrated that Barremian to Aptian tectonic tilting of the
basin margin resulted in uplift of the Meguma Terrane along the Cobequid-Chedabucto
fault zone. In the Aptian, sediment supply from inboard terranes was completely cut
off, resulting in deposition of a basin-wide shale unit (Naskapi Member) that is an
important cap rock.

The presentation at the meeting will explore the promise and pitfalls of the method and
provide specific recommendations on how to effectively use Nd isotope data.
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Basin, arranged stratigraphically and geographically. Positions of rivers schematic, based on
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Integrating Geochronology of Muscovite, Monazite and Zircon with Bulk
Geochemistry and Varietal Detrital Mineralogy: Application to Cretaceous
Reservoir Sandstones of the Scotian Basin, Eastern Canada

Georgia Pe-Piper’, David J.W. Piper’

1Department of Geology, Saint Maryds University, Ha l
2Geological Survey of Canada (Atlantic), Bedford Institute of Oceanography, Dartmouth, Nova
Scotia, Canada

Sandy deltas prograded tens of kilometres seawards in the Early Cretaceous of the
passive-margin Scotian Basin, more than 45 million years after the onset of sea-floor
spreading. This was a result of increased sand supply compared with the early history
of the passive margin. These sandstones are the reservoir rocks for the producing
Sable gas fields.

Geochronology of detrital minerals provides a first-order assessment of the source of
detrital sediment. The detrital minerals muscovite, monazite and zircon have been
dated from different parts of the basin. Much of the stable zircon may be recycled
through older sedimentary rocks. Monazite is susceptible to chemical weathering and
muscovite to physical abrasion, so that they are preferentially derived from proximal
first-cycle sources. Almost all detrital muscovite grains are Late Paleozoic in age, with
those of Carboniferous age derived from basement metasedimentary rocks of the inner
continental shelf. Mass-balance calculations require a few hundreds of metres of
exhumation of the inner continental shelf during the Early Cretaceous. The paucity of
older ages results from abrasion during transport from older, more inboard
Appalachian terranes.

Most detrital monazite grains are Devonian, but Lower Paleozoic, latest
Neoproterozoic, Mesoproterozoic and Paleoproterozoic grains each make up about
10% of the total assemblage. Although monazite is relatively resistant to mechanical
abrasion, it is readily broken down chemically under acid conditions. Monazites were
classified according to whether they were euhedral, subhedral, rounded or irregular.
There is no systematic variation of morphology with age, except that euhedral grains
are over-represented in middle Paleozoic ages, characteristic of the outboard
Appalachians, and involving short transport distances. This variation indicates that
most monazite is of first cycle origin.

Most detrital zircon grains are of Precambrian age, with peaks at 1.0 Ga and 1.7 Ga
that are a characteristic of reworked zircons in inboard Appalachian rocks of
Laurentian provenance. A few samples show small peaks at 0.6 and 2.0 Ga,
characteristic of outboard Appalachian rocks of Gondwanan provenance. All samples
have variable but relatively low abundance of 3001 550 Ma zircons, representing
Appalachian crystalline basement. Comparison between the proportion of monazite
and zircon grains of different ages in the same sample provide estimates of the
importance of polycyclic reworking of sediment. If samples have a similar age
distribution of monazite and zircon, this suggests that a high proportion of the zircons
are first cycle; in such samples, only a few zircons are rounded or broken. Samples
with many zircons older than the monazites have a high proportion of rounded and
broken zircon grains.

In samples with many reworked zircons, bulk chemical analyses show a good
correlation between Zr and Cr. These elements are principally in zircon and chromite
respectively, derived from quite different rock types, but resistant minerals
concentrated by polycyclic reworking. Their co-occurrence indicates that both are
concentrated by sedimentary sorting processes. In contrast, Zr correlates with Ti only
at low concentrations, above which the abundance of Ti is nearly constant as Zr
abundance increases. Ti is transported mainly in ilmenite, a very abundant first-cycle
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mineral in proximal fluvial sediments, but very susceptible to chemical weathering.
There is almost no correlation between Zr and Ce, which is principally present in
monazite. On the other hand, Ce correlates well with Ti, suggesting that predominantly
first cycle monazite and ilmenite are concentrated together by sedimentary sorting.

Understanding in this way the role of polycyclic reworking of heavy minerals, we were
then able to better interpret spatial variation in varietal heavy minerals in the basin.
Varieties of minerals such as chrome spinel, tourmaline, garnet and titania (mostly
rutile) have been determined both by conventional electron microprobe analysis and by
Mineral Liberation Analysis. Polycyclic minerals such as chrome spinel showed little
geographic variation in relative varietal abundance. In contrast, some garnet and
tourmaline varieties could be use to pin-point particular first-cycle sources. Diagenetic
and detrital titania can be distinguished from texture and chemistry.

These multiple sedimentary petrology methods show that the dominant source of the
sand was from the local Appalachians, supplied by at least three different rivers. These
results clarify why reservoir sand distribution varies along the length of the basin. They
also provide insights into tectonics of the hinterland and basin margin at the time that
just to the northeast, lberia was rifting away from the Grand Banks. Variations in
detrital petrology in different parts of the basin play a role in variations in diagenesis
and hence reservoir quality, although the best predictor of good reservoir sands is local
accommodation due to salt withdrawal.

Muscovite

Monazite

Zircon

western central eastern
partof partof partof
basin basin basin
NASKAPI THEBAUD - PESKOWESK
N-30 VENTURE A-99
530-750 Ma

>750 Ma
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volcanics

Figure 3. Summary of abundance of different dated detrital minerals in Lower Cretaceous
sandstones from different parts of the Scotian Basin
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Reservoir Quality, Diagenetic History and Provenance of the Late Triassic
Sandstones of the Wolfville Formation, Bay of Fundy, Nova Scotia, Canada

Yawooz Kettanah', Muhammad Kettanah, Grant Wach, Dalhousie University, Halifax, Nova
Scotia, Canada

Current affiliations:
'Salahaddin University, Erbil, Iraq

The reservoir characterization and provenance of the Wolfville formation sandstones
were investigated using petrography, heavy minerals and microprobe analysis of
tourmaline and garnet. These fluvial sandstones are calcite cemented feldspathic
litharenites to lithic feldsarenites and consist of quartz, lithics, feldspars, minor
amounts of mica and heavy minerals. They are derived from metasedimentary and
granitic rocks of the Ordovician Meguma terrane during early stages of rifting along the
Minas sub-basin, part of the Fundy Basin rift zone. This postdates earlier Paleozoic
collision orogenies which culminated with the Appalachian orogeny. The heavy
minerals suites comprise iron oxides (magnetite, hematite, ilmenite and their alteration
products) and garnet with minor amounts of apatite, chlorite, zircon, tourmaline, biotite
and lesser amounts of rutile, staurolite, hornblende, and rarely epidote. They have a
recycled orogenic provenance and the main source of these sediments are the
Paleozoic rocks underlying the Wolfville formation dominated by the Meguma
supergroup, the South Mountain batholith, Horton and Windsor groups with a possible
minor contribution from other Paleozoic formations. The lowermost part of the Wolfville
formation has relatively low porosity (~6%). The Wolfville formation has a considerable
thickness beneath the Bay of Fundy where it overlies the Horton Bluff formation,
Meguma and/or Avalon terranes which should be investigated further to determine the
reservoir potential especially where it overlies the organic rich shales of the Horton
Bluff formation, a possible source rock.
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Fig. 1: Map of Fundy basin and a cross section through the Minas Basin showing the
stratigraphy of Mesozoic formations beneath the basin and onshore (from Olsen and
Schlische 1990). N-37 = Chinampas N-37 well; CS-1 = Cape Spencer No.1 well.
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Fig. 3: Paragenesis of the diagenetic and related events of the Wolfville Formation sediments.
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U-Pb Zircon Provenance of Mesozoic Strata from Franz Josef Land

Victoria Pease’, Natalia Kosteva®, Alexander Tebenkov?, Elena Makarjeva®, Alexander
Makarjev2

'Dept. of Geology & Geochemistry, Stockholm University, SE-106 91 Sweden,
*Polar Marine Geological Expedition, Pobeda street 24, Lomonosov 189 510, Russia

The opening of the Amerasia Basin in the Arctic is generally considered to have
occurred in the late Mesozoic. The tectonic development of the Basin, however,
remains problematic because associated sea floor magnetic anomalies are difficult to
interpret and the origins of features in and around the Basin are poorly understood.
Studies which address these problems will likely lead to an improved understanding of
the development of the Amerasia Basin.

Sediment provenance investigations using U-Pb dating of minerals like zircon provide
information on the age(s) of source material eroded and incorporated into the
sediment. As source regions change due to rifting, uplift/erosion of deeper basement,
terrane collision, etc., the age profile preserved in the sediment also changes. In order
to identify changes in sedimentary input with time and develop possible links to the
tectonic development of the Amerasia Basin, U-Pb zircon provenance investigations
were undertaken at the NORDSIM ion microprobe facility in Stockholm, Sweden.

We present U-Pb detrital zircon analyses of Jurassic (and Cretaceous?) sandstones
from Franz Josef Land. The data record age peaks at ca. 250, 290, 330, 420-460 Ma,
with older (500-2800 Ma) sources also present. The ages are consistent with
derivation from local Eurasian sources. In combination with results of late Triassic
sandstones (our previous studies), the data document a changing sediment source,
particularly between Triassic and Jurassic time. Mesozoic strata from Svedrup basin
record a similar change between Traissic/Jurassic time, possibly consistent a large-
scale, regional depositional system linking Franz Josef Land and the Svedrup basin.
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The Subregional Correlation and Provenance Mapping of Triassic / Jurassic
Sequences of the Barents Sea using Chemostratigraphic Data

T. J. Pearce, J. H. Martin' Chemostrat Ltd., Unit 1, Ravenscroft Court, Buttington Cross
Enterprise Park, Welshpool, Powys, SY21 8SL

Triassic to Middle Jurassic deltaic to shallow marine sequences from the Western
Barents Sea basin are increasingly being targeted for hydrocarbon exploration.
However, reservoir quality is strongly influenced provenance, and the lack of well
control, marked lateral facies variations and multiple sediment input points all
contribute to the difficulty in correlating and ultimately mapping areas with more
favourable reservoir quality.

A major chemostratigraphy study has been undertaken to improve the correlation of
the Triassic to Middle Jurassic sequences and to aid in reconstructing the history of
sediment input into the basin. The succession has been subdivided into five
Chemostratigraphic Megasequences termed BMSO to BMS4, which are further divided
into Chemostratigraphic Sequences BCS0O to BCS10. These sequences are again
divided into several packages, which are correlated within individual sub-basins such
as the Nordkapp and Hammerfest Basins. The chemostratigraphic zonation is largely
based on fluctuations in element concentrations that reflect changes in the abundance
of feldspar, clay minerals, heavy minerals and opaque minerals (corroborated by data
acquired via mineralogical analyses), which themselves ultimately reflect variations in
provenance and palaeoclimate.

The study shows chemostratigraphy is a reliable tool for the regional correlation of the
Triassic - Lower to Middle Jurassic sequences of the Western Barents Sea area.
Furthermore, the technigue can be used to revise the existing lithostratigraphy for this
area, despite variations in lithology, facies and depositional environment, which
highlights the potential of chemostratigraphy as a standard tool for the correlation of
these successions. In addition to chemostratigraphic correlation, the geochemical data
and selected mineralogical data are used to assist modelling changes in provenance,
palaeoenvironment and facies. Furthermore, by mapping lateral variations in the
values of selected element ratios, sediment dispersal patterns can also be developed.
When sediment dispersal maps are combined with new isopach data, geochemical /
mineralogical provenance indicators and sand:shale ratios, sediment input points along
basin margins can be identified and the position of source areas inferred. In addition,
this approach could employed on equivalent sequences from Eastern Barents and
further into the Russian Arctic, but also similar Triassic sequences in the Canadian
Arctic.
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Constraining Depositional Models in the Barents Sea Using Zircon Provenance
Data from Post-Permian Sediments on Svalbard

E. P6zer Bue, A. Andresen, T. Andersen, Department of Geosciences, University of Oslo, PO
Box 1047 Blindern, 0316 Oslo, Norway

Models of the depositional evolution of the Barents Sea region based on seismic data
and drill cores indicate that this epicontinental sea was filled in towards the west and
northwest in the Triassic (Glgrstad-Clark et al., 2010). These models can be tested
and refined by direct sampling and provenance analyses of sediments exposed on
Svalbard, the uplifted north-western corner of the Barents Sea shelf. In this study the
provenance of Triassic, Jurassic and Tertiary coarse clastic deposits on Svalbard,
which are potential reservoir rocks in the Barents Sea, were studied by zircon laser
ablation multi collector inductively coupled plasma mass spectrometry (LA-MC-ICPMS)
U-Pb analyses. The data reveal significant differences in zircon age populations. Early
and Middle Triassic sands include large populations of Caledonian (ca. 0.4 Ga) and
older zircons compatible with local/nearby source areas on Svalbard and Greenland. In
the Late Triassic, sands with significant post-Caledonian populations sourced form the
Uralides reach the western margin of the Barents Sea. The zircon age signatures of
Jurassic to early Tertiary sands are best explained by renewed deposition of
sediments originating in the Greenland and/or the Scandinavian Caledonides. The
data demonstrate that the east derived sediments have a distinct and easily identified
signature that can be used to test depositional models of the Mesozoic in the Barents
Sea.
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Keynote Speaker: Effects of Sandstone Provenance on Reservoir Quality
Preservation in the Deep Subsurface: Experimental Modeling of Gulf of Mexico
Deep Water Sand

Rick Tobin, Danny Schwarzer, Maersk Oil Houston, Inc.

Deep water turbidite sandstone reservoirs in the Gulf of Mexico have been sourced
from a variety of provenance terraines. As a result, the framework composition of each
stratigraphic unit in the basin varies widely, including volcanic-rich litharenite
(Oligocene Vicksburg), feldspathic-rich lithic arkose (Oligocene Frio), metamorphic-rich
feldspathic litharenite (Paleogene Wilcox), lithic-poor quartzarenite (Miocene), and
quartz-rich sublitharenite (Cretaceous).

Provenance-driven differences in composition have a complex but critical influence on
how each of these reservoirs respond to burial-induced changes in depth, fluid
pressure, effective stress and thermal stress. A combination of Petromod and
Touchstone modeling simulators are used in this study to document the effects of
provenance on the compaction and diagenesis history of the main reservoir types in
the Gulf of Mexico. For example, modeling results predict that at higher levels of
thermal stress, some lithic-rich sands, although more ductile and highly compacted,
will experience less quartz cementation than less ductile, quartz-rich sands, thereby
preserving a higher range of porosity and permeability. Further, modeling results
predict that temperature / pressure / depth windows for optimal reservoir quality
preservation vary widely depending on sandstone provenance.
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Provenance Controls on Sandstone Diagenesis in a Rifted Basin: The Cameros
Basin, N. Spain

J. Arribas®, L. Gonzalez-Acebrén?, J. R. Mas?, S. Omodeo-Salé*

'Dpto. Petrologia y Geoquimica, Facultad de Ciencias Geolégicas, UCM- IGEO (CSIC)
Dpto. Estratigrafia, Facultad de Ciencias Geoldgicas, UCM- IGEO (CSIC)

The Cameros Basin is an intraplate Rift Basin developed from Late Jurassic to Early
Albian (i.e., Mas et al., 2011). Its sedimentary fill (more than 6000m thick) has been
divided in eight Depositional Sequences (DS) made up mainly by continental
sediments, with some marine incursions. These DS consist mainly in alluvial and/or
fluvial sandstones that commonly pass upward and laterally into lacustrine deposits,
producing considerable recurrence of facies. Lacustrine black-shale deposits (potential
oil source-rocks) are frequent throughout the sedimentary record, interbeded with
sandstone deposits (potential reservoirs). This architectural disposition of facies and
sequences (Omodeo-Salé et al., 2011) promotes the development of potential
hydrocarbon systems.

Quantitative petrographic analysis on sandstones evidence the presence of two main
petrofacies (Arribas et al., 2003a; Arribas et al., 2007): (1) a quartz-sedimentolithic or
quartzolithic petrofacies which provenance is related to recycling processes from the
pre-rift sedimentary cover; and (2) a quartzofeldespathic petrofacies related mainly
with the erosion of plutonic and metamorphic source areas. Two main provenance
cycles (Arribas et al., 2007) has been recognized: Petrofacies A&B from DS1 to DS3,
and Petrofacies C&D from DS4 to DS8 (fig.1 and MS1 and 2 in fig.2). Each cycle
represents nearly 20 Ma. The transition from one to the other represents the
progressive sources erosion typical of a non-volcanic rifted basin.

In addition, framework composition controls the diagenetic evolution of sandstones and
hence, their reservoir quality (Arribas et al., 2003b). Quartz-sedimentolithic petrofacies
commonly contains intrabasinal and/or extrabasinal carbonate rock fragments. In this
petrofacies carbonate cements are very abundant whereas quartz or feldspars
cements are scarce (fig.2). Precipitation of early pervasive carbonate cements
occludes original porosity during early burial stage, inhibiting compaction and later
quartz, feldspar or clay mineral cements (fig.2). Quartzofeldespathic petrofacies shows
a more rigid framework, maintaining original pores during burial diagenesis. Quartz
and K-feldspar overgrowths are frequent, growing after an important kaolinitization
process (epimatrix from feldspars and kaolinite pore filling). Secondary porosity is also
observed as a product of feldspar dissolution producing oversize and moldic pores
(fig.2). Although rigidity of framework is evidenced, compaction (mechanical and
chemical) is the main porosity reduction process during burial. However, primary pores
could be preserved (fig.2). Thus, quartzofeldespathic petrofacies offer the best
potential reservoir quality in the basin.

Hydrocarbon maturation took place at the end of the rifting due to the progressive
burial of the different source rocks (Mas et al., 2011). After hydrocarbon migration, a
hydrothermal post-rift low-grade metamorphism destroyed the hydrocarbon charge
(Mas et al., 2011). However, diagenetic alteration of sandstones has been preserved.
This study corroborates the close relation between provenance (sandstone
petrofacies) and diagenesis and reservoir quality in rift basins, and can be of great
interest to compare our results with other productive rift basins.
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Fig. 1: Evolution of the petrofacies during the Late Jurassic- Albian clastic deposition in the western

Cameros Basin and their genetic and tectonic relatioships with the Iberian Massif zones. Both A and B,
and C and D represent the petrofacies cycle 1+2 (from Arribas et al. 2003a).
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Fig.2. Distribution of main diagenetic processes in sandstones from the infill of western
Cameros Basin. MS1 and MS2 represent the two main megacycles (provenance cycles)
(from Arribas et al., 2003b).
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Source-To-Sink Analysis of the Amur River and North Sakhalin Basin:
Implications for Tectonic Setting, Drainage Stability and Reservoir Distribution

Uisdean Nicholson®, Sarah Poynter?, David Macdonald®

'Shell International Exploration and Production, P.O. box 162, 2501 AN The Hague, The
Netherlands. Formerly at: School of Geosciences, University of Aberdeen, Aberdeen, AB24
3UE, UK

ENI International. Formerly at Department of Earth sciences, University ofCambridge,
Cambridge CB2 3EQ, UK.

*School of Geosciences, University of Aberdeen, Aberdeen, AB24 3UE, UK

The North Sakhalin Basin in the Russian Far
hydrocarbon provinces, with more than 6 Bboe discovered to date. The basin covers

an area of 84,000 km?, extending from the Tatar Strait in the west to the Deryugin

Basin in the central Sea of Okhotsk Sea in the east. Throughout the Neogene the

basin has been supplied with clastic sediment by the Amur River, which has deposited

a thick deltaic sequence throughout the basin. Much of this basin is now exposed

onshore in the northern part of Sakhalin. These sediments are being actively exhumed

and recycled into offshore areas of the basin because of regional transpression along

the Sakhalin-Hokkaido Shear Zone.

This paper provides a comprehensive source-to-sink study for the Amur River and its
delta in the Russian Far East, including an analysis of the extent and timing of
recycling of deltaic deposits from the uplifting island of Sakhalin. We use an extensive
dataset from more than 200 samples, including sandstone petrography, heavy mineral
data, garnet geochemistry and U-Pb age spectra from zircon grains to constrain the
provenance, sediment flux and other processes which have formed the final sediment
composition in the basin. These are used to test a number of hypotheses concerning
the drainage evolution of the Amur River and the tectonic evolution of the North
Sakhalin Basin.

The majority of the sand-sized sediment in the Amur River and its former delta comes
from upstream of the Lesser Khingan Ridge, shown by uniformity of sediment
composition in the lower 1700 km of the river. The Mid-Amur basin is actively
subsiding and it is possible that much of the sediment derived from the Sikhote-Alin
Range is trapped within this basin. Alternatively, the volume of sediment coming from
the Upper Amur may simply be drowning out any resolvable Sikhote-Alin signature.
The sediment composition of the lower Amur River is mineralogically immature, with
little evidence for significant weathering of chemically susceptible grains such as
apatite, pyroxene and calcic amphibole. The sediment composition of the modern river
appears to be identical to the most recent deltaic deposits in the basin, with a
progressive decrease in the proportion of unstable grains with increasing depth and
stratigraphic age. However, when stable mineral ratios and U-Pb age spectra are
assessed, it is clear that there are only minor variations in the palaeo-Amur sediment
composition from the Early Miocene to the present day.

The consistency of the petrographic signature in the palaeo-Amur delta renders
Miocene-Pliocene drainage capture models involving the Zeya-Bureya Basin and the
Upper Amur unlikely. Possible drainage capture of the Sungari River during the
Miocene is uncertain, because no samples were available from this river to constrain
the characteristics of its sediment load. There is evidence for a minor sediment
contribution from local sources on Sakhalin during deposition the Early Miocene and
again late in the Early Pliocene. Metamorphic and ultramafic clasts from the East
Sakhalin Mountains are present at several sites onshore in Early Pliocene rocks in
central Sakhalin, which are age-equivalents to the Amur delta deposits. Reworked
sandstone clasts suggest uplift of deltaic sandstones by the end of the Early Pliocene
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in north Sakhalin. Evidence of sediment recycling is not present in offshore well
samples until the Late Pliocene.

A positive correlation between heavy mineral ratios, such as the Garnet-Zircon index
(GZi) and horizontal distance from the river mouth is attributed to hydrodynamic sorting
laterally across the delta system, with the lighter garnet grains being transported
farther than denser zircons. This has negative implications for the use of certain stable
mineral ratios as provenance or correlative tools, in particular the GZi and Rutile-Zircon
index (RZzi) which are commonly used for these purposes. However, intensively
weathered heavy mineral zones with low Apatite-Tourmaline index (ATi) and GZi are
evident in Miocene deposits encountered in offshore wells. These values may be used
as a basis for correlation if they can be linked with sequence stratigraphic systems
tracts. This could potentially lead to the development of a high-resolution heavy
mineral stratigraphy leadingtothepossi bi Il ity of-ticrme& yheagv yo urhi me
analysis during drilling, provided that the geographic variation in the data is well
constrained.
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Source Areas for Post-Caledonian Sedimentary Basin Deposits in the North
Atlantic Region: How Diagnostic Are They?

Arild Andresen*, Nana Yaw Aygei-Dwarko, Lars Augland, Tom Andersen, Department of
Geosciences, University of Oslo, Oslo, NORWAY

Provenance studies are used extensively to understand pathways for clastic sediments
from their source area(s) to their present position as reservoir units in sedimentary
basins. Examples of this are represented by the post-Caledonian hydrocarbon-
producing basins surrounding the North Atlantic. A prerequisite for successful
provenance studies is sufficient knowledge about the geology of likely source areas,
which in the HAfANorth AeJordan tocks in Eaat Geeénlam arel
Scandinavia, possibly also Svalbard and Great Britain.

Based on recent geological and geochronological studies in East Greenland and
Northern Norway we argue that previous subdivision of Scandinavian(3) and East
Greenland (2) into 5 diagnostically different  source areas is questionable.
Observations supporting our skepticism is based on i) identification of an eclogite
bearing gneiss terrane in East Greenland with a Baltican signature (Augland et al.
2011), and ii) the presence of a regionally widespread rocks suite/ exotic terrane in
the Uppermost Allochthon of the Scandonavian Caledonides with Mesoproterozoic
metasediments (Krummedal Sequence?) intruded by large volumes of ¢c. 950 Ma, c.
470 Ma and c. 430 Ma plutons (Andresen et al. 2011). The latter rock association is
characteristic for large areas of the East Greenland Caledonides. Ongoing research
combining LA-ICPMS dating of zircons and Hf-isotopes in zircons, and mineral
chemical data on other heavy minerals obtained with our electron micro-probe (EMP)
will hopefully help us differentiate better between already defined source areas with
a diagnostic signature and/or define other smaller areas ( e.g. Lofotens)
characterized by diagnostic source minerals.
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Evolving Sand Supply and Dispersal in the Upper Jurassic of the Northern
Porcupine Basin: Constraints from the Pb Isotopic Composition of Detrital K-
Feldspar

A. Mc Elhinney, S. Tyrrell, P.D.W. Haughton, UCD Sand Provenance Centre, School of
Geological Sciences, University College Dublin, Belfield, Dublin 4, Ireland

The Pb isotopic composition of detrital K-feldspar has proved to be a useful tool in
provenance characterization. Analyses are carried out in-situ using laser ablation multi-
collector inductively coupled mass spectrometry (LA-MC-ICPMS). The approach can
help overcome some of the inherent limitations with single grain studies using other
techniques. As sediment is transferred from source to sink the provenance signal(s)
may be masked by mixing of sediment contributed from multiple sources, merging of
dispersal systems and incorporation of polycyclic grains recycled from older
sedimentary rocks. Improved source discrimination can be achieved by interrogating
the provenance signhal in more labile mineral grains (e.g. K-feldspar) that are more
likely to be first cycle components and derived directly from their source.

There are significant issues in Jurassic basins west of Ireland in relation to sand-entry
points, the sediment routing within and between basins and the location of sand-

Ror o source areas. In addition, the
S T ] Mesozoic plate configuration,
s 7

| 2000 \‘/ 7

palaeogeography, links between the
conjugate Atlantic margins and the
regional tectonostratigraphy are
particularly important for future
hydrocarbon exploration in the lIrish
offshore. Sand provenance can help
constrain many of these issues. The
in-situ Pb isotopic study of K-feldspar
grains reported here focuses on a
thick sand-prone interval in well 35/8-
2 in the northern Porcupine Basin.
\ The basin lies approximately 100 km
/@ I ey s west of Ireland (Figure 1) and
o commemaawell | iNCludes a thick Jurassic syn-rift
Figure 1 : Location map showing the study area Dwell 35/8-2 sequence (Croker & Shannon 1987,
in the northern Porcubine Basin. Naylor, 2005). The studied
succession comprises a series of
stacked submarine fan units. Four sandstone intervals are recognised (A, B, C and D
from top to bottom), each representing a phase of deep-sea fan activity. Pilot Pb data
from <40 K-feldspar analyses identified two distinct Pb isotopic populations (Tyrrell et
al. 2007). The small sample number prevented robust statistical analysis of the data or
any assessment of temporal changes in sand supply. Tyrrell et al. (2007) interpreted
these data to represent hinterland drainage from a northern source, probably from an
uplifted Porcupine High with a dispersal distance of ¢.100 km.

Rockall Bank d\h\'\'
@0

The detailed provenance study presented here focuses on the source of the A and B
sandstones. The Pb isotope and conventional petrographic data have also been
integrated with MLA (Mineral Liberation Analysis) tallies of the grain types to provide a
more robust interpretation. The aim of this study is to investigate whether the Pb signal
is consistent between different depositional elements recognised in the cores
(channels, sheets) and across a wider stratigraphic interval. The latter is important for
inferring the continuity of supply during several cycles of deposition, for assessing the
potential for multiple sand supply points to the basin, and for constraining hinterland
evolution during syn-rift extension. The new data comprise results from 334 K-feldspar
grains analysed from 15 samples of fine to medium-grained sandstones. K-means
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cluster analysis was applied to the Pb

dataset to  highlight different grain
populations and hence source E
contributions. In order to constrain the A
potential sources, the clusters are |

[T

compared to Pb isotopic data from the = |
wider North Atlantic region. Four clusters

were identified, each attributed to a |
discrete basement source and the new

data reveal grain populations unrecognised |

in the previous pilot study. :
These data suggest that four isotopically
distinct sources supplied the K-feldspar in

the A and B sandstones. The Rockall Bank,
Porcupine Bank, Porcupine High and the

Massive sandstones )
Thickest sandstones
Few sedimentary structures
Water escape structures recorded
Debrite

N=96
4 Samples

Non-scale Core Gap ~200m

Interbedded sandstones and siltsones
g

Tithonian

3 Samples

-3 Stacked, graded sandstones.
-1 More pebbly than A sands
=3

3 Sgﬁsgples

= Conglomerates
5 conglomerate bands,
One shows normal grading
No large scale cross-straitification

Irish Massif, or its along strike extension,
are identified as likely sources. All of these

Kimmeridgian

sources suggest transport distances less = A Samples
than 250 km. There are no far-traveled e

sand grains  from  Archaean i —
Palaeoproterozoic domains to the north or maly ‘
from the Variscides to the south. The : 1 Sarmole

vertical distribution of Pb data show the :gus:er; gus:erg
. . . . uster
relative contribution from the main sources e

varied through time (Figure 2) recording and sonic Io_g of well 35/8-2, simp_lified log of well 35_/8-2 and
. A summary pie-charts of proportions of clusters in each
the evolution of sediment supply to the  gominant facies.
deep-water northern Porcupine Basin.
Axial derivation, from the north and northwest, seems likely to supply cluster 1 and 2
grains, while lateral input from the basin margins could account for cluster 3 and 4
grains. Cluster 4 is the dominant source in the lower B sands, with clusters 2 and 3
increasing higher in the stratigraphy. This gradual change in provenance may reflect
increased lateral input, perhaps linked to local rifting associated with the early
formation of the Rockall Basin. This study underscores the potential of the Pb in K-
feldspar provenance approach as a useful tool in constraining sediment supply and
evolution.
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High-Resolution Detrital Zircon Stratigraphy of the Kangerlussuaq Basin, East
Greenland - Constraints on Cretaceous-Paleocene Sediment Transport Paths
and Basin Evolution

D. Frei', M. Frei®, M. Larsen®, Whitham, A.G.?, C Knudsen®

'Stellenbosch University, Department of Earth Sciences, Private Bag X1, Matieland
7602, South Africa

’MFGeoconsult, Am Kressenstein 32c, 90427 Nurnberg, Germany

3Dong Energy, Agern Alle 24-26, 2970 Hgrsholm, Denmark

“CASP, Department of Earth Sciences, University of Cambridge, Huntingdon Rd.,
Cambridge CB3 0DJ, UK

®GEUS, Department of Geophysics, @ster Voldgade 10, 1350 Copenhagen K,
Denmark

As hydrocarbon exploration pushes further westward in the Faroe-Shetland Basin, the
guestions as to the role that East Greenland has played as a source of sediment to the
basin are increasing. The Cretaceous-Early Eocene sediments exposed at
Kangerlussuaq, southern East Greenland, are in a position that was adjacent to the
Faroe-Shetland region prior to continental breakup in the late Miocene. The 900 m
thick succession (Fig.1) provides some of the best exposures of Late Cretaceous-Early
Eocene strata in the North Atlantic region and provide a valuable analogue for the
Faroe-Shetland basin (Larsen et al. 1999).
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Fig. 1: Litho- and sequence stratigraphy of the Cretaceous-Paleogene succession in
Kangerlussuaq, East Greenland.

Knowledge of the variability of the detrital zircon age spectra of the sedimentary
successions exposed at Kangerlussauq is important for (a) the characterisation of
sandstones in southern East Greenland in order to provide a framework for the
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identification of sands in the Faroe-Shetland Basin; (b) identification of major sequence
boundaries within the successions; and (c) characterisation of major changes in
sediment supply during deposition. To this end, we have conducted a high resolution
stratigraphical study based on U-Pb age dates of > 2300 detrital zircons separated
from 25 sandstone samples from Kangerlussuag. All zircons were analysed using LA-
ICP-MS techniques (Frei et al. 2005).
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Fig. 2: Binned histograms displaying the detrital zircon age distributions in sandstones from
representative stratigraphic profiles through the eastern Kangerlussuaq Basin (with the
stratigraphically youngest sample on top).

Prominent changes in the detrital zircon age spectra suggest two major changes in
sediment sourcing (Fig. 2). From the Early to Late Cretaceous, Archaean basement
sources in the south or southwest have been replaced by sources in the north and
northeast that comprise a high proportion of younger material. During the Late
Paleocene, sediment supply has changed back to predominantly Archaean basement
sources in the south or southwest. The pronounced changes in the observed age
spectra from the Early to Late Cretaceous and during the Late Paleocene excludes
large-scale reworking of local sediments as a potential sediment source. Within each
of the distinct main units, the relative frequency of the main Archaean (i.e. Early, Late
and Middle Archaean) and Proterozoic (i.e. Caledonian, Grenvillian, and Early
Proterozoic) age groups show clear temporal changes, suggesting that distinctively
different age domains in both the Archean and Proterozoic basement have acted as
dominant sediment sources. Furthermore, the lack of lateral variations in the age
spectra in almost all groups strongly supports the validity of the stratigraphic
correlations drawn from litho- and sequence stratigraphic observations.

In conclusion, the U-Pb age analysis of > 2300 detrital zircon grains by LA-ICP-MS
from sandstones in Kangerlussuaq, Greenland, allowed to study the evolution of the
sand supply to the sedimentary coloumn with hiherto unprecedented detail. Our results
clearly demonstrate the benefit of high stratigraphical resolution in provenance studies
based on detrital zircon age distributions.
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Petrography, Geochemistry and Provenance of Cretaceous and Paleocene
Sandstones in the Disko Nuussuaq Basin

Christian Knudsen, Anders Scherstén, Martin Sgnderholm, GEUS

Sandstones of Cretaceous and Paleocene age are potential reservoir rocks offshore
Central West Greenland. Their reservoir and provenance characteristics are relevant
for the petroleum exploration in the area because the presence of an adequate
reservoir rock is one of the main risks in this region. Sandstones from the Nuussuaq
Group are well exposed in the Disko Nuussuaq Basin. The Nuussuaq Group is more
that 6 km thick and represents a period of deposition from Albian to Paleocene.

Samples from outcrops and shallow wells were analysed for their bulk rock
geochemistry and provenance characteristics. In addition, the sandstone petrography
has been investigated along the ~1000 m high Itsaku profile in the northern part of the
basin. The bulk rock geochemistry includes major (XRF) and trace element (ICP-MS)
analyses. The provenance characteristics have been analysed in 65 sediment samples
from eight outcrop localities in the Nuussuaq Basin and three exploration wells using
the GEUS developed Computer Controlled Scanning Electron Microscopy (CCSEM) of
heavy mineral fraction and laser ablation ICP U-Pb dating of zircon (4262 grains).

The age distribution patterns among detrital zircons in the Cretaceous and Paleocene
sandstones are compared to the age distribution patterns of zircons recovered from
stream sediment samples ( ~3600 grains) in the potential source area to the east.
These samples were collected as part of regional geochemical mapping and represent
the geology in West Greenland between 63° N to 72° N. The stream sediment zircons
are dominated by one major population with an age of ca. 2.75 Ga and two minor
populations that are Early Archean gneisses ( ~3.6 Ga) and new crust formed during
the Nagssugtogidian orogeny ( ~1.9 Ga). The Cretaceous sandstones show a similar
pattern. However, there are small differences in the pattern with overrepresentation of
zircons with ages of 3.2, 3.0, 1.9. 1.5, and 1.1 Ga. compared to the source in West
Greenland known from the stream sediment samples. This difference is best explained
if the source area included South East Greenland and the Caledonian rocks in Central
East Greenland. This suggests that the paleo drainage pattern in the Cretaceous from
the Albian to the Campanian was from the east to the west.

On the Itsaku Peninsula in the northern part of the basin, a section from the Albian -
Cenomanian Upernivik Naes Fm., the overlying Maastrichtian to Paleocene Kangilia
Fm. and the Paleocene Eqululik Fm. shows that there was a complete change in the
sediment supply pattern during the Upper Cretaceous. The Upernivik Nees Fm. shows
an eastern source as described above whereas the zircon ages in the Maastrichtian
and Paleocene sandstones have a unimodal distribution around an age of 1.9 Ga,
which is characteristic for the Prgven Granite/Cumberland Batholith to the north and
west.

The character of the clastic material also changes from a subarkosic sandstone in the
Upernivik Nees Fm., where quartz constitutes 75 - 90 %, K-feldspar 10 - 15 %, albite 3
T 10 % and calcic plagioclase 0 i 8 % of the sand fraction, to the less mature Kangilia
Fm. where quartz constitutes 55 - 62 %, K-feldspar 25 - 35 %, albite 3 7 10 % and
calcic plagioclase 0 7 7 % of the sand. The overlying Paleocene Eqululik Fm is
characterised by influx of mafic volcaniclastic material now preserved as chlorite.
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Keynote Speaker: Mineral-Chemical Stratigraphy in Sandstone Hydrocarbon
Reservoirs

Andrew Hurst, University of Aberdeen, Depart ment
College, Aberdeen

Traditionally the application of heavy mineralogy in subsurface applications is a
reaction to the difficulty of making robust intra-reservoir correlation using more
conventional methods such as biostratigraphy and lithostratigraphy. Numerous
applications demonstrate that heavy minerals often provide enhanced lithostratigraphic
control in a broad range of clastic sedimentary environments and provide a

of
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heavy minerals have differing levels of sensitivity to weathering and burial-diagenetic
processes, observation and quantification of their presence, abundance and textural
character during the routine analysis of mineral extractions from sandstones provides
added value. Heavy minerals that are resistant to the effects of weathering and
diagenesis and form solid-solution series are particularly useful in lithostratigraphy, and
are the basis for varietal studies. These minerals tend to have more and less soluble
end members, or have compositions that are dominated by low-mobility cations; the
association between specific heavy minerals and their chemistry in lithostratigraphy is
termed mineral-chemical stratigraphy. It is important to note that understanding
provenance is rarely a primary goal of reservoir-scale heavy-mineral studies and that
the sampling density in subsurface-reservoir studies is often far greater than that
employed in conventional provenance studies. Consequently when several
geographically-focused reservoir heavy-mineral studies are combined they tend to
advance the regional understanding of sediment provenance. Applications will be
given of mineral-chemical stratigraphy to reservoir zonation and steering of
development wells from various depaositional environments and stratigraphic sections,
which then are amenable to elucidating larger-scale geological processes. Acquiring
heavy-mineral data enables or enhances inter-well correlation and invariably adds
value to other aspects of reservoir characterization.
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New Insights into Reservoir Sand Provenance on the North West Shelf, Australia
Using Detrital Zircon Geochronology

Keith Sircombe

Abstract TBC
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Provenance of Devonian-Carboniferous Sandstones from the Clair Basin: New
Insights from Detrital Zircon Age Dating

A.S. Schmidt®, A.C. Morton*®, G.J. Nichols', C.M. Fanning®

'Department of Earth Sciences, Royal Holloway, University of London, Egham Hill, Egham,
TW20 9AA, UK

’HM Research Associates, 2 Clive Road, Balsall Common, West Midlands CV7 7DW, UK
*CASP, University of Cambridge, 181a Huntingdon Road, Cambridge CB3 0DH, UK

“Research School of Earth Sciences, The Australian National University, Canberra, ACT 0200,
Australia

The Clair Basin, situated about 75 km west of the Shetland Isles, is one of a number of
continental basins which formed in the North Atlantic region in response to the
Caledonian Orogeny. The basin fill comprises a succession of sediments in red-bed
facies, divided into Lower (Units | to VI) and Upper (Units VII to X) Clair Group, directly
overlying Archaean basement gneisses ascribed to the Lewisian.

Owing to its importance for petroleum geology, the Clair Basin has been the subject of
a number of studies over the last thirty years. However, the provenance of the
Devonian to Carboniferous sediments infilling the basin remains unclear. This study
presents the results of analyses of detrital zircons from ten sandstone samples by
sensitive high resolution ion microprobe (SHRIMP) and shows their significance when
discussing potential sources for the Clair Group sediments.

Clast compositions of fan-delta conglomerates in the lower part of Unit | together with
heavy mineral data from their matrix are consistent with derivation from local Lewisian
basement. However, zircons in the upper part of Unit | are predominantly Proterozoic
(c. 60 %). Therefore, the catchment seems to have expanded to include low-grade
metasedimentary (as indicated by heavy mineral data) Proterozoic rocks shortly after
deposition of the locally-supplied conglomerates. Zircon ages, as shown by the age
spectra of units llla, llic, V and Vla, and heavy mineral assemblages throughout most
of the succeeding Lower Clair Group also imply a combination of a local Archaean and
a more distal Proterozoic source. Strong similarities between detrital zircon age
spectra from the NE Greenland continental margin and the Clair succession argue for
a derivation of at least some of these sediments from the NE Greenland continental
margin.

Samples from units IVb and VIb are notable exceptions from the pattern described
above as they are dominated by Archaean zircons. Subunit IVb represents an atypical
zone with very low apatite roundness and very high abundances of high-Mg, low-Ca
garnets. The low apatite roundness suggests relatively short transportation, implying
local sourcing and the garnet geochemistry suggests derivation from high-grade
metasedimentary rocks. In Subunit VIb, there is a trend of increasing zircon relative to
garnet concurrent with an increase in abundance of high-Mn garnet, suggesting
increasing supply from intermediate-acidic gneisses and granites. These two samples
are interpreted to represent periods within which the supply of low-grade
metasedimentary Proterozoic rocks was cut off by tectonic rejuvenation of the adjacent
hinterland. The basal sandstones of the Upper Clair Group (Subunit Vic) yield similar
heavy mineral characteristics and detrital zircon ages to the underlying Subunit VIb but
are interpreted as representing Lower Clair Group reworking.
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Zircons from Unit VII-IX are also dominated by Archaean ages between 2500 and
3700 Ma (c. 70 %). However, in contrast to samples described above, the heavy
mineral assemblage indicates derivation from moderate- to high-grade staurolite- and
garnet-rich metasedimentary lithologies. Such lithologies occur in the Neoproterozoic
to Early Palaeozoic Moine and Dalradian successions of Scotland and their
equivalents in East Greenland and Scandinavia. However, the abundance of Archaean
zircon suggests that the metasedimentary source was itself supplied from an Archaean
terrane.

The Unit X zircon population has much more abundant Proterozoic zircons (c. 80 %)
compared with the Unit VII-IX sample. This change in zircon ages is accompanied by
sharp decreases in staurolite:zircon, garnet:zircon and apatite:tourmaline ratios. The
change to a staurolite-poor heavy mineral assemblage and a Proterozoic-dominated
zircon spectrum suggests that the sample has a similar provenance to the majority of
the Lower Clair Group. The low apatite:tourmaline and garnet:zircon ratios in the Unit
X sample are interpreted as the result of weathering during alluvial storage in the
humid tropical Carboniferous depositional environment.

The integration of the new detrital zircon age data with published heavy mineral data
for the Clair Basin not only allows the identification of ages and lithologies of the
source rocks but also enables one to newly interpret and evaluate potential source
areas for the Clair succession.
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Provenance of K-Feldspar in Upper Jurassic Reservoir Sandstones in the
Northern North Sea: Implications for Sand Sourcing, Sedimentary Recycling and
Well Correlation

Shane Tyrrell*, Peter Gibbs?, Halvor Jahre®, Marianne Bruvoll*, Peter D.W. Haughton®, Patrick
M. Shannon'.

'UCD Sand Provenance Centre, School of Geological Sciences, University College Dublin,
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The Pb isotopic composition of detrital K-feldspar has proven to be a powerful indicator
of sand provenance (e.g. Clift et al., 2008; Tyrrell et al.,, 2010). Feldspar is often a
significant framework grain component in sandstones and, as a labile phase, is more
likely of first-cycle origin than robust minerals commonly utilised in provenance studies.
Furthermore, as Pb isotopes vary in the crust at a sub-orogenic scale, potential
sources can be characterised and distinguished at a scale appropriate to that of major
drainage systems. The Pb isotopic signature of individual K-feldspar sand grains can
be measured in situ using laser ablation multi-collector inductively-couple plasma mass
spectrometry (LA-MC-ICPMS) such that areas of alteration or heterogeneities that may
compromise the analysis can be avoided. For these reasons, this approach is
particular useful for constraining palaeodrainage and sediment dispersal. With high-
resolution sampling, the data can produce a co
sequences, whilst also providing insights into reservoir sandstone distribution and
quality.

The Pb-in-K-feldspar tool has been applied to Upper Jurassic reservoir sandstones in
the northern North Sea in order to test a sand sourcing and sediment input model. The
Kimmeridgian Magnus sandstones in East Shetland Basin (the UK sector of the
northern Viking Graben) havebeen subdi vided in ,2&3)&hicdi sti nct
are biostratigraphically calibrated. The textural uniformity and maturity of the Magnus
sandstones suggests a
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of sampled wells. EOWF = End of the World Fault. amalgamated

sandstones. These

contrast strongly with Cretaceous Devils Hole Formation, which occurs at depth north
of the End of the World Fault within the Magnus Basin, is reddened and contains
granitic and sedimentary lithic clasts throughout the cored sections.
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Pb analysis has been carried out on <750 K-feldspar grains from five wells containing
Magnus sandstones and equivalents. Results reveal four Pb grain populations.
Populations 1 and 2 form linear arrays, comprising broad trends of **°Pb/**Pb of
potentially overlapping compositions, whereas populations 3 and 4 form distinct
clusters with a narrower range of ?°Pb/?**Pb (Figure 2). These populations are mixed
within the sampled sandstones at the scale of individual thin sections. However, when
the population abundance is summed for each lobe element, the grain distributions
show distinct patterns or fingerprints which appear to correlate across four of the five
sampled wells. The upper lobes in the western-most well appear to have a different
provenance to the others, with population 4 dominant over all others combined.

In order to constrain the source/s of the K-feldspar sand grains, detrital Pb data are
compared to 1) new K-feldspar Pb isotopic data from a broad range of basement in the
northern North Sea; 2) new Pb isotopic data from K-feldspars in Triassic sandstones
on the Manet Ridge / Margarita Spur; and 3) published Pb isotopic data from the wider
North Atlantic region. Populations 1 and 2 appear to correspond to Archaean -
Palaeoproterozoic sources, specifically the Nagssugtogidian Mobile Belt (NMB) of
eastern Greenland or an equivalent. There is little correspondence with the more
proximal Archaean - Palaeoproterozoic rocks of the Lewisian of NW Scotland or its
offshore equivalents.  5g
Population 4  grains
correspond with granitic
crust north and west of
the Magnus Basin, such
as that encountered in
wells on and around the
Manet Ridge / Margarita
Spur. The  definitive
source of Population 3
grains remains unclear.
Southern sources for K-
feldspar in the Magnus
sandstones, such as

Pop. 3

Population 2

Population 1

Number

0 T ' T f L.
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20

those adjacent to the
Pobie and East Shetland
platforms, can be ruled
out.

Figure 2: Histogram and relative probability density (red curve)
plot showing the distribution of *°°Pb/***Pb composition in
detrital feldspar from all sampled Magnus sandstones and the 4
populations.

This presentation aims to illustrate how these data, when integrated with well and
seismic information, provide constraints on the dispersal of sand into the basin and the
likely orientation of sediment pathways. There will be specific focus on the potential for
feldspar recycling, as similar grain populations are encountered within the Triassic
rocks on the Manet Ridge / Margarita Spur. Although it is feasible to produce the K-
feldspar populations observed in the Magnus sandstones by recycling and mixing the
Triassic sandstones, there is strong petrographic and geochemical evidence against
this. The presentation will also demonstrate how feldspar provenance information can
feed into, and further inform, palaeogeographic reconstructions.
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Raman Spectroscopy in Heavy-Mineral Studies
Sergio Ando, Eduardo Garzanti
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Bicocca University, 20126 Milano, Italy

Raman spectroscopy is a powerful tool to confidently identify dubious grains
independently of their size and orientation, and thus to efficiently solve thorny long-
standing problems in provenance studies. During counting of heavy-mineral mounts,
grain types that cannot be specifically determined are usually assigned to generic
groups (i.e., opaques, turbids) and neglected in provenance considerations, which may
result in a seriously biased description of the heavy-mineral assemblage.

Raman spectroscopy allows reliable distinction of:

- single phases and solid solutions of opaque Fe-Ti-Cr oxide grains (Wang et al.,
2004; Garzanti et al., 2010), which may be strongly concentrated in placer deposits of
economic interest, and are particularly relevant for both provenance (Basu and
Molinaroli, 1989) and settling-equivalence studies (Garzanti et al., 2008);

- unidentified altered minerals, particularly common in sediments derived from very
low-grade metasedimentary source rocks;

- authigenic minerals (e.g., Ti-oxide polymorphs);

- tectosilicates, phyllosilicates and carbonates, commonly found in heavy-mineral
mounts (e.g., because of dense inclusions or imperfect separation).

Even identification of unaltered transparent heavy minerals is not invariably univocal
under the optical microscope (Mange and Maurer, 1992). This is particularly true for
colourless grains that cannot be easily oriented because they lack cleavage and
evident crystal faces, or for rounded high-relief and high-birefringence grains.
Orientation problems are most serious in provenance studies of eolian sands, where
detrital minerals are commonly transformed into perfect spheres.

With Raman spectroscopy we can distinguish:

- colourless zircon versus titanite, monazite, or xenotime;
- metamictic zircon versus cassiterite, sphalerite, or rutile;
- epidote versus clinozoisite or pale-green augite;

- apatite versus sillimanite or topaz;

- enstatite versus prismatic olivine or prismatic sillimanite;
- fibrolitic sillimanite versus anthophillite;

- allanite versus brown hornblende;

- kyanite versus barite.

Raman spectroscopy represents a complementary time-saving technique in varietal
studies (Morton, 1985; Mange and Wright, 2007), because precious chemical
information can be obtained rapidly, on many grains, and directly on heavy-mineral
mounts without further preparation. The technique allows us to quantitatively or semi-
gquantitatively analyse the chemistry of solid solutions and isomorphic series (e.g.,
spinels, olivines, garnets; Wang et al. 2004; Kubler et al. 2006; Bersani et al., 2009),
and to identify varieties of silicates such as sodic amphiboles or clinopyroxenes.

Moreover, Raman spectroscopy offers an opportunity to:

1) identify rare grains occasionally encountered in heavy-mineral slides or thin
sections;

2) investigate gaseous, liquid and solid inclusions in single detrital minerals (e.g.,
apatite, zircon, micas);

3) calibrate apatite crystallographic structure for fission-track analysis (Zattin et al.,
2007);
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4) assess degree of metamitictization in zircon (Balan et al., 2001; Nasdala et al.
2001);

5) assess varieties in REE-bearing minerals (e.g., titanite, allanite);

6) investigate anisotropic crystal behaviour to physical or chemical processes (e.g.,
weathering, diagenetic dissolution) by comparing morphological features observed
on different crystal faces.

Last but not least, Raman spectroscopy allows routine identification of minerals as fine
grained as fine silt (Garzanti et al., 2011), and it is consequently an unrivalled tool for
heavy-mineral analysis of silt and siltstone. Although they represent a huge fraction of
fluvial, turbiditic and eolian transport, provenance analysis of fine-grained sediments
has been seldom carried out because of operational difficulties (Blatt, 1985; Totten and
Hanan, 2007). A whole frontier is thus opening up for provenance studies, considering
that mudrocks represent most of the stratigraphic record (Blatt and Jones 1975), and
better preserve detrital minerals from diagenetic dissolution (Blatt and Sutherland,
1969).
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Cathodoluminescence Spectra of Quartz as Provenance Indicators Revisited
Carita Augustsson®®, Annalena Reker" ?

YInstitut fur Geologie und Paldontologie, Westfalische Wilhelms-Universitat Munster,
Corrensstrasse 24, 48 149 Munster, Germany

’Fakultat fur Geowissenschaften, Ruhr-Universitat Bochum, Universitatsstrasse 150, 44 780
Bochum, Germany

®present address: Institut fur Geowissenschaften, Friedrich-Schiller-Universitat Jena, Burgweg
11, 07 749 Jena, Germany

We present a discrimination scheme for cathodoluminescence (CL) spectra of quartz
as a tool in provenance studies. We analysed 393 quartz crystals from 45 samples of
different plutonic, volcanic, metamorphic, and pegmatitic rocks. The technique is based
on the measurement of the relative intensity of the two main emission centres in visible
light, for quartz typically at 470-490 nm and 600-640 nm. The results confirm a red,
violet or middle to bright blue luminescence for volcanic phenocrysts, mainly bright
blue colours for felsic plutonic and high-temperature metamorphic quartz, as well as
brown to dark blue CL for quartz of low-temperature metamorphic origin. These and
additional results for mafic plutonic (dark blue) and pegmatitic quartz (bright blue) lead
to a possible discrimination with the following rock grouping: (1) volcanic quartz, (2)
low-temperature metamorphic and mafic plutonic quartz, and (3) felsic plutonic, high-
temperature metamorphic, and pegmatitic quartz. In the proposed scheme, 87 % of the
spectra were classified correctly. The three quartz groups can be used as an estimate
for the amount of volcanic, metamorphic, and plutonic quartz in sediments because
commonly most plutonic quartz detritus is transported from felsic rocks and low-
temperature metamorphic rocks are the major sources for metamorphic quartz. Hence,
despite criticism within the literature during the last decades, the CL colours of detrital
quartz still can be used as provenance indicators. We finally conclude that the
measurement of wavelength spectra is a fast and straightforward method to determine
quartz-bearing source rocks of siliciclastic sediments.
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Provenance of Palaeozoic Terrestrial Sediments in the Proto-Central Graben,
Mid North Sea High: Detrital Zircon Geochronology and Rutile Geochemical
Constraints

A. M. Lundmarkl, E. Pozer Buel, R. H. Gabrielsenl, K. Flaatz, T. Strandz, S. E. Ohm*?

1Department of Geosciences, P.O. Box 1047, University of Oslo, Blindern, N-0316 Oslo,
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ConocoPhillips Norge, P.O. Box 220, N-4098 Tananger, Norway

Famennian alkaline volcanism and marine deposits on the northern flank of the Mid
North Sea High indicates late Devonian rifting in a proto-Central Graben (Lundmark et
al. in press). Zircon U-Pb and rutile trace element data from late Devonian to early
Permian terrestrial sediments in the graben are used to investigate the sediment
provenance and the potential of heavy mineral data for correlations in the Embla oil
field.

One group of Old Red Sandstone samples is interpreted to be derived from recycling
of Scottish low- to medium grade sediments ultimately originating in the Grenville
orogen. A second group of Old Red Sandstone samples contains high grade rutile
traceable north-eastwards via the Outer Moray Firth to east Greenland. Both groups
likely contain locally sourced detritus from the proto-Central Graben rift flanks.

Mid Westphalian C i Stephanian Upper Flora Sandstone and early Permian sandstone
in the Flora and Embla oil fields, respectively, yield heavy mineral signatures
compatible with recycling of Palaeozoic sediments to the north of the Southern
Uplands.

The study indicates a late Devonian - early Carboniferous switch in the regional
drainage system that constrains possible correlations in the Embla oil field, and
suggests that Old Red Sandstone lacking a significant high grade rutile component
represent the oldest sediments.

December 2011 #SedProv11l Page 93



Sediment Provenance Studies in Hydrocarbon Exploration & Production

NOTES

December 2011 #SedProv11l Page 94






