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 For a working oil or gas field, 6 things needed 
1. Organic rich source rock 
2. Heating of source rock to >100C and generation of oil/gas 
3. Migration of oil/gas away from source “kitchen” 
4. Presence of porous reservoir 
5. Presence of sealing cap rock 
6. Trap configuration (structure) 



The future of oil and gas exploration and production 
Where did we previously find oil and gas? 



Why are deep discoveries less common? 
Deeper rocks: hotter, older, greater over-burden (higher pressure) 
Diagenesis converts sand into sandstone 
Ultimately sandstone becomes a metamorphic rock with v low porosity  

1. Compaction-grain rearrangement 
2. Compaction-pressure solution 
3. Quartz cementation 
4. Clay cementation 
5. Carbonate cementation 

Five main processes 
that occur as 
sandstones and 
buried and heated  

Plain light Crossed polars 
SEM image 

200 m 



Diagenetic processes in sandstones 
Compaction-grain rearrangement 

Random packing of ~spherical grains: porosity always ~45% 
This is the case for freshly deposited sand, oolitic limestones 

etc 

Close packing of ~spherical grains (also known as hexagonal; 
close packing): porosity always approx. 26% 

The case for sandstones buried to about 1000-3000m. 
Progressive adoption of close packing with increasing burial 

Compaction occurs in response 
to increasing effective stress 
during burial. 
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Diagenetic processes in sandstones 
Compaction-grain rearrangement 

200 m 

Porosity-loss due to 
changes of packing is a 
simple geometric 
process  

Cubic packing: 48% porosity Hexagonal close packing: 26% porosity 

Randomly or cubic packed on 
deposition (beach sand) 

http://www.dmscocamera.com/microscope image.asp


Diagenetic processes in sandstones 
Compaction-grain rearrangement 

Shallow buried 
sandstone with loosely 
packed texture 
 
Blue is pore-space 
Yellow grains are feldspars 
White grains are quartz 
Dark patches are lithic fragments 

150 m 



Diagenetic processes in sandstones 
Chemical compaction-pressure solution (stylolites) 

2 cm 

Ornamental building stone: limestone Outcrop: limestone 

Outcrop: limestone Polished slab of sandstone 

4 cm 



Diagenetic processes in sandstones 
Compaction-pressure solution 

100 m 

Thin section: crossed polars: microscopic stylolites 

Quartz grains dissolve at point contacts and 
become long (sutured) contacts. Result is 
compaction. 
 
Process happens at depth and temperature 
 
What happens to the material that dissolves?  



Diagenetic processes in sandstones 
Quartz cementation 

Thin section image 
Well-developed quartz overgrowths 
on quartz grains A and B and one 
large and several small outgrowths 
(arrow) on grain C. Uneven 
distribution of quartz cement 
reflects local, thick illite coats on 
surfaces of detrital quartz 
grains. Plain light. Norphlet 
Formation (Jurassic), Rankin County, 
Mississippi. 

What happens to the material that dissolves at stylolites in sandstones?  It 
becomes quartz cement!  
 
Crystalline SiO2 cement is the most volumetrically-important cement in sandstones 



Diagenetic processes in sandstones 
Quartz cementation 

Crystalline SiO2 cement is the most 
volumetrically-important cement in 
sandstones 
 
Quartz cement grows as a function 
of depth since temperature 
increases deep into the subsurface. 
 
3000m burial is typical depth below 
quartz cement becomes v 
abundant 
 
In fact temperature (and time) are 
the critical factors since quartz 
growth is a kinetic process; key 
temperature is 90°C 

USA Gulf of Mexico Tertiary sandstone data 

High quartz 
cement in 
clean sst 

Low quartz 
cement in 
clay-rich sst 



Diagenetic processes in sandstones 
Quartz cementation 

Highly quartz cement sandstone 
 
Negligible porosity 
 
Quartz cement grows on sand 
grain surfaces and adopts 
crystal orientation of grain 
(shown by identical colours in 
crossed polars) 

Plain light 

Crossed polars 



Diagenetic processes in sandstones 
Clay cementation 
Many types of clay in sandstones: 
kaolinite (china clay) 
illite (like muscovite) 
chlorite (like the green metamorphic mineral) 

SEM image 

SEM image 



Diagenetic processes in sandstones 
Clay cementation: illite 
Illite (like muscovite) 
Very bad for porosity and (especially) 
permeability 

SEM image 

Crossed polars 
SEM image 



Diagenetic processes in sandstones 
Clay cementation: kaolinite 

SEM images 

SEM image of thin section 

Kaolinite: forms clusters and “booklets 
in pores” 
Not as bad as illite for the pore network 



Diagenetic processes in sandstones 
Carbonate cementation: calcite 

Calcite can totally fill all pores: destroys all reservoir quality 

Light optics 

calcite 

Quartz grains 



Diagenetic processes in sandstones 
Carbonate cementation: calcite 

Calcite cemented roots: calcrete 

Fluvial Triassic Sherwood Sandstone, Devon 

cathodoluminescence Light optics 

Light optics 

Matrix is highly 
porous (blue-
green colour) 

Calcrete is 
totally calcite 
cemented 



Diagenetic processes in sandstones 
Carbonate cementation: calcite 

Marine  Lwr Jurassic Bridport sandstone, Dorset 

Calcite cemented layers 

cathodoluminescence 

Light optics 

Cemented horizons have all 
pores filled with calcite 



Diagenetic processes in sandstones 
Carbonate cementation: dolomite 

Dolomite often grows at much 
the same depth/temperature 
as quartz cement (>90°C, 
approx 3000m) 

Dolomite 

Quartz  

Dolomite 

illite 

illite 

SEM image 



Diagenetic processes in sandstones 
Summary of processes that cause porosity less and lead to 
worse reservoirs with increasing depth 

Sand deposition (variable detrital clay and early diagenetic calcite) 
 
 Mechanical compaction 
 
   Chemical compaction (pressure solution) 
 
   Quartz cementation (>90°C) 
   Illite cementation 
   Dolomite cementation 
 



Processes that result in anomalous porosity-1 
Chlorite (clay) grain coats 

When chlorite clay coats sand 
grains it stops quartz cementation 
and leaves open pores 
 
Creates barrier between sand 
grains and pore fluid, inhibits 
kinetics of quartz growth 

4500m burial, 
>140°C, but 
negligible quartz 
cement.  Due to 
chlorite cement 

SEM image 

Light optics 

SEM image 



Processes that result in anomalous porosity-1 
Chlorite (clay) grain coats 

Deep-buried chlorite-bearing 
sandstone can have very porosity 
 
Target for exploration in deep 
prospects: how to predict it?? 

High 
porosity 
anomalies 

Normal 
trend 

SEM image 



Processes that result in anomalous porosity-2 
Microquartz grain coats 

Known that a coating of 
microcrystalline quartz weirdly can 
somehow stop quartz cementation in 
deeply buried sandstones 
 
Samples from >4500m in North Sea 

SEM image 

SEM image 

SEM image 



Processes that result in anomalous porosity-2 
Microquartz grain coats 

Underneath microquartz sits a layer 
of amorphous (opaline) silica 

SEM images 

SEM images 

A = amorphous 
DG = detrital grain 
MQ = microquartz 



Processes that result in anomalous porosity-2 
Microquartz grain coats Underneath microquartz sits a 

layer of amorphous (non-
crystalline) silica (i.e. opal) 
 
On the amorphous silica, 
quartz grows with random 
oriented microcrystals 
 
Unlike ordinary quartz cement, 
not in same orientation as 
detrital grain 
 
Microquartz is actually a layer 
of opaline silica with 
microquartz on top: just like 
chalcedony 
 

Crystal orientation SEM image 

Deep-buried microquartz-bearing 
sandstone can have very porosity 
 
Target for exploration in deep prospects: 
how to predict it?? 



Processes that result in anomalous porosity-3 
Early oil emplacement 

oil 

water-wet 

•Surface processes 
unhindered 
•Diffusion slowed 

•Surface processes stopped 
•Diffusion stopped 

oil-wet 

oil 

Water is present in pores before oil 
enters 
 
All mineral diagenetic processes 
occur via solution in water 
 
Oil-filling may be a way of stopping 
porosity-destroying mineral 
diagenesis (e.g. quartz cementatio)  
 
But not all water is pushed out of 
the reservoir, some water stays 
behind (up to 20% of the pores are 
filled with water) 

Wettability (preference for 
minerals coated with oil or 
water) matters 
 
Oil vs gas matters 
 
Exact % of remaining water 
matters 



Processes that result in anomalous porosity-3 
Early oil emplacement Porosity decreases 

and quartz cement 
increases in Miller 
Field (N Sea) from 
crest of field through 
oil zone to the water 
zone.  OWC = oil-
water contact  
 
Oil needs to be 
present before quartz 
cementation and 
displace most water 
to preserve porosity 

Early-oil filling: target for 
exploration in deep 
prospects: but how to 
predict it? 



Processes that result in anomalous porosity-4 
Naturally fractured reservoirs 

Do fractures lead to better reservoirs? 
Can they result of higher porosity than expected for 
a given depth? 



Processes that result in anomalous porosity-4 
Fractured reservoirs 

Fractured reservoirs 
 
Grains smashed up, creates 
fault gouge 
 
Small new fragments block 
pores? 
 
Broken surfaces encourage 
re-cementation? 
 
Uncertain effect on reservoir 
properties 



Processes that result in anomalous porosity-5 
Secondary (new) porosity 

100 m 

Secondary 
pore in 
dissolved 
K-feldspar 

2000m in the Paris Basin, 
France, secondary (new) 
pores are present due to 
dissolution of detrital 
feldspars 
 
Under these conditions, 
minor secondary pores 
not so important  



Processes that result in anomalous porosity-5 
Secondary (new) porosity 

6700m in the Gulf of 
Mexico, 2-8% porosity 
still present 
 
Secondary (new) 
pores are the only 
pores present 
 
Dissolved feldspars 
left pores behind 
 
Against convention, 
best reservoir is not 
the cleanest (most 
quartzose) reservoir 

Feldspar-rich sandstone: target for exploration in very deep 
prospects: again ... how to predict it? 



Unconventional petroleum reservoirs: Shale gas 

Unconventional reservoirs offer whole new set of challenges....... 



Conclusions 

Harder to find oil and gas, all easy finds already made 

Need to develop increasingly sophisticated geological models 
to find high porosity anomalies: 

• chlorite grain coats 

• microquartz grain coats 

• early oil emplacement 

• feldspar rich sandstones in very deep (6000m) reservoirs 

Needs much geological research to develop predictive models 


