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Abstract

High precision oxygen isotope analyses of quartmesds, in combination with
quantitative petrography and Quantitative X-Rayflaiftion (QXRD) as well as time-
temperature history modelling, were employed tost@in the timing and source of
porosity reducing quartz cement in the JurassicsNeasmation (North Sea) and the
Palaeocene Wilcox Group (Texas). Temperature lyistardelling indicates maximum
burial temperatures in the chosen Ness samples &9 to 16%C and 27 to 21 in

the Wilcox samples. In both sample areas the volafrpiartz cement is controlled by
temperature and quartz surface area. The volumgeartz cement recorded ranges from
1.3 to 22.5 %bv in the Ness Formation and from #.418.8 %bv in the Wilcox
sandstone. With the notable exception of the hiotékox samples (>14%), cement
volume increases with temperature in both basins.situ Secondary lon Mass
Spectrometry (SIMS) was performed at a spatial loéismn of 12 um and 2 um on
quartz overgrowthss'®Ocemeny measurements ranged from +27.7%o to +19.3%. in the
Ness and +28.5%o to +18.3%0 in the Wilcox. Precidmmthe 12 um and 2 pm analysis
was better than 20.27% (2SD) and #0.67%. (2SD) retpmly. 5"°O(cemeny
measurements indicate that the initial 8% of cemanboth the Ness and Wilcox
sandstones precipitated below G0 The remaining 90% of cement observed in both
basins precipitated above 60°%80in diagenetically evolving waters whei&®O
becomes heavier during burial. In all cases centientappears to continue through to
maximum burial temperatures, from 60 to %@3nd can be accurately predicted using
current cementation models. Howev&P O cemenymeasurements in Wilcox sandstones
sampled above 143 indicate that cementation may be inhibited ahHigmperatures
as a response to the late precipitation of didiengnerals such as illite and ankerite
which act to reduce available quartz surface awdhin the quartz cementation
window (50-148C), silica producing reactions including the ittion of kaolinite and
smectite as well as the dissolution and albitisatb feldspars have been recorded in
shale units adjoining both the Ness and the Wikaxdstones. However, mass balance
calculations indicate that insufficient silica isoguced within these shale units to
account for the total volume of cement quantifiedthe sandstone. These findings
indicate that the majority of quartz precipitatémwe 60C and is sourced internally

within the sandstone body.
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1. Introduction to the Origin and Timing of Quartz

Cementation in Reservoir Sandstones

Quartz cement is the most volumetrically significaiiagenetic mineral observed in
reservoir sandstones (Bjarlykke, 1979; McBride, 49Bjgrlykke and Egeberg, 1993;
Primmer et al., 1997; Worden and Morad, 2000). ipiation of quartz during burial
reduces porosity and is detrimental to reservoaliu It is therefore important to
accurately determine the extent and timing of cedatem when considering the
economical potential of a reservoir system andrdutine management of that reservoir.
However, the exact timing and mechanism by whicargucementation occurs has yet

to be fully constrained.

This thesis describes a multi-analytical projecitt ttvas undertaken to investigate and
further constrain the timing of quartz cementaiiothe North Sea, Ness Formation and

the Texas, Wilcox sandstones.



1.1 An Overview of Quartz Cementation in Reservoir Sandtones

There are three important factors to consider wealuating the timing of quartz
cementation: (i) the kinetics that control quartegpitation; (ii) sources of silica; (iii)

transportation of silica from source to precipiatsite.

1.1.1. Quartz Precipitation Kinetics

Silica diagenesis and ultimately the precipitatioh quartz is controlled by phase
solubility (Williams and Crerar, 1985b).

SiO2 (s) + 2H20 (1) —» H4Si04 (aq)

Equation 1.1 Silica dissolution

The solubility (K) of the most common phases atail including opal-A, opal-CT and
quartz as a function of temperature are illustrate&igure 1.1 taken from Bjarlykke
and Egeberg (1993). Thermodynamic and kinetic otstdictate the phase of silica
observed. At temperatures below’C@he rate of quartz precipitation is very slowsse
stable amorphous forms of silica dominate and pa@ters remain supersaturated with
respect to quartz (Williams and Crerar, 1985b).gRrssive burial causes temperatures
to rise and amorphous silica polymorphs become dessle; less soluble cristobalite-
tridymite phase (opal-CT) then forms. This transfation is believed to occur below
50°C (Pisciotto, 1981; Williams and Crerar, 1985b).aB@T later recrystallises to less
soluble quartz. In the natural system this coneerss believed to occur above glbut

is poorly constrained (Murata and Larson, 1975;li#fils and Crerar, 1985b). Both
these transformations are time temperature depénd#nzatani (1970) showed that it
takes 10 million year at 5G to transform 90% of cristobalite phase to quattawever,
metastable forms of silica are known to persisteéeply buried rocks of the Cretaceous

(e.g.Gran, 1989); indicating other influences mayaffecting precipitation kinetics.
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Figure 1.1 Concentration of siliggy in equilibrium with various silicates. At low
burial temperatures the rate of quartz precipitatsoslow and less stable forms of silica
(amorphous and cristobalite) are metastable; cgufmnmation waters to remain
supersaturated with respect to quartz. At higherperatures quartz precipitation rates
increase and waters move towards equilibrium withrtg. Figure taken from Bjgrlykke
and Egeberg (1993).

The diagenetic sequence exhibited by silica (opabAopal-CT— quartz) can be
affected by pH, impurities, detrital surface arewl &ilica diffusion (Williams et al.,
1985a). Each affects the activity HfSiO4 acting to reduce the supersaturation with
respect to one of the silica polymorphs. For exanifpsilica were to diffuse away from
the system or be adsorbed by an impurity i.e. & bigface area clay mineral, then the

overall concentration of silicZB10,] would be reduced.

In summary the precipitation of quartz in sandssoc&n occur whenever the solubility
product of quartz is exceeded and where detritaftgqigrains have free and uninhibited
surfaces. Indeed, most meteoric waters are supestad with respect to quartz
(Bjarlykke and Egeberg, 1993). It is therefore fieles under the right conditions that

quartz may precipitate at surface temperatures.



1.1.2. Silica Sources

To accurately understand quartz cementation mesimensuitable sources of silica must
be identified. A full overview of potential silicaources can be found in McBride
(1989) and Worden and Morad (2000). It is commadgepted that quartz cement is
derived from: (i) more soluble silica phases ergoahous silica (biogenic or volcanic)
and opal CT (Bjgrlykke and Egeberg, 1993; Vaglealet 1994; Aase et al., 1996;
Weibel et al., 2010); (ii) dissolution of quartz pyessure solution, stylolitisation or
grain fracturing (Heald, 1955; Gratier and Guiglrggm, 1986; Dewers and Ortoleva,
1990; Oelkers et al., 1996; Bjgrkum et al., 1998hér et al., 2000; Baron and Parnell,
2007); (iii)) mineral reactions involving the releasf silica from silicates (Saigal et al.,
1988; Milliken, 1992; Thyne et al., 2001; Wilkinsen al., 2001; Lanson et al., 2002;
van de Kamp, 2008). However the extent each reactotributes to the overall quartz
cement observed is unclear. Each of the aboveasidroducing processes may take
place ‘internally’ within the sandstone or ‘extellgaoutside the sandstone unit. As
around 70% of the sedimentary basin is formed @flestfiMacQuaker and Adams,
2003), it is likely that external silica generatigrrelated to reactions occurring in shale

units.

1.1.2.1Amorphous Silica Dissolution

At low temperatures, silica can precipitate frontunal agueous solutions as amorphous
silica (Williams and Crerar, 1985b). This may aceither inorganically, as in silcretes
(Smale, 1978; Thiry and Millot, 1987; Alexandreagt 2004; Alexandre et al., 2006) or
organically from diatoms, radiolarians, silicofligées, sponges and some terrestrial
plants (Siever, 1957; Hurst and Irwin, 1982; McBrid989; Worden and Morad, 2000).

During burial, these metastable silica polymorphdargo dissolution and recrystallise
as quartz (Figure 1.1). The recrystallisation obgshous silica leaves little direct trace.

However, quartz cement precipitated from amorplsiisa or opal-CT commonly has



a microcrystalline chert-like texture, which is aed to the high degree of
supersaturation during precipitation (Bjarlykke d&gkberg, 1993; Hendry and Trewin,
1995; Weibel et al., 2010). As biogenic silica pedhates in marine sediment (Siever,
1962; Calvert, 1968; Bjgrlykke and Egeberg, 1993) dissolution may not be

influential in either the fluvial/deltaic North Sé&ess or Texas Wilcox sandstones.

1.1.2.2Quartz Dissolution: Stylolitisation and Grain Fractring

It is widely recognized that some silica in quacteament may be sourced by pressure
solution (Weyl, 1959; Trurnit, 1968; Gratier andi@uet Irigm, 1986; Tada and Siever,
1989; Bjgrkum, 1996; Worden and Morad, 2000). Rmessolution is caused by a local
increase in quartz solubility (Bjagrlykke and Egenet993; Bjgrkum, 1996; Oelkers et
al., 1996). Pressure solution in sandstones is ammymdivided into two types:

intergranular pressure solution and stylolitisation

Intergranular pressure solution (sometimes refetoeds grain-to-grain stylolitisation)
takes the form of adjacent detrital grains havingerpenetrating sutured or smooth
contacts (Trurnit, 1968; Renton et al., 1969; Rpbl®78; Houseknecht, 1984;
Houseknecht, 1988; Tada and Siever, 1989). Eatlpgephic studies highlighted the
presence of inter-locking quartz grains as a ptssitica source in sandstones. These
were believed to be regions in which dissolutiondefrital quartz had been brought
about by high pressures and temperatures. Howdaégr use of luminescing
microscopy indicated that much of what appearduktevidence of pressure solution at
the grain contacts were in fact boundaries betvwgle@a cement precipitated between
adjacent grains (Sibley and Blatt, 1976; Walderhal@P4b; Oelkers et al., 1996;
Walderhaug, 1996).

Stylolites are intergranular serrated surfaces d@inatlined by insoluble constituents of
the enclosing rock (Heald, 1955; Heald, 1959; Rartt Schot, 1968; Tada and Siever,



1989; Walderhaug and Bjgrkum, 2003). Stylolitedediffrom intergranular pressure
solution by scale. A number of factors are thoughinfluence stylolite formation in
sandstones, including temperature, pressure, niggraf the sandstone host and the
mineralogy of the stylolite. Although the presemdestylolites are commonly reported
in reservoir sandstones (Heald, 1955; Heald, 1@%9kers et al., 1996; Walderhaug,
1996; Baron and Parnell, 2007) the minimum burigptd required for their
development remains uncertain. However, Bjgrkun®§)ighlighted that <10 bar of
pressure is required for stylolite developmentjaating low temperature stylolitisation
may occur. Numerous studies have also shown tleapitesence of mica and/or illite
clays promotes pressure solution in quartz (Bjerkd®96; Oelkers et al., 1996;
Walderhaug et al., 2006). Indeed Greene et al (200§hlighted that pressure
solution/stylolitisation is promoted by the elestatic difference between quartz and

mica.

Numerous authors report considerably more quamzeoé within reservoir sandstones
than can be accounted for by intergranular pressoicgion or stylolitisation within the
same formation (Heald, 1955; Heald, 1959; Todd, 3196ibley and Blatt, 1976;
McBride, 1987; Thomas et al., 1993). However fewhw#se studies were quantitative.
The few quantitative studies performed includin®I&y and Blatt (1976) found that
pressure solution accounted for about a third efghartz cement. A similar figure was
estimated by Thomas (1993). However, Sibley andt'BI&1976) study ignored finer-
grained sandstones. Finer sandstones usually unaeoge severe pressure solution
than coarser-grained beds (McBride, 1989; Oelkeral.e 1996). This is because of
relative thermodynamic instability of mineral swés relative to mineral interiors.
Ostwald ripening leads to the preferential dissoiubf small grains and reprecipitation
of the dissolved silica as a contribution to largesins (Williams and Crerar, 1985b;
Worden and Morad, 2000). Large-scale pressure ldisso of silica due to stylolite
formation is also more common in siltstones and-finained sandstones that are rich in
detrital mica (Oelkers et al., 1996).



During compaction grain fracturing has also beakdd to quartz cementation. During
early burial, mechanical compaction can fracturargugrains. This process can cause
the dissolution of detrital quartz, and will incseaquartz surface area, promoting quartz
precipitation (Chuhan et al., 2002; Makowitz ef 2006).

Quantifying exactly how much silica can be produbgdpressure solution is beyond
the realm of this study. However, the above memtibstudies clearly indicate that
stylolitisation and local intergranular grain casttaan contribute towards the silica
budget.

1.1.2.3Silicate Reactions

The main rock-forming minerals in sandstones digsohcongruently under natural
porewater conditions with surface-reaction congélidissolution rates (Berner and
Holdren Jr, 1979; Hurst and Irwin, 1982). When edesng reservoir quality silicate
reactions in sandstones are important for thregorea (i) silicate dissolution acts as a
source of silica (ii) silicates provide a sourcenwditerial for the genesis of authigenic

clays; (iii) silicate dissolution produces seconydaorosity.

Often early in the burial of sandstone the dissotuand kaolinisation of K-feldspar
occurs (Bjerlykke, 1979; Holdren Jr and Berner, 49Bjarlykke and Egeberg, 1993;
Lanson et al., 2002). The dissolution of K-feldshas been reported in the North Sea
Brent (Blanche and Whitaker, 1978; Bjarlykke et aB92; Giles, 1992; Harris, 1992;
Morton et al., 1992) and in the Wilcox sandstonsh{&r and Land, 1986a; Day-Stirrat
et al.,, 2010; Dutton and Loucks, 2010). Using erehroer chemical formulae and
balanced equations it is possible to estimate theuat of silica produced during the
kaolinisation of feldspars (Equation 1.2).



2KAISIO, +2H" + H,0 - ALSLO.(OH), +4Si0 +2K*
556.89 . 25829 + 204.4g

Equation 1.2 Kaolinisation of K-feldspar (Worden and Morad, 2p00

The total molecular weight of reactants (KAIS$) is 556.8g. This produces 204.4g of
silica. Therefore the total silica released duting transformation is 43.2% that of the
reactants. The reaction of 1 unit mass of K-feldgp@duces 0.43 mass of quartz,
assuming the reaction goes to 100% completion.

Although a viable source of silica the role the lkasation of K-feldspar may have on

quartz cementation is disputed. Hurst and IrwirB@)2and later Bjgrlykke and Egeberg
(1993) demonstrate that for the reaction to taleeelprotons must enter the system.
The most likely source of these protons is by flnghthe sandstone with meteoric

water. This in turn is likely to remove any silioafore precipitation can occur.

Later in the diagenetic process at higher temperatany remaining K-feldspar may
react with kaolinite to form illite (Equation 1.3hrough a dissolution/precipitation
mechanism (Lanson et al., 2002). This reactiorported in many sedimentary basins
including the North Sea (Bjarlykke et al., 1992nkan et al., 2002) and the Texas delta
region (Land and Fisher, 1987). Using end membematal formulae and balanced
equations it is possible to estimate the mass lafasproduced by the reaction of

kaolinite and K-feldspar.

KAISi,O, + ALSIC,(OH), — KAI,Si,0,,(OH), + 2SiC, + H,0
2784y + 25829 -  413.4g + 120.2g

Equation 1.3 lllitisation of kaolinite (Worden and Morad, 2000)



The total molecular weight of reactants is 536.8us produces 120.2g of silica.
Therefore 22.4% of the total reactants are releasesllica during this transformation;

or for every single mass of reactants around Oriits of mass of silica are produced.

Feldspar albitisation is another common form of iddudiagenetic alteration in
sandstones of the North Sea (Saigal et al., 1983aiMet al., 1990; Bjorlykke et al.,
1992) and the Texas delta region (Land and Millike®81; Day-Stirrat et al., 2010;
Dutton and Loucks, 2010). The onset of feldspaitiafiiion may be at temperatures as
low as 65°C, but wholesale albitisation occurseshperatures of abox100-130°C
(Saigal et al., 1988; Morad et al., 1990). The tieacof kaolinite and feldspar is shown
in Equation 1.4 and occurs via a dissolution/prigaiion mechanism (Perez and Boles,
2005) where silica is released from both reactahggin, using end member chemical
formulae and balanced equations it is possiblestionate the volume of silica produced

by the reaction of K-feldspar to albite.

2KAIS|O, +2.5AL,SL0.(OH), + Na* — NaAISO, + 2KAL S0, (OH), + 2SiQ + H,0+ H*

556.8g + 64559  +22.9g 120.2g

Equation 1.4 Albitisation of feldspars (Worden and Morad, 2000)

The total weight of reactants is 1202.1g, the ieaatan produce as much as 120.2g of
silica. This equates to 10.0% of the total reackesimig released as silica. Therefore, for
each combined mass of reactant around 0.1 unitsass of quartz are produced, or for

each unit mass of single reactant 0.05 unit masgiaiftz are released.

A further high temperature silica source is thesgfarmation of smectite to illite (Towe,
1962; Hower et al., 1976; Boles and Franks, 19#)d& and Vasseur, 1992; Awwiller,
1993; Abercrombie et al., 1994; Berger et al., 299hch, 1997; Lanson et al., 2002;
van de Kamp, 2008). This reaction (Equation 1.5 been reported occurring within



reservoir sandstones (Morad et al., 2002; WordehMworad, 2002) as well as external
mudrocks (Bjgrlykke, 1998; van de Kamp, 2008). Aitbh widely disputed, it is
argued that silica produced by the illitisationsafectite in external clay rich rocks may
result in quartz cementation in adjacent resersamdstones (Gluyas et al., 2000; van de
Kamp, 2008).

Where Equations 1.2 to 1.4 represent dissolutieaipitation reactions, the illitisation
of smectite is thought to be a solid state tramsit{Lindgreen and Hanson 1991;
Cuadros and Altaner, 1998) in which the transitadnsmectite to illite occurs as a
response to temperature increases. Silica yieldthi® reaction are therefore estimated
solely as a proportion of the reacting smectitepasined by van de Kamp (2008).
Equation 1.5 illustrates that for every 1012.3gmiectite 197.7g of silica are produced,
therefore for each unit mass of smectite undergdlitigation 0.20 units of mass of

silica are released.

1.308[(Ak.19V1g0.85) (Sig) O20(OH)a(Nao 85)2H0 >
Smectite (1012.39)
[(Al 4.1-€.1MJo 56)(Si7.17) O20(OH)a(K1.4MN@0 0:C& 03] + 3.29SIQ
Silica (197.79)

Equation 1.5 Smectite to illite transformation (van de Kamp, 00

The overall contribution of each of the above atcreaction is summarised below in
(Table 1.1). For the purposes of this investigattbe volume of quartz cement released
from each of the above silicate reactions is asduidde equal to the calculated mass

of quartz produced (wt%).
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Silica Released

_ Equation Reactants .
Reaction / Process _ _ per Single Mass
Number (reacting ratio)
of Reactants (Q)
K-feldspar dissolution 1.2 K-feldspar 0.43
llitisation of Kaolinite 1.3 K-feldspar + 0.22

Kaolinite (1:1)

e K-feldspar +
Albitisation of K-feldspar 1.4 0.10

Kaolinite (4:5)

[llitisation of Smectite 15 Smectite 0.20

Table 1.1 Calculated silica yields from reaction involvingnemonly observed silicate
minerals.
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1.1.3. Silica Transport Mechanisms

Mass transport in sedimentary basins may occuohy hasic processes; (i) Fluid flow
in response to meteoric recharge; (ii) Fluid floriven by compaction; (iii) Recycling
of fluids by convection; (iv) Diffusion. However|taough these processes have been
widely discussed in previous studies (McBride, 19Bfrlykke and Egeberg, 1993;
Aplin and Warren, 1994; Oelkers et al., 1996; Gi#¢sal., 2000; Walderhaug et al.,

2000) the exact mechanism by which silica is transg remains unclear.

By analysis of the composition and compositionaetageneity of the mineralizing

fluids Aplin and Warren (1994) were able to discowwo, possibly three, of the above
mechanisms. Firstly, transport by meteoric rechasrgas ruled out. Isotopic

compositions measured in quartz overgrowths oNbgh Sea and Gulf of Mexico area
tend to reflect formation in fluids diageneticalgvolved such as basinal brines.
However, in certain cases meteoric recharge may st a plausible transport

mechanisms; for example in regions where substampigt at the basin margins has
caused exposure (Wilkinson et al., 2006).

Compaction-driven flow can also be discounted. Maalance calculations show that
around 16-10° pore volumes of water are require to precipitateo®6 quartz in a

standard reservoir (Sibley and Blatt, 1976; Bjgkiyk1979; Land and Dutton, 1979;
Bjarlykke, 1983; Bjgrlykke and Egeberg, 1993). Thidfar larger than the relatively
small volumes of water expelled during the compmactof shales (McBride, 1989;
Bjagrlykke and Egeberg, 1993). If compaction wasufad less water is required. Again,
calculation (Aplin and Warren, 1994) show focusing difficult to achieve.

Furthermore, quartz cement is ubiquitous in mastmeoir sandstones.

12



Recirculation or recycling of water by convectivew (Wood and Hewett, 1982) could
theoretically overcome the ‘water problem’. Howevarge scale convection is likely to
result in homogenous fluid compositions throughth& reservoir system (Leder and
Park, 1986). Such compositions are rarely repqAg@tin and Warren, 1994).

The final possible transport mechanism proposeliffission. Wherever a concentration
gradient is set up diffusion can occur. As thedlsimply acts as a transport medium,
large volumes of water are not required. As demratesd by Williams et al. (1985a) the
solubility of quartz increases with temperatureisTineans that concentration gradients
of dissolved silica should exist wherever thera iemperature gradient. However for
diffusive transport to continue high regions ofcsilconcentrations must be maintained.
This is likely achieved by the reactions of sil&stand stylolitisation. Calculation by
Bjarlykke and Egeberg (1993) indicated diffusiorordy possible over a few meters.

This could potentially rule out external silica smes in large reservoir bodies.

13



1.2 Predicting the Timing of Quartz Cementation

Many analytical studies have attempted to evaltiaetemperature and timing of the
quartz ‘cementation window’, typically through tlwembined use of fluid inclusion
(Haszeldine et al., 1984; Walderhaug, 1994b; Wdkm et al., 1998), petrographic
(Blanche and Whitaker, 1978; Hogg et al., 1992;kéxsl et al., 1996) and isotopic
investigations (Brint et al., 1991; Aplin and Waryd994; Williams et al., 1997; Girard
et al., 2001; Marchand et al., 2002).

By combining fluid inclusion and cement abundanegadacquired from sandstones
buried with well-defined thermal histories to a ganof temperatures, Walderhaug
(1994b) estimated the rate of quartz cementaticm fasction of time, temperature and
quartz surface area. These data form the basisromonly used predictive models for
quartz cementation (Walderhaug, 1996; Lander antti$¥taaug, 1999; Ajdukiewicz et
al., 2010). Furthermore, since (a) quartz cememfirequently observed below 3D
and (b) fluid inclusions seldom reveal homogenisatiemperatures below %D,
models commonly assume that quartz cementation draseffective threshold
temperature of ~8C (Lander and Walderhaug, 1999; Walderhaug, 20@)ce
cementation has been initiated, some authors (Wwdg, 1996; Lander and
Walderhaug, 1999; Wangen, 1999; Oelkers et al.0P8Qggest that cementation is a
continuous process, with cement developing as atifum of both temperature and
quartz surface area, and with the majority of cenpeecipitating between 100-1%D.
Others (Girard et al., 2001; Marchand et al., 20@@pose a multi phase cementation
process. Evidence supporting multi phase cementatcludes measurements of
isotopic and petrographic zonations. Indeed martiicas, when viewing sandstones
under cathodoluminescence report zonations witinigles quartz overgrowths (Hogg et
al., 1992; Goldstein and Rossi, 2002). It is unclghat causes such striking textures,
although it is believed it is caused by latticeedeicreated by varying concentrations of
transition metals including aluminium and lithiufdgmars et al., 1996; Gotze et al.,
2001; Boggs Jr et al., 2002). Changes in the cdrat@ns of such impurities may be

related to potential changes in the source anchgraf cementation.
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Until now, it has been impossible to validate thbseadly based quartz-cementation
models on the microscopic scale at which cememhdoin principle, detailed profiles
of either or both fluid inclusion and oxygen isatgdata across single overgrowths can
be used to constrain cementation history. Howelieid inclusions mainly occur close
to the boundary of overgrowths and detrital graenrs] thus constrain only the early
phase of cementation (Osborne and Haszeldine, 1@%§pen isotopes have long been
used as geothermometers to time precipitation iectsuch as quartz cementation
(Urey, 1947; Javoy, 1977; Blatt, 1987). The ratfos80 to §*°0 within quartz is a
function of the temperature andf®Opaey in which it formed. Measurements of
6180(quanz) as this study presents, facilitates the calautatnf possible cementation
temperatures. However, 880 ,aer) remains unknown and is likely to fluctuate during
burial (Taylor, 1977; Morton and Land, 1987; Egepand Aagaard, 1989; Warren and

Smalley, 1994) only constraints may be placed oa tementation histories.

Although oxygen isotope geothermometry applied uartg cementation is not a new
idea previous studies isolated whole overgrowtlts @uld not generate temporal data
(Lee and Savin, 1985; Brint et al., 1991; Aplin anrren, 1994) whilst neither the
resolution (2Qm) nor the precision (£1-2%.; 1SD) of earliarsitu Secondary lon Mass
Spectrometry (SIMS) studies were sufficient to ¢as growth histories (Graham et
al., 1996; Williams et al., 1997; Girard et al.020 Marchand et al., 2002).

In summary previous attempts to constrain the @mai quartz cementation have
suffered from a lack of high precision isotopic anpdntitative mineralogical analyses.
This has prevented full cementation histories aethentation kinetic from being
determined. This in turn restricts our understagdai possible silica sources and

transport mechanisms.
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1.3.Scope and Purpose of Study

Although the mechanisms responsible for quartz c¢atien have been the subject of
numerous studies (Heald, 1955; Bjarlykke, 1979; k& 1989; Primmer et al., 1997;
Giles et al., 2000; Gluyas et al., 2000; Trewin &adlick, 2000; Worden and Morad,
2000), key questions still remain. The main undetiess are summarised below.

1.3.1. When does quartz cementation occur?

Many predictive quartz cementation models statarashold temperature of 708D
(Walderhaug, 1996; Walderhaug et al., 2000; Ajdwice and Lander, 2010; Taylor et
al., 2010). However this temperature has never laeenrately tested on the scale at
which cementation occurs. As highlighted above gpatial resolution of previous
isotopic work made it physically impossible to @erh high precision cement
geothermometry on the scale required to examindwllthe bulk of cement. Fluid
inclusions, although a valuable source of geochalngiata, may be subject to re-setting.
Also, the sealing mechanisms required for inclusit;mform imply that they can only
reflect a temperature higher than the onset of ogaien. It is also highly unlikely for
fluid inclusions to be positioned across an entivergrowth; therefore no details of
cementation history can be extrapolated. Furtheentbe 86C threshold is largely
constrained by petrographic observations (Waldeghd994a; Walderhaug, 1994b).
However, more recent and detailed microscopy repadlumetrically important
quantities of quartz cement forming below’80(Vagle et al., 1994; Haddad et al.,
2006; Dutton and Loucks, 2010; Marcussen et all0P@asting more doubt over this
threshold temperature. It is also unclear if quagmentation occurs within shales and
if it is when does it take place? The timing of gmacementation could signify the
increase in silica concentrations within adjacenitsuand thus influence diffusive

transport mechanisms.
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1.3.2. Where is silica sourced? Internally or externally?

It is clear many reactions occurring within the isgghtary basin can chemically
produce silica. However few studies have attempteduantitatively examine these
reactions with the aim of sourcing silica for qaadementation. Furthermore, few

studies have quantitatively examined any potemékdtionship there may be between
sands and shale.

1.3.3. How is silica transported?

Unresolved issues concerning the timing and theacsoof silica result in further
unknowns. For example, if cement is indeed sourtech a range of processes

occurring across different temperatures how isailfansported at the reservoir scale?
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1.4 Project Aims and Objectives

The specific aims of this project were twofold:

1. To constrain the onset of quartz cementation asdlve quartz cementation
histories

2. To quantitatively evaluate potential silica sourgeternally within reservoir
sands as well as externally in adjoining shalesunit

The full objectives of this investigation were to:

* Quantify quartz cement in samples from a wide raofgeemperatures from the
North Sea Ness Formation and Gulf of Mexico Wilé@mtmation.
» Constrain quartz cement histories through
» |sotopic analysis of quartz cements
= Petrographic quantification of quartz cement
» Time —Temperature history modelling
» Constrain potential silica sources through
= Quantitative petrographic examination to evaluatdgernal
sources
= Quantification of mineralogical changes in adjomshales

« Validate current quartz cementation modelling tlgeor

18



1.5 Thesis Structure

This thesis is composed of 5 chapters:

Introduction to Quartz Cementation

Analytical Strategy and Methods

Quartz Cementation in the North Sea Ness Formation
Quartz Cementation in the Texas Wilcox Sandstone

ok~ 0N PR

Quartz Cementation Mechanisms in Reservoir Sandston

In Chapter 1 a full literature review is presentetl the project aims and objectives
described. Chapter 2 describes the analyticaleglyathat was designed to fulfil these
project aims. Two stand alone case studies are phesented in Chapters 3 and 4.
Chapter 3 is a study of quartz cementation in tloetiNSea, Ness Formation. In this
study petrographic, mineralogical and high precisioxygen isotope analysis are
utilised to explore quartz cementation in a ranfjguartz rich sandstones as well as
siltier sand deposits. Using the same techniquegpter 4 then explores the timing and
sources of quartz cementation in the Texas, Wikanxdstone. Chapter 5 integrates the
main findings of the Ness and Wilcox case studiesvialuate the timing and sources of

quartz cementation in reservoir sandstones.
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2. Methodology

This chapter describes a series of analytical nusthi@signed to constrain the timing
quartz cementation in reservoir sandstones. Fumibig, this strategy as designed to
examine possible silica sources and to test thedityalof existing predictive
cementation models. This analytical investigatien divided up into 6 stages

illustrated in Figure.1.

Process/Methc AIMS

To select samples from a wi
1. Sample selectic » temperature range within a sing
formatior

To understand the tir-temperature

2. Thermal modellin history of each sam

To examine what diagenet
3. Petrograpf » processes are occurring and to re
cement growth to temperature hisi

To test exisiting models and to ass
4. Quartz cement modelli » formation tempertures to the cem
analysed during SIV

To constrain the timing of quar

5. Isotope analys et

To quantitatively examine wh
6. Mineralogical examinatic » Mmineral changes are occurring &
assess their potential as silica soul

Figure 2.1 Analytical strategy designed to constrain the tgnand mechanisms
guartz cementation in reservoir sal
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2.1.Sample Selection

Temperatures increase during burial; as a consegudingenetic reactions occur. The
overall aim of this project was to examine the @ffef temperature on the rate and
mechanisms by which quartz cementation occurs. Xam@e quartz cementation
across a range of thermal and mineralogical cantisamples were selected from

multiple wells in two study areas:

Study 1: Jurassic North Sea Ness Formation

Study 2: Early Eocene Texas Wilcox sandstone

2.1.1. The Ness Formation

The Ness Formation of the North Sea was chosenh lessibeen extensively cored at
multiple burial temperatures. As part of the hydmon rich Brent group the Ness
Formation has been meticulously characterised @vipus studies (Bjarlykke et al.,

1992; Giles, 1992). Indeed, quartz cementationbeas extensively investigated in the
clean quartz rich sandstones of this formation iBuet al., 1989; Walderhaug, 1994a;
Walderhaug, 1994b; Primmer et al., 1997; Gilesl.et2800; Walderhaug et al., 2000;

Girard et al., 2001). The Ness Formation was spadly chosen for its sands/silt/shale
interlayers which provided scope for the examimaid possible cementation in silt-

rich units as well as sandstones. Furthermore, tdy shale units were selected for
investigation. Examination of these shale units wadertaken to assess if any silica

migration has occurred between the Ness Formatiistisict lithologies.

21



2.1.2. The Wilcox Group

As in the North Sea Study, a series of Wilcox stomes were selected to examine
quartz cementation and reservoir quality. Paraltelthis a series of interlayered
reservoir shales and silts were selected to exathmevider diagenesis in the system
and to scrutinise possible silica sources. Thesdare Wilcox samples are of specific
interest as they may offer an insight into the mesie quality of newly discovered
deeply buried offshore potential plays. Similar ¥@it material has been extensively
characterised by Fisher and Land (1986a), Landrastter (1987), Dutton and Loucks
(2010) and Day-Stirradt al (2010).
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2.2 Time-Temperature History Modelling

This project deals with samples from multiple wetiswo study areas. Each individual
well has a separate burial and thermal history.n@it& diagenesis including quartz
cementation (Bjarlykke, 1979; McBride, 1989; Waltwkurg, 1996; Oelkers et al., 2000;
Worden and Morad, 2000; Ajdukiewicz et al., 2018 dissolution and albitisation of
feldspars (Land and Milliken, 1981; Boles, 1982ar$i and Irwin, 1982; Saigal et al.,
1988; Morad et al., 1990; Wilkinson et al., 200 well as some clay mineral
transformations (Boles and Franks, 1979; FreedReator, 1989; Berger et al., 1997,
Lanson et al., 2002; van de Kamp, 2008) is drivgnnigreasing temperatures during
burial. It is therefore important to consider a péis maximum burial temperature
rather than its current burial depth. Furthermaececonstrain the timing of quartz
cementation and related diagenetic processes important to understand the full
temperature history of each sample.

In this investigation Genesis 4.98ttp://www.zetaware.cojnwas used to combine

geological and geochemical data to produce timesézature histories of each well. In
the Wilcox study all temperature modelling was iearrout and generously shared with
us by R. Day-Stirrat working at the Bureau of Eaomo Geology, Texas. In both
studies temperature histories were calibrated usimegsured temperature data and
where available vitrinite reflectance. The modgjliprocess is summarised in Figure
2.2.
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Figure 2.2 Workflow of the iterations required during Genasigdelling.
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2.2.1. North Sea Time -Temperature Modelling

2.2.1.1Geological Inputs

BP and the Norwegian Petroleum Directorate (NPDppsed the geological

information needed for thermal modelling. This mf@tion was obtained from

production data and measurements made on corettorgcmaterial in the laboratory.

During the drilling of each well different down-leolmeasurements were made.

Therefore, the available datasets vary slightiyb(@2.1).

Well

34/8-7

211/27-A2

211/11a-3

30/3-4

30/9-]

|12

Lithology

Age

Temperature

Vitrinite Reflectance

Tmax

Table 2.1 Geological inputs required for Genesis modelling
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2.2.1.2. Stratigraphy and Lithology

Table 2.2 gives the name and ages of the formabbsesrved in the North Sea sample
area. The lithology of each formation was individigaetermined for each well using
composite logs.

Formation | Age (my) Formation | Age (my)

Nordland 5.33 Tarbert 167
Hordaland 50 Ness 170
Rogaland 62 Etive 176
Shetland 91 Rannoch 178
Cromer Knoll 140 Broom 182
Kimmeridge 160 Dunlin 200

Heather 165 Hegre 203.6

Table 2.2 North Sea formation/group names and geological ages

2.2.1.3. Thermal Parameters

The thermal properties were set to transient, fiaetdase of lithosphere. This implies
that heating is fixed at the base of the lithospheteating is therefore affected by any
change in the type or amount of sediment in thenbdhe temperature at the base of
the lithosphere is taken to be fixed at 1380 The total thickness of the mantle lid +
lower crust + upper crust is always taken to be K20 A surface temperature of 0

was used, this is a standard setting used by BRisiregion, based on work including
Prentice and Mathews (1988). Advective heat trarisgpad radioactive heat production
were also activated allowing for the model to gaterladditional heat within the basin

and not solely from aesthenosphere heating.
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2.2.1.4. Temperature Calibration

Modelled temperatures were calibrated either udingct measurements of temperature
or using a temperature proxy such as vitriniteeéince. In this North Sea study direct
temperature measurements were taken from drill stests. Only final stabilised

temperatures were used. Additionally Bottom Holenperature (BHT), the maximum

recorded temperature measured during a logging weme used. However, as BHT
recordings may not be stabilised these datum wantechwith a 5% error. In three wells
vitrinite reflectance, the measure of the thermailurity of organic matter, was also

available for calibration (Table 2.1).

The calibration process required a series of mamatto be run. During these iterations
the lithology was slightly adjusted within geologliceason (determined by composite
logs). Changes in the lithology altered the weighdl thermal properties of the rocks,
thus changing the heat flow within a well. Howewelnanging lithologies alone has a
minor effect on the modelled output. In situatievisere the modelled output remained

far from the measured data it was necessary tothkecrustal thickness.

Altering the thickness of the crust will allow mooe less heat to transfer into the
sediment column and will thus affect the modellethperature history. A number of

iterations were run to match modelled to measuegd dsing Chadwick and Pharaoh’s
(1998) geophysical study of the Moho in the Norda&s a guide. In general the total
thickness of the mantle lid + lower crust + uppeust is taken to be 120km.

Furthermore, the upper and lower crust have a aintllickness and in practice the
mantle lid will be no less than 90km for continémiast.

2.2.1.5. Thermal Modelling: Uncertainties

Temperature calibrations using proxies such asnitér reflectance are made using

calibration curves. Within Genesis four vitriniteflectance calibration curves are
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available. These curves are based on maturity ik;dormulated using different

datasets. Two of these curves are supplied by BP r(tax and BP min), one from

ARCO and finally the LL model. The kinetics contimoy each curve are slightly

different. In this study we calibrated the modetpat to within the min and max BP

curves. Overall it must be recognised that a mededlutput is only one interpretation
of the calibration process. All effort was therefanade to keep the model simple to
maintain a sense of geological reality.
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2.3. Sandstone Petrography

A petrographic investigation by means of Scannihgctton Microscopy (SEM) was
carried out on a selection of rock thin sectiond @tk chips. Since this study (a) aimed
to understand the timing and temperature of angeshiatic processes, (b) was designed
to evaluate basic reservoir quality and (c) wilbyade the input data required for
cementation modelling, the total cement was queadtiflong with the total porosity,

non-quartz minerals, detrital quartz and the avedggrital grain size.

All petrographic analyses were carried out at NesttedJniversity using a Philips/FEI
XL30 Environmental Scanning Electron microscope ield= Emission Gun (XL30
ESEM-FEG). The XL30 ESEM-FEG was chosen for itgrichangeable Backscattered
Scanning Electron (BSE), SEM-CathodoluminescenceEM&L) and Secondary

Electron (SE) capabilities. Full analytical conalits are given in Table 2.3.

Working dist
SEM kv Spot size oriing distance Magnification
(mm)
BSEM 20 4 10-15 80 — 200x
SEM-CL 15 4 10-15 80 — 200x
SE 15 4 10-15 100-500x

Table 2.3 XL30 ESEM-FEG at Newcastle University, operatingditions

The XL30 ESEM-FEG at Newcastle is also fitted wéh energy dispersive X-ray
analyser, from EDAX capable of analysing elemenith @ >4 (B to U). Alongside
BSE imaging the EDAX system allowed for the anaysf all constituent mineral
phases.
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2.3.1. Rock Chip Examination

To examine the nature and relationship of diageraeid detrital minerals SEM analysis
of rock chips in Secondary Electron (Table 2.3) wasried out. Rock chips were

mounted on a SEM pins and gold coated.

2.3.2. Thin Section Examination

Quantitative petrography designed to ascertairclraservoir quality was carried out on
thin sections. Thin sections were left slightlyctter than the standard 30um, allowing
for the possible addition of the UWQ-1 quartz stmdrequired for isotope analysis. To
remove all grease and dirt each thin section wasotlyhly cleaned using ethanol
followed by water under ultrasonification. All salep were carbon coated prior to SEM

imaging. The carbon was applied to remove any ehtrgt may build up.

2.3.2.1. Image Acquisition

Before image acquisition suitable magnificationsreveelected for each sample. A
suitable magnification should be high enough towalfor all mineral phases to be
recognised but low enough to suit the largest graipe. For most samples
magnifications between x80 and x200 were sufficigms allowed for between 30-50
grains to be viewed per image. The number of imagesiired for quantification was
pre-determined based on the magnification, grain sizé mhomogeneity of each
sample; Evanst al (1994) gives a strategy for determining this. Ulyusetween 6 and

10 areas were sufficient, allowing around 150 graio be examined. Areas were
randomly selected from each thin section using dioft Excel to generate 6 to 10
random X and Y coordinates. The coordinates wesa thgged into the XL30 ESEM-

FEG motorised stage.
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Complimentary BSE and SEM-CL images were acquisadgithe operating conditions
shown in Table 2.3; examples are given in Figurd. Zhe differences in the
luminescing properties of detrital and authigenianz (Demars et al., 1996; Gotze et
al., 2001; Boggs Jr et al., 2002) facilitated tlstfand efficient recognition and

quantification of quartz cement.

Using these images, point counting and image aisalysre utilised to carry out a
guantitative petrographic study. Initially in theoith Sea case study a 300 spot point
count was performed, this was later followed byiraage analysis strategy design to
improve the efficiency of the quantification prosedn the second study, Wilcox

sandstones were examined using only the image sisahethod.

2.3.2.2. Quartz Cement and Mineral Quantification: Point Cau

Using Microsoft PowerPoint each SEM-CL (Figure 2.3mage was overlain by its
coupled BSE image (Figure 2.3a). Using Microsoftc&x50 random X and Y
coordinates were generated, graphed and placec @&amh image pair in PowerPoint.

A fade out option was used to interchange betweeh enage/graph.

Following standard practice in sedimentary petrpya the composition of each

sample was estimated by a 300 spot point counp@fts per image pair) undertaken
according to the Glagolev—Chayes method (Chayet9;1®hayes and Fairbairn, 1951;
Weltje, 2002). When using standard light microsceagh point is represented by a
cross hair on a randomly moving stage; here, tepséts were replaced with randomly
generated points. Initially the mineralogy of eathhese points was resolved using the
BSE image. Then fading between the BSE and SEMftdges the nature of quartz,

detrital or authigenic, was determined.
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2.3.2.3. Quartz Cement and Mineral Quantification: Image Amgsis

Image analysis involves a number of stages usiegsdme images acquired for the
point count method (Figure 2.3). This method waapéedd from that formulated by
Evans (1994) and Cooper (2000). This modified pgearakes use of Adobe Photoshop
to manually select different areas of the digit8lEBBand SEM-CL images.

Stage 1:Using the magic wand tool in Photoshop all ardgsooosity were selected in
the acquired BSE image. Once selected all areg®rafsity were coloured black, the
remaining material made up of quartz and all othererals was coloured white (Figure
2.4a).

Stage 2:Again, using the magic wand tool in Photoshopaadias that represent non-
quartz were selected from the original BSE imageaioured white (Figure 2.4Db).

Stage 3:Using a high contrast SEM-CL image the lighterrithdt regions are easily
distinguished from the darker cement material.idhyjt the porosity and non quartz
mineral templates (stage 1 and 2) was superimpasiedthe SEM-CL image. Using the
magic wand tool in Photoshop the detrital quarts wsalected and added to these
templates. The remaining material representingigeric quartz was coloured black
(Figure 2.4c).

Stage 4:Using a Python code a simple image analysis t@d written by M. Drews

(Newcastle University). This code scans each pixehe modified BSE and SEM-CL
images and assigns it a RGB colour value. These R&hles range from 255 (white)
through to 0 (black). As each constituent was medifo be either black or white in the

various images the Python code allows for the dfieation, as outlined in Table 2.4.
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Ref Unknown Image Counter
1 All minerals BSE (A) White
2 Porosity BSE (A) Black
3 Non-quartz BSE (B) White
4 Quartz BSE (A) BSE (B) (Ref 1) —(Ref 3)
5 Quartz Cement SEM-CL Black
6 Detrital Quartz SEM-CL, BSE (Ref 4) —(Ref 5)

Table 2.4 Strategy for determining the quantity of each mah@hase during image
analysis.

2.3.2.4. ldentification of Non Quartz Minerals by X-Ray Difaction

X-ray Diffraction (XRD) of powdered samples was dise determine the mineralogy of
the non-quartz constituents. All X-Ray Diffractiomnalyses were carried out at
Newcastle University using a Panalytical X'Pert RtBD, fitted with an X'Celerator
and a secondary monochromator. A Cu anode wasisdppith 40 kV and a current of
40 mA to generate Cu+Kradiation A = 1.54180 A). All analyses were run over a range
of 2-70°20 with a nominal step size of 0.01%®@ and time per step of 100 seconds.
Anti-scatter and divergence slits were both set/#3 and a beam mask of 10mm was
used. All scans were carried out in ‘continuous’dmausing the X'Celerator RTMS

detector.

2.3.2.5. SEM-CI Grain Size Analysis

Grain size is an important input parameter whelmsutg cementation models as it is the
primary control on quartz surface area (Walderhd9§4b; Walderhaug, 1996; Taylor
et al., 2010). Furthermore grain sizes also supgiyrmation about the depositional
setting of a sample and allow for a direct commeribetween samples to be made.
Average detrital quartz grain size was determinednd SEM-CL imaging. In each

sample a minimum of 50 quartz grains were randaalgcted. Grain size is taken as an

33



average of the long axis measured in accordanck thik method described by
Walderhaug (1994a)

2.3.2.6. Calculation of Detrital Quartz Surface Area

The detrital surface area of a sample reflectspibiential free surface available for
cementation to occur. Detrital quartz surface aoem be calculated from the
information gathered from the above petrographialysis. FollowingLasaga (1984)
the initial quartz surface area can be estimatatieasumulative surface area of spheres
with a fixed diameter D, equal to the measuredayegrain size with the total volume
equal to the fraction of detrital quartz, f, in iaefd volume of sandstone. Here we

assume a volume of sandstone, V, equal to®1€his gives the equation:

6fV

Ao:?

Equation 2.1

2.3.3. Statistical Analysis

All petrographic analyses were made on a seleafo+10 images that represent the
thin section. The standard deviation (%) of eaclmamdl, phase or grain size was
determined; the standard deviation is a measureowaf widely values are dispersed
from the mean value. In this investigation the dtad deviation is determined by
comparing results from each set of 6 to 10 imagespélso reported is the 95%
confidence value. This value indicates that staily 95% of the population (cement
quantity, porosity...) fall plus or minus from the ame Again this is calculated across

the 6-10 images.
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Figure 2.3 Complementary SEM images of Wilcox sandstone GOMGA) Backscattered Scanning Electron Microscopy (BSE)
image, the majority of the grey material is quartze darker areas represent porosBy. Scanning Electron Microscopy —
Cathodoluminescence (SEM-CL) image, darker non{tasging areas highlight quartz overgrowth (AQ).htey areas represent
either detrital grains (DQ) or porosity (P).
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A) Stage 1 — BSE (i) B) Stage 2 — BSE (ii) C) Stage- SEM-CL

Figure 24 Image analysis images. AModified BSE image, black = porosity, white = alimarals,B) Modified BSE image, white = non
quartz mineralsC) Modified SEM-CL image, black = quartz cement. Segufe 2.3 for scale bar.
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2.4 Modelling of Quartz Cementation

Quartz cementation models are routinely used teroehe sandstone porosity and
reservoir quality (Taylor et al., 2010). A numbédrnesodels have been proposed, some
source silica from pressure solution (Ramm, 199B®rs from concentrated stylolites
(Canals and Meunier, 1995; Oelkers et al., 1996ld&rhaug, 1996; Bjgrkum et al.,
1998; Lander and Walderhaug, 1999; Wangen, 1999p&kzaug et al., 2000). In
recent years two commercial packages have beemwederExemplar as described in
Lander (1999) and Walderhaug (1996) and Touchsésnéescribed in Makowitz and
Lander (2010). Both models use quartz precipitalioretics based largely on those

experimental observation made in Walderhaug (1994b)

2.4.1. Quartz Cementation Models: Kinetics

Walderhaug (1996) used the data from his earliediss (Walderhaug, 1994a;
Walderhaug, 1994b) to show that at constant tenyrerathe volume of quartz cement
Vg (cm®) precipitated in a 1 cirvolume of sandstonsith a quartz surface arda(cnt)

during timet (s) can be expressed as:

v MrAt
q =
p

Equation 2.2

whereM is the molar mass of quartz (60.09 g/motd} the rate of quartz precipitation
in moles/cnis, andp is the density of quartz (2.65 g/&mThe precipitation rate is a
function of temperature and, at diagenetic tempeeat the temperature dependence
can be approximated by the equation (Walderhaugyd)9
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r = alQbT

Equation 2.3

whereT is temperature (°C) and andb are constants with units of molesfsmand
1/°C, respectively. The constardsand b are analogous to the pre-exponential factor
and activation energy, respectively, in an Arrhengguation. For a linear temperature
change,T can be expressed as a function of time in thevi@ig manner (Walderhaug,
1996):

r = alOb(Ct-l—d)
Equation 2.4
where c is heating rate (°C/s)l is the initial temperature (°C), andis time (s).

Combining Equation 2.2 and Equation 2.4 Walderhbk@6 formulated an equation to

predict quartz cement growth as a series of litieg-temperature segments;

(10°2- 10°™)

-MaA
V2= ¢o - (Po - VgD exp————— Sdabein 10

Equation 2.5 Walderhaug’s (1996) Quartz Cementation Model

Where Vi, is the amount of quartz cement @mrecipitated from temperature © T,
and Vg1 is the amount of quartz cement presentiapdis porosity at T, M is the molar
mass of quartz, A is detrital quartz surface atguétion 2.1) ang is the density of
quartz.
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As Walderhaug (1996) demonstrates, temperatureyisfab the most important
parameter in the above model, although quartz sairé@ea and original porosity must
also be considered. As little cement has been gretphically observed below 8D and
few fluid inclusions reveal homogenisation temper@s below 8%C it is assumed this
iIs a threshold temperature ;fTat which cementation begins (Oelkers et al., 1996
Walderhaug, 1996; Lander and Walderhaug, 1999).

In this thesis Walderhaug’'s (1996) cementation rhdéscribed by Equation 2.5 was
used to model quartz cement growth in each of tmapted silts and sandstones
examined during the above petrographic study. Timecd this modelling process was
twofold. Firstly, the modelled response was comgdrethe petrographic data in an
attempt to validate current predictive models. $dbg this study aimed to use the
Walderhaug model to assign formation temperatutessgecific locations across
individual overgrowths, thereby allowing the madéranalysed during later in-situ

isotopic experiments to be assigned a formatiorpeature.

2.4.2. Cementation Modelling: Model Parameters

The values of the pre-exponentabnd the exponential constamtwvere set to 1.98 x
10% moles/cmis and 0.02°C respectively (Walderhaug 1994b). These values are
determined from a measurement performed on Northsaedstones, many of which
are Jurassic in age (Walderhaug, 1994b). Walderliad@0) highlights that the pre-
exponential constanad has much less influence on the modelled resulém ttihe
exponential constait Walderhaug (2000) indicates that the exponentiaktanb can

be modified for different basins in order to idéntihe values that gives the best fit

between observations and simulations.

Walderhaug's (1996) cementation model was run dond volume of sandstone. The
fraction of detrital quartz, porosity and grainesizere all determined from quantitative
petrographic analysis. Heating rates were detemnfr@m time temperature histories

39



generated in Genesis 4.92. However, in the North 8l 25/2-4 no geochemical or
thermal data were available to construct a thermalddel and so a linear time

temperature history was assumed.

2.4.2.1. Temperatures Histories for Quartz Cementation Mol

Above the threshold of 8Q each time temperature history could be sepaiatéal a
series of separate linear stages of heating, S1532.. Walderhaug's (1996) model
was run from 8fC and continued through to the maximum burial terappee. Cement
volume increase was calculated every 0.1 milliomrge Effectively, cement was
modelled as a series of linear steps 0.1 millicaryén length. The temperature increase
[(T2-T1) Equation 2.5 ] during each time step is deterchibg the larger linear heating

stages determined during Genesis modelling.

2.4.3. Cementation Growth: Radial Increase in Overgrowth $ze

To use Walderhaug's (1996)odel to attribute a formation temperature to eat¥S
pit it is necessary to understand the growth oheadividual overgrowth. The growth
of each overgrowth was assumed to be equal to dd&lrgrowth of each grain;
effectively this model builds up cement around itldtquartz spheres like layers of an
onion. This assumes that total cement precipitatgihg each 0.1 million year time
step is divided equally between all quartz gradgerall, overgrowth thickness can be

calculated by:

3 V0+ (VqZ' Vql)/NO 3 Vo/ I\lo
rgrovvthz 3 - 3

4" 4"

Equation 2.6
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Where \4 is the initial grain volume in cmVQ; is the initial volume of quartz cement,
VQ: is the volume of quartz cement after 0.1 millicgags and Blis the number of

quartz grains in the system.

To create a temperature profile across each owsthrbd was assumed cementation has
occurred concentrically away from the detrital grait is also assumed that each
overgrowth represents the full cementation histtédging the growth rates calculated
above it was possible to measure out away from déeital grain and estimate

formation temperatures.
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2.5. Secondary lon Mass Spectrometry

Stable isotope abundances are measured as difésrencthe isotopic ratio of two
isotopes. Stable isotopes are reported usiridelta), in which the isotope ratio of a
sample is expressed in terms of its deviation anigoper thousand/§), from the same
ratio in an internationally accepted standard, &esh Mean Ocean Water (V-SMOW).

8a=[(Ra-Rstnd/Rstnd . 10°

Equation 2.7
Where R is the ratio of the heavy isotope to the lightagpe {20/*°0).

The fractionation of?0 between phases containing oxygen, such as caradtavater, at

equilibrium is temperature-dependant as a resulthef difference in the mass and
mechanical properties of the isotop@®, 'O and*?O with increasing temperature
(Urey, 1947). The oxygen isotope fractionation hestw two coexisting phases forms

the basis of oxygen isotope geothermometry (Jal®@y7).

In this investigation high precision SIMS was sgd to examine quartz cement growth
in Ness Formation and Wilcox sandstones. This SE@ly was designed to measure
oxygen isotope ratios across individual overgrowith the aim of constraining the
formation temperatures of the cement. This isotimpestigation is formed of four

parts:

1. Sample and overgrowth selection
2. SIMS analysis
3. SIMS spot characterisation

4. Temperature estimates
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2.5.1. Sample and Overgrowth Selection

Using the images made during the petrographic stdselection of sand and silt
samples were selected for SIMS analysis. The salhgsesented large (>30 um) clean
overgrowths. In the North Sea study, to examinesibpdes precipitation in finer grain silt

material a selection of sites was chosen in mdtreich material. Overgrowths in these

silt samples were often <15 pm wide.

In the Wilcox study a selection of sandstone samplere chosen. Theses samples were
selected as they represented a wide temperaturatioarand presented sufficiently
large quartz overgrowths suitable for SIMS analyBige to complications associated
with the earlier North Sea isotope study, no siltsre selected for analysis, only

sandstones with clean overgrowths.

2.5.2. SIMS Analysis

In situ oxygen isotope data were acquired in the WiscSldRoratory at the University
of Wisconsin-Madison using a CAMECA ims-1280 langelius multicollector ion
microprobe (Kita et al.,, 2009; Valley and Kita, )0 Quartz overgrowths were
analysed during three sessions. In the first sess@rried out in May 2008, only Ness
samples were analysed. Initially the spot size almged to 20 um reduced to 12 um
after just 10 sample measurements. During the sesession, performed in June 2009
using a 12 um beam, 3 Wilcox sandstones were examnkinally in a third session in
June 2009 a 2um spot was used. In the first twsiaes the'*Cs" primary ion beam
was aligned to 20 then 12 pm with ~1.3 nA intensitiye typical secondar}’O" ion
intensity was ~1.5xf0cps for analyses using the 1.3 nA beam. Measurameete
performed in multicollector Faraday Cup mode anthvdonditions similar to those
reported by Kellyet a2007). In the third analytical session**3Cs'primary ion beam

with an intensity of ~25 pA was focused to a sitepproximately 2x3 um. General
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conditions of the analyses are similar to thosenteg in Kozdonret al (2009). The
secondary Oions were detected by a Faraday cti®] and a miniature Hamamatsu
electron multiplier 0. The typical secondari’O ion intensity was ~3xI0cps.
Charging of the sample surface was compensatedubgoAting and an electron flood
gun. Grains of the University of Wisconsin quartansiard, UWQ-1,§°0 = 12.33%o
[SMOW];(Kelly et al, 2007)) were mounted in the center of each tleictien. Four
consecutive measurements of UWQ-1 quartz standard performed before and after
every set of 8-22 sample analyses. The preciseprdducibility) of a set of bracketing
standard analyses is assigned as uncertainty afowrk samples. Detailed analytical
protocols are described in Kied al (2009).

2.5.3. Examination of SIMS Pits

To gain an understanding of how quartz cementasvigrg as a function of time and
temperature it is necessary to relate each SIMSsptially within a single overgrowth.
In the absence of sector zoning it has been assthmedementation has occurred in an
essentially concentric fashion outwards from thegeedf detrital quartz grains.
Measurements were therefore made from the bourutvyeen the detrital quartz and
initial cement, out to the center of each SIMSgstshown by the blue lines in Figure
2.5. Additionally, to normalize measurements acr@sssample, calculations of
percentage distance across the overgrowth were .médis required a further
measurement to be made out to the edge of the ¢eamealustrated by the red line in

Figure 2.5.

It is important to realise that cementation may aotur concentrically away from a
detrital quartz grain. In reality the spatial véinas that we may witness in the isotopic
data are affected by a number of factors includthg; cut of the thin section; crystal
growth mechanisms and the late initiation or etgtynination of cementation related to

pore opening and blocking.
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Figure 2.5 SEM-CL image showing the technique used to meathgerelative
distance of each SIMS pit away from the detritaligrBlue line = distance to SIMS pit,
red line = Total width of overgrowth.

2.5.4. Isotope Geothermometry

The stable isotope fractionation factor between phases, A and B, is defined as:

o = (1+10%8™0,)/(1+10° 5'°0p)

Equation 2.8

Above OC , in most mineral — water systems, the naturgadithm of the isotopic
fractionation between phases A and Boflg) varies as an approximately linear
function of 1/F, where T is in Kelvin. Where A and B are constgre following

equation is true;
10°Ino. = A.1P/T*+B

Equation 2.9
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Many studies have approached the magnitude andetaiope dependence of thi©
fractionation through experimental calibration @& et al., 1972; Matsuhisa et al.,
1979; Matthews and Beckinsale, 1979; Zhang et1889; Hu and Clayton, 2003).
However, significant discrepancies exist amongsictionation calibrations for
individual quartz-water systems. Furthermore, bseaquartz precipitation rates are
extremely slow at the relatively low temperaturelevant to diagenetic conditions, few
calibrations exist below 2080. Table 2.5 summarises a number of fractionation
equations that have been experimentally derivedhi®iquartz-water system. Figure 2.6
shows a comparison of all the analyses made iretiperiments highlighted in Table
2.5.

In this investigation all geothermometric interpteins were made using Clayten
al.’s (1972) fractionation equation (Equation 2.10gy@onet al’s (1972) quartz-water
experiments yielded data from 100% exchange as agelpartial exchange across a
temperature range of 195 to 7680 The lower temperature experiments that resutted
partial exchange allowed Clayt@t al’s (1972) to derive a fractionation equation for
systems between 200-50 The inset in Figure 2.6 shows the fit of Claytnal.’s
(1972) fractionation equation with the raw dateetakrom fractionation experiments in
the past 40 years. Clayten al’s (1972) equation fits all the data well and wasived
from experimental conditions closer to that obsénughin the basins examined in this
study. Kelly et al. (2007) has also shown thatapdiation of Claytoret al’s (1972)
equation to 10°C yields good agreement with Laleeyti974) empirical estimates of

oxygen fractionation based on diatoms.
1000 I, = 3.38 (160 T?) -3.40

Equation 2.10
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Experiment Lowest

Author temperature temperature Experimental reactants Fractionation Equations
range CC) exchange {C)
Claytonet al. (1972) 200-500 195* Natural quartz and silica gel 1008,lp~= 3.38 (1672 -3.40
Matthews and o _ )
_ 200-500 265 Silicic acid 1000dgp= 3.05 (1672 -2.90
Beckinsale (1979)
Matsuhiseet al. _ ,
(1979) 200-500 250 Natural and synthesised quartz 10@0,A 3.40 (1672 -3.31
Zhanget al. (1989) 200-500 180 Silica gel 100@ut, = 3.306 (16T%) -2.71

Hu and Clayton

400-750 400 Natural quartz 100@um, = 2.35 (16 T?) -1.16
(2003)

Table 2.5 Summary of the experimental conditions used tordete of quartz — water fractionation equationse Tdata from each
investigation is shown in Figure 2.6. *partial eaole.
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Figure 2.6 Quartzwater isotopic fractionations as a function of temgpure. The int graph illustrates thdit Clayton et al.’s (1972)
fractionation equation to all the experiments sumimedin Table 2.5.
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2.6 Mineralogical Examination by X-Ray Diffraction

During diagenesis mineralogical reactions suchhasdissolution and albitisation of
feldspar as well as the transformation of illitestoectite and chlorite to smectite may
produce silica. Many of these reactions occur witandstone reservoirs as well as in
interlayered silt and shale units. Using X-Ray rdiftion techniques mineralogical
examination was undertaken to study the overaljehasis across both the Ness and

Wilcox Formations. This mineralogical study is camapd of two parts:

1. Quantitative X-Ray Diffraction (QXRD) of the bullasiples

2. XRD of the <2 um clay fraction

The overall aim of this investigation is to quawytivhat potential there is for any
diagenetic reactions to produce silica and to itigate any potential silica movement

between adjacent sands and silts.

In the North Sea project, QXRD was used to quandifid explore mineralogical
changes occurring in the clay rich shale and sitistunits across a range of burial
temperatures. Whereas in the Wilcox study, in wlkabbhndant sandstone material was

available, QXRD was performed in both the sandstotkshale units.

Furthermore, in both studies fine fraction XRD asak were performed on shale
material to investigate any changes in the clayenaintype and abundances as well as
examining the maturity of mixed layered clays. Sielly, fine fraction analysis was
concerned with quantifying the potential for thealsmectite reaction to act as a silica

source.
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2.6.1. Preparation of Bulk Quantitative X-Ray Diffraction Samples

A full account of the preparation of randomly oteled X-Ray Diffraction (XRD)
material is given by Hillier (2003). For quantiiai analysis all XRD samples were
prepared with an internal standard. To reduce ralngignment samples were spray
dried. After XRD all diffractograms were then arsdy using Fullpat, a full pattern
mineral quantification package developed by Bisth @hipera (2002).

2.6.2. QXRD Running Conditions

All X-ray Diffraction was carried out at Newcastléniversity using a PANalytical
X'Pert Pro MPD, fitted with an X'Celerator and a@®dary monochromator. A Cu
anode was supplied with 40 kV and a current of 40tongenerate Cu- radiation A
= 1.54180 A). All analyses were run over a rang2-8t°20 with a nominal step size of
0.016720 and time per step of 100 seconds. Anti-scattérdawvergence slits were both
set to 1/4 and a beam mask of 10mm was used. All scans wamged out in

‘continuous’ mode using the X'Celerator RTMS detect

2.6.3. Fullpat

Quantitative X-ray diffraction (QXRD) using Fullpas based on the fact that the
intensities of each diffraction peak of a given enal relates to its abundance. However
absorption effects prevent us from directly compgrpeaks to determine relative
abundance. The use of internal standards, firsbgrased by Clark and Reynolds
(1936), can correct for absorption matrix effe€slipat (Chipera and Bish, 2002) is a
quantitative X-ray diffraction methodology that sasen internal standard (corundum) as

well as matching to the entire diffraction pattaraluding the background.
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2.6.3.1. Mineral Standards

At Newcastle University a library of 38 mineralsshibeen established. Each library
standard has a sample to standard weight rati@:@0D8 Each of these standards has also
been spray dried. 20% corundum allows for a stras@pgnisable intensity without
diluting which could lead to inaccuracies. All therary standards were then run at
Newcastle University, using the identical operatmonditions given above. Library
standards are then normalised to equal corundwensities.

2.6.3.2. Mineral Standard Uncertainties

Mixed layer clay minerals represent a transiticagstbetween two clay mineral types
for example smectite and illite (I/S). The propontiof each clay mineral in the mixed
layer is temperature dependant (Hower et al., 1866es and Franks, 1979; Ahn and
Peacor, 1986; Velde and Vasseur, 1992; Berger.el297; van de Kamp, 2008). In
this investigation samples were selected from ageanf different temperatures,
therefore it is likely mixed layers are presentimariety of maturity states. This makes
it difficult to match mixed layer standards to nixayer samples in Fullpat. In an ideal
world to overcome this issue multiple standardseath mixed layer clay would be
available. In this study 5 mixed layer standardsevavailable in the mineral library. Of
these the I/S transition is most associated witbasproduction. However, only three

I/S types were available for matching.

Quartz rich samples also proved problematic to maitiree quartz standards were
available in the library. However, the crystallgghg of the quartz standards varies little
compared to the variation observed in the samg@ssa result in sand-rich samples

quartz is often over estimated.
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2.6.4. Application of Fullpat

Once XRD diffraction patterns were acquired thentdg of each peak was identified

manually using d-spacings listed in Brindley andvn (1980, Table 5.18).

The most abundant phase in the sample was thentaisedle the corundum intensities
of the library in Fullpat, removing instrumentaldasample related effects. Fullpat then
varies the portion of individual pure componentmgshe least squares minimisation to
produce the best fit between the observed patwrdshe simulated patterns produced
by summing together patterns of individual compdsemhe amount of each phase in
the unknown mixture is equal to the amount by whicé library standard must be

scaled to match that phase portion in the unknoattem:

I phase= Istd . X%

Equation 2.11

Where | is the intensity of the mineral phase (phas standard (std).

2.6.5. <2 um Fine Fraction Clay Preparation

Clay mineral analysis required orientated clay maheggregates. Once the <2um
fraction was separated all samples were preparémviag the ‘evaporation’ method

outlined in Moore and Reynolds (1997).

Using the freeze-thaw technique described by Yamd) Aplin (1997), each sample
underwent a series of disaggregation cycles. Ritwmnresulting material the <64um
was sieved out and the remaining material suspemuedater in preparation for

sedimentation using the gravity settling methodnfiea and Jackson, 1947). Carrying

out gravity sedimentation prior to centrifugationproves the accuracy of the particle
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size separation as it encourages layer disper&8oavnity sedimentation utilises Stokes
Law to separate different sized particles. Thisirmedtation process was carried out
using 150ml De-lonised Water (DIW) in 200 ml beakat 20C over a 5 cm distance.

A series of cycles were run, at each stage larggemal was removed out of solution.
The following settling times were calculated usifgnner and Jackson (1947), Table
2.6.

Stage Particle sizeym) Sedimentation time
1 10 10m 30s
2 5 42m 00s
3 2 4h 20m

Table 2.6 Settling times used during gravity sedimentatioarddcm

For the analysis of clay minerals, specifically edxayer illite-smectite, it is important
to have a common inter-layer cation. Each sampketreated with 1M NacCl to saturate
with the Nd ion. A small amount of the clay sample was droppedo a 2 cm round

glass slide; the solution was then allowed to erapoforming an orientated clay

mount.

2.6.5.1. <2 pum X-Ray Diffraction Running Conditions

Each slide was analysed air dried, after ethyldgeot saturation (68C for 24hours)
and after two heat treatments, one to°878L-2 hours) the second to 8380(1-2 hours).
All X-Ray Diffraction was performed at Newcastle iersity using the PANalytical
X'Pert Pro MPD described above. Samples were raleruidentical conditions to that
of the bulk fraction, except that each mount wat notated and each run was only

measured from 2 to 406.
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2.6.6. Quantifying the Percentage lllite in lllite/Smectite

The percentage of illite within the illite/smectiteixed layers (I/S) was determined

using the methodology of Moore and Reynolds (1997):
1. /S is identified using air dried, glycolated aritbX treatments
2. The Reichweite or ordering type is determined leygbsition of reflections
between 5 and 820 for ethylene glycol saturated samples.
3. The percent of illite can be determined using thieies 0f°A20 which are given
in Table 8.3 of Moore and Reynolds (1997), whichesabetween 9.01 and
10.31°A26 for 001/002 reflections and 15.80 and 172320 for 002/003

reflections.

2.6.6.1. Decomposition of Diffractograms : Grams Al

Grams Al is a software package developed by TheoeoSfic for the decomposition
of diffractograms. In many of the <2 um XRD analyske 1I/S signal was not strong
and was mixed with other reflections. To overcotnie Grams Al was used to resolve
the 1/S 001/002 and 002/003 reflections in the glged <2 pm fine fraction
diffractogram. Once resolved quantification oftdlin the I/S mixed layers is possible.

The process involves two stages:

1. Determination of the baseline and background cbae¢Figure 2.7 and Figure

2.9)

2. Decomposition of peaks(Figure 2.8 and Figure 2.10)
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Figure 2.7 Grams Al001/002 baseline correction (Stage 1a)

Figure 2.8 Decomposition of the 001/002 I/S reflection usingat@s Al. Bold
numbers indicate the d-spacing of each peak (Rape
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Figure 2.9 Grams Al 002/003 baseline correction (Stage 1b)

Figure 2.10 Decomposition of the 002/003 I/S reflection usinga@s Al. Bold
numbers indicate the d-spacing of each decomposak (Stage 2b)
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3. Quartz Cementation and Diagenesis in the North Seldess

Formation

The following chapter describes the diagenesishefdurassic Ness Formation in the
northern North Sea. The aim of this study is tost@in the timing of quartz
cementation in the Ness Formation. Furthermores thulti-analytical investigation
aimed to examine potential silica sources inteynaithin the Ness sandstones as well

as externally within neighbouring silt and shal@&sun
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3.1.Introduction to the Ness Formation

Deposited on supra- or intertidal flats the delthiess Formation comprises silty
channelled sands with silts, muds and occasionaldbals (Blackbourn, 1984; NPD,
2011). Its mixed grain size, wide abundance, saatfsinter-layering, and position at
various temperatures in the North Sea basin proawleexcellent material for this

diagenetic study.

Many studies have recorded the diagenetic histbtlgeoBrent group (Scotchman et al.,
1989; Glasmann et al., 1989a; Glasmann et al., 1;9Bfrlykke et al., 1992; Giles,

1992; Harris, 1992; Haszeldine et al., 1992; Hoggle 1995; Wilkinson et al., 1998;

Girard et al.,, 2001; Brosse et al., 2002; Girardhlet 2002). Results show that early
carbonate cementation preceded a phase of quastgrowth, which continued during

burial (Blackbourn, 1984). Alongside this occurrélte continued dissolution of

feldspars (Glasmann, 1992; Ehrenberg and JakoB8&1) and the formation of illite

and kaolinite (Harris, 1992; Hassouta et al., 1999)

Understanding the mechanisms by which quartz ceatientis occurring in the Brent is
vital for accurate prediction of reservoir qualitylany studies have attempted to
evaluate the temperature and timing of the quas&entation window’, typically
through the combined use of fluid inclusion (Hadiet et al., 1984; Walderhaug,
1994b; Wilkinson et al., 1998), petrographic (Blae@nd Whitaker, 1978; Hogg et al.,
1992; Oelkers et al., 1996) and isotopic invesioget (Brint et al., 1991; Aplin and
Warren, 1994; Williams et al., 1997; Girard et 8D01; Marchand et al., 2002). These
largely macroscopic analyses indicate that quagmentation has a threshold
temperature around 8D (Walderhaug, 1994a; Walderhaug, 1994b; Primmeal.et
1997; Giles et al., 2000). However, although currpredictive quartz cementation
models initiate quartz precipitation from this°80approximation (Ajdukiewicz and
Lander, 2010), it has never been tested at theostopic level at which quartz cement

forms.
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Furthermore it is unclear from where the necessdiga is sourced. Internally within

the Ness sandstone there is evidence of feldsgaoldiion (Bjgrlykke et al., 1992;

Morton et al., 1992) and stylolitisation (Bjerkurh996; Walderhaug, 1996). Whilst
externally, in the expansive shale deposits of Nless Formation and Brent Group,
further silica producing reactions have also besruthented including the transition of
illite to smectite, the dissolution of feldspargiahe albitisation of feldspars (Bjarlykke,
1998; Wilkinson et al., 2006).
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3.2.The Ness Formation Study: Aims and Objectives

The specific aims of the Ness study were three fold

1. To constrain the onset of quartz cementation asdlve quartz cementation
histories in the Ness sandstone

2. To identify and constrain the onset of quartz cetaign in the finer grained
silts and shale units of the Ness Formation

3. To quantitatively evaluate potential silica souraggsrnally within reservoir

sands as well as externally in adjoining shalesunit

The full objectives of this study were to:

e Quantify quartz cement in sand and shale samples fa wide range of
temperatures from the North Sea Ness Formation.
» Constrain the quartz cementation histories through
= |sotopic analysis of quartz cements
= Petrographic quantification of quartz cement
= Time-temperature modelling
» Constrain potential silica sources through
= Quantitative petrographic examination to identifiernal sources
» Quantification of mineralogical changes in adjomshales

e Validate current quartz cementation modelling tlgeor
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3.3.Sample Selection

Samples were selected from the Ness Formationnallg across the North Sea (Figure
3.1). A brief description of each sample is givanTable 3.1. Observation made from
hand specimens show Ness sandstones appearingudirtge in colour and being fine

to medium grained. Sand samples often contain waribegrees of silt /clay grade
matrix material. Some samples react with hydroaéblacid, indicating the possible

presence of carbonate material. Dark grey to bfit&tones occur as beds of varying
thickness throughout the Ness. Occasional sandep®eke found in both the silt and
the finer mudstone units. These mudstone/shalerdagppear at various stages of
lithification in hand specimen, from brittle, lighrown claystones through to darker,
rigid shales. Occasional silty laminations can bseoved running through such units.

Some pyritic veins were also noted.

Using well composite logs acquired from BP andNoewegian Petroleum Directorate
(NPD) an estimate of the shale to sand ratio wadena&ross the Ness in the sampled
wells. Assuming that a high gamma response repteseclay rich region (i.e. silts and
shales), it is estimated that the sand to shale rataround 50:48 (the remaining
material being made up of coal seams). Howevewjque studies have highlighted the
Ness Formation can contain highly micaceous sandstorhe gamma signal of these
units may be more akin to a shale material. Thisld/oesult in an underestimation of
the sand quantity.
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Sample Overview Analytical
Sample Well Depth | Temperature Description Genesis | Point Image QXRD | < 2um lon
reference (m) (°C) 4.92 Count | Analysis XRD | Microprobe
30/9-12 | 2638.4 109 Sh Lam . .
30/9-12 | 2673.3 109 S . .
NS 6 30/9-12 | 2673.7 109 Sl . . . i1z
30/9-12 2678.1 109 SISa . .
NS 4 30/9-12 2678.9 109 Sa . .
30/3-4 2831.8 118 Sh . . .
NS 11 30/3-4 2845.8 118 SISa . . . . . i
NS 10 30/3-4 2846.0 118 Sa . . .
30/3-4 2846.1 118 Sh . . .
3/17-1 3322.9 120 Sh .
211/11a-3| 3419.9 122 SISh . . .
NS 23 211/11a-3 3420.8 122 Sa . . .
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Sample Overview Analytical
Sample Well Depth | Temperature | pegcription Genesis| Point | Image | oxrp | <2pm lon
reference (m) (°C) 4.8 Count | Analysis XRD | Microprobe
NS 1 211/11a-3 3462.2 122 Sa(Ca . naP
211/11a-3| 3463.7 122 Sl . .
211/11a-3| 3484.8 122 Sl . .
211/11a-3| 3488.7 122 Sl . . .
211/11a-3| 3493.0 122 Sl . . .
25/2-4 3817.7 137 Sh
25/2-4 3818.4 137 SISh Lam . .
NS 14 25/2-4 3831.4 137 Sa .
211/27-A2| 4292.2 133 Sh OM . .
211/27-A2| 4311.1 133 Sh . . .
NS 25 211/27-A2 4313.5 133 Sa . . .
211/27-A2| 4319.0 133 Sh . . .
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Sample Overview Analytical
Sample Well Depth | Temperature | pegcription Genesis| Point | Image | oxrp | <2pm lon
reference (m) (°C) 4.8 Count | Analysis XRD | Microprobe
NS 17 211/27-A2 4332.7 133 Sa . . .
211/27-A2| 4337.0 133 Sh Lam . . .
211/27-A2| 4342.5 133 Sl Lam . . .
NS 20 211/27-A2 4343.4 133 Sa . . . L
NS 19 211/27-A2 4344.3 133 Sa . . . 12 HiPn
NS 26 34/8-7 4649.5 167 SISa .
34/8-7 4650.4 167 SISa .
34/8-7 4653 167 SISa . .
NS 12 34/8-7 4653.8 167 SISa . . . U197]
34/8-7 4655.9 167 SISh . . .
34/8-7 4656.3 167 SISh .

Table 3.1 Summary of the Ness Formation samples, includingl lsgpecimen descriptions and analytical technigisesl to characterise each
sample. Simple sample descriptions were made dm le@ed specimen using the following abbreviatidis;(shale), Sa (sand), Sl (silt), ShSa
(shaley sand), SISh (silty shale), SISa (silty $dmd (limestone), Ca... (carbonate rich ...), OM @ng rich, coal etc), Lam (laminations).
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3.4Time - Temperature Histories

Understanding the time temperature history of eadividual well and sample is vitally

important when constraining any diagenetic progeskiding quartz cementation. In

this project Genesis 4.92 was used to integratehggnical and geophysical data to
generate thermal histories for 5 of the 7 North Bells. Figure 3.2 to Figure 3.7 show
the stratigraphic logs that were built up from casife logs and other well data.
Temperature calibrations using measured temperatacde vitrinite reflectance (VR)

data are also shown. However, the VR data waslfitien-house BP curves that cannot
be published here. From these burial historiesma ws. temperature history of each
well was devised (Figure 3.8). Overall the tempertalibrations fit the measured data
well, however again it must be emphasised thatithisnly one modelled output and

may not be the true temperature histories.

For later cementation modelling, each time tempeeahistory was subdivided into two
or three distinct linear temperature gradients abtive commonly accepted €D
cementation threshold. Details of these time-teaipee segments are given in Table
3.2.

Figure 3.2 Genesis 4.92 lithological key
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Figure 3.8 Time vs. Temperature histories generated in Gede80f the North Sea study wells.
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S1 S2 S3
Well
t (my) °C/my t (my) °C/my t (my) °C/my

30/9-12 - - 22.9 0.76 5.2 2.20

30/3-4 - - 315 0.78 5.5 2.21
211/11a-3 8.4 1.25 56.3 0.37 5.5 1.96
211/27-A2 21.3 1.46 44.2 0.32 5.5 1.52

34/8-7 24.0 1.88 55.7 0.57 5.2 1.79

25/2-4 70.0 1.21 - - - -

Table 3.2 Calculated heating rates in the sampled North Sals\{C/my). S1, S2 and S3 refer to linear time-tempeeategments of each
well above 80C. The low temperature wells (30/9-12 and 30/3#y @ontain 2 distinguishable linear heating segimien
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3.5. Petrography of the Ness Formation

In total 11 North Sea samples were prepared folysisaunder the Scanning Electron
Microscope (SEM). An overview of these samplesivergy in Table 3.1. The samples
range from clean quartz rich sandstones througfiner grained silts rich in clay

minerals. The following images and data illustrabe key diagenetic processes
occurring in the Ness Formations as well as quangfthe volume of quartz cement

and porosity.

3.5.1. Petrographic Overview of Silica Releasing Processes

During SEM analysis a number of textures and miredtarations were observed, these
are outlined below in Figure 3.9 to Figure 3.19e3d&images highlight a number of key
silica producing processes occurring in the Nessgaton; chemical processes such as
the dissolution (Figure 3.9 to Figure 3.11) anditeslétion of feldspars (Figure 3.12

Figure 3.13) and the formation of illite (Figurel®.and Figure 3.15) were observed;
mechanical processes such as quartz grain fragtwane also recorded (Figure 3.18).
The precipitation of quartz cement was recordethensandstones of the Ness (Figure
3.19) as well as the siltier deposits (Figure 3.28though the timing of quartz

cementation cannot be accurately constrained fitas getrographic study it appears

that it does supersede the formation of kaoliriigyre 3.17).
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KFeldspar -
Dissolution

Figure 3.9 Backscattered Scanning Electron image of sample (I$£C), abundant
calcite cement is observed filing pore space betweuartz grains. K-feldspar
dissolution a silica releasing process is obseagdell as calcite replacement of a relic

primary grain.

KFeldspar 3 3
relic
1
L

{ i+

Kaolinite

—500 pim=——

Figure 3.10 Backscattered Scanning Electron image of sample NSEBC).
Abundant calcite cement is observed filling poracgpbetween quartz grains. lllite is
replacing K-feldspar (relic), and kaolinite is aloundant.
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Figure 3.11 Secondary Electron image from a fresh rock stubridkom sample NS20
(132C) showing the dissolution of a K-feldspar grain.

IZ-FeIdspar St

—100 pm—
Figure 3.12 Backscattered Scanning Electron image of sample ON@22C),

showing quartz and K-feldspar grains supported itlag matrix. Albitisation of K-
feldspar a silica producing reaction is apparent.
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Figure 3.13 Backscattered Scanning Electron Image of sample IN&22C),
showing quartz and K-feldspar grains supported itlag matrix. Albitisation of K-
feldspar can be seen as well as biotite and pyDiteker areas may be the result of
grains being lifted or gouged during thin sectioegaration.

Figure 3.14 Secondary Electron image from a fresh rock stutagfple NS23 (118)
showing the growth of laths and fibrous illite.
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Figure 3.15 Secondary Electron image of fresh rock stub (N3B83C) showing the
growth of fibrous illite.

Figure 3.16 Secondary Electron image from a fresh rock stubridgkom sample NS1
(118C), showing the growth of a quartz overgrowth conislg K-feldspar that is
undergoing dissolution.
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Figure 3.17 Secondary Electron image from a fresh rock stubritdkom sample NS1
(118°C), showing the growth of a quartz overgrowth conisig kaolinite.

=200 pm=—

Figure 3.18 SEM-CL image of NS25 (138) showing fracturing (white arrows) of
detrital quartz grains (DQ) and subsequent quanzentation.
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Figure 3.1 A) BSE image of quartz rich Ness reservoir sandsi®e9 (138C),
B) SEM-CL image showing darker authigenic quartz (A&@und grey detrital

grains (DQ).

_}7 Accel ge |Magnification | Spot o
—20) LIm— 190 ) e

Figure 3.2C A) Secondary Electron image of clay rich sample NBBPC) showing
silt sized quartz grain®) SEM-CL image showing growth of authigenic quagment
(AQ) between silt grains (DQ).
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3.5.2. Quartz Cement Quantification

In this study both standard point counting and ienagalysis were used to quantify
mineral, porosity and quartz cement volumes in ghmples shown in Figure 3.21.
However, samples NS1, NS4 and NS12 were only aedlysing the point count
method. In these three samples the acquired SEMy@Qes contained glare caused by
sample charging and carbonate Iuminescence, makbognputerised pixel
differentiation of authigenic and detrital materiahpossible. The remaining eight
samples were analysed using both the point couhtraage analysis method. Full point
count and image analysis results are given in Agpeh In each sample a minimum of
6 image pairs were analysed. The standard deviaimh 95% confidence levels

between the image pairs are also reported.
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—500 pr=— =200 prm=

NS4 (10°C). Micaceous sandstone with minoNS11 (11°C). Fine grained sandstone containingS10 (11°C). Medium grained sandstone

feldspar and clay material feldspar, illite and kaolinite. containing feldspars, kaolinite and illite.

- —200 prm=—

151 mm }m
NS23 (12°C). Medium grained sandstone contaiNS1 (12:°C).Coarse grained sandstone. K-feldspatS25 (13°C). Clean quartz rich sandstone
illite, kaolinite, siderite and feldspar. dissolution and calcite cement are observed. containing trace kaolinite.
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NSl7(13C°C) Medium grained sandstone contaiNS20 (13°C) Clean quartz rich sandston&lS19 (13°C) Clean quartz rich sandstone

illite, kaolinite and feldspar, plus m|nor chlorite  containing trace feldspar and illite containing trace feldspar, illite and siderite
j 4 ‘L 5 ‘v-"'\'\%r 37}“7/‘%— /8 fas : o :
> e ien P

NS14 (13°C). Medium grained sandstoneNS12 (16°C) Micaceous silt containing feldspar
containing kaolinite and illite. illite, chlorite, and pyrite

Figure 3.21 BSE image of sandstones analysedglquantitative petrography
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Quartz cement volumes are plotted against modetlegimum burial temperature in
Figure 3.22. Quartz cement abundance increases iwtteased maximum burial
temperature from 1.3 %bv at @ to a maximum of 22.5 %bv at 1%3 One

exception was observed in the highest temperatitreich sample analysed, NS12

(Figure 3.21), where cement was measured at 2.38%b§7C.

Bulk porosity was determined in all samples andeglbetween 0.3 %bv and 18.3 %bv.
However, as illustrates in Figure 3.23 there isrelationship between porosity and

increasing burial temperature.
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Figure 3.22 Quantitative petrographic analysis of quartz cemanthe North Sea Ness Formation. A) Point courd anage analysi
measurements made in the studied Ness FormatioplesnB) Quartz cement measured in this study cosaptp results record in similar
Brent sandstones by (Harris, 199%2alderhaug, 199¢ Walderhaug, 2000)
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Figure 3.23 Quantitative petrographic analysis of porosityhie tNorthSea Ness Formation. A) Point count and image aisahlysasuremen
made in the studied Ness Formation samples. B)sRgrnmeasured in this study compared to resultsrdsd in similar Brensandstones by
Giles (1992) and Harris (1992)
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In this investigation silt rich as well as clearagu rich sandstonsamples was selected
for examination and quartz cement quantificatiomisTselection was made in
attempt to examine possible quartz cementationinvithterlayered silt units. Thi
petrographic study illustrates - mineralogical and physicaliversity of the samples
selected fronthe Ness Appendix ). Detrital quartz abundance varies from 36.2 ¢
in the silt samples to 68.7 %bv in the quartz selnds Non-quartz mineral abundan

including kaolinite, I-feldspar and illite/mica (Table 3.8aries from 59 %bv to 5 %tk

In many studies the growth of artz cement is assumed to be the largest fact@irgg
the loss of porosity in reservoir sandsto(Ramm, 1992Robinson and Gluyas, 19;
Walderhaug, 1996Ajdukiewicz et al., 201). However, no such relationship is appal
in this investigation as is demonstratecFigure 3.24 However, porosity is related

the abundance of n-quartz material (Figure 3.25).
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Figure 3.24 Crossplot of measured quartz cement versus measuregipo
abundance.
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Figure 3.25 Crossplot of measured porosity versus measurec-quartz mineral
abundance.
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Sample Depth | Temperature Av-e. Grain Non Quartz Minerals
(m) (°C) Size (um) (%bv)

NS4 | 2678.80 109 125 | (33%) MIl, K-F
NS11 2845.75 118 94 (59%) M/I, Ka, K-F, Na-F
NS10 | 2845.95 118 193 | (39%) MII, Ka, K-F, Na-F
NS23 3420.7 122 173 (34%) K-F, Ka, M/I, Si
NS1 3462.22 122 398 (34%) M/I, Ka, K-F, Na-F, Ca
NS25 | 431353 133 367 | (5%) Na
NS17 | 4332.73 133 162 | (28%) MIl, Ka, K-F, Na-F, Ch
NS20 | 4343.40 133 244 | (10%) M/l Ka, K-F, Ch
NS19 | 4344.31 133 323 (7%) Al, Ch, Si
NS14 | 3831.35 137 141 | (18%) MIl, Ka
NS12 | 4653.80 167 103 | (51%) Ch, M/l, Ka, Na-F, K-F

Table 3.3 Summary of North Sea Ness Formation grain sizeranmdquartz mineral
components. Mineralogy determined by powdered XRD| = Mica/lllite, Ka =
Kaolinite, K-F = K-Feldspar, NA-F = Na-Feldspar, Ra\acrite, Ch = Chlorite, Al =
Albite, Si = Siderite, Ca = Calcite
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3.5.2.1Image Analysis vs. Point Count

Image analysis is used to improve the efficiencyqoértz cement recognition and
quantification. Cross plots of point count measwetsa against image analysis
measurements for quartz cement (Figure 3.26) anaspip (Figure 3.27) agree well. In

both techniques the standard deviation betweerrdiit areas of the thin section are
high, suggesting inhomogeneity across each thitiosedOverall, the image analysis

technique benefits from being faster and more ieffic
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Figure 3.26 Cross-plot of total quartz cement measured usiegSEM point count
method versus total quartz cement measured usiagnthge analysis method, the
dotted line represents 100% agreement.
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Figure 3.27 Cross-plot of total porosity measured using the Skt count method
versus total porosity measured using the imageysisalmethod, the dotted line
represents 100% agreement.

91



3.6 Quartz Cement Modelling

All quartz cementation modelling was undertakemagsiValderhaug's (1996) kinetic
model (Equation 2.5). Initial mineralogy, grainesiand porosity needed for modelling
were determined during petrographic analysis (Adpef). Initial porosity is assumed
to be equal to the minus cement porosity. Thermsabhies were derived from Genesis
modelling (Table 3.2).

In total ten sandstone samples were modelled Baifferent North Sea wells. Table
3.4 gives details of the modelled final porositeesl volume of cement precipitated.
Measured quartz cement in these Ness samples wasdo vary from 1.3 to 22.5
%bv, increasing with increasing burial temperat{Fgure 3.28). Porosity is between
0.7 and 18.3 %bv (Figure 3.29). Modelled quartz eeihand porosity both show similar
overall trends, with cement abundance ranging fdomto 23.7 %bv and porosity from
0.2 to 13.7 %bv. Cross-plots of measured quartzoemgainst modelled quartz cement
fit well (Figure 3.30), indicating Walderhaug’'s @® equation can be used to predict
quartz cement growth. However, cross-plots of messiand modelled porosity data
show a poor fit. The measured porosity is ofterh@rghan the modelled value (Figure
3.31).

Walderhaug's (1996jnodel predicts the volume of cement that precipgiadcross a
specified volume of sandstone, not at the overdrdextel observed in this study. As an
estimate, modelled overgrowth thickness was cdiedlas the radial increase observed
in each quartz grain or model “sphere”. Howeveis @ssumes equal growth around
each grain and no grain contact, both of whichgaelogically unrealistic scenarios.
Calculated values of overgrowth thickness are thezemuch lower than petrographic
measurements (Figure 3.32). However, this moded goevide information concerning
overall cement growth rates. In this investigattbese rates were used to normalise
growth across individual overgrowths, allowing pbks precipitation temperatures to

be estimated (Figure 3.33). Normalised growth ragssime that:
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1. Growth occurs in concentric manner away from thieitdégrain
2. Growth begins at 8C

3. Growth continues to the maximum burial temperature

93



Sample NS4 NS11| NS10, NS23 NS 1 NS25 NS17 NS20 N3$19 NBi14
Depth (m) 2678.8| 2845.8 2846.0 34208 3462.2 4313.5 4332.43.43 4344.3 3831.4
Temperature (°C) 109 118 118 122 122 133 133 138 133 137
Modelled Quartz Cement (%bv) 7.8 4.7 7.4 13.0 6.8 15.9 21.4 23.[7 218 21.7
Measured Quartz Cement (%bv) 1.3 3.9 11.8 9.1 7.0 16.2 20.7 22.6 16{1 18.9
Modelled Porosity (%bv) 11.9 0.2 6.6 1.8 1.2 2.0 1.5 4.4 1511 0.5
Measured Porosity (%bv) 18.3 0.7 2.0 6.9 1.0 11.1 21 5.6 6.8 3.3
Max Modelled Overgrowth Thickness (um) 3.3 2.0 4.8 6.8 7.5 12.9 10.3 13.9 10j1 81
Max Measured Overgrowth Thickness (um) 20.3 34.2 35.5 56.8 118.% 45.6 60.5 8016 118.9 4110.

Table 3.4 Measured and modelled bulk volume cement, poresityovergrowth thickness
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Figure 3.28 Modelled quartz cement abundance compared to papbgally
measured Ness Formation and Brent literature va(ltesris, 1992; Walderhaug,
1994a; Walderhaug, 2000).
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Figure 3.29 Modelled porosity abundance compared to petrogcafiiii measured
Ness Formation and Brent literature values (Gil€82; Harris, 1992).
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Figure 3.30 A cross-plot of measured quartz cement versus theme of quartz
cement predicted during cementation modelling uS\fajderhaug’s (1996) model, the
dotted line represents 100% agreement.
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Figure 3.31 A cross-plot of measured porosity versus the volofgorosity predicted
using Walderhaug's (1996¢ementation model, the dotted line represents 100%
agreement.
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maximum overgrowth thickness as calculated from elled cement volumes using
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Figure 3.33 Image showing quartz cement growth modelled usingidéfhaug’s
(1996) Exemplar kinetics (Equation 2.%) sample NS19, maximum burial temperature
was 138C. Precipitation commences at’80
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3.71sotope Analysis

3.7.1. Ness Formation SIMS Samples

Seven samples from five wells were selected for SiMvestigation. A full description
of the SIMS samples, NS6 through to NS12, can b@dan Table 3.1. Quantitative
petrology, XRD and Genesis 1-D modelling measureésmane summarised in Table
3.5.
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_ Total _ ) _ Quartz
s | Well Depth (m) Max Burial Temp Quart Minor minerals Porosity c Grain Size
ample e epth (m uartz ement
(°C) (%bv) (%bv) (Hm)
(%obv) (%bv)
NS6 30/9-12 2673.7 109 - - - - -
39%
NS10 30/3-4 3420.8 118 59 2 12 193
) a) ) a
(I/'M,Ka,Kf,Naf)
34%
NS23 | 211/11a-3 3462.2 122 59 . 7 9 173
(/'M,Ka,Kf,Naf, Si)
34%
NS1 211/11a-3 2846.0 122 65 1 7 334
(/M,Ka,Kf,Naf, Ca)
10%
NS20 | 211/27-A2 4343.4 133 84 6 23 244
(VM,Ka,Kf,Ch)
7%
NS19 | 211/27-A2 4344.3 133 78 15 18 323
(Al,Ch,Si)
51%
NS12 34/8-7 4653.8 167 48 <1 2 104
(I/'M,Ka,Kf,Naf,Ch)

Table 3.5 North Sea Ness Formation SIMS sample suite (lejliM=Mica, Ka= Kaolinite, Kf=K-Feldspar, Naf= Na-@spar, Ch=Chlorite,
Al= Albite, Si=Siderite, Ca=Calcite)
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3.7.2. SIMS Analysis

During a 34 hour period between th8 &8nd §' of May, 2008, 404 oxygen isotope
analyses were made at the WiscSIMS lab, UniversftyWisconsin-Madison. 271

measurements were made on the Ness samples arah 1B& internal quartz standard
(UWQ-1). In June 2009 a second session took placghich 77 measurements were
made. In the later session 49 analyses were maadesorgle grain from sample NS19

and a further 28 measurements of the UWQ-1 standard made.

3.7.2.1UWQ-1 Analysis

External precision is calculated using the methegtdbed by Kita (2009). This method
required a single grain of the University of Wissonquartz standard, UWQ-1, to be
mounted within 5 mm of each mount. UWQ-1 is extrgnemogenous and analysis
by laser fluorination yielded &0 value of 12.33 + 0.07%. (1SD, n= 29; 1SE =
+0.01%o; (Kelly et al., 2007). Between every 8-2Pngée measurements 4 analyses of
the standard were performed. The spot to spot degrbility of each bracket of 8
standard analyses (4 before and 4 after each &€®le analyses) is then used to

calculate external precision and instrument bias.

Figure 3.34 shows the reproducibility of UWQ-1 hreftfirst session carried out during
the North Sea investigation. Initially the SIMS beavas aligned to 2Qm; this was
reduced after one bracket to @&. The reproducibility during day one (02/05/08)sfa
slightly after the 2Qum beam is realigned down to a & spot. However, during both
stages the reproducibility is very good (Table 3F)rthermore, during each session a
number of sample changes were made but no disdermalanges occurred in the

UWQ-1 measurements.
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Session/ spot sizdg AveragedO | Min 3°0 | Max 80 | Instrument
(m) " (%o) (%o) (%o) bias (%)
Day 1/ 2Qum 8 |7.03+0.22(2SD)|  6.90 7.48 5.30
Day1/13im | 44 |6.78+0.33(2SD)| 6.20 7.44 5.55
Day 2 / 11m 62 | 7.47+0.34(2SD)|  7.01 8.01 4.86

Table 3.6 Summary of UWQ-1 standard measurements made dimng2 pum North
Sea SIMS investigation.

Each measurement is subject to instrumental biasrding to differences in the
ionisation efficiency of individual isotopes, inethtransmission through the mass
spectrometer and efficiency of individual detect@itsta et al., 2009). Therefore the
measured ratios are always biased compared touberdlue and must be corrected to
the V-SMOW scale. True values are calculated usimegdeviation of the standard
measurements by SIMS away from that determinedabgrlfluorination (Kelly et al.,
2007).

In 2009 a second series of analyses were madeiagh\ie spot size was reduced down
to 2 um (Figure 3.35). Again spot to spot reproducibilgygood, although instrument
bias is much higher (Table 3.7).

Session/ spot Averaged'®0 | Min 30 | Max 30 | Instrument bias
n
size um) (%o) (%o) (%o) (%o)
Day 1/2um | 28 | 0.18+0.22(2SD)| -0.78 0.71 112.15

Table 3.7 Summary of UWQ-1 standard measurements made dtiren@ pum North
Sea SIMS investigation.
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Figure 3.34 UWQ-1 standard analysis, brackets are average of 8mali\ddual measurements made before and after setcbf sampl
measurements. The error bars indicate the averrorof each set of bracket analyses. The initial prin&lMS beam measured 2im (first
bracket), thereafter all measurements were caougdvith a 12 pm spc
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Figure 3.35 UWQ-1 standard analyses performed during thenzhigh precision SIMS investigation. Each braclattains 8 measurements of
UWQ-1, 4 made prior to the sample analysis andet.d@Error bars show the average bracket errorciiasists of 8 standard measurements.

103



3.7.2.2SIMS Pit Characterisation

After the completion of the SIMS investigation ardgmnation of Secondary Electron
(SE), Back Scattered (BSE) and CathodoluminescéielI-CL) microscopy was used
to relocate and characterise each individual pppendix 3 give a full account of how
each pit was interpreted with reasoning for ead¢!s piclusion or exclusion from this

study.

3.7.2.3SIMS Analysis of Authigenic Quartz

Seven samples from the Ness were analysed frorpdsate wells (Table 3.1), although
only 5 samples produced isotopic data from quaetnent 6180(Cemem). One sample
(NS10) was taken from well 30/3-4, two samples (BI9®S1) from well 211/11a-3 and
two samples (NS19 and NS20) from well 211/27-A2rr€ut burial temperatures for
the three wells are at 148, 122C and 133C, respectively. No single SIMS pit fell in
the quartz cement of two silt grade samples, NS6N®BI12 (Appendix 3).

A summary of aIBlso(cemem)measurements made across these Ness samplesnsrgiv
Table 3.8. A histogram of all the data gatheredhim 2008 12 um beam analysis are
shown in Figure 3.36. Using straight-line measumaseas described in Figure 2.5,
Figure 3.37 illustrates how/°Ogementvaries across individual overgrowths within each
well. In all cases,’®Ocemeny becomes less positive away from the detrital
quartz/overgrowth boundary. However, it is clearmeasurements were made in the

first 10% of any overgrowth at this 12 um resolatio
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Temperature Quartz Cement Analysis
Well Samples o
(C) n Min (%o) Max (%) Precision (£2SD)
30/3-4 NS10 118 12 +19.3 +24.2 0.3
211/11a-3 NS23, NS1 122 42 +19.5 +27.7 0.4
211/27-A2 NS20* NS19 133 59 +19.4 +26.3 0.4

Table 3.8 Summary 0" °Oemenymeasurements made during 2008 SIMS investigatiaitially the SIMS beam was aligned to 20 pm, this
was realigned down to 12 um after one bracket afsmeements.
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Figure 3.36 Histogram showing the frequency&ifzo(quanz)from 12um-sized spots by SIMS in the Ness Formation. Miaedlyses are on the
boundary of detrital quartz and quartz overgrowths.
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Figure 3.37 12 um SIMS analysis of quartz cement in the Nregsnation. Plots 06180(Cememys. Distance from detrital quartz grain (L),
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In 2009, a second series of measurements werermedoat the WiscSIMS lab. This
later investigation was designed to reduce the SB@St size below 12 pm in an
attempt to target the precipitate closest to detgtain 2 of NS19 Area5 (Figure 3.38B).
Previous studies at the WiscSIMS lab have shownh siges can be reduced to the sub
micron scale with a precision of +2%. (2SD) (Pageakt 2007). NS19 Area 5 was
selected for further micron scale investigatiorerafthe 2008 analysis highlighted a
>4%0 range in 8180(Cemem) across the large, clean overgrowth. Any variation
8180(cemem)would therefore be recognised within the analyteraor using the reduced

spot size.

In total a further 49 analyses were made, composingixed analysis, 6 detrital, 1
unusable pit and 41 authigenic. All data and sptarpretations are given in Appendix
and Figure 3.38. Using thein it was possible to make SIMS measurements in the
first 10% (~9 um) of the overgrowth closest to tetrital grain that was unattainable
using the larger 1am spot sizeBlso(cemem) ranged from +27.7%o close to the detrital

grain to +20.9%o. at the edge of the grain.

Six 2 um spots taken within the initial 8% of the cementgrain 2 (Figure 3.38b) have
8"°0(cemenyvalues of +24.5%o to +27.7%o, values which were &listed at by the 1gm
data Figure 3.38E. It is unclear however if the tatues between +24.5%0 and +25.2%o
represent a mixed analysis of two isotopically ididt zones or represent part of a

continuous isotopic profile.

In total 248 useable SIMS measurements were peefbim 7 Ness sand and siltstones
using a 20, 12 and 2 pm SIMS beams (Figure 313%)}. analyses were performed in
quartz cement materiali*®*Ogemeny ranged from +19.3 to +27.7%.. Figure 3.40

illustrates the total range 81°0emenymeasured irach well
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Figure 3.38 2 um SIMS analysis of quartz cemef). BSE image of area NS19_A5 (83 showing both 12 and 2 pm SIMS piB), SEM-
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Figure 3.39 Histogram showing the frequencyaﬂweo(quanz)in the Ness formation from both 2 and2-sized spots by SIMS. Mixed analyses
are on the boundary of detrital quartz and quarezgrowth.
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Figure 3.40 Histograms of alb*®Oemenymeasured in Ness of each studied well. The
grey arrows indicate the mean value measured im wat.

In all grains analysed, heavi&Oememvalues are recorded closer to the detrital core;
a full illustration of how the SIMS data varies 8ply across the cement material is
shown in Figure 3.41A and B.

8'%0cemenymeasurements were made in 5 samples from 3 wediseakh well has a
unique time-temperature and quartz cementationonyisit is difficult to directly

compare cement growth between samples. Using seflin Walderhaug's (1996)
cementation modelled described above (EquationiR\Wwas possible to allocate each

SIMS pit a formation temperature, assuming cemimatommences at 80 (e.g.
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Figure 3.33).8"%0emeny Can therefore be plotted as function of tempeeatFigure
3.41C). Furthermore, using Clayton et al.’s (19q@artz - water fractionation equation

it is possible to calculate th&'®Owaer from these modelled temperatures and

"0 cement(Figure 3.41D).
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evolution of formation fluids should modelled temgteres be accurate. The arrow indicates modedieghératures would requiﬁéBO(Water) to
first become isotopically lighter then evolve todsia heavier composition above’@0
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3.7.2.4SIMS Analysis of Detrital Quartz

In total 53 SIMS measurements were performed initdetjuartz grains across the 5
wells. Four8180(Detrita|) analyses were made using thep20 spot,43 using thel2 um
spot and a further 6 in 2009 using tha@r@ spot. Across the 5 WelfblsO(DetritaD ranged
from +5.6 to +14.9%. (Figure 3.42, Table 3.9).
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Figure 3.42 Variation in 8"®O(perita)y Measurements across the 6 wells investigated,
maximum burial temperatures range from 109 to°C67

Temperature Detrital Quartz Analysis
Well Samples _
(°C) n Min (%) | Max (%o)
30/9-12 NS6 109 4 +8.71 +9.87
30/3-4 NS10 118 9 +7.7 +14.9
211/11a-3 NS23, NS1 122 14 +5.6 +13.8
211/27-A2 NS20, NS19 133 23 +8.2 +12.5
34/8-7 NS12 167 3 +7.06 +9.95

Table 3.9 Summary of all detrital quartz SIMS analyses madhe Ness Formation.
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3.8 Mineralogical Analysis of the Ness Silt and Shale

In total, 20 silt and shale grade samples takem ffowells across the North Sea study
area were examined. A petrographic analysis ofNess formation demonstrates that
neighbouring sands may contain as much as 22.5@éhakz cement. Previous studies
have highlighted that minerals including: K-feldsg&orby, 1880; Hawkins, 1978);

kaolinite (Lanson et al., 2002); albite (Saigalagt 1988; Glasmann, 1992); mixed
layered illite-smectite (Velde and Vasseur, 199andon et al., 2002; Sanjuan et al.,
2002; van de Kamp, 2008) and chlorite-smectite $§ut985; Chang et al., 1986;

Hillier, 1994) may take part in silica producingaotions within the Brent Group.

Quantitative analysis of these minerals was unkerntan an attempt to assess the
potential for these minerals to produce the regugiica needed to precipitate around

20%bv quartz cement.

3.8.1. Bulk Quantitative X-Ray Diffraction of Ness Silt and Shale

All bulk Ness shale XRD measurements are given ppekdix 5. Figure 3.43A
illustrates the actual totals quantified before enath proportions are normalised to
100%.

115
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Figure 3.43 Bulk Quantitative X-Ray Diffraction of Ness silt drshale SamplesA] Measured totals, showing variation from 100%.
Quantitative analysis of; K-Feldspa8)( Na-Feldspar@), lllite/Muscovite O), Smectite+mixed layer I/E], Kaolinite ) and Chlorite G).
Total clay mineralsH). Percentage of the total clay minerals compogdiite/Muscovite (), Smectite +I/SJ), Kaolinite K) and Chlorite I( ).
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QXRD samples range from fine grained shales thrdogtoarser grained silts. As a
result, we see large heterogeneity between indifidamples in a single well. For
example in well 211/27-A2 quartz abundance alomesdrom 6.1 to 42.0 wt%. This
heterogeneity must be considered when assessingeffeet of temperature on

mineralogical processes.

K-feldspar may undergo low temperature dissolutduring meteoric flushing in
shallow burial (Hurst and Irwin, 1982). The lowéstnperature sample analysed in the
Ness suite is 160€. It is therefore difficult ascertain the exteritlow temperature K-
feldspar dissolution in these samples. K-feldspai$o important as it can also produce
silica when reacting with kaolinite to produce tdli (Bjgrlykke, 1998), when it
undergoes albitisation (Saigal et al., 1988), and imay also act as a source of
potassium in the illite-smectite transformation (vde Kamp, 2008). K-feldspar
abundance ranges from 0 to 13 wt%, the data i®llargcattered, but only minor K-

feldspar remains at 182 (Figure 3.43B).

Albite or sodium rich feldspar is present in simifgoportions to K-feldspar ranging
from 0 to 9 wt% (Figure 3.43C). Again, data is s&xad within and between individual
wells, therefore it is difficult to quantify the &nt of albitisation that may be occurring.

Clay minerals such as kaolinite, illite and smectrtay also react directly or indirectly
with K-feldspar to produce silica. In this studgtholume of total clay minerals (Figure
3.43H) was determined as the combined abundanii#emuscovite (Figure 3.43D),

montmorillonite (smectite) and illite/smectite (Brg 3.43E), kaolinite (Figure 3.43F) as
well as minor chlorite (Figure 3.43G). These Nesaration samples contain between
40 and 90 wt% clay minerals, total average clayemahcontent increases slightly in the
hotter samples. For this reason it important tomera the abundance of each clay
mineral in relation not only to the total rock balso as a fraction of the total clay

(Figure 3.43 | to L). The most abundant clay mitee@esent are illite/muscovite and
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kaolinite. lllite and Muscovite are grouped togmthecause of the difficult resolving
the differenced in d-spacings of the two minerals.

Kaolinite, which may react with K-feldspar to foritlite and silica, is present in all
wells. Quantities range from 39.5 wt% to 5.3 wt%héi directly examining possible
trends between samples, the data appears fairlyess (Figure 3.43F). However,
when examining the total clay fraction (Figure X33here is a clear reduction in
kaolinite quantities with increased burial temperas, with the exception of well
211/11a-3.

These silt samples are rich in illite/muscovite uAtlances range from 20.8 wt% to 69.7
wt% (Figure 3.43D). Overall, illite quantities mease with increased temperature.
Smectite, as a result of temperature increasesecninto illite via mixed layer illite—
smectite (I/S). The maximum quantity of smectit/S-is 19.6 wt%. At higher burial
temperatures (>136) little smectite or I/S is measured (Figure 3.48id J).

3.8.2. Analysis of the Ness Shale 2 um Clay Fine Fraction

The percentage illite and expandables (smectit¢hinvin the I/S mixed layer was
determined within the <2 pum clay fraction. Full ukks are given in Table 3.10,

diffractograms are shown in Appendix 7.

Bulk QXRD analysis has shown the maximum smecliis pS in the total rock is 19-
20 wt% (Figure 3.43E). The amount of illite measuire this mixed layer I/S increases
with increased maximum burial temperature (FigudtB). Furthermore, at 100 the
I/S is already fairly mature and contains in exa&s80% illite, by 138C this increases
to >90%. No further increases are seen betweera®@3167C. Overall, these <2 um
XRD experiments indicate that no more than 40%haf 19% total I/S is smectite
(Figure 3.44B).
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Figure 3.44 X-Ray diffraction analysis of the expandable clagcfion in the Ness FormatiofA) Bulk XRD analysis of Total clay and
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Depth (m) Temperature (C) 001/002 | 002/003| %linl/S| %EXP
2638.4 109 9.3 5.3 62.8 37.2
2638.4 109 9.3 5.3 60.9 39.1
2673.7 109 9.4 5.3 68.4 31.6
2831.8 118 9.3 5.3 67.1 32.9
2831.8 118 9.3 5.3 62.6 37.4
2845.8 118 9.4 5.3 67.8 32.2
2846.1 118 9.1 5.4 51.3 48.7
3322.0 120 9.3 5.3 63.4 36.6
3419.9 122 9.5 5.2 73.0 27.0
3463.0 122 9.6 5.2 82.0 18.0
3488.7 122 9.6 5.2 77.4 22.6
3493.0 122 9.4 5.3 68.7 31.3
3818.0 137 9.8 5.1 92.0 8.0
4311.0 133 9.7 5.2 82.3 17.7
4311.1 133 9.5 5.2 75.4 24.6
4319.0 133 10.0 5.2 82.7 17.3
4319.0 133 9.7 5.2 84.5 155
4319.0 133 9.6 5.2 80.0 20.0
4337.0 133 9.8 5.1 90.5 9.5
4342.5 133 9.7 5.2 87.8 12.2
4653.8 167 9.7 5.1 90.7 9.3
4655.9 167 9.8 5.1 95.9 4.1

Table 3.10 001/002 and 002/003 I/S reflection of <2 um glyoedefine fraction in the
Ness Formation. lllite (I) and expandable (EXP)cpetages determined using the
method described by Moore and Reynolds (1997).
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3.9 Discussion

Petrographic quantification carried out in thisdstillustrates an increase in the volume
of quartz cement in higher temperature Ness sam(legire 3.22). These general
findings are in agreement with petrographic measerds made in previous sandstone
studies (Schmoker and Gautier, 1988; McBride, 1@8fgs, 1992; Walderhaug, 1994b;
Primmer et al., 1997; Giles et al., 2000). Howevkere is a degree of scatter in the
volume of quartz cement recorded at each temperaiterval in these Ness samples. It
is possible this scatter is the result of the mixeitheralogy and grain size of the

samples analysed in this study (Table 3.3).

The sands, silts and shale samples selected irstilnly have all been buried above
109°C. It is commonly excepted that quartz cementatiommences above 8D in
reservoir sandstones (Walderhaug, 1994a; Walderha@g4b; Walderhaug, 1996;
Wilkinson et al., 1998; Girard et al., 2001; Ajdewiicz and Lander, 2010). Therefore,
the petrographic observations made in this studgweable to further constrain either
the timing of the onset or rate of quartz cemeotatio constrain the timing of quartz
cementation further oxygen isotopes have been usnedn;surecﬁlso(cemem)is a dual
function of precipitation temperature and the ipotocomposition of the formation
fluids (5"%Owater). However, without detailed fluid inclusion dateat could arguably
constrain either the early temperature or salimonditions we are restricted to
evaluating the cementation of the Brent Ness Faomatsing end member conditions.

These conditions are:

« Jurassic Brent Marine watefOyater = -1%0 (Haszeldine et al., 1992)

« Jurassic Brent Meteoric wates:Owater = -7%o (Girard et al., 2001)
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It is also possible to usE®Oaenmeasurements from other Brent sandstones as a guide
to the evolution of formation waters during diageedgFigure 3.45), this data has been
taken from Egeberg and Aagaard (1989), Aplin andréva(1994), and Warren and
Smalley (1994). Furthermore, temperatures may kericeed to likely depositional
conditions ~18C and by the maximum burial conditions in the thwesls, 118, 122

and 138C.

Using Clayton et al.’s (1972) fractionation equatiEquation 2.8) it is possible to
constrain the conditions (temperature & ®water) under which the cement analysed

from these Ness samples precipitated (Figure 3.45).
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Figure 3.45 Plot of 8"°0yyatenin equilibrium withd*®Ocemeny= +27.7%o, +27.0%o, +23.5%0 and +19.3%. as a functibtemperature (Clayton
et al., 1972)3"°Oemenymeasurements made across North Sea wells 30/34, 1243 and 211/27-A2.
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The more positivé'®Oemenvalues recorded in this study represent the olcestent.

In both the 2um and 12um studies the maximumd'®Oemeny = 27.7%o. Predictive
models used in reservoir quality assessment sudloashstone and Exemplar suggest
that quartz cementation begins af®@QWalderhaug, 1996; Lander and Walderhaug,
1999; Ajdukiewicz and Lander, 2010). Precipitatioh quartz whered"®Oemen)
=+27.7%0 would require a water of +3.6%. at’80 Although we do not have specific
measurements 03"°Oaen in any of the wells studied here, this value is sual
positive in comparison to other North Sea waterthéd temperature (Egeberg and
Aagaard, 1989; Aplin and Warren, 1994; Warren andhlfey, 1994). Furthermore, if
quartz cementation initiates under these condit{@®C ands'®Owater = +3.6%0) and
continues to maximum burial temperatures, 3f®uwatenmust evolve towards a lighter
composition during diagenesis in all wells (Fig3rd5). This scenario is geologically
unlikely since the oxygen isotopic composition efrhation waters generally evolve to
more positive values with burial as a result of erabck reactions (e.g. Aplin and
Warren, 1994). It is therefore unlikely that cenagioin begins at 8C in these studied

samples.

The 80C quartz cementation threshold is made largely das® homogenization
temperature measurements taken from fluid inclssiofWalderhaug, 1994a;
Walderhaug, 1994b). These inclusions form as inggéidns become trapped as the
crystal grows. It is reasonable to assume therdfwae fluid inclusions only time the
point when an inclusion becomes sealed; a temperathich must be higher than the
start of cementation. Some authors report low teatpee precipitation below 8G
(Vagle et al., 1994; Kraishan et al.,, 2000; Kellyat., 2007), indeed Walderhaug
(1994b) reports some homogenization temperatut8G7f the Walderhaug (1996)
cementation model is changed to commence quaridpitagion at around 6C, a
temperature close to that recorded in Vagle’s (1994dy, then cementation would
initiate in waters wheré™®Opawer = +0.3%o (Figure 3.45), geologically this is a more
realistic proposition. However waters of +0.3%o 8@ are still more positive than the
North Sea Brent observations (Egeberg and Aagd8&H; Warren and Smalley, 1994)
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It is more probable that this isotopic heavier pitate close to the detrital —
overgrowth boundary relates to an early onset aftgicementation (<8Q)

Six 2 um spots taken within the initial 8% of the cement gossibly relating to a
darker luminescing rind on grain 2 (Figure 3.383y¢6180(cemem)values of +24.5%o to
+27.7%o, values which were also hinted at by theudiRdata. Whist it is clear that the
two spots at +27.0%0 and +27.7%. are taken from dlarker region it is impossible to
be certain if the two data points between +24.5%d a&@5.2%o represent a mixed
analysis of two isotopically distinct zones — imply two phases of cementation — or
represent part of a single continuous cementatistory which nevertheless generated

two CL zones.

It may be possible that the initial rind has formedJurassic meteoric waters (-7%o)
soon after deposition. In this case precipitatioould have occurred at temperatures
around 30C (Figure 3.45). At such low temperatures precijitakinetics would be
extremely slow (Williams and Crerar, 1985b; Bjgigkand Egeberg, 1993). However,
the thermal history generated for these samplegi(€i3.8) shows that in all the studied
wells the Ness Formation has remained in a temperatindow of 20-48C for up to
60 million years. Calculated precipitation rategj&tion 2.4) required to form this
isotopically distinct rind at low temperature owers 60 million year period average
2.2x10"'moles/cm.s across the three wells. As would be expectes rite is much
slower than rates that have previously been calailfor similar sandstones in the
North Sea (Walderhaug, 1994b). Similar findingsen&een recorded by Marchand et
al. (2002) working on North Sea Brae sandstones edmzluded that a zone of quartz

cement had precipitated in meteoric water at teatpegs below 6.

At low temperatures (20-4Q) one potential silica source is the dissolutiofsK-
feldspar in meteoric waters (Equation 2.6) as dlesdrby Hurst and Irwin (1982),
Glasmann (1992), Bjarlykke and Egeberg (1993) andrdéh and Morad (2000).
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Indeed, Kraishan et al. (2000) has shown that lewperature quartz cement may be
enriched with the trace metal aluminium as a comsece of being derived from early
dissolution of K-feldspar. Low temperature (€69 K- feldspar dissolution rates
calculated by Helgeson (1984) are much higher ttien above calculated quartz

precipitation rates; the dissolution of feldspathisrefore not a rate limiting process.

The dissolution of K-feldspar in meteoric water IwWdrm kaolinite as well as silica
(Equation 1.2). The isotopic composition of thiolkaite can be used to estimate the
temperature of K-feldspar dissolution. Although isotopic analysis of kaolinite was
performed in this study there are a number of stthat document the characteristics
of kaolinite in similar Brent sandstones (Glasmastnal., 1989a; Glasmann, 1992;
Haszeldine et al.,, 1992; Macaulay et al.,, 1993; dosd and Haszeldine, 1993;
Wilkinson et al., 1998; Wilkinson et al., 2001; @i et al., 2002; Wilkinson et al.,
2006). In Haszeldine’'s 1992 study, followed up bykkison (2006), two types of
kaolinite were observed, (1) early vermicular tgpel (2) the higher temperature kaolin
polymorph that exhibits a blocky morphology. Isatopneasurements in the early
formed vermicular types demonstratéO = +16-18%., whereas in the blocky typ&0

= +12-15%.. Using Land and Dutton’s (1978) kaoliniater equilibrium equation it is
possible to estimate the temperature of kaolindemétion (Figure 3.46). These
estimates indicate that precipitation of kaolinitethe Brent takes place around 30 to
50°C. This temperature range supports the theory ltvattemperature dissolution of

feldspars is occurring (Equation 2.26).

Quantitatively, calculations (Table 1.1) indicateatt for each K-feldspar grain that
undergoes complete dissolution, 43.2% of its weiglieleased as silica. To precipitate
2.2 %bv cement, the total rock volume made up Iy tthin rind, around 5 %bv K-
feldspar must react (Table 3.11). This would aksult in the precipitation of around 3
%bv kaolinite.
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As in Wilkinson’s (2006) study the dissolution afldspars is widespread throughout
these North Sea sands (Figure 3.9 and Figure arid pll samples are rich in kaolinite.
Furthermore, the formation of kaolinite appeargtedate the precipitation of quartz
cement (Figure 3.16). Without carrying out a dethilsotopic study on the kaolinite
observed in this study we cannot be sure of itgipitation temperature. However,
owing to the analogous nature of the samples irkidbn’s (2006) investigation to the
samples here it is extremely likely the kaoliniteserved in these samples precipitated
under similar conditions, i.e. 30 to %0 This temperature would sit comfortably within
the early cementation window that is suggestedhieyZum high precision isotopic
analyses. However, for the Equation 1.2 to contiouwerds the right large quantities of
water are required to supply protons and removiertat Bjgrlykke (1998) calculated
that a flow of 18 -10* m*m? is required to dissolve significant quantities<efeldspar.
This flow rate is certainly attainable in a humidvegonment, however such a flow is
also likely to remove any silica away from the ss&tode and thus prevent quartz
precipitation (Hurst and Irwin, 1982; Bjarlykke arktheberg, 1993; Lanson et al.,
2002).

A second low temperature possibility is that thistial cement has formed not in
meteoric conditions but from Jurassic sea wabeiO(uaer) = -1%0) at temperatures
around 56C. This mechanism was realised by Mackenzie and RE®71) when they
successfully precipitated small amounts of quartiow temperatures from sea waters

supersaturated with quartz.

A further possibility is that this heavy isotopiecnd may also represent early
microquartz, perhaps resulting from the recrysation of biogenic silica (Jahren and
Ramm, 2000; Goldstein and Rossi, 2002; Haddad.eR@D6). Biogenic silica is less
thermodynamically stable and more soluble thantquérhas been shown that at low
temperatures cristobalite will transform to quagizen enough time; Mizutani (1970)
calculated that at 3¢ 90% of cristobalite will transform to quartz ov@rl0 million

year period. The thermal histories of these samplesld allow time for such
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recrystallisation to occur. However, the resultogment is likely to take the form of a
chalcedonic pore filling, microcrystalline grain tiogs and mesocrystalline quartz
overgrowths (Vagle et al., 1994; Hendry and Trew®95; Haddad et al., 2006; Weibel

et al., 2010). There is no textural evidence ofrogoartz in these samples.

Low temperature stylolitisation may also releasieasibelow 50C. Although normally
associated with deeper burial (Walderhaug, 199@yksjm’s (1996) findings suggest
stylolitisation can occur at pressures as low a®drQ equivalent to 100m overburden
(<25°C) with quartz dissolution enhanced at quartziteilbr quartz - mica interfaces
(Bjgrkum, 1996; Greene et al., 2009). However aditygation may be inhibited in these
kaolinite rich samples (Walderhaug et al., 2006)afz dissolution may also occur
where extensive grain fracturing has occurred (@huat al., 2001; Makowitz and
Milliken, 2003; Makowitz et al., 2006). The fracitng of larger grains will also increase
the quartz surface area which will increase initigiartz precipitation rates
(Walderhaug, 1996). Although grain fracturing issetved in these Ness samples it is
limited to the quartz rich sandstones (e.g. Figdits3). Fracturing in silt or clay rich

samples is less common as the abundant clay matersailt in a ductile psedomatrix.

Although these SIMS measurements alone cannotatetste source of silica it is likely
this cement has formed within a window normally cassted with mechanical
compaction (<6fC). Porosity models tend to assume that during lemperatures
shallow burial (<2km) increasing effective stressiged by sediment loading is the
major physical force driving the reduction in paotp®f sandstones. Indeed it has been
shown that mechanical compaction reduces porasity surface depositional values of
40-50% to typical values of 25-32% prior to litkdition (Houseknecht, 1988; Paxton et
al., 2002). At these low temperatures porosity klégnds have proven fairly good at
predicting porosity (Ajdukiewicz and Lander, 2010Rorosity loss at higher
temperatures is thought to be controlled by chelhpicecesses such as cementation.
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The high precision SIMS measurements indicate ¢katentation is occurring within
this ‘compaction zone’'. The effect any early cemmaly have on sediment compaction
is difficult to quantify. Less than 8% of the tow@ergrowth is made up of this thin
isotopically heavy rind. However, even a small antoof cement may act to restrict
compaction and hold porosities open. One wouldefloee expect porosities to be high
prior to the onset of chemical compactiaB@C), however minus cement porosities
calculated for these samples do not appear to bisuatly high (4-33 %bv). Early
cement may also act to increase the surface am@talale for future cementation by
holding grains apart. Sandstones in which signiticaeteoric flushing of K-feldspar

has occurred could therefore represent good ressenaterial.
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The distinct isotopically heavier rind observed Ni519 forms around 8% of the total
overgrowth, further into the overgrowth beyond thisd the amount of variation in
8'%0cement Observed decreases relative to the distance attressvergrowth. The bulk of
the cement from the three North Sea wells 8186 cement between +23.5 and +19.3%o

becoming lighter away from the detrital grain.

If we take 6180(Cemem7- 23.5%0 (Figure 3.45) to represent first precipaatof the bulk
cement (all cement except the thin isotopicallytides rind) then it is likely cementation
started at around 65 to @ This value assumes that waters have evolved simdar
pattern to other Brent measurements, &]éo(water) at 65C = -3 to -2 (Egeberg and
Aagaard, 1989; Warren and Smalley, 1994). This diqudicate the formation waters were
a meteoric/marine mix. This is a likely scenarioanshallow buried deltaic formation.

However, without detailed fluid inclusion data thkiElue cannot be constrained any further.

Should cementation continue to current maximumabuemperatures in all the North Sea
wells studied then the average precipitation mialculated at 1.46x mol/cnt.s, a rate
within the range published in Walderhaug's (1994b)dy in which cementation was

assumed to have begun af®@0

It is impossible to say without doubt if this butkment represents a continuation of the
early precipitate or if it is a separate episodewklver, it is probable that silica is sourced
from a separate process. If the bulk cement begaprecipitate around 65-70 as the
isotope data indicate it would coincide with silipgoducing processes such as the
formation of stylolites, the illitisation of kaolte (Lanson et al., 1996; Brosse et al., 2002;
Lanson et al.,, 2002) and smectite (Ehrenberg arde&la 1989; Lanson and Champion,
1991; Awwiller, 1993; Velde and Renac, 1996), tregdnetic formation of chlorite (Bossi,
1972; Hurst, 1985; Chang et al., 1986) as wellhasatbitisation of K-feldspar (Land and
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Milliken, 1981; Boles, 1982b; Saigal et al., 1988orad et al., 1990; Glasmann, 1992).
With the exception of stylolitisation each of thboge process has been observed and

guantified in this study within the interlayeredahunits of the Ness Formation.

Although, stylolites are believed to be a majoeintl silica source in reservoir sandstones
(Walderhaug, 1996; Taylor et al., 2010) they haw# been observed in this study.
However, stylolites are commonly reported withie tBrent Group (Walderhaug, 1994b;
Oelkers et al., 1996; Walderhaug et al., 2000; \&f&ldug et al., 2001; Walderhaug and
Bjgrkum, 2003). It is therefore likely stylolitisah has occurred in these units, but outside
the scope of the studied thin sections. Littleny éocalised grain to grain pressure solution
has been observed in these samples. Studies of Baedstones in which luminescing
microscopy was employed also report minimal détgtain to grain contact (Walderhaug,
1996).

Thomas et al (1993) and Sibley and Blatt (1976hbo#ported that a minimum of 30% of
cement observed is supplied internally via pressokition and stylolitisation. SEM
analysis of these samples has shown that by bulkmethe maximum quantity of cement
observed here is 23%; measured in the clean sdnisll)211/27-A2. Should 30% of this
23%bv be internally sourced a further 70% of thenest, equating to around 16% of the
bulk sandstone, is sourced from other diagenetocgsses occurring externally to the

sandstone body.

Composite logs made in these studied wells inditteethe Ness Formation is on average
made up of 48% silt or shale material. Bulk ane firaction XRD was carried out on the
shale units in an attempt to quantify their pot@nttd act as silica sources. The following

discussion use quantitative X-ray diffraction datauired from these Ness shale units to
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calculate the potential for silica to be producgtémally. All calculations assume the Ness

Formation is composed of 48% shale and that aleralngical processes go to completion.

One potential external silica source is the reaatibK-feldspar with kaolinite to form illite
(Equation 1.3) (Lanson et al., 1996; Bjgrlykke, 89Banson et al., 2002). QXRD analysis
of Ness shales carried out in this study showspteeence of K-feldspar up to P83but
very little at 167C (Figure 3.43B). It also indicated the increasdlit@/muscovite (Figure
3.43D) with increasing temperature. Kaolinite albamxzk is fairly scattered but
volumetrically plenty is present to react 1:1 wikkeldspar in all wells (Figure 3.43F).
Using end-member chemical formulae and moleculaghte for K-feldspar, kaolinite and
silica, with balanced equations; estimated siligddg were calculated (Table 1.1). In total

22% of the total weight of the reactants is reldasesilica.

QXRD analysis of the Ness Formation shale indicatesaximum of 12.2 wt% K-feldspar
and 39.5 wt% kaolinite. At 16C K-feldspar is no longer present in the Ness shale
samples. If we assume the reaction goes complétem 12.2 wt% K-feldspar reacts with

12.2 wt% kaolinite to produce a maximum of 5.5 wit@ment.

Another possible source of silica at increasedabuemperatures is the albitisation of K-
feldspar (Equation 1.4), a process witnessed thmougthe Brent (Saigal et al., 1988;
Glasmann, 1992) and these samples (Figure 3.1Fignde 3.13). The albitisation window
in the Brent is thought to close about ¥®QGlasmann, 1992); within the temperature
range of the cementation window highlighted by Siigalysis. Assuming albitisation
goes to completion, it is possible to use end-menchemical formulae and molecular
weights for K-feldspar and silica, with balancedatons, to estimate silica yields (Table
1.1). In total 10.0% of the total weight of the ¢ctmts is released as silica. This equates to

about 5% of the weight of K-feldspar. Using thenpiples outlined above, 12.2 wt% K-
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Feldspar reacting with 15.3 wt% kaolinite could guatally produce a maximum of 2.7
wt% cement (Table 3.11).

Both the albitisation and the formation of illit®i K-feldspar have been observed in these
samples. However, neither reaction can produceuhbetity of cement observed here in the

Ness Formation. Furthermore, as both reactionsurnaX-feldspar, they cannot both react

to 100% completion.

Another possible silica source this study’'s minegadal investigation illustrates is the
transformation of illite to smectite (Equation 1.5he smectite (montmorillonite)-to-illite
transformation in shales as a source of silicastmrdstone cement has been extensively
studied by Towe (1962); Leder and Park (1986); 8@ad Franks (1979); Lynch et al.
(1997) and Van de Kamp (2008). It is well underdttimat smectite alter to less siliceous
illite with increasing depth of burial and temperrat in sedimentary basins through a
number of intermediate mixed layers illite-smect{t(S) phases (Hower et al., 1976;
Nadeau and Bain, 1986; Ehrenberg and Nadeau, 1888pn and Champion, 1991; Freed
and Peacor, 1992; Velde and Vasseur, 1992; Lynah,et997).

The 1I/S reaction is thought to occur over a tempeeawindow from 86C to 140C
(Hower et al., 1976; Freed and Peacor, 1989; Valuk Vasseur, 1992; Matthews et al.,
1994; Velde and Renac, 1996). The majority of siteeeind the mixed-layer I/S in this
study was observed in the silty shale units of shmpled Ness. QXRD measurements
(Figure 3.43E) show a maximum of 20% of these siltesmade up of I/S. The ¢&n fine
fraction XRD analysis has shown the I/S is fairlgtare and contains >65% illite (Figure
3.44). However, in this study it has only been paesto observe the I/S reaction from
109C. Using the principles above it is possible tocokite the total amount of silica

produce by the transformation of the remaining diteeclf we take the reaction to
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completion then less that 1.5 wt% cement is produaeross the total Ness Formation
(Table 3.11). A further 2 wt% silica can be geneda{Table 3.11) if we assume that

between 88C and 108C a further 65% smectite is converted to illite.

A final possible silica producing reaction is theneersion of smectite to chlorite. Chlorite
has been observed during bulk QXRD analysis, up2tavt%. However it is difficult to
know the provenance of this material, diagenetidadrital. If the chlorite is diagenetic it is
likely it is present in the <2 um fraction. Treatmef the <2 um fraction to 580 does
show a trace chlorite component (Appendix 7). Thieritisation of smectite will occur if
the smectite is Mg—-Fe-rich (Chang et al., 1986)weker, where K-, Ca- and Na-rich
smectites are present with abundant K-feldspar staewill tend to undergo illitisation
(Bossi, 1972; Hillier, 1994; Humphreys et al., 1984gaard et al., 2000). A small fraction
of chloritisation has been observed in these saniplg again only minimal silica can be

produced.

In total, silica producing reactions that have beeeasured in these Ness shales can
account for a maximum of 9.0%bv (Table 3.11). TWatue assume that all K-feldspar is
consumed via the illitization of kaolinite rathehah the less efficient abitisation
mechanism. Furthermore, it is also assumed thatadtions go to 100% completion and
that silica is mobile and can enter adjoining st units. The mobility of silica is
supported by the low quartz cement volumes inrgtt samples of the Ness, e.g. NS12
(167°C), where less than 2 %bv quartz cement is obsdRigdre 3.22). However, as much
as 20 %bv quartz cement is recorded in NS19 andN$®B2se volumes of quartz cement
cannot be accounted for from external mineralogrealctions alone (Table 3.11); it is

therefore likely that the majority of cement isamtally sourced.
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» Reactants (wt%)
Equation pse”rlcua;];{frl]zzzegf st Sy Maximum Silica Released
K-Feldspar Kaolinite Smectite ot meactants (Y%bv)
reactants (Wt%)
1.2 0.43 5.0 - - 5.0 2.2
1.3 0.22 12.2 12.2 - 24.4 55
1.4 0.10 12.2 15.3 - 27.5 2.7
1.5 (100%) 0.20 N/A - 18.0* 18.0 35
1.5 (109- .
13%C) 0.20 N/A 7.0 7.0 14

Table 3.11 Calculated silica yields produced from silicatectemns occurring within the Ness Formation. Reatstdmghlighted in

yellow represent limiting minerals. *Solid statec&on involving single reactant. N.B As K-feldspsia reactant in both reaction 1.3
and 1.4 it is impossible for both reactions toasketheir maximum silica yields.
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For silica formed within external shale units t@@pitate in adjacent sands a suitable
transport mechanism must exist. Aplin (1994) reweénpotential mechanisms for silica
transportation; meteoric recharge; compactionaVedri water; convectional waters;
diffusion. Many previous studies rule out the pb#ity of compaction driven transport
due to a lack of water (Bjgrlykke and Egeberg, 2993in and Warren, 1994). Isotopic
measurements made in this study indicate formataters are too isotopically heavy to
be driven by any meteoric recharge. Furthermore, lange scale convection and
recycling of waters would likely cause isotopic hamaneity at the reservoir scale. The
range 0% %0 emenmymeasurements taken in across the Ness indicatead s °Oyater)
Therefore, it is unlikely large scale convectiomngported silica in this system.
However, it may be possible smaller convectionscate set up throughout the reservoir
system during burial (Bjgrlykke and Egeberg, 199@&lkers et al., 2000). The final
possible mechanism of silica transport is diffusi@nffusion can occur where any
concentration gradient is built up. Mineralogicabbysis of the Ness Formation shale
indicates the occurrence of a number of silica pcoth reactions. The production of
silica during diagenesis can potentially set up tegquired concentration gradient
required for diffusion to occur. Furthermore, cheahiexaminations of shales from
around the world, including the North Sea basim(sa Kamp, 2008), indicate that the
Si/Al ratio in shales declines during diagenesikisTdecline points towards silica

migration away from shales during burial.

However, cementation within silt units, such as Nf®@ NS12 (Figure 3.20), indicate
that silica may be partly immobile. These obseorstiare contrary to the common
thinking in which it is believed the general absewn¢ quartz veins or quartz lenses in
clay-rich rocks signifies that silica is mobilizesvay from shale units (van de Kamp,
2008). Though, more recent studies including Pehoet al. (2008) do document

micro-cements in North Sea shale.
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3.10. Conclusion

This investigation has illustrated that quartz cetmeegins to form below 5Q in

mixed meteoric/marine waters. However at these Idiagenetic temperatures
cementation rates are slow and only a small volaheement precipitates. These
findings are contrary to the standard thresholdptenature of 8%C often used in current
quartz cementation models. It is also possible ##gdy cement may influence the

mechanical compaction of the sandstone.

Later in the diagenetic process a further 90% efttital cement forms above 60°60
and continues to precipitate to current burial terafures. These conditions are in
closer agreement with the current thinking and tthedp to validate existing
cementation models. However, it is unclear whethanot the two isotopically distinct

regions represent separate growth episodes omiéctation is continuous.

Internally, within the sandstones of the Ness Fdionasilica is sourced from reactions
involving the dissolution and albitisation of fepdss. It is also likely some stylolites are
present in the sampled unit however these werelmsdrved in thin section. Externally,
analysis of adjacent silt/shale material indicdabed further albitisation is occurring as
well as the illitisation of kaolinite and smectitdeither the internal or external silica
sources quantified in this study can account fer tblume of cement observed (~20

%bv) in these Ness samples.

Calculations indicate heterogeneity&’r?o(water) across the region. This would rule out
silica transport by large scale water movementyeotion or recycling). It is therefore
likely that any potential movement of silica betwabe shale and sandstones of the

Ness occurs by diffusion.
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4. Quartz Cementation and Diagenesis in the Wilcox Gnap

This chapter describes the diagenesis and quartergation in the early Eocene Texas
Wilcox Group. By combining mineralogical and isoto@nalysis with well defined
time-temperature histories this study aimed to tais the history of quartz

cementation in the Wilcox sandstone.
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4.1. Introduction to the Wilcox Group

Deposited in the late Palaeocene and early Eotleaélilcox Group is composed of a
series of sands with interlayer silts and shaled thpresent the first major input of

sediment into the southern Texas Gulf of Mexicaare

The Wilcox has been extensively studied by Fismet lslcGowen, (1969); Boles and
Franks, (1979); Fisher and Land, (1986b); Land Rister, (1987); Land et al., (1987);
Tempel and Harrison, (2000), and Dutton and Loy2k40). On land the Wilcox group
currently lies at burial temperatures ranging fr@sC to 216C, the only known
uplifting event to have affected the Wilcox occdrri@ the North of Texas in Leon
County (Fisher and Land, 1986b; Day-Stirrat et 20.10; Dutton and Loucks, 2010).
From Leon County to the current day shoreline, mmaxn burial temperatures increase
(Dutton and Loucks, 2010). This is in response twvimg from what represented a
shallow fluvial tidal flat down onto a deep fronfah complex (Fisher and Land, 1986b;
Dutton and Loucks, 2010).

Throughout the depositional process all sedimerthagight to be sourced from the
Laramide uplands/Rocky Mountain area. This fixedlirsent source restricts the
mineralogy observed across the Wilcox group (Dutéord Loucks, 2010). Typical
sandstones of the Wilcox Group, classified usirgstheme of Folk (1965), range from
quartzose lithic arkoses to feldspathic lithareni(Button and Loucks, 2010). Hotter
samples from Harris and Brazonia counties can contereased rock fragments as
they have undergone less reworking during tranagiort and deposition (Dutton and
Loucks, 2010).

Onshore, the Wilcox group has been producing oil gas for a number of years.
Recent studies highlight the possibilities for iMdcox to produce from deep subsea
areas in the Gulf of Mexico region (Kim and FishE999; Dutton and Loucks, 2010).
However, drilling in these deep-sea regions is egpe and risky. It is therefore

important to fully understand the development ofergoir quality and diagenetic
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processes that may be occurring in the Wilcox ptoodrilling. Onshore the Wilcox
group is subject to higher geothermal gradients tbiishore and so makes an ideal
material to study any diagenetic processes that lmeagccurring in potential deep sea

reservoir.

In previous diagenetic studies of the Wilcox, voatrncally significant amounts of
authigenic quartz, kaolinite, calcite, ankerite atiite have been recorded (Fisher and
Land, 1986b; Land and Fisher, 1987; Dutton and keu2010). Paragenesis of the
Wilcox sandstones has been described in many stydig. Boles, 1978; Boles and
Franks, 1979; Boles, 1982b; Franks and Forest&4;1RBisher and Land, 1986b; Land
et al., 1987). To date, the established generagaesetic sequence begins with quartz
cement developing early in the burial history. Kiaitd cement follows quartz
cementation, but predates calcite. This is summdrs Figure 4.1, taken from Fisher
and Land (1986b). However, due to the lack of lpgdtision isotopic investigations the

timing of quartz cementation in the Wilcox grougislely disputed.

Quartz cement
—

Kaolinite Cement
|
Calcite Cement
I

Organic Maturation
N E——

Smectite to Illite in shales
.

Po rosi2 I)evelonment
] -

K-feldspar Dissolution
N BN

Diagenetic Event

Albitisation
[

Ankerite Cement
-

Relative Timing -

Figure 4.1 Paragenesis in the Wilcox sandstone in southerasl éxisher and Land,
1986b)
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4.2 The Wilcox Group Study: Aims and Objectives

The specific aims of the Wilcox Study were twofold:

1.

To constrain the onset of quartz cementation argblve quartz

cementation histories in the Wilcox sandstone.

. To quantitatively evaluate potential silica sourdesernally within

reservoir sands as well as externally in adjoirsihgle units.

The full objectives of this investigation were to:

* Quantify quartz cement in sandstones from a widgeaof temperatures from

the Wilcox Group.

» Constrain quartz cementation histories through

= High precision isotopic analysis of quartz cements
= Petrographic quantification of quartz cement

= Time- temperature history modelling

» Constrain potential silica sources through

» Quantitative petrographic examination of internit@ sources

= Quantification of mineralogical changes in adjomshales

« Validate current quartz cementation modelling tlgeor
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4.3 Sample Selection

Samples from the Wilcox group were selected frome fivells across five counties of
Texas, USA (Figure 4.2). Similar samples were seteérom the same wells in studies
by Dutton and Loucks (2010) and Day-Stirrat et(2010). From each well a series of
sandstones and mudstones were selected. A descriptithese samples is given in
Table 4.1 along with a summary of the analyticehtsgy. Samples were specifically
selected from these wells as they represent tlgeerahburial temperatures in which the
majority of quartz cement is known to precipitdtarfd and Fisher, 1987; Walderhaug,
1996; Primmer et al., 1997; Giles et al.,, 2000; tdutand Loucks, 2010). This
temperature range also covers a window in whichynsilica producing reactions are
known to occur within the Wilcox sandstones (Lamdl &isher, 1987; Dutton and
Loucks, 2010) as well as in many other sandstooessa the world (Glasmann, 1992;
Bjarlykke and Egeberg, 1993; Gluyas et al., 200@win and Fallick, 2000; Kim and
Lee, 2004). Furthermore, this temperature range ef€ompasses the period of burial
in which many silica producing reactions occur witehales (Velde and Renac, 1996;
Bjarlykke, 1998; Lanson et al., 2002; van de Ka2@)8) including the Wilcox shale
(Boles and Franks, 1979; Williams et al., 2001; {3ayrat et al., 2010).

143



Well TOH
324-715m

Well SL
2733 - 2735m

Well LC
3497 - 3534m

Well HA
4278 - 5078m

Well CR § 50 km

5798 - 6608m

Figure 4.2 Map of Wilcox study area. Samples were selecteth fEowells across
Southern Texas, USA.
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Sample Overview

Analytical

Thi: Section | \yell | Depth Max Burial Description | | Genesis|  Image QXRD | <2BMM | |on Microprobe
reference (m) Temperature (°C) 4.92 Analysis XRD
TOH 324.3 27 Mst . .
TOH 411.8 36 Mst . .
TOH 482.5 45 Mst OM .
TOH 482.8 45 Mst OM . .
TOH 714.5 53 Mst . .
GOM 6 SL 2733.4 104 Sa . o . 2+jkeh
SL 2734.2 104 SISh . . .
SL 2734.4 104 SISh . . .
SL 2735.0 104 Sh . . .
LC 3496.8 142 SISh . .
LC 3500.3 142 SISh . . .
LC 3500.3 142 SISa . .
LC 3504.0 143 SISh . .
LC 3505.8 143 SISh . . .
LC 3510.5 143 SISh . .
LC 3510.5 143 SISa . o
LC 3511.6 143 SISh . .
LC 3511.6 143 SISa . .
LC 35134 143 SISh . .
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Sample Overview Analytical
Thin Section | \yg| | Depth Max Burial Description | | Genesis|  Image QXRD <2pm | 1on Microprobe
reference (m) | Temperature (C) 4.92 Analysis XRD
LC 35134 143 SISa . .
LC 3518.4 143 SISh . .
GOM 8 LC 3518.4 143 Sa . . . 1n
LC 3527.1 144 SISh . . .
LC 3527.1 144 SISa . .
GOM 7 LC 3534.2 144 Sa . . .
HA-U 4277.5 167 Sh . . .
GOM 9 HA-U 4277.6 167 Sa J .
HA-U 4287.3 168 SISh . .
HA-U 4288.1 168 SISh . .
HA-U 4288.1 168 SISa . .
GOM 10 HA-U 4288.5 168 Sa . . .
HA-L 4969.8 185 SISh .
HA-L 4983.2 186 SISh . . .
HA-L 4983.2 186 SISa . .
HA-L 4994.5 186 Sh . .
HA-L 4994.5 186 SISa . .
HA-L 4998.4 186 Sh . J J
HA-L 4998.4 186 S|Sa . .
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Sample Overview Analytical
Thin Section Well Depth Max Burial Description Genesis Image QXRD <2um lon Microprobe
reference (m) Temperature (°C) 4.92 Analysis XRD
HA-L 5063.2 187 Sh . . .
GOM 11 HA-L | 5063.3 188 Sa . . . 1n
HA-L 5076.7 188 Sh . . .
HA-L 5076.7 188 SISa . .
CR-U 5797.9 189 SISa . .
CR-U 5813.1 189 Shsi . . .
CR-U 5818.3 189 Sh . . .
CR-L 6374.9 204 Sh . . .
CR-L 6605.9 209 Sh . . .
CR-L 6607.1 210 Sh . . .
CR-L 6608.4 210 ShS| . . .
CR-L 6608.4 210 Slsa . .

Table 4.1 Overview of Wilcox samples and analytical studynHa&pecimen abbreviations are: Mst (mudstone,hufditl mud), Sh (shale), Sa
(sand), Sl (silt), ShSa (shaley sand), SISh (sittgle), SISa (silty sand) Lm (limestone), Ca... (oadte rich ...), OM (organic rich, coal etc),
Lam (laminations). A number of samples are takeactlifrom sand shale boundaries; these are notéldebsuffix A (shale) and B (sand) after
the depth measurements. In wells Ha and CR samgliessselected from the Upper (U) and Lower (L)aX.
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4.4. Time - Temperature Histories

This project deals with samples from five separaédls from onshore Texas (Figure
4.2). Each individual well has a separate burial #dx@rmal history. Temperature plays a
key role in on the rate of quartz cementation (Wdidug, 1994b; Bjgrkum, 1996); clay
mineral reactions (Hower et al., 1976; Wilkinsonakt 2006) as well as many other
diagenetic reactions known to occur in the Wilcands (Fisher and Land, 1986b;
Dutton and Loucks, 2010). It is therefore importemtconsider a sample’s maximum

burial temperature rather than its current buregtd.

In this project Genesis 4.92, a 1-D basin-modell{ngaturity model) package was
employed to formulate burial history curves for leaeell. Burial histories provide us
with an enhanced understanding of the intricatatiiship that has occurred over time
between stratigraphy, lithology and erosion. Friwa formulated burial history curves
the maximum maturity of each individual sample wasessed and time vs. temperature
relationships produced, allowing us to ascertaia thle temperature has on any

potential diagenetic processes.

Time — temperature models were supplied by R. Daya® from the Bureau of
Economic Geology, Austin, Texas. The models aresitooted using stratigraphic data

from well logs and calibrated using down hole terapge measurements (Chapter 2).

Full stratigraphic logs as well as the temperataiération made during modelling are
given in Figure 4.3 to Figure 4.6. Time vs. tempaa histories of all wells are
compared given in Figure 4.7. In the Harris coumtgll (Figure 4.5) two time
temperature curves were constructed, one to ramréise Lower Wilcox (HA-L) and
one for the Upper Wilcox (HA-U). No thermal modetli was performed on the Leon
county well (TOH). However, it is believed the despTOH sample was never buried
above 53C (Dutton and Loucks, 2010).
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For later cementation modelling each time tempeeatistory has been broken up into
a number of linear segments aboveé@0Details of these time-temperature segments

are given in Table 4.2.
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Figure 4.3 Stratigraphic log and temperature calibration cmmeseéd for Grimes
County Selected Lands (SL). Modelled and measueetpératures show a good fit
throughout the Wilcox.
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Figure 4.4  Stratigraphic log and temperature calibration ocwmaséd for the
Montgomery County — Lake Creek well (LC). Modelladd measured temperatures
show a good fit throughout the Wilcox.

151



Depthim)  Mame Lithology Timeimy) Period

0 o-
o | Miocene (Ana... | Chattian
500 3 =

3 |FrioFm. 10—
1000 =
1500 % Jackson Fm. =

] 0

4 | ¥equa Fm.
2000

§ Lowver Claiborne ':: —| Rupelian
2500 3 ' o

] : o
000 g Upper Wilcox Fm | Priskonian

= Bartonian
3500 3

3 W vpresian
4000 3 | Lower Wilcox =
4500 ==

3 05 vpresian
5000 —| setandian
5800 — =]

Temperaturs(c)

40 &0 120 160 200
L L 1 1

— Temperature
© Measured-Temperature

1000

2000 3

3000

Depth(rm)

4000

000 1o

6000

Figure 4.5 Stratigraphic log and temperature calibration cweséd for the Harris
County Hallison well (HA), modelled and measuredperatures show a good fit
throughout the Wilcox.
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Figure 4.6 Stratigraphic log and temperature calibration caeséd for the Brazonia
county - Arco Crews well (CR). Modelled and meaduremperatures show a good fit
throughout the Wilcox.
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S1 S2 S3 S4 S5 S6 S7
Samples| t (my) | °C/my |[t(my) |°C/my |t(my) |°C/my [t(my) |°C/my |[t(my) |°C/my |t(my) |°C/my [t (my) | °C/my
GOM6 - - - - - - - - 5.8 1.8 55 1.1 27.9 0.3
GOMS8 - - - - - - - - 2.0 6.5 11.3 2.6 33.7 0.6
GOM7 - - - - - - - - 2.0 6.5 11.3 2.6 33.7 0.6
GOM9 0.9 7.2 9.8 3.4 3.3 1.0 5.1 3.1 7.8 1.0 20 1 2| 21.8 0.6
GOM10 0.9 7.2 9.8 3.4 3.3 1.0 5.1 3.1 7.3 1.0 20 .1 2 21.8 0.6
GOM11 4.7 6.7 9.3 3.3 3.9 0.9 5.1 2.9 6.8 1.0 19 .7 1 220 0.7

Table 4.2 Calculated heating rates in the sampled Wilcox svéL/my). S1, S2 and S3... refer to linear time-tempeeategments of each
well above 86C.
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4.5. Wilcox Sandstone: Mineralogical History

To examine the mineralogy and diagenetic processasring in the Wilcox sandstone
quantitative X-Ray Diffraction and petrography wearried out on a series of 20
samples. These samples were selected across fdlg (8, LC, Ha and CR)
representing a temperature range of 104 t6Q10

The sandstones have compositions ranging from deantz rich arkoses through to
feldspathic litharenites (Figure 4.8). QuantitatieRay Diffraction indicates large

mineralogical heterogeneities between the Wilcaxdstones (Figure 4.9). Furthermore,
petrographic analysis of six Wilcox sandstones lighls further mineralogical and

physical heterogeneity (Figure 4.10).

Minerals including illite, kaolinite, smectite ani@ldspar may take part in silica
producing reactions (Equation 1.2 to Equation Hewever, as a consequence of such
large scale heterogeneity no discernable minersdbg¢emperatures trends are observed
(Figure 4.9). However, petrographic evidence ofekd$par dissolution and subsequent
illite formation (Figure 4.11) as well as the ailkdttion of feldspar (Figure 4.13 and
Figure 4.14) were recorded. Furthermore, evidentceotber pore filling cements
including calcite forming below 16& (Figure 4.15 platey illite at 188C (Figure 4.17)

as well as ankerite at 188 (Figure 4.17) were observed.
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A) GOM6 (1043C) " Clean quarz rich arkoseB) GOMS (1443C) major d|ssolut|on and albitisationC) GOM?7 (144?C) Feldspar rich sandstone major
containing minor siderite and of feldspar, pore filling illite also visible. dissolution and albitisation visible

100%| 4 - }W
D) GOM9 (164C) Feldspar nch sandstoneE) GOMlO (16&C) Feldspar rich sandstone MajoF) GOMll (187C) Tlghtly cemented feldspar rich
containing siderite. Major dissolution and albitisa dissolution and albitisation visible. lllite presen sandstone. Major albitisation visible. lllite prase
visible along with ankerite and dolomi

Figure 4.8 Overview of the Wilcox sandstones
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Figure 4.9 Quantitative X-ray diffraction analysis of a iesrof Wilcox sandstone®\) K-feldspar,B) plagioclaseC) illite/muscovite,D)

kaolinite ande) Smectite + I/S.
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A B C

Non-Quartz Minerals (bv%) Detrital Quartz (bv%) Detrital Quartz Grain Size (um)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 100 150 200 250 300
70 1 1 1 1 1 1 J 1 1 1 1 1 J 1 1 1 J

90 - : 1
110 - : 1
130 - : 1
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Temperature (°C)
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Figure 4.10 Variation in Wilcox sandstones. A) Volume of 1-quartz minerals observed petrographically, B) vauaf detrital quartz
determine using SENGL, C) Average detrital quartz grain size (um) daieed fom measurements using S-CL.
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Figure 4.11 BSE image of Wilcox sandstone GOMS8 (@3 containing K-feldspar
and albite grains. Relic feldspar grains and iligposits are also visible.

e D () (et

Figure 4.12 BSE image of sample GOM7 (143). Large scale feldspar dissolution
and quartz replacement (central grain). lllite aaltite also observed.
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Figure 4.13 BSE image of Wilcox sandstone GOM9 (263 Albitisation and
dissolution of K-feldspar is visible. K-feldsparshlaeen replaced by illite
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Figure 4.14 BSE Image of GOM9 (16€). Wilcox sandstone showing albitisation of
K-feldspar as well as interlocking quartz grains.
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Figure 4.15 SEM-CL Image of GOM6 (10€). Grain fracturing can be seen (arrows)
preceding later quartz cementation (darker majerial

Figure 4.16 BSE Image of GOM6 (10€). Quartz rich sandstone containing siderite
and calcite cements.
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Figure 4.17 BSE image of GOM11 (188). Quartz grain surrounded by ankerite
grains and platey illite deposits. Both late stpgecipitates act to reduce free quartz
surface area.
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Quartz cement was quantified by image analysig] tailumes range from 12.3 to 18.8
%bv (Table 4.3). The volume of cement observedem®es with burial temperature up
to ~140C; above 14%C the volume of cement decreases (Figure 4.18A)s&llata are
consistent with Dutton and Loucks' (2010) extensugdy of the Wilcox Formation
(Figure 4.18B). One sample, GOMG6, taken from the \@ll at 104C shows two
distinct SEM-CL zones within the cement. Closesthe detrital grain an inner, lighter
grey cement zone has precipitated that is supetdeygléater, darker cement. However,
the inner grey zone is not apparent on all grakigufe 4.19). In a second image
analysis study these two zones were quantified|éT4lsl). The earlier grey cement is
less abundant than the darker cement (Figure 4.20).

Porosity in the Wilcox sandstones examined ranges 6.8 to 21.1 %bv (Table 4.5).
With the exception of GOM7 (LC,143), measured porosity decreases with increased
burial temperature (Figure 4.21A). Petrographiceobations indicate there may be
large scale feldspar dissolution in sample GOMgyFe 4.12) which may account for
the high porosities recorded. Data from Dutton &madicks' (2010) supports these
trends, however all results from this study liettz¢ top end of Dutton and Loucks'
(2010) observations (Figure 4.21B).
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GOM®6 GOMS8 GOM7 GOM9 GOM10 GOM11

Depth (m) 2733.4 3518.¢ 3534.2 4277.6 4288.5 5063.3
Temperature (oC) 103.t 143.2 143.2 163.5 163.t 185./
Ave. Quartz Cement (%bv 13.€ 18.¢ 16.5 15.C 17.¢ 12.5
95% Confidence (&) 1.6 3.€ 2.3 1.4 2.0 2.5
Minimum (%bv) 10.5 14.2 11.€ 12.€ 13.€ 6.€
Maximum (%bv) 16.C 26.4 20.5 17.C 20.2 15.4

Table 4.3 Quantification of quartz cement in the Wilcsandstones by image analysis
A B
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Figure 4.18 Quantification of the quartz cement present in W4ilsandstoneA) Quantification carried out by image analysis irs

study.B) Quantification reported in this study (Wilcox sarsdgnple) and literatuidata taken from Dutton and Louc(2010).
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Figure 4.19 SEM-CL image of GOM6 (SL, 10€) showing detrital quartz grains with
two cement types. Grain 1 has a band of lightey gesnent closest to the detrital grain
that is then superseded by a darker cement. Theefigrey cement has a more rounded
edge compared to the sharper exterior of the dadent.

166



Total Light Grey Cement Darker Cement
GOM6 Cement 13.€ 2.8 10.7
95% Confidence 1.€ 1.1 2.2
Standard Deviatior 2.C 1.4 2.8
Minimum (%bv) 10.5 1.1 7.4
Maximum (%bv) 16.C 4.7 14.¢

Table 4.4 Quantification of the two distinct CL zones obselvwe the quartz cemelof
GOMBG6 by image analys

OTotal Quartz Cement B GOMEG Light Grey Cement A GOM6 Darker Cement

Quartz Cement (%bv)

0 5 10 15 20 25

110 +

130 +

Temperature (°C)

150 +

170 +

190 -

Figure 4.20 Quartz cement abundance in the Wilcox sandstones &lantitative
image analysis of the distinct CL zones in GOIThe darker cement form 10.7 %bv
the total rock.

167




GOM6 GOM8 GOM7 GOM9 GOM10 GOM11
Depth (m) 2733.4 3518.¢ 3534.2 4277.6 4288.5 5063.3
Temperature (°C) 103.t 143.2 143. 163.5 163.5 185.4
Ave. Porosity (%bv) 17.5 11.¢ 21.1 9.8 8.8 6.8
95% Confidence (&) 2.3 2.C 3.1 2.1 2.2 1.4
Standard Deviatior 2.6 2.5 3.8 2.7 2.8 1.7
Minimum(%bv) 12.€ 10.4 16.€ 7.1 5.1 4.C
Maximum(%bv) 20.4 16.7 26.8 13.8 12.3 9.7
Table 4.5 Quantification of porosity in the Wilcox sandstormcimage analysis
A B
O Wilcox Sands Image Analysis ¢ Dutton and Loucks (2010)
Porosity (%bv)
Porosity (%bv)
0 > 10 5 20 0 5 10 15 20 25 30
60 ' ' ' 60 - , , , , , ,
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Figure 4.21 Quantification of the porosity present in Wilcoxndatone A) Quantification carried out by image analysis irsteiudy.
B) Quantification reported in this study (image analyand literaturdata taken from Dutton and Louck80(().
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In summary, the sandstone samples selected in stiidy display physical and
mineralogical heterogeneity. K-feldspar, plagioeladlite, kaolinite and mixed I/S are
all recorded in these Wilcox samples. Petrograpbgervations indicate these minerals
are involved in silica-producing processes suchhasdissolution and albitisation of
feldspars. Quartz cement volumes range from 10d71&8B %bv, increasing with burial
temperature until ~148. In addition 2.8 %bv lighter grey cement is obedrin the

lowest temperature sample (GOM6, io%

At higher temperatures (>143) the volume of quartz cement falls, although pityo
continues to fall throughout the sampled Wilcox dsiones. Above 148 the
precipitation of other diagenetic minerals, suclildas and ankerite, was observed. The
formation of these late stage diagenetic minerallscantribute to additional porosity

loss.
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4.6 Quartz Cementation Modelling

Quartz cementation was modelled according to theéhenaatical formulation of
Walderhaug (19963hown in Equation 2.5The model assumes that quartz is sourced
from stylolites, diffuses into the inter-styloliteegions, and then precipitates as
overgrowths on quartz grains. It is further assurtteat the precipitation step is the
slowest and therefore rate-controlling step in ¢kerall process. The main input for
modelling of quartz cementation is detrital minegsl (Figure 4.10), grain size (Figure
4.10) and temperature history (Figure 4.7 and Talfg

In total six sandstone samples were modelled froor flifferent Texas wells (Table
4.1). Table 4.6 gives details of the modelled centetals and Table 4.7 shows
modelled porosity. The best measured/modelledditucs at 14%C (Figure 4.23 and
Figure 4.24). Below 148 cement is underestimated and porosity overestimnat
Samples from above 143 show the opposite trend with cement overestimated
porosity underestimated; the magnitude of theserglimncies increases with increasing

temperatures.

170



GOM 6 GOM 8 GOM7 GOM 9 GOM 10 GOM 11
Depth (m) 2733.4 3518.4 3518.4 4277.6 4288.5 5063.3
Temperature (°C) 103.5 143.2 143.2 163.5 163.5 185.4
Modelled Quartz Cement (%bv) 5.5 19.2 19.6 22.0 22.9 27.9
Measured Quartz Cement (%bv) 13.6 18.8 16.5 15.0 17.8 12.3

Table 4.6 Details of measured and modelled quartz cemeristiwiahe Wilcox sandstone

Figure 4.22 Measured and modelled quartz cement totals recandibe@ Wilcox sandstone of this study. Literatdega taken from Dutton and

Loucks' (2010) is also shown.
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GOM 6 GOM 8 GOM 7 GOM 9 GOM 10 GOM 11
Depth (m) 2733.4 3518.4 3518.4 4277.6 4288.5 5063.3
Temperature (°C) 103.5 143.2 143.2 163.5 163.5 185.4
Modelled Porosity (%bv) 24.2 11.8 18.5 3.0 3.6 0.1
Measured Porosity(%bv) 17.5 11.8 21.1 9.8 8.8 6.8

Table 4.7 Measured and modelled porosity totals in the Wilsardstone

Figure 4.23 Measured and modelled porosities recorded in thHed¥isandstone of this study. Literature data tdkem Dutton and Loucks'

(2010) is also shown.
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It is likely that the discrepancies between the etled cement volumes and measured
data recorded (Figure 4.22) relate to the limitagi@f the model used. This model
(Walderhaug, 1996) is a kinetic equation that ptsdihe volume of quartz cement that

will precipitate in any quartz rich sandstone obkm mineralogy and grain size.

Problems arise when the initial mineralogy is &teduring diagenesis. In these Wilcox
sandstones illite and ankerite have been observedpitating in and around quartz
grains (Figure 4.17). As a consequence the oveuafbce area of quartz available for
further quartz precipitation will be affected. Watbaug’s (1996) model (Equation 2.5)
does not account for such scenarios; the modeé\ssi quartz precipitation remains
uninhibited during burial. Furthermore, Walderhau@996) model does not account
for the formation of secondary porosity. Secondaoxosity is observed throughout the
Wilcox sample set as a result of feldspar dissotu{Figure 4.11 and 4.12) and may

further effect quartz surface area.

It should be noted that commercial cement modelBoffjware packages, including

EXEMPLAR® and TOUCHSTONE, which were developed from Walderhaug's early
work (Walderhaug, 1994a; Walderhaug, 1994b; Wakegh 1996) do have the

capacity to factor in other mineralogical processbgh may affect the rate of quartz

cementation (Walderhaug et al., 2000). As a rethdse cementation models are
successfully and routinely used in the Gulf of Mexregion (Walderhaug et al., 2000;

Ajdukiewicz and Lander, 2010).

The model is also reliant on accurate thermal miodel If modelled temperature
histories are too low, then the value @f(0.01857C), equivalent to the activation
energy, will be too. If the modelled temperaturéas hot, then the value afwill be

too high (Walderhaug, 2000). More precise modelliagults can be obtained if the
value ofb is varied in each Texas well (Table 4.8). Howe¥fehis quartz cementation

model adequately reflects the actual processeaggiace, then the optimal value of
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the exponential factob in Equation 2.5 should be the same for all quagtnented

sandstones where silica is supplied from stylofj#¢alderhaug, 2000).

GOM 6 | GOM 8 | GOM 7 | GOM 9 | GOM 10 | GOM 11
Well SL LC LC | HAU | HA-U | HA-L
Temperature °C) | 103.5 | 1432 143.2] 167.1  167.5 187.8
Modelled (%bv) 10.7 18.5 16.8 15.3 17.6 12.7
Measured (%bv) 10.7 18.8 16.5 15.0 17.8 12.3
Optimal kinetics (/°C) | 0.0220 | 0.0183] 0.0178 0.0162 0.0168  0.01P8

Table 4.8 The optimum Kkinetics for Wilcox samples using Waldrig's (1996)
cementation model. The average fit for the GOMisu@01737C.

The large discrepancies in the modelling and measulata makes it difficult to

accurately predict the temperature evolution acezsh individual quartz overgrowth.

These quartz cementation modelling results wereefbee not used to predict the

temperature represented by each SIMS analyses.
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4.7 Isotope Analysis

4.7.1. Wilcox sandstone SIMS samples

A full description of the Wilcox samples selected isotope analysis can be found in
Table 4.1. These samples were selected as thegseyira temperature range of 104 to
188°C; which should encompass all diagenetic reactjgnesiously observed in the
Wilcox (Fisher and Land, 1986b; Land and FisheB7)9The three SIMS samples also
contained quartz overgrowths >50 um thick. Quatntgapetrography, QXRD and
Genesis 1-D modelling analyses are summarisedbite#a9.

4.7.2. SIMS Analysis

During a 48-hour period between th& 2nd 3 of June, 2009, 238 oxygen isotope
analyses were made on the three selected Wilcomadimn sandstones. Initially 151

measurements were made across the three sandstoipées and 42 on an internal
quartz standard (UWQ-1) using a 12 um SIMS beaninga second session the spot
size was reduced to 2 pm; during this session thdu295'*0 measurements were

made, plus an additional 16 on UWQ-1.

4.7.2.1UWQ-1 Analysis

In both sessions the UWQ-1 standard was used itorai@ oxygen isotope ratios to the
V-SMOW scale and to provide an internal measurenoérdrecision as described in
Kelly et al. (2007). During the first session theeeage precision across the 3 samples
was measured at +0.27 %o (2SD) using the 12 um beadf1l (Figure 4.24). In the
second session precision was measured at +0.673®) (@sing the 2 um beam, n=29
(Figure 4.25).

175



Max Burial Non quartz Porosit Quartz Ave.
Sample Well Depth (m) Temperature mineraﬁs (%bv) % bv)y Cement Grain Size
(°C) ’ ’ (%bv) (um)
GOM®6 SL 2733.4 104 Bt, Pl (<1%) 175 13.6 244
GOM8 LC 3518.4 143 M/1, Bt, K-F (16%) 11.8 18.8 171
Ch, M/, Bt, Na-F,
GOM11 HA-L 5063.3 188 An (24%) 6.8 12.3 161

Table 4.9 Overview of the Wilcox samples selected for SIM@lgsis. Bt = Berthierine, M/l = Mica/lllite, K-F &-Feldspar, Na-F = Na-
Feldspar, Pl = Plagioclase, Ch = Chlorite, An = Arite.
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Figure 4.24 UWQ-1 Standard analysis. Brackets are averagesasf@Bindividual measurements made before and atieh set of sample
measurements. All analyses were carried out with pm spot size.
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Figure 4.25 UWQ-1 standard analyses performeshddahe 2um high precision SIMS investigation. Error barswshbe average bracket error
that consists of 8 standard measurements.
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4.7.2.2SIMS Pit Characterisation

After the completion of the SIMS investigation ardgmnation of Secondary Electron
(SE), Back Scattered (BSE) and Cathodoluminescg3ie®I-CL) microscopy was used
to relocate and characterise each individual piful\ account of how each pit was
interpreted with reasoning for each pit's inclustorexclusion from this study is given
in Appendix 4, an example is given in Figure 4.26.

Figure 4.26 SE (left) and SEM-CL (right) image of sample GOM®4C) the smaller
circles represent the 2 um analyses, the largeesithe 12 um pits. White = authigenic
quartz, red = mixed analyses (authigenic and ddtand pink = crack.
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4.7.2.3SIMS Analysis of Authigenic Quartz

79 analyses were carried out on four areas acr@¥d@s Initially 50 SIMS pits were

made using a 12 um spot; 33 of these pits were mmaaathigenic quartz cement. Later
a second session was performed in which a 2 pm spetwas utilised to examine
GOMG6 Area 6 (Figure 4.26). Of the 29 analyses magieg the smaller 2 um spot, 26

spots were performed on quartz cement.

SEM-CL examination of sample GOM6 showed the preseri two clear zones within
the quartz cement. The inner grey luminescing layelistinct from the detrital quartz,
but is not present on all detrital grains (Figur26d. Throughout the sample a common
darker band of cement is seen (Figure 4.19). Whetk the grey and darker cement
occur on a single grain, the grey cement is alw@gser to the detrital material. The
darker material therefore represents a youngerigtat®. The two layers also have
distinctively different isotopic signatures (Figude27A and B). In the grey zone,
8'%0cemenyranges from +25.1%o to +27.5%o. In contrast, the dadone reveals lower
8" Oremenyy Values between +23.5%. and +24.9%.. These initial @@ SIMS
investigations indicate little isotopic variationtinn each zone.

Petrographically and isotopically the two regioristte GOM6 cement are different.
These differences hint towards the two regionsdéwo separate phases. If this is the
case then SIMS spots in the darker cement shoulthdsesured from the initiation of
cementation i.e. the darker cement/ light grey agnmoundary or where no grey
cement is present the detrital quartz grain/daceenent boundary. At the 12 um scale
this only affected measurements for 4 pits (FigugyC and D).
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Figure 4.27 12 um SIMS analysis of GOM6 (1%). A) §'°0emenyVs. distance from detrital quar®) 5'%0emenVs. relative distance from
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During the 12 pm SIMS analysis of GOM6 eight sefearaits were made into the

detrital quartz grains. Four were made in detmggains hosting both grey and darker
cement and four into detrital grains only hostihg tmore abundant darker cement.
Detrital grains hosting the grey cement have a toM#0 (+6.5 to +11.0%0), whereas

the grains only hosting the darker cement haveenigfiO (+11.5 to +15.0%o).

At the 2 um scale, as with the 12 um investigatdata from the grey region exhibits
very little spatial variationélgo(cemem)ranges from 28.3 %o to 26.3%0. Overall, in the
grey cement, the 2 pym data supports the 12 umtigaéisn (Figure 4.28A and B).

In contrast the range @& °Ogemenyobserved in the darker zone increases to ~ 4.5%o
(+28.5%0 to +23.9%0 ) using the 2 pm analysis bedhe 2 pm SIMS study also
highlights a clear spatial variation, Wi&iﬁso(cemem)become less positive away from the
detrital quartz (Figure 4.28C and D). However itsiie noted that the isotope
stratigraphy recorded only covers 80% of the dadeament; no measurements were
successfully performed in the youngest 20% of thakel cement (Figure 4.28D). It is
likely that the outer mosﬁlso(cemem) measurement made in this sample (+23.9%o)
correspond to a lower temperature than the maxirourial temperature of the GOM6
well (104C).

Importantly analysis with a 2 um pit in this GOM&ngples indicates the existence of a
thin isotopically heavier rind close to the detrggeain (Figure 4.28C and D). This rind
forms around 8% of the total cement observed ifaB#16 sample.
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SIMS sample GOM8 was analysed using only the 12b|eHm.8180(C€mem)measured
over 6 separate areas ranges from +18.6%. to +24.68=45). Values o8'%0 for

detrital grains range from +8%o to +14%. (N=12).

The average width of overgrowth material in GOM&\atween 20 and 40 um similar
to that observed in GOM6 in which no spatial vaoatwas measured at the 12 pum
scale. However, in GOMS8 a clear changé]ﬁo(cemem)away from the detrital grain was
observed with values becoming less positive towdhésedge of each grain (Figure
4.29A and B). It is important to note that in mamgtances across GOMS8 this
termination at the grain’s edge represents a dmgrain contact. It is therefore
possible that the modelled maximum burial tempeeatonay not correspond to a

maximum cementation temperature.

Petrographically the quartz cement material of GQNH. very similar to GOMS. In
total 60 analyses were made across GOM11 withjaddeam. 36 pits were performed
in quartz cement material from four are&$0cemenyranged from +18.3 %o to +23.8%.
Again Slgo(cemem) becomes less positive towards the grain edge I(Eigl29C and D).
The 80 of detrital quartz measured in GOM11 ranges f#®7%o to +13.6%0 (N=9).

In the two higher temperature Wilcox sandstonesM8Gnd GOML11, the isotopic

stratigraphy measured across overgrowths is nedehtical, ranging from ~24%. close
to the detrital quartz grains to ~18%. at the oetdge of the overgrowth (Figure 4.29E
and F).
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Figure 4.29 12 um SIMS analysis of GOMS8 (143) and GOM11 (18&). §"°0cemeny
vs. distance from detrital quart&a) GOMS8; C) GOM11 andE) both GOM8 and
GOM11. 8"®Ocemeny VS. relative distance from detrital quarB; GOMS; D) GOM11

andF) GOM8 and GOM11.

Across the three samples the total rangél%(cemem) recorded spanned from +28.5%o
to +18.3 %o. In all the Wilcox samples the headOcemeny measured are closest to
the detrital quartz and thus represent the earpestipitation of quartz cement, the
lightest values represent the outer cement andttieigoungest cement. Although the
samples represent ~Dintervals (104, 143 and 1&8) the majority of the variation in

8"°0cemeny IS recorded between 104 and @3little variation is observed between 143

and 188C (Figure 4.30).
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corresponds to the 8D threshold temperature for quartz cementation estgg by
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4.8 Mineralogical Analysis: X-Ray Diffraction

In total 32 shale samples taken from 5 wells actiosS exas study area were examined.
All sample details are given in Table 4.1; samplase been selected from a depth of

324m to 6804m representing maximum burial tempegataf 27C to 216C.

Previous studies have highlighted that mineralduting: K-feldspar (Sorby, 1880;

Hawkins, 1978); kaolinite (Boles and Franks, 19/&nson et al., 2002; Day-Stirrat et
al., 2010); albite (Boles, 1982b; Saigal et al.8&9Glasmann, 1992); mixed layered
illite-smectite (Velde and Vasseur, 1992; Lansoalgt2002; Sanjuan et al., 2002; van
de Kamp, 2008) and chlorite-smectite (Hurst, 198bang et al., 1986; Hillier, 1994)

may take part in diagenetic, silica producing reast. Quantitative analysis of these
minerals was undertaken in an attempt to assesgdtential for these minerals to
produce the required silica need to produce théskl8cement observed in adjoining

sandstone units.

4.8.1. Bulk Quantitative X-Ray Diffraction of Wilcox Shale

All bulk QXRD measurements for the Wilcox shake gieen in Appendix 6. Figure
4.31A illustrates the actual totals quantified lbefmineral proportions are normalised
to 100%.
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Figure 4.31 Bulk Quantitative X-Ray Diffraction of Wilcox Sha®amples.A) Measured totals, showing variation from 100%. Qitative
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K-feldspar abundance varies from a maximum of 8 wd#wn to 0 wt%. At
temperatures >18C 3 wt% K-feldspar still remains (Figure 4.31B). -Reldspar
(Figure 4.31C) levels averaged across individudisanange from 3 to 10 wt% in the

shale rich Wilcox units, becoming more abundantvabD4C.

Significant clay mineral quantities are recordedthese shale units. Total volumes
range between 27 and 70 wt%. The volume of tot} ahineral (Figure 4.31D) was
determined as the combined abundance of illite/onite (Figure 4.31E), smectite +
mixed layer I/S (Figure 4.31F), kaolinite (Figur@3G) and chlorite (Figure 4.31H).

As the total volume of clay minerals recorded infesample is varied, it is important to
examine the volume of the individual mineral notyoss a percentage of the total rock
but as a fraction of the total clay mineral assemél(Figure 4.32). This will reduce the

impact of any trends related to the deposition&tiogeneity.
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Figure 4.32 Analysis of the clay mineral fraction measured tie bulk sample by
QXRD. PercentA) lllite, B) Smectite + I/SC) Kaolinite andD) Chlorite within the

clay fraction.
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QXRD analysis of the bulk rock illustrates that gdes from the lower temperature
TOH well (27-50C) are composed of around 30wt% smectite or I/Rju(e 4.31F);
around 50% of the total clay minerals measuretésé¢ TOH is smectite or I/S (Figure
4.32B). The abundance of smectite + I/S falls tghmut the Wilcox shale as
temperatures increase. At £88<1wt% smectite + I/S is recorded.

As with smectite, kaolinite is most abundant in tbeer temperature TOH well (27-
50°C), averaging 8 wt%. The amount of kaolinite fatl2 wt% at 188C, similar levels
were also measured in the hotter CR-L samples (Eig1B1G).

In the bulk clay fraction illite/muscovite is theomiinant clay mineral. Total weight
percentage in the whole rock averages 25 wt% inalver temperature TOH wells and
increases to ~40 wt% in the hotter CR and HA wdlg8-2106C (Figure 4.31E). As a

percentage of the total clay the same trend isrebdgFigure 4.32A). The average in
the TOH well is 51.5%. This increases to >80% mlibtter HA and CR wells.

Chlorite is also recorded in the shale suite sathphethe Wilcox group. Chlorite
abundance increases with increased temperaturewBe4C less than 1 wt% chlorite
is present in the Wilcox shale, abundance incretsdsetween 5 and 6 wt% in the
hotter wells above 18Q (Figure 4.31H). The same trend is observed veoasidering
the percentage chlorite in the total clay compoiiEigure 4.32D).

4.8.2. Analysis of the Wilcox Shale <2 um Clay Fine Fractin

The percentage illite and expandables (smectitéhinvin the I/S mixed layer was
determined within the <2 um clay fraction. Full uts are given in Table 4.10.

Diffractograms are shown in Appendix 8.
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Bulk analysis indicates that there was up to 258%6alhd discrete smectite in the lower
temperature TOH well (Figure 4.31F). Analysis c# #2um clay fraction indicates that
the I/S in the low temperature TOH well is domimbby the smectite fraction with less
than 20% illite (Figure 4.33A). With increased lriemperatures there is a trend
towards more illite in the I/S fraction. In the Stell at 104C ~60% is illite this
increases to ~70% by 143 in the LC well. Measurements in the hotter HA £R®

wells are more scattered and illite percentageesfigm 60 to 90%.
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Well | Depth (m) | Temperature (°C) | 001/002| 002/003| %l in I/S | %EXP

TOH 324.3 27 8.5 5.7 11.2 88.§
TOH 411.8 36 8.6 5.6 16.5 83.5
TOH 714.5 53 8.7 5.6 20.2 79.8
SL 2734.2 104 9.3 5.3 60.9 39.1
SL 2735.0 104 9.2 5.3 56.8 43.2
LC 3500.3 142 9.3 5.3 66.3 33.7
LC 3505.8 143 9.4 5.3 64.8 35.2
LC 3527.1 144 9.5 5.2 73.4 26.6
HA 4277.3 167 9.3 5.3 61.7 38.3
HA 4287.3 168 9.4 5.3 65.8 34.2
HA 4983.2 186 9.7 5.1 90.9 9.1

HA 4998.4 186 9.5 5.2 80.2 19.8
HA 5063.0 187 9.3 5.3 62.3 37.7
HA 5076.7 188 9.5 5.2 76.9 23.1
CR 5813.1 189 9.5 5.3 71.3 28.7Y
CR 5818.3 189 9.7 5.2 87.1 12.9
CR 6374.9 204 9.4 5.3 70.5 29.5
CR 6605.9 209 9.7 5.2 83.4 16.6
CR 6607.1 210 9.8 5.2 89.7 10.3
CR 6608.4 210 9.7 5.1 90.7 9.3

Table 4.10 001/002 and 002/003 I/S reflection of <2 um glytedafine fraction. lllite
() and expandable (EXP) percentages determinedulke method described by Moore
and Reynolds (1997).
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4.9 Discussion

Petrographic analysis of Wilcox sandstones in $tigly indicates that the amount of
quartz cement increases as a function of temperafoirto ~158C. Above 156C the
overall volume of quartz cement falls. Similar léswere recorded by Land and Fisher
(1987) and Dutton and Loucks (2010). One posgpbiidr the reduction of quartz
cement in these hotter Wilcox samples is the irsaa rock fragments observed in
samples >15 (Dutton and Loucks, 2010). The overall effedbiseduce the available
quartz surface area which in turn will result imiked quartz cementation (Walderhaug,
1996; Walderhaug et al., 2000; Taylor et al., 2010)

In addition to the increase in rock fragments i deeper Wilcox sandstone samples the
early and late precipitations of carbonates antd ihave been observed in this study.
Indeed these minerals have been observed preepitad against quartz faces (Figure
4.17). Studies show that the precipitation of bokly minerals (Heald and Larese,

1974; Pittman et al., 1992; Aagaard et al., 200@jdaérhaug et al., 2006; Franks and
Zwingmann, 2010) and carbonates (Boles, 1978; Heedal., 2000; Gier et al., 2008)

will act to further reduce quartz surface area pote space, thus having a negative

impact on quartz cementation.

The impact that clay mineral and carbonate preatigst have on quartz cementation is
illustrated by the discrepancies that occur wheangiting to model the volume of
quartz cement that precipitates in high temperatet&FC) Wilcox sandstones (Figure
4.22). In sample GOM11 (188) quartz cement was overestimated by 14.4 %bv a
result of modelling quartz cementation alone andawcounting for other precipitates.
These findings strongly indicate that availablertuaurface area is a major control on
quartz cementation, indicating that quartz cementas controlled by the rate of quartz

precipitation.

To understand the full quartz cementation histofy tlkese Wilcox sandstones
measurements @& °Ogemenywere made. Howeves, ®Oemeny is a dual function of the

temperature at which the cement formed and thepsotomposition of the formation
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fluids 8"°Oarery It is therefore difficult to determine full centetistories from

8"°0(cemenyMmeasurements alone.

It is argued that detailed fluid inclusion analysisuld constrain the temperature,
salinity and3'®Owatery in which cement formed (Haszeldine et al., 1984tl@&/ et al.,
1989; Osborne and Haszeldine, 1993; Walderhaug4d9®ilkinson et al., 1998;
Girard et al.,, 2001). However, these inclusions @iten only located close to the
detrital quartz (Walderhaug, 1994a; Rossi et 802 and may be subject to resetting
(Osborne and Haszeldine, 1993; Osborne and HaseeltlD95; Worden et al., 1995;
Goldstein and Rossi, 2002). No such measurements haen made in this study.
Therefore, the timing of quartz cementation in gtisdy is constrained using a range of
known end member thermal and isotopic conditiomesE conditions are, th€°Oater)
composition of likely depositional water:

Eocene Texas marine (-1%o0) and meteoric (-3%o) wdtdsher and Land, 1986b).

Furthermore formation temperatures can be redfri¢te anywhere between likely

depositional conditions and known maximum buriatperatures of each well:

~10°C, 104C, 143C and 18&C

In addition the 88C cementation threshold suggested in current quastmentation
modelling can be examined. Measurement$' 8.y made in the Gulf of Mexico
region over a wide range of temperatures (Moradl.et2002) can also be used as a
guide.
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Initial petrographic analysis highlighted the eerste of 2 different luminescing zones
in the low temperature (168) GOM6 sample. The lighter grey zone predates the
darker zone as it has been observed sandwichee&etine detrital grain and the later
darker precipitate. However, it should be noted thiey cement is not observed on
every grain of sample GOMG6, indicating that it nrayt have formed in-situ. Isotopic
analysis of GOMG6 detrital quartz grains shows tpatins containing the grey cement
(5%0 = +6.5 to +11.0%0) have a lighter averag& compared to grains hosting only
the darker cemens{®0 = +11.5 to +15.0%o), indicating that grains mayéa separate

provenance.

Furthermore, isotopic evaluation of the lighterygcement iIIustrateﬁlso(cemem)is 2%o0
heavier than the more common darker cement. Higblugon isotopic profiling using a

2 um SIMS beam indicates little isotopic variatiortlim grey zone. To assess when this
grey cement may have precipitated Clayton et §1.9¥2) fractionation equation was
used to calculate the formation conditions that thrhes satisfied to precipitate the
8"°0cemenyy recorded in the initial lighter grey zone (+27d5+#26.8%0) (Figure 4.34).
Also plotted are measuréd®Oaer0f formation waters in the Gulf of Mexico region
(Morad et al., 2002) as well as estimated Gulf @xMo Eocene meteoric and marine
conditions (Fisher and Land, 1986b).

One possible scenario is that this region of queetnent has formed on the Texas delta
at temperatures ~30 in a mixture of Eocene meteoric and marine W€ yater) = -

3 to -1%.). However, this lighter grey cement représ ~3 %bv and at such low
temperatures the kinetics of quartz precipitadom slow (Williams and Crerar, 1985b;
Walderhaug, 1996). Although it has been shown divat a long period of time (+10
million years) it may be possible to precipitateadm at these temperatures (Matsuhisa
et al., 1979), thermal modelling of the Wilcox ssitmhe indicates that the Wilcox is
only at this temperature for around 1-2 million rge@rigure 4.7). It is therefore unlikely

this substantial volume of cement represents dyg d@mgenetic precipitate.
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A more likely scenario is that the grey cementris-geepositional. The majority of the
detrital quartz that forms the Wilcox can be tradsatk to the southern Rockies,
forming during the Laramiderogeny, a period of intense metamorphic activity
(Galloway et al., 2000; McDonnell et al., 2008)ylba (1974) sugges-2O values of
metamorphic waters range from +5 and +25%.. Thisl&v@guate to a precipitation
temperature of between 80 and ZDO(Figure 4.34), lower than expected for

metamorphic activity.

It is therefore more probable that the grey argaesents a pre-depositional diagenetic
cement formed in waters of unknovwd®0. Precipitation prior to deposition on the
Texas delta is a scenario supported by weathehagacteristics such as the rounding

of the grey cement on grain 1 (Figure 4.19).
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Figure 4.34 Plot of 5% 0watenin equilibrium with 80 cemeny= +27.5%0 and 26.8%o as
a function of temperature (Clayton et al., 19E§O(cemem)measurements made across
the cement that appears lighter grey under SEM{ample GOM6.
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In the Wilcox, as in the North Sea Ness study ddwer cement consists of two distinct
isotopic regions. Initially a thin rind of isotopity heavier cement is observed
(3"®Ocementy = +28.5 t0 +25.5%0) closest to the detrital graiie 3"°Ogemeny Of the
remaining 90% of the cement, referred to here atethe ‘bulk cement’, continues to
decrease towards the edge of the overgrowth batleés dramatic ratélfo(cemem) =
+25 to +18.3%0). The variablé'®Owaery and temperature conditions at which the

cement could form are illustrated in Figure 4.35.

According to current quartz cementation modellihgary the excepted threshold at
which precipitation initiates is around 70°80(Bloch and Helmold, 1995; Canals and
Meunier, 1995; Walderhaug, 1996; Lander and Wakllagh 1999; Wangen, 1999;
Walderhaug, 2000; Walderhaug et al., 2000; Ajduiktevand Lander, 2010; Taylor et
al., 2010). For this rind to have precipitated la¢se temperatures a water where
8180(Water) = +4.4%0 is required (Point W, Figure 4.35). Thaue is much heavier than
direct 8'®*Oatery measurements made in the Gulf of Mexico regiothiast temperature
(Morad et al., 2002).
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Figure 4.35 Plot of 3"°Oatenin equilibrium with §**Ocementy= +28.5%o, +25.5%o0, +23.5%o, +18.6%0 and +18.3%. asiacfion of temperature
(Clayton et al., 1972)3180(cemem)0f initial cement "rind" indicates precipitationtiin the grey box A. The bulk cement forms frommpd or at
hotter temperatures along the 25.5%o line. Minirrﬁ}ﬁ@(cemem)(youngest cement) and maximum temperatures aresemed at points C (GOM6,
104°C), D (GOMS, 148C) and E (GOM11, 18€). As no measurements were made in the outer ZG#e wvergrowths in GOMG it is likely the
23.5%0 represent a lower temperature compared tonthemum burial temperature. The grey line fromnp@ indicates the possible conditions of
the outer 20% of cement in GOM6. Measud&tD e data is taken from Morad et al. (2002).
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It is more probable that quartz cementation beblsw 809C. One possibility is that
this isotopic rind formed in a mixture of meteoaicd marine watersS](BO(Wmer): -3%o

to -1%o) at temperatures around®°60(shaded area A, Figure 4.35). Unlike the North
Sea Ness the Wilcox has been buried in a relatisktyt period of time (60 million
years). Time temperature modelling indicates that Wilcox only remained below
50°C for as little as 5 million years (Figure 4.7).rRarecipitation to have occurred
during this window a growth rate of 1.16xfnol/cn?.s is required. This rate is much
higher than those predicted by Walderhaug's (199die equation at these
temperatures; extrapolation of Walderhaug's kisettic45C yields a rate of 1.93x¥0
mol/cnt.s.

In the North Sea Ness study it is proposed thaasthay be sourced from the early low
temperature dissolution of K-feldspar. Similar meses have been recorded in the
Wilcox (Boles and Franks, 1979; Fisher and Land6b9 Dutton and Loucks, 2010).
Helgeson (1984) calculated that at low temperatufeteldspar dissolution rates are
higher than the above cement growth rates andftreres not a rate limiting process.
However, the dissolution of feldspar as shown irudmn 1.2 will result in the
formation of kaolinite. Sample GOM6 in which theseasurements were performed
contains <1 %bv of non quartz minerals. Furthermtre majority of this fraction is
composed of carbonate minerals (Figure 4.16). @bk bf substantial kaolinite in this
sample makes it unlikely silica is sourced frome{dkpar.

At these temperatures other possible silica souomesd include low temperature

biogenic recrystallisation (Siever, 1957; Carvé&8Q; Hurst and Irwin, 1982; Vagle et

al., 1994; Hesse and Schacht, 2011) and the pratipi of quartz direct from sea

waters supersaturated with respect quartz (Mackearail Gees, 1971; McBride, 1989).
However, quartz sourced from the aforementionedgs®es produces characteristic
textures (Vagle et al., 1994; Goldstein and R&302; Weibel et al., 2010) that are not
visible in these samples. Furthermore, limited biog material is reported in the

Wilcox (Dutton and Loucks, 2010).
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A further possible silica source is pressure sotutiBjgrkum (1996) concludes that
guartz dissolution is enhanced at quartz - illteoartz - mica interfaces (clay induced
dissolution or CID). Furthermore Bjgrkum (1996) icates that this process can occur
at pressures as small as 10 bar, equivalent toni@¥erburden (<Z%&). However,
internally within this sandstone sample littletélior mica is observed. It may be
possible silica is sourced externally in local shahits which, even at low temperatures
(TOH well), are rich in illite and mica (Figure 4B); quartz grains found in shale are
likely to be more susceptible to dissolution beeaaktheir smaller grain size (Evans,
1990; Peltonen et al., 2008).

Below 50C mechanical processes dominate; chemical processels as quartz
cementation have always been considered a latéfCy&tage process (McBride et al.,
1991; Pittman and Larese, 1991; Lander and Walderha999). However recent
evidence suggests that silica may be released fp@im fracturing a product of this
early compaction (Chuhan et al., 2002; Makowitzakt 2006). Grain fracturing is
common in rapidly subsiding basins such as the ®@&t@lfMexico (Makowitz and

Milliken, 2003) and is a process that was obsenvedample GOM6 (Figure 4.15).
Grain fracturing will reduce grain size, which carcrease the amount of quartz
dissolution as well as increase quartz surface; dreth outcomes will enhance the

possibility of low temperature quartz precipitatialderhaug, 1996).

Overall within GOM®6 no clear low temperature silgaurce was observed. However, it
may be possible that either K-feldspar dissolutonlite/mica induce pressure solution
has occurred locally internally or externally odesthe scope of these observations. It is
also possible that grain fracturing resulting franechanical compaction enhances
quartz dissolution at low temperatures facilitatithg precipitation of the observed

cement rind.
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This early rind equates to only around 1%bv of thial rock; the precipitation of a
small amount of quartz cement at temperatures ltksar 56C may impact on degree
mechanical compactional that can be achieved. Hexyet/is usually considered that
compaction is only inhibited by the precipitatioh around 2 to 3% quartz cement
(Bjarlykke and Egeberg, 1993; Bjgrlykke and Hge§97). Indeed, McBride et al
(1991) only observed localised effects on compactath the precipitation of >5%
cement in the Wilcox. However, this rind is likely impact on velocity measurement;
similar volumes of cement have been recorded tceffelocity readings around T
by Marcussen (2010).

Out into the overgrowth away from this isotopicdrithe remaining ‘bulk cement'
(~90% of the total cement) has precipitated with isotopic composition where
80 cement) ranges from +25.5%o to +18.3%. It is unclear iktbulk material represents
a separate cementation episode or simply a conibmuaof the rind. Should

precipitation initiate E(lso(cemem): +25.5%0) directly or soon after the initial rind
formation waters are likely to be closed8Oyaer = -1%o at temperatures around®60

(Point B, Figure 4.35).

80 emenyis @ function of the formation temperature anddpat composition of the
formation waters. The isotopic stratigraphy obséreeross overgrowth in the three
Wilcox samples (+25%. to +18.3%0) therefore refleetther a change in formation

waters, temperature, or both.

This 8"%0emennstratigraphy is unlikely to be created by a chaimg8"®Opyater) alone;

such a scenario would require formation watersvtve in a negative direction, this is
unusual as the oxygen isotopic composition of faromawaters generally evolve to
more positive values with burial as a result ofexabck reactions (Aplin and Warren,
1994; Morad et al., 2002). Furthermore, this sdenamuld require temperature to

remain constant for a substantial period of timesrdl000 million years in the case of
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GOM6 at 104C (Walderhaug 1994b). Obviously time-temperaturissories of the
Wilcox (Figure 4.7) illustrate that there is no Byeriod.

A second possibility is that this cement precigisain constan®™®Oaten, in this

scenario the6180(cemem) stratigraphy represents change in temperature althe
cementation is continuous between the rind and betkent then precipitation would
occur in formation waters WheﬁésO(Water) was around -1%. (Point B to point X, Figure
4.35). This would indicate quartz cementation emagsund 118C in the Wilcox

sandstone. This is contrary to all known petrogmaphartz quantification studies of the
Wilcox (Dutton and Loucks, 2010), including thisuidy (Figure 4.18); quartz cement

quantities continue to increase up to temperaiarasnd 156C.

It is possible that bulk cement is a separate pfragethe rind and begins to precipitate
at a higher temperature, for example ai@BQPoint Z, Figure 4.35). In such a scenario
quartz cementation would continue to I6QPoint Y, Figure 4.35). However, there is
no petrographic evidence that may suggest more dharepisode of cementation (e.g.
Girard et al., 2001; Girard et al., 2002).

It is more likely that the isotopic stratigraphy asered in these Wilcox samples is a
result of the dual influence of changing tempemtand formation waters. Using the
maximum burial temperatures for each well (Figur@) 4t is possible to constrain the

evolution of the formation waters (Table 4.11).
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Maximum Point on
_ Youngest | o Relative distance of| _.
Sample 0O cement) youngest cement
temperature (%o) 4.35
(%0) measured from DQ
(°C)

GOM6 104 23.5 2.8 ~80% C
GOMS8 143 18.6 2.4 ~95% D
GOM11 188 18.3 5.6 ~95% E

Table 4.11 Calculation of the evolution 0§ *Ogater in the Wilcox sandstone using

Clayton et al. (1972) fractionation equation. le tBOM6 sample the youngest was not
successfully analysed, the captured isotopic gtegthy in this sample only represent
80% of the growth of the cement.

The 8"®*0Owater values calculated in Table 4.11 fall within thailis of measured data for
the Gulf of Mexico region shown in Figure 4.35. $hecalculations indicate that at
104C §'"®%0ater is slightly heavier than at 123. However, the youngest cement
measured in the GOM6 sample is only representgrihweth of 80% of the overgrowth.

It is likely therefore that wher&'®Ocemeny= 23.5%o is not a true representation of the
maximum temperature of that sample. It is prob#metrued *Oarer is much lower at
104°C (as indicated by the grey arrow from point C ufég4.35).

If the bulk cement begins to precipitate in formatiwaters around -1%. at %D and
continues through to 188 (point B to E, Figure 4.35) thel°Oyyatery Must evolve by
around 6.6%o (Table 4.11); significantly the majpif this change (3.6%0) would occur
above 143C (point D to E, Figure 4.35).

Using Taylor’'s (1974) mass balance equation itge possible to estimate the evolution
of 8180(Water) that occurs as a response to mineralogical changaslosed system. As
outlined in Aplin and Warren (1994) this is achidugy estimating the initial isotopic
composition of the formation waters, the mineraacting and the temperature these
minerals react. The most likely minerals to reaetlaw temperature clay minerals such

as smectite and kaolinite which have been obsewwtérgoing illitisation in these
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samples and across the Wilcox (Boles and Frankg9)1®ssuming the initiab*?0
composition of the smectite and kaolinite are +22tte = +19%0 (Aplin and Warren,
1994) with a volume of water equal to the rock pasoit is possible to estimate
changes in th&"®Oater (Table 4.12)

Maximum burial Smectite (Ave.wt%) Kaolinite (Ave.wt%) 8" Owaten)

Temperature (°C) | record in Wilcox Shale | record in Wilcox Shale (%o)
0-50 12.0 10.0 -1
104 6.0 5.0 +2.2
143 4.5 4.0 +2.9
188 3.8 3.0 +3.5

Table 4.12 Calculated evolution 06"°Ogater) in the Wilcox Shale using Taylor's
(1974) mass balance equation

The calculations made in Table 4.12 illustrate ttre biggest change i&'*Owaten
occurs below 14%. Importantly these calculations demonstrate tkay little variation

in 8180(Water) as a response to diagenetic reactions is likelpdour between 143 to
188°C. These calculations are contrary to the calimranade in Table 4.11; there are
two possible scenarios that may account for this:

1. The Wilcox system is open and has been invaded layea(>148C) influx of
isotopically heavy basinal brines.

2. 8180(cemem) values recorded for the youngest cement in GOM188’C)
represent a lower precipitation temperature, iegnentation terminated before

maximum burial.
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An influx of 8*%0 enriched basin brines into the Wilcox would reguhe large scale
movement of large quantities of waters. The movenoérlarge masses of water is
unlikely as was proven by Bjgrlykke and Egeberg®@)%and Aplin and Warren (1994).

The lack of available water indicates that it isrenprobable that quartz cementation has
terminated around 150. There are three factors are needed for quanection to

occur:

1. Asilica source
2. A suitable transport mechanism

3. A quartz surface on which to precipitate

If cementation has terminated at around®C58s thes'®Ocemenymeasurements indicate

then one or more of these three processes mustgesied.

Mineralogical analysis of the Wilcox Group indicaitéhat the majority of silica is
produced internally within the Wilcox sandstone l{l[Ea4.13); the most likely silica
source is stylolitisation and pressure solution gldg 1955; Heald, 1959; Park and
Schot, 1968; Robin, 1978; Houseknecht, 1988; Tauh Siever, 1989; Dewers and
Ortoleva, 1990; Walderhaug, 1996; Bjgrkum et al998, Walderhaug, 2000;
Walderhaug et al., 2000; Walderhaug and Bjgrkun®32&im and Lee, 2004; Baron
and Parnell, 2007). As there is no evidence to esigtpat stylolites are finite or ‘dry
up’ within the temperature range of these Wilcordstones (Heald, 1955; Park and
Schot, 1968; Robin, 1978; Walderhaug et al., 200@ust be assumed that the internal
silica source is still active above @D Although it is possible an increase in the
volume of kaolinite may reduce the effect of stiyed (Walderhaug et al., 2006) there is
no evidence of authigenic kaolin growth at high penatures in these rocks (Figure
4.8F).
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Reaction Change in limiting | Silica produced Total silica
mineral (%bv) (per mass of released (%bv of
reactant) Wilcox sandstone)
lllitisation of kaolinite Kaolinite ~10 0.22 4.5
lllitisation of smectite Smectite ~ 15 0.20 2.9
Albitisation of Feldspar ~6 0.10 1.3
feldspar
Max' 7.4

Table 4.13 Calculation of the maximum silica production in théilcox shale.
Calculations are based on Equation 1.3 to EqudtibnMineral volumes are maximum
recorded values (Figure 4.31As K-feldspar is a reactant in both Equation 1.8 &art

it is impossible for both reactions to release thaximum silica yields calculated.
Therefore if all silica were to be transported itite adjacent sandstones and precipitate
as quartz cement it would fill a maximum of 7.4 %dfthe Wilcox sandstone.

As was discussed in the North Sea study the hetasity of the formation waters
inferred by theSlso(cemem)measurements (Table 4.11) indicates that silicadst likely
transported by diffusion. For diffusive processebe repressed the initial concentration
gradient that acts to drive transportation mustdsé. This could occur either by the
silica source ‘drying up’ or by precipitation beirgtarded. In the first instance a lack of
a silica source will prevent the diffusive gradidmting maintained. However, as
mentioned before there is no evidence stylolitep groducing silica; this would imply
that diffusion and thus cementation is hinderedplscipitation sites being limited or
blocked.

In these samples ankerite is seen replacing plagiec(Figure 4.17) above 1%D
furthermore illite is observed coating quartz gsafRigure 4.17). These findings are in
agreement with Dutton and Loucks (2010) who alsonmged ankerite replacing quartz.
Ankerite and illite precipitation will reduce ports block intergranular pore space and
overall quartz surface area (Boles, 1978; Boleskmadks, 1979; Hendry et al., 2000).
The precipitation of late stage diagenetic ankexiité illite will therefore act not only to
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hinder potential silica transport mechanisms bsb @b reduce the available space for
quartz cementation to occur. It is therefore likéhat the §'°Ogement recorded in
GOML11 represents precipitation of quartz acrossréas window as GOMS8 and that

this window closes around 1%
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4.10. Conclusion

The conditions and timing of quartz cementationthe Wilcox sandstone from 5
onshore Texas wells has been constrained by useSINMIS oxygen isotope
microanalysis, quantitative petrography and quatitié X-Ray Diffraction. The results

indicate that quartz cementation begins arour?€50

At these low temperatures quartz would have fornmedvaters close to meteoric
composition. Petrographic analysis reveals litdennants of K-feldspar or kaolinite
deposits; it is therefore unlikely that silica musced K-feldspar dissolution. This would
indicate that silica is sourced from low temperatquartz pressure solution or possibly

as a result of grain fracturing.

The majority of the cement observed (+90%) in thiéc®Y Formation has precipitated
above 60-8fC. Although silica producing reactions are recordedthe adjoining

Wilcox shale units, calculations (Table 4.13) hight that the majority of the silica is
internally produced. Internal sources are likelyinolude stylolite and local pressure

solution.

Quantification of mineralogical processes occuriimghe Wilcox shale indicate that it
is likely 'O of the formation waters evolves in a positiveediion as a response to
clay mineral reactions. These estimatess80 e indicate that if the Wilcox is a

closed system then quartz cementation is inhikdedind 156C. This coincides with

the reduction in mineralogical activity recordedthe Wilcox shales, but also with the
precipitation of pore reducing ankerite and illite the Wilcox sandstone. These
minerals appear to reduce the overall rate of quadcipitation by reducing the surface

area of quartz on which quartz cementation mayeatel
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5. Quartz Cementation Mechanisms in Reservoir Sandstas

Quartz cement is the most volumetrically significaiiagenetic mineral observed in
reservoir sandstones (Bjarlykke, 1979; McBride, 49Bjgrlykke and Egeberg, 1993;
Primmer et al., 1997; Giles et al., 2000; Worded &orad, 2000). Precipitation of
quartz during burial reduces porosity and is dedrital to reservoir quality. It is
therefore important to accurately predict the ex@md timing of cementation when
considering the economical potential of a resersgatem and during the management
of that reservoir. However, although broadly bageddictive quartz cementation
models exist they have never been validated omilceoscopic scale at which cement

forms.

In the two case studies presented in this investigathe conditions of quartz

cementation have been constrained through the fugetmgraphic, mineralogical and
high precision oxygen isotope analysis. The aintha$ chapter is to compare and
contrast the major findings of the North Sea Ness Bexas Wilcox studies to evaluate

the overall controls on:

1. The timing of quartz cementation in reservoir samkss

2. The sources of quartz cementation in reservoir Sanes
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5.1.The Timing of Quartz Cementation

5'%0 measurements of authigenic quartz cement araciidn of the3*°0 of formation

waters and the formation temperature. By combiringe — temperature histories
(Figure 5.1) with high precision SIMS analyses (fF@5.2) the timing and conditions
of quartz cementation in the North Sea Ness FoomatChapter 3) and the Texas

Wilcox (Chapter 4) sandstones were constrained.

Quartz cementation is believed to have a threstettperature of 8€ (Ajdukiewicz
and Lander, 2010). If this threshold is corre@ tixygen isotopic composition of the
quartz cement closest to the detrital grain shoefléct the probablé'®Ogater) at 80C.

In both studies the oldest cement analysed formeddaof cement with a distinctly
heaviers'®0 compared to that measured further out into thergrewth (Figure 5.2).
The heaviest and oldedt®Oemeny recorded in this rind in the Ness Formation was
+27.7%0 and +28.5%o in the Wilcox sandstone.

Using Clayton et al.’'s (1972) fractionation equatid is possible to calculate the
8"°Owatery from which this rind would precipitate at®D(Table 5.1).

Temperature (°C) Ness Wilcox
8"%0 cemeny = +27.7%o %0 cementy = +28.5%o

80 +3.6 +4.4

50 -1.7 -0.9

Table 5.1Calculation 0" *Ogateryat 80C and 56C

In the North Sea Ness this rind would precipitaieai 80C in a water wher&'®Ogater)

is +3.6%o , similarly in the Wilcox formation watevgith a5'°0 of +4.4%. would be
required at 8%C. In both basins th&°Oarer are more positive than would be expected
at 80C (see Figure 3.45 and Figure 4.35). Furthermiordoth basins precipitation

from 8C°C would require thélso(water) to become lighter during burial; this is unlikely
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as waters usually become enriched witflO as a response to recrystallisation of
minerals during diagenesis (Aplin and Warren, 19%4is therefore likely that quartz

cementation begins below this®80threshold.

It is more likely that the isotopic rind measuredhe Ness and the Wilcox precipitates
below 50C (Table 5.1,Figure 3.45 and Figure 4.35) in mavimgers. At these lower

temperatures the rate of precipitation is slow amtly a small amount of cement
precipitates; around 8% of the total cement in lxakins. Although only a few microns
in thickness the precipitation of low temperatuteadz cement is likely to increase
sandstone velocities and densities (Marcussen,2@l0), fundamental parameters for

reservoir quality modelling.

The remaining cement forms around 92% of the quaatzent observed in both studies.
It is unclear if this bulk cement represents a icw@tion of this rind or if it is a separate
episode of precipitation. Petrographically theradsclear evidence of more than one
zone of cement (e.g. Girard et al., 2001) in eitherNess or Wilcox sandstone.

In the Ness thes"®Oemeny recorded in the ‘bulk cement’ ranges from +23.58%6o t
+19.3%o, Whereas in the Wilcox the range is +25.5%+18.3%o . Values 05 °Ocement)
recorded for the ‘bulk cement’ in both basins asasistent with precipitation from 60-
80°C with 8180(Water) close to marine composition (Figure 3.45 and Figdr85).
Furthermore, the smooth isotopic stratigraphiesnded across samples in both basins
are consistent with precipitation in continuousioleing 8180(Water) and increasing

temperatures.

These findings are in agreement with existing megebposed by Walderhaug (1996;
2000). Furthermore, the overall kinetics of quantecipitation in both the North Sea

Ness and Wilcox sandstone are consistent with teetblished in Walderhaug (1996;
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2000) when calculated from %D (Figure 5.3), with the exception of sample GOM11,
where quartz cementation is inhibited around®C50

Overall the high precision isotopic analyses cdroet in this investigation illustrate
that quartz cementation begins at a temperaturenash as 3% lower than any

previous isotopic or petrographic studies haveudwmnted (Walderhaug, 1994a;
Walderhaug, 1994b; Primmer et al., 1997; Girardlet2001; Ajdukiewicz and Lander,
2010). The isotopic stratigraphies recorded in bsitidies indicate that, where free
guartz surfaces remain available for precipitatibe, bulk of quartz cementation occurs

as a continuous process from aroundCsthrough to maximum burial temperatures.
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5.2.The Source of Quartz Cement

In both the Ness and Wilcox studies many silicadpoing processes were observed,;
petrographic analysis revealed K-feldspar dissotutiand albitisation, while the
illitisation of smectite was recorded by XRD. Thesgneralogical studies were
combined with time-temperature histories and higkcigion SIMS micro-analyses to

constrain the source/s of the observed quartz cemen

The dissolution of K-Feldspar and subsequent pitatipn of kaolinite has been
discussed as a possible source of silica in masingaround the world (Land and
Milliken, 1981; Glasmann, 1992; Wilkinson et alQ(). Isotopic investigations (e.qg.
Haszeldine et al., 1992; Wilkinson et al., 2006Jlicgate this process can occur at
temperatures as low as °80in meteoric waters. It is therefore feasible that
temperature quartz cements are sourced from teeldigon of K-feldspar. However, in
this investigation a low temperature (260 quartz cement rind was recorded in sample
GOMG6 (Figure 5.2) yet no clear evidence of K-felgisdissolution is observed in this
thin section (Figure 4.16). Furthermore, K-feldsdesolution is also dependant on a
constant influx of meteoric water; although thigpassible in these deltaic sandstones it
would remove silica from the system, preventingrguaementation (Hurst and Irwin,
1982; Bjerlykke and Egeberg, 1993). It is therefondikely that silica is sourced from

the dissolution of K-feldspar.

A further possibility is that the initial isotopita heavy rind is an early microquartz
precipitate, perhaps resulting from the recrydatlon of biogenic silica (Jahren and
Ramm, 2000; Goldstein and Rossi, 2002; Haddad.eR2@D6). Biogenic silica is less
thermodynamically stable and more soluble thantquérhas been shown that at low
temperatures cristobalite will transform to quagizen enough time; Mizutani (1970)
calculated that at 3¢ 90% of cristobalite will transform to quartz ov@rl0 million

year period. However, the thermal histories of Wigcox samples indicate that there is

insufficient time for such recrystallisation to acqFigure 5.1). The resulting cement is
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also likely to take the form of a chalcedonic pblleng, microcrystalline grain coating
or mesocrystalline quartz overgrowths (Vagle et #94; Hendry and Trewin, 1995;
Haddad et al., 2006; Weibel et al., 2010). Thegtites are not evident in any samples
analysed in this investigation, it is thereforeikelly that the quartz cement observed in

this study is biogenic in origin.

Recent evidence also suggests that silica maylbaserl by grain fracturing occurring
during early compaction (Chuhan et al., 2001; Makoet al., 2006). Grain fracturing
is more common in rapidly subsiding basins suctihassulf of Mexico and is a process
that was observed in sample GOM6 (Figure 4.15). ffdeturing of quartz grains will
cause quartz dissolution as well as increase quamace area; both outcomes will
enhance the possibility of low temperature quarecipitation. However, it is unlikely
that the cement rinds observed in the Ness andowsandstones are generated from
grain fracturing as the silica released from thiscpss is more likely to precipitate
around the active fracture as healing veins (Makoamnd Milliken, 2003; Makowitz et
al., 2006).

Silica may be sourced from pressure solution oloktigation (Heald, 1955; Weyl,
1959; Park and Schot, 1968; de Boer, 1977; Ro#®781Baron and Parnell, 2007,
Greene et al., 2009). Bjgrkum (1996) indicates thist process can occur at pressures
as small as 10 bar; equivalent to 100 m overbu(d28°C). It is therefore feasible that
silica for the rind and the bulk cement is deriyemim stylolitisation. However, within
the scope of the thin sections analysed in thislystimited pressure solution is
observed, although stylolites and pressure soluti@nreported throughout the Brent
and Wilcox Groups as well as sandstones acrosw/dhlel (Trurnit, 1968; Sibley and
Blatt, 1976; Houseknecht, 1984; Houseknecht, 1988da and Siever, 1989;
Walderhaug, 1996; Spotl et al., 2000; Walderha@f)02 Baron and Parnell, 2007).
Further pressure solution may also occur in lobalesunits (Evans, 1990).
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At higher temperatures the transition of illitesimectite is often reported as a potential
silica source (Towe, 1962; Hower et al., 1976; denKamp, 2008). The illitisation
window is reported to open from around®’@0(Velde and Vasseur, 1992; Velde and
Renac, 1996; Williams et al., 2001). In both basn® um clay mineral analysis
indicates that the illitisation of smectite is neampletion around 12Q (Figure 3.44
and Figure 4.33). However, SIMS measurementsarotiter edges of overgrowths in
the Ness and Wilcox indicate quartz cementatiorticoas to temperature greater than
130°C, it is therefore unlikely silica is sourced sglélom this clay mineral reaction.
Furthermore, mass balance calculations made ircltherich deposits of both basins
indicate that insufficient silica can be sourcedeaxally. These findings are in
agreement with a closed shale system (e.g. Chuhah, 001; Thyberg et al., 2010).
Indeed both the Ness and Wilcox studies presentedhis investigation have
highlighted that insufficient silica is producearifn the albitisation of feldspar and the
illitisation of kaolinite.

Overall the petrographic, mineralogical aﬁﬁao(cemem) measurements made in this
investigation indicate silica is most likely sowlc@ternally within the sandstone units

of both formation from pressure solution and sitjikdtion.
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5.3 Conclusion

The rationale for this study was to evaluate thmirty and sources of quartz
cementation; on average responsible for 20% optresity loss recorded in reservoir
sandstones. The results of this investigation shioat quartz cementation initiates
below or around 5T with the formation of an isotopically distinctitthrind. Above

60°C a marked increase in the volume of cement ptatgal is observed. The quartz
cementation window then continues through to maxintwrial temperatures if quartz

surface areas remain available.

Mineralogical analysis of both the Ness and Wilémtmations indicates that external
sources, i.e. shale, may only contribute a fractidnthe silica needed for quartz
cementation. Of specific interest to this study wWeespotential for the transformation of
smectite— mixed layer 1/S— illite to act as a silica source; the results o tstudy
indicate that the quartz cementation window spageater temperature range than this
transformation and therefore must have alternatougces. These findings indicate that
the majority of silica is source internally withthe sandstone body, most likely from

stylolites and local pressure solution.

These findings are in general agreement with theetid models proposed by
Walderhaug (1996; 2000), although these resultsatel that quartz cementation begins
below the commonly accepted “80threshold. Precipitation of quartz cement ataéhes
low temperatures will have implications on sandsetovelocities and densities;

measurements fundamental for accurate reservoiityjaadelling.
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5.4 Future work

This investigation has illustrated how high premmsiSIMS can be employed as a tool
for constraining the conditions of quartz cementain reservoir sandstones. The SIMS
technology used in this investigation could be u$adher to examine the wider

diagenetic history. For example analysis of othehigenic minerals observed in these
samples e.g. clay or carbonate cements may halprstrain the paragenetic sequence

and provide a dual thermometer.

The use of a 2 um SIMS beam to analysis quartzgoseths in sandstones also
highlights the potential to analyse cements obskmdiner grained shale. Peltonen et
al. (2008) highlight the existence of authigeni@adqm in North Sea shales. As in this
study end member models could be used to expldenpal formation conditions. This
has the potential to answer many questions abeutttemical and physical evolution of
shales; an important factor to considering wherluateng caprock potential. Likewise

the diagenesis of carbonate reservoirs could asexplored.

The mechanism of silica recrystallisation couldoat®e examined (e.g. Williams and
Crerar, 1985b). High precision <2 um SIMS couldultiised to constrain the kinetics

of the opal A— opal CT— quartz sequence.

Within the field of sandstone diagenesis other ttaggties remain; for example, it is
still unclear to what extent stylolitisation andl @mplacement may effect quartz
cementation. Although fluid inclusion investigatsohave analysed stylolite formation
in North Sea sandstones (Baron and Parnell, 200@),conditions and timing of
stylolitisation are yet to be constrained isotojlycaFurthermore, the effect relative
distance from a stylolite has on overall quartz eetation at low temperatures is

unclear.
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How oil emplacement may affect the rate of quagmentation is also unclear. The
theory that oil emplacement inhibits cementatiobased on the apparent preservation
of porosity in some oil-bearing sandstone resesv(ixixon et al., 1989; Worden et al.,
1998; Marchand et al., 2000; Marchand et al., 20Bibwever, primary oil inclusions
are often recorded in quartz cements (Walderha@94d; Walderhaug, 1994b)
indicating that cementation in sandstones is nigicedd by oil emplacement, a theory
supported by Aase and Walderhaug (2005). High gieti SIMS analysis of
overgrowths from the water and oil wet regions dirgle reservoir in combination
with detailed reservoir modelling could theoretigaletermine if cementation is indeed

retarded in oil wet systems.
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7. Appendices

Appendix 1:North Sea Ness Formation Quantitative Petrography

Sample NS4 [ NS1 | NS1 | NS2 | NS1 | NS2 | NS1| NS2| NS1| NS1| NS1
Depth (m) 2678 | 2845| 2846 | 3420| 3462| 4313 4332 4343 4344 38B1 465
Temperature (°C) 109 | 118 118 1228 127 133 138 133 183 137 165
Ave. Grain Size 125.| 94.3| 193 173.| 398 | 366. | 163.| 243. 322] 141 | 103.
Ave. Quartz 13| 63| 33| 67| 70| 13.3]153| 18.7| 16.0| 7.3 | 2.3
95% Confidence 0.8 3.4 1.9 2.4 1.7 5.9 4.4 4y 20 2|2 1.9
Standard Deviation | 1.0 4.3 2.4 3.0 2.1 7.2 5.9 5.9 36 2|7 2.3
Minimum Quartz 0.0 0.0 2.0 4.0 4.0 6.0 8.( 10|/0 1d.0 4o Q.0
Maximum Quartz 20 | 12.0] 80| 1090 10.0 24p 240 240 20.0 1RO Pp.0
Ave. Porosity 1831 03 | 13 | 23 | 1.0 | 13.7| 4.0 | 10.3| 17.0| 53 | 0.7
95% Confidence 9.4 0.7 1.3 2.6 2.0 4.6 4.1 4.9 94 4|3 d.8
Standard Deviation | 11.7 | 0.8 1.6 3.2 2.4 5.7 5.9 6. 118 53 1.0
Minimum Porosity | 6.0 0.0 0.0 0.0 0.0 8.0 0.( 4.0 80 0|0 d.0
Maximum Porosity | 40.0 | 2.0 4.0 8.0 6.00 20p 160 220 40.0 1p.0 R.O
Ave. Detrital 47.3]1 49.3]| 64.3| 64.0| 583 | 68.0| 54.0| 68.7 | 66.0 | 67.3 | 45.7
95% Confidence 9.4 7.9 4.2 5.7 8.8 5.0 5.8 6.8 il 714 1B.9
Standard Deviation | 11.8 | 9.9 5.3 7.2 11 6.4 7.8 8.p 8|9 93 1.3
Minimum Detrital 26.0 38.0 58.00 54.¢ 46.p 58jJ0 440 580 5p.0 56..0Pp
Maximum Detrital | 60.0 | 66.0 72.00 74.9 74.p 740 620 80.0 7p.0 80.8.06
Ave. Non Quartz | 33.0| 44.0| 31.0| 27.0| 33.7| 5.0 | 26.7| 23 | 1.0 | 20.0| 51.3
95% Confidence 7.4 7.5 3.6 7.8 9.7 3.0 9.4 2.6 1B 5|6 147
Standard Deviation | 9.2 9.4 4.5 9.8| 12.1 31 124 3p 1|7 70 1B.4
Minimum Non 240 28.0 24.00 149 16p 2.0 120 0|0 g0 1p.0 26.0
Maximum Non 48.0| 56.0| 38.00 42.0 50.p0 12)J0 480 8|0 40 28.0 078.

Quantitative petrography using the point countingtmod. Non quartz relates to all
minerals other than quartz.
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Sample NS11 | NS10 | NS23 | NS25 | NS17 | NS20 | NS19 | NS14
Depth (m) 2845.8 | 2846.0 3420.8 43135 4332. 43483.4 4344.331.38
Temperature (°C) 118 118 122 133 133 133 133 137
Ave. Grain Size 94.3 193.0 1731 366.7 163. 2439 322.6 141.0
Ave. Quartz Cement 3.9 11.8 9.1 16.2 20.7 22.5 13.4 18.9
95% Confidence (%) 2.0 29 2.4 3.8 35 1.9 1.6 2.8
Standard Deviation 2.5 3.6 3.0 4.7 4.7 3.2 2.8 34
Minimum Quartz 1.3 6.8 4.9 12.0 14.2 19.6 6.8 15.3
Maximum Quartz 7.0 16.3 13.1 24.8 27.3 30.1 16.7 23.6
Ave. Porosity (%bv) 0.7 2.0 6.9 11.1 2.1 5.6 15.1 3.3
95% Confidence (%) 0.6 0.7 6.4 2.1 2.7 3.7 45 25
Standard Deviation 0.8 0.8 8.0 2.6 3.6 6.2 7.6 3.2
Minimum Porosity 0.1 1.3 11 6.7 0.1 0.8 6.2 0.4
Maximum Porosity 1.9 3.7 18.5 14.2 9.8 18.5 28.9 7.2
Ave. Detrital Quartz 36.3 47.1 50.1 68.2 49.7 62.2 64.7 59.6
95% Confidence (+) | 10.4 3.2 6.2 5.1 51 3.6 5.0 5.1
Standard Deviation 131 4.0 7.7 6.4 6.8 6.0 8.5 6.4
Minimum Detrital 21.5 42.4 38.0 57.0 40.1 52.5 46.0 504
Maximum Detrital 54.8 52.7 56.6 75.8 58.8 69.3 73.6 67.9
Ave. Non Quartz 59.2 39.1 33.8 4.6 27.5 9.7 6.7 18.2
95% Confidence () | 12.6 1.0 7.3 1.3 5.5 1.4 1.3 5.6
Standard Deviation 15.8 1.2 9.2 1.6 7.5 2.4 2.2 7.0
Minimum Non 36.3 374 17.5 2.5 14.0 6.1 3.3 11.6
Maximum Non 76.9 41.0 42.5 7.2 34.7 15.2 11.( 28.f7

Quantitative petrography using the image analysethod Non quartz relates to all

minerals other than quartz.
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Sample NS4 | NS11| NS1 [ NS23| NS1 | NS25| NS17 | NS20 | NS19| NS14 | NS12
Depth (m) | 2678.| 2845.| 284| 342Q. 3462. 4313. 4332. 43§43. 4344. 3B31.3.4
Temperatu | 100 118 | 118 122 122 139 138 133 133 187 1
Ave. Grain | 125.3| 94.3 | 193.| 173.1| 398.0| 366.7 | 162.3( 243.9| 322.6| 141.0| 103.5

95% 122 | 16.3| 168 154 53.1 56 1514 328 231 16.2251
Standard | 43.9 | 60.0| 63.7 56.9 1557 2026 593 158.0 104.8.53842.6
Minimum 55.6 | 26.7 73.3 40.0 166J/ 66, 60j0 54.3 17J0.0 58.835.6
Maximum | 277.8| 276.7| 340. | 320.0| 777.8| 1250.| 293.3| 1083.| 616.7 | 291.7[ 277.4

BN
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Appendix 2: Texas Wilcox Sandstone Quantitative Petrography

Sample GOM6 GOM8 GOM7 GOM9 GOM10 GOM11
Depth (m) 27334 35184 3534.2 4277.6 4288.5 50633
Temperature (°C) 103.5 143.2 143.2 163.5 163.5 185.4
Ave. Grain Size (um) 244 171 145 190 226 161
95% Confidence (+) 17.0 19.5 11.7 16.9 21.7 13.6
Standard Deviation 77.1 79.7 45.6 65.2 82.9 51.0
Minimum Grain Size 120.0 66.7 53.3 73.3 80.0 60.0
Maximum Grain Size 480.0 486.7 220.0 413.3 420.0 293.3
Ave. Detrital Quartz 68.1 53.5 54.3 47.1 46.4 57.1
95% Confidence (1) 3.1 6.7 3.6 5.4 7.6 4.0
Standard Deviation 3.9 8.4 4.6 6.7 9.5 5.0
Minimum Detrital 64.7 41.1 48.7 40.6 31.6 50.1
Maximum Detrital 73.6 63.9 62.5 58.0 58.9 64.5
Ave. Non Quartz 0.8 15.9 20.3 28.1 27.1 23.8
95% Confidence (z) 0.6 3.9 3.7 4.2 7.6 5.3
Standard Deviation 0.8 4.8 4.6 5.2 9.5 6.7
Minimum Non Quartz 0.2 104 115 20.1 13.7 15.6
Maximum Non Quartz 1.9 22.1 24.4 34.3 39.1 325

Quantification of the Wilcox sandstone by imagelgsia
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Appendix 3: North Sea Ness Formation SIMS Data

Material Type Pit Colour
Detrital Black
Overgrowth White
Mixed (authigenic and detrital quartz) Red
Low secondary ion yield Yellow
Pit overlap Green
Sample cracked Pink
Unknown detrital host (NS20 Area 2) Gold
Unknown Grey

249




IR
50.0um
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Well 30/9-12 NS6 (10%) 12 um beam, 2.3nA intensity. May 8 , 2008.

Analyses # Sample O cps x10 60 RAW 2SE  $“0 V-SMOW 2 SD Comments  um from DQ % from DQ
339 UWQ-1 1.70 7.63 0.22
340 UWQ-1 172 7.33 0.39
341 UWQ-1 1.63 7.44 0.35
342 UWQ-1 1.66 7.58 0.30
343 06_Al1 01 1.60 13.27 0.40 18.03 0.36 Mixed
344 06_Al 02 1.60 4.67 0.31 9.39 0.36 Detrital
345 06_Al 03 1.58 5.15 0.34 9.87 0.36 Detrital
346 06_Al 04 1.60 3.99 0.37 8.71 0.36 Detrital
347 06_A2 01 1.60 10.30 0.27 15.05 0.36 ?
348 06_A2 02 1.67 8.68 0.29 13.42 0.36 ?
349 06_A2 03 1.70 8.33 0.27 13.07 0.36 ?
350 06_A2 04 1.73 11.23 0.29 15.98 0.36 ?
351 06_A2 05 1.74 9.13 0.27 13.87 0.36 ?
352 06_A2 06 1.75 11.44 0.30 16.20 0.36 ?
353 06_A10 01 1.68 15.91 0.31 20.68 0.36 Mixed
354 06_A10 02 16.5 7.78 0.36 12.52 0.36 Overlaps 1
355 06_A10 03 1.57 4.49 0.36 9.21 0.36 Detrital
356 UWQ-1 1.57 7.45 0.33
357 UWQ-1 1.57 7.77 0.34
358 UWQ-1 1.60 7.73 0.28
359 UWQ-1 1.61 7.83 0.27

Bracket (339-342 356-359) average 7.59 2SD =0.36
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' NS10 Area 1

Caneelled

2
I

15.0kV x600 SE ‘our 50.0um

NS10 Area 3

;! «

15.0kV x1.20k SE b 15.0kV x1.20k OTHER2

NS1O Area it

15.0kV x800 SE 50.0um 15.0kV x800 OTHER2
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NS10 Area 7

50.0um 15.0kY x700 OTHER2

15.0kV x600 SE
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Well 30/3-4 NS 10 (11%) 12 um beam, 2.3nA intensity. May 7, 2008.

Analyses # Sample 'Ocpsx16 8 ORAW 2SE §%%0 vSMOW 2 SD Comments pm from DQ % from DQ
36C UWQ-1 1.6 7.65 0.37
361 UWQ-1 1.6¢ 7.61 0.27
362 UWQ-1 1.62 7.45 0.3
362 UWQ-1 1.61 7.4¢ 0.3¢
364 10 Al 0 1.5¢ 17.0€ 0.3¢€ 21.8 0.27 Cemen 15.€ 63.2
36E 10_A1_0: 1.5¢ 18.4¢ 0.3¢ 23.2¢ 0.27 High Yield
36€ 10_A1_0: 1.5¢ 15.6¢ 0.2¢ 20.47 0.27 Coating
367 10_A1 0O 1.7¢ 2.9z 0.2¢ 7.6¢ 0.27 Detrital
36¢ 10_A3_0: 1.6€ 14.51 0.2¢ 19.31 0.27 Cemen 19.7 63.€
36¢ 10_A3_0: 1.65 16.2¢ 0.2€ 21.07 0.27 Cemen 13.1 51.2
37C 10_A3_0: 1.65 16.3¢ 0.3 21.17 0.27 Cemen 9.2 32.€
371 10_A3_0: 1.65 7.8z 0.3 12.5¢ 0.27 Cracket
372 10_A3_0 1.65 13.47 0.2t 18.2] 0.27 Mixed
37¢ 10_A3_Of 1.62 5.6¢ 0.4z 10.4¢ 0.27 Detrital
374 10 A3 O 1.5¢ 15.5( 0.2 20.31 0.27 Mixed
37¢ 10_A4_0: 1.62 17.5( 0.31 22.3 0.27 Cemen 26. 75.C
37€ 10_A4_0: 1.62 19.3¢ 0.27 24.17 0.27 Cemen 10.€ 30.€
377 10_A4 0 1.62 18.97 0.3 23.7¢ 0.27 Cemen 10.€ 32.
37¢ 10_A4_O 1.62 19.4( 0.2t 24.2: 0.27 Cemen 7.8 27.€
37¢ 10_A4_O 1.62 17.6¢ 0.3¢ 22.4¢ 0.27 Cemen 19.€ 66.7
38C 10_A4_Of 1.6¢ 17.7¢ 0.21 22.6( 0.27 Cemen 23. 70.€
381 10 A4 O 1.62 4.6¢ 0.3 9.4 0.27 Detrital
382 UWQ-1 1.6 7.3 0.4
382 UWQ-1 1.6¢ 7.7¢ 0.2€
384 UWQ-1 1.6¢ 7.7¢ 0.27
38¢ UWQ-1 1.71 7.5 0.2¢

Bracket (36(-363, 38:-385! average 7.5¢€ 2SD=0.2
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Analyses # Sample ®Ocpsx1§ &®¥ORAW 2SE §%0 vsSMow 2 SD Comments pm from DQ % from DQ
38¢ 10 A7 0 1.6¢ 16.8¢ 0.1¢ 21.7¢ 0.4 Cemen 11.4 39.C
387 10_A7_0: 1.6¢ 19.0¢ 0.3¢ 23.9¢ 0.4 Cemen 6.C 26.2
38¢ 10_A7_0: 1.7¢ 15.6: 0.2z 20.5¢ 0.4 Mixed
38¢ 10_A7_0 1.7¢ 9.9¢ 0.2¢ 14.8¢ 0.4( Detrital
39C 10_A7_ 0 1.7¢ 11.2( 0.2¢ 16.0¢ 0.4 Cracket
391 10_A10_0: 1.62 6.0¢ 0.37 10.9: 0.4 Detrital
392 10_A10_O; 1.67 7.3¢ 0.2¢ 12.21 0.4( Mixed
393 10_A10_O: 1.6 5.81 0.27 10.67 0.4 Detrital
394 10_Al11 O: 1.67 17.4¢ 0.37 22.3¢ 0.4 Mixed
39t 10_Al11 O 1.6 16.87 0.4z 21.7¢ 0.4 Mixed
39¢ 10_Al11 O 1.6 16.5¢ 0.2¢ 21.5( 0.4( Cracket
397 10_Al11 O 1.6 4.3¢ 0.2¢ 9.21 0.4 Detrital
39¢ 10_Al11 O 1.6€ 2.8¢ 0.37 7.6¢ 0.4 Cracke
39¢ 10_A09_O: 1.6 8.5¢ 0.3 13.41 0.4( Detrital
40C 10_A09 O 1.6% 5.5¢ 0.3¢ 10.4( 0.4 Detrital
401 UWQ-1 1.61 7.57 0.3¢€
402 UWQ-1 1.61 7.21 0.3¢
402 UWQ-1 1.6 7.3¢ 0.37
404 UWQ-1 1.6( 7.2t 0.4

Bracket (36(-363, 38:-385 average 7.4€ 2SD=0.4
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-

15.0kV x450 SE

“NS1 Area 2c

( 2 5
: S Ol
v € e o

15.0kV %370 SE

15.0kV x370 OTHER2
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" " 1ooum

“I\bS23 Area 3

gy

15.0kV x420 S

..‘v-

; NS'23 Area 4

15.0kV %420 SE 15.0kV x500 OTHER2
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15.0kV %450 SE 15.0kV %450 OTHER2
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Well 211/11a-3 NS 1 and NS23 (122) 12 um beam, 2.3nA intensity. May 7, 2008.

16 18 0
Analyses #  Sample O cps 70 2 SE 0 VSMOW 2SD Comments H from %6 from

x10° RAW DQ DQ
16€ UWQ-1 1.5¢ 6.9C 0.3¢
167 UWQ-1 1.61 6.5< 0.31
16¢€ UWQ-1 1.6C 6.91 0.2¢
16¢ UWQ-1 1.5¢ 6.7¢ 0.3¢
17C 1 A01 O: 1.5¢ 12.2¢ 0.5( 17.9¢ 0.4¢ Mixed
171 1_A01_O: 1.5¢ -0.0Z 0.3/ 5.5¢ 0.4¢ Detrital
172 1_A01_0: 1.6C 17.51 0.2¢ 23.2¢ 0.4¢ Cemen 17.2 33.2
17¢ 1_A01_O¢ 1.64 15.6¢ 0.4( 21.3¢ 0.4¢ Cracke
174 1_A01_O¢ 1.61 17.1¢ 0.27 22.8: 0.4¢ Cracke
178 1_A01_O¢ 1.6€ 16.27 0.37 22.9¢ 0.4¢ Overlaps
17€ 1_A01_0 1.5¢ 15.5¢ 0.3t 21.2( 0.4¢ Cemen 101.1 85.E
177 1_A01_0¢ 1.5€ 15.8¢ 0.3¢ 21.5: 0.4¢ Low Yield
17¢ 1_A01_O0¢ 1.6C 15.3¢ 0.1¢ 21.0¢ 0.4¢ Cemen 79.€ 67.2
17¢ 1_A01_1( 1.6C 15.67 0.21 21.3¢ 0.4¢ Cemen 64. 54.E
18¢ 1_AO01_1: 1.6C 15.4( 0.32 21.0¢ 0.4¢ Cemen 49.F 41.¢
181 1_A01_1: 1.61 15.1¢ 0.4C 20.8: 0.4¢ Cemen 25.¢ 21.€
182 UWQ-1 1.61 6.6€ 0.37
18¢ UWQ-1 1.65 6.2( 0.2¢
184 UWQ-1 1.67 6.8¢ 0.3€
18¢ UWQ-1 1.62 6.71 0.3(

Bracket (16€-169, 18:-185' average 6.7( 2SD=0.4
May 8, 2008

Continue the same mount (NS1), Mass Calib NMR=06223, FCOFFSET don

19C
191
192
19¢

UWQ-1
UWQ-1
UWQ-1
UWQ-1

1.4<
1.44
1.45
1.44

7.3¢
7.5¢
7.3¢
7.3¢

0.44
0.2¢
0.3¢
0.3¢
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16 1€ 0
Analyses #  Sample R e 2 SE $'% vsSMOW 2SD Comments MM from 6 10T

x10° RAW DQ DQ

194 1 AO1 1 1.4¢ 17.1¢ 0.37 22.1¢ 0.2¢ Cemen 21.F 28.€

19t 1_A01_1 1.4¢ 18.31 0.3z 23.31 0.27 Cemen 5.4 10.

19¢ 1_A01_1! 1.4€ 8.8¢ 0.42 13.8¢ 0.27 Mixed

197 1_A02b_0: 1.4¢ 16.3¢ 0.3z 21.4: 0.27 Cemen 44.2 71.4

19¢ 1_A02b_O: 1.3¢ 14.1¢ 0.3¢ 19.1¢ 0.2¢ Cracket

19¢ 1_A02b_O: 1.4¢ 15.8: 0.3z 20.8¢ 0.27 Overlaps |

20C 1_A02b_0- 1.4€ 15.7¢ 0.41 20.81 0.2¢ Overlaps :

201 1 AO02b 0! 1.5 16.2¢ 0.3t 21.2i 0.2: Overlaps -

20z UwQ-1 1.4F 7.2€ 0.37

202 UwQ-1 1.4F 7.1€ 0.3¢

204 uwQ-1 1.4E 7.31 0.42

20E uwQ-1 1.4¢ 7.2¢ 0.31

Bracket (19(-193, 20:-205' average 7.3¢ 2SD=0.2

20€ 1 A02b O 1.4F 16.1< 0.3t 21.2: 0.1F Cemen 17.7 29.4

207 1 AO2b O 1.44 16.6: 0.3z 21.71 0.1¢ Cemen 12.4 23.c

20¢ 1_A02b_0: 1.4F 18.3: 0.27 23.4: 0.1% Mixed

20¢ 1_A02b_0: 1.4¢ 8.71 0.42 13.8: 0.1% Mixed

21¢ 1_A02b_0! 1.4E 14.8¢ 0.4z 19.9: 0.1% Mixed

211 1_A02b_1I 1.4¢ 17.4¢ 0.31 2251 0.1% Mixed

212 1_A02b_1: 1.4F 8.1¢ 0.3¢ 13.2( 0.1% Detrital

21¢ 1_A02b_1. 1.4¢ 15.7( 0.2€ 20.7¢ 0.1% Cemen 17.7 71.4

214 1_A02b_1: 1.4¢ 16.27 0.3z 21.3¢ 0.1% Cemen 12.4 58.%

21F 1_A02b_1. 1.4€ 16.1¢ 0.3¢ 21.2¢ 0.1% Cemen 17.7 35.7

21¢€ 1_A02b_1! 1.4€ 16.4¢ 0.3t 21.57 0.1% Cemen 8.€ 20.C

217 1_A02b_1i 1.4E 5.0% 0.3t 10.0¢ 0.1% Detrital

21¢ 1_A02b_1° 1.47 15.3¢ 0.4¢ 20.47 0.1% Cemen 30.1 58.€

21¢ 1_A02b_1i 1.47 14.6: 0.3z 19.7¢ 0.1% Overlaps 1

22C 1 AO2b_ 1! 1.4¢€ 16.01 0.5C 21.1(C 0.1f Cemen 47.¢ 73.C

221 1_A02b 2! 1.4¢ 15.1¢ 0.41 20.2¢ 0.1% Cemen 26.5 75.C

222 Uwo-1 1.47 7.31 0.32
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16 18 0
Analyses #  Sample Q= Ut 2 SE 0 VSMOW 2SD Comments MM from OIS
x10° RAW DQ DQ
22¢ UWQ-1 1.4¢ 7.3¢ 0.3t
22¢€ UWQ-1 1.4¢ 7.3¢ 0.3C
227 UWQ-1 1.4¢ 7.2¢€ 0.4C
Bracket (202-205, 22:-227 average 7.2¢ 2SD=0.1
22¢ 1 AO2b 2: 1.47 15.21 0.37 20.2¢ 0.4C Cemen 10.€ 31.€
22¢ 1 A02b 2 1.47 14.4¢ 0.4z 19.5( 0.4C Mixed
23C 1 A02b 2 1.47 16.5¢ 0.3¢ 21.6: 0.4C Cemen 10.€ 52.2
231 1 AO02b_2: 1.4¢ 15.67 0.2¢ 20.72 0.4C Cemen 12.4 58.:
23z 1 A02b 2! 1.4¢ 16.1(C 0.3C 21.1¢ 0.4C Overlaps 2
23¢ 1 A02b 2 1.47 6.3¢ 0.4: 11.3¢ 0.4C Detrital
234 1 AO2c_O: 1.4¢ 4.31 0.3¢ 9.3C 0.4C Detrital
23t 1 _A02c_0: 1.4¢ 16.3: 0.3¢ 21.3¢ 0.4C Cemen 15.1 28.C
23¢€ 1 AO02c 0 1.4¢ 16.7(¢ 0.37 21.7¢ 0.4C Mixed
237 1 A02c_0: 1.4¢ 16.5: 0.41 21.5¢ 0.4C Cemen 43.C 74.1
23¢ 1_A02c_0! 1.4€ 5.71 0.3¢ 10.71 0.4C Detrital
23¢ 1 AO02c_ Ot 1.4t 5.8¢ 0.3z 10.8¢ 0.4C Detrital
24C 1 A02c O 1.44 19.4¢ 0.4¢ 24.5¢ 0.4C Mixed
241 1 A02c_0i 1.4~ 17.0¢ 0.4C 22.1: 0.4C Cemen 23.7 61.1
24z 1 A02c 0! 1.4 4.5¢ 0.3¢ 9.5¢ 0.4C Detrital
245 UWQ-1 1.4¢€ 7.1¢ 0.3¢
244 UwaQ-1 1.44 7.01 0.3t
24~ UwQ-1 1.4¢ 7.3t 0.3t
24¢ UWQ-1 1.47 7.7z 0.24
Bracket (222-227, 24:-246 average 7.3 2SD=0.4
Sample change: NS1 out, NS23 in
247 UwaQ-1 1.43 7.8: 0.4z
24¢ UWQ-1 1.42 7.32 0.32
24¢ UWQ-1 1.4z 7.3¢ 0.2¢
25( UWQ-1 1.4z 7.2¢ 0.31
251 23 A02 0. 1.44 15.5¢ 0.3¢€ 20.57 0.51 Cemen 12.€ 38.7

261




0 cps 60 pm from % from

Analyses #  Sample 2 SE $'%0 VSMOwW 2 SD Comments
x10° RAW DQ DQ
252 23_A02_O: 1.4F 14 .52 0.3C 19.4¢ 0.51 Cemen 10.E 43.F
252 23 A02_O: 1.47 8.4z 0.3t 13.3¢ 0.51 High Yield
254 23 _A02_O 1.4€ 13.3¢ 0.3C 18.31 0.51 Mixed
25¢E 23_A02_0! 1.57 15.1¢ 0.2¢ 20.1¢ 0.51 High Yield
25¢€ 23_A02_O0! 1.47 14.6¢ 0.3¢ 19.6¢ 0.51 Mixed
257 23 A02 O 1.4€ 17.0¢ 0.2€ 22.0¢ 0.51 Cemen 13.7 54.2
25¢ 23 A02_O: 1.47 14.4( 0.37 19.31 0.51 Cracke«
25¢ 23_A02_0! 1.47 15.5¢ 0.2¢ 20.5( 0.51 Cemen 40.C 73.1
26C 23_A02_01 1.47 16.0¢ 0.32 21.07 0.51 Overlaps '
261 23 _A02 01 1.47 15.1¢ 0.3C 20.17 0.51 Cemen 31.€ 62.
26z 23 A02_1: 1.4¢ 15.3¢ 0.37 20.3: 0.51 Overlaps 1
262 23 A02_1: 1.4¢ 17.3¢ 0.2¢ 22.3¢ 0.51 Cemen 16.€ 32.C
264 23 A02_1. 1.47 17.9¢ 0.2¢ 22.9¢ 0.51 Cemen 12.€ 25.C
26E 23 _A02_1! 1.4¢ 8.0¢ 0.42 13.01 0.51 Detrital
26¢€ 23 _A02_1 1.4€ 19.0: 0.2¢ 24.0( 0.51 Mixed
267 23 A02 1 1.4F 4,08 0.32 8.9¢ 0.51 Detrital
26¢€ UwQ-1 1.4€ 7.17 0.41
26¢ UWQ-1 1.4¢ 7.0¢ 0.2¢
27C UWQ-1 1.4¢ 7.6€ 0.37
271 UWQ-1 1.44 7.5¢ 0.4%
Bracket (247-250, 26271 average 7.4C 2SD=0.5
272 23 _A03 0 1.47 16.0€ 0.32 20.9¢ 0.47 Mixed
27¢ 23 A03 O 1.47 18.6¢ 0.2¢ 23.5¢ 0.47 Cemen 24.1 57.¢
274 23 A03 O: 1.4€ 20.41 0.3¢ 25.31 0.47 Cemen 6.7 15.€
27¢ 23_A03_ 0 1.4¢ 14.7¢ 0.4¢ 19.6¢ 0.47 Mixed
27¢ 23 A03 0! 1.47 8.91 0.32 13.7¢ 0.47 Detrital
277 23 A04 O 1.4¢ 16.31 0.3t 21.1¢ 0.47 Cemen 11. 42.¢
27¢ 23_A04_O: 1.5¢ 16.7( 0.3¢ 21.5¢ 0.47 High Yield
27¢ 23 _A04_O: 1.57 13.8( 0.2¢ 18.67 0.47 Mixed
28C 23 A04 O 1.4¢ 11.5¢ 0.44 16.4( 0.47 Mixed
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16 18 0
Analyses #  Sample Q= Ut 2 SE 0 VSMOW 2SD Comments i) el OIS

x10° RAW DQ DQ

281 23_A04_0! 1.5C 15.3¢ 0.2¢ 20.2: 0.47 Cemen 8.€ 56.2

282 23 _A04 0l 1.5C 15.1¢ 0.3¢ 20.0¢ 0.47 Cemen 9.t 55.€

28:% 23 _A04 O 1.5C 8.81 0.3< 13.6¢ 0.47 Detrital

284 23_A06_0: 1.4¢ 17.7¢ 0.3t 22.6: 0.47 Grain boundar

28t 23_A06_0: 1.5¢ 18.3: 0.2: 23.2: 0.47 Overlaps

28¢€ 23 A06 0. 1.52 17.7¢ 0.22 22.6¢ 0.47 Overlaps .

287 UwaQ-1 1.4¢ 7.64 0.41

28¢ UWQ-1 1.47 7.52 0.32

28¢ UWQ-1 1.4¢€ 7.4: 0.27

29C UWQ-1 1.44 7.84 0.41 Cs reservoir 1€-16&

291 UWQ-1 1.4z 7.52 0.32

Bracket (26€-271, 28-291 average 7.4¢ 25D=0.4

29z 23 A06 O 1.4¢€ 20.6¢ 0.31 25.5¢ 0.3¢ Overlaps

29z 23_A06_0! 1.4t 17.8( 0.3 22.6¢ 0.3¢ Cemen 24.2 52.2

294 23 _A06_0f 1.4t 11.8¢ 0.3¢ 16.7( 0.3¢ Mixed

29t 23 _A06_O 1.47 22.4¢ 0.3 27.3( 0.3¢ Overlaps -

29¢€ 23 _A06_0i 1.4¢€ 22.7¢ 0.3t 27.6¢ 0.3¢ Cemen 14.7 31.¢

297 23 _A06_0! 1.42 7.61 0.4z 12.41 0.3¢ Detrital

29¢ 23_A06_11 1.44 21.0¢ 0.3¢ 25.8¢ 0.3¢ Cemen 10.t 27.¢

29¢ 23 A06_1: 1.4z 15.0¢ 0.4t 19.8¢ 0.3¢ Cemen 37.€ 72.C

30c 23_A06_1. 1.4z 17.42 0.31 22.2¢ 0.3¢ Cemen 18.¢ 33.2

301 23 AO06_1: 1.4~ 16.3¢ 0.2¢ 21.2( 0.3¢ Mixed

30z 23 _A06_1: 1.41 18.57 0.4C 23.4: 0.3¢ Cemen 10.t 19.2

30z 23 _A06_1! 1.44 13.5¢ 0.3¢ 18.3i 0.3¢ Mixed

304 23 A06_1i 1.44 4.5( 0.3¢ 9.2¢ 0.3¢ Detrital

30t UWQ-1 1.44 7.62 0.3¢

30¢€ UWQ-1 1.4z 7.11 0.41

307 UwaQ-1 1.44 7.5¢ 0.2¢

30¢ UwaQ-1 1.43 7.5¢ 0.37

Bracket (287-291,30!-308 average 7.5: 2SD=0.3
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Well 211/27-A2 NS 20 and NS19 (133). Initially a 20 um and 12 um beam with a 2.3nAritensity, May 7, 2008.

Analyses # Sample O cpsx1§ SORAW 2SE  $'0 VSMOW 2SD Comments  pmfromDQ % from DQ

*20

5 UwQ-1 2.9t 6.9: 0.2z

6 UWQ-1 2.8¢4 6.9( 0.3t

7 UWQ-1 2.9t 7.0< 0.1z

8 UWwQ-1 2.8¢ 6.91 0.14

9 20 A01 O: 2.8¢ 13.9( 0.1¢ 19.2¢ 0.4C Cement 38.1 68.¢€

1C 20_A01 O: 2.8¢ 17.13 0.1¢ 22.4¢ 0.4C Cement 15.¢€ 27.¢

11 20_AO1 0 2.9( 18.2¢ 0.21 23.5¢ 0.4 Mixed*

12 20_A01_0- 2.9¢ 16.1¢ 0.17 21.4¢ 0.4 Mixed*

13 20_A01 0! 2.87 3.3¢ 0.1¢€ 8.62 0.4C Detrital*

14 20_A02_0: 2.8¢ 5.1 0.2z 10.4: 0.4C Detrital*

15 20_A02_0: 2.8¢ 6.0z 0.1€ 11.32 0.4C Detrital*

16 20 _A03 01 2.87 3.7¢ 0.17 9.0¢ 0.4C Detrital*

17 UuwQ-1 2.7¢ 7.07% 0.2t 0.3z

18 UwQ-1 2.72 7.4¢ 0.24

19 UwQ-1 2.7¢ 7.0¢€ 0.2¢

2C UWQ-1 2.87i 6.8t 0.17

Bracket (5-8, 13-20) average 7.0 2SD=0.4
12 pym

21 UwQ-1 1.4¢ 6.7: 0.3¢

22 UwQ-1 1.4% 7.0¢€ 0.37

23 UWQ-1 1.4¢ 6.92 0.4C

24 UWQ-1 1.51 6.7¢ 0.3:

25 20 A02 0. 1.5C 16.8¢ 0.4C 22.2¢ 0.4t Mixed

2€ 20_A02_0- 1.5¢ 14.0¢ 0.2t 19.4¢ 0.4k Cemen 16.1 37.t

27 20_A02_0! 1.51 14.53 0.2z 19.9¢ 0.4t Cemen 28.C 59.1

28 20 A02 Ot 1.4¢ 14.6¢ 0.3z 20.0¢ 0.4k Cemen 18.: 42.F
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Analyses # Sample O cpsx1§ SORAW 2SE  $'0 VSMOW 2SD Comments  pmfromDQ % from DQ
29 20 A02 O 1.41 15.2¢ 0.41 20.6% 0.4t Cemen 26.¢ 67.€
3C 20_A02_0t 1.4z 15.31 0.4z 20.6¢ 0.4t Cemen 32.: 88.2
31 20_A02_0¢ 1.4¢ 14.1¢ 0.2¢ 19.5C 0.4t Cracket
32 20_A02_ 1t 1.4¢ 14.6% 0.3t 20.0« 0.4t Mixed
33 20 _A02_1: 1.4¢ 14.8: 0.3¢ 20.1¢ 0.4t Cemen 12.¢€ 32.4
34 20_A02_1: 1.4t 15.5¢ 0.4¢€ 20.97 0.4k Cemen 14.C 36.1
3E 20 _A02_ 1. 1.4¢ 15.6:2 0.3z 20.9¢ 0.4k Mixed
3€ UuwQ-1 1.4¢ 7.1€ 0.3t
37 UwQ-1 1.43% 6.9¢ 0.2¢
38 UwQ-1 1.43% 7.4 0.3¢
39 UWQ-1 1.4t 7.0C 0.3t

Bracket (21-24, 3¢-39) average 7.0C 2SD=0.4

4C 20 A03 O: 1.4z 16.92 0.4t 22.2¢ 0.34 Mixed

41 20_A03_0: 1.4¢ 17.4¢ 0.5¢€ 22.7¢ 0.34 Cemen 7.2 13.€
42 20_A03 0 1.52 16.3: 0.2¢ 21.6: 0.34 Cemen 15.¢€ 24.4
43 20_A03_0- 1.5C 15.1z2 0.27 20.4: 0.34 Cemen 20.: 32.¢
44 20_A03_0! 1.5 15.2¢ 0.2t 20.5¢ 0.3 Overlaps -

45 20_A03 0t 1.51 15.2¢ 0.37 20.5¢ 0.34 Cemen 40.€ 70.C
4€ 20 _A03 O 1.5C 15.0¢ 0.2¢ 20.4( 0.34 Cemen 50.7 87.t
47 20_A03_0t 1.5C 17.27 0.3¢ 22.5¢ 0.34 Cemen 8.7 35.c
48 20_A03 0! 1.51 16.8( 0.3< 22.11 0.34 Cemen 14.t 45t
49 20_A03 1t 1.4¢ 16.4 0.3¢ 21.7¢ 0.34 Cemen 11.€ 38.1
5C 20_A03_1: 1.4¢ 17.41 0.3z 22.7: 0.34 Cemen 30.¢ 70.C
51 20_A03_1: 1.4¢ 15.8¢ 0.31 21.1¢ 0.34 Mixed

52 20_A03 1. 1.4¢ 17.71 0.41 23.0z 0.34 Cemen 14.t 38.t
53 20_A03 1. 1.5C 17.1¢ 0.3t 22.4¢ 0.34 Cemen 29.C 76.¢
54 20 _A03 1! 1.5C 17.1¢ 0.4t 22 .4¢ 0.34 Mixed

5E UuwQ-1 1.5C 7.0 0.3¢€

56 UWQ-1 1.51 7.07% 0.3<

57 UWQ-1 1.51 6.8¢ 0.3z
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Analyses # Sample O cpsx1§ SORAW 2SE  $'0 VSMOW 2SD Comments  pmfromDQ % from DQ

58 UWQ-1 1.51 6.9¢ 0.2¢

Bracket (3€-39, 55-58) average 7.07 2SD=0.3

59 20 _A03 1t 1.4¢ 5.4¢ 0.3¢ 10.8:2 0.2¢ Detrital

6C 20 _A03 1 1.5C 5.94 0.4¢ 11.2¢ 0.2¢ Detrital

61 20 _A09 0: 1.5: 4.0: 0.2¢ 9.3¢ 0.2¢ Detrital

62 20_A09_0: 1.52 17.0¢ 0.3C 22.4¢ 0.2¢ Cemen 15.1 18.7
63 20_A09_0: 1.5t 16.7¢ 0.2¢ 22.1¢ 0.2¢ Cemen 23.7 29.2
64 20_A09 0 1.52 16.4¢ 0.3¢ 21.8¢ 0.2¢ Cemen 37.€ 46.7
65 20_A09_0! 1.5t 16.1¢ 0.3t 21.5¢ 0.2¢ Cemen 43.C 53.:
66 20_A09_0t 1.5¢ 15.1¢ 0.34 20.5¢ 0.2¢ Cemen 58.1 72.C
67 20 _A09 O 1.5t 14.97 0.2C 20.3¢ 0.2¢ Cemen 67.7 84.C
68 20_A09 0t 1.5¢ 16.3¢ 0.34 21.7¢ 0.2¢ Mixed

69 20_A09_0¢ 1.5t 16.4¢ 0.4: 21.8¢ 0.2¢ Cemen 23.1 29.2
7C 20 _A09 1t 1.54 15.5: 0.34 20.92 0.2¢ Cemen 47.% 58.7
71 UWQ-1 1.5: 7.0z 0.4z

72 UwaQ-1 1.5 6.7¢€ 0.37

73 UwaQ-1 1.5 6.9(C 0.2¢

74 UWQ-1 1.5¢4 7.2z 0.3t

Bracket (55-58,71-74) average 6.9¢ 2SD=0.2
Sample change: NS20 out NS19 in

75 UWQ-1 1.5¢ 7.04 0.34

7€ UwQ-1 1.5 7.0C 0.2¢

77 UwQ-1 1.5t 6.6 0.3z

78 UWQ-1 1.5t 6.5¢ 0.2¢

79 19 A02 O: 1.5t 4.54 0.2¢ 10.15 0.44 Detrital

8C 19_A02_0: 1.5E 11.8¢ 0.2¢ 17.5( 0.44 Mixed

81 19 A02_ 0. 1.5¢ 17.5¢ 0.3¢ 23.2¢ 0.44 Cemen 15.1 23.c
82 19 A02_ O« 1.5t 17.4¢ 0.2¢ 23.1¢ 0.44 Cemen 19.4 32.1
83 19 A02 0! 1.5t 16.3¢ 0.44 22.0¢ 0.44 Cemen 35.5 58.¢
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Analyses # Sample O cpsx16 SO RAW 2SE  §'®0 VSMOW 2SD Comments  pm fromDQ % from DQ
84 19 A02 0Ol 1.52 16.43 0.2¢4 22.1¢ 0.44 Cemen 34.4 61.5
8t 19 A02 O 1.51 16.1¢ 0.3¢ 21.8¢ 0.44 Cemen 53.¢ 83.:
8€ 19 _A02_0t 1.51 20.5¢ 0.3¢ 26.27 0.44 Cemen 5.4 8.€
87 19 A02_0! 1.5¢ 16.4¢€ 1.1Z 22.1°t 0.44 Cemen 21.F 71.2
88 19 A02_ 1l 1.5t 17.2¢ 0.34 22.9¢ 0.44 Cemen 5.4 15.€
8¢ 19 A02_1. 1.6 11.3¢ 0.31 17.00 0.44 Mixed
ac 19_A02_1 1.5¢ 4.0¢ 0.41 9.71 0.4 Detrital
91 19 A02 1. 1.5¢ 18.0¢ 0.3z 23.7¢ 0.44 Cemen 6.t 33.:
92 19 A02_1: 1.5: 16.3¢ 0.27 22.0% 0.44 Cemen 34.4 76.2
93 19 A02_1! 1.5t 17.7¢ 0.3¢€ 23.4¢ 0.44 Mixed
94 19 A02 1l 1.5¢ 16.2¢ 0.2¢ 21.9¢ 0.44 Cemen 16.1 35.7
9t uwaQ-1 1.5t 6.57 0.3C
9€ UWQ-1 1.5¢ 6.5¢ 0.3¢
97 UWQ-1 1.5 6.71 0.4<
98 UWQ-1 1.5t 6.44 0.4¢€
Bracket (75-78, 9:-98) average 6.6¢ 2SD=0.4

99 19 A03 O: 1.5t 5.1¢ 0.4< 10.92 0.3z Miss fire

10C 19 A03 0. 1.2 14.3¢ 5.34 20.1¢ 0.3z Miss fire

101 19 AO05 O: 1.52 16.9( 0.3z 22.7: 0.3z Mixed

10z 19 A05 0. 1.5: 15.8¢ 0.2¢€ 21.6¢ 0.3z Cemen 12.¢ 57.1
10¢ 19 A05 0. 1.5¢ 4.27 0.31 10.0z 0.3z Detrital

104 19 A05 O« 1.5¢ 15.01 0.3z 20.8¢2 0.3z Cemen 62.4 85.:
10t 19 A05_0! 1.5t 15.4z 0.3z 21.2¢ 0.3z Cemen 47.: 64.7
10€ 19 _A05_Ot 1.5t 15.97 0.3C 21.7¢ 0.3z Cemen 28.C 38.2
107 19 A0O5 O 1.5t 16.8¢ 0.31 22.6¢ 0.3z Cemen 21.F 29.¢
10¢ 19 A05 O 1.5t 17.3¢ 0.2¢ 23.21 0.3z Cemen 8.€ 11.¢
10¢ 19 A05_0! 1.5t 4.9(C 0.3 10.6¢ 0.3z Detrital

11C 19 AO05_ 1 1.5¢ 16.3i 0.41 22.2( 0.3z Cemen 28.C 41.¢€
111 19 AQ07_O: 1.5t 15.8( 0.3< 21.6: 0.3z Cemen 33.7 66.7
11z 19 A07 0. 1.52 16.52 0.2¢ 22.3¢ 0.3z Cemen 9.€ 21.1
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Analyses # Sample O cpsx16 SO RAW 2SE  §'®0 VSMOW 2SD Comments  pm fromDQ % from DQ

11¢ 19 AQ07_0:. 1.5¢ 6.6€ 0.2¢ 12.4: 0.3z Mixed

114 19 AQ07_O- 1.5t 9.2( 0.2¢4 14.9¢ 0.3z Mixed

11E 19 A07 0! 1.5t 6.1¢€ 0.44 11.97 0.3z Detrital

11€ uwaQ-1 1.5¢ 6.32 0.37

117 UWQ-1 1.5t 6.47 0.3z

11¢ UWQ-1 1.57% 6.61 0.2z

11¢ UWQ-1 1.5t 6.8z 0.2t
Bracket (95-98, 11¢119 average 6.5¢€ 2SD=0.3

12C 19 A02 01 1.5t 10.7¢ 0.3¢ 16.4¢ 0.3¢ Mixed

121 19 A02_ 01 1.5t 4.8t 0.3 10.61 0.3¢ Detrital

122 19 A02 01 1.52 11.0¢ 0.4z 16.8: 0.3¢ Low Yield

12: 19 AQ7_Ol 1.5¢ 16.52 0.37 22.2: 0.3¢ Cemen 7.2 37.t
124 19 A07_O 1.5¢ 11.2¢ 0.37 16.9: 0.3¢ Mixed

12E 19 A07_Ot 1.5t 6.87 0.3z 12.52 0.3¢ Detrital

12¢ 19 AQ07_0! 1.5t 4.5¢ 0.3z 10.2: 0.3¢ Detrital

127 19 AO07_11 1.5t 17.2¢ 0.3¢ 23.0( 0.3¢ Cemen 16.€ 29.z
12¢ 19 AO07_1. 1.57% 16.6( 0.2¢ 22.31 0.3¢ Cemen 21.7 40.¢
12¢ 19 AO07_1. 1.5¢ 16.6¢ 0.3< 22.3¢ 0.3¢ Cemen 33.7 53.¢
13C 19 AO07_1. 1.57 15.6( 0.2¢ 21.2¢ 0.3¢ Cemen 33.7 63.€
131 19 A07_1: 1.57% 15.8¢ 0.3¢€ 21.5¢€ 0.3¢ Cemen 45.¢ 86.£
13z 19 AO07_1! 1.5¢ 15.6: 0.27 21.32 0.3¢ Cemen 28.¢ 63.2
13: 19 AO07_1 1.5t 16.2¢ 0.3C 21.9¢ 0.3¢ Cemen 19.c 42.1
134 19 AO7_1 1.57% 17.4¢ 0.3¢ 23.1¢ 0.3¢ Cemen 12.C 26.Z
13t 19 AO07_1i 1.57% 16.9: 0.3z 22.6¢ 0.3¢ Mixed

13€ 19 AO07_1! 1.5¢ 16.1% 0.3¢€ 21.8 0.3¢ Mixed

137 19 AQ7_2 1.5¢ 15.01 0.2z 20.7( 0.3¢ Cemen 21.7 50.C
13¢ 19 A07_2: 1.5¢ 14.37 0.1¢ 20.0¢ 0.3¢ Cemen 33.7 77.¢
13¢ 19 AQ07_2. 1.52 15.11 0.4C 20.8( 0.3¢ Cemen 14.t 66.7
14C 19 AQ07_2. 1.65 17.6¢ 0.27 23.3¢ 0.3¢ Cemen 6.C 26.3
141 19 A07 2 1.51 15.0¢ 0.4¢ 20.7: 0.3¢ Low Yield
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Analyses # Sample O cpsx16 SO RAW 2SE  §'®0 VSMOW 2SD Comments  pm fromDQ % from DQ

14z uwaQ-1 1.6C 6.82 0.3¢
14: UWQ-1 1.5¢ 6.7¢ 0.2¢
144 UWQ-1 1.62 6.7¢ 0.3t
14t UWQ-1 1.5¢ 6.8t 0.3C

Bracket (11€-119, 14:-145 average 6.6¢ 2SD=0.3
14¢€ 19 A08 O: 1.57% 14.9¢ 0.3¢ 20.71 0.44 Cemen 28.c 68.2
147 19 _A08 0. 1.5¢ 15.4¢ 0.2t 21.22 0.44 Cemen 18.€ 455
14¢ 19 A08 0. 1.5¢ 17.4¢ 0.4z 23.2% 0.44 Mixed
14¢ 19_A08_0 1.5¢ 7.3¢ 0.3¢ 13.0¢ 0.44 Mixed
15C 19 _A08_0! 1.5¢ 5.1C 0.2¢ 10.8( 0.44 Detrital
151 19 A08 Ol 1.5¢ 13.6¢€ 0.31 19.41 0.44 Cemen 44.: 87.C
152 19 A08 O 1.5¢ 15.2¢ 0.31 21.0(¢ 0.44 Overlaps !
157 19_A08_0! 1.6¢ 15.3¢ 0.3¢ 21.14 0.44 Overlaps
154 19 A08_0! 1.5¢ 15.7:2 0.2¢ 21.4¢ 0.44 Cemen 28.c 455
15¢E 19 A08 1 1.6C 14.8: 0.2z 20.5¢ 0.44 Overlaps !
15€ 19 A08 1. 1.5¢ 15.3¢ 0.4C 21.1: 0.44 Cemen 18.¢ 27.C
157 19 A08 1. 1.5¢ 14.9¢ 0.17 20.7¢ 0.44 Cemen 39.€ 447
15¢ 19 A08 1. 1.5¢ 14.0¢ 0.27 19.8( 0.44 Low Yield
15¢ 19 A08 1. 1.5¢ 11.9: 0.34 17.6¢ 0.44 Mixed
16C 19 A08_1! 1.5¢ 4.9 0.2 10.6¢ 0.44 Detrital
161 19 A08 1l 1.6C 15.81 0.27 21.5¢ 0.44 Overlaps 1
16z uwaQ-1 1.5¢ 6.3¢ 0.27
162 UWQ-1 1.5¢ 6.37 0.4C
164 UWQ-1 1.5¢ 6.6( 0.4z
16t UWQ-1 1.5¢ 6.41 0.3¢

Bracket (142-145, 16:-164 average 6.62 2SD=0.4
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Well 211/27-A2 NS 19 (13%) 2 um beam, 2.3nA intensity. June 3, 2009

Analyses # Sample *O cps x10 8O RAW 2 SE 0 vSMOW 2SD  Comments pm from DQ % from DQ
2€ uwaQ-1 34.3¢ -0.74 0.57
27 UWQ-1 32.1¢ 0.0z 0.5k
28 UWQ-1 32.0¢ -0.27 0.51
29 UWQ-1 31.67 -0.01 0.4¢
3C NS19 .2 A5 31.1¢ 8.6¢ 0.6< 21.15 0.87 Cemen 91.7 90.2
31 NS19 .2 A5 30.8¢ 9.0¢ 0.51 21.5¢ 0.8< Cemen 91.7 91.7
32 NS19 .2 A5 30.4¢ 9.52 0.47 22.01] 0.8< Cemen 88.: 88.5
33 NS19 .2 A5 29.6¢ 9.4: 0.6z 21.92 0.87 Cemen 80.C 87.c
34 NS19 .2 A5 30.21 9.77 0.5¢ 22.2¢ 0.8: Cemen 91.7 84.C
35 NS19 .2 A5 30.1¢ 9.17 0.54 21.6¢ 0.8< Cemen 86.7 79.4
36 NS19 .2 A5 29.6¢ 9.41 0.7¢€ 21.9( 0.87 Cemen 80.¢ 74.C
37 NS19 .2 A5 30.0¢ 9.64 0.6¢ 22.1: 0.87 Cemen 73.c 71.C
38 NS19 .2 A5 29.3: 8.8¢ 0.67 21.3¢ 0.8< Cemen 76.7 70.z
3¢ NS19.2 A5 1 30.4¢ 8.9¢ 0.7C 21.45 0.8< Cemen 71.7 65.¢
4C UWQ-1 31.71 0.2¢ 0.7z
41 UWQ-1 31.6¢ -0.41 0.6z
42 UWQ-1 31.6¢ 0.45 0.5t EM HV 306¢
43 UWQ-1 31.6¢ 0.41 0.4¢€
Bracket (2€-29, 4(-43) average -0.04 25D =0.8
44 NS19 .2 A5 1 31.82 9.27 0.67 21.4: 0.6t Cemen 61.7 56.5
45 NS19 .2 A5 1 31.6¢ 9.5¢ 0.6k 21.7¢ 0.6t Cemen 66.7 57.1
46 NS19 .2 A5 1 31.3¢ 10.2( 0.5¢€ 22.37 0.6t Cemen 58.c 53.¢
47 NS19.2 A5 1 31.5¢ 10.2¢ 0.4t 22.3¢ 0.6t Cemen 58.z 51.t
48 NS19.2 A5 1 31.22 9.6t 0.4t 21.8] 0.6t Cemen 53.: 48.¢
49 NS19 .2 A5 1 31.01 9.2¢ 0.6C 21.41] 0.6t Cemen 50.C 441
5C NS19 .2 A5 1 30.9¢ 10.12 0.4k 22.2¢ 0.6t Cemen 43.Z 39.7
51 NS19.2 A5 1 30.8¢ 9.5¢ 0.6z 21.6¢ 0.6t Cemen 40.C 35.5
52 NS19 .2 A5 1 30.9¢ 9.8¢ 0.54 22.0z 0.6t Cemen 35.C 32.1
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Analyses # Sample *O cps x10 8O RAW 2 SE 0 vSMOW 2SD  Comments pm from DQ % from DQ
53 NS19.2 A5 2 31.3] 10.2¢ 0.5¢ 22.3¢ 0.6t Cemen 33.8 29.¢
54 UWQ-1 30.2¢ 0.31 0.6z
5E UWQ-1 30.21 0.7¢ 0.51
5€ UwaQ-1 29.7: 0.1t 0.4¢ EM HV 3071
57 UwaQ-1 29.81 0.4 0.51

Bracket (4C-43, 5¢57) average 0.2¢ 2SD=0.6

58 NS19 .2 A5 2 29.5¢ 10.9¢ 0.57 23.1] 0.3¢ Cemen 26.7 24.¢
5¢ NS19.2_A5 2 29.9¢ 10.57 0.82 22.7: 0.3¢ Cemen 26.7 23.¢
6C NS19 .2 A5 2 29.57 11.3( 0.41 23.4¢ 0.3¢ Cemen 23.Z 21.4
61 NS19 .2 A5 2 29.8¢ 10.5¢ 0.6t 22.7¢ 0.3¢ Cemen 18.2 16.2
62 NS19 .2 A5 2 29.0z 10.9¢ 0.47 23.1] 0.3¢ Cemen 15.C 13.7
63 NS19 .2 A5 2 29.2¢ 10.7 0.5¢ 22.9% 0.3¢ Cemen 13.2 11.€
64 NS19 .2 A5 2 28.8( 11.01 0.64 23.1¢ 0.3¢ Cemen 8.2 7.€
65 NS19.2_A5 2 28.9¢ 10.62 0.44 22.7% 0.3¢ Cemen 8.2 7.
6€ NS19.2_A5 2 28.0¢ 12.2¢ 0.7¢ 24.3¢ 0.3¢ Mixed

67 NS19 .2 A5 3 28.7( 14.7: 0.5¢ 26.94 0.3¢ Cemen 1.7 1.t
68 UWQ-1 30.21 0.1: 0.6t

69 UWQ-1 30.5¢ 0.1¢ 0.8(C

7C UWQ-1 30.5( 0.3C 0.44 EM HV 307%

71 UWQ-1 30.51 0.24 0.6<

Bracket (54-57, 6¢-71) average 0.3(C 2 SD=10.3¢

72 NS19.2_A5 3 30.2¢ -0.42 0.6 11.5¢ 0.5t Detrital

73 NS19 .2 A5 3 30.5¢ -0.7¢ 0.6¢ 11.2: 0.5t Detrital

74 NS19 .2 A5 3 30.2( -1.22 0.6¢ 10.7; 0.5t Detrital

75 NS19.2_A5 3 30.21 -0.9¢ 0.52 11.0¢ 0.5¢ Detrital

7€ NS19 .2 A5 3 29.0( -1.24 0.6¢€ 10.7¢ 0.5t Detrital

77 NS19 .2 A5 3 29.3¢ -1.01 0.72 10.9¢ 0.5t Detrital

78 NS19.2_A5 3 29.6¢ 10.6¢ 0.52 22.8: 0.5t Cemen 8.2 9.€
79 NS19.2_A5 3 29.6¢ 10.7¢ 0.71 22.8¢ 0.5t Cemen 8.2 10.£
8C NS19 .2 A5 3 29.6¢ 12.3¢ 0.51 24.5¢ 0.5% Cemen 5.C .2
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Analyses # Sample *O cps x10 8O RAW 2 SE 0 vSMOW 2SD  Comments pm from DQ % from DQ
81 NS19 .2 A5 4 28.0i 15.5( 0.7z 27.7( 0.5¢ Cemen 2.t 3.1
82 uwQ-1 30.1:Z 0.71 0.4¢
83 uwQ-1 29.9¢ -0.0€ 0.62
84 uwQ-1 29.52 0.71 0.5¢ EM HV unchange
8t uwQ-1 29.2¢ 0.3¢ 0.61
Bracket (68-71, 8z-85) average 0.3z 2SD=0.5
8€ NS19 .2 A5 4 29.1: 15.2¢ 0.5¢ 27.51 0.9¢ Cemen 2t 3.8
87 NS19 .2 A5 4 29.1¢ 14.67 0.5C 27.0( 0.9¢ Cemen 1.7 2.6
88 NS19.2_A5 4 29.4¢ 12.9¢ 0.61 25.2¢ 0.9¢ Cemen 3.8 5.¢
8¢ NS19 .2 A5 4 28.3t 8.6¢ 0.64 20.8¢ 0.9¢ Cemen 81.7 90.7
9C NS19 .2 A5 4 26.5¢ 6.7¢€ 0.6¢ 18.9¢ 0.9¢ Cracket
91 NS19 .2 A5 4 28.0¢ 9.21 0.5¢ 21.47 0.9¢ Cemen 75.C 83.2
92 NS19 .2 A5 4 28.4¢ 9.0¢ 0.5¢ 21.3: 0.9¢ Cemen 76.7 92.(
93 NS19 .2 A5 4 28.51 10.2¢ 0.54 22.5¢ 0.9¢ Cemen 41.7 83.2
94 NS19.2 A5 4 28.5¢ 10.0¢ 0.62 22.3¢ 0.9¢ Cemen 43.2 96.2
9t uwQ-1 30.1% 0.1t 0.5 Csres=12
9€ uwQ-1 30.1:2 0.3 0.5¢
97 uwQ-1 30.22 -0.7¢ 0.4¢ EM HV 3075-307¢
98 uwQ-1 30.41 0.0z 0.7t
Bracket (82-85, 9:-98) average 0.1¢ 2SD=0.9
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NS12 Area 4

15.0kV 470 SE
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Well 34/8-7 NS 12 (16%C) 12 um beam, 2.3nA intensity. May 8 , 2008.

Analyses # Sample *Ocpsx1d 8O RAW 2 SE $'0 vSMOW 2SD  Comments pm fromDQ % from DQ
30¢ uwaQ-1 1.52 8.01 0.3C
31C UWQ-1 1.52 7.97 0.37
311 UWQ-1 1.5t 7.4% 0.2¢
312 UWQ-1 1.57 7.5¢ 0.2z
31s UWQ-1 1.5t 7.2¢ 0.27
314 12 _A015 O 1.6¢ 17.5¢ 0.2¢ 22.3¢€ 0.4¢ ?
31¢F 12 _A015 O 1.7¢ 12.5% 0.3C 17.3¢2 0.4¢ ?
31¢ 12_A015 O 1.8C 11.9¢ 0.3¢ 16.71 0.4¢ ?
317 12_A015 O 1.8 10.01 0.2¢ 14.7¢ 0.4¢ ?
31¢ 12 _A015 0! 1.8¢ 8.32 0.44 13.0¢ 0.4¢ ?
31¢ 12_A03_0: 1.72 14.67 0.21 19.4: 0.4¢ Mixed
32C 12_A03_0: 1.8€ 3.2¢ 0.3¢ 7.9¢ 0.4¢ High Yield
321 12 _A03 0. 1,7¢ 2.3 0.2¢ 7.0¢ 0.4¢ Detrital
32z 12 _A03_ 0« 1.7C 16.82 0.3¢ 21.5¢ 0.4¢ Mixed
32:¢ 12_A03_0! 1.67 4.67 0.2¢ 9.3¢ 0.4¢ Detrital
324 12 _A04 O: 1.61 5.2¢ 0.2¢ 9.9t 0.4¢ Detrital
32¢E 12_A04 0. 1.5t 14.5¢ 0.3¢ 19.3¢ 0.4¢ Cracket
32€ 12_A04 _0: 1.6¢ 15.1: 0.37 19.8¢ 0.4¢ Overlaps
327 12_A04 0 1.57 17.01 0.3¢ 21.7¢ 0.4¢ Mixed
32¢ 12_A04 0! 1.64 15.6¢ 0.41 20.42 0.4¢ Mixed
32¢ 12_A04_0Ot 1.6< 17.2¢ 0.4z 22.0z 0.4¢ Mixed
33( 12_A04 O 1.7€ 15.3¢ 0.2¢ 20.1¢ 0.4¢ High Yield
331 12 _A04 0 1.62 7.9z 0.37 12.6¢ 0.4¢ Mixed
33z 12 _A05_O: 1.57 6.8z 0.2¢ 11.5¢ 0.4¢ Mixed
33: 12_A05_0: 1.6( 10.7¢ 0.5( 15.4¢ 0.4¢ Mixed
334 12 _A05 O 1.6€ 13.41 0.32 18.1¢ 0.4¢& Mixed
33t uwaQ-1 1.82 7.5k
33¢€ UWQ-1 1.82 7.51

278




Analyses # Sample *Ocpsx10 8O RAW 2 SE $'0 vSMOW 2SD  Comments pm fromDQ % from DQ
337 UWQ-1 1.8C 7.5C
33¢ UWQ-1 1.7¢ 7.5¢
Bracket (30¢-313, 33'-338] average 7.6(C 2SD=0.4
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Appendix 4: Texas Wilcox SIMS Data
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GOM®6 (104°C) 12 um beam, 2.3nA intensity. June 2, 2009.

lgcps 0O 30 umfrom % from
Analyses # Sample w10° 2 SE 2SD Comments Zone DQY DQ?
RAW VSMOW
50 UWQ-1 2.42 6.82 0.27
51 UwQ-1 2.41 6.7¢€ 0.2¢
52 UWQ-1 2.37 6.71 0.2€
53 UwQ-1 2.7C 6.7¢ 0.2¢ Cs res.8-89
54 GOM6 Al_0: 2.67 5.2¢ 0.2t 10.9: 0.1¢ Detrital
55 GOM6 Al_O: 2.6¢ 21.3¢ 0.2¢ 27.0¢ 0.1¢ Cemen Grey 23.¢ 40.¢
56 GOM6 A1_O: 2.61 21.11 0.17 26.8: 0.1¢ Cemen Grey 45.2 77.€
57 GOM6A1_04 2.5¢ 18.37 0.2 24.07 0.1¢ Cemen 61.¢ 78.¢
58 GOM6 A1_O¢ 2.4¢ 18.6¢ 0.27 24.37 0.1¢ Cemen 38.1 48.E
59 GOM6AL_O€ 2.6° 18.4¢ 0.2¢ 24.1¢ 0.1¢ Cemen 16.7 21.2
60 GOM6 A1_O: 2.62 18.8¢ 0.2 24.5¢ 0.1¢ Cemen 9.5 13.:
61 GOM6 A1 0¢ 2.6( 18.4( 0.32 24.1( 0.1¢ Cemen 21.4 20.¢
62 UWQ-1 2.57 6.62 0.22
63 UwWQ-1 2.5( 6.5¢ 0.2¢
64 UwQ-1 2.6¢ 6.7/ 0.1¢
65 UwQ-1 2.67 6.5€ 0.2€
Bracket (5C-53, 6z-65) average 6.6¢ 2sSDh=0.1
66 GOM6 Al _0O¢ 2.6° 21.1% 0.3¢ 26.9: 0.1¢ Cemen Grey 3. 6.C
67 GOM6 A1_1( 2.5¢ 10.4: 0.2¢ 16.11 0.1¢ Mixed
68 GOM6 A1_1: 2.5E 9.4z 0.2€ 15.11 0.1¢ Detrital
69 GOM6AL_1z 2.7¢ 18.5: 0.21 24.2¢ 0.1¢ Cemen 9.5 (5.8 45.0 (41.7
70 GOM6 A1_1: 2.72 18.0¢ 0.2¢ 23.71 0.1¢ Mixed
71 GOM6AL_14 2.6( 18.61 0.21 24.3¢ 0.1¢ Cemen 16.7 38.¢
72 GOM6 A6_1 2.5¢ 0.8¢ 0.2¢ 6.52 0.1¢ Detrital
73 GOM6A6_2 2.5¢ 1.7¢ 0.21 7.31 0.1¢ Detrital
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lgcps 0O 30 umfrom % from
Analyses # Sample w10° 2 SE 2SD Comments Zone DQ? DQ?
RAW VSMOW
74 GOMG6 A6_3 2.4¢ 21.3¢ 0.2¢ 27.11 0.1¢ Cemen Grey 16.7 20.C
75 GOM®6 A6 ¢ 2.4€ 21.3¢ 0.1€ 27.11 0.1¢ Cemen Grey 23.¢ 30.C
76 UWQ-1 2.52 6.7¢ 0.2¢
77 UwaQ-1 2.5¢ 6.5¢ 0.1¢
78 UwQ-1 2.52 6.65 0.21
79 UWQ-1 2.4% 6.7¢€ 0.1«
Bracket (62-65, 7¢-79) average 6.6¢ 2sSDh=0.1
8C GOMG6 A6 _t 2.6(C 17.8( 0.2C 23.5¢ 0.31 Cemen 42.9 (7.0 85.7 (50
81 GOMG6 A6 _¢ 2.6€ 21.1¢ 0.2C 26.9¢ 0.31 Cemen Grey 31.C 59.1
82 GOMG6 A6 2.5¢ 17.7(¢ 0.28 23.4¢ 0.31 Cemen 47.€ 80.C
83 GOM6 A6_8 2.6(C 18.3:¢ 0.2¢ 24.1% 0.31 Cemen 42.¢ 73.t
84 GOM6 A6_¢ 2.5¢ 17.9¢ 0.2¢ 23.7: 0.31 Cemen 31.C 52.C
85 GOM6A6_1C 2.5 18.61 0.2C 24.4( 0.31 Cemen 16.7 28.€
86 GOM6 A6_1: 2.5¢ 16.4¢ 0.27 22.2¢ 0.31 Cracket
87 GOM6A6_12 2.3¢ 6.2F 0.2¢ 11.9% 0.31 Detrital
88 GOMG6 A6_1: 2.4% 18.3: 0.27 24.12 0.31 Cemen 69.0 (18.6 74.4 (34
89 GOM6A6 14 2.5C 21.7¢ 0.27 27.5¢ 0.31 Cemen Grey 7.1 7.7
90 UwQ-1 2.4¢ 6.7 0.2z
91 UwaQ-1 2.4 6.5C 0.1¢€
92 UWQ-1 2.5t 6.5¢€ 0.28
93 UwQ-1 2.5¢ 6.32 0.21
Bracket (7€-79, 9(-93) average 6.61 2SD=0.3

94 GOMG6 A5 1 2.5 5.7z 0.27 11.57 0.3 Detrital
95 GOMG6 A5 2 2.57 13.3i 0.27 19.23 0.3 Mixed
96 GOMG6 A5 _: 2.4¢ 18.3¢ 0.31 24.2¢ 0.3¢ Cemen 19.C 30.¢
97 GOM6 A5 4 2.4% 18.2¢ 0.3z 24.17 0.3 Cemen 33.8 53.¢
98 GOMG6 A5 t 2.4C 18.3¢ 0.31 24.2 0.3 Cemen 50.C 80.¢
99 GOMG6A5_6 2.52 17.7¢ 0.2C 23.6¢ 0.3¢ Cracket
10C GOMG6 A5 i 2.5¢ 18.2] 0.2¢ 24.1¢ 0.3¢ Cemen 25.C 45.7
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lgcps 0O 30 umfrom % from
Analyses # Sample w10° 2 SE 2SD Comments Zone DQ? DQ?
RAW VSMOW
101 GOMG6 A5 _¢ 2.52 18.4¢ 0.2¢ 24.31 0.3¢ Cemen 16.7 33.2
102 GOMG6 A5 ¢ 2.67 10.1z 0.4z 15.9¢ 0.3 Mixed
10z GOMG6 A5 1( 2.4¢ 12.7; 0.1¢ 18.6¢ 0.3 Mixed
104 GOME A5 11 2.4z 6.04 0.2¢ 11.8¢ 0.3¢ Detrital
10t UwaQ-1 2.41] 6.54 0.2z
10€ UWQ-1 2.5E 6.57 0.27
107 UWQ-1 2.5¢ 6.1¢ 0.1¢
10¢ UwQ-1 2.5¢€ 6.4z 0.3(C
Bracket (9C-93, 15-108 average 6.4¢ 2SDh=0.3
10¢ GOMG6 A3 1 2.52 3.9¢ 0.22 9.7¢ 0.37 Detrital
11C GOM6 A3 - 2.4¢ 18.9¢ 0.2: 24.8t 0.37 Cemen 14.3 (11.6 57.1 (231
111 GOMGE A3_3 2.2¢ 17.9] 0.1¢ 23.7¢ 0.37 Low Yield
11z GOME A3 _4 2.4 19.2¢ 0.2t 25.1¢ 0.37 Cemen Grey 9.t 36.£
113 GOM6 A3 ¢ 2.52 21.4¢ 0.2t 27.3¢ 0.37 Cemen Grey 2.4 9.1
114 GOME A3_6 2.2z 12.5( 0.41 18.3¢ 0.37 Low Yield
11t GOMG6 A3 7 2.5¢4 17.6:2 0.2¢ 23.5( 0.37 Cemen 69.( 85.2
11€ GOME A3_8 2.4 17.9¢ 0.2C 23.8i 0.37 Cemen 57.1 70.€
117 GOM6 A3 _¢ 2.4¢€ 18.1% 0.3: 24.0t 0.37 Cemen 11.¢ 14
11¢ GOME A3_1C 2.3¢ 18.1¢ 0.2z 24.0: 0.37 Cemen 32.1 39.7
11¢€ GOM6 A3 1. 2.3¢ 18.5] 0.31 24.3¢ 0.37 Cemen 21.4 32.1
12C UwQ-1 2.7¢ 6.4: 0.2z
121 UwQ-1 2.7¢ 6.7¢ 0.21
122 UWQ-1 2.7¢ 6.6¢ 0.2¢
12% UWQ-1 2.7¢ 6.51 0.3
Bracket (105-108, 12(-123 average 6.52 25D =0.3

¥ Measurements in brackets are exclude grey cementneasurements are made from the initiation @férker cement with the grey cement
considered as DQ.
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GOM®6 (104°C) 2 um beam, 2.3nA intensity. June 3, 2000.

TE 1¢ 1¢ 0
Analyses # Sample S THE 2 SE Ut 2 SD Comments  Zone Hien o lirelis
x10° RAW VSMOW DQ® DQ®

11C uwQ-1 29.4¢ 0.2¢ 0.5¢
111 uwQ-1 29.9¢ -0.37 0.61
112 UwQ-1 29.17 -0.17 0.5€
112 UwQ-1 29.3¢ 0.8¢ 0.5€
114 GOM6.2_A6_0. 28.0¢ 12.01  0.7¢ 24.3¢ 0.7¢ Cemen 73.8(47.4  93.7 (714
11¢ GOM6.2_A6_0: 29.0¢ 12.02 0.6t 24.47 0.7¢ Cemen 71.3(44.2  90.5(80.8
11€ GOM6.2_A6_0: 28.1F 12.2¢  0.5C 24.67 0.7¢ Cemen 66.3(36.8  84.1(67.3
117 GOM6.2_A6_0: 28.5¢ 12.11  0.6C 24.4¢ 0.7¢ Cemen 60.0 (30.5  76.2(55.8
11¢ GOM6.2_A6_0! 28.7¢ 12.6¢  0.47 25.0: 0.7¢ Cemen 56.3(24.2  71.4(44.2
11¢ GOM6.2_A6_0! 28.5¢ 11.5¢  0.71 23.9: 0.7¢ Cemen 51.3(14.7  65.1(26.9
12C GOM6.2_A6_0 28.7¢ 12.9¢  0.52 25.3¢ 0.7¢ Cemen 475(12.6  60.3(23.1
121 GOM6.2_A6_0: 32.5¢ 6.0¢ 0.5¢ 18.4( 0.7¢ Cracket
122 GOM6.2_A6_0! 28.3¢ 12.3¢  0.5Z 24.71 0.7¢ Cemen 48.8 (14.7  56.5 (23.3
12z GOM6.2_A6_1! 27.9¢ 12.01 0.5t 24.3¢ 0.7¢ Cemen 47.5(12.6  54.3(19.7
124 uwQ-1 28.0( 0.4¢ 0.51
12¢ uwQ-1 28.0¢ -0.1¢ 0.62
12¢€ UwQ-1 27.9¢ -0.1C 0.5¢ EM HV 3081-3082
127 uwQ-1 27.8: -0.01 0.5€
Bracket (11(-113, 12127 average 0.1C 2sD=0.7
12¢ GOM6.2_A6_1. 27.2¢ 12.2C  0.5¢ 24.3¢ 0.6t Cracke
12¢ GOM6.2_A6_1: 27.1¢ 13.27  0.5¢ 25.47 0.6t Cemen 42,5 (8.4 47.9 (12.5
13C GOM6.2_A6_1: 27.17 13.6¢  0.5¢ 25.8¢ 0.6t Cemen 40.0 (5.3 44.4 (7.7
131 GOM6.2_A6_1. 26.7: 16.2¢  0.5¢ 28.4¢ 0.6t Cemen 36.3 (2.1 40.3(3.1
132 GOM6.2_A6_1! 26.5¢ 15.1¢  0.6Z 27.3¢ 0.6t Cemen Grey 25.C 27.¢
13z GOM6.2_A6_1! 26.3¢ 14.5¢  0.5¢ 26.81 0.6t Cemen Grey 26.2 29.€
134 GOM6.2_A6_1' 26.6" 14.2¢  0.4¢ 26.5( 0.6t Cemen Grey 31.2 34.7
13t GOM6.2_A6_1i 25.8¢ 14.9¢ 0.6z 27.1i 0.6t Cemen 36.3(3.2 40.3 (4.4
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TE 1¢ 1¢ 0
Analyses # Sample Oz T 2 SE o 2 SD Comments Zones M Ui b Wi
x10° RAW VSMOW DQ? DQ?
13€ GOM6.2_A6_1! 24.6¢ 12.3¢ 0.5¢ 24.5¢ 0.6¢ Cemen 40.0 (7.4 44.4(10.3
137 GOM6.2 A6 2! 25.1( 13.0¢ 0.71 25.2¢ 0.6¢ Cemen 425(105  47.2(14.7
13¢ UWQ-1; 27.8( 0.7 0.57 Csres 13
13¢ UwQ-1 27.8¢ 0.5¢€ 0.8t
14C UwQ-1 27.7( 0.5¢ 0.6€ EM HV 308:-3089
141 UWQ-1 27.5¢ 0.2¢ 0.5¢
Bracket (124-127, 13+-141 average 0.2¢ 0.3¢ 2SD =0.6
142 GOM6.2_A6 2. 25.0¢ 16.3¢ 0.71 28.2¢ 0.57 Cemen Grey 10.C 11.¢
147 GOM6.2_A6 2 26.11 15.6¢ 0.61 27.5¢ 0.57 Cemen Grey 12.F 14.¢
144 GOM6.2_A6_2: 27.4: 14.4: 0.5¢ 26.31 0.57 Cemen Grey 21.2 25.¢
14¢ GOM6.2_A6_2- 27.2( 15.12 0.64 27.0: 0.57 Cemen Grey 23.€ 28.2
14¢€ GOM6.2_A6_2! 26.6( 14.8¢ 0.6¢ 26.77 0.57 Cemen Grey 3.6 4.5
147 GOM6.2_A6 2! 29.2¢ 5.11 0.6€ 16.8¢ 0.57 Mixed
14¢ GOM6.2_A6 2 29.3¢ 14.7¢ 0.4¢€ 26.6¢ 0.57 Cemen Grey 1.2 1.
14¢ GOM6.2_A6_2: 25.2¢ 14.2( 0.57 26.0¢ 0.57 Cemen 45.0 (13.7 87.8(65.0
15(C GOM6.2 A6 2! 26.2¢ 12.61 0.4% 24 .4¢ 0.57 Cemen 42.5(9.5 81.0 (45.0
151 UWQ-1 29.7¢ 0.6¢ 0.4¢€
152 UwWQ-1 29.2¢ 0.2¢ 0.67
15¢ UwQ-1 29.5: 1.1¢ 0.7¢€ EM HV 308¢-309¢
154 UWQ-1 29.1¢ 0.5¢€ 0.5¢
Bracket (13¢-141,15-154 average 0.6(C 0.7¢€ 2SD=0.5

8 Measurements in brackets are exclude grey cermenmeasurements are made from the initiatiohefdarker cement with the grey cement
considered as DQ
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GOMS (143C) 12 um beam, 2.3nA intensity. June 2, 2009.

6180 6180
Analyses # Sample %0 cps x14 2 SE 2 SD Comments pm from DQ % from DQ
RAW VSMOW
18¢ UwaQ-1 2.3¢ 6.4¢ 0.31
19C UwaQ-1 2.5C 6.4¢€ 0.1¢
191 UWQ-1 2.54 6.3€ 0.1¢
192 UWQ-1 2.5¢€ 6.61 0.2¢
19¢ GOMS8 A8 1 2.54 13.9¢ 0.2 19.7¢ 0.2t Cemen 41.7 83.c
194 GOMS8 A8 = 2.5 14.4: 0.2: 20.2¢ 0.2t Cemen 30.C 64.:
19t GOMS8 A8 : 2.4k 14.3¢ 0.1¢ 20.15 0.2t Cemen 26.7 64.C
19¢ GOMS8 A8 ¢ 2.41 15.6¢ 0.24 21.4; 0.2t Cemen 10.C 27.%
197 GOMS8 A8 ¢ 2.41 8.0¢ 0.2C 13.8¢ 0.2t Detrital
19¢ GOMS8 A8 _¢ 2.37 8.0¢ 0.2¢ 13.8¢ 0.2t Detrital
19¢ GOMS8 A8 i 2.5C 14.5¢ 0.1¢ 20.3¢ 0.2t Cemen 18.2 57.¢
20C GOMS8 A8 ¢ 2.4¢ 14.9¢ 0.21 20.7¢ 0.2t Cemen 21.7 65.C
201 GOMS8 A8 ¢ 2.4¢ 14.5¢ 0.21 20.3¢ 0.2t Cemen 21.7 50.C
20z GOMS8 A9 1 2.5 4.77 0.1¢ 10.52 0.2t Detrital
203 GOMS8 A9 : 2.5¢ 2.57 0.4(C 8.31 0.2t Detrital
204 uwaQ-1 2.51 6.61 0.2z
20t UWQ-1 2.37 6.5¢ 0.3t
20¢€ UwaQ-1 2.3t 6.6t 0.2t
207 UwaQ-1 2.3¢€ 6.71 0.2t
Bracket (18¢-192, 20207 average 6.57 2SD=0.2
20¢ GOMS8 A9 : 2.7C 17.07 0.2¢ 22.8] 0.2t High Yield
20¢ GOMS8 A9 ¢ 2.61 18.31 0.1¢ 24.0¢ 0.2t Cemen 11.¢€ 31.c
21C GOMS8 A9 ¢ 2.6t 17.5¢ 0.3C 23.3¢ 0.2t Cemen 14.c 33.:
211 GOMS8 A9 ¢ 2.5 18.8: 0.2 24.57 0.2t Cemen 11.¢€ 23.¢
21z GOMS8 A9 i 2.5¢ 11.73 0.7¢ 17.4¢ 0.2t Mixed
21z GOMS8 A4 1 2.47 13.0¢ 0.2t 18.81 0.2t Cemen 52.4 91.7
214 GOMS8 A4 = 2.47 13.9¢ 0.2(C 19.67 0.2t Cemen 42.¢ 75.C
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6180 6180
Analyses # Sample %0 cps x16 2 SE 2 SD Comments pm from DQ % from DQ
RAW VSMOW

21k GOMS8 A4 : 2.47 14.01 0.2t 19.7¢ 0.2t Cemen 33.z 60.¢
21€ GOMS8 A4 ¢ 2.4~ 14 .4¢ 0.25 20.2: 0.2t Cemen 21.2 39.1
217 GOM8 A4 ¢ 2.4% 15.27 0.2¢ 20.97 0.2t Cemen 9.t 17.4
21¢€ uwaQ-1 2.3¢ 6.62 0.1¢

21¢ UWQ-1 2.37 6.5° 0.2C

22C UWQ-1 2.3 6.52 0.3C

221 UWQ-1 2.4C 6.8¢ 0.3C

Bracket (204-207, 21221 average 6.6 2SD=0.2

222 GOMS8 A4 ¢ 2.31 7.5¢ 0.1¢ 13.3¢ 0.2t Detrital

22¢ GOMS8 A4 7 2.2¢ 4.0¢ 0.31 9.8( 0.2t Detrital

224 GOMS8 A4 ¢ 2.21 13.2(C 0.2¢ 18.9¢ 0.2t Cemen 38.1 88.¢
22F GOMS8 A4 ¢ 2.1¢€ 14.3¢ 0.2¢ 20.12 0.2t Cemen 28.€ 66.7
22¢€ GOMS8 A4 1( 2.1k 14.2: 0.32 20.0( 0.2t Cemen 33.¢ 60.¢
227 GOM8 A4 _1: 2.1k 14.4: 0.2¢ 20.21 0.2t Cemen 33.z 63.¢€
22¢ GOM8 A4 _1: 2.2¢ 12.8: 0.21 18.5¢ 0.2t Cemen 31.C 59.1
22¢ GOMS8 A4 1: 2.6( 14.01 0.32 19.7¢ 0.2t Cemen 73.€ 93.¢
23C GOMS8 A4 1: 2.6¢ 16.27 0.21 22.07 0.2t Cemen 2.4 3.7
231 GOMS8 A4 1t 2.6¢ 5.67 0.2¢ 11.4C 0.2t Detrital

232 uwaQ-1 2.57 6.5¢ 0.2¢

23¢ UWQ-1 2.62 6.5¢ 0.25

234 UWQ-1 2.51 6.4¢ 0.1¢

23E UWQ-1 2.51 6.5k 0.1¢

Bracket (21¢-221, 23-235 average 6.5¢ 2sSD=0.2

23€ GOMS8 A4 1¢ 2.6% 15.0z 0.1¢ 20.8¢ 0.2t Cemen 7.1 12.5
237 GOM8 A4 17 2.5¢ 14.8] 0.2C 20.62 0.2t Cemen 9.F 21.1
23€ GOMS8 A4 1¢ 2.5¢ 14.7¢ 0.21 20.57 0.2t Crackel

23¢ GOMS8 A4 1€ 2.51 5.8¢ 0.25 11.6¢ 0.2t Detrital

24C GOM8 A2_1 2.47 14.0¢ 0.1¢ 19.8¢ 0.2t Cemen 50.C 87.t
241 GOM8 A2 : 2.44 12.8( 0.22 18.6( 0.2t Cemen 45.2 79.2
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6180 6180
Analyses # Sample %0 cps x16 2 SE 2 SD Comments pm from DQ % from DQ
RAW VSMOW

24z GOMS8 A2 : 2.37 14.6: 0.21 20.4: 0.2t Cemen 40.5 81.C
24: GOMS8 A2 ¢ 2.5z 16.6¢ 0.25 22.5( 0.2t Cemen 26.2 52.2
244 GOM8 A2 ¢ 2.5¢ 17.8¢ 0.1¢ 23.61 0.2t Cemen 11.€ 22.7
24F GOMS8 A2 ¢ 2.5z 18.8¢ 0.2¢ 24.6¢ 0.2t Cemen 3.€ 6.5
24¢€ UWQ-1 2.47 6.81 0.2¢

247 UWQ-1 2.4¢€ 6.5¢ 0.2¢

24¢ UWQ-1 2.4% 6.37 0.2¢

24¢ UWQ-1 2.4z 6.62 0.31

Bracket (232-235, 24(-249 average 6.57 2SD=0.2

25C GOMS8 A2 2.4z 7.8¢ 0.27 13.5¢ 0.27 Detrital

251 GOM8B A2_¢ 2.44 4.87 0.2¢ 10.5¢ 0.27 Detrital

252 GOM8 A2_¢ 2.41 18.7( 0.2¢ 24.4¢ 0.27 Cemen 3.€ 7.5
252 GOMS8 A2_1( 2.4¢ 16.0¢ 0.2¢ 21.8¢ 0.27 Cemen 38.1 80.(
254 GOMS8 A3 1 2.47 14.3¢ 0.2t 20.0¢ 0.27 Cemen 25.€ 73.2
25EF GOMS8 A3 _: 2.5C 13.9¢ 0.21 19.71 0.27 Cemen 16.z 44.¢
25¢€ GOMS8 A3 ¢ 2.51 13.47 0.2¢ 19.2: 0.27 Mixed

257 GOMS8 A3 ¢ 2.4~ 15.7¢ 0.31 21.5¢ 0.27 Cemen 42 .k 79.1
25¢ GOMS8 A3 ¢ 2.4C 16.0¢ 0.1¢ 21.8¢ 0.27 Cemen 344 76.4
25¢ GOMS8 A3 ¢ 2.41 16.07 0.2C 21.8¢ 0.27 Cemen 23.€ 67.¢
26C uwaQ-1 2.3( 6.71 0.3<

261 UWQ-1 2.34 6.6° 0.2¢

26z UWQ-1 2.4¢ 6.5° 0.2¢

262 UWQ-1 2.51 6.6¢ 0.2t

Bracket (24€-249, 26(-263 average 6.61 2sSD=0.2

264 GOMS8 A3 7 2.5k 17.2¢ 0.2¢ 23.0¢ 0.3¢€ Cemen 10.C 28.€
26E GOMS8 A3 ¢ 2.5k 17.7¢ 0.2z 23.6( 0.3¢€ Cemen 8.1 18.1
26¢€ GOMS8 A3 ¢ 2.5¢ 18.7¢ 0.31 24.6: 0.3¢€ Cemen 5.C .3
267 GOMS8 A3_1( 2.4z 3.8¢ 0.32 9.6C 0.3¢€ Detrital

26¢& GOMS8 A3 1! 2.51 3.81 0.21 9.5¢ 0.3¢€ Detrital
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6180 6180
Analyses # Sample %0 cps x16 2 SE 2 SD Comments pm from DQ % from DQ
RAW VSMOW
26¢ GOMS8 A3 _1: 2.4¢ 18.1¢ 0.3¢ 24.01 0.3¢€ Cemen 15.C 40.C
27C GOMS8 A7_1 2.5 13.8( 0.2t 19.62 0.3¢€ Crackel
271 GOMS8 A7 _= 2.5( 16.1¢ 0.2t 21.9¢ 0.3¢€ Cemen 10.€ 26.%
27z GOM8 A7_: 2.44 16.2¢ 0.2t 22.0¢ 0.3¢€ Cemen 8.E 28.€
27% GOM8 A7 ¢ 2.3¢ 15.3¢ 0.2t 21.1% 0.3¢€ Cemen 14.¢ 70.C
274 uwaQ-1 2.37 6.6¢ 0.31
27¢ UWQ-1 2.4~ 6.3( 0.2¢
27¢€ UWQ-1 2.51 6.2° 0.2t
277 UWQ-1 2.4¢ 6.6< 0.3¢€
Bracket (26(-263, 27-277 average 6.5t 2SD=0.3
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GOM11 (185C) 12 um beam, 2.3nA intensity. June 2, 2009

6180 6180
Analyses # Sample %0 cps x16 2 SE 2 SD Comments pm from DQ % from DQ
RAW VSMOW
12€ UwQ-1 2.6 6.6- 0.2¢€
127 UwQ-1 2.5t 6.4¢ 0.31
12¢ UWQ-1 2.52 6.7¢ 0.2¢4
12¢ UWQ-1 2.52 6.7t 0.24
13C GOM11 A5 : 2.4¢ -1.8¢€ 0.2¢€ 3.7z 0.2¢ Detrital
131 GOM11 A5 ¢ 2.57 -1.4¢ 0.2 4.11 0.2¢ Detrital
132 GOM11 A5 ¢ 2.57 17.6¢ 0.2¢4 23.37 0.2¢ Cemen 7.1 37.t
13z GOM11 A5 ¢ 2.5t 16.52 0.2C 22.2( 0.2¢ Cemen 22.€ 73.]
134 GOM11 A5 ¢t 2.5¢ -1.24 0.24 4.3¢ 0.2¢ Detrital
13t GOM11 A5 ¢ 2.6¢ 15.9¢ 0.2z 21.6¢ 0.2¢ High Yield
13¢€ GOM11 A5 2.4¢ 18.0¢ 0.21 23.71 0.2¢ Cemen 7.1 30.C
137 GOM11 A5 ¢ 2.4¢ 7.9z 0.2t 13.5¢ 0.2¢ Detrital
13¢ uwQ-1 2.44 6.7¢ 0.2z
13¢ UWQ-1 2.4% 6.6€ 0.1€
14C UwQ-1 2.3¢ 6.7¢ 0.2t
141 UwQ-1 2.3¢ 6.8(C 0.2t
Bracket (12€-129, 13+-141 average 6.7( 2SDh=0.2
14z GOM 11A3 : 2.67 15.1: 0.2z 20.8¢ 0.2t Cemen 21.L 56.:
14z GOM 11A3 ¢ 2.7t 17.57 0.2z 23.31 0.2t Cemen 6.C 27.¢
144 GOM 11A3 @ 2.7% 5.7¢ 0.27 11.43% 0.2t Detrital
14t GOM 11A3 ¢ 2.6€ 5.7¢ 0.17 11.4¢ 0.2t Detrital
14¢€ GOM 11A3 ¢t 2.62 16.01 0.21 21.7¢ 0.2t Cemen 27.L 57.t
147 GOM 11A3 ¢ 2.6 17.27 0.27 23.01 0.2t Cemen 13.1 27.5
14¢ GOM 11A3 2.7C 17.2¢ 0.2¢ 23.0z 0.2t Cemen 6.C 13.¢€
14¢ GOM 11A3 ¢ 2.61 16.2¢ 0.2t 21.9¢ 0.2t Cemen
15C GOM 11A3 ¢ 2.51 6.5(C 0.2z 12.1¢ 0.2t Detrital
151 GOM 11A3 1( 2.52 14.5¢ 0.3z 20.2¢ 0.2t Cemen 26.2 84.¢
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6180 6180
Analyses # Sample %0 cps x16 2 SE 2 SD Comments pm from DQ % from DQ
RAW VSMOW
152 GOM 11A3 1: 2.51 16.2¢ 0.24 21.9¢ 0.2t Cemen 9.5 40.C
153 UwQ-1 2.4¢€ 6.6% 0.2t
154 UWQ-1 2.4¢ 6.5(C 0.21
15t UWQ-1 2.5¢€ 6.57 0.2¢
15¢€ UwQ-1 2.5¢€ 6.4¢ 0.2z
Bracket (13¢-141, 15:-156 average 6.6t 2SDh=0.2
157 GOM11 A2 ! 2.6€ 13.6( 0.14 19.3¢ 0.1€ Cemen 26.7% 64.(
15¢ GOM11 A2_: 2.5¢€ 15.47 0.2C 21.2¢ 0.1¢€ Cemen 9.2 36.7
15¢ GOM11 A2_: 2.52 9.1¢ 0.3: 14.9¢ 0.1¢€ Detrital
16C GOM11 A2 ¢ 2.4¢ 14.7(¢ 0.3C 20.4¢ 0.1€ Cemen .3 31.8
161 GOM11 A2 ¢ 2.41 12.9¢ 0.27 18.7¢ 0.1¢€ Cemen 25.C 75.C
162 GOM11 A2 _¢ 2.4C 15.51 0.27 21.31 0.1¢€ Cemen 11.7 35.C
162 GOM11 A2 2.37 5.5¢ 0.3C 11.3:2 0.1€ Detrital
164 GOM11 A2 ¢ 2.64 15.4¢ 0.3C 21.2¢ 0.1€ ?
16t GOM11 A4 _: 2.82 14.61 0.2¢€ 20.3¢ 0.1¢€ Cemen 42.¢ 81.¢
16€ GOM11 A4 _: 2.7¢ 13.6¢ 0.2z 19.4( 0.1¢€ Cemen 28.€ 54.t
167 GOM11 A4 : 2.7% 13.9¢ 0.1¢ 19.7¢ 0.1€ Cemen 28.€ 60.(
16¢ UwQ-1 2.7: 6.52 0.24
16¢ UwQ-1 2.7¢ 6.62 0.17
17C UWQ-1 2.7¢ 6.6¢ 0.3¢
171 UWQ-1 2.7z 6.6¢ 0.27
Bracket (153-156, 16-171 average 6.5¢ 2SD=0.1
172 GOM11 A4 2.61 16.4¢ 0.2¢ 22.2( 0.2¢ Cemen 7.1 15.C
17: GOM11 A4 ¢ 2.5¢ 15.3¢ 0.1¢ 21.0¢ 0.2¢ Cemen 14.: 30.C
174 GOM11 A4 _¢ 2.51 16.9¢ 0.2C 22.6¢ 0.2¢ Cemen 2.4 33.2
17t GOM11 A4 " 2.5C 8.3t 0.2¢ 14.02 0.2¢ Detrital
17¢ GOM11 A4 ¢ 2.54 14.41 0.1t 20.11 0.2¢ Cracket
177 GOM11 A4 ¢ 2.6( 12.6: 0.24 18.31 0.2¢ Cemen 35.7% 53.¢
17¢ GOM11A4 1C 2.4z 15.8( 0.2: 21.5] 0.2¢ Cemen 14.2 21.¢
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6180 6180
Analyses # Sample %0 cps x16 2 SE 2 SD Comments pm fromDQ % from DQ

RAW VSMOW

17¢ GOM11 A4 1. 2.52 4.6( 0.2¢ 10.2¢ 0.2¢ Detrital

18C GOM11 A4 1. 2.5¢€ 13.9: 0.2¢ 19.6: 0.2¢ Cemen 81.C 94.¢

181 GOM11 A4 1 2.54 13.9:¢ 0.2t 19.6: 0.2¢ Cemen 35.7% 68.2

182 UuwQ-1 2.54 6.82 0.3t

18¢ UWQ-1 2.54 6.6¢ 0.2¢

184 UwQ-1 2.5¢ 6.8¢ 0.2C

18t UWwQ-1 2.5 6.4¢ 0.2t

Bracket (16¢-171, 18.-185 average 6.67 2SDh=0.2
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Appendix 5: North Sea Ness Formation QXRD Results

well Temperature Depth Quartz K-feldspar Plagioclase Pyrite Siderite Calcite Dolomite
(°C) (m) (wt%) (wt%) (wWt%) (wWt%) (wWt%) (wt%) (wt%)
30/9-12 109 2673.3 37.2 6.4 8.1 0.0 2.9 0.2 0.0
30/9-12 109 2674.7 25.7 5.9 0.0 1.3 4.9 0.0 0.0
30/9-12 109 2678.1 32.9 3.1 1.2 0.8 0.0 0.0 0.0
30/9-12 109 2678.8 73.7 5.2 0.4 0.1 15 0.0 0.0
30/3-4 118 2831.8 25.9 0.0 0.0 0.0 3.3 0.0 0.0
30/3-4 118 2845.8 44 .4 6.3 1.0 0.0 0.0 0.0 0.0
30/3-4 118 2846.1 43.0 9.4 0.9 0.1 0.0 0.0 0.0
211/11a-3 122 3419.9 19.2 2.0 7.0 3.0 2.6 0.0 3.4
211/11a-3 122 3484.8 36.3 0.0 3.6 1.9 0.0 0.0 0.0
211/11a-3 122 3488.7 12.0 12.2 3.4 4.5 0.0 0.0 0.0
211/11a-3 122 3493.0 12.0 11.6 4.1 4.5 0.0 0.0 0.0
25/2-4 137 3818.4 35.3 0.0 0.1 0.0 0.0 2.2 0.0
211/27-A2 133 4292.2 7.2 0.0 0.0 2.6 0.0 0.0 0.0
211/27-A2 133 4292.2 12.6 0.0 0.8 2.7 0.0 0.0 0.0
211/27-A2 133 4292.2 6.1 13 0.4 0.0 0.1 0.0 0.0
211/27-A2 133 4311.1 42.0 5.8 0.0 0.0 0.0 0.0 0.0
211/27-A2 133 4319.0 17.3 7.2 0.1 0.0 0.0 0.0 0.0
211/27-A2 133 4337.0 38.1 0.0 0.9 0.0 3.6 0.0 0.0
211/27-A2 133 4342.5 36.6 0.0 1.0 0.0 6.4 0.0 0.0
211/27-A2 133 4343.4 100.0 0.0 0.0 0.0 0.0 0.0 0.0
211/27-A2 133 4344.3 96.2 0.0 0.0 3.0 0.0 0.0 0.0
34/8-7 165 4653.0 14.0 0.0 3.7 2.4 0.0 0.0 0.0
34/8-7 165 4655.9 39.5 0.0 4.0 1.1 0.0 0.0 0.0
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well Temperature Depth lllite/Musc Montmorillonite Kaolinite Chlorite lllite-smect Clay minerals Total
(°C) (m) (wWt%) (wt%) (wWt%) (wWt%) (wt%) (wt%) (wWt%)
30/¢-12 10¢ 2673.: 25k 0.C 19.€ 0.C 0.C 45.1 103.7
30/9-12 109 2674.7 21.4 0.0 24.8 4.5 11.4 62.1 105.4
30/9-12 109 2678.1 20.8 0.0 26.7 4.4 10.0 62.0 97.6
30/9-12 109 2678.8 8.7 0.8 9.5 0.0 0.0 19.1 111.9
30/3-4 118 2831.8 27.7 1.3 215 1.9 18.3 70.8 101.
30/3-4 118 2845.8 24.4 0.0 23.8 0.0 0.0 48.3 98.8
30/3-4 118 2846.1 23.0 5.6 18.0 0.0 0.0 46.6 95.4
211/11a-3 122 3419.9 26.9 0.0 18.0 6.2 11.6 62.7 95.5
211/11a-3 122 3484.8 40.3 0.0 6.0 0.0 12.0 58.2 102.¢
211/11a-3 122 3488.7 52.2 0.0 5.6 0.0 10.0 67.8 106.4
211/11a-3 122 3493.0 51.9 0.0 6.0 0.0 9.9 67.9 106.4
25/2-4 137 3818.4 36.8 0.0 211 4.5 0.0 62.4 95.0
211/27-A2 133 4292.2 37.6 0.0 39.5 9.7 3.3 90.2 97.0
211/27-A2 133 4292.2 36.1 0.0 33.1 7.1 7.6 83.8 99.2
211/27-A2 133 4292.2 48.3 0.0 32.7 111 0.0 92.1 103.%
211/27-A2 133 4311.1 26.9 0.0 25.2 0.0 0.0 52.2 100.1
211/27-A2 133 4319.0 34.7 0.0 36.2 4.4 0.0 75.4 89.6
211/27-A2 133 4337.0 36.4 0.0 18.7 2.3 0.0 57.4 102.9
211/27-A2 133 4342.5 23.9 0.0 27.5 4.7 0.0 56.1 97.9
211/27-A2 133 4343.4 0.0 0.0 0.0 0.0 0.0 0.0 146.7
211/27-A2 133 4344.3 0.0 0.0 0.7 0.0 0.0 0.7 104.7
34/8-7 165 4653.0 69.7 0.0 10.2 0.0 0.0 79.9 98.9
34/8-7 165 4655.9 50.1 0.0 5.3 0.0 0.0 55.4 100.2

North Sea Ness Formation QXRD results normaliselD@. Total (wt%) column is Fullpat results retatto corundum.
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Appendix 6: Texas Wilcox Group QXRD Results

well Depth Temperature Quartz K-feldspar Plagioclase Pyrite Siderite Jarosite Calcite Dolomite
(m) (°C) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
TOH 324 27 33 o) 6 Q0 9 2 0 o)
TOH 412 3€ 37 2 2 0 0 0 0 0
TOH 482 45 52 6 1 0 0 0 0 0
TOH 482 45 58 8 0 0 1 0 0 0
TOH 714 53 31 1 6 7 6 0 0 0
SL 273¢ 104 5¢ 0 1 2 2 0 0 0
SL 273¢ 104 43 0 2 2 2 0 0 0
SL 273¢ 104 4€ 0 4 2 2 0 0 0
SL 273¢ 104 6C 1 3 1 0 0 0 0
LC 3497 14z 4€ 0 13 0 2 0 0 0
LC 350( 142 18 6 9 0 1 0 0 0
LC 350( 142 17 3 4 0 0 0 0 0
LC 350¢ 14z 41 1 4 1 1 0 0 0
LC 350¢€ 14z 45 1 6 0 0 0 0 0
LC 3511 14z 32 6 7 0 0 0 0 0
LC 351: 14z 3C 3 7 2 13 0 0 0
LC 351: 142 13 4 9 0 0 0 0 0
LC 351¢ 14z 45 0 8 1 0 0 0 0
LC 3521 144 27 2 4 0 0 0 0 0
HA-U 428¢ 16¢ 31 0 8 0 0 0 0 0
HA-L 499¢ 18€ 5E 0 11 1 1 0 0 4
HA-L 499¢ 18€ 43 0 8 0 1 0 0 0
HA-L 506: 18¢ 3C 1 4 0 2 1 0 0
HA-L 5077 18¢ 3¢ 2 5 0 0 0 0 0
CR-U 581: 18¢ 25 0 10 1 0 0 0 0
CR-U 581¢ 18¢ 51 0 10 0 0 0 0 0
CR-U 581¢ 18¢ 4¢ 0 12 0 0 0 0 0
CR-U 637¢ 204 44 1 8 0 2 0 0 0
CR-L 660¢ 20¢ 51 0 5 0 2 0 0 0
CR-L 6607 21C 5C 0 6 0 3 0 0 0
CR-L 660¢ 21C 5C 0 4 0 1 0 0 0
CR-L 660¢ 21C 47 0 10 0 0 0 0 0
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well Depth (m) | Temperature ¢C) lllite/Musc Smectite Kaolinite Chlorite I/S KIS C/s Clay Minerals Total
(wt%) (wWt%) (wt%) (wt%) (Wt%) | (wit%) | (wt%) (wt%) (wt%)
TOH 324 27 32 11 6 0 0 0 0 50 118
TOH 412 36 42 8 9 0 0 0 0 5¢ 127
TOH 482 45 12 5 10 1 9 0 2 41 117
TOH 48: 45 12 10 11 0 0 0 0 33 10¢
TOH 714 53 27 0 1 1 20 0 0 4¢ 12(
SL 273¢ 102 31 0 6 0 0 0 0 37 12¢
SL 273 102 3C 2 5 0 6 5 2 51 132
SL 2734 103 21 0 5 0 8 9 2 45 138
SL 273t 102 22 0 6 0 5 1 1 35 142
LC 3497 142 18 1 5 4 6 5 0 38 97
LC 350( 142 42 0 6 2 10 6 0 6€ 9C
LC 350( 142 45 3 7 0 13 10 0 77 88
LC 3504 143 31 0 2 2 15 2 0 52 103
LC 350¢ 142 38 0 6 2 3 0 0 4¢ 9€
LC 3511 143 41 0 0 8 2 4 0 55 97
LC 3517 142 24 0 9 5 6 0 0 44 98
LC 3511 142 51 1 7 4 10 2 0 75 9€
LC 351¢ 142 25 0 4 4 12 2 0 4€ 101
LC 3527 144 52 0 6 2 0 7 0 67 9C
HA-U 4288 168 54 1 5 0 0 0 0 61 84
HA-L 499/ 18€ 2C 0 2 5 0 0 0 27 98
HA-L 49¢8 18€ 4C 0 0 8 0 0 0 48 95
HA-L 506: 18¢ 5¢ 0 0 3 0 0 0 63 92
HA-L 5077 18¢ 48 0 2 3 0 1 0 53 104
CR-U 5813 188 52 1 3 7 0 0 0 63 100
CR-U 5818 18¢ 2€ 0 5 7 0 0 0 38 8€
CR-U 5818 189 32 0 1 2 0 4 0 39 96
CR-U 6375 204 37 0 0 8 0 0 0 45 94
CR-L 660€ 21C 3C 0 3 8 0 0 0 41 102
CR-L 66(7 21C 31 0 0 1C 0 0 0 41 93
CR-L 660¢ 21C 37 0 4 3 0 0 0 45 87
CR-L 6608 210 42 0 0 1 0 0 0 43 90

Texas Wilcox shale Quantitative X-Ray Diffractioedilts. All weights are normalised to 100%. TowaP4) column is Fullpat results relative
to corundum. I/S = illite-smectite, K-S = kaoliniéenectite and C/S = chlorite-smectite.
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. Depth Temperature Quartz K-feldspar Plagioclase Pyrite Siderite Jarosite Calcite Dolomite
(m) (°C) (wWt%) (wt%) (wt%) (wt%) (wt%) (wWt%) (wt%) (wt%)
SL 2733 103 98 0 0 0 0 0 0 0
LC 3497 142 62 4 11 0 0 0 0 0
LC 3500 142 71 0 16 0 1 0 0 0
LC 3500 142 72 0 16 0 0 0 0 0
LC 3511 143 76 4 8 0 0 0 0 0
LC 3512 143 87 1 4 0 0 0 0 0
LC 3513 143 74 0 16 0 0 0 0 0
LC 3518 143 69 4 8 0 0 0 0 0
LC 3527 144 91 0 8 0 1 0 0 0
LC 3534 144 75 0 17 0 2 0 0 0
HA-U 4278 167 77 2 19 0 1 0 0 0
HA-U 4288 168 85 0 13 0 2 0 0 0
HA-U 4289 168 75 0 17 0 0 0 0 0
HA-L 4983 186 73 0 7 0 1 0 0 0
HA-L 4983 186 71 0 13 0 1 0 0 0
HA-L 4994 186 81 0 10 0 3 0 0 0
HA-L 4998 186 73 0 13 1 3 0 0 0
HA-L 5063 187 86 0 10 1 3 0 0 0
HA-L 5077 188 73 0 5 2 3 0 0 0
CR-U 5798 189 71 0 20 1 3 0 0 0
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well Depth Temperature lllite/Musc Smectite Kaolinite Chlorite I/S KIS C/s Clay Minerals | Total
(m) (°C) (wt%) (wt%) (wt%) (wt%) (Wt%) | (Wt%) | (wt%) (wt%) (wt%)
SL 2733 103 0 0 0 0 1 0 0 1 103
LC 3497 142 7 0 1 1 8 2 3 22 120
LC 3500 142 3 1 2 0 5 1 1 12 99
LC 3500 142 3 1 2 0 4 1 1 12 97
LC 3511 143 11 0 0 0 0 0 0 12 104
LC 3512 143 1 0 0 0 6 0 0 7 100
LC 3513 143 8 0 1 0 0 0 0 10 102
LC 3518 143 10 0 8 0 0 0 0 18 99
LC 3527 144 0 0 0 0 0 0 0 0 100
LC 3534 144 2 0 2 1 0 0 0 5 102
HA-U 4278 167 0 0 0 0 0 0 0 0 95
HA-U 4288 168 0 0 0 0 0 0 0 0 109
HA-U 4289 168 5 0 0 0 1 0 0 7 108
HA-L 4983 186 10 0 9 0 0 0 0 19 101
HA-L 4983 186 10 0 0 4 0 0 0 15 98
HA-L 4994 186 4 0 1 0 0 0 0 6 97
HA-L 4998 186 4 0 1 4 1 0 0 10 100
HA-L 5063 187 0 0 0 0 0 0 0 0 100
HA-L 5077 188 14 0 0 3 0 0 0 17 155
CR-U 5798 189 0 0 5 0 0 0 0 5 106

Texas Wilcox sandstone Quantitative X-Ray DiffrantiResults. All weights are normalised to 100%.al ¢vt%) column is Fullpat results
relative to corundum. I/S = illite-smectite, K-Kaolinite-smectite and C/S = chlorite-smectite.
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Appendix 7: North Sea Ness Shale <2 um Clay FractiaXRD Diffractograms
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Appendix 8: Texas Wilcox Shale <2 um Clay fractiorXRD diffractograms
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