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Abstract

JACOMO, Marta HenriquedNuclear magnetic resonance characterization of sastbnes
with anomalous porosity. 2018. 214 p. Doctorate Tesis — Instituto de Axtroia, Geofisica
e Ciéncias Atmosféricas, Universidade de S&o P&do,Paulo, 2018.

In some geological circumstances, some sandstoaesbée to preserve high porosity
after burial - this porosity is said to be "anomab The main mechanisms for the
preservation of the primary porosity involves thhesence of cuticles of clay or microquartz.
Several studies have characterized the macropgiiasihis context, but little is known about
the micropore structure in these rocks, their sigrfaroperties and their relationship with the
porosity preservation processes, in part due texperimental challenge of performing sub-
micrometric observations using the classical pétysigal and petrographic techniques.
Nuclear Magnetic Resonance (NMR) is able to charere the pore size distribution, being a
fundamental technique to enable the investigatiothe preservation of macroporosity and
the associated micropore structure. The porostgfesandstones from Fontainebleau (Paris
Basin), Agua Grande (Recéncavo Basin) and Ueréin®eb Basin) Formations were
partially preserved in the presence of cuticle afroguartz, clay or both. The low magnetic
field NMR distributions of these units are charaetd by important displacements towards
shorter T times, which are related to differences in S/V adfirontainebleau), diffusive
coupling (Agua Grande), relaxitivity and diffusipnocesses due to the presence of magnetic
minerals (Ueré and Jurud). Relaxitivity from Fontdileau varies from 1 to 8m/s. Agua
Grande relaxitivity is 32-48m/s for macropores, 1Q@n/s for micropores in weak diffusive
coupling and ~1mm/s for micropores in intermediate diffusive coagli In Ueré sandstones
relaxitivity varies from 14 to 5um/s. If we assume the fast diffusion for high magne
susceptibility samples from Ueré and Jurua sandstaihe relaxivity varies from 36 to 118
um/s. Our results show that paramagnetic and fergoeisc minerals, particularly when they
occupy the pore surface, cause a strong displadeaief, values towards shorter times,
resulting in an underestimation of pore size ancgity values. To reduce the ambiguity in
interpretation, it is important to perform expermeincreasing the inter-echoes times during

the log NMR data acquisition and better charactettie magnetic mineralogy of the rocks.

Keywords: Anomalous porosity, NMR, grain coatings, diffusicoupling, & distributions.



Resumo

Alguns arenitos podem preservar alta porosidades ap&oterramento em certas
condi¢cdes geoldgicas — esta porosidade é dita “al@dmOs principais mecanismos para a
preservacdo da porosidade primaria envolvem a mgasale cuticulas de argila e
microquartzo. Varios estudos caracterizam a macospade de rochas neste contexto, mas
pouco se sabe sobre a estrutura dos microporassdesthas, suas propriedades de superficie
e sua relacdo com os mecanismos de preservacamrdsidade, em parte devido as
dificuldades em efetuar observagdes sub-micronaétricsando as técnicas classicas de
petrofisica e petrografia. A Ressonancia Magnéticelear (RMN) permite a caracterizacao
da distribuicdo de poros, sendo fundamental nastigegdo da macroporosidade e da
microporosidade em sedimentos com porosidade aadrAal porosidades dos arenitos das
Formacgdes Fontainebleau (Paris Basin), Agua GréiRdedncavo Basin) e Ueré (Solimbes
Basin) foram parcialmente preservadas na preseagauticulas de microquartz, argila ou
ambos. A distribuicdo de tempo de relaxacdo trasalgT, RMN) destas unidades é
caracterizada por importantes deslocamentos pamaik curtos, que estdo relacionadas a
diferencas em razdo S/V (Fontainebleau), acoplamedifusivo (Agua Grande),
relaxatividade e processos de difusdo devido aepgasde minerais magnéticos (Ueré e
Jurud). As relaxatividades calculadas para Forlisna variam de 1 a gm/s. Em Agua
Grande ela é 32-43m/s para os macroporos, 1Q0/s para os microporos em acoplamento
difusivo fraco e ~15um/s para os microporos em acoplamento difusivarmeiario. Em
Ueré a relaxatividade varia de 14 abb/s. Assumindo difusdo rapida para as amostras com
altos valores de susceptibilidade magnética de Behérua, a relaxatividade varia de 36 to
118 um/s. Os resultados mostram que 0s minerais pardit@gée ferromagnéticso,
particularmente quando ocupam as paredes dos pmosam um forte deslocamento nos
valores de 7T para tempos mais curtos resultando em tamanhopode e porosidade
subestimados. Para reduzir a ambiguidade na ietag@o dos dados de MRN, € importante
efetuar experimentos de aumento do tempo interdecante as rotinas de RMN de poco e
também caracterizar de forma mais completa a miogeamagnética das amostras.
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1 Introduction

Porosity and permeability are the most fundameptlophysical properties and
correspond to the two basic inputs for successfuinmercial oil/gas/water resource
exploration analysis. In sandstones, both por@sity permeability are closely associated with
the mechanical compaction and the amount of pdinegficement; quartz cementation being
the most meaningful mechanism of porosity losseeply buried sandstones (Worden and
Morad 2003). There are several studies showingpbadsity declines with depth (Bjgrkum
and Nadeau, 1998; Ehrenberg et al., 2008; WordenBamley, 2003; Taylor et al., 2010).
However, some mechanisms are able to preserveotiosify even at great depths producing
“anomalous porosity” (Bloch et al., 2002). Two dese mechanisms are the presence of
microquartz and chlorite/illite coatings, whosentifcation is not always simple and depend

on empirical data sets.

Nuclear magnetic resonance (NMR) has been an imumtortool in providing
information on rock reservoir characteristics, suah pore-sizes distributions, porosity,
permeability and fluid saturation. In well loggindMR is the only technique which provides
pore size distributions (Vincent et al., 2011) dahce information about the microporosity
which usually are obtained only through time-consgnlaboratory analysis, such as
Mercury Injection Capillary Pressure. The NMR tecjue is particularly suited for the study
of microporosity, its surface properties and tHatren between micro- and macroporosity.

In this thesis, we will apply NMR techniques, comdal with classical petrophysics,
microscopic observations and rock magnetic measemtsnto study the pore strutucre of
sandstones with “anomalous porosity”. The main goéthis work are:

1. Investigate the mechanisms of porosity-preservaiionsandstones with different
coatings and their eventual NMR signature;

2. Investigate the microporosity structure, its conioec to the macroporosity and
diffusive processes in porosity-preserved sandstone

3. Investigate the influence of magnetic componengdrigdl grains, cement and coating)
on the NMR relaxation signal which may obliterdte thagnetic resonance signal and
consequently the analysis of pore size distributail grain coatings in siliciclastic
reservoirs;

The thesis is organized in 6 chapters, which ireltlds Introduction (Chapter 1),
Literature Review (Chapters 2 and 3), Methods (@rap), Results (Chapter 5), Synthesis
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and Conclusions (Chapter 6). Chapter 5 comprises tarticlesNMR characterization of
porosity-preserving microcrystalline quartz coatings in Fontainebleau sandstonewhich
was accepted for publication in the AAPG BulletNyclear magnetic resonance and pore
coupling in clay-coated sandstones with anomalouspsity preservation, Agua Grande
Formation, RecOncavo Basin, Brazil published in Petrophysics Journal (DOI:
10.30632/PJV59N2-2018a2) amdagnetic matrix effects on NMR relaxation times in
porosity-preserved sandstones: A case study in Solbes Basin(draft to be submitted to

the Journal of Applied Geophysics).
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2  Anomalous porosity in sandstones

2.1 General considerations

The pore can be defined as the portion of the xmtkme that is not solid and which
can be filled by liquids, (dissolved) solids, gasesl organisms — in the Earth’s crust, the

pores are never empty (Milliken and Curtis, 2016).

Over burial history, changes in the pore volumeuogermitting to classify them into
primary and secondary pores. The primary porositioimed at the time of deposition and
preserved during the lithification of the rockstifaugh they can be mechanically or
chemically modified), the secondary pores are gerdrby alteration of minerals after the
deposition, during diagenesis (Fraser, 18B&d Pettijohn, 1975; Worden and Burley, 2003).
The diagenesisconsists in “a broad spectrum of physical, chemaa biological post-
depositional processes by which original sedimgnéasemblages and their interstitial pore
waters react in an attempt to reach textural andclgemical equilibrium with their

environment” (Worden and Burley, 2003).

The primary and secondary pores can be intergrgnwlaich are between detrital
particles, or intragranular, which are within gsaor particles (Choquette and Pray, 1970). In
siliciclastic rocks, the primary intergranular p®rare dominant. Generally, mudstones,
carbonate grains and weathered rock fragments rgrggamary intragranular pores when
bioclastic fragments or vesicle-rich pumices arespnt in the rock (Worden and Burley,
2003; Milliken and Curtis, 2016). Figure 1 showsewles of primary porosities and some

process of secondary porosity generation.

The classification of pore size is complex andas a consensus among the authors.
Pores that were once considered small (micropo@s)assume great importance mainly due

to advances of unconventional reservoirs or gakeagon (Milliken and Curtis, 2016).

Loucks et al (2012), for example, adapted the flaggon of Rouquerol et al (1994),
and used the term micropores for those smaller ham in diameter, mesopores for those
between 2 and 50 nm and macropores for those gteate50 nm.

The maximum size-limit for micropores varies froess than um, according to the
classification of Pittman (1971) to 62un for carbonate rocks, according to Choquette and
Pray (1970). For Glover (2005), they are definedbamg less than 2m and generally
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associated with clays, while in Schon (2014), aftanpilation of Mann et al (1977), they are
defined as the pores with diameter below 0.8 nm.
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Figure 1 — (a) primary intergranular macropore} pfimary intergranular micropores
between authigenic clay crystals, (c) primary igteaaular macropores in rock fragments
generated by weathering, (d) secondary intragramudecropores generated by weathered

feldspar grains, (e) secondary intragranular micrep (e.g. weathered out plagioclase zones
in detrital perthitic feldspar), (f) secondary irgeanular macropores generated by dissolved
calcite cement, (g) macropore generated by frac{bjyanicropore generated by fracture
(Worden and Burley, 2003).

Worden and Burley (2003) defined the microporosity “the porosity that is only
visible with a powerful (e.g. electron) microscop@hile macroporosity is “the porosity that
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is visible within the naked eye”. This definitios similar to the definition proposed by
Cantrell et al (1999) for carbonates, who defirned micropores are about lith since this is
the resolution of optical microscopy commonly uged point count methods of porosity
estimation.

In this thesis, | adopted a definition similar bat of Cantrell et al (1999). Therefore,
here the term micropore was defined as being ttietecannot be measured using the optical
microscope (only using scanning electron microscepySEM), which are <10um.
Consequently, the term macropore refers to thosg #me measured through optical

microscopy.

2.2 Anomalous porosity

The depositional mineralogy, texture, grain sortisigape of grains and mechanisms
of compaction, cementation, dissolution and reatization are wusually modified
during/after burial, resulting in the loss of patpswith depth (e.g. Schmoker and Schenk,
1994; Ehrenberg and Nadeau, 2005; Ehrenberg &04l8). These effects vary from basin to
basin, within the same basin, and also accordingh#olithology. Bjgrkum and Nadeau
(1998), studying Norwegian continental shelf samglss and shales, showed a positive,
normal porosity loss-depth trend for both lithokesgi due to mechanical compaction.
However, the shales had their porosity much madaced at depths greater than 1.5 km than
the sandstones since the porosity of shales isshlomnpletely lost in the earliest stages of
diagenesis. Oelkers et al. 19%p(d Bjgrkum and Nadeau, 1998) reported a positive and
exponential relationship between the cement volumesasing, which is caused by quartz
precipitation and increase of temperature. Ehrenbend Nadeau (2005) studied the
siliciclastic rocks from Alberta, Canada, and siateat porosity loss with depth is a result of
the combination of chemical compaction and cem@matboth related to thermal burial
effects. Taylor et al. (2010), by their turn, shovtkat rocks from the Gulf of Mexico present
a straightforward relationship between porosityslasnd depth until ~ 4500 m. From this

depth the porosity is extremely variable.

Contrary to the general pattern observed in mosinba some sandstones show
significant porosity and permeability even at grdapths. This condition was defined by
Bloch et al. (2002) as “anomalous porosity”. Acangdto these authors, the main factors that

govern primary anomalous porosity are: (i) earliryenf hydrocarbons into the porous space;
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(i) shallow development of fluid overpressure, dni presence of clay or microcrystalline
guartz coatings/rims on quartz and feldspar détridat grains.

2.2.1 Early entry of hydrocarbons into the system

The first studies on the early entry of hydrocahas a cement-inhibiting factor date
back to 1920 (Johnson, 192(pbud Walderhaug, 1994), but here is no consensus among
researchers about this effect yet. While Saigall.e(1992), Gluyas et al. (1993), Worden et
al. (1998, 2018); Marchand et al. (2001), Haszeld#h al. (2003) and Bukar et al. (2013)
affirm that oil emplacement can inhibit quartz cema¢éion, Ramm and Bjorlykke (1994),
Walderhaug (1994), Molenaar et al. (2008), Maasi.€R011) affirm the opposite.

To understand the influence of oil input in pressgvthe porosity it is necessary to
first discuss wettability — the property that deBnwhat fluid is attracted preferentially to the
grain surface if two or more fluid phases are pnesethe porous space (Worden et al., 1998;
Barclay and Worden, 2000). According to thermodyieamany interaction between a surface
and a fluid phase occurs with the lowest possibtéase energy. Surface energy depends on
the rock mineralogy, which is directly related ke tspecific surface charge and anisotropy,
the presence or lack of ferrous minerals at therfiate and the diffusion of organic

molecules.

In petroleum reservoirs, pH conditions range frédnto 7. In such conditions, the
negative surface of quartz grains attracts posjtitee charged dipoles of water molecules
(Barclay and Worden, 2000). Thus, in a mixed oitevaeservoir, quartz is typically wetting
in water. Water-wetting minerals include quartZite) single crystals of kaolinite and
unweathered feldspar, while oil-wetting mineralssist of carbonate, kaolinite booklets, Fe-

rich smectites, chlorites, iron oxides and weatthéeédspar (Barclay and Worden, 2000).

Petroleum is a mixture of natural compounds commgjsessentially of hydrocarbons
and organic derivatives (resins and asphaltenesprg the various constituent groups of oil
(alkanes, aromatic and polar), the polar compouwrésthose that influence the most the
wettability of the reservoir since they are capaifldansforming a wetting system in water to
another wetting agent due to the electrostaticefarmd complex interactions with the mineral
surface. Oxygen-rich organic matter (type Il kexop or low thermal maturity favors the
formation of polar compounds, while oxygen-poor &ydrogen-rich (type | kerogen) or yet

more mature hydrocarbons are less likely to chaongk wettability (Barclay and Worden,
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2000). Therefore, the source, the temperature @adyéochemistry of petroleum formation
are the main factors determining the wettabilitar@ay and Worden, 2000).

In oil-wet systems, silica-rich pore water is igeth from the quartz host grain by a
layer of oil, therefore reducing the effectivenesgjuartz cementation. In water-wet systems,
the quartz cementation rate is dependent of thecepsilica transportation and precipitation
(Worden et al., 1998). For Worden et al (1998),rqudissolution and precipitation are not
strongly affected by the emplacement of oil in watet reservoir since they occur into the
irreducicle water thin layer, but the transporsibita is affected. When silica transport occurs
by advection from external sources, the transmotilocked due to the increase of relative
permeability. At the same time, the transport asdlved silica through diffusion is reduced
due to the increase in tortuosity with increasimgsaturation, effectively stopping when oll
saturation is at its maximum (Worden et al., 198&rden et al., 2018). Gluyas et al. (1993)
and Marchand et al. (2002) showed a decrease obkppifrom structural crests — where oil
emplaces first — toward structural flanks. The atghmodeled the quartz growth rate after the
oil entered gradually the Miller oil field reservgiNorth Sea) and confirmed that cement
growth is higher in the water zone than in thezome, with decreasing mean porosity values
in the later. The cementation in this oilfield shibited in regions presenting low water
saturation (Sw = 20%) and submitted to T >@0during an effective period of time. Worden
et al (2018) studied the effect of oil emplacemienthe Ula field sandstones (Norwegian
North Sea) and concluded that when it occurs bedouring quartz cementation, it inhibits
the growth of quartz cement. Conversely, Barclag @orden (2000) and Molenaar et al
(2008) show that no significant difference of paipand volumes of quartz cementation on
oil and water filled sandstones from Magnus fieMdoith Sea) and the Baltic Basin,
respectively. Maast et al (2011) showed that hyahtoan on saturated sandstones occur
independently of the porosity and saturation fluidthe south Viking Graben sandstones
(North Sea).

There are two main reasons that may explain whgmjlacement may not affect the
quartz cementation. The first one is the widesppmadence of oil inclusions in cements. The
second is the fact that quartz precipitation, whschot affected by oil emplacement on water-
rich reservoirs, is the main controlling factor a@mentation at temperatures below 280
Other factors that may be relevant to the integti@ of the factors controlling porosity
preservation are: sedimentary facies, porositydypeesence of clay coats on grain surface
and quartz cement abundance (Worden et al., 1988oiTet al., 2010).
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2.2.2 Fluid overpressure

The column of overburden sediments exerts pressurde pores of buried strata as

follows:

Poverburden:Zi(prock g h) (1)

where ByerburdeniS the pressure resulting from the rock weigtdegith h;p.ock is the density of
the overlying rock and g is the gravity accelema{i@lover, 2005).

The fluid inside the pores also exerts a centrifygassure in all directions, called

fluid pressure, which is defined by:

Phiuid = privia 9 h (2)

where Ruig is the fluid pressure in the pore at depthphiq is fluid density, and g is the

gravity acceleration (Glover, 2005).

The connected fluid pressure is called hydrostptessure, and it is less than the
overburden pressure. The fluid pressure shouldbatdl/3 less than the overburden pressure
since the fluid density is about 1/3 smaller thiaat ©f overburden rocks. However, since the
connection among the pores within the reservanoisalways good, the fluid pressure can be
higher than the hydrostatic pressure provided imaggn 2, defining an overpressure
condition (Glover, 2005).

Osborne and Swarbrick (1997) and Swarbrick et @022 defined three main causes
of overpressure: disequilibrium compaction; fluidpansion and lateral transfer. Under
normal compaction conditions, the beginning of d#mn is characterized by low
compaction and consolidation of rocks, generatouks with high porosity and permeability.
With burial, the overburden pressure causes theease of compaction and the fluids are
expelled from the porous medium. Then, contact betwgrains occurs and the equilibrium of
pressure is reestablished. However, when rapid aotigm occurs, the time required for the
fluid pressure to dissipate is insufficient and ploee fluid is retained within the porous space.
With increasing compaction, the fluid is pressuliznd the contact between the grains is
prevented. Consequently, the grains will suppardfl with pressures above the hydrostatic.
The disequilibrium compaction (or subcompaction) tiee main mechanism forming
overpressure zones, which occur mainly in low-petoilgy sediments such as siltstones,

argillites and shales, because they prevent thd from being released (Swarbrick and
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Osborne, 1998). Fluid expansion occurs during naingransformations, such as clay

dehydration, smectite-illite transformation andtodgas cracking and aquatermal expansion
(Osborne and Swarbrick, 1997). Lateral transfeturn, occurs when the high pore pressures
produced by disequilibrium compaction are transeditby water through permeable layers to
other places in the reservoir (Yardley and Swakhri000). Tectonic events, capable of

displacing normal pressure sealed regions towandBosver and more compressed regions
(structural fault planes, for example), can gereoaerpressure zones since the original fluid
pressure is maintained in the region where thedstdtic pressure is lower (Swarbrick and

Osborne, 1998).

2.2.3 Clay coatings

Regarding the capacity of preservation of the rpgknary porosity, the main clay-
forming coatings are smectite, illite/smectite,achie/smectite and chlorite (Pitmann et al.,
1992). These coatings can have an authigenic ogealic (detrital) origin. Authigenic clays
are the product of chemical and biochemical reastiiat take place at the site where they
are found, while the allogenic clays are generatet$ide the deposition site (Wilson and
Pittman, 1977), generally as precursor phases poidwurial. Although the vast majority of
authors indicate an authigenic origin for clays #@able porosity-preservation (DeRos et al.,
1994; Anjos et al., 2000), some authors claim #tlagenic clays may also preserve porosity
(e.g. Heald and Larese, 1974; Moraes and De R&Q; Milson, 1992; Dowey et al., 2012;
Dowey et al., 2017).

The term “coats” was defined by Dowey et al (2088) “any coat that covers,
completely or partially, a sand grain in three disiens (e.g. like a coat of fur on an animal)
found in modern setting or ancient and deeply lbus@ndstone”. According to these authors,
a coat has different mineralogy and/or no crystgdphic orientation relationship to the host
grain, however it is not true when we observe thiet&inebleau sandstones, which are formed
by SiG; host grain and coating crystals. Among the coatméd by clays, the authigenic
chlorite is the most effective mineral to inhibitagtz cementation in sandstones (Worden and
Morad, 2003).

The chlorite is a phyllosilicate from the clay miaks group, which have the structure
2:1:1. The layers are arranged in sheets, wheregatively charged tetrahedral-octahedral-
tetrahedral layer is interspersed with a positivtaledral layer formed by cations and
hydroxyls. Its general formula is (Mg, Al, ke)[(Si, Al)sOzq (OH)is although the solid
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solutions may encompass a wide variation in contiposi{\Worden & Morad, 2003). The
quality of the reservoir will depend on the morgdgyl, the form of distribution (pore filling
or pore lining), the depositional environment ane tomposition of the coats (e.g. Billault et
al., 2003; Taylor et al., 2010; Ajdukiewicz et &Q10; Dowey et al., 2012; Cao et al., 2018).
Due to the importance of chlorite in this work,sthopic will be developed to cover all the
main aspects of chlorite formation and its transfations.

2.2.3.1Formation and depositional environments

The main formation processes of chlorite include thssolution of detrital grains,
transformation of precursor clay minerals and diygecipitation from the formation fluid
(Anjos et al., 2003; Dowey et al., 2017).

2.2.3.1.1 Dissolution of detrital grains

Feldspars and ferromagnesian minerals such as tehioamphiboles, garnet
(almandine) and other heavy minerals in contach Wotmation waters favor the dissolution
of the original grain and its substitution by cliter(De Ros et al., 1994; Anjos et al., 2003).
Chlorite can still be formed by volcanic glasseagiments of basic rocks and mud intraclasts

dissolution.

2.2.3.1.2 Transformation of precursor clay minerals

The major clay precursors for chlorite formatioe:&r) berthierine and odinite (green
clays), (ii) smectite (infiltrated or authigenia)a (iii) kaolinite (Grigsby, 2001, Anjos et al.,
2003, Dowey et al. 2012).

Diagenetic berthierine and odinite are iron-ricaycininerals and occur as coatings or
filling the pore spaces typically below the seditenater interface of delta-estuarine
environments (Gribsby, 2001). Ehrenberg (1993) @midbsby and Langford (1996) have
shown that Fe-rich particles are transported by ligcharge rivers in rainy periods or by
coastal currents that concentrate the sedimeneselbonditions favor the formation of iron-
rich clay as chlorite-serpentine (berthierine addahive) and Fe-rich matrix. The mixed-layer
becomes more chloritic with increasing temperaturd depth (Dowey et al., 2012) and the
chlorite fills the pore space. In turn, during thg period or when there is a wide distribution

of these ferrous particles, there is a deficithafse particles and the Fe-rich marine clays are
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less developed, generating discontinuous or veny thay coatings. Meteoric water and
changes in the oxidative and anoxic conditionshef sediment fluids may also favor the

association of chlorite and siderite cement inlsiaaenvironments with low compaction.

The smectite diagenesis, in turn, requires prosessenineralogical dissolution and
re-precipitation. They must involve an aluminumarisource or aluminum preservation
associated to important loss of silica and increddee, Mg and KO to preserve its original

structure (McKinley et al., 2003) as exemplifiedte following reactions:

Cay1Nag.oFer.1MgAISiz.s0:19(0OH), + 1.5Fé"+ 1.2Md"* + 1.4AF* + (3)
8.6H0 —
(smectite-saponite)
Fe eMJ2.2Al 2.4Si.6010(OH)g+ 0.1C&™+ 0.2N4 + 0.8SiQ + 9.2H
(chlorite) (quartz)

(Chang et al., 1988pudMcKinley et al., 2003)

or

2.4Ca.1Nay.oFe1.1MgAISi3.6019(OH)+ 0.88H0 + 1.44H — (4)
(smectite-saponite)
Fe.sMg2.2Al 2.4Sib.5010(OH)g + 024C§_++ 0.48N4d + 004Fé+ +
0.20Md¢* + 5.84SiQ
(chlorite) (quartz)

(Chang et al., 1988pudMcKinley et al., 2003)

The increase in temperature with burial is an ingodrfactor for the transformation of
trioctahedral (expansive) smectite into the moablst (non-expansive) chlorite. Conversely,
dioctahedral smectite tends to develop illite- siteenixed layers (Chang et al, 1986).

The interaction between saline formation waters sod-oxide coatings favor the
formation of smectite coats, which progressivelgngform into corrensite and Mg-rich
chlorite (Anjos et al., 2003; Ajdukiewicz et alQT0; Dowey et al., 2012). When smectite is
mechanically infiltrated, it can be also transfodwe dry conditions into more stable chlorite
or illite (with or without intermediate mixed laygiMoraes and DeRos (1990).

The chloritization of smectite coatings occurs img-Mich continental deltaic and
fluvial environments associated with eolian arigagts. In these environments, the clays can
be mechanically infiltrated (e.g. Moraes and DeRI#90; Luo et al.,, 2009) or inherited
(Wilson, 1992). Authigenic clays also occur in tdite environments (eg Hillier, 1994; Anjos
et al., 2003), estuarine (e.g. Al Ramadan et @52&pud Morad et al., 2010) and evaporites

(neoformation), by the alteration of volcanic fragmts and by the alteration of kaolinite.
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Finally, kaolinite transformation to chlorite ocsuhrough the following reaction:

3Al;SiOs(OH), + 3,5Fe + 3,5Mg+ + 9H,0 U - Fe sMgs sAl 6,0Sis,0020(0H)16 +
14H"

kaolinite M - chlorite

(5)
(Boles and Franks, 19&pudWorden and Morad, 2003)

According to Boles and Franks (1978pud Dowey et al (2012), the kaolinite is
formed by illitization of smectite, which supplifse necessary iron and magnesium for the
transformation. It typically occurs in Fe and Mghrienvironments with the increase of
temperature (165° - 200°C) and depth (3.5 Km - 4 Woles and Franks, 19&pudWorden
and Morad, 2003). Jiang et al. (2017), for examplegw chloritization of kaolinite in the
Huosholing Formation (China) reservoir whose foioratwater is rich in Mg and AF*,
lijima and Matsumoto (1982), Curtis et al. (198BdaSurdam et al. (1989) suggested that
destruction of eodiagenetic Fe-rich carbonates(dg&) and organic-metallic compounds, as
well as the reduction of oxidized Fe minerals (het®gaare the sources of chloritization

processes.

2.2.3.1.3 Precipitation from the formation fluid

Chlorite precipitation from the formation fluid (o®rmation) occurs at great depths
through mesodiagenesis of volcanoclastic sandst@@gistones associated evaporites and
carbonates. Chlorite in volcanoclastic lithic sandss occurs filling the pores or as fringes
covering substrates and grains. In mesodiagenéticiastic sandstones, neoformed chlorite
may be the result of late dissolution of ferromesyme detrital grains, eodiagenetic hematite
(red sandstones), clay transformation occurringsisociation with argillites or destabilization
of organo-metallic complexes (Anjos et al., 2008)evaporite/carbonate sequences, chlorite

can be formed directly from the Mg-rich brine watéhnjos et al., 2003).

However, Mg-rich chlorites are likely to be prodsicf undetected precursor smectite
transformations, forming mixed layers of chloriteectite (Hillier, 1994). Berger et al (2009)
describe the presence of three localizations afritbk in gas reservoirs in Pakistan: filling
pores, coatings and chloritization of detrital caments. In this case, chlorite coatings are
characteristically formed after an initial compaatiphase. They are not present in the contact
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between grains, but appear before the growth oérothagenetic phases such as quartz
overgrowth, therefore filling the pores with chterigrains and carbonate cementation. The
alteration and dissolution of ferromagnesian datiggrains (e.g. biotite) would be the main

source of Fe, Mg, Si and Al for the authigenesishdbrite.

2.2.3.2Composition, morphology and distribution pattern

Authigenic chlorite may be Fe-rich (charmosite), -Nidh (clinochlore) or present

instead a wide variation in the concentration esthelements.

Fe-rich chlorites generally present polybodies 1B02 transforming in llb = 97° and
interlayer thicknesses of 7 A below 200 °C. Theg generally associated with siderite,
quartz, calcite, kaolinite and feldspar dissolutibhe Mg-rich chlorites have a plaque shape,
occasionally in hexagonal particles unique to tledytgpe llb = 97°. These occur in
association with FeO rims, anhydrite, K feldspacite, quartz, dolomite and fibrous illite.
Generally, they exhibit honeycomb morphology whea precursor is smectite (Hillier, 1994;
Wilson et al., 2014).

Wilson and Pitmann (1997) showed that clay morpinles correlated with the
concentration of Fe, where plaques and rosettesneytomb > cabbagehead, although the
morphologies can be very confusing. For exampléhénCentral Graben, North Sea, UK, the
chlorite coats present similar morphology and cositipn to the smectites (Humphreys et al.,
1989).

The plaques develop more commonly as individualnairphic crystals attached to
the detrital grains. Often, measuring the size teodifficult depending on grain orientation
and framework grain packing. The rosettes are fdrime authigenic clays, which can form
pore linings or fill the pores (Wilson and Pitmardr§97; Wilson and Stanton, 1994). The
crystals usually have lobed edges and often fileghbroats. This produces a drastic reduction
of permeability, although the porosity is still peeved. Honeycomb morphologies also
consist of plaques, but have a cellular pattermradlahe detrital grains. Generally, they are
associated with the intermediate composition of Eabbagehead morphology is rare and
occurs as small and equidimensional coats on mastgyor fills the pores.

Clay flakes size and morphology define the quabtythe reservoirs, being able to
produce both positive and negative effects on piyrasd permeability. When chlorite grows

parallel or with low angle in relation to the d@tligrains, the effect is positive for both
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porosity and permeability. When flakes grow perpemdr or at high angles to the detrital

grains as occurring on chlorite-smectite or smectihey can preserve porosity but have a
negative effect on permeability. Any clay thatdillhe pores has a negative effect on both
porosity and permeability of reservoirs (Billauttad., 2003; Dowey et al., 2012, Smith et al.,
2013, Cao et al., 2018).

2.2.3.3Impact of chlorite on reservoir quality

The grain-coating chlorite provides generally aipges or mixed effect on reservoir
quality, generating a great preservation of poyoaitd/or permeability in deep reservoirs.
Negative or null effects are present in only 13%lolorite-coated reservoirs (Dowey et al.,
2012). However, the way in which it contributespteservation is no consensus in literature
(e.g. Pittman and Lumdsen, 1968, Heald and Lare3eé4, Ehrenberg, 1993, Hiller 1994,
Billault et al., 2003, Ajdukiewicz and Larese, 201Rillault et al (2003) showed some of the
mechanisms for inhibition of quartz overgrowth byacite coatings: (i) quartz overgrowth
does not occur because pressure dissolution redineeSi available in the system (Pittman
and Lumsden, 1968; Thomson and Stancliffe, 18@@id Pittman et al., 2002); (ii) chlorite
grains can retard the secondary quartz growth ewen conditions are favorable for
crystallization (Heald and Larese, 1974); (iii) afile grains inhibit the growth of quartz due
to separate the detrital grains surface to poremnvareventing the dissolution of the grains
and avoiding nucleation (Ehrenberg, 1993); (iv)ilwtion of quartz overgrowth occurs due to
the limited epitaxial growth of inter-particle sgaby chlorite; and chlorite coatings do not
prevent the nucleation of the quartz cement (Blillati al., 2003; Ajdukiewicz and Larese,
2012).

Chlorite particles which are parallel or slightlgligue on the detrital surface tend to
orient themselves progressively perpendicular \theh increase of the distance of the grain
due to geometric selection. During particle grovitig particles compete for available space
such that some oriented crystals gain favorablyemgmowth space than others. In this
process, only high tilting or perpendicular crystabntinue to grow, as nothing can inhibit
crystal growth since there is no competition amahgm. The number of crystals fast
decrease with an increase of crystal size as theyenaway from the surface until their
stabilization. Thus, syntax or low angle quartzvgio occur forming crystals under the

chlorite coatings (Billaut et al., 2003; Ajdukiewiand Larese 2012).
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The efficiency of the inhibitory mechanisms als@eieds on the amount of coatings
or rims and their discontinuity (Taylor et al., 20Morad et al., 2000). When the layers are
thin, they tend to be discontinuous, favoring quadgmentation. Other factors that determine

this efficiency are burial history, sandstone cogifien and grain size (Bloch et al., 2002).

The control of grain size in primary porosity anérpeability is a function of the
relationship among grain size, surface area an@ plaroat size. In a given volume of
sandstone, the larger the grain size, the sméléestirface area. Therefore, it takes a smaller
volumetric fraction of chlorite to coat a coarsaigrthan a fine grain. The effect of the larger
surface area on fine-grained sandstones is enhdmeealise the coatings thickness has a
significantly higher deleterious impact on permégbiwhen compared to coarse-grained
sandstone due to throat pore sizes (Ehrlich etl@B]l). The pores and throat of pores are
wider on coarse sandstones than finer grained sarets when they are well selected and
with a limited amount of cement. Chlorite coatirfsa given thickness (the thickness of the
coating does not depend on grain size) are muclk nestricted in a narrow than in a broader
throat (Bloch et al., 2002). The contribution o ttomposition of chlorite in the preservation
mechanisms is still doubtful (Pittman et al., 1988jos et al., 2003). While Heald and Larese
(1974) argue that the efficiency of inhibitory maoisms varies with coating composition,
Lander and Walderhaug (1999) affirm that compositdoes not affect the preservation

mechanisms.

Sandstone reservoirs with high anomalous porosatieshose containing eodiagenetic
pre-compaction clays that are chloritized. Theywslontinuity necessary to inhibit quartz
cementation and pressure dissolution (Morad eR800; Anjos et al., 2003). Those with late
and neoformed mesogenetic chlorite coatings dgrestent such porosity preservation, since
the sediments would have been submitted to theitonsl necessary for cementation. An
exception to this rule would be the formation oflocite by the direct precipitation of
interstitial fluids (Berger et al., 2009).

It is important to note that chlorite acts onlytive preservation of primary porosity by
inhibiting quartz overgrowth, and does not act itheo cementation processes (e.g.

carbonates) (Berger et al., 2009).

Quartz cementation is one of the most importantgss leading to the lithification of
siliciclastic sediments and destroying the poroskipwever, small amounts of randomly
oriented microcrystalline quartz coats are knownpteserve the primary porosity (e.g.
McBride, 1989).
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2.2.4 Microcrystalline quartz coatings

The presence of microcrystalline quartz coats regaisource of elevated amounts of
dissolved silica, which are mainly formed by disgimin of organic opaline such as sponge
spicules (e.g. Vagle et al., 1994; Aase et al.,61%9%ndry and Trewin, 1995; Jahren and
Ramm, 2000; Lima and De Ros, 2002; Worden et d226rench and Worden, 2013) and
fragments of volcanic rocks (e.g. Hattori et ab9@&; Weibel et al., 2010). The amorphous
silica isolates the detrital quartz grain from cemeallowing the sequential quartz
microcrystals to grow randomly and inhibiting there-filling quartz overgrowth (French and
Worden 2013).

This topic will support the main aspects of mickstalline quartz formation and its

effects on reservoir quality.

2.2.4.1Formation and depositional environments

The siliceous cement covering the detrital graesults from fast dissolution and
precipitation processes of biogenic opal-A (amorghacsilica), opal-CT (cristobalite-
tridymite), chalcedony or cryptocrystalline quaatzd microcrystalline quartz. This sequence
clearly shows the change from high-entropy to lowir@y phase throug®stwald ripening
process, which control the recrystallization ofcsil minerals (Williams and Crerar, 1985;
Morse and Casey, 1988; Lima and DeRos, 2002).Adtevald ripeningorocess defines that
the inibition of quartz cementation is driven byystal size, whose growth depends on
differences in free energy of crystal faces. Iis tontext, crystals smaller than a specific size

dissolve while crystals larger than the specifaegirow.

Opal-A — opal-CT — quartz sequence occurs due to differences in fapacirface

area, allowing a dissolution-reprecipitation pathiwaearly diageneses, which is given by :

SiO, + nH,O (amourphous silica) + 28 < H,SIO, + (n + 2) HO — SIO,
(crystalline silica) +1i+2) H,O (6)
(Chang and Yortos, 1994)
Some silicious microorganisms, such as sponge Iggicprecipitate opal-A to form
tests, which are accumulated on the sea flor dffteir death. With increasing burial and

diagenesis, these tests can be fragmented, digsaha precipitate as opal-A within the pore

space of rocks. Therefore, the water pore is llytsupersaturated in silica (point 1 in Figure
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2) when it be compared with lower surface area-@pat other silica phases. The water is yet
saturated, so the nucleation and growth of CT-opatl quartz is happening from
supersaturated solution. If the dissolution of efak faster than nucleation and growth of
CT-opal, which are faster than quartz growth, tiesalved silica opal-A specific area will
little decrease forward the point which surfaceaarieanges do not affect the opal-A solubility
(point 2 in Figure 2). As the dissolved silica centation continues to decrease due to fast
nucleation with respect to growth, the superfi@ata of opal-A and CT increases. This
process occurs until the opal-CT growth exceedsdh®ining opal-A. When it occurs, both
silica concentration and superficial area decrebissv, opal-A solid is absent and opal-CT
solid is predominant. The pore water is still sated and quartz crystals can be formed
(Williams et al., 1985; Lima & DeRos, 2002; Figzg The large number of micro quartz
crystals indicate that the dissolution rate of thiero quartz precursors are fast enough to
maintain silica saturation at the micro quartz eatibn level, resulting in several crystals
rather than just a few large crystals (Jahrem & Ra@000; Lima and Deros, 2002).
Ostwald-Freunlich equation for Si@etermines how supersaturation is the water pore

allows small crystalls growth (Aase et al., 1996):

log <ﬁ> -9 (7)
K./ r1.152RT

where K, is the solubility of crystal radius, is solubility (or equilibrium constant) of an
infinitely large crystalp is mole volume of quartz (22.688 &mol), o is quartz free energy
in water (3.6 X 10°J/cnf), R is 8.3143J/K mol; T is temperature (373K 00%0).

The amorphous silica has solubility of 60-130 pmrhich are 10-20 times higher than
guartz solubility (6-10 ppm) at 25° C (Williamsadt, 1985). In the temperature range from 0°
C to 100° C, chalcedony is approximately twice @slde as quartz (Gislasson et al., 1993).
Aase et al (1996) obtained values of solubilitygbf6 and 61.2 ppm for crystals with Qi
and 0.25um radius, respectively. These values are tipi€alupersaturated waters, implying
that microquartz crystals will grow only while arpbious silica is present. When this
amouphous fase is not presente, the micro quanhs gfrowing and porosity is preserved.
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Figure 2 — Diagram showing the relationship betwibenclassic evolution of silica
polymorphs within the pore space and the speaifitase (Lima and De Ros, 2002). See
details in the text.

Quartz cements and macrocrystalline quartz dedmiag of similar composition,
present structural disparities. Quartz overgrowthge syntaxial orientation with the detrital
grain, that is, crystals grow faster along the taysgraphicc-axisand towards the pores. On
the other hand, the crystallized chalcedony groleagathea-axis, or the [1120] direction,
which is perpendicular to-axis. Worden et al. (2012) and French et al (2Gi®)wed the
syntactic cross-fertilization of quartz cement wiltie detrital grain may be followed by the
precipitation of a very thin layer of amorphousickdony silica. The micro quartz grains
formed subsequently would have inherited the cliggfephic orientation of the chalcedony
c-axis, being parallel to the surface of the ddtgtains. The result is that the microcrystalline
guartz cement does not grow towards the poresot tblem, but rather parallel to the walls,
preserving them (Figure 3).

Microcrystalline quartz is present on shallow mar{hima and DeRos, 2002; Worden
et al., 2012; French et al., 2013), fluvio-marimdtaic (Catagay et al., 1996), lakes (Hattori et
al., 1996) and fluvio-eolian environments (Leiteaef 2014).

In fluvio-marine deltaic environment, the microdléne quartz could be precipitated
when fluvial waters with high silica contents miitvmarine pore waters (Catagay et al.,
1996). In turn, the presence of microcrystallinantgi on fluvial environment was identified
by Hattori et al. (1996). The authors described/awo thin chert layers (<10cm) present in
the Kunimi Formation (Niu Mountains, central Japaihe chertification derived from
devitrification and weathering of volcanic ash amhsisted in transformation of A-opal to
CT-opal and quartz. Chert would have accumulatgudia in the shallow lake near the

source during eodiagenesis while the lithificatmoncess was finalized before the deposition
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of the overlying rocks. According to these authding, rotation and packing of “silica balls”
(cherts), destroyed old structures and formed alyssuggesting not only a solubility process
but also a mechanical process of formation. Thdwaat did not analyze the effect of
microcrystalline quartz on porosity preservatiom #&xample of microcrystalline quartz in
aeolian sandstones is provided by Leite et al. 4p0fbr the Recdncavo Basin, after
identification of microquartz rims, which inhibiteguartz overgrowth. According to these
authors, the precipitation of microquartz would é&appened early in the diagenetic history,

during percolation of alkaline solutions in semdarlimate.
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Figure 3 — Sketch showing the sequencial growingobymorphs of silica. A) The
quartz overgrowth which as the same grown oriemadf detrital grains can be formed
during the early diagenesis; B) Then, chalcedoggtals grow into pore space
perpendicularly the host grain or along [1120] dliens. C axes are randomly oriented in
nanofilm plane; C) Microcrystaline quartz crystakerit the calchedony’s structure which ¢
axis are parallel to grain surface; D) the micratparystals are mesorientated and grow
subparallel to nanofilme until the colision amo8g, the growth into the pore is inhibited,
preserving the primary porosity. The arrows indédéie direction of growth (Worden et al,

2012).

2.2.4.2 Impact of microquartz coatings on reservoir gyali

Microcrystalline quartz coats are known to preseheeporosity even at high depths,
however their identification in this case is ditfit That is because microcrystalline quartz

coats can occur together with other processes, asdhmydrocarbon emplacement, and the
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microcrystalline crystals almost always can be iifiexd only through SEM images (Bloch et
al, 2002; Taylor et al., 2010). An example is pdad by the Miller Field, North Sea
(Marchand et al., 2002, Aase and Walderhaug, 20R&st et al., 2011).

The amounts of microquartz, the continuity arouhd host quartz grains and the
geometry of microquartz define the quality of resaér (Aase et al.,1996; French and
Worden, 2013). According to these authors, if thlime of microquartz coatings is from 2-5
vol. %, and all the grains are coated by microqyalte reservoir is good. In its turn, more
than 10 vol. %, there is an excessive microquadmentation and the silica can also
precipitates as chalcedony and aggregates of mystadline quartz in open pore, affecting
mainly the permeability of reservoir. These chaastics only occur if the microquartz
growth is parallel to the grain surface and aldmg fast c-axis. Hence, the crystals cannot
coalesce crystallographically, limiting their gréwtength and size (French and Worden,
2013).



41

3 Nuclear Magnetic Resonance

NMR has been applied as a petrophysical tool irothend gas industry, and provides
unique information about the geometric and stradtdeatures of the porous medium
(Kleinberg and Jackson, 2001), including the poare slistribution, porosity, permeability,
saturation and capillary adsorption (Coates, 1898¢ent et al., 2011; Mitchell et al., 2013;
Song, 2013).

The following topics address the basic theory of Rilslpplied to porous media. The
concepts described here are based on BrownsteinTard(1979), Mitra et al. (1993),
Hurlimann et al. (1994), Kleinberg et al. (1994,69XKleinberg and Vinegar (1996), Kenyon
et al. (1995), Kenyon (1997), Freitas and Bonaga(®B89), Coates et al. (1999), Dunn et al.
(2002), Song (2003), Appel (2004), Sen (2004), Ahand Hirasaki (2005), Souza (2012),
Mitchell et al. (2013), Salimifard et al. (2014)daBehroozmand et al. (2015).

3.1 Basic principles of NMR

A resonance is defined as the physical interadbietaveen two systems, each having
specific frequencies and amplitudes (e.g. an elagiive vibrates according the sound). For
NMR, the resonant systems are the atomic nucleigchwéire into an external static magnetic
field, and an oscillating magnetic field appliedrgendicular to this external field. The
frequency of the electromagnetic waves coming frmguillating magnetic fields must be
equal to the frequency of the atoms that compaseniditter into a static magnetic field.

According to the semi-classical theory, electropmtons and neutrons have an

intrinsic magnetic moment, which is proportional to their angular momentlfm (
g=yL=yhlI (8)

wherey is the atom gyromagnetic constafit, is the red@®ladck constant (6.63xT02n

erg.seg) and is the angular momentum of spin that is callecdh-spin. Thel value depends
on the number of protons and neutrons of the atmmsthe interactions between them (Table
1). When all the atoms with an odd number of prseton neutrons possess a spin angular

momentum, the nuclei are unpaired, havfng: 0 and hence, will lead to NMR signals.
Hydrogen tH), carbon 3C) and sodium?Na) are examples of nuclei which have good
NMR responses, depending on the abundance of ghesents in sample (Figure 4 and Table
1).
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Figure 4 — Proton and neutron distribution accaydmthe values of spin number | for
the element$’C, *N, 2’Al and?°Si. When the spin is unpaired, it produces the Nféi§ponse
(Azevedo, 2017).

Table 1 — Values of spins | integral, semi-integuadi null.

N. protons (2) N. neutrons Mass | (spin nuclear)  arfBples
Even Even Even 0 12Ce °Cq
1/2 14 13c,

Even Odd Odd IS 3 23

g |72 =

=

é 1/2 19k,
Odd Even Odd 0, e 23

n 3/2 Bs, ““Nayg
Odd Odd Even Integral | “Hy, *'N;

In the petroleum industry, tHél atom is of interest since it is present in therfation
fluid of rocks — water and hydrocarbon. Figure ®whk the associated intrinsic magnetic
moment of H protons, which is compared to a small magnet.
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d) )

a) b) c)

Figure 5 — The hydrogen proton is characterized bgnall sphere (a), which has an angular
momentum of spin due to the rotational movemental® own axis (b); it generates its own
magnetic field around itself (c and d), behaving@snall magnetic dipole (e), with an

associated intrinsic magnetic momentyt (

Under the action of the weak magnetic field of Baeth (~5x1C T, on average), the
magnetic moment of Hprotons are randomly distributed, so that theltesumagnetization
is equal to zero. When the protons are subjectédet@xternal magnetic fielﬁo, a torque is
generated to align the spins with the field (Figérand Figure 7). This torque produces a

temporal variation in the nuclei angular momentuttil the alignment is reached:
T=ALIAt= d/dt ()

T can also be calculated as a function of the isicimagnetic moment:

7 o 10
T = ﬁ X B ( )
Therefore:
dL/dt =i x B (11)
From Equation 8:
Z (12)

d i - =4 a - -
£(8)=ix B - 4 =[x v7]

Equation 11 defines the precession movement ofsalated magnetic momentum
around the field§0 (Figure 6). The frequency associated with this emeent is known as
Larmor Frequency:

oL =-y | Bo|/2n (13)
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wherew, is Larmor angular frequency;is the gyromagnetic constant, which is intringic t
each core and whose signal dictates the rotati@ctthn of the precession movement and is
defined as the magnetic and angular momentum (thigsoH" proton has a high gyromagnetic
constant of 0.2675 X 2&* T?).

Figure 6 — Vector representation of the precessiomement of a core with magnetic
momentum W in response to the applied magnetid Bgparallel to z-axis, or longitudinal

axis. The XY plane is called the transverse pladated from Coates, 1999).

The frequency at which the protons precess is @tibg any modification in 8 The
field intensity used in laboratory studies variesagly. For petrophysical studies, magnetic
fields below 50 mT (or Larmor frequency equal taviHz) are recommended, but high
magnetic fields (2 T or 85 MHz) are used for sge@kperiments.

Based on the semi-classical theory, during precesall the individual magnetic
momentums of Hprotons are aligned with the,Beld direction, and the nuclei precess at the
same Larmor frequency, absorbing or emitting enefdgne quantization of the spin angular
momentum of the isotopdd (I = 1/2) has two directions associated with émergy levels
that the proton can occupy = b N" populations. Under the magnetic field, Bhe nuclei
move from the higher to the lower energy level) (Bimitting energy to the neighborhood,
such that over time, the fopulation gradually increases a$ dcreases. This behavior is
described by the Boltzmann distribution:

N+
N-

= e_VBO;-Z /KT (14)
where N and N are populations with nuclei in the high and lovemy states, respectively;

yBy " is the magnetic energy, akd is the thermal energy.

The population difference between the energy legeferates a net magnetizatiop M
which is aligned with the longitudinal Maxis (Figure 7 and Figure 8) and proportionaht® t
number of'H in the sample. It is the so-called thermal efuiilim magnetization and it will
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produce the detectable signal on the coil. Themsgnetization vector in thermal equilibrium
is given by the Curie law:

Mo = By (ny*h%4KgT) (15)

where n is the number of protons per volumis the gyromagnetic constaitjs the reduced

Plank constant] is the temperature, ar; is the Boltzmann constant.
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Figure 7 — The spins of hydrogen protons are ramglonentated in the absence of an
external magnetic field (generated by logging bolatory tool), where N= N'. Under the
action of the applied external magnetic field, tHeprotons are distributed in two energy
levels while a larger number of low energy protans aligned parallel with the applied field.

Figure 8 — a) Spins aligned parallel and antiparalith the applied external magnetic field
(z-axis) forming a precession cone; b) resulting magnetizing vector (M (adapted from
Coates, 1999).
Electrons also have a magnetic moment and anguwanemntum. If electrons around
the nucleus (or a charge in movement) precess drtnstatic magnetic field, they produce

a magnetic moment opposite to the applied magfietit (Lenz low). We define these atoms



46

as being diamagnetic. In paramagnetic atoms thes spi electrons are unpaired, and the
magnetic moment tends to align with the externabme#ic field, the net magnetization
therefore compensating the diamagnetic effect. @ubeir small mass and larger interaction
energy, the magnetic moment of electrons is stnorged more dependent on the

surroundings than that of th nuclei.

Although the net magnetization is different fromraen the axis parallel to the
external magnetic field 8 a coil perpendicular to the transverse plane dowit detect any
NMR signal since Mis a stationary component, that is, it does noy véth time (Figure 8
and Figure 9a). Similarly, no signal would be dtgdcif the coil were positioned in the
transverse plane, because although the magnetipawnts vary with time, they are
randomly distributed on xy-plane and it resultanzero (M,,=0) (Figure 9a).

S M;#0,3M,, =0

Tempo
\/ dB/dt
Z

=0,2M,,#0

\ 4

Figure 9 — a) The coil perpendicular to the z-&&isnot detect any signal because the
magnetization in the transverse plane is equaj pafallel to the z-axis, no signal is also
obtained, since it is stationary; b) to have sigitaé necessary to shift the magnetization to
the transverse plane, where magnetization canwidinjtime.; ¢) B and B applied field into
sample.
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The magnetization vector needs to be shifted from lbngitudinal z-axis to the
transverse xy-plane to induce an electric curnerthe coil positioned in the transverse plane.
When an oscillatory magnetic field is applied fasheort time perpendicular tooBB;) with a
frequency equal to the Larmor frequency, the ptomthe low energy state will absorb
energy from the neighborhood molecules and chamgeltigh energy state equating the N
and N populations. Thus, mathematically, the magnetimain the z-axis cancels out {M
0), and the nuclear spins move away from z-axistkaagin to precess around in the xy-plane
(Myy# 0). This precession motion induces an electroredtivce on the coil as a function of

the magnetic flux variation (Figure 9b).

Figure 10 shows the effect of applying an RF polse¢he precession movement over
time. When the pulse lasts long enough to shift riregnetization M to 90° ¢ =xn / 2
radians), the magnetization is then maximized. WihenRF pulse ceases, the nuclear spins
return to their equilibrium thermal state, wherg,M 0 and M = Mo The oscillatory signal
induced in the coil gradually decays due to seviaetors such as the spin-spin interactions
and their environment (e.g., uniformity of the metyn field and presence of paramagnetic
nuclei in the sample). The time domain measuredasig calledfree induction decayrID)
which is proportional to the magnetization and esauntil the magnetic momentums of the

nuclei align with B (see more details in section 3.1.2).

15° RF Pulse

90° RF Pulse

180° RF Pulse

T b l‘/ B]
Figure 10 — RF pulse applied at 15°, 90° and I8@°ntating reference frame (adapted from
Bonagamba, 2005). The time used for RF pulse detime necessary angle to shift the
magnetization to transverse plane.
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The longitudinal relaxation @) is related to the magnetization return time te th
longitudinal axis and is influenced by the energgh@ange between the excited spin proton
and its molecular neighborhood (network) until leag thermal equilibrium. The transverse
relaxation () is related to the interaction between spins (spin), that is, the reduction of

magnetization in the transverse plane.
3.1.1 Longitudinal relaxation time T ;

The longitudinal relaxation is related to the mdgmion return time to the

longitudinal axis, or the state of thermal equililbn, which is described by:

Mz(@®) _ (1_Ce_t/T1) (16)

Mg ()

where M is the magnetization on the z-axisp M the initial maximum magnetization in a
given magnetic fieldt is the time when the protons were exposed toidhe By; c is a scalar
constant determined from the set of spins, anid The longitudinal relaxation time.

T1 is the time required for magnetization to reacko68f its equilibrium value and
reflects how effectively the spins magnetic eneigyransferred to its neighborhood. The
spin-environment (or spin-lattice) interactions wcthrough the fluctuating magnetic field in
the sample, which is caused by nuclei-nuclei itttsas due to thermal agitation and/or
proximity to pore surface. So, when the nuclei I'festinct magnetic fields, they dissipate
energy until the thermal equilibrium state is reathnd there is no more magnetization in the

transverse plane (Figure 11).

Figure 11 — The recovery of the thermal equilibristaite of the magnetization gMor return
of the magnetization is followed by a magnetiza{iph) decrease in the transverse plane.

For high T, values, the interaction is low and the systemhrea@quilibrium slowly.
For low T; values, interaction is strong and equilibriumaaahed quickly. A 5fTis required
for magnetization return to 99% of its equilibrifigure 12).
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Figure 12 — Behavior of longitudinal magnetizatiahWhen there is no magnetic field,
proton spins are randomly oriented, resulting r@eg magnetization; b) when the field iB
applied in the z-direction at t = 0, the system n&igation increases until it reaches the
equilibrium point M.

3.1.1.1 Measuring T

Inversion-Recovery (IR) is the most used technitpremeasuring the longitudinal
relaxation time, T. It consists of applying a 180° pulse to inved thagnetization vector g
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from the +z to the -z-axis. The nuclei are thegredd forming a net magnetization (vector
sum of the individual magnetic moments). As the nadigation vector continues in the
longitudinal position, there is no transverse congrt and hence no measurable signal. Then,
after a time interva# long enough to align the longitudinal magnetizatian RF 90° pulse is
applied to invert the magnetization to the transgety-plane, where the signal is read. The
RF pulse is proportional to the magnetization mtagle along the +z-axis. Several
measurements with different are performed until the magnetization relaxes esathes
equilibrium completely. For a relatively smail] the magnetization value measured-.

The signal-to-noise ratio of the NMR signal is itoyed by calculating the signal mean after
repeating the procedure several times (Figure 12).

3.1.2 Transverse relaxation time T

The previous section showed that to perform an NkHasurement, it is necessary to
apply an RF pulse 90° from the magnetic field, Benerating transverse magnetic
components. These components reach their maximiue a# = 90° and cancel at= 180°.
By suspending the 90° RF pulse, the magnetizatidoutk fluids will disappear on the xy-
plane, relaxing to equilibrium over time accordioghe equation:

My (t) = Moe /7 (17)

where M,(t) is the magnetization component in the xy-platdime t, M is equilibrium
magnetization andlis the bulk fluid relaxation time, or the time réeal for the transverse

plane magnetization to reach the initial value (iFégl3).

The amplitude of the NMR signal decays over timddsg of phase coherence among
spins (spin-spin relaxation). During the interaatipthe precession frequency of some nuclei
becomes delayed while others accelerate, incredéisendisorder. There is no energy transfer

to medium in this process, only interactions withewo particles.

Whent = 0, the initial amplitude Mis sensitive to water content and hengedn be
interpreted through the pore space properties. Mexwyéhe NMR signal obtained due to the
magnetization decay after the applied 90° RF pussalso affected by the magnetic
susceptibility difference at the fluid-grain intece and inhomogeneities inherent to the

external magnetic field B
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—=—— +yAxB, + yAB, (18)
2

T>B

wherey is the gyromagnetic constasy, is the external magnetic fieldy is the difference in

magnetic susceptibility at the pore-grain interface

v A

Xy

M

0

Time (s)

Figure 13 — NMR transverse relaxation decay froenviater in the porous rock due to return
of magnetization to its equilibrium condition afserspending the 90° RF pulse.

Tog is the natural transversal relaxation time of shenple without any interference.
Any process that causes loss of transverse magtietiz including the magnetization return
to the z direction, contributes t@ T

The spectrum in the frequency domain can be oldaim®ugh the Fourier transform.
In general, long and short FIDs generate, respagtinarrow and broad peaks in the Fourier
transform curves, indicating a heterogeneous figistribution. Magnetic susceptibility
interferes with field homogeneity. Therefore, wheemock has high magnetic susceptibility,
the FID signal is short, and the Fourier Transfpeak is broad (Figure 14).

FID
FID
) 3 \\ long FID
o 2 .
2 s -
g £ =
< // Time Frequency
| = /
FT
L Time —
| FID
g “ hort FID g
S|\ sho
AN N
<
/ Time Frequency

Figure 14 — After the 90° pulse, the FID is geretand the Fourier transform shows how
efficient the spins are precessing at a given &eqgy. For a long FID, the spins precess
longer at the same frequency, taking time to retathat the Fourier transform peak is
narrow. For a short FID, the spins lose their pltadeerence faster due to the field
inhomogeneity and, therefore, the Fourier transfpeak is broad (adapted from Dunn,

2002).
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The interpretation of the FID is very complex. Tdfere, multi-pulse sequences are

used to separate these effects.
3.1.2.1 Measuring b

The most widely used technique for measuring taestrerse relaxation time, Was
developed by Carr-Purcell-Meiboom-Gill in the 195§ears and has been known as CPMG.
The experiment consists of applying a 90° RF pudwed by several 180° pulse
applications. The 90° pulse inverts the magnebreato the xy plane, and when it is switched
off, the magnetization components begin to laghexty-plane due to interactions between the
spins and diffusion in an inhomogeneous field. Aftecertain time, a second 180° RF pulse
is applied to reverse the precession movement.eBgrsing the movement, the effect of the
heterogeneities on the individual protons is exg@ddb be compensated after one cycle. In
addition to the signal emitted as a function of 8@ pulse (FID), a second signal also
appears att2which is the echo of the first and called thenggzho or "spin signal,” resulting
from this new phase. The echo shape is determinekdebFID shape, such that the spin echo,
which comprises 2 FIDs ("back-to-back") is centemedhe TE time (inter-echo time: time

betweenrn pulses and identical to time between two echoe§&Tg)/2, after the excitation

pulse.
A
_____________ | Transmitter
)ﬂ @ Receiver
|
FID }
0] |
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Figure 15 — First, a 90° radiofrequency pulse @iad. As the pulse is turned off, the protons
begin to precess and magnetization decay occuheiry plane. An induced current is picked
up by the coil that measures transverse magnetizatihich picks up the decreasing
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exponential signal, the free induction decay (FI&)time t, a 180° pulse is applied to revert
the phase angles. By repeatedly applying 180° Rdepuseparated in time by TE, an echo
train is formed. The decay of the amplitude ofelbo signals is called relaxation timg T

By repeatedly applying 180° RF pulses, separatetinia by TE, an echo train is
formed. The echo signal in 2t has maximum refoeaéitin. Since the reversal is not perfect,
the echo signal is less than the initial valueluhg refocalization becomes inefficient. The
amplitude decay of the echo signals is called etlar time T and can be measured even in

an inhomogeneous magnetic field (Figure 15).

With refocalization, only the interactions betwdbe magnetizations of the spins are
represented in the decay. The inhomogeneity of etagfield and/oAy are repaired and the

effects of diffusion can be minimized by choosinghart echo time.

3.1.3 Translational diffusion D

Molecular diffusion is defined as the random tratiehal motion of the fluid
molecules due to the thermal agitation of the dtuesits of the medium. It may be
interdiffusive, when migration occurs between are&ddifferent concentrations, or self-
diffusive, when migration occurs in the same volumth the same molecular concentration.

The diffusion coefficient is defined by:
j=-D 0t (19)

where/ is the particle flow, D is the diffusion coefficigrandg is the particle concentration.

The translational diffusion coefficient (D) is a aseirement of how easy it is for a
molecule to move in a given medium. Due to colhsi@aused by pore walls, the movements
of these molecules are restricted, causing a vamiat D. This coefficient, therefore, depends
on the medium viscosity, temperature, molecule, sine the diffusion time before relaxing.
The relationship between the diffusion coefficiand the distance traveled by the molecule

during the process is given by:

<r’> =2d D(t)t (20)

where f is the mean square distance a molecule diffusestowe t, d is the dimensionality

of the system (commonly 3), D is the molecularudiibn coefficient.
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D(t) = Do for unrestricted medium and time is an independbetk constant, which
will depend only on the type of the fluid and thi#u$ing molecule (e.g. Blaer= 230Q%/s).
In a confined geometry, D(t) is time dependent,itsocarries information of pore walls
according the time of molecules are diffusing. Abi time, small fraction of the molecules
contacts the pore wall, so it carries informatiah®ut the S/V of pore, while the long time
limit of D(t), the molecules move among pores dmwat pores, carrying informations about
geometry and tortuosity. When the pore is closkd,diffusion coefficient is zero, while in
connected systems the finite value is reduce frsnfree value by the tortuosityu)(

according the equation (Hurlimann et al, 1994; 2604):

W _y g1
DO - 1- (1-a)

(21)

The more restricted open geometry has large tatju@md wide pore in open

geometry has tortuosity near 1.

3.1.3.1 Measuring D

For measuring D, it is necessary to apply a magrfetld gradient that results on
different values of magnetic field according to fhasition on the sample (Figure 16) (see

more details on section 3.1.4.3.

The sequence to measure D is caRedsed Field Gradient Stimulated Echo — PFG-
STE(Tanner, 1970). The PFG-STE consists of two coethiRF-gradient pulses sequence,
which are separated by one pulse of RF. In theé fefjuence, the gradient pulse (with
intensity g and duratiod), spatially encode the initial phase (or equiliomi phase) on the
static magnetic field. After applying this secon& Rulse, diffusion may occur without
transverse relaxation, since the magnetizatiorow im the longitudinal axis. In the second
RF-gradient pulses sequence, the magnetizatiomifed to the transverse plane and the
gradient pulse spatially encode the final (or gb#tision molecular phase) initial phase. In
the presence of diffusion, the measured echo iityetiscreases due to loss of coherence. On
the contrary, if there is no diffusion, the sigetiength is the same as that after the first pulse,

since there is no loss of phase coherence (FigQre 1



55

(a) (b
—_— R
T o sa=yBe B o swg=y(Bet s
By B e - an=1.(8+53)
- g —C>] —@ - &>
<3—62694Q>_Q>€3_ <@ ‘Cafﬁ;cfg;
'%9_ <)- €)- —(}('; L ——>w=Y.5p ;(f_ <D | L —>@w=r5 g
Y 43_4943' e i -
> . <)__C><_j(f - <)_—Q> 3(,_9
<-4 5 —b_C D6 =& i
i}_w 4 ——> wy=7.By {\aé'_é):b - —>wo=}’<(50—-9'§)

i ==

By By

Figure 16 — Sample within (A) no magnetic fielddjemt and (B) magnetic field gradient.
Observe that in A the Larmour frequency is the séonéhe whole sample, whereas it
changes with the sample position in B (Carneifid,2).

A

\ 4

Figure 17 — PFG-STE sequence for Pekperiment which two combined R#&/%) - gradient
pulses (with duratiod and intensity g) sequence, which are separateshbypulse of RF
appliedr time after the first RF pulsa.is the diffusion time (adapted from Mitra et al.,
1993).

3.1.4 Nuclear magnetic resonance applied to petrophysicatudies

As described before, the magnetization which ipproonal to bulk volume of water
in the sample decays through two relaxation tinestants: Tand T. In this work, we used
only the T, relaxation times because this parameter is the comemonly used in NMR
borehole tools during oil and gas exploration.

In geological materials which have a range of @izes, the total relaxation is the sum

of the decay signals of each pore size, the indalidelaxation occurring independently for
each pore (Figure 18):

M(t)= Xiz, Mi exp (/Tiy) (22)

where M is initial magnetization of the relaxation compopeTl, is the decay time constant
and M,(t) is total relaxation (Gauss) at tirhe
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Figure 18 — The relationship between pore sizeth@dNMR response. A water-saturated
pore (upper left) has a single Talue (upper center) whose spin-echo train exhdsgimple
exponential decay (upper right). As the pore seaehses (left center), the Value also
decreases (central center) and the exponentiay @é¢he spin-echo train becomes faster
(center right). Several pores (lower left) haveesal/ T, values (bottom center), depending on
pore size and therefore the composite spin-eclo ésdnibits multiexponential decay (lower
right), which also depend on pore sizes (adaptad fCoates et al., 1999).

In studies of NMR, the magnetization decay canrberited to } relaxation time
distribution through the Inverse LaPlace Transf@idT) (Figure 18). Depending on the input
data, this technique can generate different resalipecially in data from NMR logging
surveys. In order to stabilize the signal, a ragmétion algorithm was introduced by the
NMR industry and it is possible to obtain a goodtienship between;Tistribution and pore

size distribution.

By conducting a CPMG sequence, ther@laxation process can be affected through
three mechanisms: bulk relaxati@}z), surface relaxatiorfT,s) and molecular diffusion

relaxation(T,,) and the equation 18 becomes:
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R S (23)

T, T, Tzs Tap
3.1.4.1 Bulk relaxation

Intrinsic relaxation, or bulk fluid relaxation, ags when the hydrogen protons relax
before coming into contact with the pore wall, asfuaction of local magnetic field
fluctuations caused by motion of neighboring nucléiis relaxation is controlled by the fluid
intrinsic properties, such as viscosity, chemicamposition (mainly the concentration of
dissolved paramagnetic ions such as M F€3), temperature, pressure and pH. When more
than one immiscible fluid is present in the porowedium, spins of the non-wetting fluid tend
to relax by bulk relaxation, since they are notamtact with the grains. In turn, when only
one saturated fluid is present, the bulk relaxatommonly can be neglected since it is
dwarfed by the other relaxation mechanisms. Inousdluids, the low diffusion mechanisms
associated with short surface time allows the hellaxation to predominate. When this

occurs, for low magnetic field,; F T, (for water at room temperature, it is 3s).
3.1.4.2 Surface relaxation

Surface relaxation occurs when the spin-spin ictemas between water protons find
the paramagnetic sites on the solid surface. Ttiesthn of protons has no significant effect
on the nuclear precession movement when the spgnsudjected to a homogeneous magnetic
field. Therefore, independent of the Brownian mitithe spins continue to precess aroupd B
with Larmor frequencywno. When the molecules of the wetting fluid collidathwthe
pore/grain wall, the spins relax by transferringrgy to the surface and, consequently, may
realign their magnetization withoBaster. The efficiency of these mechanisms depends
some factors such as mineralogy (ions presenteatdbk-fluid interface), pore size (S/V
ratio), distribution and relaxation capacity of tmg fluid molecules, independent of

temperature and pressure.

Relaxation does not occur in every collision, buggr@ater number of collisions
increases the likelihood of proton relaxation. Whgamolecules travel large distances within
the porous space during a tirhdefore relaxing it is said that they are in a @i$fusion
system. This condition was established by Brownsaeid Tarr (1979) through the following

equation:

g =228 (24)
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where p, is the transversal surface relaxivity which isied by “ability of the surface to
cause relaxation of proton magnetization (Kenyd®{)”, « is the distance which the proton
can diffuse towards the grain surface; generallyasgume it is equal the ratio divided by
three for spherical pores since it equivalent teoUfme)/S(surface area) of pores; and D is
the coefficient diffusion of proton in the watef.d is >>10, the system is in slow-diffusion
regime which the proton does not travel the emiore space before relaxing at pore surface;
if k is <<1, the system is in fast-diffusion regime @¥hthe proton can travel to relax at grain
surface during the time of NMR experiment; if k< 10, the system is in intermediate
diffusion regime. Ryu and Johnson (2009) suggest ¢x 1 is equivalent to < 0.1. If the
water relax in the fast diffusion regime, a diregliation can be stablished betweentime

and S/V or pore size (Kenyon, 1997):

% =, (SIV) (25)

The Figure 19 shows this relationship. If the psige is small (higher S/V ratio), the
probability of H collides with the pore surface is high, increasihg likelihood of rapid

relaxation and shortening the relaxation time.
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Figure 19 — The spins of H proton in the wateefllipore are diffusing (left). If the pore is
small, the spins easily “feel” the magnetic projsrof surface grain and, hence, increasing
the probability that magnetization relax more glydkentre). If the pore is big, the
probability of spins “feel” the grain surface is$eand the magnetization decays slowly (right)
(Schon, 2014).

The presence of paramagnetic or ferromagnetic gestion the grain’s surface
contributes to fast relaxation, since they havargdr magnetic moment than the proton. In
this case, the nuclei relax even before interactuitty the surface, so they lack the same
freedom to move to other regions. When the magrsetsceptibility of the surface is very

high, the magnetization becomes higher in the perger than on its surface (Figure 20).
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When this occurs, surface relaxation dominates difersion and hence the system is on the

slow diffusion limit.
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Figure 20 — Scheme showing the magnetization athesshacropore. The centered-upper
part shows the uniform magnetization in whole puodaje the underside shows the
magnetization variation in pore surface and ceoitgore (adapted from Straley, 1995).

Resuming, three assumptions are required to oltamlationship between,Times
and S/V ratio: (a) the pores have to be effectivilglated, causing each pore relax
independently of the others; (b) the system hdsetm fast-diffusion regime; (c) the surface

relaxivity has to be uniform across the entire atefof pore space.

3.1.4.3 Molecular diffusion relaxation

In a non-homogeneous magnetic field, the molecdiffsse to areas of different
magnetic field intensities, making the nuclei ps=cat different frequencies, hence losing the
phase coherence and relaxing. The molecular diffusate is described by:

1 _ D(,GTg)? (26)
T,p 12

Where:T— is the molecular diffusion rate, D is the molecu#fusion coefficient,y is the
2D

gyromagnetic constant, G is the magnetic field igmratd G/cm), and TE is the inter-echo time

used in the CPMG sequence.

Qualitatively, we can analyze tl&, contribution measuring the dependence of T
with different values of g (equation 26). Kleinberg and Vinegar (1996) ililagtd this
behavior very well. In a CPMG sequence, when'theore is subjected to a RF pulse, the
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magnetization is inclined to the transverse plditee nucleus is in position A with defined
magnetic field strength Bnvhen the pulse ceases. As it diffuses, the nuctemses from A to

B, and the small variation of the magnetic fields@s the Larmor frequency to change slowly
as well. The 180° pulse is performed when the mscleaches B to reestablish phase
coherence. The nucleus continues to diffuse untiéaches C in timegl If the precession
movement is faster between A and B than betweendB@ phase recovery inewas not
efficient, making the dephasing irreversible (Fg@1). In a diffusion experiment, the spin
amplitudes of the echoes can be monitored by sefetite appropriate inter-echo spacing for
the magnetic field gradient so that the diffusifie&s can be increased or minimized. When

the inter-echo spacing decreases, the diffusiotriboion to T, relaxation is minimized.

Not all minerals contribute to the magnetic fielddjent. It arises only when a high

magnetic susceptibility contrast occur in the giffuid interface:

G=AB/r (27)
AB():AXBO (28)

where r is the distance traveled by the proton Wwisadependent from pore geometk is

the varying external magnetic field ang is the varying magnetic susceptibility.
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Figure 21— Diffusion of molecules submitted to &ehegeneous field during the NMR
experiment. See details in the text (Kleinberg ¥imkgar, 1996).
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4 Methods

Laboratory techniques as Helium and fluid saturaporosimetry (section 4.1.1 and
4.1.2), Helium permeability (section 4.2), trangeutlight optics (section 4.3), micro-CT (X-
ray micro computed tomography) (section 4.4), mgrénjection (section 4.5), XRD (x-ray
diffraction) (section 4.6), magnetic susceptibibtyd hysteresis analysis (section 4.7), besides

NMR (nuclear magnetic resonance) (section72 48)iaed here to characterize the samples.

4.1 Porosity @)

4.1.1 Helium porosimeter

The method is based on the law of Boyle-Mariottéher “principle of expansion of
gases”. It is defined for closed systems (or T tamt}, the product between the gas volume

and its pressure remains constant before andaftegiterconnection of two systems:

P]_V]_ = P2V2 (29)

where Ris the initial pressure, Ms the initial volume, s the final pressure, and, ¢ the

final volume of a gas for constant temperature.

There are two chambers in the porosimeter: thedme is known as the reference cell
volume (M) and the second one {Ms where the sample (M) is inserted and is known as
the sample cell, which is limited at its top andsdody two movable pistons adaptable to
sample length. The two chambers are connectedcto @her by a connection valve, which
initially is closed. The first step consists indajing the gas into the reference cell O/ Vy)
with pressure Pof about 200 (or 100) PSI using the valve locdietiveen the helium tank
and reference cell. Then, the sample is insertiedsample cell and the valve between sample
cell and atmosphere is closed — a confining presetit00 PSI is required in the sample cell
in order to eliminate any void space between thepéa and the wall of the cylinder. The
third step of measurements is to open the conmestadve, which is located between the
reference and the sample cell. The gas will slogdyilibrate through the entirety of both
cells. The gas will penetrate into the pores of @anand the pressure will decrease to a new
equilibrium value (B). Due to gas expansion; Rill always be less thamBnd the volume of
voids is provided by (Anovitz and Cole, 2015):
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P.
Vi = Vouk = Va= Vo~ _Zpl (30)

where \ is voids volume, W,k is sample volume, ¥is volume of second cameray 6

reference cell volume,iR®s initial pressure and,®s equilibrium pressure.

In this thesis, the porosity data were providednfi®etrobras S/A which used the
Wheaterford Laboratories DV-4000 porosimeter udieg PSI.

4.1.2 Fluid saturation

The effective porosity was obtained by saturationifbibition) of the rock with a
wetting fluid. In general, brine or fresh wateused for these experiments, but other types of
liquids as toluene or dichloromethane can also $®d U Glover, 2005; Anovitz and Cole,
2015). The experiment consisted of a sample be@ged in an oven at 50 °C for minimum
24 hours and weighed. This procedure was repeateglad times for some hours until the
mass obtained was constant. Then, after the sangsdecompletely dried, it was saturated by
immersion in water and subjected to vacuum in @das®r where it remained for about one
hour. During this time, the water was displacedchpillarity in the sample and every half
hour the sample was weighed until the (saturatqdilirium mass was reached. At this point
a saturation of 100% is assumed. It is importametoove carefully the excess of water from
the surface of the samples and determine the voluitiea micrometer or digital caliper (5

measurements are recommended, Andersen et al.).2013

The porosity can be calculated as follows:

(Msat—Msec) (31)
. Vv Vw pw
Odeffective =—/=—=
vVt vVt Vt

where Vv is the void volume; Vt is total volume; i& water volume that fills the

pores; Msat is the mass of water saturated sampld/gec is dry mass of sample.

This method is not suitable for rocks with expaastlays and poorly cemented
(friable) sandstones because there is a risk aikiong the sample during the procedure or

causing a mistaken estimate of porosity.
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4.2 Permeability (k)

4.2.1 Helium permeameter

The permeability measurements using a Helium pameés are performed through a
Hassler chamber which contains a rubber sleevérstimaounds the porous medium in an
applied confining pressure. The methodology cosdistputting the sample in a high gas
pressure core holder and then open the valve. &kemjl pass through the sample and the
pressure decreases. Therefore, the variation aspre and flow rate can be calculated by
Darcy equation that relates to a macroscopic cseston, to viscosity and fluid pressure
gradient (Schon, 2014):

K=QuL/A(P:1-P) (32)

where K is the permeability of rock (Darcy); Q etflow rate (cm/s); L is sample length
(cm); p is the viscosity of the fluid (cP); A is cross-Senal area (crf), and RP; is the

pressure difference in the flow direction.

A Core lab helium permeameter (model n. 3020-124 aerrie A7520) from
Petrobras/SA was used for measurements in this.work

4.3 Transmitted light optics and scanning electron mmsTopy
(SEM)

Basic petrographic analysis is usually performed transmitted-light optical

microscope, but also it often requires SEM analysis

Optical microscopy observations of thin-sectionsrev@erformed to identify the
constituent minerals, describe the depositionaldiagenetic processes, estimate qualitatively
and quantitatively the composition and the texttnahework, besides analyzing the porosity
system. The quantitative analysis was done by madalysis (point counting) with at least
300 points.

SEM images were used to identify and characteheecbatings on detrital host grains
and measure the size of the micropores. In thikwoiNSPECT F50 FEI scanning electron

microscope from Instituto de Fisica de Sdo Caldsyersidade de S&do Paulo, was used.
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Energy Dispersive Spectroscopy (EDS) was useddui-guantitative chemical mapping of
O, Al, Fe, Mg and Si in the Agua Grande Formatiandstones (Topic Section 5.2).

4.4 X-ray micro computed tomography (Micro-CT)

The micro-CT basic system consists of a standardyXsource, a rotating sample
apparatus and a fix X-ray detector. Two configunagi are possible: the first is a cone-beam
micro-CT, in which the sample can be positionedwdrgre between the x-ray source and the
detector. So, the resolution will be limited by thecal spot size. In the second, the
synchrotron sources are used, so the parallel oemyn is detected by scintillator screen,
which convert the X-ray beam to light (Cnudde ammbide, 2013). The digital images were
reconstructed using an algorithm (e.g. least sgua®e more in Duliu, 1999; Pierret et al.,
2002), segmented and 3D matrix of voxels, whichcasrespondent to the attenuation

coefficient, is obtained.

Here, the measurements were performed with a Sky32&2 scanner by Bruker
(USA) fromInstituto de Fisica de S&o Carlos, Universidad8ale Paulo, and were analyzed
using the BrukepCT software (CTAn)Samples correspond to fragments of alfo005 cm

in volume collected directly from the original saeg

4.5 Mercury intrusion capillary pressure (MICP)

Mercury porosimetry is a widely used technique haracterize the pore space. It
provides important information, such as pore trgaastribution, median pore throat diameter
volume, porosity and specific surface area of rodksrcury is a non-wetting fluid for most
materials, so to penetrate into the pore space itecessary to apply a pressure, which is
greater than the surface tension of the mercuryguivalent to 484.6 mN / m? (Giesche,
2006; Anovitz & Cole, 2015).

The capillary force through which a grain surfageids the mercury to penetrate into

the pores is:

Fr=2mr y cos @ (33)

whereFg is capillary forcey is pore radiusy is the surface tension endd is the contact

angle, which can be calculated by:
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(Vsv—ysD) (34)

cos 8 = I

wherecos @ is contact angle «is surface-vapor tension vectarg is surface-liquid tension
vector andy y is liquid-vapor tension vector. The pressure rexlifor the mercury to enter

through the pores (P) can be obtained by dividigagion 33 by r*

35
Fg 2nr Y cos 8 2y cos 8 (35)
—:P:—: _—_
A r2 r
36
Zycosg 4ycosg (36)
= ———o D= ———
P P

whereFy is capillary force, A is pore ares,is pore radius, assuming circular geomejyry, is

the surface tensiorps & is the contact angle and D is pore diameter. Siheepressure is

incrementally increased, the mercury volume willitjected into the sample and measured.

Assuming4 ¥ cos @ is constant, as the pressure goes up, the meirtiltsates smaller and
smaller throat pores (equation 36 (Webb, 2001).

The porosity can be obtained by the accumulateccumgrvolume, while the pore
throat distribution can be obtained by the loganithderivative of pore sizes (Nimmo, 2004):

av (37)
logr

f(r) =

where f (r) is pore size distribution, V is voluraed r is pore size.

The relation between the throat size, which govenescury injection technique, and
the pore size, which governs the NMR, is widelyduseNMR studies (Marschall et al., 1995;
Straley et al., 1995; Kleinberg, 1996; Agut et 2000, Saidian and Prasad, 2015; Rosenbrand
et al., 2014; Li et al., 2018). However, it is dalbnly when the pore and pore throats are
similar or there is a fixed multiplicative ratio theeen them, which usually is the case in

sandstones unless they present significant diage(iésnyon, 1997).

In this work, a Mercury Injection Capillary Pressuwurves were obtained using a
poreSizer 9320 Micromeritics Instruments Co. fromivérsidade de Sao Paulo, Instituto de

Fisica de Sao Carlos to obtain pore throat sizelaligions.
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4.6 X-ray diffraction (XRD)

Clays are very common components of sedimentarksrdout identify them is not
always simple due to the variable range of phys$ieaucal properties of clay minerals,
including their composition, morphology, grain sisevelling and cation exchange (Wilson et
al, 2014). Thus, X-ray diffraction is a useful tagfue to distinguish clays, mainly smectite
and its mixed-layer, based on their expansion withylene glycol (Beaufort et al., 1997;
Wilson et al, 2014).

The method is based on incident monochromatic Ximayhe samples, which are
diffracted and detected following Bragg's Law (Meand Reynolds, 1989):

. = 2d send (38)
where n is integer numbex,is thewavelength of electromagnetic radiation, d is thde
spacing,0 is the diffraction angle. The angle between tha@dent and diffracted rays will
determine the type of mineral since each mineralihaet of d lattice spacing (Moore and
Reynolds, 1989).

Here, a BrukeD8 Advance Da Vinci Diffractometer from Institut@® d>eociéncias,
Universidade de Séo Paulo (IGc/USP) was used tttifgehe types of clays present in the

samples.

4.7 Magnetic properties

4.7.1 Magnetic susceptibility (Sus) and hysteresis analis

Magnetic susceptibility can be defined as a mealsave much a material is likely to
become magnetized (Butler, 2004). When a matesialbjected to a H field, it acquires an
intensity of magnetization M (or induced magnet@a), which is proportional to the applied

field, given by:

Mi=yH (39)

where M is induced magnetization (A/my, is magnetic susceptibility (dimensionless in

Systeme Internationalr SI) and H is induced magnetic field (H) (A/m).
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According to Equation 39, Ms directly proportional to the applied field, aogng
positive or negative signal due to direction of metigation intensity relative to the field.
Therefore, all the minerals present in the samgigribute to bulky, including ferromagnetic
(e.g. magnetite, maghemite), antiferromagnetic. (eagnatite, goethite), paramagnetic (e.g.
Fe-bearing clays), diamagnetic (e.g. quartz, caates) (Liu et al., 2012) minerals. Among
them, the ferromagnetic and antiferromagnetic nailseacquire a remanent magnetization in

addition to the induced magnetization.

Hysteresis loop allows one to analyze the inducedjmatization behavior M with
applied magnetic field of minerals H. Applying amcieasing magnetic field from a initial
stage where H = 0 and M = 0, the magnetization wdtease until it reaches its maximum
point, which is called saturation magnetization YMAt this point, all the moments are
parallel and aligned with the applied field andrevfethe applied magnetic field. Decreasing
the applied field until zero, the magnetization Idoweturn to zero or not. When the
magnetization does not return to zero, the matdred acquired a saturation remanent
magnetization (Mrs). Then, an opposite magnetitd fis applied until the magnetization
reaches zero; this point is known coercivity fofefe). The field that brings the saturation
remanent magnetization to zero is known as the mentacoercivity (Hcr) (Figure 22)
(Butler, 2004).

Minerals can be classified according to their b&raunder an applied field (Figure
23). Therefore, (Tauxe et al., 1996; Dunlop and édzid, 1997; Butler, 2004; Liu et al.,
2012):

a) Diamagnetic behavior: have negative magnetic stibidy and do not
present hysteresis. The diamagnetic substancesr@acgagnetization of weak intensity and
opposite to the direction to the field, allowingnagative signal to be attributed to their
magnetic susceptibility. Every material presen@ndignetism. Graphite, quartz, feldspars
and anhydrite are examples of minerals that presasitisively this behavior (Figure 23A).

b) Paramagnetic minerals: when an external magnetld fs applied, a small
induced field is acquired parallel to that fielddawhen the magnetic field is zero, the
magnetization is reduced to zero. The curve isaligta positive inclined line (Figure 23B).
The paramagnetic present low induced magnetizatistill weak, with a sense equal to that
of the applied field, producing a positive magnesiasceptibility. The most common
paramagnetic minerals are the Fe-bearing minemtduding olivine, pyroxene, biotite,

pyrite, clays and, usually, metallic conductors.
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Some elements such as iron, cobalt and nickel laag&rong magnetic interaction
between the constituent atoms and may presentapeEouis magnetization (i.e. ferromagnetic
behavior). After a certain grain-size ferromagnetiaterials can be subdivided into magnetic
domains whose distinct regions are randomly ortedtalue to energy minimization. The
magnetic susceptibility of ferromagnetic minerats 1¢ times stronger than that of
diamagnetic and paramagnetic minerals. The temperatt which a material loses its
ferrimagnetic characteristic and begins to behaseaaparamagnet is called the Curie

temperature. There are four classes of ferromaghetavior:

- Ferromagnetismsfrictu sensy atoms have strong parallel interactions among
adjacent magnetic moments, contributing for themagnetization. Ferromagnetic minerals

are not found in nature (Figure 23G).

- Ferrimagnetism: the interaction among adjacengmaic moments is antiparallel,
but the magnetic moments of the different sublestiare unequal, resulting in a non-null
spontaneous magnetization (Figure 23H). Examplderafnagnetic minerals are: magnetite

and pyrrhotite.

- Antiferromagnetism: the interaction among ionsaistiparallel and neighboring
magnetic moments are equal and opposite, resuhirggzero total magnetization. Like the
ferromagnetic minerals, the antiferromagnetic doss their antiferromagnetic properties to a
certain temperature, called temperature of Négufiei 231). An example of this behavior is

ilmenite.

- Parasitic ferromagnetism: when magnetic mineaalt&ins imperfections or slight
distortions (less than 1°) in their crystallingilz#, the magnetic moment of sublattices are not
exactly antiparallel. A perpendicular weak magredtan to the orientation of the spins is then
generated. Parasitic ferromagnetic materials hgpedl characteristics of ferromagnetic
materials, such as hysteresis, spontaneous maagiatizand Curie/Neel temperature (Figure

23J). A very common example is hematite.

It is worth mentioning that an interpretation ohgsteresis curve is not always easy
since diverse magnetic minerals assemblages asergren the sample. Therefore, diverse
magnetic minerals, which present different physioadperties, are reflected in hysteresis

loops, resulting in a distorted hysteresis curiesike et al., 1996).
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Figure 22 — A) The hysteresis loop shows the fitddendence with the induced
magnetization. B) In the Point 1, the magnetic maisi®egin to align to magnetic field; C)
In the point 2, all the magnetic moments are aligmagnetic field, D) When no magnetic

field is applied, the magnetic moments are randaminted, but the sample acquire an
important magnetization; E) When the opposite magffield is applies for more time, the
magnetization goes to zero (Butler, 2004).
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Figure 23 — Magnetic hysteresis cycles with diffetgehaviors: (a) diamagnetic, (b)
paramagnetic, (c) superparamagnetic (eg, basalimarine glass), (d) uniaxial,
monodomain, (e) magnetocrystalline, single domg&imple domain. Adapted from Tauxe et
al., 1996; Dunlop, 1997; Tauxe 2005)



70

In this thesis, | used the Susceptmeter KLY-4S-kadypplge by AGICO operating at
976 Hz at the Laboratério de Paleomagnetismo daddsidade de Sdo Paulo (USPmag) for
magnetic susceptility measurements. The hystelegis measurements were performed in a
Princeton Measurements Corp. vibrating sample ntagmeter with a peak field of 1T also

from USPmag.

4.7.2 Isothermal Remanent Magnetization (IRM)

The IRM is the remanent magnetization (or permangnetization) obtained when
we apply an instantaneously large magnetic field mom temperature. As we increase the
field, the sample is remagnetized along the apdield direction until the saturation. The
saturation isothermal remanent magnetization (SIRM)d the field at which the
magnetization attains half of saturatiog.Bare not equal for all minerals, varying according
to their remanent coercivity (or the resistanceéhef magnetic mineral to being permanently
magnetized), the composition, the grain size ardriteractions between the magnetic grains
(Lowrie, 2007). Generally, the SIRM of ferrimagmetninerals (magnetite) is reached with
smaller fields € 0.3T), while the antiferromagnetic (hematite arwkthite) minerals need
larger fields (>1T) (Lowrie, 2007; Liu et al.,, 2012allowing the identification of the

predominant magnetic minerals.

By fitting cumulative log-gaussian functions (CL®)IRM curves, we can determine
the contribution of each magnetic phas®lfertsonand France, 1994). The CLG consists
method of simultaneously fitting different CLG cess(one for each magnetic phase) to the
IRM acquisition curve of the sample. The qualitytié fitting is analyzed qualitatively by
comparing the sum of individual CLG curves to timedr acquisition plot (LAP), the gradient
of acquisition plot (GAP) which is the derivativd €LG curves, and the standardized
acquisition plot (SAP), which is a probability seallRM curve (Kruiver et al., 2001).

In this work, a pulse magnetizor MMPM10 from Madod¥leasurements Ltd. was
used, reaching maximum field of 1 T in the 1.25diameter coil in which the samples were
submitted to inductor fields ranging from 0.01 Titd@ through 30 magnetization steps. The
IRM was acquired at each step was measured on-4.855DC SQUID magnetometer (2G
Enterprises). Data analysis was done from cumu@aBaussian curves (Robertson and

France, 1994) using the spreadsheet compiled biyétrat. al. (2001).
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4.7.3 First-Order Reversal Curve (FORC)

The FORC diagrams consist of a set of partial mgste loops which are used to
define qualitatively the presence of magnetic pbagi¢h varying domain states, besides the
possible presence of magnetostatic interactiongadqZ&t al., 2017). The sample is firstly
magnetized until it reaches the saturation throtinghhigh positive applied field (B). This
field is then decreased to a reverse fielg.(Bs we apply a series of evenly spaced applied
fields ©B) from B to Bsg; the first-order-reversal curves are formed. The tonsecutive
magnetization measurements within a FORC seriesisgd to obtain gridded magnetization
measurements, creating a FORC diagram or a mixashdederivative diagram (Roberts et
al., 2014) (Figure 24).
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Figure 24 — The FORC measurement begin, @iht. When the magnetic field is
applied, the induced magnetization is measuredgatom M(Br, B) line; B) Set of FORC; C)
The grid used for calculate the FORC distribui@Br, B) which is used a smoothing for
consecutives FORCs; D) the FORC diagram showingnignetic response of all particles
with irreversible magnetization where the relatlupsetween {Br,Bc} are transformed to
terms of coercivity and magnetic interaction fidldtribution {Bi,Bc} (Roberts et al., 2014).

The Figure 25 shows some examples of FORC diagianusfferent types of

magnetic behavior.



72

B (T)
B, (mT)

11111

(l/zuy) d
l:i ;wy)d

-1.0 00
) 400 600 800 1000 100

0 50
B (mT)

100 0 100 200 0 200
B (mT) B (mT)

Figure 25 — Examples of FORC diagrams: A) singlerdim magnetite sample; B)
single-domain hematite sample; C) multi-domain negige sample (~12(m) (Zhao et al.,
2017).

4.8 Nuclear magnetic resonance (NMR)

The theorical fundaments of NMR were describedhapter 3. Therefore, this topic

consists of specifications of experiments.

1H NMR measurements were performed using two Redsl@cmag spectrometers,
one operating at 2 MHz and another at 85 MHz, uaipgrmanent magnetic (0.047T) and an
Oxford Instruments superconductor magnet (2 Typeesvely, both from Instituto de Fisica
de S&o Carlos, Universidade de S&o Paulo. A LapRMRecmag spectrometer operating at
20 MHz were performed for only two samples from taomebleau sandstones due to

equipment and sample size limit.

The T,, To-T, and D-T, measurements were done on samples saturated negh f
water since all the samples do not present exparsays. Tests with brine water also were
done for Recbncavo Basin samples. Inversion-regoy#R), Carr-Purcell-Meiboom-Gill
(CPMG), T,-Filtered T-T, Exchange (IF-TREx) andPulsed Field Gradient Stimulated
Echo PFG-STE) + CPMG sequences were used for fgr Tp-T, and D-T analysis,
respectively (Tanner, 1970, Song et al., 2002; Milicet al., 2013; D’Eurydice et al., 2016;
Montrazi etal., 2018).

The CPMG measurements were performed with echostinfe200 us with 32
averages for each experiment for all samples. Twegksdiverse echo times also were done
using 200, 250, 300, 400, 500 and 750

The T,-T, experiments were performed in Fontainebleau sandstat 85 MHz with

three and four filter times (D’Eurydice et al., B)1defined by multiples of echo times for
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FB83 (3, 16, 200, 2500) and for 155 (3, 16, 30)@as. The number of scans and echo time
used were 8 and 25, respectively. The storage timavas swept in 16 logarithmic steps.
The measured exchange curves were analyzed usngdthod described by Montrazi et al.
(2018). The results of AT, exchange experiments from Recbncavo Basin sarestworre

unsatisfactory due to the effect of magnetic susaiipy.

The 2D D-T, experiment was performed on the 2-MHz equipmeith) time to the

fixed stimulated echo of 6 ms, diffusion time of#8, and time to the Hahn echo of 260

To convert the decay functions into a distributions we used the inverse Laplace
transform (ILT) implemented in an in-house progrdeveloped in the NMR Group. The
Two-dimensional maps were constructed with a pateMIATLAB routine developed by

Schlumberger Ltd.
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5 Results

Accepted for publication in the AAPG Bulletin (07/2018).
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Abstract

The almost pure quartz-cemented Fontainebleau FammgParis Basin, France)
sandstones are known to preserve their porosityt@ugcrocrystalline quartz coatings. Here
we useNuclear Magnetic Resonance (NMR) techniquestrography, scanning electron
microscopy (SEM), porosity and permeability measwasts, hysteresis and mercury
injection capillary pressure (MICP) curves, to itlignand analyze their porosity structure.
NMR experiments includezlrelaxation times distributions and-Filtered T-T, Exchange, a
technique that provides estimates on the diffusionpling by comparing the evolution of
families of pores in 7 distributions at different exchange times. Samplese divided
according to their texture, composition and abuodaof microcrystalline quartz crystals,
comprising Group 1 samples with very low amountsadtings and Group 2 samples with
entire grains coated by microquartz. Both groupsasthree (or four) peaks in NMR 2MHz
T, distribution at ~1s (peak A), 18 (peak B), and 1% (peak C); Group 2 samples present a
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slight shift to shorter Itimes in comparison with other samples. The longepeak A is due

to intergranular macropores while the shortest péak due to the microporosity associated
with the microcrystalline quartz coating at theface of the pores. Peak B is also due to
microporosity associated with microcrystalline dmar but with a different S/V
(surface/volume) ratio, being likely related totfEhaped pores within the microcrystalline
coating. TF-TREX indicates the proton exchange is higher betwmacropores and the pore-
surface micropores (peak C) than between macropares the internal flat-shaped
micropores; no exchange between the two sets afopuces can be observed. Our results
show the potential of NMR techniques in charactegzhe microporosity in Fontainebleau

sandstones, which is key for the mechanism of piyrpseservation in these rocks.

5.1.1 Introduction

Porosity is an important physical property definthg quality of reservoirs since it
affects fluid migration and storage. Porosity temalde lost with increasing depth usually
following a power law specific for each basin (geBloch, 1991; Ehrenberg et al., 2008).
Nevertheless, some deeply buried sandstones parpatserve their porosities due to
processes that limit compaction and cementatigoramote the dissolution of minerals. The
main mechanism of porosity preservation is reldtedetrital grains coating by either clay
(e.g. Heald and Larese, 1974; Moraes and De R&S; ¥Jdukiewicz et al., 2010; Dowey et
al., 2012) or microquartz (e.g. Vagle et al., 19B#na and De Ros, 2002; Worden et al.,
2012; French and Worden, 2013), which inhibit theartg cement overgrowths that
syntaxially propagate from host grains and fille thores (Cooper et al., 2000; McBride,
1989; Haddad et al., 2006).

Previous studies showed the importance of micréaiyse quartz coating on porosity
preservation in Fontainebleau sandstoriésd(flad et al., 200&rench and Worden, 2013).
Detailed petrographic studies on samples from dm& demonstrate that siliceous cement
covering the detrital grains results from rapidsdigtion and precipitation processes of opal-
A (amorphous silica), opal-CT (cristobalite-tridyta)i, chalcedony or cryptocrystalline and
microcrystalline quartz. The microcrystalline gquaudrystals inherit the crystallographic
orientation of the length-fast chalcedony and gpasallel the surface of the detrital grains,
therefore preventing growth into the pore and presg the porosity (French and Worden,
2013). Itis worth noting, however, the lack afdies about the micropore families, including
those generated by microquartz crystals (Coopatl.,e2000; Al Saadi, 2017). In this context,
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Nuclear Magnetic Resonance (NMR) is a suitable ttwlidentify and analyze the
microporosity associated with the anomalous poygmiservation processes (Gallegos et al.,
1988; Kenyon, 1989; Vincent et al., 2011; Mitchetl al., 2013). Yet, in spite of several
studies on the Fontainebleau geology (e.g. Thiryalet 1988, Thiry, 2005; Thiry and
Maréchal, 2001), including NMR and petrophysicabswements (e.g., Fredrich et al., 1993;
Hurlimann et al., 1994; Kieffer et al., 1999; Arn2804; dren and Bakke, 2002; Wang et al.,
2005; Fleury et al., 2001; Fleury, 2007; Talabiakt 2009; Souza, 2012; Bernabé and
Maineult, 2015; Livo, 2016; Al Saadi et al., 2017aring et al., 2017), a correlation between
NMR and petrophysical data, with emphasis on thehaeisms of porosity preservation, is
still lacking.

Here, we use the NMR Carr-Purcell-Meiboom-Gill (lkleom and Gill, 1958)
(CPMG) technique to measure the transversal retaxéime (T,) and characterize the porous
space of a set of Fontainebleau samples that contarocrystalline quartz coatings. Other
methods such as petrography (optical and electnmnicoscopy), porosity and permeability
analysis, mercury injection capillary pressure egrand magnetic susceptibility data are used

to improve the interpretation of the NMR results.

An important detail in the interpretation of the RMCPMG data is related to the
diffusion coupling discussed by Straley et al. @Q¥enyon (1997), Grunewald and Knight
(2011) and Keating and Knight (2012). In order tady this effect, we used the,-T,
Exchange technique which allows observing fluid @esales migration among different pores
(Washburn and Callaghan, 2006). Since-TI Exchange experiments are very time
consuming, a faster version of this experiment wsesl (LF-TREX) following the procedure
of D’Eurydice et al. (2016). The,F-TREX is alternative F#T, Exchange NMR technique
that compares the evolution of families of pore3imistributions at different exchange times
using a fix number ok pulses in the first CPMG. Hence, it acts as atsha#filter allowing
to estimate the diffusion coupling between the paakfamilies of pores (D’Eurydice et al.,
2016).

5.1.2 Fontainebleau Formation, Paris Basin

Early Oligocene Fontainebleau sandstones (24-34dvka)ocated in the central Paris
Basin, south of Paris, France. They form a 50 ton8@r 160 to 260 inthick unit composed
of homogeneous, well sorted and almost pure qgardstones deposited in a shallow marine

environment during a marine transgression period.
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Three main facies are distinguished in this unit) bottom greyish sandstones
containing quartz, feldspar, glauconite, carbonagbgsite and organic matter (Thiry et al.,
2015, 2017); (2) bottom ‘ochre or greenish sandstbcomposed of quartz, smectite or illite,
feldspar and glauconite, and (3) top ‘white sanakssbcomposed exclusively of quartz, with
no clay minerals present. The clay content decseapwards. The formation of white and
ochre (or greenish) sandstones is the producttefatiion of greyish sandstones (Thiry and
Maréchal, 2001).

The white sandstones are the best known faciestiroghysical studies due to its
homogeneity in composition, grain size and goodgbty-permeability correlation (Al Saadi
et al., 2017). This unit was formed during glagmdriods by contrasted shallow loose
permeable sands and tightly silicified quartz lsnaethe edges plateaus and valleys. Silica
precipitated as its solubility decreased by coolitten the nourishing groundwaters came in
contact with the cold and even frozen grounds tiear outlet (Thiry et al., 2015; Thiry et al.,
2017).

Two types of ‘white sandstones’ were described lagdhd et al (2006 5ample 1
consists of homogeneous quartz sandstones, formpesulbangular overgrowth cements,
which have the same orientation of the host graith @@mmonly form angular facets. All
silica cement present in this type is quaBample Zonsists of cemented quartz sandstones,
formed by quartz host grains, which are coated lbwrtg overgrowth cement and
microcrystalline quartz. The quartz overgrowth cetn®rms a concentric zonation layer,

which contains fine bright and dark luminescentdsnwhile the microcrystalline quartz
crystals have orientations varying frothté 28 relative to host quartz grains and overgrowth

cement.

Quartz cementation in Fontainebleau occurred dumragimum ground-water flow

and can be classified into four main types: (1) bgemeous syntaxial overgrowth; (2)
heterogeneous syntaxial overgrowth with isopachmight and dark luminescent parallel
bands; (3) amorphous or cryptocrystalline silicd) (andomly oriented microcrystalline
quartz (Thiry and Maréchal, 2001; Haddad et alQ&0French and Worden, 2013). The
various silica phases probably precipitated aldragrtourishing solution flow path in relation
with variable silica saturation states and preatmn kinetics (Thiry et al., 2015a & b).
Among them, amorphous silica and microcrystallingartg preserve the porosity at deeper
reservoirs, while quartz overgrowths are one ofrtf@n porosity-loss causes because they
can completely occlude the pore space (Worden,2@12, French and Worden, 2013).
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The microquartz coatings are formed subsequentlgh@micedony and inherit the
crystallographiac-axis orientation growing parallel to the surfadettee detrital grains. The
result is that microcrystalline quartz cement doasgrow towards the pores to clog them, but
rather grow parallel to the walls, preserving tlweogity (Worden et al., 2012; French and
Worden, 2013). Additionally, the microquartz crystgrow much smaller crystals than the
quartz overgrowths would. Here, we consider migrstalline quartz as being partially
oriented 0.5-1Qum quartz crystals formed on the quartz host granfase (e.g., Vagle et al.
1994).

5.1.3 NMR and previous result on Fontainebleau sandstones

NMR is a noninvasive technique applied in the cbiargzation of porous materials.
The amplitude of the NMR signal is proportionaltte number of molecules bearing
nuclei in the fluid and its time decay is charaetd by the longitudinal and transverse

relaxation times Tand T, respectively (Kenyon et al., 1995; Kenyon, 1997).

The three main mechanisms that govern tHeNMR relaxation in a fluid within a
porous medium are: bulk relaxati¢m »g), which is related to magnetic dipolar couplings
among proton nuclei, being mostly controlled bycesty, fluid composition, temperature
and pressure (Coates et al., 199ijfusion relaxation(T.p), which is controlled by the
dynamic behavior of the fluid molecules bearfty nuclei under a magnetic field gradient
(Mitchell et al.,2010; Kenyon et al., 1995; Kenydi97); and surface relaxatidi; »9,
which is connected with the grain mineralogy andage-to-volume ratio (SVR) (Davies and
Packer, 1990; Davies et al., 1990; Song, 2003).

The NMR relaxation times ;Tand T, can be expressed according to these different

relaxation mechanisms as:

1 1 1 1 1 1 1
—= 14+ L and—= —+ —+ — (40)
T Ti1p S T; Tzp Tz2p Tz
Depending on the pore sizes and the magnetic pgrepeof minerals, the bulk
relaxation rate (1/1,g) of water can be neglected, since it is dwarfedhgyother relaxation

mechanisms.

The observed Jcan also be affected by diffusion relaxation duénternal magnetic
field gradients (G). Considering the classic Caurell-Meiboom-Gill (CPMG) experiment
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to obtain T, relaxation time distributions,,f will depend on the gradient field (G) and inter-
echoes times as follows:
1 D(GTg)? (41)
Tap 12
where 1/Bp is the relaxation rate due to molecular diffusibn(cnf/s or 0.39 iVs) is the

molecular diffusion coefficienty (Hz/gauss) is the gyromagnetic ratio, G (gaussfzm

gauss/0.39in) is the magnetic field gradient, apd(d) is the inter-echo time used in the
CPMG sequence measurements. Using shovialues the diffusion contributions are reduced
to very small levels and can be neglected (Kleiglzard Horsfield, 1990). Hence, in low field
NMR experiments, where these conditions can besfsati the magnetization decay is

predominantly due to the surface mechanism

In a specific regime, defined as fast diffusionitiby Brownstein and Tarr (1979), all
the magnetization in the entire pore decays as#nee rate due to the surface mechanism, and

the surface relaxation time is proportional to sheface to volume ratio (S/V):

1_ 5 (42)
T1,25_pl'2V

wherep; andp, are the pore surface magnetic relaxivities foyand s, respectively. The
surface relaxivity ) is a measure of the surface relaxation efficieritys related to the
concentration of paramagnetic or magnetic impwidiethe surface, as well as with the grain

surface wettability.

Previous NMR relaxation studies in Fontainebleandstones (e.g. Fleury et al., 2007;
Souza, 2012, Livo, 2016) showed distributions varying from I0to 2 s, forming three to
four log-normal peaks. Arns (2004) and Souza (2@b2jined pore size distributions ranging
between 10 to 300m and 0.02 to 40Qm, respectively. The longest peak was associated
to the larger and preserved intergranular poresu(lfl et al., 2007, Souza, 2012 and Livo,
2016), but the sources of smaller peaks found attahT, times was not discussed by these
authors. Although the Fontainebleau sandstones lavealmost pure composition, the
variable cement amount (and thus S/V) have beeamprdated by Fleury et al (2007) as the
main cause of the variable values of surface reiigxobserved in different studies: 4.1 to
16.0 um/s (Huarlimann et al., 1994); 11.7 to 24uim/s (dren and Bakke, 2002); 3.5 to 11.7
um/s (Fleury et al., 2007); 6.0 to 12uén/s (Souza, 2012). These variations have been also
interpreted as a reason for the weak correlatidawden NMR pore sizes and the estimated

permeability of Fontainebleau samples (Fleury ¢228l07; Livo, 2016).
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In this study, the diffusion coupling was investegha using the FT, Exchange
technique. In this experiment, one can measureTthélistributions using CPMG pulse
sequences during two different periods of timeasaied by a storage time In this way, this
experiment allows measuring the correlateddibtributions before and after t This means
that, if there is no migration of molecules (othey migrate to similar pores) their respective
T, values are the same before and aftentits turn, if the molecules that have relaxathw
the T, during the first CPMG migrate from the pdréo another porg during the timed
these molecules should relax with a differegtduring the second CPMG. This allows the
estimation of the exchange, from an evaluatiorhef distributions of the second CPMG as

a function ofts.

5.1.4 Samples and methods

5.1.4.1 Samples

Eight samples of Fontainebleau Formation sandstevexe studied. Two samples
were collected in a previous study (French and Wior@013) at the Bonnevault quarry (Saint
Pierre les Nemours, France), while the remainingsamples were purchased from Cydarex
that provides outcrop samples from quarries from gsame region. Samples acquired from
Cydarex were bored as cylindrical samples 3.8 ami.f®in) in diameter and a length of 7 cm
(or 2.75 in). These samples were split into twagéahe first one with length of 0.5 cm (or
0.20 in), was used for destructive analysis (Tratiedilight and scanning electron
microscopy (SEM), Mercury Injection Capillary Press (MICP) and blue-epoxy resin
impregnated thin polished sections), and the sec®@B8dcm (or 1.5 in) in length, was used for
2 and 85 MHz NMR analysis. Samples from the Bonuak\guarry were bored as cylindrical
samples 1 cm (or 0.40 in) in diameter and lengtB.8fcm (or 1.5 in) and used only for the 20
MHz NMR analysis. These samples were previoushdistl for their petrography and
porosity structure by French and Worden (2013).

5.1.4.2 Nuclear Magnetic Resonance

NMR measurements were performed using one LapN’l\/lFRecmag spectrometer
operating at 20 and two RedstdfieTecmag spectrometers operating at 2 and 85 MHz.
CPMG routines were performed with inter-echo spg¢imes of 200us, detecting 40,000
echoes. The number of scans for each experimezit 2@ and 85 MHz were 32, 16 and 8,
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respectively. To convert the decay functions iatd, distribution was used the inverse
Laplace transform (ILT) implemented in our NMR Gpowsing the curvature-smoothing
regularization method (Borgia et al., 1998; Kenyb®97).

The Ty-Filtered T,-T, Exchange (IF-TREX) experiment consists of measuring the T
distributions using CPMG pulse sequences duringdifferent periods of time, separated by
a storage timest The first CPMG is used to filter the shorter xalion times which are
associated with the smaller pores. After this stpjng the storage time, the molecules
within the macro pores (longer, Telaxation times) can migrate to the others pavhese
relaxation times were filtered. The second CPMQused to measure the magnetization
intensities of each pore after the timeThese intensities are associated with the stdarage
ts and exchange ratk; between the pores. Therefore, the exchange is \dbdry the

reappearance of the filtered times after the eiaiuf the time 4(d'Eurydice, 2016).

The T,F-TREx measurements were performed at 85 MHz viithet and four filter
times (D’Eurydice et al., 2016), defined by muléiplof echo times for FB83 (3, 16, 200,
2500) and for 155 (3, 16, 300). The number of s@tsecho time used were 8 and 250

respectively. The storage timavias swept in 16 logarithmic steps.

To identify the intensity of each pore, we havesith peak of the relaxation time by a
log-normal function. In order to estimate the exxw®rate, exchange curves were constructed
for each pore which means that the magnetizatitengities of each peak were analyzed
according to timest Afterwards, a numerical fitting was done for tle exchange curves
simultaneously to obtain the exchange rates anddalerelaxations times, according to the
equation (Dortch et al., 2009):

(43)

— Lyt Litg 5Lyt
My, 1, (ty tsty) = 2elztzelrts bzt

where: L1 and L, are the -(R; - K), and R and R are the diagonal matrices of the
longitudinal and transverse relaxation rates, retypay. According to this equation, the
evolution of the longitudinal and transversal mdgra¢ions are not only due to relaxation
rate, but also due to the exchange rtehjetween the pores. The timestt and ¢ are the

first CPMG evolution (filter time), the storage en{molecules migration) and the second

CPMG (acquisition), respectively.
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5.1.4.3X-ray micro computed tomography (Micro-CT)

Three-dimensional images and estimation of pore-sistribution were provided
through the micro-CT analysis. Measurements werfopeed using a Bruker SkyScan 1272
scanner (Belgium). The images were processed aalyzaa using the Bruker micro-CT
software (CTAN). The obtained images resolution &@as. The sample FB was obtained a
1.5 um of resolution. The samples correspond to frage&ntn 0.5 to 1 crh(or 0.03 to 0.06

in®) in volume collected directly from the original sdem

5.1.4.4Transmitted-light and scanning electron microsc(giyM)

Optical microscopy observations of thin-sectionsreveealized to identify the
constituent minerals, describe the depositionaldiagenetic processes, estimate qualitatively
and quantitatively the composition and the texténahework, besides analyzing the porosity
system. The quantitative analysis was done by madalysis (point counting) with at least
300 points. SEM images were used to identify arafadterize the coatings on detrital host
grains and measure the size of the pores. Blue yepgxregnated thin-sections were
examined with transmitted-light optical microscoBxanning electron microscopy (SEM)
observations were performed on rock chips cut filoensame sample fragments used for thin-
sections. We used the Zeiss Sigma Vacuum Field somsSEM coupled to an Oxford
Instruments EDX Penta Precision detector from IH8Gtituto de Fisica de S&o Carlos,

Brazil) to identify the composition of minerals amegasure the size of micropores.

5.1.4.%orosity ) and permeability (k) measurements

We used thin-section point counting (300 pointsglitin expansion 2500 PSI, water
saturation, mercury injection capillary pressure anicro-CT methods to estimate rock
porosity (Table 1). The permeability was determinsthg a Hassler cell (Table 1). A Core

lab Helium Permeameter (model n. 3020-124 ands&®20) was used for measurements.

5.1.4.@Mercury Injection Capillary Pressure

Mercury porosimetry is a widely used technique baracterize the pore space in
diverse studies, including NMR. The advantage o thethod is that mercury is a non-
wetting fluid for most materials, so to penetrateipores space it is necessary to apply a

pressure, which is greater than the surface tensiaime mercury — equivalent to 484.6
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mN/mZ2. As the pressure is incrementally increasieel, mercury volume is injected into the
sample and its volume can be measured (Anovitz & C2015). Mercury porosimetry was
measured with a poreSizer 9320 Micromeritics Imagnts Co. to obtain pore throat size

distributions.

5.1.4. Magnetic susceptibility and hysteresis

Magnetic susceptibility is an important physicabperty in NMR studies since
paramagnetic minerals can induce field inhomoggneithe pore space, contributing to the
faster 1/T, relaxation rates (Kenyon, 1997). Magnetic susbdjyi can be defined as a
measure how much a material is likely to becomeratiged. This property depends on the
type and the concentration of magnetic mineralthen samples (Butler, 2004). In order to
characterize the magnetic mineral in the sample #meir type (paramagnetic or
ferromagnetic), the hysteresis loops can be usedigh analyzing the induced magnetization
behavior with increase applied magnetic field ubfil(Tesla) (Butler, 2004). H A MFK1-FA
AGICO susceptometer operating at 976 Hz was usdétisnwork. Magnetic hysteresis loops
were obtained using a Princeton Measurements @dofating sample magnetometer, with a
peak field of 1 T (Tesla) to define if the magnesiasceptibility was mainly carried by

ferromagnetic or paramagnetic minerals.

5.1.5 Results

5.1.5.1Petrography, electron microscopy and petrophysiatd

Petrographic descriptions follow the classificatioh Haddad et al. (2006) for
Fontainebleau white sandstones, which were dividedGroups 1 and 2 (equivalent to their

Samples 1 and 2, respectively).

FB, FB10, FB25, FB83, FB217, FBL2B01 and FBL3BOdnidGroup 1 samples. They
consist of fine and coarse sandstones composeabenystalline quartz grains (55 to 73%)
and rocks fragments (1 to 4%). Authigenic silicaagds include fibrous crystals of
microcrystalline radial chalcedony (0 to 2%) graisisb-angular and uniform syntaxial quartz
overgrowth (10 to 21%) (Figure 26A-Figure 26B),catar silica (0 to 7%) and chert (1 to
6%) (Figure 26A-Figure 26D). The microcrystallin@agtz coatings, which are partially
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oriented, can occur sporadically with incipienteoied overgrowth cements and do not cover
the entire pore (Figure 26D).

The FB155 sample represents Group 2 (Figure 26Er&IQ6H). It is a fine grained
quartz sandstone also composed of monocrystallusetzy grains (64%), rock fragments
(3%), microcrystalline radial chalcedony fibers (1%ubangular and syntaxial quartz
overgrowths (8%), acicular silica (6%) and chef}3The pore space of Group 2 samples
(unlike Group 1) presents a set of alternatingtleyid dark radial layers, which are deposited
onto the host quartz grain and before the micrdalyse quartz coating (Figure 26E-Figure
26F). This structure appears also as bright an# tdaninescence in the Fontainebleau
samples studied by Haddad et al. (2006) and walipi interpreted as due to Fe
enrichment in the pore water. French and Wordet3pP6howed through TEM (transmission
electron microscopy), SEM, and optical thin sectmlysis that this zone comprises a light
layer of amorphous silica (silanol Si-OH group pabne silica) and the dark zone is formed
by Si-OH opal, water and hydrocarbon compoundsuid fnclusions. SEM Sample 2 images
show quartz host grains covered by amorphous giiteébum) — chalcedony (~3.;m) —
randomly oriented microquartz crystals (~f) in sequence layers (Figure 261 and Figure
26J). Chalcedony forms ~100 nm particles and migstalline quartz crystals range from ~3
to ~10um (Figure 26G-Figure 26H).

The studied Fontainebleau sandstones are well dsavieéh unimodal grain and
macropore size distributions in the range of 140389 um and from 12 to 75um,
respectively. The FB25 sample has the smallest §i@es, which vary from 7 to 3dm. The
pore throat size distributions obtained by MICP sueaments show one dominant peak and
other smaller peaks (Figure 27). FB10 and FB25 $ssnpresent the smallest throat pore
sizes. In comparison to the other samples, amuomgmall throat pore sizes the FB25 has the
largest pore throat. Conversely, FBL2B01 and FBLBB@mples have pore throat sizes
slightly larger than the others (Figure 27). Thed®land Micro-CT distributions were used to
estimate the surface magnetic relaxivity usinghigiest peak of MICP or micro-CT and the
longest T values observed at 2 and 20 MHz, which is expetdede correlated with the
largest pore size, Equation 41. The distributioh$ orelaxation times are shown overlapped
in the Figure 27 (MICP) and 28 (micro-CT).

In both sets of samples, porosity is dominantlatesd to the intergranular pore space,
which is sometimes filled with small amounts ofcatar silica, varying in length from 10 to
50 um (FB25, FBL2B01, FBL3B01 and FB155) and partiahented microquartz crystals,
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which vary from 600 nm to 3.0m in diameter. Mercury and micro-CT porosities vAom
5.6 to 17.9% and 5.5 to 20%, respectively. The pabmity varies from 10 to 1,050 mD
(Table 1). The samples showed a significant diffeeeamong the porosity data, mainly due
to size and heterogeneity of the samples, beshiesesolution of each method. While we
used a ~1cth(or 0.06 i) of samples in Micro-CT and MICP analysis, ~ 48dor 2.4 irf)
were used for water saturated porosity and NMR oreasents. Comparing the average of
standard deviation between water method and therstfor all samples, the Micro-CT
method showed the minor value of 1.02%, while ggaby and MICP showed 2.1 and 1.6%,
respectively. These results showed that sampleshwduie used in Micro-CT analysis are
more similar than the others which are used in NBHRl water porosity analysis. The
similarities between NMR and Micro-CT distributioogrroborate with this analysis. Among
Group 1 samples, FBL2B01 and FBL3BO01 are the mosiys samples probably as a result
of their depositional settings since samples withilar porosities contain different amounts
of microcrystalline quartz and cements. The latenfdion of the amorphous silica layer or
microcrystalline quartz during eodiagenesis fawprine development of quartz overgrowth

cement, preserved only 5 to 15% of the porosity.

From the magnetic point of view, hysteresis analyhow that Group 1 is purely
diamagnetic, while Group 2 has a small ferromagnetintribution due to the presence of
trace amounts of magnetite (Table 2), probably ritdd magnetite grains included in the

detrital quartz grains.
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Figure 26 —A-D) Group 1 samples showing homogenealisdeveloped quartz (Qz)
overgrowth cements. The partially oriented micrgtailine quartz coatings do not coat the
entire pore. E-F) Group 2 microscopy optical imagjeswing light and dark alternating
zones; G-H) SEM images showing clearly the microgueoatings covering the entire pore.

It is observed the quartz host grains are coateahiigrphous silica» chalcedony—
randomly oriented microquartz crystals in sequdagers; I-J) SEM images showing the
microporosity associated with microquartz crystals.
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Table 2 — Table 1: Porosity data)( which were measured trough petrography, water,
mercury and X-ray micro computed tomograpnyicro-CT) techniques, permeabilitk)(
which was measured using helium gas, magnetic ptisdy (Sug and magnetism of
Fontainebleau samples. Dia is diamagnetic minewifarro is ferromagnetic mineral.

o)
b0 6| 400 | ) kmpy| S |
Sample| Group micro- _ (10°® | Magnetism
petrography water| mercury helium
CT Sl)

FB 1 9.3 12.6] 179 11.8 491 -6.93 -
FB10 1 6.0 4.5 5.6 4.9 10 -11.07 Dia.
FB25 1 2.7 5.0 5.8 7.5 25 -10.83 Dia.
FB83 1 4.3 8.0 5.9 5.2 60 -9.82 Dia.
FB217 1 9.3 8.6 8.4 8.6 217 | -10.24 Dia.

FB 19.3 Dia. +
L2801 1 15.3 - 15.9 - 6.92 Ferro

FB Dia. +
L3B01 1 12.3 19.0f 12.9 20 - 17.60 Ferro

Dia. +
FB155 2 5.6 8.2 8.9 5.6 155 -0.26
Ferro
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Figure 27 — Mercury Injection Capillary Pressurd@®) and 2MHz Transverse relaxation
times (T,) or Nuclear Magnetic Resonance (NMR) distribusidor Group 1 and 2 (FB155).
For MICP, pore size is throat pore sizgsis the surface relaxivity *. The surface relagn
was calculated using the 20 MHz data.
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Figure 28 — X-ray micro computed tomography (Mi€@®) and 2MHz transverse relaxation
times (T,) or Nuclear Magnetic Resonance (NMR) distribusidor Group 1 and 2 (FB155).
p2 is the surface relaxivity *. Surface relaxivity svealculated using the 20 MHz data.
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The use of Fontainebleau sandstone for NMR stualiels other petrophysical methods
have many advantages, mainly due to its almost pusetz composition (>99% quartz),
relatively constant grain size and different levelscementation (Fredrich et al., 1993; Al
Saadi et al.,, 2017). Although with small non-hommugmus levels of cementation, the
petrography of samples which contain microquartatiogs of Fontainebleau Formation is
very similar of previously works (Haddad et al.0BOand French and Worde, 2013). Due to
this homogeneity, the studied samples are very veglfesentative of microquartz coated

sandstones.

5.1.5.2 Nuclear Magnetic Resonance

5.1.5.2.1 T, distributions

The T, distributions show three or four well-defined pgak 2 and 20 MHz (Figure 29
and Table 3). The best log-normal fittings of 2 MHBzdistributions shovthat Group 1 shows
the longest relaxation times, whieary from ~0.76 to ~1.7 s, and are significantipger
than that shown by Group 2 sample, which are abOwt s. Among the samples from Group

1, FB25 presents the shortestvalues.

In general, 2 MHz T distributions can be associated to pore sizeiligtons, since the
magnetic susceptibility effects are minor. Therefothey can be correlated with MICP
distributions, which correspond to the pore threiae distributions (Marschall et al., 1995;
Straley et al., 1995; Kleinberg, 1996; Agut et aD00, Saidian and Prasad, 2015; Li et al.,
2017). The Figure 29 shows a strong correlatiowbeh macro pores or pore throat sizes and
a weak correlation for micro pores or pore thréz¢sfor almost all samples. FB10 and FB25
show better correlation for the entire distributiinpore and pore throat sizes, while FB25
and FB83 have the smallest pore and pore throaes.sZBL2B01 and FBL3B01 have the
highest porosities and pore throat sizes. Sincg dhe measured at 20 MHz spectrometry, the
real T, time in 2 MHz NMR distributions could be slightlignger than that shown in Figure
29.

In order to ensure that smallep Ppeaks are not a result from noise or normal modes
(Browstein and Tarr, 1979) and, therefore, have@agical meaning, an NMR analysis of a
drying procedure was performed. First, the NMR algof a totally saturated sample was

obtained. Afterwards, the sample was continuousbddusing a vacuum pressure of 700 mm
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Hg in a laboratory stove at 3 for 0, 30 and 90 minutes steps. For each step, T
distributions were measured. Therefore, as the ickntinuously dry, it is expected that the
water will go away first from the larger pores, lilighting the presence of the smaller ones
and discarding the possibility of the smaller peaksT, distributions being classified as
normal modes which occurs when a pore presents thareone 7 time, arising a new false

peak in distributions. The Figure 30 shows the elarof FB 155 drying procedure.
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Figure 29 — Transverse relaxation timeg) @istributions for Group 1 and Group 2 samples
show 3 and 4 peaks at 2 MHz. In some cases, thiteshpeak vanishes at 85 MHz (e.g.
FB155). The peak dominant from Group 2 samplebastsr than the others. FBL2B01 and

FBL3BO01 samples were measured at 20 MHz due t@etnt and sample size limit.
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Figure 30 — Drying procedure of FB 155 sample, shgwhat two types of small pores
(shorter transverserelaxation times peaR3@re becoming more evident as the drying time
passes (0, 30 and 90 min.).

According to the model proposed by Browstein andr T@979), all studied
Fontainebleau sandstones are under the fast diffugnit, since they satisfy the condition
pR/Dg <<1, wherep is surface relaxivity, R is the estimated pore sind 13 is the diffusion
coefficient of water (2300m%s). Therefore, the peaks in @istribution are not normal modes
and may be correlated with different pore typesdéirthis condition, Equation 42 can be
used to correlate pore sizes andrdlaxation times. Since MICP shows pore throat,pure
distributions, it presented a weak correlation leemv water saturated measurements of
porosity and due to the weak correlation betweekp@n MICP and NMR distributions, the
Micro-CT data was preferred in surface relaxivitestimation (Figure 27 and 28). Using
Micro-CT data, the estimated transverse surfa@xnety (p,), which correlates Jwith pore
sizes, varies from ~1 to @n/s for Group 1 and is ~28n/s for Group 2. The ratio between

the surface relaxivity average of Micro-CT and MIG&a is 2.7.

Internal magnetic field gradients may arise fromgnetic susceptibility differences
between the pore surface and the fluid filling fleeosity under the presence magnetic fields
(Kleinberg et al., 1994). Here, we qualitativelyrqmared 7} distributions at low (2 and 20
MHz) and high (85 MHz) magnetic fields (Figure 2&darable 3). We observe a shortening
of T, times under the higher magnetic field, correspogdo 85 MHz (2T) (Korb et al., 2003;
Souza, 2012). FB25 and FB10 samples present simpladements between the curves, while
FB, FB155, FB83 and FB217 show a visible shiftatldition, the samples that show 4 peaks
in 2 MHz T, distribution have their smallest peak suppressé&biMHz (and Table 3).
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Table 3 — NMR 7 relaxation time (transverse relaxation time) valim each peak from 2
and 85 MHz using a log-normal fitting of curves asadculated surface relaxivitpf)using
Mercury Injection Capillary Pressure (MICP) and rmicomputed tomography (Micro-CT);
(1) is Group1; (2) is Group 2; * the experiment wlasie using 20 MHz).

T2(s) T2(s) T2(s) T2(S) | p2micp | P2 Micro-
Peak 1 Peak 2 Peak 3 Peak 4 | (um/s)|¢T
Samples (um/s)
2 85 2 85 2 85 2 85 2 2
MHz | MHz | MHz | MHZ | MHZ | MHZ | MHZ | MHZ | MHZz | MHZz
FB (1) 1.07] 059 0.13| 0.07| 0.01| 0.01| 0.01 - 2.27 4.20
FB10 (1) | 0.93| 0.59| 0.13| 0.07| 0.01| 0.01| - - 1.27 8.06
FB25 (1) | 0.76 | 0.74| 0.14| 0.14| 0.01| 0.01| - - 1.24 3.72
FB83 (1) | 1.74| 0.76 | 0.28 | 0.10 | 0.07| 0.01 | 0.01 - 0.48 0.76
FB217 (1)| 1.26| 0.67| 0.11| 0.07 | 0.02 | 0.01 | 0.01 - 1.77 4.77
FBL2BO1 | 0.63| 0.25| 0.32| 0.03| 0.05| 0.01| 0.01 - 7.62 7.22
1)*
FBL3BO1 | 1.20| 0.42| 0.20| 0.05| 0.03| 0.01| 0.01 - 2.24 8.23
(1)
FB155 (2)| 0.36 | 0.17| 0.05| 0.06 | 0,01 | 0.01 | - - 6.78 | 27.92

5.1.5.2.2 T, — Filtered B-T, Exchange (IF-TREX)

When NMR experiments are run to measureiid T, under exchange processes, the
measured relaxation times can be modified due @octimpetition between relaxation and

exchange if the exchange rate is equal or higraar the relaxation rates (Van Landeghem et

al., 2010). Under these conditions, the measurkecagon times are called appare,fl(z)
because the real onesigl must be measured under the condition of no odigibte
exchange. Notwithstanding, the real and appardsmtaton times and exchange rateg @gan

be estimated from the exchange curves.

For FB83 (Group 1) and FB155 (Group 2), at 85 MHhe T, distributions show 3
peaks (A, B and C) and 2 peaks (A and C), respagtiThe shortest JTJpeak (~105s) is due

to a probe background signal and was thereforeeghgded of the results. Comparing T
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distributions measured at 2 and 85 MHz, peaks Aeslnigger shifts to shorter,values as
compared to peaks B and C. For FB155, peak A isrpaging peak B (Figure 29).

Figure 31 and Figure 32 show filtered echo timesémples FB83 and 155. For both
samples the intensities of magnetization of allksem Filter 3 echoes decay due to the
combined effect of relaxation and exchange, thuaradierizing apparent longitudinal
relaxation times. For FB83 it is possible to obseltve suppression and recuperation of peak
B in 2500 echoes filter (filter time of 625 ms).elkame effect is evidenced in peak C for
FB83 in 200 and 2500 echoes filter (filter timeH6fand 625 ms, respectively) and FB155 in
300 echoes filter (filter time of 75 ms). Also peased Figure 31 and Figure 22e the
integral amplitudes as a function of storage tign&hich can be defined as the time in which
the molecular exchange between different poresrect@inese curves were obtained using
log-normal fittings on 7 distribution time. After, exchange rates and reatl apparent
relaxation times were obtained using a simultandibtiisg on integral amplitude curves and
the results are shown in Table 4 (Montrazi et24118).
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Figure 31-Apparent transverse relaxation times ( T ;) distributions vs.storage time ( t,) (left)
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Table 4 — Longitudinal apparent (DT transverseapparent ()T real longitudinal (T1) and
real transverse ¢J (relaxation times as well as exchange rates (KQreg the pores a, b and c,
which are obtained from Exchange Curves (Figurasdb7).

FBS3 FB155

T2(s) | T°G) | TEG6) | xas) TA@) | Ti°(s) | xadS)
2.7 079 | 0.11 0.007 2.1 0037 | 11

~T2(S) | ~TP ()| ~Ta°(s)|  KadS) ~T2(s) | ~T:°(s) -
2.4 0.75 | 0.09 0.046 0.74 | 0.029

T2(s) | T2(s) | T (s) Kpd(S) T2(s) | T (s) -
1.7 0.097 | 0.015 ~0 0.15 | 0.004

~TR2(S) | ~TL(s)| ~T° (s) - ~T2(s) | ~T2" (S) -
1.5 0.097 | 0.015 0.13 | 0.004

5.1.6 Discussion

We studied a set of white Fontainebleau quartz sfands samples composed of
almost pure quartz. The samples were classifiea tiwb Groups, following the scheme of
Haddad et al (2006). Group 1 consists of subanguldrhomogeneous overgrowth cemented
sandstones. This cement grows syntaxially from do@rtz host grain and form well
developed angular facets. Unliample lof Haddad et al (2006), this group contains low
amounts of microcrystalline quartz crystals, whigdrtially cover the host detrital quartz
grains. Group 2 illustrates all of the featurescdbed by Haddad et al (2006) for their
Sample 2and also the samples described in French et @L3]2 It consists of cemented
quartz sandstones, coated by concentric zonatigardaof silica cements and partially
oriented microcrystalline quartz crystals, coatihgst quartz grains or the overgrowth
cements. SEM images show quartz host grains cdsteanorphous silica or chalcedory
randomly microquartz crystals in a sequence ofray®ince these polymorphs become more
crystalline, a microporosity associated with miaragz crystals can be formed (Lima and

DeRos, 2002), which is indeed seen in SEM imagégu(€ 26). The quartz overgrowth
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cements do not contain microporosity and the ptrosssociated with acicular silica is
macro, varying from 10 to 5@m.

NMR 2 MHz T, distributions showed three to four peaks as iniptes studies (Fleury
et al., 2007, Souza, 2012; Livo, 2016). In Grougainples the longest peak is about 1 s,
the intermediate peak varies from 0.1 to 0.3 sthedshortest ones vary from 0.01 to 0.07 s.
When the fourth peak is present, it varies fron0R.@ 0.009 s (Table 3). Group 2 samples
present 0.35, 0.05 and 0.01 s for longest, intefabedand shortest,Ttimes, respectively.
Group 2 samples present shorter relaxation timas @Group 1. This effect occurs generally
due to presence of paramagnetic impurities (Klgjletral., 1994; Kenyon, 1997, Keating and
Knight, 2007), but could also result from the preseof roughness in the pore surface or

diffusion coupling (Straley et al., 1995; Kenyo®9Y).

Relaxation rates of confined fluids are proportidoahe S/V ratio of pores (Equation
41), thus the longest,Times (peak A) can be related directly to thedatgores. Relaxivities
related to the largest pores in the studied Foekd@gau samples range between ~1 and 8
um/s, and reproduce the values previously obtaioethfs unit (Hurlimann et al., 1994, @ren
and Bakke, 2002, Fleury et al., 2007, Souza, 20EB}155 sample showed the highest
relaxivity of 28 um/s, which is close to the maximum value reportedhie literature for
Fontainebleau sandstones.

The peaks with lower relaxation times are the aetsed to the microporosity and of
direct interest here. They are less intense thanpttak A and require more care during
interpretation. Firstly, we estimated the wateruvoé of each peak in,Tdistribution of
completely saturated samples and then did some “NMtiAng sample procedures”.
Considering the system in fast diffusion regimeterafdrying the largest pore, the
magnetization in the shorter, Ttimes remains virtually unchanged. Through these
experiments we can affirm that small NMR peaks are not normal modes and could be
interpreted to be due to the micropores (Figure B&)m NMR versusMICP (Figure 27)
analysis, all samples have small MICP peaks varyiogh 0.2 to ~1um. This result is
reinforced by the petrography and SEM analysis. pt@ounced ~3um MICP peaks in
FB25 and FB155 are probably due the acicular sWitach fills the pores. In NMR I
distributions, these ~8m MICP peaks are hidden by the largestp€ak. Finally, the best
log-normal fittings of F time distributions showed that among the smalkpgthe peak with
10 s T, time has higher volumes than the others (excepEB83, in which the T fourth
peak is 7%, while the third is 4%) (28).
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The interconnection between the different poreesyst can be investigated through
the diffusion coupling of the different NMR,Tpeaks. Kenyon (1997) defined two NMR
models for diffusion coupling between clay flakesngecting channels and central
macropores. The first occurs when there is no siiffu coupling between macro- and
micropores. Therefore, two different peaks appedhé T distribution, the shorter one being
related to channels between chlorite flakes andathger one being related to the macropores.
The second model occurs when diffusion couplingelsy efficient, so the magnetization of
the whole pore is uniform and Equation 41 holdssdgiaon the conditions described by
Brownstein and Tarr (1979), all studied Fontainablsamples are under the fast diffusion
mode and the second model is valid here. HoweVerpoSintergranular pores increases due
to roughness of the pore surface, inducing a dsergarelaxation times distribution (Kenyon,
1997). Here, we used theFFTREX to investigate the diffusion coupling betwdbe three

main NMR T, peaks identified in the Fontainebleau sandstones.

Table 4 shows the exchange rates obtained frgfRTREX experiments. For sample
FB83 (Group 1), where all the peaks are distingabiy one can observe exchange between
peak A and peaks B and C, i.e. between the maaspprand the microporosity. The
stronger exchange between peaks A and C could priead in terms of the coatings
morphology, which interferes directly in the excbamates, being more efficient for partially
oriented microcrystalline quartz crystals at thefesee of the macropore. Exchange between
peaks B and C is not observed. For sample FB156ufi>R), where peaks A and B are
superposed, one can consider that the exchangesoexclusively between peaks A and C.
Notwithstanding, since the exchange between pea&sdAC is higher than between peaks A
and B, it is likely that peak B is associated te thost internal layers of the microquartz
coating. If so, its longerlvalues compared to peak C pores could be expldipeddifferent
pore shape or S/V ratio, more flattened pores pingilonger T times. Finally, the exchange
rate fac) between macropore (A) and microquartz coating {&) FB155 is orders of
magnitude higher than that observed for FB83 (T4hl& his is related to the fact that, while
for FB155 (Group 2) pore surfaces are completelyeoed by microquartz coating, for FB83
(Group 1) they are only partially covered. The maores from Fontainebleau samples have
similar compositions and sizes, however, the oleskfl; values for peak A, at the same
magnetic field, are significantly different whenngparing samples belonging to Groups 1 and
2 (FB83 and FB155, respectively). This differencaild be explained by the concept of
diffusion coupling (Kenyon, 1997), which is dirgcttelated with the real and apparent
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relaxation times, as well as the exchange ratewrsimo Table 4. However, by comparing the
apparent and real peak A Values for both samples, it can be observed tieyt are very
similar. This means that the diffusion coupling \bunot be responsible for the significant
difference between peak A Values observed in samples FB83 and FB155. IncHss, this
difference could be described by differences imterof surface relaxivity or surface-to-
volume ratio of the pores, which might be differdne to the morphology of the microquartz
coatings found for samples FB83 and FB155. Howevwgranalyzing the apparent and real
longitudinal relaxation times for sample FB155, @a@& observe that they are very different.
This significant difference could be associatedhwdiffusion coupling, because, in this
particular case, the exchange rate is much bidger the longitudinal relaxation rateyck>
TR

SEM images and optical microscopy can be used dbtkee previously proposed
scenarios. NMR results are in agreement with maopg observations, which showed a
microporosity associated with the presence of noiystalline quartz coatings, besides the
acicular silica and intergranular framework. Thedest T peak of all samples value is due to
primary intergranular porosity. Since the acicgica porosity is macro and can be observed
in SEM and petrographic images, we believe thas included in the longest,Tpeak. In
addition, in the JF-TREx results, pore sizes obtained through theutated surface
relaxivity allow us to relate the ~FQpeak in Group 1 Ftime distribution to pores in the 300
nm to 1.4 um range, suggesting that they are due to microfgragssociated to
microcrystalline quartz coatings. For <1peak, the pore sizes would range from 2 {ar6
However, pores in this size range were not obsenweSEM images. Therefore, we believe
that shape of micropores which are associated with® peak is an important factor to
determine the pore sizes. If these micropores weedominantly planar, their size would
range from 0.43 to 1.2@m, which is compatible with that observed in SEMages. The
shape of micropores may be related to the coakesdeotational dispersal of microcrystalline
crystals. French and Worden (2013) defined a wmati distribution around 30for
Fontainebleau sandstones. Since this value is rfawér than obtained by Worden et al
(2012) for Heidelberg Formation - 180besides the exchange between peaks A and Bjs lo
we believe that peak B is more associated witheifted pores, which are between semi-
parallel c-axes of crystals. The higher exchandeden peaks A and C permit to define C as
been the microporosity associated with the spatedas multiples facets of diverse microqtz

crystals, generating the diffusive coupling betwde macropore and micropore (Figure 26l
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and Figure 26J). The peak C could be the bestatides of amounts of microquartz since
Group 2 contain the sample which the associatedopuces (peak C) have the higher volume
of water, while the space between the crystalsgatbe c-axes (peak B) is the same for all
samples. The shortest peak ?4pin 2MHz T, distribution from samples which show four
peaks (FB, FB83 and FB217) can be due to microggrasthin the chalcedony layer. The
calculated surface relaxivity showed a pore sizegeafrom 55 to 179 nm for this

microporosity, as observed in SEM images (range 80 to 140 nm).

In Fontainebleau sandstones, the pore surface dhisexely composed of silica,
therefore differences in relaxivity are less likébyoccur and the shape or roughness of the
pores changing the S/V ratio is the most imporfactor controlling changes in,Ttime

distributions.

5.1.7 Conclusions
The main conclusions of this work are:

. Two types of samples were defined, which are simitathose previously
studied by Haddad et al (2006). Group 1 containedgeneous cemented sandstones with
quartz overgrowth containing small amounts of nacystalline quartz crystals. Group 2 is an
alternating light and dark zoned layered cemenamdistone with quartz host grains coated by
amorphous silica» chalcedony— randomly oriented microquartz crystals sequengerla

The microquartz crystals are present on the eptre surface.

. The primary cements are either syntaxial quartzgresvths, which fills the
pores and did not form microporosity, or partiabigiented microcrystalline quartz crystals,

which are known as an effective mechanism for ptyrgseservation.

. NMR techniques, such as Time distribution (low and high field) and,H-
TREx show the longest ~1 s peak indistributions is due to intergranular macropored a
the ~10° s T, peak is due to microporosity associated with péyt@iented microcrystalline
quartz crystals. The intermediate peaks probaldyatso due to microporosity associated with
partially oriented microcrystalline quartz crystabsit with different shape or S/V ratio (more
planar). The 18 T, peak appears in some samples and can be interpastd due to

microporosity within the chalcedony layer.
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. NMR is as an excellent tool to characterize theopsrspace and the types of
porosity, mainly those caused by microcrystallinarg crystals, which are very important as

a mechanism of porosity preservation.
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Abstract

Continuous chlorite coats are known to preserve pheosity in deeply buried
sandstones by forming physical barriers to quasttyeovergrowth. Sandstones from Agua
Grande Formation, Reconcavo Basin (Brazil) presemmalous porosity due to chlorite
coating development and is suited to study the eancmagnetic response to this effect.
Samples from this unit were classified into threeugs according to their texture,
composition and abundance of chlorite coatingsu@rbwith low amounts of coating, Group
2 with high amounts of coating and a non-resersample (Group 3). Group 1 samples show
wide NMR T, distribution, while Group 2 samples present a liaddl, Distribution. Non-
reservoir Group 3 samples showed only,g&ak in much shorter,Times. To interpret the
NMR results, transmitted-light optics, scanningceien microscopy, porosity¢] and
permeability (k) measurements, micro-CT, X-Ray rdiftion, magnetic susceptibility and
hysteresis were used. We conclude that the lonfge$t0.1 s) peak of reservoir samples
(Groups 1 and 2) is due to intergranular macropdhesintermediate peak is due to feldspar
or clay intraclasts dissolution and the shortestkp@-0.01 s) is due to the chlorite coating
itself with minor contribution of secondary micrapsity. The microporosity is predominant
in the non-reservoir sample and relates to the lotaynd water. The shift to shorter times of
longer T, peaks in samples with higher contents of chlordgarimg sandstones is likely
related to diffusive coupling.
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5.2.1 Introduction

Good porosity preservation is a key parameter urdgarbon reservoirs exploration,
particularly in deep-seated ones (> 4 km). The tdgsorosity with increasing depth is due to
mechanical and chemical compaction, in additiosg¢oondary cementation. However, clay
coatings on detrital host grains when present fiigrated clays in sandstones, even in small
volumes, can inhibit quartz overgrowth thus presgrthe porosity at depth (Moraes & De
Ros, 1990; Anjos et al., 2003). Bloch et al. (208&)e defined the porosity preservation after

burial as “anomalous porosity” condition.

Several studies have shown that early chloriteilmgaton detrital grains are correlated
with porosity preservation in deep reservoirs. Hesve the way in which it contributes to
preservation is no consensus. While some authdnsnathat chlorite grains inhibit the
growth of quartz by separating the detrital grasusface to pore water, preventing the
dissolution of the grains and avoiding nucleati@hrénberg, 1993), others suggest that
inhibition of quartz overgrowth occurs due to liedtepitaxial growth of inter-particle space
by clay (Billault et al., 2003; Ajdukiewicz & Lase, 2012).

Anomalous porosities are observed only on sandstonataining eodiagenetic pre-
compaction clays, which can be chloritized duringsodiagenetic processes. Late and
neoformed mesogenetic clay coatings do not presteorosity, since sediments would
have been submitted to the conditions necessargedimentation. An exception to this rule
would be the formation of chlorite by the direce@pitation of interstitial fluids (Morad et
al., 2000; Berger et al., 2009).

Chlorite is the most effective coating to produoeraalous porosity, but some studies
have reported porosity preservation in fluvial reeg rocks with chlorite which is a
precursor of smectite (e.g. Luo et al. 2009; McKynét al., 2003; Worden & Morad, 2003).
Early diagenetic chlorite flakes form on the inéed between the detrital grains and the
intergranular porous space, while other clays saschmectite and illite grow perpendicular to
the grain, forming a pore-bridging texture (Pitmagtral., 1992). Chlorite particles which are
parallel or slightly oblique to the detrital sudatend to orient themselves progressively
perpendicularly with the increase of the distanmoenfthe grain boundary due to geometric
selection. During particle growth, the particlesngete for available space such that some

oriented crystals gain favorably more growth spdm@n others. In this process, only high
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tilting or perpendicular crystals continue to gras, nothing can inhibit the growth of these

crystals, since there is no competition among tf@jeukiewicz & Larese, 2012).

Despite numerous works on the clay coating strectumineral texture and the
mechanisms leading to porosity preservation, ailddtatudy of the porosity distribution and
macropore to micropore connection in these rockstils lacking. Here we apply nuclear
magnetic resonance (NMR) techniques that allowousitestigate the pore size distribution
and the possible connection between pore familiggther with other techniques for the pore
space investigation such as transmitted-light gpgcanning electron microscopy and micro-
computed tomography. We analyzed fluvial and eolsmdstones from Agua Grande
Formation (Recbncavo Basin), comprising samplel vehomalous porosity due to the
presence of clay coats and microquartz (Leite.ef@ll4), and a non-reservoir sample. These
eolian and fluvio-eolian sandstones are excell@daproducing reservoirs in the Recéncavo

Basin, even under deep burial conditions.

5.2.2 Methods

5.2.2.1 NMR

The pore space and the fluid, which fills the ppeEsitrol the NMR transverse AT

and longitudinal (7) relaxation processes by three mechanisms:

1) T, and T intrinsic relaxations, which are mostly controlleg viscosity, fluid

composition, temperature and pressure;

2) T; and T surface relaxations, which are controlled by gmainmeralogy and S/V

ratio (size/ volume of pores); and

3) T, relaxation is affected by molecular diffusion, wHis controlled by the behavior
of the fluids when submitted to a magnetic fielddjent; in this case, molecules diffuse into

areas with distinct magnetic fields, making thecpssion rates different.

The relation that governs surface mechanisms irfastediffusion regime (Browstein
& Tarr, 1979; Kenyon, 1997) is:

1T=ps(SIV) and 1/F=p, (S/V) (44)

where p; and p, are the pore surface relaxivities fof &and T, respectively; S/V is the

surface/volume ratio. Surface relaxivity can beipteted as a measurement of how much the
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proton magnetization can relax when it encountergoee surface and depends on the
concentration of paramagnetic impurities and magparticles on it. At first approximation,

the larger the pore size the smaller the S/V ratia, the longer the relaxation timg T
The total magnetization is the sum of decay sigagésach pore size:

¢ 45
M, ()= Tty Miexp(— 1) )

where Mi is the equilibrium magnetizationy s a constant decay time for thik pore and
Mz (t) is the total magnetization at time t.

The relaxation time rate due molecular diffusioraigradient magnetic field is given
by:

1 _ D(¥GTg)? (46)
T2Diffusion 12

where 1/ giusion IS the relaxation rate due the molecular diffusi@n (cnf'/s) is the
molecular diffusion coefficient, is the gyromagnetic ratio, G is the magnetic figiddient
(G/cm) and TE is the inter-echoes time used in@GRMG sequence measurements (Carr-

Purcell-Meiboom-Gill).

T, and D- T, measurements were done on samples saturatedrestin water. The D-
T, consists in a pulsed field gradient stimulatedoestquence PFG-STE and then CPMG.

The CPMG measurements were performed with echastoh200us with 32 averages
for each experiment. The 2D D-&xperiment was performed on the 2 MHz equipmeith w
time to the fixed stimulated echo in 6 ms, diffustome of 40 ms, and time to the Hahn echo
of 200us.

To convert the decay functions into a distribution we used the inverse Laplace
transform (ILT) implemented in an in-house progrdaveloped in the NMR Group. Two-
dimensional maps were constructed with a patentedTIM\B routine developed by

Schlumberger Ltd.

1H NMR measurements were performed using two Radsi@cmag spectrometers,
one operating at 2 MHz and another at 85 MHz, uaipgrmanent (0.047 T) and an Oxford
Instruments superconductor magnet (2 T), respdgtibeth from Instituto de Fisica de Séo

Carlos, Universidade de Sao Paulo.
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Complementary to the NMR study, we used transmitggd optical and electron
microscopy (SEM), gas porosimetry and permeameirigro-CT @CT), X-ray diffraction
(XRD) and hysteresis measurements in order to iigeahd characterize the texture and
reservoirs properties of samples. A detailed dpsori of the experimental conditions and

equipments used in these measurements is providée iAppendix 1.
5.2.3 The Agua Grande Formation, Recéncavo Basin

Reconcavo Basin is an aborted rift half graben gititated in Northeastern Brazil,
related to the South Atlantic Ocean opening dutirggEarly Cretaceous (Milani & Davison,
1988). It is one of the most productive onshoreasiri@ the country, with 72 mature fields
presently in operation (ANP, 2016). Reconcavo basservoirs can be assembled into three
main groups: 1) pre-rift aeolian fluvial sandstonésSergi and Agua Grande formations; 2)
syn-rift deltaic sandstones of Ilhas Group; 3) sfinturbidite sandstones of Candeias and
Maracangalha formations. The pre-rift system cosgwithe main reservoirs. The Candeias
Formation is the hydrocarbon source for the petiolesystem. It consists of rich organic
carbon grayish lacustrine shales (average 4% TQCkanogen type 1) intercalated with

mudstones, siltstones, limestones and dolomiteg(siata et al., 2012).

Reservoir rocks of Agua Grande Formation are edliarial sequences. The fluvial
unit is composed of fining upward cycles with cangkratic sandstones at the base, grading
from coarse to fine sandstone and capped by $idles. The eolian unit is composed of well-
sorted medium grained planar-bedded sandstones dejiositional structures, which are

typical laminations of depositional process (Corte396).
5.2.4 Results
5.2.4.1 Petrography, electronic microscopy and X- ray ditfron

We analyzed eight core plugs from Agua Grande Foomasandstones, comprising
seven plugs from the stratigraphic interval chamaoed by anomalous porosity by Leite et al.
(2014) and one non reservoir sample. We divided stiuelied samples into three groups

according to their sedimentary texture and coms({Table 5).

Group 1 comprises samples 7560, 7564 and 7570. ddvesist in moderately- to well-
sorted subarkose or quartz sandstones, which arpased by quartz and feldspar as primary

minerals. Diagenetic minerals are kaolinite andrtuovergrowth cements, which fill the
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pores. Dissolution of feldspar and clay intraclaststributes a significant portion of porosity,
varying from 1.3% to 5.0% (see Appendix 2).

Group 2 comprises samples 7536, 7545, 7549, 7562y Tre characterized by
moderately- to well-sorted subarkoses or quartzisanes with parallel lamination. While
guartz and feldspar are primary minerals, diagenetinerals are dickite, anatase, quartz
overgrowth, dolomite, chalcedony and albite (sgeeagdix 2). Filling-pore minerals as dickite
and anatase are the main cause of porosity-loskese petrofacies. Similar to Group 1
samples, feldspar and the clay intraclasts weréapigrdissolved and develop secondary
microporosity, corresponding to 2.0% to 4.7% ofqgsity volume. Intragranular diameter
pores vary from 10 to 30m.

All reservoir samples have some content of clayiogan the host grains (Figure 33).
X-ray diffraction (XRD) was used to identify thepigs of clays. As the amount of clay coats
from Group 1 is below the detection limit, Figuré shows XRD results only from Group 2.
Chlorite coat is evident by the ~14 A peak in naltwonditions (Line 1) and 15 A peak in
ethylene glycol (Line 2). It does not show the exgian from 16.65-17.15 A under ethylene
glycol solution, which is typical of smectite (Bdart et al., 1997; Srodon, 1980). Kaolinite is

present in all samples (Groups 1 and 2).

Authigenic chlorite occurs as pore-lining crystaldjose flakes are 5-10m across
with thickness of ~0.1im and sometimes behave like pore-bridging clayced) the throats
of pores and consequently the permeability (Fi@a#e-Figure 33H). The eolian 7536 sample
of Group 2 presents much less developed perpemdittakes than the other samples (Figure
33E and Figure 33H). Group 1 presents less codiag Group 2 samples. When chlorite
coatings are poor, discontinuous or absent, ovettyr@f quartz cement occurs and part of
the porosity is lost (Figure 33B and Figure 33ligufe 33H shows that when the quartz
overgrowth is perpendicular to the host grain (omtgh), chlorite does not prevent the quartz

overgrowth as proposed by Ajdukiewicz & Larese @01

To estimate the chlorite amounts, the SEM compmsitnaps were combined into a
color image (Figure 35). Typically, Group 1 samhlew less chlorite content in comparison
to Group 2 samples (Figure 35), with the perceritarf on grain surfaces between 5-31% in
the former and between 39-60% in the later. Thg exteption is sample 7560, which is part

of Group 1 but presents 50% of Fe covering the @shs.
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Figure 33 — Optical and scanning electron microsdogages showing chlorite (chl) coating
over quartz (qz) grains. Optical microscope imajesv the higher amount of coating in
Group 2 samples (A) than in Group 1 samples (Byu@rl samples develop quartz
overgrowth (B). (C-D) show some examples of feldgfsp) dissolution generating
secondary porosity in samples from both Groups. $fadfjes of chlorite coats with
honeycomb morphology forming pore lining clays (E); sometimes with morphology
similar to corrensite (chlorite-smectite) develappore bridging (G). 7570 sample in (I)
shows almost null chlorite coats (I). The non-resegr7562 sample (J) is very cemented

sample and present very low porosityand almostparineability.
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Figure 34 — XRD spectrum of Group 2 reservoir s@sghowing chlorite, kaolinite and
quartz peaks.

7564 (big gralns) Group 1 7564 (small gralns) Group 1

Figure 35— SEM compositional maps showing low F&teat on quartz host grains of Group
1 samples and higher Fe content in Group 2 sampéeaple 7570 is also characterized by the
lowest values of magnetic susceptibility.

Group 3 is the non-reservoir sample. It consist$ired and moderately sorted mud
sandstone (25% mud) with long or concave-convexawts, attesting to significant pressure
dissolution and the porosity loss (Table 5). Thisids is composed by primary quartz and

feldspar. Diagenetic minerals include dickite télsmectite, chlorite, anatase and pyrite (see
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Appendix 2). SEM images (Figure 33J) and thin sastido not show any chlorite or
chalcedony/microcrystalline coatings.

5.2.4.2 Porosity (), permeability (k) and pore size distribution

Porosity estimations with He porosimetry for Grolsamples vary from 10.2% to
10.8%. These results agree with those obtainedh®r snethods, including thin-section point
counting and density measurements (Table 5). Péifitgdor the same samples is within
7.52 mD and 9.87 mD for low permeability samplese(, 7564) and 44.7 mD for the high
permeability sample (7570) (Table 5). Group 2 cmstachlorite and preserves a good
porosity varying from 17.7 to 20.8% (He porosimgtryhe permeability in this group of
samples varies from 4.13 mD to 8.40 mD for flu\samples, and is 34 mD for the eolian
sample. The non-reservoir Group 3 sample is styolgimented and presents very low
porosity (1.4%) and no permeability.

Pore size distribution was estimated throu@T. Pore sizes vary from 32.6im to
36.35um in Group 1, and from 24.68m to 33.98um in Group 2, but both groups have
similar modes (volumegersuspore size) of ~2@m regarless of grain size (Figure 36A). Pore
size distributions were modeled using a digitalkrogconstruct ouCT images and a pore
throat network technique developed by Andreeta {2QFigure 36B). According to the
model, Group 2 pore sizes present unimodal sizelaisons (Figure 36C) even when grains

have a bimodal texture, confirming th€T data.

5.2.4.3 Magnetic susceptibility and hysteresis

Group 1 samples show lower magnetic susceptibilitgn Group 2 samples.
Susceptibility values vary from 8.05x1®I to 24.26 x18 Sl in Group 1 and from 29.88 x10
® Sl to 45.92 x10 Sl in Group 2. For most samples from both grolmysteresis data show
that the paramagnetic signal of clays is dominkigure 37A-Figure 37E).

A very small amount of low-coercivity magnetic miaks can be detected in the
hysteresis cycle, probably due to trace amountsagnetite (Figure 37A-Figure 37E). For
sample 7570, which shows the smallest contentayf cbating, the magnetic susceptibility at
higher field is negative, and directly related ke tquartz matrix (Figure 37F). Since the
magnetic susceptibility, particularly at fields &pbd.1 T, is almost completely controlled by



113

the paramagnetic clays, it can also be used asdarator of the amount of chlorite coating in
these samples. Group 3 sample shows the highestatiagusceptibility of 116.67x10SI.
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Figure 36 -uCT images showing pore and grain distributions wfup 1 and Group 2
reservoir samples (A). In (B) a network visualipatmethod for the 7536 sample with a
evident lamination and in (C) a histogram of pootume distribution.
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Figure 37 — Curves of magnetic field (T) againsgnmetic moment (A.m) — hysteresis loop -
for reservoir samples showing a dominant paramaghehavior for Groups 1 and 2, except
for sample 7570, which is dominantly diamagnetibigher fields. All samples show some
content of low-coercive ferromagnetic particleglably magnetite, as indicated by the
magnetic hysteresis.

5.2.4.4 Nuclear magnetic resonance

Figure 38 shows Jrelaxation time distributions for all studied sdeg Group 1
samples show a wide distribution of, Values. The best log-gaussian fittings te T
distribution shows three defined sites: the shortesies from 0.025 s to 0.01 s, the
intermediate from 0.02 s to 0.1 s and the longeshf0.1 s to 0.44 s. In contrast, Group 2
samples present two well defined modes in theime distribution whose peaks vary from
0.016 s to 0.018 s for the shortest times and Bdif s to 0.209 s for the longest times. In the
non-reservoir sample (Group 3), the micropores Withime mode at 0.001 s predominates.

Very low intensity peaks also occur at 0.02 s abd®s.

It can be observed that Group 1 longestimes are higher than those of Group 2. To
verify if this effect is related to internal magiedfield gradients around the pore surfaces, we
can compare measurements performed for samplestbf@Groups using low (2 MHz) and
high (85 MHz) magnetic field (Figure 39). All regeir samples show an increase of the
shortest amplitudes in 85 MHz. Group 1 samplesgmtefewer displacements between the
two curves than Group 2, for which longerpeaks present displacements to shorter times of
a factor of 10 on 85MHz high field. This shift gealy is due to internal gradients in high
magnetic field, caused mainly by the differencesnaignetic susceptibility between the pore
surface and fluid. In this turn, the internal geadiis negligible in low external magnetic
field, such as 2MHz (Song et al., 2003). The 85MkE&rnal gradients are estimated in order
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of 107 to 10 (Gauss/cm) for large pores (longes) and 16 (Gauss/cm) for smallest pores, as
it expected (Song et al., 2003). These differeraresdue the differences in proton travelling
around shorter average distances in small pores wbenpared to those in larger pores,
where there are particles near and far from poveface. Besides this, NMR experiments
increasing the time betweemf pulses from 20Qus to 500us in low magnetic field (2MHz)
were also performed and do not show significarpldsements of Icurves, which evidences
the minimization of the internal gradient effecings200us as echo time. Group 3 sample
also shows a small displacement between 2 MHz &8z curves due to the very low

water content that fills its pores (Figure 39D).
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Figure 39 — 2MHz and 85 MHz; Histributions of Groups 1, 2 and 3 (A-H).

D-T, maps for representative reservoir samples are rshiowrigure 40. The non-
reservoir sample did not show meaningful results ttuits very low porosity. Group 1 and
Group 2 samples show very similar behaviors fordifffesion on their macropores, which are
defined by time of diffusion for 40 ms. Using thetimod PFG-STE, during the diffusion time

the magnetization is on longitudinal axis and #exation is by T, which minimizes the loss
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of magnetization during this time (Tanner, 19709, 8is result presents only pores with
relaxation times greater than the diffusion timaeTongest 7T time is closer to bulk water
translational diffusion coefficient. This is comiée¢ with the dominance of larger pores. The
shortest % is correlated with the lower translational difinisi coefficient and indicates

restricted diffusion from the smaller pores intoanugores range.
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Figure 40 — D-T maps with 40 ms diffusion time for representataeples of all.
5.2.5 Discussion

5.2.5.1 Intergranular and secondary porosity.

Samples present heterogeneities at the hand-samgléin-section scales that could
be responsible for part of the observed NMR respariEhe three groups of samples of Agua
Grande formation studied here present particularagteristics at different scales. Group 1
samples present fining upward texture, relativelwdr content of chlorite coating, lower
magnetic susceptibility, smaller porosity values ander T, distributions. Group 2 samples
show well-defined parallel laminations, higher @ris of chlorite coating, relatively higher

magnetic susceptibility, bigger porosity values dpidhodal T distributions. Group 3
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corresponds to the non-reservoir Sample 7562, wkitigh cemented sandstone with almost
no porosity. It has higher values of magnetic spisiciity and microporosity is predominant

over macroporosity, according to the NMR data.

In the macropore range, the NMR fimes of Group 1 samples are higher than that
observed for Group 2 samples. However, contramyltat would be expected the first group
shows lower porosity. NMR measurements can be taffeby the presence of magnetic
gradients at the pore surface. Higher internal ratigiiield gradients due to the paramagnetic
chlorite are known to shift the,values to smaller relaxation times (Kleinberg let 8994,
LaTorraca et al., 1995, Rueslatten et al., 1998)ddition, clays generate micropores that
also cause faster relaxation (LaTorraca et al.5198 our samples, the paramagnetic chlorite
coating controls the low magnetic susceptibilifgerefore, an internal gradient could be
expected for samples with a higher content of graating in high magnetic fields. This
effect is observed on Figure 39, when we compak#H2 and 85 MHz 7 distributions for
low susceptibility samples of Group 1 and high spsibility samples of Group 2.

The T, shift to lower values for Group 1 samples is miets pronounced than in
Group 2. Moss and Jing (2001) showed similar shiftshorter 7 times in smectite-bearing
samples. They associated this effect to smectiparesion due to water infiltration between
clay layers. Since our samples are devoid of smeeoti other expansible clay minerals, the
observed shift must be caused by other factors sschlifferent pore sizes or diffusive
coupling. It is also interesting to note that distributions obtained with different times
betweenn RF pulses in 2 MHz for Group 2 samples, which shbe highest magnetic
susceptibilities, do not vary. This result implilsat at low fields the magnetic field
inhomogeneities do not affect the distribution significantly, at least for the chlercontents
of the studied Agua Grande reservoir rocks. Theselts are different from those obtained by
Zhang et al (2001) who interpreted the shift asseduby an internal field gradient in the
chlorite-bearing sandstones

NMR responses for macropores can also be compaitedu@T results (Figure 36).
This technique has a|om spatial resolution, and thus suited only to imtge macropores.
Results show that both Group 1 and Group 2 sangkesent similar pore size distributions
and longest T times peaks>0.1 s) are correlated to the intergranular macrepavhose
modes are centered in gt for both groups.

Both groups of reservoir samples showed two regwitis restricted diffusion on D-

T, maps (Figure 40). During the evolution of diffusidhe particles continue to relax by the
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effect of T;, the micropores whose Times are smaller than diffusion time are not mestse
(Schmidt-Rohr & Spiess, 1994). The time used ffiusion was 40 ms, therefore these result
represent only the macropores. The longesteFtricted diffusion is due to intergranular
macropores, while the shortest fiestricted diffusion is here interpreted as a ltestithe
secondary porosity related to dissolution of feldsand clay intraclasts. The peak related to
dissolution of feldspar is sometimes as importanthat of free water. This is evidenced on
sample 7560, whose, Telaxation distributions show a unimodal curveevdas dissolution
of feldspar is represented by peaks at 0.022 s and 0.063 s with magnitudes ttodeat of
intergranular macropores (Figure 38). Sample 756019.4% of porosity, from which 5% is
due to feldspar dissolution. On, Tistributions, the secondary porosity appears typan

Group 1 samples associated to the low intensity 8.peak.

Feldspar dissolution is also present in Group ghpdes, so we interpret that
intermediated peak will also be present in Grougs2n Group 1, however the displacement
of the longest T peak to shorter times in samples of Group 2 sasnpdeild mask it. Thin
sections show that feldspar pore sizes vary fropmdto a maximum of 3@m in sample

7560 where detrital feldspar was intensely disshlve

All samples present pore filling kaolinite/dickitgrains that range in size from
micropores as having sifn to Sum and form a secondary microporosity (see appegix
Kenyon (1997) defined relaxation timesg ¥ 0.01s as being the micropores, therefore we

interpret the 7 peak of ~ 0.01-0.025 s as due to kaolinite/dic&itd chlorite coatings.

5.2.5.2 Chlorite coatings and pore coupling

Compositional maps (Figure 35) showed a highergrgraon on grain surfaces of
samples with more intense peaks in this time rgdr@ed15s). Thus, the microporosity due to
chlorite coatings can be related to the shortestruir T, times. The non-reservoir sample,
on the other hand, shows a high NMRiftensity peak at much shorter times (0.001 s)s Th
rock present almost no porosity, so very short tisnmterpreted as due to clay bound water
of clay pore-filling, which is in agreement withetlinterval proposed by Straley et al (1995)
and Kausik et al (2011), who definedf < 3ms and ~1ms as due to clay bound water.

Several studies have shown the effect of pore aogmipdn NMR relaxation (e.g.,
Straley et al., 1995, Kenyon, 1997, Zhang et 8981 2001, Anand & Hirasaki, 2005).
Chlorite flakes, which are the coating on the stddiandstones, are modeled in terms of their
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NMR response as microchannels perpendicular to piwee walls, forming micropores
connected with the adjacent macropore (Stralel,€t205; Kenyon, 1997) (Figure 41).

The diffusion of protons from macropores to micnagzoaffects the NMR response but
not always in a uniform manner. Kenyon (1997) descr two models for the NMR response
according to the degree of coupling between clakes connected channels and central
macropores. When diffusion coupling is not obser¢ed different relaxation times appear at
the T, distribution, the shorter one being correlatechwiite width of chlorite channels, the

longer is being correlated with the macropore.

When diffusion coupling is very efficient, the magization of the whole pore is
uniform both in the channels and in the centerhaf macropore. In this case, only one
relaxation time is obtained and the system is afdist-diffusion limit. However, the S/V will
increase due to the roughness of the pore surfalteeéd by the presence of the clay flakes
causing a decrease in, Values. According to Anand & Hirasaki (2005) tmermediate
coupling is characterized by two distinct modesclhare correlated with distinct pores, but
the intensity of the F distribution peaks are not correlated with theetporosity values. In

this case, the diffusion is fast enough to couplaes micropores, but not all of them.

_~"Clay flakes

- — | 4 ‘|.
i Fmman W
Macropore = T
- Price

“Microchannel

Figure 41 — Model for diffusion coupling (adaptedm Kenyon, 1997).

The NMR T relaxation distributions for Agua Grande resenssmples suggest an
intermediate diffusion coupling. In these sampldse T, time peak on 0.01 s is not
proportional to porosity and presents a significdisplacement towards shortes fimes of
macropores.

Figure 35 shows qualitatively that the content rohion quartz grains has a good
correlation with the intensities of NMR 0.01 s peAkand & Hirasaki (2005) also recognized
by in chlorite coated sandstones from North-Burban& described an intermediate coupling

for water and strong coupling for hexane. Zhangl €2001) also studied rocks of this region.



121

They described internal field gradients on NMR nueasients from chlorite coated
sandstones by modifying the echo time, in an erpant similar to the one performed here.
They obtained 7~0.008 s for micropores due to chlorite coat apdd.06 s for macropores
for for brine saturated samples. Before that, Zhabhgal (1998) calculated the surface
relaxivity for T, at a short echo spacing (0.2 ms) (the same ent®used in this paper) and
obtained 84+13.Qam/s.

Compared to the fast-diffusion case, in intermedidiffusion the time that one

particle diffuses across the chf’ increases veldat the wall relaxation timTS in the

channels of chlorite flakes:

T, /D pl? (47)

T,  Wp/ DW

(Kenyon, 1997)

where L is the length of the chlorite channel, Whis width of the chlorite channgl,is the
relaxivity and D is the diffusion coefficient. Thus the deeper and narrower part of the

channels, the magnetization decays faster thdreaigening of the micropore.

Addionally, Kenyon also proposed a model to caleuthe relaxivity for intermediate

(48)
Pmicrob
Peff = ’T

(Kenyon, 1997)

diffusion coupling behavior:

wherep, ¢ the effective relaxivity determined for the maaogs, o, IS the microscopic

surface relaxivity, D is the diffusion coefficiemtf water in clay layers, and W is the

separation of clay layers (Figure 41).

Figure 33F, Figure 33G and Figure 33H show thahohbs of chlorite flakes in Agua
Grande reservoir samples present lumSand W~5-1Qum, Group 2 samples showing much

higher contents of coating then Group 1 sample.

We first estimate the relaxivity of the sample wititle lowest coating contents, Sample
7570, for which a fast-diffusion model can be assdmFrom equation 44, the surface
relaxivity for macropores in this sample is 27,6d/s and the relaxivity of micropores due to
chlorite is 100um/s. The effective surface relaxivity for macrogone the other samples can

be estimated using equation 48 using the calculaedivity for the micropore$micro =100
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um/s, D=10° cnf/s (Kleinberg, 1996). Thus, from equation 48 tHeatfve surface relaxivity
in the other samples is 31. f&/s.

5.2.6 Conclusions

Samples from Agua Grande Formation can be dividéa three groups according to
their texture, composition, petrophysics and NMRIiBtribution properties. Group 1 samples
show finning upward texture, low contents of chrcoating, intermediate to low magnetic
susceptibility, lower porosity and a wide distrilmut of NMR T, time distribution. Group 2
samples show well defined parallel laminationsighér content of chlorite coating, relatively
high values of magnetic susceptibility, higher @ity and bimodal NMR T time
distribution. In T distributions of the two groups of reservoir saesplhe largest peak (>0.1
s) is due to intergranular macropores, the interatedpeak is due to feldspar or clay
intraclast dissolution and the shortest peak (~8)d& due to the chlorite peak, defining the 3
log-gaussians or peaks. The samples of group 2 simytwo peaks because the shift of
longer T, to shorter times hides the intermediate peak, Wwhépresents the porosity due to
feldspar/clay intraclasts dissolution. In the meservoir sample used for comparison the
microporosity is predominant and relates to thg bleund water.

In chlorite-coated samples, the, Bhift to shorter times is interpreted as due
intermediate diffusion coupling between micropoaesl macropores. This drift to shorter T
times could be an indicative of clay coatings onll4egging tools if the considered
stratigraphic intervals present comparable pore @igtributions.

APPENDIX 1
Methods
2.1. Transmitted-light optics

Blue epoxy-impregnated thin sections were examivéd transmitted-light optical
microscope to identify the minerals, the texturalmiework and the presence and nature of
cements. The microporosity was characterized wilinsing electron microscopy due to

microscope resolution.
2.2. Scanning electron microscopy (SEM)

We utilized the INSPECT F50 FEI scanning electrasrascope from Instituto de

Fisica de Sao Carlos, Universidade de Sao Pauladetatify and characterize the clay
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coatings on detrital host grains and measure the ef the pores. Energy Dispersive
Spectroscopy (EDS) was used for semi-quantitatinganecal mapping of O, Al, Fe, Mg and
Si.

2.3. Porosity ¢) and permeability (k) measurements

Porosity and permeability were measured on eaclplgarRorosity was determined
using three methods: thin-section point countinglidin expansion 2500 PSI and density
after saturation (Table 5). Values obtained witle ttifferent methods present a good
correlation. The permeability was determined usinglassler cell (Table 5). A Core lab
Helium Permeameter (model n. 3020-124 and serie2@)/§om Petrobras/SA was used for

measurements.
2.4. Micro-CT (X-ray micro computed tomography)

X-ray Micro-CT @CT) allowed the three-dimensional visualization tbe pore
structure of samples and estimation of pore sigildution. In addition, the porosity also was
obtained by this method. Measurements were perimwiéh a SkyScan 1272 scanner by
Bruker (USA) from Instituto de Fisica de Sao Carldsiversidade de Séao Paulo, and were
analyzed using the Bruk@CT software (CTAn). Samples correspond to fragmehtsbout

0.005 cni in volume collected directly from the original sples.
2.5. XRD (X-ray diffraction)

Clays are very common components of sedimentarigsydaut identify them is not
always a trivial task due to the variable rang@lofsicochemical properties of clay minerals,
including their composition, morphology, grain sisevelling and cation exchange (Wilson et
al, 2014). Thus, X-ray diffraction is a useful tacjue to distinguish clays, mainly smectite
and its mixed-layer, based on their expansion withylene glycol. Here, a Bruker D8
Advance Da Vinci Diffractometer from Instituto dee@tiéncias da Universidade de Sé&o

Paulo (IGc/USP) was used to identify the typeslay<present in the samples.

2.6. Magnetic susceptibility and hysteresis

Magnetic susceptibility differences within the roskmples caused by the presence of
paramagnetic minerals or impurities can inducedfiglnomogeneity in the pore space,
causing an increase in L/Telaxation rates (Kenyon, 1997; Keating and Kni@@07 and
Washburn et al, 2008). Thus, these measurementsmgertant to understand eventual
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contrasts on the;INMR response in the porous media. We used theeBtreeter KLY-4S-
Kappabridge by AGICO operating at 976 Hz at thedratbrio de Paleomagnetismo da
Universidade de Sao Paulo (USPmag). Hysteresis uresasnts were used to investigate
whether the magnetic susceptibility was carrieddsyomagnetic or paramagnetic minerals,
and the relative contribution of each magnetic phageasurements were performed in a
Princeton Measurements Corp. vibrating sample ntagmeer with a peak field of 1T also

from USPmag.

APPENDIX 2

Table 1- Compositional analysis of samples (%)

Group 1 2 3

Minerals 7560 | 7564 7570 7536 7545 7549 7352 7562

Primary

) Quartz 87.85| 87.45 89.39 82.37 83.B6 90/03 85.78.0056
minerals

W

Plagioclase| 1.96 2.96 1.1( 4.6 4.57 0.43 3/26 0 8,0

Perthite 0.39 0.74 0.36 0.42 0.41 0.43 0.82 0.33

Microcline 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.00

Diagenetic | Caulinite

. L 3.00 2.96 3.33 4.0 3.33 2.33 4.00 6.7
minerals (dickite)

Quartz 1.56 2.67 3.30 0.47 0.41 0.87 0.40 0.00

NI

Chalcedony| 0.79 0.00 0.0d 0.4 0.00 0.87 0440 000

Hlite/ 000 | 000| 000| 000 000 000 000 5.0
Smectite

llite 000 | 000| 000| 000 004 000 000 334

Anatase | 000| 037 03§ 126 041 043 040  4l67

Dolomite | 0.00| 000| 000 00d 290 174 082  0.00

Albite 196 | 0.00| 000| 000 083 048 082 000

Pirite 000 | 074] 036 042 000 000 000 2.66

ACCessory | ionite | 0.00| 000| 000 042 000 000 000 0.00
minerals

Biotite | 0.00 | 000| 036 1.26 083 000 040  1.67

Muscovite | 0.00| 0.00| 000 084 041 043 000 183

Epidote | 0.00| 000 000 042 000 0040 060 083

Zircon 039 | 037] 000] 042 000 048 082 1.0

Turmaline | 0.00| 037 000 000 041 043 040 0p7

Silcrete 039| 074 036 166 083 043 040 0pO

 Pelitic 118 | 1.11| 074| o000l 000 000 0d0 0.40
intraclasts

Mud matrix 000| 000] 000 00d 000 040 000 800
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Abstract

Nuclear Magnetic Resonance (NMR) estimates of pmhstribution can be strongly
affected by the presence of magnetic gradientsdesithe pore and the grain’s surface. Here
we investigate the effect of the magnetic matrix deré and Jurua reservoir sandstones
(Solimbes Basin, Brazil), where quartz, illite dmematite coatings developed and contributed
to the partial preservation of the original porgpstbamples were divided into three groups
based on petrographic observations, magnetic stilsiigyy type of iron-bearing minerals and
the shape of 7NMR distributions. Group 1 consists of subarkoséhl variable amounts of
coatings of microcrystalline quartz or undifferemgid silica on the quartz grains. Group 2
also contain microquartz coatings but its mineratrr contains iron-bearing minerals such
as Fe-dolomite, siderite and pyrite, besides Re-illSamples from Jurua Formation form
Group 3, which consists of hematite-coated sandstaemented by quartz overgrowths,
albite, hematite and pore-filling illite. Macropaity for these samples is indicated by a peak
above 10 s in T, time distributions, whereas intermediate peak$-(001 s) are related to
mineral dissolution. The Groups 2 present a sldjgplacement, while Group 3 samples
present significant shifts towards shorter times X~107 s). These shifts are directly related
to the magnetic mineralogy of the rocks, with Gr@pnd Group 3 samples presenting the
highest magnetic susceptibilities. The displacements in the studied samples are caused
mainly by relaxitivity in Group 2, related to théag flakes along the pore surface, and

diffusion in Group 3, related to the strongly matjnbematite coatings.
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5.3.1 Introduction

The porosity is of primary interest in reservoiratity investigations, affecting
estimations of the volume of hydrocarbons and liid flow within sandstones (Morad et al.,
2010; Worden et al., 2018). Due mainly to compawttbere is a normal loss of porosity with
depth in siliciclastic reservoirs (Bjgrkum and Nade 1998; Worden and Burley, 2003;
Ehrenberg et al., 2008; Taylor et al 2010). Howgseme conditions, such as the formation
of clay or microcrystalline quartz coatings covgridetrital quartz grains can inhibit the
quartz overgrowth cementation, as well as chemamhpaction through intergranular
pressure dissolution, preserving the porosity eakmgreat depths (Bloch et al., 2002). A
significant amount of work has been performed anrttacro-porosity structure of these rocks
and the processes behind the preservation of thwiosity (Moraes and De Ros, 1990,
Ajdukiewicz et al., 2010, Dowey et al., 2012; Wands al., 2012; French and Worden, 2013;
Worden et al., 2018). But only few studies havenbdedicated to understand their micro-
porosity (e.g., Ajdukiewicz et al., 2010, 2012;@ao et al., 2018, 2019).

Nuclear Magnetic Resonance (NMR) tools are padityl well-suited for the
characterization of the microporosity structurereé¢ks, providing information on the size-
distribution of micropores and their relation wigiger pores in the rock (Kenyon et al., 1989;
Straley et al., 1995; Kenyon, 1997). In the anomslporosity context, some studies reported
NMR data for sandstones coated by microcrystatimartz (Fleury, 2007; Sousa, 2012; Livo,
2016; Jacomo et al., 2019) or by clay (Straleyl.etl@95; Kenyon, 1997; Zhang et al., 1998,
2001; Anand and Hirasaki, 2005; Jacomo et al., RR6cently, we used NRM analyses to
describe the micropore structure of sandstoneseptieg anomalous porosity in two case-
studies. One case-study was dedicated to the weilik Fontainebleau sandstones, which are
composed almost exclusively of quartz (without Higant clay or other iron-bearing
minerals contribution). In this case, the correlatbetween magnetic relaxation times and
pore size can be obtained with relative successu(fl 2007; Sousa, 2012; Livo, 2016;
Jacomo et al., 2019). NRM methods allowed us testigate the interconnection between the
micropores formed in the multi-layered coating luéde rocks and the preserved macropores
(Jacomo et al.,, 2019). The other case-study, wileeeporosity was preserved due to
paramagnetic chlorite coatings in the RecéncavonBsendstones (Jacomo et al., 2018), the
relation between magnetic relaxation times and psee is more complicated by the
contribution of the diffusion coupling between ttlay coatings and the macropores (Straley
et al., 1995; Kenyon et al., 1997; Zhang et alQ12®nand and Hirasaki, 2007; Keating and
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Knight, 2012; Grunewald and Knight, 2009; Jacoma@let2018). In addition to these two
processes described above, another important faabaffects the relation between magnetic
relaxation times and pore size distribution is pinesence of ferrous minerals or impurities,
which may interfere significantly with the NRM sign(Keating and Knight, 2007; 2010;
2012).

In the present contribution, we focus on sandstofi¢ise Ueré and Jurua Formations,
Solim&es Basin (Brazil), in which different kindsawatings occur in the same Basin. Due to
its intrinsic heterogeneity, these units allow teplere different scenarios of porosity
preservation in sandstones; from almost clean sanes exclusively coated by micro-quartz,
to sandstones with significant contribution of wo®aring minerals, including coatings of
clay and hematite, which can affect the NMR pome slistribution estimations. The pore
space of these rocks is here studied using Nudfzagnetic Resonance (NMR) and rock
magnetic measurements such as magnetic suscépt{p)li magnetic hysteresis, Isothermal
Remanent Magnetization (IRM) and First-Order RealeGurves (FORC). Rock magnetic
measurements are able to provide information ontype, grain-size and internal-domain
structure of magnetic minerals even when they oatwery tiny amounts in the rocks. We
also performed observations with transmitted-ligigtic microscope, scanning electron
microscope (SEM) and micro-computed tomography (oaCT).

5.3.2 Basic NMR relaxation concepts

The NMR has been widely used in Petrophysics ferctmaracterization of the rock’s
pore space and fluid content. The NMR measuresg¢henagnetization of hydrogen atoms in
the presence of an external magnetic field. NMR sueaments involve sequences of
hydrogen proton alignment to a strong magnetid ffellowed by spin tipping or flipping,
and magnetic relaxation.;Tis the longitudinal relaxation time and relatesinteractions
among spins and the neighborhood.i§ the transversal relaxation times and resutimfr
spin-spin interactions. Here, we used the transVeedaxation } since it is the relaxation
time usually used in NMR log borehole exploratitins defined as:

1 1 1 1 (49)
T, T Tos Tap
where g is the intrinsic relaxation,,§ is the surface relaxation andplis the relaxation rate

due the molecular diffusion.
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Three mechanisms control the NMR relaxation timas tb interactions between
fluids and rocks. The first is the intrinsic magoetelaxation (Bg), which is mostly
controlled by fluid properties such as viscositynocaints of paramagnetic dissolution,
temperature and pH. The second is the surfaceatidex(T;s), which is controlled by grain
mineralogy and the surface to volume ratio of pofBise third mechanism is diffusion
relaxation (bp), which is related to the effects of magnetic gnaineralogy on the diffusing
water molecules; in this case, molecules diffuse areas with non-uniform magnetic fields
or feel a restriction on their movement. Generatlig bulk term is neglected since the other
two mechanisms dominate the signal. In the fadtsibn regime (Browstein & Tarr, 1979),

where protons travel and relax at grain surfacenduhe NMR experiment:

where p, is the pore surface relaxivity for, Times; S/V is the surface/volume ratio. The
relaxation time rate due to molecular diffusiormimagnetic field gradient is given by:

1 DEGT)? (51)

TZDiffusion 12

where D (cri/s) is the molecular diffusion coefficientjs the gyromagnetic ratio, G is the
magnetic field gradient (G/cm) and TE is the irgehoes time used in the CPMG sequence
measurements (Carr-Purcell-Meiboom-Gill).

5.3.3 Methods

5.3.3.1 Transmitted-light and scanning electron microscgiyM)

Blue epoxy-impregnated thin sections were examwéd transmitted-light optical
microscope to identify the minerals and pores types textural framework and the presence
of cements. These parameters were determined bticguB00 points for each sample. The
SEM images were obtained using a Zeiss Sigma Vadtield Emission SEM coupled to an
Oxford Instruments EDX Penta Precision detectoridentify the geometry and size of

micropores and the clay and microcrystalline queo&tings.
5.3.3.2 Porosity () and permeability (k) measurements

Porosity and permeability measurements were peddrifor each sample by
Petrobras/SA using a The Core lab helium-expanaio,500 psi and a Core lab helium

permeameter (model n. 3020-124), respectively.
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5.3.3.3 X-ray micro computed tomography (micro-CT)

The micro-CT is a non-destructive technique whidlowes a three-dimensional
visualization through the reconstruction of X-rayaige projections. Since the degree of X-ray
absorption by each mineral, particle or fluid varigith density and atomic number, rock
matrix and pores can be easily discriminated vhta technique. In this work, measurements
were performed using a SkyScan 1272 scanner byeBilkSA) in fragments of rocks about
0.005 cni in volume.

5.3.3.4 Nuclear Magnetic Resonance (NMR)

NMR measurements were performed using RedStbn€ecmag spectrometers
operating at 2 and 85 MHz. The samples were sauirgith distillated water using a vacuum
pressure of 90 kP, where the samples remaineckiw#ter for 60 min. CPMG routines were
performed with inter-echo spacing times of 230 detecting 40,000 echoes. The number of
scans for each experiment at 2 and 85 MHz weren@Barespectively. To convert the decay
functions into a 7 distribution an inverse Laplace transform (ILT)plemented in our NMR
Group was applied; it uses the curvature-smoothegularization method (Borgia et al.,
1998; Kenyon, 1997).

5.3.3.5 Magnetic susceptibility and hysteresis

The difference of magnetic susceptibility betwebe fluid and the grain mineral
surface induces field inhomogeneity in the porecepaontributing to faster 14Trelaxation
rates (Keating and Knight, 2007). Therefore, thegmedic characterization of samples is
essential for NMR interpretation. A MFK1-FA AGICQusceptometer operating at 976 Hz
was used for magnetic susceptibility measuremémaginetic hysteresis loops were obtained
using a Princeton Measurements Corp. vibrating samagnetometer with a peak field of 1
T to define which types of magnetic minerals (feremnetic, paramagnetic or diamagnetic)

are associated with the magnetic susceptibilitpaig

5.3.3.6 Isothermal Remanent Magnetization (IRM) and Firsteo reversal curve
(FORC)

The IRM curves were performed exposing the samiges DC field varying from
0.01to 1 T in 30 steps, along the same direction@nm temperature. For that, we used a 755-
1.65 DC SQUID magnetometer (2G Enterprises), hous#de a magnetically shielded room
with ambient field <500 nT. The First-order revérsarves (FORC) were performed using a
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Princeton Alternating Gradient Magnetometer Micrgniav 2900. In this experiment, the
field varies from £1 T with field steps of 10 mThé@ distributions were computed with the
XFORC software (Zhao et al., 2015).

5.3.4 Results

5.3.4.1 Basic Petrophysics, Petrography, electron microgema micro-CT data

The Ueré sandstones are oil exploration targetshef Solimbes Basin (Brazil).
Although they show a great depositional continuitygy are laterally heterogeneous, making
oil exploration on this unit a very hard task (Limad De Ros, 2002). All the seven samples
from Ueré Formation (R2852, R2853, R2854, R28533982 R2860, R2863) present IGV
values between 21 to 43%, porosity (He) from 133® and permeability from 3 to 152 mD
(Table 6). The other two samples (R2877 and R2&r&)rom the Jurua Formation, which
present hematite coatings instead of quartz mi@agulGV values in these samples are 24
and 31%, the porosities are 19 and 10% and periitgadnie 11 and O mD, respectively
(Table 6 and appendix).

Table 6 — The physical properties of the measueedpses. Dia is diamagnetic, Para is

paramagnetic and Ferro is ferromagnetic.

Groups 1 2 3
Petrophysics | R2852| R2856 R2860 R2863R2855| R2853| R2854 R287f R2875
He Porosity |, 22 16 23 21 15| 159 19 10

(%)
Porosity
(micro-CT) 22 23 13 15 19 17 7 11 10
Macroporosity| 20 4 5 11 2 11 9 0
(thin sections)
Permeability
152 70 3 12 12 3 10 11 0
(mD)
Density 2.62 2.65 2.58 2.65 2.66 2.683 2.172 269 526
Magnetic | o5 | 100| 152| 994 17| 455 479 496 1286
Susceptibility
Magnetism Dia+ | Dia+ | Dia+ ) Dia + | Para+| Para+| Para +| Para +
9 Ferro | Ferro | Ferro Ferro | Ferro | Ferro | Ferro | Ferro

Based on our petrographic observations, the amafumtagnetic susceptibilityyf and
type of iron-bearing minerals in the samples, widagkctly influence the rock magnetic data,

we have subdivided our samples in three group®ul comprises samples R2852, R2856,
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R2860, R2863 and R2855 and consist of fine-grammad poorly-sorted subarkoseseisu
Folk, 1968) with variable amounts of coatings otracrystalline quartz (from 0.3 to 11%) or
undifferentiated silica (from 0 to 8%) on the quaagrains (Figure 42). Other diagenetic
constituents are quartz overgrowths (from 1 to 1G8bjte (from 4 to 11%), pore-filling illite
the (from 1 to 6%), illite coatings (0 to 3%), aulnye (from O to 3%), Fe dolomite (from O to
3%), dolomite (from < 1 to 2%) and pyrite (< 1 t6%). Samples R2853 and R2854 form the
Group 2. They present microquartz coatings (<1 4% as Group 1 samples, but their
mineral matrix contain iron-bearing minerals suchFe-dolomite (4% in R2853), siderite
(1% in R2853), and pyrite (1.5% in R2853). Secondawrosity was locally generated by
dissolution of bioclasts and feldspars, with katdinfilling the dissolved feldspar pores.
These samples contain the highest amounts of bng-fdisplacive chalcedony (2% and
33%) and IGV (43% and 45%) (Appendix).

The Jurua Formation R2875 and R2877 samples foengribup 3 which correspondes
to poorly-sorted arkose and moderately-sorted &oisat respectivelysénsuFol, 1968;).
They consist of hematite-coated sandstones cembgtgdartz overgrowths (from 7 to 14%),
albite (from 6 to 13%), hematite (from 4 to 7%) grate-filling illite (<1%). R2875 sample
has also ankerite (~2%), anhydrite (<1%), Fe @l¢itl%), and mud pseudomatrix (<1%).
The eodiagenetic mineralogy revealed that eodiayeneccurred under dry climate

conditions in a continental environment (Eliasletz004).

The pore size distributions obtained by micro-CTages show normal to close to
normal distributions, in which the median of micvagtz-coated samples vary from 16.4 to
18.3um (£ 0.9um). Sample R2877 has median pore size of gghwhich is similar to that
of microquartz-coated samples considering the oéisol of 2um of micro-CT images. On
the other hand, the other hematite-coated sam@87®) has a median of 11uén, which is
significantly different from that of the other salep (Figure 43). Thin section analysis shows
that primary intergranular and secondary pores tdudissolution of feldspar are the main
forms of macroporosity. Their pore sizes vary, eespely, from 10 to 9Qum and from 3um
to 12um. SEM images showed that micropores are mainlyatoed among microcrystalline
quartz crystals (pore size between 623 nm apdpand illite flakes (pore sizes between 1
and 5um) (Figure 42).
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Figure 42 — A) sandstones with quartz microcrystaltoatings around the quartz grains;
uncrossed polarizers; B) sandstone cemented byzomargrowths; crossed polarizers; C)
porosity from the dissolution of feldspar graincussed polarizers; D) microporosity related
to dissolution of cement or feldspar; uncrosseamzérs; E) sandstone with hematite
coatings uncrossed polarizer; F) ferroan dolomitedilling cement; crossed polarizers; G)
and H) microquartz coatings covering quartz graifieges; scanning electron microscopy; I)
chlorite coating; J) chlorite filling the pores sdndstone; scanning electron microscopy.
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Figure 43 — The micro-CT pore size distributionwimg similar median values, which vary
from 15 to 18um, with exception of R2875 sample, which has a4 i median pore
radius.

5.3.4.2 Magnetic Properties

Although the petrographic description shows onky pinesence of paramagnetic pyrite
(R2853, R2855, R2860, R2863, R2867), siderite (Rz8ankerite (R2853, R2855, R2860,
R2863, R2877) and antiferromagnetic hematite (R28%bR2877), hysteresis loops enabled
the identification of ferromagnetic minerals in ahmples (Figure 44) (Table 6). Samples
from Group 1 (R2852, R2856, R2860, R2863 and R28&%¢y values between 10 and 23 X
10° SI. They show a dominant diamagnetic signal b ahave minor amounts of
ferromagnetic grains. This is indicated in hysterésops by positive slopes at low fields
followed by a marked negative slope at high fiqliéigure 44A-Figure 44D). Samples from
Group 2 presenj values within the range 45 to 49 X 4®l, and have a paramagnetic
contribution in addition to the ferromagnetic anndagnetic ones (R2853, R2854 and
R2877) which appears in the hysteresis loops &®agspositive slope at low fields and a less
positive slope at higher fields (Figure 44E-Figuté H). This analysis improves the
petrographic description, which did not show biffedtences of paramagnetic contents (see
Appendix). We can see that sample R2854 is donmdnayeparamagnetic minerals. Samples
R2877 and R2875 (non-reservoir samples) presehiehignagnetic coercivity values in the

hysteresis loops, typical of hematite, as indicdigdhe higher separation of curves close to
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the origin (Figure 44G-Figure 44 H), in agreementhwhe petrographic observation of
hematite coating in these rocks.
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Figure 44 — The hysteresis loops for the studiedpsas showing typical diamagnetic plus
ferromagnetic contribution in samples R2852, R2&8860, R2855 (A-D). Samples R2853
(E), R2877 and R2875 (G-H) contain paramagneticfamdmagnetic phases (in addition to

the diamagnetic matrix). Sample R2854 (F) has aiwiamh paramagnetic signal.

Ferromagnetic phases in all samples were furtheestigated through Isothermal
Remanent Magnetization (IRM) curves (Figure 45) TRM curves show that all samples of
Group 1 (R2852, R2855, R2856 and R2863) excepR860, contain only low coercivity
magnetic phases, likely magnetite, since the magaign tends to saturate below 300 mT
(Figure 45). In contrast, high-coercivity magngiftases (hematite or goethite) are evidenced
in samples from Group 2 (R2853, R2854) and in hieabated non-reservoir samples
(R2875 and R2877), for which the magnetization doeisreach the saturation even after
remanence acquisition at the peak field of 1000 (figure 45) (Liu et. al., 2012). The
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relative contribution of low and high coercivity gdes to the IRM curves can be modeled

using the method developed by Kruiever et al (200deled curves show that almost all

samples contain low-coercivity magnetite, that aote for 24% to 100% of the magnetic

remanence in these rocks (Table 7). Sample R287&gritrast, contains only high-coercivity

hematite as a remanence carrier phase (Table 7).

The FORC experiment was performed on samples RE&2/5 and R2877, in order

to refine the description of their coercivity dibtrtion and the domain structure of the

remanence carrying minerals (e.g., Roberts, 20Ibg¢se samples comprise a mineralogy

dominated by diamagnetic grains with a minor lowercivity ferromagnetic component,

likely related to magnetite (R2852), a mixture oWland high-coercivity minerals, likely

magnetite and hematite (R2877) and a sample willy bigh-coercivity phases, likely

hematite (R2875).
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Figure 45 — IRM curves show the behavior of remareararrying minerals (n this case
magnetite and hematite). The remanent magnetizafisamples R2852, R2856, R2863 and
R2855 saturates below 1T, evidencing the preseincegnetite only. The magnetization of
R2860, R2853, R2854 and R2877 samples do not gafaraT, evidencing the presence of

hematite in addition to magnetite. Sample R28wshonly hematite.
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Table 7 — Magnetic coercivity and relative percgataontribution to the total remanent
magnetization of ferromagnetic phases obtainedisstudy.

Samole Magnetic Percentage Mineral
P coercivity (mT) Volume (%)
R2852 89.1 100 magnetite
R2855 87.1 100 magnetite
R2856 81.3 100 magnetite
R2860 66.1 58 magnetite
676.1 42 hematite
R2863 81.3 100 magnetite
100 60 magnetite
R2853 794.3 40 hematite
75.9 79 magnetite
R2854 741.3 21 hematite
79.4 24 magnetite
R28rT 794.3 76 hematite
R2875 251.2 100 hematite

The FORC diagrams can be qualitatively interprébedugh their forms in terms of
the domain state of ferromagnetic grains, i.e.rtgedin-size. Figure 46 shows that R2852
comprises dominantly coarse (rth) MD magnetite, probably as part of detrital gsawwhile
samples R2875 and R2877 contain mostly fine-grameterals, likely related to the grain
coats (0.050 to 0.084m in size, Dunlop and Ozdemir, 1997).
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Figure 46 — FORC diagrams of representative sangblewing the MD magnetite phase in
R2852 sample (representative of Group 1 samplespb&nhematite phases in samples R2877
and R2875 (Groups 3 and 4, respectively).
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5.3.4.3 Nuclear Magnetic Resonance

Figure 47 shows Jrelaxation time distributions for all studied sde®p The best log-
normal fittings of 2MHz 7 distributions definehree to four families of pores (Table 8).

According to the shape of Histributions, we can classify the samples inted¢lgroups.

Group 1 is formed by the samples R2852, R2856, B28&®2863 and R2855. It
corresponds to the samples with the highest irtiepsiak above Ibs in T time distribution
and the peak with shortesp fimes (~ 0.8 X 18 s) is not below or does not present a shift
toward the value below of 0.3 X &, which is defined as been the clay bound watet in
NMR borehole exploration (Allen et al., 1997) (lKadashed line in Figure 47). Group 2
(R2853 and R2854 samples) is characterized byfaisghhe highest intensity peak towards
shorter times (~5 X 10s) in T distribution, shortening the differences betweehX 10° s
and 5 X 10 s peaks and making it resemble a unimodal digtdbuThe hematite-coated
sample R2877 from Group 3 shows a behavior verylaino Group 2, but their log-normal
fittings of T, distributions show an extra well-defined peak elts 3.3 X 1F s, which makes
the T, time distributions clearly bimodal. Groups 2 saesphnd hematite-coated sample
R2877 from Group 3 are characterized by a shishafrtest 7 times towards values below
0.3 X 10° s. Finally, sample R2875 which has no visible raporosity in thin sections,
shows T distribution covering only the shorter relaxattones (~ 0.9 X 18 s).

Table 8 — } times of peaks which were obtained through thd lmesnormal fittings of
2MHz and 85MHZ on the distribution.

T2 (s) T2 (s) T2 (s) T2 (s)
Samples Peak 1 Peak 2 Peak 3 Peak 4
L armour 2 85 2 85 2 85 2 85
frequency (MHz) (MHz) (MHz) (MHz) | (MHz) (MHz) (MHz) | (MHz)
R2852 0.166 | 0.066 0.079 0.022 0.014 0.007 0.002 0.00[L
R2856 0.240 | 0.126 0.098 0.063 0.020 0.016 0.008§ 0.00[L
R2860 0.288 0.151 0.120 | 0.060 0.014 0.012 - 0.001
R2863 0.436 0.174 0.200 0.030 | 0.083 0.001 0.012
R2855 0.112 | 0.044 0.050 0.014 0.022 0.001 0.008
R2853 0.316 0.151 0.047 | 0.013 0.007 0.001 - -
R2854 0.355 0.091 | 0.050 0.015 0.016 0.004 0.007 0.001
R2877 1.000 0.302 0.214 | 0.089 0.063 0.008 | 0.007
R2875 0.282 0.199 0.009 | 0.050 - 0.006
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Figure 47 — } times distributions from Group 1, Group 2 and Gr8usamples. See details in
text.

The main factors which affect the relationship lextw the 7 times and pore sizes in
NMR experiments are the presence of paramagnetpurities and the high magnetic
susceptibility of minerals. The internal gradiemduced by the difference of magnetic
susceptibility between the pore surface and paril fis usually negligible in low external
magnetic fields as those used in the 2 MHz experinmit they may be occur in some cases
(e.g. Rueslatten et al., 1998; Zhang et al., 28@&ting and Knight, 2007, 2012). One way of
qualitatively analyzing this behavior in high matgodield (85 MHz) is to compare it with the
low-field (2 MHz) T, distributions. The F'time distributions in the low and high magnetic

fields of almost all analysed samples showed at dl@tween them. The exceptions are
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samples R2875 and R2877, for which no displaceimemteen the 2MHz and 85MHz curves
are observed (Figure 48H andFigure 48l ). This bieinas a bit surprising given the high
magnetic susceptibility of these samples, but itvi@th to note their different magnetic
mineralogy comprising hematite as the main reman&ugnetization carrier. Sample R2854
showed an almost unimodaj fime distribution in 2MHz, but some portion of thghest b
time peak is shifted towards shortef?I0T, times in 85MHz (Figure 48).

Measuring the dependence of fimes when the echo times are increased allove us t
qualitatively estimate the magnitude of the intérgiadients (Kenyon, 1997; Dunn et al.,
2002; Anand and Hirasaki, 2007; Keating and Kni@10). Here, when the echo spacing
was increased from 200 to 500 us, we observedpadsment of T values toward shorter
times for representative samples from Group 1 (RR2&md Group 2 (R2853) (Figure 49A
and Figure 49B). For hematite-coated sandstones fesoup 3 we choose sample R2875
(Group 3; Figure 49C) as the representative sawhpdeto its higher magnetic susceptibility
and we can also see a shift indistribution and a change in the distribution @urvhis result

suggests that diffusion is an important contributitor changes in 2MHz ;T NMR
distributions of Group 3 samples.
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Figure 48— 3 time distributions in low (2 MHz) and high (85 MHmagnetic field, showing
a slight displacement between these curves (exse®iR2875 sample).
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Figure 49 — The 2 MHz ;ltime distributions from R2852, R2853 and R2854 gas) using
200, 250, 300, 400 and 5@6 of echo times. Comparing the samples, we seathease of
disorder of curves from A to C due to increasentéiinal gradients.

5.3.5 Discussion

5.3.5.1 Petrography, petrophysical and NMR properties

The studied samples of the Ueré Formation sandstbad their porosity preserved
due to presence of microcrystalline quartz coat®8fR, R2856, R2860, R2863, R2855,
R2853 and R2854), while the samples from Juru& &thom (R2875 and R2877) are tight and
coated by hematite. The petrography, porosity siracand geological context of the Ueré
sandstones were previously studied by Lima and Bg (R002), who presented a complete

study on stratigraphy, petrography and petrophysitse Ueré Formation.

All microquartz-coated samples have a good porogithich varies from 15% to 23%.
Although the R2875 and R2877 hematite-coated sandstshow a fair absolute porosity
measured by the He porosimeter (10 and 19%, ragelgt the porosity estimated through
petrographic (0 and 9%, respectively) and micro{@J and 9.5%, respectively) analysis are
considerably lower, evidencing that hematite idfeative in inhibiting quartz cementation,
hence not preserving the primary macroporosityhresva by Heald and Larese (1974) for
Potsdam and Juniata Sandstones, Saratoga regiblevinYork (USA) and Pennsylvania

(USA), respectively

As described before, the main macroporosity is tdupreserved intergranular pores
and, secondarily, to the dissolution of intragranuieldspar grains. The last one is very
important in R2853, R2854 and R2860 samples, qooreting to 50%, 83% and 54% of
porosity, respectively. When we compare the areatefmediate NMR peaks whosg fimes

vary from 5 to 42 X 18 s and the proportion of secondary feldspar, cénoenithic
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porosities, the values are very similar for R2882856, R2860 and R2855 samples, which
correspond to almost all samples from Group 1. RB860 sample, for example, presents
54% of the porosity caused by mineral dissolutind the area of 1.2 X 10s NMR T, peak

is 51% of the total of curve. Therefore, we intetghat peaks with 7> 3.3.X 10° s of Group

1 samples are due to free water (Allen et al., 19@thin primary intergranular pores and
secondary pores formed by dissolution, which cpoed to the >1® s and ~13 s peaks,

respectively.

Samples of NMR Group 2 (R2853 and R2854), and thmatite-coated samples
(R2877 and R2875) did not show a good correlatietwben the NMR area of intermediate
peaks and the amount of porosity generated by ldisso of feldspar. We believe that T
times in these samples were displaced towards eshbmes in the 7 NMR distribution
(Figure 47), therefore obscuring the dissolutiontdbution. We suggest that in these samples
all the macroporosity is related to thetifne values above 2 X T0s. This limit presents the
intersection between the shortest peaktiffie distribution (~ 0.8 X 18s) and the value of
T, peak which is> 3.3.X 10 s, which is defined as being the inferior limit foee water
pores in Group 1 samples. Group 2 samples from Beméstones present a family of pores
with T, times around 0.3 s. Samples with IGV higher th@f4and moldic pores of Ueré
Formation present displacive chalcedony, which fepherical pores around 10-gth (Lima
and De Ros (2002), Sindkese moldic pores are generated by the complssoldiion of
grains, they are usually larger than the interg@npores. Hence, the longest peaks of T

distributions (~ 0.3s) are here attributed to tispldcive chalcedony.

Some samples presented an important differenceeleetihe point-count petrographic
estimation of porosity and that obtained with theitdhn method. These samples were: R2860
and R2863 samples from Group 1, R2853 from groapd2sample R2875 from Group 3. The
porosity calculated through the micro-CT is closerthe He values (Table 6). Since the
resolution of micro-CT is abouti@n, we suggest that the 3D micro-CT analysis betigers

the macroporosity than the limited 2D thin-sectiob@ing thus more representative.

In order to test the direct correlation betweentifnes and pore sizes for Group 1
samples, which presented the best qualitative letisa between macropores and relaxation
times distribution, we first needed to ensure thatsystem is in fast diffusion regime, one of
the three premises of NMR interpretation (Brownstend Tarr, 1979). This occur when=
pa/Dg <<1, where is surface relaxivitya is the distance that a proton would need to travel

reach a paramagnetic site anglithe diffusion coefficient of water (230®7?/s). Generally,
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ais assumed to be (S/V)which for spheres packing is R/3, for cylindeRi&€ and for planar
packing is R/1 (R= pore radius) (Dunn et al., 20@3suming thak <<1 occurs wher is at
least 10 times lower, the condition for fast difeus is obtained whemx <0.1 (Ryu and
Johnson, 2009). Table 9 showed that almost all k@i Group 1 are in fast diffusion
regime (the R2855 is exception), hence the equdhiahcorrelates JItimes and pore sizes
through the relaxivity constant is valid (equati®d) (Table 9). However, the same is not
valid for R2855 sample from Group 1, neither in ples from the other Groups (2 and 3)
(Table 9).

Microporosity in the studied rocks may be relatedanultiple sources, including illite
(filling the pores or coating the quartz host gramicroquartz (filling the pores or coating the
quartz host grain), the mud matrix, besides thesallision of minerals and cements.
Therefore, their interpretation is not straighforsdka Knowing that macropores vary from 10
to 90 um, the micropores associated with illite flakesywémom 1 to 5pum and those
associated to microcrystalline quartz crystals Wfeogn 623 nm to 2um, we expected that the
NMR 2MHz T, peaks which could be correlated with these micrepavould be separated by
an order of magnitude for clays and two orders afjnitude (or more) for microcrystalline
quartz coatings when compared to the macroposesmes (Figure 47). Unlike the results
obtained by Jacomo et al. (2018) for chlorite coatandstones from Recbncavo Basin, the
Ueré sandstones did not show a clear relation lestiiee area of slpeaks at ~10s and the
concentration of associated micropore type (itibatings or illite filling the pores). However,
if we plot the area of these Peaks versus the concentrations of diverse clagscarbonate
cements (Appendix), we have a positive trend. Tioeee we can affirm that the ~¥0s T
peak is a sum of several sources of microporeshande, under the fast diffusion regime of
samples from Group 1, the surface relaxivity camstaepresent the whole measured volume
(Table 9). Assuming fast diffusion for all samplé® estimative of pore sizes using equation
50 show that macropores due to dissolution vargpnf®to 17um (8 um is the average of
Group 1 samples), which is coherent with what weioled with SEM images. However, we
do not discard the possibility of a less secondagtribution of smectite-chlorite whose
flakes are ~ 1@m wide. The pore sizes correlated with K0T, peak vary from 0.5 to pm
(Group 1 has average of wh), which is also similar with the clays and mirdissolution
observed through SEM analysis. Since the sampl&R#8m group 1 and all samples from
Groups 2 and Jurua samples R2875, R2877 showeacsurélaxivities in the intermediate

diffusion regime, we can interpreted them as ammimn value.
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Previous studies showed the micropore contribuassociated with microquartz
coatings in F time distribution (e.g. Jacomo et al., 2019). Hémecontrast, the microquartz
coatings do not seem to influence these distribstitVe expected that ~0.8 X416 T, peak
in NMR distributions were associated with the mdprartz coatings, given the order of
magnitude of associated pore sizes, which vary fédsnto 3um. However, the log-normal
fittings for all samples (not only Group 1) shovistpeak is present even in Jurud samples. In
this case, it shows a displacement to shortertimes. So, we suggest that micropores
associated to microquartz in Group 1 samples amgamated to those associated with the

porosity caused by clays bound water in ~0.8 X §05times.

In order to analyze the effects of illite coatingse area of Ftimes peaks associated
with clay micropores (I~107 s) were correlated with the amounts of illite dogs. Samples
which present illite coatings (R2852, R2856 and $&&lid not show any correlation with
micropores or macropores. The diffusion couplinghiese clays within the macropores, was
assessed using the parameters suggested by GrdreveaKnight (2011) who used hematite

coated sandstones for analyzing the relaxationstimsediments with bimodal mineralogy.

The two parameters used by these authorsaaamed |p, wherelp can be defined
through the Einstein’s equation as being the distam which the spin diffuses in the pore
space before relaxing:

ID = Vv6DT (52)

where D is diffusion coefficient dH in water and T is the relaxation time. If thefaion|p
> a, there is a strong coupling between micro ancrop@res; if the diffusioty < a, there is
a weak coupling. Table 9 shows that > a for all samples, defining an strong coupling

between the two types of pores.

Table 9 — The values af, p, Ip anda for all studied samples. * assuming a fast diffasio
regime.

X a

Sample Group K p2* (10° SI) Io (RI3)

R2852 1 0.0993 37.8 22.5 47.0 6.0

R2856 1 0.0645 25.4 19.9 56.3 5.8
15.2

R2860 1 0.0478 19.8 62.2 5.55

R2863 1 0.0375 14.2 9.94 77.0 6.0
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R2855 1 0.1443 54.9 17 39.0 6.04
R2853 2 0.2817 118.7 45.5 25.p 5.46
R2854 2 0.2633 110.1 47.9 26.B3 5.50
R2877 3 0.1176 35.9 49.6 53.8 7.94
R2875 3 0.7433 443.3 123.6 10.9 3.86

5.3.5.2 Magnetic and NMR properties

All natural sediments carry certain amounts of nedig particles. Their properties
change according with their composition, grain sarel geological processes (transport,
deposition and diagenetic reactions) (Maxbauer let 2016). Previous studies (e.g.,
Bloembergen et al., 1948; Foley et al., 1996; Bryaal., 2000, Bryar and Knight, 2002,
Keating and Knight, 2007, 2010, 2012; Keating et2008; Grunewald and Knight, 2009 and
2011) showed how minerals bearing’Fand F&" in their composition can affect the NMR
data, with the increase of paramagnetic sites tfiggehe surface relaxivities and increasing
the decay rate. This behavior depends on the anamuhthe form in which iron occurs in the
sample. If we compare the low amounts of magn¢it€5%) with the higher amounts of
other ferrous minerals (1%) (hematite, goetiteideprocite and ferrihydrite), magnetite is by
far the most important contribution to the surfaelaxation and diffusion relaxation (this one
being affected only by magnetite). When Bryar amdgkit (2002) and Keating and Knight
(2010) included paramagnetic ‘Beminerals siderite and pyrite in their experimeritey
concluded that they contribute differently to sodal, relaxation; siderite presenting an
important contribution while pyrite contributing lgrwhen in high concentration.

Here, the petrography showed some iron mineralslwban disturb the NMR signal
such as hematite, Fe calcite (siderite), Fe doifahquerite), besides the possible contents
of Fe impurities in illite, pseudomatrix and lithicagments. In addition to the microscopic
observations, the magnetic measurements (FigureFgfure 45 and Figure 46) showed
important ferrimagnetic and paramagnetic contrimgi which were not identified by thin
section inspection. The microcrystalline quartztedasandstones from Group 1 are mainly
composed of diamagnetic quartz but present somaurin®f magnetite, yielding a bulk
magnetic susceptibility of 10 to 22.5 X 4! (Table 6). Samples R2853 and R2854 from
Group 2 have, in addition to magnetite, minor amewf hematite and also paramagnetic
contributions. Samples R2877 and R2875 from Grogpe3hematite-coated sandstones and
this mineral is the main iron-bearing phase resiptmgor the bulk magnetic susceptibility
(Table 6).
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The presence of paramagnetic and ferromagneticrai@esven in low concentration
(<1 %) are important in NMR data. In Figure 50 vetied the magnetic susceptibiligrsus
the magnetic moment of the samples after magnigtizat 1T (Figure 50). The graph shows
a linear trend formed by Group 1 and hematite-abatanples, suggesting the same source of
magnetic effects for these groups, while the paggraéc minerals, which are mainly related
to Fe-illite, are the main contribution for Group 2

When we compare the magnetic susceptibility valuigls the T, time distributions
(Figure 51), we observe that the larger variation$, time are associated with the samples
with the higher magnetic susceptibilities. Besidleat, comparingy and T with surface
relaxivity, we conclude that this is a dominant heasm for relaxation for all samples
(Table 9) and the diffusion relaxation has an inguar contribution for 7T relaxation on
samples from Groups 3 only (Figure 49) since theysgnt an important displacement for
shorter T times as 7 echo time increase. This is evidenced when we eoenR2852 and
R2877 samples, which have similar pore sizes arfdcirelaxivities and different magnetic
susceptibility values (Table 9). These data alggest that low amounts of magnetite affect
the surface relaxivity values, but not the diffusicelaxation. Unlike previous studies
(Keating and Knight, 2007; 2012), we show that amples with higher concentration of
hematite crystals and hematite coatings, hemdtieta significantly the diffusion relaxation
times.
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Figure 50 — Magnetic susceptibility versus magneticnents of Groups of sample, showing
a positive linear trend formed with Group 1 and @@ samples.



146

Sus XT,
0,5
.
0,4
7 .

~ * & Group 1
=02

2 W Group 2

0,1 ¢ Group 3

[ ]
0
0 20 40 60
Magnetic Susceptibility (10 Sl)

Figure 51 — Magnetic susceptibility versustimes of Groups of samples. The Group 1
shows that a small difference in magnetic susciipyibalues creates an important difference
in T, relaxation times.

5.3.6 Conclusions

The porous sandstones from the Ueré Formation ightlgandstones from the Jurua
Formation present different nuclear magnetic resoaasignals, according to their texture,
composition, petrophysics and magnetic propersup 1 samples are mainly diamagnetic
samples and consist of microquartz-coated sandstdieen presenting low contents of
magnetite, they have the longest fimes in 2MHZ distributions. Group 2 samples are
characterized by displacements towards shortertimes and present almost unimodal
behavior in NMR distribution. They consist of sukb@se sandstones whose magnetic
minerals comprise mainly paramagnetic grains. Tigkt tsamples correspond to hematite
grain-coated sandstones. These samples also peede&slacement towards shortertimes.
The presence of paramagnetic particles seems tahéemain source for ;T times
displacements in Group 2 and surface relaxivityilevfor hematite-coated samples the high
amount of hematite grains contribute for the diffasrelaxivity which is evidenced also by

the decrease of,with the increase of,lecho time.

The high concentration of ferromagnetic and pararadg minerals in sandstones
remains a major challenge for studies of NMR imcisilastic deposits. This is particularly
critical in reservoirs with anomalous porosity wléhe mechanism of porosity preservation
involves Fe-bearing mineral coatings, these phasespying the pore surface. Displacement
of T, values caused by this geological configuratiordpo® an underestimation of pore sizes,
porosity values and obliterate the pore distributioelationships. To improve the
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interpretation of NMR well-log data, it is importato perform experiments increasing inter-

echo times during NMR data acquisition and fulljaEcterize the magnetic mineralogy of

the rocks.

APPENDIX

Table 1- Petrophysics and mineralogy of samples.

Groups 1 2 3
Petrophysics | R2852 R2855| R2856| R2860| R2863| R2853| R2854 | R2877| R2875
HePorosity | oo | 20 | 22| 16| 23| 15| 159 19 10
(%)
Permeability | o5 | 15 | 70 3 12 3 10| 11 0
(mD)
Density 2.62 2.66 2.65 2.58 2.65 2.63 2.72 269 526
Magnetic | 199 | 206| 203| 160 229 151 1599 188 103
Susceptibility
Maanetism Dia+ | Dia+ | Dia+ | Dia+ ) Para +| Para +| Para +| Para +
g Ferro | Ferro | Ferro | Ferro Ferro | Ferro | Ferro | Ferro
IGV 29,7 | 30,65, 42,0 21,67 21,33 42,67 45,1 24,0 031,
Macroporosity| 17 11 20 4 5 2 11 9 0
Minerals
Primary 59 44 46 53 55 36 39 50 52
Detrital quartz| 53 ~41 42 ~50 ~51 33 36 ~42 37
petrital 4 | 3| ~4| ~3| ~3| ~2| -~3| -3 -3
feldspar
Rock frag. ~1 0 0 0 ~1 0 0 ~2 ~2
Fine crystals |- _; 1 g 0 0 o| ~1| o -3| 10
lithics
Diagenetic 22 43 33 42 38 58 48 40 45
Quartz
overgrowth ~1 3 1 10 ~6 12 ~1 ~14 ~7
and outgrowth
Quartz filling 0 > 0 0 0 1 0 0 0
pores
Chalcedony | 0 0 0 0 | ~14| o0 0 0
rims
Chalcedony 0 0 0 0 0 13 0 0 0
Chalcedony | -, 0 0 0 0| ~2| -34| o 0
displacive
Mioroquartz |- g g ) 11 | a1 | a1 | -] 4 0 0
coatings
Microquartz 0 0 8 ~1 0 0 0 0 0
Diagenetic 0 ~11 0 8 ~10 0 0 0 0
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silica
Silica coatings ~8 0 4 ~5 0 0 0 0
Clay coatings) o |, | 0 0 0 0 0 0
(Nllite)
Clay coatings) 0 0 0 0 0 0 0 ~1
(Smectite)

Hematite 0 0 0 0 0 0 0 4 ~7

Hematite 0 0 0 0 0 0 0 10| 16

coatings

Fe calcite 0 0 0 0 0 0 0 ~1 0
Anhydrite ~3 ~1 0 ~1 0 0 ~1 ~1 0

Dolomite ~2 ~1 ~1 0 0 0 0 0 0
FeDolomite | g 1 1 | o | -1 | 3| -~4| o] =~2| o
(anquerite)

Siderite 0 0 0 0 0 ~1 0 0 0
lllite ~1 3 ~6 ~1 ~1 ~1 ~3 ~1 ~1
Pyrite 0 1.6 0 <1 1 1.5 0 0 0
Albite ~4 ~9 ~4 11 ~9 ~6 ~4 ~6 ~13
Mud

Pseudomatrix 0 0 0 0 0 -1 0 -1 0
Accessory 2 ~2 ~1 ~1 ~2 3 2 ~1 3
Mica ~1 ~1 0 0 ~1 ~2 ~1 0 ~2
Titanite +
Turmaline + 1 ~1 ~1 ~1 ~1 ~1 ~1 ~1 ~1
Zircon
Hydrocarbon 0 0 0 0 0 ~1 0 0 0

Classification
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6 Synthesis and Conclusions

In this work the porosity structure of sandstonesring anomalous porosity was
investigated. These rocks have micropores assdciaith coatings which have different
compositions, producing different NMR answers. Hesandstones with microquartz
(Fontainebleau Formation, Paris Basin), chloritgy @ Grande Formation, Recéncavo Basin),
microquartz with illite (Ueré Formation, Solimdesadin) and hematite coatings (Jurua
Formation, SolimGes Basin) were investigated ararttain following implications of this

thesis are:
6.1 T, NMR distributions

The low magnetic field NMR distributions of coatedndstones from Fontainebleau,
Agua Grande, Ueré and Jurua Formation are chaissteby an important displacement
towards short Ttimes in distributions of samples with high amouotslay or microquartz

coatings even the sample showing similar pore sizes

The Fontainebleau samples are almost completelyposed of diamagnetic silica
(SiOy). The studied samples were divided into two growgil small and high amounts of
microquartz coatings (Groups 1 and 2, respectivélypteresis loop of FB-L2B01 and FB-
L3BO1 samples from Group 1 and FB-155 sample fromou@ 2 showed a small
ferrimagnetic contribution (low-coercivity magnedif but these samples present small
magnetic susceptibilities (FB-155 sample has negasusceptibility), evidencing the very
small or negligible ferromagnetic contributionCT analyses showed that samples FB-155,
FB-217 and FB-10 have similar pore size distrilmgio We expected the ; TNMR
distributions of these samples to be similar, havethe FB-155 showed an important
displacement of 7 times towards shorter times. Since almost all samples are in fast
diffusion regime and all pore surfaces have theesaomposition (and very low magnetic
susceptibility), the S/V ratio and diffusion coumi were considered the main factors
responsible for this displacement. The relaxividyjues obtained for Fontainebleau sandstones

range from Jum/s to 8um/s.

The Agua Grande samples were also divided intogwaps according the amount of
chlorite coatings on the quartz host grains. TheRNMMHz T, distributions for all samples
can be interpreted in terms of three peaks. Thatimes and SEM images allowed us to
interpret the longest ;Ttimes (>0.1 s) as due to intergranular macropovdsie the

intermediate 7 peak in the distributions was interpreted as dumineral dissolution (mainly
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feldspar). We observed an important displacememarnds shorter times in 2 MHz NMR, T
distributions of samples with high amounts chlodtatings (Group 2). The chlorite coatings
contain Fe, which can enhance the relaxivity. Hamveveven with the presence of
paramagnetic chlorite, the considerable differenmiesnagnetic susceptibility between the
surface and the fluid apparently do not affect difeusion relaxation since the increase of
time between the echoes do not change thealue in the samples. The amount of chlorite
covering quartz grains was estimated by the EDSpmgpof %Fe in the samples. There is a
clear correlation between the %Fe on the samplddl@aNMR Gaussian fittings of 2 MHz
T, distribution curves for peaks at ~0.02 stimes. The relaxitivity in these rocks is directly
correlated to the area of the ~0.02,9p€ak in NMR distribution, and to the %Fe coveriing
quartz grains. It is also correlated to the diffexe between the porosities estimated by
petrography and Helium methods, which is usualtgrppreted as being related to amount of
microporosity. Because of that, we first interpdetiee diffusive coupling between macro and
micropores as weak. However, the area of the NMRigtribution curves is not proportional
to the porosity measured by conventional methotierdfore, some diffusive coupling must
operate in the system bringing thgpleaks in NMR distributions towards shorter tintesme
contribution of relaxitivity due to the presence atflorite is also likely. We described this
effect by using the model proposed by Kenyon (19874yhich the geometry of clay flakes
along the pores is considered. The relaxivitiesnfrGroup 1 samples, which are in fast
diffusion regime, vary from 3&n/s to 43m/s. The samples from Group 2, which are in
intermediate diffusion regime, have effective raldies about 15m/s and the relaxivity of

micropore is ~10@Qm/s.

The Ueré Formation samples were classified inteelgroups based on petrographic
observations, the magnetic susceptibility and ype bf iron-bearing minerals in the coatings.
Group 1 consists of subarkoses with variable answahtoatings of microcrystalline quartz
or undifferentiated silica on the quartz grainso@r 2 also contain microquartz coatings but
its mineral matrix contains iron-bearing mineraigls as Fe-dolomite, siderite and pyrite,
besides Fe-illite. These samples contain the highesounts of pore-filling displacive
chalcedony and high IGV (43% and 45%). The samiptes Jurua Formation form Group 3,
which consists of hematite-coated sandstones ceaheby quartz overgrowths, albite,
hematite and pore-filling illite. The ;Trelaxation time distributions for all studied sda®
showed three to four peaks. Macroporosity for treesaples is indicated by a peak abové 10

s in T time distributions, whereas the intermediate pg@ks-0.01 s) are related to mineral
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dissolution. In Group 1 samples the shortestifies do not present a shift towards values
below of 0.3 X 10 s. In contrast, Groups 2 and 3 are charactebyed shift in the highest
intensity peak towards shorter times (~5 X?H), reducing the differences between the peaks
and making it resemble a unimodal distribution (@r@) or showing an extra peak close to
3.3 X 10° s, which makes the,Time distributions clearly bimodal. The exceptisnthe
R2875 sample, which has no visible macroporosith@&petrographic analysis, showing only
one peak with the shortest relaxation times. Thexiéty values from Group 1, which is in
fast diffusion regime, vary from 14m/s to 37 um/s, while the relaxivity values from
intermediate diffusion regime samples from Grougn® 3 vary from 3um/s to 118um/s.
The relaxivity from 2875 sample is 448/s.

6.2 NMR diffusion coupling

NMR relaxation measurements are usually interprbjedssuming a direct correlation
between 7 distribution and pore sizes. But this is valid yonf three premises are
demonstrated: a) the pores have to be effectisglatied, such that molecules on each pore
relax independently of the others; b) the systenmifast-diffusion regime; c) the surface
relaxivity is uniform across the entire surfacetlod pore space (Browstein and Tarr, 1979).
However, the first condition is not simple to maenatural geologic rocks, whose pores are
typically connected to each other, allowing diffusiof molecules between pores and
therefore affecting the relaxation (Grunewald amigkt, 2009).

In order to study the diffusion coupling, we uskd T,-T, Exchange technique which
allows observing fluid molecules migration amonfjestent pores (Washburn and Callaghan,
2006). Since FT, Exchange experiments are very time consumingsterfaversion of this

experiment was used {f-TREX) following the procedure of D’Eurydice et 2016).

In Fontainebleau samples, 85 MHz2-T, exchange experiments showed that T
distribution displacements towards shorter timesias caused by diffusion coupling, the
cause being probably related to changes in S/\hatflat-shaped internal layers of the
microquartz coatings. The ,-T, exchange experiments also allowed to identify the
micropores associated to microquartz crystals tjindbe exchange rates between macropores
A, which have longest ~1.7 and 0.36stiimes for Group 1 and 2, respectively, pores B3~0
and 0.05 s Tfor group 1 and 2, respectively) and pores C (391D). The exchange between
A and C pores is higher than between A and B, wihigeexchange rate between B and C is

negligible. We concluded that peak C is due to apores associated to microcrystalline
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guartz coatings and the peak B is probably also tduenicrocrystalline quartz coatings,

however with more planar shape.

Unfortunately, the FT, exchange analysis was not possible because ohigie
values of magnetic susceptibility of samples frogua Grande, Ueré and Jurua Formations.
However, due to reasons presented above, besiddadhthat the size of the channel, we
suggest that intermediate diffusive coupling cdodiis present in the Fm. Agua Grande.

6.3 Magnetic minerals

The internal gradients due to the paramagnetiemoriagnetic minerals are known to
shift T, values to shorter relaxation times (Kleinberg let #994; LaTorraca et al., 1995;
Rueslatten et al., 1998; Zhang et al., 2002; Kgaamd Knight, 2007, 2012).

The Fontainebleau sandstones are almost complatetposed of silica as evidenced
by petrographic and SEM analysis. In spite of aaniamount of ferromagnetic minerals
detected in some samples (FB-L2B01, FB-L3B0l1 and-16B) through hysteresis
measurements, these Fe-rich impurities seem tor @unclusions in quartz grains and do

not occupy the walls of the pores. Therefore theyot affect the surface relaxivity.

The Agua Grande Formation samples are composedynmdiparamagnetic and very
small amounts of ferromagnetic minerals (magnetdepnlmost all samples. The exception is
the 7570 sample which is composed mainly of diagreig minerals (quartz, feldspar) and
very small amounts of ferromagnetic minerals (pbdpamagnetite). Accordingly, the
susceptibility varies from 19 X 10to 46 X 10° Sl in reservoir samples, the magnetic
susceptibility for 7570 sample is 8 X 4(®I. Although the samples present important
magnetic susceptibility values, they are not higlougih to produce a displacement of T
towards shorter times with the increase of echaesimndicating the absence of diffusion

mechanism in relaxation.

The best units to assess the effects of the magmatierals on the shift of;values to
shorter relaxation times is the Ueré and Jurua d&tions, which present a complex
mineralogy including paramagnetic and ferrimagnetipurities. The magnetic susceptibility
in Group 1 samples (Ueré Formation) range from tel@2 X 10° SI, while in Group 2
samples range from 45 and 48 X®18I. The Jurua Formation samples (Group 3) have the

highest values: ~50 and 123 X 48| for the two samples. These samples are chaizie
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by the presence of hematite coatings. The high amofliFe-illite and other paramagnetic
minerals in Group 2 samples and hematite in Gros@3ples produces similar displacements
of the longest Ttimes towards shorter times. This effect is causedelaxitivity in Group 2
and diffusion in Group 3. The relaxivity is the pmontribution of relaxation in Group 1, and
the main contribution to Group 2 (with a small adnition of diffusion), while the diffusion
relaxation is predominant in Group 3 due to thehhagnounts of hematite in the grain’s

surface.

Although the bulk magnetic susceptibility values Réconcavo Basin samples and
Solimdes are similar, the amounts and types of et@gminerals are different and their
distribution, the samples from Solimdes presentingigher content of antiferromagnetic
grains (hematite) along the pore walls. The Solsn&amples present a shift i, T
distributions with the increase of echo times, @ating a diffusion mechanism in the
relaxation. This effect is not observed in the Rea¥o Basin samples. Therefore, the type of
magnetic minerals (e.g., Fe-bearing clays and heshand their distribution must be taken
into account when interpreting the, Telaxation distributions and the, o echo-time

correlation in porous rocks.
6.4 Final considerations

The analysis of anomalous porosity sandstones lirdlMR is not a simple task since
multiple reasons may affect the NMR signal in naltisandstones. Here, several analytical
technigues were used to support the interpretaifoNMR data. Combining NMR results
with petrophysical, petrographic and magnetic diataas possible to calculate the relaxivity
of all samples. Relaxitivity from Fontainebleau iear from 1 to 8um/s. Agua Grande
relaxitivity varies from 32 to 43m/s for macropores. It is 1Q0m/s for micropore in weak
diffusive coupling and ~1um/s for intermediate diffusive coupling (using theodel of
Kenyon, 1997). In Ueré sandstones relaxitivity @arfrom 14 to 5um/s. If we assume the
fast diffusion for Groups 2 and 3 (high magnetiscaptibility) of Ueré and Jurué sandstones,

the relaxivity varies from 36 to 118n/s.

The high concentration of ferromagnetic and parareig materials in sandstones
remains a major challenge for studies of NMR imcisilastic deposits. This is particularly
critical in reservoirs with anomalous porosity whie mechanism of porosity preservation
involves Fe-bearing coatings (e.g., Agua Grande @e® formations). This is because the

presence of paramagnetic and ferromagnetic mingratticularly when they occupy the pore
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surface, causes a displacement ofvalues in NMR distribution towards shorter times
underestimating the pore size and porosity vallieseduce the ambiguity in interpretation, it
is important to perform experiments increasing ithter-echoes times during the well log

NMR data acquisition, besides a better charactioizaof the magnetic mineralogy of the
rocks.
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