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Abstract

Geol ogi cal formations have great potent.
where 2t BemCO®eralized throughegeochamitcahsr ¢
compl ex and can potentially alter the for
permeabilityporRteaemibideé i ng ams oenahapnocweer t bk

underisntgphbemp act2i 0f e€0Oi on on formation prope
CQbrmmeer al reactionanaovegedlbotgeihciclab ersat di n
reactive surface ar-eant( R&IA)Ii ng pparea noeft etrhse
reacti onishborwlkerse oI magnitude variations 1in
have been reported in the Iliterature. The
through di ff er eBirtu nmidundm@Tdesl,| esru c(hBETs) adsor pt i
geometry approxi mati onPr eandub mavgirrkg htaec hfnc

simulations carried out wusing miner al acce:
betteorducegr t he «c¢hangfelsooab seexrpveerdi memt cor eHo
accessible mineral surface area i s i mpacte
i mpacted by surface area variations and i f
remai narmnswebree d. This work aims to i mprove
accessible surface area and explore the p
surface areas from other mineral propertie
t he I mpacetsodfutiimangeonr quanti fied mineral pr

from t he Pa(Kexmpefioirsnjartesismapgpeid using scanni ni
mi cr os c owaer yuinndge rr e sConit wt i%oyvRlo r( Ds i3t4i es and mi
abundances agree relatively well with chan
of magnitude wvariations were observed in m
surface area®mfrand Hhlowhr(&8 7B ges were ther
in congdaluaamreactive transport simul ati on:

resolution on simulated mineral reactions.
bet ween the simulations at skcatleesaf&mt y(1
indicating the i mpact of wvariations in sur
simulated reactions is small. Simulations
area and BET specific surface @aretacérameah
variation affects simulated reactions. S ma
where carbonate minerals are slightly i mpa

ti mearge diottearerdeanul at ed -aeaeralcdn atnes rhiomre ri
phadependnngi ner al naomsp orsuiltaitamna dur ati on,
necedxarquanti fy mineralk omc ¢ edlyiilndgei magif ag e
approaches are a promising means of estim

approach is time and resource intensive. Hi
amorhge tquanti fied miner al properties incl uct
accessible surface area, c¢clay content and

of predicting mineral accessible surface a



sanodone samples were i maged and processed I
mi ner al properties, and the results were c
these pNopdaititesn.ct pattern was found to d
surface area to other properties determine
of quartz and feldspars were foasrdadg owdlel p
as cl ayL acsotnltye,ntef forts were made attcessdodl
mi neral surface area as minérlalo ddiesxspoelrutmeom
were performed on Bandera Grey and Kentuc
hydrochloric acid (HCI) as the rkeaftarnaeg f|I
and after the experiments were calcul ated
evaluate the changes of surface area for d
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Chaptlemt moducti on

Mi neral reactive surface area estimati on
mi ner al reaction rates. Surface area can be
as the BET adsorption method (Brunauer et
(Anbeek, 1992, Gunter et,aald. ,em20 @0 ;ng No imaig
techniques (Peters 2009; Landrot et al ., 2
mi neegadtirve surface area wusing different a
magni tude (Bl ack et al ., 2015; Bourg et al
(Beckingham et al ., 2017) that mineral acc:¢
betrt reproduces the mineral | on®acteixopner i ante & :
However, the iIimpact of i mage resolution on
as on the simulated miner al reactions are
evol umiorer af surface area is not well unde
accessible surface areas are predictable t
answered. This thesis improves our under st :
mu kntnier al i ¢ porous media. Specifically, the
properties quantified from i mages, and i mp
and reaction rates is explored. I n additic
mi nerreolperties and their evolution during o
possibility of predicting miner al accessi

processing steps.

1.1 Impact of image resolution on quantified mineral properties

| magi ngnoehg@gesd eas a power ful means of por
providing information on porosity, miner al
surface areas. Optical microscopy, includir

Il i ght mi c r oasrceo pog/o nfnkoLPMM)y, used met hods for c
space features but are often not adequat e

connectivity and other micro pore features
mi croscopy ( SEM)n d agnr acianp tfueraet wroerse at hi gher
mi croscopy and it is capable of character:i
when equipped with backscat t-cdirspdrruaityveonX (B
spectroscopy ( EeDAS) miumertasl. iAdid motmafti cati on i
proper calibration and the supfportcesfsi niyge
(Bultreys et al ., 2016) . These images <can
porosity, abundankcye spiaxnedl accocuenstsiibg .l i Wh ielse
detailed information on microstructures an
cannot account f ogr a@aihre oitart wateu rod itrh et lproge

ion bea$EM Fd&Brnn be usedgéeé® icapthree di mens
resolutions, however, it I's i nherently de:
' i mited in sampl e sriazye c(odpoun ge derttagari@d,n a200sly6 |

11



a ndoenstructive i magingetechnrgese] uali bohotoh!:
mi cron scale sampl es, that can be used to
measure connected surface areas (Xiong et
Combining accessibilitieshmeasnueectded roumr f2dc
calculated from 3D CT images can yield min
al ., 2012) . These measured miner al propert
reactive transport simulatiléns (Peters 200

Whil e imaging can be wutilized to par amet
variations in the techniqgque or i mage proce:
has been extensively considered for i mage
201 3; Schl ¢ter et al ., 201 4; Anovitz and
captured at a wide range of resolutions, t
work uses a coupled imaging approach to pro

vagring from 0.34 Om to 5.71 Om and addresse

1) Do the quantified mineral properties (]
accessible surface area) vary with chan

2) What properties aresompacoeddmbbseéer egcem

3) What are the most i mpacted miner al phas

1.2 The impact of image resolution on simulated mineral reactions

Reactive transport modeling has been use:
of geochetmiaecad amd& transport phenomena hap
surface and subsurface systems (Steef el et
2014) . Ev alinudauciendqy ddGssol uti on and precip
correspondi ng emmdridsittyy eavyrod uggerom i n subsurf
et al ., 2005; Audigane et -8ltchR&0O7et Bakon
Arad-ttir et al ., 2012; Nogues et al ., 201
of t hem. Hotwiervge rmi mernaull ar eacti ons is challl
complexity of the reactions, but also due
Mi neral reaction rates are commonly esti mat

theory (TST)1981Lash9®4; Aagaard and Hel geso
rate I s given by,

Y 6 Q @0 (1)
wheAnes mineral rekicsi mensuanfac@&lOarseaphset ant
thermodynamic driving force for the react
thermodynami eraspeectacoi omsni s generally we

exi st in estimating rate constants under el

12



areas which may resul't di fferences in sinmn

typically vfarnyagonmiet uodred ewheo eas variations i
area values span sever al orders of magnit ui

Mi neral surface areas caihErmméTadd sur € B EtTH r
adsorption metahod @BRBBHnaugreoentetry approxim
Gunter et al., 2000; Noi ri el et al ., 2009)
2012; Beckingham et al ., 2016 and 2017; Qi
i mage analysis gesapowkeyifoud miemae@salofpropert,]
transport simulations including accessibl e

under high resolutions and prtoassusni mg kingh
may have high c¢compwtestsiidadnyalofcddatiss. tTihme and

to i mprove simulation of miner al reactions

under stood. This work utilizes continuum

evaluated the following research questions
1) Ae the variations in mineral accessi bl
resolution differences affecting the si
rates?

2) How di fferent are the simulated miner al
specificeasréanadegaometric surface areas

3) What approaches should we use to quant:.
processing always needed?

1.3 Relationships among the quantified mineral properties

Quantifying mi hacal ameaessoml @8DsBBEE and
been proven to be valuable since simulati ol
yield satisfying resul ts compar dd oot ad t he
experiments (Beckingham @tuaatifyi2rOd 7 ni n erh;

through the imaging processing technique i s
and resources required for image acqui siti
property quantificationfropaenrthestiamnéndong
abundance, accessibility can be quantifi e

connected surface area can be estimated fr
these estimated properties haveonstwbeenf e

among these properties, for exampl e, rel at
accessible surface area or accessibility m:
benefici al to quantify minesriaglniafcicceasnstilbyl er e

the time and resources for quantifying min
compared +sacal leei malgi ing approach.

13



I n this work, we aim to evalwuate the pot

mi ner al maaospwerrablees from i mages for various
t he possibility of predicting mi ner al ac
processing. Mi ner al abundance, accessibild]
connected serdamputaecda @aompared and eval uat
wel | as their individual i mpact on ot her
relationships, we aim to address the foll o

1) Can we predict minerraolu gahc coetshseirb Inei nseurrafla
|l it ke mineral abundance?

2) How does clay and carbonate content aff
surface areas?

1.4 Mineral accessible surface area evolution

Mi neral reactive surface a@atreras i af ogheeo i em
reactions (CarrolSli setchaleret 2@l3,; Rawv8rr & ul
PSikryl et al., 2017; Yang et al., 2018).
transport modeling wher e drmtes sarmaullaaregle Irye ai
by reactive surface area input. However, t
during geochemical reactions is not well urt
( Nav-@8rsechl eret al ., 2008 Qyatoeg (MWmmieriad!|l getai
| sraeli and Emmanuel, 2018), mineral reacti
rapid dissolution of fine mineral grains w
Noiriel et al ., 2009)vec osuurdf adceec racraesae. mi ner

Simulating changes in surface area i s 1|
mi ner al reaction rates. I n CunchFlew (Stef
component reactive transport mad aeltierdg ,a ntdh €
updated when there is change in mineral vol
as

_ 7 QQi i £€a007Q¢ ¢

6 0 ' . (1)

— 7 nNi QwQn Q0 wo Q¢ ¢
wheAn@ e pr ersiennetrsa | reactthwepsestate aheajnit
friaen of t me n thirreedreals to the i nitial mi ne
relationships have been proposed and used i
and Ber kowitz, 2005; Carrol | et al ., 2013)
be sgpalerand have smooth surfaces. However,

scanning electron microscopy reveal t hat |

14



smooth nor spherical. More 1 mportantly, t h
entire mimnsrdlnvouwfeaca n reactions, wher ea s

fraction of the surface wild/ be-phatsievel vy
consolidated sampl e. Therefore, estimating
systems i sredgiufifriecsulfturatnhder i nvestigation to

This work aims to quantify the change of
and af-ftfleood odiessol uti on experiments througt
foll owing rmes:earch questio

1) What changes have occurred during the e

accessible surface area, pore connectiywv
2) Are the changes in mineral accessible s
mi neral species?

3y Do these changrets tfloddrow? t he curre

15



Chapt.erl Mpfact mage resolution on quantificat
and accessible surface areas

Fangqi Qi n, Lauren E. Beckingham
Department of Civil and Environment al Engi |

Publdi sihne Chemi cal Geolddgy, 2019, 523(30), 3

Abstract

| maging has emerged as a valwuabl e means of
parameterizing reactive transport simul at

porosity, mi nerall campesstbbe andf amceeancea
|l mages can be collected using a variety of
the i mpact of i mage resolution on measured
the i mpact of @b tmagealreslodtue¢ed omi ner al abu
and effective surface areas are examined
Kemper County, Mi ssi ssippi. Scanning el ec
electron (BSE) imagesupbpéedthtnresotubhnenswer
Om to 6 Om. I mages were segmented into po
| maged and algorithms developed in MATLAB.
mi ner al accessibilities werneamecal cuwpli xtedd by
segmented i mage where accessible minerals
space. rmAay3RBoxXxputed tomography (CT) image o
segmented, and analyzed to evaliuate hteh es a3ne2
tot al area as the 2D image were randomly
connected surface area. This was then mul't
accessible mineraicl ayr fmaoner al sas Mfroer mmmnyv
observed for mineral abundances <calcul ated
high resolution images, 0.3 Om to 1 Om, mi
For images with resolutions from 1 Om to
smectite/illite decreased with decr.easing I
This in turn resulted in higher effective
resolution. No significant varidlkdespar wer e

2.1 Introduction

Reactive transport modeling is an essent
and soil physics to enhance understanding
Xu et al ., 2010; Essaid e salr.y, f2o015ve,atihne re
CQinduced geochemical reactions (Audigane ¢
Sitchl er et al ., 2011, Ng et al ., 2015) a
bi oremedi ati on and micr obiaablusiarkd uceetd acla.l,ci
Martinez et al., 2014). Simulations have al

16



the potenti al i mpact of miner al reactions ¢
Gaus, 2005, 2010Mi rStetefeali . kezx0 =t R0152017,

2 0 1HBo,mme | et al . 2018) .
Depending on the application, reactive t
the costaheummdal por(di et al ., 200-6, Bashi

Chappui s et al .sz?2@l8modeCasntairneuulmased on

el ementary volume with average properties

simulations are constructed based on for ma
abundances, mi ner attisum faaee aceast amingd, ret
acquired through a variety of different te
from thermodynamic databases while porosit
are oftenrmgasduf &€dacexiampl(eX,RD)s, ffroequent | vy
the mineral composition of rock sampl es,

percentages | -a5%,erdetpheanndi 0h.g330% t he equi pme
(6onnel |l and Regal but o, 2@B3) t sSiarhwinat imarys
potentially reactive mineral phaseist$ hat ar
resulting in neglect of important chemical

|l maging has emerged as a power ful means
provifdommai nhon on porosity, mineral abundan
surface areas. Optical microscopy, includir
I i ght mi croscopy (FLM), are commonly wused
space f ¢éataureesofbtuen not adequate to accur
connectivity and other micro pore features
mi croscopy (SEM) can capture pore and grain
mi croscopygui pSpeEeMs wvei t h backscatter -electror
di sperrsaiyves p¥ctroscopy (EDS) units enabl e c
at microscopic scales by providing chemical
mi ner al i dentpiofsisc ot ieomwiityhr @evemer cali bratdi
correct soft wapreo wes gneraqhis( BU Il tprosyts et al .,
then be evaluated to determine porosity anc

pi xel counbingatorvenputansport simulations
al . 2016) .

Whil e SEM can provide detailed informat:.
identities i n 2D, it canng@ittaiarc cotumua c tf wrre til

di mensi onsn lFeamSsHEWM | &9oda y X comput ed -rtaggmogr ap
CT) can be used to captuiSEM ma@@s nigncrrerne @ ¢
depiction of the s arnepsloel uftrioontm al nsmer i2eDs SoEfM hi

an i on beam to rmd |Iflr amwatyhes madrf dcaeggeof i nte
2017). VWEMdnlgB ng facilitates high resolu
destructive in nature and is often practi c:

X-ray CT i maagdwagnthage tdides threu cmtgii mew asndd endmut i

17



often I imited i n imagel weésyo CUrXii ama gw heyr a ehgiug

of a synchrotron (Xiong et al ., 2016 ; Becl
identifi<catyi otalgdisn iXs | i mited and often re
compl ementary, anal ys3i,s E( Backianngdh aRre teetr sa | 2.(
2018) .

Accurate simulation of mi ner al reaction
assessing the resayxdtiem, cihramlgwedi nign ptohreosi t vy
evolution. Mi ner al reaction rates are comn
transition state theory (Lasaga, 1981, 198
reaction rate is given by,

Y 6 Q %0 (1)

wheAnés the react Prdep osruorufsa ched dai ruenme, (mat e con
( moi?sipn a& @i s the thermodynamic driving for

et al ., 2Pn1é¢i.siLamgehawme been observed i n s
rates especially whseanalug stcad @ anlge if (r otmmh lheey pe
2014i;u et; aTut @I0Oda5et al . 2015-KhBdeakf ngbamal
2017; Sthohree and Jung 2017). Reacti on r
parameters including temperature, PpH, reacHi
et al ., 2015; Bl ack et al ., 2015) . Whi | e
di ssolutioniandrpaneti pnsa are generally pr
di screpancies in estimates of mineral react
mi ner al reactive surface areas estimates a
transporns.siTnyupliactailod y, geometric or specifi
a means o f estimating mi ner al reactive S
approxi mations assume that al/l the grains
1992; Gunt emNoetial . et 200 20009) where an
di ameter may be assumed if clay minerals al
2011, Beckingham et al ., 2016) . Speci fic s
surface roaegbbéeasnedabybapplying a scaling
areas, through BET method, or by measuring
et al., 2007; Bourg et al., 2015; Beckinghe:a
mi nerals oaoemd g omeaswmi c force microscopy
l iquid adsorption where comparisons i n Ma
measured from AFM are | arger.

Mi ner al surface areas can vary by up to
t he dsotni mgptproach and type of surface area
effective) (Dogan et al, 2007; Bourg et al
al ., 2017, Hegyesi et al ., 2017) . Speci fic
r efclt porous media effects which may | i mit

studies have suggested effective surface a

18



surfaces may be a more appropriate means o0
Beckingham et al., 2017). A new approach w
measur e mi ner al accessi bdeal urifrmacgei nagr eap pl
combining 2D SEM-riagagdTng nmaangd n3D X hi s ef f e
refl ectrse toirwi tcyonand grain coatings that m:

and result in mineral accessibilities that
2009; Wal dmann et al ., 2014; Beckingham et
guant idiyblae cewsr f ace areas in a core sampl e

used to accurately simulate-fdwboar vdaeds sbil ug a
experiment .

Whil e imaging is a powerful means of para
there is I|little guidance for many of these
i mage processing approach may | argel y i mp
considered for image thresholding (W Il dens
20149viAtnz and Col e, 2015) . I n addition, im
range of i mage resolutions, the impact of
net work properties, i rAchlruodaitn gs ipzoer odsiisttyr,i bpuotr
coeativity, have been observed with varying
et al . 2016 ; Guan et al . 2018) . However, t
mi ner al properties key for reactive transp
ad miner al accessible surface area, remai
properties wild.l result in discrepancies
reactions. This work will evaluate the i mp:
propseritncel uding porosity, mi ner al abundance
area, focusing on images with resolutions

2.2 Materials and methods

2.2.1 Samples and sample preparation

Sandstone sampl es f r oem Kehmep ePra lQioxuyn tfyo rpnoant ei
Kemper, Mi ssi ssippi are used herecorMehese s
extracted fr-obm Sempl MPCf B3dm t he Paluxy for
m, 1540 m, 1542 m, 1548 m, 1 5e5d0 amm,d 1s5abmip I ne s
from depths of 1539 m and 1550 m selected f
was performed usi nAnRjayBrDuikfefrr a2 ofmea ser i t h
Geosciences at Auburn Univer diatsedsdDad dat a
software DIFFRAC. EVA with results indicatin
mi ner al species discussed in the foll owincg
analysis but were observed and identified
di scbeseuw.

Bul k samples were sent to Applied Petrog

19



Pennsyl vania) for thin section preparation
epoxy, sectioning, adhering to glass slide:
a conductive carbon coating was applied to
Coating Device at Auburn University.

2.2.2 2D SEM Imaging
2.2.2.1 I mage acquisition

Table 21 Details of SEM BSE images captured at resolutions ranging fronuéh3é
5.71 um.

| mage r&aplll mage si ze | mage ) z e
0. 34 8550 x 54 5. 34
0.98 3000 x 1¢ 5.40
2. 22 1332 x 8 5. 48
4 . 44 670 x 41 5.52
5. 71 517 x 32 5.43
Thin sections wer e i maged usi ng a ZEI S
Mi csrcoope at Auburn University in backscatte
of 20 kV and working distance of 8.5 mm wer
di fferent i mage resolutions (fabFer 2hilgh c
resol uatgieosn, itmhi s required capturing a seri
stitching thenPaogeti se@dPbugimdbpi nlge maged. Fo
Om resolution images, for example, nine BS
usi ng | nmeamgeerJatteo té§BeSES5 .i3magram f or further ar
resolution images that did not require i ma
same area of interest using | mageJ where n
human error when SEMoppi mmg.soT equi pped with
enables el ement al analysis of samples and
area of interest. BSE and EDS i mages wer e
mi ner al i denti f ioovat(iSerctaonde 2c r2i. lBed keld 2.

2.2.2.2 I mage threshol ding

SEM BSE i mages are grayscale images with
from O to 255 and black to white, respecti
rel ate to the baverodgd haet qorhiacsenuwher e el emer
number backscatter el ectrons more strongly
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filled pores have the | owest intensity and
domi nant miner pleaplsase, gguayrt Mi napal s that
relatively higher atomic numbers, such as K

SEM BSE i mages were processed here to id
| maged and al gor i tABns Idneavgeel so pveedr e nf iMASTtL t hr
segmentation algorithm developed by Peters
that minimizes the sum of normalized diff el

i ET—s—ﬁs — 8 (2)

wheMes the numbeMgi af ther eaumbrel ®fcsgrntadien pi

threshold value of pores and grains. Once
using equation xvastivalildaeebolby walswe l i ns
as needed. The final threshold value was

accurate characterization of pores and gr e
were then cal cul ad edgr abiyn cpiuxdli sh gu piomrge am al
in MATLAB.

2.2.2.3 Miner al identificati on

SEM BSE i mages provide a relative identi

with abundant guart z, It can be hel pful t
i nt essihtiigher and | ower than quartz, as pr
segmentation was carried out wusing the rel

identifying the thresholds that di fdf erenti e

many nmmrals have intensities close to quart
i mages can be identified with the addition
EDS maps in conjunction with observations
mi ner alxsampfloer, appear distinctly different
mi ner al phases were identified in SEM BSE
| i-fean anal yses, and visual observations o
struct hmseamdd spribution. Mi nerals that are
(e. g. qguart z, feldspar, calcite), were id
Mi nerals with complex chemical composition
mi ght have uclhae nsiicnaill afrortno ot her mineral spe
wer e i denti fi edsctamrsoutgdh &EDPuilrieneel ement al

comparison with SEM BSE i mag®Wsl| tpaml.i $9&4 i
Mi nerals wer e hfei BStE i cnamtei fwi ¢ d Gmn gpokest er es
identifying the mineral phases in the other
with miner al phases indicated by different
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2.2.2.4 Mineamd adwensdsainkciel ity

Mi ner al abundances and accessibilities w
depicting discrete miner al phases. Mi ner al
number of pixels of each miner al dmsd divid
Accessible minerals are deemed minerals th
pixels. The accessibility of each miner al |
of accessible pixels of each mineit &l and ¢
mi ner al pi xel s.

2.2.2.5 2D pore connectivity

The miner al accessibility analysis in se
accessible. However, mineral accessibility
(Landrot et al.,c2i0delk2)ywhereheonancoand ma
considered as pores may be connected throu
al . 2012, Beckingham et al. 2016) . Here, s
evaluation of tHednatamrogoaofest hen conercded t e W
FI-BEM i maging in Beckingham et al. (2016) .
contains abaoandeoatedwepbhoporosity and contr
connectivity (Beckitmghamcetssalb.i | 2QY¥6).f ke m
nano and macro pores was considered. Conne
a method modified from Landrot et al. (201
smectite was as scumende attoopadcroae a(i Bie ovkeiligham et
I n this method, pore pixels at the i mage e

algorithm to det er mi npeo rceosn.n e@a rernde cntaecdr op oarned
then counted and the cgoensnewitteld ypamrioscugyr @
calcul at ed.

2.2.3 3D Xray CT imaging
2.2.3.1 I mage acquisition

To preparreayf oigiTc3iDmaXgi ng, a 0.5 cm x 0.5 <c
extracted fromraheChul magaempiver eX¥&pt ur ed
vV TEEMX M 240 at the Research Service Cent
Engineering, University of Floridém. The vo.

A total osfe cd OO n@andosssl i ces werCel dxnargaec taendd f
cropped xiinmaot eap2p.r7fo mm x 5.3 mm rectangl es ¢
58142 m@sessional slices were thenCTstacked

i mage of the sampl e.
2.2.3.2 Image thresholding

Before thresh®T dimage hientmis ¢p airhees garnedy gw aal
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were rescaled to enhance the differences b
values of the original and enhanced i mage
correct for s®skBrcs$jonhhe AMBgecatedg drhiez eedi bion td
groups based on their original brightness
sequence. | mage subsets were then threshol
same thresholding procedure asnfdr2tBe2BSE
needed, manual adjustment of the threshold
classification. Manual Il nspection of each
segmented i mage with the originalthimage t
met hod. The por o&GT tiymaogie twaes 3tDh emi ccraol cul at e

and grain pixels.

2.2.4 Accessible surface area quantification

2D SEM BSE -raanyd @BiDcriXmages have unique ad
di sadvantages. Whn!l pr @Di &M nfmamgmat ican on
and abundances, they cannot rreafyl ei@itc rtohe 3|
i mages capture the 3D pore connectivity bu
in these images remai dsf fcihadllteng-pogecobunt
connecti virtay i@TcIDmaxges (Beckingham et al
resolutions are typically | ow. Herrea,y an ap|]
mi ¢cCTo i mages, devel oped ino Lawmamtoitf yetacades
mi ner al surfaces. This includes analysis o
accessible mi ner al -rayr fi@ikcercombreesas cambi e d X
information on miner al accessibility from

Por e cvointnye c & n d corresponding accessible

guantified -nay n@iTe¢e hemadb.-XaneBBFOn dhage has a
t ot alseccrtdsosnal sl i’owvédhearced hef a5 &mB4 oimt he 2D
analyzed her & dTsemosndrye 5t.hde nBD quanti fied m
comparabl e to t hecu2bDesSBEM tshasmapclttegd rasdd bcg loisse
equi val ent to the SEM BSE | mag@eg whHlrceg oext r .
i mageculSed consi st 66@ txw@i6\Rd i cckjsacamtdo ml y ¢
and cropped fsemttbealhO6l ccessto create a
surface area of the 2D SEM BSE i mage analy
processed using a MATLAB c¢edd2modihfait edisferso
and marching cube algorithm to identify ar
each cube. The porosity of each cube W &
representativeness of the sel ectaed fc ubhees .t €
cubes was calculated and mul t-dlpdy enhi rbgr alh
speci es, determined using the 2D SEM BSE
accessible surface area of each nmiyneradli.d 1t
for-chnary minerals due tedtberuoneaenoperoti tlaw
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2.3 Results

2.3.1 SEM Imaging

2.3.1.1 Image acquisition and thresholding
Table 22 Calculated porosity of segmented images (Fig. 2.1) for images with differen
resolutions.

Resol v 34 o0.98 2.22 4.44 5. 71

( Om)

Numbel  16gl1.41€ 2.759d 6926 4086

por e

Numbel  61E/5.62€ 1.10€ 27704 1641¢

tot al

Poros 0.25] 0.251 0.25(¢ 0.25( 0. 24

Five BSE i magesesodpttiroemdd a anging from 0.
corresponding thresholded i mages, displayi
shown in Figure 2.1. The porosity of each |
t he segment edb,idnafg,eh ,(jF)i,guirse dgli ven in Tabl e
the calculated porosity of each segmented i
variations in porosity are observed, the p¢
as | mage ercerseoalsuetsi.on nd addi ti on, the capture
resolution decreases, resulting in a | oss
roughness as shown in Figure 2. 2. Mor eover
such asercdlasy ifmi nt hi s case, become difficult
pi xels due to similarities in pixel intens]
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‘u.-di-z

Figure 2.1. SEM BSE |mages (Ieft) of a sandstone sample from the Paluxy formation
at depthof 5048 ft and the corresponding segmented images (right) depicting grains
(white) and pores (black) for images with resolutions (a, b) @r34c, d) 0.98 um, (e,

f) 2.22 ym, (g, h) 4.44 pm, and (i, j) 5.71 pm.
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Resolution 0.34 um

Figure 2.2. BSE images of a muscvoite grain under 5 different image resolutions
demonstrating the resulting differences in surface features among the set of images.

2.3.1.2 Mineral identification and quantif]

Segmented SEM i mages, whesien gmi WS aé Ise mveerr
maps, quantitative |Iine scans, and by vi su:
shown in Figure 2.3. I n these segmented i
di fferent col or. I niti al mi hgr alesakbgmdni at
errors in mineral i dentification that were
on quartz grains were erroneously identifi
| ower grayscale intensiteveBDSB8del ameprt alr en
topographical i n nature and they were manuse
|l mageJ.

The five mineral phase segmented i mages
Figure 2. 3. Large discr epancnoets dlns eprhvaesde i
i mages. However, as image resolution decre

features such as the surface roughness of s
2.3f to Fig. 2.3]) angdi ndley i ait fefrif awclets tod @
exampl e, di stinguishing internal porosity
di fficult as resolution decreases, i ncreas|
these features.
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Quartz

Calcite
K-feldspar
Siderite
Muscovite
Smectite/lllite

Figure 2.3. Mineral phase segemented images of a rock sample thin section from the
Paluxy formation at depth of 1539 m with image resolutions of (a) r34b) 0.98

pm, (¢) 2.22 pym, (d) 4.44 pm, and (e) 5.71 unSubsets (f (j) are examples of
variaions in smectite/illite characterization under image resolutions frompt3

5.71 um. Here, the most dominant phase, quartz, is shown in gray, calcite in-red, K
feldspar in purple, siderite in green, smectite/illite in yellow and muscovite in cyan.
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Table 23 Mineral abundance calculated from BSE segmented images under 5 different
resolutions.

Resol| Quar|Kf el d Cal c|Smect Musco|Si de

o) LT % %
(Om) ( %) ( %) ( %) I ( %) ( %)

0.34 76.4 3.50 9.67 8. 21 0.31 1.8

0.98 7v7.14 3.37 9.04 8. 31 0.31 1.8

2.22 78.3 3.33 9.0( 7. 3] 0.33 1.7

4. 44 77.9 3.34 9.37 7.0 0.30 2.0

5. 713 7v8. 7 3.24 8. 74 7. 2¢ 0.32 1.7

Mi ner al abundances were <calculated for
mi neral pixels i n sieyndandtievd dimagg ebsy (tFhieg .t o2t.
mi neral pixels. Calculated abundances for e
in Table 2.3, this sample is predominantly

approximately 9.6% cahtstésmaati -8/ 2Pl ctay
i mage resolution changing from 0.34 Om to °
remained stable for muscovite, while abund:
to 78.7%, and al | eoatsheedr imi naebruanl d asnpceec,i easl bdeei

3.1.3 2D pore connectivity

The 2D connected porosity was <calcul ated
connected through either pore throats or s

exampl e codnneicet D porosity for the i mage wi
mi neral segmented map (Fig. 2.4a) was proc
(mappoo es apnodr elsdnoin two di mensions (shown
evident i whkFil gurae majbrity of the pores ar
unconnected pores, shown in black in Figur
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Figure 2.4. Mineral phase segmented map (0.34 pm resolution) with each mineral
mapped in different color (a) andmected porosity map (0.34 pnm resolution)
depicting the connected pore space in pink (b).

Table 24 Connected porosity calculated from mineral phase segmented images for the
set of images with different resolutions.

| mage resol Total ©por Connected
0. 34 0.2516 0.2338
0.98 0.2511 0.23914
2.22 0.2500 0. 2357
4. 44 0.2500 0.2469
5.71 0.2490 0.2085
The calcul ated connected porosity for eac
The overall connectedapouwndi Oy2%asclcaseutl at
of 0.25 for i mages with resolution higher
decreases to 5.71 Om, the connected porosi
the values calculated from higher resoluti
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3.1.4 Mineral accessibility

Table 2.9Mlineral accessibility calculated from BSE segmented images (Fig. 2.4a) with
5 different resolutions.

Resol y Quar| Kf el d| Cal c|Smect| MuscoySi de
(Gm) (%) (%) (%) | I 1itsg ( %) (%)

0.34| 34. 4 2.19 7.44 53.6 1.13] 1. 21

0.98| 33. & 1.42 5.6¢§ 58.0 0.68| 0. 8

2.22| 47. ¢ 1.64 6.4( 42.6 0.78] 0. 8]

4. 44 54 .7 2.07 7.83 32.7 0. 76| 1. 8]

5. 71| 59.

(@8]
[EEN

. 76 6.49 30.5 0.64 1. 2]

Table 2.6Mineral accessibility calculated from mu#icale connectedorosty images
(Fig. 2.4b) with 5 different resolutions.

Resol y Quar| Kf el d| Cal c|Smect MuscoySi de
(Gm) (%) (%) (%) | 111t ( %) (%)

0.34| 31.

«0

1. 43 1.7¢ 63.0 1.00| 0. 8|

0.98| 30. ¢ 0.74 1.249 66. 3 0.62| 0. 4]

2.22| 45,

N
o

. 95 1.23 510 3 0.79| 0. 5]

4. 44| 54.

0
[N

. 54 1.69 39. 2 0.88| 1. 6]

5. 71| 57. 4 0.81 1.24 38. 8 0.95| 0. 71

Accessible mineral pi xels are defined he
pixels (black in Figure 2.4a). Tht, aicxessi
calcul ated as the number of accessible piXxe
mi ner al pi xel s. It should be noted that th
the SEM BSE i mages and dpooerse sn otnr acklsaoyu Ansi nfec
shown in Table 2.5, approxi mately 34.42% ¢
pi xel s, 53.61% are smectite/illite, and 7.
Om resolution image. The accessi bWiltiht i es o
changing i mage resolution, t he mi ner al ac
smectitel/illite ar e mo st | mpacted. For T
accessibility of guart z i ncreased from 34
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smecttid ediekkrieased from 53.61% to 30. 51 %.
accessibility of muscovite is only around
resolution decreases. As evident in Figure
smoot her afnidned eams umaeleol uti on decreases.

To accountto frea@emeancoonnecti vity, pere conn
pores in clay minerals (smectitel/illite) we
i s shown in Figure 2. 4mmi erak pixels)awhed e
pi xels adjacent to the connected pore pi XE€

smectite/illite remain the most accessi bl
resolution, the accessessbwhilteg DODhesratex e s siebi
i ncreases. Comparing accessibility with an
(Tables 2.5 and 2.6)poi ¢ coneecdienitt y haas wi
accessibility of s mec ttihtee/addestsei biiddrea soefe
decreases.

I n comparison with mineral abundance, mi |
i s t he mo s t abundant phase ( %) but does
Smectitel/illite hasmphesihmgheser ababktsiobhi l
pore/ grain interface pixels. This iss mainl "
as a grain coating or bridging phastk, sign
relatively | ow abundance.
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2.3.2 3D xray CT imaging

2.3.2.1 I mage acquisition and thresholding

Ther &y CT i mage

of

the core sample is gi

were segmented through
FThge

i mage is shewd. 5mh.

counting the number
agrees relatively wel/l

of 0.25.

(a)

of

the same method usec
porosity of the samp
pore pixels and di v
wi t ha gtehse (pSoercotsiiotny 2c.c

500 pm

Figure2.5. (a) 3D Xray CT image and (b) thresholded 3Bra§ CT image with pores

depicted in black and grains in white.
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2.3.2.2 Accessible surface area

Table 2.7Mineral accessible surface area for fabgty mineral phases asmputed
from the imaging analysis assuming all the pores are connected.

| magelQuar #zg Kfelds|Calci¥tgg Sider
resol u ( 4 g) (A g)
( Om)

0. 34 1. 50FE 1. 0@FE 3. 400FE 5. 5B4&

0.98 1. 50E 6. 5B4& 2. 6BFE 3. SH&E

2. 22 2. 2QE 7. 500 & 2. 9BE 4. 0 &

4. 44 2. 5BE 9. 5@B4& 3. 6Q@FE 8. 5M&E

5. 71 2. T06FE 8. B4& 2. 9BFE 5. &

The segmemdydCBD mMages were used in conju
to compute mineral access, b(202)y farce Be elais
et al., (2017) as the 2D images aree unabl e
the 3D pore connectivity in a sample size e

cuboids with the sameet BS&l i snlaigees wg 6 e 4a aram
randomly sampl-ednyifacCGdomi mage3 DTKIi s correspon
of 662 x B@M@2 vol&8meOmThe average miner al bu
be 2. 6By gusimng measured minetgl operaemt ang

phase. The mass of individual cugbh.o i Tdnse wa's
mi ner al surface area adjacent to the conne
cuboids was first calcul atedu$®iyngdaenmard ghinr
cube and burning algorithm developed in Lea
individual cuboids was then computed by ap|
and computing the summing the bay etah eo f maesasc h
of the mineral phase. The average? mineral
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Table 2.8Mineral accessible surface area for rabely mineral phases as computed
from the imaging analysis accounting for nattomacre pore connectiwy.

| mage . .
fesol ut Quar tzg)Kfel ds?a Cal ci¥tgf Si der?i g
0. 34 1. 48ZE 6. 60&E 8. 1B4& 3. rRE
0.98 1. 4@ZE 3. 4B4& 5. T®©4E 2. 184
2. 22 2. XOE 4 . 304& 5. 60r & 2. 3B4&
4 . 414 2. 500 E 7. & 7. 8&E 7. 40/ &E
5. 71 2. 6bXE 3. A& 5. TB4& 3. 6M4&

The accessible surface area of each miner

the average total mi ner al surfac®2garéyg com
the accessibilityTabfl eesaczh. Gmianned a2 . Gm)p.e cAse st h
the 2D images is the same for al/l resol ut.i
from theay3RC® | mages is the same for al |
corresponding accessibloe dsdiffeacecencaseasn ¢
accessibility. It should be noted tyhat t hi ¢

of clay minreanplcZETi n mage And additionally
determine the surface areas for clay miner

The alclceesmiiner al s ua If ay emiam eeraasl & od e theornmi n
i maging approach are given in Table 2.7 an
same trend as observed for mineral accessilk

1 Om,|l thkeatad accessible surface area of q
and the accessible surface area of smect it

2.4. Discussion

Mi ner al abundance remai ned relatively C
resolution.in Rlbwntdwatcieeanswer e within 2.5%
indicating I mage resolution does not have
segmentation for I mages with resolutions r.
the relative perscetnitatc hamaooguwer faos smalelr adr ai
features | polredi,ngsumihcracs muscovite and sm
more than minerals that occur as | arge gr ai
as quartz andlxadlce tfeeatTlhresee smalnot captur
resol utions whi ch i ncreases segmentation
roughness of smectite/illite can be visuall
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Om, however, redcandet bewemptasolutions (

addition, the pores within muscovite are ea
i mages (Fig. 2.2) but become blurry when t
At | ower rseeofentanes the be erroneously r
clay ~coatings. Whil e the i mpact of t hese
considered here, they would be significant
and smect i tvee/liyl Ihiitgeh iisn rtehleatsiampl e and woul
and 1 mprecisions in calculated abundances
geochemical reactions, i mprecision of mine

i mage resolutiinonmimaywteepuktation of t he |
permeabil ity since -sntaanlye nfienaetruarl ess wii anh I|sarag:
permeability (Armitage et al ., 2016; Bourg

l denti fying grain boundaries nbenweémnesmin

additionally challenging infeélodvspasobndi oal
in the BSE i mages analyzed here appear si mi
| owesol ution i mages, it ipsardaitfef ipchualgte st oa nddi s
the grain boundaries, even with the help o
occur i n mineral-regdehnhutifocrat mages nwil tolwout

resolution analysis of phase distributions

I n terms domioalradl atceessi bilities, among
accessible to pore space, over 90% of t he
mi nerals (e.g. smectite) are typically hi
greyscale intgesi maki mgBS8Bemmchall enging t
0.98 Om resolution image, the pore space a
di fficuldt to distinguish. This may result
boundary pixeltbsi.l iHtey egf tshme atcictees/siil | i t e dec
decreases from 0.98 to 5.71 Om while the ac
|l i kely due to the challenge capturing cl ay
scale featundfrasxesuohghsnness in i mages with r
Clay coatings also i mpacted the calcul ated
where even small i mprecisions of clay pixe
in cal coclkaséthilai twas t hfeeladaspearf arndK cal ci t
accessibilities are much smaller than quar
|l i kely caused by human error when segment.i
accessi Ibiel iotvyerwisltli mated i f some of the «cl &
processing, and it wild.@ be underesti mated
erroneously classified as clay coatings. Er
|l i kelcyuroioe@ i mages with | ower resolutions
two pixels thick. This may result in signi:
these challenges resulted variations of m ¢
resiodmug | ower than 0.34 Om.
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Unl i ke mi ner al abundance, t he mi ner al ac

mi ner al surface roughness. Whil e quantify
mi ner al grains are Vvisible andrdpfbeeresi ng!
the calcul ated abundances will not | argely
for mineral Sspecies with rough surfaces an
significantly increase miner &l asurafrgee i anpea
on calcul ated accessible surface area. Mi n
may be captured well at high resolutions b
exampl e, minerals with serraeda shuirdheress y r
area than minerals with smooth surfaces (
i mages, however, the surface features wil/l
of surface area. As thesemcakcal aacoprssdéept
chall enges i mriad exntbiofuynidmg ieesr eli scussed abo
accessible surface areas as well . The i mpa

accessible surface area wbtl dhkeskemynbeabm
are highly abundant and have clay coatings
simul ations, these variations in surface a
i mages would result in datésrandepoiensi ab
very different results.

Pore connectivity can also | argely i mpac
Based on the results given above, the tota
di fferent r esoilsutteamtnsatr ema.i is. ckornem t he por
it was observed that not all the pore spac
t he catoohaeptoerdodsi ty is around O0. 24. Over al
remained consiisngnt mavge hr eleclr etaison. Howe vV e
decreased from 4. 44 Omonmoeodtradi Om, debeease:
0.24 to 0.21. Therefore, | ower 1 mage resol
connepcotreods i t y. T heo nasniadleyrseids choenrneect i vi ty tl
assuming smectite nanopores were well conne
resolution decreases, di stinguishing cl ay
becomes increasinglfyi cahalolnenagfi ngl ayi phdeaeg

computed connected surface area where thes
hi gher fractions of c¢clay minerals that coni

Conclusions

This work aims tooénhadrecd mpractdr sotfa nidmangge
guanti fication of sampl e properties i mpor
including porosity, mineral abundance, and
properties were deter mome@Df SEMai snagéeést co¢
5 different Il mage resolutions, 0. 34, 0. 98,
resolutions considered, there was not a | a
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of miner al phases s ucphartahnaett egrusa nftriof m ceavt @ no nt
resolution image here would be feasible. T
with a higher abundance of mi-mer @ad s wlwe it é
reductions in resoluti onabnmanyd alnareg eclayl ciurhpaa d
addition, reductions I n I mage resol uti on
identification and segmentation, particul ar
average atomic number t hatdaatrae ipsr e snehnetr einnt It

The overall i mpact of i mage resolution
accessible surface area was quite evident.
Om, wher e -saanlye sfmead tl u r epso riensc, | rusdui gnfiga engisc r oa n d
|l ayered structures are difficult oacheven i
mi ner al species (e.g. smectite/illite, mu ¢
guartz increases. Thi s, oifn tther m,c creesssu Ibtl & isr
for quartz. The quantification of mi ner al
woul d be i mpacted most when clay minerals
the clay fraction i ncr easensi,neirmpr eaccicseisosn sb i
|l i kely to increase due to <challenging i n
decreasing i mage resolution. For sampl es
resolution i mages may be alclesstidl|lpr swirde cae
but higher resolution i mages are required f

and clay coatings.

Whil e higher resolution i mages are gener :
and computational coscn sthe saoampliedechaDapta
resolution i mages may be sufficient to qua
and coatings can be easily distinguished.

hi gher resolutions atree sparnepfleer rceodn s(i<d eOr.e9d8 hla
5 Om thick clay coatings on grain surfaces
| ower resolutions may provide adequate est

mi ner al accessible ssuefaatuasean, gappghyeimn
simulations should yield results that agr e
resolution images are used. Samples with h
with small scale feagurese Hegh. rmestavi bae)
resolutions higher-sdadlaem ftdat wWroems n@sm.tg.smal 0
accurate estimates of mi ner al accessibilit

i mage resolutions when c lhaty rneisnuelrtal § n a me
mi sinterpretations of mi Aelrraolatp hraesgda so nisn  sTnh;
| argely impact the simulated reaction rate
exampl e, when using i magesotns.inform react:
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Abstract

Reactive transport modeling is an essenti .
reactions in porous media that cainty mpad:t

permeability. However, simulating these r eé¢
mod el par ameters, particularly mineral s u
power f ul means of estimating model par ame
abundance, accessibility and accessible su
particularly mineral accessible surface ar e
to enhance understanding of the I mpact of
estignamiimer al reactive surface area on sim
rates. Mi ner al surface areas <calcul ated fr
5.71 Om were used to simulate miner al rea
sequesttrtag i Pal uxy formation at the continu
were carried out wusing BET surface areas ¢
surface areas. Simulations were run for 73
effluent raebhooenteatked and compared. Var.
measured from i mages are within 1 order of
resul ts, indicating the impact of i mage re
rates i s mhei mesmolfwri ons and sample consid
areas obtained from BET-5amddgecsmetfr magapp nuc
t han -obmaagiened surface areas and result i n
extents. Mgher @last wonhrhtes (calcite and s
surface area values at short times where s
times agree relatively well|, even for sim
variation inPbaséaca&ai ahedowerf eglecicsparonanmd!
muscovite, are predominantly i mpacted over
areas I mpact reaction extents and porosity

3.1. Introduction

Reactive transpord enodehnhsingelhyast beemhars e

of geochemical reactions and transport p he
surface and subsurface systems (Steefel et
al ., 2014; Li et al r, a2dl-Bliav@hkeefel 2029 8
exampl e, reactive transport simulations ha
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of the fate of contaminants in porous med:i

al ., 2010; ESchamidd té iOtalt b, . ew0@ad suuacteed CO s s ol u't
and precipitation reactions and correspond
Ssubsurface environments (White et al., 200
Meakin et Aabhd; t2008pguas. et 2al ., 201 3; Con
Deng et al ., 2015; Ng NadvaBlirtech2®¥5;etStadef, el
2017, Bo Guo et al ., 2018;ScLhimui dett eal .al .20
El kady and Kowsoc eski,mu2d0a20) ,biaomgieoc hemi cal pr
bi oremediation (Scheibe et al ., 20009; Yabt
Grandclerc et al.,l 20C8c¢ i ISha.l eMo dedl. salRaDVIe2 O

advantage of btehegewadbdl @t iscmMmuofata system be
scales where models are developed based on

experiment al observations (Martens et al .,
et al ., 2017).

Whil e r eactt invoed etlrsa nasrpeorwi del y used, si mul
chall enging not only due to the complexity
estimating model parameters. I n addition, ¢

reactive suwrrf aase rmayxtdons progress (Gouze
Qajar and Arns, 2016 ; Becki nghWml leitamd .et 2
al ., 2019) , which <could I mpact the model.]
commonly estiambéedawsbagea@a on transition s
1981, 1984; Aagaard and Helgeson, 1982) wh

Y 0 Q "Yyo (1)

wheAnes miner al relmmcsi mensuonaf ac@&iOarse atphset ant
t hermodynami c driving force for t he react
t her modynaanfi cmiarserealt sreacti ons are generall

exi st in estimating parameters for -mineral
i deal conditions including high temperatu
surface alrleavgBpA)et( Hel ., 2013; Bl ack et al
variations may result in differences in s
typically wvary by one order of magnitude (
reportedurniiamceer aalr esa val ues span sever al or
2015; Bourg et al ., 2015) .

Mi ner al surface areas are typically meas:
on geometry. I n the | aboratory, misn errga l sp

t he Bibkmméfetrl | er (BET) adsorption method (B
areas estimated based on a geometry approxi

smooth, spherical, and of a uniformesiee (.
al ., 2009). When clay minerals are present
assumed (White et al ., 2005; Al emu et al
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surface areas may or may not be addiotrisonal |
varying one to three orders of magni tude
variations in reactive site density (Bourg

|l maging has emerged as power ful t ool t o
mi ner al abundaniclei,t ymi ared ammi mercalssadcessi bl
in section 2.2.2.1) (Peters, 2009; Landrot
Qin and Beckingham, 2019). In this approac!
using scanniagophe¢BEMMEp mhndeo backscatter
segmented into discrete mineray ohactisosdt o,]
(EDS) el emental maps. Mineral accessibilit)
identifying candedthed mgorrasistpyondi ng adj ac
(Beckingham et al ., 2017, Qin and Beckingh:
X-ray computed tomography (CT) i mages to ¢
di mensions and -dsmdnldiominiarefrearn talkrceessi bl e
(Landrot et al . 2012, Beckingham et al .,
required i mages can be captured over a wid
i mage resolution on the e@quamdi fmi meatriadn aacfc e
surface area was assessed in Qin and Beck
mi ner al volume fractions calcul ated for a
resolutions at 0.34 Om to 5. 71i®Omeagueé¢dcree
areas varied up to 1 order of madpbhaiuned (Q
accessible surface adeddsepfarcalecirteasesi dvett

resolution while the accessibfeasunacmage
resolution. It was also noted that I mages
needed to adequately depi ct-scdlaey fna anteurad ss
muscovite) (Qin and Beckingham 2019).

|l maging and i magefahamgans afegpantifyi ng
to inform reactive transport simulations, i

been found that accessible surface area be
porous media aoes bebservedcpdiosssol uti on r at
2017) . However, capturing i mages under hi
resolution -aovagemi nngs andnemay have high cor
necessity of this ti mem@mamaver esiomulcat iionnv es

reactions and reactions rates, however, i S
variations in simulated mineral reactions
obtained from i mages wietsh ovbatrayiinnegd ruessionlgutti
approaches. Mi ner al surface areas measur e
Beckingham, (2019) were used here to evall
simul ated miner al reactions exteaerndg sc ampa rreed
to those wutilizing BET miner al surface are

areas (GSA) calculated assuming two unifor
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and the otcHeary framenahs. Si mul atmi aes alcomp:
reactions, reaction rates, and porosity oV

3.2. Materials and methods

3.2.1 Sample characterization

Sandstone samples extracted from the Pal
power plant, Kemper €otunvtveg,.ipiedct i€®On pmplianta,
considered in this study. These samples wetl
and Beckingham (2019) whefrreonb uwekl -Us akiiBpd elsO w
and wel HaMP@e®d4hs fromXRDB3®dnan y0i 4 6Wals mper f
powdered samples and SEM BSE i mages of thi

anal yses (Qin and Beckingham, 2019) . The
mi ner al vol ume fractions dedferanithiean feamen 2
the rock sample extrddti eed aantd tBlee wkemgthta mo f Z
used here and are reported in Table 3. 1. \
vol ume percentage3miintehroault 3wpamltrehes/miancer g Im v o |
ad miner al volume fractions are defined a:t
porous nfendinem al m oltuarhe /pomous medium vol um
constant values (Table 3.1) were interpola

anti cirpnaatteido nf oc o ndiinji @ntsi roscdorCrle spondi ng t
50AC and pH of 3.5,
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Table 3.1Mineral abundances calculated from a 0.34 ym 2D SEM image in Qin and
Beckingham (2019) and corresponding mineral volume fractions and ratauwtsfor
reactive transport simulations. Rate constant values: quartz (Brady and Walther, 1990),
K-feldspar (Van Hees et al., 2002), calcite (Alkattan et al., 1998), smectite (Amram and
Ganor, 2005), muscovite (Knauss and Wolery, 1988; Oelkers et @B),2€lderite
(Golubev et al., 2009).

] ) Abundal Vol ume f Log
Mi ner Chemicald f ¢

( %) ( %) ( mo ¥ /&1
Quart Si.0 76. 4F% 57. 46 -:11. 6
K-f el d K A | 3Ggi 3.5 2.63 -11. 6
Cal ci Ca GO 9.63 7.24 4. 21

Smect|! @A3 kKb eMD ) 8. 23 6. 109 13.3

Al 849 y4{ QHy

Mu s c 0| KA Ay ( QH) 0.31 0.23 -12.6
Sider FeMap GQ 1.98 1.41 5.69
aSmectite and siderite chemical formula are det
°Mi ner al rate constantosf ABOndepHoofl Bo5a temper e

3.2.2 Reactive transport simulations
3.2.2.1 Model description

Continuum scale reactive transport si mul
CruncliBltewfel .eThel mpd201S5ystem (Fig. 3.1)
mner al cel | i n equilibrium with formation
constant partiiad eq wislsiubrrei voli wdQ h f or mati o
constant s>t wue aoéd COrine throughout t he

composn ttihoen mi ner al cell was based on the n
from analysis of thin sections in Qin and
The initial formati on brine chemistry (Ta
mi ner al s gegwitlhi blr amaolIn/ ( kg fl ui d) NacCl brin:
resulting initial pH, based on charge bal al
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Temperature: 50 °C Effl
| > CO, saturated uent

brine

Mineral + brine

Pressure: 163 bar

Figure 3.1. Diagram of the simulation system.

Table 3.2Simulated brine chemistry of the Paluxy formatio

l on | Concentrati of
N a 1. 0OE
Ci 1. 0ME
Céa* 7. 04&E
M+ 5. 8BTE
Fé* 5. 61E
K* 1. 0B&
AR+ 1. 0@B&
Si20aq 8. 8@%&
CQ( aq 7. 664&
p H 8.81

The estimated temperature and5@rAGsamneé at
163 bar, calcul at ed based on a temperat ul
temperature of 10 AC and pres€umadgt adeenal
20D9 These conditi onsczicnonthreo If otrhnealt shdolewdbbirliint
in CrunchFlow using the Duan and Sun model
resulCtQsian ua ated brine with a pHsaotfur3atbed I n
brine flowed through the minerakvoélulkt i @amn a
of major ions and mineral volume fractions
mi ner al phases was also considered where
selected using the database sweep option i
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3.2.2.2uMifianeerakbrega

Table 3.3Mineral surface area values used in reactive transport simulations. High and
low resolution correspond to 0.8 and 5.71m resolution SEM images analyzed in

Qin and Beckingham (2019), respectively. The surface area of quaféetddpar,

calcite and siderite were determined from images while the surface area of smectite and
muscovite are from Beckingham et al. (2017) and Knauss and Wolery (1989),
respectively. High and low BET literature refer to BET measured surface area values
collected from the literature: quartBrady and Walther, 1989; Tester et al., 1994), K
feldspar (Bunsenberg and Clemency, 1976; Gautier et al., 1994), calcite (Papadopoulos
and Rowell, 1988; Cubillas et al., 2005), smectite (Kennedy et al., 2002; Metz et al.
2005), muscovite (Caseri et al., 1992; Knauss, 1989), siderite (Shan and Guo, 2013;
Erdem and Ozverdi, 2005). GgArefers to geometric surface area multiplied by a
roughness factoRRF, of 10 to account for surface roughness and §&SH GSArr

divided by a scaling factorSF, of 10 to account for surface site reactivity.

Surface aflegdd val ues (n

Mi ner hi gh low .
fesol resol|l GSA= | GSA= | high | ow K
) ) GSA*RGSA S| liter|liter
i magi i magi

Quart 2.55H 4.528F 1. ¥X8F 1. 83F 1. X1 2. 25

Kfelds 2.62H§H 1. 4230F 1. 2R2F 1. 224 1.52EF 1. 1P

Cal ci 1.8 7. #3@F 1. B 1. 15§ 1.64E8 1. 338

Smect| 9. 33F 9.33fF 8. 56H 8.56EF 8. 00Hf3. 40

Muscov 2. 38E 2.38Hf 1. ¥1fF 1. 322§f 3. 40f 1.H8860

Sider 1./ g8 1. rF2F 7. 9DF 7. 93D 5. 178 2. 671}

Six different sets of surface area (
systematic series of reactive transport
mi ner al surefracd medr awasd ndgeti mages at di ff

Tabl
S |
er e

geometric surface areas with and without i

surface areas determined from BET anal
surface areas iaoames Ppphbateeed ,a b arseeadcton t he
di ssolution and precipitation:

n -

(2)

. © o - n
Di s s o lou toi 0 n=
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Precipc“)tiz‘ati(na—lgl—:' ( 3)

wheAies t he r eacti ¢ eptosreorsfiatdyes adnrideea ,i ndi vi dual
vol ume fraction.

3.2.2.2.1 I mage obtained accessible surfac

Mi ner al accessible surface aresaxsalwesed her
and 3D imaging approach in Qi surafnalc eBew&s n
defined as miner al surfacé®Di adjaamde Btectko ngdt
(2019), ¢tolbedxne niedage cessi ble surface areas

i mages of v a0y Bmtgb5. 7nensHele waluesofrom the highst (0. 34
mm) and lowest (5.75m) image resolution were considered. It should be noted that

even the image resolution of 0.34 Om was r
smectite and muscovite, thus the-SEM face a
i maging from Beckingham et al . (2017) and
Knauss and Wolery (1989) were used here. Th
given in Table 3 and referred to ag.high r e

3.2.2.2.2 Geometric specific and effective

Geometric surface areas were <calcul ated
average graincldayamenaerclfaoy miomer al s assumi |
average grain di amdtrerns gwearien deatzeer ndiinset r i b
Weat herford Labs for 7 samples from the Pa
m, 1547 m, 1549 m, 1551 m, 1556 m, and 156
di amet er s Oweareciladnl . 8 nmik r3afléGsm cl ay mineral s
in supplementary materials). To account fo
surface areas based on these grain diameter
of 10 where the resustiogasuestbicmate eaf car

area. A second set of surface areasvalues
would occur from reduced accessibility or
were also calcudhRhtedr fhbycai avri @laSiFgb oal scal i
factors typically range one to three order
where a scaling factor of 10 is used here.

effective surlfuece faorread owhhersaurfaace areas ar
referredrst @ haes g@DAnet ri c surface area adjus
roughness fgcttohre raomudghGSgAe omet ri c surface a
factor t habtotahc csouurnftasc ef orroughness and surfac

3.2.2.2.3 Literature specific surface area

Mi ner al specific surface areas measured
1938) in previous studies were caoldiewdard f
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mi ner al phase, BET surface areas vary up t
Bourg et al , 2015) depending on sample so
used, &etc. Her e, mi ner al specifeccelulré¢éatced
and the highest and | owest measured values
These values are referred as théeabi.gh3BET |

3.3. Results

Simul ations first considem ¢ hmul atpad t mior
reactions and reaction rates by comparison

obtained from the highest and | owest resol L
Then, this is further compamred wiatlhuesi Mmuolra
obtained including geometric surface areas
obtained specific surface areas. Al l Si mu
volume fractions, i on conceartega.ti boas, abH,
simulation results, time starts from negat
bef orienjC®Octi on. At as dtiumeatogdd Obrhionuer sgn tCeOr s
purpose of this is to betnttenrg raef leaactl ys ad mene
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3.3.1 Imagingbased simulations

3.3.1.1 Mineral volume fractions
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Figure 3.2. Simulated evolution of mineral volume fraction using imagiaged
accessible surface areas depicting (a) tte¢ fi7Ghours and (b) the entire 730@y
simulation. Solid lines are results of simulations using surface areas from high
resolution images (0.34 pm), dashed lines, also labeled with a *, indicate simulation
results using surface areas from low resolutages (5.71 pm)A single solid line is
shown for minerals with no discernable difference between the two simulations.

The evolution of mi ner al vol ume fractior
i maghansged accessible sur3aze kHerea, aser sdo&n
by |l ess than one order of magnitude for al
in miner al vol ume fractions where discerna
(Figure 3.2Db). Isat hbhesiénesiemutleatsi arhse, sG&t em
|l eads to dissolutioncaficihe @wd cadleomate
mi neral phases remain relatively stable dut
rapidly dissol vpelsetainodn iatr ousndc |1300s ehaur sdei n b
the calcite volume fraction decreases from
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accessible surface area from high resol uti
t he accessi blme |sow fraecseo |laurteao nf riomages, t he
decreases to 0.19% (dashed |ines) at 30 hol
is relatively sl ower and the dissolution r:
During theufisrsth&e70o0l ume fradti4dde afo 9i ddrt
and to BOi.mMuwl% tions using accessible surface

i mages, r\oslpuencet ifvrealcyt i ons of the other mine
0. 01 %.

At gdgeorn ti mes, guartz prfeeli ¢pgspan eandvhimbec
di ssol ve. There is little variation betwee
accessible surface area values. Quartz pre
pH anhd S{iiady) concentrations. It shoul d be
suggested chalcedony, a polymorph of quart
(Audigane et al ., 2007; Pham et al ., 2011)
Quartercesartas vary within one order of ma
surface area, from the | ower resolution i m

precipitation, from 57.46% to 63.17% (dash
60. 82%l (seb)din the simulation wusing the

resolution images. -fEhasparumdecfrreacteisord r@fm
and 2.52% in simulations using accessible ¢
(dashedrelsioheig ) on i maTghees , v orleusnpee ct i a et iyon o
decr easbe.sl 8% onmand. m@%covited.d2elk® etaceB. FF%.m
these surface areas cannot be determined f
values are usemudomavistneecitn teheasnae si mul at i ¢
di scernabl e diff eroefn ctehse sien nvionl eurnael fprhaacstei so no
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3.3.1.2 lon concentration and pH
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Figure 3.3. Simulated evolution of major ion concentrascand pH over a) 170 hours

and b) 7300 days for simulations using imaegfraged accessible surface areas. Solid
lines are results of simulations using surface area from high resolution images (0.34
pm), dashed lines labeled with superscript * correspaneesults of simulations using
surface area from lower resolution images (5.71 pm).

The evolution of major ion concentration
i ntroducassiadnuraft e@Obrine with a pH of 3.5 a
thel pn the miner al cell from the initial p |
of calcium, magnesium and iron as <calcite

di ssolution rapidly buffers the pHnto 4. 9.
bet ween 0O to 35 hours is mostsat kel yi 6o bFf

muscovite (Fig. S1 in supplementary materi
saturated and a small amount of Pprecrireitati
3. 2a) occurs. After 35 hour s, when cal cite
towards 3.5. These conditions no | onger f av
concentration returns to the background |
potassi uJlnagphdati ®@arly ti mes. At | onger tim
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and muscovite keep the aluminum and magn:e¢
el evated above background | evel s. The conc
backglreuvabs.

Overall, the differences in pH and major
simul ations using accessible surface areas
variations in the evolution of mphHdamBd cal c
hours (Figure 3.3a). At | onger ti mes, slig
and aluminum can be observed. The good ac
indicate that the variations in miner al a
magnitude caused by differences in image r
simulated mineral reactions and reaction r_

3.3.1.3 Porosity
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Figure 3.4. Simulated porosity evolution over a) 170 hours and b) 7300 days for
simulations using imagin@pased accessible surface areas. Black solid lines are results
of simulations using surface area from high resolution images (0.34 um), magenta
dashed lines, labeled with *, indicate results of simulations using surface areas from
lower resolution images (5.71 um).
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The simulated porosity evolution for sin

areas are shown in Figure 3. 4. At earl y t
saturated brine entering theusgystdrmeatpod o
increases from 25% to 32% in both simulat
di ssolution of <calcite. The porosity then
siderite dissolution. At | athgr itnhi meg,ecqlearst
porosity from 33% to 31% in the simulation
high resolution image (solid |ines) and d
accessible surface areas from hdree |iow me@s
di scernable difference in porosity evol uti

the vari aterom paor dsointgy evol ution between t
(Figure 3.4Db) .
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3.3.2 Nonimaging based simulations

I ni $hsection, results of simul ations us
geometric specific and effective surface a
from simul ationsedsaoages$mialgleeobdbtiaface ar eas:s

3.3.2.1 Mineral vol ume fractions
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Figure 3.5. Simulated evolution of mineral volume fractions usingp)aeometric
specific surface areas that account for surface roughnessr@;%$éd) geometric
effective surface areas accounting for surface roughnesseactlve site density
(GSAsp), (ef) high BET literature specific surface areas, antttpw BET literature
specific surface areas.

The evolution of mi ner al vol ume fraction
BET specific surfacree a3 .em.s HRolel csvhiopmgn iimt rFoi
saturated brine (0 hours), calcite and sid
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siderite in simulations wusing geometric sp

t hat account fos swurdlcley rbaghedesshad i n t
simulations (Figure 3.2a). I n simulations
(Figure 3.5c¢c), the evolution of siderite v
t wo i magierdg si muwll attii oms. c&irmi ed out wusing
surface areas have the fastest siderite di ¢

ti mes. I n comparison to the accessible su
geometric speainfdi cBEsSTursfpaecca farceasur face ar ec
orders magnitude higher (Table 3.3). As exfg
d
I

i ssolution rate, particularly after consu
ower . Theiatienlibhtlsédenrte dissolution 1
hi ghest surface areas, those from BET anal
BET surface area is more than one order of
t his diff efruerntcheerdoensc rnecatse t he consumpti on
there are more than 2 orders of magnitude
simulations but no distinct differences 1in
Littlenvianiwawaobiume fractions of the other fo
hours, in agreement wit-dhbtsdaimudddtswmf aece udr e
Over 7300 days, simulations that use hig

speci fic sgurhfaavcee faarsetae r di ssolution rates

i maglet ai ned accessible surface areas (Figur
i maghaged si mulations (Figure 3.2b), the sr
6. 18% to 3V.058d%Wyast. A n simulations using ge
surface areas (Figure 3.5b and d), vol ume f
2.43% and 5.64% and decrease to 0.001% and
l'iterature BEMTf specarfeas (Figure 3.5f and

coupled to higher surface arodba avalkdes.urf
areas (Figure 3. 2b),eltdlsg avo ldiemea efarsaect ifam no
and 2.52% awi th30t0Ohedahyisgher surface areas u
vol ume f rfaecltdsomarofdekcreases from 2. 63% to 1
using geometric specific and effective sur
t 0.04% andl 4t 98fs i msismgn | iterature BET s
h where increased depletion is also coupl e
o] qguartz occurs to varying extents in all
a ndapag)St®e fl owing fluid. The vol ume frr
57.46% to 74.09% and 58.99% in simulations
surface areas (Figure 3.5b and d) and 73. 2
and | ow | i tfeacad uaree @ BET( BKiugur e 3. 5f and h) .

> € NOT +>~™ o0
c
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3.3.2.2 lon concentration and pH
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Figure 3.6. Simulated evolution of major ion concentrations and pH for simulations
using (ab) geometric specific surface areas (those that reflect surfaghness,
GSArp), (c-d) geometric effective surface areas (those accounting for surface roughness
and adjusted by a scaling factor to reflect reactive site densitysdz $&f) high BET
literature specific surface areas, anéhjdow BET literature spedif surface areas.

l on concentrations for simulations wusing
areas from the |iterature are shown in Fi
among simul ati ons, and wi tdibt aii musldabtlaecne sr e
surface areas (Figure 32s3at,uranedr édadinley ea
system at O hour s, cal ci um, magnesi um and
siderite dissolve. From O to 30 vwiode st di s
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here through high calcium concentrations.

variation in geometric and BET surface are
simul at ed cal cium i on concentrations. As
di ssolution increases and becomes dominan
magnesium and iron concentrations after 30
occur bet ween simulations, resulting from
Althobghe is no discernable difference 1in
and g), the concentration | evel of magnes.i

BET specifi ¢ Fsrde. fbeec mmnplHeggsosely foll ows th
cal buféered by calcite dissolution to 4.9
to 3.5 after 30 hours when calcite is depl e
foll ows the change of muscovite saturation
precipitates and decreases aluminum concen
al umi num concentrations.

Variations in concentration tied to surf
surface areas result i n higmerenteattoan. r
comparison to si-omblt atnedsacscsesngi bmageur f ace
calcium concentrations return to backgrou
simulations wusing geometric spé€ciksbieci bBucf e
surface area where calcRkRtertdassaohi pmhgni su

depleted more rapidly. This also i mpacts t
calcite dissolution, and magnesisumennte i rc
i ncreases after calcite depletion. Hi gher
aluminum and more rapid changes in their

simulations wusing the higher surface area -

At |l onger ti mes,agaelsvamedanidewaéd lusni @aummc an
reflecting dissolution of smectite and mus
used in the simulations, hi gher surface ar
hi gher concentrationsmofnmabgeesi uomtabéoOal d
days, however, there is Ilittle wvariation i
among simulations until smectite and musco\
Figure 3.6f1) where comwuamnt rlagvieolnss. alpmpr oaa
potassium and iron have higher background
potassium and iron due tdedldisphtrr minde rsanle cd
not | argely i mpact potassalulm, awadr iiatoinonsor
concentrations among all si-mmbt athedsaccestsi
surface areas, are readily apparent at wear |
Simul ated i on concentraoi onismalf aerord00s dag
specific surface areas and geometric speci
days, simulated ion concentrations for sim
well with other simulation results.
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3.3.2.3 Porosity
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Figure 3.7. Simulated porosity evolution using geometric specific and effective surface
areas and literature BET specific surface areas.

The simulated evolution of porosity for ¢
and 8Edci fic surface areas are shown in Fig
mi nerals foll owi>segtunttedubtiaer atf GCGOhours
in porosity from 25% to around 33% in all
calite and siderite surface area values 1in

magnitude, respectively, the overalsl. differ

Over |l onger ti mes, variations i m® suwmrface
the simulated evolution of porosity. Il n sin
values from the I|iterature (green | ine), t
di ssol uti on offelsdnsepcatri.t el nanadl |IK ali mpbabsohy,
increase, porosity decreases apreécitpieabddi
The extent of precipitation, and correspo
simul ations where the porosityideacsr dasds ufs
geometric specific surface areas (red | ine:c
use high BET I|iterature specific surface a
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the decrease to 31% and 29 %r om-andpallawi ons
resolution images, respectively. damr esi mul af
used, geometric effective surface areas an
and green |ines), the pordsaiysywhnmnlilch dbedt ea s
with results from simulations using I mage
3.3.3 Mineral surface area evolution
Her e, the simulated evolution of miner al
areas are wupdatedEguwatdrounnsc hZ| awd usgi nfgor d
precipitation, respectivel y. Mi ner al sur f a
presented here for calcite and sidatite, wt
phases are mino%$2aind gheeqwupml &Emgurary mat e
calcite and siderite are completely dissol\
the remainingfphdspar, qgesmettezit& and muscovi
3.3.3.1 Shoratr etaerem od wrtfi aome
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Figure 3.8. Simulated mineral surface area evol
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120 140

ution of carbonate minerals over the

first 170 hours: (a) calcite and (b) siderite. The evolution of BET specific surface areas

(blue lines) are plotted on the higy-axis.

The simulated evol ut
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Ssimul ations are shown for the first 170 h

magnitude variation in calcite ssuurrffaaccee ar e
areas that are initially higher decreases |
I n all simulations, the surface area of <cal
calcite depletion (Figure Bs8ayedAfer mish de
where initial surface area values span 4 or
in more rapid simulated decreases in surf
additionally decreases evenhemoUrl rkheidahlycu

surface area evolution of siderite varies
surface areas (BET specific surface areas,
area of O around 40 hourse,othdrcat mobasi 0dec
|l onger for the siderite surface area to de:«
be expected from equation 3, the overall s
fraction evolutions (Figure 3.2a).

3.3.3.&@€r bhoswywrftace area evolution
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Figure 3.9. Simulated mineral surface area evolution of-narbonate minerals over
7300 days: (a) quartz, (b) smectite, (cjeddspar and (d) muscovite. The evolution of
BET specific surface aredislue lines) are plotted on the rightaxis.

The evolution of -carbacetarmanémoal ¢ hat nlo

shown in Figure 3.9. Some distinct wvariatioc
can be observedimetde LiMmul atear eawoil an i on
in simulations using smaller surface area
in surface area occur in simulations wusing

in Figure 3.9 and bblarck d, nesuen Figure 3.
correspond t o t he vol ume fraction evol ut
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corresponds to a simulated decrease in the
precipitation t o eaan iFnocrr eeaxsaempilne ,s uirnf aFcieg uar e

of qual)tezn¢tBe@msreesciapi tSatles ( Figure 3.5b, d,
3.4. Discussion
Table 3.4Differences of the surface area values used in reactive transport simulations
as compared to values obtathfrom the 0.34 pm images (high resolution). Surface
area value differences = surface area value/ surface area fromebahition imaging.
Surface area value diff
: | ow
i hi h .
Mi ner resgl fesoll GSA= | GS&= | high [l ow E
) ) GSA*RG2Rr¢é S| liter|liter
I magi i magi
Quart| 1.00E 1.79E 4.61EF 4. 611t 4.34f 8. 79
Kfeldsg 1.00E 5.609f 4. 66F 4. 66 5. 80Hf 4. 271
Calci| 1.00E 7.08BF 1.05E 1.05H 1. 498 1. 261
Smect| 1.00E 1.00fH 9.17F 9.7EL | 8.57H 3. 641
Muscovy 1.00E 1.00F 4.63EF 4.63F 1. 43F 4. 62
Sider| 1.00E 9. 72H 4. 468 4. 4BF 2. 92H 1. 511
Di fferences among the surface area value
using geometric egdpfoamhebe bBntecat beetare
vary by many orders of magni tude. I n gen:«
calcul ated from image analyses are smal (
obtained from BET anatkhkess ahd debmetence

accessible surface areas calcul ated from

within one order of magnitude. The differe

geometric surface areasnatedmosekgewtt hon

where there are more than 2 orders of ma g n

dependent on the choice of roughness and

S

of 10 and scaling factdheg iomneudged t(hR eteeroy,d e
et al ., 2012; Beckingham et al ., 2016; Kweo

in terms of how to select appropriate val

BET approach a4r eoradse gmau cohfi damsa hli gher t han
surface areas.
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Figure 3.10. Relative percentage change of simulated mineral volume fractions for
different initial surface area values at (a) 170 hours and (b) 7300 days. Relative
percentag change is the difference in the initial volume fraction and the final volume
fraction over the initial volume fraction. Positive values indicate dissolution (decrease
in volume fraction) and negative values indicate precipitation (increase in volume
fraction). Simulations using image obtained surface areas are shown with triangles,
geometric surface areas simulations with circles, and simulations using BET values
from the literature shown with squares.

Mi ner al reaction ratesiding emithgr dlncreacteis
area (e.g. Equation 1). This, however, res
fractions among the different mineral phas:e
in mineral volume fracti wess wiftdce espeatvadl
simulations for the different mineral phas
tot al change in mineral volume fraction fo

di ssolution is indicated by 100 %.

Amongi mbl asi ons, the surface area values
magni tude (Figure 3.10). Such wvariations
di scernable differences in the evolution of
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days, whteirme st heserespond to typical | abor

exampl e. As such, simulations with differe
depletion around the same time (~35 hours).
of i nttehreessti munl ati on i s beyond the ti mesca
variations in surface area wil/ l' i kely not
calcite volume fraction and contribution
contgoptrooess of the reaction needs to als
been observed to be either surface or transt
calcite has a high reactsihabtonraaed conshantoiq
t hat the dissolution of ccaol nctirtoel | rear er aitsh er
surfcoamne roll ed (Raines and Dewers, 1997; Mo
2007) . Pokrovsky et al. (2019) alloshcC)obser v
and pH < 4.5, the calcite®acetaicvtiitoyn artatteh e si
surface, but rather “to ¢dhret calilced ebputrf acse

Siderite surface area values used here

ari ant isoindseriite volume fraction with changi
70 hours but no I onger apparent at 7300 da
bt ained surface areas, siderite volume fr.
rdfermagni tude variation in geometric surf a
he volume fraction of siderite changed b
ighest s-BEfTaspeai éas surface areas, also
f rsiitde and a 100% decrease in siderite v
i mul ations result in complete siderite co
greement in the overal/l change in siderit
ur fraecaes aspan 4 orders of magnitude.

w 9 W O T O 0 kL, <

Compared to calcite and siderite, the oth
ates. Large variations in surface areas fc
n volume fractionseakeclvdghesursacéhareftsr
hases from di fferent sources would not ha
he goal was to understand the extent of r.
g. 170 hours MKWowevem,( aat tlioregeral teismes, t |
ol ume fraction can vary widely. As shown
reas used in the six simulation seenarios
el dspar and musce®vot emagmioumde 2f or dsmect it
f magnitude fodfelqdaparz. sEmahter akKeas r es
i ssolut-fehdwpiakrei K al most compl etely cons.
arger surface ar eas farce sws dd.c eWhaeare aBE Ta rsep
guare boxes), one order of magni tude vari
ifferences in the evolution of mi ner al V 0
ther hand,bahed @mags higltle areas and geome
re used (Figure 3.8b, red triangles and r

Q. O m T4 0 o < ® +TT T T
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volume fractions are smaller (from 4% to
muscovite where minomusc¢eabiod e dossol st when o
values of surface area and 34% to 72% di ss

using higher surface areas at 7300 days. T
however, require >2 ordessrbdbbcmagnebudal de
of smectite dissolution also depends on s
increases with increasing surface area (8.
magni tude) I'n smectitat sdiféaeeemaces iymnelk d
volume fraction. This may | ead to variatio
mi nerals <can | argely alter the permeabili
formations, as observedinfectifonm@Boong, t20:!
et al ., 2017).

Quartz surface areas vary by approxi mat
increased precipitation occurs with increa:
in volume fraction asgmdlhleerendompgarndddc witmul c
phases, there is a significant 1 mpact on ¢t}
abundant mineral 5hd$68)i nAsheuskhstamd(ffer
volume fit@a®wtton30% rHecwntts viami at gowins i n si
porosity. Potenti al precipitation of addit
no such phenomena is simulated to >occur, n

saturated brine and o6Wwepldocordipoinadmsig cons:

It should also be noted that while wvari e
di scernable differences in mineral vol ume
di fferences in the evoluti og) ,o0fwhiomnh coomuwled t
to other changes the system. For instance,
aluminum could promote precipitation of cl
mod el in this xmartkraoesi deri ;n e Cduognhs ttamd | y
system, mai ntainiB8g5pHThaits acd wlwdoiwed gl esent
zones duwyirnjnegc td® n, for exampl e, a2whlelreesebr i n
conditions do not favor precipitaeatoinadn of ¢
to conditions f ayoarqadblteo fpare criepligdaasteed a%si @ u a
simulated rate and extent of mi ner al di ssc
systems could potentially | eadinhopoepgi tyf
and permeability critical for assessing th

Mi ner al surface area evolution mimics th,
where higher initial surface areasinresult
surface area (Equations 2 and 3). For mine
and siderite), the variations in the initi:
surface area evolution. For meacectiloms twidt b
reaction kinetics, wvariations in the initi
mi ner al surface area as wel |l as mineral wvo
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rates only have distinct ehangbsereéenvamuirdti
initial surface areas result in | arge diff
(Figure 3.9) as well as volume fraction (F
surface areas resultven IBMOl dagd, dwheraeas
areas remain st ahklagg tshrmaud galt a wtn st (&1 QAT E 3.
rate constcaartbso nat.eg.minmenr al s) , i mpacts of v
| essened as reactitber kbhetioftsrabreceaown. | How
ranges of surface area for these phases, wh
variations in reaction kinetics are magni f|
Conclusions

This work aims to understamal drmesii mplaate
mi ner al reaction extents and reaction rate
obtained from i mage anal yses, l iterature
approximations and used in relacitmienerfatansp
reactions under reservoir conditions over
were collected, two sets of accessible surif
sets of specific surface areas firfoinc B&End me :
effective surface areas calculated wusing ¢
surface area values are several orders of n
observed but depend on the mineral phase a:

Theariations in accessible surface area
are fairly smal/l (< 1 order o f magni tude)
reactions on both short (hours) and | ong ()
areaesvalfrom the | iterature or calculating
yield significantly different results in r

as t hteerlmngvol ution of porosity.
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Table 3.55ummary of surface area impact amglated mineral reactions and reaction
rates in short term and long term. Numbers listed under surface area variations are
referring to the surface area differences in orders of magnitude. Rate constant values:
qguartz (Brady and Walther, 1990);f&ldsparn(Van Hees et al., 2002), calcite (Alkattan

et al., 1998), smectite (Amram and Ganor, 2005), muscovite (Knauss and Wolery, 1988;
Oelkers et al., 2008), siderit€glubev et al., 2009).

Sur fac
) vari at
React| Categ Minerl Log Short|{Long
order
magni t
calci 4.2 1-2 mininm minim
Mor e
carbo l ar ge
react sidenn 5.6 1-4 hi ghe|l mi ni m
rang
| ar g6
Kf el d| -11. ¢ 1-2 mi ni mhighe
rang
Mo r e noal a I_rage
musco| -12. ¢ 1-3 mi nimhighe
stab
rang
qguar ] -11. ¢ 1 mi ni m l arg
cl ayl smect| -13. 3 2 minim |arg
The extent of i mpact of variations in su

and reaction rates depends on tsheer tatnmeomrss al
varying surface areas had for each miner al

given in Table 3.5. For minerals with fas:i
simulated evolution of mineral ophasgeswiwihl |
varying surface areas. Among the more reac
| argely i mpacted by surface area variation
siderite. The overall i mpact otasaonatihens
|l ohgrm evolution of the system (100s of ho
mi nerals with | owef#f erlddas@ptairgn muatceos,i teyc s mae:
variations in surface area hawd olnist tilne riemp
rates however are I mportant over | ong ti me
mi ner al vol ume fractions occur wi t h di f f
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Si mul
sur f a
si mul

ations also reveal ed t hditng tofi st hees sgeund
ce area as the overall porosity evol
ajftpeck cSipOtati on.

Previous work found that accessible surtf

refl e
rates
react
sur f a
t hen
chall
when
i ncr e
can y
si mul
carri
the p
For e
wi t h
sur f
esti
Si mu
compo
sampl
mi ner
compa
of sa
term
guart
si mul
of po
ar ea
phase
ar ea
her e
si mul
surf a
si mul
relie
gui da

Q

3 9
Q O

ct the reactirve epunfdace aheasosbasred viedt
-filnoodoreex peri ments when comparing wit
ive surface areas (Beckingham et al

e areas from i maweivreg ,i 9 ntaegn enrga Irloy kp rse
rocessing the 2D and 3D images to qu
nging and time and resource intensiyv
l ay minerals are ablundankut( Qi mi sanrde s
sed computational cost s. |l mages with
eld good results (mineral abundance,
ted mineral react i oonnsp aarnids orne atcot isoinmurl;
d out using surface areas calcul ated
rpose of the simulation, I mage analy
ampl e, when si mul atxbrnigmiesnhearatl treeranct (i X
amples composed predomi-halndé$ yanof wmoirr
e area calculated from i mages, BET v
ted from geometry yieddf orimibag tes
tions (1Xb0smaoaferhalurrsgaotfi €CrOs f or s amg
ed of highly reactive phases such as
es and processing capturedneamag®d ma
al surface area estimates are much | e
rable results. However, -twehrem e veosleuwatricadr
mpl es composed of highly reacltoinnge pha
evolution of sampl es cfoenpbsear 0of mumoao ev
z, etc.), surface areas estimated usi |
ated results including talse that evandte
rosity. I n these cases, a more thoroug
i's needed. Close attention also needs
s that may | afshgeeley, ivelrpesrcat edp dirfro sq u g, t S
resulted in critical wvariatiods in po
t hat ot her means of estimating effec
ations carried out ausiarsg tdiead meatcrciocu nd f
ce roughness and surface si theasreedact i vi
ations. However, this means of esti ma
s heavily on the fthot cre, ofor owlgihale st h
nce.

W X c ® Y — Y »n ®T O

(7]
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Chapter 4. Estimation of mineral accessi bl e

and clay content

Fangqi Qi n, Md . Fahim Sal ek, Parisa Asadi,
Mi chael Ki ernan, Mukseet Ma hmood, Lauren, |
Depart mennd oEn\Ciivon mant al Engineering, Aubl

*l eb@auburn. edu

Manuscript in preparation.

4.1 Introduction

Geochemical reactions occur i n a variet)
chemical weat hering on the surWhice¢e eofantdthe
Brantley, 2018; Cao et al ., 2bI9%M¥éuereal al . ,
interactions in carbon capt-8rteclaihedr s¢eoralge,
Ng et al ., 2015; Culi et al.jr2e18al Mar 20 1¢
201Bensinger and Beckingham, 20AaG; wiln ars
enhanced oil recovery (Jia and Sheng, 2018;
Khurshid, 2021) and subsurface7ené&id @i sigor
et al., 2018, |l oejesFagwadhBanoldi Rgbam, 202

reactions are rather compl ex as the natur ;
phased systems with varyingnadwaoneadtgeoshermio

reactions in subsurface systems are | mpact
formation depth, porosity, permeability an:t
Reactive transport modeling is a powerful
compl ex gkoclkeamtcons over | aborSatecerfyelanrd g
al ., 2005, 201 3; Pall ud et al ., 2007; Boan
Maher aneéSi NawhereTO0OhOtter estimate the r
reactionisctandheregadt enti al i mpact o f t hese
formation properties (e.g. porosity, perm
understanding of the controlling parameter s
mi ner al spuorrfea cceo nanreecat,i vi ty, etc. Transition

1984; Aagaard and Hel geson, 1982) is commo
rates:

Y 0 QYo (1)

whehAre epresent mi ner almirse achtei vmei nseurafl a crea taer e
"YOis the thermodynamic driving force for
Ther modynamercs pamdamatat e constants ar e of
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thermodynamic dat abase, while the mineral
usually measureday Fdr f firnascttainacre, ( XRD) i s C
determine the mineral saommploe, twhinl  amiumel raa
surface area can be measunidanméfiieat 6 egh (BlEd ) t
adsorption method (Brunawuer et alr.ay 1938)

di ffract-béoh (O B8%wnell andefKelgblbntmegllO@dt)
mi ner al phases. For exampl e, clay content
and it is challenging to quantify clay abu
pl ay an i mportant role on spombe |l cognact itvhie
commonly present as a coating or bridging
mi neral grains (Storvoll et al., 2002; Grif
et al ., 2019; Busch, 2020)e.s Tghoeo dB EeTs ta dnsactri p
mi ner al specific surface area (SSA). Howev
each minermilndrmalai cnudampl e is challenging
mi ner al phases as discernhngninkee abpepdbiakiec
mul tiple minerals present iIs not feasible.
areas of pure mineral phases vary widely (/|

|l magi ng has emerged as a rel atpievealyy ne

guanti fication (Peters, 20009; Landrot et a
Qin and Beckingham, 2019; Ma et al ., 2021
simulations carried out wusing mineral acce

i maging match the reddwoiodnexptes mems sr mod ei
simulations that use specific surface area

guantifying miner al phases with abundance
Al t(hbmut he abundance and accessible mineral
is informative for reactive transport mode
process from sample preparation, i mage acgq:!
propestquantification can be enor mous. Res
capturing i mages at | ower resolutions wher
mi crons was found to have minor i mpacts on
accessickel earsewmrsf g within one order of magnit
2020) . I n addition, scanning electron micr
requiring samples to be polished and cut i
( Xi ong e)t. alher efOolr6e , it is not feasible t.
exact same | ocation where the i mages are

example. In this work, we aim to evaluate t
measuredr mpeetaéspdetermined from i maging

Mi ner al abundance, accessibility, accessib
surface area are quantified and then compa
i ndividuan o tmpearct prooperti es, considered.

relationships, we aim to be able to esti ma:
surface area for various samples without h
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acquisitionhiamdpsegmsest a
4.2 Materials and Methods

Seven sandstone samples are-rawadpgnaned t hr
i maging and i mage processing in this work.
previously considered in the Iciotmpraat soea . a Il
includes a Paluxy sandstone sample studied
from thei pjieotti CO site at Kemper County, Mi
al ., 2018), one Lower Tusc a2l0olo2s)a scaonplleec tsetdu
a geologic carbon sequestration pF2pt site
and anot ket r 8catogml e he geot herdnal atwead | dé Wiy dn
954. 6 m, |l ocated at the somtae@abd endabf,h t
Sample characteristics and i maging met hod:«
sections.

4.2.1 Sample characterization and preparation

Five sandstone core samples were obtaine

Bandera GrRryowmBanBemtahei mer, Kentucky and
Lower Tuscaloosa and one Paluxy sandstone s
Survey of Al abama. Sampl e preparations we.|
Services, |l nc. (Weisamor eslaanrpd e s Peonum cyhlawsa d
|l ndustries were cut into thick sections (0.
Survey of Al abama were made into thin sect

epoxy and polished. Toc gmrdewctriev ef oaa rSbEoM i cnos
applied to each thin section wusing EMS 565
University.

All ten samples considered in this work a
(66%4 %), with various aenocoamd olfay ehmidese@raalss
trace amount of other mineral speci es. Por
0.24 (Table 1) (Landrot et al ., 2012; Qin

4.2.2 Imaging acquisition and mineral properties quantiftation

Mi ner al properties i ncluding porosity,
accessible surface area wer eCTq u amatgiefsi.e dS EFM
backscatter electron (BSE) i mages of the s
EVO 50&w®niSeg El ectron Micr os c oipceo aa te dA utbhui rnn
sections were imaged under high vacuum mod:
i maged wunder variabl e pr ersasyursep entotdreo.meBE mer g
el ement al na pe b twaeirnee da Itso hel p I dgernatiinf y mi
segmentation was performed manually in | ma
segmentation of the images foll owed the ar
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Beckingham et alBSE2i0m&ge Brwerfé yfi SEMM manue

| magelJ. SEM EDS el ement al maps were enhan
reduction Matlab codes before identifying
grayscale intensity in SEM BSEigmadeds o Bac
mi ner al and expressed as a unique color in
processing was performed in Matlab (origi.
| magelJ.

Foll owing image segment atlicouml,atnidn ebryal c cabn
mi ner al pi xels with the same col or, whi |l e
counting miner al pixels that are adjacent
the volume fraction of eachimyneebéker phase
percentage od f@arcthacme ntehat i s adjacent t
accessibility that only accounts for the ¢«

are connected are considered and cal cul at e

3D-rXay c¢ompunoegdr anpaghrygy t(-@&XBh oi mages wer e t ake
ZEI SS Xr adi a-réa2zy0 Miecrrsoas Bdp e&X at Auburn Unive
3D n@hoi mages were used to calculate the t
accomplished by fagest isretganequrtainmg darhde paor e

sampl edibesb with the same tot al area as the
were then sampled from the | arger 3D i mage.
was then identifiedhand cabegl| altlgdrushmgi a
mesh applied to the gcruabiens vwexreel sr.a nTdeanmloyf ste

analyzed to obtain average values of conne
surface areas were thremsmulbtiilpltiyved alb y utl ad en

BSE i mages to estimate the mineral accessi |l
A correction factor (CF) i's also needed
resolution of t-féd BEmBmMgBSEo ™ hfda mtacnro ewads det e
by first reducing the iIimage resolution of
recolutionCDfi maagesnanand then counting th
interfaci al pixels in the twedimages. The

U

#1 OOA AR NONES
wheRoei ga hRl eaurcedf er t o the total number of con
original hi gh resolution 2D-rS$EM cBRSIE 2iDmaSgevs
BSH mages, réespectoirvelcy.ed tot al connected

calcul ated by multiplying the conGTected s
i mages with correction factor.
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4.3 Results

4.3.1 Image processing and mineral property quantification

I n this section, the SEM BSE i mages and

these I mages are presented. Quantified min
abundance, accessibility and accessible su
accesuirblaee area of c¢clay minerals, .or mine
muscovite), cannot be directly measured f|

reported here.

4.3.1.1 Lower Tuscal oosa

SR

Figure 4.1 a) 2D SEMBSE image of sample collected from Lower Tuscaloosa

formation (Provided by The Geological Survey of Alabama), captured under a
resolutionof5.26 m, cover i ng a’b)naneral @hase tegrhedteddimdp; mm

c) reconstructed 3D naf©@T I mage with a voxel size of 4
naneCT image with pores depicted in black and grains in white.

BSE i mages and the rraelsumap nfgorprtolte sis@we rm
sandstone are shown i n Figure 4. 1. I n th
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corresponds to a different miner al phase.

determined from pixel coumsiong, manergivabui
this sample is comprised of over 92% quart
ot her mi ner al phases are al/l bel ow 2 %. Th
accessibility of quartz iIsamwve.r @8 e rwhdlcy
accessibility of kaolinite, the major <cl ay
refleckedbbygydance. The accessibilities of
2%, consistent with theaeice @abumndanoeser herf
variation between the calcul ated miner al a
phases. The accessible surfacoel?ameawbil gqgua

t he accessi bl e eslursfpaacmed aatlodbacstmedifz, Kab .84 SE 4 8 E
and 403FME, respectively.

4. 3.1.2 Bandera Brown:

N Quartz N Avite [ K-feldspar Chlorite Smectite/Illite
_ Calcite _ Anatase Magnetite

Kaolinite

1 mm 1 mm

Figure 42. a) SEM BSE image of the sample collected from Bandera Brown formation,

captured under a resolution of 07, ¢ oaw areaiofri.g8 mmb) mineral phase

segmented map; c) reconstructed 3DR@b | mage with a voxel Si z
thresholded nanr@T image with pores in black and grains in light grey.

In the SEM BSE i mage of Bandertal Brodwmi &
mi nerals have been identified. The identifi
abundance of quartz -fisl dISpaB8%ndvilIh. B4 %38 h
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t hree cliakyaaoriinreirtad,s i |l |l i te Ganmce hdford t®6 W.i t

abundance of anatase and calcite is 0.47%
calcul ated to be 21%. Quartz has the highe
mi neral phases and is close ¢nakK-hel du@an z a
and al bite have higher abundances than «cl ¢

however, the accessibility of clay mineral:
abundance and it iIs embesidadcessigialrittzy gir @
calcul ated accessible surface areas vary u
surface area -®XYmuawhiz!|l estbeOZEcessi ble su
and magnetite are approxiwmat ¢ lhwy #foen edasoptadre r K
(1.8B86BEM), al MHi3tYeg)(,3.mMaOFEN-@8 H/ige . ( An@A@ B se has
|l owest accessible-0OS#mf)laace area here (8.00E

4.3.1.3 Leopard:

- Quartz - K-feldspar Magnetite - Anatase Kaolinite Smectite/Illite

c d £ ’:'t J yl? ¢ % ¥
e
s 1F A
ol s Ty
3 x ‘ N
S
e il
Figure 4.3. a) SEM BSE image of sample @aited from Leopard formation, captured
under a resolution of 3.56 m, covering afr bamireral prafe 7. 21
segmented map; c) reconstructed 3DR@b I mage with a voxel Si z

thresholded 3D nan€@T image with pores in black and grains in white.

The SEM BSE i mage of t hRei gueroe a4r.d3 as.a nfpe vee n
phases have been identified in the area of
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abundance, foeldoswad 0. K3I%) and kaolinite (
species have abundancesfl gaarthkzamsl®8. Bl &o,

accessibilityf elfd<«pmar iingd tde. @IN%d &Knd 5. 52%, r
determined from the SEM BSE i mage is 23%.
the 1 mage, however, thegctaed potesaccElsi bt

accessible surface areas vary wup to 4 ord
accessible swr2flagle amermag (Lh&8 7M@i ner al speci e
SEM BSE i mage. The ac-tet dsdphbmeagsnoertfiatcee aarree a8
042%2ng and65.mP4Erespectivel y.

4.3.1.4 Benthei mer:

N Quartz NN K-feidspar [N Calcite Kaolinite [ Nmenite

Figure 4.4. a) SEM BSE image of sample collected from Bentheimer formation,

captured under aresolutionof 123n, coveri ng &b)mmeradphasef 7. 00
segmented map; c) reconstructed 3DR@b | mage with a voxel Si z
thresholded CT image with pores shown in black and grains in white.

There are six mineral sgpee coife sB eindtehnetiinfeire ds
(Figure 4. 4). Quartz takes -fmolres para,n 19.56% %
kaolinite and the rest minerals have abundeze
to be 32.65%. Among all t hhee mion ecroanl n escutrefda c|
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79. 1% are quartz, which is |l ess than the

surfaces if kaolinite, which 1is significa
kaolinite. 4.15% of the ac cKefseslidbslpea rmiannedr aolt
mi ner al species have accessibility | ess th
areas vary up to 5 orders of magnitude, wit

area -0QIm¥4HNE The accessdfbepdssunafhceeannd oA
7. 704 g 1-06F/Egnd DML, respectively.

4. 3.1.5 Kentucky:

_ Quartz _ Albite _ K-feldspar Smectite/Illite _ Muscovite
N Anatase I Zicron [N Dmenite
LAz a 5" Y

a3 o

Magnetite

&

500 pm

500 um

Figure 45. a) the BSE image of sample collected from Bentheimer formation, captured

under a resolution of 0.44 m, covering arm bamineral prade 0. 41
segmented map; c) reconstructed 3DR@b I mage with a voxel Si z
thresholded 3D nanrGT image with pores depicted in black and grains in white.

The original and pmdaaeksye s ainmMasd eon ef csra mpH «

in Figure 4.5. Among the ten samples consi
sample has the | owest porosity. The porosi
4. 5a) i's 13. 25 %. Nine mfiined afr eampeEigar daud
mapped in Figure 4.5b. Quartz i1Is the most

foll owed by albitei(Lbi¥6%fflednddpea)ayykind rherme
both have around 2.6% abunadrmanmienewdl | ghade
al | | ower than 1%. As for accebB49.b93 %t vy, i

which is significantly higher than the abu
and albite are 33.27% anlde sls3 .t8h9%%, trhees paebcu n
guartz but similar to the abundance of al bi
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in the accessible surface area are observe
calcul ated0O2®gpef dl U6EedDRY/ nga)l,bitthee (Bccess
surface areas of 02t hoerrd emisn eorfa | mapghnai steusd ea rleo v
| ow neargeet i 08n%/( @)l gred i t0e3n’( ty )-fi 8 BKd & .plaDdm?/ ()g,

and anat-8d4m/ ). 1ZBE rcorblies toott hac ceonmiect ed
therefore, the accessible surface area of

4. 3.1.6 Paluxy:

_ Quartz _ Albite _ K-feldspar Smectite/Illite Kaolinite
N Anatase NN Caicite NN siccricc NN Muscovite

Vs

o S
2%

d A
A o _' - WM -
e 2° - e
¢ v 8 L e Py
: 4 A
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¢ . . " J o).
- N | S By ¥
5 A Yoo \..' ol /’
v ., \! ¢ e 4 4 )
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Figure 4.6. a) the BSE image of sample collected from Paluxy formation (Provided by

The Geological Survey of Alabama), taged under a resolution of 1.80m, cover i ng
an area of 17.14 minb) mineral phase segmented map; c) reconstructed 3BGTENO

i mage with a voxel si ze o-C€CT irbageBwitte pares d ) t hr
depicted in black and grains in white.

The @li @qinl processed images from the Pal
4. 8i.ne minerals are identified in the BSE i
is 69.31%, albite whose dlkdnddpmae The2dhbbiuh
of the twailkshéalyi miine and smectite are 2.26

Ot her miner al phases are all l ess than 1%.
19%. Quartz has 52% accessibility among th:
(20%) and24k.a4o0l%)n.i tTehe( accessi bility of kaol
refl ected by the abundance of kaolinite. A
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bel ow 1. 5 %. There are 2 orders of magnit uc
surfacthear@asessi ble surface al0r2e’agoénduart
2. 90 E% g, respectivel y. For other miner al ¢
from high #feldpwah3¥ %m) KOEi d64 #tge) ,( 5c.adl3cE t e
(2.-008ma)nd anat-@4#&mg()2. 02E

4. 3.1.7 Bandera Grey:

]

_ Quartz _ Albite _ K-feldspar Smectite/Illite _ Dolomite
_ Anatase Biotite _ Muscovite
Vi i Nt ; B o 5

Q"

200 pm

Figure 4.7. a) the BSE image of sample collected from Bandera Grey formation,

captured under a resolution of 0Im, coveri ng &b)mmersdphasef 2. 60
segmentednap; c) reconstructed 3D naT | mage with a voxel S :
thresholded 3D nanrGT image with pores shown in black and grains in white.

Thmei neral phase segmented map of the Band
in Figure 4.0dtellyt doeomppriesSeokabdtf n dgaunacret,z t wo
fel dspari Kihied elrsgplag and al bite with abundan

respectively. The abundance of calcite is 5
mi neral speciedha&readlclul mdleadw pb.ra%.ity from
Quartz has the highest accessibility (60. 91

mi neiridlIl ite (26.09%).-fadhesmarceasdbial bt yeotl
6. 59 %, respectirvé@hhyscdwiot eni amad mbineti te are
area of i nterest, however, due to | ow por
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corresponding accessible surface area are
surface areas afemagntoud8eor Qamartz has the
areas among the 8 miner-a® ?gnh afsoelsl,o wweid hbya tvh

fel dspari Kafienledrsapladd 3 JgB. 0&brEd a |-0b3 g®) . ( 3T.h5e9 E
accessible surdmdeamateaaded Yaycenln3ud) GTHES 5 E
respectivel y.

Table 4.1Mineral properties including mineral abundances, accessibilities, accessible
surface areas quantified from 2D SEM BSE images and 3fTidmages. The surface
area of clay mineralké@olinite, smectite, illite and chlorite) and muscovite cannot be
directly quantified from the resolutions of the images obtained.

Accessible
Formation Mineral Abundance (%) Accessibility (%) surface area
(m?g)
Quartz 73.48 69.44 5. 00/ E
K-feldspar 8.33 2.48 1. 80FE
Albite 10.24 4.17 3. 0OE
Calcite 0.01 0.00 0. 00E+
Bandera —
Kaolinite 4.31 12.88 N A
Brown
Illite 1.17 2.74 N A
Chlorite 0.48 454 N A
Anatase 0.47 0.12 8. 0M=E
Magnetite 1.49 3.63 2. 60FE
Quartz 92.03 83.33 3. XAE
K-feldspar 1.58 1.47 5. 4B8F
Lower Muscovite 0.53 0.22 N A
Tuscaloosa [ o gjinite 3.67 13.41 N A
Dolomite 1.48 1.17 4 . 30/ FE
Albite 0.49 0.40 1. 40F
Leopard Quartz 93.11 88.84 1. 30rE
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Kaolinite 1.37 491 N A
K-feldspar 3.76 5.52 . 54
Magnetite 0.31 0.03 . 3MaE
Smectite/lllite 1.07 0.69 N A
Anatase 0.46 0.00 . 00E+
Quartz 95.32 79.10 . 40 E
Albite 0.01 0.01 . 60/ E&E
K-feldspar 2.70 4.15 . FO4&E
Bentheimer
Kaolinite 1.64 16.70 NA
Calcite 0.00 0.00 . FALE
lImenite 0.40 0.00 . 00E+
Quartz 62.58 33.27 . 4BE
Albite 16.79 13.89 A E
K-feldspar 2.92 0.27 . 104
lllite 11.73 49.95 N A
Kentucky limenite 0.29 0.50 . 1BE
Magnetite 2.60 1.70 . B@3
Anatase 0.17 0.05 g
Zircon 0.37 0.00 . 00E+
Muscovite 2.55 0.36 NA
Quartz 69.31 52.00 . 5UrE
K-feldspar 1.21 0.96 . 40FE
Calcite 0.78 0.14 . 04
Paluxy
Kaolinite 2.26 24.40 N A
Muscovite 0.60 0.61 NA
Albite 24.50 20.00 . 9 E
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Siderite 0.29 0.37 5. 4B4&
Anatase 0.81 0.14 2. 0@£E
Smectite/lllite 0.24 1.38 NA
Quartz 63.46 60.91 3. 3@E
K-feldspar 12.12 5.59 3. 0BE
Albite 10.22 6.59 3. 50FE
Bandera Calcite 5.69 0.71 3. 9M£&E
Grey llite 6.39 26.09 N A
Muscovite 0.69 0.00 NA
Biotite 1.14 0.00 0. 00E+
Anatase 0.29 0.10 5. 6bE

4.3.2 Relationship evaluation of quantified mineral properties

Il n this section, rel ati onshiyp s aacntoensgs i rbil re
surface area and tot al connected surface a
account for only connected pores and those
and plotted in the following 6Hamples WEr g
characterized into three categories to eval
content on quantification of mineral propei
Four mineral s ar e isqe h e tfzegpddksh e rael afi &t ;en a taanl dy sc
mi nerals, which includes calcite and/ or dol
of the samples considered. BET specific s
included (Figure 4.9) dea ec@aomdpdree mwinteld d a e
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Table 4.2Categories of the ten samples based on relative abundances of clay and
carbonate: 1) high clay, high carbonate content sample; 2) high clay, low carbonate
content sample and 3) low clay, low carbonate contentlsamp

Sampl e categ Formati ons

Bandera Gr ey

Hi gh clay and hi Pal uxy (Kemp

Baltic Sea sampl

Bandera Brow

Hi gh clay and 1| o Kentucky

Lower Tuscal oosa

Lower Tuscal oosa
of Al abama)

Low cllagyw amalr b o n i Leopard

Bent hei mer

Pal uxy (Geol ogica
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4. 3.2.1 Abundance versus accessibility
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Figure 4.8. Relationship between mirarabundance and mineral accessibility: a)
guartz, b) Kfeldspar, c) albite and d) carbonate minerals. Accessible surface area
calculated by only accounting the connected pores is marked in black, accessible
surface area that accounts for all pores ar&keahin red. Triangles are data points of
samples with high clay and high carbonate content, spheres are samples with high clay
and low carbonate content, and squares are samples with low clay and low carbonate
content.

Mi ner al abundancte sacacrees spilboititietdi easgaiinn sFi gL
abundant phase, guartz has the highest ac
however, most of the data points falls wund
accessibility perasésndbocethbhasamphes wht
carbonate content, where the quartz conte
accessibility per abundance for quartz is
accessibility is propeonrttitpenabamml ei tiss apruen
composed of qguart z. For other samples witl
accessibility per abundance of quartz are
from the y = x Iline. The ti nopnacac coefs scilbaiyl iatn
considered by comparing samples with | ow t
as different symbols in Figure 4. 8. The a
samples with higher clay andangaebaamat es pdhe
shapes), indicating clay and carbonate cont
guart z.

The accessibilitiKfefl dsepladsppad mil bhert &l g en
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with abundance.-f Ebdhppar nsg aimbpt eheetkeids blye st h e
carbonate cbetdsparwhsl emoKe accessible whe

or | ower carbonate content (Figure 4.8b, s
accessibility per abundasnang tabrnudd atna ed € &ri g:
The black and red data points are referri
connected pores and accessibility assumin¢
variations in these esti mdtled <achc)s, s ihbo weivte
di fferences in the two estimated accessibi
samples with relatively | ow quartz content

4. 3.2.2 Abundance versus accessible surfac:t
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Figure 4.9. Relationship between mineral abundance and mineral accessible surface
area: a) quartz, b) Heldspar, c) albite and d) carbonate mineral. Accessible surface
area calculated by only accounting the connected pores is marked in black, accessible
surfacearea that accounts for all pores are marked in red. Triangles are data points of
samples with high clay and high carbonate content, spheres are samples with high clay
and low carbonate content, and squares are samples with low clay and low carbonate
conten. BET specific surface areas reported in the literature are plotted with the star
shape and their ranges are marked with grey shadows (abundances for these values are

meaningless).

Mi ner al abundances against acc4s%8ible su
general, quartz accessible surface area de:¢
the two Lower Tuscaloosaosampltes wbhbmpar pdr i
samples. Accessibility of <cal cictee, itnhietni ailtl

becomes stable with no further di stinct c h
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No direct i mpact of mi ner al abundance o1
observed -hel &s pi(adfri gadnrde 4. 9 b) which appear

consictcexnsi ml e surface area values whil e t
albite increases with increasing abundance.
samples with extremely | ow abundances (<1%
acckelssi surface areas are much | ower t han
di fferences can be as | arge as 3 orders of
surface area from the |iterature (Figure 4
range aocfcetsise bl e surface areas determined
specific surface areas are relatively high
feldspar, carbonate (Figure 4.9b, ¢, d). Wt
col |l eant etdh ef rloi t erature have similar range
determined from 2D and 3D i mages.
4.3.2.3 Variation in accessibility with cl:
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Figure 4.10. Relationship between clay abundance and mineral acdgsd)iquartz,

b) clay mineral, c) carbonate mineral. Triangles are data points of samples with high
clay and high carbonate content, spheres are samples with high clay and low carbonate
content, and squares are samples with low clay and low carbon&tatco

Clay minerals are typically present as ¢
potentially 1 mpact the overall pore conne:
surfaces and pores. Mi ner al accessibility
4. 10 to evalwuate the potenti al i mpact o f C
Among the four mineral Sspecies, the access
abundance, it decreases as the <c¢clay abund:
gr ercattehan 8%, the accessibility of quartz i
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mi nerals considered her e, no di s

4. 3.2.4 Dependence of connected
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Figure 4.11. Relationship between mineral abundance and the total connected surface
area determined from 3D micfOT images: a) quartz, b) clay mineral, c) carbonate
mineral. Triangles are data points of samples with high clay and high carbonate content,
spheresre samples with high clay and low carbonate content, and squares are samples
with low clay and low carbonate content.

Var i total connected surf ace
gemerde cr dadhee sc oammneqgu &rdt
kely because of the relative ¢
grai ns. Carbonate minerals are commonly pr
potentially decrease Héree,oviehal ¢t ompmoe et ecdo ng
slightly decreases as carbonate mineral al
i mpact of carbonate content on the connect
area I s expected with ionactrienags iinmgc rcelaasye sc otnh
surface roughness. Her e, smectite/illite a
pore connect i vi-don ndeucet ptdor atshceipr (wWelnldr ot et
Beckingham et al ., 2017)s.uchHho vaesv ekra, 0 lcienrittael n
decrease pore connectivity (Kassab et al .,

connected surface areaeand clay content is

ns in the
11. I n

atio
in Figure 4.
i ncreases, [
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4. 3.2.5 Dependence of connected surface ar
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Figure 4.12. Relationship between mineral accessibility and the total connected surface
area calculated from 3D mic®OT images: a) quartz and b) carbonate mineral.
Accessibility calculated by only accounting the connected pores isethamkblack,
accessibility that assumes all pores are connected is marked in red.

To explore how the accessibility of quart
connected surface area, the total connect
acclkislsity in Figure 4.12. Quartz is the mo
her e. Compared with other mineral speci es,

and samples with higher quartz accessibild@i
(Firge 4.12a). This is observed here with t1l

sampl es. For carbonate mineral s, sampl es
(Figure 4.12b, square shaped) tend to have
car beonmaitner als are usually present as cemel
overall pore connectivity and thus connect

4.4 Discussion

As is shown in Table 4.1, mi nerals with |
hi gher acceseabl i serbhcacaessi ble surface
connected surface areas in threefdldsemasr on.

in Leopard is 5.52%, -iveedeparthe BaocedsesabBli
2. 48%. Howesvserb,| et hseu rdéf eatcebs ppare ai mfBa&knder a Br
032m, which is-OhMiYgineof thaopdr BOEThis is du

surface area of Bandera Brown is | arger t ha
with highereaccEesi bnstance, the accscessi bl ¢
as the abundance increases. However, for t

on the wupright area of Figure 4.8a) whose
than otbertébaemplaccessi ble surface .areas ar

Mi ner al accessibility is also impacted by
as shown in Figurefél8sparbanaddaltcbi geahavve
accedsyi lpielri abundance in samples with highe
(triangle and sphere shapes). This is due
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present as coating phase on the surface of

bet weiemner al grains, and carbonate minerals
among other mi ner al grains. Carbonate min
connectivity, t hus @afcfceecstsiinbgi |tiltey atoh etrh emipr
i mpacatl agf mi nerals on the pore connectivit
previous wor k, chlorite (Landrot et al ., 2
was found to coadmanectapdmadamnty, weHilch i s pe
woul d eddtoimgr fluid to pass through. There
considered to contributing the overall por
(2017) found that the presence of kaolinite
anmpler meability. Therefore, kaolinite is cor
in this work and considered as unconnected
comparing with other mi ner al phases, cl ay
a b vanndc e, meaning they are more accessible
reason, guartz is affected most by «c¢clay ¢
abundance and accessibility, whereas for o
t he ionfpaclitay content i's not obvious. Since
clay types, clay content alone is insuffic
and miner al accessibility and clay type al.
N o appatrteenrtn pbaet we en mi ner al accessible
abundances is observed here. However, t he
mi ner al abundance and <c¢clay content found
mi ner al surfacaenauverkRnewhi mampba. oFrom Fi gu
find that the accessibility of al&homte is a
directly impacted by the clay content. As
for samples wieht!| oWwi gllag 408a) . When <cl a:
accessibility of quartz decreases (Figure
i s greater than 8%, the accessibiltoy of gt

estimate mibnédrialy acfceshse sampl e composition

Conclusions

Il n this work, we aim to evaluate the pot
properties determined from i maging. Her e,
el ectromymiacnrdkoempmud ed tomography. The obt .
processed to estimate porosity, mi ner al a
surface areas. Three additional sampl es fr
evaluation ,( RaOnNX2r;otQient aanld. Bec ki ngham, 201 ¢
most common mineral phases found in sandstc
clay and carbonate minerals. Rel ationships
mi neral s incl wadidagcemi nacale ssaibbi | i ty, acce

clay/ carbonate content and connected surf a
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Mi ner al accessible surface area IS not d
| argely depends on the copome8DET aismadeas.e a

Mi ner al accessibility can be usediheo esti
process of estimating mineral accessibilit?
it i s nectonosnulnyi ntgi,mebut al sooshtas Ihni gthh icso nwourt
found that mineral accessibility of quartz
composition (e. g. determined through XRD
i ncreases proportionally wmahedtbyameasanc
abundance through a method | i ke XRD anal ys:¢
interpreted through its abundance and cl ay
clay content, the accessibohatytofi,gsaabani
whil e with increasing clay content, the ac.
We found that the total connected surface
guartz content. However, I t arotes @mont earetc.e s°
overall pore connectivity, clay type and c
spaces. Therefore, measuring LhAeimageseciasd
needed and recommended for minerahiascpeosiek
nav¥Cd I mages are segmented into pores and ¢
and registration are not needed. The tot al
through burning and marchi ng wd uthe 2Dl g amaigteh
acquisition, segmentation and registration
from 3D CT i mages is relatively I ess ti me,

No apparent pattern has been ifloiutnyg dfor
carbonate minerals in this work and more ¢
exi sts.
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ChapberEval uation of mi ner al accessible su
geochemical reactions

Fangqi Qi n, Laur en, E. Beckingham*
Department of Civil and Environment al Engi |
*l ebh@arn. edu

Manuscript in preparation.

5.1 Introduction

Geochemical regictd wmed smicrherasl CdO ssol uti o
reactions can be i mpacted by temperature,
mi ner al react i onpsr oppreorgtrieesss ,i nfcolrundaitnigonpor osi
can be altered as the pore structure and p
Beckingham et al ., 2013; Nogues et al ., 20
reactions. Amomtgl yald h arhgeisreg cfoancsttaar s , mi ner
may al so evolve as reactionSipstoclelearse t( Calr r
Luhmann et al., 2017:; PSikryl et al., 2017
i ncrease-Si tedNahdr.rre 2013) or mi ner al grains
20009; | srael.i and Emmanuel, 2018) , t he min
whereas fine mineral grains with | arge su

(Noiriel etial .et 2804, HNO0O9) coul d .decreas:

The evolution of mi ner al reactive surface
under stood. I n CunchFlow (Stefeel et al
mul ticomponent tmraactpiove ,fltdie aredcdcti ve surf
mi nerals i s given by,

_ 7 QQi i €a00Q¢ ¢

6 6 " i (1)

— 7 Ni QuQn Qo0 wo Q¢ ¢
whehAne sni ner al reacttimvbes stuhref aicrei tairaela,v ol ume
mi n emaanllbr ef er s to the initial mi ner al por o
secondary minerals, those that ©precipitate

si mi lfaor m,

— % 7 QQi i ¢€adoQe ¢

0 0 § - o (2)

— 7 nNi QuQn Qo wo Q¢ ¢
The surface area i s updated at each ti me
fracatnidonpor osity. Similar relationships hav

1988; Emmanuel and Berkowitz, 2005; Carrol
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area I s associated with changing miner al a

are basetde assumption that miner al grains
surface area decreases with deceasing gr ai
change in some cases (e.g. di saggregated s
reflectsuthace area of consolidated sampl e
Additionall vy, calcul ating miner al surface
the entire surface is involved in the reac
onlyaatfon of the surface iIis actively invo
Experi ment al studies have examined the e\
reactions. For instance, Mouzakis et al. (
porosity wid@bhr imeeapeat teactions and found c
area and connected surface area increases
porosity and connected porosity. Noiriel et
area of (Imimestenend sparite) intheasgtd dur
experiment, and the change of reactive surf
di stribution and pore connectivity. Howeve
reactigeaseaasasince only a fraction of the
(reactive) during the reactions. To accoun
areas wil |l be measured through i maging and
reactangeott simulations. This work aims to
of each miner al phase before and after di
change of miner al volume fraction, accessi
obser hed eixpetri ments, the relationship betw
mi ner al volume fraction, and porosity <can
Mor eover, the evolution of mi ner al access

reacti ommst icmant éck.
5.2 Materials and methods

5.2.1 Sample characterization and preparation

Two sandstone samples from the Kentucky

selected!| bod eaperi ments and i mage anal ysi
Kocur ek .I nBlawtsh rofest he core samples are 0.5

|l engt h. The expected porosity is 20% for t
Kentucky samples (XRD data provided by Ko

predominant!| y ¢ ompiotshe dotohferqumirnezr al speci e
carbonate and clay minerals accounting for
(Kocurek I ndustries). Detailed mineral ogy |

Core samples were ccuatncihntdo atmeit ek serdt 0o bs
for 2D SEM imaging. One side of each sampl e
epoxy. The preparation was perfor med by
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(West morelandThPeknselct amin@ans.a2rip | iemeaqitrtg nigs
nature a destructive process. Therefore, 4
|l ocation from the captured 2D SEM BSE i mag
not feasi bl eCT Homwaegveesr ,0 fn atnhoe <c oagre tshaenpd e&eme w
area of interest, from which the differenc
and after experiments can be evaluated.

Table 5.1Mineral composition of Kentucky sandstone sample from XRD data provided
by Kocurek Industries.

Mi ner al Quart Al bitl Mi cr od [

Wei ght perg 66 17 3 14

Table 5.2Mineral composition of Bandera Grey sandstone sample from XRD data
provided by Kocurek Industries.

Mi ner al |Quan Al bil Dol omm Kaol il Il I|Chl o

Wei ght pey 59 12 15 3 10 1

5.2.2Mineral properties quantification

| Pores & grain g Porosity
Powder XRD G /
percentage ls3y4
/3 .
/ §/F

/.
& Mineral
Ve J{ abundance
// //'
Bulk | Thick SEM |57 BSE ‘{/ ,'0 //‘/ Mineral
sample section image /‘,\;\a&w / accessibility
B 4 Mineral

/3NN Discrete (macro- &
K/ > .
< mineral phase micro-pores) accessible surface
Connected

y area
\
N Correction
factor
P surface area
, ted
Core }-ra’ S 3D CT Rl Pores & grain Connected g Corete)
1UEE Matlab g surface area

Figure 5.1. Work flow of mineral properties (porosity, abundance, accessibility,
accessible surface area) quantification.

Mi ner al properties riamclabdumdganger, osactcyes s
accessible surface areas wefrleoqdaaxpdérn iemie b
As shown in Figure 5.1, to obtain 2D SEM B
i maged using ZEI SS EVO 50e&/Pprsawinche ch gb e | telcd r
University Research I nstrumentation Facil:@
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were captured under backscatter detector,

di stance of 8.5 mm. Upon acqusamplient lif c Kt
sections, the pores and grains were first
approach proposed in Peters, 2009. The por
pore pixels divided by total numbietri ad f pi
segmentati on, each miner al phase was 1ident

where the distributions of different el eme
were then registered and assi gneplhadieffer et

segmented i mage. Mineral abundance refers t
i n relation to the total mi ner al vol ume
abundances were calculated by counting the
and ddingi by the total number of miner al pi x
the miner al surface which is in direct con
by counting the number of mi ner al pi xel s
adjntcet o pore pixels. Next, the accessible
each miner al phase following the 2D and 3D
al ., 2012.

3D-rXxay -@Bniomages were captured usagwg a ZE
narwomputed tomography microscope at Auburn
to be 100 keV with 8 seconds exposure time

for each sample at a voxel resolution of 2
was pnerdf ocory t he automated reconstruction s
reconstrueTed nBaDgemsanwoer e cropped into smal.l
area as the 2D SEM BSE images. The connect
were i dentmdrichi nugsimgbea and burning al gor.i
connected surface area was calculated bas:
mi ner al surfaces. The accessible mi ner al
mul tiplying theiacaeadsiphialsiet yyoft heaclhnmect
a correction factor (CF) i's also calcul at

connected surface area resulting from resol
and 3BCTnhamomages. nTlhhé teédeoISEMi BSE | mage was
with the regdl udtmagresqof amaind hen the number

pixels in the two Iimages was determined. T
number of connectlkd ontgrhakiamagesedisvi de:i
connected interfacraedupedel magest h&@hreswha!

with the connected surface area to get the
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5.2.3 Coreflood dissolution experiments

Figure 5. 2. Experimental setup diagram of a sinplease cordlood through
dissolution experiment.

The coreflood experiments were conducted under room temperature 20 € with
0.01 M hydrochloric acid (pH = 2) used as the reactluid. A CHEM_TECH
peristaltic chemical metering pump was used to provide constant flow rate of 1 ml/min.
The core samples were wrapped in a heat shrinkable tube which was then placed in a
3D T printed core holder. The printing material is resin, whiendens under room
temperature. The core sample was epoxied to the inner wall of the core holder to prevent
acid flow. The core was first flushed with deionized water at a flow rate of 1 ml/min
for 24 hours to saturate the sample, followed by 0.01 M [ydiooc acid. The
experiments durations were 1 week (168 hours) for the Kentucky sample and 2 weeks
(336 hours) for the Bandera Grey sample. At the end of the experiments, deionized
water was used again to flush out the acid residue. Effluent samplepevedically
collected and evaluated with inductively coupled plasmaoptical emission
spectrometry (ICROES) for the concentration of the following ions: potassiurf),(K
sodium (N&), magnesium (M%), calcium (C&"), iron (F&*/Fe€*) and aluminum
(AI®"). The ICROES analysis was carried out on a Varian 710ESQES at Auburn
University.
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