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The sciences do not try to explain, they hardly ever try to 

interpret, they mainly make models. By a model is meant a 

mathematical construct which, with the addition of certain 

verbal interpretations, describes observed phenomena. 

The justification of such a mathematical construct is solely 

and precisely that it is expected to work. 

John von Neumann 

Aan mijn grootmoeder 

Aan mijn vader en moeder 
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SAMENVATTING 

Wat is intergranulaire drukoplossing? 

Intergranulaire drukoplossing is het mechanisme waarbij tengevolge van druk 

op een gesteente(aggregaat) materiaal op contactpunten of contactvlakken tussen korrels 

oplost. Het opgeloste materiaal beweegt zich vervolgens door de vloeistof die zich in en 

rond de korrelcontacten bevindt naar de porien (diffusie) waardoor aangrenzende korrels 

geleidelijk in elkaar dringen (indentatie). Hierdoor vermindert het gesteente in volume en 

in porositeit (het compacteert) en wordt het doorgaans sterker. Neerslag van het 

opgeloste materiaal in de porien geeft verdere vermindering van de porositeit en kan als 

"bindmiddel" tussen de korrels fungeren, waardoor de sterkte nog verder kan toenemen. 

Compactie en deformatie door drukoplossing zijn van belang in studies naar het 

vloeigedrag (reologie) van gesteenten en bij het inschatten van de capaciteit en 

productiviteit van (potentiele) olie- en gasreservoirs. 

Doel van dit onderzoek 

Dit proefschrift beschrijft een experimenteel onderzoek naar intergranulaire 

drukoplossing als compactiemechanisme in natte (d. w.z. water-verzadigde) haliet

aggregaten en kwartszanden. De belangrijkste doelstellingen waren: (1) het bestuderen 

van het compactiegedrag van deze materialen onder condities die gunstig zijn voor het 

optreden van drukoplossing, (2) het verklaren van de microschaal-processen die aan IPS 

ten grondslag liggen en (3) het onderzoeken van de toepasbaarheid van microfysische 

modellen die de snelheid van compactie en deformatie van polykristallijne aggregaten 

("losse korrels") door IPS beschrijven. 

De keuze voor haliet en kwarts lag voor de hand. Haliet leent zich door zijn 

hoge oplosbaarheid in water en relatief snelle oplos- en neerslagreacties uitstekend om 

intergranulaire drukoplossing (hierna afgekort als IPS, naar het Engelse intergranular 

pressure solution) in het laboratorium te bestuderen. Bovendien staat IPS in haliet 

momenteel sterk in de belangstelling als potentieel kruipmechanisme in zowel 

zoutgesteenten als zoutaggregaten , met name in onderzoek naar mogelijkheden voor 

opslag van radioactief afval in zoutkoepels, naar het gebruik van zoutaggregaten als 

opvulmateriaal in mijnen en bij bestudering van zouttektoniek. Kwartszand is gebruikt 

omdat IPS in zandsteenreservoirs in belangrijke mate van invloed is op de geologische 

evolutie van porositeit en permeabiliteit en op deformatiesnelheden in laaggradig 

metamorfe gesteenten. 
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Beschrijving van de hoofdstukken 

Hoofdstuk 1 van het proefschrift geeft een beknopt overzicht van de 

literatuur over drukoplossing. Achtereenvolgens zullen eerder uitgevoerd petrologisch, 

theoretisch en experimenteel onderzoek worden besproken. Daarna worden probleem

stelling, doelstellingen en algemene strategie van dit onderzoek nader gespecificeerd. 

Hoofdstuk 2 gaat over de theoretische achtergrond van IPS. De bedoeling is 

om een raamwerk te vormen voor de interpretatie en discussie van de experimentele 

gegevens die in de rest van het proefschrift worden beschreven. Allereerst wordt een 

overzicht gegeven van de fundamentele theoretische vergelijkingen die de 

thermodynamica van grensvlakken tussen vaste stof en vloeistof bepalen. Na een 

overzicht van de fysisch realistische modellen voor IPS wordt IPS via korrelcontact

diffusie in detail geanalyseerd. Centraal hierbij staat de wijze waarop fenomenologische 

vergelijkingen worden opgesteld die de snelheid beschrijven waarmee korrels door IPS in 
elkaar dringen. Het begrip "effectieve druk" zal vervolgens onder de loep worden 

genomen en kritisch worden getoetst als drijvende kracht voor IPS. Aangetoond zal 

worden dat de chemische potentiaal (/l) van de deeltjes in oplossing in de analyse moet 

worden meegenomen, met name in open systemen, waar Il extern wordt gecontrolee,rd. In 

open systemen kunnen intergranulaire gradienten in effectieve normaal-spanning in 

principe worden beschouwd als de drijvende kracht voor materiaaltransport door IPS, 

maar aIleen dan wanneer de over- of onderverzadiging in de porien relatief klein blijft in 

verhouding tot de mechanische drijvende krachten. Tenslotte wordt een overzicht gegeven 

van de reeds gepubliceerde toestandsvergelijkingen voor compactie-kruip door IPS via 
korrelcontact-diffusie. Drie gevallen zullen worden bekeken, waarbij achtereenvolgens de 

oplossnelheid binnenin het korrel-korrel contact, de diffusiesnelheid door het contact, en 

de neerslagsnelheid in de porien de snelheidsbepalende stap in het totale IPS proces is. 

In Hoofdstuk 3 worden de hydrostatische compactie-experimenten beschreven 

die zijn uitgevoerd op droge en natte halietaggregaten (korrelgrootte 50-425 /lm, 

beginporositeit 40-43 %). Bij effectieve drukken (Pc) van 0.55-4.3 MPa (porenvloeistof 

druk Pf == I atm.) compacteerden droge haliet aggregaten vrijwel direct 3 tot 4 %, maar 

trad geen verdere compactie op onder constante druk (d.w.z. geen kruip). De natt~ 

aggregaten daarentegen bleven compacteren (kruip), waarbij de compactiesnelheid ~ 

geleidelijk afnam met volumevermindering (ev) van beginwaarden rond 10-5 s-1 bij ey 

van 0-5% tot waarden van 10-8 - 10-10 s-1 bij ey van 25-40%. De empirische relatie 

voor het compactiegedrag van natte aggregaten over het drukbereik 0.55 ~ Pc ~ 2.15 

MPa vertoont sterke overeenkomst met de theoretische modellen voor IPS waarbij de 
diffusiesnelheid door het korrel-korrel contact de snelheidsbepalende stap is (afgekort als 
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DC-IPS, naar diffusie controle). Verder werden in aIle nat gecompacteerde monsters 

duidelijke microstructurele aanwijzingen gevonden voor IPS, zoals aftopping en 

indentatie op korrel-korrel contacten, nieuwgroei in de porien, en de aanwezigheid van 

een "island-channel" netwerk, met een relief van 200-500 nm binnenin de contacten. Het 

invullen van de mechanische gegevens in theoretische modellen voor compactiekruip via 

DC-IPS geeft een waarde voor de effectieve diffusiviteit Z (het produkt van 

diffusiecoefficient en wijdte van diffusieweg) van materiaal door de korrelgrenzen van 

10- 19 m3Is tot 10-20 m3Is. Het compactiegedrag bij hogere drukken (2.15 < Pe ~ 4.3 

MPa) wijkt sterk a.f van het model voor DC-IPS en geeft met name een verhoogde 

gevoeligheid van ~ ten aanzien van Pe te zien. Zowel mechanische data als 

microstructureIe observaties suggereren echter dat compactiekruip ook bij deze relatief 

hoge drukken plaatsvindt door DC-IPS, waarbij met toenemende druk intergranulaire 

korrelbewegingen, plastische deformatie en rekristallisatie een steeds belangrijkere rol 

gaan spelen. 

Om IPS in detail te bestuderen is haliet ook onder de microscoop gecompacteerd 

en gedeformeerd. Deze experimenten zijn beschreven in Hoofdstuk 4. Twee

dimensionale (2-D) compactie experimenten uitgevoerd op 2-D gerangschikte, natte 

halietkorrels bleken eenzelfde compactiekruip-gedrag te vertonen als het 3-D 

gecompacteerde natte materiaal. Duidelijk zichtbaar was dat de compactie werd 
veroorzaakt door IPS waarbij materiaal binnenin de korrel-korrel contacten oploste, en 

niet aan de randen van de contacten. De tweede serie experimenten had tot doel om de 

korrelcontact-morfologie en de interne structuur tussen twee halietkristallen te 

onderzoeke~ te/wijl IPS plaatsvond. Duidelijk te zien en goed te meten was hoe direct na 
verhoging van de normaalspanning op het contact met 1 tot 2 MPa (in het bereik 2 tot 6 

MPa) materiaal op het grensvlak tussen de halietkristallen oploste, onder vorming van 

een "ruwe" contactstructuur bestaande uit een kristallografisch gecontroleerd microschaal 

relief. Deze contactstructuur evolueerde vervolgens tot een optisch vlakke korrelgrens, 

gekarakteriseerd door vloeistofinsluitsels die geleidelijk in grootte verminderden. Tijdens 
deze evolutie van ruw~ toot vlakke contactstructuur Yond voortdurend transport van 

materiaal plaats vanuit het contact naar de omgevende vloeistof. De contact morfologie 

vertoonde een sterke gelijkenis met de "island-channel" microstructuur waargenomen op 

contacten tussen halietkorrels in het hydrostatisch gecompacteerde materiaal, en ook de 

afmetingen kwamen goed overeen; het relief op de korrelcontacten werd geschat op 200

500 nm. De mechanische data verkregen uit deze experimenten zijn eveneens ingevuld in 

constitutieve relaties voor DC-IPS om de effectieve korrelgrens-diffusiviteit Z te 

bepalen. Dit leverde waarden voor Z op van 2.6 (±1.8) x 10-19 m3/s, wat ongeveer een 

orde van grootte hoger is dan de waarden voor Z verkregen uit de bulk compactie 
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experimenten. Gezien de aanzienlijke verschillen in compactietechniek is de 

overeenkomst echter acceptabel te noemen. 

Vit zowel de hydrostatische compactie experimenten (Hoofdstuk 3) als de 

"directe observatie" experimenten (Hoofdstuk 4) kan geconcludeerd worden dat compactie 

van natte halietaggregaten plaats vindt door DC-IPS. Bovendien zijn voldoende gegevens 

verkregen om de waarde te schatten van de fundamentele kinetische coefficient die de 

snelheid van DC-IPS bepaalt, namelijk de effectieve diffusiviteit Z van het materiaal wat 

door de korrel-grenzen diffundeert: Z "" 10- 19 m3Is (bij kamertemperatuur). Met dit 

gegeven kan nu de snelheid van compactiekruip door DC-IPS worden voorspeld in zowel 

nat natuurlijk zoutgesteente als in natte zoutaggregaten onder lage-temperatuur condities. 

Hoofdstukken 5 en 6 gaan over IPS-gerelateerde processen in het kwarts-water 

systeem. Omdat hier de snelheid van de oplos- en neerslagreacties veellangzamer is dan 

in het haliet-water systeem (en dus waarschijnlijk de snelheid van het IPS proces zal 

controleren) is voor een andere aanpak gekozen. Voorafgaand aan de eigenlijke 

compactie-experimenten is een studie verricht naar de kinetiek van de oplos- en 

neerslagreacties in het kwarts-water systeem (Hoofdstuk 5). Voomaamste doel van het 

theoretisch en experimenteel werk was om een kwantitatief inzicht te krijgen in deze 

processen, om zodoende IPS kruip van kwartszand beter te begrijpen en de essentiele 

kinetische coefficient (k*) in de toestandsvergelijking voor oplossnelheid-gecontroleerde 

IPS te bepalen. Allereerst is op basis van recente literatuur een semi-empirische, eerste

orde vergelijking opgesteld voor de oplossnelheid van kwarts in waterige oplossingen als 

functie van pH. De juistheid van deze verge!ijking is vervolgens experimentee! getoetst 

door de snelheid te bestuderen waarmee een gesloten systeem van kwarts in een 

onderverzadigde basische oplossing van 150°C zich naar even wicht beweegt. In 

oplossingen met beginconcentraties van 10-1 tot 10-4 N NaOH bleek de oplossnelheid af 

te hangen van de mate van onderverzadiging en van de pH (in het bereik 7 ~ pH ~ 12) en 

wei op een wijze die overeen komt met de theoretisch afgeleide vergelijking voor eerste

orde oploskinetiek. Vervolgens zijn de experimentele resultaten in deze relatie ingevuld 

om k* en de afhankelijkheid van k* tot de pH te bepalen. De resultaten bleken overeen te 

komen met resultaten beschreven in de literatuur voor 7 ~ pH ~ 12 en gaven, hiermee 

gecombineerd, een schatting van de activeringsenergie voor het oplossen van kwarts in 

basische waterige oplossingen van 55 kllmol en een waarde voor k* van 4 (±3.5) x 10-7 

mol/m2 s. 

De experimenten beschreven in Hoofdstuk 6 zijn uitgevoerd om het 

compactie-gedrag van droge en natte kwartszanden onder diagenetische P-T condities te 

onderzoeken. Speciaal voor dit doe! is een corrosie-resistent uniaxiaal compactieapparaat 

gebouwd. De experimenten zijn uitgevoerd bij temperaturen in het bereik 150-350°C, 
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opgelegde effectieve spanningen (Je) van 5-20 MPa en porenvloeistof drukken van 12.5 

en 15.5 MPa. Drie korrelgrootte-fracties tussen 20-100 11m en met een beginporositeit 

van 45-52 % zijn gecompacteerd. Droog kwartszand compacteerde 8 tot 12 % tijdens het 

opvoeren van (Je maar vertoonde vrijwel geen tijdsafhankelijke compactie bij constante 

(Je (d.w.z. geen kruip). Kwartszand met een basische oplossing (voorverzadigd aan 

kwarts) in de porien bleef echter compacteren bij constante (Je (d.w.z. kruipen). Micro

structurele analyse van de nat gecompacteerde monsters wees uit dat het compactiegedrag 

bij relatief lage temperaturen « 300°C) wordt gedomineerd door transgranulaire 

scheurvorming gecombineerd met intergranulaire schuifbewegingen. Dit mechanisme 

blijkt bij temperaturen rond de 300-350°C nog steeds op te treden, maar hier vertoont een 

toenemend aantal korrels oplosverschijnselen op contacten met aangrenzende korrels. Het 

waargenomen compactiegedrag van het natte kwartszand bleek niet te verklaren met de 

reeds gepubliceerde IPS modellen; de compactiesnelheid gaf een afhankelijkheid van (Je 

tot de macht 2 tot 4 te zien (en niet tot de macht 1, wat de IPS-modcllen voorspellen). 

De experimenteel verkregen waarde voor de activeringsenthalpie (Hemp) voor 

compactiekruip (61-76 kJ/mo!) komt ruwweg overeen met literatuurwaarden voor de 

activeringsenergie (EaetJ voor oplossing van kwarts in neutrale en waterige basische 

oplossingen (55-106 kJ/mo!), maar valt eveneens in het bereik van Eaet.-waarden 

gevonden voor vorming plus langzame groei van intragranulaire scheurtjes in kwarts 

(zog. spanningscorrosie, 50-100 kJ/mo!). De absolute kruipsnelheden gemeten bij 350°C 

kwamen overeen met kruipsnelheden voorspeld aan de hand van het model van Spiers et 

al. (1989) voor oplossnelheid-gecontroleerde IPS, gebruik makende van de in hoofdstuk 

5 opgestelde vergelijking voor de oplossnelheid van kwarts in waterige basische 

oplossingen. 

Samenvattend kan worden gesteld dat de aanwezigheid van een waterige 

oplossing in kwartszand leidt tot een relatief snelle compactiekruip, althans bij 

temperaturen van 150-350°C en effectieve spanningeq. van 5-20 MPa. Onder deze 

condities blijkt nat kwartszand te compacteren door een combinatie van mechanismen. 

Bij temperaturen lager dan 300°C overheerst scheurvorming in de korrels; bij 

temperaturen in het bereik 300-350°C neemt het aandeel van IPS in de totale compactie 

aanzienlijk toe. Zo op het eerste gezicht lijken deze experimentele resultaten niet 

bruikbaar om natuurlijke compactie en deformatie gedomineerd door IPS te voorspellen. 

Het waargenomen compactiegedrag kan echter van belang zijn bij het verklaren van 

natuurlijke processen die optreden tijdens (of kort na) perioden van uitzonderlijk hoge 

belasting- of vervormingssnelheden, zoals in sedimentaire bekkens waar relatief snelle 

begraving optreedt, of in producerende (depleterende) en uitgeputte (geheel gedepleteerde) 

gas- en oliereservoirs. 

In Hoofdstuk 7 tenslotte worden enkele suggesties gedaan voor verder 

experimenteel onderzoek naar IPS. 
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ABSTRACT I SUMMARY 

This thesis reports an experimental investigation into intergranular pressure 

solution (IPS) as a compaction mechanism in wet (i.e. brine-saturated) halite aggregates 

and wet quartz sands. The aims were to determine the compaction behaviour under 

conditions favouring IPS, to clarify the underlying microscale processes, and to test the 

applicability of microphysically-based models describing the rate of compaction and 

deformation of polycrystalline aggregates by IPS. Halite and quartz were studied for the 

following reasons. Halite is an attractive material to study IPS in the laboratory because 

of its high solubility and rapid dissolution/precipitation kinetics in water. In the fields of 

radioactive waste disposal, salt mining and salt tectonics, there is also great interest in 

the role of IPS in determining the creep behaviour of both salt rock and wet granular salt 

(i.e. backfill). Quartz sand was studied primarily because of the importance of IPS in 

reservoir sandstones and low grade crustal tectonites. 

Chapter 1 of the thesis presents a brief review of previous observational, 

theoretical and experimental work on pressure solution. It introduces the main problems 

arising from the literature, and outlines the aims and strategy of the present study. 

Chapter 2 aims to clarify the theoretical background of IPS, in order to 

provide a framework for the interpretation and discussion of the experimental results 

presented in subsequent chapters. First, a review is given of the fundamental theoretical 

relationships believed to govern the thermodynamics of solid/fluid interfaces. After 

outlining previous microphysical (grain scale) models for IPS, a model for grain 
boundary diffusional IPS is set up and analyzed in detail. Attention is focussed on the 

formulation of phenomenological rate equations for grain boundary indentation 

displacements by IPS. The validity of the concept of "effective normal stress" as a 
driving force for IPS is discussed. It is shown that the chemical potential (f.1) of the 

solute in the pore space must be accounted for, in particular in open systems, where f.1 is 

externally controlled. In closed systems, it is justified to view intergranular gradients in 

effective normal stress as the driving force for mass transfer, provided that the 

over/undersaturation developed in pores remains relatively small in comparison with 

mechanical driving forces. The chapter closes with a summary of recently published 

constitutive relationships for compaction creep by IPS controlled by the rate of diffusion 

through the grain-to-grain contacts (diffusion control) and controlled by the rate of 

dissolution or precipitation (interface-reaction control). 
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Chapter 3 reports hydrostatic compaction creep experiments perlormed on dry 

and wet halite aggregates (grain size 50-425 11m, initial porosity 40-43%). At effective 

hydrostatic pressures (Fe) in the range 0.55-4.3 MPa (pore fluid pressure Pf = I atm.), 

the dry halite aggregates showed 3 to 4 % of instantaneous compaction but no creep. In 
contrast, the wet ag&regates continuously compacted with time (i.e. creep), the 

volumetric strain rate (P) decreasing with volumetric strain from initial values as high as 
10-5 s-1 to values of about 10-8 s-1 to 10-10 s-1 at volumetric strains of 25 to 40% (i.e. 

after several weeks at constant applied pressure). The mechanical data obtained for the wet 

aggregates in the range 0.55 :S: Pe:S: 2.15 MPa show excellent agreement with theoretical 

models for IPS with grain boundary diffusion control. In addition, all wet-compacted 

samples exhibited clear microstructural evidence for IPS, such as truncation and 

indentation at grain-to-grain contacts, overgrowths in the pores, and the presence of an 

island-channel network within grain-to-grain contacts. The grain boundary width was 

estimated to be in the range 200-500 nm. Inserting the mechanical data into the 

theoretical relation for compaction creep by grain boundary diffusion-controlled IPS 

yields values for the effective grain boundary diffusivity (Z) of 10- 19 m3/s to 10-20 

m3/s. The compaction creep ~ehaviour at higher pressures (2.15 < Pe :S: 4.3 MPa) shows 

an increased sensitivity of p on Pe' and deviates significantly from the diffusion
controlled IPS model. On the basis of mechanical and microstructural data, creep at these 

relatively high stresses is inferred to occur by the same mechanism of grain boundary 

diffusion-controlled IPS, but with an increasing component of intergranular sliding, 

plastic deformation and recrystallization. 

Chapter 4 describes IPS experiments on halite perlormed under the optical 

microscope. Two-dimensional (2-D) compaction experiments perlormed on 2-D arrays of 

halite grains yielded closely similar compaction creep behaviour to that seen in the 

hydrostatic (3-D) compaction tests. In addition, direct observation demonstrated that most 
of the strain indeed occurred by grain boundary diffusional IPS, and not by marginal 

dissolution type IPS (i.e. via contact corrosion) or by simple intergranular sliding. 

A second set of "direct observation" experiments was directed at investigating 

the contact morphology and internal structure developed between halite single crystal 

pairs undergoing IPS. Here, increments in contact normal stress of about 1-2 MPa, 

applied in the range 2-6 MPa, induced almost instantaneous intergranular dissolution 

plus formation of a rough contact structure composed of a crystallographically controlled 

pattern of micron scale ledges (i.e. an island-channel structure). The contact structure then 

slowly evolved to form an optically flat interlace containing isolated fluid inclusions 

which gradually decreased in size. This evolution of contact morphology with time was 

accompanied by ongoing removal of material from the contact region. SEM observations 

of separated crystals showed an island-channel structure similar in morphology and size 
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to that seen in the hydrostatically (3-D) compacted halite aggregates (i.e. contact width 

in the range 200-500 nm). Insertion of mass removal rates from the wet-loaded contact 

into simple models for diffusion-controlled IPS implies values for the effective grain 

boundary diffusivity (Z) of 2.6 (±1.8) x 10-19 m3/s, i.e. about one order of magnitude 

larger than the value of Z obtained from the hydrostatic experiments, but still 

comparable. 

Taken together, the results of the bulk hydrostatic compaction tests (Chapter 3) 

and direct observation experiments (Chapter 4) provide clear evidence that IPS in wet 

halite aggregates occurs by a grain boundary diffusion-controlled mechanism under the 

conditions investigated. Furthermore, sufficient data was obtained to estimate the 

magnitude of the fundamental kinetic coefficient governing the rate of the process, 

namely the effective grain boundary diffusivity Z "" 10-19 m3/s (room temperature). 

Knowledge of this quantity allows prediction of IPS creep rates both in wet natural salt 

rock and in wet backfill materials under near ambient temperature conditions. 

Chapters 5 and 6 deal with IPS-related processes in the quartz-water system. 
Here, the interface reactions of dissolution and precipitation are very slow under relatively 

low P-T conditions, and the rate of IPS is thus likely to be controlled by the rate of these 

reactions. The theory and experiments reported in Chapter 5 were therefore directed to 

develop a quantitative understanding of the dissolution/precipitation kinetics in the 

quartz-water system, and to clarify the link with IPS creep processes. First, a semi

empirical, first-order rate equation for quartz dissolution in aqueous alkaline solutions is 

derived following recent literature. The applicability of this equation was experimentally 

assessed by monitoring the approach to equilibrium of a closed system of quartz plus 

undersaturated alkaline solution at I50a C. In solutions with initial OH- concentration in 
the range 10-1 to 10-4 N, the dissolution rate was found to depend on the degree of 

undersaturation, and on pH, in a manner consistent with the theoretical relation obtained 

for first-order dissolution kinetics. Having confirmed the validity of this relationship, the 

experimental data and rate equation were then used to determine the rate constant at I50aC 

and its dependence on pH. The results were consistent with literature data for the pH 

range 7-12, and when combined with this data allowed estimates of the activation energy 

(55 kl/mo\) and fundamental rate constant for the dissolution process in this pH range (4 

(± 3.5) x 10-7 mol/m2 s). Finally, the rate expression obtained is recast in a form 

identical to that used in interface reaction-controlled IPS models, thus helping to relate 

geochemical rate aspects to IPS. 

Chapter 6 documents experiments carried out to investigate the compaction 
behaviour of dry and wet quartz sand loaded under diagenetic P-T conditions. For this 
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purpose, a corrosion-resistant uniaxial compaction apparatus was built. The experiments 

were performed at temperatures (T) in the range 150-350°C, applied effective stresses (cre) 

in the range 5 to 20 MPa and pore fluid pressures of 12.5 and 15.5 MPa. Three grain size 

fractions were prepared, with grain size (d) in the range 20-100 flm and an initial porosity 

of 45-52%. Dry sand showed 8 to 12 % of essentially instantaneous compaction during 

the application of cre, but very little time-dependent compaction at constant cre (i.e. no 

creep). In contrast, quartz sand flooded with alkaline solution pre-saturated with respect to 

'quartz showed substantial compaction at constant cre (creep). Microstructural study of the 

wet-compacted samples showed that the low-temperature behaviour « 300°C) was 

dominated by transgranular cracking, giving way at temperatures in the range 300-350°C 

to intragranular cracking with an increasing number of grains showing dissolution 

features at contacts with adjacent grains. The observed compaction behaviour of the wet 

sand was not consistent with available IPS models. the strain rate varying with cre raised 

to the power 2 to 4 (and not to the power I, as predicted by the IPS models). The 

experimentally obtained activation enthalpy (Hemp) for compaction creep (61-76 

kllmol) agrees roughly with values reported in the literature for the activation energy 

(EaetJ for quartz dissolution in neutral and alkaline aqueous solutions (55-106 kllmol), 

but also falls in the range of Eaet.- values reported for subcritical crack propagation 

controlled by stress corrosion at crack tips (50-100 kllmol). The absolute creep rates 

obtained at 350°C were comparable with those predicted using the model for dissolution 

controlled IPS of Spiers et al. (1989) incorporating the final dissolution rate expression 

obtained in Chapter 5. 

In conclusion to Chapter 6, it can be stated that the presence of an aqueous 

phase leads to relatively rapid compaction creep in quartz sand at temperatures in the 

range 150°C to 350°C and effective stresses of 5-20 MPa. Under these conditions 

compaction occurs by a multi-mechanism process, predominated by microcracking at 

lower temperatures, and with an increasing component of IPS-type processes at 300

350°C. The experimental results do not seem directly applicable to predict rates of IPS

dominated compactionl deformation in nature. However, the experimentally observed 

compaction behaviour may be relevant to compaction processes occurring under (or in 

the period after) natural conditions of exceptionally high loading rates or strain rates, 

such as those found in rapidly subsiding sedimentary basins or in producing (i.e. 

depleting) and exhausted (depleted) hydrocarbon reservoirs. 

In the final chapter, (Chapter 7), some suggestions are made for further 

experimental research into IPS. 
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LIST OF ABBREVIATIONS 

Symbol Defmition Dimension 

a radius of the grain-to-grain contact area m 

activity of species i in solution mol/liter 

Ai numerical factor in models for IPS. Magnitude 
dependent on grain shape and packing 

A interfacial area in system 

Asf total specific surface area of pore walls 

Agb total specific surface area of grain-to-grain contacts 

b numerical exponent to applied effective stress (ae) in 
empirical relation for compaction creep of wet quartz sand 

B average diffusion distance through rectangular 
contact surface area m 

numerical exponent to volumetric strain (ev) in 
constitutive relations for compaction creep 
by intergranular pressure solution 

Cj concentration of species i in solution. If no subscript 
is used, c stands for the concentration of silicic acid 
H4Si04 in solution mol/liter 

[Cj]eq. terms to denote concentration or activity of species i 
or in equilibrium with all species in solution, and with 

[Cj]eq. the solid mol/liter 

[Cj]sa!. terms to denote concentration or activity of species i 
o r in equilibrium with all species in solution, but not 

[ai]sa!. with the solid mol/liter 

c concentration of solute in solution mass fraction 

cgb local concentration of solute in grain boundary solution mass fraction 

C average solubility of solid in grain boundary solution mol fraction 

C* activated state corresponding to the participating 
rate complex in the quartz dissolution process 

d grain size (diameter) 

D diffusivity 

D.C intrinsic diffusivity of solute in grain boundary fluid 

Dgb effective grain boundary diffusivity (Chapter 2) 
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ev volumetric strain, defined ev =-AVN 0, where AV is 
the total volume change and V0 is starting volume of 
the aggregate. 

EacL activation energy for quartz dissolution process J/mol 

f mass specific Helmholz free energy J/kg 

fgb mass specific Helmholz free energy of solid 
at location in grain-to-grain contact zone J/kg 

fsf mass specific Helmholz free energy on the "free" 
pore walls J/kg 

F force applied by dead weight N 

Ffr. frictional force N 

h average grain boundary thickness m 

Hcmp. activation enthalpy for compaction of wet quartz 
sand at temperatures in the range 250 - 350°C J/mol 

J volumetric flux vector (general) m 3/m2s 

!- gb diffusive flux vector for mass transport 
through grain boundary m 3/m2s 

Jc average volume flux of material out of grain contact zone m 3/s 

k 

k+ 

numerical exponent to grain size (d) in constitutive relations 
for compaction creep by intergranular pressure solution 

dissolution rate constant mol/m2s 

k_ precipitation rate constant liter/m2s 

k* reference state rate constant for quartz dissolution 
(pH =0, T =00) mol/m2s 

K equilibrium constant for quartz hydrolysis reaction 
in neutral solutions (i.e. production of H4Si04(aq.» mol/liter 

Kj equilibrium constant for ionization reaction of 
silicic acid H4Si04 to H3Si04- in neutral solutions mol/liter 

K b equilibrium constant for neutralization reaction of 
silicic acid H4Si04 to H3Si04- in alkaline solutions mol/liter 

Kw ionic product of water mol/liter 

L length of rectangular contact surface area 
between two halite crystals (Chapter 4) 

m 

Lr phenomenological coefficient relating dissolution in a 
fluid filled grain-to-grain contact zone to thermodynamic 
driving force (Chapter 2) kg2/m 2J s 

l6 



LD phenomenological coefficient relating diffusive flux 
through fluid filled grain-to-grain contact zone to 
thermodynamic driving force (Chapter 2) kg2/m2J s 

m semi-empirical parameter, presumed to depend 
on the dissolution reaction mechanism 

m mass flux kg/m2s 

mgb mass flux through the grain boundary kg/m2 s 

n numerical exponent to effective pressure (Pe) in 
constitutive relations for compaction creep 
by intergranular pressure solution 

n unit normal vector 

M molar mass of solid kg/mol 

Mf volume of solution in system m3 

N phenomenological coefficient for dissolution/ 
precipitation at pore walls kg2/m2J s 

Pf fluid pressure Pa 

Pc applied confining pressure Pa 

P e applied effective confining pressure (= Pc - Pf) Pa 

q peripheral grain contact cross section m2 

Q the (non-equilibrium) activity quotient, 
with activities and concentrations expressed 
in mol/liter (n = integer number) (mol/liter)n 

R universal gas constant (8.314) J/moloK 

f+ dissolution rate of species i in solution mol/s 

L precipitation rate of species i in solution mol/s 

f net dissolution rate of quartz in solution mol/s 

rc average diffusion distance across grain-to-grain contact m 

S effective grain boundary width, with S = h(l-a) m 

Sgb median surface in grain-to-grain contact zone 

Ssf interface between solid and pore fluid 

Ssol. amount of silica in solution (i.e. total silica, irrespective mol/liter or 
of degree of ionization, polymerization or solvation) grs/liter 

Seq. quartz solubility mol/liter or 
grs/liter 

time seconds 
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T	 absolute temperature 01( 

Tm	 melting temperature 01( 

vint.	 interface reaction velocity for a driving force of I J/mol (m/s)/(J/mol) 

dissolution velocity for a driving force of I J/mole (m!s)/(J/mol) 

precipitation velocity for a driving force of 1 J/mole (m/s)/(J/mol) 

vdiss. 

vprec. 

Vn velocity of solid-fluid interface nonnal to this interface 
with reference to a fixed point in space m/s 

V molar volume of the solid phase m 3/mol 

3Vo representative volume element m 

w width of rectangular contact surface area 
between crystals (Chapter 4) m 

w contact spreading rate m/s 

X thennodynamic driving force for dissolution/precipitation J/kg 

x convergence rate of crystals undergoing IPS m/s 

X* surface concentration of reaction complex (area fraction) 

Z kinetic coefficient representing the effective 
grain boundary diffusivity D.C.S.	 m 3/s 

GREEK SYMBOLS 

Symbol DefInition	 Dimension 

a 

. 
~ 

volume fraction of the grain boundary 
occupied by the solid (i.e. "islands") 

volumetric strain rate (or compaction rate) 1/s 

<I> porosity 

<1>0 starting porosity of (dry compacted) aggregates 

'Yi activity coefficient of species i in solution 

'Ysl surface energy of solid-liquid interface J/m2 

I-l chemical potential of solute in solution 
(in Chapter 2 mass specific, all other chapters 
volume specific) 

J/mol 
(J/kg) 

11gb chemical potential of solute in grain boundary fluid J/mol 
(J/kg) 
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Il chemical potential of solute in free pore fluid J/mol 
(J/kg) 

Ps density of solid phase kg/m3 

Pf density of fluid phase kg/m3 

Gc compressive stress (compression taken positive) Pa 

Ge applied effective stress in (l-D) compaction 
apparatus (Chapter 6) Pa 

Gn interfacial normal stress (compression taken positive) Pa 

O'n average intergranular normal stress 
(compression taken positive) Pa 

~Y yield strength Pa 

L energy dissipation rate J/m3s 

OTHER ABBREVIATIONS 

B.E.T. Brunauer, Emmet & Teller method to determine 
the specific surface area of powders and aggregates 

DQ volume of quartz originally present ("detrital quartz") 
HSC halite single crystal 
ICP-ES Inductively Coupled Plasma Emission Spectroscopy 
IPS intergranular pressure solution 

OQ volume of quartz dissolved by pressure solution ("overlap quartz") 
PIST plasticity-induced solution transfer 
ppm parts per million (mg per kg solution) 
R.H. relative humidity 
Lp.m. revolutions per minute 
SEM scanning electron microscopy 
S.P. saturation percentage 
XRD rontgen diffraction analysis 
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Chapter 1 

INTRODUCTION; PROBLEM DEFINITION AND AIMS 

1. 1 General background 

Rock deformation and volumetric compaction (i.e. mechanical densification) 

processes occurring in the Earth's crust fall into three classes. These include cataclastic 

flow, intracrystalline plasticity, and diffusional flow. Cataclastic flow involves inter

granular sliding and grain rotation at low effective pressures, and grain contact crushing and 

transgranular cracking at high pressures (Mitchell 1976, Addis & Jones 1985, Satake & 

Jenkins 1988 and Wong 1990). Intracrystalline plasticity involves stress-driven movement 

of dislocations within the crystal structure, the rate being controlled either by glide or by 

the recovery processes of climb and cross slip (Nicolas & Poirier 1976, Frost & Ashby 

1982). Diffusional flow is brought about by the stress-driven diffusive motion of single 

atoms or ions by means of vacancy diffusion through the crystal lattice (i.e. Nabarro

Herring creep, Nabarro 1948, Herring 1950) or along grain boundaries (Coble creep, Coble 

1963). These are high temperature processes (T>0.5 Tm). Alternatively, diffusional flow 

may occur by interfacial/diffusive transfer through an aqueous fluid phase or partial melt 

present inside grain boundaries (Stocker & Ashby 1973, Rutter 1983, Cooper & Kohlstedt 

1984, Karato et af. 1986, Bell & Cuff 1989). 

The latter type of fluid-assisted process, involving transport through an aqueous 

phase, is commonly referred to as pressure solution. It can occur at relatively low 

temperatures (T < 0.5 Tm) and acts an important compaction and deformation mechanism 

under diagenetic to low-grade metamorphic conditions (Durney 1972, Rutter 1976, 1983, 

Mitra 1976, Tada & Siever 1989). In the absence of long range transport, pressure solution 

is generally envisaged to occur on the grain scale, comprising dissolution of material at 

interfaces under high normal stress (typically at grain-to-grain contacts), solute diffusion 

through an intergranular fluid phase, and finally precipitation at interfaces under low normal 

stress, such as at the pore walls. In this manner, both compaction creep and deviatoric creep 

are considered possible (see Fig. 1.1), as is short range transport from regions of high to 

low mean stress (Rutter 1983). In addition. advective/convective flow of the fluid phase 

through rocks undergoing pressure solution may lead to large scale, long range mass 

transport (Rutter 1983, Engelder 1984, Houseknecht 1984, 1988). 

In the geological literature, the term pressure solution is used to cover all fluid

assisted diffusive mass transport processes, irrespective of whether they bring about 

compactional or deviatoric strain, or occur in an open or closed system. In this thesis, 

attention is focused on intergranular pressure solution (IPS) as a compaction mechanism in 
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initially unconsolidated (i.e. loose) aggregates saturated with near-stationary pore fluid (i.e. 

no long range advectivelconvective transport). 

FIG.1.Ia FIG. 1.Ib 

FIGURE 1.1 Mass transfer steps involved in intergnlnular pressure solution (IPS); dissolution 
(either at the contact margins or inside grain contacts), diffusion (through grain contact and pore) 
and precipitation (at the pore walls). This can lead to compaction creep in a fluid-saturated porous 
aggregate subjected to effective pressure Pe (Fig. 1.1 a) and to deviatoric creep in dense 
polycrystalline rock (Fig. l.1b). 

1.2. Pressure solution in nature 

On the basis of mesoscale structural and petrographic evidence, pressure solution 

has long been recognized as an important material exporter in rocks (refer to Tada & Siever 

1989 for an extensive review). Numerous mesoscale solution transfer micro-structures have 

been identified from the removal of matter from objects of known original shape (e.g. 

truncation of fossils, veins or ooids) and from the dispersion patterns of mobile (i.e. 

soluble) and immobile (i.e. insoluble) phases through the rock. Examples include 

stylolites, solution cleavages and differentiated crenulation cleavages (Gray 1979, Merino et 

ai. 1983, Gratier 1983, Swager 1985). Other structures characteristic of relatively long 

range solution transfer are sutured or concavo-convex contacts between pebbles ("pitting", 
Mosher 1976) and systematic mineralogical redistribution around mechanical heterogeneities 
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in rock ("stress-shadows", Bell & Cuff 1989). Pressure solution structures are most 

common in siliciclastics (Hayes 1979, Hutcheon 1983) and carbonates (Bathurst 1987) but 

are also found in salt rocks (Wenckert 1979, Talbot & Rogers 1980) and even in granites 

deformed at low-grade conditions long after their emplacement (Burg & Iglesias Ponce de 

Leon 1985). Quantitative evidence for large scale transport of mass from various rock types 

undergoing pressure solution has been reported by Beutner & Charles (1985), Clifford et al. 

(1987), Wright & Platt (1982), Gratier (1987) and many others. 

In addition to the potential of pressure solution as a material exporter, inter

granular pressure solution (IPS) acts as an important compaction, porosity reduction, 

lithification and deformation mechanism in sedimentary rocks (Rutter 1976, 1983, Palmer 

& Barton 1987, Knipe 1989). This has long been recognized from characteristic "mass 

removal microstructures" such as grain-to-grain indentations, contact truncations, and 

sutured grain contacts (see Fig. 1.2, and Taylor 1950, Wilson & Sibley 1978, Adams et al. 

1984, Houseknecht 1984, 1988, Bell & Cuff 1989). Because of its effectiveness in reducing 

intergranular porosity, IPS is presently considered as one of the main factors controlling the 

geologic evolution of porosity and permeability, and hence the capacity and productivity of 
(potential) hydrocarbon reservoirs (Colter & Ebbern 1978, Pittman 1979, Hutcheon 1983, 

Carrozzi & von Bergen 1987, Houseknecht 1987). Furthermore, it is suggested in the 

literature that IPS may playa role in controlling aseismic creep of fault zones (Rutter & 

Mainprice 1978) and that lithification of fault gouge by IPS between major earthquakes 

may provide a mechanism of stick-slip motion along these faults (Angevine et al. 1982). 

Clearly, a fundamental quantitatively based understanding of compaction and deformation by 

IPS is of substantial interest in petroleum geology, structural and metamorphic geology and 

tectonophysics. 
Because of its importance, recent petrographic studies have quantified the extent 

(i.e. the "intensity") of IPS in sandstones in an attempt to establish the influence of 

geologic variables on the rate of the process. Quantitative 'insight has been gained into the 

effects of thermal maturity (i.e. a measure of the amount of heat to which the rock was 

exposed during burial) and grain size (Houseknecht 1984, 1988, Porter & James 1986, 

James et al. 1986, Wilson & McBride 1988) and into the effect of crystallographic 

orientation of quartz grains with respect to the orientation of the dissolution contact surface 

(Hicks et al. 1986). However, it clearly appears from previous petrographic work that the 

rate of IPS is also influenced by other factors. Among those previously documented are 

depth of burial, pore fluid composition, concentrations of clays and micas within grain 

boundaries, cementation by silica and/or calcite, migration of hydrocarbons to the pores, and 

the presence of secondary phases in the grain boundaries (see Hutcheon 1983 and Tada & 

Siever 1989, and references therein). The quantitative relationship between these factors and 

the rate of IPS is as yet poorly understood. 
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FIGURE 1.2. Characteristic IPS microstructures. (al Photomicrograph taken with the scanning 
electron microscope (SEM) of quartz grain from the S1. Peter sandstone formation (New 
Brunswick, Canada, sample provided by Prof. M.D. Dusseault). Note the two pits. Their 
positions correspond to the sites of former grain-to-grain contacts, providing clear evidence for 
mass transport from these contacts. (b) Optical photomicrograph (transmitted light, crossed 
polars) of thin section from the Barrios orthoquartzite formation (Cantabrian Mountains. 
Northern Spain, provided by Dr. T. Blenkinsop). The vertical direction in the rock is parallel to 
the short side of the photograph. Note the grain shape preferred orientation orthogonal to the 
direction of vertical (lithostatic) stress. Note also the numerous grain contact truncations, grain 
indentations and sutured grain-to-grain contacts. There appears to be no evidence for the 
operation of other deformation mechanisms (e.g. microfracturing, undulatory extinction) or 
extensive recrystallization (e.g. lobate grain boundaries), which suggests that IPS has been the 
main porosity reducing agent. (c) Optical micrograph (transmitted light, crossed polars) of the 
Barrios orthoquartzite showing grain indentations and truncations (right side of photograph) and 
overgrowths marked by a rim of small inclusions plus metaloxides and/or organic material 
between detrital grain and overgrowth. 
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1 .3 Theoretical models 

The above mentioned interest in IPS processes has provided an incentive for the 

development of numerous microphysically based constitutive models for IPS and for 

compaction and deformation by IPS creep (Stocker & Ashby 1973. Rutter 1976. 1983, Raj 

1982, Spiers et al. 1989). By comparison with the abundant petrographic information on 

IPS accumulated over the past decades two broad classes of grain scale IPS-mechanisms 

have been proposed. The first is the so-called marginal dissolution mechanism (Bathurst 

1958, Pharr & Ashby 1983, Tada et al. 1987), envisaged to involve progressive 

undercutting of grain contacts coupled with plastic deformation and/or crushing of the 

contacts. The second is the grain boundary diffusion mechanism (Weyl 1959, Rutter 1976, 

1983), involving dissolution and diffusion of material through an intergranular fluid-filled 

island-channel network or very thin (adsorbed) fluid film. The marginal dissolution model is 

favoured in the metallurgical Literature, whereas the grain boundary diffusion model is 

favoured in the geological literature. 

It is widely accepted that the thermodynamic driving force for intergranular 

dissolution, diffusion and precipitation (and hence for creep, see Fig. 1.1) is provided by 

stress/strain induced gradients in solubility (Paterson 1973, Robin 1978, Green 1984, 

Dewers & Ortoleva 1989). However, there is a long history of disagreement concerning the 

correct formulation of the thermodynamic driving force (see Lehner 1990). Proposed 

principal driving forces range from gradients in intergranular surface curvature (Pharr & 

Ashby 1983) to gradients in intergranular effective normal stress and dislocation stored 

energy (Sprunt & Nur I977b, Bosworth 1981, Rutter 1983). A critical review and extensive 

treatment of the thermodynamics of pressure solution is given by Lehner & Bataille (1984) 

and Lehner (1990), who emphasize that physically-realistic models for IPS require 

formulation within a non-equilibrium thermodynamic framework. 

In most theoretical treatments, the chemical potential of the solute in the pore 

fluid phase is neglected and IPS is widely assumed to be diffusion controlled (Rutter 1976), 

regardless of detailed mechanism. Recently, however, it has been argued that interface

reaction control may be more important than diffusion control under certain conditions, 

particularly in the quartz-water system (Lehner & Bataille 1984, Tada et al. 1987). In 

conclusion, debate persists in the literature concerning suitable thermodynamical models and 

associated constitutive equations for IPS creep. 

1.4 Previous experimental work 

Previous experimental work has aimed to produce measurable compaction creep by 

IPS, to assess the rate-controlling factors and to demonstrate microstructural evidence for 
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IPS. These goals have only been partly achieved. Compaction experiments using salt 

aggregates and quartz sands have shown evidence for creep enhancement in the presence of 

aqueous fluids (compared to creep of dry or oil-saturated aggregates) and for an increase in 

compaction creep rate with increasing applied effective stress and decreasing grain size (for 

salt refer to Raj 1982, Pharr & Ashby 1983, Sheikh & Pharr 1985, Fordham 1988, 

Fordham et al. 1989; for quartz refer to Renton et al. 1969, De Boer 1975, De Boer et al. 

1977, see Fig. 1.3). Indentation/truncation and overgrowth microstructures have been 

observed in wet quartz sands compacted at effective pressures of 40-100 MPa and 

temperatures of 300 - 400°C, and these features have been interpreted as evidence for the 

operation of IPS (Renton et al. 1969, De Boer et al. 1977, Gratier & Guiget 1986). 

However, in both salt and quartz aggregates, the dependence of creep rate on factors like 

effective stress, pore fluid pressure, temperature and grain size has not been assessed in a 

systematic quantitative manner. Moreover, most microstructural work on experimentally 

compacted halite and quartz has as yet been of insufficient detail to be of use in 

identification of the compaction (creep) mechanism(s). Consequently, the mechanism of 

IPS in halite-water and quartz-water systems has not been unambiguously identified, and the 
validity of the proposed theoretical models for IPS has not been experimentally tested. 
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FIGURE 1.3 Mechanical data obtained by Renton et al. (1969) and de Boer (1975) showing the 
compaction behaviour of dry, water-saturated and oil-saturated quartz sands. The load on the 
samples was gradually increased during the first 28 (Renton et al.) and 100 days (de Boer). Once at 
full load the samples were allowed to creep compact for another 13 - 21 days and 75 days, 
respectively. Note the increase in volumetric strain (achieved after a given time period) with 
decreasing grain size (Fig. 1.3a) and with increasing temperature (Fig. 1.3b). Note also that the 
oil-saturated quartz sand sample only compacts during the loading stage (Fig. 1.3b). Once full 
load is achieved compaction virtually stops (Le. time-independent compaction behaviour). 
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1.5 Summary of principal problems 

Several problems/questions become apparent from the above, with important 

implications in various areas. The main ones are as follows: 

(1) There is disagreement in the literature concerning the thermodynamic driving force for 

IPS, the kinetic factors controlling the process, the grain scale contact dissolution 

mechanism and whether or not a fluid phase can exist in a stressed grain-to-grain contact. 

This brings a need for clarification of the general theoretical background of IPS, and of the 

way constitutive models for compaction creep by IPS can be derived. 

(2) Unambigueous mechanical and microstructural data from fundamental experiments are 

required to test the validity of microphysical models for compaction creep by IPS in 

geomaterials. 

(3) The high solubility and rapid dissolution/precipitation kinetics make halite an 

attractive material for IPS studies. Besides this, IPS creep is important in salt tectonics and 

in compaction of industrial salt aggregates. Halite backfill, for example, is of current 

interest for its (potential) use as a sealing material in hazardous waste repositories, as a 

working platform for cut and fill purposes, and for support in second pass mining (Albrecht 

& Hunsche 1980, Fordham 1988, Spiers et al. 1989) Such considerations necessitate a 

fundamental investigation of IPS in halite. 

(4) IPS in quartz is poorly understood, despite its importance in controlling porosity and 

permeability development in gas/oil reservoir rocks and rock rheology under low grade 

metamorphic conditions. It therefore requires detailed systematic study, taking the 

possibility of rate control by dissolution/precipitation kinetics into full account. 

1.6 Aims of the present study 

Following from the above problem definition, the aims of this work are: 

1) To clarify the theory of IPS via a review, and present constitutive models for 

compaction creep by IPS (Chapter 2). 

2) To experimentally investigate compaction creep of dry and wet halite aggregates, set 

up empirical relations describing their compaction creep behaviour, and to use these 

relations and microstructural observations to test the validity of microphysical models for 

compaction creep by IPS (Chapter 3). 

3) To confirm the grain scale mechanism of IPS in halite by means of direct-observation 

experiments conducted under the optical microscope (Chapter 4). 

4) To determine the magnitude of the fundamental kinetic coefficients governing the 

absolute rate of compaction creep by IPS in wet halite aggregates (Chapters 3 and 4). 
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5) To develop theory and conduct experiments to establish the important link between 

dissolution/precipitation kinetics of quartz in aqueous solutions and dissolution/preci

pitation-controlled compaction creep of wet quartz sand (Chapter 5). 

6) To gain a quantitative insight into the compaction creep behaviour of dry and wet 

quartz sand at the relatively low P-T conditions expected to favour IPS, and to compare the 

experimental data and microstructural observations with microphysical models for 

compaction creep by IPS (Chapter 6). 
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Chapter 2 

PRESSURE SOLUTION 
THEORETICAL BACKGROUND 

2.1	 Introduction 

The aim of this chapter is to provide the necessary theoretical background for 

the subsequent discussion and interpretation of the experimental results (Chapters 3 to 

6). This will be done by a consideration of the fundamental aspects of IPS, including 

thermodynamic driving force, kinetics, and microphysics of fluid-assisted mass transfer 

from grain-to-grain contacts to free pore space. First a concise review will be presented 

of some fundamental results of the thermodynamic theory of stress-enhanced dissolution 

processes. This is followed by an outline of proposed microphysical models for IPS, 

leading to the choice for a conceptual "working" model based on IPS by grain boundary 

diffusion. Finally, an overview will be given of proposed constitutive relationships for 

compaction creep by IPS 1). 

2.2	 Thermodynamics of solid/fluid interfaces in non
hydrostatic systems 

Consider an arbitrarily shaped solid in contact with its solution phase that 

exerts a uniform pressure Pf on the solid/fluid interface Ssf (see Fig. 2.la). Gibbs (1906) 

showed that in the case of chemical equilibrium between a stressed solid and its solution 

phase (neglecting interfacial forces like surface tension) 

0" 
f + ~	 = Jl (2.1)

Ps 

where f and Ps denote the mass specific Helmholz free energy (J!k.g) and the density of 

the solid phase (kg/m3), respectively, O"n represents the interfacial normal stress (in Pa, 

1)
 
For the purpose of consistency with recent developments in this field (notably: Lehner &
 
Bataille 1984, and Lehner 1990) the thermodynamic quantities used in this chapter are
 

defined in mass specific units. In all other chapters, volume specific units are used.
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FIGURE 2.1. Schematic diagram illustrating a hydrostatically stressed solid (a) and non
hydrostatically stressed solids (b). 

with compressive taken positive), and ~ is the mass specific chemical potential of the 

solute (J/kg). Since mechanical equilibrium requires 

an = Pf 

eq. (2.1) can be rewritten as 

P 
f+ _f = ~ (2.3)

Ps 

The concentration (mass fraction) of solute in solution (c) is related to (~) 

according to (Denbigh 1971) 

~ = flo(p,T) + RMT In (c y) (2.4) 

where ~O(p,T) is a reference potential independent of concentration, R is the gas 

constant, (llmolOK), T is the absolute temperature, M is the molar mass of the solute 
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(kg/mol), and y is an activity coefficient. In line with the classical theory of irreversible 

processes (De Groot & Mazur 1962, Fisher & Lasaga 1981), the imbalance between the 

l.h.s. and the r.h.s. of equation (2.3) may be viewed as a thermodynamic driving force 

(X) for dissolution/ precipitation (cf. Lehner & Bataille 1984) according to 

(2.5) 

Note that X is a local quantity, i.e., it may vary from point to point along the solid-fluid 

contact. 

In a hydrostatically stressed solid in contact with its solution phase (Fig. 2.1 a), 

there are two ways to bring about disequilibrium along a solid/fluid contact Ssf. First, f 

and Ps may increase/decrease due to an increase/decrease in Pf' with 11 remaining essen

tially constant. Second, 11 may increase/decrease, for example due to over/undersaturation 

of the solution with respect to the solid (cf. eq. 2.4) while strain energy and density of 

the solid remain constant. In a hydrostatically stressed solid, both instances will give rise 

to a thermodynamic driving force X for dissolution or precipitation, which is of equal 

magnitude at all points along SSf in the case of a chemically homogeneous and 

mechanically isotropic solid. 

Now consider a non-hydrostatically stressed solid, e.g. a grain in contact with 

other grains and with pore fluid (Fig. 2.1 b). This configuration will result in an 

inhomogeneous stress state in the solid. Consequently, f and Ps will vary with position 

along Ssf, creating local disequilibrium (X 7:- 0) driving dissolution or precipitation 

reactions. In this case, if local equilibrium between solid and solute were to persist at all 

points along Ssf, gradients in chemical potential of the solute 11 would exist and drive 

diffusive flux of solute from locations of relatively high 11 to locations of relatively low 

11. The situation of non-equilibrium in the fluid phase, that is, the presence of gradients 

in 11 driving mass transfer, is of particular relevance to fluid-infiltrated grain-to-grain 

contacts under stress. It is a fundamental ingredient of the process of stress-enhanced 

dissolution of a solid along its contacts with adjacent solids, a mechanism referred to in 

this thesis as intergranular pressure solution (IPS). Removal of material from grain-to

grain contacts produces a change in grain shape and a relative displacement of 

neighbouring grains towards each other, which manifests itself as measurable strain on a 

macroscopic (aggregate) scale. 
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2.3 Grain-scale models for IPS 

As mentioned in Chapter 1, two geometrically feasible mechanisms for IPS 

have been proposed. Bathurst (1958) suggested mass removal via progressive dissolution 

from the periphery of the grain contact inward towards the center of the grain contact. 

Contact undercutting continues until the contact stress has reached a value at which the 

remaining contact "neck" yields or collapses (Fig. 2.2a). The plastically deformed neck or 

the crushed particles then dissolve due to their relatively high strain energy and/or surface 

energy, the solution film is squeezed out, the contact area is restored and the undercutting 

process starts again. This marginal dissolution mechanism thus involves a coupling 

between contact dissolution and plastic deformation and/or cataclasis of the grain contact 

neck. Note that this mechanism does not require a fluid-permeated ("wet") grain-to-grain 

contact, since dissolution is restricted to the contact margins, and diffusion can be viewed 

to occur in the free pore space. Pharr & Ashby (1983) proposed a constitutive relation

ship for aggregate deformation by IPS via marginal dissolution, with mass transport 

driven by gradients in surface energy associated with gradients in neck-curvature caused by 

the grain contact deformation. 

The second mechanism of IPS was postulated by Weyl (1959) on the basis of 

petrographic observations, and implicitly assumes dissolution and diffusion in an inter

connected fluid phase present inside the grain boundary. This mechanism is known as 

grain boundary diffusional IPS. The term "diffusional" only indicates that (at least part 

of) the diffusion path is intergranular, and does not imply that the diffusion step is 

necessarily rate controlling. In contrast to the marginal dissolution mechanism, grain 

boundary diffusional IPS assumes some kind of open grain boundary structure, capable of 

maintaining an interconnected fluid phase between grains undergoing IPS. Two grain 

boundary structures have been proposed to meet this req~irement. According to Weyl 
(1959) and Rutter (1976), the fluid phase is present as a strongly adsorbed nanometer

thick film, either between the grains or between clays in the grain boundary. This film is 

supposed to support the high shear stresses at grain contacts without being squeezed out 

(Fig. 2.2b) which obviously requires special strength properties for such films (Rutter 

1976). In contrast, Raj & Chyung (1981) and Raj (1982) view the grain boundary as a 

complex island-channel network, with an interconnected free fluid (i.e. with properties 

close to that of bulk water) present between asperities that transmit the intergranular 

tractions (Fig. 2.2c). This type of grain boundary structure has clearly motivated Kamb's 

(1961) and Paterson's (1973) concept of inert permeable loading frame and is in principle 

equivalent to the fluid-permeated grain contact structure of Lehner & Bataille (1984) and 

the multi-contact system of Tada et al. (1987). 
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FIGURE 2.2. Diagram illustrating mechanisms of indentation by IPS. For each mechanism. 
the evolution of the grain contact microstructure with time is represented by four drawings 
(left to right). (a) Marginal dissolution. with the hatched area representing the region of 
plastic deformation or microgranulation, (b) Grain boundary diffusional IPS with transport 
through a thin adsorbed fluid film, and (c) Grain boundary diffusional IPS with transport 
through an island-channel structure (after Raj 1982). Note that the increase in linear strain in 
the direction orthogonal to the grain-to-grain contact plane proceeds in discrete steps in the 
marginal dissolution model, and is gradual in both grain boundary diffusional mechanisms. 
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It is important to note that both IPS via marginal dissolution and IPS via grain 

boundary diffusion can occur simultaneously. In essence, a distinction between the two 

can only be made on the basis of scale (e.g. marginal dissolution of intergranular 

asperities vs. grain boundary diffusion on the grain contact scale), and on the basis of 

instantaneous grain contact geometry (i.e. "necked" contacts vs. "long" contacts). Grain 

boundary diffusional IPS is the most widely accepted IPS mechanism by Earth 

scientists, mainly because there is clear petrographic evidence for long range transport of 

material (e.g. along stylolites), which is commonly associated with the presence of an 

interconnected intercrystalline or intergranular fluid phase (Wright & Platt 1982, Gratier 

1983, Tada & Siever 1989). Whether there is a thin-film or island-channel microstructure 

between grains undergoing IPS is still unclear, although there is some petrographic 

evidence suggesting that IPS contacts between quartz grains are generally rough (Pittman 

1972, Tada et al. 1987, Mijnlieff 1989). In the following consideration of the thermo

dynamics of IPS, attention will therefore be restricted to the mechanism of grain 

boundary diffusional IPS, with mass transport occurring through a fluid-filled island

channel type grain-to-grain contact structure. 

2.4 Elements of a model for grain boundary diffusional IPS 

2.4.1 Geometry 

Consider the grain-to-grain contact geometry and grain boundary microstructure 

illustrated in Fig. 2.3. This conceptual model assumes the presence of an interconnected 

fluid phase in the grain contact zone defined by its median surface Sgb. The fluid 

pressure (Pf) in the contact zone equals that in the pores. A compressive normal stress 

(an) acts across Sgb. From the magnified portion of Fig. 2.3 it is clear that an will 

generate contact stress concentrations on a still finer scale at irregularly shaped 

microscale asperities (the "islands"). Stresses and strain energy densities in the solid in 

the contact zone will be highly inhomogeneous, and consequently no chemical 

equilibrium can exist here between solid and solute in solution (see § 2.2). Instead, 

continuous dissipation of energy will occur by dissolution at the highly stressed/strained 

asperities, solute diffusion and reprecipitation of material at sites of low stress and strain 

energy density. Viewed on the scale of the grain contact, there will be a net transport of 

material out of the contact zone, causing a relative displacement of the two opposing 

grains towards each other and leading to the formation of indentation and/or truncation 

microstructures characteristic for IPS. In the case where Sgb is fixed in space or, 
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equivalently, in a coordinate system attached to Sgb, vn+ and Vn - denote the normal 

velocities of the two opposing grains relative to Sgb, which is oriented by the unit 

normal vector (n) as shown in Fig. 2.3. 
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grain boundary 
volume element 

FIG. 2.3 

FIGURE 2.3. Schematic diagram of two grains undergoing IPS, with mass transport through 
an island-channel type grain-to-grain contact. In order to specify the overall thermodynamic 
driving force for IPS, both the chemical potential of solute in solution, and the free energy 
and density of the solid must be defined along the solid/fluid boundary Ssf. The capitals A, B 
and C denote the positions along Sgb and Ssf where this has, been attempted (see text). The 
inset shows a section through representative grain boundary element with island-channel 
structure. 

For simplicity, attention will be restricted to the case where Sgb remains flat at 

the scale of the grain contact and forms a symmetry plane between two identical 

indenting grains. Following Lehner (1990), it is now possible to define two smooth 

parallel boundaries on each side of the island-channel contact zone, termed Sgb- and 

Sgb+ in Fig. 2.3. These outer boundaries of the contact zone are positioned deep enough 

in the grain interiors to leave the quantities fgb, Ps and an at Sgb- and Sgb+ unaffected 
by fluctuations associated with the contact zone proper. This allows expression of the 
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kinetic relations governing the steps in the overall IPS process in terms of contact scale 

parameters, defined on Sgb- and Sgb+, which essentially represent an average value taken 

over a given grain boundary volume element (Lehner & Bataille 1984, Lehner 1990). 

2.4.2 Thermodynamic driving force and kinetics 

Also depicted in Fig. 2.3 is the pathway followed by an atom or molecule from 

a position within a grain contact to a free pore wall site, with characters A, Band C 

denoting arbitrary positions on Sgb, on the margin of the contact, and on Ssf, 

respectively. The IPS process can be viewed as being composed of a number of kinetic 

processes, including dissolution at A, grain boundary diffusion from A to B, pore fluid 

diffusion from B to C, and precipitation at C. Each step is governed by a specific 

thermodynamic driving force, and mass fluxes associated with these steps are given by 

the following relations: 

Dissolution at location A.
 

Dissolution of the solid in the intergranular fluid creates a mass flux
 

. + 
m gb = - p s { v n - v n} (2.6) 

(in kg/m2s, dissolution taken positive) which may be written as a function of thermo

dynamic driving force 

(2.7) 

assuming a linear phenomenological relation between force and flux (cf. Lehner 1990). 

The term Lr represents a phenomenological dissolution rate coefficient which can be 

compared with (but is not identical to) a linear crystal dissolution law, an denotes the 

intergranular normal stress, and ~gb is the chemical potential of solute in the grain 

boundary fluid. The grain indentation velocity due to IPS directly follows from 

relationships 2.6 and 2.7, with the magnitude of LI determining the absolute rate at 

which the grains approach each other. Note that Lr takes all the energy dissipation in the 
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representative grain boundary volume into account, i.e. the energy dissipated at the 

solid/fluid contact as well as the energy dissipated in the solid between Sgb+ and Sgb-. 

Grain boundary diffusion from location A to location B 
Fick's law for diffusive flux of material ( ! gb' in kg/m2s) along a grain-to-grain contact 

of average thickness (h) here gives (Lehner 1990) 

P f Dgb M cgb
 
J
 h R T . grad Ilgb-gb (2.8) 

where pf is the density of the fluid phase (kg/m3), Dgb represents the effective grain 

boundary diffusivity (m3/s), and Cgb is the local concentration of solute in solution 
(mass fraction). 

An expression for the indentation velocity controlled by grain boundary 

diffusion can be obtained on the basis of this relationship by assuming negligible 

dissipation associated with the dissolution reaction. In this case the r.h.s. of eq. (2.7) 

vanishes, so that 

cr 
= f +---.!!... (2.9)Il gb gb Ps 

This relationship is Paterson's (1973) "equilibrium condition", which thus has the 

significance of a Stefan-type boundary condition in which the interface reaction is treated 

as non-dissipative (see discussion in Lehner 1990). Calculation of the mass flux 

resulting from diffusion-controlled IPS requires that the underlying boundary value 

problem must be solved (i.e. radial diffusion, with grad Ilgb = 0 in the centre of the 

contact, and Ilgb = Il at the contact periphery). Following Lehner (1990), the average rate 

of solute mass removed from a circular grain contact of radius (a) during diffusion

controlled IPS then becomes 

. {an}
mgb = L D' f gb + --p; - Il (2.10) 
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with 

8 P f Dgb M cgb 
L = -----=--- (2.11)

D RTa2 

where an stands for the average intergranular normal stress. Note that rngb is constant 

along Sgb and, by virtue of eq. (2.6), is directly expressible in terms of the rate of grain 

indentation. 

Pore fluid diffusion from location B to location C 
Diffusion from the margin of the grain contact (B) to the precipitation site (C) is 

governed by 

(2.12)lpore 

where Dpore is the diffusivity of solute through the pore fluid (m2/s). This equation 

assumes that a potential drop (~B - Jlc) exists for transport of solute emerging at the 

periphery of the grain contact (B) to the precipitation site (C). Because Dpore » Dgb, 

the pore fluid solution can be assumed to be in equilibrium, and the potential drop (JlB 

Jlc) is neglected in relation to other potential drops in the total IPS process. 

Precipitation at location C 
For mass flux across porewalls (rnsf) during dissolution or precipitation the phenomeno

logical relationship 

m sf = N . { f sf + :: - ~} (2.13) 

can be postulated (cf. Lehner & Bataille 1984). Note that the magnitude of the pheno

menological rate coefficient N may differ for dissolution and precipitation. 
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The potential differences driving the above kinetic processes are schematically 

represented in Fig. 2.4. Note that there are stepwise changes in mass specific potential of 

an atom or molecule undergoing one of the above stages in the total IPS process. First 

consider Fig. 2.4a. The relatively low value of Il indicates that the pore fluid is 

undersaturated with respect to the solid phase at both Sgb and Ssf. Dissolution will thus 

occur at both Sgb and Ssf, and the value of Il will increase (cf. eq. 2.4). In a closed 

system, this situation can be viewed as a transient stage in the evolution of the system 

towards equilibrium (e.g., a system with initially pure water or strongly undersaturated 

solution in the pores). When Il exceeds the value of (fsf + Pf)/Ps, precipitation of 

material will commence at SSf (Fig. 2.4b). At this stage, the pore fluid is undersaturated 

with respect to the solid at Sgb, but supersaturated with respect to the solid at Ssf. The 

rate at which stage (2.4a) evolves into (2.4b) depends on the kinetics of 

dissolution/precipitation and on the volume of solution in relation to the dissolution 

surface area (i.e. on the extent of the system). 

In a closed system, the situation depicted in Fig. 2.4b can be viewed as a 

succesion of steady states, with the rate of the IPS process being governed by the 

succesive kinetic processes of dissolution, grain boundary diffusion, pore fluid diffusion 

and precipitation (Raj 1982, Spiers & Schutjens 1990). The position of Il and Ilgb with 

respect to the Gibbs free energy of the solid at A and C will depend on the energy 

dissipation associated with the respective kinetic processes. The kinetic process with the 

largest potential drop (Le. dissipating most energy) will be the slowest, and thus be rate

controlling. Note that this presents a special case only, because in practice the solution/ 

precipitation surface areas, diffusion distances and grain contact stresses will change 

continuously as IPS proceeds. The compaction creep of a granular aggregate by IPS, in 

particular, can therefore not be a steady-state process. Figs 2.4c and 2.4d depict the 

chemical potential differences that enter into the thermodynamic driving force in the 

limiting cases of dissolution-rate limited IPS (eq. 2.~) and diffusion-rate limited IPS 

(eq.2.1O). 

An important point should be made here. The magnitude of the phenomeno

ogical coefficient governing the absolute rate of a given kinetic process is generally (and 

also in this thesis) assumed to be a constant. However, it should be realized that the 

assumption of constant phenomenological coefficient, which is implicit in the linear 

theory of irreversible processes, is made here in the first place for convenience in 

discussing the various kinetic processes involved in IPS. This assumption is by no 

rpeans generally valid and must ultimately be justified in each case by the available 

experimental evidence. 
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FIGURE 2.4. Schematic representation of chemical potential differences driving dissolution 
(A), grain boundary diffusion (A-B). pore fluid diffusion (B-C) and precipitation (C). 
(2.4a) Pore fluid solution is undersaturated with respect to both Sgb and Ssf. This may 
represent an early transient stage of IPS in a closed system, with an initially low 
concentration of solute in pore fluid, or a steady-state situation of IPS in an open system with 
externally controlled (constant) pore fluid composition. (2.4b) Solution is undersaturated 
with respect to Sgb. but supersaturated with respect to Ssf. In a closed system, all material 
which is transported out of the grain contact precipitates at the free pore walls, and the IPS 
process can in this case be viewed as a succesion of steady-states. governed by sequential 
kinetic processes with potential drops as indicated. (2.4 c,d) Chemical potential differences 
in the limiting cases of dissolution-controlled IPS and diffusion-controlled IPS. Refer to text 
for further explanation. 
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2.4.3	 The thermodynamic driving force for IPS; 
open vs. closed systems 

For microstructures that are characterized by extended grain-to-grain contacts it 

is appropriate to assume sufficiently uniform mass and free energy densities throughout 

individual grains, so that in particular 

f "" f "" fgb gb sf	 (2.14) 

Under this condition the thermodynamic driving force in eqs (2.7) and (2.10) may be 

approximated with sufficient accuracy by (cf. Lehner 1990) 

(2.15) 

where 

def. f	 + ~ 
(2.16)Ileg = sf Ps 

is defined as that value of chemical potential at which the solution phase will be in 

equilibrium with the solid phase along Ssf. I ). Note that the term (11- Ileq) in eq. (2.15) 

may be re-expressed in terms of a supersaturation or undersaturation using eq. 2.4. 

Expression (2.15) serves to clarify the status of the effective stress term 

(2.17) 

1) 

When Pf is replaced by on in accordance with eq. (2.2), the r.h.s. of eq. (2. 16) has the 
interpretation of the normal component of a chemical potential tensor 

Mij d~. f sf' 0ij +*0ij , that is, Il eq as defmed bye q. (2. 16) 

is identical to Mn = ni Mij nj ,where Di represents the component of the unit normal at Ssf. 
This important fact is discussed by various authors in the recent literature (see, e.g, Heidug & 
Lehner 1985). In this thesis, it will suffice to treat Ileg as a scalar potential, without the need 
for further reference to its precise nature. 
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which, in the literature, is commonly assumed to represent the appropriate 

thermodynamic force for grain indentation by IPS (Rutter 1976, Robin 1978, Raj 1982, 

Spiers & Schutjens 1990). In discussing this important point, a distinction between 

open and closed systems is appropriate. In open systems the chemical potential 11 is 

externally controlled and hence may take on any value independent of (an - Pf )/p s·1t is 

then clear that the full expression (2.15) must apply and enter into IPS creep laws. This 

is also recognized in a recent study by Dewers & Ortoleva (1990) on modelling 

differential compaction, cementation and stylolite formation by IPS in clean sandstones 

(p.1613, eqs 14 and 15) 

In closed systems the following situations may arise. First, when precipitation 

along SSf is rapid in comparison with dissolution at or diffusive transport along Sgb, 11 

is approximately equal to Ileq. and the seCond term in eq. (2.15) will be negligible in 

comparison with the effective stress term. Secondly, the process taking place at Sgb and 

SSf may be thought of as evolving through a sequence of quasi-steady states. If they 

occur in series, as will be the case for the potential distribution depicted in Fig. 2Ab, 

then at any instant 

(2.18) 

with Agb(t) and Asf(t) denoting the total 'specific surface areas of Sgb andSsf, 
respectively, at a given time (t), and thus 

~ . A f = N. ( I-! eq - 11) . A fsf s . s (2.19) 

by virtue of eqs. (2.13) and (2.16). For either one of the limiting cases (2.7) or (2.10), 

(i.e. dissolution control or grain boundary diffusion control), it thus follows from eqs. 

(2.15),2.17) and (2.19) that 

(2.20) 
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(J -p
 
= A L n f
 

(2.21)gb Ps 

(J -p
 
= A L n f
 

(2.22)gb P s 

or 

A j-l• 11gb 
(2.23)m b= [L+N'~ . 

g sf 

where L may stand for either LI or LD. 
While the instantaneous rate of IPS appears to be driven by the effective normal 

stress in this case, the relevant phenomenological coefficient now involves the time

variable ratio Agb/Asf of the specific grain contact and pore surface areas, as well as L 

and N. Therefore, when using (2.23) on the basis of the steady-state assumption (2.18), 

care must be taken not only of using the appropriate kinetic coefficient, but also of 

setting up the problem in such a way that the specific surface area ratio Agb/Asf is 

determined simultaneously with the progressive grain indentation. In this context, it is 

important to realize that the rate controlling mechanism of IPS not only depends on the 

relative magnitude of the associated kinetic coefficients, but also on rock texture (i.e. on 

porosity). In the case of interface-reaction-controlled IPS, for example, dissolution may 

be rate-controlling at low values of Agb/Asf (high porosity aggregate), but as Agb/Asf 
gradually increases (due to densification) precipitation control may take over. 

The argument provided above for the potential distribution of Fig. 2.4b 

obviously ceases to apply for a distribution such as shown in 'Fig. 2.4a, which will 

pertain to simultaneous IPS and free face dissolution. In this case, the two processes do 

not occur in series and no straightforward relationship of the type (2.18) exists. 

In summary, unless a clear case can be made for deleting the second term in eq. 

(2.15), the full thermodynamic driving force should be taken into account. This is 

substantiated by the fundamental observation that the amount of material dissolved in, 

rocks where clear pressure solution fabrics have developed commonly exceeds the amount 

obtainable from closed systems by orders of magnitude (Beutner & Charles 1985, 

Houseknecht 1984, 1987, Clifford et al. 1987). In addition, convincing petrographic 

evidence has been reported for flow of fluids through the Earth's crust which are 
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over/undersaturated with respect to the matrix material (Wood & Hewett 1982, Etheridge 

et ai. 1983, 1984, Enge1der 1984). These are, among others, viewed as the main cause 

for the creation of secondary porosity in siliciclastics (Schmidt & McDonald 1979). 

2.5 Relationships for compaction creep by IPS 

The first theoretical relationships describing the deformation of polycrystalline 

aggregates by diffusive mass transport through a grain boundary were developed 

independently by Coble (1963) and Lifshitz (1963), who arrived at a linear (Newtonian) 

stress vs. strainrate relation. Stocker & Ashby (1973) presented a detailed analysis of the 

kinetic aspects of the possible types of stress-induced diffusive mass transport, 

emphasizing that the most effective (rapid) pathway for mass transport is essentially 

governed by the relative magnitude of the associated effective diffusion coefficients (Le. 

solid-state diffusion vs. grain boundary diffusion through melt or fluid phase). Based on 

Paterson~s (1973) Stefan type "equilibrium condition" (eq. 2.9), Rutter (1976) derived an 

expression for creep controlled by the diffusion rate of material through a fluid phase 

present in the grain boundaries (Le. IPS creep). Raj & Chyung (1981) and Raj (1982) 
derived constitutive equations for both interface-reaction-controlled and diffusion

controlled grain boundary diffusional IPS. Pharr & Ashby (1983) rejected the idea of an 

intergranular fluid film, and proposed an alternative model based on the marginal 
dissolution mechanism, involving a coupling between plastic deformation of the 

corroded.contacts and surface-energy driven dissolution at the periphery of contact necks. 

Table 2.1 shows a summary of previous constitutive models for compaction 
creep by IPS of a porous aggregate, expressing the volumetric strain rate (~) as a 

function of the effective pressure (Pe), grain size (d) and a number of other parameters. 

Note that all models tend to have the same general form, with geometrical differences 

between different diffusion geo~etries (packing, grain shape) being accounted for by the 

numerical factor (Ai). Note that ~ has a linear dependence on Pe and an inverse linear or 

an inverse cubic dependence on d, depending on whether the interfacial kinetics of 

solution and precipitation, or the diffusion of solute through the intergranular solution 

film is the rate-controlling step. Essentially the same models are obtained using the 

theory laid out in section 2.4, assuming a given aggregate packing and grain shape. 
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TABLE 2.1 

Summary of published constitutive relationships for compaction creep 
of porous aggregates by IPS 

IPS via grain boundary diffusion 

Interface-reaction control	 A v. V Pe1 mt. 
(Raj 1982) 

d 

Diffusion control
 
(Rutter 1976, 1983,Raj 1982)
 

• A DCy V PIPS via marginal dissolution 3 si e 
~ =	 3 ·cr(Pharr & Ashby 1983)	 yRTd 

Symbol Definition	 Dimension 
s-lvolumetric strain (compaction) rate ~ 

A 1-A3	 geometric constants 
dissolution/precipitation velocity Vint 
resp. for driving force of 1 l/mol (m/s)l(JImol) 

V molar volume of solid m3/mol 
Pe applied effective pressure Pa 
R gas constant (8.314) Ilmol OK 
T absolute temperature oK 

d grain size (diameter) m 

D diffusivity of solute in solution m2/s 
C solubility of solute in grain boundary fluid mol fraction 

S effective grain boundary width m 

Ys] surface energy of solid-liquid interface 11m2 

cry yield strength Pa 
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There is, however, an important disadvantage to the rela~ions listed in Table 

2.1. They fail to take into account the effect of textural changes on p or, in other words, 

they do not include p~rosity changes. It can be easily demonstrated that this yields 

physically unrealistic p values. In the grain boundary diffusional IPS models, for 

example, compaction creep will be accompanied by a continuous increase in both the 

number of grain-to-grain contacts and in the average grain contact area due to progressive 

grain indentation and grain contact truncation with increasing volumetric strain. The 

decreasing average intergranular stress, the increasing diffusion path length and the 

increasing ratio of dissolution vs. precipitation surface area will lead to a gradual 

reduction in volumetric strain rate with volumetric strain. This effect is not taken into 

account by the models listed in Table 2.1. 

2.6 Alternative models for grain boundary diffusional IPS 

Recently, Spiers et al. (989) and Spiers and Schutjens (990) developed new 

constitutive relations for compaction creep by grain boundary diffusional IPS based on 

thermodynamic dissipation considerations consistent with the arguments of section 2.4. 

In their models, the influence of the evolving micf<?structure of the densifying aggregate 

on the compaction creep behaviour was explicitly taken into account. This was done by 

assuming a constant FCC packing of spherical grains (Fig. 2.5a) i.e. an isotropic 

contact orientation distribution independent of volumetric strain (ey ). In this manner, 

parameters like the average intergranular normal stress cr, the average contact diffusion 

distance (rC> and the specific dissolution/precipitation surface area (i.e. AgtJAsf, see eqs 

2.19 - 2.23) could be expressed, among others, as a function of volumetric strain (Fig. 

2.5b). 

The resulting constitutive relations for interface-reaction-controlled and 

diffusion-controlled grain boundary diffusional IPS are shown in Table 2.2. It should be 

noted here that Spiers & Schutjens (990) justify the use of Pe = (cr -Pf) as a driving 

force for compaction creep by IPS by assuming that the supersaturation in the pore fluid 

(due to influx of material from the grain boundaries) remains very small, i.e., that in eq. 

2.15 ~ - ~eq. « (cr -Pf)/ps. Spiers & Schutjens further assumed the grain contacts to 

develop a fine-scale, dynamically stable island-channel structure with the generalized 

configuration as illustrated in Fig. 2.3. Following Raj (1982) and Lehner & Bataille 

(984), this structure is considered to be dynamically stable in the sense that the average 
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FIGURE 2.5. Geometric aspects of the idealized crystal aggregate considered in the present 
model of compaction by IPS. a) Schematic diagram of aggregate in initial uncompacted state 
(Le. volumetric strain ev = 0). In the unit cell, the stress applied to the FCC packed spheres is 
transmitted at 4 circular contacts (indicated by the dot) and 8 half-circular contacts (indicated 
by the cross). Note that all contacts are oriented at 45° to the direction of the stress applied to 
the face of the unit cell. b) grain-to-grain geometry after a small volumetric compaction ev '" 
3e, where e is the conventional strain in any principal direction. Note that the radius (d/2) of 
free grain surfaces is assumed constant. This is a reasonable approximation provided ev < 
20%. 

structure remains constant during ongoing dissolution and precipitation within an 
individual.element. This is viewed to occur through perturbations in the rate of 

dissolution and precipitation along the phase boundary, resulting from heterogeneous 

deformation at and near the load-bearing asperities (producing dislocations) and/or in 

response to randomly distributed impurities in the solid, possibly in combination with 

crystallographically controlled interface reaction kinetics. Provided that the fluid wets the 

solid and that the grain boundary element constitutes an open system, this process is 

invoked to maintain a rough surface with some average structure, i.e., it will maintain 

this dynamically stable island-channel structure, characterized by the average grain 

boundary thickness (h) and the volume fraction of islands in the grain boundary (a). 
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Table 2.2 

New constitutive relations for compaction creep of porous aggregates 
by IPS by Spiers et al. (1989) and Spiers & Schutjens (1990). 

IPS via grain boundary diffusion 

Dissolution control 
c=1 for spheres 
e=Z for cubes 

~ 
A 4 v d' V PeISS. 

c 
d (e v) 

Precipitation control 
e=Z for spheres 
e=4 for cubes 

~ 
A 5 v prec . V Pe 

c 
d (e v ) 

Diffusion control 

e=Z for spheres 
e=4 for cubes 

~ == 
A 6' D C (1 - C) S V Pf 

R Tps 

Pe(l-e v ) 

d
3 

(e v) c 

New symbols 

A4-A6 

vdiss.' vprec. 

Ps,f 

ev 
c 

Definition 

geometric constants 

dissolution and precipitation velocity, 

resp., for driving force of 1 J/mol 

density of solid and fluid phase, resp. 

volumetric strain 

numerical exponent dependent 

(primarily) on grain shape 

Rest of symbols as in Table 2.1 

Dimension 

(m/s)/(J/mol) 

kg/m3 
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Various workers have criticized the concept of a "wet" grain-to-grain contact on 

the basis of interface energy considerations (e.g. Cooper & Kohlstedt 1984, Hickman & 

Evans 1991). They argue that surface energy gradients along the contact boundary will 

tend to destroy connectivity of the grain boundary fluid and ultimately trap the fluid into 

crystallographically controlled arrays of isolated inclusions (contact healing, Smith & 

Evans 1984, Hickman & Evans 1991). However, these considerations are based on the 

assumption of thermodynamic equilibrium between solid and solute in solution, which 

contrasts with the view of Lehner & Bataille (1984) and Lehner (1990) that IPS is a non

equilibrium process and should thus be treated in the framework of non-equilibrium 

thermodynamics. 
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Chapter 3 

COMPACTION CREEP OF HALITE AGGREGATES 

3.1 Introduction 

3.1.1 Aims of present experiments 

In the preceding chapter it was shown how different models for intergranular 

p.ressure solution (IPS) are characterized by specific dependencies of volumetric strain rate 

([3) on variables such as effective pressure (Pe), grain size (d) and volumetric strain (ev). 

The present chapter describes hydrostatic compaction creep experiments on wet halite 

(NaCl) granular aggregates, performe~ with the aim of experimentally determining the 

dependence of volumetric strain rate [3 on Pe, d and ev. The data obtained are used. 

together with microstructural observations, to test the validity of the proposed theoretical 

models for compaction creep by IPS. The ultimate aim was to identify the rate 

controlling creep mechanism, and to evaluate the magnitude of the associated kinetic 

coefficients. 

3.1. 2 Choice of starting material 

The present compaction experiments were performed on analytical grade, 

granular NaCI. This material was chosen for the following reasons: 

1) At ambient pressures and temperatures, the solution-precipitation kinetics of NaCI 

in brine are very rapid and it is highly soluble in water (6.6 moles/liter at 20°C, Kestin 

et al. 1981). The kinetics of IPS processes are thus expected to be very much more rapid, 

under ambient laboratory conditions, than in other rock systems (where they are 

notoriously slow, like in the quartz-water or calcite-water system). NaCI aggregates thus 

offer an attractive "rock analogue" system, enabling IPS processes to be investigated 

under easily accesible laboratory conditions and on reasonable time scales (i.e. days to 
weeks). 

2) A mechanism-based understanding of the compaction creep behaviour of wet 

(granular) NaCI aggregates is of great practical interest regarding the behaviour of wet 

salt backfill materials, both in salt mining and with regard to disposal of radioactive 

waste in salt formations. In both areas, constitutive relationships are needed for 

modelling the long-term creep closure of backfilled tunnels. This determines "repository 
sealing times" and second pass mining potential. In salt mining, the behaviour of wet 
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backfill is also important in designing working platforms for "cut and fill" extraction 

methods (Liedtke & Bleich 1985, Holcomb & Shields 1987, Fordham 1988). 

3) On the basis of theory, IPS is expected to be accelerated in the fine-grained granular 

material (see relations in Tables 2.1 and 2.2). Fine-grained NaCl powder is readily 

available. Furthermore the grains of such material are of well-defined shape (Le. cubic 

habitus, with perfectly planar crystal faces) and can be sieved into controlled grain size 

fractions. This enables good control of the starting microstructure of the porous 

aggregates, with excellent potential for detecting microstructural changes during 

deformation (e.g: indentation and truncation of grains, formation of overgrowth crystals). 

3.1.3 Experimental strategy 

To achieve the objectives stated in § 3.1.1, it was decided to perform 

compaction creep experiments under hydrostatic stress conditions on high-porosity (20 

40%) granular halite aggregates rather than deviatoric creep experiments on low-porosity 

« 5%) polycrystalline halite rocks. This was done for the following reasons: 

1) Creep rates predicted for compaction creep of aggregates via IPS are much faster 

than those predicted for dense polycrystals. This is an effect of factors such as the 

increased stress at grain contacts and the shorter grain boundary diffusion path in porous 

aggregates compared to dense polycrystals undergoing IPS (refer to Chapter 1, Fig. 1.1). 

2) Theoretical models for IPS commonly assume that grain boundary sliding is not 
active or dissipates negligible energy (refer to § 2.6). To test such models, experiments 
should therefore be directed to minimize grain boundary sliding. In this respect, 

hydrostatic compaction creep experiments are the most appropriate, since isotropic 

compaction by IPS involves substantially less intergranular sliding than when deviatoric 
strains occur (Raj & Ashby 1971, Mitra & Beard 1980, Pharr & Ashby 1983, Sheikh & 

Pharr 1985). 

3) From a technical point of view, compaction experiments at room temperature are 

relatively easy to perform. In hydrostatic compaction experiments only the applied 

pressure and volumetric strain need to be controlled and/or measured (provided the pore 
fluid pressure is drained to atmospheric pressure). In deviatoric strain experiments, 

however, also the radial stress and radial strain must be controlled and/or measured. 

4) As mentioned with regard to the choice of starting material, compaction 
experiments on loose granular materials possess the additional advantage that initial 
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grain size can be very accurately controlled by sieving. Such control is impossible in 

experiments on natural rocks or dense (consolidated) polycrystalline aggregates. 

The hydrostatic compaction experiments documented here include both creep 

tests, perfonned at constant pressure, and pressure stepping tests. The creep tests were 

carried out at constant effective pressures (Pe) of 0.55, 1.1,2.15 and 4.3 MPa using 

samples with grain sizes (d) in the range 50 - 425 flm and an initial porosity (<\>0) of 

43.5 (± 1.5) %. Comparison of creep rates between samples at equal volumetric strain ev 
(i.e. at about equal porosity, or comp~rable structure) thus provided information on the 

dependence of volumetric strain rate (~) on Pe, d and ev. The pressure-stepping tests 

involved pressure decrement steps from an initial value of 2.15 MPa to a final pressure 

of 0.55 MPa, at approximately .constant sample porosity. This provided additional 

infonnation on the dependence of ~ on Pe. 

3 . 2 Experimental method 

3.2.1 Sample preparation 

Analytical grade halite (NaCI) powder (Merck Chemical Company) was double 

sieved into 11 grain size fractions in the range 50 to 425 j.!m (see Table 3.1). The 

general microstructure of the starting powder is shown in Fig. 3.1. Individual 100 gram 

samples of these fractions were funnelled into latex balloons (jacket thickness: 0.25 mm) 

inflated with dry air to a diameter of 10-12 cm. Slowly venting the balloons to 

atmosphere resulted in the formation of well-rounded samples with a diameter of 5.5 

(± 0.5) cm. Stainless steel tubes tenninated with a permeable cap were inserted in the 

samples, and served to allow free flow of brine to and from the aggregate (see Figs 3.2 

and 3.3). In each case, the balloon jacket was sealed around the steel pipe using a 

stainless steel wire wrap, and the sample volume was then measured using the 

Archimedes method (applying a correction for the volume of the steel pipe, the 

permeable cap and the balloon jacket). The initial porosity of the samples was 43.5 ± 
1.5% (Table 3.1), with the coarser grained fractions showing a slightly higher porosity 

than the finer ones. 

In one experiment, the dry halite aggregate fraction was mixed with about I 

gram of fine-grained AI203 powder (0.3 - 3 j.!m) before deposition in the balloon. This 

was done in an attempt to coat the crystal faces with a "dust layer" intended to facilitate 

optical detection of IPS microstructures (e.g. indentations, overgrowths). 

53 



500/lm FIG. 3.1 

FIGURE 3.1. Optical micrograph showing general microstructure of a sieved fraction of 
analytical grade halite aggregate (250-300 /lm). Note unifonnity of grain size and grain shape. 

_ 1 em 

FIG.3.2a FIG.3.2b FIG.3.2c 

FIGURE 3.2 (a-c). Overview of sample assembly for hydrostatic compaction experiments. 
3.2a Latex balloon, jacket thickness: 0.25 mm. 

Contents: 100 grams of sieved granular NaCI. 
3.2b A wet-compacted and resin-impregnated sample (top pan sawn off). Note that 

original sample had a sub-spherical shape. The hole in the centre indicates the 
position of the pore fluid pipe. 

3.2c Stainless steel pore fluid pipe with penneable end-cap. The balloon jacket is sealed 
with stainless steel wire around the red rubber sleeve. The giant nUl plugs into the 
bottom of the top block of the pressure vessel. 
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Table 3.1 

Average porosity of halite aggregate samples as a function of grain size 

Fraction 

A 

B 

C 

D
 

E
 

F
 

G
 

H
 

I 

J 

K 

Grain size
 

( in ~m, double-


sieved)
 

50-75
 

75-106
 

106-125
 
I 

125-150 

150-180 

180-210 

210-250 

250-300 

300-355 

355-400 

400-425 

Average porosity after Average porosity after 

jacketing (%) (l dry compaction (2 (in %) 

at 2.15 MPa 

43.0 40.2 

42,6 39,9 

42,1 39,1 

39,2 

44,2 

42.4 

41.9 

43,3 40,6 

43,7 40.8 

44,8 41.5 

44,3 41.4 

44,7 41.3 

44,7 41.6 

Notes 

1) Accuracy: ± 0.5%. 

2) Duration of dry compaction stage: ± 30 minutes 

3.2.2 Compaction apparatus 

The halite aggregates were compacted in the servo-controlled hydrostatic 

compaction apparatus shown in Fig. 3.3, Silicone oil was used as the pressure medium. 

The compaction vessel was connected via valve A (see Fig. 3.3) to an oil reservoir 

which could be pressurized (independently) using an air-driven high pressure pump. The 

pressure in the oil reservoir was displayed on a Bourdon-type pressure gauge (B). The 

pressure of the oil in the compaction vessel was measured using a pressure transducer (C) 

located close to the oil inlet in the compaction vessel, and displayed on a chart recorder. 

Samples were pressurized in a stepwise manner by carefully opening and closing the link 

valve (A) between oil reservoir and compaction vessel with the servo-controlled pump 

isolated via valve D, In practice, average loading rates of about 0.1 MPa/min were 

applied, with occasional deviations of ± 10%. Once the desired testing pressure was 

reached, valve (A) was shut and the servo-controlled (piston-cylinder) pump (internal 

volume"" 10 cm3) was connected to the compaction vessel by opening valve D. This 

system maintained the set oil pressure constant to within 0.01 MPa. The displacement 

55 



k2JA 
~UNK VALVE TO 
OIL RESERVOIR 

-
E 

V 
RUBBER MEMBRANE C SERVO=F 

CONTRO\",\J/ (I lr( 

n-
Ii 

D 
UNIT 

r 
ri 

,I 
II 

II 
" 

VESSEL NUT~ 
- I- PRESSURE VESSEL 

OIL (PRESSURE MEDIUM) 

. ' BALLOON JACKET~>( G :I.. ,\'~':\~ \' 
ll./ "',' 
-II , HALITE AGGREGATE 

SAMPLE
BURETIE SYSTEM 

1 
II 
II " 

t
"IIII 
I, 

Lt 
FIGURE 3.3. Schematic diagram illustrating the hydrostatic compaction apparatus used in the 
present experiments. Note connection of sample to burette system. Height of vessel: '" 1m., 
inner diameter: 20 cm. Four samples could be simultaneously compacted during an 
experimental run. Pipes/Valves: (A) connection of pressure vessel to oil reservoir, (B) 
Bourdon gauge showing pressure in oil reservoir, (C) pressure transducer showing pressure in 
vessel, (D) connection compaction vessel to servo-control unit, (E) evacuation/saturation of 
sample, and burette to measure the arrount of fluid entering the evacuated sample, (F) 
connection between sample and burette system, and (G) taps to regulate the measuring 
sensitivity to sample volume change. 
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of the piston in the servo-pump was measured using a linear potentiometer and also 

displayed on the chart recorder. When the pump was close to its full stroke, it was 

disconnected from the vessel (by closing valve D), connected to a beaker filled with oil, 

and refilled by quickly restroking. Note that the stress applied to the sample was more or 

less hydrostatic in the apparatus described here. Thus, in mechanically isotropic samples, 

the strain in any arbitrary direction through the sample will also be isotropic. 

3.2.3 Measurement of sample volume changes 

The volumetric strain during compaction of dry samples was measured by 

means of changes in water level in aU-shaped burette, this forming a direct measure of 

the volume of air displaced from the sample (Fig. 3.4). The volumetric strain of brine 

saturated samples was measured as follows. The sample was connected to a system of 

burettes placed above the pressure vessel (Fig. 3.3). Changes in the level of the brine in 

the burettes were used as a direct measure of volume changes of the sample, with 

compaction causing the fluid level to rise, and dilation causing the fluid level to fall. 

Flexible latex balloons sealed the burettes against evaporation of water from the brine. 

During periods of substantial fluid level change, the air above the fluid was regularly 
vented to atmosphere, so that during the experiment the fluid pressure remained constant 

at 1 atmosphere. The measuring sensitivity of the burette system could be adapted to the 

rate of fluid expulsion from the samples (i.e. to the volumetric strain rate). 

burette 

vessel 

water 

/ 

/ " 

sample 

3.4a 

FIGURE 3.4 Schematic diagram showing how the compaction of dry halite aggregates was 
measured. (a) Sample at I atm. (b) Sample pressurized. The volume of air expelled from the 
compacting sample (i.e. the decrease in sample volume) is determined from the change in 
water level in the burette. 
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For relatively high expulsion rates, a 50 cm3 burette was used (predominantly in the 

initial stage of compaction), while for relatively low fluid expulsion rates a 2 cm3 or a 

0.2 cm3 burette was used. This technique of measuring sample volume changes proved 

to be extremely accurate, with a resolution of 10-5 of the sample volume (about 10-3 

cm 3), allowing volumetric strain rates as low as 10-9 s-1 to be measured. Up to 4 

samples could be simultaneously tested, each connected to its own system of burettes. 

3.2.4 Testing procedure 

The experimental conditions for the present compaction experiments are 

summarized in Table 3.2. All tests were done at room temperature (nominally 21°C) and 

in all cases the halite aggregate samples were first compacted dry. In this procedure, the 

dry aggregates were loaded from I atmosphere ('" 0.1 MPa) to 2.15 MPa at a rate of 

about 0.1 MPa/min. During dry compaction, the porosity of the samples decreased by 

only a few percent (to values of 40.5 ± 1.5 %, see Table 3.1) in a manner which 

depended only upon applied pressure. No ongoing creep was measured once the full load 

of 2.15 MPa was achieved. After a period of dry loading at 2.15 MPa for about 30 

minutes, the applied pressure was decreased at a rate of about 0.1 MPa/min. to a value of 

0.05 MPa (to hold the balloon membrane against the sample surface). The samples were 

then evacuated (to about 5 Pa) and rapidly flooded with saturated NaCI brine, introduced 

from a burette placed above the sample (using valves E). This procedure allowed accurate 

determination of the degree of saturation (i.e. saturation percentage S.P.) of the pores 

with brine. The S.P. values of the samples typically varied between 95 and 99%. 

Samples with S.P. values lower than 95% were rejected. After flooding with brine, the 

samples were reloaded at a rate of about 0.1 MPa/min to the desired testing pressure. 

Typically, the compaction creep behaviour was monitored for 4 -II days. Two long-tenn 

tests were carried out: test D (25 days) and test L (61 days, see Table 3.2). 

The 4 pressure stepping experiments performed (Kl - K4) were carried out 

following the above procedure. Wet compaction was initiated at Pe = 2.15 MPa. When 

about 12 % volumetric strain was achieved, Pe was decreased at a rate of 0.05 MPa/min 

from 2.15 to 1.6 MPa (i.e. - 25%). After two hours at Pe = 1.6 MPa, a second effective 

pressure decrement step was implemented (from 1.6 MPa to 1.1 MPa), and after another 

two hours a third one (1.1 MPa to 0.55 MPa). In order to study the effect of these 

pressure decrements on the compaction behaviour as accurately as possible, each sample 

was connected to its most sensitive burrette, from which the fluid level was measured 

every 10 to IS minutes. 
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Table 3.2 

Experimental conditions 

CONVENTIONAL COMPACTION TESTS 

Test 
No. 

Pe 
(MPa) 

Grain 
size 
(J1II1) 

Initial 
porosity 

%) 

Test 
duration 

(days) 

Finite 
volum. 

strain (%) 

Finite 
porosity 

(%) 

Number 
of data-
points 

Additional 
remarks 

PS40(1 4.3 400-425 42.9 0.8 3.1 - pore fluid:
silicone oil 

PS42(1 4.3 250-300 43.0 5 15.0 - grain surfaces 
coated with 
AI20 3 powder 

B I 4.3 250-300 43.6 3.8 21.7 28.0 29 
B2 4.3 250-300 43.8 3.8 21.2 28.9 29 

C I 4.3 150-180 42.4 4.0 27.0 21.1 25 
C2 4.3 180-212 42.7 4.0 23.9 24.7 25 
C3 4.3 212-250 40.7 4.0 25.0 20.8 25 
C4 4.3 250-300 41.5 4.0 22.7 24.3 25 

D I 4.3 300-355 42.4 25.0 28.9 19.0 50 
D2 4.3 300-355 41.2 25.0 30.9 14.9 50 
D3 4.3 355-400 43.4 25.0 24.3 25.3 50 
D4 4.3 355-400 - - - - - Pore fluid pipe 

clogged 
E I 4.3 180-212 40.6 4.0 26.0 19.7 24 
E2 4.3 180-212 40.8 4.0 25.4 20.7 24 
E3 4.3 212-250 41.0 4.0 24.0 22.3 24 
E4 4.3 212-250 40.8 4.0 23.2 22.9 24 

F I 4.3 180-212 41.0 1.3 17.0 28.0 20 
F2 4.3 212-250 42.1 1.3 15.0 31.1 20 
F3 4.3 300-355 42.0 1.3 - - - balloon leaked, 

test terminated 
F4 4.3 355-400 42.0 1.3 10.6 32.8 20 

GI 4.3 250-300 41.7 5.0 23.7 23.6 30 
G2 4.3 300-355 41.3 5.0 22.9 23.9 30 
G3 4.3 355-400 42.7 5.0 20.9 27.5 30 
G4 4.3 400-425 41.6 5.0 20.0 26.9 30 

HI 2.15 180-212 41.5 6.0 22.8 24.2 29 
H2 2.15 212-250 41.6 6.0 20.2 26.8 29 
H3 2.15 250-300 41.7 6.0 19.0 28.0 29 
H4 2.15 300-355 41.8 6.0 17.4 29.3 29 

I I 1.1 180-212 41.3 7.0 19.7 27.0 34 
12 1.1 212-250 40.9 7.0 18.1 27.8 34 
I 3 1.1 250-300 41.3 7.0 18.1 - - pore fluid 

pipe clogged 

I 

14 l.i 300-355 41.1 7.0 15.6 30.3 34 

J I 0.55 180-212 42.0 11.0 18.4 29.0 40 
J 2 0.55 212-250 43.0 11.0 16.3 32.0 40 
J 3 0.55 250-300 43.0 - - - - air trapped in 

sample 
J 4 0.55 300-350 42.6 11.0 13.8 33.4 40 

1 ) Axial (I-D) compaction in Oedometer piston-cylinder apparatus. Sample funnelled in 
vessel, pre-compacted dry at 2.15 MPa (loading rate 0.1 MPa/min), immersed in SHELL 

S4919 silicone oil and compacted at 4.3 MPa for about 20 hours. 
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Table 3.2 

PRESSURE-STEPPING TESTS 

Tesl Pe Grain size Initial Test Finite Finite Number of 
No. (MPa) (J1I11) porosity duration volum. porosity data points 

(%) (days) strain (%) 
(%) 

KI 2.15-0.55 180-212 41.7 0.7 15.0 31.4 34 
K2 2.15-0.55 212-250 43.2 0.7 13.3 34.5 34 
K3 2.15-0.55 250-300 41.3 0.7 12.8 32.7 34 
K4 2.15-0.55 300-350 42.6 0.7 10.9 35.6 34 

SUPERCOMPACTION (l 

• Data after 20.9 days of wet compaction (see Fig. 3.7b) 

Test Pe Grain size Initial Instant. Instam. Number of 
No. (MPa) (J.U11) porosity volum. porosity data points 

(%) strain (%) (%) 

L I 4.3 50-75 40.2 38.8 2.3 42 
L2 4.3 75-106 39.9 37.2 4.3 42 
L3 4.3 106-125 39.1 36.8 3.6 42 
L4 4.3 125-150 39.2 35.1 6.3 42 

I 

• Data after 61 days of wet compaction (termination) 

Test Volumetric strain Porosity (%) Porosity (%) 
No. (%) (calculated from (determined using 

(2) volume change Archimedes technique) 
of sample) 

L I 41.8 2.1 1.3 
L2 40.4 3.8 0.9 
L3 40.1 2.0 1.3 
L4 39.9 4.0 1.7 

Notes: 
1) Permeability measurements performed on these "supercompacted" samples (after 

extraction) yielded values in the range 10-18 to 10-20 m2 (measurements made by 
C.l. Peach using the gas permeametry method described by Peach et al. 1987). 

2) Calculated from daily measurement of fluid level in burettes 
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3.2.5 Test termination 

Tests were terminated by reducing the applied hydrostatic pressure to zero at a 

rate of about 0.2 MPa/min., while simultaneously evacuating the sample in an attempt 

to remove the brine from the system. Once at zero applied pressure, the sample was 

quickly extracted from the compaction vessel, weighed and the balloon jacket removed. 

At this stage, most samples had S.P. values in the range 50 - 80 %, with the finer 

grained samples retaining significantly more brine than the coarser ones. In order to 

minimize corruption of the microstructure by precipitation of NaCI from the residual 

brine (due to evaporation of water), a great deal of care was taken to remove all the brine 

from the sample. The S.P. values were further reduced to 3 - 5 % by carefully flushing a 

gentle stream of compressed air via the pore fluid pipe through the sample (Fig. 3.2c). 

The air expelled the brine radially outwards to the sample surface, where it was absorbed 

with tissue paper. Attempts were made to further reduce the amount of brine left in pores 

and grain boundaries by flushing some samples with hexane or ethylene, followed by air 

flushing. Although some of the residual brine might have been replaced by organic fluid 

and driven out of the sample, the mass of the sample did not appear to decrease any 

further, so that this procedure was probably not succesful. 

3.2.6 Preparation of samples for microstructural analysis 

3.2.6.1 Section preparation 

The deformed samples were first cut into two halves with a band-saw. One half 

was retained for scanning electron microscopy (SEM), the other half was cut into blocks 

of about 1.5 x 1.5 x I cm3. These were dried (48 hours at 45°C) and then vacuum

impregnated with Araldite resin (hardening time"" 24 hours) which did not shrink or 

expand upon hardening, so that the aggregate microstructure was not affected. The blocks 

were mounted in a metallurgical preparation saw (Buehler Isomet) fitted with a stainless 

steel saw blade (125 mm diameter, 0.5 mm thick, 5 teeth/cm), and the regions damaged 

by the band-saw were trimmed off to a depth of about 5 mm from the band-sawn surface. 

Cutting was performed at low speed (l00-150 r.p.m) and with a low cutting force (0.5 

0.8 N). Two opposite faces of the slice obtained were successively polished using 

abrasive paper, ultrafine polishing paper, and a cotton cloth plus glass substrate. Every 5 

minutes, the halite powder produced by the polishing procedure was brushed from the 

cotton cloth and removed from the voids on the polished surface with a blast of dry 

compressed air. When sufficiently well polished (Le. virtually no scratches visible in 

reflected light), the surface voids were filled with low-viscosity cyanoacrylate adhesive 
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(Loctite NQ 493). After drying for about 16 hours, the polishing procedure was repeated 

until two perfectly flat surfaces were obtained, with all pores filled with either Araldite 

resin or Loctite adhesive. A glass slide was cemented to both polished surfaces, again 

using cyanoacrylate adhesive. This specimen was clamped in the metallurgical saw, and a 

saw cut was made parallel to one of the glass slides such that a slide-mounted section of 

desired thickness ("" 1 mm) was produced. The slide-mounted section was again ground, 

polished, and treated with cyanoacrylate as described previously, until the desired 

quality/thickness was obtained for optical microscopy. In this way, several thin sections 

were prepared from the same starting block. 

The complete section preparation procedure was carried out in a low-humidity 

room (R.H. < 20%) to prevent atmospheric water from affecting the high-quality 

polished surface. Sample material and thin sections were contained in sealed boxes dried 

with silica gel, and stored in the dry room until required for microscopy study. 

3.2.6.2 Chemical polishing 

Prior to optical microscopy, some thin sections were chemically polished 

(etched) using the techniques developed by Urai et al. (1986) and Spiers et al. (1986). 

This was done in order to reveal grain boundaries, dislocation substructures and etch pits, 

and to remove residual surface scratches. Etching was carried out by immersing and 

agitating the thin sections for about 10 seconds in a slightly undersaturated NaCl 

solution ( "" 6 molar, i.e. undersaturated by about 10 % at 20c C) containing 8 weight 

percent FeCI3.6HZO. The thin sections were then rapidly removed from the solution, 

and immediately blasted free of residual etchant using a powerful jet of n-hexane, 

followed by a blast of dry compressed air. 

3.2.6.3 SEM sample preparation 

The second half of each sectioned sample was used for SEM work. Slices of 1-2 

mm in thickness were cut from the sample with the metallurgical saw, and marked by 

lightly scratching with a razor blade (Fig. 3.5a). A small tensile force was exerted 

parallel to the scratches with a pair of tweezers, until a fracture was created in the 

aggregate. The two pieces of the fractured slice were carefully parted, and glued on an 

SEM specimen stub, with the marker scratches adjacent to each other and with the 

fracture surfaces pointing upwards (Figs 3.5b and c). Inspection with a binocular 

microscope revealed that the fractures were largely intergranular, and that only a few 

transgranular cracks had formed. The specimens were sputter-coated with carbon followed 

by gold, and then examined with the SEM (CamScan S2). The pattern of scratches on 

both sides of the broken chip parts served to trace the position of grains that were 
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opposite to each other before mechanical parting. This technique revealed detailed 

information on the 3-D structure of the grain boundaries in the compacted sample and 

allowed an estimate of the effective contact boundary width (h) and the volume fraction 

occupied by solid material in the grain boundaries (a), two potentially important 

parameters in theoretical models for diffusion-controlled IPS (refer to § 2.6 and Table 

2.2). 
Parallel 

specimen .''";""~.JT..... 

~I'L 

3.5a 

,~~ 
35b~--Intergranular fracture 

SEM sample stub 

FIGURE 3.5 (a-c) Cartoon illustrating the technique applied to investigate the grain boundary 
structure developed during IPS. The method involves optical and SEM inspection of the grain 
surface morphology on both sides of former grain-to-grain contacts. Therefore the specimen 
was marked with scratches prior to disaggregation, in order to facilitate tracing of adjacent 
pairs of grains. 

3.2.7 Data processing 

The raw data set obtained from each compacted sample consisted of 20 - 50 

manually recorded volume change vs. time records. These were entered into an Epson 

QX-IO microcomputer and processed on a CYBER Mainframe using FORTRAN 

computer programs. The volumetric strain ev was calculated from the instantaneous 

sample volume change t.V and the starting volume Va, according to the relationship 

ev = - t.V/VO. Graphs of volumetric strain vs. time were constructed by drawing a 
smooth curve through the datapoints (Fig. 3.6). Each volumetric strain vs. time curve 
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was covered by at least 20 datapoints which were essentially indistinguishable from the 

curves drawn through them. Therefore no error bars are shown in the volumetric strain 

vs. time plots. • 

The volumetric strai~ rate defined as p== - (IN).(dV/dT) was calculated using 

the central difference formula p== - (lNt).(~V/~t). Here, Vt represents the linearly inter

polated volume between two adjacent datapoints, and ~V/~t the change in volume over 

the time interval ~t between adjacent datapoints (see Fig. 3.6). ,Diurnal temperature 

variations in the laboratory produced some scatter in the values of pcalculated from the 

fluid level measurements, in particular at the smaller compaction creep rates. At the final 

stage of the long-term compaction experiments D (25 days) and L (61 days), with 

p~ 10-8 s-l, the relative standard error in phad increased from initial values of 1 to 2 % 

to values in the range 5 - 10%. 

llt t(n+1) - tn 

llV V(n+1)-Vn 

Vt 
V(n+1) + Vn 

2 

ey(t) == 
(Va - Vtl 

Va 

}3 - (1/Vt).(IlV/llt) 

ey (tn+1) 
: 

ey (tn) '"} 
\ 

Yo 

t n t( n + 1 ) 

FIGURE 3.6 Central differerence method of calculating yolumetric strain (ey) and yolumetric 
strain rate ~ from discrete measurements of the amount of brine expelled from the compacting 
sample as a function of time. Filled circles denote the measured data, the open circle denotes 
the ey - t yalue belonging to the calculated ~" 
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3 .3 Mechanical data 

3.3.1 Creep curves and pressure stepping curves 

As mentioned previously, the dry compaction stage of the tests produced 

essentially instantaneous compaction behaviour, that is, no compaction creep occurred 

when Pe was maintained constant at 2.15 MPa. Similar behaviour is illustrated in Fig. 

3.7a for compaction of an aggregate containing silicone oil as pore fluid (bottom left, 

test PS40, see Table 3.2). 

In contrast, samples loaded in the presence of a saturated NaCl brine showed 

clear time-dependent compaction after the test pressure was achieved. The entire set of 

volumetric strain vs. time curves (i.e. creep curves) obtained from the tests is presented 

in Figs 3.7a,b, 3.8 and 3.9a-c. In all figures except 3.7b, the data are shown to 4 days 

only. Note the excellent reproducability between the curves of equal grain size and 

pressure, and the characteristic shape of the compaction curves of the wet material. This 

reflects a gradual decrease in volumetric strain rate with time (and thus with volumetric 

strain) from about 10-6 s-l, in the initial stage of the tests, to about 10-8 s-l at 

termination of the experiments. Fig. 3.7b shows the creep curves of the four fine-grained 

(d = 50 - 150 /lm) brine-saturated samples, compacted at 4.3 MPa for a period of 61 

days. At test termination, volumetric strains of about 40% were achieved (corresponding 

to final porosities of about 2 %, with compaction creep continuing at volumetric strain 
rates as low as 10-9 s-l. 

Figs 3.7 and 3.8 clearly indicate that the amount of compaction attained after a 

certain time-period increases systematically with decreasing grain size. After 4 days 

compaction at an effective pressure of 4.3 MPa, 19% volumetric strain had occurred in 

the 400-425 /lm sample, compared with 37% in the 50-75 /lm sample (Fig. 3.7a). The 

influence of effective pressure on the compaction creep behaviour is demonstrated in Figs 

3.9 (a-c). Over the entire pressure range investigated (0.55 - 4.3 MPa) time-dependent 

compaction occurred, but the strain achieved in a given time increases with increasing 

pressure (at constant grain size). 

Fig. 3.lOa shows the creep curves obtained from the effective pressure stepping 

(decrement) experiments K I - K4 (see Table 3.2). Fig. 3.lOb shows the detailed 

compaction behaviour during the pressure decrements. A time-dependent decrease in 

volumetric strain (i.e. sample dilatancy) of 0.02 to 0.2 % occurred during each pressure 

decrement. After 5 - 10 minutes compaction creep resumed but at a lower rate than before 

the pressure decrement. The maximum sample dilatancy occurring during this transient 

stage increased with increasing grain size (from 180 - 212 /lm to 300 - 350 /lm) and 

decreasing effective pressure (compare behaviour indicated by points A and B in Fig. 

3.lOb). 
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180-2121U11<t: 
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212-250 IU11 

Cf) 250-300 IU11 
3OO-3551U11 

I

0 355-<100 IU1120 
400-425 1U11a: 

I
W 
I- 15
W 
~ 
:J 
.....J 10
0 
> 

Pe =4.3 MPaPS40 (400 - 420 Ilm)5 
pore fluid: silicone oil DRY T =21°C 

0 
0 2 3 4 

TIME (days) 

FIGURE 3.7a. Compaction creep curves obtained for brine-saturated samples at an effective 
pressure of 4.3 MPa. The grain size was varied as indicated. Data shown to 4 days only. Area 
between curves of similar grain size is dOlled. Data taken from the following experiments 
(grain size fraction in brackets): G4 (400-420): G3. F4 (355-400): G2. F3 (300-355): 8 L 82. 
C4, GI (250-300): E3. E4 (212-250); EI, E2 (180-212): CI (150-180); L4 (125-150); L3 
(106-125); L2 (75-106) and Ll (50-75). Experiments PS40 and PS42: axial (I-D) compaction. 
Refer to Table 3.2 for experimental conditions. 
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FIGURE 3.7b. Compaction creep curves of the four fine-grained wet fractions Ll-L4 (grain 
size in the range 50-ISO j.lm, 61 days compaction). Data shown to 21 d~ only. By then, 
volumetric strains of 35 to 40% were achieved in all four samples ("supercompaction") . 

d ~ 180-212 ~m 

d ~ 212-250 ~m 

d = 250-300 ~m 

d = 300-355 ~m 

1 ------L--------.'2-------:---------'--' 

TIME (days) 

FIGURE 3.8 Creep curves of brine-saturated samples compacted at Pe = 2.15 MPa. Grain size 
varied as indicated (Experiments H l-H4). 

67 

~ 
i 
z «
rr: 
>
U) 

.,j 
o 
> 



Pe = 215 MPa 
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FIGURE 3.9 (a-c). Compaction creep curves for brine-saturated samples illustrating the
 
influence of effective pressure Pe on volumetric strain rate ~. Note systematic effect of
 
increasing Pe (all other parameters constant). Data were taken from the following experiments
 
(in brackets: effective pressure in MPa):
 
Fig.3.9a: EI, E2 (4.3), HI (2.15), II (1.1),14 (0.55)
 
Fig.3.9b: E3, E4 (4.3), H2 (2.15), 12 (1.1), 12 (0.55)
 
Fig.3.9c: G3, F2 (4.3), H4 (2.15), 14 (1.1), 14 (0.55)
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FIGURE 3.10 (a) Creep curves obtained from pressure stepping tests K 1 - K4. (b). Detail of 
pressure stepping stage of creep curves. Pressure decrements of 0.55 MPa were carried out 
every 2 hours. Each filled circle indicates one volumetric strain measurement. Grain size 
indicated near creep curves. Refer to text for detailed description of mechanical behaviour. 
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3.3.2 Creep rate data: ~ vs. Pe, ev and d. 

The derivative form of the creep data show? in Figs 3.7 to 3.10 were used to 

plot the relationships between volumetric strain rate (~) and effective pressur~ (Pe), grain 

size (d) and volumetric strain (ev). First consider the relationshiI: between ~ and Pe as 

obtained from the compaction creep tests. Figs 3.lla-c show log ~ plotted as a function 

of log Pe at constant grain size and at constant volumetric strain (i.e. with the samples 

being at more or le~s equal poros.ity; i.e. in an "isostructural" state). Assuming a power 

law dependence of ~ on Pe (i.e. ~ a Pen), the slope of these line segments gives the 

exponent n to Pe. The data indicate that in the range Pe = 0.55 - 2.15 MPa, the exponent 

n is about I (n values in the range 0.5 to 1.7, average obtained from all segments over 

this Pe-range is 1.10). At Pe in the range 2.15 - 4.3 MPa, values for n decrease with 

increasing volumetric strain ey, from about 4 at ev < 10% to about 2 at ev in the range 

10 - 22.5 %. 

A second indication of the relationship between ~ and Pe is. obtained from the 

pressure-stepping experiments. Figs 3.12(a-d) show linear plots of ~ as function of Pe 

(filled circles), measured during the pressure decrement steps. Consecutive datapoints are 

interconnected by straight lines. v:ith the arrows indicating their sequence in time. The 

data show a gradual increase in ~ with time after each Pe-decrement, reflecting the 

transition f~om dilational to compactional behayiour, followed by the attainment of a 

maximum ~, and then the gradual decrease of ~ with time, similar to the behaviour 

observed in the (cons.tant-pressure) creep tests. It is proposed that the best approximation 

of the dependence of ~ on Pe ca~ be obtai~ed from the slope of line segments connecting 

the average value of datapoints ~max. and ~ max.+1 (indicated by the open circles in Figs 
3.12(a-d~ associated ~ith each pressure decrement. Assuming a power law relation 

between ~ and Pe (i.e. ~ a Pen), the slope of these segments yields average values of (n) 

of 0.8, 1.2 and 1.5 for the three Pe-decrements l.l to 0.55 MPa, 1.6 to l.l MPa, and 

2.15 to 1.6 MPa, respectively. Note that n increases with increasing Pe over the range 

0.55 :s; Pe :s; 2.15 MPa. The average of all values for n obtained by pressure-stepping is 

1.17, in good agreement with the average n value of 1.10 obtained from the conventional 

creep tests over this Pe range.and ~ in the range 10-6 s-l to 10-7 s-l. 

The ?ependence of ~ on volumetric strain (ev) is illustrated in Figs 3.13 a-c, 

showing log ~ vs. log ey at constant Pe and d (data obtained from the compaction creep 

tests shown in Figs 3.7 and 3.8). The solid curves are hand-drawn and siI?Ply serve to 

clarify the trends present in the data. Expressing the relationship between ~ and ev as a 

power law (i.e. pa eye) shows that ~ can be viewed as roughly proportional to ev-2 over 

the range. ey = 3-10%, and to ey-4 or ev-5 at ey over the range ey = 10-25%. The depen

dence of ~ to ey thus increases with ey in this range. However, at Pe = 4.3 MPa and ev 

<10 %, the exponent (c) to ey is significantly lower, roughly varying between -6 and -8. 
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FIGURE 3.11 (a-c) Log-log plots of volumetric strain rate ~ vs. effective pressure Pe, 
constructed from the compaction creep data of Figs 3.9a-c, respectively, for the values of 
volumetric strain (ev) shown. In the range Pe = 0.55 - 2.15 MPa, ~ is more or less linearly 
related to Pe (average slope of 1.1 in log-log space). In the range Pe = 2.15 - 4.3 MPa, the 
exponent (n) to Pe takes values ranging from about 4 at ev < 10%, to about 2 at ev in the range 
10 - 22.5%. Refer to figure caption 3.9 for the test numbers and to Table 3.2 for a summary of 
experimental conditions. 
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Figure 3.14 shows a plot of log ~ vs. log ey obtained from the creep curves of 

the four fine-grained samples (LI - L4) compacted to volumetric strains up to 40%. 

This data confirms that the dependence of ~ on ey increases with ey, with the exponent 

c to ey decreasing from about -5 at ey '" 25 % to about -10 at ey '" 32%, and decreasing 

to values much smaller than -10 at ey > 32%. 
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FIGURE 3.14 

FIGURE 3.14 Log-log plot of yolumetric strain rate ~ vs. yolumetric strain ey for super
compacted halite aggregates (experiment L, samples LI-L4). Note the gradually increasing 
sensitivity of ~ to ey with increasing ey . 
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Finally, the d~pendence of ~ on grain size (d) has been considered. Figs 3.15 (a

c) show plots of log ~ vs. log d, at constant ey over the range ey = 4 - 20% and at 

constant Pe-values of 0.55, 1.1 and 2.15 MPa, respectively. Assuming a power law 

relation between ~ and d (i.e. ~ ad k), the slope of the line segment connecting adjacent 

datapoints at fixed ey and Pe yields the grain size exponent (k). The average of all values 

for k obtained at Pe =0.55,1.1 and 2.15 is -2.9, -2.0 and -3.0, respectively. The av~rage 

ofk over the entire range Pe = 0.55 - 2.15 MPa is -2.8. Figure 3.15d shows log ~ vs. 

log d data obtained at Pe = 4.3 MPa. Note the similarity in the slope of the line 

segments over the entire range of volumetric strains achieved (i.e. ey = 8 - 35%). For ey 

in the range 8 - 25 % (i.e. relatively low strains), the average value of k is -3.0, for ey in 

the range 25 - 35 % the average value of k is -2.9. 
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FIGURE 3.15 (a-d) Log-log plots of volumetric strain rate ~ vs. grain size (d), constructed 
from the compaction creep data shown in Figs 3.7, 3.8 and 3.9 for the volumetric strains 
shown. Fig. 3.l5a: Pe = 0.55 MPa (exp. Jl-J4), Fig. 3.15b: Pe = 1.1 MPa (exp. 11-14), Fig. 
3.l5c: Pe = 2.15 MPa (exp. Hl-H4), Fig. 3.l5d: Pe = 4.3 MPa (data taken from experiments 
listed in figure caption 3.7). 
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3.4 Microstructural observations 

Microstructural analysis was performed on the sieved starting powder, on the 

dry-compacted material (i.e. produced from the dry loading stage of the tests) and on the 

wet-compacted samples, using optical microscopy (transmission and reflection methods) 

and scanning electron microscopy (SEM). All reflected light micrographs are taken from 

chemically etched thin sections, and all transmitted light micrographs are taken from 

mechanically polished thin sections. 

3.4.1 Dry-compacted halite aggregates 

Optical microscopy on samples compacted dry at Pe = 2.15 MPa revealed a 

highly porous aggregate structure consisting of randomly packed halite cubes. 

Neighbouring grains were occasionally seen to be in point contact (Fig. 3.16). No 

optically visible evidence for indentation/truncation at grain contacts, plastic deformation 

or grain crushing was found. 

100~m FIG. 3.16 

FIGURE 3.16. Optical micrograph illustrating the general microstructure of dry-compacted 
halite aggregate (2.15 MPa, loading rate 0.1 MPa/min). Grain size fraction: 250 - 300 !-Lill. 
Note point contacts. 
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3.4.2 Wet-compacted halite aggregates 

In the wet-compacted halite aggregates strikingly different microstructures were 

observed. A clear distinction can be made between microstructures developed in samples 

compacted to volumetric strain ev < 25%, and those in samples compacted to ev > 25% 

(i.e. the "supercompacted" material). 

3.4.2.1 Microstructures in samples compacted to ev < 25% 

These samples show a porous sub-polygonal texture formed by abundant grain 

contact truncations, grain indentations and overgrowth microstructures. These micro

structures are best developed within circular domains bounded by gently curving arrays of 

20-30 halite grains (Figs 3.17a,b) (1. The curvature of the arrays appears to be brought 

about by slight rotation of the individual grains with respect to adjacent grains and is 

accomodated by grain contact truncation (Fig. 3.17c). Where the curving arrays meet, 

halite crystals are often aligned with their crystal faces subparallel to each other, forming 

"orientation domains" of very low porosity (Fig. 3.17d). 

FIGURE 3.17 
3.17a.b Optical micrograph (transmitted light) showing general nature of wet-compacted 

halite aggregate. Note the circular domainal structures (elucidated in 3.l7b, drawn 
after 3.l7a). Crosses indicate regions of intense compaction. 

3.l7c Optical micrograph (transmitted light) showing part of array of halite grains 
bounding the circular domains. Note how the bending of the array is achieved by 
grain contact truncation. 

3.l7d Optical micrograph (transmitted light) illustrating detail of "orientation domain" 
in wet-compacted halite aggregate. Note the close packing due to the parallel 
alignment of the cubic halite crystals (Sample 14. 4.3 MPa, d = 212-250 ).lm). 1111. 

(1 

Note that these observations are made on 2-D sections through the sample. The actual 3-D 
configuration of the clusters is probably spherical, and involves many more crystals. 
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Micrographs 3.18a and 3.18b illustrate characteristic grain contact micro

structures seen in material compacted to strains < 25%. "Long" grain-to-grain contacts 

are abundant, formed by preferential removal of material from one of the grains in 

contact (identifiable from the loss of cubic habitus), the other grain remaining virtually 

unaffected. The morphology of these grain appears to depend on the crystallographic 

orientation of adjacent crystals with respect to each other. Contacts between grains of 

different crystallographic orientation nearly always show truncation of crystal corners 

against (l00) crystal faces (Fig. 3.18a). Between adjacent grains of similar orientation, 

indentation microstructures prevail. These nearly always show preferential removal of 

material from one of the adjacent grains (Fig. 3.18b). Grains coated with Al203 powder 

(test PS42, refer to Table 3.2) occasionally show sutured grain contacts ("micro

stylolites") formed by mass removal from both adjacent grains (Fig. 3.18c). The 

frequency of truncation/indentation contacts was counted using thin sections and SEM 

micrographs. This indicated that the percentage of grains showing these microstructures 

and the average grain-to-grain contact area were greater in samples compacted at 4.3 MPa 

(ev finite "" 24%) than in samples compacted at 2.15 MPa (ev finite "" 19%). Most 

truncation/indentation boundaries were found to be straight. 

SEM observations show that the grain boundary thickness between truncated/ 

indented grains is usually less than a few 100 nm, and does not seem to vary signifi

cantly over the grain contact, that is, no evidence was found for grain scale corrosion at 

the contact region (i.e. for "necking" microstructures). Also absent were features 

suggesting contact crushing or intragranular microcrack formation, or extensive plastic 

deformation during wet compaction (e.g. in the form of slip bands at grain contacts). In 

halite aggregates compacted wet at Pe = 4.3 MPa, occasional evidence was found for 

"bulging" of the grain boundary inside one of the grains in contact (suggesting grain 

boundary migration) and for nucleation of lozenge-shaped grains at or near the grain-to

grain contacts (Fig. 3.18d). 

FIGURE 3.18 (a,b). Reflected-light micrographs showing characteristic grain contact 
truncation (3.18 a) and grain indentation (3.18b) microstructures in wet-compacted halite 
aggregates. Note preferential removal of material from one of the adjacent grains only, and 
the straight grain-to-grain contacts (i.e. not sutured). (c) Sutured contacts ("microstylolites") 
between grains coated with a small Al203 particles prior to compaction (originally meant to 
facilitate detection of overgrowths). (d) Recrystallization of lozenge-shaped halite crystals 
at grain-to-grain contacts in sample compacted wet at Pe = 4.3 MPa. IIll1t· 
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In all wet-compacted samples, euhedral crystals were observed in the pores (Figs 

3.19 a-d), ranging in size from a few microns to several hundred microns. In etched 

sections, these "overgrowth" crystals could be particularly easily discerned from the 

original grains because of their lower concentration of inclusions and/or substructures. 

Some overgrowths show truncation or indentation by neighbouring crystals. Others 

show smaller "parasitic" overgrowths at their crystal faces. Occasionally "dust rims" 

were visible at the boundary between overgrowth and the substrate crystal (particularly 

clear in Fig. 19 c,d), similar to the dust rims seen in natural rocks between inferred over

growth material (e.g. cement) in the pores and detrital quartz and calcite grains (see Fig. 

1.2c, and Elliot 1973). The micrographs shown in Fig. 3.19 clearly demonstrate how the 

presence of overgrowths in the pores effectively reduces porosity, and contributes to 

lithification of the aggregate by cementing adjacent grains to each other (see arrows in 

Fig. 3.19c). The proportion of pore space occupied by overgrowth crystals and the extent 

of grain contact dissolution appear to be more or less uniform throughout the sample. 

Further, the distribution of overgrowths in thin section seems to be independent of the 

extent of dissolution from neighbouring grains in contact. 

Optical examination of 150-200 ~m thick sections with a U-stage revealed the 

presence of channel-like arrays of bright and dark-coloured inclusions within almost all 

grain-to-grain contacts (Fig. 3.20a). Some contacts show interconnected networks of 

tubular structures (channels), occupying more than 70% of the grain boundary area (Fig. 

3.20b). Most contacts, however, are characterized by apparently isolated, crystallo

graphically controlled arrays of amoeboid-shaped and locally constricted tubes (fingers) 

and subrounded inclusions (Figs 3.20c,d), occupying about 50% of the contact surface 

area. Two thick sections were heated on a heating-freezing stage. Some of the transparent 
tubular grain boundary structures suddenly became black during the heating process, a 

feature interpreted as being due to evaporation of a fluid phase. Thus, the transparent 

tubular structures in the grain boundaries probably contain liquid, the' darker ones 

probably gas (see Figs. 3.20c,d). 

FIGURE 3.19 (a-d) Optical micrographs (transmitted light) showing "overgrowths" on the 
grains. Note their typical euhedral shape. Arrows in Fig. 3.19c show how overgrowths form 
bonds between adjacent grains (lithification). 111* 

FIGURE 3.20 (a-d) Optical micrographs (transmitted light) of wet-compacted halite 
aggregates. 150-200 11m thick sections were tilted with a U-stage to obtain oblique views of 
the grain boundaries. (a) Networks of tubular arrays (channels) in the grain boundaries of 
halite aggregate compacted to about 20 % at Pe = 2.15 MPa. (b-d) Micrographs showing the 
morphology of the channel networks and fluid inclusions in greater detail. 1111"- 1111"
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3.4.2.2 Microstructures in aggregates compacted to ev > 25% 

Microstructural examination of samples compacted to ev > 25% (super

compacted material) revealed a dense interlocking structure, with abundant concavo

convex grain boundaries, lozenge-shaped halite crystals at grain boundaries and a large 

spread in grain size (Fig. 3.2la). The porosity of these aggregate samples is virtually 

eliminated. The morphology of the halite grains has changed dramatically, from 

subidiomorphic at the lower strains ev < 25% (i.e. cubic habitus, planar crystal faces) to 

subrounded to irregular at the higher strains (ev > 25%, see Figs 3.21 b,c). Examination 

of numerous etched thin sections suggests that concavo-convex grain contacts generally 

develop between grains of different substructure density (i.e. microfractures, subgrains, 

etch pits (possibly corresponding to dislocations), inclusions, slip lines, slip bands), 

with the higher substructure densities at the convex, and the lower substructure densities 

at the concave side of the grain boundary. This clearly appears from Fig. 3.21 b. Note the 

characteristic lobate shape of the left part of grain A and the typical concavo-convex 

shape of the grain boundary in that region. These features, combined with the 

observation that grain A appears to contain much less substructure than grains Band C 

suggest that grain A is growing at the expense of grains Band C. Similar evidence for 

grain boundary migration is shown in Fig. 3.2Ic. Th~ relatively bright subrounded grain 

in the centre appears to have grown at the expense of the surrounding grains. Note the 

conspicuous lobate outgrowth into grain (A) on its left side and the small enclave with 

its high optical relief just left of the centre (B), possibly a non-recrystallized part of the 

original grain. SEM micrographs of polished blocks of supercompacted halite aggregate 

reveal a high degree of pore occlusion, with most porosity located in tubes at 120°C 

triple junctions (Fig. 3.2ld) and an average grain boundary thickness of apparently less 

than 300 nm. Note also the characteristic lobate shape of the grain boundary and the 

absence of marginal dissolution features. 

FIGURE 3.21 (a-d) Micrographs showing details of supercompacted halite aggregates (61 
days compaction at 4.3 MPa, porosity I - 4 %). (a) Optical micrograph (transmitted light) 
showing completely recrystallized microstructure, plus evidence for grain coarsening and 
newgrowth of halite crystals at grain boundaries (see arrows). The striae at top right are 
artefacts of thin section preparation procedure. (b) Optical micrograph (ret1ected light) of 
conspicuous lobate shape of grain (A) and concavo-convex grain boundaries between grain A 
and adjacent grains Band C, interpreted as evidence for grain boundary migration. (e) Optical 
micrograph (ret1ected light) of subrounded grain with concavo-convex grain boundaries. Note 
outgrowth at its left side (A) and the enclave of high optical relief (B) just below the centre of 
the photograph. (d) SEM micrograph of polished block of supercompacted halite aggregate. 
Note curved grain boundaries and triple junctions. 1111. 
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Optical microscopy on thick sections of supercompacted halite aggregate shows 

a wide variety of tubular structures (channels) and fluid or gas filled inclusion morpholo

gies. Some grain boundaries show interconnected networks of tubes, but most 

boundaries contain crystallographically controlled arrays of apparently isolated inclusions 

(Fig. 3.22). SEM observations on mechanically-parted grain contacts confirm the 

presence of these structures. Three types of "rough" contact morphologies have been 

discerned. First, contacts made up of irregulary spaced, tabular plateaus ("islands", Figs 

3.23a,b), with a positive relief of about 500 nm to 3 /-lm above the lower surface of the 

boundary. Second, contacts showing an anastomosing pattern of channels, incising into 

a more or less planar surface (Figs 3.23c.d). Third, contacts displaying subrounded to 

amoeboid shaped inclusions, occasionally of negative crystal form, apparently developed 

by contraction of elongated channels (Figs 3.23c,e,f and Fig. 3.24). In all three contact 

morphologies, fine-scale structures are visible at the intervening regions (particularly 

clear at Figs 3.23 a,c,d,e), with a surface relief in the range 100 - 200 nm. Inspection of 

numerous SEM micrographs from moderately (10 < ev < 25%) and supercompacted 

(ev > 25%) halite aggregates suggest that the average thickness of grain contact zones as 

a whole (i.e. including the larger inclusions) is 200 - 500 nm and that the volume 

occupied by large inclusions and channels in the grain-to-grain contacts (> 0.5 /-lm) is in 

the range 10 - 30 %. 

50 pm FIG. 3.22 

FIGURE 3.22 Optical micrograph (transmitted light) showing networks of inclusions and 
tubes ("channels") in grain boundaries of supercompacted halite aggregate. Note how the 
apparently interconnected network of transparant tubes visible in grain boundary (A) is in fact 
made up of isolated inclusions. Grain boundary (8) reveals progressive constriction of tubes 
(visible at top) into crystallographically controlled arrays of isolated sub-spherical 
inclusions (bottom). 
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FIGURE 3.23 (a-f). SEM micrographs showing wide variety of grain contact morphologies 
seen on mechanically-parted crystals of supercompacted samples (Tests L I - L4. refer to Table 
3.2, for experimental conditions. and to text for description of microstructure). II". 
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Fig. 3.24a shows a region of a mechanically-parted, supercompacted halite 

aggregate (bottom block). Again, the variety of grain boundary morphologies is striking. 

The two opposite sides of the boxed grain boundary (top left) are shown in Figs 3.24b 

(bottom grain, magnification of Fig. 3.24a) and 3.24c (top grain). Note the characteristic 

channels and isolated inclusions, separated by tabular elevations (islands). Figs. 3.24d 

and 3.24e are drawings of the boxed areas in micrographs 3.24b and 3.24c, respectively. 

Note that the surface morphology of the bottom grain is the mirror image of the 

morphology at the top grain (at least in the boxed region). This suggests that the grain 

boundary structure is made up of two more or less identically shaped "rough" grain 

surface morphologies. The pattern of the coarser, apparently isolated inclusions at both 

interfaces thus appears to fit, so that the interconnectivity is probably maintained by the 

fine-scale roughness « 0.5 11m) developed on the intervening regions between the 

micon-size inclusions. 

100 pm FIG.3.24a 

FIGURE 3.24 (a) SEM overview micrograph of corner of mechanically-parted, supercompacted 
halite aggregate. Note the dense packing structure and the variety in grain contact 
morphology. (b) Magnification of upper left grain boundary visible in Fig. 3.24a. (c) 
Microstructure at opposite halite crystal. (d,e) Drawing of grain surface morphology enclosed 
by the straight white lines in micrographs (b) and (c), respectively. Note similarity 
in surface morphology over this part of the grain boundary. 1111. 
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3.5 Interpretation of experimental results 

In dry-compacted halite aggregates no evidence for solution transfer, micro

cracking or plastic deformation was observed. It is therefore inferred that the essentially 

time-independent compaction seen in the dry and oil-saturated samples occurred by 

processes of grain rotation plus intergranular sliding, possibly accomodated by 

microplasticity or microfracturing on a scale not observable with conventional optical 

microscopy. For the brine-saturated halite aggregates relatively rapid creep was observed, 

demonstrating a clear effect of the brine. Two regimes of compaction creep behaviour can 

be distinguished on the basis of the mechanical data reported, namely a relatively low

pressure regime (0.55 .:5: Pe ~ 2.15 MPa) and a high-pressure regime (2.15 < Pe ~ 4.3 

MPa). Further, the high-pressure behaviour can be subdivided in low-strain (ev < 25 %) 

and high-strain fields (ev > 25 %), each with its own characteristic microstructural 

features. 

3.5.1 Low-pressure regime (0.55 S Pe ~ 2.15 MPa) 

The mechanical data are interpreted assuming the variables governing the 

compaction creep process to be independent of each other. The compaction behaviour of 

brine-saturated halite aggregates in this regime can then be described by an empirical 

equation of the form 

(3.1) 

where ~ = volumetric strain rate (s-I), A = a constant (at constant temperature), Pe = 
effective pressure (Pa), d = grain size (diameter, in m), and ev =volumetric strain. When 

fitted to the experimental data, the value obtained for the effective pressure exponent n is 

1.10 (± 0.6), the grain size exponent k = 2.8, and the volumetric strain exponent c "" 2 

in the range ey = 3 - 10%, reaching 4 to 5 in the range ey = 10 - 25%. The behaviour 

represented by the empirical creep equation (3.1) thus closely agrees with the theoretical 

relation for compaction creep by grain boundary diffusion-controlled IPS derived by 

Spiers et al. (1989), written here in the form (for ey ~ 20%) 

(3.2) 
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where A = a numerical factor dependent on grain shape and packing, V = the molar 

volume of solid phase (m3/mol), D = the diffusivity of solute in grain boundary fluid 

(m2/s), C =the average solubility of solid in grain boundary fluid (mol fraction), S =the 

effective grain boundary width (in m), given by h(l-a), where h is the average grain 

boundary thickness and (a) is the volume ratio of the boundary occupied by solid 

material ("islands"). The other terms are: R = the universal gas constant (8.314 

J/moIOK), T = absolute temperature (OK), and c is the numerical exponent to ev, 

primarily dependent on grain shape (c =2 for spheres and c=4 for cubes). 

In addition, grain contact truncation and grain indentation microstructures and 

the euhedral overgrowth crystals in the pores provide strong evidence that compaction 

creep of the wet samples at 0.55 :::; Pe ::; 2.15 MPa occurred by IPS. The absence of 

"necked" contacts suggests that IPS occurred by grain boundary diffusion rather than 

marginal dissolution. There is clear microstructural evidence for the presence of 

subcontinuous brine-vapour networks inside the grain boundaries, which may have 

provided the rapid diffusion pathway necessary for grain boundary diffusional IPS. Many 

of these fluid bodies seem to progressively break down to crystallographically controlled 

arrays of tubular to subrounded inclusions. This, however, could well have occurred after 

extraction of the sample from the vessel (i.e. with the aggregate in an unloaded state), for 

example due to surface energy driven solution/precipitation transfer or due to precipi

tation of material in the boundaries because of water evaporation from residual brine. 

Nevertheless, SEM inspection of mechanically-parted grain contacts shows a variety of 

rough grain boundary structures at all scales, confirming the image of an island-channel 

type grain boundary structure obtained from optical microscopy. Comparison of the 

grain surface morphology at both sides of an IPS-type grain boundary reveals a 

geometrically similar (fitting) configuration of rough (> 0.5 /lm), apparently isolated 

inclusions and channels, separated by a positive relief formed by amoeboid-shaped tabular 

regions covered with a fine-scale « 0.5 /lm) roughness. These observations suggest that 

grain-to-grain contacts in the wet samples contained brine in some kind of non

equilibrium island-channel network during compaction. However, as mentioned above, it 

is important to recognize that the extent to which the grain boundary structure may have 

become modified during or after sample unloading and extraction is unknown. 

Further to the general microstructure, the truncation/indentation geometries 

indicate that IPS generally occurred at only one of the two opposing grains. This implies 

that there is a dependence of the rate of IPS on either the orientation of the dissolving 

surface with respect to the crystallographic axes, or on the grain-to-grain contact 

geometry. The homogeneous distribution of overgrowths and dissolution features 

throughout wet-compacted samples rules out solution transfer induced by brine 

stratification. Intergranular microcracking and extensive plastic deformation at the grain 

contacts were not observed and therefore seem to have been of minor importance. Since 
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all samples were compacted dry at 2.15 MPa (i.e. into a kind of "locked" condition) 

before wet testing, pure particulate flow (intergranular sliding) is also thought to have 

been relatively unimportant. On the basis of the mechanical data plus microstructural 

observations it is therefore concluded that, at Pe in the range 0.55 - 2.15 MPa, 

compaction creep of the brine-saturated halite aggregates occurred via grain boundary 

diffusion-controlled IPS. 

3.5.2	 High-pressure regime (2.15 < PeS; 4.3 MPa), low volumetric 

strains 

In this regime (ey < 25%), the average exponent (k) to the grain size in the 

empirical relationship (eq. 3.1) is about 3.0, and the exponent to the volumetric strain 

lies in the range 4 to 5. Both exponents are in agreement with the theoretical model for 

grain boundary diffusion-controlled IPS, and very similar to the values obtained for these 

exponents in the low-pressure regime (Pe S; 2.15 MPa). In addition, optical microscopy 

and SEM work on halite aggregates compacted wet at 4.3 MPa to strains up to ey < 
25% revealed well-developed grain contact truncations, indentations and abundant 

overgrowth features, suggesting that compaction creep was indeed controlled by IPS. 

However, close inspection of the mechanical data obtained from the high-pressure 

experiments reveals an exponent (n) to Pe of about 4 at ey < 10%, and of about 2 at ey = 
10 - 22.5 %, both values being considerably higher than values for (n) predicted by the 

theoretical models for IPS (i.e. n = 1) and obtained at lower pressures (i.e. n = 1.1). In 

addition, at ey < 10%, the exponent (c) to ey is in the range 6 to 8, and thus 

significantly higher than the values of 1 to 4 for (c) predicted by theory and obtained at 

lower pressures (i.e. c in the range 2 to 5). 

In attempting to explain these discrepancies between the experimental data at 

high Pe and the low Pe behaviour (and theoretical model), the role of intergranular 

sliding in the compaction process is considered. In the high-Pe tests, dry compaction was 

carried out at an applied pressure of 2.15 MPa (the pre-compaction or aggregate locking 

stage), whereas wet compaction occurred at 4.3 MPa. This excess pressure of 2.15 MPa 

can be expected to have induced an extra component of intergranular sliding and grain 

rotation (due to "unlocking" of the dry-compacted aggregate structure). resulting in 

higher volumetric strains during and shortly after initial loading of the wet aggregate. 

Such an effect is consistent with the data shown in Figs 3.13a-c. At ey in the range 

6 - 10%, the volumetric strain rates obtained at Pe = 4.3 MPa are all relatively high and 

give rise to a rel~tively high exponent (c) to ey of 6-8. The high initial ey also leads to 

an offset of th~ ~ vs. ey data to the right in Figs. ~.l3a-c. This results in apparently 
high values of ~ at 4.3 MPa compared to values for ~ obtained at lower Pe (at constant 
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ev). In plots of ~ vs. Pe, this is reflected in an apparently high exponent (n) to Pe of 

about 4 over the range Pe = 2.15 - 4.3 MPa and ev = 6 - 10% (see Fig. 3.11c). 

Brzesowsky & Spiers (1989) recently performed compaction experiments on wet halite 

aggregates in which the dry-compaction pressure exceeded the wet-compaction pressure. 

High exponents to ev and Pe were not seen in their experiments, suggesting that the 

results obtained over the range 2.15 < Pe ::; 4.3 MPa and ev = 3 - 10% are indeed due to 

unlocking of the dry-compacted aggregate structure by particulate flow. 

The above hypothesis explains the high values of the exponents to Pe and ev 
at low strains. The remaining discrepancy is the relatively high exponent n to Pe of 2 at 

ev = 10 - 22.5%, compared to a theoretical value of 1 for compaction creep by IPS. A 

possible explanation for this relatively high exponent to Pe is an increasing contribution 

of plasticity-induced solution transfer (PIST) to the creep process with increasing Pe. 

Compaction creep by PIST is viewed to involve coupling between plastic deformation at 

grain contacts and simultaneous dissolution of the yielding contact region (Spiers et al. 

1989), similar to the marginal dissolution mechanism originally proposed by Bathurst 

(1958). Compaction creep experiments on wet halite aggregates at Pe in the range 4 - 10 

MPa by Brzesowsky & Spiers (1989) showed an exponent to Pe around 2 and some 

microstructural evidence for occasional undercutting at grain contacts, suggesting that 

compaction creep was indeed controlled by PIST, or by a mechanism related to PIST. 

Thus, the exponent (n) to Pe of about 2 obtained from the present experiments over the 

range Pe = 2.15 - 4.3 MPa and ev = 10 - 22.5% may reflect a transition from 

compaction creep by IPS, at Pe ::; 2.15 MPa, to compaction creep by PIST, at Pe > 4.3 

MPa. In the samples compacted at Pe = 4.3 MPa, no microstructural evidence was found 

for PIST (e.g., in the form of marginal dissolution microstructures). However, the minor 

grain boundary migration and recrystallization features observed in material compacted at 

4.3 MPa probably reflect local variations in dislocation density. This can be interpreted 

as (indirect) evidence for the operation of limited plastic deformation at grain contacts. 

In conclusion, both mechanical data and microstructures indicate that the wet 

halite aggregates at Pe = 4.3 MPa compacted via grain boundary diffusion-controlled 

IPS, in combination with limited particulate sliding at low strains and some plasticity at 

grain contacts. The operation of particulate sliding can be viewed as being due to the 

experimental method, and may not have occurred for higher dry-compaction stresses. 

Grain boundary migration and recrystallization have been observed but are rare compared 

to grain contact truncation and indentation microstructures. 
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3.5.3 High-pressure regime (4.3 MPa), high volumetric strain 

In this field (ey > 25%), the average grain size exponent of 2.9 and the presence 

of a (relict) network of channels inside many of the grain boundaries suggest that 

compaction creep also occurred by grain boundary diffusion-controlled IPS. However, the 

exponent (c) to ey increases from about 5 to 10 over the range ey =25 - 32%, and to 

even higher values at ey > 32% (i.e. with the samples approaching zero porosity). 

Obviously, this is not in accordance with the low strain (ey :::; 20%) theoretical relations 

of Spiers et al. (1989) for compaction creep by IPS, which predict c = 1 - 4. In addition, 

the microstructure of the high-strain samples is dominated by grain boundary migration 

(recrystallization), grain growth and nucleation at grain-to-grain contacts, and is thus 

completely different from the low-s~rain aggregate microstructure. No information is 

available regarding the dependence of ~ on Pe in this field. 

What is the cause of the increasing exponent to ey with increasing ey ? In order 

to answer this question, it will be assumed that, despite the lack of microstructural 

evidence, compaction creep at high strains also occurred by grain boundary diffusion

controlled IPS. Now consider the development of the peripheral grain contact cross 

section (q) through which the inferred rate-controlling diffusion occurs. With increasing 

ey , in particular at ey > 25%, (q) may decrease significantly due to merging of the grain 

contacts or due to occlusion of the grain boundary. This inferred process of grain 

boundary occlusion may become particularly important at high strains, since surface 

energy gradients then begin to compete with gradients in stress/strain energy set up 

along the grain boundaries. 
In conclusion. limited but consistent mechanical data (~ ex d- 3) and micro

structural evidence ("wet" contacts) suggest that compaction creep of low-porosity wet 

halite aggregates at Pe = 4.3 MPa is controlled by grain boundary diffusional IPS (Le. 

the same compaction mechanism as in high-porosity wet halite aggregates compacted at 

Pe = 0.55 - 4.3 MPa). The extent of grain boundary migration, nucleation and grain 

growth appears to increase with increasing ey , probably effectively overprinting IPS-type 

microstructures like grain contact truncations, which may well have formed at an earlier 

stage of compaction. Changes in the grain-to-grain contact geometry and/or grain 

boundary structure ass~ciated with this microstructural evolution may explain the 

increasing sensitivity of ~ to ey with increasing ey . 
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3.5.4	 Determination of kinetic coefficient governing creep of NaCI by 
IPS 

In the above paragraphs it was demonstrated that in the range 0.55 S Pes 2.15 

MPa, compaction creep of wet halite aggregates occurred by grain boundary diffusion

controlled IPS as described by the model of Spiers et al. (1989). An attempt will now 

be made to determine the magnitude of the fundamental phenomenological coefficient or 

constitutive parameter Z = D.C.S, appearing in eg. 3.2, which is the effective grain 

boundary diffusivity governing the absolute rate of compaction ~reep by this mechanism. 

Z has been evaluated by rough fitting of the experimental data (~ VS. Pe, ev and d) to eg. 

3.2, treating Z as a fitting parameter. Fitting was carried out at 6 values of ev over the 

range 3 S ev S 17.5%, i.e. over the ev-range where the theoretical model of Spiers et al. 

(1989) fits the mechanical data with a known numerical coefficient of A = 183 (±91) (see 

Spiers & Schutjens 1990). Using an exponent to ev of 2 yields 

Z D. C. S. 10- 19 - 10-20 m 3/s	 (3.3) 

The numerical values obtained for Z show no statistically significant relationship to Pe 
(over the range 0.55 S Pe S 2.15 MPa) or to d (over the range 180-350 /lm). However, 

Z appears to decrease by about one order of magnitude over the range 7.5 S ev S 17.5 % 

(Fig. 3.25). 

The numerical values of Z obtained from the present experimental data are about 

3 orders of magnitude lower than those calculated assuming values of D and C which 

correspond to bulk NaCl solution (i.e. D.C. "" 10- 10 m2/s, Kestin et al. 1981, Spiers et 

al. 1986, p. 17) and assuming an island-channel grain boundary structure with S in the 

range 200 - 500 nm (as suggested by the present microstructural observations) - see Fig. 

3.25. Numerical values for Z calculated on the basis of these assumptions are in the 

range Z = 2 x 10- 17 - 5 x 10-17 m3Is. and are displayed by the dotted region. At the 

same time, the experimental values obtained for Z are a minimum of 4 orders of 

magnitude higher than predicted for a truly adsorbed grain boundary film ofthickness S 3 

nm and correspondingly reduced diffusivity (10-5 x bulk solution value, or lower - see 

Rutter (1976, 1983) and Tada et al. (1987». Combining this information with the 

present microstructural observations, it is inferred that during compaction, grain 

boundaries probably contained more or less true liquid in some kind of island-channel 

form. In the framework of this interpretation, the rather low values of Z are thought to 

imply either that the value of S during creep is substantially lower than estimated from 

the grain boundary structure observed after deformation, or that the product D.C is 
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decreased in the grain boundary liquid (due to thin film effects tending to reduce the 

diffusivity of solute in solution). These two effects could of course be coupled. In 

addition, the gradual decrease in the value of Z with increasing volumetric strain shown 

in Fig. 3.25 indicates that S and/or the product D.C may gradually decrease with 

increasing volumetric strain. Possible causes for this effect include the above mentioned 

gradual reduction in peripheral grain contact cross section (q) due to a decrease in grain 

boundary thickness (affecting the physical nature of the fluid) and/or progressive loss of 

interconnectivity of the grain boundary fluid with increasing volumetric strain. 
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FIGURE 3.25. Values for the kinetic coefficient Z = D.C.S for grain boundary diffusion
controlled IPS obtained by fitting experimental data to theoretical model for grain boundary 
diffusional IPS over the range ev < 17.5%. Note the gradual decrease in Z with ev over the 
range 7.5 < ev :s; 17.5%. Dotted area at top indicates values calculated for Z by assuming a 
grain boundary thickness in the range 200 - 500 nm (estimated from microstructural 
observations) and assuming bulk fluid properties for the grain boundary fluid (i.e. D.C ~ ') ~ 

\0-1 O m-/s). 
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It is felt by the present writer that the above interpretations can at present not be 

extended any further, simply because too little is known about the grain boundary 

structure between halite grains undergoing IPS and about the physical nature of the 

inferred brine films. There is, for example, insufficient data on the properties of brine 

films to exclude the possibility of a continuous "thick" film (3 < S < 100 nm) of 

weakly bound fluid possessing near-bulk diffusion properties, but which is able to 

support sufficient shear stress not to be squeezed out of grain boundaries (refer to Tada et 
ai. 1987). In particular, it is impossible to assess whether the grain boundary structure 

seen in the present experiments represents the true "dynamically-stable" structure, or 

whether it has been corrupted. What is therefore required are direct observations of the 

development of the grain boundary structure between halite crystals loaded under brine 

and undergoing IPS. These experiments are the subject of the following chapter. 

3.6 Comparison of present results with previous work 

An extensive review of previous work on compaction of halite aggregates is 

beyond the scope of this thesis. Here only the state of the art will be summarized. In the 

eighties, a vast amount of experimental data on IPS or IPS-related effects in salt 

aggregates has been published. Compaction creep and deviatoric creep experiments have 

been performed on dry and wet NaCl granular aggregates by Shor et ai. (1981), Raj 

(1982), Pfeifle & Senseny (1985), Liedtke & Bleich (1985), Holcomb & Shields (1987), 

Fordham (1988), Fordham et ai. (1989) and others, and on dry and wet KCl aggregates 

by Pharr & Ashby (1981) and Sheikh & Ashby (1983) and others. All workers reported a 

strong acceleration of the creep rate upon addition of brine. Further, the compa~tion creep 

tests agree in that they show a positive dependence of volumetric strain rate ~ on effec

tive pressure (Pe), and a negative dependence on grain size (d) and on volumetric strain 

(ev) or, equivalently, on the test duration. However, with the exception of Raj (1982), 

the mechanical data have been fitted to log-based mathematical expressions and not to 

powyr law relations. The aim of these workers was clearly to obtain the best fit 

mathematical expression to their data, and not to compare the mechanical data to 

physically-based constitutive relations, allowing identification of the compaction 

mechanism(s). In addition, no systematic microstructural analysis of starting material 

and compacted material has been carried out by any of the previous workers cited above. 

Deviatoric creep tests show similar dependencies of strain rate (i:) on Pe, d and 

e y as observed in the compaction creep tests. However, in this case, interpretation is 

complicated by substantial cataclasis. Pharr & Ashby (1981) and Sheikh & Ashby 

(1985), for example, axially compressed cold-compacted wet KCl aggregates under 

deviatoric stress conditions (at several tenths of MPa to several MPa) and reported 
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opening of intragranular cracks, voids and wedge cracks accompanied by considerable 

sample dilatancy and large deviations in deviatoric strain rate. Empirical relations 

describing deviatoric creep of wet salt aggregates are at present not available, and the 

creep mechanism (or combination of mechanisms) has not been unambiguously 

identified. 

The only really comparable and systematic experimental study into compaction 

creep of wet halite aggregates (at similar conditions as in the present tests) has been 

conducted by Raj (1982). However, Raj does not consider the concept of "isostructura.1 

state" in the analysis of his experil1!ental data, and therefore neglects the dependence of ~ 

to ey . Instead, the dependenci~s of ~ on Pe and d seem to have been determined at some 

kind of "pseudo steady state" ~ (probably at a given test duration; no specification of data 

handling/selecton given) rather than at constant ey (as in the present tests). This leads to 

a systematic underestimation of the grain size sensitivity which explains the discrepancy 

between Raj's findings (~ proportional to d- l ) and the results obtained in the present 

experiments (~ proportional to d-3). 

3.7 General conclusions 

Compaction creep experiments have been performed on dry and brine-saturated 

NaCI aggregates (Pe == 0.55 to 4.3 MPa and d == 50 to 425 /lm). Dry and oil-saturated 

aggregates show an instantaneous amount of compaction (by the time-independent 

process of grain rotation and grain sliding plus possible microplastic/cracking 

accomodation), whereas wet aggregates show time-dependent compaction creep. At 

Pe :s; 2.15 MPa, the empirical relationship describing the compaction behaviour of the 

wet aggregates agrees well with the theoretical model for compaction creep by grain 

boundary diffusion-controlled IPS derived by Spiers et ai. (1989). In addition, abundant 

microstructural evidence was found for IPS, such as grain contact truncation, grain 

indentation and euhedral overgrowths in the pores. Microstructural evidence suggests that 

during compaction, grain boundaries possessed a non-equilibrium, island-channel 

structure, probably containing brine in liquid form. In samples compacted wet at Pe == 

4.3 MPa, fluid-assisted grain boundary migration (recrystallization), grain coarsening and 

nucleation of lozenge-shaped halite crystals at grain-to· grain contacts were also observed. 

This correlates with the increasing exponent to Pe, which is attributed to IPS plus some 

plasticity at and near grain contacts. 

Having obtained good agreement between theory and experiment, the 

compaction creep data for the regime Pe :s; 2.15 MPa were fitted to the theoretical 

relation for grain boundary diffusion-controlled IPS, in an attempt to evaluate the 

magnitude of the associated kinetic coefficient Z == D.C.S. This yielded Z == 10- 19 _ 
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10-20 m3/s, which is about 3 orders of magnitude lower than theoretical values for Z 

assuming bulk fluid properties for the grain boundary fluid, and at least 4 orders of 

magnitude higher than the value for Z expected for a strongly adsorbed grain boundary 

film of only a few nanometers thickness. Further, Z appears to decrease with increasing 

volumetric strain ev. Detailed interpretation is limited by a serious lack of knowledge of 

the extent to which the grain boundary structure may have become modified on or after 

unloading. Despite the insight gained in the mechanistic and general microstructural 

aspects of compaction creep of halite aggregates via IPS, some essential questions 

remain to be answered, including the distribution, thickness and physical nature of the 

grain boundary fluid, and the way these factors influence the magnitude of the kinetic 

coefficient Z. 
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Chapter 4 

THE MICRO-SCALE MECHANISM OF IPS IN NACL; 

EXPERIMENTS UNDER THE OPTICAL MICROSCOPE 

4.1 Introduction 

The experiments reported in the previous chapter showed that, at relatively low 

stresses (~ 2.15 MPa) and temperatures (room T), wet granular halite compacts by an 

intergranular pressure solution (IPS) process. Comparison of the mechanical data 

obtained with microphysical models for creep by IPS, plus microstructural observations, 

led to the conclusion that compaction occurred by grain boundary diffusional IPS, with 

the diffusion step being rate controlling. However, the following points remained 

unresolved: 

a) While the observed truncation/indentation microstructure suggests a mechanism of 

grain boundary diffusion, it may also represent an "end product" microstructure. Thus, 

the possibility that much of the early strain was achieved by subsequently obscured 

marginal dissolution processes cannot be ruled out. 
b) The internal grain contact structure observed in the deformed material suggests that 

grain boundaries possessed a non-equilibrium, island-channel structure containing brine 

with an average thickness of 200 - 500 nm. However, it could not be firmly established 

if this structure existed during deformation, or was introduced/modified after testing. The 

grain boundary structure may have been modified during unloading and extraction of the 

samples from the compaction vessel, for example due to mechanical damage (microcrack 
formation and opening/closure of grain boundaries as a result of stress/strain relaxation), 

precipitation of NaCl from the brine due to water evaporation, or surface-energy driven 

solution/precipitation reactions in residual grain boundary fluid. Clearly, knowledge of 
the internal contact structure and effective fluid film thickness (S) is important for a 

complete understanding of the operating IPS mechanism. 

c) Evidence from the literature suggests that values for the intrinsic diffusivity (D.C) 

in thin fluid films between solids may decrease sharply with S when S is much smaller 

than 1 ~m (Rutter 1976, 1983, Tada et al. 1987, Bell & Cuff 1989). However, the 

quantitative relationship between D.C and S in aqueous thin films between minerals like 

quartz, calcite, biotite or halite (or between combinations of these) has, to the knowledge 

of the present author, not been resolved. In the case of the grain boundary diffusional 

process in wet halite inferred from the "bulk (hydrostatic) compaction" tests, knowledge 

of S is essential for calculating the intrinsic diffusivity D.C of the intergranular solvent 

phase from the value of the effective grain boundary diffusivity Z (= D.CS) determined 
from the compaction tests (in § 3.5.4). 
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In order to resolve the above questions, direct observations of the contact scale 

processes, as they occur during deformation, are needed. The present chapter reports 

experiments designed for this purpose. Two types of experiment were performed, both 

enabling direct observation of the deformation process under the optical microscope: 

1) Two-dimensional (2-D) compaction tests - These enabled direct monitoring of the 

compaction process and development of external contact structure in a 2-D granular 

aggregate. 

2) Contact dissolution experiments - In these experiments the development of the micro

structure within single halite/halite and halite/glass contacts loaded under brine was 

monitored. Measurements of dissolution rates enabled direct comparison with theory of 

IPS and determination of Z. 

4.2	 Two-dimensional compaction experiments 
(INSUI and INSU2) 

4.2.1	 Experimental apparatus, sample configuration and method 

Here, an attempt was made to compact a single layer of halite grains (i.e. a two
dimensional sample) in a glass cell between glass plates. The device in which these 

experiments were performed is illustrated in Fig. 4.1a. The sample is placed in a 

rectangular slot cut in a glass slide (dimensions slot: 20 mm x 6.8 mm, 0.45 mm deep). 

This slot is covered with a second glass slide which has a small wafer-shaped glass plate 

(6.4 x 5 x 0.43 mm) glued to its bottom side, fitting exactly into the slot. Shear 
displacement of top slide over bottom slide displaced this glass wafer back and forth 
through the slot, thus enabling the application of an external load to the short edge of 

the 2-D halite aggregate, with the glass wafer acting as a "piston", and the slot in the 

glass slide acting as a "cylinder". The interstice between top and bottom slide is sealed 

with low viscosity Dow Corning grease, and the sample is immersed in saturated NaCI 

brine prepared by stirring de-ionized water for about one hour with an overmeasure 

analytical grade NaCI powder at 20°C and I atmosphere. Finally, the glass cell is fixed 

to an optical microscope stage. Note that the grain-to-grain contacts in these 2-D 

aggregates are oriented subparallel to the transmitted light beam, which is essential to 

study the development of the external grain contact microstructure. 

The compressive stress (Jc) to the sample is applied by a dead weight (F) 

connected to the top glass slide with a wire led over a small pully (Fig. 4.la). (Jc is 

equal to F divided by the surface area of the aggregate which is directly loaded by the 

glass (piston) wafer (3.1 x 10-6 m2). The linear compactional strain of the 2-D sample 
is obtained from the shear displacement of the top glass slide over the bottom glass 
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FIGURE 4.1 (a) Deformation device used for the 2-D compaction experiments INSU 1 and 
INSU2. Note that the grain contacts are oriented subparallel to the transmitted light beam (i.e. 
vertically). (b) Schematic representation of 2-D sample configuration (top view) in tests 
INSU1 and INSU2. Note flow direction of brine through cell during compaction. 
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slide, and measured with a dial displacement gauge (resolution: 1 Ilm) linked to the top 

glass slide with a steel rod. In order to prevent disjunction of the glass plates during 

shear displacement, a spring-load of about 1.5 N is applied perpendicular to the contact 

face between the glass slides. Note that during compaction, brine can freely flow from 

the compacting sample (in front of the glass plunger) to the equivalently increasing 

volume behind the glass plunger, and thus remains constant at 1 atmosphere. 

In calculating (ae), a correction was applied for: (1) the compressional force of 

the spring inside the dial displacement gauge (which was about 0.6 N, and found to be 

constant with displacement), and (2) the frictional force Ffr. exterted by the layer of 

grease between top and bottom slide. Pilot tests showed that Ffr. decreased with 

decreasing shear rates to values of about 0.1 N at the lowest shear displacement rates 

tested (about 0.3 mm/min). Shear displacement rates during the experiments were 

considerably lower (except for the first few seconds after load was applied), so that a 

frictional force of 0.1 N can be considered as a maximum value. 

The experimental conditions of the two 2-D compaction experiments INSUI 

and INSU2 are summarized in Table 4.1, and the halite aggregate configuration in these 

samples is shown in Fig. 4.lb. The sample in test INSUI was prepared by randomly 

packing a one grain thick layer of cubic halite crystals (diameter in the range 400 - 425 

Ilm). For test INSU2, two cleaved chips of halite single crystal (7 x 1 mm, about 400 

Ilm thick) were embedded in this aggregate, with the aim to tie down the onset of IPS 

and to investigate the development of the IPS contact morphology between matrix grains 

and the initially perfectly planar 1100} faces of the halite single crystals (henceforth 

abbreviated as HSC). 

During anyone experiment, the dead weight (F) was increased in steps of about 

50 grams per minute to final values 650 or 1050 grams, corresponding to a compressive 

stress (ad to the sample of about 1.9 and 3.2 MPa, respectively. Series of photographs 

(all in transmitted light) and measurements of the linear compactional strain were made 

at time intervals varying from a few hours, immediately after the start of the test, to days 

in the course of the test. 

4.2.2 Mechanical data and microstructural observations 

Linear compaction strain vs. time data obtained from tests INSU land INSU2 

are presented in Figs 4.2a and 4.2b, respectively. After an instantaneous compactional 

strain of about 2 percent during the loading stage, the wet halite aggregates show time

dependent compaction creep to strains of nearly 8% after 2 days (lNSUl), and l4% after 

20 days under load (INSU2). The linear compaction creep rate decreases with time from 

about 3 x 10-7 s-1, in the first hours after maximum load was applied, to about 

2 x 10-8 s-1 after 5 days under load (at about 7% strain, INSU2). 
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Table 4.1 

Experimental conditions tests INSUl-INSU7 1) 

2-D COMPACTION EXPERIMENTS 

Test No. Applied 
stress 
(MPa) 

Weight of 
NaCI (mg) 

(matrix 
only) 

Starting 
porosity 

(%) 

Finite linear 
compactional 

strain 

Finite 
porosity 

(%) 

Test 
duration 

(days) 

INSUl 

INSU2 

1.9 

1.9/3.2 2) 

32 

32 

48.8 

41.0 

7.6 

14.6 

44.7 

30.9 

2 

24 J 
CONTACT DISSOLUTION EXPERIMENTS 

Test No. Type of Initial Applied Initial Final Final Test 
contact contact force 3) normal contact normal duration 

surface area 
(m2) 

(N) stress 
(MPa) 

surface 
area (m2) 

stress 
(MPa) 

(days) 

INSU3 NaCI/glass 1.6.10-6 3.65 2.3 (4) (4) 8 

INSU4 5) NaCl/glass 2.4.10- 6 3.65 1.5 2.9.10- 6 1.2 31 

INSUS NaCl/NaCI 6.5.10-7 3.24 5.0 1.9.10-6 1.7 17 

INSU6 NaCI/NaCI 3.5.10- 7 2.06 5.9 1.3 .10- 6 1.6 25 

INSU7 NaCI/NaCI 1.6.10-6 2.06 1.3 1.9.10-6 1.1 61 

Notes: 

1 ) All tests were conducted at 200 C, and in the presence of NaCI-saturated brine. 

2 ) Load increment from 1.9 to 3.2 MPa applied after 8 days compaction. 

3 ) In tests INSU3 and INSU4, the HSC were first loaded by the weight of the yoke (206 g) 

for a period of two days (in INSU5: 3 days). Then the load was increased to the value 

cited in this Table. In tests INSU6 and INSU7 only the weight of the joke was applied. 

4) Not measured. 

5) After 30 days under wet load. a second load increment (from 3.65 N to 5.62 N) was 

applied, corresponding to an increase in average normal stress from 1.2 MPa to 1.9 

MPa). No mechanical data were gathered during this stage. 
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FIGURE 4.2 (a,b) Compaction creep curves obtained for samples INSUI (Fig. 4.2a) and INSU2 
(Fig. 4.2bl. Note the increase in compaction creep rate upon the increase in applied stress in 
Fig. 4.2b. After II days under stress, the rope connecting the dead weight to the top glass 
slide broke, and compaction stopped. Note how compaction creep resumes after reconnecting 
the rope. 
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Essentially the same microstructural observations were made in samples INSUI 

and INSU2. Therefore only those developed in sample INSU2 will be decribed here. The 

few percent porosity reduction which occurred during application of the load appears to 

be largely achieved by the combined effect of intergranular sliding and (some minor) 

grain rotation. At about 35% porosity (i.e. after about 6 % porosity loss) most grains 

are seen to be in contact with 2 or 3 (occasionally 4) neighbouring grains, and grain 

sliding and grain rotation virtually stop. Micrograph 4.3a shows the microstructure of 

INSU2 after 14 days under load (loading direction indicated, 12.6 % linear compactional 

strain, porosity 32.5 %). The microstructural development of the boxed area is illustrated 

in photomicrographs 4.3b, 4.3c and 4.3d taken after I, 14 and 21 days compaction, 

respectively, with the aggregate porosities being 37.8%, 32.5% and 29.7%. Note 

progressive elimination of pore space with time, and the developmemt of "long" 

optically planar contacts (see arrows in Fig. 4.3c). Truncation of grains against the 

(100} crystal faces of adjacent grains and against the {100} cleavage faces of the HSC is 

most common, whereas indentation is rare. 

Some matrix grains are truncating against the {100} faces of the HSC (see Fig. 

4.4a). At some contacts, U-shaped features are developing on top of the HSC close to 

the sites of truncation (Fig. 4.4b and also 4.3c). These probably result from free-face 

dissolution, and occasionally show a typical stepwise increase in depth towards the 

contact. No evidence was observed for plastic deformation (e.g. in the form of optically 

visible slip lines) or for transgranular fracturing or microcracking at or near grain 

contacts. 

Post-test inspection of the HSC compacted in test INSU2 with the scanning 

electron microscope (SEM, CamScan S2) showed evidence for mass removal from sites 

where the matrix halite grains had been in conta~t with the HSC (Fig. 4.5a). The 

depressions in the surface of the HSC have a width in the range 300 - 400 /.Lm, and a 

maximum depth (at the centre) of 60 - 100 /.Lm. The inner walls occasionally show oval 

or amoeboid-shaped inclusions (Fig. 4.5b). Some of the intervening ("tabular") regions 

between the inclusions are covered with a conspicuous micronsize roughness, while 

others appear to be flat within the resolution of the SEM ("" 50 nm, under the present 

working conditions). 
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Loading direction 

FIGURE 4.3a. Typical microstructure of sample INSU2 after 14 days under constant load in the 
presence of saturated NaCl brine. Notice rectangular HSC surrounded by the smaller cubic NaCl 
crystals forming the matrix. 
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____ 250pm FIG.4.3b 

............ 250pm FIG.4.3c
 

............ 250pm FIG.4.3d
 

FIGURE 4.3 (b-d) Micrographs showing the development of microstructures in the boxed area 
shown in Fig. 4.3. Figure (4.3b): l day under load, porosity 37.8%, (4.3c): 14 days, 32.5%, 
(4.3d): 21 days. 29.7%. Note that initial closure of pores between adjacent grains is largely 
achieved by intergranular sliding and grain rotation. After about 10 days under load (porosity 
~ 35%) grain contact truncation microstructures become visible (see arrows on Fig. 4.3c). 
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___.�' lOO).lffi FlG.4.4a 

____....' lOO).lffi FlG.4.4b 

FIGURE 4.4 (a,b) Truncation of corners of matrix halite grains against the (100) faces of the 
cleaved HSC. Note also overgrowth at Fig. 4.4a and free-face dissolution features at Fig. 4.4b. 
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100 Jlm FIG.4.5a 

.- 10Jlm FIG.4.5b 

FIGURE 4.5 (a,b) SEM micrographs showing the HSC surface morphology at site of 
indentation by matrix grain. Mass removal from the HSC has led to formation of a subrounded 
"excavation". The inner faces at high angles to {IOO} of the HSC are smooth. Those 
subparallel to (100) form the typical "stepped terraces" morphology, and show conspicuous 
oval and amoeboid-shaped inclusions (Fig. 4.5b). 
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4.2.3 Discussion 

The direct optical observations reveal that the instantaneous porosity reduction 

during the loading stage is largely accomplished by intergranular sliding and grain 

rotation. However, during subsequent creep, the individual grains deform. The increasing 

extent of grain contact truncation with increasing compactional strain suggests that the 

observed time-dependent compaction occurred by stress/strain-induced intergranular 

pressure solution (IPS). This deduction is substantiated by the striking similarity in 

compaction creep behaviour between the present 2-D compaction experiments and the 

hydrostatic (3-D) compaction experiments (compare shape of creep curves in Fig. 4.2 

with those shown in Fig. 3.7a). Quantitative comparison of the creep rate in both types 

of tests also indicates good agreement, with compaction rate ~ being about 10-8 s-1 in 

the present 2-D tests (at about 10% strain), and about 10-7. 5 s-1 in the hydrostatic 3-D 

compaction t~sts (in the range 10 - 15% strain) (realizing thflt geometrical considerations 

indicate that ~ in 2-D should be a factor 1.5 slower than ~ in 3-D). Further, the SEM 

observations at indented parts of the HSC indicate that the operation of IPS in the halite

brine system is accompanied by formation of a rough contact morphology, consisting of 

channel-like, crystallographically controlled inclusions, several microns in size, with a 

range of finer island-channel type structures at the intervening regions. This 

microstructure closely agrees with that seen on mechanically-parted halite grains taken 

from hydrostatically compacted samples (see Figs 3.23 and 3.24). No microstructural 

evidence was found for plastic or cataclastic deformation at or near grain contacts. 

Summarizing, there is clear evidence to suggest that creep compaction of both 

wet 2-D halite aggregates and hydrostatically compacted wet 3-D halite aggregates 

occurred by IPS. The new information provided by the present experiments is that the 

time-dependent increase in contact surface area between adjacent grains with time (i.e. the 

development of contact truncation microstructures) is not associated with a cyclic change 

in grain boundary thickness along the contact face. In other words, IPS microstructures 

like grain contact truncation apparently do not form by a mechanism of marginal 

dissolution. On the basis of this information, it is therefore concluded that halite 

aggregates under brine compact by a mechanism of grain boundary diffusional IPS (at 

least, at effective stresses in the range 1.9 - 3.2 MPa and at 20°C). 
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4.3 Contact dissolution experiments (INSU3 - INSU7) 

4.3.1 Theoretical considerations 

4.3.1.1 Concept and aims 

In these experiments it is attempted to dissolve away the edge of a tilted 

prismatic halite single crystal (HSC) loaded under brine against a glass slide and against 

the (l00) face of a second halite crystal. A schematic diagram of the sample 

configuration is shown in Fig. 4.6. The lower prismatic HSC is rotated along its long 

edge so that the (00 I) and (010) faces are at an angle of approximately 45° to an 

imaginary horizontal plane. The enveloping surface of the contact morphology on this 

"tilted" HSC is a rectangular plane, of width (w) and length (L), oriented more or less 

along the {11O} crystal planes. A glass slide or a wafer-shaped HSC is in contact with 

this rectangular top surface, and exerts a force (F) to the lower HSC. 

It is clear from Fig. 4.6 that diffusional mass transfer from the rectangular 

contact face to the surrounding fluid will lead to a progressive increase in w, while L 

will remain constant. Assuming no mass removal from the overlying flat, the vertical 

displacement rate xof the flat (or crystal convergence rate x) corresponds to the rate at 

which the contact width is increasing (the contact spreading rate w) divided by a factor 2 

(since the angle of tilt of the HSC is close to 45°, see Fig. 4.7). The dissolution rate at 

the tilted HSC can thus be calculated from measurements of the contact width as a 

function of time. This provides a means to determine the magnitude of the kinetic 

coefficient Z for grain boundary diffusional IPS, as will be shown. In addition, since the 

transmitted light beam is orthogonal to the contact plane, the present experimental set

up allows investigation of the internal contact boundary microstructure during IPS. 

4.3 .1.2 Microphysical models: assumptions and starting point 

Before proceeding to describe the experiments referred to above, it is necessary 

to develop an appropriate theoretical model for crystal convergence by the anticipated 

mechanism of grain boundary diffusional IPS. The model is based on the following 

assumptions, with the geometry as shown in Figs 4.6 and 4.7: 

1) Removal of material from the contact occurs purely by diffusion-controlled grain 

boundary diffusional IPS, i.e., all work done by the applied force (F) is dissipated in 

driving diffusion of dissolved material along the contact boundary. 

2) Precipitation occurs away from the contact region (i.e. not inside the crystal 

contact zone or at the contact margin). 
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FIGURE 4.6. Schematic illustration of geometry and orientation of cleaved halite single 
crystals (HSC) used in the contact dissolution experiments INSU3 - INSU7. The rectangular 
(110) top face of the tilted parallelepiped HSC is loaded against a wafer-shaped flat. 

tiW = W(n+l) - Wn 

x=A!=~ = ~ 
tit 2.tit 2 

Wn +W(n+l)
--2---=wCn +o.5) 

Material dissolved { 
during time increment ~t 

Tilted HSC 

FIGURE 4.7. Illustration of the relationship between crystal convergence rate (x) and contact 
spreading rate (w) for the crystal geometry used in the present contact dissolution 
experiments (side view). xis defined as the vertical displacement rate (expressed in m/s) of the 
contact face in a vertical direction (in the present model: resulting from dissolution of the 
dashed area during time interval ~t). Note that x= W/ 2. Note also that, at constant applied 
load, the average normal stress at the contact gradually decreases with increasing contact 
surface area. 
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3) The upper HSC wafer does not dissolve. Only the tilted (lower) HSC dissolves, 

and is truncated against the upper wafer, cf. the IPS microstructures observed in the 3-D 

and 2-D compacted wet halite aggregates. 

4) The contact zone possesses a stable thin film or island-channel structure, allowing 

access for the solvent (i.e. the presence of an interconnected fluid network) while 

simultaneously transmitting the applied load across the contact. If it is an island-channel 

structure, then this grain boundary structure is assumed to be "dynamically stable" in the 

sense that during ongoing IPS the average structure of the contact interface remains 

constant. 

S) Shear stresses along the contact are neglected (with reference to the discussion in 

§ 2.4). 

Two possible diffusion pathways will be considered (Fig. 4.8). In model A, the 

rate controlling diffusion of material occurs parallel to the short edge of the contact 

interface (i.e. along the crystallographic [110] direction, cf. an infinite bar). In model B, 

the rate controlling diffusion is assumed to occur parallel to the long edge of the contact 

interface (Le. along the [001] direction) as a result of postulated crystallographically 

controlled anisotropic diffusion. Solutions to the diffusion boundary value problem 

underlying both models A and B are obtained using the simplest possible approximation 

(following e.g. Raj 1982), which is described below. The results are essentially identical 

to those obtained from a more rigorous approach (see Rutter 1976 and Spiers & 

Schutjens 1990). 

/' [001] axis 

A B 

FIGURE 4.8. Schematic illustration showing the two diffusion paths considered in the present 
theoretical model. Model A: diffusion along the shon edge of the rectangular contact face. 
Model B: diffusion along the long edge of the contact face. 
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4.3 .1.3 Microphysical models: development
 

Mode! A (diffusion parallel to the short edge ofthe contact intelface)
 

The present analysis is based on Fick's law written 

DC
J (4.1)

RT· VIl 

or, using the average of the maximum and minimum potentials along the contact 

interface, 

DCJ (4.2)
RT 

where J == the volumetric flux vector (m3/m 2s), ~Il == average driving potential for 

diffusion of material along the contact interface from the dissolution site (inside the 

contact interface) to the precipitation site (at the {1001 crystal faces (J/mol)), R == the gas 

constant (8.314 J/molOK) , T == the absolute temperature (OK), and B == the average 

diffusion distance (m). Referring to section 2.4 of this thesis (theory of IPS), the average 

driving potential for diffusion through the contact zone (in J/mol) can be approximated 

by 

(4.3) 

where ~O'n == the difference in average effective normal stress between the dissolution and 

precipitation sites (in Pa == N/m2), and V == the molar volume of the HSC (m3/mol). 

Now, 

F 
0' app. (4.4)wL 

where O'app. == the applied normal stress to the contact, Pf == the pore fluid pressure, 

F == the force applied to the rectangular contact face (110), w = the length of the short 

contact edge, and L = the length of the long contact edge. Also, the average diffusion 

distance for material dissolving inside the contact and diffusing along the short edge of 

the contact interface is (see Figs 4.7 and 4.8) 

B = w 
(4.5)4 

Inserting egs. (4.3 - 4.5) into eg. (4.2) thus gives 
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4DCVF 
J == (4.6)2R TL. w 

But the peripheral area, through which the flux is acting, is equal to 

A == 2 L S (4.7) 

with S denoting the effective fluid film thickness at the crystal contact zone. The total 

volume flux of material leaving the contact face in unit time (expressed in m 3js) hence 

follows from the product of eqs. (4.6) and (4.7) 

8DCSVF 
Ie LA 

(4.8)RT.w 2 

Lastly, this expression can be related to the crystal convergence rate x (expressed in m/s) 

by 

Ic == X. L . w (4.9) 

yielding the following relationship for crystal convergence rate by grain boundary 

diffusional IPS, namely 

8DCSVF 
x= 

3 (4.10)R TL. w 

Finally, this equation can be written in the simplified form 

x= 
(4.11) 

where 

8DCSV 8ZV 
(4.12)

RTL == R TL 

with Z == D.C.S being the kinetic or phenomenological coefficient, governing the rate of 

crystal convergence. 
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Model B (difjusionparallel to the long edge of the contact interface) 

A similar analysis was made for the case of IPS controlled by the rate of 

diffusion parallel to the long edge of the contact (Fig. 4.8b). The expression for xthen 

takes the form 

x= (4.13) 

where 

32DC S V 32ZV 
3 3 (4.14) 

RT.L RT.L 

4.3 .1.4 Comparison of models 

The two models A and B for crystal convergence via diffusion-controlled IPS 

given by eqs. 4.1 0 - 4.14 differ in the magnitude of the numerical constant (8 versus 32) 

and in the magnitude of the exponent to the parameters wand L, representing the lengths 

of the short edge and the long edge of the contact, respectively. Now recall from the 

geometry of the tilted HSC that progressive IPS from the contact face leads to an 

increase in the value of w, while parameter L remains constant. In the case of diffusion 

parallel to the short edge of the contact, the theoretically-predicted exponent to w is 3 

(eq. 4.11), while for diffusion parallel to the long contact edge it is 1 (eq. 4.13). The 

present contact dissolution experiments (Fig. 4.6) were directed to establish the 

quantitative relationship between xand w, thus providing a possible means; I) to 

determine if one of the two models applies for crystal convergence by IPS, i.e. whether 

solute diffusion occurs along the short or along the long edge of the contact face, and 2) 

to calculate the magnitude of the kinetic coefficient Z for grain boundary diffusional IPS, 

since all other parameters in eqs. 4.10 - 4.14 (including F and L) remain constant during 

the experiment. 
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4.3.2 Experimental method 

4.3.2.1 Treatment o/sample material 

Optical grade synthetic halite crystals (Harshaw Chemical Company) were 

cleaved with a razor blade along the {100} crystal planes into parallelepiped and wafer

shaped crystals, with long edges of about 7 mm and short edges of about 0.7 mm. 

Crystals showing optically visible cleavage artefacts, such as steps on the surface or 

bending, were discarded. An estimate of the dislocation density of the cleaved HSC was 

obtained by grid-counting the number of etch pits at SEM micrographs of etched HSC 

faces, assuming that at each dislocation emergence point one etch pit develops. 

According to Beeman & Kohlstedt (1988), this technique yields values of the dislocation 

density which are similar to those measured by X-ray and TEM methods. The etchant 

was prepared by stirring 500 ml analytical-grade methanol with about 0.5 grs K3FeCN6 

in a closed polyethylene bottle for about 1 hour (20°C). Rinsing the HSC for about 10 

seconds in this solution produced etch pits at the HSC faces with a characteristic pyramid 

shape and a size in the range 1 - 4 )..Lm. About 10 % of the etch pits appeared to be 
organized into line-segments composed of 4-10 1) and closely spaced etch pits, joining 

at triple junctions with interlimb angles in the range 90 - 140° (Fig. 4.9a). The average 

density of free dislocations (i.e. of those not ordered in line segments) was found to be 2 

x 107/cm2, and the variation in dislocation density between individual micrographs 

about 1 x 107/cm2. 

In order to prevent inhomogeneous dissolution due to the relatively large 

variation in dislocation density over the HSC faces (50% of the average value), all HSC 
were annealed prior to deformation. They were wrapped in gold foil (thickness"" 45 )..Lm), 

placed in an open quartz glass tube, and heated for a period of 15-18 hours at 740°C and 1 

atmosphere in an argon gas environment. Technical-grade Argon gas was used, with less 

than 5 ppm H20 at 20°C and 1 atm. Figure 4.9b shows a typical etched surface 

morphology of an annealed HSC. Grid counting on these faces yields a free dislocation 

density of 3 x 105/cm2, with a variation of 5 x 104/cm2 between the micrographs. 

Annealing the HSC thus reduced the average free dislocation density by a factor of about 

65, and the variation in dislocation density between micrographs from about 50% to 

16% of the average dislocation density. Most dislocation etch pits visible on the 

annealed HSC appear to be organized in straight or slightly curved line segments, which 

typically join with neighbouring segments at 120° triple junctions to form cellular 

structures at the HSC faces (diameter: 20 - 60 ).lm)I). Formation of these cellular 

1 )
 

Observations were made at the {100} crystal face (i.e. in 2-D). The dimensions of these
 
cells in 3-D and the number of etch pits involved in each cell are unknown.
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structures has been attributed in the literature to thermally-activated motion and 

organization of originally more or less randomly dispersed dislocations to energetically 

favourable "subgrain walls" (Amelinckx 1964, Hobbs et al. 1976). 

____......' lOpm FlG.4.9a 

30 pm FlG.4.9b 

FIGURE 4.9 (a,b) SEM micrograph of a cleaved 1100I face of a synthetic NaCl crystal before 
annealing (Fig. 4.9a), and after annealing (Fig. 4.9b). Both HSC have been etched according 
to the procedure outlined in the text. Note the intersecting line segments in Fig. 4.9b, 
composed of closely spaced etch pits. 
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4.3.2.2 Sample preparation 

Two parallelepiped HSC (long edges: '" 7 mm, short edges: '" 0.7 mm) were 

mounted subparallel to each other on a glass slide using Araldite resin, with the (010) 

and (100) crystal faces oriented at an angle of about 45° (± 5°) to the glass slide (cf. the 

orientation in the theoretical model, refer to Figs 4.6 - 4.8). On both sides of the tilted 

HSC several cubic halite crystals with a diameter about 400 11m were placed in the 

Araldite layer to prop the HSC (Fig. 4.1 Oa). After the Araldite resin had hardened, the 

sharp upper edges of the two tilted HSC were carefully abraded with fine-grit SiC 

polishing paper to produce a rectangular top-surface, subparallel to the crystallographic 

( llO) plane. In samples INSU3 and INSU4, the width of the rectangular top face after 

polishing was in the range 130 - 210 11m, in samples INSU5, INSU6 and INSU7 it was 

in the range 20 - 60 11m (measured using an optical microscope equipped with a 

calibrated graticule). Abrasive polishing, however, produced a highly damaged surface 

layer with numerous scratches (Figs 4.1 Ob and 4.1 Oc). The top face was therefore wiped 

lightly with a Kleenex tissue paper moistened with distilled water, and then rapidly dried 

with dry tissue paper. This chemical polishing removed a layer of a few microns 

thickness from the top face of the HSC and resulted in a perfectly planar, high-quality 

(scratch-free) surface finish (Figs 4.l0d and 4.lOe). The height of the HSC with respect 

to the glass slide was about 1 mm, the difference in height between two HSC glued on 

the same glass slide was in the range 0.05 - 0.1 mm (measured with a caliper). 
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FIG.4.lOd FIG.4.10e 

FIGURE 4.10 (a-e) SEM micrographs showing technique applied to prepare the HSC for the 
contact dissolution tests. The procedure involved: (Stage 1) Removal of material from the 
sharp top edge by abrading with fine-grit polishing paper. This led to formation of a 
rectangular top surface with numerous scratches (Figs 4. lOa-c). (Stage 2) Chemical polishing 
of the scratched top face with a paper tissue moistened with distilled water. This technique 
appeared to remove virtually all scratches, and a smooth top surface was produced (Figs 4.lOd 
and e). 
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In tests INSU3 and INSU4, a normal load was exerted to the rectangular top 

surface of the tilted HSC by means of a glass slide, and in tests INSU5, INSU6 and 

INSU7 by means of wafer-shaped HSC (long edges: "" 8 mm, short edges: "" I mm) 

glued to the top glass slide. The orientation of these HSC wafers with respect to the 

tilted HSC is illustrated in Fig. 4.11. The [00 I] crystallographic axis of the left HSC 

wafer is oriented subparallel to the [00 I] axis of the underlying tilted HSC; the [00 I] 

axis of the right HSC wafer is oriented at an angle of about 45° to the [001] axis of the 

underlying HSC. In this way, the effect of the crystallographic orientation on contact 

morphology and crystal convergence could be investigated for respectively a tilted 

boundary configuration and a tilt-twist boundary configuration. In the presentation of the 

experimental results, these contacts are referred to as INSU-Xa and INSU-Xb, 

respectively, with the X being the number of the experiment (5 to 7, see Table 4.1). The 

(l00) face of the two HSC wafers pressing against the tilted HSC was mechanically 

abraded and chemically polished in a similar fashion as the rectangular top face of the 

tilted HSC. 

The complete sample preparation and etching procedure was carried out in a dry 

room (relative humidity R.H. < 20 %) to prevent any influence of atmospheric water on 

the surface morphology of the freshly cleaved HSC. The samples were stored in small 

plastic boxes dried with silicagel, and stored in the dry room. 

APPLIED 
STRESS 

t t 

t lopHSC 

("wafers") 
","'" 

axis 

(001 ) 

bottom HSC 

("Iii led cryslals") 

HSC-Xa HSC-Xb 

FIGURE 4.11. Schematic diagram showing geometry and orientation of HSC loaded under 
brine in tests INSU5, INSU6 and INSU7. Note orientation of the two HSC wafers (fixed to the 
top slide) with respect to the tilted HSC (fixed to the bottom slide): HSC-Xa = tilted contact, 
HSC-Xb = tilted + twisted contact, X denotes the number of the test). 
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4.3 .2 .3 Deformation apparatus 

The deformation apparatus used in the contact dissolution experiments is shown 

in Fig. 4.12. The glass slide with the two tilted HSC was placed inside a rectangular slot 

cut in a glass plate, with the top part of the HSC protruding about 200 /lm above the 

side walls of the slot. The slot was then covered with a glass slide (in tests INSU3 and 

INSU4) or with a glass slide with two HSC wafers glued to its bottom side (INSU5, 

INSU6 and INSU7). The interstice between the glass plate and the overlying glass slide 

was sealed with low-viscosity Dow Corning vacuum grease. A normal force F was 

applied to the top face of the tilted HSC by dead weight. The contact stress could be 

controlled by placing weigths in two small trays fixed on opposite sides of an 

aluminium yoke (weight 206 grams, length"" 20 cm, see Fig. 4.12). Note that, here, the 

transmitted light beam is orthogonal to the contact surface between the tilted HSC and 

the glass slide or HSC wafers. Recall that this provides two important advantages. First, 

direct observations can be made of the contact microstructure as it develops under load in 

saturated brine. Second, it enables continuous monitoring of the configuration of the 
interface between the two solids, and measurement of the contact width (w) as a function 

of time. 

TRANSMInED 
lJG<T 

TRAY FOR 
DEADWEGKT 

TOPCR'r'5TALS 
ON GLASSLIDE 

(Not 10 scale) 

FIGURE 4.12. Drawing of the deformation device used for contact dissolution experiments 
INSU3-INSU7. Note that. in this apparatus, the contact plane between the tilted HSC and the 
HSC wafers is perpendicular to the transmitted light beam (in contrast to the configuration in 
tests INSUI and INSU2, where contact plane and beam were parallel; refer to Fig. 4.la). 
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4.3.2.4 Testing procedure 

The experimental conditions of the five contact dissolution tests INSU3-INSU7 

are listed in Table 4.1. All tests were conducted in the presence of saturated NaCl brine. 

Injection of brine into the glass cell occurred at a rate of about 0.5 ~1/s effectively 

expelled the air from the cell through a small port located diagonally opposite to the 

brine inlet port (Fig. 4.12). Addition of brine to the cell resulted in a remarkable 

improvement of the optical resolution at which the contact surface textures could be 

observed. Before addition of the brine, a dull grey image of the contact face was obtained 

in transmitted light. After immersion with brine, however, the HSC appeared more 

transparent than when dry, and the planar contact interface showed a conspicuous "milky 

white" colour. This alteration in contact surface image upon addition of brine to the cell 

can be interpreted as strong evidence that brine wets the (unloaded) halite/glass and 

halitelhalite contacts. When the cell was filled with brine, the brine inlet was closed with 

a small cork and the fluid outlet sealed with a latex balloon (contents about 4 cm3). The 

balloon served to balance the fluid pressure to about 1 atm. in case of cell volume 

reduction due to any vertical deformation of the HSC. The cell was finally weighed (to 

check for any water evaporation) and fixed to the optical microscope stage. 

The aluminium yoke was gently placed on top of the top glass slide (Fig. 4.12) 

and exerted an initial normal stress to the contact face in the range 1 - 6 MPa, depending 

on the initial surface area of the contact (see Table 4.1). In tests INSU3, INSU4 and 

INSU5, the applied load was increased by placing weights of 60 or 80 grams on both 

sides of the yoke. In tests INSU6 and INSU7 the contact load was applied by the weight 

of the yoke only. 

At regular time-intervals, 6 to 8 contact width measurements were made at 

interval distances of about 1 mm along the long edge of the contact, using the calibrated 

graticule. This yielded the average contact width of the HSC as a function of the time 

period elapsed since application of the load. Because of the 45° tilt angle of the HSC, the 

average crystal convergence rate (x) could be directly calculated from the contact width 

data (see Figs 4.6 - 4.8). Periodically, series of photomicrographs were taken of the 

contact microstructure (both overview and high magnification, all with transmitted 

light). 
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4.3.2.5 Test termination 

Having obtained sufficient information on development of contact surface 

morphology and crystal convergence rate, the yoke was carefully lifted from the cell, the 

cell was removed from the microscope stage and weighed to check for evaporation of 

water from the brine (which did never occur). The top glass slide was removed from the 

bottom (sample) slide, the bottom slide with the HSC's was quickly taken out and 

immediately rinsed in distilled hexane (prepared from sodium benzophenone at the Dept. 

of Synthetic Organic Chemistry at Utrecht University) to remove any brine adsorbed to 

the HSC. The residual hexane was effectively removed with a fluid-absorbing paper 

tissue (Kleenex). Sample extraction according to the above procedure took about 40 

seconds, and the "wet" HSC were exposed to the atmosphere for about 5 - 10 seconds. 

Pilot tests revealed that, over this time span, no optically visible NaCl-precipitate 

formed in the mm-size droplets of NaCl-brine which were visible on the sunace of the 

halite crystals (at 60 - 80 % R.H. air). The dry HSC were stored in the low-humidity 

room to await further microstructural analysis. 

4.3.3 Experimental results 

4.3.3 .1 Mechanical data: halite/glass contacts 

Fig. 4.13 shows the average halite/glass contact width (w) during the first 17 

days after application of an initial contact stress of 1.5 MPa (test INSU4). Each 

datapoint represents the average of 7 measurements of the contact width along the long 

edge of each tilted HSC. For clarity, adjacent datapoints have been interconnected by 

straight line segments. Except for a small initial decrease in w at contact INSU-4a, w 

gradually increases with time, at a rate which decreases with time (i.e. with contact 

width). Fig. 4.14 shows the logarithm of the convergence rate xplotted as a function of 

the logarithm of the average contact width w over the time interval between two 

succesive datapoints. (Recall that x equals the contact spreading rate wdivided by a 

factor 2). 

Values for xobtained from contact INSU-4a range from 5 x 10-11 m/s to 4 x 

10-12 m/s; those for contact INSU-4b are about 5 x 10- 11 m/s in the initial stage of the 

test, and about 10-11 m/s near test termination (to place these values in context: 10- 11 

m/s corresponds to a crystal convergence rate of about 1 micron per day). The limited 

amount of data obtained from tilted crystal INSU-4a show no trend; those obtained from 

INSU-4b suggest a strong negative dependence of xto w. Assuming a power law 

relationship of the form (x 0: wn) yields a value for (n) of about -10 for INSU-4b. 
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FIGURE 4.13. Mechanical data obtained from experiment INSU4 (tilted HSC loaded by glass 
slide). Each datapoint is the average of 6 - 8 contact width measurements along the long side 
of the rectangular contact face. Test performed at constant applied load. Due to contact 
spreading, the normal stress at the contact decreased from 1.5 to 1.3 MPa during the course of 
the experiment. 

FIGURE 4.14 Plot showing the log of the convergence rate X as a function of the log of 
average contact width w for experiment INSU4. 

4.3 .3.2 Mechanical data: halite/halite contacts 

Figs 4.15a and 4.15b show the average width of the rectangular halite-halite 

contact as a function of time elapsed since application of an initial contact stress of 5.0 

MPa (test INSU5) and 5.9 MPa (test INSU6), respectively. Each symbol again 

represents the average of 7 contact width measurements at fixed points along the long 

contact edge, and is interconnected with adjacent datapoints via straight line segments. 

The data indicate a time-dependent increase in average contact width, at a rate which 

appears to decrease with time (i.e. with contact width). Crystal INSU-6b, in contrast, 

shows a gradual increase in contact spreading rate, beginning after about 10 days under 
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load. In test INSU5, contact spreading occurred somewhat faster at contact (a), while in 

test INSU6 contact (b) spread faster. Figs 4.16a and 4.16b show a log-log plot of the 

crystal convergence rate xas a function of the contact width w for halite-halite contact 

tests INSU5 and INSU6, respectively. Despite the considerable spread in the data, the 

trend in the data indicates that xdecreases with the contact width (i.e. with the amount of 

crystal convergence), from about 3 x 10-10 m/s at w '" 50 j.lm, to about 10-11 m/s at w 

'" 125 j.lm. Assuming a power law relationship between xand w (Le. xa w n) yields 

exponents n in the range -1 to -5, with average values of -2.6 for INSU5a, -2.6 for 

INSU-5b, -2.7 for INSU-6a and -1.8 for INSU-6b. These slopes are obtained by the 

linear least squares method, with correlation coefficients of 0.86, 0.85, 0.90 and 0.30 for 

tests INSU-5a, 5b, 6a and 6b, respectively. 
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FIGURE 4.15 (a,b) Mechanical data obtained from contact dissolution experiments INSU5 and 
INSU6, respectively (tilted HSC loaded against HSC wafers). showing a time-dependent 
increase in contact width. Only the first 10 days of experiment INSU5 are shown. The rate of 
contact spreading gradually decreases with time, except at crystal contact INSU-6b. 
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FIGURE 4.16 (a.b) Convergence rate xplotted as a function of log contact width w for tests 
INSU5 and INSU6. respectively. The trend in the data suggests an exponent n to w in the range 
-1 to -5 (assuming power law relationship xawn) 

4.3.3.3 Microstructural observations halite/glass contacts 

Fig_ 4.17a shows the surface morphology of the left part of halite/glass contact 

INSU-3b after two days under brine at an average normal stress of about 1.3 MPa 

(exerted by the weight of the yoke). Relatively planar regions, with a typical milky

white colour in transmitted light, are intersected by grooves of several microns deep and 

several tens to hundreds of microns long, extending subparallel to the long edge of the 

contact. The optical microscopy observations reveal that these grooves (scars) form 

within 2 to 3 minutes after emplacement of the yoke. They probably correspond to sites 

of intense plastic deformation, inducing the rapid strain-energy driven dissolution 

producing the grooves. Fig. 4.l7b illustrates the effect of an instantaneous increase in 

applied normal stress from 1.3 to 2.3 MPa on the morphology of the contact. Within 2 

minutes after the stress increment, the originally planar regions show a conspicuous 

"rough" surface structure, composed of a regular pattern of euhedral cubic to rectangular

shaped crystal ledges of about 5 - 10 microns high, 10 - 20 microns wide and 10 - 50 

microns long. The long edge of most rectangular crystal ledges is oriented subparallel to 

the long edge of the contact (Fig. 4.l7c, showing the originally flat contact INSU-4b 

some 2 minutes after a stress increment from 0.8 to 1.5 MPa). 

133 



With time, the stress-induced contact roughness evolves to an optically smooth 

contact interface, under a continuous increase in contact width (and thus in contact 

surface area). This process is illustrated in micrographs 4.18 (a-c) taken from contact 

INSU-4b. Figure 4.18a shows the contact morphology after one day at an applied load of 

3.65 N ('" 1.3 MPa). Crystallographic control on the contact surface structure can still be 

recognized, but is less distinct than immediately after the stress increment (see Fig. 

4.17c). The proportion of euhedral crystal ledges clearly decreases in favour of 

subrounded to oval-shaped, tabular elevations (plateaus). Fig. 4.18b shows the same part 

of the halite/glass interface after 14 days at constant applied load. The initial stress

induced rough microstructure has almost completely disappeared; only some small 

clusters of crystal ledges are visible at the left side of the contact. The greater part of the 

HSC contact face is characterized by an optically flat surface, intersected by oval to 

elongate inclusions oriented parallel to the long edge of the contact. The long dimension 

of the inclusions ranges in size from several tens to several hundreds of microns; their 

short dimension is about 5 - 20 /-lm and occasionally shows a typical cusp-shape (Fig. 

4.18c). Initially the inclusions cover 20 - 30 % of the contact surface area, but after 

several days at constant applied load, most inclusions are seen to split up into smaller 

ones, which in turn decrease in size with time. After 4 weeks under constant load 

(corresponding normal stress: '" 1.2 MPa), the proportion of the contact surface area 

occupied by (optically visible) inclusions has decreased to about 5 %. 

A second stress increment on crystal INSU-4b (from about 1.2 MPa to 1.9 

MPa) produced a new phase of contact roughening. Optical micrograph 4.18d is taken 90 

seconds after this stress increment and clearly shows the numerous micron-size ledges 

which again create the typical mottled appearance of the contact. In general, the contact 

smoothing process appears to occur over the entire contact face at more or less identical 

rate. At some regions, however, in particular near the short edges, contact smoothing 

seemed to begin at the periphery of the halite/glass contact and progressively moved 

inwards with time (as is shown on optical micrograph 4.18e, taken 2 days after the final 

stress increment in test INSU4). However, no formation of marginal dissolution 

microstructures (contact corrosion) or precipitation of halite crystals from the brine was 

observed. 
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100 pm FIG.4.17a 100 pm FIG.4.17b 

100 pm FIG.4.17c 

FIGURE 4.17 (a-b). Optical micrographs showing the effect of an increment in normal stress 
from 1.3 to 2.3 MPa to the morphology of a (110) HSC face loaded under brine against a glass 
slide (test INSU-3b). (3) Starting morphology. (b) Contact morphology two minutes after 
the stress increment. (4.17c) Details of contact surface at crystal INSU-4b two minutes after 
increasing the contact normal stress from 0.8 to 1.5 MPa. Note clear crystallographic control 
on contact morphology; almost all channels are oriented along [001]. 
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100 ).lm FIG.4.18a 

_ 100).lm FIG.4.18b 

FIGURE 4.18 (a-e). Series of optical micrographs showing the effect of normal stress and time 
on the contact morphology of a wet-loaded, tilted HSC (INSU-4b). Micrographs 4.18a, band c 
are taken after 1, 14 and 25 days, respectively, under a constant applied load of 3.65 N 
(corresponding to a contact stress gradually decreasing from 1.5 to 1.2 MPa). Figs 4.18 (d,e) 
demonstrate the effect of increasing the normal load at the contact from 1.2 to 1.9 MPa. 1111" 
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_ lOOJlrn FIG.4.18e 
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4.3.3.4 Microstructural observations: halite!halite contacts 

Figs 4.19 (a-c) illustrate the effect of an instantaneous increase in halitelhalite 

contact load on the morphology of the contact face of the tilted HSC. The morphology 

of crystal contact INSU-5a just before the stress increment is shown in Fig. 4.19a. The 

contact face has been pre-loaded under brine by the weight of the yoke for a period of 3 

days. Photomicrographs 4.19b and 4.19c are taken I minute and 4 minutes, respectively, 

after increasing the applied load from 2.06 N (weight of yoke) to 3.24 N (corresponding 

increase in average normal stress: from 3.2 to 5.0 MPa). Numerous small crystal ledges, 

similar to those observed at the halite/glass contact face, appear at the halitelhalite 

contact within 20 to 40 seconds after the stress increment. Note the difference in relief of 

the contact microstructure in Figs 4.19b and 4.19c; within 3 minutes, the contact relief 

has considerably increased in amplitude, under simultaneous development of an 

interconnected network of channels (several microns wide), most of these oriented 

subparallel to the long edge of the contact face. 

A second effect of increasing the normal load to the halitelhalite contact face is 

the nucleation and growth of halite crystals inside the contact zone (notably clear at 

contact INSU-6b, see Fig. 4.20). Where observed, the crystals reached a their maximum 

size of 5 - 10 Ilm within 6-12 hours after application of initial load (or after stress 

increment) and then gradually decreased in size with time. Within 2 to 4 days under 

constant load, all new grown crystals at the contact had disappeared. 

The stress-induced rough contact microstructure evolves with time to an 

optically smooth contact morphology, with characteristic oval to elongate inclusions, 

their long dimension parallel to the long edge of the contact face (Le. along the [001] 

crystallographic direction). The length of the long dimension of the inclusions ranges 

from 10 to 100 Ilm, and their aspect ratio at the contact face is typically I: 10 (Fig. 

4.21), but inclusions with aspect ratio's of 1:2 to 1:5 are also common. Figs 4.22 (a-c) 

show a sequence of optical microscope observations of a top face of the tilted HSC taken 

after respectively 3, 14 and 35 days under a constant applied load of 2.06 N 

(corresponding normal stress range: 1.1 - 1.3 MPa, crystal contact INSU-7a). Note the 

time-dependent change in shape and size of grooves and inclusions, the ultimate 

disappearance of the the smaller inclusions (see arrows), and the time-dependent increase 

in average contact width. 
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........... 50Pffi FIG.4.19b
 

........... 50Pffi FIG.4.19c
 

FIGURE 4.19 (a-c) Series of micrographs showing the details of the "contact roughening" 
process at the halite-halite contact interface INSU-5a. (4.19a) Contact microstructure after 3 
days at constant applied load exerted by the weight of the yoke ('" 3.2 MPa). Part of the surface 
area is optically smooth, part is covered with grooves ("scars"). This is probably an artefact 
of the emplacement of the yoke on the HSC. (4.19b) Typical mottled appearance of the 
contact at I minute after increasing the applied load from 3.2 to 5.0 MPa. (4.19c) Micrograph 
of same area after 4 minutes under the increased load, showing the evolution towards a 
characteristic rough contact morphology composed of a crystallographically controlled 
pattern of "islands" and "channels". 
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30llffi FIG. 4.20 

FIGURE 4.20. Optical micrograph showing euhedral halite crystals, up to 10 11m in diameter, 
grown inside the halite-halite contact interface within 6 to 12 hours after application of an 
(initial) contact stress to 5.9 MPa (lNSU-6b). 

' 50llffi FIG. 4.21 

FIGURE 4.21. Optical micrograph showing typical contact morphology between wet-loaded, 
tilted HSC and halite wafer (INSU-6b) after 3 weeks at a constant applied load (Le. at slowly 
decreasing normal stress). Note the elongate inclusions. with their long axis along [001], 
ranging in size from a few micron up to several tens of microns. 
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_5apID FIG.4.22b 

___ 5apID FIG.4.22c 

FIGURE 4.22 (a-c). Series of optical micrographs showing details of contact smoothing 
process at wet-loaded halite-halite contact INSU-7a (long-term test: 61 days under load in the 
presence of brine. Average normal stress at contact: = 1.2 MPa). The inclusions gradually 
decrease in size with time and eventually disappear (see arrows). Note relatively bright 
optically flat contact surface area surrounding the smaller inclusions. 
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Fig. 4.23a is an SEM-image of a typical surface morphology of a halite/halite 

contact face loaded under brine for 61 days (crystal contact INSD-7b). Clearly recogni

zable are the outer ends of the wedge-shaped depressions (grooves) in the otherwise 

relatively flat contact surface. These depressions are several tens of microns long and 

oriented with their long dimension subparallel to the long edge of the contact (i.e. along 

[00 ID. They probably correspond to the oval-shaped inclusions visible under the optical 

microscope (e.g. Fig. 4.21). Also visible with the SEM are small, subrounded to 

elongate inclusions, ranging in size from 0.5 - 211m, present at most of the intervening 

regions between the larger inclusions (Fig. 4.23b). In contrast, some parts of the 

intervening regions appear to be flat, that is, the amplitude of the surface relief (if any) at 

these sites is smaller than say 50 nm (the estimated resolution of the SEM under the 

present working conditions). The average thickness of the halite/halite contact zone as a 

whole (i.e. including the large oval inclusions and the smaller relief) is estimated to be 

in the range 200 - 500 nm. 

Optical microscopy and SEM work showed that removal of material was 

essentially restricted to the tilted prismatic HSC, with hardly any mass removal from the 

HSC wafers transmitting the applied load to the tilted HSC (recall that this contact 

geometry agrees with the contact truncation microstructures frequently developed in the 

hydrostatically compacted aggregates, see Fig. 3) 8a). In addition, the orientation of the 

wafer with respect to the underlying tilted HSC (see Fig. 4.11) neither appeared to 

influence the contact morphology at the tilted HSC, nor the rate at which this 

morphology changed in response to the applied load increments. No evidence was found 

for the development of marginal dissolution microstructures (such as corrosion at the 

edges of the contact) or plastic deformation or microgranulation at halite/halite contacts. 

FIGURES 4.23 (a,b) SEM micrographs of morphology of top face of HSC INSU-7 loaded by a 
halite wafer for a period of 61 days under brine. Note that intervening regions between 
inclusions show either a surface relief with an amplitude and wavelength of a few hundred 
nanometers, or show no visible relief at all (al this resolution of the SEM). It is important to 
realize that these micrographs were taken from extracted crystals (i.e. not under stressed 
conditions under the microscope) and that the microstructure may thus have been corrupted 
during and/or after extraction of the HSC from the deformation cell. 1111. 
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4.3.4 Discussion 

4.3.4.J Mechanism of crystal convergence 

Tilted HSC loaded approximately along the [110] direction against a glass slide 

or against a (100) HSC face in the presence of saturated NaCl brine deform by time

dependent removal of material from the contact interface (at least at T = 20DC, Pe = 1 - 6 

MPa). Because no direct evidence was found for plastic flattening or for microfracturing 

at or near the contacts, it is inferred that the observed mass removal occurred by 

stress/strain-induced solution transfer (i.e. by IPS). The absence of microstructural 

evidence for contact corrosion features suggests IPS via contact diffusion rather than 

marginal dissolution. This inference justifies comparison of the results with the 

theoretical model for convergence rate by grain boundary diffusional IPS, as proposed in 

§ 4.3.1. It is the morphology of this "wet" contact that holds the clue to determine the 

parameter S in the equation for the kinetic coefficient Z = D.C.S. We will proceed now 

with a qualitative analysis of the evolution of the contact morphology, and then attempt 

to quantify Sand Z on the basis of the mechanical data and microstructural observations. 

4.3.4.2 Contact boundary processes and structure 

The experiments indicate a direct response of the morphology of the HSC 

contacts upon application or increase of the normal load to the contact face. Within 

seconds, originally "flat" portions of the contact surface are transforming into regions 

characterized by a conspicuous rough "island-channel" type morphology. Having 

concluded that mass removal from the contact zone probably occurs by diffusion

controlled IPS, the instantaneous "mottled" appearance of the contact upon application/

increase of the average contact stress is probably due to inhomogeneous dissolution at 

the contact face. Sites which are more susceptible to IPS than other regions may include 

those slightly elevated above the average surface relief (thus bearing all the applied load, 

resulting in a high stress/strain energy and consequently a greater extent of dissolution) 

or sites which, despite the precautions taken (see § 4.3.2.1), contain a higher dislocation 

density due to the abrasion procedure (§ 4.3.2.2). Preferential dissolution of sites of 

relatively high stress/ strain energy will increase the relative volume occupied by 

channels relative to that occupied by the solid-solid junctions. This will lead to an 

increase in the average normal stress on the remaining contact surface area, as well as an 

increase in the cross-sectional area available for diffusion. In the initial stage of contact 

loading, IPS can therefore be viewed as a self-enhancing process. The optical microscopy 
observations indicate that, with time, the initial rough contact microstructure evolves 

into an optically flat contact face, characterized by the presence of oval to elongate 
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inclusions along the HSC boundary. This suggests that the morphology of the contact 

surface is governed by the relative importance of two competing processes. First, 

surfaceenergy driven solution-precipitation effects, tending to "heal" the contact, and 

second, stress/strain induced solution transfer (IPS), tending to maintain the contact 

surface "rough" via inhomogeneous dissolution at the contact interface. 

It is important to note that contact spreading, and thus material transport along 

the contact, continues after the rough contact morphology has evolved into an optically 

smooth contact area. Furthermore, the size of the grooves and of the inclusions at the 

contact decreases with time, even when they ultimately become completely surrounded 

by optically flat contact regions (see Figs 4.21 and 4.22). Assuming that the grooves 

and inclusions are filled with brine (evidenced by the conspicuous transparancy of the 

HSC contact face during the entire duration of the test, refer to § 4.3.2.4), this suggests 

that there must be an interconnected fluid film present at the optically "flat" halite/silica 

and halite/halite contacts, giving rise to a net flow of fluid and flux of NaCI solute out 

of the contact interface. Unfortunately, the grain contact structure of these optically flat 

regions with their inferred interconnected or possibly adsorbed fluid film cannot be 

resolved using conventional optical microscopy. Given the resolution of the optical 

microscope it can only be concluded that the amplitude of the contact structure must be 

less than I Ilm, and probably even less than 500 nm. 

Characteristic SEM views of the surface morphology of halite crystals which 

have undergone IPS are shown in Figs 4.24a and 4.24b for respectively a disaggregated 

grain from wet-compacted halite powder (test L4, Pe =4.3 MPa, T =20c C, see Table 

3.2) and for the (llO) rectangular top surface of a tilted HSC loaded under brine against 

the {lOa} face of a HSC (lNSU-7b, O"e = 1.2 MPa, T = 20cC see Table 4.1). Note that 

both surface morphologies are characterized by a braided pattern of relatively wide 

channels, a few microns wide and deep, and several tens of microns long, with plateau

shaped intervening regions showing either a fine-scale island-channel type substructure 

(in the range 200 - 500 nm) or no surface roughness at all (at least, not within the 

resolution of the SEM: "" 50 nrn). 

So, the present microstructural observations appear to support the previous 

estimate of 200 - 500 nm for the effective grain boundary width S between halite crystals 

undergoing IPS (see § 3.4.2). Further, at certain regions of the halite/halite contact, such 

as the optically flat zones, there may indeed persist a kind of strongly adsorbed, very thin 

fluid film of "solid" properties, as envisaged by Durney (1972), Rutter (1976, 1983) and 

Tada et al. (1987). It must be realized, however, that the presence of such nanometer

thick films has been inferred from observations of the contact microstructure, but that it 

has yet to be experimentally demonstrated. Clearly, further microstructural work is 

needed here. 
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FIG.4.24a 

FIGURE 4.24 (a,b) SEM micrographs of halite faces where material has been removed by IPS. 
Fig. 4.24a shows the contact morphology at a mechanically parted grain, from an aggregate 
compacted at an effective pressure of 4.3 MPa for 2 months (test L4). Micrograph 4.24b 
shows a HSC contact face loaded by a HSC wafer for a period of 61 days (average contact 
stress: 1.2 MPa, INSU-7b). Both micrographs reveal a rough contact microstructure on at least 
two scales; one on the scale of several tens of microns, mostly made up of inclusions of 
negative crystals form (4.24a), or a braided pattern of channels (4.24b). The second type of 
roughness is visible at the intervening regions and can at best be classified as a regular 
"island-channel" structure. with amplitude and wavelength of a few hundred nanometers. 
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4.3.4.3 Experimental determination ofZ 

Next, the mechanical data obtained from the contact loading experiments will be 

compared with the theoretical model for grain contact diffusion-controlled IPS derived in 

§ 4.3.1, in an attempt to determine the magnitude of the kinetic coefficient Z. Only the 

halite/halite contact data are used. Mechanical data obtained from tests INSUS and INSU6 

show a relatively strong dependence of the crystal convergence rate (x) on the contact 

width parameter w (see Fig. 4.16). Comparison of experiment with theory (i.e. data trend 

in Fig. 4.16 with eqs. 4.11 and 4.13) suggests that the rate-controlling diffusion occurred 

along the short edge of the contact (theoretically-derived exponent to w of 3) rather than 

along the long edge of the contact (theoretical exponent to w of 1). Assuming diffusion 

control, an estimate of the kinetic coefficient Z can be now obtained by inserting the 

experimental values obtained from the halite/halite contact tests in the theoretical 

relation for crystal convergence by IPS controlled by the rate of diffusion of material 

along the short edge of the contact 

8DCSVF 
x= 

R TL. w 3	 
(m/s) (4.1S) 

Inserting:	 V 2.7 x lO-S (m3/mol) 

F 2.6 (N) 

R = 8.314 (J/molOK) 

T 293 COK) 
L 1.4 x 10-2 (m, notice: sum of two HSC, each'" 7 mm long) 

w = 7 (± 2) x lO-S (m) 

yields for the convergence rate: 

x= {D. C. S} x {7.7 (±S.S) x 107 }	 (m/s) (4.16) 

Taking x= 10-11 m/s as a representative average convergence rate at an optically smooth 

contact morphology (refer to Fig. 4.16) gives a kinetic coefficient Z: 

Z = D. C. S = 2.6 (± 1.8) x 10-19	 (4.17) 

These values for Z are about one order of magnitude higher than the values for Z 

obtained from the bulk compaction experiments on wet halite powder, yielding Z in the 

range 10-19 to 10-20 m3/s for 3 ~ ey ~ 17.5% (refer to Fig. 3.2S). The reason for this 

discrepancy is unclear. However, given the small value of Z and the entirely different 
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experimental technique employed to arrive at a value for Z, the agreement is 

satisfactorily. 

Lastly, it will be attempted to gain insight in the quantitative relationship 

between the intrinsic diffusivity term (D.C) and the effective grain boundary width (S) 

for IPS in the halite-brine system, the product of which is the kinetic coefficient (i.e. the 

effective grain boundary diffusivity Z). Consider Fig. 4.25. The field bounded by the two 

bold straight lines represents the entire range of products of D.C. and S obtained from 

the present tests and fitting eq. 4.17, i.e. Z = 2.6 (± 1.8) x 10- 19 m 3/s. Plotting the 

contact thickness estimated from SEM observations (S = 200 - 500 nm) in this graph 

(dotted area) yields a value for the intrinsic diffusivity of solute in this grain boundary 

fluid film in the range 2 x 10-12 to 2 x 10-13 m2/s, which is 2 to 3 orders of magnitude 

lower than the diffusivity of dissociated NaCl in bulk water ('" 10-10 m2/s, Kestin et ai, 

1981). The same plot can now be made using the values for Z obtained from the 

hydrostatic compaction tests (i.e. 10- 19 to 10-20 m3/s, at 3 ::; ev ::; 17.5%). This yields 

effective diffusivities ranging from 2 x 10-14 to 5 x 10- 13 m2/s (again assuming S = 

200 - 500 nm), which is 3 to 4 orders of magnitude smaller than the intrinsic diffusivity 

of NaCl dissolved bulk fluid. 

4.4 Conclusions 

4.4.1 Two-dimensional compaction experiments 

Compaction of single layers of wet halite aggregates under the optical 
microscope confirms that grain boundary diffusional IPS is the dominant compaction 

creep mechanism at low T (20G C) and low Pe (1.9 - 3,2 MPa). Compaction by 

intergranular sliding and grain rotation is restricted to the loading stage, The operation of 

IPS is manifested by the development of grain contact truncation microstructures, and by 

the formation of a rough grain-to-grain contact microstructure. 

4.4.2 Contact dissolution experiments 
Time-dependent convergence was measured at contacts between tilted HSC 

loaded by a glass slide under brine, and between two halite crystals loaded under brine. 

Application of a normal stress at the contact induces instantaneous formation of a 

characteristic rough contact morphology, composed of a crystallographically controlled 

pattern of islands and channels, several microns in size. This rough microstructure 

evolves with time to an optically flat contact face, with elongate inclusions and probably 

a submicron island-channel structure, under a gradual increase in contact surface area. No 
evidence was found for marginal dissolution, for extensive plastic deformation or for 

brittle deformation at or near the contact interface. It is therefore concluded that the time
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FIGURE 4.25. An evaluation of the relationship between the intrinsic diffusivity (D.C) and 
the effective grain boundary thickness ($). Combinations of D.C and $ satisfying eq. (4.17) 
plot within the dotted area bounded by the two bold lines. The dotted area shows that, for Z in 
the range 2.6 (± 1.8) x 10- 19 m3/s, constraining ($) to the range 200 - 500 nm yields values 
for D.C in the range 2 x 10- 12 - 2 x 10- 13 m 2/s, which is about two to three orders of 
magnitude lower than values for D.C of ionized NaCI in bulk fluid. 

dependent convergence occurred via IPS. The tilted prismatic HSC appeared to truncate 

against the overlying glass slide or halite wafer. A simple theoretical model has been 

developed for crystal convergence by diffusion-controlled IPS from the contact between a 

tilted HSC and an inert solid. Comparison of the present mechanical data to this simple 

theoretical model suggests that the diffusion of material through the contact boundary 

was probably rate-controlling and occurred parallel to the short edge of the contact. 

Fitting of the mechanical data to the model gives a value for the kinetic coefficient Z of 
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2.6 (± 1.8) x 10-19 m3/s, which is about one order of magnitude higher than the value 

for Z obtained from bulk hydrostatic compaction experiments on wet halite aggregates 

(Z"" 10-19 - 10-20 m3/s). Taking an average effective contact thickness of 200 - 500 nm 

(obtained from optical microscopy and SEM) yields an intrinsic diffusivity D.C of about 

2 x 10- 12 to 2 x 10- 13 m2/s (Le. about 2 to 3 orders of magnitude lower than the 

intrinsic diffusivity of ionized NaCI in bulk water). 

4.4.3 General conclusions regarding IPS in salt 

The results of the bulk hydrostatic compaction tests (Chapter 3) and direct 

observation experiments (Chapter 4) provide clear evidence that IPS in wet halite 

aggregates occurs by grain boundary diffusion-controlled mechanism under the conditions 

investigated. Furthermore, sufficient data was obtained to estimate the fundamental 

kinetic coefficient governing the rate of the process, namely the effective grain boundary 

diffusivity Z "" 10-19 m3/s (room temperature). Using the various theoretical models for 

compaction and deviatoric creep by IPS, knowledge of this quantity allows prediction of 

IPS creep rates both in natural salt rock and in wet backfill materials (under near ambient 

temperature conditions). 
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Chapter 5 

SOLUBILITY AND RATE OF DISSOLUTION OF QUARTZ 
IN ALKALINE SOLUTIONS 

5. 1 Introduction 

On the basis of petrographic evidence, intergranular pressure solution (IPS) is 

generally viewed as an important deformation and compaction creep mechanism in 

quartzitic rocks under diagenetic and low grade metamorphic conditions (Rutter 1983, 

Tada & Siever 1989, Bell & Cuff 1989). Because the interface reactions of dissolution 

and precipitation are very slow in the quartz-water system under relatively low P-T 

conditions (Berner 1978, Lasaga 1981a, 1984), the rate of IPS may in many cases be 

controlled by the rate of these reactions (see Raj 1982, Lehner & Bataille 1984) rather 

than by diffusion through the grain-to-grain contacts as often assumed (Rutter 1983, 

Tada et ai. 1987). This possibility is clearly apparent from the models for IPS discussed 

in Chapter 2 (e.g. Spiers et ai. 1989, Lehner 1990). In addition, it is well established 

from purely geochemical studies that the interface kinetics in the quartz-water system are 

dependent not only on temperature but also on pH and cation concentration (Crerar & 

Anderson 1971, Kamiya & Shimokata 1976, Fleming & Crerar 1982, Knauss & 

Wolery 1988, Dove & Crerar 1990, Hiemstra & van Riemsdijk 1990). These variables, 

notably pH, are known to influence the development of IPS microstructures in 

deformation experiments (e.g. Renton et ai. 1969, Gratier & Guiget 1986), the pH 

dependence strongly suggesting interfacial rate control rather than diffusional control. 

Clearly, then, a quantitative understanding of interface kinetics is essential in developing 

an understanding of IPS in the quartz-water system. However, little attempt has been 

made in the literature to relate interfacial kinetic considerations to the rate of IPS 

processes in quartz. 

The theory and experiments described in this chapter are intended to help form 

the required link between rate aspects of IPS and geochemical kinetic aspects. The aim 

was to arrive at an expression for the overall velocity of quartz dissolution and 

precipitation as a function of thermodynamic driving force, pH and temperature. The 

experimental approach adopted involved monitoring changes in concentration of 

dissolved quartz (Si02)aq. during the approach to chemical equilibrium in an essentially 

closed system containing Bolderiaan quartz sand (used in the compaction experiments 

described in Chapter 6) and water under constant hydrostatic (vapour) pressure, constant 

temperature and more or less constant pH conditions (cf. Rimstidt & Barnes 1980). 

Assuming that the empirical kinetic relation obtained is applicable to the kinetics of 

dissolution and precipitation during IPS in wet quartz sand, it can be incorporated into 
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constitutive models for this mechanism (see Chapter 2) in an attempt to predict the rate 

of compaction creep under interfacial reaction control. In § 6.5 such predictions for 

dissolution-controlled creep are compared with measured compaction creep rates for wet 
quartz sand. 

5.2 Theoretical background 

5.2.1 Solubility of quartz 

5.2 .1.1 Neutral solutions 

Following Rimstidt & Barnes (1980), the quartz hydrolysis reaction in neutral 

and near-neutral solutions is generally represented by the reactant-product equation 

(5.l) 

where Si02 denotes the solid quartz, and H4Si04 the silicic acid species in solution. 

This reaction is viewed to involve the formation and decomposition of an intermediate 

activated complex or range of complexes, often represented schematically as 

Si02.2H20*, on the surface of the quartz (see Eyring 1935, Rimstidt & Barnes 1980, 

Lasaga 1981 b, Aagaard & Helgeson 1982, Hiemstra & van Riemsdijk 1990). The 

equilibrium constant for the overall hydrolysis reaction is given 

K == 
(5.2) 

or 

K 
(5.3) 

taking standard unit values for the activities of Si02 and H20 and for the activity 

coefficient YH4Si04 of silicic acid in dilute solution. The term CH4Si04 stands for the 
equilibrium concentration of silicic acid in solution (in moles per liter, except where 
otherwise stated). 
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In neutral solutions. silicic acid (H4Si04) partly ionizes to H3Si04- according 

to the reaction 

(5.4) 

governed by the equilibrium constant 

K. == (5.5) 
1 

Over the temperature range 20°C to 350°C. Ki is very small (in the range 10-9 to 10- 10 

mol/liter, Volosov et al. 1972. Seward 1974, Fleming & Crerar 1982) implying that 

silicic acid hardly dissociates in neutral solutions at these temperatures. The quartz 

solubility (Seq,) in pure water can therefore be taken as equal to the concentration of 

silicic acid (H4Si04) in solution, i.e. Seq. '" [CH4Si04] '" K (in moles per liter). 

5.2.J.2 Alkaline solutions 

In alkaline solutions with pH in the range 7 to 12, the dissociation of silicic 

acid is best represented as a neutralization rather than ionization reaction (Fleming & 

Crerar 1982), namely 

(5.6) 

Here. the relative activities of the two silica species are governed by the equilibrium 

constant 

[aH3SiO~J' [aH20J 
(5.7) 

[aH 4Si 0 
4

] . [a 0 H - ] 

for which Fleming & Crerar (1982) give the following empirical expression 

log Kb = (1479/T) - 0.6496 (5.8) 

with T in degrees Kelvin. 
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It can be easily shown that a further proton detachment reaction, producing 

H2Si042- from H3Si04-, is of negligible importance between pH 7 and pH 12 at 

temperatures in the range 25 - 200°C (Volosov et al. 1972, Fleming & Crerar 1982, 

Applin 1987). The net quartz solubility (Seq) under these conditions can thus be taken 

as the sum of the concentrations of the species H4Si04 and H3Si04-, i.e. 

(5.9) 

5.2.2 Dissolution kinetics in alkaline solutions 

5.2.2.1 General formulation 

In solutions of pH 0 to pH 14, the dissolution/precipitation behaviour of 

quartz is extremely complicated, involving up to 5 reaction complexes at the solid-liquid 

interface (Hiemstra & van Riemsdijk 1990, and references therein). In the region of the 

point of zero charge (PZC, i.e. the pH at which t~e charge at the solid-liquid interface is 

zero, which is for quartz around pH 3.3 (Bolt & van Riemsdijk 1982)), this behaviour is 

particularly complicated, with 4 of the 5 reaction complexes thought to be participating 

simultaneously and in proportions which vary rapidly with pH. However, in solutions 

with pH well away from the PZC (i.e. pH >7), recent calculations using the Multiple 

Acivated Complex theory (MAC theory, Hiemstra & van Riemsdijk 1990) suggest that 

the dissolution behaviour of quartz is dominated by a hydrolytic reaction involving a 

single reaction complex, namely the Si022- reaction complex. In this framework, the 

quartz dissolution reaction in alkaline solution can be viewed as 

C* ' (5.10) 

where C* denotes the activated state corresponding to the participating reaction complex. 

Consider now a given mass of quartz of surface area A in contact with a 

solution containing H4Si04 at activity aH4Si04' On the basis of classical activated 
complex theory (see Eyring 1935, Rimstidt & Barnes 1980, Lasaga 1981 b) and 

assuming that reaction rates are proportional to the surface area occupied by the 

participating reaction complex (Dove & Crerar 1990) the forward reaction rate (r+, in 

moles per second) near to equilibrium can be written as the zero'th-order expression 
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, * 2 
k+ X . A . (a SiO ) ( aH 0 ) (5.11)

2 2 

while the reverse reaction rate C takes the first-order form 

(5.12) 

In these relations, k+' and k_' are the dissolution and precipitation rate constants 

(dimensions varying with the dimensions of the reactants/products), X* is the surface 

concentration of the reaction complex (area fraction) and ai is the activity of species i (in 

mol/liter or mole fraction). Taking the activity of water and of solid quartz as unity, the 

resulting net dissolution rate then becomes 

r (mol/s) (5.13) 

Specifying aH4Si04 in mol/liter, the dimensions of the rate constants k+ and k_ in this 

equation are mol/m2s and liter/m2s, respectively. At equilibrium between solid and 

solution, r+ equals L, and the equilibrium constant for the hydrolysis reaction is given 

(refer to eq. 5.2) as 

K (mol/liter) (5.14) 

Hence, eq. (5.13) can be rewritten 

r (5.15) 

where Q represents the non-equilibrium activity quotient analogous to K. Again making 

use of the approximations aH20 = 1, and aSi02 = 1 and taking the activity coefficient 

YH4Si04 = 1 (Fleming & Crerar 1982), the term (1- Q/K) can be rewritten as 
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a . 
H4S10 4 Q L1c1- _c_1-  (5.16)

K Ceq. Ceq.[a H4 SiO 4] 

so that 

* r A. X . k+ (5.17) 

where Ceq. and c refer to the equilibrium and non-equilibrium concentrations of silicic 

acid (H4Si04) concentration, and the term L1c =Ceq. - c. 

As mentioned previously, it is well established from experiments that the 

dissolution rate constant k+ is dependend upon pH and temperature and to some extent 

on cation concentration. On the basis of theoretical considerations (Aagaard & Helgeson 

1982, Hiemstra & van Riemsdijk 1990) and experimental data (Rimstidt & Barnes 

1980, Lasaga 1981a, Knauss & Wolery 1989) the dependencies on pH and temperature 

can be expressed in the form 

(5.18) 

where k* represents the reference state rate constant (in mol/m2s, assumed to be 

constant for fixed cation content), the term aH+ stands for the (normalized) activity of 

the H+ ion in the aqueous phase, m is a semi-empirical parameter presumed to depend 

on reaction mechanism, Eact. is an activation energy term also associated with the 

detailed nature of the reaction mechanism at the quartz-water surface, R is the gas 

constant and T is the absolute temperature. In alkaline solutions, the role of the 

hydroxyl ion (OH-) in quartz hydrolysis is accounted for in the rate equation via the 

ionic product for water, i.e. via Kw = [aH+l.[aoH-J. The final general form of the net 

dissolution rate, neglecting the effect of varying cation concentration in solution, thus 

becomes (from eqs 5.17 and 5.18) 

* - m -E act. J L1 c r (5.19)A . k . (a H+ ) . exp ( RT . Ceq. 
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This relationship predicts that the quartz dissolution rate is linearly proportional to the 

departure from the equilibrium concentration of silicic acid H4Si04 in solution, 

represented by the saturation index (L1 c/ceqJ '" (1 - Q/K). This is near unity when the 

solute concentration is low with respect to the equilibrium concentration, i.e. when Q/K 
« 1. When Q = 0 (i.e. no solute in solution), maximum or "limiting" dissolution rate 

is predicted. At chemical equilibrium (between solid and solute in solution i.e. when Q = 

K), the saturation index is 0 and eq. (5.19) then yields a net dissolution rate of zero. 

5.2.2.2 Theory for closed systems 

The general rate equation (5.19) given above can be viewed as directly 

applicable to the analysis of an open system experiment, in which ~ c/ceq. and aH+ are 

maintained to fixed levels (see experiments of Knauss & Wolery 1988, where ~ c/ceq. '" 

1). The experiments reported in this chapter, however (and in the work of Rimstidt & 

Barnes 1980) were conducted in a closed system, in which quartz sand was allowed to 

reach equilibrium with the solution in a closed (teflon) container. Here the term ~c/ceq. 

'" (I - Q/K) continuously decreases as equilibrium is approached. It is therefore 

necessary to apply the theory to the special case of closed systems. 

In analyzing this special case, it is first assumed that the gradual approach to 

equilibrium involves a sequence of steady-state stages, with the dissolution behaviour at 

each stage being governed by the general rate equation and corresponding mechanism. It 

is also assumed that the activity of H+ ions in solution (i.e. the pH) at the test 

temperature and the extent of the system (i.e. the surface area of quartz sand and the 

volume of the solution phase) are approximately constant during the approach to 

equilibrium. On the basis of these assumptions, for the closed system it follows that 

dc r A * - ill - E act. J ~ c
. k .exp ( . . (a +)

dt H RT Ceq. 

(5.20) 

where dc/dt is the rate of change of H4Si04 concentration in solution (in mol/liter.s), 

Mf is the volume of solution in the system (in m3. and 103.Mf is this volume in 

liters). Integrating (5.20) according to 
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t 

m 
(5.21)do ~ Lt k' h'r exp (- :;" Jdt 

Mf 
to 

now yields 

A k* ( - E ac 1. ). (t - t 0) (5 22) )-m (exp R T .- 103.M . Ceq.' a H+ .
 
f
 

where ~co and ~c represent the departure from equilibrium at times to and t, 

respectively. 

5.2.2.3 Driving force in terms of total silica 

The above theory has been developed expressing the thermodynamic driving 

force entirely in terms of departure of the concentration of the silicic acid species 

(H4Si04) from the equilibrium value, i.e. in terms of the saturation index 1 - Q/K '" 

(~c/ceq). In the present "closed system" experiments, however, only total silica 

concentrations could be measured (as in most previous studies known to the author). In 
order to interprete the experimental data in the framework of the above dissolution rate 

theory, it is therefore necessary to establish the relationship between total (measured) 

silica concentration and H4Si04 concentration in solution appropriate for a closed 

system. From the starting point that the rate controlling process in quartz dissolution is 

associated with the interfacial reactions, it follows that the dissociation of H4Si04 to 

H3Si04- species is relatively fast (i.e. a state of equilibrium persists in solution). This 

enables one to make use of the equilibrium constant Kb for the neutralization reaction of 

H4Si04, the value of which is well known as a function of temperature (Fleming & 
Crerar 1982 and references therein). 

In this section alone, a separate notation is introduced to deal with the difficulty 

of having two distinct equilibrium states in the system, namely (1) equilibrium between 

all species in solution and between solid and solution, and (2) equilibrium between all 

species in solution, but with disequilibrium between solid and solution. Equilibrium 

concentrations falling under (1) will be denoted with the subscript eq., whereas 

equilibrium concentrations falling under (2) will be denoted with subscript sol. 
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First, consider the driving force for the net dissolution process when 

equilibrium exists in solution but not with the solid. From eq. (5.16), this driving force 

is written 

(5.23) 

As mentioned previously, the dominant silica species in solution (at 25 < T < 200°C 

and 7 < pH <12) are silicic acid H4Si04 and singly ionized silica H3Si04-, so that the 

concentration of total silica in solution can be approximated 

S 
sol. (5.24) 

Making use of eq. 5.7 for Kb' and taking aH20 "" 1 and YH4Si04 "" 1 (following 
Fleming & Crerar 1982), eq. 5.24 then modifies to 

S 
sol. 

(5.25) 

Similarly, when the solution is also in equilibrium with the solid, the total 

concentration of silica in solution is given 

(5.26) 

159 



Coupling eqs. 5.23, 5.25 and 5.26 yields 

L1 c H 4SiO 4 
(5.27)1

[cH 4SiO 4J 
eq. 

When the pH remains roughly constant this expression reduces to 

S (5.28)
sol. L1S1

Seq. S eg.
[ cH SiO J 

4 4 eq. 

Thus, for a closed system, provided pH remains more or less constant, eq. (5.28) forms 

a basis to assess the applicability of the theory to experiments, when total silica is 

measured. This can be most accurately done, however, using eq. (5.27), noting that this 

equation and all terms appearing in it, apply for the PT-conditions determining the state 

of equilibrium. 

5.3 Previous experimental work 

5.3.1 Previous data on solubility 

The solubility of quartz in aqueous solutions at neutral pH has been studied 

extensively as a function of temperature and pressure. Comprehensive reviews of data are 

presented in Volosov et al. (1972), Walther & Helgeson (1977). Fournier & Potter 

(1982) and Ragnarsdottir & Walther (1983). Fig. 5.1 shows a compilation of experimen

tally obtained values of the equilibrium constant K ("" [CH4Si04] = Seq) for the quartz 

hydrolysis reaction in neutral solutions (eq. 5.1) as a function of temperature (taken from 

Walther & Helgeson 1977). At 25°C, K is about 10-4 mol/liter. which corresponds to a 

mass concentration of Si02aq. in solution of about 6 ppm (I ppm = I mg/kg solvent). 
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Fig, 5.1. Compilation of literature data of the equilibrium constant K (~ cH4Si04 '= Seq) for the 
solubility of quartz in pure water as a function of temperature and fluid pressure (labeled in 
kBars near the curves) by Walther & Helgeson (1977). Symbols correspond to experimental 
data. The curves were generated from the thermodynamic data of Walther & Helgeson (1977) 
and Helgeson & Kirkham (1974). 

For the range 0 to 300Q C, Rimstidt & Barnes (1980) put forward the empirical equation 

for K as a function of absolute temperature 

log K "" log Seq. = 1.881 - 2.028,lO-3(T) - 1560/(T) (5.29) 

developed on the basis of a compilation of literature data and the results of their own 

experiments. Near the critical point of water (374 QC), K has increased to about 1.5 x 

10-2 mol/liter, corresponding to about 0.9 gram of Si02aq. per kg solvent. Above 

374Q C, K is predominantly controlled by pressure (Kennedy 1950). 

Critical reviews of previous experimental work on quartz solubility in alkaline 

solutions are given by Fleming & Crerar (1982) and Knauss & Wolery (1988). There is 

general agreement in the literature about the increase in total quartz solubility (Seq) 

with increasing pH at pH > 8 (Van Lier et al. 1960, Henderson et al. 1970, Crerar & 

Anderson 1971). However, empirical relationships describing the increase in (Seq) as a 

function of pH are, to the knowledge of the present author, not available. Current 
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research on quartz solubility in alkaline environments focusses on the details of the 

quartz dissolution reaction mechanism(s) and the influence of Na-Si complexing on the 

solubility of quartz (see Dibble & Tiller 1981, Knauss & Wolery 1989, Dove & Crerar 

1990 and references therein). 

5.3.2 Previous data on dissolution kinetics 

Rimstidt & Barnes (1980) published an extensive review of the available data 

on the dissolution and precipitation kinetics of quartz in (near-) neutral aqueous 

solutions. From this data and from the results of their own experiments, they derived the 

temperature dependent rate constants for quartz (and various silica polymorphs) in neutral 

solutions from 0 - 300°C. The results obtained in the various experimental studies are in 

good agreement, and it can therefore be concluded that the dissolution kinetics of quartz 

in neutral aqueous solution are relatively well quantified. The activation energy for 

dissolution of quartz in pure water below the critical point, determined neglecting the 

influence of temperature on pH via the ionic product of water, is in the range 68 - 77 

kJ/mole (Rimstidt & Barnes 1980). 

Previous experimental studies on alkaline solutions consistently show an 

increase in net dissolution rate with increasing pH above pH 8 (van Lier et al. 1960, 

Henderson et al. 1970, Packter 1979 and others). However, they fail to separate the effect 

of pH (i.e. of the chemical activity of OH- and H+ ions) from that of other species in 

solution (notably cations like Na+ and K+). Quartz dissolution experiments by Van Lier 

et al. (1960) at temperatures up to 90°C indicated, for example, that not only the 

presence of NaOH but also that of NaCl considerably increases the quartz dissolution 

rate. A similar influence of Na+ concentration was reported by Kamiya & Shimokata 

(1976) in tests at 60°C and 90°C and pH in the range 0 to 4, and by Dove & Crerar 

(1990). in agreement with expectations from theoretical work (Dove & Crerar 1990, 

Hiemstra & van Riemsdijk 1990). 

Besides the effect of other species in solution, the size of the quartz grains 

(when < 10 ~m) also appears to influence the dissolution/precipitation kinetics, 

independently of surface energy (lIer 1979, and references therein). This effect may be 

related to the presence of a greater proportion of crystal defects, other sites of active 

dissolution or other surface damage effects in very fine particles (Petrovich 1981, 

Holdren & Speyer 1985). Thus interpretation of data for both very fine as well as 

surface-damaged quartz is problematic. 

Recently. Knauss & Wolery (1988) investigated the effect of pH on the 

dissolution kinetics using a single pass flow through apparatus, in which the 

temperature was maintained constant at 70°C and in which the pH of the solution was 
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buffered to fixed values in the range pH 1.4 - 11.8. Because the solution was kept far 

from equilibrium (~ c/ceq. =:: I), the following reduced form of the general rate equation 

(S.19) could be used to interpret the data 

r (S.30) 

The experimental results show that, in the range I < pH < 6, the dissolution rate 

constant (k700 c) is essentially independent of pH (i.e. m =0), while at higher pH values 

it increases significantly (m "" o.S). This suggests a change in dissolution mechanism 

andlor participating reaction complexes (Knauss & Wolery 1988), which is entirely 

consistent with the recent theoretical prediction of Hiemstra & van Riemsdijk (1990) 

that multiple activated complex activity gives way at pH > 6-7 to a single dominant 

dissolution mechanism. By comparison of their own results (70°e) with previous room 

temperature data (van Lier et at. 1960, Stober 1967, Rimstidt & Barnes 1980), Knauss 

& Wolery calculated the activation energy for quartz dissolution in the range pH 6 - 12, 

and obtained a value of 106 kJ/mol (Note that Rimstidt & Barnes (1980) obtained an 

activation energy of 68 - 77 kllmol for quartz dissolution in (near-)neutral solutions, 

where pH < 7 ). 

5.4 Present experiments: method 

Two series of experiments are reported here. The first was conducted to deter

mine the solubility of quartz (sand) in alkaline solutions at temperatures in the range 

100 - 200°C. The second focussed on the kinetics of quartz dissolution under similar 

conditions, but solubility data were also obtained. Both types of experiment were done 

in a closed system. 

5.4.1 Quartz sand preparation 

Quartz sand from the Miocene "Bolderiaan" formation (Maasmechelen, Belgium) 

was sieved into grain size fractions of 7S - ex> 11m and 90 - 106 11m. After sieving, the 

fractions were ultrasonically cleaned (SO g batches in 1 liter of tap water for 2 x 30 

min.), then washed with distilled water and etched in HF solution (O.S - I N, duration: =:: 

20 min.) to remove possible surface damage (Her 1979, Petrovich 1981). The sand was 

then succesively rinsed with NaOH solution of decreasing strength (O.S, 0.0 I and 0.00 I 

N) and finally with de-ionized water. It was then dried for 3 to 4 days at 4S°C. 
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Before use, the cleaned and acid-treated sand was examined with optical and 

scanning electron microscopy (SEM). Figs 5.2 (a,b) show two representative SEM 

micrographs of such material. Comparison with as-received material indicated that the 

bulk of the initially adhering submicron size particles was removed by the c1eaning/acid

treatment. A wide variety of grain surface morphologies was observed. Most grains were 

characterized by crystallographically controlled surface patterns of cusp-shaped asperities 

(0.5 - 1 /lm) and triangular, pyramidal and sickel-shaped etch pits (0.1 - 0.5 /lm). 

Rontgen diffraction analyses (XRD) showed the material to be pure quartz, with no 

detectable silica polymorphs or other crystalline contaminants. The specific surface area 

of the two grainsize fractions was estimated using available literature data on the 

dependence of specific surface area on grain size in quartz sands (Fig. 5.3, references 

quoted in figure). The values obtained for the 75 - 90 /lm and the 90 - 106 /lm fractions 

were 0.07 (± 0.02) m2/g and 0.06 (± 0.02) m2/g, respectively. 

5.4.2 Pore fluid preparation 

Pore fluids with initial OH- concentrations in the range 10-4 to I N were 

prepared by dissolving appropriate masses of analytical grade, water-free sodium 

hydroxide (NaOH) in a fixed amount of de-ionized water. The pH of the resulting 

alkaline solution was measured immediately after preparation and just before the start of 

the experiment with a pH meter (combined metal electrode), calibrated against buffered 

solutions of pH 4, 7 and 10. The accuracy of the pH meter was ± 0.1 pH-unit. 

5.4.3 Solubility experiments: procedure 

In these experiments, capped teflon capsules (i.e. autoclave liners) with an 

internal volume of 10 - 12 cm3 were filled with 5.0 ml of a given alkaline solution and 

with 3.0 grams of treated quartz sand fraction. The closed liners were weighed and sealed 

into corresponding stainless steel autoclaves, which were then mounted in a forced

convection oven (rotation frequency: 5 r.p.m.) in sets of la, all with the same initial 

fluid composition. In each oven run, the 10 autoclaves were heated to a temperature of 

100°C, 150°C or 200°C. The fluid composition was varied systematically from run to 

run in the range 10-4 N to I N initial NaOH concentration (henceforth abbreviated as 

NaOHinitial). The fluid pressure in the sample capsules was estimated from P-V-T data 

for water (Fisher 1976) and from the properties of the enclosed air, and was about 0.15, 

0.6 and 1.5 MPa at 100°C, 150°C and 200°C respectively (all temperatures ± 1°C). 
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FIG.5.2a 

lOpm FIG.5.2b 

FIGURES. 5.2 (a,b). Characteristic SEM micrographs of "Bolderiaan" quartz grains after acid
treatment. 
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After the start of each batch run, the autoclaves were removed from the oven at 

varying time-intervals (every 0.5 to 5 days, depending on the progression of the 

individual runs). Fluid sampling was the carried out as follows. The hot autoclave was 

first quenched in streaming tap water (for 5 min., initial temperature of the water: 12 

14°C). The teflon tube was then removed and weighed to check whether fluid had 

evaporated during the experiment. Tubes showing weight loss were discarded. The pH of 

the solution was measured and about 3 ml of the solution was decanted and centrifuged 
(5000 r.p.m., 5 min.) to separate the fine quartz particles from the sOlution. Then, 2 ml 

of the solution was pipetted from the supernatant and diluted with a known amount of 
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de-ionized water (10 - 20 ml), The fluid specimens were then stored in small 

polyethylene containers and analyzed for silica content within 2 to 4 days after dilution 

(see section 5.4.5), Finally, the quartz sand was removed from the teflon tubes, washed 

repeatedly with de-ionized water, dried for 2 days at 45°C and retained for microstructural 

study. 

Batch oven runs were continued at least until the rate of change of silica content 

averaged between three subsequent samples was indistinguishable from zero within the 

resolution of the method. In all, some 145 measurements were made of silica concentra

tion as a function of time, temperature and fluid composition. 

The above method of fluid sampling seems rather crude in comparison to the 

techniques used by Walther & Orville (1983) and Knauss & Wolery (1988). However, it 

is well established that rapid quenching of aqueous alkaline solutions containing silica 

does not lead to significant silica precipitation, so that quenched and immediately diluted 

fluid samples preserve the total silica content of the sample in the high temperature 

condition (pers. comm, Dr. J.B.H. Jansen). This was confirmed by a series of careful 

pilot experiments. 

5.4.4 Dissolution rate experiments: procedure 

These experiments were carried out using essentially the same apparatus and 

sequential extraction method as employed in the solubility experiments. Seven sequential 

experimental runs were performed (RI - R7). Each of the 7 runs involved producing 

fluids of specific NaOH and silica undersaturation. These were systematically varied from 

run to run. In each run, the approach to equilibrium in, the sand/solution samples was 

then monitored by regular fluid sampling. The first stage of preparation of the 

undersaturated fluid/sand sample was the same in all tests. The teflon-lined autoclaves 

were filled with alkaline solution (10-4, 10-3, 10-2 or 10- 1 N NaOHinitia1) plus a 

known weight of acid-treated quartz sand, and left to equilibrate in the forced convection 

oven at a temperature of 150°C (± 1°C). Regular analyses were made to verify that 

equilibrium was indeed established. For each run, all autoclaves were removed from the 

oven, quenched, and the pH of the solutions was measured. An accurately known volume 

of solution was next pipetted from each tube, and replaced by an equal volume of the 

original alkaline solution (free of silica). All solutions in a given run batch thus became 

undersaturated with respect to quartz by a known fraction in the range 0.2 to 0.43 (see 

Table 5.1). The autoclaves were then immediately returned to the oven, and reheated to 

ISO°C. The concentration of silica in solution was subsequently determined as a function 

of time in the return to chemical equilibrium with the solid quartz. The same fluid 

sampling and analyses techniques were used as in the solubility experiments, except that 

in tests R3, R4 and R6 (autoclave volume 50 - 55 ml). Here, 1 ml fluid samples were 
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I 

TABLE 5.1 Dissolution rate experiments 

Sample specification and experimental conditions 
(T = 150oC, fluid pressure =pressure of water vapour '" 0.5 MPa, neglecting the 
pressure of the air enclosed in the teflon tubes, Fisher 1976). 

L---t--------+----~ (error ± 0.02) 

[NaOH] 
initial 
(mol/l) 

Test 
No. 

Volume Grain size I Amount of Specific Totall 
solvent Mr fraction I, quartz used surface area surface 
(x 10-6 m3) (11m) (1) (g) (m2/g) (2 area A 

I R 1 
R2 
R 3 

R 4 

R5 
R 6 

I: 7 

Test
 
No.
 

Rl
 
R2
 
R3 
R4 
R5 

R6 
R7 ~
 

10-4 5.0 75 - 90 3.0 0.07 
10-3 5.0 75 - 90 3.0 0.07 
10-3 34.0 90 - 106 10.0 0.06 
10-3 34.0 90 - 106 10.0 0.06 
10-2 5.0 75 - 90 3.0 0.07 

10-2 I 34.0 90 - 106 10.0 0.06II 

I 10- 0_._0_6 
1 
L~O_~O -1~__3_.0_~1

Extent of 
system A/Mr 

Seq.*4)(x 103 m2/m3) 
(3) 

42.0 0.40 
42.0 0.40 

17.6 - 20.7 0.30 
17.6 - 20.7 0.30 

42 0.43 
17.6 - 23.1 I 0.40 

Number of 
fluid 

extractions 

5 
5 
5 
5 
9 

Equilibrium 
duration 

Test 
concentration 

(hours) silica in 
solution 

I(Seq)' in ppm 

47 116 (±6) 
47 140 (±IO) 

150 140 (±IO) 
150 140 (±1O) 

7 425 (±65) 
8 I 150 425 (±65) 

(m
2

) 

0.21 
0.21 
0.6 
0.6 
0.21 

0.6 

0_.1_8~1
 

Data 

shown in 
Figure 

5.8a
 
5.8b
 
5.8c
 
5.8d
 
5.8e J5.8f 

_3_6__~=0-----L 7 _~~L---'-4-,--,1l=5---,,(±=-4=5L-)_'--------'5=.8=g'--

NOTES
 
1 ) Sieve mesh. Optical microscopy confirmed size range. 

2) Determined from compilation of literature data of H.E.T. measurements of specific 

surface areas of quartz sands (see Fig. 5.3) 

3 ) In tests R3, R4 and R6, the extent of the system (A/Mf) gradually increased in the 

course of the experiment (due to fluid sampling). A correction was applied for this 

effect during processing. 

4) Equivalent to the saturation index (l-(Q/K» at t = to, i.e. to the departure from 

equilibrium immediately after undersaturation of the solution with respect to quartz. 
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periodically extracted from each autoclave, which was then returned to the oven. In these 

tests, the ratio of quartz surface area ( A ) to solution volume (M) increased stepwise (by 

about 0.05) with each extraction. This was taken into account during processing of the 

data. 

5.4.5 Determination of the Si-concentration 

The concentration of total silica in solution was determined using standard ICP

ES (Inductively-Coupled Plasma Emmision Spectroscopy) analytical methods and 

standard correction procedures. Reproducability obtained for identical solutions was better 

than I %. The relative error inherent to the overall method (i.e. the final correction 

procedure) is estimated to be smaller than 2 %. 

5 .5 Experimental results, solubility data 

5.5.1 Solubility data 

Results of both the solubility experiments and the dissolution rate experiments 

were used to determine the solubility of quartz at the test temperatures of 100, 150 and 

200°C (initial concentration of NaOH: 10-4 - I N). Typical concentration vs. time data 

obtained for total dissolved quartz (Ssol.) are shown in Fig. 5.4. Quartz solubilities Seq. 

were extracted from this type of data by drawing a horizontal asymptote to the plateau 

region. The solubility data thus obtained are plotted as a function of temperature and 

initial concentration of NaOH in Figs 5.5 and 5.6. The following trends are apparent for 

the data. Firstly, at all temperatures studied, the solubility Seq. increases strongly with 

initial OH- concentration. Secondly, in weakly alkaline solutions (initial OH- content 

10-4 to 10-2 N), Seq. increases significantly with temperature. At higher initial OH

concentrations, however, the solubility is essentially independent of temperature. Quartz 

sand fractions that had been reacted with solutions containing initial NaOH 

concentrations in the range 10-3 to 10-1 N (T = 100 - 200°C) were examined with the 

SEM and compared with the acid-cleaned starting material. The surface morphology 

appeared to be identical. 
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5.5.2 Comparison with literature data 

Fig. 5.7 compares the quartz solubility (SeqJ vs. temperature data obtained in 

the present tests with previous experimental data and previous calculations. Broadly 

speaking, the present results are in reasonable agreement with previous experimental 

data, except in the case of strongly alkaline solutions (0.1 - I N NaOHinitial) at 200

350°C, where the solubilities determined by Gratier & Guiget (1986) are about half of 

those expected from the data reported here. 

Crerar & Anderson (1971) calculated Seq. using literature data for the 

equilibrium constants governing the activities of all species in solution, assuming that 

no sodium-silica complexing occurs. In the range 0.05 - 0.2 N NaOHinitial, the quartz 

solubilities obtained in the present study match the solubilities calculated by Crerar & 

Anderson (1971) reasonably well. At NaOHinitial of 0.5 and 1 N, the experimentally 

determined solubilities exceed the Crerar & Anderson computations by a factor of 1.5 to 

2, whereas at NaOHinitial in the range 10-3 to 5 x 10-3 N, the reverse seems to be true. 

In general, however, there is broad agreement. The calculated and measured temperature 

dependence of Seq. in the more dilute solutions « 0.01 N NaOHinitial) probably reflects 

the temperature dependence of the dissociation of water. which in these solutions is 

apparantly the major OH- source for the neutralization reaction of silicic acid H4Si04. 

In solutions with higher initial OH- content (:2: 0.01 N NaOHinitial) no temperature 

dependence is apparent, suggesting that here the dominant OH- source is the added OH-, 

and not the OH- produced by dissociation of water. 
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5 . 6 Dissolution rate data and discussion 

5.6.1 Raw dissolution rate data 

The sample specifications and experimental conditions corresponding to the 

dissolution rate tests are listed in Table 5.1. The silica concentration vs. time data 

obtained from each experiment (i.e. autoclave run) are plotted in Figs 5.8a-g. The data 

clearly show that the concentration of silica in solution increases with time, with a 

tendency to asymptotically approach the equilibrium concentration at long times. Once 

again, the time taken to reach equilibrium seems to decrease with increasing initial OH

content. 

5.6.2 Comparison of results with theory 

In this section, the dissolution behaviour reported above is compared with the 

theoretical model for the evolution of concentration with time in closed-system 

experiments (see eqs 5.20 - 5.22). In order to do this, the quantity In I!J.c/!J.cO I is now 

plotted against elapsed time (t - to) in Figs 5.9a,b. The values of !J.C and !J.CO under test 

conditions (I50a C) were calculated from measured concentrations Ssol. at room 

temperature using eq. 5.27 1) (as mentioned earlier, this is taken as equal to the total 

silica concentration under test conditions). Inspection of Figs 5.9a and 5.9b now reveals 

a roughly linear relationship between In {!J.c/!J.col and (t - to) for each experiment (i.e. 

approximately constant test OH- concentration, calcul~ted as discussed in (1). The 

calculated OH- concentration at test conditions appeared to decrease in all tests by about 

a factor of 2 during the approach to equilibrium (i.e. "" 0.3 pH units). 

FIGURE 5.8. The kinetic data: graphs showing the increase in the concentration of silica in
 
solution as a function of time for a given NaOHinitial (listed on top of each graph). Refer to
 
Table 5.1 for sample specifications and test conditions. Note that Ssol. is given here in
 
mol/m3 (= I mmol/liter = 0.001 mol/liter) '"''
 

1)
 

In applying this equation, Seq. was obtained from the solubility experiments, and Kb
 
from empirical relations given by Fleming & Crerar (1982). The OH- concentration term
 

corresponding to each datapoint was calculated from room temperature pH measurements
 

using empirical expressions for Kb and Kw (Fleming & Crerar 1982, Todheide 1977),
 

combined with expressions for the ionic and mass balance of the system. This approach
 

yields a kwadratic equation in OH-, the positive root of which yields the OH


concentration under test conditions.
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FIGURE 5.9. Graphs showing In IActAcO} as a function of the time period elapsed since 
undersaturation of the solution. (5.9a) Dilute solutions RI-R4. (5.9b) Strongly alkaline 
solutions R5-R7. Note the more or less linear relationship between In {ActAcol and At. with 
the trend in the data clearly going through the origin (0,0) in all tests. 
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Straight lines were fitted to each dataset, yielding a slope 

(5.31)
8= 

8. Ceq

for each experiment. The log of quantity -(Al
M f j 

for each test is in turn plotted in Fig. 5.10 against pH at test temperature of I50a C. 

producing a reasonably straight line trend. 

-7 r-~--'--~-r-~--'--~-r-~----, 

-8 

.. ,...--...~I
~8 -9 
~ 

Ol 
o 

-10 

T = 150a C 
-11 l--~_--..L_-,-_....L..._~--JL....----,-_--'-_--,-_ 

7 8 9 10 1 1 12 

log k150°C = -14.2 + 0.55 pH 

FIGURE 5.10. Graph showing log {(8. Ceq. )/(A/M f)} as a function of the pH at test conditions 
(= - Jog [aOH-]sol, 150°C). The error bar reflects uncertainties in the extent of the system, in 
the measurement of total silica in solution. and in the pH measurement. Note approximately 
linear relationship between log 1(8. ceq)/(A/M f)} and pH. Best filling yields a slope of 0.55 
(= m) and an intercept with the y-axis of -14.2 (= log k150 0 C ,at pH = 0). 
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By comparison of Figs 5.9a,b with the integrated form of the closed system 

rate equation 

A k* -m -E act J' 
3 . -c-' (a H+) . exp ( RT·· (t-t O) ((5.22» 

10 .M eq.
f 

it is now clear that the roughly linear relation obtained between In l~c/~col and (t - to) 

in Fig. 5.9 is indeed consistent with the theory. In addition, the theoretical equation 5.22 

implies a linear relation 

- E act. + 1 k* )( + mpH2.3 RT og (5.32) 

between the I.h.s. of eq. 5.32 (which is the logarithm of the "limiting" dissolution rate 

at test temperature and pH = 0) and the pH at the test temperature. Therefore, the data 

presented in Fig. 5.10 also appear to be more or less consistent with the theoretical 

model. 

On the basis of the above, it is inferred that at constant temperature the closed 

system model is essentially valid. The best fit straight.lines to the data appearing in 

Figs 5.9 and 5.10 thus enable the parameters m and k1500 C =k* . exp (-Eact jR,423) to 

be determined. The value obtained for m is 0.55 (least squares fit), and for k 1500C is 

6.3 x 10- 15 mol/m2s. 

5.6.3 Comparison with previous data 

The principle dissolution rate data presently available which can be directly 

compared with the above results are those of Knauss & Wolery (1988) and of van Lier et 

al. (1960), Stober (1967) and Rimstidt & Barnes (1980). As previously outlined, Knauss 

& Wolery (1988) investigated the dependence of dissolution rate on pH in the range 1,4 

< pH < 11.8 and T = 70°C in an open system with ~c/ceq. "" 1. The remaining authors 

conducted closed-system experiments at various temperatures in the range 25 - 300°C, 

yielding dissolution rates under varying conditions. However, the effecs of pH and T on 

quartz dissolution behaviour were not systematically investigated in the pH range 7 - 12. 
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III 

In Fig. 5.11, the various data mentioned above are now compared with the present 

results shown in Fig. 5.10. Fig. 5.11 shows that the present data, obtained at 150°C, 

more or less overly Knauss & Wolery's data obtained at 70°C. Nonetheless, the trend in 

the two datasets, and in the data obtained at room temperature, is very similar, with 

Knauss & Wolery reporting a slope m of 0.5 against the present value for m of 0.55. 

In order to clarify the temperature dependence of dissolution rate represented in 

Fig. 5.11, the data shown in this figure are replotted at "constant-pH values" of 8, 10 

and 12 in the Arrhenius plot 5.12. The (limited) data does not agree particularly well 

with the linear relation expected from the theoretical relation 5.32. Nonetheless, in view 

of the apparent applicability of the model regarding pH and driving force dependencies, 

and realizing the variability frequently seen in quartz dissolution rate data, the data 

shown in Fig. 5.11 have been fitted to eq. 5.32 to retrieve values for Eact. and k*. The 

values obtained are Eact. =: 55 (± 5) kllmol and k* =: 4 (± 3.5) x 10-7 mol/m2s. It 

should be noted that this value for Eact. is lower than the value of 68 - 77 klima1 

obtained for neutral solutions (Rimstidt & Barnes 1980) and significantly lower than the 

106 kllmol calculated by Knauss & Wolery (1988) from data at 25°C and their 70°C 

data (see Fig. 5.11). The reason for this discrepancy is presently unclear. 

5.6.4 Final rate equation 

On the basis of the above analysis, it is proposed that the rate equation 5.19 for 

the dissolution of quartz in alkaline solutions can be written 

r =: A. k*. (a +)-m. (-EacLJ. ~ «5.19))
H exp R T c eq. 

with 

k* =: 4 (± 3.5) x 10-7 mol/mls 

0.5 - 0.55 

Eact. == 55.000 ± 5000 llmol 
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FIGURE 5.11. Graph showing comparison of present log I(8.ceq)/(A/Mf)l vs. pH data and 
previous experimental data. Present data (150°C) in filled circles, experimental data of Knauss 
& Wolery (1988, open rhombs, T = 70°C, pH = 1.4 - 11.8), van Lier ef al. (1960. triangle: T = 
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5.6.5	 Dissolution velocity as a function of driving force: 
relation with IPS 

As stated in the introduction, one of the principal aims of this chapter was to 

establish the relationship between dissolution rate (r) dealt with above, and the 

dissolution velocity of a non-hydrostatically stressed quartz. This is done by recasting 

the general rate equation (5.19) obtained from the present experiments as a relationship 

between dissolution velocity and thermodynamic driving force, pH and temperature. The 

relationship thus obtained then takes the same form as the expressions used in models 

for dissolution/precipitation-controlled IPS creep (see Table 2.2). As a starting point for 

the recasting operation, consider the relation for chemical potential of a species in 

solution (Denbigh 1971, and § 2.2 of this thesis) 

/l = /lo + RT In c	 (J/mol) (5.33) 

(assuming YH4Si04 = 1). For small departures from equilibrium (e.g. caused by 

undersaturating the solution or stressing/straining the solid) 

~c = Ceq. - c	 (5.34) 

and the corresponding potential drop can be written 

Ceq) 
~ /l = /l eq. - 11 RT In ( -c-·	 (5.35) 

Thus, when ~c « c, c is approximately equal to Ceq.' and 

~c 
~Il RT	 (5.36)

Ceq. 

and hence 

~c ~/l 
(5.37)

Ceq. RT 
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The dissolution rate (r, in molls) driven by this thermodynamic force refers to a volume 

of surface area A. The velocity of dissolution of the solid (at a given temperature T) can 

therefore be written 

r (m/s) (5.38)
A 

Combination of eqs. 5.19, 5.37 and 5.38 yields the required relationship 

(-E) A* -m act. L.l ~ 
k . (a +) . exp . V .-- (5.39)

H RT m RT 

For a driving force of 1 J/mol one can thus write 

* (a +)- mk . H exp 
(m/s)/(J/mol) (5.40) 

vdiss == RT 

where, from the present experimental results 

k* == 4 (± 3.5) x 10-7 mollm2.s 

m == 0.5 - 0.55 

Eact. 55.000 ± 5000 J/mol 

It seems likely that this relationship will apply directly to dissolution/precipitation on 

the free surfaces of elastically strained grains. Further, it is identical in form to the 

dissolution rate expression used in models for dissolution/precipitation-controlled IPS 

(Raj 1982, Spiers et ai. 1988, and § 2.6 of this thesis). Therefore, assuming that the 

kinetic relation obtained is applicable to the kinetics of IPS (in particular: to the kinetic 

processes of dissolution occurring in an island-channel type grain boundary structure, see 

§ 2.3), it can be incorporated in this type of constitutive models, in an attempt to 

predict the rate of compaction creep by dissolution-controlled IPS. This will be done in 

§ 6.5, to compare measured compaction creep rates of wet quartz sand to theoretically 

predicted creep rates. 
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5.7 Conclusions 

The classical transition state theory has been applied to the rate controlling 

hydrolysis reaction operative in the pH range 7 - 12. This led to a relationship 

describing the dissolution behaviour quartz under these conditions as a function of 

departure from thermodynamic equilibrium (i.e. the degree of undersaturation of the 

H4Si04 species), pH and temperature. The applicability of this theoretical relationship 

to the dissolution behaviour of "Bolderiaan" quartz sand (used in pressure solution 

experiments reported in Chapter 6) has been tested by means of closed-system quartz 

dissolution experiments conducted at T = 150aC (7 < pH < 12). This yielded solubilities 

which were closely comparable to literature data. The dissolution rate data obtained were 

compared with the integrated (closed-system) form of the rate equation and show 

reasonable agreement. Broad agreement was also obtained with previous experimental 

data. Best fitting of the theoretrical relationship to the present data enabled the 

fundamental kinetic parameters m, k* and Eac !. to be calculated. Finally, the rate 

equation was recast into a form similar to that used in IPS models. Assuming that the 

relationship obtained is applicable to IPS processes (i.e. the same dissolution 

mechanism, and same dissipative process), it can be incorporated in theoretical models 

for IPS, thus helping to establish the link between ·between geochemical kinetic aspects 

and rate aspects of IPS. 
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Chapter 6 (1 

EXPERIMENTAL COMPACTION OF QUARTZ SAND 
UNDER LOW EFFECTIVE STRESS AND TEMPERATURE 
CONDITIONS 

6.1 Introduction 

It is well established in the literature that creep by stress-induced intergranular 

pressure solution (IPS) is an important deformation and compaction mechanism in sands 

and sandstones under diagenetic and low-grade metamorphic conditions (Rutter 1983, 

Tada & Siever 1989, Bell & Cuff 1989). After an initial stage of mechanical compaction 

by transgranular cracking and intergranular sliding, further compaction of quartzitic 

sediments is commonly dominated by IPS (Palmer & Barton 1987, Mitra 1976, 1988), 

resulting in the formation of grain indentation/truncation microstructures and 

characteristically sutured grain boundaries (Sibley & Blatt 1976). Because IPS and 
associated quartz cementation in the pores can significantly reduce primary porosity 

(Houseknecht 1987), IPS creep is of substantial practical interest in the hydrocarbons 

industry, as well as of great interest as a deformation mechanism in structural geology. 

Recent petrographic studies have attempted to quantify the extent of IPS in 

sandstones in order to establish the influence of geological variables on the rate of the 
process and to assess its relative importance as a compaction mechanism under different 

conditions (Houseknecht 1984, 1988, Porter & James 1986, James et al. 1986, McBride 

1987, Wilson & McBride 1988). Insight has been gained into the effects of grain size 

and temperature, but there appears to be no correlation between depth of burial and the 
extent to which sandstones are affected by solution transfer. Much more important seem 

to be pore fluid composition, concentrations of clays and micas within grain boundaries, 

early cementation by silica and/or calcite precipitation, and the presence of hydrocarbons 

in the pores (Hawkins 1978, Sellwood & Parker 1978, Pittman 1979, Tada & Siever 

1989, and references therein). 
Aside from the various theoretical developments in IPS (discussed in Chapter 

2), compaction experiments have been performed on wet quartz sands at applied effective 

pressures of 40 - 100 MPa and temperatures in the range 275 - 400°C. These have 

provided evidence for enhanced creep in the presence of aqueous fluids, as well as for the 

development of grain indentation, grain contact truncation and overgrowth micro-

I ) 

Part of this chapter will be published in the Journal of Geological Society of London, 
Volume 148, part 3 (1991) 
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structures (Renton et al. 1969, de Boer et al. 1977, Sprunt & Nur 1977a, Gratier & 

Guiget 1986) which were interpreted as qualitative evidence for the operation of IPS. 

However, the quantitative relationships between solution transfer creep rates and 

variables such as applied stress, pore fluid pressure, temperature and grain size could not 

be determined from the (limited) mechanical data obtained. Furthermore, the influence of 

volumetric strain (i.e changing microstructure) on the compaction creep behaviour of 

densifying quartz sand did not receive attention in previous experiments. 

From this point of departure, the present compaction experiments have been 

carried out with the following aims: 1) to gain quantitative insight into the compaction 

creep behaviour of quartz sand at the relatively low P-T conditions prevailing during 

diagenesis, 2) to identify the compaction creep mechanism(s), and 3) to test the 

applicability of the theoretical models for IPS presented in Chapter 2 of this thesis. 

6.2 Experimental technique 

6.2.1 Sample and pore fluid preparation 

Continental quartz sand from the Miocene "Bolderiaan" formation (Maas

mechelen, Belgium) was crushed, ultrasonically cleaned in distilled water, dried and then 

sieved into grain size fractions of 20-30 flm and 40-50 flm. An 80-100 flm fraction was 
prepared by directly sieving the as-received material (Le. without crushing). After 

sieving, all sand fractions were etched in HF solution (0.1 - 0.5 N, for 20 minutes) to 

remove possible surface damage. The sand was then rinsed by successive washings with 
NaOH solution of decreasing strength (0.5, 0.01 and 0.001 N) and finally with double

distilled water, and then dried for 3-4 days at 45°C. 

Rontgen diffraction analysis (XRD) showed the resulting material to consist of 

pure quartz, with no detectable silica polymorphs or other crystalline contaminants. 
Optical microscopy and scanning electron microscopy (SEM) study revealed an 

increasing aspect ratio and increasing angularity of the quartz grains with decreasing grain 
size. Attempts to improve the roundness of the fine fractions by abrading with SiC-grit 

in air and water were not succesful. The surface area of most quartz grains was relatively 

smooth, but some grains showed regions characterized by crystallographically- ontrolled 

patterns of cusp-shaped asperities (0.5 - 1 flm) and triangular, pyramidal and sickel

shaped etch pits (0.1 - 0.5 flm). In about 5% of the grains, subparallel planar arrays of 

fluid inclusions were present, similar in morphology to the healed intragranular 

microcracks described by Smith & Evans (1984). However, open intragranular or 

transgranular cracks were not observed. 
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Pore fluids were prepared by dissolving a fixed mass of analytical grade sodium

metasilicate salt (Na2Si03. 5H20) at 20°C in double-distilled water. The amount of 

silica in this water-glass brine was adjusted to yield the equilibrium concentration with 

respect to quartz at the desired testing temperature and fluid pressure (calculated using data 

compiled by Walther & Helgeson 1977). This was done to minimize dissolution of the 

quartz sand by any mechanism other than stress-related solution transfer effects. 

6.2.2 Compaction apparatus and experimental conditions 

Uniaxial (l-D) compaction creep experiments were performed on the sieved 

quartz sand fractions using the apparatus depicted in Fig. 6.1 under the experimental 

conditions summarized in Table 6.1. The compaction vessel and pistons were specially 

constructed from the corrosion-resistant, copper-nickel-molybdenum alloy, K-Monel. 

The cylindrical quartz sand sample (diameter = 20 mm, starting length'" 19 mm) was 

loaded via the moveable top-piston using an Instron 1362 loading frame, capable of 

operating in both load and displacement control. The Instron force measurement system 

allowed the applied axial stress (O"a) to be measured and controlled to within 0.05 MPa. 

Displacement of the piston into the vessel (i.e. the amount of uniaxial compaction) was 

measured with a resolution of 0.5 /lm using the L VDT located inside the drive unit of 

the Instron. Heating of the samples was achieved with a 2.2 kW furnace enclosing the 

pressure vessel. Temperature was measured using two type K sheathed thermocouples 

(location indicated on Fig. 6.1) and regulated with a three-term (P.I.D.) temperature

controller (± 0.5°C). A maximum temperature-gradient of 0.5°/cm was measured along 

the cylindrical axis of dry quartz sand at 150°C (set-temperature). 

Compaction experiments were performed in both the dry state and with fluid in 

the pores. Access of brine to the sand was achieved via a bore in the top piston (see Fig. 

6.1). A filter plate of sintered K-Monel between the sample and top-piston prevented 

quartz grains being transported into the bore of the piston, and ensured uniform access of 

the pore fluid across the top face of the sample. Constant pore fluid pressures (Pf) were 

maintained using a pneumatic accumulator (2.5 Itr) plus liquid-liquid separator (Pf = 12.5 

MPa in tests at 250°C and 300°C, and 15.5 MPa at 350°). The fluid pressure was 

measured with a Teledyne pressure transducer located close to the fluid inlet in the top 

piston. The load and displacement signals from the Instron loading frame, the 

thermocouple signals and the output from the fluid pressure transducer were recorded with 

a chart recorder and simultaneously logged using an Epson QX-l 0 microcomputer plus 

AID converter. 
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TABLE 6.1 

Experimental conditions 

DryfWel Pore fluid Temp. (DC) I Applied stress st epping ~ Final (max.) ~ 
levels (MPa ) applied stress pressureI number 

(MPa)(Ja (MPa) 

QC2 150 20.7dry -
wet 250 15.9 19.5 2 1.5 27.5 12.5QC5 

QC7 dry 250 9.0-
27.5 12.5QC8 wet 250 15.6 18.8 22.0 

QCIO wet 300 16.1 20.5 27.5 12.5 
27.5 12.5wet L 300 16.0 20.0QCl~L 

\ 

U2Q.3 wet 350 20.5 25.5 30.5 15.5J 
~._-

Test 
number 

f---. 

QC2
 
QC5
 
QC7
 
QC8
 

QCIO
 
QC12
 
QC13
 

Notes 

Final apPliedl
 
effective
 

stress (MPa)
 

20.7 
15.0 
9.0 

15.0 
15.0 
15.0 
15.0 

I
 

I
 

Grain size 
(diameter) 

(run) 

40-50 
40-50 
40-50 
20-30 

80-100 
40-50 

..1-80-100 

Starting 
porosity 

<1>0 (%) (l 

45.9 
46.7 
52.2 
48.2 
47.1 
45.6 
46.0 

-Initial<2 

ppm Si02aq. 
(± 20 ppm) B

500 

750 
750 
750 

1000 

Finite--rT~ 
volumetric 

strain ev (%) 
duration 
(days) 

12.0 
11.0 
8.0 
10.9 
13.7 
10.5 

39 
48 
14 
42 
48 
24 

16---.J._.:...::...:.. I --,---...2l~ 

(1	 The degree of filling of the pores with brine was calculated from the initial pore 
volume and from the volume of t1uid added to the sample (measured with a burette, 
see Fig. 6.1). In all wet experiments the degree of filling was between 95 and 98%. 

(2	 Silica concentrations in the sodium-silicate solutions were analyzed using Inductively 
Coupled Plasma Emission Spectroscopy (lCP-ES). In tests QC8 and QCI3, the final 
concentration of silica in solution (Si02aq) was found to be 37% and 36% lower 
than the initial (Si02aq), respectively. The reason for this decrease in silica 
concentration is unclear. 
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FIGURE 6. L Diagram of compaction vessel (to scale) and pore fluid pressure system 
(schematic). From left to right: N2-gas sURPly bottle, pneumatic accumulator (2.5 [tr), liquid
liquid separator (internal volume: 10 cm3), compaction vessel. Notice the position of the 
temperature-resistant Kalrez O-ring seals. These were located close to the sample to minimize 
any thermal convection in the pore fluid. 
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6.2.3 Compaction procedure 

6.2.3.1 Dry samples 

In each experiment, an 8.5 gram fraction of laboratory-dry quartz sand was depo

sited into the vessel with an elongated funnel (to prevent grains sticking to the vessel 

wall). After gently lowering the K-Monel filter plate onto the top of the sample, the top 

piston was advanced into the vessel until it touched the filter plate and started to load the 

sample. At an applied stress of 0.6 MPa (test QC2) and 1.4 MPa (QC7), the Instron was 

switched to load-control mode and the samples were heated at a rate of about 50°C per 

hour until the desired testing temperature was attained. When the temperature of the 

sample had reached a value within 1°C of the test temperature, the starting length (LO) of 

the sample was measured and computer logging was initiated (time t =to, porosity <1> = 
<1>0, see Table 6.1). Then, the dry sands were loaded at a constant rate of 7.0 MPa/day 
(QC2) and 3.0 MPa/day (QC7) from the initial applied axial stress of 0.6 MPa and 1.4 

MPa to final stresses of 20.7 MPa and 9.0 MPa, respectively. 

6.2.3.2 Wet samples 

In the wet experiments, the following loading procedure was applied. After 
emplacing the dry quartz sand plus filter plate, the top piston was slowly inserted into 

the vessel and clamped about 15 mm above the filter plate. The sample, piston bore and 

fluid supply system were subsequently evacuated and filled with de-gassed brine. The 

piston was then unclamped and advanced into the vessel at a constant displacement rate 

of 4.5 mm per hour using the Instron loading frame operated in position-control mode. 

In this way the fluid pressure rapidly increased until it balanced the desired pressure set in 

the accumulator. The fluid pressure remained at this value, with the sample in a state of 

zero effective stress O"e (= O"a - Pf), until the piston touched the filter plate and started to 
load the sample. At an applied effective stress of about 3.5 MPa (5.0 MPa in test QC 13) 

the lnstron was switched into load-control mode and O"e was maintained at this value. 

Next, the sample was heated at a rate of about 50°C per hour to the desired working 

temperature, and computer logging was initiated (t =to, L =La, <1> =<1>0, see Table 6.1). 

With Pf remaining constant via the action of accumulator plus separator, the applied 

axial stress (and thus the applied effective stress) was then increased in two or three steps 

at ~ constant loading rate of 1.5 or 2 MPa per day, with each stress-step being followed 

by several days of compaction creep at constant O"e. In the four experiments conducted at 

250°C and 300°C, the final step in effective stress (to 15.0 MPa) was typically 

performed after 16 dap. This stress-stepping procedure was employed to investigate the 

relationship between ~ and O"e. In experiment QCl3 (T = 350°C), O"e was also stepped 
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down from 15.0 MPa to 11.3 MPa and then to 7.5 MPa (at a constant rate of 2.5 MPa 

per ?ay), and stepped up at the same rate to provide further data regarding the dependence 

of ~ on cr e (at more or less constant volumetric strain, i.e. constant aggregate 

microstructure). The sample was then allowed to creep at cre = 15.0 MPa for a period of 

52 days. Details of the stress steps used in the experiments are given in Table 6.1. 

6.2.4 Test termination 

Tests were terminated by reducing the applied effective stress to zero at a rate of 

about 4 MPa per hour, while the compaction apparatus was simultaneously allowed to 

cool. A period of about 3 hours was required to cool the vessel from 300DC to about 

30De. Before extraction, the sample was briefly evacuated in an attempt to extract the 

bulk of the pore f1uid. The compaction vessel was then placed in a horizontal position, 

the bottom piston was removed and the sample carefully pressed out of the vessel into a 

PVC tube (diameter = 20 mm). This tubular sample holder was subsequently sealed at 

both ends with perforated lids and clamped inside a second PVC tube. The assembly was 

then t1ushed with compressed air to remove any residual pore t1uid from the sample. 

Next, small specimens ("" 1 g) were "sliced" from the top and bottom of the 

cylindrical sample with a razor blade. These specimens were used for grain size analysis 

(performed on both the starting material and on the compacted sands using a Malvern 

Particle Sizer) and for SEM study. The remaining part of the recovered sample was dried 

for 3-4 days at 45DC, evacuated and then impregnated with a low-viscosity epoxy resin. 

During this procedure the sample was kept enclosed in the tubular PVC holder to avoid 

disturbance of the friable aggregate structure. Thin sections were made both perpendicular 

and parallel to the cylindrical axis of the sample (i.e. to the loading direction). 

6.2.5 Data processing 

Processing of the raw data set of the 1600 - 4000 time-displacement records 

obtained in each experiment was done using the Epson QX-1O microcomputer/logger and 

involved the following sequential procedure: a) a correction for the elastic distortion of 

the Instron and vessel during loading, b) smoothing of the data using a weighted 

mov~ng-average routine and c) calculation of volumetric strain (ev) and volumetric strain 

rate ~ using every tenth data pair. 

Smoothing of the data was carried out to reduce the variability. in the 

measurement of piston displacement (i.e. of sample length, and hence of ey and ~ due to 
diurnal temperature variations in the laboratory (± 1DC). In particular, at the smaller 

displacement rates « 15 11m/day, i.e. p< 10-8 s-I), these temperature variations 
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produced a considerable scatter in the values of ~ calculated from the raw data 

(corresponding relative standard error: "" 25 %). Where presented in graphical form 

henceforth, the smoothed data are displayed as solid lines, with error bars accounting for 

temperature-independent errors in the displacement measurement. 

6.3 Experimental results 

6.3.1 Compaction creep curves 

The compaction creep curves obtained from the experiments performed at 

T= 150-300°C on both dry and wet quartz sand are presented in Fig. 2a. The grain size (d), 

temperature (T), applied effective stress (ae) and pore fluid pressure (Pf) used in the tests 

are indicated. Fig. 6.2b shows the compaction creep curve obtained at 350°C. 

From Fig. 6.2a it is apparent that the dry samples underwent significant 

compaction during the loading stage only, with very little compaction creep occurring 

once full load was achieved. In contrast, the wet quartz sands continuously compacted 

with time. At 250°C and 300°C, finite volumetric strains of 11 - 14 % were achieved in 

about 40 days, with the volumetric strain rate decreasing with time (i.e. with volumetric 

strain) to values of about 5 x 10-9 s-1 at termination of the experiments. Note the effect 

of the stepwise increase of the applied effective stress on the compaction behaviour of 

the wet sands. No systematic influence of grain size on compaction creep behaviour is 

apparent from the creep curves. The total amount of volumetric strain achieved after a 

given time clearly increases with temperature (with other factors constant). At 350°C, 16 
% strain was achieved in about 90 days (Fig. 6.2b), with creep occurring at a slowly 

decreasing, but still relatively high rate ("" 10-8 s-l) compared to the wet compaction 

experiments conducted at 250 and 300°C. 

6.3.2. Analysis of the creep rate data 

First, consider the relationship between the volumetric strain rate ~ and the 

applied ef:~ective stress ae implied by the present stress stepping data. Figs 6.3a and 6.3b 

show log ~ plotted as a function of log ev (solid lines) for tests QC5 (wet, 250°C) and 

QCI0 (wet, 300°C), respectively. The curve segments correspond to periods of creep at 

constant (Je and have been linearly extrapolated to higher and lower ev values (dotted 

lines) on the basis of a manual best fit to the dat~ obtained immediately before an~ after 

each stress step. The effect of stress-stepping on ~ is evident. Note the increase in ~ (and 
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FIGURE 6.2. (a) Compaction creep curves obtained for dry and fluid-saturated ("wet") quartz 
sand at temperatures of 150a C, 250a C and 300a C and (b) at 350aC. The applied effective stress 
cre was increased in two or three steps from the initial cre of about 3.5 MPa to the final cre of 
15.0 MPa. Notice the more or less linear increase in ev with time during the loading stage of 
the dry sands (first 3 days of test) and the absence of significant creep after completion of the 
loading ramp. Compare this compaction behaviour with the relatively rapid compaction creep 
of the wet sand. Temperature. grain size, pore fluid pressure, effective stress and starting 
porosity are indicated (see also Table 6. I). 
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ev) upon each stepwise increase in (ie, and the gradual decrease of ~ with increasing ev. 

Each stress-step is indicated by a field (A-E), with four datapoints at the corners (two 

filled circles at the solid curves and two open circles at the extrapolated curves). The 

horizontal width of each field indicates the increase in ev produ~ed during stress stepping, 

while vertical arrows provide an estimate of the increase in ~ corresponding to stress 

steps at approximately constant ev (i.e. at more or less constant aggregate structure). 
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FIGURES 6.3a and 6.3b. Log-log plot of volumetric strain rate (~) VS. volumetric strain (ev) 
for experiments QC5 (250°C) and QC 10 (300°C). constructed from the compaction creep 
curves shown in Fig. 6.2a. Dotted lines are extrapolations to lower and to higher volumetric 
strains. Characters A-E indicate the stress-stepping intervals. Stepping field B is hatched 
for clarity. 
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Fig. 6.4 shows the five stress-stepping fields (A-E) plotted in a log ~ 1's. log 

O"e graph. The inclined segme~ts bounding the fields represent the upper and lower 

estimates of the increase in ~ associated with each stepwise increase in 0" e (at 

approximately constant ev, range indicated at top of Fig. 6.4). Assuming a power law 

relation between ~ and O"e (i.e. ~ a O"eb), the implied exponent of cre is about 4 at 

relatively low values of cre and ev (O"e =3.5 - 8 MPa, ev = 1.5 - 4 %) and about 3 at the 

higher values of O"e (O"e =8 -15 MPa, ev = 4 - 9 %). 
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FIGURE. 6.4. Log volumetric strain rate ~ \'5. log effective stress (<Jel,constructed from 
the five stress-stepping fields (A-E) shown ill Figs 6.3a and 6.3b. 
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Similar stress stepping data obtained from test QCl3 (350°C) are displayed in 

Fig. 6.5. The data shown in fields F and G were obtained during the initial series of 

stepwise increases in applied effective stress. The data connected by the straight line 

segments (H) were obtained from additional stress stepping operations performed in the 

later stages of the experiment (see description of experimental procedure). The arrows 

on the segments connecting the datapoints indicate the down-stepping and the up

stepping stage. Fig. 6.5 clearly shows that also at 350°C the exponent to O"e decreases 

with increasing O"e and ev. At O"e = 5 - 10 MPa and ev = 7 -8 %, the exponent to O"e is 

about 4, while at O"e = 10 - 15 MPa and ev = 10 - 12 % it is about 2 (stress stepping 

H). 
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FIG. 6.5. Log volumetric strain rate ~ vs. log effective stress (()e) obtained by the stress
stepping procedure illustrated in Fig. 6.2b on sample QC13 (350°C, hatched fields F and G and 
stress-decrement/increment stage H). 

198 



An indication of the relationship between ~ and ev for wet corr:paction at 

constant applied effective stress can be obtained from Figure 6.6, where log ~ is plotte~ 

as a function of log ev at (Je of 15.0 MPa (i.e. at max. (Je). At 250 and 300°C, ~ 

decreases about an or?er of magnitude within the e,: range 7.5 - 14 %. Expressing the 

relationship between ~ and ev as a power law (i.e. ~ a evC ) yield~ an exponent to ev 

decreasing from about -5 to -8 over this range. At 350°C, however, ~ decreases only by a 

factor of about 2 over the ev range 11.5 - 16 %, with the exponent to ev increasing from 

about -5 (at ev "" 12 %) to a value of -2 to -I (over the range ev = 12 - 16 %). 
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FIGURE 6.6. Log volumetric strain rate ~ vs. log volumetric strain (ev), constructed from the 
compaction creep curves shown in Figs. 6.2a and 6.2b. Temperature, grain size and initial 
porosity of the sands are indicated. 
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• Finally, the influence of temperature (T) on phas been considered. Fig. 6.7 

shows pas a function of instantaneous sample porosity ($t) for compaction of wet 

quartz sand with d =40-50 ~m and d =80-100 ~m (all at ere = 15.0 MPa). The filled 

circles correspond to datapoints at 1% porosity intervals between 38 and 42 % 

instantaneous porosity. The dotted lines are rough extrapolations of the solid curves to 

higher $ with open circles drawn at correspondi!lg 1 % porosity intervals (error 

indicated). The dependenc~ of volumetric strain rate pon temperature T was estimated 

from a comparison of the pobtained in different samples at the 1 % porosity intervals 

mentioned above, i.e. ~t constant porosity (assuming no influence of grain size and/or 

packing differences on p). In Fig. 6.8, these '~constant-poro.sity data" have been plotted 

assuming an Arrhenius-type dependence of p on T, i.e. p a exp(-Hcmp.!RT), where 

Hcmp,is the activation enthalpy and R is the universal gas constant. The value of Hcmp 
was determined from the slope of the line segments connecting the data points, and 

ranges from 61 to 76 kJ/mole. 
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obtained from Fig. 6.7. Activation enthalpies Hemp. calculated from the compaction creep data 
are indicated, and range between 61 and 76 kJ/mole. 
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6.3.3 Microstructures 

6.3.3.1 Dry compaction at 150 aC and 250 aC 

Examination of the dry-compacted quartz sand samples using optical 

microscopy and SEM showed no deformation features except for occasional intragranular 

and transgranular cracks. These must have formed during compaction since no such 

microcracks were present in the starting material. Grain size analysis indicated that minor 

grain size reduction had occurred during compaction (Fig. 6.9a). 

6.3.3 .2 Wet compaction at 250 ac 

The general microstructure of sand compacted in the presence of brine at 

250°C is shown in Fig. 6.10a. Microstructural examination showed that the long axis of 

most grains is oriented at an angle of 60-90° to the loading direction, with the finer

grained fractions displaying a somewhat stronger grain shape preferred orientation than 

the coarser-grained fractions. This fabric was probably produced largely during 

experimental compaction of the aggregates, since pilot investigations indicated that 

deposition of quartz sand into the vessel leads only to a very weak grain shape preferred 

orientation. Note the typical tangential contacts between the grains. About 5 -1 0 % of 

the grains showed intragranular and occasional transgranular cracks (Figs 6.lOb and 

6.1 Oc) and minor crushing features at the grain contacts (Fig. 6.10d). Most microcracks 

originated at or near the grain contacts and terminated within grain cores, others appeared 

as subparallel, closely spaced arrays close to grain contacts. Grain size analysis indicated 

a slight reduction in grain size during compaction (Fig. 6.9b). 

Limited evidence was found for grain indentation and grain contact truncation 

microstructures. Assuming that these microstructures have formed by intergranular 

solution transfer, a rough estimate was obtained of the volume of quartz dissolved 

("overlap" quartz OQ) as a percentage of the total volume of quartz originally present 

(DQ) from inspection of micrographs of the wet compacted material. The technique 

employed to estimate this (OQ/DQ) value is similar to the method applied by 

Houseknecht (1988) to investigate the extent of intergranular solution transfer in 

sandstones. In sand compacted wet at 250°C (test QC5), an (OQIDQ) value of 1.7 (± 

0.8) was found (47 estimates from 30 micrographs). No overgrowth features were 

observed. 
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FIGURES 6.9 (a-c) Results of grain size analyses on quartz sand prior to and following 
experimental compaction (light hatched areas and dense hatched areas, respectively). 
The analyses were carried out using the laser diffraction technique (Malvern Particle 
Sizer, type 3600-D). 
6.9 a) Test MQ2 (dry, 150°C): limited grain size reduction (bold arrow) 
6.9b) Test QC5 (wet, 250°C): virtually no grain size reduction (bold arrow) 
6.9c) Test QCIO (wet, 300°C): no grain size reduction 
The increase in proportion of relatively coarse material (see small arrows) is probably 
due to "sticking" of grains after drying of the compacted material. 
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----.. 30 pm FIG. 6. lOa 

__.....' lOpm FIG. 6. lOb 

FIGURE 6.10. SEM micrographs of Bolderiaan quartz sand compacted at 250°C. 
(lOa) Overview micrograph of sample QC5 (scale at bottom). Note point contacts 
between the grains and occasional transgranular cracking (top left), (lOb,c,d) Typical 
microcracks in grains from samples compacted wet at 250°C (lOb,c: QC5, lOd: QC8), 
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6.3.3.3 Wet compaction at 300 DC and 350 DC 

The general microstructural nature of sand compacted wet at 300 and 350°C is 

illustrated in Figs 6.11 a-d. Two microstructural features are characteristic for material 

compacted at these temperatures. First, a grain-shape preferred orientation is again 

developed orthogonal to the direction of the applied effective stress (open arrows in Figs 

1la,b). Second, abundant truncated and concavo-convex grain-to-grain contacts formed 

(Figs 6.11 a-d, and Figs 6.12a-d). Grain contacts oriented at 70 - 90° to the compaction 

direction are relatively well-developed (i.e. "long" in petrographic terminology), whereas 

grain contacts at small angles to the compaction direction are mostly tangential. SEM 

observations showed that the grain boundary thickness between indented/truncated grains 

is usually less than a few hundred nanometers and does not seem to vary significantly 

over the grain contact. No evidence was found for grain scale corrosion at the contact 

region (i.e. for "necking" microstructures). 

Comparison with the material compacted wet at 250°C reveals that the 

proportion of grains showing these microstructures and the average grain-to-grain contact 

area increase with temperature (from 250 to 350°C) and volumetric strain (10 to 16 %). 

From 63 micrographs of sample QClO (300°C) and 26 micrographs of sample QC13 

(350°C) 119 and 173 estimates of the (OQ/DQ) value were made, respectively, again 

assuming that these microstructures formed by intergranular solution transfer. This 

yielded an (OQ/DQ) value of 2.5 (±1.2) for sand compacted at 300°C and 5.1 (±1.7) for 

sand compacted at 350°C. In the quartz sand compacted at 350°C (test QC 13), clusters of 

conspicuous euhedral quartz crystals were observed on free grain surfaces, ranging in size 

from 5 - 25 11m (Fig. 6. 12e). These crystals were not found in the sand compacted wet at 

250°C or 300°C. 

Occasional evidence was found for intragranular cracking in sands compacted 

wet at 300°C and 350°C, but the proportion of grains with microcracks was much 

smaller than in material compacted wet at 250°C. Only very limited evidence was found 

for grain contact crushing and no grain size reduction was detected (Fig. 6.9c). 
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____....' 100 pm FIG.6.11a 100 pm FIG.6.11b 

FIGURE 6.11. Overview photomicrographs of quartz sand compacted wet at 350°C (II a = 

plane polarized light. with pores coloured black. lib = crossed polars). Both 
photomicrographs show the same part of a thin section cut parallel to the cylindrical axis of 
the sample (i.e. parallel to the direction of the applied effective stress. indicated by the open 
arrows). Notice the grain shape preferred orientation orthogonal to the loading direction. and 
the grain contact truncation and grain indentation microstructures (thin arrows). Just visible 
at the bottom of Figs. II a and II b is a small polished quartz single crystal. that was 
embedded in the quartz sand during wet compaction. Note conspicuous grain contact 
truncation of quartz grains against this crystal. (II c.d) photographs showing the 
microstructural nature of sand compacted at 300°C (II c. QC IO. SEM) and 350°C (l Id. QC 13. 
taken with crossed polars. pores coloured black). Note the typical "long" intergranular 
contacts. 1111. 

FIGURE 6.12(a-d). Characteristic grain contact truncation and indentation microstructures in 
sand compacted wet at 300°C (l2a.b.d: QCIO) and 350°C (l2c: QCI3). Notice that in all 
micrographs only one of the two grains in contact appears to have undergone dissolution. 
This feature is observed at nearly all the truncated/indented grains. Also note the absence of 
marginal dissolution features. 02e) Euhedral quartz crystals in the pores of sand compacted 
wet at 350°C (QC 13). Refer to text for detailed description of microstructures. 'III. 'III. 
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6.4 Interpretation/discussion 

The microstructural observations reported above demonstrate that the essentially 

time-independent volumetric compaction observed in the dry quartz sand involves limited 

amounts of grain fracturing. This alone cannot achieve volumetric strain and it is 

therefore inferred that some intergranular sliding also took place. The compaction creep 

of wet sand at 250°C seems to occur predominantly by a combination of intra- and 

trans granular cracking, contact crushing and intergranular sliding, with minor 

intergranular solution transfer. In contrast, sands compacted wet at 300 and 350°C show 

numerous truncated and concavo-convex grain-to-grain contacts (indentations) and, at 

350°C, also quartz overgrowth microstructures, providing evidence for the operation of 

intergranular pressure solution (IPS) as a significantly contributing compaction 

mechanism at these temperatures. 

In the wet-compacted samples showing well-developed grain contact truncations 

and grain indentations no evidence was found for preferential dissolution at grain contact 

margins, i.e. for the development of "necked" grain contacts. This suggests IPS via a 

mechanism of grain boundary diffusion rather than marginal dissolution. The 

truncation/indentation geometries observed in material compacted wet at 300-350°C also 

indicate that only one of the two adjacent grains underwent significant dissolution (Figs. 

6.12 a,c,d). This implies that, in quartz sand compacted under the conditions tabulated in 

Table 6.1. there is a dependence of the rate of IPS on either the orientation of the 

dissolving surface with respect to the crystallographic axes of the grain, or on the grain

to-grain contact geometry. 

In order to develop a quantitative description of the compaction beh~viour of 

the wet quartz sand, two assumptions are made. First. that the dependence of ~ on the 

experimental variables O"e and ev can be expressed in terms of an empirical power law 

relationship, thereby viewing the compaction behaviour a~ a succesion of steady states 

(i.e. no transient creep). and second, that the dependence of ~ on T follows an Arrhenius

type law. The compaction behaviour seen at T = 250-350°C, O"e = 15.0 MPa, Pf = 12.5 

15.5 MPa and <I> = 35 - 45 % is then described by the empirical equation 

~ =A. O"eb . evc . exp (-Hemp. / RT) 

where b = 3 to 4, c = -5 to -8 in the range 250°C - 300°C, and b "" 2, c = -1 to -2 at 

350°C. The activation enthalpy Hemp. falls in the range 61 - 76 kl/mo!. Rough fitting of 

the mechanical data to the above equation yields values for the term A of 3.8 (± 1.3) x 

10- 12 s-l MPa-b at T = 250-300°C (assuming b = 3, c = - 6.5) and of 4.1 (± 0.4) x 10-7 

s-l MPa-b at T = 350°C (assuming b = 2, c =- 2). 
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Next, the above empirical flow law is compared to the theoretical relations for 

compaction creep by IPS, derived by Spiers et al. (1989), see Table 6.2; In sand 

compacted wet at 250°C and 300°C, the sensitivity of volumetric strain rate ~ to both 

the applied effective stress (Je and the volumetric strain ev is considerably greater than 

predicted by Spiers et al. Specifically, the experimentally determined exponent to (Je is 

3 to 4 compared with a theoretically derived value of I, and the exponent obtained for ev 
is -? to -8 (theory: -1 to -4). Recall that the experimental data show no clear dependence 

of ~ on grain size (d) at these temperatures. At 350°C, the discrepancy between the 

theoretical flow laws of Spiers et al. (1989) and the experimental data is still significant, 

but less marked, the data showing an exponent to (Je of about 2 (vs. a theoretical value 

of 1) and an exponent to ev of -.1 to -2 (theory: -1 to -4). Insufficient data presently 

exists to assess the dependence of ~ on grain size at 350°C. 

With regard to the temperature dependence of creep rate observed in the present 

tests, it is of interest to note that the experimentally obtained activation enthalpy Hemp. 

for compaction creep (61 -76 kJ/mole) agrees roughly with activation energies reported 

in the literature and in Chapter 5 for the quartz dissolution reaction in near neutral and 

alkaline aqueous solutions (55-110 kJ/mole, Rimstidt & Barnes 1980, Knauss & Wolery 

1988). Similar temperature dependence is expected for the rate coefficient appearing in 

theoretical models for interface reaction-controlled IPS (see Table 2.2). However, the 

present Hemp. is also similar to activation energies reported for subcritical crack 

propagation controlled by stress-corrosion at crack tips in quartz single crystals (50-100 

kJ/mole, Freiman 1984, Atkinson ]984, 1987 and Atkinson & Meredith 1987 and 

references therein). On the other hand, activation energies for diffusion of ionic species in 

aqueous solutions and grain boundary films at low P-T conditions are in the range 

19 - 35 kJ/mole (Pharr & Ashby 1983, Rutter 1983, Spiers et al. 1990) and thus 

substantially lower than the Hemp. obtained from the present experiments. This might 

suggest that, in compaction creep of wet quartz sand under the present conditions, 

diffusion-controlled IPS is relatively unimportant compared to interface-reaction

controlled IPS or stress-corrosion-controlled microcracking. 

In relation to this point, it is of interest to calculate the absolute rate of creep 

predicted by the interface-reaction control model of Spiers et al. (1989), and compare the 

result with the measured creep rates. This will be done in the high temperature region (T 

= 350°C), where the operation of IPS is identified from the microstructures. For the 

small grain contact vs. pore wall areas relevant for the present experiments, it is easily 

shown (see § 2.4, eqs 2.18 - 2.23) that for identical dissolution/precipitation kinetics, 

dissolution should be the rate controlling process. Assuming that the kinetic relation 

(5.40) obtained for free-face dissolution in an undersaturated alkaline solution (Chapter 5) 

applies to dissolution of a stressed/strained crystal in the contacting solution phase, it 

can be inserted into the model for dissolution-controlled IPS (Table 2.2). 
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Table 6.2 

Models for compaction creep by IPS by Spiers et ai. (1989) (*1 

L. 0" e 
~ = 

Dissolution Diffusion Precipitation
control control control 

~	 Volumetric strain rate (s·l), defined as - (IN)(dV/dt), where dV/dt is the rate of 

volume change and V is the instantaneous volume of the aggregate. For uniaxial 

(I-D) compaction, pequals the uniaxial strain rate E, defined as: - (I/L)f(dL/dt), 

where L is the instantaneous length of the sample parallel to its cylindrical axis. 

L,M,N Temperature-dependent factors containing, among others, the kinetic coefficients 

O"e	 Applied effective stress (MPa), both hydrostatic (3-D) and uniaxial (I-D) 

d	 Grain size (diameter) 

ev	 Volumetric strain, defined as (AVNo), where AV is the finite volume change 

and Vois the initial volume of the aggregate. For uniaxial (I-D) compaction, 

ev equals the uniaxial strain: e = AL/Lo. The vol~metric strain is related to the 

initial porosity (<1>0) and the instantaneous porosity (<I>t) according to the 

relationship: ev = (<1>0 - <l>t)/(I - <l>t) 

Exponent to ev
 
dissolution-control: c= I for spheres, c= 2 for cubes
 
diffusion-control: c= 2 for spheres, c=4 for cubes
 
precipitation-control c= 2 for spheres, c= 4 for cubes
 

Note (1) 
The above relations can be applied for volumetric strains up to 20% and are valid 
for both hydrostatic (3-D) and uniaxial (I-D) compaction, provided: (I) grain 
boundary sliding dissipates a negligible amount of energy (i.e., is relatively easy), 
and (2) no shape fabric develops (refer to text, and to Spiers et at. (1990». 
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The expression then obtained for ~ is given in Table 6.3, together with the values 

inserted for the purpose of the present calculations. Activation energies of 55 and 70 

kllmol were assumed, the first being obtained from the dissolution rate data reported in 

Chapter 5, the second from the data of Rimstidt & Barnes (1980). The result obtained for 

the temperature range 20 - 350°C is shown in Fig. 6.13. Note that at 350°C the predicted 

creep rates (for both Eact. values) are comparable with those measured (z 10-8 s-l, at ev 
z 15%). This is an interesting finding, but because of the assumptions made and the 

large errors involved it cannot be considered as evidence for the operation 
of IPS. 

In addition to the above trends in the mechanical data, the microstructural 

observations can be interpreted to suggest that, in wet quartz sand, a transition in 

compaction creep mechanism occurs from some kind of time-dependent microcracking at 

the lower temperatures (250-300°C), towards IPS via grain boundary diffusion at the 

higher temperatures (300-350°C). However, the present experiments show that, even in 

the temperature region where abundant evidence for the operation of IPS was observed 

(300-350°C), the mechanical data do not fit the theoretically derived relations for 

compaction creep by solution transfer of Spiers et al. (1989). There are a number of 

possible explanations for this discrepancy between theory and experiment. First, it 
should be noted that the presently observed behaviour at T =250 - 350°C and O'e = 15.0 

MPa may fall entirely within the transition between deformation mechanisms, namely 

compaction by time-dependent microcracking plus inter-granular sliding, and compaction 

by IPS. Although the relative importance of these processes is inferred to change with 

temperature, it is uncertain whether, even at the higher temperatures, IPS dominates 

microcracking to such an extent that the validity of the IPS-models developed by Spiers 

et al. (1989) can be tested. 

Second, comparison of the present experimental data with the theoretical models 

of Spiers et al. (1989) involves the important assumption that the aggregate does not 

develop a strong fabric during compaction (see Table 6.2). In the axially-compacted 

quartz sands, however, a grain shape preferred orientation develops orthogonal to the 

direction of the applied effective stress. This fabric increases in intensity with decreasing 

grain size (due to the increasing platiness with decreasing grain size) and with increasing 

volumetric strain. It is therefore doubtful whether the "constant fabric" assumption 

applies for uniaxial compaction of this type of fine-grained platy material. The 

development of the grain shape preferred orientation will certainly influence the 

development of the ave~age grain-to-grain contact area with volumetric strain, and thus 

affect the dependence of ~ on ev and d. 
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TABLE 6.3 

Final equation for compaction creep controlled by the rate of dissolution at grain-to-grain 

contacts (dissolution-controlled IPS): 

. A k*.(\*rm.exp(-:~ct.).V~Pe 
~ = c
 

R Td(e v )
 

This relationship is obtained by inserting expression (5.40) for the term vdiss. in the 

constitutive relationship for dissolution-controlled IPS creep (see Table 2.2). 

The following values were inserted, yielding the result shown in Fig. 6.13: 

Symbol Definition Magnitude Dimensions/Refs 
A numerical factor depending 1 - 4 Spiers et at. (1989) 

on grain shape and packing 

k* fundamental rate constant for 4 (± 3.5) x 10-7 mol/m2s 
quartz dissolution at reference 
conditions 
(pH =0, T =00) 

aH+ activity of H+ species in 
solution at test temperature (1) -

m semi-empirical parameter 0.5 - 0.55 &this study and Knauss 
Wolery (1988) 

Eact. Activation energy for quartz 55.000 l/mol (this study) 
dissolution 70.000 l/mol &(Rimstidt 

0)Barnes 198 

Vm Molar volume of quartz 2.3 x 10-5 m 3/mol 

P (2)
e Applied effective pressure 1.5 x 107 Pa 

R Gas constant 8.314 l/mole oK 

T Absolute temperature OK 

d 

ev 

c 

Grain size (diameter) 

Volumetric strain (3) 

Numerical exponent to e 

9 (± 1.5) x 10-5 

0.15 

I 

m 

-

- J 
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Notes to Table 6.3 

(1) The H+ concentration at test conditions was calculated from room temperature pH 

measurements using empirical expressions for Kb and Kw (Fleming & Crerar 1982, Todheide 

1977, see Chapter 5, eqs 5.27 and 5.28), combined with expressions for the ionic and mass 

balance of the system. In the calculations, an initial room temperature concentration of 

Si02aq. in solution was taken of 16.7 mmol/liter (= 1000 ppm), which was added in test QCI3 

(see § 6.2.1 and Table 6.2). This approach yields a kwadratic equation in OH-, the positive 

root of which yields the OH- concentration (and thus the H+ concentration) under test 

conditions (T = 350°C). 

( 2 ) For the purpose of this calculation, it has been assumed that sample QC 13 (loaded 

uniaxially) is under a hydrostatic state of stress, i.e. that Pe ~ (Je =15 MPa 

(3) At an e v of 15% in test QC 13 (T = 350°C) compaction creep occurred at a more or 

less constant ~ of 10-8 s-1 (refer to Fig. 6.6). 

-5 

.CQ Eacl. =55kJ/mol 
<Ll 

~ 
~ -10

'C;
;: 
</l 

.S:! 
b 
<Ll 

8 
::l 

"0 -15> 

~ 
,...l 

-20 
o	 100 200 300 400 

Temperature (0e) 

FIGURE 6.13. Graph showing volumetric strain rate ~ of quartz sands by dissolution
controlled IPS as a function of temperature. obtained by inserting the values listed in Table 
6.3 in the theoretical models for this mechanism derived by Spiers ef al. (1989), see Tables 
6.2 and 2.2. The filled circle represents the experimentally measured ~ in test QC 13 
(T =350°C) of 10-8 s-I. 
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Third, the dependence of ~ on ev is not only a function of the rate-controlling 

process of solution transfer, but also of the grain shape in the neighbourhood of the 

intergranular dissolution contact. For dis.solution-controlled IPS, for example, the 

exponent c in the power law relationship (~ ex ev C ) is -I for the case of truncation of 

perfectly smooth spheres, -2 for the case of truncated cube comers, decreasing to -4 for 

trun~ation of sharp, cusp-shaped grain edges. This implies that changes in the dependence 

of ~ on ev will also occur when the morphology of the grain contact region changes 

with ev. In the present experiments, compaction via solution transfer from "long" 

concavo-convex indentation and grain truncation contact geometries may well have been 

been preceded by a stage where solution transfer occurred from point contacts between 

grains (e.g. at the cusp-shaped asperities present at the surface of the starting material). 

Independently or coupled with fabric development effects mentioned above, such an 

evolution of the morphology of grain-to-g!"ain contacts with strain could possibly 

explain the observed decreasing sensitivity of ~ to ev with increasing ev at T = 350°C. 

Finally, in the case that IPS creep is truly dominant in the high-temperature 

regime, the observed discrepancy between theory and experiment would imply that the 

model of Spiers and coworkers does not apply to solution transfer in the quartz-water 

system. The model envisages, for example, IPS as an irreversible process governed by 

linear kinetic relations and linear or nearly linear relations between driving force and 

effective stress. The IPS process in the quartz-water system, however, might be non

linear in kinetics, in thermodynamic driving force or in both, and hence non-linear in O"e. 

Similar departures from the theoretical models of Spiers et ai. could also result from the 

possibility that compaction is influenced by the distribution, the thickness and the 

physical nature of the fluid film in the grain bounqaries. These variables may be 

complex functions of the intergranular stress (see Tada et ai. 1987) and possibly also of 

ev and T (Rutter 1983, Dewers & Ortoleva 1990). 

6.5 Conclusions 

Compaction creep experiments on quartz sands at temperatures of ISO - 350°C 

and effective stresses of 9.0 - 20.7 MPa have illustrated important effects of aqueous 

solutions on compaction behaviour. At constant load, dry quartz sand showed almost no 

compaction creep, whereas fluid-saturated sand compacted in a few weeks to volumetric 

strains of 11-16 percent, at volumetric strain rates decreasing from an initial 10-6 s-l to 

about 5 x 10-9 s-l at termination of the experiments. Changes in the microsrructure of 

wet-compacted sand suggest a gradual change from compaction creep via time-depen?ent 

microcracking at T =250 - 300°C (characterized by a relatively strong dependence of ~ on 

O"e and ev), to compaction creep controlled by intergranular stress-induced solution 
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transfer (IPS) via a mechanis~ of grain boundary diffusion at T = 300-350°C (reflected 

by a decreasing dependence of ~ on cre and ev). Expressed in terms of an empirical power 

law formulation, the compaction creep behaviour of wet quartz sand shows 

~ =A . (jeb . evc . exp(-Hemp. / RT) 

where b = 3 to 4, c = -5 to -8 in the range 250°C - 300°C, and b '" 2, c = -1 to -2 at 

350°C. Assuming an Arrhenius-type temperature dependence for compaction creep of wet 

quartz sand yields an activation enthalpy Hemp. in the range 61 - 76 kJ/mole. 

The empirical equation describing the compaction creep behaviour of wet quartz 

sand does not agree well with the theoretically derived relations for compaction creep by 

IPS of Spiers et al. (1989), despite the convincing microstructural evidence for the 

process in sand compacted wet at temperatures of 300°C and 350°C. A factor which may 

be responsible for this discrepancy between experiment and theory is the possibility that 

IPS never became the dominant mechanism. Others include fabric development and 

gradual changes in the shape of dissolution contacts with volumetric strain. 

Alternatively, the models of Spiers et al. (1989) may not be appropriate with regard to 

the basic IPS mechanism, or the kinetic description. Further, the thickness, distribution 

and physical nature of the inferred intergranular fluid phase are still unknown and so is 

their effect on the solution transfer process in this material. 

In conclusion, the experimental results do not seem directly relevant to IPS

dominated deformation/compaction in nature. However, the observed behaviour may be 

relevant to compaction processes occurring under (or in the period after) natura! 
conditions of exceptionally high loading rates or strain rates, such as those found in 

rapidly subsiding sedimentary basins or in producing (i.e. depleting) and exhausted 

(depleted) hydrocarbon reservoirs. Clearly, more experimental and microstructural work is 

required before the role of IPS as a compaction creep mechanism in wet quartz sands and 

sandstones can be assessed, quantified and predicted adequately. 
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Chapter 7 

SUGGESTIONS FOR FURTHER RESEARCH 

From the preceding chapters, it will have become clear that several important 

questions directly relating to the mechanism of intergranular pressure solution (IPS), as 

studied in this thesis, have remained unanswered. In particular, there are a number of 

problems which would warrent further experimental research. These will now be 

highlighted briefly. 

7. 1 Determination of temperature dependence 

The extrapolation of mechanical (creep) data to different temperature conditions 

requires a knowledge of the activation energies associated with the underlying 

deformation mechanism(s). In the case of diffusion-controlled grain boundary diffusional 

IPS, this implies that the activation energy of the effective diffusivity must be 

determined. For halite, where this mechanism is known to control the rate of compaction 

creep at ambient PT-conditions, this can be done by performing a series of compaction 

experiments in which the temperature is systematically varied from test to test (e.g. in 

the range 20 to lOO°C). This was recently done by Spiers et al. (1990) for one

dimensional creep, but further work is needed for the hydrostatic case. 

In the case of interface-reaction-controlled grain boundary diffusional IPS, the 

temperature dependence of the relevant dissolution/precipitation reactions must be 

determined. In the present thesis, the activation energy for dissolution/precipitation of 

quartz was estimated by comparing dissolution rate data obtained in closed-system tests 

under hydrostatic pressure at ISO°C with literature data from open-system and-closed tests 

under hydrostatic pressure at 2SoC and 70°C. Further work on temperature dependence is 

needed as part of basic investigations into dissolution kinetics of quartz (both 

hydrostatically and non-hydrostatically stressed) and into the kinetics of IPS in 

compaction experiments on quartz sand. 

7.2 Further work on dissolution/precipitation kinetics of quartz 

Published models for IPS with rate control by dissolution and precipitation are 

inspired by non-equilibrium thermodynamics and assume a linear relationship between 

interface-reaction rate and thermodynamic driving force (e.g. Raj 1982, Lehner & Bataille 

1984, Spiers et al. 1989). However, in view of their widespread importance, the kinetics 

of dissolution and precipitation of quartz require more work, in particular regarding 
(atomic scale) interface-reaction mechanisms, detailed nature of the corresponding acti
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vated complex(es) and dependence of dissolution on solution composition (see recent 

work by Dove & Crerar 1990, and Hiemstra & van Riemsdijk 1990). This demands that 

a fundamental experimental investigation should be carried out into the dissolution 

behaviour of a single, non-hydrostatically stressed crystal (a) at its contact with a 

solution phase and (b) at its contact with a neighbouring crystal. The latter experiment 

would require simultaneous monitoring of contact morphology and stresses (e.g along 

the lines persued by Hickman & Evans 1991, and for halitelhalite contacts in Chapter 4 

of this thesis). 

7.3 Measurements of grain boundary diffusivity for quartz 

The experiments on halite showed convincing mechanical and microstructural 

evidence for the operation of diffusion-controlled grain boundary diffusional IPS. In 

addition, a good impression of the grain boundary structure was obtained (in particular 

from SEM observations on mechanically-parted grains), and an order of magnitude 

estimation of the effective grain boundary diffusivity Z was made. In quartz sand, 

however, the rate-controlling mechanism under the conditions of interest to natural IPS 

(200 - 400°C) remains to be determined (dissolution, diffusion or precipitation control?), 

together with the detailed nature of the contacts between quartz grains undergoing IPS. 

Note that the mechanical (creep) data obtained for halite can therefore not be directly 

extended towards IPS in quartz in an analogue sense, because the structure and physical 

properties of grain-to-grain contacts in halite will not necessarily be same as those in 

quartz. 

A resolution of the question of the rate controlling mechanism for IPS in quartz 
sands requires reliable quantitative data of both the dissolution/precipitation rate constant 

(see § 7.2) and the effective grain boundary diffusivity Z. No measurements of Z for 

silica species diffusing through thin films relating to IPS-type grain-to-grain contacts are 

known to the author. This should definetely be attempted in future studies. An 

interesting experiment would be to measure the diffusion rate of a given isotopically

labelled species, dissolved in an aqueous solution saturated with respect to quartz, 

through a contact boundary between two quartz crystals. Actively-dissolving stressed 

contacts should ideally be used, in combination with direct observations of the contact 

microstructure (compare with § 7.2). At the same time, artificially-prepared contacts of 

known (initial) morphology could be used. If these experiments yield encouraging 

results, this approach could be expanded to include measurements of the diffusivity 

through (un)stressed dense polycrystalline rock of well-known grain boundary 

microstructure (provided bulk diffusivity is not dominated by diffusion through triple 

junctions). 
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7.4 Crystallography vs. rate/extent of IPS 

Many truncation/indentation geometries observed in both wet-compacted halite 

and wet-compacted quartz aggregates show that only one of the two adjacent grains 

underwent significant dissolution. This may reflect a dependence of the rate of 

dissolution on the orientation of the dissolving surface with respect to the crystallo

graphic axis of the grain. Alternatively, it may reflect asymmetric deformation fields 

associated with the asymmetric contact geometry. Petrographic evidence from 

sandstones, however, does not appear to show an orientation dependence of the extent 

(i.e. the intensity) of pressure solution (Hicks et al. 1986). This clearly calls for further 

work. 

7.5 Further compaction experiments on quartz 

Further experiments on quartz are needed under conditions where the IPS

mechanism observed in Chapter 6 becomes overwhelmingly dominant (over mechanisms 

like transgranular cracking plus intergranular sliding), i.e., at higher temperatures and 

using finer-grained material than employed in the present study. Such experiments would 

provide the opportunity to test available theoretical models for IPS more satisfactorily 

than was possible with the present experiments, which showed multi-mechanism 

behaviour. 

A detailed microstructural characterization of the sample material hefore 

compaction is crucial for a correct interpretation of the mechanical data. The sand used in 

the present experiments showed an increasing platiness with decreasing grain size. As 

already mentioned in the discussion to Chapter 6, this may have had a profound effect on 

the development of the average grain-to-grain contact area with volumetric strain, and 

thus may have affected the dependence of compaction creep rate on strain and on grain 

size. In future compaction experiments, more attention should be paid to selection and/or 

preparation of sample material (e.g. by improving abrasive techniques to polish or round 

off the grains, as were tried unsuccesfully in this study). 
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