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Cover image: Photograph of the Ninety Fathom Fault, exposed at Cullercoats, 
approximately 15 km East of Newcastle upon Tyne, Norteast England. The Ninety Fathom 
Fault cuts Permian aeolian sandstone (yellow rock at the top-right of the image), and 
offsets this unit against the underlying Carboniferous shales and coal layers (dark grey 
rock at the bottom of the image). These formations are equivalent to the Slochteren 
sandstone and Carboniferous substrate in the Groningen gas field at 3 km depth, and this 
field outcrop serves as an example of faults through these units in the Groningen reservoir.  

Kaftafbeelding: Foto van de Ninety Fathom Fault (“negentig vadem breuk”), die 
ontsloten is op het strand van Cullercoats, ongeveer 15 km ten Oosten van Newcastle upon 
Tyne, in Noordoost Engeland. De Ninety Fathom Fault doorsnijdt eolische zandsteen uit 
het Perm (het gele gesteente rechtsboven in de afbeelding), en verzet deze laag tegen de 
onderliggende schalie en koollagen uit het Carboon (donkergrijze gesteente onder in de 
afbeelding). Deze gesteentelagen zijn equivalent aan de op 3 km diepte gelegen Slochteren 
zandsteen en Carboon schalie in het Groningen gasveld, en deze ontsluiting dient als 
voorbeeld van breuken door deze lagen in Groningen. 
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Earthquakes induced by oil and natural gas production, wastewater injection, geothermal 
energy production and geological storage of CO2 are becoming increasingly widespread. 
One of the best known gas fields showing induced seismicity is the Groningen gas field 
located in the North-East of the Netherlands - Europe’s largest field. Seismicity due to gas 
production has been recorded here since the early 1990’s, culminating in 2012 with a 
magnitude 3.6 event that caused widespread public concern and triggered an ongoing 
process of reducing gas production, now likely to cease by 2022. 

The induced earthquakes in Groningen are the result of compaction of the Slochteren 
sandstone reservoir formation in response to gas production, which in turn leads to stress 
build-up on, and reactivation of, pre-existing faults that cut and offset the reservoir and 
immediately over- and underlying formations. In order to assess the likelihood of induced 
fault rupture and the associated seismic hazard, data on the frictional strength and sliding 
behaviour of the internal fault rock materials (natural wear products known as fault 
gouges) are needed as input for geomechanical modelling of the reservoir system. 

In this thesis, I report the results of experimental studies aimed at determining the 
frictional behaviour and seismogenic potential of simulated fault gouges prepared by 
crushing drill core and drill cuttings recovered from the key rock formations that make up 
the Groningen gas field system. The experiments were performed at or near the in-situ 
reservoir pressure, temperature and pore fluid (chemical) conditions, simulating fault slip 
at low sliding velocities (0.1-10 µm/s) relevant for earthquake rupture nucleation, as well 
as at seismic slip velocities (~1 m/s) pertaining to earthquake rupture. The formations 
investigated were the Carboniferous shale/siltstone basement and the overlying 
Rotliegend Slochteren reservoir sandstone, Ten Boer claystone and Basal Zechstein 
anhydrite/carbonate evaporite caprock (all Permian). The objective of the work was to 
provide improved understanding and quantification of the mechanical properties of faults 
cutting these units and hence an improved basis for reservoir- and field-scale 
geomechanical models addressing fault rupture nucleation, propagation and arrest, and 
associated earthquake generation in the Groningen field. 

Chapter 1 of this thesis outlines the motivation and scope of the study in detail, along 
with providing an overview of current knowledge and approaches used in studies of fault 
mechanics and fault friction. Key knowledge gaps in understanding fault reactivation in 
the Groningen field are identified, followed by definition of the aims of this thesis. 

In Chapter 2, I report the results of an extensive series of low velocity, direct-shear 
(sliding) experiments performed on mm-thick layers of the end-member Carboniferous, 
Slochteren, Ten Boer and Basal Zechstein gouge compositions, as well as on their 
mixtures.  The experiments were performed at in-situ reservoir conditions, i.e. at a 
temperature of 100ºC, effective normal stress (defined as the normal stress minus the pore 
fluid pressure) of 40 MPa, and pore fluid pressure of 10-15 MPa. The pore fluids used 
consisted of NaCl brines varying in salinity between 0 and 4.4 M, as well as a 6.9 M ionic 
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strength brine (mainly NaCl, CaCl2 and MgCl2) mimicking the formation water present in 
the lower portion of the Groningen reservoir system. The imposed shearing or sliding 
velocity was stepped up and down in the range 0.1-10 µm/s, allowing quantification of 
the velocity-dependence of the friction coefficient using standard Rate-and-State friction 
(RSF) theory. These low velocity experiments revealed strong lithological variability in 
(near-steady state) gouge friction coefficient (µ), with the highest values found in the 
Basal Zechstein caprock material (0.62<µ<0.66) and the lowest in the Ten Boer claystone 
directly below (0.35<µ<0.38). The underlying Slochteren sandstone and Carboniferous 
substrate gouges showed intermediate frictional strength (µ values of 0.59-0.61 and ~0.50, 
respectively). Mixed gouges showed friction coefficients between the end-member 
compositions. Overall, the friction coefficient was found to decrease systematically with 
increased phyllosilicate content, but was insensitive to pore fluid salinity. The velocity-
dependence of friction, expressed via the RSF rate sensitivity parameter (a–b), 
demonstrated stable (aseismic), velocity-strengthening behaviour (positive (a–b) values) 
in the Carboniferous, Slochteren and Ten Boer gouges, with little effect of pore fluid 
salinity or sliding velocity on (a–b). By contrast, the Basal Zechstein gouges showed 
potentially unstable velocity-weakening behaviour (negative (a–b) values), of the type 
required for earthquake nucleation in the framework of RSF theory, at the lowest pore 
fluid salinities and/or sliding velocities investigated (0-0.5 M NaCl solution, 0.1 µm/s). 
Similar velocity-weakening behaviour was also seen in 50:50 mixtures of the Basal 
Zechstein and Slochteren sandstone gouges, when using the 6.9 M reservoir brine as pore 
fluid. The full RSF characteristics were obtained for all gouge lithologies and mixtures at 
the conditions investigated, with the velocity-weakening behaviour seen in the Basal 
Zechstein and its mixtures with Slochteren gouge suggesting higher potential for unstable 
slip in fault segments containing these gouge compositions. 

Chapter 3 reports additional experiments performed on Basal Zechstein gouges under 
similar conditions using 4.4 M NaCl brines, but extending the range to include 
temperatures from 50 to 150ºC, and to include methane, air and gas/brine mixtures as pore 
fluid, thus simulating the gas-filled, upper portion of the reservoir system. The friction 
coefficient of the brine-saturated Basal Zechstein gouges ranged from 0.60 to 0.69 
showing little effects of temperature. However, substantial sensitivity was observed to the 
use of gas-bearing pore fluid compositions versus brine, with a marked increase in 
frictional strength (µ values up to 0.74) being observed in experiments using gas-bearing 
samples. In addition, a clear effect of temperature on the velocity dependence of friction 
was observed in brine-saturated Basal Zechstein gouges, where (a–b) values decreased 
systematically with increasing temperature, transitioning from velocity-strengthening at 
50-100ºC to velocity-weakening at 120ºC and above, where stick-slips (laboratory 
earthquakes) started to occur at the lowest velocities imposed (0.1 µm/s). Lastly, Basal 
Zechstein gouges saturated with methane/air or gas/brine mixtures showed strongly 
velocity-weakening behaviour accompanied by stick-slips at 100ºC (the only temperature 
investigated using these pore fluid compositions. The velocity-dependent and 
temperature-dependent effects seen in brine-saturated Basal Zechstein gouges are 
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explained using a recent microphysical model for friction of granular fault gouges (the 
Chen-Niemeijer-Spiers or CNS model). This assumes competition between dilatant 
granular flow and compaction creep by pressure solution, acting on the grain-scale in the 
localized slip zone within the gouge layer. Using compaction data for brine-saturated 
Basal Zechstein gouge, the model qualitatively captures the effects of velocity and 
temperature on µ and (a–b) seen in this material. Taken together, the results of Chapters 
2 and 3 imply that faults cross-cutting the Basal Zechstein caprock and juxtaposing this 
unit against the Slochteren reservoir, thus mixing gouges derived from each, may show 
velocity-weakening behaviour, notably in the gas-filled upper portion of the reservoir-
caprock system. From a RSF point of view, these faults thus have a higher potential for 
nucleating seismogenic slip in comparison with faults cutting and juxtaposing other 
formations. 

Besides the velocity-stepping experiments of Chapters 2 and 3, the end-member gouge 
compositions were also subjected to low velocity Slide-Hold-Slide (SHS) tests, described 
in Chapter 4. The aim here was to quantify frictional “healing” effects (i.e. strength 
recovery during prolonged periods of no slip), as well as the potential for earthquake 
nucleation via slip-dependent weakening effects associated with reactivation of healed 
faults. In these SHS experiments, gouges sheared at 1 µm/s were allowed to “heal” for 
periods up to 100 days, before subsequent re-shearing. The experiments were conducted 
at 100ºC, 40 MPa effective normal stress, and using the 6.9 M reservoir brine as pore 
fluid. During initial sliding, the gouges showed similar friction coefficients to those 
observed in the velocity-stepping experiments of Chapters 2 and 3. However, healing and 
subsequent re-sliding led to a marked increase (up to ~25%) in (static) friction coefficient 
in Basal Zechstein and Slochteren sandstone gouges, followed by a sharp strength drop 
plus slip-weakening trajectory. By contrast, the Ten Boer and Carboniferous gouges 
showed virtually no healing or strength drop. These findings point to marked stratigraphic 
variation in healed frictional strength and healing rate of faults in the Groningen system, 
further enhancing the already considerable strength contrast between the formations. 
Furthermore, the results provide a mechanism for earthquake nucleation via slip-
weakening of faults upon reactivation, once again particularly for healed faults cutting the 
reservoir and Basal Zechstein caprock units. Interestingly, the healing rates in the Basal 
Zechstein and Slochteren sandstone gouges were found to be significantly affected by the 
stiffness of different testing machines used, in line with the Ruina formulation of RSF. 
The healing behaviour and stiffness effect seen in Basal Zechstein gouges is also captured 
by the CNS model, when extended to incorporate cohesion development at grain contacts 
due to pressure solution related cementation and compaction. 

Summarizing the results from the low velocity friction and SHS experiments presented in 
Chapters 2-4, they revealed i) a strong mechanical stratigraphy in the (static) friction 
coefficient of faults cutting the reservoir system, amplified by fault healing, ii) potentially 
seismogenic velocity-weakening behaviour in faults cutting the upper portion of the 
reservoir-caprock system where Basal Zechstein-derived gouges are incorporated, 



TECHNICAL SUMMARY 

 15 

although this occurs only under specific conditions of temperature, sliding velocity and 
pore fluid composition, and iii) the potential for earthquake nucleation via slip-weakening 
upon reactivation of healed faults cutting the reservoir or Basal Zechstein caprock. 

When part of a fault starts to slip within a rupture patch, either via velocity-dependent or 
slip-dependent weakening effects, or a combination of the two, then it can grow until a 
critical size is reached beyond which sufficient elastic energy is available to cause unstable 
rupture propagation. The slip velocity will then accelerate dynamically, potentially 
activating other weakening mechanisms and producing an earthquake. Many rock 
materials show rapid dynamic weakening when tested in large-displacement (m’s) rotary 
friction experiments at slip velocities >0.1 m/s, providing a clear mechanism for the 
generation of large, natural earthquakes. However, the extent to which dynamic 
weakening plays a role in small-displacement (dm), induced magnitude 3 to 4 earthquakes 
such as those occurring in Groningen, has remained unknown. This gap in knowledge is 
addressed in Chapter 5 - which reports a series of high velocity rotary-shear experiments 
performed on the end-member Groningen gouge compositions to directly simulate 
(induced) seismic slip. In these experiments, a short-displacement, high velocity, rotary 
slip pulse was imposed (total circumferential displacement up to 0.19 m and peak 
circumferential velocity up to 1.7 m/s) on pre-sheared, water-saturated (undrained) 
gouges, under normal stress conditions in the range 2.5-20 MPa and at room temperature. 
Both a solid-cylinder assembly as well as an annular ring-shear assembly were used. The 
aim was to quantify the evolution of dynamic friction with slip, for slip trajectories that 
are representative for the larger induced events (magnitude 3.0-3.6) that have occurred in 
the Groningen gas field. The results mostly show 30-80% dynamic weakening within a 
few cm of slip, with dynamic friction coefficients at 20 MPa normal stress falling to values 
of 0.20-0.27 in all materials. The largest effects occur in anhydrite-carbonate gouge 
prepared from the Basal Zechstein caprock, which show a 50-80% strength drop from a 
peak strength µp of 0.76-0.97. Gouges prepared from the underlying Ten Boer claystone 
show the lowest peak strength (0.37-0.58) and smallest strength drop (0-60%), while those 
derived from the Slochteren sandstone reservoir and Carboniferous shale/siltstone 
substrate show intermediate peak strength (0.50-0.76) and strength drop (30-60%). These 
results imply significant dynamic weakening during induced seismic slip on faults in the 
Groningen reservoir system, likely dominated by thermal pressurization of the pore fluid. 
It should be noted, however, that significant uncertainties are present in the data, 
particularly for the Ten Boer and Carboniferous gouges, due to machine effects. 
Nonetheless, the results obtained provide a clear mechanism for modest-magnitude, 
seismogenic fault rupture in the Groningen field, as well as in a variety of settings 
elsewhere, and are broadly consistent with the strength drop trajectories assumed in recent 
geomechanical modelling of earthquake generation in Groningen. 

The work presented in this thesis has provided insights into the (micro)mechanics of fault 
slip of gouges from sedimentary rocks under upper crustal conditions, as well as much-
needed laboratory constraints for geomechanical modelling of fault rupture in reservoir 
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systems such as the Groningen gas field. In Chapter 6, the principal conclusions are 
integrated and summarized and the overall implications for induced seismicity in the 
Groningen field, as well as broader implications, are assessed. In this final chapter, 
remaining questions are identified, and suggestions are made for further research. 
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Wereldwijd treden er aardbevingen op die veroorzaakt worden door menselijk handelen 
zoals de winning van olie, gas en aardwarmte, het injecteren van afvalwater in de 
ondergrond, of opslag van CO2 en energiedragers zoals waterstof in uitgeputte reservoirs. 
Een van de bekendste locaties is het Groningen gasveld, het grootste gasveld van Europa, 
waar sinds de jaren ’90 een groot aantal relatief kleine aardbevingen zijn waargenomen. 
De zwaarste beving in Groningen tot nu toe had een magnitude van 3,6 en vond plaats op 
16 augustus 2012 in de buurt van Huizinge. Door de aardbevingen zijn duizenden huizen 
beschadigd, wat tot grote onrust heeft geleid onder de lokale bevolking. Uiteindelijk 
resulteerde dit in het besluit vanuit de Nederlandse overheid om de gasproductie af te 
bouwen en in 2022 zelfs geheel te stoppen. 

De aardbevingen in Groningen zijn een direct gevolg van gasproductie. Het gas bevindt 
zich in de poriën (ruimtes) van een zandsteenlaag (Slochteren zandsteen) op 3 km diepte, 
zoals weergegeven in Figuur 1. Direct boven de zandsteen liggen de Ten Boer kleisteen 
laag en de Zechstein formatie, welke voornamelijk uit steenzout bestaat, met een sterke 
laag kalk en anhydriet gesteente aan de onderkant. Beide vormen een afsluitende laag, 
waardoor het gas in de onderliggende zandsteen niet kan ontsnappen. Onder de zandsteen 
ligt het Carboon, een steenkoolhoudende schalie laag, waar het gas oorspronkelijk werd 
gevormd. Het reservoir is op vele plaatsen doorsneden door oude breuken (meer dan 1100) 
die voor het laatst actief waren tijdens de vorming van de Alpen, meer dan 65 miljoen jaar 
geleden. Door de gasproductie wordt de gasdruk in de poriën tussen de korrels van de 
zandsteen lager, waardoor het reservoir inklinkt onder het gewicht van het bovenliggende 
3 km dikke gesteentepakket. Dit gaat gepaard met een verandering in spanning in het 
reservoir, waardoor er verschuivingen van enkele cm’s tot dm’s langs de oude breuken 
kunnen plaatsvinden. Deze verschuivingen kunnen plotseling of geleidelijk plaatsvinden. 
Alleen bij plotselinge, versnellende verschuiving wordt aan het oppervlak mogelijk een 
aardbeving gevoeld. Of de beweging langs de breuk kan versnellen wordt voornamelijk 
bepaald door de eigenschappen van het breukgesteente. Om dit proces beter te begrijpen 
is het dan ook noodzakelijk om deze eigenschappen nauwkeurig in kaart te brengen. 

In dit proefschrift beschrijf ik de resultaten van experimenten waarin de beweging langs 
breuken in de Groningse ondergrond wordt nagebootst, en waarbij de 
wrijvingseigenschappen van het breukgesteente kunnen worden bepaald. Met zulke 
experimenten meet ik hoe sterk de breuken zijn die de verschillende gesteentelagen 
doorsnijden, dat wil zeggen, wat de weerstand is tegen verschuiven. De sterkte van de 
breuk wordt uitgedrukt in een zogenoemde wrijvingscoëfficiënt. Ook heb ik gekeken naar 
hoe de breuksterkte zich ontwikkelt tijdens de beweging langs de breuk. Hiermee bepaal 
ik in essentie in welke gesteentelagen de beweging langs breuken het makkelijkst tot een 
aardbeving kan leiden. De experimenten zijn uitgevoerd op gesteentemonsters afkomstig 
van de verschillende lagen uit het gasveld – van de Carboon schalie, de Slochteren 
zandsteen, de Ten Boer kleisteen en de onderkant van de Zechsteinlaag, ofwel de “Basal 
Zechstein” in het Engels. Deze monsters heb ik fijngemalen om het verpulverde materiaal 
of “breukmeel” na te bootsen, wat in natuurlijke breuken aanwezig is. Door de 
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experimenten uit te voeren op de temperatuur en druk die op 3 km diepte heersen (100ºC 
en 20-40 MPa normaalspanning), en gebruik te maken van de gassen en vloeistoffen die 
in het gasveld aanwezig zijn, geven deze experimenten het gedrag van breukgesteente in 
het Groningen gasveld zo nauwkeurig mogelijk weer. De resultaten kunnen direct worden 
toegepast in computermodellen, waarin het activeren van breuken en de eventueel 
daarmee gepaard gaande seismische trillingen kunnen worden gemodelleerd. Zulke 
modellen worden op hun beurt weer gebruikt voor analyses van het aardbevingsrisico 
tijdens gaswinning, of na het stoppen daarvan. 

Als een breuk ge(re)activeerd wordt, is de beweging langs de breuk in eerste instantie 
langzaam – in de orde van micrometers (duizendste millimeters) per seconde. Zoals eerder 
al genoemd is, moet de beweging kunnen versnellen, naar een snelheid in de orde van 
meters per seconde, om een aardbeving te kunnen genereren. Dit kan als het 
breukgesteente de eigenschap heeft te verzwakken bij toenemende verplaatsing (“slip-
weakening” gedrag) en/of schuifsnelheid (“velocity-weakening” gedrag). Om te 
onderzoeken of de breuken in de verschillende lagen van het reservoir deze eigenschappen 
bezitten, heb ik de schuifsnelheden in mijn experimenten gevarieerd. Enerzijds heb ik 
experimenten uitgevoerd op langzame snelheden, in de orde van 0.1-10 micrometer/s. 
Deze snelheden zijn relevant voor de initiatie van de beweging langs een geactiveerde 
breuk. Anderzijds heb ik experimenten uitgevoerd waarin de schuifsnelheid opliep tot 
ongeveer 1 m/s, waarin de beweging langs breuken tijdens aardbevingen van magnitude 
3 tot 4 worden nagebootst. 

Figuur 1 Schematische weergave van de stratigrafie in Groningen (links) en de gesteentelagen van 
het Groningen gasveld (rechts). Het gas bevindt zich in de Slochteren zandsteen op ongeveer 3 km 
diepte, in het gasvoerende gedeelte boven het “gas/water contact”. Hieronder is de zandsteen met 
zout water gevuld. De rode lijn door de aardlagen geeft een breuk weer, welke de lagen heeft verzet. 



SAMENVATTING 

 20 

De kernvragen die ik door middel van deze experimenten probeer te beantwoorden, zijn 
de volgende: 

a)   Hoe sterk zijn de breuken waar ze door de verschillende gesteentelagen in het 
Groningen gasveld snijden? Met andere woorden; welke verandering in spanning 
door gasproductie is nodig om oude breuken te (re)activeren? 

b)   Als breuken ge(re)activeerd worden, versnelt of vertraagt de beweging langs de 
breuk dan? Alleen in het eerste geval kunnen mogelijk aardbevingen ontstaan. 

c)   Welke processen in het breukgesteente controleren de sterkte en het schuifgedrag 
van de breuken? 

Hieronder beschrijf ik in het kort de belangrijkste resultaten. 

1) Bij langzame schuifsnelheden (Hoofdstuk 2, 3 en 4) blijkt de schuifsterkte van 
breukmeel, uitgedrukt in de wrijvingscoëfficiënt, aanzienlijk te variëren tussen de 
verschillende gesteentelagen. Breuken door de Basal Zechstein zijn het sterkst, en die door 
de Ten Boer kleisteen het zwakst. Breuken door de Slochteren zandsteen en Carboon 
schalie zitten hier qua sterkte tussenin. Het contrast in breuksterkte betekent dat de 
spanning die nodig is om een breuk te reactiveren ook erg verschillend is, afhankelijk van 
door welke gesteentelaag de breuk snijdt (en dus welk type breukmeel er in de breuk zit). 
Deze variatie in sterkte is tot nu toe niet gekwantificeerd en dus niet meegenomen in 
computermodellen voor het Groningen gasveld. 

2) Met name de Basal Zechstein laat onder bepaalde omstandigheden van temperatuur, 
druk en gas- en vloeistofsamenstelling het zogenaamde “velocity-weakening” gedrag 
zien, wat ervoor zorgt dat de beweging langs de breuk kan versnellen en mogelijk een 
aardbeving kan veroorzaken (Hoofdstuk 2 en 3). Dit kan ook gebeuren wanneer de Basal 
Zechstein gemengd is met breukmeel afkomstig van de Slochteren zandsteen, zoals te 
verwachten is op plekken waar breuken in het verleden voldoende verplaatsing hebben 
gehad zodat nu de zandsteen tegen de Basal Zechstein aan ligt (zie Figuur 1). Breukmeel 
afkomstig van de Slochteren zandsteen, de Ten Boer kleisteen en de Carboon schalie, of 
mengsels daarvan, is “velocity-strengthening”. Breukgesteenten in deze aardlagen zijn 
dan ook minder vatbaar voor het initiëren van aardbevingen (Hoofdstuk 2). 

3) Wanneer breuken langere tijd niet actief zijn (miljoenen jaren, in het geval van het 
Groningen gasveld), kan de sterkte toenemen als gevolg van het samenklonteren van de 
korreltjes van het breukmeel, waardoor de breuken als het ware langzaam “helen”. 
Breuken door de Basal Zechstein helen het snelst, maar breuken door de Slochteren 
zandsteen helen ook in enige mate (Hoofdstuk 4). Dit is niet het geval voor de Ten Boer 
kleisteen en Carboon schalie; breuken door deze lagen helen niet omdat daar meer 
kleimineralen in zitten. Een gevolg van deze verschillen in het helen van de diverse typen 
breukmeel is dat het contrast in breuksterkte tussen de verschillende lagen toeneemt 
gedurende periodes waarin breuken niet actief zijn. Op het moment dat een geheelde breuk 
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alsnog geactiveerd wordt, verliest het zijn opgebouwde sterkte. Deze verzwakking, of 
“slip-weakening” kan wederom leiden tot een aardbeving. Van de verschillende 
gesteentelagen in het Groningen gasveld zijn de Basal Zechstein en Slochteren zandsteen 
hier dus het meest gevoelig voor.  

4) Theoretische modellen voor het wrijvingsgedrag van breukmeel in de ondergrond, 
ontwikkeld in het Hoge Druk en Temperatuur laboratorium van de Universiteit Utrecht, 
blijken toepasbaar op breukgesteente afkomstig van de Basal Zechstein. Deze modellen 
kunnen zowel het “velocity-weakening” gedrag als het helen van breuken verklaren, zoals 
waargenomen in dit type breukmeel (Hoofdstuk 3 en 4). Deze modellen zijn gebaseerd op 
de processen die op micrometer-schaal plaatsvinden in de breuk. Hieruit kan 
geconcludeerd worden dat op lage snelheden de breuksterkte bepaald wordt door twee 
processen die tegelijkertijd werkzaam zijn: i) het samenklonteren ofwel compacteren van 
breukmeel onder de druk die op de breuk heerst, geholpen door de verhoogde temperatuur 
en aanwezige vloeistoffen, en ii) het onderling langs en over elkaar schuiven van de 
korreltjes van het breukmeel, gedreven door de schuifspanning op de breuk. Deze twee 
processen, die elkaar in principe tegenwerken, bepalen wanneer en hoeveel een breuk 
verzwakt, wat kan leiden tot aardbevingen, en wanneer, en hoe snel, een breuk juist sterker 
wordt of heelt. 

5) Zodra de beweging langs een gereactiveerde breuk begint te versnellen, en een snelheid 
bereikt van enkele centimeters per seconde, kunnen andere processen een rol spelen 
waardoor de breuk verder verzwakt. Uit mijn experimenten op deze hoge snelheden (tot 
1 m/s), waarin de beweging tijdens een aardbeving van magnitude 3 tot 4 wordt nagebootst 
(Hoofdstuk 5), blijkt dat alle typen breukmeel die ik heb onderzocht in meer of mindere 
mate verzwakken ten opzichte van hun sterkte op lage snelheid. Wederom zijn de effecten 
het grootst in breukmeel afkomstig van de Basal Zechstein, maar ook duidelijk 
waarneembaar in de andere breukgesteentes. De oorzaak voor deze verzwakking is 
waarschijnlijk de hitte die bij hogere snelheden ontstaat door wrijving op het breukvlak, 
die op zijn beurt de vloeistof die in de poriën van het breukgesteente aanwezig is doet 
uitzetten, waardoor de effectieve normaalspanning (het verschil tussen de druk loodrecht 
op de breuk en de vloeistofdruk) afneemt, en de breuk makkelijker beweegt. Dit is een 
zichzelf versterkend proces wat breuken tot wel 80% kan verzwakken tijdens een 
aardbeving. Uit eerder onderzoek is al bekend dat dit proces bij grote, natuurlijke 
aardbevingen, met verplaatsingen in de orde van meters, een rol speelt. Of dit ook kan 
gebeuren bij relatief kleine, geïnduceerde aardbevingen zoals in Groningen, waarin de 
verplaatsing beperkt is tot enkele centimeters of decimeters, is nog niet eerder onderzocht. 

Mijn experimenten hebben nieuwe inzichten opgeleverd in het gedrag van breuken in de 
ondergrond in het algemeen, alsmede een uitgebreide dataset met bruikbare gegevens 
omtrent de (variatie van) breuksterkte en breukstabiliteit binnen het Groningen gasveld. 
De volgende stap is om deze gegevens te gebruiken voor het analyseren van de 
bevingsrisico’s in Groningen. Vragen zoals “wat is de zwaarste beving die in Groningen 
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mogelijk zou kunnen voorkomen?” en “blijft de beweging langs breuken beperkt tot het 
reservoir zelf, of schiet deze door in de diepere ondergrond?” kunnen hierdoor met meer 
vertrouwen worden onderzocht door middel van computersimulaties. Het is belangrijk om 
hierbij te vermelden dat niet alleen de wrijvingseigenschappen van de breuk hierin 
bepalend zijn, maar dat ook de spanning in de ondergrond, de elastische energie die is 
opgeslagen in het gesteente rondom de breuk, en de grootte van de gereactiveerde breuk, 
hierin een cruciale rol spelen. Veel van deze aspecten en hun effecten op breukactivatie 
en aardbevingsgrootte zijn tegelijkertijd met de totstandkoming van dit proefschrift 
onderzocht door mijn collega’s op de Universiteit Utrecht en in andere instituten, onder 
andere door middel van de genoemde computersimulaties. Er blijven uiteraard nog veel 
vragen onbeantwoord. Desondanks levert dit onderzoek een belangrijke bijdrage aan het 
ontrafelen van een van de grootste aardwetenschappelijke problemen die wij in Nederland 
tot op heden gekend hebben. 
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1.1  Motivation and scope of this study 
Induced seismicity related to hydrocarbon production from or fluid injection into 
subsurface reservoir systems is an increasingly widespread phenomenon (e.g. Segall, 
1989; McGarr et al., 2002; Suckale, 2009; Nicol et al., 2011; Davies et al., 2013; 
Ellsworth, 2013). Example locations include oil and gas producing regions and 
wastewater injection sites in the United States (Keranen et al., 2014; Weingarten et al., 
2015), Canada (Bao and Eaton, 2016), Italy (Improta et al., 2015), Germany (Dahm et al., 
2007), and China (Lei et al., 2008, 2013), and enhanced geothermal system (EGS) 
stimulation in Korea (Ellsworth et al., 2019), Switzerland (Deichmann and Ernst, 2009) 
and France (Majer et al., 2007), reaching magnitudes (MW) as high as 5.5. 

Over the last three decades, Europe’s largest natural gas field, the Groningen gas field 
located in the Northeast of the Netherlands (Geluk, 2007), has exhibited induced 
seismicity at an increasing rate and with increasing magnitude, culminating in the MW = 
3.6 Huizinge earthquake in 2012 (Dost and Kraaijpoel, 2013; van Thienen-Visser and 
Breunese, 2015), which damaged houses and led to major concern among the local 
population and government. The earthquakes in Groningen are the result of production-
induced reservoir compaction and associated stressing plus reactivation of the numerous 
pre-existing (mainly normal) faults that cross-cut the reservoir and immediately over- and 
underlying formations (Van Eijs et al., 2006; Spetzler and Dost, 2017). In order to assess 
the likelihood of induced fault reactivation and the associated seismic hazard, and to 
understand events observed to date and the future response of the field to changes in gas 
production rate and ultimately to field closure, a thorough understanding of the 
mechanical properties of these faults is needed. Specifically, data on the frictional sliding 
behaviour of the fault rocks are needed as input for geomechanical modelling studies that 
address fault slip and earthquake rupture in the reservoir system (Rutqvist et al., 2016; 
Buijze et al., 2017, 2019; Zbinden et al., 2017). 

Experimental studies of fault frictional behaviour have played an important role in 
understanding the seismic cycle in tectonically active terrains (Scholz, 1998, 2002), and 
continue to do so. A large body of laboratory studies show that the frictional strength and 
slip stability of faults and fault rocks strongly depends on their composition, on the 
presence and composition of pore fluids, on normal stress and temperature, and on the 
sliding velocity of the simulated fault, varying from nucleation velocities (0.1-100 µm/s) 
to coseismic slip velocities (~1 m/s) (Shimamoto, 1986; Moore, 1991; Chester, 1994; 
Wibberley et al., 2008; Di Toro et al., 2011; Verberne et al., 2013; Niemeijer and 
Collettini, 2014; Carpenter et al., 2016; Niemeijer et al., 2016; and many others). 
However, the underlying physical mechanisms that govern the frictional behaviour are 
understood only in general terms (Chester and Higgs, 1992; Marone, 1998b; Niemeijer et 
al., 2012), and to date, there is insufficient physical basis to successfully extrapolate 
results even from one set of experimental conditions to another for a given material, quite 
aside from extrapolation to nature. In the case of the Groningen gas field, very few data 
are available on the frictional behaviour of fault materials that are of similar composition 
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to the formations comprising the reservoir system, or that were obtained under the relevant 
reservoir pressure, temperature and chemical (pore fluid) conditions. Such data are 
urgently needed in order to address the issue of induced seismic hazard in the Groningen 
field, both at low sliding velocities (<100 µm/s) relevant for rupture nucleation and at high 
velocities (~1 m/s) relevant for dynamic earthquake slip.  

In this thesis, I report the results of an experimental study designed to determine the 
frictional behaviour and seismogenic potential of simulated fault gouges derived from the 
key stratigraphic units present in the Groningen gas field. The experiments were 
performed at or near the in-situ pressure, temperate and pore fluid conditions, and at low 
sliding velocities relevant for rupture nucleation. These tests included long-term (up to 3 
months) frictional healing and reactivation experiments employed using so-called “Slide-
Hold-Slide” procedures. In addition, I performed novel short-displacement, high velocity 
seismic-slip-pulse experiments to investigate the evolution of dynamic friction at slip rates 
and displacements that characterize induced earthquakes of magnitude 3-4. The objective 
of the work is to provide improved understanding and quantification of fault mechanical 
properties and thus improved scope for modelling the frictional behaviour of the 
Groningen faults in reservoir- and field-scale geomechanical models that address rupture 
nucleation, propagation and arrest, and the associated seismicity (Van Wees et al., 2014; 
Buijze et al., 2017, 2019). 

1.2  Background on the Groningen gas field and context of this thesis 
The Groningen gas field occupies a roughly 30 km by 30 km region in the Northeast of 
the Netherlands and is one of the largest onshore gas fields in the world (Figure 1.1). It 
was discovered in the 1950’s and has been producing continuously since 1963. Since that 
time, it has contributed a vast revenue to the Dutch state and economy. The gas resides in 
the Rotliegend Slochteren sandstone formation, which is part of the Permian Rotliegend 
series (Geluk, 2007). This 100-250 m thick sandstone layer consists mainly of aeolian, 
alluvial and fan deposits and is located at a depth of approximately 3 km below the surface 
(Figure 1.1a). The reservoir is overlain by the Ten Boer claystone unit (10-50 in thickness) 
and by the anhydrite-carbonate rich Basal Zechstein formation (~50 m thick) at the bottom 
of the vast (up to 1 km thick) Zechstein evaporite series, which forms the caprock 
sequence. The reservoir rests unconformably on organic-rich shales and siltstones of 
Upper Carboniferous age, which constitute the source rock for the gas. The reservoir 
system is also heavily faulted, with more than 1100 (mainly normal) faults being 
recognised in seismic profiles and identified in the detailed fault model of the field 
(Kortekaas and Jaarsma, 2017) (Figures 1.1a and 1.1d). The dominant fault trend is NNW-
SSE, but also E-W and N-S fault trends are recognized. Offsets on the majority of these 
faults are in the range of 20-100 m, but can be up to ~300 m. The faults date back to Late 
Jurassic to Early Cretaceous rifting and were reactivated during the Late Cretaceous to 
Early Tertiary inversion associated with the Alpine orogeny (De Jager and Visser, 2017). 
Above the Slochteren reservoir, the faults terminate in the Zechstein rock salt. However, 
they extend up to 1000 m in the Carboniferous substrate below the reservoir (Kortekaas 
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and Jaarsma, 2017). A schematic diagram of the stratigraphy of the reservoir system and 
immediately over- and underlying formations is shown in Figure 1.1b. The temperature at 
reservoir depth is ~100°C and its lower portion (~1/3) is charged with highly saline brine. 
The vertical stress (𝜎") due to the ~3 km of overburden is approximately 65 MPa. The 
initial gas pressure (Pf) was approximately 35 MPa. This has now fallen to ~8 MPa in the 

Figure 1.1 a) NW-SE cross-section of the Groningen gas field (location marked A-A’ in panel (d)), 
showing the faulted reservoir (Slochteren formation) at ~3 km depth. GWC denotes gas/water 
contact. b) Schematic diagram of the stratigraphy of the Groningen reservoir system. c) Map 
showing the location of the Groningen gas field, the subsidence in the field (black contour lines, 
numbers in cm’s) as measured during the most recent subsidence survey from 2018 (NAM, 2020), 
and the induced earthquakes with magnitudes greater than 1, including the locations of the 2012 
Huizinge earthquake (magnitude 3.6) and the 2019 Westerwijtwerd earthquake (magnitude 3.4). d) 
Contour map of the mean (vertically averaged) porosity in the reservoir, plus the locations of the 
Stedum (SDM)-1 and Zeerijp (ZRP)-3a wells. 
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centre of the field after some 55 years of production. The in-situ conditions can therefore 
be characterised as relatively hot, reactive, and under high vertical effective stress 
(𝜎"#$$ = 𝜎" − 𝑃$). The minimum horizontal stress in the field, prior to depletion starting 
in 1963, was estimated to be approximately 43 MPa (Breckels and van Eekelen, 1982). 
The maximum horizontal stress is oriented NNW-SSE and has a magnitude of 
approximately 1.05-1.20 times the minimum horizontal stress (Van Eijs, 2015). 

Starting a few years after the initiation of gas production, the field has shown ongoing 
subsidence at the surface, currently reaching ~35 cm in the central part of the field (NAM, 
2020), where the porosity is highest (Figures 1.1c and 1.1d). This reflects compaction of 
the reservoir sandstone due to the increasing vertical effective stress (Hettema et al., 2002; 
Spiers et al., 2017). Since the 1990’s, induced seismic events have been recorded with 
increasing frequency and magnitude, mainly in the central portion of the field were 
subsidence is largest (van Thienen-Visser and Breunese, 2015). Since the MW = 3.6 
Huizinge earthquake of 2012 (Figure 1.1c), production from the field has been gradually 
reduced in an attempt at mitigation. Although the frequency of events has diminished with 
these reductions in production (Figure 1.2), six magnitude 3.0-3.5 events have occurred 
since 2012, the most recent one being the MW = 3.4 earthquake recorded on the 22nd of 
May 2019, near Westerwijtwerd (Figure 1.1c). In the past six years, the seismological 
instrumentation network in the Groningen field has been massively extended (Dost et al., 
2017), improving the spatial resolution of earthquake location. As a result of the improved 
resolution in event location, it is becoming increasingly clear that the earthquake 
hypocentres or sources lie within or close to the reservoir interval and on the numerous 
pre-existing faults that cross-cut the reservoir and directly over- and underlying 
formations (Spetzler and Dost, 2017). 

The principal process that leads to fault reactivation and induced earthquakes in 
Groningen includes compaction of the reservoir rock due the increasing effective vertical 
stress. This leads to non-uniform deformation of the faulted and mechanically 
heterogeneous reservoir, and hence to a non-uniform stress field (Mulders, 2003; Van Eijs 
et al., 2006; Sone and Zoback, 2014; Van Wees et al., 2014; Spiers et al., 2017). In 
particular, shear stress concentrations and normal stress perturbations caused by offsetting 
and juxtaposition of mechanically contrasting formations, such as the compacting 
reservoir against the relatively rigid over- and underlying units, can induce fault slip 
(Mulders, 2003; Buijze et al., 2019). Our ability to understand and capture the mechanical 
and seismic evolution of faulted reservoir systems such as the Groningen field in 
numerical models therefore depends, to a large extent, on obtaining a mechanistic 
understanding and quantitative description of the mechanical behaviour of the reservoir 
rock and surrounding rock types, and of the faults. 

Since 2015, Utrecht University has been involved in a laboratory-based study, sponsored 
by the Groningen field operator, the Nederlandse Aardolie Maatschappij (NAM), to 
address these issues (Spiers et al., 2017). Within this programme, recent work on the 
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compaction behaviour of the Slochteren sandstone reservoir rocks at in-situ conditions 
(Pijnenburg et al., 2018, 2019a, 2019b; Pijnenburg, 2019) has shown that 30 to 50% of 
the reservoir compaction strain is irreversible, and that the sandstone behaviour is best 
described by a (non-linear) elastic plus modified Cam-Clay type plasticity model. This 
allows better constraints to be placed on the stress evolution in the reservoir, which in turn 
is crucial for assessing fault reactivation. The present thesis forms part of this research 
programme and focuses on the fault properties from a laboratory perspective, by means 
of simulated fault sliding experiments performed at the scale of centimetres. In parallel, 
larger-scale (decimetre to metre scale) friction experiments (Buijze, thesis in progress; Ji 
et al, in progress) and geomechanical modelling studies (Buijze et al., 2017, 2019; Buijze, 
thesis in progress) are being performed within the programme to validate upscaling of the 
present cm-scale experiments to the Finite Element mesh scale (1 m) and incorporate the 
results presented here in dynamic rupture numerical codes. The aim of the overall 
programme is to understand and ultimately predict the trends in reservoir system 
behaviour and seismicity that occur in the Groningen field, during the currently ongoing 
but declining production phase and following field closure in 2022. 

1.3  Fault mechanics and studies of fault friction 
1.3.1  Fault structure 
Field studies and drilling projects investigating both tectonically active and inactive upper 
crustal fault zones have demonstrated that the bulk of the displacement occurring along 
such faults is accommodated, during active sliding, on one or more narrow (mm to cm 

Figure 1.2 Annual gas production and the number of induced earthquakes with magnitude 1.0 or 
greater recorded up to 5 February 2020. The unit Nm3 indicates “normal cubic meter”, and is 
equivalent to the amount of gas occupying 1 m3 at zero ºC and pressure of 1 atm. The data are 
derived from https://www.nam.nl/feiten-en-cijfers. 
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wide) principal slip zones (PSZ’s) within the central region of the fault zone, i.e. the fault 
core (Sibson, 1986; Chester and Chester, 1998; Fisher and Knipe, 1998; Collettini et al., 
2009). An example of an active, km-scale upper crustal fault is given in Figure 1.3, 
showing the fault core and surrounding damage zone of the Pinxi outcrop of the Yingxiu-
Beichuan fault in the Longmenshan fault zone, central China, which ruptured during the 
2008 Wenchuan MW = 7.9 earthquake. Figure 1.4 presents examples of field exposures in 
the UK of normal faults, with throws in the range 20-100 m, cutting Rotliegend sandstones 
that are the lateral equivalent of the Slochteren reservoir sandstone present in the 
Groningen gas field. As seen in current tectonically active faults (Figure 1.3), these show 
that the principal slip zones within these “Groningen analogue” faults are similarly 
embedded in and filled with fine-grained fault gouge derived from the surrounding host 
rocks – despite the modest throws. Mixing of the gouge materials occurs depending on 
the juxtaposition of the host rocks (Figures 1.4d and 1.4e). 

Figure 1.3 Photograph of the Pingxi outcrop of the Yingxiu-Beichuan fault (central China), showing 
the ~9 m wide fault zone and close-up of the gouge-filled fault core, adapted from Zhang and He 
(2013). The footwall is Cambrian limestone and dolomite, and the hanging wall is Silurian 
carbonaceous shale and fine sandstone. Note that the fault plane is slightly overturned near the 
surface, so that the hangingwall at the Pingxi outcrop is now in the bottom position. The 
displacements measured at the outcrop surface that occurred during the coseismic rupture of the 
2008 Wenchuan MW = 7.9 earthquake are 3.0±0.2 m horizontally, and 2.0±0.1 m vertically. 
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Figure 1.4 (opposite page) Field observations showing that natural fault slip in sandstone reservoir 
systems is generally localized in narrow slip zones within a gouge-filled fault core. (a) and (b) The 
Clashach fault (Scotland) cuts a lateral equivalent of Rotliegend sandstone. (c), (d) and (e) The 
Ninety Fathom Fault (Northeast England) juxtaposes Rotliegend sandstone equivalent against grey 
Carboniferous shales and coals. 

1.3.2  Static fault strength 
The mechanical strength of faults containing a well-developed (mature) gouge-filled core, 
is expected to be controlled by the frictional behaviour of these gouge materials (Sibson, 
1977; Chester and Chester, 1998). Consistent with the field observations discussed above, 
gouge-filled faults are generally simulated in the laboratory as thin gouge layers 
sandwiched in between two forcing host blocks of intact rock material or steel (e.g. 
Engelder et al., 1975; Chester, 1994; Beeler et al., 1996). To obtain the mechanical 
properties of the gouge, these are sheared relative to each other in direct-shear, double 
direct-shear, saw-cut or ring-shear mode (Marone et al., 1990; Linker and Dieterich, 1992; 
Bos et al., 2000; Samuelson and Spiers, 2012), and the resistance to sliding, expressed as 
the friction coefficient µ (shear stress 𝜏 divided by normal stress 𝜎)), is measured. At the 
simplest level, fault strength can be described using a Mohr-Coulomb type relation of the 
form 𝜏 = 𝑆+ + 𝜇𝜎), where S0 is the intrinsic shear cohesion of the rock sliding surface or 
gouge-filled fault (Byerlee, 1978). In the presence of pore fluids at pressure Pf within the 
sliding medium, the effective normal stress 𝜎)#$$ = 𝜎) − 𝑃$ must be taken into account 
(Sibson, 1977), so that 

𝜏 = 𝑆+ + 𝜇.𝜎) − 𝑃$/ (1.1) 

To a first approximation, many rock-on-rock surfaces and uncemented gouge materials 
obey Equation (1.1) rather well, with S0 being zero and friction coefficients falling in the 
range 0.60-0.85, more or less independently of pressure and temperature (Byerlee, 1978). 
This is known as Byerlee’s Rule. However, a large body of experimental work done since 
the 1980’s has shown that fault strength in many rock materials is significantly dependent 
on temperature, sliding rate and normal stress (e.g Lockner et al., 1986; Shimamoto, 1986; 
Chester, 1994; Boulton et al., 2019), and can be strongly influenced by interfacial 
adsorption/lubrication effects caused by fluids, particularly in clay-bearing gouges (e.g. 
Morrow et al., 1992, 2000; Moore and Lockner, 2004), as well as by fluid-mediated 
processes such as pressure solution or diagenetic/metamorphic reactions (Saffer et al., 
2012; Den Hartog et al., 2013). 

Whether a fault will be (re)activated or not according to Equation (1.1) depends on the 
frictional strength of the fault rocks (gouge), and on the stress state in the surroundings. 
In the earth’s lithosphere, the state of stress is influenced by motion of tectonic plates, 
which move at a rate of mm’s to cm’s per year. At or nearby plate boundaries in particular, 
the ensuing build-up of stress may cause faulting of originally intact rocks, or reactivation 
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of optimally-oriented, pre-existing faults (Figure 1.5a). The orientation of the principal 
stresses (𝜎4, 𝜎5 and 𝜎6) determine the mode of faulting, as shown in Figure 1.5a. In a 
reservoir setting, the state of stress can be influenced through the direct mechanical effect 
of pore fluid pressure and associated poro-elastic effects, or even thermal effects, as shown 
in Figure 1.5b, leading to fault (re)activation. In most numerical studies that investigate 
fault (re)activation due to gas production or hydraulic stimulation of oil, gas or 
hydrothermal fluids, the potential for fault slip is evaluated using a standard static Mohr-
Coulomb or Byerlee friction criterion (Equation 1.1), as shown in Figure 1.5. This 
approach is adequate for assessing whether a fault will be activated, but it does not allow 
evaluation of whether subsequent fault motion is seismic or aseismic. 

Figure 1.5 Mohr diagrams showing scenarios for tectonic faulting and reactivation (a) and induced 
fault reactivation in reservoir settings (b). The orientation of the principal stresses determines the 
mode of faulting, as shown in (a), where vert. indicates vertical orientation, and hor. indicates 
horizontal orientation. 
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1.3.3  Rate-and-state dependent and slip dependent fault friction at nucleation velocities 
In order to evaluate whether fault reactivation will be seismic or aseismic, quasi-static or 
else truly dynamic friction laws are required that describe the evolution of fault strength 
as a function of slip magnitude or slip rate, and account for the effects of temperature, 
normal stress and pore fluid. The most commonly used form is the Rate-and-State 
dependent Friction laws (or RSF laws), developed by Dieterich and Ruina in the 1970’s 
and 1980’s (Dieterich, 1979; Ruina, 1983; see Marone, 1998 for a review), which have 
been highly successful in reproducing the seismic versus aseismic slip behaviour and 
aftershock behaviour of tectonically active faults, as well as time-dependent healing 
effects as seen in experiments and nature (Marone, 1998b; Scholz, 1998, 2002; Lapusta 
and Rice, 2003a; Ampuero and Rubin, 2008; Helmstetter and Shaw, 2009; Shibazaki et 
al., 2011; Noda and Shimamoto, 2012; Cubas et al., 2015). In RSF relations, the 
coefficient of friction µ is expressed as a function of slip velocity V via the relation  

𝜇 = 𝜇+ + 𝑎 ∙ ln ;
𝑉
𝑉+
= + 𝑏 ∙ ln ;

𝑉+𝜃
𝑑A
= (1.2) 

This describes the evolution of the friction coefficient from a reference steady-state value 
µ0 towards a new steady-state value µ over a critical slip distance dc, in response to an 
instantaneous change in sliding velocity from an initial velocity V0 to a new velocity V 
(see Figure 1.6a). The dimensionless, empirical constants a and b describe the 
instantaneous response and subsequent evolution in friction upon a stepwise change in 
sliding velocity, respectively. q is a state variable with the dimensions of time, which is 
commonly viewed as the average lifespan of a population of grain-to-grain contacts 
(Marone, 1998b). Evolution of the state variable q is formulated using the “ageing law” 
(Dieterich, 1979) or the “slip law” (Ruina, 1983), which are respectively given by 

𝑑𝜃
𝑑𝑡 = 1 −

𝑉𝜃
𝑑A
	   (1.3𝑎) 

𝑑𝜃
𝑑𝑡 = −

𝑉𝜃
𝑑A
ln ;

𝑉𝜃
𝑑A
= (1.3𝑏) 

In the ageing law (1.3a), 𝜃 evolves linearly with time for stationary contacts. In the slip 
law (1.3b), state evolution occurs only for non-zero slip velocities. Evolution of state gives 
rise to a non-steady-state frictional strength, i.e. the “evolution effect” following a velocity 
step (Figure 1.6a), or in the absence of loading directly after an earthquake, to fault 
strengthening (“healing”), which is required for repetitive earthquakes to occur on the 
same fault (Marone, 1998b; Scholz, 2002). 

At steady-state, i.e. when 𝑑𝜃 𝑑𝑡⁄ = 0 in Equation (1.3), Equation (1.2) reduces to 
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(𝑎 − 𝑏) =
𝜇 − 𝜇+
ln	  (𝑉 𝑉+)⁄ (1.4) 

defining the rate-sensitivity parameter (a–b). In the framework of RSF, repetitive slip 
instabilities, known as stick-slip behaviour, can nucleate on a fault if the fault rock 
material exhibits velocity-weakening behaviour, which occurs when the frictional strength 
decreases with increasing sliding rate. This is represented by negative (a–b) values (Figure 
1.6a). However, whether unstable slip of this kind occurs depends on the elastic stiffness 
of the material surrounding the slipping portion of the fault, compared to a critical stiffness 
value. The critical value is defined in terms of the spring stiffness in an equivalent spring-
slider model for the fault (Ruina, 1983), and is given by 

𝐾A =
−(𝑎 − 𝑏)𝜎)#$$

𝑑A
(5) 

Nucleation of unstable slip requires the elastic stiffness (K) of the material surrounding 
the slip zone to be less than the critical stiffness value (Kc), alongside a negative value for 
(a–b). The material stiffness K is inversely proportional to the length of the slip zone, so 
that dynamically unstable slip (K<Kc) is favoured for large slip zones (e.g. Segall et al., 
2010). When (a–b) < 0 and K > Kc, slip is conditionally stable, becoming unstable only 
for a large enough perturbation in the driving velocity or the effective normal stress. By 
contrast, fault rocks exhibiting an increase in frictional strength with increasing sliding 
rate, i.e. velocity-strengthening behaviour indicated by positive (a–b) values (Figure 1.6a), 
are inherently stable (Scholz, 1998). 

The velocity dependence of friction can be obtained from friction experiments were the 
sliding velocity is stepped up and down, typically in the range 0.01-100 µm/s, by 
comparing the steady-state friction levels before and after the step in velocity (Figure 1.6a) 
and using Equation (4), or from fitting the data with Equation (2) in combination with an 
equation describing the interaction of the sample with its elastic surroundings, i.e. the 
loading frame and forcing blocks of the experimental setup (e.g. Blanpied et al., 1998). 
Frictional healing behaviour is quantified from so-called Slide-Hold-Slide experiments, 
in which active loading is stopped for a predetermined amount of time (i.e. the hold 
duration), before sliding is resumed (Dieterich, 1972b). Healing can be defined as the 
difference in frictional strength between the level during steady-state sliding and the peak 
value measured after the hold, and increases in most cases approximately loglinearly with 
hold time. The healing rates obtained through loglinear fits of results from experiments 
where the hold duration is systematically increased, typically in the range of 10 s up to a 
few hours, can then be extrapolated to timescales of years, decades and beyond, 
corresponding to the interseismic period in the seismic cycle of tectonically active faults 
(e.g. Ikari et al., 2016). However, the latter is subject to large uncertainties. 
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Figure 1.6 a) Schematic diagram representing the response in friction coefficient to a stepwise 
change in sliding velocity plus the interpretation of velocity dependence in the framework of Rate-
and-State Friction. b) Typical example of a linear slip-weakening model. 

The RSF framework has proved to be an effective tool for simulating the seismic cycle 
and aftershock behaviour of active faults in nature (Lapusta and Rice, 2003a; Ampuero 
and Rubin, 2008; Helmstetter and Shaw, 2009; Shibazaki et al., 2011; Noda and 
Shimamoto, 2012; Cubas et al., 2015) and is the most widely used approach in earthquake 
simulations to date, including several studies that investigate induced seismicity in 
hydrocarbon reservoirs in relation to CO2 storage (Rutqvist et al., 2014; Urpi et al., 2016). 

Besides velocity-dependent effects, weakening phenomena associated purely with fault 
displacement, i.e. slip-weakening, are also capable of generating unstable slip (Ida, 1972; 
Scholz, 2002). Slip-weakening has been observed in a number of fault friction 
experiments (Ohnaka, 2003; Ikari et al., 2013; Pluymakers et al., 2014b; Ito and Ikari, 
2015). Empirical, linear slip-dependent constitutive laws such as shown in Figure 1.6b are 
often used in numerical modelling of earthquake rupture nucleation and propagation, and 
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in numerical simulations of (induced) earthquake generation processes (Fukuyama et al., 
2002; Aochi and Madariaga, 2003; Bizzarri, 2010; Ohnaka, 2013; Rutqvist et al., 2014; 
Wassing et al., 2017; Zbinden et al., 2017; Buijze et al., 2019), where slip-weakening 
facilitates acceleration of fault slip. 

1.3.4  Microphysics of fault friction at nucleation velocities 
Despite their wide applicability, the RSF laws are empirical, phenomenological equations 
with limited physical basis. The time dependent healing and sliding velocity dependent 
effects of friction are generally explained in terms of creep of asperities or contact 
junctions characterizing the fault rock contacts (Scholz and Engelder, 1976; Dieterich and 
Kilgore, 1994; Berthoud et al., 1999), relying on a thermally-activated, Arrhenius-type 
rheology active at the asperity (contact) scale (Chester and Higgs, 1992; Chester, 1994; 
Sleep, 1997, 2005; Baumberger et al., 1999; Berthoud et al., 1999; Nakatani, 2001; Rice 
et al., 2001). However, applicability of these models to gouge-filled faults is questionable, 
mainly because the internal deformation and healing processes active during frictional slip 
in gouges are not adequately represented, and the internal geometric and microstructural 
aspects are not considered. Furthermore, little is known about the possible effects of pore 
fluid chemistry, through factors such as salinity and pH, on the frictional strength and rate 
dependence of friction, despite their clear impact on fracture and creep phenomena (Rice, 
1978; Atkinson, 1984; Dove, 1995; Liteanu and Spiers, 2009). Therefore, extrapolation 
of the key parameters obtained from RSF fits to experimental data to in-situ pressure, 
temperature and chemical conditions, and timescales beyond the laboratory capabilities, 
remains highly uncertain. 

A significant step towards a microphysical basis for the low velocity frictional behaviour 
of gouge-filled faults has been made through the contributions of Bos and Spiers (2002b), 
Niemeijer and Spiers (2006, 2007), den Hartog and Spiers (2014) and Chen and Spiers 
(2016). Bos and Spiers (2002) were the first to formulate a microphysical model for 
frictional-viscous flow exhibited by halite-phyllosilicate mixtures as fault gouge 
analogue, involving a serial process of slip over phyllosilicate foliae and pressure solution 
of intervening clasts. This model provided a theoretical framework that could explain the 
normal stress sensitive velocity-strengthening behaviour seen in their experiments at low 
velocities (0.05-10 µm/s). This concept was developed further by Niemeijer and Spiers 
(2006, 2007), who incorporated effects of dilatancy at higher slip rates to explain the 
velocity-weakening behaviour seen in halite-phyllosilicate mixtures at sliding velocities 
of 1-13 µm/s. In their model, the frictional behaviour is controlled by the relative 
contributions of the competing effects of dilatant granular flow and thermally activated 
compaction at the grain scale. The model was further adapted by den Hartog and Spiers 
(2014), who showed that it can explain the velocity-strengthening and -weakening 
behaviour seen in quartz-phyllosilicate mixtures over a wide range of temperature, normal 
stress and displacement rate (see den Hartog and Spiers, 2013). Finally, Chen and Spiers 
(2016) formulated the most recent version of the model, which we refer to as the Chen-
Niemeijer-Spiers (CNS) model, and showed that it can quantitatively reproduce the 
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frictional velocity-dependent effects and time-dependent healing effects observed in their 
experiments on calcite gouge, effectively reproducing Rate-and-State like behaviour 
without resorting to the RSF equations. 

The approach employed by the above authors in the CNS model allows for the frictional 
behaviour of fault gouges to be expressed as a function of effective normal stress, shear 
strain rate, temperature, and the relevant microstructural parameters and material 
properties. It can also relatively easily be used in numerical models investigating seismic 
rupture (van den Ende, 2018). Although rather complex in its formulation, such models 
offer a physics-based understanding and quantification of the processes that control 
frictional strength, velocity dependence, temperature dependence and normal stress 
dependence, and may be used to extrapolate laboratory results to natural conditions and 
timescales with increasing confidence. However, such microphysically-based models 
have not yet been applied to materials similar to those present in the Groningen gas field, 
or to address fault healing and reactivation in the context of natural or induced seismicity. 

1.3.5  High velocity friction: fault strength at seismic slip rates 
One aspect that is not covered by RSF, or the microphysical models described above, is 
the behaviour of faults at fast, seismic slip velocities. Most RSF and microphysical 
descriptions to date have been applied to quantifying frictional behaviour at low slip 
velocities (0.01-100 µm/s), which are most relevant to fault creep and to earthquake 
nucleation, i.e. to the conditionally stable growth of slip patches towards unstable size. If 
slip velocities accelerate beyond this critical point, slip will run away unstably towards 
higher, seismic velocities of the order of 1 m/s, whereby other processes may be activated, 
notably frictional heating, that in turn may lead to fully dynamic, coupled weakening 
effects. Examples include thermal pressurization of the pore fluid (Sibson, 1973; 
Lachenbruch, 1980; Wibberley and Shimamoto, 2005; Rice, 2006; Tanikawa and 
Shimamoto, 2009), which can strongly reduce the effective normal stress on the fault and 
hence its frictional resistance, and melting of frictional contacts (Hirose and Shimamoto, 
2005; Nielsen et al., 2008), thus lubricating the fault. Other postulated mechanisms 
include flash heating (Rice, 2006; Beeler et al., 2008; Goldsby and Tullis, 2011), silica 
gel lubrication (Goldsby and Tullis, 2002; Di Toro et al., 2004), powder lubrication (Han 
et al., 2010; Reches and Lockner, 2010; Chang et al., 2012), fluid film lubrication 
(Brodsky and Kanamori, 2001; Ferri et al., 2011), and thermochemical pressurization 
(Brantut et al., 2008, 2011; Chen et al., 2013; Platt et al., 2015). 

Such high velocity friction effects become relevant at slip velocities above ~0.1 m/s, 
depending on normal stress, and have been extensively investigated in high velocity (1-2 
m/s), large-displacement (several m’s) rotary shear experiments, with the aim of 
simulating major earthquake slip in the context of natural seismicity (see Wibberley et al., 
2008; Di Toro et al., 2011; Niemeijer et al., 2012 for reviews). In such experiments, many 
rock materials show a dramatic reduction in friction coefficient at seismic slip rates 
(Figure 1.7). When applied in numerical models addressing natural earthquake rupture, 
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this dynamic weakening is typically incorporated using a slip-weakening law (see Figure 
1.6b) (e.g. Bizzarri, 2010), or using a rate-dependent weakening formulation in 
combination with thermally-driven pore fluid pressurization (e.g. Noda et al., 2009; Noda 
and Lapusta, 2013). 

However, the vast majority of high velocity friction experiments performed to date have 
been conducted at low normal stress (<10 MPa) and often dry or at room-humidity. 
Moreover, with the aim of addressing major natural earthquake slip, they mostly feature 
large displacements (several m’s, and up to tens of m’s) imposed abruptly at constant, 
high velocity, generating large amounts of frictional heat. For these reasons, many of the 
observations reported in the high velocity friction literature may not be relevant to induced 
earthquakes, such as the magnitude 3.0 to 3.6 events that have occurred in the Groningen 
gas field. In such cases, fault slip occurs in a shorter pulse featuring rapid acceleration and 
immediate deceleration, with displacement being limited to a few tens of centimetres at 
most (Heaton, 1990; Tomic et al., 2009; Zoback and Gorelick, 2012; Wentinck, 2018; 
Buijze et al., 2019). Simulating this kind of slip behaviour in laboratory experiments is 
challenging, especially at normal stresses that are relevant for a reservoir setting (~20-40 
MPa). Therefore, to what extent these dynamic weakening effects play a role in induced 
earthquakes such as those occurring in the Groningen field, remains unknown. Some 
studies report significant frictional heating in laboratory stick-slip events, and 
considerable dynamic weakening has been observed in relatively short-displacement (0.1-
1 m), slip pulse experiments on dry gouge or rock surfaces aimed at simulating more 

Figure 1.7 Steady-state friction coefficient versus slip rate for a wide range of rock and gouge 
materials, taken from Di Toro et al. (2011). A marked decrease in friction coefficient is observed 
when slip rates approach seismic slip velocities (~1 m/s). See the original paper from Di Toro and 
co-workers, and references therein, for details of the data shown. 
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realistic, pulse-like rupture behaviour (Sone and Shimamoto, 2009; Fukuyama and 
Mizoguchi, 2010; Liao et al., 2014; Spagnuolo et al., 2015). These observations suggest 
that dynamic weakening can play a role in induced earthquakes, but this needs to be 
confirmed and the stress versus slip behaviour quantified in experiments imposing 
realistic slip and slip velocity versus time patterns, and using wet gouge materials that are 
relevant for the Groningen reservoir. 

1.4  Aims and structure of this thesis 
From the above, it is clear that a full characterisation of fault strength and its evolution 
with slip is essential for understanding and modelling the response of faults to reservoir 
depletion in the Groningen field, whether seismic or aseismic. The entire velocity range 
of fault slip must be covered (i.e. from nucleation velocities to seismic slip rates), and 
fault healing and slip-weakening effects should be incorporated, ideally with a physical 
basis to underpin quantification. The experiments required to obtain such characterization 
must be performed on gouge materials that are representative for the lithologies and fault 
core structures present in the Groningen reservoir, and under realistic subsurface 
conditions of pressure, temperature and pore fluid composition. In view of this, the aims 
of this thesis are defined as follows: 

1.   To characterize the frictional strength and its rate dependence of simulated fault 
gouges derived from the key lithologies in the Groningen reservoir, including end-
member compositions as well as mixtures, under the in-situ pressure, temperature and 
pore fluid chemical conditions and at slip velocities relevant to earthquake nucleation 
(Chapters 2 and 3). 

2.   To assess the influence of pore fluid chemistry and composition (pore fluid salinity, 
gas-bearing versus brine-saturated) on the frictional properties of the chosen gouge 
materials at low velocities (Chapters 2 and 3). 

3.   To obtain frictional strength recovery (healing) data on timescales relevant to gas 
production (i.e. at least several months, corresponding to the timescale of seasonal 
fluctuation in production), and to assess the potential for slip-weakening and unstable 
seismogenic slip associated with the reactivation of faults healed over geologic time 
and on production timescales (Chapter 4). 

4.   To compare the experimental results for low velocity friction and healing with the 
microphysical model developed by Chen, Niemeijer and Spiers (the CNS model) 
where possible, to enhance physical understanding (Chapters 3 and 4). 

5.   To experimentally determine the strength evolution and assess the potential for 
dynamic weakening behaviour of gouge-filled faults during simulated seismic slip 
pulses, imposed using realistic slip/velocity trajectories appropriate for the larger 
induced earthquakes that have occurred in the Groningen gas field (Chapter 5). 

These topics are tackled sequentially in Chapters 2-5, as indicated above. Finally, in 
Chapter 6, I list the general conclusions and implications of this work, and offer 
suggestions for future studies.
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Abstract 
We investigated the frictional properties of simulated fault gouges derived from the main 
lithologies present in the seismogenic Groningen gas field (Northeast Netherlands), 
employing in-situ P-T conditions and varying pore fluid salinity. Direct-shear experiments 
were performed on gouges prepared from the Carboniferous shale/siltstone substrate, the 
Rotliegend Slochteren sandstone reservoir, the overlying Ten Boer claystone, and the 
Basal Zechstein anhydrite-carbonate caprock, at 100ºC, 40 MPa effective normal stress, 
and sliding velocities of 0.1-10 µm/s. As pore fluids, we used pure water, 0.5-6.2 M NaCl 
solutions, and a 6.9 M mixed chloride brine mimicking the formation fluid. Our results 
show a marked mechanical stratigraphy, with a maximum friction coefficient (µ) of ~0.66 
for the Basal Zechstein, a minimum of ~0.37 for the Ten Boer claystone, ~0.6 for the 
reservoir sandstone, ~0.5 for the Carboniferous. Mixed gouges showed intermediate µ 
values. Pore fluid salinity had no effect on frictional strength. Most gouges showed 
velocity-strengthening behaviour, with little systematic effect of pore fluid salinity or 
sliding velocity on (a–b). However, Basal Zechstein gouge showed velocity-weakening 
at low salinities and/or sliding velocities, as did 50:50 mixtures with sandstone gouge, 
tested with the 6.9 M reservoir brine. From a Rate-and-State Friction viewpoint, our 
results imply that faults incorporating Basal Zechstein anhydrite-carbonate material at the 
top of the reservoir are the most prone to accelerating slip, i.e. have the highest 
seismogenic potential. The results are equally relevant to other Rotliegend fields in the 
Netherlands and North Sea region and to similar sequences globally. 
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2.1 Introduction 
Faults encountered in boreholes or exposed at the surface by uplift and erosion typically 
display a fault core where displacement is localized within one or more narrow principal 
slip zones (PSZ) filled with fine-grained wear material, called fault gouge, derived from 
the formations that are cut by the fault (Sibson, 1986; Chester and Chester, 1998; Collettini 
et al., 2009; Toy et al., 2015). The mechanical stability of such faults, i.e. whether they 
accommodate slip via seismic rupture or stable (aseismic) slip, is controlled by the 
reactivation and subsequent frictional slip behaviour of the constituent fault gouge. 
Experimental studies of the mechanical behaviour of fault gouges play a key role in 
elucidating the mechanics of fault motion and associated earthquake activity in a wide 
range of geologic settings. Understanding the frictional behaviour of fault gouges derived 
from sedimentary sequences is of key importance to improving our understanding of 
natural seismicity and seismic hazards in the upper crust (e.g. Mizoguchi et al., 2008; 
Collettini et al., 2009). It is also becoming crucial to improving our understanding of 
induced seismicity and associated risks related to hydrocarbons production (e.g. Grasso, 
1992; Suckale, 2010), geothermal energy production (e.g. Eberhart-phillips and 
Oppenheimer, 1984; Majer et al., 2007), waste-water disposal in depleted reservoirs (e.g. 
Ellsworth, 2013; Elsworth et al., 2016), fluid injection for shale gas production (e.g. 
Clarke et al., 2014) and to geological storage of CO2 (e.g. Nicol et al., 2011), natural gas 
and hydrogen fuel. 

In recent decades, an increasing amount of data has become available from laboratory 
studies focusing on the frictional properties of natural fault rocks, or their simulated 
(crushed and sieved) equivalents, sampled from seismically active upper crustal terrains 
across the globe (Tembe et al., 2006; Verberne et al., 2010; Carpenter et al., 2011b, 2016a; 
Collettini et al., 2011; Scuderi et al., 2013; Zhang and He, 2013; Niemeijer and Collettini, 
2014; Chen et al., 2015a; Ikari et al., 2016b), and from hydrocarbon reservoir systems 
being considered for geological storage of CO2 (Samuelson and Spiers, 2012; Pluymakers 
et al., 2014b). These studies have shown that the frictional strength of such fault rocks and 
its slip rate dependence, hence potential for velocity-weakening or unstable seismogenic 
slip in the Rate-and-State Friction (RSF) approach to fault mechanics (Dieterich, 1978a, 
1979; Ruina, 1983; Marone, 1998b; Scholz, 1998, 2002), primarily depends on fault rock 
composition and true, in-situ (pore) pressure and temperature conditions. 

One aspect that has not received much attention in the literature on fault friction to date is 
the possible effect of pore fluid chemistry, through factors such as salinity and pH, on the 
frictional strength and rate dependence of friction, despite their clear impact on fracture 
and creep phenomena (Rice, 1978; Atkinson, 1984; Dove, 1995; Liteanu and Spiers, 
2009). Pore fluid chemistry may be especially relevant to the mechanical behaviour of 
faults cross-cutting sedimentary sequences, as formation fluids in sedimentary rocks show 
a wide range of salinities from fresh meteoric waters to brines with salinities exceeding 
600 g l-1 total dissolved solids (TDS) (e.g. Case, 1945; Gledhill and Morse, 2006; Lüders 
et al., 2010). To our knowledge, studies that address the effects of pore fluid chemistry on 
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friction of granular fault rocks relevant to the shallow upper crust are scarce. Feucht and 
Logan (1990) observed that frictional strength of pre-cut sandstone rocks (without gouge 
present initially) can vary with pore fluid ionic strength, presumably due to the effects of 
the chemically active pore fluids on processes that influence surface roughness and gouge 
production during sliding. Tullis (1993) investigated the effect of pore fluid pH on the 
frictional behaviour of pure quartz gouges in a limited number of experiments. Significant 
effects on the time-dependent “evolution effect” of sliding friction (Marone, 1998b) were 
observed, although interpretation of the data remained difficult. Lockner et al. (2006) 
studied the frictional properties of montmorillonite gouges in the presence of different 
brines. They observed a systematic increase in frictional strength with increasing pore 
fluid salinity, and attributed their findings to effects of dissolved salts on the properties of 
fluid layers adsorbed to the clay surfaces (see also Moore and Lockner, 2007). Similar 
effects of pore fluid chemistry on the residual strength of clays and clay-bearing soils have 
been reported in the soil mechanics literature (Kennely, 1967; Moore, 1991; Miao and 
Fenellif, 1994; Anson and Hawkins, 1998). 

These experimental studies clearly demonstrate that pore fluid chemistry may influence 
the frictional behaviour of fault rocks. However, their applicability to naturally occurring 
upper crustal fault gouges is limited, as they focused on pure quartz or pure clay gouges 
only, or, in the case of Feucht and Logan (1990), on bare rock surfaces, and were 
conducted at room temperature and often at low stress conditions. It is important to 
investigate to what extent the frictional properties of more realistic gouge compositions 
are affected by pore fluid chemistry, under conditions that are relevant to their in-situ state. 

In this contribution, we systematically investigate the roles of pore fluid salinity and fault 
rock composition on the frictional properties of simulated fault gouges prepared from 
sedimentary sequences present within the Southern Permian Basin, Northwest Europe. 
Specifically, the formations tested here are Upper Carboniferous and Permian of age, and 
comprise the Rotliegend reservoir and immediate over- and underlying formations that 
characterize the vast Groningen gas field (Geluk, 2007), located in the Northeast of the 
Netherlands, as well as many other gas fields in the Netherlands and the North Sea (Figure 
2.1). Note here that the Groningen gas field, one of the largest on-shore single gas fields 
in the world, has shown substantial induced seismicity in recent years and that data on 
fault rock behaviour under in-situ pressure, temperature and chemical conditions are 
urgently needed for assessing seismic hazard (Van Eijs et al., 2006; Van Wees et al., 2014; 
van Thienen-Visser and Breunese, 2015). The formations investigated were 1) the 
Carboniferous shale/siltstone basement, 2) the Rotliegend Slochteren sandstone reservoir 
rocks, 3) the overlying Ten Boer claystone, and 4) the Basal Zechstein anhydrite-
carbonate caprock. A series of dynamic friction experiments was performed on simulated 
fault gouges prepared from core and drill cuttings retrieved from these lithologies, at 
100°C, 15 MPa pore fluid pressure and 40 MPa effective normal stress, investigating the 
frictional strength and rate-dependence of friction at imposed sliding rates of 0.1-10 µm/s 
relevant to earthquake nucleation (Scholz, 2002; Segall and Rice, 2006). In addition to 
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testing the end-member compositions derived from the key formations present in the 
Groningen field, we also tested mixtures between end-members to simulate gouge smear 
effects (Lindsay et al., 1993; Yielding et al., 1997). Experiments were performed using 
pore fluids varying in salinity from deionized water to 4.4 M NaCl solution (for the end-
member lithologies only), as well as using simulated Groningen reservoir brine (for both 
end-member lithologies and mixtures), which, besides including high concentrations of 
NaCl, also includes substantial concentrations of CaCl2 and MgCl2. 

The key aim was to assess the effects of fault rock composition and formation fluid 
chemistry on the potential for induced seismicity in the Groningen gas field and related 
hydrocarbon reservoirs at depths of ~2-4 km in the Netherlands and North Sea basin. 
However, the relevance of this study is not limited to this setting only. The results are 
relevant for faults cutting any sedimentary rocks of similar composition, and as such have 
important implications for understanding the effects of pore fluid chemistry on 
tectonically active faults and induced seismicity in upper crustal sequences globally. 

2.2 Materials and methods 
2.2.1 Sample material and pore fluids 
We obtained sample materials from the Groningen gas field, courtesy of the field operator, 
the Nederlandse Aardolie Maatschappij (NAM). The gas in the Groningen field resides at 

Figure 2.1 a) Schematic map of gas and oil fields in the Netherlands and the Dutch North Sea. b) 
Detailed map of the Groningen gas field, showing the depth to the top of the Rotliegend formation 
(colour map) and major faults present in the reservoir (grey lines). The locations of the SDM-1 and 
ZRP-2/ ZRP-3 wells (which are drilled at the same location but deviate at depth) are shown as well. 
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roughly 3 km depth in the Rotliegend reservoir rocks (Slochteren sandstone, thickness 
150-200 m), in which it is trapped by a top seal sequence consisting of the Ten Boer 
claystone (thickness 0-50 m), the Basal Zechstein anhydrite-carbonate caprock (thickness 
~50 m) and overlying Zechstein salt (thickness 600-1000 m) (Geluk, 2007). The reservoir 
rests unconformably on Upper Carboniferous organic-rich shale, siltstone and coals, 
which constitute the source rocks for the gas. Core from the Stedum (SDM) -1 well and 
drill cuttings from the Zeerijp (ZRP-2) well, located some 5 km apart in the northern part 
of the Groningen gas field (see Figure 2.1), were selected for this study. Figure 2.2 gives 
a schematic stratigraphic column of the field, after Geluk (2007), including the depth 
intervals sampled in the two wells. Samples of the Ten Boer claystone, the Slochteren 
sandstone and Carboniferous shale/siltstone substrate (henceforth referred to as 
Carboniferous shale) were selected from the SDM-1 core. Note that the Slochteren 
sandstone was sampled both above and below the gas-water contact (GWC), located at an 
absolute depth of ~2980 m below the surface. Drill cuttings from the Basal Zechstein 
caprock were obtained from the ZRP-2 well. The part of the reservoir penetrated by the 
ZRP-2 well lies at a slightly greater absolute depth (see Figure 2.1b), which explains why 
samples taken from the stratigraphically highest Basal Zechstein caprock come from a 
greater absolute depth than the stratigraphically lower formations sampled from the SDM-
1 core. Samples from each lithology were hand-crushed with pestle and mortar and sieved 
to a grain size <50 µm, in an effort to simulate the fine grained gouge material present in 
the principal slip zones of typical natural fault zones (Sibson, 1986; Chester and Chester, 
1998). We also created 50:50 mixtures by weight percent (wt%) between the Basal 
Zechstein and Ten Boer, the Ten Boer and Slochteren, and the Slochteren and 
Carboniferous gouges, as well as 25:75, 50:50 and 75:25 mixtures between the Basal 
Zechstein and Slochteren sandstone. Note that for all mixtures with Slochteren sandstone, 
we used sandstone samples from above the GWC. 

X-ray diffraction (XRD) analysis was performed on all five of the powdered end-member 
materials (Table 2.1). Because these analyses yielded semi-quantitative compositional 
data with errors of at least ±5%, we focus on the qualitative differences in composition, 
reporting major (>10 wt%) and minor constituents (<10 wt%). The Basal Zechstein cap 
rock is a mixture of anhydrite (48%), carbonates (32% calcite and dolomite) and barite 
(14%), with minor quartz. The Ten Boer claystone is composed predominantly of quartz 
(48%) and phyllosilicates (39% in total, with 33% muscovite/phengite and 6% chlorite), 
with minor feldspar, dolomite and hematite. Both types of Slochteren sandstone showed 
broadly similar mineralogy, with quartz being the dominant phase. Samples from below 
the GWC are richer in quartz (83% below versus 67% above), but have only minor 
feldspar (4%), whereas samples from above the GWC have major feldspar content (19%). 
Both materials contain minor amounts of clay (kaolinite and phengite) and carbonates. 
Minor amounts of pyroxene (above GWC) and lazurite (below GWC) are also present, 
listed as “other” in Table 1. Lastly, the Carboniferous shale is a mixture of quartz (55%), 
phyllosilicates (35% in total, with 21% illite/chlorite and 14% muscovite/phengite) and 
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feldspar (10%). The compositions of our powdered samples reported here are very similar 
to the results of compositional analyses of SDM-1 core material reported by Clelland et 
al. (1987), indicating that they are good representatives of the main lithologies present. 

Mineral Basal Zechstein Ten Boer 
claystone 

Slochteren sandstone 
above/below GWCb 

Carboniferous 
shale/siltstone 

Quartz 6 48 67 / 83 55 
Feldspar - 7 19 / 4 10 
Phyllosilicates - 39 3 / 6 35 
Carbonates 32 3 6 / 4 - 
Anhydrite 48 - - / - - 
Barite 14 - - / - - 
Hematite - 2 - / - - 
Other - - 5 / 2 - 

Table 2.1 XRD data for the simulated fault gouges used in this study. The error in the quantitative 
XRD data reported here is ±5 wt%. GWC denotes gas-water contact. 

Figure 2.2 Schematic stratigraphic column showing the reservoir and immediate over- and under-
lying formations of the Groningen gas field, after Geluk (2007). Samples from the Basal Zechstein 
were selected from the ZRP-2 well, and samples from the Ten Boer claystone, Slochteren sandstone 
(both above and below the gas-water contact, denoted with GWC), and Carboniferous shale were 
selected from the SDM-1 well. The values for sample depth listed are along borehole depths. Note 
that the Rotliegend reservoir at the location of the ZRP-2 well lies at a greater absolute depth than 
at the location of the SDM-1 well (refer Figure 2.1b). 
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Salt Mass concentration 
[g/l] 

Molar concentration 
[M/l] 

NaCl 197.7 3.4 
CaCl2 147.8 1.0 
MgCl2 25.1 0.1 
KCl 4.4 6.0·10-2 

SrCl2 5.2 2.0·10-2 
Na2SO4 0.2 6.2·10-4 
BaCl2 0.01 4.1·10-5 

Table 2.2 Composition of the reservoir brine. Total Dissolved Solids (TDS): ~380 g/l. Total ionic 
strength: 6.9 M. 

All experiments reported here were performed on samples saturated with pore fluid. Each 
of the end-member lithologies was tested with the following pore fluids, increasing in 
salinity: 1) deionized water, 2) 0.5 molar (M) NaCl solution, 3) 4.4 M NaCl solution and 
4) a brine containing 3.4 M NaCl, 1.0 M CaCl2, 0.1 M MgCl2 and minor amounts (<0.1 
M) of KCl, SrCl2, Na2SO4 and BaCl2 (see Table 2.2). The total ionic strength of this last 
brine was 6.9 M (~10 times the ionic strength of seawater), with ~380 g/l total dissolved 
solid. This brine mimics the exact composition of the formation water sampled from the 
ZRP-3 well (see Figure 2.1) in the Groningen gas field, and is believed to be representative 
for the formation water present in the entire field (NAM, personal communication). In 
addition, the Basal Zechstein was tested using a 6.2 M NaCl solution to simulate the NaCl-
saturated fluid likely to exist directly beneath the Zechstein Salt. The mixtures between 
the end-member lithologies were tested with the 6.9 M reservoir brine only. All 
experiments were performed at 100 °C sample temperature (T), using a confining pressure 
(Pc) of 55 MPa and pore fluid pressure (Pf) of 15 MPa, to approximate the in-situ 
conditions of the Groningen gas reservoir at ~3 km depth (NAM, 2013). Table 2.3 gives 
a complete overview of all experiments performed, listing the pore fluids and 
experimental conditions employed. 

2.2.2 Experimental setup and gouge layer preparation 
Direct-shear experiments were performed on ~1 mm thick layers of the simulated fault 
gouges described above using two conventional triaxial testing machines, equipped with 
a specially-designed direct-shear assembly. These triaxial machines will be referred to 
here as the Heard apparatus (Peach and Spiers, 1996; Hangx et al., 2010), and the Shuttle 
apparatus (Verberne et al., 2013a). Differences between these testing machines are minor 
in practice, and have previously been shown not to influence the results of direct-shear 
friction experiments (Pluymakers et al., 2014b). Both machines are heated, constant 
volume triaxial pressure vessels, with silicon oil as the confining medium. Viton O-rings 
are employed in all dynamic and static seals. Temperature can be controlled to within 
0.1°C, and is measured using an inconel-sheated, K-type (chromel/alumel) thermocouple 
in contact with the jacketed sample assembly. Confining pressure is applied using a 
compressed-air driven diaphragm pump and measured using a Jensen pressure transducer 
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(100 MPa full range, ±0.02 MPa resolution). Confining pressure and pore pressure are 
maintained constant throughout the experiment (to within ±0.05 MPa and ±1 kPa 
respectively) using two independent servo-controlled volumometers. In the Heard system, 
axial displacement of the driving piston is achieved via a ball-screw system driven by a 
motor with gear box, and measured externally using a LVDT (linear variable differential 
transformer, 100 mm full range, ±1.5 µm resolution). Axial load on the sample is 
measured independently of seal friction, using a semi-internal, DVRT-based (differential 
variable reluctance transformer) load cell located at the top of the vessel (400 kN full 
scale, ±35 N resolution; see Hangx et al., 2010b). The Shuttle vessel is loaded by means 
of an Instron 1362 electro-servo-controlled loading frame. Axial displacement of the 
driving piston is measured externally using a LVDT (100 mm full range, ±1.5 µm 
resolution). The driving piston side in the Shuttle vessel is equipped with a fully internal 
DVRT (100 kN full scale, ±33 N resolution), to measure axial force independent of seal 
friction. 

To run our friction experiments, we used a direct-shear assembly designed for performing 
shear tests in the Heard and Shuttle machines (Figure 2.3). A detailed description of the 
assembly is given by Samuelson and Spiers (2012) and Verberne et al. (2013). The two 
L-shaped forcing blocks are half-cylindrical in shape for the majority of their length, with 
fully-cylindrical end pieces. When put together in the configuration shown in Figure 2.3, 
sandwiching a sample layer, they form a fully cylindrical assembly that is easily jacketed. 
The normal stress (sn) acting on the sample layer in this set-up is at all times constant and 
equal to the confining pressure (Pc), and independent of shear displacement. Each forcing 
block is fitted with pore fluid channels that are connected to a porous stainless-steel plate 
(dimensions are 47´35 mm; plate permeability is 3.1×10-14 m2) that forms the sample-
piston interface and allows for uniform fluid access to the sample layer. These porous 
plates are grooved by means of spark-eroding to grip the sample, with semi-circular 
grooves cut 60 µm deep, 120 µm wide and spaced 100 µm apart. 

For each experiment, ~3.2 g of dry gouge sample material was evenly distributed over one 
of the grooved forcing block surfaces, making use of a specially designed jig. The gouge 
layer was subsequently pressed for a total of two minutes to form a plate. This was done 
using a hydraulic press, applying a constant force of ~50 kN, equivalent to a stress of ~30 
MPa for 60 s. After this treatment, the gouge layers were approximately 1.0-1.4 mm thick, 
with porosities in the range of 33-45%. The second direct-shear forcing block was then 
put into place, and the sample area was jacketed in a thin fluorinated ethylene propylene 
(FEP) sleeve for support. The gaps present at each end of the gouge layer (see Figure 2.3) 
were filled with half-cylindrical plugs of extremely soft silicon rubber (Ecoflex 00-20), 
wrapped in polytetrafluorethylene (PTFE) sheets and held in place with PTFE tape. This 
ensures that confining pressure is transmitted uniformly to the sample, while allowing 
shear displacement (i.e. axial shortening of the assembly and extrusion of the silicon 
rubber plugs) with negligible resistance. Finally, the entire assembly was jacketed in an 
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ethylene-propylene diene monomer (EPDM) sleeve of ~1.4 mm thickness, which was 
sealed against the load-transmitting driver blocks of the triaxial deformation apparatus by 
means of steel wire tourniquets. Circular PTFE sheets with holes for pore fluid access 
were inserted at the base of each direct-shear forcing block to reduce friction between the 
forcing blocks and the driver blocks. 

2.2.3 Experimental procedure 
After preparing the gouge layer and jacketing the sample assembly against the driver 
blocks, the assembly was loaded into one of the triaxial testing machines, which was then 
sealed with the corresponding closure nut. The pressure vessel was then filled with 
confining fluid, venting residual air to the atmosphere, before applying a confining 
pressure of ~20 MPa. After connecting the appropriate pore fluid pipes, the entire pore 
fluid system, including the sample, was evacuated for ~25 minutes before the chosen pore 

Figure 2.3 Schematic diagram of the direct-shear setup used in the experiments before axial 
shortening (hence shear of the gouge layer and extrusion of the silicon rubber filler plugs). 



FRICTIONAL PROPERTIES AND SALINITY EFFECTS 

 51 

fluid was introduced. After fluid injection, the pore fluid system was pressurized to the 
desired value (15 MPa). At this point, the furnace was switched on, heating the pressure 
vessel to the desired temperature (100°C). During heating, the confining pressure was held 
below the testing value at all times by intermittent bleeding of the confining oil, and the 
pore fluid pressure was controlled at 15 MPa. Thermal equilibration took about 4 hours, 
after which the confining pressure was increased to the target value. The set-up was then 
left to stabilize for another 90 minutes before beginning the experiment. 

Once pressure and temperature were stable, a zero-displacement touch point was achieved 
by running in the loading ram at a constant displacement rate (V) of 5.4 µm/s. Shearing of 
the gouge layer was then initiated at the same displacement rate, until a steady-state shear 
strength was reached (at a displacement of 1.5-2.5 mm). The displacement rate was then 
changed in a stepwise manner to 0.1, 1 and 10 µm/s (for the Heard apparatus, these were 
equivalent to 0.108, 1.08 and 10.8 µm/s) over displacement intervals of 0.3-0.7 mm. This 
velocity stepping sequence was repeated by stepping down from 10 µm/s back to 0.1 µm/s, 
and back up again to 1 and 10 µm/s, over the same displacement intervals. Total 
displacements (Dtot) of 5.1-5.9 mm were reached (Table 2.3). Upon completion, the 
experiments were terminated by running back the loading ram at a displacement rate of 
10 µm/s, fully unloading the sample. The pore fluid and confining pressure were then 
removed, and the furnace was switched off, allowing the vessel to cool and ultimately to 
be opened and the sample to be extracted. 

2.2.4 Data acquisition and analysis 
A National Instruments, 16-bit A/D data acquisition system and VI logger software were 
used to record data on axial load, piston (axial) displacement, confining pressure, 
temperature and pore fluid pressure at a logging rate of 5-10 Hz. Data on axial load 
supported by the sample was obtained from the DVRT internal load signal, which was 
calibrated against the external load cell of the corresponding loading frame. Piston 
displacement was corrected for elastic machine distortion using calibrations obtained from 
compression tests on a steel dummy of known elastic properties, performed at or near the 
experimental conditions used in this study. 

Shear strength t (MPa) was calculated by dividing the measured axial load by the load-
bearing area, the latter here assumed to be a constant value of 47´35 = 1645 mm2. Taking 
all measurement errors into account, the maximum error in t was ±0.15 MPa. The apparent 
coefficient of sliding friction µ was determined as the ratio of t over the effective normal 
stress (sneff), thus assuming zero cohesion (Byerlee, 1978), with a maximum error of 
±0.004. Since Pc is at all times equal to sn in the current testing assembly, the effective 
normal stress, defined as sneff = Pc - Pf, was equal to 40 MPa in all experiments. The rate 
dependence of friction was quantified using the empirical Rate-and-State dependent 
Friction (RSF) theory (Dieterich, 1978a, 1979; Ruina, 1983), coupled with the Dieterich-
type “aging law” or “slowness law” (Marone, 1998b): 
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Experiment 
 

H/S T Pc Pf Pore fluid µss Dtot V-dep. 
 [°C] [MPa] [MPa]  [-] [mm]  

Basal Zechstein (BZ) 
Z2BZ-03 H 100 55 15 DI-water 0.641 5.59 Vw/Vs 
Z2BZ-01 H 100 55 15 0.5 M NaCl 0.658 5.64 Vs 
Z2BZ-02 S 100 55 15 0.5 M NaCl 0.655 5.54 Vw/Vs 
Z2BZ-06 S 100 55 15 4.4 M NaCl 0.637 5.50 Vs 
Z2BZ-09 S 100 55 15 6.2 M NaCl 0.633 5.47 Vs 
Z2BZ-24 H 100 55 15 6.9 M brinea 0.626 5.77 Vs 
Ten Boer claystone (TB) 
S1TB-02 H 100 55 15 DI-water 0.362 5.71 Vs 
S1TB-01 H 100 55 15 0.5 M NaCl 0.380 5.70 Vs 
S1TB-03 H 100 55 15 4.4 M NaCl 0.378 5.80 Vs 
S1TB-08 H 100 55 15 6.9 M brine 0.370 5.72 Vs 
S1TB-09 H 100 55 15 6.9 M brine 0.353 5.71 Vs 
Slochteren sandstone (SS) above GWC 
S1SSG-02 H 100 55 15 DI-water 0.608 5.49 Vs 
S1SSG-01 H 100 55 15 0.5 M NaCl 0.606 5.05 Vs 
S1SSG-03 H 100 55 15 4.4 M NaCl 0.602 5.45 Vs 
S1SSG-06 H 100 55 15 6.9 M brine 0.599 5.74 Vs 
S1SSG-07 H 100 55 15 6.9 M brine 0.619 5.90 Vs 
Slochteren sandstone (SS) below GWC 
S1SSW-02 H 100 55 15 DI-water 0.593 5.46 Vs 
S1SSW-01 H 100 55 15 0.5 M NaCl 0.611 5.94 Vs 
S1SSW-03 H 100 55 15 4.4 M NaCl 0.594 5.53 Vs 
Carboniferous shale/siltstone (C) 
S1C-02 S 100 55 15 DI-water 0.500 5.52 Vs 
S1C-01 H 100 55 15 0.5 M NaCl 0.497 5.63 Vs 
S1C-03 S 100 55 15 4.4 M NaCl 0.494 5.52 Vs 
S1C-04 H 100 55 15 6.9 M brine 0.498 5.88 Vs 
Mixed gouge compositionsb 

75:25 BZ-SS H 100 55 15 6.9 M brine 0.613 5.79 Vs 
50:50 BZ-SS H 100 55 15 6.9 M brine 0.625 5.81 Vw 
25:75 BZ-SS H 100 55 15 6.9 M brine 0.613 5.87 Vs 
50:50 BZ-TB H 100 55 15 6.9 M brine 0.502 5.85 Vs 
50:50 TB-SS H 100 55 15 6.9 M brine 0.517 5.85 Vs 
50:50 SS-C H 100 55 15 6.9 M brine 0.610 5.73 Vs 

Table 2.3 List of experiments, conditions and key mechanical data. Symbols: H/S indicates use of 
the Heard (H) or Shuttle (S) triaxial machine, T = temperature, Pc = confining pressure, Pf = pore 
fluid pressure, µss = steady-state friction coefficient obtained at 1.6-2.0 mm shear displacement and 
sliding velocities of 5.4 µm/s, Dtot = total displacement, Vs indicates velocity strengthening 
behaviour, and Vw velocity weakening behaviour. a6.9 M brine denotes the 6.9 M total ionic strength 
reservoir brine. See Table 2.2 for details. bGouge mixtures with Slochteren sandstone (SS) material 
used sandstone from above the gas-water contact (GWC). 

𝜇 = 𝜇+ + 𝑎 ∙ ln ;
𝑉
𝑉+
= + 𝑏 ∙ ln ;

𝑉+𝜃
𝑑A
= (2.1) 

𝑑𝜃
𝑑𝑡 = 1 −

𝑉𝜃
𝑑A

(2.2) 
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These equations describe the evolution of friction coefficient from a reference steady state 
value (µ0) towards a new steady state value (µ) over a critical slip distance (dc), in response 
to an instantaneous change in sliding velocity from an initial sliding velocity (V0) to a new 
sliding velocity (V) (Figure 2.4). The state variable q is commonly viewed as the average 
lifespan of a population of grain-to-grain contacts (Marone, 1998b). The parameter a 
describes the direct response in friction upon a stepwise change in sliding velocity, while 
b describes the magnitude of evolution in friction towards a new steady state strength. The 
interaction of the sample with its elastic surroundings (the loading frame and forcing 
blocks) can be accounted for according to the equation: 

𝑑𝜇
𝑑𝑡 = 𝑘.𝑉LM − 𝑉/ (2.3) 

where k is the stiffness of the fault surroundings (or, in experiments, the gouge layer plus 
shear apparatus) normalized by the normal stress, Vlp the load point velocity, and V the 
true slip velocity.  

At steady state, i.e. when 𝑑𝜃 𝑑𝑡⁄ = 0 in Equation (2.2), Equation (2.1) reduces to: 

(𝑎 − 𝑏) =
𝜇 − 𝜇+
ln	  (𝑉 𝑉+)⁄ (2.4) 

defining the rate-sensitivity parameter (a–b). A positive (a–b) value indicates an increase 
in friction coefficient with increased sliding velocity, i.e. velocity-strengthening 
behaviour, which results in stable fault sliding and is associated with aseismic fault slip. 
By contrast, a negative (a–b) value indicates a lower friction coefficient upon increased 
sliding velocity, therefore velocity-weakening behaviour, which is a prerequisite for 
unstable, stick-slip behaviour associated with earthquake nucleation (Marone, 1998b; 
Scholz, 1998). 

 

 

 

Figure 2.4 Response in friction to an 
instantaneous imposed velocity 
increase from V0 to V. Friction 
typically increases by an amount 
“a·ln(V/V0)”, known as the direct 
effect, which is followed by an 
evolutionary decrease of magnitude 
“b·ln(V/V0)”. 
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In this study, values for (a–b) and the individual parameters a, b and dc were determined 
by fitting the data with an inverse modelling technique following a similar approach to 
that described by Blanpied et al. (1998) and Marone (1998), whereby Equations (2.2) and 
(2.3) are solved simultaneously, with Equation (2.1) as a constraint. The constitutive 
parameters are then obtained as a solution to the non-linear inverse problem, employing 
non-linear least-squares minimization to fit the parameters of the forward model to the 
data. It should be noted that changes in friction coefficient related to steps in sliding 
velocity are often superimposed onto gradual slip-weakening or slip-hardening trends 
(e.g. Blanpied et al., 1998). Slip hardening is often associated with a continuous reduction 
in grain size through cataclasis, whereas slip-weakening is associated with ongoing shear 
localization (Kanagawa et al., 2000; Niemeijer et al., 2008b). In our experimental 
configuration however, slip-weakening might also be related to a decrease in the load-
bearing area of contact with increasing displacement. Background linear displacement 
weakening or hardening trends were removed from the data prior to model inversion, as 
described by Blanpied et al. (1998),  Ikari et al. (2009) and Tembe et al. (2010). 

After each experiment, the direct-shear set-up was dismantled, and intact fragments of the 
sheared gouge layers were recovered. These were flushed with demineralized water to 
remove the brines and then oven-dried at 50ºC for several days. When dried, these 
fragments were impregnated using Araldite 2020 epoxy resin. Following curing, sections 
of the impregnated fragments were polished in an orientation parallel to the shear direction 
and perpendicular to the shear plane, and subsequently sputter-coated with a 5 nm thin 
layer of platinum. This treatment ensured sufficient conduction to allow for SEM analyses 
with minimal sample charging. The samples were analyzed using a FEI Helios 650UC 
FIB-SEM, equipped with a retractable, concentric backscatter detector (CBS). The 
samples investigated were imaged in backscattered electron (BSE) mode, using an 
acceleration voltage of 5-15 kV. 

2.3 Results 
2.3.1 Mechanical data 
2.3.1.1 Frictional strength 
Key data are listed in Table 2.3 along with the experimental conditions. The evolution of 
µ with displacement is presented in Figure 2.5a for experiments performed on the end-
member materials with deionized water and the 6.9 M reservoir brine, and in Figure 2.5b 
for the 50:50 mixtures using the 6.9 M reservoir brine. Experiments on the end-member 
compositions with the other pore fluids showed almost identical curves to those shown in 
Figure 2.5a. Note that the results for the Slochteren sandstone showed virtually no 
difference between samples derived from above or below the GWC, and we show only 
the result from above the GWC in Figure 2.5a to avoid overlap. The tests shown in Figure 
2.5, and indeed all our experiments, were characterized by a rapid, near-linear increase in 
frictional strength for the first ~0.5 mm of displacement. This was followed by apparent 
yield and subsequent hardening to a steady state frictional strength (µss, Table 2.3), 
attained at ~1-2 mm displacement. After reaching steady state, most experiments show 
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near-linear displacement weakening superimposed on the changes in frictional strength in 
response to stepwise changes in sliding velocity throughout the experiments. We plot µss 
for all end-member compositions tested versus pore fluid salinity in terms of ionic strength 
in Figure 2.5c, and for all materials including mixtures versus total phyllosilicate content 
in Figure 2.5d. 

The anhydrite-rich samples derived from the Basal Zechstein caprock exhibited the 
highest frictional strength of all materials (0.63 £ µss £ 0.66), but also the most pronounced 
displacement weakening. Over the course of these experiments, the displacement 
weakening rate varied slightly (Figure 2.5a). However, these variations were not 
systematic with respect to pore fluid salinity. The Slochteren sandstone gouges were 

Figure 2.5 Frictional strength data obtained in this study. a) Representative friction versus 
displacement curves for end-member compositions, using deionized water and the 6.9 M reservoir 
brine. b) Results for 50:50 mixtures using the 6.9 M reservoir brine. c) and d) Steady-state friction 
coefficients obtained at 1.6-2.0 mm displacement (at 5.4 µm/s) versus pore fluid salinity in terms of 
ionic strength for the end-members (c) and versus total phyllosilicate content for all gouge 
compositions (d). The sliding velocities employed are indicated in µm/s next to the friction curves. 
All experiments were performed at 100°C and 40 MPa effective normal stress. 
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slightly weaker, with µss values of 0.59-0.62, and showed no systematic difference in 
strength between samples from above and below the GWC (see Figures 2.5c and 2.5d). 
The lowest frictional strength was observed in the phyllosilicate-rich gouges of the Ten 
Boer claystone and Carboniferous shale, which display µss values of 0.35-0.38 and 0.49-
0.50 respectively. The mixed gouges generally showed friction coefficients in between 
those of their respective end-members (compare Figures 2.5a and 2.5b, see also Figure 
2.5d), except for the Slochteren sandstone-Carboniferous shale mixture, which had the 
same frictional strength as pure Slochteren sandstone gouges. Overall, frictional strength 
decreased systematically with increased total phyllosilicate content for all gouge 
compositions, as can be seen in Figure 2.5d. 

The effects of varying pore fluid salinity on frictional strength were small, if present at all 
(Figure 2.5c). The Basal Zechstein showed a slightly higher friction coefficient in the 
presence of 0.5 M NaCl (µss » 0.66), compared to 0.63 £ µss £ 0.64 for the other pore 
fluids. The Ten Boer claystone showed a similar increase in strength when tested with 0.5 
M and 4.4 M NaCl (µss » 0.38), compared to deionized water and the 6.9 M reservoir brine 
(µss » 0.36). The frictional strength of the Slochteren sandstone and Carboniferous shale 
was unaffected over the full range of salinities tested. The small variations in µss observed 
between samples of the same formation but with different pore fluid salinities were of the 
same order as the sample variability (dµss < 0.02) as determined from repeat experiments 
(see Table 2.3) on the Basal Zechstein (using 0.5 M NaCl solution), Slochteren sandstone 
and Ten Boer claystone (using the reservoir brine), and did not show any systematic trend 
with respect to pore fluid salinity. 

2.3.1.2 Rate-dependence of frictional strength 
The rate-sensitivity parameter (a–b), as well as the individual parameters a, b and dc, were 
determined for all velocity steps in the present experiments. A complete list of the values 
obtained for these parameters is included in Appendix 2.1, for reference purposes. In 
Figure 2.6, we plot the rate-dependence of friction expressed via (a–b), against pore fluid 
salinity in terms of ionic strength for the end-member lithologies tested. Note that in the 
case of velocity upsteps, we plot the average value of (a–b) obtained in our experiments 
for the same velocity steps (upsteps of 0.1 to 1 and 1 to 10 µm/s are performed twice in 
each experiment, as described in Section 2.2.3). All velocity steps in experiments 
performed on the Slochteren sandstone, Ten Boer claystone and Carboniferous shale show 
positive (a–b) values, generally falling between 0.001-0.005, thus exhibiting velocity-
strengthening behaviour (Figures 2.6b, 2.6c and 2.6d). There was virtually no difference 
in (a–b) values between Slochteren sandstone samples from above or below the GWC, 
and for clarity we only show the values obtained on those from above the GWC in Figure 
2.6b. The data indicate that systematically increasing the salinity of the pore fluid does 
not alter the rate-dependence of friction for the Slochteren, Ten Boer and Carboniferous 
lithologies, except for the Slochteren sandstone tested in the presence of the 6.9 M 
reservoir brine, which showed slightly lower (a–b). In terms of the individual RSF 
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parameters, the Slochteren, Ten Boer and Carboniferous derived samples showed no 
systematic variations in a, b or dc with respect to pore fluid salinity, and they have 
therefore not been plotted separately here. They also showed no consistent trends with 
respect to sliding velocity, with the exception of a slight positive dependence of (a–b) on 
sliding velocity observed in most cases for our Ten Boer claystone and Carboniferous 
shale gouges. For these materials, and for the Slochteren sandstone samples as well, values 
for a and b are occasionally higher for the faster velocity steps, but not systematically. 
The phyllosilicate-rich samples derived from the Ten Boer claystone typically showed b 
values close to zero, or even slightly negative, whereas the Slochteren and Carboniferous 
derived gouges generally showed positive b values. The critical slip distance dc for the 

Figure 2.6 Rate-sensitivity parameter (a–b) plotted against pore fluid salinity in terms of ionic 
strength for the Basal Zechstein (a), Slochteren sandstone above the GWC (b), Ten Boer claystone 
(c) and Carboniferous shale (d). Note that for velocity upsteps, we plot the average (a–b) value 
obtained from repeated velocity steps. The error bars indicate the range of values obtained for these 
steps. Duplicate experiments on the Basal Zechstein and Slochteren sandstone are included in 
panels a) and b), respectively. The maximum error to individual (a–b) values is ±0.002, which is of 
the same order as the sample variability/reproducibility. 
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Slochteren, Ten Boer and Carboniferous gouges generally fell in the range of 0.002-0.06 
mm. For further details, the reader is referred to Appendix 2.1. 

The Basal Zechstein-derived fault gouges showed markedly different behaviour from the 
other lithologies in terms of rate-dependence of friction (a–b). Our data show that (a–b) 
for this material is influenced by two factors: 1) pore fluid salinity, and 2) sliding velocity. 
The first effect is shown in Figure 2.6a. In the presence of low-salinity pore fluids 
(deionized water or 0.5 M NaCl solution), (a–b) values range from -0.003 to +0.006, thus 
showing both velocity-weakening and velocity-strengthening behaviour. However, when 
saturated with highly saline pore fluids (4.4-6.9 M ionic strength), (a–b) values for the 
Basal Zechstein gouges are higher, ranging from 0.0013 to 0.012, thus exhibiting solely 
velocity-strengthening behaviour. The second effect is shown in Figure 2.7, where we plot 
(a–b) and the individual RSF parameters versus the post-step load point velocity, for all 
upsteps in our experiments on Basal Zechstein gouges. Here, (a–b) clearly shows a 
positive dependence on sliding velocity and much higher values for velocity steps of 1 to 
10 µm/s compared to steps of 0.1 to 1 µm/s. This effect is independent of pore fluid 
salinity, as further highlighted in Figure 2.7a, where (a–b) values from experiments at low 
pore fluid salinities are systematically lower than those obtained at high pore fluid 
salinities. The direct effect a for our Basal Zechstein samples on average does not change 
significantly over the range of velocities tested, whereas the evolution effect b generally 

Figure 2.7 RSF data obtained from experiments on Basal Zechstein gouges. The rate-sensitivity 
parameter (a–b), and the individual parameters a, b, and dc, are plotted versus the post-step load 
point velocity for all upsteps in sliding velocity. (a–b) increases with increasing velocity in all 
experiments, irrespective of pore fluid salinity (a). Note that experiments with highly saline pore 
fluids (4.4-6.9M) consistently show higher (a–b) values than when tested with low pore fluid salinity 
(deionized water-0.5M). The direct effect a does not systematically change with velocity (b), in 
contrast to the evolution effect b, which generally decreases with increased velocity to mostly 
negative values at 10 µm/s. (c) The critical slip distance dc increases drastically with increased 
velocity (d). 
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decreases with increasing velocity, shifting to mostly negative values for velocity steps of 
1 to 10 µm/s. In addition, the critical slip distance dc typically shows much higher values 
for the fast velocity steps (Figure 2.7d). 

In Figure 2.8, we compare the results in terms of (a–b) from our mixed lithologies with 
their respective end-members (all tested with the 6.9 M reservoir brine). In the case of the 
Basal Zechstein-Ten Boer mixture, (a–b) values are closely similar to those from the pure 
Ten Boer sample (Figure 2.8a), whereas the Ten Boer-Slochteren sandstone mixture 
showed almost identical (a–b) to the pure Ten Boer claystone (Figure 2.8c). For the 
Carboniferous shale-Slochteren sandstone mixture, (a–b) values are intermediate between 
the two end-members (Figure 2.8d). In contrast, Basal Zechstein-Slochteren sandstone 
mixtures showed different behaviour compared to its end-members (Figure 2.8b). Here, 

Figure 2.8 Rate-sensitivity parameter (a–b) plotted against either Ten Boer claystone content or 
Slochteren sandstone content, for all mixed gouge compositions tested. The results for end-member 
compositions are also included. Note that for velocity upsteps, we plot the average (a–b) value 
obtained from repeated velocity steps. The error bars indicate the range of values obtained for these 
steps. The maximum error to individual (a–b) values is ±0.002, which is of the same order as the 
sample variability/reproducibility. 
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(a–b) shows a V-shaped distribution with respect to sandstone content, with a minimum 
for the 50:50 mixture. The latter showed velocity-weakening behaviour for all velocity 
steps, whereas the pure end-members showed only velocity-strengthening behaviour. The 
(a–b) values for the 25:75 and 75:25 Zechstein-Slochteren mixtures fell in between these 
extremes, showing mostly velocity-strengthening slip. Individual a, b and dc values for all 
our mixtures are included in Appendix 2.1. In most cases, these were comparable in 
magnitude to those of the end-member lithologies. In the case of Basal Zechstein-
Slochteren sandstone mixtures however, b values for the 50:50 gouge mixture were 
generally slightly higher than those for the end-member compositions and other mixture 
ratios. 

Lastly, we focus on the reproducibility of (a–b) and the individual RSF parameters 
obtained in this study. We performed repeat experiments on the Basal Zechstein (using a 
0.5 M NaCl solution) and on the Slochteren sandstone and Ten Boer claystone (using the 
6.9 M reservoir brine), as listed in Table 2.3. The results for these experiments are 
included in Figures 2.6, and 2.7. In terms of (a–b), our repeat experiments show a 
maximum absolute difference of <0.002 compared to their duplicates. In addition, our 
repeat experiments show the same trends in (a–b) with respect to sliding velocity as 
observed in the other experiments, i.e. a positive dependence on sliding velocity in the 
case of the Basal Zechstein, and no dependence on sliding velocity in the case of the 
Slochteren sandstone. For the individual RSF parameters, the maximum absolute 
difference obtained in these experiments was <0.002 for both a and b, and <0.1 mm for 
dc, for both materials. Furthermore, the differences in (a–b) obtained from repeated 
velocity steps within each individual experiment were of the same order as the 
reproducibility between experiments, and showed no systematic trends with displacement 
over the full range of sliding velocities tested, for any of the sample materials investigated. 

2.3.2 Microstructures 
After the experiments, most of the samples came apart in cohesive fragments, splitting on 
shear-induced fabrics oriented parallel to the shear direction and close to the sample-
forcing block interface, as well as on shear planes in R1 type Riedel shear orientation 
(terminology after Logan et al., 1979). Small amounts of sample material typically 
remained attached to the grooves of the porous plates of the forcing blocks. Therefore, the 
samples were typically not recovered over their full width, although in some cases the 
groove imprint was still visible in the sections cut from recovered sample fragments, 
indicating complete (local) recovery. In Figure 2.9, we present results of microstructural 
analyses of sections prepared from our Slochteren sandstone, Ten Boer claystone, 
Carboniferous shale and Basal Zechstein samples. No significant differences existed 
between Slochteren sandstone samples derived from below or above the GWC, and the 
microstructures shown in Figures 2.9a-2.9c are representative for both materials. From 
experiments on mixed lithologies, we only report the 50:50 Basal Zechstein-Slochteren 
sandstone sample (shown in Figure 2.10), as this was the only one that showed clear 
differences in terms of microstructure (and also rate-dependence of friction, as described 



FRICTIONAL PROPERTIES AND SALINITY EFFECTS 

 61 

above). All samples show evidence for localized deformation on shear bands, but they 
differ in the type of shear bands, and what features define these shear bands, as described 
below. 

The quartz-rich samples of the Slochteren sandstone show a matrix of relatively large 
(~20-40 µm), sub-rounded to angular quartz and feldspar grains surrounded by smaller, 
angular grain fragments, and, locally, clay minerals (Figures 2.9a-2.9c). Microfracturing 
is commonly observed in both quartz and feldspar grains throughout the gouge matrix (see 
Figure 2.9b). Grain-to-grain contacts are sharp, with cracks emanating from contact 
points. Localization occurs in the form of dilatant fractures in the Y shear orientation 
(Figure 2.9a), most likely related to post-experiment decompression and unloading. These 
fractures suggest the presence of Y shears, although we did not observe a clear reduction 
in grain size towards these fractures, nor did we observe preferential grain fracturing 
within zones surrounding these fractures. In addition to these dilatant fractures, we also 
observe localization in the form of boundary (B) shears, which are characterised by a 
reduced grain size with respect to the bulk gouge (Figure 2.9c). The width of these features 
is typically at least 40 µm, although a reliable estimate of the total width cannot be made, 
as most of the samples splitted on B shears and these features were thus not fully 
preserved. Note that shear bands in the R and P orientation of Logan et al. (1979) were 
not observed in our Slochteren sandstone samples. 

 

 

 

Figure 2.9 (see overleaf) SEM (BSE) micrographs of the end-member compositions. The shear 
sense in all panels is top-to-the-left. a) Typical microstructure of Slochteren sandstone gouge 
(S1SSG-02), showing dilatant fractures in the Y orientation, plus a boundary (B) shear at the top of 
the micrograph. b) Part of the gouge bulk in a), showing abundant microfracturing. Comminuted 
feldspar grains are highlighted with arrows marked “fsp”. c) Detail of the B shear in a), 
characterized by a finer grain size compared to the bulk gouge. d) Typical microstructure of 
phyllosilicate-rich Ten Boer claystone gouge (S1TB-03). R1 and Y shears are abundant, often 
appearing as dilatant fractures, and a B shear may be present at the top of the section. e) Higher 
magnification of the bottom-right of the same section, showing anastomosing, fine-grained clay 
minerals wrapping around larger quartz grains, forming R1 and P foliations. f) Detail of aligned 
clay minerals in e) forming a narrow shear plane in the R1 orientation. g) Example of the 
microstructure exhibited by the Carboniferous shale/siltstone gouge (S1C-02), showing localization 
on R1 and Y shears. h) Detail of the Y shear in g), showing sub-horizontal alignment of 
phyllosilicates. i) Representative microstructure of Basal Zechstein gouge (Z2BZ-03), showing two 
R1 shears and a B shear at the top of the section. j) Detail of i), showing grain size reduction towards 
R1 and B shears, and strongly comminuted barite grains (white contrast) in arrays oriented sub-
parallel to the P orientation. k) Detail of the boundary shear in i) (lighter contrast, pores are black), 
in which the grain size has been reduced to sub-micrometer levels. 
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Figure 2.9 (caption on previous page) 
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Figure 2.9 (continued) 
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The microstructures of the phyllosilicate-rich Ten Boer claystone samples (Figures 2.9d-
2.9f) are characterised by a matrix of aligned, anastomosing, very fine-grained clay 
minerals (from sub-micron up to a few µm in size) that wrap around sub-rounded to 
angular quartz grains ranging in size from ~5-50 µm. The aligned clay minerals define a 
clear foliation in the P and R1 orientation (Figures 2.9e and 2.9f), surrounding quartz 
grains which in turn show little evidence for grain fracturing and comminution. R1 and Y 
shears are abundant, in contrast to P shears, which occurred only sporadically. These shear 
bands are easily identified, as the samples separated on these shear bands following 
unloading (Figure 2.9d). The shear planes tend to wrap around larger quartz grains, rather 
than cutting straight through them, following horizons of aligned clay particles. The 
presence of numerous short, dilatant fractures oriented parallel to the shear direction and 
located near the top of the sample in Figure 9d suggest the presence of a B shear as well. 
The microstructures of the Carboniferous shale samples (Figures 2.9g and 2.9h) were 
closely similar to those of the Ten Boer claystone, except for the fact that no clear P 
foliation developed in these samples, and that the phyllosilicate content is clearly lower in 
the Carboniferous gouges compared to the Ten Boer gouges. Microfracturing of quartz 
and feldspar grains was also more frequently observed in our Carboniferous samples. 

In the anhydrite/carbonate-rich samples of the Basal Zechstein (Figures 2.9i-2.9k), the 
matrix consists of mostly angular grains varying in size from ~1 to 50 µm. Grain contacts 
in the matrix are usually sharp. Carbonate grains, as well as barite and anhydrite grains, 
are often strongly fractured. Microfracturing can also be observed in quartz grains, but is 
less common. Arrays of fine-grained, strongly comminuted barite (white contrast in 
Figure 2.9i) are present in the matrix, often in the vicinity of shear bands, oriented in the 
P orientation (Figures 2.9i and 2.9j). The dominant shear bands developed in our Basal 
Zechstein samples are R1 shears and boundary (B) shears. These are characterised by 
strong grain size reduction with respect to the bulk gouge material. The R1 shears are 
typically very straight, with an occasional step, and propagate through the entire sample 
from one sample-forcing block interface to the other at an angle of ~10° with respect to 
the long axis of the sample. B shears, usually at least 25 µm in width, developed close to 
one or both sample-forcing block interfaces in all experiments. Note that their full width 
is unknown due to splitting of the samples on B shears. Grain sizes within the core of 
these B shears have typically been reduced to sub-micrometre levels (see Figure 2.9k). 
The transition from bulk to boundary shear can sometimes be very abrupt, as is the case 
in Figure 2.9k, where the boundary shear is characterized by a distinctly brighter greyscale 
and sudden reduction in grain size. 

Finally, we look at the 50:50 Basal Zechstein-Slochteren sandstone gouge mixture shown 
in Figure 2.10. In this sample, the bulk gouge shows a dense matrix consisting dominantly 
of very fine (1-10 µm) anhydrite, barite and carbonate grains, with much larger (20-50 
µm) clasts, mostly quartz, scattered throughout. The quartz grains in the bulk gouge show 
little microfracturing. By contrast, the anhydrite, barite and carbonate grains in the matrix 
are often fractured. Dilatant fractures in a variety of orientations are common throughout 
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the sample. Localized shear bands, predominantly Y, B and R1 shears, were also present. 
Within these shear bands, the quartz grains typically remain relatively large and 
undamaged, whereas the grain size of the other minerals has been reduced to sub-
micrometre levels (Figures 2.10b and 2.10c). Similar as for the pure Basal Zechstein 
samples, arrays of strongly comminuted barite grains, often oriented in the P orientation, 
are also present in the 50:50 Basal Zechstein-Slochteren sandstone mixture. 

In summary, the overall microstructural character for the different gouge compositions 
differed, although localization of deformation on shear bands was observed in all of them. 
Generally, these localization features appear to be more strongly developed in the Basal 
Zechstein samples compared to the other lithologies, as grain size reduction is usually 
much more severe, and the boundaries are usually much more sharply defined by the 
contrast in grain size. We did not observe any difference in microstructure between 
samples of the same composition tested with pore fluids of different salinity. This was the 
case even for samples that showed clear effects of pore fluid salinity on their mechanical 

Figure 2.10 SEM (BSE) micrographs of the 50:50 Basal Zechstein-Slochteren sandstone gouge 
mixture. The shear sense in all panels is top-to-the-left. a) Overview of part of the sample recovered, 
showing abundant dilatant fractures in various orientations, and localization of shear on Y and B 
shears. b) and c) BSE image and corresponding mineralogical data based on EDX mapping of the 
location shown in a). Relatively large quartz grains (qtz) float in a very fine-grained matrix 
consisting dominantly of anhydrite (anh), barite (brt) and carbonates (crb). Strongly comminuted 
barite grains often form arrays in the P orientation. 
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behaviour (i.e. the rate-dependence of friction for the Basal Zechstein, and the steady-state 
strength of the Ten Boer claystone). 

2.4 Discussion 
The present results have shown clear, mineralogy-dependent differences in the frictional 
properties of the main stratigraphic units present in the Groningen gas field. These are 
summarized in Figure 2.11, which shows the mechanical stratigraphy of the field in terms 
of friction coefficient µ and velocity dependence (a–b). The highest frictional strength 
was found in the Basal Zechstein caprock (0.63 £ µss £ 0.66), and the lowest directly 
underneath, in the Ten Boer claystone (0.35 £ µss £ 0.38). The Slochteren sandstone 
reservoir rocks and Carboniferous shale/siltstone substrate showed intermediate µ values 
of ~0.6 and ~0.5, respectively. Mixed gouges showed µ values intermediate between the 
end-member compositions. All gouge compositions showed velocity-strengthening 
behaviour, with little effect of pore fluid salinity on (a–b), except for 1) Basal Zechstein 
gouges, which showed velocity-weakening behaviour at the lowest pore fluid salinities 
and/or sliding velocities investigated, and 2) the 50:50 Basal Zechstein-Slochteren 
sandstone mixture, which showed velocity-weakening behaviour at all velocities 
investigated. In the following, we discuss the influence of mineralogy and pore fluid 
salinity on fault strength and slip stability for the main stratigraphic units present in the 
Groningen gas field. We then go on to discuss the implications of our findings in the 
context of (induced) seismicity in the Groningen field and in sedimentary sequences 
present in the shallow upper crust in general. 

2.4.1 Influence of mineralogy on frictional strength and slip stability 
Numerous previous studies (e.g. Byerlee, 1978; Moore and Lockner, 2004, 2011, Ikari et 
al., 2007, 2009; Takahashi et al., 2007; Crawford et al., 2008; Tembe et al., 2010; Giorgetti 
et al., 2015; Carpenter et al., 2016) have shown that the frictional strength of fault gouges 
is strongly influenced by their mineralogy, and that especially the presence of abundant 
phyllosilicate minerals can significantly reduce fault strength, particularly in the presence 
of water. Our results agree, in the sense that frictional strength systematically decreases 
with increased phyllosilicate content for all gouge compositions tested (Figure 2.5d). The 
most phyllosilicate-rich samples, i.e. the Ten Boer claystone and the Carboniferous shale, 
with total phyllosilicate contents of 39 and 35 wt%, respectively (see Table 2.1), exhibit 
the lowest frictional strength (µss of ~0.36 and ~0.50, respectively, for deionized water-
saturated samples) (see Figure 2.5 and Table 2.3). The quartz-rich Slochteren sandstone, 
which only contain 3-4 wt% phyllosilicates, and the anhydrite/carbonate-dominated Basal 
Zechstein, which does not contain detectible phyllosilicates, are significantly stronger (µss 
of ~0.60 and ~0.64, respectively, when saturated with deionized water), in accordance 
with previous work on quartz-dominated and anhydrite/carbonate-dominated gouges (e.g. 
Verberne et al., 2010; Samuelson and Spiers, 2012; Bakker et al., 2016; Pluymakers et al., 
2016). 
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The overall decrease in frictional strength with increasing phyllosilicate content observed 
in experiments where gouge composition is systematically controlled (e.g. Crawford et 
al., 2008; Tembe et al., 2010; Moore and Lockner, 2011, for quartz-phyllosilicate 
mixtures, and Ikari et al., 2009; Giorgetti et al., 2015 for carbonate-phyllosilicate 
mixtures), or in gouges of naturally varying composition (e.g. Niemeijer and Vissers, 
2014, for quartz-phyllosilicate lithologies, and Tesei et al., 2012; Niemeijer and Collettini, 
2014; Chen et al., 2015a, for carbonate-phyllosilicate lithologies) is typically attributed to 
a shift in microstructure from a stress-supporting framework of quartz or carbonate grains 
to a fabric where these relatively competent phases are embedded within a matrix of clay 
particles, characterized by the development of a relatively planar and pervasive Y foliation 
or a P-foliation and a reduction in Riedel shear angle (Tembe et al., 2010; Ikari et al., 
2011; Moore and Lockner, 2011; Tesei et al., 2012). The microstructures of our samples 
are in good agreement with these models, with the Slochteren sandstone and Basal 
Zechstein samples showing large quartz or anhydrite/carbonate grains in contact and 
hence interacting mechanically throughout the bulk of the gouge, with significant 
microcracking and comminution. By contrast, the Carboniferous shale and Ten Boer 
claystone show shear localization in aligned phyllosilicate-rich shear bands (Y, B and R1), 
and, in case of the Ten Boer claystone, the development of a pervasive clay foliation (P). 
For higher phyllosilicate contents than those tested in the present study, further shear 
localization within the clay matrix may occur, notably when quartz grains are separated 

Figure 2.11 The mechanical stratigraphy of the Groningen gas field in terms of friction coefficient 
µ and rate-sensitivity parameter (a-b). The results for end-member compositions are shown in the 
grey shaded segments, and for mixed gouge compositions in between. Velocity weakening behaviour 
was only observed for the 50:50 Basal Zechstein-Slochteren sandstone mixture, and for Basal 
Zechstein gouges at the lowest pore fluid salinities and/or sliding velocities investigated. 
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by a critical clay thickness (Tembe et al., 2010), resulting in the low friction coefficients 
typically reported for gouges with 75 wt% phyllosilicates or more (Crawford et al., 2008; 
Tembe et al., 2010; Moore and Lockner, 2011). In addition, also the type of phyllosilicate 
minerals plays a role in determining frictional strength (Moore and Lockner, 2004), 
possibly contributing to the difference in frictional strength observed in our Ten Boer 
claystone samples, which contained muscovite/phengite as the dominant phyllosilicate 
phase, compared to our Carboniferous shale samples, which contained mostly 
illite/chlorite (see Section 2.2.1). 

In contrast to frictional strength, the velocity dependence of friction was not strongly 
influenced by the presence of phyllosilicates. Samples derived from the Slochteren 
sandstone, the Ten Boer claystone and the Carboniferous shale, as well as the 50:50 
mixtures, all showed stable, velocity-strengthening behaviour, with (a–b) values in the 
range of 0.001-0.005, similar to those reported by Crawford et al. (2008), Tembe et al. 
(2010) and Moore and Lockner (2011). As for the anhydrite/carbonate-rich samples 
derived from the Basal Zechstein, we documented (a–b) values in the range of -0.003 to 
+0.012, comparable to the values reported for simulated anhydrite- or carbonate-
dominated gouges under similar conditions (Verberne et al., 2010, 2013a; Chen et al., 
2015a; Pluymakers et al., 2016). However, whether this material exhibited velocity-
weakening or velocity-strengthening behaviour depended on pore fluid salinity and 
sliding velocity, which will be discussed in the next section. Additionally, mixing Basal 
Zechstein gouges with Slochteren sandstone had strong effects on slip stability (Figure 
2.8b). Similar observations were made by Bakker (2017), who tested artificial calcite-
quartz mixtures under similar P-T conditions to ours. Velocity weakening behaviour was 
reported for 50:50 mixtures, whereas the end-members showed velocity-strengthening 
slip. This behaviour was attributed to the contrast in fracture toughness between quartz 
and calcite, resulting in grain size reduction preferentially in the weaker phase (calcite), 
affecting slip stability by influencing the compaction behaviour of the gouge. A similar 
mechanism may have operated in our Basal Zechstein-Slochteren sandstone mixtures, as 
indeed microfracturing and grain size reduction were observed predominantly in the 
sulphate and carbonate minerals. 

Overall, the agreement between our results and those from the works cited, both in terms 
of frictional strength and slip stability, suggests that the data obtained in this study are 
robust and broadly applicable to natural fault zones of similar composition. 

2.4.2 Influence of pore fluid salinity on frictional strength and slip stability 
The results presented in this study show that pore fluid salinity does not significantly 
influence frictional strength or slip stability of the quartz-rich and phyllosilicate-rich fault 
gouges tested here. Samples saturated with deionized water show virtually the same 
friction coefficient and (a–b) values as those saturated with NaCl brines of up to 4.4 M 
salinity, as well as when saturated with the highly saline reservoir brine (6.9 M ionic 
strength). In contrast, the anhydrite/carbonate-dominated Basal Zechstein samples did 
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show effects. Although µ-values remained unaffected, our velocity-stepping experiments 
revealed that (a–b) for this material tends to increase with increasing pore fluid salinity 
and has a positive dependence on sliding velocity. The latter is similar to that seen in 
previous studies on calcite and anhydrite gouges (Verberne et al., 2013a; Pluymakers et 
al., 2014b). In the following we try to explain these effects. To achieve this, we first briefly 
discuss the mechanisms controlling the rate-dependence of friction in fault rocks of similar 
composition. 

Recent experimental work on fault gouges composed of calcite, anhydrite and dolomite 
has shown that these minerals show a transition from stable velocity-strengthening to 
unstable velocity-weakening behaviour with increasing temperature, occurring at 80-
150°C (Verberne et al., 2010, 2013a, 2014; Scuderi et al., 2013; Pluymakers et al., 2014b, 
2016; Chen et al., 2015a; Verberne, 2015). This behaviour has been attributed to the 
operation of a thermally activated compaction mechanism, acting alongside dilatant 
granular flow in the gouge layer, producing velocity-weakening behaviour in these 
materials towards higher temperatures (cf. Niemeijer and Spiers, 2006, 2007; den Hartog 
and Spiers, 2014). At low temperatures or high sliding velocities, thermally activated 
compaction is thought to be too slow to significantly influence friction which is dominated 
by dilatant granular flow with velocity-strengthening friction at sliding grain contacts (den 
Hartog and Spiers, 2014; Chen and Spiers, 2016). At higher temperatures or low sliding 
velocities, however, compaction creep within the gouge layer, via water enhanced 
diffusive mass transfer, is more effective, competing with dilatant granular flow. A steady 
state porosity will result from this competition, which will be higher at higher sliding 
velocity (at constant temperature). A higher porosity implies a lower average contact area 
and especially contact angle between grains, and thus a decrease in friction. This will lead 
to lower frictional strength at increased sliding velocities and hence velocity-weakening 
behaviour (Niemeijer and Spiers, 2007; Chen and Spiers, 2016). 

The positive dependence of (a–b) on sliding velocity observed in our Basal Zechstein 
gouges (Figure 2.7) is consistent with the above model for the effect of thermally activated 
compaction. The observed increase in (a–b) in the presence of high salinity pore fluids is 
more difficult to explain in detail. According to the model, increasing (a–b) values suggest 
decreasing importance of compaction in the gouge layer. It is not clear, however, why 
increased pore fluid salinity should slow down compaction by solution transfer processes. 
An increase in solubility of anhydrite and calcite in the presence of saline solutions is 
expected to enhance solution transfer (Ellis, 1963; Blount and Dickson, 1969; He and 
Morse, 1993; Gledhill and Morse, 2006). On the other hand, the effects of NaCl on the 
rates of dissolution and precipitation of these minerals may have the opposite effect. The 
effects of increased salinity on the diffusion coefficient within grain boundary fluids could 
also affect solution transfer rates. 

Data on the effects of NaCl on the kinetics of dissolution/precipitation for minerals like 
anhydrite, calcite and dolomite under relevant conditions are scarce, and often conflicting. 
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For calcite, dissolution rates have been reported to increase in the presence of added salts 
(Gledhill and Morse, 2006), whereas other studies suggest only minor effects (Buhmann 
and Dreybrodt, 1987; Pokrovsky et al., 2005). The effect of increased ionic strength on 
the precipitation rates of calcite are also subject to debate (Bischoff, 1968; Walter, 1986; 
He and Morse, 1993; Zuddas and Mucci, 1994; Zhang and Dawe, 2000). To our 
knowledge, no investigations of the effects of high concentrations of NaCl on the diffusion 
coefficient in grain boundary fluids, and how these affect solution-transfer processes 
under relevant conditions, exist to date. From compaction experiments on fine-grained, 
granular calcite aggregates, Liteanu and Spiers (2009) inferred that the presence of 1 M 
NaCl solution slows down compaction by intergranular pressure solution compared to 
experiments without added salts. The mechanisms responsible, however, remain poorly 
understood, for the same reasons as stated above. In order to explain our results, new 
geochemical data are needed on the effects of added salts on these properties under upper 
crustal pressure and temperature conditions. 

2.4.3 Implications for the Groningen gas field 
The results presented here for simulated fault gouges derived from the main stratigraphic 
units present in the Groningen gas field have shown that fault rock composition plays an 
important role in controlling the frictional behaviour of faults cross-cutting the reservoir 
system. The mechanical stratigraphy shown in Figure 2.11 shows that the friction 
coefficient for faults cutting the entire reservoir system can vary strongly, with µ-values 
of ~0.37 for Ten Boer claystone derived gouges, up to ~0.65 in the Basal Zechstein 
caprock, with values between these two extremes for all other compositions. In terms of 
seismogenic potential, velocity-weakening behaviour was only observed for the 50:50 
Basal Zechstein-Slochteren sandstone mixture in the presence of the reservoir brine, and 
in pure Basal Zechstein derived gouges at low salinities (deionized water or 0.5 M NaCl) 
and/or low sliding velocities. At salinities representative for the Groningen reservoir, the 
latter showed velocity-strengthening behaviour. Note however, that independent of 
salinity, the Basal Zechstein gouges showed a strong positive dependence of (a–b) on 
sliding velocity (Figure 2.7), consistent with existing data on pure anhydrite and calcite 
gouges (Verberne et al., 2013a; Pluymakers et al., 2014b), and conceptual microphysical 
model interpretations for the onset of velocity-weakening in these materials (Niemeijer 
and Spiers, 2007; Verberne et al., 2014; Chen and Spiers, 2016). Linear extrapolation of 
our data in Figure 9a towards lower sliding velocities suggests that even for high salinities, 
velocity-weakening behaviour can be expected in Basal Zechstein gouges at sliding 
velocities one order of magnitude lower than tested here, favouring nucleation of unstable 
slip. On the other hand, subsequent evolution towards higher slip rates will be 
accompanied by an increase in (a–b), switching to velocity-strengthening behaviour, 
eventually reducing the potential for further acceleration of slip. To validate this, and to 
evaluate whether the velocity effect on (a–b) outweighs the salinity effect observed in the 
Basal Zechstein material, more experiments are needed over a broader range of sliding 
velocities. Additionally, the effect of a transition of velocity-weakening to velocity-
strengthening on potential rupture nucleation should be investigated. 



FRICTIONAL PROPERTIES AND SALINITY EFFECTS 

 71 

From a purely RSF point of view, and assuming a uniformly stressed fault, our results 
imply that the upper part of the reservoir system is most prone to earthquake nucleation, 
i.e. that faults cutting and hence incorporating Basal Zechstein material, or with offsets 
well in excess of the thickness of the Ten Boer Formation, and so juxtaposing Basal 
Zechstein directly against Slochteren sandstone and thus creating a mixed gouge, have the 
highest seismogenic potential. However, little evidence from earthquake hypocentre 
estimations is available to support this. The most accurate hypocentre estimations of 
induced earthquakes in Groningen published to date (typically with vertical uncertainty 
of 100-200 m), by Spetzler and Dost (2017), indicate that induced events occur over the 
full extent of the reservoir system, although there seems to be a slight tendency for an 
increased number of events towards the top of the reservoir. It should be noted, however, 
that the seismic source does not necessarily have to coincide with the point of nucleation 
(Lapusta and Rice, 2003; see also Kaneko et al., 2016). Additionally, there are other 
(mechanical) factors that may influence the location of rupture nucleation. For example, 
a uniform stress distribution is unlikely in the real system. Instead, stress concentrations 
can be expected locally on faults with sufficient offset where mechanically contrasting 
layers are juxtaposed (Mulders, 2003; Buijze et al., 2015). Furthermore, the presence of 
the viscoelastic rock salt overlying the Basal Zechstein may further influence the state of 
stress locally, potentially affecting fault reactivation (Orlic and Wassing, 2012; Wassing 
et al., 2017). The fact that induced events do not seem to be uniquely associated with the 
top of the reservoir may also be related to other types of mechanical behaviour, besides 
rate-dependent effects. It is known that slip-weakening (Ida, 1972; Ikari et al., 2013) is 
also capable of producing accelerating slip. The potential for this type of behaviour needs 
to be investigated for Groningen fault rocks in future studies. 

2.4.4 Broader implications 
Besides being directly relevant to Groningen, the results presented here are also relevant 
to other hydrocarbon reservoir present in the Netherlands and the North Sea (e.g. 
Buntsandstein reservoirs; De Jager and Geluk, 2007), and to individual lithologies and 
sequences of similar composition in the upper crust globally. The salinity of formation 
waters in sedimentary sequences typically varies between 72 g/l total dissolved solids 
(TDS) for meteoric water to 600 g/l TDS for saline aquifers (Case, 1945; Hanor, 1994). 
These brines are generally a mixture of salts, containing mostly NaCl, MgCl2 and CaCl2. 
This is also the case for formation waters of many hydrocarbon reservoirs present in the 
Southern Permian Basin in north-west Europe (Lüders et al., 2010), including the 
Groningen gas field. From our experiments on simulated fault gouges from the Groningen 
field, employing pore fluid salinities up to ~380 g/l TDS, we infer that the presence of 
these brines has little influence on the frictional strength and slip stability of gouges 
derived from quartz- and/or phyllosilicate-rich formations similar to the Slochteren 
sandstone, Ten Boer claystone or Carboniferous shale/Siltstone, and hence on fault 
(re)activation and the potential for (induced) seismicity in such formations. 
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On the other hand, our results for Basal Zechstein gouges suggest that the rate-dependence 
of friction of fault gouges consisting primarily of sulphate and carbonate minerals such as 
anhydrite, calcite and dolomite can be strongly affected by pore fluid salinity. Fluid-rock 
interactions seem to play a key role here, although the underlying mechanisms for this 
effect remain poorly understood at this stage. This sensitivity of (a–b) to pore fluid salinity 
is not only relevant to induced seismicity in hydrocarbon reservoirs that are topped by 
anhydrite/carbonate sequences, like the Groningen gas field and many other Rotliegend 
gas fields present in the Southern Permian Basin (Geluk, 2007), but also to natural 
seismicity in evaporite and limestone terrains, like the Triassic Evaporites of the Burano 
Formation in the Italian Apennines (Collettini et al., 2008, 2009; De Paola et al., 2008). 
In such settings, the effects of pore fluid chemistry should be included in the analyses of 
fault stability. This requires further investigation in the future, as most data on relevant 
fault rock compositions have been obtained using pure water as a pore fluid. 

2.5 Conclusions 
We have performed direct-shear, velocity-stepping friction experiments on simulated fault 
gouges prepared from core and drill cuttings from the main stratigraphic units present in 
the seismogenic Groningen gas field. Besides employing the in-situ P-T conditions (100ºC 
and 40 MPa effective normal stress), we also investigated effects of pore fluid salinity, 
using pore fluids varying in salinity between deionized water and 4.4 M NaCl, as well as 
using a 6.9 M ionic strength brine (mainly NaCl, CaCl2 and MgCl2) mimicking the 
formation water present in the Groningen field. Our aim was to investigate the influence 
of fault rock composition and pore fluid salinity on the frictional strength and slip stability 
of fault gouges representative for the Groningen field, as well as for fault rocks derived 
from similar lithologies in general. Our main findings can be summarized as follows: 

1.   Our results show a strongly varying mechanical stratigraphy, with a maximum 
coefficient of friction (µ) of ~0.66 for the Basal Zechstein caprock, and minimum of 
~0.37 for the Ten Boer claystone. The Slochteren sandstone reservoir and 
Carboniferous shale/siltstone substrate show intermediate µ values of ~0.6 and ~0.5, 
respectively. Mixed gouges showed µ values between the end-member compositions. 
Frictional strength decreased systematically with increasing phyllosilicate content, but 
was not sensitive to pore fluid salinity. 

2.   The microstructures of all sample materials tested showed localization into Riedel 
shears and boundary shears. Significant grain size reduction was observed in shear 
bands in Basal Zechstein and Slochteren sandstone gouges, whereas their 50:50 
mixture showed preferential grain size reduction in the sulphate and carbonate phases 
both in the matrix and in the shear bands. The phyllosilicate-bearing gouges showed 
localized deformation on aligned phyllosilicate horizons. No significant 
microstructural differences were observed between samples tested with different pore 
fluid salinities. 

3.   All gouge compositions showed velocity-strengthening behaviour, with little effect of 
pore fluid salinity or sliding velocity on (a–b), except for i) Basal Zechstein gouges, 
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which showed velocity-weakening behaviour at the lowest pore fluid salinities and/or 
sliding velocities investigated, and ii) the 50:50 Basal Zechstein-Slochteren sandstone 
gouge mixture tested with the reservoir brine, which showed exclusively velocity-
weakening slip. 

4.   Our results imply that faults incorporating Basal Zechstein material, or Basal 
Zechstein plus Slochteren sandstone, have the highest potential for generating 
accelerating slip. From a Rate-and-State Friction point of view, the upper part of the 
reservoir system, where faults cut the Basal Zechstein or juxtapose Basal Zechstein 
against the reservoir sandstone, is thus the most prone to seismogenesis. 

5.   Based on our findings, we infer that the saline pore fluid conditions which are common 
in many sedimentary sequences generally will not affect frictional strength and slip 
stability of faults filled with quartz- and/or phyllosilicate-dominated gouges. By 
contrast, the slip stability of fault gouges rich in sulfate and carbonate minerals like 
anhydrite, calcite and dolomite may be sensitive to pore fluid salinity. This requires 
further investigation, as most data obtained so far have been for pure water as a pore 
fluid. 
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Appendix 2.1: Rate-and-State Friction parameters 
 

Table A2.1 Constitutive parameters for least-squares fit using Equations (2.1), (2.2) and (2.3). 

Experiment Pore fluid V0 V (a–b) a b dc 

  [µm/s] [µm/s]    [mm] 
Z2BZ-01 0.5 M NaCl 0.1 1 0.0008 0.0078 0.0070 0.0010 
Z2BZ-01 0.5 M NaCl 0.1 1 0.0005 0.0025 0.0020 0.0028 
Z2BZ-01 0.5 M NaCl 1 10 0.0054 0.0030 -0.0024 0.1159 
Z2BZ-01 0.5 M NaCl 1 10 0.0068 0.0022 -0.0046 0.0818 
Z2BZ-01 0.5 M NaCl 5.4 0.1 -0.0031 0.0690 0.0721 0.0838 
Z2BZ-01 0.5 M NaCl 10 0.1 0.0032 0.0234 0.0202 0.0076 
Z2BZ-02 0.5 M NaCl 0.1 1 -0.0003 0.0086 0.0089 0.0040 
Z2BZ-02 0.5 M NaCl 0.1 1 0.0011 0.0046 0.0035 0.0007 
Z2BZ-02 0.5 M NaCl 1 10 0.0039 0.0021 -0.0018 0.2200 
Z2BZ-02 0.5 M NaCl 1 10 0.0038 0.0018 -0.0019 0.0268 
Z2BZ-02 0.5 M NaCl 5.4 0.1 -0.0021 0.0323 0.0344 0.0810 
Z2BZ-02 0.5 M NaCl 10 0.1 0.0018 0.0125 0.0107 0.0762 
Z2BZ-03 DI-water 0.1 1 -0.0019 0.0068 0.0086 0.0059 
Z2BZ-03 DI-water 0.1 1 0.0011 0.0072 0.0061 0.0004 
Z2BZ-03 DI-water 1 10 0.0049 0.0165 0.0117 0.1145 
Z2BZ-03 DI-water 1 10 0.0051 0.0023 -0.0027 0.0695 
Z2BZ-03 DI-water 5.4 0.1 -0.0014 0.0634 0.0649 0.0757 
Z2BZ-03 DI-water 10 0.1 0.0057 0.0210 0.0154 3.1083 
Z2BZ-06 4.4 M NaCl 0.1 1 0.0024 0.0142 0.0118 0.0021 
Z2BZ-06 4.4 M NaCl 0.1 1 0.0038 0.0024 -0.0014 0.0531 
Z2BZ-06 4.4 M NaCl 1 10 0.0104 0.0045 -0.0059 0.1186 
Z2BZ-06 4.4 M NaCl 1 10 0.0099 0.0041 -0.0057 0.0858 
Z2BZ-06 4.4 M NaCl 5.4 0.1 0.0048 0.0284 0.0236 0.2390 
Z2BZ-06 4.4 M NaCl 10 0.1 0.0066 0.0205 0.0139 0.1829 
Z2BZ-09 6.2 M NaCl 0.1 1 0.0014 0.0301 0.0287 0.0092 
Z2BZ-09 6.2 M NaCl 0.1 1 0.0025 0.0034 0.0009 0.0021 
Z2BZ-09 6.2 M NaCl 1 10 0.0066 0.0055 -0.0012 0.0373 
Z2BZ-09 6.2 M NaCl 1 10 0.0104 0.0056 -0.0049 0.0995 
Z2BZ-09 6.2 M NaCl 5.4 0.1 0.0027 0.0286 0.0258 3.9802 
Z2BZ-09 6.2 M NaCl 10 0.1 0.0025 0.0216 0.0192 0.0375 
Z2BZ-24 Reservoir brine 0.1 1 0.0029 0.0027 -0.0002 0.0024 
Z2BZ-24 Reservoir brine 0.1 1 0.0039 0.0021 -0.0018 0.0001 
Z2BZ-24 Reservoir brine 1 10 0.0073 0.0120 0.0047 0.0333 
Z2BZ-24 Reservoir brine 1 10 0.0070 0.0053 -0.0016 0.0004 
Z2BZ-24 Reservoir brine 5.4 0.1 0.0117 0.0131 0.0015 2.0848 
Z2BZ-24 Reservoir brine 10 0.1 0.0089 0.0129 0.0040 0.1972 
S1TB-02 DI-water 0.1 1 0.0021 0.0018 -0.0003 0.0492 
S1TB-02 DI-water 0.1 1 0.0020 0.0016 -0.0004 0.0433 
S1TB-02 DI-water 1 10 0.0047 0.0030 -0.0018 0.1694 
S1TB-02 DI-water 1 10 0.0024 0.0031 0.0007 0.0059 
S1TB-02 DI-water 5.4 0.1 0.0050 0.0027 -0.0023 0.0775 
S1TB-02 DI-water 10 0.1 0.0038 0.0019 -0.0019 0.0838 
S1TB-01 0.5 M NaCl 0.1 1 0.0027 0.0022 -0.0005 0.0151 
S1TB-01 0.5 M NaCl 0.1 1 0.0027 0.0018 -0.0009 0.0553 
S1TB-01 0.5 M NaCl 1 10 0.0040 0.0031 -0.0009 0.0286 
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Table A2.1 (continued) 
 
Experiment Pore fluid V0 V (a–b) a b dc 
  [µm/s] [µm/s]    [mm] 
S1TB-01 0.5 M NaCl 1 10 0.0027 0.0026 -0.0001 0.0002 
S1TB-01 0.5 M NaCl 5.4 0.1 0.0053 0.0172 0.0120 0.0265 
S1TB-01 0.5 M NaCl 10 0.1 0.0043 0.0029 -0.0014 0.1280 
S1TB-03 4.4 M NaCl 0.1 1 0.0018 0.0035 0.0017 0.0104 
S1TB-03 4.4 M NaCl 0.1 1 0.0019 0.0021 0.0002 0.0415 
S1TB-03 4.4 M NaCl 1 10 0.0026 0.0035 0.0009 0.0001 
S1TB-03 4.4 M NaCl 1 10 0.0016 0.0462 0.0446 0.0039 
S1TB-03 4.4 M NaCl 5.4 0.1 0.0044 0.0034 -0.0010 0.2858 
S1TB-03 4.4 M NaCl 10 0.1 0.0032 0.0024 -0.0008 0.0714 
S1TB-08 Reservoir brine 0.1 1 0.0024 0.0028 0.0005 0.0338 
S1TB-08 Reservoir brine 0.1 1 0.0019 0.0024 0.0006 0.0090 
S1TB-08 Reservoir brine 1 10 0.0025 0.0035 0.0010 0.0001 
S1TB-08 Reservoir brine 1 10 0.0026 0.0035 0.0009 0.0001 
S1TB-08 Reservoir brine 5.4 0.1 0.0043 0.0037 -0.0006 0.0267 
S1TB-08 Reservoir brine 10 0.1 0.0040 0.0023 -0.0017 0.0079 
S1TB-09 Reservoir brine 0.1 1 0.0036 0.0022 -0.0014 0.0204 
S1TB-09 Reservoir brine 0.1 1 0.0030 0.0022 -0.0008 0.0172 
S1TB-09 Reservoir brine 1 10 0.0068 0.0037 -0.0031 0.0701 
S1TB-09 Reservoir brine 1 10 0.0041 0.0021 -0.0019 0.0478 
S1TB-09 Reservoir brine 5.4 0.1 0.0037 0.0003 -0.0034 0.0354 
S1TB-09 Reservoir brine 10 0.1 0.0054 0.0025 -0.0029 0.0170 
S1SSG-02 DI-water 0.1 1 0.0034 0.0088 0.0055 0.0347 
S1SSG-02 DI-water 0.1 1 0.0019 0.0068 0.0050 0.0112 
S1SSG-02 DI-water 1 10 0.0027 0.0407 0.0380 0.0104 
S1SSG-02 DI-water 1 10 0.0018 0.0050 0.0032 0.0653 
S1SSG-02 DI-water 5.4 0.1 0.0017 0.0105 0.0088 0.1000 
S1SSG-02 DI-water 10 0.1 0.0025 0.0107 0.0082 0.0806 
S1SSG-01 0.5 M NaCl 0.1 1 0.0034 0.0082 0.0048 0.0384 
S1SSG-01 0.5 M NaCl 0.1 1 0.0032 0.0065 0.0033 0.0397 
S1SSG-01 0.5 M NaCl 1 10 0.0020 0.0072 0.0052 0.0340 
S1SSG-01 0.5 M NaCl 1 10 0.0024 0.0050 0.0026 0.0577 
S1SSG-01 0.5 M NaCl 5.4 0.1 0.0020 0.0097 0.0077 0.0560 
S1SSG-01 0.5 M NaCl 10 0.1 0.0023 0.0356 0.0333 0.0387 
S1SSG-03 4.4 M NaCl 0.1 1 0.0039 0.0102 0.0062 0.0222 
S1SSG-03 4.4 M NaCl 0.1 1 0.0040 0.0096 0.0056 0.0590 
S1SSG-03 4.4 M NaCl 1 10 0.0025 0.0391 0.0366 0.0158 
S1SSG-03 4.4 M NaCl 1 10 0.0022 0.0044 0.0022 0.0326 
S1SSG-03 4.4 M NaCl 5.4 0.1 0.0020 0.0099 0.0079 0.1000 
S1SSG-03 4.4 M NaCl 10 0.1 0.0031 0.0106 0.0075 0.0466 
S1SSG-06 Reservoir brine 0.1 1 0.0029 0.0101 0.0073 0.0166 
S1SSG-06 Reservoir brine 0.1 1 0.0014 0.0057 0.0044 0.0047 
S1SSG-06 Reservoir brine 1 10 0.0022 0.0235 0.0213 0.0226 
S1SSG-06 Reservoir brine 1 10 0.0023 0.0055 0.0032 0.0022 
S1SSG-06 Reservoir brine 5.4 0.1 -0.0001 0.0073 0.0073 0.1749 
S1SSG-06 Reservoir brine 10 0.1 0.0012 0.0081 0.0069 0.0645 
S1SSG-07 Reservoir brine 0.1 1 0.0030 0.0077 0.0047 0.0058 
S1SSG-07 Reservoir brine 0.1 1 0.0024 0.0061 0.0037 0.0233 
S1SSG-07 Reservoir brine 1 10 0.0030 0.0311 0.0282 0.0134 
S1SSG-07 Reservoir brine 1 10 0.0028 0.0059 0.0031 0.0227 
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Table A2.1 (continued) 
 
Experiment Pore fluid V0 V (a–b) a b dc 
  [µm/s] [µm/s]    [mm] 
S1SSG-07 Reservoir brine 5.4 0.1 0.0009 0.0075 0.0066 0.1367 
S1SSG-07 Reservoir brine 10 0.1 0.0018 0.0078 0.0060 0.0795 
S1SSW-02 DI-water 0.1 1 0.0044 0.0107 0.0063 0.0244 
S1SSW-02 DI-water 0.1 1 0.0033 0.0372 0.0339 0.0054 
S1SSW-02 DI-water 1 10 0.0029 0.0360 0.0331 0.0109 
S1SSW-02 DI-water 1 10 0.0026 0.0055 0.0030 0.0272 
S1SSW-02 DI-water 5.4 0.1 0.0018 0.0115 0.0098 0.2000 
S1SSW-02 DI-water 10 0.1 0.0022 0.0087 0.0064 0.2029 
S1SSW-01 0.5 M NaCl 0.1 1 0.0044 0.0492 0.0448 0.0110 
S1SSW-01 0.5 M NaCl 0.1 1 0.0039 0.0360 0.0321 0.0701 
S1SSW-01 0.5 M NaCl 1 10 0.0036 0.0044 0.0008 0.1002 
S1SSW-01 0.5 M NaCl 1 10 0.0025 0.0037 0.0012 0.0489 
S1SSW-01 0.5 M NaCl 5.4 0.1 0.0022 0.0091 0.0069 0.2487 
S1SSW-01 0.5 M NaCl 10 0.1 0.0029 0.0172 0.0143 0.0583 
S1SSW-03 4.4 M NaCl 0.1 1 0.0036 0.0082 0.0046 0.0780 
S1SSW-03 4.4 M NaCl 0.1 1 0.0045 0.0591 0.0547 0.0023 
S1SSW-03 4.4 M NaCl 1 10 0.0029 0.0331 0.0302 0.0149 
S1SSW-03 4.4 M NaCl 1 10 0.0025 0.0052 0.0027 0.0300 
S1SSW-03 4.4 M NaCl 5.4 0.1 0.0025 0.0110 0.0085 0.1000 
S1SSW-03 4.4 M NaCl 10 0.1 0.0021 0.0088 0.0068 0.1842 
S1C-02 DI-water 0.1 1 0.0020 0.0048 0.0029 0.0356 
S1C-02 DI-water 0.1 1 0.0022 0.0175 0.0153 0.0045 
S1C-02 DI-water 1 10 0.0019 0.0254 0.0235 0.0246 
S1C-02 DI-water 1 10 0.0019 0.0059 0.0041 0.0172 
S1C-02 DI-water 5.4 0.1 0.0028 0.0084 0.0056 0.0725 
S1C-02 DI-water 10 0.1 0.0029 0.0082 0.0053 0.0537 
S1C-01 0.5 M NaCl 0.1 1 0.0011 0.0225 0.0214 0.0063 
S1C-01 0.5 M NaCl 0.1 1 0.0017 0.0006 -0.0010 0.0027 
S1C-01 0.5 M NaCl 1 10 0.0031 0.0041 0.0009 0.1043 
S1C-01 0.5 M NaCl 1 10 0.0021 0.0028 0.0007 0.0904 
S1C-01 0.5 M NaCl 5.4 0.1 0.0040 0.0063 0.0024 0.0226 
S1C-01 0.5 M NaCl 10 0.1 0.0031 0.0066 0.0035 0.3843 
S1C-03 4.4 M NaCl 0.1 1 0.0020 0.0047 0.0028 0.0351 
S1C-03 4.4 M NaCl 0.1 1 0.0024 0.0220 0.0195 0.0038 
S1C-03 4.4 M NaCl 1 10 0.0024 0.0765 0.0741 0.0183 
S1C-03 4.4 M NaCl 1 10 0.0021 0.0110 0.0089 0.0056 
S1C-03 4.4 M NaCl 5.4 0.1 0.0026 0.0069 0.0043 0.1029 
S1C-03 4.4 M NaCl 10 0.1 0.0030 0.0066 0.0036 0.1435 
S1C-04 Reservoir brine 0.1 1 0.0014 0.0157 0.0143 0.0165 
S1C-04 Reservoir brine 0.1 1 0.0022 0.0080 0.0058 0.0010 
S1C-04 Reservoir brine 1 10 0.0031 0.0291 0.0261 0.0247 
S1C-04 Reservoir brine 1 10 0.0027 0.0443 0.0416 0.0045 
S1C-04 Reservoir brine 5.4 0.1 0.0026 0.0047 0.0021 0.1639 
S1C-04 Reservoir brine 10 0.1 0.0057 0.0072 0.0015 0.2108 
75/25 BZ-SSG Reservoir brine 0.1 1 -0.0003 0.0095 0.0098 0.0135 
75/25 BZ-SSG Reservoir brine 0.1 1 0.0027 0.0062 0.0035 0.0463 
75/25 BZ-SSG Reservoir brine 1 10 0.0032 0.0653 0.0621 0.0118 
75/25 BZ-SSG Reservoir brine 1 10 0.0018 0.0044 0.0026 0.1058 
75/25 BZ-SSG Reservoir brine 5.4 0.1 -0.0003 0.0259 0.0262 0.0655 
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Table A2.1 (continued) 
 
Experiment Pore fluid V0 V (a–b) a b dc 
  [µm/s] [µm/s]    [mm] 
75/25 BZ-SSG Reservoir brine 10 0.1 0.0022 0.0289 0.0267 0.1713 
50/50 BZ-SSG Reservoir brine 0.1 1 -0.0021 0.0076 0.0097 0.0378 
50/50 BZ-SSG Reservoir brine 0.1 1 -0.0021 0.0088 0.0109 0.0078 
50/50 BZ-SSG Reservoir brine 1 10 0.0000 0.0066 0.0066 0.0309 
50/50 BZ-SSG Reservoir brine 1 10 -0.0001 0.0079 0.0080 0.0048 
50/50 BZ-SSG Reservoir brine 5.4 0.1 -0.0010 0.0446 0.0456 0.0555 
50/50 BZ-SSG Reservoir brine 10 0.1 -0.0011 0.0322 0.0333 0.0427 
25/75 BZ-SSG Reservoir brine 0.1 1 0.0019 0.0078 0.0059 0.0643 
25/75 BZ-SSG Reservoir brine 0.1 1 0.0009 0.0052 0.0044 0.0371 
25/75 BZ-SSG Reservoir brine 1 10 0.0014 0.0279 0.0265 0.0059 
25/75 BZ-SSG Reservoir brine 1 10 0.0015 0.0053 0.0038 0.0263 
25/75 BZ-SSG Reservoir brine 5.4 0.1 0.0007 0.0220 0.0213 0.0720 
25/75 BZ-SSG Reservoir brine 10 0.1 0.0006 0.0183 0.0176 0.0723 
50/50 BZ-TB Reservoir brine 0.1 1 0.0027 0.0149 0.0122 0.0194 
50/50 BZ-TB Reservoir brine 0.1 1 0.0022 0.0037 0.0014 0.0253 
50/50 BZ-TB Reservoir brine 1 10 0.0031 0.0054 0.0023 0.0353 
50/50 BZ-TB Reservoir brine 1 10 0.0029 0.0130 0.0101 0.0272 
50/50 BZ-TB Reservoir brine 5.4 0.1 0.0036 0.0055 0.0020 0.3424 
50/50 BZ-TB Reservoir brine 10 0.1 0.0036 0.0061 0.0025 0.0800 
50/50 TB-SSG Reservoir brine 0.1 1 0.0026 0.0074 0.0048 0.0147 
50/50 TB-SSG Reservoir brine 0.1 1 0.0022 0.0175 0.0153 0.0082 
50/50 TB-SSG Reservoir brine 1 10 0.0049 0.0622 0.0573 0.0148 
50/50 TB-SSG Reservoir brine 1 10 0.0046 0.0050 0.0004 0.1393 
50/50 TB-SSG Reservoir brine 5.4 0.1 0.0034 0.0138 0.0104 0.0727 
50/50 TB-SSG Reservoir brine 10 0.1 0.0035 0.0054 0.0019 0.3948 
50/50 SSG-C Reservoir brine 0.1 1 0.0034 0.0105 0.0071 0.0099 
50/50 SSG-C Reservoir brine 0.1 1 0.0024 0.0207 0.0183 0.0051 
50/50 SSG-C Reservoir brine 1 10 0.0033 0.0369 0.0336 0.0099 
50/50 SSG-C Reservoir brine 1 10 0.0028 0.0625 0.0597 0.0096 
50/50 SSG-C Reservoir brine 5.4 0.1 0.0024 0.0067 0.0043 0.3043 
50/50 SSG-C Reservoir brine 10 0.1 0.0030 0.0081 0.0052 0.1281 
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Abstract 
We investigated the rate-and-state frictional properties of simulated anhydrite-carbonate 
fault gouge derived from the Basal Zechstein caprock overlying the seismogenic 
Groningen gas reservoir in the Northeast Netherlands. Direct-shear experiments were 
performed at in-situ conditions of 50-150°C and 40 MPa effective normal stress, using 
sliding velocities of 0.1-10 µm/s. Reservoir pore fluid compositions were simulated using 
4.4 Molar NaCl brine, as well as methane, air and brine/gas mixtures. Brine-saturated 
samples showed friction coefficients (µ) of 0.60-0.69, with little dependence on 
temperature, along with velocity-strengthening at 50-100°C, transitioning to velocity-
weakening at 120°C and above. By contrast, gas-filled, evacuated and partially brine-
saturated samples showed µ values of 0.72±0.02 plus strongly velocity-weakening 
behaviour accompanied by stick-slip at 100°C (the only temperature investigated for gas-
bearing and dry samples). A microphysical model for gouge friction, assuming 
competition between dilatant granular flow and thermally-activated compaction creep, 
captures the main trends seen in our brine-saturated samples but offers only a qualitative 
explanation for our gas-bearing and dry samples. Since the reservoir temperature is 
~100°C, our results imply high potential for seismogenic slip nucleation on faults that 
cross-cut and juxtapose the Basal Zechstein anhydrite-carbonate caprock against the 
Groningen reservoir sandstone, specifically in the gas-filled upper portion of the reservoir 
system. 
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3.1 Introduction 
Evaporite formations, containing thick deposits of interbedded anhydrite and carbonates 
at their base, are common in sedimentary basins and frequently form the top seal of 
hydrocarbon reservoirs. Prominent examples include the Zechstein sequence overlying 
the Rotliegend gas fields in the Netherlands and North Sea (Geluk, 2007) and the Sudair 
Formation capping the Khuff gas fields in Qatar (Alsharhan and Nairn, 1994). 
Hydrocarbon production often induces modest seismicity (e.g. Segall, 1989), by 
reactivating faults that cross-cut the reservoir and adjacent formations. The potential for a 
fault to generate an earthquake is related to its capacity to weaken once motion is initiated 
on the fault. This can be achieved by slip-weakening, i.e. a decrease in frictional strength 
with increasing displacement, leading to accelerating slip and thus seismogenesis (Ida, 
1972; Andrews, 1976). Another possibility is that of fault weakening as motion 
accelerates, or “velocity-weakening” behaviour (Dieterich, 1979; Ruina, 1983; Scholz, 
2002). By contrast, if the frictional strength of a fault increases with ongoing slip and/or 
increasing slip velocity, via slip-hardening or “velocity-strengthening” behaviour, the 
fault is likely to exhibit aseismic slip. The mechanical stability of faults, i.e. whether they 
accommodate unstable seismic rupture, versus stable (aseismic) slip, is therefore in part 
controlled by the reactivation and frictional slip behaviour of the fault gouge present in 
the faults (Tse and Rice, 1986; Scholz, 2002). In particular, to understand fault stability 
and the potential for seismogenesis in anhydrite-carbonate caprocks topping producing 
hydrocarbon reservoirs, the mechanisms that control the displacement- and velocity-
dependent frictional properties of anhydrite-carbonate fault gouges must therefore be 
addressed. The same applies to assessing the risks of seismicity associated with gas (CO2 
or H2) storage in depleted reservoirs. Data on such gouges are also highly relevant to 
natural seismicity occurring in tectonically active evaporite terrains, such as in the Italian 
Apennines (Collettini et al., 2009; Speranza and Minelli, 2014). 

The present paper focuses on the Basal Zechstein formation, a ~50 m thick sequence of 
interbedded anhydrites and carbonates that overlies the Groningen gas field located in the 
North-East of the Netherlands (Geluk, 2007) at a depth of ~3 km. Gas production from 
this onshore field, the 7th largest in the world, has led to significant induced seismicity 
since the 1990’s (van Thienen-Visser and Breunese, 2015), raising major public concern. 
Relatively little is known about the frictional properties of faults cutting the Groningen 
reservoir system. Recently, Hunfeld et al. (2017, Chapter 2) investigated the frictional 
properties of simulated fault gouges derived from the main lithologies present in the 
Groningen gas reservoir system, under brine-saturated conditions (i.e. pore space 100% 
brine filled), at an in-situ temperature of 100°C and an effective normal stress of 40 MPa. 
In their work, the top of the Groningen reservoir system, including the Basal Zechstein 
caprock, was identified as potentially having velocity-weakening frictional properties that 
are conducive to seismogenic slip nucleation (Hunfeld et al., 2017, Chapter 2). In the 
present paper, we further investigate the frictional properties of anhydrite-carbonate 
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gouges prepared from the Basal Zechstein, focusing on the full range of temperatures and 
gas/brine saturation levels relevant to faults cutting this unit. 

With these aims, we performed direct-shear experiments on simulated anhydrite-
carbonate rich fault gouge derived from core taken from the Basal Zechstein in the centre 
of the Groningen field. Direct-shear, velocity-stepping experiments were performed on 
samples saturated with simulated reservoir brine (4.4 Molar NaCl solution), and on 
samples saturated with CH4, air and gas/brine mixtures, mimicking the methane/nitrogen-
rich environment in the upper part of the reservoir system, i.e. above the gas-water contact 
(De Jager and Geluk, 2007). The experiments were conducted at simulated reservoir 
conditions, i.e. at 100±50°C, 40 MPa effective normal stress and pore pressures between 
atmospheric and 15 MPa. The sliding velocities employed (0.1-10 µm/s) simulate the 
nucleation stage of fault slip (Scholz, 2002). We analysed the velocity-dependence of 
friction as a function of temperature and pore fluid composition, using the classical Rate-
and-State dependent Friction (RSF) model of Dieterich (1978, 1979) to describe our data 
empirically. In addition, we applied a microphysical model for gouge friction, recently 
developed at our laboratory, in an attempt to explain the mechanisms controlling the main 
trends seen in the experimental data. 

3.2 Experimental materials and methods 
3.2.1 Sample material 
The sample material used in this study was identical to the simulated Basal Zechstein 
gouge used by Hunfeld et al. (2017, Chapter 2). Drill cuttings of the Basal Zechstein were 
obtained from the Zeerijp-02 (ZRP-02) research well (2015), located in the central part of 
the Groningen field, courtesy of the Nederlandse Aardolie Maatschappij (NAM). The drill 
cuttings were retrieved from a depth interval of 2870-2905 m. Note that the ZRP-02 well 
does not penetrate any seismically visible fault zones in this depth interval, so that the 
cuttings are assumed to reflect the composition of the (intact) Basal Zechstein unit. The 
drill cuttings were hand-crushed with a pestle and mortar and sieved to a grain size <50 
µm, simulating the fine-grained gouge material present in the principal slip zones of 
typical natural fault zones at shallow crustal depths (Sibson, 1986; De Paola et al., 2008). 
The grain size distribution of the crushed and sieved sample material, measured using a 
Malvern laser particle sizer, showed a median particle diameter (d50) of 7.2 µm. 
Conventional X-ray diffraction (XRD) analysis performed on the simulated fault gouge 
(see Hunfeld et al., 2017, Chapter 2) revealed that it consists predominantly of anhydrite 
(48 wt%), carbonates (32 wt% calcite and dolomite) and barite (14 wt%), with minor 
amounts (<10 wt%) of quartz. 

3.2.2 Direct-shear experiments 
We conducted 11 velocity-stepping, direct-shear friction experiments on ~1 mm thick 
layers (width 35 mm × 48 mm length) of simulated fault gouge. Six of these were 
performed on samples saturated with a 4.4 Molar (M) NaCl brine, simulating the highly 
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saline formation water present in the reservoir, varying temperature in the range 50-
150°C. The remainder were conducted at 100°C (approximately the reservoir 
temperature) under varying pore fluid conditions, i.e. with the pores a) filled (saturated) 
with and drained to lab air, b) saturated with CH4 at elevated pressure, or c) containing 
pressurized mixtures of either air or CH4 with brine. Runs performed using these mixtures 
will be referred to as partially saturated experiments, whereby 17-34 vol% of the pore 
volume was filled with brine, and 66-83 vol% with air or CH4. These percentages are 
based on mass and sample dimension measurements made before and after testing, 
assuming no loss of solid or liquid. The ratio 17:83 vol% reflects the saturation level 
(liquid:gas content) immediately after sample assembly (before application of normal 
stress or shear deformation), while that of 34:66 vol% represents the saturation ratio 
measured after completion of the experiments. The pore fluids used simulate those present 
in the gas-filled, upper portion of the reservoir system (Burkitov et al., 2016). A single 
control experiment was run “dry”, with the pore fluid system under vacuum. All 
experiments were performed at an effective normal stress (sneff) of 40 MPa. In the case of 
samples saturated with brine, a pore fluid pressure (Pf) of 15 MPa was used. Experiments 
employing CH4 as pore fluid were done using a gas pressure of 10 MPa. Atmospheric pore 
pressure was used in experiments with lab air. Table 3.1 lists all experiments conducted 
and the applied conditions. 

3.2.2.1 Experimental setup and gouge layer preparation 
The experiments were performed using a conventional triaxial testing machine referred to 
as the Shuttle apparatus, equipped with a polymer-jacketed direct-shear assembly 
enclosing the gouge sample (see Verberne et al., 2013). The apparatus consists of an 
internally heated, constant volume triaxial pressure vessel with silicon oil as the confining 
medium, mounted in an Instron 1362 servo-controlled loading frame. In the Shuttle 
apparatus, axial force is transmitted to the sample via a Ti-grade 5 driving piston equipped 
with a fully internal differential variable reluctance transformer (DVRT) with 100 kN full 
scale and ±33 N resolution, to measure axial force independent of seal friction. Axial 
displacement of the driving piston is measured externally using a linear variable 
differential transformer (LVDT) with 100 mm full sale and ±1.5 µm resolution. Confining 
pressure and pore fluid pressure are maintained constant throughout the experiment (to 
within ±0.00138 MPa), and oil volume and pore fluid volume are measured, using two 
independent Teledyne ISCO D65 syringe pumps (150 MPa range), with built-in 
Honeywell pressure transducers for both control and pressure measurement. The vessel is 
heated by means of a Thermocoax internal furnace and controlled using a three-term 
CAL2300 industrial controller, allowing temperature control to within 0.1°C. Sample 
temperature is measured using an inconel-sheated, K-type (chromel/alumel) thermocouple 
in a position adjacent to the sample layer. 

The direct-shear assembly consists of two L-shaped forcing blocks sandwiching a ~1 mm 
thin layer of gouge material as shown in Figure 3.1 (see Samuelson and Spiers, 2012, for 
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a detailed description of the direct-shear assembly). The normal stress (sn) acting on the 
sample layer in this set-up is constant, and at all times equal to the confining pressure (Pc), 
independently of shear displacement. The layers were prepared by distributing ~3.2 g of 
dry powder evenly over one of the grooved forcing block interfaces, which was then pre-
pressed in a hydraulic press at ~30 MPa for two minutes, resulting in layers of 1.0-1.1 mm 
thickness, with porosities in the range of 35-45%. The partially saturated gouge layers of 
experiments Z2BZ-12 and Z2BZ-15 were prepared as a mouldable paste, created by 
mixing dry gouge material with 0.7 M NaCl solution in the proportion 4:1, which was 
then distributed over the grooved interface of one of the forcing blocks forming a ~1 mm 
thick layer. The sample was then oven-dried at 75°C until only ~17% of the pore volume 
was saturated with the fluid, monitored by intermittent weighing of the sample. At that 
stage, the remaining pore fluid had a salinity of ~4 M. 

Figure 3.1 Schematic diagram of the direct-shear set-up at the start of the experiments. Axial 
shortening produces shear of the gouge layer and extrusion of the silicon rubber filler plugs. 
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After preparing the gouge layers, the second direct-shear forcing block was put into place, 
and the sample was jacketed in a thin fluorinated ethylene propylene (FEP) sleeve for 
support. The gaps present at each end of the gouge layer (see Figure 3.1) were filled with 
half-cylindrical plugs of extremely soft silicon rubber (Ecoflex 00-20), wrapped in 
polytetrafluorethylene (PTFE) sheets. This ensured that confining pressure was 
transmitted uniformly to the sample, while allowing shear displacement (i.e. axial 
shortening of the assembly and extrusion of the silicon rubber plugs) with negligible 
resistance. Finally, the entire assembly was jacketed in an ethylene-propylene diene 
monomer (EPDM) sleeve of ~1.4 mm thickness, which was sealed against the load-
transmitting driver blocks of the Shuttle apparatus by means of steel wire tourniquets. 
Circular PTFE sheets with holes for pore fluid access were inserted at the base of each 
direct-shear forcing block to reduce friction between the forcing blocks and the driver 
blocks. 

3.2.2.2 Experimental procedure 
The jacketed sample assembly was loaded in the Shuttle vessel, and the pore fluid system 
was evacuated for ~25 minutes before inserting the chosen pore fluid. In the case of 
experiments Z2BZ-12 and Z2BZ-15, the pore fluid system was not evacuated, to prevent 
further drying of the partially saturated samples. Samples employing CH4 as a pore fluid 
were flushed with gas straight from the supply bottle connected to the pore fluid system. 
After inserting the pore fluid, the desired confining pressure (Pc) and pore fluid pressure 
(Pf) were applied, and the vessel was heated to the desired temperature (T). Experiment 
Z2BZ-07 (tested with lab air) was the only one that was heated with the pore fluid system 
drained to lab-air. All other tests were heated with a closed pore fluid system, filled with 
brine, gas, a gas-brine mixture, or under vacuum. 

After equilibration of the sample and machine at the desired confining pressure, pore 
pressure and temperature conditions (after 4-6 hours), shearing of the gouge was initiated 
by advancing the loading ram at a constant load-point displacement rate (V) of 5.4 µm/s, 
until a steady-state shear strength was reached at 1-2 mm shear displacement. Velocity 
steps to 0.1-1-10-0.1-1-10 µm/s were then imposed, each over a displacement interval of 
0.3-0.7 mm. Upsteps of 0.1-1 and 1-10 µm/s were thus repeated in each experiment. A 
single experiment (Z2BZ-22) on a brine-saturated sample was performed using a velocity 
stepping scheme of 5.4-0.01-0.1-1-10-100 µm/s. Total shear displacements (Dtot) of 5.4-
5.9 mm were reached in each experiment (Table 3.1). 

After extraction of the sample assembly from the vessel, the final layer thickness was 
measured using a calliper, and intact sample fragments were recovered for microstructural 
analyses, flushed with demineralized water, dried at 50°C and then impregnated with 
Araldite 2020 epoxy resin. Sections of the impregnated fragments were cut in an 
orientation parallel to the shear direction and perpendicular to the shear plane. These were 
examined by means of scanning electron microscopy (SEM), performed using an FEI 
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Helios 650UC FIB-SEM. Imaging was done in backscattered electron (BSE) mode, using 
an acceleration voltage of 5-15 kV. 

 
Exp. T Pc Pf Pore fluid Li Lf µ2mm Dtot V-dep. 
 [°C] [MPa] [MPa]  [mm] [mm] [-] [mm]  
Brine-saturated experiments 
Z2BZ-26 50 55 15 Brine1 1.05 0.75 0.691 5.36 Vs 
Z2BZ-25 80 55 15 Brine 1.10 0.80 0.632 5.49 Vs 
Z2BZ-06 100 55 15 Brine 1.00 0.80 0.637 5.50 Vs 
Z2BZ-17 120 55 15 Brine 1.10 0.73 0.599 5.51 Vs 
Z2BZ-08 150 55 15 Brine 1.05 0.70 0.621 5.43 Vw/Vs 
Z2BZ-222 100 55 15 Brine 1.15 0.80 0.641 5.50 Vw/Vs 
Dry and partially-saturated experiments 
Z2BZ-27 100 40 - Vacuum 1.05 0.93 0.720 5.20 Vw 
Z2BZ-07 100 40 Atm. Air 1.00 0.90 0.744 5.37 Vw 
Z2BZ-13 100 50 10 CH4 1.05 0.88 0.734 5.42 Vw 
Z2BZ-15 100 40 Atm. Air+brine3 1.05 0.73 0.721 5.40 Vw 
Z2BZ-12 100 50 10 CH4+brine 1.00 0.85 0.696 5.39 Vw/Vs 

Table 3.1 List of experiments, conditions and key data. Symbols and coding: T = temperature; Pc = 
confining pressure; Pf = pore fluid pressure; Atm. denotes atmospheric pressure; Li = initial layer 
thickness; Lf = final layer thickness; µ2mm = friction coefficient obtained at ~2 mm shear 
displacement; Dtot = total shear displacement; V-dep. denotes “velocity-dependence”; Vs and Vw 
indicate velocity-strengthening and velocity-weakening behaviour, respectively.  
1 4.4 M NaCl solution brines were used in all experiments with “brine” as pore fluid. 
2 This experiment used an alternative velocity-stepping scheme. See Section 3.2.2.2. 
3 Partially saturated samples: 17-34 vol% of the pore volume is filled with brine, and 66-83 vol% 
with air or CH4. 

3.2.3 Data acquisition and analysis 
During the experiments, axial load, axial piston hence direct-shear displacement, 
confining pressure, temperature and pore fluid volume and pressure signals were logged 
at a rate of 10-100 Hz using a National Instruments, 16-bit A/D data acquisition system 
and VI logger software. The raw data were processed to obtain shear stress t (MPa), 
effective normal stress sneff = Pc - Pf (MPa) and apparent friction coefficient µ = t /sneff  
(-) (Byerlee, 1978), versus displacement and time. Pre-determined calibrations using a 
steel dummy of known elastic properties were used to correct the recorded displacement 
data for elastic distortion of the testing machine. Gouge sample permeability was 
sufficiently high and thickness sufficiently low to ensure fully drained behaviour during 
steady state shearing of brine-saturated samples at the sliding velocities used. In 
experiments performed on brine-saturated samples, we were therefore able to use the pore 
fluid (ISCO pump) volume data, corrected for leak rate and changes in density of the pore 
fluid with temperature, to obtain gouge pore volume changes hence layer 
dilatation/compaction data during steady state shear (assuming negligible change in solid 
volume). This was not possible for experiments employing CH4, air or vacuum, due to 
high and variable leak rates in the pore fluid system and/or the absence of pore fluid 
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pressure control. The maximum absolute error due to transducer resolution for the key 
quantities obtained in the experiments was ±0.003 in friction coefficient (µ), ±1.5 µm in 
shear displacement (D) and ±3 µm in dilatation/compaction (DL). Note, however, that the 
uncertainty in µ due to experimental reproducibility in similar direct-shear friction 
experiments is typically ±0.02 (e.g. Hunfeld et al., 2017, Chapter 2). 

The rate-dependence of friction was obtained from our velocity-stepping tests using the 
Dieterich-type RSF formulation (Dieterich, 1978a, 1979), given 

𝜇 = 𝜇+ + 𝑎 ∙ ln ;
𝑉
𝑉+
= + 𝑏 ∙ ln ;

𝑉+𝜃
𝑑A
= (3.1) 

𝑑𝜃
𝑑𝑡 = 1 −

𝑉𝜃
𝑑A

(3.2) 

These equations describe the evolution of the friction coefficient from a reference steady-
state value (µ0) towards a new steady-state value (µ) over a critical slip distance (dc), in 
response to an instantaneous change in sliding velocity from an initial velocity (V0) to a 
new velocity (V). The direct effect, a, describes the instantaneous response in friction upon 
a stepwise change in sliding velocity, while b describes the evolution in friction towards 
a new steady-state strength. The state variable q describing this evolution is commonly 
viewed as the average lifespan of a population of grain-to-grain contacts (Marone, 1998b). 
At steady-state, i.e. when 𝑑𝜃 𝑑𝑡⁄ = 0 in Equation (3.2), Equation (3.1) reduces to: 

(𝑎 − 𝑏) =
𝜇 − 𝜇+
ln	  (𝑉 𝑉+)⁄ (3.3) 

defining the rate-sensitivity parameter (a–b). Positive values of (a–b) indicate velocity-
strengthening behaviour, whereas negative values indicate velocity-weakening behaviour. 
The interaction of the sample with its elastic surroundings is accounted for via the relation 

𝑑𝜇
𝑑𝑡 = 𝑘.𝑉LM − 𝑉/ (3.4) 

where k is the stiffness of the fault surroundings (i.e. the gouge layer plus shear apparatus 
in experiments) normalized by the normal stress, Vlp is the load-point velocity, and V the 
true (gouge) slip velocity. 

Values for the rate-sensitivity parameter (a–b) and the individual constitutive parameters 
a, b and dc were determined by fitting the data with the widely used inverse modelling 



CHAPTER 3 

 88 

technique following the approach described by Blanpied et al. (1998). Fitting the data 
using the Ruina-type RSF formulation (Marone, 1998b) instead of the Dieterich-type 
formulation yields the same results for values of (a–b). In the case of stick-slip behaviour, 
modelling of the data was unsuccessful, and (a–b) was determined manually using 
Equation (3.3), taking the peak µ attained during stick-slip to define µ and µ0 at sliding 
velocities V and V0. 

3.3 Results 
3.3.1 Friction coefficient versus displacement  
Key data obtained per experiment are listed in Table 3.1. The evolution of µ with 
displacement for brine-saturated experiments performed at varying temperature and for 
the runs conducted with different pore fluid composition are shown in Figures 3.2a and 
3.2b, respectively. All experiments showed a rapid, near-linear increase in shear stress for 
the first ~0.5 mm of displacement, followed by hardening at decreasing rate towards a 
peak frictional strength attained at 1-2 mm of displacement. Beyond the peak, most 
experiments showed minor, near-linear displacement-weakening, with superimposed 
steps in frictional strength in response to velocity steps. Experiments performed on brine-
saturated samples (Figure 3.2a) showed stable sliding behaviour at all temperatures and 
velocities investigated, except for Z2BZ-08 at 150°C, which showed minor stick-slip 
behaviour at 0.1 µm/s, the lowest velocity investigated. The background weakening rate 
increased with temperature, being most pronounced at temperatures >100°C. Samples 
tested at 100°C but only partially-saturated with brine (Figure 3.2b) also showed stick-
slip only at 0.1 µm/s. Gas-saturated and evacuated samples tested at 100°C (Figure 3.2b) 
showed more prominent stick-slip behaviour, notably at the lower sliding velocities 
investigated, transitioning to stable sliding at 10 µm/s in the case of samples tested with 
air or under vacuum. Stick-slip stress-drops in these samples were largest at the lowest 
velocities imposed (1-2 MPa at 0.1 µm/s, corresponding to friction drops of ~0.03-0.05), 
decreasing in magnitude not only towards higher velocity but also with increasing 
displacement. 

Focusing on the general level of friction strength, µ-values determined for the brine-
saturated gouges at 2 mm displacement and 5.4 µm/s varied from 0.69 at 50°C to 
0.62±0.02 at 80-150°C (Table 3.1). Samples partially-saturated with brine were 
significantly stronger, with µ-values at 2 mm displacement of 0.71±0.01. The gas-
saturated and evacuated gouges were stronger still, showing friction coefficients of 
0.73±0.01 at ~2 mm displacement (Table 3.1). Amongst these, the sample tested with CH4 
behaved very similarly to those tested with air or under vacuum. 

3.3.2 Rate-dependence of friction  
The values of the RSF parameters a, b, dc and (a–b) obtained from all velocity steps in 
our experiments are presented in the Appendix 3.1. We plot (a–b) for all velocity steps in 
all experiments in Figure 3.3. 
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The brine-saturated gouges (Figures 3.3a and 3.3b) showed mostly positive (a–b) values 
at 50-120°C, demonstrating velocity-strengthening behaviour. Going from 50 to 80°C, a 
slight increase in (a–b) was observed for most velocity steps. However, beyond 80 to 
100°C, (a–b) systematically decreased with increasing temperature, attaining negative 
velocity-weakening values in downsteps from 5.4-0.1 µm/s at 120 and 150°C, and in 
upsteps from 0.1-1 µm/s at 150°C. At any given temperature, all experiments on brine-

Figure 3.2 Friction coefficient µ versus shear displacement curves for a) brine-saturated samples 
tested at 50-150°C, and b) samples tested at 100°C with methane/air, brine/gas mixtures and under 
vacuum. The inset in a) shows an RSF inversion fit to a velocity step in a brine-saturated sample. 
That in b) shows stick-slips in a gouge saturated with air. The load-point velocities applied are as 
indicated per step. Effective normal stress was 40 MPa in all experiments (see Table 3.1). 
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saturated gouges also showed an increase in (a–b) with increasing load-point velocity, 
specifically in velocity upsteps. Figure 3.3b shows this trend explicitly for run Z2BZ-22, 
across four orders of magnitude in (post-step) load-point velocity at 100°C. The individual 
a, b and dc values obtained in this experiment also showed trends with sliding velocity 
(Figure 3.3b). The direct effect a did not change with velocity up to 10 µm/s, but more 
than doubled for the fastest upstep (10-100 µm/s). The evolution effect b showed a near 
log-linear decrease with increasing velocity, attaining negative values in upsteps beyond 

Figure 3.3 a) (a–b) values for all velocity steps performed using brine-saturated samples plotted 
versus temperature. b) RSF parameters determined in brine-saturated experiment Z2BZ-22 plotted 
versus post-step load-point velocity. Note that in this experiment we employed velocity steps 
covering the range 0.01-100 µm/s. The results show relatively little change in a but continuously 
decreasing b with increasing velocity, resulting in (a–b) values which increase with sliding velocity. 
The critical slip distance dc also increased with velocity, from ~2 µm for the slowest step (0.01-0.1 
µm/s) to ~430 µm for the fastest step (10-100 µm/s). c) (a–b) data for the samples at 100°C plotted 
versus pore fluid condition, including brine-saturated experiment Z2BZ-06 for comparison. Note 
that for upsteps in velocity, we plot the average (a–b) value determined from repeated velocity steps, 
with the error bars showing the range of values obtained for these steps. 



Effects of temperature and gas/brine content  

 91 

10 µm/s. The critical slip distance dc increased with velocity, from ~2 µm at 0.1 µm/s to 
~450 µm at 100 µm/s. All brine-saturated samples showed similar trends in the RSF 
parameters with velocity (refer Appendix 3.1). By contrast, no systematic trends in a, b or 
dc were observed with respect to temperature or shear displacement, in any of the brine-
saturated runs. 

In the experiments conducted with different pore fluids at 100°C, samples saturated with 
air, CH4, or tested under a vacuum, as well as samples partially-saturated with brine, 
showed very similar, strongly negative (a–b) values in almost all velocity steps (Figure 
3.3c). This is consistent with the prominent stick-slip behaviour observed in these 
experiments (Figure 3.2b). Significant positive (a–b) values were only observed for 
upsteps applied in experiment Z2BZ-12 (tested with CH4 plus brine). Unlike the brine-
saturated samples, the partially-saturated, gas-bearing and evacuated samples showed no 
systematic dependence of (a–b) on load-point velocity. Trends in the individual RSF 
parameters could not be determined for these samples due to the widespread stick-slip. 

3.3.3 Sample thickness changes 
Direct thickness measurements after sample extraction showed a reduction in layer 
thickness with respect to the starting layer thickness in all samples (Table 3.1). The mean 
thickness change for brine-saturated samples was ~0.3 mm, corresponding to ~25% 
porosity reduction, assuming no sample extrusion. This reflects both porosity reduction 
during system equilibration at the applied normal stress prior to shearing, as well as 
compaction during shear and minor expansion upon vessel depressurization. The mean 
thickness change for samples saturated with air, CH4 or under vacuum was ~0.15 mm, 
approximately half the thickness change in brine-saturated samples. Partially-saturated 
samples showed a mean thickness change of ~0.21 mm, so ~2/3 of that for fully brine-
saturated samples. 

Continuous pore volume change hence gouge layer thickness change data was 
successfully obtained only for the brine-saturated samples tested at 50, 80 and 120°C due 
to a later-discovered error in the data acquisition system. These samples showed steady, 
on-going compaction during shear, marked by transiently enhanced compaction in 
response to velocity downsteps and minor transient dilatation upon upstepping. An 
example is given in Figure 3.4a, showing the evolution of friction and gouge layer 
compaction with displacement at 120°C. Steady-state compaction rates could only be 
reliably estimated during the slowest velocity intervals (0.1 µm/s). These are plotted in 
Figure 3.4b for the experiments done at 50, 80 and 120°C, and showed a roughly 
Arrhenius dependence on temperature suggesting an apparent activation energy for the 
compaction process of 10±6 kJ/mol at the 40 MPa effective normal stress used in all tests. 
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Figure 3.4 a) Friction coefficient (black line, left-hand axis) and gouge-layer-compaction (blue 
line, right-hand axis) versus displacement for a brine-saturated sample at 120°C (run Z2BZ-17). 
Note that friction data is corrected for linear displacement weakening trends. Sliding velocities are 
indicated in µm/s. b) Arrhenius-type diagram plotting the logarithm of gouge compaction creep 
rate, determined from compaction versus time data obtained in the 0.1 µm/s sliding velocity 
intervals imposed in experiments on brine-saturated samples at 50, 80 and 120°C. The slope is 
determined by linear regression with 90% confidence interval, and is used to estimate the apparent 
activation energy (Ea) in Equation 3.6a (Table 3.2), as shown in the inset. Recall that all experiments 
were performed at 40 MPa effective normal stress. 
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3.3.4 Microstructures 
Brine-saturated samples showed essentially the same microstructure at all temperatures 
investigated (50-150°C). Fine grained R1 Riedel shear bands (terminology after Logan et 
al., 1979) and continuous boundary (B) shears, located near the sample margin, developed 
in all of these samples, with an irregular and variable width of 10-30 µm (Figure 3.5a-
3.5c). R1 spacing in the shear direction was ~1.5 mm. The main gouge body shows a broad 
grain size distribution with numerous angular clasts of quartz, carbonates and barite 
similar in size to the coarsest grains in the starting material (20-50 µm), embedded in a 
cataclastically refined matrix (~1-5 µm). Fractured and comminuted grains are observed 
throughout the bulk of the gouge, with the carbonate and sulphate grains showing 
preferential grain size reduction compared with quartz. The B and R1 shear bands are 
characterized by extreme grain size reduction compared with the bulk gouge (Figure 3.5c), 
with most particles in the shear bands being less than 1 µm in diameter. The shear bands 
exhibit a relatively dense, granular microstructure with more rounded grains compared to 
the gouge bulk (Figure 3.5c). 

The gas-bearing and evacuated samples show a similar microstructure to the brine-
saturated samples but with broader zones of localization (Figures 3.5d-3.5f). The shear 
bands in these samples are generally much wider (50 to 300 µm) and more closely spaced 
(~1 mm) than in the brine-saturated samples, and show a more chaotic, more porous 
microstructure with a larger proportion of relatively coarse clasts (Figures 3.5e and 3.5f). 
In addition to R1 and B shears, these samples also show Y shears (Figure 3.5d), that link 
up with or terminate at R1 shears. 

 

Figure 3.5 (see overleaf) SEM BSE images showing representative microstructures exhibited by a 
brine-saturated sample (panels a-c, from experiment Z2BZ-06 tested at 100°C) and an air-filled 
sample (panels d-f, from experiment Z2BZ-07 tested at 100°C). The sense of shear is top-to-the-left 
in all images. a) Part of the microstructure of Z2BZ-06, showing localization into a boundary shear 
and three R1 Riedel shears. The groove/grip imprint from the porous driver block plate is preserved 
at the bottom of the sample. b) Enlargement of the bulk gouge and boundary (B) shear band 
indicated at the top of image a). Mineral phases are indicated, from light to dark, as barite (brt), 
anhydrite (anh), dolomite (dol), calcite (cal) and quartz (qtz). c) Detail of the boundary shear shown 
in b), characterised by a marked reduction in grain size and a relatively dense fabric with clasts 
that are more rounded than in the bulk gouge (see inset showing a magnified image of the boundary 
shear band). Microfracturing and comminution is widely observed throughout the bulk gouge. d) 
BSE image of a part of the microstructure of Z2BZ-07, showing localization into boundary shears 
at the top and bottom of the sample, plus two R1 shears and a Y shear. The forcing block groove 
imprint is preserved at the top of the sample. e) and f) Details of the upper boundary shear in d), 
showing a chaotic, granular microstructure with a relatively large proportion of relatively coarse 
grains in a matrix of grains that are smaller than 1 µm. Note that the porosity as seen in the 
boundary shear of the dry sample in f) appears to be higher than in the boundary shear of the wet 
sample in c). 
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Figure 3.5 (caption on previous page) 
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Figure 3.5 (continued) 
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3.4 Discussion 
The present results demonstrate clear effects of temperature and pore fluid saturation 
conditions, i.e. gas/brine ratio, on the frictional properties of simulated anhydrite-rich fault 
gouges prepared from Basal Zechstein caprock from the Groningen gas field. In terms of 
frictional strength, brine-saturated samples showed friction coefficients of 0.60-0.69, 
which are closely similar to previously reported values for the same (brine-saturated) 
gouge composition (Hunfeld et al., 2017, Chapter 2) and for wet anhydrite, calcite and 
dolomite gouges in general (e.g. Scuderi et al., 2013; Pluymakers et al., 2016). When only 
partially saturated with brine, or when aqueous pore fluids are absent, frictional strength 
is significantly higher (0.70-0.74), in agreement with the results of Verberne et al. (2013) 
and Pluymakers et al. (2014b) for nominally dry calcite and anhydrite gouges. The 
simulated Basal Zechstein gouge is thus significantly stronger than gouges prepared from 
the underlying claystone, sandstone and shale formations of the Groningen field, which 
respectively exhibit friction coefficients of 0.35-0.38, 0.59-0.62 and 0.49-0.50 under 
brine-saturated conditions (see Hunfeld et al., 2017, Chapter 2). 

In addition, our results for Basal Zechstein gouge at 100°C showed that under partially 
brine-saturated and dry conditions (including CH4-rich environments), the velocity-
dependence of friction is strongly negative (Figure 3.3c), favouring nucleation of 
accelerating slip. By contrast, brine-saturated samples showed stable velocity-
strengthening behaviour at temperatures of 50-100°C (Figure 3.3a), transitioning to 
velocity-weakening slip at temperatures ³120°C, or perhaps lower at sliding velocities 
below the minimum of 0.1 µm/s investigated here (Figure 3.3b). A similar transition was 
observed in previous experiments on fluid-saturated fault gouges composed of calcite, 
anhydrite or dolomite (Scuderi et al., 2013; Verberne et al., 2013a; Pluymakers et al., 
2014b; Chen et al., 2015a; Pluymakers et al., 2016), pointing to the importance of 
chemically-assisted, thermally-activated mechanism(s) in controlling slip stability for 
these materials. 

In the following, we aim to explain the effects observed in our experiments. To aid in this, 
we make use of the microphysical model for gouge friction developed by Niemeijer and 
Spiers (2006, 2007) and Chen and Spiers (2016), referring to it as the Chen-Niemeijer-
Spiers (CNS) model. We focus on analysing and explaining the mechanisms controlling 
the frictional behaviour seen in the brine-saturated experiments by quantitative 
comparison with this model. A more qualitative approach is adopted for the gas-bearing 
and evacuated samples. Finally, we discuss the implications of our results in the context 
of (induced) seismicity in the Groningen gas field and in evaporite and limestone terrains 
in general. 

3.4.1 Introduction to the CNS model 
The velocity-dependence of friction is classically described by the empirical RSF 
equations (Dieterich, 1978a, 1979; Ruina, 1983). These have been highly successful in 
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reproducing fault slip behaviour observed in experiments at low (rupture nucleation) 
velocities (e.g. Tullis and Weeks, 1986; Blanpied et al., 1998), as well as in simulating the 
seismic cycle and aftershock behaviour of active faults in nature (e.g. Dieterich, 1994; 
Kato and Tullis, 2003). However, the large variations in RSF parameters with temperature, 
sliding velocity, normal stress and pore fluid composition that are widely observed in 
experiments (e.g. Shimamoto, 1986; Chester, 1994; Blanpied et al., 1995; Ikari et al., 
2009; den Hartog and Spiers, 2013; Scuderi et al., 2013; Boulton et al., 2014; Pluymakers 
et al., 2014b; Verberne, 2015; Carpenter et al., 2016) are neither explained nor captured 
in the classical RSF framework. To bridge this gap, mechanism-based models have 
recently begun to appear that aim to provide a microphysical basis for describing the 
frictional behaviour of fault gouges and for underpinning the phenomenological RSF 
equations (Niemeijer and Spiers, 2007; den Hartog and Spiers, 2014; Chen and Spiers, 
2016; Ikari et al., 2016a; Aharonov and Scholz, 2018). The advantage of these is that they 
can be used to model fault behaviour beyond laboratory conditions, e.g. to extrapolate to 
natural temporal and spatial scales on the basis of the operation of observed deformation 
mechanisms in both laboratory and nature. We use the most recent version of the CNS 
model (see Chen and Spiers, 2016; Chen et al., 2017) in the present paper. 

The model assumes an idealized microstructure for a mature fault that has undergone slip 
localization within a shear band developed at the margin of a bulk gouge layer (Figure 
3.6a). Frictional strength of the fault gouge is assumed to be controlled by competition 
between two key mechanisms: 1) dilatant granular shear flow, with velocity-strengthening 
atomic scale frictional interactions at sliding contacts, and 2) time-dependent shear and 
compaction by a thermally activated creep mechanism (e.g. pressure solution or 
dislocation creep) acting at the grain scale (Figure 3.6b). A plot of steady-state shear 
strength versus shear strain rate at constant temperature, as qualitatively predicted by the 
CNS model, is presented in Figure 3.6c following Chen et al. (2017). The model predicts 
velocity-strengthening behaviour in the low strain rate regime due to non-dilatant 
plastic/viscous flow. With increasing shear strain rate, dilatation sets in and the behaviour 
transitions to velocity-weakening. In this regime, frictional strength is controlled by the 
competition between shear-induced dilatation and time-dependent compaction, producing 
a steady-state porosity and corresponding steady-state strength at fixed shear rate. At 
higher shear rates still, critical state granular flow is approached, and velocity-
strengthening behaviour becomes dominant due to the velocity-strengthening nature of 
the grain boundary friction coefficient. At yet higher strain rates, dynamic slip- and/or 
velocity-weakening behaviour is expected due to mechanisms activated by frictional 
heating (Di Toro et al., 2011; Aharonov and Scholz, 2018). The intermediate velocity-
weakening/strengthening regimes (Regimes 2 and 3 in Figure 3.6c) are the most relevant 
for this paper. 
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Figure 3.6 Overview of the CNS model adapted from Chen et al. (2017). a) Conceptual model, 
showing bulk gouge and localized shear band with total thickness (Lt) and localisation degree (l). 
The applied normal stress (sn) and shear stress (t) are associated with a fault-normal strain rate 
(𝜀̇) and shear strain rate (�̇�). b) Microstructural geometry assumed for bulk gouge and shear band 
with grain size (d), illustrating the grain contact angle (y) which is related to porosity (j) via a 
geometrical parameter (H) and a parameter (q), defined as 2´ the critical state porosity for 
granular flow (jc). Deformation occurs by dilatant granular flow operating in competition with 
shear and normal deformation of the grains by a thermally activated creep process (e.g. pressure 
solution). The grain boundary friction coefficient (𝜇R) is defined as the ratio of the local shear stress 
(�̃�) and normal stress (𝜎R)) acting on the grain contacts and is described by atomic scale barrier 
interactions, according to Equation 3.5d in Table 3.2. At the contact scale (see inset), a single 
contact consists of many small-scale solid-solid islands or contact points. The inset at the lattice 
scale represent frictional sliding interactions of atoms at a single contact point, where large atoms 
represent anions and small atoms represent cations. c) Qualitative sketch of steady-state frictional 
strength versus shear strain rate following the CNS model, showing the flow regime (1) at low 
velocities, the frictional regimes (2 and 3) at intermediate velocities, and the dynamic weakening 
regime (4) at high velocities. 
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Equation No. Conceptual meaning and source 
�̇�
𝐾
= 𝑉TUM − 𝐿W�̇�WXW	  &	  �̇�WXW = .�̇�ML + �̇�Z[/	  

 

3.5a fault-parallel kinematic relation 
(Chen and Spiers, 2016) 

−
�̇�

(1 − 𝜑)
= 𝜀ṀL − �̇�Z[	  𝑡𝑎𝑛𝜓	  &	  𝑡𝑎𝑛𝜓 = 𝐻(𝑞 − 2𝜙)	  

 

3.5b relation describing fault-normal 
deformation (Chen and Spiers, 2016) 

𝜏 =
𝜇R + 𝑡𝑎𝑛𝜓
1 − 𝜇	  b𝑡𝑎𝑛𝜓

𝜎)	  

 

3.5c grain contact to REV scaling relation 
for friction coefficient (Chen and 
Spiers, 2016) 

𝜇R = 𝜇R∗ + 𝑎db ln.�̇�Z[ �̇�Z[∗⁄ /	  
 

3.5d grain contact friction equation (Chen 
and Spiers, 2016) 

𝜀ṀL = 𝐴ML
𝜎)
M

𝑑U
exp ;−

𝐸j
𝑅𝑇
=𝑓n	  

 

3.6a creep law describing compaction rate 
at grain contacts (Appendix 3.3) 

𝑓n = ;1 −
𝜑
𝜑A
=
op
	  

 

3.6b porosity function accounting for 
changes in grain contact area 
(Appendix 3.3) 

Table 3.2 List of the governing equations in the present CNS model simulations. Symbols used are 
explained in Table 3.3 and in the main text. 

3.4.2 CNS model as applied here 
As described above, the CNS model for truly frictional behaviour of a fault gouge shear 
band (Regimes 2 and 3 of Figure 3.6c) assumes that gouge deformation involves parallel 
operation of dilatant granular flow and thermally activated (creep) deformation of 
individual grains. From a more quantitative perspective (refer Table 3.2), the gouge 
friction coefficient µ at any instant is determined by the gouge microstructure (porosity j 
and dilatation angle y, Figure 3.6b) and by the grain contact friction coefficient 𝜇R: see 
Equations 3.5c and 3.5d (Table 3.2). Evolution of gouge porosity and dilatation angle is 
determined by competition between granular dilatation and compaction by the thermally 
activated creep process (𝜀ṀL) according to Equation 3.5b (Table 3.2), i.e. by the net strain 
rate normal to the shear band. Similarly, the total shear band strain rate (�̇�WXW  in Equation 
3.5a, see Table 3.2) is the sum of the shear rate due to granular flow (�̇�Z[) plus that due to 
thermally activated shear deformation (�̇�ML). Lastly, the load-point sliding velocity 
measured in an experiment can be represented by the sum of the gouge shearing velocity 
and the rate of elastic dimensional changes occurring in the shear loading system due to 
changes in shear stress supported by the active shear band (Equation 3.5a, Table 3.2). 

The CNS model as implemented by Chen and Spiers (2016) and Chen et al. (2017) solves 
this system of equations, also allowing for compaction of the bulk gouge (Figure 3.6a) 
without shear. Here we apply it for the observed microstructure in our brine-saturated 
experiments, using an empirical thermally activated compaction creep law given by 
Equations 3.6a and 3.6b (Table 3.2) that was calibrated against independent compaction 
experiments (see Appendices 3.2 and 3.3). Note that for the velocities investigated in this 
study (0.1-10 µm/s), shear deformation accommodated by creep (�̇�ML) is negligible, and 
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we therefore neglected it in our simulations. The input parameters used in obtaining the 
steady-state and transient behaviour in our CNS model simulations are listed in Table 3.3. 
For details on the final model implementation and solution method used the reader is 
referred to Chen and Spiers (2016) and Chen et al. (2017). 

 
Parameter Description (unit) Value (range) Source  
t shear stress (Pa) output from model Equation 3.5c 
sn effective normal stress (Pa) 4·107 experimentally applied value 
T absolute temperature (K) 323-423 experimental applied values 
K machine stiffness (Pa/m) 7·1010 calibrated value 
Vimp imposed slip rate at load point 

(m/s) 
0.1-10 ·10-6 experimentally applied values 

Lt thickness of the gouge layer (m) 8·10-4 observed from sheared samples 
l localization degree 0.02 (0.0125-0.0375) observed from sheared samples 

y dilatation angle  output from model Equation 3.5b 
j porosity of the shear band output from model Equation 3.5b 
jc critical state porosity for 

granular flow 
0.27 assumed here 

𝜑+qrLs initial porosity of bulk gouge 0.25 Starting porosity in brine-
saturated uniaxial compaction 
experiment (Appendix 3.2)  

d average grain size of shear band 
(m) 

0.5·10-6 (0.1-2 ·10-6) observed from microstructures 

dbulk average grain size of bulk gouge 
(m) 

5·10-6 (2-20 ·10-6) observed from microstructures 

q 2x critical state porosity 0.54 empirically determined from 
compaction data (Appendix 3.3)  

H geometrical parameter 0.577 (0.36-1.73) assumed here following 
(Niemeijer and Spiers, 2007) 

𝜇R∗ reference grain boundary 
friction coefficient for velocity 
of 1x10-6 m/s 

0.65 assumed here 

𝑎db  coefficient for logarithmic rate-
dependence of grain boundary 
friction 

0.01 (0.002-0.06) experimentally determined from 
brine-sat. samples (average a 
value from RSF fits) 

𝜎)
MApl temperature-independent 

constant in compaction creep 
law (m3/s) 

6.6·10-27 empirically determined value 
(Appendix 3.3) 

Ea activation energy in compaction 
creep law (J/mol) 

10·103 (4-16 ·103) empirically determined value 
(Figure 3.4b) 

R universal gas constant 
(J/mol/K) 

8.314 universal value 

M exponent in porosity function 4.8 empirically determined value 
(Appendix 3.3) 

m grain size sensitivity exponent 
in compaction creep law 

3 following (Pluymakers and 
Spiers, 2014) 

Table 3.3 List of the input parameters and values used in the present CNS model simulations. Other 
symbols used are explained in the main text. 
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Regarding the mechanism of compaction operating in our Basal Zechstein gouge, both 
our frictional and compaction results clearly point to a thermally activated mechanism, 
with low apparent activation energy for compaction in the bulk gouge, crudely estimated 
to be 10±6 kJ/mol (Figure 3.4b). Uniaxial compaction experiments on solution-saturated 
monomineralic calcite and anhydrite aggregates under pressure and temperature 
conditions relevant here (Zhang et al., 2010b; Pluymakers et al., 2014a; Pluymakers and 
Spiers, 2014), have shown that time-dependent compaction creep is controlled by 
intergranular pressure solution (IPS), giving way to sub-critical crack growth control at 
grain sizes >70 µm. Based on these results, IPS is expected to dominate compaction in 
our brine-saturated experiments. Our estimate of the activation energy for bulk gouge 
compaction also agrees well with the range of values reported for calcite by Zhang et al. 
(2010) (6-24 kJ/mol), which are broadly consistent with diffusion-controlled IPS. Based 
on this, the grain size exponent (m) in the creep law (Equation 3.6a, Table 3.2) was 
assumed to be 3 (Pluymakers and Spiers, 2014). 

3.4.3 CNS simulation results versus experiments; brine-saturated samples 
To assess to what extent the CNS model can reproduce our experimental results 
quantitatively, we applied the model as described above, using the input parameters listed 
in Table 3.3 and simulating temperatures of 50, 100 and 150°C. In Figures 3.7a and 3.7b 
we compare the steady-state friction coefficient versus sliding velocity results obtained 
from these simulations with those measured in our brine-saturated experiments (corrected 
for linear background slip-weakening trends, cf. Blanpied et al., 1998). The corresponding 
(a–b) values determined from the simulations and the experiments are shown in Figure 
3.7c. At individual temperatures, the simulations show trends in µ versus V that are closely 
similar to our experimental results, i.e. positive slopes hence velocity-strengthening at 50 
and 100°C, transitioning to negative slopes hence velocity-weakening at 150°C and 
velocities in the range 0.1-1 µm/s (Figures 3.7a and 3.7b). Like the experimental data, the 
modelled (a–b) values also increase with velocity while decreasing with temperature 
(Figure 3.7c). In the CNS model, these trends represent the transition from Regime 2 to 
Regime 3 in Figure 3.6c, which occurs at increasingly higher rates as temperature 
increases due to more effective competition of thermally activated compaction versus 
granular dilation (the curve moves to the right in Figure 3.6c). A conspicuous shortcoming 
of the model, however, is that it predicts a continuous increase in µ with temperature at 
fixed velocity (again due to increasingly efficient compaction hence lower j), which is 
not seen in the experimental data where the frictional strength at 50°C is greater than at 
100 and 150°C (Figure 3.7a vs. 3.7b). It should be noted here that the uncertainty in 
friction coefficient related to experimental reproducibility is relatively large (±0.02, e.g. 
Hunfeld et al., 2017, Chapter 2) compared to the variations in friction coefficient with 
temperature predicted by the model, and that at least part of this disparity may be related 
to this uncertainty. 
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In terms of transient behaviour (Figure 3.8), the modelling results show a frictional 
strength response to velocity-stepping that is closely similar to the experimental 
observations. For each velocity step, both the modelled and experimentally observed 
frictional strength first exhibits a direct effect and then evolves to a new steady-state, 
consistent with velocity-strengthening behaviour at 50 and 100°C, and with partly 
unstable behaviour (at 0.1 µm/s) at 150°C. Moreover, at 150°C and 0.1 µm/s, where the 

Figure 3.7 a) Friction coefficient µ versus load-point velocity calculated from our CNS model 
simulations using the input parameters specified in Table 3.3. b) µ versus load-point velocity data 
obtained in our brine-saturated samples (see Figure 3.2a), corrected for linear slip-weakening 
trends. Interpolated lines show general trends exhibited by the data. The simulations show trends 
in µ versus V at fixed temperature that are very similar to our experimental results, i.e. a transition 
from velocity-strengthening (positive slope) at 50°C to velocity-weakening (negative slope) at low 
velocities, at 150°C (compare panel a with b). However, the simulations show a continuous increase 
in µ with temperature at fixed velocity which is not seen in the experimental data. c) (a–b) calculated 
from the simulations (solid lines) and from experiments (data points plus interpolated lines) versus 
load-point velocity, showing similar trends versus velocity and temperature. 
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gouge is both observed and predicted to be velocity-weakening (Figure 3.7), the model 
predicts unstable oscillations that decay with ongoing displacement, as observed in the 
experiment at 150°C (though with higher frequency and lower amplitude). However, the 
experimental data show a peakless evolution towards steady-state strength for fast upsteps 
(1-10 µm/s) that is characterised by an apparent negative b-value (Figure 3.8; Appendix 
3.1), whereas the modelled friction shows a transient peak in frictional strength and hence 
positive b. 

Figure 3.8 Friction coefficient µ versus displacement curves obtained in CNS model simulations 
(blue lines) and brine-saturated experiments (black lines, corrected for linear displacement-
weakening trends) at a) 50°C, b) 100°C and c) 150°C. The sliding velocities are as indicated per 
step in µm/s. The model simulations use the same values for the input parameters as the simulations 
in Figure 3.7, except for the following: for the 50 and 100°C simulation, l = 0.0125 (corresponding 
to a 10 µm wide shear band) and H = 0.3 (for comparison, these parameters were set respectively 
to 0.02 and 0.577 in the Figure 3.7). For the 150°C simulation, 𝑎db  was set to be 0.009 instead of 
0.01. These values were within the realistic ranges listed in Table 3.3. At all three temperatures, 
the simulations show a transient response in friction to velocity stepping that is similar to that seen 
in the experimental data, except for 1) the apparent negative b-values that characterise the 
evolution towards steady-state in steps of 1-10 µm/s in the experiments, that is not captured in the 
simulations, and 2) the magnitude and recurrence time of the stick-slips occurring at 0.1 µm/s at 
150°C, which are both overestimated in the simulations. 
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In summary, the CNS model qualitatively reproduces the main trends in µ versus velocity, 
and in (a–b) versus velocity and temperature, seen in our brine-saturated experiments, 
suggesting that the basic microstructural processes envisioned in the model (dilatant 
granular flow in combination with thermally activated compaction creep) may indeed 
control the frictional behaviour seen in our experiments. However, there are aspects of the 
experimental data that are not captured at all in the modelling results. These are i) the 
temperature-dependence of µ at fixed velocity (Figures 3.7b versus 3.7a), ii) the absence 
of a peak friction (negative b-values) following fast upsteps (Figure 3.8), and iii) the 
magnitude and recurrence time of the stick-slips occurring at 150°C and 0.1 µm/s, which 
are both overestimated in the modelling results (Figure 3.8c). Relevant here is the high 
sensitivity of the CNS model to microstructural parameters like grain size (d), porosity 
(j) and shear band thickness (Lt), or localization degree (l), as shown in Figure 3.9 (see 
also Chen and Spiers, 2016). Variations in these parameters with temperature, for 
example, might account for the observed discrepancies in µ and stick-slip 
amplitude/frequency. Due to the fine grain size of the deformed samples, we have no 
microstructural evidence for such effects, but cannot exclude them. Processes that affect 
localization (l) and overall microstructure (d, j), like grain scale cataclasis and 
comminution, are not included in the model, though, based on our microstructures, they 
clearly played a role during deformation. To assess their effects, constant-velocity 
experiments to fixed strains should be performed in the future, with detailed 
microstructural analyses to gain insight into how grain size and localization degree 
develop during progressive shear and whether this development depends on sliding 
velocity. The apparent negative b observed in steps of 1-10 µm/s (fast rates imposed) 
might reflect that the shear band porosity is at the critical state value, so that there is no 
dilatation in the shear band and thus no slip-weakening evolution effect. 

3.4.4 Mechanisms controlling friction in gas-bearing and evacuated samples 
The increase in friction from 0.64 to 0.72±0.02 observed in our experiments on gas-
filled/evacuated samples at 100°C compared to brine-saturated experiments at the same 
temperature (Figure 3.2) can potentially be explained by effects of water on intergranular 
friction (𝜇R). “Lubrication” by adsorbed (disjoining) water films has frequently been 
proposed to reduce sliding friction between grains (e.g. Morrow et al., 2000) through 
viscous layer effects, or through surface force interactions that reduce atomic scale 
barriers to intergranular slip or else remove them by local diffusive transport (Diao and 
Espinosa-Marzal, 2018; refer Figure 3.6b). Hence, grain boundary and aggregate friction 
are expected to be higher in samples that do not contain aqueous pore fluids. On the other 
hand, our partially-saturated gouges showed friction coefficients comparable to dry 
gouges, suggesting that molecular water films adsorbed at grain boundaries were either 
not sufficiently thick to reduce friction, or that sorption sites were not sufficiently 
populated or occupied at all (no films present). A possible explanation behind this lies in 
the distribution of the aqueous fluid under mixed gas-brine conditions (Jiang et al., 2013). 
Grain contacts in our partially-saturated gouges may have been preferentially saturated 
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with adsorbed gas molecules (gas-wetted), with liquid water being present only as isolated 
brine droplets in the free pores, thus leading to high, near-dry friction coefficients. To the 
best of our knowledge, however, no data are available on sorption or wetting of materials 
such as the present gouge, by either N2/brine or CH4/brine mixtures, to evaluate this 
hypothesis. 

Figure 3.9 CNS model results in terms of friction coefficient µ and (a–b) versus load-point velocity 
at 100°C, showing the sensitivity to grain size d (panels a and b), and degree of shear localization 
l (panels c and d). The values for d and l were varied within realistic ranges (see Table 3.3). The 
values for the other parameters were equal to the reference-case scenario in Table 3.3. For 
comparison, the blue curves in a) and b) (using d = 0.5 µm and l = 0.0125) correspond to the 
100°C simulations shown in Figures 3.7a and 3.7c. For an overview of the sensitivity of the CNS 
model to other input parameters, the reader is referred to Chen and Spiers (2016). 
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We now attempt to explain the velocity-weakening behaviour observed in our gas-
bearing, gas/brine-bearing and evacuated gouge samples at 100°C, recalling that brine-
saturated samples showed velocity-strengthening at this temperature (Figure 3.3). In the 
CNS model, velocity-weakening is expected when the rate of compaction creep competes 
with the rate of dilatation caused by granular flow. Zhang et al. (2010) and Pluymakers et 
al. (2014a) showed that under (vacuum) dry conditions, compaction creep in granular 
calcite and anhydrite aggregates is dominated by subcritical cracking at the grain scale, 
possibly aided by minor, work-hardening crystal plasticity (dislocation glide), and occurs 
at rapidly decelerating rates reaching values far lower than seen under wet (fluid-
saturated) conditions at porosities below 30%. We confirmed similar behaviour in uniaxial 
compaction experiments on vacuum-dry Basal Zechstein samples. These too showed 
rapidly decelerating compaction that reached negligible rates compared with brine-
saturated material at porosities below ~31% (see Appendix 3.2). The rate of compaction 
of partially-saturated Basal Zechstein gouge (tested at 100°C using air plus brine, see 
Appendix 3.2) at these porosities was also orders of magnitude lower than for brine-
saturated material, and showed a similarly rapid decrease in strain rate with porosity to 
the vacuum-dry samples, suggesting a similar compaction mechanism. 

This slow compaction creep in dry and partially-saturated gouge samples should promote 
critical state, velocity-strengthening behaviour (Regime 3, Figure 3.6c), rather than the 
observed velocity weakening, at rapid shear rates, because compaction creep would be 
unable to compete with dilatation due to granular flow. On the other hand, the higher 
porosities (~20-30%) observed in our sheared gas-bearing and evacuated samples 
compared to wet samples (~10-20%) imply higher stresses at grain contacts. These in turn 
imply potentially higher compaction rates during steady state shearing of the dry and 
partially-saturated samples since the strain rate due to subcritical microcracking and 
dislocation glide processes inferred in dry anhydrite and calcite gouges (Zhang et al., 
2010b; Pluymakers et al., 2014a) depends exponentially on grain contact stress, as 
opposed to the linear dependence characteristic of pressure solution (Munz and Fett, 1999; 
De Bresser, 2002; Spiers et al., 2004; Rybacki et al., 2013). 

Combined with dilatant granular flow plus an increased grain boundary friction coefficient 
under (partially) dry conditions, shear and compaction creep by the above-mentioned 
subcritical cracking and dislocation mechanisms could potentially produce the steady-
state friction versus velocity behaviour for dry material shown in Figure 3.10 – according 
to the principles of the CNS model. In Figure 3.10, velocity strengthening ductile 
behaviour and the onset of the dilatant velocity-weakening regime are shifted towards 
lower velocities in the case of (partially) dry samples, due to a switch to shear and 
compaction creep by subcritical cracking or dislocation glide mechanisms, as opposed to 
faster pressure solution in the fully wet samples. At the same time, the shape of the curve 
in the velocity-weakening region, where porosity develops due to a balance between 
dilatation associated with granular flow versus compaction creep, is altered due to a) the 
lower rate of compaction under (partially) dry conditions at a given developing porosity, 



Effects of temperature and gas/brine content  

 107 

and b) the increased sensitivity of dry compaction mechanisms to contact stress and to 
changing porosity. The velocity weakening curve for the (partially) dry case is thus 
steepened at low velocities because sluggish compaction allows rapid dilatation and hence 
a rapid shear strength drop until the porosity is high enough for compaction by subcritical 
cracking or dislocation mechanisms to match the dilatation rate. Continued velocity 
weakening towards higher velocities then proceeds much more gradually (more linearly) 
as the background porosity level is now high enough for continued dilatation to be 
matched by small increases in compaction rate as grain contact areas decrease and contact 
stresses increase. As the transition to critical-state granular flow is approached (i.e. when 
dilatant granular flow is so fast that compaction by subcritical cracking or dislocation 
mechanisms is negligible) then velocity-strengthening sets in due to the influence of 
velocity strengthening (dry) grain boundary friction. 

We postulate that this combination of increased grain boundary friction plus highly stress-
sensitive compaction mechanism offers an explanation for the increased frictional strength 

Figure 3.10 Schematic illustration showing the proposed explanation for the results of experiments 
on gas-bearing and evacuated samples. Under these conditions, the steady-state frictional strength 
versus shear strain rate curve for wet behaviour as predicted by the CNS model (black line; see 
also Figure 3.6c), is altered as follows: 1) the switch from shear and compaction creep by pressure 
solution in wet samples to subcritical cracking or dislocation mechanisms in (partially) dry samples 
shifts velocity strengthening ductile behaviour and the onset of velocity weakening behaviour to 
lower velocities; 2) the lower rate of compaction under (partially) dry conditions at a given 
developing porosity and the increased sensitivity of dry compaction mechanisms to contact stresses 
and changing porosity change the shape of the curve in the velocity weakening regime (see main 
text for discussion), resulting in a steeper curve at low velocities, and more linear (but still velocity 
weakening) towards higher velocities where the transition to critical-state granular flow with 
velocity-strengthening (dry) grain boundary friction ultimately occurs; 3) the increased (dry) grain 
boundary friction coefficient shifts the frictional strength in the granular flow regime to higher 
values. These combined effects can potentially explain the velocity-weakening behaviour observed 
for gas-bearing and evacuated gouges in the range of sliding velocities investigated in our 
experiments. 



CHAPTER 3 

 108 

and the velocity-weakening behaviour observed in our dry and partially-saturated samples 
versus the brine-saturated. However, if we consider that the creep mechanism is stress-
corrosion cracking, this implies that grain size is continuously evolving during the 
experiments, which violates the assumption of a steady state microstructure in the CNS 
model. Besides a change in grain size, the continuous operation of grain size reduction 
might also affect the development of the width of the localized shear band(s). In this 
context, it is interesting to note that we observe a continuous strain weakening in the gas-
bearing samples that appears to be absent in the wet samples (at 100°C at least; Figure 
3.2b). This could potentially be related to a decrease in the intensity of grain size 
reduction. A final possibility that we consider is the nature of the velocity-dependence of 
grain boundary friction. If this were to be velocity-weakening in the absence of an aqueous 
pore fluid, it could also explain the behaviour observed in our experiments. However, to 
the best of our knowledge, there is no mechanistic basis that supports this. The atomic- to 
nanometre-scale interactions at grain contacts considered in the CNS model produce 
velocity-strengthening behaviour (Chen and Spiers, 2016), as does any thermally 
activated atomic or defect scale barrier jump process at asperity contacts (Tullis and 
Weeks, 1987; Beeler et al., 1996; Nakatani, 2001; Rice et al., 2001; Diao and Espinosa-
Marzal, 2018). 

3.4.5 Implications 
The results presented in this study show that the frictional properties of simulated Basal 
Zechstein fault gouges are highly sensitive to temperature and pore fluid conditions. 
Besides direct implications for induced seismicity in the Groningen gas field, the results 
are also relevant to induced and natural seismicity related to faults cutting anhydrite- and 
carbonate-dominated sequences worldwide. 

In the Groningen gas field, the top of the reservoir system, i.e. the Slochteren sandstone 
and overlying Ten Boer claystone, is saturated mainly with gas (mostly methane with 
~14% nitrogen - Stauble and Milius, 1970; De Jager and Visser, 2017) alongside connate 
brine (the connate water content in the reservoir varies between 7-25% - Burkitov et al., 
2016). Faults that cut through the Basal Zechstein and into the reservoir (including those 
that juxtapose the reservoir against the overlying Basal Zechstein caprock and thus 
incorporate anhydrite and carbonate gouges derived from the caprock) are therefore 
expected to be saturated with a mixture of CH4 and brine. Our results for (a–b) in 
gas/brine-bearing samples (Figure 3.3c) show that under these conditions, faults 
containing Basal Zechstein-derived gouge material are expected to be strongly velocity-
weakening. Coupled with their high friction coefficient, such faults would therefore be 
expected to be especially prone to the nucleation of seismogenic slip, in the framework of 
RSF. By comparison, the other formations in the reservoir system (i.e. the Ten Boer 
claystone, Slochteren sandstone and Carboniferous shale/siltstone substrate), were found 
to be velocity-strengthening (Hunfeld et al., 2017; Chapter 2), and hence are not 
earthquake prone. However, there is little evidence from earthquake hypocentre 
estimations that supports this. (Spetzler and Dost, 2017) found that the majority of the 
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events occur in the reservoir interval, with only ~5 to at most 30% of the events occurring 
in the upper part of the reservoir/caprock system. Relevant here is that other factors 
besides velocity-weakening may influence fault reactivation and earthquake nucleation 
sites, such as a non-uniform stress distribution on faults due to the response of juxtaposed 
mechanically contrasting layers to reservoir depletion (Mulders, 2003; Buijze et al., 2017) 
or stress redistribution due to the presence of viscoelastic rock salt overlaying the Basal 
Zechstein (Orlic and Wassing, 2012; Wassing et al., 2017). The fact that earthquakes are 
not uniquely associated with the upper part of the reservoir/caprock system may indicate 
that faults that cut this part of the system and incorporate Basal Zechstein-derived gouge 
material are not critically stressed. Another possibility is that other mechanical behaviour, 
such as slip-weakening, plays a role in earthquake nucleation in the reservoir interval. The 
potential for this type of behaviour needs to be addressed in future studies. 

In contrast to gas-bearing gouges, our results show velocity-strengthening behaviour 
under brine-saturated conditions at temperatures lower than or equal to the reservoir 
temperature in the Groningen field (~100°C), implying stable, aseismic slip under such 
conditions. However, as pointed out by Hunfeld et al. (2017, Chapter 2), the positive 
dependence of (a–b) on sliding velocity observed in brine-saturated Basal Zechstein 
gouges implies that at lower displacement rates, velocity-weakening behaviour occurs, 
which can potentially initiate accelerating slip. For temperatures above 100°C and under 
natural loading conditions, Basal Zechstein gouge, and anhydrite- and carbonate-
dominated gouges in general, are expected to produce velocity-weakening behaviour, 
consistent with the laboratory results referenced earlier. This transition appears to 
correspond to the upper limit of the seismogenic zone in tectonically active evaporite and 
limestone terrains, located at ~2-4 km depth in the Apennines and the Corinth Rift Zone, 
for example (Bernard et al., 2006; Valoroso et al., 2013). 

The CNS model seems to partially capture the experimentally observed temperature-
dependent transition in slip stability, including the steady-state and transient behaviour 
exhibited in our brine-saturated experiments. As such, the CNS model, and 
microphysically-based models in general, offer a promising tool for further quantification 
and understanding of the frictional properties of fault gouges under hydrothermal 
conditions, and to extrapolate laboratory results to pressures, temperatures and sliding 
velocities outside laboratory capabilities. Our application of the CNS model here provides 
evidence that the velocity dependence of friction seen in the Basal Zechstein gouges 
studied is caused by the operation of dilatant granular flow in combination with either 
thermally activated compaction creep (likely diffusion-controlled IPS) in the case of 
brine-saturated gouges, or highly stress-sensitive compaction mechanisms like subcritical 
crack growth and work-hardening crystal plasticity in the case of gas-bearing, partially-
saturated or dry gouges. 
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3.5 Conclusions 
We performed direct-shear, velocity-stepping friction experiments on simulated 
anhydrite-carbonate fault gouges prepared from the Basal Zechstein caprock overlying the 
seismogenic Groningen gas field. We investigated its frictional properties at in-situ P-T 
conditions, at temperatures of 50-150°C, and at 40 MPa effective normal stress, using 
sliding velocities of 0.1-10 µm/s. We simulated the in-situ pore fluid conditions using 4.4 
M NaCl solution, as well as methane, air and brine/gas mixtures. The results were 
analysed in the classical rate-and-state friction (RSF) framework, as well as using a 
microphysical model for fault gouge friction. Our main findings are summarized below: 

1.   Brine-saturated Basal Zechstein gouges showed steady-state friction coefficients (µ) 
of 0.60-0.69, with little dependence on temperature, along with velocity-strengthening 
behaviour at 50-100°C, transitioning to velocity-weakening at 120°C and above. 

2.   Samples saturated with methane/air or gas-brine mixtures, as well as a vacuum-dry 
control experiment, showed µ values of 0.72±0.02 plus strongly velocity-weakening 
behaviour accompanied by stick-slip at 100°C (the only temperature investigated for 
dry/gas-bearing samples). 

3.   Microstructures of brine-saturated samples showed strongly localized shear in Riedel 
and boundary shear bands, characterized by extreme grain size reduction. Gas-filled, 
evacuated and partially-saturated samples showed similar microstructures, but with 
much wider shear bands that showed less extreme grain size reduction, and overall 
higher porosity as seen in our micrographs. 

4.   A microphysical model for friction of granular fault gouges (Chen and Spiers, 2016; 
Chen et al., 2017a), assuming competition between dilatant granular flow and 
thermally-activated compaction creep, captures most of the trends seen in our brine-
saturated samples when applied using compaction creep data measured for simulated 
gouge which is assumed to reflect diffusion-controlled pressure solution. The 
behaviour observed in our gas-bearing and dry samples can be qualitatively explained 
by the model assuming compaction creep due to stress sensitive mechanisms such as 
subcritical crack growth and work-hardening crystal plasticity. 

5.   Noting that the temperature in the Groningen reservoir is ~100°C, our results imply 
that faults cross-cutting the Basal Zechstein caprock and juxtaposing the caprock 
against the reservoir sandstone may show strongly velocity-weakening behaviour, 
specifically in the gas-filled upper portion of the reservoir/caprock system. From a 
RSF point of view, these faults thus have an increased potential for nucleating 
seismogenic slip in comparison with the underlying formations. Under brine-saturated 
conditions, velocity-weakening and hence seismogenesis is expected at temperatures 
of 120°C and above, which is relevant for natural seismicity occurring in evaporite 
and limestone terrains. 
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Appendix 3.1: Rate-and-State Friction parameters 
 

Table A3.1 Rate-and-State Friction constitutive parameters determined as described in Section 
3.2.3 for all velocity steps performed. When stick-slips occurred, no individual a, b, and dc could be 
determined, and (a–b) was determined manually using Equation (3.3). 

Experiment Pore fluid T V0 V (a–b) a b dc 

  [ºC] [µm/s] [µm/s]    [mm] 
Z2BZ-26 4.4 M NaCl 50 0.1 1 0.0015 0.0106 0.0091 0.0351 
Z2BZ-26 4.4 M NaCl 50 0.1 1 0.0061 0.0117 0.0056 0.0385 
Z2BZ-26 4.4 M NaCl 50 1 10 0.0093 0.0552 0.0459 0.0304 
Z2BZ-26 4.4 M NaCl 50 1 10 0.0139 0.0055 -0.0084 0.0037 
Z2BZ-26 4.4 M NaCl 50 5.4 0.1 0.0013 0.0322 0.0309 0.0561 
Z2BZ-26 4.4 M NaCl 50 10 0.1 0.0069 0.0915 0.0846 0.0717 
Z2BZ-25 4.4 M NaCl 80 0.1 1 0.0057 0.0027 -0.0030 0.0471 
Z2BZ-25 4.4 M NaCl 80 0.1 1 0.0069 0.0028 -0.0040 0.0122 
Z2BZ-25 4.4 M NaCl 80 1 10 0.0099 0.0032 -0.0067 0.0008 
Z2BZ-25 4.4 M NaCl 80 1 10 0.0120 0.0050 -0.0071 0.1620 
Z2BZ-25 4.4 M NaCl 80 5.4 0.1 0.0045 0.0231 0.0186 0.8287 
Z2BZ-25 4.4 M NaCl 80 10 0.1 0.0090 0.0220 0.0131 0.3538 
Z2BZ-06 4.4 M NaCl 100 0.1 1 0.0024 0.0142 0.0118 0.0021 
Z2BZ-06 4.4 M NaCl 100 0.1 1 0.0038 0.0024 -0.0014 0.0531 
Z2BZ-06 4.4 M NaCl 100 1 10 0.0104 0.0045 -0.0059 0.1186 
Z2BZ-06 4.4 M NaCl 100 1 10 0.0099 0.0041 -0.0057 0.0858 
Z2BZ-06 4.4 M NaCl 100 5.4 0.1 0.0048 0.0284 0.0236 0.2390 
Z2BZ-06 4.4 M NaCl 100 10 0.1 0.0066 0.0205 0.0139 0.1829 
Z2BZ-17 4.4 M NaCl 120 0.1 1 0.0006 0.0032 0.0027 0.0064 
Z2BZ-17 4.4 M NaCl 120 0.1 1 0.0029 0.0011 -0.0018 0.0479 
Z2BZ-17 4.4 M NaCl 120 1 10 0.0082 0.0050 -0.0032 0.0786 
Z2BZ-17 4.4 M NaCl 120 1 10 0.0084 0.0046 -0.0038 0.0545 
Z2BZ-17 4.4 M NaCl 120 5.4 0.1 -0.0002 0.0190 0.0192 0.1521 
Z2BZ-17 4.4 M NaCl 120 10 0.1 0.0038 0.0376 0.0338 1.1073 
Z2BZ-08 4.4 M NaCl 150 0.1 1 -0.0034 0.0047 0.0082 0.0215 
Z2BZ-08 4.4 M NaCl 150 0.1 1 0.0023 0.0021 -0.0002 0.0344 
Z2BZ-08 4.4 M NaCl 150 1 10 0.0072 0.0030 -0.0042 0.1250 
Z2BZ-08 4.4 M NaCl 150 1 10 0.0077 0.0023 -0.0053 0.1344 
Z2BZ-08 4.4 M NaCl 150 5.4 0.1 -0.0050 0.0110 0.0160 0.0900 
Z2BZ-08 4.4 M NaCl 150 10 0.1 0.0028 0.0195 0.0168 0.3609 
Z2BZ-22 4.4 M NaCl 100 5.4 0.01 -0.0027 0.0681 0.0708 0.0597 
Z2BZ-22 4.4 M NaCl 100 0.01 0.1 0.0000 0.0029 0.0029 0.0022 
Z2BZ-22 4.4 M NaCl 100 0.1 1 0.0033 0.0034 0.0000 0.0329 
Z2BZ-22 4.4 M NaCl 100 1 10 0.0095 0.0038 -0.0056 0.1187 
Z2BZ-22 4.4 M NaCl 100 10 100 0.0185 0.0087 -0.0098 0.4335 
Z2BZ-27 Vacuum 100 0.1 1 -0.0028    
Z2BZ-27 Vacuum 100 0.1 1 -0.0040    
Z2BZ-27 Vacuum 100 1 10 -0.0022    
Z2BZ-27 Vacuum 100 1 10 0.0003 0.0026 0.0024 0.0089 
Z2BZ-27 Vacuum 100 5.4 0.1 -0.0033    
Z2BZ-27 Vacuum 100 10 0.1 -0.0013    
Z2BZ-07 Air 100 0.1 1 -0.0038    
Z2BZ-07 Air 100 0.1 1 -0.0045    
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Table A3.1 (continued) 
 
Experiment Pore fluid T V0 V (a–b) a b dc 
  [ºC] [µm/s] [µm/s]    [mm] 
Z2BZ-07 Air 100 1 10 0.0000 0.0248 0.0248 0.0562 
Z2BZ-07 Air 100 1 10 -0.0033 0.0022 0.0055 0.0539 
Z2BZ-07 Air 100 5.4 0.1 -0.0072    
Z2BZ-07 Air 100 10 0.1 -0.0046    
Z2BZ-13 Methane 100 0.1 1 -0.0035    
Z2BZ-13 Methane 100 0.1 1 -0.0044    
Z2BZ-13 Methane 100 1 10 -0.0045    
Z2BZ-13 Methane 100 1 10 -0.0038    
Z2BZ-13 Methane 100 5.4 0.1 -0.0027    
Z2BZ-13 Methane 100 10 0.1 -0.0032    
Z2BZ-15 Air + Brine 100 0.1 1 0.0004 0.0320 0.0315 0.0080 
Z2BZ-15 Air + Brine 100 0.1 1 0.0004 0.0169 0.0165 0.0235 
Z2BZ-15 Air + Brine 100 1 10 -0.0005 0.0085 0.0090 0.0064 
Z2BZ-15 Air + Brine 100 1 10 -0.0018 0.0073 0.0091 0.0041 
Z2BZ-15 Air + Brine 100 5.4 0.1 -0.0018    
Z2BZ-15 Air + Brine 100 10 0.1 -0.0048    
Z2BZ-12 CH4 + Brine 100 0.1 1 -0.0003 0.0104 0.0107 0.0093 
Z2BZ-12 CH4 + Brine 100 0.1 1 0.0130 0.0041 -0.0089 0.0877 
Z2BZ-12 CH4 + Brine 100 1 10 0.0059 0.0030 -0.0029 0.0156 
Z2BZ-12 CH4 + Brine 100 1 10 0.0083 0.0057 -0.0027 0.0188 
Z2BZ-12 CH4 + Brine 100 5.4 0.1 -0.0029    
Z2BZ-12 CH4 + Brine 100 10 0.1 -0.0016    
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Appendix 3.2: Uniaxial compaction experiments on Basal Zechstein gouges 
To constrain the rate of compaction of Basal Zechstein fault gouge for our CNS modelling 
purposes, we performed independent uniaxial compaction creep experiments (Table 3.A2) 
at the same conditions as our reference-case brine-saturated experiment (BZ-C-01, using 
4.4 M NaCl solution), as well as on partially-saturated gouge (air plus brine, BZ-C-04) 
and vacuum-dry gouge (BZ-C-02 and BZ-C-05). The experiments were performed at 
100°C and 40 MPa effective normal stress, using an externally heated, uniaxial or 
oedometer-type compaction vessel, mounted in an Instron loading frame to apply normal 
stress. For details of the testing assembly, see Pluymakers et al. (2014). The samples 
consisted of ~6.6 g of Basal Zechstein fault gouge, corresponding to cylindrical samples 
of 2 cm in diameter and ~10 mm in height. We used a graphite-lubricated Teflon liner to 
reduce friction effects at the vessel boundaries. After loading the sample material in the 
vessel, the temperature was increased to 100°C (~4 hours heating time). In the case of the 
partially-saturated experiment, the pore fluid system was undrained. For the other 
experiments, the samples were heated with the pore fluid system under vacuum. After 
thermal stabilization, a “touch point” was achieved between the loading piston and the 
sample, after which the axial stress was increased in 10 minutes to 16 MPa. In the case of 
BZ-C-01, the pore fluid, pre-heated to the testing temperature, was then introduced and 
pressurized to 15 MPa. The system was left to equilibrate for ~1 hour, after which the 
axial stress was increased in 20 minutes to the target level so that the effective normal 
stress was 40 MPa. As soon as the target axial stress was reached, the sample was left to 
creep under a fixed effective normal stress (with the system operating in “load-control”) 
for ~2-4 days, while monitoring displacement. At the start of the creep phase (i.e. when 
the target axial stress was reached), sample porosity was ~25.7% for the brine-saturated 
run, ~30.0% for the partially-saturated run, and ~31.6% for the vacuum-dry runs (see 
Table 3.A2). 

In Figure 3.A1, panel (a), we show the axial strain versus time curves obtained in these 
experiments during the creep stage at constant effective normal stress of 40 MPa. In Figure 
3.A1, panel (b), we plot compaction strain rate (𝜀̇) as a function of sample porosity, which 
was calculated from the (decreasing) sample length in combination with the mass and bulk 
density of the sample material. All tests initially showed rapid compaction within the first 
~10 minutes, but in the case of the vacuum-dry samples, compaction quickly slowed down 
to a negligible level which approached the resolution limit of the apparatus and measuring 
equipment (strain rates of ~10-9 1/s) within ~5 hours. In these runs, total strains of ~0.8% 
were reached, with a final sample porosity of ~30.9%. In the brine-saturated sample on 
the other hand, compaction strain rates remained high throughout the full duration of the 
test, reaching a total strain of ~6.5% (corresponding to a final sample porosity of ~20.6%), 
at which point the sample was compacting at a strain rate of ~5·10-8 1/s. The experiment 
on partially-saturated gouge showed compaction rates in between the evacuated and brine-
saturated runs, with a final creep rate of ~7·10-9 1/s, reaching total strains of ~4.8% (final 
porosity of ~27.4%). These results show that the compaction rate at a given porosity of 
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the partially-saturated sample is significantly slower than for brine-saturated samples, 
exhibiting a strain rate versus porosity evolution that is more similar to vacuum-dry 
samples. 

Experiment T seff Pf Pore fluid ji jf etot tcreep 

 [°C] [MPa] [MPa]  [%] [%] [%] [h] 
BZ-C-01 100 40 15 4.4 M NaCl 25.7 20.6 6.5 89 
BZ-C-04 100 40 Atm. Air + 4.4 M NaCla 30.8 27.4 4.8 108 
BZ-C-02 100 40 - Vacuum 31.6 31.0 0.8 69 
BZ-C-05 100 40 - Vacuum 31.6 30.9 0.8 40 

Table 3A.2 List of all compaction experiments performed, the conditions, and key data. Symbols 
and coding: T = temperature; seff = effective axial stress during creep; Pf = pore fluid pressure; 
Atm. denotes atmospheric pressure; ji = initial porosity at the start of creep; jf = final porosity at 
the end of creep; etot = total axial strain attained during creep; tcreep = total duration of the creep 
phase. aPartially saturated sample: ~17% of the pore volume at the start of the creep phase is 
saturated with brine 

 

 

Figure 3.A1 Results from uniaxial 
compaction experiments on Basal 
Zechstein fault gouge. a) Axial strain 
versus time data for brine-saturated, 
partially-saturated and evacuated 
samples. b) Compaction strain rate 
(𝜀̇) versus porosity (𝜑) data derived 
from the results shown in (a). 
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Appendix 3.3: Empirical creep law for compaction of Basal Zechstein gouges 
As described in Section 3.4.2, the most likely compaction mechanism operating in brine-
saturated Basal Zechstein gouge is diffusion-controlled intergranular pressure solution 
(IPS). This mechanism is relatively well described for monomineralic, granular 
aggregates of calcite and anhydrite (Zhang et al., 2010b; Pluymakers et al., 2014a; 
Pluymakers and Spiers, 2014), but not for more complex compositions like the present 
Basal Zechstein gouge material. In order to describe compaction creep under brine-
saturated conditions in the CNS model, we therefore assumed a generalized compaction 
creep law and porosity function (Equations 3.6a and 3.6b, Table 3.2) that we calibrated 
against the compaction behaviour measured in the experiment on brine-saturated Basal 
Zechstein gouge described in Appendix 3.2. For convenience, Equations 3.6a and 3.6b are 
repeated here: 

𝜀ṀL = 𝐴ML
𝜎)
M

𝑑U exp
;−

𝐸j
𝑅𝑇
=𝑓n (3. 𝐴1𝑎) 

𝑓n = ;1 −
𝜑
𝜑A
=
op

(3. 𝐴1𝑏) 

In these equations, Ea is the activation energy, R the gas constant (8.314 kJ/mol), T the 
absolute temperature, sn is the effective normal stress with a stress exponent p, d is the 
grain size with grain size-sensitivity factor m, and Apl a temperature-independent constant. 
fj is a dimensionless function of porosity (j) and the critical-state porosity for granular 
flow (jc) with an exponent M that accounts for changes in grain contact area. Combining 
these two equations, we can write 

𝜀ṀL = 𝐵 ;1 −
𝜑
𝜑A
=
op

(3. 𝐴2) 

with 

𝐵 = 𝐴ML exp ;−
𝐸j
𝑅𝑇
=
𝜎)
M

𝑑U
(3. 𝐴3) 

We constrained the parameters appearing in the general compaction creep law using the 
data obtained in compaction experiment BZ-C-01 on brine-saturated gouge (Figure 3.A1). 
To do so, we fitted Equation (3.A2) to the corresponding compaction strain rate (𝜀̇) versus 
j data from Figure 3.A1b, which yielded the following best-fit values for the fitting 
parameters: M = 4.8, jc = 27%, and B = 5.28·10-11 1/s. We then inserted the value obtained 
for B, as well as the earlier-obtained value for Ea (i.e. 10 kJ/mol, see Figure 3.4b) into 
Equation (3.A3), and solved for 𝜎)

M𝐴ML. For the grain size exponent (m) we used a value 
of 3, corresponding to diffusion-controlled pressure solution (Pluymakers and Spiers, 
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2014). We assumed a mean particle diameter of 5 µm, approximately the mean particle 
diameter in the bulk gouge. The resultant value for 𝜎)

M𝐴ML = 6.6·10-27 m3/s. 

With all parameters appearing in Equations (3.A1a) and (3.A1b) specified, we now have 
obtained an empirical compaction creep law for brine-saturated Basal Zechstein gouge 
reflecting diffusion-controlled IPS, that we implemented in the CNS model. The 
compaction creep rates predicted by this empirical creep “law” are in good agreement 
with the 𝜀̇ versus j data from uniaxial compaction experiment BZ-C-01, as shown in 
Figure 3.A2. 

 

 

 

Figure 3.A2. Comparison between 
experimentally determined (blue 
dots) and calculated (black 
triangles) compaction strain rate 
(𝜀̇) versus porosity (𝜑), using the 
empirical compaction creep law 
derived here for brine-saturated 
Basal Zechstein gouge material. 
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Abstract 
We investigated the frictional strength recovery (healing) and subsequent reactivation and 
slip-weakening behaviour of simulated fault gouges derived from key stratigraphic units 
in the seismogenic Groningen gas field (Northeast Netherlands). Direct-shear, Slide-Hold-
Slide (SHS) experiments were performed at in-situ conditions of 100°C, 40 MPa effective 
normal stress and 10-15 MPa pore fluid pressure (synthetic formation brine). Sheared 
gouges were allowed to heal for periods up to 100 days before subsequent re-shearing. 
The initial coefficient of (steady) sliding friction µ was highest in the Basal Zechstein 
caprock (µ = 0.65±0.02) and Slochteren sandstone reservoir (µ = 0.61±0.02) gouges, and 
the lowest in the Ten Boer claystone at the reservoir top (µ = 0.38±0.01) and in the 
Carboniferous shale substrate (µ » 0.45). Healing and subsequent reactivation led to a 
marked increase (∆µ) in (static) friction coefficient of up to ~0.16 in Basal Zechstein and 
~0.07 in Slochteren sandstone gouges for the longest hold periods investigated, followed 
by a sharp strength drop (up to ~25%) and slip-weakening trajectory. By contrast, the Ten 
Boer and Carboniferous gouges showed virtually no healing or strength drop. Healing 
rates in the Basal Zechstein and Slochteren sandstone gouges were significantly affected 
by the stiffness of different machines used, in line with the Ruina slip law, and with a 
microphysical model for gouge healing. Our results point to marked stratigraphic variation 
in healed frictional strength and healing rate of faults in the Groningen system, and high 
seismogenic potential of healed faults cutting the reservoir and Basal Zechstein caprock 
units, upon reactivation. 
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4.1 Introduction 
The Groningen gas field, located in the north-east of the Netherlands, is one of the largest 
onshore gas fields in the world. It was discovered in the 1950s and has been producing 
continuously since 1963. Since the 1990’s, induced seismic events have been recorded 
with more or less steadily increasing frequency and magnitude, notably in the centre of 
the field (van Thienen-Visser and Breunese, 2015). The largest event to date was the 
magnitude MW = 3.6 Huizinge earthquake (Dost and Kraaijpoel, 2013), which occurred 
in 2012 and raised major public concern. It is now becoming increasingly clear that the 
events recorded tend to occur within or close to the depth interval of the reservoir (Spetzler 
and Dost, 2017), and are the result of reactivation of the numerous pre-existing (mainly 
normal) faults that cross-cut the sandstone reservoir and the directly over- and underlying 
anhydrite/carbonate and clay/siltstone formations (Van Eijs et al., 2006; Dost and Haak, 
2007). In order to evaluate if and when faults in the Groningen field might be reactivated 
as a result of gas production, and with what effects, it is important to investigate the 
frictional behaviour of the fault rock materials present, and to evaluate how fault strength 
evolves following both tectonic and induced slip. Aside from induced seismicity, 
investigating fault healing behaviour is central to understanding the seismic cycle 
exhibited by active faults in tectonically deforming terrains (Dieterich, 1972b, 1972a; 
Marone, 1998b; Scholz, 2002), as post-slip strengthening is a prerequisite for repetitive 
earthquake occurrence on the same fault. 

Faults encountered in boreholes, or exposed at the surface by uplift and erosion, typically 
display a fault core characterized by narrow principal slip zones embedded in and filled 
with fine-grained wear material, called fault gouge, derived from the surrounding rocks 
(Sibson, 1986; Chester and Chester, 1998; Fisher and Knipe, 1998; Collettini et al., 2009). 
From experiments on both natural and simulated fault gouges, it is well established that 
gouge-filled faults regain strength, or “heal”, during laboratory simulations of the 
interseismic period, i.e. during periods of zero imposed slip achieved in so-called “Slide-
Hold-Slide” (SHS) experiments (e.g. Beeler et al., 1994; Karner et al., 1997; Marone, 
1998a; Olsen and Scholz, 1998; Ikari et al., 2016). However, most of these laboratory 
experiments are of short duration compared to natural interseismic intervals, having 
“hold” durations of at most hours to a few days. In addition, healing behaviour is 
commonly found to vary strongly between gouges of different mineral composition (e.g. 
Niemeijer et al., 2008; Chen et al., 2015a; Carpenter et al., 2016), and to depend on stress, 
temperature and pore fluid conditions (e.g. Karner and Marone, 1998; Bos and Spiers, 
2002; Nakatani and Scholz, 2004; Yasuhara et al., 2005; Tenthorey and Cox, 2006). All 
of these factors make it difficult to extrapolate laboratory healing data to natural faults and 
to time scales that are relevant to induced or natural seismicity. With respect to the 
Groningen gas field, only limited healing data exist for fault rocks derived from relevant 
sedimentary lithologies, and no healing data exist for the specific lithologies that occur 
there. 
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To bridge these gaps, we performed direct-shear SHS experiments on simulated fault 
gouges derived from the complete stratigraphic sequence of the Groningen reservoir 
system. In these experiments, initial shearing was followed by healing for prescribed hold 
durations ranging from 10 s to as long as 100 d (i.e. time scales which are of the same 
order as seasonal fluctuations in gas production from the field), and by subsequent 
reactivation of slip in a multistep sequence. The experiments were conducted using 
synthetic formation brine as pore fluid at simulated in-situ reservoir conditions, i.e. at 
100°C, 40 MPa effective normal stress and pore pressures of 10-15 MPa. Two types of 
triaxial deformation machine were used, which differed in stiffness by a factor ~30. We 
analysed the results in terms of time-dependent frictional healing and slip-weakening 
associated with reactivation, focusing on the effects of gouge composition as well as the 
stiffness of the experimental systems used. We compare our results with simulations 
performed using the classical Rate-and-State Friction (RSF) laws (Dieterich, 1979; Ruina, 
1983) and we attempt to explain the observed healing behaviour in terms of the active 
mechanisms, utilizing a microphysical model. Finally, we evaluate the implications for 
fault strength recovery and induced seismicity in the Groningen field. Besides the 
Groningen case, our results are also directly relevant to both natural and induced 
seismicity occurring on faults that cut sedimentary units of similar composition, such as 
the Permian sediments that make up many of the hydrocarbon reservoirs present in the 
Southern North Sea basin area (Glennie and Provan, 1990), or the anhydrite/carbonate 
sequences present in the Italian Apennines (Collettini et al., 2009) and Khuff gas fields in 
Qatar (Alsharhan and Nairn, 1994). 

4.2 Experimental Methods 
4.2.1 Sample materials 
Drill core and cuttings derived from the main stratigraphic units in the Groningen reservoir 
were obtained from the Stedum-1 (SDM-1) and Zeerijp-2 (ZRP-2) wells, located in the 
central to northern part of the Groningen field, courtesy of the Nederlandse Aardolie 
Maatschappij (NAM). The formations sampled were, from bottom to top, the 
Carboniferous shale/siltstone substrate, the (Permian) Rotliegend Slochteren reservoir 
sandstone, the overlying Ten Boer claystone and the Basal Zechstein anhydrite/carbonate 
evaporate caprock (see Hunfeld et al., 2017, Chapter 2). Simulated fault gouges were 
prepared from these lithologies by crushing and sieving the samples to obtain a grain size 
fraction <50 µm, simulating the fine-grained wear material or fault gouge typically present 
in the fault core and principal slip zones of natural fault zones at shallow crustal depths 
(Sibson, 1986). 

The mineral assemblages present in the gouges were determined using conventional X-
Ray Diffraction (XRD) analysis (see also Hunfeld et al., 2017, Chapter 2). The Basal 
Zechstein caprock gouge consists of anhydrite (48 wt%), carbonates (32 wt% calcite and 
dolomite), barite (14 wt%) and minor amounts (<10 wt%) of quartz. The Ten Boer 
claystone material is composed predominantly of quartz (48 wt%), phyllosilicates (39 
wt% in total, with 33 wt% muscovite/phengite and 6 wt% chlorite) and minor feldspar, 
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dolomite and hematite. The Slochteren sandstone gouge used here was derived from above 
the gas-water contact and contains quartz (67 wt%), feldspar (19 wt%) and minor amounts 
of carbonates and phyllosilicates (kaolinite and phengite). The Carboniferous 
shale/siltstone samples investigated consist of quartz (55 wt%), phyllosilicates (35 wt% 
in total, with 21 wt% illite/chlorite and 14 wt% muscovite/phengite), and feldspar (10 
wt%). 

All experiments were performed on samples saturated with a synthetic brine mimicking 
that present in the Groningen reservoir (in connate and pore-saturating form). This brine 
contains 3.4 Molar (M) NaCl, 1.0 M CaCl2, 0.1 M MgCl2 and minor amounts (<0.1 M) of 
KCl, SrCl2, NasSO4 and BaCl2, and has a total ionic strength of 6.9 M. 

4.2.2 Slide-Hold-Slide experiments 
Direct-shear SHS experiments were performed on ~1 mm thick layers of simulated fault 
gouge using two types of triaxial deformation machines equipped with specially designed 
direct-shear assemblies, located respectively at the High Pressure and Temperature 
Laboratory at Utrecht University (referred to as UU) and at the Geomechanics Laboratory 
at Shell Technology Centre Amsterdam (referred to as Shell). The triaxial ‘Heard’ 
machine used at UU, is described by Hangx et al. (2010). The ‘Quadruple’ machines used 
at Shell are similar to the triaxial machines described by Hol et al. (2018). Schematic 
diagrams of both types are shown in Figures 4.1 and 4.2. Both are externally heated, 
constant volume triaxial testing machines, that employ either silicon oil (Heard) or 
‘Thermia B’ mineral oil (Quadruple) as the confining medium. In the Heard apparatus 
(Figure 4.1), axial load is transmitted to the sample using a yoke-piston assembly (the 
load-point), driven by a motor/gearbox/ball-screw system, and measured independently 
of seal friction using a semi-internal, DVRT-based (differential variable reluctance 
transformer, 100 mm full range, ±1.5 µm resolution), positioned at the bottom of the yoke. 
Axial displacement is measured at the yoke, externally (see Figure 4.1). See Chapter 2 
and Hangx et al. (2010) for further details. 

In the Quadruple machines (Figure 4.2), the sample is loaded axially by a hydraulically 
driven piston, operated independently of the confining (radial) pressure, with the load-
point being the moving piston within the hydraulic source pump (where axial load is 
measured in terms of pump pressure). Axial displacement is measured through the pump, 
but also directly across the sample internally, using a LVDT (50 µm full range, ±0.1 µm 
resolution) positioned under the pressure vessel and connected to an externally positioned 
Invar frame that translates the relative piston displacement to the sensor as shown in 
Figure 4.2. Axial, radial and pore fluid pressure are controlled to within 0.1 MPa by three 
independent Dustec displacement pumps (950 bar maximum pressure each, total volumes 
of 22, 95 and 9.5 ml, respectively) outfitted with custom servo-controller systems, and 
measured using Keller pressure transducers (100 MPa full range, ±1·10-4 MPa resolution).  
The entire pressure vessel is mounted in a Memmert UF260 furnace capable of heating up 
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to 150°C and controlling temperature to within 0.1°C. Sample temperature is measured 
using a PT100 element inside the pressure vessel. 

Due to the differences in machine design, the effective stiffness (K) in terms of shear stress 
increase on the sample per unit load-point displacement was considerably higher in the 
Heard machine than in the Quadruple machines (~7·1010 Pa/m versus 2.4·109 Pa/m). One 
experiment in the Heard system (UU-SS-04) was run with an alternative loading 
configuration, replacing one of the elements in the internal loading column by a calibrated 
load-washer spring (see Figure 4.1), which reduced the effective stiffness to ~2·1010 Pa/m. 
The direct-shear assemblies used in the two machine types were similar in design, 
measuring 1 inch in diameter in the Quadruple machines at Shell (holding a 25 mm wide 
´ 24 mm long gouge sample), and 1.5 inch in diameter in the Heard apparatus at UU (35 

Figure 4.1 Schematic diagram of the ‘Heard’ apparatus used at Utrecht University (UU). Adapted 
from Hangx et al. (2010). The “filler block” inside the vessel can be replaced with a calibrated 
load-washer spring assembly to reduce the effective stiffness of the loading column plus sample 
assembly from 7·1010 Pa/m in the standard configuration to 2·1010 Pa/m. 
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mm wide ´ 47 mm long sample). Both assemblies were jacketed using a FEP inner sleeve 
in combination with either a tourniquet-sealed EPDM sleeve (Heard) or clamp-sealed 
Viton sleeve (Quadruple), to isolate the sample and pore fluid system from the confining 
medium. A detailed description of the direct-shear assembly design (UU version) is given 
by Samuelson and Spiers (2012) – see also Chapters 2 and 3. 

In the present experiments, shear displacement was imposed on the gouge layer by 
advancing the loading piston in the Heard/Quadruple machines. In the Heard machine, 
this was done via the motor/gear box/ball-screw system, driving the yoke and loading 
piston at a constant velocity of ~1 µm/s. In the Quadruple machines, this was achieved by 
advancing the hydraulic driving-pump piston (i.e. the load-point) at a fixed displacement 
rate of ~7 µm/s, which translates into a displacement rate at the sample of ~1 µm/s. In 
both systems, sliding of the gouge layers was imposed at this rate until a steady-state shear 
strength was reached. To investigate the healing or strength recovery behaviour of the 
gouges, we then initiated a series of Slide-Hold-Slide (SHS) steps (Dieterich, 1972b), 
whereby active shearing of the gouge layer is stopped (load-point displacement rate is set 
to zero) for a pre-determined amount of time (“hold” interval) and active shearing 

Figure 4.2 Schematic diagram of the ‘Quadruple’ machines used at Shell. The entire pressure vessel 
is placed in a Memmert UF260 furnace (not shown). 
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subsequently resumed, while continuously monitoring shear strength. The hold times 
(thold) in our experiments varied from 10 s up to 100 d (8.7·106 s). Most experiments 
included multiple hold intervals, with hold durations that increased in steps of 
approximately 0.5 orders of magnitude (here referred to as a “normal” SHS sequence). 
Two runs, on Basal Zechstein and Slochteren sandstone material (runs Shell-19 and Shell-
15, respectively), were performed using a “reverse” SHS sequence, i.e. where thold was 
successively decreased. One experiment on Ten Boer claystone gouge (run Shell-12) 
employed a random SHS sequence. In runs where multiple hold intervals were performed, 
sliding displacements of 0.3-0.6 mm were applied between the holds. A total of 19 
experiments were performed (11 at Shell and 8 at UU) on samples of simulated Basal 
Zechstein (5), Ten Boer claystone (4), Slochteren sandstone (9) and Carboniferous 
shale/siltstone (1 run at UU only) gouges. All experiments were performed at 100°C, using 
50-55 MPa confining/radial pressure (Pc) and 10-15 MPa pore pressure (Pf), so that the 
effective normal stress, defined as 𝜎)

#$$= Pc - Pf, was equal to 40 MPa in all tests. Table 
4.1 lists all experiments performed, detailing the experimental conditions and SHS 
sequences imposed. 

After axial unloading, depressurization/cooling and extraction of the sample assembly 
from the vessel, intact sample fragments were recovered for microstructural analyses. 
These were flushed with demineralized water, dried at 50°C and then impregnated with 
Araldite 2020 epoxy resin. Sections of the impregnated fragments were cut in an 
orientation parallel to the shear direction and perpendicular to the shear plane, and were 
examined by means of scanning electron microscopy (SEM), performed using an FEI 
Helios 650UC FIB-SEM. Imaging was done in backscattered electron (BSE) mode, using 
an acceleration voltage of 5-15 kV. 

4.2.3 Data acquisition and analysis 
During the experiments, axial load, axial piston displacement, confining pressure, 
temperature and pore fluid pressure signals were recorded at rates of 1-1000 Hz using 
either a National Instruments, 16-bit A/D data acquisition system and Signal Express VI 
logger software (Heard system) or custom-built acquisition systems and recording 
software developed at Shell (Quadruple systems). The raw data were processed to obtain 
shear stress t (MPa), effective normal stress sneff (MPa) and apparent friction coefficient 
µ = t /sneff (-), versus displacement and time. Calibration runs using a steel dummy of 
known elastic properties were used to correct the recorded displacement data for elastic 
distortion of the testing machines. Note that in the Quadruple machines, axial 
displacement is recorded directly across the sample assembly, in addition to the load-point 
displacement measured in the axial drive pump. The former is used in the stiffness 
calibration to correct the axial displacement data for elastic distortion. The maximum 
absolute measurement error due purely to transducer resolution was ±1.5 µm (Heard) and 
±0.1 µm (Quadruple) in shear displacement, and ±0.003 in friction coefficient in both 
machines. However, due to the lack of an internal load cell in the Quadruple machines, 
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Experiment H/Q Pc/Prad 
[MPa] 

Pf 
[MPa] 

Hold sequence (thold) 
[s] 

µ1mm 
[mm] 

Dtot 
[mm] 

µfinal 

[mm] 
Basal Zechstein 
UU-BZ-01 H 55 15 10-30-100-300-1000-3000 0.633 4.11 0.586 
UU-BZ-02 H 55 15 10-30-100-300-1000-3000-

10000-60000 
0.648 4.76 0.550 

Shell-14 Q 50 10 3600-10800-72000-255600-
860160-2672640 

0.636 4.00 0.444 

Shell-19 Q 50 10 588300-10200-3600 0.669 2.95 0.439 
Shell-21 Q 50 10 10-30-100-300-1000-3000-

64800 
0.636 3.77 0.428 

Ten Boer claystone 
UU-TB-01 H 55 15 10-30-100-300-1000-3000 0.379 4.23 0.366 
Shell-11 Q 50 10 7862400 0.376 2.09 0.390 
Shell-12 Q 50 10 3600-72780-336420-2678400-

935220-10800 
0.386 3.64 0.348 

Shell-23 Q 50 10 10-30-100-300-1000-3000-
10800-76320 

0.392 3.81 0.315 

Slochteren sandstone 
UU-SS-01 H 55 15 10-30-100-300-1000-3000 0.594 4.17 0.598 
UU-SS-02 H 50 10 10-30-100-300-1000-3000-

10000-45120-100800-270000-
956160-3002400 

0.603 6.10 0.573 

UU-SS-03 H 50 10 10-30-100-300-1000-3000-
10000-60000-100000-335800 

0.644 4.77 0.592 

UU-SS-04 Ha 50 10 10-30-100-300-1000-3150-
10200-54420-176400-3286800 

0.619 7.00 0.561 

Shell-08 Q 50 10 3600-10800-82800-334800-
864000-2419200 

0.622 3.72 0.546 

Shell-10 Q 50 10 8712000 0.591 2.08 0.487 
Shell-15 Q 50 10 1037640-429000-85920-

10800-3780 
0.610 3.57 0.431 

Shell-20 Q 50 10 10-30-100-300-1000-3000-
65580 

0.590 3.29 0.527 

Shell-25 Q 50 10 10-30-100-300-1000-3000-
10800-78060 

0.603 3.87 0.361 

Carboniferous shale/siltstone 
UU-C-01 H 55 15 10-30-100-300-1000-3000 0.445 4.18 0.450 

Table 4.1 List of experiments, conditions and key results. Symbols used: Q denotes use of the 
Quadruple cells at Shell (low stiffness); H denotes use of the Heard apparatus at UU (high stiffness); 
Pc / Prad = confining / radial pressure; Pf = pore fluid pressure; thold = hold time; µ1mm and µfinal = 
steady-state friction coefficient, given at 1-1.5 mm and at maximum shear displacement (Dtot), 
respectively. All experiments were performed at 100ºC, using the 6.9 M reservoir brine. Experiment 
UU-SS-04 was performed using the intermediate-stiffness Heard configuration. 

shear stress could not be determined independently of seal friction acting on the axial 
loading piston. Under the current experimental conditions, seal friction amounts to ~0.7-
0.8 MPa in axial stress on the sample or an equivalent of 0.02 in friction coefficient, for 
which our data were corrected. During SHS sequences, however, small variations in seal 
friction can occur, producing uncertainties in healing and strength evolution data of the 
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order of 10% of the total seal friction. This amounts to ±0.002 in friction coefficient, which 
is similar to the uncertainty due to transducer resolution. Fluctuations in temperature, 
confining pressure and pore fluid pressure (hence effective normal stress) were minor 
(<0.2ºC and <0.05 bar) in all experiments performed, including runs imposing holds up to 
101 days. 

A number of parameters are used here to characterize the observed SHS behaviour, 
following Karner et al. (1997). These are defined in Figure 4.3. During hold periods, the 
measured shear stress relaxes nonlinearly from a steady-state value, due to sample creep 
and elastic unloading of the testing machine and sample assembly. Stress relaxation and 
accompanying shear displacement occurring during holds are denoted as Dµhold and dhold, 
as shown in Figure 4.3. When shearing is resumed, shear stress increases (near) linearly 
due to (largely) elastic loading until the sample begins to slip, and a peak in friction is 
reached, at which turning point the slip velocity is momentarily equal to the load-point 
velocity. After the peak, slip accelerates transiently, as friction decreases rapidly and the 
machine unloads, until a new steady-state is established. The stress drop (Dt) is defined 
as the difference in peak stress and the minimum shear stress supported following 

Figure 4.3 Example of a Slide-Hold-Slide (SHS) test and parameter definition (run Shell-08, 
Slochteren sandstone gouge), showing the evolution of shear stress 𝜏 and friction coefficient µ (blue 
line, left-hand axes) and shear displacement (orange line, right-hand axis) versus time. Frictional 
relaxation and displacement occurring during a hold (thold), are denoted as ∆𝜇vXLw and dhold, 
respectively. Frictional healing is defined as the difference in peak strength upon reactivation and 
the pre-hold value, and is denoted ∆𝜇. After the peak, friction or shear strength decreases rapidly 
(strength drop denoted as ∆𝜏) over a slip-weakening distance dw, before attaining a new steady-
state value. 
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reactivation. It occurs over the slip-weakening distance (dw), as shown in Figure 4.3. 
Frictional healing (Dµ) is defined as the difference between the peak friction value and 
the steady-state value before the onset of the hold, and is often found to increase log-
linearly with hold duration (e.g. Dieterich, 1972b). This type of log-linear healing 
behaviour is commonly expressed as 

∆𝜇 = 𝛽 log ;1 +
𝑡vXLw
𝑡A

= (4.1) 

where b is a constant known as the healing rate (typically of the order of 0.01/decade, 
Marone, 1998b), and tc is a cut-off time of the order of 1-100 s, beyond which Dµ conforms 
to a log-linear relation with thold. We quantified the frictional healing rates in our 
experiments by fitting equation (1) to Dµ versus log thold data, using least-squares 
regression to obtain the best-fit healing rate (b) and cut-off time (tc). In obtaining Dµ, we 
did not correct for any background (linear) displacement weakening or hardening trends, 
as these have virtually no influence on healing as defined in Figure 4.3. 

4.3 Results 
4.3.1 Friction coefficient versus displacement curves 
Representative curves of µ versus shear displacement for all gouge materials tested using 
the Heard machine at UU and the Quadruple machines at Shell are shown in Figures 4.4a 
and 4.4b, respectively. Figure 4.2c shows the Quadruple runs (Shell-15 and Shell-19) 
imposing a reversed SHS sequence on Slochteren and Basal Zechstein gouges. At 
displacements up to 0.2-0.5 mm, all experiments showed a rapid, near-linear increase in 
µ. In most gouges, this was followed by hardening at decreasing rate towards a steady-
state frictional strength, attained at 1-1.5 mm of shear displacement, that persisted through 
subsequent SHS steps with only minor background slip-weakening or -hardening (Table 
4.1). In the case of Basal Zechstein samples, however, a peak frictional strength was 
usually attained at 0.5-1 mm displacement, followed by near-linear slip-weakening 
superimposed on the SHS steps, as illustrated by the difference in µ values (0.10 to 0.15) 
obtained at ~1 mm shear displacement versus maximum shear displacement (Table 4.1). 
Total shear displacements of 2.1-4.6 mm and 3.8-7.0 mm were reached in the Shell and 
UU experiments, respectively (Table 4.1). Ten Boer and Carboniferous gouges sometimes 
showed minor step changes (<0.01) in the steady-state friction coefficient between SHS’s 
(see Figure 4.4a). In the case of Basal Zechstein gouges in Shell experiments, we observed 
a more systematic series of steps in the background slip-weakening trend, with a notable 
increase in friction level per step (up to ~0.02) following the 10-days and 31-days hold 
intervals (see Figure 4.4b). 
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Figure 4.4 (opposite page) Representative friction coefficient µ versus shear displacement curves 
obtained in Slide-Hold-Slide experiments performed at (a) Utrecht University (UU) using the high-
stiffness Heard machine, and (b) and (c) Shell, using the low-stiffness Quadruple machines. All 
curves are corrected for elastic machine distortion effects. Hold durations are indicated in seconds 
in (a) and in hours or days in (b) and (c). The experiments shown in (c) imposed a reverse SHS 
sequence (i.e. decreasing hold durations in successive holds). 

The (near) steady-state friction coefficient values (µ1mm) attained at 1-1.5 mm shear 
displacement, i.e. before any hold intervals were applied, are plotted for all experiments 
in Figure 4.5 (see also Table 4.1). Basal Zechstein gouges exhibited the highest friction 
coefficients (µ1mm = 0.65±0.02), followed by Slochteren sandstone gouges (µ1mm = 
0.61±0.02). Ten Boer claystone and Carboniferous shale gouges were significantly 
weaker (µ1mm = 0.39±0.02 and ~0.45, respectively). For any given sample type, the values 
obtained in the experiments performed at UU (including using the reduced stiffness 
configuration – UU-SS-04), were very similar to those obtained at Shell, using the lower-
stiffness Quadruple machines. Indeed, no differences in initial steady-state friction 
coefficient could be detected, beyond the spread of ±0.02 obtained in repeat experiments 
performed using the same material and experimental setup (typically). 

4.3.2 SHS data 
4.3.2.1 General features 
Regardless of machine configuration, we observed two types of SHS behaviour in the 
present experiments superimposed on the background slip-weakening trends, as seen in 
Figure 4.4. The first type, exhibited by Slochteren sandstone and Basal Zechstein gouges, 
is characterised by a distinct peak in frictional strength upon re-shear after a hold interval, 
followed by slip-weakening until a new steady-state value. The amount of frictional 
healing (Dµ) generally increased with increasing hold duration for these materials, 
resembling the classical behaviour observed by Dieterich (1972b). The second type is 
exhibited by Ten Boer and Carboniferous gouges. In these materials, no significant peak 
friction or slip-weakening occurred after the hold intervals, and frictional healing (Dµ) 
was negligible. 

Aside from these main types of behaviour, systematic differences in SHS results were 
obtained using the two different testing machines, notably in experiments performed on 
the Slochteren sandstone and Basal Zechstein gouges. These are illustrated in Figure 4.6, 
where we compare data obtained in short holds of ~1 and ~3 h, and in subsequent re-
sliding, for Slochteren and Basal Zechstein gouges tested in both machines. In the low 
stiffness experiments (Shell), samples typically showed less frictional relaxation (Dµhold) 
than in the high-stiffness experiments (UU). At the same time, the shear displacement 
accumulated during the hold (dhold) was consistently larger in the Shell experiments. In 
addition, during the post-peak weakening stage in experiments on these gouges, the Shell 
experiments typically exhibited a transient low in frictional strength before evolving to a 
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new steady-state value, which did not occur in the UU experiments (Figure 4.6). Similar 
differences in Dµhold and dhold were observed between machine types for the Ten Boer and 
Carboniferous samples, but no transient low in strength occurred during the re-slides, as 
no (dynamic) slip-weakening occurred in these gouges. 

4.3.2.2 Frictional healing 
In Figure 4.7 (refer also Table 4.1), we plot healing magnitude Dµ versus thold for all SHS 
runs performed on Basal Zechstein (Figure 4.7a), Slochteren sandstone (Figure 4.7b), and 
Ten Boer claystone plus Carboniferous shale samples (Figure 4.7c). For descriptive 
purposes, the data for each material and each experimental machine/configuration are 
fitted using Equation (4.1), yielding the best-fit values for healing rate (b) and cut-off time 
(tc) indicated. 

Both the Basal Zechstein and Slochteren sandstone samples showed a more or less log-
linear increase in Dµ with thold, for hold durations longer than 100-1000 s (Basal Zechstein) 
and ~100 s (Slochteren sandstone). This behaviour is well described by Equation (4.1), as 
shown by the best-fit solid lines in Figures 4.7a and 4.7b, except for the Basal Zechstein 
in the low-stiffness (Shell) experiments, which showed exceptionally large scatter in the 
data and more complex healing behaviour. In both materials, we observed clear effects of 
machine stiffness on healing rate and cut-off time. The healing rates in Slochteren 

Figure 4.5 Schematic illustration of the stratigraphy in the Groningen gas field (left), and 
corresponding (near) steady-state friction coefficients (right), obtained at 1-1.5 mm displacement 
for all experiments on simulated fault gouge derived from the four principle stratigraphic units (see 
also Table 4.1) 
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sandstone gouges were 0.009 and 0.012 in the high-stiffness and intermediate-stiffness 
(UU) experiments, respectively, and 0.015 in the low-stiffness (Shell) experiments. b -
values thus increased by a factor of ~1.5 for an approximately 30-fold (i.e. one order of 

Figure 4.6 Representative examples of individual Slide-Hold-Slides performed in Shell and UU 
experiments on Slochteren sandstone and Basal Zechstein gouges. (a) Friction coefficient versus 
time. (b) Shear displacement versus time. (c) Friction coefficient versus load-point displacement 
for the re-slide stages only. All graphs are normalized with respect to the onset of the hold. Note 
that the load-point velocity during sliding stages in the Shell setups is ~7 µm/s versus 1 µm/s in the 
UU setup (see Section 4.2.2). Therefore, the difference in slope during re-slides in friction versus 
time graphs is only ~4, instead of the expected factor of ~30 based on the stiffness contrast between 
the two machines. This stiffness contrast is visible in friction versus displacement graphs – panel 
(c). During steady-state sliding, the shear velocity is ~1 µm/s in all cases, as indicated in (b). 
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magnitude) decrease in effective stiffness. The cut-off time, below which no log-linear 
relation between Dµ and thold was observed, correspondingly increased from 54 s (high 
stiffness) to 85 s (intermediate stiffness) and then 136 s (low stiffness). Basal Zechstein 
gouges showed a similar inverse dependence of healing rate and cut-off time on stiffness, 
with b ranging from 0.02 in the high-stiffness case to 0.033 in the low-stiffness case (when 
considering all data combined), and tc ranging from 96 to 830 s, respectively. For hold 
durations beyond ~1 h imposed in any given machine type, Basal Zechstein gouges thus 
healed roughly twice as fast as Slochteren sandstone gouges. 

In sharp contrast to Basal Zechstein and Slochteren sandstone gouges, the Ten Boer 
claystone and Carboniferous shale/siltstone samples showed negligible healing, with Dµ 
» 0 for all hold durations investigated (Figure 4.7c). For completeness, b was nonetheless 
determined for these materials, although a cut-off time was not considered here because 
of the lack of log-linear healing in these materials. The relation 𝛽 = 𝑑(∆𝜇)/𝑑(log(𝑡vXLw)) 
was accordingly fitted to the data, instead of Equation (4.1). For Ten Boer samples, this 
yielded b = 0 in the Shell experiments (maximum hold duration 91 d) and b = -0.001 in 
the UU experiments (maximum hold 3000 s). The single Carboniferous sample tested at 
UU showed a just-positive healing rate (b = 0.0004; maximum hold 3000 s). 

Note that in Figure 4.7, healing rates are determined from undifferentiated data sets that 
include experiments in which both normal and reverse SHS sequences were applied (see 
Table 4.1). However, in the case of the Basal Zechstein gouges, the data show additional 
trends related to the type of sequence imposed. In experiment Shell-14, in which we 
imposed a normal SHS sequence with holds ranging from 1 hour up to 1 month (blue, 
solid data points), Dµ remained more or less constant from step to step, even decreasing 
slightly for hold durations longer than ~3 days (2.6·105 s), suggesting a saturated healing 
magnitude of Dµ = 0.08 to 0.09. By contrast, the first and longest hold (~7 days or 5.9·105 
s) applied in reverse SHS experiment Shell-19 on the Basal Zechstein gouge (Figure 4.7a, 
blue triangles, see also Figure 4.4c), showed a much higher Dµ value (~0.16). When 
considering the results obtained in run Shell-19 only, the fitted healing rate b was 0.104 
(dashed blue line), which is much higher than the value obtained from all Shell data for 
this material combined (solid blue line). Specifically, the healing rate for Basal Zechstein 
gouge obtained using only the normal SHS sequence results of experiments Shell-14 and 
Shell-21 was 0.03 (dotted blue line fitted to the square data points, Figure 4.7a). 
 

Figure 4.7 (opposite page) Frictional healing ∆𝜇 versus hold time thold for (a) Basal Zechstein, (b) 
Slochteren sandstone, and (c) Ten Boer claystone plus Carboniferous shale gouges. Note the 
different y-scale in (a) versus (b) and (c). The data sets, including both normal and reverse data in 
the case of Shell experiments, are fitted with Equation (4.1) (solid lines), and the best-fit healing 
rate (ß) and cut-off time (tc) are shown. In the case of Basal Zechstein gouges, fits to standard and 
reverse SHS sequence results are shown separately (dotted and dashed lines, respectively). 
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These results indicate a strain- or hold-history dependence of healing in Basal Zechstein 
gouges, whereby holds imposed early during the experiments, i.e. at low shear strains or 
when no previous holds have been applied, produce more healing than holds of the same 
duration applied at larger shear strains or after a series of earlier holds (e.g. compare the 
~1 h and ~20 h hold results in experiments Shell-14 and Shell-21). In the tests on 
Slochteren sandstone and Ten Boer claystone gouges on the other hand, no significant 
differences were observed between data obtained in normal and reverse or random SHS 
sequences. Data obtained in these sequences are therefore not differentiated in Figure 4.7. 

4.3.3 Slip-weakening in Basal Zechstein and Slochteren sandstone samples 
We now consider the behaviour observed in samples that showed measurable time-
dependent frictional healing and slip-weakening upon resliding, i.e. the Slochteren 
sandstone and Basal Zechstein gouges. Specifically, we focus on the relation between 
stress drop (Dt) and weakening distance (dw) during the post-peak weakening phase, i.e. 
when friction evolves from the peak value to a new steady-state value via slip-weakening 
(refer Figure 4.3). 

The Dt versus dw data obtained for the Basal Zechstein and Slochteren sandstone gouges, 
using the low- (Shell) and high-stiffness (UU) machines, are plotted in Figure 4.8a. The 
majority of the data show stress drops in the range 0-5 MPa, with corresponding 
weakening distances up to ~0.3 mm. Note that in the high-stiffness UU results, Dt and dw 
do not exceed values of ~2.3 MPa and 0.16 mm, respectively, and are approximately half 
those seen in the low-stiffness Shell results. The most extreme values were obtained in 
experiment Shell-19 on Basal Zechstein gouge following a 5.9·105 s (~7 days) hold, which 
resulted in a stress drop of ~8 MPa and weakening distance of ~0.45 mm. Nonetheless, 
all data represented in Figure 4.8a fall approximately on a straight line, demonstrating that 
stress drop tends to be linearly related to weakening distance, independently of gouge 
composition (quartz-dominated Slochteren sandstone versus anhydrite/carbonate-
dominated Basal Zechstein) or of the stiffness of the experimental fault plus testing 
machine. This relation is characterised by a slope of 17.4 MPa/mm, as indicated by the 
linear fit to the data shown in Figure 4.8a. 

Representative examples of the evolution of shear stress with shear displacement during 
post-heal re-sliding steps imposed on the Slochteren sandstone and Basal Zechstein 
gouges are shown in Figures 4.8b-4.8d. These data demonstrate near-linear, rapid slip-
weakening in all cases, although the stress drop and weakening distance in the high-
stiffness UU example (Figure 4.8c) is much less than seen in the Shell results obtained 
after similar hold times (Figures 4.8b, also 4.8d). From the corresponding displacement 
versus time data, the peak velocities reached during the dynamic weakening stage were of 
the order of ~1 cm/s in the Shell experiments, and ~1 mm/s in the UU experiments. 
Closely similar behaviour was seen in all Slochteren sandstone and Basal Zechstein 
samples per machine type. 
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Figure 4.8 (a) Stress drop ∆𝜏 versus weakening distance dw obtained in experiments on Slochteren 
sandstone and Basal Zechstein gouges, using the high-stiffness (UU) and low-stiffness (Shell) 
setups. (b), (c) and (d) Examples of the near-linear slip-weakening behaviour observed during re-
slides in Basal Zechstein and Slochteren sandstone gouges, plotting shear stress 𝜏 (black line, left-
hand axis) and time normalized to the onset of the re-slide (blue line, right-hand axis) versus shear 
displacement. Subscripts p and r denote peak and residual shear stress, respectively. 

4.3.4 Microstructures 
After the experiments, the samples broke into cohesive, platy fragments that split on 
planes running parallel to the shear direction and close to the sample-piston interface, 
which are interpreted as boundary (B) shears, and on R1 Riedel shears (terminology after 
Logan et al., 1979). Representative microstructures from the deformed Slochteren 
sandstone, Basal Zechstein and Ten Boer gouges are shown in Figure 4.9. The 
microstructures obtained in experiments conducted at Shell versus UU were very similar 
for each of these materials but distinctly different between materials. Sample material was 
not recovered from the single experiment on Carboniferous shale/siltstone. 

The Slochteren sandstone samples (Figures 4.9a and 4.9b) show a gouge bulk with 
relatively large (10-40 µm), sub-rounded to angular quartz and feldspar grains surrounded 
by a very fine (<1 µm) grained matrix. Microfractures are common in the larger quartz 
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and feldspar grains, whereas the finer grains show fewer fractures. Where visible, grain-
to-grain contacts are sharp, but most are separated by the very fine, submicron-sized 
material. Grain indentations or truncations were not observed in the larger grains. The 
resolution of the SEM images was insufficient to inspect such features in the fine-grained 
material. The shear bands inferred from sample splitting are visible as boundary and R1 
shears in the SEM, characterised by a reduced internal grain size (<1 µm up to ~10 µm). 
The width of boundary shears was hard to determine, since the samples split on these 
bands so they were not fully preserved. R1 shears were found to be spaced roughly 3-5 
mm apart, typically 30-100 µm in thickness and characterised by irregular, convoluted 
boundaries. 

In the Basal Zechstein samples (Figures 4.9c and 4.9d), the gouge bulk consists of sub-
rounded to angular grains varying in size from ~5 to 50 µm, surrounded by a matrix of 
grains smaller than 1 µm. Anhydrite, barite and carbonate grains are often fractured, 
whereas fracturing is less common in the quartz grains. Barite grains (white contrast in 
Figure 4.9c) in particular show marked comminution, and often form fine-grained trains 
in the P, R1 and Y shear band orientations, both throughout the gouge bulk and within or 
close to shear bands. At higher magnifications, anhydrite and carbonate grains in the 
gouge bulk (Figure 4.9d) often show indented contacts (white arrows) associated with fine 
idiomorphic crystallites suggestive of anhydrite or carbonate overgrowths (black arrows) 
in adjacent pores. The dominant shear bands in Basal Zechstein samples are R1 and B 
shears, with occasional Y shears that link up with R1 shears. All are characterised by a 
strongly reduced grain size (below 1 µm) with respect to the bulk gouge and are typically 
10-50 µm in thickness. The B shears are especially straight, and are developed along the 
entire length of the samples, at either one or both boundaries. 

The Ten Boer claystone samples (Figures 4.9e and 4.9f) show a matrix of aligned, very 
fine-grained phyllosilicate platelets of submicrometre to micrometre length scale, that 
anastomose and wrap around larger, angular to sub-rounded grains of mostly quartz. These 
quartz grains vary in size from ~5 to 50 µm, and show little evidence of grain-scale 
fracturing or comminution. The phyllosilicates define foliations in both the P and R1 
orientation (Figure 4.9f). Numerous fractures in the P, R1 and Y orientations are visible 
throughout the samples, suggesting the presence of shear planes that opened following 
unloading. Other than these decompression fractures, there is no evidence for localization 
features or grain size reduction indicating the presence of shear bands. Instead, shear 
deformation seems to have been accommodated on the phyllosilicate foliation, in a more 
or less distributed fashion throughout the full width of the gouge layer. 

4.4 Discussion 
The present results demonstrate clear differences in frictional strength, healing and 
reactivation behaviour of simulated fault gouges derived from the main stratigraphic units 
of the Groningen gas field. In terms of steady-state friction coefficient (Figure 4.5), the 
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highest values were found in the Basal Zechstein caprock (µ1mm = 0.65±0.02), and the 
lowest in the Ten Boer claystone (µ1mm = 0.39±0.02). The Slochteren sandstone reservoir 
and Carboniferous substrate showed intermediate values (µ1mm = 0.61±0.02 and ~0.45, 

Figure 4.9 BSE images showing representative microstructures of sheared Slochteren sandstone (a) 
and (b), Basal Zechstein (c) and (d), and Ten Boer claystone (e) and (f). Shear sense is right-lateral 
in all images. (a) Part of the microstructure of run Shell-10, showing localization into an R1 Riedel 
shear band. (b) Enlargement of the bulk gouge shown in (a). (c) Part of the microstructure of run 
Shell-14, showing sharp localization into a boundary (B) shear at the bottom of the sample, as well 
as an R1 Riedel shear band. (d) High-magnification image taken in the gouge bulk, which shows 
indented grain contacts (white arrows) between anhydrite and carbonate grains, and overgrowths 
(black arrows) in adjacent pore space. (e) Typical microstructure of Ten Boer claystone gouge 
(Shell-12). (f) High-magnification image showing anastomosing phyllosilicate minerals curving 
around quartz grains, defining a P and R1 foliation. 
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respectively). These results are very similar to the values obtained by Hunfeld et al. (2017, 
Chapter 2) for the same gouge compositions, and highlight the marked mechanical 
stratigraphy that the key formations in the field exhibit, with respect to fault gouge 
frictional strength (Figure 4.5). 

Our SHS experiments further revealed that the quartz-rich Slochteren sandstone and the 
anhydrite-carbonate dominated Basal Zechstein show considerable time-dependent 
frictional healing (Dµ up to ~0.07 in Slochteren and ~0.16 in Basal Zechstein samples, see 
Figure 4.7), leading to significant stress drops (up to 5 MPa in Slochteren sandstone, and 
8 MPa in Basal Zechstein) and associated slip-weakening upon reactivation (see Figure 
4.8). Additionally, we observed an inverse dependence of healing rate (𝛽), in these 
materials, on the stiffness of the experimental set up. By contrast, the phyllosilicate-rich 
Ten Boer claystone and Carboniferous shale/siltstone showed negligible healing and 
negligible stress drop. 

In the following, we further analyse and aim to explain the effects observed in our 
experiments. We first compare our healing data with previous experimental work. We go 
on to compare our healing data for the Basal Zechstein and Slochteren sandstone gouges 
with Rate-and-State Friction simulations, in an attempt to elucidate the observed effects 
of machine stiffness. A microphysical explanation is then proposed for the observed 
healing and stiffness effects. Finally, we discuss the implications of our results in the 
context of induced seismicity in the Groningen field. 

4.4.1 Comparison with previous data 
4.4.1.1 Influence of gouge composition on frictional healing 
Carpenter et al. (2016) investigated frictional healing behaviour of a wide range of natural 
and synthetic fault gouges in SHS experiments performed at room temperature and 100% 
relative humidity. Fitting Equation (4.1) to their data, they found that of all materials 
investigated, phyllosilicate-rich fault gouges exhibit the lowest healing rates (b = 0.001-
0.003). Intermediate healing rates were found in quartz- and feldspar-rich gouges (b ≈ 
0.007), and the highest healing rates were found in carbonate-rich gouges (b ≈ 0.012). 
Other experimental studies also showed that the presence of phyllosilicates in halite and 
silicate gouges can significantly inhibit frictional healing, especially in the presence of 
water (Bos and Spiers, 2000; Carpenter et al., 2011a, 2012; Ikari et al., 2012), due to 
prevention of solution transfer effects and contact cementation/healing as a result of 
“saturation” of the contact area (i.e. cessation of further growth in contact area, Tesei et 
al., 2012). 

Under hydrothermal conditions, healing rates in quartz- or carbonate-dominated gouges 
are generally found to be faster than at room temperature (Karner et al., 1997; Nakatani 
and Scholz, 2004), whereas for phyllosilicate-rich gouges, they remain low (Chen et al., 
2015a). Chen et al. found that at 80-150°C, healing in water-saturated carbonate fault 
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gouge was significantly faster than in clay-bearing gouges (b = 0.013-0.017 versus 0.004-
0.007). Pluymakers and Niemeijer (2015) reported healing rates in water-saturated 
anhydrite gouges that were similar to those reported by Chen et al. (2015a) for carbonate 
gouges, under similar P-T conditions. In both studies, pressure solution most likely 
dominated compaction in the gouge layers during hold intervals, reducing gouge porosity 
and thus introducing a transient strengthening effect during re-sliding (see also Chen and 
Spiers, 2016). Nakatani and Scholz (2004) investigated frictional healing in quartz gouge 
at temperatures of 100-200°C and found healing rates that were considerably higher than 
at room-temperature due to the operation of solution transfer processes (pressure 
solution). Other studies on pure quartz gouges under hydrothermal conditions (up to 
927°C) have shown similar results (Chester and Higgs, 1992; Karner et al., 1997; 
Tenthorey et al., 2003; Yasuhara et al., 2005; Tenthorey and Cox, 2006). The consensus 
from these studies is that thermally activated pressure solution significantly enhances 
healing rates in experimental faults and fault gouges, with an increase in friction 
coefficient per decade increase in hold time of up to ~0.1. 

Our data agree well with all of the above studies, exhibiting virtually no healing in the 
phyllosilicate-rich Ten Boer and Carboniferous samples, intermediate healing rates in the 
quartz-rich Slochteren sandstone and the highest healing rates in the anhydrite-carbonate 
rich Basal Zechstein samples (Figure 4.7). The healing rates obtained in the Slochteren 
and Zechstein gouges are similar to those reported by Nakatani and Scholz (2004) for 
quartz gouges, and by Chen et al. (2015a) and Pluymakers and Niemeijer (2015) for 
carbonate/anhydrite gouges, under hydrothermal conditions where pressure solution is 
likely active. The microstructures in our sheared Basal Zechstein samples also show clear 
evidence for solution transfer processes in the form of grain indentations and overgrowths. 
The fact that gouges made up of carbonate and sulphate minerals heal faster than quartz-
rich gouges can be attributed to the faster kinetics of pressure solution in these relatively 
soluble ionic minerals (see Spiers et al., 2004, and references therein). 

The steps observed in background slip-weakening trends and the superimposed increase 
in µ following long holds in our Basal Zechstein data (Figure 4.4b) are similar to the “non-
Dieterich” type healing behaviour observed by Chen et al. (2015b) in carbonate gouges 
(see also Karner et al., 1997; Muhuri et al., 2003). Such changes in (slip-weakening) 
friction level after versus before hold intervals have been attributed to effects of healing 
on slip localisation (Sleep et al., 2000) or to permanent changes in sample porosity and/or 
grain size (Chen et al., 2015a; Chen and Spiers, 2016). Background slip-weakening in 
general was more pronounced in the 1-inch Shell setup (Figure 4.4). It is associated with 
ongoing shear localization (Kanagawa et al., 2000; Niemeijer et al., 2008b; see also 
Pluymakers et al., 2014b), but can also be due to a decrease in load-bearing area with 
increasing displacement in a direct-shear setup, which affects the smaller setup used at 
Shell more at any given displacement (i.e. larger relative change in area). However, these 
strain-dependent effects do not significantly influence healing data, as shear 
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displacements between the onset of a hold and the peak strength upon reactivation are 
small. 

4.4.1.2 Influence of stiffness on frictional healing 
Several previous SHS studies have demonstrated that frictional healing in gouges is faster 
when the shear stress on the sample is allowed to relax or is kept constant during hold 
periods, as opposed to conditions where the shear stress is reduced to zero in the beginning 
of the hold period (Nakatani and Mochizuki, 1996; Karner and Marone, 1998; Bos and 
Spiers, 2002a). In experiments at room temperature and humidity, performed by Nakatani 
and Mochizuki (1996) on granitic gouge, at fixed servo-controlled hold stresses (shear 
stress), healing rate was found to increase with increasing hold stress - which is 
inconsistent with constitutive equations, such as Equation (4.1) (Dieterich, 1978) for 
purely time-dependent healing. Marone and Saffer (2015) modelled SHS cycles with the 
classical RSF laws, using both the Dieterich ageing law and the Ruina slip law to describe 
the evolution of the RSF state parameter	  𝜃. They found that, while neither model showed 
complete agreement between the experimental observations and simulation results, the 
Ruina law generally matched the observations much better. All of these results suggest 
that the accrual of sliding (or shear) displacement during hold periods promotes frictional 
strengthening upon reshear. Since more shear displacement occurs during hold periods 
executed in a low-stiffness setup (e.g. Figure 4.6), healing should therefore increase with 
decreasing machine stiffness. Our results for Basal Zechstein and Slochteren sandstone 
are consistent with this effect (Figures 4.7a and 4.7b), regardless of the underlying 
physical mechanism. 

Interestingly, Beeler et al. (1994) found no effect of stiffness on healing behaviour in SHS 
experiments performed on initially bare granite and quartzite blocks using a rotary shear 
apparatus where stiffness was varied. Their results imply that healing was independent of 
fault slip during hold periods and is better described by the time-dependent Dieterich law. 
However, Bhattacharya et al. (2017) recently re-evaluated the Beeler et al. data, pointing 
out that whilst no effect of stiffness on healing was observed, high-stiffness experiments 
showed systematically more relaxation than low-stiffness experiments. These authors 
modelled the experiments reported by Beeler et al. (1994) using the classical RSF models, 
and concluded that the SHS behaviour observed was much better captured by the slip-
dependent Ruina law rather than the time-dependent Dieterich law, and that the lack of an 
effect of stiffness on healing could be reproduced just as well by the slip law for a specific 
set RSF parameters. 

4.4.2 Present healing data versus Rate-and-State Friction simulations 
We now follow the previous studies mentioned above by comparing our healing results 
for Basal Zechstein and Slochteren sandstone gouges with model simulations conducted 
using the classical RSF equations. We use the most common form of the RSF equations 
(Dieterich, 1979; Ruina, 1983), given 
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𝜇 = 𝜇+ + 𝑎 ∙ ln ;
𝑉
𝑉+
= + 𝑏 ∙ ln ;

𝑉+𝜃
𝑑A
= (4.2) 

which describes frictional strength as a function of two variables: 1) slip rate (V) and 2) 
“state” (𝜃), recalling that the latter is generally viewed as the average lifespan of a 
population of grain-to-grain contacts in the case of gouge friction (Marone, 1998b). In 
Equation (4.2), a is the “direct effect” parameter accounting for the variations in frictional 
strength µ due to changes in slip rate, and b is the “evolution” parameter which determines 
the change in friction due to evolution of fault state over the slip distance dc. The 
parameters 𝜇+ and 𝑉+ represent the values of friction coefficient and slip rate at an arbitrary 
reference steady-state. The evolution of the state parameter 𝜃 is formulated using the 
“ageing law” (Dieterich, 1979) or the “slip law” (Ruina, 1983) referred to in the preceding 
section. These are respectively given by 

𝑑𝜃
𝑑𝑡 = 1 −

𝑉𝜃
𝑑A
	   (4.3𝑎) 

𝑑𝜃
𝑑𝑡 = −

𝑉𝜃
𝑑A
ln ;

𝑉𝜃
𝑑A
= (4.3𝑏) 

In the ageing law (4.3a), 𝜃 evolves linearly with time for stationary contacts. In the slip 
law (4.3b), state evolution occurs only for non-zero slip velocities. 

We performed forward simulations using Equations (4.2) and (4.3), coupled with the 
relation 𝑑𝜇/𝑑𝑡	   = 𝑘(𝑉LM − 𝑉) which describes the interaction with the elastic 
surroundings, where k is the stiffness of the loading frame, normalized by the normal 
stress, and Vlp is the load-point velocity. In the simulations, we used fixed values for the 
RSF parameters a, b, and dc, based on velocity-stepping friction experiments published 
by Hunfeld et al. (2017, see Chapter 2; Appendix 2.1), which were performed on the same 
gouge compositions, and at similar pressure, temperature and pore fluid conditions as the 
present experiments. From the simulations, Dµ is calculated as a function of hold time. In 
Figures 4.10 and 4.11, we plot the experimentally obtained healing data for the Slochteren 
sandstone and Basal Zechstein gouges, alongside the simulations performed for these 
materials using a stiffnesses of 2.4, 20 and 70·109 Pa/m – corresponding to the effective 
stiffnesses of the apparatus configurations used in the present experiments. 

From Figures 4.10 and 4.11, it is evident that the simulations performed with the Dieterich 
ageing law show a systematic increase in healing with increased stiffness for a given hold 
time, with no change in healing rate (slope). Aside from the increase in cut-off time seen 
with decreasing stiffness, this trend is opposite to that seen in our experiments, in which 
decreasing stiffness produced increased healing (rates) beyond the cut-off time in both 
Slochteren sandstone and Basal Zechstein gouges. In contrast to the Dieterich simulations, 
the results obtained using the Ruina slip law not only show the same trends as our 
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experimental data, but they also show a good fit to the data for both materials, especially 
for the high- and intermediate stiffness runs at UU experiments. Despite the scatter in the 
experimental data obtained in the low-stiffness runs (Shell), the Dieterich simulations also 
show a reasonable match to these data, at least for hold durations <105 s. For longer hold 
durations, the Dieterich simulations overestimate healing. 

From this comparison between experiments and RSF simulations (Figures 4.10 and 4.11), 
it is clear that only the Ruina slip law captures all trends in the healing data observed in 
our experiments on Basal Zechstein and Slochteren sandstone gouges. The observed 

Figure 4.10 Comparison between healing data and RSF model simulations for Slochteren sandstone 
gouges in (a) low-stiffness Shell experiments, (b) intermediate-stiffness and (c) high-stiffness UU 
experiments. The RSF model simulations are shown separately in (d), where ‘low K’ equals 2.4·109 
Pa/m, ‘intermediate K’ equals 2.0·1010 Pa/m, and ‘high K’ equals 7.0·1010 Pa/m. The values for a, 
b, and dc used are based on Hunfeld et al. (2017, Chapter 2). 
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stiffness effect thus points to a slip-dependence of healing in these gouges, as captured 
phenomenologically by the Ruina/slip law. In the following, we offer a possible 
explanation for the physical origin of this effect. 

4.4.3 Microphysical basis for frictional healing and the effect of stiffness 
The increase in static rock friction with time, seen in SHS experiments, is classically 
interpreted to originate from an increase in real contact area as a result of thermally-
activated creep processes operating on the interface contact asperities (e.g. Brechet and 
Estrin, 1994; Dieterich and Kilgore, 1994). Specifically in gouges, the effect has been 
attributed to grain contact “quality” or area growth through the operation of pressure 

Figure 4.11 Comparison between healing data and RSF model simulations for Basal Zechstein 
gouge in (a) low-stiffness Shell experiments, and (b) high-stiffness UU experiments. The RSF model 
simulations are shown separately in (c), where ‘low K’ equals 2.4·109 Pa/m and ‘high K’ equals 
7.0·1010 Pa/m. The values for a, b, and dc used are based on Hunfeld et al. (2017, Chapter 2). 
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solution (Bos and Spiers, 2002a; Nakatani and Scholz, 2004; Yasuhara et al., 2005; 
Niemeijer et al., 2008a), or due to compaction by pressure solution, resulting in a decrease 
in gouge porosity and an increase in dilatation angle and hence frictional strength 
(Niemeijer and Spiers, 2007; Chen and Spiers, 2016). Alongside compaction, cohesion 
development during quasi-static holds has been proposed to contribute to gouge 
restrengthening, based on experiments performed on halite gouges (Hickman and Evans, 
1992; Bos and Spiers, 2002a; Muhuri et al., 2003; van den Ende and Niemeijer, 2019). 
Current models for healing by pressure solution (Yasuhara et al., 2005; Niemeijer et al., 
2008a; Chen and Spiers, 2016) assume that the gouge deforms as an isotropic medium 
with compaction by pressure solution during hold periods being driven solely by the 
effective normal stress acting on the gouge layer. In these models, healing is accordingly 
unaffected by shear stress and by different shear stress relaxation paths (and shear strain 
development paths) occurring during hold periods implemented in systems (machines) 
with different stiffness. For this reason, current models do not capture the effect of 
stiffness on healing (rates) seen in our experiments. 

Building upon the existing microphysical model for gouge friction and healing  developed 
by Chen, Niemeijer and Spiers (from here on referred to as the Chen-Niemeijer-Spiers or 
CNS model, see Niemeijer and Spiers, 2007; Chen and Spiers, 2016; Chen et al., 2017), 
and drawing inspiration from the pressure solution microstructures observed in our Basal 
Zechstein experiments (see Figure 4.9d), we propose that healing in those experiments is 
the result of 1) compaction by pressure solution, causing a reduction in gouge porosity 
and an associated increase in dilatation angle, cf. Chen and Spiers (2016), and 2) an 
increase in grain contact strength, or cohesion, due to overgrowths that develop as a result 
of mass removal from grain contacts by pressure solution and subsequent precipitation 
(cementation) in the adjacent pore space. This is illustrated schematically in Figure 4.12, 
where we adopt the same idealized gouge microstructure as Chen and Spiers (2016), 
including the same geometric relation between porosity and grain-contact/dilatation angle. 
Since the contact-normal stress that drives mass removal (pressure dissolution) at grain 
contacts is a function of the externally supported normal and shear stresses, and since 
shear stress relaxation is affected by stiffness, the extent of mass transport and grain 
contact overgrowth/cementation occurring during hold periods, and the corresponding 
cohesion developed, should depend on stiffness as well as hold time. By incorporating 
this grain-contact cohesion development into the CNS model, we test if the observed 
stiffness effect can be reproduced. We restrict ourselves to the Basal Zechstein gouges 
here, as these show the largest effects, and the pressure solution parameters are well 
constrained for the dominant anhydrite and calcite phases at the conditions of our 
experiments (unlike quartz, for which they are only constrained at much higher 
temperatures). The aim here is to qualitatively assess the impact of stiffness on healing 
using time-dependent grain-contact cohesion in the CNS model, thereby gaining insight 
into the potential physical cause(s) for this effect, as opposed to a detailed quantitative 
comparison with our experimental data. 
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Figure 4.12 Schematic illustration of the microstructure/geometry assumed in the CNS model and 
geometric relations [refer Chen and Spiers, 2016]. The inset shows indented grain contacts and 
overgrowths. At is the total contact area including overgrowths, and Ac the indented grain contact 
area where grains are dissolved. The area of the overgrowth annulus is denoted Ag. The total volume 
of overgrowths adding to Ag and thus cohesion is less than the total volume of dissolved material 
(dark grey) at the real grain contact, as some material is still in solution in the grain-boundary fluid 
film or is precipitated elsewhere in open pore space. This is represented by weighting factor f<1 in 
Equations (4.7) and (4.8). 

In the CNS model, the frictional strength of a gouge is assumed to be controlled by 
competition between (1) dilatant granular shear flow, with velocity-strengthening atomic 
scale frictional interactions at grain contacts, and (2) time-dependent shear and 
compaction by a thermally activated creep mechanism (such as linear viscous pressure 
solution) acting at the grain scale. The response of the gouge to this creep mechanism is 
further assumed to be isotropic, so that time-dependent compaction and shear can be 
treated independently. The model has been shown to successfully reproduce the behaviour 
seen in velocity-stepping and SHS friction tests performed on fluid-saturated carbonate or 
anhydrite-dominated gouges using a single testing machine with fixed stiffness (Chen and 
Spiers, 2016; Hunfeld et al., 2019, Chapter 3). 

To capture the effects of varying stiffness described above, in the simplest possible way, 
we extend the CNS model (as formulated by Chen and Spiers, 2016) by assuming that, 
during granular shear flow of a deforming gouge layer with partial accommodation by 
pressure solution, individual grain contacts satisfy a Coulomb-type slip criterion given 

�̃� = 𝑆} + 𝜇R𝜎R) (4.4) 

Here, 𝑆} is a term representing cohesion developing at grain contacts due to overgrowths 
produced by pressure solution, 𝜇R is the logarithmically rate-dependent grain boundary 
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friction coefficient employed by Chen and Spiers (2016), and 𝜎R) is the (intensified) 
normal stress acting at grain contacts. Following Niemeijer and Spiers (2007), shear 
resistance to pure granular flow is then written as 

𝜏 =
𝑘𝜋
𝐻
;

tan𝜓
cos𝜓 − 𝜇R sin𝜓

=𝑆} + ;
𝜇R + tan𝜓
1 − 𝜇R tan𝜓

=𝜎) (4.5) 

where the first term on the right-hand side represents the contribution of cohesion to shear 
resistance, and the second the contribution of both friction and dilatant slip on inclined 
contacts. In this equation, k and H are dimensionless constants related to the geometry of 
the grain pack (see Niemeijer and Spiers, 2007), y is the dilatation angle that is linked in 
the assumed microstructure to gouge porosity, j, via the relation tany = H(q-2j) (Figure 
4.12), and 𝜎) is the effective normal stress acting on the gouge layer. During rapid 
granular flow, grain contact cohesion will be negligible, as grain rolling and neighbour 
swapping will largely prevent overgrowths enveloping and cementing grain contacts. 
During hold periods on the other hand, the rate of granular shear flow and of grain 
neighbour swapping in the gouge layer will quickly diminish due to arrest of the loading 
piston. At that point, gouge deformation will fast become dominated by pressure solution 
creep operating at grain contacts in both the shear and normal (compaction) directions, 
causing on-going shear stress relaxation to levels that preclude grain boundary frictional 
slip due to its much higher (exponential) sensitivity to stress (see Chen and Spiers, 2016). 
Cohesion at grain contacts will then increase, with hold time, in proportion to the amount 
of mass removed from grain contacts and deposited around them as load-supporting 
cement. To represent this in the CNS model, we assume that, during an individual hold 
period, cohesion 𝑆} increases with growing cement-rimmed contact area or annulus Ag 
according to the relation 

𝑆} = 𝑆+
𝐴Z
𝐴+

(4.6) 

where 𝑆+ and A0 are reference values of cohesion and small overgrowth area, 
corresponding to the pre-hold sliding period. The growth in Ag with increasing pressure 
solution strain 𝜀), measured from the onset of the hold in the direction normal to the grain 
contact, is then approximated via 

𝐴Z = 𝐴+(1+ 𝜀)𝑓) (4.7) 

which gives 

𝑆} = 𝑆+(1 + 𝜀)𝑓) (4.8) 

In these equations, f is a dimensionless factor prescribing the contribution of mass 
dissolved at grain contacts to load-supporting overgrowth area (as opposed to mass 
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precipitated along free grain boundaries away from grain contacts, producing little 
contribution to cohesion). Based on our microstructures (Figure 4.9d), we assume f to be 
of the order of 0.5 (as opposed to of the order of 0.01, as expected for uniform overgrowths 
on pore walls, e.g. Yasuhara et al., 2005), thus assuming that half of the mass is 
precipitated round the “neck” of the contact (see Figure 4.12). 

We implemented the relations outlined above in the CNS model. Specifically, Equation 
(4.5) replaces the cohesion-free “friction law” in the model (see equation 32c in Chen and 
Spiers, 2016). The amount of pressure solution strain (𝜀)) occurring normal to the inclined 
grain contacts during an individual hold period, and hence the corresponding change in 
grain contact area and cohesion via Equations (4.6)-(4.8), was obtained using the 
geometrical relation 

𝜀) = �𝜀ML5 + 𝛾ML5 (4.9) 

where 𝜀ML  and 𝛾ML are the total pressure solution strains accumulated during an individual 
hold period in the direction normal and parallel to the shear plane, respectively (see Chen 
and Spiers, 2016). 

We simulated SHS behaviour using the CNS model with this simple grain-contact 
cohesion model, using the input parameters listed in Table 4.2. The values for the 
parameters we used are based on the conditions applied in our experiments, the 
microstructures observed in our Basal Zechstein gouges, and the closely similar pressure 
solution parameters for anhydrite and calcite from the literature, which together constitute 
~80 wt% of the total mineral composition in the Basal Zechstein gouge material. For the 
model implementation and solution method used to simulate healing versus log(thold) in 
SHS simulations, see Chen and Spiers (2016). 

In Figure 4.13a, we show ∆𝜇 versus hold duration as calculated from the modified CNS 
model, varying system stiffness in the range 0.2·109-7·1011 Pa/m (i.e. an order of 
magnitude above and below the range of machine stiffness in our experiments). The trends 
are very similar to the healing behaviour observed in our experiments, showing both an 
increase in cut-off time and healing rate with decreasing stiffness. In the model, this is the 
result of a higher shear stress being maintained during the hold periods in the low stiffness 
experiments (due to reduced shear stress relaxation compared with high stiffness tests). 
These higher shear stresses i) prolong the influence of stress sensitive intergranular 
friction and hence granular shear flow to longer hold durations, which counteracts 
compaction and thus increases the apparent cut-off time for healing, and ii) increase the 
grain contact-normal stress, speeding up pressure solution and cohesion development, and 
thus healing rate for longer hold durations. These two competing effects result in a healing 
versus log(thold) curve that initially shows sluggish healing for the low stiffness case, and 
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Parameter Description (unit) Value (Range) Source and additional information 
sn effective normal stress (Pa) 4·107 experimentally applied value 
T absolute temperature (K) 373 experimental applied value 
K machine stiffness (Pa/m) 2.4·109, 70·109 calibrated values in 

Heard/Quadruple machines 
Vimp imposed slip rate at load point 

(m/s) 
1·10-6 experimentally applied value 

Lt thickness of the gouge layer (m) 8·10-4 observed from sheared samples 
l localization degree 0.02 observed from sheared samples 

jc critical state porosity for granular 
flow 

0.3 assumed here 

𝜑+qrLs initial porosity of bulk gouge 0.4 initial porosity after gouge layer 
preparation 

d average grain size of shear band 
(m) 

2·10-6 (0.2-5 ·10-6) observed from microstructures 

dbulk average grain size of bulk gouge 
(m) 

5·10-6 (2-20 ·10-6) observed from microstructures 

q 2x critical state porosity jc 0.6 assumed here following Chen and 
Spiers (2016) 

H geometrical parameter 0.577 (0.36-1.73) assumed here following Niemeijer 
and Spiers (2007) 

𝜇R∗ reference grain boundary friction 
coefficient for velocity of 1x10-6 
m/s 

0.6 assumed here 

𝑎db  coefficient for logarithmic rate-
dependence of grain boundary 
friction 

0.01 (0.002-0.06) experimentally determined (see 
Hunfeld et al., 2019, Chapter 3) 

DS product of diffusion coefficient 
D and mean grain boundary fluid 
film thickness S (m3/s) 

10-19 – 10-20 range for diffusion-controlled 
pressure solution in ionic salts 
(see Pluymakers and Spiers, 2014) 

C anhydrite solubility at 100°C 
(m3/m3) 

6.3·10-4 Blount and Dickson (1969) 

S0 reference grain contact cohesion 
during steady-state sliding (Pa) 

5·106 assumed here 

f weighting factor in grain-contact 
cohesion model 

0.5 assumed here, based on 
microstructures 

Table 4.2 List of the input parameters and values used in the present simulations using the modified 
CNS model. For the pressure solution parameters (D, S, C) we used values that are representative 
for anhydrite based on the literature cited in the source column These are closely similar to the 
values for calcite (see Chen and Spiers, 2016, and references therein). 

then accelerates to cross the high stiffness healing curve (Figure 4.13a). Note that no cross-
over occurs for the lowest stiffness simulated in Figure 4.13a, for which pressure solution 
plus cohesion development outweigh granular flow from the onset of healing. The position 
of the cross-over, the magnitude of healing and the contribution of cohesion-strengthening 
strongly depend on the kinetics of pressure solution (varying DCS for a diffusion-
controlled case, see Table 4.2), as shown in Figure 4.13b. In Figure 4.13c, we show 
simulation results in which the product of S0 and f are varied or set to zero, also producing 
significant effects, with higher values of  S0 or f  speeding up healing. Note that when the 
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Figure 4.13 CNS with grain-
contact cohesion simulations 
representing Basal Zechstein 
gouges (see Table 4.2). (a) Healing 
versus hold time for varying 
stiffness, including values 
corresponding to the present 
experiments (2.4·109 Pa/m for the 
Shell setup and 70·109 Pa/m for the 
UU setup). Decreasing stiffness 
results in i) longer cut-off time due 
to prolonged influence of granular 
flow, and ii) steeper healing rate 
due to faster development of 
cohesion (increased mass transfer) 
plus compaction and associated 
increase in dilatation angle. For the 
lowest stiffness investigated 
(2.4·108 Pa/m), cohesion-
strengthening dominates over 
granular flow from the onset of 
healing. (b) and (c) Sensitivity of 
healing to the rate of pressure 
solution (via DCS) and the product 
of reference cohesion S0 times 
weighting factor f. The end-member 
case where there is no cohesion 
effect at all (𝑆+´𝑓 = 0) is shown in 
(c). In all simulations, DCS =    
1·10-24 m3/s and 𝑆+ × 𝑓 = 2.5 MPa, 
unless otherwise specified. 

reference cohesion S0 is set to zero (inhibiting any cohesion effect) the model is identical 
to the standard CNS model formulation, and no stiffness effect occurs apart from the 
change in cut-off time related to shear stress relaxation affecting granular flow and thus 
porosity evolution during the early stages of a hold. 

Overall, the behaviour observed in our experiments on the Basal Zechstein gouge is 
qualitatively captured by the extended CNS model. In the case of materials that deform 
by fluid-assisted creep mechanisms like pressure solution, as is likely the case for 
sulphates, carbonates and quartz under conditions pertaining to the shallow upper crust, 
the model thus offers a physical explanation for the apparent “slip-dependence” of healing 
as phenomenologically captured by the Ruina slip law. 



CHAPTER 4 

 152 

One aspect of the experimental healing data that we report for the Basal Zechstein gouge 
that is not captured by the extended CNS model is the plateau in healing observed in the 
Basal Zechstein gouge experiments when subjected to a normal SHS sequence reaching 
hold periods of 3 days and beyond (Shell-14, Figure 4.7a). The behaviour suggests a limit 
to fault healing at a saturation level of Dµ = 0.08-0.09 for this material. However, our 
reverse SHS experiment (Shell-19) showed almost twice as much healing as the normal 
sequence (Shell-14) for a ~7 days hold. This implies that the observed plateau does not 
reflect the maximum strength gain in Basal Zechstein gouge. No such healing plateau has 
been observed in previous SHS experimental work, although it should be noted that the 
present study is the first to investigate hold durations of up to 3 months (8.7·106 s) under 
hydrothermal conditions. One exception is the study of Chen et al. (2015a) on carbonate-
rich gouges healed under hydrothermal conditions at 80ºC. This did show a saturation or 
plateau in healing for hold durations beyond 104 s up to the maximum investigated hold 
duration of 105 s. 

We now consider the possible reasons for the observed plateau in our Basal Zechstein 
healing data. While only the study of Chen et al. (2015a) on calcite has shown similar 
behaviour, a few other studies investigating healing (e.g. in halite gouges, Niemeijer et 
al., 2008) have reported higher healing rates in reverse SHS sequences than in normal 
sequences (cf. Figures 4.4c and 4.7). This was interpreted to be consistent with 
compaction by pressure solution as the primary strengthening mechanism, as explained 
by Niemeijer et al. (2008) – see also Chen et al. (2015a). In short, in a reversed SHS 
sequence, the longest holds are applied when the gouge still has relatively high porosity 
and small grain-contact area, so the gouge compacts and heals more than in a similar hold 
duration in a normal SHS sequence, where the gouge has already compacted during 
earlier, shorter holds. This mechanism can also explain the large scatter observed in Shell 
data for Basal Zechstein gouges, specifically the difference in healing observed for ~1 
hour hold durations imposed in normal SHS sequence experiments Shell-14 and Shell-21 
(see Figure 4.7a). In the case of Shell-21, the 1 hour hold was preceded by shorter holds 
and produced less healing compared to the 1 hour hold in Shell-14, which was the first 
hold applied and produced much more healing. 

Following this interpretation, the plateau observed in our Basal Zechstein healing data 
(Shell-14, Figure 4.7a) may thus be the result of cumulative gouge compaction, producing 
low starting porosity at the onset of successive holds. According to the CNS model, such 
a decrease in porosity between successive sliding intervals should lead to systematically 
increasing frictional strength (Chen and Spiers, 2016), as is observed for long holds in our 
Basal Zechstein experiments in the Shell setup (see Figure 4.4b) Regarding the limit of 
healing of gouge-filled faults, in the CNS model, a reduction in porosity from 30% to a 
near-zero level leads to an increase in frictional strength of the order of Dµ » 0.3 (Chen et 
al., 2020), which is much higher than the plateau observed in Figure 4.7a. Development 
of cohesion alongside compaction, as proposed in the previous section, would raise this 
upper limit even further, potentially even up to the level of intact rock strength (Tenthorey 
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and Cox, 2006). Another potential mechanism capable of producing a plateau in healing 
is related to a local increase in pore fluid pressure (i.e. undrained behaviour) during long 
hold periods, leading to a decrease in effective normal stress and hence slower 
compaction, as well as lower peak strength during the reactivation stage. 

In light of the above, and recalling that the reverse SHS sequence produced significantly 
more healing than the plateau values seen in the normal SHS sequence results, we 
conclude that it is unlikely that fault restrengthening in Basal Zechstein gouges is limited 
to the increase in (static) friction of 0.08-0.09 suggested by the data in Figure 4.7a. 

4.4.4 Implications 
The present results demonstrate that the marked mechanical stratigraphy of faults cutting 
the Groningen reservoir system, previously recognized in terms of a contrast in (near) 
steady-state gouge friction coefficients for different lithologies (Figure 4.5, see also 
Hunfeld et al., 2017, Chapter 2), is enhanced by gouge healing (see Figure 4.7). The faults 
in the Groningen reservoir were tectonically active during Late Jurassic to Early 
Cretaceous rifting, followed by reactivation during the Late Cretaceous to Early Tertiary 
inversion that accompanied the Alpine orogeny (De Jager and Visser, 2017). Since then, 
these faults have likely undergone considerable strength recovery via healing, prior to 
reactivation in response to gas production in the past few decades. Our experiments show 
that fault segments cutting through and incorporating gouges derived from the Slochteren 
sandstone reservoir rocks and Basal Zechstein caprock are expected to have 
restrengthened the most, whereas segments dominated by Ten Boer- and Carboniferous-
derived gouges likely remain relatively weak. Extrapolating the healing data for 
Slochteren sandstone shown in Figure 4.7b from 3 months to 1, 10 and 100 M years, and 
assuming an initial friction coefficient of 0.61, yields a total healed (static) strength of up 
to 0.78, 0.795 and 0.81, respectively. Similarly, extrapolating the Basal Zechstein results 
(Figure 4.7a) to these healing times, with 0.65 as initial friction, gives values up to 1.0, 
1.035 and 1.07. 

Since reactivation of healed Basal Zechstein and Slochteren sandstone gouges is 
accompanied by a stress drop and approximately linear, rapid slip-weakening behaviour 
(see Figure 4.8), we infer significant potential for seismogenesis by slip-weakening upon 
reactivation of faults cutting these formations (e.g. Ida, 1972; Andrews, 1976; Ohnaka, 
2013). By contrast, the Ten Boer and Carboniferous gouges showed no healing or strength 
drop. Together with the velocity-strengthening behaviour of the Ten Boer and 
Carboniferous gouges (Hunfeld et al., 2017, Chapter 2) the data suggest that these 
phyllosilicate-rich gouges exhibit stable sliding behaviour with no tendency for 
accelerating slip, whereas the Slochteren sandstone and Basal Zechstein gouges are much 
more prone to nucleating unstable slip via slip-weakening, potentially aided by velocity-
weakening in the case of Basal Zechstein material or its mixtures with Slochteren 
sandstone gouge (Hunfeld et al., 2017, 2019, Chapters 2 and 3). Note here that the 
seismogenesis-prone nature of the Basal Zechstein and Slochteren sandstone applies not 



CHAPTER 4 

 154 

only to first reactivation of long inactive faults, but also to repeated reactivation due to 
gas production, as substantial healing already occurs within 3 months (see Figure 4.7) – 
which is rapid on production time scales. 

The most accurate earthquake locations in the Groningen field (Dost et al., 2017; Spetzler 
and Dost, 2017) show that the majority of the events occur on faults within the reservoir-
caprock interval, which is consistent with our findings. However, the volume of data 
acquired since installation of a new (deep and shallow) borehole seismometer network in 
the centre of the Groningen field is as yet insufficient to establish if there are correlations 
with a specific lithology or combination of juxtaposed lithologies (i.e. whether events 
occur preferentially in the Basal Zechstein, the Ten Boer claystone or in the Slochteren 
sandstone, for example). 

Besides the above aspects of mechanical stratigraphy, the present SHS experiments have 
revealed that the elastic properties of the fault surroundings, i.e. the machine in our case, 
play a significant role in post-slip strength recovery, with healing being enhanced by low 
stiffness and associated shearing during load relaxation. In modelling frictional strength 
recovery after natural and induced fault activation, the implication of our data for gouge 
types that heal is that the effective shear stiffness of the host rocks, which is controlled by 
their bulk elastic properties and the volume of the elastically deformed zone, should be 
considered. Similarly, stress evolution on faults, either during tectonic reloading of 
seismically active faults or production-induced stressing in reservoir systems, is expected 
to affect healing rate via gouge compaction and cohesion development. Finally, the 
effective stiffness may also influence dynamic fault strength during reactivation by 
causing a larger dynamic strength drop than expected from healing alone (as occasionally 
observed in our experiments, e.g. Figures 4.4b and 4.6; see also Bhattacharya et al., 2017). 

4.5 Conclusions 
We performed direct-shear, Slide-Hold-Slide (SHS) friction experiments on simulated 
fault gouges prepared from core and drill cuttings recovered from the main stratigraphic 
units present in the reservoir system of the seismogenic Groningen gas field. We 
investigated the frictional strength, post-slip strength recovery, reactivation and 
subsequent slip behaviour of these materials employing hold durations in the range of 10 
s up to 100 d. The experiments were done at simulated reservoir conditions, i.e. at 
temperatures of 100°C, effective normal stress of 40 MPa, and using a 6.9 M ionic strength 
mixed chloride brine, mimicking the formation water present in the Groningen reservoir. 
Our main findings are summarized as follows: 

1.   In reverse stratigraphic order, i.e. from caprock to substrate, our results in terms of 
(near) steady-state friction coefficient in initial stages of sliding (displacements of 1-
1.5 mm) show the highest values in the Basal Zechstein caprock gouges (µ = 
0.65±0.02), and the lowest in the underlying Ten Boer claystone (µ = 0.39±0.02). 
These are followed by the Slochteren sandstone reservoir gouges (µ = 0.61±0.02) and 
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the Carboniferous shale substrate (µ » 0.45). These results confirm the strongly 
varying mechanical stratigraphy in the Groningen reservoir system reported by 
Hunfeld et al. (2017, Chapter 2). 

2.   Slochteren sandstone and Basal Zechstein gouges showed significant time-dependent 
healing (Dµ up to ~11% and ~25%) and stress-drop following reactivation. By 
contrast, no healing or strength drop was observed in Ten Boer claystone and 
Carboniferous shale gouges. 

3.   Healing rates in Slochteren sandstone and Basal Zechstein gouges increased by a 
factor ~2 for a 30-fold decrease in effective shear stiffness of the (experimental) fault 
surroundings, along with a systematic increase in cut-off time for log-linear healing. 
These trends are well captured by the Ruina/slip formulation of Rate-and-State 
Friction, implying that healing is purely slip-dependent. 

4.   Based on microstructural observations showing evidence for solution-transfer 
processes operating during healing of Basal Zechstein gouges, and making use of the 
Chen-Niemeijer-Spiers model for gouge friction (Chen and Spiers, 2016; Chen et al., 
2017a), we present a simple physical explanation for the observed healing behaviour 
and stiffness effect seen in the Basal Zechstein data. In our model, healing is the result 
of combined gouge layer compaction and cohesion development at grain contacts due 
to mass transport and cementation. We anticipate similar processes in the Slochteren 
sandstone, but insufficient data are available to model the relevant mass transport 
processes under the temperature conditions of the Groningen reservoir. 

5.   With respect to induced seismicity in the Groningen gas field, our results point to i) an 
enhancement, via healing, of the mechanical stratigraphy seen in steady-state friction 
values, and ii) significant potential for seismogenesis via slip-weakening in healed 
gouges derived from the Basal Zechstein caprock and Slochteren sandstone reservoir 
units. 
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Abstract 
Many rock materials show rapid dynamic weakening when tested in large-displacement 
(m), rotary friction experiments at slip velocities >0.1 m/s, providing a clear mechanism 
for the generation of large, natural earthquakes. However, the extent to which dynamic 
weakening plays a role in small-displacement (dm), induced magnitude 3 to 4 earthquakes, 
has remained unknown. We performed rotary shear experiments on simulated fault gouges 
prepared from the key Permian and Carboniferous formations present in the seismogenic 
Groningen gas field (Netherlands). Pre-sheared, water-saturated gouges were subjected to 
a rotational slip pulse reaching a peak circumferential velocity of 1.2-1.7 m/s and total 
displacements of 15-20 cm, using solid-cylindrical and annular forcing blocks. The 
experiments were run at 2.5-20 MPa normal stress with initial pore water pressure of 1 
bar (undrained). The results mostly show 30-80% dynamic weakening within a few cm of 
slip, with dynamic friction coefficients at 20 MPa normal stress falling to values of 0.20-
0.27 in all materials. The largest effects occur in anhydrite-carbonate gouges prepared 
from the Basal Zechstein caprock, which show a 50-80% strength drop from a peak 
strength µp of 0.76-0.97. Gouges prepared from the underlying Ten Boer claystone shows 
the lowest peak strength (0.37-0.58) and smallest strength drop (0-60%), while those 
derived from the Slochteren sandstone reservoir and Carboniferous shale/siltstone 
formations beneath show intermediate peak strength (0.50-0.76) and strength drop (30-
60%). Our results imply significant dynamic weakening during induced seismic slip on 
faults in the Groningen reservoir system, probably dominated by thermal pressurization 
of the pore fluid, and provide much-needed constraints for numerical modelling of 
induced rupture propagation and earthquake generation. 
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5.1 Introduction 
Induced seismicity related to hydrocarbon production or fluid injection in subsurface 
reservoirs is an increasingly widespread phenomenon (e.g. Segall, 1989; McGarr et al., 
2002; Nicol et al., 2011; Ellsworth, 2013; Elsworth et al., 2016). Prominent examples 
occur in oil- and gas-producing regions in the United States, Canada, and China (Lei et 
al., 2008, 2013; van der Elst et al., 2013; Keranen et al., 2014; Weingarten et al., 2015), 
and enhanced geothermal system (EGS) stimulation in Korea (Ellsworth et al., 2019). In 
the Netherlands, induced events in the giant Groningen gas field, the EU’s largest, have 
occurred since the 1990’s at a more or less steadily increasing rate and with increasing 
magnitude (van Thienen-Visser and Breunese, 2015), culminating in the magnitude MW 
= 3.6 Huizinge earthquake (Dost and Kraaijpoel, 2013) on 16 August 2012, which raised 
major public concern. Since then, six other magnitude 3.0 to 3.5 events have occurred, 
ultimately leading to the government’s decision to stop gas production as soon as possible, 
most likely by 2022 (Wiebes, 2019). The earthquakes in Groningen are the result of 
reactivation of numerous pre-existing (mainly normal) faults that cross-cut the reservoir 
and directly over- and underlying formations (Van Eijs et al., 2006; Dost and Haak, 2007; 
Spetzler and Dost, 2017). A thorough understanding of the mechanical properties of these 
faults is needed to assess the likelihood of fault reactivation and associated seismic hazard 
and risk. Specifically, data on the frictional behaviour of the relevant fault rocks are 
needed to constrain geomechanical modelling of fault rupture in such reservoir systems 
and of any dynamically generated seismic wave field (e.g. Rutqvist et al., 2016; Buijze et 
al., 2017, 2019; Zbinden et al., 2017). 

Recently, low velocity (<100 µm/s) friction experiments performed on simulated fault 
gouges derived from the key Permian and Carboniferous lithologies associated with the 
Groningen reservoir system (Hunfeld et al., 2017, 2019, Chapters 2 and 3) revealed that 
most of the end-member lithologies exhibit velocity-strengthening properties at in-situ 
reservoir conditions. Only the Basal Zechstein anhydrite-carbonate caprock gouge or 
mixtures of this with gouge prepared from the underlying Slochteren sandstone reservoir 
show the velocity-weakening behaviour required for earthquake nucleation (Marone, 
1998b), and then only under specific conditions of temperature, sliding velocity and pore 
fluid composition. Besides these velocity-weakening effects, slip-weakening behaviour 
associated with reactivation of healed faults can also lead to earthquake nucleation (Ida, 
1972; Scholz, 2002). This has been observed in experiments on both Basal Zechstein 
caprock and Slochteren reservoir gouges at in-situ conditions (Hunfeld et al., 2020, 
Chapter 4). These previous studies define a mechanical stratigraphy within the Groningen 
reservoir system, in terms of initial (static) fault strength and the velocity- and slip-
dependence of fault strength relevant to rupture nucleation. However, the subsequent 
evolution of dynamic fault strength during slip at seismic velocities (~1 m/s) and over dm 
range displacement, crucial for modelling induced seismogenic rupture, remains 
unexplored for the key lithologies present in the Groningen reservoir. This is the topic of 
the present paper. 
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In the context of natural earthquakes, the high velocity frictional behaviour (0.1-10 m/s) 
of both intact and granular rock materials has been extensively studied in rotary shear 
experiments (see Wibberley et al., 2008; Di Toro et al., 2011; Niemeijer et al., 2012 for 
reviews). In such experiments, a large (>70%) reduction in friction coefficient is 
commonly observed at slip velocities in excess of ~0.1 m/s, depending on normal stress. 
To explain this dynamic weakening behaviour, a wide range of mechanisms have been 
proposed, including melt lubrication (Hirose and Shimamoto, 2005; Nielsen et al., 2008), 
silica gel lubrication (Goldsby and Tullis, 2002; Di Toro et al., 2004), flash heating (Rice, 
2006; Beeler et al., 2008; Goldsby and Tullis, 2011), powder lubrication (Han et al., 2010; 
Reches and Lockner, 2010; Chang et al., 2012), fluid film lubrication (Brodsky and 
Kanamori, 2001; Ferri et al., 2011), thermal pressurization (Sibson, 1973; Lachenbruch, 
1980; Wibberley and Shimamoto, 2005; Rice, 2006; Sulem et al., 2007; Tanikawa and 
Shimamoto, 2009; Faulkner et al., 2011) and thermochemical pressurization (Brantut et 
al., 2008, 2011; Chen et al., 2013; Platt et al., 2015). However, the vast majority of high 
velocity friction experiments performed to date have been conducted at low normal stress 
(<10 MPa) and often dry or at room-humidity. Moreover, with the aim of addressing major 
natural earthquake slip, they mostly feature large displacements (several m’s, and up to 
tens of m’s) imposed abruptly at constant, high velocity, generating large amounts of 
frictional heat. For these reasons, many of the observations reported in the high velocity 
friction literature may not be relevant to induced earthquakes, such as the magnitude 3.0 
to 3.6 events that have occurred in the Groningen gas field. In such cases, fault slip occurs 
in a shorter pulse featuring rapid acceleration and immediate deceleration, with 
displacement being limited to a few tens of centimetres at most (Heaton, 1990; Tomic et 
al., 2009; Zoback and Gorelick, 2012; Buijze et al., 2019). This is easily seen by applying 
the earthquake magnitude scaling relation 𝑀� = 5

6
log(𝐺𝐴𝐷) − 6 (Hanks and Kanamori, 

1979), where G is the shear modulus of the affected rock mass, A the area of the slipping 
patch, and D the average displacement on the slip patch. The product GAD is equal to the 
seismic moment, M0. For typical values of G for sandstones (10-20 GPa) and for small 
rupture patch areas (100 to 1000 m2) typical for induced earthquakes, this yields slip 
displacements in the range 0.2-25 cm for magnitude 3.0-3.6 earthquakes (see also Zoback 
and Gorelick, 2012). 

Only a few experimental studies have employed a controlled-profile slip pulse instead of 
abruptly imposing slip over a fixed distance at a constant, high velocity. Sone and 
Shimamoto (2009) performed rotary slip-pulse experiments featuring displacements of 
~10 m on natural fault gouge derived from the Chelungpu fault, Taiwan, at 0.56 MPa 
normal stress, room-dry conditions. These showed strong dynamic weakening during 
relatively slow acceleration imposed over the first 2-6 m of displacement, followed by 
strengthening during subsequent deceleration from a peak velocity of ~2 m/s to zero. 
Fukuyama and Mizoguchi (2010) and Liao et al. (2014) also performed controlled-profile, 
slip-pulse experiments, imposing relatively short displacements (total slip 0.32-3.46 m) 
between room-dry granite cylinders at 0.5-10 MPa normal stress and peak velocities of 
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0.3-1.3 m/s. They observed low dynamic friction coefficients (minimum of ~0.2) with 
weakening distances as short as 0.2 m. Similar behaviour was observed by Spagnuolo et 
al. (2015), who reported rapid slip-weakening between annular blocks of room-dry 
Carrara marble subjected to rotary shear at 10 MPa normal stress. These studies suggest 
that faults may become dynamically weak even over a few dm of displacement during 
acceleration to slip velocities of 1-2 m/s. However, the extent to which dynamic 
weakening occurs in gouge-filled faults under upper crustal stress, temperature and pore 
fluid conditions, during induced earthquakes with maximum displacements of 10-30 cm, 
such as those associated with the larger events recorded in the Groningen gas field, has 
not yet been investigated. 

The present study addresses this knowledge gap via a series of high velocity, rotary shear 
experiments imposing a controlled slip pulse simulating induced seismic slip on faults 
containing water-saturated gouges derived from the key lithologic units present in the 
Groningen gas field. The imposed peak sliding velocity was 1.2-1.7 m/s and the total 
displacements achieved fell in the range 13-19 cm. The formations investigated were, 
from bottom to top, the Carboniferous shale/siltstone basement, the Rotliegend (Permian) 
Slochteren reservoir sandstone, the overlying Ten Boer claystone and the Basal Zechstein 
anhydrite/carbonate evaporite caprock. The aim was to quantify the dynamic frictional 
behaviour exhibited by these materials at seismic slip velocities, over the short 
displacements relevant to induced seismicity. We investigated normal stresses in the range 
2.5-20 MPa, using a ring-shear assembly, as well as a conventional solid-cylinder 
assembly. The experiments were conducted at ambient initial temperature and (undrained) 
pore water initially at 1 atm pressure, and thus at initial effective normal stresses of 2.5 to 
20 MPa. The results show that even within the small displacements characteristic of 
induced earthquakes, dynamic weakening can play a significant role, which has important 
implications for induced seismicity in the Groningen field and elsewhere. 

5.2 Experimental methods 
5.2.1 Sample materials 
The gouge materials investigated here were derived from the same Groningen lithologies 
as those used by Hunfeld et al. (2017, Chapter 2), i.e. from the Carboniferous 
shales/siltstone substrate, the overlying Slochteren reservoir sandstone, Ten Boer 
claystone and Basal Zechstein caprock (all Permian). Simulated fault gouges with a grain 
size <50 µm were prepared by crushing and sieving drill core and cuttings derived from 
these formations, i.e. from the Stedum-1 (SDM-1) and Zeerijp-2 (ZRP-2) boreholes 
located in the seismogenic central part of the Groningen field (provided courtesy of the 
Nederlandse Aardolie Maatschappij, NAM). The composition of these gouges in terms of 
major (>10 wt%) and minor constituents (<10 wt%) was analysed using conventional X-
Ray Diffraction (XRD) methods (see Hunfeld et al., 2017, Chapter 2). The Basal 
Zechstein caprock gouge consists of anhydrite (48 wt%), carbonates (32 wt% calcite and 
dolomite), barite (14 wt%) and minor amounts (<10 wt%) of quartz. The Ten Boer 
claystone material is composed predominantly of quartz (48 wt%), phyllosilicates (39 
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wt% in total, with 33 wt% muscovite/phengite and 6 wt% illite/chlorite) plus minor 
feldspar, dolomite and hematite. The Slochteren sandstone gouge used here was prepared 
from core taken from above the gas-water contact and contains quartz (67 wt%), feldspar 
(19 wt%) and minor amounts of carbonates and phyllosilicates (kaolinite and phengite). 
The Carboniferous shale/siltstone samples investigated consist of quartz (55 wt%), 
phyllosilicates (35 wt% in total, with 21 wt% illite/chlorite and 14 wt% 
muscovite/phengite) plus feldspar (10 wt%). 

5.2.2 Experimental setup and procedure 
Friction experiments were performed on water-saturated gouges at normal stresses (𝜎)) 
of 2.5-20 MPa, using the high velocity rotary shear apparatus installed at the State Key 
Laboratory of Earthquake Dynamics in Beijing (see Ma et al., 2014, for details). Two 
types of low thermal conductivity Ti-alloy piston (forcing block) assemblies were used 
(Figure 5.1; see also Yao et al., 2016). These consisted of i) a conventional solid-cylinder 
assembly (40 mm diameter), and ii) an annular ring-shear assembly (outer diameter = 40 
mm, inner diameter = 28 mm, ring depth = 10 mm) machined into otherwise similar solid 
cylinders. In both assemblies, an approximately 1 mm thick gouge layer was sandwiched 
between the stationary lower piston and the rotating upper piston. The surfaces in contact 
with the gouge layer were ground with #80 SiC (180 µm) to minimize slip along the 
gouge-piston interfaces. The normal stress on the gouge layer, applied by means of a 
pneumatic actuator, was 2.5, 5 or 10 MPa in the case of the solid-cylinder assembly, and 
5, 10 or 20 MPa using the ring assembly. The total sample area in the ring setup is 0.51× 
that of the solid cylinder assembly, so double the normal stress could be applied with the 
available axial loading capacity. A tightly fitting Teflon outer sleeve, and, in the case of 
the ring assembly, a graphite-coated Teflon inner cylinder, minimizes gouge extrusion 
during the experiments (see Figure 5.1). A small pressure vessel connected to a Teledyne 
ISCO D65 syringe pump was used to apply a confining pressure of 2 MPa to the outer 
Teflon sleeve, to minimize gouge extrusion further. Lubricated Viton O-rings were used 
as static and dynamic pressure seals between the pressure vessel and the lower and upper 
pistons, respectively. The vessel was filled with a soft silicon mould (Ecoflex 00.20), 
which acted as a gasket ensuring an even distribution of pressure over the outer Teflon 
sleeve while inhibiting confining fluid (water) from infiltrating the sample assembly. In 
the ring assembly, the confining fluid had no access to the blind-ending inner recess 
containing the Teflon cylinder. 

To measure temperature and pore fluid pressure during an experiment, three pore pressure 
transducers (10 MPa full range, 0.001 MPa resolution, capable of tracking pressure 
changes at a rate of at least 5 MPa/s) and four Ni-Cr thermocouples (response time of 10-
30 ms) were installed at different radial positions in the (stationary) lower piston of the 
solid-cylinder assembly - see Figure 5.1b. In the ring assembly, two pressure transducers 
and two thermocouples were installed in the lower piston, as shown in Figure 5.1e. All 
pressure transducers were mounted 2 mm below the roughened sliding surface, filling the 
recess with 75 micrometre sieving mesh to prevent gouge intrusion whilst maintaining 
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high permeability. The thermocouples were insulated using corundum tubes, glued in 
place with high-temperature cement, with the active junctions located flush with the 
ground piston surfaces, i.e. in contact with the gouge layer. In setting up each experiment, 
the upper piston was centred with respect to the lower piston within 2 µm using a swing 
arm and dial indicator (resolution: 1 µm). 

The setup was assembled by first locating the confining vessel plus Teflon seal (and inner 
Teflon cylinder, in the case of the ring assembly) onto the lower piston (see Figure 5.1c). 
The gouge layer was then emplaced by distributing 2.4 g (solid-cylinder) or 1.2 g (ring) 
onto the sliding surface of the lower piston. The lower piston plus vessel assembly was 

Figure 5.1 Schematic diagrams and photographs of (a, b) the solid-cylinder setup and (d, e) the 
ring setup. The positions of the pore fluid pressure transducers (denoted P) and thermocouples 
(denoted T) are indicated in top-view images of the lower piston in each setup, shown in (b) and (e). 
In the case of the solid-cylinder setup, the radial distance of each sensor with respect to the centre, 
where the pore fluid inlet is located (denoted as F), is specified in mm between brackets. In the ring 
assembly, the sensors and two pore fluid inlets (F1 and F2) are located at a radial distance of 17 
mm from the centre point. The ring setup contains a blind-ending recess in the upper and lower 
pistons (see panel e)), in which the graphite-coated inner Teflon cylinder is located such that 
vertical motion is unimpeded. The ring depth created by this recess is 10 mm. Confining fluid has 
no access to the inner recess containing the Teflon cylinder. The confining vessel and assembled 
setup are shown in panels (c) and (f). 
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subsequently moved upwards via the pneumatic actuator so that the vessel slid over the 
upper piston, until the latter was in contact with the gouge layer (see Figure 5.1f). The 
sample layer was then evacuated via the pore fluid connections in the bottom piston for 
~10 minutes, before being saturated with de-ionized water at 2 bars, using the ISCO pump 
in pressure control mode. Full saturation of the gouge layers was ensured by monitoring 
and achieving equal pore fluid pressure at all pressure transducers installed, which usually 
took less than 10 minutes. After equilibrium pressure and hence gouge saturation were 
achieved, the ISCO pump was connected to the confining vessel, applying a confining 
pressure of 2 MPa onto the outer Teflon seal. The target normal stress was then applied, 
and pore fluid pressure was allowed to drain back to atmospheric levels. 

Before the high velocity slip-pulse stage of testing, each wet gouge sample was pre-
sheared under drained conditions, for a total of 3.6 full rotations at a constant speed of 
0.0119 revolutions/second. This is equivalent to a total displacement of 0.45 m applied at 
a velocity of 1.5 mm/s measured at the outer edge of the setup. Note that the slip rate 
varies with radial distance on the sliding surface in all rotary shear experiments. 
Commonly, an “equivalent slip rate” (veq) is defined such that 𝜏𝑣#�𝑆 equals the imposed 
total rate of frictional work on the sliding surface area S, assuming that the shear stress 𝜏 
is constant over the fault surface (Hirose and Shimamoto, 2005). However, the radial 
position on the surface of the sample corresponding to this “equivalent point” differs in 
our solid-cylinder versus ring setup. To facilitate comparison, we calculated the slip 
velocity and displacement at the edge of the setup (the outer radius is 20 mm in both cases) 
and henceforth refer to these simply as velocity (slip rate) and displacement (slip). To 
convert the velocity and displacement values reported throughout this paper to the 
“equivalent point” values following the definition of Hirose and Shimamoto (2005), our 
values should be multiplied by a factor 0.67 in the case of solid-cylinders, and by a factor 
0.85 in the case of the ring setup. 

After pre-shear, the shear load was removed, and temperature and pore pressure were 
allowed to equilibrate back to atmospheric conditions. Pore pressure equilibration from 
several bars to ~1 bar typically took 3-60 s in the case of Slochteren and Basal Zechstein 
gouges, versus 5-30 mins in the case of the phyllosilicate-rich Ten Boer and Carboniferous 
gouges. Once stable, a high velocity slip pulse was imposed under undrained conditions, 
i.e. with closed-in pore fluid initially at 1 atm. To achieve this, the motor control system 
was programmed to apply a symmetrical, triangular velocity profile characterised by a 
peak target speed of 11.9 revolutions per second and a total displacement of 1.19 
revolutions. Measured at the edge of the setup, this is equivalent to 1.5 m/s peak velocity 
and 0.15 m total displacement occurring over ~0.25 s. Using these settings, the drive motor 
supplied the same power input per slip pulse, at all normal stresses investigated. The initial 
acceleration was ~15 m/s2 in all cases, and the peak velocity was reached within 0.14 
±0.02 s. However, the slip velocity evolved continuously during the slip pulse, such that 
the actual peak velocity reached varied between 1.26-1.71 m/s in the solid-cylinders and 
1.21-1.70 m/s in the ring experiments, and systematically decreased with increasing 
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normal stress in both setups (Table 5.1). At a given normal stress, the peak velocity in the 
ring experiments was 3-5% higher than in the solid-cylinder experiments. The decrease in 
peak slip velocity with increasing normal stress, as well as the difference in peak velocity 
and detailed velocity profile between the two setups at a given normal stress, is due to the 
fixed motor power supplied per slip pulse in all experiments. Total displacements reached 
were 0.131-0.192 m (Table 5.1). These also decreased with normal stress but were similar 
for the two setups at a given normal stress. The peak velocity and total displacement 
achieved in the experiments were thus within 20% and 30% of the target values (1.5 m/s 
and 0.15 m), which constitutes good system performance considering the challenges in 
achieving a controlled high velocity, short-displacement slip pulse. 

A total of 28 experiments were performed, specifically 12 in the solid-cylinder setup and 
16 in the ring setup. The latter included 4 duplicate experiments conducted in the ring 
setup on Slochteren, Basal Zechstein and Ten Boer gouges. All experiments performed 
are listed in Table 5.1, along with the corresponding conditions. 

5.2.3 Data processing 
During the experiments, axial load, axial displacement, torque, upper piston rotation 
(hence angular speed), temperature and pore fluid pressure signals were recorded at a rate 
of 2 kHz. The raw data were processed to obtain shear stress 𝜏 (MPa), normal stress 𝜎) 
(MPa) and apparent friction coefficient 𝜇 = 𝜏/𝜎) (-), versus displacement and time. No 
corrections for shear stiffness of the machine were applied in calculating the displacement. 
The axial displacement data obtained are interpreted to represent changes in the gouge 
layer thickness, since machine distortion due to stress or temperature variations during the 
experiments is of much smaller order. Pore pressure measurements showed strong spatial 
and temporal variations during each experiment, precluding determination of effective 
normal stress and true friction coefficient. To obtain apparent friction coefficient versus 
displacement curves for each experiment, the raw displacement (angular rotation) data 
were smoothed using a moving average with a window of 101 data points (corresponding 
to a time interval of 50.5 ms). To quantify the contribution of Teflon friction to the total 
torque measured using each setup, wet calibration runs were conducted in which the 
sample assembly was sheared using the standard high velocity slip pulse but with no 
sample present and without contact between the upper and lower pistons. In both setups, 
the torque measured due to Teflon friction was more or less constant during slip, reaching 
less than 5% of the peak torque levels measured in gouge experiments at 5 MPa normal 
stress. However, since Teflon seal friction likely varies from run to run, due to differences 
in axial alignment of the setup and to (minor) gouge extrusion effects, no seal friction 
correction was applied to the friction versus displacement curves. 
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Table 5.1 (opposite page) List of experiments, conditions and key mechanical data. Symbols: S.-C. 
or Ring denotes use of the solid-cylinder or ring setup; 𝜎)= normal stress, vp = peak velocity;          
dtot = total displacement; µp = peak apparent friction coefficient; µd = minimum dynamic apparent 
friction coefficient; dw = slip-weakening distance determined manually (superscript “man”) and by 
fitting Equation (1) to the µ versus displacement data (superscript “fit”); SSE = Standard Error of 
the Estimate of the exponential fit with Equation (1); ∆𝜏w= total dynamic strength drop;          
∆𝑇Uj�= maximum temperature increase; ∆𝑃$Uj�= maximum pore fluid pressure increase. Note 
that displacement and velocity are calculated for the edge (20 mm radius) in both setups. All samples 
are saturated with deionized water, and experiments are performed under drained conditions. All 
samples were pre-sheared under the target normal stress at 0.0015 m/s for a total of 0.45 m 
displacement, measured at the edge of the setup. 

5.3 Results 
5.3.1 Pre-shear behaviour 
To illustrate the typical apparent friction coefficient versus displacement evolution 
obtained in the wet, pre-shear stage of our experiments (i.e. 0.45 m of displacement at a 
constant velocity of 1.5 mm/s), the results of runs performed at 10 MPa normal stress are 
shown in Figure 5.2. The friction coefficient obtained using the solid-cylinder setup 
(Figure 5.2a) falls in the range 0.7-0.8 for the Basal Zechstein, 0.5-0.6 for Slochteren 
sandstone, 0.35-0.45 for Carboniferous shale/siltstone and ~0.3 for Ten Boer claystone 
gouges. After an initial sharp increase in shear stress following initiation of slip, minor, 
near-linear displacement-hardening occurred in the Basal Zechstein and Carboniferous 
gouges (µ increased by ~0.1 beyond apparent yield), whereas the Slochteren sandstone 
showed minor displacement-weakening (µ decreased by ~0.05). The Basal Zechstein and 
Slochteren sandstone gouges showed oscillations with an amplitude of ~0.1 and 
wavelength of ~0.12 m (equivalent to one full rotation), superimposed on the background 
trends. Carboniferous and Ten Boer gouges showed no such oscillations, or only with very 
small amplitude (~0.01). 

In the ring setup (Figure 5.2b), Basal Zechstein and Slochteren sandstone gouges showed 
similar behaviour to that seen in the solid-cylinder setup. This was not the case for 
Carboniferous and Ten Boer gouges. These materials showed much more marked 
displacement-hardening in the ring setup, whereby the friction coefficient approximately 
doubled beyond the apparent yield point, with µ-values reaching ~0.7 in the Carboniferous 
and ~0.5 in the Ten Boer gouges at the end of pre-shear. Similar results to those shown in 
Figure 5.2 were obtained in the pre-shear stage of all experiments, independently of 
normal stress, although the displacement-hardening observed for the Ten Boer and 
Carboniferous gouges in the ring setup was less pronounced at 5 MPa normal stress 
compared to 10 or 20 MPa. Turning to the axial displacement versus normal stress 
measured during pre-shear (solid data points in Figure 5.3), we observed only a minor 
contraction in the solid-cylinder setup (<0.25 mm; Figure 5.3a), interpreted as a reduction 
in gouge layer thickness. No systematic dependence of thickness reduction on normal 
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stress was observed in any of the gouges tested in the solid-cylinder setup. In the ring 
setup on the other hand (Figure 5.3b), the Carboniferous and Ten Boer gouges showed 
significantly more contraction with increasing normal stress, with a total reduction in 
gouge layer thickness of 0.35-0.4 mm at 20 MPa normal stress. By contrast, thickness 
reduction during pre-shear in Slochteren and Basal Zechstein gouges was insensitive to 
normal stress in this setup too, and similar to that observed in the solid-cylinders. 

5.3.2 Friction coefficient versus displacement during the high velocity slip pulse 
Representative examples of the apparent friction coefficient versus displacement curves 
obtained in the high velocity slip pulse stages of the experiments performed at 10 MPa 
normal stress on all materials tested using the solid-cylinder and ring assemblies are 
shown in Figures 5.4a and 5.4b. Figure 5.4c shows the evolution of apparent friction 

Figure 5.2 Pre-shear curves for apparent friction coefficient obtained at 10 MPa normal stress and 
1.5 mm/s (constant) velocity in (a) the solid-cylinder and (b) ring setups. Similar results were 
obtained in the pre-shear stage of all experiments, independently of normal stress. 
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versus displacement, as well as the velocity profile, obtained in run LHV1426 (Slochteren 
sandstone gouge at 20 MPa, using the ring setup). Similar results were obtained in the 
experiments at different normal stresses, although the velocity profile achieved varied 
slightly in terms of peak velocity and total displacement, depending on normal stress, as 
described in Section 5.2.2 (see also Table 5.1). During the high velocity slip pulse, shear 
stress increases abruptly upon initial acceleration. In most cases, a distinct peak occurs 
within the first 0.01-0.03 m of slip, followed by significant slip-weakening towards a 
minimum dynamic strength attained at displacements of 0.07-0.14 m. The shape of the 
slip-weakening trajectory varies between the experiments, with approximately linear slip-
weakening behaviour in some cases versus roughly logarithmic weakening in others. In 
the case of Basal Zechstein and Carboniferous shale gouges, the displacement at which 
the peak strength occurs is generally smaller by a factor ~1/2 in the ring experiments than 
in the solid-cylinder experiments. No such difference was observed in Slochteren 
sandstone gouges. In almost all experiments, performed using either the solid-cylinder or 
ring assemblies, when the slip velocity decreases after reaching its maximum value (see 
Figure 5.4c), friction generally increases until the motor stops and displacement is halted 
at the end of the experiment, at which point the shear stress falls rapidly to zero. The only 
exception to this general behaviour was observed in Ten Boer claystone samples tested in 
the solid-cylinder setup (Figure 5.4a). In these runs, after the initial increase upon slip 
initiation, the friction coefficient remained constant during the entire slip pulse – at all 
normal stresses investigated (2.5, 5 and 10 MPa in the solid-cylinder setup). However, in 
the ring experiments, the Ten Boer samples did show an initial peak strength followed by 
slip-weakening and ultimately strengthening during deceleration at the end of the runs 
(Figure 5.4b). 

Figure 5.3 Axial displacement data for pre-shear (solid symbols) and high velocity slip pulse (open 
symbols) obtained in experiments performed using the solid-cylinder (a) and ring (b) setups. 
Positive values indicate contraction, which is interpreted as a reduction in gouge layer thickness. 
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Figure 5.4 (opposite page) Apparent friction coefficient versus displacement curves obtained at 10 
MPa normal stress in (a) the solid-cylinder and (b) ring setups. The raw displacement (angular 
rotation) data were smoothed using a moving average with a window of 101 data points (equivalent 
to a time window of 50.5 ms) to obtain the friction curves shown. c) Run LHV1426, showing friction 
(blue curve, left-hand axis) and slip velocity (grey curve, right-hand axis) versus displacement. The 
red dashed line shows the fit of Equation (5.1) to the dynamic weakening portion of the curve, from 
µp to µd, as described in Section 5.3.3. The magnitude of slip-weakening is represented by the total 
dynamic strength drop (∆𝜏w) corresponding to µp - µd. 

Peak and minimum dynamic friction coefficients (µp and µd, see Figure 5.4c) obtained in 
all experiments are plotted versus normal stress in Figure 5.5 (see also Table 5.1). The 
Basal Zechstein samples showed the highest peak friction (0.76-0.97), but also the lowest 
dynamic friction (0.17-0.31). Slochteren sandstone and Carboniferous shale samples 
showed peak friction coefficients in the range 0.50-0.76, with dynamic friction of 0.27-
0.46. The Ten Boer claystone showed constant µ-values of ~0.38 in the case of solid-
cylinders, and peak values of 0.45-0.58 in the ring experiments with dynamic friction of 
0.19-0.39. In the case of Slochteren sandstone gouges, both peak and dynamic friction 
values were more or less the same in the solid-cylinder and the ring experiments. The 
other materials showed differences between the two setups. In the ring experiments, peak 
friction did not vary with normal stress in the Slochteren sandstone and Basal Zechstein 
gouges, whereas Ten Boer and Carboniferous gouges showed a slight increase towards 
higher normal stress. In the solid-cylinder experiments, peak friction was more or less 
constant in all materials, except for the Basal Zechstein, which showed a positive 
dependence on normal stress. Notably in the ring experiments, the minimum dynamic 
friction coefficient decreased with normal stress in all materials. In the solid-cylinders, 
this trend was less pronounced, and not present at all in the case of Ten Boer and 
Carboniferous samples. Duplicate experiments performed using the ring assembly (Table 
5.1, see also Appendix 5.1) typically showed reproducible peak and dynamic friction 
levels (within 0.03) for each gouge, with the exception of the Ten Boer gouges tested at 
10 MPa normal stress. The latter showed a spread in peak friction coefficient of ~0.1 in 
duplicate experiments. 

Axial displacement data during high velocity slip is included in Figure 5.3 (open data 
points). Thickness reduction was smallest in the solid-cylinder experiments (<0.025 mm), 
and slightly larger (<0.05 mm) in the ring experiments, but they were insensitive to normal 
stress in both setups. Minor gouge expansion (<0.03 mm) instead of contraction was 
observed in Basal Zechstein gouges at 5 and 10 MPa normal stress using the ring setup 
(Figure 5.3b). 

5.3.3 Dynamic weakening parameters and effects of normal stress 
For descriptive purposes, the dynamic weakening portion of the friction versus 
displacement curves, i.e. from peak strength to minimum dynamic strength, were fitted 
following Mizoguchi et al. (2007), using the relation 
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Figure 5.5 Peak and minimum dynamic apparent friction coefficients (µp and µd) versus normal 
stress for all experiments performed. 

𝜇(𝑑) = 𝜇w + .𝜇M − 𝜇w/exp ;
−2.996	  𝑑

𝑑�
= (5.1) 

defining µd as the minimum dynamic friction coefficient at seismic slip velocities, µp as 
the peak friction coefficient, d as displacement after the peak, and dw as the displacement 
at which µp - µ(d) reduces to 5% of the total dynamic strength drop ∆𝜏w = µp - µd (see 
Figure 5.4c). The threshold of 5% is represented in Equation (5.1) by inserting ln(0.05) = 
-2.996 into the exponential term. In fitting Equation (5.1) to our 𝜇(𝑑) vs d data for each 
run, values for µp, the displacement at µp, and µd were determined manually from the 
friction versus displacement graphs, and dw was determined using least-squares 
regression. 

Dynamic slip-weakening from peak to minimum dynamic apparent friction was broadly 
similar for the two setups used for a given material, and is in most cases reasonably well-
described by Equation (5.1) (e.g. Figure 5.4c). The slip-weakening distance (dw) obtained 
from fitting Equation (5.1) is plotted versus normal stress in Figure 5.6 (open data points). 
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For comparison, we also plot dw as estimated simply from the friction versus displacement 
curves (solid data points). Note that the Ten Boer claystone gouges did not show any slip-
weakening in the solid-cylinder experiments, so that no data appear for these samples in 
Figure 5.6c. The dw-values obtained with both methods agree reasonably well with each 
other, in the case of the Slochteren and Basal Zechstein gouges. This is not the case in 
many of the experiments on Ten Boer and Carboniferous gouges, where the values 
obtained using the exponential fit can be up to 0.06 m larger than those obtained directly 
from the graphs (Figures 5.6c and 5.6d). The reason for this discrepancy is the fact that 
the slip-weakening trajectories exhibited in these experiments are more or less linear (e.g. 
Figure 5.4), and are therefore not well described by Equation (5.1), which tends to 
overestimate dw in these instances. This poor fit is also reflected by the relatively high 

Figure 5.6 Weakening distance dw, obtained manually (solid data points) and from fitting Equation 
(1) (open data points), versus normal stress for all experiments performed. Note that experiments 
on Ten Boer claystone gouges in the solid-cylinder setup did not show any dynamic weakening, and 
therefore do not appear in panel (c). The solid lines represent the best-fit power law to the manually 
determined dw data, and the dashed lines that to the values obtained through equation (1). In the 
case of the Ten Boer claystone (ring data only), the trends in the data are highly uncertain, and the 
power law fits may not be representative at all. 
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values for the standard error of the estimate (SSE), which are listed in Table 5.1. The dw-
values obtained using the fit in these experiments on Ten Boer and Carboniferous gouges 
are therefore not reliable, and the values obtained manually are more accurate. The 
Slochteren sandstone, Ten Boer claystone and Carboniferous shale gouges generally 
showed dw-values in the range 0.08-0.14 m. The Basal Zechstein gouges showed slightly 
lower values, especially in the ring experiments, where dw was in the range 0.04-0.10 m. 
None of the materials show a very strong dependence of dw on normal stress. Nonetheless, 
and mainly for purposes of comparison with the existing literature, the various data plotted 
in Figure 6 are fitted using a power law function of the form 𝑑� = 𝑎 ∙ 𝜎)oq. 

With reference to the slip-weakening magnitude, expressed as the dynamic strength drop 
∆𝜏w (Figure 5.7, see also Figure 5.4c), a linear increase with normal stress is observed for 
each gouge type (except for the case of Ten Boer gouge tested in solid-cylinder 
experiments), with the sensitivity to normal stress depending on the setup type used. At a 
given normal stress, Basal Zechstein gouges showed the largest strength drop, with values 
reaching up to ~6.7 MPa in the solid-cylinder setup (Figure 5.7a) and up to ~11 MPa in 
the ring setup (Figure 5.7b), as well as the steepest post-peak weakening rates (slopes). 
Slochteren and Carboniferous gouges behaved similarly in the solid-cylinder experiments, 
with up to ~2 MPa strength drop at 10 MPa. In the ring setup, on the other hand, the 
Carboniferous gouges showed a marked increase in ∆𝜏w with normal stress, at rates 
(slopes) similar to those displayed by the Basal Zechstein samples, while the Ten Boer 
gouges also showed relatively high sensitivity of ∆𝜏w to normal stress. Slochteren 
sandstone gouges in the ring setup showed only a moderate increase in post peak slope 

Figure 5.7 Dynamic strength drop (peak shear stress minus minimum shear stress) versus normal 
stress as determined in experiments using (a) the solid-cylinder and (b) ring setups. The dashed 
lines are linear least-squares fits to the data with the intercept forced at zero, and the best-fit slope 
is indicated for each case. 
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steepness compared to the solid-cylinder setup, corresponding to a maximum strength 
drop of ~6 MPa at 20 MPa normal stress. 

The velocity at which dynamic weakening sets in, referred to as the ‘onset weakening 
velocity’ (vw), is plotted for all runs and both setups in Figure 5.8. At 20 MPa normal 
stress, vw was ~0.17 m/s in Basal Zechstein gouges, ~0.3 m/s in Slochteren and 
Carboniferous gouges, and ~0.44 m/s in Ten Boer gouges. In the ring experiments (open 
symbols), vw decreased linearly with normal stress at approximately similar rates in 
Slochteren, Basal Zechstein and Ten Boer gouges (slopes of ~0.015-0.02 m/s/MPa), and 
at a slightly faster rate in Carboniferous gouges (~0.029 m/s/MPa). These trends were less 
clear in solid-cylinder experiments (solid symbols), especially in Carboniferous and Basal 
Zechstein samples, which showed relatively large outliers at 5-10 MPa and 10 MPa, 
respectively. 

5.3.4 Temperature and pore fluid pressure changes during and after high velocity slip 
Representative examples of the evolution of temperature and pore fluid pressure during 
high velocity slip pulse experiments on all materials tested, and up to 100 s after cessation 
of slip, are shown in Figure 5.9. In all experiments and using both setups, temperature 
increased rapidly during the high velocity slip pulse and continued to increase briefly after 
slip stopped, reaching a peak value (up to 138ºC, Table 5.1) a few seconds after 
termination of slip, before slowly equilibrating back to ambient levels. Pore fluid pressure 
showed a similarly sharp peak (up to 1.41 MPa, Table 5.1) in the case of experiments 
performed on Basal Zechstein and Slochteren sandstone gouges (Figures 5.9a and 5.9c), 
whereas for Carboniferous and Ten Boer gouges  (Figures 5.9e and 5.9g),  the pore  fluid  

Figure 5.8 Onset-weakening velocity, defined as shown in Figure 5.4c, versus normal stress for all 
experiments performed. 
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Figure 5.9 (a-h) Representative examples of the evolution of temperature and pore fluid pressure 
during the high velocity slip pulse experiments, up to 100 s after slip has ceased. In each panel, the 
slip pulse initiates at time t = 0 and lasts ~0.25 s. The panels on the right-hand side (b, d, f and h) 
show friction coefficient and velocity versus time during the slip pulse only. The position of the 
sensors in the solid-cylinder and ring setups are shown in panels i) and j) (refer Figure 5.1). 
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Figure 5.10 (a) Maximum temperature increase ∆𝑇and (b) maximum pore fluid pressure increase 
∆𝑃$ recorded in individual sensors during the slip pulse, plotted versus normal stress for all 
experiments performed. In the case of solid-cylinders, maximum ∆𝑇 and ∆𝑃$ was usually recorded 
in sensor T4 and P3, which are the closest to the outer edge of the sample surface (refer Figures 
5.1 and 5.9). 

pressure increase was much more gradual, reaching a peak level (up to 0.28 MPa) only 
tens of seconds up to several minutes after the slip pulse. In experiments performed using 
the solid-cylinder setup, the maximum recorded increase in pore fluid pressure (∆𝑃$) and 
temperature (∆𝑇) varied (more or less) systematically with radial position in the sample 
(Figures 5.9a and 5.9g), with the highest values usually being recorded at P3 and T4, 
which are closest to the outer edge of the sample (Figure 5.9i). In the ring experiments, 
the pressure transducers and thermocouples were all located at a fixed radial distance of 
17 mm (Figure 5.9j), but the peak temperature and pore pressure often varied significantly 
between the two sensors of each type (Figures 5.9c and 5.9e). 

In all gouge materials and in both experimental setups, the absolute maximum temperature 
increase ∆𝑇 recorded generally showed a positive dependence on normal stress, as shown 
in Figure 10a. At 20 MPa normal stress, the absolute maximum temperature increase was 
approximately 100-110ºC in Basal Zechstein and Carboniferous shales gouges, 50-60ºC 
in Ten Boer gouges, and ~40ºC in Slochteren sandstone gouges. The largest individual 
pore pressure increase ∆𝑃$ occurred in Slochteren sandstone gouges (∆𝑃$=1.4 MPa at 20 
MPa normal stress, Figure 5.10b). For Basal Zechstein gouges, ∆𝑃$ was limited to <0.5 
MPa in all cases. The Carboniferous and Ten Boer gouges showed the smallest ∆𝑃$ (<0.28 
MPa and <0.1 MPa, respectively). No clear correlation between ∆𝑇 and ∆𝑃$ values could 
be detected in any of the gouges, using either setup. 
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Figure 5.11 Top-view examples of sheared gouges (Slochteren sandstone) retrieved from (a) the 
solid-cylinder and (b) ring setups. Note that these fragments dried for several days at ambient 
conditions prior to photographing. Smooth slip surfaces developed near the upper piston-sample 
interface, sometimes with shiny-reflective patches on them. (c) A Ten Boer claystone sample sheared 
in the ring setup, directly after dismantling the setup upon completion of the experiment, showing 
multiple flaky (slip) surfaces within the gouge layer. Note also the extruded gouge adhering to the 
inner graphite-coated Teflon cylinder. 

5.3.5 Post-experiment observations 
After the slip-pulse stage of the experiments, the normal stress on the gouge layer and the 
confining pressure on the outer Teflon ring were reduced to zero. The sample assembly 
was then taken out from the machine, and the outer Teflon ring was carefully cut and 
removed. In both setups, this revealed that only a very small amount of gouge had 
extruded from the gouge layer to form a deposit on the Teflon seal. The two pistons were 
then separated, revealing the gouge layer within. In the ring setup specifically, both the 
Ten Boer and Carboniferous samples showed significant extrusion of the gouge material 
between the upper piston and the inner Teflon cylinder (see Figure 5.11c), at least in the 
case of experiments performed at 10 or 20 MPa normal stress. In these cases, 
disassembling the sample assembly was difficult, presumably due to jamming caused by 
the extruded gouge. Cohesive fragments of the gouge layers could easily be recovered in 
both setups, even without drying of the sample. Representative photographs of sheared 
Slochteren sandstone (both setups) and Ten Boer claystone (ring setup) samples are shown 
in Figure 5.11. The sheared Basal Zechstein and Carboniferous shale gouges looked very 
similar to the Slochteren sandstone samples shown in Figures 5.11a and 5.11b, 
irrespective of the setup used. 

In both the solid-cylinder and ring experiments on Slochteren, Basal Zechstein and 
Carboniferous gouges, a smooth surface covering the entire gouge area was usually 
observed close to the interface between the sample layer and the upper, rotating piston, 
suggesting that slip localized there (Figures 5.11a and 5.11b). Shiny, reflective patches 
could sometimes be observed on this slip surface (e.g. Figure 5.11a). In some solid-
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cylinder experiments, a similar slip surface was also observed at the lower piston-sample 
interface. However, these did not usually cover the entire sample surface. Ten Boer 
claystone gouges typically showed smooth surfaces at multiple levels within the gouge 
layers (Figure 5.11c), where the sample split into thin flakes. No Riedel shear bands were 
observed in any of the samples. 

5.4 Discussion 
Our results demonstrate that simulated fault gouges derived from all of the principal 
lithologies present in Groningen gas field can undergo substantial dynamic weakening 
within a few centimetres of accelerating slip, exhibiting dynamic friction coefficients that 
fall to values of 0.23-0.37 at 10 MPa normal stress – regardless of shearing assembly used, 
as far as the broad behaviour is concerned. At 20 MPa normal stress, tested in the ring 
setup only, the dynamic friction coefficient was as low as 0.20-0.27 in all materials. Basal 
Zechstein gouges showed the largest effects, with the highest peak strength (µp of 0.76-
0.97), the biggest strength drop (up to 80%) and shortest weakening distance (down to 
~0.05 m) at any given normal stress. Ten Boer claystone gouges showed the smallest 
effects, with the lowest peak strength (µp of 0.37-0.58) and strength drop (0-60%, 
depending on the setup used). Slochteren sandstone and Carboniferous shale gouges 
showed intermediate behaviour, with µp in the range 0.50-0.76 and 30-60% strength drop. 
During the deceleration stage shortly after reaching the maximum imposed velocity, all 
gouges regain some strength (increasing by up to 0.02 with respect to the level of dynamic 
friction), with this occurring especially rapidly in the Basal Zechstein gouges (Figure 5.4). 
For each gouge type, the dynamic strength drop increased linearly with normal stress 
(Figure 5.7), while the slip-weakening distance was insensitive to normal stress (Figure 
5.6). Despite similar broad trends, significant differences in behaviour were observed 
between experiments conducted on individual gouge types using the solid-cylinder versus 
the ring configuration, notably in the case of the Ten Boer and Carboniferous gouges. This 
applies to the high velocity slip pulse stage of testing, but also to the pre-shear stage and 
to the quality of gouge confinement observed after testing. In the following, we first 
compare our data with previous experimental work and then attempt to explain our data, 
focusing on the machine/setup effects and on the possible weakening mechanisms 
operating in our experiments. Finally, we present a compilation of available data on the 
frictional strength of gouges derived from the Groningen lithologies, and discuss the 
implications of our results in the context of induced seismicity in the Groningen field. 

5.4.1 Comparison with previous work 
Despite the fact that pre-shearing gouges at low velocities is common practice in high 
velocity friction experiments, the resulting friction data are rarely reported in the literature, 
precluding a comparison with our pre-shearing data. The behaviour seen in the high 
velocity slip-pulse stage of our experiments is qualitatively very similar to the results 
obtained in the slip-pulse experiments performed by Sone and Shimamoto (2009) on 
natural fault gouge derived from the Chelungpu fault, Taiwan, and by Fukuyama and 
Mizoguchi (2010) and Liao et al. (2014) on granite blocks. However, the different 
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experimental conditions that they employed (lower acceleration and normal stress, no pore 
fluids present), and the different materials used make direct comparison difficult. Though 
performed dry, the slip-pulse experiments performed by Spagnuolo et al. (2015), on 
annular blocks of Carrara marble at 10 MPa normal stress, are the most similar to our 
experiments in terms of imposed normal stress, acceleration and total displacement. These 
showed peak friction coefficients of 0.61-0.84, and, in runs with total displacements of 
0.05-0.5 m and peak velocity up to 1.3 m/s, dynamic friction coefficients of 0.12-0.26. 
The onset weakening velocity obtained was on average 0.12 m/s. Although not quantified 
in the paper, the weakening distance as estimated from Figures 1 and 6 presented by 
Spagnuolo et al., is of the order of 0.05-0.08 m. These results agree well with the parameter 
values that we obtained for our Basal Zechstein gouges (Figures 5.5, 5.6 and 5.8), which 
is the closest of our samples, in terms of mineralogy, to those tested by Spagnuolo and co-
workers. 

With respect to the dynamic slip-weakening distance, conventional, large-displacement 
high velocity experiments generally report an inverse dependence of dw on normal stress, 
following a power law function, independently of the weakening mechanism inferred (Di 
Toro et al., 2011; Niemeijer et al., 2011; Togo et al., 2011). Such a relation is not readily 
apparent in our data (Figure 5.6), at least in the case of Slochteren and Ten Boer gouges, 
which showed no statistically significant trends in dw with normal stress. Only the Basal 
Zechstein and Carboniferous gouges showed a more or less systematic, gentle decrease 
with normal stress. This can be described with a power-law relation as shown in Figure 
5.6. In terms of the magnitude of dw, the values we report here (Figure 5.6; Table 5.1) are 
significantly lower than the values reported in high velocity friction literature for 
experiments at comparable normal stress, where dw is typically of the order of a few m’s 
(e.g. Wibberley et al., 2008 and references therein). By contrast, controlled velocity slip-
pulse experiments, such as those performed by Fukuyama and Mizoguchi (2010), tend to 
show weakening distances of a few dm’s, which is similar to the values we obtained. One 
interpretation is that slip-pulse experiments lead to a reduced or zero dependence of dw on 
normal stress because the high velocity window available for dynamic weakening, at any 
given normal stress, is insufficient to achieve the full energy input and associated 
weakening (i.e. steady-state dynamic strength) attained in large-displacement high 
velocity tests. 

Direct measurements of temperature and/or pore fluid pressure are rarely made in 
conventional high velocity friction experiments. In some studies, the bulk temperature 
evolution has been estimated via finite element modelling (Yao et al., 2016b; Boulton et 
al., 2017). In the case of experiments imposing a controlled, short-displacement slip-pulse, 
only the work of Spagnuolo et al. (2015) considers temperature evolution. Using the 
analytical solution for frictional heat exchange on a frictional interface from Carslaw and 
Jaeger (1959), these authors estimated a bulk temperature increase of up to ~600ºC within 
0.1 m of slip (peak velocity of ~1.1 m/s, 10 MPa normal stress), which is much greater 
than the maximum temperature increase recorded in our experiments (~110ºC, see Figure 
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5.10). This large difference can be explained as follows: (i) in our case, shear is localized 
within a gouge layer instead of on an interface; (ii) the thermocouples in our experimental 
setups are located ~1 mm away from the localized zone or active shear bands; (iii) our 
experiments were run with a pore fluid (deionized water) present, effectively quenching 
the temperature rise, as opposed to the room-dry experiments of Spagnuolo and co-
workers. In addition, our measurements of pore fluid pressure showed strong local 
variations even at fixed radial position (e.g. Figure 5.9c), which means that the effective 
normal stress is unknown in our experiments, notably within whatever slip zones are 
active within the shearing samples, so that the friction coefficients reported here are 
apparent values only. This raises questions regarding our interpretation of how, for 
example, dw evolves with the effective normal stress in our experiments. The difficulty of 
making pore fluid pressure measurements within the sample body, and the effects of radial 
fluid pressure diffusion towards the open sample edges,  are persistent issues in high 
velocity friction experiments, which only a few studies have attempted to address to date 
(Violay et al., 2013; Chen et al., 2017b). These studies infer that pore fluids can play 
various roles in high velocity friction experiments, varying from fluid-assisted sub-critical 
crack growth to fluid vaporization and associated reduction in normal stress. 

5.4.2 Data obtained in the solid-cylinder versus ring setups 
Despite the general similarities, we observed significant differences in frictional 
behaviour between the two setups used in both the pre-shear stage and the high velocity 
slip-pulse stage of our experiments, notably in the cases of the Ten Boer claystone and 
Carboniferous shale gouges (see Figures 5.4, 5.5 and 5.7). Starting with the peak frictional 
strength during the high velocity slip pulse, the Ten Boer and Carboniferous gouges 
showed a systematic increase in µp with increasing normal stress in the ring experiments, 
which did not occur in the solid-cylinder experiments (Figure 5.5). In the following, we 
attempt to explain this. 

First, we note that disassembly of the ring shear setups was much more difficult after high 
velocity runs on the phyllosilicate-rich Ten Boer and Carboniferous gouges than on the 
other materials. This was found to be due to jamming by gouge material that had extruded 
between the inner Teflon cylinder and the upper piston (Figure 5.11c). Gouge extrusion 
likely occurred during the pre-shear stage of the Ten Boer and Carboniferous gouges, 
because a) twice as much layer thickness reduction occurred at high normal stresses than 
in the other gouges during this stage (Figure 5.3), and b) strain-hardening of the Ten Boer 
and Carboniferous gouges was much more marked during pre-shear in the ring setup than 
in the solid-cylinder setup (Figure 5.2; see also the pre-shear results obtained in duplicate 
experiments on Ten Boer claystone gouges at 20 MPa, using the ring setup, shown in 
Appendix 5.1). In addition, the friction coefficients measured for the Ten Boer and 
Carboniferous samples at the end of pre-shear, were very similar to the peak values 
measured for these materials during the subsequent high velocity slip pulse (compare 
Figures 5.2 and 5.4) – as well as being much higher than the steady-state values of ~0.37 
(Ten Boer) and ~0.50 (Carboniferous) observed in low velocity (0.1-10 µm/s) direct-shear 
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experiments by Hunfeld et al. (2017, Chapter 2). On this basis, we conclude that the higher 
peak friction observed in the high velocity slip-pulse experiments performed on the Ten 
Boer and Carboniferous gouges in the ring setup, relative to the solid cylinder assembly, 
is caused by gouge extrusion and associated friction development at the inner ring seal. 
This in turn leads to an overestimate of the magnitude of dynamic weakening for these 
materials in the ring setup. 

By contrast, gouge extrusion was much less severe in the solid-cylinder setup, if there was 
any at all. This is based on visual inspection of the outer Teflon seal upon sample 
extraction, which did not reveal significant gouge loss there. Additionally, the steady-state 
friction coefficients measured during pre-shear in the solid-cylinder setup (Figure 5.2a) 
were, in most cases, very similar to the steady state friction coefficients reported by 
Hunfeld et al. (2017, Chapter 2) on the same gouge materials (see also Figure 5.15). 

From the above, we infer that the results in terms of peak friction and total dynamic 
strength drop for the Ten Boer and Carboniferous gouges obtained in the solid-cylinder 
setup are more reliable than the data obtained using the ring assembly. However, this 
conclusion does not apply to the Slochteren sandstone and Basal Zechstein gouges. In 
these materials, only very minor gouge extrusion was observed in either setup, and strain-
hardening trends during pre-shear were minor or non-existent. Moreover, gouge layer 
thickness reduction during pre-shear was similar in the two setups and did not increase 
with normal stress. Therefore, the differences in dynamic weakening behaviour seen 
between the two setups for the Slochteren and Basal Zechstein gouges (cf. Figures 5.4a 
and 5.4b) cannot be attributed to gouge extrusion effects. More likely, the generally 
slightly lower µp- and µd-values obtained for these materials, in the ring configuration 
versus the solid-cylinder configuration, reflect slip- and/or velocity-dependent weakening 
phenomena that are less effective in the solid-cylinder configuration due to the large 
gradients in displacement and velocity between the sample centre and its outer edge (see 
also Shimamoto and Tsutsimi, 1994). For the Slochteren and Basal Zechstein gouges, 
then, the ring assembly likely produced more reliable data. 

Shifting attention back to the pre-shear stage, pre-shearing of the Slochteren and Basal 
Zechstein gouges showed relatively large fluctuations in friction coefficient in both solid-
cylinder and ring configurations (amplitude ~0.1, see Figure 5.2). Similar but much lower 
amplitude fluctuations (<0.02) were seen during pre-shear of the Ten Boer and 
Carboniferous samples (Figure 5.2). These fluctuations display a wavelength 
corresponding to 1 full rotation and most likely reflect minor axial misalignment in the 
machine in terms of an axial eccentricity (up to 2 µm, see Section 5.2.2), which is a 
common issue in high velocity rotary shear experiments (e.g. Togo et al., 2011). These 
fluctuations are not apparent in the high velocity slip pulse stage of the experiments 
(Figure 5.4), which constitute only ~1.4 full rotations. Duplicate experiments performed 
on Slochteren and Basal Zechstein gouges at 5 MPa, and on Ten Boer gouges at 20 MPa, 
all using the ring configuration (see Appendix 5.1), showed similar oscillations in the pre-
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shear stage as described above, yet highly reproducible peak and minimum dynamic 
friction coefficients in the slip-pulses (see also Table 5.1). Since the angular starting 
position varied randomly between experiments, it is inferred that machine misalignment 
had little effect on the mechanical data obtained during the slip-pulse stage. 

5.4.3 Dynamic weakening mechanisms: Indications for thermal pressurization 
The sensors installed in the bottom piston revealed a measurable increase in temperature 
and pore fluid pressure during the high velocity slip-pulse stage of nearly all experiments 
(Figure 5.10, see also Table 5.1). This suggests that thermal pore fluid pressurization was 
active to some degree in all cases. However, the measured temperature and pore pressure 
increase showed strong variations in magnitude between the different gouge 
compositions, as well as local spatial (radial and angular) variations within individual 
experiments (Figure 5.9). In the solid-cylinders, an increasingly large temperature and 
pressure rise is expected towards the edge of the setup, and is indeed observed, due to the 
strong increase in slip velocity and slip magnitude, and thus heat generation, with radial 
position in the sample surface. In the ring setup, on the other hand, the spatial variations 
seen in temperature and pore pressure rise were angular and not related to velocity 
gradients, as the sensors are mounted at the same radial position (refer Figure 5.9). Aside 
from effects of radial position, the observed variations in temperature and pressure could 
reflect a) local variations in normal and shear stress due to minor misalignment of the 
piston assembly, or b) heterogeneities in gouge microstructure (porosity or mineralogy) 
and a related patchy distribution in normal and shear stress. Given these possible sources 
of local variability, and given the fact that slip localized on the opposite side of the sample 
from the sensor locations in most experiments (i.e. near the upper piston, whereas 
temperature and pore fluid pressure were measured at the bottom piston-sample interface, 
~1 mm below), it is difficult to constrain the true temperature and pore pressure within the 
actively slipping zone, and hence the magnitude of any thermal pressurization effect. 
Nonetheless, we attempt to gain at least some quantitative insight into the role of thermal 
pressurization in controlling dynamic weakening, starting with the Slochteren sandstone 
and Basal Zechstein gouges. 

5.4.3.1 Assessment of thermal pressurization in the Slochteren and Basal Zechstein 
gouges 
The maximum increase in pore fluid pressure measured in any slip pulse run was 1.4 MPa. 
This was observed in the run performed on Slochteren sandstone gouge at 20 MPa applied 
normal stress, using the ring setup (run LHV1426, shown in Figure 5.4c). Such a pore 
pressure increase can account for only 7% reduction in apparent friction coefficient, 
whereas a dynamic friction drop of ~53% was observed in that experiment (from 0.57 to 
0.27, see Table 5.1). In Basal Zechstein samples, the largest pore pressure increase was 
recorded in ring shear run LHV1442 at 20 MPa applied normal stress. Here, ∆𝑃$ reached 
0.48 MPa, implying a friction drop of ~2.4% as opposed to 72% observed in that run (refer 
Table 5.1). 
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The above observations are consistent with the expectation that the true maximum pore 
fluid pressure in the localized slip zone ~1 mm above the sensors is likely to be much 
larger than the measurements reflect. To estimate how much larger, we apply the 
theoretical relations for coupled temperature and pore fluid pressure evolution derived for 
thermal pressurization due to shear heating by Andrews (2002) and Rice (2006). Based 
on many observations from both low- and high velocity friction experiments that show 
shear localization into shear-plane-parallel shear bands, especially at high shear strains, 
(e.g. Logan, 2007; Niemeijer et al., 2008; Boulton et al., 2017), we assume that heat is 
generated in a uniform shear band of 200 µm thickness at the top of the sample (i.e. ~1 
mm away from the temperature and pore pressure sensors). For the Slochteren sandstone 
gouge, the friction and velocity data obtained in the high velocity slip pulse of ring shear 
run LHV1426 were used to calculate the heat generated in the slip zone, taking the 
dissipative heat production (J/m3s) to be 𝜏𝑉/𝑤, where w is the shear band thickness, and 
V is the velocity at a distance of 17 mm from the centre, i.e. halfway the annular ring 
sample and at the same distance as the thermocouples and pressure transducers (refer 
Figure 5.9). Note that a thicker localized zone would give a lower amount of frictional 
heat generated per unit shear band volume and, conversely, a thinner zone would lead to 
a larger amount of generated heat. The temperature evolution with time (rate of change of 
temperature with time at a radial position of 17 mm) is then calculated by dividing the 
heat generated by 𝜌𝑐, where 𝜌	  is the density (kg/m3) of the shearing gouge zone and c 
(J/kgK) is the specific heat capacity of the fault gouge (𝜌𝑐 » 2.0-2.7 MPa/K for quartz-
rich and carbonate-rich gouges (Lachenbruch, 1980; Chen et al., 2013). For the Basal 
Zechstein, the friction and velocity profiles obtained in ring shear run LHV1442 were 
used to calculate the heat production rate. In both cases, the calculation of generated heat 
and gouge zone temperature was then converted to a predicted temperature evolution at 1 
mm distance from the slip band into the gouge layer, calculated following Andrews 
(2002), assuming 1-Dimensional diffusion from the heat source and using realistic values 
for the thermal diffusivity 𝛼Wv in the range 0.5-1.5 mm2/s (the range given for a variety of 
sedimentary rocks by Vosteen and Schellschmidt, 2003). For both runs, the results were 
compared with the temperature evolution measured at thermocouples T1 and T2 (located 
as shown in Figure 5.9). 

Initial calculations showed that the temperature at thermocouples T1 and T2 was severely 
overestimated in runs LHV1426 and LHV1442. The generated heat was therefore 
multiplied by a fitting parameter c, which reflects a) heat loss due to diffusion into the Ti-
alloy pistons on either side of the gouge layer (not incorporated in the 1-D diffusion 
model), b) uncertainties in the thickness of the localized zone, hence frictional heat 
distribution, c) uncertainties in the specific heat capacity of the fluid-filled gouge, and d) 
uncertainties in the temperature measurements themselves (note the discrepancy between 
the two temperature measurements at identical radial positions). The last-named 
uncertainties (d) may be due to a slight difference in the depth-position of the 
thermocouples, or real effects within the gouge layer, caused by some kind of “asperity” 
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effects associated with heterogeneities in the gouge layer. For the Slochteren sandstone 
gouge, a reasonable fit to the observed temperature in run LHV1426 is obtained for c = 
0.25, as shown in Figure 5.12a. For the Basal Zechstein, the calculated temperature 
evolution fitted the measurements reasonably for c = 0.75 (Figure 5.12b). 

Provided that the temperature evolution with time is reasonably captured by the model, 
using the fitted c-value and using appropriate values for the thermal diffusivity constant 
𝛼Wv, the pore fluid pressure in the shear band can be calculated from the temperature result, 
following Rice (2006). This was achieved using values for the hydrologic diffusivity 𝛼v� 
in the range 0.05-2 mm2/s appropriate for quartz-rich gouge (Wibberley, 2002; Rice, 
2006). Furthermore, the undrained “thermal pressurization coefficient”, Λ, defined as 
𝑑𝑃$/𝑑𝑇 (Rice, 2006), was constrained by linear regression of the temperature versus pore 
pressure data obtained during the 100 s cooling stages following the slip pulse in runs 
LHV1426 and LHV1442, assuming that the long-term (undrained) evolution of pore 
pressure is fully controlled by the temperature evolution, and no pressure leak occurs 
through the Teflon seals. This yielded Λ-values in the range 0.075-0.11 MPa/ºC for the 
Slochteren sandstone, and 0.046-0.075 MPa/ºC for the Basal Zechstein gouge materials. 
For internal consistency, these values were checked by considering the characteristic shear 
strain for dynamic weakening by adiabatic, undrained pore fluid pressurization, which is 
given as 𝜌𝑐/𝜇Λ by Rice (2006). Given the range of dw values in our experiments at 20 
MPa normal stress (0.05-0.1 m, see Figure 5.6), and a gouge layer of ~1 mm thickness, 
the characteristic shear strain for dynamic weakening is thus of the order of 50-100. 
Assuming a constant intrinsic friction coefficient of 0.60 for the Slochteren and 0.65 for 
the Basal Zechstein gouges, thus neglecting thermal or “flash” weakening effects (Beeler 
et al., 2008), Λ can thus be expected to fall in the range 0.042-0.09 MPa/ºC for the 
Slochteren and Basal Zechstein gouges. This range agrees well with our estimates for Λ 

Figure 5.12 Comparison between the modelled temperature evolution, 1 mm into the gouge layer 
below the assumed slip zone, and the measured temperature evolution at T1 and T2, for the 20 MPa 
applied normal stress runs on (a) Slochteren sandstone gouge (run LHV1426), and (b) Basal 
Zechstein gouge (run LHV1442). 
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based on the temperature and pore pressure data during cooling. Both estimates also fall 
in the range of measured values reported in the literature for sandstone at temperatures of 
20-90ºC and pressures of 0.1-15 MPa, where Λ-values vary from ~0.01 to ~0.7 MPa/ºC 
(Ghabezloo and Sulem, 2010). 

Plots showing the resulting temperature and pore fluid pressure evolution in the slip zone, 
as modelled for the Slochteren sandstone and Basal Zechstein gouges at 20 MPa normal 
stress, are shown in Figures 5.13a and 5.13b. The plots include upper and lower bound 
estimates based on the range of values used for Λ and 𝛼v�. Figure 5.14 compares the 
predicted pore fluid pressure evolution at 1 mm distance from the active shear band with 
the measurements made at locations P1 and P2 in the LHV1426 and LHV1442 runs, for 
the same simulations as shown in Figure 5.13. Figure 5.14 shows reasonable agreement 
between the modelled Pf evolution and the Pf measurements for both experiments, 
although the peak in pore pressure immediately after the slip pulse (within ~0.5 s), 
predicted by the simulations, is not seen in the measured data. The pressure decay 
modelled over the time interval 10-100 s corresponds much better to the measurements 
(Figure 5.14). The absence of a sharp peak in the pressure measurements is not surprising, 
since i) the pressure transducers contain a finite volume of fluid and are effectively a ‘fluid 
sink’, ii) the transducers are situated 2 mm below the surface of the bottom piston, within 
a mesh-filled recess, all of which is ignored in the model, and iii) the pressure diffusion 
path in the experiments is not 1-Dimensional, but more complex, i.e. vertical and radial. 

The magnitude of the thermal pressurization effect, as predicted by the models, can be 
assessed by looking at the range of maximum pressures modelled in the slip zone (Figure 

Figure 5.13 Model results for temperature and pore fluid pressure evolution within the assumed 
slip zone, simulating the 20 MPa ring experiments on (a) Slochteren sandstone (LHV1426) and (b) 
Basal Zechstein (LHV1442). The simulations shown used mid-range values for 𝛬 and 𝛼v� as 
indicated. The minimum and maximum peak Pf obtained using the full range of parameters indicated 
at the top of the two panels. See text for discussion. 
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5.13). The modelling results for Slochteren sandstone run LHV1426, shown in Figure 
5.13a, show peak Pf values in the range 4.8 to 12.8 MPa, with a peak temperature of 118ºC, 
occurring in the shear band during the slip pulse. Those for Basal Zechstein run LHV1442 
show similar peak Pf values (5.1-12.1 MPa), with a peak temperature of 166ºC (Figure 
5.13b). The similarity in range of peak Pf seen in both model cases, despite the higher 
peak temperature reached in the Basel Zechstein calculations, is caused by the lower Λ 
value used in simulating the Zechstein run (0.06 MPa/ºC versus 0.09 MPa/ºC for the 
Slochteren sandstone), This value matches the Λ estimates based on the temperature and 
pressure measurements during the cooling stage and might reflect the lower porosity in 
the actual Basal Zechstein gouge sample. The predicted reduction in effective normal 
stress and hence apparent friction coefficient corresponding to the above peak Pf values 
(Figure 5.13) would be 24-64% in the Slochteren sandstone, and 26-61% for the Basal 
Zechstein. Recalling that ~53% and ~72% weakening was observed in the experiments, 
these results provide an indication that thermal pressurization is responsible for the bulk, 
that is 35-100%, of the dynamic weakening observed in these materials. This conclusion 
is strengthened by the fact that the present modelling results provide only a minimum 
estimate of the thermal pressurization effect, since they are based on only a portion 
(between 0.25 and 0.75%, i.e. the fitting parameter c) of the total heat production 
calculated from the friction and velocity profiles. 

5.4.3.2 Assessment of thermal pressurization in the Ten Boer and Carboniferous gouges 
For the Ten Boer claystone and Carboniferous gouges, the above modelling approach is 
prone to larger uncertainties due to a) gouge extrusion in the ring setup, which affects the 
measured friction and thus the modelled heat generation, and b) limited accuracy in the 
determination of Λ, due to a poor correlation between temperature and pore fluid pressure 
during post-shear cooling. Best-possible estimates of Λ from this cooling data in 

Figure 5.14 Comparison between the modelled pore fluid pressure rise (based on the results shown 
in Figure 5.13), 1 mm below the assumed slip zone, and the measurements at P1 and P2, for the 20 
MPa applied normal stress runs on (a) Slochteren sandstone gouge (run LHV1426), and (b) Basal 
Zechstein gouge (run LHV1442). 
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experiments performed at 20 MPa normal stress on the Ten Boer and Carboniferous 
samples, yield values that range from 0.008 to 0.047 MPa/ºC. For comparison, Braun et 
al. (2019) reported much higher values (~0.23 MPa/ºC) based on experiments on Callovo-
Oxfordian claystone (~42% clays, porosity ~18% and water content ~8%, see Braun et 
al., 2019, and references therein) at temperatures in the range 30-60ºC. Using the range of 
Λ values determined from our experiments, the resultant maximum pore fluid pressure 
estimates within the assumed slip zone range from ~1 to 18 MPa, which implies a 
reduction in apparent friction anywhere between 5 and 90% of the measured strength drop. 
If the values from Braun et al. (2019) would be relevant to our samples, which seems 
unlikely given the dense indurated nature of the intact Callovo-Oxfordian claystone tested 
by Braun et al., pore pressures would reach much higher values. On this basis, no firm 
conclusions regarding the role of thermal pressurization in the Ten Boer and 
Carboniferous gouges can be drawn, based on the above modelling approach and 
measured temperatures and pore pressures, except to say that it likely contributes 
significantly as a dynamic weakening mechanism and may even be dominant. 

In a qualitative sense, the lower hydraulic diffusivity obtained in measurements of fault-
normal bulk fluid transport properties of clay-rich gouges, versus clay-poor gouges 
(Crawford et al., 2008; Chen et al., 2013; Bakker et al., 2016), implies that the present 
clay-rich gouges should be more susceptible to pore fluid pressurization than the 
Slochteren and Basal Zechstein gouges, assuming that foliation-parallel permeability is 
not grossly lower than that normal to foliation. On the other hand, frictional heating in 
clay-rich gouges may be much less efficient compared to clay-poor gouges, due to a) the 
lower macroscopic shear stress supported by clay-rich gouges as a results of a lower 
intrinsic friction coefficient, and b) the possibility of more distributed shear within a 
foliated matrix of aligned clay minerals (e.g. Rutter et al., 1986; Haines et al., 2013), as 
opposed to a well-developed, narrow shear band seen in granular quartz and carbonate 
gouges (e.g. Niemeijer et al., 2008; Verberne et al., 2013; Collettini et al., 2014). The 
trade-offs between these effects confirm that it is difficult to assess whether pore fluid 
pressurization can be expected to be more or less effective in the Ten Boer and 
Carboniferous gouges, versus the Slochteren and Basal Zechstein gouges. It certainly 
cannot be eliminated, however, and could still be the dominant factor controlling dynamic 
weakening in the clay rich gouges (especially as the activation energy for creep  processes 
that could produce flash heating in phyllosilicates is low – around 40 kJ/mol in muscovite, 
see Mares and Kronenberg, 1993). Dry control experiments should be performed to test 
this hypothesis.  

5.4.4 Other possible dynamic weakening mechanisms 
Flash heating is commonly reported as a plausible mechanisms for dynamic weakening at 
seismic slip rates, notably for sliding of rock-on-rock surfaces (Beeler et al., 2008; 
Goldsby and Tullis, 2011). High “flash” temperatures, caused by sliding of highly stressed 
asperity contacts, leads to thermal weakening of the asperities, e.g. via dehydration, 
decarbonation or melting, and thus to a reduction in the shear stress supported. Spagnuolo 
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et al. (2015) proposed that the rapid weakening observed in their short-displacement slip 
pulse experiments on room-dry annular blocks of Carrara marble is due to plastic 
deformation at the asperity scale, where fast-moving dislocations produce an abrupt flash 
temperature rise leading to the formation of amorphous carbon which lubricates the fault. 
However, to what extent flash heating is effective in gouges with differing composition 
(hence differing activation energies for plastic deformation), particularly in the presence 
of water, remains speculative, because a) the shear velocity is distributed over many 
contacts in the localized zone of the gouge layer, and b) the “quenching” effect of the pore 
fluid (Yao et al., 2016b, 2016a; Chen et al., 2017b). Besides flash heating, other dynamic 
weakening mechanisms proposed include silica gel lubrication (Goldsby and Tullis, 2002; 
Di Toro et al., 2004) (nano)powder lubrication (Han et al., 2010; Reches and Lockner, 
2010; Chang et al., 2012) or nanogranular flow plus diffusive mass transfer (or 
“superplasticity” – De Paola et al., 2015), particularly for quartz and carbonates. However, 
without extensive micro/nanostructural study and micro/nanomechanistic modelling, it is 
difficult to assess whether these processes played a role in our experiments. 

5.4.5 Compilation of present fault gouge strength data for the Groningen lithologies 
A compilation of our present results on peak friction and dynamic friction coefficient for 
simulated gouges derived from the key lithologies of the Groningen reservoir is presented 
in Figure 5.15, along with the steady-state friction data reported for the same lithologies 
at low velocities (0.1-10 µm/s) by Hunfeld et al. (2017, Chapter 2). We assume the latter 
to be representative of the initial or static fault strength, µi. A schematic diagram 
approximating the strength-displacement behaviour seen in our experiments, in a manner 
similar to the model presented by Ohnaka (2003), is included in the inset of Figure 5.15. 
Note that in the case of Ten Boer claystone and Carboniferous shale gouges, we only 
include the µp values obtained in the solid-cylinder experiments, since those obtained in 
the ring experiments are not considered reliable, as discussed above. As evident from 
Figure 5.15, the key Groningen lithologies show a strong stratigraphic variation in peak 
strength, as well as in the magnitude of dynamic weakening. 

In gouges derived from the anhydrite-carbonate Basal Zechstein caprock, which are the 
strongest gouge lithologies tested, an initial strengthening stage is expected during the 
onset of accelerating fault slip, where the friction coefficient will increase from µi to µp 
before dynamic weakening sets in (refer Figure 5.15). This strengthening is consistent 
with the increasingly velocity-strengthening behaviour of this material seen at sliding 
velocities in the range 0.01-100 µm/s (Hunfeld et al., 2019, Chapter 3). When extrapolated 
to the onset weakening velocity (~0.2 m/s at 20 MPa, Figure 5.8), this velocity-
strengthening effect amounts to an increase in friction coefficient of ~0.27 from the 
average value of 0.65 at low velocities, which corresponds well with the peak dynamic 
friction for the BZ of 0.80-0.96. Such initial strengthening is only expected to occur to 
any significant degree in the Basal Zechstein formation, since µi and µp overlap for the 
other lithologies. 
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The Ten Boer claystone directly underneath the Basal Zechstein caprock shows the lowest 
static (µi) and peak (µp) frictional strengths of all lithologies. The Slochteren reservoir 
sandstone and Carboniferous shale substrate show intermediate initial and peak strength 
levels. These results define a strong mechanical stratigraphy throughout the reservoir in 
terms of static and peak frictional strength. With respect to first reactivation of faults in 

Figure 5.15 Compilation of Groningen fault strength data. a) Schematic representation of the 
stratigraphy of the Groningen gas reservoir (reservoir depth ~3 km, thickness of the Slochteren 
sandstone layer 150-250 m) and corresponding peak and dynamic apparent friction coefficients 
obtained in the present study at 2.5 to 20 MPa normal stress (denoted respectively as µp and µd), 
as well as the steady-state quasi-static values (denoted here as µi) obtained at 40 MPa effective 
normal stress by Hunfeld et al. (2017), which we assume are representative for the initial strength 
level. Note that µd decreases with increasing normal stress (𝜎)) in all materials (see Figure 5), as 
indicated by the arrows. In the case of Ten Boer claystone and Carboniferous shale gouges, the µp 
data obtained in the ring experiments are not reliable due to gouge extrusion effects (see discussion 
in Section 5.4.2), and are therefore not included here. b) Schematic diagram of the slip-dependent 
constitutive relation that described the evolution from initial to dynamic friction, similar to the 
model proposed by Ohnaka (2003). 



SIMULATED SEISMIC SLIP-PULSE EXPERIMENTS 

 191 

the reservoir, healing behaviour observed in Basal Zechstein and Slochteren sandstone 
gouges only (Hunfeld et al., 2020, Chapter 4) would push the initial fault strength values 
(µi) for these gouges to the right in Figure 5.15, further enhancing the strength contrast 
relative to the Ten Boer and Carboniferous gouges. In all materials, once the slip velocity 
on a fault has increased beyond ~0.2 m/s following (re)activation, the dynamic friction 
coefficient will start to drop (see Figure 5.8), falling to values as low as 0.20-0.27 at 20 
MPa normal stress (Figure 5.15). The gently decreasing trends in the dynamic friction 
coefficient µd with normal stress observed in our data (Figure 5.5) suggest that for the 
current in-situ effective normal stresses in the Groningen reservoir (~20-30 MPa, [NAM, 
2016]), µd is expected to be slightly lower still (e.g. around 0.18-0.25; see Figure 5.5). 
Extrapolating the dynamic strength drop (Figure 5.7) data to these levels of normal stress 
yields values in the range ~6-20 MPa, depending on gouge type and experimental setup. 

The partial strength recovery seen during deceleration at the end of nearly all experiments 
(see Figure 5.4) in not represented in Figure 5.15. The magnitude of this effect likely 
depends strongly on the deceleration imposed during the slip pulse. In the experiments of 
Liao et al. (2014), where deceleration was much slower than in our experiments, almost 
full strength recovery was observed. Although the mechanism that causes this 
strengthening effect is not specified, Sone and Shimamoto (2009) showed that its 
magnitude can be accounted for in terms of the velocity-weakening behaviour typically 
seen in seismic slip experiments at constant velocities in the range 0.01-1 m/s. However, 
since we did not perform slip pulse experiments over a range of peak velocities, we cannot 
assess this in the present study. 

5.4.6 Implications for induced seismicity in the Groningen field and suggestions for future 
research 
The rapid weakening observed in all Basal Zechstein runs, which show the largest 
dynamic stress drop and shortest weakening distance and therefore the highest weakening 
rate, suggests that faults incorporating gouge material derived from the anhydrite-
carbonate caprock at the reservoir top are the most earthquake-prone. Interestingly, this is 
also the part of the reservoir system that was identified to be the most sensitive to 
earthquake nucleation from the rate-and-state frictional properties point of view (Hunfeld 
et al., 2017, 2019, Chapters 2 and 3). Nonetheless, the gouges derived from the Slochteren 
sandstone (both setups) and upper portion of the Carboniferous basement (solid cylinder 
setup) also show substantial dynamic weakening (friction from ~0.5-0.6 down to 0.29-
0.39, at 10 MPa normal stress). This behaviour implies that faults cutting the entire 
reservoir system (including the caprock, but also the upper portion of the Carboniferous 
basement) may weaken significantly following reactivation, potentially leading to rapid 
slip and seismogenesis. In a qualitative sense, this is consistent with the location/depth 
distribution of the earthquake hypocentres (Dost et al., 2017; Smith, 2019), which shows 
that induced events occur over the full extent of the reservoir system with a slight 
propensity towards the reservoir top, though the consistency might be fortuitous. Note 
here that the initial strengthening from static to peak sliding friction during accelerating 
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slip that is expected in the Basal Zechstein gouges (see previous section), may provide a 
barrier for a growing rupture to propagate into the caprock formation. Similarly, the 
strengthening during decelerating slip observed in our experiments will likely play a role 
in the arrest of earthquake ruptures (Beeler and Tullis, 1996). The low peak strength in 
the Ten Boer claystone compared to the other formations, as well its low dynamic friction 
(refer Figure 5.15), means that this formation poses the least resistance to rupture 
propagation. 

Dynamic modelling studies of induced earthquakes in Groningen typically assume a linear 
slip-weakening model for individual faults featuring a uniform fault-wide friction drop 
from 0.6 to values in the range 0.2-0.5, to facilitate earthquake generation (Buijze et al., 
2017, 2019). Wentinck (2018) showed that a friction drop from 0.6 to 0.2-0.3 is required 
in order to explain the observations in terms of slip patch size and stress drop inferred 
from ground motions and seismic data for the largest induced events that have occurred 
in the Groningen field to date (magnitude MW = 3.4-3.6), which is supported by the present 
results (Figure 5.5), and extrapolation thereof to the in-situ normal stress. However, there 
has been little physical basis to underpin the choice of dynamic friction values for the 
various lithologies involved. The dynamic weakening data and slip-weakening trajectories 
obtained in the present experiments provide much-needed experimental constraints for 
such dynamic rupture simulations. Implementing our results, and the variation in gouge 
strength and weakening behaviour seen between the different stratigraphic units, in future 
modelling studies should help elucidate the mechanisms of earthquake nucleation, 
propagation and arrest, as well as improve our understanding of the observed depth, 
frequency and magnitude distribution of induced events in the Groningen field. 

Beyond Groningen, our results are applicable to other sedimentary formations of similar 
composition elsewhere, like the Permian sediments that constitute many of the 
hydrocarbon reservoirs in the Southern North Sea basin area (Glennie and Provan, 1990), 
or the anhydrite/carbonate sequences present in the Italian Apennines (Collettini et al., 
2009), particularly for relative small earthquakes (magnitude 3-4), including fore- and 
aftershocks, that occur there as part of the natural seismicity (Chiarabba et al., 2009). 

Despite the advances made in the present experiments to investigate dynamic weakening 
behaviour in short-displacement slip pulse experiments in relation to relatively small, 
induced earthquakes, generally minor yet potentially significant differences in results have 
been obtained using the solid cylinder versus ring shear setups. This leaves uncertainties 
in our data, and especially in applying them to the field case, that are difficult to assess. 
Numerical models for dynamic fault rupture and seismogenesis are highly sensitive to the 
assumed dynamic weakening parameters (Orlic and Wassing, 2012; Buijze et al., 2017, 
2019; Buize, thesis in prep.). To accurately incorporate dynamic weakening effects in such 
models, it is crucial to understand the mechanisms that cause weakening in high velocity 
slip pulses both during acceleration and at peak velocities, thus bridging the gap between 
nucleation velocities and seismic slip velocities. There is accordingly a need for even 
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better-controlled experiments to reduce and ultimately eliminate the uncertainties caused 
by machine effects, such as gouge extrusion, piston alignment and slip- or velocity 
gradients across the sample, which limit the accuracy of current high velocity testing 
equipment and complicate interpretation of the dynamic weakening mechanisms 
operating. Furthermore, such experiments should ideally be performed at elevated 
background temperatures and using elevated (initial) pore fluid pressure and higher 
normal stresses, to further approximate true in-situ conditions. This constitutes no small 
challenge in future studies aiming to quantify dynamic friction behaviour more accurately. 
We are currently engaged in constructing a new ring shear assembly with pressurized 
Teflon seals preventing gouge extrusion from both the outside and inside margins of the 
sample layer. 

5.5 Conclusions 
We performed simulated seismic-slip experiments on fault gouges derived from the key 
lithologies present in the Groningen gas field. In these experiments, a controlled, short-
displacement high velocity slip pulse was imposed (total displacement <0.2 m and peak 
velocity <1.7 m/s), on pre-sheared, water-saturated gouges under normal stress conditions 
in the range 2.5-20 MPa. The experiments were performed under ambient temperature 
conditions. The key aim was to quantify the evolution of (dynamic) friction with slip, for 
slip trajectories that are representative for induced earthquakes such as those occurring in 
the Groningen field. The experiments were performed using both a solid-cylinder and a 
ring-shear setup. Our main findings are summarized as follows: 

1.   Substantial dynamic weakening occurred within a few centimetres of slip in most 
experiments, towards dynamic friction coefficients that lie in the range 0.20-0.27 for 
all materials at 20 MPa normal stress. Dynamic weakening is largest in gouges derived 
from the Basal Zechstein caprock; these exhibit the highest peak strength (µp of 0.76-
0.97) and largest dynamic strength drop (∆𝜏w of 50-80%). Ten Boer claystone gouges 
show the least dynamic weakening, with lowest peak strength (0.37-0.58) and strength 
drop (0-60%). Gouges derived from the Slochteren sandstone reservoir and 
Carboniferous shales/siltstones substrate show intermediate behaviour, with µp lying 
in the range 0.50-0.76 and strength drops of 30-60%. 

2.   Dynamic strength drop (∆𝜏w) increases linearly with normal stress in all materials 
tested. By contrast, the slip-weakening distance (dw) showed little or no dependence 
on normal stress in any of the materials, in either setup. 

3.   Experiments on the Ten Boer and Carboniferous gouges performed using the ring-
shear setup are strongly affected by gouge extrusion and jamming of the sealing 
assembly, leading to an overestimate of peak friction level and apparent dynamic 
weakening. For these materials, the peak friction and stress drop results obtained using 
the solid-cylinder assembly are more reliable. For the Ten Boer gouge, these results 
are 0.37-0.40 and ~0%; for the Carboniferous they are 0.50-0.60 and 25-37%. In the 
case of the Slochteren sandstone and Basal Zechstein gouges, where no significant 
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extrusion occurred using the ring shear assembly, similar behaviour was obtained 
using the ring and solid cylinder setups. 

4.   Temperature and pore fluid pressure measurements, made close to the sample-piston 
interface during the slip pulse experiments, indicate that thermal pressurization of the 
pore fluid played a role in the dynamic weakening observed in all materials. 
Theoretical calculations of the magnitude of the thermal pressurization effect, based 
on the temperature and pore fluid pressure measurements, suggest that this mechanism 
probably accounts for the bulk of the weakening observed, at least in the Slochteren 
sandstone and Basal Zechstein gouges. However, other mechanisms may have 
operated as well, although this remains difficult to confirm. 

5.   The finding that dynamic weakening is most marked and most efficient in gouges 
derived from the Basal Zechstein caprock implies that the top of the reservoir system 
is most prone to seismogenesis in terms of dynamic fault rock properties. However, 
the Slochteren and Carboniferous gouges also show significant dynamic weakening 
effects, which may allow seismogenesis and/or rupture propagation in these 
formations. These results are consistent with depth distributions of induced 
earthquakes in the Groningen field which appear to show a skewing towards the top 
of the reservoir, though the consistency might be fortuitous. 

6.   The dynamic slip weakening trajectories that we report for fault gouges prepared from 
the key lithologies in the Groningen gas field provide important laboratory constraints 
for underpinning dynamic modelling studies of seismic rupture in the field and 
accordingly contribute to improving seismic risk and hazard analysis. Though 
differing in detail and revealing substantial lithology-dependent fault friction 
behaviour, the data that we report are broadly consistent with the dynamic slip-
weakening profiles that have been assumed to date in modelling studies that reproduce 
seismic rupture on faults in the Groningen field. Despite this encouraging result, 
apparatus effects on results, such as the discrepancies obtained using the present ring 
shear versus solid cylinder sample assemblies, need to be eliminated in future studies. 
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Appendix 5.1: Experimental reproducibility 
 

 

Figure A5.1 a) and b) Friction coefficient (solid lines, left-hand axis) and axial displacement hence 
gouge layer thickness change (dashed lines, right-hand axis) versus displacement during the pre-
shear stage in duplicate experiments on Slochteren sandstone, Basal Zechstein and Ten Boer 
claystone gouges (see legend in c)), using the ring setup. c) Friction coefficient versus displacement 
during the high velocity slip pulse for the same experiments. Reproducible behaviour was observed 
for all three materials tested (see also Table 5.1). 
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This thesis has reported results of experimental studies aimed at determining the frictional 
behaviour of simulated fault gouges (crushed core and drill cuttings) derived from the key 
lithologies in the Groningen gas field system, addressing low sliding velocities relevant 
for earthquake nucleation, as well as seismic slip velocities pertaining to earthquake 
rupture. The formations investigated were, in stratigraphic order (old to young), the 
Carboniferous shale/siltstone basement, the Rotliegend (Permian) Slochteren reservoir 
sandstone, the overlying Ten Boer claystone and the Basal Zechstein anhydrite/carbonate 
evaporite caprock – the lowermost unit of the Zechstein evaporite sequence. 

An extensive series of velocity-stepping, direct-shear experiments was performed on the 
end-member gouge compositions, as well as on their mixtures, at in-situ reservoir 
conditions, i.e. at a temperature (T) of 100ºC, an effective normal stress (𝜎)#$$) of 40 MPa 
and a pore fluid pressure (Pf) of 10-15 MPa, employing sliding velocities (V) of 0.1-10 
µm/s to simulate rupture nucleation slip rates. Pore fluids used varied in salinity from 
deionized water to 4.4 M NaCl solution. A 6.9 M ionic strength brine, containing mainly 
NaCl, CaCl2 and MgCl2, was also used to mimic the formation water present at depth in 
the Groningen field. In the runs performed on Basal Zechstein gouges, the range of 
experimental conditions was extended to cover temperatures ranging from 50 to 150ºC, 
and to include methane, air and gas/brine mixtures as pore fluid. Besides these velocity-
stepping experiments, the end-member gouge compositions were also subjected to direct-
shear Slide-Hold-Slide (SHS) tests simulating prolonged periods of zero displacement. 
These were conducted using hold durations ranging from 10 s to 100 days, at 100ºC, 40 
MPa effective normal stress and employing the 6.9 M reservoir brine as pore fluid. The 
total shear displacement achieved in the various direct-shear experiments ranged from 2.1 
to 7.0 mm, with gouge layer thicknesses varying from 0.8 to 1.0 mm. 

The above experiments were performed with the aim of determining I) fault strength in 
the Groningen reservoir under true reservoir conditions, II) the velocity-dependence of 
sliding friction, hence the potential for nucleating earthquakes in the framework of Rate-
and-State Friction, III) the influence of the chemical environment (pore fluid composition) 
on frictional properties, IV) the capacity for faults to regain their strength during periods 
of no slip (i.e. to undergo “fault healing”), and V) the potential for slip-weakening 
following reactivation. 

In addition to the low velocity direct-shear experiments, a series of high velocity rotary-
shear experiments were performed on the end-member gouge compositions, to simulate 
induced seismic slip. In these experiments, a controlled, short-displacement high velocity 
slip pulse was imposed (total displacement up to 0.2 m and peak velocity up to 1.7 m/s) 
on pre-sheared, water-saturated gouges subjected to normal stresses in the range 2.5-20 
MPa. These experiments were performed at ambient (room) temperature, using a solid-
cylinder, rotary shear assembly as well as an annular ring-shear assembly. The aim was to 
quantify the evolution of dynamic friction with slip, for slip trajectories that are 
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representative for the larger (magnitude 3.0 to 3.6) induced events that have occurred in 
the Groningen gas field since 2012. 

The work done has provided insights into the (micro)mechanics of fault slip of gouges 
from sedimentary rocks under relevant reservoir conditions, as well as much-needed 
laboratory constraints for geomechanical modelling of fault rupture in reservoir systems 
such as the Groningen gas field. In the following, the principal conclusions will be 
integrated and summarized and the overall implications for induced seismicity in the 
Groningen field, as well as broader implications, will be assessed. Finally, remaining 
questions are identified, and suggestions are made for further research. 

6.1 Main findings 
The key results summarized below are compiled in Figure 6.1. 

6.1.1 Fault strength at low sliding velocities 
The velocity-stepping, direct-shear experiments performed at in-situ conditions and 
sliding velocities in the range 0.1-1.0 µm/s (Chapters 2 and 3) showed a strongly varying 
mechanical stratigraphy, with a maximum coefficient of friction (µ) of 0.62-0.66 for the 
simulated Basal Zechstein caprock gouge and a minimum of 0.35-0.38 for the Ten Boer 
claystone gouge material. The simulated Slochteren sandstone reservoir and 
Carboniferous substrate gouges showed intermediate µ values of 0.59-0.61 and ~0.50, 
respectively. Mixed gouges showed µ values between the end-member compositions. 
Frictional strength decreased systematically with increasing phyllosilicate content but was 
insensitive to pore fluid salinity (all lithologies, Chapter 2) and temperature (Basal 
Zechstein gouges only, Chapter 3). When saturated with methane/air or gas/brine 
mixtures, the Basal Zechstein gouges showed a significant increase in µ compared to 
brine-saturated samples (µ = 0.72±0.02 versus ~0.64; Chapter 3). 

In most direct-shear experiments, minor background displacement-weakening trends were 
observed, with superimposed changes in friction coefficient due to stepping of sliding 
velocity or SHS testing. Although displayed by all materials, background-weakening was 
most pronounced in the Basal Zechstein gouges. Background-weakening trends are in part 
related to a continuous change in the area of overlap between the direct-shear pistons, 
which occurs in all experiments, but may also reflect progressive localization of slip in 
shear-plane-parallel boundary or Y-shears, associated with continuous internal reduction 
in grain size and presumably strength. Such localization was especially marked in Basal 
Zechstein gouges, which showed sharply-defined boundary shears plus R1 Riedel shears 
(Logan et al., 1979), within which the grain size has been reduced to sub-micrometre 
levels. By comparison, shear localization and grain size reduction in Slochteren sandstone 
gouge samples were usually less sharply defined, although Y and R1 shears were still 
clearly visible. The Carboniferous shale and Ten Boer claystone gouges typically showed 
more distributed deformation, with slip being accommodated within bands of aligned 
phyllosilicate minerals that anastomose around quartz and feldspar clasts distributed 
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throughout the bulk gouge. The relatively low strength of the phyllosilicate-bearing 
gouges is related to the low friction coefficients displayed by pure phyllosilicates, 
especially in the presence of water (e.g. Morrow et al., 1992, 2000; Moore and Lockner, 
2004). Clearly, the mineralogical composition and microstructure exerts strong control on 
the frictional strength of the (simulated) fault gouges tested. 

6.1.2 Velocity-dependence of friction at low sliding velocities 
Following Rate-and-State Friction (RSF) theory (Marone, 1998b), the velocity-
dependence of friction coefficient, investigated via velocity-stepping experiments, is 
expressed via the rate sensitivity parameter (a–b). All gouge compositions investigated in 
this study showed stable, velocity-strengthening behaviour (positive (a–b) values), with 

Figure 6.1 Compilation of frictional strength and velocity-dependence data obtained in this thesis 
for simulated fault gouges derived from the key stratigraphic members of the Groningen gas field. 
Initial friction data (left panel) corresponds to the (near) steady-state friction coefficients obtained 
in low velocity (0.1-10 µm/s), direct-shear experiments (Chapters 2, 3 and 4). The corresponding 
velocity-dependence of friction (right panel), including the effects of pore fluid composition, 
temperature and sliding velocity indicated by the white arrows, are summarized from Chapters 2 
and 3. Frictional healing effects influencing initial fault strength in Basal Zechstein and Slochteren 
sandstone gouges are described in Chapter 4. Peak frictional strength and dynamic weakening 
effects (black arrows) occurring during accelerating fault slip, as tested for the end-member 
compositions, are presented in Chapter 5. 
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little effect of pore fluid salinity or sliding velocity on (a–b) (see Chapter 2), except for 
the Basal Zechstein gouges under certain conditions. Specifically, the Basal Zechstein 
samples showed velocity-weakening behaviour (negative (a–b) values) at the lowest pore 
fluid salinities and/or sliding velocities investigated (0-0.5 M NaCl solution, 0.1 µm/s), as 
well as in 50:50 mixtures with Slochteren sandstone gouge saturated with the 6.9 M 
reservoir brine (Chapter 2). In addition, a clear effect of temperature on the velocity-
dependence of friction was observed in brine-saturated Basal Zechstein gouges (Chapter 
3), whereby (a–b) values decreased systematically with increasing temperature, 
transitioning from velocity-strengthening at 50-100ºC to velocity-weakening at 120ºC and 
above. At these temperatures (≥120ºC), stick-slips (laboratory earthquakes) were 
observed too, but only at the lowest velocities imposed (0.1 µm/s). Lastly, Basal Zechstein 
gouges saturated with methane/air or gas/brine mixtures (Chapter 3) showed strongly 
velocity-weakening behaviour accompanied by stick-slips at 100ºC (the only temperature 
investigated using these pore fluid compositions). 

The velocity-dependent and temperature-dependent behaviour seen in brine-saturated 
Basal Zechstein gouges is closely similar to the behaviour reported for calcite, anhydrite 
and dolomite gouges by e.g. Verberne et al. (2013a), Scuderi et al. (2013), and Pluymakers 
et al. (2014, 2016). It can be explained using a microphysical model for friction of granular 
fault gouges developed by Niemeijer and Spiers (2007), Chen and Spiers (2016) and Chen 
et al. (2017), here referred to as the Chen-Niemeijer-Spiers (CNS) model. The model 
assumes competition between dilatant granular flow and thermally activated compaction 
creep (pressure solution), acting on the grain-scale in the localized slip zone within the 
gouge layer. When applied using compaction creep data measured for simulated Basal 
Zechstein gouge, which is assumed to reflect diffusion-controlled pressure solution, the 
CNS model captures most of the trends seen in the frictional behaviour of brine-saturated 
Basal Zechstein samples, with reasonable quantitative agreement. The behaviour observed 
in our gas-bearing and dry samples can be qualitatively explained by the model assuming 
compaction creep not by pressure solution but by stress-sensitive mechanisms such as 
subcritical crack growth and work-hardening crystal plasticity. 

6.1.3 Healing behaviour in low velocity SHS experiments 
Slide-Hold-Slide experiments (Chapter 4), performed using a sliding velocity of 1 µm/s, 
revealed more or less log-linear healing trends in the cases of the Slochteren sandstone 
and Basal Zechstein gouges, corresponding to healing-induced restrengthening 
magnitudes Dµ of up to ~11% and ~25% after hold durations (thold) of up to 1 and 3 
months, respectively. Recall here that healing is measured as the difference Dµ between 
pre-hold steady-state sliding strength (friction coefficient µss) and peak strength (µpeak) 
attained after a period of no slip (Dieterich, 1972b). Following reactivation – and re-
sliding to the subsequent peak value, stress drops up to 5 and 8 MPa and approximately 
linear slip-weakening behaviour were recorded in the Slochteren sandstone and Basal 
Zechstein gouges. By contrast, no healing and no strength drop were observed in either 
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the Ten Boer claystone or Carboniferous shale/siltstone gouges. The healing rates, defined 
as 𝛽 = 𝑑(Δ𝜇)/𝑑	  log	  (1 + 𝑡vXLw/𝑡A), in Slochteren sandstone (𝛽 = 0.009 to 0.015 per order 
of magnitude increase in healing time) and Basal Zechstein gouges (𝛽 = 0.020 to 0.033) 
increased by a factor ~2 for a 30-fold reduction in effective shear stiffness of the 
experimental setup. This was accompanied by a systematic increase in the cut-off time tc 
for log-linear healing. These trends are well captured by considering the Ruina slip law 
formulation (Ruina, 1983) for evolution of the state parameter in the classical RSF 
equations (Marone, 1998b), using values for the individual RSF parameters (a, b, dc) for 
these gouges obtained from the velocity-stepping experiments reported in Chapter 2. 

The microstructures of our longest-healed Basal Zechstein samples (1 month hold time) 
showed clear evidence for the operation of stress-driven solution-transfer processes during 
healing, in the form of indented grain contacts and overgrowths. Based on these 
microstructural observations, and making use of the CNS model, the observed healing 
behaviour and effect of machine stiffness on healing rate seen in the Basal Zechstein data 
can be explained as the result of combined gouge layer compaction (hence increased 
dilatation angle) and cohesion development at grain contacts due to mass transport and 
cementation by intergranular pressure solution. We anticipate that similar processes 
operate in the Slochteren sandstone gouges, but insufficient data are available on the 
kinetics of the relevant mass transport processes under the temperature conditions of the 
Groningen reservoir to be able to assess this quantitatively. 

6.1.4 Dynamic weakening behaviour at high velocities 
In the simulated seismic slip-pulse experiments (Chapter 5), substantial dynamic 
weakening generally occurred within a few (~5-10) centimetres of accelerating slip, with 
dynamic friction coefficients falling to values in the range 0.20-0.27 at peak sliding 
velocity (1.2-1.7 m/s) in all materials at 20 MPa normal stress. The effects were largest in 
gouges derived from the Basal Zechstein caprock, which exhibited the highest peak 
strength (µp of 0.76-0.97) and largest dynamic strength drop (∆𝜏w of 50-80%). Ten Boer 
claystone gouges showed the smallest effects, with the lowest peak strength (0.37-0.58) 
and strength drop (0-60%). Gouges derived from the Slochteren sandstone reservoir and 
Carboniferous shales/siltstones substrate showed intermediate effects, with µp lying in the 
range 0.50-0.76, followed by strength drops of 30-60%. During slip deceleration after 
reaching the maximum imposed velocity, all gouges regained some strength (up to 10% 
with respect to the level of dynamic friction), with this occurring especially rapidly in the 
Basal Zechstein gouges. All gouges showed a linear increase in dynamic strength drop 
with normal stress, while the characteristic slip-weakening distance (dw) was mostly 
insensitive to normal stress. Notably, the experiments performed on the phyllosilicate-rich 
Ten Boer and Carboniferous gouges, using the ring-shear setup, were found to be strongly 
affected by gouge extrusion which occurred during sample pre-shear before applying the 
high velocity slip-pulse. This extrusion effect led to overestimated peak friction values 
and thus erroneously large apparent dynamic weakening effects during simulated seismic 
slip. For these gouge materials, i.e. those derived from the Ten Boer and Carboniferous 
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formations, the peak friction results obtained using the solid-cylinder assembly were 
inferred to be more reliable. This was not the case for the Slochteren sandstone and Basal 
Zechstein gouges, where no significant extrusion occurred, and where the measured 
evolution of dynamic friction was more similar between the two setups. Direct 
measurements of temperature and pore fluid pressure during our slip pulse experiments 
and supporting theoretical calculations suggest that thermal pore fluid pressurization 
played a significant role in the dynamic weakening behaviour exhibited by Slochteren 
sandstone and Basal Zechstein gouges, and probably also in the Ten Boer and 
Carboniferous gouges. However, other weakening mechanisms, like frictional (flash) 
heating, crystal plasticity and silica-gel or nano-granular lubrication effects, may have 
operated as well. 

6.2 Implications for induced seismicity in the Groningen gas field 
The Groningen reservoir system shows a strongly-varying mechanical stratigraphy in 
terms of (static) fault gouge strength, measured at low sliding velocity (0.1-10 µm/s), with 
the highest values being found in the Basal Zechstein caprock gouge (µ ≈ 0.65), and the 
lowest in the Ten Boer claystone gouge (µ ≈ 0.36) at the reservoir top (refer Figure 6.1). 
The underlying Slochteren sandstone reservoir and Carboniferous basement show 
intermediate gouge friction values (0.5-0.6). In the case of faults where the offset is such 
that different lithologies are juxtaposed and gouges become mixed, the friction 
coefficients lie between the end-member compositions (Figure 6.1). The already 
considerable strength contrast between the different end-member gouge lithologies is 
further enhanced by time-dependent fault healing, which occurs most rapidly in Basal 
Zechstein gouges (healing rates corresponding to an absolute increase in friction 
coefficient of up to 0.033 per order of magnitude increase in healing time), and in 
Slochteren reservoir gouge (up to 0.015 per order of magnitude increase in healing time), 
but not at all in the phyllosilicate-rich gouges derived from the Ten Boer and 
Carboniferous formations (zero healing). Extrapolating the healing data for the Slochteren 
sandstone gouge to 1, 10 and 100 million years, and assuming an initial, unhealed friction 
coefficient of 0.61, yields a total healed (or long-term static) strength of up to 0.78, 0.795 
and 0.81, respectively. Similarly, extrapolating the Basal Zechstein results to these healing 
times, taking 0.65 as the initial, unhealed friction coefficient, gives values up to 1.0, 1.035 
and 1.07. 

With respect to the potential for nucleating earthquakes, most of the gouge compositions 
explored show stable velocity-strengthening properties at in-situ reservoir conditions. 
Only the Basal Zechstein anhydrite-carbonate caprock gouge or mixtures of this with 
gouge prepared from the Slochteren sandstone reservoir show the velocity-weakening 
behaviour required for earthquake nucleation in the framework of Rate-and-State Friction 
(RSF) theory (Marone, 1998b; Scholz, 2002), and then only under specific conditions of 
temperature, sliding velocity and pore fluid composition (see Figure 6.1). These results 
imply that faults cross-cutting the Basal Zechstein caprock and juxtaposing this unit 
against the Slochteren reservoir, thus mixing gouges derived from each, may show 
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velocity-weakening behaviour, notably in the gas-filled upper portion of the reservoir-
caprock system. From a RSF point of view, fault segments cutting the Basal Zechstein or 
juxtaposing it against the Slochteren sandstone thus have a higher potential for nucleating 
seismogenic slip in comparison with fault segments cutting or juxtaposing other 
formations. Besides velocity-weakening effects, slip-weakening behaviour associated 
with reactivation of healed faults can lead to earthquake nucleation (Ida, 1972; Scholz, 
2002). This has been observed in the present SHS experiments on both Basal Zechstein 
and Slochteren sandstone gouges, providing an additional mechanism for earthquake 
nucleation not only in the caprock, but also in the reservoir. 

Even though earthquake hypocentre estimations in the Groningen field are becoming 
increasingly accurate, the vertical (depth) uncertainty is still 100-500 m (Spetzler and 
Dost, 2017; Smith, 2019), so that it is not yet possible to accurately determine in which 
lithology or juxtaposed lithologies events nucleate, especially considering the fact that the 
seismic source does not necessarily coincide with the point of rupture nucleation (Lapusta 
and Rice, 2003b; Kaneko et al., 2016). Available event location data, obtained since re-
instrumenting the field in 2014-2016 after the MW = 3.6 Huizinge earthquake in 2012 
(Dost et al., 2017), point to events occurring on seismically visible faults throughout the 
entire reservoir-caprock section (Spetzler and Dost, 2017; Smith, 2019), with a slight 
propensity towards the reservoir top (see Figure 6.2). This is in broad agreement with our 
results for the Basal Zechstein and Basal Zechstein plus Slochteren sandstone gouges, but 
more seismic location data are needed, with a smaller vertical uncertainty, to make a 
meaningful comparison. Also relevant here is that besides the frictional properties of the 
fault rocks, several other factors strongly influence fault reactivation and earthquake 
nucleation sites. Especially important are the nonuniform stress distribution on faults 
caused by the response of juxtaposed mechanically contrasting layers to reservoir 
depletion (Mulders, 2003; Buijze et al., 2017, 2019) (see Figure 6.3), and stress 
redistribution due to the presence of viscoelastic rock salt overlying the Basal Zechstein 
(Orlic and Wassing, 2012; Wassing et al., 2017). These aspects, along with fault throw, 
strongly influence the spatial distribution of stress build-up on faults, and thus the location 
where fault slip is first initiated, i.e. the location where shear stress first overcomes the 
frictional resistance to sliding, thereby reactivating the fault (Buijze et al., 2019). To assess 
whether (juxtaposed) fault rock lithology or stress distribution dominate in determining 
earthquake location and perhaps even magnitude, it will be important in future 
seismological work to relate accurate event locations to position with respect to the 
lithological units present on each side of the activated fault and to fault throw. The 
emergence of any systematic pattern here may have significant value in terms of 
recognizing earthquake prone faults and locations. 

The high velocity slip-pulse experiments simulating seismic slip, presented in Chapter 5 
of this thesis, revealed that once fault slip accelerates to velocities >0.2-0.4 m/s, dynamic 
weakening effects, probably dominated by pore fluid pressurization, are expected to occur 
in all end-member lithologies even for the short (dm) displacements typical for magnitude 
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Figure 6.2 Epicentre 
locations and depth 
distributions for Groningen 
earthquakes adapted from 
Smith (2019) and Spetzler 
and Dost (2017). a) 
Epicentre locations and 
depth relative to the top of 
the Slochteren reservoir, 
determined for 83 events 
(0.1 ≤ 𝑀� ≤ 3.1) in the 
Groningen field from 
September 2015 to January 
2017, by Smith (2019). b) 
Schematic diagram of the 
Groningen stratigraphy, 
indicating the anhydrite-
rich layers within and at the 
base of the Zechstein 
evaporite series, as well as 
the Slochteren reservoir, 
located at ~3 km depth. c) 
Depth distributions 
(normalized probability 
versus depth with respect to 
the top of the reservoir) 
corresponding to (a) for all 
83 events (blue line) and 
events with a magnitude 
greater than 1.5 (red line). 
The depth distribution 
shown includes the 
distribution in uncertainty 
of vertical locations. d) 
Depth distribution in terms 
of percentage of events 
versus true vertical depth 
determined for 87 events 
(0.1 ≤ 𝑀� ≤ 3.1), 
recorded from February 
2014 to July 2016, by 
Spetzler and Dost (2017). 

3-4 earthquakes. At 20 MPa normal stress, the dynamic friction coefficient falls to values 
as low as 0.20-0.27 in all Groningen end-member gouge materials, within ~10 cm of slip 
reaching seismic slip velocities of 1-2 m/s. Although the largest effects in terms of 
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dynamic strength drop and weakening rate were observed in the Basal Zechstein gouges, 
again implying that faults cutting this formation are the most earthquake-prone, the gouges 
derived from the Slochteren reservoir and upper portion of the Carboniferous basement 
also showed substantial weakening (30-60% strength drop; cf. 0-60% in the Ten Boer 
gouge). Therefore, faults cutting the entire reservoir system (including the caprock, but 
also the upper portion of the Carboniferous basement) may weaken significantly following 
reactivation, potentially leading to rapid slip, rupture propagation and seismogenesis. 
Note, however, that the increase in friction from initial (static) levels to peak sliding 
friction during accelerating slip that is expected in the Basal Zechstein gouges (refer 
Figure 1), may provide a barrier for a growing rupture to propagate into the caprock 
formation. Similarly, the strengthening effect observed during decelerating slip observed 
in our slip pulse experiments on all gouge materials will likely play a role in the arrest of 
earthquake ruptures (Beeler and Tullis, 1996). The low peak strength in the Ten Boer 
claystone compared to the other formations, as well its low dynamic friction (refer Figure 
6.1), means that this formation poses the least resistance to rupture propagation. 

Dynamic modelling studies of induced earthquakes in Groningen typically assume a linear 
slip-weakening model for individual faults featuring a uniform fault-wide friction drop 
from 0.6 to values in the range 0.2-0.5, to facilitate earthquake generation (Buijze et al., 
2017, 2019). Wentinck (2018) showed that a friction drop from 0.6 to 0.2-0.3 is required 

Figure 6.3 2-D Finite Element modelling results from Buijze et al. (2019), illustrating depletion-
induced stress concentrations and the initiation of fault slip on a fault with 50 m offset cutting a 
reservoir formation, simulating the Groningen reservoir. The simulation results are shown as a 
function of depth along the fault for different depletion pressures, as indicated by the legend in d). 
The grey areas indicate the depth interval of the footwall (right) and hangingwall (left) of the 
reservoir formation. a) pore pressure in the fault, b) effective normal stress 𝜎)�, c) shear stress 𝜏, 
d) shear slip, and e) the Shear Capacity Utilization, where 0 = stable and 1 = initiation of slip. See 
Buijze et al. (2019) for further details. 
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in order to explain the observations in terms of slip patch size and stress drop inferred 
from ground motions and seismic data for the largest induced events that have occurred 
in the Groningen field to date (magnitude MW = 3.4-3.6), which is supported by the present 
results (Chapter 5, see also Figure 1). However, there has been little physical basis to 
underpin the choice of dynamic friction values for the various lithologies involved. The 
dynamic weakening data and slip-weakening trajectories obtained in the present 
experiments provide much-needed experimental constraints for such dynamic rupture 
simulations. Implementing our results, and the variation in gouge strength and weakening 
behaviour seen between the different stratigraphic units, in future modelling studies, 
should a) help elucidate the mechanisms of earthquake nucleation, propagation and arrest, 
b) improve our understanding of the observed depth, frequency and magnitude 
distribution of induced events in the Groningen field, and c) reveal any correlations with 
fault throw, lithological juxtaposition and local structure. A particularly important 
question to investigate in future modelling studies, implementing the results presented in 
this thesis, is to what extent, and under which conditions, fault rupture can propagate into 
the Carboniferous basement. This is highly relevant for assessment of the maximum 
earthquake magnitude that can possibly occur in the Groningen field. 

Despite the advances made in the present seismic slip-pulse experiments (Chapter 5) in 
investigating dynamic weakening behaviour in relation to relatively small, induced 
earthquakes, generally minor yet potentially significant differences in results were 
obtained using the solid-cylinder versus ring shear setups - especially in the case of the 
clay-rich gouges. This leaves uncertainties in our data, and especially in applying them to 
the field case, that are difficult to assess, again particularly in relation to rupture in the 
Carboniferous basement. Numerical models for dynamic fault rupture and seismogenesis 
are highly sensitive to the assumed dynamic weakening parameters (Orlic and Wassing, 
2012; Buijze et al., 2017, 2019; Buize, thesis in prep.). There is accordingly a need for 
even better-controlled experiments to reduce and ultimately eliminate the uncertainties 
caused by machine effects, such as gouge extrusion, piston alignment and slip- or velocity 
gradients across the sample, which limit the accuracy of current high velocity testing 
equipment. To accurately incorporate dynamic weakening effects in numerical rupture 
codes, it is crucial to understand the mechanisms that cause weakening in high velocity 
slip pulses both during acceleration and at peak velocities, thus bridging the gap between 
nucleation velocities and seismic slip velocities. 

6.3 Broader implications 
The results presented in this thesis are directly relevant to both natural and induced 
seismicity occurring on faults that cut sedimentary sequences elsewhere, such as the 
equivalent stratigraphic sequence that makes up many of the hydrocarbon reservoirs 
present in the Southern North Sea basin area (Glennie and Provan, 1990), or the 
anhydrite/carbonate sequences present in the Khuff gas fields in Qatar (Alsharhan and 
Nairn, 1994) and in the Italian Apennines (Collettini et al., 2009), where destructive 
natural earthquakes repeatedly nucleated in such evaporites (Mirabella et al., 2008; 
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Speranza and Minelli, 2014). Despite the fact that formation waters in sedimentary 
sequences display a broad range of salinities (varying between 72 - 600 g/l total dissolved 
solids (Case, 1945; Hanor, 1994), mostly NaCl, MgCl2 and CaCl2), the results presented 
in Chapter 2 show that the presence of such brines is not expected to affect the low velocity 
frictional strength or slip stability of faults containing predominantly quartz- and 
phyllosilicate-rich gouges. By contrast, the low velocity slip stability of sulphate- and/or 
carbonate-rich gouges can be affected, probably through the influence of salinity on the 
compaction behaviour of these materials, via solution transfer or stress corrosion effects. 
The effects of salinity on anhydrite/carbonate gouge friction require further investigation, 
since most data on these fault rock compositions to date have been obtained using pure 
water as a pore fluid. 

Besides these effects of fluid composition, the temperature- and velocity-dependent 
effects seen in brine-saturated Basal Zechstein gouges, at sliding velocities of 0.1-10 µm/s 
(Chapter 3), have important implications for nucleation of induced and natural seismicity 
in evaporite and carbonate terrains. The transition from velocity-strengthening to -
weakening at temperatures greater than 120ºC, depending on sliding velocity, implies that 
sulphate- and carbonate-dominated faults are susceptible to nucleating earthquakes at 
shallow depths of ~3-4 km in the upper crust. This susceptibility is further enhanced by 
the high healing rates observed in Basal Zechstein gouges (Chapter 4), which imply rapid, 
post-slip fault strength recovery that in turn allows repetitive earthquakes to occur on the 
same fault (Scholz, 2002). A transition in slip-stability with temperature similar to that 
observed here in the Basal Zechstein gouges has also been documented for calcite, 
anhydrite and dolomite gouges (e.g. Verberne et al., 2013; Pluymakers et al., 2014, 2016), 
and appears to correspond to the upper limit of the seismogenic zone in tectonically active 
evaporite and limestone terrains (Bernard et al., 2006; Valoroso et al., 2013; Verberne et 
al., 2015). 

The CNS model has been shown to capture this temperature-dependent (and velocity-
dependent) transition in slip stability, including the steady-state and transient behaviour 
seen in brine-saturated Basal Zechstein gouges. This supports that the velocity-
dependence of friction seen in this material at low sliding velocity is controlled by the 
operation of dilatant granular flow in combination with thermally-activated compaction 
creep by processes such as diffusion-controlled intergranular pressure solution. The rapid 
SHS healing behaviour reported in Chapter 4 for Basal Zechstein gouges, and the 
associated effects of machine stiffness on healing rate, are also captured by the CNS 
model, when cohesion development at grain contacts due to mass transport and 
cementation are incorporated alongside compaction. As such, the CNS model, and 
microphysically-based models in general, offer a promising tool for further quantification 
and understanding of the full range of low velocity frictional properties of fault gouges 
under hydrothermal conditions and for more reliably extrapolating laboratory results to 
pressures, temperatures and sliding velocities beyond laboratory capabilities. 
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The finding from the present SHS experiments (Chapter 4) that the elastic properties of 
the fault surroundings, i.e. the testing machine in our case, can strongly influence healing, 
with the effect being enhanced by low stiffness and associated shearing during load 
relaxation, has important consequences for post-slip strength recovery on natural faults. 
In modelling frictional strength recovery after natural and induced fault (re)activation, the 
implication of our data for gouge types that heal is that the effective shear stiffness of the 
host rocks, which is controlled by their bulk elastic properties and the volume of the 
elastically deformed zone, must be considered. These aspects of stiffness have received 
little attention in the literature to date, apart from a few studies were the wall rock stiffness 
is systematically varied to investigate its effects on fault stability and stick-slip behaviour 
(Leeman et al., 2015) and to assess the time- versus slip-dependent nature of fault healing 
in short-term (hours) SHS experiments in the context of RSF (Beeler et al., 1994; 
Bhattacharya et al., 2017). Along similar lines, the effects of far field stress evolution on 
faults, either during tectonic reloading of seismically active faults or production-induced 
re-stressing of pre-existing faults in reservoir systems, is expected to affect healing rate 
and subsequent seismicity via gouge compaction and cohesion development. 

Finally, the evolution from high peak strength to low dynamic fault strength obtained in 
the present short-displacement, high velocity slip-pulse experiments (Chapter 5) offers a 
clear mechanism for seismogenic fault rupture in a variety of settings beyond Groningen, 
from induced earthquakes related to subsurface activities, to natural seismicity in 
tectonically active areas. In our experiments, fault gouges dominated by anhydrite and 
carbonates produced the largest and most rapid slip-weakening during accelerating slip. 
Moderate to large natural earthquakes commonly occur on faults cutting carbonate-
bearing rocks, e.g. the 2009 MW = 6.1 L’Aquila earthquake (Chiarabba et al., 2009), the 
2008 MW = 7.9 Wenchuan earthquake (Zhang et al., 2010a), and the 2009 ML = 5.0-5.4 
earthquakes in Albania (Ormeni et al., 2013). Several studies have documented low 
dynamic friction in carbonate-bearing rocks (Han et al., 2010; De Paola et al., 2011; Di 
Toro et al., 2011; Chen et al., 2013; Violay et al., 2013), but mostly in conventional large-
displacement friction experiments imposing constant, high velocity. However, natural 
seismogenic fault slip occurs in a pulse-like manner with rapid acceleration and moderate 
to rapid deceleration (Heaton, 1990; Ampuero and Ben-Zion, 2008; Sone and Shimamoto, 
2009; Liao et al., 2014). The present results show that during such slip pulses, especially 
strong dynamic weakening can occur in anhydrite/carbonate gouge-bearing faults, within 
a few cm of slip, in a manner similar to the results presented by Spagnuolo et al. (2015) 
for rotary slip pulses imposed between Carrara Marble cylinders. At the same time, 
considerable dynamic weakening effects were also observed to occur at short slip 
displacements in the present experiments on quartz-dominated and quartz-phyllosilicate 
rich gouges. This dynamic slip-weakening behaviour may similarly play a significant role 
in controlling earthquake rupture growth and arrest on faults containing gouges of similar 
composition, such as the Nojima fault, Japan (Mizoguchi et al., 2009), the Chelungpu fault 
Taiwan (Sone and Shimamoto, 2009) or the Alpine fault, New Zealand (Boulton et al., 
2017). 
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6.4 Suggestions for further research 
This research has provided new data on the frictional behaviour of simulated fault gouges 
from the key stratigraphic members of the Groningen gas field under in-situ conditions, 
both at low velocities relevant for rupture nucleation, as well as at seismic slip rates and 
short displacements relevant for induced earthquakes. These results have in turn provided 
new insights into the behaviour of faults in the Groningen field, as well as in sedimentary 
sequences of similar composition elsewhere. However, there are several issues that remain 
unresolved, and the work done has also raised new questions that should be addressed in 
future studies. These are outlined below. 

6.4.1 Unresolved issues and remaining data needs 
6.4.1.1 Displacement-weakening at low sliding velocities: Artefact or key gouge property? 
The displacement-weakening effects seen in the present direct-shear experiments 
performed at low/nucleation sliding rates (Chapters 2, 3 and 4), particularly in Basal 
Zechstein gouges, have been suggested in Chapters 2 and 3 to arise from internal shear 
band development, specifically shear localization into R1 and boundary-parallel or Y 
shears (Logan et al., 1992), as well as from artefacts related to the direct-shear setup. 
Similar interpretations have been made in previous work (e.g. Kanagawa et al., 2000; 
Pluymakers et al., 2014), however, the extent to which such displacement-weakening 
occurs in mature, natural faults, due to a) slip on the multiple Riedel and shear-plane-
parallel shear bands usually present, or b) new shear band development, remains unclear. 
This is despite the fact, pointed out by Ikari et al. (2013) and Ohnaka (2013), that the 
material property of displacement-weakening (as opposed to apparatus-related artefacts) 
can, particularly under conditions of low effective normal stress due to high pore fluid 
pressure, provide a mechanism for the nucleation of earthquakes and/or (possibly 
precursory) slow-slip phenomena. Displacement-weakening and the underlying 
mechanisms in terms of shear band development versus reactivation accordingly deserves 
much more careful attention in future research, with clear discrimination from apparatus 
effects. A starting point would be to perform rotary shear or large-scale direct-shear 
experiments, allowing for larger shear strains without the complication of significant 
geometric changes in the sample configuration during shear. When performed at constant 
sliding velocity, preferably at various slip rates and to various shear strains, the 
microstructural fabric development can be investigated either incrementally or using new 
developments in CT, X-ray, impedance or acoustic imaging, and the role of shear band 
evolution in controlling displacement-weakening effects can be assessed, along with any 
possible velocity, normal stress or healing dependence. 

6.4.1.2 Effects of pore fluid salinity on frictional slip stability 
The effects of pore fluid salinity on the velocity-dependence of friction reported in Basal 
Zechstein gouges in Chapter 2 are significant, given the range of salinities encountered in 
natural pore fluids (Hanor, 1994; Lüders et al., 2010), but remain poorly understood. It 
was suggested in Chapter 2 that the increase in (a–b) seen with increasing salinity is 
related to a reduction in the rate of compaction by intergranular pressure solution (IPS) in 
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the anhydrite/carbonate gouge material. However, by which mechanism this occurs 
remains unclear. The shortage of data that exist on the effects of pore fluid salinity on the 
kinetics of dissolution, transport via diffusion, and precipitation in sulphate and/or 
carbonate minerals, particularly under the relevant P-T conditions, precludes more 
detailed interpretation at present. Future studies should aim at better constraining the rate 
parameters of IPS and how they depend on pore fluid salinity, possibly via compaction 
experiments on simulated gouge materials under controlled pore fluid environments. The 
results can then be incorporated into microphysical models such as the CNS model to 
understand salinity effects and extrapolate laboratory friction data to sliding velocity and 
stress conditions outside the scope of the laboratory. 

6.4.1.3 Behaviour of mixed anhydrite/carbonate plus quartz gouges 
The observation that 50:50 mixtures of Basal Zechstein and Slochteren sandstone gouges 
produce velocity-weakening behaviour at low sliding velocity under brine-saturated 
conditions and 100ºC, whereas the end-member compositions show velocity-
strengthening under the same conditions (Chapter 2), remains difficult to explain. Similar 
behaviour was reported by Bakker (2017) in synthetic quartz-calcite mixtures. These 
authors proposed that the mixture effect is related to the contrast in fracture toughness 
between the mineral phases, resulting in grain size reduction preferentially occurring in 
the weaker phase (calcite) which accelerates compaction of the gouge by pressure 
solution, and thus reduces slip stability due to the onset of velocity-weakening as predicted 
by the CNS model for dilatant granular flow (Niemeijer and Spiers, 2007; Chen and 
Spiers, 2016). However, very little data or microstructural observations are available to 
support this, from experiments where the sulphate/carbonate versus quartz content is 
varied systematically. An interesting question to answer would be to what extent slip is 
localized in such mixed gouges. Given the strong velocity dependence (hence shear strain 
rate dependence) of (a–b) observed in sulphate- or carbonate-dominated gouges (Chapters 
2 and 3, see also Verberne et al., 2013a; Pluymakers et al., 2014b), any significant 
delocalization (hence reduction in shear strain rate) due to mixing with quartz might alter 
the velocity-dependence of the mixture with respect to their end-members. To arrive at an 
answer, this hypothesis requires further testing through velocity-stepping friction 
experiments and microstructural analyses. 

6.4.1.4 Deformation mechanisms controlling dry frictional behaviour of 
anhydrite/carbonate gouges 
The strongly velocity-weakening behaviour seen in gas-bearing or vacuum-dry Basal 
Zechstein gouges at low velocity (Chapter 3) is relevant not only for induced seismicity 
in gas fields capped by evaporite caprocks such as the Groningen field or other fields in 
the North Sea (Geluk, 2007) or elsewhere, but also to natural seismicity in evaporite 
terrains where there is an influx of gas-bearing fluids, for example due to CO2 degassing, 
such as occurring in the Italian Apennines (Collettini et al., 2008). In Chapter 3, this 
velocity-weakening behaviour has been inferred to be related to highly stress-sensitive 
deformation mechanisms like subcritical crack growth or work-hardening crystal 
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plasticity. However, no microstructural evidence could be obtained in this study to support 
this claim. A more rigorous microstructural search for evidence of dislocation activity or 
crystallographic preferred orientations developed in the slip bands, similar to the work 
done on calcite by Verberne et al. (2013a, 2013b), would be useful to confirm the present 
hypothesis. This requires high quality thin sections and sophisticated optical or Electron 
Back Scatter Diffraction (EBSD) methods and Transmission Electron Microscopy (TEM) 
methods, as employed by Verberne and co-workers. 

6.4.1.5 Limits to fault healing: How strong can gouge-filled faults become when inactive? 
An important remaining question related to reactivation of healed faults in the Groningen 
field concerns the upper limit to healing of fault gouges, particularly in the Basal Zechstein 
and Slochteren sandstone samples (Chapter 4). This is especially relevant to assessing the 
strength of the many long-inactive faults cutting the reservoir, but also to understanding 
the seismic cycle in natural, currently active fault zones. The present low velocity Slide-
Hold-Slide experiments and application of the CNS model to the Basal Zechstein data 
suggests that healing occurs through a combination of porosity reduction due to 
compaction, and cohesion development at grain contacts due to stress-driven mass 
transport and cementation. However, what the maximum amount of healing due to these 
processes is, over both geological and gas field production timescales, remains unclear. 
Considering only porosity reduction via thermally-activated compaction mechanisms 
such as pressure solution, the CNS model suggests a maximum absolute increase in 
friction coefficient of the order of 0.3-0.4, depending on the starting porosity (Chen et al., 
2020). Cohesion development alongside porosity reduction will increase this limit, but to 
what values is unknown. One approach to answering this question would be to perform 
triaxial failure experiments on plugs drilled through naturally healed fractures found in 
core of the relevant lithologies (cf. Dewhurst and Jones, 2002; Dewhurst et al., 2005). 
Comparing failure strength from such experiments with the failure strength of the intact 
host rock, would yield useful data on the maximum healed fault strength that can be used 
to constrain geomechanical models simulating fault reactivation, with the assumption that 
in case faults heal beyond the strength of the host rock, a new fracture would form in the 
host rock instead of reactivating the healed fault. 

6.4.1.6 Dynamic weakening mechanisms operating during short-displacement, high 
velocity slip pulses 
The present high velocity slip-pulse experiments have revealed marked dynamic 
weakening within a few centimetres of accelerating slip in all gouges investigated. 
However, the dynamic weakening mechanisms that cause this weakening remain 
uncertain. Direct evidence for limited frictional heating and pore fluid pressurization was 
obtained from measurements of bulk temperature and pore fluid pressure, leading to the 
inference that thermal pressurization played a role This was supported by theoretical 
calculations of thermal pressurization, based on the temperature and pore pressure 
measurements, that showed that this mechanism could have dominated the dynamic 
weakening observed in all materials tested. At the same time, other weakening 
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mechanisms are hard to rule out. No specific evidence for any of the possible mechanisms 
was or can be obtained without a rigorous microstructural investigation. Moreover, the 
relative importance of velocity and displacement in causing dynamic weakening are 
unclear. Spagnuolo et al. (2015) used Focussed Ion Beam - Scanning Electron Microscopy 
(FIB-SEM) and high-resolution Transmission Electron Microscopy (HR-TEM) methods 
to show that rapid dynamic weakening in carbonate faults is related to dislocation 
mechanisms and lubrication by nanograins and amorphous carbon. Similar mechanisms 
may have operated in our Basal Zechstein samples. To verify this, and to look for evidence 
of other possible mechanisms operating in Slochteren sandstone, Ten Boer claystone or 
Carboniferous shale/siltstone gouges, an extensive microstructural study is needed. To 
further test the thermal pressurization hypothesis, dry control experiments should be 
performed. At the same time, the considerable uncertainties in dynamic weakening data 
posed by machine effects like gouge extrusion, piston (mis)alignment and slip- or velocity 
gradients across the sample, should be addressed and ultimately eliminated in future work, 
so that dynamic weakening behaviour can be accurately incorporated in numerical rupture 
codes. 

6.4.2 Broader challenges for future studies 
There are several issues that are related to the current research that fall outside the scope 
of a direct follow-up study, but deserve a dedicated effort in their own right. 

6.4.2.1 Linking experimental fault mechanics to event locations and numerical modelling 
of the Groningen field 
Integrating the results from fault friction experiments with numerical modelling studies 
and seismological observations may significantly improve our understanding of the 
earthquakes observed in the Groningen field. The results presented in this thesis, notably 
the variation in gouge strength and weakening behaviour seen between the different 
stratigraphic units, can directly be implemented in numerical models and rupture codes, 
which should help elucidate the mechanisms of earthquake nucleation, propagation and 
arrest. Comparison of both experimental data and modelling results with seismological 
observations may then reveal any correlations with fault throw, lithological juxtaposition, 
stress distribution or local fault structure. The emergence of any systematic pattern here 
may have significant value in terms of recognizing earthquake prone faults and locations. 
To achieve this, future seismological work should aim at relating accurate event locations 
to position with respect to the lithological units present on each side of the activated fault, 
and to fault throw. Reducing the vertical uncertainty in terms of event location will be 
critical here. A particularly important question to investigate in such an integrated 
approach, is to what extent, and under which conditions, fault rupture can propagate into 
the Carboniferous basement. This is highly relevant for assessment of the maximum 
earthquake magnitude that can possibly occur in the Groningen field. Another issue to 
address in this context is how the inelastic deformation in the reservoir rock (see 
Pijnenburg et al., 2018, 2019a, 2019b; Pijnenburg, 2019) affects the seismogenic 
potential, through interactions with the present results on slip and slip rate dependent fault 
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friction. The potential effects are difficult to speculate on, but are currently being 
investigated by means of numerical modelling at the High Pressure and Temperature 
Laboratory at Utrecht University by Buijze and co-workers (Buijze, PhD thesis, UU 
2020). 

6.4.2.2 Scaling of frictional properties 
An important challenge for future research in relation to applying friction data in the 
context of fault reactivation in the Groningen reservoir, and indeed in fault mechanics in 
general, is to tackle the issue of scaling laboratory data to natural faults. Since there are 
multiple aspects of scaling involved, including fault length, fault area, fault roughness, 
fault thickness and fault offset (throw), an integrated approach is required. Besides 
experiments at the cm-scale (such as the present research), fault shearing experiments at 
dm- and m-scale (Togo et al., 2015; Ji et al., in progress; Buijze et al., thesis in progress) 
are needed to validate multi-scale models. Models that can be tested include, for example, 
multi-scale asperity-distribution models (Brodsky et al., 2016), finite element models (Ma 
et al., 2006), and volume-averaging models (Platt et al., 2014; Rice et al., 2014). Both 
experimental upscaling relations and validated models can then be applied to upscale 
laboratory data to at least the mesh-scale used in finite element or other continuum codes 
(Cappa et al., 2009; Cappa and Rutqvist, 2011; Orlic and Wassing, 2012; Noda and 
Lapusta, 2013; Rutqvist et al., 2016; Buijze et al., 2017, 2019; Zbinden et al., 2017), or 2-
D fault plane rupture codes (Ampuero et al., 2002; Lapusta and Rice, 2003b; Ampuero 
and Rubin, 2008), that address rupture at the scale of faults in nature. By scaling up to at 
least the mesh scale, such numerical codes can incorporate the geometric and (mechanical) 
strength heterogeneities in the fault plane that pertain to natural faults, and so simulate 
these scale effects directly (e.g. Hillers et al., 2007). 

6.4.2.3 Advances in experimental methodology I: Time-dependent fault failure and creep 
This thesis has focused predominantly on experiments imposing a fixed low shear velocity 
with stepwise changes (Chapters 2 and 3) or a controlled high velocity slip pulse (Chapter 
5). Although such experiments are very useful for investigating properties such as 
frictional sliding strength, the velocity-dependence of friction, dynamic fault strength and 
slip-weakening behaviour, natural fault zone conditions are perhaps better simulated by 
performing constant shear stress and shear stress relaxation experiments. In constant shear 
stress experiments, fault slip evolves according to the intrinsic material (fault gouge) 
properties. Unstable slip can spontaneously nucleate in velocity-weakening materials, or 
due to changes in effective normal stress, due to fluctuations in pore pressure, for example 
(e.g. Scuderi et al., 2017). Such experiments can be especially relevant to address 
(reactivation of) fault slip in a reservoir setting, simulating pore pressure depletion. In 
stress relaxation experiments, the shear stress decays as elastic distortion of the loading 
environment is converted into fault zone slip. Slide-Hold-Slide experiments are an 
example of this (Chapter 4). A future challenge is to design testing methods that allow for 
spontaneous nucleation of unstable seismogenic slip, under in-situ conditions with slow 
stress forcing plus time-dependent creep and failure, relevant to induced and natural 
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seismicity on faults. Some work has been done in this area by Brantut et al. (2013, 2014) 
on intact sandstone plugs, but only at limited (creep) strain rates, and to limited 
displacements upon failure. Performing similar experiments on (healed) fault gouges, 
addressing creep strain rates that are relevant to the production timescales in a reservoir 
setting, will be of key importance to fault reactivation in the Groningen gas field, both 
during production as well as after field closure in 2022. A particularly challenging aspect 
of performing experiments under the above boundary conditions is to capture the 
transition from slow time-dependent creep to co-seismic slip velocities as well as 
displacements in the order of cm’s up to dm’s, relevant for induced fault reactivation. 

6.4.2.4 Advances in experimental methodology II: High velocity experiments 
As indicated already, another challenging issue is the need for better control in high 
velocity testing machines such as employed in Chapter 5. Gouge extrusion in particular 
limits the accuracy of the friction data obtained in current rotary shear experiments at high 
velocities. Furthermore, pure slip-dependent effects as opposed to velocity-dependent 
effects are intertwined in current solid-cylindrical setups, and to a certain extent, also in 
annular ring shear setups, and cannot yet be evaluated independently. These issues should 
be tackled in future studies. One approach could be to perform rotary shear, slip-pulse 
experiments using a series of ring shear setups with different ring diameters, allowing 
quantification of the velocity-dependent effects at various total displacements (ring 
diameters) separately. Another approach is the development of a direct-shear testing 
machine that can impose a high velocity slip pulse, allowing for dm displacements, where 
the geometrical effects (slip- and velocity gradients) that affect traditional rotary shear 
experiments, are eliminated. Saber et al. (2016) developed such a machine, allowing for 
displacements up to 4 cm. In addition, finding a way to probe temperature and pore fluid 
pressure locally within the actively slipping zone would significantly improve our 
capability of constraining the mechanisms responsible for dynamic weakening at (sub) 
seismic slip velocities, which is necessary in order to accurately incorporate these effects 
in numerical modelling of fault reactivation and any dynamically generated seismic wave 
field. 

A further topic to consider in future experimental studies addressing the evolution of 
dynamic friction is the shape of the velocity profile imposed (i.e. a symmetrical slip pulse 
versus abrupt acceleration followed by moderate deceleration, cf. Liao et al., 2014) as well 
as the rate of initial acceleration. These aspects of dynamic frictional behaviour may play 
a crucial role in rupture propagation and arrest in relation to natural and induced fault 
reactivation. Furthermore, future experiments simulating seismic slip should ideally be 
performed at elevated background temperatures and using elevated (initial) pore fluid 
pressure and higher normal stresses, to further approximate true in-situ conditions. 

The above suggestions require ongoing developments particularly in the field of high 
velocity friction and in linking low- and high velocity behaviour, through development of 
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appropriate machines and experimental methods. The technical challenges to achieve this 
are formidable, yet exciting.
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VERTALING VAN DE 
ACHTERFLAPTEKST 
 

In Europa’s grootste gasveld, het Groningen veld, treden sinds de jaren ’90 aardbevingen 
op, met tot op heden een maximum magnitude van 3,6. Deze seismiciteit is het gevolg van 
gaswinning uit de op 3 km diepte gelegen Slochteren zandsteen. Het verlagen van de 
gasdruk leidt tot inklinking van de poreuze zandsteen en tot verhoging van de spanningen 
op oude breuken die de gesteentelagen doorsnijden. Hierdoor kan langs de breuken 
langzaam of juist plotseling verschuiving plaatsvinden, wat kan leiden tot aardbevingen. 
Om te bepalen bij welke spanningen, en in welke gesteentelagen aardbevingen kunnen 
ontstaan, is het noodzakelijk om de sterkte en schuifeigenschappen van de breuken te 
onderzoeken. Dit proefschrift beschrijft experimenten waarin bewegingen langs breuken 
in de Groningse ondergrond worden nagebootst. De experimenten zijn uitgevoerd op 
verpulverd gesteentemateriaal, afkomstig van de verschillende aardlagen uit het gasveld. 
Zowel langzame als plotselinge verplaatsingen, waarmee aardbevingen van magnitude 3 
tot 4 zijn nagebootst, zijn onderzocht. Een van de belangrijkste bevindingen is dat de 
breukeigenschappen aanzienlijk variëren tussen de verschillende aardlagen. Breuken met 
materiaal uit het kalkhoudende afdekgesteente boven het reservoir kunnen tijdens 
verschuiving ernstig verzwakken. Deze zijn daardoor het meest aardbevingsgevoelig. In 
iets mindere mate geldt dit ook voor breuken door de Slochteren zandsteen. De kleirijke 
gesteentelagen direct boven en onder de zandsteen zijn minder aardbevingsgevoelig. Dit 
onderzoek heeft nieuwe gegevens opgeleverd over de (variatie van) breuksterkte en 
breukstabiliteit binnen het Groningen gasveld. Het is cruciaal om deze kennis te gebruiken 
in analyses van de bevingsrisico’s gedurende de laatste jaren van gasproductie en daarna. 
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