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1 Abstract

Time-dependent compaction creep processes play an important role in compaction behaviour of clastic sediments
in subsiding basin settings. We performed dissolution experiments on quartz grains in contact with either
quartz (similar surface contact) or in contact with mica (dissimilar surface contact) under different amounts of
applied normal stress over the grain contacts, to investigate the effect a dissimilar surface has on the dissolution
velocity under in-situ stresses. We qualitatively compared dissolution under different stresses and with varying
concentrations of dissolved Calcium (Ca?" cations). The surfaces of these grains were imaged using an atomic
force microscope (AFM) to visualize the dissolution features (e.g. etch pits) and measure the depth of these
features to approximate dissolution rates. The experiments were inconclusive in showing quantitative results for
the dissolution rates, but showed qualitative results on the grain contacts in the form of dissolution features after
the month long duration of the experiment that were not present on the grain contacts before the experiments
started. The theoretical model contains both the effects from grain contact stress and the effect of dissimilar
mineral surfaces on dissolution velocities. The dissolution velocity increases both with the difference in surface
potential between the surfaces and an increased stress across the grain boundary. The lower the effective surface
potential of the dissimilar surface in contact with the quartz grain is, the higher the dissolution velocity will be.
Resulting in a factor = 2 increase in dissolution velocity for a quartz-mica contact compared to a quartz-quartz
contact.

2 Introduction

Time-dependent compaction creep processes play an important role in controlling the porosity and permeability
evolution of clastic sediments deposited in subsiding basin settings. In addition to brittle creep processes such
as microcracking, stress-enhanced dissolution (i.e. pressure solution) at wetted grain contacts may also play a
role. Pressure solution is a three step serial process consisting of dissolution of material at the grain contact,
diffusion through the grain boundary fluid and precipitation on pore walls. The overall rate of pressure solution
is controlled by the slowest of these processes, which for many solids are the interface kinetics. There is a
negative correlation between porosity in clastic sediments and the clay content of those rocks, due to increased
cementation of the rock as a result of pressure solution (Heald |1956) (Tada and Siever||1989). This relation
can be seen in figure [Il This is evidence for an increase in pressure solution processes due to mica presence in
nature. According to Heald (1956) clay promotes pressure solution in some rocks but is not required for the
process.

Microstructural observations of sandstones have shown that certain minerals (micas, zircon, ilmenite) in con-
tact with quartz grains are able to enhance pressure solution in the latter (Kristiansen et al.|2011) (Israelachvili
et al[2013)) (Greene et al. 2009). Figures and , show two examples of enhanced pressured solution in
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PRESSURE SOLUTION DURING DIAGENESIS
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Tuscarora and 13 other quartz arenites (Sibley & Blatt, 1976)
St. Peter sandstone (Heald, 1956)

Simpson Group sandstones (Heald, 1956)
Green Pond conglomerate (Thompson, 1959)
Rose Run sandstone (Heald and Baker, 1977)
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Figure 1: |Tada and Siever| (1989) Variations of minus cement porosity with clay content in various rock sam-
ples from different authors. |Sibley and Blatt (1976) | Thomson, (1959) |Heald and Baker| (1977) Heald

natural samples of sandstones with micas present, while shows almost no evidence of pressure solution in
a pure quartz sandstone that is found 2 inches above the sample shown in [2B. Previous studies, performed
at atmospheric conditions and very low applied load, have observed that this is due to enhancement of the
quartz dissolution rate, related to the overlapping of the electric double-layers when two dissimilar surfaces are
in sufficiently close proximity and the surface potential of the two surfaces change (Kristiansen et al.2011)
(Israelachvili et al.|2013) (Greene et al.|2009).

In the case of a mica-quartz interface, the quartz surface potential will become more negative when brought in
contact with mica. This results in the attraction of more cations from the solution (e.g. Mg?*, Ca?* or Na't)
to the quartz surface. According to Dove and Nix]| (1997) increases in cation concentration near quartz surfaces
increases the dissolution rate of the quartz, cations that increase the dissolution rates are in order of increasing
effectiveness: Mg?T < Ca?t ~ Lit ~ Na* ~ KT < Ba?>*. However another cation (AI*") can decrease the
dissolution rate of quartz. Pressure solution in quartz aggregates is dissolution controlled for porosities down to
15% (Niemeijer and Spiers|2002), this means an increase in dissolution rate due to the presence of mica or clays
at the quartz contacts in combination with the presence of certain cations in the interstitial water can enhance
the pressure solution process in a naturally occurring sandstone.

The main problem with research by |Kristiansen et al.| (2011)), Israelachvili et al. (2013) and
(2009) is that it is done at low pressures of 3-5 atmosphere (0.3-0.5 MPa), while under in-situ reservoir conditions
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Figure 2: Three different photomicrographs taken with crossed nicols polarizers microscopes of natural examples
of pressure solution enhanced by the presence of mica and clays. A) 0.5 mm long soft mica flakes
penetrating into hard quartz. (sample from Appalachian mountain area) |Israelachvili et al| (20153)
photomicrograph by J. R. Boles, UCSB FEarth sciences collection.) B) Highly dissolved clay-rich
sandstone with sutured contacts and low porosity in addition to elongation of the grains parallel to

the (horizontal) bedding. (Sample from St. Charles County, Missouri) C) Clay-free

sandstone collected 2 inches above sample shown in B showing almost no pore space reduction.

contact stresses can be three orders of magnitude higher. The goal of this research is to develop a model that
incorporates the findings of previously mentioned researchers with more conventional pressure solution theories
based on potential differences due to grain contact stresses. And if the surface potential effects resulting
from mica-quartz contacts are still present when a high contact stress is applied, simulating in-situ reservoir
conditions. The results can form a basis to understand why and how clay particles at grain contacts in sandstones
enhance the rate of pressure solution in siliclastic rocks.

3 Methods

To investigate the effect of a quartz-mica boundary on the dissolution of the quartz grain, both a model for
the kinetics will be developed and experiments will be conducted on quartz-mica interfaces and quartz-quartz
interfaces.

3.1 Experimental setup

The main setup consists of three quartz grains that are glued to a glass plate in a triangular shape. On top
of this triangle a circular slice of either mica or the 1010-surface of quartz is placed on top of which additional
weight can be placed. This setup is then placed in a solution with a pH of 9, varying weights placed on top
of the triangle to simulate normal stress across the grain contact and varying Ca?T concentrations for a month
due to low dissolution rates at room temperature, the calcium concentration for the various experiments can be
seen in table[l]in addition to the amount of induced contact stress as a result of the added weights. The weights
were made from steel and wrapped in non-soluble plastics to avoid oxidation of the steel and contamination of
the solution.

To determine the mass of the steel weights we used the next 3 formulas to calculate a (the radius of the
contact circle between two grains) assuming there is an idealized Hertzian contact Brzesowsky et al. (2011])
where substituting formula [2] into [1] gives formula [3]:

5 _3FR _3FR (1—v%)+(1—v§)

" (1]
4F 4 by Es

a
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Where for quartz the Poisson ratio and the Young’s modulus are vy = 0.077 and F; = 95.68GPa respec-
tively and for mica vy = 0.3 and Ey = 6GPa (Simmons and Wang|[1971). This leaves two unknowns in formula
[3], 0 which is the stress at the grain contact and a the contact radius. When the contact stress is set at
0.5 MPa the resulting contact radius is 6.36 - 107°m per quartz grain and for a contact stress of 100 MPa,
a = 6.36-107%m. Then using formula [1] which has two unknowns the applied force (F) and the contact radius
(a). Using the contact radius a, resulting from a contact stress of 100 MPa we get a resultant force required
that is equal to 7.78g divided between three grains. Each weight used in the 100 MPa experiments was 7.8g.
The weight required for the 0.5 MPa experiments was approximated by the weight of the circular slice of either
mica or quartz (< 0.05g) on top of the three grains.

Calcium chloride dihydrate is used to increase the C'a?T molarity of the solutions and sodium hydroxide is
used to increase the pH to 9 using a pH-meter. The amount of sodium added to achieve the required pH is
negligible compared to the calcium and since the effect of sodium and calcium on quartz dissolution is similar
Dove and Nix] (1997)), the effect on dissolution rate from the cations will depend on the calcium concentration.
The quartz grains that are used are selected from sieved batch (300-500 um) of Ottawa quartz sand. These
grains are then photographed from the side at two perpendicular angles, and the radius of curvature is measured
for each of the directions see figure [5l The average radius of curvature per grain can be found in figure [3| the
average radius of curvature for all grains is 289 um. The pH of 9 is chosen due to the effective surface potentials
of both quartz and mica at that pH, in figure [4] the effective surface potentials of mica and quartz are plotted
as a function of the pH. The figure shows that mica has a lower surface potential than quartz for a pH > 5, we
have chosen for a pH of 9 due to relative stability of difference in effective surface potential in that pH range
KKristiansen et al.| (2011]).
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Figure 3: Measured average radius of curvature in micrometers from two perpendicular angles. Fach bar
represents one of in total 30 grains.

The 10 experimental setups seen in table [I] can be divided into four main groups, quartz-quartz grain con-
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Figure 4: Surface potential relations of common minerals as a function of pH measured with AFM, Kristiansen
et al| (2011).

Contact: Mica-Quartz Quartz-Quartz

Experiment no. Ca*" (mM) Stress (MPa) | Experiment no. Ca?* (mM) Stress (MPa)
1 0 0.5 6 0 0.5

2 5 0.5 7 o 0.5

3 30 0.5 8 30 0.5

4 0 100 9 0 100

5 30 100 10 30 100

Table 1: FEaperimental setup values for all 10 experimental setups.

tacts and quartz-mica contacts both of these groups are tested with and without a stress. Within each of these
groups the cation concentration is varied from 0-30 mM. 50 mM Ca?* concentration leads to saturation of the
quartz surface sites for cations and adding more cations to the solution will not increase the dissolution rate
further [Dove et al. (2005). At the mica-quartz contacts the quartz grains should attract more Ca?* cations by
a factor of 50 according to Kristiansen et al. (2011]) at a pH of 9, due to the negatively charged mica lowering
the surface potential of the quartz and resulting in increased attraction of cations to the surface. This means
that the effective Ca®t cation concentration at the quartz surface for experiment 2 is 5 - 50 = 250mM and
for experiments 3 and 5 the effective concentration is 30 - 50 = 1500mM. Both these values (250-1500mM) far
exceed the saturation of the quartz surface, which means that if Kristiansen et al.| (2011)) is correct the results
of experiments 2 and 3 should be similar. For experiments 7 and 8 at the quartz-quartz contacts the quartz
surface concentration of Ca?t should not be saturated, since there is no multiplication due to extra attraction.
This means that there should be differences in the amount of dissolution between experiments 7 and 8. Ex-
periments 4,59 and 10 have a normal stress of 100 MPa at the grain contact and should show an increase in
dissolution rate due to gradients in the chemical potential between the grain contact and the grain boundary
not in contact. Experiments 1,4,6 and 8 are performed without cations in the solution and thus should have
the slower dissolution rates in addition to not showing a difference between the mica-quartz and quartz-quartz
experiments, since there are no cations that the quartz surface can attract due to the drop in surface potential
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Figure 5: Photograph from the side of a sample, used for calculating the radius of curvature.

of the quartz grain caused by contact with mica.

Previous to these 10 experimental setups another 10 similar experiments where run. The data from these
experiments where a stress of 100 MPa was applied are unusable due to oxidation of the steel weights during
the month-long duration of the experiments. This oxidation turned the colour of the bulk liquid orange and
prompted the use of clear plastic coating on the weights in further experiments. In addition to the oxidation
there were problems with the epoxy resin not holding some of the grains to the glass plate, leading to a loss of
6 of the remaining 18 grains not lost to oxidation. We decided to repeat all the experiments with plastic coated
weights and cyanoacrylate adhesive in addition to changing the pH of the solution to 9 instead of the originally
used 3. This change in pH allowed for a more stable experiment where small pH changes over the course of the
experiments did not change the relative effective surface potential of the mica and quartz, see figure

3.2 Height Measurements

The atomic force microscope (AFM) Binnig et al.| (1986) is used to inspect the surface of the quartz grains before
and after the experiments. The AFM was used in contact mode with a tip velocity of 14.8 um/s at 384 samples
per line, 384 lines and a scan rate of 2.47 Hz. The need to be able to look at the samples before and after the
dissolution made it impossible to use a scanning electron microscope (SEM), since that would require coating
the grains with a conductive material prior to the dissolution which might influence the experiments. A height
scale for the measurements is chosen after the measurement is done due to major difference in scale between the
sample surfaces, a single constant scale would hide a lot of information due to it not fitting the scale of the actual
measurement. The top point of each grain is found using an optical microscope and then further investigated
with the AFM, since that is the part of the grain in contact with the mica surface in addition to being the point
that experiences stress, therefore dissolution should be at a maximum at this point. Each of the measurements
done with the AFM have a surface of 3 by 3 um and 10 measurements are done for each grain top (30 for
each experimental setup), both before and after the experiments. Dove et al.| (2005) Shows examples of etch
pits found at these scales on dissolved quartz surfaces. The top point of the grain is where dissolution features
such as etch- or dissolution-pits are expected when the experiments are completed. The depth of these pits and
overall rounding or smoothing of the grain was used to determine the amount of dissolution qualitatively and
gives an ability to compare the dissolution rates of the different experimental setups seen in table(l] In addition

to the qualitative analysis a roughness analyses is also done R, = \/%Z?:l yf (root mean square roughness)

and R, = %Z?:l | y; | the arithmetic average of absolute values are determined for each AFM image. The five
criteria that are measured for each image are: depth of larger etch pits, quantity of etch pits, overall roughness
(R, and R,) and the roughness on larger asperities on the surface.
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4 Hypotheses

This section will contain hypotheses for relative dissolution velocities of the 10 experiments mentioned in table
and explanation on why exactly these experimental setups were chosen. Comparing experiments 3 and 8 could
show the effect of the decreased surface potential of quartz due to contact with mica in experiment 3. If it is
correct that due to the lower quartz surface potential in experiment 3 additional cations are attracted to the
quartz surface it should result in a higher dissolution velocity of the quartz grain in experiment 3 compared
to experiment 8. There should be no differences in dissolution velocity between experiment 1 and 6, since the
mechanism by which the mica-quartz surface would increase dissolution velocity requires there to be cations in
the bulk solution. To investigate the effect of the cation saturation of the quartz surface we look at experiment
2 and 3. In these experiments there should be a up to a factor 50 higher concentration of cations near the
quartz surface than in the bulk fluid due to the influence of the lower surface potential of the mica. Meaning
both of these experiments easily reach the quartz surface saturation of cations of 50 mM and there should
be no difference in dissolution velocities between the experiments due to this saturation. This is different for
experiment 7 and 8, where the cation concentration in the bulk fluid should be equal to the quartz concentration
at the quartz surface. Thus the dissolution velocity should be higher in experiment 8 compared to experiment
7 due to a higher concentration of cations in the bulk fluid and both having a undersaturated quartz surface.
Comparing experiment 1 and 4 and 6 and 9 respectively would show the effect of increased quartz dissolution
in the grain contact driven by grain contact stress in both quartz-quartz and quartz-mica contacts. Due to the
absence of cations in the solution the presence of mica should have no effect on the dissolution velocity of quartz
so the velocity of the dissolving grain contact in experiments 4 and 9 should be similar, just like experiment 1
and 6 should show similar dissolution rates although both 4 and 9 should show higher dissolution rates than
experiments 1 and 6 due to a higher grain contact stress in experiments 4 and 9. Comparing experiment 5 with
10 would give insight into the ability of grain contact stress to (partially) negate the effect of the decreased
surface potential of the quartz surface due to mica presence in experiment 5 has. According to our current
theoretical model the dissolution velocity should increase in experiment 5 compared to 3 and 10, since both the
enhancing effect of mica presence and increased grain contact stress are simultaneously present in experiment

5.

5 Results
5.1 Model

The maximum dissolution velocity of quartz found in |[Kristiansen et al. (2011)) of Ah = 5 A per hour or 1.4-10~13
meters per second, Ah represents the height retreat of a quartz sheet in proximity to a electrode surface with
a negative electrochemical potential. From this height retreat we can determine the area of the grain contact
using the geometry of a spherical cap as seen in figure[6] This maximum dissolution velocity results in a contact
area radius of a = v2rAh — Ah? = 13.4um for a flattened spherical grain after a months time when Ah is
360nm after a month, where r is the original radius of the grain (250 um), for the full development of the area
radius during the whole month see figure [/l The new flattened contact area increases over the duration of the
experiment due to the dissolution of the non-flattened grain. This has two implications if the rate is correct and
can be replicated in experiments. The first implication is that such a significant change in contact area should be
visible with an optical microscope and that the surface topography will be heavily changed due to the dissolution
process and all pre-existing surface features are replaced with new features such as etch-pits. The second impli-
cation is that the contact stress will decrease over the course of the experiment, since the applied force remains
the same while the contact area increases. This effect can be seen in figure [§] where the contact stress under a
load of 2.5g decreases from 1300 MPa to 43 Mpa in a 30 days time for an average contact stress of 103 MPa for
the last 28 days. At the start of the experiment the quartz grain will be more spherical and so it will closely
resemble a Hertzian contact described in equations [1], [2] and [3]. This means the normal stress at the start will
be 100 MPa due to the 7.8g weights and the Hertzian contact, while slowly becoming more like a spherical cap
instead of a spherical grain, which means that the effect seen in figure [8| takes over. This model would prevent
stresses higher than 100 MPa at the start of the experiment. The presence of smaller asperities on the surface

7
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of the grains can increase the contact stress at the start of the experiment due to the contact radius decreas-
ing for the Hertzian contact, although measurements seen in[5]show no major outliers in terms of contact radius.

Figure 6: Schematic representation of a spherical cap
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Area radius as function height retreat
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Figure 7: The increase in area radius in pm of the spherical grain cap during a height retreat of 360 nm.
Where the radius of the sphere is 250 uym
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Figure 8: Development of the normal stress on the grain contact over the course of the month-long experiments.
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To arrive at a model for compaction creep enhanced by the effect of surface potential, we first need a model
for regular compaction creep. Compaction creep is driven by dissolution for porosities down to 15% for pure
quartz Niemeijer et al.| (2002). In the rest of this model we will assume that the processes involved are disso-
lution controlled and that both diffusion and precipitation are not limiting. The model from [Pluymakers and
Spiers| (2015) is used, they derived a model for dissolution-controlled compaction creep.

B o0 Z g
ve= S[Gx”(RTFq—qu) _1} 4

Where V, is the uniform velocity of a dissolving grain contact surfaces in meters per second, assuming that
the two dissolving grain contacts remain flat. This velocity depends on the o, (average normal stress across
grain boundary in Pa), Q (molar volume of the solid phase, 2.269 m3mol~! for quartz), T (absolute tempera-
ture, 293.2 K for room temperature), Z (grain coordination number, 6 for simple cubic pack of grains), F (grain
shape factor, 7 for spherical grains), q (twice maximum porosity of spherical grain aggregate with grains that
are just touching), ¢ (porosity of grain aggregate) for quartz at 100MPa ¢=0.2 and ¢ = 2¢9 = 2- 0.5 = 1 for
the maximum porosity Robinson and Gluyas| (1992). The three most important terms are the pre-factor I
which is the dissolution rate constant in ms', the temperature and the average normal stress. This shows that
the model is both temperature and stress dependent. To add the effect of surface potential influence from the
nearby mica grain we are going to change the I, pre-factor.

IS = Oék‘_|_Q [5]

Where « is a factor allowing for the grain boundary structure on grain boundary dissolution rate (a = 0.9
van Noort and Spiers| (2009), which we assume remain unchanged. k4 Is the geochemical dissolution constant
for an unstressed solid in molm™2s~! at a reference pressure P;. This is where we assume the mica presence
comes into effect on the model. The next equation [6] is from Rimstidt| (2015) and shows a k4 value for sodium
catalyzed quartz dissolution. Where m,,,+ is the sodium concentration and ay+ is the hydrogen ion activity.
In our experiments we use Ca®t instead of Na™, which are both salts that increase quartz dissolution rates at
a similar quantities (|[Dove and Nix (1997). We used ap+ is 1-107? which equals a pH of 9, a temperature of
293.2 K to represent room temperature and R is the gas constant.

74800 1 0= fms
ki, =0.646 | 102.303R T | 4+6.64 | 102.303RT <m(ﬁ'ﬂ ) [6]
Ay

The link to the mica presence comes from the decrease in surface potential of the quartz which will increase
the cation concentration near the quartz surface |Greene et al. (2009). The next equation [7] shows the m,,,+
(concentration of the cation near the quartz surface) and m:ﬁ the cation concentration in the bulk solution
and an exponential factor that contains the change in surface potential Avyyg of the quartz contact. A decrease
of 50 mV of the surface potential will increase the cation concentration by a factor 52 for calcium with a z-value
of 2, figure [9] shows the relation between this factor and the decrease in surface potential. Which will in turn
increase the k* value, which positively affects the V,, from the original model, figure [10|shows the relation of kT
and Atg. So a decrease in surface potential due to the contact with a mica grain will increase the dissolution
velocity of quartz. There is a maximum m,,+ of 50mM included to represent the saturation of the quartz
surface according to |Dove et al. (2005)) after which additional cations added to the bulk solution will not affect
the cation concentration at the quartz surface. kj is the Boltzmann constant (1.38064852-10723JK ! ) and e
is the elementary charge (1.602176634 - 10712 C)

10
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. —zeA
Mgt = m::;]; -exp <ZI:T¢O> with m,.+ < 50mM][7]
b

Combined these formulas give an equation that depends on both stress and geochemical potential changes.
Where an increase in stress increases the dissolution velocity and a decrease in the surface potential of the quartz
grain will increase the dissolution velocity. Figures and show velocities of dissolving grain contact
surfaces, with V_ on a logarithmic scale. In figure |11] the line of 30 mM at 0mV has 6% lower values of V. than
the line of 5mM and 30mM at -25mV although they appear to be at similar values in the graph. In figure
the value of k4 is constant for m::;{r = 0 and show an exponential dependence on Ay until Ayy = —29mV

and Ayg = —TmV for m™ = 5mM and m™. = 30mM respectively, after which m,,+ > 50mM and as a
nat nat
result k£, becomes a constant due to cation saturation of the quartz surface.

Exponential factor
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Figure 9: Results from the model in equation [7], showing the exponential factor changing with the difference
in surface potential between the two grain surfaces. The exponential factor is the relative increase in

Mna+

minf

nat

cation concentration near the grain surface compared to the bulk fluid, equal to the ratio of
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k+ as function of AW
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Figure 10: Results from the model in equation [6], showing the dissolution fluz for a changing difference in

surface potential between the two grain surfaces at different Ca®* (0, 5, 30)mM concentrations in
the bulk liquid.

Variable bulk [Ca2+] and AW
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Figure 11: Results from the model in equation [4], showing the velocity of a dissolving grain contact surface
for a changing grain contact normal stress at different Ca®* (0, 5, 30)mM concentrations in the
bulk liguid. Where Ay = —25mV or 0 mV for each of the concentrations which is analogue to a
dissimilar surface contact between quartz and mica or a similar surface contact between quartz and
quartz respectively.
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Variable bulk [Ca2+]
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Figure 12: Results from the model in equation [4], showing the velocity of a dissolving grain contact surface
for a changing difference in surface potential between the two grain surfaces at different Ca** (0,
5, 30)mM concentrations in the bulk liquid. For a constant normal stress across the grain contact

of 0.5 MPa.
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Figure 13: Results from the model in equation [4], showing the velocity of a dissolving grain contact surface
for a changing difference in surface potential between the two grain surfaces at different normal
stresses across the grain contact 0.5 and 100 MPa. For a constant Ca®T concentration of 5 mM.
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5.2 Experiments

The AFM images from before and after the experiments are all contained in the appendices A and B respec-
tively, figure [14] shows two example images from experiment 8 (quartz-quartz, 30 mM Ca?*t, 0.5 MPa) after the
experiment concluded and figure [17] shows two cross-sections through this sample. The two examples in figure
show the two main types of image collected with the AFM after the experiments, where A represents the
small scale (< 50nm) and B represents the bigger scale (> 100nm). Similar results can be shown for experiment
3, seen in figure [15] this setup is very similar to experiment 8 seen in figure [L14] with the difference being that the
grain contact is dissimilar (mica-quartz). Figure |[15] also shows these same main types of scales as well as the
presence of etch pits in the < 50nm scale in figure [I5]A. This means that dissolution of the sample has occurred,
this can be seen in both figurdI4A and figurdI5A, but not on the bigger scale seen in figure or the optical
scale of figure [I6] The five criteria that are measured for each image are: depth of etch pits, quantity of etch
pits, overall roughness of the total AFM-image and the roughness on larger asperities.

183.9 nm
=

-234.0 nm

Height 600.0 nm Height 600.0 nm

Figure 14: AFM measurements of experiment 8 (quartz-quartz, 30 mM Ca**, 0.5 MPa) after the experiment
concluded. A) Small height differences with etch pits visible B) Large height differences without
visible dissolution features.

First we look at the etch pits, which can be found in the small scale images, < 50nm scale images are only
present after the experiments are concluded, none of the AFM-images before the experiments show topography
with scales below 250nm. This means that etch pits are only found after the experiments are concluded and
no observations of etch pits are made prior to the experiments. On the small scale images the etch pits can be
identified on the AFM-images of experiments 1,2,3,4,5,8,9 and 10 thus missing evidence of etch pits in experi-
ment 6 and 7. The depth and size of the etch pits is measured as is shown in figure [17] using a profile through
the etch pit. The etch pits in all experiments seem to have a maximum depth of 8nm and can be detected
when they are deeper than 4nm. Most etch pits are 200nm in length and 100 nm in width. Figure [18| shows
5 additional etch pits in a single image of experiment 3. The steepness of the walls of the etch pits seem to
mainly depend on the depth of the pit, with deeper pits having steeper edges. The typical angle for the etch
pit walls is 8 degrees, which is seen in 4 of the 5 etch pits in figure The etch pits are aligned similarly to
protruding asperities in the same AFM-image and show a preferred orientation as can be seen in figure [18 with
a long axis from the top left to the bottom right in this example. This can be explained by the small scale of
the AFM-images that even though we are looking at quartz grain at this scale there is only one quartz crystal
surface present in the image.

The overall roughness of each sample is mostly determined by the presence of larger scale features and the
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250.9 nm

Height 600.0 nm Height 600.0 nm

Figure 15: AFM measurements of experiment 3 (mica-quartz, 30 mM Ca?T, 0.5 MPa) after the experiment
concluded. A) Small height differences with etch pits visible B) Large height differences without
visible dissolution features.

Figure 16: Optical image of the top of the grain from experiment 5 (quartz-mica, 30 mM Ca®**, 100 MPa,).
A) Before dissolution experiment B) After dissolution experiment

overall scale of features of the sample. In figures [19| and [20| the average R, (root mean square roughness) and
R, (the arithmetic average of absolute values of height) are shown for each experiment, both before and after.
The average value is calculated by measuring the roughness for each individual AFM-image and averaging them
per experimental setup. In addition to showing this average the graphs also show the average deviation of the
roughness, which is the average of the absolute deviations for each individual AFM-image from the average
roughness of the experiment (before and after separate) shown in the graph. These average deviations are more
than a third of the average for most samples. The trends between before and after for both R, and R, are
close to identical and show an increase in roughness for experiments 2 and 5, a decrease for experiments 1,8
and 10 and almost no change for experiments 3,4,6,7 and 9. The roughness on top and on the bottom of larger
asperities such as the protruding asperities in figures and are very low with R, and R, values lower
than 1nm, both before and after the experiments. Meaning these larger asperities are smooth, but the height
differences between the tops, slopes and valleys result in overall roughness seen in figures [19| and
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nm 100 200 300 400 00 nm

Figure 17: AFM measurement of experiment 8 (quartz-quartz, 30 mM Ca®*t, 0.5 MPa). Corresponds to the
same image as figure and shows two different profiles through the topography, one through an
etch pit (blue and on the left) and one through a lump (red and on the right)

20.4 nm

nm

Height 600.0 nm

-12.6 nm

Figure 18: AFM measurement of experiment 3 (quartz-mica, 30 mM Ca**, 0.5 MPa). It shows 5 different
profiles through etch pits.
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measurements for all experiments, before (b) and after (a). Number of experiments correspond to
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Figure 20: Average R, (root mean square roughness) and the average deviation of R, measurements for all
experiments, before (b) and after (a). Number of experiments correspond to table .
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6 Discussion

Our theoretical model shows both an influence of a contact between dissimilar surfaces and a contact stress can
lead to an increase in velocity of the dissolving grain contact surface at the same time. In the current model
the two different driving forces for dissolution (decreased surface potential of the quartz grain due to the mica
contact and increased surface potential of the quartz grain contact due to an applied normal stress) seem to
conflict with each other. These two driving forces do not necessarily have to conflict with each other if the
increased surface potential due to applied normal stress across the grain contact is more local than the presence
of mica. So that dissolution still occurs at points of high normal stress while precipitation occurs at points
with low normal stress if both the point of high normal stress and the lower stressed grain boundary are in
contact with the mica and have their surface potentials lowered accordingly. If only the grain boundary surface
experiencing the high normal stress is in contact with the mica the two effects would (partially) negate each
other. If only the grain boundary that is not experiencing the normal stress is in contact with the mica, it would
result still result in a overall contribution to the driving force due to relatively lowering the surface potential of
the non-stressed boundary compared to the stressed boundary. Although in this last case the additional effect
on dissolution velocity due to the attraction of extra cations to the dissolving stressed grain boundary would
not occur. Natural observations seem to contradict the negation of the effect of mica presence on dissolution
velocity at the scale of a sandstone containing mica, since observations show a positive relation between mica
presence and compaction rate of rocks Heald| (1956).

The theoretical model shows a factor ~ 1200 increase in velocity of the dissolving grain contact when in-
creasing the normal stress across the grain contact from 0.5 MPa to 100 MPa. While decreasing the surface

potential due to dissimilar mineral contact from OmV to -50mV only increases the velocity of the dissolving
0.331
Nat

grain contact by a factor ~ 2. This is due to the last term in equation [6] —5747- This term reduces the effect
ay:y

of the factor 50 increase in cation concentration near the grain contact due to a decrease in surface potential of
-50mV seen in figure @] to 509331 = 3.65. An additional effect of this term is the much larger difference between
0 and 5 mMol cation concentrations and 5 and 30 mMol cation concentration although the absolute difference
in concentration is smaller. This can be explained by the a%‘fﬁﬂ in the term where ag+ = 1-107?, the effect of

a pH of 9 is an increase in the k™ value since there is a division by a number < 1. When my,+ = 0 the pH

or ag+ no longer has an effect on kT since = 0. Saturation of the cation sites near the quartz surface at

A+
Mg+ = H0mMol Dove et al.| (2005) also dampens the effect of lowering the surface potential of the quartz grain
contact. To gain full effect of the factor 50 increase in cations due to mica presence, the bulk concentration of
cations has to be < 1mMol.

The optical observations of the grains showed no difference before and after the experiments as can be seen
in figure This means the maximum dissolution velocity found in [Kristiansen et al| (2011) of 1.4 - 10713
meters per second is not representative for the experiments conducted. Since increase in area of the top of the
grain if these velocities were true (figure [7) would be visible with an optical microscope. The velocities from
the theoretical model are between ~ 2 -1071°m/s and ~ 2 - 1072m/s. Where in the case of ~ 2-1071%m/s
the area radius would increase to 2um instead of the 14um after a month for the velocity of Kristiansen et al.
(2011). Free dissolution in water at 25 © C results in a Ah of 0.0137 A per month Tester et al.| (1994) which is
equal to a velocity of 5.2-10719m/s and 25 faster than the dissolution velocity our model finds for the slowest
dissolution at room temperature and no additional driving forces. At these extremely slow dissolution veloci-
ties, no dissolution features are expected to be found. We did however find dissolution features in experiment 1
and 2, which contradicts our theoretical model and observations from Tester et al.| (1994]) unless an additional
driving force is added for quartz dissolution at a mica-quartz interface.
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Our experiments show evidence for quartz dissolution in 8 out of 10 experimental setups in the form of the
presence of etch pits that are visible on the AFM-images after the experiments concluded. No AFM-images
before the experiments started showed any evidence of etch pits. After the experiments concluded only experi-
ments 6 and 7 did not show any etch pits, these are two of the three experimental setups with a quartz-quartz
contact at low normal grain contact stresses of 0.5 MPa. The other experiment with similar conditions is ex-
periment 8 which has a higher cation concentration (30 mM Ca?") compared to experiment 6 (0 mM Ca?")
and 7 (5 mM Ca*"). Experiment 6 is the experiment where the lowest dissolving grain contact velocities (V)
are to be expected, corresponding to the intersection of ¢, = 0.5M Pa with the dark blue line in figure
Another experiment tied for the lowest V. with experiment 6 is experiment 1 according to the theoretical model,
where the only change is a dissimilar contact with mica instead of quartz. So while the same theoretical V is
expected only one of the two experiments show evidence of dissolution. Additionally a V. 75 times higher is
expected in experiment 7 compared to experiment 1, where experiment 7 did not show evidence of dissolution
and experiment 1 did. There are two main ways to explain the difference in results from the theoretical model
to the experimental data. The first way is that the effect of a dissimilar interface is much higher in reality than
it is in the theoretical model, resulting in dissolution only occurring at quartz-quartz interfaces when either the
normal stress is high (100 MPa) or the cation concentration is high (30 mMol Ca?t). While neither of those
factors are necessary for dissolution in the experimental setup to occur on a dissimilar mica-quartz interface.
The second explanation is that due to the relative rarity of being able to see etch pits on the AFM-images after
the experiments that etch pits did develop on the samples from experiment 6 and 7, but the problem with those
etch pits are that they are not measured with the AFM afterwards. The AFM-images of experiments where
etch pits are found did not show evidence of etch pits on the majority of AFM-images of the experiment, but
only on a select few. On the majority of AFM-images after the experiments concluded the etch pits are not
present or obstructed by larger scale asperities (> 100nm) that are present before the experiments as well. This
could be the case for all AFM-images in experiments 6 and 7 after the experiment.

The results of the roughness analysis of the AFM-images are shown in figures [20] and The figures show
large average deviations, the two experimental setups with the smallest average deviations compared to the
average are experiment 6 and 7. For both these experiments it can be seen that the average roughness shows
very little change between before and after the experiment, < 1% and 7% for experiments 6 and 7 respectively.
Where some experiments with relatively large average deviations such as 1 and 8 show relatively large changes
of 55% and 36% in average roughness, between before and after. Both experiments with relatively low average
deviations (6 and 7) are the experiments where after the experiments there was no evidence of dissolution.
There could be two reasons for this, firstly it could show that when there is no dissolution the roughness of
the samples remain relatively unchanged. The second reason is that in addition to the absence of images with
evidence of dissolution in experiments 6 and 7, there is also an absence of images on the scale that are capable
of showing etch pits. This means that the images from after experiment 6 and 7 are all on a more similar
scale resulting in a lower average deviation. Overall we think the roughness results are mostly a result of initial
geometry present on the grains and the flaws of the AFM on relatively rough and sloped samples, so that makes
the second reason for the low average deviation in experiments 6 and 7 more likely than the first.

The hypotheses that are proposed in an earlier section require more experimental evidence to truly confirm
the validity of the theoretical model. The main part we can take from the results is that if no dissolution oc-
curred in experiments 6 and 7 and there was dissolution in the other experiments. It could require an additional
dependence of the velocity of the dissolving quartz grain contact in the theoretical model on the presence of
mica that does not depend on the effect it has on the attraction of additional cations to the quartz contact.
This additional effect could be the lowering of the surface potential due to mica proximity of the quartz grain on
a boundary that is not experiencing normal stress. This will create an additional potential difference between
the stressed boundary and the unstressed boundary leading to a bigger total potential difference and increasing
the dissolution rate of the quartz at the stressed boundary resulting in a higher dissolution velocity.
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A problem with our theoretical model is that it only looks at the velocity at which the dissolving quartz
contact retreats, this velocity is linked to the total compaction of the sandstone. But to look at the total
compaction of a sandstone with mica presence, more investigation should be done regarding the dissolution and
compaction of the mica grains themselves. This is especially important when the mica make up a significant
amount of the total volume of the sandstone.

The main problem with the experimental setup is that the surfaces of grains are highly irregular and that
difference in scales at which the features are represented can not be accurately measured on a curved surface
using an AFM. The curved surface limits the scan size to a maximum of 9 um?, since any larger surfaces will
curve down and away from the AFM tip if you start at the top of the sample. An additional problem is that the
only clear reference point is the top of the sample found using the optical microscope. This combined with the
small scan size makes it impossible to directly relate two scan surfaces from before and after the experiments.
This is attempted to be avoided by rigorously scanning the area surrounding the top of the sample. This results
in two sets of data from before and after that are scanned in the same area. The idea was that by qualitatively
looking at the dissolution features the before and after images could still be compared.

To improve the experimental setup we would suggest not using quartz grains with irregular surfaces, but
to instead use flat quartz single crystal surfaces that can be marked with reference points. This will enable
direct comparison of surface areas as well as greater scan sizes, due to the AFM tip not being hindered by the
curvature of the grain surface. An additional benefit is that the surface scans will probably show asperities
on a more similar scale due to the lack of larger asperities on the single crystal quartz compared to quartz
grains before the experiments start, which also makes comparison of dissolution features between the different
experimental setups easier.

7 Conclusion

Our theoretical model shows both an influence from a contact between two dissimilar surfaces and a contact
stress can lead to an increase in dissolution velocity. These effects can be observed simultaneously in natural
samples of sandstones. Where both the presence of a dissimilar mica-quartz grain contact and an increase
in normal stress across the grain contact lead to an increase in the velocity of the dissolving grain boundary.
According to our theoretical model the difference between a quartz-quartz contact and a mica-quartz contact
leads to a factor ~ 2 increase in dissolution velocity of the quartz grain, when 5mM of cations (Na* or Ca?*)are
present in the interstitial water. Increasing the normal stress across the grain contact from 0.5 MPa to 100 MPa
can lead to a factor ~ 1200 increase in dissolution velocity. Dissolution features are found in our experiments on
quartz grain surfaces where low dissolution velocities were predicted by the model, as long as in the experiment a
mica-quartz contact is present or the cation concentration in the bulk fluid was 30 mM. Roughness analysis with
the atomic force microscope (AFM) of the quartz grain surfaces showed no relation to theoretically predicted
dissolution velocities. The roughness analysis showed a relation to the observed dissolution features on the
quartz grain surfaces. This relation might however be caused by inherent flaws of using an AFM on quartz
grain samples with a lot of initial geometry on both the um-scale and nm-scale. Additional research needs to
be done on smoother single crystal quartz surfaces to reach more conclusive experimental results.
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AFM images before experiments
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Burgsteijn (2018) / Appendix B - AFM images after experiments
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