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ABSTRACT

Fractured rock is ubiquitous throughout the Earth’s surface and near-surface environments. Fractures

act as preferential flow pathways through an otherwise relatively impermeable medium, delivering reactive

fluids and transporting solute through the subsurface. The ubiquity of fractures in the natural environment

and the important role they play in rapid delivery of fluid to the subsurface makes flow, transport, and

reaction in fractures an important field of study.

This study uses numerical simulations to better understand how heterogeneity associated with fractures

impacts mineral dissolution rates. In addition, the rate of mineral dissolution impacts the extent of

reaction front propagation, which has important implications for anthropogenic use of fractured rocks as

repositories for geologic storage of CO2 or nuclear waste. In 2 and 3 dimensional models, the rate of

mineral dissolution is impacted more by the fluid flow rate than the structure of the subsurface fracture

pattern, additionally, the reaction over geologic timescales becomes transport-limited. The findings from

the numerical studies are then applied to a field site with unique subsurface structures across a north and

south-facing hillslope in the Gordon Gulch catchment of the Boulder Creek Critical Zone Observatory. The

presence of groundwater wells across the catchment allow us to determine that water draining the fractured

bedrock is saturated with respect to the major minerals and therefore reaction is transport-limited at the

field scale. This study shows that mineral dissolution in heterogeneous domains leads to depletion of

minerals in fast flowpaths over relatively short geologic timescales, but reaction over long geologic

timescales occurs in protected regions, or matrix, that are transport-limited.
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CHAPTER 1

INTRODUCTION

Weathering, or the chemical and physical breakdown of rocks, plays a critical role in shaping Earth's

near-surface environment. Chemical dissolution and physical erosion physically shape the surface, and

create porosity in the subsurface that can hold important water resources. Over geologic timescales, the

dissolution, or weathering of silicate minerals, removesCO2 from the atmosphere and regulates Earth's

temperature. Much work has been done to understand the rates of mineral dissolution in the laboratory

and natural environments, and to understand reaction front propagation.

Mineral dissolution rates play a role in determining the depth to reaction front and how much

weathering occurs in a system. However, when mineral dissolution rates are measured in the laboratory,

they are 2-5 orders of magnitude faster than mineral dissolution rates measured in the �eld. Many studies

have suggested the conditions in the laboratory experiment generate the faster reaction rates; however,

even after these conditions are considered, the full 2-5 order of magnitude di�erence cannot be accounted

for. More recent studies have indicated that heterogeneity may in
uence the di�erence in rates, and

fractured domains have started to be investigated to look at the e�ect of very heterogeneous conditions.

Fractured rocks are ubiquitous in the near surface region of the Earth. Fractures provide preferential


owpaths that rapidly transport 
uid through the subsurface of an otherwise relatively impermeable

region. The rapid transport of dilute, meteoric water has the potential to drive weathering as a result of

chemical disequilibrium. Therefore, it is essential to study weathering in these zones.

Numerical simulations allow us to set up experiments that cannot be carried out in the real world,

either due to spatial or temporal constraints. It is impractical to do long term studies of mineral dissolution

in fractured rocks because of the timescales of reaction and the spatial heterogeneity of the reactions, yet

numerical simulations allow us to simulate these domains and ask questions about how quickly the reaction

occurs and propagates, and what controls the spatial distribution of reaction in a heterogeneous domain.

Here I used numerical simulations of mineral dissolution in fractured domains to test:

1) how fracture topology and connectivity impact mineral dissolution rates through time and space.

2) if the mineral dissolution rate di�erences be explained by heterogeneity.

3) how fracture topology and connectivity impact mineral propagation fronts in 2 and 3 dimensions.

4) if 2-dimensional continuum scale models provide enough resolution to understand the processes

occurring in 3-dimensional fractured rock systems.
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Applying the knowledge gained from numerical simulations, I was able to assess the controls of

weathering in a �eld setting. The Boulder Creek Critical Zone Observatory provides the ideal test site to

determine if subsurface structure or climatic processes have a greater in
uence on mineral dissolution at a

�eld site. Additionally, the Boulder Creek Critical Zone Observatory provides the opportunity to test if

�eld sites with heterogeneous subsurface structures experience transport-limited weathering.
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CHAPTER 2

TEMPORAL AND SPATIAL HETEROGENEITY OF MINERAL DISSOLUTION RATES IN

FRACTURED MEDIA

Modi�ed from a paper published in The Journal of Geochimica et Cosmochimica Acta1.

Elizabeth Andrews2 3;4, Alexis Navarre-Sitchler5

2.1 Abstract

Physical heterogeneity in the subsurface creates preferential 
owpaths that have the potential to impact

mineral dissolution rates. Previous studies using numerical simulations have found that physical

heterogeneity can reduce the mineral dissolution rate by an order of magnitude relative to homogeneous

simulations. These �ndings indicate that the long-studied di�erence between laboratory dissolution rates,

and �eld dissolution rates could be the result of processes caused by heterogeneity in the subsurface,

speci�cally variable 
uid 
ow paths controlling the approach to 
uid saturation. In this study, we

investigate the behavior of mineral dissolution rates in heterogeneous fractured rock domains through time.

Domains containing albite and non-reactive quartz evolve through 1 million years as rainwater percolates

through the system and allows for albite dissolution and secondary mineral precipitation. Fracture density

and orientation vary in the domains to determine the importance of fracture topology on mineral

dissolution rates. In addition, the volumetric 
ow rate through each domain is systematically varied to

determine the impact of changing 
ow conditions relative to reaction rates.

Temporal analysis of the simulation results indicates that domain-averaged dissolution rates decrease

with time, similarly to what has been observed in �eld systems and long-term laboratory experiments.

Spatial analysis of the mineral dissolution rates throughout the simulations, indicates that fractures remain

reaction-limited through most of the simulation, while the matrix is transport limited. Since most of the

domain consists of matrix, the domain is transport limited as a whole. However, speciation of the


ux-weighted 
uid leaving the domain indicates that the 
uid is undersaturated with respect to albite,

potentially leading to an interpretation that dissolution within the domain is not transport limited. The

direct comparison of the spatial distribution of rates and the integrated 
ux signal appears contradictory;

however, this approach reveals that the transport-limited signal that persists through most of the domain

1Reprinted with permission of J. of GCA, 25(1), 41-45.
2Graduate student at the Colorado School of Mines
3Primary researcher and author
4Author for correspondence
5Associate Professor at the Colorado School of Mines
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is diluted by the higher volume of water that leaves the system through fast-
owing fracture pathways

compared to the mass of solutes di�using out of disconnected portions of the domain. This parsing of the

domain into transport-limited regions and kinetic-limited regions, induced by physical heterogeneity, has

the potential to further explain the di�erences between laboratory dissolution rates and �eld dissolution

rates. It is possible that mineral weathering is dominated by transport-limited conditions in many �eld

systems with disconnected 
uid pathways where reaction rates are slow due to a buildup of solutes, despite

integrated signals in streams indicating far-from equilibrium conditions for dissolution reactions of primary

minerals.

2.2 Introduction

Weathering, or the physical and chemical breakdown of rocks and minerals plays a critical role in

shaping Earth's surface and controlling the climate. Dissolution of minerals releases solutes that vegetation

can uptake (Hahm et al., 2014; Moulton et al., 2000; Quirk et al., 2012), or that make their way into

ground and surface water. Additionally, the dissolution of minerals creates porosity that can store

important water resources (Graham et al., 2010; Jones & Graham, 1993; Navarre-Sitchleret al., 2015).

Silicate mineral dissolution is an important component of the global carbon cycle and works to regulate the

climate at geologic time scales (Berner & Berner, 1997; Pogge von Strandmannet al., 2017). It is for these

reasons that there is extensive interest in de�ning and quantifying the mechanisms and rates of weathering

(e.g. Andersonet al., 2002; Maheret al., 2009; Swoboda-Colberg & Drever, 1993; White & Buss, 2014).

However, the long timescales of weathering make it di�cult to study directly. Therefore, laboratory

experiments are often used to constrain rates of mineral dissolution, which are then implemented in

numerical models of natural systems.

Laboratory studies constrain mineral dissolution rates across variable 
uid and mineral compositions

(Gudbrandssonet al., 2014; White & Brantley, 2003). However, when compared to mineral dissolution

rates calculated at the �eld scale, the rates observed in the laboratory are orders of magnitude faster

(Maher, 2010; Maheret al., 2009; White & Brantley, 2003). Part of this di�erence may be a result of the

fundamental di�erences between laboratory and �eld dissolution rate calculations (Ganor et al., 2007), or

the absence of the close coupling between primary mineral dissolution and secondary mineral precipitation

in laboratory settings (Zhu & Lu, 2009; Zhu et al., 2010). In a laboratory experiment, every variable can

be well quanti�ed, including the solute production rate, and the change in surface area through time.

However, in a �eld setting, the solute load in a stream is often measured and then mass balance techniques

are used to determine the mineralogical source of the solute and the volume of reactive mineral that

contributed to the solute load in the stream (e.g. Gaillardet et al., 1999; Millot et al., 2003;
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Navarre-Sitchler & Thyne, 2007; Pa�ces, 1983). A complicating factor in this mass balance approach is that

stream chemistry provides an integrated signal of mineral dissolution across a wide spatial and temporal

scale. Multiple 
owpaths provide the potential for a wide range of 
uid transit times and mineral-
uid

interaction times (Maher, 2010; Velbel, 1993). The integration of these many 
owpaths has the potential to

average out smaller-scale processes that occur as a result of heterogeneity in the subsurface.

Heterogeneity in the subsurface exists as the result of geologic processes and can manifest as

heterogeneity in permeability related to changing depositional environments or chemically, in mineral

distribution patterns. Most laboratory experiments simplify heterogeneity, leaving the role of heterogeneity

in averaging of reaction rates underexplored. Recent laboratory studies have developed rate laws that take

into consideration heterogeneity (Beckinghamet al., 2017; Salehikhoo & Li, 2015) and numerical

simulations have identi�ed both physical and chemical heterogeneity in porous media as contributors to

reductions in mineral dissolution rates averaged over model domains (Atchleyet al., 2014; Beckingham

et al., 2016; Jung & Navarre-Sitchler, 2018a,b; Liet al., 2007; Noiriel & Deng, 2018; Qin & Beckingham,

2021; Wen & Li, 2018). Speci�cally, mineral dissolution simulations have attributed an � 1 order of

magnitude reduction in mineral dissolution rate relative to experimental rates to physical heterogeneity in

the form of heterogeneous permeability in porous media (Jung & Navarre-Sitchler, 2018a; Pandey &

Rajaram, 2016). However, the exploration of heterogeneous domains has been relatively limited to date

and the di�erence between laboratory and �eld rates is between 2 and 5 orders of magnitude, indicating

that the level of heterogeneity tested thus far in porous media does not fully explain the di�erence.

Fractured rock is very heterogeneous as the fractures have 100% porosity compared to the very small

porosity of the matrix ( � 10% for crystalline rocks). Fractures act as fast 
owing conduits while the matrix

blocks are typically di�usion limited and have large zones of non-reactivity (Buss et al., 2008; Jamtveit &

Hammer, 2011; Jamtveit et al., 2011). Recent advances in numerical capabilities have allowed for the

simulation of 
ow and transport in fractured rocks (Deng & Spycher, 2019; Hyman et al., 2015; Lebedeva

& Brantley, 2017; Li et al., 2008; Pandey & Rajaram, 2016; Yektaet al., 2020), and open up possibilities

for quantifying the impact of heterogeneity on mineral dissolution rates in complex fractured domains

across a wide range of orientations, density and hydrologic conditions.

Here we use reactive transport simulations of feldspar dissolution in an upscaled porous medium

equivalent fractured domain to quantify the e�ect of fracture density and orientation on mineral dissolution

rates through heterogeneous 
ow. We �nd that fracture density has a larger impact on mineral dissolution

rates than fracture orientation. In addition, these simulations allow us to do a direct comparison between

local reactions and the mass-balance type calculation that would be completed for 
uid draining the

system, like in a �eld study using stream chemistry. This analysis indicates that most of the domain is
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transport limited; however, the fractures create fast-
owing pathways that bring dilute water through the

system and ultimately dilute the weathering products such that the water leaving the system appears to be

reaction limited.

2.3 Methods

2.3.1 Domain Setup

PFLOTRAN, a multicomponent reactive transport code, was used to investigate weathering of albite in

fractured rock. Various fracture intensities and topologies were de�ned in ten-by-ten meter, 2-dimensional

domains with a discretization of 0.1 m in x and z directions (Figure 2.1). Each domain contained a total of

10,000 cells. Fractures were modeled using a continuum numerical approach that is computationally less

expensive than a discrete fracture network approach that would require 100,000,000 cells per domain for

these simulations. Fractures were modeled as fractures-in-matrix where the e�ective permeability and

porosity of cells containing fractures were calculated using the cubic law following Equation 2.1 and 2.2

(Pandey & Rajaram, 2016):

kf rac =
b3

12� � x
+

� x � b
� x

� kmatrix (2.1)

' f rac = ' matrix �
� x � b

� x
+

b
� x

(2.2)

Here, k is the permeability (m2), ' is the porosity (m3=m3), � x is the grid size (m), and b is the

aperture of the fracture (0.001 m for all fractures). The matrix permeability was 1�10� 16 m2 and the

matrix porosity was 0.1. With a grid cell size of 0.1 m and an aperture of 0.001 m for each fracture, the

permeability of fracture containing cells was 8.33�10� 10 m2 and the porosity was 0.109. Five di�erent

connected fracture patterns (Figure 2.1) were drawn to quantify e�ects of fracture density and orientation

on domain and grid scale mineral dissolution rates over a simulation time of 1 million years (Ma).

2.3.2 Reactive Transport Setup

Reactive transport simulations were set up to contain 80% nonreactive quartz, and 9% albite with trace

amounts of gibbsite and kaolinite as secondary minerals (0.5%). There was 10% porosity in the domain on

average. The reactions in the domain included dissolution of albite and the subsequent precipitation of

kaolinite and gibbsite (equations 2.3 - 2.5).

NaAlSi 3O8 + 4H + ! Na+ + Al 3+ + 3SiO2 + 2H2O (2.3)

2Al 3+ + 2SiO2 + 5H2O ! Al 2Si2O5(OH )4 + 6H + (2.4)

2Al 3+ + 2SiO2 + 5H2O ! Al 2Si2O5(OH )4 + 6H + (2.5)
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Figure 2.1 Domain setup for variable fracture density and fracture orientation. a-c represent variations in
fracture density with density increasing from 1 fracture, to 50 fractures, to 100 fractures respectively. In
�gures d and e, the orientation is varied in a 10-fracture domain such that the dominant fracture pattern is
perpendicular to the surface (d) or parallel to the surface (e)

Precipitation of albite was suppressed by using the a�nity threshold setting in PFLOTRAN to increase

the nucleation energy required for precipitation. The suppression of albite precipitation was necessary

because early in the simulation, secondary mineral formation is not favorable, and albite becomes

saturated. At standard atmospheric temperature and pressure (25� C and 1 atmosphere are the model

conditions), albite should not precipitate; however, there was no mineral taking up the dissolution products

and the small amount of initial secondary mineral dissolved, oversaturating albite so the model tries to

precipitate albite. The rates of mineral precipitation and dissolution in PFLOTRAN were calculated using
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transition state theory (equation 2.6):

R = � Am (
X

i

kml � Pml )j1 � (K eq � Q)
1

� m j � m � sign(1 � K eq � Q) (2.6)

where Am is the speci�c mineral surface area (m2 mineral g � 1 mineral ), kml is the intrinsic rate

constant (mol m � 2 sec� 1), and Pml is the prefactor for the lth parallel reaction. K eq represents the

equilibrium constant, Q is the ion activity product, � m is the a�nity power, and � m is the average

stoichiometric coe�cient of the overall reaction. The porosity and permeability were updated at each

timestep based on the evolving mineral volume fractions.

In previous reactive transport simulations, researchers leveraged the surface area of secondary minerals

to prevent precipitation of unlikely phases (Tutolo et al., 2015). The manipulation of secondary mineral

surface areas has a direct impact on the primary mineral saturation state and therefore dissolution rate

(Maher et al., 2009; Zhu & Lu, 2009; Zhuet al., 2010). This approach was not used because we were

interested in the dissolution rate of the primary mineral and the secondary mineral surface area became

another unconstrained parameter. Instead, we used the BET measured surface area of typical clays from

the literature; literature values of the intrinsic rate constant ( kml ) and the speci�c surface area (Am ) for

each mineral are provided in Table 2.1.

Table 2.1 Kinetic values assigned to mienral dissolution in these simulations. a. average laboratory
dissolution of feldspars compiled by White & Brantley (2003), b. Brantley & Mellott (2000), c.
PFLOTRAN Hanford database, d. Wieland & Stumm (1992), e. Mogollon et al. (1996), f. rate and surface
area assigned arbitrarily to limit dissolution

Mineral Log kml (mol m � 2 sec� 1) BET SSA (Am ) m2 g� 1

Albite � 12a 0:0225b

Kaolinite � 12:4c 13:2d

Gibbsite � 12c 9:9e

Quartz -16 10 m2m� 3

The surface area of each mineral was calculated and updated in the model as a result of dissolution

according to a shrinking sphere model (e.g. Mooreet al., 2012). These calculated surface areas were used

to normalize the dissolution rate calculated in equation 2.6 at each time step. Surface area normalized

rates were calculated for each grid cell by dividing the model calculated rate inmol m � 3 sec� 1 by the

surface area of mineral in each grid cell to obtain a rate inmol m � 2 sec� 1. Domain averaged rates at each

timestep were obtained by averaging the surface area normalized rates from each grid cell. Flux-weighted

rates were calculated at each timestep as the product of the 
ux of 
uid out of the domain and the

concentration of each element in the 
uid leaving the domain. The total mass of each species was summed

and divided by the total volume of water leaving the domain to calculate the average concentration leaving
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the domain. Sodium release rates were used as a proxy for domain averaged albite dissolution as the

stoichiometric coe�cient of Na in albite is 1.

2.3.3 Simulation Setup

A slightly acidic water with general rainwater chemistry was introduced at the top of the domain and


owed through the domain. For simplicity, the domain remained saturated through the whole simulation.

A constant Darcy 
ux was applied to each domain to ensure an equivalent amount of water reacted in each

domain regardless of the domain's fracture pattern. The constant 
ux allowed us to investigate the e�ect of

fracture pattern on the weathering rates. In addition, several Darcy 
uxes were implemented to investigate

the e�ect of the size of the 
uid 
ux on weathering rates. Darcy 
uxes equivalent to an in�ltration rate of

5 cm yr� 1, 50 cm yr� 1, 100 cm yr� 1 and 500 cm yr� 1 were used. The 
ow preferentially traveled through

the fractures; however, there was some transport through the matrix as indicated by tracer concentrations

at early times in the model (Figure 2.2).

Figure 2.2 Tracer concentration at 1 year in the 10 fracture domain with fractures dominantly
perpendicular to the surface. The tracer dominantly 
ows through the fractures, however some matrix
di�usion is observed at the in
ow boundary.
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2.4 Results

2.4.1 Domain Averaged Rates

The domain averaged model output rate varies with time in a manner similar to the laboratory vs �eld

scale rates, with fast rates at early times and slower rates at later times. At early times in the simulation,

the domain averaged dissolution rate is� 0.5 orders of magnitude lower than the far from equilibrium

laboratory derived rate de�ned in the model input (10 � 12 mol m � 2 sec� 1) (Figure 2.3a). Through the �rst

10,000 years of the simulation, the domain averaged rates stay faster than 10� 13 mol m � 2 sec� 1. However,

as time progresses beyond 10,000 years, the domain averaged rates continue to decrease and at the end of

the simulation (1,000,000 years), the domain averaged rates vary from� 10� 14:7 to

� 10� 15:6 mol m � 2 sec� 1, a 2.7 to 3.6 order of magnitude decrease from the model input rate.

Figure 2.3 a) Domain averaged, surface area normalized rate for all domains through time, b) for the
fracture orientation simulations, and c) for the density simulations. The dashed line represents the model
input rate (10 � 12 mol m � 2 sec� 1) which is the average of the lab rates presented in White & Brantley
(2003)

2.4.2 Fracture Orientation

Fracture orientation appears to have little impact on the domain averaged rates (Figure 2.3b). In the

domains with 10 fractures each, there are 3 connected 
ow paths through the domain where the fractures

are oriented perpendicular to the surface and 1 
ow path through the domain when fractures are oriented

parallel to the surface. Despite these di�erences, the rates for the two simulations are only� 0.003 { 0.3 log

units di�erent, or � 0.8 { 2.1 mol m � 2 sec� 1. At every timestep, excluding 1 million years (1 Ma), the rate

for the domain with fractures perpendicular to the surface is faster. At the �nal run time of the simulation

(1 Ma), enough albite has dissolved from the perpendicular domain that the rates start to slow down as a

result of � 2200 fewer reacting cells relative to the parallel to the surface domain. In both domains, the

number of cells containing albite has decreased by more than 75% at 1 Ma.
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2.4.3 Fracture Density

Changes in the fracture density cause slightly more variation in the rates (0.002-1.6 log units). The

� 1.6 log unit variation in rates between domains is observed at later times during the simulation

(Figure 2.3c). For the �rst 10,000 years of the simulation, the rates are very similar between the three

domains, varying from 0.002 { � 0.2 log units, or 1.01 { 1.5mol m � 2 sec� 1. In the �rst 10,000 years,

results are consistent with the expected correlation between higher fracture density and faster domain

averaged rates. However, in the later part of the simulation, domain averaged rates slow more in the higher

density domains than in the lower density domains until the relationship between average rate and fracture

density reverses (Figure 2.3c). At 500,000 years, there is an� 2 order of magnitude di�erence between the

1 fracture rate and the 100 fracture rate domains. After more than 500,000 years, some of the domains

experience a complete depletion of albite. In the highest-density fracture domain (100 fractures), the albite

is depleted after 500,000 years, resulting in a rate of zero. The lowest density fracture domain (1 fracture)

experiences complete depletion of albite after 750,000 years, resulting in a zero rate.

2.4.4 Variable Flux

A set of simulations were performed to determine the impact of 
uid velocity changes on mineral

weathering by varying the 
ux. Fluid was applied as a constant Darcy 
ux at the top boundary through

the duration of the simulation with 
uxes equivalent to 5, 50, 100, and 500 cmyr � 1 (0.05, 0.5, 1, and 5 m

yr � 1) of in�ltrating 
uid over the upper surface of the domain. The increase in 
uid 
ux results in an

increase in 
uid velocity through the fractures. If we consider one domain (the 10 fractures perpendicular

to the surface) and investigate the rates that result from the increased 
uid 
ux, we see an initial spread in

mineral dissolution rates relative to the spread of rates from multiple domains at a single 
ux. The larger


ux, results in a faster 
uid velocity and therefore a faster dissolution rate for the �rst 10,000 years

(Figure 2.4). After 10,000 years, the mineral dissolution rates decrease signi�cantly, up to an order of

magnitude, and the larger 
uxes generally have slower dissolution rates than the smaller 
uxes. The

late-time behavior associated with larger 
uxes is the result of a depletion of mineral,� 50% in less than

100,000 years of the simulation due to the fast dissolution rates. As a result of the slow initial dissolution

rates in the small 
ux simulation, there is more easily accessible mineral to maintain dissolution rates that

vary less than 1 order of magnitude through the whole simulation.
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Figure 2.4 The domain averaged mineral dissolution rates associated with each 
uid 
ux through time for
the 10 fracture domain in which fractures are dominantly perpendicular to the surface.

2.5 Discussion

2.5.1 Impact of Model Parameters on Weathering Rates in Fractured Systems

2.5.1.1 Fracture Orientation and Density

In these simulations, fracture orientation and density determine the length of the 
ow path through the

domain, which can impact the time to saturation and dissolution rate. Previous studies have indicated that

fracture density will impact mineral dissolution rate while fracture orientation will not as the fracture

topology largely a�ects the amount of reactive surface area (Pandey & Rajaram, 2016). In addition to the

surface area component, the greater the fracture density, the shorter the 
ow path is from inlet to outlet.

Also, when fractures are dominantly oriented in the principal direction of 
ow, a shorter 
ow path can

exist than in a domain where the fractures are dominantly oriented parallel to the surface and

perpendicular to the principal direction of 
ow. The shorter the 
ow path, the less likely the 
uid is to

reach equilibrium, which would lead to a decrease in the rate of dissolution (Maher & Druhan, 2014).

Therefore, the expectation is that variation in fracture orientation and density will cause signi�cant

di�erences in the dissolution rate; however, in the simulation results, changes in fracture topology result in

rate di�erences ranging from 0.003 to 1.6 log units.

While the domain average rates vary by small amounts, suggesting overall similar domain average

behavior, the distribution of rates within the domain varies and the population of rates are statistically

signi�cantly di�erent between the di�erent domains when compared using a non-parametric Kruskal-Wallis

one-way analysis of variance test (P value = 0.05). The Kruskal-Wallis analysis was completed by

12



compiling the 10,000 surface area normalized rates for each timestep and simulation (as demonstrated in

Figure 2.5), and testing to determine if the samples originate from the same distribution. Thus, the

population of rates for each fracture topology belong to di�erent populations and fracture topology does

impact dissolution processes despite the small di�erence in domain averaged rates.

Figure 2.5 The domain averaged mineral dissolution rates associated with each 
uid 
ux through time for
the 10 fracture domain in which fractures are dominantly perpendicular to the surface.

In addition to the rates being statistically di�erent between each domain, the late time evolution of

domain-averaged rates indicates important di�erences between the di�erent fracture topologies. At 100,000

years, the fastest dissolution rate occurs in the highest-density domain (Figure 2.3), which is an expected

result given a decrease in 
ow path length, and the increase in available reactive surface area. However,

after 100,000 years, the highest-density domain has the slowest dissolution rates. The fast dissolution in

the high-density domain quickly leads to complete dissolution of accessible mineral, causing the rate of

dissolution to rapidly decrease as reaction is limited to the transport-limited matrix blocks.

2.5.1.2 Impact of Di�usion Coe�cient on Weathering Rates

To explore the role of di�usion on temporal evolution of dissolution rates, the di�usion coe�cient was

varied by 2 orders of magnitude (from 1�10� 9cm2sec� 1 in the baseline simulations to 1�10� 11cm2sec� 1) for

the 100 fracture domain with 5 and 500 cmyr � 1 in�ltration rate. The decreased di�usion coe�cient

creates sharper gradients in the dissolution rates at early times in the model (Figure 2.6) and mineral

remains in the domain at late time steps. Approximately 1/3 of the initial albite persists at 1 million years

in the 100 fracture simulation with the di�usion coe�cient two orders of magnitude lower than the baseline

simulation where no mineral remains.
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Figure 2.6 Snapshot of the spatial distribution of various parameters at 10,000 years from a 100 fracture
simulation with an input 
ux equivalent to in�ltration of 500 cm yr � 1 and variable di�usion coe�cients.
Parameters presented are albite volume fraction (a, d), albite Q/K (b, e), and the surface area normalized
rate (c, f) for the 100 fracture domain. In panels a,b,c the di�usion coe�cient is 1 � 10� 9cm2sec� 1 while the
di�usion coe�cient in panels d,e,f represent a simulation with a di�usion coe�cient of 1 � 10� 11cm2sec� 1.

2.5.2 Time Dependent Behavior

Time dependent changes in weathering rates have been previously observed in �eld and laboratory

settings and in other numerical simulations (Jung & Navarre-Sitchler, 2018b; Maher, 2010; Pandey &

Rajaram, 2016; Wen & Li, 2017, 2018; White & Brantley, 2003). Similar behavioral changes in these

simulations occur depending on the elapsed time of the simulation, therefore, various model attributes are

investigated below to understand the observed changes. At initialization, or 0 years, the albite volume

fraction in all simulations is 9%. The albite Q/K is slightly less than 1, indicating slight undersaturation of
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