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Mohammad R. Khadhrawi

Stratigraphic-Forward and Reactive-Transport Modeling of Depositional and Diagenetic

Processes in Siliciclastic Sandstones

Modeling natural processes is one of the most effective ways to test the plausibility of

multiple hypotheses. Numerical experiments can be set to assess different scenarios that may

be responsible for development of a certain phenomenon. Reaction-Transport Modeling

(RTM) is a numerical approach that permits tracking multiple species simultaneously.

This can be done as a system evolves spatially and temporally. RTM was applied to

understanding the mechanism under which calcite mega-concretions form. The studied

geological formation was the Sierra Ladrones in the Rio Grande Rift, Albuquerque Basin

near Socorro, New Mexico. Initial results of the mega-concretion study were not insightful

concerning cementation mechanisms despite numerical representations of the reactions

based on measured groundwater characteristics, so this project was not pursued further.

Stratigraphic-Forward Modeling (SFM) is a technique that allows for testing how stratal

architecture evolves through time and space. A series of numerical experiments were set

up to assess the effects of distance to sediment source and seasonally varying discharge

on fluvial processes in a tropical paleoclimate. Post-depositional processes, such as the

influence of burial depth on location and amount of preserved sediment also were considered.

Input into SFM is based on parameters that control the physical processes through erosion,

transportation, and, deposition of sediment. Cores and outcrop samples were used to

constrain the range and proportion of grain size.
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Experiments described above were applied on a regional scale for an area of 70 km (E-

W) by 40 km (N-S). The center of this area of interest is the Mumford Hills petroleum

field located in southwestern Indiana. The target of the modeling simulations is the Late

Mississippian Mount Pleasant member of the Clore Formation. Available data from the

literature were used to estimate the total time for accumulation of the Clore Formation

at 2 Ma. Numerical values for sedimentological parameters such flow velocity, sediment

concentration, and sediment flux were derived from fluvial characteristics of the Mekong

River delta which was inferred to be a useful modern analogue. The selection of an

analogue was based on similarity to the studied paleodepositional system in aspects such as

latitude, distance to highlands, and seasonal climatic conditions. Results show that relative

proportions of different grain sizes in the range of fine-grained sand to silt affect not only

the amount of preserved sediment under burial, but also the location where sediment is

preserved.
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CHAPTER 1

Literature Review

1. Introduction

Cementation is probably the most important diagenetic process controlling reservoir

permeability. Cementation commences almost immediately after deposition and continues

over a wide range of burial depths and salinity values (Longman, 1980; Beckner, 1996).

Composition of cements as well as mode of formation vary. Manifestation of cements

range from alteration of petrophysical properties of host rock to building mega-concretions

(Figure 1). Longman (1980) suggested four principal environments in which calcite

FIGURE 1. Photograph of mega-concretions and cementation pattern along
the Loma Blanca Fault, Socorro Basin, New Mexico.

cementation takes place. These diagenetic environments are distinguished on the basis of

the chemical composition of the pore fluids and their distribution in the pore spaces. These

four environments are:
2
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(1) Vadose Zone: This diagenetic environment lies in the zone that is above the water

table and below the surface of the land. The pores in this zone are occupied by air

and meteoric water. Diagenetic processes in this zone may either cause solution or

precipitation of cements in carbonate sediments. Soil PCO2
, vertical temperature

gradients, weathering reactions, and evaporation are important factors that interact

to control cementation in the vadose zone (Longman, 1980).

(2) Phreatic Zone: Below the water table, calcite cementation can occur in three main

diagenetic sections: solution, active, and stagnant. Meteoric water, unsaturated

with respect to CaCO3, can dissolve carbonates and develop moldic porosity and

vugs in some instances. If aragonite is present, it can be leached and replaced by

calcite. Many types of cements may develop in this zone due to a variety of factors

including topography, climate, distribution of porosity and permeability, and rate

of fluid movement. Cements types that are characteristic of this sub-environment

include: equant calcite and isopachous blade calcite (Longman, 1980).

(3) Mixing Zone: This zone is characterized by mixing of salt water and fresh water.

Cementation in this zone is uncommon. Mixing of freshwater and marine water

may results in water that is undersaturated with respect to CaCO3 (Longman,

1980; Sanford and Konikow, 1989a). The degree of saturation depends on the

composition and proportion of each end member. Examples of the cements that

develop closer to the freshwater end member include micrite and bladed calcite

cements.

(4) Marine Environments: Sea water is saturated with respect to calcite in marine

environments. Tides, waves, and currents induce fluid circulation through pore

spaces (Longman, 1980). Most of the cementation processes take place in the close

proximity of the sediment/water interface in reefs or surf areas. At the marine water

end member of the mixing continuum, Mg-calcite isopachous cements have been
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found (Moore, 1977; Longman, 1980). When water movement provides sufficient

enough amounts of Mg 2+, dolomitization takes place in this zone.

2. Isotopic Signatures in Calcite Cements

Some studies show that cements exhibit identifiable patterns, which are referred to

as “cement stratigraphy” (Frykman, 1986; Frank et al., 1982; Tucker and Wright, 1990,

p. 355-357). Cements which exhibit similar appearances may be produced in different

environments. Therefore, reliance on geochemical analyses (e.g., trace elements, fluid

inclusions, stable isotopes) to understand development of cements is becoming increasingly

important (Harris et al., 1985).

Isotopic data may be used to identify the zone in which cements precipitated. Addition-

ally, isotopic data may also be used to infer the isotopic signature of the water from which

the cements precipitated. For example, Beckner (1996) noted that δ13C and δ18O exhibit

opposite behaviors to one another within vadose and phreatic environments. The vadose

zone typically exhibits δ13C values that are heavier than those for the phreatic zone. The

δ18O trend is opposite with values for the vadose zone lighter than those of the phreatic

zone.

Clastic sediments can host diverse forms of carbonate cements. Examples of the most

common types of these carbonate cements are calcite (CaCO3), dolomite (CaMg(CO3)2),

ankerite (Ca(Fe,Mg,Mn)(CO3)2), and siderite (FeCO3). A number of factors determine the

prevalent type of cement in a particular sandstone. Such factors include: composition of

pore fluids, pH, and temperature (Schwartz and Longstaffe, 1988).

Carbonate cements hosted within sandstone rocks may form concretions. In some cases,

these concretions may be composed —in their entirety— of calcite. Alternatively, the

calcite can form the outer shell of the concretions. The latter type of concretions develop

when pore-filling calcite cements precipitate in high permeability zones of sandstone bodies
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creating incipient concretions. Calcite cementation continues, after the pores have been

filled, forming the outer shells. (Bramlette, 1941; Wilkinson and Dampier, 1990; Cibin

et al., 1993; Mozley and Davis, 1996). To date, quantitative models accounting for calcite

cementation and concretion formation are rare.

3. Geochemical Mechanisms of Calcite Cementation

Most quantitative geochemical studies of carbonate diagenesis have focused on calcite

dissolution rather than precipitation. Suggested mechanisms for calcite dissolution/precipi-

tation include:

(1) Acid-Induced Dissolution: King and Liu (1933) conducted their study on mar-

ble in acids of dilute concentrations at temperatures ranging between 15 ◦C and

35 ◦C. They reported that the rate of dissolution is directly proportional to acid

concentration and temperature and inversely proportional to viscosity. The latter

proportionality indicates that rate is highly dependent on transport. Berner and

Morse (1974) showed that at pH < 4, diffusion —H + to the surface and Ca 2+,

HCO –
3 , CO 2 –

3 out of the surface— plays the controlling role. They also showed

that in these highly acidic solutions, the dissolution rate is not affected by PCO2
.

Highly basic solutions would result in calcite precipitation.

(2) PCO2
Levels: The amount of CO2 dissolved in formation water depends on PCO2

as well as on CO2 produced in soil and/or underlying strata. Higher levels of PCO2

lower the pH of water, thus, increasing the rate of dissolution of calcite. A higher

rate of CO2 transport to the mineral-water interface increases the reaction rate too.

(3) Effects of Impurities: Impurities can either accelerate or decelerate the rates of

calcite precipitation. For example, consider the following reaction:

CaCO3

f−−−⇀↽−−−
b

Ca2+ + CO2−
3 (1)
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where f = forward reaction and b = backward reaction.

The introduction of an impurity, such as PO 3 –
4 will increase the rate of dis-

solution. This increase is due to the fact that PO 3 –
4 removes Ca 2+ cations from

solution by precipitating Ca3(PO4) 2. As a result, the reaction is driven to the

right. The reverse effect would take place if calcite precipitation were to be consid-

ered. (Plummber et al., 1979; Morse, 1983). Growth of calcite (CaCO3) requires

that the solution from which it precipitates be supersaturated with respect to CaCO3.

Growth is represented by reaction (1) in the backward direction. Formation of

the first calcite crystal requires a higher degree of supersaturation to produce a

nucleation seed on which the rest of the calcite body would grow. Growth nucleus

may also be a foreign seed. (Plummber et al., 1979; Cibin et al., 1993).

(4) Physical Mechanisms: Temperature has a two-fold effect on calcite precipita-

tion/dissolution. Higher temperatures cause CO2 degassing, increasing pH and

leading to higher rates of CaCO3 precipitation. Higher temperatures also decrease

the solubility product of CaCO3, therefore increasing the rate of precipitation.

Increasing fluid pressure has the opposite effect of temperature. Higher pressures

produce an increase in the amounts of dissolved CO2 which in turn decreases the

pH value and causes dissolution. (Boggs, 2001).

(5) Transport Mechanisms: Mixing of fluids of different chemical compositions and

spatial variations in the velocity of ground water flow produce fluids with a variety

of saturation states. Sanford and Konikow (1989b) have found that groundwater flux

has an important effect on the rate of calcite dissolution. Higher groundwater flux,

near discharge zones, gives rise to higher rates of dissolution. Calcite precipitation

can be diffusion or advection controlled. Diffusion plays the major role as long

as the ions needed for the precipitation reaction are available at the vicinity of the

precipitation surface to keep up with the reaction rate. When the reaction starts to
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consume the ions faster, advection becomes the major control.

4. Concretions

As calcite cements grow around nucleation points, they sometimes produce hard ce-

mented bodies known as concretions. Calcite concretions are found in the sandstones of

the Sierra Ladrones Formation (Pliocene-Pleistocene) in New Mexico and the Northern

Apennines (Eocene-Pliocene), Italy (Wilkinson and Dampier, 1990; Cibin et al., 1993;

Beckner, 1996; Mozley and Davis, 1996). The shape of these calcite concretions is generally

subspherical–ellipsoidal. (Cibin et al., 1993; Beckner, 1996; Mozley and Goodwin, 1995;

Mozley and Davis, 1996). These elongated calcite concretions range in size from a few

centimeters to meters along the major axis of elongation (Mozley and Goodwin, 1995;

Mozley and Davis, 1996). It was suggested in previous studies (Mozley and Davis, 1996;

Johnson, 1989; Mcbride et al., 1994; Theakstone, 1981) that the elongated shape of the

calcite concretions is related to the direction of the flow of the fluid from which these

concretions precipitated.

The inferred relationship from these studies is that the long axis of the concretion is

parallel to the direction of the groundwater paleoflow (Mcbride et al., 1994; Mozley and

Davis, 1996). This suggests that advection plays an important role in concretion formation.

In diagenetic studies, the following question is frequently asked: is the rate of cementation

ultimately controlled by transport of species by the moving fluid or by the reaction rate?

Determining the controls upon which the rate of cement precipitation depends is one of the

most difficult tasks involved in understanding calcite cementation and is one of the focus

points of this study.

Diffusion has been suggested as the transport mechanism responsible for the formation

of spherical concretions (Wilkinson and Dampier, 1990). Diffusion is a very slow and

inefficient transport process. This is mainly due to small diffusion coefficients (10−10 −

10−11 m2/s).
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Upward flow of deep, warm fluids through permeable faults can cause degassing of these

fluids. Wood and Boles (1991) hypothesized that calcite cementation could occur under

these conditions.

To date, no studies attempt to quantify the geochemical and hydrologic controls of

calcite cements and concretions.

5. Purpose of the Study

The present study intends to assess the geochemical and hydrologic mechanisms respon-

sible for the formation of calcite concretions in sandstone formations. We hypothesize that

the elongate concretions and fault zone cements form as a result of focused flow into regions

of high permeability. We further hypothesize that precipitation within high permeability

zones is facilitated by nucleation kinetics. Several specific questions will be addressed in

this study including:

• What is the relative importance of chemical diffusion, advection, and nucleation

kinetic in forming concretions?

• How do permeability heterogeneities influence calcite concretion? Do high perme-

ability sands and gravels favor formation of calcite concretions?

• What is the precipitation mechanism responsible for cementation along fault zones?

• How long does it take to form concretions?

• Are mechanisms responsible for cement formation in fault zone cements similar to

those responsible for concretion genesis?

We will address these questions using a reactive-transport model of carbonate diagenesis.

We will construct a series of idealized and site-specific numerical experiments in which

geochemical and hydrologic parameters are varied over their known range of uncertainty.

The model will be constrained by field observation of calcite cementation within the Sierra

Ladrones Formation, New Mexico.



1. LITERATURE REVIEW 9

The model will investigate effects of advection, diffusion, temperature, pressure, and

nucleation kinetics on calcite precipitation in shallow sandstone aquifers. The geochemistry

of the system will be discussed in detail in a subsequent section in this dissertation. This

will be followed by a description of the reactive-transport and geochemical speciation model

used to represent formation and growth of calcite concretions. We also present a detailed

discussion of calcite cementations within the Sierra Ladrones Formation, NM.

6. Reaction-Transport

Reaction-transport modeling is applicable to several fields. For example, ecological

and environmental studies (Parkhurst et al., 2003), hydrocarbon reservoir studies in both

exploration and production phases (Rocha et al., 2001), and management and remediation of

natural water resources (Sracek et al., 2004). Geological problems, usually, have more than

one plausible solution. Modeling studies help in testing the plausibility of various scenarios.

Predicting the geological outcome of each possible scenario is one of the areas of strength

for reaction-transport studies.

Several studies employed the technique of reaction-transport in the study of diage-

netic processes. Numerical modeling presents a powerful technique in such studies. This

technique permits simultaneous tracking of several species. This approach allows for the

accounting of chemical changes along flow paths. Geochemical reactions have the ability to

enhance geologic petrophysical properties features, such as porosity via the creation of more

pore space through dissolution. Conversely, the same type of reactions may degrade porosity

through precipitation which in effect reduces the total pore volume in the rock. (Lasaga,

1984; Steefel and Lasaga, 1992; Lee, 1997)

Lee (1997) and Bethke et al. (2002) illustrate the use of the reaction-transport method in

a study that investigates the diagenetic changes that are induced by the flow of groundwater in

a hypothetical sedimentary basin (Figure 2). They show that the temperature gradient drives
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the fluid movement within the system. This behavior is due to the influence of temperature

on fluid density that in turn drives water to flow from zones of lower temperature (higher

density) to those of higher temperatures (lower density). (Lee, 1997; Lee and Bethke, 1994;

Bethke et al., 2002)

FIGURE 2. Schematic diagram showing predicted patterns of quartz cemen-
tation in a hypothetical sloping aquifer. Cementation occurs predominantly
within the zone highlighted in yellow. (after Bethke et al., 2002).

7. General Literature Review

7.1. Historical Review of:

7.1.1. Study Area: The study formation and area is the Sierra Ladrones Formation of

the Rio Grande Rift in the Albuquerque Basin of central New Mexico (Figure 3). This basin

formed as a result of extensional tectonics about 30 Ma. This formation is the uppermost unit

(Pliocene-Pleistocene) of the upper Santa Fe Group. The Sierra Ladrones is an important

aquifer for urban and rural communities in the area (Davis et al., 1993; Mozley and Davis,

1996; Connell et al., 1998).
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FIGURE 3. General location map of the Rio Grande Rift in New Mexico
(after Davis et al., 1993).

The thickness of the Sierra Ladrones Formation is about 460 m in the deepest parts of

the basin. It is made up of fluvial deposits developed by the ancestral Rio Grande. This

formation is underlain by the closed basin facies of the Zia Formation of the lower Santa Fe

Group (McAda and Barroll, 2002).

The Sierra Ladrones Formation sediments are made of two main types of deposits:

alluvial-fan and fluvial. Four major elements of depositional architecture were recognized

by Davis et al. (1993), (Figure: 4):

• High-energy channel facies: coarse sand and gravel with a thickness of 1–3 m that
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FIGURE 4. Cross-section of the different depositional architectural-elements
in the Sierra Ladrones Formation, Albuquerque Basin, New Mexico. CH-II:
sand dominated channel deposits; CH-I: gravel and coarse-sand channel
deposits; OF: overbank fines; Ps, Pgs, and Pc: paleosoles with varying grain
sizes (after Davis et al., 1993).

abruptly pinch-out at the margins of the channel.

• Low-energy channel facies: very fine to medium sand interlaminated with clay

drapes; very fine sand; laminated clay and silt near the top; 0.5–5 m thickness.

• Overbank facies: dark brown clay interbedded with tan silt and paleosol (thin

immature sand & clay); 1–4 m thickness.

• Paleosol facies: mature sand and clay; thin beds of silty sand and clay are interbed-

ded within the mature sands and clays.

7.1.2. The Loma Blanca Fault: A number of faults are recognized along the Rio Grande

Rift. One of these faults is the Loma Blanca Fault (LBF). This is a roughly north-south

trending normal fault dipping towards the east that is located at the base of the eastern slopes

of the Ladron Mountains (Figure 5). (Machette et al., 1998; Connell, 2001)

This fault is responsible for offsetting both of the Sierra Ladrones Formation (Pliocene-

Pliestocene) and the middle to upper alluvium (Pleistocene). The magnitude of this offset

has a range of 0.5–10 m (Figure 6). (Machette, 1978; Machette et al., 1998)

The LBF exhibits a feature that is important to the present study. This characteristic is
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FIGURE 5. Map showing the Loma Blanca Fault, the Rio Grande Rift, New
Mexico (modified from Davis et al. (1993) based on Machette, 1978).

manifested in a clastic dike cemented with calcium carbonate and manganese. The width

of dike has a range of 2–5 m. This is a clastic dike that is cemented mostly with calcium

carbonate and manganese. It is located between Arroyo Canthe and the Rio Salado, New

Mexico. (Machette et al., 1998)

This fault has not been extensively studied and Machette and McGimsey (1983) used

data collected from scarp morphology as evidence to interpret that latest paleoseismic event

involving this fault took place during the late Quaternary (< 130 ka).
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FIGURE 6. Cross-section of the stratigraphy around the Loma Blanca Fault,
the Rio Grande Rift, New Mexico. Tpt: Miocene transitional beds; Tp:
Miocene Popotosa Formation; Tsp: Upper ? to Lower Pliocene Piedmont
slope and alluvial flat deposits; QTsa: Middle Pleistocene-middle? Pliocene
axial stream deposits. (modified from Machette, 1978).

8. Patterns of Cementation in the Study Area

Calcite cements within the Sierra Ladrones Formation have two forms: tabular cement

beds of great lateral span (over 200 m in some localities) and concretions of various sizes

and shapes. The coarser grained sediments within the Sierra Ladrones Formation appear to

be preferentially cemented (Figure 7). This suggests that grain size is an important factor on

permeability (Mozley and Goodwin, 1995; Mozley and Davis, 1996). The major constituents

of the calcite cements are micrite, microspar, and sparite with detrital carbonates as a minor

component.

One important feature of the calcite concretions in the Sierra Ladrones Formation is their

elongated shape (Figure 8). These concretions are, for the most part, all aligned with each

other and are believed to be indicators of groundwater flow directions in the Sierra Ladrones

Formation. Groundwater paleoflow direction is south–southeast (Mozley and Davis, 1996).

Some of these concretions also have a nodular interior (Figure 9).

Mozley and Davis (1996) employed statistical calculations on the calcite concretions

and channel orientations to record the orientation of both features. They show that there is a
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FIGURE 7. Stratigraphic column showing the correlation between cementa-
tion and coarse grain zones (modified from Mozley and Davis, 1996).
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FIGURE 8. Photographs of elongated concretions from the Sierra Ladrones
formation, Socorro Basin, New Mexico.

FIGURE 9. Photograph of nodular concretion from the Sierra Ladrones
formation, Socorro Basin, New Mexico.

strong correlation between the direction of groundwater paleoflow of the channels and the

axes of elongation of the calcite concretions found in the Sierra Ladrones Formation. The

conclusion they drew from the above observation is that in alluvial deposits, the direction of
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groundwater paleoflows (major axis of permeability within the system) exerts great influence

on the primary structure of the calcite concretions in terms of the major axis of elongated

concretions. These findings are in agreement with previous studies e.g., Johnson (1989).

Some faults within the Albuquerque Basin are cemented. There is a great deal of

similarity between the cements within the Sierra Ladrones Formation and the cements in the

Loma Blanca Fault.

The cements of the LBF are predominantly on the western wall of the fault. This pattern

aligns with the general direction of the paleoflow in this area (Figure 1). (Mozley and Davis,

1996)

9. Chemical Composition of the Calcite Cements in the Study Area

Analysis of the chemical composition of the calcite cements shows that there are few

impurities (Figure 10) (Mozley and Davis, 1996). One minor impurity in these cements is

Mg, but it is present only in very low concentrations. At the present, calcite saturation levels

vary spatially in the Rio Grande. Formation waters of the Sierra Ladrones Formation near

the Rio Grande River are typically undersaturated whereas those away from the Rio Grande

are supersaturated (Mozley et al., 1995). This is most likely due to dissolution of plagioclase

and volcanic glass. Aquifers close to the Rio Grande have saturation indices close to the

threshold value of saturation of 0.1 (Figure 11). The value of this index increases to 0.5

furthest from the river. These variations may be due to dilution effects caused by mixing of

the undersaturated/saturated waters from the river.
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FIGURE 10. Ternary diagram showing the chemical composition of calcite
cements from ancestral Sierra Ladrones formation. The scale of the plot is
95 % CaCO3 (mol %) (after Mozley and Davis, 1996).

FIGURE 11. Map of calcite saturation levels of groundwater around the Rio
Grande river in the central Albuquerque Basin. Supersaturation is indicated
by saturation indices greater than 0.1. Waters with indices between -0.1 and
0.1 are saturated. Values below -0.1 indicate undersaturation (after Mozley
et al., 1995).



CHAPTER 2

Methods and Results

Section 6 (Reaction-Transport; page 9) of chapter 1 discusses reaction-transport model-

ing and areas of its application. Modeling studies help in testing the plausibility of various

scenarios. In this study, numerical modeling is used to test a number of hypotheses. Each

hypothesis represents a mechanism that has been proposed as a controlling factor on devel-

opment of calcite cements and concretions in the Sierra Ladrones Formation and the Loma

Blanca Fault.

1. Basic Governing Equations

1.1. Transport.

(1) Fluid Flow:

In order to quantify cementation, geologically constrained flow rates must be deter-

mined. The governing flow equation for steady-state, variable density groundwater

flow is given by:



∂

∂x

[
Kxx µr

∂h

∂x
+ Kxy µr

(
∂h

∂y
+ ρr

)
+ Kxz µr

(
∂h

∂z
+ ρr

)]
+

∂

∂y

[
Kyx µr

∂h

∂x
+ Kyy µr

(
∂h

∂y
+ ρr

)
+ Kyz µr

(
∂h

∂z
+ ρr

)]
+

∂

∂z

[
Kzx µr

∂h

∂x
+ Kzy µr

(
∂h

∂y
+ ρr

)
+ Kzz µr

(
∂h

∂z
+ ρr

)]


= 0 (2)

where:

Kxx, Kxy, Kxz, Kyx, Kyy, Kyz, Kzx, Kzy, Kzz — components of the hydraulic con-

ductivity tensor [K = kρg/µ];

µr — relative viscosity [µr = µo/µf ];
19
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ρr — relative density [ρr = (ρf − ρo)/ρo];

x, y, z — spatial coordinates.

The above equation (2) can represent flow induced by fluid density gradients

as well as imposed water table gradients along the top boundary. The equation

is steady-state. This implies that changes in thermal and hydraulic boundary

conditions change slowly on geological time scale over which cementation is

thought to occur. Hydraulic head (h) in equation (2), originally derived by Hubbert

(1940), is given by:

h =

(
P

ρo g

)
+ z (3)

where P is fluid pressure, g is gravitational acceleration and z is elevation above

some datum. The fluid flux can be related to the gradient in hydraulic head through

Darcy’s law. A variable density form of Darcy’s law that is written in terms of head

(see Garven and Freeze, 1984) is used, namely:

qx = Kxx µr ρf
∂h

∂x
+Kxy µr ρf

∂h

∂y
+Kxz µr ρf

∂h

∂z

qy = Kyx µr ρf
∂h

∂x
+Kyy µr ρf

∂h

∂y
+Kyz µr ρf

∂h

∂z

qz = Kzx µr ρf
∂h

∂x
+Kzy µr ρf

∂h

∂y
+Kzz µr ρf

∂h

∂z
+Kzz µr ρf ρr

(4)

The principal components of the hydraulic conductivity tensor K are assumed to

align with and normal to sedimentary layering. These principal components of

the tensor, Kxx, Kyy, and Kzz are thus calculated using the dip of the sedimentary

layering as follows:

Kxx = Kmax cos(θ) +Kmin sin(θ)

Kzz = Kmax sin(θ) +Kmin cos(θ)

Kyy = Kmax cos(θ) +Kmin sin(θ)

(5)
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where Kmax is the maximum hydraulic conductivity, Kmin is the minimum hy-

draulic conductivity, and dip (θ) is measured relative to horizontal. The maximum

conductivity is usually assumed to be in the direction of bedding (or the fault plane

in fault zones). The minimum conductivity is typically assumed to be perpendicu-

lar to bedding. For faults, Kmax is oriented parallel to the fault plane. Hydraulic

conductivity, in turn, depends on the properties of both the medium and the fluids

as:

K =
ρf g k

µf
(6)

where k is the medium permeability, which is also a tensor quantity. For each

lithologic unit, we will either specify constant a k value or a log-linear relation

between k and porosity. Thermodynamic equations of state are required to compute

the density and viscosity of ground water at elevated temperature, pressure, and

salinity conditions. We will use fitted polynomial expressions presented by Kestin

et al., 1981, which are given by:

1

ρf
=


a(T ) + b(T )P + c(T )P 2 + cd(T ) + C2e(T )

− PCf(T ) − C2Pg(T ) − h(T )

2
P 2

 (7)

µf = µo [1 + B (T,C)P ] (8)

where a(T ) − h(T ) and B(T,C) are, respectively, the 3rd and 4th order tem-

perature and concentration dependent polynomials defined by Kestin et al., 1981.

These polynomial expressions are valid for temperature ranges between 10 and

150 ◦C and salinities between 0 and 6 molal NaCl. In general, fluid density is not

as sensitive to changes in fluid pressure as changes in temperature and salinity

for the range of conditions encountered in sedimentary basins. A critical issue in

diagenetic studies is to relate changes in porosity due to precipitation/dissolution

reactions to changes in permeability. Some permeability models included sediment
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grain size as well as porosity. One such permeability model is based on the Kozeny-

Carman equation (Bear, 1972; Scheidegger, 1974). Most have met with limited

success, in part because the mixtures of grain sizes in most natural sediments create

difficulties. However, Koltermann and Gorelick, 1995 have developed a so-called

“fractional packing Kozeny-Carman model” and an approach for arriving at the

appropriate representative grain size and porosity for mixtures of sediment sizes.

This model is most appropriate before sediments are “lithified” by significant dia-

genesis. Maximum permeability (kmax) can then be calculated using the standard

Kozeny-Carman equation and is given by:

kmax =

{
d2 φ3

180 (1 − φ)2

}
(9)

where d is the diameter of a representative grain.

(2) Heat Transfer:

Because temperature changes influence solubility of CO2, solutions for conduc-

tive/convective heat transfer equations are needed. The governing equation for

steady-state heat transfer is given by:
∂

∂x

[
λxx

∂T

∂x
+ λxy

∂T

∂y
+ λxz

∂T

∂z

]
+

∂

∂y

[
λyx

∂T

∂x
+ λyy

∂T

∂y
+ λyz

∂T

∂z

]
+
∂

∂z

[
λzx

∂T

∂x
+ λzy

∂T

∂y
+ λzz

∂T

∂z

]
− qx ρf cf

∂T

∂x
− qz ρf cf

∂T

∂z

 = 0 (10)

where:

T — temperature;

q — Darcy flux;

cf — specific heat capacity of the fluid;

ρf — density of the fluid;

λxx, λxy, λyx, λyy, λyz, λzx, λzy, λzz — components of the thermal conductivity-

dispersion tensor of the porous medium;
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x, y, z — spatial coordinates.

This equation is a representation of heat transport by conduction and convection.

The components of the conduction tensor are given by:

λxx = ρfcfαl
q2x
|q| + ρfcfαt

q2z
|q| + λfφ+ (1− φ)λs

λyy = ρfcfαt
q2x
|q| + ρfcfαt

q2z
|q| + λfφ+ (1− φ)λs

λzz = ρfcfαt
q2x
|q| + ρfcfαl

q2z
|q| + λfφ+ (1− φ)λs

λyx = λxy = (αl − αt)
qxqy
|q|

λyz = λzy = (αl − αt)
qyqz
|q|

λzx = λxz = (αl − αt) qxqz
|q|

(11)

where:

αl — longitudinal dispersivity;

αt — transverse dispersivity;

φ — porosity;

λf — thermal conductivity of the fluid phase;

λs — thermal conductivity of the solid phase.

The above equation assumes that fluid and solid phases are in thermal equilib-

rium.

(3) Solute Transport:

The rate of change of mass of a species with respect to time equals the sum of the

gradient of flux of that species (mass per unit volume per unit time) plus summation

of rates (R) of all reactions involving that specific species. The flux term contains

all modes of transport (diffusion, dispersion, and advection) of the particular solute

being tracked. Calcite species are the focus of this dissertation. Other minerals,

such as siderite (FeCO3) are not present in quantitatively significant amounts to

warrant including them in the models (Figure 10).
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The governing transport equation for reactive solute transport models is given

by:

dCi
dt

=



∂
∂x

[
Dxx

∂Ci
∂x

+Dxy
∂Ci
∂y

+Dxz
∂Ci
∂z

]
+ ∂
∂y

[
Dyx

∂Ci
∂x

+Dyy
∂Ci
∂y

+Dyz
∂Ci
∂z

]
+ ∂
∂z

[
Dzx

∂Ci
∂x

+Dzy
∂Ci
∂y

+Dzz
∂Ci
∂z

]
−vx ∂Ci∂x

− vy ∂Ci∂y
− vz ∂Ci∂z

+
tr∑
r=1

νriR
r


(12)

where:

Ci — concentration in (moles/m3) of the ith species
(
H+,Ca+

2 ,HCO−3
)
;

Dxx, Dxy, Dxz, Dyx, Dyy, Dyz, Dzx, Dzy, Dzz — are elements of the hydrodynamic

dispersion-diffusion tensor (m2/s);

x, y, z — spatial coordinates;

vx, vy, vz — flow velocities (m/s) in the x, y (horizontal) and z (vertical) directions,

respectively;

t — time (s);

νri — stoichiometric coefficient of the tracked species in reaction (r); νri is positive

for products and negative for reactants;

Rr — the kinetically controlled reaction rate for reaction (r), [(moles/m3)/s];

tr — total number of reactions involving each tracked species.

In order to quantify calcite concentration, we will solve a solute transport

equation for each of basis species. The hydrodynamic dispersion tensor is given
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by:

Dxx = v2x
|v|αl + v2z

|v|αt +Dd

Dyy = v2x
|v|αl +

v2y
|v|αl +Dd

Dzz = v2x
|v|αt + v2z

|v|αl +Dd

Dxy = Dyx = (αl − αt) vxvy
|v|

Dyz = Dzy = (αl − αt) vyvz
|v|

Dxz = Dzx = (αl − αt) vxvz
|v|

(13)

where:

Dxx, Dxy, Dxz, Dyx, Dyy, Dyz, Dzx, Dzy, Dzz — the components of dispersion-

diffusion tensor;

vx, vy, vz — seepage velocity in the x, v and z directions defined as (qx/φ, qy/φ,

and qz/φ);

Dd — diffusion coefficient;

φ — porosity;

|v|— the absolute value of the groundwater velocity defined by
(
|v| =

√
v2x + v2z

)
.

The kinetics of the calcite precipitation reaction will be represented by the

general reaction rate expression (Rr):

Rr = kr s (1− Ωr) (14)

where:

Rr — rate of precipitation {mole/[m3bulk volume ∗ time(s)]} of the rth reaction;

kr — specific rate constant for the reaction;

s — reactive surface area (m2) where reaction may take place (s equal to V 2/3
d

where Vd is the volume of mineral deposited in the element of volume);

Ωr — saturation index of the solution with respect to a specific mineral of the rth

reaction.

The saturation index (Ωr) equals (IAP/Keqlbrm), where IAP is the appropriate
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product of activities, and [ln(Keqlbrm) = Ao/R T ]. Ao is the standard state affinity

of the mineral reaction; both IAP and K refer to the mineral in question.

The role of nucleation will be incorporated into the rate expression in the

following fashion:

Rr = kr
(
V

2/3
d + so

)
(1− Ωr) (15)

where so — small positive number if IAP > 1.5 Keqlbrm and Vd = 0, otherwise

so = 0. The 1.5 factor ensures that IAP exceeds Keqlbrm by 50% for nucleation to

take place.

The specific rate constant k in equations (14) and (15) is a function of tempera-

ture:

k = Aro exp

[
− Er

a

R T

]
(16)

where:

Aro — the pre-exponential factor, also called the frequency factor. It is a dimen-

sionless number related to the fraction of collision between reactants (with the

appropriate orientation) to form the activation complex that leads to formation of

the products;

Er
a — the activation energy for the exchange reaction (J/mole);

R — the universal gas constant {8.314 [(J/mole)/(K)]};

T — temperature (K).

The volume fractions of the various species change over the course of each

numerical experiment (Wang et al., 1995). The rate of change of Vi [the volume

fraction of species (i)] is related to the rates of reactions in which this species is

involved via molar density [ρm; (mol/m3)] of that species is as follows:

dVi
dt

=

r∑
r=1

Rr
i

ρmi
(17)
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The volume fractions of all species at any point in time must satisfy the follow-

ing relationship: ∑
Vi + φ = 1 (18)

Additionally, porosity (φ) is related to the volume of the deposited material

(Vd) via the following equations:

φ =

(
VT − Vd

VT

)
(19)

dφ

dt
=

[
−
(
dVd
dt

) (
1

VT

)]
(20)

where VT is the total volume. Therefore, the porosity lost due to precipitation is

equal to the summation of Vd for all the grains in a volume element. i.e.,

φlost =
∑

Vd (21)

1.2. Reaction. Tracking dissolved species in a fluid as it moves through porous media

is a complex task. Concentrations of these species are affected by a variety of chemical and

physical factors along the transport path. Reactive-transport models, in general, attempt to

encapsulate all these factors for the purposes of quantitative determination of concentrations

at every point along the path for the individual species being tracked.

The reactions considered for calcite precipitation are:

CaAl2Si2O8︸ ︷︷ ︸
Anorthite

+ 8 H+ ←→ Ca 2+
(aq) + 2 Al 3+

(aq) + 2 SiO2 (aq) + 4 H2O (22)

Reaction (22), hereafter referred to as Reaction 1 (Rxn1), is a dissolution reaction of a

Ca-plagioclase (anorthite). This reaction provides the Ca+
2 necessary for the groundwater to

reach supersaturation levels. Calcite precipitation occurs only from supersaturated solutions.

The byproducts from Rxn1 (e.g., SiO2 and Al+
3) are not tracked in this study; and after

dissolution, these two cations are left to move with the flowing water and discharged without

any further reactions.
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Calcite precipitation is a multistep reaction. Water infiltrating soils dissolves CO2 to

form carbonic acid (H2CO3), reaction (23), and carries it downward. Carbonic acid then

dissociates to form the bicarbonate ion (HCO –
3 ), reaction (24). Ca+

2 from the dissolution

reaction (22), combines with the bicarbonate to form calcite, reaction (25).

CO2 + H2O ←→ H2CO3 (23)

H2CO3 ←→ H+ + HCO−3 (24)

Ca 2+ + HCO−3 ←→ H+ + CaCO3 ↓ (25)

The overall rate of the final reaction is determined by the slowest step in the series, also

known as the rate-determining step. The slowest step in the precipitation reactions is (25).

This reaction will be referred to hereafter as Reaction 2 (Rxn2). Understanding the physico-

chemical behavior of the reactions is crucial to setting up a rigorous model to represent them

accurately.

The finite element method is used to represent the solution domain. Computer codes

written in FORTRAN 90/95 were developed to calculate concentrations of each of the

various species. Chemical reactions alter these concentrations. Changes in concentration are

tracked using the above mention computer subroutines. These reaction subroutines were

then incorporated into an existing computer program used to study transport in porous media.

The transport code was developed by (Person, 2005; Person et al., 2007).

The saturation index Ω {equations (14) and (15)} provides a measure of the likelihood

that a specific solute will precipitate from solution or dissolve from the surrounding material.

When solution is supersaturated (i.e., Ω > 1), precipitation will occur; whereas when the

solution is undersaturated (Ω < 1), dissolution will take place. The Saturation index Ω is

defined as follows:

Ω =
IAP

Keqlbrm

(26)

where IAP is the ion activity product and Keqlbrm is the thermodynamic equilibrium
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constant. For anorthite dissolution, Rxn1 {equation (22)}, and calcite precipitation, Rxn2

{equation (25)}, IAP and Keqlbrm are defined using the following equations:

IAPRxn1 =
aCa 2+ a2

Al 3+
a2

SiO2

a8
H+ XCaAl2Si2O8

(27)

Keqlbrm(Rxn1) =
[Ca 2+] [Al 3+]2 [SiO2]2

[H+]8
(28)

IAPRxn2 =
aH+

aCa 2+ aHCO−
3

(29)

Keqlbrm(Rxn2) =
[H+]

[Ca 2+] [HCO−3 ]
(30)

where:

[i] — equilibrium concentration of species i;

ai — activity of species i;

X — mole fraction of the solid phase anorthite relative to other feldspar and glass con-

stituents.

Activities are defined as follows, using aH+ as an example:

aH+ = γ mH+ (31)

where: γ — the activity coefficient (for H+in this example)

mH+ — its molality (mol/kg solution).

Activity coefficients are most commonly defined using the Deby-Huckel equation in its

simplest form:

− log γion =
1

2
Z2
ion

√
I (32)

where I is the ionic strength of the solution given by:

I =
1

2

∑
[Cion]Z2

ion (33)

where [Cion] is the molar concentration (mol/L) of the ion of interest and Zion is its charge.

A general assumption for dilute solutions, such as ones considered in this study, is that



2. METHODS AND RESULTS 30

activity coefficients for all basic species are set equal to unity.

The species that are tracked in this study are: [H+], [Ca 2+], and [HCO−3 ]. For the system

under consideration, H2CO3 concentration will be set as a boundary condition because it

is controlled by the PCO2
and CO2 from soil horizons. To quantify calcite precipitation,

we only need to represent the transport of three basic species (Ca 2+, HCO –
3 , and H+). For

Calcium (CCa):

dCCa

dt
=



∂
∂x

[
Dxx

∂CCa

∂x
+Dxy

∂CCa

∂y
+Dxz

∂CCa

∂z

]
+ ∂
∂y

[
Dyx

∂CCa

∂x
+Dyy

∂CCa

∂y
+Dyz

∂CCa

∂z

]
+ ∂
∂z

[
Dzx

∂CCa

∂x
+Dzy

∂CCa

∂y
+Dzz

∂CCa

∂z

]
−vx ∂CCa

∂x
− vy ∂CCa

∂y
− vz ∂CCa

∂z
−RRxn1 −RRxn2


(34)

For Hydrogen (CH):

dCH

dt
=



∂
∂x

[
Dxx

∂CH

∂x
+Dxy

∂CH

∂y
+Dxz

∂CH

∂z

]
+ ∂
∂y

[
Dyx

∂CH

∂x
+Dyy

∂CH

∂y
+Dyz

∂CH

∂z

]
+ ∂
∂z

[
Dzx

∂CH

∂x
+Dzy

∂CH

∂y
+Dzz

∂CH

∂z

]
−vx ∂CH

∂x
− vy ∂CH

∂y
− vz ∂CH

∂z
− 8RRxn1 +RRxn2


(35)

And for bicarbonate (CHCO3
):

dCHCO3

dt
=



∂
∂x

[
Dxx

∂CHCO3

∂x
+Dxy

∂CHCO3

∂y
+Dxz

∂CHCO3

∂z

]
+ ∂
∂y

[
Dyx

∂CHCO3

∂x
+Dyy

∂CHCO3

∂y
+Dyz

∂CHCO3

∂z

]
+ ∂
∂z

[
Dzx

∂CHCO3

∂x
+Dzy

∂CHCO3

∂y
+Dzz

∂CHCO3

∂z

]
−vx

∂CHCO3

∂x
− vy

∂CHCO3

∂y
− vz

∂CHCO3

∂z
−RRxn2


(36)

where Rxn1 and Rxn2 are calculated using the rate expression these reactions respectively

as given by equation (15).

1.3. Finite-Element Method. Three-node triangular elements are used to approximate

the unknown hydraulic heads, temperatures, and fluid isotopic composition. The shape

functions are required to vary linearly across each triangular element (Figure 12), using the
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standard Galerkin approach (Wang and Anderson, 1982; Reddy, 1984; Javandel et al., 1984;

Istok, 1989; Thompson, 2005). For hydraulic heads (h), the trial solution (ĥ) is introduced:

ĥ =
nnode∑
n=1

ψnhn (37)

where nnode is number of nodes of an element. For a three-node triangular element where

nnode = 3, we have:

ĥ =
3∑

n=1

ψnhn = ψ1h1 + ψ2h2 + ψ3h3 (38)

where (ψn ′s) are the standard Lagrange shape functions defined as:

ψn =
αn + βn x+ γn y

2Ae
(39)

The coefficients in equation (39) are calculated using the nodal coordinates of the vertices

of the triangular elements:

FIGURE 12. Schematic representation of the triangular elements used in the
finite element method with the Galerkin approach. The trial solution for the
example of hydraulic heads is shown here as ĥ. The area of the triangular
element is represented by Ae.
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α1 = x2z3 − x3z2 α2 = x3z1 − x1z3 α3 = x1z2 − x2z1 (40)

β1 = z2 − z3 β2 = z3 − z1 β3 = z1 − z2 (41)

γ1 = x3 − x2 γ2 = x1 − x3 γ3 = x2 − x1 (42)

Ae =
β1γ2 − β2γ1

2
(43)

The spatial derivatives of head trial solution (ĥ) are given by:

∂ĥ

∂x
=

3∑
n=1

hn
∂ψn
∂x

=
b1h1

2A
+
b2h2

2A
+
b3h3

2A
(44)

∂ĥ

∂y
=

3∑
n=1

hn
∂ψn
∂y

=
c1h1

2A
+
c2h2

2A
+
c3h3

2A
(45)

∂ĥ

∂z
=

3∑
n=1

hn
∂ψn
∂z

=
d1h1

2A
+
d2h2

2A
+
d3h3

2A
(46)

In the finite element method, the trial solution is subtituted into the governing ground-

water flow equation. This results in some errors since the trial solution is linear while the

change of the value of h is nonlinear. The weighted residual errors over an element are

required to integrate to zero:

∫ ∫ ∫
ν



[
∂
∂x

(
Kxxµrρf

∂ĥ
∂x +Kxyµrρf

∂ĥ
∂y +Kxzµrρf

∂ĥ
∂z

)]
+
[
∂
∂y

(
Kyxµrρf

∂ĥ
∂x +Kyyµrρf

∂ĥ
∂y +Kyzµrρf

∂ĥ
∂z

)]
+
[
∂
∂z

(
Kzxµrρf

∂ĥ
∂x +Kzyµrρf

∂ĥ
∂y +Kzzµrρf

∂ĥ
∂z +Kzzµrρfρr

)]
 dx dy dz = 0

(47)

The weighting function is of the form:

ν =
3∑

m=1

ψm (48)

Substituting the trial solution and weighting functions into the strong variational form (47)

of the differential equation and applying integration by parts (assuming a fully implicit time
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formulation) yields a matrix equation of the form, :

[Amn]hn = Bm (49)

where:

Amn =

∫ ∫ ∫


[
Kxxµrρf

∂ψm

∂x
∂ψn

∂x +Kxyµrρf
∂ψm

∂x
∂ψn

∂y +Kxzµrρf
∂ψm

∂x
∂ψn

∂z

]
+
[
Kyxµrρf

∂ψm

∂y
∂ψn

∂x +Kyyµrρf
∂ψm

∂y
∂ψn

∂y +Kyzµrρf
∂ψm

∂y
∂ψn

∂z

]
+
[
Kzxµrρf

∂ψm

∂z
∂ψn

∂x +Kzyµrρf
∂ψm

∂z
∂ψn

∂y +Kzzµrρf
∂ψm

∂z
∂ψn

∂z

]
 dx dy dz (50)

The buoyancy term (Bm) in equation (49) is given by:

Bm =

∫ ∫ [
∂ψm
∂z

Kzzµrρfρr

]
dx dy dz (51)

Bm =

[
2A

0!

2!

cm
2A

Kzz µr ρf ρr

]
=
cm
2
Kzz µr ρf ρr (52)

In matrix form, (Bm) is written as the following vector:

Bm =
cm
2
Kzz µr ρf ρr


1

1

1

 (53)

Segerlind (1984), introduced the following integration formula that can be used to to evaluate

integrals: ∫
Ae

Ψa
m Ψb

n dAe = 2A

[
a! b!

(a+ b+ 2)!

]
(54)

where a and b are the exponents of the interpolation functions.

As an example, assuming that the coordinate system is aligned with the principal

directions of the permeability tensor, A11 can be found by applying the above integration

formula (54) to equation (50):
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FIGURE 13. Schematic representation of the fluid flow boundary conditions.

A11 =
∫ ∫ ∫ (

Kxxµrρf
∂Ψ1

∂x
∂Ψ1

∂x
Kyyµrρf

∂Ψ1

∂y
∂Ψ1

∂y
Kzzµrρf

∂Ψ1

∂z
∂Ψ1

∂z

)
dx dy dz

A11 = 2A 0! 0!
(0+0+2)!

[
Kxxµrρf

∂Ψ1

∂x
∂Ψ1

∂x
+ Kyyµrρf

∂Ψ1

∂y
∂Ψ1

∂y
+ Kzzµrρf

∂Ψ1

∂z
∂Ψ1

∂z

]
A11 = V

[
Kxxµrρf

b21
4A2 + Kyyµrρf

c21
4A2 + Kzzµrρf

d21
4A2 +

]
A11 =

µr ρf
2A

[Kxxb
2
1 + Kyyc

2
1 + Kzzd

2
1]

(55)

Applying the integration formula to all components of the local Amn matrix yields:

Amn =
µr ρf
4A


[Kxx bm bn +Kxy bm cn +Kxz bm dn]

+ [Kyx cm bn +Kyy cm cn +Kyz cm dn]

+ [Kzx dm bn +Kzy dm cn +Kzz dm dn]

 (56)

Solving the fluid flow differential equations above for a specific domain requires defined

boundary conditions as shown in Figure 13. Values for hydraulic head are specified on the

eastern side of solution domain. The base and western side of the domain are assumed to

have very low permeability values that they are essentially barriers to flow. Recharge is

specified for the top of the domain.

For heat transfer, we can similarly propose a piecewise linear trial solution into the
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governing equation for heat transfer:

∫ ∫ ∫
ν



[
∂
∂x

(
λxx

∂T̂
∂x + λxy

∂T̂
∂y + λxz

∂T̂
∂z

)
− cfρfqx ∂T̂∂x

]
+
[
∂
∂y

(
λyx

∂T̂
∂x + λyy

∂T̂
∂y + λyz

∂T̂
∂z

)
− cfρfqy ∂T̂∂y

]
+
[
∂
∂z

(
λzx

∂T̂
∂x + λzy

∂T̂
∂y + λzz

∂T̂
∂z

)
− cfρfqz ∂T̂∂z

]
− (ρc) ∂T̂∂t

 dx dy dz = 0 (57)

As in the groundwater flow problem, for a triangular element (i.e., nnode = 3), a trial

solution is substituted as follows:

T̂ =
nnode∑
n=1

ψnTn =
3∑

n=1

ψnTn = ψ1T1 + ψ2T2 + ψ3T3 (58)

The weighting function is identical to the one used in the groundwater flow problem.

Applying integration by parts yields:

3∑
m=1

3∑
n=1




∫ ∫ ∫ 

(
λxx

∂ψm
∂x

∂ψn
∂x

Tn + λxy
∂ψm
∂x

∂ψn
∂y

Tn + λxz
∂ψm
∂x

∂ψn
∂z

Tn
)

+
(
λyx

∂ψm
∂y

∂ψn
∂x

Tn + λyy
∂ψm
∂y

∂ψn
∂y

Tn + λyz
∂ψm
∂y

∂ψn
∂z

Tn
)

+
(
λzx

∂ψm
∂z

∂ψn
∂x

Tn + λzy
∂ψm
∂z

∂ψn
∂y

Tn + λzz
∂ψm
∂z

∂ψn
∂z

Tn
)
 dx dy dz


+

(
cf ρf qx ψm

∂ψn
∂x

Tn + cf ρf qy ψm
∂ψn
∂y

Tn + cf ρf qz ψm
∂ψn
∂z

Tn

)


= 0 (59)

This results in a matrix equation of the form, assuming a fully implicit time formulation:

3∑
m=1

3∑
n=1

{
[Gmn] T k+1

n

}
= 0 (60)

where:

Gmn =



[
1

4A
(λxx bm bn + λxy bm cn + λxz bm dn)

]
+ (λyx µr cn + λyy cm cn + λyz cm dn)

+ (λzx µr dn + λzy dm cn + λzz dm dn)

+
[ρf cf

24
(bn qx + cn qy + dn qz)

]


(61)

For heat transfer, a specified temperature is imposed at the top boundary (water table).

Insulating conditions (no heat flow) are imposed on the two sides of the solution domain. At

the base of the domain, a specified heat flux boundary condition is imposed. This set up is

schematically depicted in Figure (14).
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FIGURE 14. Schematic depiction of the boundary conditions for heat transfer
equations. At point M , heat flux JM is obtained from the heat flux values
assigned to the neighboring elements as the equation in this figure shows.

For chemical mass transport, the following transport equation is proposed for Ca:

dCCa

dt
=

∫ ∫ ∫
ν



[
∂
∂x

(
Dxx

∂ĈCa

∂x +Dxy
∂ĈCa

∂y +Dxz
∂ĈCa

∂z

)
− cf ρf qx

∂ĈCa

∂x

]
+
[
∂
∂y

(
Dyx

∂ĈCa

∂x +Dyy
∂ĈCa

∂y +Dyz
∂ĈCa

∂z

)
− cf ρf qy

∂ĈCa

∂y

]
+
[
∂
∂z

(
Dzx

∂ĈCa

∂x +Dzy
∂ĈCa

∂y +Dzz
∂ĈCa

∂z

)
− cf ρf qz

∂ĈCa

∂z −
(
∂ĈCa

∂t

)]
+RRxn1 − RRxn2


dx dy dz

(62)

For H+, the equation is:

dCH

dt
=

∫ ∫ ∫
ν



[
∂
∂x

(
Dxx

∂ĈH

∂x +Dxy
∂ĈH

∂y +Dxz
∂ĈH

∂z

)
− cf ρf qx

∂ĈH

∂x

]
+
[
∂
∂y

(
Dyx

∂ĈH

∂x +Dyy
∂ĈH

∂y +Dyz
∂ĈH

∂z

)
− cf ρf qy

∂ĈH

∂y

]
+
[
∂
∂z

(
Dzx

∂ĈH

∂x +Dzy
∂ĈH

∂y +Dzz
∂ĈH

∂z

)
− cf ρf qz

∂ĈH

∂z −
(
∂ĈH

∂t

)]
− 8RRxn1 + RRxn2


dx dy dz

(63)
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Similarly, for HCO 2 –
3 , the equation is:

dCHCO3

dt
=

∫ ∫ ∫
ν



[
∂
∂x

(
Dxx

∂ĈHCO3
∂x

+Dxy
∂ĈHCO3

∂y
+Dxz

∂ĈHCO3
∂z

)
− cfρfqx

∂ĈHCO3
∂x

]
+

[
∂
∂y

(
Dyx

∂ĈHCO3
∂x

+Dyy
∂ĈHCO3

∂y
+Dyz

∂ĈHCO3
∂z

)
− cfρfqy

∂ĈHCO3
∂y

]

+


∂
∂z

(
Dzx

∂ĈHCO3
∂x

+Dzy
∂ĈHCO3

∂y
+Dzz

∂ĈHCO3
∂z

)
−cfρfqz

∂ĈHCO3
∂z

−
(
∂ĈHCO3

∂t

)
− RRxn2


dxdydz

(64)

As in the groundwater flow problem, a trial solution is substituted as follows :

Ĉ =
nnode∑
n=1

ψnCn =
3∑

n=1

ψnCn = ψ1C1 + ψ2C2 + ψ3C3 (65)

The weighting function is identical to the one used in the groundwater flow problem.

Substituting the trial solution and weighting function into the chemical mass transport

equation yields:

3∑
m=1

3∑
n=1




∫ ∫ ∫ 

(
λxx

∂ψm
∂x

∂ψn
∂x

Cn + λxy
∂ψm
∂x

∂ψn
∂y

Cn + λxz
∂ψm
∂x

∂ψn
∂z

Cn
)

+
(
λyx

∂ψm
∂y

∂ψn
∂x

Cn + λyy
∂ψm
∂y

∂ψn
∂y

Cn + λyz
∂ψm
∂y

∂ψn
∂z

Cn
)

+
(
λzx

∂ψm
∂z

∂ψn
∂x

Cn + λzy
∂ψm
∂z

∂ψn
∂y

Cn + λzz
∂ψm
∂z

∂ψn
∂z

Cn
)
 dx dy dz


+

(
cf ρf qx ψm

∂ψn
∂x

Cn + cf ρf qy ψm
∂ψn
∂y

Cn + cf ρf qz ψm
∂ψn
∂z

Cn

)


= 0 (66)

This results in a matrix equation of the form, assuming a fully implicit time formulation:

3∑
m=1

3∑
n=1

{
[Smn] Ck+1

n

}
=

3∑
M=1

LM (67)

where:

Smn =



[
1

4A
(λxx bm bn + λxy bm cn + λxz bm dn)

]
+ (λyx µr cn + λyy cm cn + λyz cm dn)

+ (λzx µr dn + λzy dm cn + λzz dm dn)

+
[ρf cf

24
(bn qx + cn qy + dn qz)

]


(68)

and LM is given by:

LM =

∫ ∫ ∫
ψM (RRxn1 − RRxn2) dx dy dz (69)
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Evaluating the integral in equation (69) and putting the result in matrix form gives LM

as:

LM =

(
Ae
3

)
1

1

1

 (RRxn1 − RRxn2) (70)

The boundary conditions for the chemical mass transport are defined such that the

boundaries east of the Loma Blanc fault zone are all advective. The area to the west of

the fault zone are set differently. The bottom and western boundaries are set to allow

no flux whereas the top boundary is set to have a specified equilibrium concentration;

Figure (15). The equilibrium concentration on the western side of the domain will specified

using atmospheric conditions.

FIGURE 15. Schematic representation of the boundary conditions used in
solving the chemical mass transport equations.
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2. Mesh Generation

The mesh generator used in this study is modified from a computer program developed

by Dina L. Lopez (López and Smith, 1995). The modifications introduced to the code by

the author introduce the ability to create sub-domain finite element meshes that are of finer

resolution than the overall domain. The modified FORTRAN code for this mesh generator is

listed in Appendix A.1. An example input file for the modified mesh generator is presented

in Appendix A.2.

3. Tracking Chemical Reactions

The author developed FORTRAN 90/95 computer code to calculate reaction rates of

anorthite dissolution and calcite precipitation. This code is listed in Appendix B. This code

has the capability to track porosity alteration (creation and destruction) and outputs net

porosity changes. The author built this code based on equations {(15): page 26, (17) – (22):

page 27, (25): page 28, and (27) – (29): page 29}.

4. Transport and Tracking of Chemical Species

Computer FORTRAN code was developed by the author to keep track of various

chemical species while they undergo reactions throughout the life of simulations and as they

get transported through the domain of simulation. The transport portions of the code were

developed by (Person, 2005; Person et al., 2007).

4.1. Transport and Tracking of Ca 2+. The equations used to build this part of the code

are: (34): page 30, (62): page 36, (65) – (70): page 38. The code is listed in Appendix C.1.

4.2. Transport and Tracking of H+. For this part of the code, the equations used

are: (35): page 30, (63): page 36, (65) – (70): page 38. The code is listed in Appendix C.2.
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4.3. Transport and Tracking of HCO –
3 . The equations used to build this part of

the code are: (36): page 30, (64): page 37, (65) – (70): page 38. The code is listed in

Appendix C.3.

5. Results

This research project was a success in the sense that it incorporated field observations

into a numerical model. The steps involved translating verbal descriptions into numerical

values for various parameters. Another aspect of success for this project is the development

of a number of computer subroutines that can be used to study reactions associated with

dissolution of anorthite, equation (22) and deposition of calcite, equation (25). Appendices B

and C list these subroutines. Additional contribution came in the form of added capabilities

to a finite element mesh generator. that is capable of creating sub-meshes that have finer

resolution compared to the original domain. This added functionality permits the user

to assign different properties to different parts of the mesh. Thus allowing simultaneous

experimentation with varying characteristic values for the property under study. Details are

in Appendix A.1.

Initial results from this study were not sufficiently insightful to explain the mechanism

under investigation even though the numerical representations of the reactions involved

were correct. The numerical design of these experiments did not account for the potentially

important effects of microbial biomass on calcite precipitation. In recent years, it has

been shown that presence of biological activity enhances (catalyzes?) the precipitation

of CaCO3 (Kandianis et al., 2008). This revelation led to rethinking of the mechanisms

of formation of calcite cementation and put focus on the role of microbial biomass in

the cementation reactions (van der Kooij et al., 2010). The increase in the reaction rate

due to presence of microbial biomass can be significant although it has not been well

quantified (Kandianis et al., 2008; van der Kooij et al., 2010; Zaihua et al., 2010). Recent
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findings by Fouke (2011) show that a complex relation exists between biotic and abiotic

processes. Fouke (2011) has shown that rapid precipitation rates of travertine result from

this complex interplay between these biotic and abiotic processes. Future reaction-transport

models should take advantage of these recent advances and incorporate the role of microbial

biomass in rate expressions, such as equation (15); page 26.





CHAPTER 3

Introduction

This part of the dissertation discusses exploring the use of forward-stratigraphic modeling

as a tool to gain insightful understanding of depositional seetings/environments (Griffiths,

2001). The investigation will be applied on the Clore Formation in the Mumford Hills

oil field, southwestern Indiana (Potter, 1962; Swann, 1964; Treworgy, 1991; Droste and

Keller, 1995). The study will probe the relationships between depositional settings on a

semi regional scale and sediment preservation.

1. Geological Settings, Paleogeography, and Paleoclimate

The Mississippian Clore Formation is a part of the Buffalo Wallow Group (Droste and

Keller, 1995). This group is part of the Chesterian Series (Weller, 1913; Swann, 1963;

Droste and Keller, 1995) of the rock record of the Illinois Basin. The main lithological units

of the Clore Formation in Indiana are limestone, sandstone, and shale. In Indiana, the most

ubiquitous lithology is shale (Droste and Keller, 1995). The Clore Formation was deposited

during the Late Mississippian (Figure 16). However, there are no studies that establish

temporal constraints on its actual age range (Droste and Keller, 1995; Treworgy, 2004; May

et al., 2009). The closest approximation available, to date, for the total time of deposition for

the Clore Formation can be anywhere from 300 ky to 800 ky. The conodont species called

C. monoceras, also known by the common name Adetognathus unicornis, has been reported

in the Clore Formation. The same species has also been found in the overlying Kinkaid

Limestone. To date, there is no reliable biostratigraphic data for the Degonia Formation that

lies between the Clore and the Kinkaid. Therefore, the age of the Clore Formation is poorly

constrained. (Swann, 1963, 1964; Norby, 1991; Treworgy, 2004; Rexroad et al., 2010).
43
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FIGURE 16. Stratigraphic column of the Chesterian Series of the Illinois
Basin with emphasis on the Clore Formation — and its three members
(modified from Atherton et al., 1960).

The Illinois Basin began its history as a rift complex. Thermal subsidence was the

driving mechanism during the first part of the Paleozoic (520–350 mybp). From mid-

Mississippian through Permian time, the Illinois basin underwent declining subsidence with

the rate of sedimentation matched to the rate of subsidence and little or no accumulation

of sedimentary units after the end of the Paleozoic (Siever, 1951; Swann, 1964; Heidlauf

et al., 1986; Buschbach and Kolata, 1991). A sediment accumulation rate of 45 m/106 year

has been report by Heidlauf et al. (1986) for the Pope megagroup which contains the Clore
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Formation (Swann and Willman, 1961).

In Illinois, the Clore Formation is composed, in ascending order, of a lower carbonate

member, called the Cora Limestone, a middle sandstone member, called the Mount Pleasant

Sandstone, and an upper carbonate member called the Ford Station Limestone (Figure 16).

These three members correspond generally to phases of transgression, regression, and

another transgression, respectively (Swann, 1963; Treworgy, 1988; Craig and Varnes, 1979;

Howard, 1991; Droste and Keller, 1995; Smith and Read, 2001; Treworgy, 2004).

Swann (1963) showed that the sediment supply during Chesterian time was from the

northeast. He proposed the name Michigan River (Figure 17), for the drainage system

that carried sediment from the Canadian highlands into the Illinois Basin. Swann (1964)

illustrated that shallow-marine and coastal sediment accumulation was cyclical during the

late Paleozoic in the Illinois Basin. Depositional settings alternated between shallow marine

conditions indicated by conodonts, and terrestrial coastal conditions indicated by Stigmaria

roots (Swann, 1964; Rexroad et al., 2010). The cyclic depositional nature of these rock units

is a result of repeated advances and retreats of the shoreline (Swann and Willman, 1961;

Potter and Pryor, 1961; Swann, 1964; Kahmann and Driese, 2008). During Clore deposition,

the Cincinnati and Ozark Arches probably were submerged or only slightly elevated above

sea level and the amount of sediment provided by these features is considered inconsequen-

tial (Siever, 1951; Swann, 1963). The Michigan River paleodelta is interpreted to have

experienced large lateral shifts of some 200 miles, accompanied by roughly axial shoreline

migration of 600–1000 miles (Figure 17), resulting in cyclic alternation of sedimentation

patterns on the northern and northeastern margin in the basin (Swann and Bell, 1958; Potter

and Pryor, 1961; Swann, 1963; Treworgy, 1988).

The location of the Illinois Basin during the time of Clore deposition (Figure 18) was

south of the equator at an approximate paleolatitude of 5–15 degrees South i.e., in the

tropicas (Craig and Varnes, 1979; Scotese and McKerrow, 1990; Smith and Read, 2001;
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FIGURE 17. Paleogeographic map showing the Michigan River supplying
sediment into the Illinois Basin from Canadian highlands during the Chestrian
(after Swann, 1963).

Treworgy, 2004)). Globally, the time was one of change from greenhouse conditions to

major continental glaciation (Smith and Read, 2001). The tropical climate is interpreted to

indicate that the area experienced seasonal monsoonal flows similar to present-day southeast

Asia.

The monsoonal interpretation is invoked here because of similarities in conditions to

areas that experience monsoonal seasons at the present. During warm seasons, continental

land masses across the land–sea thermal contrast undergoes thermal thawing. This results in

the creation of zones of low surface pressure over land. Wind then flows from the relatively

cold (high pressure) ocean into the low pressure continent. The wind in such situations

carries excessive amounts of moisture with it. This moisture is then dropped on the continent
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when the wind enters the low pressure zone in the form of monsoonal precipitation. These

conditions are responsible for monsoonal seasons in places like India. In the Chesterian, the

location of the AOI for this study (Figure 18) was in the tropics and therefore susceptible to

receiving monsoonal precipitation when the North American land mass warmed.

FIGURE 18. Paleogeographic map showing the location of the Illinois Basin
and the State of Indiana relative to the equator during the Mississippian ∼
350 million years ago (modified from Smith and Read, 2001; Treworgy,
2004).

During the middle–late Mississippian, the northern part of the Illinois Basin has been

interpreted as a shallow, gently sloping ramp that dipped toward the southwest. (Heidlauf

et al., 1986; Smith and Read, 2001) Sediment accumulation was not uniform throughout

the basin. The unequal rate of sedimentation led to variations in thicknesses of sand bodies

throughout the basin. Thicknesses of these sandstone bodies vary from approximately 10 m

to 30 m. Wireline logs indicate that the thickest accumulations are found in the central part

of the basin, in southern Illinois. These sand bodies have a distinguishing characteristic
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related to grain size. They are described to have uniform grain sizes in the range of fine to

very-fine sand (Potter and Pryor, 1961; Swann, 1963, 1964; Droste and Keller, 1995; Root,

2010)

2. Modern Analog

Simulating of a paleo-transportation and deposition system using stratigraphic-forward

modeling (SFM) requires knowledge of the parameters that controlled the physical process

in the system. The simulation parameters can come from previous studies, field data, or

comparison with a modern analog environment. In order to apply SFM to an ancient system,

modern analogs are often selected to represent the physical characteristics that may have

influenced the ancient system. The laws of physics that govern geological processes have

not changed throughout the life of the Earth. Therefore, understanding processes in the

modern and the parameters associated with them provides the means to screen modern

analogs. Selection of an appropriate modern analog for a sedimentary unit being studied by

modeling is based on perceived similarities for climate, regional geography, local landscape

and unusual sedimentary features such as the uniformly fine-grained nature of the sandstone

bodies in the Clore Formation.

The modern analog should have similar characteristics to those thought to have prevailed

during the times being modeled. For the present study, the modern analog that best meets

key criteria is the Mekong River (Figure 19) of southeast Asia.

The Mekong River is an appropriate modern analog for modeling of the paleo-Michigan

River. Direct comparison of the paleo-Michigan and the modern Mekong Rivers (Table 1) is

hindered by the various unknown aspects of the paleo-Michigan River. However, the missing

data do not reduce the suitability of the Mekong River as an appropriate modern analog given

the inevitable difficulty in characterizing ancient depositional systems from the rock record.

Both deltas are in the tropics but the Mekong delta is located north of the modern equator and
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FIGURE 19. General location map of the Mekong River.

the paleo-Michigan delta was located south of the Late Paleozoic equator. Both river systems

are sourced from highlands located in the mid-latitudes and discharge into deltas at low

latitude. The Mekong River has its source in the Tibetan highlands and the paleo-Michigan

River was sourced from the Canadian highlands. Both rivers carried sediment for long

distances, although the Mekong River runs over a greater distance with some sinuosity in its

path. For the Mekong River, the distance from its source to delta is approximately 5000 km.

This river has a number of tributaries. For the paleo-Michigan River, however, its actual

length, number of major tributaries, and sinuosity are unknown (Swann, 1964; Wolanski

et al., 1998; Anikiyev et al., 1986).

The variables of interest that are to be gleaned from a modern system include flow
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TABLE 1. Comparison of the Paleo-Michigan and the Mekong Rivers

Paleo-Michigan River Mekong River1

Latitude Approximately (5 − 10)◦

south of the Paleo-Equator
Approximately 10◦ north of
the Equator

Climate Tropical: influenced by the
ITCZ2

Tropical: influenced by the
ITCZ

Vegetation Vegetated at times Vegetated
Source Height High but not well-known Average of 5000 m
River length Long but not well-known About 5000 km
Sediment load Unknown Average of 1200 (kg/m3)
Flow velocity Unknown 1 (m/s)
Number of tributaries Unknown Many

1:Values for the Mekong River are from (Anikiyev et al., 1986; Wolanski et al., 1998)
2:The ITCZ is the intertropical convergence zone where trade winds from north and south of the equator

converge. It is characterized by seasonal shifts in wind direction and magnitude.

velocity, flux of water, sediment concentration, and seasonal variabilities. These values

need, in most cases, to be adjusted in order to account for known or inferred dissimilarities

between the analogue and the modeled system. Using as many parameters as possible, a

conceptual framework is developed and translated into a numerical input using a modeling

package. Multiple variations in the values used for major parameters can be established and

run through the simulation program in order to assess sensitivity to a particular parameter

such as flow velocity or proportion of grain sizes.

3. Methods

3.1. General Characteristics of the Numerical Experiments. The method used to

test the plausibility of the multiple scenarios consisted of building input files using the values

obtained from the Mekong River as a baseline. Of course, these values were adjusted for dif-

ferences between the two systems such as, elevation of the source area and distance traveled.

The Mekong River has an average annual fresh water discharge of 11,000 m3 s−1 (Wolanski

et al., 1998). This value was adjusted down to take into account that the Canadian highland

source for the paleo-Michigan River is inferred to have had significantly less relief than
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the Tibetan plateau, which sources the Mekong River. Another factor that necessitated

adjustment is travel distance. The paleo-Michigan River has not been interpreted to have

run for as large a distance as does the Mekong River today. (Swann, 1963; Wolanski et al.,

1998)

Sediment concentration for the paleo-Michigan River was also adjusted down from the

average values of the Mekong River. This was done for the same reason invoked in adjusting

the flux values. The average concentration for the Mekong River is 1200 kg m−3 (Wolanski

et al., 1998). The range grain sizes carried by the Mekong River is in the fine to very fine

grain sizes (Wolanski et al., 1998). The grain size range is the dominant range of sediment

transported by the paleo-Michigan River. The specific values for simulation parameters are

given in the next chapter on “Results, Discussions, and Conclusions” where each simulation

is described individually.

The simulations were run using a software package called Sedsim that is sold and

maintained by the Earth Science and Resource Engineering Group of the Commonwealth

Scientific and Industrial Research Organization (CSIRO), in Australia. This software pack-

age has the capability to model changes in sedimentary structures as they evolve through

time and space. The basis here is modeling the physical processes that erode, transport,

and ultimately deposit sediment, i.e., stratigraphic-forwarding modeling is concerned with

modeling physical processes rather deposits. The end result of the modeling is the de-

posits formed by the physical processes. Modeling in a forward sense allows the user to

gain insights into the intermediary stages of evolution of the sedimentary system under

investigation.

3.2. Fluid Flow. The commercial version of Sedsim is based on the original code that

was published by Tetzlaff and Harbaugh (1989). The original code is a finite-difference

FORTRAN code. The basic governing equations are the Navier-Stokes. These equations

couple the continuity and momentum equations (71 and 72) to describe the Newtonian flow
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of a fluid whose properties are spatially invariant. A fluid with such properties is called an

isotropic fluid.

Tetzlaff and Harbaugh (1989) describe the system as follow: conservation of mass is

handled by the continuity equation that is given by:

∂ρ

∂t
+∇ · ρq = 0 (71)

where:

ρ = density of isotropic fluid

t = time

q = flow velocity vector

The momentum equation deals with changes in momentum caused by the fluid. This

equation is given by:

ρ

(
∂q

∂t
+ (q · ∇)q

)
= −∇p+∇ · µU + ρ(g + Ωq) (72)

where:

p = pressure

µ = viscosity of fluid

U = Navier-Stokes tensor given by:

U =


2∂u
∂x
− 2

3
∇ · q ∂u

∂y
+ ∂v

∂x
∂u
∂z

+ ∂w
∂x

∂u
∂y

+ ∂v
∂x

2∂v
∂y
− 2

3
∇ · q ∂v

∂z
+ ∂w

∂y

∂u
∂z

+ ∂w
∂x

∂v
∂z

+ ∂w
∂y

2∂w
∂z
− 2

3
∇ · q

 (73)

u, v, w = elements of the flow velocity vector q on the Cartesian x, y, and z axes, respectively.

Ω = Coriolis tensor given by:

Ω =


0 2ω sin φ −2ω sin φ

−2ω sin φ 0 0

−2ω cos φ 0 0

 (74)
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ω = earth’s angular rotational velocity

φ = latitude

g = earth’s gravitational acceleration vector

Fluid density (ρ) and viscosity (µ) can be considered constant at constant temperature. In

most cases, the application of Sedsim is over areas that are not large enough for the Coriolis

effect to be significant. For this reason, (Ωq) can be neglected in these cases. However,

for depositional systems that involve large scale circulation, the Coriolis effect cannot be

neglected. The original code of Sedsim ignores the Coriolis effects. As a consequence,

Sedsim cannot be used to simulate these systems.

The above simplifications allows us to write the continuity equation (71) in a simplified

form as follows:

∇ · q = 0 (75)

and the momentum equation (72) can be written as follows:

∂q

∂t
+ (q · ∇)q = −∇Φ + ν∇2q + g (76)

where:

Φ = pressure to constant density ratio = p/ρ

ν =kinematic viscosity = µ/ρ

Fluid flow is represented in Sedsim by a system of equations composed of the simplified

version of the continuity and momentum equations (75) and (76), respectively. This system

can be solved in a deterministic fashion if initial and boundary conditions are known and

well defined.

3.3. Sediment Transport. The basic notion in sediment transport is the principle of

conservation of mass. For a fluid flowing over an erodible surface, the amount of sediment

eroded from the surface must equal the amount added to the flow. The reverse holds true for

deposition onto the surface. In the original code of Sedsim (Tetzlaff and Harbaugh, 1989),
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this principle can be represented mathematically as follows:

(H − Z)

(
∂l

∂t
+ (Q · ∇)l

)
= −∂Z

∂t
(77)

where:

l = concentration of sediment

H = elevation of flow w.r.t. sea level

Z = topographic elevation w.r.t. sea level

t = time

Q = velocity of flow in the horizontal direction defined by:

Q = ui + vj (78)

where:

i, j = unit vectors in the x and y axes, respectively.

In Lagrangian form, equation (77) can be written as follows:

(H − Z)
Dl

Dt
= −∂Z

∂t
(79)

where D is the derivative in the direction of flow.

Flow conditions affect the amount of sediment carried in the flow. In a unit volume

of flow, sediment suspended in the flow moves at different rate than sediment in the bed

load (Tetzlaff and Harbaugh, 1989; Tetzlaff, 1991; Slingerland et al., 1994). Changes in flow

characteristics that cause changes in the amount of sediment in the flow can be represented

in the following mathematical form:

(H − Z)
Dl

Dt
= f(Q,∇H,∇Z, l, F ) (80)

where:

f = function representing variations in sediment load

F = coefficients of sediment properties array.
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Tetzlaff and Harbaugh (1989) presents a number of functions (f ) that can be used in

equation (81). The one used by Sedsim for sediment transport is:

(H − Z)
Dl

Dt
=


(Λ− Λe)f2 if Λ− 1

fl
< 0 or τ0 ≥ f3

0 if τ0 < f3 and Λ− 1
fl
≥ 0

(81)

where:

Λ = transport capacity; defined in equation (85)

Λe = 1
f1

= effective sediment concentration

f1 = transportability of sediment

f2 = erosion-deposition coefficient

f3 = threshold shear stress for sediment movement

τ0 = shear stress at the bed; defined as:

τ0 = c1|Q|2ρ (82)

where c1 is a friction coefficient for the bed. In SI units, it is defined as:

c1 = g
n2

h1/3
(83)

where:

n = Manning’s roughness coefficient

h = depth of flow = H − Z.

Grain size (diameter of sediment particles), density, and shape control the functions

f1, f2, andf3 of equation (81).

Tetzlaff and Harbaugh (1989) explains that quantification of sediment transport in

Sedsim is accomplished by calculating the power lost by bed friction per unit volume of

fluid. This power loss is what governs the capacity of the fluid to transport sediment. Thus,

Λ = ct
dP

dV
= ctτ0

|Q|
h

(84)
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where:

P = power lost by bed friction

V = volume

ct = coefficient of transport.

Using equations (83), (82), and (84), we get:

Λ = ctg
n2

h4/3
ρ|Q|3 (85)

In Sedsim, erosion occurs when the transport capacity of the fluid is greater than the

sediment load and the the fluid can overcome the shear stress of the bed. Deposition occurs

when the sediment load exceeds the transport capacity of the fluid.

3.4. Initial Flow Boundary Conditions. Boundary conditions at the start of simulation

time (t0) must be defined for flow velocity and flow depth. These conditions must be defined

at every point. So, for flow velocity Q, initial conditions are given by:

Q(x, y, t0) = Q0(x, y) (86)

Similarly, initial flow depth h0 is defined as:

h(x, y, t0) = h0(x, y) (87)

At the shoreline, flow depth must be set to zero at all times. It is defined as follows:

h(x, y, t) = 0 (88)

Other conditions, as discussed in (Tetzlaff, 1986), are set by methods described in the

previous sections of this chapter. The initial surface grid used by Sedsim is a finite-difference

grid. An example of such a grid is given in Appendix D.1.
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Results, Discussions, and Conclusions

Numerical experiments were set up to study the effects of multiple variables on the

amount and location of preserved sediments. These experiments were applied to a paleo-

depositional system of fine-grained Mississippian sediments in the Illinois Basin. Each

series of experiments was designed to investigate how the system responds to changes in

one variable at a time. For example, sediment concentration or proportion of particular grain

sizes. The following section will present a description of the individual experiments and

interpretation of the results from the respective simulations.

1. Results

1.1. Effects of Sediment Concentration on Preservation. This experiment was set

up to investigate the role of the sediment concentration on the amount and location of

preserved sediment. The area that was examined is part of the Illinois Basin. The current

location of the this area is defined by a southwest corner located at 38.01 degrees North

and 88.27 degrees West. The coordinates for the northeast corner are 38.37 degrees North

and 87.48 degrees west. This area is 70 km x 40 km. The size of the simulation grid cell

is 1 km x 1 km. In this experiment, two grain sizes were used for sediments in the model:

fines represented by a grain diameter of 0.19 mm and clays which were given a diameter of

0.003 mm. Normally, one would use a range, such as 0.125–0.25 mm for fine-grained sand,

to describe grain size. However, due to limitations of the modeling software, a single value

was used to represent each grain size. Grains were dominantly in a grain size of fine-grained

sand. 75% of the sediment load was set to the fine-grained sand and the remaining 25% was

set to clay size.
57
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The initial surface of deposition used in this simulation was smooth and gently dipping

towards the southwest with a slope of approximately 2 degrees; (Appendix D.1). This

surface was designed not to have any major preexisting topographical features. For changes

in the global sea level, the curve from Haq and Schutter (2008) was used. The flux of flow

was set to a value of 1600 m3 s−1 representing monsoonal season and 950 m3 s−1 for other

seasons. The direction of flow was set initially from the northeast and then allowed to

migrate westward for about 250 ka through the simulation domain. This movement from

east to west ran for half the life of the experiment. The second 250 ka of the experiment

was run with flow migrating from west to east back to the starting position. This behavior

was designed to mimic the interpreted shift in the delta of the paleo-Michigan River. Total

simulated time was set to 500 ky.

The baseline sediment sediment concentration was set to the value of average concentra-

tion in the Mekong River. This value is 1200 kg m−3 (Appendix D.2). Values of experiment

parameters are given in the example input file in Appendix D.2.
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Preserved compacted thicknesses showed a sensitive response to variations in sediment

load (Figure 20). This response was tested and analyzed at the central part of the area

of interest (AOI). This part is the location of the Mumford Hills petroleum field in Posey

County, Indiana. The current coordinates of the center of the AOI are 38.19 degrees North

and 87.87 degrees West. Model results show that of the amount for compacted sediment

was the highest for this field at a sediment load of 50% (Figure 20C) that of average of

the Mekong River. At this concentration level, the thickness of preserved sediment for this

location was approximately 23 m. The area that contains most of the preserved sediment

(NE corner of the AOI) shows a lesser degree of variability in areal extent compared to the

central part of the AOI (Figure 20).

1.2. Effects of Grain-Size Proportion on Preservation. The numerical modeling ex-

periment to study the effects of varying proportions of grain sizes within the sediment

load of the paleo-Michigan River was conducted using the same values for the parameters

discussed above. The only difference is that in the size-proportion experiment, proportions

of grain sizes were changed between the different simulations while keeping the sediment

concentration constant at 600 kg m−3 i.e., 50% of the average value of the Mekong River.

The size ratio of fine-grained sand to clay was varied in steps of 25%.

In the size-proportion experiment, as in the sediment-concentration experiment, it is seen

that end members represented in Figures 21A and 21C exhibit close similarities in relation to

the amount and location of sediment preservation. Another characteristic similarity between

these results and those of the previous section, is that the area close to source, the NE corner

of the model grid is the site of highest sediment accumulation for all combinations of grain

size ratios (Figure 21).
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Regardless of whether fine-grain sand or clay as the dominant fraction in the 3:1 ratio

(Figures 21A and 21C), similar amounts of sediment become preserved in the central part of

the AOI i.e, the location of the Mumford Hills petroleum field. The thickness here under

both ratios is about 22 m. The same behavior is seen in the NE corner of the model grid.

When the two grain sizes are present in equal proportions, the amount of sediment preserved

in the central part of the AOI is less by about 30% (Figure 21B) compared to when grain

sizes are in a 3:1 ratio.

2. Discussions

The results described above show that the thickness of preserved sediment after com-

paction did not match thickness data measured in log data (Figure 22). Model results also

show a trend that is inconsistent with the actual preserved location of maximum thickness.

Modeling results show that the NE part of the study site has maximum thickness of sand

bodies; in contrast, outcrop descriptions (Potter, 1962; Swann, 1963, 1964) indicate that the

SW part of the study site has maximum thickness of sand bodies preserved. There are a

number of factors that can lead to this type of mismatch between model results and outcrop

or borehole data. For the Clore study, the likely factors are scale of investigation, shape of

the initial surface of deposition, flow velocity, distance from source, grain size proportions,

and total elapsed time of deposition.

Values for parameters used in constructing the Clore model were derived from studies

at varying scales (Anikiyev et al., 1986; Wolanski et al., 1998). Combining these values

into one scale may create problems leading to inaccurate output from the model. The

model presented in this study is a “first-pass” effort and despite the mismatch between

results from the model and field data, positive conclusions can be drawn from the results for

future simulations. Once a satisfactory match is achieved, the model then can be used in a

predictive sense in order to assess, for example, thickness of sand in areas that have only
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FIGURE 22. Example wireline log for a well from Mumford Hills field. The
well is located near the center of the AOI; modified from IGSPDMS, 2011.

limited or no field data. Figure 23 shows the relationship between thickness of preserved

sand and concentration of sediment for two locations within the AOI. In the Clore modeling

study, sediment accumulations are thickest in the NE corner of the study area (Figure 23),
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which is a result not in agreement with field data. However, the data show that the method

applied here can be used to obtain the first derivative of thickness with respect to sediment

concentration. This derivative can then be plotted against distance from flow source to

calculate amount of sediment at a particular location. Sediment concentration in the river

flows used in this study was derived from a modern analog and adjustments were made

to account for differences between the modern analog, the Mekong River, and the ancient

system, the paleo-Michigan River. Differences that were taken into account include length

of travel and altitude of river source. That leaves other factors, such as sinuosity of flow path

and tributaries in the delta that were not included in the adjustments. Discrepancies between

model results and field data may stem from the manner in which the model was constructed.

The initial surface used in the model is gently dipping towards the southwest and is

smooth, meaning that there are no preexisting positive or negative topographic features.

Preexisting topography may affect accumulation of sediment if there are any forms of

depressions in the initial surface. On the other hand, earlier topography may preclude

sediment accumulation if it is present in the form of positive surface features.

Velocity of flow has a paramount role in controlling the distance that sediment travels.

Seasonal variations in flow velocity have to be accounted for when building a model.

In the Mumford Hills model, flow velocity was set at average values of 0.65 m s−1 for

monsoonal season and 0.35 m s−1 for other seasons. Velocity in the Mekong River can

reach average of 1 m s−1. The values used in the model may not be high enough to move

sediment to southwestern parts of the AOI. Hence, the relative low velocity of flow within

the distributary channels of the paleo-Michigan River may be the reason for the area of

maximum accumulation in the model’s output occurring close to flow source. The flow in

the simulations is affected by a constraint of the software. Sources of flow must be placed

on the edge or inside of the simulation domain. Velocity needs to be adjusted for how far

this domain is located relative to the source of sediment supply into the river.
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Grain sizes used in the simulations were of two sizes only. The sizes used were average

values for the fine-grained sand and an upper value for clay. Core data (Figure 24) show that

the dominant grain sizes are the fractions used. More detailed petrographical work could lead

to altering the grain diameters used. Proportion of grain sizes is another sedimentological

parameter that should be considered in the Clore model. Given the presence of silt-sized

grains in the sand bodies, average flow velocity and periods of unusually high and low

flow will have a major impact on where sediments are continuously transported compared

to where sediments are initially deposited and then eroded and further transported or are

deposited and then buried. Interaction of these variables with flow velocity will have a major

impact on how far from the source these sediments get carried by the river before they are

ultimately deposited.

FIGURE 24. Photograph of a core from a Mumford Hills well showing the
uniformity of grain size.

Localized changes in sea level are not well captured in the global sea level curve used

in building the model. This curve is not of sufficiently high resolution to capture relatively

short-lived fluctuations, especially those that may derive from climatic fluctuations. This is

another example of the scale of investigation being a source of error. Absence of specific

data on the local level for a study such as the Clore model, has more impact on the results
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than on studies conducted on scales similar to the scale from which data are extracted.

The pronounced effect here stems from the fact that the simulations attempt to model

depositional processes of high frequency (Weller, 1956; Swann, 1964) using data that group

high frequency information into low frequency data sets. The high frequency data are

exemplified in changes in sea level that result from climatic cycles whose durations are

shorter than what is captured in the sea level curve used in this study.

Total time of deposition used in the model may be incorrect. Age delineation of the

interval of interest, the Mount Pleasant Sandstone, is not very accurate. In fact, time of

deposition of the whole Clore formation is not well constrained due mainly to lack of distinct

biostrtigraphical indicators (Norby, 1991; Rexroad et al., 2010).

The model did not account for effects of wind, tides, or waves. These two factors are

powerful agents in moving sediment. Wind can carry sediments over large distance until its

energy dissipates. Absence of wind influence may be the reason for maximum sediment

preservation in the northeast as opposed to the southwest as observed in the field. Absence

of wind effects could have a more pronounced effect here. This is because the finer grain

sizes of the Mount Pleasant sandstones are composed mainly of fine-grained sand. These

fine-grained sediments are more susceptible to eolian transport over large distance than

larger-sized grains. The paleo-location of the study area could have amplified the role

of the wind. This role is better understood in association with monsoonal influence over

this paleo-tropical area. In the tropics, wind alternate between going from land to ocean

and, during monsoonal season, from ocean to land. This alternation presents an extra level

of complication while setting the input for the model. Accurate representation of wind

influence requires information about wind speed, direction, and duration of each of the

alternating episodes for the lifetime of the simulation.

Tidal influence may also have a role that is as equally important as that of the wind.

Tides results from the gravitational pull exerted by the Moon and the Sun on the Earth. The
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relative positions of the Moon and the Sun affects the strength of the tides. Tidal forces

reach their maximum strength when these three bodies bodies are closely aligned (Kvale

et al., 1999). Periods of the lunar cycles that affect tidal strength vary. The changes in

periodicities of these lunar events are attributed to changes in the phases of the Moon and

its declination relative to the equator. These cycles include: semidiurnal, diurnal, biweekly,

monthly, yearly, and multi-yearly. (Williams, 1989; Feldman et al., 1993; Archer, 1996;

Kvale et al., 1999)

Because each cycle has its own period, their effects can be with amplified, when they

are in phase, or diminished, when they are out of phase (Williams, 1989; Kvale et al., 1999).

Meteorological phenomena also affect tidal strength by interaction and influencing tidal

cycles. Such meteorological factors include: monsoonal rain, wind, fluctuations in sea level.

These latter factors can also be superimposed on tidal cycle in constructive and destructive

ways. (Archer, 1996; Kvale et al., 1999) The complex interactions among all the above

factors may affect the capacity of the current to carry sediment. These interactions may also

impact the amount of sediment available for transport.

Evidence of tidally-influenced deposits have been identified in the rock record. They are

called tidal rhythmites. They have identified in many basins spanning epochs of the geologic

record of the Earth. These rhythmites have been identified in the Precamberian Elatina

Formation in South Australia, the Mississippian Pride Shale of the Bluestone Formation in

southern West Virginia, the Pennsylvanian Brazil Formation in Indiana, the Pennsylvanian

Hindostan Whetstone beds of the Mansfield in Indiana, and the Carboniferous Francis Creek

Shale in Illinois (Kvale et al., 1989; Williams, 1989; Kvale et al., 1994; Archer et al., 1995;

Archer, 1996; Miller and Eriksson, 1997; Kvale et al., 1999). Tidal rhythmites have also

been found in the Early Chesterian Bethel and Elwren Formations in Indiana (Thompson,

2011).
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3. Conclusions

Numerical simulation is an effective approach to study evolution of sedimentary deposits.

The process of preparing model input serves as a means to enhance geologists understanding

of the system under study. This process stresses the need to comprehend all aspects related

to the depositional system. This course of action represents an invaluable tool in achieving

deeper insights into earth processes.

Results from the present study show that forward modeling allows for assessment of the

effects of variables that control the physical process governing transportation and deposition

of sediment in a complex system. This was achieved in the absence of information pertinent

to this system, such as precise age delineation. In the modeling experiments, preservation

of sediment is sensitive to concentration of sediment within a fluviodeltaic system. The

amount of sediment preserved shows a complex relationship to sediment concentration.

Sediment preservation increased with increasing sediment load within the system to

a certain point. Figure 23 shows that near the flow source, the preservation increased up

until 30% the average concentration of the Mekong River. Beyond that concentration,

preservation generally decreased. The same trend applies at the center of the AOI. Here,

however, the concentration that produced the largest amount of preservation is 40%.

The location of preservation is also affected by concentration of sediment. The relation-

ship between sediment concentration and location appears to be more complex than between

sediment concentration and the amount preserved. Comparison between Figures 20A

and 20B illustrates that at 90% concentration relative to the average of the Mekong River,

there is a wider areal extent of preserved sediment than at 100%. The same approximate

extent is seen at 50% (Figure 20C) as at 90%.

Proportions of different grain sizes affect the amount of preserved sediment in the central

part of the AOI in such a way that emphasizes the relative ratio of grain sizes. At a ratio of

3:1 for either grain size, the amount preserved is about the same.
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Further study of the system is recommended to investigate, in more detail, the roles

sediment load and grain size proportions. Preexisting topography on the initial surface of

deposition is a major variable recommended for further work. Additionally, improvements

to the model would come from including the effects of wind and tides. Flow velocity

and location of flow sources are also variables that need further experimentations. Since

the duration of deposition of this system is not well constrained, experiments at different

durations have the potential to enhance the model.

Looking at the results from the Clore model as a whole leads to the interpretation that

such a study would be more useful by including the effects of wind, tides, and topography.

The combined effect of wind and tides seems to be the factor that has the highest potential

for improving the model output. The wind parameter is also the most difficult to quantify

accurately for a paleo-system even with the use of a modern analog. Nevertheless, every

effort should be taken to include thes two factors in the model input. Development of an

integrated conceptual model is crucial. Integration here is meant to convey the sense that

when translating the effects of a single variable in the conceptual model into numerical input,

interaction of the other variable and how they affect this one variable should be considered

carefully. Performing such analysis for all variables involved increases the potential for the

output from the model to be meaningful and relevant.

The Clore model, in one aspect, raises questions for further work in both modeling as

well as field studies. A major question that became clear from this study is: how is the

ultimate fate of sediment impacted by wind and tides in the tropics?





APPENDIX A

Source Codes

1. Mesh Generation

The following section lists the modified code of the finite element mesh generator devel-

oped by the author based on original FORTRAN code developed by Dina L. Lopez (López

and Smith, 1995). The author introduced new functionality that permits generating subdo-

mains of finer resolution than the parent domain of the problem under study as mentioned in

section 2 (Mesh Generation; page 39) of chapter 2. Output from this code is designed to be

visualized using the commercially available software TecplotTM.
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2. Input for Mesh Generation

An example of an input file for the above mesh generator is given below. This example

highlights the functionality added by the author as described in section 2 (Mesh Generation;

page 39) of chapter 2.



A. SOURCE CODES 94

1
D
o
m
a
i
n

P
a
r
a
m
e
t
e
r
s
:

n
c
o
l
x

n
c
o
l
y

n
r
o
w
z

3
3
0

1
2

1
2

S
u
b
D
o
m
a
i
n

P
a
r
a
m
e
t
e
r
s
:

5
x
m
i
n

x
m
a
x

y
m
i
n

y
m
a
x

z
m
i
n

z
m
a
x

1
7
.
0

2
3
.
0

5
.
0

7
.
0

5
.
0

7
.
0

7
G
r
i
d

A
d
j
u
s
t
m
e
n
t

P
a
r
a
m
e
t
e
r
s

f
o
r

t
h
e

S
u
b
D
o
m
a
i
n
:

n
n
X
1
f
a
c
t
o
r

n
n
X
3
f
a
c
t
o
r

n
n
Y
1
f
a
c
t
o
r

n
n
Y
3
f
a
c
t
o
r

9
6

1
2

6
5

G
r
i
d

R
e
f
i
n
e
m
e
n
t

P
a
r
a
m
e
t
e
r
s
:

11
x
r
e
f
i
n
e

d
e
l
x
m
i
n

d
e
l
x
m
a
x

y
r
e
f
i
n
e

d
e
l
y
m
i
n

d
e
l
y
m
a
x

0
.
6
5

1
.
0

2
.
6

0
.
2
5

1
.
0

1
.
0

13
G
r
a
d
i
e
n
t

P
a
r
a
m
e
t
e
r
s

(
L
o
w

f
a
c
t
o
r
s

s
h
o
u
l
d

b
e

<
1
.
0
)
:

h
i
g
h
_
h
e
a
d

l
o
w
_
h
e
a
d
_
f
a
c
t
o
r

15
2
.
0

0
.
4
5

h
i
g
h
_
t
e
m
p

l
o
w
_
t
e
m
p
_
f
a
c
t
o
r

17
1
0
.
0

0
.
4
5

h
i
g
h
_
c
o
n
c

l
o
w
_
c
o
n
c
_
f
a
c
t
o
r

19
0
.
2

0
.
4
5

h
i
g
h
_
c
h
c
o
3

l
o
w
_
c
h
c
o
3
_
f
a
c
t
o
r

21
1
.
8

0
.
4
5

h
i
g
h
_
c
h

l
o
w
_
c
h
_
f
a
c
t
o
r

23
4
.
0
0
E
-
0
5

0
.
4
5

h
i
g
h
_
c
a
l

l
o
w
_
c
a
l
_
f
a
c
t
o
r

25
6
.
6
0
E
-
0
7

0
.
4
5

h
i
g
h
_
c
s
i
o
2

l
o
w
_
c
s
i
o
2
_
f
a
c
t
o
r

27
2
.
2
2
E
-
0
3

0
.
4
5

h
i
g
h
_
c
c
a

l
o
w
_
c
c
a
_
f
a
c
t
o
r

29
1
.
6
4
E
-
0
3

0
.
4
5



APPENDIX B

Reaction Rates

The FORTRAN 90/95 computer code, developed in this study, to calculate reaction rates

i.e., dissolution of anorthite and precipitation of calcite is listed below. This computer code

tracks porosity alteration and outputs net porosity changes accounting for porosity created

and lost. The basis of this part of the code is described in section 3 (Tracking Chemical

Reactions; page 39) of chapter 2. Output from this code is designed to be visualized using

the commercially available software TecplotTM.
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APPENDIX C

Transport of Chemical Species

1. Transport and Tracking of Ca 2+

The basis of this part of the code is described in section 4.1 (Transport and Tracking of

Ca 2+; page 39) of chapter 2.
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2. Transport and Tracking of H+

The basis of this part of the code is described in section 4.2 (Transport and Tracking of

H+; page 39) of chapter 2.
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3. Transport and Tracking of HCO –
3

The basis of this part of the code is described in section 4.3 (Transport and Tracking of

HCO –
3 ; page 40) of chapter 2.
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APPENDIX D

Input Files for Stratigraphic-Forward Modeling

The following input file contains all the parameters used in investigating the effects of

sediment concentration on preservation. This particular simulation was run with concen-

tration value of 1200 kg m−3. Discussion of this simulation and others related to the same

experiment is in section 4.1.2 (Effects of Grain-Size Proportion on Preservation; page 60).

1. Grid of Initial Surface of Deposition

The initial surface grid that was used in the simulations is given in the file below:
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2. Example of Master Input File for Sediment Concentration Investigation
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