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ABSTRACT 

 

Opaline silica (opal-A) is thermodynamically unstable at surface conditions and 

readily transitions into opal-CT and at higher temperatures and pressures, quartz. Past 

work has used the temperature dependency of this phase transition for paleothermometry 

in opal-bearing sedimentary rocks. Those works determined that bulk concentrations of 

silica, organic material, and detrital minerals influenced the phase transition temperature. 

However, previous work only addressed the influence of these impurities on a macroscale 

and ignore potential microtextural interactions of silica and organic material. In this 

thesis, I present a set of experiments designed to characterize the effect of organic matter 

distribution on the opal-A to opal-CT transition in siliceous sedimentary rocks. Silica, 

humic acid, and mock seawater solution were loaded into Parr hydrothermal vessels as 

bulk sediments or in defined physical configurations (stratified or intermixed) and were 

heated at 200°C for up to 14 weeks. The solid products of these experiments were 

analyzed using X-Ray diffraction (XRD), Raman spectroscopy and Fourier-transform 

infrared (FTIR) spectroscopy. In organic-free experiments, the broad opal-A diffraction 

peak at 22° 2θ narrowed over the course of 14 weeks, suggesting increased internal 

ordering. FT-IR spectra showed changes in the position of the Si-O-Si stretching mode 

peak at 1060 cm-1 with silica diagenesis. Opal-CT may have been observed to occur 

sporadically in some stratified experiments and associated controls, but apparently did 

not occur in intermixed configurations. In stratified experiments, no correlation was 

observed between opal-A full-width half maximum and proximity to the humic acid 
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layer. Similarly, no trend was observed between FT-IR peak positions and proximity to 

humic acid. These results suggest that the presence of organic matter does play a role in 

inhibiting the internal ordering of opal; however, the configuration might not be a 

primary factor in this transition. The results of this study may be applicable to the 

Monterey Formation and other hydrocarbon-bearing siliceous sedimentary formations. 

Our results suggest that the maturation of oil reservoirs in the Monterey Formation may 

be constrained solely on the silica phases present. 
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CHAPTER 1 

INTRODUCTION 

 
Amorphous opal (opal-A) is a silica phase lacking a defined crystallographic 

structure, commonly produced biogenically as the siliceous skeletons of organisms such 

as radiolarian and diatoms (Simpson and Volcani, 1981; MacKinnon, 1989; Heaney, 

1994; Elzea et al., 1994; Liesegang and Tomaschek, 2020). Abiotically, amorphous opal-

A can form as sinters from hydrothermal fluids rich in dissolved silica, via crystallization 

of subaqueous siliceous magma, or though volcanic ash or tuff (O’Keefe, 1984; 

MacKinnon, 1989; Heaney, 1994; Elzea et al., 1994; Rodgers et al., 2004, Liesegang and 

Tomaschek, 2020). After burial, opal-A forms into an amorphous sphere from the diatom 

skeleton (Heaney, 1994). Opal-A then transitions into a more highly ordered crystalline 

structure known as opal-CT (Heaney, 1994; Tatzel et al., 2015; Liesegang and 

Tomaschek, 2020). The transition from opal-A to opal-CT and at higher pressures and 

temperatures, quartz, has been shown to be a useful paleo-thermometer by using 

temperatures of silica phase transitions as a marker of previous environment conditions 

(Keller and Isaacs, 1985; Bennett et al. 1990; Behl, 1999).  

Low energy environments allow for the deposition and preservation of siliceous 

organisms and their organic material, altering them into biogenic shales (Murata and 

Nakata 1974; Murata and Larson, 1975; Isaacs and Petersen, 1987; Behl, 1999). Due to 

the possibility of hydrocarbon repositories associated with these shales, biogenic shale 

formation is an ongoing topic of study as a potential economic resource (Murata and 
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Nakata, 1974; Murata and Larson, 1975; Isaacs and Petersen, 1987; Behl, 1999). This 

interest is no less the case for the Miocene-aged Monterey Formation in California 

(Bramlette, 1946; Ingle, 1981; Behl, 1999). The Monterey Formation and overlying 

Sisquoc Formation are rich in diatomaceous shales and contain all phases of silica as well 

as hydrocarbon reservoirs (Bramlette, 1946; Ingle, 1981; Isaacs and Petersen, 1987; 

Dunkel and Piper, 1997; Behl, 1999).  

To determine the diagenetic history of siliceous shales, many researchers have 

attempted to constrain the temperatures at which silica phase transitions occur, roughly 

between 18°C to 110°C (Kastner et al., 1977; Keller and Isaacs, 1985; MacKinnon, 1989; 

Bennett et al., 1990; Hinman, 1990; Lynne and Campbell, 2003). Initial studies only 

considered temperature and pressure as significant factors in silica diagenesis (Kastner et 

al., 1977; Keller and Isaacs, 1985; Bennett et al., 1990); however, evidence shows 

organic matter impedes the transitions from opal-A to opal-CT by acidifying the solution 

(Kastner and Gieskes, 1983; Isaacs 1982; Hinman 1990; Lynne and Campbell, 2003). 

Additionally, carbonates act as a buffer to acidification of pH allowing for less inorganic 

alkalinity utilization (Hinman, 1990). These previous studies focused on diagenetic 

changes on the bulk scale, ignoring potential microtextural variability in silica phase 

transitions due to heterogeneity in the distribution of organic matter. 

Due to opal-CT precipitation filling void spaces of opal-A, porosity has been 

shown to decrease during diagenesis, with opal-A rich rocks having a porosity of 35-

65%, which decreases to a porosity of 25-39% in opal-CT rich rocks (Isaacs, 1981; 

Hinman, 1990; Compton, 1991). The formation of quartz further reduces this porosity, 
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due to infilling of opaline void space and a tighter mineralogical packing (Isaacs, 1981; 

Hinman, 1990; Compton, 1991). Two points, however, are less clear: how distribution of 

organics within siliceous sediment affects diagenesis, and how organics affect the 

porosity of the medium on the microscale. These distributions can range from evenly 

distributed organics in black shale to coarse organic particulates in fluvial environments 

(Behl, 1999). A better understanding of microtextural interactions of organics and silica 

during diagenetic processes can help constrain paleo-thermometry and allow for an 

improved inference of hydrocarbon reservoir maturity. 

1.1 Purpose of Experimentation 

 

To better constrain the controls on silica diagenesis in the natural environment, a 

better understanding is required of the mechanism of silica and organic matter interaction 

on the microscale. This study seeks to illustrate in what way organic matter influences 

silica phase transitions in different physical configurations. Greater knowledge of how 

different organic/silica configurations influence the temperature required for phase 

transition will lead to a more robust interpretation of paleo-thermometry and could aid in 

the analysis of hydrocarbon reservoir maturation. Better understanding of these principles 

will allow for fine tuning of oil reservoir mapping, producing better expectations of 

yields from reservoirs. 

In this thesis, I conducted a set of laboratory experiments designed to track the 

transition of opal-A in incremental timesteps through diagenesis before opal-CT 

precipitation has occurred. To do this, silica and a proxy for sedimentary organic matter, 
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in this case humic acid, were heated undisturbed for 12 weeks at 200°C in two different 

endmember distributions (stratified and intermixed). This setup allowed for spatially 

resolved mapping of silica changes with proximity to organic material. This mapping will 

provide a better understanding of how changes to the opal internal structure occurs before 

transition to opal-CT. Products of these experiments were analyzed using multiple 

diffraction and spectroscopy techniques to detect various signatures of diagenesis. These 

analyses will determine which method is most sensitive to fine changes in silica structure. 

Finally, this study will explore the effects of diagenetic conditions on the humic acid 

molecular structure.  

  



 

5 

 
CHAPTER 2 

BACKGROUND 

2.1 Silica Mineralogy  

Skeletons of siliceous organisms, such as radiolarians, diatoms, and sponges, are 

comprised entirely of hydrous amorphous opal (opal-A) (MacKinnon, 1989; Elzea et al., 

1994; Liesegang and Tomaschek, 2020). Opal-A rich sedimentary formations occur due 

to deposition of these skeletons of diatoms and radiolarians (Simpson and Volcani, 1981; 

Elzea et al., 1994; Rodgers et al., 2004; Liesegang and Milke, 2014; Liesegang and 

Tomaschek, 2020). After the death of these siliceous organisms, if waters are 

significantly undersaturated, layers of opal-A can form. Biogenic silica is also produced 

and recycled through plant processes on the surface (Drees et al, 1989; Heaney, 1994). 

These processes include the uptake of silica for plant cellular structure, with sequential 

release upon decay, and silica depolymerizing by some hearty grasses (Weiss and 

Herzog, 1978; Sangster and Hodson; 1986, Heaney, 1994). Abiotic silica can form in 

obsidian through quenching of highly siliceous magmas at interfaces with air or water 

(O’Keefe, 1984; Heaney, 1994, Elzea et al., 1994; Rodgers et al., 2004). Additional 

abiotic formation can be seen in tektites associated with impact events and geyserite from 

highly siliceous geyser fluid, as well as volcanic ash (Glass,1984; O’Keefe, 1984; 

Heaney, 1994).   

Opal-A is classified as almost exclusively silica spheres of 1500-3000 Å in 

diameter or amorphous silica glass network (Jones et al., 1964; Rodgers et al., 2004; 
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Liesegang and Milke, 2014). Opal-A can be categorized as either hydrous opal-AG or a 

gel like opal-AN, also known as hyalite (Jones and Stignant, 1971; Flörke et al., 1973; 

Sanders, 1980; Graetsch, 1994; Rodgers et al., 2004; Curtis et al., 2019). Amorphous 

silica contains molecular water and hydroxl groups incorporated into their structure up to 

12 weight percent (Murray and Sanders, 1980; Knauth and Epstein, 1982; Knauth, 1994; 

Rodgers et al., 2004; Day and Jones, 2008; Curtis et al. 2019). Opal-AG, or precious 

opal, is defined as repeated stacked silica spheres with molecular water groups 

incorporated in interspace between spheres (Jones et al., 1964; Graetsch, 1994; Rodgers 

et al., 2004). Regular arrangement of these spheres interference colors, leading to the 

visual appeal of precious opal (Sanders, 1964,1968; Graetsch, 1994 Liesegang and Milke, 

2014). Hyalite, or opal-AN, incorporates the water groups into its structure during 

quenching of siliceous melt, forming an amorphous siliceous glass (Flörke et al. 1973; 

Graetsch, 1994.)  

Upon burial, opal-A starts to form a microcrystalline form of opal, 

mineralogically comparable to silica phases cristobalite and tridymite, known as opal-CT 

(Heaney, 1994; MacKinnon, 1989; Tatzel et al., 2015; Liesegang and Tomaschek, 2020). 

Cristobalite’s crystalline structure shows an alternation of three hexagonal rings, which 

are comprised of silica tetrahedrons (Wyckoff, 1925; Heaney, 1994). Tridymite displays 

a similar crystalline pattern to cristobalite; however, it alternates two hexagonal rings, 

creating a tunnel in the crystalline structure (Wyckoff, 1925; Heaney, 1994). Opal-CT is 

paracrystalline and commonly forms aggregates of lepispheres, with blades of tridymite 

after precipitation (see figure 1) (Kastner, et al. 1977; Hinman, 1990, Heaney, 1994; 
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Liesegang and Tomaschek, 2020). Upon precipitation of opal-CT, structural water 

content is dropped to about ten weight percent, with most of the water content 

incorporated as molecular water (Graestsch, 1994; Day and Jones, 2008).  

                    

Figure 1: SEM images of: A: opal-A spheres, B: stacking of precious opal, C: lepisphere 

blades during the formation of opal-CT (Liesegang and Tomaschek, 2020). 

  

 After complete crystallization, opal-CT converts into highly ordered quartz, with 

a tighter silica tetrahedral spiral structure (Heaney, 1994). This highly packed structure is 

dehydrated compared to its opaline predecessors, with a water content of approximately 

0.2–0.9 weight percent (Graetsch, 1994; Day and Jones, 2008).  

 

2.2 Opal Diagenesis 

 

Amorphous opal (opal-A) is thermodynamically unstable at surface conditions 

and readily changes with burial due to the increase in pressure and temperature (Simpson 

and Volcani, 1981; MacKinnon, 1989; Heaney, 1994; Elzea et al., 1994; Liesegang and 

Tomaschek, 2020). During burial, the water content of the opal is partially removed, 

thereby allowing for the formation of opal-CT (MacKinnon, 1989). Magnesium 
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hydroxide has been shown to allow nucleation of opal-CT, through attraction of the 

silanol group to magnesium on dissolved silica (Kastner and Gieskes, 1983; Hinman, 

1998). Other heavy metal ions can also facilitate this nucleation, but they are present at 

low abundances in ocean waters and their effects are negligible (Kastner and Gieskes, 

1983; Hinman, 1998). Using phase transition temperatures of the silica phases, 

researchers have attempted to utilize this diagenetic process as a system for 

reconstructing past geothermal temperatures (Keller Isaacs, 1985; Bennett et al., 1999). 

These ranges have been reported as 18°-56°C for opal-A to opal-CT, although Bennett et 

al. (1999) suggested a lowered initial transition to this range at 5°C, and 31°-110°C for 

opal-CT to quartz, with higher temperatures required when less overall biogenic silica is 

present in the rock (figure 2) (Keller and Isaacs, 1985; Bennett et al., 1990). Additionally, 

previous work has shown that further ordering of the opal-CT, as demonstrated by 

reduced d-spacing of the ~4.0 Å XRD peak, occurs with additional heat and time, 

allowing for more control on paleo-thermometry (Keller and Isaacs, 1985; Bennett et al., 

1999).  
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Figure 2: Transitions of opal-A to opal-CT and quartz as a function of detritus content 

and biogenic silica (Keller and Isaacs, 1985).  

 

Kastner et al. (1977) demonstrated that the rate of silica diagenesis is not strictly 

controlled by burial pressure and temperature. The degradation of organics result in 

acidification of the solution, creating an environment that favors silica dissolution but not 

precipitation, resulting in opal diagenesis slowing in the presence of organics (Lewin, 

1961; Siever and Scott, 1963; Kastner et al., 1977; Isaacs 1982; Hinman 1990; Behl, 
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2011). Hinman (1990) demonstrated that the addition of organic material not only 

inhibits the initial precipitation of opal-CT, but results in the formation of a more highly 

ordered opal-CT. The presence of carbonates has been shown to increase the rate of opal 

diagenesis (Kastner et al., 1977) as carbonates when dissolved counteract solution acidity 

during dissolution (Hinman, 1990). 

 

2.3 X-Ray Diffraction Signatures of Silica Phases 

 

X-ray Diffraction (XRD) patterns of opal-A are identified by their broad hump at 

4.0 Å (figure 3) (Flörke et al, 1991; Elzea et al., 1994; Rodgers et al., 2004; Ghisoli and 

Marinoni, 2010; Curtis et al., 2019; Liesegang and Tomaschek, 2020). During diagenesis, 

this peak narrows as the opal becomes more structurally ordered (Keller and Isaacs, 1985; 

Liesegang and Tomaschek, 2020). Peak fitting on XRD diffractograms show that the 

peak usually exhibits a full-width half maximum (FWHM) of approximately 0.53 Å, with 

no notable difference between opal-AG and opal-AN (Curtis et al., 2019). After the 

formation of opal-CT, an additional peak occurs at 2.5 Å, and the broad hump at 4.0 Å 

narrows (Flörke et al, 1991; Elzea et al., 1994; Rodgers et al., 2004; Ghisoli and 

Marinoni, 2010; Curtis et al., 2019; Liesegang and Tomaschek, 2020). During further 

diagenesis, ordering of the opal-CT structure continues, further narrowing the peak at 4.0 

Å (Keller and Isaacs, 1985; Elzea et al., 1994; Curtis et al., 2019; Liesegang and 

Tomaschek, 2020). However, Curtis et al. (2019) suggest opal-CT may a range of XRD 

patterns due to the varying complexities of opal-CT crystallography (figure 4). This 
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further classification suggests an additional peak may be present at 4.28 Å, as either a 

standalone peak or a shoulder to the 4.0 Å peak (Elzea et al., 1994; Curtis et al., 2019). 

Peak FWHM decreases when moving from simple opal-CT to more complex opal-CT, 

representing more ordering in the crystal structure (Keller and Isaacs, 1985, Rodgers et 

al., 2004; Curtis et al., 2019). Additionally, the 2.5 Å peak shows narrowing and is more 

easily distinguished from the background as the structure develops more complexity 

(Elzea et al., 1994; Rodgers et al., 2004; Curtis et al., 2019).  

 

 

Figure 3: XRD patterns of pure opal-A to pure opal-CT. Transitional silica phases are 

indicated by OOC4 and T22824, with higher opal-CT content in T22824 and lower opal-

CT content in OOC4.  
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Figure 4: XRD patterns of the range of opal-CT studied by Curtis et al. (2019).  

 

2.4 Fourier-Transform Infrared Spectroscopy 

 

Opal-A has a characteristic peak at 1100 cm-1, representing the Si-O-Si stretching 

mode, and a peak at 500 cm-1, representing the Si-O bending modes (Lippincott et al., 

1958; Rice et al., 1995; Curtis et al., 2019). Rice et al. (1995) suggest that the transition 

of opal-A to opal-CT in FT-IR can be indicated by a shifting of the peak centered around 

470 cm-1
 in opal-A toward a opal-CT peak located at 625 cm-1, associated with 
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cristobalite mineralogy (Rice et al., 1995; Sodo et al., 2016; Curtis et al., 2019). 

However, additional work by Curtis et al. (2019) suggests this shifting is more related to 

the disappearance of the 530 cm-1 peak and is incorporated into the shoulder of the newly 

formed 500 cm-1 peak (see figure 5). All forms of opal show a peak around 789 cm-1 

associated with the Si-O symmetrical stretch band (Rice et al., 1995; Sodo et al., 2016; 

Curtis et al., 2019). Both silica phases exhibit the same Si-O-Si stretch peak at 1100 cm-1 

but at lower intensity in opal-CT (Rice et al., 1995; Sodo et al., 2016; Curtis et al., 2019). 

Additional bands are also associated with O-H of incorporated water in the far IR around 

3480 cm-1 and 3650 cm-1 (Rice et al., 1995; Sodo et al., 2016). 

 

Figure 5: Mid infrared spectroscopy of various forms of opal. Opal-A groups show a 

broad peak around 530 cm-1 that is removed upon transformation into opal-CT. Opal-

CT/C’s 625 cm-1 peak replaces opal-A’s 470 cm-1 peak after phase transition. Inclusion of 

a 635 cm-1 peak differentiates opal-CT and opal-C (Curtis et al., 2019). 
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2.5 Raman Spectroscopy 

 

Raman signatures of opal peaks have proven difficult to obtain due to the high 

transmissive nature of opal, which causes misleading peaks due to fluorescence and 

oversaturation (Smallwood et al., 1997, Ostrooumov et al., 1999; Curtis et al., 2019). 

Silica phases generally display Raman peaks at wavenumbers of less than 1800 cm-1, 

with a notable exception of the O-H stretching of the incorporated water near 3300 cm-1 

(Smallwood et al., 1997). One main peak for silica phases is found between 200-600  

cm-1, due to Si-O-Si bending modes (Smallwood et al., 1997; Ostrooumov et al., 1999; 

Sodo et al., 2016, Curtis et al., 2019). These peaks shift depending on the phase, with 

opal-CT having a peak center at 335 cm-1 and opal-A having a peak center around 370-

430 cm-1 (Smallwood et al., 1997; Ostrooumov et al., 1999; Sodo et al., 2016, Curtis et 

al., 2019). Smallwood et al. (1997) notes that origins of the silica content (sedimentary 

versus volcanic) influences peak sharpness, with volcanic opals exhibiting sharper 

Raman peaks. All phases of silica exhibit a symmetrical stretching of the Si-O band at 

790 cm-1 (Smallwood et al., 1997; Sodo et al., 2016).  

 

2.6 Porosity Changes During Diagenesis  

 

Porosity of opal is significantly reduced after each diagenetic phase. Opal-A-rich 

sedimentary rocks have a porosity of 35-65%, which decreases of porosity to 25-39% in 

opal-CT-rich rocks (Isaacs, 1981a; MacKinnon, 1989, Herdiantia et al., 2000). Porosity 
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reduction from opal-A to opal-CT is attributed to the filling in of pore spaces by newly 

precipitated cement. With additional burial, porosity of the silica phase is further reduced 

to 10-15% in quartz-dominated rocks (Isaacs, 1981a; 1981b). This reduction of porosity 

is the result of precipitation of new silica phase, opal-CT and quartz, in void spaces 

within the opal-A structure (Isaacs, 1981a; 1981b). Additionally, compaction of the 

diatom frustule framework during diagenesis results in structural collapse, which fills-in 

pore space (Isaacs, 1981a; 1981b). Porosity changed during diagenesis has been shown to 

be independent of environment temperatures (Isaacs, 1982; Compton, 1991). 

 

2.7 Humic Acid  

 

Although characterized as a subdivision of humic substances, humic acid is a 

broad term for a complex organic compound grouping that is found throughout the 

natural environment (Pollack et al., 1971; Gerasimowicz et al., 1986; Fründ et al., 1989; 

Sirotiak and Bartošová, 2016). Humic acids can be present in many different marine 

sediments, including coals and shales, although they are generally found in low 

concentrations of 1-5% (Gerasimowicz et al., 1986; Sirotiak and Bartošová, 2016).  

FT-IR analysis of humic acid is difficult due to the complex nature of the 

molecule. Near-IR spectra of humic acids generally display numerous peaks between 

400-1000 cm-1, commonly associated with C-H vibrational modes of aromatic rings, but 

due to the complexity of the molecule, classification has proven difficult (Naidja et al., 

2002). Naidja et al. (2002) suggest that motion of the 462 cm-1 to 476 cm-1 peaks are 
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likely due to the shift in stretching vibration after aromatic ring breakdown. After heating 

of humic acid molecules, additionally formed peaks in the near infrared are the result of 

the aromatic ring breakdown (Naidja et al., 2002). Sirotiak and Bartošová (2016) suggest 

that peaks in the 600-900 cm-1 range shift towards higher wavenumber with humic acid 

breakdown. Additional z-dimensional C-H bending modes of the broken down humic 

acid aromatic structure are thought to be found within near 950 cm-1 (Gerasimowicz et 

al., 1986). Unrelated to the aromatic ring, carbonyl and amide bands of humic acid are 

present between 1720-1500 cm-1 (Gerasimowicz et al., 1986). Various C-H bonding 

modes are present in far-IR, with notable peaks around 3000 cm-1 (Gerasimowicz et al., 

1986).  

X-ray diffraction is a commonly used method to characterize materials with fixed 

repeating structures, resulting in general use on inorganic compounds. Organic 

compounds, such as humic acid, have complex structures that are broad and non-fixed, 

resulting in difficultly when attempting to characterize organic compounds (Pollack et al., 

1971; Gerasimowicz et al., 1986; Fründ et al., 1989; Sirotiak and Bartošová, 2016). 

However, some have attempted to characterize these compounds using this technique 

(Pollack et al., 1971; Chang et al., 2006). Most notable are the peaks located at 2.89 Å, 

4.34 Å, 5.29 Å, which are generally associated with the aromatic structures of humic acid 

(Pollack et al., 1971; Chang et al., 2006).  
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CHAPTER 3 

GEOLOGICAL BACKGROUND 

 

3.1 Monterey Formation 

 

The Monterey Formation is a diatomaceous outcrop located in the greater part of 

the southern California basin and along the California coast (Bramlette, 1946; Ingle, 

1981; Behl, 1999) (Figure 6). This mid-Miocene Monterey Formation is commonly 

studied for its economic value and for the presence of each diagenetic phase of silica 

(Ingle, 1981; Behl, 1999). After recognition of the extent of the formation’s natural 

resources, a surge of interest in the formation increased exponentially during the 1970’s, 

mostly in the form of oil reservoir studies (Behl, 1999). Stratigraphy of the Monterey 

Formation includes many examples of analogous environments to the work of this 

research, making it a key location to apply results of our experimentation (Bramlette, 

1946; Behl, 1999). 
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Figure 6: Location of Monterey Formation outcrops and tectonic zones in the greater part 

of California (Behl, 1999). 

 

3.2 Formation and Locality 

 

The Monterey Formation is typically thought to have formed from 20 Ma to 10 

Ma when tectonic shifts of the North American plate transitioned the convergent 

boundary into a transform boundary, due to the subduction of the Mendocino triple 

junction (Ingle, 1981; Graham and William, 1985; Behl, 1999). Typical sediment 

deposition is thought to have occurred between 17 Ma and 5 Ma, with the oldest recorded 

sediment of the Monterey Formation (17.8 Ma) located at Naples Beach, California and 

the youngest recorded strata located in Verdes Hills, California, with a recorded age of ~5 

Ma (Woodring et al., 1946; Ingle, 1981; Obradovich and Naeser, 1981; DePaolo and 

Finger, 1991; Behl, 1999). The formation exhibits alternating zones of high biogenic 
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productivity and detrital input, reflecting the detrital input and surface conditions 

favorable for siliceous life (Isaacs, 1985; 1999; Behl, 1999). Most of the siliceous input 

in these systems was sourced from radiolarians and diatoms in near surface waters 

(Isaacs, 1985; Behl, 1999). Additional inputs include organic material in the form of 

kerogen and marine algae and carbonates from deposited diatoms and foraminiferas 

(Isaacs, 1985; Isaacs and Petersen, 1987; Behl, 1999). 

 A key feature of the Monterey Formation is its wide variation in the 

compositions of silica and carbonates (Isaacs, 1985; Behl, 1999). This variation results in 

splitting the classification between the formation’s more opal-pure coastal outcrops and 

more detrital-rich inland outcrops within the San Joaquin Basin (Graham and William, 

1985; Behl, 1999). This high amount of silica impurity leads to a differentiation of the 

detrital-poor Monterey Formation located in outcrops along the coast, and the detrital-

rich Monterey Formation located in the San Joaquin Basin (Graham and William, 1985). 

Figure 7 shows this wide variability of the composition of the Monterey Formation in the 

Santa Barbara and Santa Maria Basins (Isaac, 1985; Behl, 1999). 
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Figure 7: Sedimentary composition variation of rocks in the Monterey Formation in the 

Santa Maria and Santa Barbara Basins (Isaacs, 1985; Behl, 1999). 

 

Most of the Monterey Formation was deposited in the bathyal plane, with the 

majority deposited in the middle bathyal (1500-2300 m) to the upper middle bathyal 

(500-1500 m) zone/plane (Ingle, 1973; 1980; Isaacs, 1990; Behl, 1999). Non-annual 

varve-like laminations with preserved organic material are commonly found throughout 

the Monterey Formation (Ingle, 1973; 1980; Isaacs, 1990; Behl, 1999). These laminations 

appear to be rhythmic, suggesting fluctuations of oxygen levels with increasing frequency 

upward through the Monterey Formation (Behl and Kennett, 1996; Behl, 1999). The 

preservation of this material and additions of anaerobic foraminifera indicate periods of 

anoxic conditions in the Monterey Basin, allowing for preservation and burial of 



 

21 

hydrocarbons (Ingle 1973; 1980; Isaacs, 1990; Behl, 1999). This upward trend suggests a 

depletion of the oxygenated waters and a shallowing of the basin (Isaacs et al., 1996; 

Behl, 1999). 

 

3.3 Economic Value 

 

A key economic component of the Monterey Formation is its ability to store 

hydrocarbons; in some sections, total organic carbon is as high as 23% (Isaacs and 

Petersen, 1987; Behl, 1999). Most of the Monterey Formation, however, averages around 

2% to 5% total organic carbon, with 2% being the minimum organic carbon for feasible 

drilling (Isaacs and Petersen, 1987; Behl, 1999). Additionally, petroleum reservoirs occur 

within the Monterey formation through the migration of tar and asphalt seeps in the 

fracturs of the strata (Bodnar, 2018). Exploitation of these reservoirs occurs mostly in the 

San Joaquin Basin, as well as at onshore and offshore drilling in the Santa Maria Basin 

(Crawford, 1971; Behl, 1999). These basins are ideal for extraction because of the highly 

porous nature of opal-A sediments (Behl, 1999). Although highly studied, it is estimated 

that an additional 5.96 billion barrels of oil, or 6.32 trillion cubic feet of natural gas, are 

undiscovered in the formation in the outer continental shelf region (Dunkel and Piper, 

1997; Behl, 1999). 

 Most organic compounds found in the Monterey Formation are predominantly 

marine algae with some input of kerogen (Magoon and Isaacs, 1983, Graham and 

Williams, 1985; Behl, 1999). However, due to the marginal maturity of the hydrocarbons 
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in the Monterey Formation as well as the presence of kerogen and migration of 

hydrocarbon reservoirs, determining the maturation level of the hydrocarbons in the 

formation has proven difficult (Dunham et al., 1991; Behl, 1999). In addition, some 

reservoirs are not utilized due to high carbonate input or large sandstone interfinger in 

proximity to the reservoir (Behl, 1999). 

 

3.4 Silica Diagenesis in the Monterey Formation  

 

The Monterey Formation contains the entire diagenetic sequence of silica, making 

the formation an ideal environment for the research of silica diagenesis (Bramlette, 1946; 

Behl, 1999). Although individual zones of each silica phase are present in the Monterey 

Formation, most phase transitions occur through large sections of the strata (< 300 m) 

(Isaacs, 1982; Behl, 1999). These massive sections exhibit interbedding of various silica 

phases and lithologies through these transitional zones (Isaacs, 1982; Behl, 1999). On a 

macroscale, these zones lack lateral continuity, indicating highly variable depositional 

environments (Bramlette, 1946; Murata and Larson, 1975; Behl, 1999). Figure 8 

illustrates the lithological phase differences through the Monterey Formation along the 

Santa Barbara Coastline (Behl, 1999). Finally, purity of silica in the Monterey Formation 

has been recorded in sections that are marked by mature diagenesis of siliceous material 

(Bohrmann et al., 1994; Behl, 1999). 
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Figure 8: Silica phase distribution across the Monterey Formation outcrops along the 

Santa Barbara Coast (Behl, 1999).  
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CHAPTER 4 

HYPOTHESES 

 

1. Opal dissolution-reprecipitation reactions will be hindered by its proximity to 

organic material, leading to microtextural heterogeneity in organic-bearing 

siliceous sediments. Specifically, we hypothesize that: 

a. In stratified experiments, less opal-CT precipitation will occur in 

locations closer to the organic layer, compared to locations distal from 

the organic layer. 

b. Due to the immediate interactions with organic material, intermixed 

experiments will exhibit less overall opal-CT precipitation compared to 

stratified experiments. 

2. Ordering of the opal-A 4.0 Å XRD peak in stratified experiments will occur more 

readily at locations most distal from organic material. Additionally, intermixed 

examples will demonstrate less order of the opal-A 4.0 Å peak compared to 

stratified experiments.  

3. Opal-CT precipitation occurring in stratified experiments will exhibit more initial 

ordering of the 4.0 Å peak at locations closest to organic material, compared to 

more distal locations. Intermixed opal-CT precipitation will have more initial 

ordering compared to stratified opal-CT. 
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CHAPTER 5 

METHODS 

 

5.1 Bulk Silica Diagenesis Experiments 

 

To determine the diagenetic window for opal-A to opal-CT, a set of seven 

individual bulk hydrothermal experiments was designed in the absence of organic matter. 

These experiments were conducted in Parr hydrothermal vessels (Parr Bomb), which can 

withstand high temperatures and pressures. Alfa Aesar 230-400 mesh silica gel was 

weighed to either 0.325 g or 0.600 g for the 23 ml or 45 ml Parr Bomb, respectively. 

Once properly weighed, the silica gel was gently poured into the Parr Bomb and 

submerged in 16 ml or 30 ml of mock seawater solution for the 23 ml or 45 ml Parr 

Bomb, respectively. Mock seawater, with a 50:1 fluid to cation ratio, was synthesized to 

mimic the solution used by Hinman (1990). As described in Hinman (1990), the cations, 

magnesium and sodium, are essential for the precipitation of opal-CT. This was achieved 

by adding 27.9 g of Acros Organics MgCl2 *6H2O and 10.98g of Fisher Chemical NaCl 

to 1 L of MilliQ water. The combination was then shaken vigorously to dissolve and 

homogenize the solution. The pH of the solution, tested using an Orion Star A11 pH 

Meter by Thermo Fisher, was determined to be 6.85. The Parr Bombs were then 

tightened to ensure no evaporated solution escaped from the container during 

experimentation.  
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Samples were then placed in a Lindberg Blue M vacuum oven and allowed to 

gradually heat to 200°C over the duration of a day. The experiments remained heated and 

undisturbed at 200°C for various time frames ranging from one week to 14 weeks, where 

one of the seven individual experiments were removed at various timesteps. Upon 

completion of the experiment, the Parr Bombs were removed from the oven and allowed 

to cool to room temperature over the course of one to two days. 

 Centrifuging was performed to separate the solids from the experimental 

solution and to attempt to remove most precipitated salts that may have formed during 

heating. To accomplish this task, the silica gel and solution were extracted and placed 

into 20 mL centrifuge containers. These containers were then placed in an Allegra X-30R 

centrifuge using the F850 rotary. Samples were then centrifuged at 11400 RPMs at room 

temperature for 30 minutes. Upon completion of centrifuging, an additional 15 minutes 

was allotted to allow settling of any dissolved silica. The supernatant was then gently 

pipetted out of solution and replaced with 5 mL of milliQ water. This centrifuging 

process was repeated two more times with fresh milliQ water for each iteration. 

 Upon removal of solution after final centrifuging, the sample was poured into a 

weighing boat and covered to allow for overnight air drying. Once the powder was dried, 

it was poured into a labeled glass vial for storage. This powder was analyzed on bulk FT-

IR and XRD to determine characteristic changes in the silica gel and to determine if opal-

CT precipitated. 
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5.2 Spatially Resolved Diagenesis Experiments 

The goal of this experimental series was to investigate of the effects of humic acid 

distribution on silica and organic diagenesis. This experimental goal required a setup 

where introduction and removal of fluid at the beginning and end of the experiment did 

not alter the configuration of the experimental solid. While all these experiments featured 

the same humic acid and silica bulk ratio, two endmember distributions were employed to 

investigate effects of heterogeneity. In one set of experiments, referred to as “stratified” 

below, organics and silica were arranged in separate horizontal layers. In another set of 

experiments, referred to as “intermixed”, the silica and organic material were intimately 

mixed, creating a near homogenous distribution. Both setups had an organic free sample 

referred to as “control”. 

Experiments were constructed to maintain a closed environment, in which silica 

and organic matter were subjected to high temperatures and pressure, through the 

duration of the trials. This setup was first achieved by cutting polytetrafluoroethylene 

tubes (hereafter referred to as Teflon) into 2-inch segments using a pipe cutter. Teflon 

was chosen to withstand the high temperature and pressures required to conduct these 

experiments. Teflon tubing (1/4” ID) was used to create three different experimental 

vessels: intermixed silica and organics, stratified silica and organics, and a controlled 

experiment (silica gel only).  

To maintain constant fluid submergence for the experiments during experimental 

setup, filter caps were constructed for each end of the experimental tubes. These filters 

were fashioned by using two open tube caps and adhering a Whatman 2-micron diameter 
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filter paper between each piece, using pressure to keep the caps together during adhesion. 

After the caps were adhered together, a layer of glue was applied around the outer 

diameter of the contact point to create a sealant around the filter (Figure 9). Using a 

straight-edge razor blade, the end of the filter caps was shortened to approximately 1/5” 

to reduce loss of silica during experimental setup while also ensuring enough cap to 

create a strong seal around the Teflon tubing.  

 

Figure 9: Filter caps used at the ends of the experiments. A 2-micron diameter filter mesh 

was glued between each end cap to filter only fluid out of the experiment. Additional 

epoxy was applied around the outside of the cap to ensure no leaking occurred. 

 

After the equipment was assembled, initial setup of experiments started with one 

end of the Teflon tubing capped with a filter and leaving the other end exposed to open 

atmosphere. To prevent any leaking, a thick layer of parafilm was wrapped around the 

base of the experiment. Alfa Aesar 230-400 mesh silica gel was weighed to 

approximately 0.552g, or enough to fill more than half of the Teflon tubes during 

experiments. In the control and stratified experiments, this silica gel was poured into the 

Teflon tubing and tamped down with a metal tamping device. For stratified experiments, 
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additional organic material, in the form of Frontier Scientific 98% humic acid, was added 

to the top of the silica and tamped down. This organic material was weighed to equal 

approximately 10% of the combined mass of the silica gel and organic material. In 

intermixed experiments, silica and organic material were weighed identically to methods 

previously stated; however, they were mixed intimately before being added to the Teflon 

tubing (Figure 10).  

 

  

Figure 10: Experimental setup of three different arrangements. Control experiments were 

only silica gel. Intermixed experiments contained intimate mixture of silica gel and 

organic material. Stratified experiments have a layer of humic acid layered over silica 

gel.  

 

After initial setup, a luer-lock plug was added to each experiment and wrapped in 

parafilm. Mock seawater solution was added to a luer-lock syringe and locked into the 
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luer-lock cap (Figure 11). The solution was gently pushed through the experiment at a 

steady and controlled pace. Once bubbles formed through the filter on the bottom of the 

experiment, solution pushing was stopped, and the syringe was removed. The parafilm 

covering the luer-lock was cut using a razor and the luer-lock cap was gently removed 

using a wiggling motion. A high temperature rubber cap was then placed over the 

experiment by squeezing the cap before adding to the tube in order to prevent bubbles. 

 The filter was removed from the base of the experiment by inverting the vial and 

gently removing the filter. Due to the nature of silica expansion in water, the removal of 

this filter does not cause silica to pour out of the tubing, and no noticeable shift occurred. 

Using the same squeezing technique described above, the rubber cap was added to the 

exposed end of the experiments and inverted back to its original orientation to create a 

sealed experiment (Figure 12). This process resulted in a slight loss of silica (10-15% 

silica loss by mass) in the filter cap at the base of the experiment due to silica expansion 

around the cap. This silica loss was negligible for this experiment as the area of interest 

was the contact between the silica and organic material, which was distal to this loss. 
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Figure 11: Experimental setup with luer-lock on top of experiment. Parafilm was 

wrapped on both ends of the experiments to prevent leaking of solution during fluid 

pushing. Fluid was pushed through until bubbles formed at the base of the cap. 

 

Using a razor blade, an up direction was etched into the Teflon tubing, as well as 

a letter to identify the experiment. An etched “C” indicated a controlled experiment and 

an etched “S” and “I” indicated stratified and intermixed experiments, respectively. 

Two of the assembled tubes (a control and a stratified/intermixed) were placed 

into a 40 ml Teflon-lined Parr Bomb and submerged in 20ml of mock seawater solution. 

The Parr Bombs were then sealed tightly to prevent off-gassing of solution in each 

experiment. These experiments were gradually heated in a Lindberg oven to 200°C over a 
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24-hour period. The experiments were then allowed to remain heated at 200°C for 12 

weeks. 

Figure 12: Completed experimental setups. Rubber caps closed each end of the 

experiments. Three different experimental setups were created: control, intermixed, and 

stratified. 

 

5.2.1 Preparation of Half Section Mount of Experiments 

 

Upon completion of experiments, Teflon-lined Parr Bombs were pulled from the 

oven and allowed to cool at room temperature. Samples from each container were 

delicately removed using tweezers and placed into a Styrofoam™ tray. Original 

orientation of each experiment was preserved by placing the experiments upright, and the 
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tray was marked with the experiment name and which Parr Bomb they were removed 

from. The rubber caps of each experiment were gently removed and discarded.  

The samples were then placed in a freezer, allowing the solution to crystallize 

over a 24-hour period. This crystallization freezes the experiment in place and allows for 

the now frozen setup to be manipulated without disturbing the spatial resolution of the 

silica and organic configurations. Upon completion of freezing, a single experiment was 

removed from the tray and placed horizontally in a vice clamp to hold in it in place. The 

experiment was placed so that half of the Teflon was exposed above the vice (See figure 

13). 

 

Figure 13: Experimental tubes in vice clamp before cutting sample. Sample were loaded 

into the clamp, while solution was still frozen, then gently cut across the cutting plane, 

exposing both halves. 
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 A straight-edge razor was then delicately guided along the clamp for the length 

of the Teflon, cutting the tube evenly and exposing two open faces of the experiment. 

Each half of the experiment was placed in a premade mold of the Teflon tubes to prevent 

shifting. Due to the experiment being frozen before processing, the silica and organic 

configuration was held in place during the cutting procedure however, haste was needed 

during this processing due to quick thawing of the ice which could have resulted in 

shifting of the experiment setup. The experiment ID was marked on the mold of the 

experiments. One of the experiment halves was marked for XRD analysis and processed 

immediately, while the other half was dried in a Quincy Lab 40 E Lab Oven at 100°F for 

two days and was used for Raman analysis. Excess frozen solution above the experiments 

were gently removed, and cranoacrylate glue was used to “close off” each end of the 

tubing, preventing shifting during analysis. In stratified experiments, the contact between 

silica gel and humic acid was marked as 0.0 cm. Additional markings in the stratified 

experiments were made at 0.1cm, 0.2 cm, 1.0 cm, and 2.0 cm from the contact in the 

silica gel.  

Half of the experimental solids were dedicated for use in bulk XRD and FTIR 

spectroscopy. Samples were removed at various locations in proximity to the humic acid 

layer. Sampling was done by pipetting, in a slow clockwise motion, approximately 0.2 

µm of silica (and organic material in intermixed experiments), resulting in a 1 mm-

diameter crater in the silica gel. These samples were then transferred to a small 2 ml glass 

vial and allowed to dry in a Quincy Lab 40 E Lab Oven at 100°F overnight. In intermixed 
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and control experiments, material was pipetted from two centralized locations of the 

experiment. In stratified experiments, material was pipetted from the center of the humic 

acid layer, from the organic-silica interface, and 0.1 cm, 0.2 cm, 1.0 cm, and 2.0 cm from 

the silica-organic interface. After samples were removed, the remaining samples were 

then placed in the Quincy Lab 40 E Lab Oven at 100°F overnight to dry. 

To obtain better resolution of the silica and organic interaction, more precise 

analysis near the interface of the silica gel and humic acid layer was later required. Three 

additional samples were collected for each experiment: one at the contact, one at 5 mm, 

and one at 10 mm. These were collected with a 1 µL pipette tip and via gentle “scraping” 

of the dry power at each increment. 

 

5.3 Raman Spectroscopy 

 

Due to the transparent nature of silica, Raman spectroscopy proved to be difficult 

for characterizing heterogeneity in the experimental products. This difficulty manifested 

in the form of artifacts of any holding tray used underneath the silica gel and green and 

near-ultraviolet wavelengths. It was determined, however, that using the 1 µm spot size 

of 785 nm laser (red), coupled with a non-Raman active copper plate, gave a 

measurement of silica and nearby silica gel, allowing for an averaged reading over the 

scanned area. This was determined to be sufficient for the scope of this study. 
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Analysis of initial silica and silica from bulk experiments was completed by using 

a Horiba LabRam. A 785 nm laser with an acquisition time of 30 seconds over through 

six accumulations was used for each sample. Bulk silica samples were placed on a piece 

of copper and analyzed over a range of 100–1500 cm-1. Scans were completed for each 

iteration of samples (1-week, 4-week, 6-week, 8-week, 10-week, and 12-week) to map 

the changes in the Raman signatures during diagenesis. Oversaturation was an issue for 

some samples and therefore required the intensity of the laser to be reduced to 50%. 

5.4 X-Ray Diffraction Analysis 

X-Ray Diffraction was performed on a Bruker d8 Cu Kα sourced X-ray 

diffractometer. Initial silica and samples from bulk diagenetic experiments were placed 

into a zero-background Si sample holder flush with the sample tray to prevent artifacts 

during analysis. A sample fin was added to prevent air scattering of x-rays during 

analysis at low angles. Each sample was examined for 2935 one-second steps between 10 

and 70 2θ. XRD experiments used a Soller slit and Ni filter to reduce interference. 

Background removal was completed using the DIFFRAC.EVA software package. 

 Due to the low volume of materials produced from the spatially resolved 

diagenetic experiments, a zero-background silicon sample holder was used for XRD 

analysis. These experiments used the same setup with a Soller slit, Ni filter, and sample 

fin. Fine adjustment of the sample fin was needed to prevent oversaturation of the x-ray 

detector whilst also allowing for analysis at low two-theta measurements. These 

experiments were performed over the same 2θ range of 10°-70° 2θ, but for 2935 2.5-
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second timesteps. These significantly longer timesteps allowed for improved signal-to-

noise ratios at the cost of increased analysis times.  

5.5 Attenuated Total Reflectance Fourier-Transform Infrared 

Bulk analysis of samples on Fourier Transform-Infrared was completed on a 

Nicolet iS50 FT-IR using the attenuated total reflectance (ATR) setting. Sample powder 

was placed on the ATR diamond crystal to create a film of approximately 1 mm of 

powder. The sample compressor was then lowered until a firm contact was made with the 

sample. ATR was completed after 32 scans using a resolution of 16. Sample backgrounds 

were collected and removed from resulting experiments to ensure a pure signature. 

Automated alignment of the ATR mirrors was required before each analysis to prevent 

artifacts from appearing in the desired collection area.  

 

5.6 XRD Data Processing  

 

To determine how opal-A’s crystal structure was changing over time, peak fitting 

was employed on XRD patterns to determine the FWHM of the large opal hump at 22° 

2θ in each experiment. Peaks were fitted as a Gaussian-Lorentzian curve, allowing for 

adjustment of bell shape. Peaks were adjusted first by hand and then fine-tuned with the 

use of Microsoft Excel’s solver add-on under guided parameters intended to constrain the 

peak locations and intensities. Additional filtration functions were used in diffractograms 

with large halite peaks to remove those peaks, allowing for analysis of the broader opal 

features. 
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In spatially resolved diagenetic experiments, the total mass of experimental solids 

was low and precipitated salts could not be removed by centrifugation. This lack of 

filtration resulted in large halite peaks that overwhelm opal diagenetic signals, resulting 

in the need to remove peaks for a clearer signal of opal diagenesis. Halite peaks at 27° 2θ, 

31° 2θ, 45° 2θ, and 56° 2θ were removed by masking the peak signal with background 

values. Other notable halite peaks of 54° 2θ and 67° 2θ were not removed in resulting 

diffractograms due to their low intensity.  
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CHAPTER 6 

RESULTS 

6.1 Bulk Diagenetic Experiments 

 

6.1.1 X-Ray Diffraction Results 

 

The FWHM values of the broad opal-A peak centered near 22° 2θ for each 

sample are presented in table 1. The stock silica gel exhibited a FWHM of 6.98° 2θ. This 

FWHM is reduced by 0.56° 2θ after one week of heating to 6.42° 2θ. This reduction is 

furthered over the following three weeks by 0.20° 2θ to 6.23° 2θ after four weeks of 

heating. After an additional two weeks of heating, the peak is slightly broadened to 6.45° 

2θ. Finally, over the remaining six weeks, narrowing of the peak continues until 12 

weeks, where the FWHM becomes 5.51° 2θ. Additional two weeks of heating results in a 

further narrowing of the peak to 5.47° 2θ at 14 weeks. The shortening of the FWHM can 

also be seen in figure 14, with an associated trendline, with an R2 of 0.82, illustrating 

values shifting toward a FWHM. Due to the lack of broad 22° 2θ peak in a pure opal-CT 

standard the FWHM was not determined for that sample. 
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Table 1: Full-width half maximum (FWHM) of each experimental result. Changes in 

FWHM is compared to the previous week’s iteration, with negative values indicating 

narrowing and positive values indicating broadening.  

 

 

 
Figure 14: Full-width half maximum of the 22° 2θ of each sample. Trendline gives an R2 

value of 0.8, with values trending toward narrowing peaks. 
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6.1.2 Fourier-Transform Infrared Results 

 

FT-IR spectra of all analyzed silica samples featured peaks near 445 cm-1, 800 

cm-1, and 1060 cm-1, corresponding to the Si-O bending mode, Si-O symmetrical 

stretching mode, and Si-O-Si stretching mode, respectively. Modest shifts in the positions 

of these peaks were observed with increasing lengths of diagenesis. Stock silica gel 

featured a peak corresponding to the Si-O bending mode at 444.5 cm-1. After heating has 

occurred, most values range from 445 cm-1 to 449 cm-1 with a slight deviation toward 

high wavenumbers for the 10-week sample at 452 cm-1 and the 14-week sample at 441 

cm-1. These values can be compared to the opal-CT collected from Venture Hill 

California, which was provided by George Rossman of the California Institute for 

Technology, a 468.6 cm-1 for the first peak. These trends can also be seen in figure 15 and 

are present in table 2. Individual graphs of each measurement and compiled graphs are 

presented in appendix C. 

The silica gel standard displays the second symmetrical stretching mode peak at 

796 cm-1. After heating of the samples from 1-10 weeks, samples do not appear to show 

any initial trend toward the opal-CT, with a peak located at 786 cm-1. After 12 weeks of 

heating, there is a slight shift toward shorter wavenumbers to 793 cm-1 but is reverted at 

14-weeks. These values are presented in table 2 and are also present in figure 16. 

Individual graphs of sample measurements are presented in appendix C. 
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The Si-O-Si stretching mode occurs at approximately 1060 cm-1. The opal-A 

standard has the Si-O-Si stretching peak location at 1051 cm-1 compared to the diagenetic 

opal-CT with a peak position at 1070 cm-1. After a week of heating the silica gel, the 

peak location shifts to 1058 cm-1. After further heating, this peak shifts again to 1063 cm-

1 and stabilizes for the next eight weeks. After 12- and 14-weeks of heating, the sample 

shifts to lower wavenumbers to 1054 cm-1, reversing the trend. These values are 

presented in table 2 and are displayed in figure 17. Individual graphs of sample 

measurements and compiled results are presented in appendix C.  

 

 

Table 2: Peak locations of heated samples compared to opal-A and opal-CT standards. 

Peak locations were located around approximately 450 cm-1, 800 cm-1, and 1060 cm-1. 
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Figure 15: Bending mode peak locations for each sample iteration. 

 

 

 
Figure 16: Si-O symmetrical stretch mode peak locations for each sample iteration. 
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Figure 17: Si-O-Si stretching mode peak locations for each sample iteration. Samples 

appear to shift toward opal-CT peak location until a decline occurs at the 12- and 14-

week sample.  

 

6.1.3 Raman Spectroscopy Results 

 

Red laser Raman spectroscopy (785 nm) was employed to determine how silica 

gel changed over the course of diagenesis. Due to the high fluorescent nature of silica gel, 

only four samples were analyzed through Raman: a stock silica gel (opal-A standard), an 

opal-CT standard, and the 10- and 12-week heated samples. Raman spectroscopy 

produces broad bands throughout the scanned wavelength. Three notable features 

appeared, a broad hump centered around 370 cm-1 with a noticeable peak located in the 

center in non-opal-CT samples, a small peak located around 620 cm-1, and a 

shoulder/peak cluster around 800 cm-1 to 900 cm-1 in non-opal-CT samples. These 

features can be seen in figure 18. The 800 cm-1 and 900 cm-1 double peaks appear to 
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combined and shift into a singular peak located at 790 cm-1 in opal-CT. Additionally, 

most peaks appear to shift toward opal-CT values at all locations after heating has 

occurred. Individual peak locations for both samples are presented in Table 3. Individual 

spectroscopy is presented in appendix D.  

 

Figure 18: Raman signatures of opal standards and 10- and 12-week results. Results are 

offset in the vertical to show individual characteristics. Opal-CT presents more broad 

humps where opal-A and heated samples present peaks. 

 

 

 

 
Table 3: Vibrational modes of Raman results. In the opal-CT standard, the peak 

associated with the second Si-O-Si stretching mode was not observed. 
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6.2 Spatially Resolved Experiments Results 

 

6.2.1 Qualitative Analysis of Samples 

 

 Visual inspection of the completed stratified experiments shows shifting of the 

organic material was minimal, as seen in figure 19(A). Silica and humic acid are 

relatively isolated from one another and apparently maintained zones created during 

experimental setup. A light amount of smearing occurred during sample cutting; 

however, the appearance of spread humic acid in silica sections is superficial. Motion of 

humic acid away from silica is likely a result from the solidification of the ice during 

cooling. Location of silica appears to remain unmoved through experimentation and 

solidification, due to expansion of silica when in solution. 

 Inspection of the intermixed experiment show the extent to which silica and 

organics are homogenized. No apparent zoning of exclusive humic acid or silica is 

present within the sample, suggesting humic acid migration did not occur during 

experimentation. Figure 19(B) demonstrates the lack of shifting of the top section of the 

experiments during heating. 
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Figure 19. Cut halves of a stratified (A) and intermixed (B) silica experiment. The top 

section on both samples used adhesive on each end to prevent shifting during drying, 

while the bottom was used to extract silica immediately after cutting. The solution is still 

in a semisolid state when the photo was taken in the stratified experiment (A), while the 

intermixed experiment was dried through heating (B). 

. 

  

6.2.2 X-Ray Diffraction Results 

 

XRD patterns from spatially resolved experiments, before and after masking of 

halite peaks, are located in appendices E and F. Stratified experiments were labeled “B2” 

and “B4” with coordinating controls being identified as “D2” and “D4”, respectively. 

Intermixed experiments were labeled “B1” and “B3” with corresponding controls labeled 

as “D1” and “D3”, respectively. All experiments (stratified, intermixed, and control) 

show similar diffractograms with large humps at 22° 2θ and large halite peaks at 27° 2θ, 

31° 2θ, 45° 2θ, 56° 2θ and 66° 2θ. However, several of the analyzed spots in the stratified 

experiments and one control experiment show XRD evidence for newly precipitated 
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opal-CT. Stratified experiments “B2” (at position 0.1 cm and 2.0 cm) as well as “B4” at 

position 2.0 cm show the appearance of a 36° 2θ peak that may be associated with opal-

CT. (see appendix F). Control experiment “D2” also shows this inclusion. Other 

diffraction features associated with opal-CT, including sharpening and splitting of the 

broad 22° peak (as seen in Figure 4), were not observed. In both stratified examples 

(labeled “B2” and “B4”), additional peaks at 54° 2θ and 60° 2θ are present only in both 

experiments at the most distal position from the organic layer at 2.0 cm.  

Stratified experiment “B2” showed minor variations in the FWHM of the 22° 2θ 

opal-A beak across the tube. At positions 0.1 cm, and 0.2 cm, the FWHM was 5.3° 2θ and 

5.00° 2θ, respectively. This 22° 2θ peak narrows further at 1.0 cm with a FWHM of 4.97° 

2θ, before slightly broadening to 5.02° 2θ at position 2.0 cm. The equivalent controls 

“D2” exhibits a FWHM value of 5.08° 2θ and 4.92° 2θ at the 22° 2θ peak (Table GH). 

Figure 20 displays the relative thickness of the 22° 2θ peak for stratified experiment “B2” 

and its relative control. No apparent correlation appeared to be present between the 22° 

2θ peak FWHM and distal position from organic layer. Due to the high amount of organic 

content collected at the silica-humic acid interface (0.0 cm), a FWHM could not be 

determined for this sample. These data are presented in table 4. 
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Table 4: Full-Width Half Maximum (FWHM) of 22° 2θ at locations distal from the 

organic-silica interface in stratified experiment (labeled “B2” and “B4”) and intermixed 

experiments (labeled “B1” and “B3”). Additional corresponding controls were also 

measured to determine peak form.  

 

 
Figure 20: Full-width half maximum (FWHM) of sample collected from stratified 

experiments (labeled “B2” and “B4”). Distances reported are from the silica-organic 

layer contact. Corresponding control (labeled “D2” and “D4”) values are also reported. 

“B2” sample has no coordinating 0.0 cm sample due to high humic acid input. 
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The silica-organic interface in stratified experiment “B4” displayed a FWHM of 

4.72° 2θ. This width is narrowed to 4.18° 2θ at 0.1 cm from that interface. The 0.2 cm 

position shows a broadening to 4.50° 2θ. This peak continues to broaden to 5.08° 2θ at 

1.0 cm, then narrows further to 4.95° 2θ at the most distal 2.0 cm. The corresponding 

controlled experiment “D4” displays a FWHM at the 22° 2θ peak of 4.04° 2θ and 4.81° 

2θ. These values are presented in table 4 and can also be observed in figure 20, which 

shows the relative results of stratified experiment “B4” and its corresponding controls.  

Two samples were collected from each of the intermixed experiments and their 

coordinating controls. Unlike the stratified experiments, neither intermixed experiment 

showed a 36° 2θ peak associated with opal-CT. Experiment “B1” showed a FWHM of 

6.00° 2θ and 5.46° 2θ for both samples collected. The coordinating controls “D1” had a 

FWHM of 4.29° 2θ and 5.12° 2θ. Intermixed experiment “B3” showed a FWHM of 4.10° 

2θ and 5.60° 2θ with its coordinating control “D1” showing a FWHM° of 4.22° 2θ and 

5.10° 2θ. These values are presented in table 4 and can also be seen in figure 21. Figure 

22 displays the variability of the control experiments’ FWHM with values ranging from 

4.04° 2θ to 5.08° 2θ. Additionally, variability of all controls throughout the experiments 

can be seen in figure 21. Some differences were observed between controls and 

intermixed experiments; intermixed experiments demonstrate less ordering, potentially 

suggesting that the presence of organics inhibits opal-A internal ordering. 
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Figure 21: Full-width half maximum (FWHM) of 22° 2θ peak in both intermixed 

experiments and coordinating controls. Graph shows variability in closed systems with 

near identical environments.  

 

 
Figure 22: Full-width half maximum (FWHM) of 22° 2θ controls across all experiments. 

Value variability illustrates range of possible values for collected samples in near 

identical environments. 



 

52 

 

6.2.3 Fourier-Transform Infrared  

 

Each experiment has its 450 cm-1, 800 cm-1, and 1060 cm-1 peak locations 

(associated with the Si-O bending, Si-O symmetrical stretching, and Si-O-Si stretching 

mode, respectively) mapped as described in the methods section. An example plot from 

the opal-A standard is presented in figure 23. 

 

Figure 23: Example spectra of silica in Fourier-transform infrared (opal-A standard). 

Notable peaks are located at 450 cm-1, 800 cm-1 and 1060 cm-1 corresponding to the Si-O 

bending, Si-O symmetrical stretching, and Si-O-Si stretching mode of Si-O, respectively. 

 

In stratified experiment “B2” and associated controls, each sample location 

exhibit a Si-O bending mode at 445 cm-1 with a notable exception at the organic-silica 

interface (0.0 cm), where the peak was located at 418 cm-1. Symmetrical stretching 

modes are generally the same for each experimental location and controls with values 

ranging from 797-800 cm-1. The Si-O-Si stretching mode exhibits more variability, with 
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the organic-silica interface exhibiting a mode at 1030 cm-1. This Si-O-Si stretching mode 

appears to shift to higher wavenumbers the more distal from the silica-organic interface, 

with values of 1050 cm-1 at 0.1 cm, to 1054 cm-1 at 2.0 cm. More distal values seem to 

correspond to organic free controls, with Si-O-Si stretching modes at 1058 cm-1. These 

values are presented in table 5 and comparison graphs are in appendix G. 

In stratified experiment “B4” and “D4” controls, Si-O bending modes were 

observed at 445-448 cm-1 for all locations, with the notable exception of the organic-silica 

interface, where the peak is modestly shifted to 418.0 cm-1. Symmetrical stretching mode 

positions are consistent across all samples and coordinating controls, with peak positions 

ranging from 797 cm-1 to 800 cm-1. All samples and coordinating controls show a Si-O-Si 

stretching mode from 1054-1058 cm-1, with the silica-organic interface showing a peak at 

1030 cm-1. These values are presented in table 5. 

Intermixed experiment “B1” and “B3” with coordinating controls show Si-O 

bending modes at 441-445 cm-1 with the notable exception of the B3 sample at 433 cm-1. 

Like previous samples, the symmetrical stretching mode shows little variability, with all 

positions at 800 cm-1 in both intermixed experiments and corresponding controls. The 

stretching mode seems to be at slightly smaller peak positions in intermixed experiments, 

ranging from 1051-1054 cm-1, where the corresponding controls have peak positions 

ranging from 1054-1058 cm-1. These values are presented in table 5. 
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Table 5: Fourier-transform infrared peak positions for various Si-O and Si-O-Si modes. 

Si-O bending and symmetrical stretching modes are located around 450 cm-1 and 800 cm-

1 while the Si-O-Si stretching mode is located around 1060 cm-1 
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6.3 Humic Acid Results 

 

Analysis of humic acid substance in stratified experiments was conducted to 

determine how humic acid changes over the course of 12 weeks of high temperature and 

pressure. Samples were collected from the humic acid layers of both stratified 

experiments and compared to the unreacted humic acid standard. Figure 24 shows the x-

ray diffractogram for the humic acid standard and sampled humic acid in stratified 

experiments “B2” and “B4. Major and minor peak location for both the standard and 

stratified experiment are presented in table 6. The humic acid standard shows large peaks 

at 12.4° 2θ, 20.7° 2θ, 24.9° 2θ, and 26.6° 2θ, with various minor peaks. After heating for 

twelve weeks at 200o C, the major peak at a 20.7° 2θ and minors peak at 11.6° 2θ, 39.6° 

2θ, 42.6° 2θ and 50.3° 2θ were removed. An additional peak of 27.6° 2θ is present after 

heating, but it is associated with halite formation. Individual graphs of each humic acid 

substance with peak removed are in appendix H.  

In FT-IR spectra, humic acid peak locations appear to be consistent before and 

after heating, with a double peak location at 418 cm-1 and 464 cm-1. A shoulder is also 

present at 534 cm-1. Additional notable peaks are present at 792 cm-1 and 912 cm-1 with a 

large double peak located at 1006 cm-1 and 1028 cm-1. The most notable difference 

between the heated and unheated humic acid material is the reduction of the large OH 

vibration mode mound at 2800-3400 cm-1. These spectra are presented in figure 25.  

 



 

56 

 
Table 6: Major and minor peaks present in the humic acid standard and sampled humic 

acid from stratified experiments after experimentation.  
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Figure 24: X-Ray diffractogram of humic acid standard and humic acid from stratified 

experiments (labeled “B2” and “B4”) with halite peaks removed. Many major and minor 

peaks are removed after prolong heating, resulting in a more simplified structure.  

 

 
Figure 25: Humic acid standard and stratified experiment humic acid Fourier-transform 

Infrared spectra.
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CHAPTER 7 

 

DISCUSSION  

 

7.1 Bulk Diagenetic Experiments 

 

7.1.1 X-Ray Diffraction 

 

Changed in the FWHM of the broad peak in silica XRD patterns suggest that 

internal ordering is occurring inside the silica gel as incremental heating occurs. The R2 

value of the trendline suggests a strong correlation between FWHM and heating time. 

Although it appears that FWHM decreased with each subsequent two weeks of heating, 

an increase in the FWHM does occur after the sixth week before it continues to reduce 

again. Additionally, large reductions in the FWHM occur after the 10-week sample. 

Despite the apparent internal ordering of opal-A, no peak consistent with opal-CT was 

the observed at 36° 2θ, so it is unlikely that any opal-CT has precipitated in these 

samples. These results, suggesting incremental shifts in opal-A structure with heating 

time, are not completely unexpected. Others have noted the narrowing of the 22° 2θ as 

paracrystalline ordering occurs within the silica gel (Keller and Isaacs, 1985; Elzea et al., 

1994; Curtis et al., 2019; Liesegang and Tomaschek, 2020). Our study, however, 

attempted to look at incremental timesteps of this sequence to track changes in the 

structure. What was unexpected in our results is the apparent lack of any opal-CT 

precipitation over the studied timeframe. It is possible the inclusion of a 16-week or 
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longer experiment would provide better insight on this alteration of the silica gel; 

however, time did not permit an additional experiment of this length. 

 

7.1.2 Fourier-Transform Infrared 

 

Tracking the peak position of various bands in FT-IR yielded interesting results. 

The Si-O bending mode located around 450 cm-1 provides insight on the modes transition 

from opal-A to opal-CT internally. Although it has been previously noted the Si-O 

bending mode progresses towards a peak position of 470 cm-1 (Rice et al, 1995; Curtis et 

al., 2019), our results suggest this transition is not as smooth as previously noted. 

Generally, the location of the band does appear to shift initially but fails to shift any 

significant amount during heating. Furthermore, the shift present at the 10-week sample 

deviates radically before returning to its original 449 cm-1 in the 12-week sample. 

Unlike the Si-O bending mode, the Si-O symmetrical stretching mode at 800 cm-1 

appears to remain stagnant for much of the heating process. However, the 12-week 

sample does shift toward peak positions that mirror opal-CT’s Si-O symmetrical 

stretching mode. It is possible that this motion is within a standard range of fluctuation 

associated with the symmetrical stretching mode of Si-O, suggesting the motion of the 

molecule is not reactive to heating for parts of the diagenetic process. The Si-O 

symmetrical stretching mode appears to be the least reactive of the motions in FT-IR in 

this study. 
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The Si-O-Si stretching mode, located around 1060 cm-1, appears to show the most 

promise in tracking the change of opal-A to opal-CT. Peak locations appear to shift 

rapidly over the course of the first four weeks of heating as the peak shifts from 1051  

cm-1 to 1062 cm-1. These values plateau for most of the sequential heating until they shift 

back to lower wavenumbers for the 12-week sample. Although peak locations plateau, it 

does indicate that using the Si-O-Si stretching band in FT-IR might be a useful method to 

characterize early changes in silica. 

 

7.1.3 Raman Spectroscopy 

 

Raman spectroscopy has proven to be a difficult technique to use for 

characterizing opal structure. The most immediate issue during this technique was the 

transparent nature of the silica. This transparency caused the Raman laser to penetrate the 

silica and read nearby molecules. This proved particularly troublesome when using any 

plastics to contain the sample, as carbon signals from the plastics overshadow the opal 

signatures. Additionally, the transparency prevented the 1-micron spot size from 

analyzing an individual silica grain, resulting in the inclusion of measurements of nearby 

grains. This inclusion of other grain measurements is challenging when attempting to 

map changes in silica or analyze different silica grain. Finally, oversaturation due to 

fluorescence was an issue when scanning silica grains (Curtis et al., 2019). Attempts to 

use a higher wavelength laser (785 nm) at a lower power setting to reduce the effects of 

this saturation proved beneficial but with mixed success. Although some samples worked 
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(10 and 12-week sample), only the standards of opal-A and opal-CT produced readable 

signals. It is possible that water in the solution was incorporated more readily into the 

structure at earlier timesteps since opal absorbs water naturally. This incorporation was 

potentially later counterbalanced by the heating at longer timesteps, causing removal of 

structural water. 

Three notable peaks were present in the Raman results: a broad band located 

around 300-450 cm-1, a weak peak around 620 cm-1, and a peak around 800-900 cm-1. As 

suggested by Curtis et al. (2019), it is difficult to assign a mode to the Si-O-Si signatures 

in these ranges. However, we can see some shifts occurring in peak locations most 

notable after the phase transition to opal-CT. The first broad band has a central peak in 

the broad hump for each opal-A variant that seems to shift slightly to lower Raman 

values. This migration of peaks seems to follow the trend toward an opal-CT peak at 375 

cm-1, however, the peak located in the center of the broad hump is removed. The minor 

peak located at 665 cm-1 rapidly shifts to the values similar to opal-CT, suggesting those 

Si-O modes mirror opal-CT more closely than opal-A. Finally, in non-opal-CT samples, 

two peaks appear around 800-900 cm-1. These peaks disappear after the formation of 

opal-CT and seem to morph into a singular peak at 790 cm-1.  
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7.2 Spatially Resolved Experiments 

 

7.2.1 X-Ray Diffraction 

 

Based on the appearance of the 36° peak, it is possible that opal-CT formation has 

occurred at some locations within the stratified experiments “B2” and “D2”, and within 

the control experiment “D2”. However, this formation of opal-CT appears to be sporadic, 

as seen by its formation in stratified experiments and one of the four controls. The 

appearance of opal-CT has no systematic relationship with distance from the organic 

layer. This result suggests we cannot prove or disprove hypothesis one (more opal-CT 

formation with increasing distance from organic matter). The doublet near 4.0 Å is 

necessary to determine the ordering and complexity of opal-CT (see Figures 3 and 4), but 

those peaks were not observed. Therefore, we are unable to prove or disprove hypothesis 

three (newly formed opal-CT will be more ordered in intermixed experiments than 

stratified). If future analyses with larger datasets definitively conclude that opal-CT does 

not form in intermixed experiments but does in stratified experiments, , it would suggest 

that opal-CT formation is inhibited by close proximity to organic matter, supporting 

hypothesis one. Conversely, if formation of opal-CT appears sporadic in intermixed 

experiments as well as the controls, then there would be no clear relationship between 

opal diagenesis and organic matter proximity and hypothesis one would be invalidated. 

X-ray diffraction of stratified experiments seems to suggest that the proximity to 

the silica-organic interface does not affect the FWHM of the 22° 2θ peak. This 
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interpretation suggests hypotheses two (ordering of opal-A in relation to proximity) was 

not proven, as we do not see any significant link between proximity to organic material 

and opal internal structuring. Most samples fall within the range of FWHM defined by 

their corresponding controls, suggesting that we did not see an effect of organic matter on 

opal ordering. However, with stratified experiment “B2”, the 0.1 cm sample falls outside 

this envelope with a much larger FWHM, which could suggest less ordering is occurring 

inside the silica. This trend is not present in the “B4” experiment, possibly due to the 

higher concentration of more ordered silica gels sampled in the same collection. This 

issue highlights the downside of bulk powder XRD as the primary mode of analysis in 

characterizing microtextural samples. XRD is unable to perform precise measurements at 

small spot sizes, offering only a broad glimpse of the material analyzed. 

Results from intermixed experiments provided mixed interpretations of the 

ordering occurring within the silica gel. In these more intimately mixed samples, it was 

hypothesized (see hypothesis two) that less ordering overall would occur due to the more 

immediate interactions with humic acid. While intermixed experiment “B1” seems to 

corroborate this prediction, with larger FWHM from 5.46-6.0° 2θ as compared to its 

controls (“D1”), the “B3” experiment exhibited a much larger range of values from 4.10-

5.60° 2θ. Using the mean of the intermixed samples, with a FWHM of 5.29° 2θ, and 

comparing it to the controls, with an average of 4.68° 2θ, we can see more ordering is 

occurring in the control samples which are unabated by organic material. Although this 

difference is notable, more samples are needed to determine if this is consistent for these 

samples. Finally, although the controls displayed internal variability within each sample, 
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almost all control experiments exhibited the same distribution of FWHM values. This 

variability may suggest internal structure of opal-A changes at variable rates, independent 

heating over a fixed duration. Furthermore, samples analyzed after prolonged periods of 

little disruption (example: control (D3) - 2) all had less-ordered FWHM of the 22° 2θ 

peak. This may suggest that leaving samples undisturbed for month-long time frames 

may affect the internal structure over time. 

 

7.2.2 Fourier-Transform Infrared 

 

As previously discussed for bulk experiments, FT-IR Si-O modes are found at 

three locations: the Si-O bending mode at 450 cm-1, the Si-O symmetrical stretching 

mode at 800 cm-1, and the Si-O-Si stretching mode at 1060 cm-1. For stratified 

experiments, both the Si-O bending and symmetrical stretching mode seems to be 

relatively stable for all locations, including in corresponding controls. In both 

experiments, however, the silica-organic interface shows peak locations at lower 

wavenumbers for the bending mode. It is possible that this change in peaks is due to the 

influence of humic acid sampled in this zone; however, these values are not present in 

pure humic acid samples. The Si-O-Si stretching mode in both samples show some trends 

toward higher peak locations in both stratified experiments, suggesting that migration of 

the Si-O-Si stretching mode shifts with proximity to organic material. This is witnessed 

as peaks closer to the silica-organic interface mirror values closer to stock silica gel and 

more distal samples shift toward control experiments. 
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FT-IR analysis of intermixed experiments showed mixed results, in the efficacy of 

various Si-O modes as markers for phase transition. Both intermixed and control 

experiments did not exhibit much variability in peak locations for both the Si-O bending 

and symmetrical stretching modes. However, the Si-O-Si stretching mode at 1060 cm-1
 

did appear to be consistently lower in intermixed experiments as compared to control 

experiments. This shift in the Si-O-Si stretching mode suggests structural change in the 

opal may be inhibited by the interaction of organic material in the sample, further 

corroborating the stratified experiment results. However, without markers of phase 

transition (i.e. peak associated with opal-CT), it is not possible to determine to what 

extent the organic material inhibits this transition. 

 

7.3 Humic Acid Analysis  

 

The use of XRD is challenging when trying to characterize organic molecules due 

to the complex nature of the molecule in conjuncture with its non-fixed structure (Pollack 

et al., 1971; Gerasimowicz et al., 1986; Fründ et al., 1989; Sirotiak and Bartošová, 2016). 

Our analysis of humic acid does provide some insight into the changing molecular 

structure after prolonged heating. The removal of some peaks seems to indicate 

breakdown of the molecule. However, only a minor number of peaks are removed, 

suggesting that these conditions may have broken down humic acids’ aromatic structure, 

leaving simpler C-H structures, as noted by previous authors (e.g., Pollack et al., 1971; 

Chang et al., 2006; Sirotiak and Bartošová, 2016). No clear characterization of these 
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peaks, however, are present in literature, and mixed results seem prevalent, suggesting 

this method of analysis is not ideal for classification.  

Generally, peak locations in FT-IR are unmoved during heating of the humic acid. 

Most peak inclusions are located between 400-1000 cm-1, corresponding to the aromatic 

rings of humic acid (Sirotiak and Bartošová, 2016). The lack of any shifting in this 

section suggests the breakdown of the aromatic ring has not occurred, at least not in a 

significant quantity. These results are potentially at odds with the XRD data, suggesting 

the XRD was able to detect minor structural changes in the aromatic ring, while FT-IR 

can only detect the complete breakdown of this ring. Another possible explanation for 

this variability might be the results of XRD’s ability to detect changes in smaller grain 

sizes, changes that occurred due to degradation of the humic acid over experimentation, 

while FT-IR cannot. Gerasimowicz et al. (1986) suggested the z-dimensional bending 

mode of C-H may be located near 950 cm-1, which does not appear to be present in either 

sample, suggesting this mode may only occur after further structural changes. 

 

7.4 Monterey Formation and Implications 

 

If this study is correct, and micro proximity to organic material does not play a 

significant role in the process of silica diagenesis, then any configuration of silica and 

organic matter will result in inhibition of silica during diagenesis. This result might also 

suggest grain size and distribution of organic matter in siliceous sedimentary rocks might 

play a minimal role in controlling silica phase transitions. Zones in the Monterey 
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Formation where organic material is rich might show inhibition of phase transitions, 

regardless of the proximity to organic material. Additionally, if microtextural interactions 

are not a key mechanism in the phase transitions of silica during diagenesis, then packets 

of strata in the Monterey Formation could be characterized by their formation 

temperatures based solely on the combination of phases of silica present, the detrital 

content and the organic input. This excludes the arrangement of those inputs in any strata, 

suggesting bulk lithology and organic input are the dominant mechanisms for phase 

transition. 

Additionally, if microtextural heterogeneity does not influence phase transition, 

then observed deviations in silica minerology could be used as a proxy for nearby organic 

matter. Alternatively, these results could suggest the use of geophysical markers of silica 

as a proxy with temperatures and organic matter content for oil reservoir locations. These 

suggestions could have sweeping impacts on the use of hydrocarbon analysis of the 

Monterey Formation. The lack of link in this study might suggest knowing the phases of 

silica present in the strata of the Monterey Formation can be used to determine the 

maturation of a nearby hydrocarbon reservoir, by using the simplistic analysis of Keller 

and Isaacs (1985) and Hinman (1990). 

It is possible we can apply our characterization of humic acid as early work for 

structural changes to humic acid during heating and apply it to humic acid present inside 

the Monterey Formation. Although this natural analogue is present in the formation, 

kerogen and marine algae are the main input of organic compounds in the Monterey and 
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are more structurally complex, resulting in the need of additional study using those 

organic compounds (Isaacs, 1985; Isaacs and Petersen, 1987; Behl, 1999). 

Because the identification of opal-CT in our experiments was not definitive, and 

because the putative opal-CT detections were sporadic and did not follow the distribution 

we hypothesized, additional insight on the controls on the opal-A to opal-CT transition 

are needed. If the intermixed experiments show lack of opal-CT in all locations of the 

experiments, those results suggest intimate mixture of silica and organics play a role in 

the inhibition of silica diagenesis, due to the close interactions of silica and organics. If 

those intermixed experiments do show sporadic formation of opal-CT, as well as in 

controlled experiments, then it can be concluded that microtextural interactions of opal-

CT does not appear to play a role in silica diagenesis. To determine a better 

understanding of this mechanism, this study should be repeated on a larger set of samples 

within each experiment. 

  

7.5 Future Work 

 

The work presented here should act as a guide for future studies. In addition to 

some observations about shifts in the diffraction and spectroscopic peaks of silica during 

early stages of diagenesis, this work acts as a proof-of-concept of experimental design. 

Determining the time at which diagenesis occurs for opal-A to completely change into 

opal-CT will allow for better interpretations of these microtextural interactions in 

stratified experiments. Additionally, determining this window will allow for further 
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analysis of how bulk opal-A changes before diagenesis. Numerous additional samples are 

also needed at previously collected timesteps to determine data consistency. Humic acid 

changes at various timesteps could provide more insight into the structural changes of 

humic acid during heating as well as analysis using other organic compounds found in the 

Monterey Formation. Finally, locating natural analogues to our studies (where organic 

matter and silica occur in distinct configurations and/or grain sizes) in the Monterey 

Formation could provide strong natural analogues to supplement the work of this study. 
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CHAPTER 8 

CONCLUSION 

 

Structural analysis of amorphous material like opaline silica is frequently 

challenging due to the lack of repeating fixed structure. Previous work has identified 

silica phase transitions and tracked environmental conditions that influence the 

temperature at which those changes occur. The experiments in this thesis were designed 

to explore the potential influence of microtextural interaction between silica and organics 

on silica phase transitions, an understudied topic in the literature. In bulk experiments we 

observed shifts in XRD 22° 2θ peak FWHM and in FT-IR Si-O-Si peak location with 

heating, suggesting internal ordering within opal-A. Future studies are required to fully 

determine the efficacy of the above measurements for tracking opal diagenesis before the 

first phase transition.  

Opal-CT formation may have precipitated sporadically in some of our spatially 

resolved experiments; however, with the lack of additional peaks around 22° 2θ these 

results are inconclusive. Therefore, we were unable to prove or disprove our hypothesis 1 

(more opal-CT formation the more distal from organics) and our hypothesis 3 (opal-CT 

formation will be more ordered in closely mixed experiments). Our second hypothesis 

appears to be unmet as no correlation was observed between proximity to organic 

material and the ordering of the opal-A 22° 2θ peak; however, future studies should 

determine the consistency of this claim. Structural degradation of humic acid with 

heating was observed by XRD but not FT-IR, suggesting that XRD might be able to 
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determine minor structural changes to humic acid, while FT-IR only detects large 

structural changes. 
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APPENDIX A 

X-RAY DIFFRACTION OF BULK SILICA EXPERIMENTS 

 

 
Figure 26: Compiled Graph of X-ray diffractograms of bulk silica experiments. 
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Figure 27: X-ray diffractogram of opal-A standard (silica gel). 

 

 
Figure 28: X-ray diffractogram of 1-week sample.  
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Figure 29: X-ray diffractogram of 4-week sample.  

 

  
Figure 30: X-ray diffractogram of 6-week sample.  
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Figure 31: X-ray diffractogram of 8-week sample.  

 

  
Figure 32: X-ray diffractogram of 10-week sample.  
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Figure 33: X-ray diffractogram of 12-week sample.  

 

 
 Figure 34: X-ray diffractogram of 14-week sample.  
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Figure 35: X-ray diffractogram of opal-CT standard.  
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APPENDIX B 

PEAK FITTING OF BULK X-RAY DIFFRACTION 

 

  
Figure 36: Peak fitting (dotted line) of opal-a standard (silica gel).  

 

  
Figure 37: Peak fitting (dotted line) of 1-week sample.  
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Figure 38: Peak fitting (dotted line) of 4-week sample. 

 

  
Figure 39: Peak fitting (dotted line) of 6-week sample. 

 



 

88 

  
Figure 40: Peak fitting (dotted line) of 8-week sample. 

 

  
Figure 41: Peak fitting (dotted line) of 10-week sample. 
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Figure 42: Peak fitting (dotted line) of 12-week sample. 

 

  
Figure 43: Peak fitting (dotted line) of 14-week sample. 

  



 

90 

APPENDIX C 

FOURIER-TRANSFORM INFRARED OF BULK EXPERIMENTS 

 

 
Figure 44: Compiled Fourier-transform infrared spectroscopy of all bulk experiment 

samples (offset in the vertical). 

 

  
Figure 45: Fourier-transform infrared spectroscopy of the opal-A standard. 
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Figure 46: Fourier-transform infrared spectroscopy of week-1 sample. 

 

  
Figure 47: Fourier-transform infrared spectroscopy of week-4 sample. 
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Figure 48: Fourier-transform infrared spectroscopy of week-6 sample. Large spike 

around 2400 cm-1 is an artifact from experimentation. 

 

  
Figure 49: Fourier-transform infrared spectroscopy of week-8 sample.  
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Figure 50: Fourier-transform infrared spectroscopy of week-10 sample. Large spike 

around 2400 cm-1 is an artifact from experimentation. 

 

  
Figure 51: Fourier-transform infrared spectroscopy of week-12 sample. Large spike 

around 2400 cm-1 is an artifact from experimentation. 
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Figure 52: Fourier-transform infrared spectroscopy of week-14 sample. Large spike 

around 2400 cm-1 is an artifact from experimentation. 

 

  
Figure 53: Fourier-transform infrared spectroscopy of the opal-CT standard. 
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APPENDIX D 

RAMAN SPECTROSCOPY RESULTS OF BULK EXPERIMENTS 

 

 
Figure 54: Raman spectroscopy of bulk experiments (offset in the vertical). 
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Figure 55: Raman spectroscopy of opal-A standard.  

 

 

Figure 56: Raman spectroscopy of week-10 sample.  
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Figure 57: Raman spectroscopy of week-14 sample. 

 

Figure 58: Raman spectroscopy of the opal-CT standard. 
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APPENDIX E 

SPATIALLY RESOLVED X-RAY DIFFRACTOGRAMS WITH HALITE PEAKS 

 

Figure 59: Compiled X-ray diffraction results of stratified experiment “B2” with 

coordinating controls “D2”. 
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Figure 60: Compiled X-ray diffraction results of stratified experiment “B4” with 

coordinating controls “D4”. 

 

 

 
Figure 61: Compiled X-ray diffraction results of intermixed experiments “B1” and “B3” 

with coordinating controls “D1” and “D3”. 
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APPENDIX F 

SPATIALLY RESOLVED X-RAY DIFFRACTOGRAMS WITH HALITE PEAKS 

MASKED 

 

 
Figure 62: Compiled X-ray diffraction results of stratified experiment “B2” with 

coordinating controls “D2” with halite peaks masked. 
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Figure 63: Compiled X-ray diffraction results of stratified experiment “B4” with 

coordinating controls “D4” with halite peaks masked. 

 

 

 
Figure 64: Compiled X-ray diffraction results of intermixed experiments “B1” and “B3” 

with coordinating controls “D1” and “D3” with halite peaks masked. 
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APPENDIX G 

FOURIER-TRANSFORM INFRARED SPECTROSCOPY OF SPATIALLY 

RESOLVED EXPERIMENTS 

 

 
Figure 65: Compiled Fourier-transform infrared spectroscopy results of stratified 

experiment “B2” with coordinating controls “D2”. 

 

 
Figure 66: Compiled Fourier-transform infrared spectroscopy results of stratified 

experiment “B4” with coordinating controls “D4”. 
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Figure 67: Compiled Fourier-transform infrared spectroscopy results of intermixed 

experiments “B1” and “B3” with coordinating controls “D1” and “D3”. 
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APPENDIX H 

X-RAY DIFFRACTOGRAMS OF HUMIC ACID EXPERIMENTS 

 

 
Figure 68: Compiled X-ray diffraction results of humic acid standard and humic acid 

from stratified experiments “B2” and “B4”. 
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Figure 69: X-ray diffraction results of humic acid from stratified experiments “B2”. 

 

 
Figure 70: X-ray diffraction results of humic acid from stratified experiments “B4”. 
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APPENDIX I 

FOURIER-TRANSFORM INFRARED SPECTROSCOPY RESULTS OF HUMIC 

ACID EXPERIMENTS 

 

 
Figure 71: Compiled Fourier-transform infrared spectroscopy of humic acid standard and 

humic acid from stratified experiments “B2” and “B4”. 

 

 
Figure 72: Fourier-transform infrared spectroscopy of humic acid standard. 
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Figure 73: Fourier-transform infrared spectroscopy of humic acid from stratified 

experiment “B2”. 

 

 
Figure 74: Fourier-transform infrared spectroscopy of humic acid from stratified 

experiment “B4”. 

 

 


