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A study of 230 samples of porcelanite and siliceous mudstone from a single
stratigraphic section containing all three silica phases in the Sisquoc and Monterey
formations Casmalia Hills, California, tested established models of silica diagenesis.
Analysis of composition, silica phase, and d;o;-spacing using combined EDS/XRF and
XRD documented a broad distribution of opal-CT do;-spacing values rather than a linear
progression for any particular compositional range predicted by prior studies. The data
from this thesis study strongly suggest that other variables (e.g., carbonate, organic
matter) besides burial depth/temperature and normalized silica:detritus ratios are critical
to diagenetic ordering and that the opal-CT d;¢;-spacing and silica content of a single
sample cannot be used as a geothermometer. Instead, the maximum opal-CT d,o;-spacing
in a set of samples for any normalized silica:detritus ratio in a stratigraphic interval may
be useful to determine the minimum temperature or maximum burial depth reached prior

to tectonic uplift.
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CHAPTER 1

INTRODUCTION

Highly siliceous sediment makes up much less than 1 percent of the sedimentary
record (Tucker, 2010). These rocks are unusually significant because of their association
with other important resources such as, petroleum, iron, manganese, barite, phosphorite,
and uranium (Iijima et al, 1983; Hein and Scholl, 1978). Such biosiliceous deposits
occur in polar regions, the equatorial belt, and in coastal areas where cold nutrient-rich
water upwells (Iijima et al., 1983; Hein and Scholl, 1978). Biosiliceous sediments have
existed throughout the Phanerozoic, with a primarily radiolarian composition in the
Paleozoic and Mesozoic and mostly diatomaceous component in the Cenozoic (Hein,
1978).

Siliceous sediments undergo a unique and complex diagenesis with two steps and
three polymorphic phases (Bramlette, 1946). Along with the change in silica polymorph,
there are tremendous stepwise changes in porosity, rock strength, and fluid expulsion
with great implications for basin hydrology, geochemical reorganization and petroleum
geology (Eichhubl and Behl, 1998). The process starts with opal-A (x-ray amorphous
hydrous silica) in the form of biogenic siliceous oozes; which with burial converts to
opal-CT (hydrous silica with disordered stacking of cristobalite and tridymite). These

phases with continued burial, convert to stable anhydrous quartz (Bramlette, 1946;



Murata and Larson, 1975; Hein and Scholl, 1978). This progressive ordering of the
phases has been linked to burial depth, temperature, and time. Several studies such as
Murata and Larson (1975), Pisciotto (1978), and Isaacs (1980) have concluded that the
progressive crystallographic ordering of opal-CT can be used as a geothermometer,
which would be useful for basin analysis, tectonic burial and uplift history, and for
modeling the thermal maturity of potential hydrocarbon source rocks. Silica diagenesis
has been intensely studied in the Monterey Formation in California (Bramlette, 1946;
Murata and Larson, 1975; Pisciotto, 1978; Isaacs, 1980), Miocene-Pliocene formations in
Japan (Iijima et al., 1983) and in the Bering Sea (Hein and Scholl, 1978; Hein and Parrish,
1987) and West Pacific (Behl and Smith, 1992).

The purpose of this study is to test the diagenetic models of Isaacs (1980), studies
led by Murata (1974, 1975, 1977) and Pisciotto (1978) in a new field area, and to test
natural variability in crystallographic ordering of opal-CT at high spatial resolution. Past
studies were based on limited or scattered samples, so this study was done with a very
dense array of samples collected from a single stratigraphic succession to test these trends.
The results from this study will be used to answer the following questions: (1) How
variable are the indications of diagenetic state at a single maximum burial depth for a
specific compositional range; (2) What is the compositional variability along a single
distinct bed; and (3) Is crystallographic ordering a linear progression with depth when
analyzed at high-spatial resolution?

The southwestern Casmalia Hills was chosen as the field area for this study
because Woodring and Bramlette (1950) described it as the best continuous exposure of

siliceous section of the Monterey Formation in the Santa Maria basin, California. Two



hundred and thirty outcrop and road-cut samples were collected and analyzed for
composition, silica phase, and d;o;-spacing using combined Electron Dispersive
Spectroscopy/X-Ray Fluorescence (EDS/XRF) and X-Ray Diffraction (XRD) methods.
This is the first detailed study of opal-CT d,o; ordering in a single stratigraphic section. It
has 20 times more samples than any published study of a single succession published in
the public domain. The findings of this study are not consistent with the simple
diagenetic progression in crystallographic ordering of opal-CT that is predicted by
previous workers (Murata and Nakata, 1974; Murata and Larson, 1975; Murata et al.,
1977; Pisciotto, 1978; Isaacs, 1980). While not necessarily refuting the conceptual model
of increased ordering (decreased d;o;-spacing) with burial depth, this study strongly
suggests that other variables beside burial depth/temperature and composition are critical

to the detailed progression of diagenesis.



CHAPTER 2

BACKGROUND

Siliceous Sediments

Cenozoic fine-grained, marine siliceous deposits are composed primarily of
biogenic silica (SiO,) derived from opaline debris of diatoms, radiolarians,
silicoflagellates, and sponge spicules (Iijima et al., 1983). These sediments undergo a
complicated pathway of diagenesis, which entails a two-step dissolution/reprecipitation
process (Bramlette, 1946; Murata et al., 1977; Kastner et al., 1977). Biogenic opal-A
silica converts with time and burial to metastable opal-CT, which transforms to
diagenetic quartz (Bramlette, 1946; Murata and Larson, 1975; Pisciotto, 1978; Isaacs,
1980; Hesse, 1988). This process is responsible for the lithification of these sediments
and for dramatic changes in their physical properties.

Silica Polymorphs

Silica exists in multiple polymorphs in sediments and sedimentary rocks (Hesse
and Schacht, 2011). Opal-A is x-ray amorphous biogenic hydrous silica that occurs
primarily as diatoms, radiolarians and sponge spicules, with some occurring from altered
volcanic debris (Hein and Scholl, 1978; Williams et al., 1985). Opal-4’ is a more stable,
less soluble form of opal-A sourced from altered tuffaceous siliceous sediments and
partially recrystallized diatoms (Hein and Scholl, 1978; Williams et al., 1985); it can
precipitate as overgrowth on partially dissolved siliceous tests, but mostly it is an

intermediate phase between opal-A and opal-CT (Hein and Scholl, 1978).
4



Opal-CT also consists of hydrous silica, but with interstratified domains of disordered
cristobalite and tridymite. It precipitates within tests and pore spaces as cement and
matrix replacement, lepispheres (spherical aggregates of intersecting platy or bladed
euhedral crystals), or blades (Wise and Kelts, 1972; Keene, 1976; Kastner, 1979;
Williams et al., 1985). Opal-C (low cristobalite) is a hydrous form of a well-ordered
high-temperature polymorph of cristobalite with minor evidence of tridymite stacking
(Jones and Segnit, 1971; Kastner, 1979); it occurs as an intermediate between opal-CT
and quartz in some cases (Williams et al., 1985). Quartz precipitates first as poorly
ordered chalcedony/cryptocrystalline quartz (fibrous structure), which is followed by a
neomorphism to microcrystalline quartz (crystals less than 20um) (Kastner, 1979;
Williams and Crerar, 1985) or macroquartz with the approach of metamorphic conditions.

Silica Diagenesis

Silica diagenesis is a two-step dissolution-reprecipitation process that generally
converts opal-A to opal-CT to quartz (Bramlette, 1946; Murata and Larson, 1975;
Kastner et al., 1977) as in Figure 1. The precipitation of each phase is dependent on its
equilibrium solubility (Kastner et al., 1977); opal-A is ~60-130 ppm, cristobalite (proxy
for opal-CT) is ~20-30 ppm, and quartz is ~6-10 ppm at Standard Temperature and
Pressure (Williams et al., 1985). During the transformation of opal-CT to quartz,
crystallographic ordering gradually increases with burial; this is shown by the progressive
decrease in d;o;-spacing from about 4.1 1A to 4.04 (Mizutani, 1977; Williams et al., 1985).
For burial conditions, the temperature ranges required for opal-A to opal-CT
transformation are ~40-50°C and ~65-85°C for opal-CT to quartz (Williams and Crerar,

1985). In deep-sea settings where sedimentation is slower the temperature ranges



required for opal-A to opal-CT transformation are ~8-35°C and ~30-68°C for opal-CT to
quartz, but require longer timespans (Siever, 1983).

Rate-Controlling Factors of Diagenesis

The rates of these transformations are controlled by many factors, such as
differences in solubility of polymorphs, surface area, temperature, bulk composition, pore
water chemistry, pH, salinity, pressure, and grain size (Williams et al., 1985). Surface
area, which is especially large in very small, very porous, or irregularly shaped particles
or crystallites, affects the solubility and rate of diagenesis (Williams et al., 1985). The
pH and pressure can also affect silica solubility, when pH is >9 or there is an increase in
pressure, the solubility of silica increases (Volosove et al., 1972; Willey, 1974; Walther
and Helgeson, 1977; Iler, 1979; Williams and Crerar, 1985). Temperature also affects
the solubility of biogenic SiO, and consequently the kinetics of the reactions (Lawson et
al., 1978; Kamatani and Riley, 1979; Kamatani et al., 1980; Kamatani, 1982; Van
Cappellen and Qiu, 1997a; Van Cappellen and Qiu, 1997b; Lourcaides, 2009). Higher
temperatures increase silica solubility, silica concentration in pore fluids, and rates of
diagenetic reactions (Ernest and Calvert, 1969; Stein and Kirkpatrick, 1976; Williams
and Crerar, 1985).

Sediment composition is another important controlling factor; the kinetics and
average temperature of silica-phase transformations varies with the relative abundance of
terrigeneous detritus (Isaacs, 1983). Opal-CT forms at slightly lower temperature in
rocks containing relatively less detritus will have a larger d-1o; spacing, and diagenetic
quartz forms at slightly lower temperatures in sediments with greater detritus (Williams

and Crerar, 1985; Isaacs, 1980). The relationship between the abundance of terrigeneous



detritus and temperatures of silica-phase transformations may be caused by the influence
of smectite on the chemistry of pore waters during diagenesis (Kastner et al., 1977; Keller
and Isaacs, 1985). The presence of smectite retards the silica conversion rate of opal-A
to opal-CT, while the opal-CT to quartz transformation is accelerated (Williams and
Crerar, 1985; Isaacs, 1980). The opal-A to opal-CT transformation is enhanced by the
presence of Mg and (OH)” (Kastner et al., 1977; Brueckner and Snyder, 1985), but
smectites compete by taking up Mg'", thus retarding the precipitation of opal-CT. In the
presence of dissolving carbonates, formation of complexes such as Mg (OH); can act as a
catalyst to nucleate opal-CT (Williams and Crerar, 1985). Also, the presence of
dissolved carbonates increases the alkalinity, which raises the pH, thereby increasing the
solubility of silica (Williams and Crerar, 1985; Isaacs, 1980). Experimental evidence
suggests that the rate of silica diagenesis is reduced in organic-rich sediments, especially
if the organic material present produces large quantities of organic acids (Hinman, 1990).
While Siever and Scott (1963) predicted that the initial degradation of organic matter
would increase the pH of pore fluids and promote silica diagenesis by increasing
dissolution of silica, the results of Hinman (1990) suggest that later organic maturation
and organic acid dissociation actually decrease the pH of solutions, thereby reducing the
inorganic alkalinity and reducing the rate of silica diagenesis. These findings imply that
in rocks with higher organic content, opal-CT will be produced more slowly and
therefore have a lower d-1o; spacing when precipitated than the opal-CT that formed in

rocks with lower organic carbon content (Hinman, 1990).



Oceanographic Setting of Siliceous Sedimentation

Large accumulations of siliceous sediments can be found along the Pacific Rim in
and offshore of Korea, Japan, Kamchatka as well as the Pacific coast of North America,
south to the Tres Marias Islands off central Mexico (Ingle, 1973, 1981) and along and
offshore of the Pacific coast of South America (Martinez and Caro, 1980; Ingle, 1981).
The primary global locus of biogenic silica deposition shifted from the Caribbean and
low-latitude North Atlantic to the North Pacific during the middle Miocene, following
tectonic opening of oceanic circulation gateways and increased upwelling intensity that
provided the necessary silica and nutrients for these siliceous organisms to thrive in the
Pacific, particularly in the Monterey Formation of the California margin (Barron, 1986).
The change in ocean circulation was also related to severe cooling and buildup of the
Antarctic ice sheet that provided a source of cold bottom-water and increased latitudinal
thermal gradient to accelerate winds and intensify coastal upwelling (Ingle, 1981).

Monterey Formation

One of the best-studied areas of the Northern Pacific siliceous deposits is the
Miocene Monterey Formation in California, a highly diatomaceous deposit and a major
source and reservoir of petroleum (Bramlette, 1946). The Monterey Formation was
deposited from approximately 17.5 Ma to 6.2 Ma into basins that formed as a
consequence of the change of the California margin from a convergent to transform
setting (Barron, 1986). The Monterey Formation is primarily composed of fine-grained
siliceous sediments with a mix of detrital, organic-rich matter, and calcareous
constituents (Bramlette, 1946; Pisciotto and Garrison, 1981). These siliceous sediments

are predominantly composed of diatoms, with less significant amounts of siliceous



sponge spicules, radiolarians and silicoflagellates (Bramlette, 1946; Isaacs, 1980). The
terrigeneous detritus in the outer basins is primarily mixed-layer illite-montmorillonite,
with some detrital quartz, plagioclase feldspar, potassium feldspar, mica, and rarer
chlorite (Isaacs, 1981c¢); inner basins contain proportionately more feldspar and mica.
The organic-rich matter is mostly type Il kerogen—marine algae. The carbonate is derived
from coccoliths and foraminifers (Isaacs, 1983; Isaacs and Petersen, 1987).
Lithology

The Monterey Formation in California contains a diverse suite of lithologies,
which include: calcareous, diatomaceous and siliceous mudrocks, dolomite, porcelanite,
and chert (Bramlette, 1946; Keene, 1975; Murata and Larson, 1975; Isaacs, 1981c¢).
Calcareous and siliceous mudrocks are fine-grained, predominantly siliciclastic rocks that
contain coccoliths, foraminifers, and diatoms (Bramlette, 1946; Keene, 1975; Murata and
Larson, 1975; Isaacs, 1981c¢). Siliceous mudstones contain diagenetic silica and are fine-
grained rocks that are less siliceous than chert or porcelanite, have a grainy surface
texture, and are generally free of carbonate (Bramlette, 1946; Keene, 1975; Murata and
Larson, 1975; Isaacs, 1981c). Cherts are aphanitic rocks with a waxy to vitreous surface
have a hardness > 5 and are brittle and break with a conchoidal fracture (Bramlette, 1946;
Keene, 1975; Murata and Larson, 1975; Isaacs, 1981a). Porcelanites are siliceous
sedimentary rocks with a dull or matte luster resembling that of unglazed porcelain,
which are less hard and less dense than chert and commonly have lower silica content
(Pisciotto, 1981b). Porcelanites have a hardness < 3 due to their greater porosity and clay
content and fracture irregularly with a rough splintery to blocky surface (Isaacs, 1981c).

Porcelanites and siliceous shales were chosen as the main lithology analyzed for this



study because previous studies indicate that they have a simpler burial diagenetic
pathway than cherts (Behl and Garrison, 1994) and display the full range of d;¢;-spacings
(Pisciotto, 1978). It is important to note that there is a relationship between siliceous
lithologies and silica phase: diatomaceous mudstones/shales contain opal-A silica,
whereas siliceous shales, porcelanites, and cherts can contain opal-CT or quartz (e.g.,
Bramlette, 1946; Pisciotto, 1981a; Isaacs, 1981c; Fig. 1).
Stratigraphy

The Monterey Formation can generally be divided into three main
lithostratigraphic units; in ascending stratigraphic order, these are the calcareous,
phosphatic, and siliceous members (Pisciotto and Garrison, 1981). Locally, different
areas, like the Santa Maria basin, have a more complex version of this stratigraphy
(Isaacs, 1981a; Mackinnon, 1989; Fig. 2). The lower calcareous member is composed
primarily of foraminifera and coccolithic shale and mudstone with abundant biogenic and
authigenic carbonate (Isaacs, 1981a), and contains both calcareous and dolomitic rocks.
The middle phosphatic member is composed chiefly of organic-rich, phosphatic
calcareous shale and mudstone, which is cyclically interbedded with siliceous or
dolomitic rocks (Pisciotto, 1981a). In the Santa Maria basin, the middle section also
includes the purest cherts (Woodring and Bramlette, 1950). The upper siliceous member
is composed primarily of both biogenic and diagenetic silica and fine detritus (mostly
clay), mainly as siliceous mudstone or shale, diatomaceous mudstone or shale,

porcelanite, and chert (Isaacs, 1981a).
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Santa Maria basin

One of the finest surface exposures to show the opal-A to opal-CT to quartz
transition in the Monterey Formation is the southwestern Casmalia Hills, Santa Maria
basin, California. The onshore Santa Maria basin is a triangular-shaped basin located in
the southern Coast Ranges of central California; it is bound by the Hosgri fault to the
west, the Nacimiento-Rinconada fault to the northeast and, the Western Transverse
Ranges to the south (Woodring and Bramlette, 1950; Fig. 3). The formation of the basin
was directly related to the onset of the North American-Pacific transform margin and
rotation of the Western Transverse Ranges. The Farallon plate was subducted eastward
underneath the central California part of the North American plate during the early
Cenozoic (McCrory et al., 1995), which led to the Pacific-Farallon ridge colliding with
North American plate after 30 Ma (Atwater, 1970; McCrory et al., 1995). The new
interaction of the Pacific and North American plates, and consequent geometric
realignment of the Californian Margin, led to the formation of numerous basins and
transition from subduction to strike-slip tectonics (Blake et al., 1978). The Santa Maria
basin underwent numerous basin tectonic stages from the late Oligocene to the present
(McCrory et al., 1995). Between ~18 to 16 Ma, the basin underwent transtension and
rapid subsidence (Stanley et al., 1992; McCrory et al., 1995) followed by a slower phase
of subsidence from 16 to 7 Ma (McCrory, 1995), which allowed for deposition of
sediments. The clockwise rotation of the Western Transverse Ranges eventually caused
transpression and shortening that continues to the present (McCrory et al., 1995). The
Santa Maria basin contains up to 4.5 km of Miocene and younger strata including the

Monterey and Sisquoc formations (Woodring and Bramlette, 1950; McCrory et al., 1995),
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which overlie the Point Sal Ophiolite, Franciscan Complex, and Great Valley sequence
basement rocks (McLean, 1991; McCrory et al., 1995).

Interest in the Santa Maria area was amplified by the discovery of oil in August
1901 by the Western Oil Company, which led to geological studies by Arnold and
Anderson (1907), Woodring and Bramlette (1950), and Pisciotto (1981a), among others.
The study area for this thesis research is in the Casmalia Hills (Fig. 4), a northwest-
southeast-trending emergent anticlinal structure located north of the east-west-trending
Western Transverse Ranges in western Santa Barbara County. The outcrops in these hills
expose a complete section of the of the Monterey formation between the underlying Point

Sal Formation and overlying Sisquoc Formation.
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Previous Studies

Bramlette (1946) first recognized the significance of the siliceous rocks of the
Monterey Formation and that they underwent diagenesis with burial. In his classic paper,
he studied numerous basins that contained the Monterey shale, including the Santa Maria
basin, and completed a detailed paleontologic and stratigraphic study that characterized
the different facies and lithologies by observation of field relationships and thin sections,
and by comparison of stratigraphic successions. He also presented minor geochemical
analysis of silica and alumina ratios (Bramlette, 1946). Bramlette developed important,
early ideas about silica transformations involved in the formation of chert and porcelanite
and their relationship to burial diagenesis of diatomaceous sediment. Since then, a
number of key studies detailed below continued to advance understanding of the process
of silica diagenesis, explored the influence of composition on silica diagenesis, timing
and temperature of phase transitions, changes in crystallographic ordering with depth,
and changes in rock properties.

About thirty years later, a series of studies by Murata and colleagues (1974, 1975,
1977) focused on the siliceous facies in the Chico Martinez Creek area, San Joaquin
basin, using texture to characterize the cherts and porcelanites, and x-ray diffraction
(XRD) to determine their mineralogy (Murata and Larson, 1975). They documented the
progressive ordering of opal-CT as represented by decreasing d;;- spacing of cristobalite
with depth in a single stratigraphic section. The trend was shown for both chert and
porcelanite, but with only a few samples (N=30) and without geochemical information on
rock composition. Opal-CT-phase samples were from the Antelope Shale member,

which is equivalent to the Upper Clayey-Siliceous member in the Santa Maria basin. The
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diagenetic conversions of opal-CT in chert and porcelanite have different paths and
timing (Behl and Garrison, 1994) and at any given depth, the d,o;-spacing of porcelanite
is 0.001-0.015 angstroms smaller than that of associated chert (Murata and Nakata, 1974;
Fig. 5). Oxygen isotope ratios indicate that the initial temperature of formation for
cristobalite was about 48°C and about 80°C for microquartz (Murata et al., 1977).

A few years later, Pisciotto (1978, 1980, 1981a, 1981b), examined lithofacies and
silica diagenesis in the Santa Maria basin; this was done by XRD and thin-section
petrography of outcrop and core samples from oil wells (Pisciotto, 1981b). Only
porcelanites and siliceous mudrocks (non-cherts) were used to investigate the spatial
distribution of diagenetic silica minerals (Pisciotto, 1981a). Six wells from the Santa
Maria Valley field in a homoclinally-dipping section showed a general trend of a
progressively decreased d;o;-spacing with depth and overburden in individual
stratigraphic successions (Pisciotto, 1978; Fig. 6). Other oil fields (Bradley and Orcutt)
in the basin also show the same general trend but with minor differences (Pisciotto,
1981b; Fig. 7). However, Pisciotto also found that the diagenetic trend from outcrop
samples of porcelanite, siliceous shale and chert from Mussel Rock (middle Monterey)
was not a regular progression and showed an irregular pattern of d;o;-spacing (Fig. 8).
Pisciotto confirmed that temperature is an important control of silica transformation and
can reflect past and present differences in thermal gradients of an area (Mizutani, 1977).
He also calculated the temperature ranges for silica phase transformations from present
geothermal gradients, and depths of burial for intact sections of the Monterey and other
Neogene siliceous rocks in the Pacific region; these values were compared to temperature

ranges calculated from oxygen isotopic data (Pisciotto, 1978). His combined isotopic and
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calculated temperatures of transformation for opal-CT yielded the following ranges: 29-
49°C for opal-CT and 42-75°C for quartz.

Hein and Scholl (1978) studied silica diagenesis in cores from Deep Sea Drilling
Project (DSDP) Leg 19 in the far northwest Pacific and the Bering Sea. Petrographic
microscopy, XRD, scanning electron microscopy (SEM), and energy dispersive X-ray
spectroscopic (EDX) techniques were utilized to identify the mineralogy, silica phase,
opal-CT d,o1-spacing, and elemental composition of samples (Hein and Scholl, 1978).
The results demonstrated that the djo;-spacing of opal-CT did indeed decrease with depth
of burial at one site-DSDP Site 192-but showed no such trend at Sites 184, 185, and 188
(Hein and Scholl, 1978; Fig. 9). These results do not support the findings of the previous
studies of Murata and Larson (1975) and Pisciotto (1978).

Isaacs (1980, 1981a, 1981b, 1981c, 1983) conducted a study along the Santa
Barbara coast, which has 55 km of continuous exposure of Monterey rocks that had been
progressively buried to greater depths from east to west. The purpose of her study was to
characterize the lithologic variation in terms of composition and diagenetic state and to
evaluate lateral and vertical trends related to burial environment. XRD and Atomic
Absorption were utilized for mineralogy and chemical analysis. Combined mineralogic
and geochemical data helped her to develop formulas to calculate ratios of biogenic +
diagenetic silica to total detritus (Isaacs, 1980). She identified different lithologies,
compared their field characteristics and assembled them into 5 lithologic members of the
Monterey Formation: uppermost Siliceous member (carbonate-free), upper Calcareous
Shale member, Transition member, Organic Shale member, and the lower Calcareous

Shale member. Isaacs (1983) later renamed these units to better reflect their composition
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to the Clayey-siliceous, Upper Calcareous-siliceous, Transitional marl-siliceous,
Carbonaceous marl, and Lower calcareous-siliceous members, respectively. Isaacs used
closely associated rocks that exist at different silica phases to assess the importance of
composition (Isaacs, 1980). Figure 10 displays how silica and detrital ratios affect opal-
CT djo1-spacing. At all locations studied, opal-CT ordering varied with composition in a
very consistent way (Isaacs, 1980). Isaacs found that burial depth (and inferred
temperature) and composition (detrital content) were major controls of diagenesis and the
ordering of opal-CT. As the detrital content increased, opal-CT formed progressively
later and quartz formed progressively earlier (Isaacs, 1980). The results from this study
were combined into a model for the silica diagenesis progression that should apply to any
stratigraphic succession of a particular compositional range. The temperature scales for
silica diagenesis were subsequently calibrated based on two points from the average
geothermal gradient from the Point Conception COST Well (Keller and Isaacs, 1985; Fig.
11). With this data, opal-CT d;¢;-spacing was inferred to have potential use as a
geothermometer and indication of maximum burial depth (e.g., Behl and Morita, 2007).
Finally, Behl and Smith (1992) studied the diagenesis of siliceous rocks recovered
during Ocean Drilling Program (ODP) Leg 129 in the Mariana and Pigafetta basins of the
western Pacific. This study was of much older middle Jurassic to lower Miocene strata
compared to the other workers’ study of middle to upper Miocene rocks. Analysis of
core samples from ODP Sites 800A, 801A, and 802A demonstrated that for all
compositions, opal-CT d;o;-spacing decreased only generally with depth with wide
scatter (Fig. 12). When these same results were plotted with compositional control they

showed only a very weak correlation with depth (Fig. 13)
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CHAPTER 3

METHODS

Introduction

The focus of this study was to densely sample and characterize the siliceous facies

of the Monterey Formation and lower Sisquoc Formation in the southwestern Casmalia
Hills, Santa Maria basin, California. This research involved two field sessions during
which a total of two hundred and thirty samples were collected. Sampling targeted
porcelanite rocks, which were identified by their hardness, matte texture and earthy to
procelaneous luster (Bramlette, 1946; Isaacs, 1981a, 1981b, 1981c) to restrict
complications of variable composition on diagenesis. Twenty-three samples from two
adjacent porcelanite beds at approximately 450 m from the upper Monterey were used to
test the compositional variability along a single bed (Fig. 22). Two 1:24,000-scale
geologic maps of the Casmalia-Orcutt and Point Sal-Guadalupe quadrangles (Dibblee,
1989a, 1989b) and satellite images from Google Earth were used in the field for location
and to provide stratigraphic context. GPS location and bedding attitude were recorded
for most samples collected. The samples were ordered stratigraphically and analyzed for
bulk mineralogy and chemical compositions using X-ray diffraction (XRD) and energy
dispersive X-ray spectroscopy/X-ray fluorescence (EDS/XRF). The following sections

describe the field and laboratory methods in more detail.
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Field Methods

Prior to fieldwork, specific locations that could potentially provide the best
outcrops and most continuous stratigraphic succession were determined by review of
previous studies by Bramlette (1946), Pisciotto (1978, 1981), and Dibblee (1989a, 1989b).
In particular, Dibblee’s geologic maps (Point Sal/Guadalupe and Casmalia/Orcutt
quadrangles) were extremely useful. These maps were scanned and imported into
Google Earth where they were draped over the Casmalia Hills to better understand terrain
and to locate landmarks and access routes to the targeted locations.

The study area was partially on private land (Bognuda Ranch) and partially on
Vandenberg Air Force Base. Neither area is open to access without prior permission that
can take weeks to months to obtain. Access to the Bognuda Ranch had to be arranged
through a series of personal connections, whereas access to Vandenberg required a
formal application to the Public Affairs Office of the 30™ Space Wing and a security
check to visit. Field trips on base are usually escorted, but extended independent work
can be arranged in certain areas.

Stratigraphic Position of Samples

Due to discontinuous exposure, samples were collected over a wide area with
broad lateral extent (~2 km NE-SW by 4 km NW-SE). On average, the strata dip
approximately 16° to the northeast throughout the field area which was previously
described as a homocline by Woodring and Bramlette, 1950. Consequently, the original
method was to collapse all the samples laterally along strike onto a single dip-parallel
profile as shown in (Fig. 14). However, it became apparent that there was sufficient

structural curvature of strata over the broad lateral extent (especially in the northwestern
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portion of the study area) that the samples could not be accurately projected onto a single
plane. Nonetheless, this projection was adequate enough to help identify stratigraphic
gaps in the first field session to guide sampling during the following fieldwork. The
second approach identified separate portions of the field area where samples could be
traced along beds to form short, composite stratigraphic successions spanning 10’s of
meters of stratigraphic section. Stratigraphic distance between samples was calculated
trigonometrically using horizontal and elevation measurements determined from Google
Earth. These groups were then placed into a relative stratigraphic position by tracing
them parallel along strike to more continuous and prominent beds, which were inline with
the dip direction. Their approximate stratigraphic offset was also calculated by
trigonometry taking into account stratigraphic dip, slope angle, elevation differences, and
the direction of offset. The following equations apply to Figure 15, which is a visual
representation of depth:

o=tan" (horizontal distance/elevation difference)

¢ = V(horizontal distance’ + elevation difference?)

If sloping eastward is f = a — Dibblee

If sloping westward is = a + Dibblee dip
Depth (d) =sinf x c

Mineralogic and Geochemical Analyses

All analyzed samples were crushed with a porcelain mortar and pestle to less then
about 250-micron mesh and collected into 8 ml vials. The fine powders were then
prepared accordingly for separate XRD and EDS/XRF analyses, which are outlined in the

following sections.
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X-ray Diffraction (XRD)

A few tenths of a gram of the powdered sample was further ground with a mortar
and pestle and then mixed into slurry with a few drops of methanol. The slurry was then
smeared uniformly onto a circular clean glass slide and then placed in a round aluminum
holder. Three small pieces of modeling clay were placed between the slide and holder to
level the sample to the top of the holder (Fig. 16). The samples were air-dried and then
loaded six at a time into the sample holder inside of a Rigaku MiniFlex X-ray
diffractometer, which was operated at 30 kV and 15 mA with X-rays generated from a
copper anode target. Each sample was scanned from 15° to 40° 20 at 0.2 steps for 2
seconds/step. Diffractograms were processed using PANalytical X Pert High Score Plus
® software. The position of the d;o;-spacing peak of cristobalite occurs at about 22° 26
was used to measure the degree of ordering of opal-CT (Pisciotto, 1978). Because the
sedimentary rocks usually contain some amount of either detrital or diagenetic quartz, the
quartz peak position of 26.65° 20 was used as an internal standard (Pisciotto, 1978). Use
of these peak positions follows similar studies by Isaacs (1980) and Pisciotto (1978). The
precise numerical position of the peaks were determined a few different ways and
compared for reproducibility when possible: (1) If the peak was symmetrical and the top
came to a single point, the center of the highest point was used; (2) If the peak was
symmetrical and the top was narrow but flat, the midpoint of 90% of the peak height was
used; (3) If the peak was skewed and broad, the midpoint of 50% of the peak height was
used. Once the opal-CT d;¢; peak positions were measured, the measured quartz 20 was

subtracted from the known quartz standard 20. The difference was then subtracted from
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the opal-CT 20 giving the new corrected 20 for the opal-CT dj¢;-spacing (Fig. 17). The

djo1-spacing of each peak was then obtained using Bragg’s Law:

2d(sin ) = nA

Variable d is the spacing between planes in the crystal lattice in angstroms, 0 is the angle
of incidence between the x-ray and the lattice plane taken from 26 reported on the
diffractograms, and A is 1.54056 angstroms, which is the wavelength of the Cu Ka
incident wave.

Energy Dispersive X-ray Spectroscopy/X-Ray Fluorescence (EDS/XRF)

The same sample set that was analyzed by XRD was used for EDS/XRF analysis.
Sample powders were compressed into pellets with a hydraulic pellet press and 13 mm
diameter DIE. Approximately 0.5 grams of each sample was added to the die, which was
placed in to the hydraulic press and 10 ton/ psi applied. The product was a circular pellet
with a diameter of 13 mm and thickness of 3-5 mm. The prepared samples were placed
in a desiccator until they were ready to be analyzed. A FEI Quanta 200 Environmental
Scanning Electron Microscope (ESEM) coupled with IXRF Iridium Ultra energy
dispersive X-ray and X-Ray fluorescence spectroscopy system was used for the
combined EDS/XRF analysis. A set of 11 international geochemical standards (U.S.
Geological Survey and South African) were used for calibration and analyzed as
unknowns. The results were given in major oxides, Na,O, Si,0, CaO, Fe;0s, AL,Os,
MgO, P,0s, Ti,0, K,0, and MnO, which were then converted to their sedimentary

components using formulas developed by Isaacs, 1983 (Tablel).
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Procedures for the calibration were developed with the help of iXRF Iridium Ultra
staff support and are detailed in Appendix B. To check the error of the calibration the
Actual Concentrations (documented) and Calculated Concentrations (calculated from
calibration) were plotted for the major element oxides (Appendix B). Twenty-five
samples plus the standards were sent to an outside lab (Actlabs) for analysis. The R*
results of the calibration and the Actlab analysis are shown in Table 2. Actlabs used ICP-

MS as the method of analysis, which is comparable to XRF, but has higher sensitivity.
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FIGURE 15. Shows a visual relationship of the bed direction, position of the samples,
and their stratigraphic depth.
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FIGURE 17. Diffractogram showing the method used to measure the d;¢;- spacing of

opal-CT relative to quartz standard.
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TABLE 1. Table Showing Monterey Formation Sedimentary Components (After Isaacs

etal., 1983).
Quantity Explanation Formula
Detritus Equals aluminosilicates + detrital quartz 5.6 x ALLO3
Aluminosilicates Based on Al,O3 content 4.2 x ALL,O3
Detrital quartz Based on a proportion of aluminosilicates Aluminosilicates / 3

Silica (biogenic
and diagenetic)

Based on SiO, content adjusted for
amounts in detritus

SlOz — (35 X A1203)

Apatite

Based on P,Os content adjusted for 0.7%
P,0s in aluminosilicates and assuming
42.4% P,0s in apatite

[P,Os — (0.032 x

Dolomite

Based on MgO content adjusted for 2.6%

MgO in aluminosilicates and assuming
21.9% MgO in dolomite

If MgO <= (0.11 x
ALO3): dolomite =0
Otherwise: [MgO —
(0.11 x A1,O3)] /0.219

Calcite

Based on CaO content adjusted for 1.9%

CaO in aluminosilicates, 55.5% CaO in

apatite, and 30.4% CaO in dolomite, and
assuming 56.0% CaO in calcite

[CaO — (0.08 x Al,O3 —
(0.555 x apatite) —
(0.304 x dolomite)] /
0.56
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TABLE 2. Table Showing R* Of Samples And Standards From Calibration And Actlabs
Analysis.

CSULB vs. Actilabs Samples
and Standards

(R%)
SiO, 0.97
Al O3 0.89
Fe 03 0.92
MnO 0.89
MgO 0.98
CaO 0.99
Na,O 0.90
K>,O 0.99
TiO; 0.96
P,0s 0.99
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CHAPTER 4
RESULTS

Data Description

A total of 230 outcrop and road-cut samples were analyzed using XRD and
combined EDS/XRF. Examples of some of the diffractograms used to determine silica
phase and opal-CT ordering are presented in Figures 18 through 21. They are examples
of the major rock types studied in this thesis, which are porcelaneous mudstone (Fig. 20),
high detritus porcelanite (Fig. 18), and low detritus porcelanite (Fig. 19 & Fig. 21). The
XRD data provided was used along with the stratigraphic depth in meters to construct
Figure 22, which displays the data in narrow 10-weight-percent silica (SiO;) ranges on a
carbonate-, apatite-, and organic matter-free basis. The silica (SiO,) was calculated with
formulas from Table 1 and normalized with detritus to 100 percent. Major oxides
(combined EDS/XRF) are presented in Figures 24 through 27. The sedimentary
components were calculated using the formulas of Issacs (1983; Table 1) and the major
oxides from the combined EDS/XRF analysis. The sedimentary components and opal-
CT d,o1—spacing versus stratigraphic depth (XRD) is represented in Figures 28 through
31 for each member. See Appendices A for data tables for XRD and combined
EDS/XRF measurements values.

Twenty-three samples from two adjacent porcelanite beds at approximately 450 m

from the upper Monterey were used to test the compositional variability along single beds
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(Fig. 23), a wide of compositions was found. The results showed that for bed 1 the silica
ranged from 61-76 % (mean 70) and 36-83% (mean 65) for bed 2.

The major oxides from the samples in the southwestern Casmalia hills varies
throughout the section. Aluminium oxide (Al,O3) ranges from 1.4 to 17.4 wt. % (mean
5.8). Sodium oxide (Na,O) ranges 0.04 to 5.4 wt. % (mean 0.6). Silicon oxide (SiO5)
ranges from 26.0 to 96.3 wt. % (mean 85.4). Iron oxide (Fe,O3) ranges from 0.24 to 8.2
wt. % (mean 1.8). All of the previous five reached their maximum value in the upper
Monterey Formation (Fig. 25). Phosphorous pentoxide (P,Os) ranges from < 0.1 to 29.8
wr. % (mean 1.1). Calcium oxide (CaO) ranges from < 0.1 to 57.6 wt. % (mean 2.7).
Titanium oxide (TiO;) ranges from < 0.1 to 3.7 (mean 0.3). P,Os CaO, TiO; all reached
their maximum value in the middle Monterey Formation (Fig. 26). Magnesium oxide
(MgO) ranges from 0.4 to 13.0 wt. % (mean 1.4) and increases to its maxmum value in
the lower Monterey formation (Fig. 27). Mangenese oxide (MnQ;) ranges from < 0.1 to
0.5 wt. % (mean 0.02). Both reached their maximum value in lower Monterey Formation
(Fig. 27).

Lower Sisquoc Formation

This section and the members of the Monterey were characterized and identified
by map location according to Dibblee (1989a), descriptions from Woodring and
Bramlette (1950) and MacKinnon (1989), and by their composition. The Sisquoc
Formation has two main lithologic facies: diatomaceous mudstones and porcelaneous
mudstones (Woodring and Bramlette, 1950). Fifteen samples from the lower Sisquoc
Formation span a stratigraphic depth range from 0 to 275 meters. Abundances of

sedimentary components (Fig. 28) were calculated from the major oxide data displayed in
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Figure 24. Detritus content ranges from 28 to 72 wt. % (46.4 mean), silica from 26 to 70
wt. % (53.1 mean), and calcite from <1 to 2 wt. % (0.5 mean) for the section. The
measured d;o;-spacing varies from 4.05 to 4.09 A (4.06 mean).

Upper Monterey Formation

The upper Monterey is made up of platy porcelaneous shale (Woodring and
Bramlette, 1950) with a higher amount of detritus (30-50%). One hundred twenty-eight
samples from the upper Monterey Formation were acquired from a stratigraphic depth
range of 275 to 500 meters. Abundances of total detritus, biogenic + diagenetic silica and
calcite (Fig. 22) were calculated from the major oxide data shown in Figure 25. Detrital
content ranges from 10 to 97 wt. % (35.5 mean), silica from 11 to 90 wt. % (65.4 mean),
and calcite from <1 to 2 wt. % (0.2 mean) for the section. The measured d;o;-spacing
ranged from 4.04 to 4.11 A (4.07 mean).

Middle Monterey Formation

The middle Monterey consists of chert and cherty shale interbedded with
porcelaneous shale with low-detritus (10-30%; Woodring and Bramlette, 1950). Thirty-
five samples from the upper Monterey Formation were taken from the narrow
stratigraphic range of 500-530 meters. The mineralogical abundances (Fig. 30) were
calculated from the major oxide data shown in Figure 26. Detritus content ranges from
11 to 92 wt. % (26.5 mean), silica ranges from 47 to 87 wt. % (71.2 mean), and calcite
varies from <I to 45 wt. % (3.7 mean) for the section. The measured opal- CT d;;-

spacing ranges from 4.05 to 4.10 A (4.07 mean).
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Lower Monterey Formation

The lower Monterey Formation is made up of phosphatic shale, silty shale,
porcelaneous shale, dolostone and limestone (Woodring and Bramlette, 1950). Forty-five
samples from the lower Monterey Formation were acquired from a stratigraphic depth
range of 530-700 meters. The mineralogical abundances (Fig. 31) were calculated from
the major oxide data displayed in Figure 27. Detritus content ranges from 9 to 60 wt. %
(22.7 mean), silica from 24 to 89 wt. % (65.5 mean), and calcite from <I to 75 wt. %
(17.5 mean) for the section. The measured opal-CT d;¢;-spacing ranges from 4.04 to 4.10

A (4.06 mean).

TABLE 3. Table Showing Formation Name, Number of Samples, and Measured
Stratigraphic Depth Range.

Formation/Section Number of Samples | Measured Stratigraphic
Depth Range (m)

Sisquoc 15 0-275
Upper Monterey 128 275-500
Middle Monterey 35 500-530
Lower Monterey 45 530-700
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CHAPTER 5
DISCUSSION
The elemental and mineralogic data from siliceous rocks of the Monterey and

Sisquoc formations in the southwestern Casmalia Hill show a wide range of opal-CT d;,
spacing for all depths and compositional ranges. These results do not show a simple
trend of decreased dj¢;-spacing with burial as would be predicted by the well-cited
studies described in Chapter 2. Surprisingly, this even holds true for most individual
narrow compositional ranges. As described in Chapter 3, an external laboratory was used
to confirm our geochemical results in a blind test. Additionally, multiple approaches to
determine the opal-CT dj¢;-spacing were tested and compared. Consequently, we have
good confidence in the accuracy of the data. Therefore, the results of this study need to
be carefully assessed in terms of the similarities and differences with previous work to
propose explanations. A full analysis of the limitations and actual findings of the
previously published work follows the Summary. This is then followed by proposed
explanations.

Summary and Explanation of Results

The results of this thesis do not fully support the claim that the ordering of opal-
CT d,o1-spacing is a simple linear progression with depth, as found by Murata and Larson
(1975), Murata and Nakata (1974), and predicted by Isaacs (1980). Even when the data
is plotted and evaluated in different ways (i.e., by single beds, by members) the expected

linear trend is rarely present or well developed.
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The data is plotted both as a whole (Fig. 23) and by individual Monterey
Formation members (Fig. 32—-Fig. 35) in narrow 10-percent silica ranges on a carbonate-,
apatite-, and organic matter-free basis, to illustrate potential trends in the relationship
between stratigraphic depth and opal-CT d,¢;-spacing when compositional variation is
limited. Within the succession as a whole, the opal-CT d;;-spacing vs. depth displays no
distinct trends for rocks of any compositional range (Fig. 23). Individual members show
slightly more coherent structure. The data for the uppermost interval-the lower Sisquoc
Formation-is limited in both number of samples and compositional range, but shows a
very weak trend of increasing opal-CT d;¢;-spacing with depth (Fig. 32), the opposite of
that predicted by previous studies. The upper Monterey Formation displays a wide
scatter with no trend present with stratigraphic depth except for the greater than 80%
silica range that presents the predicted trend of decreasing opal-CT d;¢;-spacing with
depth (Fig. 33). In the middle Monterey, the < 50%-60%, and 60%-70% silica ranges are
small sample sets that show very weak trends of decreasing opal-CT do;-spacing with
stratigraphic depth, while the 70%-80% and > 80% silica showed no apparent trends with
a wide scatter (Fig. 34). For the lower Monterey, all the compositional ranges show
slight to moderate trends of decreasing opal-CT d;;-spacing with stratigraphic depth (Fig.
35). These highly scattered data with generally only weak trends are not at all similar to
the smooth linear to curvilinear progressions shown by Murata and co-workers (1974,
1975) or suggested by Isaacs (1980). For the entire Sisquoc-Monterey section, or for any
individual members in the section, there is broad scatter in opal-CT d;¢;-spacing when

plotted against % silica. The data showed a very weak trend of decreasing opal-CT d;;-
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spacing with stratigraphic depth for certain narrow compositional ranges within
individual members of the Monterey Formation.

Although the graphs plotted for different members by d;o;-spacing vs. silica
content show a lot of scatter, all members display a distinct upper cut-off for almost all
data that has a trend of decreasing opal-CT d;;-spacing with decreasing silica (Fig. 36).
This suggests a somewhat different crystallographic ordering process with depth than
previously proposed from field and experimental studies. This new data suggests that
dio1-spacing at initial opal-CT precipitation may be quite varied, but with burial, the most
poorly ordered crystallites become increasingly destabilized and are dissolved or
removed from the system, where they are re-precipitated as more ordered opal-CT
crystals (Fig. 37). The slope of the limit-line suggests that the progression into instability
is influenced by composition in a similar manner as proposed by previous workers (e.g.,
Kastner et al., 1977; Isaacs, 1980), but represents dissolution of opal-CT with large d;o;-
spacing instead of progressive solid-state conversion of existing poorly ordered opal-CT.
The following section will examine these previous studies in depth to see exactly what
were the conditions of measurement and if the widely cited models and conclusions were
as unequivocally demonstrated as believed. A new model will then be discussed

afterwards.
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68



Summary and Explanation of Previous Studies

Murata and Nakata (1974) and Murata and Larson (1975) observed a curvilinear
progression of decreased opal-CT d;¢;-spacing with depth in a single uplifted
stratigraphic section at Chico Martinez Creek (Fig. 5), but with much fewer samples than
this study and without compositional constraint except to visually separate chert from
porcelanite samples. They sampled a ~1,300-meter thick section of the Antelope Shale,
which is equivalent to the Upper Monterey (Dibblee, 1989) or Upper Clayey Siliceous
member (MacKinnon, 1989) in the Santa Maria area (Fig. 38). This area was tilted and
uplifted to the surface from its maximum burial depth. This succession is composed
chiefly of varying amounts of fine detritus and diagenetic silica, resulting in a simple
interbedding of siliceous mudstone and porcelanite, with minor sandstone and chert.
Samples from this succession are generally lacking in calcareous or phosphatic
composition and are not especially organic-rich, consequently are not representative of
the heterogeneity of the whole Monterey Formation. Murata and colleagues inferred that
the major control of diagenetic ordering was temperature (and possibly pressure) as a
function of burial depth (Murata and Larson, 1975). Their study’s tight trend of
curvilinear progression of decreasing opal-CT d;o;-spacing with depth is inconsistent
with my results that show a broad scatter of opal-CT d,o1-spacing with stratigraphic depth
and only weak trends in certain members of the Monterey or within specific
compositional ranges.

Mizutani (1966, 1967, 1977) observed decreased opal-CT d;o;-spacing with
increased temperature and time in hydrothermal experiments (Fig. 39). His study

identified temperature and time as controlling factors in the diagenetic ordering of opal-
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CT. His experiments took place in a simple, controlled environment and were intended
study the progressive ordering of cristobalitic silica during diagenesis without chemical
complexities. Although run at an unnaturally high temperature to increase kinetics, it
provided direct observational evidence that temperature and time influence the natural
progression of opal-CT d;o;-spacing. At lower temperatures, no trend in opal-CT d,;-
spacing was observed. However, at higher temperature ranges, opal-CT d;¢;-spacing was
shown to decrease with increased reaction time. It should be noted that these
experiments only strictly apply to sediments with a specified pore fluid composition,
uninfluenced by other factors such as variable detrital content, organic content, or pore
water chemistry.

Pisciotto (1978, 1981) measured the range of opal-CT d;¢;-spacing in porcelanites
through the entire thickness of the Monterey in a number of oil wells and noted a
progressive decrease in the midpoint of the range where the formation was buried to
increasingly greater depths (Fig. 7). Although most wells showed a slight trend, Pisciotto
(1978, 1981) did not observe a smooth curvilinear decrease in d;o;-spacing with depth in
any single stratigraphic succession as described by Murata and colleagues (1974, 1975) at
Chico Martinez Creek. Many of the wells showed abrupt shifts instead of a gradual
ordering, or had only one or two samples with lower opal-CT d;;-spacing at their base.
The wells from the Santa Maria Valley show an irregular pattern of decreasing opal-CT
dio1-spacing with depth (Fig. 40). The one well from the Bradley area shows the best
overall trend of decreasing opal-CT d;o;-spacing in a single stratigraphic section, but with
little to no change in the upper half followed by a distinct break in slope for the lower

part of the section (Fig. 41). The wells from the Orcutt field show patterns of decreasing
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dio1-spacing with depth, but with a smaller sample set and distinct jumps to lower do;-
spacing at their bases (Fig. 42). The Orcutt oil wells have a more complicated burial
history than those from the Santa Maria Valley field or Bradley area due to late Neogene
uplift. Pisciotto (1981a) also collected surface samples from outcrops in the Mussel Rock
area spanning the more heterogeneous middle Monterey (Fig. 8). The data from this area
showed a very irregular pattern of opal-CT d¢;-spacing with depth in cherts, porcelanites,
and siliceous shales (Pisciotto, 1981a), possibly reflecting the more complex diagenetic
environment provided by interbedded organic-rich mudstone, marlstone and dolomite. In
sum, Pisciotto found an overall progressive decrease in the average opal-CT d;;-spacing
of entire sections buried to greater depth than more shallowly buried correlative sections
of the Monterey Formation, but only complex and irregular patterns of decrease within
any one stratigraphic section.

Hein and Scholl (1978) studied cores from Deep Sea Drilling Project (DSDP) Leg
19 in the far northwest Pacific and the Bering Sea and found that d,¢;-spacing decreased
with depth of burial only at one (DSDP Site 192) of four sites studied (Fig. 9). These
workers concluded that important controls of silica diagenesis were temperature and time,
but also surface area, pore water chemistry, sediment permeability, and the host sediment
(Hein and Scholl, 1978). These samples, unlike those of the previously described studies,
were taken from deep marine settings likely at their maximum burial depth. The
lithologies of all the sites are very similar and comparable to the upper Clayey-Siliceous
member from Santa Maria Basin or the Antelope Shale of the San Joaquin Basin.
Samples from the three sites without clear trends consisted of upper Miocene clay- or silt-

rich diatom ooze with interbedded with diatom-rich mudstone and shale (Supko, 1971).
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There were only 4 to 6 samples analyzed from each site. The data from the one location
that shows a linear trend of decreasing opal-CT d;;-spacing with depth (Site 192)
consisted of five lower Pliocene to lower middle Miocene samples with silt- and clay-
bearing diatom ooze overlying porcelanite and calcareous mudstone (Supko, 1971). The
succession at this location spans a longer time interval than the other sites and
accumulated on top of the Meji Guyot seamount while the others are on the deeper basin
floor.

Isaacs (1980, 1981) observed decreased opal-CT d;¢;-spacing with increased
detrital content (decreased silica content) within sets of samples from single locations and
narrow stratigraphic levels along the Santa Barbara coastline. Like Pisciotto, she
observed that the average opal-CT d;;-spacing decreased for the same stratigraphic level
in sections that she inferred were buried to greater depths (Isaacs, 1980). She found that
the silica:detritus ratios affected the timing of opal-CT precipitation and the progression
of opal-CT d,; ordering (Isaacs, 1980); as the ratio decreases (more detrital-rich) in
individual beds, opal-CT is formed later. This was interpreted to result in an initially
lower do;-spacing, starting the opal-CT maturation sequence closer to that at which
quartz will form, leading to earlier quartz formation (Isaacs, 1980). More than 100
samples of porcelanite, siliceous shale/mudstone, cherty porcelanite, chert, calcareous
mudstone, and organic-rich shale were collected from all the members at multiple
locations along the coast. The crystallographic and geochemical data from the siliceous
member, upper calcareous, and transitional members, in particular, were used to construct

a well-known conceptual model of silica diagenesis and opal-CT ordering (Fig.10).
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Isaacs (1980) examined closely associated sets of samples from individual
members at different locations. She considered each set to have been exposed to the
same burial history and maximum temperature. Within each set, she noted smaller d;-
spacing for samples with greater detrital content. For each site farther to the west, she
found that the same member had greater diagenetic ordering, expressed either as lower
opal-CT d,o;-spacing values or by the conversion to quartz (Fig. 43 & Fig. 44). However,
she did not show a linear trend in opal-CT d;;-spacing for any one stratigraphic
succession (Fig. 45). This subtlety is lost on most geologists who assume the model was
developed from and should be applicable to individual stratigraphic successions. To
demonstrate this, I plotted Isaacs’ data from the two sections with the greatest number of
samples-San Augustine Canyon (Fig. 46) and the Gato Canyon (Fig. 47) in narrow 10-
percent silica ranges on a carbonate-, apatite-, and organic matter-free basis, to illustrate
the trend of the relationship between stratigraphic depth and opal-CT do;-spacing when
composition is controlled. They display very weak trends of decreasing opal-CT d;;-
spacing with depth, but not the linear trends inferred from her oft-referenced model.

Behl and Smith (1992) studied cores from the Deep Sea Drilling Project (DSDP)
Leg 129 in the Pigafetta and East Mariana Basins of the Western Pacific and found the
trend of opal-CT d,o;-spacing decreased only generally with depth and age (Fig. 12).
They noted that the burial depth (temperature) and age (time) were important controlling
factors of silica diagenesis, but noted that differences of the opal-CT d;¢;-spacing
occurred between samples at the same depth, likely reflecting the effects of
compositional variations on the primary sediment (Behl and Smith, 1992). When the

data from this study was plotted by composition it still showed very weak trends with
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depth (Fig. 13). The siliceous samples were from much older middle Jurassic to lower

Miocene strata than the California or Bering Sea studies and contained minor to moderate

amounts of clay minerals (mainly smectite), calcite, zeolites (clinoptilite), and

iron/manganese oxides/hydroxides (Behl and Smith, 1992).
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FIGURE 39. Experimental results of opal-CT d,o;-spacing vs. temperature during
the hydrothermal transformation of silica from all experiments. Samples reacted
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FIGURE 41. Well 17 from the Bradley area showing a trend of decreasing d,;-
spacing with depth with large step in middle of the succession. Data from Pisciotto
(1978).
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Assessment of Inconsistencies and Possible Explanations

Pore water chemistry has a major effect on silica diagenesis because it influences
dissolution of existing phases and helps inhibit or provide nucleation sites for
precipitation of diagenetic phases (Kastner et al., 1977; Hesse and Schacht, 2011).
Experimental data shows the influence of water chemistry on the rate of silica diagenetic
transformation (Kastner et al., 1977) and the initial ordering of opal-CT (Hinman, 1990).
Kastner et al. (1977) showed the effect of alkalinity from carbonate, which increases the
rate of silica diagenesis (Kastner et al., 1977) by providing part of the MgOH compound
that serves as a nucleating agent for opal-CT. These workers and others also theoretically
linked decreased activity of Mg in pore waters to the presence of smectitic clays.
Organic acids produced by the breakdown of organic matter, have a similar affect on
opal-CT formation and d,o; ordering as detrital clays (Hinman, 1990). This apparently
occurs because organic acids lower the pH of the solution by consuming alkalinity, which
reduces the rate of opal-CT nucleation (Hinman, 1990).

Previous workers have presumed that the chemistry of pore waters are primarily
controlled by solubility relationships with the sedimentary components within individual
beds for these kind of low-permeability sediments (c.f., [saacs, 1980). Consequently, the
mineralogic or chemical composition of the rock can be taken as a proxy for pore water
chemistry during diagenesis. However, neither dissolved silica (silicic acid) nor other
ions are necessarily restricted to single beds on geologic time scales as they can be
transported by diffusion or advection over both short and longer distances. At a multi-
bed scale, pore-water chemistry in a single layer may change when it is interbedded with

strata of different clay, carbonate, phosphate, or organic-matter content. Ions from these

84



substances can diffuse into a bed lacking any of these components to influence the
dissolution or precipitation of silica. Therefore, the timing of silica phase transitions and
the ordering of opal-CT in one bed may be impacted by diffusion of ions from
surrounding beds that influence alkalinity, pH or the presence of catalytic or inhibiting
ions. The pore water conditions of diagenesis in any one bed may be more accurately
defined by the integrated solid composition of all beds within diffusional radius—possibly
centimeters to meters away—than by its composition alone.

Dissolved silica itself can also be transported within and between beds. Opal-A
or opal-CT silica in the form of small, poorly ordered crystallites can dissolve and be
transported via diffusion through the pore water to re-precipitate as larger, better-ordered
opal-CT or quartz crystallites (c.f., Williams and Crerar, 1985) in another location if the
chemistry is more favorable for nucleation or if lower solubility phases of silica already
exist. This short-distance diffusion can take place within or between beds (Tada, 1991),
over scales of microns to 10’s of centimeters (Hesse and Schacht, 2011; Fig. 50).
Localized growth of better-ordered opal-CT supplied by dissolution of poorly ordered
opal-CT would necessarily decrease the whole-rock opal-CT d,o;-spacing while
increasing silica content in single beds or parts thereof (Fig. 36). A test of the variability
of opal-CT d,1-spacing and silica content between two closely spaced, apparently similar,
porcelanite beds (Fig. 23) showed results quite different from Isaacs (1980), where she
analyzed a number of samples that were within about 20 meters stratigraphic distance.
Being from just two beds, this should have been a better test of natural diagenetic
variation. We expected the silica content and opal-CT d¢;-spacing of the samples from

each bed to have been quite similar and not as varied as found. A suspected reason for
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this variability is that our sampling was not restricted to the middle of the bed where it is
most silicified, but included samples from different places on the bed that have lower
silica:detritus ratios. Most individual porcelanite beds display a compositional zonation
of being more detrital-rich at the upper and lower edges and being more siliceous in the
center. Additionally, some beds display lateral variation in “chertiness” resulting from
localized migration and silicification.

The timing of most active silica dissolution, migration and re-precipitation
ultimately depends on temperature, which is mainly determined by the geothermal
gradient of the area (Hesse and Schacht, 2011). Complex burial and uplift histories can
cause strata to deform before physiochemical equilibrium is reached with respect to the
diagenetic process (Mizutani, 1977). As a result of folding and differential uplift, there
can be differences in opal-CT d;g;-ordering in beds that are in the same stratigraphic
horizon (Mizutani, 1977) or at the same burial depth.

The previously reviewed studies indicate that pore water chemistry,
compositionally complex interbedding, and silica migration may be the three most
significant factors affecting the timing of silica phase transitions, opal-CT d;¢;-spacing
and silica content. Favorable conditions for the smooth progressive ordering (decreasing
di01-spacing with burial depth) of opal-CT are where the composition of the sediments
and pore waters are fairly homogeneous, and they reach physicochemical equilibrium
with respect to the diagenetic process before uplift and tilting, or have been uplifted but
maintain a mostly original depositional geometry. These favorable conditions were
present in the hydrothermal experiments of Mizutani (1977), where the chemistry was

kept constant with changes in temperature and in the study area of Murata et al. (1974,
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1975, 1977) where the Antelope Shale has a relatively consistent composition of silica
and detritus with relatively minimal carbonate, phosphate, and organic matter content.
The data produced by this study support a hypothesis that the influence of pore
water chemistry and silica migration at and beyond the bed-scale is important for silica
diagenesis. This modification to the general understanding is significant in how opal-CT
djo1-spacing may be useful as a tool for geologic investigation. The basis of these models
are: (1) the timing of formation and initial ordering of opal-CT at one location are
influenced by pore-water composition controlled by the integrated water-rock
interactions within the maximum diffusional radius of the bed; and (2) the final whole-
rock opal-CT d;¢;-spacing is controlled by progressive dissolution of disordered, high
dio1-spacing opal-CT crystallites and new precipitation of better-ordered opal-CT. The
latter involves silica migration on both the submicron scale of lepispheres and a larger
scale migration between beds. Evidence for bedding-scale silica mobility is displayed by
increased silica content at cherty centers of porcelanite beds and lateral compositional
variability in nodular or pinch-and-swell strata (Tada, 1991; Behl et al., 2003). Behl and
Meike (1990) documented variation in opal-CT crystallographic ordering on the sub-
millimeter scale within beds or laminations, and observed difference in crystal size and
shape between inner and outer portions of opal-CT lepispheres. Kassa & Behl (2014)
observed increased porosity in lepisphere centers and increased precipitation/
cementation towards outer parts of lepispheres. These features could result in the
development of micro-diffusional gradients between smaller, less ordered, more-soluble
crystallites and larger, more ordered, less-soluble ones. Dissolution related to these

gradients would contribute to the formation of secondary porosity in the centers of
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lepispheres and other locations of poorly ordered, more-soluble opal-CT (Kassa, thesis in
prep; Fig. 48).

The data presented within this thesis suggest that opal-CT-phase silica can be
initially precipitated with a large range of d;¢;-spacings within any one stratigraphic
interval and for any silica: detritus ratio. With the increased temperature of further burial,
opal-CT crystallites with higher d;o;-spacings dissolve and silica is diffusionally
transported to precipitate as new crystals or on pre-existing less-soluble, better-ordered
crystals (Fig. 49). This transport, reprecipitation and reordering of diagenetic silica may
take within a single bed or lamination, resulting in no change in whole-rock composition
(Fig. 50), or may occur between beds, removing silica from one and adding it to the other.
Removal of the least ordered, most-soluble silica (high opal-CT d;¢;-spacing) is shown
by the general absence of samples above the sloping upper limit-line (Fig. 49).

The variability of opal-CT d,o;-spacing for any composition at any depth under
the limit-line may be attributed to the heterogeneity of the interbedded rocks and pore
fluid influences that are not considered in models of Isaacs (1980) or Williams and Crerar
(1985). Isaacs’s (1980) summary diagram (Fig. 10) only displays the relationship of d;o;-
spacing on a plot of depth/temperature vs. silica:detritus-a two-dimensional perspective.
This portrayal does not account for the affects of other potentially important variables,
such as carbonate and organic matter. Hinman (1990) showed that concentration of
organic acids have a similar, but independent, effect to smectitic clays in retarding opal-
CT formation and initial d;o;-spacing—i.e., samples with low organic content will form
opal-CT earlier than those with high organic content. The initially wide scatter of the

new data suggests that the relationship cannot be displayed in two dimensions alone, but
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must be multidimensional to account for the different variables (carbonate, organic matter,
etc.). For example, a sample of a particular silica:detritus ratio will also be influenced by
organic content which defines its own sloping stability boundary between opal-A and
opal-CT and influences the opal-CT d,¢;-spacing, consequently the initial opal-CT d;-
spacing may be higher or lower than that predicted from silica:detritus ratio alone.
Likewise, high carbonate and increased alkalinity will cause earlier formation of opal-CT
and this trend must also be applied to relationships determined from silica:detritus ratios.
Because each member or stratigraphic interval of the Monterey and lower Sisquoc have
different gross lithologic compositions, their pore-water chemistry would also vary and
initial opal-CT formation will occurs at different burial depths (temperature) and d;-
spacings. The middle and lower Monterey have a particularly complex lithologic
variability, with more carbonate, phosphate, and organic material than the other members,
so their diagenetic pathways are likely to be different than the other members.

In spite of these complexities and variability, opal-CT d,¢;-spacing may still be
useful as a geothermometer. Each of the stratigraphic members (Lower Sisquoc and
Upper, Middle, Lower Monterey) have distinct upper limits of opal-CT d¢;-spacing with
somewhat different slopes (Fig. 44). Whereas the opal-CT d;¢;-spacing of an individual
sample may have too complex diagenetic origin to permit it alone to be used as a
geothermometer as attempted by Behl and Morita (2007), the maximum opal-CT d;;-
spacing in a stratigraphic interval may still have significance as a geothermometer. We
suggest the only the maximum opal-CT d;¢;-spacing for a given composition in a
stratigraphic interval be used to determine maximum burial depth and temperature for

tectonic reconstructions.
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FIGURE 48. Model for diagenetic ordering with growth of opal-CT lepispheres. With
burial the lepispheres grow and transition to smaller d;o;-spacing by dissolving the inner
poorly ordered crystals and re-precipitating as larger, better ordered crystals on the outer
perimeter.
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FIGURE 49. With increased burial higher opal-CT d,¢;-spacing values dissolve and re-
precipitate as more ordered opal-CT with increased silica content. The unfilled in circles
are the poorly ordered crystals that are being removed from the system. The dashed
arrows show the reprecipitation of opal-CT crystals in lepispheres, while the dotted
arrows show the migration of silica and opal-CT between beds.
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FIGURE 50. Silica migration and reprecipitation between layers at lamination to bed
scale results in changes in silica concentration and opal-CT d¢;-spacing.
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CHAPTER 6
CONCLUSIONS
This study set out to test the diagenetic models of Isaacs (1980), Murata et al.,

(1974, 1975, 1977) and Pisciotto (1978) in a new field area, and to test natural variability

in crystallographic ordering of opal-CT at high spatial resolution. This study presents

and evaluates data from more samples in a single stratigraphic succession than has ever
been published before. Analytical techniques (Combined EDX/XRF and XRD) were
used to obtain information of the diagenetic ordering and composition of 230 samples
from a complete siliceous section of the Monterey Formation. Although silica diagenesis
has been studied for over 60 years in the Monterey Formation in California, Miocene-

Pliocene formations in Japan and in the Bering Sea and West Pacific, a complete

understanding of all the processes that effect its progression is still incomplete. The data

from this study has led to the following new findings and conclusions:

1. The presented data does not support the concept that the ordering of opal-CT d;;-
spacing is universally a simple linear progression with depth, as found by Murata and
Larson (1975) and predicted by Isaacs (1980). The expected linear trend is rarely
present or well developed even when composition is controlled by evaluating only
sets of rocks from narrow composition ranges or when the data is plotted and

evaluated in other restricted fashions (i.e., by single beds, by members).
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Opal-CT phase silica can be initially precipitated with a large range of d;o;-spacings
within any one stratigraphic interval and for any silica:detritus ratio. With the
increased temperature of further burial, opal-CT with higher d;;-spacings
preferentially dissolve and silica is diffusionally transported to precipitate as new
crystals or on pre-existing less-soluble, better-ordered crystals.

Favorable conditions for the simple progressive ordering (decreasing d;o;-spacing
with burial depth or temperature) are likely restricted to those environments where the
composition of the sediments and pore waters are fairly homogeneous, and sediments
have reached physicochemical equilibrium with respect to the diagenetic process
before uplift and structural deformation or have been uplifted, still buried in a mostly
vertical position.

Dissolved silica and other ions from carbonate, phosphate, organic matter, etc. are
likely transported within and between beds by diffusion, thereby similarly influencing
diagenesis in multiple adjacent beds, even those with different sediment compositions.
The initially wide scatter of opal-CT d;o;-spacing with burial depth and silica:detritus
suggests that the relationship cannot be portrayed in a 2-D graph with these variables
alone, but must be considered in a multidimensional perspective to account for other
variables (carbonate, organic matter, etc.) that can influence the timing of opal-CT
precipitation or degree of crystal ordering.

The opal-CT djo;-spacing of any individual sample may have too complex diagenetic
influences to permit it to be used as a geothermometer, but the maximum opal-CT
dio1-spacing for a specific composition rock in a stratigraphic interval may still have

significance as a geothermometer.

94



CHAPTER 7
RECOMMENDATIONS FOR FUTURE WORK

The results of this study have fueled a reevaluation of previous assumptions about

silica diagenesis progression and more work needs to be done to further evaluate and

refine our conclusions. Recommendations for future work include:

1.

Identify and characterize geologic areas where there are favorable conditions for the
progressive ordering seen in Murata et al., (1974, 1975, 1977) and Mizutani (1977)
studies and also the settings where our study’s results are more likely to occur.
Develop a multidimensional model that shows all the variables (temperature, silica:
detritus, carbonate, organic matter) effecting silica diagenesis and crystallographic
ordering, because the results of this study prove the 2D model of Isaacs is not
sufficient to predict data in a compositionally heterogeneous stratigraphic setting.
Analyze multiple samples from one small stratigraphic interval and test the
compositional and opal-CT d,o;-spacing variability at high spatial resolution, to
determine the effects of pore water chemistry and silica migration and their spatial
distribution.

Perform ultra-high-resolution electron microscopy and electron diffraction to
establish relationships between opal-CT crystallite size and position in lepispheres
with degree of crystallographic ordering to test the hypothesis of localized silica

migration and re-ordering.

95



5. Revisit the study by Schwalbach et al. (2009), that measured the change in facture
density with proximity to the South Branch of the Santa Ynez fault on the Santa
Barbara coast, and take d;;-spacing measurements from the same outcrops to test the

effects fracture-related fluid- or heat-flow on opal-CT progression.
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APPENDIX A

X-RAY DIFFRACTION AND COMBINED ELECTRON SPECTROSCOPY/X-RAY

FLUORESCENCE DATA TABLES
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Major Oxides Measured by Combined EDX/XRF, in % Weight for Lower Sisquoc

Formation.
Stratigraphic | . | M0 | ALO, | Si0, | P,0s | K;0 | CaO | TiO, | MnO; | Fe,0,
Depth (m)

0 025 | 1.89 | 892 | 85.10 | 0.11 | 1.09 | 0.36 | 0.38 | 0.01 | 1.90
169 0.88 | 1.68 | 7.20 | 82.02 | 2.58 | 0.98 | 0.75 | 0.49 | 0.03 | 3.39
182 0.95 | 1.71 | 10.19 | 83.25 | 0.05 | 1.13 | 0.26 | 041 | 0.02 | 2.02
194 031 | 1.58 | 6.20 | 84.45 | 0.09 | 1.12 | 0.67 | 0.56 | 0.02 | 5.00
195 021 | 125 | 5.87 | 85.40 | 0.02 | 0.96 | 0.30 | 0.32 | 0.01 | 5.66
204 031 | 1.58 | 6.20 | 84.45 | 0.09 | 1.12 | 0.67 | 0.56 | 0.02 | 5.00
205 057 | 1.66 | 8.19 | 83.41 | 1.46 | 1.18 | 0.36 | 044 | 0.02 | 2.72
211 031 ] 1.99 | 7.66 | 8426 | 0.10 | 1.60 | 0.60 | 0.66 | 0.03 | 2.80
211 217 | 205 | 12.90 | 71.14 | 581 | 238 | 1.24 | 051 | 0.01 | 1.79
226 0.89 | 1.62 | 6.93 | 80.41 | 492 | 1.18 | 0.34 | 047 | 0.02 | 3.3

99



Major Oxides Measured by Combined EDX/XRF, in % Weight for Upper Monterey

Formation.
Stratigraphic . .

Depth (m) Na,O MgO AlLO; | SiO; | P,Os | K;O | CaO | TiO; | MnO; |Fe,0;
252 0.12 | 141 | 949 | 7848 | 7.14 | 0.71 | 1.01 | 0.23 | 0.00 | 1.41
257 0.09 | 1.33 | 9.06 | 78.02 | 819 | 0.55 ] 0.70 | 0.27 | 0.01 1.78
261 0.64 | 1.55 | 8.18 | 85.08 | 0.13 | 1.10 | 0.58 | 0.39 | 0.02 | 2.33
264 0.79 | 1.94 | 1229 | 78.60 | 0.27 | 1.91 | 0.96 | 0.58 | 0.01 | 2.64
266 033 | 1.02 | 5.04 |87.19 | 1.20 | 0.91 | 0.41 | 0.34 | 0.15 | 3.42
279 0.65 | 1.14 | 548 | 86.06 | 3.28 | 0.86 | 0.32 | 0.36 | 0.01 1.84
281 0.71 | 146 | 9.05 | 84.64| 0.09 | 1.19 | 048 | 0.43 | 0.01 1.93
286 0.18 | 1.35 | 6.24 | 88.75| 0.13 | 0.94 | 0.35 | 0.34 | 0.01 1.73
297 0.55 | 147 | 7.04 | 83.60| 1.39 | 1.23 | 0.56 | 0.42 | 0.01 | 3.74
297 054 | 1.63 | 8.78 | 82.44 | 145 | 1.16 | 042 | 0.52 | 0.02 | 3.04
297 041 | 216 | 996 |82.00) 0.16 | 1.24 | 0.77 | 0.48 | 0.03 | 2.80
297 0.28 | 1.30 | 5.84 | 88.22 | 0.02 | 1.34 | 0.53 | 0.38 | 0.01 | 2.09
310 0.15 | 1.25 | 528 | 83.65)| 0.09 | 0751034 | 0.28 | 0.01 | 8.21
314 0.23 | 190 | 939 | 83.65)| 0.07 | 1.58 | 041 | 0.56 | 0.01 | 2.20
326 030 | 1.63 | 935 [ 84.76 | 0.13 | 1.08 | 0.37 | 042 | 0.02 | 1.94
328 0.18 | 234 | 8.62 [ 8390 | 0.09 | 1.36 | 0.44 | 0.58 | 0.01 | 2.49
329 0.27 | 1.63 | 637 | 8727|001 | 1.30 | 048 | 0.43 | 0.01 | 2.23
334 0.59 | 2.68 | 11.38 | 78.40 | 0.33 | 244 | 0.82 | 0.78 | 0.01 | 2.57
350 325 | 228 | 1491 | 74891 044 | 1.54 | 0.51 | 0.57 | 0.02 | 1.60
357 0.27 | 1.65 | 8.67 |85.00| 023 | 1.19 | 040 | 0.46 | 0.01 | 2.14
365 0.18 | 1.21 | 4.80 | 89.62 | 0.09 | 0.54 | 0.30 | 0.21 | 0.01 | 3.05
370 0.27 | 1.07 | 431 |87.28 | 0.19 | 0.60 | 0.30 | 0.21 | 0.03 | 5.76
372 0.41 | 696 | 17.15 | 70.81 | 0.04 | 1.60 | 0.59 | 0.69 | 0.01 1.74
374 044 | 226 | 1227 | 80.73 | 0.21 | 1.53 | 045 | 0.61 | 0.00 | 1.51
388 034 | 1.38 | 622 |90.22 | 0.02 | 0.35| 025 | 0.12 | 0.00 | 1.11
398 0.60 | 1.19 | 5.58 | 88.47 | 1.10 | 0.90 | 0.32 | 0.27 | 0.02 | 1.56
404 1.22 | 2.14 | 11.55 | 79.58 | 0.22 | 1.64 | 0.47 | 0.57 | 0.02 | 2.60
406 032 | 1.35 | 7.04 | 87.00 | 0.02 | 1.28 | 0.24 | 0.36 | 0.02 | 2.38
407 0.49 | 1.03 | 484 [90.68 | 0.04 | 0.69 | 0.45 | 0.21 | 0.02 | 1.55
408 093 | 1.30 | 7.81 [ 7992|003 | 146 | 0.51 | 042 | 0.03 | 7.60
408 040 | 1.38 | 638 [ 8.91 )| 0.03 | 096|022 | 030 | 0.02 | 1.41
409 036 | 1.02 | 3.28 [92.50 | 0.03 | 1.03 | 0.41 | 0.22 | 0.01 1.15
410 032 | 1.30 | 529 [90.17 | 0.20 | 1.09 | 0.31 | 0.27 | 0.02 | 1.03
410 0.18 1 094 | 344 19393005 063|025 | 0.14 | 0.02 | 041
411 032 | 1.08 | 491 | 8988 | 0.07 | 1.38 ] 0.26 | 0.32 | 0.01 1.75
411 0.66 | 1.05 | 5.05 | 8895|006 | 1.24 | 0.35 ] 0.82 | 0.02 | 1.79
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Major Oxides Measured by Combined EDX/XRF, in % Weight for Upper Monterey
Formation Continued.

Sﬁ;j{,‘f;ﬁﬁ,‘;‘“ N2,0 | MgO | ALO; | SiO; | P,Os | K;O | CaO | TiO, | MnO; | Fe;0;
411 029 | 1.04 | 415 |91.26| 0.57 | 0.95 | 030 | 0.24 | 0.01 | 1.0
411 030 | 0.93 | 3.23 |93.16| 0.07 | 0.69 | 028 | 020 | 0.01 | 1.13
419 0.15 | 1.12 | 5.14 |90.06 | 0.19 | 1.41 | 0.34 | 043 | 0.01 | 1.16
419 280 | 1.67 | 627 |86.17] 0.02 | 1.73 | 0.46 | 0.12 | 0.02 | 0.75
422 0.55 | 2.20 | 9.24 | 82.66 | 0.15 | 1.87 | 0.74 | 0.57 | 0.01 | 2.01
422 1.06 | 1.28 | 17.37 | 76.34 | 0.51 | 1.56 | 0.50 | 0.34 | 0.01 | 1.04
423 026 | 1.02 | 412 |92.11] 0.24 | 0.76 | 0.38 | 0.16 | 0.01 | 0.94
426 0.46 | 1.08 | 5.54 |89.25| 0.26 | 1.01 | 0.41 | 0.32 | 0.01 | 1.66
430 032 | 1.12 | 5.82 | 8820 0.13 | 2.02 | 0.54 | 0.51 | 0.01 | 1.34
430 249 | 1.61 | 12.48 | 78.68 | 0.67 | 1.47 | 0.60 | 0.40 | 0.00 | 1.61
430 036 | 1.27 | 5.29 |89.37] 0.16 | 1.38 | 0.32 | 0.36 | 0.01 | 1.48
430 034 | 0.97 | 530 |91.53] 0.05 | 0.77 | 023 | 0.29 | 0.01 | 0.51
430 035 | 1.12 | 7.46 |85.35] 0.93 | 1.69 | 0.99 | 0.39 | 0.00 | 1.71
434 0.41 | 1.45 | 7.24 | 86.68 | 0.03 | 1.79 | 0.49 | 0.66 | 0.02 | 1.3
434 045 | 1.23 | 5.22 |89.55 | 0.03 | 1.24 | 0.37 | 0.30 | 0.02 | 1.60
434 028 | 0.80 | 2.49 | 94.98 | 0.03 | 0.44 | 0.27 | 0.10 | 0.00 | 0.61
440 0.29 | 0.95 | 3.40 | 94.25] 0.10 | 0.40 | 0.17 | 0.06 | 0.00 | 0.38
442 5.44 | 091 | 17.11 | 71.38 | 0.07 | 2.08 | 0.67 | 0.45 | 0.00 | 1.90
442 0.85 | 1.17 | 6.87 | 87.55| 0.04 | 1.55 | 0.42 | 0.50 | 0.01 | 1.06
442 0.65 | 132 | 8.14 | 86.79 | 0.10 | 1.10 | 0.42 | 0.33 | 0.01 | L15
442 048 | 1.26 | 5.54 |90.19 | 0.03 | 0.88 | 0.24 | 0.27 | 0.01 | L.11
443 027 | 1.12 | 3.99 |91.82] 0.04 | 0.65 | 0.24 | 0.38 | 0.02 | 1.48
445 021 | 111 | 416 |92.61 | 0.06 | 0.62 | 0.33 | 0.23 | 0.01 | 0.66
450 038 | 132 | 6.16 | 86.01 | 0.18 | 1.79 | 0.23 | 0.40 | 0.02 | 3.51
450 0.79 | 1.57 | 479 |90.08 | 0.01 | 1.01 | 0.34 | 0.27 | 0.02 | 1.12
450 0.83 | 1.05 | 471 |89.98 | 0.05 | 1.14 | 0.19 | 0.34 | 0.02 | 1.71
450 036 | 1.09 | 4.38 | 91.88 | 0.05 | 0.53 | 0.20 | 0.21 | 0.02 | 1.29
450 274 | 1.17 | 5.58 | 88.48 | 0.07 | 0.60 | 0.22 | 0.23 | 0.00 | 0.91
450 045 | 1.28 | 5.93 | 8841 ] 0.04 | 0.81 | 021 | 1.21 | 0.01 | 1.66
450 0.60 | 1.15 | 5.26 | 89.23 | 0.56 | 0.86 | 0.25 | 0.30 | 0.01 | 1.76
450 1.10 | 0.81 | 442 |85.85] 6.05 | 0.61 | 0.15 ] 0.19 | 0.01 | 0.79
450 1.08 | 1.27 | 7.02 | 84.99 | 1.47 | 1.02 | 0.20 | 0.34 | 0.02 | 2.60
450 0.87 | 1.06 | 4.59 | 86.08 | 2.66 | 1.03 | 0.19 | 0.76 | 0.02 | 2.74
450 0.63 | 1.01 | 5.06 |90.52 | .11 | 0.54 | 0.19 | 0.23 | 0.01 | 0.71
450 0.64 | 0.95 | 5.53 | 81.67 | 3.13 | 2.04 | 0.19 | 0.33 | 0.01 | 5.51
451 0.53 | 0.86 | 3.05 |91.79 | 2.69 | 0.34 | 0.16 | 0.13 | 0.01 | 0.43
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Major Oxides Measured by Combined EDX/XRF, in % Weight for Upper Monterey
Formation Continued.

Sgigfﬁﬁg‘c N2,0 | MgO | ALO; | SiO; | P;0s | K;O | CaO | TiO; | MnO; | Fe,0,
451 0.52 | 0.99 | 4.09 |90.11 | 2.42 | 0.64 | 0.17 | 0.34 | 0.01 | 0.72
451 0.45 | 0.93 | 534 | 8828 3.09 | 0.59] 0.20 | 0.19 | 0.01 | 0.93
451 0.46 | 1.17 | 6.40 | 85.90 | 3.18 | 0.89 | 0.25 | 0.34 | 0.01 | 1.42
451 0.47 | 1.24 | 747 |85.09] 3.10 | 0.83 | 0.22 | 0.39 | 0.01 | 1.18
451 1.01 | 1.16 | 6.78 | 80.61 | 5.36 | 1.06 | 0.22 | 0.37 | 0.01 | 3.43
451 0.48 | 1.06 | 5.87 | 8844 | 1.57 | 0.69 ] 0.20 | 0.33 | 0.02 | 1.35
451 0.37 | 1.08 | 591 |87.41] 2.53 | 0.84 | 022 | 0.42 | 0.01 | 1.22
451 0.38 | 1.84 | 11.96 | 78.75 | 0.27 | 1.07 | 0.21 | 3.69 | 0.02 | 1.82
451 0.45 | 1.58 | 7.69 | 84.55] 0.05 | 3.18 | 0.26 | 0.53 | 0.01 | 1.70
451 0.33 | 1.22 | 494 [90.57] 0.03 | 1.35] 0.22 | 038 | 0.01 | 0.97
460 0.28 | 1.00 | 4.68 |91.97] 0.14 | 0.60 | 0.17 | 0.24 | 0.01 | 0.92
460 044 | 111 | 4.81 |91.95] 0.05 | 0.60 ] 0.18 | 022 | 0.01 | 0.65
460 0.55 | 1.02 | 4.42 |93.03] 0.03 | 0.31] 0.13 | 0.08 | 0.01 | 0.43
460 0.51 | 0.91 | 433 |93.04] 0.05 | 0.36] 0.13 | 0.13 | 0.01 | 0.53
469 0.24 | 1.19 | 493 |91.20] 0.03 | 1.69 | 0.34 | 0.14 | 0.01 | 0.24
469 0.77 | 1.13 | 4.64 |91.09] 0.02 | 0.87 | 0.19 | 0.27 | 0.01 | 1.02
470 0.29 | 1.16 | 7.43 | 86.78 | 1.07 | 1.21]0.29 | 034 | 0.01 | 1.44
470 3.76 | 0.86 | 10.53 | 79.70 | 1.41 | 0.94 | 0.22 | 0.42 | 0.01 | 2.15
472 0.32 | 1.02 | 3.67 |91.08] 0.03 | 1.31] 0.27 | 0.30 | 0.02 | 2.00
473 0.39 | 1.71 | 8.51 | 81.87] 0.07 | 0.96 | 0.26 | 0.43 | 0.02 | 5.78
474 0.85 | 1.38 | 8.13 | 85.99 | 0.08 | 1.20 | 0.24 | 0.60 | 0.01 | 1.52
474 0.73 | 1.02 | 5.52 |90.76 | 0.02 | 0.80 | 0.22 | 0.21 | 0.01 | 0.71
476 0.17 | 1.26 | 4.58 |91.56 | 0.04 | 0.65] 027 | 027 | 0.02 | 1.18
477 0.42 | 1.11 | 4.95 | 86.24 | 3.42 | 0.70 | 0.20 | 0.35 | 0.02 | 2.58
478 0.87 | 0.96 | 5.41 | 86.93 | 3.34 | 1.00] 0.19 | 0.34 | 0.01 | 0.96
478 0.62 | 1.87 | 7.72 | 86.17] 0.77 | 1.03 | 0.21 | 0.53 | 0.01 | 1.07
479 0.78 | 132 | 638 | 84.42]3.92 | 0.78 | 0.20 | 0.39 | 0.02 | 1.80
479 0.40 | 1.02 | 4.58 | 88.11] 2.44 | 0.96 | 0.18 | 0.38 | 0.02 | 1.93
481 0.30 | 0.70 | 2.74 | 93.84] 0.95 | 0.34 ] 0.17 | 0.16 | 0.01 | 0.79
481 0.23 | 0.92 | 335 |90.84 | 1.93 | 0.86 | 0.25 | 0.23 | 0.01 | 1.38
483 0.20 | 1.27 | 533 |89.95] 0.05 | 0.92]0.23 | 032 | 0.01 | 1.71
484 0.18 | 1.11 | 4.49 |91.06] 0.44 | 0.49 ] 0.23 | 0.24 | 0.01 | 1.76
485 0.24 | 0.90 | 1.94 |96.27] 0.02 | 0.07 | 0.18 | 0.02 | 0.00 | 0.38
486 0.18 | 1.77 | 9.52 | 83.59] 0.04 | 1.75 | 0.26 | 0.58 | 0.02 | 2.30
486 0.23 | 1.12 | 3.97 |91.49] 0.10 | 0.59 | 0.44 | 0.24 | 0.02 | 1.79
487 0.20 | 1.21 | 4.70 |90.98 | 0.07 | 0.61 ] 0.25 | 026 | 0.01 | 1.72
487 0.27 | 132 | 462 |91.17] 0.13 | 0.55 ] 0.24 | 0.24 | 0.01 | 1.46
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Major Oxides Measured by Combined EDX/XRF, in % Weight for Upper Monterey
Formation Continued.

Sﬁ;j{,‘f;ﬁﬁ,‘;‘“ N2,0 | MgO | ALO; | SiO; | P,0s | K;O | CaO | TiO, | MnO,| Fe,0,
488 0.21 | 1.14 | 4.78 | 91.76 ] 0.07 | 0.51 | 0.16 | 0.18 | 0.01 | 1.19
490 0.55 | 0.90 | 3.79 | 91.06 | 1.46 | 0.46 | 0.44 | 0.19 | 0.01 | L.14
490 0.73 | 0.78 | 2.73 | 91.41] 2.76 | 0.31 | 0.52 | 0.13 | 0.00 | 0.64
490 0.86 | 1.98 | 13.04 | 76.29 | 2.14 | 1.17 | 0.47 | 0.59 | 0.02 | 3.45
490 0.50 | 2.06 | 8.02 | 83.37 | 4.00 | 0.33 | 0.76 | 0.10 | 0.01 | 0.87
491 0.22 | 1.08 | 4.86 | 92.59 | 0.01 | 0.32 | 0.17 | 0.08 | 0.01 | 0.67
491 0.26 | 1.89 | 10.61 | 83.55 | 0.05 | 1.46 | 0.19 | 0.52 | 0.01 | 1.48
491 0.34 | 1.17 | 730 | 88.80 | 0.06 | 0.91 | 0.16 | 0.26 | 0.01 | 1.00
491 0.82 | 1.46 | 4.66 | 87.95] 2.50 | 0.38 | 0.42 | 0.18 | 0.03 | 1.60
493 0.23 | 1.03 | 3.56 | 92.28 | 0.11 | 0.44 | 0.24 | 0.14 | 0.01 | 1.96
493 0.20 | 0.84 | 2.05 | 95.99 | 0.08 | 0.11 | 0.29 | 0.00 | 0.00 | 0.43
493 0.22 | 0.97 | 3.06 | 93.93 | 0.06 | 0.29 | 0.25 | 0.07 | 0.01 | 113
493 0.59 | 0.64 | 3.09 | 91.80 | 2.58 | 0.26 | 0.19 | 0.39 | 0.00 | 0.46
493 0.37 | 0.87 | 3.69 | 89.90 | 2.84 | 0.45 | 0.20 | 0.19 | 0.01 | 1.49
494 0.67 | 1.37 | 622 | 87.87] 0.03 | 1.13 | 0.22 | 0.41 | 0.02 | 2.07
494 0.36 | 1.72 | 9.48 | 82.10] 0.06 | 1.86 | 0.22 | 0.62 | 0.02 | 3.56
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Major Oxides Measured by Combined EDX/XRF, in % Weight for Middle Monterey

Formation.
Stratigraphic | v, o | Me0 | ALO, | Si0; | P;0s | K;0 | CaO | TiO, |MnO, | Fe,05
Depth (m)
503 0.51 | 1.17 | 1640 | 26.01 | 29.79 | 0.26 | 24.67 | 023 | 0.01 | 0.95
504 0.59 | 1.60 | 7.37 | 84.98 | 0.13 | 1.15 | 0.41 | 0.47 | 0.00 | 331
504 0.60 | 0.99 | 4.64 | 88.32] 137 | 0.64 | 0.61 | 0.56 | 0.01 | 2.26
504 040 | 1.60 | 6.91 | 84.91] 0.09 | 1.41 | 0.88 | 0.39 | 0.01 | 3.42
504 0.24 | 0.86 | 1.95 | 96.05 | 0.00 | 0.05 | 0.28 | 0.29 | 0.00 | 0.29
504 026 | 1.64 | 7.07 | 86.35] 0.13 | 1.76 | 0.39 | 0.42 | 0.01 | 1.97
504 033 | 1.17 | 453 | 89.80] 0.02 | 0.63 | 0.24 | 0.20 | 0.01 | 3.09
509 027 | 091 | 2.46 | 69.41] 0.66 | 0.36 | 25.21 | 0.05 | 0.00 | 0.68
509 0.83 | 1.07 | 2.90 | 93.63 | 0.03 | 0.19 | 0.36 | 0.14 | 0.01 | 0.84
512 0.52 | 1.66 | 9.52 | 80.34] 0.78 | 1.64 | 0.37 | 0.61 | 0.02 | 4.53
512 0.60 | 1.48 | 6.25 | 88.56] 0.15 | 0.89 | 0.24 | 035 | 0.01 | 1.47
512 1.03 | 1.68 | 8.07 | 8443 0.17 | 1.76 | 0.28 | 0.49 | 0.03 | 2.06
512 022 | 1.02 | 3.08 |93.73]| 0.01 | 0.49 | 0.26 | 0.14 | 0.01 | 1.04
512 0.18 | 0.83 | 2.61 | 95.57| 0.03 | 0.18 | 0.24 | 0.03 | 0.00 | 0.33
512 0.17 | 0.78 | 2.84 | 95.28 | 0.04 | 0.11 | 0.29 | 0.01 | 0.00 | 0.48
512 0.04 | 0.38 | 2.99 | 95.67 | 0.00 | 0.10 | 0.09 | 0.09 | 0.00 | 0.64
512 0.18 | 0.91 | 5.18 | 92.18] 030 | 0.21 | 0.24 | 0.06 | 0.00 | 0.74
512 0.18 | 0.87 | 2.76 | 93.34] 0.01 | 0.37 | 0.38 | 0.18 | 0.01 | 1.88
512 0.53 | 0.90 | 3.56 | 90.16 | 3.40 | 0.30 | 0.25 | 0.14 | 0.00 | 0.76
512 0.18 | 0.90 | 2.55 | 94.79 | 0.02 | 0.32 | 0.27 | 0.07 | 0.00 | 0.90
514 0.23 | 0.91 | 3.55 | 92.81] 0.05 | 0.50 | 0.26 | 0.21 | 0.01 | 1.47
514 1.18 | 0.91 | 527 |89.70 | 0.08 | 0.26 | 0.22 | 0.14 | 0.01 | 2.25
515 020 | 1.25 | 634 | 90.04] 0.03 | 0.52] 0.15 | 021 | 0.01 | 1.26
518 031 | 1.01 | 3.47 |92.80] 0.18 | 0.38 | 0.32 | 0.21 | 0.01 | 132
518 032 | 1.15 | 433 |89.91] 047 | 0.51 | 0.37 | 029 | 0.02 | 2.64
519 033 | 0.92 | 4.81 |92.77] 0.26 | 0.22 | 0.19 | 0.04 | 0.00 | 0.45
520 0.79 | 1.67 | 6.60 | 86.41] 0.08 | 1.10 | 0.60 | 0.44 | 0.03 | 2.29
521 039 | 1.07 | 427 | 90.38] 0.65 | 0.45 | 0.38 | 0.20 | 0.01 | 2.22
522 034 | 0.62 | 1.98 | 88.79] 1.62 | 0.18 | 5.43 | 0.09 | 0.01 | 0.95
523 027 | 0.69 | 233 | 94.76 | 0.00 | 0.28 | 0.40 | 0.13 | 0.01 | 114
524 029 | 0.74 | 2.54 | 93.01] 0.41 | 0.19 | 1.96 | 0.09 | 0.01 | 0.76
524 0.46 | 0.85 | 3.58 | 87.81| 1.46 | 0.40 | 3.01 | 0.22 | 0.02 | 2.20
524 046 | 127 | 5.00 | 81.46 | 2.40 | 0.94 | 5.23 | 030 | 0.03 | 2.93
527 040 | 2.43 | 322 | 82.80] 0.18 | 0.78 | 8.07 | 0.29 | 0.03 | 1.79
528 046 | 1.47 | 452 |92.44] 0.11 | 0.13 | 0.28 | 0.08 | 0.01 | 0.50
530 0.80 | 1.13 | 6.94 | 87.49] 0.02 | 1.53 | 0.29 | 0.45 | 0.01 | 135
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Major Oxides Measured by Combined EDX/XRF, in % Weight for Lower Monterey

Formation.
Stratigraphic | \. o | MgO | ALO | Si0, | P,0s | K20 | CaO | TiO, | MnO, | Fe,0,
Depth (m)
532 049 | 0.67 | 236 | 73.56 | 3.39 | 0.37 | 17.58 | 0.13 | 0.01 | 1.45
533 0.66 | 1.33 | 3.89 | 88.43 | 0.54 | 0.30 | 3.07 | 0.16 | 0.01 | L6l
533 040 | 1.33 | 5.77 | 78.19 | 6.21 | 1.57 | 2.09 | 0.49 | 0.01 | 3.95
536 074 | 093 | 3.11 | 81.26] 4.11 | 0.50 | 6.56 | 0.34 | 0.01 | 2.44
536 0.51 | 0.78 | 3.10 | 87.12 | 1.97 | 0.38 | 439 | 0.17 | 0.01 | 1.58
537 048 | 1.31 | 5.77 | 87.49] 0.19 | 0.99 | 0.56 | 0.37 | 0.01 | 2.83
538 038 | 0.84 | 2.77 | 92.05] 1.17 | 0.13 | 1.90 | 0.05 | 0.01 | 0.72
538 035 | 0.68 | 222 | 91.49 | 1.86 | 020 | 1.47 | 0.14 | 0.02 | 1.59
539 0.25 | 2.35 | 139 | 60.11] 0.31 | 0.15 | 34.74 | 0.02 | 0.04 | 0.63
540 0.23 | 0.75 | 2.10 | 96.10 | 0.04 | 0.10 | 0.20 | 0.00 | 0.00 | 0.48
540 024 | 0.88 | 2.16 | 74.88 | 2.50 | 0.24 | 18.45 | 0.03 | 0.00 | 0.63
543 024 | 072 | 1.51 | 67.42] 0.61 | 020 | 28.80 | 0.01 | 0.01 | 0.48
547 0.60 | 1.35 | 5.80 | 66.53 | 5.41 | 1.24 | 15.65 | 0.43 | 0.01 | 2.98
549 033 | 0.77 | 1.61 | 74.16 | 0.48 | 0.15 | 21.83 | 0.02 | 0.01 | 0.66
553 033 | 0.85 | 1.94 | 72.18 | 1.72 | 0.26 | 22.17 | 0.02 | 0.00 | 0.53
554 024 | 0.74 | 1.75 | 71.38 | 2.21 | 0.10 | 23.06 | 0.02 | 0.00 | 0.50
555 140 | 0.79 | 3.51 | 55.58 | 4.13 | 0.29 | 33.62 | 0.05 | 0.01 | 0.63
560 023 | 0.80 | 1.82 | 48.10 | 5.76 | 0.48 | 42.03 | 0.10 | 0.01 | 0.68
576 0.65 | 0.74 | 2.83 | 84.43 | 5.38 | 0.60 | 3.14 | 0.21 | 0.01 | 1.99
586 0.68 | 0.88 | 334 | 67.93 | 0.92 | 0.43 | 24.57 | 0.17 | 0.00 | 1.08
591 0.50 | 0.68 | 1.56 | 91.06 | 1.83 | 0.21 | 3.21 | 0.06 | 0.02 | 0.88
597 0.74 | 0.89 | 338 | 86.28 | 3.34 | 0.58 | 3.09 | 027 | 0.02 | 1.42
619 0.61 | 0.85 | 2.63 | 80.08 | 3.74 | 0.52 | 8.50 | 0.21 | 0.01 | 2.85
626 0.70 | 0.86 | 3.11 | 82.89 | 6.35 | 0.68 | 3.81 | 0.30 | 0.02 | 1.28
640 029 | 3.79 | 497 | 73.01 ] 0.76 | 1.75 | 12.51 | 0.32 | 0.02 | 2.58
647 0.50 | 0.92 | 5.84 | 81.08 ] 6.10 | 0.89 | 0.84 | 0.38 | 0.01 | 3.44
652 035 | 075 | 2.81 | 92.51] 121 | 027 | 028 | 0.10 | 0.01 | 1.70
660 0.43 | 0.83 | 3.10 | 88.98 | 0.59 | 0.59 | 3.20 | 0.29 | 0.02 | 1.98
660 0.60 | 1.19 | 5.79 | 86.14 | 0.35 | 0.65 | 2.91 | 0.24 | 0.06 | 2.08
664 039 | 1.67 | 9.83 | 79.27 ] 0.27 | 1.79 | 037 | 0.62 | 0.02 | 5.78
665 047 | 141 | 6.81 | 87.77] 0.27 | 0.50 | 0.25 | 027 | 0.01 | 2.25
667 0.52 | 1.15 | 5.82 | 87.32 | 0.47 | 0.98 | 0.34 | 0.41 | 0.01 | 2.97
669 074 | 091 | 412 | 82.34| 121 | 1.86 | 8.11 | 0.21 | 0.04 | 0.46
671 0.60 | 0.93 | 413 | 89.44 | 0.13 | 0.52 | 2.11 | 0.22 | 0.01 | 1.91
675 0.98 | 1.25 | 5.28 | 87.59 ] 0.15 | 0.70 | 1.22 | 0.22 | 0.01 | 2.60
675 0.70 | 1.03 | 1.03 | 86.41] 0.85 | 0.91 | 2.11 | 0.38 | 0.02 | 2.81
675 113 | 1.96 | 7.58 | 7530 | 1.66 | 1.74 | 2.68 | 118 | 0.46 | 6.32
678 244 | 2.14 | 10.80 | 81.18 | 0.04 | 1.08 | 0.40 | 0.41 | 0.01 | 1.49
679 048 | 1.04 | 419 | 89.27| 0.89 | 0.64 | 1.42 | 0.27 | 0.01 | 1.81
680 133 | 1.93 | 8.28 | 79.07 | 0.46 | 1.71 | 1.75 | 0.53 | 0.01 | 4.94
680 045 | 1.19 | 5.63 | 89.23 | 0.43 | 0.70 | 0.28 | 029 | 0.01 | 1.79
683 0.40 | 0.84 | 327 | 90.51 ] 0.39 | 0.37 | 2.06 | 0.16 | 0.01 | 1.99
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Sedimentary Components Measured by Combined EDX/XRF in % Weight and Opal-CT
dy01-spacing Measured by XRD in Angstroms (A) for Lower Sisquoc Formation.

Raw
Stratigraphic Raw Silica Raw Normalized OP;I_CT
Depth (m) Detritus | (biogenic & | Calcite Silica spacill‘:,lg- A)
diagenetic)

0 49.97 53.86 0.51 51.87 4.05
169 40.33 56.82 -0.45 58.49 4.04
182 57.08 47.57 -1.33 45.46 4.07
194 34.74 62.74 0.75 64.36 4.07
195 32.86 64.86 0.34 66.37 4.08
204 34.74 62.74 0.75 64.36 4.07
205 45.84 54.76 -0.33 54.43 4.06
211 42.92 57.44 0.72 57.23 4.05
211 72.23 26.00 -2.45 26.47 4.05
226 38.80 56.16 -1.21 59.14 4.06
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Sedimentary Components Measured by Combined EDX/XRF in % Weight and Opal-CT
dy01-spacing Measured by XRD in Angstroms (A) for Upper Monterey Formation.

Raw opal-CT
Stratigraphic Raw Silica Raw | Normalized dror- .
Depth (m) Detritus | (biogenic & | Calcite Silica 1 sgacmg

diagenetic) (A)
252 53.13 45.28 2.01 46.01 4.00
257 50.72 46.32 1.53 47.73 4.07
261 45.82 56.44 -0.09 55.19 4.09
264 68.84 35.58 0.43 34.07 4.00
266 28.23 69.54 0.20 71.13 4.08
279 30.67 66.89 -0.75 68.56 4.09
281 50.69 52.96 -0.41 51.09 4.04
286 34.94 66.91 0.52 65.69 4.05
297 39.41 58.97 0.03 59.94 4.09
297 49.19 51.69 -0.10 51.24 4.06
297 55.79 47.13 0.91 45.79 4.04
297 32.69 67.79 0.56 67.47 4.09
310 29.57 65.17 0.54 68.79 4.09
314 52.60 50.78 0.68 49.12 4.10
326 52.38 52.02 0.44 49.83 4.07
328 48.25 53.74 0.83 52.69 4.06
329 35.66 64.98 0.53 64.57 4.09
334 63.73 38.57 0.62 37.70 4.07
350 83.51 22.70 -6.33 21.37 4.06
357 48.52 54.67 0.53 52.98 4.05
365 26.87 72.83 0.36 73.04 4.09
370 24.11 72.21 0.09 74.97 4.08
372 96.04 10.79 0.98 10.10 4.07
374 68.68 37.81 0.41 35.50 4.04
388 34.82 68.46 -0.03 66.28 4.06
398 31.27 68.93 -0.59 68.79 4.06
404 64.66 39.16 -1.53 37.72 4.08
406 39.41 62.37 0.03 61.28 4.07
407 27.11 73.74 -0.15 73.12 4.05
408 43.74 52.58 -0.97 54.59 4.04
408 35.73 66.58 -0.25 65.08 4.08
409 18.35 81.03 0.03 81.54 4.10
410 29.64 71.65 0.04 70.74 4.08
410 19.26 81.89 0.20 80.96 4.04
411 27.52 72.68 -0.06 72.54 4.09
411 28.29 71.26 -0.74 71.58 4.09
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Sedimentary Components Measured by Combined EDX/XRF in % Weight and Opal-CT
dy01-spacing Measured by XRD in Angstroms (A) for Upper Monterey Formation
Continued.

Raw opal-CT
Stratigraphic Raw Silica Raw | Normalized dror-spacin
Depth (m) Detritus | (biogenic & | Calcite Silica 1 sg g

diagenetic) (A)
411 23.21 76.76 0.03 76.78 4.10
411 18.10 81.85 -0.06 81.89 4.08
419 28.77 72.08 0.52 71.47 4.09
419 35.12 64.22 -5.79 64.65 4.07
422 51.74 50.32 0.47 49.31 4.06
422 97.27 15.54 -0.77 13.78 4.07
423 23.06 77.70 0.26 77.11 4.07
426 31.00 69.88 -0.11 69.27 4.05
430 32.58 67.84 0.50 67.56 4.06
430 69.87 35.01 -4.43 33.38 4.00
430 29.60 70.87 -0.04 70.54 4.05
430 29.69 72.98 -0.13 71.08 4.07
430 41.79 59.23 1.30 58.63 4.00
434 40.54 61.34 0.26 60.21 4.06
434 29.24 71.27 -0.17 70.91 4.09
434 13.95 86.27 -0.07 86.08 4.09
440 19.06 82.34 -0.22 81.20 4.07
442 95.84 11.48 -11.36 10.69 4.11
442 38.46 63.51 -0.97 62.29 4.04
442 45.58 58.30 -0.40 56.12 4.06
442 31.01 70.81 -0.46 69.54 4.09
443 22.35 77.85 -0.01 77.70 4.08
445 23.29 78.05 0.31 77.02 4.09
450 34.51 64.44 -0.18 65.13 4.07
450 26.84 73.31 -1.09 73.20 4.08
450 26.36 73.51 -1.45 73.61 4.07
450 24.52 76.56 -0.28 75.74 4.06
450 31.25 68.95 -6.10 68.81 4.07
450 33.23 67.64 -0.40 67.06 4.10
450 29.47 70.81 -0.75 70.61 4.06
450 24.77 70.37 -2.22 73.96 4.08
450 39.31 60.42 -1.92 60.58 4.09
450 25.71 70.01 -1.58 73.14 4.05
450 28.32 72.82 -0.93 72.00 4.08
450 30.98 62.31 -0.94 66.79 4.06
451 17.09 81.11 -0.85 82.60 4.08
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Sedimentary Components Measured by Combined EDX/XRF in % Weight and Opal-CT
dy01-spacing Measured by XRD in Angstroms (A) for Upper Monterey Formation
Continued.

Raw opal-CT
Stratigraphic Raw Silica Raw | Normalized dror-spacin
Depth (m) Detritus | (biogenic & | Calcite Silica 1 sg g

diagenetic) (A)
451 22.90 75.80 -0.75 76.80 4.07
451 29.92 69.58 -0.45 69.93 4.08
451 35.81 63.51 -0.33 63.94 4.07
451 41.83 58.95 -0.38 58.49 4.10
451 37.95 56.89 -1.72 59.98 4.05
451 32.87 67.89 -0.52 67.38 4.05
451 33.08 66.74 -0.19 66.86 4.07
451 66.99 36.87 0.09 35.50 4.05
451 43.07 57.63 -0.24 57.23 4.09
451 27.64 73.29 -0.16 72.62 4.09
460 26.18 75.61 -0.14 74.28 4.08
460 26.95 75.10 -0.50 73.59 4.08
460 24.74 77.57 -0.88 75.82 4.07
460 24.25 77.88 -0.80 76.26 4.06
469 27.61 73.95 0.29 72.81 4.07
469 25.99 74.84 -1.32 74.22 4.08
470 41.61 60.77 0.20 59.36 4.06
470 58.96 42.84 -8.34 42.08 4.08
472 20.55 78.23 -0.11 79.19 4.05
473 47.63 52.10 -0.02 52.24 4.08
474 45.50 57.55 -1.23 55.85 4.00
474 30.90 71.45 -1.12 69.81 4.06
476 25.67 75.52 0.32 74.63 4.08
477 27.73 68.91 -0.42 71.31 4.07
478 30.30 67.99 -1.52 69.18 4.07
478 43.21 59.16 -0.74 57.79 4.07
479 35.72 62.09 -1.21 63.48 4.07
479 25.63 72.10 -0.41 73.78 4.06
481 15.32 84.27 -0.28 84.62 4.07
481 18.77 79.11 0.07 80.82 4.07
483 29.85 71.30 0.21 70.49 4.07
484 25.14 75.34 0.22 74.98 4.08
485 10.84 89.49 -0.16 89.20 4.05
486 53.32 50.27 0.56 48.53 4.06
486 22.22 77.60 0.43 77.74 4.08
487 26.33 74.52 0.21 73.89 4.09
487 25.87 75.01 0.02 74.36 4.06
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Sedimentary Components Measured by Combined EDX/XRF in % Weight and Opal-CT
dy01-spacing Measured by XRD in Angstroms (A) for Upper Monterey Formation
Continued.

Raw opal-CT
Stratigraphic Raw Silica Raw | Normalized dror .
Depth (m) Detritus | (biogenic & | Calcite Silica 1 sgacmg

diagenetic) (A)
488 26.76 75.03 0.04 73.71 4.07
490 21.24 77.79 -0.37 78.56 4.10
490 15.28 81.86 -0.73 84.27 4.07
490 73.01 30.66 -0.58 29.57 4.08
490 4491 55.30 0.56 55.19 4.09
491 27.23 75.57 0.02 73.51 4.04
491 59.39 46.43 0.30 43.87 4.04
491 40.87 63.25 -0.16 60.75 4.07
491 26.12 71.62 -1.03 73.28 4.08
493 19.92 79.83 0.05 80.03 4.10
493 11.50 88.81 0.13 88.54 4.08
493 17.11 83.24 0.07 82.95 4.07
493 17.30 80.99 -0.96 82.40 4.05
493 20.65 76.99 -0.35 78.85 4.09
494 34.82 66.11 -0.93 65.50 4.08
494 53.07 48.94 0.02 47.98 4.05
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Sedimentary Components Measured by Combined EDX/XRF in % Weight and Opal-CT
dy01-spacing Measured by XRD in Angstroms (A) for Middle Monterey Formation.

Raw
Stratigraphic Raw Silica Raw Normalized OP;I_CT
Depth (m) Detritus | (biogenic & | Calcite Silica spacill':,lg- A)
diagenetic)
503 91.85 -31.40 43.69 -51.94 4.00
504 41.26 59.20 -0.33 58.93 4.08
504 25.97 72.09 -0.14 73.51 4.08
504 38.67 60.74 0.95 61.10 4.00
504 10.90 89.23 0.01 89.11 4.00
504 39.61 61.60 0.43 60.86 4.07
504 25.34 73.96 -0.14 74.48 4.07
509 13.78 60.80 44.47 81.53 4.07
509 16.23 83.48 -1.25 83.72 4.08
512 53.32 47.02 -0.10 46.86 4.06
512 35.02 66.67 -0.73 65.56 4.08
512 45.19 56.19 -1.60 55.43 4.07
512 17.25 82.94 0.09 82.78 4.10
512 14.62 86.43 0.14 85.53 4.07
512 15.90 85.34 0.26 84.29 4.06
512 16.73 85.22 0.23 83.59 4.09
512 28.99 74.06 0.27 71.87 4.09
512 15.44 83.69 0.39 84.43 4.08
512 19.93 77.70 -0.67 79.59 4.10
512 14.25 85.88 0.17 85.77 4.10
514 19.87 80.40 0.09 80.18 4.10
514 29.50 71.26 -2.23 70.72 4.08
515 35.48 67.86 0.12 65.67 4.09
518 19.40 80.67 -0.01 80.61 4.10
518 24.26 74.74 0.12 75.50 4.06
519 26.95 75.92 -0.21 73.80 4.00
520 36.97 63.30 -0.54 63.13 4.07
521 23.89 75.45 -0.05 75.95 4.06
522 11.08 81.86 8.95 88.08 4.08
523 13.02 86.62 0.18 86.93 4.08
524 14.24 84.12 291 85.53 4.06
524 20.05 75.28 4.45 78.97 4.08
524 27.98 63.97 8.48 69.57 4.05
527 18.03 71.53 13.58 79.87 4.05
528 25.33 76.61 -0.39 75.15 4.10
530 38.86 63.20 -1.09 61.92 4.00
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Sedimentary Components Measured by Combined EDX/XRF in % Weight and Opal-CT
dy01-spacing Measured by XRD in Angstroms (A) for Lower Monterey Formation.

Raw opal-CT
Stratigraphic Raw Silica Raw Normalized dror .
Depth (m) Detritus | (biogenic & | Calcite Silica 1 sgacmg

diagenetic) (A)
532 13.21 65.30 30.30 83.17 4.07
533 21.78 74.82 4.08 77.45 4.07
533 32.31 57.99 3.08 64.22 4.06
536 17.42 70.37 10.06 80.16 4.07
536 17.36 76.27 6.75 81.46 4.08
537 32.33 67.29 0.15 67.54 4.00
538 15.53 82.34 2.62 84.13 4.09
538 12.43 83.72 1.88 87.07 4.07
539 7.80 55.24 61.49 87.63 4.07
540 11.77 88.74 -0.10 88.29 4.10
540 12.10 67.32 32.47 84.77 4.09
543 8.46 62.13 50.91 88.01 4.08
547 32.49 46.22 26.78 58.73 4.06
549 9.02 68.52 38.25 88.36 4.09
553 10.89 65.38 38.88 85.72 4.09
554 9.79 65.26 40.67 86.96 4.08
555 19.63 43.31 56.75 68.81 4.07
560 10.19 41.73 74.59 80.37 4.06
576 15.86 74.52 4.14 82.45 4.08
586 18.70 56.24 42.35 75.04 4.06
591 8.74 85.60 4.58 90.74 4.07
597 18.94 74.44 3.88 79.71 4.07
619 14.73 70.87 13.81 82.79 4.07
626 17.39 72.02 5.24 80.55 4.05
640 27.83 55.61 21.90 66.65 4.00
647 32.70 60.64 0.59 64.97 4.08
652 15.71 82.69 -0.20 84.04 4.08
660 17.35 78.13 4.81 81.82 4.05
660 32.44 65.87 4.04 67.00 4.05
664 55.03 44.88 0.24 44.92 4.00
665 38.11 63.95 -0.34 62.66 4.04
667 32.59 66.96 -0.35 67.26 4.06
669 23.07 67.93 12.87 74.65 4.06
671 23.15 74.97 2.49 76.41 4.04
675 29.57 69.10 0.05 70.03 4.06
675 5.75 82.82 2.09 93.51 4.04
675 42.43 48.78 241 53.48 4.05
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Sedimentary Components Measured by Combined EDX/XRF in % Weight and Opal-CT
dy01-spacing Measured by XRD in Angstroms (A) for Lower Monterey Formation
Continued.

Raw opal-CT
Stratigraphic Raw Silica Raw Normalized dror .
Depth (m) Detritus | (biogenic & | Calcite Silica 1 sgacmg

diagenetic) (A)
679 23.48 74.59 1.59 76.06 4.04
680 46.35 50.11 0.29 51.95 4.00
680 31.54 69.52 -0.29 68.79 4.06
683 18.31 79.07 2.86 81.20 4.06
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APPENDIX B

COMBINED ELECTRON SPECTROSCOPY/X-RAY FLUORESCENCE METHOD

114



This section explains in detail the calibration process of the combined EDS/XRF method
using IXRF Iridium Ultra Software and FEI Quanta 200 scanning electron microscope
(SEM).

Setup instrument and warm-up

* Make sure the detector is cooled with liquid nitrogen and has time to cool (~ 4 hours
prior to operation)

* Start up FEI xT microscope control

* Turn on iXRF Model 550i control box

* Open Iridium Ultra software

Load sample of crushed and pressed standard (USGS or other certified standard)
* Vent sample chamber to release vacuum
» When vented, place sample pellet on vitreous carbon planchet, then place inside
chamber
»  Pump the chamber to high vacuum

Sample adjustment
*  Once the chamber is under vacuum, activate the High Voltage (HV)
» Zoom in on the sample to about 4000x — 5000x magnification, focus and fix Z to
sample
» Adjust coordinate Z until it is 10mm (this is the depth or distance of the surface of
the sample from the detector)
* This is good time to warm up the IXRF Systems X-Beam Controller
» Turn the key to position 1 and press the x-ray button, but do not open the shutter
yet!!
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Least Squares Calibration

Using Iridium Ultra Software
*  Open a new combined SEM/XRF spectrum
» Adjust spot size on the xT microscope control until the dead time is ~27-30% in
the green zone

Coml
SEM A
Cenrpor]
Na20
g0
A203
5102
Pa0s
K0
Ca0
T102
Properties (SEM) - Combined SEM XRFL x|
Acquistion | Element ID | Quantiation | Display |
Presotl 3000 Livetime Seconds |+
(- Puise Processor
Time Constant [—d
FWHM: [W eV
Ti MgSi Ca
Ca Na SiP K Fe
Ca NaAlP K CaTiTi MnMnFe
5
Cursor=
Vert=5 Window 0.005 - 40.955= 0 cat
2
Save Settings | SetasDefaut|  AppiyTo |
Load Setlings
kv
Takeoff
Based
Ti Mg Si Ca
Ca Na SiP K Fe
Ca NaAl P K CaTiTi MnMnFe
5 10 15 keV
Cursor=
Vert=5 Window 0.005 - 40.955= 0 cnt
I | 2l

Right click on the SEM spectrum window (upper window).
* Select properties
* Click on Acquisition tab
* Enter 300.0 in preset for livetime seconds
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SEM &
Cenper
20
M0
03
5102
Pa0s
K20
a0
- T102
Properties (SEM) - Combined SEM XRFL: x|
Acquistion ElementID | Quanttation | Display |
-A ic D
v Perform before Analysis Setup...
EditID List —
» Abnays Present Never Present |Cha|Lnii
Ti MgSi = =
Ca Na SiP K Fe Li Be B c NEIF N

g IRl s o A
s v o PIEN co i 0u 2 Ca O A5 Se Br K
B S Y ZMMoT B PdAg Cd T SnSb Te I e
CrBa Lo B To W Re O k PtmHg T P Bi Po it Bn

5
T rmmananymaane

Th Pa U PuAmOn Bk Of Ex Pa
Cursor= AR

Vert=5 Window 0.005 - 40.955= 0 cnt
2
| XRE Spectrum ; 2 v Keep Element List for Nest Spectum

Ca NaAlP K CaTiTi MnMnFe

Save Setlings| SetAs Qe!aulll Apply To
Load Setlings

kv

Takeof |
Bagsed
Ti Mg Si
Ca Na SiP K Fe
Ca NaAlP K CaTiTi MnMnFe
5 10 15 keV
Cursor=
Vert=5 Window 0.005 - 40.955= 0 cnt
I | 2|
Click on Element ID tab

* Select desired elements on the periodic table
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Properties (XRF) - Combined Fp

Acqisiton| Elemert 1D Quanttation | Display |

Always Quaniitate after Acquie
Numbe of Smooths: | 1
v Remove SiEscape Peaks
. s v Remove Sum Peaks
(;I: I\?aig SsilP K Fe Lowest Energy Processed W

Ca NaAlP K CaTiTi MnMnFe Background
Method:  Auto [+ .Selup. |‘

Deconvolution

Method:  Gas [+ |setup.. | ‘

Iﬁeomehyj.l |Deledol, | |>El

Quantitation

Method TS - |

| Advanced..| |Match Setup. |

Lightest Analyte: | €

KY: | 250 Estimate from Spectum

| 2oolykvto | | Material Ciassiications...|

Save Settings | SetAs Qelault] Apply To I
Load Settings

Ti MgSi
Ca Na SiP K Fe
Ca NaAlP K CaTiTi MnpMnFe

15 keV|

5 10
(][ [Fe] (5] [za] [oe]

Curs01=6.035 keV Ocnt ID=Gdla2 Gdin Celgl Gdlal Lalg2

Vert=5 Window 0.005 - 40.955= 0 cnt

Click on Quantitation tab
* Choose none as the method
e Enter 25 askv
* Then close
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kv
Takeof |
Blgsed




Ti Mg Si Ca
Ca Na SiP K Fe
Ca NaAlP K CaTiTi MnMnFe

5 10 15 keV
Cursor=
Vlelll::.:— Window 0.005 - 40.955= 0 cnt
KiN| : |

Ti Mg Si Ca
Ca Na SiP K Fe
Ca NaAl P K CaTiTi MnMnFe
5 10 15 keV
Cursor=
Vert=5 Window 0.005 - 40.955= 0 cnt
RiN| 2

Right click on SEM spectrum window
e Select Acquire
*  Click start
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Ca
KKiCa Ti Ty Mn

5 10 keV
Curgor=6.755 keV 283 ent ID =Lu lll
Vert=33598 Window 0.005 - 40.955= 1,250,906 cnt
Ki| i |

Ca

aAl P
Ca NaAl, P KK Ca TiTi

s 10

(7]
Cursor=

Verto14230 Window 0.005 - 40.955= 464,315 cnt

el

15 keV

2

After the acquisition is complete

* Turn off the HV and make sure all windows are paused (CCTV)

* Activate and open the X-ray shutter
* Right click the XRF spectrum window

o Follow same steps for properties as was done for SEM

spectrum window
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Ti Mg Si (of |

Ca Na SiP K Fe
Ca NaAlP K CaTiTi MnMnFe
5 ‘ 10 15 keV
Cursor=
V:l’rS:.‘:_ Window 0.005 - 40.955= 0 cnt
RIN| 2

[XRE Spectrum

3
>
>
[ hcare o] sat ]
Analyze  »
Overlay »
Utiity »
Properties

Ti Mg Si
Ca Na SiP
Ca NaAl P K CaTiTi MnMnFe

s 10 15 keV
(1] [cr] [Fe] [ [za]
Curgor=6.035 keV O cnt ID = Gdla2 Gdln Celgl Gdlal Lalg2
Vert=5 Window 0.005 - 40.955= 0 cnt
i 2
Right click on XRF spectrum window
* Select Acquire
* Click start
Make sure to close X-ray shutter when the run is done
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File 4
Edt 3
Yiew »
Aoquire »
Analyze  »
Overlay »
Energy Calbration...
Propeitios Quantitation Calbration...
Simulate Spectrum...
Generate Gaussian Peaks. .,

Marwal Processing. ..
Model Background...
Process Hal...

5

Cursor=
Vert=33598 Window 0.005 - 40.955= 1,250,906 cnt
KIN

o

Si

Ti Mg
Ca NaAl P K Ca Mnl‘ 4
Ca NaAl} P Kda. TWTi § A M A
5 10 15 keV
& & &
Cursor=
Vzts:{;zso Window 0.005 - 40.955= 464,315 cnt
A »

After all of the standard spectrums have been acquired, open them one
by one and do the following to each of them:

* Right click SEM spectrum window
* Select Utility

e Select create standard

o Add components and known normalized concentrations

o Save as standard name SEM.std and save as standard
name XRF.std

o Do this for all of the standards
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Muttl-Spectrum Export...
Export To Word, .,

Setup Export File Formats...

Ca ‘ b

10 keV Teke

5
e
Cursor=6.755 keV 283 cnt ID = Lu ll1
Vert=33598 Window 0.005 - 40.955= 1,250,906 cnt Mg0
KT 2| Sioa

15 keV

5 10
(2] (] [2] [ad [sel [V] ] [cof [cu]

Cursor=
Vert=14230 Window 0.005 - 40.955= 464,315 cut
R 2L

When done, right click SEM spectrum window
* Select file
o Export
= Spectrum
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Export Combined SEM/XRF Spectrum E

21

Savein IU Opial _'J QT IcE
| D New Folder
Na il p | ) sarmd sp0
C a‘f =) sarm4-SEM.sp0
c l {IiP | =) sarmé-XRF.sp0
o A8 & sams.sp0
=) sarmS-SEM.5p0
! | ] sarmS-XRF .5p0
(o] [ar
Cursor=
Vert=31488 Wi

KIN|

My Computer

File name: lsarm3

My Network Save as type: Indium Spectral* sp0)
Places

Export

Spectrum Opliomu.l , ¥ SEM Spectum ¥ XRF Spectrum

lTln

Fe

|

Ti Mg sj Ca
Ca Na K » : Mn §
ca NaAlgip  |§caTini |

5 10 15 keV
(2] ] [7] [ad]
C =
V:;S:SISS Window 0.005 - 40.955= 513,013 cnt
4 | i
Save as

¢ Standard name
e Save as type: Iridium spectrum (*.spo)

* Select SEM spectrum and XRF spectrum under export

¢ Do this for all standards
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Save e [ USBLRF JosicE

[sgv1 Woccr romsen Wlsarm_romsem

agv _reem-sett [l sarmt zarm_rcem-¥RF

sav1_reemamr [l saems_noem ams

o1 saem1_norm-sett [llzarms_roem-sem

Jbert _ncem Wi _noemeiRF [[Wllzams_roemsnF

bert roem-se [l saemz <6

Jbcr 1 _noemexRF sam2_norm 59m6_rem-SEM.
serm2_noemeseM [llzarmé_rcem-sRF

Ca Mg L MSi
C.a(?Fc N}Mg I‘“ | PP

10 keV'

EoMME DEEEEEHE E G @ 6 B ]

[Cursor=
Vert=3923 Window 0.005 - 40.955= 279,923 cnt \
1 >

Open all SEM and XRF .spo files as spectrum one by one
- Right click spectrum and select properties
- Under quantitation tab
- Select none for method
- Enter (F) for lightest Analyte
- Enter 25.0 for kV
- Close properties, then right click spectrum
- Select Analyze, then select quantify
- Save as spectrum (*.xsp) files
* Do this for all standard SEM and XRF spectrums
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Vert=23807
KiL|

KKI Ca Ti Ti

Window 0.005 - 40.955=

1
Mn M F’c

5
(B[] [si] [a][x] [se] [V] [m] [co]

Cursor=2.975 keV 519 cnt ID = Agla2 Atm2n Ramb Hgmln Aglal Rulgl Th ma:

1,017,168 cnt

10 keV

E

Ti MgSi
Ca NaAl P
Ca NaAlSiP

Cursor=
Vert=23371

KIM|

XRF Spectrum £ ¥

K Ca
KCa TiTi

‘Window 0.005 - 40.955=

571,767 cnt

5 10
(2] (N (2] [a] [se] [&] Pw] [col [cu] [gal

Combined Analy]
SEM Arulyvis

Cozponat  Cac
Hao 0.636
10 41471
ARO3 0921
$i02 3901
P205 0.063
K10 0.011
Ca0 0.555
Ti02 0.011
o2 0.389
Fe203 16.164
100,000

0 Ea 9195
Ne Ka 676
Mg Kao 76287
A Ea 8.51
Si Ea 62152
? Ka 048
K K 016
Co Ea 825
Ti Ea 096
Mn Ka 6.58
. . ~on 44
X
Spectium | oK l
Combimed SEM XRF
Image
Fast Map | s '
Fast LineScan
Specirum Report
StageScan
Stage Map
Stilched Images
Stitched Maps
100.000

15 keV

2

When done, open new Least Squares Calibration
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0 E 066
H Ka 005
Mg K 492
Al Ea 0.13
8i Ea 1355
» K 0.00
K K 007
[T ¥ 432
Ti Ea 065

Eu 17.55
Fe Ko L1473
v 5.0




T

—Elements
Add Element I Delete Element l
Elt | Line | Ratio| Conc. Type Order
Units
—Calibration Standards
Standard I Remave Standard |

Add Standard. .. I
Update Graphs |

Close I

Add standards for SEM or XRF
* Add or delete elements according to the calibration preferences
* Ex. SEM elements — Na, Mg, Al, Si, P
* Ex. XRF elements — K, Ca, Mn, Fe, Ti

* Crossover of maximum sensitivity between EDS and XRF is at
about 2 keV (or at Phosphorous)
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o Na Mg Al
w% % "% "%
30 12
0 L3
25
@ 5 10
20
50 P 3
q
aQ 3 15 6
30 2 10 ]
20 ) '
10 Least Squares Calibration 2 )
0
Element ;
10 20 3w 4o s P ‘ Dokt Element | . | o 100 200 300 400 50
o Sclect Standard(s) B 2| x| Cts
IConc.: Intens.: Conc.: Inten Look inc [ USBIIXRF ~] O3 Intens.:
Standard: Standard: ErTNT YT FrTa— I
o = ecr1_normrsem.std rn
. . ™ G2_nom-sem.std
% w4 | 65P1_normesem.std
a0 = pcc1_norm-sem.std
.
a5 035 |51 SARMI_norm-sem.std
=3 sarMI_norm-af.std
30 030 = sARM2_norm-seen.std
25 o 025 |3 sarmz_norm-at.std
020 = SaRM3_norm-seen.std
£ 015 1= SaRMa_normesat.std
15 (= sarMs_norm-sem.std
an olo = SARM4_normesaf..std
008 SARMS_orm-sem.std
s 0.00f |51 SARMS _pormesat.std A
200 400 €00 800 1,000 1,300 1,400 1,600 0 $H 100 150 20 250 300
o Fis name: ] 2 I T | cs
Cong.: Intens.: Conc.: Flesolupe:  [Standads [-s@) | Cancel Intens.:
Standard: Standard: I il
Mn Fo :
Close
wt% wY% _.l
06 14 14
05 12 12
10 10
04
8. og
. P [
02 . 04
] A 02
[L30 oo
o 5 10 15 20 25 30 0 100 150 200 250 304 o 5 10 15 0 25 30
i Cts Cts
Conc.: Intens.: Conc.: Intens.: Conc.: Intens.:
Standard: Standard: Standard:

Save Least Squares Calibration
*  One for SEM and for XRF
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| Close I

SEM Ry
Coanpoesad
a0
uga
Ao
5102
205
1o
Ca0
Ti02

i 302
Properties (SEM) - agvi x| R0
1
Acqisiion | Elemert ID  Quarktation | Display | = e o
:
—# Bhainiie Dunanlitabe alber &e s irm
Ml Quantitation Advanced Settings x|
[ [Component| Type Molo Conc.| Units - Add Compenent ‘
0000 4100 wn | et Comporent |
bl Mp Cale 0000 2275 w% 'Oommlloﬂmdesl |0ndex Sehc..l
L AO3 Cale 0000 16675 wt% 0000
Si02 Cde 0000 58252 wa% Total Conc: 100.00wtX v Nomafze Totd W
_[P205 Cele 0000 1986 wt% | Mass Thickness and Density ., |
| K20 Cale 0000 3.116 wt.'/. Coatrg A
B - _|oo Cadc D000 43% wi% [scum.. | o | Standerciess Setup..
Na P TiO2 Cac D000 1531 wi% —_—
Mr02 Cale nnnn_nser  wt % .:] Appl Minimum |mm:‘y0“dalx - siama
Elements Analyzed o+ Corfiguration Rabo Setup More
ER.| Line |Decon | Low | High Quant Units Calib -
keV | keV File
[ Gange 0473 0572 LSSEM w.b Cagrnalia | _vornn.sey
Na Ka Gangs 0989 1093 LS.SEM wt.b% Casmalia_|_vomnsey
Mg Ka Ganss 1200 1307 LS.SEM wtb Casmalia |_nomusen
Al Ka Ganss 1431 1542 LS-SEM wt.% Casrnalia_1_nonm-sax
S5i Ka Gauss 1682 1.793 LS-SEM wtY% Casmalia_l_nonm-sa1
P Ka Gauss 1954 2073 LS-SEM wt% Casmalia_l_norm-se2
[ K Ka Gauss 3245 3333 LS-XRF wt% C&mnlin_l_mmnf_._j

Combined|

Setas Delenk|  ApphTo |

T Mg
Ca Na
Ca Na ’}'#lp

Si

5 10 15 keV
(2] ] [] [ad]

Cursor=
Vert=7686 Window 0.005 - 40.955= 335474 cnt
RIM|

ol

Close Least Squares Calibration window
* Open a standard spectrum
* Right click spectrum, select properties
* Click quantitation tab
¢ Select LS-SEM for method
*  Open Advanced under method
* For each element select LS-SEM or LS-XRF and select the
corresponding least squares calibration file
* Select none for the element Oxygen

o Since elemental concentrations will be converted to oxides

*  When done close and click save setting as
* Chose a file name
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To Analyze unknown samples with new Least Squares Calibration
Using Iridium Ultra Software

Open a new combined SEM/XRF spectrum (Make sure all adjustments have been made
on the xT microscope Control and the High Voltage is activated)

Adjust spot size on the xT microscope control until the dead time is ~27-30% in the green
zone

Com}
SEM Ay
Compon|
Na20
Mz0
AR03
5i02
P205
K20
a0
Ti02
Properties (SEM) - Coml x|
Acquisition IEIementID] C!uanntatlon] Displayl
Preset:| 300.0 Livetime Seconds
Pulse Processor
Time Constant: =
FwHM: 1400 &y
Fe
K CaTiTi MnMnFe
5
Cursor=
Vert=5 Window 0.005 - 40.955= 0 cnt
KIS
Save Seftings | Set As Default Apply To
Load Settings
kv
Takeoff
Elipsed
Ti Mg Si Ca
Ca Na SiP K Fe
Ca NaAl P K CaTiTi MnMnFe
5 10 15 keV
Cursor=
Vert=5 Window 0.005 - 40.955= 0 cnt
1S B

Right click on the SEM spectrum window.
* Select properties
* Click on Acquisition tab
¢ Enter 300.0 in preset for livetime seconds
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Mg Si
Na SiP
Na /

Ca
Ca

Fe
MnMn

Cursor=

Window 0.005 - 40.955=

0 cnt

(]
K
K

Mg Si
Na SiP
Na Al P

Ca

Fe

CaTiTi MnMnFe

Acquisition  Element ID IQuanlitalion] Displayl
Automatic ID

v Perform before Analysis Setup..

Edit ID List

* Always Present Never Present | Clear List|

He

B c NEJF re

FEE: o«

sc B8 v o [EE o Mi Cu Zn Ga Ge 4s Se Br Er

Kb Sr ¥ Z& NbMo Tc RuRh Pd Az Cd b Sn §b Te I Xe

C:Bala H T W Re Os k Pt snHg Tl Pb Bi Po it Bn
B Ra Ac

Ce Pr Nd Pm Sm Ba Gd To Dy Ho Er Tm ¥b Lu
Th Pa U Np Pu 4dm Cm Bk Cf Es Fm

v Keep Element List for Next Spectrum

Save Settings | Set As Default Apply To

Load Settings

kv
Takeoff
Elapsed|

15 keV'

Cursor=
Vert=3 Window 0.005 - 40.955= 0 cnt
ki 2
Click on Element ID tab
]
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Properties (SEM) - vb11-005 x|

Acquisition] Element ID  Quantitation IDispIayl

Number of Smooths: | 1
v Remove Si Escape Peaks

v Remove Sum Peaks

Lowest Energy Processed: | 0.100

Background
Method:  Auto - | | Setup... |

NaAljll P > Mn
a |I P ; MnFe F

15 keV'

5
Deconvolution
=] [ [
Cursor=
Vert=47342 Window 0.005 - 40.955= 9]
_4_]__] | Geometry... | |Detector... | | XRF...| L]

Quantitation

Method:  LS-SEM
| Advanced... | |Match Setup... |
Lightest Analpte:  F

Ky: |25.0 Estimate from Spectrum

| &pplykVto | | Material Classifications... |

Save Settings | Setds Qefaulll Apply To

Load Settings

10 15 keV
Cu|

Vert=2668 Window 0.005 - 40.955= 317.338 cat
RIE] jia

Click on Quantitation tab
* Select LS-SEM for method
* Enter (F) for Lightest Analyte
e 25.0 for kv
* Select Load settings
o Open newly created setting file
* Close properties
* Do the same for the XRF spectrum window
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File >

Edit >

View 4
»

Analyze >

Overlay  »

Utility »

Ca Properties
a Na K Fe
Ca NaAl P K CaTiTi MnMnFe

Cursor=
Vert=5

5 10
E mEEE @ [

Window 0.005 - 40.955= 0 cnt

Clear
Resume

15 keV

2l

Ti Mg Si Ca
Ca Na SiP K Fe
Ca NaAl P K CaTiTi MnMnFe

5

Window 0.005 - 40.955= 0 cnt

Cursor=
Vert=5
KI

10

15 keV!

Right click on SEM spectrum window
e Select Acquire
* Click start
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Ca
KKiCa Ti Ty Mn

5 10 keV
Curgor=6.755 keV 283 ent ID =Lu lll
Vert=33598 Window 0.005 - 40.955= 1,250,906 cnt
Ki| i |

Si

Ti Mg Ca
Ca NaAl P
Ca NaAl P KKCa Ti Ti
5 10 15 keV
(8] [Na] [2] [ad]
Cwrsor=
V:iz);;l}O Window 0.005 - 40.955= 464,315 cnt
KI| i

After the acquisition is complete
* Turn off the HV and make sure all windows are paused (CCTV)
*  Open the X-ray shutter
* Right click the XRF spectrum window
o Select Acquire
o Click start
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Fe
"aTiTi  MnMnFe

5 10 15 keV
Cursor=

\:1[1:): Window 0.005 - 40.955= 0 cat

KIS o

File: 3

Edit »

View »
Analyze » Clear
Overlay »  Resume
Utility »

. Properties

i Mg Si Ca
Na SiP {
A

K CaTiTi

5 10 15 keV
Cursor=6.035 keV Ocnt ID=Gdla2 Gdln Celgl Gdlal Lalg2
Vert=5 Window 0.005 - 40.955= 0 cnt
KIS 2

Right click on XRF spectrum window
e Select Acquire
* Click start
*  When done close X-ray shutter
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Ca

~KCaTiTi

Window 0.005 - 40.955=
2

Automatic Peak ID

Restore Spectrum
Restore Al

Utility
Properties

10 15 keV'

714,132 cnt

e

120,468 cnt

When done right click spectrum

* Select Analyze
* Select Quantify

136




APPENDIX C

CALIBRATION ERROR
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The follow section shows calibration quality control graphs of CSULB combined
EDS/XRF results blind tested by comparison with independent ICP analysis by
Activation Laboratories Ltd., Canada (Actilabs).

Samples and Standards (Note Scales Vary)

100 1 Sio, ALO,
R2=0.97 2 20 7 R>=0.89
90
80 1
S _
T 70 1 N
< B
260 =
=) =
B 501 2
o
40
30 40 50 60 70 80 90 100
ACTi LABS (wt %) ACTi LABS (wt %)
) Fe,0, 25 - CaO
20 R =0.92
18
16 ° 20
14
$ 121 s 15
£ 9 3;
= 81 < 10
s 6 1 e @ . 3
7 0 2
] 2y
)
0 — — —_— —
0 2 4 6 8 10 12 14 16 18 20 0 . . . . .
ACTi LABS (wt %) 0 3 10 15 20 2
ACTi LABS (wt %)
o MnO MgO
’ R?=0.89 50 - R2=0.98
40
Q
o N
{ %
£ N
A =
O
0.0 . . . . . . . . . ,
0.0 02 0.4 0.6 0.8 1.0 0 10 20 30 40 50
ACTi LABS (Wt.%) ACTi LABS (wt %)
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CSULB (wt %)

Na,O

R2=10.90

CSULB (wt %)

CSULB (wt %)

0 4 6 8 10 12
ACTi LABS (wt %) ACTi LABS (wt %)
TiO
2.5

0 2 4 6 8

ACTi LABS (wt %)

CSULB (wt %)

R?2=0.96

0.5 1.0 1.5 2.0 25
ACTi LABS (wt %)
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