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ABSTRACT

Authigenic clays are potential proxies for paleoclimate change when formed under saline
conditions. Between 1.9 -1.7 mya, Olduvai was a closed-hydrologic basin into which Al- and Fe- rich
detrital clays were transported from surrounding soils. Authigenic Mg-rich smectite formed within the
basin due to chemical alteration in alkaline and saline conditions. 40 samples were chosen from a
stratigraphic section in the center of the paleolake and analyzed to characterize the geochemical facies
of the material using XRD, EMPA, and FTIR. ~70% of samples were Mg-rich with clay d060 XRD peaks
between 1.506-1.523A. EMPA indicated (Al,Os + Fe,03)/MgO ratios ranged from 0.2-4.8, 21 had ratios
>1.0, indicating higher (Al,O3 + Fe,03) content. These clay data correlated with bulk XRF data, indicating
diagenetic controls on bulk composition. Therefore, bulk geochemistry can potentially indicate

paleoclimate change when influenced by Mg-rich phyllosilicate formation.
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1 INTRODUCTION
1.1  African Quaternary Paleoclimate

Paleoenvironmental reconstructions are critical in understanding environmental and climate
change, and the relation of these changes to hominin evolution. Currently, detailed records of
Milankovitch cycles and monsoonal processes are obtainable through marine sediment cores in regards
to major climatic events, but there is still a need for terrestrial records to construct models regarding
early human development (Deocampo, 2004). Recent evidence points to early hominin evolution in East
Africa as strongly affected by climate change, therefore, the use of paleoenvironmental proxies is
imperative to understanding studies of behavior, paleoecology, and evolution of early hominins and
other vertebrates (Hay, 1990; Potts, 1996).

The Late Pliocene to Early Pleistocene (1.7-1.9 mya) has been identified as historically significant
to hominin evolution and migration according to several theories. The aridity hypothesis, which suggests
long-term trends towards aridity and the expansion of the savannah over time, pushed the progression
of speciation as aridification accelerated (deMenocal, 1995; Reed, 1997; deMenocal, 2004). The
turnover pulse hypothesis, suggests trends of acute climactic shifts caused speciation and varying levels
of migration or adaptation (Vrba et al., 1995; Carto et al., 2009). Additionally, the variability selection
hypothesis, found in Potts (1999), suggests that episodes of wide climate erraticism enacted adaptive
structures and behaviors by hominins in response to environmental change of extreme complexity.
These episodes of varying aridity can be linked to changes in the Intertropical Convergence Zone and
alterations in the delivery of moisture from the Indian Ocean Monsoon (Trauth et al., 2005; Kingston,
2007). Fluctuations from wetter to more arid climates caused changes in the vertebrate ecosystems and
the progression of hominin development (Bobe and Behrensmeyer, 2004; Potts, 1996; Potts, 1998;

Potts, 2013).



Quaternary paleolake beds along the East African Rift are important localities of paleontological
fossil assemblages of early hominid species (Trauth et al., 2005; Trauth et al., 2009). Within these beds,
stratigraphy formed through sediment accumulation and contain potentially sensitive indicators of
paleoclimate change and variation (Forester et al., 2012). These proxies can be linked to the
identification of climate change variability (Deocampo and Jones, 2013). For quite some time, these
proxies have been strictly biotic, such as diatom flora and other biomarkers (Cohen, 2003; Fritz, 2008;
Owen et al., 2011). In some cases, environmental conditions can result in a lack of possible proxies for
paleolimnology, and raise the need for indicators without the use of preserved biota.

Some of these lakes developed saline and alkaline conditions during the time periods of aridity
and low dilute inflow from surrounding areas. Therefore, these hostile conditions resulted in a
significant lack of preservation of biotic indicators as proxies for paleoclimatic change (Hay, 1976;
Ashley, 2007; Ashley et al., 2009). Paleolakes along the East African Rift hold stratigraphic successions of
various environmental indicators (Ashley, 2007). Some of these lakes held highly concentrated water for
long periods of time, allowing authigenic facies to form that may be associated with specific
paleoclimate conditions.
1.2  Authigenic Clay Minerals in Saline Lakes

Sedimentary processes subject deposited material to alteration due to factors such as
sedimentary structure, climate variation, and depositional environment. Marine, lacustrine, and fluvial
environments can cause interactions with detrital minerals and water, forming in situ mineral facies
(Boggs, 1995). Clay minerals, being subject to alteration, are associated with Earth processes that are
found near the Earth’s surface due to the need for thermodynamic stability during formation and phase
change (Weaver and Pollard, 1973; Meunier, 2005; Deocampo, 2015).

When considering the aqueous geochemistry of surface water, the main controls are 1) geology

of host rock; 2) surrounding climate; and 3) hydrology of the surface water in question, which can be



related to tectonics, e.g. forming closed basins. When these clays form in situ, they can have a direct
effect on the elemental budgets of the pore fluids and waters involved with mineral precipitation
(Bristow et al., 2012). In hydrologically-closed lakes, the degree of ion concentration of lake water is
much higher, and therefore can precipitate and diagenetically alter minerals in higher abundances than
in other lacustrine settings (Leng and Marshall, 2004).

Some intervals of the Green River Formation in the western part of the United States are
dominated by authigenic silicates, including Mg-rich smectite, formed over a period of 8 Ma due to
several fluctuations in arid to humid climate conditions, forming more authigenic minerals during dry
periods due to higher ion concentration in the lake water during diagenesis (Bradley and Fahey, 1962;
Dyni, 1976; Smith et al., 2008). Consequently, authigenic mineral assemblages can sometimes dominate
sediments and lake basin stratigraphy (Deocampo, 2015).

Magnesium (Mg?**) silicates commonly form in saline alkaline lake environments under certain
conditions, (1) the lake water is high in both alkalinity and aqueous silica (e.g. due to weathering
volcaniclastics); (2) there are substantial time intervals in which there is low dilute inflow; (3) there is
high evaporative concentration resulting in high salinity (Deocampo, 2015). An abundance of detrital
dioctahedral smectite can result in interstratification of Mg-rich clays within the deposited material if
these conditions are met (Hay and Kyser, 2001; Deocampo et al., 2009).

Specifically, authigenic trioctahedral smectite can be formed as a result, which occurs under
conditions of low temperature diagenesis, hydrothermal alteration, and the wetting and drying of
smectite (Jones, 1986; Hover and Ashley, 2003; Hover et al., 2005). Clay minerals found in mudstones
need to be characterized as detrital or authigenic, and whether there is evidence for Mg-enrichment in
the octahedral layer (Deocampo, 2015).

According to Moore and Reynolds (1997), layer silicates (kaolinite, illite, and smectite; in the

case of terrestrial mudstones) have a tetrahedral and an octahedral sheet, where the tetrahedral sheet



has a dominant cation that is naturally Si** but can be substituted by AlI** or Fe3*, with 2 cations per 5
oxygen ions. The octahedral sheet consists of two planes of oxygen ions with cations in the center of the
edge-linked octahedra constructed by the oxygen atoms. The cations in the octahedral sheet are usually
AP*, Mg?*, Fe?* or Fe3*. The tetrahedral and octahedral sheets are connected depending on their cation-
to-anion ratio.

When distinguishing cation occupancy in the octahedral layer, there are two possibilities,
dioctahedral and trioctahedral. Trioctahedral clays have a cation-to-anion ratio of 1:2, where divalent
cations dominate the octahedral layer, such as Mg?* and Fe?, and fill each octahedral site available to
reach electric neutrality with the surrounding hydroxyls. Dioctahedral clays feature trivalent cations
such as Al**and Fe3* in the octahedral layer. In these minerals, there is a 1:3 cation-to-anion ratio. Only 2
of the 3 octahedral sites are filled due to the higher positive charge of the cations in this layer (Figure

1.1) (Moore and Reynolds, 1997).

Trioctahedral Layer (Mgz’) Dioctahedral Layer (AI3‘)
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Figure 1.1 Octahedral layers of trioctahedral and dioctahedral cation occupancy*

Carroll and Bohacs (1999) lake classification, relating water and sediment supply with potential
accommodation gives environmental parameters for possible lake settings in Figure 1.2 (A). Resultant
clay endmembers according to specific octahedral cation occupancy can be found in the Octahedral

Cation Index (OCl) ternary plot (Figure 1.2 (B)), where characteristic cations (M=montmorillonite,

*https://leorunfast.files.wordpress.com/2010/03/mica_o-sheet



Sa=saponite, Se=sepiolite, N=nontronite, K=kaolinite) determine overall phyllosilicate structure
(Deocampo, 2015). Among the phyllosilicates that are trioctahedral and dioctahedral, smectite and illite
can vary between both.

As stated before, dioctahedral smectite can diagenetically alter to trioctahedral smectite in
terrestrial mudstones if the previously identified qualifications are met (Hay and Kyser, 2001;

Deocampo, 2015). Specifically, dioctahedral smectite and kaolinite have been identified as the
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Figure 1.2 (A) Carroll and Bohacs lake classification (B) Octahedral Cation Index endmembers as displayed on a ternary plot
(Deocampo, 2015)

detrital clays found in the drainage of Ngorongoro Volcanic Highland, located to the east of Olduvai

Gorge and found in the main drainage from previous studies (Deocampo, 2004; Deocampo, et al., 2009;

Deocampo, 2015).

1.3 Geologic Setting of Olduvai Gorge

Olduvai Gorge is located in Tanzania on the western shoulder of The East African Rift (EAR) in East

Africa (Figure 1.3). Fault-related volcanoes and large depressions in which lakes have formed can be



found along the active rift (Hay, 1976). The Ngorongoro Volcanic Highland (NVH) is located at the
eastern branch of the EAR system in Northern Tanzania (Figure 1.4) (Hay, 1970; Hay, 1976; Hay, 1990;

Mollel, 2012). The NVH has
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Figure 1.3 East African Rift System*

volcanoes that range in age from the late Miocene to recent, and features compositions ranging from
basaltic to trachytic and carbonatites (Hay, 1976; Hay and Kyser, 2001; Deocampo, 2005; Ashley, 2007).
These eruptive sources produced volcanic ashes that collected into surrounding lake basins around the
area, preserving stratigraphic columns that can be now be studied as paleoenvironmental indicators
(Hay, 1976).

Olduvai Gorge, which is located to the west of the NVH, on the western flank of the rift, was a

* http://pubs.usgs.gov/gip/dynamic/East_Africa.html
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hydrologically-closed lake during the late Pliocene to early Pleistocene (Hay, 1976). Lake Olduvai’s dilute

inflow acquired lake water alkalinity due to dissolution of volcanic glass and lavas collected from the

NVH and produced high initial SiO, and HCOs concentrations (Jones and Weir, 1983; Jones, 1986). Along

with the volcaniclastics collecting into the lake bed, detrital dioctahedral smectite, which can be altered

into Mg-rich smectite in closed-lake basins with high saline/alkaline conditions, was deposited into the

paleolake (Hay, 1976).
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Figure 1.4 Ngorongoro Volcanic Highland and its proximity to Olduvai Gorge (Mees et al., 2007)

Locality 80, which is located in the central basin of Olduvai Gorge (Figure 1.5) is thought to have the

most continuous lacustrine conditions preserved (Hay, 1976). It was estimated that as much as 70% of

the basin fill was precipitated from lake water, featuring mainly silicate minerals (Hay and Kyser, 2001).
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Figure 1.5 Olduvai Gorge, Tanzania, Locality 80 (Deocampo, 2015)

1.4 Statement of Purpose

In lake settings with low dilute inflow and small amount of detrital input, authigenic clays can
form in highly alkaline/saline waters through Mg uptake in the diagenesis of dioctahedral smectite,
forming authigenic trioctahedral smectite (Hay and Kyser, 2001). Fluctuations in the area’s paleoclimate
can be identified within the lacustrine stratigraphy through abundance of detrital dioctahedral smectite
and kaolinite or authigenic trioctahedral smectite interstratified with illite, representing wetter climate
conditions or arid climate conditions, respectively (Jones and Deocampo, 2003).

Understanding paleoclimate shifts helps us better understand the Earth’s climatic patterns, and
proxies for paleoclimatic shifts are needed to assist in identifying these trends. Because most proxies are
biological, there is a large gap in paleoclimate identification in situations where these proxies are not
available (Deocampo, 2015). This study will calculate geochemical ratios indicating authigenic
trioctahedral smectite vs. detrital dioctahedral smectite found in a stratigraphic section taken from
Locality 80 at Olduvai Gorge, Tanzania. Using previously collected data from the area (Berry, 2012), we

will test how these indicators affect the bulk geochemistry, providing proxies for paleoclimate change.



2 ANALYTICAL METHODOLOGY
2.1 Sample Collection and Selection

Samples from Olduvai Gorge Locality 80 were provided by Dr. Gail Ashley of Rutgers University
in New Jersey. A total of 167 samples were collected from the excavated outcrop (Figure 1.5). Once the
stratigraphy was logged, the samples were collected by Drs. Gail Ashley, R.W. Renaut, and Richard Hay
on July 9-11, 1999. The collection of these samples were a part of the Olduvai Landscape
Paleoanthropology Project (OLAPP). Of these 167 bulk samples, 40 samples (Table 2.1) were chosen
based on bulk X-ray fluorescence (XRF) analysis collected by Patricia Berry in 2012 at Georgia State
University in Atlanta, GA. The samples were selected to represent a range of Al-rich and Mg-rich whole
rock compositions. Figure 2.1 provides the XRF Al,03/MgO ratios displayed according to depth at time of
collection, points in red are the samples selected for this study’s clay analysis (Berry, 2012). Samples
chosen for this study are highlighted in red.

Additionally, ages assigned for the collection depths (Table 2.1) are adapted from published
dates by Hay and Kyser (2001), as well as sedimentation rates; which are 1 meter per 5,900 years for
Units 1 and 2, while Units 3 and 4 are represented by 8,300 years per 1 meter. Sedimentation rates
contain the Olduvai subchron which is based on the paleomagnetic stratigraphy. The age scale is based
on dates collected from tuff deposits found in the section, specifically: Tuff 1A; 1.92 Ma, Tuff 1B; 1.83

Ma, and Tuff 1F; 1.79 Ma. More details can be found in Berry (2012) and Hay and Kyser (2001).
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Figure 2.1 Al,03/MgO XRF data according to depth, Olduvai Gorge (Berry, 2012). Samples selected for this study are shown in
red.
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Table 2.1 Samples selected for clay analysis according to variations in Al-enrichment and Mg-enrichment from bulk
composition XRF results (Berry, 2012)

Locality 80: Sample Selection

Depth from bottom (m) Sample ID Age Al,O; | Fe,0; | MgO | Al,03/ MgO

0.75 GA-L-4-99 1.9370 | 12.8 7.8 3.3 3.8
2.2 GA-L-11-99 1.9296 6.6 4.3 14.9 0.4
2.8 GA-L-14-99 1.9265 5.7 4.1 14.4 0.4
4.1 GA-L-21-99 1.9199 2.2 1.7 13.7 0.2
5 GA-L-25-99 1.9153 9.6 9.0 3.9 2.5
5.8 GA-L-29-99 1.9112 4.7 3.6 10.4 0.5
7 GA-L-35-99 1.9051 5.3 3.5 18.9 0.3
8.5 GA-L-112-99 1.8975 4.5 34 15.5 0.3
9.95 GA-L-120-99 1.8901 7.1 4.9 7.7 0.9
10.8 GA-L-123-99 1.8857 5.6 4.1 11.6 0.5
11.3 GA-L-128-99 1.8832 9.0 11.1 3.5 2.6
13.6 GA-L-78-99 1.8714 6.8 4.0 13.7 0.5
14.15 GA-L-84-99 1.8686 | 4.6 34 10.7 0.5
14.3 GA-L-87-99 1.8679 4.1 3.2 17.8 0.2
15 GA-L-91-99 1.8643 5.2 33 8.1 0.7
15.05 GA-L-92-99 1.8640 7.3 9.0 4.5 1.6
15.7 GA-L-95-99 1.8607 | 13.2 5.7 2.9 4.5
15.9 GA-L-97-99 1.8597 | 11.1 6.5 4.4 2.5
16 GA-L-99-99 1.8592 | 10.5 6.6 6.9 1.5
16.05 GA-L-101-99 1.8589 6.2 3.8 6.5 1.0
16.7 GA-L-104-99 1.8556 | 11.6 4.3 2.9 4.3
17.1 GA-L-135-99 1.8536 6.8 6.3 15.1 0.5
18 GA-L-139-99 1.8490 8.9 4.7 11.4 0.7
19.1 GA-L-143-99 1.8434 9.0 5.4 9.3 1.0
20.05 GA-L-147-99 1.8385 | 11.6 5.5 6.1 1.9
22.6 GA-L-65-99 1.8248 | 11.3 7.5 8.6 1.3
23.3 GA-L-62-99 1.8199 9.9 4.8 10.8 0.9
23.95 GA-L-58-99 1.8154 6.8 4.6 12.0 0.6
24.1 GA-L-56-99 1.8143 8.3 4.2 9.7 0.9
24.4 GA-L-53-99 1.8122 9.5 4.3 7.7 1.2
24.95 GA-L-50-99 1.8084 | 11.2 8.8 6.4 1.8
25.6 GA-L-47-99 1.8038 7.1 6.1 12.7 0.6
25.85 GA-L-45-99 1.8021 | 10.4 6.3 5.7 1.8
26.8 GA-L-38-99 1.7954 7.9 5.4 9.6 0.8
27 GA-L-37-99 1.7940 54 4.3 9.7 0.6
27.55 GA-L-157-99 1.7856 9.8 5.0 7.7 1.3
28.1 GA-L-156-99 1.7863 9.2 6.7 9.3 1.0
29 GA-L-160-99 1.7800 7.9 5.7 4.7 1.7
29.2 GA-L-163-99 1.7786 5.0 3.9 3.5 14
29.55 GA-L-165-99 1.7762 8.9 6.3 5.3 1.7
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2.2 |Initial Sample Preparation

To ensure proper extraction of the <1um fraction, bulk samples were crushed using a ball pestle
impact grinder (Figure 2.2) and put under ultrasound sonification for one minute with a Branson Model
450 Digital Sonifier (Figure 2.3). Afterwards, the samples were placed in centrifuge tubes and
centrifuged for 1.5 hours at 8,500 rpm with an Accuspin 400 from Fischer Scientific. Consequently, the
coarser fraction sunk to the bottom while the smaller clay fraction remained in the supernatant, the clay

fractions were scraped and then accessible for further analysis (Figure 2.4).

[ i

Figure 2.2 Ball and Pestle Impact Grinder

"
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Figure 2.4 Sample selection for each analysis

2.3 Electron Microprobe Analysis (EMPA)

Electron Microprobe Analysis is an investigative tool used to determine the chemical composition
of the minerals on a microscopic scale (Jansen and Slaughter, 1982). EMPA utilizes excited X-rays by a
focused electron beam in which the X-ray spectrum gives out information regarding lines characteristic
of the elements present in the material (Reed, 2005). According to Reed (2005) EMPA analysis is
conducted using a tungsten filament electron source and enhanced by a positive anode plate from 3 to
30,000 electron volts. Electrons pass through the plate and are focused by a series of magnetic lenses
and apertures. A beam of electrons produce a scan pattern that results in excitation within the sample.
The electrons from the beam emitted by the EMPA interact with electrons bound in the inner electron
shells of the elements. This causes movement of outer electrons into the innermost electron shells, as a
result, a characteristic photon is emitted specific to the energy of the electron shell and element in
guestion. Molecular details and chemical analysis are achieved by identifying the distinctive X-rays from

the sample. A schematic of the instrument can be found in Figure 2.5 (Reed, 2005).
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Cross Section through the Cameca Sx50 Electron Microprobe
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Figure 2.5 Electron Microprobe schematic*

EMPA Sample Preparation and Procedure

Electron Microprobe Analysis (EMPA) was conducted at Rutgers University in New Brunswick,

New Jersey by Dr. Jeremy S. Delaney. To prep for the analysis, clay fraction samples were collected out

of centrifuge tubes, place in crucibles, and heated to 600°C for 5 minutes each (Figure 2.6 and 2.7) using

a Thermolyne 1300 Furnace. The purpose of heating was to drive off all crystal water and make the

samples denser, reducing the likelihood of EMPA analysis of void space (Deocampo, 2004). The

instrument used was a JEOL JXA-8200 Superprobe (Figure 2.8) located in the Department of Earth and

Planetary Sciences. Once arrived, the samples were polished and mounted in epoxy resin and analyzed

for element chemistry (Deocampo et al., 2009).

* http://pirlwww.Ipl.arizona.edu/~domanik/UA_Microprobe/Intro.html
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The microprobe was run with a 15 kV beam voltage and 5-10 nA beam current. The analysis spot
on the sample was defocused to minimize the diffusive loss of mobile elements from the material.
Additionally, Basic MZAF, a time-correction procedure used to correct intensity loss that can occur

during analysis, was implemented (Dunn, 1989). A total of three analyses were run on each sample.

Figure 2.6 Thermolyne 6000 used for heating clay samples

Figure 2.7 Six samples after heating for EMPA analysis
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Figure 2.8 JEOL JXA-8200 Superprobe located at Rutgers University

2.5 X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) is an investigative technique that can be used for the identification of
crystalline phases of minerals (Cullity, 1978; Moore and Reynolds, 1997). XRD implements Bragg's law
(Figure 2.9). Mathematically, this theory can be explained by the equation nA = 2dsinB. Where A =
wavelength, d = d-spacing in between atoms, 6 = angle in between incident angle and crystal surface,
interacting as nA = 2dsin®. In other words, Bragg's law indicates there are certain angles (2-theta) at
which positive interference of diffracted photons will produce a peak in X-ray diffractive intensities, their

relationship to the wavelength is due to Bragg's law (Bragg, 1912).
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Figure 2.9 Bragg's Law*

XRD analysis involves a cathode that is heated and generates X-rays at 45 kilovolts (kV) of
electrical potential and 40 milliamps (mA) of electrical current resulting in a power supply emitted
through a Copper (Cu) X-ray tube. A wavelength (A) with characteristic radiation is produced. The
incident beam hits the surface of the sample and the diffracted beam at the angle measured produces
distinctive peak patterns specific to the material being scanned by the instrument (Moore and Reynolds,

1997).

2.6  XRD Sample Preparation and Procedure

Oriented X-Ray Diffraction analyses were conducted on the 40 chosen samples after clay
extraction with a PANalytical X'Pert Pro (Figure 2.12). After centrifuging each bulk sample, a small
amount was skimmed off the top and placed on glass slides to prepare for clay analysis, two
diffractograms were produced for each sample; air-dried, which was completed after the initial

preparation of the clay slides and ethylene glycol solvated.



Figure 2.10 d060 scan preparation

Figure 2.11 d60 scane preparation, zero-background slide
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Figure 2.12 PANalytical X'Pert Pro

Ethylene glycol solvation, or glycolation, is achieved by placing the oriented clay slides in an
environment in which the clay can be exposed to the vapor of the reagent which expands interlayer void
space found within the material. Glycolation requires about 100-200mL of ethylene glycol placed in a
glass dish on a platform where the slides can absorb the vapor. After at least 8 hours, the glycolated
slides can be analyzed immediately and identified for characteristic swelling properties (Moore and
Reynolds, 1997).

Afterwards, the slides air-dried for another 8 hours to ensure evaporation of the ethylene glycol,
and then were scraped onto a zero-background slide for analysis of the 060 reflection (Figures 2.10 and
2.11). The randomly oriented pattern for the d060 scan allows for the identification of cation occupancy
in the octahedral sheet, helping distinguish between trioctahedral and dioctahedral structure (Moore

and Reynolds, 1997). All settings and times for all XRD analyses can be found in Table 2.2.
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Table 2.2 XRD Scan Specifications

XRD Scan Specifications
Oriented Scans 060 Scans
Instrument PANalytical X'Pert Pro XRD
Voltage 45 kv 45 kv
Current 40 mA 40 mA
Soller Slits 0.04 rad. 0.04 rad.
Programmable Divergence
Slit (PDS) 1/8° 1/8°
Fixed Anti- Scatter Slit Fixed 1/16° Fixed 1/4°
Fixed Incident Beam Mask 20mm 11.6mm
Programmable Anti-Scatter
Slit (PASS) Fixed 1/8 Fixed 1/8
Scan Axis 3.0°-60.0° 59.0°-63.0°
Step Size 0.0262° 0.0131
Scan Time 30 mins 27:29 mins
PIXcel ID Active Length 3.347° 3.347°
Beta Filter Ni Ni
Reflection Spinner
Sample Stage PW3071/xx bracket
PW 3064/60

For 060 reflection data, the 26 angles read were between 58.50-62.50° 26, with a d-spacing of
~1.480-1.525A, indicating the cation octahedral occupancy of the authigenic material (Moore and
Reynolds, 1997; Hay and Kyser, 2001). Figure 2.13(B) illustrates the possible variation of cation
endmembers in the phyllosilicate octahedral layer (Deocampo, 2015), where the placement of the peak

indicates Al/Fe-rich or Mg-rich occupancy.
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Figure 2.13 d060 variability and with OCI ratios. Figure from Deocampo, 2015.

2.7 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy is an infrared method of absorption spectroscopy that
is rapid, economical, and non-destructive (Russell and Fraser, 1994). When considering clay minerals,
infrared (IR) radiation absorption depends on factors such as: atomic mass, as well as the length,
strength, and force pertaining to the structures of the minerals in question. The overall symmetry of
each atom in the unit cell is also a factor, concerning the vibrations internally given by 3n-6, where n is
the number of particles within the unit. When collecting IR vibrations, there is an alteration in dipole
moment which is subject to infrared adsorption, this is read by the IR instrument.

To obtain an accurate reading with infrared, the wavelength spectrum should be over the scope
of 4000-250 cm™, ensuring a complete reading of all potential IR vibrations within the clay. Once excited
by the FTIR beam, the wavelength is recorded within the given spectrum, providing details on the clay's
geochemistry. FTIR uses the Michelson Interferometer (Figure 2.14), where light from a polychromatic IR
source is emitted to a beam splitter (Shankland, 1964).

Ideally, some light is refracted towards the fixed mirror and some light is directed towards the

moving mirror. Consequently, some light is directed back from the mirrors back to the splitter and some
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of the original light goes through the sample slot, resulting in constructive interference within the

wavelengths and reflects the adsorption bands detected by the IR source (Griffiths and DeHaseth, 2007).
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Figure 2.14 Michelson Interferometer used in FTIR*

2.8 FTIR Sample Preparation and Procedure

Fourier Transform Infrared Spectroscopy (FTIR) analysis was conducted by myself in London,
England at the Natural History Museum under the supervision of Dr. Javier Cuadros. Sample preparation
involved the technique described in Russell and Fraser (1994) where dispersion of each sample in
Potassium Bromide (KBr) pressed discs was implemented using approximately 0.5 milligrams (mg) of
sample and 199.50mg of KBr. Once combined, the KBr and sample were ground in a mortar and pestle
(Figure 2.15) and pressed into pellets using a ring press (Figure 2.16) at 10 tons for 3 minutes each.

Additionally, a blank with only KBr was pressed to calibrate the instrument before readings.

*http://www.analyticalspectroscopy.net/ap3-8.html
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Figure 2.15 Sample and KBr after grinding with mortar and pestle

Figure 2.16 Ring press for pellets

The FTIR instrument used was a Perkin-Elmer Spectrum One (Figure 2.17). For each reading, the
instrument was set at a resolution of 400 cm™, with a range between 4,000 cm™ - 250 cm™, under scan

type: sample. The amount of IR absorption was indicated along the y-axis of the scan, and the
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wavenumbers per absorption were along the x-axis of the scan reading, each sample was scanned eight
times and averaged to ensure a complete reading. Before each batch of samples, the blank was run to
ensure calibration of the instrument. Each sample scan took approximately 20 seconds to complete.
After running each sample, the peaks were examined for noticeable trends indicating characteristic
hydroxyl-stretching and hydroxyl-bending bands (these peaks can be found in Table 3.2) indicative of the
octahedral cation occupancy of each phyllosilicate (Figure 2.18) (Cuadros and Dudek, 2006; Deocampo

et al., 2009).

Figure 2.17 Perkin-Elmer Spectrum One FTIR
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Figure 2.18 Bands characteristic to hydroxyl-bending cations (Deocampo et al., 2009)

2.9 Statistical Methodology

Linear regression plots were generated using datasets from all 3 clay analyses. Bulk composition
XRF data (Al,Os + Fe»03)/MgO ratios were correlated with d060 results from clay XRD analysis, as well as
(Al,03 + Fe;03)/MgO ratio weight percent data obtained from EMPA analysis. Correlation plots were
generated for IR bands identified for Mg?*and Fe®* cation occupancy in the octahedral layer of clays with
bulk XRF MgO/(Al,Os + Fe,0s3). For all regression plots, significant relationships between the variables

was tested with R? and p-values (Freedman, 2009).
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3 RESULTS AND DISCUSSION

3.1 EMPA Results

To obtain the geochemical composition, three EMPA scans were run on each of the samples.
The average of the three normalized oxide values were taken to represent the geochemical data of the
bulk submicron fraction. Ferric Iron was assumed to be fixed in the octahedral layer of the clays
indicating octahedral occupancy at Fe*, therefore, the FeO weight percent was multiplied by 1.11 to
ensure Fe,03 as opposed to Ferrous Iron. The weight percent (Al,Os + Fe,03)/MgO ratio values ranged
from 0.2-4.6, 21 had ratios that were greater than 1, indicating higher (Al,Os3 + Fe,03) content in the
structure than MgO. Of these, GA-L-4, 25, and GA-L-99-160 were over 2.0 (Al,0s + Fe,03)/MgO. Of the
19 samples that were less than 1 (Al,O; + Fe,05)/MgO0, 4 samples were less than a 0.5 ratio, indicating
considerably more Mg?* content. Some samples had large variability in the three EMPA scans, which was
most likely attributed to sample heterogeneity during collection. CaO, found commonly in carbonate
minerals, can overshadow the presence of smaller fraction cations found in the authigenic clays, causing

less consistency in the scans (Reed, 2005).
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Figure 3.1 Olduvai Gorge, Locality 80 octahedral cation occupancy data
Figure 3.1 features EMPA weight percent data for Al-Fe-Mg octahedral occupancy for all 40

samples. Most samples had a majority of Mg-rich occupancy, with some sharing more Al and Fe cation
abundance. GA-99-25, 95, 163, and 165 had CaO values over 6.0; likely representing carbonates in the
sample that were not sufficiently removed. As a result, the weight percent data are skewed since a pure
authigenic clay sample was not collected, carbonate removal was not performed prior to collection due
to possibility of destruction of the fragile clay fraction, possible implementation of the use of Sodium
Acetate in future work could help remove authigenic carbonates from the samples. Potassium (K*) in
these samples ranged from 2.0-8.0 weight percent, which coincides with the presence of illite in

smectite samples and pure illite phases. All weight percent data and ratios can be found in Table 3.1.



Table 3.1 EMPA weight % data. Each reported value represents an average of 3 analyses.
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Elements in Weight Percent

+
SAMPLE ID Si0: | TiO: Al;03 | FeO MgO Fe(zglf)(;;ngo CaO0 | Na20 | K20
GA-1-99-165 53.9 2.4 6.9 8.0 10.6 1.5 9.1 2.2 6.6
GA-1-99-163 53.2 1.8 5.3 10.7 10.6 1.7 11.3 1.3 5.6
GA-1-99-160 59.1 2.2 8.3 10.8 10.4 2.0 1.3 1.8 6.4
GA-1-99-156 59.2 1.2 5.6 1.1 19.7 1.7 0.3 3.4 5.4
GA-1-99-154 58.1 1.7 3.3 15.3 11.6 0.6 2.5 2.9 4.8
GA-1-99-147 61.5 0.9 8.1 6.6 15.0 1.0 0.2 2.6 5.4
GA-1-99-143 576 | 2.0 8.4 7.4 16.0 1.0 0.4 2.8 5.6
GA-L-99-139 60.4 | 0.8 5.8 6.7 18.5 0.7 0.3 3.4 43
GA-L-99-135 570 | 0.9 5.4 5.2 23.3 0.5 0.6 3.1 4.2
GA-1-99-128 58.1 1.1 5.2 8.0 19.1 0.7 0.4 3.3 4.9
GA-1-99-123 61.9 1.0 5.0 2.2 19.6 0.5 0.5 4.0 3.8
GA-1-99-120 59.4 1.4 6.5 7.4 15.0 1.1 0.3 4.8 5.0
GA-1-99-112 60.5 0.7 4.6 4.2 23.1 0.4 1.2 2.8 3.0
GA-1-99-104 588 | 0.8 3.4 15.0 14.2 1.4 1.0 4.0 3.3
GA-1-99-101 60.6 1.2 6.7 6.9 15.8 0.9 0.5 2.9 5.1
GA-1-99-99 60.0 2.0 7.5 9.3 13.7 1.3 0.8 1.8 5.8
GA-1-99-97 60.0 1.5 9.0 7.4 12.2 1.4 2.7 1.2 6.8
GA-1-99-95 60.1 1.0 10.2 6.9 10.0 1.8 7.7 1.2 8.0
GA-1-99-92 54.3 2.0 6.8 10.3 12.9 1.4 1.8 1.4 5.1
GA-1-99-91 59.6 1.2 4.8 6.1 18.9 0.6 0.4 1.5 3.9
GA-L-99-87 624 | 0.7 3.0 3.2 23.2 0.3 1.3 3.8 2.9
GA-L-99-84 59.4 1.0 4.0 43 21.8 0.4 0.8 4.0 3.9
GA-L-99-78 56.5 1.0 4.9 6.9 22.8 0.6 0.7 5.0 4.0
GA-L-99-65 58.3 1.4 7.9 8.1 14.5 1.2 0.5 3.2 6.3
GA-L-99-62 58.1 1.1 5.9 7.0 20.0 0.7 0.4 3.5 4.6
GA-L-99-58 55.1 3.2 7.7 8.8 16.0 1.1 1.9 2.6 5.2
GA-L-99-56 58.6 1.5 5.4 5.0 20.5 0.6 0.5 5.3 2.8
GA-L-99-53 57.3 0.5 2.6 7.3 22.6 0.5 0.4 4.7 3.9
GA-L-99-50 58.1 0.6 4.3 14.3 14.7 1.4 0.3 5.2 2.6
GA-1-99-47 57.9 1.4 6.0 8.2 18.9 0.8 0.7 2.4 4.4
GA-L-99-45 56.3 1.3 6.6 8.0 15.0 1.4 1.1 2.8 5.5
GA-L-99-38 58.1 2.8 6.3 9.1 14.6 1.1 1.6 2.0 5.7
GA-1-99-37 60.1 0.4 7.1 5.9 15.1 1.1 5.8 1.0 2.9
GA-1-99-35 57.4 1.0 6.1 5.3 21.4 0.5 1.8 3.2 4.2
GA-1-99-29 54.2 1.1 6.4 6.5 22.0 0.6 2.7 2.5 4.9
GA-1-99-25 43.5 0.5 11.2 19.6 7.5 4.6 8.3 2.8 5.3
GA-L-99-21 56.1 0.4 2.9 2.7 28.4 0.2 5.4 2.2 2.0
GA-L-99-14 59.8 | 0.5 4.6 4.1 24.4 0.4 1.0 3.6 2.0
GA-L-99-11 57.9 1.3 8.2 12.2 11.1 1.2 1.7 1.4 6.5

GA-L-99-4 57.8 1.8 9.5 14.3 6.8 3.8 1.4 1.7 6.2
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3.2 FTIR Results

Each sample underwent infrared analysis to determine the hydroxyl bending and stretching of the
hydroxyl (OH’) bonds with the cations found in the octahedral layer of the clays. The wavelength peaks
were distinguishable by familiar characteristics found with most phyllosilicates. Although, some readings
were less developed as opposed to completely matured clays due to lack of full formation during the in
situ incorporation of Mg?* during higher salinities.

Clay variations were identified using Wilson (1992). Here, the characteristics of the SiO peaks
were identified to help determine the presence of interstratified illite-smectite and indicators of
dioctahedral or trioctahedral cation placement. SiO peaks are indicative of interstratified illite-smectite
at 1031 cm with a small peak at 1090 cm™. Trioctahedral smectites have a lower wavenumber and
range from 1010 cm®, 1002 cm™?, and 1013 cm™ (hectorite, saponite, and stevensite, respectively).
Dioctahedral smectites have SiO wavenumber peaks at 1029-1038 cm™ and 1004 cm®, which are
indicative of montmorillonite and nontronite, respectively.

Illites, which vary between muscovite-like (greater Al and Fe content) and phengite-like (greater
Mg content), have SiO peaks at 1026 cm™ and 1024 cm™, respectively. Table 3.2 displays the SiO bands
for each of the FTIR readings in each sample, although there were no pure illites identified, there was
kaolinite and illite observed in some samples. These peaks can be indicative but can also vary due to
cation pull on the hydroxyl bands between the tetrahedral and octahedral layers, structural
imperfections, and diagenetic processes.

When considering cation placement, there are specific peaks that can be found due to OH
deformation bands and their vibration specific to the pull of the particular cation in place. These peaks
can be found in Table 3.2. OH bending bands, which determine the cation occupancy and dioctahedral

or trioctahedral abundance, range from 940-550 cm™ and are also listed in Table 3.2. These reference
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bands were adapted from Russel and Fraser (1994); Kloprogge and Frost (2001); and Deocampo et al.
(2009).

A total of ~52% samples had distinguishable Fe; peaks, indicating dioctahedral occupancy. While
~85% of the samples had peaks indicating trioctahedral Mg?* occupancy. All but 2 samples (GA-L-99-78
and GA-L-99-160) had peaks indicative of Mg,Fe occupancy, while all samples had peaks for FeMg
occupancy. The only samples with peaks at Al, were GA-L-99-92 and GA-L-99-112. When considering SiO
peaks, they varied from 1010-1038 cm™. GA-L-99-53 had the peak at 1038 cm™, suggesting a more

dioctahedral influence.
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Figure 3.2 GA-L-99-4 FTIR Scan

Some samples, as expected, had peaks indicating carbonate and feldspar, these samples were
most likely contaminated due to improper removal of all material that was not predominately the
submicron fraction. These minerals were especially noticeable in samples: GA-L-99-25, GA-L-99-37, and
GA-L-99-157. GA-L-99-4s FTIR scan can be found in Figure 3.2. The structure of illite was identified in the

double hydroxyl stretching peaks at 535 cm™, 498 cm™, 463 cm™, and 435 cm™™. The OH-bending band at
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3674 cmis also indicative of illite, indicating more dioctahedral cation structure i.e. Al** and Fe¥, as
opposed to Mg?*.

Sample GA-L-99-128's infrared spectra is found in Figure 3.3. GA-L-99-128 is particularly a clear
example of a trioctahedral, Mg-rich smectite the characteristic OH-bending band at 3675 cm™ is
characteristic to saponite and stevensite, both are trioctahedral smectites. Furthermore, characteristic
of trioctahedral smectites, the OH-stretching band at 656 cm™ indicated Mg?* octahedral occupancy,
and the one strong band at 466 cm?, with smaller bands on each side at 532 cm™ and 442 cm™ fall into
the smectite category. The SiO band is distinctive to stevensite at 1014 cm™, confirming very low AI**
content coupled with high Mg?* content and occupancy, which is very similar to the other IR readings in
this study when considering the overall broader peaks as opposed to very distinguishable peaks
indicative of full crystallization, these broader peaks are due to the lack of completely phyllosilicate

development in situ during diagenesis.
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Figure 3.3 GA-L-99-128 FTIR Scan



Table 3.2 FTIR hydroxyl-stretching values

Cation(s) | Peak (cm™) | GA-L-99-4 | GA-L-99-11 | GAL-99-21 | GAL-99-25 | GA-L-95-29 | GA-L-99-35 | GA-L-95-37
Al 911
AlFe 374 876 874 867
AlMg 837 835 842
Fe, 216 816 816 816 817 807 818
FeMg 730 776 785 783 776 781 780 769
Mg, Al 737 731 727 724 727
Mg;Fe 705 711 650 708 702 711 689 713
Mg, 657 650 654 653 651 637
Si0 Variable 1031 1014 1010 1021 1012 1012 1012
- sampew ]
Cation(s) | Peak (cm™) | GA-L-99-38 | GA-L-99-45 | GAL-99-47 | GAL-99-50 | GA-L-99-53 | GA-L-99-56 | GA-L-95-58
Al 911 910
AlFe 374 368 873 875 869 869 873 875
AlMg 337 834
Fe, 816 810 810 815 815 810
FeMg 730 769 769 780 769 771 771 769
Mg, Al 737 725 733
Mg:Fe 705 711 711 657 695 712 650 706
Mg, 657 656 656 648 647 652 648 647
Si0 Variable 1012 1021 1014 1019 1038 1010 1012
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Table 3.2 continued

Cation(s) | Peak (cm') | GA-L-99-62 GA-1-599-65 GAL-95-78 GAL-95-84 GA-L-59-87 GA-1-99-91 GA-1-99-92
Al 911 857
AlFe 274 821 876 873 875 872
AlMg 837 827 a3l
Fe; 816 820 £811
FeMg 730 778 781 785 783 785 7&3 788
Mg, Al 737 745 735 726
Mg, Fe 705 798 635 711 697 699 700
Mg, 657 656 658 659 648 654 658 647
510 Variable 1010 1012 1010 1010 1016 1010 1017
- sampeo ]
Cation(s) | Peak (cm') | GA-L-99-35 GA-L-95-57 GAL-95-99 GAL-95-101 | GA-L-59-104 | GA-L-99-112 | GA-L-55-120
Al, 911 900
AlFe &74 a73 873 &70 883 a73 875 a73
AlMg 237 837 827 834
Fe; 216 816 810 807 814 811
FeMg 730 778 775 789 780 787 783 782
Mg Al 737 730 739
Mg, Fe 705 695 699 689 695 700 699 695
Mg, 657 660 649 648 662 634 658 646
310 Variable 1014 1014 1022 1012 1012 1010 1012




Table 3.2 continued

Cation(s) | Peak (cm') | GA-1-99-123 | GA-1-99-128 | GAL-99-135 | GAL-99-139 | GA-L-99-143 | GA-1-99-147 | GA-L-99-156
Al 911
AlFe 874 873 879 864 266 873 876
AlMg 837
Fe, 216 816 820 816 820 821
FeMg 780 787 793 783
Mg, Al 737 737
Mg,Fe 705 697 709 693 690 690 712
Mg, 657 654 656 662 648 658 659
Si0 Variable 1012 1014 135 1010 1010 1012 1010
[ Samplew
Cation(s) | Peak [cm!) | GA-1-99-157 | GA-1-99-160 | GAL-99-163 | GAL-99-165
Al 911
AlFe 874 873 872 864 866
AlMg 837
Fe, 216 816 815 820 816
FeMg 780 787 779 783
Mg, Al 737 735
Mg,Fe 705 697
Mg, 657 654 653 662 658
Si0 Variable 1012 1014 1035 1010
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3.3 XRD Results

3.3.1 XRD Oriented Clay Analysis
Clay analysis was conducted on each sample to identify dominant clay phases. Samples varied from

illite to smectite, with the majority of samples showing instratified illite-smectite. Pure

GA-L-99-165

OLD_99_165 clay
OLD_99_165 glycol
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Figure 3.4 Glycolated and air-dried XRD data for GA-L-99-165

phases of smectite and illite were found in samples GA-L-99-4, 45, 156, 160, 163, and 165. Characteristic
of illite, the air-dried and glycolated XRD diffractograms for these samples have peaks at or around
10.00A as the 001 peak and 5.00A at 002, for these particular samples there is no evidence of a smectite
peak (Moore and Reynolds, 1997). All pure illite readings show the same trends in air-dried and

glycolated readings.
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GA-L-99-165 (Figure 3.4) was found at the top of the stratigraphic section, near the ~1.7 mya
mark in the stratigraphy (Berry, 2012; Hay and Kyser, 2001). Other samples along the section gave
evidence for smectite-illite interstratification, with dominance in more smectite. Figures 3.5, 3.6, and 3.7
show three examples: GA-L-99-87, GA-L-99-14, and GA-L-99-112; of which all have smectite peaks with
smaller, less distinguished, discrete illite peaks. When glycolated, smectite has a d-spacing of around

17.00A due to the swelling between siloxane surfaces (Moore and Reynolds, 1997).

GA-L-99-112
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Figure 3.5 Glycolated and air-dri-ed XRD data for GA-L-99-112
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Figure 3.6 Glycolated and air-dried XRD data for GA-L-99-14
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Figure 3.7 Glycolated and air-dried XRD data for GA-L-99-87

The variation in octahedral composition (dioctahedral or trioctahedral) is distinguished by the
d060 readings, which can be found in section 3.3.2. Most samples, except for the pure illite phases
mentioned previously in the section, show variations in smectite with discrete illite throughout. GA-L-
99-25 and GA-L-99-92 both showed results of pure smectite with some kaolinite and no illite present. In
addition, GA-L-25, 92, 95, 97, and 128 all had peaks indicating the presence of detrital kaolinite at a d-

spacing of ~7.16A (Moore and Reynolds, 1997).

In addition to the clay readings, samples GA-L-99-25, 38, 92, 99, and 163 showed peaks for
carbonates at ~3.86A, indicating sample heterogeneity during extraction. Feldspar peaks were found in
samples GA-L-99-25 and GA-L-99-128 at ~4.21A, additionally showing evidence for sample heterogeneity
(Moore and Reynolds, 1997). These samples had very little clay fraction available during extraction,

attributing to difficulty in obtaining the <1um fraction.
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3.3.2 d060 XRD Analysis

The clays found in each sample from the air-dried and glycolated XRD analyses indicated
variations between dioctahedral and trioctahedral phyllosilicates (Moore and Reynolds, 1997). Samples
varied between Mg-rich and Al + Fe rich according to the d-spacing results from the d060 peaks
(Deocampo, 2004).

Table 3.3 indicates the d-spacing readings and 26 for each sample. d060 peak readings for the
samples ranged between d-spacing: 1.509-1.523A and 60.71-61.50° 26. Samples ranging from 60.89-
61.25° were identified as trioctahedral (Saponite-Mg-rich Montmorillonite), while samples ranging from
60.90-61.60° have a dioctahedral component, indicating Fe-rich Montmorillonite-Nontronite (Deocampo
et al., 2009). Most samples are within these two ranges, suggesting a trioctahedral and dioctahedral
intermediate phase, perhaps attributed to the presence of Mg?* and Fe3* in most samples. Because both
ranges are very similar, the distinction between Mg-rich and Fe + Al-rich 28 angle was separated at
61.25°, to distinguish between a more trioctahedral or dioctahedral influence, since both are present in
most samples. Phasegso column in Table 3.3 indicates clays with a 20 angle less than 61.25° as Mg-rich,
while samples with angles greater than 61.25° are indicated as Fe + Al-rich. Most samples proved to be
Mg-rich. Some clays with weaker Mg-rich peaks, indicating some dioctahedral cation influence; were
GA-L-25, 35, 38, 65, 91, 99, and 147-99. Samples GA-4, 45, 156, 160, 163, and 165-99 proved to have
dominantly divalent cations within the octahedral layer. Al + Fe-rich octahedral occupancy showed in
illites previously identified from the air-dried and glycolated XRD analysis, while interstratified illite
found with smectite proved to be more Mg-rich.

Of these samples, GA-L-99-4, 25, 38, 91, and 99 were given a range of d060 A readings since the
peaks were relatively indistinguishable. They were also taken out of further correlations in this study

since a specific peak could not be determined (Table 3.3).



Table 3.3 Sample d060 and 20 results

Sample ID d-spacing 060 °20 Phasegso

GA-L-99-4 1.509-1.511 61.49 Al+Fe-rich*
GA-1-99-11 1.523 60.75 Mg-rich
GA-L-99-14 1.524 60.71 Mg-rich
GA-1-99-21 1.522 60.84 Mg-rich
GA-L-99-25 1.520-1.523 60.94 Fe+Al-rich*
GA-1-99-29 1.521 60.83 Mg-rich
GA-L-99-35 1.518 61.00 Fe+Al-rich
GA-L-99-37 1.522 60.83 Mg-rich
GA-L-99-38 1.508-1.512 61.44 Fe+Al-rich*
GA-L-99-45 1.522 60.81 Mg-rich
GA-L-99-47 1.521 61.08 Mg-rich
GA-L-99-50 1.519 60.86 Mg-rich
GA-L-99-53 1.521 60.86 Mg-rich
GA-L-99-56 1.523 60.78 Mg-rich
GA-L-99-58 1.523 60.80 Mg-rich
GA-L-99-62 1.520 60.90 Mg-rich
GA-L-99-65 1.513 61.20 Fe+Al-rich
GA-L-99-78 1.523 60.72 Mg-rich
GA-L-99-84 1.517 61.05 Mg-rich
GA-L-99-87 1.518 60.99 Mg-rich
GA-L-99-91 1.512-1.520 61.02 Fe+Al-rich*
GA-L-99-92 1.518 60.99 Mg-rich
GA-L-99-95 1.514 61.07 Mg-rich
GA-L-99-97 1.518 60.97 Mg-rich
GA-L-99-99 1.512-1.509 61.38 Fe+Al-rich*
GA-L-99-101 1.517 61.05 Mg-rich
GA-L-99-104 1.518 60.95 Mg-rich
GA-L-99-112 1.520 60.91 Mg-rich
GA-L-99-120 1.516 61.10 Mg-rich
GA-L-99-123 1.517 61.02 Mg-rich
GA-L-99-128 1.518 61.02 Mg-rich
GA-L-99-135 1.519 60.93 Mg-rich
GA-L-99-139 1.518 60.96 Mg-rich
GA-L-99-143 1.519 60.94 Mg-rich
GA-L-99-147 1.514 61.20 Fe+Al-rich
GA-L-99-156 1.518 60.99 Mg-rich
GA-L-99-157 1.519 60.94 Mg-rich
GA-L-99-160 1.515 61.14 Fe+Al-rich
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GA-L-99-163

1.511

61.28

Fe+Al-rich

GA-L-99-165

1.514

61.14

Fe+Al-rich

Five sample doso readings are shown in Figure 3.8, where the distinction between readings due

to cation occupancy in the octahedral layers is observed. In this figure, GA-L-99-99 has the most

dioctahedral occupancy at 1.509A, while GA-L-99-91 and GA-L-99-160 are both dioctahedral as well, but

with more Mg?* occupancy. GA-L-99-21 and GA-L-99-101 fall into the trioctahedral phase with more

Mg?* content. While the d060 readings are excellent indicators for cation occupancy, there is also

overlap due to the presence of Ferricand Ferrous Iron, in the Fe-rich montmorillonite, as mentioned

previously. FTIR data helps narrow down the clays octahedral occupancy and distinguish between

authigenic clays formed from diagenesis and detrital clays deposited from the NVH (Mees et al., 2007,

Deocampo, 2004). EMPA data was assumed to have Ferric Iron occupancy in weight percent.
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Figure 3.8 d060 peaks from Olduvai Gorge: Locality 80
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3.4 FTIR Data Discussion

The FTIR data proved to show smaller peaks than expected with normal, fully-crystallized clays. The
clays, exhibited what is common for the area when considering authigenic material, as it has been
previously found that no purely trioctahedral phase of smectite has been detected in the lake basin
(Mees et al., 2007; Deocampo, 2004). When considering the peaks indicating octahedral cation phases,
the area under the curve was calculated for the pure Fe** and Mg?* phase peaks (Equation 3.1) to
identify correlation with bulk XRF geochemistry collected by Berry (2012). The area under the curve for
each cation phase was determined by the following formula, using IR peak identification found in

Deocampo et al. (2009):

Equation 3.1 Area under the curve cation calculation for FTIR data

(qu+) (F83+)
(Mg? + Fe** + AP*) (Mg?* + Fe** + APP*)

An octahedral occupancy of APF* was found in GA-L-99-4, 92, and 112 indicating the presence of
kaolinite or dioctahedral Al-rich smectite in the samples. There was an abundance of trioctahedral Mg?*
and dioctahedral Fe3* peaks, therefore only a correlation of bulk geochemistry and Fe®* and Mg?* clays
was generated. Additionally, some samples did not have peaks for Fe** and Mg?*, so in linear correlation
analysis, they were not included in the data. Out of the 40 samples analyzed, 25 had values for Fe3* and
Mg?* which could be correlated for potential significance with bulk geochemistry. Of those 25, 2
samples, GA-L-4-99 and GA-L-56-99 were excluded from the comparison due to extraneous outliers in
the data. These two samples both had questionable peaks that were not completely identified as pure
phases of the octahedral cations.

The Mgs hydroxyl-bending peak was identified as 654 cm™ (Deocampo et al., 2009). When
comparing the trioctahedral (Mg-rich) FTIR area under the curve ratios and XRF MgO/(Al,O3 + Fe,03)

bulk geochemistry ratios (Figure 3.9), the correlation was 0.55 and a p value of <.0001. This is a strong
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positive correlation indicating an increase in Mg?* within the bulk samples and in octahedral Mg?*
content in the authigenic clay. This indicates the diagenetic processes that form Mg-rich clays also affect

the geochemistry within the bulk samples found in the stratigraphy of the lake basin.

Mg IR vs. Bulk XRF

0.73

0.71

0.69

0.67

Mg IR

0.65

0.63

0.61

0.59

0.57

0 0.5 1 1.5 2 2.5 3
Bulk Geochemistry MgO/(Al,O; + Fe,0,)

Figure 3.9 Mg?* IR scan area under the curve correlated with bulk XRF ratio

Additionally, a correlation was found comparing the bulk geochemical readings and Fe-rich clays. In
this case, the smectites found in the samples are either nontronite or Fe-rich montmorillonite, with
some Mg?* and AI** present. This correlation used the Fe; hydroxyl- bending peak at 816 cm™ as found in
Deocampo et al. (2009) with the removal of outliers GA-L-99-4 and 56 due to unclear peaks within the
infrared data. With a R? value of 0.55, the bulk geochemistry ratio expressed as MgO/(Al,Os+Fe;03)
increases with a decline in Fe cations (Figure 3.10). Potentially indicating a relationship between the

presence of less altered detrital clays and Fe found in the bulk samples. Indicating the lack of diagenesis
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due to freshwater flushing and detrital deposition in the area during wetter periods in the

paleoenvironment.
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Figure 3.10 Fe3* IR scan area under the curve correlated with bulk XRF ratio

3.5 XRD Data Discussion

XRD oriented clay readings were cross-referenced with the d060 scans to identify the octahedral
occupancy of the material. The pure illite clays: GA-99-4, 45, 160, 163, and 165 were identified possibly
detrital or purely authigenic. The potential detrital origin would result from very little diagenetic
alteration due to the lack of interstratification with smectite and reduced Mg?* content, which was
confirmed as low from the EMPA analysis and d060 XRD scans (Table 3.4). Interstratified illite-smectite
indicates saline and alkaline environments due to the important sink for Mg in clays (Hay and Kyser,

2001), which was not shown in these samples. High K*values for these samples also indicates a
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possibility that these illites are purely authigenic, formed from the uptake of K* through early diagenesis
of saline and alkaline fluids or the wetting and drying of detrital dioctahedral smectite through the
illitization of smectite (Jones, 1986; Eberl, 1993; Crawford and Haynes, 2002; Lanson et al., 2009).
Mechanisms for pure authigenic illite formation, in this specific case, would need to be investigated

further.

Table 3.4 XRD and EMPA Results

XRD Results EMPA Results
(Al203+Fe203)
Sample ID d060 Identified Clay KO /MgO

GA-L-99-4 1.506-1.511 Ilite 6.2 3.8
GA-L-99-11 1.523 Illite-Smectite 6.5 1.2
GA-L-99-14 1.524 Illite-Smectite 2.0 0.4
GA-L-99-21 1.522 lllite-Smectite 2.0 0.2
GA-L-99-25 | 1.520-1.523 | Smectite, Kaolinite 5.3 4.6
GA-L-99-29 1.521 Illite-Smectite 4.9 0.6
GA-L-99-35 1.518 lllite-Smectite 4.2 0.5
GA-L-99-37 1.522 lllite-Smectite 2.9 1.1
GA-L-99-38 | 1.508-1.512 Illite-Smectite 5.7 1.1
GA-L-99-45 1.522 lllite 5.5 1.4
GA-L-99-47 1.521 llite-Smectite 4.4 0.8
GA-L-99-50 1.519 lllite-Smectite 2.6 1.4
GA-L-99-53 1.521 Illite-Smectite 3.9 0.5
GA-L-99-56 1.523 llite-Smectite 2.8 0.6
GA-L-99-58 1.523 Illite-Smectite 5.2 1.1
GA-L-99-62 1.52 lllite-Smectite 4.6 0.7
GA-L-99-65 1.513 Illite-Smectite 6.3 1.2
GA-L-99-78 1.523 lllite-Smectite 4.0 0.6
GA-L-99-84 1.517 Illite-Smectite 3.9 0.4
GA-L-99-87 1.518 Illite-Smectite 2.9 0.3
GA-L-99-91 | 1.512-1.520 Illite-Smectite 3.9 0.6
GA-L-99-92 1.518 Smectite, Kaolinite 5.1 1.4
GA-L-99-95 1.514 e 8.0 1.8
CAL9997 | 1°18 N esite 6.8 14
GA-L-99-99 | 1.512-1.509 Illite-Smectite 5.8 1.3
GA-L-99-101 1.517 Illite-Smectite 51 0.9
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GA-L-99-104 1.518 Illite-Smectite 3.3 1.4
GA-1-99-112 1.52 lllite-Smectite 3.0 0.4
GA-L-99-120 1.516 Illite-Smectite 5.0 1.1
GA-L-99-123 1.517 Illite-Smectite 3.8 0.5
GA-L99-128 | 1518 omie 4.9 0.7
GA-L-99-135 1.519 Illite-Smectite 4.2 0.5
GA-L-99-139 1.518 Illite-Smectite 4.3 0.7
GA-L-99-143 1.519 Illite-Smectite 5.6 1.0
GA-L-99-147 1.514 Illite-Smectite 54 1.0
GA-L-99-156 1.518 lllite- Smectite 4.8 0.6
GA-L-99-157 1.519 Illite-Smectite 5.4 1.7
GA-L-99-160 1.515 Ilite 6.4 2.0
GA-L-99-163 1.511 Ilite 5.6 1.7
GA-L-99-165 1.514 Ilite 6.6 1.0

The remaining samples had variable transitioning occupancy from more Fe3*to more Mg?*-rich
in the octahedral layer, while ~72% of the samples had d060 peaks indicating Mg-rich occupancy. There
were still varying amounts of Fe + Al occupancy within the octahedral layer, which was overshadowed
by the presence of more Mg?* and less Fe3* and AI** in the structure.

As stated the above results section 3.3.2, 060 XRD patterns indicated dioctahedral and
trioctahedral phases throughout the sample selection. To see if the diagenesis of the detrital material
into either an authigenic trioctahedral illite or smectite affected the bulk geochemistry, d060 angstrom
peaks were correlated with the bulk geochemistry (Al,O3+Fe,03)/MgO ratios collected XRF data from
Berry (2012). GA-25, 38, 65, 91 and 99-99 were also removed as outliers from the correlation due to
inconclusive peaks after three separate d060 readings.

The correlation (Figure 3.11) of d060 readings as the dependent variable and bulk geochemistry
XRF readings from Berry (2012) had a correlation of R? = 0.27. While not a strong correlation, it is still
present, showing trends in d060 readings and the ratio of (Al,Os+Fe,03)/MgO. There is a decrease in

d060 values with reduction in Al,O3 and Fe,0sin the bulk XRF data, which supports previous



46

observations that a decrease in angstrom peaks, as well as 060 angles, indicates more AI** and Fe%*in
both the bulk and clay geochemistry (Moore and Reynolds, 1997). The effect on bulk geochemistry with

diagenesis of clays within the lake basin over time is indicated by similarities in the oxide ratios.

d060 vs. Bulk Geochemistry Correlation
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Figure 3.11 d060 subfraction XRD readings correlated with bulk geochemistry XRF ratios

3.6 EMPA Data Discussion

The weight percent measured by EMPA of MgO, Al,Os, and Fe;0s for each sample were calculated
and analyzed. Of the purely illitic samples (GA-L-99-4, 45, 160, 163, and 165) identified by the XRD
analyses, the (Al,O3 + Fe;03)/MgO ratios exceeded 1.7, which were the highest in Al and Fe content with
the exceptions of GA-L-99-25 and GA-L-99-37. The 2 latter samples were identified as heterogenous
after comparing with their FTIR scans in which there is evidence of authigenic carbonate and feldspar
bands. The illites with higher dioctahedral cation occupancy was concluded to be a detrital, muscovite-

like phase, originating from the NVH as previously identified in Mees et al. (2007). All other samples had
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varying weight percent data of Al,Os + Fe;,03 and MgO occupancy, indicating diagenetic processes and
interstratification of illite-smectite.

A correlation plot for the XRF bulk geochemistry and EMPA data was constructed to identify the
relationship between clay diagenesis and bulk rock geochemical composition. The (Al,0s + Fe,03) /MgO
ratio of weight percent for the bulk XRF and EMPA clay data were compared on a correlation plot
(Figure 3.12). The results indicated an increase in (Al,Os + Fe,03) within the bulk samples when there
was an increase in (Al,03 + Fe;03) on the molecular level as indicated by the EMPA scans. A strong
positive correlation was observed between the two at R=0.69. Five samples; GA-L-99-4, 25, 95, 104 and
128, were removed from the correlation due to fluctuating readings caused by sample heterogeneity, as
well as GA-L-99-53 and 99 due to the presence of carbonate. These samples particularly proved difficult
in regards to extracting the submicron fraction due to lack of material available after centrifugation.
Other minerals, particularly carbonates, were identified by high CaO weight percent in the samples and

therefore identified as contaminated.
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Electron Microprobe vs. Bulk XRF
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Figure 3.12 Bulk XRF geochemical data and EMPA weight percent

3.6.1 EMPA Time-Series

Additionally, a time-series plot was created according to the ages assigned to the core by Dr.
Gail Ashley in 1999 at time of excavation, and compared with the bulk XRF time-series plot generated by
Patricia Berry’s the bulk XRF results (Figure 2.1). The EMPA time-series was smoothed by applying a
three-point moving average to help test for cyclicity between more humid (higher Al,0s+Fe;05 content)
and more arid (MgO content) paleoevironments (Figure 3.13).

As seen in the figure, major events of salinity are indicated by trends of Mg-rich bulk and clay
composition and more humid climate conditions are indicated by higher Fe and Al constituents in the
bulk and clay samples. Five specific fluctuations in climate are identified by lines in red. Along the 25.0
meter mark in Unit 3, there is a noticeable abundance in MgO, indicating more arid conditions, the

higher Mgo content corresponds to ~1.804 mya. Additionally, in Unit 1 of the stratigraphy, there are two



49

evident swings in arid climate conditions along the ~1.860 (14.0m) and ~1.909 (7.5m) mya mark due to
the abundance of correlating MgO rise in both clay and bulk composition. Before the ~1.909 mya mark
in the sample selection, there is evidence of wetter climate conditions due to a steady increase in AI**
and Fe3* as the depth increases, the first stratigraphic increase in MgO is at ~1.804 mya. Other wetter
paleoclimatic shifts can be found at ~1.838 (20.0m) and ~1.884 (11.00m) mya. These ages are based on

the age model of Hay and Kyser (2001).

Olduval Lake Cycles: Bulk XRF Dlduvai Lake Cycles: Clay EMPA
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Figure 3.13 Bulk XRF and EMPA clay data time-series comparative analysis. Both curves show a 3-point running average.
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4 CONCLUSIONS

Paleoclimatic shifts are important to understand due to the insight they provide into Earth
processes and early evolution of species. East African paleolakes store important indicators that can
reconstruct paleoclimate change over long periods of time (Hay, 1970; Ashley, 2007) Terrestrial
mudstones, which are found in these lake beds, can form Mg-rich silicates if the following conditions are
met: (1) the lake water is high in aqueous silica due to weathering volcaniclastics from a nearby source;
(2) there are substantial time intervals in which there is low dilute inflow; (3) there is high evaporative
concentration resulting in alkaline water chemistry (Deocampo, 2015).

These Mg-rich silicates can form in situ as phyllosilicates and can be used as proxies for
paleoevironmental identification. The XRD air-dried and glycolated scans gave evidence for illite-
smectite interstratified minerals, which are likely byproducts of authigenic Mg-rich clay layer formation
of detrital dioctahedral smectite and kaolinite. Al+Fe-rich illite was also found at the top and bottom of
the stratigraphy, either representing purely a detrital phase or an authigenic illite formed with higher K*
ionic concentration in the lake. Additionally, the dO60 readings coupled with the clay analysis indicated
Mg-uptake in the majority of samples, while some samples had less Mg than others, of which there was
less diagenetic alteration.

FTIR results gave insight into large amounts of Mg-rich clays as well as an abundance of Fe3*and
some AP in the octahedral layer, coupling well the XRD results. Detrital kaolinite, along with
dioctahedral smectite, are found throughout the section indicating more humid climate conditions.
EMPA analysis weight percent data proved the presence of variations of divalent and trivalent cation
octahedral occupancy. Which coincides with the FTIR readings and the clay samples showing trends of
less alteration into fully-formed authigenic clays, due to the lack of time or conditions for full Mg-silicate

facies formation, indicating a more humid climate.
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When correlating the data collected with the bulk composition XRF results, there are similarities
in the trends of octahedral cation occupancy within the clays and the bulk samples. Therefore, detrital
processes involved in forming authigenic clays alters bulk composition, and reflects changes in
paleoenvironment when monitoring cation abundance in clay samples. Bulk geochemical data in such
paleolakes, which may be collected as discrete samples or with core-scanning XRF technologies, can

therefore provide perspectives on submicron-scale authigenic phases.

4.1 Future Work

Using authigenic clays as paleoclimate indicators will need to be explored further, since there is
not a lot of research regarding the identification of paleoclimate shifts using these clays in areas with
similar conditions. It would be wise to study some areas in which authigenic clays have formed in similar
lake beds and comparing it to previously studied climatic changes from other studies.

Regarding Olduvai, another stratigraphic section from a separate area ~300 meters away from
Locality 80 was collected by Dr. Deocampo and PhD candidate Nathan Rabideaux from Georgia State
University in July 2015, the clays have been extracted and d060 scans are being analyzed for similarities
in cation octahedral occupancy and compared to Locality 80 results. Similarities will indicate and help

solidify the potential for using these authigenic clays as proxies for ancient climatic shifts.
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APPENDICES

Appendix A: Element Oxide data from EMPA (3 scans)

Elements in Weight Percent
SAMPLE ID Si Ti Al Fe Mg Ca Na K (0] TOTAL
GA-L-99-165 39.02 2.02 5.40 6.70 7.57 10.36 1.92 4.98 22.04 77.96
GA-L-99-165 39.80 2.13 5.23 6.47 7.08 9.71 1.41 5.08 23.09 76.91
GA-L-99-165 44.37 1.38 5.18 5.91 9.57 0.96 1.77 5.05 25.82 74.18
GA-L-99-163 41.32 1.25 3.95 8.87 8.15 10.27 0.72 4.26 21.21 78.79
GA-L-99-163 38.67 1.71 4.07 7.86 7.61 6.37 1.13 4.25 28.34 71.66
GA-L-99-163 40.65 1.18 3.84 8.16 8.11 9.22 0.96 4.08 23.79 76.21
GA-L-99-160 51.74 1.96 8.09 8.25 8.54 1.59 1.58 5.80 12.44 87.56
GA-L-99-160 53.30 1.48 6.88 10.17 9.72 0.67 1.60 5.53 10.64 89.36
GA-L-99-160 52.31 2.31 7.14 9.63 9.39 1.22 1.66 5.64 10.69 89.31
GA-L-99-156 51.33 1.44 4.16 7.09 13.14 0.24 2.45 5.72 14.44 85.56
GA-L-99-156 42.30 0.82 3.85 4.20 13.78 0.26 1.89 4.38 28.53 71.47
GA-L-99-156 20.69 0.29 2.35 0.38 8.65 0.13 1.64 1.22 64.66 35.34
GA-L-99-154 52.35 1.67 3.06 13.52 10.54 2.32 2.44 4.44 9.67 90.33
GA-L-99-154 52.89 1.55 3.13 13.68 10.58 2.14 2.63 4.28 9.11 90.89
GA-L-99-154 53.09 1.50 2.86 13.92 10.37 2.37 2.75 4.37 8.77 91.23
GA-L-99-147 46.67 0.67 6.13 4.96 11.33 0.17 1.91 4.06 24.10 75.90
GA-L-99-143 52.53 2.15 8.42 6.45 14.90 0.41 3.02 5.28 6.84 93.16
GA-L-99-143 52.54 1.81 7.49 6.99 14.53 0.38 2.14 4.90 9.21 90.79
GA-L-99-143 52.82 1.51 7.03 6.65 14.53 0.39 2.40 5.07 9.60 90.40
GA-L-99-139 54.84 0.76 5.43 6.02 16.66 0.23 2.68 4.01 9.38 90.62
GA-L-99-139 55.68 0.67 5.20 6.16 17.47 0.27 3.69 3.89 6.97 93.03
GA-L-99-139 56.35 0.81 5.35 6.18 16.86 0.27 2.89 3.90 7.38 92.62
GA-L-99-135 42.97 0.77 4.05 4.42 20.63 0.31 3.22 3.19 20.45 79.55




Elements in Weight Percent

SAMPLE ID | Si Ti Al Fe Mg Ca Na K 0) TOTAL
GA-L-99-135 | 50.74 0.67 5.21 4.28 16.48 0.47 1.55 3.08 17.51 82.49
GA-L-99-128 | 50.19 0.65 4.49 6.13 17.03 0.32 2.83 4.01 14.36 85.64
GA-L-99-128 | 51.56 1.12 4.59 7.89 16.54 0.41 2.54 4.54 10.80 89.20
GA-L-99-128 | 52.70 1.21 4.86 7.07 17.11 0.43 3.38 4.41 8.83 91.17
GA-L-99-123 | 56.90 0.94 4.55 5.02 17.93 0.43 3.61 3.48 7.15 92.85
GA-L-99-123 | 56.62 0.96 4.62 4.99 17.82 0.49 3.83 3.45 7.21 92.79
GA-L-99-123 | 55.93 0.87 4.32 1.97 17.92 0.34 3.59 3.45 11.61 88.39
GA-L-99-120 | 55.09 1.31 5.90 6.99 13.88 0.32 4.65 4.53 7.33 92.67
GA-L-99-120 | 54.43 1.35 6.00 7.41 13.83 0.31 3.98 4.53 8.14 91.86
GA-L-99-120 | 55.53 1.28 6.23 6.93 13.77 0.28 4.79 4.65 6.53 93.47
GA-L-99-112 | 7.34 0.13 1.94 0.59 11.10 21.87 0.58 1.25 55.20 44.80
GA-L-99-112 | 56.03 0.71 4.28 3.86 21.45 1.13 2.72 2.80 7.01 92.99
GA-L-99-112 | 55.46 0.71 4.17 3.83 20.99 0.99 2.44 2.77 8.64 91.36
GA-L-99-104 | 55.09 0.66 3.03 13.02 13.53 0.66 3.56 2.86 7.59 92.41
GA-L-99-104 | 54.40 0.74 3.35 13.66 12.96 1.05 3.74 3.18 6.92 93.08
GA-L-99-104 | 54.17 0.74 3.17 13.98 13.11 0.95 3.96 3.05 6.87 93.13
GA-L-99-101 | 58.45 1.03 6.49 6.52 14.96 0.40 2.72 4.55 4.88 95.12
GA-L-99-101 | 52.12 1.05 5.94 7.00 14.17 0.47 2.29 4.58 12.36 87.64
GA-L-99-101 | 55.24 1.25 5.99 6.22 13.91 0.40 2.87 4.78 9.34 90.66
GA-L-99-99 52.41 1.38 6.18 8.53 12.79 0.71 1.95 5.17 10.88 89.12
GA-L-99-99 53.37 1.64 6.94 8.34 12.22 0.64 1.10 5.05 10.71 89.29
GA-L-99-99 52.78 2.30 7.04 8.38 11.61 0.71 1.85 5.25 10.08 89.92
GA-L-99-97 54.87 1.30 8.42 5.89 10.02 1.65 1.05 6.20 10.60 89.40
GA-L-99-97 44.87 1.31 6.85 6.44 10.44 1.83 1.08 5.32 21.87 78.13
GA-L-99-97 53.54 1.31 7.76 6.50 10.46 1.53 0.86 5.95 12.08 87.92
GA-L-99-95 54.41 0.86 9.23 5.97 8.63 2.47 1.36 7.36 9.71 90.29
GA-L-99-95 53.43 0.86 8.90 5.96 9.26 2.05 1.63 6.89 11.02 88.98
GA-L-99-95 53.63 0.89 9.15 6.08 8.90 2.65 0.71 7.20 10.78 89.22
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Elements in Weight Percent

SAMPLE ID | Si Ti Al Fe Mg Ca Na K 0) TOTAL
GA-L-99-92 43.54 1.73 5.14 8.00 10.55 6.25 1.12 3.94 19.73 80.27
GA-L-99-92 43.77 1.50 5.81 7.28 9.96 6.51 1.26 4.49 19.40 80.60
GA-L-99-92 44.21 1.63 5.37 8.33 10.82 5.85 1.13 3.92 18.75 81.25
GA-L-99-91 54.46 0.92 4.19 5.01 17.41 0.65 3.84 3.48 10.05 89.95
GA-L-99-91 53.45 1.13 4.60 5.67 16.73 1.12 2.86 3.46 10.97 89.03
GA-L-99-91 49.98 1.04 3.93 5.27 16.04 2.97 3.36 3.29 14.13 85.87
GA-L-99-87 56.99 0.61 2.85 3.33 21.03 0.40 3.80 2.61 8.37 91.63
GA-L-99-87 54.86 0.64 2.49 3.15 20.79 0.42 3.21 2.66 11.78 88.22
GA-L-99-87 58.81 0.60 2.77 3.06 21.60 0.32 3.88 2.61 6.36 93.64
GA-L-99-84 55.49 0.87 3.87 3.62 19.41 1.27 4.06 3.58 7.84 92.16
GA-L-99-84 48.43 0.83 3.27 3.77 19.69 1.13 4.04 3.31 15.53 84.47
GA-L-99-84 56.14 0.89 3.54 4.00 19.56 1.21 3.95 3.44 7.27 92.73
GA-L-99-78 53.10 0.86 4.44 6.47 20.30 0.68 3.10 3.58 7.45 92.55
GA-L-99-78 45.70 0.83 3.91 6.10 19.80 0.72 2.44 3.37 17.13 82.87
GA-L-99-78 51.72 0.86 4.55 6.20 20.36 0.59 3.03 3.52 9.18 90.82
GA-L-99-65 50.11 1.24 7.14 7.53 13.16 0.38 2.55 5.55 12.34 87.66
GA-L-99-65 48.51 1.19 6.58 7.62 12.72 0.45 2.44 5.75 14.74 85.26
GA-L-99-65 54.73 1.15 7.13 7.27 12.18 0.46 1.88 5.30 9.90 90.10
GA-L-99-38 52.62 2.45 5.70 8.63 13.17 1.15 1.67 5.22 9.40 90.60
GA-L-99-38 52.84 1.96 5.34 7.80 14.02 1.10 2.03 4.88 10.04 89.97
GA-L-99-38 50.96 2.98 5.78 8.01 12.11 1.96 1.51 5.16 11.52 88.48
GA-L-99-45 50.01 1.25 6.24 11.61 11.72 1.14 3.04 5.26 9.73 90.27
GA-L-99-45 51.16 1.07 6.46 11.57 12.52 1.22 2.85 5.15 7.98 92.02
GA-L-99-45 51.06 1.11 6.09 11.54 12.58 0.87 2.11 5.33 9.31 90.69
GA-L-99-45 51.52 1.25 4.96 7.14 17.20 0.69 2.15 4.11 10.97 89.03
GA-L-99-47 52.75 1.29 5.57 7.92 17.27 0.72 2.17 4.10 8.21 91.79
GA-L-99-47 52.42 1.24 5.42 7.41 17.14 0.71 1.88 4.00 9.79 90.21
GA-L-99-47 53.57 1.23 5.42 7.53 17.45 0.58 2.45 4.08 7.68 92.32
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Elements in Weight Percent

SAMPLE ID | Si Ti Al Fe Mg Ca Na K 0) TOTAL
GA-L-99-50 53.48 0.52 3.76 12.82 13.91 0.29 4.88 2.32 8.01 91.99
GA-L-99-50 53.41 0.64 4.02 13.07 13.40 0.33 4.86 2.36 7.91 92.09
GA-L-99-50 53.74 0.57 4.21 13.27 13.42 0.32 4.50 2.43 7.52 92.48
GA-L-99-53 53.39 0.49 2.58 6.91 19.43 0.29 4.23 3.44 9.24 90.76
GA-L-99-53 38.77 0.28 1.56 6.50 18.05 0.22 3.98 3.08 27.55 72.45
GA-L-99-53 54.19 0.43 2.66 6.61 19.58 0.43 3.60 3.54 8.95 91.05
GA-L-99-56 52.63 2.39 6.13 6.23 16.19 0.56 5.28 3.32 7.26 92.74
GA-L-99-56 54.05 1.01 4.69 4.68 19.70 0.43 5.30 2.37 7.76 92.24
GA-L-99-56 54.86 0.80 3.98 4.53 20.79 0.24 3.99 2.01 8.80 91.20
GA-L-99-58 50.36 2.52 6.34 7.67 14.11 1.41 2.01 4.55 11.02 88.98
GA-L-99-58 49.92 2.83 7.05 7.11 13.56 1.74 2.35 4.50 10.95 89.05
GA-L-99-58 42.98 2.84 6.54 7.19 13.63 1.64 2.44 4.52 18.22 81.78
GA-L-99-62 52.99 0.95 4.95 6.76 17.72 0.33 3.61 4.15 8.55 91.46
GA-L-99-62 53.10 0.99 4.80 6.43 17.84 0.34 3.00 4.17 9.32 90.68
GA-L-99-62 52.72 1.02 5.18 6.36 17.73 0.31 3.01 4.20 9.47 90.53
GA-L-99-37 22.92 0.43 3.88 1.83 3.88 22.63 0.82 2.81 40.79 59.21
GA-L-99-37 24.22 0.34 4.44 2.02 3.76 21.32 1.18 3.18 39.55 60.45
GA-L-99-37 19.58 0.32 3.83 1.94 3.57 23.73 1.09 2.79 43.14 56.86
GA-L-99-35 51.03 0.93 5.47 4.54 18.97 1.87 2.75 3.68 10.77 89.23
GA-L-99-35 50.93 0.95 5.55 4.21 19.29 1.97 2.79 3.70 10.61 89.39
GA-L-99-35 52.96 0.90 5.34 4.80 19.33 0.93 2.99 3.83 8.91 91.09
GA-L-99-29 43.58 0.87 5.15 4.98 17.67 2.31 2.26 3.90 19.28 80.72
GA-L-99-29 43.32 0.88 5.23 4.82 17.59 2.24 1.89 3.84 20.19 79.81
GA-L-99-29 43.51 0.88 5.02 5.22 17.60 2.00 1.87 3.97 19.95 80.05
GA-L-99-25 31.94 0.44 9.53 15.33 5.83 6.46 2.55 3.60 24.32 75.68
GA-L-99-25 29.24 0.35 6.02 15.80 6.25 6.37 1.83 2.61 31.53 68.47
GA-L-99-25 34.13 0.26 9.02 14.64 4.26 5.18 1.80 5.35 25.36 74.64
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Appendix B: FTIR Infrared Spectra Scans
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Appendix C: XRD Diffractograms

Tie name: CUD_99_% clay xdml

900

<00 4

0 T T T
o s 0 3 0 4 0 55

z
ERE -‘
H \

<0

400 4

GA-L-99-4 XRD Diffractograms, air-dried (A) and glycolated (B)

80



1600 4

900 4

o

g 'y
B

900

[
"

GA-L-99-11 XRD Diffractograms; air-dried (A) and glycolated (B)

81



Intensiy icoums)

€400 + \
v I|
3600 4 \

1600 |

400 + 5

2Theta ()

Iteraiy icouns)

300 -
a0 -\/
1200 =

00 -

o Th A
IR AN

GA-L-99-14 XRD Diffractograms; air-dried (A) and glycolated (B)

82



3600 - |
1600 o \

| A

T ) h : ' % R 7 5 :
1 5 5 ¢ 5 5 o %

File name. OLD 99 21 cay.xudt

res)

Intersity (en.

|
|l
MWW

GA-L-99-21 XRD Diffractograms; air-dried (A) and glycolated (B)

83



100 o

GA-L-99-25 XRD Diffractograms; air-dried (A) and glycolated (B)

84



1620 4

£ 2600 4
# f
E |
1
|
|
2500 \
1600
500 +
\
400 ~ ‘w
100 o m
0 T T T T T T T T
10 i 2 » Frd 0 55
ZMheta
z Fiw ramz. OLD 99 23 ghyval asini
3w -‘

0 T T T T T T T T T T
5 10 15 0 5 3 4 45 0 55
Theta (")

GA-L-99-29 XRD Diffractograms; air-dried (A) and glycolated (B)

85



T a0
3
x
=

I

el

o}

\

\

1500 +

I .

T T T T T T T T
1 1 20 2 0 3% 4 45 80 5
File rowmw L0735 dyvet xoiel
]
£ 2250
10200 -|
2500 4 j‘
\\-’M AN s,
0 T T T T T T T T T T T
g mn 2 3 as 40 Ll 50 S8
T

GA-L-99-35 XRD Diffractograms; air-dried (A) and glycolated (B)

86



E =m Filke name: CLD 5% 37 clayxdm
g
: |

2500

1600 - h\

S0 - \

400 4
"W
‘
0 T T T T T T T T T
H] 10 s 35 2 A5 S0
2Treta ()

5 Fils nama CUN_25_37 Jycel s
H
‘: 00 ‘\
E
2200 - |
1
|
N 1
1600 - 1
I
500 -1 v

|
o T T T T T T T T T T
10 1 20 % 4@ &5 0 5%
TTosta )

GA-L-99-37 XRD Diffractograms; air-dried (A) and glycolated (B)

87



400
|
0 T T T T T T T T T
5 10 1 20 2 3 3 4@ 45 50 55
ZTheta 1)
250
B
1620 <
900
420
120 !
9 T T T T T T T T T T
1] 10 1% 2 3 3% @ 45 0 124

2zt )

88



GA-L-99-38 XRD Diffractograms; air-dried (A) and glycolated (B)
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