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Abstract 

Characterization of chemical weathering was carried out on two granitic batholiths from Georgia, 

USA. The Elberton Granite from Elbert County, and the Sparta Granite from Hancock County were 

thoroughly analyzed by the means of analytical methods such as optical microscopy of thin 

sections, SEM and EMP, as well as bulk- and clay-XRD, and XRF. 

Data concerning weathering of primary minerals and subsequent precipitation of primary minerals 

is presented in this thesis. 

Both protoliths classified as monzogranites, and the primary mineral composition was 

plagioclase>quartz>K-feldspar, with considerable amounts of associated biotite. Both weathering 

sections were characterized by a progressive formation of secondary kaolin minerals upward in the 

sections at the expense of plagioclase and biotite. Chemical alteration also occurred prior to 

subaerial exposure of the weathering sections.  

The weathering sections were divided into discrete weathering facies, and the different facies all 

exhibited unique weathering traits. Different measurements of the intensity of weathering is 

presented in this thesis. 

Monzogranites from the Utsira High region share many of the same weathering characteristics as 

the Georgian samples. Well 16/3-4 resembles the weathering trends observed in the Elberton 

Grainite from the Keystone locality. Eroded remnants of the Utsira High weathered sections may be 

of reservoir-quality, and may potentially be attractive targets for hydrocarbon exploration. 
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1. Introduction 

1.1 Purpose of the study and project description 

The study presented in this master thesis deals with the characterization of chemical weathering 

profiles developed on felsic protoliths. This project is a part of a joint project between the 

University of Oslo and Lundin Norway, headed by Professor Henning Dypvik, where the goal is to 

shed new light on weathering, particle formation and transformation at and around the Utsira High 

(Riber et al., 2014). Erosional remains of weathered basement at the Utsira High has served as a 

migration pathway for hydrocarbons as well as reservoirs for Utsira High traps (Riber et al., 2014). 

Two subaerially-exposed, almost entirely residual granitic weathering sections from Georgia, U.S.A., 

were selected for weathering studies, because of their potential of being good analogues to the 

Utsira High weathering sections. The basis for this claim is that the samples from Georgia are 

collected from an area with a similar climatic regime as the paleoclimatic conditions of the Utsira 

High during subaerial exposure of basement (Doré, 1991; Kottek et al., 2006). Nesbit and Young 

(1989) argue that if the mechanisms and processes of weathering have been the same throughout 

geological time, then the weathering trends that are observed in modern profiles are applicable to 

paleoweathering sections as well. This basic assumption is the backbone of this master thesis. 

During a 2014 field trip to Georgia U.S.A., Professor Henning Dypvik (University of Oslo) and PhD 

candidate Lars Riber from (University of Oslo) strategically collected samples from the Keystone 

and Sparta weathering profiles. 

The purpose of this thesis is to both qualitatively and quantitatively describe the physical and 

chemical changes that occur during progressive weathering of granites, with emphasis on the 

formation of secondary clay minerals. This will encompass the transition from a relatively 

impermeable low-porosity lithology (granite) into permeable and porous weathering products 

(Velde and Meunier, 2008). The analytical tools used in this thesis include optical microscopy of 

thin sections, SEM and EMP, bulk- and clay-XRD, as well as XRF. 
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1.2 Study localities 

The Keystone weathering section locality 

The Keystone weathering section samples were collected 5 km south of the city Elberton in Elbert 

county, NE Georgia, USA, at the Keystone quarry (34.066167°N, 82.835833°W). The quarry sits on 

the Elberton Granite batholith (see Figure 1.1) from the Inner Piedmont of the southern 

Appalachians, known for its homogenous major-element composition (Schroeder et al., 2002) and 

is according to Stormer et al. (1980) a fine-grained lithology dominated by plagioclase, K-feldspar, 

quartz and biotite, with accessory sphene, ilmenite, zircon and magnetite. Elberton is world-famous 

for its granite, which are of Precambrian to late Paleozoic age (Schroeder and West, 2005). 

According to Schroeder and West (2005), the Elberton granite has likely been subaerially exposed 

and subjected to chemical weathering for ~125,000 years, with the rate of uplift and denudation 

being in equilibrium. 

 

Figure 1.1: The map to the left shows the geographical position of the Elberton batholith in the Elbert 

County, Georgia, United States (Google Maps). The geologic map of the Elberton Granite batholith is 

displayed to the right (based on the map by Lawton et al. (1976)). 
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Figure 1.2: An overview of the Keystone weathering section in Elberton, Georgia. The study area consists of 

three main plateaus. Modified from a field sketch by Lars Riber (2014). 

With respect to the study of saprolitization of granite, the Keystone quarry is a gem in the sense 

that it contains subaerially-exposed, almost entirely residual granitic weathering sections. 

Schroeder et al. (2002) argued that the observed net gain of Si and Al in the A- and B-horizons 
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suggests that there may have been an influx of allochtonous material, originating either from wind-

blown and fluvial processes, or perhaps from weathered rocks that overlaid the Elberton profile.  

The weathering section that was investigated in this thesis project is 17 m thick and is divided into 

three main plateaus of varying lateral thickness (see Figure 1.2). Plateau 1 consists of fresh and 

altered coherent rock (C horizon), plateau 2 consists of saprock and saprolite (B horizon) with a few 

corestones, and plateau 3 is made up of saprolite, corestones and is capped by a thin layer of soil. 

 

The Sparta weathering section locality 

The Sparta weathering section samples were collected from the Sparta granite complex in 

proximity to Sparta in Hancock County, Georgia, USA (33.290853°N, 82.932800°W).  A northeast-

trending igneous and metamorphic belt runs through eastern Georgia Piedmont, and this belt hosts 

the Sparta granite complex (Fullagar and Butler, 1976). Watson (1910) described the Sparta Granite 

batholth as being a medium-gray, coarse-grained, porphyritic biotite granite. The Sparta Granite is a 

Paleozoic Piedmont rock, and the timing of subaerial exposure and the subsequent weathering 

event may be as old as early Cretaceous (Schroeder et al., 1997).  

 

Figure 1.3: The map to the left shows the geographical position of the Sparta Granite in Hancock County, 

Georgia, United States (Google Maps). The geologic map of the Sparta Granite batholith is displayed to the 

right (modified from Humphrey (1970) by Fullagar and Butler (1976). 
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All weathering facies, ranging from fresh to altered coherent rock, and saprock to saprolite, are 

present at the Sparta locality, and just like the Elberton Granite in the Keystone section, the 

regolith that has formed on the Sparta Granite is capped by a thin layer of soil. 

 

Figure 1.3: An overview of the Sparta weathering section in Hancock County, Georgia. Modified from field 

sketches and photographs by Lars Riber (2014). 
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1.3 On weathering and the weathering of granite 

Weathering is a broad term that encompasses all destructive processes that break down and alter 

rocks, including changes due to physical, chemical and biological phenomena (Thompson and Turk, 

2007). According to Nesbitt and Young (1989), chemical weathering is limited to the processes that 

result when meteoric water reacts with the parent rock as well as its weathering products. This 

definition excludes any chemical alteration that occurs due to reactions between rocks and ground 

water. Such reactions can be categorized as diagenetic processes (Nesbitt and Young, 1989). 

Climate, topography, relief, biological activity, as well as the composition of the parent rock are all 

important controlling factors that influence the mineralogy and general nature of the weathering 

products (Tardy et al., 1973). The vertical interval that starts with a fresh parent rock and includes 

all the chemically altered material from that rock is called a weathering profile. The sheer 

complexity of weathering profiles, increases with time, since tectonism and changes in climate may 

lead to changes in the factors controlling chemical weathering (Tardy et al., 1973). 

Common nomenclature used in this field of geology will be presented in the following section, since 

a consistent use of descriptive terms is the backbone in any science. Porosity and permeability 

increases as chemical weathering intensifies (Velde and Meunier, 2001). Consequently, through the 

process of weathering, a low-porosity, low-permeability lithology like granite may serve as a 

migration pathway for hydrocarbons and may potentially also possess reservoir qualities (Petford 

and McCaffrey, 2003). This makes paleoweathering profiles interesting targets in petroleum 

exploration. 

 

Nomenclature of weathered rocks 

While the vast number of contradicting definitions in the field of weathering and soil formation in 

the literature may lead to confusion, a distinction between the terms weathered rock and soil is 

encouraged by Velde and Meunier (2008). They argue that a rock can be weathered without being 

overlain by soil and that soils are subaerially exposed at the top and are associated with biological 

activity. An in-situ weathering profile generally gets thicker as a function of time, and its 

development initiates at the interface between a rock and atmosphere. The influence of meteoric 

water, mixed with organic and inorganic acid constituents from the soil above, reaches 
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progressively deeper into the parent rock (Nesbitt and Young, 1989; Velde and Meunier, 2008). It is 

interesting to note that while the geological approach to study weathering profiles is to begin with 

fresh, unweathered rocks and move up-stratigraphy into more intensely weathered material, 

pedologists start from the top and move into less weathered material (Velde and Meunier, 2008). 

The idealized and simplified weathering profile in Figure 1.3.1 introduces the term regolith, which, 

according to Taylor and Eggleton (2001), is the volume of altered material that originates from the 

fresh parent rock located stratigraphically above the weathering front (i.e. the greatest depth 

where the interaction between meteoric water and rock leads to chemical weathering). This 

definition of regolith also incorporates intervals where volumes of fresh rock can be found together 

with weathered rock (see Figure 1.3.1). It is important to be cautious when examining weathering 

profiles, due to the possibility of erosional unconformities in the area as well as the presence of 

allochtonous material that is not part of the regolith produced from the fresh rock stratigraphically 

below (Taylor and Eggleton, 2001). Hence, it is possible that only parts of the weathering profile 

may end up being preserved, and breaks in the succession complicates the interpretation.  

 

Figure 1.3.1: The figure above shows a complete weathering profile. The regolith gets 
progressively older with increasing vertical distance to the weathering front (Taylor and Eggleton, 
2001). 

However, to make the descriptive aspect of studying weathering profiles in the field easier, Velde 

and Meunier (2001) divides the section of weathered rock in Figure 1 into three primary 
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weathering facies: the altered coherent rock, the saprock and the saprolite. The altered coherent 

rock still has the same structure as the fresh rock, but the onset of weathering has led to an 

accumulation of clays and weathered material in a few of the newly formed voids in the primary 

minerals. The original rock structure is also intact in the saprock, but dissolution of primary 

minerals (as well as the formation of joints/cracks) makes this constituent of the weathering profile 

more fragile (i.e. lowering of Young’s modulus) and more porous (10-20%). Finally, the saprolite is 

the part of the weathering profile where the original structure of the fresh rock is no longer 

recognizable, and the mechanical strength is comparable to that of unconsolidated rocks. Since 

both saprock and saprolite are friable materials and only the altered coherent rock maintains its 

structural integrity when sampled (Velde and Meunier, 2001), it should be possible to discriminate 

between the three different weathering profile facies in the field. 

 

Primary minerals in granites 

According to the felsic classification system for 

igneous rocks, a granite plots within field number 3 in 

the quartz-alkali feldspar-plagioclase-feltspathoid 

(abbreviabted QAPF) diagram in Figure 1.3.2 

(Streckeisen, 1974). The diagram shows that it is a 

lithology rich in quartz, alkali feldspar and plagioclase. 

In addition to these three felsic minerals, the primary 

mineralogical composition of granites vary and 

involves varying concentrations of other minerals such 

as hornblende, muscovite and biotite. The latter often 

plays a significant role in the formation of secondary 

minerals in granitic weathering profiles (Tardy et al., 

1973). 

 

 

 

 

Figure 1.3.2: Granites plot within panel 

number 3 in the QAPF diagram 

(Streckeisen, 1974). 
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Rate of weathering 

Tardy et al. (1973) compares the slow rate of chemical weathering (which includes dissolution and 

hydrolysis) to the much faster rate of erosion, and argues that chemical weathering seldom reaches 

its full potential. The solubility of the primary minerals and their resistance to chemical weathering 

vary significantly (Jackson et al., 1948). Hence, the rate of weathering also varies among the 

primary minerals, which leads to predictable sequences where secondary minerals appear in a 

specific order by progressive weathering (Tardy et al., 1973; Nesbitt and Young, 1982 and 1989). 

Examples of chemical weathering sequences for three common primary minerals found in granites 

(K-feldspar, biotite and plagioclase) that weather into clay minerals are shown in Figure 1.3.3. 

 

 

Figure 1.3.3: Progressive weathering of the primary minerals to the left, leads to sequences of clay-mineral 

formation. The arrows imply that the mineral to the right replaces the mineral to the left (Tardy et al., 

1973). 

 

Measuring the intensity of weathering 

The degree of weathering can be measured e.g. by using the CIA (chemical index of alteration) 

equation: 

CIA=[Al2O3/(Al2O3+CaO+Na2O+K2O)]*100, 

which was proposed by Nesbitt and Young (1982). The volume percentage of the common primary 

minerals versus CIA plot in Figure 1.3.4 gives an example of how the volume percentage of primary 

minerals in a granitic weathering profile from Stone Mountain, Georgia, USA, changes with 

progressive weathering. The figure shows that the volume fraction of quartz changes very little 
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within a CIA range of 50 to 85, while the plagioclase fraction decreases to the point where it 

completely disappears near CIA = 80. Biotite steadily decreases from CIA=50 and reaches 0 % at 

CIA=60. Unlike plagioclase, K-feldspar is present even in the most weathered part of the profile, 

implying that the rate of chemical weathering is slower for potassium feldspar than calcium and 

sodium plagioclase feldspar (Nesbitt and Young, 1989). Note how the degradation of plagioclase, 

biotite, and K-feldspar in Figure 1.3.4 leads to the formation of the clay minerals kaolinite and illite. 

 

 

Figure 1.3.4: The figure above plots the volume percentage of the primary minerals versus the 
chemical index of alteration for a weathering profile from Stone Mountain, Georgia, USA (Nesbitt 
and Young, 1989). Note how the different minerals weather at different rates. 

 

Other chemical weathering indices are available as well. The CIW (Chemical Index of Weathering), 

(100)[Al2O3/(Al2O3 +CaO +Na2O)], uses a similar1 equation as the CIA, but excludes K2O (Price and 

Velbel, 2003). More control over the plagioclase weathering can be achieved by the PIA 

(Plagioclase Index of Alteration), (100)[(Al2O3–K2O)/(Al2O3 + CaO +Na2O–K2O)] (Price and Velbel, 

2003). 

 

Environmental control on weathering 

Up until the branching point in the weathering sequences in Figure 1.3.3, the secondary minerals 

occur in a specific order, and reaching the next stage in the sequence requires additional 
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weathering (Tardy et al., 1973). The biotite weathering sequence branches off in two different 

directions, either weathering directly from biotite into montmorillonite or directly into vermiculite 

(see Figure 1.3.3). Since there are two possible outcomes, something else besides intensified 

chemical weathering must be driving the reactions. Studies on modern profiles by Tardy et al. 

(1973) and Nesbitt and Young (1989), show that the different reaction directions in the sequences 

are a product of environmental factors influencing the weathering processes. The significance of 

climatic conditions on weathering and the resulting secondary minerals that are formed are 

discussed in detail by Tardy et al. (1973) (see Figure 1.3.5).  

 

Figure 1.3.5: Weathering reaction trends based on climatic conditions have been observed for 
primary minerals in sandy saprolite (Tardy et al., 1973). 

It is difficult to relate the onset, duration and paleoclimate of the weathering, with the timing of 

deposition of allochtonous sediments to a pre-existing weathering profile (Schroeder et al., 1997). 
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2. Methodology 

 

2.1 Field work 

Systematic sampling of the Keystone and Sparta weathering sections, was carried out by PhD-

candidate Lars Riber (UiO) and professor Henning Dypvik (UiO) during a 2014 field trip to Georgia, 

USA, guided by professor Paul A. Schroeder (University of Georgia, Athens, Georgia). The 14 

samples collected from Keystone and 21 samples from Sparta represent all the different 

weathering facies constituents; the fresh rock, altered coherent rock, saprock and saprolite, and 

finally soil. Samples of corestones, clay veins and intrusive rocks were also collected. All the field 

data was made available for the author for further investigations in this master thesis project. This 

included rock samples, as well as sketches and photographs of key observations from both 

weathering sections. Field sketches were modified in Adobe Illustrator by the author. Because the 

author was not a part of the field work and sample acquisition, a more analytical approach to 

studying weathering sections was carried out in this master thesis. 

Classification of the degree of weathering for each sample was made during field work, based on a 

modified version of the W1-to-W5-classification scheme by the International Society of Rock 

Mechanics (ISRM, 1978): 

- W1 (fresh): 

o No observable evidence of material alteration. 

- W2 (slightly altered): 

o Surfaces show signs of discoloration 

- W3 (moderately altered) 

o <50 % of the rock material is decomposed 

- W4 (highly altered) 

o >50 % of the rock material is decomposed 

- W5 (completely altered) 

o All the rock material is completely decomposed, but the original structure of the 

rock is largely preserved. 
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Samples 

The estimated degree of weathering that was determined during fieldwork from Keystone and 

Sparta samples are presented in Tables 2.1 and 2.2. When applicable, the weathering facies are 

assigned to the different samples. 

 

Table 2.1: The analyzed Keystone weathering section samples are listed in the table below. Weathering 

facies and the degree of weathering based on observations during field work are assigned to each sample. 

Sample 
Weathering facies 

Special 
remarks 

K14 Soil E-horizon 

K13 Soil B-horizon 

K12 Soil B-horizon 

K11 Saprolite W5 

K10 Saprolite W5/4 

K9 Saprolite W5 

K8 Diabase intrusion W5 

K7 Saprock W3 

K6 Saprock W3/4 

K5 

Exfoliation shell of a 
corestone (in the 
saprock) W4/5 

K4 Saprock  W3/4 

K3 
Fresh/altered coherent 
rock W3 

K2 
Fresh/altered coherent 
rock W3 

K1 
Fresh/altered coherent 
rock W1 
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Table 2.2: The table shows the samples analyzed from Sparta weathering section. Weathering facies and 

the degree of weathering based on observations during field work are assigned to each sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Weathering facies 
Special 
remarks 

S21 Soil BA-horizon 
S20 Soil BA-horizon 
S19 Saprolite W5 
S18 Saprolite W5 
S17 Saprolite W5 

S16 Saprolite W5 
S15 Clay vein - 

S14 Saprolite W5 
S13 Saprolite W5 
S12 Saprolite W5 
S11 Saprolite W5 

S10 
Saprock-Saprolite 
boundary W5 

S9 
Saprock-Saprolite 
boundary W5 

S8 

Middle part of a 
corestone (in the 
saprock) W2 

S7 

Exfoliation shell of a 
corestone (in the 
saprock) W3 

S6 
Inner part of a corestone 
(in the saprock) W1/2 

S5 

Middle part of a 
corestone (in the 
saprock) W2 

S4 
Exfoliation shell of a 
corestone W3 

S3 
Fresh/altered coherent 
rock- saprock boundary W5 

S2 
Top of the fresh/altered 
coherent rock W2 

S1 
Fresh/altered coherent 
rock W1 
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2.2  Mineralogy and petrology 

The petrology and mineralogy of a total of 35 samples mounted on thin sections, one for each of the Keystone 

and Sparta samples, were analyzed by optical microscopy. Key samples from both weathering sections were 

analyzed further by the use of scanning electron microscopy (SEM) and electron microprobe (EMP) analysis. 

Several hand-picked >2 µm-mineral grains were mounted on stubs and analyzed by SEM. These grains 

represent the residual material that remained in the glass beakers that were used during the clay-XRD sample-

preparation process (see section 2.3.2). 

 

Optical microscopy 

Thin-section preparation of 14 Keystone-section samples and 11 Sparta-section samples was done at the 

Department of Geosciences, UiO, by Salahalladin Akhavan. After impregnation with blue epoxy, a rock sample 

was glued onto a clear glass slide (2.5cm*4.5cm), and it was polished to a thickness of 30µm. 

The petrographic microscope used to study the thin sections was a Nikon Optiphot-Pol. Optical mircroscopy of 

the thin sections was primarily used to investigate the effects and trends of weathering of primary minerals. 

This was done by comparing the texture of the rock samples, the decomposition of primary minerals and the 

formation of porosity and secondary clay minerals. Thin sections provide visual evidence of alteration. The 

samples of a weathering section were compare relative to the other samples in the same section. Starting at 

the bottom at the profile and progressively investigating samples higher up in the section is a systematic way 

of identifying the evolution of weathering, and it is a good way to identify discontinuities in a weathering 

section.  

Another useful application of optical microscopy of thin sections is to classify the lithology of the fresh parent 

rock in a standard QAP (Quartz-Alkali feldspar-Plagioclase) diagram (see Figures 1.3.2 and 3.1), based on the 

classic Streckeisen (1974) classification diagram for plutonic rocks. This was achieved by point counting the 

thin sections representing the freshest, least altered rock samples of both weathering sections. 

During point counting of a thin section, the goal is to get a statistical estimate of the mineral composition in a 

sample. This was achieved by counting 400 points of a thin section, using a Swift point counter that was 

mounted on to the rotating stage of the petrographic microscope. The amounts of mono- and polycrystalline 

quartz, plagioclase, K-feldspar, biotite, sphene, Fe-oxides/hydroxides, clay and porosity were counted. The 

primary minerals that are prone to chemical weathering (plagioclase, K-feldspar and biotite mica) were 

divided into subcategories based on signs of alteration. 
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From Tables 2.1 and 2.2 it is clear that only a few samples represent the fresh parent rock in the two 

weathering profiles. Thus, point-counting was only carried out for the freshest samples, since highly 

weathered samples from higher up in the weathering section do not have the same mineral composition as 

the parent lithology. 

 

Scanning electron microscopy (SEM) 

Once the thin-section samples had been evaluated by the means of optical microscopy, selected thin-sections 

from both profiles were coated with carbon and studied further in the scanning electron microscope (SEM), 

using back-scattering electron images (BEI). Obtaining morphological and chemical information of authigenic 

secondary clay minerals, as well as weathering characteristics of the primary minerals were of particular 

interest during this study. Gold-coated stubs with hand-picked mineral grains were analyzed with secondary 

electron images (SEI). The SEM-tool at the Department of Geosciences, UiO, that was used to analyze the 

samples was a JEOL JSM-6460LV, with a LINK INCA Energy 300 (EDS). Berit Løken Berg (UiO) coated the 

samples and provided guidance during the SEM analysis process. 

 

Electron microprobe (EMP) 

Detailed element compositions of different grains of plagioclase, biotite and kaolin from selected Keystone 

thin-sections were acquired from an electron microprobe (EMP) analysis. The samples were analyzed at the 

Department of Geosciences, guided by Muriel Marie Laure Erambert. The EMP-tool used was a Cameca SX 

100 instrument fitted with I=10 nA beam current and 15 kV accelerating voltage. The Na-Ca-K composition of 

plagioclase wasthe target of the EMP analysis in this thesis. 

 

X-ray diffractometry (XRD) 

X-ray powder diffraction (abbreviated XRD) was used to analyze the mineralogical composition of the 

Keystone and Sparta samples. Bulk rock samples and clay-fraction samples were analyzed using XRD. The XRD 

method can provide qualitative and quantitative compositional information about a crystalline sample, and is 

thus an invaluable analytical technique in the study of weathering sections. Each mineral possesses a unique 

crystal property called the unit cell that has a corresponding d-value, which is the distance between the 

mineral lattice’s individual atomic sheets (presented in Ångström; 1Å=10-10m). In an XRD analysis, a powder 

sample is exposed to a continuous stream of X-ray particles, and the diffraction pattern of the minerals that 

are present is recorded in terms of d-values or 2θ (where θ is the diffraction angle in Bragg’s equation). The 
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XRD data is presented in diffractograms, where the x-axis represents the d-value or 2θ and the y-axis indicates 

the number of counts of each phase. 

The samples were prepared and analyzed at the Department of Geosciences at the University of Oslo, using a 

Bruker D8 advanced (40kV and 40mA) diffractometer, with a Lynxeye XE High-Resolution Energy Dispersive 1D 

Detector with CuKα radiation attatched. 

Both bulk- and clay-mineralogical XRD analyzes were carried out for the samples of both weathering sections. 

One of the greatest strengths of XRD lies in its ability to identify fine-grained minerals in a rock that are 

difficult to identify by the means of traditional thin-section optical microscopy. Clay minerals (<2µm by 

definition) fall into this category, and their identification is essential in the study of weathering sections. 

 

Bulk X-ray diffractometry 

Bulk XRD preparation 

Preparing rock- or sediment samples for a bulk XRD analysis involved using a slinging mill to ground the 

material into a powder with a grain size of  ~100-200 µm (but grains with grain sizes up to 500 µm may also be 

present). To ensure that each powderized sample was free of contaminations, all the critical components of 

slinging mill that were in contact with the sample were cleaned with ethanol.  

The last step in the grain-size reduction process was to use a McCrone micronizer, which reduces the grain 

size of the powder down to <10µm. 3.5g of the powder from the slinging-mill was inserted into a small 

cylindrical container which contained 48 loose pieces of cylindrically-shaped agate. Ethanol (8 ml) was added 

to the container before the container (with a plastic lid on top) was placed in the McCrone machine. The 

micronizing process was left running for 12 minutes, before the grinded material was extracted from the 

container by flushing with ethanol. The suspended, micronized material was stored in a plastic cup. To get rid 

of the moisture, the sample was left to dry in an oven at 40-50 °C until the next day. The cylindrical container 

along with the agate pieces were cleaned with water and ethanol between each subsequent micronization 

run to prevent sample contamination. 

The micronized rock powder was carefully front-loaded into a plastic holder that was analyzed in the 

diffractometer, to get as close as possible to a 100% randomly oriented powder sample. However, it is 

impossible to achieve a completely randomly oriented sample when the loading technique involves contact 

between the sample and a glass plate to get an even surface. No matter how carefully the person who 

prepares the sample presses the glass plate down on the powder, the contact will inevitably lead to an 

artificially induced preferred orientation in the upper part of the sample. This is very unfortunate, since it is 



 

21 

 

the upper part of the sample that is most heavily bombarded by X-rays in the diffractometer. Minerals that 

have platy crystal habits, like mica, are especially prone to be oriented. The effects of preferred orientation 

was evident in several of the Keystone and Sparta section XRD samples. Preferred orientation of these 

samples manifested itself in over-exaggerated intensities for their 10 Å peak in the diffractograms. The granitic 

samples from Keystone and Sparta are rich in accessory biotite, and this problem became significant. Since the 

goal was to get reliable semi-quantitative bulk-XRD estimates of the samples, this problem could not be 

ignored (see the Quantitative bulk-XRD analysis). 

  

Qualitative bulk-XRD analysis 

The XRD-data was evaluated in the DIFFRAC.EVA (abbreviated EVA) software module of the DIFFRAC.SUITE. 

The EVA module provides an interactive working environment, where it is possible to match phases with 

entries listed in large databases, based on the d-value of the specific phase. This makes it possible to map the 

mineral composition of the samples. In this thesis, the database called PDF (Powder Diffraction File) 2002 by 

the ICDD (International Center for Diffraction Data) was used as a reference in EVA in the mineral-

identification process.  

The d-values used to identify the different minerals detected in each sample are presented in Table 2.3. Note 

that kaolinite is identified from the 002 peak (at 3.58 Å) and not the more intensive 001 peak (at 7.15 Å). This 

is because that the 002 peak of chlorite (at 7.10 Å) overlaps the 001 peak of kaolinite. 

Table 2.3: List of the d-values that were used in the qualitative bulk-XRD analysis to identify the presence of a 

specific mineral. 

Mineral d-value (Å) Reflection 

Mica/illite 10 001 

Hornblede 8.4 001 

Kaolinite  3.58 002 

Gibbsite 4.85 002 

Quartz 4.26 100 

Titanite 2.89 002 

Microcline 3.25 20 

Plagioclase 3.19 002 

Rutile 1.68 211 

Goethite 4.18 110 
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Quantitative bulk-XRD analysis 

Once all the identifiable mineral phases of the different samples had been mapped, semi-

quantification was carried out by using the XRD-software Profex 3.4.0 (by Nicola Döbelin). An 

earlier attempt to quantify the samples was done using the Siroquant 4 software, but the results 

were not satisfactory due to the preferred-orientation problems related to the 10Å-phase and 

other technical problems. The Rietveld refinement software Profex was presented as a good 

alternative to Siroquant by Maarten Aerts, 

It was possible to model the experimental diffractograms of the Keystone and Sparta weathering 

section samples with satisfactory accuracy by using the Profex software. The software allows for 

the correction of (among other things) peak position, peak intensity issues, preferred orientation 

and erroneous width of peaks due to crystallite size and/or unit cell deformities (Profex, 2015).  

Getting a good fit between the calculated model and the experimental powder X-ray diffraction 

data can be a time-consuming and, at times difficult, process. The quality of the results is limited by 

several factors. First, excellent-quality data is required to get excellent results. This points back to 

the sample-preparation process. Spending time tweaking peak parameters in Promax gave a better 

fit, but it was difficult to know when the results were good enough 

 

Clay X-ray diffractometry 

Clay-XRD preparation 

In the sample preparation stage of a clay-fraction XRD analysis, the goal is to extract only the clay-

fraction of the sample and to get rid of coarser grain sizes. It is important to remember that in the 

field of geology, the term clay refers to a material that is <=2 µm. This means that any material or 

mineral that is of a grain-size <2 µm fall into the clay category. Thus, it is important to avoid grain-

size reduction of primary minerals down to the clay fraction. Otherwise, the difference between a 

bulk- and clay-XRD analysis would not be that significant. On the other hand, it is also important to 

get as much clay as possible from the sample for the analysis.  

For larger lithified samples, a hammer was used to crack the rock into smaller pieces in order to get 

more clay from the pores inside the rock for the analysis. This is especially useful for the freshest 
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samples that have a very low clay-mineral content. For each individual sample, small pieces of rock 

(a few mm in diameter) or sediment was poured into a cylindrical glass beaker which was filled with 

diluted (0.125 g L-1 ) sodium carbonate ( pH 10 Na2CO3)  to help separate each individual particle 

from another. While the basal surfaces of phyllosilicates are negatively charged, the charge on the 

edges varies. Increasing the pH of a solution that contains phyllosilicates (like clays) results in a 

negative charge also at the edges of the mineral (Deng et al., 2009). Because of this, electrostatic 

repulsion prevents flocculation of grains in solution. 

After heavy stirring with a glass rod, the glass beaker was placed in an ultrasonic transistor 

(Bandelin Sonorex RK 102) for 10 minutes to further help avoid particle flocculation. The sample 

was then stirred one last time before being left to settle for 6 hours, allowing gravity to separate 

the particles in suspension (after the settling principles of Stoke’s law). After gravity separation, the 

clay fraction (<2 µm) was extracted from the liquid above the 8 lowermost mL of the glass beaker 

by siphoning it out with a plastic hose and storing it into a plastic container. 

Filtering the clay in suspension using the Millipore vacuum method described by Moore and 

Reynolds (1997) made it possible to get the clay to stick to a piece of filter paper. A Satorius Stedin 

nitrate cellulose filter paper (0.45 µm pore size) was used, and then the clay that had accumulated 

on the paper filter was transferred to a thin, circular glass plate. Before the samples were ready to 

be analyzed in the Bruker diffractometer, they needed to be transferred over to aluminum holders. 

The resulting clay aggregates are oriented samples, which means that the 001 peak of the clay 

minerals present is exaggerated. 

In order to be able to distinguish clay minerals with overlapping diffraction patterns from one 

another, each sample was analyzed four times under different conditions. First in the air-dried 

state, similar to the bulk-XRD samples. Handling all the samples and running them in the Bruker 

diffractometer was carried out by Maarten Aerts, Lars Riber and the author. 

After the air-dried batch was done, the clay aggregates were hydrated inside a desiccator for 24 

hours by ethylene glycol vapor then analyzed in the diffractometer. This makes it possible to 

identify smectitic clays, since the 001 reflection expands to higher d-spacings when ethylene glycol, 

in addition to adsorbed water (Szczerba et al., 2014), is incorporated in the interlayer space in the 

structural unit. This is a reversible process, so the samples need to be analyzed soon after they are 

taken out of the desiccator. 
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Each sample was then left in the oven for one hour at 350 °C before they were analyzed once 

more. Finally, all samples were heated to 550 °C for another hour before being analyzed again. 

Some of the clay aggregates experienced flaking after the final heat treatment. This means that the 

clay-free parts of the glass plate also get bombarded by X-rays during the XRD analysis. The result 

of this is an amorphous background in the diffractogram that in the worst-case scenario makes 

interpretation very difficult. The effect of the amorphous background was not a problem during 

interpretation of the samples that were affected by flaking. 

 

 Qualitative clay-XRD analysis 

Investigating the clay-mineral content of a sample involved loading the four experimental 

diffractograms for each individual sample into the same DIFFRAC.EVA window and assigning each of 

the graphs a different color. The position of the d-spacing and the intensity of the 001 reflections 

were compared for the diffractograms of the different treatments. The identification scheme used 

to identify the different clay minerals found in the Keystone and Sparta samples followed that of 

the USGS Clay Mineral Identification Flow Diagram (Poppe et al., 2001), as well as the identification 

procedures for clay minerals listed in Moore and Reynolds (1997). 

 

Quantitative clay-XRD analysis 

After the clay-fraction minerals in a sample had been identified, the experimental diffractogram for 

the ethylene glycol-treated sample was opened in the clay-XRD quantification software NewMod II. 

See Table 2.4 for a complete list of the d-values that were used to model the EG-treated sample 

diffraction patterns. The software allows the user to model the diffraction pattern of a mineral, 

where the goal is to make the modelled clay-mineral pattern coincide with the experimental 

pattern. The clay mineral that the interpreter wants to model can be selected from a drop-down 

list, and it is possible to mix two clay minerals together, which makes modelling of mixed-layered 

clays possible. Once a good match has been achieved between the modelled diffraction pattern 

and the experimental pattern of a mineral, the modelled data was saved in a separate file (in the xy 

and txt format). This process was repeated until a model had been created for all the clay-mineral 

phases in the experimental file. Finally, to get the relative weight percent of each of the clay 
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minerals in the sample, the modelled patterns were loaded into the Newmod II program and were 

mixed together to form a complete model of the experimental diffractogram. 

Quantities of gibbsite was detected in the clay-fraction XRD data in both weathering sections. 

Newmod II does not have a separate diffraction pattern model for gibbsite, so the author decided 

to model gibbsite as a pure kaolinite with a d(001)-value of 4.85Å. It was necessary to include the 

quantities of gibbsite, since it forms as a result of chemical weathering. The author recommends 

that gibbsite should be included as a mineral in the drop-down list in upcoming versions of 

NewMod. 

It is difficult to model disordered kaolinite and halloysite in Newmod II. An asymmetry of the 

d(001)-reflection exists in many of the samples from both the Keystone and Sparta weathering 

sections. This reflection could be the result of more than one phase present at around 7Å. In this 

thesis, peaks around 7.1Å in the EG-treated samples are modelled as kaolinites, but are labeled 

kaolin. Kaolin is here used as a broad term, including ordered kaolinite, disordered kaolinite and 

halloysite.  

Table 2.4: The ethylene glycol-treated d(001)-values that were used to model the diffraction patterns of the 

clay minerals that were identified in this project in Newmod II is listed below. 

Mineral 
d(001) in the EG-
sample d(001)-behavior when heat-treated 

Gibbsite 4.85 Destroyed at 350 °C 

Kaolin 7.15 Destroyed at 550 °C 

Mica 10 No change 
Mica-
vermiculite 11.8 

Collapses to a sharp 10Å peak when 
heat-treated 

Mica-smectite 15 Collapses to 10Å when heat-treated 

Vermiculite 14 
Collapses to a sharp 10Å peak when 

heat-treated to 350 °C 
HIV (hydroxyl-
interlayered 
vermiculite) 11.8 

Collapses into a broad 10Å-centered 
peak when heat-treated 

Chlorite 14 

No change when heat-treated to 350 
°C. Intensity increase when heated to 

550 °C 

Smectite 16.9 Collapses to 10Å  
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Major element X-ray fluorescence (XRF) analysis 

The bulk chemical composition of selected rock samples from the Keystone section was analyzed 

by the means of a major element X-ray fluorescence (XRF) analysis. The goal of the preparation 

process was to make a fused glass bead to represent a rock sample, so that the rock material is 

homogeneously distributed throughout the glass. 

First, >1 g of the micronized material that was prepared in the bulk-XRD analysis was put into an 

Al2O3-crucible and left in the oven at a temperature of 150 °C for 24 hours. This was done to get rid 

of any moisture in the sample. Heating leads to a loss of H2O and CO2. 

The sample was taken out of the oven and was carefully weighed before being placed in a Carbolite 

furnace at 1050 °C for over an hour. At this temperature all of elements will be oxidized. After 

taking the crucible out of the oven, it was placed in a desiccator as soon as the temperature had 

dropped a little. This prevent contamination and re-absorption of moisture and CO2 in the sample. 

The loss on ignition (LOI) was calculated based on the weight of the sample before and after being 

heated in the Carbolite furnace. Organic matter and other volatile compounds are lost at these high 

temperatures, resulting in a concentration of the other non-volatile elements in the sample. So it is 

important to be able to calculate back to the original concentration of each element. This scaling 

factor is called the loss on ignition. 

The next step was to dilute the sample material by mixing it with a low-melting point temperature 

material called a flux (lithium tertaborat). Exactly 6.0000 g of flux was added to a platinum crucible. 

Finally, 0.6000 g of the rock sample material was added to the platinum crucible, to ensure a 10:1 

flux-sample ratio. The platinum crucible was placed in a completely automatic PANalytical fusion 

instrument, which produces glass used in the XRF analysis. The flux and the rock powder were 

distributed homogeneously in the molten liquid produced in the oven. After 15 minutes in the 

PANalytical oven at a temperature of 1200 °C, the sample is automatically poured into a platinum 

dish that, when cooled, produces a disc-shaped piece of glass. The quality of the glass was 

evaluated before cleaning the dish and crucible. If the glass was completely homogeneous, with no 

regions of higher concentrations of rock powder, the sample was ready to be analyzed in the XRF-

spectrometer. The samples were analyzed using the PANalytical AxiosmAX-minerals XRF-

spectrometer at the Department of Geosciences, UiO, by Maarten Aerts. 
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The major element data is presented in terms of weight % of oxides. The data from the XRF-

spectrometer was provided in an Microsoft Office Excel spreadsheet. The concentrations of the 

oxides were calculated back to their original concentrations by scaling the values by each sample’s 

LOI-value: 

 

 

A useful application of the XRF-spectroscopy in the study of weathering sections is that it is possible 

to calculate the degree of weathering in a sample from weathering-intensity indices (see chapter 

1.3 for a more details). 
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3. Results 

The petrology and mineralogy of the Elberton and Sparta granites were studied in detail by optical 

microscopy, scanning electron microscopy (SEM) and electron microprobe (EMP) analysis. In 

addition, X-ray powder diffraction (XRD) was used to obtain qualitative and quantitative 

mineralogical data for both the bulk and clay fraction of the weathering section samples. The bulk 

chemical composition of the samples was obtained by X-ray fluorescence (XRF) analyzes. The 

results of these analyzes are presented in this section. 

3.1 Petrology and mineralogy – Optical microscopy and SEM 

 

Figure 3.1: According to the QAP (quartz – alkali-feldspar – plagioclase) diagram, the Elberton Granite from 

the Keystone locality and the Sparta Granite plot as monzogranites. Point counting of three relatively fresh 

samples from the Keystone weathering section, K1-K3, as well as Sparta weathering section samples S1-S2, 

reveals that the mineralogical composition of the bedrock is fairly homogeneous with regards to the 

granitic rock-forming minerals quartz, K-feldspar and plagioclase. The amount of plagioclase is significantly 

larger than K-feldspar (and in most of these samples also exceeds the amount of quartz). 
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The data in Table 3.1 represents the point counting results for some of the freshest granite samples 

in the Keystone and Sparta weathering sections. Based on those results, selected samples from 

both locations were plotted in a QAP (quartz – alkali-feldspar – plagioclase) diagram; the 

Streckeisen (1974) classification diagram for igneous rocks. The Keystone samples K1-K3 all plot 

within the monzogranite (i.e. biotite granite) field, and so does Sparta samples S1-S2. The presence 

of biotite was confirmed in hand specimens of the protoliths, from optical microscopy (see Table 

3.1 and Figure 3.3). The point counting revealed that the plagioclase content is significantly higher 

than the K-feldspar content in these samples, and commonly higher than the quartz content. Based 

on these results, the composition of both parent rocks appear to be mineralogically homogeneous. 

 

Table 3.1: The point-counting results from selected Keystone and Sparta thin-section samples are presented 

below in percent. 

Sample Quartz Plagioclase K-feldspar Biotite Sphene 
Hematite/ 
goethite Porosity 

K1  28 % 36 % 26 % 9 % 1 % 0 % 0 % 
K2 32 % 36 % 23 % 8 % 1 % 0 % 1 % 
K3 34 % 27 % 20 % 13 % 3 % 0 % 3 % 
K4 32 % 35 % 26 % 3 % 0 % 0 % 4 % 
S1 35 % 31 % 24 % 8 % 1 % 0 % 1 % 
S2 29 % 33 % 23 % 6 % 0 % 3 % 6 % 
S6 17 % 45 % 19 % 14 % 0 % 1 % 4 % 
 

Mineralogical description 

A total of 35 weathering-section samples, 14 from Keystone and 21 from Sparta, were made into 

thin sections, and was analyzed with emphasis on the effects of chemical weathering. Samples 

which exhibit the same degree of weathering and share many of the same petrological and 

mineralogical characteristics are grouped together and presented as a weathering environment. 

The weathering degree of the primary minerals plagioclase and biotite were to a large degree the 

basis for cataloguing the different thin-section samples into weathering environment. This is 

because these minerals are prone to alteration when subjected to chemical weathering, and 

provide visual evidence of weathering that can easily be identified by optical microscopy of thin 

sections. 
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Dividing the samples into weathering facies 

In the Keystone weathering section, the mineralogy of the fresh granite is dominated by the felsic 

rock-forming minerals plagioclase>quartz >K-feldspar, with significant amounts of biotite, and 

accessory titanite (or sphene). The mineralogical composition of the freshest sample of the Sparta 

section is very similar to that of the Elberton granite from Keystone and it has the same 

compositional hierarchy as that of Keystone (see Table 3.1). 

Based on detailed thin-section observations, the weathering-section samples were divided into the 

following weathering facies: 

 

Weathering facies I – Fresh to altered coherent rock 

The freshest samples in the Keystone and Sparta weathering sections, samples K1-K3 and S1, 

exhibit no, or very subtle signs, of chemical alteration of the primary minerals in granite. The 

samples in weathering facies I (WFI) are coherent and retain the rock texture of the parent rock, 

and range from fresh rock to altered coherent rock. Cracks are present in both weathering sections, 

but they are more pronounced in the Sparta section, which leads to higher porosities and 

potentially more effective chemical weathering due to exposure of a larger mineral surface area to 

the percolating meteoric water. 

The quartz grains subjected to this weathering facies show no visual signs of weathering. Minor 

inclusions of very fine-grained sericite are present in some of the quartz grains. When present, 

sericite commonly occurs as scattered inclusions in the inner part of the minerals.  

Much like quartz, K-feldspar in this facies mostly appears unaffected by chemical weathering 

processes, and several grains show evidence of minor sericitization localized in small rounded blobs 

that appear to occur randomly across K-feldspar grains (see Figure 3.3 A). 

Plagioclase grains are moderately to heavily sericitized, and a few grains show signs of dissolution 

of sericite, creating secondary porosity. Thus, the porosity is marginally higher than a completely 

fresh granite. Plagioclase and vermicular quartz are sometimes found together in intergrowth 

structures called myrmekites that appear sporadically in all the WEI samples (see Figure 3.2 B). 



 

31 

 

 

Figure 3.2: A) BSE (back-scatter electron) photo of sample K3 showing early signs of precipitation of 

kaolinite from plagioclase in weathering facies I. The Fe-mineral (marked Fe) is likely hematite or goethite. 

B) Xpl image of sample K3. The inner region of the plagioclase grain is sericitized. Myrmekite intergrowths 

of plagioclase and vermicular quartz are a common feature in the Keystone and Sparta samples of WFI. 

 

In samples K1 and S1, biotite grains display the characteristic parallel layering along the direction of 

cleavage (001). Biotite grains in weathering facies I range from light brown and fresh to greenish, 

chloritized grains under cross-polarized light (abbreviated xpl), and the grains that exhibit the most 

intense degree of weathering have an undulating layering along the 001-cleavage direction. 

Greenish-colored biotite grains are rare in these samples. While most of the biotite grains found in 

weathering facies I display parallel laminae, early signs of fan-shaped laminae is present at the 

edges of some grains (see the secondary electron image (SEI) in Figure 3.3 B). But there are no signs 

of precipitation of secondary clay between individual layers or around the periphery of the biotite 

grains during the optical microscope or from SEM analysis (see Figure 3.3). Signs of radiation 

damage in biotite (called radiohalos) was observed in many grains. 

The small amounts of kaolinite found in this weathering environment appears to be associated with 

the early stages of plagioclase weathering, and is accumulated within newly formed voids in 

plagioclase grains (see sample K3 in Figure 3.2 A). Both booklet-structured and randomly oriented 

kaolinite are present in sample K3. It is important to stress the fact that very little kaolinite was 

been observed in the Keystone samples of WFI, and identification of kaolinite is based on SEM 

analysis. No SEM analysis of the Sparta section sample of WFI (S1) was carried out due to the time-

constraints of the master thesis. Observation of minor amounts of smectite was made inside pores 

in the core of plagioclase grains. 
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Figure 3.3: A) Xpl image of sample K1 of WFI, showing parallel-laminae biotite with adjacent fresh K-

feldspar, quartz and myrmekite. B) SEI (secondary electron image) of a handpicked biotite grain from 

sample K3 of WFI. In some regions, the parallel laminae of the biotite grain transits into fan-shaped laminae 

at the edges of the biotite grain, but without the presence of secondary clay in between the individual 

layers. 

 

Weathering facies II – Saprock 

The altered coherent rock from weathering facies I transits into a more friable volume of rock; the 

saprock. The saprock interval in the Sparta section is much more influenced by tiny cracks than the 

Keystone saprock. Consequently, based on thin-section observations, the secondary porosity in this 

part of the weathering section appears higher in the Sparta section relative to Keystone, and the 

dissolution of plagioclase is more advanced in the Sparta profile. The samples of the WFII category 

are K4-K7 from the Keystone section, and sample S3 from Sparta, which was taken at the boundary 

between altered-coherent rock and the more weathered saprock. Samples S4-S8 were collected 

from corestones in the saprock interval, but display different weathering traits than the saprock in 

the Keystone section. 

The central regions of the plagioclase grains are commonly completely dissolved, and very little 

precipitation of secondary clay minerals have been during optical microscopy of the saprock 

samples. Minor amounts of clay appears to have been precipitated from plagioclase in sample K7 

(see Figure 3.4 A). Most of the sericite inclusions which were present in plagioclase, K-feldspar and 

quartz grains in the altered coherent rock have been completely dissolved, and what remains are 
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the geometric imprints of the dissolved grains. The 2D-porosity and permeability is significantly 

higher in the parts of the thin sections where different dissolved plagioclase and biotite grains form 

a network which is connected through adjacent cracks. 

Although the sericite inclusions inside K-feldspar grains have been dissolved, the K-feldspar mineral 

grains themselves are still intact. It appears that chemical weathering at this intensity mainly 

affected plagioclase feldspar, and that weathering of potassium feldspar required a higher 

weathering intensity or different weathering conditions. The many cracks that run across the 

saprock samples from the Sparta profile have no noticeable effect on the degree of weathering of 

K-feldspar, but much of the plagioclase in sample S3 (that is severely influenced by cracks) has been 

dissolved, and significant amounts of white-colored clay was observed in the newly formed voids 

within plagioclase grains. 

 

Figure 3.4: Typical weathering characteristics of plagioclase in weathering facies II (WFII/saprock) are 

shown in the images above. The images are of Keystone sample K7. A) Optical microscope photo showing a 

large partly dissolved plagioclase grain that shows signs of precipitation of clay in the newly formed voids. 

The biotite grains are greenish- to dark brown with a diffuse or undulating texture. Quartz grains appear to 

be unaffected by weathering. B) BSE (back-scatter electron) photo showing a weathered plagioclase grain, 

and biotite that still remains fresh. Sphene (Sph) with inclusions of biotite lies adjacent to a fresh grain of K-

feldspar. 

 

Biotite grains in WFII are commonly greenish or dark brown in color and the texture is commonly 

undulating or diffuse. Several biotite grains in sample K7 display early signs of chemical weathering 

between individual biotite layers parallel to the 001-cleavage direction, and precipitated kaolinite 
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between the layers (see Figure 3.5). In the K7 sample, this feature is most pronounced at the edges 

of the biotite grains, and it is easily recognized by the characteristic fringed edges of biotite grain. 

Significant precipitation of secondary kaolinite from biotite grains first occur in WEII, and it is a 

common feature in most biotite grains in the saprock thin sections. Note some biotite grains are 

still unaffected by chemical weathering processes, and still maintain a parallel-laminae texture 

throughout the grain (see Figure 3.4 B).  

 

Figure 3.5: Chemical weathering of biotite is evident from the BSE (back-scatter electron) photo of sample 

K7 in weathering facies II (saprock). Bio=biotite, Plag=plagioclase. Note how the fresh, parallel laminae of 

the grain transit into wavy, non-parallel laminae at the fringes of the grain due to precipitation of 

secondary kaolin between the cleavage planes of the biotite grain. Kaolin appears as a massive material, 

and no booklet-shaped kaolin is observed in sample K7. The plagioclase grain is partly dissolved, but has no 

clay in the newly formed voids. 

 

Weathering facies III – Saprolite 

The thin section samples that belong to weathering facies III (WFIII) are friable rock samples where 

the original parent rock texture is no longer preserved. This is the weathering environment where 

the effect of chemical weathering on the granites is most visually striking. In the Keystone and 

Sparta weathering sections, the saprock transits into a saprolitic interval where all plagioclase 

grains are strongly (and in some samples almost completely) dissolved and significant amounts of 

kaolin has precipitated out of the resulting solution. Intensive dissolution of primary minerals has  
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led to a reduction in the bulk density of the saprolite samples relative to samples of WFI and WFII. 

Thus, the porosity is also much higher in the saprolitic interval of the two weathering sections than 

in the saprock and fresh- and altered coherent rock intervals. The friable nature of the saprolite can 

be seen in the thin-section photos of sample K9 in Figure 3.6, where individual grains (in most 

cases) are no longer in contact with other grains. 

The plagioclase content is dramatically lower in WFIII compared to WFI and WFII. Few plagioclase 

grains are found, and those present are severely dissolved and appear to have precipitated clay 

inside cracks and voids in the grain. 

Biotite grains have been subjected to severe opening of laminae, due to precipitation of secondary 

clay between the 001-cleavage planes (see Figure 3.6). The effect of chemical weathering of biotite 

gradually intensifies upwards in the saprolitic interval. Consequently, biotite is progressively 

transformed to clay upward in the saprolitic interval of WFIII (for quantitative data, see the results 

of the bulk-XRD analyzes in Appendix 1). Weathered biotite from the lowermost part of the 

saprolite (sample K9) still resemble the parent mineral, while remnants of biotite in the upper part 

of the saprolite hardly resemble biotite at all. 

A major difference between the Keystone and Sparta weathering profiles is the fact that K-feldspar 

seems very resistant to chemical weathering in the Keystone section, but is strongly affected by 

weathering in the Sparta saprolite. 

 Although quartz grains are commonly cracked, they appear to be inert under the reigning chemical 

weathering conditions (see Figure 3.6). 

Three different morphologies of kaolin were observed in the saprolite interval in the Keystone and 

Sparta sections. The SEM photographs taken from the S10 thin section in Figure 3.7 A) and B) show 

two distinct types of kaolin: a massive, extremely fine-grained variety of kaolin as well as platy 

kaolinite booklets.  
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Figure 3.6: The pictures above (taken from Keystone sample K9) show a typical biotite grain from 

weathering facies III (WFII/saprolite). A) Optical microscope photo showing a weathered biotite grain with 

large amounts of precipitated clay in between the layers. B) The BSE (back-scatter electron) reveals fine 

details of the texture of the biotite grain. Note how the laminae are fairly parallel in the central regions of 

the grain and non-parallel, wavy at the fringes. The SEM analysis revealed that most of the clay was kaolin, 

but smaller pockets of gibbsite also occur. Kaolin is also associated with weathering of plagioclase. 

 

Tubular halloysite was identified in Keystone sample K9, which is the lowermost saprolite sample in 

this weathering section (see Figure 3.7 C and D). Since the SEM-analysis gives a similar chemical 

composition for kaolinite and halloysite, identification of halloysite was based solely on the 

morphology of the crystals. Halloysite covers the primary minerals in the sample. 
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Figure 3.7: Based on morphological SEM studies, at least three different types of kaolin are recognized in 

the saprolitic interval of the Sparta and Keystone samples in weathering facies III (WFIII); massive kaolin, 

kaolinite booklets and halloysite. A and B are BSE images and C and D are SEI images. A) Sparta sample S10 

contains both booklet-type kaolinite and massive kaolinite. B) Sample S10: Massive kaolin adjacent to a K-

feldspar grain with evidence of chemical weathering. C-D) Tubular halloysite was observed in saprolite 

sample K9 of the Keystone section. 

 

Weathering facies IV – Soil 

The saprolitic interval in WFIII is capped by a thin layer of soil, here denoted as weathering facies IV 

(WFIV), which is the most heavily weathered interval in both profiles. This interval extends all the 

way up to the subaerially-exposed surface of the weathering profile, and thus represents the 
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weathering environment that experiences the most intense influence of percolating meteoric 

water. This part of the weathering section is affected by biological activity (e.g. roots), which can 

displace grains away from the in situ position they had in the protolith. Due to the exposure to the 

surface, allochtonous mineral grains may also be present in this interval. This makes interpretation 

of this interval more difficult, especially concerning any possible continued weathering trend from 

the saprolite stratigraphically below. 

In the Keystone section, the weathering-resistant mineral quartz and K-feldspar do not appear to 

be highly affected by chemical weathering processes (see examples of this in Figure 3.8 A). The 

Keystone samples that belong to weathering environment IV are samples K12-K14, and the soil 

samples from the Sparta profile are S20 and S21. K-feldspar is heavily weathered in the Sparta soil, 

so almost all the larger grains (>10 µm) are quartz. However, a few K-feldspar grains are still largely 

intact (see Figure 3.8 C).  

Nearly all the plagioclase has been dissolved in the soil of both weathering sections, and biotite 

grains no longer exhibit the parallel sheet-like morphology observed in the previous weathering 

facies. Large amounts of kaolin is found in between the (001) cleavage planes of biotite, and the 

edges of the biotite grains are often fan-shaped (see Figure 3.8 B). Kaolin covers the remaining 

primary minerals (see Figure 3.8 D), and the clay-mineral content commonly dominates the bulk-

mineral composition of the soil samples. Sample K12 has a distinct brownish-colored clay, which 

may be the result of Fe-oxides or Fe-hydroxides in the clay. 

SEM-stub analysis of hand-picked grains from sample S20 of the Sparta profile revealed a grain that 

consisted of a carbon-rich gibbsite (Al(OH)3) network of small tunnel-shaped holes filled with platy 

kaolinite (see Figure 3.9 A and B). Considering the texture of the grain, it may represent a gibbsite-

coated part of a grain of pollen or a spore, where kaolinite has accumulated (or has precipitated 

directly). Gibbsite may be coating the organic grain, or may have replaced the primary organic 

composition. The platy kaolinite grains observed in these voids appear to be randomly oriented and 

do not exhibit the booklet-type morphology. This may indicate that the kaolinite grains originated 

from another source and later filled the pores of this grain. The presence of organic matter in the 

soil samples shows that not all the material present in the weathering sections was derived from 

the protoliths. 



 

39 

 

 

Figure 3.8: Photos from soil samples K12 from the Keystone profile (A and B) and S20 from the Sparta 

profile (C and D) provide a visual representation of the most extreme degree of weathering found in the 

weathering sections. A) Optical microscope photo of K12, showing how most grains are coated with a Fe-

rich clay and that only quartz and K-feldspar remain unaffected by weathering. Thin-layered remnants of 

biotite are also present. B) BSE image of K12, displaying biotite with fan-shaped edges due to precipitation 

of kaolin in between the layers. C) BSE image of S20, where dissolution of K-feldspar is evident. Quartz does 

not seem affected by chemical alteration processes. Pore-filling kaolin and grain-covering kaolin is present. 

D) SEI photo of a biotite grain from sample S20 that is partly covered by platy kaolinite. Platy kaolinite is 

also found in between the biotite laminae. 
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Figure 3.9: A and B: SEI (secondary electron image) photographs of sample S20 showing a carbon-rich 

gibbsite network with small, hexagonally-shaped (or cylindrically-shaped) tunnel cavities filled with platy 

kaolinite. A) An overview of the gibbsite-kaolinite grain. B) Close-up image of the network, clearly 

displaying small platy kaolinite grains. C and D: SEM-photographs of Sparta sample S7 display the presence 

of smectite in the outer shell of a large corestone. C) Smectite is found in between the laminae of biotite. D) 

Smectite is covering grains of plagioclase. 

 

Corestones 

The saprock- and saprolite-weathering intervals, present in both the Keystone and Sparta stratified-

weathering sections, were teeming with corestones. The grain size of these corestones commonly 

ranged all the way up to large boulders (>630 mm). Based on thin-section analysis (in particular 

Sparta samples S4-S8), one can argue that the degree of weathering in the corestones differs from 
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that of the adjacent regolith material. The degree of weathering also varies throughout the volume 

of a single corestone. The degree of weathering in the inner core of the corestones may resemble 

that of the fresh, unaltered parent rock. Dissolution of plagioclase and the precipitation of 

secondary clay minerals increase radially from the center of the corestone that was analyzed in 

samples S4-S6 from the Sparta section. The porosity is also noticeably higher toward the rim of the 

corestone relative to the inner part. Sample S4 was collected from the outer shell of a corestone, 

and it has been subjected to a more intense degree of chemical alteration than the saprock (or 

saprolite) material that is located in close proximity to the corestone. The SEM thin-section analysis 

of sample S7 provided evidence of smectite that appears to be trapped in between the laminae of 

biotite (see Figure 3.9 C). This sample was collected from the outer shell of a large corestone 

situated in the saprock interval of the Sparta section. In sample S7, plagioclase grains are often 

covered with smectite (see Figure 3.9 D). Kaolin was also identified in the SEM-analysis of sample 

S7. 

3.2 Bulk XRD analysis: 

3.2.1 Keystone bulk-XRD results 

Quartz 

Quartz is present and abundant in all the samples of the Keystone weathering section, and it 

accounts for >20 XRD% of all the samples’ bulk mineralogical composition in this section (see Figure 

3.10 and Table 3.1). Out of all the primary minerals identified in the granitic parent lithology, quartz 

seems to be the most resilient mineral with respect to chemical weathering. 

K-feldspar 

The K-feldspar content is >27 XRD% in the fresh granite and remains high (>20 XRD%) in most of 

the Keystone section samples (see Figure 3.11). There is a sharp decrease in K-feldspar content 

from Keystone-1-4-14 (>50 XRD%) to Keystone-1-5-14 (~20 XRD%). The K-feldspar content is 

reduced by >8 XRD% from Keystone-1-10-14 (~32 XRD %) to Keystone-1-11-14 (~24 XRD%), and it 

remains <25 XRD% further up the profile, indicating the advent of severe chemical weathering of K-

feldspar. 
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Figure 3.10  Bulk-mineral composition of the samples from the Keystone weathering section. The 

quantitative XRD data presented in the histogram was aquired using the Profex 3.4 software. 
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Figure 3.11: Area diagram of the mineralogical composition of the Keystone weathering section samples. 

Note that extrapolation between the samples is done to reveal possible weathering trends for the different 

minerals. As plagioclase decreases between K7-K9, the kaolin content increases significantly. Due to the 

discrete sampling of the profile, the linear function extrapolates between the different samples and does 

not represent the true composition in between samples. 
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Plagioclase 

The fresh Keystone granite has a very high plagioclase content (sample K1: ~38 XRD%), and it stays 

>30 XRD% in all the Keystone samples (besides Keystone-1-5-14 where it is at ~24 XRD%) up to the 

Keystone-1-7-14 sample. The plagioclase content is drastically weathered to less than 1/5 of its 

original content in Keystone-1-9-14 (7 XRD%), and remains <9 XRD% up the weathering profile 

(except from Keystone-1-11-14 where it is ~19.5 XRD%). The kaolin content displays an opposite 

trend, jumping from ~2.5 XRD% in Keystone-1-7-14 to 17.6 XRD% in Keystone-1-9-14. So there is a 

~30% decrease in plagioclase and a ~15% increase in kaolinite going from sample K7 to K9. 

 

Mica/illite 

Besides the primary minerals quartz, plagioclase and K-feldspar, mica/illite is present throughout 

the Keystone weathering section and generally accounts for 5-10 XRD% of the bulk composition. 

There is ~8 XRD% mica/illite in sample K1 and up to K3, and it is reduced to ~1 XRD% in K4. The 

mica/illite content is higher in K5 (~5 XRD%), and it is back at 8 XRD% in the K7 sample (which is the 

same as the fresh granite in K1). Going from sample K7 to K9, where the plagioclase content 

sharply decreases and kaolinite is precipitated, the mica/illite content actually increases with 1.6 

XRD%. Mica/illite decreases about 4 XRD% from K9 to K10, but increases to 8-9 XRD% in samples 

K11 and K12. The two uppermost samples in the Keystone section, (K13 and K14) has a mica/illite 

content of <4 XRD%. 

 

Accessory minerals 

The presence of low quantities (up to 2 XRD%) of titanite is detected in samples K1, K3, K5, K7, and 

K11. Minor quantities (generally <1 XRD%) of rutile is found in most samples, exceptions being K1, 

K6, and K8. About 4 XRD% gibbsite is found in sample K11, and K12 contains about 1% of the 

hydroxide mineral goethite. 
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Diabase intrusion, sample K8 

The mineralogy of the diabase-intrusion from Keystone sample K8 differs from the adjacent granitic 

samples. The K-feldspar content is about 15 XRD% lower in K8 than in both K7 and K9, and the 

mica/illite content is 2 XRD% lower in K8 compared to the K7 sample. The diabase contains 24 

XRD% quartz, 31 XRD% plagioclase and 17 XRD% kaolinite. The dominating mafic mineral in the 

sample is hornblende, and it contains significant amounts of gibbsite. There are large amounts of 

an 11.2Å mixed-layer clay mineral present in K8 that is difficult to model using the Profex 3.4 

software. Thus, the true bulk-mineral composition of K8 is different from what Appendix 1 

indicates. See the following section for a more detailed analysis of the clay-mineral composition of 

sample K8. Unlike the granitic samples, no titanite or rutile is found in the diabase sample. 

 

3.2.2 Sparta bulk-XRD results 

Quartz 

Quartz is present in all the Sparta section samples (except from clay-vein sample S15) and makes up 

>20 XRD% of the bulk-mineralogical XRD composition of each sample (see Figures 3.12 and 3.13). 

The amount of quartz in each sample does not change much in samples S1 through S16.  The quartz 

content sharply increases from sample S16 (27 XRD%) up to sample S20 (85 XRD%). As the quartz 

content increases upward in this interval, the XRD% of mica/illite, plagioclase, K-feldspar and 

kaolinite decreases.  

 

K-feldspar 

The amount of K-feldspar in the freshest Sparta granite sample, S1 (~28 XRD%), is almost identical 

to the amount found in the freshest Keystone sample, K1 (compare bulk-mineral XRD data in 

Figures 3.10 and 3.12). However, unlike the Keystone section, K-feldspar is severely affected by 

chemical weathering in the Sparta section. Going from S16 (~20 XRD% K-feldspar) and up to S17 (~3 

XRD% K-feldspar) there is a 17 XRD% reduction in the K-feldspar content (see Figure 3.12), which 

indicates that this is the interval where chemical weathering of K-feldspar is most effective. 
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Figure 3.12  Bulk-mineral composition of the samples from the Sparta weathering section. The quantitative 

XRD data presented in the histogram was aquired using the Profex 3.4 software. 
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Figure 3.13: Area diagram of the mineralogical composition of the Sparta weathering section samples. Note 

that extrapolation between the samples is done to reveal possible weathering trends for the different 

minerals. The plagioclase content is severely reduced between S9-S10, and there is a significant increase in 

kaolinite. Since sample S15 is collected from a clay vein it is not included in this figure, because it represents 

a discontinuity in the otherwise continuous Sparta weathering section. 
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The dissolution of K-feldspar does not seem to be accompanied by significant precipitation of any 

secondary clay mineral (see Figures 3.12 and 3.17). Although the K-feldspar content remains low 

from S17 and up to S21, there is a slight increase in S19 and up to S21 (5 XRD% in S21). The sample 

with the highest K-feldspar content is sample S4 with 42 XRD%, which is about 10 XRD% higher 

than sample S3 and 19 XRD% higher than S5. 

 

Plagioclase 

The fresh granite in the Sparta profile, S1, has a plagioclase content of 40 XRD% (see Figure 3.12). 

This is 2 XRD% higher than in the fresh Keystone granite, K1 (see Figure 3.10). The amount of 

plagioclase found in sample interval S1-S9 varies a lot. The highest concentration of plagioclase is 

found in S2 (41 XRD %), while S3 has the lowest plagioclase content in the S1-S9 interval (11 XRD%). 

Chemical weathering of plagioclase in the Sparta section is at its most effective between sample S9 

(41 XRD% plagioclase) and S10 (4 XRD%). The plagioclase content remains low (generally <5 XRD%) 

in the samples above S9 in the weathering section.  

 

Mica/illite  

The fresh Sparta granite (S1) has about half the amount of mica/illite that the fresh Keystone 

granite has (look at Figures 3.10 and 3.12). Samples S1-S3 has <5 XRD% mica/illite, and it stays 

between 5-10 XRD% in the sample interval S4-S13. Above sample S13 the mica/illite content 

generally stays <6 XRD%. Out of all the samples from the Sparta profile, sample S10 has the highest 

mica/illite content (10 XRD%). There is no linear weathering trend involving mica/illite in this 

section, but the interval between S10 and S11 does seem to mark the level in the weathering 

section where dissolution of mica/illite becomes an effective process. Going from sample S18 to 

S19, mica/illite almost is reduced from 6 XRD% disappears from the profile, and there is about 1 

XRD% left in the uppermost soil sample, S21. 
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Accessory minerals 

Noteworthy amounts of titanite is found in the lowermost, freshest part of the granitic Sparta 

section (3 XRD% in S1 and S2), and it remains >1 XRD% in sample S3 to S8. Only minute quantities 

of titanite are detected in a few of the samples above sample S8 in the Sparta weathering section. 

Most samples has trace amounts of rutile, but similar to the Keystone section, the rutile content 

generally stays below 1 XRD% (with the exception of samples S10, S14 and S15. Sample S10 has 

over 12 XRD% goethite, and S15 has 3 XRD% goethite. The only sample in the Sparta section where 

gibbsite is detected in this XRD analysis is S18 (<1 XRD%).  

 

Clay vein, sample S15 

The clay vein from sample S15 has a very different mineralogical distribution than the rest of the 

granitic Sparta profile, with over 90 XRD% of the sample being kaolinite. The remaining 10 XRD% is 

a combination goethite, K-feldspar, rutile, mica/illite and plagioclase (see Appendix 1). 

3.3 Clay-XRD analysis 

3.3.1 Keystone clay-XRD analysis: 

Due to difficulties in discriminating between the two kaolin mineral-group members kaolinite and 

halloysite in the oriented clay-XRD samples using the NewMod II software, the term kaolin is used 

as a collective term to describe the 7.15Å minerals. The 10Å mica/illite peak is present in the clay 

fraction in all the Keystone weathering section samples. Since extremely fine grains of biotite were 

observed in the extracted clay fraction during the preparation of the samples, the 10Å peak in the 

samples may represent a combination of biotite, illite and other micas. Thus, the 10Å peak is not 

exclusively the result of precipitation of secondary illite, and it is modelled as a trimica (biotite) in 

the quantification in NewMod. The 10Å peak is herein denoted mica/illite. Figure 3.15 shows the 

quantitative clay-fraction XRD analysis, including all clay-fraction minerals found in the samples. 

Figure 3.4 shows the authigenic clay minerals that have been formed as a result of  chemical 

weathering of granite through dissolution and subsequent precipitation reactions. The overall trend 
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is that the kaolin content in the samples (which initially accounts for <10 XRD%) increases and that 

mica/illite (which initially accounts for >90%) decreases upward in the Keystone profile. 

 

Qualitative clay-XRD analysis of the Keystone weathering section 

Primarily, the basal d(00l)-reflection of the clay minerals is used for identification, due to the 

oriented nature of the clay aggregates. The following clay minerals were identified using the USGS 

Clay Mineral Identification Flow Diagram, guided by the DIFFRAC.EVA V4.0 software by Bruker:  

Kaolin 

The shape of the ~7.1-7.2Å-peak varies throughout the section. It is rather broad and symmetrical 

in the fresh-altered coherent rock and saprock samples (K1-K7), and it becomes asymmetric and 

still broad in the saprolite and soil (K9-K14). Below are the identification scheme behind the 7Å-

kaolin polymorphs: 

 

Kaolinite 

Characterized by the sharp 7.15Å-peak in the air-dried, ethylene glycolated as well as the 

350 °C heat-treated samples. Positive identification of kaolinite was achieved if the 7.15Å-

peak was destroyed after heat-treating the sample to 550 °C. 

 

Halloysite and/or disordered kaolinite 

Halloysite likely coexists with kaolinite in sample K9 (see the SEM-photographs in Figure 

3.06 C and D), and may also be present in all of the samples in the K9-K14 interval. This is 

based on the following observations: The 7.15Å-peak is asymmetrical and tapers towards a 

higher d-spacing in the air-dried- and ethylene-glycolated samples (see Figure 3.14). 

Halloysite becomes dehydrated after the 350 °C heat-treatment and collapses to 7.15Å, 

which now is now much more intense than in the air-dried and ethylene glycolated 

samples. The 7.15Å-peak is destroyed becomes amorphous after heat-treating the sample 

to 550 °C. 
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Mica/illite 

Most of the samples in the weathering section have a very sharp sharp 10Å-peak in the air-dried 

sample that remains sharp through ethylene glycolation, and both heat-treatments. The 10Å-peak 

is likely a combination of micas (especially biotite) and illite. 

 

 

Chlorite 

Recognized by a relatively broad 14Å-peak in the air-dried, ethylene-glycolated, and 350 °C-heat-

treated samples, which significantly increases in intensity when it is heat-treated to 550 °C. 

 

Smectite 

It can be identified by the expansion of the ~14Å-peak to a broad peak at ~17Å when the sample is 

ethylene glycolated, and it collapses to 10Å when heat-treated. 

 

Vermiculite 

This 14Å-clay mineral is not affected by ethylene glycol in the Keystone samples, but collapses to 

10Å with 350 °C heat-treatment and further collapses to 10Å with the 550 °C heat-treatment. It 

was the collapse to 10Å that made it possible to separate vermiculite from chlorite. 

 

Interstratified mica/illite-vermiculite 

Observed as a broad peak with the highest intensity around 11.8Å in the air-dried sample that did 

not change when subjected to ethylene glycol (see Figure 3.14). Partial collapse to 10Å occurs with 

the 350 °C heat-treatment, and complete collapse of the 11.8Å-peak to 10Å happens with the 550 

°C heat-treatment. The ~24Å first order diffraction peak indicates a fairly regular alternating pattern 

of mica/illite and vermiculite. This is supported by the position of the highest intensity in the air-

dried sample, which is located in the middle of 10Å and 14Å (~12Å). 

 

Gibbsite 

The 4.85Å-mineral gibbsite occurs in the clay fraction of several of the Keystone samples. Clay-XRD 

sample K5, which represents the skin of a large corestone, contains over 50 XRD% gibbsite, and 

top-saprolite sample K11 has >60 XRD% gibbsite. The diabase intrusion, K8, also contains significant 

amounts of gibbsite (see Figures 3.15 and 3.16). 
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Figure 3.14: Clay-XRD diffractogram of sample K9, displaying characteristic diffraction patterns of 

interstratified mica/illite-vermiculite, mica/illite, and potentially also halloysite or disordered kaolinite 

mixed with kaolinite. Note that mica/illite-vermiculite (at 11.8Å) does not change with ethylene glycol-

treatment, but collapses to ~10Å with the 350 °C heat-treatment, then finally collapses to 10Å after the 550 

°C heat-treatment. The 10Å-peak in the air-dried and ethylene glycol samples is mica/illite. 7Å-halloysite is 

a broad peak that tapers towards a higher d-spacing in the air-dried and ethylene glycol-samples, but 

collapses to 7.15Å with the 350 °C heat-treatment and is destroyed after the 550 °C heat-treatment. 

 

Quantitative clay-XRD analysis of the Keystone weathering section 

The clay fraction of the freshest granite samples in the Keystone section (K2 and K3) is mainly 

composed of kaolin (>70 XRD%) with accessory smectite and deuterically-formed chlorite (see 

Figure 3.16 where mica/illite is excluded). Samples K4-K7 exclusively contain kaolin. Interstratified 

mica/illite-vermiculite (or trimica-vermiculite) is found in samples K9-K14 (between 4-12 XRD%). 

Figure 3.16 shows that the mica/illite content diminishes as the trimica-vermiculite content is 

augmented. The clay-fraction analysis of the Keystone section also reveals small amounts of 

vermiculite (<2.2 XRD%) in samples K10-K14. Precipitation of vermiculite is first observed in sample 
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K10; the same sample that has 16 XRD% less mica/illite relative to sample K9 in the clay XRD 

quantification analysis in Figure 3.15 (which includes the mica/illite clay-fraction content). 

 

Figure 3.15: Quantification of the clay fraction from the Keystone weathering section samples, based on 

clay-XRD modelling using the NEWMOD II software. The mica/illite fraction is included. 
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Figure 3.16: Quantification of the authigenic clay in the Keystone weathering section, based on clay-fraction 

XRD modelling using the NEWMOD II software. The clay-fraction is dominated by kaolin. Note that the 

mica/illite content of the clay fraction has been excluded. Chlorite (probably formed from deuterical 

alteration of biotite) is included in the figure. To accentuate the trends of the granitic weathering content, 

the K8 diabase sample is not included in histogram. 

Gibbsite was detected in the saprock, saprolite and soil facies in the Keystone section. It is the most 

abundantly occurring secondary mineral in samples K5 and K11, constituting >50 XRD% (see Figure 

3.15). 
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Qualitative clay-XRD analysis of the Sparta weathering section 

 

Figure 3.17: Quantification of the clay fraction from the Sparta weathering section samples, based on clay-

XRD modelling using the NEWMOD II software. The mica/illite fraction is included. The clay-vein sample S15 

is included in this histogram. 
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Figure 3.18: Quantification of authigenic clay in the Sparta weathering section, based on clay-fraction XRD 

modelling using the NEWMOD II software. The authigenic clay fraction is largely dominated by kaolin 

throughout the Sparta section, especially in the upper part. The lower part of the section displays a rich clay 

mineralogy including kaolin, chlorite (probably formed by deuterically altered biotite), trimica-smectite, 

smectite, vermiculite, trimica-vermiculite. Note that the clay-vein sample S15 is excluded from this 

histogram, since it represents a discontinuity in the weathering section. 
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The following clay-fraction minerals were identified in the qualitative clay-XRD analysis of the 

Sparta weathering section: 

 

Kaolin 

Similar to the Keystone clay-fraction XRD analysis, the shape of the 7.1-7.2Å reflection varies 

through the section. Samples S1-S10 display a broad, asymmetric peak that tapers toward higher d-

spacings, while S11-S21 have narrow, sharp peaks. 

Kaolinite 

The 7.15Å mineral is present in all of the samples in the Sparta weathering section and it is 

the most common and abundant clay mineral found in these samples.  

 

Halloysite or disordered kaolinite 

Dehydrated 7Å-halloysite or disordered kaolinite is found in sample S4, which is taken from 

the outer shell of a corestone, and in the lowermost saprolite sample, S10. The 7Å peak 

responds to glycolation and to heat-treatment. Glycolation of the air-dried (AD) sample 

causes a reduction in the intensity of the peak close to 7.2Å, while the intensity of the peak 

near 3.58Å increases relative to the AD-sample. After the 350 °C-treatment, the intensity of 

the ~7.2Å peak is over twice the intensity of the EG-sample in S4, and the 3.58Å peak 

increases significantly as well. 

 

Mica/illite 

Mica/illite is the second most common mineral found in the Sparta section after clay-fraction 

extraction, and it accounts for >50 XRD% in samples S1, S2 and S6 (see Figure 3.17). With the 

exception of samples S3 and S4, the sample interval S1-S9 has a mica/illite content of >30 XRD%. 

The most intense weathering of mica/illite seems to occur between samples S9 (33 XRD%) and S10 

(6 XRD%), where there is a 27 XRD% reduction of mica/illite. Samples S13-S21 have <1 XRD% 

mica/illite, which suggests that the biotite portion of the 10Å phase has largely weathered to 

secondary clay, and that the possible illite fraction is minute in this sample interval. 
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Chlorite 

Sample S1 contain small quantities of chlorite (<5 XRD% of the authigenic clay), and it is the only 

sample in the Sparta section where this 14Å clay mineral occurs (see Figure 3.18). The 14Å peak is 

approximately three times more intense in the diffractogram of the 550 °C heat-treated sample 

compared to the 350 °C heat-treated sample, which is a clear indication that there is chlorite 

present in sample S1. 

 

Interstratified mica/illite-vermiculite 

This is a common clay mineral in the Keystone section (occurring in half of the samples), but it is 

present in only three of the Sparta section samples; S3, S4 and S10 (see Figure 3.18). The ~11.8Å 

phase in the air dried samples did not change when the Sparta samples were treated with ethylene 

glycol, but collapsed to 10Å when subjected to the heat treatments, leading to a positive 

identification of this mineral (similar to the behavior of interstratified mica/illite-vermiculite in the 

Keystone section (see Figure 3.15)). 

 

Vermiculite 

The intensity and the position of the 14Å phase that is present in the air-dried samples of some of 

the Sparta samples did not increase noticeably when the samples were subjected to ethylene 

glycol, and the phase collapsed to 10Å after the heat treatments. Vermiculite accounts for about 15 

XRD% of the authigenic clay fraction in sample S2, and samples S3-S15 does not contain 

vermiculite. Samples S16-S21 (except from S19) contain small amounts of vermiculite. 

 

Mixed-layered trimica-smectite 

A broad peak centered around 12.8Å is present in the diffractogram of the S1 air-dried sample, and 

it expands to ~15Å with EG treatment, which is typical for mixed-layered minerals that contain 

smectite. The 15Å peak collapses to 10Å with 350 °C heat treatment, and further collapses to 10Å 

with 550 °C heat treatment. There are no signs of a superstructure reflection in any of the four S1 

samples. This suggests that the trimica-smectite in sample S1 is randomly ordered (R0). A 50/50 

composition of trimica-smectite would produce a reflection around 13.5Å in the air-dried sample 

(trimica: 10Å and smectite: ~15Å), but since the peak is close to 12.8Å it is likely >50 % trimica in 

this mixed-layered trimica-smectite. 
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Smectite 

Significant amounts of this 2:1-authigenic clay mineral is found in samples S5 and S6 (13 XRD% and 

20 XRD%, respectively). Sample interval S4-S6 were collected from a corestone (see Figure 3.19), 

where S4 represents the outer shell, S5 was collected halfway into the corestone, and S6 from the 

inner part of the corestone. There are small amounts of smectite in sample S4 too, but not enough 

to be quantified using the Newmod II software. The amount of smectite seems to decrease radially 

away from the center of the corestone. In other words, there is more smectite preserved in the 

fresh, central part of the corestone than the outer, more weathered rim of the corestone. Note 

that Figure 3.19 also shows that the exact opposite is the case for the kaolin content, which 

increases radially from the center of the corestone toward the rim. In the same corestone, the 

intensity of the 10Å-peak increases significantly toward the core. 

 

Gibbsite 

The only clay-fraction sample in the Sparta section that contains gibbsite is soil-sample S20 (~8 

XRD%). 

 

Figure 3.19: The figure illustrates how the smectite content in a corestone decreases radially from the 

center, and that the opposite trend is observed for kaolin. The ethylene glycol-treated clay-XRD patterns 

from Sparta samples S4 (outer shell), S5 (middle part), and S6 (inner core) are used as an example. 
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3.4 X-ray fluorescence (XRF) and electron microprobe (EMP) analyzes 

3.4.1 XRF analysis: 

The major element composition of eight representative samples from the Keystone weathering 

section was analyzed by X-ray fluorescence (XRF). This section presents the results of these 

analyzes which can prove useful in determining at which stratigraphic position in the weathering a 

specific element is leached out of the profile or is added to the profile (see Figure 3.20). 

Oxides that play an integral part in the chemistry of the most common rock-forming minerals are 

plotted in Figure 3.20. Note that the values of the different oxides in the K1 sample were used as 

reference points for all the subsequent samples in the section. This makes it possible to observe 

which oxide that is removed from or added to the system in which specific level in the weathering 

section. This is based on the assumption that the bulk mineralogy of the Keystone granite is 

homogeneous, meaning that that all samples in the section had a comparable composition before 

the onset of weathering. 

The amount of SiO2 changes very little throughout the Keystone section (see Figure 3.20), and 

provides evidence of a homogeneous primary mineral composition in the samples before the onset 

of weathering. Deviations from the reference-SiO2 concentration in sample K1 may be the result of 

minor heterogeneities in the Keystone batholith’s bulk mineralogy before weathering. A significant 

increase in Al2O3, Na2O and CaO is found in sample K5 relative to K1 and K3, which might be the 

result of a higher plagioclase content in K5 than the reference sample K1. The most striking 

deviation from the reference sample presented in Figure 3.20 is the transition from sample K7 to 

K9. The amount of Na2O and CaO in sample K9-K14 (with the exception of K12) is drastically lower 

than in K7 (relative to the reference sample K1). Intense chemical weathering of plagioclase may 

have resulted in leaching of Na2O and CaO in the Keystone section above sample K7. Note that the 

amount of Na2O and CaO is a lot higher than in sample K12 than in sample K11 and K14, but still a 

lot less than in sample K1. 

Figure 3.20 indicates that the amount of K2O in the samples does not deviate much from the 

reference sample (K1) throughout the Keystone section. Sample K5 has much lower quantities of 

K2O, Fe2O3, TiO2 than K1, and this is the same sample where Na2O and CaO is higher than normal 
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(i.e. higher than in K1). The Fe2O3-content is very high in sample K11, and the TiO2-content is also 

anomalously high in this sample. 

 

Figure 3.20: The major elements in the granitic Keystone profile are presented as oxides. All of the oxides 

have been normalized to 100% in the fresh sample K1, and oxide value of the subsequent samples indicate 

the deviation from the initial value. A lower value than 100% can indicate that a percentage of the oxide in 

question has been leached out of the system. The opposite is true if the value exceeds 100%; a percentage 

of the element/oxide in question may have been added to the system. Heterogeneities in the primary 

mineral composition of the granite throughout the section cannot be discarded. 
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Figure 3.21: A combined plot where the bulk XRD% of the most abundant primary minerals are plotted 

together with the CIA index, the CIW index and the PIA index. Note how the decrease in plagioclase and the 

increase in kaolinite between samples K7 and K9 is accompanied by a sharp increase in all of the chemical 

weathering indices. Index interpretation: <=50: fresh bedrock, and =100: completely weathered bedrock. 
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Chemical weathering indices were calculated from XRF data and are plotted together with bulk XRD 

data for the Keystone section samples (see Figure 3.21). The Chemical Index of Alteration (CIA) 

gives the lowest estimate of the degree of chemical weathering of the lowest sample in the 

Keystone section, K1, out of the three chemical weathering indices in Figure 3.21. The Chemical 

Index of Weathering (CIW) gives the highest chemical weathering estimate for K1, while the 

Plagioclase Index of Alteration (PIA) lies between the CIA and CIW indices for K1. The three 

chemical weathering indices do not deviate much from their sample K1-value in the K1-K7 interval, 

but all three increase significantly from sample K7 to K9. From the XRD data in the same figure, it is 

clear that the transition from K7 to K9 is also where the plagioclase-poor and the kaolinite-rich part 

of the weathering section begins. The spike in the degree of weathering between sample K7 and K9 

is more pronounced in the PIA and CIW than the CIA. According to all three weathering indices, K11 

is the most severely chemically altered sample in the Keystone weathering section. Sample K11 is 

located in the uppermost part of the saprolite, and the CIA, CIW, and PIA all drop >10 going from 

K11 and into the K12 soil sample (see the log in Figure 3.21). Note that the freshest sample, K1, has 

a CIA=60, PIA=66 and CIW=74, which are all values exceeding 50, indicating that the bedrock is not 

completely fresh. 

 

3.4.2 EMP analysis 

The chemical composition of plagioclase feldspar of selected thin sections of the Keystone section 

was investigated by the means of electron microprobe (EMP) analyzes. The results in Figure 3.22 

presents a plagioclase composition normalized to include only the percentages of the three oxides 

Na2O (representing albite if the other two are equal to zero), K2O (representing orthoclase or 

microcline if the other two are equal to zero) and CaO (representing anorthite if the other two are 

equal to zero). 

Figure 3.22 shows that the chemical composition of plagioclase is fairly homogeneous in all of the 

analyzed grains throughout the Keystone section. The Na2O-content is generally >60 %, the K2O-

content <2 % and CaO-content lies between ~31-37 %. Thus, the composition of plagioclase is 

closer to albite than anorthite. One of the grains in sample K12 has an anomalously low CaO-

percentage (<3 %), and is representing an almost pure albite. 
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Figure 3.22: The figure shows the chemical composition of different plagioclase grains from selected 

mineral grains from Keystone section samples, normalized in terms of the relative amounts of Na2O, K2O 

and CaO. The plagioclase composition is dominated by Na2O in all of the samples. Note the anomalously 

high Na2O-value in one of the grains in sample K12. 

 

Based on the data in Table 3.2, the following compositional trend for plagioclase is observed in all 

of the weathering facies in the Keystone weathering section: Na>>Ca>>K. 

 

Table 3.2: The table shows the average plagioclase composition for the listed Keystone section samples in 

Mol%, based on EMP-data. Ab=albite, Or=orthoclase and An=anorthite. 

Sample Weathering facies Na2O (Ab) K2O (Or) CaO (An) 

K3 
Fresh to altered 

coherent rock 62.1 1.7 36.1 

K7 Saprock 65.3 1.5 33.2 

K9 Saprolite 65.5 2.0 32.5 

K12 Soil 66.1 1.9 32.0 
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4. Discussion 

4.1 Description of the weathering facies in the Keystone and Sparta sections 

According to Nesbit and Young (1989), the bulk composition and distribution of the primary 

minerals in the parent rock forms the basis for which kind of secondary clay minerals will form 

during chemical weathering, in addition to controlling the amounts of clay that can be generated. 

The formation of secondary clay minerals from the primary minerals of the parent rocks will be 

discussed, successively, as they appear up through the weathering section.  

4.1.1 Weathering facies I – Fresh and altered coherent granite 

The comparability of the Keystone and the Sparta weathering sections was improved by the thin-

section point-counting results, which determined that the protolith-lithology was granitic, or more 

specifically biotite-rich monzogranitic (see Figure 3.1 and Table 3.1). The two granites are of 

comparable age and have a very similar mineral composition before the onset of weathering (see 

Table 3.1 and Figures 3.10 to 3.13). The timing for the onset of intense chemical weathering may 

date back to the Cretaceous for the Sparta Granite, but only 125,000 years for the Elberton Granite. 

In both sections, the primary felsic minerals generally displayed the following compositional 

hierarchy: plagioclase>quartz>K-feldspar. The Keystone and Sparta granites have been weathered 

under the same humid subtropical climatic regime. The fact that the Keystone and Sparta sections 

both are derived from a granitic parent rock, and that they are located not far from each other 

geographically further increases the comparability between the two weathering sections. It is 

probable that the granites have been subaerially exposed for a comparable amount of time. Thus, 

the amount of meteoric water that hit the surface of both the granite batholiths through time is 

probably quite similar. Consequently, similarities concerning weathering characteristics of primary 

minerals and weathering trends are less likely to be coincidental. 

The fresh/altered-coherent rock samples are, as the name suggests, lithified samples with cohesive 

grain boundaries. Bulk-XRD data also reveal that the mineralogical composition of the Keystone 

protolith resembles the Sparta protolith (see Figures 3.10-11 and 3.12-13). The bulk-XRD data 

acquired in this project indicates that the respective amounts of quartz, plagioclase and K-feldspar 
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in protolth-samples K1 and S1 are within 2 XRD% of one another (see Appendix 1). Thin-section 

observations of the rock texture revealed that most mineral grains display a low degree of 

weathering (see Figures 3.2 and 3.3), and secondary clay is present in so low quantities that it 

cannot be observed by the means of optical microscopy. 

 

Plagioclase 

According to the point-counting (Table 3.1) and bulk-XRD results (Figures 3.10 and 3.12, the most 

abundant mineral in the fresh parent rock of the Keystone and Sparta granites is plagioclase. The 

chemical composition of plagioclase in the Keystone section was investigated by an electron 

microprobe analysis using thin sections (see Figure 3.EMP). The freshest sample that was analyzed, 

K3, had the average composition: Ab62.1An36.1Or1.7. This may explain why the best fit for the 

plagioclase phase in the XRD-analysis, in Diffrac.EVA, was an albite with some Ca rather than a pure 

albite. No EMP-analysis was carried out for the Sparta section samples due to the time constraints 

of the master thesis, but the same albite with Ca also gave the best fit for plagioclase in the bulk-

XRD analysis of the Sparta samples. This further strengthens the degree of similarity, and thus the 

comparability, between the Keystone and Sparta weathering sections. The more homogeneous the 

mineral-composition of the two sections is, the more likely it is that the compositional differences 

in the weathered part of the sections are the product of another external influence other than 

protolith composition. 

It is probable that observed differences in the degree of which the two batholiths are influenced by 

cracks played an important role in the early stages of plagioclase weathering. Optical microscopy 

revealed that plagioclase in the fresh Sparta Granite exhibited a more advanced degree of 

dissolution in the core of the grains relative to the fresh Elberton Granite from Keystone. Secondary 

porosity formed by cracks may significantly increase permeability, and the increased contact with 

fresh meteoric water may facilitate a more rapid dissolution of plagioclase, relative to a system 

with lower permeability. This is because the water which becomes saturated with Na+ and Ca2+ ions 

from newly dissolved plagioclase can quickly be flushed out of the system and be replaced with 

fresh, meteoric water that is undersaturated with respect to Na+ and Ca2+. Both protoliths were 

weathered under humid subtropical climatic conditions, and the plentiful precipitation of meteoric 
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water in these areas during weathering has likely been a key factor driving the saprolitization 

process. 

 

Sericitization 

Inclusions of sericite are present in nearly every plagioclase grain in the weathering facies I (fresh-

altered coherent rock) samples. According to Que and Allen (1996), sericitization of plagioclase is 

an alteration process that precedes chemical weathering of a subaerially exposed plutonite, where 

hydrothermal fluids invade the pores of plagioclase grains that are generally confined to the central 

region of the grains. This is latter is in agreement with all the plagioclase grains that were studied 

from the Sparta and Keystone sections (see Figure 3.2 B). Microfractures may be induced by the 

pressure exerted on the grain and allows the percolating fluid to infiltrate the pores of the 

plagioclase grain. Cryptocrystalline white mica (or sericite) forms when the walls of the pores in the 

grain react with the fluid. This in turn may lead to the formation of a more anorthitic (Ca-rich) 

plagioclase composition of the cores of grains (Que and Allen, 1996).No such trend was observed in 

the plagioclase grains from the Keystone samples analyzed by the electron microprobe (in Figure 

3.22 and Table 3.2). The EMP analysis revealed that the Ca-content in Keystone plagioclase grains 

varied very little across the two-dimensional cross section of the grains. So it is possible that the Ca-

rich plagioclase cores have been dissolved in the fresh Keystone samples that were investigated. 

 

Myrmekite 

A common feature in all of the fresh to altered coherent rock samples are the structures called 

myrmekite (see xpl-images in Figures 3.2 B and 3.3 A). Phillips (1974) claims that the myrmekite 

structure is commonly formed next to K-feldspar grains, and are the essentially Na-rich plagioclase 

penetrated by vermicular quartz intergrowths.   

In their comprehensive book on feldspars, Deer et al. (2001) points out that the myrmekite 

structures found in granite often protrudes from plagioclase grains into K-feldspar grains where 

plagioclase and K-feldspar are in direct contact. This is very often the case in the Keystone-section 

samples. Que and Allen (1996) stated that the process that leads to the formation of myrmekite is 

often associated with seritization of plagioclase. 
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Biotite 

The thin-section analyzes show that biotite was in most cases unaltered in the fresh and altered 

coherent rock, with parallel laminae along the perfect 001-cleavage. The early signs of alteration 

are observed at the edges of biotite grains, where the laminae is opening up along the 001-

cleavage direction (like in Figure 3.3 B). Optical microscopy showed that biotite is commonly found 

adjacent to sphene. SEM-investigations confirmed that the most common inclusions found in 

biotite are apatite, zircon and a Fe-oxide/hydroxide mineral (probably hematite or goethite). 

Biotite is the only abundantly occurring mafic mineral in the two weathering sections. The fresh 

samples of the Keystone section, K1-K3 all contain >8 XRD% mica/illite, while the S1-S3 Sparta 

samples all have <5 XRD% mica/illite. It should be noted that the 10 Å-peak used to identify biotite 

is also the 001 peak of other mica minerals, including illite. Sericite inclusions, which have been 

observed in almost every plagioclase grain throughout weathering facies I, consequently also 

contribute significantly to the intensity of the 10 Å peak. To be able to separate these phases from 

one another, the d-value of subsequent reflections should be resolved. 

Thin-section observations of biotite grains suggests that the weathering of biotite has been most 

intense at the edges of the grains. The expansion between the individual laminae must be greater 

at the edges of the grain and decrease progressively toward the center of the grains, which leads to 

the formation of the fan-shaped morphology seen in Figures 3.3 B), 3.5, 3.6 and 3.8 B) and D). The 

SEI photo in Figure 3.8 D) of a biotite grain from Sparta sample S20 displays that kaolinite has been 

precipitated in between biotite laminae, and that the weathering process has led to the formation 

of gaps between biotite laminae. This weathering trait was most pronounced toward the edges of 

the grain. Biotite was progressively weathered to kaolinite upward in both weathering sections, and 

lost the perfect cleavage across the entire grain in the saprolite and soil facies. 

Halloysite observed in the lowermost saprolite sample K9 in Keystone (Figure 3.7 C and D), was 

identified by SEM analysis from its characteristic tubular morphology (Eswaran, 1972), and was 

seen covering the surface of primary minerals. This was also observed by Kretzchmar et al. (1997), 

in their study on alteration of biotite to halloysite and kaolinite from granite gneiss, which indicated 

that the formation of halloysite can happen as a direct transformation from biotite. It is difficult to 

apply this to the halloysite observed in sample K9, since the bulk-XRD data (in Appendix 1) indicates 

that there is actually a slight increase in the mica/illite content going from the uppermost saprock 
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sample K7 and into saprolite sample K9. The apparent increase in mica/illite may be the effect of 

heterogeneities in the protolith mineral composition in samples K7 and K9. The SEM analysis of 

hand-picked mineral grains from sample K9 (Figure 3.7 C and D) revealed that halloysite coating 

was ubiquitous. 

 

Chloritization of biotite 

Chloritization of biotite often precedes weathering of primary minerals in plutonic rocks (Que and 

Allen, 1996). Minor amounts of chlorite was identified in the clay-fraction XRD analysis in the 

samples of weathering facies I (see the clay-mineral-composition in Figures 3.15 and 3.17). 

Although biotite is the most common accessory mineral in both the Keystone and Sparta sections, 

chloritization of biotite is not a common feature in these samples, according to optical microscopic- 

and SEM-analysis of the thin sections (see Figure 3.3 A) . The clay-fraction-XRD analysis of the fresh 

and altered coherent rock weathering facies shows that the chlorite content is <1 XRD% in the 

Keystone samples and <2 XRD% in Sparta, and that it not found in any of the other weathering 

facies in either of the two locations (see Appendix). This indicates that chloritization of biotite is a 

pre-weathering process in the Keystone and Sparta weathering sections, and that the synthesis of 

chlorite from biotite probably occurred due to different chemical alteration than weathering (e.g. a 

retrograde metamorphic process). 

 

Radiohalos 

The presence of ring-shaped discoloration spots in biotite grains have been interpreted to be the 

effect of radiation damage. Under the optical microscope, radiohalos look like dark circles in biotite 

that, unlike many other manifestations of alteration in biotite, seem unaffected by the direction of 

cleavage. Joly (1907) attributed radiation-damage phenomenon to tiny inclusions of zircon (ZrSiO4), 

which may contain uranium or thorium. Long-term emission of α-partcles during disintegration of 

uranium and thorium (or other unstable elements in their decay chain) formed these concentric 

spherical discolorations. Although a thin section only provides a two dimensional representation of 

a three dimensional rock, it is likely that the circular halos observed in biotite in the Keystone and 

Sparta samples represent cross sections of a spherical volume of alteration. According to 
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Henderson and Bateson (1934), the radii of the radiohalos can be related to the α-particle energy. 

Experimental studies by Rutherford (1910) and Joly and Rutherford (1913) showed that halo-

shaped discoloration of a material can be induced by α-radiation. From the classification of halos 

given by Henderson and Bateson (1934), the radiohalos in Keystone and Sparta probably belong to 

the overexposed group, where the radiation-damage is so advanced that the inner structure of 

individual rings are no longer visible. 

 

Weathering-resistant minerals 

No evidence of chemical alteration of quartz was observed in the fresh and altered coherent rock in 

the Keystone and Sparta sections, from thin-section analysis. This is in agreement with the 

observations made by Meunier and Velde (1976), concerning the inactivity of quartz during low 

weathering intensities. The only sign of alteration in quartz grains was reduction in grain size, which 

was facilitated through jointing. However, it is possible that quartz grains display signs of 

dissolution at higher weathering intensities, but weathering of quartz was not investigated in detail 

in this project. K-feldspar also seems to resist chemical alteration in the fresh/altered coherent rock 

weathering facies (see Figure 3.3 A). Dissolution of K-feldspar was observed in the saprolite of the 

Sparta section (see Figure 3.7 B) and in the soil (see Figure 3.8 C). Sericite was often observed as 

inclusions in K-feldspar. Inclusions of plagioclase in K-feldspar were commonly observed. It is 

possible that the sericite in K-feldspar might be the result of sericitization of a former plagioclase 

inclusion. Quartz and K-feldspar showed no evidence of dissolution, and there was no visual 

evidence that suggested that either of the two minerals were associated with secondary clay 

minerals. 

 

Kaolinite 

The only thin-section-derived evidence of clay minerals in the fresh and altered coherent rock 

samples was found during the SEM-analysis of Keystone-sample K3. Kaolin was observed in the 

pores of some of the plagioclase grains (see Figure 3.2 A). Similar to the sericitized grains of 

plagioclase that appear ubiquitously in this weathering facies, these pores were concentrated in the 

mineral core. This could indicate that the kaolin found in the newly formed voids of plagioclase 
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grains is the early alteration product of very fine-grained muscovite. Robertson and Eggleton (1991) 

proposed an alteration mechanism for the transformation of muscovite to kaolinite, involving a 

topotactic (or crystal-structural) transformation of a 10Å-layer to a 7Å-layer. H30+ replaces K+, and 

subsequent stripping of one of the Si-tetrahedral sheets in the muscovite structure (see Figure 4.1). 

Since only small amounts of kaolinite is formed in the fresh/altered-coherent rock weathering 

facies (see Appendix 1), the transformation of small amounts of sericitic muscovite to kaolinite 

might represent an early kaolinitization process in the Keystone and Sparta weathering sections. 

The bulk-XRD data for the for these samples indicate that the kaolin content is >1 XRD% higher in 

the Sparta section (see Appendix 1), but that the mica/illite content is about half of that of 

Keystone. However, based on thin-section obervations, sericitization of plagioclase is much more 

pronounced in the Sparta section. The Sparta section samples are also more cracked/jointed, and 

dissolution is consequently more advanced than in the Keystone section samples of the same 

weathering facies. It is possible that kaolinitization of sericite (by topotactic transformation, as 

described by Robertson and Eggleton (1991)) is more mature in the Sparta section, and that this 

can explain why the kaolinite content is higher there. Kaolinite is progressively formed throughout 

both weathering sections, primarily from chemical weathering of plagioclase and also biotite. 

 

Figure 4.1: Topotactic transition of 10Å-muscovite to 7Å-kaolinite. Potassium (K) is replaced by hydrogen 

(H). Note the Si-tetraheral sheet subsequently being stripped from the muscovite structure, which forms 

7Å-kaolinite. From Robertson and Eggleton (1991). 

 

Smectic minerals 

It was stated by Robertson and Eggleton (1991), that the replacement of K+ with H3O+ may lead to 

the formation of smectite in the case where voids were created due to the dissolution process. 
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Smectite (<3 XRD%) was found in the Keystone sample in the fresh/altered-coherent rock, while 

interstratified mica/illite-smectite (~7 XRD%) is present in Sparta sample S1. According to 

Chesworth (1977), early stages of weathering is characterized by mostly fresh primary minerals, 

and the clay fraction may include chlorite, smectite, illite, vermiculite (and other amorphous 

phases). Smectite in association with voids in plagioclase grains was observed in the thin-section 

SEM analysis of the fresh/altered coherent rock sample K3 from Keystone. In their study of Spanish 

sections, Taboada and Garcia (1999) observed smectite inside plagioclase, and stated that it was 

likely the product of transformation of muscovite inclusions in plagioclase grains. The 

transformation of dioctahedral mica, such as sericite, to smectite is easier than from trioctahedral 

mica, such as biotite (Robert, 1973). The mixed-layered mica-smectite identified in the Sparta might 

represent an incomplete transition of muscovite (sericite) to smectite, as described by Aoudjit et al. 

(1995). 

 

Vermiculite 

The clay-mineral fraction of Sparta sample S1, and of the intensively cracked portion of the altered 

coherent rock Sparta-section, sample S2, includes vermiculite. Schroeder et al. (1997) described the 

occurrence of vermiculite in the Sparta Granite, and attributed its formation to weathering of 

biotite. The vermiculite found in the altered coherent rock facies of the Sparta profile (that was 

investigated in this thesis might) have represent early weathering product of biotite, and may have 

been formed as a result of the well-drained nature of this volume of rock, due to the numerous 

cracks in this portion of the weathering section. The occurrence of vermiculite in the upper portion 

of the saprolite weathering facies in both Keystone and Sparta (and also throughout the soil 

interval in Keystone) might be explained by plant interaction with biotite, where the biotite is being 

depleted of potassium ions by the botanical uptake (Huang et al., 2012). 

 

4.1.2 Weathering facies II – the saprock 

Although the saprock samples of Keystone and Sparta are more friable than the rock samples of the 

fresh/altered coherent rock samples, the original rock texture is still preserved. The friable nature 

of the saprock has largely been formed by a more advanced stage of dissolution of plagioclase and 
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sericite. Consequently, the amount of secondary clay minerals found in this weathering facies is 

greater than the weathering facies below (WFI). The compositional hierarchy of the primary 

minerals is generally still plagioclase>quartz>K-feldspar>biotite like in WFI (see the bulk-XRD results 

for both sections in Figures 3.10-11 and 3.12-13). Another observation from the bulk-XRD analysis 

is that the clay-mineral content was low (generally <3 XRD% kaolin) in the saprock interval 

compared with the overlying saprolite facies. This suggests that the intensity of chemical 

weathering processes that affect the primary minerals is moderate. It should be stressed that it is 

challenging to directly compare the Keystone and Sparta saprocks, since most of the Sparta 

samples in this interval are collected from corestones or at the interface between the altered 

coherent rock (sample S3) and the saprolite (S9) (see the lithologic column next to the bulk-XRD 

plots of the Sparta profile in Figures 3.12 and 3.13). The inner part of the corestones have a texture 

that resembles the altered coherent rock, and the outer shell of the corestones range from 

saprock- to saprolite-like in rock texture. Thus, the focus was set on the Keystone when trying to 

understanding the evolution of weathering through the saprock interval. 

The rock texture observed in thin-sections shows that dissolution of plagioclase is more advanced 

than in the fresh/altered coherent rock (see Figure 3.4). The increase in secondary porosity in this 

weathering facies, compared to weathering facies I, is largely caused by dissolution of sericite that 

was previously concentrated in the dissolution voids in the core of plagioclase grains. Based on 

thin-section observations, the dissolution of sericite is not 1:1 with subsequent precipitation of 

secondary clay in the pores (see the large voids in the plagioclase grains in Figure 3.4). The sericite 

inclusions in K-feldspar grains have also to a large degree been dissolved. 

 

Precipitation of secondary clay minerals 

The clay-fraction-XRD analysis (in Figures 3.15 and 3.16) shows that the Keytstone saprock is 

composed of (<2 µm) mica/illite, kaolin and gibbsite (Al(OH)3). Clear evidence of kaolin precipitated 

at the edges and in between biotite laminae can be seen in Figure 3.5 While most of the biotite 

grain remains fresh (perfect 001-cleavage), the laminae near the edges appear wavy (or 

undulating). Most of the kaolin found in the saprock seem to be associated with the precipitation of 

clay from biotite. 
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Gibbsite 

The occurrence of gibbsite in the clay fraction of the Keystone section fits very well with the 

observations of gibbsite in sections of weathered granite made by Grant (1965). There, the gibbsite 

content in the saprock interval is much larger than the fresh/altered coherent rock, and becomes 

lower in the saprolite interval and also the lower part of the B-soil horizon. The gibbsite content 

suddenly increases again in the upper part of the B- and the A-soil horizon. In the Keystone clay 

fraction, gibbsite is present in the middle to upper part of the saprock interval, but is not present in 

the lower part of the saprolite interval (see Figure 3.16). Gibbsite is found at the very top of the 

saprolite, missing in the lower part of the B-soil horizon, and is observed again at the top of the soil 

interval (see Figure 3.16). Grant (1965) uses a technique called abrasion pH to investigate the 

degree of weathering in a rock sample. The pH measurements were made from the resulting slurry 

when distilled water was added to a mortar used to ground the rock sample. According to Grant 

(1965), the pH decreases as the degree of weathering increases, and gibbsite often forms when the 

abrasion pH is >6 or <5.5. In the study, the kaolin content increased progressively from 0 % in the 

fresh rock weathering facies, reached a maximum in the B-soil horizon, and dropped significantly in 

the A horizon. The same trend for kaolin can be observed in the Keystone weathering section by 

looking at the area diagram of the bulk-XRD analysis in Figure 3.11. No pH data was acquired for the 

rock samples in this master thesis, but the fact that the overall trends for kaolin and gibbsite 

resembles those described by Grant (1965) suggest that the pH-conditions could have been 

comparable. Due to the lack of a discrete series of saprock samples in the Sparta section, it is the 

author’s interpretation that there is not enough evidence to exclude the possibility of there being 

gibbsite in the Sparta saprock as well. 

 

Interstratified mica-vermiculite 

Samples S3 (altered coherent rock-saprock boundary) and S4 (outer shell of a large corestone in the 

saprock) from the Sparta section both contain mixed-layered mica-vermiculite (see Figure 3.17). 

Huang et al. (2011) claim that a regular stratification in mica-vermiculite is more typical in 

weathering sections formed in colder climates than subtropical. They attribute this to the depletion 

of potassium ions in mica (as described in the Vermiculite subchapter in this discussion), which is 

slower than under warmer conditions, where the transformation can happen very quickly and 
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chaotically. A regular stratification of the mixed-layered mica-vermiculite is a common feature in 

both weathering sections, which may indicate that the formation of mica-vermiculite from mica 

(biotite) was a slow process, despite the humid subtropical climate in Georgia.  

The ~24Å first order diffraction peak which was present in most of the saprolite and soil samples in 

the Keystone section indicates that the mica-vermiculite is regularly stratified. Interestingly, the 

mica-vermiculite identified in the Sparta section does not display the ~24Å superstructure. A 

possible explanation is that mica-vermiculite may have formed more rapidly in the Sparta section 

compared to the Keystone section. The absence of mica-vermiculite in most of the Sparta saprolite 

and soil samples may indicate that this mineral experienced subsequent weathering, primarily into 

kaolin (see the clay-XRD data in Figures 3.17 and 3.18 and Appendix 2). 

 

4.1.3 Weathering facies III and IV – saprolite and soil 

Intense dissolution of plagioclase and biotite, and in the Sparta section also dissolution of K-

feldspar, has weakened the rigidity of the volume of rock that constitutes the saprock (WFIII). The 

material does no longer exhibit the rock texture of the protolith, it is very friable and easily 

disintegrates into a sediment. The saprolite samples break during preparation of thin-sections, and 

they resemble sandy sediment samples. This makes porosity estimates impossible by thin-section 

analyzes. The mineral composition is vastly different than that of the protolith. The plagioclase 

content is highly reduced, and the plagioclase grains still present in the saprolite are heavily 

dissolved and difficult to identify under the optical microscope. Plagioclase weathered into to 

kaolin in the Sparta and Keystone weathering sections. In the Keystone section, note how the 

transition from saprock (K7) into saprolite (K9) involves a 30 XRD% drop in amount of plagioclase 

and, at the same time, a 15 XRD% increase in kaolin (see Figures 3.10 and 3.11).  

The hydrolysis reaction equation for the formation of kaolinite from plagioclase is given below 

(Thompson and Turk, 2007): 
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Two molecules of albite, in the presence of water, is required to form one molecule of kaolinite. 

From this equation it may seem like all the plagioclase that apparently was lost in the transition 

from saprock to saprolite turned into kaolinite. At the same time, SEM-data for sample K9 shows 

that at least some of the kaolin in the sample is in the form of halloysite (see Figure 3.7 C and D). 

Significant quantities (>20 XRD%) of K-feldspar is observed in all of the Keystone saprolite and soil 

samples (see Figures 3.10 and 3.11). Thin-section observations of these samples reveal that 

chemical weathering visually barely affected K-feldspar at all in the Keystone section. However, the 

opposite is true in the Sparta section, where K-feldspar is strongly reduced upward in the saprolite 

interval, before it increases in the uppermost soil sample (see Figures 3.12 and 3.13). The slight 

increase in K-feldspar observed in soil-horizon A was explained by Schroeder et al. (2002) and 

Schroeder and West (2005) to be caused by the influx of allochtonous material (see chapter 1.1.1). 

This would indicate that not all of the material found in the weathering sections may be derived 

from the protolith – a fact that complicates the interpretation of the upper part of a weathering 

section. The influence of biological activity further complicates the interpretation of chemical 

weathering effects in the soil. 

The varying preservation of K-feldspar is perhaps the most striking difference between the 

Keystone and Sparta weathering sections. The lack of significant dissolution of K-feldspar in the 

Keystone section can be the product of several different factors. The fact that the Sparta section 

samples appeared to more influenced by cracks could indicate that the water flow in the Sparta 

section is more intense. An increased fracture density may lead to an increased drainage, which 

helps to prevent over-saturation of dissolved ions in solution. This may lead to more effective 

chemical weathering conditions in Sparta profile compared to the Keystone profile. There is also a 

possibility that there are differences in the pH in these weathering sections, due to differences in 

the botany, which also influences chemical weathering reactions (Grant, 1965). It would be 

interesting to measure the abrasion pH discretely throughout both weathering sections. If the pH 

conditions are similar in each of the respective weathering facies in both weathering sections, then 

pH can be ruled out as the factor that leads to differences in the degree of weathering in K-

feldspar. 
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HIV – Hydroxy-Interlayered Vermiculite 

The two uppermost samples in the Sparta profile (S20 and S21) contain HIV (hydroxy-interlayered 

vermiculite) (see Figures 3.17 and 3.18). This was evident by the collapse of the 14Å-peak in the 

ethylene-glycol-treated clay-XRD sample to a very broad peak centered at ~10Å in the heat-treated 

samples. The low-crystallinity of the collapsed 10Å-phase might be the result of too many different 

interlayers being present in the vermiculite structure, and the HIV-mineral structure is too 

heterogeneous to give a pattern (P. Schroeder, personal communication, February 27, 2015). HIV is 

most commonly found at the surface, and frequently occurs in acidic soils (Schroeder et al., 1997). 

In their study of a saprolite and soil profile in Sparta, Georgia, Schroeder et al. (1997) observed that 

the HIV content decreases downward from the surface, and that kaolinite is the most frequently 

occurring clay mineral in the B-horizon. This is in agreement with the occurrence of HIV in the 

Sparta section investigated in this master thesis project. No HIV was detected in the clay-XRD 

analysis of the Keystone section. 

 

4.2 Degree of weathering from XRF-data 

According to Price and Velbel (2003), the alteration indices in from the XRF-analysis of the Keystone 

section in Figure 3.21 would give a value of 50 if the rock sample was completely fresh. It is clear 

that freshest sample, K1, does not appear to be completely fresh (CIA~=60, PIA~=65, and 

CIW~=75). Evidence alteration of plagioclase has been identified through thin-section analysis, so 

these values are in agreement with those observations. The alteration indices are also able pick up 

the transition from plagioclase to kaolin from sample K7 (saprock) to K9 (soil), which was 

interpreted from thin-section analysis and bulk-XRD data. Sample K11 has a PIA- and CIW-value 

close to 100, which means that they are close to being completely weathered bedrock samples. 

4.3 Loss of density 

A gradual decrease in density was observed upward in both weathering sections. Velde and 

Meunier (2008) attributes the loss of density to dissolved material escaping the system, which 

commonly leads to a loss of the mono- and divalent ions Na, Ca, K and Mg. The rock volume after 
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dissolution is enriched in Si, Al and Fe. Primary minerals that were formed at higher temperatures 

compared to the temperature during subaerial exposure of the protolith, may become unstable 

and dissolve in contact with meteoric water and precipitate as clays (Velde and Meunier, 2008). 

Clay minerals in the Keystone and Sparta 

4.4 Implications for the Utsira High region, northern North Sea 

Several of the basement cores from the Utsira High, described by Riber et al. (2015), contains 

granitic (and also monzogranitic) intervals that display signs of chemical alteration. These According 

to Olesen et al. (2013), chemical weathering of these basement rocks dates back to Triassic-Jurassic 

time under subtropical climatic conditions. The protolith from the Keystone and Sparta sections are 

of a comparable mineralogical composition, and weathered under the same subtropical climatic 

conditions as the basement rocks at the Utsira High. Although the exact timing of the onset of the 

saprolitization process is poorly constrained for the Sparta Granite (which may date back as far as 

the Cretaceous), the exposure time of the Elberton Granite in Keystone probably dates back 

~125,000 years. The weathering traits have been compared between the modern-day, subaerially-

exposed sections in Georgia and the eroded remnants of weathering sections from Utsira. 

Well 16/1-15 (located north on the Edvard Grieg Field) is made up of highly weathered 

monzogranitic and granodioritic intervals that increases in thickness up-stratigraphy and that are 

capped by a ~3 m thick sandstone from the Cretaceous Åsgard Formation (Riber et al., 2015). The 

primary mineral composition is similar to the Elberton and Sparta Granites, and alteration is most 

pronounced in grains plagioclase. Sericitization of plagioclase is confined to the cores of plagioclase 

grains, and dissolution seems to attack core of the plagioclase grain first. The same weathering 

trend for plagioclase was observed in the Keystone and Sparta sections. The description of the 

swelling clay described at a depth of 1972.50 m, resembles that of the smectite associated with the 

dissolved plagioclase observed in sample S7 in Figure 3.9 D, which was sampled from the outer 

shell of a corestone. The upward-decreasing weathering trend for the swelling clay follows that of 

the Keystone and Sparta sections. In the Georgian sections, smectite was observed in the lower 

part of the weathered sections or were found associated with less weathered corestones. Unlike 

the sections analyzed in this thesis, kaolinite is not the dominating clay mineral in the weathered 

granitic intervals. This may indicate that the granitic sections in well 16/1-15 have not weathered 

under the same conditions as the Georgian sections, or that the climatic conditions were not the 
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same during subaerial exposure. The highly fractured nature of the Utsira High granites in this well 

may have led to some of the observed differences. 

The weathering trends observed in well 16/3-4 by Riber et al. (2015) best fit the weathering trends 

observed in the Keystone and Sparta granites. An 11.5 m thick interval of monzogranitic to 

granodioritic altered basement display many of the same mineralogical and petrological 

characteristics as the monzogranites from Georgia. The compositional hierarchy of the primary 

felsic minerals is the same as the sections from Georgia; plagioclase>quartz>K-feldspar.  

Similarities between the altered section in well 16/3-4 and the Keystone and Sparta sections 

include deuterically-formed chlorite from biotite and sericitized plagioclase grains in the lower part 

of the sections. Kaolinite is the dominating clay mineral, followed by smectite and interstratified 

mica-illite in well 16/3-4. Progressive dissolution of plagioclase upward in the Utsira and Georgian 

sections resulted in precipitation of kaolinite in newly formed voids within the plagioclase grains. 

Kaolinite is precipitated between the biotite laminae. The smectite content decreases upward in 

these profiles. Riber et al. (2015) observed that neither quartz nor K-feldspar were associated with 

the formation of secondary clay minerals. This same trend was observed in the Keystone section, 

while in the Sparta section, K-feldspar was highly dissolved. The weathering trends observed in 

Figures 3.11 and 3.13 may suggest that plagioclase is the main source of kaolinite in the Keystone 

and Sparta sections, and that the amount of clay generally exceeds 30 XRD% in the Sparta saprolite 

and is ~20 XRD% in the Keystone saprolite and up to the soil horizon. The amount of clay in the 

upper part of well 16/3-4 constitutes >15 % of the bulk composition. Because of all the similarities 

between these sections, it is possible to speculate what the eroded part of the weathering section 

in well 16/3-4 was composed of. The Keystone section saprolite samples are friable, highly porous 

samples, which exhibit an almost complete loss of plagioclase. Precipitation of kaolinite continued 

to occur upward in the profile at the expense of dissolved biotite and plagioclase. Alteration of 

biotite to vermiculite may also have occurred in the Utsira saprolite and soil facies. The density of 

the weathered volume of rock may have decreased upward toward the subaerially-exposed 

surface, and the material could potentially be good petroleum reservoirs or act as migration 

pathways for oil and gas. Since 11.5 m of the granite was found in well 16/3-4 and the Keystone 

section is 17 m thick, it may be possible to find several meters of reservoir-quality sediments 

located at or near the Utsira High region from the eroded granite section 



 

80 

 

5. Conclusion 

The Sparta and Keystone weathering sections both displayed a progressively more weathered 

volume of monzogranitic rock upward in the sections. The kaolin-content increased as the 

plagioclase and biotite content decreased. K-feldspar showed resistance to chemical weathering in 

the Keystone profile, but was severely weathered in the Sparta section. The weathering sections 

were divided into four distinct weathering facies; the fresh/altered coherent rock, saprock, 

saprolite and soil. The different weathering facies exhibit unique alteration traits. A progressive 

dissolution of plagioclase and biotite resulted in a rich secondary clay mineralogy in both sections. 

Pre-weathering alteration of primary regolith minerals include chloritization of biotite and 

sericitization of plagioclase. Radiohalos are ubiquitous in the fresh weathering-section samples.  

Corestones often mark a discontinuity of the general weathering trend in the two weathering 

profiles, either by being less weathered than the host volume of rock, or by being much more 

weathered than the adjacent rock volume. Smectite found in higher levels of the weathering 

section, was often associated with corestones. 

Similarities definitely exists between the Keystone and Sparta section with paleo-weathering 

sections at the Utsira High. Intense weathering of plagioclase was pronounced in both localities, 

and was followed by weathering of biotite, which gives rise to a kaolinite-rich regolith. 

Monzogranites from Utsira High well 16/4-3 resemble the Keystone weathering section. Since the 

Keystone section is a good analogue at least to the part of the weathered basement that remains at 

the Utsira High in well 16/4-3, there may a good chance that the upper, eroded part of the Utsira 

section resembles the upper part of the Keystone section. Thus, the upper saprolite-soil facies of 

the Keystone section may be of a comparable composition to the material that has been eroded. 

The saprolite and soil facies from the Keystone section are highly porous aquifers. Hence, the 

erosional remains from the Utsira sections may be of reservoir quality and could be an attractive 

target in petroleum exploration. 
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7. Appendices 

 

Appendix 1: Bulk-XRD quantification based on Profex 3.4 
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Appendix 2: Clay-XRD quantification based on Newmod II. 


