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Plain language summary
Sedimentary rocks contain information about the environment and climate in which they formed.
They undergo changes through both physical and chemical weathering. Physical weathering
mechanically breaks down the source rocks into rounded grains. On the other hand, chemical
weathering occurs when the chemical structure of rocks are altered, mainly by pressure,
temperature, and any fluids surrounding them. The rate of chemical weathering is determined by
the local climate, with it being most extreme in warm humid environments. Many geochemical
analysis techniques are used to determine the weathering conditions of sedimentary rocks
including scanning electron microscopy (SEM), X-ray fluorescence (XRF), X-ray diffraction (XRD),
and microscopic analysis (petrography). These techniques were all used to analyze the Baraboo
Formation in central Wisconsin, a quartzite formed from a mature sandstone. This quartzite
contains two distinct quartz grain sizes. These two distinct sizes of grains imply a river sediment
transport system. Differences in layers of sedimentary rocks can show the environment and
passage of time within ancient earth. The Baraboo formation likely underwent metamorphism
during a mountain-building event 1.7 billion years ago. The Baraboo formation is a great example
of how analyzing sedimentary rock formations can provide information about ancient climates and
environments.
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Introduction
The study of Precambrian rock formations provides a history of climate throughout the
early Earth. Precambrian weathering conditions and depositional environments can be deduced
from geochemical signatures and textures in rocks from this time. Because Precambrian history
comprises the vast majority of the Earth’s existence, rocks that date from that eon are valuable in
forming our knowledge of the composition and environment of the early Earth. The Baraboo
quartzite formation in south-central Wisconsin, USA, is of particular interest to researchers
because geological evidence found in paleosols found within sample cores (Kanazaki and
Murakami, 2018) and detrital zircons found within the quartzite formations (Medaris et al., 2003)
date it back to the Paleoproterozoic. Prior work has begun to elucidate the complex composition
and history of these rocks.
The Baraboo Formation, deposited ca. 1710-1650 Mya (Dott and Medaris, 2003), is a
metamorphosed sedimentary unit in south-central Wisconsin comprised primarily of chemically
mature and texturally immature sandstones with additional siltstone and claystone layers (Medaris
et al., 2003). Deposition and metamorphism of Baraboo sedimentary rocks would have occurred
during multiple accretionary events between the early North American craton and northwardmigrating provinces (Figure 1). The accretion process of these rocks may be part of the Mazatzal
orogeny between ancestral North America and an unknown southern continent. The history of the
Baraboo Formation has been contested in past studies, but recent remapping has proposed a
new tectonically active past.
Previously, the Baraboo Formation was thought to have been deposited in a passive, nontectonically active continental margin (Stewart et al., 2018). However, recent remapping of
stratigraphy has confirmed two upper sequences as separate, unique intervals, ultimately
increasing the overall thickness of the Baraboo stratigraphy (Stewart et al., 2018). In order to
create space for thicker Baraboo stratigraphy, the southern margin of Laurentia would have
required a tectonically active depositional basin deepened by strike-slip motion (Stewart et al.,
2018). Following deposition, Baraboo rocks were folded, creating the Baraboo syncline (Stewart
et al., 2018). This proposed history, though thorough, is not an exhaustive list of tectonic events
during this period, and this syncline is still studied today. Information about the depositional and
weathering environments can be deduced from the chemical and physical composition of the
rock.
From examination of the physical weathering of the sediments, inferences can be made
about the depositional environment of the south-central Laurentian margin south of the Great
Lakes. To form, these red-bed character rocks required an environment with intense chemical
weathering, which may have been sped up by microbial weathering and a warm, humid
environment (Stewart et al., 2018). The quartz grains of the Baraboo Formation are primarily wellrounded, indicating a high degree of physical weathering during transport (Medaris et al., 2003).
The region is believed to have once been a fluvial river system emptying into a sea (Davis 2006).
The goal of this study is to analyze quartzite from the Baraboo Formation using multiple
geochemical techniques to compare and confirm the composition as shown in previous literature.
These techniques include Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD), and XRay Fluorescence (XRF). In determining physical and chemical characteristics of the sample, we
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hope to better constrain the timing of stratigraphic succession and infer depositional setting of this
region.

Figure 1. Map of the Archean and Paleoproterozoic provinces in southern Laurentia. The Great Lakes can
be seen in the upper right hand corner. The black box shows the southern Great Lakes Region in which
the Baraboo Formation can be found. Reprinted from Stewart et al., 2018.
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Methods
This study focused on the chemical and textural analysis of the Baraboo Quartzite sample.
To this end, we used common petrographic microscope analysis of thin sections, as well as
Scanning Electron Microscope (SEM), X-ray diffraction (XRD) and X-ray fluorescence (XRF) for
micro-scale textural, mineralogical and compositional analyses.

Sample Preparation
XRD and XRF samples were cut into 2 cm cubes in order to remove weathering residue and then
crushed into a ~10 µm powder using a SPEX 8530 Shatterbox. The most pristine cubes were the
ones selected to be run in the XRF and XRD.Additional details can be found in the appendix.

Scanning Electron Microscopy
Two thin sections were coated with carbon and analysed with the SEM. The machine
was run with a 20kV voltage. (At 20k voltage, Secondary Electron Images (SEI), Back Scattered
Electron (BSE) images were collected. Qualitative chemical composition spectra were collected
from Energy Dispersive X-Ray Spectroscopy (EDS).

X-Ray Diffraction
The sample powder was packed finely in a random orientation into an aluminum
rectangular container. Before running the sample in the XRD machine, a reference sample was
ran (SiO2 check batch) to evaluate the validity of the machine’s results. From the actual sample
scan, qualitative mineralogical composition of the sample is estimated from the machine’s output
data (i.e. series of counts of diffraction angles of the incident beam through the powdered sample).

X-Ray Fluorescence
The XRF quartzite sample, also powdered as described above, was made into a round
pellet, the diameter of which is similar to that of a quarter. The pellet was approximately 2 to 3mm
thick. Due to the negligible moisture content in the powdered sample, the pellet was made with a
mixture of 75% (by weight) of the quartzite material and 25% of cellulose binding agent, in order
to make the sample more cohesive.
A reference sample was placed on the first slot in the machine, which is used to calibrate
and improve the results obtained on the actual analyzed sample. This reference sample is chosen
based on the expected elemental composition of the sample (a granodiorite sample in this study).
For more background information on how the XRF works and what the specific settings used for
this study, refer to the Appendix.
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Results
The Baraboo Quartzite sample was analyzed at the University of Minnesota Duluth
Research Instrumentation Lab. A petrographic analysis was conducted to describe the
mineralogical composition and grain textures. SEM was used to further describe fine textures and
qualitatively determine the composition of small interstitial grains. XRD and XRF were used to
quantitatively determine the chemical composition of this sample. Detailed description of results
included below.

Petrography
Thin section pictures of the Baraboo Quartzite show that the formation is very
mineralogically and texturally mature. The quartz grains are generally well rounded and well
sorted. However, on a microscopic scale some thin sections exhibit a bimodal grain size
distribution. The quartz also appears to have undergone recrystallization due to the sharp, jagged
edges; cracks and fractures in grains. There are interstitial clay mineral present as well. Feldspar
is conspicuously absent from the quartzites.

Figure 2. Photomicrographs of Baraboo quartzite samples under cross polar light, at 2.5x magnification.
(A) Sample number: CB_2018_O3_2.5x_xpl_def_clay1, clay-rich material between the quartz grains can
be seen in the interstitial spaces, (B) Sample number: EB_2018_O5_SS_2.5x_xpl_txt_comp recrystallized
quartz grain, (C) Sample number:H2O8_473_SS_2.5x_xpl_def_txt_dake Interstitial clay minerals, (D)
Sample number: EB_2018_10_txt_2.5x_xpl Bimodal quartz grain size.
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Scanning Electron Microscopy
The SEM images show textural data as well as elemental compositions on different parts
of the thin section (Figure 3). Looking at the images taken by the backscattered electrons (BSE)
and the secondary electron detector, textures of different parts of the thin layer (clays vs. quartz)
can be qualitatively observed. Additionally, a first approach to assessing of the elemental
composition of these regions of the image can be obtained.

Figure 3. SEM images and spectra collected from thin sections of Baraboo quartzite. A) Secondary Electron
Imaging (SEI). Black box shows inset for panel B. Yellow arrows indicate a quartz grain (in yellow circle)
and clay matrix. B) Backscatter image of grain/cement boundary, with “Quartz” comprising grains and “Clay”
comprising the matrix throughout sample. C) Qualitative elemental composition collected from Clay shown
in B; quartz grain analyzed in panel C not shown.
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X-Ray Diffraction
A collection of intensities at different incident angles were collected from the X-ray
diffraction machine and plotted into a chart (Figure 4). This variation in peaks can be used to
determine the mineralogical composition of the sample. The peaks in figure 4 highly resemble the
indexed signals found in quartz, to around 98.7%. The analysis software JADE indicated the
remainder of the sample to be coesite. However, because our sample was not in the conditions
required for coesite formation, we can infer that it is not actually present in the sample. Additional
suggestions provided by the software were in low confidence both statistically and intuitively.

Figure 4. XRD spectrum of Baraboo quartzite sample showing quartz-rich composition.
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X-Ray Fluorescence
The Baraboo sample is composed predominantly of SiO2, with a weight percent of 92.7%
as determined through XRF analysis (Table 1). The sample is also composed of 5.55% Al2O3 ,
0.967% Fe2O3, and less than 0.200% Na2O, MgO, SO3, Cl, K2O, CaO, TiO2, and MnO. The total
%wt is 99.952%. The detection limit for these oxides is 0.03%.
Table 1. XRF results for Baraboo quartzite sample.

Discussion
All analytical methods applied in this study confirm the Baraboo Quartzite as highly
weathered and chemically mature. Imaging from Petrography and SEM reveal well-rounded
grains with bimodal size distribution. SEM qualitative spectra and subsequent X-ray Diffraction
confirm grains being composed entirely of quartz, with chemically mature clays and iron-oxides
comprising the matrix between grains. Well rounded grains composed entirely of quartz point
towards heavy chemical weathering before erosion from the protolith, with heavy subsequent
physical and chemical weathering of the sediment before deposition (Figure 5).
The bimodal grain-size distribution of sand grains within the Baraboo could indicate
variation in transport energy, or possible variation in crystal-input size from the protolith. Alluvial
depositional environments, such as the braided rivers where Baraboo deposition occurred, would
contain varying transport energies capable of producing the bimodal distribution in our samples.
Matrix mineralogy being composed of clays and oxides with primarily Fe and Al cations
also reveals high chemical weathering. Other cations such as Mg2+, Na+, and K+ are mobilized
from the weathering profile during intensive chemical weathering. We can track the increasing
chemical maturity (mapped on a CIA diagram) of the protolith, regolith, saprolite, and quartzite
samples (Figure 6). As discussed by Nesbitt & Markovics (1997), chemically and mineralogically
mature sands often do not reflect parent (protolith) compositions in the A-CN-K compositional
space (Figure 6). Therefore, as the protolith is progressively weathered, the more mobile
elements, such as Ca, Na and K are removed and relatively immobile Al is continuously a bigger
proportion of the bulk composition of the resulting quartzite. This process is shown by Medaris et
al. (2017) (Figure 6), where the protolith is approximately in the middle of the A-CN-K ternary
diagram, and the regolith (loose material resulting from weathering of parent rock) and saprolite
(chemically weathered rock / soil material) samples show proggressive evolution of the
weathering toward compositional maturity.
Our compositional data from the Baraboo quartzite was added to the ternary diagram
(Figure 6). While that point is slightly skewed towards CN due to additional sodium being trapped
in some phase (most likely clay), it still shows the compositional maturity compared to the parent
protolith.
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Figure 5. The well-rounded textures and mono-quartz composition of our Baraboo quartzite grains are
represented in sphere 3.

Sediments in tectonically-active settings, such as the margins of a strike-slip basin
proposed by Stewart et al. 2017, tend to be less chemically mature, as increases in physical
weathering due to increased, tectonically-exposed protolith can decrease the amount of chemical
weathering before erosion from the weathering profile. The high chemical maturity of the Baraboo
Quartzites should continue to be considered when discussing the mechanisms of the potential
strike-slip basin. The hot, humid environment where the sandstones comprising Baraboo quartzite
were formed would have to chemically weather protolith material before physical weathering could
produce sediments with lower CIA values.
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Figure 6. Ternary diagram showing plotted data from Medaris et al. (2017) - Protolith, Regolith and
Saprolite. Gray circle represents the CIA composition of the Quartzite sample measured in this study. Note
the compositional maturity in relation to elemental and mineral composition.

Conclusion
This study used multiple geochemical techniques to analyze the composition and physical
characteristics of Baraboo quartzite rocks. These techniques included petrography, SEM, XRD,
and XRF. Both imaging methods confirmed the quartzite rocks to be physically immature and
chemically mature, with well rounded grains. XRD and XRF confirmed the composition of our
samples to be primarily quartz. The CIA values using XRF data were plotted alongside previous
weathering profile data from the literature (Medaris et al., 2017). While our data was slightly
skewed by sodium most likely trapped in clays, the quartizes were confirmed to be much more
mature than the original protolith compositions. These results support the conclusions made in
previous studies that the Baraboo formations consist of chemically mature rocks formed under
the influence of a warm, humid climate (Medaris 2017). The physical and chemical weathering
conditions inferred from this study provide a clearer picture of the early Earth.
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Appendix
XRF/XRD Sample Preparation
The samples obtained from outcrop were documented with photographs prior to any
destructive sample preparation processes. For XRF and XRD sample preparation, the samples
were cut into 2cm cubes adding up to 100 grams with a diamond-studded saw. For petrographic
microscope and SEM analyses representative thin sections were produced.
XRF and XRD analyses require powdered samples to produce sound results. The sample
crusher is similar to a mortar and pestle. A ceramic puck is spun around a ceramic-coated steel
chamber. The steel chamber is sealed with a rubber o-ring and held in place by pressure applied
by a lever arm.
The first step before grinding the sample is to wash and dry all the pieces of the sample
crusher. If the sample or pieces are not completely dry, the small particles will form a sticky
substance during the grinding process. Quartz sand that is run through the sample crusher, which
helps clean out the steel chamber and prevent any contamination from previous uses of the
machine. The pieces of the sample crusher are then cleaned, dried and reassembled. The
previously cut samples are then loaded into the sample crusher. After placing the arm down, the
lid is closed on a steel chamber that contains the sample and the ceramic puck. The sample
crusher is started and is controlled by a timer that can be set at 30 second intervals. The machine
spins the steel chamber around at high speeds. The ceramic puck is also spun at high speeds
and crushes the sample within the steel chamber.
The average sample took around three minutes to reach a clay-like consistency. The
amount of time needed to fully crush the sample depends on the hardness of the sample. Samples
with high quartz content may need a longer time to grind to reach a consistent grain size. As the
sample is being ground, a noticeable change in sound happens once the sample is crushed to a
powder about 10 µm in size. Once the sample is powdered, it is put into a sealed container labeled
with the date and the rock sample information. The sample crusher is later washed and dried to
remove any sample residue.
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