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ABSTRACT 
 

Geochemical Comparison of Ancient and Modern Eolian Dune Foresets 
Using Principal Components Analysis 

 
David A. Little 

Department of Geological Sciences, BYU 
Master of Science 

 
Geochemistry has been used to determine the provenance and diagenetic history of eolian 

sandstone deposits.  However, the grain size, sorting, cementation, and detrital composition of 
eolian units can change along dune foreset laminae.  The purpose of this study was to test for 
consistent trends of compositional change along dune foresets.  Such trends could increase the 
quality of geochemical sampling of eolian sandstones and possibly aid in estimating the original 
height of ancient sand dunes.  XRF data was gathered for both major and trace elements from the 
Pennsylvanian to Permian Weber Sandstone, Early Jurassic Navajo Sandstone, and modern 
Coral Pink Sand Dunes of southern Utah.  Data was plotted using both 2-dimensional scatter 
plots and 3-dimensional principal components analysis (PCA) plots.  The PCA plots proved to be 
the most informative and suggest that there are no consistent, statistically significant 
geochemical trends within or between the three units sampled. However, this study found that 
PCA was able to show significant geochemical differences between the three units sampled, even 
when they are all dominated by a single mineral (>90% quartz). The Weber Sandstone had the 
most varied composition, and dunes within the unit could be highly dissimilar to each other.  The 
Navajo Sandstone had less overall geochemical variability than the Weber Sandstone, and 
individual dunes were similar to each other.  The modern Coral Pink Sand Dunes had much less 
compositional variation than either of the other two units, and dunes in this unit were very 
similar to each other. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Weber Sandstone, Navajo Sandstone, Coral Pink Sand Dunes, principal components 
analysis, XRF, geochemistry, eolian 
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INTRODUCTION 

Geochemistry of eolian dunes has been used for multiple purposes, including provenance 

determination (Link et al., 2014), diagenetic analysis (Beitler et al., 2005), and distinguishing 

between eolian units of similar appearance (Phillips and Morris, 2012).  The purpose of this 

study was to test the hypothesis that geochemical trends exist along foreset laminae of eolian 

dunes within and between several units of different age. If these trends proved consistent, they 

could significantly improve the quality of geochemical sampling in eolian units and aid in 

predicting the degree of paleodune preservation. 

To test this, 197 samples were taken from 18 modern and ancient sand dunes, 6 dunes 

each from the Pennsylvanian/Permian Weber Sandstone, Early Jurassic Navajo Sandstone, and 

the modern Coral Pink Sand Dunes.  Dunes of various size (i.e. different foreset lengths) were 

sampled to determine if there were differences in geochemical trends between large and small 

dunes. If certain trends were detected, this might assist in estimating the original height of 

paleodunes.  

 

Units of Study 

The state of Utah contains abundant exposures of eolian sandstones of different age 

(termed units in this study).  Samples for this study were collected from well-exposed outcrops 

of the Pennsylvanian/Permian Weber Sandstone of northeastern Utah and the Early Jurassic 

Navajo Sandstone of northeastern and central Utah. The Coral Pink Sand Dunes, a modern dune 

field in southern Utah, also provided exceptional exposures (Figure 1). 
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Figure 1.  Locations of sampled units. Eolian portions of the Weber Sandstone were sampled near 
Vernal, Utah. The Navajo Sandstone was sampled from dunes near Vernal, Utah and from parts of the 
San Rafael Swell. Modern Coral Pink Sand Dunes were sampled in southern Utah near Coral Pink Sand 
Dunes State Park. 
 

The Weber Sandstone is a primarily eolian sandstone with some shallow marine and 

fluvial components that was deposited from the Middle Pennsylvanian through the early Permian 

(Depret, 2005; Adams, 2006; Link et al., 2014). It is present in northern Utah, northwestern 

Colorado, and southwestern Wyoming (Adams, 2006).  Eolian environments were intermittently 

present in this area from the late Paleozoic through the Jurassic.  The source of sand for the 
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Weber Sandstone is mostly from the Yavapai-Mazatzal provinces of Colorado with some lesser 

amount of grains sourced from the Grenville Province in eastern North America (Link et al., 

2014). At its eastern edge, the eolian part of the Weber Sandstone intertongues with marine and 

fluvial units due to a complex interplay between deposition and tectonics (Bissell, 1964; 

Crowell, 1978; Fryberger, 1979). The eolian portion of the Weber Sandstone is composed of a 

fine- to very fine-grained, sub-angular to sub-rounded, sub-arkosic sandstone. It contains large-

scale cross-bedding (Depret, 2005; Adams, 2006). The color can be gray, brown, white, or light 

red (Depret, 2005).  

The Navajo Sandstone is an eolian sandstone that was deposited in the Early Jurassic as 

part of a massive erg that extended over much of the Colorado Plateau in what is now the 

western United States (Blakey, 1988; Beitler et al., 2005).  The Navajo Sandstone correlates with 

both the Nugget Sandstone in the northern Colorado Plateau, and the Aztec Sandstone to the 

southwest (Hintze and Kowallis, 2009).  The Navajo Sandstone can be hundreds of meters thick 

(Blakey, 1988; Dalrymple and Morris, 2007, Hintze and Kowallis, 2009). The sediment for the 

Navajo Sandstone was derived primarily from the Appalachian Mountains of eastern North 

America (Dickinson and Gehrels, 2003; Rahl et al., 2003; Campbell et al., 2005). The Navajo 

Sandstone is a fine- to medium-grained subfeldspathic to quartz arenite (Chan et al., 2000; 

Dalrymple and Morris, 2007).  

The Coral Pink Sand Dunes are active eolian dunes in southwestern Kane County, Utah.  

The Coral Pink sands include a variety of migrating and stabilized dune types, including 

transverse, barchanoid, star, parabolic, and vegetated linear dunes (Ford and Gillman, 2000). The 

sand grains that comprise the dunes are 98% SiO2 and are named after the coral pink color 

caused by iron oxide staining on grain surfaces. The dunes lie in the transition zone between the 
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Great Basin section of the Basin and Range Province and the Colorado Plateau. The dunes are 

accumulating along a bedrock escarpment of the Sevier Fault.  Wind accelerates through breaks 

in the southward-flanking Vermillion Cliffs and then decelerates upon entering the catchment 

basin along the Sevier Fault at Coral Pink Sand Dunes.  The chronology and evolution of the 

Coral Pink Sand Dunes are not well known, though they are thought to be sourced from the 

Navajo Sandstone, which is exposed next to the dunes, and directly underlies the dunes in places. 

Other units that may have contributed grains to the Coral Pink Sand Dunes include the Page 

Sandstone and Entrada Sandstone (Ford and Gillman, 2000). 

 

Methods 

For each dune, the length of the foreset was measured, and ten equally spaced points 

sampled (Figure 2). In a few places, more than one sample was taken to be used to determine 

compositional consistency. Each sample was tested for both major and trace element 

concentration using XRF analysis.  XRF data can be found in Appendix A. 

 

 

Figure 2. Illustration of the locations of sample points along a dune foreset. Foresets were measured and 
sampled at ten equally-spaced points. For paleodunes, the foreset length was measured between bounding 
surfaces. For modern dunes, the foreset was measured from toe to crest. 
 

XRF data was plotted against foreset length to look for geochemical trends in the dunes 

sampled.  Principal components analysis (PCA) was then employed to better illustrate 
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geochemical data when comparing different units and the dunes within different units (McKillup 

and Dyar, 2010). 

 

Sample Collection 

For each of the three units, six dunes of various sizes were sampled (termed small, 

medium, and large), with ten equally-spaced samples taken from each dune.  The spacing 

between samples varied between dunes due to differences in foreset length.  Dune designations 

and foreset lengths are given in (Table 1). 

 

Names and Foreset Lengths of Sampled Dunes 
Unit Sampled Dune Name Foreset Length (inches) 

Weber Sandstone 

Weber S1 189 
Weber S2 189 
Weber M1 288 
Weber M2 490.5 
Weber M3 379.8 
Weber L1 1044 

Navajo Sandstone 

Navajo S1 191.7 
Navajo S2 217.8 
Navajo M1 684 
Navajo M2 742.5 
Navajo L1 1944 
Navajo L2 1436.4 

Coral Pink Sand Dunes 

Coral Pink S1 108 
Coral Pink S2 504 
Coral Pink M1 765 
Coral Pink M2 846 
Coral Pink L1 1881 
Coral Pink L2 1440 

Table 1.  This table contains the names given to and foreset lengths of sampled dunes. The letters “S”, 
“M”, and “L” in the dune names stand for “small”, “medium”, and “large” dunes, respectively. Those 
descriptors are used to describe subjective, relative sizes of dunes to other dunes in the same unit.  
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Paleodunes were sampled if both upper and lower bounding surfaces were visible and 

when they were exposed in as close to a longitudinal cross-section as possible. A single foreset 

for each dune was selected for sampling and measured for length. A foreset in a paleodune, for 

the sake of this study, was identified by following a single grainflow lamination from the base of 

the dune upwards towards the upper bounding surface. If the grainflow lamination terminated 

higher up the dune, the grainfall or grainflow lamination into which the initial lamination 

terminated was followed to the upper bounding surface (Hunter 1977, Figure 3). 

  

 

Figure 3.  Idealized dune cross-sections show the relationships between grainflow and grainfall laminae. 
They can, at times, terminate into each other.  From Kocurek and Dott (1981). 
 

Ten equally-spaced points were marked along the foreset and sampled. Lithified dunes of 

the Weber Sandstone and Navajo Sandstone were sampled using a 1-inch diameter core plug 

drill.  Because the core plug drill used to collect samples was one inch in diameter, most samples 

included several different laminae, both grainflow and grainfall (Figure 4).  Samples from the 

Coral Pink Sand Dunes were collected along gain flow laminae by scooping grains into plastic 

vials.  A few points were sampled more than once to determine consistency of XRF results, 
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which can be seen in the XRF data in Appendix A.  Repeat samples were similar to each other 

when analyzed with PCA.  In total, 197 samples were taken from 18 dunes across the three units. 

 

Figure 4. An example of a sample from the Weber S2 dune extracted using a 1-inch diameter core plug 
drill.  Note that even with just a 1-inch diameter core, several different laminae were sampled. Whenever 
possible, the portion of the plug farthest from the exposed surface was used for XRF analysis to avoid 
surface effects. The approximate portion of this plug used is shown in the red box.  
 

XRF Analysis 

All samples were prepared for XRF analysis using the standard procedures of the 

Brigham Young University Geological Sciences XRF Laboratory. Analysis was done with a 

Rigaku ZSX Primus II XRF for both major and trace element concentrations. Major elements 

tested for were SiO2, TiO2, Al2O3, Fe2O3, MnO, Mgo, CaO, Na2O, K2O, and P2O5. Trace 
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elements tested for were Ba, Ce, Cr, Cu, Ga, La, Nb, Nd, Ni, Pb, Rb, Sc, Sm, Sr, Th, U, V, Y, 

Zn, and Zr. Data from XRF analysis can be found in Appendix A. 

 

GEOCHEMICAL DATA ANALYSIS RESULTS 

 

Geochemical Data Analysis 

After XRF analysis was performed on all collected samples, the data were plotted and 

analyzed to determine if there were any consistent changes in geochemistry along foresets within 

and between the three units. XRF data points were plotted against both their distance and relative 

position along a foreset. Review of 720 plots of such combinations of the data revealed no 

statistically significant trend in geochemical change along eolian dune foresets within individual 

dunes, within units as a whole, or between different units.  

Appendix B contains a table that shows the trends of changes in element concentrations 

for each dune sampled. Most trends were not consistent within or between sampled units. Even 

when a trend of a given element was consistent within a formation, the trend was deemed not 

statistically significant due to the large spread in the data (Eggett, personal communication, 

2015).  Two examples will be shown from elements and dunes that appeared to have promising 

trends, but ended up not being statistically significant. 

Figure 5 shows an example of one of these trends from the Coral Pink Sand Dunes. 

While a trend line of Fe2O3 weight percent in each sampled dune from the Coral Pink Sand 

Dunes shows Fe2O3 increasing in concentration upwards along the foreset, the spread in the data 

means the trend lines are weak.  With all of the dunes plotted together, no overall pattern of 

Fe2O3 concentration as it relates to distance along foresets was identified. Even when an element 
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showed consistent but statistically weak trends within each sampled dune of a unit for a certain 

element, that element did not show the same trends in the other units. 

 

 

Figure 5. This plot shows Fe2O3 concentrations verses distance along foreset for all sampled Coral Pink 
Sand Dunes. Every individual sampled dune in this unit showed Fe2O3 concentrations increasing upwards 
from the toe of the dune, but there was no consistent, statistically significant trend when data was looked 
at collectively.  
 

For some elements, such as Cu from the Navajo Sandstone, plotting the concentration of 

all samples from a single unit together seemed to have an upper boundary of concentration that 

decreased with distance upward along a foreset (Figure 6).  In these cases, the trends of that 

element’s concentration within the unit’s individual dunes was not consistent (i.e. Cu 

concentration increased upwards along the foreset in some Navajo Sandstone dunes, and 

decreased in concentration upwards along the foreset in others).  However, many of the high 

element concentration values at low foreset lengths were due to a low number of samples.  In 
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addition, there were few values at high foreset length values, as not all dunes had the same 

lengths of foresets.  The statistical value of such overall trends was deemed too weak to be useful 

(Eggett, personal communication, 2015), and was not found in the other units for the same 

element. 

 

 

Figure 6. This is a plot of Cu concentrations verses foreset lengths for all sampled dunes in the Navajo 
Sandstone.  An overall pattern appears to be present, but there is no consistency to the trend in individual 
dunes.  
 

Principal Components Analysis 

After 2-dimensional plotting of XRF data against sample position and distance along 

dune foresets failed to uncover any statistically significant trends in geochemical change, 

principal components analysis (PCA) was employed.  PCA can be used to better understand data 

distribution with a large number of variables.  PCA utilizes linear correlations between n 

variables, rotating the n-dimensional axes to create new variables (principal components) that are 
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linear combinations of the original variables, so as to pack the greatest fraction of the variance 

into the fewest variables.  A smaller number of the new variables can then be used to describe 

the dataset in a more understandable manner without losing as much information about the data.  

It has been suggested that enough principal components should be used to explain at least 70% of 

variance (McKillup and Dyar, 2010). 

For all three units, PCA was done on; 1 – all elements, 2 – major elements only, and 3 – 

trace elements only.  In each case, it was found that three principal components are required to 

describe at least 70% of the data.  

Logarithms of the data were not used before performing PCA because of the presence of 

multiple valid zero values for the concentration of some elements and limited skewness in the 

data.  Substituting very small values for zeros to perform PCA before taking the logarithm of the 

data didn’t substantially change the relationships between dunes or units, and so this step was 

deemed unnecessary. 

No log of the data was used before performing PCA because of the presence of multiple 

valid zero values for the concentration of some elements and a lack of major skewness in the 

data. Substituting very small values for zeros to perform PCA on a log of the data didn’t 

substantially change the relationships between dunes or units, and so this step was deemed 

unnecessary. 

 

PCA of All Elements 

When PCA was used on all elements together (SiO2, TiO2, Al2O3, Fe2O3, MnO, Mgo, 

CaO, Na2O, K2O, P2O5, Ba, Ce, Cr, Cu, Ga, La, Nb, Nd, Ni, Pb, Rb, Sc, Sm, Sr, Th, U, V, Y, Zn, 

and Zr), it was found that the first three principal components describe 70.9% of the data – 
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48.8% from the first, 12.2% from the second, and 9.9% from the third. Appendix C shows plots 

of geochemical data in two dimensions using only the first two principal components. If 

compared with three-dimensional plots using the first three principal components, which are 

shown below, the importance of using the third principal component to better understand data 

distribution can clearly be visualized. 

Table 2 shows the load contribution of each element to these first three principal 

components. Nearly all of the elements tested for, all but MgO and Na2O, contributed 

significantly to one of the first three principal components. With so many significant contributors 

to the first three principal components, it is difficult to identify specific sedimentary or 

diagenetic processes causing the distribution of the data.  
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Contributions of All Elements to First Three Principle 
Components 

Element 
PCA 1 
Contribution 

PCA 2 
Contribution 

PCA 3 
Contribution 

SiO2 -0.1864 -0.3206 -0.1124 
TiO2 0.2472 0.0007 -0.0226 
Al2O3 0.2378 -0.0625 -0.0854 
Fe2O3 0.1887 -0.0185 0.0969 
MnO 0.1272 0.0893 0.2667 
MgO 0.1008 0.2177 0.1393 
CaO 0.0280 0.4701 0.1617 
Na2O 0.0371 -0.0602 -0.0058 
K2O 0.2094 -0.1061 -0.1286 
P2O5 0.2284 -0.0469 0.0226 
Ba 0.1135 -0.0735 0.0015 
Ce 0.2412 0.0173 -0.0450 
Cr 0.0038 -0.2085 0.4789 
Cu 0.0258 -0.1883 0.4648 
Ga 0.2378 -0.0744 -0.0751 
La 0.2341 -0.0019 -0.0177 
Nb 0.2443 -0.0247 -0.0258 
Nd 0.1517 -0.3380 -0.0702 
Ni -0.0061 -0.2047 0.5007 
Pb 0.2144 -0.0342 -0.0629 
Rb 0.2048 -0.1087 -0.1224 
Sc 0.1309 0.3483 0.1483 
Sm 0.0689 -0.4217 -0.1052 
Sr 0.1755 -0.0249 -0.0704 
Th 0.2298 0.0444 -0.0236 
U 0.2181 0.1101 -0.0015 
V 0.2349 0.0181 0.0505 
Y 0.2524 0.0247 0.0016 
Zn 0.1242 -0.1278 0.2573 
Zr 0.2153 0.0919 -0.0220 

Table 2. This table shows all elements for which concentrations were measured using XRF data, and their 
relative contributions, or loadings, to the first three principal components.  Higher positive or negative 
values indicate higher positive or negative correlation, respectively, within that calculated principal 
component.  If the absolute value of an element’s contribution to a principal component was within a 
factor of two of the highest contributor, it was deemed significant. Significant contributors are highlighted 
in green. Most elements significantly contributed to the first principal component, and all but MgO and 
Na2O contributed significantly to at least one of the first three principal components.  
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When the first three principal components of all elements from all three units sampled are 

displayed on a 3-dimensional scatter plot (Figure 7), some comparisons can be made relating to 

their composition.  The Weber Sandstone is the most compositionally varied of the three units 

sampled, and the active Coral Pink Sand Dunes are the least varied. Weber Sandstone data are 

split into three converging branches. Navajo Sandstone data is concentrated along one of these 

branches, and all Coral Pink Sand Dunes data is relatively tightly concentrated where the three 

branches of Weber Sandstone and Navajo Sandstone data converge. 

 

 

Figure 7. This is a plot of the first three principal components of all elements for all units sampled. The 
three different units are separated by color. The Weber Sandstone (in blue) is the most varied of the three 
units, with samples forming three branches. The Navajo Sandstone is less spread than the Weber 
Sandstone, but is concentrated around one of the three branches containing samples from the Weber 
Sandstone. Samples from the Coral Pink Sand Dunes are concentrated where the three branches converge, 
and have far less spread than either of the two units containing paleodunes. 
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Additional information was gained when the first three principal components were 

displayed by unit and individual dunes could be more clearly displayed. For example, the data 

from the first three principal components of Weber Sandstone data show the same three distinct 

branches that appear from the combined data of all three units (Figure 8). One of the branches is 

comprised of data entirely from one dune, and another is largely formed from data of a second 

dune. The other four dunes sampled from the Weber Sandstone are mostly contained in the third 

branch.  The regions where data from each of these four dunes of the third branch are plotted 

have significant overlap, showing that these dunes are compositionally similar to each other. All 

three branches converge, and every dune sampled has some points at or near the area of 

convergence. With one exception, the Weber M1 dune, the data from dunes were well grouped 

by dune.  

 

 

Figure 8.  Plot of the first three principal components of Weber Sandstone samples, colored by dune. The 
same three branches that appeared when all dunes were plotted together are still present. One branch is 
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comprised entirely of the Weber M3 dune, and one largely from the Weber M2 dune. Dunes plotting apart 
from each other indicates that Weber Sandstone dunes can be highly dissimilar to each other 
compositionally. 
 

Plots of the first three principal components of sampled Weber Sandstone dunes showed 

that the length of a dune foreset did not control compositional variation of dunes. Dunes with 

shorter foresets showed about as much compositional variability as those with longer foresets. In 

addition, when sample position along a foreset (see figure 2) was considered together with 

principal component plots, no consistent pattern was observed. An example of sample position 

data plotted together with the principal components of geochemical data of Weber Sandstone 

dune Weber M3 is given in Figure 9. None of the dunes from any of the sampled units showed 

consistent patterns when plotted using principal components by either sample position or 

distance along foreset. 
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Figure 9. This plot contains the same data as Figure 8, but is oriented to better show the Weber M3 dune 
(shown in blue). Sample position numbers (see Figure 2) have been displayed to show the lack of any 
consistent pattern between sample position and composition. The relationship between differences in 
composition as shown through PCA and sample position was different for each dune, showing the lack of 
any overall trends.  So even if there appears to be a pattern (such as samples from positions 8, 9, and 10 
appearing sequentially in the Weber M3) in parts of a dune, the other dunes had samples plot in a 
different order in their relative branches.  
 

When plotted together with the Weber Sandstone, data from the Navajo Sandstone was 

concentrated along one of the three branches. Plotted alone and broken out by dune in Figure 10, 

Navajo Sandstone data show that, unlike in the Weber Sandstone, regions containing data from 

each of the six sampled dunes overlap with other Navajo Sandstone dunes. There was also less 

significant spread in the data relative to the Weber Sandstone.  
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Figure 10. Plot of the first three principal components for all element data from the Navajo Sandstone, 
colored by dune. Note that all of the dunes overlap with other Navajo Sandstone dunes, indicating a high 
degree of compositional similarity.  
 

Interestingly, the data collected from all six of the Coral Pink Sand Dunes had, as a 

whole, less spread than most individual dunes from either the Weber Sandstone or the Navajo 

Sandstone.  Like the Navajo Sandstone, all of the data from the dunes of the Coral Pink Sand 

Dunes had a great deal of overlap with each other (Figure 11). 
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Figure 11. Plot of the first three principal components of all elements from the Coral Pink Sand Dunes, 
colored by dune. As with the Navajo Sandstone, every dune overlaps with others, showing they are 
compositionally similar. Note that the scale of the axes makes the data look more spread out than it really 
is. See Figure 7 to compare the spread of the different units to each other.  
 

PCA of Major Elements 

 

When PCA was performed using only the major elements (SiO2, TiO2, Al2O3, Fe2O3, 

MnO, Mgo, CaO, Na2O, K2O, and P2O5), the first three principal components described 80.2% 

of the data – 49.5% from the first principal component, 18.0% from the second, and 12.7% from 

the third. Every major element significantly contributed to at least one of the first three principal 

components, with only CaO and Na2O not significantly contributing to the first principal 

component (Table 3). 
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Contributions of Major Elements to First Three Principle 
Components 

Element PCA 1 Contribution PCA 2 Contribution PCA 3 Contribution 
SiO2 -0.3658 -0.3669 -0.0189 
TiO2 0.3924 -0.1113 -0.0192 
Al2O3 0.3966 -0.2555 -0.1656 
Fe2O3 0.3386 -0.0474 0.4657 
MnO 0.2846 0.2500 -0.0810 
MgO 0.2306 0.3736 -0.0969 
CaO 0.1025 0.6534 0.0703 
Na2O 0.0698 -0.1253 0.8263 
K2O 0.3558 -0.3325 -0.2068 
P2O5 0.4052 -0.1736 -0.0920 

Table 3. Major elements analyzed and relative contributions to the first three principal components. 
Elements with a significant contribution to a principal component are highlighted in green.  Every major 
element contributed significantly to at least one of the first three principal components, and all but CaO 
and Na2O contributed significantly to the first principal component.   
 

When data of the first three principal components of major elements from the three units 

are plotted together (Figure 12), there are some notable differences from the all elements plot. 

One of the three main branches of Weber Sandstone data is gone, and both Navajo Sandstone 

and Coral Pink Sand Dunes data have a higher relative amount of spread. 
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Figure 12.  Plot of the first three principal components of major elements for all units. Compared to 
Figure 7, one of the three branches of Weber Sandstone data is missing. The major element data from this 
dune is located in a tight group where the two remaining branches converge. The two data points in the 
upper right of the figure are not remnants of the missing branch, but are from a different dune. This can be 
seen more easily in Figure 13, when only Weber Sandstone dunes are plotted.  
 

When the first three principal components of major element data were plotted by unit 

(Figures 13, 14, and 15), the most significant difference from when all elements were plotted 

together was from the Weber Sandstone. One of the three branches from the plot of all element 

data is missing, and the dune that comprised that branch, Weber M3, instead plotted very tightly 

in the area where the branches converge along with the data from the Coral Pink Sand Dunes 

(Compare Figures 8 and 13). 
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Figure 13. Plot of the first three principal components of major element data from the Weber Sandstone. 
Note that the Weber M3 dune, plotted in blue, no longer comprises a third branch in the data as it did 
when all elements were used for PCA (see Figure 8). This is the only dune that had a major change in 
distribution pattern when a different dataset of elements was used.  Further geochemical studies in the 
Weber Sandstone may need to take this into account.  Dunes in the Weber Sandstone still have much less 
overlap with each other than in the other units, indicating that they can have a high degree of 
compositional dissimilarity.  
 



 23 

 

Figure 14.  Plot of the first three principal components of major element data from the Navajo Sandstone. 
Note that all dunes have some overlap with other dunes, indicating a high degree of similarity.  
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Figure 15.  Plot of the first three principal components of major element data from the Coral Pink Sand 
Dunes.  Note that all dunes overlap with other dunes, indicating a high degree of similarity.  Note that the 
scale of the axes makes the data look more spread out than it really is. See Figure 12 to compare the 
spread of the different units to each other. 
 

PCA of Trace Elements 

When PCA is done on just trace elements (Ba, Ce, Cr, Cu, Ga, La, Nb, Nd, Ni, Pb, Rb, 

Sc, Sm, Sr, Th, U, V, Y, Zn, and Zr), the first three principal components describe 75.3% of the 

data – 51.1% from the first, 14.9% from the second, and 9.3% from the third.  Every trace 

element except Ba contributed significantly to at least one of the first three principal 

components, with most of them contributing to the first principal component (Table 4). 
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Contributions of Major Elements to First Three Principle 
Components 

Element PCA 1 Contribution PCA 2 Contribution PCA 3 Contribution 
Ba 0.1348 0.0512 0.1323 
Ce 0.2959 -0.0484 -0.0485 
Cr 0.0062 0.5291 -0.1710 
Cu 0.0334 0.5076 -0.1657 
Ga 0.2838 -0.0060 0.1211 
La 0.2866 -0.0130 -0.0369 
Nb 0.2927 -0.0094 0.0242 
Nd 0.1978 0.1564 0.4100 
Ni -0.0082 0.5405 -0.1754 
Pb 0.2532 -0.0213 0.0375 
Rb 0.2352 -0.0193 0.2019 
Sc 0.1453 -0.1249 -0.5165 
Sm 0.0975 0.1855 0.5580 
Sr 0.2049 -0.0201 0.0617 
Th 0.2845 -0.0494 -0.1031 
U 0.2690 -0.0700 -0.2005 
V 0.2825 0.0222 -0.0845 
Y 0.2990 -0.0249 -0.0427 
Zn 0.1383 0.2735 0.0151 
Zr 0.2681 -0.0775 -0.1546 

Table 4.  Trace elements analyzed and relative contributions to the first three principal components.  
Elements with a significant contribution to a principal component are highlighted in green. Every trace 
element contributed significantly to at least one of the first three principal components except Ba.  
 

Plots of the first three principal components of trace element data (Figures 16, 17, 18, and 

19) were very similar in appearance to plots of all elements together.  The branches of Weber 

Sandstone and Navajo Sandstone data were slightly more spread out, but the overall distribution 

and relationships between different units and dunes was similar (Compare Figures 7 and 16).  
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Figure 16.  Plot of the first three principal components of trace element data from all units. The patterns 
in data distribution are similar to those in Figure 7 (all elements from all units), but the branches are more 
spread out and less distinct.  
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Figure 17.  Plot of the first three principal components of trace element data from the Weber Sandstone, 
colored by dune.  The distribution of data is similar to that of Figure 8 (all elements from the Weber 
Sandstone), with dunes having less overlap with each other than in the other units sampled.  This 
indicates that the dunes can be highly dissimilar to each other compositionally. 
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Figure 18.  Plot of the first three principal components of trace element data from the Navajo Sandstone. 
Note that every dune sampled overlaps other sampled dunes, indicating a high degree of compositional 
similarity.  
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Figure 19.  Plot of the first three principal components of trace element data from the Coral Pink Sand 
Dunes. Note that every dune sampled overlaps with other dunes, indicating a very high degree of 
compositional similarity.  Note that the scale of the axes makes the data look more spread out than it 
really is.  Figure 16 shows that sand of the Coral Pink Sand Dunes plots much more tightly than either the 
Weber or Navajo sandstones. 
 

DISCUSSION 

The original purpose of this study was to determine if trends in geochemistry exist along 

foreset laminae of eolian dunes in an effort to see if trends could be used to improve the quality 

of geochemical sampling and the estimation of paleodune preservation.  Although this study 

indicates that there are not statistically significant trends to improve sampling quality or predict 

paleodune preservation, it does shed light on other facets of eolian geochemistry, potentially 

including effects of provenance and diagenesis on dune composition.  

It had been expected that a combination of winnowing and kinetic sieve effects could 

lead to a concentration of some minerals with different hydraulic densities, such as 

concentrations of iron observed at the crests of other modern dunes (Boggs, 2012).  The 
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sampling technique and analysis used in this study may not be able to reveal (or allow detection 

of) kinetic sieve effects within individual grainflow laminae that might have concentrated some 

minerals and their associated elements. However, it should have detected larger-scale separation 

of minerals along dune foresets, if they were present, that would likely be associated with this 

process.  Such concentrations were not observed.  The lack of such concentrations in the Coral 

Pink Sand Dunes may simply be due to the highly homogeneous nature of the grains in these 

dunes (nearly 98% SiO2). There may not be enough non-quartz grains for such concentrations of 

other minerals to express themselves.   

The Weber Sandstone is much more geochemically varied than either the Navajo 

Sandstone or the Coral Pink Sand Dunes. This may indicate that it is less compositionally mature 

than the other two units, possibly the result of a more complex depositional environment (with 

marine and fluvial influence in addition to an eolian environment) and a mixed provenance.  

Diagenetic effects such as cementation could also add to its complexity (Depret, 2005; Adams, 

2006; Link et al., 2014).  Distribution of Weber Sandstone data when plotted with principal 

components shows that differences between dunes can be as great or greater than differences 

within dunes. The geochemical data were grouped by dune, sometimes with little or no overlap, 

indicating that Weber Sandstone Dunes can be highly dissimilar compositionally.  Because 

geochemical data from the Weber Sandstone shows that there can be significant differences in 

composition between individual dunes, a large number of samples from a large number of dunes 

may be needed to determine an accurate average composition for the eolian portions of this unit.  

No one dune, or any trends that may have been found in the dunes of this unit, would be able to 

represent the unit as a whole. 
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The Navajo Sandstone is less compositionally varied than the Weber Sandstone, with 

much more compositional overlap between the six dunes sampled. The Navajo Sandstone was 

deposited in a more uniform erg depositional environment (i.e. less fluvial and marine influence 

than the Weber Sandstone) with a less mixed provenance than the Weber Sandstone (Blakey, 

1988; Dickinson and Gehrels, 2003; Rahl et al., 2003; Beitler et al., 2005; Campbell et al., 2005). 

Additionally, the grains in the Navajo Sandstone have been recycled more than once (Campbell 

et al., 2005), potentially making the Navajo Sandstone much “cleaner” than the Weber 

Sandstone. Not only is there less compositional variability in the Navajo Sandstone than the 

Weber Sandstone, but when the first three principal components of the Navajo Sandstone data 

were plotted, there was a large degree of compositional overlap between the dunes, even those 

from different areas. This means that any one sampled dune is likely to be like any other, and 

fewer samples would be needed to find an average composition of the unit than for units like the 

Weber Sandstone. 

The active Coral Pink Sand Dunes of southern Utah are much less compositionally varied 

than either the Weber Sandstone or the Navajo Sandstone.  Like the Navajo Sandstone, the Coral 

Pink Sand Dunes show a great deal of compositional overlap between the dunes within the unit. 

Sampling of just a few dunes may be sufficient to determine the average composition of the 

dunes.  

The grains from the Coral Pink Sand Dunes are largely derived from the Navajo 

Sandstone, suggesting that even a partial turn of the rock cycle (weathering, erosion, and 

deposition) can significantly change eolian geochemistry, possibly through the elimination of 

less stable minerals and their associated elements (such as cements and feldspars).  This may also 

suggest that diagenetic effects such as cementation play a significant role in compositional 
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variability (Phillips and Morris, 2012).  The average SiO2 concentration for the Navajo 

Sandstone is 92.0%, while the Coral Pink Sand Dunes average is 97.7% - a difference of nearly 

6%.  Major elements that dropped in concentration include Al2O3, Fe2O3, CaO, and K2O. 

Weathering, erosion, and depositional processes may have caused physical and chemical 

breakdown or removal of cements and less stable mineral grains that contain these major 

elements, causing the increased concentration of SiO2.  Concentrations of all elements tested for 

and their averages can be found in Appendix A.  

The Weber Sandstone and Navajo Sandstone have very similar concentrations of SiO2, 

averaging 92.9% and 92.0% by weight, respectively.  Despite this similarity in their most 

significant compositional constituent, principal components analysis (PCA) was able to illustrate 

differences between the two units, even when just major elements, including SiO2, were used for 

calculations (see Figures 7 and 12).  This shows that PCA may be viable as a method for use in 

other geochemical studies for distinguishing between different units that are similar to each 

other. 

Because so many different elements contributed significantly to the first three principal 

components, it is difficult to determine any one cause for the distribution of the geochemical data 

in this study.  Too many elements are involved in the principal components to find specific 

mineralogical or diagenetic causes for the differences between the Navajo and Weber sandstones 

or chemistry changes as the Navajo Sandstone erodes and is re-deposited as the Coral Pink Sand 

Dunes.  Such determinations would require detailed petrographic work and sedimentologic 

study, possibly even lab studies of eolian processes, topics for a future study.  Nonetheless, 

something intriguing about the distribution of the XRF elemental data sampled for this study 

when using PCA is that all of the converging branches of data are roughly centered around a 
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hypothetical point that likely represents 100% SiO2.  Because of this, PCA plots could 

potentially be used as an index of sandstone maturity. 

 

CONCLUSIONS 

This study found that there were no statistically significant, consistent patterns of 

geochemical change along the foresets of sampled dunes from the Weber Sandstone, Navajo 

Sandstone, or Coral Pink Sand Dunes.  It also found that the length of a dune foreset did not 

control compositional variation.  

Principal components analysis (PCA) was used to display and compare XRF elemental 

data from sampled dunes.  This method revealed relationships in the data that would not be clear 

with a strictly numerical analysis.  For example, PCA revealed three converging branches of the 

elemental data from the Weber Sandstone that may not otherwise have been observed (Figure 8).   

When all elements were analyzed together, the first three principal components described 

71.1% of the data.  When PCA was done on just major or trace elements, the first three principal 

components described 80.1% and 75.5% of their respective data sets.  Thus, PCA of major 

element data was able to describe more of the data than either the combined data or trace element 

data. 

Plotting XRF data of all elements using principal components, the Weber Sandstone has 

the most compositional variety, and the Coral Pink Sand Dunes the least (Figure 7).  Data from 

the Weber Sandstone was spread out between three converging branches.   One of the three 

branches was comprised of data entirely from one dune, and another branch almost entirely from 

a different single dune. This shows that dunes within the Weber Sandstone can be significantly 

different compositionally, something that was not observed in the other two units.  Geochemical 
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studies in the Weber Sandstone should sample a large number of dunes to achieve an accurate 

average of chemical composition. 

Navajo Sandstone data from all elements, major elements, and trace elements plotted 

along or near one of the branches of Weber Sandstone data when using PCA (Figures 7, 12, and 

16).  When plotted, dunes in this unit all had significant overlap with other dunes in the same 

unit, indicating that they are all compositionally similar to each other.  Geochemical studies of 

the Navajo Sandstone will require few samples to find an average chemical composition.   

Data from the modern Coral Pink Sand Dunes (from all elements, major elements, and 

trace elements) plotted tightly in the area where the three branches converge (Figures 7, 12, and 

16).  Data from all dunes in this unit overlapped with all of the others using PCA, showing a very 

high level of compositional similarity.   Few dunes would need to be sampled to determine an 

accurate average composition of the Coral Pink Sand Dunes. 

When only XRF elemental data from trace elements was plotted using PCA, there were 

no significant changes to the relationships of the units and dunes sampled compared to when all 

elements were used.  When only major element data was plotted, there was a significant change 

to the Weber Sandstone suite of data. One of the three branches, which had been comprised 

entirely of data from the Weber M3 dune, disappeared. The major element data from this dune 

plotted with the Coral Pink Sand Dunes data, in the area where the branches of Weber Sandstone 

data converge (compare Figures 8 and 13).  This shows that, for at least one dune in the Weber 

Sandstone, the major and trace elements have distinct patterns, and both would probably need to 

be used in a study of geochemistry in the Weber Sandstone. 

Future PCA and petrologic studies may focus on relating the major and trace elements to 

detrital or diagenetic makeup of the rock. For example, one may explore the trace elements that 
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create the third branch of the PCA trace element plot of the Weber Sandstone (see Figures 17 

and 13).  Are the contributing elements of this branch largely from detrital grains (i.e. 

provenance) or from diagenetic minerals?  Studies of this nature may assist in determining the 

amount of provenance mixing by depositional processes verses basin-centered diagenetic 

influence.  

Principal components analysis was found to be able to demonstrate a chemical difference 

between units.  This includes differentiating between the Weber and Navajo sandstones, two 

quartz-dominated sandstones with similar SiO2 content, with only major elements.  Principal 

components analysis should therefore be a viable method for differentiating between similar 

units in other geochemistry studies. 
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APPENDICES 
 
Appendix A: XRF Data 
 
The tables in this appendix contain the names, positions (see Figure 2), and major and trace 
element concentrations for samples taken. 
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Appendix B: Additional PCA Figures 
 
Plots of the first two principal components of XRF data. 
 

First Two Principal Component Plots for All Elements 

 
First two principal components of all XRF data for; A – all units, B – Weber Sandstone, C – 
Navajo Sandstone, and D – Coral Pink Sand Dunes.  
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First Two Principal Component Plots for Major Elements 

 
First two principal components of major element XRF data for; A – all units, B – Weber 
Sandstone, C – Navajo Sandstone, and D – Coral Pink Sand Dunes.  
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First Two Principal Component Plots for Trace Elements 

 
First two principal components of trace element XRF data for; A – all units, B – Weber 
Sandstone, C – Navajo Sandstone, and D – Coral Pink Sand Dunes.  
 
Appendix C: Core Plug Porosity and Permeability 
 
Some of the samples collected were core plugs of good enough quality to collect porosity and 
permeability data. Porosity data was collected using a Temco/CLI Ultrapore 300TM, and 
permeability was measured using a Temco/CLI Ultra Perm 500TM at the Brigham Young 
University Sedimentology Laboratory according to standard laboratory practices. 
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Appendix D: Coral Pink Sand Dunes Grain Size Data 
 
Select samples from the Coral Pink L1 dune were analyzed for grain size data. 
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