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Abstract 
Thinly laminated siltstone and sandy siltstone are major components of the Upper Permian 
Brushy Canyon Formation, west Texas and south New Mexico. These rocks have been variously 
interpreted as the deposits of low-density turbidity currents or as windblown sediment deposited 
over water. Nevertheless, all models agreed that this lithology was deposited without subsequent 
reworking by bottom currents or burrowing organisms. These siltstones, thus, are ideal test units 
for quantitatively estimating hydraulic properties of the flows that formed them. In particular, the 
Zr/Ti ratio was tested as a geochemical proxy for flow size and transport distance. In situ geo-
chemical abundance and grain size of particles with contrasting susceptibility to erosion—Zr- and 
Ti-rich particles—were mapped and measured by X-ray fluorescence analytical microscopy, µXRF. 
Lamination thickness was measured from Fe fluorescence intensity, which increased sharply at 
the top of each layer. Within the same sample, zircon grains were systematically finer than ruti-
lated quartz grains. Zr/Ti fluorescence ratio positively correlated with lamination thickness, not 
particle sizes. In other words, Zr/Ti fluorescence ratio fluctuations resulted from variations in 
mineral abundance. Therefore, variations of Zr/Ti fluorescence ratio in these siltstones are likely 
caused by fluctuations in the intensity of erosional events rather than transport distance. High 
Zr/Ti ratios and thick laminations reflect periods of enhanced erosion. The average wind velocity 
during typical events was estimated to be at least 150 km∙hr−1, or the equivalent of a Category 1 
hurricane. The method used here could be applied to both outcrop and subsurface strata correla-
tion. 
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1. Introduction 
The unit chosen for study is the gray fine to medium grained thinly laminated siltstones and sandy siltstones of 
the Brushy Canyon Formation in the Delaware Mountain Group located in the Delaware basin, west Texas and 
south New Mexico. This basin was tectonically created and able to contain about 1000-m-thick deposits [1]. The 
Brushy Canyon Formation is middle-late Permian deposit that mainly composes of channel-fill massive sand-
stone and laminated siltstone [1]. Wind-transported but water-laid density currents (eolo-marine) have, pre-
viously, been proposed as sediment transportation and depositional models of the siltstones. Reference [2] inter-
preted that the sedimentary rocks of the Delaware Mountain Group sediments were deposited from dual density 
flows, where saline density currents deposited sands and less-dense currents deposited detrital silt and organic 
materials. Light gray laminae was coarser and organic-poor whereas darker gray laminae was finer and organic- 
rich [2]-[4]. Siltstone was deposited from suspension without any influence from the bottom currents because 
the siltstone was 1) draping as a laterally continuous and uniform blanket, 2) lacking current structures and 3) 
rich in organic matter, and 4) each lamina was individually graded, increasing in organic content upward [2] [4]. 
References [5] and [6] concluded that the Delaware Mountain Group was deposited from turbidity currents dur-
ing a period of low sea level. Thus, abundant sediments were transported into the basin by sediment-gravity 
flows. High-density turbidity currents generated channel filling sandstones while laminated siltstones were de-
posited from dilute, low-density turbidity currents [6]. 

On the other hand, reference [3] proposed an eolo-marine or wind-transported but water-laid model for the 
deposition of the Delaware Mountain Group because 1) the paucity of clay found in the deposits suggested an 
eolian origin, 2) fallout of windblown dust could create topographically draping beds of laminated siltstones, 
and 3) these deposits were similar to Pleistocene paraglacial deposits of the Sahara. In this model, sands were 
transported by eolian dunes and fine sand, silt, and clay were transported as dust. Deposition of sand wedges at 
the shelf break during low sea level generated turbidity currents and, consequently, channel filling sand bodies. 
Fine sand and silt were deposited as hemipelagic laminated siltstones. During the Permian time, the Delaware 
basin was located in the trade-wind belt of the northern hemisphere [3]. Fine sand, silt, and clay were trans-
ported as wind-blown dust [7] by strong trade-wind periods [3]. Compositions of detrital feldspar suggest that 
the source areas were the Rockies and other uplifts [8]. Sediments in the thinly laminated siltstone samples were, 
therefore, initially moved by wind.  

Although [2]-[6] proposed different models of transportation of the Delaware Mountain Group sediments, 
their findings unanimously agreed upon the mode of deposition of the thinly laminated siltstones. This lithology 
topographically draped preexisting layers and was deposited from suspension with little or low disruption or al-
teration by bottom currents. The rock unit was deposited from suspension in dilute fine-grained turbidity cur-
rents, hemipelagites, or both; mineral distribution and lamination were not affected by bottom currents. Particles 
in these laminated siltstones were, thus, hydraulically equivalent in dilute suspensions. Characteristics of hy-
draulic conditions at the time of particle erosion, transportation and deposition are preserved in these laminae.  

Zr/Ti ratios were estimated for individual laminations and compared with lamination thicknesses as well as 
the abundances and sizes of zircon and rutilated quartz grains. Previous studies suggest that Zr/Ti ratios reflect 
either transport distance (proximity to the source) [9] [10] or the magnitude of the flow that eroded, transported, 
and deposited the sediment [11]-[13]. Hydraulic characteristics of fluid medium are reflected in these geochem-
ical patterns. Since the laminae are uninterrupted by bottom currents or burrowing organisms, the original con-
ditions of lamination thickness and spatial mineral distributions are preserved. These siltstones are, consequently, 
an ideal test unit for 1) identifying causes of geochemical composition variation which could be applied to strata 
correlation and 2) estimating the velocity of erosional fluid, event size, in order to better understanding the ori-
gin of this rock unit and, ultimately, the basin’s evolution as a whole. X-ray fluorescence analytical microscopy 
(Horiba XGT-7000 X-ray Analytical Microscope), µXRF, was used to observe and measure the geochemical 
compositions of slabbed rock samples. This instrument is able to produce high-intensity X-ray beam of 10 µm in 
diameter [14], allowing in situ and non-destructive measurements of particle size and characterization of ele-
mental spatial distributions. 

2. Method 
Fifteen hand samples of thinly laminated siltstones were collected from three measured sections from the Upper 
Brushy Canyon Formation, Guadalupe Mountains National Park, west Texas. The measured sections came from 
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thinly laminated siltstone outcrops overlying a prominent structureless sandstone bed representing late-stage 
channel fill in a large channel body exposed on Salt Flat Bench (Figure 1). X-ray fluorescence analytical mi-
croscopy (Horiba XGT-7000 X-ray Analytical Microscope), µXRF, was used to map elemental distribution in 
slabbed hand samples. Scans were conducted at 10 µm resolution over 5.12 mm × 5.12 mm scanning areas to 
detect and characterize individual grains; two to four 10 µm resolution scans were conducted from the base to 
the top of each sample. Zircon and rutile grains were mapped by integrated Zr and Ti fluorescence intensities. 
Major and minor axes of these grains were measured as the full width at half maximum fluorescence intensity 
(background subtracted) measured across grain transects. Grains were selected for measurement by digitally 
overlaying grids having cell spacing more than twice the diameter of the largest grains and measuring the single 
grain closest to each node. Since flat or elongate grains have significantly different fall velocities than spherical 
grains of identical volume, grain shape was quantified by the Riley Sphericity, ψr [15]. Grains with ψr less than 
0.69 were not included in estimates of fall velocity distributions. Lamination thickness was measured directly  
 

 
Figure 1. A prominent structureless sandstone bed exposed on Salt Flat Bench (vertically exaggerated outcrop photo to 
show different deposits). The measured sections came from thinly laminated siltstone outcrops (Gray Siltstone) overlying 
this late-stage channel filling structureless sandstone. The sampling location’s GPS coordinates: N 31.871, W 104.858. 
Modified from [16]. 
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from Fe fluorescence intensity distributions. Dark gray/black laminae are enriched in Fe while light gray lami-
nae are Fe-poor. The distance between adjacent Fe fluorescence intensity peaks is therefore equal to lamination 
thickness. Zr/Ti fluorescence ratio was calculated by dividing the average fluorescence intensity of Zr by that of 
Ti within the same lamination. The relationships between Zr/Ti fluorescence ratio and grain size, Zr/Ti fluores-
cence ratio and lamination thickness, and particle size of minerals with relatively high and low susceptibility to 
erosion were used to infer sources of geochemical variation of these thinly laminated siltstones.  

3. Results 
3.1. Zircon and Rutilated Quartz Concentrations and Distributions 
Zircon and rutilated quartz grain sizes were log-normally distributed (Figure 2) with sample standard deviation 
< 0.35 ϕ (very well-sorted). In every scanning location, rutilated quartz grains were systematically larger than 
zircon grains (Figure 3). Zircon grains were silt-sized, and rutilated quartz grains were very fine sand-to coarse 
silt-sized. Additionally, rutilated quartz grain sizes were positively correlated (r = 0.771) with those of zircon 
grains (Figure 3). This correlation is consistent with the hypothesis that they were sorted together during depo-
sition from suspension and that they were hydraulically equivalent at the time of deposition. Consequently, the  
 

 
Figure 2. Normal probability plots of rutilated quartz grain sizes from small scans show that 
these grains are normally distributed (R2 = 0.988; p = 10−33). 

 

 
Figure 3. Rutilated quartz grain size (phi) with respect to zircon grain size (phi) from each 
10 µm resolution scanning location is shown in dots. A line of 1:1 grain size ratio is dis-
played in solid line. Linear regression line (dashed line) has a slope of 1.098 ± 0.316 (95% 
confidence) and p-value of 10−8. 
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average density of rutilated quartz can be estimated by balancing the Stokes settling velocity of rutilated quartz 
with that of zircon. 

2

Zr Ti

Ti Zr

d
d

ρ ρ
ρ ρ

  −
=  − 

                                    (1) 

The above equation can be rewritten in the following linear form:  

Ti
Ti Zr 2

Zr

1 log
2

ρ ρφ φ
ρ ρ

 −
= +  − 

.                               (2) 

Here, dZr and dTi represent zircon and rutilated quartz diameters. ρ, ρZr, and ρTi are densities of fluid, zircon, 
and rutilated quartz, respectively. ϕZr and ϕTi represent zircon and rutilated quartz grain size in phi-scale. The re-
gression line between quartz and zircon grain sizes had a slope of 1.1 ± 0.3 (Figure 3) but the slope’s intercept ≠ 
0. Therefore, the densities of these minerals were not equal to each other. These minerals were hydraulically 
equivalent, and the density of rutilated quartz was calculated by equating the settling velocity of zircon to that of 
quartz particle. Rutilated quartz grains had an average estimated density of 3.34 ± 0.05 g∙cm−3 (standard error 
from 36 measurements), suggesting an average rutile content of 43% by volume.  

There is no significant correlation between Zr/Ti fluorescence ratio and either zircon or rutilated quartz grain 
sizes (Figure 4 and Figure 5). In other words, variations in Zr/Ti ratio were not caused by variations in mineral 
grain size.  

3.2. Lamination Thickness 
Alternating light gray laminae and darker gray/black laminae were horizontal and parallel to each other. Black 
laminae were enriched in Fe (Figure 6) allowing consistent estimation of lamination thickness from 10 µm res-
olution µXRF scans. All samples showed positive correlations (positive r-value; Table 1; Figure 7), and nine  
 

Table 1. Linear regression and correlation analysis between lamination thickness and Zr/Ti 
ratio. Lamination thickness and Zr/Ti ratio are positively correlated in every sample. 

Sample Slope 𝑃𝑃-Value of The Slope Correlation 𝑅𝑅-Value 

1-3 0.152 0.007a 0.853 

1-4 0.232 0.003a 0.863 

1-5 0.087 0.273 0.402 

1-6 0.223 0.018a 0.940 

1-7 0.085 0.089 0.638 

1-8 0.311 0.040a 0.831 

1-9 0.081 0.310 0.338 

2-1 0.095 0.012a 0.648 

2-2 0.160 0.039a 0.626 

2-3 0.107 0.320 0.443 

3-1 0.065 0.185 0.485 

3-2 0.119 0.050 0.754 

3-3 0.126 0.017a 0.799 

3-4 0.062 0.034a 0.670 

3-5 0.214 0.002a 0.872 

aSample with linear regression between Zr/Ti fluorescence ratio and lamination thickness at the 95% confidence 
interval or greater. 
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Figure 4. Zr/Ti fluorescence ratio with respect to Ti-rich mineral grain size 
(phi) (R2 = 0.016; p for the regressed slope 0.489). 

 

 
Figure 5. Zr/Ti fluorescence ratio with respect to Zr-rich mineral grain size 
(phi) (R2 = 0.014; p for the regressed slope = 0.472). 

 

 
Figure 6. Fe-rich bands occur along black laminae. (a) MBC 1-5 rock sample. (b) Fe-fluorescence of MBC 1-5 rock sample. 
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Figure 7. Correlation plots of lamination thickness in centimeter (y-axis) and Zr/Ti fluorescence ratio (x-axis). All samples 
have positive correlation. 

 
of fifteen samples had significant linear relationships between lamination thickness and Zr/Ti ratio (p < 0.05; 
Table 1). The remaining samples showed no significant relationship at the 95% confidence level; no negative 
correlations were observed. 

Results from this research found that 1) both zircon and rutilated quartz grains were well-sorted and normally 
distributed, 2) rutilated quartz grain sizes were systematically correlated with zircon grain sizes, 3) neither zir-
con grain nor rutilated quartz grain size correlated with Zr/Ti ratio, and 4) lamination thickness and Zr/Ti fluo-
rescence ratio had positive correlations. 

4. Analysis and Discussion 
4.1. Previously Proposed Models for Sources of Zr/Ti Ratio Variation  
Geochemical properties have long been used to reconstruct histories of eolian sediments [9] [17]-[22]. The 
chemical composition of detrital sediments is mainly controlled by the mineralogy of the source rocks, the wea-
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thering regime, and the reactivity of the weathering products during transport [23]. In a study of late-Holocene 
sediments of Gormire Lake, UK, cyclical peaks of lithogenic elements (Si, Ti, K, Rb, Sr, Zr) covaried with 
peaks in Zr/Ti ratio [24]. These results were interpreted as episodes of enhanced eolian input due to erosion fol-
lowing deforestation. Reference [25] studied hydrological changes in the Chihuahua Desert, Mexico and inter-
preted that the supply of Ti-bearing minerals associated with periods of summer precipitation and the abundance 
of Zr-bearing minerals reflected periods of eolian input. Zr/Ti ratio was successfully used as a proxy for eolian 
intensity [11]-[13]. Similar interpretations were found in a study of changes in tropical African climate by ref-
erence [26]. Peaks in Zr/Ti ratio were interpreted as abrupt shifts to windy conditions. A combination of inor-
ganic geochemical composition and varve thickness was used as a proxy for interpreting the depositional history 
of the northeastern Arabian Sea, Pakistan [27]. Increased lamination thickness and elevated Zr/Al and Ti/Al ra-
tios were interpreted as evidence for increased eolian event size. Similar interpretations of a relationship be-
tween eolian activity and varve thickness and detrital flux were drawn in other studies [28] [29]. All of these 
studies proposed similar models in which high Zr/Ti ratio and lamination thickness are associated with periods 
of intense eolian activity. 

In a study of volcanically derived dust in the deep sea, reference [9] proposed a model relating volcanic dust 
particle size to distance from source. The predicted traveled distance before deposition varied with particle size 
and height of the eruptive cloud. Fine particles from high eruptive clouds tended to travel the furthest. Reference 
[20] used grain sizes, elemental ratios, total organic content, and degree of bioturbation as proxies for interpret-
ing depositional sequences and system tracts of black shales and limestones of the Oatka Creek Formation in the 
Devonian Appalachian Basin. Al was commonly found in clay minerals and was used as a proxy for 
fine-grained sediments. Si, Zr, and Ti were related to coarser sediments. Thus, high Si/Al, Zr/Al and Ti/Al ratios 
reflected sand-sized sediment input. A decrease in any of these elemental ratios was associated with deposition 
in distal and basinal environments. In this model, heavy elements were size sorted along the travel path [10]. Zr 
was enriched in silt to fine sand and Ti was associated with clay [24]. In other words, high Zr/Ti ratio was re-
lated to coarsening sediment input. Thus, a combination of high Zr/Ti ratio and coarse-grained particles indi-
cated sedimentation in relatively proximal depositional environments. 

In summary, Zr and Ti abundances are used in essential proxies for analyzing eolian deposits because they are 
chemically immobile [30] [31]. There are two different proposed models to explain fluctuations in Zr/Ti ratio: 1) 
high Zr/Ti ratio and lamination thickness are associated with periods of intense eolian activity or 2) a combina-
tion of high Zr/Ti ratio and coarse-grained particles indicate sedimentation in relatively proximal depositional 
environments. This research is using in situ geochemical compositions to identify potential driving mechanisms 
for variations in Zr/Ti fluorescence ratio and lamination thickness.  

4.2. Sources of Zr/Ti Ratio Variation of the Brushy Canyon Formation Siltstones  
A particle’s susceptibility to movement is strongly influenced by its size and shape as well as the packing and 
sorting of the surrounding sediment, and initial grain entrainment results from fluid drag and lift forces on more 
exposed grains [32]. In a series of wind-tunnel experiments of dry loose sand-sized sediments of a range of grain 
sizes, as wind velocity was slowly increased, less exposed grains were moved by fluid drag force [32]. When 
particle to fluid density ratio is low, the initial particle motion occurs at low fluid velocity [33]. Thus, denser and 
smaller grains have lower susceptibility to initial movement and require a relatively higher critical shear velocity 
to initiate motion due to their lesser exposed surface area and higher particle to fluid density ratio.  

Since zircon particles are smaller and denser than rutilated quartz particles (Figure 3), zircon grains have 
lower susceptibility to particle movement. Variations in Zr/Ti ratio are not correlated to grain size of either min-
eral (Figure 4 and Figure 5). These observations suggest that changes in Zr/Ti ratio did not result from varia-
tions in mineral grain sizes but were likely from variations in mineral abundance. Consequently, high Zr/Ti ra-
tios were from increases in zircon abundance likely related to periods of enhanced erosion where fluid speeds 
were high enough to move particles with lower susceptibility to movement. In contrast, thicker laminations were 
associated with higher Zr/Ti ratios (Figure 7); this is consistent with results from references [27]-[29]. There-
fore, variations in Zr/Ti ratio are most likely derived from fluctuations in erosional event intensity. 

4.3. Interpretation of Event Size 
In every rock sample, Ti-rich mineral particle size is coarser than that of Zr-rich mineral (Figure 3). Zr/Ti ratios 
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are not correlated to grain size of either mineral (Figure 4 and Figure 5). The combination of these evidences 
suggests that changes in Zr/Ti ratio did not result from sorting along the transport path or from varying distances 
of transportation. Changes in Zr/Ti ratio are, therefore, most likely derived from fluctuations in eolian intensity. 
Wind erosion occurs mostly by particle collisions, and particle’s susceptibility to movement is highly influenced 
by grain size and sorting [32]. Since zircon particles are smaller and denser than rutilated quartz particles, zircon 
has lower particle surface area. Zircon grains have lower susceptibility to particle movement. Consequently, 
high Zr/Ti ratios likely imply periods of strong wind.  

Shear velocity at the time of initial movement can be estimated by Rouse number  

*

swRo
uκ

= .                                       (3) 

Here, ws is particle settling velocity, κ is the von Karman constant (0.4), and u* is the shear velocity. The set-
tling velocity of particle is determined by balancing the particle’s gravitational force with its drag force, assum-
ing that the drag coefficient, CD, of a spherical particle in turbulent flow equals 0.4 - 0.5 [34] 

2
3

s s D
s

gd Cw ρ
ρ

 
=   

 
.                                  (4) 

In order to have these rutilated quartz and zircon travel in suspended load (Rouse number <1), shear velocity 
has to be higher than 10 km∙hr−1. The wind speed at a given height 𝑧𝑧 above the surface is characterized by the 
Prandtl-von Karman equation 

* lnz
o

u zu
zκ

 
=  

 
.                                    (5) 

Here, uz is the wind speed at a given height z and zo is the aerodynamic roughness length, which is approx-
imately 1 - 3 cm for eolian megaripples [35]. The average wind velocity (at 10 m above ground, which is the in-
ternational standard height for meteorological wind measurement [36]) is at least 150 km∙hr−1, which is equiva-
lent to a Category 1 hurricane. Reference [4] inferred that the parallel laminated siltstones in Delaware Mountain 
Group were deposited during seasonal storms. During the Permian, the Delaware basin was located in the 
trade-wind belt of the northern hemisphere [3]. Compositions of detrital feldspar suggested that the source areas 
were the Rockies and other uplifts [8]. Fine sand, silt, and clay were transported as wind-blown dust [7] by 
strong trade-wind periods [3]. 

5. Conclusion 
In situ geochemical compositions measured by µXRF were used to identify driving mechanisms for variations in 
Zr/Ti. The results from this investigation showed that 1) both zircon and rutilated quartz grains were well-sorted 
and had log-normally distributed sizes, 2) rutilated quartz grain sizes were systematically correlated with zircon 
grain sizes, 3) neither zircon grain nor rutilated quartz grain size correlated with Zr/Ti ratio, and 4) lamination 
thickness and Zr/Ti fluorescence ratio were positively correlated. Therefore, fluctuations in Zr/Ti likely resulted 
from changes in event sizes. A high Zr/Ti fluorescence ratio indicates a period enhanced wind velocity and ero-
sion at the source rather than shorter transport distance. The thinly laminated siltstones were deposited following 
erosion and transported by strong trade-winds or seasonal storms having estimated velocities of at least 150 
km∙hr−1, which was equivalent to a Category 1 hurricane. The methodology introduced here could be applied to 
stratigraphic correlation in similar siltstone units or to sedimentary units having a high windblown component. 
Different strata sections having similar patterns of Zr/Ti fluorescence ratio could be derived from the same event 
and, therefore, correlated.  
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