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ABSTRACT 

Calcic soil horizons are significant carbon sinks. Yet, despite their abundance in semiarid 

environments, calcic soils are enigmatic for two reasons: (1) some authors hypothesize that dust 

input does not, independently, control the geochemical properties of these soils; and (2) few 

studies have examined how these calcic soils change geochemically with respect to irrigation. A 

2017 pilot study used portable x-ray fluorescence (pXRF) on calcic soils in Southeastern Arizona 

(SEAZ) to address these questions. However, this technology has not been widely employed to 

evaluate soils. The current study addresses whether pXRF and XRF data obtained from the same 

soil samples are comparable. As such, calcic soils sourced from basalt, rhyolite/andesite, 

limestone, and mixed alluvium were collected from SEAZ and analyzed using pXRF and XRF. 

Analysis revealed that pXRF obtained significantly lower elemental values compared to XRF, 

indicating that one must exert caution when using pXRF analyses on soils. The XRF data show 

that there are clear geochemical differences between the calcic horizons originating on different 

parent materials, which suggests that dust input does not, solely, control the calcium input into 

these soils. And, the geochemical composition of sprinkler-irrigated mineral A-horizons of soil 

does differ from non-irrigated soil, which indicates that high-volume water input (>240 

gallons/hour) is needed to alter the soil composition. Yet, irrigation over 100 years has not 

completely changed the calcic soil composition. Thus, a longer time of irrigation (greater than 

100 years) is needed to potentially initiate the release of carbon sequestered in these calcic soils. 
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INTRODUCTION 

Arid and semiarid areas in the Western United States, such as Southeastern Arizona 

(SEAZ), have remained relatively unpopulated until the last century. Settlement in the dry 

climate of SEAZ required significant amounts of water to be redirected towards these 

communities. Since the 1970s, population density rose drastically as a result of increased 

migration to the Sun Belt, with these new and expanding communities excavating roads and 

developing large cities (e.g., Tucson). Soils that characterize this region tend to be calcium-rich. 

Because of increased anthropogenic input of water into the system, as well as changes in the 

landscape from expanding cities, the soil chemistry of these areas could be altered significantly. 

As Lybrand et al. (2011) note, changes in water availability and distribution will likely alter the 

dynamics of soil-and-regolith environments. Thus, we need to know how calcic soils respond to, 

and change from, these anthropogenic forces. This is especially true as these soils sequester 

significant amounts of carbon, which can act as a global warming agent if released and paired 

with oxygen. 

The increased calcium in SEAZ soils has traditionally been correlated with dust input. 

Past studies, such as Batchily et al. (2003), have identified only calcium-rich dust as a factor for 

the development of calcic horizons in the region. Yet, to date, the hypothesis that an increasing 

concentration of calcium-rich dust is the main contributor to calcic horizonation has not been 

tested. A preliminary pilot project compared the geochemical properties of calcic (and 

petrocalcic) horizons originating on different parent materials (Fischer et al., 2017). That project 

discovered that parent material influenced geochemical differences between the calcic horizons, 

as there were notable differences in the chemical properties of these soils. Fischer et al. (2017) 

also found that many horizons possessed a notable-to-significant dust fraction across the four 
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soils studied, each of which originated on a different parent regolith. They reasoned that dust is a 

significant factor in forming calcic horizons. However, other factors, such as parent material, can 

partially explain the formation of these calcic (and petrocalcic) horizons in the region. 

Soils are the largest reservoir of carbon in the terrestrial realm, as they not only contain 

organic carbon and inorganic carbon, but also likely sequester atmospheric carbon (Kraimer and 

Monger, 2009; Zamanian et al., 2016). In fact, soils are the third largest pool of carbon on Earth 

(2,470 Pg C), after oceans (38,725 Pg C) and fossil fuels (4,000 Pg C) (Kraimer and Monger, 

2009; Zamanian et al., 2016). These calcium carbonate-rich soils are also widespread, covering 

approximately 13% of Earth’s surface, which helps explain why they collectively sequester a 

large quantity of carbon (Alonso-Zarza and Wright, 2010). Moreover, it has been noted that 

calcic soils in desert-and-arid regions hold more carbon than terrestrial vegetation (Kraimer and 

Monger, 2009).  

Soils serve as the important connector between soil inorganic carbon (SIC), and its long-

term geological carbon cycling with atmospheric CO2 (thousands to millions of years), to its 

short-term biotic carbon cycling (hours to hundreds of years) (Zamanian et al., 2016). In 

semiarid and arid regions like SEAZ, SIC plays an even larger function because it is the largest 

reservoir of soil carbon (Zamanian et al., 2016). Specifically, areas that receive less than 250 mm 

of precipitation a year, such as the Sahara and the Western United States, have approximately 

320 to 1,280 Mg C ha-1 (Zamanian et al., 2016). Yet, Zamanian et al. (2016) note that human-

induced changes to the environment and soils, such as N fertilization and irrigation, could release 

large quantities of SIC and, thus, increase the emissions of CO2 into our atmosphere. These 

concerns are founded upon environmental changes during the Holocene and Pleistocene, at a 
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time during which 400 to 500 Pg C were released from SIC-induced climate warming (Zamanian 

et al., 2016). 

The focus in this study concerns a specific carbonate that usually forms in arid and 

semiarid regions: pedogenic carbonate, otherwise known as pedogenic calcrete or caliche 

(Alonso-Zarza and Wright, 2010). Pedogenic carbonates originate from the SIC reservoir and 

from the dissolution and redistribution of carbonates in soils (Zamanian et al., 2016). Pedogenic 

carbonate also forms by two different processes: per ascensum and per descensum mechanisms 

(Candy and Black, 2009). Ascensum methods involve the rise of Ca+ up through the soil as a 

function of evaporation (Candy and Black, 2009). In contrast, per descensum calcrete forms from 

soil waters dissolving carbonate in the top mineral A-horizon and, then, percolating down and 

reprecipitating the carbonate in the lower B-horizons, typically in the Bt horizon (Candy and 

Black, 2009). Per descensum calcrete horizons and profiles are more relevant to SEAZ soils 

because they are the most common carbonates and are heavily affected by and, thus, respond to 

the prevailing climate (Candy and Black, 2009). As these carbonates originate from rainfall and 

evaporation, they can be used as strong recorders of climate and environmental change (Candy 

and Black, 2009). However, calcic soils in desert regions do not solely contain pedogenic 

carbonate. Many SEAZ soils that originated on alluvial fans are likely a mixture of pedogenic 

and groundwater calcretes, considering that alluvial fans were closed drainage systems where the 

water table could rise from lake expansion or processes operating in other bodies of water 

(Alonso-Zarza and Wright, 2010). Yet, regardless of the formation mechanism of these calcic 

soils, calcrete is shown to be sensitive to environmental and climatic changes, specifically from 

changes in precipitation and water availability (Alonso-Zarza and Wright, 2010). 
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BACKGROUND 

Due to the interconnectivity between biotic and abiotic systems, and a strong control of 

surface albedo, Kraimer and Monger (2009) and Singhvi et al. (2010) claim that deserts and arid 

regions are ideal places to observe the connection between geology and climate. This is because 

of the vast expanse of soils enriched with calcium carbonate in these dry regions. Calcium 

carbonate leaches down the soil profile from the surface to some depth, which results in the 

precipitation of the well-known calcic horizons of desert soils (Bachman and Machette, 1977; 

Machette, 1985). Calcic soils and pedogenic carbonates in semiarid and arid regions vary in age 

and can represent the product of thousands to millions of years of formation (Adamson et al., 

2015; Machette, 1985; Pfeiffer et al., 2012). Calcic soils possess different amounts of calcium 

carbonate based on their age, distribution, and concentration of Ca2+ in rainfall, and the 

concentration of CaCO3 in dust and sand (Bachman and Machette, 1977; Machette, 1985). In 

addition, CaCO3 precipitates in deserts when the seasonal drought decreases the soil-pore pCO2 

and increases 18O values in the soil water as a consequence of evaporation (Schlesinger, 1985). 

Furthermore, the key difference between carbonate-enriched calcic and petrocalcic soil horizons 

is that petrocalcic soils possess extremely well-cemented calcic horizons (Soil Survey staff, 

2006). As such, calcic soils are good proxies for climate and environmental change throughout 

the Pleistocene and Holocene epochs (Adamson et al., 2015; Machette, 1985).  

Quaternary deposits vary in their accumulation, history, physical and chemical 

characteristics, and outcrop exposure throughout Arizona. Yet, soils in SEAZ are generally 

consistent in composition and classification (Fig. 1; Hendricks, 1985; Morrison, 1985). 

Moreover, studies have placed the diverse alluvium deposits in SEAZ into four major groups: (1) 

deformed continental sediments deposited in a subtropical climate and fan conglomerates eroded 
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from the surrounding mountains during a semiarid climate; (2) lake-bed deposits from natural 

damming of drainage during a more seasonal period of time; (3) coarse fan deposits from heavy 

erosion during glaciation; and (4) young, fine-grained cienegas (desert wetlands) in climatic 

conditions similar to today (Melton, 1965). In the time during which these soil groups formed, a 

change from humid to semiarid climate occurred beginning in the early to middle Miocene (19.9 

± 1.6 million), as orogenic activity likely disrupted the movement of humid air through the area 

(Melton, 1965). Moreover, rhyolitic ash beds and andesite flows occurred during this time, and 

slow water movement in valleys resulted in lake-bed deposits of saline, lacustrine mudstone 

interlayered with freshwater limestone (Melton, 1965). Coarse fan deposits can be found across 

the base of most mountain ranges in southern Arizona, and are usually found at elevations 

between 1,500 and 4,000 feet (Melton, 1965). Some soils on alluvial fans, especially those in the 

Sonoran Desert, are identified as calcium-rich and basaltic due to the presence of basalt boulders 

(Melton, 1965; Morrison, 1985). In fact, soils that have developed on these alluvial fans contain 

large petrocalcic horizons (Naiman et al., 2000). Lastly, cienegas are the least stable landforms in 

southern Arizona and are easily destroyed; yet, they can have carbonate-rich zones attaining 1-3 

feet in thickness (Melton, 1965). This diversity in soil regime explains the difficulty in 

classifying the mixed alluvium soil deposits in the area. 

Once the origin and chemical composition of the calcic soils in question are determined, 

one can investigate how these soils respond to climate change. Studying past climate change 

through the lens of soils can aid in determining how today’s climate has affected soil 

composition (Pavich and Chadwick, 2004). Pavich and Chadwick (2004) pose a relevant 

question: once soils are formed, are they insensitive to climate change? Soils integrate the 

conditions of the past climate into their horizons, as they are the boundary between Earth’s 
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atmosphere and its lithosphere (Pavich and Chadwick, 2004). They note that soil characteristics 

and compositions can drastically change on a timescale between 1,000 and 10,000 years, with 

marked physical and chemical changes decreasing after 10,000 years. Although carbonate-

cemented horizons form in less than 10,000 years, these soils are thought to develop over longer 

periods of time (>10,000 years) when they are significantly impacted by dust input (Pavich and 

Chadwick, 2004). In fact, studies have shown that dust recovered from soils, which are calcium 

and titanium rich, can determine pollution and land-use levels, and be indicative of rapid climate 

change (Pavich and Chadwick, 2004). Yet, the question remains: how do increased amounts of 

water in dry environments affect a soil’s composition?  

Water, or the lack thereof, is the one factor that characterizes arid regions. All arid 

regions have specific mean annual precipitation constraints, which suggest that CO2 

sequestration and emissions are tied to them. By observing positive oxygen-and-carbon isotopic 

values in calcareous soils, one can determine that evaporation and aridity are the key 

environmental factors for controlling carbonate production (Adamson et al., 2015; Pfeiffer et al., 

2012). Moreover, Amit et al. (2010) researched the effects on rare rainstorms in two “hyperarid” 

deserts in Africa (<50 mm yr-1 of precipitation): the Negev and Namib deserts. Although these 

areas currently receive less rainfall, when compared to the Southwestern deserts of the United 

States (Tucson receives 45–95 cm yr−1 for comparison), they noted that calcic horizons in the 

Namib desert are analogous to the Mojave Desert in Nevada, especially with respect to 

comparable 𝛿13C values (Amit et al., 2010; Lybrand and Rasmussen, 2015). One of the most 

important aspects of 𝛿13C measurements is that these values can indicate the strength of carbon-

dioxide sink in the terrestrial realm (Raymo and Ruddiman, 1992). An increase in, or more 

positive, 𝛿13C values likely indicate that an increased amount of 12C, and carbon dioxide, is 



 
 

7 
 

sequestered in plants and other terrestrial materials (Raymo and Ruddiman, 1992).  As the 

Namib soil carbonates possess a more positive 𝛿13C value (+2.8‰), Amit et al. (2010) reasoned 

that these carbonates sequestered a significant amount of atmospheric and soil-respired CO2 

during their formation. In fact, the calcretes that formed on siliceous rocks sequester CO2 during 

the weathering processes of these rocks, which illustrates that carbonates are key sinks for CO2 

(Huerta et al., 2015). However, Huerta et al. (2015) stress that the CO2 in these soil carbonates 

mostly originate in the soil rather than a result from weathering. Amit et al. (2010) also noted 

that the rainfall duration in desert environments is important for forming particular soil horizons. 

As such, a range of low rainfall is needed to promote the formation of calcic horizons. In 

contrast, an overabundance of water will prohibit their genesis. This balance indicates that 

increased water input into the soil systems from anthropogenic sources will likely impede the 

production of carbonates and, thus, the drawdown and sequestration of CO2.  

It is important to determine the timescales over which a decrease in CO2 drawdown 

occurs in response to an increase in water input. This is especially true as Stiles et al. (2003) 

indicate that soils forming in dry, semiarid and arid climates take longer to reach geological 

equilibrium when subjected to any environmental change. Moreover, semiarid regions that 

experience a short-term increase in precipitation/water input showcase a change in their soil 

profiles’ chemical composition. Under increased episodes of precipitation, these soils accumulate 

organic carbon in the upper horizons (Bescansa et al., 2006; Monger, 2010). In addition, 

Assouline et al. (2016) examined the reciprocal relationship between Ca and Na in soil as a 

consequence of increased rainfall/water availability. They found that an increase in freshwater or 

wastewater input from irrigation in a semiarid area of Israel resulted in a decrease of Ca content 
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and a subsequent increase in the Na-adsorption ratio. This suggests that changes in a soil’s 

chemical composition from increased water input occurs over relatively short timescales. 

Other researchers, though, argue that these changes in soil chemistry occur over longer 

timescales. McDonald et al. (1996) examined the effects of increased and decreased precipitation 

on soils formed on alluvial-fan deposits in the Mojave Desert, California, using a Simultaneous 

Heat-and-Water model. They found that short-term intervals of increased precipitation (100 

years or less) had little impact on the carbonate distribution in a soil profile. In contrast, they 

discovered that longer intervals of increased precipitation (400 years or greater) had a significant 

impact on carbonate distribution. This is because the increased amount of water percolated to the 

lower 75-150 cm of the soil profile, allowing the carbonate to form in these deeper horizons. 

Other studies, including Monger (2010), also confirm this trend of a downward-shift in calcic 

horizons with increased precipitation. They examined semiarid environments that experienced an 

interval of wetter climate and found the downward carbonate shift in the soil profile. 

Intriguingly, McDonald et al. (1996) also report that an increase in soil CO2 correlates with 

increased precipitation. Yet, Monger (2010) determined that an increase in erosion in semiarid 

regions does not correlate to an increase in CO2 emissions from calcic horizons. Thus, Monger 

(2010) surmised that calcic horizons are CO2 reservoirs.  

Field techniques have been developed to rapidly assess the chemical composition of soils 

in situ. The advent of portable x-ray fluorescence (pXRF) devices has allowed researchers to 

bring laboratory analyses to the field. The advantages of pXRF instrumentation are its small size 

and quick analyses. Most pXRF instruments can easily fit into a suitcase and are light-weight, 

allowing researchers to carry the equipment around while collecting and examining field 

samples. Moreover, the pXRF instrument can be plugged into a laptop computer’s USB outlet to 
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easily run and store any pXRF analyses on field samples. Furthermore, with a quick data 

collection time of approximately four minutes, pXRF allows one to efficiently collect 

measurements regarding the composition of any desired specimen by simply holding the pXRF 

device up against the material for that duration. Given the pXRF’s handheld size, ease of use, 

and quick analyses, there is little wonder as to why pXRF has gained rapid appeal in the 

scientific community as an up-and-coming technology. 

Yet, the question remains as to the accuracy of pXRF data and its use. Although most 

geochemical analyses of soils are performed using laboratory-based XRF, Chakraborty et al. 

(2017) advocated that the pXRF analysis of soils yields accurate data at a low-cost and through a 

nondestructive method when compared to other traditional approaches. They reported that Zhu 

and Weindorf (2009) found an R2 value of 0.986 when comparing pXRF-determined Ca levels 

with laboratory-determined Ca values. Similarly, these workers reported that Weindorf et al. 

(2013) used pXRF as a proxy for gypsum, and obtained a R2 value of 0.912 when relating these 

values to laboratory-quantified gypsum concentrations. To demonstrate the accuracy of pXRF 

analysis, they analyzed the pXRF data to prove that it depicted the elemental differences in the 

six stages of carbonate soil development. The question remains, though, as to the accuracy and 

utility of hand held, portable XRF when compared with standard XRF methodologies. The 

comparison between pXRF and XRF analyses has been made with rock samples. For example, 

Craig et al. (2007) found consistent trends between their obsidian artifact’s pXRF and XRF data, 

but discovered that the two instruments showed significant differences between the analyses, 

which they found could be solved with cross calibration. Moreover, archeological bricks have 

been compared using pXRF and XRF analyses, which produced good results with a few critical 
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differences between the two datasets (Bonizzoni et al., 2013). However, to date, there has been 

little to no comparison between the two instruments with respect to soil analyses. 

GOALS 

There are three overarching goals associated with the current project. The first is to 

compare and contrast pXRF spectra from Fischer et al. (2017) with XRF instrumental spectra. 

The intent is to determine if the pXRF soil data compares favorably with x-ray fluorescence 

(XRF) analyses of the same soil samples. These analyses will determine whether Chakraborty et 

al.’s (2017) claims are valid by testing the accuracy of pXRF data. If there are significant and 

irreconcilable differences between the pXRF and the XRF datasets, then one must be cautious 

when using pXRF for determining the soil chemistry.  

A second goal is to determine whether parent material influences the formation of the 

overlying soils. Although the pilot project compared the geochemical properties of calcic soils 

originating on different parent materials, the study only utilized pXRF to reach its conclusions 

and did not analyze samples of the parent bedrock for comparison. As such, the current study 

intends to identify bedrock exposures of the four different types of parent material on which 

these originated (colluvial basalt, rhyolite/andesite, limestone, and mixed alluvium) and 

characterize the geochemical nature of these parent materials in comparison with the soils’ 

compositions. These geochemical analyses include determining the mineralogy of bedrock clasts 

in soils and their elemental composition using XRF. It is important to determine the degree to 

which the bedrock affects the soils’ geochemistry, and how to adequately measure a soil’s 

compositional changes with respect to it.  

The third, and final, goal is to determine whether human-induced irrigation affects the 

calcic soils’ composition. McDonald et al. (1996) found that increased water supply likely 
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leaches the Ca and carbonate from calcic soils. This removal of calcium carbonate could be a 

serious concern for communities in arid and semiarid regions, as irrigation could hinder the 

calcic soil’s ability to sequester carbon and could force the soil to release its carbon into the 

atmosphere (Monger, 2010; Zamanian et al., 2016). Thus, it is important to determine if a 

significant change in the chemical composition of irrigated calcic soils has occurred, especially 

with respect to Ca concentrations, as any geochemical alteration could indicate that irrigation is 

indeed removing the calcium carbonate. Furthermore, it will be interesting to see whether 

McDonald et al.’s (1996) model holds true when analyzing soils originating on different parent 

materials, and if increased water supply will increase CO2 emissions from calcic horizons. 

METHODOLOGY 

Locality 

Five soil profiles were collected at Sentinel Peak, the Tucson Mountains, the Santa Rita 

Mountains, Whetstone, and Saddlebrooke. These SEAZ soils are all aridisols in the Thermic Soil 

Zone, which vary from other soils in the state of Arizona due to the mean temperature 

differences under which they formed (Fig. 1; Hendricks, 1985). These sites were chosen based 

on their differing parent or bedrock materials. Sentinel Peak’s parent material is mostly basalt, 

the Tucson Mountains are largely comprised of Mesozoic felsic volcanic rocks, the Santa Rita 

Mountains and Whetstone have expansive exposures of carbonate rocks and bedrock, and 

Saddlebrooke is an old alluvial fan with thick petrocalcic horizons (Naiman et al., 2000). Thus, 

the parent materials for each site are determined to be colluvial basalt (obtained from Sentinel 

Peak), rhyolite/andesite (obtained from the Tucson Mountains), limestone (obtained from the 

Santa Rita Mountains and Whetstone), and mixed alluvium (obtained from Saddlebrooke) (Soil 

Profiles 1-5; Fig. 2). It is important to note that mixed alluvium is a very loose term used to 
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identify samples that originated from an ancient alluvial fan; there is little consensus on their 

parent material composition.  

Field Sampling and Analyses 

Soil profiles with calcic and petrocalcic horizons from different SEAZ sites were 

collected in June and July 2017 (Fig. 2; Table 1). The color of each was characterized with a 

Minolta CR-200 handheld digital chromameter, which determines Munsell soil color. The soils 

from Sentinel Peak, the Tucson Mountains, the Santa Rita Mountains, Whetstone, and 

Saddlebrooke were recollected in January 2018 to examine the parent materials’ geochemical 

composition (Table 1). The irrigated soils also were collected in January 2018 on the University 

of Arizona campus to determine whether any geochemical changes are induced by increased 

water input. As the University of Arizona lies on mixed alluvium, the irrigated soils are 

compositionally mixed alluvium. To better compare the effect of increased water on desert soils, 

two different kinds of irrigated soil were collected: drip-irrigated and sprinkler-irrigated soils. 

Funding through Colby College’s DavisConnects program allowed for more samples to 

be collected in Arizona. As such, additional soil samples from the five summer sites were 

revisited and recollected in January 2018. Dr. Craig Rasmussen was available to visit these sites 

and identify the parent material. It is important to note that for many sites, especially the 

Saddlebrooke site that has mixed alluvium as parent material, it was nearly impossible to acquire 

representative samples of parent material. However, with Dr. Rasmussen’s assistance, the best 

representatives for parent material were collected. For the second half of the excursion, irrigated 

soils were obtained from the University of Arizona campus. Two kinds of irrigated soils were 

acquired for the analysis and comparison: drip-irrigated and sprinkler-irrigated soils. Compared 

to sprinklers, drip irrigation uses a network of tubes to deliver water to plants and roots slowly to 
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reduce water loss through evaporation (Rasmussen, pers. comm. 2018). Both types of irrigation 

systems on the University of Arizona campus draw from retreated water (Rasmussen, pers. 

comm. 2018). In total, nine irrigated soil samples were collected, five from drip-irrigated sites 

and four from sprinkler-irrigated sites. 

Laboratory Analyses 

The elemental composition of each sample initially was analyzed in the laboratory with a 

portable x-ray fluorescence (pXRF) instrument (Thermo Scientific Niton™ XL3t GOLDD+ 

XRF Analyzer) at the University of Arizona (Appendix A). These analyses were necessary to 

determine whether the soil profiles differed based on their parent material’s composition. In 

addition, electrical conductivity (EC) and pH were determined using Mettler Toledo’s 

SevenCompact™ Duo S213 pH/Conductivity Meters, and loss on ignition (LOI) for each sample 

(Table 1; Fig. 3). Water, KCl, and CaCl2 washes were used to acquire the pH and EC values of 

each soil horizon (Table 1). These three compounds were used for the washes, as they are 

standards for soil pH and EC comparisons (Rasmussen, pers. comm. 2017). However, for the 

purposes of the current study, the pH and EC values obtained from the water wash are used for 

comparison because water is a more common and, thus, relatable compound for understanding 

the pH and EC comparisons (Fig. 3). These tests also helped determine if the parent material 

controls other chemical properties of the soil profile, such as the Ca, Fe and Si concentrations 

(Fig. 4). However, there had to be an accurate method to determine the degree to which the soil 

profiles were influenced by parent material versus atmospheric dust, which is the most favored 

mechanism for the formation of calcic soils in SEAZ. Thus, dust input was calculated by 

comparing Ti:Zr ratios from the pXRF data for dust-and-parent material (Fig. 5; Appendix A). 

Dust input was also recalculated using the larger Ti:Zr ratios from the XRF data. 
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Ti and Zr are immobile index elements, and any increase in these elements is considered 

to be the result of dust deposition (Rasmussen, pers. comm. 2017; Stiles et al., 2017). The Ti-Zr 

ratios against which geochemical comparisons are made are based on Lybrand’s unpublished 

data on the spectral reflectance of the Santa Rita Experimental Range soils (Rasmussen, pers. 

comm. 2017). Moreover, only percent change and molecular weight values were used to 

calculate the Ti:Zr ratios. This protocol was used because Lybrand’s unpublished data employed 

these methods to determine the dust input in soils, and, as such, the same method was followed 

in this study (Rasmussen, pers. comm. 2017).  

A principal component analysis (PCA) was undertaken to determine which variables 

(including elemental composition, pH, EC, etc.) were linearly uncorrelated and, thus, were 

distinct for each of the four parent material classifications (Fig. 6; Table 1). The program R was 

used to perform the PCA and run a regression of the variables. This allowed the parent materials 

to be easily separated and compared to each other based on the variables employed. PCA results 

allowed geochemical differences to be identified between the calcic horizons based on parent 

material.  

These pilot-project data were all obtained from the pXRF analyses during June and July 

2017, and they lacked confirmation from laboratory instrumental analysis. Thus, the soil profiles 

were also analyzed using Colby College’s M4 TORNADO XRF instrument, which has been 

proven as a reliable analyzer of the elemental composition of soils, rocks, and other materials 

(Bonizzoni et al., 2013; Craig et al., 2007). To analyze the loose-soil samples, one-sided sticky 

tape was used to pick up the fine (sieved to <2 mm) components of the soils, while thin pieces of 

tape were used to adhere the back side and edges of the tape of soil to the M4 TORNADO’s 

retractable platform. In addition, the number of sampling points at which elemental values were 
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the most reliable (i.e., the least variation in a sample) was determined by running experiments at 

50, 100, 150, 200, 250, and 300 gridded sampling points. The gridded rectangles analyzed by the 

XRF were between 25,000 and 50,000 microns2 in area to maintain the comparability between 

each sample. However, at the lower-end of sample points (50, 100, and 150 points), elements 

including Fe did not vary in the data set, while others, including Ca, varied by two or more 

standard deviations. It is important to note that the spacing of the gridded sampling points varied 

within the area that was maintained at constant dimensions. This could account for some 

variability in the results, but, as demonstrated, the variation is relatively non-existent in immobile 

elements such as Fe and should be minor for the mobile elements.  

Thus, the decision was made to examine four representative soil samples of each of the 

parent material using 200 points under two conditions: (1) using the sieved soil as it was sent 

from Dr. Rasmussen, and (2) using a sediment sample splitter and a mortar-and-pestle to 

homogenize the sample. The reasoning for the method was that the unhomogenized soils likely 

had grains of significantly different compositions which greatly affected and varied the signal. 

Yet, although there was some variation between the unhomogenized and homogenized soils’ 

compositions, these differences were not significant. As such, it was determined that a high 

sample-point number, higher than 150 points, was necessary for the XRF analysis. Moreover, 

several Colby faculty raised questions about whether 100 or even 200 points was truly capable of 

capturing soil composition, so each sample was analyzed using no less than 300 points. Thus, all 

of the XRF analyses were run using 300 points and completed during January 2018, after the 

January trip to collect additional soil and parent material samples. 

When comparing the standard deviations between the non-irrigated soils and their parent 

material, and between the irrigated soils and the non-irrigated soils, 1σ was usually sufficient to 
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indicate that the difference was significant. However, for cases where standard deviations of 2σ 

were preferred for increased accuracy, single-factor ANOVA tests were utilized (Appendix B). 

These tests were chosen because Excel, the program that the current study used to determine the 

standard deviations at 1σ, cannot easily calculate standard deviations at 2σ. Yet, single-factor 

ANOVA through Excel easily determined the significance of the standard deviations with its 

calculations of p values. 

RESULTS 

Parental Material 

 The four soil profiles examined for this study differ in their thickness and physical 

parameters which, in part, are the consequence of the parental bedrock. Each soil exhibits both 

an organic-rich and an enriched calcium-carbonate cemented horizon, although the exact depth 

in each soil profile differs for the latter feature. The upper horizons (mineral A-horizons) range 

in color from dark brown to reddish (10YR 5/3 to 5YR 4/6) (Appendix C). The lower horizons 

(enriched calcium-carbonate B-horizons) are white to light gray (7.5YR 8/1 to 10YR 7/1) 

(Appendix C). The location of the five soils are Saddlebrooke, Sentinel Peak, Santa Rita 

Mountains, Tucson Mountains, and Whetstone Mountains (Tables 1-5). A brief description of 

each soil profile follows.  

 The Sentinel Peak soil overlies a colluvial basalt parent and is approximately 2.77 m in 

thickness (Fig. 7A; Table 2). The top soil horizons are thin, gray (7.5YR 6/1) and light gray 

(10YR 7/1) mineral A-horizons wherein humus is mixed with rock clasts. Two calcium-

carbonate enriched horizons, herein termed the B-horizon are separated by a well cemented B 

petrocalcic horizon restricting water and root penetration. The entire thickness of the B-horizon 

is 1.89 m, with the hardpan attaining a thickness of 93 cm. The petrocalcic horizon interval 



 
 

17 
 

occurs between a depth of 153 and 246 cm. The B-horizon is light gray (10YR 7/1), as is the Bx 

horizon. The underlying C-horizon is composed of unconsolidated basalt material, with clasts 

ranging from 0.5 to 2.0 cm in diameter. 

 The Santa Rita Mountain soil formed on limestone bedrock (Fig. 7B, Table 3). The 

maximum thickness at the sample locality is 190 cm. The top soil horizons are thin, dark grayish 

brown (10YR 4/2) and thick grayish brown (10YR 5/2) mineral A-horizons wherein humus is 

mixed with rock clasts. Non-woody roots with a diameter of 1 mm penetrate this interval. The 

calcium-carbonate enriched horizon, herein termed the B-horizon, is 92 cm thick. The B-horizon 

is white (7.5YR 8/1) and the underlying C-horizon is composed of unconsolidated limestone. 

 The Whetstone Mountain soil also formed on limestone bedrock (Fig. 7C, Table 4). The 

maximum thickness of the locality where sampled is 200 cm. The top soil horizons are grayish 

brown (10YR 5/2) and thicker light gray (10YR 7/2) mineral A-horizons wherein humus is 

mixed with rock clasts. Non-woody roots with a diameter of 1 mm penetrate this interval. The 

calcium-carbonate enriched horizon, herein termed the B-horizon, is 92 cm. The B-horizon is 

very pale brown to light gray (10YR 8/2 and 10YR 7/2). The underlying C-horizon is composed 

of unconsolidated limestone, with clasts ranging from 0.5 to 3 cm in diameter. 

The Tucson Mountain soil formed on rhyolite/andesite bedrock (Fig. 7D, Table 5). The 

maximum soil thickness of the locality where sampled is 304 cm. The top soil horizons are thin, 

dark brown (10YR 5/3) and thicker light brown (7.5YR 6/3) mineral A-horizons wherein humus 

is mixed with rock clasts. Creosote bushes and non-woody roots with a diameter of 1 mm 

penetrate this interval. The calcium-carbonate enriched horizon, herein termed the B-horizon, is 

170 cm and is light gray (10YR 7/2). The underlying C-horizon is composed of unconsolidated 

rhyolite/andesite material, with clasts ranging from 0.5 to 2 cm in diameter.  
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The Saddlebrooke soil formed on mixed alluvium (Fig. 7E, Table 6). The maximum 

thickness at the locality where it was sampled is 400 cm. The top soil horizons are thin very 

dusky red (2.5YR 2.5/2) and yellowish red (5YR 4/6) mineral A-horizons wherein humus is 

mixed with rock clasts. Roots penetrate these horizons and creosote bushes colonize the side of 

the outcrop. The calcium-carbonate enriched horizon, herein termed the B-horizon, is 245 cm 

and is white (7.5YR 8/1). The underlying C-horizon is composed of unconsolidated mixed 

alluvium material, with clasts ranging from 1 to 7 cm in diameter. 

Irrigated Soils 

 Soils sampled from both irrigated and non-irrigated sites are 15-20 cm in thickness due to 

the constraints of obtaining profiles on the University of Arizona campus. The nine soils all 

represent the mineral A-horizon, and their coloring ranges from brown (10YR 5/3) to very dark 

grayish brown (10YR 3/2) (Fig. 8; Appendix C). Small pebbles were abundant in the drip-

irrigated soils, while roots and aerial debris of grasses were present in the sprinkler-irrigated 

soils. Furthermore, many of the drip-irrigated soils had pockets of calcium-carbonate glaebules.  

Parent and Soil pXRF and XRF Data 

The compiled soil data are the result of pXRF analyses during June and July 2017, and 

XRF analyses of January 2018. Instrumental data include Mg, Al, Si, P, S, K, Ca, Ti, Cr, Mn, Fe, 

Zn, Rb, Sr, and Zr with a sampling grid strategy of 300 points using the M4 TORNADO. Major 

elements comprising a significant portion of the soil, 20% to >50%, are described in the 

following text. Trends were examined between the parent material types, as well as the pXRF 

and XRF data, through scatterplots and bar charts. 
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     Basaltic Soil (Sentinel Peak) 

  pXRF 

The hand-held instrument was used on site during summer 2017 to analyze elemental 

concentrations of the soil formed on basaltic parent material. These soils have mean values of 

0.35% Mg, 0.43% Al, 3.90% Si, 17% Ca, 0.22% Ti, 1.80% Fe, and 0.01% Zr (Appendix A). A 

comparable data set is not available for the Sentinel Peak basaltic bedrock (parent material). The 

pXRF instrument was unavailable in January 2018 when the site was resampled. Hence, only 

instrumental XRF data are presented below. 

  XRF 

Soils originating from the basalt-parent material exhibit the same dominant fractions 

throughout the profile, with mean values of 24% Si, 5.40% Al, and 1.50% Fe (Appendix D). The 

soils also contain mean values of 3.60% Mg, 19% Ca, 0.40% Ti, and 0.01% Zr (Appendix D). 

Geochemistry of the basalt-parent material is dominated by Si, Al, and Fe, with mean XRF 

values of 27% Si, 10% Al, and 6.00% Fe (Appendix D). The parent material also is characterized 

by mean values of 1.10% Mg, 5.50% Ca, 0.89% Ti, and 0.06% Zr (Appendix D). Only the Ca 

values varied by a factor of 2.4 between the parent material and the overlying soils. 

     Limestone Soil (Santa Rita and Whetstone) 

  pXRF 

 Soils originating on the limestone-parent material have mean elemental values of 0.35% 

Mg, 0.43% Al, 3.9% Si, 16.5% Ca, 0.18% Ti, 1.76% Fe, and 0.01% Zr (Appendix A). 

Geochemistry of the limestone-parent material is characterized by mean elemental values of 

0.26% Mg, 0.31% Al, 4.20% Si, 7.70% Ca, 0.27% Ti, 2.50% Fe, and 0.02% Zr (Appendix A). 

The limestone-parent material’s composition compares well with the soils’ composition. 
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However, the soils’ Ca concentrations vary compared to the parent material’s Ca value by a 

factor of 2.1. 

  XRF 

Soils originating above the bedrock have similar compositions throughout their profiles, 

with mean values of 20% Si and 26% Ca (Appendix D). These soils also contain mean values of 

2.00% Mg, 5.50% Al, 0.38% Ti, 1.80% Fe, and 0.01% Zr (Appendix D). Geochemistry of the 

limestone-parent material is dominated by Ca and Si, with mean values of 29% and 8.10%, 

respectively (Appendix D). The parent material also contains mean values of 2.50% Mg, 7.90% 

Al, 0.46% Ti, 2.10% Fe, and 0.07% Zr (Appendix D). Ca values compared between the parent 

material and the overlying soils are the only values that greatly differ, as they deviate by a factor 

of 2.4. 

     Rhyolitic Soil (Tucson Mountains) 

  pXRF 

The hand-held instrument was used on site during summer 2017 to analyze elemental 

concentrations of the soil formed on rhyolite parent material. These soils have mean values of 

0.35% Mg, 0.34% Al, 4.30% Si, 14% Ca, 0.18% Ti, 1.80% Fe, and 0.02% Zr (Appendix A). A 

comparable data set is not available for the Tucson Mountains rhyolitic bedrock (parent 

material). The pXRF instrument was unavailable in January 2018 when the site was resampled. 

Hence, only instrumental XRF data are presented below for the bedrock samples. 

 XRF 

Soils originating from the rhyolitic parent material have the same composition throughout 

their soil profiles, with mean values of 1.90% Mg, 6.40% Al, 22% Si, 22% Ca, 0.37% Ti, 2.00% 

Fe, and 0.02% Zr (Appendix D). Geochemistry of the rhyolite-parent material is dominated by 
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Si, Al, and Fe with mean values of 33% Si, 7.70% Al, and 3.10% Fe (Appendix D). The parent 

material also is characterized by mean values of 1.70% Mg, 0.90% Ca, 0.50% Ti, and 0.03% Zr 

(Appendix D). Many of the elemental trends in the parent material appear consistent with the 

soils (Appendix D). However, Ca concentrations in the soil are much higher, by a factor of 25, 

compared to the parent material’s low Ca value. 

     Alluvial Soil (Saddlebrooke) 

  pXRF 

The hand-held instrument was used on site during summer 2017 to analyze elemental 

concentrations of the soil formed on rhyolite parent material. These soils have mean values of 

0.38% Mg, 0.27% Al, 1.50% Si, 21% Ca, 0.18% Ti, 1.90% Fe, and 0.01% Zr (Appendix A). A 

comparable data set is not available for the Saddlebrooke mixed alluvium (parent material). The 

pXRF instrument was unavailable in January 2018 when the site was resampled. Hence, only 

instrumental XRF data for the parent material are presented below. 

  XRF 

 Soils originating on the mixed alluvium do not show the same dominant elemental 

distribution, as considerable variability exists within the soil profile (Appendix D). Thus, 

standard deviations have been added to the following mean elemental values to highlight this 

variance. The Si, Al, and Ca mean values in the soil are 12% Si ± 10 (1σ), 5.00% Al ± 5.00 (1σ), 

and 40% Ca ± 25 (1σ), respectively (Appendix D). In addition, mean values of 1.40% Mg ± 0.35 

(1σ), 0.29% Ti ± 0.25 (1σ), 2.20% Fe ± 0.24 (1σ), and 0.02% Zr ± 0.003 (1σ) are found in these 

soils (Appendix D). Geochemistry of the mixed-alluvium parent is dominated by Si and Al, with 

mean values of 31% and 9.20%, respectively (Appendix D). The parent material also contains a 
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low Ca value of 4.0% and is characterized by mean values of 2.40% Mg, 2.20% Ti, 2.20% Fe, 

and 0.01% Zr (Appendix D). 

Non-Irrigated Soil Profile Trends 

 Down-profile trends in the four different SEAZ soils show similar features in both pXRF 

and XRF data (Figs. 9-16, 17-23). However, the difference between pXRF and XRF values are 

notable. For example, the XRF data have consistently higher Al, Si, and Ca values, whereas the 

pXRF data show slightly higher proportions of Zr. Moreover, the difference for K in the XRF 

data represent a 1.1 fold increase, Ca values show a 1.4 fold increase, Mg values show a 5.3 fold 

increase, Si values show a 4.5 fold increase, and Al values show a 15 fold increase (Table 7). In 

the case of more immobile elements, values for Ti show a 1.84 fold increase, values for Fe show 

a 0.18 fold increase, and values for Zr show a 0.08 fold decrease in the XRF data (Table 7). For a 

few samples, the Ca values varied significantly based on the 300-point analysis; these ranged 

from a 0.1 to a 1 fold increase (Appendix E). The Ti and Zr ratios, based on the XRF data, are 

much higher, by a factor of 1.1, than the summer pXRF pilot-project data (Figs. 5, 16). A full 

comparison between the mean values obtained using both pXRF and XRF instrumentation for 

major elements can be found in Table 7 and in Appendix E.  

Irrigated Soil Trends 

Analyses of drip-irrigated and sprinkler-irrigated soils exhibit the same elemental trends 

down the profile of the mineral A-horizon (Figs. 17-23). For example, the values for Si and Fe in 

both drip-irrigated and sprinkler-irrigated soils are non-significant, because the standard 

deviation for each encompasses the mean value for the other system (Figs. 18, 20). Yet, 

intriguingly, Fe values for drip-irrigated soils vary considerably when compared to sprinkler-

irrigated soils (Fig. 21). The drip-irrigated soils’ Fe values range from 1.93% to 5.94% ± 1.68 
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(1σ), while the values of sprinkler-irrigated soils’ Fe are more constrained, from 2.40% to 2.87% 

± 0.21 (1σ; Fig. 21). However, a few elements are significantly different when the drip-irrigated 

soils and the sprinkler-irrigated soils are compared. For Ca, the drip-irrigated horizons have an 

average value of 4.29% Ca ± 1.75 (1σ), while the sprinkler-irrigated have an average value of 

6.07% Ca ± 1.65 (1σ; Fig. 19). Also, the Al value in the drip-irrigated soils average 9.07% Al ± 

0.41 (1σ), while the average sprinkler-irrigated soils is 8.28% Al ± 0.33 (1σ; Fig. 17). Ti values 

are low and comparable between the drip- and sprinkler irrigated soils (0.0446% Ti versus 

0.0462% Ti) and both have standard deviations greater than 1 (Fig. 20). Moreover, the drip-

irrigated soils have an average value of 0.014% Zr ± 0.001 (1σ), while the sprinkler-irrigated 

soils had a narrower range of Zr values, with an average value of 0.0096% ± 0.002 (1σ; Fig. 22). 

Furthermore, the Ti:Zr ratio between the drip- and sprinkler-irrigated soils is quite disparate. The 

drip-irrigated soils’ mean Ti:Zr ratio is 32.0 ± 18.7 (1σ), while the sprinkler-irrigated soils’ mean 

Ti:Zr ratio is 48.3 ± 18.0 (1σ; Fig. 23). Although the mean ratios of both soils fall within the 

other group’s standard deviation, the overlap of standard deviation is minimal. 

Parent Material vs. Originating Soil Geochemistry 

 Scatterplots were used to assess the comparability of the soil-profile data between 

samples as well as their parent material. The rhyolite-derived soils (from the Tucson Mountains) 

overlap the plots of soils of basaltic origin (Sentinel Peak) and limestone origin (the Santa Rita 

Mountains and the Whetstone Mountains) (Figs. 24-27). All three soil types differ from the 

alluvial soil data set (Figs. 24-27).  

The limestone soils overlap the plots of the igneous soils of basalt-and-rhyolite origin 

with respect to their Fe and Ca values (Fig. 24). However, the limestone soils overlap with the 

rhyolite soils with respect to Al and Ca, while the basalt soils separated from this group based on 
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their Al values (Fig. 25). Similarly, the limestone-derived soils plot separately from the basalt-

derived soils based on Ti concentrations, whereas rhyolite-derived soils plot between these two 

soil types (Fig. 26). The limestone and igneous-derived soils are comparable with respect to Si 

concentrations (Fig. 27). Moreover, although the soil elemental values of Fe, Al, Ca, Si, and Ti 

did separate from the parent material, the parent material, in some instances, plotted near the soil 

data fields (Figs. 24-27).  

The basaltic soils are depleted in Fe and enriched in Ca when compared with the basalt 

parent material (Fig. 24). In contrast, limestone soils are generally similar in Fe values but are 

enriched in Ca when compared with the limestone parental rock (Fig. 24). Rhyolite soils are 

slightly depleted in Fe and enriched in Ca when compared with the rhyolite parental bedrock 

(Fig. 24). There are two different clusters of elemental data for the mixed alluvium soils (Fig. 

24). One cluster exhibits an enrichment in Fe, only, whereas a second data set is slightly depleted 

in Fe and enriched in Ca (Fig. 24). 

Comparing the Al versus Ca concentrations, the basalt-derived soils soils are depleted in 

Al and enriched in Ca when compared to these elements in the basalt parent material (Fig. 25). 

Al values of limestone-derived soils are depleted in some cases, whereas all samples show an 

enrichment in Ca (Fig. 25). A similar trend is found for soils formed on rhyolitic parent material 

(Fig. 25). And, similar to the plots of Fe:Ca (Fig. 24), there are two distinct groups of mixed 

alluvial soil data (Fig. 25). One group shows a slight enrichment in Al but no enrichment in Ca 

(Fig. 25). In contrast, the second group shows depletion in Al along with enrichment in Ca (Fig. 

25). 

Regarding Ti and Ca concentrations, the basaltic soils are depleted in Ti and enriched in 

Ca relative to the basalt parent material (Fig. 26). In contrast, limestone soils are generally 
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similar in Ti values but are enriched in Ca when compared with the limestone parental rock (Fig. 

26). Rhyolite-derived soils are slightly depleted in Ti and enriched in Ca when compared with 

the rhyolite parental bedrock (Fig. 26). Similar to the Fe:Ca and Al:Ca plots (Figs. 24-25), there 

are two different clusters of elemental data for the mixed alluvium soils (Fig. 26). One cluster 

exhibits a slight Ti enrichment and depletion in Ca compared with the alluvial parent material, 

whereas the second data set is depleted in Ti and enriched in Ca (Fig. 26). 

The Si versus Ca bivariate plot depicts that the basaltic soils are slightly depleted in Si 

and enriched in Ca when compared to these elements in the basalt parent material (Fig. 27). Si 

values of limestone-derived soils are depleted, and their Ca values are enriched relative to the 

limestone parent material (Fig. 27). A similar trend is found for soils formed on rhyolitic parent 

material (Fig. 27). Again, there are two distinct groups of mixed alluvial soil data (Fig. 27). One 

group shows a slight depletion in Si but no enrichment in Ca compared with the alluvial parent 

material (Fig. 27). In contrast, the second group shows depletion in Si along with enrichment in 

Ca relative to the alluvial parent material (Fig. 27). 

DISCUSSION 

 Three pressing questions arise from the data. (1) How well do pXRF soil analyses align 

with XRF soil analyses, and why do these trends occur? (2) Do the data support Fischer et al.’s 

(2017) conclusion that the geochemical composition of calcic soils is influenced by their parent 

material, in addition to dust input? And, (3) do the data clearly indicate that irrigation has 

significantly altered the geochemical composition of calcic soils? Thus, the discussion section 

will fully address these concerns by fully examining the data and incorporating the findings of 

other relevant studies.  
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pXRF vs. XRF Analyses 

Since the advent of portable x-ray fluorescence, researchers have desired to utilize this 

efficient and low-cost instrumentation and determine whether it could become a reasonable 

counterpart to the expensive and slow, but more detailed, XRF analyses conducted in the 

laboratory. Thus, several researchers in the last two decades have compared the accuracy 

between the two instruments to determine if pXRF could serve as a reliable tool in the field 

(Potts et al., 1995; Clark et al., 1999; Moioli and Seccaroni, 2000; Kilbride et al., 2006). Craig et 

al. (2007) and Bonizzoni et al. (2013) found consistent trends between elemental data obtained 

from obsidian and brick artifacts, respectively, although they noted that results from the two 

instruments give significantly different elemental values. In contrast, Chakraborty et al. (2017), 

citing Zhu and Weindorf (2009) and Weindorf et al. (2013), found a high degree of 

comparability between the pXRF and XRF-derived values of Ca and gypsum in soils. Yet, 

although there seems to be general agreement that pXRF and XRF instrumental analyses for 

rocks and other archeological relics are comparable, soils have remained excluded. A few 

studies, including Clark et al. (1999) and Kilbride et al. (2006), have attempted to use pXRF data 

to determine the concentration of metal contaminants in soils.  

Although studies have found comparable results exist between the pXRF and XRF 

instruments in detecting the metal contaminants, they did not focus on whether pXRF 

instruments can accurately measure the bulk geochemical composition of soils. Thus, 

Chakraborty et al. (2017) used pXRF analyses to see whether the instrument could distinguish 

the subtle elemental differences between the six stages of carbonate-soil development in the 

Southwestern U.S. Their study focused specifically on arid and semiarid regions of New Mexico, 

Texas, Kansas, and Colorado. From their analyses, Chakraborty et al. (2017) found that the 
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pXRF could not distinguish the difference between primary and secondary Ca in soil. In 

addition, they reported that pXRF data sometimes exhibited a wide variation in the Ca content. 

Despite these limitations, they found that 83.3% of stage I samples, 83.3% of stage II samples, 

91.03% of stage III samples, 91.66% of stage IV samples, 60% of stage V samples, and 33.33% 

of stage VI samples were correctly identified as stage I, II, III, IV, V and VI, respectively. Thus, 

Chakraborty et al. (2017) concluded that pXRF gave “satisfactory” results and determined that 

pXRF can accurately measure the increase in Ca concentration with the increase in calcium-

carbonate development stage. 

 These studies confirmed that pXRF and XRF analyses were comparable and suggested 

that similar correlative results would be seen in the current study on SEAZ soils. However, the 

data from the current study challenge this notion. Although pXRF data of each major element 

traced through the soil profiles follow the same, or similar, trends as those determined using 

XRF, individual elemental values are not the same (Figs. 9-16). Data from the current study 

reveal that pXRF largely underrepresents the values of major elements (Table 6). While 

differences in the values of the more immobile elements (Ca, Fe, and Ti) are only less than two 

times lower (or higher in the case of Zr), the mobile elements (Mg, Al, Si, and K) show the 

lowest values, which are 2.2 times lower for K to 15 times lower for Al values when compare to 

the laboratory XRF (Table 6). Figures 9-16 emphasize this disparity. The pXRF values for the 

major elements, which do generally follow the trends of the XRF data, plot as lower values when 

compared with the XRF values on all scatterplots (Figs. 9-16). As a consequence, trends of the 

pXRF data are diminished when compared with the trends using the XRF values. This is evident 

in the Al, Si, and Ca scatterplots, which reveal very erratic trends between the pXRF and XRF 
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data (Figs. 10-12). Despite these apparent differences, the immobile elements parallel and 

overlap the XRF data to a greater degree than the mobile elements (Figs. 13-16).  

 Why might there be such a notable difference between the values derived using either 

method, especially with respect to the mobile elements? The duration of the analyses, the size of 

the analytical window, and the energy of the instrument (in electron-volts) may best explain 

these differences. Soils used in both analyses were the same; both samples were sieved to 

remove large pebbles or material >2 mm which could interfere with the results. However, the 

handheld Thermo-Scientific pXRF instrument takes a four-minute snapshot of the elemental 

composition of the soil across a 3-mm diameter window, while the M4 TORNADO runs a 3-

hour test of the elemental composition of the soil across 300 separate points at a 25-micron 

diameter scale. Moreover, there are notable differences in energy between the instruments. pXRF 

has a maximum energy output of 185 eV, whereas XRF has a minimum energy output of 145 eV. 

In fact, XRF usually has an energy output several factors greater than pXRF. With respect to 

both of these factors, it is possible that the larger soil particles may be overrepresented, skewing 

the data to diminish the major elements present in the soil. In contrast, the XRF analyses can 

fully distinguish between small and larger grains and average these differences together. Thus, it 

is largely because of the averaging of the XRF’s 300 point analyses, of which the pXRF lacks, 

that ensures the higher accuracy of the acquired data.  

This explanation is further confirmed based on XRF data obtained when the analytical 

grid was less than 300 points. The current study examined the variations in elemental values 

between 50, 100, 150, 200, and 250 point analyses before data were collected using the 300-

point strategy. The 50-point data set showed the most variability between the major elements, 

while the 250-point data set showed the least amount of variability (Appendix E). For instance, 
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soil #2358 (Tucson Mountains, rhyolite-derived soil from the B-horizon) was evaluated using 

counts of 50, 100, 150, 200, 250, and 300 points. Ca values of the sample were 23.73% ± 5.69% 

(1σ), 24.68% ± 4.23% (1σ), 24.1% ± 4.91% (1σ), 24.16% ± 3.67% (1σ), 24.00% ± 2.79% (1σ), 

and 24.14% ± 3.83% (1σ), respectively (Appendix E). Although one might conclude from these 

data that a 200 point-count total is as good as the 300-point strategy utilized in this study, only 

Ca concentrations at 200 point-counts compared well with the 300 point-count. 300 point-counts 

were needed to reduce the amount of variability in the soil’s other elemental values. From these 

data, one can observe how the Ca concentration focuses around the higher number of points 

chosen for the analysis, with the largest deviations of approximately ± 4.00-6.00% occurring 

under the conditions of the least number of points analyzed (50, 100, and 150 points). Yet, these 

differences are minimal when compared to the value of 14.16% ± 0.128% (1σ) Ca for soil #2358 

obtained using the pXRF, which is a value that is approximately 70% less (Appendices A and E). 

These data highlight the fact that the more points that are analyzed over a longer period of time, 

results in a more accurate data set. Thus, although pXRF analyses can be useful for determining 

the initial elemental trends in a soil profile, pXRF cannot replace XRF elemental analyses for 

distinguishing and determining the true chemical differences in, and the compositions of, the 

soils.  

 Chakraborty et al. (2017) concluded that pXRF and XRF data were comparable for 

calcium-enriched soils when they evaluated the six stages of calcium-carbonate development in 

soils (Machette, 1985). As such, they were interested primarily in the increasing Ca content 

trends associated with increasing calcification. These authors were not interested in a detailed 

analysis of the elemental spectra of the soils, unlike this study. In addition, they used vector-

machine analyses on the soil and the soil aggregates (e.g., soil particles that bind together) to 
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support their observations of the calcium-carbonate development stages in the soils. Support 

vector machine (SVM) analyses utilize models that include learning algorithms (Chakraborty et 

al., 2017). This allows the models to classify the data into groups and run regressions to analyze 

the data (Chakraborty et al., 2017). Chakraborty et al. (2017) used the SVM analyses for 

quadratic programming on a subset of the samples. The result is a SVM classification plot that 

can compare the soil and the soil aggregates to Machette’s (1985) six stages of calcic soil 

development (Chakraborty et al., 2017). With this plot, Chakraborty et al. (2017) confirmed the 

classification of each sample’s developmental stage and compared these classifications with the 

pXRF data classifications. Thus, the question addressed by Chakraborty et al. (2017) did not 

require highly precise measurements of the Ca content in these soils to determine the increasing 

Ca trends. The soil trends could be explained satisfactorily using results from their pXRF 

analyses. 

Soil studies that require an accurate assessment of a soil’s elemental composition cannot 

rely solely on pXRF analyses. Values obtained in the field using a handheld portable device must 

be crosschecked with other instruments including both XRF and XRD. Thus, future studies 

designed to rely on pXRF analyses to measure the elemental compositions of soils should be 

done with caution. The current study demonstrates that pXRF data can depict the general 

elemental trends of a soil profile. However, these data are not obtained at high resolution because 

they report lower values for the major elements when compared with laboratory XRF analyses. 

Bedrock vs. Soil Geochemistry 

 Based on the pilot project of Fischer et al. (2017), there were clear indicators that the 

bedrock (parent material) affected the composition of the overlying soils (Appendix A). PCA 

results show a clear separation between soil horizons derived from limestone-parent material and 
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soil horizons derived from volcanic parent material (Fig. 6). Moreover, the Ti:Zr scatterplots 

proved that dust was not the only factor in controlling the geochemical properties of soils in arid 

and semiarid regions (Fig. 5; Table 1). This conclusion is contrary to that which was previously 

believed. While several soil horizons did plot close to the calculated dust-indicator line, others 

deviated away from the line, indicating that additional factors, including parent material, affect 

the formation and composition of these soils. These conclusions about the geochemical 

differences between the soil profiles were drawn exclusively from pXRF data, with a limited 

number of samples and parent material equivalents. The current study demonstrates that relying 

solely on pXRF analyses is questionable, requiring these samples to be reanalyzed to determine 

whether conclusions drawn from the pilot project data are accurate. Thus, to effectively measure 

geochemical differences between the soils, samples were grouped based on their data. Moreover, 

pH and EC measurements, calculated Ti:Zr ratios, and bivariate plots of elemental composition 

were utilized to determine if the geochemical properties of the soils were directly connected to, 

and likely derived from, their parental bedrock. 

The pilot project acquired pH and EC values of the soil horizons in the hopes of revealing 

any indication of a significant geochemical contribution from the parent (Fig. 6; Table 1). 

However, the pH and EC values show that the soil horizons originating on the four parent 

materials (basalt, rhyolite, limestone, and mixed alluvium) are not significantly different, given 

the data’s large standard deviations (Fig. 6; Table 1). The soils from these parent materials have 

similar basic pH values, and their EC standard deviations overlap (Fig. 6; Table 1). The only 

point of potential interest is that the volcanic-derived soils (basalt and rhyolite) have noticeably 

lower EC values compared to the limestone and alluvial soils (Fig. 6). Otherwise, the parent 

material does not largely influence the overlying soils’ pH and EC properties. 
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It can be seen that the Ti:Zr ratio of the four soil types differs dramatically not only 

between the parent rock and the overlying soils, but also down each soil profile (Fig. 16). The 

Ti:Zr ratio is used to infer whether calcium was introduced in SEAZ soils via eolian dust 

(Lybrand, unpublished data). Using Lybrand’s unpublished data, the study determined that Ti:Zr 

ratios greater than 61 are indicative of calcium enrichment as a function of dust input, whereas 

ratios below this “dust line” are interpreted to have other factors that contribute more strongly to 

their formation (Fig. 16). The only soils where a significant dust enrichment is identified occurs 

in the volcanic-derived soils (Sentinel Peak basalt and Tucson Mountain rhyolite), where 

enrichment is seen in both the upper and lower sections of their soil profiles, as these horizons 

plot close to, or even extend beyond, the dust line (Fig. 16). This indicates that dust strongly 

influences their geochemical composition. In fact, if the horizon plots close to the line, then dust 

likely influenced the majority of its geochemical signature, and if the horizon extends past the 

dust line, then dust input likely controlled nearly all of the horizon’s geochemical composition 

(Rasmussen, pers. comm. 2018). Conversely, the volcanic-derived soils’ middle horizons were 

not largely influenced by dust input, as these ratios plot farther from the dust line (Fig. 16). In 

addition, neither the limestone nor mixed alluvium soils appear to have a large dust signature 

anywhere in their profiles (Fig. 16). Thus, by examining bivariate plots of both elemental soil 

composition and the Ti:Zr dust fractions, it can be seen that the XRF data confirm that the soil 

geochemistry is influenced, partially, by the parent materials’ composition (Figs. 16, 24-27). 

When soil data are plotted based on their parent materials, it can be seen that most soils 

lie in relatively discrete fields (Figs. 24-27). Soils derived from one parent material generally or 

exclusively plot close together (Figs. 24-27). The basalt, limestone, and rhyolite data fields 

consistently plot at the center of these figures, whereas the outliers at the high and low ends 
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represent the two data fields of mixed alluvium (Figs. 24-27). Soils from the Santa Rita and 

Whetstone Mountains, formed on limestone, plot in a single data field and separate from the 

parent (Figs. 24-27). Elemental values of soils derived from rhyolite-precursor rock plot with, 

and overlap, limestone soils (Figs. 24-27). And, soils formed from basalt, in general, plot in a 

field that overlaps the lower values of both the limestone and rhyolite data. The one soil type that 

does not conform to a single data field is the mixed alluvium. Here, two discrete data fields are 

identified on all bivariate plots, and neither field overlaps the geochemistry of the parent. 

However, there are a couple of exceptions to these data field groupings. One exception is sample 

#2353 from the mineral A-horizon of the Tucson Mountains (Appendix D). Intriguingly, sample 

#2353 plots separately from the rhyolite data field and consistently near the rhyolite parent (Figs. 

24-27). Yet, this sample also has a large amount of dust input (Fig. 16). These two findings 

seemingly contradict each other, but the best explanation is that, perhaps, the soil sample 

coincidentally has a similar composition to the parent, as most of its composition is derived from 

dust influence. The other exception is sample #2398 from the B-horizon of Saddlebrooke 

(Appendix D). Although sample #2398 plots near the mixed alluvium soil horizons that are 

enriched in Ca, it consistently lies outside of this data field because of its lower Ca concentration 

and higher values in the other major elements (Figs. 24-27). Thus, sample #2398 was not 

included in either of the two mixed alluvium data fields because of its distinct geochemical 

differences (Figs. 24-27). In all cases, elemental values of soils derived from these parent 

materials do not overlap those of their parent rock.  

The volcanic-derived basalt-and-rhyolite soils have clear geochemical similarities when 

compared to the limestone-derived soils. In many of the bivariate plots, rhyolite-derived soil data 

lie amongst the fields of the basalt and limestone soils (Figs. 24-27). In addition, the rhyolite 
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soils compare closer to the limestone-derived soils in their Mg (Fig. 9) and Al (Fig. 10) values 

than to the basalt-derived soils (Fig. 25). Al in the soils is so low as to plot close to all of these 

soil types based on pXRF data (Fig. 10). When the XRF data are compared, the basalt values plot 

closer to the limestone than the rhyolite (Fig. 25). Yet, the basalt and rhyolite soils have similar 

pH and EC values that deviate from the limestone (Fig. 6). An explanation to these findings is 

that perhaps the soils are influenced by other factors besides parent-material composition and 

dust input. The pilot work by Fischer et al. (2017) opened the door to the possibility of other 

factors influencing the geochemical composition of desert soils in addition to the hypothesis of 

solely dust input (Batchily et al., 2003). Thus, the current study could reveal that while volcanic-

derived soils do show similar geochemical variation, the rhyolite-derived soils overlap with the 

limestone soils because of other variables affecting their composition.  

The rhyolite-, basalt-, and limestone-derived soils do show geochemical variations from 

their parent material’s composition. Although the rhyolite-parent material plots somewhat near 

the rhyolite-derived soils and their data field, the soils have enriched Ca concentrations and 

depleted Al and Si concentrations compared to their rhyolite parent (Figs. 24-27). These enriched 

Ca values can be explained by Ca leaching from the soil and solidifying as a thin layer on the 

underside of the soil grains (Rasmussen, pers. comm.). Moreover, the rhyolite parent only truly 

plots extremely close to soil #2353 from the Tucson Mountain’s mineral A-horizon (Figs. 24-

27). The limestone parent material also plots near the limestone-derived soils and their data field; 

yet, the limestone-derived soils have enriched Ca concentrations, slightly depleted Al values, and 

depleted Si concentrations compared to their limestone parent (Figs. 24-27). The basalt parent 

bedrock was the only parent that did not consistently plot near the basalt-derived soils and their 
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data field (Figs. 24-27). Compared to the basalt parent, the basaltic soils were enriched in Ca and 

depleted in Fe, Al, and Ti (Figs. 24-27).  

Considering these apparent geochemical similarities and differences, one could reason 

that the soils were not largely influenced by the underlying parent material during their 

formation. Yet, the rhyolite- and limestone-derived soils did not show any significant enrichment 

or depletion in their Fe and Ti concentrations compared to the parent (Figs. 24, 26). The basalt-

derived soils also had similar Si values compared to the basalt bedrock (Fig. 27). Moreover, the 

basalt-derived soils’ compositional differences could be attributed to the soils’ large dust input. 

In the Ti:Zr ratio scatterplot from the pilot project, many of the colluvial basalt soil horizons plot 

very close to the dust line, compared to the other soil profiles originating on different parent 

materials (Fig. 5). The basalt-derived soils’ close proximity to the dust line indicates that many 

of the horizons received significant eolian dust input during their formation, which could alter 

their basaltic geochemical compositions over time and result in the soils to having compositional 

differences from the basalt parent (Fig. 5).  

The current study’s XRF data and its Ti:Zr ratios for the soil horizons also support that 

the basalt-derived soils received a significant amount of dust contribution (Fig. 16). Many of the 

lower basalt-derived soil horizons plot close or past dust line, indicating that dust input 

contributed the most to these horizons’ formation (Fig. 16). And, because the upper horizons did 

not receive a significant amount of dust input, this reveals that the basalt parent material or other 

factors likely influenced these horizons and their formation (Fig. 16). The rhyolitic and 

limestone-derived soils were moderately influenced by dust input during their formation, 

although dust significantly influenced the upper horizons of the rhyolite-derived soils (Fig. 16), 

and their elemental compositions vary somewhat from their parent regarding their Ca, Al, and Si 
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concentrations (Figs. 25, 27). Yet, the rhyolite- and limestone-derived soils did not vary in their 

Fe and Ti concentrations from their parent (Figs. 24, 26). Considering the moderate influence 

from dust and geochemical similarities, parent material does still control the composition of 

these soils to some degree. The only difference is that perhaps the pilot project’s pXRF data 

overemphasized the impact the parent material has on the originating calcic soil. Thus, the XRF 

data from the current study demonstrate that the soils’ geochemical properties are partially 

influenced by their parent materials’ compositions. 

As expected, the mixed alluvium soils showed the most variability, plotting separately 

from the rhyolite-, basalt-, and limestone-derived soils (Figs. 24-27). The mixed alluvium soil 

has high concentrations of Ca in greater than 50% of the soil samples, higher than even the 

limestone-derived soils (Figs. 24-27). One mixed alluvium data field has depleted Al and Si 

concentrations and slightly depleted Fe and Ti concentrations compared to other soil types (Figs. 

24-27). However, the other data field has enriched Fe and Al values and depleted Ca values 

compared to the other soil types (Figs. 24-25). Moreover, these soils showed considerable 

variability within the profile, as the upper horizons had high concentrations of Fe, Al, Ti, and Si 

compared to the lower horizons, and as they had low values of Ca compared to lower horizons 

(Figs. 9-14, 24-27). However, the mixed alluvium parent plots closer to the upper mixed 

alluvium soil horizons that lie in the data field that is depleted in Ca (Figs. 24-27). This 

geochemical similarity confirms that the parent influences the formation of these alluvial soil 

horizons (Figs. 24-27). Although the parent material plots separately from the other alluvial soil 

data field, which represents the lower horizons of the soil profile, the parental bedrock does 

bridge the gap by plotting somewhat between the two mixed alluvium fields and the 

nonconforming sample #2398 (Figs. 24-27). Moreover, the mixed alluvium soil profile did not 
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receive a significant amount of dust contribution during its formation because the horizons’ Ti:Zr 

ratios do not plot close to the dust line (Fig. 16). As such, these data indicate that the 

composition of the mixed alluvium soils are moderately controlled by their parent material, in 

addition to calcium-rich dust contribution that is dictated by atmospheric circulation patterns. 

Thus, the XRF data from the current study, when compared with the pXRF data from the pilot 

study, show that the calcic soils derived from basalt, rhyolite, limestone, and mixed alluvium and 

their geochemical properties are partially influenced by their parent material compositions. 

The Effects of Irrigation 

Numerous studies have focused on the effects of increased water input on soils, 

particularly on calcic soils, and these have found a change in the soil’s geochemical composition 

from a consistent, long-term input of water (Adamson et al., 2015; Amit et al., 2010; McDonald 

et al., 1996; Monger, 2010; Pavich and Chadwick, 2004; Pfeiffer et al., 2012). These calcium-

carbonate enriched soils in the arid to semiarid region of SEAZ, which are a function of a 

restricted water supply, should be prohibited from developing in irrigated settings (Adamson et 

al., 2015; Amit et al., 2010; Pfeiffer et al., 2012). Thus, one could reason that such calcic soils 

would degrade over time, losing calcium carbonate from the increased water supply penetrating 

these horizons and leaching the CaCO3 from the soil, resulting in a change in their geochemical 

composition (Amit et al., 2010; McDonald et al., 1996; Monger, 2010). Thus, the current study 

attempts to examine how calcic soils geochemically respond to increased water input from 

human irrigation systems. By comparing the geochemical composition of mineral A-horizons 

between irrigated soils and non-irrigated calcic soils from the same general area (in-and-around 

Tucson, AZ), one can assess the degree to which water has affected their composition. 
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Additionally, it is important to understand if different irrigation methods significantly affect the 

geochemical composition of calcic soils.  

The geochemical data acquired from the mineral A-horizons of the calcic soils irrigated 

by sprinklers or drip techniques do not deviate from each other with respect to geochemical 

composition (Figs. 17-22). Although elemental values from the sprinkler-irrigated soils have 

small standard deviations for Fe and Zr compared to the drip-irrigated soils (Figs. 21-22), these 

overlap with those of the drip-irrigated soils’ standard deviations. This relationship also is true 

for elemental concentrations of Si, Ca, and Ti (Figs. 18-20). However, these soils differ in Al 

concentrations, as these data do not overlap (Fig. 17). It should be noted that the calculated 

standard deviations are only at 1σ. If recalculated for 2σ, the values may result in no significant 

Al variation between these two irrigated soil types. A single factor ANOVA test of Al variation 

resulted in p values less than 0.05 (p = 0.02) (Appendix B). This test indicates that the drip- and 

sprinkler-irrigated Al values are significantly different. However, in the context of the drip- and 

sprinkler-irrigated soils’ overall similarity, the type of irrigation does not appear to significantly 

impact the geochemical composition of irrigated calcic soils over a timescale of decades.  

This finding is quite intriguing because sprinkler-irrigation systems introduce more water 

per volume to soils when compared to drip-irrigation systems. In fact, sprinkler systems can 

easily introduce 300 gallons of water each hour, whereas drip irrigation usually only provides 1-

4 gallons of water in one hour (Clark and Smajstrla, 1996; Ley, 1992). Considering this large 

difference in the volume of water that these irrigation systems discharge, one might expect there 

to be apparent geochemical differences in the calcic soils if water supply alters the soil 

composition. Yet, no significant geochemical differences are found in the mineral A-horizon 

between sprinkler- and drip-irrigated soils, and, perhaps, may indicate that water does not play a 
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large role in the geochemical composition of the upper horizon of these soils. However, to assess 

this hypothesis, one must compare the geochemical composition of these irrigated calcic soils to 

the composition of non-irrigated soils.  

Both irrigated soils originated on mixed alluvium, and one should be able to compare the 

mixed alluvium soil from Saddlebrooke to the University of Arizona campus soils to determine if 

there is any clear indicator of irrigation influencing their geochemical composition. Figures 28-

31 combine data of the drip- and sprinkler-irrigated soils (Figs. 17-19, 21) with the data from the 

mineral A-horizons from the four parent materials to yield a better comparison between the 

irrigated and non-irrigated soils. The large variability that exists within the mixed alluvium’s 

geochemical composition is revealed when comparing its elemental values to the irrigated soils’ 

values. Thus, the mean Al, Si, Ca, and Fe values of the mixed alluvial soils, which do differ from 

those of the irrigated soils, especially those of the sprinkler-irrigated soils, do not show a 

complete picture about the mixed alluvium versus the irrigated soils (Figs. 28-31). Instead, the 

mixed alluvium’s mineral A-horizon shows large standard deviations for Al, Si, Ca, and Fe, 

which overlap with those of the drip-irrigated soils. In contrast, the standard deviation for Si and 

Fe of the mixed alluvial soils overlap with the standard deviation of the sprinkler-irrigated soils 

(Figs. 28-31). Yet, there is a significant difference between the drip-irrigated soils’ and the 

mixed alluvium’s Al value, as determined by an ANOVA single factor test (p < 0.05; p = 0.02; 

Appendix B). Except for the Al concentrations, the drip-irrigated soils are geochemically 

indistinguishable from the non-irrigated mixed alluvium soils, which indicates that a moderate 

increase in water volume since anthropogenic development does not significantly change the 

composition of these calcic soils.  
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There are notable differences in elemental values between the mixed alluvium and the 

sprinkler-irrigated soils, despite the mixed alluvium’s high degree of variability. The standard 

deviations calculated for Al and Ca for sprinkler-irrigated soils do not overlap with the mixed 

alluvium’s Al and Ca values (Figs. 28, 30). This is corroborated by an ANOVA single factor test 

for Al (p < 0.05; p = 0.02) and for Ca (p = 0.05) (Appendix B). Thus, although the sprinkler-

irrigated soils share a similar geochemical composition to the non-irrigated and drip-irrigated 

mixed alluvium soils, they are not completely comparable to these soils. This indicates that the 

volume of water introduced into this soil type does affect the geochemical signature of these 

calcic soils to some degree. The data suggest that an increased volume of water over a short 

period of time is needed to begin to alter the non-irrigated soils’ geochemical composition. 

The chemical composition of the irrigated mixed-alluvium soils does not differ 

significantly from other SEAZ soils derived from volcanic rocks (Figs. 28-31). The drip-irrigated 

soils’ mean Al, Si, Ca, and Fe concentrations and standard deviations all overlap with those 

elements in the basalt- and rhyolite-derived soils, whereas the sprinkler-irrigated soils’ 

concentrations also overlap with the basalt and rhyolite data (Figs. 28-31). The only volcanic 

element that was significantly different when compared to the sprinkler-irrigated soils was the 

rhyolite’s Ca concentration (Fig. 30). Yet, if we take into account the slight difference of the 

sprinkler-irrigated soils’ Ca and the rhyolitic soils’ Ca, along with the high comparability 

between their Al, Si, and Fe concentrations, then it is reasonable to conclude that the sprinkler-

irrigated and drip-irrigated soils are not significantly different from the volcanic soil (Figs. 28-

31).  

In contrast, some variation exists between the irrigated and the limestone-derived soils’ 

geochemistry. The drip- and sprinkler-irrigated soils’ Al, Si, and Ca concentrations differ from 
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the limestone-derived soils’ Al, Si, and Ca concentrations (Figs. 28-30). The standard deviation 

for Al and Si lies above those of the limestone soils, whereas Ca lies below that of the 

limestone’s Ca (Figs. 28-30). The only comparable elemental value recorded for irrigated soils 

when compared to the limestone is Fe (Fig. 31). This indicates that the irrigated soils are not 

significantly different from the volcanic-derived top soils, while they are significantly different 

from the limestone-derived soils. However, considering that the irrigated soils originated on 

mixed alluvium, it is reasonable for these trends to exist. This is because the upper horizons of 

the non-irrigated mixed alluvium soils are not significantly different from the volcanic-derived 

top soils with respect to Al, Si, Ca, and Fe values, while they are significantly different compared 

to the limestone-derived soils with respect to their Al and Ca values (Figs. 28-31). Yet, the fact 

that the mineral A-horizons of the irrigated mixed-alluvium soil vary more than the limestone-

derived soils compared to the non-irrigated mixed alluvium suggests that the geochemical 

differences between these may stem from the volume of water introduced into their soil systems. 

One aspect of the current study that these bar charts highlight is that the mixed alluvium 

is derived from mountain ranges that vary in their bedrock composition. Thus, without any 

studies confirming the source(s) of the mixed alluvium at Saddlebrooke or soils in Tucson, it is 

hard to say whether the relationships between the irrigated soils and the basalt-, rhyolite-, and 

limestone-derived non-irrigated soils are reasonable. Are these irrigated soils derived from these 

parent materials, which would explain the similarity between their geochemical compositions? 

Or should one focus solely on the comparison between the mixed alluvium and the irrigated 

soils? If the former is true, then perhaps irrigation did not significantly impact the composition of 

the University of Arizona’s mixed alluvium soils. However, if the latter is true, then irrigation 

plays a role in transforming the “typical” mixed alluvium characteristics of the Saddlebrooke 
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soil. Without this clear distinction, the effects of irrigation on desert soils will remain somewhat 

inconclusive. Yet, as the irrigated soil originated from mixed alluvium, there should be some 

degree of comparability with the non-irrigated mixed alluvium samples. Moreover, as the current 

study is comparing mineral A-horizons between the irrigated and non-irrigated mixed alluvium 

soils, any slight difference in the two locations’ parent material should not greatly affect the data 

comparisons and conclusions. 

 Considering the major elemental trends and variances between the irrigated and non-

irrigated mixed alluvium soils, and between the irrigated soils and the non-irrigated volcanic- 

and limestone-derived soils, some explanation must exist for why these trends occur. Assouline 

et al. (2016) found that increased water supply to calcic soils in Israel did cause a subsequent 

decrease in the Ca concentration. This compares somewhat well with the findings of the current 

study where Ca concentrations in irrigated soils are low when compared to the Ca-enriched 

limestone-derived soils (Fig. 30). However, the sprinkler-irrigated soils have higher Ca 

concentrations compared to the non-irrigated mixed alluvium, differing from Assouline et al.’s 

(2016) data (Fig. 30). One should expect that the water-rich, sprinkler-irrigated, mixed alluvium 

soils to have lower Ca concentrations compared to their non-irrigated counterpart; yet, this is not 

observed. However, the best explanation for these discrepancies is that although the University 

was founded in 1885, irrigation on the main campus grounds of the University of Arizona has 

only occurred over roughly 100 years or less (Rasmussen, pers. comm. 2018). Hence, the water 

source to these campus calcic soils is short-term. McDonald et al. (1996) found that increased 

water input into calcic soils over short-term timescales, which they determined were less than 

100 years, had little impact on the carbonate distribution. Thus, McDonald et al.’s (1996) work 

indicates that short-term increases in water input is not enough to leach the carbonate from these 
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calcic horizons. However, they also discovered that long-term increases in water input, greater 

than 400 years, removed the calcium carbonate from the upper horizons. This indicates that these 

calcic soils have likely not been irrigated for a long enough time to see any drastic changes in 

their geochemical composition. 

Given the fact that the irrigated soils have not received a long-term source of water input, 

might there be any effect on the CO2 sequestered and/or released by these soils? Considering that 

calcic soils are significant carbon sinks, one could reason that an increase in water input, which 

would inhibit the production of CaCO3, would impede the calcic soils’ ability to sequester 

carbon (Amit et al., 2010; Monger, 2010; Zamanian et al., 2016). In the worst-case scenario, the 

carbon trapped in these calcic soils could be removed by percolating water to eventually mix 

with the atmosphere and exacerbate the CO2 crisis of our warming planet (Zamanian et al., 

2016). Thus, comparing the Ca concentrations of the irrigated soils with the non-irrigated soils 

would help to determine if there is any notable shift and/or decrease in the content due to 

increased water input. There is a clear decrease of Ca in the drip- and sprinkler-irrigated soils 

compared to the limestone-derived soils, which would be expected to store the most amount of 

Ca due to originating on calcium-carbonate enriched limestone (Fig. 30). However, there is no 

significant difference (p < 0.05) between the drip-irrigated and mixed alluvium soils regarding 

their Ca values (which have a p value of 0.2) (Appendix B). Yet, there is a slight significance 

difference between the sprinkler-irrigated and mixed alluvium soils regarding their Ca 

concentrations (p = 0.05) (Appendix B).  

What is intriguing is that the Ca content increased in the irrigated soils relative to the 

non-irrigated mixed alluvium, which does not support the previous claims by Amit et al. (2010) 

and Assouline et al. (2016) regarding increased water content and decreased Ca and CaCO3 
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content. This again brings up the concern of whether the mixed alluvium from Saddlebrooke 

originated from the mountain ranges and parent material(s) as the mixed alluvium in the center 

of Tucson. Although the two locations are in close proximity to each other (30 miles away), it is 

hard to know for certain without conducting a full geological analysis of these profiles. Yet, 

there should be some degree of similarity in their origin given their proximity. Thus, water does 

impact that geochemical composition of calcic soils. However, the rate of compositional 

alteration is slow, and, as this study indicates, greater than 100 years. Because the alteration is so 

slow, this could explain the discrepancy between the increased Ca content in the irrigated soils 

(McDonald et al., 1996). And, because the soils were collected in the beginning or middle of 

their alteration, the water has not enough time to alter and reduce their CaCO3 concentrations.  

The concentration of Ca in the irrigated soils that is similar to the mixed alluvium parent 

material indicates that any decrease in calcic soil carbon sequestration and increase in released 

CO2 has not occurred within the last 100 years due to increased irrigation. As such, a longer 

amount of time (likely greater than 400 years) of consistent high-volume water input is needed to 

fully change the geochemical composition of these soils (McDonald et al., 1996). However, if 

humans continue to dwell in these unsustainable desert regions and introduce large amounts of 

water to the calcic soil system, we could expect a decrease in the CO2 sequestered and a 

subsequent increase in the CO2 released by these soils, which would further exacerbate climate 

warming. 

CONCLUSIONS 

Arid and semiarid areas, like Southeastern Arizona, have witnessed drastic increases in 

population since the 1900s. To sustain these booming communities, increased volumes of water 

have been redirected to provide needed drinking water and irrigation. However, soils in these dry 
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regions are calcium-carbonate enriched and are significant carbon sinks. Hence, there is 

reasonable concern that the addition of water to the soil system will alter their geochemical 

properties. This will likely prevent calcic soils from serving as carbon sinks and, potentially, 

allow the soils to release CO2 into the atmosphere.  

The formation and geochemical composition of SEAZ soils have been explained, in large 

part, by dust input. Yet, when Fischer et al. (2017) compared the geochemistry of calcic soils 

originating on different parent materials, they found that parent material influenced the 

geochemical compositions between soil types. However, these data were obtained using a hand-

held pXRF, which has not been widely used for soil analyses. Thus, to determine whether their 

conclusions could be replicated, the calcic soils collected from four types of parent material 

(basalt, limestone, rhyolite/andesite, and mixed alluvium) were reanalyzed with the M4 

TORNADO XRF.  

Results from the current study indicate that the pXRF data follow the same or similar 

trends of the XRF data for each soil type. But, the recorded values from the pXRF are 

significantly lower for all major elements. Considering that the pXRF’s data-collection time is 

quicker than the XRF’s data-collection process (4 minutes versus 3 hours), its output energy is 

lower than the XRF’s (pXRF’s maximum 185 eV compared to XRF’s minimum 145 eV), and its 

data analytical window is 100 times larger than the XRF’s (3 mm versus 25 µm), the pXRF data 

will disproportionally measure the composition of the larger particles. This will inevitably skew 

the results to the composition of these large particles. This is of special concern when the 

material is heterogenous, as is the case with soil. Thus, one must exert caution when using pXRF 

analyses for soils and crosscheck these data values with other instrumentation. For future 

research, it would be ideal to assess the comparability between pXRF and XRF when using the 
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same analytical window or area of analysis, compared to the current study’s use of a larger 

analytical window for XRF (25-50 mm) and a smaller area for pXRF (3 mm). 

However, both pXRF and XRF data sets demonstrate that the parent rock influences the 

composition of calcic soils. Soils originating on the four different parent materials plot in similar 

data fields. Basalt-derived soils consistently plot separate from the limestone-derived soils. 

Although the rhyolite-derived data usually overlap with both the basalt and limestone data fields, 

the rhyolite-derived soil shows distinct geochemical differences. The basalt, rhyolite, and 

limestone parent material plots somewhat near their respective soils’ data fields. The limestone- 

and rhyolite-derived soils have comparable Fe and Ti concentrations to their parent, and the 

basalt-derived soils do compare well with the basalt parent regarding their Si values.  Given 

these geochemical similarities, the parent material does influence the geochemical composition 

of the calcic soils. Mixed alluvium was the only soil type to show a high degree of geochemical 

variability in the soil profile, resulting in data clustering in two distinct fields. The single sample 

of mixed alluvium parent material plots between the two data fields, which also indicates that the 

geochemical composition of the mixed alluvium soil horizons is controlled by the parent rock’s 

composition. 

There are noticeable differences between the parent material and the overlying soils. The 

limestone- and rhyolite-derived soils are enriched in Ca and depleted in Al and Si relative to their 

parent bedrock. The basaltic soils also do not compare well with their basalt parent regarding any 

of their major elemental concentrations, as the soils are enriched in Ca and depleted in Fe, Al, 

and Ti relative to the basalt parent. These notable differences may be explained by dust input and 

other factors influencing the composition of calcic soils. Significant dust input to the lower 

basaltic soil horizons and the upper rhyolitic soil horizons were confirmed using Ti:Zr ratios. 



 
 

47 
 

Moreover, all of the soil horizons did indicate dust affecting their geochemical properties from 

the Ti:Zr ratios, but the limestone and alluvial soils received noticeably less dust input compared 

to the volcanic soils. Thus, parent material partially influences the geochemical composition of 

the SEAZ calcic soils. The current study confirms the conclusion of the pilot project by Fischer 

et al. (2017) but has determined that parent material controls the calcic soils’ composition to a 

lesser degree compared to the pilot project’s findings. 

The geochemistry of the mineral A-horizons from irrigated soils of mixed alluvium origin 

were compared to their non-irrigated soil counterparts to determine whether increased water 

supply had altered their properties. Drip- and sprinkler-irrigated soils did not vary significantly 

when Mg, Al, Si, Ti, Fe, and Zr concentrations were compared using XRF data. Thus, it 

appeared that a significant increase in water had little effect on the geochemical composition of 

these calcic soil horizons. However, when they were compared with non-irrigated mixed 

alluvium soils, distinct differences were found. The drip- and sprinkler-irrigated soils had 

significantly depleted Al values, and the sprinkler-irrigated soils had significantly enriched Ca 

values when compared to the mixed alluvium counterpart. Yet, Si and Fe data from both 

irrigated soils did overlap in bivariate plots. Due to sampling constraints, it is unknown whether 

the non-irrigated and the irrigated mixed-alluvium soils share the exact parent material(s). As 

such, the geochemistry of the irrigated soils was compared to the mineral A-horizons of soils 

originating on basalt, rhyolite, and limestone. The irrigated soils showed chemical similarities to 

the volcanic-derived soils, but were dissimilar to the limestone-derived soils, especially with 

respect to lower Ca values.  

Given these limitations and unknowns, the geochemical data do demonstrate that the 

sprinkler-irrigated soils’ compositional differences originate from the increased amount of water 
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introduced into their system. However, the soil has not been irrigated for a long enough time to 

observe distinct and complete geochemical alterations from the increased amount of water. 

Considering that these soils have only been irrigated less than 100 years, anthropogenic water 

input via irrigation has not had enough time to geochemically alter the calcic soils. There is no 

indication that the calcic soils have been hindered in storing carbon and that their carbon has 

been released into the atmosphere as carbon dioxide. Yet, if humans continue to reside in and 

irrigate these arid regions, then one could expect that the geochemical alteration of these calcic 

soils will be clearly evident in, perhaps, less than 400 years. Thus, in the near future, these calcic 

soils will likely lose their CaCO3 content from long-term water input, which will likely decrease 

their total amount of carbon stored and increase the amount of soil CO2 that is released. 
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Figure 1. Soil classification scheme of Arizona (from Hendricks, 1985). 

Hyperthermic soils (orange) are those characterized by prevailing warm 

environments, in areas greater than 22 °C temperatures. Thermic soils 

(yellow) form at temperatures ranging between 15 and 22 °C and contrast 

with mesic soils (blue), which exist in temperature that ranges from 8 to 

15 °C. Frigid soils (dark blue) only exist in areas with a mean annual 

temperature of less than 8 °C throughout the year. The study area is 

indicated by the black polygon. Scale in kilometers. 

Scale 

Hyperthermic Soil Zone: greater than 22 C (72 F) 

Thermic Soil Zone: 15-22 C (59-72 F) 

Mesic Soil Zone: 8-15 C (47-59 F) 

Frigid Soil Zone: less than 8 C (47 F) 
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Figure 2. Map of the five sites that were sampled in SEAZ. These include Saddlebrooke, the 

Santa Rita Mountains, Sentinel Peak, the Tucson Mountains, and Whetstone. See Table 1 for 

the GPS coordinate locations and parent material composition of each site. Scale in 

kilometers. 
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Figure 3. Average pH (based on H2O) and EC values of the soil 

horizons, which are grouped by parent material. Values are taken 

from Table 1 (from Fischer et al., 2017). 
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Figure 4. Correlations between Ca and Fe and Si data obtained from pXRF and produced by 

grouping the soils based on their parent material locations.  

Ca-Fe R2 = 0.82 and Ca-Si R2 = 0.74 (from Fischer et al., 2017). 

 



 
 

59 
 

 

 

 
Figure 5. Depth plots of Ti:Zr for sample basalt, rhyolite, limestone, and mixed 

alluvium soils using the pXRF data from the pilot project. The proportion of these 

two elements that reflects input by dust has been calculated using the method of 

Lybrand (unpublished data), which is used in the current study (Rasmussen, pers. 

comm. 2017). As such, the increases in Ti:Zr ratios are likely indicative of dust 

input (from Fischer et al., 2017). 
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Figure 6. Principal component analysis, which shows scores for PC1 vs. PC2. PC1 represents 

degree of replacement by Ca and increased pH, and PC2 represents concentration of Ba and 

Sr present (from Fischer et al., 2017). 
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A B C 

D E 

Figure 7. The five sampled soil profiles are from Sentinel Peak, Santa Rita Mountains, 

Tucson Mountains, Whetstone Mountains, and Saddlebrooke. (A) The soil profile from 

Sentinel Peak, which extends 246 cm and overlies its unconsolidated colluvial basalt parent 

material. (B) The soil profile from Santa Rita Mountains, which extends 190 cm and overlies 

its unconsolidated limestone parent material. (C) The soil profile from Whetstone Mountains, 

which extends 200 cm and overlies its unconsolidated limestone parent material. (D) The soil 

profile from Tucson Mountains, which extends 304 cm and overlies its unconsolidated 

rhyolite/andesite parent material. (E) The soil profile from Saddlebrooke, which extends 400 

cm and its unconsolidated mixed alluvium parent material. Scale: measuring tape, pickaxe, 

and shovel = 2 m; rock knife = 30 cm. See Tables 2-6 for GPS coordinate locations and soil 

profile descriptions. 
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A B C 

D E F 

G H I 

Figure 8. Pictures of the nine irrigated soils collected from the University of Arizona. (A-E) 

The five drip-irrigated soils. (F-I) The sprinkler-irrigated soils. The red double-arrowed line 

represents 15 cm. See Appendix C for Munsell soil color descriptions. GPS coordinates: 

32°13’54” N 110°57’00” W. 
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Figure 9. Scatterplots of the pXRF and XRF-measured Mg content in the five sampled profiles plotted against 

soil depth. The XRF data are solid circles and lines, while the pXRF data are dashed lines and squares. SR = 

Santa Rita Mountains; WH = Whetstone Mountains. pXRF Mg data for many horizons are too low to be 

detected.  
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Figure 10. Scatterplots of the pXRF and XRF-measured Al content in the five sampled profiles plotted against soil 

depth. The XRF data are solid circles and lines, while the pXRF data are dashed lines and squares. SR = Santa Rita 

Mountains; WH = Whetstone Mountains.  
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Figure 11. Scatterplots of the pXRF and XRF-measured Si content in the five sampled profiles plotted 

against soil depth. The XRF data are solid circles and lines, while the pXRF data are dashed lines and 

squares. SR = Santa Rita Mountains; WH = Whetstone Mountains.  
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Figure 12. Scatterplots of the pXRF and XRF-measured Ca content in the five sampled profiles plotted 

against soil depth. The XRF data are solid circles and lines, while the pXRF data are dashed lines and 

squares. SR = Santa Rita Mountains; WH = Whetstone Mountains.  
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Figure 13. Scatterplots of the pXRF and XRF-measured Ti content in the five sampled profiles plotted 

against soil depth. The XRF data are solid circles and lines, while the pXRF data are dashed lines and 

squares. SR = Santa Rita Mountains; WH = Whetstone Mountains.  

 

 

0

50

100

150

200

250

300

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

D
ep

th
 (

cm
)

Ti%

Ti% For All Soil Profiles

XRF Basalt Soil

XRF Limestone Soil (SR)

XRF Limestone Soil (WH)

XRF Rhyolite Soil

XRF Mixed Alluvium Soil

pXRF Basalt Soil

pXRF Limestone Soil (SR)

pXRF Limestone Soil (WH)

pXRF Rhyolite Soil

pXRF Mixed Alluvium Soil



 
 

68 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 14. Scatterplots of the pXRF and XRF-measured Fe content in the five sampled profiles plotted against soil 

depth. The XRF data are solid circles and lines, while the pXRF data are dashed lines and squares. SR = Santa Rita 

Mountains; WH = Whetstone Mountains.  
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Figure 15. Scatterplots of the pXRF and XRF-measured Zr content in the five sampled profiles plotted against 

soil depth. The XRF data are solid circles and lines, while the pXRF data are dashed lines and squares. SR = 

Santa Rita Mountains; WH = Whetstone Mountains.  
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Figure 16. Scatterplots of the pXRF and XRF-measured Ti and Zr ratios in the five sampled soil profiles plotted 

against depth. The XRF data are represented by solid lines and circle data points, while the pXRF data are 

represented by dashed lines and square data points. SR and WH stand for the limestone-derived soils from the 

Santa Rita Mountains and the Whetstone Mountains, respectively. The proportion of these two elements that 

reflects input by dust has been calculated by Lybrand’s unpublished data, which is used in the current study 

(Rasmussen, pers. comm. 2018). As such, the increases in Ti:Zr ratios are likely indicative of dust input. The 

solid purple line at 61.3 indicates the dust input, calculated using Lybrand’s unpublished dust input calculation 

method using the Ti:Zr ratio (Rasmussen, pers. comm. 2018). 
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Figure 17. Bar charts of the XRF-measured Al content (top) of the 

drip- and sprinkler-irrigated soils and (bottom) of the parent material 

of the five sampled soil profiles. Standard deviation is calculated at 

1σ. As there is no overlap between the drip- and sprinkler-irrigated 

soils’ standard deviations, their Al concentrations are significantly 

different. 
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Figure 18. Bar charts of the XRF-measured Si content (top) of the 

drip- and sprinkler-irrigated soils and (bottom) of the parent material 

of the five sampled soil profiles. Standard deviation is calculated at 

1σ. 
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Figure 19. Bar charts of the XRF-measured Ca content (top) of the 

drip- and sprinkler-irrigated soils and (bottom) of the parent material 

of the five sampled soil profiles. Standard deviation is calculated at 

1σ. 
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Figure 20. Bar charts of the XRF-measured Ti content (top) of the 

drip- and sprinkler-irrigated soils and (bottom) of the parent material 

of the five sampled soil profiles. Standard deviation is calculated at 
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Figure 21. Bar charts of the XRF-measured Fe content (top) of the 

drip- and sprinkler-irrigated soils and (bottom) of the parent material 

of the five sampled soil profiles. Standard deviation is calculated at 

1σ. 
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Figure 22. Bar charts of the XRF-measured Zr content (top) of the 

drip- and sprinkler-irrigated soils and (bottom) of the parent material 

of the five sampled soil profiles. Standard deviation is calculated at 

1σ. 



 
 

77 
 

 

 

 

  

32.0

48.3

10

20

30

40

50

60

70

Ti
:Z

r

Irrigated soils

Irrigated Soils: Ti:Zr

Drip

Sprinkler

Figure 23. Bar charts of the XRF-measured Ti:Zr ratio of the drip- and 

sprinkler-irrigated soils. Standard deviation is calculated at 1σ. 
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Figure 24. Bivariate plot of Ca vs. Fe of soil and parent material. Red data field plots basalt-derived soils; red 

triangle plots basalt parent datum. Green data field plots limestone-derived soils; green triangle plots limestone 

parent datum. Blue data field plots rhyolite-derived soils; blue triangle plots rhyolite parent datum. Two yellow 

data fields plot mixed-alluvium-derived soils; yellow triangle plots mixed alluvium parent datum. Elemental 

values derived from dust are denoted by the filled purple circle, and, hence, dust input was determined with 

Lybrand’s data, which was adjusted to the Ti dust values (Rasmussen, pers. comm.). 
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Figure 25. Bivariate plot of Ca vs. Al of soil and parent material. Red data field plots basalt-derived soils; red 

triangle plots basalt parent datum. Green data field plots limestone-derived soils; green triangle plots limestone 

parent datum. Blue data field plots rhyolite-derived soils; blue triangle plots rhyolite parent datum. Two yellow 

data fields plot mixed-alluvium-derived soils; yellow triangle plots mixed alluvium parent datum. Elemental 

values derived from dust are denoted by the filled purple circle, and, hence, dust input was determined with 

Lybrand’s data, which was adjusted to the Ti dust values (Rasmussen, pers. comm.). 
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Figure 26. Bivariate plot of Ca vs. Ti of soil and parent material. Red data field plots basalt-derived soils; red 

triangle plots basalt parent datum. Green data field plots limestone-derived soils; green triangle plots limestone 

parent datum. Blue data field plots rhyolite-derived soils; blue triangle plots rhyolite parent datum. Two yellow 

data fields plot mixed-alluvium-derived soils; yellow triangle plots mixed alluvium parent datum. Elemental 

values derived from dust are denoted by the filled purple circle, and, hence, dust input was determined with 

Lybrand’s data, which was adjusted to the Ti dust values (Rasmussen, pers. comm.). 
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Figure 27. Bivariate plot of Ca vs. Si of soil and parent material. Red data field plots basalt-derived soils; red 

triangle plots basalt parent datum. Green data field plots limestone-derived soils; green triangle plots limestone 

parent datum. Blue data field plots rhyolite-derived soils; blue triangle plots rhyolite parent datum. Two yellow 

data fields plot mixed-alluvium-derived soils; yellow triangle plots mixed alluvium parent datum. Elemental 

values derived from dust are denoted by the filled purple circle, and, hence, dust input was determined with 

Lybrand’s data, which was adjusted to the Ti dust values (Rasmussen, pers. comm.). 
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Figure 28. Bar charts of the soil mineral A-horizons’ Al concentrations, which 

are grouped by irrigated soils and non-irrigated soil parent material. Standard 

deviation calculated at 1σ. Mixed alluvial soil differs from the sprinkler-

irrigated mineral A-horizons with respect to the proportion of Al, as confirmed 

with an ANOVA test (Appendix B). 
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Figure 29. Bar charts of the soil mineral A-horizons’ Si concentrations, 

which are grouped by irrigated soils and non-irrigated soil parent material. 

Standard deviation calculated at 1σ. There is no significant difference in the 

amount of silica between the irrigated soils and the non-irrigated mixed 

alluvium. 
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Figure 30. (Top) Bar charts of the soil mineral A-horizons’ Ca concentrations, 

which are grouped by irrigated soils and non-irrigated soil parent material. 

(Bottom) The y-axis Ca% has been greatly reduced to see whether the mixed 

alluvium’s standard deviation does overlap with the irrigated soils’ standard 

deviation. Standard deviation calculated at 1σ. There is significantly less Ca in 

the mixed alluvial soil than the sprinkler-irrigated soils, as confirmed with an 

ANOVA test (Appendix B). 

 

0

1

2

3

4

5

6

7

8

C
a%

Irrigated Soils

Irrigated and Non-irrigated Ca%

Drip

Sprinkler

Mixed Alluvium

Basalt

Limestone

Rhyolite

Non-irrigated soils



 
 

85 
 

 

 

 

 

 

 

 

 

 

 

  

  

0

2

4

6

8

10

12

Fe
%

Irrigated Soils

Irrigated and Non-irrigated Fe%

Drip

Sprinkler

Mixed Alluvium

Basalt

Limestone

Rhyolite

Non-irrigated Soils

Figure 31. Bar charts of the soil mineral A-horizons’ Fe concentrations, which 

are grouped by irrigated soils and non-irrigated soil parent material. Standard 

deviation calculated at 1σ. There is no significant difference in the amount of Fe 

between the irrigated soils and the non-irrigated mixed alluvium. 
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Site and Parent 

Material 

Sample Soil or 

Parent 

Depth 

(cm) 

H2O 

pH 

H2O 

EC 

KCl 

pH 

CaCl2 

pH 

 

 

 

 

 

Tucson Mtns. 

(Rhyolite/ 

Andesite) 

2353 S 2.5 7.42 266.1 7.69 7.84 

2354 S 24 8.44 82.3 7.73 7.97 

2355 S 59.5 8.69 87.1 7.78 7.97 

2356 S 97.5 8.69 100.3 7.78 8.02 

2357 S 126.5 8.87 97.6 7.89 8.03 

2358 S 143 8.79 32.4 7.87 8.11 

2359 S 162 8.8 30.8 7.92 8.23 

2360 S 192 8.76 69.1 7.91 8.19 

2361 S 221 9.21 139.6 8.11 8.46 

2362 S 242.5 9.24 132.5 8.1 8.6 

2363 S 279.5 9.12 168.3 8.03 8.35 

2364 P 279.5 9 47.6 8.21 8.27 

Average 8.75 104.48 7.92 8.17 

 

 

 

 

 

Sentinel Peak 

(Basalt) 

2365 S 5 8.59 62 7.51 8.24 

2368 S 44 8.68 213.8 8.23 8.2 

2366 S 75 8.92 100 8.27 8.22 

2369 S 120.5 8.77 66.8 7.94 8.2 

2367 S 140 8.38 75.2 8.21 8.32 

2370 S 168.5 8.76 63.1 8.13 8.23 

2371 S 200 8.66 153.8 8.04 8.2 

2372 S 231 8.71 28.7 7.94 8.22 

2373 S 253 8.72 139.5 7.98 8.24 

2374 S 268.5 8.72 83.9 7.98 8.26 

Average 8.69 98.68 8.02 8.23 

 

 

 

 

Santa Rita Mtns. 

(Limestone) 

2375 S 8 8.35 123.9 7.6 8.15 

2376 S 19.5 8.48 44.6 7.97 8.14 

2377 S 25 8.83 133.1 8.21 8.22 

2378 S 32.5 8.72 138.8 8.01 8.27 

2379 S 68 8.94 115.3 8.36 8.37 

2380 S 108 8.45 1922.9 8.2 8.32 

2381 S 130 9.09 755 8.26 8.48 

2382 S 149 9.81 248 8.19 8.44 

2383 P 173 9.83 455.7 8.19 9.1 

Average 8.94 437.48 8.11 8.39 

 

 

Saddlebrooke 

(Mixed 

Alluvium) 

2384 S 7.5 7.82 172.5 6.96 7.33 

2385 S 30 8.43 145.6 7.76 7.6 

2386 S 59 8.7 256.7 8.87 7.98 

2387 S 84.5 9.03 141 8.82 8.03 

2388 S 113 8.91 118.3 8.67 8.16 



 
 

87 
 

2389 S 140 9.05 110.3 7.81 8.18 

Average 8.66 157.40 8.15 7.88 

 

 

Whetstone 

(Limestone) 

2390 S 17.5 8.57 145.9 7.91 8.07 

2391 S 55 8.89 123.6 8.25 8.08 

2392 S 88.5 8.96 112.5 8.32 8.37 

2393 S 122.5 8.95 123.3 8.31 8.37 

2394 S 151.5 8.84 111.8 8.27 8.31 

Average 8.84 123.42 8.21 8.24 

 

 

 

 

  

Table 1. Electrical conductivity (EC) and pH values for the soil horizons from the five soil 

profiles (see Fig. 7), using water, KCl, and CaCl2 washes. 
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Sentinel Peak (Basalt) 

GPS Coordinates Soil Horizons Horizon Description and 

Depth 

Number of 

Samples 

Collected 

 

32°12’36” N 

110°59’32” W 

A  

(Horizon compared 

to irrigated soils) 

Humus mineral mixture,  

little to no organics,  

gray, 0-10 cm 

1 

A Weak humus mineral 

mixture, rock mixture, light 

gray,  

10-88 cm 

2 

B (Bk) Calcium Carbonate enriched 

layer, light gray, 88-153 and 

 246-277 cm 

5 

Bkkm Cemented layer, white,  

153-246 cm   

3 

C Unconsolidated basalt 

parent material, 300+ cm 

1 

 

 

 

Table 2. Sentinel Peak’s GPS coordinate location using the WGS84 standard for the 

coordinate system, soil horizon descriptions and depths, and the number of samples collected 

and analyzed from each horizon. 
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The Santa Rita Mountains (Limestone) 

GPS Coordinates Soil Horizons Horizon Description and 

Depth 

Number of 

Samples 

Collected 

31°49’33” N 

110°46’29” W 

A 

(Horizons compared 

to irrigated soils) 

Humus mineral mixture,  

little to no organics,  

dark brown, 0-23 cm 

2 

A Weak humus mineral 

mixture, light gray and 

brown, 23-98 cm 

3 

B (Bk) Calcium Carbonate enriched 

layer, white, 98-156 cm 

3 

Bkkm Cemented layer, white  N/A 

C Unconsolidated limestone 

parent material, 156-190 cm 

1 

 

 

 

 

 

 

Table 3. Santa Rita Mountains’ GPS coordinate location using the WGS84 standard for the 

coordinate system, soil horizon descriptions and depths, and the number of samples collected 

and analyzed from each horizon. 
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Whetstone (Limestone) 

GPS Coordinates Soil Horizons Horizon Description and 

Depth 

Number of 

Samples 

Collected 

 

 

 

 

31°42’14” N 

110°20’31” W 

A 

(Horizon compared 

to irrigated soils) 

Humus mineral mixture, 

little to no organics,  

light brown, 0-35 cm 

1 

A Weak humus mineral 

mixture, gray, 35-75 cm 

1 

B (Bk) Calcium Carbonate enriched 

layer, light brown/gray,  

75-160 cm 

3 

Bkkm Cemented layer, white  N/A 

C Unconsolidated limestone 

parent material, 200 cm 

1 

 

 

 

 

 

 

Table 4. Whetstone Mountains’ GPS coordinate location using the WGS84 standard for the 

coordinate system, soil horizon descriptions and depths, and the number of samples collected 

and analyzed from each horizon. 
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The Tucson Mountains (Rhyolite/Andesite) 

GPS Coordinates Soil Horizons Horizon Description and 

Depth 

Number of 

Samples 

Collected 

 

 

 

 

32°13’29” N 

111°06’59” W 

A 

(Horizon compared 

to irrigated soils) 

Humus mineral mixture,  

little to no organics,  

dark brown, 0-5 cm  

1 

A Weak humus mineral 

mixture, light brown, 5-76 

cm 

2 

B (Bk) Calcium Carbonate enriched 

layer, white and gray,  

76-304 cm 

8 

Bkkm Cemented layer N/A 

C Unconsolidated rhyolite 

parent material, 255-304 cm 

1 

 

  

Table 5. Tucson Mountains’ GPS coordinate location using the WGS84 standard for the 

coordinate system, soil horizon descriptions and depths, and the number of samples collected 

and analyzed from each horizon. 
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Saddlebrooke (Mixed Alluvium) 

GPS Coordinates Soil Horizons Horizon Description and 

Depth 

Number of 

Samples 

Collected 

 

 

 

 

32°32’08” N 

110°52’46” W 

A  

(Horizon compared 

to irrigated soils) 

Humus mineral mixture,  

little to no organics,  

dark brown/red, 0-15 cm 

1 

A Weak humus mineral 

mixture, dark brown to red, 

15-73 cm 

2 

B (Bk) Calcium Carbonate enriched 

layer, white, 73-290 cm 

5 

Bkkm Cemented layer, white  N/A 

C Unconsolidated mixed 

alluvium parent material, 400 

cm 

1 

 

  

Table 6. Saddlebrooke’s GPS coordinate location using the WGS84 standard for the 

coordinate system, soil horizon descriptions and depths, and the number of samples collected 

and analyzed from each horizon. 
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Element pXRF XRF 

Mg 0.357% 2.26% 

Al 0.369% 5.74% 

Si 3.70% 20.4% 

K 0.903% 1.91% 

Ca 15.0% 25.4% 

Ti 0.196% 0.378% 

Fe 1.83% 2.00% 

Zr 0.0138% 0.0133% 

 

 

 

Table 7. Mean elemental values of Mg, Al, 

Si, K, Ca, Ti, Fe, and Zr of non-irrigated 

soils obtained with pXRF and M4 

TORNADO XRF analyses. 
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