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PROJECT SUMMARY 
Quantifying Controls of Regolith Development across the Sonoran Desert 
Environmental Gradient: A Semiarid Node of the Critical Zone Exploration 
Network 
 
Intellectual Merit: The proposed research will foster continued development and expansion of 
the Sonoran Desert Environmental Gradient (SDEG), a node within the Critical Zone 
Exploration Network (CZEN).  The CZEN represents a network of observatories with the shared 
vision of quantifying the biological and physical control of Critical Zone processes and evolution.  
The main objective of this proposal is to address one significant knowledge gap regarding 
Critical Zone development: What controls the depth and chemistry of the Earth’s regolith?  The 
regolith, or the upper weathered mantle of the Earth’s surface, fosters many of the essential 
functions that maintain life on our planet.  This zone is synonymous with the Critical Zone, 
defined as that portion of the Earth’s surface that extends from the outer boundary of the 
vegetation canopy to the lowest limit of groundwater where life interacts with Earth materials. 
The Critical Zone serves as a living filter that controls terrestrial water and carbon cycles, the 
fate and transport of nutrients and pollutants, and atmospheric composition. The depth of the 
regolith ultimately controls Critical Zone function as a living filter. However, we still lack critical 
information regarding the variables controlling regolith depth, evolution and maintenance.  The 
CZEN sites are therefore proposing a coordinated effort to quantify controls of regolith 
development across the range of well constrained environmental gradients represented by the 
CZEN.  At the SDEG, we will specifically address two hypotheses regarding controls of regolith 
development: (Hypothesis 1) the semiarid water-limited SDEG systems exhibit a bell shaped or 
“humped” function between soil production rate and soil depth; and (Hypothesis 2) the relative 
contribution of erosion and weathering to denudation and regolith development vary 
predictably with environmental energy flux across the SDEG.   
 
Research Approach: Currently, the SDEG encompasses four experimental watersheds nested 
within the Chiminea Creek watershed in Saguaro National Park. Our research is organized 
around two main objectives and research components: (i) to further develop the SDEG as part of 
the CZEN; and (ii) to address the overall CZEN question and our specific hypotheses regarding 
controls of regolith depth and development in semiarid environments. To meet these objectives 
we propose to expand the SDEG infrastructure to include a two additional nested experimental 
watersheds and a greater deployment of climate and soil-climate datalogging equipment within 
the pre-existing watersheds.  Furthermore, we will address our specific regolith hypotheses by 
using terrestrial in situ cosmogenic nuclide concentrations in saprolite, rock and stream 
sediment to quantify soil production rates within each watershed across the SDEG.  Soil 
production rates will be coupled with a conservative element approach to a geochemical and 
mineralogical mass balance, thereby quantifying the relative contribution of physical and 
chemical denudation to regolith development.  The current work focuses on stable, summit 
landscape positions in coordination with the other CZEN sites. 
 
Broader Impacts: Expected outcomes include: (i) an extensive environmental network that may 
be coupled with other CZEN sites to address key CZ questions; (ii) a powerful set of soil 
production rate, geochemical and mineralogical data; (iii) manuscripts detailing the relative 
controls of regolith evolution across the SDEG, and (iv) participation in summary manuscripts 
of CZEN site data. The SDEG also serves as a node in a recently funded western regional 
pedologic monitoring network sponsored by the USDA that serve as reference locations where 
the USDA Natural Resources Conservations Service  can better evaluate research needs for the 
western U.S.  The proposed project will therefore leverage support and promote cooperation 
among researchers from various university and government institutions. 
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C.3.3 Research Component 2: Controls of Regolith Evolution Understanding the 
evolution of landscapes and regolith depth requires an integrated and quantitative 
coupling of the physical and chemical processes responsible for mass transport (Riebe et 
al., 2001; Anderson et al., 2002; Mudd and Furbish, 2006).  Measures of physical and 
chemical denudation processes at the pedon and hillslope scale have traditionally been 
confined within discipline boundaries, i.e., pedologists focus on the details of mineral 
transformations resulting from chemical weathering, whereas geomorphologists focus 
on modeling the physical processes of diffusive sediment transport.  Soil weathering 
studies have in large part focused on stable landscapes where erosional and lateral water 
flux are minimized (e.g., Brimhall and Deitrich, 1987; Chadwick et al., 1990).  These 
studies, while limited in extent, provide valuable insight into soil development, chemical 
denudation and landscape evolution on stable landscape positions.   

Recent modeling and field-based 
studies have attempted to couple pedology 
and geomorphology through integration of 
physical transport models with geochemical 
mass balance, providing a means to 
quantify both physical and chemical 
denudation processes across actively 
eroding landscapes (Riebe et al., 2003; 
Mudd and Furbish, 2004; Green et al., 
2006; Yoo et al., 2007).  Riebe et al. (2001, 
2003) developed the principles to quantify 
hillslope and catchment scale chemical and 
physical denudation through a geochemical 
mass balance of soil, bedrock and 
landscape denudation quantification via 
terrestrial in situ cosmogenic nuclides.  
Briefly, the approach assumes soils undergoing steady-state formation, erosion, and 
weathering where the rate of soil production equals the total denudation 
rate: WEDR +== , where R is the rate of soil production, D is the total denudation 
rate, E is the erosion rate, and W is the chemical weathering rate. This mass balance 
may be constrained using immobile elements whose mass is controlled only by the 
physical processes of soil production and erosion: [ ] [ ] EXDX soilirocki = , where [Xi] is the 

mass fraction (g kg-1) of the immobile element.  The overall chemical weathering rate 
may then be estimated relative to an immobile element (e.g., Zr) in soil and parent rock: 

[ ]
[ ] ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=

soili

rocki

X
X

DW 1 .  Soil production or denudation rates may be quantified by terrestrial 

in situ cosmogenic nuclides (10Be and 26Al).  The chemical depletion of soil relative to 
parent material may be expressed as a non-dimensional “chemical depletion fraction” 
(CDF) representing the chemical weathering rate as a fraction of the total denudation 
rate: CDFDW ⋅= , where CDF is equivalent to the elemental mass balance portion of the 
above equation.  The weathering rate and depletion factor may be calculated for 
individual elements and minerals. 
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Fig 6. Variation in [a] Depth to Bedrock, [b] Soil 
Depth, and [c] Saprolite Depth relative to 
effective energy and mass transfer (EEMT; kJ m-2

yr-1) the Sonoran Desert Environmental Gradient 
(SDEG).  Regression coefficients and P-values are 
for linear regression analysis between depth and 
EEMT.

Another recent advance to modeling 
regolith evolution is the derivation and 
parameterization of soil production functions 
linking the rate of soil production to regolith 
depth (e.g., Furbish and Fagherazzi, 2001).  It 
has been suggested that an exponential decline 
function best describes the relationship 
between soil depth and denudation (e.g., 
Heimsath et al., 1997).  However, the 
exponential soil production function does not 
necessarily capture the full complexity of soil 
production, particularly in arid and semiarid 
regions.  As soil thickness (h) decreases below a 
critical value (h0), the landscape may be unable 
to store enough water to promote weathering or 
support plant life.  Plants act as weathering 
agents (e.g., root growth can fracture rock, 
canopy cover can decrease evaporation, etc.). 
Therefore, in some arid and semi-arid 
environments weathering rates may decrease as 
soil thickness decreases, a behavior inconsistent 
with the exponential decline model.  A humped 
or bell-shaped relationship of soil production to 
soil thickness has been theorized for decades 
(Ahnert, 1977; Cox, 1980; Dietrich et al., 1995; 
Anderson and Humphrey, 1989; Furbish and 
Fagherazzi, 2001; Anderson, 2002; Wilkinson 
and Humphreys, 2005; Minasny and 
McBratney, 2006). The humped model suggests 
the rate of soil production is optimal at the 
critical soil thickness (h0), a function of 

increased porosity and water storage capacity. At soil thicknesses greater than optimum, 
soil production rates decrease, a function of the exponential decrease of temperature 
amplitude and average water penetration with depth, as well as the long residence time 
of soil-water that allows for thermodynamic equilibrium between minerals and soil 
solution and decreased chemical weathering rates. 
 
Based on our preliminary regolith characterization data (Fig. 6; discussed below), we 
present two hypotheses that will be tested as part of the proposed project:  

1. The semiarid water-limited SDEG systems exhibit a bell shaped or “humped” 
function between soil production rate and soil depth;  

2. The relative contribution of erosion and weathering to denudation and regolith 
development vary predictably with environmental energy flux across the SDEG. 

We propose to address these hypotheses with the coupled denudation-geochemical mass 
balance techniques and soil production functions discussed above. 
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Fig 7. Modeled hypothetical variation in [a] denudation (D) using the 
exponential decline (Heimsath et al., 1997; D=D0e-h/h0) and humped 
(Furbish and Fagherazzi, 2001; D=D0(h/h0)e-h/h0) denudation to soil 
depth functions relative to effective energy and mass transfer (EEMT; 
kJ m-2 yr-1) across the Sonoran Desert Environmental Gradient 
(SDEG). Also presented is the modeled Chemical Depletion Factor 
(CDF). Graph [b] indicates variation in erosion (E) and chemical
weathering (W) across the SDEG based on D and CDF (Riebe et al., 
2003; W=D*CDF and E=D-W) for the two soil depth models.
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Fig 7. Modeled hypothetical variation in [a] denudation (D) using the 
exponential decline (Heimsath et al., 1997; D=D0e-h/h0) and humped 
(Furbish and Fagherazzi, 2001; D=D0(h/h0)e-h/h0) denudation to soil 
depth functions relative to effective energy and mass transfer (EEMT; 
kJ m-2 yr-1) across the Sonoran Desert Environmental Gradient 
(SDEG). Also presented is the modeled Chemical Depletion Factor 
(CDF). Graph [b] indicates variation in erosion (E) and chemical
weathering (W) across the SDEG based on D and CDF (Riebe et al., 
2003; W=D*CDF and E=D-W) for the two soil depth models.

Preliminary depth of regolith data from the stable, summit landscape positions 
sampled across the SDEG indicate a direct link between depth and EEMT (Fig. 6).  It is 
interesting to note that soil depth (Fig. 6b) is highly and significantly correlated with 
EEMT, which reflects a consistent deepening of the profile with increasing elevation.  In 
contrast, the depth of saprolite exhibited no relationship to EEMT and no differences 
were observed across sites (Fig. 6c).  We estimated CDF across the SDEG (Fig. 7a) based 
on an exponential rise to maximum model derived between EEMT and CDF data from 
Riebe et al. (2004).  CDF values were all relatively low across the SDEG (i.e., <20%) and 
increased with EEMT, indicating denudation should be dominated by erosive losses for 
all SDEG sites, coupled with a relative increase in the proportion of chemical weathering 
with increasing elevation.  The consistent depth of saprolite despite substantial shifts in 
soil depth, CDF and EEMT with elevation may indicate an increasing rate of 
transformation of bedrock to saprolite and saprolite to soil, and a greater degree of 
mineral weathering in soils at higher elevations.  To further explore this relationship, we 
estimated D from measured soil depths across the SDEG using both the exponential 
decline (D=D0e-h/h0; Heimsath et al., 1997) and humped (D=D0(h/ho)e-h/h0; Furbish and 
Fagherazzi, 2001) soil production functions (Fig. 7a). Values for D0 (0.023 cm yr-1) and 
h0 (33 cm) were derived from the respective soil production functions fit to data 
presented in Riebe et al. (2004).  Based on modeled CDF and D, we then estimated the 
relative rates of erosion and weathering across the SDEG (Fig. 7b).   

Model results provide two distinct 
hypothetical soil production patterns for 
the SDEG that may be directly tested 
with field data (Fig. 7).  One model 
suggests that with increasing elevation, 
vegetative cover increases, thereby 
decreasing erosion, which facilitates an 
increase in soil depth and subsequent 
decline in D following the exponential 
decline model predictions. Alternatively, 
given the stable landscape positions 
sampled for each site, erosion rates may 
remain relatively constant across the 
SDEG, with greater soil depth a function 
increased D and chemical weathering, 
similar to the humped model results.  We 
hypothesize the second scenario with the 
humped soil production function best 
explains the observed variation in 
regolith depth across the SDEG 
(Hypothesis 1).  We will test this 
hypothesis through quantification of soil 
production rates across the gradient 
using terrestrial in situ cosmogenic 
nuclides.  Modeled denudation rates 
(Fig. 7a) indicate a clear separation in 
the pattern of soil production under both 


