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ABSTRACT 

Geochemical weathering in the Critical Zone is an important source of mobile regolith and 

solutes that drive landscape evolution and nutrient cycling. An in-depth understanding of 

geochemical processes is integral to prediction and evaluation of Earth surface response to 

natural and anthropogenic perturbations such as global climate change and land use. This study 

evaluates chemical and mineralogical changes from the surface to depths >15 m in the Gordon 

Gulch watershed of the Boulder Creek Critical Zone Observatory and investigates hillslope 

aspect control of weathering processes. These data exhibit trends consistent with higher 

weathering intensity at shallow depths on the south-facing compared to north-facing hillslopes, 

but deeper overall weathering on north-facing hillslopes. Geologic heterogeneity complicates 

interpretations of parent material for the weathering profile, and greater constraints are needed to 

quantitatively evaluate weathering processes in highly heterogeneous bedrock.  
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Bedrock weathering through mechanical (e.g., freezing, root growth, mineral hydration), 

chemical (e.g., ion exchange, hydrolysis, oxidation, adsorption), and biological alteration is an 

important process controlling production of erodible material and nutrient availability at the 

surface of the Earth (Ollier, 1988; Graham et al., 1994; White, 1998; White, 2002). Dynamic 

processes within weathering profiles on bedrock, such as weathering of primary minerals, 

(micro-) porosity development, soil generation, and elemental cycling, sustain the rich biological 

life found in the upper layers of the Critical Zone (Fig. 1) (Brantley, 2008; Navarre-Sitchler et 

al., 2009; Brantley, 2010; Graham et al., 2010; Gabor et al., 2014; Bazilevskaya, 2015). An in-

depth, mechanistic understanding of the development of weathering profiles on bedrock 

underpins our ability to interpret and predict landscape evolution, the link between atmospheric 

CO2 and mineral weathering, and infiltration of water into the subsurface through geologic time 

and under potential future conditions. Parameters that control weathering profile development 

include bedrock mineralogy, local and regional structural setting (e.g. fractures), climate (e.g. 

Chadwick and Chorover, 2001; White, 2001; Goodfellow et al., 2013), water chemistry and rates 

of hydrologic fluxes (McDowell and Likens, 1988), and denudation rates (Brantley, 2008; 

Rasmussen et al., 2010; Befus et al., 2011; Hahm et al., 2014; Navarre-Sitchler, 2015). 

Additional work is needed to develop the ability to connect of each of these controlling 

parameters to observed weathering profiles in natural landscapes (Brimhall et al., 1991; Clow 

and Drever, 1996; White, 1998; Samouëlian and Cornu, 2008). 

Heterogeneity in bedrock composition and micro-climate induced changes in infiltration 

and evapotranspiration can confound interpretation of critical zone processes (Troch et al., 2009; 

Zapato-Rios et al., 2016).  The objective of this thesis is to evaluate standard geochemical 

techniques used to identify and quantify weathering in the critical zone and to investigate the 

control of micro-climate and hillslope aspect on weathering in a small, well-studied watershed 

underlain by mineralogically heterogeneous, strongly foliated metamorphic rock. This work 

contributes to a better understanding of the coupled relationships between hydrological and 

geochemical processes in an in-situ heterogeneous weathering profile that will help elucidate 

constraints on quantitative models to predict earth surface responses and impacts to 

environmental changes. 
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The Critical Zone (CZ) encompasses the coupled chemical, biological, physical, and 

geologic processes, operating from the depths of groundwater infiltration through the upper 

reach of biota, that function as a dynamic life support system for Earth (Amundson et al., 2007; 

Anderson et al., 2007; Brantley et al., 2007; Chorover et al., 2007; Derry and Chadwick, 2007). 

Chemical changes throughout the CZ reflect thermodynamic disequilibrium within the system 

and can be quantified and traced using mass balance models and weathering indices (Parker, 

1970; Muir and Logan, 1982; Nesbitt and Young, 1982; Brimhall et al., 1985; Chadwick et al., 

1990; White et al., 1996; Anderson et al., 2007; Hausrath et al., 2008). Chemical alteration of 

bedrock is essential for ecosystem sustainability and as the CZ concentrates the majority of 

organic material and organisms, the weathering front is of particular interest to researchers that 

study biogeochemical cycling (Eilers et al., 2012).  

The weathering profile contains layers where different chemical and biological processes 

occur.  At its base, a weathering profile consists of bedrock or protolith: the solid rock precursor 

to overlying unconsolidated material (Bates and Jackson, 1980). Bedrock can store and transport 

groundwater. Regolith, often found above the bedrock, is friable, transportable material derived 

from bedrock, which has been physically fractured, but retains pseudo-original textures and lacks 

extensive chemical or biological alteration (Graham et al., 2010). Saprolite, chemically altered 

bedrock or regolith that retains evidence of the original rock structure, separates soil from 

unweathered bedrock and is the active zone for chemical weathering in most profiles (Butt et al., 

2000; Einsele, 2000). The ultimate product of weathering, soil - found at the top of the profile, is 

distinguished by biological activity (rooting and microbes), loss of rock structure, and discrete 

chemical horizons (Anderson et al., 2013; Graham et al., 1994). The uppermost soil layer of an 

idealized soil profile is referred to as the O horizon, and consists of >20% organic material by 

mass (White, 1998). The state of decomposition of the organic material increases downward 

from the O horizon into the A horizon, a layer from which cations such as Fe and Al are leached 

into the underlying B horizon, an accumulation zone. The C horizon of a soil profile is 

oftentimes interchanged with the contacting regolith. Saprolite is a general term used to describe 

the overall isovolumetric, weathered bedrock that retains the fabric and structure of the original 

bedrock (Pavich, 1986). 

Physical denudation of landscapes impacts development and preservation of weathering 

fronts. Physical erosion is quantified by sediment load measurements or cosmogenic isotope 
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analysis to determine sediment residence time in the weathering profile (Anderson et al., 2007; 

Brantley et al., 2007; Brantley and Lebedeva, 2011; Dethier and Lazarus, 2006; Mast and 

Drever, 1990; Volkel et al., 2011). Resultant topographic geometry of hillslopes variably affects 

weathering due to both the vertical and lateral transfer of material, biota, and chemicals 

(Anderson et al., 2007). Geologic properties such as fracture networks, structural geometry, 

porosity, and mineral composition systematically control the rates of weathering (Pacheco and 

Alencoão, 2006). These features variably enhance or degrade the progression of bio- and 

geochemical alterations, providing the framework through which hydrologic systems infiltrate 

and react. Interactions between fluids and geologic components shift the system equilibria and 

propagate weathering front advancement.  

1.2 Previous Work 

 The National Science Foundation established Critical Zone Observatories (CZOs) across 

North America as environmental laboratories for synergistic empirical research on the CZ 

(www.criticalzone.org). Cross-disciplinary studies at the Boulder Creek CZO (BcCZO) have 

produced numerous publications on hydrologic, geophysical, and geomorphic studies (e.g. 

Anderson and Anderson, 2010; Hinckley et al., 2012; Hinckley et al., 2014; Langston et al., 

2011; White, et al. 2015). Results from these works, as well as geochemical work performed at 

other CZO locations, are evaluated within the context of this project in order to contribute to the 

cross-CZO understanding of factors affecting ecosystem sustainability, with particular respect to 

a montane climate watershed. 

1.3 Geological and Hydrological Research 

Mineralogical composition and the structural framework of underlying geology 

contribute considerably to weathering systems. Elements bound to mineral structures are released 

through mineral breakdown and dissolution and subsequently participate in the elemental cycling 

of the system (Hahm et al., 2014; Schroeder et al., 2000; Dethier and Bove, 2011). Porosity 

development during the weathering process further opens fluid pathways, encouraging the 

transport of dissolved and colloidal materials.. The link between what has been added to the 

system from chemical weathering of geologic materials and how it has been transported is 

fundamental to describing the mechanisms of geochemical interactions in the subsurface 

(Langston et al., 2011). 
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In work completed by Hinckley et al. (2012), it was found that climate distinctions (e.g. 

temperature and snowpack thickness) between the north and south-facing slopes in lower Gordon 

Gulch, a catchment within the BcCZO, led to dissimilar snowmelt flux. Observations from the 

study displayed preferential hydrologic flow patterns, with two possible controls: weathering that 

controls the water movement, or water movement that controls the weathering. On north-facing 

hillslopes, a seasonal snowpack developed, “wetting” the system, while on south-facing 

hillslopes, hydrologic input was dominated by episodic snow accumulation. The characteristics 

of the south-facing hillslope led to periods of rapid vertical flow and immobile matrix storage, 

possibly bypassing the soil matrix completely and leaving behind dry conditions. These factors 

likely affect the process of chemical weathering across hillslope aspects. 

1.4 Geophysical Research 

Geophysical methods have been widely used to identify the influence of processes in the 

CZ such as bedrock fracturing, structural foliation planes, hillslope thresholds, and slope stability 

on weathering front development (Clarke and Burbank, 2010; Clarke and Burbank, 2011; 

Leopold et al., 2013). Shallow seismic refraction (SSR) techniques in particular have provided 

the tools to portray three-dimensional reconstructions of geomorphologic and geologic 

frameworks within site-specific CZs (Befus et al., 2011). Using SSR, Befus et al. collected 

comprehensive transects within two BcCZO catchments: Gordon Gulch and Betasso, evaluating 

weathering extent in the context of seismic wave velocity. The seismic transects from Gordon 

Gulch (Fig. 2) show generally deeper extent of disaggregated material on the north facing 

hillslope aspect of the catchment, an important context for the evaluation of process controls. 

However, current work from Bandler (2016) has located the saprolite/bedrock interface at 8.7 ± 

1.3 m depth on the north facing hillslope, and at 10.9 ± 3.6 m in the south facing hillslope and 

results from seismic velocity profiles by St. Clair et al., (2015) show little difference in depth to 

bedrock. Bandler (2016) places the soil/saprolite interface at similar depths on both north versus 

south facing slopes, at 2.3 ± 0.76 m and 2.0 ± 0.80 m, respectively. The study concludes that 

there exists a synthesis of both “top-down” and “bottom-up” weathering, which forms due to 

topographic stress regimes and slope-aspect controlled groundwater flux (Anderson et al., 2013; 

St. Clair et al., 2015).  

A previous study conducted by Magill in 2015 used optical borehole imaging (OBI) to 

characterize the structural properties of borehole profiles from the upper Gordon Gulch 
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catchment. The study found that the structural properties throughout the watershed are generally 

consistent, with strongly northward dipping structural foliations and bimodal fracture 

orientations (north & south). Anisotropy in the mechanical components of the watershed give 

valuable insight into structural components as one of the variables that affects the overall 

weathering advancement of the area. The main objective of this thesis is to expand the study of 

critical zone processes and evaluate geochemical weathering processes with depth, into the 

saprolite, on north and south facing hillslopes.  

 

Figure 1.1 Conceptual model of the Critical Zone’s mechanical, chemical, and biological 

components. 
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Figure 1.2 Four shallow seismic refraction (SSR) transects across the Gordon Gulch catchment (Befus et al. 2011) 
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1.5 Weathering Studies in Critical Zone Observatories 

A series of Critical Zone Observatories (CZOs), initially funded by the National Science 

Foundation, provides research sites for integrated, interdisciplinary studies of critical zone 

processes. Bedrock weathering and weathering profile development is an important part of each 

of these sites (e.g. Brantley et al., 2013; Dixon et al., 2012; Jin et al., 2010; Ma et al., 2011). 

Each CZO attempts to answer how weathering processes occur in varying temperatures, 

climates, and geologic frameworks. Understanding how these variables interplay impacts our 

understanding of the sustainability of these ecosystems.  

Southern Sierra Critical Zone Observatory (SSCZO) is an integrated field site with 

essential work surrounding critical zone processes. Geophysical work shows exceptionally deep 

weathering profiles (23 m), a decrease from 50% porosity near-surface to ~0% near-bedrock, and 

high water storage capacity in the weathered bedrock (Holbrook et al., 2014). Other work has 

shown meaningful bedrock composition control on the vegetation and topography, in turn 

affecting weathering profiles (Hahm et al., 2014). 

Santa Catalina Mountains Critical Zone Observatory (SCM-CZO) is another heavily 

studied site, focusing its efforts on measuring real-time and model-space quantitative relations 

among ecohydrologic partitioning (EHP), subsurface biogeochemistry (SSB), surface water 

dynamics (SWD), and landscape evolution (LSE) (criticalzone.org). Studies currently link 

climate, erosion rate, and topography as the primary drivers for regolith production (Lybrand et 

al., 2011; Rasmussen et al., 2011).  

In the Shale Hills CZO (also termed Susquehanna Shale Hills Observatory – SSHO), 

weathering occurs in a north-south oriented catchment with temperate climate (Brantley et al. 

2013). Weathering of Silurian-aged shales of the Rose Hill Formation is driven by bedrock 

mineralogy, orientation, and foliation (Folk, 1960; Lynch, 1976). Chemical weathering in SSHO 

has shown that elemental groups (e.g. rare earth elements (REE), alkali metals, etc.) behave 

differently during the weathering process due to mineralogical origin, cycling processes, and 

geochemical properties of the elements (Ma et al., 2011). Elements such as Si, Zr, Hf, Ti, Ta and 

Nb all exhibit conservative behavior during weathering, while Fe, Al, K and Mg, all correlate to 

presence of primary clay minerals. Sr, Na and Ba display depletion profiles, associated with 

feldspar dissolution, and REE reflect varying levels of feldspar and clay dissolution. 
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The Luquillo Critical Zone Observatory (LCZO) in northeastern Puerto Rico has been 

used extensively as an example of a fully matured weathering profile in a drastically humid 

environment, and provides a comprehensive comparative study to the montane climate zone of 

the BcCZO. Bedrock weathering at the site occurs under a base cation leached saprolite where 

geochemical processes induce fractures and allow for infiltration of water deep into the 

weathering profile (Buss et al., 2013). Weathering in LCZO is isovolumetric (White et al., 1998).  

These CZO studies are examples of the integrated work that is being done within the 

earth’s surface across a range of climates, geologies, and geomorphologies. Even with the vast 

array of works across the CZOs, we are unable to find studies that link hillslope aspect to rates of 

weathering profile development.  

1.6 Research Objectives 

Most studies of the mobile regolith (soil) profile and the underlying weathering front, 

which attempt to characterize significant chemical weathering, involve shallow investigations (< 

3m) below the ground surface (e.g. Jin et al., 2011; Takagi and Lin, 2012). This project uniquely 

evaluates geochemical and geological heterogeneity as well as depth-dependent geochemical 

processes across hillslopes and at depths of up to 13.1 m. Understanding spatial relationships of 

cycling processes further integrates the cross-disciplinary studies that are ongoing in the CZOs. 

The BcCZO is an excellent candidate to study this issue due to the small catchment size, 

abundant previous scientific body of work on the hydrology, geomorphology, and geophysics, 

and strong indicators of hillslope aspect. Results from this study will provide insight into CZ 

processes in similar environments, such as the SSCZO, and SCM-CZO, which can be evaluated 

within the context of a continuously evolving geochemical model. 

Evaluation of weathering in a chemically heterogeneous environment and control on 

weathering of hill-slope aspect is achieved by: 

1) Defining the depths of chemical weathering boundaries in the BcCZO by utilizing 

geochemical methods  

2) Evaluating whether these depths or features are different on north- versus south-

facing hillslope aspects 

3) Assessing the effects of geologic structures on weathering processes in Gordon Gulch 

4) Evaluating interpretations made based on prior geophysical and hydrological data 

from Gordon Gulch 
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5) Reevaluating technical approaches for identifying chemical weathering in a 

geologically heterogeneous catchment. 
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CHAPTER 2 SITE CHARACTERIZATION 

The Rocky Mountains in the western USA are predominantly comprised of complex 

suites of Precambrian metamorphic basement rock. Three distinct periods of metamorphism and 

deformation in the Precambrian resulted in sillimanite rich rocks with open folds that trend west 

to northwest, structural features (e.g. foliations) that trend north to northeast, and brittle shear 

zones that retain cataclastic foliation that strikes northeast (Gable and Sims, 1969).  

2.1 Study Site 

The study area exhibits features that are associated with the three periods of regional 

deformation. Bedrock lithology underlying the Gordon Gulch watershed is classified as 

undifferentiated Paleoproterozoic biotite schists and gneisses (Fig. 3) (Gable and Sims, 1969; 

Gable, 1980). The Gordon Gulch watershed contains outcrops of biotite gneiss, biotite schist, 

and amphibolites with cross-cutting igneous granites, diorites, and gabbros.  

Soils overlying the Precambrian basement rocks in the Gordon Gulch watershed are 

characterized as Bullwark-Catamount families-Rubble land complex (a sandy loam) on the 

north-facing slope and Pachic Argiustolls-Aquic Argiudolls complex (a gravelly loam) on the 

south-facing slope (United States Department of Agriculture, 2009).  The north-facing slope is 

further characterized by hillslopes that range from 10 to 40 percent grade with areas of thick 

vegetation, predominately Lodgepole Pine (Pinus contorta). South facing hillslopes range from 0 

to 15 percent grade with mostly fescue grasses as groundcover. Strike and dip of foliation in the 

underlying bedrock at Gordon Gulch is 291/62°, oriented perpendicular to topographic surfaces, 

on the south-facing hillslope and 256/56°, oriented parallel to topographic surfaces, on the north-

facing hillslope.  

2.2 Climate 

 The Gordon Gulch watershed, located within the Arapahoe National Forest, has been 

divided into Upper and Lower Basins (Fig. 4). Upper Gordon Gulch spans an area of 0.9466 km
2
 

and has an average elevation of 2680 m (www.criticalzone.org). Samples were collected from 

the Upper Basin of Gordon Gulch, in a montane climate zone with 5.1 °C (41.2 °F) mean annual 

temperature and 519 mm (20.4 inches) mean annual precipitation (Barry, 1973). 
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Figure 2.1 Geologic map of Sugarloaf area. Map units have been labeled as well as the 

location of the Gordon Gulch watershed, notably east of area affected by Pleistocene 

glaciation (modified from Cole and Burbank, 2009)  
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2.3 Geomorphology 

A shallow seismic refraction survey conducted in the BcCZO in 2011 shows slope 

variation of surface topography spanning an ~40 km stretch across the western slope of the 

Continental Divide, directly west of Boulder, CO, USA (Fig. 5). Relief patterns vary drastically 

between individual catchments within the Front Range, creating a complex network of drainage 

basins and hydrologic flow patterns within this region. These varying features, coupled with the 

heterogeneous geologic framework, contribute to the lack of primary understanding regarding 

the multiple interplays that affect geochemical weathering with depth. By targeting slope aspect 

controls on weathering in Gordon Gulch we can begin to constrain the impact of each of these 

complicated metrics. 

 

 

 

Figure 2.2 Topographic map of the Gordon Gulch site (www.criticalzone.org). The red 

boundary outlines the Upper and Lower Basins of Gordon Gulch. BH-S04, BHS05, and 

BH-S06 are boreholes that were drilled on the south-facing hillslope, whereas BH-N01 

and BH-N02 were drilled on a north-facing hillslope aspect 
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Figure 2.3 Geomorphologic framework of the BcCZO, Colorado Front Range, USA using 

SSR surveys (Befus et al. 2011). 

 

  



14  

CHAPTER 3 METHODOLOGY 

3.1 Sample Collection and Preparation 

Samples of weathered rock and soil from five boreholes, ranging from 7.3 to 13 meters in 

total depth, on north and south facing slopes in the Gordon Gulch watershed of the Boulder 

Creek Critical Zone Observatory (BcCZO) were analyzed for chemical and physical properties. 

Results were used to evaluate chemical, mineralogical, and organic matter mass transfer 

processes and help define depths of chemical weathering, test variability in north- versus south-

facing hillslopes, and evaluate standard approaches for quantifying extent of chemical 

weathering on mineralogically heterogeneous bedrock (Fig. 6). Five soil pits associated with 

each borehole were also studied in order to increase resolution of organic matter distribution in 

the top ~35 cm of the weathering profile. 

Boreholes were drilled in June-August 2014 using a “Portadrill Mini” portable drill rig, 

an air-rotary drill with a diesel engine powered rotor within which 1.5 m (5-ft) drill string 

sections were attached (Magill, 2015). Ninety-seven total samples of weathered bedrock cuttings 

were collected during drilling for geochemical analyses (Table 1). Each sample is a composite of 

the material removed from the borehole for the entire depth interval. Two of these five boreholes 

(BH-N01 and BH-N02) are on north-facing slopes (0.76 m interval sampling) and three 

boreholes (BH-S04, BH-S05, and BH-S06) are on south-facing slopes (0.3 m interval sampling).  

 

Figure 3.1 Map of Critical Zone Observatories (Colorado outlined in red) and an expanded 

view of the Boulder Creek Critical Zone Observatory (www.criticalzone.org). 
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Table 3.1 Borehole parameters. 

Sample 

number 

Total 

Depth 

(m) 

Sample 

Intervals 

Elevatio

n (± 15 

m) 

Latitude 

Longitude 

Associated 

Borehole 

 
     

Borehole 
    

 

BH-N01 13.1 

1 (0.61-m),  

8668 
40.019217°, 

-105.477583° 

 16 (0.76-

m), 

 1 (0.15-m) 

 
     

 
BH-N02 12.8 

17 (0.76-

m) 
8684 

40.01974°, 

-105.47840°  

 
     

 
BH-S04 10 

9 (0.30-m),  
8851 

40.02225°,

 -105.48299°  2 (0.61-m) 

 
     

 

BH-S05 7.3 

1 (0.46-m),  

8799 
40.02209°, 

-105.48225° 
 20 (0.30-

m) 

 
     

 
BH-S06 9.1 

30 (0.30-

m) 
8769 

40.02150°, 

-105.48219°  

 
     

 Soil Pit 
    

 
SP1 0.3 2.5 cm 8626 

40.01923°, 
BH-N01 

-105.47744° 

      

SP2 0.3 2.5 cm 8715 
40.01982°, 

BH-N02 
-105.47841° 

      

SP3 0.3 2.5 cm 8726 
40.02154°, 

BH-S06 
-105.48215° 

      

SP4 0.3 2.5 cm 8785 
40.02165°, 

BH-S05 
-105.48232° 

      

SP5 0.3 2.5 cm 8871 
40.02223°, 

BH-S04 
-105.48301° 
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3.2 Sample Characterization 

3.2.1 X-Ray Diffraction 

X-ray diffraction data were collected from whole rock samples, clay separates, and 

ethylene glycol desiccated clay separates for mineral identification according to methods from 

Moore and Reynolds (1989) and Brindley and Brown (1980). Briefly, samples were crushed to < 

0.2 mm grain size. Random powder mounts were analyzed from 4° to 65° 2θ at a continuous 

scan rate of 2.00°/minute. The Millipore method (Moore and Reynolds, 1989) was used to obtain 

a < 2 µm clay fraction from all samples. Clay fractions prior to and after ethylene glycol 

treatment were analyzed from 2° - 40° 2θ at a continuous scan rate of 1.50°/minute. Relative 

intensities can be used to qualitatively evaluate amounts of the same mineral between boreholes, 

but cannot quantitatively represent mass fractions of different minerals within boreholes. This 

qualitative assessment can be utilized when equal amounts of sample are measured for analysis 

as a comparison of trends by depth. 

3.2.2 Total Organic Carbon 

Total carbon and inorganic carbon concentrations were determined for all borehole 

samples through standard combustion/acid digestion and carbon coulometry techniques with a 

UIC, Inc. Model 5014 CO2 Coulometer. Total organic carbon (TOC) was calculated by the 

removal of inorganic carbon from the total carbon combusted from the samples. In addition, 

TOC was calculated for soil pit samples associated with each borehole.   

3.2.3 Sequential Extractions 

Sequential extractions are used to account for the exchangeable fraction of metals in the 

weathering system (Li et al., 1994; Tessier et al., 1979). Full-scale sequential extractions can 

provide detailed information about origin, mode of occurrence, bioavailability, mobilization, and 

transport of elements (Tessier et al., 1979). In this study, Li et al.’s extraction step 1 (0.5 M 

MgCl2) was utilized to remove exchangeable cations (Mg
2+

, Al
3+

, Ba
2+

, Sr
2+

, Ca
2+

, Na
+
, and K

+
) 

from the system. These solutions were analyzed for concentrations of an ICP-AES. Saprolite 

samples were then analyzed for major and trace elemental composition utilizing x-ray 

fluorescence techniques after performing extractions in order to evaluate geochemical 

heterogeneity with depth.  
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3.2.4 Petrography 

Five whole rock samples were collected from nearby saprolite bedrock outcrops. Billets 

were created from these samples using standard thin section preparation, both perpendicular and 

parallel to mineral foliation, in order to identify mineralogical relationships using petrographic 

analyses. Qualitative petrology allows for the representation of textural characteristics and 

relationships within in-situ rock sections. Microscale features within these samples, e.g. foliation 

and fractures, can be linked to macroscale features seen from borehole imaging.  

3.2.5 Clay Fraction Analyses 

Clay fraction was determined by measuring 1.00 g of air-dried samples into 15 mL 

centrifuge tubes, after which the sample was mixed with 8 mL of DI water and placed in an 

ultrasonic bath for 10 minutes. The samples were then decanted, and the previous two steps were 

repeated. Remaining sample was then oven-dried in the centrifuge tubes at 85°C for at least 48 

hours and then weighed again. The difference in weight percent was attributed to the discarded 

clay fraction percentage. 
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CHAPTER 4 RESULTS AND DISCUSSION 

 This study evaluated five different indicators of weathering as a function of depth in 

identified boreholes. These included: 

Total Organic Carbon (TOC) measurements quantify the occurrence of particulates from roots, 

dead or living microbes, and humic/fulvics from the degradation of organic material that have 

migrated downward through open pore spaces. The occurrence of these materials can indicate 

degree of weathering in the system with higher TOC concentrations in more highly weathered 

materials. 

Exchangeable cations signify the presence of mobile ions sourced from rock weathering and 

distributed through the pore space. Exchangeable cations move through open pores created 

during the weathering process and sorb to exchange sites on clay surfaces, which are evidence of 

weathering.  

Clay fraction represents the weight percent of clay minerals, which are a direct weathering 

product that are either created in place, or have migrated downward through open pore spaces. 

Clay-sized framework silicate minerals in the parent rock indicate fracturing and micro-

fracturing that is also indicative of weathering. 

Weathering Indices are commonly used to quantify the intensity of weathering in systems with 

heterogeneous bedrock. These indices were calculated from concentrations of oxides in the 

material to evaluate the degree of weathering in a 1-D, vertical profile.  

Mass-balance models quantify weathering rates as a function of depth by using a ratio of mobile 

elements in the weathered material (e.g. Ca
2+

, Na
2+

) to their concentration in the parent material. 

4.1. Carbon Distribution with Depth 

Inorganic and organic carbon concentrations in the weathering profiles provide insight 

into organic retention of carbon in the soil and underlying saprolite. In these weathering profiles, 

inorganic carbon was below detection limits, indicating that all measured carbon is present as 

organic material. Understanding how particulate organic carbon is distributed with depth 

evaluates the potential for biogeochemical reactions within soil profiles. Below the topmost 

meter, organic matter was not detectable, rendering the need for the soil pit analyses in order to 

increase resolution of organic carbon distribution. For soil pit samples examined, TOC is highest 

(between 0.5 and 2.5%) in the upper 30-35 cm of the weathering profiles (below an 

approximately 5 cm litter layer in soil pits 1, 2, and 3). TOC concentrations < 0.3% below 30 cm 
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indicate that particulate organic carbon from the upper portion of the profile does not permeate to 

deeper depths (Fig. 7). Interestingly, the higher organic carbon concentrations on the south-

facing slope appear to persist to deeper depths (25+ cm in BH-S04 & BH-S05, 30 cm in BH-

S06) compared to the north-facing slope (18 cm in BH-N01, 23 cm in BH-N02).  

All profiles show significant variation of TOC with depth based on a nonparametric 

Wilcoxon rank-sum test. Furthermore, the slope of TOC variation with depth as well as the 

amount of TOC in Soil Pit 3 (south-facing) varies significantly from both of the north-facing 

hillslope soil pits, while Soil Pits 4 and 5 are not statistically difference from the north-facing 

hillslope. 

4.2 Mineralogical Content 

All five boreholes consisted of similar bulk mineralogy: biotite, quartz, k-feldspar, 

plagioclase, and (with the exception of BH-S05) sillimanite (Fig. 8). Sillimanite and biotite 

concentrated in the foliated layers of the metamorphic schists/gneisses in the area. The absence 

of sillimanite in BH-S05 is consistent with observed heterogeneity of parent material in the 

BcCZO and may indicate that the degree of metamorphism (and thus foliation) is spatially 

variable within the Gordon Gulch watershed.  

4.3 Exchangeable Cations 

Exchangeable cations are mobile ions that have sorbed to the surfaces of minerals or 

organic matter. The source of these cations is likely weathering of primary minerals where the 

cations are released into the soil pore waters, but can also be from dissolution of dust deposited 

at the top of the profile. Here we use concentrations of exchangeable cations to evaluate 

weathering occurrence with depth, as the presence of exchangeable cations indicates (1) 

weathering and release of solutes and (2) mineral surface area with exchange sites, likely clay 

minerals.  Measurable concentrations of exchangeable cations statistically vary with depth 

throughout the profiles and generally decrease from a maximum concentration near the top of the 

profile with depth.  

Two observed zones of increased exchangeable cation concentrations are present in the 

north facing profile (Fig. 9). In BH-N01, the first, less intense, front is located between 1.5 – 9.9 

m, with a second, more intense, front at 10.6 – 11.4 m. In BH-N02, similar fronts exist at depths 

of 0.8 – 8.4 m and 10.6 – 12.1 m. In contrast, BH-S05 and South 
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Figure 4.1 Total Organic Carbon weight percent data plotted versus depth. Soil Pits are colored by associated 

boreholes identifiers. 8 cm of litter removed from tops of Soil Pits 1-3.  
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Figure 4.2 X-ray diffraction intensity peaks with depth. Dashed lines represent interpreted 

trends. Relative intensities can represent general variations of the same mineral throughout 

the profile.  



22  

 

Figure 4.3 Exchangeable cation concentrations with depth in mg/kg. Dashed lines illustrate interpreted trends within the 

profiles. The beige lines represent saprolite depths from Bandler (2016) for the north and south facing hillslopes at ~ 8.7 

and 10.9 m, respectively.    
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Well # 6 display linear negative trends in exchangeable cation concentrations with depth, 

with higher exchangeable fractions overall in BH-S06. At the interpreted saprolite/bedrock 

interface from Bandler (2016), the north-facing hillslope has a maximum exchangeable cation 

concentration of 470 mg/kg. In all profiles, bottom of the borehole (13.1 m on north-facing 

hillslope, 9.1 m on south-facing hillslope) corresponds to a decreased exchangeable fraction, but 

utilizing Wilcoxon rank-sum tests do not show consistent results in regards to north- versus 

south-facing hillslope aspect trends.  

Similarly, clay mass fraction decreases with depth, to a minimum value of < 8.6% at the 

bottom depth for each borehole (Fig. 10). Fractions are between 5.7 – 18.0% in BH-N02, 5.8 – 

23.1% in BH-S05, and 4.9 – 15. 9% in BH-S06. BH-N01 clay fraction does not have significant 

variance with depth, and is statistically dissimilar from the three other boreholes. 

4.4 Weathering Indices 

Chemical weathering indices have been used to characterize weathering profiles with 

heterogeneous metamorphic parent rock (Price and Velbel, 2003). Both the Weathering Index of 

Parker (WIP) and Chemical Index of Alteration (CIA) evaluate the relationship between parent 

and weathered material in a depth profile. 

 

4.4.1 Weathering Index of Parker (Parker, 1970) 

WIP = 100 ∗
2Na+O

0.35
+

MgO

0.9
+

2K+O

0.25
+

CaO

0.7
 

The WIP assesses proportions of alkali and alkaline earth metals in weathered material. 

As depth increases, the WIP should increase to reach similar composition to the parent 

material. The numerator indicates the atomic proportion of the element, while the 

denominator is a measure of the bond strength of associated element with oxygen. This 

method is used for silicate rock and allows for aluminum mobility in the system. Due to 

high mobility of alkali and alkaline earth metals, however, this index has not been proven 

to apply to heavily weathered materials. 

4.4.2 Chemical Index of Alteration (Nesbitt and Young, 1982) 

CIA = 100 ∗
Al+O9

Al+O9 + 	CaO +	Na+O +	K+O
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Figure 4.4 Total clay fraction weight percent with depth. Dashed lines serve to illustrate interpreted trends throughout the 

profiles. 
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The CIA measures the extent of conversion of feldspars in a system, and thus does 

not allow for aluminum mobility. Most frequently, the CIA has been applied in studies 

involving paleoclimate reconstruction. This calculation appropriately evaluates 

weathering indices for systems that have high presence of clays, such as kaolinite.  

 

Weathering Indices were calculated as a function of depth to evaluate the potential use of 

these indicators for determining weathering intensity in these profiles. Oxides are taken from 

XRF analyses, and are included as weight percent for calculations. Both the Weathering Index of 

Parker (WIP) and the Chemical Index of Alteration (CIA) were calculated (Appendix v). While 

the WIP assesses the intensity of weathering of the profile by specifically targeting the alteration 

of alkali and alkaline earth metals (e.g. Na, Mg), the CIA has particular use for this system due to 

prominent kaolinite formation throughout the depth profiles (Fig. 8). Additionally, the 

exchangeable aluminum fraction was negligible in the system, another line of evidence that this 

system behaves within the confines of the CIA. For the purpose of interpretation, CIA was 

calculated inclusive and exclusive of exchangeable cation concentrations (Fig. 11).  

A CIA value of 100 indicates maximum weathering intensity of the system. CIA values 

(after removal of exchangeable fraction) ranged from 54.9 - 79.6 for north-facing boreholes in 

Gordon Gulch and from 50.9 – 78.5 for south-facing boreholes. The two weathering fronts on the 

north-facing hillslope also correspond to similar fronts of exchangeable cations and clay 

fractions seen in these two wells (Fig. 12). In BH-S05, the depleting linear trend in CIA can also 

be seen in clay and exchangeable fractions, however there is a unique increase in weathering in 

BH-S06 that is not mimicked in clay or exchangeable fractions. This increase in BH-S06 is 

determined by a singular data point, and given the heterogeneity in mineralogy indicated by 

XRD analysis may not be representative of the overall trend of the borehole composition at 

depth. 

Exchangeable cation concentrations in unweathered hard rock are typically low, thus bulk 

chemical composition that includes exchangeable cations is not truly representative of the degree 

of cation leaching due to weathering. CIA values were recalculated after subtracting the 

exchangeable cation concentrations from the bulk chemical analysis data. Overall, removing the 

exchangeable cations from the bulk chemical analysis reduces the CIA value giving a more 
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accurate representation of the amount of base cation leaching from the parent material. The 

percent difference between CIA values with/without accounting for exchangeable cations ranges 

from -6.8 to -14%, on the north facing hillslope, and from -6.9 to -16.8% on the south facing 

hillslope.  

 

Figure 4.5 Chemical Index of Alteration (CIA) versus depth for four boreholes. 

Solid line represents CIA after removal of exchangeable fraction, dashed line 

represents CIA prior to exchangeable fraction removal.   
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Figure 4.6 Chemical Index of Alteration (CIA) from four boreholes, associated clay 

fraction weight percent and exchangeable cation fraction. All plotted versus depth. 

Dashed line in CIA represents values before removal of exchangeable fraction. Clay 

Fraction and Exchangeable Cation dashed lines are interpretations of trends within the 

profiles. Beige line illustrated saprolite/bedrock boundary from Bandler (2016). 
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4.5 Mass-Balance Comparison  

 Mass balance models apply the “conservation of mass” principle to the analysis of 

physical systems (Brimhall et al. 1991, Chadwick et al. 1990, Hausrath et al. 2008, Muir and 

Logan 1982, White et al. 1996). They are applied specifically to weathering by formally linking 

chemical composition to bulk density, mineral density, volumetric properties, porosity, and 

amount of deformation/strain (Brimhall et al. 1985, Brimhall and Dietrich 1987). These models 

run under three major assumptions: 1) the parent rock (protolith/bedrock) has been identified and 

characterized, 2) weathering in the system is not isovolumetric, and 3) elemental material 

remains in original mass or has been transported via solution. 

 The amount of deformation (strain = εi,w) in a system can be quantified through direct 

measurement of bulk density, mass elemental concentrations, and either the volume (3-

dimensional analysis) or thickness (1-dimensional analysis) of both parent and weathered 

sections (Fig. 13).  

 In order to accurately evaluate concentrations of a particular element associated with 

mineral weathering (e.g. Ca, Na, Fe, Mg, etc.), the calculations must also include an appropriate 

assessment of an immobile element profile. Selection of an immobile element for use in the mass 

balance model is one where elemental concentrations are statistically indistinguishable from 

parent rock to weathered rock (Woronow and Love 1990, Schedl 1998; Bern and White, 2011; 

Carrasco and Girty, 2015). Aluminum, titanium, and zirconium are the most commonly used 

immobile element factors, although silicon has also been shown to be an effective substitute in 

certain systems. 

 Mass transfer coefficients provide quantitative analysis of the loss or gain of cations as a 

function of depth in a weathering profile where bulk density changes with mass loss or addition 

(Brimhall et al., 1991; Anderson, 2002). The variable τj,w  is a dimensionless element-mass-

transfer coefficient that can be defined as follows from Anderson et al. 2002:  

!",$ ≡	
'",()*+

,-.-/",-
∗ 100 = 	

/",$/4,-

/",-/4,$
− 1 

Plots of τj,w or εi,w versus inverse depth graphically display calculated mass gains and 

losses of an element j in a weathering profile, where /",$ is the concentration of mobile element 

(j) in the weathered material, /",- is the concentration of mobile element (j) in the parent 

material, /4,$ is the concentration of immobile element (i) in the weathered material, and /4,- is 
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Figure 4.7 Modified from Brimhall and Dietrich, 1987. Conceptual model of non-isovolumetric 

weathering and associated quantitative variables. Vp = volume of parent material, ρp = bulk 

density of parent material, Ci,p = concentration of immobile element in parent material, Vw = 

volume of weathered material, ρw = bulk density of weathered material, Ci,w = concentration of 

immobile element in weathered material, Bi,p = thickness of parent profile, Bi,w = thickness of 

weathered profile, εi,w = strain.  

 

the concentration of immobile element (i) in the parent material. When used quantifiably, the 

slope and geometry of the profile denote rates of weathering with respect to specific geologic, 

climate, and hydrologic fluxes. Mass transfer coefficients have been used to assess weathering in 

many different systems. Synthesizing these results with calculated kinetics of water-rock 

interactions comprehensively model regional-scale weathering processes (Brantley et al. 2008). 

These plots are used throughout this study to define the mineral weathering rates within the 

BcCZO. 

The use and accuracy of mass transfer coefficients are best where the composition of the 

bedrock is relatively homogeneous as a function of depth and that composition is known. The 

bedrock composition in Gordon Gulch is heterogeneous. Here we evaluate the use of mass 

transfer coefficients as a measure of weathering in Gordon Gulch and generally find that the 
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results are likely skewed by the heterogeneity and not suitable for weathering rate calculations.  

Nonetheless, the mass transfer coefficients as a function of depth provides insight into the 

chemical composition of the saprolite and the data are presented here (Fig 14,15). BH-S04 data 

are excluded due to the limited number of samples available for analysis in that borehole (see 

Appendices vii – viii for this data). For these analyses, bottom most samples in each borehole 

were assumed to be representative of parent material. Major shifts observed in mass transfer 

coefficients indicate that this may not be an accurate assumption due to the heterogeneity of the 

complex geology in the watershed. Major observations for each borehole are as follows 

(Appendices vii, viii): 

• BH-N01 exhibits a linearly increasing mass gain of all major cations (except Ca), Si, and 

Al between 5.3 – 9.1 m. Mg, Al, P, K, Fe are all enriched relative to parent, while Na and 

Si are relatively depleted as they approach parent material at 13.1 m depth. Ca linearly 

loses mass between these depths, before reaching parent material composition.  

• BH-N02 has an unusual peak in mass gains of Na, Al, Si, P, K, and Ca at 8.4 m. This 

spike is attributed to general geologic heterogeneity. Interestingly, the majority of 

samples in BH-N02 display mass losses throughout depth profiles, enriching towards the 

parent material at 13.0 m. Both Ca and P exhibit mass gains at 0.8 and 5.3 m. 

• BH-S05 displays two uniquely consistent patterns: an increasing or decreasing linear 

trend between 0.6 – 2.7 m, and a decoupled increasing trend from 4.3 to 6.1 m. Only Mg 

differs from both of these trends, with a more scattered upper profile, and a depleting 

lower profile. In both P and Fe, the lower profile retains higher immobility, similar to the 

parent concentrations at 7.3 m. 

• BH-S06 mimics the upper and lower profile patterns of BH-S05, with slightly less 

consistency. In all but the Fe profile, the upper profile of BH-S06 mirrors that of BH-S05, 

trending opposite to the other instead from 1.5 – 1.8 m. The lower profile of BH-S06 (4.9 

– 6.7 m) mostly follows the increasing trend seen in BH-S05. The Fe mass losses show 

no discernable trends, but are steadily depleted with respect to parent material at 9.1 m. 

The general enrichment of cations in BH-S06 indicated by the mass-transfer coefficients 

is likely due to unconstrained parent material and not representative of substantial 

addition of cations.  It is possible that the bottom borehole sample is more weathered than 

the rest of the profile, or that it   
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Figure 4.8 Mass-transfer coefficients for Mg and Na in BH-N01, BH-N02, BH-S05, and BH-S06.  
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Figure 4.9 Mass-transfer coefficients for K and Ca in BH-N01, BH-N02, BH-S05, and BH-S06 
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simply is different enough in concentration of base cations that the resulting mass transfer 

coefficients do not indicate mass loss in the upper profile. It is important to note that 

several data points in BH-S06 are off the scale off the x-axis shown in Figures 14 and 15. 

Representations shown here however, are still characteristic of depth profile trends, as 

heterogeneous parent composition would not affect the slope of the profiles. Actual 

quantification of mass-transfer processes may be shifted along the y-axis due to 

erroneous assumptions that parent material is equivalent to the bottom of the borehole.  

4.6 Evaluation of Adsorption Effects on Mass-Balance Models 

Another target for this project was to evaluate the applicability of assumptions made in 

mass balance models. In the BcCZO, spatial heterogeneities in bedrock lithology make it 

difficult to correctly assess the parent rock composition for each borehole. In addition, the 

assumption that all elemental material is either in mass or has been transported by solution omits 

the possibility that (weathered) adsorbed metals may account for some percentage of mass 

concentration.  

Three metals were assessed for differences in mass transfers with and without 

exchangeable cations: Ca, K, and Na (Fig 16). These three metals were chosen because they 

were the only ions whose exchangeable concentrations were above detections limits on the ICP-

AES. Solid lines represent mass transfer values after removing the exchangeable fraction from 

calculations, whereas the dashed lines denote original concentrations. Both Na and K 

exchangeable fractions seemed to have little effect on overall calculations of mass transfer 

coefficients throughout the profiles, with small exceptions in BH-S05 near 7 m depth. Most 

affected was Ca throughout the profiles and across all boreholes, but overall, the exchangeable 

fraction did not greatly affect the patterns of weathering. 

Throughout each of the borehole depth profiles, exchangeable cation concentrations 

mimic some of the behavior of clay fraction trends (Fig. 17, 18, 19). In particular, the clay 

fraction of BH-S05 correlates to exchangeable cation concentrations with an R
2
 of 0.65. While 

the other boreholes do not exhibit such statistical similarities, patterns are observed (e.g. in BH-

N02, there is an increase followed by a decrease of both exchangeable cations and clay fraction 

to the proposed depth to bedrock from Bandler 2016). 
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Figure 4.10 Mass-transfer values for four boreholes. Solid line represents τ(j,w) after removal of 

exchangeable fraction, dashed line represents τ(j,w) prior to exchangeable fraction removal. Arrows 

represent where data extend past chart edge.   
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Figure 4.11 Mass-transfer values of Ca for four boreholes. Solid line represents τ(j,w) after 

removal of exchangeable fraction, dashed line represents τ(j,w) prior to exchangeable 

fraction removal. Arrows represent where data extends past chart edge. 
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Figure 4.12 Mass-transfer values of K for four boreholes. Solid line represents τ(j,w) after 

removal of exchangeable fraction, dashed line represents τ(j,w) prior to exchangeable 

fraction removal.  
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Figure 4.13 Mass-transfer values of Na for four boreholes. Solid line represents τ(j,w) after 

removal of exchangeable fraction, dashed line represents τ(j,w) prior to exchangeable 

fraction removal. Arrows represent where data extends past chart edge. 
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Overall, increases in clay fraction and exchangeable cation concentrations should 

correlate to higher mass losses in the profile, and can be distinctly seen in BH-S05. In BH-S05, 

there is a correlation coefficient between exchangeable cation concentration and mass-transfer of 

Ca of 0.52. This trend appropriately characterizes that higher weathering rates for depths are 

accompanied by more weathered material (e.g. clays and exchangeable cations). Patterns of these 

trends can be seen in other boreholes, however, due to likely systematic errors from parent 

material heterogeneities, these trends are not statistically significant. 

4.7 Weathering processes in Gordon Gulch 

North- and south-facing hillslope aspects have varying vegetation, temperatures, 

elevation, and surface topography, so we would expect to see representations of this 

heterogeneity in both the geophysical and geochemical data. Through looking at multiple ways 

to quantify weathering in individual boreholes, as well as across hillslope aspects, we find that 

there are discrepancies within and between both geochemical weathering models (Chemical 

Index of Alteration and Mass-Balance).  

The Chemical Index of Alteration does depict overall trends in each borehole, but due to 

the scattered nature of boreholes and inconsistent correlations to clay and exchangeable fractions 

in BH-S06 (Fig. 12), this method cannot accurately capture the behavior of hillslope aspect 

weathering with varying degrees of chemical heterogeneity. Better constraints of the clay 

fraction (clay composition versus size), as well as continued geochemical sampling to interpret 

geophysical bedrock depths might better isolate trends in this system. Wilcoxon rank-sum tests 

show that from the currently available data, neither of the north-facing hillslope boreholes vary 

statistically in weathering intensity with depth. BH-S05 and BH-S06, however, do show 

significant variations with depth. Supporting the hypothesis that critical zone processes on north- 

versus south-facing hillslope aspects are different enough to impact chemical weathering. 

The Mass-Balance Model relies heavily on the accurate characterization of parent 

material in a weathering environment. With the complex geologic structure of the region, not 

only does the framework affect the physical attributes of the weathering profile (e.g. foliation 

planes), but also the mineralogical input to the weathering system. Without direct association 

between weathered sample and parent material, only generalizations can be made in regards to 

mass-transfer weathering models. 



39  

Because the CIA does not designate a specific parent composition, but rather gives a 

quantitative overall measure of weathering, the geologic heterogeneity does not heavily affect 

the outcome, as it does in the mass-balance models. This leads to my interpretation that the 

interpretive CIA method as designed by Nesbitt and Young (1982) leads to a more representative 

assessment of the intensity of weathering in this clay-rich system where geologic heterogeneity 

confounds parent material identification. This approach normalizes the weathering intensity to 

the immobile aluminum in the system, allowing for cross-aspect comparisons. More directed 

characterization of the clay fraction and interim depths not presently evaluated in these 

calculations would better constrain this approach. Increased characterization of the parent 

material, including quantitative mineralogy (e.g. quantitative petrology or x-ray diffraction) may 

help reduce the scatter in mass-transfer calculations as attributed to compositional heterogeneity. 

Clay fractions, exchangeable cation concentrations, and the CIA all indicate that while 

we can observe major patterns within similar depths in the system, these depths do not alone 

define chemical weathering. The decreasing trends in clay fraction and exchangeable cations 

concentrations on the south-facing slope would characteristically denote decreased weathering 

towards the bedrock, which agrees with the CIA in BH-S05, but not BH-S06. As mentioned 

previously, this may be due to a geologic anomaly below 7 m, which is likely driven by the 

singular data point at the bottom of the borehole, that exhibits drastically different composition, 

possible with mobile aluminum. Analysis of interim depths would clarify if this bottom-hole 

trend is truly that, or a singular outlier.  

The two fronts on the north-facing hillslope again display unique patterns, but do not 

undoubtedly prove saprolite/bedrock interface. The lowest points of CIA, clay fraction, and 

exchangeable cation concentrations in the system do approximately agree with Bandler (2016) 

bedrock depths; however, that does not explain the second front of weathering interpreted 

directly beneath that. Once hypothesis that could be used to explain this phenomenon is that at 

the bedrock interface, there may be a “pooling” effect of clays (and thus cations sorbed to those 

surfaces), which could be further enhanced by the presence of microbial Fe-oxidizers that live in 

these zones as seen in LCZO (Minyard et al., 2012). Another hypothesis could be that there is a 

thick layer of differing lithology, perhaps biotite/sillimanite, that has an entirely different 

weathering profile at that depth. Constraining the parent mineralogy further would assess this 

hypothesis. 
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4.8 Linking Measures of Weathering to Hydrologic Processes 

Another observation from this study is that the presence of exchangeable fractions 

throughout the system indicates that there was insufficient fluid flow to completely flush 

unbound ions out of the system. In this partially weathered system whose hydrologic inputs are 

controlled by a dry climate dominated by a winter snowpack, there are noticeable differences 

between north- and south-facing hillslope fluid infiltration. Hinckley et al. (2012) showed that 

there is higher water residence time on the north-facing hillslope in the soil matrix, creating a 

saturated “wet” system, while the episodic periods of saturation on the south-facing hillslope left 

the soil matrix “dry” throughout most of the year. The reasons for these behaviors are not well-

defined, but are attributed to higher temperatures and evapotranspiration on the south-facing 

hillslope.  

With the limited petrographic work presented in the current study, we find that there are 

possible pathways for fluid flow through foliations dominated by biotite and sillimanite (Fig. 

20). In addition to the mineralogical pathways, the underlying geologic structural framework 

could be contributing to preferential pathways for fluid as well. On the north-facing hillslope, 

where the snowpack persists much longer than the south-facing slope, the subsurface foliation of 

sillimanite and biotite trends sub-parallel to surface topography (Fig. 20). These parallel layers 

can create barriers to surface infiltration, and may contribute heavily to surface runoff, rather 

than infiltration. On the south-facing hillslope, however, these same foliations are sub-

perpendicular to surface topography, allowing for direct infiltration along foliation planes, 

potentially at much higher velocities.  

These varying residence times and infiltration rates in turn affect the degree and rates of 

weathering in the system. Both of these variables are coupled with hillslope aspect parameters 

and may provide a more informative evaluation of the differences that we see on the north- 

versus south-facing hillslopes.  
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Figure 4.14 Petrographic images of outcrops on north-facing (top left) versus south-facing (bottom left) hillslope 

aspects. Image of south-facing outcrop (right) with overlain stereonet of foliation planes from north-facing (red) versus 

south-facing (green) hillslopes (bottom right).  
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CHAPTER 5 CONCLUSIONS 

 Understanding how geochemical weathering occurs in diverse environmental systems 

will allow for the continued sustainment of these integrated critical zone ecosystems. Through 

the synthesis of laboratory, field, and interpretive methods, the following conclusions can be 

made: 

 Depths of chemical weathering boundaries on the north-facing hillslope in the BcCZO, 

interpreted from the Chemical Index of Alteration weathering intensities, agree with current 

geophysical work that identify 8.7 ± 1.3 m as the saprolite/bedrock interface, with an increase of 

clay fraction and exchangeable cation concentrations directly beneath this interface that may be 

attributed to a secondary weathering front, or an accumulation front. Present geochemical data 

on the south-facing hillslope aspect, however, do not reach depths of hypothesized 

saprolite/bedrock interface, but do follow trends that preliminarily agree with the proposed 10.9 

± 3.6 m bedrock interface from the Bandler 2016 study. Further integration of these methods 

must be conducted to qualify the findings from both Bandler (2016) and Befus et al., (2011). 

 Geologic heterogeneity in composition and structural foliation convolute interpretations 

based on comparison to parent material. Quantitative petrology or XRD, in addition to the 

current qualitative interpretations, would constrain these parameters and allow for more precise 

identification of parent material throughout depth and allow for greater assessment of in-situ 

alteration. 

 As the mineralogy and structural framework of the underlying bedrock and regolith in the 

BcCZO can greatly affect how fluids move through the subsurface, hydrologic processes in 

Gordon Gulch need further evaluation to constrain how residence time and infiltration rates 

affect degree and rates of weathering. Analyzing for these variables will give greater clarity to 

the conceptual model of geochemical interactions at depth. 

 Presence of exchangeable cations throughout the system affect the accuracy of mass-

transfer and weathering intensity calculations, and geologic heterogeneity further confounds 

mass-transfer calculations. A future study to look at the statistical contribution of sorbed ions to 

errors in alteration analyses across climates and weathering intensities would greatly constrain 

the significance of these signatures on interpretations. 

 The Boulder Creek Critical Zone Observatory proves to be a complicated site to 

characterize weathering behaviors, but with further targeted constraints on variable effects, 
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pieces of the critical zone puzzle can continue to be fit together. Working in conjunction with 

integrated scientists is the most effective way to answer the questions that persist through current 

systematic approaches.  
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SUPPLEMENTAL ELECTRONIC FILES 

Within the electronic files are spreadsheets of datasets and original charts and graphs. 

They are included within the file chronologically, as the data to which they relate are referenced 

throughout the text.  

 

01. Total Organic Carbon Data.xlsx 

 

Excel spreadsheet with total organic carbon 

data and graphs. 

 

02. X-ray Diffraction Data.xlsx 

 

Excel spreadsheet containing intensities 

(counts per second) of specified mineralogies.  

 

03. Exchangeable Cation Data.xlsx 

 

Excel spreadsheet with exchangeable cation 

concentration data and graphs. 

 

04. Clay Fraction Data.xlsx 

 

Excel spreadsheet with clay fraction data and 

graphs. 

 

05. Weathering Indices Data.xlsx 

 

Excel spreadsheet with XRF data, as well as 

calculations and graphs of both Weathering 

Index of Parker and Chemical Index of 

Alteration. 

 

06. Chemical Index of Alteration Minus 

Exchangeable Fraction.xlsx 

 

Excel spreadsheet with calculations of 

Chemical Index of Alteration results after 

subtracting the exchangeable cation fraction. 

 

07. Mass-Transfer Coefficients.xlsx 

 

Excel spreadsheet with calculated mass-

transfer coefficients for each borehole. 

 

08. Mass-Transfer Coefficients Minus 

Exchangeable Fraction.xlsx 

 

Excel spreadsheet with calculations of mass-

transfer coefficient results after subtracting the 

exchangeable cation fraction. 

 


