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In the northern hemisphere within snow-dominated mountainous watersheds north-facing slopes are commonly more deeply weathered than south-facing slopes. This has been attributed to a more persistent snowpack on the north facing aspects. A persistent snowpack releases its water into the subsurface in a single large pulse, which propagates the water deeper into the subsurface than the series of small pulses characteristic of the intermittent snowpack on south-facing slopes. Johnston Draw is an east-draining catchment in the Reynolds Creek Critical Zone Observatory, Idaho that spans a 300 m elevation gradient. The north-facing slope hosts a persistent snowpack that increases in volume up drainage, while the south-facing slope has intermittent snowpack throughout the drainage. We hypothesize that the largest difference in weathering depth between the two aspects will occur where the difference in snow accumulation between the aspects is also greatest. To test this hypothesis, we conducted four seismic refraction tomography surveys within Johnston Draw from inlet to outlet and perpendicular to drainage direction. From these measurements, we calculate the weathering zone thickness from the P-wave velocity profiles. We conclude that the maximum difference in weathering between aspects occurs ¾ of the way up the drainage from the outlet, where the difference in snow accumulation is highest. Above and below this point, the subsurface is more equally weathered and the snow accumulations are more similar. We also observed that the thickness of the weathering zone increased with decreasing elevation and interpret this to be related to the observed increase soil moisture at lower elevations. Our observations support the hypothesis that deeper snow accumulation leads to deeper weathering when all other variables are held equal. One caveat is the possibility that the denser vegetation contributes to deeper weathering on north-facing slopes via soil retention or higher rates of biological weathering.
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INTRODUCTION

The critical zone (CZ) extends from bedrock to the top of the tree canopy, it is also where bedrock is weathered into soil (White et al., 2015). This transformation encompasses intricate interactions of physical, chemical, and biological processes that lead to structural and compositional heterogeneity both vertically and laterally. Generally the CZ can be broken into distinguishable vertically arranged layers of soil, saprolite, and fractured bedrock (Anderson et al., 2007; Brantley et al., 2007). The shapes, thicknesses, and landscape-scale distribution of those layers depends on a number of factors and processes (Riebe et al., 2016), including climate (Millot et al., 2002; Riebe et al., 2004a), altitude (Riebe et al., 2004b), hydrology (Dunne, 1998; Lebedeva and Brantley, 2013; Hinckley et al., 2014; Rempe and Dietrich, 2014; Langston et al., 2015), biological processes (Moulton and Berner, 1998; Amundson et al., 2007; Gabet and Mudd, 2010; Roering et al., 2010), and the regional and topographic stress field (St. Clair et al., 2015). Some of these factors vary with aspect and elevation, i.e., climate, hydrology, and biology. Thus, the conditions that control CZ structure vary in sufficiently large catchments. In this study, we investigate the effects of elevation, aspect, and snow accumulation on CZ structure using seismic methods in an east-draining catchment.

Chemical weathering is controlled by the ability to replace chemically stagnant pore-water with reactive water and the reactivity of the minerals being weathered (Maher, 2010; Rempe and Dietrich, 2014). The rate of fluid exchange is a function of the conductivity and density of fractures that act as fluid conduits (Molnar et al., 2007; St. Clair et al., 2015) and the rate of fluid input into the hillslopes. The complexity of chemical weathering within hillslopes has led to the development of several models of critical zone evolution. Rempe and Dietrich (2014) modeled the depth to undrained bedrock by modeling the lateral flow of fluids in a hillslope along with the regolith flux. Lebedeva and Brantley (2013) presented a 2D model that predicted weathering extent using reactive transport equations. More recently Braun et al. (2016), coupled a 2D hydrologic model, chemical weathering model, and a surface process model to predict the regolith geometry and evolution in both anorogenic and orogenic environments. Rempe and Dietrich (2014) and Lebedeva and Brantley (2013) both predict that the weathering zone is thickest under the ridge tops, while Braun et al. (2016) suggest that whether the regolith is thicker beneath topographic highs or topographic lows depends on surface slope, hydraulic conductivity, and precipitation.

Hillslopes of different aspects have different morphologies and microclimates that effect weathering extent. Typically within the northern hemisphere north-facing slopes are steeper and more densely vegetated at low elevations and low latitudes, while at high elevations and high latitudes it is the south-facing slope that is steeper and more vegetated (Poulos et al., 2012). Pelletier et al. (2018) has described two end member cases to describe this asymmetry. First, that at low elevations or latitudes the hillslopes are water-limited. Thus, the south-facing hillslopes are less steep because their lower soil moisture leads to lower soil production rates and smaller vegetation communities to resist erosion and entrap dust. At higher elevations or latitudes, the hillslopes are temperature limited, thus the north-facing hillslopes are less steep due to their cooler soil temperature reducing soil production rates and limiting vegetation communities. These same microclimatic factors that affect slope angle are also some of the factors that control weathering rates.

Vegetation community, soil temperature, soil production rate, and snow accumulation all differ across aspect, leading to different weathering environments on varying aspects within a catchment. Whether these hydrologic differences leads to more extensive weathering on the northerly or southerly aspects is a function of whether a site is limited by the reactivity or availability of meteoric water (Ma et al., 2013), as chemical weathering is controlled by both the rate in which stagnant pore fluids are flushed and the reaction rate of the weathering process (Maher, 2010; Rempe and Dietrich, 2014). In regions where water is input equally into all aspects, the higher solar radiation input to the south-facing slopes increasing soil temperature leading higher rates and degrees of weathering (Rech et al., 2001; Ma et al., 2013). However, in snow dominated catchments the aspects with persistent snowpack are observed to have more extensive weathering than hillslopes with intermittent snowpack (Hunckler and Schaetzl, 1997; Egli et al., 2006; Befus et al., 2011; Anderson et al., 2014). Hunckler and Schaetzl (1997) and Egli et al. (2006) posited that the aspect weathering difference is due to snow acting as an insulating layer, allowing for more continuous infiltration during the winter. Befus et al. (2011) suggested that the higher soil moisture retention and denser vegetation increases the rate of weathering and soil retention on the northerly aspect. Anderson et al. (2013) proposed that the persistent snow on the north-facing slopes dampens the diel temperature fluctuations, which increases the time in which the soils are within the temperature range in which frost cracking damage occurs. The damage by frost cracking in turn promotes downslope transport of soils and generates fluid flow paths, leading to greater weathering on the north-facing slopes. When the frost cracking process was modeled, Anderson et al. (2013) showed that frost cracking led to deeper weathering on the north-facing slopes over the 10 to 100 ka time scales. Observations of soil water infiltration in the snow-dominated Gordon Gulch in the Boulder Creek Critical Zone Observatory (BCCZO) showed that the persistent snowpack on north-facing slopes led to a single sustained infiltration pulse in the spring, while the intermittent snowpack on south-facing slopes lead to periodic infiltration pulses through the winter (Hinckley et al., 2014; Langston et al., 2015). Numerical modeling of unsaturated flow through a granitic CZ model, suggested that a sustained single infiltration pulse characteristic of persistent snowpack leads to more water infiltrating into the deeper CZ than the episodic recharge events, thus increasing the relative rate of chemical weathering (Langston et al., 2011, 2015). Snow insulation (Hunckler and Schaetzl, 1997; Egli et al., 2006), frost cracking (Anderson et al., 2013), and recharge pulse characteristics hypotheses (Hinckley et al., 2014; Langston et al., 2015) provide plausible explanations for deeper weathering on north-facing slopes, but without measurements of how CZ depth varies in conjunction with snow accumulation, precipitation phase, and soil temperature, it is not possible to determine conclusively how snow affects the weathering process. However, there is ample evidence to suggest that snow-related processes drive deeper weather on hillslopes that maintain persistent snowpack.

Elevation has been shown to affect weathering extent and rate in soils. Above the snow line at the Santa Rosa Mountains, Riebe et al. (2004a) attributed the decrease in chemical weathering rates of the soils at higher elevations to the decrease in mean soil temperature, in combination with decreases in vegetative cover, and an increase in snow cover. Dahlgren et al. (1997) and Rasmussen et al. (2010) observed an increase in soil development with elevation that peaked at the rain-snow transition, above and below which the soil development decreased. Rasmussen et al. (2010) postulated that below the rain-snow transition the weathering is limited by water and above it is limited by soil temperature, thus at the rain-snow transition soil development is maximized.

With the myriad of potential controls on weathering within a single catchment, the depth of weathering will change both with aspect and elevation. However, measuring weathering depth at the catchment scale is challenging. Hand auguring and soil pits can provide measurements of weathering extent for the upper two meters and have been applied to the catchment scale (Hunckler and Schaetzl, 1997; Egli et al., 2006). Cored wells provides information on the deeper CZ (Jin et al., 2010; Olona et al., 2010; Buss et al., 2013), but due to the cost it is difficult to apply at sufficient density and scale to provide a broad scale image of the deeper CZ. Geophysical methods, such as seismic refraction tomography (SRT) and electrical resistivity tomography (ERT), trade the fine detail of the direct sampling methods for a spatially broad image of physical parameters such as seismic velocity or electrical resistivity, respectively. SRT is particularly well-suited for providing a constraint on regolith thickness since the weathering process reduces P-wave velocity (Vp), thus for a uniform geology, the velocity typically increases with depth, which is a first order assumption in most refraction methods (Parsekian et al., 2015). Further, granitic weathering studies have shown relatively consistent correlations between seismic velocity and weathering degree across several sites making the interpretation of SRT straightforward (Olona et al., 2010; Yamakawa et al., 2012; Holbrook et al., 2014).

The application of geophysical methods to characterize the CZ for geomorphic analysis (Thomas, 1966) and to apply weathering correction to seismograms (Balachandran, 1975) is long standing. Recently the increasing affordability and accessibility of geophysical methods has spurred researchers to apply geophysics to a number of CZ related phenomena. Studies have used geophysical methods to extrapolate engineering parameters (Olona et al., 2010), to discern soil thickness (Yamakawa et al., 2012), bedrock depth (Vignoli et al., 2012; Holbrook et al., 2014), and to characterize CZ architecture (Befus et al., 2011; Leopold et al., 2013; St. Clair et al., 2015; Flinchum et al., 2018). Most of these studies are limited to a handful of slope-parallel surveys that characterize a single hillslope. However, Befus et al. (2011) and Leopold et al. (2013) conducted multiple geophysical surveys spanning the width of catchments within the BCCZO, creating a catchment-scale image of CZ architecture that indicated fundamental contrasts in CZ architecture on north- vs. south-facing slopes (For the sake of brevity in this paper, the difference in depth to a weathering horizon between the north and south aspects will be referred to as north-south (N-S) weathering depth asymmetry). These contrasts were interpreted as the consequence of aspect-dependent frost cracking (Anderson et al., 2013).

In this study, SRT is used to investigate the CZ architecture of Johnston Draw, a sub-catchment of the Reynolds Creek Critical Zone Observatory (RCCZO) in southwestern Idaho. Johnston Draw is east-west trending, almost completely granitic, has had no recorded Pleistocene glaciation or peri-glaciation, and its north-facing slope host to a persistent winter snow drift that increases in both width and depth up drainage. Because of these factors, Johnston Draw offers a unique opportunity to study the effect of aspect, elevation, snow accumulation, and soil temperature on CZ architecture with minimal complicating factors. We aim to investigate how variations in snow accumulation and soil temperature reflect weathering depths. The survey presented here adds to the growing body of geophysical data in mountainous critical zone sites and provides a more comprehensive picture of catchment-wide weathering architecture than has come out of the critical zone literature to date.



SITE DESCRIPTION

The Reynold Creek Critical Zone Observatory (RCCZO) is in the Owyhee Mountains of southwestern Idaho, ~80 km southwest of Boise, Idaho. Elevation ranges from 1,100 to 2,200 m, with regions of flat alluvial valleys and steep mountain slopes (Figure 1). Due to the range in topography and elevation, the RCCZO has a strong climatic gradient along different aspects and elevations. This climatic range is expressed in the variety of plant communities spanning desert shrubs in the low elevations to dense conifers at higher elevations (Seyfried et al., 2000). The surficial geology of the RCCZO consists of Cenozoic volcanic rocks underlain by Cretaceous granite of the Idaho Batholith (McIntyre, 1972). There are no regional stress measurements in the Owyhee region, however Payne et al. (2012) showed that the Snake River Plain and Owyhee-Oregon Plateau experience very low rates of deformation.


[image: Figure 1]
FIGURE 1. Overview of the Reynolds Creek Critical Zone Observatory and its location in southwestern Idaho. The study site is outlined in purple and a digital elevation model overlays a satellite image of the Reynolds Creek watershed.


Johnston Draw is on the western flank of the RCCZO (Figure 1). The draw trends east-west with an ephemeral stream draining toward the east. The stream bed varies in elevation from 1,490 m at the outlet to 1,800 m at the headwaters; the ridges to the north and the south have a topographic high of 1,840 and 1,860 m, respectively. Johnston Draw is primarily composed of granite but includes rhyolite to the east and west (Ekren et al., 1981). The seismic lines in this study do not intersect the rhyolite (Figure 2). During a typical winter, a snow drift forms on the north-facing slope of Johnston Draw; the drift increases in size higher in the drainage while the south-facing slope hosts only intermittent snow that increases in persistence up drainage. Both the north- and south-facing slopes nearer to the outlet are dominated by junipers, sage, and grasses; higher in the drainage the north-facing slope becomes vegetated by shrubs and aspens, while the southern aspects are dominated by junipers, sages, and grass. Measured and modeled depths of total mobile regolith have found little variation in soil depth with either aspect or elevation within the catchment (Patton, 2016).


[image: Figure 2]
FIGURE 2. Satellite map of the Johnston Draw watershed seismic survey in the Reynolds Creek Critical Zone Observatory. The yellow circles are the locations of the soil moisture, snow depth and soil temperature paired instrument (Figures 3, 4, 11) sites, and the red lines are the locations of the seismic surveys (Figures 7, 8). Also shown are: the 1968 and 2006 rain/snow transition as blue and green lines, respectively, and the outlines of the Johnston Draw watershed and sub-catchments A and B. The pink areas are the surficial exposures of volcanic rock and the transparent areas granitic rock. Note that the numbering of the paired instrument sites is reversed of the numbering used by the RCCZO (Godsey et al., 2018).


Measurements of snow depth and volumetric water content of the upper 20 cm indicate that the snow accumulation and shallow soil moisture of the two aspects is highly variable (Figures 3, 4). The locations of the instruments are shown in Figure 2 and are paired sites, each pair located at equal elevation on opposite aspects. In this paper, so that the numbering of the paired instrument sites is aligned with the numbering of the seismic lines, the instrument sites numbering is the reverse of the instrument numbering typically used by the RCCZO (Godsey et al., 2018).


[image: Figure 3]
FIGURE 3. Snow depth measured with acoustic sensors at the JD2(N–S), JD3(N–S), and JD4(N–S) instrument sites for the 2012 water year. The blue and red lines indicate the instruments on the north and south facing slopes, respectively. The amount of snow and time it covers the ground increases up drainage for both aspects, however the difference in snow accumulation between the aspects increases higher in the drainage.



[image: Figure 4]
FIGURE 4. Volumetric water content at 5 and 20 cm depth measured at the JD2(N–S), JD3(N–S), and JD4(N–S) instrument sites for the 2012 water year. The blue and red lines indicate the instruments on the north and south facing slopes, respectively; and the solid and dashed lines indicate 20 and 5 cm depth, respectively. In the winter months the south facing slope are continuously wet, while the north facing slopes remain dry until late March, when moisture infiltrates into the soil column in a single large pulse.




METHODS

To investigate CZ architecture within Johnston Draw four seismic lines were gathered in the summers of 2014, 2015, and 2016. The seismic lines start at or near the top of the south ridges of the draw and extend to the north ridge (Figure 2). The lines were set to be perpendicular to the direction of drainage and placed such that they avoided bedrock outcrops and dense vegetation. Care was taken to ensure that they remained as straight as possible so that the seismic profiles were continuous. Line 1, at the top of the draw, was gathered by the Wyoming Center for Environmental Hydrology and Geophysics, University of Wyoming in the summer of 2014 using four 24-channel Geometric Geodes systems with a receiver spacing 2.5 m and shot spacing of 10 m. Because the spread of the array is less than the width of the draw, the array was deployed twice with shots off the end of the line performed for 50 m to re-occupy shot locations from other arrays, this maintained the ray coverage across the seam between consecutive array deployments. Lines 3 and 4 were gathered in the late summer and fall of 2015 and Line 2 in the summer of 2016 by the Center for Geophysical Investigation of the Shallow Surface, Boise State University using five 24-channel Geometric Geode systems with a 5 m receiver spacing and 20 m shot spacing, creating an array of five 120 m segments. In order to span the width of the draw, 24-channel segments of the line were rolled, i.e., shots were performed on the southernmost segment which was then moved to the northern end of the line, shots were then performed on the new southernmost segment which was then moved to the northern end of the line. This process was repeated until the array reached the opposite ridge at which point shots were performed through the array. The seismic source was a 10 lb sledgehammer swung against an aluminum plate and nine strikes were stacked into one shot.

First arrivals were picked as the first motion that could be confidently attributed to either the refracted or direct seismic wave arrival. An example shot gather for Line 3 with the picked first arrivals is shown in Figure 5. We then estimated the subsurface seismic velocities by inverting first-arrival times using the commercial software Rayfract, which employs a wavepath eikonal traveltime (WET) inversion to partially account for band-limited frequency effects (Schuster and Quintus-Bosz, 1993). The initial models for the inversion were derived by taking a Delta t-V for each receiver location and averaging the velocities at common depths, creating a pseudo-2D Delta t-V inversion (Jansen, 2010). WET inversion with the pseudo-2D Delta t-V initial model has proven to be an effective inversion schema at resolving large scale near-surface velocity features (Zelt et al., 2013) and for the estimation of smooth critical zone velocity structures (Nielson and Bradford, 2015). The inversions were carried out for 150 iterations, long enough for the RMS error to reduce to <3% of the maximum travel time of the modeled traces for all the inversion. The observed and modeled travel times for Line 4 are plotted in Figure 6, which shows the observed arrivals as red dots and the modeled arrivals as blue lines. As can be seen, the near and far offset picks do not fit as well as the medium offset picks. This residual arises because at geophones adjacent to the shot location, it becomes difficult to discern the seismic arrivals from the air wave arrival thus reducing the accuracy. At far offsets the seismic wave has dispersed and attenuated, thereby reducing the signal to noise ratio making it difficult to confidently pick the seismic arrival.


[image: Figure 5]
FIGURE 5. An example shot break from Line 3 with the picked first arrivals shown as a red line. The shot was located midway up the south facing slope, at ~100 m mark in Figure 8C.



[image: Figure 6]
FIGURE 6. Observed and modeled first arrival travel times for Line 4. Generally the observed and modeled travel times from the final model are in good agreement; however, at the far and near offset receivers the fit is worse as the first arrivals are more difficult to pick.


The resulting velocity profiles were then interpreted using the weathering degree seismic velocity relationship from Olona et al. (2010); see Table 1. The mean depths to seismic contours that correspond to the tops of weathering horizons were calculated for each seismic line and the individual hillslopes. The resulting Vp profiles of the four seismic lines were analyzed to estimate depth to fractured and fresh bedrock. The depth to saprolite (700 m/s) was also calculated, but as discussed later, is biased and incomplete. The depth to fractured (2,000 m/s) and fresh bedrock (3,500 m/s) is taken as the depth to the Vp contour that corresponds to the saprolite-fractured bedrock and fractured-fresh bedrock interfaces, respectively. The velocities for these interfaces were taken from Befus et al. (2011) and Olona et al. (2010) and are shown Table 1, though we note that a recent study in a similar granite terrain found that 1,200 m/s corresponded to fractured bedrock and 4,000 m/s to the top of fresh bedrock (Flinchum et al., 2018). To compare the weathering between the north and south-facing hillslopes the Vp profiles are split by the current drainage location. The mean depth and standard deviation of the mean to the weathering horizon is calculated for each hillslope and each seismic line, the results are shown in Table 2. It should be noted that the standard deviation in the mean depths is not a reflection of the error in depth measurement but the square root of the variance in the depths.


Table 1. P-wave velocities for the weathering stages of granite as measured by Olona et al. (2010).

[image: Table 1]


Table 2. Mean depth and standard deviation of the mean to fractured and fresh bedrock measured at each seismic line and hillslope.

[image: Table 2]



RESULTS

The Vp profiles are shown as an orthographically correct fence plot in Figure 7, with the top of fresh bedrock velocity (3,500 m/s) contour shown. The Vp profiles are shown again in Figure 8 with the soil-saprolite (700 m/s), saprolite-fractured bedrock (2,000 m/s), and fractured-fresh bedrock (3,500 m/s) velocity contours shown; note that a 3× vertical exaggeration is applied to Line 1 in Figure 8A so that the velocity contours can be distinguished. As can be seen in Figures 2, 7, 8, the highest elevation seismic profile Line 1 covers two catchments, the primary drainage and sub-catchment A; thus, there are two sets of hillslopes to compare. The different hillslopes are given the names N1, S1, N2, and S2 (see Figure 8A) for labeling. Line 4 intersects a small drainage on the south ridge, sub-catchment B, and as seen in Figure 2 sub-catchment B drains into Dobson Creek and not Johnston Draw. The portion of the seismic profile underlying sub-catchment B is excluded from this analysis, as it accumulates meteoric water that does not contribute to the weathering of the hillslopes within Johnston Draw. Later we discuss that the weathering zone under sub-catchment B is anomalously deep and is likely caused by a pre-existing weakness, so its inclusion in the analysis would introduce a control on weathering other than aspect, elevation, and snow accumulation. Thus, for the north-facing slope of Line 4 the mean depth to a weathering horizon is calculated from −115 m to the drainage (Figure 8).


[image: Figure 7]
FIGURE 7. Fence diagram looking up drainage of the inverted velocity profiles within Johnston Draw with no vertical exaggeration. The black lines are the 3.5 km/s velocity contour which we interpret as the top of unweathered bedrock.



[image: Figure 8]
FIGURE 8. Inverted velocity profiles for the seismic refraction surveys conducted in Johnston Draw with the 700, 2,000, and 3,500 m/s velocity contours shown as black lines. The velocity contours correspond to the top of saprolite, fractured bedrock, and unweathered bedrock, the velocity ranges for these layers is shown in Table 1. Line 1 (A) is vertically exaggerated by 3 times while all the other profiles have no vertical exaggeration. (B) Line 2, (C) Line 3, and (D) Line 4.


The mean depths to various velocity contours and the standard deviations of the mean for each seismic line are depicted in Table 2 and Figure 9. Within Johnston Draw, the depth to fractured and unweathered bedrock increases lower in the drainage. The mean depth to bedrock is 31.1 m on Line 4 and 13.8 m on Line 1, and the mean depth to fractured rock on Line 4 is 17.3 m and on Line 1 is 7.3 m. Unlike with the other horizons, soil depth does not increase down drainage; rather, the largest mean depth to the 700 m/s contour is on Line 3 at 4.4 m, while on Line 1, 2, and 4 the soil is on average 2.3, 3.6, and 2.1 m thick, respectively. However, the top of saprolite contour, 700 m/s, is not continuous across all the profiles. This is because the receiver spacing is too large to receive distinct arrivals from the refracted or diving rays traveling through the relatively thin low velocity media near the surface.


[image: Figure 9]
FIGURE 9. Mean depth and standard deviation of the mean of various velocity contours for the north and south facing aspects, shown in blue and red, for each velocity profile. The 700, 2,000, and 3,500 m/s velocities correspond to the depth to top of saprolite, fractured bedrock, and fresh bedrock, respectively. In every line except Line 4 the mean depth of all velocity contours is greater on the north-facing slope and the depths to fractured bedrock.


On every seismic profile except Line 4, the north-facing slope is more deeply weathered than the south-facing slope; on Line 4 the N–S weathering depth asymmetry is insignificant. The maximum N-S weathering depth asymmetry is observed on Line 2, where the unweathered and fractured bedrock are about 10 and 8 m deeper, respectively, on the north-facing slopes than the south-facing. At the highest elevation, Line 1, the N–S weathering depth asymmetry for unweathered and fractured bedrock is N−1 and S−1 is 6 and 5 m, respectively. Down-drainage at Line 3 the N–S weathering depth asymmetry for unweathered and fractured bedrock decreases to 1 m and 3 m and essentially vanishes for both horizons at Line 4. This asymmetry in weathering depth is paralleled in the snow accumulation, e.g., where the snow accumulation is most asymmetric is where the depth to bedrock is most asymmetric. We unfortunately do not have snow accumulation measurements at Line 1; however, because the hillslopes face northeast and southwest, the snow accumulation between the hillslopes is likely greater, even than at Line 2. Interestingly, the mean depth to bedrock decreases with increasing elevation, which would suggest that a microclimatic factor that varies with elevation controls the across aspect mean depth to bedrock not snow accumulation. As can be seen in Figure 10, the mean soil temperature does not very significantly in between lines 2 and 4, however we do see an increase in mean volumetric water content at lower elevations. Hence, we propose that, within Johnston Draw, the variation of soil moisture with elevation is the primary control of weathering depth and that differences in snow accumulation across aspects is a secondary control.


[image: Figure 10]
FIGURE 10. The mean volumetric water content and temperature for the 2012 water year at 5, 20, and 50 cm for both aspects and as an average of the aspects. The dotted lines and hollow shapes indicate volumetric water content, while the solid lines and shapes are temperature. Blue lines and shapes indicate the north-facing aspect, red the south-facing, and black the mean of the measurements of both aspects. The mean volumetric water content and temperature for both aspects, black lines and shapes, was calculated by averaging the measured volumetric water content and soil temperature at each paired instrument site. For the sake of clarity the volumetric water content at 5 cm is not shown.


Acoustic snow depth sensors adjacent to the soil moisture sensors show that for the 2012 water year the first measurable snow accumulation was on November 12th at all sites (Figure 3). The snowpack is most persistent at the JD2N site, where snow covers the ground from November 12th to March 30th, with a small gap in snow coverage from the afternoon December 29th to the evening of December 30th. While at the JD3N the snow is not persistent until a large snowstorm on January 18th, after which the snow persists until March 24th. The snow is not persistent at any of the measurement locations on the south-facing slope or at either the JD4N or JD4S locations.

While the two slopes may have similar shallow soil moistures, they may have different rates of infiltration to the deeper CZ. From the beginning of the water year to around July the soil moisture measured at 5 cm depth can be seen increasing and decreasing in response to precipitation events at all sites regardless of aspect. On the other hand, the soil moisture measured at 20 cm depth stays relatively constant through the beginning of the water year. On January 18th, a snowstorm deposited several cm of snow throughout the catchment (Figure 3) and several days later on January 20th the soil moisture at 20 cm on at the instrument sites on the south-facing slope spikes, but not at the instrument sites on the north-facing slope (Figure 4). The soil moisture at the north-facing instrument sites stays at constant low volumetric water content until late March at which the soil moisture at 20 cm spikes. This late March spike in soil moisture coincides with the final spring snowmelt and several rain on snow events. This spike in soil moisture is similar to what was observed by Langston et al. (2015) in the BCCZO, northerly aspects within Johnston Draw experience recharge in a single continuous pulse at the end of March, while the south-facing slope experienced a primary recharge event in mid-January followed by several smaller events (Figure 4).

The soil temperature was also recorded at all the sites (Figure 11). The temperature measurements show that the soils at all of the north-facing measurement locations have temperatures within the frost cracking window of −8 and −3°C (Anderson et al., 2013) throughout the winter for water year 2012. Table 3 shows the time each soil temperature probe measured temperatures within the frost cracking window. The measurement site in which the soils are within the frost cracking window the longest is JD4N, at which the soils at 5 cm, 20 cm, 50 cm depths are within the frost cracking window for 300, 180, and 185 h, respectively. The soils are within the frost cracking window for a similar amount of time at JD3N, but are significantly lower at JD2N with the probes at 5 cm, 20 cm, and 50 cm depth measuring frost cracking temperatures for 110, 40, and 25 h. The only probe on south-facing slope to measure frost fracking temperatures was JD3S at 5 cm depth and only for 14 h for the whole winter. Even if we arbitrarily increase the frost cracking window to −8 and 0°C, the maximum time spent within the frost cracking window occurs at the lowest elevation north-facing slope.


[image: Figure 11]
FIGURE 11. Soil temperature measured at 5 cm depth with TDR probes at the JD2(N–S), JD3(N–S), and JD4(N–S) instrument sites for the 2012 water year. The blue and red lines indicate the instruments on the north and south facing slopes, the thick red and blue lines indicate times then the sensors were between −3 and −8°C.



Table 3. The time in hours that the soils at 5, 20, 50, 75, and 100 cm depth spend in various temperature windows, measured at the north-facing (N.F.) and south-facing (S.F.) paired instrument sites during the 2012 water year.

[image: Table 3]



DISCUSSION


CZ Architecture

The bedrock topography generally parallels the surface topography similar to what was observed by St. Clair et al. (2015) in regions with low compressive stress. However, Lines 1 and 4 have deeper bedrock under underneath the ridge top, similar to what is predicted by both Rempe and Dietrich (2014) and Lebedeva and Brantley (2013). The bedrock topography observed within the BCCZO by both Befus et al. (2011) and Leopold et al. (2013) is very similar to what was observed within Johnston Draw, with deeper weathering on the north-facing slopes and the bedrock surface roughly parallels the ground surface. This suggests the weathering processes are similar between the two watersheds.

There are several notable velocity anomalies in the Vp profiles: the low velocity anomaly in Line 3 at location 150 m, and to a lesser extent Line 2 at location 0 m; and the low velocity anomaly under sub-catchment B in Line 4, location −150 m. As can be seen in Figure 7 the low-velocity anomalies in Lines 2 and 3 are relatively close to each other, suggesting that it is a continuous feature such as a set of fractures. Fractures would increase the weathering proximal to the fractures, creating a low-velocity anomaly like to one seen in Lines 2 and 3 (Novitsky et al., 2018).

The weathering zone under sub-catchment B is unusually thick with the top of unweathered bedrock being ~65 m deep. This is much thicker than the weathering zone in the other profiles (Figures 7, 8D). A possible interpretation is that it is due to pre-existing fractures or weakness in the bedrock that has created an area of deeper weathering that increased erosion causing a depression. Further as discussed earlier, sub-catchment B drains into Dobson Creek, thus precipitation falling in the sub-catchment does not contribute to the weathering of Johnston Draw.

For the majority of the catchment, Lines 2–4, the N-S weathering depth asymmetry increases higher in the drainage. However, from Line 2 to Line 1 the N-S weather depth asymmetry decreases (Figure 12). Between Lines 2 and 1 the direction of drainage shifts from east to southeast. Thus, the hillslopes spanned by Line 1 face northeast and southwest rather than north and south as the rest of Johnston Draw does. Additionally (as can be seen in Figure 7) the slope gradient is less at Line 1 than it is at the other lines. Befus et al. (2011) observed a similar decrease in N-S weathering depth asymmetry at the headwater of Gordon Gulch and similarly attributed it to the lower relief hillslopes higher in the catchment. This shift in aspect and slope gradient reduces the radiative difference between the hillslopes, which likely leads to more equal distribution of snow between the aspects and more equal weathering. Unfortunately, at Line 1 there are no paired instrument stations to measure snow depth, soil moisture, and soil temperature as there are at the other lines.


[image: Figure 12]
FIGURE 12. The N–S weathering depth asymmetry, i.e., the difference in mean depth to fractured (2,000 m/s) and fresh (3,500 m/s) bedrock between the north and south facing slopes. Because Line 1 spans two catchments there are two sets of hillslopes to analyze: they are shown as circles for the difference between hillslopes N1 and S1, diamonds for hillslopes N1 and S2, and squares for hillslopes N2 and S2. The highest N-S weathering depth asymmetry occurs at Line 2; above and below this the asymmetry decreases.


The water table can influence the seismic velocities in the near surface. Because the Vp of water is roughly 1,500 m/s, a high saturation in a low-velocity, high-porosity medium can increase the bulk seismic velocity. However, within the CZ porosity decreases and dry seismic velocity increase rapidly with depth, decreasing the effect of water content on bulk Vp (e.g., Holbrook et al., 2014). Within the fractured and fresh bedrock, the porosity is low, so the effect of pore-water is small.



Weathering and Elevation

Within Johnston Draw the depth to unweathered bedrock increases lower in the drainage. Similar trends have been observed across elevation gradients with higher soil weathering rates (Riebe et al., 2004b) and more soil development (Dahlgren et al., 1997; Rasmussen et al., 2010) at lower elevations. Unlike in the Santa Rosa Mountains (Riebe et al., 2004a), within Johnston Draw we do not see a strong correlation between elevation and soil temperature, but we do see a decrease in mean soil moisture at higher elevations (Figure 10). In Johnston Draw the 1968 rain/snow transition occurred at about the same elevation as Line 4 (Figure 2), which is where the greatest average depth to unweathered bedrock and fractured bedrock occurs (Table 2). This suggests that elevation and dominant precipitation phase are a control on the depth to unweathered bedrock within Johnston Draw, similar to what was observed for soil weathering and development by Dahlgren et al. (1997), Riebe et al. (2004a), and Rasmussen et al. (2010). However, the percent of precipitation falling as snow at the elevations of the instrumented sites within Johnston Draw have been decreasing within the RCCZO since at least 1962 (Nayak et al., 2010). This can be seen within Johnston Draw as the 2006 rain/snow transition is about a 100 m higher than the 1968 transition. We do not know where the rain/snow was before 1960's, but we cannot assume that the 1968 rain/snow transition is representative of the past. Further, no work has been done linking soil weathering degree to bedrock weathering depth. It is conceivable that more chemically depleted soils would react less with incoming meteoric water, increasing the reactivity of the water propagated into the deep CZ and the rate of weathering in the deep CZ. However, some caution should be applied when comparing the deep weathering depths measured in Johnston Draw to the soil weathering and development measured at other sites, as both the magnitude of the depth of measurements and methods applied are very different.

While we do see correlation between near-surface soil moisture and weathering depth, Table 2 and Figure 10, some caution needs to be applied before inferring a causal link. Unlike with aspect driven variations in weathering depth, where the more persistent snow on the north-facing aspect has been modeled to promote deeper weathering (Langston et al., 2015), we currently do not have a mechanism that relates near-surface volumetric water content to deeper weathering. Thus, while we do have a nice correlation between near-surface soil moisture and weathering depth, we are currently unable to discern if there is a causal link.



North–South Asymmetry

Within Johnston Draw the north-facing slopes are generally steeper than the south-facing slopes (Figure 7). The north-facing slopes are densely vegetated with mountain sagebrush, snowberry, and several aspen communities, while the south-facing slope feature Wyoming sagebrush and bitterbrush at the lower elevations and sagebrush and mahogany at the higher elevations. Differences in slope angle can be attributed to denser vegetation communities on the north-facing slope, increasing soil retention relative to the less densely vegetated south-facing slopes (Poulos et al., 2012; Pelletier et al., 2018).

Our observations do not exclude the possibility that the factors that control snow accumulation patterns, i.e., vegetation and radiation, are the factors that cause deeper weathering on the north-facing aspects and that the snow accumulation is coincidental. It is well-documented that plants increase the rate of chemical weathering in soils (Moulton and Berner, 1998) and that deep taproots can fracture bedrock, creating hydraulic pathways as well as detach bedrock blocks when bedrock rooted trees are overturned (Gabet and Mudd, 2010; Roering et al., 2010). Aspens have been seen to root as deeply as 3 m (Jones and Debyle, 1985), and within Johnston Draw they are clustered higher in the catchment on the north-facing slope, so they could contribute to the up-drainage increase in N-S weathering depth asymmetry. At the adjacent Reynolds Mountain East site within the RCCZO it has been shown that tree groves both influence the location of a snowdrift (Marks et al., 2002) and rely on the water derived from snowdrifts (Robinson et al., 2008). Hence it could be that the snowdrift allows for the aspen community to exist and the deep rooting allows for more moisture to propagate into the deeper CZ. The persistent snow drift within Johnston Draw is centered roughly with Line 1 and could also be influencing the weathering on the north-facing slope of the upper drainage.

Radiation has been shown to affect soil weathering rates by increasing soil temperature, thus in non-water limited environments leading to deeper weathering on the south-facing slopes (Rech et al., 2001; Ma et al., 2013; Pelletier et al., 2018). Within Johnston Draw we observe both deeper weathering and cooler soil temperatures (Table 2, Figure 11) on the north facing slopes, suggesting that radiation and its effect on soil temperature are not the cause of the N-S weathering asymmetry. However, Johnston Draw is primarily above the historic rain-snow transition and radiation is a direct control on snow distribution, which as discussed later likely does cause the N–S weathering asymmetry.

The soil moisture data for the 2012 water year showed that the north-facing slope recharged in a single pulse at the end of March, while the south-facing slope experienced a primary recharge event in mid-January followed by several smaller events (Figure 4). Numerical modeling of moisture infiltration into the deep CZ has shown that the single sustained pulse characteristic of the north-facing slope of Johnston Draw leads to more recharge in the deeper CZ than the episodic pulses characteristic of the southern aspect (Langston et al., 2011, 2015). This phenomenon has been proposed as a mechanism to explain N-S weathering depth asymmetry within Gordon Gulch in the BCCZO (Langston et al., 2015), and could also explain the asymmetry observed within Johnston Draw. The difference in snow accumulation between the two aspects higher in the catchment would lead to a difference in the amount of water infiltrating into the deep CZ. This difference in infiltration would decrease down drainage as the snow accumulation becomes more equal between the aspects. As the ability to flush and replace chemically stagnant water from bedrock pores is a control on deep chemical weathering (Maher, 2010; Rempe and Dietrich, 2014), then the chemical weathering rates will parallel the infiltration rates. This would result in deeper weathering where the snowpack is deeper and more persistent. Therefore, as the difference in snow accumulation between the aspects decreases down drainage the difference in the rate of weathering between the two aspects would also decrease, leading to the observed N-S weathering depth pattern within Johnston Draw.

It is apparent that all the north-facing slopes spend time within the frost cracking window (Table 3, Figure 11). However, if we assume the more time spent within the frost cracking window the greater the weathering depth, then our temperature observations suggest that the lower portions of the draw would have the greatest N–S weathering depth asymmetry. Instead, we observe insignificant N-S weathering depth asymmetry where our temperature observations and frost cracking would predict the high asymmetry (Figure 12). Further we do not observe the soils deeper than 50 cm spending time within the frost cracking window. The exact range in which frost cracking is most efficient is dependent on the hydraulic and fracture mechanical characteristics of the rock (Walder and Hallet, 1986). This suggests that the ideal frost cracking window for the granite within Johnston Draw could be different than −8 and −3°C. Even if, for the sake of argument, if we expand the frost cracking window to −8 and 0°C, we do not see the time spent within the frost cracking window mirror the N-S weathering asymmetry for most depths. Additionally expanding the frost cracking window to 0°C is dubious, as the van der Waal and electrostatic forces that cause frost cracking are weakened at that temperature (Hales and Roering, 2007). Further even if the frost cracking window is expanded the time spent in the expanded window (Table 3) still indicates that at Line 4, the north-facing slope should be more deeply weathered than the south-facing slope. Thus, the aspect paired soil temperature measurements suggest that the frost cracking is not the primary driver of the weathering pattern that is observed with Johnston Draw.

The soil moisture patterns at the paired instrument sites (Figure 4) within Johnston Draw suggest that the north-facing slopes receive deeper infiltration than the south-facing slopes. The temperature sensors indicate the soils are within the frost cracking window (Table 3, Figure 11). But the time spent within the window (Table 3) is not reflective of the weathering pattern within Johnston Draw (Figure 12). While it does appear the snow accumulation is the primary driver of the N–S weathering depth asymmetry observed, we propose that frost cracking could still play a role in the weathering pattern observed within Johnston Draw. Since frost cracking creates preferential flow paths on the northerly aspects, these preferential flow paths would exacerbate the difference in infiltration caused by the more persistent snowpack on the north-facing. Before snow accumulation both aspects are in low flux state soil moisture. During the winter a persistent snowpack accumulates on the north-facing slope. However, the frozen soils and stable snow limit moisture infiltration. On the south-facing slope the periodic accumulation and melt of snow leads to moderate and shallow moisture flux. In spring the snow on the north-facing slope melts in a single sustained event, leading to a pulse of moisture infiltration on the north-facing slope, while the south-facing slope maintains moderate infiltration.




CONCLUSION

To explore the critical zone architecture within Johnston Draw, we collected four seismic refraction lines throughout the catchment perpendicular to the direction of drainage. From the resulting Vp profiles the depth to fractured and unweathered bedrock were identified and show a dynamic critical zone structure throughout Johnston Draw. The average depth to the top of unweathered bedrock changes from 14 m deep at the headwater to 31 m at the outlet, the depth to the top of fractured bedrock follows a similar trend. Higher in the draw the north-facing slope is more deeply weathered than the south-facing slope, but this asymmetry decreases down drainage, leading to nearly equal weathering depths on both aspects at the drainage. The largest difference in weathering depth between the two aspects occurs ¾ up the draw, where the greatest difference in snow-accumulation occurs. Above this point the drainage direction shifts from east to southeast, so the snow accumulation on the aspects likely becomes more equal. Soil moisture measurements on the north-facing slopes of Johnston Draw show that the soils are recharged by a single pulse in the late spring, while the south-facing slopes with their intermittent snowpack experience periodic soil recharge events throughout the winter and spring. Numerical modeling studies [see Langston et al. (2011), Langston et al. (2015)] have shown the single pulse recharge characteristic of the north-facing slope is more effective at propagating moisture into the deep critical zone than the periodic recharge events seen on the south-facing slopes.

During the winter soil temperature on north-facing slopes are within the temperature window in which frost cracking occurs. However, the time the hillslopes spend within the frost cracking window suggests that the maximum difference in weathering depth between the aspects should occur at lower elevations, where the observed difference between the aspects is insignificant. This does not mean that frost cracking does not play a role in the weathering of Johnston Draw. Preferential flow paths generated by the frost cracking process would only amplify the difference in infiltration caused by the snow accumulation pattern. It is also likely that differences in vegetation density also contribute to the difference in weathering depth between the aspects. Higher in the catchment the north-facing slope is more densely vegetated and hosts an aspen colony which could contribute to both the chemical and physical weathering on the north-facing slope.

Both elevation and aspect play a role in the weathering pattern observed within Johnston Draw. Elevation effects weathering depth throughout Johnston Draw, while the effects of aspect are greatest high in the catchment. Of course, it is not that elevation and aspect themselves affect weathering depth, but the climatic parameters such as temperature, precipitation, and radiation that vary with them. Within Johnston Draw, snow and its unique water storage characteristics has a strong role in the weathering differences between the north and south aspects; however, the role of temperature cannot be ruled out.
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