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Since the retreat of glaciers after the Last Glacial Maximum, rock avalanches have occurred intermittently in Yosemite Valley, California. We investigated the distal portion of the oldest of these, the Royal Arches Meadow rock avalanche, which has been partially buried by sediment aggradation. Cosmogenic 10Be exposure ages of boulders within the deposit indicate that the rock avalanche occurred at 16.1 ± 0.3 ka, immediately after deglaciation and thus prior to most aggradation. The interface between the rock avalanche deposit and the underlying glaciofluvial sediments therefore provides an elevation marker of the valley floor at the time of deposition. To identify the elevation of this interface, we collected eight Ground Penetrating Radar (GPR) and five Electrical Resistivity Tomography (ERT) profiles across the rock avalanche. Both methods are sensitive to contrasts between the granitic avalanche deposit and the underlying sediments. By constraining ERT inversions with GPR interfaces that are continuous across the profiles, we identified a single interface, interpreted as the basal contact of the rock avalanche, that separates resistive material from conductive material underneath. The elevation of this approximately horizontal interface is between 1,206 and 1,209 m, roughly 10 m below the modern ground surface, indicating ≈ 10 m of sediment aggradation since deglaciation. Based on topographic expression and depth to this contact, we determined a minimum volume estimate of between 8.1 × 105 m3 and 9.7 × 105 m3, nearly three times larger than what would be estimated from surface expression alone. Our findings allow reconstruction of the sedimentation history of Yosemite Valley, inform hazard and risk assessment, and confirm that geophysical methods are valuable tools for three-dimensional investigations of rock avalanches, particularly those buried by younger sediments.
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1. INTRODUCTION

Rock avalanches - streams of rapidly moving rock debris resulting from catastrophic failure of bedrock slopes - are among the most powerful geologic forces on earth, rapidly eroding extremely large masses of rock and causing dramatic and long-lasting landscape changes (e.g., Evans et al., 2006; Hovius and Stark, 2006; Korup et al., 2007; Hewitt et al., 2008; Hermanns and Longva, 2012). As a result of their large volumes and associated long runout distances, rock avalanches are also the source of some of the world's most destructive natural disasters, posing significant hazard and risk in mountainous environments (Evans et al., 2006).

Determining rock avalanche volumes is a key aspect of evaluating their hazard, as accurate volumes are needed to establish robust volume-frequency relationships (e.g., Evans, 2006) and are critical components of empirical equations governing rock avalanche mobility (e.g., Corominas, 1996; Dade and Huppert, 1998). Rock avalanche volumes are usually determined by field investigations or remote sensing methods, though in both cases accurate volumes can be elusive due to the inherent difficulty in establishing accurate deposit extents and thicknesses, post-event erosion of the deposit, cover by more recent debris, or a lack of sufficiently high resolution remote sensing data (Hutchinson, 2006; Hewitt et al., 2008). This situation is exacerbated in cases where rock avalanche deposits are partially buried by sediment aggradation, with an unknown but potentially substantial portion of the deposit volume hidden from view. Older rock avalanches may be particularly susceptible to this condition, in some cases prohibiting volume estimation entirely (e.g., Cordes et al., 2013; McColl, 2020). Partial burial can lead to an underestimation of volume, and thus inaccurate conclusions about frequency, runout, and overall hazard.

The need for determining accurate volumes for partially buried deposits has spurred application of geophysical methods to studies of talus deposits and rock avalanches. Previous studies in the Alps (Sass and Wollny, 2001; Otto and Sass, 2006; Sass, 2006; Socco et al., 2010), and in Yosemite Valley (Brody et al., 2015), showed the potential of geophysical methods, including electrical resistivity tomography, ground penetrating radar, and seismic refraction, for identifying basal contacts, deposit thickness, and associated stratigraphy. Near-surface geophysical investigations are well-suited for rock avalanches that possess a strong contrast in physical properties (e.g., electrical resistivity or dielectric permittivity) compared to the underlying substrate or, if applicable, overlying deposits. Weak contrasts, on the other hand, increase ambiguity, requiring additional information, for example from boreholes, to uniquely pinpoint contacts.

Here we use integrated geophysical imaging methods to investigate the basal contact, thickness distribution, and volume of the Royal Arches Meadow rock avalanche, a ≈ 16 ka, partially-buried rock avalanche deposit in Yosemite Valley. Our age determination is based on terrestrial cosmogenic 10Be exposure dating of boulders on the surface of the rock avalanche (section 2). Ground penetrating radar profiles across the rock avalanche deposit revealed multiple interfaces and hence not a unique candidate for the basal contact (section 3.3). However, integrating our ground penetrating radar results with electrical resistivity tomography ultimately allows us to identify the rock avalanche base (section 3.4).


1.1. Physical Setting

Yosemite Valley is located in Yosemite National Park in the central Sierra Nevada mountain range of California, USA (Figure 1A). Yosemite Valley is approximately 12 km long and 1–2 km wide, with steep (including vertical to overhanging) cliffs nearly 1 km tall. These cliffs and associated waterfalls offer iconic scenery that draws more than 4 million visitors annually. The walls of Yosemite Valley are composed of late Cretaceous granitic rocks of the Sierra Nevada batholith (Bateman, 1992), primarily granites, granodiorites, and minor diorite. The cliffs in eastern Yosemite Valley, including those adjacent to the Royal Arches Meadow rock avalanche, are comprised of ≈ 88 Ma Half Dome Granodiorite (Peck, 2002).
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FIGURE 1. Location and geologic setting of the Royal Arches Meadow rock avalanche. (A) Location of Royal Arches Meadow rock avalanche in eastern Yosemite Valley, Yosemite National Park (YNP), California (CA). (B) Oblique topographic hillshade, derived from 1 m filtered lidar data, showing the Royal Arches Meadow rock avalanche (blue), overlapping Mirror Lake rock avalanche (green), and active talus (brown), and terrace riser adjacent to Tenaya Creek. Black circles mark samples collected for cosmogenic 10Be exposure dating. The width of the Royal Arches Meadow rock avalanche deposit is approximately 315 m. Extent of oblique view shown as box marked “B” in (A). (C) Photograph showing bouldery topography typical of the exposed surface of the rock avalanche. (D) Photograph of a 3 m-tall boulder on the western margin of the rock avalanche sampled for cosmogenic 10Be exposure dating (sample RAMRA-3).


Yosemite Valley was initially carved by river incision, but was subsequently deepened and widened by hundreds of meters during multiple Pleistocene glaciations (Matthes, 1930; Huber, 1987), mostly recently during the Last Glacial Maximum (LGM). Although the timing of LGM glacier retreat from Yosemite Valley is not precisely known (Wahrhaftig et al., 2019), results from elsewhere in the Sierra Nevada suggest that LGM deglaciation occurred between 18 and 16 ka (e.g., Rood et al., 2011; Phillips, 2017). Glacier retreat left behind a relatively flat valley floor comprised of glacial outwash, lacustrine and deltaic deposits, and fluvial silts, sands, and gravels (e.g., Matthes, 1930; Huber, 1987), with several meters of sediment aggradation of the valley floor in the Holocene (e.g., Cordes et al., 2013; Brody et al., 2015).

Rock slope failures, primarily in the form of rockfalls and rockslides, occur frequently from the glacially-steepened walls of Yosemite Valley (Stock et al., 2013). Sheeting (exfoliation) joints in the otherwise massive granite often form rockfall detachment surfaces (e.g., Stock et al., 2012). Smaller rockfalls of hundreds to thousands of cubic meters in volume occur on an annual basis in Yosemite Valley; larger failures up to tens of thousands of cubic meters in volume occur less frequently, but have been documented in the past 150 years (Wieczorek et al., 2000; Zimmer et al., 2012; Stock et al., 2013; Guerin et al., 2020). These events typically have modest runout distances, with deposition limited to the active talus slopes flanking the base of cliffs.

Yosemite Valley preserves several extremely large boulder deposits up to several million cubic meters in volume, considered to be rock avalanches resulting from catastrophic failure of the valley walls (Matthes, 1930; Wieczorek et al., 1999; Wieczorek, 2002; Stock and Uhrhammer, 2010). These deposits extend far beyond the base of active talus slopes onto the valley floor, where they manifest as laterally extensive, low-angle fields of angular boulders. At least six rock avalanche deposits have been identified in Yosemite Valley, all of which have occurred since LGM deglaciation. As the floor of Yosemite Valley is wide and flat, with low stream power to modify rock avalanche deposits, and erosion rates of the granitic boulders in the deposits are slow (on the order of tenths of a millimeter per year; Wahrhaftig et al., 2019), these rock avalanche deposits tend to be exceptionally well-preserved. A potentially confounding preservation factor is that some of the older deposits appear to be partially buried by more recent sediment aggradation (e.g., Cordes et al., 2013) including younger talus deposits and other rock avalanches.



1.2. Royal Arches Meadow Rock Avalanche

The Royal Arches Meadow rock avalanche is located in eastern Yosemite Valley, at an elevation of 1,217 m above mean sea level (AMSL), between a 420 m-tall rock tower named Washington Column to the north and Royal Arches Meadow and Tenaya Creek to the south (Figure 1A). The portion of the rock avalanche deposit proximal to the cliffs to the north is buried beneath debris from the more recent Mirror Lake rock avalanche (Wieczorek et al., 1999; Wieczorek, 2002), as well as aprons of active talus (Figure 1B). The distal portion of the deposit extending beyond this overlapping debris is therefore the primary focus of this study. This deposit has a lobate morphology, suggesting that it was topographically unconstrained as it spread out across the valley floor. The maximum length of the distal portion of the deposit is approximately 270 m, and the maximum width is approximately 315 m. Contrasting with the relatively steep (30°–35°) repose angles of the active talus slopes, the distal portion of the rock avalanche deposit is nearly flat, sloping only a few degrees to the south. The deposit has a hummocky morphology and a clast-supported surface cover of angular boulders (Figure 1C). Boulders exposed on the surface range from tenths of cubic meters to many hundreds of cubic meters in volume, with the largest boulders projecting up to 5 m above the mean deposit surface (Figure 1D). Finer-grained material between the boulders support dense trees and understory vegetation.

Along the southern margins of the rock avalanche deposit, the distribution of boulders on the surface becomes more dispersed, with many meters to tens of meters separating individual boulders. The intervening surfaces are composed of flat-lying sediments, presumed to be a mix of alluvium and colluvium; the isolated boulders appear to be embedded within these sediments, suggesting partial burial by sediment aggradation. Farther south, the topography is flat and comprises a fluvial terrace at 1,217m AMSL, the edge of which is a 5 m-tall terrace riser formed by lateral erosion of Tenaya Creek (Figure 1B). A cutbank in the terrace riser displays a layered stratigraphy of silts and sands with a capping coarse gravel deposit, interpreted to represent fine sediment deposition within small pro-glacial side channels and ponds followed by coarse sediment deposition resulting from migration of the main Tenaya Creek channel. The cutbank does not reveal angular clasts associated with the rock avalanche, indicating that the rock avalanche does not extend in the subsurface as far south as the terrace riser. Furthermore, the undeformed nature of the layered sediments exposed in the cutbank suggests that they post-date emplacement of the rock avalanche. The local topographic setting prohibits the rock avalanche deposit from acting as a natural dam (the deposit only extends partway across the valley), indicating that sediment aggradation occurred for reasons independent of rock avalanche emplacement.

Although the morphology of the Royal Arches Meadow rock avalanche clearly indicates it was sourced from the north wall of Yosemite Valley in the vicinity of Washington Column, an exact source area is not apparent. A likely explanation for this is that the rock avalanche originated from an edifice that later collapsed, generating the much larger-volume (≈ 11 × 106 m3) Mirror Lake rock avalanche (Figure 1B; Wieczorek et al., 1999; Wieczorek, 2002) and leaving behind a large depression in the valley wall immediately east of Washington Column known as North Dome Gully. We infer that the source area for the Royal Arches Meadow rock avalanche was located on a cliff formerly within the empty space in what is now the North Dome Gully (Figure 1B).

The ratio of the vertical fall height (H) and the horizontal runout length (L) of rock avalanches, the so called “Fahrböschung” (Hsü, 1975), and the arctangent of H/L, the so called “reach angle” (Corominas, 1996) are commonly used as indices of rock avalanche mobility. As the source area of the Royal Arches Meadow rock avalanche is no longer visible, it is not possible to precisely quantify the H and L parameters. However, given the general constraints on the likely source area, we estimate a maximum fall height of approximately 550 m and a maximum runout length of approximately 840 m, suggesting an H/L ratio of 0.65 As with the other rock avalanches in Yosemite Valley (Wieczorek et al., 1999), this relatively low mobility suggests that the Royal Arches Meadow rock avalanche does not display “excess” runout; rather, its large runout distance compared to the active talus is explained primarily by its potential energy (e.g., Dade and Huppert, 1998).

As the proximal portion of the rock avalanche is buried beneath younger talus and rock avalanche debris, we have not attempted to account for that volume. The exposed distal portion of the Royal Arches Meadow rock avalanche has a “bulked” volume (including porosity) of approximately 3.78 × 105 m3, calculated by delineating the area of exposed boulders on the surface (54,186 m2) and measuring the volume within this area that projects above the height of the adjacent, roughly planar, valley floor surface (1,217 m elevation). Importantly, this volume measurement assumes that the base of the rock avalanche is the modern valley floor surface, and that the entire volume of the distal portion is presently exposed. However, as described above, there is evidence that the Royal Arches Meadow rock avalanche is partially buried. Recognition that post-glacial aggradation likely strongly influences the surface expression of the rock avalanche was a primary motivation for integrated geophysical imaging of the deposit.




2. AGE OF THE ROYAL ARCHES MEADOW ROCK AVALANCHE

The intact deposit of the Royal Arches Meadow rock avalanche on the floor of Yosemite Valley confirms that it must be post-glacial in age, i.e., it was deposited after retreat of the LGM glacier from eastern Yosemite Valley. Several lines of field evidence, including overlapping deposition by the Mirror Lake rock avalanche and indications of substantial post-depositional aggradation of fluvial sediments adjacent to and within the distal portion of the deposit, suggest that it may be among the oldest of the rock avalanches in Yosemite Valley. To date the Royal Arches Meadow rock avalanche directly, we employed terrestrial cosmogenic 10Be exposure dating of boulders on the surface of the deposit.

Terrestrial cosmogenic nuclide exposure dating, which utilizes the accumulation of cosmogenic nuclides in target minerals over time due to exposure to cosmic rays (e.g., Gosse and Phillips, 2001) offers a robust means of directly dating rock avalanche deposits, provided the exposed boulders were sufficiently shielded within the rock slope prior to failure and that they have not experienced substantial post-depositional burial or erosion. Cosmogenic nuclide exposure dating has been used to constrain the timing of rock avalanches in a variety of settings (e.g., Ballantyne and Stone, 2004; Mitchell et al., 2007; Moreiras et al., 2015; Nagelisen et al., 2015; McColl, 2020), and was previously used to obtain ages for two rock avalanches in Yosemite Valley (Stock and Uhrhammer, 2010; Cordes et al., 2013).

We collected three samples for cosmogenic 10Be exposure dating from boulders on the surface of the Royal Arches Meadow rock avalanche deposit. We selected large boulders near the distal edge of the deposit that were solidly wedged against adjacent boulders (demonstrating that the boulders could not have rotated since emplacement), and sampled the tops of these boulders (Figure 1D) to simplify the exposure geometries and topographic shielding, and to minimize the potential for nuclide loss due to wildfire-induced boulder spallation. We did not correct for snow shielding. We assumed a boulder erosion rate of 0.0065 cm /yr (Wahrhaftig et al., 2019), likely a maximum value. Quartz sample preparation and accelerator mass spectrometer measurements were made at the Scottish Universities Environmental Research Center (SUERC) using standard procedures (Xu et al., 2015; Corbett et al., 2016). Model exposure ages were calculated using the CRONUS-Earth online calculator (Balco et al., 2008). The choice of reference production rate, scaling scheme, and erosion rate changes the ages by a maximum of 7.5 %, or approximately 1,200 years, which does not significantly affect our conclusions.

Results from the three samples are nearly identical (Table 1), yielding an error-weighted mean exposure age of 16.1 ± 0.3 ka (1σ), with a reduced chi-squared value of 0.4 and p-value of 0.96. This result confirms that the Royal Arches Meadow rock avalanche is Late Pleistocene in age. Given that the Royal Arches Meadow rock avalanche is located close to the inferred LGM terminus position (within 7 km), it is reasonable to assume that deglaciation had occurred there by ≈ 16 ka, and that the rock avalanche occurred immediately thereafter. As such, the Royal Arches Meadow rock avalanche presents an important marker of the elevation of the floor of Yosemite Valley immediately following deglaciation, providing insights into the post-glacial history of the valley. As much of this history involved aggradation of alluvial and colluvial sediments adjacent to, and on top of, the rock avalanche, the relationship between the rock avalanche and the former valley floor has been obscured. We thus turned to geophysical methods to investigate the position and morphology of the basal contact of the rock avalanche deposit.


Table 1. Sample data and exposure ages for boulders on the Royal Arches Meadow rock avalanche.
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3. GEOPHYSICAL INVESTIGATION

We used a combination of two non-intrusive geophysical methods—Electrical Resistivity Tomography (ERT) and Ground Penetrating Radar (GPR). GPR common-offset profiling consists of keeping transmitter and receiver antennae at a fixed offset and recording traces along a profile line (Jol, 2008). Electromagnetic wavelets emitted by the transmitter antenna at each measurement location get reflected by subsurface contrasts in dielectric permittivity (Neal, 2004) and recorded by the receiver antenna. A variety of factors, including change in lithology, grain size and orientation, and the water table affect dielectric permittivity (Olhoeft, 1998; Neal, 2004). This makes GPR a well-suited technique to investigate the interface between the granitic rock avalanche deposit and the underlying lacustrine, deltaic, and fluvial sediments. To detect structures within the subsurface, signals recorded by the GPR receiver antenna at each position along the profile are plotted next to each other to form a radargram. Since the vertical axis of a radargram shows the time since source wavelet transmission, subsurface radar wave velocity is required to extract depth information. This velocity can be obtained by conducting a “common midpoint,” or a “wide angle reflection and refraction” survey, in which the separation between transmitter and receiver antenna is successively increased (Annan and Davis, 1976; Davis and Annan, 1989).

In ERT surveys, electrical potential differences resulting from current injected into the ground reveal the spatially varying electrical resistivity of the subsurface. Measurements using multiple current- and potential-electrode pairs along a profile allow computer tomographic inversions to create vertical profiles showing the two-dimensional variation of electrical resistivity (e.g., Oldenburg and Li, 1999; Loke et al., 2013). We expected the electrical resistivity of the granitic rock avalanche debris to be an order of magnitude higher than the resistivity of the underlying sediments, posing a strong contrast in the physical parameter to which ERT is sensitive.

Neither of these two methods alone can pinpoint the basal contact of the rock avalanche. While GPR shows the boundaries of various units, it is not well-suited to differentiate between the unit materials. When several interfaces are present, standard GPR processing alone can not conclusively indicate which of these interfaces is the basal contact of the rock avalanche deposit. ERT, on the other hand, is sensitive to the materials of the units, but cannot by itself resolve sharp transitions. Moreover, ERT is typically underdetermined, meaning that different resistivity profiles may fit the data equally well. Additional constraints (regularization) must be provided, typically in the form of imposed smoothness (e.g., Günther et al., 2006; Loke et al., 2013). As a consequence, different regularization constraints may lead to different resistivity profiles (Oldenburg and Li, 1999). A-priori information of subsurface structure can be incorporated into ERT regularization. Here, we follow the approach of Doetsch et al. (2012) by removing smoothing constraints across interfaces obtained from GPR profiles that overlap with our ERT profiles.


3.1. Data Acquisition Strategy

We collected eight GPR and five ERT profiles (Figures 2A,B) crossing exposed parts of the rock avalanche, as well as the adjacent area covered by finer sediments. GPR profiles as well as “Wide Angle Reflection and Refraction” (WARR) data were acquired using a Sensors and Software PulseEKKO Pro (50 MHz) system between September and October 2018. The five ERT transects were collected in March 2018 with an Advanced Geosciences Inc SuperSting R1 system with 28 electrodes and 6 m electrode spacing, using Schlumberger and dipole-dipole electrode arrays. To increase the length of the ERT profiles, we used a roll-along strategy Loke et al. (2013). ERT and GPR profiles overlapped to allow for joint processing and interpretation.


[image: Figure 2]
FIGURE 2. (A) Map view of GPR profiles and WARR location. (B) Map view of ERT profiles. GPR and ERT profiles overlap to allow for joint processing and interpretation.




3.2. Radar Wave Velocity

To determine the subsurface velocity, we collected “Wide Angle Reflection and Refraction” (WARR) data by transmitting and recording signals at increasing transmitter-receiver separation. The resulting radargram (Figure 3C), obtained after minimal processing using GPRPy (Plattner and Pacheco, 2019; Plattner, 2020) shows signals traveling directly from the transmitter to the receiver through air (air wave) and through the ground (ground wave) as straight lines, while signals reflected from horizontal interfaces appear as hyperbolae. The slope of the direct arrivals and the shape of the hyperbolae allow us to determine the subsurface velocity. We used the stacked amplitude procedure implemented in GPRPy to give best estimations for direct waves (Figure 3B) and reflected waves (Figure 3A). As expected, the air wave traveled at the speed of light in air (0.3 ns /m). The ground wave samples only the shallowest part of the subsurface. Its velocity is thus not necessarily representative of the deeper subsurface. The reflected arrivals (hyperbolae), on the other hand, travel down to an interface and hence provide an estimate of the average subsurface velocity between the interface and the surface. We therefore use the velocity obtained from the hyperbolae, 0.11 ± 0.01 m /ns, as subsurface velocity.


[image: Figure 3]
FIGURE 3. (A) hyperbolic stacked amplitudes for the WARR data in (C). Bright colors indicate velocities and depths (two-way travel time) of interfaces. (B) linear stacked amplitudes for the WARR data in (C). Bright colors indicate velocities for direct waves. (C) WARR data with best-fitting lines and hyperbolae obtained from (A,B).




3.3. GPR Data Processing and Interpretation

Minimal GPR data processing using GPRPy (Plattner and Pacheco, 2019; Plattner, 2020) included a time-zero correction, filter (dewow and mean trace removal), T-power gain, f-k migration (Stolt, 1978) and topographic correction. Processing scripts including the parameters used are provided together with the raw data. For the time-to-depth transformation, we used a homogeneous velocity of 0.11 m /ns obtained from the WARR survey described in section 3.2 (Annan and Davis, 1976; Davis and Annan, 1989).

To identify candidates for the basal contact of the rock avalanche in the processed GPR data, we plotted GPR profiles in 3D (Figure 4) and identified interfaces that are consistent between the profiles and continue underneath the exposed rock avalanche as well as the surrounding area. The largest contributors to uncertainty of depth to a feature in GPR data are uncertainty in velocity, together with resolution caused by the signal wavelength. A velocity of 0.11 ± 0.01 m/ns, as obtained from our WARR survey (section 3.2), leads to a depth uncertainty of ≈ 10 %, hence ±1 m for an object buried at 10 m depth. Vertical resolution is typically limited by 1/4 of the wavelength (Jol, 2008), which, for a 50 MHz antenna and a velocity of 0.11 m/ns is ≈ 0.5 m. We took these uncertainties into account when reporting the following interfaces. We identified three candidates for the basal contact (Figure 4D): A relatively flat interface (parallel to the horizon) “Alpha” of elevation between 1,214 and 1,216 m above mean sea level, a deeper, nearly-horizontal interface “Beta” at an elevation of 1,206 to 1,209 m (Figure 4E), and “Gamma,” which is visible in profiles G2 through G7 at an elevation of ≈ 1.205 m. Between interface Alpha and Beta, we observe scattering that is more prominent than below interface Beta (Figure 4D). The scattered texture close to the southeastern edge of G3, below Beta is an artifact of the migration processing step. The strong parallel lines at the topmost edges of the profiles result from radar waves directly traveling from the transmitter to the receiver (we used unshielded antennae).


[image: Figure 4]
FIGURE 4. (A) Location of the study area with respect to surrounding cliff faces. Extent of the Royal Arches Meadow rock avalanche (RAMRA) is shown in blue. (B) GPR profile arrangement within study area. (C) Oblique view of GPR profiles looking toward NW, (D) Identified interfaces Alpha, Beta, and Gamma, and (E) Interpolated surface for interface Beta.




3.4. GPR-Constrained ERT Inversion

To identify which of the previously identified candidates might be the basal contact of the rock avalanche, we removed smoothing constraints across interfaces Alpha, Beta, and Gamma in the ERT inversion of the corresponding profiles (Doetsch et al., 2012) using the open-source software BERT Günther et al. (2006), Rücker et al. (2017). This approach does not enforce but allows sharp transitions across the provided interface. We use profile E3 to illustrate the process (Figure 5), but other profiles showed similar patterns. For a granitic debris deposit overlying lacustrine, deltaic, and fluvial sediments, we expected electrically resistive material on top of conductive material. Indeed, inversion of the resistivity data with regular smoothing and no additional a-priori constraints revealed electrically resistive material (>5,000 Ωm) overlying relatively conductive material (<1,000 Ωm), but with a smooth transition (Figure 5A). For interface Alpha, resistive material is still present below the interface (Figure 5B). Interface Beta created a sharp transition between resistive and conductive material (Figure 5C), while interface Gamma lies below the transition of resistive to conductive material for most of the profile (Figure 5D). From our investigations, we were unable to identify the edge of the rock avalanche underneath the terrace riser. In our ERT profiles, we observed resistive material to within 10 m of the edge of the terrace, however, observations at the edge of the terrace riser did not reveal granitic boulders.


[image: Figure 5]
FIGURE 5. ERT inversion results for profile E3 using smoothness regularization. (A) No additional a-priory information, smoothness applied everywhere. (B) No smoothing across interface Alpha. (C) No smoothing across interface Beta. (D) No smoothing across interface Gamma.


Identifying interfaces Alpha, Beta, and Gamma underneath the rough topography of the exposed rock avalanche was more challenging than underneath the adjacent smooth terrace. Interfaces in GPR profile G5.1 (Figure 6A) are less clear than in profiles G3 and G6 (Figure 4). In profile G5.1, we identified interfaces (Figure 6B) at elevations of ≈ 1,216 m (Alpha), ≈ 1,213 m (unnamed), and ≈ 1,207 m (Beta). Interface Gamma is not visible in this GPR profile. Similar to the GPR-constrained ERT inversion for profile E3 (Figure 5), interface Beta creates the clearest separation between resistive and conductive materials (Figures 6C,D).


[image: Figure 6]
FIGURE 6. (A) GPR profile G5.1. (B) Profile G5.1 with marked interfaces. (C) GPR-constrained ERT inversion result using all marked interfaces. (D) GPR-constrained ERT inversion result using only interface Beta.





4. RESULTS AND IMPLICATIONS

We identified Beta as the interface between the rock avalanche deposit and the underlying sediments, which we interpret as the basal contact of the rock avalanche and thus the floor of Yosemite Valley at the time of the rock avalanche event. Our choice of Beta is based on the following observations: (1) of all three interfaces identified in the GPR data, Beta led to the clearest separation between electrically resistive and conductive material in GPR-constrained ERT inversions (Figures 5, 6); and (2) in the GPR data, Beta separates a unit of visible scattering from a unit with little scattering underneath (Figure 4). We interpret that the scattering of radar waves is a result of randomly oriented clasts within the rock avalanche deposit.

Establishing the basal contact of the rock avalanche at between 1,206 and 1,209 m AMSL allows us to explore important metrics of the deposit and adjacent landscape. As discussed previously, the exposed distal portion of the deposit has a “bulked” volume of ≈ 3.8 × 105 m3, assuming that the basal contact is at the elevation of the present valley floor elevation (1,217m AMSL). Using the newly established deeper basal contact, together with the existing area of the exposed portion of the rock avalanche deposit (recognized as a minimum area), yields a minimum deposit volume of between 8.1 × 105 m3 and 9.7 × 105 m3. This is a two- to three-fold increase compared to the previous volume estimation based solely on the surface expression of boulders. “Debulking” (correcting for an assumed 25% porosity) of the rock avalanche deposit (e.g., Hutchinson, 2006; Stock and Uhrhammer, 2010) leads to a minimum intact rock volume of between 6.1 × 105 m3 and 7.3 × 105 m3. As this is a minimum estimate and does not account for any volume in the proximal portion of the deposit buried underneath more recent talus, the actual volume of rock detached from the cliff was likely significantly larger. Although we were not able to reliably define the edges of the deposit in the subsurface, the lack of rock avalanche debris in the terrace riser adjacent to Tenaya Creek suggests that the total runout distance, though possibly larger than the extent of boulders on the surface, does not scale linearly with the increased volume (i.e., the runout distance is not two to three times longer). This implies that the rock avalanche had lower mobility than indicated by the surface expression of boulders alone.

Establishing the basal contact also allows the rock avalanche deposit to be used as a marker for the position of the floor of eastern Yosemite Valley at 16.1 ± 0.3 ka, immediately after deglaciation. Following emplacement of the rock avalanche, approximately 10 m of glaciofluvial sediment accumulated. As the rock avalanche deposit only extends partway across the valley, it likely did not act as a natural dam; sediment aggradation therefore must have occurred for reasons independent of rock avalanche emplacement. We conclude that the aggradation occurred in the latest Pleistocene as retreating glaciers produced prodigious sediment in the form of glacial outwash. This sediment was transported and deposited in alluvial fans and deltaic deposits in eastern Yosemite Valley, including in the vicinity of the Royal Arches Meadow rock avalanche. After aggradation ceased, Tenaya Creek has incised approximately 5 m into the alluvial sediments, as evidenced by the terrace riser and cutbank. This incision was likely driven by diminished sediment supply following full deglaciation. The geomorphic marker provided by the basal contact of the rock avalanche thus provides an important calibration point in reconstructing the post-glacial landscape evolution of Yosemite Valley.



5. CONCLUSIONS

Cosmogenic 10Be exposure dating revealed that the Royal Arches Meadow rock avalanche occurred 16.1 ± 0.3 thousand years ago, shortly after deglaciation of eastern Yosemite Valley. We identified the basal contact of the Royal Arches Meadow rock avalanche at an elevation of between 1,206 and 1,209 m AMSL using a combination of ERT and GPR data. The adjacent terrace has a surface elevation of 1,217 m AMSL, indicating that approximately 10 m of sediment aggradation has occurred in this location since deglaciation. We estimate the volume of the Royal Arches Rock avalanche deposit to be at least between 8.1 × 105 m3 and 9.7 × 105 m3, of which only about a third is exposed on the surface. Integrated geophysical imaging greatly improves our understanding of the full extent and volume of the rock avalanche and serves as an important marker in the post-glacial evolution of the Yosemite Valley landscape.

ERT and GPR were well-suited geophysical methods to determine the basal contact of the Royal Arches Meadow rock avalanche deposit, because the granitic boulders in the deposit presented a strong contrast in electrical conductivity and dielectric permittivity compared to the underlying sediments. Many rock avalanche deposits in other parts of the world likely show similarly strong contrasts in these physical parameters, in particular if the avalanche debris is comprised of largely intact boulders deposited on sediments or soil. Our approach can hence be a general strategy for investigating rock avalanche deposits that are expected to be partly buried.
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