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Figure 10. Mapped boulder locations, lithologies, and exposure ages. Dashed yellowdelineates a possible rock fall source area within a topographic gap that crosses thethree lithologic units represented in mapped boulders; dashed black line is the extentof Wieczorek et al. ( 1999) mapped debris flow; dashed red line is the inferred extentof the 9.6 ± 1 ka rock fall event. Qal – alluvium, Qaf – alluvial fan, Qt – active talus,Qm – LGM moraine, Khd – Half Dome Granodiorite, Khdl – leucocratic Half DomeGranodiorite, Kgp – granodiorite of Glacier Point.
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Fi gure 3 . Hillshade of Upper Pines Campground boulder deposit/alluvial fan surface and photo locations. The dashed red line indicates theextent of mapped boulders and the black dashed line indicates the location of the active talus slope. Compare this hillshade with Figure 2a and2b and note the lack of pronounced geomorphic expression in Upper Pines Campground. (a) Boulder UPCÞ4, yielding a cosmogenic nuclideexposure age of 5.7 ± 0. 1 ka; (b) UPCÞ 1, yielding an exposure age of 10.23 ± 0.23 with an exposed height of 3.5 m; (c) Boulder UPCÞ5, yieldÞing an exposure age of 8.9 ± 0.8 ka and 1.4 m in exposed height. (d) Note the inset appearance of these boulders within the fan surface.

Fi gure 2. Hillshade of: (a) El Capitan Meadow rockavalanche; note the distinct distal edge and hummockytopography, (b) Eagle Creek debris flow fan; note thewellÞdefined fan extruding out into Yosemite Valley andrough channelized surface.

Figure 1. Shaded relief map of Yosemite Valley produced from a 1 m LiDARÞbased Digital ElÞevation Model (DEM). Red box indicates the field area with the red star showing the location ofUpper Pines Campground. The El Capitan recessional moraine responsible for damming the valleyafter the LGM ice retreat is highlighted in blue between Bridalveil Falls and El Capitan. The bluestar indicates the location of radiocarbon samples collected from a cutbank of the Merced River.
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• Two primary bedrock units K Half Dome Granodiorite, and granodiorite of GlacierPoint K Inferred subunit of leucocratic Half Dome Granodiorite (Fig. 4)• Half Dome Granodiorite bedrock exposure continues ~15 km up drainageK Could be found in glacial, rock fall, fluvial, and debris flow deposits• Granodiorite of Glacier Point exposed on Glacier Point and up Illiloutte CreekK Could be found in rock fall, fluvial, or debris deposits but not glacial depositsK Illiloutte drainage free of ice during LGM (Alpha et al., 1987)• Leucocratic facies of Half Dome Granodiorite is part of a maficKfelsic lithologiccycle mapped west of Tenaya Lake by Coleman et al. (2012)KSharp western leucocratic contact that grades into an eastern mafic marginKGenerally thin and discontinuous bodies; subparallel to the outer contactLate Quaternary History• LGM glacier was present between 28 and 14.5 ka and is thought to have terminatedwest of Bridalveil Fall ( Fig. 1; Huber, 1987; Bursik and Gillespie, 1993; Phillips etal., 2009; Rood et al., 2011).• Prominent recessional moraine near El Capitan dammed melting ice water and creKated a shallow lake (Fig. 1; Matthes, 1930; Huber and Snyder, 2007).• Alluvial sedimentation advanced a delta westward infilling the lake and creating aflat valley floor (Matthes, 1930).• PostKglacial breaching of the El Capitan moraine resulted in incision by the MercedRiver

luvial fan surface of Upper Pines Campground (Fig. 3).The size of boulders suggests a rock fall origin but the arealacks typical of rock fall morphology. Assessment of therock fall hazard to Upper Pines Campground is dependenton whether these boulders originated from rock falls orfrom some other process. To address this question, weevaluated the following hypotheses for the origin of theboulders in Upper Pines Campground:(1) glacial deposition during retreat of the LGM glacier(2) fluvial deposition during high discharge events(3) debris flow deposition(4) a large rock fall from adj acent cliffs

Largeboulder s exceeding 10 m in exposed volumearewidely scatt er ed throughout Upper PinesCampground in east ern YosemiteVall ey,Yosemit eNational Park ,California .These enigmatic boulder s r est up to 330 m from thebaseof adjacent talu s slopesbut lackgeomorphic expression typical of other large rock fall , debri s flow,or glacial deposit s in Yosemit e.We evaluat ed four hypotheses forboulder deposition : (1) glacial deposition during ice retr eat 15«17 ka , (2) fluvial deposition during a high discharge flood event , (3)debri s flow deposition , and (4) rock fall d eposition .Weutiliz ed fi eld mapping , spatial analy si s, co smogenic Be exposuredating , andX«ray fluorescence analysi s to investigat epossiblemodesof deposition .A mean boulder exposure ageof 9 .6± 1ka considerably post «datesglacial r etr eat from Yosemit eVall ey, eff ectiv ely ruling out glacial deposition .Di schargeand bed str esscalculation s indicat e thatalthough flooding wascapabl eof entraining boulder sat confined upstr eam location s, it i s unlikely to have tran sport ed boulder s a s fara s theUpper Pinesar ea . Slopecompari son sand evaluation of surfacemorphology of debri s flow fans in Yosemit eVall ey suggest thatth eboulder sdid not r esult from debri s flows.Geochemical r esult s identify a majority of boulder s in Upper Pinesasgranodiorit eofGlacier Point , corr esponding to bedrock sampl es locat ed at th e summit of Glaci er Point .We int erpret boulder s in Upper PinesCamp«ground to r esult from a single large rock fall event originating from the east fac eof Glaci er Point circa 9 .6± 1ka , and subsequentlypartially buried by alluvial fan aggradation ,modifying theoriginal geomorphic expression .
ABSTRACT

INTRODUCTIONYosemite Valley is a glacially carved valleyof Late Cretaceous granitic plutons(Bateman, 1992) that have undergone mulKtiple episodes of Pleistocene glacial erosion(Fig. 1; Matthes, 1930; Huber, 1987). GlaKciation presumably left the valley floor freeof detritus; slope and fluvial processeshave since created extensive talus fieldsand fans (Fig. 2; Wieczorek and Jäger,1996).More than 925 rock fall and slope moveKments have been documented in YosemiteNational Park since 1857 (Stock et al.,2013). Of particular interest are large boulKder deposits (up to several million cubicmeters in volume) with low surface slopeangles that extend far beyond the base oftalus slopes (Fig. 2a). These deposits areinterpreted to represent extremely large andenergetic rock falls, referred to as rock avaKlanches (Wieczorek et al, 1999; Stock andUhrhammer, 2010).A deposit of widely scatt er ed boulder slacking themorphology of a glacial ,rock fall, or fluvial deposit, rests on the alK GEOLOGIC SETTING

Fi gure 4. Photo of Glacier Point viewed from the northeast and overlain upon a hillshade produced from a 1m LiDAR DEM, exposing thebare earth topography of the Upper Pines Campground alluvial fan. Granodiorite of Glacier Point/Half Dome Granodiorite boundary is fromPeck (2002). Dashed red line marks the approximate boundary of mapped boulders within Upper Pines Campground; black dotted linerepresents the moraine crest; yellow line represents the cross section used for paleodischarge and shear stress calculations. QafK alluvial fan,Qt – active talus Qm –LGM moraine, Khd – Half Dome Granodiorite, Khdl – leucocratic Half Dome Granodiorite, Kgp – granodiorite ofGlacier Point. Red box indicates location of Fig. 5 xRez imagery.

•Hand and GPS mapped 270 boulders visuallyestimated >1m . Measured boulder dimensions as acube and imported dataset into ArcMap GIS• Sampled 5 boulders in campground for cosmogenicberylliumK10 exposure ages• Collected 36 hand samples for XRF analysis – 8bedrock samples of granodiorite of Glacier Point, 6bedrock samples of Half Dome Granodiorite, 22 fromboulders in Upper Pines Campground• Mapped inferred leucocratic zone usinghighKresolution xRez imagery (Fig. 5) Figure 6. Mappedboulders >1m in volumewithin Upper PinesCampground, Figure 3photo locations, andsample sites for 10Be.(a) Boulders plotted byexposed volume.(b) Boulders plotted byoccupied surface area.(c) Boulders plotted byexposed height. Dashedline is extent of Wieczoreket al. ( 1999) debris flow.

METHODS

Sample Lat/Long(˚N/˚W) Elevation(m) Thickness(cm) 10Be Production rate(atoms/g/yr) Shieldingfactor Erosion rate(cm/yr) Massquartz(g) Be carrier(mg) 10Be/9Be(x 10�13) 10Beconcentration(104 atoms/gSiO2 ) Exposure age(ka)Spallation MuonsUPC
1 37.7327/119.5608 1226 4 9.69 0.269 0.9180 0.00065 99.780 0.3897 3.95 ±0.08 10.23 ± 0.23 10.90 ± 1.04UPC
2 37.7330/119.5606 1225 3.5 9.85 0.269 0.9295 0.00065 99.500 0.3913 3.54 ±0.11 9.21 ± 0.33 9.59 ± 0.95UPC
3 37.7342/119.5617 1222 3 9.76 0.269 0.9197 0.00065 100.068 0.4090 3.25 ±0.06 8.80 ± 0.19 9.23 ± 0.87UPC
4 37.7336/119.5620 1223 4.5 9.44 0.268 0.8995 0.00065 100.495 0.4060 2.02 ±0.04 5.37 ± 0.12 5.71 ± 0.53UPC
5 37.7356/119.5636 1218 2 9.82 0.269 0.9200 0.00065 94.103 0.4080 2.98 ±0.06 8.55 ± 0.19 8.90 ± 0.84
Tabl e 1. Cosmogenic 10Be data and exposure ages for campground bouldersFi gure 7. Probability density distributions of10Be exposure ages for campground boulders withsummary statistics. Results indicate two events; 5.7± 0.5 ka and 9.6 ± 1ka. Retreat of the LGM glacierfrom Yosemite Valley is inferred to have occurred15K 17 ka.

• Boulder metrics increase from NW to SE (Fig. 6)• Excluding UPCK4, 4 out of 5 boulders sampled for10Be are between 8.9 ± 0.8 and 10.9 ±1.0 ka. K Meanage 9.6 ± 1 ka (Fig. 7; Table 1)• XRF analysis indicate multiple boulder lithologieswithin bedrock ranges (Fig. 8)

Fi gure 8. Harker variation diagrams of XRF analysis. Boulders sampled for 10Be(red diamonds) fall within Khd and Kgp bedrock ranges as do others samples colKlected in the Upper Pines Campground (blue squares).

RESULTS Fi gure 5. xRez imagery of Glacier Point. See Fig 4 for photo location. Dashedyellow = massive scar (possible source area); dashed red = inferred Khdl.

DISCUSSIONHypothesis 1: Glacial Deposit (reject)• All ages considerably post date the inferred timing ofdeglaciation• Absence of large Cathedral Peak Granodiorite boulKders as seen within Yosemite Valley glacial deposits• Excluding UPCK4, we interpret a single depositionalevent at 9.6 ± 1kaHypothesis 2: Flood Deposit (reject)• Calculated discharge and flow velocity using theManning ’s Equation with cross section depths of 5m,10m, and 15m (Table 2)• Used UPCK1and 4 to represent boulder diameter forcritical shear stress needed for entrainment (Fig. 3band 3c)• Critical shear stress achieved at the cross section;however, flow is unlikely to maintain water depths reKquired for entrainment on open fan; UPCK4 located ~1km from cross section• Intact moraines in Little Yosemite Valley suggest therequired discharge hasnot occured• Merced River cutbank adj acent to the campgroundexposes the interior of the alluvial fan (Fig. 9). We inKterpret boulders < 1m as fluvially deposited but notboulders >1m

Hypothesis 3 : Debris Flow Deposit (reject)• Campground fan surface slope is 0 .8º , contrasting withthe 7º to 24º of other r ecognization debri s fans (Fig . 2b)• Lack of debri s flow morphology, e.g . di stingui shablecone«shaped , rough channelized surfac ewith V«shapedor rectangular channel cro ss section s, and lat eral ridgesof coar se rock debri s (Bertolo and Wieczor ek ,2005)Hypothesis 4: Rock Fall Deposit (accept)
Boulderdiameter(m) Bottom width(m) Topwidth (m) Depth(m) Crosslsectionalarea (m2) Manning’s Meanvelocity(m/s) Discharge(m3/s) Shearstress(N/m2) Criticalshear stress(N/m2)w1 w2 d a n v1 Q τ0 τcr1.4 50 70 5 300 0. 1 5.0 1494 1422 13601.4 50 95 10 725 0. 1 7.9 573 1 2845 13601.4 50 140 15 1425 0. 1 10.4 14760 4267 13603.5 50 70 5 300 0. 1 5.0 1494 1422 33993.5 50 95 10 725 0. 1 7.9 573 1 2845 33993.5 50 140 15 1425 0. 1 10.4 14760 4267 3399

Tabl e 2. Discharge and bed stress calculations for the Merced River near Happy Isles
• Exposure ages for boulders of known lithology (UPCK1, 2, 4, and 5), boulder maximumdistance of ~500 m from cliff face, inferred leucocratic zone support , and scar crossingthree lithologic units support a single rock fall event at 9.6 ± 1ka (Fig. 10)• Lack of characteristic rock fall surface morphology best explained by aggradation ofthe valley floor. Radiocarbon samples collected ~1.7 km NW of the campground overlapexposure ages within analytical uncertainty and indicate ~2.5m of alluvial fill after depoKsition of radiocarbon samples (Fig. 11) Fi gure 9. Merced River cut bank exposing the inteKrior of the alluvial fan near Upper Pines Campground.

Figure 11. Stratigraphic column of riverbank sedimentsadj acent to the Merced River downstream of StonemanBridge. Two charcoal fragments between 1207.0 and1207.5 m elevation yield calibrated radiocarbon agesbetween 10.5 and 11.7 kyr B.P. Radiocarbon ages andstratigraphic column courtesy of G.F. Wieczorek (pers.commun., 1999).
REFERENCES

CONCLUSIONS• Our evidence suggests that rock fall is the most likely scenario and we interpret thisdeposit as the result of a single large rock fall event at 9.6 ± 1ka• A largeKscale rock fall event capable of delivering boulders well into Upper PinesCampground has only happened once since the LGM , therefore the actual hazard to thecampground is relatively small• Without additional exposure ages, we infer that a second (smaller) rock fall occured5.7 ± 0.5 ka K this agrees with the notion that rockKfall hazard increases with proximityto the cliff face (e.g. Evans and Hungr, 1993)• A possible triggering mechanism for the 9.6 ± 1ka event is an estimated M >7.0 rupKture along the Owens Valley Fault zone between 8.8 ± 0.2 and 10.2 ± 0.2 kyr B.P(Bacon and Pezzopane, 2007)
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