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ABSTRACT

A U.S.ForestServicecampgroundindadjacentiking trails aresubjectedo
rock-fall activity from anearbybedrockescarpmentThecampgrounds situatedn a
glacialcarvedvalley of the Ouray,Colorado, Amphitheatein the SanJuanMountains.
A dendrogemorphicassessmemf thetreesandsteepslopessurroundingcampground
investigatethe pastandpresenstability conditionsto answerthe questionWhatarethe
spatialandtemporéa characteristicef rock fall? More specifically,for this areawhere
spatially is the slopesubjectedo rockfall activity andwhatarethe magnitudeand
frequencyof events?Also, will reconstructingarockfall chronologyusinga
dendrogeomorphimethodologyof Abiesconcolor(White fir) helpidentify potential
triggeringmechanismso answertheresearctyuestiors, thefollowing two objectives
wereestablishedor this study: (i) delineatethe spatialpatternsof rockfall activity, and
(ii) establishatemporalchronologyof rockfall activity. The spatialextentof rock-fall
activity is assesselly mappingareasof talusaccumulationsandtreesexhibitingvisual
evidenceof rock-fall activity. Visible rock-fall inducedtreedisturbancesbservedn the
studyareainclude:impactscarsreedecapitationcurvedor leaningtrees,and
eliminationof neighboringreesor 6 b r cctovwend Theareawith the greateshazardo
rockfall activity is thearealocatedbelowthe gulliesof the overlyingcliffs andsteep
slopesthescreeslopesbelowthe baseof thecliff, andfor ~70m into theforestfrom the
upperprotectiveforestboundaryand~100m from thebaseof thecliff. 6 Ce nt wees on 6

arethemostlikely to recorda growthdefectasresultof rockfall activity. Thesampling



of selectedrees with anincrementorerallowedfor microscopicanalysisof the
variationsof treering width measurement@sa treesresponséo rock-fall induced
growthdefects(GD) (reactionwood, suppressio@ndreleaseandcellularscaring/callus
tissue).Theinitiation, duration,andterminationof the growthdefects(GD) allowedfor
thereconstructiorof arock-fall chronobgy. This reconstructioralludedto the
observatiorof rockfall activity beingdominatedoy low magnitudehigh frequency
eventsandinterpretedasbeingattributedto annualfreezeandthawactivity. Forthe
time periodof investigation(19102015),no largemassmovemengeventoccurred
within the studyarea Althoughtherewereno observation®f alargescalemass
movemenevent,severalyearsrecordedabnormallyhigh rockfdl rates,asdetermined
from thereconstructedockfall chronology.Yearswith abnormakockfall ratesarea
resultof someadditionalexternalfactoré p r o ndarnd/orériggeringdthe rockfall

event.
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CHAPTERI
INTRODUCTION

Everysummerthousand®f peoplevisit the manynational,stateandcity parks
of Coloradoto experiencehebeautifuloutdoorsandnaturalwondersthatarepresent.
Forthosewho ventureinto the mountainouderrainof southwesgrn Colorado they
might experiencesomeof the naturalhazardghatarepresenin thearea includingsteep
topographyandthe potentialfor massmovementevents Oneof the commontypesof
massmovements rockfall. Thesteepslopesandcliffs of the SanJuanMountainsof are
primelocationsfor rockfall activity. Glacialcarvedvalleyshavecreatedsteepslopes
andcliffs thathavebeenexposedo significantweatheringcreatingpotentiallyisolated
areaf instability. Hiking trails andcampgroundsireoftenlocatedin theseareas
becaus®f their scenicheautyandaccesgo recreationakpots Unfortunately this places
themin areasvulnerableto massmovemenhazardsspecificallyrockfall.

State,countyandocity official havelongrecognizedockfall asahazardand
thus,theyrequirecurrentresearchhinking to recognizeandmonitor newhazardous
areasrockfall cancausesignificantlossedo life andproperty(CDEM, 2013) The2013
Coloradonaturalhazardsnitigation planreportedmorethan$3 million in damagesnd
five deathgesultingfrom landslideandrockfall activity (CDEM, 2013) Identifying
areasf rockfall activity andunderstandinghe driving forcesallows stateandcity
officials to not only planfor safety,but alsopromotepublic awarenessf the hazardof
rockfall activity andits associatedisks. A studyof rockfallscanalsolead to

preventativamitigationin necessargreas.



Many methodologiegLuckmanandFiske,1995;Nesjeetal., 1994;Bjerrumand
Jorstad,1968;Douglas,1980;Andrew, 1994)existto activelystudythe processes
associateavith rockfall; howeverthe mostaccuratemethodfor datingrockfall activity
whenalog or recordof acivity is absen is theanalysisof impactedor disturbedtrees
andtheir associategrowthresponseecordedn thetreering record(Schneuwlyetal.,
2009) This processs knownasdendrogeomorphologfAlestalo, 1971) Thegoal of
thisthesiswasto integratedendrgeomorphidechniquesvith standardgeomorphic
practcesto developarecordof therockfall activity aswell asanunderstandingf the
processesgesponsibldor activity onthesteepslopesadjacento the US Forestservice
campgroundn the Ourayarea.Theresearctirom this thesisconfirmsthe useof tree
ring analysisof Abiesconcolor(White fir) to beaneffectivetreespeciedor rockfall
analysis.

1.1 Backgroundand ProblemStatement

Ourayi,is locatedin oneof the manyglaciatcarvedvalleysof the WesternSan
JuanMountainsof southwesteriColorado(figure 1). Adjacentto the soutteasterrside
of Ourayis aU.S. ForestServicecampgroundwhichis situatedwithin alarge
amphitheater.

Thetopographywithin the Amphitheateiconsistof multiple massmovement
depositswhich havecreated?.62million m? (~82million ft®) of 6 | a n dlepdsitsd e
(APPENDIX B1). Composedf SanJuantuff mixedwith glacialdepositsof Plestocene
age,thedepositsarepresentlyo i n ad¢Read2043).Reed(2013)arguesthatZaruba

andMencl (1982)areincorrectin classifyingsuchdepositsasrelict. However,such



depositslike theamphitheatedepositscannotberelict, astheyareeitheractiveor

inactive.A landformcanberelict, but nota processClassification of this6 i n astaté v e
for thedepositds supportedy widespreadregetatiorcoveron the deposits,aswell as
intermittentlines of drainagethatextendacrosghe landslide(SkemptorandWeeks,

1976).

Reed(2013)providesa preliminaryanalysisof the extentandmechanisnof the
largeamphitheatelandslide;however the occurrenceof curvedandleaningtrees,
impactscaringof trees,andsteepslopesof alluvium/talusindicatingunstableslope
conditionssurroundingheforestservicecampgroundard field observationsugges
evidencefor additionalslopeinstability conditionsinvolving soil creep,avalanche
debris,debrisflows, rockfallsandrock slidesall of which suggesturtherstudyis
neededThis leadsto the question:couldthesistreeshold the key to understanding
rockfall activity in thisarea?

Theresearclof this thesisfocused on therock-fall activity occurringalongthe
rock facearoundthe uppercircumferencef thedeposit.Injuredanddisturbedrees
occuronthedepositasresut of rockfall activity (APPENDIX B2). Thesescarredrees
providethe opportunityto employdendrogeomorphology conjunctionwith standard
geomorphidechniquego createatemporalandspatialassessientof rockfall activity
andassociatethazards.

The problemcanbe statedas: Whatarethe spatialandtemporalcharacteristicef
rockfall? More specifically,for this area,wherespatiallyis the slopesubjectedo

rockfall acivity andwhatarethe magnitudeandfrequencyof event® Also, will



reconstuctingarockfall chronologyusinga dendrogeomorphimethodologyof Abies
concolor(White fir) helpidentify potentialtriggeringmechanisms?
1.2 Objectives

Thefollowing two objectiveshavebeenestablishedor this study:

® delineatethe spatialpattensof rockfall activity and

(i) establishatemporalchronologyof rockfall activity.

Colorado

@ Denver

;A
PR
o) i

Quray A%
L Campground

Figure 1 Studyareais locatedin the SanJuanMountainsof southwesteriColorado eastof Ouray
(Google)



CHAPTERII
LITERATURE REVIEW

A literaturereview providesthe necessarpackgroundnformationregardingthe
fundamental®f rockfall. Topicscoveredwith this literaturereviewincludethe causeof
rockfall, rockfall movementrockfall modeling, rockfall hazardasessmentand
dendrgeomorphology.
2.1RockfallFundamentals
2.1.1Causesf Rockfall

Rockfall differs from othermassmovemenprocessesn thatrocksfi f f edasl 0
aresultof gravity. Ritter etal.,(2002)definesrockfall as:

A singlemassthattravelsasa freelyfalling bodywith little or nointeraction
with othersolids.Movements normallythroughtheair, althoughoccasionabouncing
or rolling maybe consideredas part of the motion(Ritter etal. 2002pg 105).

Rockfall beginswith the detachmenof arock or rocksfrom a bedrockslopeor
cliff. All slopeshavepre-existingmorphologicalgeological,andgeotechnicaproperties
andaresubjectedo variousdegree®f physicalandchemicalweatheringLeeetal.,
1997).For eachslope,the pre-existingconditiors, suchasrock strengthdegreeof
jointing, or crackpresence&anleadto the promotionof rockfall (FarranandThenoz,
1965;Whalley,1984;Dorren,2003;Schneuwly2009).Thereforethe detachmenof a
rock from aslopeis distinguishedy theii p r o mavitice mayleadto favorable
conditionsfor movementandthefi t r i grghemeohanisnthatcausesheactualstart

of movement.



Therearemanytriggeringmechanisnthatcouldleadto rockfall, however,n
manycasestherockfall promoterandtrigger canbe addressetbgethersuchaswith the
procesf frost-thawactivity (SchummandChorley,1966;PorterandOrombelli,1981;
Dorren,2003;Matsuoka2008;Schneuwly2009).Alternatingcyclesof freezingand
thawing,in conjunctionwith moisturecanpromotefurtherweatheringandcausehe
detachmenof rockfall. Whenmoistureor water,knownascleft water,within the
intergranularvoid space( i p r ipma ro @ssotiatedi pr | par ye a bagihsi t y 0)
to freeze;joints, cracks,andfissureswill form asthevolumeincreasegTerzaghi,1962;
FarranandThenoz,1965;SchummandChorley,1966).f Se c op d a mg aibthel i t y 0
spacebetweercracksandfissures Repeatyclesof temperaturéncreaseandsubsequent
ice meltingfurtherwiden of the cracks Thefrequencyandsizeof rockfall is controlled
by the crackmorphologyandgovernedoy ther o c gei@ngability,strengthand
pronenesso failure (FarranandThenoz,1965;Ishikawaet al. 2004;Schneuwly 2009).
Thescaleatwhich freezethawactionpropagatesracksin rockswill determinghesize
of thematerialthatfalls. Also, cracksin rocksandsubsequemtemovalof finer material
may causevertical stackingwhich relieson thefrictional componentf therock type
(Hofmann,1974).Furtherinstability canbe causedy the presenc®f expansiveclays
within the cracksandjoints, thatwhenwet, createa frictionlesssliding plane(Barton
andChoubey1977).

Rockfall causedy alternatingfreezethaw cyclesaregenerallylow magnitude,
high frequerty events(MatsuokaandSakai,1999)andarecontrolledby the geological,

geotechnicalandmorphologicalcharacteof the cliff andsurfacetemperature



fluctuations(Luckman,1976;Douglas,1980;Dorren,2003).The effectsof the micro-
scaleactivity, such aswatercontentor the rateandintensityof freezingwill begreater
on cliffs composef rockswith higherporosityandpermeability(Whalley,1984).

Waterin theform of rapid snowmeltcanalsotriggerrockfall whenincreasing
temperaturdeginto meltlargeamountsof ice andsnow,outsideof freezethawcycles,
filling thecracksandjoints andincreasingporepressuréSchneuwly2009).In the
absencef freezethawcycles,rockfall canbetriggeredby extrememeteorological
eventssuchasheavyrainfall, winter storms,andwind storms(Dorren,2003).While
thereis potentialfor rockfall to haveonly onetrigger, oftenrockfall is triggeredby a
combinationof two or morefactorsof frost-thawaction,rapid melting,andheavy
rainfall (Nyberg,1991; Schneuwly2009).

Otherprocesseknownto triggerrockfall includeearthquakeéBull and
Brandon,1998;Bull, 2004),root penetratiorandwedging(Wieczoreketal., 1995,
2000),andchemicalweathering CarsonandKirkby 1972).Chemicalweatheing alters
therock strength promotingrockfall releaséyy exogenigprocesseshermaleffectsof
granulardisintegrationsaltcrystallization,andchemicalweatheringof weakeminerals
(CarsomandKirkby 1972;Whalley,1984;Matsuoka2008).

Whencomnon triggerssuchasprecipitation seismicactivity, andfreezing
conditionsareabsentgcyclic andcumulativedeformationof exfoliationsheetsan
triggerrockfallsfrom the thermalheatingandexpansiorof rock surfacegCoutardand

Francou1989;Gunzhurgeretal., 2005;Collins andStock,2016).



Finally, humanactivity candestabilizerock slopesthroughequipmenvibrations,
undercuttingof slopesfor roads,or loadingfrom infrastructurgGiardino,in review). In
addition,humansandanimalscandetchlooserockswhenclimbing steepcliffs or
slopes(Dorren,2003).
2.1.2RockfallMovement

Rockfall analysisinvestigateshe objective6 h a doéthedockfall itself, andthe
associatedriskd Hazardandrisk areoftenusedinterchangeablyeventhoudh theydo
not havethe samemeaningThe6 h a disthe dourceof potentialdangerassociated
with rockfalls,andincludesaspect®f the slopesgeologyandgeomorphologyVarnes,
1978;White andWait, 2008).6 R ibis the chanceor probability of rockfalls interacting
or causingdamageo humanilife or property(SchusteR. L., 1978;Ritter,2001;White
andWait, 2008).

Theinitial detachmentf arock fragmentis calledfi p r i ma m g \Rasting .
materialthatbeginsto moveatfterits original weatheringwhenheavyrain or snowmelt
createsamechanisnfor materialtransporis calledfi s e ¢ o mal rao acknian,
1976;Whalley,1984).A detachedock descending slopeis distinguishedy different
modesof motion,which mainly dependon the meanslopegradient.Thethreemain

modesof motionarefreefalling,bouncingandrolling on aslope(figure 2).



30°
Roll/Slide/Stop

45°
90° 70° Roll

Fall Bounce

Figure 2 Rockfall modesof motionalonga slopein relationto the meanslopegradientgmodified from
Dorren,2003)

Thelocationandtype of movemenbf arockfall onaslopeis dividedinto three
zonesof thedeparturezone transitzone,anddepositionzone(Dorren,2003;
Schneuwly2009)(figure 3). The pointwherearock fragmentdetache$rom the slopeis
calledthedepaturezone.A cliff slopeof 70°is neededor arockto fall (Dorren,2003).
A falling rockés initial impactwith the surfaceof a slopeis definedasa bounceandwiill
generallybreakup into smallerpieces(BozzoloandPamini,1986).Thefirst impactwill

lose75-86% of theinitial energygainedfrom falling andis relatedto sloperock



hardnessslopesaturationanddegreeof loosematerial(EvansandHungr,1993).When
theangleof aslopedecreaseto 45°, abouncingrock will accumulateotationalenergy
andbeginrolling. A rockwill continueto loseenergyasit descends slope.Thetransit
zoneis themiddle partof the slopewhereno primaryremovaloccursbelowthe
departurezone(Schneuwly2009).Rockfall materialis 6 p a stisroughighetrarsit
zoneastheslopeangleis too high for permanenstorage Restingmaterialin thetransit
zonecanbereactivatedassecondaryemovalandcontinuedownslope.Whenarock
comedto rest,it is depositedn the depositionzone,typically wherethe slope flattensto
anangleof 30° (BUWAL etal., 1997).The exactcritical anglehowever,is dependenbn
therock shapgAzzonietal., 1995).

Therunoutdistancedepend®n the meanslopegradientrock size,andslope
cover(soil, talus/screeandvegetatim) (Azzonietal., 1995).Largerrockswill tendto
travelfartherbecauseheywill havea higherkinetic energythansmallerrocks,which
aremorelikely to be stoppedoy treesandlargebouldergDorren,2003).Becausef
this, rockfall slopeswill showevidenceof clastsortingwith smallermaterialdepositing
atthebaseof thecliff asatalusslopeandlargerbouldersfurtherdownslope.Onalpine
slopesjargebouldersmayalsobetransportedurtherdownslopeby avalanchesothe
bouldersizeandtalasslope/forestednteractionshouldbe carefullyconsidered
(Schneuwly2009).

Thestoppingof arockis a procesghroughwhich energyis lostthrough
collisionsandby friction. Frictionis theresultof rock shapeandslopesurface

characteristic$BUWAL etal.,1997;Azzonietal., 1995;Dorren,2003).Thefriction

10



components realizedusingthe dynamicangleof friction (Kirkby andStatham1975)

andthe surfaceroughnes¢Chang,1998;Andrewetal., 2012).

Departure Zone Transit Zone

Deposition Zone
— |

[ ] 1 l

Figure 3 Schemmatidiagramof the Ourayrockfall slopeunderinvestigationsubdividednto departure,
transitanddepositiorzonewith graphicalrepresentationfthei Fa hr b & 8 g &nétlieA mi ni mu m

shadowa n g (medified after Buwal etal., 1997;Dorren,2003; Schneuwly 2009

Experimentabtudies BUWAL, 1997;AzzoniandRossi,1991)and
reconstructiongRickli etal., 2004;Dorrenetal., 2006)suggestockfall materialcould

haveaveragevelocities~ 11 ms* (~36fts™), maximumvelocities~30ms* (98 fts?), and
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largebouldersreachingeboundump distance®f ~30m (~98ft) andaveragéheights
of 1.5m (5 ft), max.8 m (26 ft).

Rockfallmovementendsto be mostfrequentalongthe gullies of steepslopes
(Whalley,1974).Gulliesandlargecracksoriginatefrom 6 r e soOstikssein the
mountainasaresultfrom orogenicactivity (Hast,1969).Gullies collectrain and
snowmeltasa channelizedlow andisolatingthe erosiveforce of the waterto alimited
area.Thecollectedwateralsosaturatesnto the surroundingocksinducingincreased
weatheringspecificallysuitablefor freezethawconditions Becausef this, primary
removal/rockfallis morelikely in gullies.In addition,gullies provideandcollectsmall
talusmaterialwhich canbeactivatal or reactivatecassecondaryemovalfrom the
rockfall impactof previouslyweatheredocks(Caine,1974;Whalley,1984).Thus,
rockfall activity in gulliesarefrequentandprovideanabundancef smalltalusmaterial
downthesteepslope.In contrastputtressesremuchlargerandrarerfalls dueto the
complexnatureof theforcesandstresseappliedto therock slope(Hast,1969;Whalley,
1984).
2.1.3RockfallModeling

Rockfall modelingof calculatingrunoutzonesbheganasaway to satisfythe
geneal principle of hazardmappingprocedurea) determinethelocationof the hazard
potentialanddeparture/releassonesandb) estimatemaximumrun-out distances
(BergerandDorren,2006;Bergeretal., 2013).Thediffering modelsaim to understand

how falling rocksmovealonga slopeandestimaterun-out distancesThethreemost
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commonmethodologiesor rockfall modelingincludeempiricalmodels processhased
modelsandGIS-basednodels(Dorren,2003;Bergeretal., 2013)

Empiricalmethodsarecommonlyusedfor identifying potentialreleaseand
propagatiorzonesbhasedn therelationshipdbetweertopographicafactorsand
maximumrockfall run-out distancegDorren,2003;Bergeretal., 2013).Probabilistic
empiricalmodelsuseanalysisof pastdatabase@BergerandDorren,2006).Heim (1932)
introducedthe Fahrbdshungangle,or the EnergyLine Angle (ELA) which statesfor
anyrockfall, thereis a specificslopeanglebetweera horizontalplaneanda straightline
thatconnectghetop of therockfall saurceto the stoppingpoint (figure 3). Evansand
Hungr(1993)proposedhe minimumshadowangleasanalternativemethod.The
minimumshadowangleis theanglebetweera horizontalplaneanda straightline
connectinghe pointwherethe baseof a cliff interceptsatalusslopeandthelongestrun-
outboulder(figure 3). EvansandHungr (1993)suggestsa minimumshadowangleof
27.5°for maximumrockfall run-out distances.

In additionto empiricalmethodsprocesshasednethodsnodelthe modesof
motionalongaslopesurface(Dorren,2003).With theadventof moderntechnologies,
theseempiricalandprocesshasedmethodscanbe simulatedrockfall motionandits
interactionwith the slopesurfacein threedimensionabpaceGlS-basednodels).GIS-
basednodekidentify the sourcearea,determineshefalltrack, andcalculateghe run

outzone(HeggandKienholz,1995).
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2.2HazardAssessment

Thehazardanalysisandrisk assessmemf rockfall hasreceivedncreased
interestoverthelastcoupledecadesA successfuhazardassessmentill investigate:
the specialextentof whererockfall occurs rock-fall frequencyandmagnitudeand
potentialtriggeringmechanismgSchneuwly 2009).

Many techniquedavebeenappliedto gatherdataassessingock fall activity.
Lichenometryis usedto compardichensizeto annualgrowthrates(Luckmanand
Fiske,1995).Lichenometryassumeshelargestlichengrowingon asurfaces the
oldest.Thus,if growthratesareknown,the minimumageof whenarock wasdeposited
canbe estimatedrom the maximumlichensize(Bull andBrandon,1998,Bull, 2004,
PorterandOrombelli,1981).Mappinganddatingof rockfalls by studyinglichen
growingon the surfaceof bouldersandtalushasbeensuccessfullycarriedout by (Hale,
1967;CararaandAndrews,1973;PorterandOrombelli,1981;LuckmanandFiske,
1995;Bull andBrandon,1998;Bull, 2004).

Nesjeetal. (1994)usedanothemethodin datingrockfall depositdyidentifing
uniqueweatheringndicatorsasaresponséo hammeimpact OtherssuchasBjerrum
andJorstad1968)andDouglas(1980)measuredjualitativeandquantitativeresultsof
rockfallsby collectingfallen materialon largetarpsor blanketsandrecordingrock type,
size,anddistributionof sizeovera setperiodof time andstatisticallyapplyinga variable

meanin monthlyincrementverthecourseof ayear.
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In recentyears,dendrogeomorphitechniquesavebeenappliedin rockfall
reconstructionso establishspecificrockfall rates(Stoffel etal., 2005b;Stoffel &
Bollschweiler,2008; Stoffel, 2006;Schneuwlyetal., 2009).

As aresultof roadsbeingconstructedn areasof steepterrainwhererockfall is
commonmanylocal andstategovernmentfiavedevelopedazardrating systemso
assesshelocal hazardousonditionsof roadwaysandpopulousareasThe Colorado
Departmenbf TransportatiofCDOT) developedhe Coloradofi R o ¢ KHézardRhting
Sy s tfim®HR@rdrew,1994; modifiedby Russell 2005;Russelletal., 2008).
This approachranksthe dominatingfactors(geology,slopemorphology rockfall
volumeor triggeringfactors)thatcontributeto rockfall (table1) andcategorizesock
slopesto produceanoverallhazardrating (PatrickandManitou-Alvarez). The Colorado
RHRSwasoriginally designedo asesstherockfall hazardgo roadsandstate
highways.Authorssuchas(Guzzettietal., 2003;JaboyedoffandLabiouse 2003;
PatrickandManitou-Alvarez) havemodifiedtheseratingsystemgo emphasiz¢he

hazardsassociatedavith the slope,climate,andgeological characteristics.
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Table 1 TheColoradoDepartmenbf TransportatiofCDOT) A R o ¢ KHézardRhtingS y s t c& im® H R(8am Russell,2005)

Colorado Rockfall Hazard Rating Field Worksheet

IROUTE NO [MAINTENANCE SECTION
COUNTY R LOF CENTERUINE
Actual Values
Slope Height Ditch Depth Major rockslide potential:
Slope Angle Sight Distance Dominating rockfall mode: Block-in-matrix | Sedimentary rock/ Crystaline rock
Ditch Skope Speed Limit o) ) sight dist Hori |/ Vertcal
Ditch Width ADT Mitigation effectiveness: A B C D F
Rating Cut Slope / Total Slope (Circle one)
3 Points 9 Points 27 Points 81 Poinis
Slope Height 2510 501t 50t0 75 ft 75 to 100 ft >1001
o |Rockfall Frequency > 2 years 110 2 years Yearly, seasonal Yearround / severe evenis
5 |Average Slope Angle Score Oto2 2104 4108 >8
» Launching Features None (smocth slope) Minor (< 2 ft_ surface variation) Many (2 to 6 ft. surface vanation) Major (> 6 ft. surface vasiation)
Ditch Catchment 95% to 100% / Class 1 65% to 94% / Class 2 30% to 64% / Class 3 < 30% / Class 4 / > Majer launching features
5 Annual Precipitation < 10 inches 1010 20 inches 20 to 35 inches > 35inches
E Annual Freeze Thaw Cycles ito5 610 10 111015 16 o more
B Seepage [ Water Dry Damp / wet Dripping Running water
Slope Aspect N E, W, NE, NW SE, SW S
. « |Degree of Under-Cutting Oto 1t 1to2ft 2to4ft >4f
2 8 [dar siake 5 s 3to4 1102
Degree of Interbedding 110 2 weak interbeds, < 6 in, 1 to 2 weak interbeds, > 6 in. > 2 weak inferbeds, <6in > 2 weak interbeds, > 6 n.
Gk Rock Character Homogencus / massive Small faults / strong veins Schist / shear zones < 6 in. Weax pegmatite / micas/ shear zones > 6 n
g;o’ Degree of Overhang 0to1ft 102 2t04ft >4ft
Weathering Grade Fresh Surface staining Slightly altered / softened Core stones
§ A |Block Size / Volume <ifi/ <igy 1t02fi/ 1t03¢y 2to5ft/ 3lo10cy >5ft/ >10cy
E £ [Number of Sets 1 1 plus random 2 >2
Q E Persistence, Orientation < 10 Rt and dips into siope > 10 #t and dips inb slope < 10 ft and daylights out of sicpe > 10 ft and daylights out of slope
:‘; Aperture Closed 0.1t0 1 mm 1toSmm >5mm
g Weathering Condition Fresh Surface staining Granuar infling Clayinfiling
Friction Rough Undulating Planar Slickensided
£ |Block Size (x3) <1f 1to2ft 2t05f >5h
3 Z [Block Shape (x3) Tabular Blocky Blocky to angular Rounded and smooth
@ |vegetation (x3) Fully vegetated Patchy vegetation llsolated plants None
Total Hazard Score:
o [Sight Distance > 80 % 60 % to 80 % 40 % 10 60 % <40%
% Avg. Vehicle Risk 010 24% 25 to 49% 5010 74% 75% or more
" INo.of Accidents 0102 3105 608 9 and over
Total Risk Score:

Additional Rater's Comments:
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CHAPTERIII
STUDY AREA

This chaptemprovidesanoverviewof theinvestigatedstudy area;thelocationof
thestudysite; howto accesshe site;andanoverviewof its geology,geomorphology,
climate,andvegetation.
3.1StudyArea

Thestudyareais located~2.4km (~1.5miles) northeasbf thetown of Ouray,

( 38 A1 Nj2 4 nj W) Coloiado UkittgStategfigure 1). Thestudyarea
encompassebe NationalForestServicecampgroundat anelevationof 2,580m (8,470
ft).

Accesdo thestudyareafrom Ouray,CO, is providedby countyroad16 off of
StateHighway550. Theinvestigatedorest,asoutlinedby thethin dashedine in figure
4 is locatedbetweer2,560and2,660m (8,400and8,730ft) elevaton northeasbf the
campgroundindhasanareaof 43,500m? (468,230ft?).

3.2 Geologyand Geomorphology

The steepslopessurroundng the campgrounds coveredby Quaternarytalus
overlyingPleistocendandslidematerialcomposedf SanJuantuff mixedwith glacial
depositsTalusmaterialis derivedfrom the nearbybedrockescarpmentomposeaf
Pennsylvaniaii Tertiarysedimers (figure 5, figure 6). The entirestudyareanotedby
theboldeddashedine of figure #, whichinclidesall departureanddepositiorzones

covers~ 325500 km? (3,501,527t?).
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Study-area ™:325,500 km?
20-43,501,527 ft2).
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o
-
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-~

Forest a{.‘e;r'“ 43500 m?
(868,23¢ ft?)

Figure 4 Studyareais locatedin the SanJuanMountainsof southwesteriColorado,eastof Ouray,as
denotedby bold blackdashedine
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Figure 5 Schematidiagramillustratingkey slopecomponents

Figure 6 (A) FracturedSandstonandinterbeddedimestoneandshalecliff is the sourceof therockfalls;
(B) Talusbuildupinto steepslopes;(C) Vegetatedlopesactingasa protectiveforestto falling debris

(Photosby Author)
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Rocksarebeingdetachedrom a~430m (~1,400ft) thick sectionof intervening
cliff s, slopesandledgesof varioussedimentaryithologies(figure 5; figure 6; figure 7,
figure 8) (Crossetal., 1907;LuedkeandBurbank,1962;Franczyk,1993;Luedkeand
Burbank,1994).Thebaseof thecliff/talus slopeis ~80 m (~260ft) of cliff forming
massivered-pink gritty channelizeesandstonesiltstoneandshaleof the middle member

Pennsylvaniaidermosaormation(Ph). Also presentareoccasionainterbeddedhin red

andgrayfossiliferousshalesandlimestone.This unit hashigherconcentrationsf
feldspathicandconglomeriticsandstoneandmicaceoushalesThemiddle Hermosas
highly fracturedprovidingevidenceor differentialweatheringandpossiblefrost
wedging(figure 6 A).

TheupperHermosas ~90m (~ 300ft) thick andgradedrom greenishgray
ledgesandcliffs of thin- to thick-beddedredarkosic,coarsegrainedsandstonand
conglomerateo partially vegetatedscreeslopeconformablewith the overlying Permian
Cutlerformation(Pc).

Within the studyareathe Cutleris mostlyidentifiedaspartially vegetated
talus/screslopesof the northeasandbenchesndcliffs to the southwestTheupper
contactwith theoverlying TriassicDoloresformation(Trd) is anangularunconformity.
Thenearly60 m (200ft) thick sectionpinchesout to zeroto the east Whereexposed,
the Cutlercropsout ashenchesandcliffs of thin to massivebeddedoink to reddish
brownshalessiltstonesandsandstonesl he Cutleralsohasconglomeratéedsof

pebblesandcobbleswith verylittle interstitialmaterial.Conglomeratenaterialis
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predominantlyPrecambriaimetamorphi@andigneousrocksaswell as,limestone
derivedfrom the olderunderlyingrocks.

Theoverlying TriassicDoloresformationcropsoutas12-24 m (40-80 ft) of
steeprubblecoveredslopesor cliffs andbencheslueto its variablelithology. The
Doloresis composedf sandston@andsiltstonewith minor mudstonesjimestonesand
conglomerateslhethin bedsof sandstonarereddishbrownandthethick bedsof
massivesandston@remottledredandwhite. The mudstonas reddishbrown, greenand
yellow andthelimestonesandreddishbrownconglomerateareon average3 m (1 ft)
thick.

The steepto roundedwhite cliffs abovethe Doloresis the JurassicEntrada
Sandstonéormation(Je).The Entradais afriable, calcareousfine-grainedquartz
sandstonevith thick to massivecrossbeddinglhe sandstonés observedo be 12-24m
(40-801t) thick within the studyarea.

Theentradas overlaidby the JurassidVanakahformation(Jw) which cropsout
asacliff in lower partandgentleto steepslopesn upperpart. LuedkeandBurbank
(1962,1994)brokethis unit into threemembersthe lower limestoneandbreccia(Pony
Expresdimestonemember) amiddle sandstonéBilk Creeksandstonenember)andan
uppermarkmudstongMarl member).Thelower memberis composedf thinly bedded
darkgray/blacklimestoneandinterbeddedlack bituminousshale Theupperpartof the
Bilk Creekmembercontainsnodulargypsumsurroundedy darkblackshaleandporous
breccia.Themiddle membercontainsgreeniskgray, silty or fine grained,calcareous

sandstonandgreenisishalesThesandstonés veryfriable exceptwheremineralized
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andcontainsathin resistivebedof greenishgray mediumgrainedsandstonevith jagper
grainsthatis commonamongthefallen talusandalluvium debrisin theforeststand.The
uppermarlmemberis composeddf thin-beddedreddishbrown,calcareousnudstone
siltstone interbeddedvith fine sandstoneandnodularcrystallinelimestonesMuchlike
themiddle memberthe upperWanakahalsocontainsa greenishbedof silty limestone
with jaspergrainsandgreenchert. TheWanakahs 12-24 m (40-80 ft) within the study
area.

Thecontactbetweerthe Wanakahandoverlying Jurassidviorrisonformation
(Jm)is markedby aline of treeswherethe steepcliff gradednto ledgescliffs, andsteep
slopegpartially coveredby a soft layerof weatheredock andsoil. TheMorrisonatthis
locationis ~210m (700ft) thick andcanbebrokeninto two lithologic units,thelower
SaltWashsandstonenemberandthe upperBrushyBasinshalemember Thelower Salt
Washis afine to mediumgrainedsandstonevith interbeddednudstonesndthe
occasionalimestonebed.Lenticular andcrossbeddingis commonwithin thelower
SaltWash.Jointsurfacesaresometimesoveredoby carbonatesThe sandstoneare
yellowishwhite, yellowish brownandpink andin situ weatheredurfacesareoften
coveredn i b | blackdesertv a r n Therumherof mudstondayersandtheir
thicknesancreasen the upperpartof the SaltWashmemberandgradesnto the upper
BrushyBasinshalemember.The BrushyBasinmembeiis a calcareousnudstonavith
interbeddedine sandstoneandlimestones.

ThePacktrail crosseghetop of theridgeat~3,078m (~10,100ft) throughthe

slightly weatherectliffs of the Cretaceou®akotaSandstonéormation(Kd). Thecliffs
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havethin to massivdenticular,crossstratificationandgradedsandstond&eds.The
sandstoneareyellowishgray,andyellowish white andlocally ~30m (~100ft) thick.
TheDakotaat this locationis heavilyvegetated.

The Dakotais uncomfortablyoverlaidby a PorphyriticGranodiorite(gp)
associateavith the Laramideorogenyduringlate Cretaceousarly Tertiary.It is
uniform in compositionandtextureandis 12-30 m (40-100ft) thick andthickensoutside
of thestudyarea.

Much of stratigraphyis coveredo the eastof the studyareaby Pleistocene
landslidedepositamixedwith alluvium andglacialtill. Severalargegullieshaveformed
alongthe steepslopesandcliffs cuttingthroughthe multiple lithologies. Thesegullies
actto channelizeunoff from stormsandmeltwaterandareprime exampleof the

variability of thedifferentrock types resistivity.
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Figure 7 Geologicmapof Ouray,Coloradoandthe studyarea(modified after LuedkeandBurbank,1962)
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