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1.0 INTRODUCTION

Detailed investigationsof geologic,geomorphic,and seismicconditionsat
the Bodo Canyon disposal site were conducted. The purpose of these
investigationswas basic site characterizationand identificationof potential
geologic hazards that could affect long-term site stability. Subsequent
engineeringstudies, such as analyses of hydrologicand liquefactionhazards,
used the data developedin these studies. The geomorphicanalysis was employed
in the design of effectiveerosionprotection. Studiesof the regionaland local
seismotectonicsetting, which included a detailed search for possible capable
faults within a 65 kilometer (km) (40-mile)radius of the site, provided the
basis for seismicdesign parameters.

The scope of work performedincluded the following:

o Compilationand analysisof previouspublishedand unpublishedgeologic
literatureand maps.

o Review of historicaland instrumentalearthquakedata.

o Review of site-specificsubsurfacegeologic data, includinglithologic
and geophysicallogsof exploratoryboreholesadvanced in the site area.

o Photogeologic interpretations of existing conventional aerial
photographs.

o Ground reconnaissanceand mapping of the site region.

The Bodo Canyon site and the immediatelysurroundingarea, out to a radius
of about 1.6 km (one mile), by definition of the Technical Approach Document
(TAD) (DOE, 1989) are referred to in this section as the "site area." The
surrounding region, to a radius of 65 km, will be referred to as the "site
region." The area is not identifiedas "Bodo Canyon"on topographicmaps, but
rather is taken from the name of the former landowner.

The followingtopics relevantto the stabilizationof mill tailings at the
Bodo Canyon disposal site are discussed:

o Characterizationof the regional geologic setting and its correlation
to site geology.

o Identificationof geomorphic hazards and suggestions for mitigative
measures.

o Seismotectonic evaluation to provide initial design earthquake and
accelerationparameters. Subsequentengineeringanalysesto assessthe
liquefactionpotentialand slope stabilityfully.

o Identificationof other geologic hazards, including secondary seismic
• hazards,impactsfromfuturemineralresourcesdevelopment,and problems

related to site stratigraphyor unconsolidateddeposits, fractures,or
structures.
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This documentrepresentsa compllatlonof severalreportsby the U.S.
Departmentof Energy(DOE)as llstedbelow,on the characterizationof the
OurangoandBodoCanyonsites. Thlsgeologyattachmentispresentedin a revlsed
formatadoptedin Igg0for consistency.In addltion,data and interpretation
resultingfrom fieldinvestigationsconductedin the fallof !g8gwere usedto
reviseand updatethe earllerreports. The proceduresused in the seismic
stabi!ity analysis followed the technical approachtn use in lg85 andprecede the
adoption of the current technical approach formulated tn 1986 (DOE,1986), The
findings, however, provide essentially the sameconservative design that the
current approachwould g_ve.

The following publications were used to comptle this report and are
subsequentlysupersededwtth regard to site geologic characterization. The full
title of the publications can be found in the reference list at the end of this
document.

DOE, lg84a DOE,1985c
DOE,1984b DOE,%g85d
DOE, lg85a DOE, lg85e
DOE, lg85b DOE,1986

• I.I CRITERIAAND DEFINITIONS

The followingis a discussionof the standardsand definitionsthat
were appliedto the evaluationof geologichazardsat the Bodo Canyon
disposalsite.

o Desianllfe. As specifiedby the U.S. EnvironmentalProtection
Agency(EPA)standardsfor remedialactionsat inactiveuranium
processingsites(I0CFR40),thecontrolsimplementedat Uranium
Mill TailingsRemedialAction(UMTRA)Projectsitesare to be
effective for up to 1000 years to the extent reasonably
achievable and, in any case, for at least 200 years. In the case
of assessing seismic and geomorphic hazards, the criteria
establishedandthemethodologiesapplied seekto ensurethatthe
stabilizedmaterialswill not be damagedby earthquakeground
motions,relatedgroundrupture,or erosionalencroachmentforup
to I000years.

o _apablefault. A capablefaultisa faultthathas exhibitedone
or more of the followingcharacteristics:

- Movementat or near the groundsurfaceat leastoncewithin
the past 35,000years, or movementof a recurringnature
withinthe past500,000years.

- Macroseismicltyinstrumentallydeterminedwith recordsof
sufficientprecisionto demonstratea directrelationshipwith
the fault.
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- A .structural relationship to a capable fault such that
uovementon one fault could be reasonably expected to cause
movementon the other.

e.

This defin|tton ts essentially the one adopted by the U.S.
-, Nuclear Regulatory Commission(NRC)for the siting of nuclear

powerplants (10 CFR100, Appendix A, 1975).

o Acceleration. Wtthin the context of the UHTRAProject studies,
acceleration ts defined as the mean of the _)eaks of the two
horizontal componentsof an accelerogram recoro. The exact term
used |s "peak horizontal acceleration." The design acceleration
maybe detenained by.probab|listtc and detemtnistic techniques
or Bay be based on attenuation-magnitude relationships as
appropriate for the database and seismotectontc characteristics
for the region, consistent wtth standard practices.

o Maqnitude and Intensity. Magnitude was originally defined by
C. F. Richter as the base-lO logarithm of the amplitude of the
largest def]ection observed on a torsion seismograph located
100 km (62 miles) from the epicenter. This local magnitudevalue
maynot be the sameas the body-waveand surface-wave magnitudes
derived from measurementsat teleseismic distances. Unless
specified otherwise, local magnitude (Hl) values are used in the
UMTRAProject seismic hazard evaluations.

Intensity is the index of the effects of an earthquake on the
humanpopulation andstructures TheHodified Hercalli Intensity
(MH1) scale is used in the UMTRAProject studies.

Becausepre-instrumental earthquakes are reported in intensity
and morerecent instrumental records are in magnitude, there may

. be a need to re]ate these values. Several equations have been
proposed. Unless otherwise specified, the relationship developed
by Gutenbergand Richter (1956) ts applied° This equation is as
follows:

M- 1 + 2/3 lo

Where M - magnitude on the Richter scale and lo - Modified
Mercalli Intensity. (_I) tn the epicentral area.

o MaximumEarthauake. The ten, HaxtmumEarthquake (ME) wasdefined
by Krinitzsky andChang(1977) as "the ]argest earthquake that is
reasonably expected" on a given structure or within a given area.
That definition ts applied in UHTRAProject seismic hazard
studies. No recurrence interval ts specified for such an event.
Essentially, the ME ts equivalent to the MaximumCredible
Earthquake .(M.CE)event as defined tn 10 CFR 40, Appendix A,
Criterion 4(e).
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Geomorphicevaluation

The purpose of the geomorphicevaluationof UMTRA Projectsites is
to characterizethe currentgeomorphicconditionsand to assessthe impact
of geomorphic processeson the long-termstabilityof the disposal cell.
These evaluationsare restrictedto the assessmentof natural geomorphic
processesand the geomorphiceffectsof past land-use activities,but do
not address the effect of future human activities.

Schumm and Chorley {1983)have prepared a detailed publicationpre-
senting a theoreticaldiscussionof geomorphicprocesses that may affect
a tailings site. Nelson et al. (1983) present a handbook approach to
specific methods for site assessment,engineeringproceduresfor mitiga-
tion, and confidence levels for hazard predictionsover periods of 200,
500, and I000 years. The methodologiesand criteria presented in these
publicationswere used as guides for the geomorphicinvestigationsof the

: Bodo Canyon disposalsite.

1.2 SCOPE OF WORK

Compilationand analysisof previouswork

A review of all pertinent stratigraphic, lithologic, tectonic,
seismologic,geophysical,geomorphic,mineral resource,soils literature,.o

and maps of the site region was performed. A GeoRef data search was
employed to ensure complete coverageof all published information.

The study region is coveredby the publishedstate geologicmap, by
.1o x 2° quadranglemaps, and by several 7.5- and 15-minute quadrangle
maps. Copies of all publishedmaps and open-filereportscovering a 65-km
radius of the site were obtained and employed in the fault compilation.
All faults identifiedduring the survey were compiled onto a single base
map for use in subsequent analyses. A search was also made for other
unpublished seismic evaluations for large engineered structures (dams,
power plants,waste disposal areas, and the like).

EarthQuakedata compilations

Historical earthquake data for the area within a 200-km (124-mile)
radius of the Bodo Canyon disposal site were obtained for this study.
Publishedprobabilisticseismichazard studiesfor the United States were
reviewed, as were ME estimates for remote seismotectonicprovinces, such
as the Colorado Plateauand Rio Grande Rift.

Subsurfaceqeoloqic data

Subsurface geologic data obtained in the site area for this study
consist of logs of boreholesand backhoe test pits advanced on the site.
Boreholeswere drilledto depths rangingto 400 feet to assess groundwater
conditions,subsurfacestratigraphy,and engineeringcharacteristics.Test
pits were advanced to depths of 4.5 to 10 feet. Numerous wells and test
pits were completed.
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Ground reconnaissance

Ground reconnaissance and field verification of geologic and
geomorphic features in the site region were performed by geologists
concurrentlywith the other phases of this study, includingsite selection
process, and investigationsat the processingsite.

Mapped faults and unmappedfaults and lineamentswithin 40 km of the
site were delineated by an inspectionof aerial photographsand by field
inspections. This includedfaultsthat could potentiallybe design faults.
Particularattentionwas paid to potentialgeomorphichazardsat the site,
includinggully erosion, landslides,and mudflows.

Photocleoloqicanalysis

Photogeologicanalyses performed for the Bodo Canyon site included
analysis of conventionalstereo-pairaerial photographs,both color and
black and white. The aerial photographswere also used in the geomorphic
characterization of the site and during identification of potential
geomorphichazards.

-5-



2.0 REGIONALGEOLOGY

2.I REGIONALPHYSIOGRAPHY

The Bodo Canyon disposal site is located southwest of the city of
Durango in La Plata County, Colorado. The site lies in the Colorado
Plateau just south of the boundary with the Southern Rocky Mountains
physiographicprovince (Figure 2.1). The Animas and La Plata Rivers,
tributariesof the San Juan River, flow throughthe area from the San Juan
Mountains portion of the Southern Rocky Mountains province to the north.
The San Juan River, a major tributaryof the ColoradoRiver,drains the San
Juan Basin portion of the Colorado Plateauprovince (Hunt, 1974).

The northern San Juan Basin located within the Navajo section,
Colorado Plateau, is characterizedby southwest-trending'hogback" (ridge
and valley) topography. These hogbacks generally have steep northern
slopes and gentler southern slopes. The highest ridges in the site area
are over 8000 feet above mean sea level,with relief exceeding 1200 feet.

4

The valleys between the hogbacks are drained by intermittentor
ephemeral streams that trend parallel to the hogbacks and roughly
perpendicularto the Animas and La Plata Rivers. Although they generally
carry little water, these drainages have eroded deep gullies into the
alluviumand shales underlyingthe valleys.

Geomorphic settinq

The Bodo Canyon disposal site is along the HogbackMonocline,which
forms the northwest edge of the San Juan Basin. Bedrock types in this
region include alternatingsandy and shaley formationsthat range in age
from Cretaceous to early Tertiary. The dips are generally south to
southeastand decrease toward the basin center.

On a bro_d scale, the geomorphicfeatures of this region reflectthe
monoclinal structure,the varying resistanceof the bedrock formationsto
erosion, and Quaternary incisio_ of the Animas and La Plata drainage
systems. Hogback ridges with steep northern slopes and gradual southern
slopes,underlainby relativelyerosion-resistantsandstones,are separated
by strike valleyscut into softer shales.

Segments of the drainage system typically run either parallel or
obliqueto the structuraltrend. Streamcapture appearsto have played an
importantrole in the developmentof drainage patterns.

During Quaternary and possiblylate Tertiary time, fluvial incision
has been influenced by repeatedglaciationsin the La Plata and San Juan
Mountains. Cyclic changes in river behavior have produced a series of
glaciofluvialoutwash terraces along each river and along some of the
largertributaries. Along the Animas River, the gradientsof the terraces
decrease from late Pliocene to middle Pleistocene time, suggesting
continuedtectonicuplift in the San Juan Mountains (Gillamet al., 1984).
However,the gradientsof late Pleistoceneterraces and the presentAnimas
River gravel are very similar, so that the uplift appears to have slowed
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or terminated. Therefore, the Durango area was considered tectonically
inactive for the scope of this investigation.

_Climaticsettin_.q

Paleoclimatictrends, although difficultto determine, indicatethe
general range of climatic conditionsthat may occur during the next 1000
years, and thus provide a basis for assessing the effects of climatic
change on the tailings site and the impoundmentstructure.

Unfortunately,paleoclimaticreconstructionsare imprecise because
they measure the indirectresponsesof biologicalor geologicalphenomena;
in turn, these phenomenahave varyingsensitivitiesand responsetimesand
may reflect different climatic variables. Recent research has suggested
that the seasonal distributionof temperatureand precipitation,as well
as annualmean values,significantlyaffectgeomorphicprocesses. However,
seasonal influences a_e not yet sufficientlyclear to be evaluated on a
practicallevel.

One source of error in paleoclimatic reconstructions is natural,
local climatic variability. In an analysis of historical precipitation
recordsfor the RockyMountains,Bradley (1976)notes that local conditions
in adjacent areas cften deviate from historical records or from regional
trends. Therefore, inaccuraciesmay result from extending paleoclimatic
interferencestoo far from the site of data collection.

Present climate

The climate of the Durango area is semiarid, with minor local
variationsresultingfrom differencesin elevation,sun exposure,and wind
channelization. Because little climatic data are available for the
surroundingarea, historicalmeasurementsat Durango are consideredto be
broadly representative.

z

For Durango,the mean annualtemperatureis 46.0° to 46.7° F and mean
. annual precipitation is 15.6 to 19.2 inches (NOAA, 1985; SCS, 1954).

During 19B2, when a meteorologicalstationwas operated at the Bodo Canyon
site, the daily temperature range was only slightly greater than at
Durango, but the mean annual temperaturewas identic,l.

Monthlyprecipitationis slightlyhigher during the summer and fall.
Snow may occur from October to May, and is most abundant in December and
January. Potentialevapotranspirationexceedsprecipitationfrom April to
October.

Postqlacialclimate_

The contrast between glacial and interglacialclimates should be
greaterthan the maximum long-termshift in climate that could be expected

: in the Durango area during the next 1,000 years. The last full glacial
period in the southwesternUnited Stateswas probablya pluvialperiod with
increasedprecipitation,cool summers, and relativelymild winters, or it
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may have been characterized by very cold temperatures and precipitation
similar to today's.

The difficulty of isolating changes in temperature and precipitation
• has been summarized by Barry (1983) from data on southwestern lake levels

during the 1ast glaciation. Water balancecalculations have shownthat the
glacial high level of Warner Lake, in southern Oregon, could have been
maintained with a 9° F temperature reduction and a 33 percent precipitation
increase. Lake Estancia,New Mexico,could have existedwith a temperature
reductionas great as 18° to 20° F, even If precipitationdecreased10 to
20 percent. Lake Bonneville could have been maintained either with a
temperaturedecreaseof 13° F and a _recipitationincrease of go percent,
or with a temperaturedecreaseof 2g_F and a precipitationdecreaseof 50
percent. Brakenridge (Ig78)suggeststhere was a cooling of at least 13°
to 14° F in the southwestduring the last glaciation.

In the northern Rocky Mountains, the magnitude of snow-line
depressionsuggeststemperaturedecreasesof as much as 25° to 31° F during
the last glaciation (Porteret al., 1983).

Three types of data have been analyzed to identify climatic trends
in the Four Cornersregion. These include: I) pollen ratios (spanningthe
entire postglacialperiod);2) tree ring growth records (for the last few
hundredyears); and 3) historicalrecords (for the last century). These
are discussedbelow.

.G

Changes in climate can be identifiedby comparing ratios of fossil
pollen species to characteristicratios of the same species in various
modern environments. Typically,the pollen is collectedfrom lakes where
it has accumulated continuouslyduring sedimentation. Several pollen
studies in the Four Corners region have used changes in the elevationof
treeline as an indicator of past climate. Because treeline is most
sensitiveto summer temperature,a rise in treeline indicates increasing
warmth.

The pollen studies includethe followingareas: Molas Lake (Maher,
1961), HurricaneBasin (Andrewset al., 1975), Lake Emma (Carraraet al.,
1984), La Plata Mountains (Peterson and Mehringer, 1976), and Chuska
Mountains (Wrightet al., 1973).

The individual pollen records can clarify broad trends in summer
temperature for intervals from less than one hundred years to several
hundredyears. When compared,the recordsyield a generalizedsequenceof
changesduring the last 15,000years. Approximatedates for intervalswere
estimatedfrom radiocarbondates and from lake sedimentationrates. The
temperaturechanges were not fully consistentor synchronous betweenthe
variouspollen sites,but providea generalindicationof concurrenttrends
near Durango.

The maximumglacial-interglacialtemperaturecontrastappearsto have
been about 6° to 16° F in the Four Corners region and 8° to 10° F at
Durango. Glacial-interglacialprecipitationchanges in the Four Corners
region are not available. However, Leonard (1984) concludes that air
circulationand storm track patterns near the San Juan Mountains did not
change significantly.
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The thickness of annual growth rings of trees is related to both
temperatureand precipitation. A tree ring data series,showing relative
variations in ring width through time, is synthesizedfrom several trees
and may span hundredsof years. From comparisonsof historictree ring and
climatic data, equations have been developed for estimating climatic
conditionsfrom the widths of prehistoricrings. In the Four Cornersarea,
most studies have emphasizedthe determinationof former moisture levels.

Relativechanges in effectivemoisture as interpretedfrom tree ring
data in the San Juan Mountains area (Fritts, 1965) were compared to
historic data (Bradley, 1976) for the period 1855 to 1935. Bradley
concludesthat historic data supportthe tree ring record for the period
after 1900, but partly conflict for the period between 1855 and 1900.

Stockton and Jacoby (1976) examined tree ring data series from 30
sites in the Colorado River basin, includingseveral sites near Durango.
From the series, Stockton and Jacoby inferred a sequence of moisture
changes from 1500 to 1964 A.D.

Historicaland climaticrecordsfor several stations in the San Juan
Mountains, includingDurango, have been analyzed in detail by Bradley and
Barry (1976). Selected 19rh century data provide a rough indicationof
contemporaneoustrends at Durango(correlationcoefficientsbetweenDurango
and other stations range from 0.6 to 0.8). Twentieth-centurydata for
Durango are presented as nine-yearweighted means and as seasonalmeans.
From 1900 to 1970, the nine-yearweighted-meantemperaturevaried slightly
from 44.3° to 47.6° F, while the nine-year weighted-mean precipitation
varied significantly from 13.5 to 23 inches. During this period,
variations also occurred in the seasonal distribut_o_of temperatureand
precipitation,in winter precipitationas a percentage of total annual
precipitation,and in the frequencyof rainfallevents in particularsize
classes. The followingdescriptionof temperatureand precipitationtrends
is paraphrasedfrom their report.

Generaltrendsin temperatureindicateregionalcoolingfrom the late
1860'suntil about 1930, followedby regionalwarming. Indetail,tempera-
ture rosemarkedlyduring the late 1850'sand 1860'sto a high around 1867;
fell slowly until 1890 and possibly during the next 10 years (no records
available); declined to about 1920, and then warmed until 1930. High
averagetemperaturepeaks that occurredaround 1905 and 1956-58at Durango
were almost 4° F warmer than the 1930 low.

Generaltrends in precipitationtend to be inverselyrelatedto those
in temperature,thus enhancingvariationsin effectivemoisture. Several
stations in the area are characterized by rapid transitions between
relativelywet and dry intervals. Precipitationis least variable in the
winter and most variable in the spring and fall. Droughts are typically
associatedwith periods of low winter precipitation.

In detail, 19th century precipitationrecords suggest a possible
rising trend from the 1860s to the 1890s;the 1860s may have been as dry
as the period from 1931 to 1960. Precipitationreacheda major low around
1900 and then rapidlyincreaseduntil about 1908; at Durangothis peak was
more than twice as moist as the 1900-1901low. Another minor low in about
1916 was followedby an increase until 1019 to 1922, a drastic fall to a
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period low from 1929 to 1932, and then a dramatic rise that peaked from
1936 to 1938. Minor lows occurredfrom 1945to 1946 and from 1961 to 1962,
with intermediatepeaks from 1948 to 1951 and 1956 to 1957.

Summary of climaticdata

The maximumlong-termglacial-interglacialtemperaturechangein the

Durango area was probably between 6° and 16° F, and may have been about
B° to 10 F. No local data are available for concurrent precipitation
changes, but Schumm and Chorley (1983) suggest an increase of about
10 inches occurredduring the last glaciationfor the southwesternUnited
States, about a 53 percent increasecomparedto present levelsat Durango.

Long-term climatic fluctuations during post-glacial time have
probablybeen a moderatefractionof the glacial-interglacialchanges,and

: have been on the order of a few degreesin temperatureor a few inches of
precipitation.

Historical records show that annual climatic variability is high
compared to short-term averages; some of the variability may occur in
cycles from a few years to twentyyears in length.

Average values for longer periods during postglacialtime, on the
order of a hundred to several hundred or perhaps even a thousandyears,

• probably fall within the range of historical values. However, extreme
events, representingthe maximum range of variationwith respectto these
very long-term averages, may have fallen beyond the range of modern
variation,and these events usuallyhave importantgeomorphiceffects.

2.2 STRATIGRAPHICSETTING

The Colorado Plateau is a structural province containing a thick,
nearly flat-lying sequence of Paleozoic,Mesozoic, and Cenozoic rocks.
Rocks rangingin age from Precambrian(morethan 600 millionyears old) to
Quaternary (lessthan one millionyears old) underliethe area and crop out
within 20 miles of the site (Figure2.2). The upper severalthousandfeet
of bedrock southwest of Durango consist only of Cretaceous sandstone,
shale, and siltstone. In some areas this Cretaceous bedrock is overlain
by a thin veneerof Quaternarysurficialmaterials. Becauseonly geologic
units of Cretaceousand Quaternary age would be affected by the remedial
actions, only rocks of these ages are discussedin detail.

The detailed stratigraphyof the Cretaceous bedrock at the Bodo
Canyon site area is shown in Figure 2.3. The lowermostCretaceousunits
are the Dakota Sandstoneand the Burro Canyon Formation. These sandstone
and conglomerateunits comprise one of the major groundwaterand oil and
gas reservoirsof southwesternColorado. The 200-foot-thickDakota also
contains potentiallyeconomic coal resources.

Overlying the Dakota Sandstone is a thick (1900 feet), dark gray,
silty shale called the Mancos Shale (Zapp,1949). Thin limestone(25 feet
thick) and sandy shale (80 feet thick) marker beds within the Mancos have
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been named the Greenhorn Limestoneand Juana Lopez Member, respectively
(Stevenet al., 1974).

The MesaverdeGroup,which overliesthe Mancos Shale,is dividedinto
three separaterock units (Zapp,1949). The lowermostMesaverderock unit
is the Point Lookout Sandstone, a light-colored,thin-beddedto massive,
400-foot-thicksandstoneunit. The erosion-resistantPoint LookoutSand-
stone caps the Smelter Mountain hogbacknorth of the site. Overlyingthe
Point Lookout Sandstone is a complex assemblage of lenticular sandstone
beds, dark-colored shale and siltstone beds, and coal beds called the
Menefee Formation. The Menefee Formationranges from 250 to 350 feet in
thicknessand containsthe major coal resources. This formation,together
with the Point LookoutSandstone, forms the major bedrock aquifer in the
area; the aquiferis utilizedby the DurangoWest and RafterJ subdivisions
located about eight miles west of the Bodo Canyon site. The Cliff House
Sandstone, overlying the Menefee Formation,consists of interbeddedcal-
careous sandstone,siltstone,and siltyshale. Although it is a resistant,
ledge-formingunit in the vicinity of Mesa Verde National Park, the Cliff
House Sandstonesouthwestof Durangoismuch less resistantto erosionthan
are the underlying Point Lookout Sandstone and the overlying Pictured
Cliffs Sandstone. The Bodo Canyon site is underlain by the Cliff House
Sandstone (described above) and the Menefee Formation, which consists
primarilyof sandy shale, siltstone,shaley sandstone,and sandstonebeds
with occasionalthin coal beds (Figure2.3).

The Lewis Shale, characterizedby poorly vegetated slopes composed
of dark gray to black, almost homogeneousshale, overlies the Mesaverde
Group (Zapp,1949). The basal contact is very sharp with black clay shale
overlyinggray mudstone or sandy shale of the Cliff House Sandstone,while
the upper 300 feet of the Lewis Shale is sandy and transitionalupward into
the Pictured Cliffs Sandstone (Zapp,1949).

• Overlying the Lewis Shale is a light-colored,massive, resistant
sandstonethat closely resemblesthe Point Lookout Sandstoneand has been
named the Pictured Cliffs Sandstone (Zapp, 1949). This sandstone is 200
feet thick and caps a hogback (BasinMountain)parallel to, but south of,
the Point Lookout hogback. Also, like the Point Lookout Sandstone, the
Pictured Cliffs Sandstone forms an aquifer in the subsurface.

Several additionalCretaceousbedrockunits are found in the Durango
area, but all lie stratigraphicallyabove the disposal site; therefore,
they have not been describedin detail.

Widespread deposits of Quaternary alluvium, colluvium, loess, and
glacial outwash overliethe Cretaceousbedrock southwestof Durango. The
Animas River Valleycontainsdepositsof boulderycobble gravel,sand, and
silt that may reach 80 feet in thickness(Zapp, 1949). The formerDurango
processing site is partially underlain by these alluvial gravels. Four
Quaternarygravelterraceshave beenmapped at elevationsof 40 to 370 feet
above the present levels of the Animas and La Plata Rivers (Moore and
Scott, 1981). These terraces are composedprimarilyof 20 to 120 feet of
igneous- and metamorphic-richcobble gravel formed by glacial outwash.
Thin deposits of sheetwash alluvium,derived from these glacial outwash
terraces,have formed in some of the shale valleys. Where not overlainby
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alluvium, the shale in the valleys is generally covered by a thin veneer
of colluvium and weathered bedrock.

The Bodo Canyon site is underlain by as much as 65 feet (Dames &
Moore, 1983a) of clayey to sandy silt, alluvium, and colluvium.

2.3 STRUCTURALSETTING

The Bodo Canyon site is located in the eastern portion of the
ColoradoPlateau,a large, relativelystablecontinentalplatformcentered
in the Four Cornersarea. The site ar_a is considered to be within the

interior portion of the Plateau, which contains thick sequences of
Paleozoic and Mesozoic sedimentaryrocks that are flat-lying to gently
folded. The broad,gentle folds form severaldownwarpsin the centraland
easternPlateau (Figures2.4 and 2.5), inc'iudingthe Uinta Basin,the Black
Mesa Basin, and the San Juan Basin (King, 1959). The San Juan Basin
extends into the Durangoand Bodo Canyon site area in a southeast-dipping
fold called the HogbackMonocline. This monocline,with dips rangingfrom
35 degreesto nearly flat-lying,forms the northwesternrim of the San Juan
Basin (Woodwardand Callender,1977).

•i The eastern portion of the Colorado Plateau is characterizedby a
lack of faultingexcept in areas boundingmajor uplifts. One such uplift,

• the UncompahgreUplift, formed the highlandsbetween the Uinta (Piceance
Basin) Basin to the northeastand northwest,respectively;and the Paradox
Basin to the southwestduring the depositionof the early-TertiaryGreen

." River "oil shale." The boundary between the UncompahgreUplift and the
ParadoxBasin,marked by a seriesof northwest-trendingfaults,is located
120 km (75 miles) northwestof Durango.

A second area of prominentfaulting occurs 160 km (100 miles) east
of Durango in the Rio Grande Rift Zone. The rift contains numerousnorth-

" south trending "basin and range" style block faults,which are described
by Kirkham and Rogers (1981)as the most active faults in Colorado.

,"

The northern San Juan Basin, including the Hogback Monocline,
contains relativelyfew faults. In the immediatearea of the Bodo Canyon
site, however,the sedimentaryrocks of the monoclinehave been folded into
a relatively sharp, southwest-plunginganticline and syncline. These
folds, called the Durango Anticline and the Perins Peak Syncline, are
bounded on the southeast by several northeast-trendingnormal faults.
Displacements along these faults are small, rangingfrom 30 to 300
feet. These structuresare discussedin more detail in Section2.4.

The Paradox Basin, outlined on Figure 2.5, is a Paleozoic basin
definedby the limits of the ParadoxSalt Formation. Its easternboundary
just slightlyoverlaysthe site area. The severalthousandfoot thick salt
formation that causes structural deformationin the salt core anticline
region is only 100 feet thick in the site area. The structuralprovinces
that border the ColoradoPlateaunearestto the site are the SouthernRocky
Mountains province 16 km (10 miles) northeast and the Rio Grande Rift
Province,105 km (75 miles) to the east southeast.
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FIGURE 2.4
STRUCTURE CONTOUR MAP OF THE COLORADO PLATEAU
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The Bodo Canyon site lies on the southeast limb of the Durango
anticline,which is a relativelyminor structuralfeature superimposedon
the Hog.backMonocline along the north-northwestboundary of the San Juan
Basin {Figure 2.5). The bedrock in the Bodo Canyon area dips to the
southwest at an angle that varies between five and 15 degrees. Dips
fartherto the south of the site are in the same directionbut range up to
as much as 40 degrees from the horizontal.

2.4 SEISMOTECTONICS

The first recorded earthquake in Colorado occurred in 1870, so the
historical record covers only 114 years, which is too short a period for
use in developinga completelyreliabledatabasefor the analysisof future
seismic risk. The length of the record for the adjoining states is
comparable. The historical record for New Mexico dates to 184g (Sanford
et al., 1981),for Arizona,to 1776 (DuBoiset al., 1982),and for Utah, to
1850 (Arabasz et al., 1979). The instrumentalrecord is considerably
shorter, generally dating to the early Ig6Os. As a general rule, the
historical record for the region is probably reliable for earthquakesof
magnitudegreaterthan 4.5 occurringafter 1960 (vonHake, 1984). In order
to predict future earthquakes associated with faults that may have
recurrenceintervalsof thousandsto tens of thousanasof years, studiesof
the geologic and seismotectonicsetting, recent geologic history, and
evidence of recent fault mevements are required.

Coloradohas been dividedinto seismotectonicprovincesby Kirkhamand
Rogers (1981), based on the distributionand characteristicsof Neogene
faults,historicalearthquakes,major structuraland physiographicregions,
and interpretationsof earthquake potential. Those provinces that are
significantto a seismichazard evaluationof the Durangoarea are shown on
Figure2.6, which also delineatesthe major seismotectonicprovincesin the
neighboringstates of New Mexico, Arizona, and Utah. The site area lies
near the easternmargin of the ColoradoPlateauprovince,in a zone that is
transitional with the neighboring Western Mountain province, and lies
within about 105 km (65 miles) of the Rio Grande Rift province.

The dominant seismotectonicfeatureof the Durango region is the Rio
Grande Rift, a major intracontinentalextensionalfeature that appearsto
be related to most of the Neogene or younger faulting and associated
igneous activity of Colorado and New Mexico. The Rio Grande Rift is,
therefore, the major potential source region of large earthquakes that
could impactthe disposalsite area. Other sourceareas of significanceto
Durango are the UncompahgreUplift and other specific source zones within
the ColoradoPlateau,an unexplainedseismicsourcenear Dulce,New Mexico,
and the boundary zone of the Colorado Plateau and Western Mountain
provinces.

Due to the limits of the historical and instrumental records, the
maximum credibleearthquakes(MCEs)for specificseismogenicsources,such
as the UncompahgreUpliftor the unknownfeaturesresponsiblefor the Dulce
events, can only be estimated based on geologic and geomorphic criteria.
Recurrencerelationshipsand estimatesof the probabilityof variousground
accelerationsoccurringat the sites as a result of earthquakesassociated
with these specificfeaturescan be developed,but not with a high level of
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confidence. The MCEs and recurrence re!ationshipscan be more reliably
estimatedfor largerareas, suchas seismotectonicprovinces,and probabil-
istic estimates can be developed for them with a higher degree of
confidence.

Colorado Plateauprovince

The Colorado Plateau is a major tectonic block composed of Paleozoic
and Mesozoic rock, underlainby a core of Precambrianrock, that has been
uplifted at a rate of about two millimetersper year since late Tertiary
time (Gableand Hatton, 1980). lt covers an area of approximately114,000
squaremiles (295,000square km) in westernColoradoand adjoiningareas of
New Mexico,Arizona, and Utah. The site area lies near the easternmargin
of the plateau. Neogene faulting is generallyrare within the region of
the Colorado Plateau surroundingthe site, except for faulting associated
with the UncompahgreUplift locatedapproximatelyg7 km (60 miles) north of
the site, the salt anticlines region located approximately 105 km (65
miles) northwestof the site, and an undefinedearthquake source located
near Dulce, New Mexico, approximately80 km (50 miles) southeast of the
site.

Surface wave dispersion and seismic refraction data show that the
crust of the interiorof the ColoradoPlateau is approximately45 km thick
(Kelleret al., 1979). Crustalthicknessesin the Basin and Range province
bounding the plateau on the west and south, and in the Rio Grande Rift,
generally average 30 to 35 km. Seismic data indicate that the thinner
crust extends as much as 100 km into the plateau. Keller et al. (1979)
conclude from this data that the zones of crustal extension or rifting
boundingthe Colorado Plateauappear to be growing. The Colorado Plateau
is bordered by a marginal zone of increasedseismicactivity that includes
the site area, as shown in Figures 2.7 and 2.8. The site area is
considered to lie in a zone of elevated seismic risk relative to the
interiorof the plateau.

The highestearthquakemagnituderecordedwithin the Colorado Plateau
is estimatedto be 5.5 to 5.75 (DuBoiset al., 1982). This event occurred
on July 21, 1959, near Fredonia,Arizona. Slemmons (1985) concludesthat
a magnitudeof 5.7 to 6.0 is the MCE for the plateau.

San Juan Basin

The Durangoarea lies on the northernmargin of the San Juan Basin, a
thick section of sedimentary rock of Jurassic to Tertiary age located
within the Colorado Plateau,that extendssouthward into New Mexico. The
basin has not been associatedwith significanthistoricalseismicity,with
the exceptionof the Dulce, New Mexico,events (Sanfordet al., 1981). No
potentially active faults are presently recognized within the San Juan
Basin (Kirkhamand Rogers, 1981; Howard, 1978), excludingthe unexplained
structuresresponsiblefor the Dulce events.

A swarm of over 500 instrumentallydetected earthquakes,about 40 of
which were felt, occurred in the Dulce area beginningon January23, 1966.
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FIGURE 2.7
SEISMICITY MAP OF THE COLORADO PLATEAU
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The maximummagnituderecordedwas 5.5. Movementapparentlyoccurredas a
result of reactivationof one or more of a family of north-northwest-
trendingnormal faults that had previouslyexperienceda period of maximum
activity in Miucene time (Herrmannet al., ]g80). Northrup (1976) has
suggestedthat the epicentralregion might be similartectonicallyto the
Rio Grande Rift, and Zobackand Zoback (1980)have noted that the east-west
orientationof tensionalaxes characteristicof the Rio Grande Rift extends
well into the ColoradoPlateau in this region.

The northernSan Juan Basin shows evidenceof extensivefaultingalong
its northeasternand easternboundaries,but areas along its northwestern
boundary,includingthe HogbackMonocline,have not been subjectedto major
faulting. However,a seriesof northeasttrendingfaults,thought to have
been formed during the LaramideOrogeny, have been mapped in the Durango
area. Among hese a

Fault,"thas' northeasttrendingfault, herein called the "RidgesBasin been mapped (Zapp, 1949) from Ridges Basin into Bodo
Canyon. lt has been postulatedby some (CGS, Ig81) that the Ridges Basin
Fault may extend into or near the Bodo Canyondisposalsite. Several small
faults with displacementsof less than 10 feet are exposed in a man-made
cut slope to the south of the site, but are not thought to be related to
the fault mapped by Zapp since their displacementsare in the opposite
direction (Damesand Moore, 1983b). Thus, all evidence availableat this
time indicatesthat the fault dies out just south of the site. This has
been confirmed by field reconnaissance,low sun angle aerial reconnais-
sance, and trenchingat the Bodo Canyon site.

lt is possiblethat the Dulce region,though lying within the physio-
graphic limitsof the ColoradoPlateau,is experiencingtectonic processes
representativeof the Rio Grande Rift. Since no surface fault ruptures
have been recognizedin the Dulce area, the actualMCE cannot be estimated
using correlationsbetweenmagnitudeand fault characteristics.The upper-
bound magnitude of 6.5, assigned to the Colorado Plateau by Kirkham and
Rogers (1981),probably representsa conservativeestimate for events on
definedstructureswithinthe plateauor undefinedstructureswithin border
zones. On this basis, the seismicsource zone at Dulce is assigned an MCE
magnitudethat would result in a maximum accelerationin the site area of
approximatelyO.04g,as indicatedin Table 2.1. Assuming an MCE magnitude
of 7.5, the accepted upper bound value for the Rio Grande Rift, the larger
maximum accelerationof o.ogg is obtained. A magnitude 7.5 event may
representan unreasonablyhigh MCE for the Dulce area, as it assigns to a
specific feature the upper bound magnitude that is applied to the Rio
Grande Rift as a whole. Amagnitude 6.0 event, the MCE event for the Colo-
rado Plateauassumedby Slemmons (Ig85),would resultin an accelerationof
O.03g.

Since no specificseismogenicsourcesare recognizedin the Dulce area
and the historicalearthquakerecord in the area is insufficient,no recur-
rence relationshipfor this area was derived. Therefore, calculationof
the probabilitythat a given ground accelerationcould be exceeded in the
future was not attempted.
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UncomDahqreUp1i ft

The UncompahgreUplift is a large, northwest-trending,asymmetrical
block within the Colorado Plateau composed of Precambrian igneous and
metamorphicrockoverlainby Mesozoicsedimentaryrock. lt rose duringthe
Neogene from the crest of an older,much largerhighlandthat was a promi-
nent structural feature during the Late Pa!eozoic (Cater, 1966). The
modern UncompahgreUplift is a northeast-tiltedblock that has experienced
considerablemovement during the Pliocene and Quaternary along bounding
faults and monoclines.

Kirkhamand Rogers (IgSl)have identified25 northwest-trendin9 faults
of Late Cenozoicage that flank the UncompahgreUpllft (Figure2.5). They
are locatedbetweeng7 and I03 km (60and 120 miles) to the north-northwest
of the site area. The closest is the Ridgeway fault, which bounds the
southernend of the uplift approximatelyg7 km (60 miles) to the north of
the site area. Studies of the Ridgeway fault and associated faults
(Sullivanet al., 1980) identifiedtwo distinctswarms of microearthquakes
occurring in Ig78 and 197g with epicenterscenteredon the Ridgewayfault.
Small faults offset pre-Wisconsinaged Quaternarygravel exposed in a pit
within the Ridgeway fault system. The combined evidence of modern seis-
micity and Quaternaryactivity requiresthat the Ridgeway fault system be
consideredactive. Other faults consideredto be active are locatedalong
the southwesternand northeasternflanksof the uplift at slightlygreater

• distancesfrom the site area.

Applying methods delineated by Slemmons (1977) and Slemmons et al.
(1982),which use mapped fault segmentlengthsand assume a one-half fault
length ruptureduring an MCE, the UncompahgreUplift is assigned an MCE
magnitude of 7.1. This value is somewhat higher than that derived by
Kirkham and Rogers (1981). The site area can expect to experience a
maximum rock acceleration of O.05g during an MCE event within the
Uncompahgre Uplift. Recurrence relationships for use in probability
estimateswere not computed because of the lack of a detailed historical
earthquake record associatedwith this source.

Salt anticlinesreqion

The Pennsylvanian-agedParadox Basin is located to the northwestof
the site area, and southwestof the UncompahgreUplift. Associatedwith
this basin are northwest-trending,salt-cored anticlines that collapsed
along their crests in a graben-like fashion during the Neogene. The
anticlines are believedto be controlledby large subsurface faultswhich
apparently have experienced several episodes of activity since the Late
Paleozoic. The anticlines themselves experienced movement in the
Quaternary and may well be active today (Cater, Ig70; Hunt, 1956). The
current episode of collapse may have begun when the Colorado Plateauwas
upliftedduring the Miocene,duringwhich the anticlineswere breachedand
their cores exposed by erosion. Rapid dissolutionand flowage followed
exposure, causingcomplex faulting.

lt is unlikelythat these featurescan generate earthquakeshaving a
magnitudelargerthan fouror five (Kirkhamand Rogers,1981). Considering
their distance from the site area, they do not appear to represent a
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criticalfactor in seismichazardanalysis. However,the large subsurface
faults which control the locationsof the anticlinesare not exposed, and
it is not known if they are still active. They might representa potential
source of typicalColorado Plateauearthquakes.

Western Mountain province

The Western Mountain provincecomprisesthe mountainousareas to the
west of the Rio Grande Rift extendingas far as the border of the Colorado
Plateau. This province is approximatelythe same as the Rocky Mountain
Physiographic Province of Hunt (1956). This province includes the San
Juan, Elk, and West Elk Mountains,the west flank of the Sawatch Range,and
the White River and Gunnison uplifts. Relatively few Neogene faults are
known in this province. Neogenerocks in the San Juan Mountainsare offset
by faults related to caldera collapse,but these are not consideredto be
active faults (see Figure 2.9).

Minor evidence of Neogene reactivationof west-to-northwest-trending
Precambrianfaults such as the Cimarron fault (FaultNo. 94 of Kirkhamand
Rogers, 1981), and a few other Neogene faults scattered throughout the
province,has been identifiedbut none are major tectonic faults that have
experienced any known significant Quaternary activity. The closest
potentiallyactive faults to the site area are collapse features of the
Lake City Caldera.

Border zone of Colorado Plateauand Western Mountain province

Earthquake epicentral maps of the Colorado Plateau region show a
generally heightened level of seismic activity within the narrow border
zone along the contacts with the adjoining provinces (Figure2.9). For
this reason,the border zone of the Colorado Plateauand Western Mountain
provinces,which is locatedwithin 16 km (10 miles) of the site area, is
consideredto representa zone of higherseismichazard. The MCE magnitude
for the ColoradoPlateau,accordingto Kirkhamand Rogers (1981),is 5.5 to
6.5, and for the Western Mountain province is 6.5. Therefore, the MCE
associatedwith the border zone of the two provincesis assumed herein to
have a magnitude of 6.5.

The maximum horizontalaccelerationin rock expectedat the site area,
from a possible MCE event having a magnitude of 6.5, occurringwithin 10
miles of the site area, is O.3g, as detailed in Table 2.1. This value
represents one of the higher calculated accelerations, but recurrence
relationships and probabilities cannot be calculated separately. The
probabilityof a magnitude6.5 event occurringwithin I0 miles of the site
area is considered in the probabilityanalysisof Section 4.2.

Rio Grande Rift

The Rio Grande Rift is a north-south-trendingextensional graben
feature of great length and tectonic significance, lt extends from
Chihuahua, Mexico, through west Texas, New Mexico, and most of central
Colorado, almost to the Wyoming state line. The rift was initiated in
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Neogenetime and has experiencedcontinuedactivitythroughthe Qua.ternary.
lt is characterizedby fault scarps in young alluvium; abrupt mountain
fronts that exhibit faceted spurs; deep, narrow, linear valleys; Neogene
basin-fill sedimentary rocks; and a bimodal suite of malic and silicic
igneous rocks.

A high percentageof all the potentiallyactive faults in Coloradoand
New Mexico lie within the Rio Grande Rift province. The rift has been
subdividedinto northern and southernsubprovincesin Colorado by Kirkham
and Rogers (1981)on the basis of young faulting. Well-definedevidenceof
repeated Late Quaternary movement is abundant on several faults in the
southern subprovince,whereas such evidence is obscure in the northern
subprovince.

Within the southernrift subprovince,severalpotentiallyactive fault
systemswith lengthsin excessof 161 km (100miles) exist. The closestof
these to the site area is the north-northwest-trendingSangre de Cristo
fault, which lies at the base of the Sangre de Cristo Mountainsalong the
east side of the San Luis Valley,about 210 km (130miles) east of the site
area. The west flank of the valley is locallybroken by small displacement
faults.

Strongearthquakeswithin the Rio GrandeR_ft are generallyassociated
with earthquake swarms, which worldwide are generally associated with
active volcanoesand areas that have had volcanicactivity in geologically
recent times (Richter,1958). Earthquakeswarms in the Rio Grande Rift may
be associatedwith the injectionof magma into the crust (Sanfordet al.,
1979; 1977). Earthquake swarms in the Rio Grande Rift are generally
located in central New Mexico (Sanford et al., IgBI) and would not
significantly impact the site area at such distances. However, the
strongest recorded New Mexico earthquake in the era of accurate instru-
mental data (1962 to present) was the January 23, 1966, event at Dulce,
which occurredwithin the Colorado Plateauprovince. Severalinvestigators
(Herrmann et al., 1980; Zoback and Zoback, 1980; Northrup, 1976) have
suggested that the Dulce event might be considered representativeof the
tectonic processes operatingwithin the Rio Grande Rift rather than the
Colorado Plateau. This would imply an extensionof the east-westoriented
tensional tectonic stress regime of the rift into the margin of the
Colorado Plateau.

The estimatedmagnitudeof an MCE associatedwith the Rio Grande Rift
in Colorado (Kirkhamand Rogers,1981) is 6.5 to 7.5. The nearestapproach
of the rift to the site area is about 105 km (65 miles). An event of
magnitude7.5 occurringat this distancefrom the site area would resultin
a horizontal rock accelerationof 0.06 g, as detailed in Table 2.1.

Reqional seismicity

No known Neogene or younger faults occur within 50 miles of Durango
(Kirkham and Rogers, 1981), and only minor seismicity has been recorded
during the past 100 years near Durango. Locationsand dates of the largest
known earthquakeswithin a 200-mileradius of Durango during the past 100
years are listed in Table 2.2. Figure 2.8 and Tables 2.3 through2.B show
the epicenters and all known macroseismicevents for this radius.
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Table 2.2 Largestearthquakeswithin a 200-mile radius of the Bodo Canyon site

iii

Modified Mercalli
Intensity{Richter Epicentral km {miles)

Date magnitude) location from site

1941 Aug. 29 V (?) Bayfield,CO 26 (16)

]1966Jan. 25 ? Bayfield,CO 26 (16)

1967 Jan. 16 V (4.1) Purgatory,CO 45 (28)

1966 Jan. 23 ? (4.6) Dulce, NM 66 (41)

]1B82Nov. 23 IV (?) Silverton,CO 68 (42)

1966 Jan. 23 VII (5.5) Dulce, NM 84 (52)

1966 June 2 Vl (5.0) Dulce, NM 88 (55)

1928 Apr. 20 V (?) Creede, CO 1111(69)

1955 Aug. 3 Vl (?) Lake City, CO 111 (69)

1913 Nov. 11 V (?) Ouray, CO I]14(71)

1976 Jan. 5 VI (5.0) Gallup, NM 164 (102)

1918 May 28 VIII (?) Cerrillos,NM 228 (142)

1980 Sept. 11 V (3.1) Cimarron,NM 256 (159)

Data from NGDC/NOAA,1981; and von Hake, 1975; Hadsell, 1968.

According to the National Oceanic and Atmospheric Administration's
. . (NOAA) earthquake data file (NGDC/NOAA,1981), the closest event to the

site was recordedon August 29, 1941, havingan epicenterlocated26 km (16
miles) east of Durango. Although no magnitudeor intensitywas given in
the data file for this event, Hadsell (1968)estimatedthat the event had
a Modified Mercalli Intensity (MMI) of V. The Coast and Geodetic Survey
(NGDC/NOAA,]1981)recordeda secondeventwith the same epicentrallocation
on January 24, 1966. No magnitude or intensity is listed for the 1966
event.

The nearestMMI VI (Richtermagnitude5.0) event to the site occurred
on June 2, 1966, near Dulce, New Mexico. This event, located 88 km (55
miles) southeastof Durango, was probably one of a number of aftershocks
that occurred in the Dulce area followingthe January 23, 1966, MMI Vll
(magnitude5.5) Dulce earthquake. The latter event was located84 km (52
miles) southeastof Durangoand was the largestevent locatedwithin 161 km
(100miles) of the site during the period from 1873 to 19BI.

The only MMI VIII event listed (NGDC/NOAA,1981) within 200 miles of
the site occurred on May 28, 1918, near Cerrillos,New Mexico, 228 km (142
miles) away. This earthquakewas within the Rio Grande Rift (von Hake,
1975), a north-trendingzone in New Mexico and Colorado that is more
seismicallyactivethan the northernSan Juan Basin. No events largerthan
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MMI Vlll or magnitude5.5 have been recordedby NOAA within a 322 km (200-
mile) radius of the site.

_Relationshipof earthquakesto i;ectonics-tructures-

According to Kirkham and Rogers {Ig81), only one fault system in
southwesternColorado,the UncompahgreUpliftboundaryfault, is thoughtto
be capableof generatinglarge earthquakes{magnitudeseven to eight). A
magnitude 5.5 (MMI VI) event occurred on this fault on October II, 1960.
This fault system is located,however,at least 121 km (75 miles) from the
Durango area. Based on estimates of maximum horizontal acceleration in
rock versus distancefrom a causativefault (Schnabeland Seed, Ig72), the
maximumaccelerationfor a magnitude7.G earthquakeat a distance of 121 km
(75 miles) is less than seven percent of gravity {O.07g).

The San Luis Valley, approximately g5 miles east of Durango, is
locatedalong the Rio Grande RiftZone, a fault-bounded,down-droppedblock
containing thick Cenozoic alluvial and volcanic deposits. The eastern
boundary fault of the San Luis Valley, the Sangre de Cristo fault, is a
major, high-angle, normal fault zone with many thousands of feet of
Cenozoic displacement. The last major surface rupture along this fault
may have occurred during the past 2000 to 5000 years, with displacements
averaging 8.5 feet and recurrenceintervalsranging from 3000 to 30,000
years (Kirkhamand Rogers,Ig81). Using these criteria,the maximummagni-
tude that could be generated by this fault has been estimated at 7.5 by
Kirkham and Rogers (Ig81). Again, using Schnabel and Seed, the maximum
horizontalaccelerationin Durangofor a 7.G magnitudeevent on the Sangre
de Cristo fault (a distanceof approximatelyI00 miles) would be less than
o.Oqg.

The largesthistoricearthquakein the northernSan Juan Basin was the
January 23, 1966, Dulce, New Mexico, event. This event was also the
largestmagnitudeevent recordedin New Mexico since 1938 (Herrmannet al.,
1980). Although Kirkhamand Rogers (1981)state that no Neogenefaults or
folds are known to exist in the Dulce area, several authors (Herrmannet
al., 1980; Hoffmanand Northrup,1977; Cash, 1975) indicatethat the event
and its aftershocksmay have occurred on reactivated,10 million-year-old
normal fault within the Precambrianbasement. Using Schnabel and Seed's
technique (Schnabeland Seed, 1972), a magnitude5.G event occurring at a
distanceof BO km (50miles) would create a maximum horizontalacceleration
of O.03g in Durango.

Figure 2.9 shows the epicenterof earthquakesof magnitude mb = 4.0
within a 65-km site radius relative to the known faults, structures,and
seismotectonicprovincesof the site region.

Potentialseismichazards

The Durango site lieswithin Zone I, describedin the UniformBuilding
Code (ICBC, 1982) as follows:
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"Minordamage;distantearthquakesmay cause damageto structures
with fundamentalperiodsgreaterthan 1.0 second;correspondsto
intensitiesV and VI of the ModifiedMercalli IntensityScale of
1931."

The seismic zone map in the Uniform Building Code (UBC) shows the
boundarybetweenZone I and Zone 2 approximatelyon the Colorado-NewMexico
border south of Durango. The Dulce area, the site of most of the
earthquakeepicentersin the Durangoregion since 1966, is locatedin Zone
2, which is described in the UBC as "Moderate damage; corresponds to
intensityVII of the MMI Scale.'

Work by Algermissenet al. (IgB2)indicatesthat the maximummagnitude

of an event in the Durango area will be in the range of approximately6 5
to ,.3. According to Algermissen et al.'s (1982) preliminary map of
horizontal acceleration(expressedas percent of gravity) in rock with a
gO-percentprobabilityof not being exceededin 250 years, it is estimated
that the maximum accelerationthat could be expected to occur at the
disposal site would be between0.08 and O.10g. The seismic event capable
of producing a horizontal accelerationof O.10g has a calculated mean
recurrence interval of approximately2400 years. Magnitudes of ground
motion in the range from 0.08 to O.10g are approximatelyequivalentto an
MMI VI event.

.i

2.5 MINERAL RESOURCES

Mineral resourcesin the northern San Juan Basin around Durango and
the Bodo Canyon site area include coal, oil, gas, sand, and gravel. In
1980, La Plata County produced93,619 tons of coal; 68,446 barrelsof oil;
and 26.7 billioncubic feet of naturalgas (CDM, 1981; COGCC, 1981).

The 1980 coal production figuresrepresentedan increaseof 265 per-
cent since 1977. Coal productionin La Plata County during the first nine
months of 1981 was 109,979 tons (CDM, 1981). These figures show the
increasingdemand for, and mining of, coal in the Durango area.

"

The primarysourcesof coal in the northernSan Juan River regioncoal
resourcesdistrictare the FruitlandFormationand the Menefee Formation.
The Dakota Sandstone Formation is a limited potential source (Murray,
1981). The Bodo Canyon site is located stratigraphicallybelow the
FruitlandFormationbut overliesthe Menefee and Dakota Formations.

The MenefeeFormationunderliesthe Cliff House Sandstoneat a shallow

depth (100to 200 feet) below the Bodo Canyon site. Accordingto sections
measured by Zapp (1949),coal beds ranging in thickness from 0.7 to 4.5
feet occur in the upper 50 feet of the Menefee Formation in Bodo Canyon.
Lateral extentsof these beds cannot be determinedbecause of the limited
amount of subsurfaceinformationavailablefor the area. Accordingto Zapp
(1949),a ratherextensivebed havingan approximatethicknessof 4.6 feet
occurs at a depth of about 140 feet below the top of the formation. There-
fore, this coal bed could be from 250 to 300 feet below the ground surface
at the Bodo Canyon site. Based on Zapp's total resourcecalculations,the
Bodo Canyon site could be underlainby as much as 400,000 tons of poten-
tially recoverablecoal.
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At least eight abandonedprospects and small coal mines in the Menefee
Formation are located within a one-mile radius of the Bodo Canyon site.
These mines produced a relatively high-quality bituminous coal with an
average ash content of seven percent, an average sulfur content of 0.8
perceTlt, and an as-received heating value of 14:000 British Thermal Units
per p_und. As stated by Zapp (1949), the coal within a six-mile radius of
Duran_o is of sufficiently high quality to be used as coking coal; the coal
underlying the Bodo Canyon site is within this radius (Ladwig, 1981). The
mines o,,_ly occur where the coal beds of the Menefee Formation crop out.
There is no information on their underground workings. The nearest mine
entrance is 0.6 miles east northeast of the site tn Bodo Canyon. Based on
evidence of mine tailings, the mines are small and lt is unlikely that
there are any mine tunnels approaching within 0.25 mile of the site.

Woodward-Clyde (W-C, 1983) shows that the nearest gas field, the
lgnacio Blanca, is approximately five km (three miles) south of the site
and the nearest oil field is 19 km (12 miles) to the southwest.

One dry oil and gas exploration well was drilled across the Animas
River from the Durango site. No known wells have been drilled in Bodo
Canyon, so the potential for oil or gas production is unknown. However, an
oil and gas exploration well drilled about 1.5 miles south-southwest of the
BodoCanyon site was dry. Wells have been drilled in the Long Hollow area
north and south of the Ute line. Noneof these wells produced economically
significant quantities of oil or gas (CGS, 1981).

Other mineral resources found in the Durango area include sand and
gravel, base and precious metals, and uranium. The nearest potential base
and precious metals (copper, lead, zinc, silver, and gold), uranium, and
vanadium resource area to the BodoCanyon site is located four miles north
in the La Plata mining district (Haynes et al., 1972). No mines are known
to be currently producing in this district. Even if mining activity were
renewed, those activities would not affect the disposal cell areas.
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3.0 SITE GEOLOGY

The BodoCanyonstte geologywas characterized initially during the alter-
nate stte selection process. Additional hydrological data gathered tn the fall
of 1989 for a demonstration of compliancewith the proposedgroundwaterstandards
have been incorporated into this report.

3. I BEDROCKGEOLOGY

Bedrock formations that crop out tn BodoCanyon|nclude the Point
Lookout, Menefee, and Cliff HouseSandstoneFormations of the MesaVerde
Group, and the Lewis Shale (listed from oldest to youngest), all of Upper
Cretaceous age (Figure 3.1). TheColorado Geological Survey (1981) mapped
the Cliff House Sandstoneat the site and showsthe underlying Menefee
Formation only tn the bottoms of dra|nages northeast and southeast of the
site. This mapping apparently rap.resents a reinterpretation of the
gradattonal boundary between the Cliff House Sandstone and the Henefee
Formation, becauseearlier maps(Steven et al., 1974; Zappo1949) showthe
bedrock at the site as Renefee Formation. Lewis Shale underlies the main
part of SodoCanyonsouth of the site. F(gure 3.2 showsthe approximate
contour on the top of the MenefeeFormation and its area of outcrop at the
site. Figures 3.3 and 3.4 showgeologic cross sections below the site and
the approximate contours of the Cliff Houseand Menefee Formations. The
Henefee Formation contact is distinguished primarily by the uppermost
evidence of coal and carbonized fragments. Otherwise, the gross lithology
of the two formations is very similar.

In general, the Cliff House Sandstone consists of calcareous sand-
stone, siltstone, and shale, but shale predominates in the transitional
part of the formation at the site. Twodistinct units of the Cliff House
Sandstonewere recognized at the site during this study. The lower unit,
which contains sandstonebedsup to three feet thick, forms the small ridge
along the north side of the site, passes beneath the small valley in the
middle of the site, andcrops out in the lower slope along the south drain-
age. The upper unit, which contains fewer andthinner sandstonebeds, caps
the north and south drainages.

3.2 SURFICIALGEOLOGY

• Distribution and types of surftctal deposits tn the BodoCanyonarea

are related to geomorphology. The ,mst widespread d_osits are colluviumon bedrock slopes and alluvium along dralnageways, e colluvium is very
thin, but the alluvium maybe tens of feet thick in small sub-basins where
several streams Join. Landslide deposits occur )ocally along the hogback
ridge south of the canyon, whereas terrace grnvels and fan alluvium occur
along the AntmasRiver (Gtllm et al., 1984; CGS, 1981).

Along the drainages north and south of the site, the alluvium consists
mostly of silty sand with smaller amountsof sand and pebbly sand. The
cross-beddedand lenticular nature of the deposits su99ests that they accu-
mulated in small, shifting channels with low-velocity flows. Angular
cobble gravel occurs only at the base of the alluvium and is interpreted as

-43-



"- " ; ",'.,

.... .N
.... " Tailings pil -

t

...... " ' ;"-* i_ "

! " #Z". " ...

Koh ' I KC..-'C ",..,."

-._,

) .
_'_-.-,,.._ _ -.....-_

""" Xc: Keh _x "

/_/._ . -.. ,_,-....."_II. ..... .

Kch Oap *

Kch .
• Oac "

I

Qap

...... r_. KI. _ _/ -- Qm,,

Qac KI

Qc_LEGEND. "Ridges Oil Alluvial valley fillBasin ,.
FIulI"-,L,." .,,,iOaP Terrace or pecliment deposits• _" Qaf Alluvial fen deposits

/Oaf I Kpc Qcl Colluvlum (landslide origin)
Kf Cretaceous Fruitland Formation

I Kpc Cretaceous Pictured Cliffs Formation
I KI Cretaceous Lewis Shale

i(1t-" _ Kch Cretaceous Cliff House Sandstone/ Kmr Cretaceous Mennefse Formation
KDI Cretaceous Point Lookout Sandstone

REF: ZAPP, 1949; CGS, 1981. Km Cretaceous Mancos Formation

•" Fault: Dashed - approximate location
_,P Dotted - concealed

y Ball on downthrown sideQuerie - location uncertain

0 112 1 Mile COAL EXPLORATION

I" I J _ Abancloned mine', c - entrance caved
Bcsls X Prospect' c - entrance caved

Fault inel Lineament Stucly Trench

FIGURE 3.1

GEOLOGIC MAP OF BODO CANYON SITE AREA, COLORADO

-44-







ii i i iii

-47-



a 1ag deposit (composedof bedrock fragments that fell into the channel and
were concentrated by the erosion of fine-grained material before a11uvia-
tion began). A few thin grayish layers within the alluvium probably are
buried A soil horizons and indicate that the deposition was episodic. A
weak A horizon also occurs at the surface, suggesting a late Holocene age
for the uppermost deposits.

The surficial deposits within the central sub-basin of the site are
poorly exposed, but have been described as consisting of silty clay, silt,
and sand that locally contains sandstone and shale fragments. These
deposits are thin to absent on the margins of the sub-basin, and reach a
maximumthickness of 65 feet near its center (Figure 3.3) (DOE, lg84b).

Figures 3.5 and 3.6 show the approximate depth and location of a
paleochannel whoseexistence is indicated by the abrupt thickness change of
the surficial deposits. Figure 3.6 shows the approximate gradients toward
the north side drainage. The evidence of the fault study trench (No. 3)
suggests this paleochannel was nearly filled with fluvial deposits before
being beheaded by the south side drainage (DOE, 1985b). Consequently the
deposits are a mixture of fine-grained clayey sediments as well as coarser
grained active stream deposits. The well-developed south channel and the
depth of paleochannel fill prior to being beheaded suggest early
Pleistocene or perhaps late Tertiary age when the channel was incised to
its maximum depth.

The paleochannelis significantto the groundwatercharacterization
since it containsa perched alluvialgroundwatersystem and is the upper-
most saturatedzone where seepage from the cell would first appear. This
is describedmore fully in the groundwaterhydrologyreport,Attachment4.

The Falfa clay loam soil, mapped in the site area, is formedon eolian
(windblown)deposits that are relatively old. Elsewhere in La Plata
County, this soil series has als()been mapped (SCS, 1985) on eolian
deposits that are more than six feet thick and have probably been
accumulatingfor at least 200,000years (Gillamet al., Ig84). Underlying
materialsprobably are alluvial and colluvialas previouslystated.

3.3 GEOMORPHOLOGY

The site occupies about BO acres in a gently slopingsub-basinin the
northwest part of Bodo Canyon, and is nearly encircled by two deeply
incised, ephemeral streams herein referred to as the north and south
drainages. Geomorphic processesthat affect the site occur either within
the site, along these ephemeraldrainages,or on the interveningslopes.
The south drainageis the main north-branchingtributaryat the headof the
Bodo Canyon drainage.

Bodo Canyon,southeastof the Bodo Canyondisposalsite, togetherwith
Ridges Basin forms a strike valley that has developed along the outcrop
belt of the Lewis Shale. The south slope of Smelter Mountain,a hogback
ridge, is underlainby formationsthat collectivelyare more resistantto
erosion (the Cliff House Sandstone,Menefee Formation, and Point Lookout
Sandstone). The present patternof tributarydrainages in this area has
probably developedduring late Pleistocenetime (Figure3.8).
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FIGURE 3.8
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Smelter Mountain my once have drained south across the site toward
the middle of BodoCanyon. The north drainage mayhave developed later by
headward erosion along a more direct route to the Animas River, and
captured the flow from tributaries on Smelter Mountain (see Figures 3.7 and

• 3.8), ]f so, the saddle east of the site, toward which the faults at the
electrical substation apparently project, could be erosional rather than
structural tn origin.

The north and south drainages are only 3.4 and 3.7 km (Z.1 and 2.3
miles) long, respectively, from their confluence with the Antms River to
their commondivide near the ,est endof the site. Their gradients (Figure
3.7) are relatively steep, 310 and 286 feet per mile. The south drainage,
which flows almost entirely on Cliff House Sandstone, has a smooth,

slightly concaveprofi]oef. In contrast, the concaveprofile of the northdrainage has segments differing slope where it crosses fomations of
vary|ng erodtbility. Both profiles display numerouskntckpotnts, as much
as a few feet high and a few tens of feet apart, where they cross
relatively resistant sandstone beds.

Slopes along the north and south drainages typically have lower
straight segmentsand upper convex segments. Maximumslope angles are
roughly 25 to 30 degrees.

The stte differs geomorphically from the main part of Sodo Canyon.
The central sub-basin has relatively gentle slopes (one to 10 degrees) and
resembles a small upland plateau whet comparedwith the lower and more
hilly area to the south. This contrast results from the effect of bedrock
erodibility on the geomorphicdevelopmentof the two areas. As the Animas
River gradually deepened its valley during middle and late Pleistocene
time, tributary streams easily dissected the Lewis Shale. However,
downcutting along the north and south drainages was retarded by the
sandstonebeds in the older formations.

The periods of calculated peak discharges for the north and south
drainages are comparable to the average daily discharges of the Animas
River in May, June, and August, the monthsof highest runoff. The asso-
ciated peak velocities would be capable of transporting cobbles and
boulders, and thus would quickly erode any unprotected alluvium in the
north and south drainages. Associated channel degradation and widening
could lead to rejuvenation and accelerated erosion of other parts of the
drainage network.

The fine texture of the a11uvtum in the north and south drainages
indicates that flows of this magnitude have not occurred during late
Holocenetime. However, becausethe deposits are very young, their texture
does not preclude the possibility that very large flows my have occurred
during a longer time period.

_;eomor.Dhi¢ processes

Becausethe BodoCanyonsite is in an upland area, only the following
geomorphic processes need to be considered: degradation, knickpoint
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migration, and bank erosion tn the channels; rejuvenation, extension, and
deposition tn the drainage network; denudation and retreat: dissection, and
mass failure _n the slopes; and wtnd erosion. A previous publication
described the erosion potential as moderate (CGS, 1981).

Channeleroston

Remnantsof late Holocenealluvtum are present along the north and
south drainages, Indicating that both channels have recently incised their
ownearlier deposits to a depth ranging from 10 to 20 feet. Th_s incision
probably occurred relatively rapidly (possibly within a few hundred years
or less) and ,my have been associated with the gully erosion described in
the fol|owtng section.

Future tnctston rates wt]] probably be muchless. The south channel
locally contains minor amountsof sandy to cobbly alluvium, but is essen-
tially flowing on bedrock along its entire length. Similar conditions
exist along the north channel west of the site. Although the north channel
is w_thin alluvium near the site, further incision is prevented by a knick-
point that is downstreamin resistant bedrock. Thus, future incision rates
along both channels are likely to be less than the rate of base-level
lowering along theAnimas River. Since the ]ast glaciation, this rate has
averaged roughly one foot per 1000 years.

• •

Lateral migration and bank erosion along both channels are minima]
becauseof the relative straightness of the channels, the confining bedrock
slopes, the relative scarcity of alluvial banks, and the small ephemeral
discharges. However, a few bedrock-confined meanders,with amplitudes less
than 20 feet, locally undercut adjacent bedrock slopes.

The recent channel incision and local bank erosion have steepened
adjacent slopes and lowered the base level for gullies and rills, thus
rejuvenatingthe drainagesystemand acceleratingerosionrates.

Drainoclen@lwork_roslon

l)ralnagenetworkrejuvenationand extensionhave been expressedas
recentgullyerosionin partsof BodeCanyon. To date,this gullyinghas
not been severefor severalreasons: I) the greaterresistanceof the
underlyingbedrockto erosion;2) the greaterpermeabilityof the bedrock
and surficialdeposits,whichreducestherelativeintensityof runoff;and
)) the relativelydensevegetationowhichfurtherreducesrunoffintensity
and stabilizesthe surface. Nevertheless,gullieshave developedor are
beginningto developat severallocationsin and aroundthe site. This
sectiondiscussesthe mechanicsof gullyerosion,the distributionand
recentbehaviorof gulliesat thesite,the probablecausesand recentrate
of gullyerosion,and the probableimpactof the disposalcell on future
gullybehavlor.

A gullyis a relativelydeep,recentlyformed,erodingchannelthat
occurswhere no well-definedchannelpreviouslyexisted(Nelsonet al.,
1983). Thevalley-floorgullyisan extensionof the channelfromalluvium
onto adjacentbedrockand colluvium.Gulliescan form insidea site,or
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they can form outside a s|te and grow toward tr.. Apart fromthe potential
for gully |nittat|on on the disposal ce1!, th e main process that mayaffect
the site ts from headwardgrowth Of gullies that nowexist or that mayform
along the margt.nsof the stte (gullies within the site would be buried and
rendered tnactlve by the disposal cell).

The gullies tn BodoCanyonextend headwardby the retreat of a knick-
point at the head of the inctsed channel. This retreat ts controlled pri-
mmrtly by localized hydrologic processes (Nelson et al , 1983) Therefore,
gulltes can continue to extend after the conditions that initiated the

dgullytng .(such as overgraztng and drought) have ceased to exist, and afterownstream segments of the drainage network have been stabilized (for
example, by artificial or bedrock barriers to channel incision). Valley-
floor gully erosion also tends to be. self-perpetuating because channel
incision lowers the water table in adjacent alluvium, thereby preventing
plant regeneration (Euler et al., lg7g).

Existing gullies in and adjacent to the stte are shownin Figure 3.8.
A system of valley-floor gullles has developedwithin alluvium along the
upper, more gently sloptng part of the north drainage. Branching valley-
floor gullies extend up all the mjor northern tributaries along alluvium
that is too narrow to be sho,n on the geology map (Ftgure 3.1). A few
valley-side gulltes also extend up the bedrock ridge to the south, but are
less prominent becausethe bedrock ts more resistant to erosion.

A gully incising the paleochannel fill Initially extended ,e11 into
the site, branching off from the north drainage, but was partly filled when
two earthen damswere constructed within the site basin. This artificial
fill extended below the lower damto the existing deep headcut. Belowthe
headcut, the channel depth rapidly increases downstreamfrom about five to
15 feet. Becausethe damsgreatly reducedthe flow reaching this headcut,
tts rate of headwardextension appears to have decreased dramatically
comparedto pre-dam conditions.

site Gully erosion is occurring on a smaller scale in other parts of the. On the northwest slope of the stte basin, several small gullies have
developed tn eoltan deposits. Thesegullies flow tnto the south drainage.
Several well-defined valley-side gullies occur south and east of the site
on bedrock slopes above the south drainage. At the heads of the divides
separating these gulltes from the central basin, numerousshallow rills are
forming within the surficial deposits.

Gully erosion tn manyareas of the south,est ts thought to have begun
during the nineteenth century as a result of overgrazing by cattle and
short-ten, cltmattc change. Euler et al. (1979) su_arize previous work on
this subject. (;ullytng apparently beganduring the 1840's along the Rio
Puerco, NewMexico, and around the late 1880's tn most other areas. The
majority of authors conclude that the gullytng beganduring a brief peMod
of decreasing mtsture andthat tt was triggered by overgrazing. However,
someauthors belteve that the gullying would have occurred somewhatlater
without overgraztng as a result of the drought alone.

The relative magnitude of the 1891 drought cannot be estab]ished
because no historic precipitation data were collected at Durango until
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1895. However,tree ring data for the FourCornersregionIndicatethat
the latenineteenthcenturywas relativelydry.

If the gulliesin theBodoCanyonareahavedevelopeddurin9 the last
I00years,lt is possiblethatthe sltecouldbecomemore severelygullied
in a relativelyshorttime.

Estimatedratesof headwardextensionwere calculatedfor the main
valley-floorgullyalongthenorthdrainage,basedon thefollowingassump-
tions: gullyingbeganin 18glor 1910;and by aboutIg50,a gullyheadcut
had migratedfromthe eastend of the alluviumto the northeastcornerof
the site,a distanceof about3200 feet. The resultingaverageratesof
headcutmigrationfrom these ass_tlons are S4 and O0 feet per year,
respectively.Theactualratesprobablydecreasedupstreamas thedrainage
areaand dischargeabovethe headcutalsodecreased.Incomparlson:recent
maxlmumratesof headcutmlgratlonin the alluviumwlth_nthe s_te have
probablybeen a few feetperyear,or less.

Minororocesse_

Minor geomorphicprocessesthat may affectthe,Bodo Canyon site
include: I) slope erosion;2) mass movements;3) wind erosion;and

• 4) frostheaveand solifluction.Theseare discussedby numberbelow.

I. The ColoradoGeologicalSurvey (CGS,1981)mapped the slopes
northeast and southeast of the site, along the north and south
drainages, as unstable. For this study, the slopes on all sides
of the site were examinedto identifythe areas of greatest
instability,to estimatemaximumerosionrates,and to evaluate
potentialimpactson the site.

The slopesat the site vary in heightfrom roughly60 to lO0
feet. Typical)y,the upper parts are convex and moderately
steep,whereasthe lower partsare straightand steep,with
maximumgradientsas largeas ;!5to 30 degrees.

The north-facingsite slopestend to be more stablebecauseof
thickervegetation{rootsbindthe soiland plantlitterimpedes
runoff). However,litterand surfacesoilsare beingstripped
fromthe steepernortheastslope,whichhas beenundercutby the
northdrainage.

The south-facingsiteslopesare moreactive,partlybecauseof
the discontinuousvegetation.Particularlyunstableareasin-
cludethe lower,steeperpartsof the slopesand the steepheads
of activevalley-sidegullies,whereIntensifiederosionin some
casesextendsnearlyto the crestsof the slopes. Colluviumis
typicallyabsentin thesesteeperareas. In contrast,the upper
slopesinotherareasretaina colluvialmantle,supportslightly
thickervegetation,and appearrelativelystable.

Potentialratesof hlllslopeeroslonwereestimatedfromdatafor
the site area and for the southwesternUnitedStates. On the
steepslopessouthof the site,erosionhas partlyexposedthe
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roots of :Juniper trees on their downhill sides. A few trees have
even been uprooted. For two old stumps: the depth of root expo-
Sure was divided by the numberof growth rtngs to obtain maxtmum
rates of sheet and rill erosion of about feet20 per 1000years.
If the trees were cut as rech as 100 years ago, these rates would
be c]oser to 10 feet per 1000 years. For comparison, histori-

cally masured rates of scarperetreatfet tn the southwestern UnitedStates are about 6o5 to 43 per 1000 years in shale and two
feet per 1000 ),ears in sandstone (Schul and Chorley, 1983).

Nechanical weathering ts sufficiently reptd to allow moderate
erosion rates, at least locally. Slope erosion ts most likely to
affect those parts of the Impoundmentthat overlap or abut
-externally draining slopes. As presently designed, mst of the

thatminordrainagedlvldesimpoundmentmrgtn ltes tnside the
separate the central sub--basin from the externally draining
slopes.

Oischarge channels that cut through drainage dtvtdes will release
most runoff from the site onto b we,edrock slopes 11 beyond the
edgesof the tmpound,_nt. Anychannel tnclsion or extension that
my occur is not likely to cut through the bedrock divides to the
impoundment. Minor undercutting could occur at the downstream
ends of the channels, but would not be likely to impair their
function.

Recent incision alongthe north andsouth drainages could rejuve-
nate existing valley-side gullies and create new channels that
would dissect the slopes. Such rejuvenation is probably con-
tributing to more rapid erosion along the slopes northeast and
southwest of the site, where the proportion of sandstonebeds is
relatively low. However,the greater proportion and thickness of
sandstonebeds along the southeast slope will probably inhibit
rejuvenation and dissection.

2. Massmovementshavebeen identified along the hogbackridge south
of BodoCanyon (CGS, 1981), and my have occurred within the
canyonin areas underlain by the Lewis Shale. However, no mass
movementshave been observed within or bordering the site.

A few shallow sot1 slips, roughly tens of feet in dt_meter, have
occurred along the south drainage east of the site where channel
meanders have locally undercut the adjacent slopes. Future
channel incision more dtrectly south of the site might cause
similar small failures, but these probably would not extend far
enoughuphill to impact the site and could be prevented by the
relatively thick sandstonebeds tn the basal slopes.

3. Windblo,n mtertals are present tn BodoCanyonand on geomorphi-
ally stable surfaces in the Anims and La Plata river valleys
SCS, 1985;Gillamet al., 1904;Moore and Scott,1981). The
wide distributionand slmilarltyof the mterlals suggestthat
they were derivedprimrily from the ColoradoPlateauto the
southwest,and that regionalwind velocitiesare capableof
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transporting silt and fine sand for at ]east SO miles and
probably muchfarther.

• In local areas within the SanJuan Basin, u part of the wlndblo_
materlal has probably beenderived from nearby bedrockexposures
and unconsolldated surflclal deposits, Suchlocal contrlbutlons
have recently been demonstratedfor areas north of ChacoCanyon
(Schultz, 1983. 1980).

In the SodoCanyonsite area, geomorphtcfeatures of winderosion
(such as blowouts, yardangs, or venttfacts) do not occur, indi-
cating that fluvial e_rostondominates. However, locally measured
windvelocities (DOE,1984b) are sufficient to transport silt and
sand particles tn the ta|ltngs.

Wtnderosion of the tailings andthe overlying radon/infiltration
barrier wtll be prevented by the cover.

4. During the winter, the maximumfrost penetration depth in the
Durangoar'ea is about four feet, although the depth can be much
less if a persistent, .early snow.fall insulates the ground from
cold air temperatures (SCS, 1954). Thus, frost heave and sol t
fluctton can occur in the area under favorable conditions.

Frost heaveis the vertical dtsplacemnt of matter in responseto
• freezing. Theprocess requires that adequatemoisture be present

to form _ce ]enses within a fine-grained sot1. Further water
dPercolattonandgrowth of the ice lenses causesupwardexpansion,

ispl cing the surface. In the dtsposal cell, tca lenses could
form n the upper part of the radon attenuation layer. The
process can be mitigated by using a radon/infiltration barrier

• that is .sufficiently impermeable to prevent significant water
• penetration, and a sufficiently porous aggregate covering to

restrict water buildup over the clay.

Soltfluctton is the slow flowage of saturated soils abovefrozen
subsoils (Ritter, 1978). The saturation prerequisite for this
process can also be mitigated by using permeable aggregate and
impermeable radon barrier materials.
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4.0 GEOLOGICSTABILITY

4.1 GEOMORPHICSTABILITY

At the Bodo Canyonsite,the relativeintensityof variousnatural
geomorphlcprocessesdiffers over short distances. Therefore,the

• geomorphtcprocesses that mayaffect the disposal cell dependsstrongly on
its specific location and design. The following commentspertain to the
cell and to its proposed lO00-year ltfettm.

•

"r Themst" stgniftcant'ge°'m°rphtc-m---'-- -'" "" - processes that may affect the site-r-ae • U ¢a_as_ropnl.cilOOoing &represented by the Probable MaximumFlood,
or PHF), gully erosion, and slope erosion. Someslopes peripheral to the
site have recently been rejuvenated by channel incision along the north and
south drainages, whereas the effect on other slopes will probably be
mitigated by rests(ant sandstone layers in the bedrock. No significant
risks appear to be associated either with further channel changesalong the
north and south drainages (except for posstble local effects of the PMFin
the north drainage, as dtscussed below) or with large-scale massmovements.

Geomorphic processes that could occur locally on the impoundment
includefrostheave,solifluction,and erosionby rainsplash,sheetwash,
gullyincision,and wind. Theseprocessesare not discussedbecausethey
will be controlledby the designof the disposalcell,covermaterial,and
drainage.

The geomorphicprocessesthatnow occurnaturallyat the siteappear
to be well controlledby the proposedlocationand design,althougha few
minorsuggestionsare presentedbelow.

The perimeterof the disposalcell has been placed on gentleor
moderate,relativelystableslopesthat draintowardthe centerof the
basin. This placementavoidsthe slopesdrainin9 towardthe northand
south drainages,which are generallysteeper,less stable, and more
susceptibleto rejuvenation.

The cell is placedacrosslow areaswherethe perimetertruncates
existing drainage channels. After construction, only runoff falling on the
cell will enter these channels. This will substantially decrease present
natural discharges into the channels, thus reducing incision rates.
Becausethe crest of the south stde of the cell is relatively close to the
underlyingnaturaldrainagedivide,the proportionalreductionin discharge
will probablybe smallestfor this channel. However,presentincision
along the channelis relativelyslow becauseof the bedrockand low
discharge.

Themostsignificantpotentialforchannelerosionwouldoccurat the
northend of the cell. Headwardextensionof the gullycouldcontinue.

The runofffrom the ProbableMaximumPrecipitation(PMP)on the
disposalcell wouldhave signlficanterosivepower,as indicatedby the
area of the cell,when comparedto the areasand peak dischargesof the
three sub-basinsused to model the PMF. The impactsof PMP-generated
runoffare likelyto be most significantat the downstreamendsof thetwo
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drainage ditches mentioned above, and at the bases of the disposal cell.
The possibility Of unusually high runoff emphasizesthe need to provide
adequateerosion protection at these points, particularly to prevent under-
cutting at the north.

Sully erosion can breach an improperly protected impoundmentin less
than 100 years (Nelson et al., 1983). However, t_he plan for drainage
dispersion from the cell at the site w111 prevent further extension and
incision of the gullies described above. Embankmentswill be constructed
where the perimeter crosses existing channels and filled divides. Drainage
will be diverted via ditches and will be released onto bedrock slopes
beyondthe perimeter of the dtsposal cell. With the natural flows in the
channels and rtlls severely reduced, erosion rates w111becomeinsignifi-
cant.

4.2 SEISMOTECTONICSTABILITY

As previously discussed in section 2.4, there are no knowncapable
faults in the Colorado Plateau or the Western Mountain seismotectonic
provinces, which make up the portions of the site region. The group of
faults that comprise the Ridges Bastn-Durango fault group is the most
critical to the site in terms of ground rupture hazards and on-site
acceleration (Figures 2.9 and3.1). Theassociation andalignment with the
Durangoanticline and Perrin syncltne folded structures suggest a similar

. Laramide Orogenyage for the faults. The following sections present the
evaluation by the DOE(1985b) of this fault system•

,A..ssessment.,,offault capability

Thegroup of en echelon faults near the site was studied to determine
the age of last movement. The four faults, with two small spurs, were

• first mappedby Zapp (1949) and included on subsequentgeologic mapsof the
region. The faults andtheir possible extension were examinedby low-sun-
angle aerial reconnaissance over a 16-km (lO-mile) radius of the site and
also by the use of stereo-pair aertal photographsto determine if surficial
Quaternary deposits were dissected by fault movement. This was followed
by examination of the traces on the ground and selection of sites for
trench excavation to expose the oldest undissected Quaternary deposits
(DOE.Igesb).

Twoof the faults, which are parallel to each other and whosetrends
dissect the east end of Smelter Mountain trends and are buried below
Quaternary deposits in the Animas River, are the ,mst prominent. The
largest of these, called Fault No. 1, has an east-side-down displacement
that could be as muchas 300 feet (Zapp, 1949) and Fault No. 2 has a
similar displacement of bedrock of several tens of feet. Both faults were
found to have been intruded by dikes of fine-grained olivine basalt rock
that were sheared by subsequentmovement. The basalt dikes are apparently
associated with volcanism that occurred in the area in the Late Cretaceous

, to Early Miocene.

Trench No. ] wasexcavated across Fault No. I in the Ourangoprocess-
ing site approximately 200 feet from the Antmas River. Four Quaternary
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alluvium units directly overlying the faulted bedrock were found to be
undisturbed. The alluvium along the terraces of the river are composedof
glacial outwash representing the Pinedale glaciation that is dated as
possibly older than 30,000 years (Gillam et al., 1984). Similar deposits
were observed overlying the trace of Fault No. 2.

Trench No. 2 examined the combined north trace of Fault No. 3, and
a spur called Fault No. 4, as mappedby Zapp (lg4g), that appeared to enter
the east end of the Bodo Canyon disposal site. Fault 3 has an inferred
length of approximately 2.0 km (1.2 miles), extending from Ridges Basin
into the head of Bodo Canyon drainage and was interpreted by Zapp to have
a west-side-down displacement. Field inspection of the trace indicates ,'hat
no faulting has occurred along the mappedtrace within one mile froT the
BodoCanyon disposal site. If Fault 3 does exist, its maximumdisplacement
is estimated at no more than ZO feet. Late Holocene alluvium that overlies
the fault in Ridges Basin is not displaced. Paleochannels up to two feet
deep were found in the alluvium (see Figure 3.1).

Trench No. 3 was made on the west end of the disposal site on the
trend of lineation interpreted from aerial photos. The trench did not
reach bedrock but exposed seven units of surficial deposits. Several
paleochannels were observed to dissect these units. One paleochannel had
a width of 30 feet and a depth of four feet, No evidence of faulting was
found.

In Trenches 2 and 3 the presence of multiple buried soils and the
topographic changes implied by the development and abandonment of the
paleochannel drainages indicated a minimum age of the oldest units of
I00,000to 200,000years.

The conclusion of the study of the faults from the various methods
of investigationsis that there is no evidenceof movement on any fault in
the Bodo Canyon area during at least the Late Quaternary and probably not
since the end of the Tertiary. The fault system is considered to be
noncapable.

For t',lepurposes of the analysis of regional seismicity, it was
concludedthat the greatest seismichazard in the site area is associated
with undesignated faults within the Colorado Plateau/Western Mountain
province transitS,on zone and the Rio Grande Rift; specific known faults
within the ColoradoPlateau,includingfaultsin the UncompahgreUplift and
salt anticlines areas; and the unidentifiedseismic source in the Dulce,
New Mexico, area. Maximum expected accelerationsin the site area asso-
ciated with the specificknown featuresare discussed in Section2.4. Due
to the lack of detailed information of the seismic history, it is not
possible to calculate recurrencerelationshipsfor these features, or to
apply probabilistictechniques.

Therefore,the deterministicapproachwas supplementedby a probabi-
listicanalysisbased on the regionalhistoricalrecord. Historicalearth-
quake data for the seismotectonicprovincesof interestwere obtained from
the NOAA earthquake data file. The provinces were represented as six
circular or rectangularsearch areas as shown on Figure 2.6, and complete
listingsof all historicaland instrumentallydetectedearthquakesfor each
of the six areas were obtained. Because of the questionablereliability
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of the record for events of magnitude<_4.5 occurring before 1960o it was
originally tntended to use only events of magnitude_. 4.5 occurring after
1960 tn the analysis. Thts resulted tn too small a data set for reltable
analys|s. In order to develop a larger data basewtthout Introducing major
errors, all events of magnttude;> 4.0 occurring after 1960 were used. The
resulting data sets for each o_r the six areas are ltsted in Tables 2.4
through 2.9. Recurrence relationships were determined graphically for each
of the six areas.

Various published acceleration-attenuation relationships were used
in successive runs ustng the computercode ACC.LINE.AREA(Chtang et al.,
1984). Theattenuation relationship, which resulted tn stte accelerations
most consistent with the Other analyses employedtn thts study, ts that
developed by Oonovan(1973) basedon an analysts of worldwide events:

A - 1320eO'S8M(R+2s)'l'32

Where H - magnitude, R - hypocentral distance (km), and A - peak
groundacceleration (gravity).

The computer code ACC.LINE.AREAcomputes the probability of
exceedanceof a given peak groundacceleration at a specific site due to

• identified ltne or area seismic sources. Ltne sources are typically
representative of knownor suspectedfaults, and c|rcular area sources are
representative of regions that do not include recognized faults having a
strong correlation betweeneptcentral locations and fault locations.

Details of the program developmentare presented in Chiang et al.
(1984). The seismic sources are characterized by normalized log-linear
recurrence relationships based on historical data. The recurrence
relationship defines the meannumberof events of magnitude greater than
the selected Mper unit area and unit time. This quantitative relationship
represents the past seismic history of the source. Zt is typically
bilinear, and the computercode allows definition of an upper limit cutoff
magnitudefor a givensource.

FutureforecastlngIsbasedon theapplicatlonof thePoissonstatis-
ticalmodelto seismicactivity. This modelassumesthat majorseismic
eventsare spatiallyand temporallyindependent.The Poissonprobability
model furtherassumesthat the probabilityof two seismiceventstaking
placeat the samelocationandat the sameInstantIn timeapproacheszero.
Themean rateof occurrencedefinedby theno_lized recurrencerelation-
ship for a sourceis used directlyin the Poissonmodel,arrivingat an
expressionthatdirectlycomputestheprobabilltyof occurrenceof at least
one eventof magnitudegreaterthanthe selectedH in a giventimeperiod.

For a speclficsite, an attenuationfunctionis substitutedfor
accelerationin the probabilityrelationship. Yhe computercode then
integratesthe resultingrelatlonshlpover an inputtime periodfor the
specific source or sources consideredto arrive at a probability
distribution function for acceleration. In the integration process, the
hypocenter, rather than the epicenter, ts utilized, thus considering the
possible variation in depth for different seismic sources.
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Results of erobabtlltv aqalvsts

Data tnput Ind results of the .probability analysts are tncluded in

'the computer ltsttngs (DOE,. 1985a). Magnitude values used in theprobability analysis are bodywavemagnitudes (mh) because these are the
values generally listed tn the NOAAearthquake data ftle.

The probabilities vere calculated for ttme periods of 10, 50. 200,
250, and g9g years (approximately for 1000 years). The probabilities
calculated sre consistent wtth previous seismic zoning studies and the
historical record.

For the lO-year ttme period, there ts a 90 percent probability that
an acceleration of 0.015g to 0.029 wtll be experienced at the stte area.
For mn acceleration of O.OZgto 0.03 9, the probability varies from 90 to
45 percent for the samettme period. The probability of the acceleration

SeveraleXceedtnigcceleratO'O5gts leSSnthan IO percent for the lO-year time periodions t the range of O.01g to O.02g have beenexperienced
tn the site area since 1950. The analysts results are tn good agreement
wtth the acceleration contours of Algemtssen et al. (1982) as presented
In Table 2.3.

For the 50-yeartime frame,thereIs abouta IO percentprobability
that an accelerationof 0.046gto O.07gwill be experienced,which is
consistentwith the studyby Algermlssenand Perkins{Ig76)and slightly
higherthanAlgermlssenet al. (Ig82).

For a 200-yeartimeperiod,the minimumplanneddesignlife of the
uranium mtll tailings disposal facilities, the calculated probability that
an acceleration of 0.035g to 0.045g will occur is nearly 100 percent. This
reduces to approximately 50 percent for an acceleration of O.05g to 0.079,
and to near zero for an acceleration of O.lOg or greater. Bearing in mind
the practical limitations of the analytical method being employed, it
should be assumedthat a low probability (approximately 10 percent) is
associated with the occurrence of an acceleration of O.08g to O.]g for a
200-yeartimeperiod.Theprobabilityof an accelerationgreaterthanO.Ig
is apparentlyvery low (lessthan I0 percent),but Is not zero.

Probabilityvalueswere calculatedfor a 2SO-yeartime intervalto
facilitatecomparisonwith the studyof Algerelssenet al. (1982). Both
studiesdeterminedthe probabilityof occurrenceof an accelerationof
o.oggto O.lOgto be lessthan IO percent.

For a lO00-yeartime Interval{approximatedas ggg years for the
co_uter analysis),whichis themaximumrequiredstabledesignlifeof the
planneddisposalcell,m nearlyI00 percentprobabilityof occurrenceof
an accelefitionof O.OSgwas determined.The probabilityof occurrenceof
an accelerationgreaterthan aboutO.12gduringthe lO00-yeartime period
Is very low,but is not zero. An accelerationof O.16gis consideredas
havingzero probablllty. The resultsof the probabilityanalysisare
representedgraphicallyin Figure4.1.
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Seismiq desiqn

Based on the probabilisticapproach,the maximum horizontalaccele-
ration at the site for a 200-year period is O.10g and for a 1,000- year
design life is 0.16g. This method does not require the determinationof
a design earthquake magnitude. Seed and Idriss (1982) show that this
design on-site accelerationof .16g on bedrock is equivalentto a design
of a magnitude 5.5 earthquake at a distance of 15 km (9.3 miles) or a
magnitude6.2 earthquakeat a distanceof Z6 km (16 miles) from the site.

Although there is a substantialdepth of unconsolidatedsurficial
deposits in the narrow paleochannelfill, the site is underlainby bedrock
over 70 percentof the cell area.

The seismic coefficientfor the long-term design life is 0.16g and
for the short-termdesign is O.05g. Figure 4.1 shows that there is less
than 10 percent probabilitythat an O.05g accelerationwill occur in 10
years.

Potentialfor soil liquefactionat the site area

A review of published earthquake reports by Youd and Hoose (1977)
indicatesthat shallow, saturated,Holocene fluvial, deltaic and aeolian
deposits, and poorly compacteo artificial sand fills have the highest
susceptibilityto liquefactionand subsequent ground failure. Holocene
alluvialfan, alluvialplain,beach,terrace,and playa depositswere found
to be less susceptible. Pleistocenesand deposits are generallyeven less
susceptible,and glacialtill, clay rich, and pre-Pleistocenedeposits are
usuallyimmune to liquefaction. The degree of sorting, the degree of com-
pactionduring sedimentationor construction,and the grain-sizedistribu-
tion are major factorscontrollingliquefactionpotential. The greaterthe
sortingand the looserthe packing,the greaterthe liquefactionpotential.
Most episodes of liquefactionhave developedat relativelyshallow depths
(probablyless than 10 meters) and in areas where the water table (free or
perched) was locatedwithin a few meters of the ground surface.

The potentialfor liquefactionalso dependson the degree of seismic
shaking. The opportunityfor ground failurein a given area is a function
of the seismicity of the area and the rate of occurrence of earthquake
groundmotionsof sufficientintensityto produceground failurein suscep-
tible materials. The maximumdistancefrom a seismicsourceto potentially
damaging ground failures as a functionof earthquakemagnitudewas deter-
mined by Youd and Perkins (1978) as plotted in Figure 4.2. Liquefaction
is not likelyto be producedby earthquakesof magnitudes less than 5.0 or
at a distance greater than 47 to 94 miles (75 to 150 km) from the
hypocenter.

Five hypotheticalearthquakesthat might affect the Bodo Canyon site
area are shown on Figure 4.2. lt is apparentthat only the largestpossi-
ble events at the theoreticalclosest approacheswould be capable of pro-
ducing liquefactionin susceptiblematerials,

The Bodo Canyon site is underlainby colluvialand alluvialdeposits
that are generallyvery thin, but have a thicknessof 45 to 65 feet along
a narrow paleochannel. The depositsmainly consist of clayey and gravelly
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sands wtth occasional cobbles and gravels, buried soil horizons, silty
clays, and possibly someeoltan si]ts. The water table is perched within
the bottom of the _]eochannel. The saturated sand deposits may be
susceptible to ]tque_'actton, but due to their limited extent and the
criteria that were used in the design, the potential for liquefaction at
this stte is extremely small.

Other hazards

Volcanic activity, which occurred in the San Juan Mountains volcanic
center, has not occurred in the BodoCanyonregion since late Miocene to
early Pliocene time (Larkin et al., 1980). The 1ast activity occurred in
the border area with the Rio Grande Rift zone. No future activity is
expected under the Quaternary tectonic regime within the Colorado Plateau
or Western Mountain provinces.
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