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ABSTRACT

The Quaternary history of the northern Sangre de Cristo
Mountains was dominated by at least four, and possibly five,
episodes of alpine glaciation. Relative-dating (RD) data from 75
stations on moraines and rock glaciers suggest correlation of the
four glacial advances with the Bull Lake, early Pinedale, mid-
late Pinedale, and early Neoglacial episodes of the Rocky Moun-
tains. Geomorphic evidence indicates that alluvial fan surfaces
at the base of the mountains formed at the same time as terminal
moraines and are primarily glacial outwash features. Post-
glacial (Holocene) alluvial fan deposition is restricted to much

"smaller areas than was full-glacial deposition.

The northern Sangre de Cristo Mountains and adjacent San
Luis Valley are major horst and graben, respectively, of the Rio
Grande Rift Zone in Colorado. Quaternary faulting on the 120-
km-long Sangre de Cristo Fault Zone and on the 10-km-long
Villa Grove Fault Zone has repeatedly offset the glacial and
alluvial deposits. A total of 153 detailed scarp profiles and five
backhoe trenches were utilized to reconstruct the history of Qua-
ternary faulting on the two fault zones.

The Villa Grove Fault Zoneis an intrabasin swarm of about 40
discontinuous, en echelon, basin-facing scarps that traverse

northwestward across the northern San Luis Valley. Individual -

scarps range from 0.3 m to 14.0 m high. Vertical displacements of
0.8to 1.4 m per fault event have estimated recurrence intervals of
60,000 to 100,000 years. Length of surface rupture and displace-
ment per event suggest Quaternary earthquakes of Richter

magnitude (ML) 6.6 to 7.0. The last earthquake occurred less than
about 13,000 years ago.

The range-bounding Sangre de Cristo Fault Zone displays
evidence of recurrent surface faulting from pre-Bull Lake to early
Holocene time. Scarp heights range from 2 m in Holocene to 87 m
in pre-Bull Lake deposits. Average displacements of 1.2m to 2.9 m
per event, deduced from scarp profile and trench data, suggest
Quaternary earthquakes of magnitude (M) 6.8 to 7.4. Long-term
recurrence intervals for surface-faulting events range from about
10,000 to 47,500 years; however, distribution in time is nonuni-
form. Radiocarbon dates indicate events can occur within as
little as 2500 years of each other. The two most recent events are
dated by "“C; the first occurred between about 13,000 and
10,100 + 110yearsago, and the second shortly before 7600 + 120
years ago.

The deduced frequency and magnitude of Quaternary earth-
quakes is not readily compatible with the lack of historic seismic-
ity in the Sangre de Cristo Mountains. In the 110-year history of
the study area, shocks up to magnitude 4.6 should have occurred
if standard earthquake frequency-magnitude relations are as-
sumed. The lack of such events indicates that the two studied
faults may resemble other Basin and Range faults, which dis-
play a “seismic cycle” of thousands of years from one large
earthquake to the next. Between large events, seismicity falls to
very low levels.
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GLOSSARY

Fan surface slope (Wallace 1980).
Fault dip (Wallace 1980).
Rotation angle.

Rotation angle.

Maximum scarp slope angle (Bucknam and Anderson 1979).

Net dip slip.

Fault throw (vertical component of displacement).
True fault throw across fault zone (same as hy, Hy).
Apparent fault throw at main scarp.

Scarp height.

Scarp height levelled.

Scarp height, modified levelling.

True displacement, main scarp.
Apparent displacement, main scarp.
True displacement, antithetic scarp.
Apparent displacement, antithetic scarp.
Vertical component of drag.

HE aOm

Vertical component of displacement due to flexure.
Vertical displacement due to rotation of the fault-bounded zone.

Surface offset.
Surface offset due to rotation (flexure).

Width of scarp crest (horizontal distance that encompasses 50
percent of the total angular curvature between 6 and «, roughly
centered on scarp crest).

Retreat of scarp crest (horizontal distance between projected
original crest and present crest).

Width of rotated zone.

Scarp head (edge of uneroded original fan surface).

Scarp crest (segment junction of maximum curvature below
head).

Scarp base (segment junction of maximum curvature above toe).
Scarp toe (edge of uncolluviated original fan surface).
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INTRODUCTION

BACKGROUND
Location

The study area is located in south-central Colorado, on the
eastern margin of the San Luis Valley (figure 1). The adjacent
mountains, the Sangre de Cristo Range, are the northern seg-
ment of a linear mountain chain which extends from central
New Mexico to central Colorado. This lofty range, elevated by
late Cenozoic tectonism, contains seven of Colorado’s 53 peaks
over 4269 m (14,000 ft).

The mapped area includes the entire western flank of the
northern Sangre de Cristo Mountains, as well as a portion of the
adjacent alluvial slope of the eastern San Luis Valley (figure 2).
The main structural feature of the area, the Sangre de Cristo
Fault, coincides with the physiographic boundary between the
mountains and valley.

Purpose and Strategy

The purpose of this study is threefold: first, to map Quaternary
deposits in the area in greater detail than was previously done;
second, to establish the chronology of Quaternary depositional
episodes; and third, to determine the sequence and magnitude of
neotectonic faulting that has deformed the deposits. An addi-
tional objective is to supplement estimates of seismic risk for the
State of Colorado and the Rio Grande Rift Zone (RGRZ) by
supplying new data on Quaternary tectonism. As Allen (1975)
has noted, analysis of historical seismicity without regard for the

Dr. McCalpin earned his Ph.D. from Colorado School of Mines in geology
in 1981. He is currently assistant professor of geology at Utah State
University.

0163-9153/82/7703-0001 $00.20/0

visible Quaternary record is often unreliable for estimating
earthquake potential.

The strategy adopted to achieve these goals is also threefold.
First, the distribution of glacial and alluvial deposits has been
determined by photogeologic mapping and field checking. Second,
collection of stratigraphic, morphologic, and weathering data
from deposits permits definition of an age sequence of deposits.
Finally, detailed mapping of the distribution of fault scarps and
their interaction with Quaternary deposits, and collection of
scarp profile data, provide estimates of the timing of Quaternary
faulting. The field program carried out in 1979 and 1980 essen-
tially followed this strategy.

Previous Investigations

Early reports by Siebenthal (1907, 1910) provided generalized
descriptions of the geology of the Sangre de Cristo Range and
San Luis Valley. A hiatus in publications followed until the late
1930s, when Burbank and Goddard (1937) reviewed the structu-
ral history of the Sangre de Cristo Mountains, and Bryan (1938)
described the geology of the San Luis Valley. Upson (1938, 1941)
was the first to note Quaternary faulting in the eastern San Luis
Valley and gave a broad overview of the valley’s geomorphology
(Upson 1939). Detailed mapping of the Sangre de Cristo Range
began in the 1950s as thesis projects, each of which covered a
small portion of the range (Gableman 1952; Clement 1952;
Toulmin 1953; Litsey 1954; Munger 1959; Koch 1963; Karig 1964;
Volckmann 1965; Nolting 1970; Wychgram 1972). Recent theses
have synthesized data from throughout the area (Knepper 1974;
Huntley 1977). Scott and others (1976) mapped and subdivided
surficial deposits in part of the area and introduced the nomen-
clature of the Rocky Mountain Quaternary chronology (Black-
welder 1915; Richmond 1965) into the study area.

©® 1983 Colorado School of Mines
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Figure 1.—Location map of the study area. Physiogra-
phicdrawing by Guy Harold-Smith, from Atwood (1939).

Geophysical data collected in the San Luis Valley area (Gaca
and Karig 1966; Stoughton 1977; Davis and Stoughton 1979)
have contributed to understanding of subsurface geology. Jor-
dan (1974) and Pearl and Barret (1976) discussed the geothermal
potential of the valley. Previous works addressing Quaternary
tectonism of the area are Scott (1970), Kirkham and Rogers
(1981), and Peterson (1979). For an overview of RGRZ tectonics,
the reader is referred to two recent comprehensive surveys (Haw-
ley 1978; Riecker 1979).
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VALLEY
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SOUTH Plate | )
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Blanca Pk.
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ONEER
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Alamosa C,
(6] 10 20 km
———

Figure 2.—Index map of the study area, showing geogra-
phic names.

Climate

Strong gradients of both temperature and precipitation exist
between the floor of the San Luis Valley (elevation 2285 m) and
the high peaks of the Sangre de Cristo Mountains (elevation 3660
m—4270 m). These gradients are reflected in vegetation, weath-
ering rates, and physical processes at work in the study area.

Precipitation falls largely as winter snow or summer thunder
showers. Annual precipitation ranges from 178 mm per year on
the valley floor to 1016 mm per year on the highest mountain
peaks (figure 3). Temperatures likewise exhibit an extreme
range. At Alamosa, immediately southwest of the study area,
mean monthly temperatures range from —8°C (January) to 18°C
(July): extreme temperatures of —40°C to over 38°C have been
recorded (Huntley 1977). Potential evapotranspiration varies
widely over the study area, dependent mainly on local values of
temperature. In general, precipitation exceeds evapotranspira-
tion in the Sangre de Cristo Mountains, whereas the reverse is
true in the San Luis Valley.
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Figure 3.—Map of mean annual precipitation in the San Luis Valley, Colorado. Modified after Huntley 1977; data from

U.S. Department of Commerce.

Vegetation and Soils

The study area encompasses five of the six life zones of Mer-
riam (1897), from the Upper Sonoran (lowest) to the Arctic-
Alpine (highest). The distribution of these zones in the study
area, and their characteristic vegetation, are schematically
shown in figure 4. The boundaries of the life zones, which
roughly parallel elevation contours, are controlled by elevation,
temperature, slope, aspect, wind, and available moisture. At
lower elevations available moisture seems to be the primary
control on boundaries, whereas temperature, aspect, and wind
become more important at higher elevations. .

Within each zone, distribution of individual plant species is
sometimes sensitive to geologic or pedologic parameters. In the
mountains, aspen (Populus tremuloides) dominate on glacial
deposits in the Canadian Zone, whereas bedrock slopes of sim-
ilar elevation and aspect carry a Douglas fir cover (Pseudotsuga

' menczeiesii). At the toe of slopes, the pinyon-juniper community
(Pinus edulis-Juniperus scopolorum) occupies sites with young,
stony soils; older, more clay-rich soils support scrub oak (Quercus
gambelli).

Strong gradients of precipitation, evapotranspiration, and
temperature traversing the study areafrom westto east (figures
3 and 4) have seemingly affected soil development and morphol-
ogy. Richmond (1962, page 25) observed that “In the Rocky
Mountains, climatic provinces are telescoped in narrow altitude
zones, to which the great soil groups correspond....” Effects due
to climate in soil profiles of the San Luis Valley are superimposed
upon those due to time. These climatic effects can be examined
by describing soils on surfaces of a single age across a climatic
transect. The resulting soil sequence is known as a climosequence.
Two soil climosequences, developed in deposits of Pinedale
and Bull Lake age (defined later in the Quaternary Chronology
section), are shown diagrammatically in figure 5. In each cli-
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SOIL CLIMOSEQUENCES, San Luis Valley
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mosequence, the effect of decreased precipitation and soil water
infiltration with decreasing altitude is apparent. Soil carbonate
becomes better developed and shallower in the profiles approach-
ing the valley floor. Soils of post-Pinedale age contain no secon-
dary CaCOs; above the modern line where precipitation equals
evapotranspiration (P = ET, figure 4), but do contain increas-
ing amounts of secondary CaCO; with increasing drop below
that elevation. By contrast, post-Bull Lake soils display secon-
dary CaCQ:; at elevations higher than the modern P = ET ele-
vation. A higher elevation for the pedocal-pedalfer boundary for
older Quaternary soils is common in the Rocky Mountains
(Richmond 1972, figure 2). The mechanism responsible for this is
probably the development of clayey B horizons and subsequent
greater water-holding capacity in the older soils (Birkeland 1974,
page 243).
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REGIONAL (GEOLOGY AND
TECTONIC SETTING

Regional Geology

The northern Sangre de Cristo Mountains are a Neogene block
uplift comprised mainly of Upper Paleozoic clastic sedimentary
rocks, with minor Precambrian crystalline rocks, Lower to Mid-
dle Paleozoic sedimentary rocks, and rare Tertiary intrusives.
Large anticlines and synclines in the thick (up to 5500 m) Upper
Paleozoic section trend roughly parallel to present range boun-
daries and dominate the structure of the northern portion of the
range. The southern portion, including the Blanca Peak Massif,
is predominantly Precambrian metamorphic rocks (figure 6).

105°

o\

e
T\

oS %0

Upper Arkansas

\\\

PE

399

M
STUDY
AREA

San Luis
Valley

S

SN

— 39°

r.‘ é

P

™M

Wet Mountain
Valley

(after Tweto, 1964)

-l 370
37 1 |
SEDIMENTARY ROCKS IGNEOUS / METAMORPHIC ROCKS
" . .
TQ Quaternary M | Mesozoic Tv | Tertiary volcanic
Late Tertiary
T Tertiary P Paleozoic ' Tertiary intrusive

P€

Precambrian

Figure 6.—Regional geologic map of south-central Colorado, after Tweto (1964).
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Flanking the Sangre de Cristo Range on the west is the San Luis
Valley, a Neogene asymmetric graben (figure 6). Continuous
syntectonic sedimentation since at least mid-Tertiary time has
filled this graben with up to 5000 m of volcanociastic and arkosic
sediments, plus intercalated voleanic flows (Huntley 1979).

Tectonic Setting

The northern Sangre de Cristo Mountains and San Luis Val-
ley are integral parts of the Rio Grande Rift Zone (RGRZ, figure
7). Structurally the RGRZ is an intracratonic continental rift
superimposed during the late Cenozoic upon previously deformed
terranes of Colorado and New Mexico. With the cessation of the
Laramide orogeny in early Tertiary time, erosion beveled the
Laramide folds to produce a widespread low-relief erosion sur-
face over much of central Colorado (Epis and others, 1976). This
surface was well developed by late Eocene. Its further develop-
ment was arrested in early Oligocene by outpouring of andesitic
voleanics from the San Juan Voicanic Field and other locales.
Andesitic and rhyolitic flows crossed the site of the present
Sangre de Cristo Range north of 38° N latitude from west to east,
indicating that no continuous topographic barrier existed at that
time (Taylor 1975; Epis and others 1976, figure 8).

Sometime after early Oligocene time the Rio Grande Rift
began to form. Simplistically, the RGRZ can be viewed as a giant
“pull-apart” structure formed by the separation of the Colorado
Plateau on the west from the interior craton on the east. The
previous widespread Eocene erosion surface and its overlying
volcanic cover were displaced by normal faulting, with dis-
placements measured today ranging from 50 m to 1000+ m (Epis
and others 1976). Knepper (1974) outlined five stages of rift
development in central Colorado, the first three associated with
north-trending structures, and the last two by northwest-trending
structures. The present topographic features of this study area
have resulted from the latter {wo stages (Pliocene to Holocene),

The geometry of the San Luis Basin is shown in figure 8.
Basin-fill strata are disrupted by intragraben normal faults, as
well as by the Sangre de Cristo Fault at the eastern basin mar-
gin. Thinning of basin-fill strata over buried horsts (figure 8)
suggests that rifting may have been contemporaneous with
deposition of these beds. Palynomorphs from arkosic basin-fill
sediments overlying Precambrian basement indicate a Paleo-
cene to Oligocene age for the oldest basin-fill sediments. Based
on such evidence Tweto (1975, page 5) has hypothesized that
rifting in Colorado may have begun as early as Paleocene, or
considerably before the classical inception of Rio Grande rifting
in late Oligocene {Lipman and Mehnert 1973; Chapin and
Seager 1975, pages 299-304).

Intragraben faults die out in the Plio-Pleistocene Alamosa
Formation and do not offset the surface (figure 8). The only
surficial evidence of Quaternary faulting occurs at the Sangre de
Cristo Fault Zone (SCFZ), at the base of the Sangre de Cristo
Range. The geometry of the Alamosa Formation as a simple
unfaulted wedge, which thickens steadily from west to east across
the San Luis Basin, suggests that faulting during and after its
deposition has been mainly downdropping along the Sangre de
Cristo Fault, with subsequent eastward tilting of the San Luis
Valley graben. The present position of the lowest part of
interior drainage near the eastern margin of the valley, and the
presence of conspicuous fault scarps at the base of the Sangre de
Cristo Mountains, suggest that such tilting is still active today.

—

AR IOND

COLOQRADO

%
o,

Datn - WOLOLLON
$0,Camd TILD

]
T~

Payowiy
Bag o
oot

oL Ch
I peas00 M

Fagunct

Figure 7.—Generalized map of the Rio Grande Rift Zone,
Colorado and New Mexico. Modified from Chapin (1971).
Marginal faults are marked by a heavy line.



COLORADO SCHOOL OF MINES QUARTERLY

w E
Kk
‘7 SANGR B
EDE
SAN JUAN SAN LUIS VALLEY CRISTO RANGE /A
3~ MTS (5—11km—512km4“"‘ 24 km iha
- -
¥ “.' - @ \’\‘ 4
* .. '. . : : * - P R RO “o;ngo:o" “c:ogogu"q"o”o“03,0oOc9063'0;0;0:02921:1:0:0?020“ :Cfofngoi o : :':"\I‘*
27 Tea : AATATRN I
LI } :r_;:l_:'\’\
SR i
1—1 ‘\’I‘l:'\l\:'\.—1
PN
IR
1 Vet 0T
° N l'zt‘,‘l-'g'.’.: ;"lf','r\‘:":‘j_ 0
PIPSAMAIY RS TN
I 7’:\\ " :\' ‘.’. ‘:
4 AEOTACO i
£ M "‘r v,
VI ESIRS
’\“: N :‘\‘,
.2 ASELROTE) IS
106°
N EXPLANATION
2 %,
5 5, DATA POINTS GECLOGIC UNITS
«© 1 QUTCRCP QF FISH CANYON AND CARPENTER ey el QUATERNARY DEPOSITS QUATERNARY
= % RIDGE TUFFS OLIGOCENE 275-28 MY LSt AND ALAMOSA FORMATION [ AND PLIOCENE
Q
age- X 5 4 2 TENNESSEE GAS TRANSM CO NO 1-B STATE, 2 PLIOCENE
1 31/2 3 N SEC 14, T 41N R 7 E Y SANTA FE FORMATION ! AND MIOCENE
f o) 3 ORIN TUCKER NO -1 THOMAS, SEC 13, FISH CANYON AND
' Z % T4IN.ABE CARPENTER RIDGE TUFFS
v 56 Th% 4 AMERADA PETROLEUM NO 1-F STATE, VOLCANICLASTIC AND OLIGOCENE
« SEC 16.T 39N.R 10E VOLCANIC RCCKS
4 IL- AR 1 . G
OLD QIL-TEST HOLE. SEC 11.T 39N_.R 12E [;—:] T ECHO PARK ALLUVILM } EOGENE ?
ALAMOSA < 8 MAPCO PROD CO AND AMOCO PROD CO —
She NO 1-32 STATE. SEC 32.T 40N .R 2 E ;,;\_-L-,‘ﬂ PRECAMBRIAN ROCKS

Fi

DATA POINTS AND PRINCIPAL
FAULTS IN SAN LUIS VALLEY

SANGRE DE CRISTO FAULT

gure 8,—Diagrammatic cross section of the San Luis Valley from Tweto (1979). Intrabasin faults die out within the
Plio-Pleistoene Alamosa Formation; only the range-bounding Sangre de Cristo Fault offsets late Pleistocene deposits,



PART ONE: QUATERNARY GEOLOGY

INTRODUCTION

Quaternary deposits in the study area fall into two broad
categories: (1) glacial, lacustrine, and mass-movement deposits
in the Sangre de Cristo Mountains, and (2) alluvial fan deposits
of the adjacent San Luis Valley. The distribution, morphology,
sedimentology, and weathering characteristics of Quaternary
deposits are described by category in the following sections.
Quantifiable morphologic and weathering parameters form the
basis for a relative-age chronology that is presented at the end of
the description section. Deposits are informally named by refer-
ence to correlated equivalents which are widespead in the Rocky
Mountains (Pinedale, Bull Lake, pre-Bull Lake). Usage in this
report follows the earlier introduction of the Pinedale-Bull Lake
terminology into part of the study area by Scott(1970), Scott and
Taylor (1975} and Scott and others (1976).

METHODS

Quaternary deposits were identified and delineated by photo-
geologic mapping from varicus imagery sources: (1) 1:100,000
(nominal) color and color infrared aerial photographs; (2) 1:50,000
(nominal} color infrared aerial photographs; and (3) 1:15,840
black-and-white aerial photographs. Deposit boundaries were
inferred from the outlines of well-defined landforms such as
lateral and terminal moraines and alluvial fans. Boundaries
were modified during field checking, and, in addition, deposits
with poor morphologic expression were mapped. Weathering
and morphologic data were collected from stations located on
crests of moraines, rock glaciers, and alluvial fan surfaces.

In determining the chronology of Quaternary deposits heavy
reliance was placed on collection of relative-dating (RD) data

collected at stations. RD data cover a broad range of measure-
ments on surface clast weathering and deposit morphology.
Proponents of the RD method have concluded “the chances of
arriving at a valid subdivision and correct correlations are
greatly enhanced if a variety of surface and subsurface RD
parameters are measured” (Birkeland and others 1979b, page
534). Accordingly, 15 RD parameters were measured In this
study at each of 75 RD stations [RD station locations are given in
McCalpin (1981, plate 1)]. Parameters measured were chosen
from a comprehensive list compiled by Burke and Birkeland
(1979), and are listed and defined in table 1.

GLACIAL DEPOSITS

Quaternary glacial deposits occur in 25 of the larger drainages
on the west flank of the northern Sangre de Cristo Mountains.
Glacial ice appears to have concentrated in two areas: (1)in the
north-central part of the range, centered about Kit Carson (4317
m)} and Crestone (4357 m) Peaks, and (2) in the Blanca Peak
Massif at the south end of the range, a large uplift that includes
four summits higher than 4269 m (figure 2). From these two
centers of accumulation, glacial ice filled valley-head cirques and
flowed down valley as valley glaciers.

In the northern section of the range, most glaciers did not
advance to the tectonic mountain front. Hence their terminal
deposits occur within steep-walled canyons cut into the Sangre
de Cristo Range. To the south, the six radial glaciers of the Sierra
Blanca reached the mountain front and extended as much as 0.5
km out onto the alluvial slope. Because glacier dynamics and till
deposition differed considerably between the north and south
segments of the range, deposits in each area are described
separately.
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Table 1.—Definitions and measurement techniques for
relative-dating (RD) parameters [modified from Burke
and Birkeland (1979)]

NOTE that parameters (1){8} describe surface clast weathering, parame-
ters {9H{12) describe deposit morphology, and parameters {13314) des-
cribe subsurface weathering. (At each station 25 stones were sampled,
mnst from 5 to 15 cm in diameter.)

( 1) POS—Percentage of oxidized stones. The percentage of sampled
stones on the moraine surface which exhibit brownish or reddish oxida-
tion discoleration over more than 50 percent of the stone surface.

( 2) PPS—Percentage of pitted stones, The percentage of sampled
stones on the moraine surface which exhibit concave weathering pits
formed by granular disintegration of rock grains or crystals.

{ 3) MPD—Maximum pit depth. The maximum depth (in mm) of a
weathering pit formed by pgranular disintegration on sampled stones,
measured perpendicular to the stone surface.

( 4) PSWR—Percentage of stones with weathering rinds. The
percentage of sampled stones on the moraine surface which exhibit
measurable rinds of oxidation or alteration beneath the stone surface. The
lower measurement limit in this study was 0.5 mm.

( 5) MRT—Maximum rind thickness. The maximum thickness (in
mm}) of weathering rinds on all sampled stones, as defined above.

{ 6) ART—Average rind thickness. The mean of all measurable
weathering rind thicknesses on sampled stones, as defined above. Zero
values (for stones with no rinds) were not included.

( 7) MPLC—Maximum percentage of lichen cover. The maximum
percentage of surface area of sampled boulders that is covered by any
species of lichen; visually estimated.

( 8) MLD—Maximum lichen diameter. The maximum measured
diameter (in mm) of individual lichen of the species Rhizocarpon geogra-
phicum on the surface of sampled boulders,

{ 9) SBF—Surface boulder frequency. The number of boulders
greater than 30 ¢cm in diameter exposed at or on the surface within a 30 m
by 6 m area on the moraine crest. Areas were chosen that seemed represen-
tative of the entire moraine surface.

(10) BBF—Boulder burial factor. The product of (1) the percentage of
boulders partially buried on the moraine crest, multiplied by (2) the aver-
age volume percentage burial of boulders (visual estimate}. Possiblerange
of values is 0 {all boulders sitting loose on surface} to 1.0 (no boulders
exposed at surface). This term is introduced in this paper.

(11) MCW—Moraine crest width. The average horizontal width (in m)
of the surface zone at the top of a moraine which has a surface slope of 5°
or less.

(12) MMSAQO and MMSAI—Maximum moraine slope angles, outer
and inner. The maximum measured slope {in degrees) of the present
outer and inner slopes of morainal ridges.

(13) SPD—Soil profile development. The degree of subsurface weather-
ing and soil horizonation which has occurred at the moraine surface since
deposition. Seil profiles are described according to standardized U.S. Soil
Conservation Service terminology (Soil Survey Staff 1975).

{14} SWS—Subsurface weathering of stones. The relative abun-
dance of fresh, moderately weathered (prussified) and strongly weathered
(grussified) clasts within glacial deposits. Usually measured within 1.0m
of the ground surface.

Pre-Bull Lake Till

Although pre-Bull Lake till (undivided) has been mapped on
the east side of the Sangre de Cnsto Range (Scott and Taylor
1975; Scott and others 1976), none was found within the present
study area. Assuming that pre-Bull Lake glaciers also existed on
the west side of the range, there are several possibilities for the

failure to map contemporaneous deposits: (1) till was removed by
erosion, {2) till was deposited on the down-dropping San Luis
Valley block, and is now buried by younger deposits, (3) till does
exist, but could not be distinguished from Bull Lake till.

Bull Lake Till

Northern Segment. Till of Bull Lake age exists in the lower parts
of glaciated valleys from Black Canyon to Pole Creek (figure 2
and plate 1). Morphology of till deposits includes massive, hum-
mocky lobes, high-level till-veneered benches, and distinct lat-
eral and terminal moraines. All deposits have been modified and
subdued by weathering. RD stations are limited to the better-
preserved moraines, where sites relatively undisturbed by ero-
sion could be located. Table 2 lists RD data from Bull Lake
moraines.

A stream cut into Bull Lake till on the banks of Willow Creek
exposes 43 m of oxidized till. The material is composed of
unsorted boulders and cobbles in a brown (7.5YRB-7/4 Munsell)
matrix of compact, hard, sandy silt. Boulders assume random
attitudes in the lower part of the outcrop, but weak stratification
is visible near the surface. Coarse-grained igneous clasts are
completely grussified while fine-grained clasts are only partially
grussified. Surface soil profiles, where exposed, exhibit textural
B horizons.

Multiple moraines of Bull Lake age occur only at Spanish
Creek (figure 2; plate 1). RD data from stations on both moraines
failed to demonstrate significant weathering differences between
the two (table 2, Stations 47 and 48). The general lack of multiple
moraines, together with the uniformity of RD data, suggests that
only a single Bull Lake glacial advance occurred in the study
area. Recent reexamination of the type locality of the Bull Lake
glaciation in Wyoming by Roy and Hall (1980) has shown that
RD parameters show no difference among Bull Lake moraines.
Absolute age of the Bull Lake glaciation is currently disputed
(e.g., Richmond and Obradovich 1971; Pierce and others 1976);
estimates range from 80,000 to 140,000 years BP.

Southern Segment. Bull Lake till exists in every glacial valley
of the Sierra Blanca (plate 1). The morphology of all terminal
moraine complexes is strikingly similar (figure 9), and argues for
sirnilar glacial histories in each valley. Subdued knob-and-kettle
topography, characterized by infilled and partially breached
kettles, indicate substantial postdepositional modification of
moraines. Low benches fronting the massive lobes of Bull Lake
till at South Zapata and Pioneer Creeks (figure 9}, at first sus-
pected of recording an early advance, have RD and morpholog-
ical features very similar to those of the massive lobes (table 2,
Stations 61 and 69). A probable explanation is that these
benches represent rotational landslides of ice-rich Bull Lake till
which slid off the steep frontal moraine slope during or soon after
deposition.

Farly Pinedale Till

Northern Segment. Moraines exhibiting steep slopes, abundant
surface boulders and slight surface weathering commonly occur
within the lower parts of glaciated valleys in the northern seg-
ment, and are ascribed to early Pinedale deposition. Early Pine-
dale till, where exposed in rare cuts, is bouldery, unsorted, slightly
oxidized, and carries a weakly developed surface soil. Subsurface
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Table 2.—RD data: Bull Lake moraines (see parameter definitions, table 1)

RD Parameter No.

(13 (2) (3 (4) (5) (6) (9 (10 (1 (12) (12}
and Acronym POS PPS MPD PSWR MRT  ART SBF BBF MCW MMSAO MMSAI
Station
Station No.* Elevation
(%0} (%) {mm) () {(mm) (mm) (m) (deg) (deg) (m)
Northern Segment
01 _ 48 15 68 11 40 30 —_ 12 15 17 2994
03 —_ 36 15 96 11 338 48 _ 11 18 37 2908
04 —_ 36 8 100 10 3.0 65 _ 13 25 20 2934
10 —_ —— 50 100 8 5.0 —_ 45 19 S 22 2
25 36 40 13 84 8 33 68 36 11 29 35 3463
26 48 32 24 88 8 30 9 — 24 28 35 3585
36B 84 36 20 96 10 38 90 60 20 27 24 2780
45 68 32 —_ 7% 15 44 85 15 19 28 37 3488
47" 56 16 — 96 [ 2.4 59 54 11 26 27 3158
48 40 28 _ 76 7 23 42 58 14 32 26 3079
58 72 24 30 100 7 39 78 32 14 —_ 32 2951
Mean GB 33 22 89 9 3.5 63 .43 14 25 28 2846
Southern Segment
61 32 0 _ 100 10 47 87 24 7 18 24 2811
62 56 0 —_ 100 12 5.3 110 A0 10 28 o2 2869
65 i6 0 —_ 100 22 6.0 75 40 13 18 26 2957
66 24 0 — 100 7 5.1 84 38 14 28 31 3037
68 —_ S - — S —_ —_ 65 15 17 23 2982
69* 28 0 —_ 100 11 56 29 A0 10 26 13 2915
70B 24 0 —_ 100 16 66 122 28 10 19 15 2884
72 30 0 —_ 100 35 12.2 20 —_ 12 a7 16 2805
73 56 0 — 100 9 49 67 39 11 27 29 2908
75 44 0 S 96 18 7.2 94 70 14 23 14 2994
Mean 35 0 —_ 99 16 6.4 76 .43 12 25 21 2928

Inner moraine, Spanish Creek.
Quter moraine, Spanish Creek.
Frontal till bench, Blanca Massif.

stones are commonly oxidized, but are rarely grussified. RD data
from stations on early Pinedale moraines are given in table 3.
Vigorous postglacial erosion by streams has removed much of the
terminal parts of early Pinedale moraines. Two exceptions are
well preserved at the mouths of South Crestone and Willow
Creeks {figure 10), where multiple lobate Pinedale moraines exist.
Each moraine complex consists of a massive, single-crested outer
till embankment (figure 11) with smaller multiple morainal ridges
inset within it. The smallest and innermost moraine in each
complex encloses a level, marshy meadow.

RD data from these two localities, as well as from other valleys
where a similar sequence is more poorly preserved, show that the
inner moraines are significantly less weathered than the outer
moraines. The amount of the difference in weathering varies
with the parameter measured, as discussed later in the Quater-
nary chronology section, but in most cases it is comparable to the
difference between early Pinedale and the much older Bull Lake
moraines. The large weathering difference suggests that the
inner moraines, as a group, are considerably younger than the
large outer moraine and are not simply recessionals within the
same stade. Accordingly, the large, single-crested moraines are
interpreted as the deposits of long-established glaciers at their
maximum extent gince Bull Lake time. Following a long period
of stability, glacier ice retreated an unknown distance up valley,

RD station locations are given in McCalpin (1981, Plate 1a, northern segment; Plate 1b, southern segment).

and then re-advanced at some later time {post-early Pinedale) to
form the nested inner moraines. Retreat of the second advance
created proglacial lakes, which filled to form the present marshy
meadows.

Southern Segment. Linear, single-crested moraines which com-
monly overlie and cross cut large Bull Lake moraines (figure 9)
are ascribed to early Pinedale glaciation. Extensive post-Pinedale
landsliding has created many excellent exposures of fresh till at
deeply incised fanheads. The till is an unstratified mixture of
boulders and cobbles in a gray unoxidized matrix of sandy silt.
RD values from stations on early Pinedale moraines are given in
table 3.

The position of early Pinedale moraines on the flank {usually
north flank) of Bull Lake moraine complexes suggest that early
Pinedale ice advanced through stream breaches at the valley
sides, between the pre-existing moraines and the bedrock valley
wall (figure 9), Preference for the north valley side may reflect
more insolation, ice melting, marginal meltwater discharge, and
till erosion at the base of these south-facing slopes during degla-
ciation. Within terminal zones, till grades abruptly into coarse
glacial outwash of the alluvial fans. Weak sorting and stratifica-
tion in the outwash are the main field ¢riteria to distinguish it
from till (figure 12).
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Table 3.—RD data: Early Pinedale moraines (see p<rameter definitions, table 1)

RD Parameter No. (1) (2) (&) {4) (5) (6) (9) (10) (11 (12) (12)
and Acronym POS PPS MPD PSWR MRT ART SBF BBF MCW MMSAO MMSAI
] Station
Station No.? Elevation
(%) (%) (mm) (%) (mm)  {mm) (m) (deg) (deg) (m)
Northern Segment
02 _ 12 30 72 5 24 54 _ 8 25 31 3006
05 —_— 22 5 77 10 27 84 — ] 28 30 3091
09  — 3B 4 rii 10 42 67 59 14 24 33 3030
16 4 12 5 52 6 2.0 67 12 4 25 31 2957
22 56 36 1] 100 20 558 29 75 [ 23 29 3165
23 72 48 —_ 100 12 44 20 52 8 23 28 3121
24 36 40 12 76 4 2.9 37 30 8 36 30 2945
32 36 24 6 56 2 12 86 34 5 35 35 3152
34° 56 4 —_ 68 4 2.3 97 —_ 8 32 27 3177
ar 36 0 48 56 4 1.7 151 A5 6 29 37 3073
40° 72 12 56 76 4 2.1 0 24 5 33 28 2982
46 40 16 _ 72 6 2.3 96 52 8 28 33 3268
51 52 24 40 68 3 1.4 57 22 6 25 34 3366
52 40 20 12 80 2 1.2 69 29 8 26 34 3378
53 52 16 10 68 4 14 51 20 7 28 32 3036
57 40 0 —— 50 5 3.4 127 30 6 34 32 3104
Mean 46 20 20 72 1] 2.6 74 .35 7 28 32 3116
Southern Segment
60 52 8 8 100 9 48 109 40 5 24 32 2912
64 16 0 _ 96 10 53 80 40 8 3l 41 3098
67 8 0 —_ 100 7 5.0 70 22 5 20 37 3018
71 12 0 —_—— 92 5 34 130 22 11 26 35 3012
74 24 0 —_ 96 7 4.0 101 .18 4 33 36 3091
Mean 22 1 8 97 8 4.5 98 .28 7 27 36 3026
* RD station locations are given in McCalpin (1981, plate 1).
® At the South Crestone Creek/Willow Creek Terminal moraine complexes.
Table 4.—RD data: Mid-late Pinedale moraines (see parameter definitions, table 1)
RD Parameter No.  {1) (2 {3) (4) 6)] (6) (9 (10 (1n (12) (12)
and Acronym POS PPS MPD PSWR  MRT ART SBF BBF MCW MMSAO MMSAI
Station
Station No.” Elevation
(%) (%) (ram) (%) (mm})  (mm) {m) (deg) (deg) (m)
Northern Segment
High Elevation
08 —_ 32 5 88 6 3.9 97 _ 4 32 28 3308
12 40 40 _— 92 9 38 _ _ 5 16 27 3341
21 56 40 58 100 15 4.9 89 54 4 25 27 3354
30 72 24 20 88 10 3.0 182 17 8 35 14 3341
43 92 20 22 88 12 20 128 e 12 26 31 3790
Mean 65 31 26 81 10 3.5 124 36 6 27 256 3427
Low Elevation -
15 8 28 - 60 4 20 90 _ 8 28 37 2939
31 32 16 12 44 8 22 48 31 6 16 18 3152
33" 44 24 8 52 3 1.7 88 27 6 23 30 3134
ag® 40 B 28 64 8 2.6 98 26 11 28 26 2082
39° 68 8 8 72 7 2.8 125 24 6 28 25 2988
44 _ _ — _ _ _ 66 45 5 26 40 3036
54 24 12 25 60 B 20 105 13 5 —_ 30 2957
56 28 o — 60 6 2.8 146 15 5 34 29 3158
Mean 35 14 18 h9 ] 2.3 96 26 6 28 29 3043
Southern Segment
58 52 0 — 84 7 3.3 116 36 4 20 36 2887
63 16 0 — 96 i 47 107 .24 5 20 38 2884
Mean 34 0 — 90 7 4.0 111 30 4 20 37 2885

* RD station loations are given in McCalpin (1981, plate 1).
* At the South Crestone Creek/Willow Creek terminal moraine complexes.
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GLACIAL GEOLOGY,
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Figure 10.—Glacial geologic map, Willow Creek area, Well-preserved lobate Pinedale moraine complexes record
multiple ice advances. RD data from stations (tables 2, 3, and 4) reveal large weathering differences between Bt, Pt,

and Ptaz, Ptag, Pt4.

Mid-Late Pinedale Till

Northern Segment. Small moraines nested within larger early
Pinedale terminal or lateral moraines occur in most of the glacial
valleys of the northern segment (plate 1). RD data (table 4) indi-
cate these moraines have significantly less weathered surfaces
than do early Pinedale moraines, Lack of significant post-glacial
dissection prevented fresh exposures of this younger Pinedale till
from being observed. Lacustrine basins impounded by these
moraines suggest they represent the last major Pinedale ice
advance.

In the upper parts of some glacial valleys, low cross-valley
moraines oceur (plate 1, Cotton Creek, Willow Creek). Their posi-
tion and small size suggest they resulted from minor re-advances
or stillstands amid overall late-Pinedale glacial retreat. Both in
position and morphology, the moraines are very similar to late-
Pinedale moraines described by Richmond (1960) elsewhere in
the Rocky Mountains. RD data from these high-altitude moraines
(table 4) suggest that they are older than either early or mid-late
Pinedale moraines farther down valley. More rapid oxidation
rates at high altitudes than at low altitudes are believed to be
responsible for the apparent age reversal. A similar pheno-
menon was reported by Birkeland and others (1979a) for Qua-
ternary moraines in the Sierra Nevada, California.
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Figure 11.—Panoramic photograph of the Willow Creek terminal moraine complex, looking NE. Bull Lake terminal
moraines (left center, and lower right corner) were once continuous across the center area. Interglacial erosion by
Willow Creek presumably breached the moraine.
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Figure 12.--Typical exposures of early Pinedale till and outwash.

(a) Crudely stratified Pinedale outwash, mouth of Blanca Creek. (b) Unstratified, unoxidized Pinedale 811, mouth of South Zapata
Creek. Mattock is 40 cm long.
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Southern Segment. Moraines of a second Pinedale advance are
found in all glacial valleys of the Sierra Blanca, where they are
usually nested within the larger early-Pinedale terminal mo-
raines. At two localities (Holbrook and Blanca Creeks, figure 9),
moraines of the second Pinedale advance cross cut and extend
farther down valley than those of the first advance. Landslide
exposures reveal till to be unsorted bouldery debris with a silty
matrix. Oxidation and soil development on the till are very weak.
Asin the northern segment, RD data (table 4) indicate the second
Pinedale advance is significantly younger than the first.

Neoglacial Till and Rock Glaciers

Northern Segment. Small cirque moraines and rock glaciers
exist in many valley heads, well below the limits of Pinedale
glacier ice. The restriction of cirque moraines to deeply shaded,
north-facing cirques indicates that post-Pinedale climatic condi-
tions were marginal for glacier formation in the Sangre de Cristo
Range. In less favorable topographic settings, rock glaciers
occupy valley heads, Tongue-shaped rock glaciers are common
in high cirque basins, whereas lobate rock glaciers cccur at the
bases of oversteepened glacial valley walls (plate 1; see also
Nolting 1970). RD data {table 5) suggest that most sampled
cirque moraines and active rock glaciers may date from the early

COLORADO SCHOOL OF MINES QUARTERLY

Neoglacial stade. Inactive rock glaciers appear older as a group,
and may date from the late Pinedale deglaciation.

Sedimentologic data from a post-Pinedale lake basin at Willow
Park (figure 13) shed light on later Neoglacial climatic fluctua-
tions. A 3.5-m-deep auger hole in the basin penetrated a succes-
sion of organic-rich silty clays interstratified with beds of peat.
Values for “C dates from two peat horizons at 130 ¢cm and 250 cm
below the surface are similar to dates compiled by Benedict
{1973) for major Neoglacial interstades (figure 13). The strati-
graphic sequence of sediments suggests that lacustrine condi-
tions prevailed in Willow Park during Neoglacial advances and
that silty clays were deposited. During interstades, water levels
probably fell and peat encroached cut over the lake basin. At
present (interstadial) the water table is within about I m of the
surface, and peaty sediments are accumulating.

Southern Segment. No Neoglacial moraines were recognized in
the mapped valleys of the Blanca Massif. Rock glaciers are also
rare, but become more common in the eastern part of the massif
beyond the limits of this study (plate 1). Detailed work by Morris
(1979) suggests that rock glaciers of the eastern Blanca Magsif
began to form in latest Pinedale (i.e., pre-Altithermal) time, as
debris covered stagnant glacial ice.

Table 5.—RD data: Neoglacial moraines and rock glaciers (see parameter definitions, table 1)

RD Parameter No. (1 (2 3) (4) (5 (B) (T} (8) (10 (12) (12}
Acronym POS PPS MPD PSWR  MRT ART MPLC MLD MCW MMSAO MMSAI
Station
Station Number” Elevation
(%) (%) (mm) (%) {mm) (mm} (%) (mm) (m) (deg) (deg) (m)
Neoglacial Moraines
14 12 24 —_ 84 3 1.3 —_ —_ 8 26 19 3597
18 B4 40 10 96 2 0.9 60 65 5 41 —_ 3707
19 16 24 6 63 1 0.8 45 38 5 44 —_ 3683
42 64 36 20 60 2 1.0 60 60 6 26 28 3829
55 52 16 20 36 1 0.7 60 73 4 M 39 3695
Mean 42 28 14 69 2 0.9 56 589 6 34 29 3702
Inactive Rock Glaciers
06 —_ 92 89 64 6 3.0 85 .75 —_ 28 _ 3518
17 —_ 76 25 75 7 —_ 70 78 _— 38 _— 3573
11 _ 56 50 92 6 2.1 70 63 —_ 23 —_ 3280
13 72 56 48 96 4 1.8 80 90 —_ 42 —_ 3538
17 —_ 99 —_ 80 3 1.7 85 3 —_ —_ —_ 3286
20 96 68 12 100 13 4.4 e e —_ —_ —_ 3587
27 90 28 41 76 2 09 75 88 —_— 40 _ 3671
29 88 36 23 100 6 2.9 80 113 —_ 35 —_ 3646
36A 68 24 10 92 5 1.5 85 125 —_ 34 —_ 3524
41 40 8 6 40 1 0.6 60 50 _ 36 —_ 3896
49 100 60 40 100 2 09 75 75 —_ 35 e 3476
Mean 72 &5 34 83 & 2.0 76 83 —_— 35 —_— 3545
Active Rock Glaciers
28 40 44 30 36 4 1.6 90 80 —_ 37 _ 3756
35 60 16 8 72 2 1.2 60 58 _ 38 —_
50 93 13 12 80 1 0.6 60 40 —_ 37 3634
Mean 64 24 17 63 2 1.1 70 59 —_ 37 —_ 3695

" RD station locations are given in McCalpin (1981, plate 1).
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Figure 13.—Strati

aphy and correlation of post-Pinedale lacustrine deposits, Willow Park. Data are from a 3-in.
diameter auger hole located 0.2 km east of Station 38, figure 10. Two dates at center are radiocarbon dates on peat.
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FeEATURES OF GLACIAL EROSION

The retreat of Pinedale glaciers exposed many features of
glacial erosion in the Sangre de Cristo Range. Valleys are common-
ly U-shaped in cross section above terminal maraines, but deeply
V-shaped below them. This shape criterion is useful for defining
ice limits in valleys where erosion has removed terminal deposits
{e.g., Sand (Creek, ptate 1). Near the terminal moraine valley
floors are usually till covered, but middle and upper parts of
valleys display widespead bedrock erosional features such as
ice-molded slabs (roches moutonees) (figure 14). The good preser-
vation of striated outcrops {figure 15) and glacial polish (figure
16) attests to the recency of degiaciation. There is no evidence to

suggest that modern bedrock valley floors were ever covered by
more than thin, discontinuous glacial debris. This observation
implies that in the middle and upper valleys clean glacier ice
stagnated in place, and that an active glacier snout did not
retreat far into the valley heads during deglaciation.

NONGLACIAL ALPINE DEPOSITS

Deposits of nonglacial origin in the alpine parts of the study
area include talus, alpine fans, landslides, and rockfalls, Condi-
tions prevailing during and immediately after deglaciation gave
rise to most of these deposits, but many deposits are still forming
today,

Figure 14.—Scoured bedrock slabs (roches moutonees)
on the floor of Cottonwood Creek at 3600 m elevation.
The U-shaped glacial valley is 500 m wide here. Pinedale
ice thickness was about 120 m, ice flow was from left to
right. Talus cones with prominent mudflow levees in
background are post-Pinedale,

Figure 15.—Glacially grooved outerops of Precambrian
gneiss, upper Deadman Creek. Ice flowed from lower left
to upper right. Hammer is 32 cm long.

Figure 16.—Discontinuous glacial polish on a slab of
Permo-Pennsylvanian Crestone Conglomerate (Sangre
de Cristo Formation). Ice flowed toward observer. Hammer
is 32 em long.

Figure 17.—Coarse rubble fan from the debris flow of
September 8, 1980, buries the road to the USFS North
Crestone Campground with up to 2 m of boulders. Intense
local rainfall of 75 mm in 45 minutes triggered thisevent;
evidence for older flows at the same location was noted.
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Talus and Alpine Fan Debris

With the retreat of latest Pinedate glacviers, oversteepened cliffs
were exposed to frost shattering and gravity failure. Abundant
debris accumulated at the bases of valley and cirque walls as a
series of coalescing talus cones. Where fluvial processes were
significant, cones resemble small alluvial fans, complete with
distributary channels and levees. A continuum exists between
deposits formed solely by gravity fall (talus) and deposits formed
solely by fluvial and debris-flow processes—in fact, evidence of
both processes can be found on a single landform (figure 14).

There was evidence thal significant debris-flow deposition
continues currently. On September 8, 1980, intense local precipi-
tation (75 mm in 45 minutes) north of the town of Crestone figure
2)triggered multiple debris flows in tributaries of North Crestone
Creek. Alpine fan debris buried the U.S. Forest Service access
road with up to 1.5 m of angular boulders, some up to 1 m in
diameter (figure 17). At least one older vegetated debris flow lobe
was partially overridden at the site, suggesting that periodic
debris flowage may be the normal mode of sediment transport in
such steep, rubble-filled tributary valleys.

Landslides and Rockfall Deposits

Deposits of coarse angular rubble are common in vatley heads
in the Sangre de Cristo Range. Deposits that exhibit signs of
down valley flowage are mapped as rock glaciers, Other depos-
its, lacking flow evidence, are mapped as landslide and rockfall
debris. Diameter of individual clasts is often 5 m to 10 m and

iy

appears to be related to the spucing of bedding planes and joints
in the bedrock of adjacent oversteepened valley walls. Further-
more, many coarse rubble deposits occur at the base of conspicu-
ous landslide scars, where it appears that huge slabs of sand-
stone and conglomerate have slid into valleys (figure 18).

Retreat of Pinedale ice from glaciated valley heads is inferred
to have exposed steep walls cut into dipping Upper Paleozoic
strata. Many valleys are aligned along strike or occupy axes of
synclines so that strata dip steeply into the valley on one or both
sides. With the removal of ice support, large slabs may have
undergone bedding-plane detachment and slid into valleys. RD
data were not collected for most rubble deposits, but data col-
lected on some inactive rock glaciers below landslide scars indi-
cate that at least the rock glacier deposits probably predate the
Neoglaciation. This indication is consistent with the hypothesis
that many rubble deposits formed in late P'inedale time by land-
slide burial of stagnant glacier ice.

Landslides were not observed in alpine areas of the Sierra
Blanca, where bedrock is a closely jointed Precambrian gness.
However, several large landslides do occur along the range front
between the Great Sand Dunes Natienal Mounument and
Blanca Peak. Surface morphology indicates that both rotational
slumping and chaotic ground breaking and flowage have
occurred near the mountain front. Soil profile development on
the large lundslide north of Pioneer Creek suggests this land-
slide predates the Bull Lake glaciation in the study arca. Hestric-
tion of large slides to the frontal fault zone area of the southern
segment suggests that tectonic shearing of bedrock and earth-
quake shaking may be responsible for landslide activity in this
area.

Figure 18.—Pancoramic photograph of steep dip slopes in Upper Paleozoic strata (upper left and center) above coarse
rubble deposits choking valley floors. Angular conglomerate blocks in right foreground (up to 6 m in diameter) mantle
an inactive rock glacier. View is SSE up the southern glacial tributary of Rito Alto Creek.



20

ALLUVIAL DEPOSITS

Like many other fault-bounded mountain blocks in semi-arid
climates, the northern Sangre de Cristo Mountains are flanked
by a continuous belt of coalescing alluvial fans that spread out
into the San Luis Valley. Five topographic levels of alluvial fans
are recognizable, correlated with the glacial stades recognized in
the Sangre de Cristo range. Correlation is based on: (1) physical
continuity with moraines, (2) similar number of relative-age
subdivisions in the glacial and alluvial sequences, and (3) close
correspondence of RD data between individual units of the gla-
cial versus alluvial relative-age sequences. Units mapped include
pre-Bull Lake, Bull Lake, early Pinedale, mid-late Pinedale, and
Holocene alluvium. In addition, small alluvial deposits of tec-
tonic origin (post-Bull Lake, posi-Pinedale) have been mapped
near fault scarps. Morphologic and weathering data for the five
inferred alluvial units are summarized in table 6. The distribu-
tion, sedimentology, surface morphology, weathering character-
istics, and relation to adjacent units of each alluvial deposit are
described in the following section.

COLORADO SCHOOL OF MINES QUARTERLY

Pre-Bull Lake Alluvium

Northern Segment. Fan alluvium of pre-Bull Lake age is res-
tricted to small areasin the northern San Luis Valley and inter-
fan remnants or fault-bounded blocks along the Sangre de Cristo
and Villa Grove Fault Zones (plate 1). Pre-Bull Lake surfaces
usually slope more steeply than all younger surfaces, and are
thus overlapped by younger deposits toward the valley center.
Progressive filting of alluvial surfaces by tectonism could
explain steeper slopes in successively older surfaces. Moderate-
to-severe dissection, ubiquitous surface clast oxidation, and
strong-to-very-strong soil development characterize all pre-Buli
Lake alluvial deposits (table 6).

Stratigraphic relations of pre-Bull Lake alluvium are well
exposed in a mine tunnel 0.3 km northwest of the mouth of Wild
Cherry Creek (figure 2; plate 1). At the tunnel site, faulted Bull
Lake alluvium carrying a moderately developed soil is underlain
by pre-Bull Lake alluvium also carrying a moderately developed
soil (figure 19). Discontinuous pods of fluvially reworked vol-
canic ash in the lower aliluvium have been identified as the
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Bishop Ash (0.7 X 10° years old), based on the index of refrac-
tion of glass shards, shard shape, vesicle fluid, and chemical
composition (G, Izett, personal communication, 1980). Presence
of the dated ash confirms a pre-Bull Lake age for the lower
alluvium.

Southern Segment. Pediment gravels of pre-Bull Lake age
approximately 15 m thick overlie an erosional surface that trun-
cates steeply dipping beds of the Santa Fe Formation on the
north banks of Uracca Creek, 0.8 km north of the Uracca Pioneer
Cemetery (plate 1). Pre-Bull Lake sediments at other fan heads
{e.g., Blanca Creek, figure 15) are more poorly exposed, but also
appear to be pediment gravels rather than thick fills. Severe
dissection and highly calcareous surface soils typify all pre-Bull
Lake deposits of the Sierra Blanca and point to considerable
antiquity for the alluvium,

Bull Lake Alluvium

Northern Segment. Alluvium of Bull Lake age dominates the
bajada north of Valley View Hot Springs. To the south, Bull

Lake deposits are restricted to interfan remnanis and fault-
bounded blocks near the range front {plate 1). Relict bouldery
paleochannels and large isolated boulders are conspicuous on
Bull Lake fan surfaces. The advanced state of chemical and
physical degradation displayed by the boulders (figure 20) indi-
cates long exposure to subaerial weathering. Widespread pitting,
spalling, splitting, and surface oxidation typify exposed clasts
on Bull Lake alluvial surfaces (figure 21). The high proportion of
resistant quartzite boulders of the Ordovician Harding Forma-
tion, despite the small outcrop area of the unit, suggests that less
resistant boulder lithologies have largely disintegrated since
Bull Lake time. Trains of large boulders trend radially downfan
on the Steel Canyon and Black Canyon fans, and contain indi-
vidual clasts up to 31 m®in volume with an estimated weight of
81,000 kg. These boulders have been transported up to 1.3 km
from canyon mouths on slopes averaging only 5°. The writer
favors a debris-flow mechanism for transport; however, no tra-
ces of typical debris-flow morphology such as marginal levees
were observed. Positive relief of some coarse channel deposits
above finer-grained adjacent alluvium suggests that possibly a
reversal of topography has occurred since deposition. This and
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Table 6.—Alluvial deposits: weathering and morphologic characteristics

Dhrect
Age of Eolian Soil Clast Surface Connection
Deposit” Morphology Slope Cover Development Weathering Dissection Morphology to Moraines
Northern Segment
Ha linear flood plain low none azonal ne oxidation  none active bar-and- No
swaie
Pfu narrow channels low variable weak slight slight fresh bar-and- No
oxadation swale
P2 large symmetrical 25 thin, dis- very weak no oxidation  very slight fresh barand- No
fans continuous swale
Pfl large symmetrical 367 33-75 cm weak slight slight smooth alluvial Yes
fans oxidation surface
Bf broad bajada, 56° variable moderate moderate pit-  moderate relict surface No
interfan ridges ting, oxddation with paleo- No
channels
pBf interfan wedges, 782 variable very strong severe pitting, severe eroded ridges b
fauli-bounded oxidation of alluvium
fan remnants
Southern Segment
Ha low fans, linear flood low none azonal no oxidation none active bar-and- b
plains : swale
P{u symmetrical fans —_ slight weak no oxidation  slight subdued bar- No
and-swale
Pf2 poorly defined _ none-slight —— no oxidation  very slight fresh bar-and- No
terraces swale
Pfl narrow terraces 8-10° noneslight weak slight oxidation slight shallow chan- Yes
and spalling  oxidation nels, low bars
Bf large symmetrical 8-14° variable moderate common split-  slight ¢o severe subdued bar- Yes
fans ting and and-swale
spalling
pBf pediment gravels, —_ variable very strong moderate severe eroded ridges, b
fault-bounded fan oxidation, pediment
remnants spalling remnants

* Age of alluvium deposit: Ha is Holocene, Piu is Pinedale (undivided), P2 is mid-late Pinedale, Pfl is early Pinedale, Bf is Bull Lake, pBf is pre-Bull

Lake.
" No moraines of this age.

the advanced weathering of clasts suggests that Bull Lake allu-
vium is probably at least 100,000 years old.

Southern Segment. Bull Lake alluvium covers more than half
the bajada surrounding the Sierra Blanca (plate 1). Outwash
from Bull Lake glaciers spread out to form large, symmetrical
alluvial fans which rise 500 m above the floor of the San Luis
Valley at slopes of 8° to 14°. Fans are directly traceable to Bull
Lake terminal moraines at several fanheads. Soil and weather-
ing characteristics are also similar between Bull Lake moraines
(table 2) and Bull Lake alluvial fans (table 6). Deep incision by
modern drainage at fanheads shows Bull Lake till grades into
Bull Lake outwash, demonstrating contemporaneity.

Post-Bull Lake Alluvium

Northern Segment. At the mouth of San lsabel Creek, a broad
shallow channel incised approximately 3 m into a block of Bull
Lake alluvium directly above the fault scarp is mapped as post-
Bull Lake alluvium. This channel was probably incised into Bull
Lake alluvium in response to post-Bull Lake faulting, and the
gravels themselves were subsequently faulted several more
times. No soil pits were dug in this unit, but surface weathering

Figure 20.—Granite boulder on the Steel Canyon fan (4.6
mx 3.6 m=x 1.9 m), 1.3 km downslope of the canyon
mouth (in right background). The tusk-shaped rock in
foreground is a weathered spall fragment of the boulder
with the hat on it (hat is 30 cm wide).
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Figure 21.—Typical clast weathering on a Bull Lake
alluvial fan surface. Surface spalling and severe granu-
lar disintegration of this coarse-grained tonalite boulder
have occurred.

characteristics were indistinguishable from surrounding Bull
Lake surfaces. Based on the weathering characteristics and
morphology of the alluvium, it is suggested that post-Bull Lake
gravels were deposited in the waning stages of glaciation or
early in the interglacial, when streams were still carrying a
heavy sediment load and had not begun to downcut vigorously.
Subsequent renewed faulting and stream diversion have led to
perching of the relict tectonically induced channels 10 to 20 m
above present drainages.

Southern Segment. Alluvium of inferred post-Bull Lake age
occurs in a broad channel incised into Buil Lake gravels at the
faulted valley mouth of an unnamed valley 3 km west of Blanca
Creek (plate 1). Surface clasts on the floor of the 2.5-3m-deep
channel have weathering characteristics similar to adjacent
Bull Lake gravels, and much stronger than lower-lying Pinedale
gravels. Weathering and channel geometry suggest an origin
similar to that for post-Bull Lake alluvium in the northern seg-
ments, described above.

Early Pinedale Alluvium

Northern Segment. Large alluvial fans of early Pinedale age
front the major glaciated valleys of the northern range segment
{plate 1). The large size, low gradient, and surface morphology of
these fans suggest they were built primarily by aggrading gla-
cial outwash channels. The smooth, even texture of the fans as
seen on airphotos results from a veneer of eolian sand, ranging
from 33 to 75 mm thick, which overlies cobble gravels. Weak soil
profiles are typically developed in the eolian covers. Physical
continuity of the surfaces of early Pinedale alluvial fans with
early Pinedale terminal moraines at Willow and South Crestone
Creeks{figure 12; plate 1)suggests deposits are contemporaneous.

Southern Segment. Early Pinedale alluvium of the Sierra Blanca
is restricted to broad, shallow terraces incised as much as 6 m
into the larger Bull Lake outwash fans. Terrace surfaces are
typified by flat-floored, anastomosing, shallow palecchannels
and low bars that trend downfan. Eolian coveris slight to nonex-
istent. As in the north, fans of this age can be traced directly to
early Pinedale terminal moraines at fanheads (figure 9).

Mid-Late Pinedale Alluvium

Northern Segment. Flanking the early Pinedale alluvial fans are
lower, more gently sloping fans inferred to correlate with the
mid-late Pinedale stade. Fan surfaces are distinguished by fresh,
primary depositional bar-and-swale topography, with minimal
(less than 10 ¢m) eolian cover. Surface weathering and morpho-
logic data (table 6) indicate the fans are distinctly younger than
early Pinedale fans. However, in no cases are the fans traceable
directly to mid-late Pinedale terminal moraines. Correlation
therefore rests mainly on RD criteria.

Southern Segment. Poorly defined low terraces which parallel
and separate early Pinedale from Holocene alluvium are ascribed
to mid-late Pinedale deposition. The terraces have fresher con-
structional topography, stonier soils, and less vegetation cover
than adjacent early Pinedale terraces. Because of postglacial
fanhead erosion, terraces are not in physical contact with mid-
late Pinedale terminal moraines (figure 9). Therefore correlation,
as in the riarth, relies on similarities in RD data.

Pinedale Alluvium

Undivided Northern Segment. Pinedale alluvial fans of only a
single morphologic aspect front the unglaciated western flank of
the Sangrede Cristo Range at the extreme north end of the study
area (plate 1). The fans are narrow and siightly incised into Buil
Lake deposits near the mountain front, but widen and overlap
the older deposits near the valley center. Degree of clast oxida-
tion and soil development suggest that the fans are correlative
with Pinedale fans which front giaciated valleys (table 6}
Because the two-fold morphology is not present on these nongla-
cial fans, they are assipned only an undivided Pinedale age.

Undivided Southern Segment. The narrow alluvial slope between
Great Sand Dunes National Mounument and South Zapata
Creek (figure 2) consists of coalescing smali, steep alluvial fans.
No drainages contributing to the alluvial slope were glaciated.
Accordingly, the individual fans of the slope are smaller, steeper,
and lack the twofold morphology of their counterparts which
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front glaciated valleys directly to the south (plate 1). Morpho-
logic and weathering characteristics of these fans are more sim-
ilar to those of early Pinedale than of mid-late Pinedale fans of
the glaciated Sierra Blanca (table 6). A similar RD-based correla-
tion exists for nonglacial versus glacial Pinedale alluvial fans on
the northern segment. The two correlations suggest a more
rigorous climate and greater sediment production in early than
in mid-late Pinedale time.

Post-Pinedale Alluvium

At Willow Creek three broad, shallow channels areincised into
early Pinedale alluvium above the scarp of the Sangre de Cristo
Fault. Gravels deposited in these channels have weathering
characteristics similar to nearby early Pinedale gravels. Gravel-
filled channels are traceable to the early Pinedale moraine, and
are truncated by mid-late Pinedale terraces and the Holocene
gorge. This geometry indicates that the tectonically induced
channels were cut while discharge was still emanating from the
terminal moraine area, and before drainage was diverted south-
ward into the present gorge. A furtherimplication is that, at least
in this location, gravels were deposited in the waning stages of
early Pinedale glaciation, in response to faulting and creation of
a new base level for the upthrown block.

No post-Pinedale alluvium was mapped in the southern seg-
ment of the study area.

Holocene Alluvium

Holocene alluvium occurs on narrow modern flood plains of
the study area. Active Holocene alluvial surfaces are incised
several meters below Pinedale surfaces near fanheads, but
commonly overlap older deposits and form low alluvial fans near
the valley floor. Discernible flood channels, fresh constructional
bars of loosely packed gravel, and lack of eolian or lichen cover
sugpgest that most mapped Holocene surfaces are still active.

Nongravelly Holocene alluvium occurs in two localities: (1) on
the flood plain of San Luis Creek at the northern end of the study
area and (2) near the Great Sand Dunes National Monument
(figure 2). In the former area, dark gray, massive silty sand
exposed in shallow banks is probably of overbank origin. Near
the sand dunes, Holocene channels are filled with reworked
eolian sand washed from dunes. Organic layers interstratified
with massive to parallel-laminated sand layers in the alluvium
(figure 22) demonstrate that deposition is rapid and cyclical.
Rareintense precipitation events may be responsible for much of
Holocene alluvial deposition.

EoLIAN DEPOSITS

Sandy alluvium on the floor of the San Luis Valley has been
extensively reworked by southwesterly winds in Quaternary
time. Deposits of eolian sand reach maximum development on
the east side of the valley at Great Sand Dunes National Monu-
ment (GSDNM) {(figure 2), where active dunes rise 213 m above
the surrounding alluvial slope. Eolian deposition decreases both
north and south of the National Monument.

Northern Segment. Eolian deposits of the northern segment
range from a thin veneer of sand and loess overlying fan gravels
in the extreme north, to large active and stabilized dunes of the
Great Sand Dunes National Monument. Deposit thickness
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Figure 22.—Stratigraphy of Holocene sandy alluvium re-
worked from eolian deposits, 3 km SW of the mouth of
Spanish Creek. Peaty sands, which cap fining-upward
units 20-40 ¢m thick, have been dated as “modern’ (less
than 100 radiocarbon years old).

increases from north to south, from 0 at Valley View Hot Springs
to 33 em at Rito Alto Creek, 76 cm at San Isabel Creek, and over
350 cm at Willow Creek. Between Willow Creek and the northern
boundary of the national monument low vegetated dunes over-
lap all but the extreme upper parts of mountain-front alluvial
fans {plate 1). Late- and post-glacial drainage channels, filled
with fluvially reworked eolian sand, are cut into the stabilized
dunes.

The Great Sand Dunes National Monument encompasses
about 155 km® of spectacular active sand dunes (figure 23) within
a larger (385 km? field of stabilized and active dunes (plate 1).
Subdivision of dune types follows detailed mapping of Johnson
{1967). Dune types grade from parabolic dunes of deflation near
the valley floor, through fixed parabolic dunes, parabolic dunes
of accumulation, and finally transverse and climbing dunes at
the mountain front (plate 1). Longitudinal dunes fringe the
southern and eastern sides of the dune field. The existence of the
dunes ig ascribed to three factors: (1) prevailing southwesterly
winds, (2) large expanses of loose, fine sediment on the valley
floor, and (3) a natural wind funnel at Medanco Pass in a re-
entrant in the Sangre de Cristo Range. Dunes overlie Pinedale
outwash terraces at the mouth of Medano Creek (plate 1) on the
eastern boundary of the national monument, indicating that in
this area eolian deposition is postglacial.

Southern Segment. South of the national monument eolian sand
covers the valley floor as small, vegetated sand hummocks,
interspersed with blowout depressions. Hurst (1941) reports that
a thin (<1 m) layer of Holocene eolian sand on the valley floor
unconformably overlies older Pleistocene alluvium. Sand cover
thins toward the Sierra Blanca and is insignificant on most of
the steep proglacial alluvial fans (plate 1).
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CHRONOLOGY OF
QUATERNARY DEPOSITS

Determination of the chronology of Quaternary deposits was a
major goal of this study. The chronology as finally adopted was
developed in three steps: (1) identification of a fivefold local age
subdivision of deposits, (2) correlation of the fivefold sequence to
a composite Quaternary chronology for the Rocky Mountains,
and (3) assessment of the absolute age of deposits via local 'C
dates and correlation to dated deposits elsewhere.

Local Subdivision

The local subdivision of glacial deposits followed natural
groupings of moraines by topographic position and by RD
parameters (table 7). Deposits in the lower parts of valleys (2850-
3050 m elevation) fall into three distinct age groups. Eroded,
subdued moraines occurring near valley mouths (Bull Lake)
yield the highest weathering values (table 7). Massive, single-
crested moraines farther upvalley (early Pinedale) define a sig-
nificantly less weathered group. Nested smaller moraines directly
upvalley (mid-late Pinedale) are even less weathered.

Figure 23.—Panoramic photograph of the large transverse dunefield (Qet) of the Great Sand Dunes National
Monument, looking due north. Prevailing wind direction and sand source is from left of photo (southwest). Portion of

the dunefield
(shadowed in foreground).

ictures is 6.5 km wide from extreme left to right; highest dunes rise 230 m above Pinedale alluvium

Table 7.—Summary of RD data on glacial deposits (see parameter definitions, table 1). Values given are means for

each age group, as calculated from tables 2-5

Parameter No. n (2) (33 (4) (5) (5) (7 (8 @ (10) (1) (12) (12
Depasit® Acronym POS PPS MPD PSWR MRT ART MPLC MILD SEF BBF MCW MMSAQO MMSAI
Station
Elevation
(%) () {m) %) (mm)  (mm) (" {mm} {m) {deg) (deg) {m}
Northern Segment
High Elevation
Nm 42 28 14 69 2 0.9 o6 59 —_ _ 6 34 —— 3702
Nra 64 24 17 63 2 1.1 70 5 —_ —_— _ 37 —_ 3545
Nri 72 55 g%} 83 5 2.0 76 s = _ _ 3B 29 3695
Low Elevation
Pt2h 85 31 26 a1 10 35 _ _ 124 36 6 27 25 3427
Pt2] 35 i4 16 59 3] 2.3 _ —_— 96 26 6 26 2 3043
P 46 20 20 72 6 26 _ _ 74 35 7 28 32 3116
Bt 38 33 22 89 9 35 —_ _ 63 A3 14 25 28 2846
Southern Segment
P2 34 0 —_ 84 7 3.3 —_ —_ 116 36 4 20 16 2887
Pt 24 1 8 97 8 4.5 _ —_ 96 .28 7 25 34 2990
Bt 35 0 —_ 99 16 6.6 - —_ 75 45 12 20 2) 2928

Depositidentification: Mn is Neoglacial moraine, Nriis inactive Neoglacial rock glacier, Nra is active Neoglacial rock glacier, PiZhis high-elevation
mid-late Pinedale moraine, Pt2l islow-elevation mid-late Pinedale moraine, Pt2 is mid-late Pinedale moraine, Ptl is early Pinedale moraine, Btis Bull

Lake moraine.
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The difference in average RD values between each moraine
age group was examined to estimate the magnitude of the
relative-age differences between deposit groups. Specifically, it
was questioned whether the inferred mid-late Pinedale moraines
were significantly less weathered than the early Pinedale
moraines, or whether they might represent simple recessions in
early Pinedale time. A histogram comparing all RD values was
therefore constructed, with the early Pinedale value of each
parameter arbitrarily set equal to 1.0, and RD values for other
age groups plotted as percents of the early Pinedale value (figure
24). The comparison shows that for most RD parameters, the
difference between mid-late Pinedale and early Pinedale RD
values is nearly equal to the difference between early Pinedale
and Bull Lake RD values. At first this may seem surprising, but
it should be emphasized that many weathering rates are nonlin-
ear with time, with rapid rates of change followed by siower rates
{Birkeland 1974, page 176).

In addition to variable rates of change, RD parameters possess
two basically different limitation formats that also influence the
magnitude of relative-age differences, referred to herein as
percent-limited and unlimited. Percent-limited parameters, such
as percent stones with rinds in figure 24 have an absolute limit of

EXPLANATION

RD data collected from:

100 percent. Where rind development is rapid, all RI) data may
be confined in a small range near 100 percent. For example, the
range of percentage of stones with rinds in the southern segment
of this report is only 84 percent {mid-late Pinedale) to 99 percent
(Bull Lake) as shown in table 7. Unlimited parameters, by con-
trast, are measurements of physical dimensions in which the
size of the natural upper limit may be far larger than the size of
typical field measurements.

For example, moraine crest width values in this study range
from about 6 to 14 m, but continued weathering may broaden the
moraine crests to a considerable percentage of their basal
widths, which are on the order of 100's of meters. Values for
pre-Bull Lake moraine widths in other studies have been
reported as large as “infinite,” meaning the entire moraine sur-
face sloped less than 5 and could all be considered as “crest”
(Miller 1971). In the present study, separation of moraine relative
age groups was usually better for unlimited RD parameters than
for percent-limited parameters, and within the latter category
better for slow-developing rather than fast-developing parameters.

Morainal deposits in the upper valley reaches and cirques
{3450-3700 m elevation) exhibit clast weathering characteristics
equal to or stronger than terminal deposits far down valley, yet
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Figure 24.—Ratios of all averaged RD values for three different ages of low-elevation glacial deposits. Ratios are
derived from values in table 7 by setting the early Pinedale value equal to 1.0 and representing the other averaged

values as percentages of the early Pinedale value.



QUATERNARY GEOLOGY AND NEOTECTONICS OF THE NORTHERN SANGRE DE CRISTO MOUNTAINS 27

moraine slope and surface boulder frequency data imply (as does with active rock glacier values arbitrarily set equal to 1.0 shows
topographic position) that they are significantly younger than the grouping (figure 25). RD separation is best for unlimited
terminal deposits (table 7). RD values for high-elevation deposits parameters (maximurm pit depth, maximum rind thickness) and
define two groups: less weathered cirque moraines and rock worst for percent-limited parameters (percentage of stones with
glaciers and more weathered cross-valley moraines and inactive rinds, percentage of lichen cover).

rock glaciers. A histogram of ratios of various RD parameters,

SN N
[
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cirque moraines —
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. active rock glaciers || -
inactive rock glaciers
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Figure 25.—Ratios of all averaged RD values for four different ages of high-elevation glacial and periglacial deposits.
Ratios are derived from values in table 7 by setting the active rock glacier values equal to 1.0 and representing the
other averaged values as percentages of the active rock glacier values.
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Representative soils from moraines of different inferred age
constitute a distinet chronosequence. Calecareous and noncal-
careous variants exist within the chronosequence depending on
elevation. Soil profiles on glacial deposits show very weak devel-
opment on mid-late Pinedale moraines, weak development on
early Pinedale moraines, and moderate development on Bull
Lake moraines (figure 26). The most prominent age-dependent
parameters in noncalcareous soils are depth of oxidation and B
horizon development (table 8). In calcareous soils the depth of
carbonate leaching and thickness of calcareous horizons are the
most reliable relative-age indicators.

The five topographic levels of alluvial fan surfaces define a
fivefold relative-age sequence in the San Luis Valley. Differences
in weathering and erosion characteristics among the five fan
levels indicate considerable relative-age difference. The most
reliable RD parameter to distinguish fans is soil profile develop-
ment. Soils are azonal on Holocene deposits, very weak to weak
on Pinedale deposits (both ages), moderate to strong on Bull
Lake deposits, and very strong on pre-Bull Lake deposits. A
chronosequence of typical soils from fan surfaces of four ages is
shown in figure 27. For noncalcareous soils, differences in B
horizon thickness, B horizon structure, and soil color are most
diagmostic (table 9). For calcareous soils, thickness of carbonate

horizons and stage of carbonate development increase most not-
ably with age.

Long-Distance Correlation

Correlation of Quaternary deposits in the Sangre de Cristo
Range with deposits found elsewhere in glaciated mountains of
the western United States is based on similarity of topographic
position and various RD parameters. The Pleistocene glacial
chronology first worked out by Blackwelder {1915) for the Wind
River Mountains of Wyoming has evolved into a widely used
Quatemary chronology now recognized throughout the Rocky
Mountains. Refinements by many workers (especially Rich-
mond 1960, 1962, 1965) in the last 20 years have resulted in a
detailed chronology of six glaciations. Due to differences in cli-
mate, vegetation, and lithology between the Sangre de Cristo
Range and other mountain ranges, a comparison of RD data
may not show an exact match. However, the magnitude of dif-
ferences between units of similar inferred age should be roughly
equivalent.

Collection of RD data in the Rocky Mountains has been irregu-
lar, and detailed RD data have still not been published for the type
areas of the Bull Lake and Pinedale moraines of the Rocky Moun-
tains. However, Burke and Birkeland (1979) have published

Table 8.—Summary of soil profile data on glacial deposits®

No. of Age of B Horzon Depth of Maximum

Profiles Deposit® Thickness Structure Oxidation Soil Color”
Pi12 None None 34742 25 YR-10YR
Pt1 None None 22719+ 10YR-75YR 4/6

to 4 to Bs
(cambic B)
2 Bt 18-23" wk to mod, 50+"-556+" 10YR-5YR
sbk

Values listed are ranges for all soil profiles of the stated age.
Pt 2—mid-late Pinedale, Pt 1—early Pinedale, Bt—Bull Lake.

b
¢ Abbreviations defined in Appendix A,
9 Munsell color,

Table 9.—Summary of seil profile data on alluvial deposits®

No. of Age of B Horizon Maximum Calcareous Horizon
Profiles Deposit” Thickness Structure Soil Color® Thickness Stage®
3 Hf None None 10YR 5/3- 46" 1

10YR 5/8
11 Pf None to None to 10YR 573 23"-74" I
14" Bs (cambic B) TAYRb/4
9 Bf 543" wk to str, 10YR 5/4- 5¢"-75" II-111
75YR 5/6
5 pBf 47717 str abk to 5YR 4/4- 777-149" QLI+
str columnar 5YR 5/6
Total = 28

* Values listed are ranges for all soil profiles of the stated age.
* Hf—Holocene, Pf—Pinedale, Bf—Bull Lake, pBf—pre-Bull Lake.

° Abbreviations defined in Appendix A.
* Munsell color.
¢ Carbonate stages after Gile and others 1966.
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a complete suite of RD observations from the type area of the
Tahoe and Tioga moraines of the Sierra Nevada moraines,
which have been repeatedly correlated with the Bull Lake and
Pinedale moraines, respectively, of the Rocky Mountains. Com-
parison of four RI) parameters from the Sangre de Cristo Range
with the same parameters from the Sierra Nevada (figure 28}
shows that the magnitude of differences between the older and
younger moraines is quite similar in both areas. Weathering
rinds are slightly more common and thicker in the Sangre de
Cristo Mountains, on deposits of both ages. The difference may
represent greater susceptibility to chemical weathering for San-
gre de Cristo sandstone clasts than for Sierra Nevada granitic
clasts. Moraine slope angles are also lower in the Sangre de
Cristo Range, suggesting that local moraines are more suscepti-
ble to physical erosional processes as well.

The general extent of soil development and the difference in
development between soils of different inferred age in this study
area are similar to that exhibited by Pinedale and Bull Lake soils

Quter moraine
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elsewhere in the Rocky Mountains as described by Richmond
(1962, figure 55). Based on RD and soil profile data, the Bull Lake
moraines in the Sangre de Cristo range are therefore correlated
with the type Bull Lake moraines of the Rocky Mountain Qua-
ternary chronology. Older and younger Pinedale moraines in the
study are correlated with early Pinedale and mid-late Pinedale
deposits found widely in the Rocky Mountains (Richmond 1965).

Long-distance correlation of Neoglacial deposits is based on
degree of lichen development on boulders. A comparison of
lichen data from the study area with data from localities else-
where in the Rocky Mountains (figure 29} suggests that cirque
moraines and active rock glaciers probably originated in Early
Neoglacial time. The more weathered inactive rock glaciers may
also date from this interval, but weathering data presented pre-
viously (table 7) indicate inactive rock glaciers are more weath-
ered than active rock glaciers. The older inactive rock glaciers
may date from the last stages of Pinedale glaciation, formed as
debris from steep valley walls locally buried stagnant glacier ice.

Moraine slope

slope ongle angle dg\m
_ ! - \

Percent 30° 7i
stones To Pt |
w.'”; Weathering
rinds ind

100% 1 25° . rind Jote BY
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Figure 28.—Comparison of four selected parameters from Sangre de Cristo glacial deposits with those from the Sierra

Nevada, California (data from Burke and Birkeland 1979).
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Relative Timing of Glacial and
Fluvial Deposition

Where dating of alluvial fan surfaces is accomplished indi-
rectly by correlation to dated glacial deposits, as in the study
area, it is important to understand the relative timing of glacial
versus fluvial deposition. Field evidence that bears on this ques-
tion was examined at a key fan-head location. At Willow Creek,
the early Pinedale alluvial surface is directly traceable to the
early Pinedale terminal moraine through a 0.5-km-wide breach
eroded in the earlier Bull Lake terminal moraine (figure 10). RD
and soil characteristics of the alluvial surface are similar to those
of the terminal moraine, suggesting similar age. After the Willow
Creek glacier retreated from its terminal position, glacier runoff
breached the south wall of the moraine loop and established an
outlet channel. This channel is presently incised about 50 m
below the early Pinedale outwash surface. The interpretation
proposed hereis that early Pinedale outwash gravels were depos-
ited throughout the early and maximum stages of glacier
advance, but that the broad outwash surface was abandoned
when the glacier retreated behind its terminal moraine, after
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Figure 29.—Comparison of lichen data from the Sangre
de Cristo range with data from elsewhere in the Rocky
Mountains.

which runoff was directed southward into the present channel.
The alluvial slope was therefore mainly a product of early-and-
full-glacial deposition.

Similar observations have been made for modern glacier-
outwash systems. Describing sandurs {(outwash plains) fronting
glaciers in [eeland, Embleton and King (1975, page 526) state
“The sandur reaches its maximum elevation when the ice front
becomes stationary and terminal moraines are forming.” Sim-
ilar situations are reported from Baffin Island (Church 1972) and
New Zealand {Speight 1963). These observations indicate that
the bulk of outwash gravels are deposited before and during the
maximum advance and that the outwash surface itself becomes
subject to lowering (erosion) in late stages of glaciation. Concep-
tual modeling of Pleistocene fluvial processes by Schumm (1965,
page 790, table 2) reveals that for basins partly occupied by
valley glaciers, early-and-full-glacial times should be marked by
deposition, and late-glacial and interglacial times by erosion.

In summary, evidence suggests that alluvial fan surfaces of
the San Luis Valley formed during early-and-full-glacial times
as braided outwash streams deposited coarse gravels. Abandon-
ment and incision of these surfaces probably began after ice
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retreated from terminal moraines. If true, this sequence of events
implies that the presently preserved fan surfaces of each age
were last active at about the same time as terminal moraines
were formed, and that dates on terminal moraine deposition
apply equally to correlative fan surfaces. This conclusion bears
on alluvial fan-fault scarp age relations because scarps displa-
cing a given fan surface would only be well preserved if they were
formed after the fan surface had largely become abandoned.

Fan deposits are therefore correlated with deposits in the com-
posite Rocky Mountain chronology based on: (1) continuity of
fans with previously correlated moraines, and (2) similarity of
soi]l development hetween the local fan sequence, the local
moraine sequence, and the composite Quaternary sequence. One
of the most detailed studies of Pinedale and Bull Lake soil pro-
files which includes effects due to both time and climate isthat of
Richmond (1962} in the La Sal Mountains, Utah. Because of the
similarity of climate and vegetation between the Sangre de
Cristo Mountains and the La Sal Mountains, soil chronosequen-
cesin the two areas can be compared in detail. The soil chronose-
quence of the La Sal Mountains is shown in figure 30. In each
group, soils are strikingly similar to those in the San Luis Valley
(figure 27). A correlation chart comparing deposits and soils of
the Sangre de Cristo, La Sal, and Wind River Mountains is
shown in figure 31.

Absolute Age of Deposits

Knowledge of the absolute age of various deposits is important
for precisely dating surface-faulting events. The age limits for

deposits of the composite chronology are assumed to broadly
apply to correlated deposits of the study area. The temporal
relation of moraine deposition to fan formation was previously
discussed. Five “C dates from local alluvial and lacustrine units
(table 10) are compatible with the proposed correlation, yet only
provide age control for post-Pinedale history. Adateof 7660 + 120
yr BP is younger than mid-late Pinedale deposition, and a date of
10,100 + 110 yr BP may represent late phases of that period.
Other limiting dates for the Pinedale and Bull Lake glaciations
are inferred from correlation to the dated composite sequence
(figure 32).

The age limits for pre-Bull Lake deposits are egpecially critical,
since these deposits contain the longest record of fault activity in
the area, yet are the most poorly age-controlled units in the
Quaternary chronology. Absolute age of pre-Bull Lake deposits
is circumseribed by several observations: (1) presence of 700,000-
vear-old ash several meters below the top of the alluvium, (2)
development of a so0il between pre-Bull Lake and Bull Lake
deposits of similar strength to the post-Bull Lake soil, which has
developed over roughly 120,000-140,000 years, and (3) correlation
with dated paleosols in similar settings. Old alluvial surfaces in
gsouthwest Utah carrying soil profiles similar to those in pre-Bull
Lake deposits of the San Luis Valley have been U series dated by
Sterr(1981) as about 240,000 and 400,000 years old, equivalent to
cool stages 8 and 12 of the marine oxygen isotope record
(Berggren and others 1980).

From the above data we can conclude that (1) pre-Bull Lake
deposition continued after 700,000 years BP, (2) soil formation
had commenced on a presumably stable surface roughly 120,000

Figure 31.—Correlation of Quaternary deposits and soils in the study area with sequences elsewhere in the Rocky

Mountains. Modified from Richmond (1962, page 87).
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Table 10.—Radiocarbon dates and stratigraphic information

Sample No. Lab No. Age(Yr BPy  Unit Location and Stratigraphic Setting
Glacial—Lacustrine Deposits
Auger hole 1  -2234 2580 + 80 Lacustrine Willow Park basin; dates a 20cm-thick interstadial peat bed interstratified with
47-53" sediments stadial lacustrine silts and clays
Auger hole 1 82233 4770 + 80 Lacustrnine Willow Park basin; dates a 15-cm-thick interstadial peat interstratified with
96-102" sediments stadial lacustrine siits and clays
Alluvial-Colluvial Deposits
8O0IJMCO07 B-2227 modern Holocene 3 km southwest of mouth of Spanish Creek; dates thin organic layers interstra-
(< 100 yr BP) alluvium tified with fluvially reworked Holocene eolian sands
80JMCO008 B-2228 modern Holocene 3 km southwest of mouth of Spanish Creek; dates thin organic layers interstra-
(< 100 yr BP) alluvium tified with fluvially reworked Holocene eclian sands
80JMC030 3-2229 5640 + 100 Holocene Mouth of Uracca Creek (trench site); dates a buried A horizon in colluvium over-
alluvium lying faulted Holocene alluvium
B0JMCa32 B8-2230 7660 £ 120 Holocene Mouth of Major Creek (trench site); dates a buried A horizon on tectonically
colluvium derived colluvium overlying faulted mid-late Pinedale alluvium.
80JMC033 £-2231 10,0 + 110 Holocene Mouth of Major Creek (trench site); dates a buried organic horizon in tectonic
colluvium graben fill overlying mid-late Pinedale alluvium

to 140,000 years before Bull Lake time, 1.e., 240,000 to 280,000
years BP, and (3) the alluvial surfaces may have been deposited
about 240,000 or 400,000 years ago. The amount of age uncer-
tainty represented by these statements compelled an independ-
ent absolute age estimate using quantitative soils analysis.

Most soil parameter values, when plotted against linear time,
yield curves which show a rapid increase for about 20,000 years,
followed by a more gradual increase with time, finally reaching a
constant value (Birkeland 1974, figures 8-17). Marchand and
Harden (1976, page 19) state that “the time for attainment of the
constant value varies with the parameter—about 100,000 years
or less for bulk density; and about 500,000 years for B horizon
thickness, depth to fresh parent material, and clay content; and 1
million years or more for color and pH changes.”

Prominent age-dependent parameters of total soil pedogenic
clay and total pedogenic carbonate were measured in the repre-
sentative profiles of the alluvial soil chronosequence (figures 33,
34). The values were computed by multiplying the percentage of
pedogenic clay or carbonate by weight (total clay or carbonatein
each horizon minus an assumed original clay or carbonate con-
tent), times the bulk density, times the horizon thickness, for
each enriched horizon. The sum of the products from all enriched
horizons of a single profile yields the total pedogenic clay or
carbonate, per unit area of the soil column (expressed in
gm/cm?),

Quantitative analysis of total pedogenic clay in the noncal-
careous alluvial scil chronosequence reveals a progressive in-
crease in clay with age (figure 33). Tetal soil carbenate in the
calcareous alluvial soil chronosequence also increases with age

{figure 34). Plotted against linear time, the measured values
define an S-shaped curve (figure 35) similar to conceptual curves
proposed by Birkeland (1974, figures 8-17). If the minimum age of
pre-Bull Lake alluvium based on geologic evidence is assumed
(280,000-240,000 years BP), the curves show little tendency
toward the steady-state. A correlated age of approximately
400,000 years, however, produces a more S-shaped curve. Based
on this analysis, an age of about 400,000 years is inferred for
most pre-Bull Lake alluvium in the study area.

SUMMARY OF QUATERNARY DEPOSITS

Quaternary deposits of the study area include till, rock glacier
rubble, and mass movement deposits in the Sangre de Cristo
Mountains, and an alluvial fan depositin the adjacent San Luis
Valley. Meraines and alluvial fans are separable into relative-
age groups by topographic position, morphology, and weather-
ing data. The age groups correlate well with those of the wide-
spread Pinedale-Bull Lake chronology of the Rocky Mountains.
Sparse "C dates from local lacustrine and alluvial deposits sup-
port the correlation from late Pinedale time to present. Relative-
dating and soil data support correlation of older deposits. The
absolute age of Quaternary deposits in the study area cannot be
definitely established, but correlation to a composite Quaternary
chronology gives broad age limits that probably apply to local
deposits. These age estimates will be utilized in the following
sections to infer the probable history of tectonic events that offset
the Quaternary deposits.
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PART TWO: NEOTECTONICS

INTRODUCTION

The northern Sangre de Cristo Mountains and adjacent San
Luis Valley constitute major horst and graben, respectively, of
the 950-km-long RGRZ (figure 9). Normal displacement on the
range-bounding SCFZ has resulted in up to 7015 m of vertical
basement offset since Early to Mid-Tertiary time (Huntley 1977).
Quaternary glacial and alluvial deposits which cross the range-
bounding fault are commonly offset by well-preserved basin-
facing scarps. Scarps offsetting successively older deposits are
progressively higher, ranging from 2 m high in Holocene to up to
87 m high in pre-Bull Lake deposits. The geometry of increasing
scarp height across older Quaternary deposits suggests recur-
rent Quaternary movement on the Sangre de Cristo Fault. Sim-
ilar evidence for recurrent faulting occurs on the VGFZ, a 10-km-
long swarm of scarps within the northern San Luis Valley. The
distribution, morphology, and geometry of fault scarps and their
interaction with Quaternary deposits is examined in detail to
reconstruct the neotectonic history of this part of the RGRZ.

METHODS

Fault scarps were initially located on large-scale (1:15,840)
black-and-white aerial photographs. Vegetation and hydrologic
anomalies associated with scarps allowed features as small as 30
cm high to be located. Surface profiles of 153 scarps along the
SCFZ and VGFZ were measured by standard field methods
(Bucknam and Anderson 1979, page 12), using an extendable
4 m-long stadia rod and an Abney level. All field measurements
are reproduced in Appendix B (VGFZ) and Appendix C (SCFZ).
Profiles were aligned perpendicular to the fault scarp without
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regard to the local slope of the faulted surface. Wide deformation
zones often necessitated extending the profile 40 m or more
above and below the prominent scarp to attain undisturbed
alluvial surfaces. Five trenches (one on the VGFZ, four on the
SCFZ) were excavated across fault scarps by small backhoes
with 60 cm-wide buckets. Trench lengths ranged from 15t0 35 m,
aligned perpendicular to scarp strike; depths averaged 2.5-3.5m.
Trench walls were mapped at a scale of 1:40, froma lmby 1 m
grid system.

Before any descriptions of fault scarps are made, terminology
and measurements must be defined as used in this report (refer to
Glossary). The relation of these field measurements to scarp
morphology and original fault displacement will be examined
explicitly by use of geometric models.

Scarp Terminology and Measurements

Geometrically, fault scarps can be simple or complex. A simple
scarp (after Slemmons 1957, page 367) is defined as a scarp
produced by simple translational offset along a single fault
plane. Scarp terminclogy and measurements for simple scarps
as used in this study are shown in figures 36 and 37. These
parameters, adopted from various authors, are necessary for
estimating scarp age and measuring the “size” of the scarp.
Several kinds of complex fault scarps can form over normal
faults (figure 38) by: (1) tilting of the downthrown block, (2)
rifting of the downthrown block, or (3) stepfaulting of the
upthrown block (Gilbert 1890; Slemmons 1957). In addition, ero-
sion and deposition over long periods of time can modify scarp
geometry. Field studies (Wallace 1977) have shown that as the
scarp declines with time: (1) maximum scarp slope angle
decreases, (2) retreat and width of scarp crest increases, and (3)
scarp height increases, if on a nonhorizontal surface.
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Figure 37.—Scarp morphologic terms for simple scarps; same scarp profile as in figure 36 (terms defined in Glossary).
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Figure 38.—Illustration of Gilbert’s theory for the forma-
tion of complex fault scarps (Gilbert 1890, page 355).
Terms are defined in Glossary.
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Scarp Geometric Modeling

For interpreting temporal and spacial variations in fault dis-
placement throughout the study area, a method was needed
which would identify and compensate for effects of different
scarp types and different amounts of scarp degradation on
scarp height. Geometric models of simple and complex scarps were
therefore developed to allow calculation of the vertical compo-
nent of fault displacement (hereafter referred to as fault throw)
on each measured scarp profile. The reduction of all scarp height
data to fault throw values had several advantages: (1) it allows
comparison .of fault displacement data from throughout the
study area regardless of scarp type or degree of modification, (2)
displacement values can be compared to displacements on
worldwide historic scarps to estimate magnitude of Quaternary
earthquakes, and (3) vertical displacement in Quaternary time
can be compared to vertical displacement of dated pre-Quaternary
horizons. Because of the importance of this method in tectonic
reconstruction, its development is presented in detail in the fol-
lowing section.

For simple scarps, the relation between fault throw and sur-
face offset at any time can be derived trigonometrically. Table 11
shows the derivation of Equation (1) which quantitatively
interrelates original fault throw (h)) with scarp surface offset
(so):

80 = hy(1 — cotBtana) (1)

(Terms are defined in Glossary). The relation between fault
throw and surface offset depends only on fault dip (3} and fan
slope (@); because these two terms are time invariant, the relation
is also time invariant. The relation hetween fault throw and
scarp height as commonly defined (Bucknam and Anderson
1979) is more complex, since scarp height is determined by inter-
action of maximum scarp angle (8) and fan slope (a). Table 12
shows the derivation of Equation (2), which relates throw and
scarp height:

b, = {sin@sin(ﬁ—a)
2 sin 8sin(d — o)

(2)

In both the above formulas, all quantities can be measured from
surface profiles except 8. For most fault scarps 8 cannot be
directly measured except in trench exposures and therefore must
be estimated. Values for 8 vary over a range of 10° or more in
study area trenches, so this amount of uncertainty is introduced
into all calculations in which 2 is assumed.

Note that as the scarp broadens, scarp height becomes progres-
sively larger than fault throw. The relation of Equation (2) is
time dependent, since the maximum scarp slope angle changes
with time.

In summary, the original fault throw of any degraded simple
fault scarp can be calculated by measuring a single height
parameter and two or three angular parameters and assuming a
faultdip angle. However, near-surface deformation is often more
complicated than the simple scarp model assumes. Four tectonic
and two geomorphic processes can lead to a combination of
situations where Equations (1) and (2) must be modified, as
discussed below.

Rotation of the downthrown block toward the fault plane
(figure 38) can result in a scarp whose height exceeds the net

throw across the deformation zone. The term “reverse drag” is
often applied to this situation, although examination of figure 38
will show that the geometry actually results from slumping
under tension rather than from any frictional drag. The addi-
tional throw added solely by rotation (hg) can be calculated trigo-
nometrically (table 13, figure 39), resulting in Equation (3}

Weltana + tan{¢ — a))cosasinf

he = Sn(3 — a)

3

Table 11.—Derivation of the relationship between
surface offset and fault throw for simple fault scarps
(so is surface offset and h, is fault throw)

Combining the three relationships
x = hy —so0,

y = h; tan(90° — 3,

x/y = tane

Ii

and solving for so gives

x = hi — so = hicotStane.

so = hy({l — cotBtana).

Table 12.—Derivation of the relation between scarp

height and fault throw for simple fault scarps (hyis
scarp height and hy is fault throw)

Combining the four relationships
siné = 1/2h:R, Y/R = sin{# — o),
sin = 1/2hy/r, y/r = sin{ — «a),
solve for ha

= ing: - Y = _2singY |
hy = 2Rsinf; R = sin{d — o) he sin(d — a)
then solve for Y:

— hl —_ Y , _ h]Sin — o}
T = 5sinf ~ snB - Y T 2eng

Substituting h; for Y gives

2sin 6 hisin(f — o) _
sin(8 — a) 2sin B

sin 6 sin (8 — a)
sin (# — a) sin §

h2=

Table 13.—Derivation of the component of fault throw
introduced by surface rotation for a complex fault
scarp (hyis surface rotation). Refer to figure 39

Combine the three relationships
sor = X + Y, X =wtane,and Y = witan(e — o)
toget sor = wiltan « + tan(gp — o))

. 8 _ 80¢
From the Law of Sines, MO =5 - sng —a)
Since s = h/sin 8 and sin(90° +a) = cosa

_ 50r8in(90° + o) _ sorcosa  _ .
thens = sin(B —a) ~ sin(@ — a) h;/sin 8.

Substituting for so; and solving for he:

he = we[tana + tan(¢ — o) cosasing
= sin(f — a)
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The true net throw (hi) is then calculated by subtracting h; from
the calculated throw of the scarp from Equations (1) or (2) (h ).
In other words:

hlt = hlm - hf (4)

Near-fault drag of strata into fault planes can contribute to
fault throw as calculated by Equations (1) or (2) (figure 40).
However, the origin of drag is uncertain. It could represent: {1}
sudden drag during a surfacefaulting earthquake, (2) flexure
only over an earthquake displacement at depth, or (3) slow seis-

mic creep over a fault. If(3) 1s true, then the vertical component of
drag (hy in figure 40) should not be included in displacement
calculations used for earthquake magnitude estimation. How-
ever, field evidence to distinguish (1), (2}, and (3) is usually
lacking.

If tensional stresses are severe in the near-surface environ-
ment, the downthrown block may develop single or multiple
graben structures (figure 41). As with surface rotation, graben
formation creates a scarp whose height exceeds the net vertical
displacement across the fault. The amount of exaggeration is
great when the graben is wide, or when the offset surface is steep.

of

Figure 39.—Geometric relation of lower surface rotation (flexing) to overall scarp geometry (terms defined in

Glossary).
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Figure 40.—Geometric relation between vertical component of drag and fault displacement (terms defined in

Glossary).
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Figure 41.—Effect of graben formation on the geometry of a hypothetical fault scarp (terms defined in Glossary).
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True net throw can be calculated mathematically by summing
positive and negative vertical displacements across the graben
zone (figure 41). However, because of graben colluviation, graben
tilting, and multiple faulting, the mathematical procedure can be
tedious. A simpler method is graphical projection of the lower
faulted surface to the fault scarp, and subsequent graphical
measurement of net vertical displacement (figure 41).

Failure of the upthrown alluvial block during faulting can
create longitudinal step-faults which paraliel the main fault (fig-
ure 38). If no rotation of fault slivers occurs, then the sum of
individual fault displacements will total net displacement. How-
ever, both forwards and backwards rotations have been observed
on historic faults (Gilbert 1890: Slemmons 1957). For backwards
rotations the sum overestimates, and for forwards, it underesti-
mates, the true net displacement (figure 42). The amount of error
increases as the fault slivers become wider, and/or as the rota-
tion angle becomes larger.

If extensive eolian-augmented colluviation occurs at the scarp
base, the downthrown block may be buried by colluvium for
considerable distances from the scarp. Figure 43 shows how this
situation leads to an underestimate of true fault displacement by
use of Equations (1) or (2). By adding the colluvium thickness at
the scarp toe () to the apparent fault throw (h,,), the true throw

Ht = Ha+ Hb-Hsf Hsf = Wsf sin ¥

Hsf = Wsf sin ¥

Figure 42.—Effects of longitudinal stepfaulting on fault
scarp geometry (terms defined in Glossary).

(k1) 1s approximated. As described later, colluvium thickness
increases with time.

On old searps, the entire upthrown surface may be lowered by
erosional processes such as sheetwash, rillwash, and eolian defla-
tion (Cooke and Warren 1975, page 124). Figure 43 shows how the
thickness of material stripped from the upper block (E} decreases
the apparent fault throw (hla) relative to the true throw (hIt).
Erosion is inferred to have affected scarps of the SCFZ and VGFZ
that offset pre-Bull Lake deposits, but exact rmeasurement of
erosion depth is difficult due to lack of reference points. Because
surface soil profiles on older surfaces are well developed, rate of
stripping probably did not exceed rate of downward weathering
development. The implication is that surface erosion rates are
slow, and probably less important geometrically than colluvia-
tion effects.

In summary, features of fault scarp geometry have been de-
scribed to emphasize that scarp height does not always truly
represent fault displacement. To analyze Quaternary displace-
ment trends spatially and temporally, all complicating geo-
metric, tectonic, and geomorphic factors must he identified and
corrected for on each scarp profile. In the following tectonic ana-
lyses, quoted fault displacements have been calculated using the
simple scarp model and appropriate corrections made for compli-
cating factors, when identifiable.
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Figure 43.—Geomorphiccomplications to the simple scarp
geometric model. Terms defined in Glossary.
(a) Colluviation at base. (b) Erosion of the upthrown surface.
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SCARP MORPHOLOGY
Scarp Production and Degradation

Because the formation of scarps on the SCFZ and VGFZ was
not observed or recorded by man, a tectonic origin must be
inferred from available geologic data. First, trench exposures
reveal stratigraphic displacements under surface scarps in three
locations (described later). Secondly, the traces of studied scarps
are coincident with a known master fault with over 7015 m of
Cenozoic vertical displacement (Huntley 1979, page 87). Finally,
field studies after major earthquakes elsewhere in the Basin and
Range province {Jones 1915; Gianella and Callaghan 1934,
Tocher 1956; Slemmons 1957) have shown indisputably that at
least some range-bounding and intrabasin scarps in alluvium
are created by tectonic displacement. The coincidence of fresh,
historic scarps with subdued, rounded scarps along a fault zone
(Page 1934; Wallace 1977) imply that the latter are results of
prehistoric tectonic displacements. Scarps of the SCFZ and
VGFZ are similar in position, geometry, and morphology to such
subdued tectonic scarps.

Recent studies have suggested that linear escarpments in

alluvium can also be caused by groundwater decline and subsi-
dence in alluvial basins (Holzer and others 1979). However,
reported watertable declines of up to 100 m have produced
scarps only on the order of 0.4 m high (Holzer 1977). Much of the
subsidence results from compaction of highly compressible clays
interbedded with coarser alluvium near valley axes (Freeze and
Cherry 1979, page 371). At the Sangre de Cristo Range front,
scarps up to 87 m high are underlain by coarse gravels of low
compressibility. Fluctuations of groundwater table between late
Pleistocene glacial and interglacial stades may have occurred in
the San Luis Valley. However, magnitude of such water-table
rises in glacial stades was almost certainly less than about 30 m
(the maximum depth of the present groundwater table), since
rises larger than this would have created lake conditions, and
none are known of in late Pleistocene time (Powell 1958). Thus
neither the sedimentologic setting nor the magnitude of inferred
late Pleistocene groundwater fluctuations in the study area seem
appropriate for differential compaction generation of large
scarps at the range front.

For smaller interbasin scarps of the VGFZ that are developed
in finer sediments with a shallower water table, scarp production
could possibly be related to differential compaction. Two factors
suggest a tectonic origin, however: (1) the fault scarps trend
diagonally from range front to valley axis (plate I}, cross-cutting
sedimentologic facies have boundaries which should control
compaction, and (2) the scarp zone coincides with the flank of a
deep gravity low, interpreted by Huntley (1977) to be a subsur-
face graben within the San Luis Valley.

Fault scarps of the SCFZ and VGFZ are sufficiently eroded
that the abrupt scarp face has been replaced by a smooth vege-
tated scarp slope. Existing maximum scarp slope angles range
from 3° to 34°. Post-fault degradation of scarps is inferred to
have generally followed the five-step conceptual model of Wal-
lace (1977) for scarp decline in unconsolidated materials (figure
44). All fault scarps of the VGFZ, and most scarps of the SCFZ,
are now in Stage E (figure 44), with maximum scarp slope angles
of 3°-30°. A few of the higher scarps of the SCFZ are in Stage D,
and debris-flow processes occur on long scarp slopes at over 30°.

Trench exposures show that the average near-surface fault dip
is 70°-85° valleyward. In addition, preserved parts of the lower
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Figure 44.—Conceptual model of scarp morphology and

degradation.
{a) Fault scarp morphologic terms for young scarps. (b) Concep-
tual model of fault scarp decline ( from Wallace 1977, page 1269).
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scarp face buried by colluvium dip from 55°-60° in gravels and
from 20°-25° in sands. The scarp decline sequence implied by
these values is as follows: (1) a fresh scarp is produced with a
70°-85° free face; (2) rapid gravity fall brings the free face to
55°60° in gravels, 20°-25° in sands and colluvium fills fractures
and small graben at scarp base; (3) gravity- and debris-stage
decline (60°-35%) continue and coliuvium builds into a wedge and
buries lower 55°-60° scarp face; and (4) debris and wash decline
of the scarp face continue to present angles (3° to 34°),

Subsurface exposures indicate the modern colluvial wedge
usually contains a larger volume of sediment than appears to
have been removed from the scarp crest. Further, the colluvium
is rich in silt and fine sand, but the faulted alluvial gravels
contain little sediment finer than coarse to medium sand. Where
did the extra material come from? Most of the colluvium volu-
metrically in excess of crest removal is probably reworked loess
and sand initially deposited as a thin veneer on alluvial fans.
These materials were probably transported downslope by sheet-
wash and redeposited at the scarp-base slope break. Such eolian-
augmented colluvial wedges grow with time. Sparse subsurface
data from natural and artificial cuts show that the thickness of
the wedge, as a fraction of scarpsize, increases with the logio of
scarp age (figure 45). This is reasonable since, as the wedge
grows in area, a given volume of deposition per time yields a
smaller thickness increment.

Morphologic Effects of Recurrent Movement

Renewed displacement on a degraded fault scarp results in
drastic modification of prevailing slope form and process.
Rejuvenation creates: (1) an increased scarp height, (2) anew free
face, (3) a sharp crest, (4) a renewal of gravity-fall eroston, and (5)
a new colluvial wedge. Continued weathering modifies the fresh

signs of scarp rejuvenation so that identification becomes
increasingly difficult with time. Wallace (1977) lists five criteria
which characterize modified multi-event scarps: (1) breaks in
scarp profile, (2) terraces and/or knick points in dissecting
drainages, (3) scarp heights exceeding the maximum recorded
for single events, (4) complex erosion-sedimentation records, and
{5) greater displacements of older than of younger deposits.

Not all criteria are applicable in the study area. Criterion (2)
was not observed. Criterion (4) requires subsurface exposures,
which arerare. Criterion (3) suggests that scarps larger than the
recorded maxima (10.7 m; Richter 1958) result from multiple
events, but it does not necessarily follow that scarps smaller
than the maximum result from only one event. The next section
discusses the utility of Criterion (5) for tectonic reconstruction.
However, some scarps are restricted to a unit of single age. Where
this occurs, the only viable criterion deals with details of scarp
morphology (Criterion (1)),

A conceptual analysis of scarp rejuvenation following Wallace
(1977),(figure 44) is shown in figure 46. The sharp break at the top
of the free face (¢/) constitutes a new scarp crest point. With
continued erosion, the crest point migrates upslope; migration
rate is probably controlled by the steepness of the prerejuvena-
tion scarp profile. After sufficient scarp modification, ¢’ may
approach and merge with ¢ (after Stage £ + D, figure 46). Field
data from the SCFZ at Major Creek (described later) indicate
that merger of crest points can occur within about 7700 years, in
sandy sediments. A small percentage of scarp profiles on the
SCFZ do show multiple profile breaks on the upper scarp face.
The weakness of such breaks, and their proximity to one
another, suggest that: (1) the latest displacement occurred at
least 7000 years ago and (2) with continued weathering the two
breaks will merge, and no evidence will remain of scarp
rejuvenation.
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Geomorphic Relation to Quaternary Surfaces

When fault scarps interact with multilevel Quaternary sur-
faces, the resulting geometry yields important clues as to history
of faulting. In the San Luis Valley, Quaternary surfaces can
have two possible age-geometric relations: (1) younger deposits
incised into older ones near fanheads, where erosion temporarily
exceeds deposition, and (2) younger deposits at grade with, or
overlapping, older deposits near the valley axis, where deposition
exceeds or equals erosion. Single and multiple fault events offset-
ting the two possible geometries result in four possible fault scarp-
alluvial scarp relations, summarized in figures 47 and 48.

Along the SCFZ, typical scarp geometry resembles figure 48.
Multiple fault events (as many as 20) have repeatedly offset inset
sequences of up to five terraces. On the VGFZ, all four possible
geometries are represented as scarps traverse from the range
front to the valley center. Change of scarp heights between suc-
cessive surfaces is used as the prime tool in neotectonic recon-
struction, where subsurface data are unavailable.

ViLLA GROVE FAULT ZONE
Location and Tectonic Setting ‘

The VGFZ is a 10-km long by 0.4 to 1.2.km wide, northwest-
trending zone of about 40 discontinuous, parallel fault scarps
which traverses the northern San Luis Valley from near Valley
View Hot Springs to Villa Grove (figure 49). With minor excep-
tions, all scarps face southwest toward the valley center. Both
seismic reflection surveys (Stoughton 1977) and gravity data
(Huntley 1977, figure 34b, ¢} indicate surface scarps are coinci-
dent with the northeast edge of a deep gravity low in the valley,
inferred to represent a buried graben.

Style of Deformation

Individual scarps in the VGFZ vary from 0.1 to 2.6 km in
length. Trend of scarps roughly parallels the trend of the whole
fault zone, with no clear expression of an en echelon pattern
(figure 50). However, there is circumstantial evidence for hinge-
type normal movement on the fault zone as a whole: (1) scarp
heights in alluvium increase steadily from northwest (0.4-1.0 m)
to southeast (14.0 m), and (2) depth to basement inferred by
gravity data increases steadily from northwest to southeast.

Small antithetic {northeast-facing) scarps exist in two set-
tings. In the first, low scarps define a narrow graben at the
western margin of the fault swarm (scarps @ and M, figure 50).
The surface graben is approximately centered on the axis of a
large gravity low, implying a genetic association with deep
graben formation. In the second setting, small oblique-trending
scarps cut upthrown blocks into horsts (scarps K and G, figure
50). Antithetic scarp height increases toward the intersection
with the main scarp, and then is abruptly truncated. Such strue-
tures are interpreted as a response to local ground extension,
rather than to deep-seated antithetic displacement. Classic ramp
structures serve to transfer displacement between rare en echelon
scarps (figure 51).

Scarp Morphology

Fault scarps of the VGFZ are relatively small and subdued
compared to range-front scarps. Scarp heights range from 0.2 m

STAGE
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E REJUVENATED
SCARP

E+A

E+B

Figure 46.—Conceptual model for degradation of a re-
juvenated fault scarp, based on the model of Wallace
(1977, figure 2).

to 14.0 m, maximum scarp slope angles from 3°-23° (figure 52).
Typical scarp morphology consists of five parts: (1) upper fan
surface, (2) stripped fan surface near the scarp crest, (3) scarp
face, (4) wash apron (surface expression of the colluvial wedge),
and (5) lower fan surface (figure 53). Profiles are consistently
asymmetric, in that the wash apron is usually much wider than
the stripped fan surface. Much wash apron material is probably
derived from reworked eolian sand, as previously discussed.
Modification of fault scarps increases with age. A plot of max-
imum scarp slope angle as a function of logyy of scarp height (hy}
shows that scarps offsetting older surfaces are progressively
more gentle for similar heights {(figure 54). Both separation of
and slope of regression lines for dated scarps differ from those
derived by earlier workers (e.g., Bucknam and Anderson 1979,
page 11) for single-event scarps of a similar age range in Utah.
Computer simulation of fault scarp decline using a diffusion-
type equation (e.g., Nash 1980) shows that multiple-event scarps
should have lower scarp angles than single-event scarps for
similar heights and age of last faulting (Colman, McCalpin, and
Ostenaa 1981). The more intervals of uplift (and erosion) that
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SCHEMATIC TECTONOGEQOMORPHIC

RELATIONS
Single Event

EROSION > DEPOSITION EROSION = DEPOSITION

Pf = Pinedale fan
Bf = Bull Lake fan

Figure 47.—Geometry of a hypothetical single-event fault scarp offsetting an alluvial terrace sequence.
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SCHEMATIC TECTONOGEOMORPHIC
RELATIONS

Multiple Events

ERQOSION = DEPOSITION _ ERCSION = DEPOQSITION
Pf= Pinedale fan

Bf = Bull Lake fan

Figure 48.—Geometry of a hypothetical multiple-event fault scarp offsetting an alluvial terrace sequence.
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have formed a scarp of a certain height, the lower its maximum
scarp angle will be, assuming a similar age of latest faulting.
Regression lines in figure 55 suggest that: (1) the latest fault
event, which offset Pinedale deposits, occurred less than about
10,000 years ago by comparison to Utah single-event scarp data,
and (2) scarps offsetting pre-Pinedale deposits were rejuvenated
during the latest event, and are therefore steeper than assumed
single-event scarps offsetting deposits of similar age in Utah.,
Both of the above conclusions are supported by geomeiric rela-
tions of scarps with alluvial terrace sequences, described in a
subseqguent section.

Field observations suggest that some of the scatter in figure 54
18 due to the effect of alluvial textures on the rate of scarp dectine.
Consequently, two clast size parameters were measured on the

scarp face of each profile: maximum clast diameter and modal
clast diameter (1.e., most commonly occurring diameter). To test
for systematic effects of clast size on the maximum angle-scarp
height relation, the angle deviation of each data point from the
least-squares regression line was compared to both maximum
and modal diameters. As expected, scarps composed of larger-
than-average clasts had steeper angles than did finer-grained
scarps of the same height and age. However, the correlation of
angle deviation with clast size is statistically quite variable
(table 14). Better correlation is obtained with modal than with
maximum diameter, and with younger scarps than with older
scarps. A typical clast size-deviation plot is shown in figure 55 for
scarps cutting Bull Lake deposits. The trend of the regression
line suggests that an increase in modal diameter of —6 cm will
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Figure 50.—Detailed scarp map of the VGFZ.
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yield a 1° increase in maximum scarp slope angle, other factors
(age, height) being constant.

Agedifferences are also noted in crest width and retreat of the
scarp crest, as defined in this report (figure 37). The absolute
values of both parameters are found to increase with age (table
15). However, since older, multi-event scarps are usually higher
features than younger scarps, the absolute increase in crest
width and retreat distance could be explained in terms of size
alone, By dividing the absolute values by scarp surface offset we
get ameasure of the relative magnitude of crest retreat and width
compared to overall scarp geometry. Resulting ratios of crest
width/surface offset and retreat of crest/surface offset also
increase with age (table 15). This can be interpreted as the crest
zone involving a larger proportion of the scarp profile as modifi-

cation progresses. Results in table 15 confirm the relative-age
usefulness of the explicit definitions for crest width and retreat
shown in figure 37.

Scarp Interaction with Geologic Units

Figure 50 shows that five categories of scarps exist in the
VGFZ:

(1) Scarps that offset pre-Bull Lake fans only, and are trun-
cated by Bull Lake surfaces (S8').

{2) Scarps that front pre-Bull Lake fan remnants and continue
across Bull Lake surfaces (K, L, O, S).
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(3) Scarps that traverse only Bull Lake deposits, hence move-
ment can be classified only as post-Bull Lake (K, M.N.P.Q R, 7).

(4) Scarps that offset Bull Lake deposits but are truncated by
Pinedale deposits (G, I, J).

(5) Scarps that offset both Bull Lake and Pinedale deposits
but with much smaller scarp height across Pinedale deposits (A,
B,C,D,E, F, H).

The existence of these five kinds of scarps implies recurrent
movement on VGFZ faults from pre-Bull Lake to post-Pinedale
time. A complex pattern emerges of displacement on different
scarps within different time intervals. However, no apparent
migration of displacement either along the trend or across the
width of the VGFZ is noted.

Figure 51.—Schematic block diagram of ramp structure
as observed on the VGFZ.

Figure 52.—Low-sun-angle photograph looking east at
the VGFZ,

Typical scarp morphogy, VGFZ
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Figure 53.—Components of typical scarp morphology, VGFZ.
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Figure 54.—Plot of maximum scarp slope angle as a function of log,, of scarp height, VGFZ.

Table 14.—Effect of maximum (M) and modal (m) clast diameter (in em) for searps on deviation (D) (in degrees) from
the regression line of ¢ on log hy,?

Age of Offset Maximum VGFZ Modal Maximum SCFZ Modal

Deposit Diameter e Diameter b Diameter b Diameter PP
Holocene

Pinedale D= -158 + 0456M 07 D =118 — 0.79m 024 D= -052 + 0.01M 002 D= -32 + 0.12m 0.25
Bull Lake D=-115-0002M 001 D= -32+4 017m 022 D= -146 + 0.01M 012 D= -218 + 0.09m 0.09

preBull Lake D = -082 + 0.12M 004 D = —0.19 + 0.1lm 0.01 i f ‘ €

? Relationship between deviation and clast diameter is calculated using a least-squares fit.
r = correlation coefficient squared.
¢ No data.
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Displacement History: Spatial and
Temporal Aspects

Fault displacements on all individual scarps have been
summed across the VGFZ in seven locations (figure 50). Cumula-
tive displacements represent the total offset across the fault zone
since Bull Lake time. Spatial analysis of displacement along the
length of the fault zone reveals generally increasing displace-
ment toward the southeast. The data suggest a hinge-type
movement on the VGFZ,

Temporal displacement trends were analyzed mainly by scarp
geometric relationships with surfaces of different age. Youngest
surfaces offset are those of mid-late Pinedale fans (about 13,000
years old). Single-event scarps have displacements of 0.8-1.4 m.
Geometric relations on scarp C (profile C2, figure 50) indicate
that a single pre-Pinedale fault event occurred, with displace-
ment about 1.2 m followed by a post-Pinedale displacement of 1.4
m (figure 56), At several sites, an estimate of the number of fault
events that formed multiple-event scarps can be made by divid-
ing the calculated fault throw at successively higher profiles by
the fault throw of a single-event scarp on the same fault strand
{table 16). (Reduction of scarp height data to fault throw data has

advantages discussed previously.) The implicit assumption that
each fault event over a long pertod had the same throw as did the
latest event is questionable, especially since evidence from
trenches in the SCFZ shows throw varying through time from
less than 1 m to about 2.3 m (discussed later). However, few
alternatives to this assumption exist. If the latest event resulted
in a throw near the long-term average, then the method should
yield valid results. Scarps which offset both Bull Lake and pre-
Bull Lake deposits suggest that while only one event occurred in
post-Bull Lake time, two to three events occurred in the pre-Bull
Lake interval (table 16).

To substantiate recurrent faulting, a trench was excavated
across an inferred multiple-event pre-Bull Lake scarp (profile S2,
figure 50). The trench log (figure 57) shows that the fault plane
was not exposed. Instead, up to 3.0 m of colluvium was found in
depositional contact with the buried lower scarp face. The collu-
vial wedge itself showed no evidence of multiple colluviation
events; however, burrowing and disruption were extensive. Size
of the total displacement (5 m) and the continuation of the scarp
across Bull Lake deposits with smaller scarp heights indicate
multiple events did occur.

Table 156.—Age trends in mean retreat (terms defined in Glossary) (R) and width of

scarp crest (W), VGFZ

Mean Retreat/ Width/
Fan Offset No. Surface Mean Mean Offset Offset
by Scarp Averaged Offset Retreat Width Ratio Ratio
{m) {m) {m)
Pinedale fan 4 1.4 28 4.0 2.0 29
Bull Lake fan 34 1.6 5.6 6.1 35 3.8
pre-Bull Lake fan ] 2.6 11.6 10.0 45 4,0
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Figure 55.—Plot of the deviation of actual from predicted
maximum scarp slope angle as a function of modal clast

diameter on the scarp, post-Bull Lake scarps, VGFZ.

Figure 56.—Geometry of fault scarp and alluvial terraces
at scarp profiles Cl1 and IV, VGFZ (location is on figure
50).



QUATERNARY GEOLOGY AND NEOTECTONICS OF THE NORTHERN SANGRE DE CRISTO MOUNTAINS 25

Timing of inferred multiple events can be roughly bracketed
by pedologic evidence. On the upthrown block the buried B
horizon predates, but the overlying K horizon postdates scarp
production (figure 57). The B horizon is weaker than Bull Lake B
horizons (i.e., developed over less than about 120,000 years), and
K horizon is much better developed than in Bull Lake soils
(perhaps twice as old). The evidence implies that faulting at the
site may have begun approximately 300,000 to 250,000 years ago.
The s0il developed on the colluvial wedge has a weak textural B
horizon, indicating it is roughly intermediate in development
between Pinedale and Bull Lake soils. Thaus, the colluvial wedge
has probably been stable since about 60,000-80,000 years ago. In
the time interval spanning roughly 300,000 to 60,000 years ago
three or four displacements may have occurred, totalling about 5
m.

The inferred mid-late Pleistocene tectonic history for the
VGFZ based on scarp heights, geometry, and trench exposures is
summarized in figure 58. Frequency of events offsetting dated
deposits suggests a recurrence interval on the order of 60,000 to
100,000 (?) years for earthquakes producing a measurable com-
ponent of surface faulting.

Seismic Hazard

Magnitude of Quaternary earthquakes can be estimated from
(1) size of fault displacement and (2) length of surface rupture.
Fault displacements of 0.8-14 m calculated for singleevent
scarps on the VGFZ correspond to earthquakes of Richter mag-
nitude (M) 6.6 to 7.0 (Bonilla and Buchanan 1970). The length of
surfacerupture due to any single eventis uncertain, but post-Bull
Lake scarps do traverse the entire 10 km length of the fault zone.
A surface rupture length of 10 km corresponds to that produced
by M. 6.8 historic earthquakes (Mark and Bonilla 1977). Thus,
both surface rupture and fault displacement data suggest that
M, 6.6 to 7.0 earthquakes are capable of occurring about every
60,000-100,000 years on VGFZ. If the latest earthquake, which
occurred less than 13,000 yvears ago, represented a total strain

release on the underlying faults, then the probability of a major
surface-rupturing earthquake originating on the VGFZ in the
near future seems low.

SANGRE DE CRISTO FAULT ZONE
Location and Tectonic Setting

The SCFZ separates the Northern Sangre de Cristo Moun-
tains from the deep basin beneath the San Luis Valley (figure
59). Subsurface data indicate as much as 7015 m of normal-fault
displacement on the fault zone since early to mid-Tertiary time
{Huntley 1979). The SCFZ in the study area includes three dis-
tinct segments: (a) a 90-km long northwest-trending segment, (b}
a 20-km long north-trending segment, and {¢) a 10-km long seg-
ment which tends east-west at the south end of the Sierra Blanca
(figure 59). Discontinuous fault scarps in alluvium, coliuvium,
and till at the range front indicate that normal displacement on
the SCFZ has continued through Pleistocene and Holocene time.
Analysis of scarps provides the main evidence for reconstructing
Quaternary tectonism.

Style of Deformation

The SCFZ contains five different types of Quaternary fault
scarps. Scarp types and lengths are: (1) scarps which cut across
valley-mouth reentrants (245 m to 1100 m long), (2) scarps which
parallel the range front, a few 10s to 100s of meters valleyward of
the alluvium-bedrock contact (430 m to 2990 m long), (3) scarps
which diverge from the range front and trend up to 1.2 km out
onto the alluvial slope {365 m to 3170 m long), (4) scarps which
parailel the range front as much as 0.8-1.6 km valleyward from
the front (915 m to 1830 m long), and (5) transverse or oblique
scarps connecting any of the types above (245 m to 730 m long).

It is not usually possible to trace scarps from one valley mouth
to the next along the base of the intervening faceted spur. By
contrast, historic fault breaks in the Basin and Range are com-

Table 16.—Sequence of faulting events deduced from scarps, VGFZ

No. of Fault

Fault Throw Inferred Fault
Fan Events Events®
Scarp E Scarp C
Pinedale 08 14 1 Present
X
Bull Lake 1.8 2.6 2 Pinedale 2
Pinedale 1
X
Bull Lake
Scarp S Scarp G Scarp O Present
Bull Lake 0.8 1.7-2.7 0.4-1.0 1-2 X
X
pre-Bull Lake 2.4 4.0-4.3 2-4 Bull Lake
X
X

X? pre-Bull Lake

* Position of X represents occurrence of fault event in time.
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monly continuous across both valley mouths and the base of the
intervening spurs (e.g., Page 1934). Well-defined scarps compar-
able in size to present valley-mouth scarps were almost certainly
formed on the steep (20°-30°) colluvial slopes at the base of
faceted spurs on the SCFZ. Two factors may have tended to
eradicate the spur-base scarps much faster than the valley-
mouth scarps: (1) greater erosion potential exists on the 20°-30°
spur-base slopes than on the 5°-7° valley-mouth terraces, where
scarps are preserved and (2) poorly sorted colluvium at the base
15 more erodible than coarse tightly packed outwash gravels in
the valley mouths.

Scarp Morphology

Fault scarps of the SCFZ vary greatly in size, degree of modifi-
cation, and geometry. Scarp heights range from 2 m in Holocene
alluvium to 87 m in pre-Bull Lake deposits; maximum scarp
slope angles range from 13° to 34°. Simple faulting and complex
faulting involving surface rotation, graben formation, and step-
faulting were all observed.

Relative-age differences between scarps are revealed in the
plot of maximum scarp slope angle versus logi of scarp height
(figure 60). Scarps offsetting older deposits plot farther to the
right on the diagram, signifyving greater volume of erosion from
the scarp. The position of data points from single- and double-
event scarps offsetting Pinedale deposits of the SCFZ indicates
that latest faulting occurred roughly between 5000 and 10,000
years ago, by comparison with similar dated scarpsin Utah. The
regression line is similar to that defined by post-Pinedale scarps
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on the VGFZ, suggesting that the youngest scarps on the VGFZ
and SCFZ may have resulted from the same fault event, or from
events closely spaced in time. Multiple-event scarps in Bull Lake
and pre-Bull Lake deposits are much steeper for a given height
than are single-event scarps in comparable deposits in Utah,
confirming the steepening influence of late rejuvenating event(s)
on pre-existing scarps.

All three regression lines on figure 60 merge when maximum
scarp angles exceed about 30° and debnis processes occur on the
scarp face. For multi-event scarps, the slope angle-scarp height
relation apparently holds only for scarps which have reached
the wash stage of development (Stage E, figure 44). If a gravity-or
debris-controlled face exists on a rejuvenated scarp, the maxi-
mum angle on that face is not related to scarp height.

Scarps where debris processes are still active are distinct mor-
phologically from wash-dominated scarps (figure 61). A broad,
planar scarp face sloping from 27°-34° dominates the debris-
controlled scarp. The face is inferred to be the direct result of
slope regrading after renewed faulting and creation of a near-
vertical free face (see figure 46, Stages E and A, E and B). The
abundance of debriscontrolled faces (maximum scarp slope
angle greater than 30°) on larger scarps of the SCFZ implies that
the transition from gravity to debris stage after rejuvenation
may be rapid, but from debris to wash stage is much slower. As

successive rejuvenation increases scarp height the area of the

scarp face also increases, so that for each increment of slope
decline a greater volume of material must be removed before
wash processes become dominant. If rejuvenation occurs fre-
quently enough, the scarp may never have time to progress
beyond the debnis-controlled stage.
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Figure 59.—Index map of the SCFZ.
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The crest width and crest retreat of scarps increase, in both
absolute and relative terms, with increasing scarp age {table 17).
Some profiles display several crests suggestive of multiple events
(figure 62). Both scarps in figure 62 have lesser offset in younger
deposits along trend than the total offset at the profiled sites,
indicating recurrent movement. Multiple crests can also be
formed by boulders, roots, or other textural discontinuities on the
scarp face—these should always be avoided during profiling.

Alluvial texture also exerts control on scarp morphology on
the SCFZ. Scarps offsetting coarse gravels (modal diameter 50-
60 cm) are steeper than scarps of the same age and height which
offset finer alluvium (medal diameter 20-30 em). A plot of angu-
lar deviation from the regression lines of figure 60, as a function
of modal clast size, is shown for post-Pinedale scarps in figure 63.
The trend of the data suggests that an increase of roughly 8.6 cm
in modal clast diameter will result in a 1° increase in maximum
scarp slope angle, all other scarp parameters remaining equal.
However, the low regression coefficient (r = 0.50) suggests that
other factors are also responsible for details of scarp morphology.

The majority of SCFZ scarps profiled {53 of 90) are simple
scarps (figure 64a). However, complex scarps are common (37 of

25 —

90 profiles), perhaps because of relatively large displacements on
the SCFZ. Graben structures are abundant (15 of 90 profiles;
figure 64b), dominating the fault zone between Cotton and Wild
Cherry Creeks, and between Tobin and Blanca Creeks (figure 2,
plate 1). Traces of rotated downthrown blocks are also fairly
common (13 of 90 profiles; figure 64c). More complex scarps may
have existed but are now buried under large colluvial wedges.
Longitudinal step faults also occur (figure 64d).

Several complications can occurin a small area. At Pole Creek
(fgure 2) two scarps obliquely intersect and continue past the
intersection. Each scarp retains its offset and morphologic prop-
erties through the intersection (figure 65). The larger north-
trending scarp plots older than the smaller northwest-trending
scarp on the scarp height-slope angle diagram (figure 60). Furth-
ermore, displacement on the north-trending scarp decreases to
the north, but on the crosscutting scarp displacement remains
constant. A tentative interpretation suggests two movements on
the north-trending fault, followed by one movement on the
northwest-trending scarp. All events post-date the stabilization
of the early Pinedale alluvial fan (roughly 25,000 years BP).

SCALE

I I
5m 10m

Figure 61.—Comparison of the morphology of wash-dominated versus debris-dominated fault scarps, SCFZ.
(a) Wash-dominated scarp. (b) Debris-dominated scarp. Segment slopes are in degrees.
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Table 17.—Agetrends in retreat and width of scarp crest, SCFZ (terms defined

in Glossary)

No. of Mean Mean Mean
Surface Offset Profiles Surface Retreat Width
by Scarp Averaged Offset (s0) (R R./s0 (W) W./80

() {m) (m)

Holocene fan 5 20 3.6° 1.8" 46" 2.3
post-Pinedale fan 5 22 4.5 2.1 5.6 25
Pinedale fan 36 3.5 4.0 1.1 52 15
post-Bull Lake fan 2 10.0 8.1 8 7.0 1
Bull Lake fan 33 5.2 8.3 1.6 9.8 19
pre-Bull Lake fan 6 105 239 23 13.7° 1.3°

* Anomalously large values due to easily erodible nature of fine-grained alluvium.
* Anomalously small values due to severe dissection of upthrown block into ridges.

Figure 62.—Fault scarps displaying multiple crests on the SCFZ.
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Morphology of Range Front Spurs

The steep range front rising above the SCFZ exhibits well-
developed faceted spurs on ndge lines, features long identified
with recently active block-faulted mountains (Wallace 1978).
Between narrow faceted ridges elongate drainage basins extend
perpendicular to the range crest. The faceted ndge ends com-

12° —
Deviotion {D,
In degrees) of g —
actual from
predicted

o __J -

MaxiMum 4 . (2229
SCARP

o . 4 .
SLOPE —] : 3
ANGLE P

-
- ° hd
4 T T T T |

Modal clast diometer (m), n cm

Figure 63.—Plot of the deviation of actual from predicted
maximum scarp slope angles as a function of modal clast
diameter on the scarp, post-Pinedale scarps, SCFZ.

Sm 1Qm

Figure 64.—Scarp morphologic types of the SCFZ.

(a) Simple scarp. (b) Scarp with graben. (¢) Scarp with lower
surfacerotation. (d) Scarp with step-faulting. Segment slopes are
in degrees.

monly exhibit multiple benches and steps. Multiple facets are
well preserved in the area between Major and San Isabel Creeks,
where four dominant levels of facets are observed (figure 66a). A
typical facet profile at the Sangre de Cristo Range front, showing
steps and benches, is shown in figure 66b. Steep steps sloping
valleyward at 20° to 34° are separated by lower-angled ridge
crests with 7° to 15° slopes. The main facets have crests at 3277m
to 3338 m elevation, and facet faces are severely gullied. Two
lower facet sets (2881-2971 m, 2805-2830 m) are inset within the
larger facet, and are correspondingly less gullied and eroded.
The lowest facet set (2658-2683 m) includes numerous very fresh,
ungullied facets which rise directly above fault scarps in Qua-
ternary alluvium and colluvium.

Multiple facets elsewhere in the Basin and Range province
have been interpreted as resulting from episodes of mountain
block uplift (forming steps) alternating with episodes of no uplift
{forming benches by slope retreat and pediment formation)
{(Hamblin and Best 1978; Wallace 1978). The geometry of facets
at the Sangre de Cristo Range front indicates that three episodes
of uplift have occurred since the beginning of facet formation.
Scarps in Quaternary deposits at the base of the lowest facet set
indicate that the latest uplift episode has continued through late
Quaternary time, and is probably continuing today.

Interaction with Geologic Units

Scarps of the SCFZ offset muitiple terrace sequences in five
key valley mouths along the range front. Changes in scarp
height and morphology at each location, plus four trenches,
provide data on the magnitude and frequency of Quaternary
tectonic events. A detailed map, scarp profiles, and brief analysis
of each area follow.

Alluviam of five ages is offset by a scarp of the SCFZ at the
mouth of Major Creek (figure 67). The scarp is progressively
higher and more degraded fronting older deposits (figure 68).
Data from a trench along the line of Profile 35 (figure 67) in
mid-late Pinedale alluvium indicated that the 4.6-m high scarp
resulted from two displacement events. Total vertical displace-
ment across the deformation zone is close to 3.6 m, although
stratigraphic correlation across the deformed buried graben is
speculative (figure 69). Charcoal from graben sediments dates
the first movement as occurring before 10,100 = 110 years BP
and the second event as occurring shortly before 7660 + 120
years BP.

At the mouth of San Isabel Creek, a prominent 3.2-km long
scarp offsets five surfaces, ranging from pre-Bull Lake to mid-
late Pinedale age (figure 70). Scarps range from 4.4-m high in
mid-late Pinedale alluvium to 39.1-m high in pre-Bull Lake allu-
vium (figure 71). Single-event displacement, based on the calcu-
lated throw of the smallest and youngest scarp, is roughly 2.5 m.

In the Willow Creek area, a single fauit scarp trending north-
south roughly 0.8 km valleyward of the range front offsets four
Quaternary glaciofluvial units (figure 72). Scarp heights range
from 2.3 m cutting early Holocene alluvium to 87 m fronting
pre-Bull Lake deposits (figure 73). Because of good evidence for
recurrent movement and easy access, the Willow Creek area was
studied in detail. Two trenches were dug along Profiles 9 and 10
{(figure 72) to investigate deformation styles and recurrence
intervals.

The small scarp offsetting early Holocene alluvium at Profile 9
shows clear evidence of a single fault movement. Stratigraphic
displacement at the fault plane was measured as 1.35to 1.45 m
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Figure 65.—Schematic block diagram of cross-cutting
fault scarps that offset the Pole Creek alluvial fan (early
Pinedale).
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Figure 66.—Plan view and profile of a typical faceted range-front spur between Major and San Isabel Creeks.



QUATERNARY (JECLOGY AND NEOTECTONICS OF THE NORTHERN SANGRE DE CRISTO MOUNTAINS

QUATERNARY GEOLOGY

at

He

Pt

P4,

Bf

paf

Figure 67.—Quaternary geologic map, Major Creek area.
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Figure 70.—Quaternary geologic map, San Isabel Creeck area.
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Figure 71.—Fault scarp profiles, San Isabel Creek area.
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QUATERNARY GEOLOGY , Willow Greek

Alluvium Till Bedrock
Hi, P€ | Precambrian rocks
" Holocene (undiff.)
t
ot . 3 blanketing eolian cover
: Early Pinedale .
P4 Pt, | Early Pinedale /( fault scarp
Bf | Bull Lake Bt Bull Lake .
+5f | pre-Bull Lake \6 measured profile

Pt

O . 02 . 04 O5mile

I | I I !
O 02 04 06 08 km
Figure 72.—Quaternary geologic map, Willow Creek area.
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Figure 73.—Fault scarp profiles, Willow Creek area.
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(figure 74). The upthrown surface was dragged into the fault
plane with a vertical drag component of 0.9 m. Thus, of the net
2.3 m of displacement across the fault zone, 0.9 m was contrib-
uted by drag and 1.4 m by abrupt offset on the fault plane. The
larger scarp offsetting Bull Lake alluvium was fronted by a
complex colluvial wedge containing three colluvial units, each
grading to coarse-grained toward its base (figure 75). The collu-
viums contain soil profiles in their upper parts that can be com-
pared in development to other soils observed throughout the
study area. Colluvium [ carries a soil with a well-developed
textural B horizon and an underlying C.. horizon; overall the soil
is similar to soils developed on relict Bull Lake fan surfaces. The
middle colluvium carries no soil, indicating that insufficient time
for soil development occurred between its deposition and that of
overlying Colluvium III. Colluvium III carries a weakly deve-
loped A/C profile which is similar in development to soils on
mid-late Pinedale or early Holocene deposits.

Displacements due to individual fault events can also be esti-
mated, using several assumptions: (1) total displacement of all
events (probably three) must equal the net displacement of 5.3 m;
(2) the latest event had a displacement of about 2.3 m, according
to the trench in the single-event scarp directly to the north; and
(3) each displacement must have been equal to or greater than
the thickness of the colluvial wedge resulting from renewed
faulting. The degree of soil formation and deformation in the
colluvial units indicates the sequence of fauit events diagrammed
in figure 76. This sequence is also compatible with geomorphic
relations along the scarp north of the trench site (figure 72). A
graphical representation of displacement through time suggests
that uplift is eposodic, with recurrence ranging from approxi-
mately 58,000 to 9,000 years (figure 77). Estimated displacements
for single events range from less than 1 m to 2.3 m.

On the west flank of the Sierra Blanca at Uracea Creek, a
gscarp 1.2 km west of the range front offsets early Holocene
through pre-Bull Lake alluvium (figure 78). Scarps range from
2.9-m high in Holocene alluvium to 20.0-m high in Bull Lake
alluvium (figure 79). A trench across the Holocene scarp at Pro-
file 48 revealed evidence of a single movement with a measured
minimum fault throw of about 2.0 m (figure 80). Charcoal froma
soil horizon developed on the scarp profile dated at 5640 + 100
years BP. This date roughly brackets faulting as occurring
between early Holocene deposition (8,000 years BP) and 5640
years BP.

At the mouth of Blanca Creek on the south flank of the Sierra
Blanca, a large 2.1-km long scarp-graben system disrupts glacial
and alluvial deposits of five ages (figure 81). The deformation
zone, which stays within 200 m of the range front, consists of a
large basin-facing scarp fronted by a graben 30-50 m wide (figure
82). Arroyo cuts show the graben is filled with massively bedded
sandy sediments (partly eolian?) at least 2-m deep. Scarp
heights, which range from 3.2 m in mid-late Pinedale alluvium to
28.3m in Bull Lake alluvium, greatly exaggerate net fault throw
across the fault zone (figure 83).

To determine long-term recurrence at these five key sites on the
SCFZ, we must again assume that the latest single-event scarps
represent “‘typical” events. Despite the potential weakness in the
assumption, the inferred number of events is surprisingly con-
sistent for deposits of several ages within fault segments A and
B. Early Holocene or mid-late Pinedale deposits appear to have
been offset by one event, early Pinedale deposits by three to five
events, Bull Lake deposits by three to seven events, and pre-Bull
Lake deposits by 13 to 18 events (table 18, column 4). A graphical

portrayal of tectonic history for segment A of the SCFZ is shown
in figure 84; compare this to the similar history in figure 58 for
the VGFZ. Data presented in table 18 form the basis for an
analysis of spatial and temporal variation in fault activity along
the SCFZ, as described in the next section.
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Figure 76.—Inferred sequence of geologic events, Baca
Grant trenches.
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Figure 77.—Inferred displacement history, Baca Grant
trenches.
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Displacement History: Spatial and
Temporal Aspects

The Sangre de Cristo Fault Zone consists of three prominent
segments in the study area, defined by different orientations as
previously described (figure 39). The record of faulted Quater-
nary surfaces within each segment has been used to reconstruct
its tectonic history independent of its flanking segments. Calcu-
lated recurrence intervals between surface faulting events {fig-
ure 85) are quite variable along the length of the SCFZ. Recur-
rence in post-early Pinedale time in the northern four sites has
ranged from 5,000 to 11,700 years, compared to 25,000 years at
Blanca Creek. The implication is that faulting occurs only half
as often on Segment C as on A or B. Comparison of recurrence
intervals in post-Pinedale time with recurrence intervals in ear-
lier times shows that fault events appear to have become increas-
ingly frequent on all segments of the SCFZ since early Pinedale

QUATERNARY GEOLOGY
Uracca Creek

Alluvium Bedrock
K¢ | Early Helocene Ts¢ | Santa Fe Fm. {Olig.-Plio.)
p¢,| Pinedale PE | Precambrian {undivided)
B+ Bull Lake
Ny III landslide deposits
: pre-Bull Lake
—1  fault scarp
\ measured profile
51

S1trench
8f site

0 02

O4B5 miles

7T
o o2 0% 06 08im

Figure 78.—Quaternary geologic map, Uracca Creek
area.

time. The Pinedale-Bull Lake interval has the longest recurrence
values, suggesting that this time pericd was one of relative
tectonic quiescence, especially compared to post-Pinedale time.
Recurrence values in pre-Bull Lake time represent the longest
record of Quaternary uplift, and may be nearer to true long-term
average figures.

The spatial trend of uplift at the Sangre de Cristo Mountains
has been compiled into a graph (figure 86) which plots calculated
fault throw of all measured profiles from both the SCFZ (90
profiles} and the VGFZ (63 profiles). An average fault dip of 70° is
assumed in the calculations. Fault throw values for units of
equivalent age along the fault zones are connected by continuous
lines, which display a graphical record of uplift variation along
the length of the range front.

Segment A, the longest (90 km) and most prominent segment
of the SCFZ, contains the best-peserved and largest geomorphic
evidence for Quaternary uplift. Uplift vectors reconstructed from
scarp profiles remain high in the central portion of Segment A,
but drop rapidly north of the Major Creek-Kerber Creek Fault
Zone (MKFZ) (figure 86). The MKFZ is a major Laramide struc-
ture (Knepper 1974), which separated the San Luis Arch (south
and west) from an adjoining structural basin (north and east), it
was cross-cut by Neogene rifting. In addition, the scarcity of
fault scarps at the range front opposite the Villa Grove Fault
Zone suggests that some of the differential uplift of the mountain
mass may be taken up on the VGFZ. However, adding displace-
ments from the VGFZ to interpolated values from the SCFZ still
shows a considerable decrease in uplift north of the MKFZ (fig-
ure 86). The data suggest that Segment A should be considered
as two segments: Segment Al south of the MKFZ, characterized
by high uplift rates, and with the range-front fault developed in
fractured Precambrian basement of the ancestral Uncompahgre
Highland and San Luis Arch; and Segment A2 north of the
MKFZ, typified by lower uplift rates, with the range-bounding
fault developed through perhaps more rigid Precambrian base-
ment underlying a persistently basinal area.

Older deposits show this decrease in uplift amount across the
MKFZ much better than do younger deposits. There is little
difference between uplift of Pinedale, and no difference between
uplift of Holocene, deposits across the MKFZ (figure 86). One
explanation for this contrast is that a certain percentage of
surface-faulting events on Segment Al may terminate at the
MKFZ over a long period of time. The longer the period observed,
the more striking the drop in uplift across the MKFZ would
appear. In the relatively short time since Pinedale deposition, at
least two surface-faulting events have occurred which appar-
ently did not terminate at the MKFZ,

Fault scarps are not well-preserved in deposits older than
Pinedale agein the southern part of Segment A. However, scarps
in Pinedale deposits (undivided) are similar in size to scarps in
contemporanecus deposits in the central portion of Segment A,
suggesting no significant tectonic boundaries between the two
areas (figure 86).

Segment B is a 20-km long fault segment which trends N
5°-10° E from Medano Creek to Holbrook Creek (figures 59 and
86). A 10-km long continuous scarp at the range front offsets a
coalescing series of Pinedale (undivided) alluvial fans, with
scarp heights ranging from 3.3 m to 8.5 m. These heights are
similar to those recorded in the scuthern part of Segment A1,
implying that, despite the large difference in strike between
Segments A and B, uplift rates (at least since Pinedale time) have
been similar on both segments (figures 81 and 86). The only data
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50°

Figure 80.—Log of trench, Profile SC48, Uracca Creek area.

QUATERNARY GEOLOGY, Blanca Creek
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Figure 81.—Quaternary geologic map, Blanca Creek area.
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on long-term fault behavior of Segment B come from the Uracca
Creek area (figures 78 and 79), where a subsidiary fault 1.2 km
west of the range front offsets Quaternary deposits of five ages.
Uplift rates calculated at this locality are similar to those calcu-
lated for Segment A. An unknown amount of uplift may have
occurred at the range-front position 1.2 km to the east, for
although young scarps were not observed at that position, the
range-front displays well-developed faceted spurs. Early Holo-
cene deposits of Segment B at Uracca Creek are offset an amount
similar to contemporaneous deposits of Segment Al, suggesting
similar Holocene uplift pattern. Faulting of 20 m at Uracca
Creek (figure 79)is approximately bracketed as occurring between
about 8,000 and 5640 + 100 years ago. The time is sufficiently
similar to the time of faulting at Major Creek on Segment Al
(before 7660 * 120 years ago) that the two scarps may be con-
temporaneous. Even if they represent two surface-faulting events
closely spaced in time, the evidence argues for similar Holocene
uplift histories on Segments A and B, _
Segment B has been mapped as the northern continuation of
the larger northeast-trending Manassa Fault by Kirkham and
Rogers (1978). However, no evidence of Quaternary surface-
faulting exists along the 65 km of this inferred fault between the
Rio Grande River and the southern part of Segment B of this
report. Thus the main body of the Manassa Fault, which is
inferred from subsurface and geomorphic data only, certainly

Figure 82.—Head-on view of fault scarp and basal-filled

graben (foreground) at an unnamed drainage between

'IIl‘lpt;lin and Blanca Creeks, Sierra Blanca. Rod atbaseis2m
gh.
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Figure 83.—Fault scarp profiles, Blanca Creek area.

exhibits a much lower rate of Quaternary activity than has
Segment B of the Sangre de Cristo Fault Zone. Further detailed
mapping of Quaternary deposits and tectonic features in the
southern San Luis Valley is needed to define the relation of the
Manassa Fault to structures farther north.

Segment C, the short (10-km long) fault segment which bounds
the Blanca Massif on the south, is dominated by a large scarp-
graben system at the range front (figure 81). Calculated uplift
values on this segment for early Pinedale and Bull Lake time are
about one-half the size of values on Segments A and B (figure 86).
This segment is bounded on both ends by high-angle intersec-
tions with other larger faults, i.e., on the west by Segment B of the
SCFZ and on the east by a north-south-trending cross fault.
Scarps on the cross fault are as large as those measured on
Segments A and B and are about twice the size of scarps on
Segment C. Based on this evidence, it is concluded that Segment
C represents a minor cross fault within the larger horst-graben
system, which transfers displacements from north-trending

master faults north and south of the Blanca Massif.
Quaternary uplift rates for Segment A, based on fault scarps,
are compared in figure 87 to long-term Neogene uplift rates based
on vertical displacement of Precambrian rocks due to rifting. All
data come from the San Isabel-Willow Creek areas (figure 86).
Uplift rates defined by scarps in pre-Pinedale deposits are consider-
ably less than either the post-Oligocene average uplift rate or the
minimum rate for a pulse of rapid uplift observed in the Salida,
Colorado area by Taylor (1975). The post-Pinedale uplift rate is
approximately equivalent to the long-term average uplift rate.
The comparison of rates suggests that most of mid-late Quater-
nary time has been characterized by less tectonic activity than
usual on the SCFZ, but in the post-Pinedale interval activity has
increased to nearly average rates. The divergence of post-
Pinedale from pre-Pinedale uplift rates may be a function of the
short length of the post-Pinedale interval and of temporal varia-
bility in fault occurrence. Evidence from trenches on the SCFZ
suggests that faulting recurrence is nonuniform in time (figure
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Scarp profiles ,

77). Long-term uplift rates such as the pre-Pinedale Quaternary
rate may actually be composed of alternating periods of rapid
uplift and relative tectonic gquiescence, as shown by the hypo-
thetical dotted lines in figure 86. For example, rapid uplift for
25,000 years (such as the observed post-Pinedale uplift) followed
by quiescence for about 40,000 years would result in the long-
term Quaternary uplift rate. Field data impiy that quiescent peri-
ods in the last 120,000 years have been no longer than about
60,000 years and no shorter than about 2500 years (figures 69
and 76).

Seismic Hazard

The magnitude of Quaternary earthquake events which pro-
duced surface faulting can be estimated from measures of fault
displacement and length of ground rupture. Displacements
attributable to single fault events on the SCFZ range from 1.2 to
2.9m, with the larger values at the center of the fault zone (figure

Blanca Creek

(segment slor ¢ 1n degrees)

88). Empirical data for historic normal faulting (Bonilla and
Buchanan 1970) suggest that displacements of 1.2 to 2.9 m are
correlative with earthquake magnitudes My 6.8 to 7.4 (figure 89).

Magnitude estimates based on ground rupture length are less
accurate because the extent of ground rupture due to a single
fault event is not known. Maximum rupture length is con-
strained by the combined lengths of all fault segments (120 km);
minimum rupture length is the longest single scarp (10 km).
Geologic data suggest that the latest faulting event may have
created scarps from Major Creek to Uracca Creek (figure 2), a
distance of 70 km. This distance corresponds to historic rupture
lengths accompanying M;. 7.3 earthquakes {Mark and Bonilla
1977).

In summary, geologic evidence indicates that M. 6.8 to M 7.4
earthquakes occur on the SCFZ every 25,000 to 30,000 years on
the average. However, faulting events may have occurred within
as little as 2500 years of each other. Analysis of fault scarps
cannot provide data on earthquakes that were smaller than the
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Table 18.—Summary of fault displacement and recurrence intervals data, SCFZ

Vertical Number of Average

Offset Profile Fault Fault Deposit Recurrence

Area Depaosit® Number Displacement” Events' Age! Interval®
() (1000 yr) (1000 yr}

Major Creek Hil 36 14 1 8 8.0

Pi2 35 338 2 13 6.5

Pfl 34 89 5 25 5.0

Bf 33 1356 7 120 17.2

pBf 32 23.4 13 400 30.8
San Isabel Creek pPf 22 25 1 13?137

Pfl 27 5.5+ 3 2535 B3-11.7

Pfl 26 6.2+ 3 2535 8311.7

Pfl 23 80— 3 2535 83117

ptBf 20 9.2 4 607 157

Bf 24 16.0 6 120 20.0

Bf 28 142 6 120 200

Bf 30 16.0 6 120 200

pBf 26a 394 18 400 22.2
Willow Creek Hf1 9 23 i 8 8.0

Pfl.5 4 3.9 2 25 125

Pf15 6 3.8 2 25 12,5

Pfl 3 8.7+ 3 35 11.7

Pfl 5 6.5+ 3 35 11.7

Bf 8 5.5 3 120 40.0

Bf 10 5.0 3 120 40.0

pBf 7 87+ 38 1,000 26

pBf 1 14.0+ 8+ 400 50—
Uracca Creek Hfl 48 20 1 8 80

Hfl 52 22 1 8 80

Pfl 51 52 3 25 8.3

Bf 49 7.5+ 4+ 120 30.0—

Bf 50 12.0- 6— 120 20.0-

Bf 53 9.4 bl 120 24.0

pBf 34y 17 4007 (235)
Blanca Creek P{2 8t 417 1 13 13.0

P2 82 1.2 1 13 13.0

Pf1 80 24 1 25 25.0

ptBf 78 6.4 2 607 30.07

Bf T 6.5 3 120 40,0

Bf 79 7.8 3 120 40,0

pBf2? 20 (8) 400 50

* Hfl is early Holocene, pPfis post-Pinedale, Pf2 is mid-late Pinedale, Pf1 is early Pinedale, ptBfis post-Bull Lake, Bfis Bull Lake, pBf is pre Bull Lake
(undivided).

" Measured by the graphical projection method in.all cases.

¢ Assuming average displacements per event calculated from one- and two-event scarps.

4 Age in 10° years; from Rocky Mountain Chronology (figure 32).

* Interval in 10° years; derived by dividing age of deposit by number of fault events. These values are long-term averages, hence they cannot reveal
variation in fault activity within specified time intervals.

" () denotes estimates made from heights of fault-line escarpments.
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APPARENT
FAULT EVENTS TIME RECURRENCE
DEPOSIT (X) (I0years)  INTERVAL (IO%years)
Early Holocene — 3 8 }
Mid- Late Pinedale X lz% ] 8.3
Early Pinedale X
X - 31.7
X
Bull Lake 120 4
X
X
X
X
N
X 3.1
X
X
X
X
pre- Bull Lake — 400/

Figure 84.—Inferred tectonic history of the SCFZ in late Quaternary time, Segment Al.
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RECURRENCE INTERVALS FOR SURFACE-FAULTING EVENTS

Sangre de Cristo Fault Zone

Time

interval post- Pinedale
examined

Major Cr.

San lsabel Cr.
Willow Cr.

Fault

all valyes
Segmenis

are 10° years

Uracca Cr.

"\\_}
! ¢
SCHEMATIC MAP VIEW

Blanca Cr.

Pinedale-Bull Lake

pre-Bull Lake

50 ICl)O km

Figure 85.—Spatial and temporal trends in recurrence intervals for surface-faulting events of the SCFZ,

threshold magnitude needed to produce measurahle surface rup-
ture. For shallow-focus -historic earthquakes, the threshold
appears to be ML 5.0 to 5.5 (Bonilla and Buchanan 1970). Earth-
quakes smaller than this may have oceurred in the San Luis
Valley in Quaternary time, but their recurrence relations are
unknown.

It is also possible that slow aseismic “creep” on the SCFZ has
contributed to scarp formation. Several lines of evidence argue
against a creep origin for scarps, however: (1) colluvial wedges
exhibit discrete multiple colluvial units indicative of discrete
pulses of deposition accompanying scarp formation (figure 75);
(2) alluvial strata maintain uniform thickness across the fault
plane and do not thicken on the dovmthrown block as expected if
offset was continuous during deposition {figure 74); (3) stratigra-
phic sequences in trenches are offset equally from bottom to top,
but offset should be progressively greater in lower strata if fault
movement was continuous (figure 74); and (4) study area scarps
are similar morphologically to earthquakegenerated scarps in
Nevada (Wallace 1977). The above observations strongly sug-
gest that scarps of the SCFZ resulted from discrete surface
offsets events, and that slow fault “creep” has played little or no
part in their formation.

SEISMICITY OF THE STUDY AREA
Introduction

One way to assess the validity of geologically derived esti-
mates of earthquake magnitude, recurrence interval, and spatial
distribution in the study area is to examine the evidence for
modern seismicity. This evidence consists of: (1) instrumental
records since 1960 A.D. and (2) historical records since 1870 A.D.

Instrumental Records

A detailed analysis of seven years of seismograms from
Golden, Colorado failed to verify a single event (detection limit
about Richter magnitude 3.0) in the study area (Presgrave 1977).
An earlier microearthquake survey detected only one locatable
event in the San Luis Valley in a three-week period (Keller and
Adams 1976). [By comparison, more than one microearthquake
per day was recorded in a more active portion of the RGRZ near
Albuquerque, New Mexico (Jaksha and others 1981).] The scar-
city of good seismic data in the study area precludes a confident
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interpretation of the apparent low level of modern macro- and
microseismicity. The lack of earthquakes greater than magni-
tude 3.0 in a seven-year period is not incompatible with deduced
long-term Quaternary tectonism, if one assumes that faults obey
standard frequency-magnitude relations as described by Richter
(1958, page 325) for world-wide historic earthquakes (figure 90).

Historical Seismicity

Analysis of historical records reveals that no felt shocks have
originated in either the San Luis Valley or Northern Sangre de
Cristo Mountains since 1870 (Hadsell 1968; Simon 1969). [In
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Figure 90.—H thetical earthquake frequency-mangni-
tude relations for the SCFZ,

contrast, the Rio Grande Rift Zone in the Albuquerque-Socorro,
New Mexico region has experienced 16 large-to-moderate shocks
since 1869 (Hoffman 1975; von Hake 1975).] Lack of small- to
moderate-magnitude earthquakes in the study area in 110 years
of historic record is not compatible with deduced frequency and
magnitude of large prehistoric Quaternary faulting events, if
standard frequency-magnitude relations are assumed for area
faults (figure 90). Three explanations are possible: (1) the SCFZ
and VGFZ do not conform to standard frequency-magnitude
relations as derived by Richter (1958) for historically active
faults; {2) small-to-moderate shocks did occur but were not
observed, reported or recorded; and (3) rapid uplift in post.
Pinedale time has temporarily relieved strain on the faults.
Explanations (1) and (3) are the most plausible. The Neogene
extensional faults in the study area may resemble other Basin
and Range faults which exhibit a “seismic cycle” of thousands of
years from one large earthquake to the next (Ryall 1977).
Between large events, seismicity and earthquake energy release
may fail to very low levels, from 0.001 to 0.0001 of that typifying
main shock sequences.

SUMMARY OF NEOTECTONICS

Geomorphic analysis of Quaternary fault scarps reveals that
surface-faulting events have periodically occurred on the Sangre
de Cristo and Villa Grove Fault Zones since at least mid-
Pleistocene time. Geometric models developed in this study
allowed reduction of all scarp height data to fault throw values,
which could then be compared along the length of the fault zones
and between different time periods. Fault events with throws of
1.2 to 2.9 m have apparently occurred roughly every 10,000 to
50,000 years on the SCFZ. On the VGFZ, smaller displacements
(0.8 to 1.4 m per event) occur approximately every 60,000 to 10,000
years. No earthquakes comparable in size to the inferred Qua-
ternary earthquakes have been recorded anywhere in Colorado
1n historic time (Hadsell 1968). Furthermore, not even minor
shocks have been detected from either fauit zonein the 110 years
of recorded history. Geologic evidence indicates that large fault
events with long recurrence intervals may be the normal style of
tectonic activity in this part of the Rio Grande Rift Zone.



SYNTHESIS AND CONCLUSIONS

This study describes in detail the Quaternary geology of a 2000
km? area in the Ric Grande Rift Zone of south-central Colorado.
Glacial moraines of the northern Sangre de Cristo Mountains
and alluvial fans of the adjacent San Luis Valley formed in
response to Quaternary climate fluctuations. During and after
their deposition, earthquakes originating on rift faults offset the
deposits and formed prominent fault scarps which are visible
today. Detailed surficial geologic mapping and measurement of
153 scarp profiles over the 120-km-long fault zone in this study
represent a pioneering attempt to use Quaternary geologic tech-
niques for reconstructing the tectonic history of a structurally
important area.

QUATERNARY DEPOSIT

Judging by distribution, morphology, and surface clast wea-
thering charactenstics, Quaternary deposits of the west flank of
the Sangre de Cristo Mountains fall into five distinct groups.
Highly dissected and weathered remnants of alluvial fans near
the range front, commonly fault-bounded, date from pre-Bull
Lake time. Slightly less weathered, less dissected areas of allu-
vium near the range front date from Bull Lake time, and are
correlated by means of physical continuity and weathering
characteristics with subdued, eroded Bull Lake moraines in the
lower parts of glacial valleys. Large symmetrical alluvial fans of
early Pinedale age dominate the alluvial slope fronting the San-
gre de Cristo Range and are traceable to massive, youthful early
Pinedale terminal moraines at the mouths of several valleys,
Extensive, more youthful fan surfaces adjacent to early Pinedale
fans resulted from mid-late Pinedale outwash deposition, when
multiple nested moraines were forming behind massive termi-
nals, and farther up valley as Pinedale ice retreated into cirques.
Small areas flanking present drainage channels are composed of
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Holocene alluvium. Although no direct connection exists now,
much of this alluvium is probably contemporary with early
Neoglacial moraines and rock glaciers that record a small post-
Pinedale ice advance in cirques.

Relative-dating (RD) parameters collected at 75 stations on the
crests of moraines and on rock glaciers quantitatively define the
local relative-age groupings of deposits as described above. Of
the 15 RD parameters measured at each station, moraine crest
width, average and maximum weathering rind thickness, and
percentage of stones with rinds vielded the most consistent sepa-
ration of age groups. RD parameters that measure percentages
(“percent-limited”) commonly have values near the absolute
limit of 100 percent and the range of values is “telescoped.” RD
parameters that measure physical dimensions of objects (“un-
limited™) suffer no such constraints, and commonly the magni-
tude of absolute and relative differences between these parame-
ters for various age groups is larger than for percent-limited
parameters, In addition, differences in elevation and lithology
strongly affect RD parameters. Rock glaciers and recessional
moraines at high elevations {(3400-3700 m) commonly display
equivalent or greater surface clast oxidation, pitting and weath-
ering rind thickness, than do much older terminal deposits at
valley mouths (2900-3100 m). An increase of precipitation and
available moisture at higher elevations may be responsible for
this phenomenon, suggesting that surface clast weathering is
dependent on hydration as well as oxidation processes (as sug-
gested by Birkeland and others 1979a). Clast weathering is also
more advanced on Precambrian hornblende gneisses of the
southern segment than on Upper Paleozoic sandstones of the
northern segment, on glacial deposits of equivalent age. Values
for maximum and average weathering rind thickness and per-
centage of stones with rinds show the most difference. The larger
percentge of mafic minerals susceptible to chemical weathering
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in the gneisses as opposed to the sandstones probably causes the
difference in rate of rind formation; however, differences in local
climate between the northern (cooler, wetter}) and the southern
(warmer, drier) segments may also play a part. Importantly,
morphologic RD parameters such as moraine crest width and
slope angles do not seem to be affected by variations in elevation
or lithology and therefore can be used as truerelative-age indica-
tions across a wide range of topographic and geographic
situations.

Comparison of RD data from Quaternary deposits of the San-
gre de Cristo Mountains with data from Quaternary sequences
elsewhere in the Rocky Mountains {(e.g., Richmond 1962, 1965,
Pierce and others 1976} indicates a rough equivalence in number
of age subdivisions and in absolute RD values. Due to differences
in lithology and climate between this study area and those areas
previously studied, RD values do not match exactly. However,
the magnitude of RD differences between deposits of different
age is similar in this area to that in other areas. Comparison of
weathering rind and moraine slope angle data between the San-
gre de Cristo Range (this study) and the Sierra Nevada (Burke
and Birkeland 1979} shows that the difference between Bull Lake
and Pinedale deposits is almost identical to that between the
Tahoe and Tioga deposits, respectively. Rinds are slightly
thicker and more abundant, and slope angles are slightly lower
for the Sange de Cristo deposits in both age groups, suggesting
that the rock type of the Sangre de Cristo is more susceptible to
both chemical and physical weathering processes than is that of
the Sierra Nevada. Because the RD-based correlation of local
deposits with other depositsis so good, limiting dates on deposits
from throughout the Rocky Mountains and Sierra Nevada are
inferred to apply to the local sequence as well. Five 4C dates
collected locally are consistent with the composite Quaternary
chronology {modified from Blackwelder 1915, and Richmond
1965), and further support correlation.

NEOTECTONICS

To determine the neotectonic history of the Sangre de Cristo
Range, well-preserved fault scarps offsetting Quaternary depos-
its were studied intensively. Two independent lines of evidence
were brought to bear on scarp age and history: (1) the interaction
of scarps with dated Quaternary glacial and alluvial deposits
described previously, and (2) the age-dependent features of scarp
morphology as revealed by detailed surface profiling. Concep-
tual block diagrams of scarps offsetting multiple Quaternary
surfaces show that each temporal permutation of offset, erosion,
and deposition results in a unique scarp-terrace geometry.
Because the absolute age of Quaternary depositional terraces
can be estimated, the relative and absolute timing of faulting can
be deduced from scarp-terrace geometry. Scarp morphologic
analyses (in particular, the maximum scarp slope angle-scarp
height relation) were performed on 153 detailed profiles of scarps.
When compared to similar slope angle-scarp height data for
other dated scarps, resulting scarp age estimates are consistent
with those derived from scarp-terrace geometry. However, two
complications are noted to the unrestricted use of the slope angle-
scarp height relation for scarp age estimation. First, multiple-
event scarps offsetting old Quaternary deposits are steeper for
equivalent heights than are old single-event scarps across the
same deposits, due to the rejuvenating effect of repeated faulting.
Secondly, scarps of a given age and height offsetting coarser
gravels have steeper maximum scarp slope angles than do iden-

tical scarps offsetting finer material. Therefore the slope angle-
scarp height relation as proposed by Bucknam and Anderson
(1979) can be used for age estimation only when either single- or
multiple-event scarps are compared, and when deposit textureis
more or less uniform on all measured scarps.

A simple displacement on a fault at depth can be translated
into varying styles and sizes of fault scarps at the surface. As
each of these scarp types degrade with time, scarp morphology
changes further. In order to examine varations in true fault
displacement along the length of a fault, one must “go back in
time” and remove the complicating effects of scarp degradation
and complex styles of surface faulting. This has been accom-
plished herein by development of geometric models based on
trigonometric identities which give unique solutions for original
fault displacement given present scarp morphology. Once all
fault scarp height measurements are converted to fault dis-
placement (throw) values, uplift vectors can be compared in both
time and space on the major fault zones. The geometric method
developed herein is a potenttally powerful tool for differentiating
zones of neotectonic uplift activity on different faults, or on
different segments of a single fault.

Evidence from scarp-terrace geometry, scarp morphology, and
from five trenches excavated through fault scarps reveals a
wealth of data on the neotectonics of the Sangre de Cristo Moun-
tains. On the Villa Grove Fault Zone scarps with present heights
of 0.3 to 14.0 m have resulted from inferred fault offsets of 0.8-1.4 m
occurring roughly every 60,000-100,000 years in the last 400,000
years. The last such event offsets mid-late Pinedale alluvium and
thus post-dates about 13,000 years B.P. On the Sangre de Cristo
Fault Zone scarps with present heights of 2 to 87 m have resulted
from fault offsets of 1.2 to 2.9 m recurring about every 10,000-
50,000 vears since at least mid-Pleistocene time. Two recent
events are well-controlled by "C dates and occurred: (1) between
13,000and 10,100 + years B.P.;and (2)shortly before 7660 + 120
years B.P. Recurrent Holocene movement such as that docu-
mented for the SCFZ has been previously reported (Kirkham and
Rogers 1978) and marks the SCFZ as one of the few faults that
could be considered “active” in the state.

The amount of displacement attributable to individual fault
events, and the length of surface rupture on the two fault zones,
suggest (by analogy to historic scarp-producing earthquakes)
that earthquakes of magnitude (M) 6.8 to 7.4 have typified the
SCFZ. Smaller earthquakes may have also occurred in Quater-
nary time that did not result in surface rupture, but no geologic
evidence remains of any such events. Field evidence from
trenches strongly suggests that scarps result from episodic, dis-
crete faulting events and that slow aseismic fault creep has
played little or no part in their formation.

Noearthquakes have occurred in the study area in its 110-year
recorded history (Hadsell 1968; Simon 1969). Empirical earth-
quake frequency-magnitude relations derived from historic earth-
quakes (Richter 1958) indicate that, if M, 7.0 earthquakes have
recurrence intervals of 10,000-50,000 years on the SCFZ, then we
should expect to have experienced earthquakes up to M 4.6 in
the peried 1870-1980. Because no such events have occurred, it is
possible that the standard frequency-magnitude relations do not
hold for the SCFZ. Instead, large earthquakes with large recur-
rence intervals may be separated by long tectonically quiescent
periods without the occurrence of frequent small-to-medium-
magnitude earthquakes. Similar fault behavior has been attrib-
uted to other Basin and Range faults in Nevada by Ryall (1976),
and may be the tectonic style typical of such faults.
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The current tectonic regime of the Sangre de Cristo Mountains
is undoubtedly influenced by extensional normal faulting asso-
ciated with Rio Grande rifting (Tweto 1979). Faceted spurs at the
range front indicate that rapid uplift began in Late Tertiary
(Pliocene?) time, after a long period of slow uplift represented by
gently sloping, accordant ridge crests. Three periods of rapid
uplift, interspersed with slower uplift, have occurred since facet
formation began . The well-preserved fault scarps in alluvium
studied in this report are evidence that the lowest facet set
represents the latest rapid uplift episode. However, uplift rates
deduced from Quaternary scarps are generally lower than aver-
age long-term uplift rates prevailing since the beginning of Rio
Grande Rift formation (approximately 7000 m in 26 m.y.). It
therefore appears that, at least since about 400,000 years B.P.,
uplift of the Sangre de Cristo Mountains has slowed and that we
are presently in a period of relative tectonic quiescence. This
accords with observations farther south in the rift zone (Chapin
and Seager 1975).

Several intriguing lines of inquiry remain in the study area.
One deals with the problem of Early Tertiary continental sedi-
ments accumulating in the San Luis Basin 10 to 20 million years
before the supposed inception of rift valley development about 26
m.y. (Lipman and Mehnert 1975). If these sediments accumu-

lated in early rift basins then inception of rifting may be pushed
back to Eocene or to Paleocene time, as suggested by Tweto
(1979). Ancther speculation concerns the possible effect of Pleis-
tocene climatic fluctuations on earthquake activity. The weight
of glacier ice on the Sangre de Cristo horst might have retarded
uplift of the block, whereas rising pluvial groundwater levels in
the San Luis graben may have increased pore pressures and
promoted fault slippage. The two questions outlined above per-
tain not only to the Rio Grande Rift Zone, but to the Basin and
Range Province as a whole.

Finally, the methods of neotectonic reconstruction used in this
study might profitably be applied wherever a distinct sequence
of Quaternary deposits occur. Where independent evidence of
deposit or scarp age is not available, scarp-terrace geometry and
scarp morphology can still give evidence of local relative-age
histories of faulting, erosion, and deposition. If paleotectonic
reconstruction is desired, then reduction of scarp height data to
fault throw values as described herein is desirable. Application
of these geometric techniques to fault scarp sets in the western
United States (as in Swan and others 1981) and elsewherein the
world may yield invaluable (and perhaps surprising) new data
on the Quaternary tectonic history of many diverse terrains.
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APPENDIX A

Appendix A.—Soil Profile Symbois and Abbreviations.

textural B horizon

A horizon wk
color B horizon mod
str
weak, subangular blocky (sbk) structure
f
moderate subangular blocky structure zzd
strong subangular blocky to prismatic structure obk
abk

Stage I carbonate (discontinuous coats on stone bottoms)
Stage [-11 carbonate (continuous coats on stone bottoms)

Stage II carbonate (continuous coats on stone bottoms and
sides; carbonate blebs in matrix)

Stage [II-[11+ carbonate {matrix engulfed by carbonate;
laminar structure)
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weak
moderate
strong

fine
medium
coarse

sul.)a.ngular blocky
angular blocky



APPENDIX B

Appendix B.—Fault scarp measurements VGFZ.

Maximum Ambient
Secarp Scarp Fan Scarp Width Retreat
Profile Slope Surface Height Surface of of Clast Diagram
Number® Angle Slope he Offset Crest Crest Max. Av. Age®

(deg) (deg) (m) {m) (m) (m) (cm) (cm)

Al 230 6.5 6.1 3.0 13.0 10 65 175 P
A2 275 2.5 72 52 35 05 50 15 p
A4 22.0 45 7.3 48 5.5 6.5 55 16 P
Ab 23.0 4.0 85 3.8 35 9.0 55 175 P
A6 205 6.0 6.8 35 75 135 70 225 P
A7 185 50 4.4 28 75 5.2 65 175 B
AB 19.0 75 8.0 42 75 14.5 35 16 B
A9 23.0 6.0 113 7.0 11.0 10.5 35 16 B
AlQ 220 6.0 96 6.8 120 6.5 — — B
All 210 40 82 6.0 95 115 95 225 B
A1z 21.0 5.0 6.6 5.0 75 6.0 40 185 B
Al3 14.0 4.5 3.6 23 72 135 40 135 B
Al4 16.5 4.0 3.0 20 6.6 6.3 35 16 ?B
Alb 70 4.0 1.1
B1 100 75 1.0 35 11 B
B2 185 70 3.7 21 6.6 9.2 40 16 B
B3 19.0 70 34 25 74 6.1 45 175 B
B4 225 45 11.2 76 140 250 60 175 pB
C1 16.5 5.0 4.0 26 6.5 4.5 110 30 B
c2 130 2.0 14 08 2.5 4.5 100 325 B
D1 8.0 5.0 1.1 04 4.0 1.8 35 15 B
D2 110 5.0 13 06 25 20 55 22.5 B
El 14.0 45 45 35 2.0 1.2 25 125 B
E2a 20.0 40 20 13 5.5 20 110 45 B
EZb 120 4.0 2.1 1.0 6.5 65 35 135 B
E3 170 45 28 18 32 1.1 55 25 B
E4 13.0 45 13 08 24 1.7 30 175 P
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E5 140 50 28 1.8 5.5 6.0 45 18.5 B
E6 50 11

F1 16.5 5.0 22 1.4 3.5 2.0 30 125 P
2 145 4.0 19 12 6.5 52 55 225 B
Gl 15.5 35 3.1 1.8 9.0 6.5 35 125 B
G2 150 3.0 25 19 55 . 35 30 11 B
G3 13.0 20 26 17 130 25 B
G4u 135 3.0 5.1 4.3 85 35 100 175 pB
Gal 6.0 3.0 1.7 12 6.0 6.0 — — pB
G5 12.0 3.0 26 1.7 4.5 5.0 (b} 20 B
G6 12.0 1.5 45 40 70 115 75 25 pB
G7 12.0 3.0 23 1.0 7.0 3.5 30 16 B
G8 180 25 20

H1 10.0 3.0 1.5 08 5.5 45 90 225 B
H2 10.0 25 18 B
K1 45 1.0 0.4 03 25 125 B
K2 95 1.0 22 1.6 40 15 B
K3 185 3.0 26 1.6 44 05 30 12 B
K4 18.0 20 41 3.0 80 75 45 16 B
K5 115 3.0 1.5 0.8 0.7 1.0 60 13.5 B
K'6 5.5 -20 04 0.3 35 135 B
K7 10.0 20 14 B
L1 7.0 45 20 0.6 120 155 50 11 B
L2u 135 -1.0 26 22 9.5 0.5 (5] 18.5 B
L2] 8.5 25 1.3 0.7 20 0.5 75 185 B
L3 10.0 30 L6 B
M1 6.0 -1.0 0.7 0.6 6.5 3.5 30 13.5 B
M2 3.0 -2.0 0.2 0.3 4.5 1.0 25 11 B
01 9.0 3.0 0.8 0.4 55 75 45 17.5 B
02 120 3.0 48 3.1 9.5 3.0 65 17.5 rB
R1 75 3.0 12 0.6 6.0 15 35 13.5 B
Slu 16.5 4.0 36 26 85 70 35 16 B
S1l 100 3.0 1.3 0.8 6.0 1.0 55 20 B
S2u 50 3.0 15 04 120 25 45 15 pB
521 9.0 3.0 36 26 21.0 23.0 35 125 pB
A 6.5 35 1.7 04 12.5 20.5 140 20 B

* Identified in figure 50.
* Age of offset alluvium: P is Pinedale, B is Bull Lake, pB is pre-Bull Lake.
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Appendix C.—Fault scarp measurements, SCFZ,

Maximum Ambient

Scarp Scarp Fan Scarp Width Retreat Calculated
Profile Slope Surface Height Surface of of Clast Diameter Fault Scarp
Number® Angle Slope hy Offset Crest Crest Max. Av. Age® Throw* Type®
{deg) (deg} (m) (m) (m) (m) (cm) {cm) {m)
1 19.5 9.0 3.0 20 7.0 9.2 70 225 B 2.1 8
2 21.0 8.0 8.0 5.3 15.5 8.5 120 35 B 59 S
3 28.0 9.0 8.4 5.5 6.2 1.1 450 60 P 8.7 S
4 2156 5.5 3.3 2.8 5.0 5.7 180 40 Pis 39 8
5 25.0 7.0 59 4.7 8.0 4.0 150 40 P, 6.5 S
6 21.5 7.0 3.7 2.7 4.0 4.2 280 35 Pis 3.8 S
7 32.0 7.0 81.2 3.0 225 . 400 325 pB 85.1 ]
8 25.0 8.0 40 2.8 4.5 5.0 200 35 P 5.5 S
9 21.0 7.0 2.3 [6 4.0 4.2 120 25 H 2.3 )
10 20.0 8.0 44 28 7.5 9.0 90 20 B 5:3 S
11 20.5 6.5 10.7 7.2 3.5 245 300 20 pB 14.0 5
12 34.0 7.0 4.0 34 5.5 4,0 120 55 P 2.3 Cg
13 20.0 6.0 6.1 4.2 6.0 14.2 120 25 B 4.2 S
14u 23.0 9.0 5.0 3.1 8.0 2.5 85 ° 25 B 3.6 Csf
141 13.0 8.5 1.2 0.5 3.0 4.0 65 25 B Csf
15 24.0 7.0 4.8 3.6 5.0 5.0 60 20 P 4.0 S
16 275 12.0 8.1 5.0 5.5 4.5 140 30 P 5.4 S
17 31.0 8.0 75 5.7 3.5 0.5 120 50 P 6.1 S
18u 22.0 9.0 3.0 1.8 4.5 4.0 80 30 P 2.4 Csf
181 28.0 8.0 10.7 7.9 7.0 0.7 110 40 P 4.4 Cg
19u 22.5 6.0 7.2 6.4 6.7 6.5 130 35 P 8.8 Csf
191 21.0 6.0 3.0 2.2 3.2 2.6 100 30 P Csf
20 310 6.0 25.0 Bdrk S
21 24.0 7.0 38 29 2.7 2.1 100 2715 P 4.2 S
22 22.0 7.0 44 3.1 5.0 6.7 130 25 P, 25 Cg
23 26.0 6.0 100 7.7 5.2 11.5 40 15 P 8.0— Cr
24 29.0 7.5 14.9 114 20.0 11.0 190 40 B 16.0 Cr
25 335 6.0 144 120 7.0 3.5 270 35 B 13.5 Cr
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* Profiles are located on 1:50,000 scale map in McCalpin (1981).
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® Age of offset alluvium: H is early Holocene, P; is mid-late Pinedale, P, is early Pinedale, P, is later early Pmedale, P is Pinedale (undivided), ptBis

post-Bull Lake, B is Bull Lake, pB is pre-Bull Lake {undivided), Bdrk is faulted bedrock no estimate made.

¢ Scarp type: 53 profiles of simple scarp (S); 9 profiles of complex scarp, surface rotation (Cr); 15 profiles of complex scarp, graben formation (Cg); 13

profiles of complex scarp, step faulting (Caf). Total of 90 profiles.

4 Graphically calculated fault throw based on the assumptions that the fault plane intersects the center of the steepest scarp segment, and that the
fault dip is 70°. Throw values are corrected for basal deposit thickness where data are available.
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