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ABSTRACT

The Rio Grande rift is a well-defined tectonic feature
which dominates the north-south structural elements of central
New Mexico and extends northward into south-central Colorado.
The San Luis Basin ccnstitutes the major étructural eiemenf of
this northward extension. A complete Bouguer gravity anomaly
map of the San Luis Basin, based on about 5500 gravity stations,
shows the basin to consist of two north-northwest trending
grabens separated by a central and parallel horst. These fea-
tures are bounded by f;u]ts or fault zong; several Ei]ometers
wide. Thicknesses of Cenozoic sediments occupying the basin
determined from gravity measurement and estimated or measured
average rock densities, are typically about 1 km and reach a
maximum of 2.9 km (9500 ft) immediately southwest of Crestone,
Coforado, This maximum is substantially less than estimates
from previous surveys and suggests that the San Luis Basin is_
not atypical, but instead typical in depth for basins associated
with the Rio Grande rift. A broad gravity nigh can be distin-
guished from that caused by the intragraben horst and may
indicate the presance of an upper crustal intrusive mass be-
neath the central and western portions of the San Luis Basin.
This inferred intrusion occurs in an area of hignh measured heat
flow and may be causally related. Finally, a positive correla-
tion seems to exist between the aastern boundéry fault{s) of
the central horst within the San Luis Basin and the Pecos-

Picuris fault as mapoed by Sutnerland (1963, 1372) and Mallory
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in this portion of the North American

influenced the development of the Rio
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INTRODUCTION

Brvan (1938), who coined the term "Rio Grande depres- .
sion" to describe the structural element through which the Rio
Grande flowed, included the San Luis Basin as a part of this
elongate feature. forty year§ 1ater,‘the Rio Grande rift

“(Fig. 1) is recognized as the structural feature which has
doﬁinated the']éte Cenozoic tectonics of south-central Colorado
and central New Mexico. It extends éouthward ffom Leadville,
Colorado, at least as far as E1 Paso, Texas (Chapin, 1971).

The San Luis Basin constitutes tgé major stfuctura]l

element of the Rio Grande rift in Colorado. Although its surfi-

cial physiographic boundaries are well defined, its subsurface

configuration is incompletely known. A lack of deep 01l and

gas exploration has hampered geolagical studies of the subsur-

face structure, while only three publically availab1e geophy$i~
cal studies have been completed in the area. A gravity study
conducted by Gaca and Karig (1965) produced earth models for
profiles across the valley at various points, but their efforts
were nhampered by the lack of topographic masping in the area

at scales greater than 1:250,000. A seismic reflection study

by Stoughton (1977) provided seismic reflection profiles in

e

tnhe extreme northern and east-central portions of the basin

and a resistivity survey by Arestad (1977) has outlined some

P L Sy aemes by

rotential geothermal eneroy sites in the same areas. However,

tnese two surveys are limited in their arzal extent and have
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not dealt with the remainder of the basin. An aeromagnetic’
map of Colorado (Zietz and Kirby, Jr;, 1972) has been produced
and shows the general structural grain of the basement rocks
in the study area, but due to wide flignt-line 'spacing does
not lend itself to a detai]ed structural and subsurface analy-
sis of the basin. Thus, a comprehensive understanding of the
subsurface structure in the San Luis Basin and how it relates
to the remainder of the Rio Grande rift is not available.

The purpose of this study is to present the results of
a detailed gravity siudy conducted in the San Luié Basin and

surrounding regions. By examining the Bouguer anomaly map and

earth models produced utilizing these data, the subsurface

structure of the basin and its relationship to adjacent areas
Has been analyzed. It is hoped that these results will

further our understanding of this portion of the Rio Grande

rift.

.da0s

.on-

Valley
869) and
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LOCATION AND PREVIQUS WORK

The San Luis Basin is an elongate intermontane valley
located in south-central Colorado and extreme northern New
Mexico. Stretching approximately 240 kilometers (km) in a

north-south direction, it is bordered on the west by the San

" Juan and Tusas Mountains and on the east by the Sangre de

Cristo Mountains. Extending southward from Poncha Pass, the
valley is only 10-12 km wide: but widens to approximately 70 km
near Alamosa (Fig. 2). The valley f]oor, although appearing
relatively flat, is bui]t from the coa]é;cence of a]iuv{ai
fans sloping gently outwards from the mountain flanks towards
the center of the valley. Fifteen kilometers south of A]amésa,
thig;s1oping terrain is broken by the San Luis Hills, a series
of flat-topped, low-1lying volcanic hills extending along a
north-south trend to the Colorado-New Mexico border. Geograph-
jcally the valley has been arbitrarily defined aé'terminating
15 miles south of the state line (Siebenthal, 1910). Upsoﬁ
(1939) however has noted that the valley is not a geological
entity unto itself and instead merges southward into the Taos
Plateau, an idea which has wide acceptance. Kelley (1956),
meanwhile, has extended the San Luis Valley to include the Taos
Plateau and gives its southern termination as the Embudo con-
striction near Santa Fe.

Initial reports on the geology of the San Luis Valley

ard the surrounding mcuntains were made by dayden (1869) and

- Endlich (1877Y. A mere detailed account of its geology and
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geologi¢ history was made by Siebenthal (1910). Upsoh (1939)
defined five physiographic provinces {n the valley (Fig. 2) and
described their topographic and surficial geologic features.
The Cenozoic deposits of the valley were described indirectly
by Bryan (1938) in his description of the Santa Fe Formation

of the Rio Grande rift area. Powell {(1958) described these
formations in .greater detail and gave descriptions from logs

of wells dril]ed in the valley. Baltz (1965) also described
the Cenozoic faulting and sedimentation in the northern por-
tion of the San Luis Valley. Several ézhdies of the téftonic
Hisfory of the vé]?ey.and the northern Rio Grande rift in.
general have been completed (Bridwell, 1976; Kelley, 1952,
19563 Chapin, 19715 Chapin and Seager, 19755 Knepper and -
Maars, 1?71; Knepper, 19753 and others). IR

The San Luis Hills have been discussed briefly by var-
iousiauthors, including Atwood and Mather (1932), Upson (1939),
and tarsen and Cross (1956), while a more complete analysis of
the area has been presented by Burroughs {(1971).

Numerous field studies have been completed concerning
the geology of the Sangre de Cristo !Mountains (Burbank and
Goddard, 1937; Gableman, 1951; Litsey, 1958; DeVoto et al.,
1971; and others). In addition, a number of unpublished
theses by students of the Colorado School of Mines have dealt
Wwith tne perpolexing geolcgy of the northern portion of thne

range.




A host of studies have been completed concerning the

geology and geochemistry of the San Juan Mountains and the
volcanic series exposed therein. These 16c]ude Atwood and
Mather's (1932) discussion of the Quaternary physiographyAand
geology, and Larsen and Cro;s' (1956) study of the complex

’ pre-Quaternary geology and petrology, especially that of the

Cenozoic volcanic series. Lipman and others (1970, 1978),

through the use of K-Ar dating and Pb and Sr isotope studies,
respective}y, have studied the vo]cénic history of the region
and have postulated a'petrologic evolution qf this volcanic
suite. The results of a gravity survey performed in the

region by Plouff and Pakiser (1971) have indicated the possi-

ble presence of.a near-surface batholith beneath the San Juan

volcanic pile, a theory which has gained much support in

recent years.

=5




GEQLOGIC HISTORY AND TECTOMNIC SETTING
Precambrian

The Precambrian history of the San Luis Valley, al-
though incompletely known, is apparently ;omplex; The entire
west flank of the Sangre de Cristo Range {n Colorado and
northern New Mexicb, as we}i as portions of the Wet Mountains
and the Tusas Mountains are composed of Precambrian rocks.
Examination of these exposures suggests the following rather
simplified geologic history. Mumerous sggimentary sequences
of probable early Precambrian age were tectonically deformed
and intensely metamorphosed during middlie Precambrian time into
folded sequences of gneissic and schistose metasediments.
Thesej in turn, were intruded by middle to late Precambrian
(Hedge, 1972) plutons of silicic and intermediate compositions
whi;h were probably orogenically emplaced. Although evidesice
of uplift accompanying this supposed orogenic acfivity is
sketchy, depths of erosion in the larger plutonic bodies do
indicate extensive erosion (Boyer, 1962) and therefore uplift.
Also, nonconformities are found to occur‘between the.Precam~

brian crystalline basement and the overlying Paleozoic rocks

n (Litsey, 1958). Sutherland (1972) has documented approximate-
foR

)

F 1y 23 km of Prescambrian-age right lateral strike slip movement
'? on the Pecos-Picuris Tzult in northern iHew #exico. In fact,

£ '

; numerous faults which border ths pressnt Precambrian exposures
U

him

i ! L + ES v Y i

i nave bean suggested to have been t{ectornically active during

) . . ‘. — ~

:i - Precambrian time (Tweto, 1375).
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Early and Middle Paleozoic

At the close of the Precambrian era the study area was
a part of a broad, relatively stable, positive element known
as the Transcontinental Arch which, in Colorado, was composed

of two highlands, Siouxia and Sierrea Grande, bisected by a

shallow trough, the Colorado Sag (Fig. 3). Pre-Pennsylvanian

sedimentation was controlled by this tectonic feature. Rela-

tively uniform accumulations of clear-water carbonate rocks

and clean quartzose sandstones separated by disconformities

indicate that epeirogenic events caused transgression and re-

gression of the eastern and western epeiric seas across the

area and accompanying periods of erosion. The absence of
Silurian rocks in the area is probably due to one such period
of widespread erosion during late Silurian to middle Devonian

time (Haun and Kent, 1965) rather than to nondeposition (Fig.

d4). The best preservation of pre-Pennsylvanian strata in the
study area is in the Kerber Creek }egion of the northern San
Juan Mountains where thicknesses of the section average’between
200 and 350 meters (Knepper and Maars, 1971), and in the
northern Sangre de Cristo Range where varying thicknesses of
the same order are observed (Litsey, 1958). These two areas
were located in a shallow trough, the Colorado Sag (Fig. 3),
which probably received thicker accumulations of these pfe—
Pennsylvanian sediments. Broad regional uplift and widesoread
i erosion occurred throuochout the study arca at the end of late

Mississippian time and continued into the early Pennsylvanian.
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o o . Lcs Pings ‘Gravel | 0-13092
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S Granercs Sh. 185- 380
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O Sharpsdate fa. 300-12G0
= Kerder fm. | 100-300
S |wmississippian | Leadville Lm. 210-33¢
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Figure 4, Gz2neralized stratigraphic column for

central

Colorado
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Pennsylvanian and Permian

Orogenic activity manifested itself in Pennsvylvanian
and Permian time in tne centra] United States with the vigorous
upltift of the Ancestral Rocky Mountains. In central Colorado,
these mountains consisted of two northwesﬁ—southéast trending
highlands known as the Front Range Highland and the Uncompahgre
Highland. These uplifts were separated by a narrow deposition-
al basin, the Central Colorado Trough, a feature which has also

been described as a graben (DeVoto and Peel, 1968). The study

~area was located on the eastern flank of the Uncompahgre Hign-

land and was cleaved in two by its southeastern boundary, the

7

Pecos-Picuris fault (Fig. 5).

A mixture of fluvial sediments grading upward into
shallow-water carbonétes dominated initja] sedimentation fn_the
Central Colorado Trough. By Atokan time, pronou.:ced uplift of
the Uncompahgre Highland resulted in the exposqfe of the Pré-
cambrian crystalline basement and the widespread deposition of
red arkosic alluvial deposits within the Central Colorado
Trough (DeYoto and Peel, 1972). Relief con this Pennsylvanian
uplift may have been as great as 3 km (Mallory, 1972). Late
Pennsylvanian deposits were largely influenced by this éarlier
faulting, with thicknesses varying laterally alonc the trough.
Rocks of this age indicate a snallow coastal plain environment
(Devoto et al., 1971).

Renswead upnpliit of the Uncompangre Highland in early

Permian time drastically changed sadimentation in the adjacent
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~basin. Rapid erosion of the.-rising Precambrian massif devel-

oped thick deposits of continental arkosic sandstones and
conglomerates. Repeated movements along the bounding fault(s)
triggered periods of vigbrous erosion of the wupland, thereby
imparting a cyclic character to the deposits. Oeformation of
this nature continued until late Permian time when the basins,
filled with detritus, encroached on the adjacent uplifts and
reduced their topographic relief (DeVoto and Peel, 1968). 1In

all, an. average of 4500 meters of Pennsylvanian and Permian

sediments were deposited in the Central Colorado Trough.

Mesozoic

Rocks of Mesozoic age do not bccur in the San Luis
Va1]ey} However, the presence of a thick Mesozoic seéfion in
the néighboring Raton Basin and the San dJuan Mountaiﬁs, as
well as scattered outcrops in the southern HWet Mountains and
central Sangre de Cristo Range (Baltz, ]965),‘indicate that
esozoic sediments once covered the study area but_have been
removed by widespread erosion associated with uplift of the

region during the late Cretaceous-carly Tertiary Laramide

~orogeny {(Xnepper and Maars, 1971).

At the close of Permian time, the once-towering uplifts

£

of the Ancestral Rocky Mountains existed only as erosional

remnants. Regional stratigraphic evidence supports the exist-
ence of these remnants until late Jurassic time wnhen Morrison

age, continental fluvial sediments finally buried them (Oriel




15

T R PR R

and Craig, 1960). Early Cretaceous time saw the encroachment

of an eveiric sea from the east which continued to transgress

(

westward across the study area through middle and early late

Cretaceous time, depositing as much as 1500 meters of marine

et P A TS A A e B KA PRI R b RN S GRS R Y

BV i i AR W K BRI

sediments in the region (Haun and Yeimer, 1960). Sedimenta-
tion of this nature ended with the initiation of the Laram{de

orogeny in late Cretaceous time.

Laramide Orogeny

In southern Colorado, the Laramide orogeny began in~
the late Cretaceous;(Fox Hills time) ;;d lasted into the late
Eocene (Haun and Kent, 1965). The strucfural development of

‘thgs region has been described as being the result of a few
distinct phases of deformation; however, Tweto (1975) has
-cﬁaracterized the orogeny as the northeastward advance of an

irreqgular orogenic front across south-central Colorado, with

uplift occurring "along a central axis and expanding outward

: as it extended upward." Many of the present structural ele-

é | ments existing in the southern Rocky Mountains were formed by
;l; this orogenic activity.

g f In the study area, the initial manifestation of the

; Laramide orogeny was the emergence of a highland located in

% ' the area of the southern San Luis Valley, Sangre de Criszto

g Mountains, and San Juan Mountains. Tnis uplift, here célled

? the San Luis Uplift, coincided with the southeastern extension
g of the Late Paleozoic Uncompengre Highland and was most

; -
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~probably a rejuvenation of thié tectonic feature (Tweto, 1975).
Sediments eroded from this highland were deposited in subsid-
ing basins which flanked it, the San Juan on the southwest and
the Raton on the east (Baltz, 1965; Tweto, 1975). Laramide
tectonic features of Paleocene age (Tweto, 1975) exposed along

" the eastern flank of the.Sangre de Cristo Range and its bo%~
dering basins; the et Mountain Valley, Huerfano Park, ahd the
Raton Basin (Fig. 6), illustrate that as uplift of the San
Luis Highland spread laterally, folding of the sedimentary
rocks exposed on the flanks gave way -to steep reverse  faulting,
dverthrusting, and fulding of the thrusts (Tweto, 1975; |

Burbank and Goddard, 1937; Briggs and Goddard, 1956). By

middle Eocene time, Laramide orogenic activity had ceased and

by 1a£é Eocene time an erosional surface of low relief which
truncated all major Laramide structures, had developed iﬁ the
region north of the San Luis Valley (Epis and Chapin, 1975).
This erosional surface probab1y existed in the study area as
well, as is suggested by the fine-grained nature of the Huer-

fano Formation in the Raton Basin, and is probably hidden

beneath the subsided San Luis Basin.

Middie and Late Cenozoic

Following the end of Laramide orogenic activity in late.
Eocene time, large scale volcanism and plutonism occcurred
during a time of neutral stress (Chapin, 1674) in tne area of

the southern Rocky Mountains. The existence of an enormous
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Oligocene volcanic field in.south-central Colorado built upon.
the late Eocene erogsional surface mentioned above has been
postulated by Steven and tpis k1968) and Steven (1975). This
field can be envisioned as a composite volcanic plateau com-
posed of central volcanoes of intermédiate composition with
associated lavas, breccias, and volcanoclastic rocks which
were modified by the eruption of voluminous‘ash-f]ow Sheéts
from large calderas (Lipman and Mehnert, 1975). This volcanic
terrain has been suggested to extend from the western rim of
the San Juan Mountains to the western edge of the Great Plains
(Steven, 1975). In the study area, evidence for the existence
of this continuous volcanic field is obscured beneath the
subsided San Luis Valley, but is supported by the existence of -
remnaﬁt volcanics overlying early Tertiary sediments in the
Culebra Reentrant (Fig. 2) of the eastern San Luis Valléy
(Upson, 1939), by Oligocene-Miocene paleovalleys on the
eastern slope of the northern Sangre de Cristo Range (Taylor,
1975), and by volcanics encountered in drill holes at various
locations within the valley.

Geophysical studies (Plouff and Pakiser, 1972; Tweto
and Case, 1972) and the presence of numerous intermediate and
silicic stocks of Oligocene age within the source areas of the

proposed volcanic field indicate the existence of a shallow

batholith beneath the large volcanic pile. This volcano-

plutonic-association of predominantly intermediate composi-

tional types has been interpreted to reflect the innermost
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exoression of convergent plate-tectonic interactions betiween
the American and Farallon plates during early and middle

Cenozoic time (Linman et al., 1972).

In late Oligocene or early Miocene time, a major change
in volcanic associations and their tectonic settings occurred
in the study area. A transition from a neutral stress field
(Chapin, 1974) to one of extensional faulting and fundamentally

basaltic volcanism (Christiansen and Lipman, 1972) brought

about the initiation of normal Faulting in the San Luis Valley

region and the inception of the Rio Grande rift. ‘This change

in tectonic setting has been correlated with the collision of

the East Pacific Rise with the American plate and their con-

tact along a right-lateral transform fault (Atwater, 1970;

Chfﬁﬁtiansen and Lipman, 1972; Lipman and Mehnert, 1975).

Bryan (1932) originated the concept of the Rio Grande

rift when he suggested that the basins through which the Rio

‘Grande flowed were a structural depression, and he included

the San Luis Valley as a part of this elongate feature.

Kelley (1956) modified the structural depression concept, de-
scribing it as a series of linked, en-echelon grabens with a-
northerly trend. Chanin and Seager (1975) have described the
rift as an intracratonic continental rift which has been super-
imposed on a north-trencing tectonic belt which had been
deformed during Laramide, late Paleozoic, and probably late
°recambrian time. Chapin (1971) has oroposed a possible tec-

tonic model, for the Rio Grande rift which is described below.
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The plate west of the rift is moving westward at a faster ra
than the continental interior, resulting in the splitting of

the Colorado Plateau block from the Great Plains at the site

‘of a mantle bulge. As the eastern block overrides this bulge

it develops greater structural relief than the western block.
Crustal extension on the westefn side of the rift develops
normal faults which relieve subcrustal pressures and érovide
avenues for the ascent of magmatic material which exp]ain.the
prevalence of post Oligocene volcanic eruptions on the wester
side of the rift. HNormal faults deVeloped on the eastern sid
of the rift are kept tight and therefore free of volcanism by |
northwestward drift and rotation of the Colorado Plateau.
Lipman (1$69), in studying the petrd]ogic evolution of the
ba?é]ts exposed 1n the rift and along i1ts borders, has provid
evfdence supporting Chapin's model. However, Christiﬁnsen an
Lipman (1972) feel that the driving force for opening of the
rift has been an oblique release of tensional forces built-up
along the San Andreas transform fault zone. o
The San Luis Valley is the major element of the Rio
Grande rift in séuthern Colorado, and thus is the key to undeﬂ
standing the history of the rift in this area. Siebenthal
(1910) first suggested that widespread volcanism and uplift oﬂ

<, . !
the mountains adjacent to the San Luis Valley occurred in «

Miocene time. Kelley (1958) restated this opinion and attri- |
]
[
I

buted the initial deveiopment of the Rio0 Grande rift tc late

Miocene structural movements. Lipman and Mehnert (1973, 1975)




AR

S
3

RO S

— TR TR
AP,

TVEIRS,

37 I T st P

. Y
SR PR AT
GV I AN TN et b S e

3

SE

A I F TN BT PR BRI R0
R ——

S

X7,

TR

e

';.E

NG e R AT Rl e e Qa E LR K

»
| e, XY,
PR TR ol S o] p &

21

described the basalt chronology of the San Juan Mountains of
southwestern Colorado and have demonstrated that basalts of
earliest Miocene age (26 m.y. o0ld) are found to overlie a late
Oligocene erosional surface developed on 27 m.y. old tuffs.
These tuffs were deposited uniformly across the positions of
later normal faults associated with the subsidencé of the San
Luis Valley. Moreover, they show that similar basalts overlie
and interfinger with volcanoclastic and alluvial fan deposits
which ac;umu]ated in the subsidiné basin. Therefore, subsid-
ence of the San Lujs Valley, at 1eas§valong its western edge,
can be identified as beginning in earliest Mﬁdcéne time.
Unfortunately, the uplift of the Sangre de Crisfo
Mountains is not so well documented. The range is ]argéiy
fdrméd by a Precambrian crystalline massif which has Beén
upthrust by Laramide tectonic events against rocks that were
deposited in the late Paleozoic Central Colorado Trough. This
range was probably a part of the eastern f]ank of the Laramide
San Luis Uplift and has been split'ffom that feature by the
nresent steep western boundary fault(s) of the range. Taylor
(1975) has postulated that the present Sangre de Cristo Range
is a horst between two grabens, the San Luis Basin and the Wet
Mountain Valley (Fig. 2). Structural relief of this horsted
block may be as great as 8 km on the west (Gaca and Karig,
1965), and as great as 3 km on the east (Taylor, 1975). Baltz
(1965) and Tweto (1975), meanwhile, have set a middle Miccene

age for uplift of the range while Taylor (1975) has indicated
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that uplift could occur no later than 29 m.¥y. ago. In view of
the tectonic setting of the San Luﬁs Valley, it would not seem
unreasonable to expect a similar age for subsidence of the
eastern portion of the basin as for the western portion. How-
evar, recent palynologic data from the Amoco Mapco State 1-32
well (Fig. 7) suggest tﬁat the sediments penetrated by drilling
record a single, r2latively uninterrupted period of alluvial
deposition from Paleocene to Pliocene time (Huntley, 1979).
This data suggests an early Cenozoic date for the initiation

of subsidence in the San Luis Valley-and reflects the uncer-
tainty present in forecasting the time of the inception of

rifting along the eastérn edge of the San Luis Basin. Fault

scarps on either side of the range are largely obscured by

jauatefnary alluvial fans, but recent movement along the western

boundary fault in the extreme northern portion of the San Luis
Valley has been documented (Knepper and Maars, 1971).
Therefore, the San Luis Valley is a norto-trending
graben which has been filled by Miocene-Pliocene volcanoclastic
sediments and interlayered basalt flows and Quaternary alluvial
fan deposits (Baltz, 1965). Gaca and Karig (1965) have shown

that the basement configuration cof the valley consists of a

serias of subparallel, north-trending horsts and grabens.

These features are mantled by volcanic rocks of Oligocene age

which covered the area prior to subsidence. A narrow Tault-
bounded trougn extended northward from the San Luis Valley into

the Arkansas Valley in middle Miocene time (Van Alstine, 1968,
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1970)- and was filled with sediments of the Dry Union Formation,

an equivalent to the Santa Fe Formation of the Rio Grande rift

of southern Colorado and northern New Mexico (Van Alstine,

1970). However, this trough Qas fragmented by Pleistocene
movement along transJ;rse faults in the vicinity of Poncha
Pass {(Knepper and Haars,'1971) whfch has left the Arkansas
Valley andtthe San Luis Valley.as separate geographic entities,

although their mode of origin was probabTy the same (Tweta

and Case, 1972).
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DATA REDUCTION

During this study, approximately 1200 gravity readings
were made in the San Luis Valley and surrounding areas (Fig.
7) during the 14-month period from September 1976 to November
1977. Three different Worden, Educator mcdel, gravity meters
were used durihg the course of the survey; Yorden #2299, owned

by the UniQersity of Texas at El Paso, and Worden #393 and

“YWorden #90, both on loan to the University from the U. S.

Geologiéa1 Survey. Eighty-five percent of these readings were

-

made with Worden #393.
A Department of Defense gravity base station ldcated.
at the Blue Peaks Learning Center in Alamosa, Co]orado'(IGB,
119758), which is a part of the International Gravity Stand—
ardization Net 1971, functioned as the primary base station
for the entire survey. Supplementary base stations were estab-
lisned at Westcliffe and LaVeta, Colorado (Apbendix A) with
gravity values determined relative to the Alamosa base by
averaging meter reading§ from multiple occupations. These
base stations are believed to have an accuracy of approximately
0.1 mgal (milligals) relative to the Alamosa base.
Field procedure was to occupy the samé base station at
the beginning and end of each gravity traverse. These trav-

erses normally lasted an entire day, usually from shortly after

sun-un till sundocwn. ‘henever possible, a tie with a previocus

ES

traverse, a repeat within the traverse, or an occupation of a
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supplementary base station was included in each traverse in
order to maintain internal contro1; Instrument drift and
earth tidal effects were considered togetner, and generally
rang;d from 0.1 mgal to 0.6 mgals per traverse. This drift

- was assumed to be linear after repeat§ within the first trav-
erse of each field expedition showed deviation from lingarity
to be minimal.

Gravity stations were established at benchmarks and at

photogrammetric elevations such as road intersections, fence

e

AN

§Ew

lines, and wells that were located from and plotted on 7.5

minute, or when necessary, 15 minute topographic quadrangles.

{14

Horizontal location of the gravity stations then is considered
to be correct to within 50 feet for most stations and vertical
accuracy is within five feet. Precise latitudes and longitudes

for each station were determined using a Calma 450 VIP digiti-

zer with an accuracy of 0.005 of an inch. A station spacing

e AL B ST A

A g of approximately two miles was maintained whereyer passible,
f};i but the spacing wasvgeneraTTy less dense in the more rugged
g%% portions of the study area. Raw data recorded at each station
{ R

? ?: consisted of a station identification number, elevation of the

station, meter reading in dial units, and elapsed time from

initial base station occupation.

Reduction of the raw data was accomplished in three
stages. Calculations of gravity anomaly values were made at ..

the University of Texas at E1 Paso using standard gravity

-l ] reduction, tecnniques. Ffor the sake of standardization, these
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-ca]cﬁlations were repeated at the facilities of the U. S.

Geological Survey in Denver, Colorado, using:
a. A Bouguer density of 2.67 gm/cc;

b. Values of theoretical gravity calculated using the
International Gravity Formula of 1967; and

c. A curvature correction using the formula shown
below:

“cc = elev.*(1.4639108e -3 +elev.*(4.449648e - 14 *
elev - 3.5327153 -7)).

Final feduction to complete Bouguer gravity values was accom-
plished by calculating terrain correg;ions"for each station
for regions within‘a radial distance of 166;7 km.

This final step was carried out in two stages. First,

inner zone terrain corrections were hand calculated using the

‘template method of Hammer (1939). Inner zones are defined as

Hammer's (1939) zones A to H (radial distance Q0 to 2.7 kﬁ).
After calculating this correction for 50 stations made in the
San Luis Valley, it was determined that the average correction
for stations made anywhere on the valley floor was less than
0.01 mgal because of the extremely flat topography. This value
is insignificant; thus, inner zone terrain corrections were
calculated onTy for stations in regions of rugged topography.
Secondly, outer zone (2.7 to 116.7 km) terrain corrections were
calculated for all stations using a computer routine devised by
Plouff (1966). The inner and outer zone corrections were then
added to the simple Bougquer anomaly vafue to give a complete
Bouguer anomaly value. Principal facts for all stations taken

by the autnor are included 1n Appendix B.
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"Approximately 3500 gravity readings were carefully
selected from the files of the Department-of'oefensé gravity
.library and combined with the almost 1200 readings made during
this survey to produce a file of gravity values for the area

bounded by the longitudes and latitudes 104°%W and 107°4 and
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37°N and 38%30°'N, respectively. These additional stations
were also corrected for outer zone terrain effects using
Plouff's (1966) method, and a few critical ones were corrected

for inner. zone effects} The final step in computer reduction

and processing of the data was to produce a complete Bouguer

graVity map of the above area using this Targe data file

(Fig. 8).
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Figure 8.
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. by Grene Howell Covrs
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REGIONAL ANOMALIES

Figure 7 illustrates the principal cities, rivers and

physiographic-geologic provinces located in the study area.

This figure is meant to be an underlay to the complete Bouguer

gravity map shown in Figure 8, and can te visually superimposead
by aligning the outline of the San Luis Basin. Each of the
major geologic features located in the study area is repre-
sented by major Bouguer gravity anomalies which are described
below. |

A large, subcircular gravity minimum of up to 30 mgal
is associated with the San Juan Mountains. The outline of this
anomaly can be drawn along the -290 mgal contour dn Figure 8.
Plouff qnd Pakiser (1972) attributed this anomaly to a mid-
Te%tiary igneous complex of batholithic proportions whose
depth beneath the surface is between 2 and 7 km. Case (1966)
and Tweto and Case (1972) have suggested the existence of a
similar batholithic body of composite Laramide and mid-Tertiary
age to underlie the Colorado mineral belt and the southern

Sawatch Range. -Steven (1975) has postulated that tnis mid-

‘Tertiary batholith indeed extends from the San Juan Mountains

northeastward beneath the Sawatch\Range, thereby forming'a sub-
surface buttress to the San Luis Basin on the north and west.
If_the -290 mgal contour is outlined on Figure 8, as suggested
above, the shape and position of this mid-Tertiary batholith

becomes clear and supports Steven's (1975) hypothesis.

30
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The eastern flank of the San Luis Basin is bordered by
fhe Sangre de Cristo Rangé, which is the nortnern segment of
the Sangre de Cristo Mountains. The structure of the range is
complex and inadequately studied, but its gross physiographic
expression 1is that of a horsted block.: Precambrian rocks crop
out along the western edge of the fange, while Paleozoic rocks,
especially a thick section of Pennsylvanian and Permian sedi-
mentary rocks, crop out along the crest and eastern flank of

the range. The width of the Precambrian exposures increases

to the south, where the character of }he gravity ancmaly

s e ey i
A b B3 Y S -
PRELILY 2 h MD a0k Sl 4y el A

associated with the range also changes.

TUeEEA T MR
e,
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On the gravity map (Fig. 8), the Sangre de Cristo Range

RGAE

Ha1

is discernible as an arcuate gravity high, convex to thé east,
wifh'a maximum closure of 15 mgals which can be dividea into
two distinct segments by a line drawn from YWestcliffe tQ‘
Blanca. The northern half of the wange'is a narrow, linear

feature bounded on either side by steep gravity gradients of

5 mgals/km. These gradients indicate the location of the

major boundary faults of this portion of the range, the Sangre
; de Cristo fault on the west and the Alvarado fault on the east
@ } (Taylor, 1975), both of which are steep normal faults. The

; ; éouthern half of the range is somewhat brcader than the north-
i ern half ow{ng to the broadening exposure of Precambrian rocks.
;g% A closed high of 15 mgals, which 1s centered around the Blanca
Peak Precambrian massif and extends 70 km to the south,

|
I L
;g exemplifies this broadening. The western margin is still
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marked by the Sangre de Cristo fault, but the gfavity gradient
associafed with it lessens to 2 mgats/km. The eastern margin
becomes somewhat diffuse in the southern half of the Sangre de
Cristo Range. This is caused by the juxtaposition of a thick

Pennsylvanian-Permian sedimentary section on the eastern flank

of the range and the thick Mesozoic-Paleozoic sedimentary sec-

tion in the downfaulted Raton Basin.

A small gravity high appears to connect the gravity
high of‘the Sangre de Cristo Range to that of the Wet Mountains
at the’approximate'location of Promontory Divide (Fig. 7), the
physiaographic divide between the Wet Mountain'Valley and Huer-
fano Park. This gravity ridge may indicate an upwarp of
Precambrian and/or Paleozoic rocks which acts as the northern
boundary of the Raton Basin and serves to separate thé“Mchene
Wet Mduntain‘Vailey from tne Laramide Raton Basin.

A linear gravity high of up to 20 mgals, 85 km in
length and 25 km in width, defines the out]iné of the Wet
Mountains and Delleese Plateau (Fig. 7). This range is com-
posed of Precambrian basement rocks and scattered outcrops of
Oligocene volcanic rocks which were uplifted in late Tertiary

time. Steep gravity gradients mark the east and west flanks

&<

of the range and coincide with the postulated positions of the

Yet Mountain and YHestcliffe faults (Tay]of, 1975; Tweto, 1976),
respectively. A steep gradient at the northern terminus of

-

the et Mountain-Delleese Plateau anomaly coincides with the
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~approximate location of the Arkansas River and may indicate the

”éﬁd, as has been described above, is bounded on the north and
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Juxtaposition of two significantlyidifferent density units,
possibly along a fauited contact.

Huerfano Park, which merges southward into the Raton
Basin, is characterized by a semicircular grévity anomaly,
open to the south. This-small baéin is associated with a maxi-
mum closurg of 10 mgals which is centered just west of Gardner.
The intercaonnecting nature of these two basins can be seen by

the arcuate low which extends southward from Huerfana Park §

into the Raton Basin. This low becomes more pronounced to the ?

south, indicating a deepening basin.
The San Luis Basin, which is the main focus of this

study, occupies the central portion of the study area (Fig. 7)

west by the San Juan Mountains and on the east by the S&ngre
de Cristb Mountains. Its gravity signature is that of three
north-northwest trending anomalies, two lows flanking a ééntra]
high. Each of these anomalies is composed of distinct en- 2
echelon segments and they have been interpreted as the
signatﬁre of two grabens flanking a centra]'hofst (Gaca and !
Karig, 1965).

The easternmost low is composed of four en-echelon
closures and is slignhtly offset to the west along a line ex-
tending from Alamosa to Blanca (Fig. 8). This low extends

southward frem Poncha Pass (Fig. 7) into northern New Mexico
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- (Cordell, 1978, personal communication). Its maximum closure

is 20 mgals and its total relief rénges'from 20 mgals ta a
maximum of 60 mgals near Crestone and Moffat (Fig. 8). Gravity
grédients bounding it range froﬁ 2 mgal/km to 5 mgal/km. At
its northern end, this low is terminated by a linear gravity
high near Poncha Pass which corresponds to a Neogene fault
separating the San Luis Basin from its northern extension, thé
upper Arkansas Valley (Van A]stjne,‘1968, 1970; Taylor, 1975).
The eastern flank of this low is bounded by the late Tertiary
Sangre de Cristo fault and the strong-gravity gradient present
éuggests the presence of large scale faulting.

Parallel and west of this low is a pronounced gravity
high which is separated into two segments by a saddleAcentefed
at Algmosa. The first segment (north of Alamosa) is composed
of three distinct closures. Maximum closure of this hiéh 1s
25 mgals with a maximum relief of 55 mgals on the east and 45
mgals on the west. The soutnern segment, centered just east
of Antonito and underlying the San Luis Hills (Fig. 7), 1is a
high with a maximum closure of 20-25 mgals and a relief of
30-35 mgals. The g}adients bounding the entire length of this
central high range from 2 mgal/km to 5 mgal/km and suggest
a faulted contact between it and the adjacent lows. This
central high ends abruptly to the north where it abuts the

Jarge low associated with the mid-Tertiary batholith of the

San Juan Mountains.




o | N
R R ST

s

35

Another linear WQw comprised of two closures is located
to the west of this central high. This compoéite low pinches
out just north of Del Morte between the edge of the San Juan
iountains and the central gravity high of the San Luis Basin.
Maximum closure of this low 1s only 5 mgals but its relief is
between 30-35 mgals with.gradients‘along the Tlanks of 2-3
mgals/km. These 'values suggest that this low is also fault

bounded but is shallower than the eastern graben.
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SUBSURFACE GEOLOGY AND DENSITIES

Quring this study, it was nécessary to conduct an ex-
tensive search of the literature pertaining to the geology of
south-central Colorado in order to derive some insight into the
possible subsurface geologic configurafions of the San Luis
Basin. This information was supplemented by examining .data
from 0il and gas exploration wells in the study area. ' This
information, especially that concerning lithologic variations
and basement depth, was used extensively as constraints for the
gravity modeling and interpretation. ™A generalized description

of the basement and overlying units is given below and a

- generalized stratigraphic column is shown in Figure 4.

The Precambrian basement complex which underlies the
San Luis Basin appears to be quite varied. Precambrian rocks
are exposed in all of the mountain ranges surrounding the San
Luis Basin, and their lithology ranges from greznite to diabase
and includes metamorphic rocks such as granite gneiss, schist,
and amphibolite (Larsen and Cross, 1956; Burbank and Goddard,
1937; Litsey, 1958; and Montgomery, 1953, 1963). Two wells
drilled in the San Luis Valley have encountered the Precambrian
basement. Amerada Petroleum drilled the #1 State F Well approx-
fmate]y 40 km north of Alamosa (Fig. 7) and encountered base-
ment rocks at 5408 feet (1650 meters) beneath the surface.
Tennessee Gas Transmission Company drilled the #1 Colorado

State B well near Del Norte (Fig. 7), and encountered "granite"

36
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at 9940 feet (3030 meters) beneath the surface. These wells
demonstrated that the configuration of the Precambrian basement
in this portion of the San Luis Basin is complex. However, no

density information was available for these two wells. Tweto

‘and fase (1972), in a gravity study of the Arkansas graben
near Leadville, Colorado, used a weighted average of densities

“calculated for sampies of Precambrian rocks exposed in the

nearby mountains to arrive at an acceptable density value for
the Precambrian basement in that region of Colorado. The
value they derived was 2.76 gm/cc (grams per cubic centimeter).
Cook (1960) reporte&-the density of a¢giotite grénite gneiss
which crops out in the San Juan Mountains immediately north-
east of Saguache as 2.7 gm/cc. Assuming that most of the
San Luis Basin is underlain by rocks of similar composition to
this ghefss, ana ignoring possible variations from this due to
zones of more mafic composition, a 2.7 gm/cc dénsity value has
been assigned to the Precambrian basement for modeling purposes.
However, the results of Tweto and Case (1972) suggest this is a
minimum value.

The lack of subsurface geologic information in the San
Luis Basin has caused much speculation concerning what exactly
mantles its Precambrian basement. A review of the geologic
history of this portion of scuth-central Colorado reveals that
the region which is now the San Luis Basin existed as an up-

1ifted highland during both Pennsylvanian-Permian {(Fig. 5) and

Laramide (Fig. 6) time. Furthermore, during these orogenic
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episodes, vigorous erosion bared the underlying Precambrian
terrain by removing thick sections of Paleozoic and Mesozoic
sedimentary rocks (DeVoto and Peel, 1968; DeVoto et al., 1971;

Tweto, 1975). Therefore, at the end of the Laramide orogeny

in early Eocene time, an erasional surface developed on Pre-

cambrian basement'rocksvexposed in the area which is now the
San Luis Basin. This surface was covered in Oligocene time

by an extensive volcanic field. This field was composed of
central .volcanoes of intermediate composition which were modi-
fied by eruption of voluminous ash-flow sheets and caldera
déve]opment and covered much of souih-central Colorado (Steven,
1975). This relationship is seen along the western flank of

the Sangre de Cristo Mountains north and east of the town of

San Luis (Tweto, 1976)! The San Luis Hills, which rise above
the valley floor south of Alamosa and east of Antonito (Fig.
7), are composed of andesitic to rhyodacitic flows, breccias,

and intrusives that have been correlated with the Conejos For-

mation, the lowermost and most widespread unit of this

0ligocene volcanic field (Burroughs, 1971). Similar volcanics

crop out within the valley immediately north and east of
Saguache. These two occurrences, coupled with the presence of
similar felsic volcanics recognized in the few deep drill holes
drilled within the San Luis Basin, suggest this volcanic unit
is widespread beneath most of the subsided basin, and this

relationship has been assumed in modeling. A density value of

2.6 gm/cc for these volcanics was obtained from a bulk density

.




log measured in the Amoco Production Company Mapco 1-32 State

well (Fig. 7). This value coincides with an average value for
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andesite given by Telford et al. (1977) and has been used to

by il

represent the buried volcanics in the San Luis Basin.
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In early Miocéne time, the Oligocene volcanic field

_ %ﬁA described above was fragmented by the inception of rifting in
%@1 south-central Colorado. This tectonic activity continued into

recent time and has created the Sgn Luis Basin. As the basin
éubsided, the Oligocene volcanics were covered by alluvial fan
deposits, volcanoclastic sediments, interlayered basalt flows,
and sediments produced by mass wastage. The thickness of these
Miocene to Recent basin fill deposits varies with the amoﬁnt

of subsidence within the basin itself. Data from drill holes
show it to be as thin as 300 feet (100 m) and as thick as 8620
feet (2630 m). A bulk density log measured in the Amoco Hapco
1-32 state well, as mentioned above, provides a detailed meas-
urement of the density stratification among the sediments,

with the density increasing approximately linearly with depth.
This incredse could be attributed to many factors such as
differential compaction and variation in the dominant lithology
of detrital material composing the fill sediments through time.
Three density units within the basin fill were delineated from
this log: a 1.9 gm/cc unit extending from the surface to 1850
feet (570 m), a 2.1 gm/cc unit extending from 1350 feet (570 m)

to 4340 feet (1325 m), and a 2.3 gm/cc extending from 4340

feet (1325 m) to the top of the Oligocene volcanic unit.

.
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These density values are an average value computed over the

"thickness of the unit. This density stratification was used

t

to represent the basin fill in only one profile, C-C . An

average density of 2.1 gm/cc was used in the other profiles.
8asalt flows of the Hinsdale and/or Servilleta Formations are

interbedded with these basin fil1l sediments in the southern

half of the basin. These units have been assigned a density

of 3.0 gm/cc which is an accepted average density for basalt

(Telford et al., 1977).

A thick, late Paleozoic-Mesozoic sedimentary .section
1s exposed along the central and eastern flank of the Sangre
~de Cristo Mountains. This same sedimentary section is buriéd-
beneath the Cenozoic sedimentary cover 1in the Raton Bésfn and
records tectonic activity from early Pennsylvanian to.Oligocene
time.:.The sedimentary units are composed of rocks varyiﬁg

from conQ]omerate to deep-water carbonate. A compensated

neutron-formation density log measured in the Atlantic Rich-
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~field Company Cuerno-Verde Ranch -1 well suggests an average
density of 2.55 gm/cc for the sedimentary section huried in the

northern Raton Basin. This value has been used in modeling

to represent these thick sedimentary units.

o
ool
£

Ao Pt -

e s

‘4,

SR T




N eas o

oy
AT

v

T "“'f".'::;""‘"” :;‘“,H‘.‘ T I*wa‘:. B
RO St

COMPUTER MODELING

In order to facilitate interpreiation, four east-west
profiles of gravity readings were constructed. These profiles
were analyzed using the two—dimensional‘modeiing technique of
Talwani et al. (1959), which calculates theoretical gravity
values for a given geological model. By modifying the con-
figuration of the geologic model, an acceptable fit between
obsefved and theoretical gravity values can be obtained. The
error produced by the two-dimensional assumption is negligible
as long as the structure being modeled is several times longer
in the direction perpendicular to the line of the profile than

it. is parallel to the profile. An examination of the complete

Bouguer gravity map of the study area in Figure 8 shows the

study area to be ideally suited for the use of this modeling
technique.
The locations of the profiles which were modeled are

shown on Figure 7 (A-A', B-B', C-C', and D-D'). These loca-

!
z

tions were chosen so as to traverse the major gravity anomalies

and associated structural features. Areas well beyond the main

study area were modeled in order to examine the regional

structural relations of the San Luis Basin. For all four pro-
files, the observed complete Bouguer gravity values were taken
from gravity stations lying either immediately on the line of

the profile or within 1.6 km from the line of the profile.

47
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Inspection of Figure 8 reveals strong east-west regional
gravity gradients in the San Luis Basin area. These long wave-
length features are due to deep crustal and upper mantle varia-
tions which were not of interest in this study. In order to
remove these regiona]veffects, a linear surface was fitted to
the observed data and reéidua] va]des were calculated (Agocs,
1951). Figure 9 is a Bouguer gravity map of the study area with
this linear regional removed. A similar linear surface was re-
moved ffom the individual gravity.profiles and these residual
values were then used in the modeling.process (Fig. 10a and b).

As the Tirst step in the modeling process, an initial
earth model along the line of each profile was constructed
using available geologic and well data to locate subsﬁrface
pbsitiéhs for the various geologic units. Each geologic unit
was thén assigned its calculated density value which was held
fixed throughout the modeling process. Any changes in this
geologic model necessary to obtain agreement between observed
and theoretical values were accomplished by moving boundaries
of the geologic units within the constraints provided by the
geologic and well data.

After numerous iterations of the modeling process, the
earth models shown in Figures 11 through 14 were derived. Al-
though inherently.nonunique, these models satisfy all available
geological and geopnysical data. A datum of 7000 feet (2135 m) .

above sea level was used for each profile. Therefore, the

p
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17 Figure 10a. Individual gravity profiles used in modeling
showing effect of removing a linear regional
field, lower profile in each case used in
modeling procedure as described in text:
Profiles A-A" and B-B'

ea r s = Nanae e e e




PROFILE C-C'

GHAVITY (UGAL Y

PROFILE D-D'

GHAVIT ¢ (MGAL Y

GIRAVILY (MGOALL

AN PASIN
:% - -

YUITANTT iy
CNIAR BIGCAML RIUOVESD

f‘\ /

/oy
»{__\ ,-—/I \l
)
4 s ‘:,;5”.‘11 (“u-l‘.C 4% 237

LINEAR AREITNA, RIMOVED

LAVl Y [RGAL D

Figure 10b.

Individual gravity profiles used in modeling
showing effect of removing a linear regional
field, lower profile in each case used in

modeling procedure as described in text:
Profiles C-C' and D-D'

45




R

I

46

.value of 0 kilometers on the depth bar scale on each profile

is equivalent to this value (Fig. 11-14).

"In construction of the initial earth models associated
with each profile, it became obvious that there was a severe
lack of data concerning the thickness of the Oligocene volcanics
which underlie much of the San Luis Basin. Although two drill
holes had complete]y penetrated this unit, its thickness had
not been recorded on the well completion reports available to
the author. It was therefore necéssary to rely on geologic
data and cross-sections from the eastern San Juan Mountains

(Larsen and Cross, 1939; Lipman and Méhnert, 1975) for aid in

determining a usable thickness for the modeling of this unit.

Three assumptions wefe made concerning this volcanic unif:

1) it was deposited on a surface of low relief; 2) it fhfnned
outward.from its eruptive centers which were located in the
present San Juan Mountains area; and 3) it was relatively unf—
form in composition. With these assumptions iﬁ mind, 3900 feet
(1200 m) was determined as a maximum thickness for this unit
beneath the San Luis Basin and that it thinned to between 1950
feet (600 m) and O feet along the eastern margin of the basin.
These values should be interpreted as average values suitable
for modeling purposes because local thinning and thickening

most certainly occurred.
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Profile A-A'

Profile A-A' (fig. 11) is the soufhernmoSt of the four
profiles shown in Figure 7. The physiographic San Luis Basin
occdpies the central nortion of the profile, exiending from 86
km to 164 km. However, the profile. indicates the presence of
an additional poftion of the basin buried beneath the late
Tertiary Los Mogotes volcanic field, which extends from 56 to
86 km. A steep fault at 74 km, with a throw of 800 meters,
(2560 ft), marks the western boundary of the San Luis Basin.
This fault also acts as the western thndary fault of a narrow
but deep graben situated between 74 and 83.5 km. This graben

shows up as a well-defined Tinear gravity laow along the western

“flank of the San Luis Basin on Figure 8. Two steep faults

mark the eastern edge of this graben, the first at 83.5 km and
the second at 105 km. This graben is filled with basin fill
which has s]ight]} higher density than the accepted average
basin fill density of 2.1 gm/cc described above. This ff]]
belongs to the Los Pinos Formation (Lipman and Mehnert, 1975;
Butler, 1971) and is composed of interbedded sand, gravel and
bésalts of the Hinsdale Formation. These basalits also form the
shield volcano of Los Mogotes and dip beneath the valley as
shown in the model. For modeling purposes, the density of the
basin fill has been increased to 2.3 gm/cc to account for the
thin (25 - 50 m) interbedded basalts. From 36 to 105 km, a re-
latively thick (approximately 200 m) layer of dinsdale Forma-

tion basalts is shown to exist near the valley surface. This
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unit represents Tlood basalts from the Los Mogotes shield
voicano‘which are penetrated by shallow (< 100 m) water wells
in the area (Powell, 1658). Its thickness is meant to repre-
sent a cumulative thickness rather than the presence of a
single, thick flow.

The San Luis Hills are locéted between 105 and 118 km
on the profile and are represented by a distinct gravity high
on Figure 8. These low lying hills sit astride an apparent
horst which extends the length of the San Luis Basin (Fig. 8).
The Conejos Formation crops out in ?Qgse hills as degcribed
above and is modeled as being 600 meters thick. This volcanic
unit is shown to extend throughout the subsurface on either
side of this horst and maintains this average thicknesgk An
ééditioha] volcanic unit of density 2.4 gm/cc 1s Shown to exist
along the western flank of the basin. This unit represeﬁts aﬁh
flows originating in the Platoro Caldera and which are shown to
dip beneath the valley floor by Lipman and Mehnert (1975).
These ash flows thin dramatically toward the center of the val-
iey and are shown to be less than 100 meters thick at their
distal edge.

A broad gravity low centered at approximately 130 km
has been interpreted as. a complex graben. This graben is shown
to extend from 118 to 164 km, spanning the distance from the
San Luis Hills to the Sangre de Cristo Mountains. Its gravity
signature implies a number of small, step-like faults along

both flanks of this graben instead of a single, steeply
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dippfng boundary fault. WHithin the graben, a total vertical
displacement of 900 meters 1s indicated. A thin unit of basalt
is shown to lie at or near the surface within the confines of
this graben and corresponds to basaft f]ow; of the‘Servi11eta
Formation. |
A gravity high betweén 164 and 176 km marks the outcrop

of Precambrian basement rocks in the Sangre de Cristo Range.
The absence of a major boundary fault along the western flank
of this rangé contrasts sharply with the profiles to the ﬁorth
and suggests that the-rifting in this pertion of the San Luis
Basin was less vigorous. Steeply dipping faults at 176, 178,
and 180 km mark the western edge of the Raton Basin, which is
shown to have a depth of 3.8, km.

| A'good fit of observed versus theoretical values was
easily obtained along most of the profile. The exception was
the region between 87.5 and 118 km, where a narrow gravity high
seemed to be superimposed on the near surface gravity effects.
In order to fit the gravity data, an intra-basement body of
density 3.0 gm/cc had to be added to the model. HNear surface
density units were manipulated within their geologic constraints
as much as possible befaore resorting to the addition of this
feature. Therefore, the presence of an intracrustal intrusive
mass is suggested to underlie the central and western portions
of the San Luis Basin. An analogous anomaly appears in the

southern portion of the Rio Grande rift and has been interpreted
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as a'manﬁlé upwarp (Ramberg et al., 1978; Decker and Smithson,
1975). However, the short wavelength character of the anomaly
in the San Luis Basin suggests a more localized intracrustal

feature similar to a model proposed by Bridwell (1976)Afor the
northern Rio Grande rift. The u1timate.sonce of this feature

may be in partial melting of'lithospheric mantle associated

~with rifting (Lipman and Mehnert, 1975) and the feature may

be causally related to the high heat flow measurements ob-

tained along the western edge of the San Luis Basin (Reiter

t al., 1975).

Profile B-B'

Profile B-B' (Fig. 12) extends across the midsection of

the.SEH Luis Basin, crossing just south of the Blanca Peak

Precambrian massif. Again, the San Luis Basin is characterized

by two grabens which flank a central horst. The western graben

is located between 64 and 95 km and is filled with sediments of
the Los Pinos Formation. A thin wedge of less dense sedimen-
tary fill, thickening toward the center of the basin, is shown
to rest on this graben fill and represents flood plain alluvium
of the Rio Grande River. Two major faults, the first at 71 km
and second at 82 km bound the deepest portion of this éraben,

which is shown to be 1100 meters deep. This feature is

characterized by a broad, somewhat oval gravity low on

Figure 8.
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The central horst, capped by a 600 meter thick layer of
Olggocene valcanics, lies between 95 and 106 km. Although this
horst does not crop out on the valley floor at this location,
this model suggests that it lies very near the surface.

The eastern graben has a compléx gravity signature,
consisting of two lows ffanking a central high. From west to
east, the first low is centered at 119 km and is modeled as a
graben 700 meters in depth. A horst between 125 and 132 km
separates the two lows and rises to within 200 meters of the
surface. This horst is caused by the-northeastward extension
of the San Luis Hills (Fig. 7 and 8). A major fault bounds'the
eastern edge of this horst and offsets the volcanic density
unit by iOOO meters, forming a graben 1200 meters in depth. As
iﬁjprofile A-A', the eastern flank of this graben 1s formed by
a series of step faults, all up to the east, with the last
fault marking the edge of the San Luis Basin at 155 km. The
subsurface volcanic density unit in this profile is considered
to be exclusively Conejos Formation, and is shown to thin from
800 to 200 meters eastward across the basin. The Precambrian
basement crops out in the Sangre de Cristo Mountains between
155 and 136 km. A high angle reverse fault at 163 km juxtaposes

Paleozoic-Mesozoic sedimentary rocks with these Precambrian ex-

" posures. This fault marks the edge of the Laramide age San

Luis Highland (Fig. 6). A steep normal fault at 165 km marks
the edge of the Raton Basin, wnich is shown to have a depth of

3200 meters, indicating a thinning of this basin to the north.
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This structural boundary is admittedly more complex than is
shown but its oversimplification is-necessary due to a lack of

subsurface data in this region.

A good fit between observed and theoretical gravity
values was achieved aflong this profile, However, it was again
necessary to add the inthabasement‘body of density 3.0 gm/cc

described above, although its position was shifted towards the

western edge of the San Luis Basin.

Profile C-C'

Profile C—Ci (Fig. 13) travef;es the two:most pronounced
negative gravity anomalies in the San Luis Basin (Fig. 8).
These two_gravity 1bws correspond to the deepest portions be
the two grabens which trend north-northwestward through the
basin, thereby suggesting a maximum depth for the San Luis
Basin. The western graben extends from 57 to 87 km, attaining
the same width as in profile B-B'. Its western flank is appar-
ently characterized by stepfaulting which downdrops the volcanic |
density unit to a depth of 1800 meters below the surface.
However, this depth is attained only over a narrow (3 km)
region, and thus, thejaverage depth of this graben is approxi-
mafeTy 950 meters. The central horst is less prominent along
this profile, rising to within 700 meters of the valley floor
between 87 and 92 km. The volcanic densjty units, which again

blankets the Precambrjan basement beneath the entire San Luis
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_Basin, is shown to maintain a thickness of 1200 meteré to about
92 km and then thin elastward to 6004mefers along the eastern
mafgin éf the basin. |

The eastern graben lies between 92 and 128 km along

the profile and has a| configuration considerably different than |

that indicated along the two profiles to the south. Along C-C'

it fs featured as a single, deep graben whose eastern boundary

is formed by two, steeply dipping, normal faults of large throw. |

Step faulting forms the western flank of this graben, down-

dropping'the volcanic |density unit to a depth of 2900 meters
(~9500 ft) beneath éhe valley floor. wfhis prdfiie crosses the
most negative Bouguer |gravity anomaly in the basin and tﬁus,
should provide an indiljcation of the maximum thickness of basin
fi11 present. The deelp central portion of this graben is
shown to be apbroximate]y 9 km wide, extending from 111 to
120 km. At 120 km, a steeply dipping fault with a throw of
1700 meters is shown to exist in the subsurface. A similar
fault occurs at 128 kmimarking the edge of the graben as well
as the mountain front of the Sangre de Cristo Mountains. This
fault has a combined surface and subsurface throw of nearly
3700 meters (12,000 fé) and has been referred to as the Sangre
de Cristo fault (Taylon, 1975).

The Sangre de (risto Mountains are situated between 128
and 141 km and are repriesented by a gravity high (Fig. 8).

This nigh is caused by the Precambrian basemecnt rocks exposed

in the range. A broad basin filled to a deptn of 3000 meters




57

with Paleozoic and Mesozoic sedimentary rocks lies to the east
of this mountain range.| This basin, located between 141 and
176 km, coincides with the Huerfano Park region which is the
northernmost extension of the Raton Basin (Fig. 7). A second
outcrop of basement rocks exists between 176 and 181 km and re-
Tlects the Precambrian exposures of fhe}southern Wet Mountains.

An intrabasement body of density 3.0 gm/cc is shown to exist

in the subsurface beneath the eastern flank of the Raton Basin

,_. ,.;-,,
A Y 4B

E

and the southern Yet Mountains. This body represents the pos-

#

R
Satp

sible existence of a near-surface mafic intrusive which may

= EING Y
5

have acted as a source fior mafic volcanic rocks exposed in the

‘southern Wet Mountains.

§  A good fit between observed and theoretical gravity
ﬁi values was obtained along this profile, particularly in the San
% Luis Basin itself. The ldensity stratification for the uncon-

=
£y

solidated basin fill sedliments suggested by the bulk density

log from the Amoco Mapco| #1-32 well discussed above was used

TR

in the construction of this profile with satisfactory results.

ey
e

As in profiles A-A' and B-B', an intrabasement intrusive body

IR

-2

of density 3.0 gm/cc was| necessarily added to the model beneath

SRy

a portion of the San Luis Basin. 1Its effect on the observed
gravity values was mast widespread along this profile and re-
sulted in an increased overall size for the feature. A pro-
nounced peak on this intracrustal feature occurs beneath the
4l western graben causing i?s gravity signature to be less nega-

{ i . . .
tive than expected. An intrabasement intrusive body with a




BTN PPy R R S v 8 R
Ar:"..{( ngi & ¥ et b 2 A2
= —3 TRl
Rl e Doz

i

G Y T e R v Gl s YRS - Pedi et
RIARIREEAS ShisliE

R Sy S AR CRAED

ey

CamRRE T AP

oot WA ey TIOHTILTI V3 by
K,‘.‘f;i!*:‘::m»‘.’i" Rio ks SRR

vy =

XX

density of 2.6 gm/cc was added along the profile between 0 and
45 km, a location beneath the San Juan Mountains. This body

represents a late Tertiary batholith which Plouff and Pak{ser

(1972) associated with the San Juan volcanic field. The
density value assigned to this body agrees with their initiail
modeling of the body which indicated a density contrast of 0.1

gm/cc between the batholith and the surrounding basement rocks.

Profile D-D'

Profile D-D' (Fig. 14) is the northernmost of the four
profiles shown in Figure 7 and crosses tne Saﬁ Luis Basjn in a
straight line between{Saguache and Crestone. The physiographic
edge of the basin at 66 km is not marked by a distinc§'§ub-
SJrface fault as in the profiles to the south but instead
consists of volcanics |which dip gently beneath the overlying
basin fill. The western graben (6v and 81 km) is least pro- A
nounced along this profile attaining a maximum depth of only
400 meters. Analysis |of Figure 8 suggests that this graben

pinches out immediatelly north of the line of this profile.

The central horst, which is situated between 81'and 88

km is similar in naturie to i1ts configuration along profile A-A'.

Along tnis profile, its gravity signature is more pronounced

than at any other point in the basin (Fig. 6). In this model,

this structural feature 1s shown to he composed of uplifted

. {
Precambrian rocks. Hopever, in actuality this feature is
‘ .

capped by a tnin layer! of the volcanic density unit which thins

.
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& | from 300 to 0 meters west to east over this feature. This unit
7y is not shown on the model as it lies above .the 2135 meters
f§ (7000 ft) datum of the profile.

The eastern graben narrows to a width of 23 km along

,f_m
A

3

this profile. Beginnihg at 88 km, its western flank is char-

xiod

acterized by stepfaulting. At 100 and 105 km there are two

R

basement faults of equal throw that are downthrown to the east
and west respectively, bounding the deepest portion of this

trough which is 1800 meters in depth. Immediately east of this

Rtey LRI RNk el

deep trough lie two faults which‘mark_}he.edge of the graben
and the San Luis Basin. These faults are so close spatially

that they probably act as one, and their surface expression,

the steep front of the Sangre de Cristo Mountains, has been
termed the Sangre de Cristo fault (Taylor, 1975). Total dis-
placement along this fault is approximately 3500 meters

(~12,000 ft), similar to its expression in profile C-C'. An

examination of the gravity signature of this fault on Figure 6
allows one to mark the trace of this fault from Blanca Peak

northward to Poncha Pass.

The Sangre de Cristo Mountains are shown to be most

% complex along this profile. Precambrian basement rocks are
’i_ exposed along either flank of the range and Paleozoic sedi-

% mentary rocks rest unconformably in between, bounded by steep

¥

Laramide thrust faults. A fault at 126.5 km, which corresponds

to the Alvarado fault of Taylor (1975), marks the eastern side

~

of the range and also marks the western edge of another graben.

—r
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"This graben is shallower than thase in the San Luis Basin and

is associated with the Wet Mountain Valley. This trough is

asymmetrical, with its deepest portion being located to the

west between 126.5 and 133 km. Maximum depth of the trough is

shown to be 1000 meters. The eastern boundary fault of this

"graben occurs at 146.5 km and has been termed the Westcliffe

fault (Taylor, 1975). The geology aleng this portion of the

profile is somewhat simplified due to a lack of subsurface

geologic information in this area. The Wet Mountains lie east

of this graben and are characterized.-by a wide outcrop of Pre-

cambrian basement rocks. A fault marking the boundary of the

front range of the southern Rocky Mountains and the Great

Plains occurs at 170 km.

As in the three profiles to the south, it was necessary
to add an intrabasement intrusive body of density 3.0 gm/cc to

the model beneath a portion of the San Luis Basin in order to

N o W 2 e

acnhieve a suitable fit between observed and theoretical gravity
& values. As in profiles A-A' and B-B', the position of this

ﬁ feature is Timited to the central and western portions of the
profile and does not affect the gravity signature of the east-
ern graben. Anotner intrabaéement intrusive body with a

~density of 2.6 gm/cc was included in this model between O and

70 km. This feature represents the Tertiary batholith

associated with the San Juan volcanic field and is defined by

a ltarge gravity low on Figure 6.




SUMMARY AND CONCLUSIONS

This study had the following major.objectives:

1) determine the depth of basin fill within the San Luis Basin;
2) determine the basic subsurface structure of phe San Luis
Basin; and 3) enhance the general knowledge of the regional
struﬁturai relations of thg San Luis Basin and surrounding
tectbnic elements, most notably the Rio Grande rift.

Compufer modeling has shown the thickness of the fill
in the San Luis Basin to be approximately 3 km (9600 ft) at
its\deepesf point. This point is located northwest of Alamosa
within the confines of the eastern graben. Since the fill is
underlain by between 500 and 1000 meters of Oligocene voléanics
and there is a negligible thickness of pre—O]igocene_sediments
present, the maximum depth to the Precambfian basement iﬁ fhe
San Luis Basin is between 3.5 and 4 km (11,500 ft and 13,000
ft respectively). This value is significantiy less than the
9 km (30,000 ft) maximum depth arrived at by a sfmi1ar gravity
study Sy Gaca and Karig (1965). This discrepancy is probably
due to the lack of horizontal and vertical control present in
their study and the simplistic subsurface geologic model of
the basin used in their ftwo-dimensional modeling process which
did not allow for a separate and unique 0ligocene volcanic unit
beneath the Miocene to Recent sedimentary fill. General agree-
ment was attained with the results of Stoughton (1977), who

postulated the maximum depth of the basin to be approximately

A, N 7 YRR GBI TR TRIP IR s ot s e




63

5 km (16,000 ft) on the basis of seismic reflection data.
lThese results suggest that the San luis Basin is not atypical,
but instead typical in depth for basins associated with the
Rio Grande rift. |
Figure 15 depicts the generalized subsurface configu-
ration of the San Luis Basin. This figure indicates that the
basin is a'complex structural feature composed of two grabens
which paralilel and flank a central horst. A1l of these fea-

tures trend north-northwesterly through the study area. The

western graben, composed of two linear troughs, extends from the

Colorado-New Mexico state Tine to a point 10‘km sout%éast of
Saguache, where the graben pinches out'against'the uptﬁrown
Precambrian basement. Along its strike, the graben avéfages
1000 to 2000 meters in depth and attains a maximum defth of
%]800'meters just east of Del Norte. |

The eastern graben is somewhat more complex and is
composed of two, en-echelon, elongate troughg which extend
from Poncha Pass southward into New Mexico. The northern seg-
hent, extending from Poncha Pass to just west of Blanca Peak,
is characterized by a deep, narrow, fault-bounded trough.
The deepest portion of the eastern graben and the entire basin
occurs in this segment and is approximately 3000 meters (Fig.

13). The southern portion of the graben 1s distinguished by

widening and the presence of a horst which interferes with its

linearity (Fig. 15). This horst is genetically related to the

San Luis Hills and therefore to the more prominent horst which
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dominates the central portion of the basin's subsurface. Aver-
age depth of the graben 1n this'portiOn of the basin 1is between
500 and 1000 meters (Fig.11 and 12). The central horst shown
on Figure 13 is well defined on the computer models and the
gravity map shown in Figure 6. Bounded on either side by a’
series of step faults, this feature étretches the entire length
of the basin and appears to extend southward into northern New
Mexico. It is postulated that this feature is not really a
horst, but instead, a structure rehnant that remainad near or
in its original spatial position while _the surrounding terrain
was'downdropped into grabens in mid-Miocene tiﬁe. Moreover, a
positive correlation seems to exist between the eastern
boundary fault(s) of this apparent horst and the Pennsy19anian~
Péfmi§n §ge Pecos-Picuris fauit (Fig. 5) as mapped by
Sutherland (1963, 1972) and Mallory (1960, 1972). This correla-
tion implies that the Pecos-Picuris fault has again been re-
activated due to tectonic stress. This reactivation coupled
with recurrent tectonic activity in this area throughout geol-
ogic time may indicate that this region of the North American
plate is underlain by a zone of crustal weakness which in turn
may have influenced the development of this portion of the Rio
Grande rift and the San Luis Basin.

Furthermore, the presence of an intracrustal ihtrusive
mass, similar in character to one proposed by Bridwell (197¢)
for the Rio Grande rift in northern Hew Mexico, is suggested

to underlie the central and western portions of the San Luis




et e e e e s ¢ e

66

:

Basin. Its exact size, density, and depth are speculative,

but its existence is not because it was required to obtain a

suitable fit between observed and theoretical gravity va]ueé
during the computer modeling. The short waveléngth character
of the anomaly related to this proposed intrusive mass indi-
cated an intracfusta] source rather than a deep crustal or
upper mant]é one such as 1s proposed for an analogous anomaly
in the southern portion of the Rio Grande rift (Ramberg et al.,
1978). This intracrustal mass may be due to partial melting of
the mantle or crust in a rifting environment or may be an
upper crustal intrusive body similar to that proposed by
Sanford et al. (1977) and may be causally re}ated to the
Miocene to Recent mafic volcanics present along the south and
west boundaries of the San Luis Basin. _

Finally, the gravity study has shown that the San Luis
Basin is a distinct, ﬁajor element of the Rio Grande rift. Its
complex graben-horst-graben subsurface structure confirms 1its
relationships with the better known and exposed portions of the
rift and support the conclusions of Chapin (1971), Tweto (1975),
and others that the Rio Grande rift extends well into central

Colorado.
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Observed Gravity Values for
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Base Stations used ip Gravity Survey
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BASE STATION
LOCATION

Alamosa, Col
LaVeta, Colo

llestcliffe,

orado
rado

Colorado

LATITUDE

370 28.21'N
370 30.06'N
380 8.05'N

APPENDIX A

g ELEVATION OBSERVED GRAVITY
LONGITUDE (IN FEET) - (MGALS)
1050 52.16'YW 7549 979234.98
1059 00.32'y 7013 979325.82
1050 27.78'y 7888 979307.02
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