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ABSTRACT

This study examines Basin and Range topography relating tectonic processes to
topographic features. The observation that the terraces along either side of the Franklin
Mountains were deformed and uplifted is a reflection of tectonic uplift. The uplift
represents long-term deformation of the range. This led to the question of what shapes
the deformation and does it represent differential subsidence into the Rio Grande Rift or
true uplift. A more regional study of the Sacramento, San Andres, and Guadalupe
Mountains follows. Two papers form this dissertation.

The Rio Grande Rift and the Franklin Mountains, in particular, are the subject of
the second chapter. The indication for tectonic uplift is the terraces along the flanks of
the Franklin Mountains mimicking the curve along the crest of the range.

In light of the results from the Franklin Mountains, Chapter three examines the
Sacramento, San Andres, and Guadalupe Mountains. Location data were converted to
UTM Zone 13 measurements then long-wavelength elevation changes were modeled by
use of transects drawn from digital elevation models (DEM) at 15 minute intervals
between the Pecos River of eastern New Mexico across to Arizona on the west. A
2"order polynomial was fit across the transects then a map was constructed based on
the polynomials. The three modeled ranges are among those that show uplift above the
smoothed surface. Furthermore, the ranges all exhibit arcuate crests implying a similar
origin. A gravity map between 31° N, -104° W and 35" N, -110° W was multiplied by the
inverse of elevation to emphasize the correlation between elevation and subsidence into

the rift basins.
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CHAPTER 1: INTRODUCTION

This study examines the Basin and Range province topography and relates it to
local tectonism. The Franklin Mountains are flanked by terraces that have been
deformed. Their uplift represents long-term deformation of the range. This led to the
guestion of what was the shape of the deformation, and whether it represented
differential subsidence or true uplift. The study expanded to a more regional study that
included the Sacramento and Guadalupe Mountains and then to the Basin and Range
as a whole. Two papers, comprising Chapters 2 and 3 resulted from this research.

The Chapter 2 investigates the Rio Grande Rift and the Franklin Mountains.
Terraces were mapped using a high resolution GPS to determine the elevations of the
highest terraces underlain by basin-floor sediment. Uplift of the Franklin Mountains was
demonstrated by a topographic profile of terraces that on the east and west flanks
mimicking the crest of the range is indication of tectonic uplift.

Chapter 3 compares the Guadalupe, San Andres, and Sacramento Mountains in
light of the results from the Franklin Mountains. First, a gravity map that combines
gravity with topography was created. Digital elevation models (DEM) were profiled at
15 minute intervals between latitude 31 and 35, between longitudes 104 and 110 west.
A second degree polynomial was fit to the transcripts and a smoothed surface was
constructed. This was related fo the uplift history of the ranges and to the evidence of

tectonic uplift versus differential subsidence was discussed.



CHAPTER 2: LONG-TERM DEFORMATION IN THE SOUTHERN RiO GRANDE RIFT
AS INFERRED FROM TOPOGRAPHY AND UPLIFTED TERRACES

ABSTRACT: The long-term deformation of the Franklin Mountains in the Rio
Grande Rift was estimated by measuring the elevation of Late Pliocene terraces that
line the footwalls of the range-front faults. In most extensional terrains, alluvial fans and
bajadas cover faults and terraces thus making documentation of long term uplift
difficult. However, rapid aggradation of the basin floors by extensive playa lakes and
floodplain deposits of the Rio Grande river buried the irregular mountain front fans
creating the low-gradient surface. Subsequent faulting deformed and uplified the low-
gradient surface, revealing the long-term deformation of the mountains.

The uplifted terraces are exposed along both sides of the Franklin Mountains
and along the east side of the Sierra Robiedo in south central New Mexico. In the
Franklin Mountains, the terraces lie 130 m above a younger surface, indicating that this
is the minimum amount of uplift. The profile of the anticline parallels the profile of the
range crest of the mountains. Three important conclusions can be drawn from uplift of
the terraces. First, the observation that the terraces parallel the range crest implies that
the topography of the mountains is tectonic in origin and that there was a low relief
surface prior to deformation. Second, the east side terraces are higher than the west
side terraces, showing rotation of the mountains during deformation, and providing an
estimate of the percentage of deformation recorded by the terraces at about five
percent of the total rotation. Third, the open arch correlates points to differential slip on

the fault plane as a factor in the uplift.



Two models for causing the differential slip associated with apparent upiift are 1)
differential subsidence that results in the denudation of the horst blocks that are
subsiding less rapidly and 2) true uplifi, related to flexural deformation along with the

fault plane and mid-crustal flow rotate the Franklin Mountains block.

INTRODUCTION

This paper documents and discusses the uplift of Pliocene terraces surrounding
the Franklin Mountains within the southern Rio Grande Rift, in far west Texas and south
central New Mexico and reveals the shape of long-term extensional uplift of the
terraces. The terraces along the slopes of the mountains are composed of the Fort
Hancock and the Camp Rice Formations, part of the Santa Fe Group; deposition of
these formations took place between 20 and 2 Ma (Gile and others, 1981; Collins and

Raney, 1991)

REGIONAL SETTING

The Franklin Mountains extend from the City of El Pasc, Texas on the south end
into southern New Mexico (Figure 2.1). The range trends north-south and exposes
Precambrian granite and metavolcanic rocks overlain by Paleozoic strata. Uplift of the
mountains tilted the strata so the mountains presently dip westward at angles 40 to 80
degrees (Harbour, 1972).

The Franklin Mountains are an uplift associated with the Rio Grande Rift. There
are nine basins and 16 sub-basins within the Rio Grande Rift (Mack and others, 1997)
(Figure 2.1, Figure 2.2, and Figure 2.3). The majority of the basins of the Rio Grande
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Rift are half grabens that alternate orientation along the rift (Mack and Seager, 1990).
Chapin and Cather (1994) propose accommodation zones as the links between the
west-tilted and east-tilted basins. Figure 2.1 shows the accommodation zones that lie
along the small circles of an Euler Pole in eastern Utah (Chapen and Cather, 1994).

The Tularosa and Hueco Basins combine to form a basin nearly 300 km (Figure
2.1). The Mesilla Basin is approximately 35 km wide by 100 km long. The Mesilla
Basin, on the west side of the Franklin Mountains, is distinguished from the Los
Muertos Basin in Mexico by a “poorly defined ground-water divide” (Hawley and
Lozinsky, 1992). Mack and others (1997) also consider the Mimbres Basin west of the
Mesilla Basin to be part of the Rio Grande Rift. The total width of the Mimbres, Mesilla,
and Orogrande Basins spans approximately 100 km.

Beginning in the Miocene, the Rio Grande carried sediment from the mountains
of Colorado and northern New Mexico maodifying the landscape in ways important to
this study. The southern part of the rift was the depositional center of this extended
axial stream system and pre-existing topography was largely buried under rapidly
aggrading fluvial and lacustrine sediments.

The first evidence of the Ric Grande in the southern rift near the Franklin
Mountains has been dated at five Ma by using paleomagnetic reversals and dating of
volcanic rocks interbedded within the sediments (Mack and others, 1998). Fluvial
deposition shifted to the east side of the Franklin Mountains by two million years ago
when the ancestral Rio Grande spilled through Fillmore Pass between the Organ and
Franklin Mountains (Hawley and others, 1969). By the early Quaternary (2 Ma), the
ancestral Rio Grande had spilled through Fillmore Pass between the Organ and
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Figure 2.1 Index map (modified from Keller and Cather, 1994) of the Rio Grande Rift
with accommodation zones( adapted from Chapin and Cather, 1994) shown as parallel
lines and traditional dip symbols displayed in the asymmetric grabens. The two areas
of interest are in black. Basin bounding mountains (adapted from Armstrong and
others, 2013) are: D-Davis, A-Apache, De-Delaware, G-Guadalupe, S-Sacramento, O-
Organ, SAu-San Augustme SAn-San Andres, Sa-Sandia, SC-Sangre de Cristo, F-
Front Range.



Figure 2.2. Map showing the collected points with relation to mountain. Not all points
were used-higher points were replaced with lower points to avoid the influence of the

alluvial fans.
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Figure 2.3. Cross-section showing the general location and elevations of the major
peaks and gaps in the Franklin Mountains.



Franklin Mountains and was filling the Hueco Basin with river sediments (Hawley and
others, 1969).

Deposition on the basin floors ended about 700,000 years ago (Vanderhill 1986;
Mack and others, 1993; Hawley and others, 1969; Mack and others 1998; Lucas and
others 1999; Gile 2007). The 640,000 year old Lava Creek Ash B is found in the oldest
sediments inset into the top of the valley in Selden Canyon and El Paso Narrows,
demonstrating that initial Mesilla Valley down-cutting occurred before 650,000 years
ago {lzett and Wilcox, 1982; Seager and others 1984; Gile and others 1981 and
1995). The final depositional surface forms the lower La Mesa surface (Gile and
others, 1981), a broad flat siope that dips southward at approximately 0.001 meter per

kilometer.

FRANKLIN MOUNTAINS and EAST FRANKLIN FAULT ZONE

The Franklin Mountains are separated from the Hueco Basin to the east by the
East Franklin Fault Zone. On the west, a complex of faults known as the West Franklin
Fault Zone and the Mesilla Valley Fault separate the range from the Mesilla Basin
(Lovejoy, 1971), (Figure 2.2). The range is cross-cut by several northwest and west
trending normal faults (Lovejoy, 1975; Collins and Raney, 1991). None of these faults
offsets the range-bounding faults so their movement must have ceased prior to the
deposition of covering basin fill (Scharman, 2006).

The Hueco Basin (Figure 2.1) is more than 170 km long and 50 km wide,
approaching three km deep near the east side of the Franklin Mountains (Collins and
Raney, 1997; Averill and Miller, 2013). Numerous Quaternary faults cut the surface of
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the Hueco Basin {Collins and Raney, 1994), (Figure 2.4). The fill is a combination of
alluvium and Fort Hancock Formation sediments dating from 20 Ma (Gile and others,
1881; Collins and Raney, 1991) covered initially by Camp Rice Formation. Since
700,000 years ago, the basin has been weakly eroded and covered by alluvium and
sand dunes.

Ramberg and others (1978) show en echelon faulting along the east side of the
Franklin-Organ-St. Augustine-San Andres chain. Their data do not contain sufficient
detail to distinguish small fault segments. They estimated 9.6 m of Holocene to late
Quaternary slip based on a fault scarp 35 m iong on the east side of North Franklin
Mountain and about seven meters of slip near the south end of the Franklin Mountains.

The East Franklin Fault is the more active of the boundary faults. Studies near
White Sands Missile Range indicate the last movements on the East Franklin-Organ
Fault Zone occurred within the last 4000 to 5000 years (Seager, 1980). The date was
determined by comparing soil development on the oldest unfaulted fan to the soil on the
youngest faulted fan (Seager, 1983). Movement along the Artillery Range Fault section
of the East Frankiin Fault Zone may have blocked the ancestral Rio Grande’s course
into the Hueco Basin (Mack and others, 2006).

A study of the East Franklin Mountain Fault Zone by McCalpin (2006) focused on
a trench a few meters south of Hitt Canyon within three km south of the Texas-New
Mexico state line (Figure 2.2). McCalpin found five normal faults, though there was
uncertainty associated with the older faults. He was able o date three slip episodes
using “C and compared them with infrared-simulated luminescence done on four fine,
inorganic silt samples. The mean throw was 3.5 m although two paleoearthquakes
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Figure 2.4. Cross-section through Munday Gap area showing two boundary faults
across the Franklin Mountains plus the faults within the Hueco Basin.
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exhibited displacement of about three meters. A mean slip rate of 0.175 mm/yr was
estimated as a minimum slip rate from the last 16,400 years from the total displacement

of 11.2 meters.

WEST BOUNDARY FAULT ZONE and MESILLA BASIN

There are differing interpretations of the West Franklin Fault Zone. Lovejoy
(1975) proposed that this fault extends the entire length of the Franklin Mountains and
possibly as far north as along the west side of the Organ, San Augustin, and San
Andres ranges (Figure 2.1), though he believed it is partially covered by possible
landslides especially along the Franklin Mountains. Harbour (1972) saw no evidence of
this fault north of Avispa Canyon (Figure 2.2). There are no conspicuous offsets of the
Pliocene terraces along the fault trace indicating the fault is no longer active or has a
very long interval between seismic episodes.

Scharman (2006) pointed out that there are many low angle normal faults
associated with the Franklin Mountains and other ranges along the Rio Grande Riit.
Based on the angle the low-angle faults cross bedding plains, Scharman (2006)
supported Seager’s (1980) hypothesis that the low-angle faults originally were high
angle normal faults rotated during uplift and extension and are older than the range-
bounding faulis.

The Western Boundary Fault Zone cuts a major thrust fault and numerous
smaller faults so this fault is strictly of Basin and Range origin and not a reactivation of
previous deformations (Scharman, 2008). The fault boundaries of the Franklin
Mountain structure are curved in map view; this may be due to irregularities within the
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basement rocks (Harbour, 1972; Collins, 1996).

The West Franklin Fault Zone appears to be inactive because nowhere does it
disrupt the terraces (Scharman, 2006). The active major fault along the western side of
the Franklin Mountains is the Mesilla Valley Fault (Henry and others, 1985) (Figure 2.2).
This fault is between interstate 10, a kilometer or more west of the mountains, and the
Rio Grande still farther west. It may extend north to Las Cruces where it merges with
similar faults between the Dofia Ana and East Robledo Faults (Lovejoy, 1975). Gravity
and magnetic data between the West Franklin Fault Zone and the Mesilla Valley Fault

suggest there are three smaller, stair-step faults under valley fill (imana, 2003).

SEDIMENTARY RECORD

Basin fill has buried the bedrock of all but the Franklin and Juarez Mountains
(Hawley and Lozinsky, 1992). The sedimentary record of the Rio Grande rift system
includes Miocene strata and the Plio-Pleistocene Fort Hancock and Camp Rice
Formations of the Santa Fe Group (Hawley, 1975; Mack and others, 1998), (Figure
2.5). The Fort Hancock Formation is composed of playa, lacustrine, and alluvial fan
facies derived from the local mountains (Figure 2.6); the Camp Rice Formation
sediments are the Rio Grande graveis and alluvium derived from upstream sources
(Chapin and Seager, 1975; Collins and Raney, 1991) (Figure 2.7). The Fort Hancock
is evenly bedded with fine texture and in Hudspeth County, based on borehole
evidence (Strain, 1969), is 1067 m deep (Strain, 1980).

Mack and Seager (1990) place the appearance of the Rio Grande in the Mesilla
Basin at five Ma. In the Hueco Basin, Albritton and Smith (1968) and Gustavson
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Figure 2.6A. Outcrop above ldalia Street showing playa sediments (east side, El Paso).
Ordovician bedrock to right of photo.

Figure 2.6B Closer view of playa sediments at west end of Idalia Street (rod 2 m). Sand
flats, mud flats, and debris flow deposits result of earthquakes or storms.
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Figure 2.7. Camp Rice Formation as exposed in a road cut north of New Mexico
Highway 404. Note cross-bedding (solid arrows) and soil contact (dashed
arrow).
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(1991), date the appearance of the Rio Grande at 2.1 Ma. Along the Franklin
Mountains, a series of terraces are observed that date to this inception of the Rio
Grande with river channel sands along the western side sand playa muds along the
eastern flank atop the terraces. This constrains the highest terrace ages to between
five and two Ma. These ages were determined by K/Ar dating of volcanic deposits
(Chapin and Seager, 1975; Seager and others, 1984), vertebrate fauna (Strain, 1966;
Metcalf, 1969) as well as studies of soil development on upper beds of the Camp Rice
Formation, (Seager, 1980; Gile and others, 1981). The volcanic ashes found in the
Camp Rice Formation match air-fall ashes from the Lava Creek Ash B dated at 640,000
years ago and two Ma. and Bishop ash from about 700,000 years ago (Gile and others,
1981).

Up to 150 m of Camp Rice Formation conglomerate and sandstone deposits in
alluvia! fans and alluvial flats are exposed in outcrops. The ancestral Rioc Grande left
cross-beds and horizontally laminated pebbly sand/sandstone and mudstones that
formed the terraces (Mack and others, 1998) (Figure 2.7).

The basins in the southern Rio Grande rift were filled by rapidly aggrading fluvial
and playa sediments which created broad, low gradient basin floors. For example, the
La Mesa surface remains on the west side of the Rio Grande (Gile and others, 1981).
The aggradation during Fort Hancock and Camp Rice deposition buried the toes of the
alluvial fans along the eastern flank of the Franklin Mountains, with the possible
exception of the area near mouths of the two large canyons - Fusselman Canyon and
McKelligon Canyon. Along most of the east flank of the mountain front, playa muds
inter-tonguing with debris flows and thin alluvial fan gravels are exposed within a few
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meters of bedrock (Figure 2.6A). Along the western flank of the mountain, fluvial
sediments of the Camp Rice formation are intermittently exposed within a few tens of
meters of the mountain front.

Intrenchment of the ancestral Rio Grande system ended deposition of the Camp
Rice Formation. The La Mesa Surface {middle Pleistocene) between the Rio Grande
valley floor and the East Portrillo and Robledo fault zones is 100 m above the current
floodplain (Figure 2.8). It is approximately 780,000 year old (Mack and others, 1998).
The surface is underlain by Camp Rice fluvial facies partially covered by Holocene
sedimenis and coppice dunes. The surface sediments are gravelly strata that are
resistant to erosion.

Unlike most ranges in extensional terraces, the Franklin Mountains are flanked
by terraces composed of Fort Hancock and Camp Rice Formation sediments capped
by thick aliuvial fan gravels instead of growing together and becoming sloping bajadas.
These terraces lie on the footwall of thel east and west Franklin faults and were uplifted
along with the footwall (Figure 2.9). Thus, these ferraces record overall deformation of
the range after their deposition.

Harbour (1972) first noted that terraces had been uplifted along the eastern flank
of the Franklin Mountains. The only previous studies of the Franklin Terraces were
those of Kottlowski (1958) and Lovejoy (1975). Lovejoy (1975) documented 105 - 120
meters of basin-downward displacement of the terraces on the west side of the Franklin
Mountains and suggested that the Franklin Mountains had been tilted two degrees to
the west after deposition of the alluvial terraces due to relatively greater uplift on the
East Franklin Fault (Figure 2.10). This configuration exhibits a classic half-graben tilt.
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Figure 2.8. A - Schematic cross-sections of the Hueco Basin to the Rio Grande Valley
showing the progression that uplifted the terraces. A - the surface is eroded to
previously lithified layers prior to Camp Rice deposition.

B - deposition from floods caused by warming periods probably within the
Nebraskan Glacial period or early Aftonian Interglacial period on the west side of
the mountain; Fort Hancock sediments were deposited on east side of the
mountain.

C - later flow erodes the Camp Rice deposits shown in section B; the Fort
Hancock sediments are faulted and begin developing alluvial fans along the East
Franklin Fault Zone.

D - after more faulting, uplift, and additional deposition, additional deposits form
the lower terraces on the west side; the eastern side sediments continue to
erode with the lower area being covered by bajadas along the mountain front.
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Figure 1.9. East side of the Franklin Mountains, with Fort Hancock sediments in
contact with the Precambrian mountain front. The contact is not immediately
obvious when underfoot because of Precambrian rhyolite pieces that rolled over
the alluvium. In picture A, the difference is the slope and the general roughness
of the terrain above the arrow. (Photo above El Maida Shrine Temple in El Paso)
The graph shows the slope that was measured using the GPS.

Figure 9B shows the same contact as seen along Scenic Drive a few meters north of
the El Paso Police Academy.
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west of Rio Grande.
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The terraces are the remains of a relatively smooth surface that now is disrupted by
arroyos formed by down-cutting to the base-level of the Rio Grande.

The entrenchment of the ancestral Rio Grande system ended deposition of the
Camp Rice Formation (Figure 2.11). During deposition of the Camp Rice and Fort
Hancock Formations, uplift of the mountain blocks began to lift parts of this low-relief
surface above the aggrading basin floors, causing deposition to stop and defining the
uplified terrace surfaces that are the subject of this study. “Uplifted terrace” is an
appropriate term for the terraces that are the focus of this study; it is the term also used
by Harbour (1972). The uplifted terraces are the remains of the original fluvial and
lacustrine surface that formed the valley floor. The younger terraces, closer to the river
were formed in a more traditional fashion - parallel to the river as it flowed through its
valley.

As the terraces were uplifted, aggradation continued on the footwall block by
Camp Rice and Fort Hancock sediments burying the equivalent surfaces in the
subsiding Hueco and Mesilla Basins, until the 700,000 years ago incision of the Rio

Grande Valley commenced.

ROBLEDO MOUNTAIN

The Robledo Mountain exposes Paleozoic and Eocene age rocks that are tilted
10° to 14° to the south (Figure 2.1). Down-faulted blocks on both sides of the mountain
are topped with fluvial Rio Grande deposits. The Camp Rice Formation on-laps the
southern part of the mountain (Hawley and others, 1975; Kottlowski and Seager, 1998)
as it does with the terraces observed in the Franklin Mountains. The East Robledo
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alluvial fans

Figure 2.11. West flank of the fault zone forms a dark, eroded band separating relict
alluvial fans shown with upward pointing arrows along the mountain front. The
gently sloping terrace surfaces are indicated by downward pointing, dashed
arrows.
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Fault cuts Camp Rice fanglomerates exposing a sequence up to about 90 meters thick.
Metcalf (1967) and Hawley and Kottlowski (1968) saw three episodes of valley
entrenchement followed by partial backfilling of the arroyos (Figure 2.12).

The East Robledo Fault has been active since late Pliocene as is shown by the
comparative thicknesses of the Camp Rice sediments on either side of the fault. The
sediments on the hanging wall side of the fault are appreciably deeper than the
sediments on the footwall side of the fault (Mack and Seager, 1990) indicating the

movement provided more fill space than had previously been available.

METHODS

A TRIMBLE Geoc Xh, 2005 Series Pocket PC was used to acquire approximately
50 GPS-located elevations from both flanks of the Franklin Mountains as well as the La
Mesa Surface from the Texas/New Mexico border to nearer the international boundary.
The elevation of data were generally better than 30 cm and commonly better than 15
cm. The profiles of some uplifted terraces were measured along the crest of the terrace
from the alluvial fan at the head of the slope break at the toe of the terrace; a reading
was taken about every 70 cm. Measurements were estimated from the USGS 7%
minute topographic maps or DEMs in areas where the terraces were inaccessible as on
the firing range at Fort Bliss.

Data from the La Mesa Surface along the western side of the Rio Grande Valley
in New Mexico were used as a control because there is evidence for much less
deformation of this younger deposition surface. South of 32° N latitude, deformation of
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Figure 2.12. Sierra Robledo, lines bound the area of greatest interest. This 500,000-
- 600,000 year old surface maintains a slope parallel to the modern stream
system.
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Data were exported in UTM, zone 13N projection, and plotted in a variety of
orientations to allow description of the geometries of the uplified terrace. The
measuremenis were taken where the slope was the flattest to minimize the younger

alluvial fan deposits that fell and rolled onto the terrace proper.

RESULTS

Examination of uplifted terraces along the northern end of the range provided
naturally exposed outcrops (Figure 2.13). Along most of the uplifted terraces, alluvial
fans continued to build over the Camp Rice Formation. In the lower part of the terrace,
however, the surface of the uplifted basin floor was better preserved near the toe of the
terrace. After this discovery, the data were reexamined. Slopes were checked, the
points used for comparison were moved from the head of the uplifted terraces to a point
near the toe of the terraces where alluvium carried from the mountains has not
obviously added to the elevation. Some of the terraces previously selected were
probably alluvial fans instead of uplifted terraces. The younger alluvial fan deposits can
be observed in aerial view but are nearly impossible to discern from ground level
(Figure 2.9).

The alluvial fans have a steeper slope than the terraces. An oblique aerial view
often gives some indication of the extent to which alluvial fans prograde over the
terraces (Figure 2.14). At the toe of the terrace, the surface cover can be thin desert
soil with a scattering of medium to coarse gravel or a well cemented cobble to boulder o
of varying thickness. The varying thickness of gravel creates noise in the interpreted
terrace elevations, however, the magnitude of deformation due to uplift greatly exceeds
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Fillmore
Gap

Figure 2.13A. Camp Rice sediments at Fillmore Gap as approached from the south.
Figure 2.13B Fillmore Gap from southwest - note extent of sediments
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the noise resulting from fan deposition.

The uplifted terraces have been protected from erosion by a mantle of alluvial
fan gravels of varying thicknesses. The structure of the terraces is revealed in
exposures in the Robledo Mountains where recent erosion has dissected several
terraces. The basin floor sediments, in this case fluvial sandbars, made the Camp Rice
Formation, are tilted down and toward the mountain front to the west. This is inferred to
result from down to the west rotation of the rising Robledo Fault Block. Alluvial fan
gravels formed beds inclined to the east opposite to the basin fill and reveal a gradual
progradation of an alluvial fan that grew across the rising terraces.

The terrace elevations, when plotted along the strike of the mountains, show a
broad - 40 km long - asymmetrical anticlinal arch. The circles on the graph represent
data points on the east side of the Franklin Mountains (Figure 2.15A and Figure 2.15B).
The northern eight km of the eastern side rise 30 meters along a relatively gentle trend.
From approximately 18 to 24 km, the slope Anthony’s Nose (Figure 2.3), the slope
changes again; it flattens to a 20 meter rise over nine kilometers. The high spot is 1364
m on the east side. East of that point, approximately 8.5 km north to approximately two
kilometers from the southern end of the mountains, the slope of the terrace decreased

to 39 m over 10.5 kilometers.

TERRACE MORPHOLOGY and STRATIGRAPHY

A typical uplifted terrace appears to be a relatively low gradient finger of higher
topography extending from the mountains. The measured terraces are 85 to 150 m
across and extend 140-350 m from the sieeper alluvial fan portions. Crests of terraces
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Figure 2.14A. Aerial view of the terraces west of the North Franklin Mountains. The
difficulty in identifying fans vs terraces is that alluvial material is found nearly to
toe of the terrace — without an arroyo or road cut, it is difficult to determine what
is fan or what is terrace.

Figure 2.14B. Photo taken from New Mexico Highway 404 looking toward same area as
A. Arrows pointing up highlight the terrace toes; the down arrows indicate more
deeply dipping alluvial fans that bury the upper parts of the terraces against the
mountain front. There is relatively little uplift along the western front of the North
Franklins as compared to the central and southern parts of the range.
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Figure 2.15. Graph A shows the La Mesa Surface - the flat line - as a control, with the
west side terraces of the Franklin Mountains (square data points) and the east
side points (designated with triangles). This plot is from Quantum GIS; the trend
is hand-fit. The northern end of the North Franklin Mountains is buried under
Camp Rice sediments so the northern end of the mountains is projected by the
dashed line.

Figure 2.15B shows the same data and was plotted in Excel with the left Y axis for the
same data as above as compared with the mountain peaks and passes (X
points) plotted against the Y-axis on the right. The La Mesa Surface line is
linear. The other three trend lines are third order polynomials.
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are low gradient, with slopes of 5% to 10% from the mountain front. The flanks of the
terraces are steeper, with slopes of 35% to 50%. Figure 16 illustrates the form of the
terraces. Many of the larger terraces are associated with canyon mouths and arroyos
that exit the canyons and are diverted along the mountain front for a short distance
before continuing between the terrace remnants. This suggests that early alluvial
gravel deposition in the upper terraces protected the terraces from erosion; the more
exposed areas flanking the canyons have less gravel so were more vulnerable to
incision.

Along their bases and flanks, the terraces merge with steeper slopes that form
their margins. On the mountain side of the terraces, they commonly merge into steeper
intervals (Figure 2.6A). The surfaces of these steeper intervals are littered with coarse,
angular clasts from the adjacent mountain slopes; these are interpreted as relict atluvial
fans, now isolated by incision of the drainages. The boundary between the alluvial fan
and terrace can be difficult to identify in the field as it is marked by a gradual increase in
slope angle (Figure 2.9).

The internal structure of the uplifted terraces is difficult to observe as the strata
are usually covered by indurated Pleistocene or Holocene calcic soils that, except
where exposed by arroyo incision, obscure the stratigraphy and structure of the
terraces. Several uplifted terraces in the Robledo Mountains are incised through their
length and expose both the internal structure and stratigraphy (Figure 2.7). The strata
consist of fine- to medium-grained sands of the Camp Rice Formation that are dipping
into the Robledo Mountains block at 2-4 degrees. This tilting is similar, but at lower
angles than the overall tilt of the range. This is ascribed to tilting of the hanging wall
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block during exiensional deformation. Similar strata are exposed along both flanks of
the Franklin Mountains, but the limited exposures precliude estimates of the dip of the
bedding.

in the well-exposed Robledo examples, the basin floor strata are overlain by
crude layers of coarse gravel that dip basinward. These beds lap onto the basin floor
sediments and are fruncated at the top (Figure 2.12). They are inferred to represent
the progradation of fan gravels across the sediments prior to erosion during the uplift of
the hanging wall on which they sit. The terrace surface overlying these inclined strata is
much flatter and appears to be an almost horizontal finger extending from the range
front, similar to those in the Franklin Mountains.

The important lesson of the Robledo examples is that there are relatively thick
gravels extending across the terrace and the surface that is measured today is an
erosional surface that is higher by as much as 15 m than the uplifted basin floor. The
data from the Franklin Mountains, described below, contains considerable noise in the
form of varying elevations in adjacent terraces. This is attributed to varying thicknesses
of gravels, ranging to 25 m, that bury the basin floor sediments. Early in this research,
the heads of the terraces were measured as these were thought to exhibit less potential
erosion, but greater noise was found within the data. Terraces were then re-measured
near their toes where the gravel cover thickness was minimized. Observed thicknesses
of gravels capping the uplifted terraces vary from no cover in the northern Franklin
Mountains to over 15 m in the central and southern Franklin Mountains. The thickest
observed gravel was in one dissected terraces in Robledo Mountain that exposed 30 m
of gravel near the mountain fronts. Unexposed gravel thicknesses may reach 25 m as
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this is the mean maximum variation between adjacent terrace surfaces in the Franklin
Mountains (Figure 2.15).

The uplifted terraces have been deformed from an initially planar surface that
filled the entire area to the west side of the incipient mountains inio a broad anticlinal
arch that is highest near North Franklin Peak in the central part of the range (Figure 3).
The uplifted terraces on the east side of the Franklin Mountains appear to be
approximately 20 m higher than the uplifted terraces on the west side of the Franklin
Mountains but the eastern high points are three kilometers south of the high points on
the western side of the mountain. The east side of the mountains also does not exhibit
the multiple terraces that are found on the west side. The highest ferraces on the east
side are at 1370 m elevation, approximately 120 m above the La Mesa Surface (Figure
2.15). This represents a minimum uplift as the floors of the Hueco and Mesilla Basins
are younger and the equivalent surface to that of the terraces is buried under an
unknown thickness of younger sediment.

At the north end of the range, the topography is flat although still 22 m higher
than the La Mesa Surface. This surface is underlain by fluvial channel sands of the
Camp Rice Formation (Hawley and Kottlowski, 1969). Lava Creek B Ash in the
uppermost fill of Fillmore Gap dates the uplift of the Fillmore Gap surface to post two
Ma (Bachman and Mehnert, 1978). The Fillmore Gap segment, also, is not deformed
as are the terraces to the south. This leads to the inference that the Fillmore Gap is a
younger terrace that formed on sediment that buried the older terrace where uplift was
less than uplift in the rest of the Frankiin Mountains.

The La Mesa surface forms a low gradient surface with an elevation of 1253.6 m
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elevation at the Santa Teresa Airport (Figure 2.15A, Figure 2.15B). The uplifted
terraces on both the east and west sides of the Franklin Mountains are higher than the
La Mesa surface on the west side of the present Rio Grande Valley. The La Mesa
Surface has not been deformed and so preserves the southerly gradient of the paleo-
Rio Grande. A surveyed point at the Las Cruces, New Mexico air port is 1354 meters.
This is 101 m higher than the Santa Teresa Airport 50.5 km to the south.

There may be two sets of uplifted terraces on the west side. The gray line and
inverted triangles show data found on the west side of the Franklin Mountains. The
bold line also traces a broad, asymmetric anticline (Figure 2.15A, 2.Figure 15B).
Erosion no doubt has reduced the peaks. The third order polynomial trend lines for the
mountain peaks and the elevations of the terraces have similar shape. The L.a Mesa

Surface across the bottom of the graph is best described as linear.

DISCUSSION

Previcus models of deformation associated with extension tectonics have largely
been oriented perpendicular to the structures. The data presented here constrains
these models as it presents along-fauli-strike data. The older terraces have been
deformed by mountain uplift into a broad anticline that extends the length of the range.
Figure 15B, right axis, shows the curve that mimics the elevations along the mountain
crest. Because of this extensive deformation, the surface probably dates more closely
to five million years. The uplifted terraces flanking the Franklin Mountains can be dated
to between five million years when the Rio Grande appeared in the Mesilla Basin, and
two million years when the river flowed through Fillmore Gap at the north end of the
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range (Figure 2.2, Figure 2.13). The uplifted, but generally horizontal surface flanking
the northern part of the range probably dates to near the two miilion year date and
buries the older, deformed terraces.

In contrast, the La Mesa Surface has essentially been undeformed and only
weakly incised since it was deposited approximately 700,000 years ago. The only way
the terraces could have risen above the La Mesa surface from their original elevations
is for them to have risen along with the mountains. The terraces at the crest of the
anticlines have been uplifted 110 m above the undeformed and only weakly incised La
Mesa Surface. Because the La Mesa Surface is much younger than the Franklin
Mountains and basin floor aggradation continued during the deformation of the range,
the 100 m uplift represents a minimum uplift of the terraces.

The uplifted ferrace elevations correlate with the range crest elevations,
deformation by the faults may correlate with range topography thus implying a low relief
surface prior to deformation on the East Franklin Fauli.

This prompts the question, “What shaped the uplift of the range?” Of the various
mechanisms for uplift associated with extensional deformation, only the flexural model
of Brown and Phillips (1999), or the block rotation model of Melosh and Williams's
(1989) and Melosh’s (1990) numerical analysis model provides uplift that is associated
with the magnitude of faulting observed and are supported by the data in the Franklin
Mountains. These models also imply that uplift of the mountains should largely
correlate with deformation along the East Franklin Fault. As the East Franklin Boundary
Fault rotated the eastern side upwards, it also lifted the west side of the mountains.

Gravity maps (Marrufo, 2011) show that the gravity low indicating the deepest
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part of the Hueco Basin is opposite the central and southern parts of the Franklin
Mountains. This is the area where terrace uplift is greatest. Opposite the northern end
of the range, the fault veers to the northeast end and becomes less of a half-graben
and more of a graben, correlating with the lower topography of the range front.

The terraces along the east side of the mountain are as much as 20 m higher
than the terraces on the west side (Figure 2.10, Figure 2.15A, Figure 2.15B). If the
terraces were originally at nearly the same elevation; the 20 m difference across the
4000 m width of the mountain represents a 2-degree rotation of the Frankiin Mountain
block after terrace deformation. Lovejoy (1971) also described this difference as
resulting from a 2.3-degree rotation of the Franklin Mountain biock.

As described above, the Franklin Mountains form a complex tiited horst with the
major boundary fault on the east flank and a broad complex of faults separating it from
the Mesilla Basin to the west. The West Franklin fault zone was inactive after
deposition of the uplifted terraces and does not offset the terraces (Scharman, 2006).
However, faults near the modern course of the Rio Grande offset the Camp Rice fluvial
deposits and terraces flanking the river. Using a horizontal plane extending from the
west mesa and a two degree inclination from the uplifted terraces provides a pivot-point
west of the mountain front. Assuming 150 m of deposition, burying the surface in the
Mesilla Basin equivalent to the terrace depositional surface results in a 300 m elevation
difference and a pivot point approximately 8.6 km west of the mountains near the trace
of the Mesilla Valley Fault.

The deformation of the older uplifted terraces presents an unusual opportunity fo
measure the long-term uplift of the extensional Franklin Mountain block. The rapid
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aggradation during the Pliocene buried the mountain front and created nearly horizontal
surfaces that have been deformed by long-term deformation.

Three key observations can be derived from this deformation. First, the
deformation mimics range topography. This has important implications for
understanding the pre-extensional topography of the region. The correlation between
deformation and topography implies that excepting volcanic edifices, topography in the
region has a low relief surface. This leads to the inference that topography in the
southern Rio Grande rift is largely tectonic and not inherited. Several authors have
discussed the potential for inherited topography in the northern Rio Grande rift (Chapin
and Cather, 1994; May and others, 1994; Lucas and others, 1999 } however this does
not seem to be a factor in the El Paso area.

The second observation is where there is frue uplift of the Franklin Mountains
resulting from either flexure or from mid-crustal flow, in both cases, the uplift is related
to extension on the East Franklin Fault.

The third observation is that the terraces show differential uplift that correlates
with displacement on the East Franklin Fault. Two models can account for this
observation.

Model one contains no uplift of the range, but rather exhumation of the range
results from the greater subsidence of the Hueco and Mesilla Basin blocks. Model two
relies on flexure and uses gravity and mid-crustal flow to explain the movements.

There are two models of uplift that appear to fit the observed motions of the
Franklin Mountains. The first model for uplift of the mountains flanking the Rio Grande
rift is that of Roy and others (1998), who used a flexural model to show how mountains
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can develop in an extensional setting. They show that ranges developed along rift
settings with the steep side facing the fault zone have a gentle up-warp on the other
side. Some of this up-warp may be related to isostatic unloading adjacent to the fauit.
Flexural uplift appears to be most apparent in areas with a single master fault and
asymmetric basins (Roy and others, 1999).

Perhaps the best model to explain uplift of the Franklin Mountains is proposed by
Brown and Phillips (1999). They agree that uplifts may be due to more than one
mechanism. They considered that the flanks of the section of the rift including the
Sacramento Mountains to extend east approximately 150 km to the Pecos River valley.
The Sacramento Mountains are the only one of several mountain chains bounding the
Rio Grande Rift that Brown and Phillips (1999) fee! fits the flexural rift flank model. The
Sacramento Mountains are not complicated by earlier tectonism along the eastern side
of the range, therefore, they are simple to model as a flexure.

Brown and Phillips (1999) examined several possible flexural models including
Zandt and Owens’s (1980) elastic plate model and broken plate models. Thermal and
mechanical processes were proposed to explain the rift flank relief. They concluded
that both broad thermal uplift and narrower flexure combine to create the uplift of the
Sacramento Mountains.

A second model! that makes sense in this area is that of Melosh and Williams
(1989) and Melosh (1990) (Figure 2.17). They used .a finite element model to create a
flexural model in which the flow in the ductile middle crust allows deformation of the
think upper crust. They include only gravity as a vertical stress though they state that
extension could result from regional doming or flexure on a broader scale than crustal
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thicknesses or proximity to tectonic features. When the elastic upper layer is displaced
horizontally with respect to a lower elastic layer, the sandwiched viscous layer is subject
to simple shear (Melosh, 1990). The principle stress orientation is oriented 45 degrees
to vertical. Melosh (1990) relies on the rheological structure of the crust combined with
high heat flow and stresses within the crust to run the finite element analysis mode.
This resulted in uplift of the footwall block through rotation of the normal fault with
resulting spatial gap filled through viscous flow (Melosh, 1990)

Other models do not appear to work in the southern Rio Grande area. May and
others (1994) believe the flank uplift results from isostatic rebound due to tectonic
unloading of the lithosphere rather than from flexure. Manning and Bartley (1994);
Axen and others (1995); and Wernicke and Axen (1998) believe flexural faulting aided
by isostatic forces produce rotational folding in the eastern Basin and Range. Isostatic
rebound prompted by unloading is the preferred mechanism behind faulting as studied

by Buck (1988); Weissel and Karner (1989); and Wernicke and Axen (1998).

CONCLUSIONS
Because the geometry of the uplifted terraces match the mountain crests, a
tectonic origin is implied. This also implies a low relief surface prior to deformation.
Uplift on the eastern flank resulted in a two degree rotation of the uplifted
terraces. This combined with terrace geometry implies differential slip on the East
Frankiin Fault Zone controis terrace deformation and resulted in asymmetric anticline
into which the terraces deformed. The rotation down to the west implies a rotational

point west of the range.
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Anticlinal uplift of the terraces may be due to either differential subsidence or
tectonic uplift of the Frankiin Mountain block. Tectonic uplift can be explained by either

Melosh, 1990}, Melosh and Williams, 1989), or Brown and Phillips (1999).
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CHAPTER 3: INFLUENCE OF EXTENSIONAL UPLIFT AND TOPOGRAPHY IN THE
SOUTHERN BASIN AND RANGE / RIO GRANDE RIFT, THE INFLUENCE OF
TECTONISM ON TOPOGRAPHY

ABSTRACT

In an earlier study, long-term tectonic deformation of the Franklin Mountains was
documented indicating over a hundred meters of uplift in the Late Pliocene and
Pleistocene. One observation in the Franklin Mountains study was that the overall
range topography mimicked the tectonic uplift that was documented in Pliocene
terraces. A hypothesis from this study was that the topography of the was tectonic in
origin, and the topography or the range reflected deformation of an originally low-relief
surface that existed prior to Rio Grande Rift deformation.

This study is a comparison to the other topographically high mountains in the
area; the Guadalupe, San Andres, and Sacramento Mountains are well-studied
examples that should allow for inferences about whether the observed topography is
also tectonic in origin. The study applies information from other researchers about the
history of deformation in the Guadalupe, the San Andres, and Sacramento Mountains.
Uranium-Lead dates from other researchers of caves in the Guadalupe Mountains
show that the range was near the water table 11.4 Ma; the water table was preserved in
the caves and shows an uplift of at least 855 m. The Sacramento Mountains show that
the low-relief mountain crest has been near the surface since the Mesozoic with litile
denudation of the surface and no evident pre-Rift deformation of the area.

Along with other researcher's results that show little pre-rift, deformation, the
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the long-wavelength topography of the southern Rift. A surface that eliminates
structural basins and erosional valleys shows that the Guadalupe Mountains and
Sacramento Mountains extend well above this smooth surface, as do the other ranges
in the area that have significant Holocene faulting along their escarpments.

The four range peaks stand significantly above the surface. Guadalupe
Mountains stand about 325 m above the polynomial surface that describes the
uneroded surface of a long wave-length surface. The Franklin Mountains are 350 m
above the surface, the Sacrament Mountains rise approximately 1 km above the model
surface, and the southern San Andres Mountains Salinas Peak protrudes

approximately 600 m above the surface.

INTRODUCTION

This study compares uplift histories and geometries of four ranges along the
eastern side of the Basin and Range Province (Figure 3.1). The ranges are within the
southern extension of the Rio Grande Rift where it merges into the Basin and Range
Province (Chapin, 1971, 1979; Seager and Morgan, 1979). The Franklin and San
Andres Mountains are part of the Mexican Highlands section of the Basin and Range;
the Sacramento Section of the Basin and Range that Fenneman (1928, 1931) defined
as “a belt on its [Basin and Range] eastern margin, whose mountains are in large part
simple dissected cuestas”, includes the Sacramento and Guadalupe Mountains. The
Sacramento Section is physiographically defined as “the broad upland between the Rio
Grande and half-way to the Pecos Valley” (Fenneman, 1928).

Does range topography in this part of the Basin and Range/Rio Grande Rift
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represent deformation of an older, low relief surface? Can Basin and Range long-term
tectonism be used to estimate range topography? In a previous chapter, the long-term
uplift of the Franklin Mountains, in the southern Rio Grande Rift was inferred from
uplifted Pliocene terraces. This paper will investigate these questions by comparing the
mountain ranges with the results of the study of the Franklin Mountains with the nearest
high relief mountains; the San Andres, Sacramento and Guadalupe Mountains.

One important result of an earlier Franklin Mountain study (Armour, 2014) was
that the range topography mimicked the uplift and that the topography was largely
tectonic. Terraces along the sides of the Franklin Mountains mimic the arch formed
along the crest of the mountains (Figure 3.2). The long-term deformation of these
terraces implied that the topography of the range is largely tectonic in origin and that
prior to Late Tertiary extensional deformation, the area was a low relief plain.

Uplifting of the terraces suggests that the topography may also be an indication
of uplift of other ranges in the area. More importantly, it suggests that, at least for this
part of the Basin and Range, topography can be used as a crude proxy for extensional
tectonism in the region. The largest uplifts in the area are those of the San Andres,
Sacramento and Guadalupe uplifts. This chapter will compare range topography with
evidence for the amplitude of deformation.

All of these ranges are bounded on one side by a master fault (Figure 3.1). A
half graben down to the west forms the relatively gently sloping side of the Hueco Basin
east of the Franklin Mountains. The Hueco Mountains east of the Hueco Basin merge
by way of Otero Mesa with the Sacramento Mountains to the north. The Sacramento
Mountains present a steep face to the west but the difference between Cathy Peak and
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the Pecos River is approximately 1950 m over 170 km for an average slope of 1.15%.
The main fault for the Guadalupe Mountains is on the west side of the range with the
majority of the east side of the range sloping gently to the Pecos River. A myriad of
small faulis plus erosion has exposed the reef face on the east side fo at least Walnut
Canyon approximately 55 km north of the southern expression of the Guadalupe
Mountains. The San Andres Mountains have their primary fault again on the east side
adjacent to the Tularosa Basin; this range slopes into the Jornada del Muerto (Figure

3.1).

SACRAMENTO MOUNTAINS

The Sacramento Mountains extend from approximately 34° N to 32.5° N where
they merge with the Otero Mesa. In north-south profile, the crest of the Sacramento
Mountains forms a gentle arch (Pray, 1961). Yeso and Abo Formations (Permian
Leonardian, 275-270 Ma) are found at Cathey Peak, the highest peak (2955 m) of the
Sacramento Mountains of southern New Mexico. Cathey Peak is 1633 m above
Alamogordo, New Mexico, the fown for which the bounding western fault is named.
Like the Franklin Mountains, the escarpment of the Sacramento Mountains is relatively
abrupt with low pediments along the faulted west side and few fans at the mouths of
canyons. There are a few treads and benches at formation contacts along the faulted
face of the Sacramento Mountains but there are no terraces as with the Franklin
Mountains. Pray’s (1961) Figure 4 shows this well.

The Sacramento Mountains are part of an uplift that extends 109 km along the
Alamogordo Fauli and bounds the western side of the Sacramento Mountains
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separating the mountains from the Tularosa Basin (Machette and Kelson, 1996). The
fault extends south nearly to the Hueco Mountains where it terminates among a series
of “anastomosing” (Collins and Raney, 1997) faults that continue the trend south into
Trans-Pecos Texas. A pair of un-named faults that continue the trend bound the west
side of the low Hueco Mountains (Collins and Raney, 1991). Farther south, relatively
small faults break the surface of the Hueco Basin (Collins and Raney, 2000).

The Alamogordo Fault appears from description to be a fault zone (Pray, 1961)
as are the East Franklin Fault of the Franklin Mountains and the Border Fault of the
Guadalupe Mountains. The Alamogordo Fault dip is at high angle to the west with dip-
slip movement; scarps to about 25 m displace alluvium and other piedmont surfaces
exposing bedrock on the footwall side.

Ramberg and others (1978) attempted to model the gravity of the southern Rio
Grande Basin as it integrates with the Basin and Range Physiographic province.
Ramberg and others (1978) had to manipulate their data in order to remove known
geological features including Laramide structures, Ancestral Rockies features, and
Tertiary intrusives to obtain observed elevations and known depths as shown in their
Figures 3, 4, and 6 on pages 110 -112.

The high along the crest of the Sacramento Mountains is reported at
approximately 32°45.5' N, 105°48' W; the city of Alamogordo is reported near, 32° 51'
N, 105° 58' W (Wikipedia). The isopach maps (Raatz and others, 2002) indicate the
thickest portion of the basin is west and north of Alamogordo. Based on this
information, the low of the eastern side of the Tularosa Basin appears to be in the
proximity of the high points of the mountains similar to Marrufo’s (2011) findings
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associated with the Hueco Basin and Franklin Mountains.

GUADALUPE MOUNTAINS

Beginning 64 km to the south and east of the Sacramento Mountains, the Border
Fault bounds the west side of the Guadalupe, Delaware, and Apache Mountains. The
Guadalupe Mountains at the northern end of the group are the highest of the trio of
mountains. Guadalupe Peak is the highest elevation in Texas at 2667 m; it is topped
by Permian Guadalupian age (270 - 260 Ma) formations. The uplift extends from the
Sacramento Mountains south along the eastern edge of the Salt Basin to the Oligocene
age Davis Mountains, a total of 240 km. The Guadalupe, Delaware, and Apache
Mountains are a late-Tertiary Basin and Range feature that extends from approximately
50 km north of the 32™ parallel to 25 km south of the parallel.

The Guadalupe Mountains form a wedge-shaped feature with the southern end
at kI Capitan being a prominent escarpment. A few kilometers to the north is
Guadalupe Peak. The western or main portion of the Guadalupe Mountains extends
northwest from El Capitan and Guadalupe Peak toward the Sacramento Mountains
approximately 110 km (Hill, 1996). The Northeastern Prong forms the eastern side of
the wedge.

Except for the erosional topography along the southwest - northeast trend of the
Permian Reef, the Guadalupe Mountain’s topography dips gently toward the Pecos
River and the sub-surface Delaware Basin to the east. The Guadalupe Ridge was part
of a reef that surrounded the Permian age Delaware Basin. Uplift of this section of the
reef suggests compaction and subsidence rather than compression. King (1948) noted
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that a widespread erosional surface intersected the Guadalupe Ridge folds and other
prominences, indicating that the folds probably were pre-Laramide.

Movement along the Border Fault zone between the Guadalupe Mountain and
Salt Graben has been right-lateral trans-tensional (Goetz, 1985). The area between the
Border Fault and the Hueco Mountains to the west of the Guadalupe Mountains is
considered by some to be a younger extension of the Rio Grande Rift (Keller and
Peeples, 1985; Goetz, 1985). Others consider the average 500 m of Cenozoic fill in the
northern Salt Graben near the Guadalupe Mountains to be insufficient for it to be
considered part of the Rift (Seager and Morgan, 1979). Three wells were drilled in the
mid-Salt Graben near the central section of the Delaware Mountains. Their depths
exceeded 747 m (Trentham, personal communication, 2013) so portions of the Graben
are deeper than the depth of the most studied portion of the area.

Three additional features between the City of Carisbad and EI Capitan are
covered by geomorphic surfaces that some refer to as terraces (Hill, 1998). Like the
terraces that flank the Franklin Mountains, these surfaces are believed to be
constructional and can be correlated with the glacial and interglacial stages. They
formed within the last 600,000 years and have slopes of 0.9%, similar to the slope of
the La Mesa Surface west of the Franklin Mountains (Aristarain, 1971; Hawley and
others, 1976; Hawley, 1993b). The oidest surface, the Blackdom, was described by
Meinzer and others (1926) as a "well-defined...older terrace”. This one most nearly
correlates with the Camp Rice Formation that forms the terraces around the Frankliin
Mountains.. The Orchard Park and Lakewood terraces are of similar age to the

younger formations of the Mesilla Valley and the Franklin Mountain area (Hall, 1998).
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Examination of three USGS 30° by 60 topographic maps gives some indication
that the Guadalupe and Delaware Mountains may also have deformed and uplifted
similar to the deformation of terraces that flank the Franklin Mountains. The 1000 m
contour interval (Cl) was compared to the Pecos River which the contour did not foliow.
The 1200 m and 1400 m contours were checked to determine whether they showed
any relation to the 1600 m contour which is near the crest of the Apache and Delaware
Mountains. The 1600 Cl does not extend to the north end of Carlsbad National Park.
The 1400 m CI needs further examination to discover whether it includes the Blackdom

surface or if it crosses the Orchard Park or Lakewood terraces.

SAN ANDRES MOUNTAINS

The San Andres Mountains are difficult to study because the San Andres Fault
along the east side of the range is on the White Sands Missile Range and access has
been limited since the mid-1940s. The two highest peaks within the San Andres
Mountains are at either end of the range. San Andres Peak (2510 m) is 770 m above
the Tularosa Basin and is of greatest interest for this study as it is stratigraphic in
nature. San Andres Peak is composed primarily of PreCambrian and Paleozoic rocks;
Salinas Peak on the north end of the range is volcanic with an AFT age of
approximately 50 Ma (Kelley, 1997).

The San Andres Fault that bounds the east side of the range can be divided into
three segments. Machette’s (1996) three studies completed for the USGS describes
the southern fault segment as merging on the southern end with the Organ Fault
extending into the northern end of the Tularosa Basin. Kelley (1997) was allowed
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access to the east side of the range to gather samples with apatite and uranium. She
found that the range began uplift and cooling about 21 to 22 Ma; she also found AFT
ages of 7 to 8 Ma, or Middle Miocene indicating uplift of the San Andres Mountains is

associated with the opening of the Rio Grande Rift.

METHODS

Because uplift associated with extension should also correlate with deeper basin
subsidence, elevation data along 32° and 33" north were exiracted from transects
shown in Figures 3.3 and 3.4 . The profile following 32° north (Figure 3.5) extends
from the Pecos River where it crosses from New Mexico into Texas at -104° W and
west past the Chiracahua Mountains in Arizona. This profile includes both the
Guadalupe and Franklin Mountains associated with this study. The transect along 33°
north (Figure 3.5) also begins at -104° W in the Great Plains of New Mexico, crosses
the Sacramento, the southern end of the San Andres Mountains, and the southern
transition zone between the Basin and Range and the Colorado Plateau extending into
Arizona where the Santa Teresa Mountains protrude above the smoothed surface.

In order to evaluate whether the digital elevation model (DEM) showing the
topography of the region illustrates the uplifts, the DEM data were combined with
gravity data for an area bounded by parallels 31° and 35° N and Longitude -104 to
-110° W. One third arc-second DEMs were obtained from the U.S. Geological Survey
National Map, were merged and reprojected to UTM Zone 13. The area includes the
Pecos Valley and high plains of eastern New Mexico on the east and extends beyond

the Chiricahua Mountains to the west.
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Several smoothing equations were tested including least squares, several
polynomial surfaces, cubic spline, and logarithmic fits. Of these, the polynomial surface
provided the best fit to the data. Polynomial surfaces of order 2 in the X direction and 2
in the Y direction were compared to higher order polynomials up to 4™ order in the X
and 4" order in the Y directions. No significant differences among these surfaces were
found, and the 2™ order by 2" order polynomial surface provided the best fit with an
R? value of 0.94. Therefore, the long wave-length topography in the southern Rio
Grande Rift is best modeled by a three-dimensional parabolic surface. The {ransects
provide profiles similar to the observations by Roy and others (1999) and Brown and
Phillips (1999) in their observations of the Alvarado Ridge and thermai buoyancy affects

in this area.

TOPOGRAPHIC RESULTS
The results show several important features. The Rio Grande Rift sits within a
long wavelength topographic high that has been discussed by many authors (Eaton,
1987, Brown and Phillips, 1999; Roy and others, 1999). The Guadalupe,
Sacramento, San Andres, and Franklin Mountains lie well above the long wavelength
surface. Real uplift as hypothesized in the second paper of this dissertation is tectonic
in origin (Figure 3.4, Figure 3.5). These resuits support the similar studies of uplift of
the Sacramento Mountains. by Roy and others, (1999) and Brown and Phillips (1999).
These results contrast with those of Eaton, (1987), who described an Oligocene
to Miocene uplift, the Alvarado Ridge, a Neogene uplift which is presumed 1o include
the study area. He predicts heat induced buoyancy may be responsible for the regional
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uplift of the mountains and high basins of the southern Ric Grande Rift and surrounding
area. A slightly later proposal involves the Alvarado Rridge uplift and fragmentation
resulting from the development of the Rio Grande. The Alvarado Ridge is also an
extensional feature, similar in profile to the ocean ridges. The projections shown in
Eaton’s (1987) Figure 8c shows the Rio Grade Rift as the center of the ridge. Pertinent
to this study is the topographic profile across 33" N latitude that is similar to the profile
of Brown and Phillips (1999).

A map was constructed (Figure 3.3) on the polynomial fit surfaces shown as
cross-sections in Figures 3.4 and 3.5. The Franklin, San Andres, Sacramento and
Guadalupe Mountains are uplifted by 200 m to 1 km above the regional surface. The
Franklin Mountains are located by the arrow as they are difficult to see at this scale.
The Franklin Mountains protrude approximately 250 m above the polynomial surface;
the Guadalupe Mountains extend approximately 235 m; the Sacramento Mountains
reach nearly one km, and the southern end of the San Andres Mountains extend about
600 m above the smoothed surface.

Most of the topography lies below the smoothed surface except in the northern
part of the map where almost all of the terrain lies above the smoothed surface (Figure
3.3). This north-south lack of fit results from the origin of the smoothed surface
modeled from east-west transects. Many smaller scale topographic features are also
evident. In addition o the Guadalupes, Franklins, southern San Andres, and
Sacramentos, the Chiracahuas and Pinalefios show up as block uplifts.

The Gila Volcanic Plateau forms a broad upland in the northwest corner of the
map. The Black Range, San Mateo and Gallinas ranges, parts of the Plateau, for
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topographic highs that extend southward off the Gila Plateau and the Manzano
Mountains. They mark the eastern high that would be expected. They also represent
broad topographic uplift to the north of edge of a well-defined rift valiey along the north
end of the smoothed map surface. All of these lie at least 200 meters above the
smoothed surface. Some of the uplifts, especially the Gila are volcanic highlands
composed of Oligocene tuffs. The other ranges appear to be flexura! uplifts similar to
the Franklins as discussed in Chapter 2. The uplfits are all elongate north-south,
symmetrical anticlines gently plunging north and south similar to the Frankiins and are

30 to 50 km long.

GRAVITY RESULTS

Figure 3.4 shows a map compiled from The University of Texas at El Paso’s
PACES database. Generic Mapping Tools (GMT) was used with high-resolution free-
air anomaly to filier and model a combination gravity / topographic map of the area
between 31° N, -104° W to 35° N, -109° W. The resulting map by Montana (2014)
shows known topography. For Figure 3.6, the gravity was re-scaled from zero, the
highest gravity value and one for lowest gravity value. The topography was scaled so
the topographic high is one and low is zero. The scaled results were multiplied together
to produce a gravity / topographic composite (Montana, personal communication,
2014). This map emphasizes locations where topographic lows and gravity lows
coincide such as in structural basins.

On the gravity map, the Gila Volcanic Plateau forms a prominent low (Figure
3.2). This probably results from low density intrusives in the crust beneath the plateau.
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This map does not extend westward far enough to image the prominent highs of the
Chiracahuas and Pinalefios. However, most of the other uplifts visible above the
smoothed topographic surface exhibit prominent gravity lows suggesting deep basin fills
adjacent to these mountains. Blue shaded gravity lows can be seen adjacent to the
Sacramentos, Guadalupes, Franklins, and San Andres Mountains (Figure 3.6).

Gravity lows also coincide with deep basins as resistivity and well logs. This
compares to basins outside of the rift that are generally more shallow than 1000 m.
(Seager and Morgan, 1979, their Figure 3). Goetz (1980) used resistivity and well
records to determine a depth of approximately 900 m for the Salt Graben which agrees
with Trentham (2013). The western part of the Tularosa half graben holds
approximately 2000 m of Neogene sediments (Zohdy, 1969; Doty and Cooper, 1970).
Lake sediments were detected to 1585 m of astratigraphic test well that reached 1833
m near the White Sands Missile Range Headquarters (McLean, 1975). The trough
along the western side of the Hueco Basin is filled with about 2700 m of sediments

according to Mattick (1967) and Gates and others, (1978).

TIMING OF BASIN AND RANGE DEFORMATION

Deformation recorded in the Franklin Mountains (Chapter 2) and evidence from
the topography (Figure 3.2) and the gravity (Figure 3.6) data suggest that the southern
Rio Grande Rift represents deformation of a low relief surface. Data from the
Guadalupe and Sacramento Mountains provide the timing of this deformation.

The uplift of the Guadalupe Mountains has been determined by dating caves in

the mountains. Approximately 300 caves are found along the Guadalupe Mountains
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(DuChene and others, 1999). A hydrologic connection between the Capitan Limestone
and the Pecos River aquifer that had developed within the reef. Its level was controlled
by the regional base-level of the Pecos River (Hill, 1987). Acidic water dissolves the
carbonate formations as it follows the joints within the formations (Jagnow, 1977, 1979;
Hinds and Cunningham, 1970). Of key importance is that acidification and cave
dissolution occurred at the water table, and therefore, caves in the Guadalupe
Mountains record paleo-water tables.

The highest cave along the Guadalupe Mountain trend is Virgin Cave (Figure
3.7). The surface elevation is 2001 m, the deepest accessible point of the cave is 1892
m. Carlsbad Cavern is the lowest of the known major caves of the Guadalupe
Mountain escarpment. Carlsbad Cavern is dated at 4 Ma using uranium alunite method
(Mosch and Polyak, 1996; Polyak and Gliven, 1996). Uranium series dating of cave
spar indicates an age of 879,000 + 124,000 years but probably formed above the water
table. Uplift began from a low relief surface about 12 Ma.

Similar resuits are obtained from the Sacramento Mountains. Apatite Fission-
Track (AFT) analysis has been analyzed by Kelley and Chapin (1997) for several
mountain ranges within southern New Mexico and far western Texas. AFT cooling
ages for the Franklin, Sacramento, and San Andres Mountains were calculated from
samples taken near the crests of the mountains. Samples from the crests of the
Sacramento and Franklin Mountains exhibit fission track ages of 112 Ma and 51 partial
annealing zone (PAZ) results for both of these ranges. This implies relatively shaliow
burial during the late Cretaceous and little erosion at the range crests. Kelley and
Chapen (1997) suggest an episode of uplift at about 35 Ma and a much more
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significant uplift and unroofing during the last 20 Ma. Ages that fall within the 7 to 8 Ma
range indicate middle Miocene cooling associated with uplift during extension. Similar
young ages are observed in the major flank uplifts of the Rio Grande rift (Kelley and
Chapin, 1997). House and others (2003) conducted a detailed examination of Sandia
Mountains. They concluded that there were 3.1 km of uplift along with 2.4 km of
flexural, fault-related uplift in the Sandias. Furthermore, similar to this paper, they
inferred that the local topography was associated with flexure on the rift-flank fault. And
finally, they concluded that almost all of this occurred within the last 15 Ma. It therefore
appears that the inferences from the Franklins, Sacramentos, San Andres, and

Guadalupes are broadly applicable across the region.

DISCUSSION

Coincident with the theory that topography reflects Basin and Range tectonics, is
that these ranges all have long been thought to have been low features if not
peneplained during the Laramide (King, 1948; Pray, 1961; Hall, 1987). The Frankiin
Mountains, as seen today, are the result of Precambrian uplifting and granitic
intrusions; early Paleozoic quiescence culminated in Permian folding; Mesozoic
compression and tension; and finally Neogene tension and faulting raising the
previously deposited and deformed formations obvious today. The uplifted terraces
shown in Figure 3.2 lead to the belief that the area surrounding the Franklin Mountains
was of low relief.

Peneplanation of the Sacramento Mountains is revealed by the thin Triassic
strata exposed north of the Sacramento Mountains in the Sierra Blanca area (Pray,
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1961). Only pockets of the Triassic strata survive in the Sacramento Mountains though
the formations exiend at least 225 km east (Pray, 1961). The Tertiary brought dikes
and sills probably associated with Sierra Blanca infruded along joints (Pray, 1961).
Quaternary age deposits occur in the Tularosa Basin to the west and within the
mountain block itself. Most of the Quaternary deposits are Santa Fe Group (Pray,
1961).

Lindsay and others (1992) proposed that the Alvarado Ridge was the recharge
area for the Artesia Group that supplied Permian Basin aquifers east of the Ridge.
Freshwater brought microbes to the formations within the Artesia Group thus producing
H,S. Oxygen from meteoric sources was introduced into the system (DuChene, 2013).
The oxygen combined with the H,S and produced the sulfuric acid.

The timing of uplift of the Guadalupe, San Andres, Sacramento and Franklin
Mountains suggests that most of the denudation is tectonic as indicated by the flexure
of surfaces, topography and gravity data in this report. This deformation can be dated
to the last 20 Ma, and probably to the last 15 Ma based on the cave dates in the

Guadalupe Mountains.

CONCLUSIONS

The comparison of uplift of the Franklin, Guadalupe, Sacramento, and San
Andres Mountains shows that tectonism largely shaped the topography of the ranges.
The three mountain ranges protrude between 325 and 1000 m above the long
wavelength topographic high.

Uplift'of the terraces that flank the Franklin Mountains showed a tectonic
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connection between the topography and regional uplift believed to have occurred in the
last 5 Ma. (Armour, 2014; Chapter 2 of this dissertation). Uplift of the Guadalupe
Mountains is shown through the progression of cave development and uplift. The
oldest cave is dated by K-Ar dating of alunite at about 11 Ma. AFT dates also suggest
that burial of the range crests was not below the patial anealing zone of the fission
tracks and that uplift has occurred in the last 20 Ma (Kelley and Chapin, 1997).

This study supports the concept that mountain uplift largely created the
topography of the southern Rio Grande Rift. Roy and others (1999) and Brown &
Phillips (1999) have suggested similar topographic highs from fiexural uplift of the
Sacramento Mountains.

The concept that erosion is relatively minor in shaping local topography has been
proposed by House and others (2003). The implications of this study, in conjunction
with Roy and others (1999), and Brown & Phillips (1999), Kelley and Chapin (1997),
and House and others (2003) is that the local topography of the Rio Grande Rift reflects

Neogene Tectonism and not differential erosion of the rift flank mountains.
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APPENDIX
Raw GPS Data

Data were gathered in UTM, Zone 13.

Data for the La Mesa Surface in New Mexico is best plotted north to south. This
is the control because there is little deformation along that side of the river.

The Robledo Mountains also plot north-south.

The remaining readings are best plotied easting against elevation. The data
have been arranged from the southern end of the Franklin Mountains to Fillmore Gap
on the north end of the mountains. Data from adjacent terraces have a single space
between them. Data from opposite sides of the mountain have double spaces

between them.

See Figure 3.2 for an index fo the locations of Scenic Drive/Point, McKelligon

Canyon, Vinton Canyon, NM 404 is Anthony Gap, and Fillmore Gap/Ft. Bliss gate are

the most northerly points associated with the Franklin Mountains.
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