University of Texas at El Paso

ScholarWorks@UTEP

Books & Monographs

2023

The Geology of El Paso

William Cornell
The University of Texas at El Paso, cornell@utep.edu

Diane Doser
The University of Texas at El Paso, doser@utep.edu

Richard Langford
The University of Texas at El Paso, langford@utep.edu

Joshua Villalobos

Jason Ricketts
The University of Texas at El Paso, jricketts@utep.edu

Earth, Environmental & Resource Sciences

Follow this and additional works at: https://scholarworks.utep.edu/eer_books

b Part of the Geology Commons, Geophysics and Seismology Commons, Stratigraphy Commons, and

the Tectonics and Structure Commons

Recommended Citation

Cornell, William; Doser, Diane; Langford, Richard; Villalobos, Joshua; and Ricketts, Jason, "The Geology of

El Paso" (2023). Books & Monographs. 1.
https://scholarworks.utep.edu/eer_books/1

This Book is brought to you for free and open access by the Earth, Environmental & Resource Sciences at
ScholarWorks@UTEP. It has been accepted for inclusion in Books & Monographs by an authorized administrator of
ScholarWorks@UTEP. For more information, please contact Iweber@utep.edu.


https://scholarworks.utep.edu/
https://scholarworks.utep.edu/eer_books
https://scholarworks.utep.edu/geology
https://scholarworks.utep.edu/eer_books?utm_source=scholarworks.utep.edu%2Feer_books%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/156?utm_source=scholarworks.utep.edu%2Feer_books%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/158?utm_source=scholarworks.utep.edu%2Feer_books%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1080?utm_source=scholarworks.utep.edu%2Feer_books%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/164?utm_source=scholarworks.utep.edu%2Feer_books%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.utep.edu/eer_books/1?utm_source=scholarworks.utep.edu%2Feer_books%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:lweber@utep.edu

The Geology of El Paso

William Cornell, Diane Doser, Richard Langford, Joshua Villalobos, Jason Ricketts



TABLE OF CONTENTS

FRONTISPIECE GEOLOGIC TIMESCALE ERROR! BOOKMARK NOT
DEFINED.
CHAPTER 1 - INTRODUCTION 1
CHAPTER 2 GEOLOGIC TIME AND STRATIGRAPHIC PRINCIPLES 14
Relative Time 14
Transgressions and Regressions 16
Absolute Time 22
Radioactive Decay 22
Half Lives 23
Measuring Isotopes 23
Closure Temperature 25
Absolute Dating Techniques 25

CHAPTER3 BENDING AND BREAKING -- DEFORMING EL PASO ROCKS 30

Strike and Dip 30
Folds 3
Fractures 33
Faults 33
CHAPTER 4 EARLIEST DAYS IN EL PASO 39
The Oldest Rocks—The PreCambrian 39
El Paso’s Precambrian Rocks 14
CHAPTER 5 PALEOZOIC ERA 50
The Paleozoic an Overview 50
The Passive Margin and the Sauk Transgression 51

Bliss Sandstone 51

El Paso Group 53

Thunderbird Island 58



The Tobosa Basin 58

The Mid Ordovician Unconformity 59
The Montoya Group 60
Fusselman Dolomite 62
The Devonian: The Canutillo Formation and Percha Shale 63
The Mississippian — Pedregosa Basin 65
The Ancestral Rockies Orogeny — Pennsylvanian and Permian 68
La Tuna Formation 69
Berino and Bishops Cap Formations 70
Panther Seep Formation 71
Permian Hueco Group 71
CHAPTER 6 MESOZOIC ERA 73
The Sevier Orogeny and the Cretaceous Interior Seaway 85
The Laramide Orogeny 86
CHAPTER 7 -- THE CENOZOIC ERA 88
The Laramide Orogeny Continued 88
The Great Ignimbrite Flare up 90
Early Rift Extension 92
The Rio Grande Rift 93
Rift Sediments 95
The Rio Grande 96
CHAPTER 8 100
FIRE AND LAKES - EL PASO IN THE PLEISTOCENE 100
Volcanos 100
Maar Volcanos 103
CHAPTER 9 107

EARTHQUAKES, FAULTS AND THE SHAPING OF THE EL PASO
LANDSCAPE 107

Faults 113



The Pleistocene Pluvial lakes.

Incision of the Rio Grande

CHAPTER 10

EL PASO’S NATURAL RESOURCES

Fossil fuels
Precious metals

Other Industrial Minerals

REFERENCES

114

116

119

119
119
120

122

127



1. CHAPTER 1 - INTRODUCTION

During the "age of exploration," European natural philosophers noted that maps of the
Atlantic Ocean and surrounding continents resembled pieces of a gigantic jigsaw puzzle and
that the Americas looked as if they could be fitted against the shores of western Africa and
Europe, forming a greatly enlarged continent (fig. 1-1) (Snider-Pellegrini, 1858). In the late
1800s, serious consideration was being given to this strange idea and a variety of lines of
geologic evidence were being assembled. Alfred Wegener and Alexander duToit wrote
extensively on the idea during the early decades of the 20th century. Their reconstructions of
the circum-Atlantic continents showed that major features like the Appalachian Mountains of
North America and the Hercynian Mountains of Europe formed continuous structures whose
geologic histories were remarkably similar. Likewise, distribution of distinctive suites of fossils
in South America and Africa (fig. 1-2) could most easily be explained if those land masses had
been part of a larger, unified southern continent.

Evidence of late Paleozoic continental glaciation was incompatible with knowledge of
glacial mechanics if the southern continents were separated by thousands of miles of open
ocean, as today. If, on the other hand, the continents had been united, the glacial evidence
was sensible and coherent.

In his widely used Historical Geology text, C.O. Dunbar (1962) wrote:

"The most remarkable feature of the Permian glaciation is its distribution. It
was chiefly in the southern land masses and in regions which now lie within 20° to
35° of the equator. This circumstance, more than any other, has made attractive
the belief in continental drift. If the southern continents were united to Antarctica
until after Permian time, the glaciation may not have spread into low latitudes. A
later "drift" of these continents toward the north would account, far more easily
than any other means yet postulated, for the present distribution of the glacial
deposits. But this premise itself is still in the realm of speculation!"
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Figure 1-1. Snider-Pellegrini’s map showing his interpretation of how the continents fit together before the
Noachian deluge, which he interpreted as shaping the world.
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Figure 1-2. Distribution of fossils shown in Wegener's map of Pangaea. Cynognathus and Lystrosaurus
were terrestrial reptiles. Mesosaurus lived in fresh-water swamps and ate fish. Glossopteris were
the most common large trees within a diverse community that lived across large parts of Pangaea.
U.S. Geological Survey rendering of the original.



Wegener was so convinced that he proposed the names Gondwanaland, Laurasia,
and Pangaea for these land masses (fig. 1-3). In this terminology, Gondwanaland included the
present continents of Africa, Antarctica, Australia, India, and South America. Laurasia was
composed of Asia, Europe, and North America. Pangaea (literally "all lands") was the
supercontinent of Laurasia plus Gondwanaland. In his book, "Our Wandering Continents,"
duToit expanded upon Wegener's basic concepts, added additional geologic detail and
evidence, and suggested that Pangaea had formed during Paleozoic time and had broken into
its present-day pieces during Mesozoic and Cenozoic time. As the supercontinent fragmented,
its pieces drifted away from one another toward their present positions.

g

FTHYS E
SEA

juator

200 million years ago

Figure 1-3. Alfred Wegener’'s 1915 (Wegener, 1966) reconstruction of the drifting of the continents (
Lennart Kudling, CC BY 3.0 <https://creativecommons.org/licenses/by/3.0>, via Wikimedia
Commons)

A grave difficulty persisted. Neither Wegener nor duToit were able to envision plausible
mechanisms to cause large chunks (continental plates) of Earth crust to move about as
required by their "drifting continents" model. The methods of classical geology, begun in the
1700s, were insufficient to provide an answer. With the benefit of hindsight, it is hard for many
today to appreciate the frustration the "drifters" felt. Their methods provided unambiguous
evidence for continental drift but offered no clues about processes and mechanisms to
accomplish it. The 1930s, '40s, and '50s saw the theory of continental drift cycling from being
dismissed as fantasy to being actively promoted, although the nay-sayers ("speculation" said
Dunbar) had the upper hand. Geology underwent what Thomas Kuhn calls a "scientific



revolution" in the 1960s. New technology for obtaining geologic data and the new data thus
acquired, coupled with new research styles, cut the "Gordian knot" of a driving mechanism
and continental drift became the ruling paradigm.

Technology developed during World War Il was redirected to other purposes during
the post-war years. In addition, wartime experience of government funding for basic research
changed the historic traditions of funding research solely from private sources. The
combination of technology and funding triggered major advances throughout the scientific
community as illustrated by the following examples.

Seismology is the study of vibrations in the earth triggered by volcanoes, earthquakes,
and human-made explosions. A global network of seismographs (instruments that detect
earthquakes) was established in the post-war years to monitor nuclear weapons tests. In
addition to bomb explosions, these seismographs recorded earthquakes in far greater
numbers and with far better accuracy than ever before possible. These new data pinpointed
plate boundaries and confirmed ideas about processes at plate boundaries. Further, seismic
studies led to increasingly detailed knowledge of the internal structure of the earth.

Although the earth's magnetic field has long been studied, post-war technology
contributed to the study of magnetism in rocks (geomagnetism), and by extension, into the
study of the magnetic field through geologic time (paleomagnetism). Paleomagnetic data have
been used to determine the actual paths followed by the drifting continents.

Use of radioactive isotopes to date rocks began early in the 20th century, but these
analyses were crude, costly, and slow. With more money available to support research,
laboratories specializing in radiometric dating and in the study of stable isotopes, were
established, analytical techniques were standardized, and additional useful isotopes were
discovered.

Another post-war project that has contributed to our understanding of the earth has
been the deep sea drilling project. It began as a "wild" idea - let us use oil-field technology to
drill a hole through the sea floor all the way to the Moho (the seismic discontinuity that
separates crust and mantle). The American Miscellaneous Society (AMSOC) agreed to
sponsor the effort. It was unsuccessful in the great goal, drill to the Moho, but was successful
enough to spawn other efforts that involved funding, equipment and personnel from many
nations. Since this time other deep sea drilling programs, today continuing as the International
Ocean Discovery Program, have contributed a wide variety of information about the age and
makeup of the sea floor, and underlying sediments and crust. Contributions include an
understanding of how deep circulation of water along mid-oceanic ridges controls the
chemistry of the oceans. Deep sea drilling has also shown how warming of the climate can
have profound effects on the chemistry of the oceans.

These programs have revolutionized our understanding of the earth. We now
understand the oceans to be fundamentally different than the continents and have been able
to obtain detailed records of ancient climates and tectonic events.

Our picture of the earth now is one of a multi-layered body, churned internally by heat
which, in turn, powers the process formerly called continental drift. Early seismic studies
revealed the basic layered structure of the earth; more modern work has refined and
supplemented that information. In broadest terms, the earth consists of three layers - crust at
the top, mantle in the middle, and core at the center (Figure 1-5). The crust and mantle are
made of silicate rock, whereas the core is made of metal, mostly Iron and Nickel. Silicate rock
is composed of minerals composed of silicone and oxygen bound to other chemical elements.



Isotopic dating using Carbon14 began in the 1950s and today is an invaluable tool for
archaeologists, anthropologists, and geologists who work on geologic materials up to 70,000
years old.

Before World War Il, a marine geologist interested in the ocean bottom had essentially
the same tools for getting samples that were available to coastal navigators of the 1500s. A
lead weight, smeared with grease and lowered to the sea floor, would pick up bottom
sediment in the grease and hold it while the weight was pulled back to the surface. Dredges
and grab-samplers intended to get larger bottom samples had remained virtually unchanged
in design and function since the days of the H.M.S. Challenger Expedition (1872-1876).

Post-war technology changed that situation. Acoustic profiling (or sub-bottom profiling)
was a spin-off from anti-submarine warfare. In its geologic application, machine-made sound
waves are directed into sea floor sediments where they are reflected after traveling through
sediment layers. Analysis of the reflected waves reveals details of the structure of the sea
floor (figure 1-4) to depths of hundreds of meters beneath the water/bottom interface. It is now
possible for a research vessel to make a continuous profile while under way so that tens of
miles of sea bottom can be profiled in a day.
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Figure 1-5. Diagram showing the layers of the earth. Note that the layer thicknesses are not to scale.
Source -- Surachit, Wikimedia commons https://commons.wikimedia.org/wiki/File:Earth-crust-
cutaway-english.svg

Earth’s crust is divisible into two parts. Familiar to most is continental crust. This type
of crust is about 40 km (24 miles) thick, thicker under mountains and thinner under rift valleys
such as the Rio Grande rift. Rocks of the continental crust include all types of igneous rocks
commonly buried under variable thicknesses of sedimentary and metamorphic rocks. In some
areas, such as the Canadian Shield of North America, only a thin veneer of soil or
sedimentary rock covers the igneous rock of the crust. In contrast, in the Gulf Coast region,
tens of thousands of feet of sedimentary strata cover the igneous rock "basement." It has
been calculated that if one collected statistically representative samples of continental crust
rocks, melted these, and allowed the melt to cool and solidify, the resulting solid would have a
composition close to granite. Hence, we speak of the continental crust as being "granitic”.
Continental crust extends seaward from the continent coast and underlies the regions called
the continental shelf and continental slope. Including this material, continental crust covers
about 44% of the earth surface.

Oceanic crust covers the remaining 56% of the earth surface. It differs from continental
crust in thickness (average of 8 km (~5 miles)) and composition. Mafic igneous rocks (basalt,
gabbro) are major constituents. Over most of the sea floor, these igneous rocks are overlain
by sediments and sedimentary rocks. The sedimentary material is diverse in composition,
some is biogenic material (shells of marine organisms), some is chemical (evaporite
minerals), some is clastic or detrital sand, silt, clay transported into the ocean from land. If we
determined the composition of oceanic crust as we did continental crust, we would find the
oceanic crust is "basaltic." A final, and critical, difference is density. Continental crust has an
average density of 2.6 g/cc while oceanic crust has a density of 3.0 g/cc.

Regardless of whether one is on land or on the sea floor, as one goes deeper beneath
the earth’s surface, the weight of the overlying rocks (lithostatic pressure) increases. Some
minerals respond to increased lithostatic pressure by changing their crystal structure to more
compact, higher density forms. There is no halfway in the process - when the critical pressure
is reached, all grains of the pressure-sensitive mineral change form together. When this
happens, behavior of seismic waves traveling through the crystals changes. Specifically,



seismic wave velocity increases in the more dense material, again without an intermediate or
transitional phase. The result is a "seismic discontinuity." The base of the earth crust, oceanic
or continental, is marked by the Mohorovi¢i¢ Seismic Discontinuity, or the Moho, or the M-
discontinuity. Mantle lies below, crust above.

Another phenomenon is associated with increasing depth beneath the earth surface:
increasing temperature. Ever since humankind began underground mining, miners have been
aware of the fact that the deeper you go the hotter it gets. The source of the heat is the core
of the earth from which heat is convected toward the surface through the overlying mantle and
crust. Raising the temperature of rocks causes them to expand, become less dense,
somewhat plastic, and eventually to melt. Thus, pressure and temperature work against one
another deep beneath the surface. Pressure wins the first round producing the Moho, but
temperature wins the second.

Between depths of 125 km to 200 km (75 to 120 miles), high temperature causes
mantle rock to become plastic and flow. As it flows, convectively (figure 1-6), it carries along
the overlying mantle and crust, rafting continents about on the surface. These components -
mantle above 125 km and overlying crust - are referred to collectively as the lithosphere and
the moving pieces are called lithospheric plates. The zone between 125 and 200 km is less
rigid, more plastic, than overlying mantle, so seismic waves travel rather slowly through it. We
speak of this zone as the asthenosphere.

PLATE
PLATE
PHERE

Figure 1-6. Lithosphere, asthenosphere and plate tectonics (by J. Vigil, U.S. Geological Survey).
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Figure 1-7. P and S wave velocity profiles through the earth. Note the sudden increases in the upper
mantle and the loss of S waves in the outer core (Courtesy Wikimedia commons
https://upload.wikimedia.org/wikipedia/commons/b/be/Speeds_of seismic_waves.PNG).

The contact between the mantle and the core (Figure 1-7) lies at a depth of 2,900 km
(1740 miles). Here, temperature dominates. Internal seismic waves are of two basic types: "P"
or primary waves and "S" or secondary waves (Figure 1-7). S-waves cannot travel through
liquids. At the top of the core, S-waves vanish, indicating that the outer core must be liquid
(Figure 1-7). The outer core is 2,200 km (1320 miles) thick and its base is at a depth of 5,100
km (3060 miles) (Figure 1-7). From there to the center of the earth (-6,378 km, 3960 miles),
the region is called the inner core. Geophysical calculations indicate that the core, overall, is
composed of metals, iron and nickel for the most part with lesser amounts of oxygen and,
probably, sulfur.

The lithosphere consists of approximately 30 pieces (Figure 1-8). These pieces include
seven "major" lithospheric plates (African, Antarctic, Eurasian, Indo-Australian, North
American, Pacific, and South American); about a dozen "minor" plates (Caribbean, Cocos,
Nazca, to list a few); and a dozen or so "mini" plates or "platelets." Each of the major plates,
except the Pacific Plate, contains continental crust. Most of the continents have a shield,
where the Precambrian core of the continent is exposed at the earth’s surface. This is usually
flanked or surrounded by a platform, where the Precambrian rocks are buried under a thin
veneer of younger sediments. Together, the stable shield and platform form a craton, or stable
interior of a continent. Long-term geologic stability characterizes the cratons - no mountain
building has taken place during the last few hundred thousand years.

In the contiguous continental U.S. (Figure 1-9), the craton extends from the western slope of
the Appalachian Plateau westward to the Front Range of the Rocky Mountains, from the
southern edge of the Laurentian Shield (southern Canada) almost to the Gulf Coast. Cratons
are usually more or less completely surrounded by marginal mobile belts - areas where
mountain building has taken place since the beginning of Phanerozoic time or is going on
today. Looking again at North America, the eastern marginal mobile belt is the Appalachian
region which underwent three major mountain-building episodes (called orogenies) in
Ordovician, Devonian, and Pennsylvanian time and a smaller scale deformation event during
the breakup of Pangaea in the Triassic Period. Along the southern side of the craton, the




Ouachita Mobile Belt was active during Pennsylvanian time. On the western side of North
America, a series of mobile belts have developed, beginning in Devonian time with the Antler

belt.
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Figure 1-8. Map of the lithospheric plates of the earth, showing the plates and plate boundaries. Image is
public domain US Geological Survey.
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Figure 1-9 — Physiographic provinces of the continental United States (source: Wikimedia Commons)
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Figure 1-10 — Mid-ocean ridge (source: Wikimedia commons)

Sea floor basalts are magnetized as they cool after being emplaced and they move
laterally away from the MOR riding the convective circulation of the asthenosphere. As the
new crust cools, it shrinks, subsides, and gradually acquires a cover of oceanic sediment. The
MOR system extends for some 60,000 km (37,300 miles) around the earth and covers about
23% of the earth surface. Plates move away from the ridge at about right angles to the ridge
axis at rates that vary up to 8 cm (3.2 inches) per year.

Lithospheric plate boundaries do not necessarily coincide with continent margins. The
eastern margin of the North American continent lies thousands of miles from the eastern
boundary of the North American plate (fig. 1-8). No tectonic (or mountain building) activity is
taking place along the eastern margin of the continent, hence it is called a passive margin. On
the other side, the western continental margin and the western plate margin are coincident.
Tectonic activity is going on here and the margin is called an active continental margin.
Lateral boundaries of lithospheric plates exhibit three basic structural styles: divergent,
convergent, or transform.

Divergent plate margins are associated with Mid-ocean Ridge (MOR) (fig. 1-10)
spreading centers, where mantle material is being added to the lithosphere in the form of
oceanic basalt. Rift valley systems are common features of the Mid-Ocean Ridges and Rises
(fig. 1-10) and may be present on continents where continental plates are being torn apart.
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Figure 1-11 — Three types of collision zones (a) Ocean-continent (from columbia.edu), (b) ocean-ocean
(from U.S. Geological Survey), (c) continent-continent (from National Park Service)

Convergent plate boundaries are regions where two lithospheric plates collide with one
another. Since there are two types of crust (continental and oceanic), there are three possible
types of convergent systems: continental crust/oceanic crust system; oceanic crust/oceanic
crust system; continental crust/continental crust system. The critical factor which dictates
behavior of the plates is the density of the crust. Continental crust is "light" (2.6 g/cc), while
oceanic crust is "heavy" (3.0 g/cc), and the underlying lithosphere is even more dense.
Oceanic crust varies a bit in density, generally the older it is, the denser it is.

An example of the continental crust/oceanic crust type convergent system (Figure 1-
11a) is the boundary between the South American plate (continental) and the Nazca Plate
(oceanic). The high-density oceanic plate, moving easterly from the East Pacific Rise (ridge),
bends downward and is being overridden by the South American plate moving westward from
the South Atlantic Ridge. The downward movement of the Nazca Plate is called subduction
and the region in which this process occurs is called a subduction zone. Sea floor in the
subduction zone is drawn downward, too, and a deep sea trench develops. Here it is called
the Peru/Chile trench. Maximum water depths in this trench average 8,100 m (8.1 km, 4.9
miles). The subducted Nazca Plate has been driven deep into the mantle where it has been
heated enough to cause melting of the oceanic crust. Molten magma is less dense than the
surrounding rock, so that magma rises buoyantly toward the surface of the earth and melts
continental crust as it rises. Thus the magma becomes a mix of oceanic and continental
material. It may be emplaced as plutonic material in the continental crust or it may burst
through to form a volcanic system. The magmas cool, forming diorite in the plutons and
andesite (named for the Andes Mountains) in the volcanic regions. Friction between the two
plates also causes folding and faulting in the crust, additional processes in mountain building
in mobile belts. Earthquakes in the subduction zone are another manifestation of friction
between the descending and overriding crust. The largest earthquakes in the world
(magnitude 9+) occur in subduction zones.
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Convergence between two oceanic lithospheric plates is the second possible situation
(fig. 1-11b). The most thoroughly studied area of this sort is the Japanese Island Arc. Here
again, a subduction zone is present, but the pieces are the oceanic crust-bearing stationary
Eurasian Plate and the westward-moving Pacific Plate. The Pacific Plate basalts are older
(and colder and denser), so this is the piece that is being subducted. Because there is no
lightweight continental crust involved, there is less folding and faulting and igneous processes
are more important. Throughout the Japanese islands, volcanic rocks and volcanic structures
dominate the landscape. On the Pacific side, the Japan Trench (average maximum depth =
8,400 m or 5 miles) extends the entire length of the arc.

When two continent-bearing lithospheric plates collide (fig. 1-11c), their low density makes
them too buoyant to be subducted into the underlying mantle. Instead, the plate edges crumple and
buckle and mountains with minor volcanic components are formed. The mountain belt that extends
from the Italian Alps, through the Balkans, Greece, Turkey, Iraq, Iran, Afghanistan, Pakistan, and
reaches its greatest expression in the Himalayas is the product of this type of boundary system. The
magnitude of this deformation is indicated by noting that the peak of Mt. Everest (8,848 m or 5.3 miles
above sea level) is composed of fossiliferous mamarinemarine limestone.
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Figure 1-12 — a) Diagram of a transform boundary, b) San Andreas fault system (both figures from
National Park Service)

The third type of plate boundary is the Transform margin. (fig. 1-12a and 1-12b). Along
these boundaries, lithospheric plates slide past one another along transform or strike-slip
faults. Because material is not rising or falling, there are usually very few volcanos along
transform margins. Transform margins are most common along the mid-oceanic ridges, where
they offset segments of divergent plate margins. But, transform faults may connect two
segments of a MOR, they may connect two segments of a subduction zone, or they may
connect a ridge with a subduction zone. One of the most famous transform margins is the San
Andreas fault. The fault begins in the sea of Cortez where divergent boundaries are moving
Baja California north and away from the rest of Mexico. It extends of off of the coast of
northern California where it ends at another divergent margin in the Pacific Ocean. (Fig. 12b).
Although folks speak of the San Andreas Fault, it, like most faults, is actually a complex of
smaller, interconnected faults that collectively constitute the named fault. Through southern
California, the gross trace of the San Andreas Fault trends SE to NW. On the Pacific side of
the fault, gross movement is northwesterly while southwesterly motion is on the eastern side.

Because crustal material is not uniform in composition, structure, or strength, the fault
twists and turns along zones of crustal weakness. In some sections, the fault displays almost
constant microscopic creep, but over most of its length the San Andreas consists of "locked"
segments, tens of kilometers long. Stress builds in these locked segments until the strength of
the rocks is exceeded. At that point, the rocks rupture, the stored stress (energy) is released,
and an earthquake occurs. In October, 1989, such an earthquake occurred, on live national
television, as Americans settled in to watch the third game of the World Series. Properly
called the Loma Prieta Earthquake, more than $6 billion in property damage was done in the
San Francisco area alone. Near the epicenter in the Santa Cruz Mountains, the Pacific Plate
moved 4 feet (1.2 m) vertically and 6 feet (1.8 m) horizontally.

Plate tectonics shape our modern landscape. California is mountainous because it is
on transform and convergent margins. The Texas Gulf Coast is flat because it is not near the
plate boundaries in the Atlantic and Caribbean. The rocks that we find around El Paso are the
result of over a billion years of plate tectonics that has included all of the plate margins
described in this chapter. Understanding how we can decipher this long history is the subject
of the next chapter.
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CHAPTER 2 - GEOLOGIC TIME AND STRATIGRAPHIC
PRINCIPLES

“The poor world is almost six thousand years old.”
Shakespeare, As You Like It, act IV, scene 1

One aspect which distinguishes geological science from the other scientific disciplines
is the emphasis on time. Astronomers studying distant stars and galaxies deal with ‘deep’ time
(the Andromeda Galaxy, nearest neighbor to our Milky Way Galaxy, is centered about 2
million light years from earth, and galaxies hundreds of millions of light years away are known
to exist). Deep time, millions and billions of years, is also the coin of geologists. For want of a
formal term, we can use ‘shallow’ time as the time frame of our lives, for the time involved in
laboratory experiments in chemistry and physics, for the time frame involved in most biologic
processes.

To give an example, most geologists think of the Franklin Mountains as a young and
active range. It began to form about 15 million years ago. The Rio Grande first appears in El
Paso about 5 million years ago, and about 550,000 years ago, it connected to the Gulf of
Mexico and began to cut the valleys through which it flows today. To put this in human
perspective, our species, Homo sapiens, first appears 300,000 years ago. This feature that we
think of a geologically almost yesterday, is older than humanity.

Until the 1800s, scientists tended to be locked in a mindset of shallow time.
Theologians had calculated that the age of the earth was approximately 6,000 years, based
upon literal interpretations of all the “begats” in the Old Testament of the Judeo-Christian
Bible. This notion came under fire in the scientific world with the 1787 publication of James
Hutton’s book, Theory of the Earth, in which Hutton argued that the rocks of the earth
contained “no vestige of a beginning and no prospect of an end.” Absence of evidence (no
vestige of a beginning) is hardly proof, however. As many of the great scientists of the early
19" century were clergymen by training, mounting evidence of the earth’s antiquity made
them uncomfortable. The lid blew off with the publication in 1859 of Darwin’s theory of the
origin of species by natural selection. Darwin’s theory demanded a time frame for life that was
Huttonian in duration and it was as clear to Darwin’s champions as to his opponents that the
age of the earth was a crucial point. If evidence could be found showing a ‘shallow’ time
history for the earth, then Darwin’s heresy that mankind was a highly evolved branch of the
animal kingdom, rather than “fallen angels”, could be comfortably discarded. If “deep” time
was available, then the Darwinian hypothesis was possible.

Relative Time

Even in Darwin’s day, a geologic time scale had been worked out. This time scale was
a relative scale, meaning that, for instance, the Devonian Period was older that the
Pennsylvanian Period, and that both were older than the Cretaceous Period. It was not
possible, given technology of the 1800’s, to put numbers on the periods — the ages were
simply “older than...” or: younger than...” ages. However, after Hutton’s book most geologists
agreed, that each geologic period included a long time period.
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This relative dating of rocks was based upon a number of fundamental geologic
principles that had been articulated between 1670 and 1820. These principles dealt with the
relationships of groups of rocks with one another.

The first principle, the Principle of Original Horizontally, applies to sediments and to
sedimentary rocks. This says (and it is largely true) that sediments are deposited in flat layers
and that if a layer has been tilted, something has happened to it.

The second principle describes the age relationships in such a sequence of horizontal
sediments. The first to be deposited (layer at the bottom of the sequence) is the oldest and
each layer is deposited in turn upon the previous layer. Thus, the topmost layer in the
sequence is the youngest (last to be deposited). This Principle of Superposition states that in
an undisturbed sequence of sedimentary rocks, the oldest bed is at the bottom and the
youngest is at the top.

The third principle is called the Principle of Lateral Continuity. This says that layers of
rock and sediment form continuous layers over scales of miles to hundreds of miles, and if a
layer ends, something has changed.

The Principle of Inclusions says that fragments of one rock unit that are included within
another are older than the rock that incorporated them. For instance, in the Franklins, the
Bliss Sandstone usually sits upon the Red Bluff Granite. Red Bluff Granite fragments are
found in the Bliss which means that the Red Bluff was being eroded and the fragments were
being transported and deposited while the Bliss was being deposited. Thus, the included
fragments are from the older of the two units. Note, however, that only relative age is
indicated: Red Bluff Granite is older than Bliss Sandstone. Similarly, the Red Bluff Granite
contains fragments of older metamorphic rocks as inclusions within it.

The Principle of Cross-Cutting Relations says that when one geologic feature cuts
through another (a fault splits a rock layer, or an igneous dike or sill is embedded in another
rock layer), the feature which cuts through is the younger and the one divided is the older.

Hutton is also credited with another important observation. At Siccar Point in Scotland,
Hutton observed that beds of the "Old Red Sandstone" (now known to be of Devonian age)
were deposited on top of other sedimentary rocks that stand almost vertically. Figure 2-1 is a
photograph of this geologic setting. The vertical beds are now known to be of Silurian age.

Hutton couldn't tell the geologic ages of the rocks, but he concluded that they must
have been quite different. His reasoning was essentially this. The vertical beds are
sedimentary rocks that were laid down horizontally (Principle of Horizontality). After their
disposition, they were tilted into the vertical position (a process which took some deep time).
After they were tilted, erosion beveled them off to produce a flattened surface at right angles
to the original bedding (another deep time-consuming process). Finally, the sediment of the
Old Red Sandstone was deposited on the beveled surface. The beveled surface is called an
unconformity, a break in the chronologic record of the rocks due to some combination of non-
deposition or erosion. The Siccar Point example is an angular unconformity on in which the
beds above and below the unconformable surface lie at an angle to one another. A substantial
period of deep time separated the rocks across the unconformity.

Subsequently, two additional types of unconformities have been recognized. They are
called "nonconformities" and "disconformities". A nonconformity is one in which sedimentary
rocks were deposited upon plutonic or metamorphic rocks. Plutonism and metamorphism are
both processes of the deep interior of the crust while sedimentation is a surface phenomenon.
To produce a nonconformity, plutonic or metamorphic rocks must be formed. After their
formation, the thick overlying crust must be eroded away (requiring deep time) before they are
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exposed on the surface where they can be re-buried in sediment. Thus, the sedimentary rock
must be significantly different (younger) in age than the igneous or metamorphic rock. The
Red Bluff Granite/ Bliss Sandstone contact in the Franklins is a marvelous example of a
nonconformity between plutonic (Red Bluff) and sedimentary (Bliss) rocks.

Figure 2-1 Siccar Point Scotland. Note vertical layering on right and gently dipping layering of Old Red
Sandstone at left.
(https://upload.wikimedia.org/wikipedia/commons/6/6d/Siccar point red capstone from above.jpg)

Disconformities are trickier because they form in sequences of sedimentary rocks
deposited parallel to one another. To produce a disconformity, the general sequence of events
is this: deposition of one unit ends, followed by either a period of nondeposition or erosion
occurs, then deposition of a second unit occurs leaving two layers separated by a surface that
includes missing time. Most geologists believe that the visible rock record shows us only
about 10% of the time it includes. Often the two rocks will display different lithologies — one
may be, a sandstone and the other a limestone - in which case an alert geologist will suspect
that an unconformity is present. We will look at why said geologist might be suspicious in a bit.
In other cases, lithology of both rocks could be the same — two limestones, two shales, etc. -
and more subtle evidence would have to be found to recognize the unconformity.

Transgressions and Regressions

Why did our alert geologist suspect a disconformity when the beds were sandstone
and limestone? The answer involves another geologic principle, articulated during the 20™
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century. Walther's “Law” says that sedimentary facies that are stacked in order, without an
unconformity, must have formed in environments that were adjacent.

Examine Figure 2-2. In Figure 2-2, a cross section along a coast is shown. Inshore,
where wave energy is greatest, only large (heavy) sediment particles will remain while
smaller, lighter ones are winnowed out and carried further offshore. The result of this process
is development of bands of different sized sediments, called sedimentary facies, coarse
sediment (sand) in shore and finer sediment (lime mud) off shore. Suppose that we lower sea
level (Figure 2-2-bottom-middle layer). The facies will shift laterally but will remain in the same
order. And lower sea level again (Figure 2-2-bottom-top layer). Facies shift again, keeping the
same order. From bottom to top of Figure 2-2-bottom, we see the same sequence of facies
vertically that existed laterally during sedimentation in the area. In this example, sea level is
falling (or "regressing" off the land) producing a regressive sedimentary sequence. Notice that
the vertical progression of facies is from mud (fine) at the bottom to coarse (sand) at the top.
The same sort of thing would have happened if we had been raising sea level in our example
(Figure 2-2-top), but the facies would have migrated in the opposite direction and the vertical
sequence would have been from coarse-grained sediment at the bottom to finer-grained
sediment at the top, the characteristic pattern of a "transgressive" sedimentary sequence.

transgression —— >

Figure 2.2 The shifts in facies resulting from a marine transgression (a) and regression (b). Source
(https://commons.wikimedia.org/wiki/File:Offlap_%26_onlap_EN.svqg)

As alert field geologists, we would expect vertical sedimentary facies to change
according to Walther's Principle. Finding a limestone and a sandstone vertically next to one
another is contrary to the principle, and our suspicions ought to be aroused that something is
not as it should be. A disconformity is one possible explanation for the violation of Walther's
Principle; another possible explanation might be that a bedding plane fault lies between the
sandstone and limestone and that one of the units has been displaced by fault movement.
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The final fundamental principle is the Principle of Fossil Succession, it states that in an
undisturbed sequence of sedimentary rocks, fossils occur in an ordered sequence that does
not repeat itself. In other words, life has evolved during earth history and the changes in the
earth's biota through time are recorded in the rocks. Our concept of fossils is a rather broad
one, from dinosaur bones, sharks' teeth, shells of invertebrate animals, to petrified wood. All
of these are perfectly good examples of fossils, but other sorts of things are equally valid.

Our definition of a fossil is: evidence of pre-existing life. The teeth, bones, shells, etc.,
above, all are evidence of pre-existing life and are called "body fossils". Other examples of
evidence include tracks, trails, and burrows made during life activity of organisms. Such
fossils are called ichnofossils, or trace fossils. A wide variety of trace fossils have been
discovered and, occasionally, at one end of a trace fossil is the body fossil of the trace-maker.
Another trace fossil is a coprolite, fossilized fecal matter produced by an animal. Size and
shape of coprolites indicate something about the size of the animal that produced them. More
thorough examination may yield clues about the diet of the coprolite-making animal just as
careful examination of a modern owl pellet reveals the animals in the owl's diet.

Microscopic animals can also make fossils. Shells of single-called plants (algae) called
diatoms (Figure 2-3) can accumulate on the sea floor and be lithified into diatomite (or
diatomaceous earth) which has a variety of commercial uses. A big diatom shell is
approximately 1/10 mm in diameter (100 microns); most are closer to half that size. Chalk, a
common sedimentary rock in the Mesozoic and Cenozoic eras, is composed of the calcium
carbonate shells of amoeba-like marine protozoans called foraminifera (Figure 2-3) and of
coccoliths, the shell plates produced by another group of marine algae.

Palynomorphs (pollen or spore fossils), however, have surprising fossil records.
Humans are familiar with pollen produced by flowering plants, with spores produced by ferns
and by mushrooms and other fungi. Many El Pasoans have seen a non-bearing mulberry tree
in the spring shedding huge amounts of pollen — the yellowish cloud produced when a lower-
covered branch is shaken. Each particle in that cloud is a pollen grain. Pollen grain walls
(exines) are among the chemically toughest substances produced by living organisms. Boiling
pollen grains in alkali or in mineral acids destroys the pollen contents but leaves the wall
undamaged. Pollen and spores, as well as cysts of similar material produced by
dinoflagellates and other algae, come through these treatments unscathed and are abundant
in the fossil record.

Plant material may also be preserved as fossils, such as Petrified Forest of Arizona. A
bit of "geo-trivia- is the fact that petrified palm wood is the state stone of Texas. Leaves,
stems, flowers, and other plant parts can be preserved under favorable conditions and provide
invaluable evidence about the composition of ancient plant communities.

The fossil record of life on earth is incomplete. We usually talk of two prerequisites of
fossilization: the organism must possess resistant body parts, such as teeth, bones shells,
etc.; and, following death, the remains must be rapidly buried in protective sediment isolating
the remains from scavengers and preventing physical destruction. Where the organism lives
and dies obviously important. Land-dwelling organisms tend to have a poor fossil record
because quick postmortem burial is unlikely. Aquatic organisms have better chances of being
preserved since their bodies may sink to the bottom where burial can take place. Even more
likely to be preserved are benthic organisms (clams and oysters, for example) which actually
live in or on the bottom sediments. Just being benthic is not guarantee of fossilization,
however. Organisms which lack resistant body parts are unlikely to be preserved, no matter
where they live.
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Figure 2-3 Foraminifera from beach sands of Myanmar. Photo from
https://commons.wikimedia.org/wiki/File:Foraminif%C3%A8res_de Ngapali.jpg#file. Under
Creative commons CCU license.)

Also, parts are only parts. Some of the most useful Paleozoic fossils are microfossils
called conodonts (cono=cone + dont=tooth) (Figure 2-4). They may be found singly or in sets.
They are made of the same material as teeth and show growth bands, suggesting they are
body parts of an animal; the fact that they occur only in marine sedimentary rocks indicates
that the conodont animal was marine; they are found in sandstones, shales, and limestones
which suggests that the animal was independent of the bottom and must have been nektonic
(free swimming) or planktonic (passive floater). The nature of the conodont animal was
unknown and was debated for more than 100 years. But finally, in 1983 the answer was
found. The conodont animal was a small, eel like, backbone-less, creature whose only "hard"
parts were the conodonts. They are now believed to be the first vertebrates, and the oldest
ancestors of fish.

All fossils are not equally valuable as indicators of geologic age. Some, such as living
brachiopods of the genus Lingula, have lengthy fossil records. Fossilized shells identical to
modern Lingula occur throughout the Phanerozoic sedimentary rock pile all the way back to
the Cambrian. Since the mere presence of macroscopic shelled fossils in a rock tells us that
the rock is Phanerozoic, the identification of Lingula adds little to our information about the
age of the rock. On the other hand, Lingula still live in the same sandy coastal environments
they inhabited in the Cambrian, and are a very good indicator of environment. Similar fossils
that occur in association with specific sedimentary facies, reflect the fact that in life these
organisms were confined to specific biologic environments.
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REXROAD GLEN DEAN CONODONTS

Figure 2.4. Conodonts of the Glen Dean Formation, Chester. From Biodiversity Library.org
(https://www.biodiversitylibrary.org/pageimage/40483030)

The fossils that are most useful for determining relative ages of rock are called index
or guide fossils. An ideal index fossil possesses four attributes:

1) It has short geologic (stratigraphic) range;
2) It has broad geographic range;

3) It is relatively abundant; and

4) It is easy to identify.

By short stratigraphic range, we mean that the organisms evolved rapidly, and either
evolved into another species or went extinct after only a short time. The best index fossils
existed for geologically short periods of time - sometimes less than a million years. Broad
geographic range means that the organisms were widely dispersed around the earth. We
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might find the same species in sedimentary rocks in Europe, Africa, Asia and the Americas.
Living organisms that exhibit this broad geographic distribution are most frequently planktonic
or nektonic marine species, species that swim or float across the oceans. Land dwelling plants
and animals are usually restricted in their distribution to specific climatic regions or specific
narrow eco-zones, and cannot easily cross open oceans. Benthonic marine organisms,
animals that live on the sea floor, are also frequently restricted to limited environments.

P

R

Figure 2-5. Mississippian fossils including the screw-shaped Archimedes, a bryozoan. Bryozoan are
common in the oceans today. Surrounding it are clam-like brachiopods, common fossils, and still
found in the oceans today. Photo from wikicommons (Archimedes sp. (fenestrate bryozoan)
(Raney Creek Member, Slade Formation, Upper Mississippian; Bighill Mountain roadcut, south of
Bighill, Kentucky, USA) (30801737987).jpg, originally posted to “Flikr”’by James St. John
at https://flickr.com/photos/47445767@N05/30801737987).

%

Ease of identification is the final attribute of the 'ideal' index fossil. This is a subjective
attribute because most paleontologists are specialists, expert with a small number of groups
of fossils and only slightly better informed about most others. A brachiopod specialist might be
able to identify at a glance several dozen species of Lingula, while a diatom specialist might
be tempted to say that all species of Lingula look the same. There are some index fossils that
just about every paleontologist would recognize — the Mississippian bryozoan Archimedes
(Figure 2-5) comes to mind. Trilobites are definitive markers in rocks of Cambrian and
Ordovician ages. Eurypterids are common in rocks of Silurian age, absent in older ones,
uncommon in Devonian rocks, and rare in Mississippian to Permian ones. Fusulinids are
valuable index fossils in rocks of the Pennsylvanian and Permian systems. The Devonian
Period, for instance, is called the "Age of Brachiopods," the Mississippian the "Age of
Crinoids”.
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Absolute Time

Radioactive Decay

All of the above principles were used to establish the relative ages of different rocks.
Between about 1750 and 1850 all of the geologic periods we recognize today were
established. Subdivision into finer time increments (epochs) has, understandably, taken
longer. It is important to remember that this geologic time scale is a relative scale, one which
indicated the correct order of geologic periods — Cambrian is older than Ordovician,
Ordovician is older than Silurian, etc. Two of the vexing problems facing the 18" and 19"
century geologists were the question of the age of the earth, in real units — years — and the
question of real age for the rocks, also in units of real time — years, centuries, millennia.

In 1896, the French physicist Antoine Henri Becquerel discovered the process known
as radioactivity, for which he subsequently received the Nobel Prize in physics. Recall the
radioactivity is the spontaneous disintegration of the nucleus of an unstable of radioactive
atom such as Uranium (U?*°), Potassium, (K*°), or Carbon (C'*). Consider the element
Carbon. Carbon atoms consist of a nucleus of 6 protons and a variable number of neutrons
plus a "cloud" of 6 electrons orbiting around the nucleus like a tiny planetary system around a
star. The number of protons gives Carbon its chemical properties, how it interacts with other
atoms. The electrons control its electrical charge and how it bonds with other atoms. The
number of neutrons does not affect the chemistry of the atom, but determines its mass, or
relative weight. Carbon atoms may have 6, 7 or 8 neutrons in their nuclei. Since a neutron and
a proton each are about 1 atomic mass unit (amu) in weight, Carbon atoms may have masses
of 12 (6 proton (p) amus plus 6 neutron (n) amus), or 13 (6 p + 7n), or 14 (6 p + 8 n). Because
each of the different-mass Carbon atoms has the same chemical behavior, they are called
isotopes (iso = same plus tope = activity). In the most formal usage, a Carbon atom would be
designated ¢C'?, but since all Carbon atoms have 6 protons, we routinely shorten this to C'2,
Most isotopes are stable, however, those with too many extra neutrons become unstable and
undergo radioactive decay.

There are four different ways in which atoms undergo radioactive decay. 1) Alpha
decay involves two neutrons and two protons being ejected from the atom. This reduces its
atomic weight by four, and its atomic number by two, changing it to a different element. For
example, Uranium-238 decays to Thorium-234. Uranium isotopes all have 92 protons, and
Thorium has 90, so the decay creates a new atom with a different chemistry. 2) Beta decay
involves the ejection of either a high energy electron or a positron from one of the neutrons.
Ejection of an electron converts the neutron into a proton, raising the atomic number. Ejection
of a positron, converts a proton into a neutron, reducing the atomic number by one. An
example of the first kind of decay is the decay of Carbon-14, which is converted to Nitrogen-
14, Carbon has six protons, and Nitrogen has 7. An example of the second kind of decay is
Magnesium-23, which decays to Sodium-23. Magnesium has 12 protons and Sodium has 11.
3) Gamma decay usually occurs just after a beta decay; the atom has excess energy and
releases it by emitting a super high energy photon, or gamma radiation. Gamma radiation is
even higher energy than X-rays. 4) Electron capture is similar to beta decay, where a proton
is converted to a neutron. However, in this case, the atom does this by capturing an electron
to combine with the proton. An example of electron capture is the decay of Potassium-40 to
Argon-40. Potassium has 19 protons and Argon has 18.
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Half Lives

Of the 36 radionuclides, or unstable isotopes that occur naturally on earth, not all are
useful for dating rocks. Some decay too quickly, and are used up within a few years. For
example Tritium (H3) is almost completely gone from water within 60 years, and thus is only
useful for dating very young groundwater. Therefore, radioactive decay must occur slowly
enough that it occurs over geologic time scales.

We measure the rate of radioactive decay using its half-life. Radioactive decay is a
random process. The time of decay of a particular atom cannot be predicted. However, in a
typical mineral, there are millions of radioactive atoms, and therefore, we can use the average
time for half of them to decay, which can be measured very accurately. Half-life is the amount
of time it takes for half of the radioactive atoms (parent material) in a sample to decay to
daughter material. For example, if a sample contains 1,000 atoms of U%*°, it will take
710,000,000 years for 500 to decay. Seven hundred and ten million years is the half-life of

U?%_ It would take another 710 million years for 250 (% of the 500) to decay; another 710
million years for 125 more (%2 of the remaining 250) to decay, and so on until the last atom in
the original sample decayed. The numbers would look like this: 1000-500-250—-125-68 or
67-33 or 34-16 or 17-8 or 9-4 or 5-2 or 3-1 or 2-0 or 1-0. Each “~” represents 1 half-life,
and in this example eleven or twelve half-lives would be required to reduce the 1,000 original
radioactive atoms to 1,000 daughter product atoms. Half-lives are different for each
radioactive isotope. Table 2-1 illustrates some of the isotopes commonly used in radiometric

dating of geologic materials.

Parent Isotope Daughter Isotope Half Life
Uranium 238 Lead 206 45D.y.
Uranium 235 Lead 207 710.0 m.y.
Thorium 232 Lead 208 13.9b.y.
Samarium Neodymium 106 b.y.
Rubidium 87 Strontium 87 50.0 b.y.
Potassium 40 Argon 40 1.5b.y.
Carbon 14 Nitrogen 14 5,730 y.

Table 2-1: Common parent and daughter isotopes used in dating of geologic
materials. b.y. is billion years, m.y. is million years

Measuring Isotopes

How is the time since a rock formed measured? Most radioactive isotopes are found
in minerals. Through many years of laboratory measurements, it has been learned that
elements can leak in and out of minerals when they are hot. Once a mineral cools enough, the
parent atoms are locked into place, and the radiometric clock begins to tick, with parent atoms
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decreasing in abundance and daughter products increasing over time. Therefore, it is key to
be able to understand what the original amount of a radioactive element was in the mineral at
the time it was “locked-in”. There are two ways this has been done. Some radioisotopes have
unique daughter products that only form through radioactive decay. Others have a
measurable ratio to a different isotope to the parent or daughter atom.

If a unique daughter atom does not normally occur in a mineral, then all the
accumulated material had to form since the crystal cooled. The only source of Lead 206 is
decay of Uranium 238. Lead 207 is the unique product of decay or Uranium 235. Therefore,
by measuring the ratio of Uranium 238 to Lead 206, we can determine the age of the crystal.
For example, a mineral that contains 2 parts per million of Uranium 238 and 1 part per million
of Lead 206, has lost 1/3 of its original Uranium 238. Since Uranium 238 has a half-life of 4.5
billion years, this crystal cooled 2.63 billion years ago.

An example of using the ratios of parent or daughter products is Lead/Lead dating.
Lead is one of the most stable elements in the earth. It does not decay and it also finds its
way into many minerals. The Lead 208 that is found on the earth was there at the beginning.
However, over the earth’s history, Lead 206 and 207 have increased in abundance as
Uranium has decayed. All the Lead isotopes behave the same, and so the Lead locked into a
crystal has the ratio that was present at the time it formed. Because Uranium 235 and
Uranium 238 decay at different rates, the ratios of Lead 206, 207, and 208 can be used to
measure the age of the crystal.

The third factor which makes certain isotopes useful in geologic dating is their
abundance/co-occurrence. Potassium is one of the eight most abundant elements in the crust
of the earth and even though the radioactive isotope is far less abundant than the non-
radioactive isotopes of Potassium, K*® is still quite abundant. Furthermore, Potassium is a
chemical agent which reacts readily with many other elements and tends to form strong ionic
bonds. Its abundance counterbalances its rather long half-life. Rubidium (Rb®’) has a
monstrous half-life (50 billion years) and would, on that basis, seem too long-lived to be
useful. Although Rb is rather rare, its chemical behavior causes it to be concentrated with
Potassium. A rock to be dated using Potassium/Argon (K/Ar) techniques can, for relatively
little additional cost, be dated using Rubidium/Strontium (Rb/Sr) technique. The Rb/Sr decay
has an advantage over K/Ar, too. Both Rb and Sr have similar chemical behavior and are
easily bound up in crystalline structures of ordinary minerals. In the K/Ar decay series, the
Argon daughter product is a non-reactive (noble) gas. This gas is not chemically bound in the
crystal and can leak out via any fractures in the crystal. If the K/Ar dates and the Rb/Sr dates
agree, then confidence in the date is much greater that if only one date had been obtained. If
they disagree substantially, more careful examination of the samples and review of the
laboratory analysis should be conducted to find out why the numbers are "discordant" (in the
terminology of the radiometrician). Similarly, Uranium and Thorium isotopes, while never
abundant in crustal rocks, also co-occur, and are concentrated into certain minerals. Since
each has a unique decay rate and a unique daughter product, a single sample may provide
the raw material for three independent radiometric dates.

Our ability to measure the ages of rocks has improved tremendously as technology
has improved. The isotopes we measure only differ in their weight, and so they are measured
using a mass spectrometer that provides a chart of the masses of atoms in the sample. Mass
spectrometers work by heating the rock until it vaporizes and turns into a plasma of charged
gas particles. The charged particles are shot down a tube. In the middle of the tube, a large
magnet pulls on the plasma, tugging the charged particles. Positively charged particles go
one direction and negatively charged particles the other. Imaging throwing a ball with a wind
trying to blow the ball sideways. A very light ball like a ping pong ball is thrown very far off to
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the side, a heavier ball like a tennis ball, less so; balls that are the heaviest, like baseballs, will
fly the straightest. A fan of detectors on the far end of the mass spectrometer measure the
amount of charged particles and determine the ratios of different masses.

The first mass spectrometry techniques were developed right after the First World War,
and steady improvements have created an amazing number of different types. Some are
used for analyzing proteins from living organisms. Over time the amount of sample required
has been reduced and the accuracy is increased. This has allowed the dating of new
materials, and especially beginning in 1990, a revolution in dating of geologic materials has
improved our understanding of the earth’s history. Today, the standard instrument used for
geology is the Inductively-Coupled-Plasma Mass Spectrometer (ICPMS). This uses a gas,
typically Argon, to entrain the vaporized samples. The use of precise laser beams to vaporize
small parts of crystals at the front of the ICPMS, beginning in the 1980’s, has allowed dating
of individual crystals, or even layers within individual crystals. Improvements over the years
have produced a steadily more accurate geologic time scale. The numbers shown in the
Geologic Time Scale (Frontispiece) are the current absolute ages for the geologic time
periods.

Closure Temperature

Until the 1980’s most rocks required several 10 or 20 kilogram (22 to 44 pound) samples
that were crushed to find enough datable material and therefore, most ages were “whole rock”
ages, a single age for the entire rock. Refinement of the technique allowed smaller and smaller
samples to be used, until samples of single minerals became possible. However, geoscientists
were bewildered to find out that different minerals had different ages. Some minerals showed
the rock as being older than others. Careful measurement of rocks under different conditions of
heat and pressure turned this confusing aspect of radiometric dating from a “bug” into a
“feature”.

The closure temperature of each mineral is different. That is the temperature at which
parent and daughter products can no longer enter or exit a crystal and the radiometric clock
starts ticking. Furthermore, the closure temperature of different radionuclides is different in the
same mineral. For example, Argon will escape at much cooler temperatures than Potassium or
Uranium. By dating different radionuclides and different minerals, the heating and cooling
histories of some rocks has been determined. Because different metamorphic minerals grow
under different conditions of temperature and pressure, this has allowed the reconstruction of
ancient mountain belts, including the Precambrian mountains that formed the crust between
New Mexico and El Paso.

Absolute Dating Techniques

Absolute dating techniques have proliferated in the last 50 years, and especially in the
last 30 years. The most common are briefly described below:

Uranium Lead dating: Uranium Lead dating is used on Uranium bearing minerals in
igneous rocks. The most common is zircon. Recently it has been applied to carbonate rocks,
allowing dating of many sedimentary rocks and features. It works on rocks older than 1 million
years.

Potassium Argon dating: This technique works on Potassium bearing minerals such as
feldspar, biotite, and amphibole. It can be applied to rocks older than 100,000 years. It has been
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applied to both igneous and metamorphic rocks. Recently K-Ar dating was used to make the
first age measurement of rocks on Mars.

Argon-Argon dating: This uses a nuclear reactor to turn Potassium in the rock to Argon
39, then the rock is dissolved and the ratio of Argon 40 to Argon 39 is measured. The materials
and ages are similar to Potassium-Argon, but the results tend to be more accurate.

Rubidium Strontium dating: This is used in dating igneous rocks by comparing the ratios
of Rubidium to Strontium, and then comparing the ratios of Strontium 87, the daughter product,
with Strontium 86. Rubidium and Strontium are found in different abundances in different
minerals in the same rock, and this can allow a very confident age determination when several
different minerals agree. The technique has been particularly useful in dating lunar rocks and
meteorites. One interesting side effect of the Rb-Sr system has proven very useful in
archeology. Because different areas often have different Strontium 87/86 ratios, and because
Strontium is included in bone, the places a person or animal lived is recorded in the Strontium
ratios in their bone, allowing the migrations and travel of ancient people to be reconstructed.

Radiocarbon (C'* dating): This technique is often used on organic materials thought to
be less than 50,000 years old. Carbon-14 dating can be done because Carbon-14 is constantly
being formed in the outer parts of earth's atmosphere. It forms when a proton in the nucleus of a
/N atom is struck by a cosmic beta particle (an electron). Fusion of the electron to the proton
converts the proton into a neutron, thus changing the proton number of the atom from 7 to 6 and
the neutron number from 7 to 8. This atom, then, is a ¢C'* atom, and it is radioactive. Whereas
the Nitrogen parent atom was relatively inert, the Carbon atom is chemically active and
combines readily with oxygen atoms, forming CO.. Since the amount of incoming cosmic
radiation is constant, the rate of formation of Carbon-14 is constant too. Mixing in the
atmosphere carries the C'*O, toward the earth’s surface where the carbon dioxide molecule is
taken up by plants during photosynthesis. The radioactive carbon becomes part of the plant
tissue and accumulates in the plant until its concentration is in equilibrium with the atmosphere,
an equilibrium which persists as long as the plant lives. Animals acquire equilibrium
concentrations of Carbon-14 in their tissue by eating plants. Once the Carbon-14 bearing
organism dies, exchange of Carbon-14 with the atmosphere stops and the Carbon-14 "clock"
begins to run. During the first half life (5730 years), half of the 8 neutrons break down into an
electron and a proton so that the atom's nucleus again consists of 7 neutrons and 7 protons -
i.e., it has converted back to the 7N'* atom we began with. If Carbon-14 had a half-life measured
in millions of years, it would be worthless as a dating tool because radiogenic and non—
radiogenic Nitrogen is indistinguishable. The short half-life, coupled with the abundance of
Carbon in organic matter (+30% by weight), means that we can count decay events rather than
decay products to determine the age of the material.

Let's follow this thought via an example. Ordinary table sugar (sucrose) has the chemical
formula CeH1206, and one molecule of it would have a mass of 72 amu from C (carbon), 12 amu
from H (hydrogen), and 48 amu from O (oxygen), for a total of 132 amu. One molecular weight
of sugar = 132 grams and contains Avogadro's number of atoms, 3.02 x 10? atoms. One fourth
are Carbon atoms, or 1.505 x10% atoms. Since only 1 x10™"° of Carbon atoms are Carbon-14,
the 132 grams of sugar contains 1.505 x10 '° radioactive Carbon-14 atoms. During the first half
live, half the carbon atoms would decay, giving an average rate of 2.5 decay events each
minute. During the next half life, half of the remaining Carbon-14 atoms would decay, but the
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average rate would be 1.25 decay events per minute. During the next half life, decay events
would occur at an average rate of 0.625 per minute; in the next half-life the rate would be 0.312
per minute, and so on, with the number of decay events per unit of time as a direct indicator of
the age of the organic matter. Since Carbon-14 decays rapidly not many half-lives would have
elapsed before it would be impossible to detect decay events.

Because the amount of radiation from the sun fluctuates over time, and thus the amount
of Carbon-14 that is produced fluctuates, to get accurate dates the radiocarbon “date” must be
calibrated. This is done using dendrochronology, or the analysis of tree rings. Dendrochronology
began in the southwestern United States and the University of Arizona has a whole department
of dendrochronology. Trees add rings every year and they can record changes in climate. A dry
or especially cold year will result in a thinner ring. Because individual trees can live several
thousand years, comparing their records gives a unique pattern whereby the actual year the ring
was made can be identified. For times older than the most recent several hundred years,
dendrochronologists added trees that had died, and had overlapping records. They also used
trees incorporated as roof beams in ancient dwellings of the Puebloan cultures in the
Southwest. During the last 60 years, they have developed a tree ring record that goes back
11,000 years (“Radiocarbon Dating, Calibration & Databases | RADIOCARBON”).

The most recent calibration curve for radiocarbon goes back 48,000 years. However,
because so little radiocarbon remains after 35,000 years, the practical limit is usually 35,000 to
40,000 years. One oddity of radiocarbon calibration is that a single uncalibrated radiocarbon
date can have two or three comparable calendar dates. For example an uncorrected
radiocarbon date of 1,150 bp (this is years before 1950), or 800 AD gives you possible
corrected dates of 710 AD, 740 AD, and 760 AD.

Quantitative dating techniques including radiocarbon have exploded in their number and
accuracy in the last 30 years. Many local geologic units have been re-dated, and new
techniques have allowed dating of different features and units. Three of the techniques that
have been used with success in the El Paso area are:

1. Fission Track dating. Fission is the splitting of Uranium-235 atoms, that creates atomic
explosions and runs nuclear reactors. Some crystals, for example zircon, contain
abundant Uranium, and when fission occurs, it creates visible damage tracks in the
crystal. If the rock is warm, the tracks will heal, and therefore, fission track dating
measures when rock have been uplifted, or erosion has put rocks close to the earth’s
surface, and the minerals have cooled to 70-110 C° up to 300 C°, depending on the
mineral studied. This technique has shown that the tops of the Franklin Mountains have
been near the surface for 51 million years, and that therefore, while the mountains have
been uplifted, relatively little erosion has occurred (Kelley and Chapin, 1997).

2. Optically stimulated luminescence (OSL). Sunlight causes defects in quartz crystals.
These crystals repair themselves slowly. When subjected to a laser light, the defects
flash and the number of flashes can be used to date when sands and silts have been
buried. An OSL date gives us the oldest date for the White Sands at 6,700 years old
(Kocurek et al., 2007).

3. Exposure dating. This measures a variety of isotopes that are created on the surface of a
rock when bombarded by solar radiation. The isotopes gradually accumulate for as long
as the rock is exposed to the sun. Exposure dating has been used to date flows in the
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Potrillo volcanics west of El Paso to between 80,000 and 17,000 years old (Anthony and
Poths, 1992).

Dating Sedimentary Rocks

Sedimentary rocks once were very difficult to date. However, accurate dates for them
and the fossils within them have resulted in steady improvements in the geologic time scale.
Originally, applying the fundamental principles discussed above has allowed dating of many
rocks. Also, new techniques have allowed dating of sediments.

The principle of superposition can be used if a fossiliferous sedimentary rock (C) is
found above a lava flow (B) or is cross-cut by an igneous intrusion (D) (fig 2-6). In Figure 2-6,
the age of unit C is unknown, but must be younger than lava flow B and older than igneous
Dike D.

This technique has been used to date many of the Neogene, and Quaternary
sediments around El Paso. Many of these sediments contain volcanic ashes that allow their
dating. The Rio Grande sediments that flowed into El Paso contain ashes from as far away as
Yellowstone and California. These are within fossiliferous sediments and have allowed the
dating of the rocks and the included fossils.
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Figure 2-6. An example of how igneous units of known age, dike D and lava flow B, can be used to date
fossiliferous unit C.
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The principle of cross-cutting relations can be applied if an igneous rock mass - a sill, a
dike, a pluton — was found within a sedimentary rock sequence. The age of the igneous rock
would be younger than the sedimentary host rock. Finally, the principle of included fragments
could be used to determine the maximum age of a sedimentary rock. For example, in Figure
2-7, a volcanic lava flow is being eroded by a stream and fragments of the lava rock are being
buried in the stream sediments. Then the stream sediments are lithified to form a sedimentary
rock. This sedimentary rock could not be older that the included fragments of lava rock: thus,
we have a maximum age for the lithified sedimentary rock.
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Figure 2-7: Lava flow eroding and contributing fragments of itself to a younger sedimentary unit.

New dating techniques have also allowed dating of sedimentary rocks. In addition to
the ones described above, radiometric dating of zircon crystals in sediments has provided
maximum ages for many sediments. This can be used to estimate the sources of sediment in
an ancient river or beach deposit. In complicated areas, such as northern Mexico, where the
age of the region itself has been argued over, zircon dating has allowed a completely new
understanding of the plate tectonics and geologic history in area the since 2010.
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CHAPTER 3 - BENDING AND BREAKING -- DEFORMING
EL PASO ROCKS

“0O, what a world of vile ill-favored faults....”
Shakespeare
The Merry Wives of Windsor, sc. 4

In chapter 2 we learned that sedimentary rocks are deposited in horizontal layers.
However, all around El Paso, all but the youngest rocks are tilted, folded and fractured. In this
chapter we look at the different ways that rocks are deformed. For centuries geologists were
baffled by the fact rocks could be deformed. We now know that heat and pressure can force
rocks to deform in a variety of ways. Geologists classify deformation in three main classes:
elastic, brittle, and ductile. Think of deformation in the form of bending a stick. When you start
to bend it, the stick bends, but when you let go it recovers its initial shape. This is_elastic
deformation where deformation can be recovered. If you bend it too far, the stick breaks. This
is brittle deformation and the deformation cannot be recovered. If the stick is thin and green,
you can bend it, and if you bend it long enough and far enough, the stick stays bent. This is
ductile deformation.

Nature is more complex because rocks are not uniform and different layers in rocks
differ in brittleness or ductility. Both pressure and temperature influence the ductility and
brittleness of rocks. Hotter rocks are softer and often deform more ductilely. Rocks of the crust
are under pressure that increases rapidly as depth increases, as does the temperature.
Colder rocks, and rocks near the earth’s surface and under less pressure, break rather than
bend. The other important point is the strength of the rock. Sedimentary rocks vary
tremendously in strength, but are typically soft, and can be folded more easily than igneous
rocks, which are much harder. Metamorphic rocks also vary in strength, and can be as easily
deformed as sediments, or as tough as the hardest igneous rock.

Strike and Dip

When rocks are stressed, they eventually deform. You can look up at the Franklin
Mountains and see that the layers of sedimentary rock are tilted up to the East and down to
the West. How do we describe the orientation of beds like those in the Franklins? They can be
described using strike and dip. Strike is measured using a compass direction, using the
concept of azimuth. For example, if you are walking in a perfectly northeast direction, you are
walking at an azimuth of 45° east of north. By using compass degrees we can be more
accurate than using vague terms like northeast. Strike is defined as the direction you would be
walking if to stay horizontal on the surface. For example, if | wanted to walk a strike line, |
would walk on the surface of a bed without walking uphill or downhill. Figure 3-1 shows how
strike and dip can be measured. If you mark a horizontal line along a surface and look at it
from above, the compass direction would be the strike. Dip is the angle that a bed or other
geological surface dips into the ground. A horizontal bed strikes in all directions and has a dip
of 0°. A vertical bed or other surface has a dip of 90°.
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Figure 3-1 Diagram showing how strike and dip are measured. Strike is the horizontal line on a dipping
surface. Dip is the angle at which the surface goes down into the ground. The dip direction is
always perpendicular to strike. https://openpress.usask.ca/physicalgeology/chapter/13-5-
measuring-geological-structures.

Folds

Most often, deformation is caused by fracturing or by folding. Folding occurs through
ductile deformation in rocks when they are compressed. Lay a sheet of paper on a flat
surface, hold one edge in place, and push (compress) the other edge toward the first. The
paper will begin to fold into arches and troughs. Figure 3-2 illustrates this sort of deformation
in a layer of sedimentary rocks. The arches are called anticlines and the troughs are called
synclines. At the left side of Figure 3-2 simple folds are shown, while the middle part carries
the process further so that folds are beginning to collapse upon one another producing
overturned folds (right side of figure). Eventually, the fold can by laying essentially flat, and is
termed a recumbent fold. A spectacular example of a recumbent anticline is visible on the
north face of the Sierra de Juarez in the central portion of the range, near the skyline (Figure
3-3). In synclines, the youngest beds (green beds, Figure 3-2) are in the axes of the folds and
older beds (orange beds) comprise the flanks. In anticlines, the oldest beds are axial and
younger beds form the flanks. Folds may be symmetrical or asymmetrical (Figure 3-2), and
they may be tilted to form plunging folds (Figure 3-4).
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Figure 3-2 — Example of symmetrical, asymmetrical and overturned (recumbent) folds. The folded orange
unit is the oldest and the green unit is the youngest. Image from opentextbc.ca

Figure 3-3. Recumbent fold visible from downtown El Paso the cliff at the top of the mountain is sharply
folded at the right hand side of the mountain and forms an angled cliff beneath itself. Photo Richard

Langford 2022.
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Figure 3-4 lllustration of plunging folds. Image from openpress.usask.ca

Fractures

Fractures in rock may result from compressional, tensional, or shearing stresses.
Joints are fractures that exhibit little movement while faults exhibit movement of centimeters to
kilometers. Joints are common in igneous rocks and form when a magma or lava cools,
solidifies, and shrinks. As shrinkage progresses, tension develops and the rock cracks to
produce a set of joints. Usually the joints are roughly perpendicular to the surface of the
igneous mass. The Devil's Postpile in California (Figure 3-5) is a dramatic example of such
jointing. Such joints often have nearly vertical dips (Figure 3-5). When deep plutons are
unearthed by erosion, another set of joints often forms, parallel to the Earth surface because
reduced lithostatic pressure permits the rock to expand. These joints are important in the
process called sheeting or spalling.

Figure 3-5 — Devil’'s Post pile showing joints due to cooling of igneous rock. Photo from Wikimedia

Faults

Faults tend to be linear fractures across which significant movement has taken place.
Faults are classified on the basis of their geometry. The major geometric components are
illustrated in Figure 3-6. The fault plane is the surface along which movement occurred; its
intersection with the ground surface is called the trace of the fault. In flat ground, this is
usually close to the strike of the fault. Fault planes may have horizontal dips, or vertical or
anywhere in between.
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Figure 3-5 — Block diagram of illustrating terms and features related to earthquakes as well as showing
the parts of a fault. From earthquake.usgs.gov

Looking more closely at the fault plane (Figure 3-5) notice that if the plane is not
vertical, there is a rock surface above and another below the plane. The surface above is
called (from old-time mining days) the hanging wall (you can hang your lantern from it) and
the surface below the fault is the footwall (upon which you stand while you work). Movement
along the fault planes can be in any direction, called “dip-slip," "strike- slip”, or “oblique-slip".
In dip-slip motion, the rocks move parallel to the dip of the fault plane. In strike-slip motion,
movement parallels the strike of the fault. Obligue-slip is at an angle, with some dip-slip and
some strike-slip movement.

In dip-slip faults, the key question is which way the hanging and foot walls moved
relative to one another (Figure 3-6). To understand the importance of this, put a book or some
other thin flat item between your palms, then angle your hands with one hand angling above
and one below. If you pull your hands away from each other a little, and keep them both on
the book, the hand on top will move down. When the hanging wall moves down, rocks are
being pulled away from each other. Now try to move your hands toward each other. Notice
that, no matter which hand is on top, that hand will move further up on the book. In geological
terms the hanging wall moves up.

When the rocks are being pulled apart, and the hanging wall moves down, the
resulting fault is called a normal fault (Figure 3-6 top right). When the landscape is under
compression from the sides, the resulting fault, where the hanging wall moves up, is called a
reverse fault (Figure 3-6 top left). Some reverse faults are nearly flat and move rocks across
great distances (10’s of kilometers), and these are known as thrust faults.

Strike-slip faults are often vertical, and in any case the hanging wall does not
move up or down. Instead, rocks are displaced along the fault to one side or another. Two
kinds of strike slip faults are distinguished. Imagine standing on the ground looking across a
fault. If the rocks across the fault from you have been moved to your right, the fault is called a
right-lateral strike slip fault. If the rocks across the fault from you have been moved to your
left, the fault is called a left-lateral strike slip fault. The strike slip fault in the bottom of figure 3-
6 is a right-lateral strike slip fault.
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Figure 3-6 — Three major types of faults. From National Park Service.

These terms, normal, reverse and thrust, are also applicable to oblique-slip faults.
Oblique slip faults can use combined terms for example an oblique normal left lateral fault
combines those two movements In the El Paso area, all of these basic types of faults occur.
The major ones are shown in Figure 3-7. Similarly, many different kinds of folds may be found.
Most of these can be related to the major plate tectonic events that shaped El Paso geology
during the 1.37 billion years of history recorded in the region.

Faults can also be classified historically as active (movement has taken place during
historic time), inactive (no movement in historic time but movement has taken place during the
last two million years), or extinct (no movement during the last two million years). Faults in El
Paso are all classified as inactive. They have moved, but not historically. The fault with the
most recent movement is the East Franklin Mountains fault, which has moved several times in
the last 10,000 years (Figure 3-7).

Faults can be found in rocks of all ages in El Paso (End Piece Geology Map). These will
be described in detail in the different chapters. However, most can generally be ascribed to the
major orogenies, or mountain building events in the region.
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Figure 3-7 — map showing major faults and folds of El Paso area. Faults in the El Paso area are mostly
classified as inactive. They have moved in the last 2,000 years, but not historically. The colors
show the relative ages of the faults, with the most recent having moved in the last 10,000 years,
and the rest last breaking the surface at older times. The thin red lines mark the locations of faults
that have move in the latest Pleistocene (50,000 years). The blue and purple lines moved in the
Late and Middle Pleistocene. Faults from USGS fault database.
(https://www.usgs.gov/programs/earthquake-hazards/faults). The base is Courtesy of Google Earth
Terrain.
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Figure 3-8 — Schematic cross section through the Franklin Mountains showing the faults that bound them.
On the East is the East Franklins Normal fault, the most active in the area. On the west side of the
mountains, the West Franklin Fault zone includes a reverse fault that puts Ordovician rocks against

Permian rocks (the one dipping under the mountain. and a Normal fault the puts younger Permian
and Cretaceous rocks against the mountain front.

Total movement is estimated at 30,000 feet (9.1 km) on the eastern boundary fault,
with the Hueco Bolson block down-dropped 9,000 feet (2.7 km). The other 21,000 feet (6.4
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km) of displacement is determined by projecting a complete stratigraphic section up the
western slope (or dip slope) of the Franklins until the Permian rocks intersect the projected
fault plane. In Figure 3-8, the Eastern Boundary fault (EBF) plane dips to the east beneath the
Hueco Bolson, as indicated by geophysical studies. Recent investigations (McCalpin, 2006)
based on trenches dug across the EBF indicate that the EBF has experienced 3 to 4
earthquakes in the past 64,000 years. During each earthquake the ground moved about 6
feet (2 m), equivalent to a magnitude 7 event. Smaller normal faults are also found within the
central Hueco Bolson (Figure 3-7). These faults have vertically offset sediments with ages
less than 800,000 years old by 6.5 to 23 feet (2 to 7 m) (Collins and Raney, 1994).

The Western Boundary fault (WBF) has less displacement, about 10,000 feet (3 km),
shown by displacement of the sedimentary rocks along the fault zone (Figure 3-8). Where the
fault plane crops out, it dips easterly into the range at angles between 45° and 75° making it a
reverse fault. However, gouge (wall rock pulverized during movement) includes rock
fragments that could only have been emplaced if some normal movement occurred as well as
reverse movement.

Within the Franklin Mountain block (Figure 3-8), other faults are present. Two have
markedly affected the landscape. Southernmost is the McKelligon Canyon fault which cuts
diagonally across the range. Near the head of McKelligon Canyon, the fault bifurcates and
one branch extends north to intersect the Fusselman Canyon fault, while the other continues
across the range and intersects the Western Boundary fault. McKelligon Canyon, as a
physiographic feature, exists because faulting shattered rock in the fault zone, making it easily
eroded. In the canyon itself, the fault trace is buried under colluvium and alluvium but offset of
the rocks on either side of the fault shows that the northeastern side dropped down and the
northwestern side moved up. The fault plane is nearly vertical where it passes across the
crest of the range.

Fusselman Canyon, the valley in which Trans-Mountain Highway was built, is another
fault-generated (or structurally guided) physiographic feature. Through Fusselman Canyon
this fault trends east/west until it loops south about 0.5 mi (805 m) east of Smugglers Gap.
The south loop joins the northern end of the north-trending McKelligon Canyon fault so that
the two form an arcuate fault system opening into the Hueco Bolson. Stratigraphic separation
indicates that the rocks inside the arc dropped down and out into the bolson while the rest of
the range was being uplifted. This is now recognized as a low angle normal fault that formed
early in the uplift of the Franklin Mountains and then rotated to nearly flat as the range grew.

Faulting that produced the Sierra de Juarez probably began about 80 million years ago
and edded about 40 million years ago. The geologic symbols that look like saw-teeth in the
geologic map (Geologic Map — Forthcoming in the new edition) mark the thrust faults
separating the allochthons from the autochthons and one another. Planes of these faults are
almost horizontal or dip slightly to the southwest. In the map, the double-headed arrow (<) is
the symbol for an anticline and the other (—<«) marks a syncline. All the rocks in the thrust
sheets are Cretaceous units that were shoved to the northeast during Laramide compression.
Each of the thrust sheets probably formed during separate compressional pulses. Along the
southeastern side of the Sierra, the dashed line indicates an inferred fault that could be
projected north to intersect the eastern boundary fault. There is no hard evidence to support
such an inference. Just west of it a right-lateral strike-slip fault cuts across the range. It may
have formed when the Sierra thrust sheets collided with the ancestral southern end of the
Franklins. Finally, andesite was injected into the fold axes and fault planes. Since the andesite
is neither folded nor faulted, emplacement must have taken place after deformation was
finished. Recall that these andesites are over 50 million years old. None of the Santa Fe
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Group sediments that cover Sierra faults are displaced, so the faults must be extinct or
inactive.

Another major thrust fault was found during drilling that revealed the Clint Fault. It is
called the Rio Grande Thrust, and includes the same suite of rocks found in the Sierra de
Juarez thrusts, and it is not exposed on the surface. It probably formed at the same time
thrusting was taking place in the Sierra but evidence is too scanty to say more.

Numerous folds and faults developed at Cerro de Cristo Rey during emplacement of
the Muleros Andesite. Host rocks were flat-lying Cretaceous units with a few gentle folds that
pre-date the intrusion. As the andesite was emplaced, it domed the host rocks up and over the
magma chamber initiating a series of radial faults extending outward like spokes on a wheel.
These radial faults show only a few meters of movement. Striations and polished surfaces on
the fault planes (called slickensides) are common but cannot be used to determine the
amount of movement. A second set of faults developed later as the magma of the pluton
cooled, shrank, sank downward, and solidified. This fault set is circumferential and almost
completely surrounds the intrusion. Again, movement was not great - a few meters. Santa Fe
sediments cover many parts of the radial and circumferential faults but are not displaced,
again indicating that no movement has taken place on these faults during the last million
years.

Close by Cristo Rey the Mesilla Valley fault trends northerly. It is a normal fault, down
to the west, that can be traced from Cristo Rey toward Anthony fairly easily. Further north it is
harder to follow because leveling of the land for agricultural purposes has obliterated the fault
scarp. Near Las Cruces, it can be followed again for some distance. The presence of the fault
scarp in the Rio Grande flood plain indicates that some movement has occurred since the
Gold Hill terrace was carved. Maximum age of the fault is post-andesite intrusion (47 million
years ago). Had the fault been in existence earlier, the Campus Andesite and the Muleros
Andesite would have followed the shattered rock of the fault zone rather than cutting through
solid country rock. Instead, the fault passes between the two plutons and is the structural
guide for the Rio Grande through "El Paso del Norte del Rio Bravo," or El Paso Canyon.
Evidence that it is a normal fault is found in the Finlay Limestone outcrops near the railroad
bridges over the river. The top of the Finlay (before quarrying)was 200 or so feet (~ 60 m)
above the river on the east bank (east side of the fault) while it is only 100 feet (30 m) above
the river on the west bank, indicating that the west side of the fault dropped down.
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CHAPTER 4 - EARLIEST DAYS IN EL PASO

"What seest thou else
In the dark backward and abysm of time ?"

Shakespeare, The Tempest, act i, scene 2

The Oldest Rocks—The Precambrian

Although we are certain that older rocks underlie the Precambrian units of the El Paso
area, there are no data available to tell anything about them. However, samples from deep
wells, and outcrops in the San Andres and Sacramento Mountains, tell us about how and
when they formed (Adams and Keller, 1996; Barnes, 2001; Whitmeyer and Karlstrom, 2007).
Most of these rocks are metamorphic rocks.

Metamorphic rocks are rocks that have been changed due to heat and/or pressure.
There are two kinds of metamorphic rocks. Contact metamorphic rocks are rocks that have
been altered by being heated by a nearby igneous rock, for example a granite intrusion. The
heat bakes the rocks and causes new minerals to grow. Contact metamorphic rocks are
usually found only within a few hundred meters of an intrusion and are thus local in extent.

Regional metamorphic rocks are rocks that have been buried deep within the earth to
where they have been subjected to heat and pressure great enough that new minerals formed
and the rocks have been deformed, picking up new fabrics. The most common fabric is
foliation. Foliation forms when rocks are compressed and mineral grains rearrange
themselves so that flat grains are generally perpendicular to the pressure and are all in
alignment. This forms a new layering in the rock that might be at angles to the original
bedding. If the rocks are deformed enough, all traces of the original bedding are destroyed
and metamorphic foliation is the only visible layering in the rock. The oldest rocks in the El
Paso region are regional metamorphic rocks and most show foliation. The Precambrian rocks
include granites that have intruded meta-sediments and meta-volcanic rocks. Schists,
amphibolites, quartzites and metaconglomerates are the most common rocks.

New minerals are formed during metamorphism that replace the original sedimentary
or igneous minerals. Some minerals form in well-defined ranges of heat and pressure that
allow a reconstruction of the temperatures and pressures they were subjected to. New
advances in radiometric dating of metamorphic and igneous minerals have allowed a detailed
understanding of how the North American craton was developed.

To the north and west of El Paso lies the Mazatzal Province, an area of
metamorphosed sediments and granites that formed as an ancient sea was subducted under
the North American craton between 1.65 and 1.6 billion years ago (Condie, 1982; Karlstrom
and Bowring, 1988; Whitmeyer and Karlstrom, 2007; Duebendorfer et al., 2015) (Figure 4-1).
A similar process has added much of California, Oregon and Washington to North America in
the last 180 Million years. The rocks are dominantly schists and quartzites that were buried to
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depths of 12 km to 15 km (7.5 to 9.5 miles) below mountain ranges formed along the
subduction zone (Whitmeyer and Karlstrom, 2007). Temperatures varied from place to place
depending on how close the rocks were to the volcanic arcs adding hot granitic magma to the
crust.

There is debate as to whether the Mazatzal province was firmly a part of North
America before 1.4 billion years ago. Recently, correlation of igneous intrusions and
metamorphic rocks across northern New Mexico and Eastern Arizona suggests that another
orogeny, the Picuris Orogeny, intruded and caused large scale metamorphism within the
Mazatzal province between 1.49 and 1.4 billion years ago (Amato et al., 2011; Daniel et al.,
2013). In southern New Mexico the Picuris orogeny is not evident, and the rocks are more
typical of the Mazatzal Province, with ages ranging from 1.72 and 1.63 billion years old
(Amato et al., 2008).

To the southeast of El Paso, the Precambrian rocks are much younger (1.55-1.3 billion
years old) and are considered part of the Granite Rhyolite Province (Barnes, 2001) (Figure 4-
1). These rocks are mostly only known from cores in deep wells because they are buried and
they are dominated by metamorphosed rhyolites that are intruded by granites and mafic
igneous rocks (Barnes, 2001). This part of the continent is inferred to have formed in and
behind a volcanic arc, as oceanic crust was subducted under North America between 1.38
and 1.32 billion years ago (Barnes et al., 2002).

The Granite Rhyolite province is differentiated from a third province, the Grenville, or
Llano province to the southeast along a line that runs just southeast of El Paso (Figure 4-1). In
the Granite-Rhyolite province, the 1.38 to 1.3 billion year granites have Sm/Nd ages
(remember from Chapter 2) that are significantly older indicating the original crust that the
granites and rhyolites formed in was older, and similar in age to the Mazatzal Province
(Whitmeyer and Karlstrom, 2007). However, in the Llano/Grenville Province to the southeast
of El Paso the age of the deformation is similar to the age of the crust, meaning that in this
area, the crust was being formed at this time, representing a new addition to the continent
through accretion of island arcs and subduction under North America (Bickford et al., 2000;
Barnes, 2001; Karlstrom et al., 2001). This means the rocks represent the formation of a new
piece of the continent (Whitmeyer and Karlstrom, 2007; Davis and Mosher, 2015). These
rocks are exposed west of Van Horn, TX in the Carrizo Mountains, where they crop out as
highly metamorphosed sedimentary and volcanic rocks, originally deposited along a volcanic
arc at the edge of the continent (Davis and Mosher, 2015) (Davis and Mosher, 2015) (Figure
4-1).

The rocks associated with the Grenville terrane were thrust back onto North America
about 300 million years after they formed during what is known as the Grenville orogeny. In
Texas, the rocks of the Llano Uplift and the Carrizo Mountains were both strongly deformed at
this time. The Carrizo Mountain group was deformed along strike slip faults and smeared out
to the northwest over thousands of kilometers, and in the middle of this smearing, they were
thrust onto older rocks to the northeast (Davis and Mosher, 2015). The only place this
thrusting is exposed is in the Carrizo Mountains, just west of Van Horn (Figure 4-1), where
they are thrust onto much less metamorphosed rocks that probably were sediments at the
time of thrusting (Mosher, 1998; Davis and Mosher, 2015). The less metamorphosed rocks on
the north side of the thrust are of particular interest to us because they are the same rocks as
the oldest rocks in the Franklin Mountains.
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Figure 4-1 Precambrian terrane boundaries in the El Paso region.

El Paso’s Precambrian Rocks

El Paso's Precambrian rocks are exposed in the Franklin Mountains (Figure 4-2) where
they form the center of the range, flanked by younger rocks to the south and north (See
Geologic Map Forthcoming in the new edition). Most of the accessible outcrops of the
Precambrian are found on the eastern slopes of the range and in the road cuts along Trans-
Mountain highway, but the most spectacular outcrop is the "Thunderbird" on the west slope,
south of Trans-Mountain Highway. In the Tom Mays Park section of the Franklin Mountains
State Park there are additional outcrops of Precambrian rocks, including the rocks of North
Franklin Peak. The Precambrian rocks are easily spotted because most are a pinkish red, as
opposed to the grey of the rest of the range.

Precambrian rocks in the Franklins are either metamorphosed sedimentary rocks or
are igneous rocks of several sorts. Geologists discuss rock sequences beginning with the
oldest and working their way through progressively younger units. Following that pattern, the
oldest rocks in the Franklins are the Castner Marble and the Mundy Breccia. These are
equivalent, and similar to the Allamoore Group in the Van Horn area. The Castner Marble has
been dated at 1.25 to 1.27 billion years old based on Uranium Lead dates from ash beds near
the top of the Castner (Pittenger et al., 1994; Bickford et al., 2000). In the Franklins, as at
Allamoore, it is interbedded with basalts and basaltic sills, and was probably deposited in a
back arc basin, in a shallow and narrow sea, that did not have much access to the open
ocean (Gore, 1985; Pittenger et al., 1994; Bickford et al., 2000).

The best place to see the Castner is in road cuts along Trans-Mountain Hwy, low on
the eastern slope. There the Castner is approximately 1,400 feet (335 m) thick, but the true
thickness of the Castner is not known. In the Trans-Mountain Highway outcrops, the exposed
Castner is a huge roof pendant, a mass of country rock that was surrounded by molten granite
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and has essentially fallen in. There is no way to tell whether or not the entire thickness of the
Castner is included in the pendant, or what rock may have underlain it. The Allamore
Formation is similar in thickness and also does not expose any underlying rocks (Bickford et
al., 2000). The Castner consists chiefly of marble (recrystallized limestone) with minor
hornfels (metamorphosed shale) in the original bedding planes. Metamorphism has generated
many minerals including garnets (sadly, not of gem quality), tremolite, serpentine, apatite, and
others which make the Castner a favorite hunting ground for mineral collectors.

Figure 4-2. Road cut on Trans-mountain Road, on the east side of the Franklin Mountains showing
orange granite intruding the green Castner Marble and the Black Mundy Breccia. Note the bedding
in the Castner and Mundy is at different angles in different blocks. These represent the random
orientations of blocks that have dropped into the molten granite as it melted and intruded into the
older rocks above it. Richard Langford 2022.

The oldest fossils of the El Paso region occur in the Castner. These are stromatolites
whose prime architects were_cyanophytes or blue-green algae. The stromatolites are roughly
domed shaped structures, a few tens of centimeters to a meter or so in diameter that formed
small mounds on the sea floor that form as sediment particles are trapped onto the sticky
surface of the algae. Stromatolites are common in rocks in the PreCambrian, Cambrian and
Early Ordovician, where they formed in areas where light could reach the sea floor. In the
middle of the Ordovician the evolution of snails created a group of organisms that love to eat
algae, and since that time, stromatolites have been restricted to harsh or very saline
environments.
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Figure 4-3. Stromatolite from the Castner Marble. Each of the two small dome-shaped features in the
center and right side are some of the oldest fossils in El Paso. Source, Callan Bentley, Mid-Atlantic
Geo-Image Collection License: Creative Commons Non Commercial

Sedimentary structures are present and, also, indicate a shallow, marine shelf and
intertidal depositional setting. Among the more spectacular sedimentary structures are intra-
clast conglomerates. These can still be found on the sea floor today where limestone is
quickly hardened on the sea floor and a storm can rip up clasts that are then quickly deposited
as the storm wanes. Depending upon how much churning the sediment pieces experience,
their edges and corners may be only slightly rounded or the pieces may be turned into ball-
like objects, or something in between. Sedimentary rocks composed of well-rounded
fragments in a finer matrix are called conglomerates. If the particles are dominantly angular
the rock is called a breccia. In the Castner situation, almost all stages of angularity to rounding
can be found in what are called intraclast conglomerates and breccias. The same storms that
ripped up the sea floor deposited graded beds as the storm waned. Graded beds have
coarse-grained particles at the bottom and are progressively finer grained toward the top.
Also, late in the depositional process or early in the lithification process, some of the soft, limy
muds deformed under their own weight and produced a variety of soft sediment deformation
features.

In a few places in the Franklins, the Castner is interbedded with the Mundy Formation.
The Mundy was originally thought to be younger than the Castner, but it is interbedded with
the upper part of the Castner. It forms a large lens in the upper Castner, and was probably a
basalt lava flow that erupted onto the seafloor (Ballard, 1997). The Mundy contains
hexagonal cooling joints, which form as lava flows cool. Well defined pillow basalts are
common (Ballard, 1997). Pillow basalts form when lava flows under water and the outside of
the magma is frozen, making a feature about the size and shape of a bed pillow. It cracks and
the lava flows out and is frozen to make another pillow. Much of the Mundy is autobrecciated
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(Ballard, 1997), which is when the cooled outer surface of basalt flows crumbles as the molten
lava within pushes the flow along.

Around and beneath the Mundy Breccia, the Castner was deformed, because it was
mostly soft sediment (Ballard, 1997). Spectacular soft sediment folds formed around the
edges of the basalt flow. These are one of the most interesting and photogenic features of
the Castner.

At this point, we should discuss the beauty of these rocks. The Castner is one of the
prettiest rocks in North America. It has interbeds of green and white that make it a prized
“bookend” or other block. The colors are the result of metamorphism, which will be discussed
in detail below. After deposition, the Castner was intruded by granite, causing contact
metamorphism, but then was buried deep enough and heated enough to reach the
greenschist stage. Greenschist describes a typically green metamorphic rock, formed when
sediments or igneous rocks are compressed and heated so that the minerals in them are
converted to new, generally green minerals. Greenschists usually form at temperatures
between 300—450 °C (570-840 °F), and at depths of 2 to 10 kilometers.

The marble contains centimeter to meter thick bands that were originally limestone,
and others that contained silt and clay. The limestone was turned into white marble, and the
silty and clayey bands were transformed into the green minerals serpentine, tremolite,
actinolite, and chlorite. The result is a really beautiful rock. Some of the Mundy was
transformed into amphibolite where it was near the granite. Amphibolite is a shiny black rock
that can give these pieces of the Mundy a beautiful satiny appearance.

Overlying the Mundy and the Castner is the Lanoria Formation. The Lanoria forms a
prominent set of white and black bands along the east side of the Franklins. The black bands
are metamorphosed siltstones and the white bands are the rock quartzite. In general, the
Lanoria consists of fine-grained quartz sand, sometimes iron-stained, which is well bedded
and contains ripple marks and occasional pebble conglomerates. Metamorphism has fused
the quartz grains together, turning the once-sedimentary rock into quartzite. Within the
Franklins, the Lanoria is up to 2,424 feet (739 m) thick. It is divisible into six stratigraphic
sequences (Seeley, 1999). The Lanoria is interpreted to represent the progradation of a
coastline into a subsiding basin from the south (Seeley, 1999). An initial transgression (see
chapter 2 for discussion of transgressions) is overlain by a thick shale, and then a sequence
of alternating shoreline sandstones and offshore shales (Seeley, 1999). The shales thicken
and the sandstones thin to the north. No body fossils have been found, but trace fossils are
fairly common in the finer grained sandstones and coarser mudstones (see burrows in Figure
4-4).
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Figure 4-4. Burrows (Left) and ripple marks (Right) in the Lanoria Fm. John Seeley 2002.

A combination of restricted access (the best outcrops of the Lanoria are in military
firing ranges) and daunting cliffs have limited study of the Lanoria. No body fossils of any sort
have yet been found in the Lanoria, so its age can only be inferred. It overlies the Castner and
Mundy, so must be younger than those units and it is intruded by granites of the Red Bluff
Granite complex so must be older than the granites. Since radiometric age dates on the
granites are consistently in the 0.98 billion to 1.01 billion years the Lanoria Formation must be
more than 1.01 billion, but less than 1.25 billion years old.

Intruded into, and engulfing the Castner/Mundy/Lanoria package is a complex of
igneous rocks, dominated by the granites of the Red Bluff Granite. The Red Bluff Granite
forms the distinctive red base of the Franklin Mountains on the east side. It is a typical granite
batholith, formed when large masses of granite melt their way up into the middle of the earth’s
crust. At the north and south ends of the range Paleozoic sediment rests directly on the
granite. In the center of the Range, near North and South Mount Franklin peaks, Precambrian
volcanics of the Thunderbird Group overlie the granite and the Castner, Mundy, Lanoria
metamorphics.

The granite is classified as an “A” type granite (Roths et al., 1993; Shannon et al.,
1997). This means that the granite is formed from a melt that contained little water. This type
of granite usually forms within plates under extensional regimes, and the Red Bluff has been
interpreted as a product of a large basalt intrusion to the crust, that gradually solidified until
only granite was left. At least five distinct granite phases are present. Although their relative
ages are unclear, the coarse-grained, pink, feldspar-rich granite is the largest volumetrically.
Granite and rhyolite boulders of the same age and, similar in composition to the Red Bluff can
be found in the Hazel Formation near Van Horn, suggesting that similar granites and rhyolites
were widespread across West Texas at this time (Bickford et al., 2000).

In addition to the granite complex, another intrusive suite is present in the Franklins.
This suite consists of diabase sills and dikes emplaced within the Red Bluff granites. Diabase
is a fine-grained mafic igneous rock composed of feldspars and pyroxenes. Since it cross-cuts
the granites, it must be younger than the Red Bluff. A similar diabase dike cuts Ordovician
and Silurian sedimentary rocks elsewhere in the Franklins. While it seems likely that only one
post-Silurian diabase is present, no physical connection has been found between the two dike
systems and there may really be two - one Precambrian in age and the other post-Silurian.
The diabases weather more easily than their host rocks, so their manifestation on the ground
is usually a trench that looks as if someone had used a back-hoe to dig it. That trench acts as
a natural channel for surface water run-off and directs some of it deep into the diabase to
extend chemical weathering effects far into the dike.
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Figure 4-5. Diabase dike intruding the Red Bluff Granite is the darker material near the person’s knees.
Richard Langford 2022.

Sitting on top of the Red Bluff Granite is the final Precambrian unit of the Franklins. In
1909, G.B. Richardson (Richardson, 1909) published the first, and still only, complete
geologic map of the Franklins. In his mapping, he recognized the Thunderbird Rhyolite, a
name which stuck for more than 110 years. The name is derived from the unit's outcrop on the
western slope of the Franklins above the Coronado area. Viewed from the west, the outcrop
has the general shape of the Native American "thunderbird" motif (Figure 4-6). The
Thunderbird Group has been divided into three formations (Thomann, 1981). The lower unit is
called the Coronado Hills Formation and consists of 35 to 90 feet (10 - 27 m) of conglomerate.
Clasts in the conglomerate (probably from the Lanoria), include quartzite sedimentary
siltstone, shale, and chert particles whose sources are unknown, as well as volcanic trachyte
and ignimbrite fragments. Sedimentary structures including cross bedding and scour-fill
structures suggest that this unit was deposited by a braided river system. There is some doubt
as to whether this unit should be included with the overlying volcanic and volcaniclastic rocks.
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Figure 4-6 The Thunderbird on the west side of South Mount Franklin is outlined in white. The
Thunderbird is composed of Precambrian metamorphosed rhyolite that formed a mountain that was
gradually buried by the surrounding Ordovician gray limestones. Richard Langford 2022.

Overlying the Coronado Hills Formation is the Smugglers Pass Formation. Up to 460
feet (140 m) thick, this unit consists of porphyritic trachyt