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ABSTRACT

In the San Dimas district, on the western flank of the Sierra
Madre Occidental, near the small town of Tayoltita, Durango, gold and
silver epithermal ore deposits are mined from the complex Arana fault
system.

The structural relationships of the Tayoltita system are well -

mapped, but their kinematic relationship to ore deposition is unclear.
In plan view and in cross -section, the Arana system has a horsetail or
wedge- shaped geometry.

Subsurface mapping of slickenside striae as

movement indicators suggest that the N13°W- striking Arana fault, form-

ing the eastern boundary of the system, is a normal slip fault with at
least 250 m of throw.

Subsidiary system faults display normal separa-

tion with varying degrees of dextral horizontal separation (which is a
function of fault orientation).

Experimental modeling of the Arana system indicated that the
system formed under simple shear as the a2 and a3 stress axes rotated in
a subhorizontal plane about al.

Rotational strain cuased the developing

fault strands to rotate and to be captured by the Arana fault, forming
the typical wedge- shaped geometry.

Later, a more complex rotation of

the three major stress axes enabled hydrothermal fluids to progressively
mineralize faults, which had more northerly strikes, by a process similar to progressive strain.

This is documented by mineral assemblages

that record the instants of fault opening and by the lack of mineralization along the high- angle, northwest- striking faults.

xi

CHAPTER I

INTRODUCTION

The town of Tayoltita, Durango, Mexico and the surrounding San
Dimas mining district are situated on the western flank of the Sierra
Madre Occidental.

Physiographically, the district lies in the steep

ridges and deep canyons of the barranca country.

The local relief near

Tayoltita is in excess of 1300 m from the channel of the Piaxtla River
to the top of Bolaños Peak.

The San Dimas district is located approximately 90 km from the
Pacific coast and lies between latitude 24 °17'N and 24 °11'N and longitude 150 °40'W and 106 °45'W (Figure 1).

The 140 sq km district includes

some of the richest gold and silver mines in the western North American
Cordillera.

Precious metal mineralization in the district is generally

localized along east -northeast striking faults.

The ore deposits are,

in the classical sense, epithermal vein deposits (Lindgren, 1933) and
contain the precious metal minerals argentite, acanthite, stromeyerite,
jalpaite, electrum, and native silver.

These minerals are found with

the base metal sulfides sphalerite, galena, chalcopyrite, and pyrite as
disseminated sulfides and sulfosalts in abundant quartz, bustamite, and
adularia gangue.

Preeminent among these precious metal deposits,and the focus of
this investigation, is the Tayoltita ore body.

Since 1757, the Tayol-

tita mine has produced at least 8,086,000 kg of silver and 161,720 kg of
1
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Figure 1.

Location Map of the Piaxtla River, San Dimas Mineral District
and Tayoltita.
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gold.

More than 4,588,000 kg of silver and 76,322 kg of gold have been

produced from the Tayoltita mine since 1900.
The fault system that contains the ore -grade mineralization in

the mine is named after the principal fault of the system, the Arana
fault.

The mineralization of the Arana system departs from mineraliza-

tion trends common to the rest of the district.

The Arana system not

only involves the richly mineralized east- northeast faults present else-

where in the district but also contains mineralized faults with northeasterly and northerly strikes.

In contrast, the northwest -striking

faults are economically worthless.
The purpose of this investigation was to explain the structural -

geologic controls of mineralization in the San Dimas district and specifically within the Arana system.

The work of many distinguished

geologists such as Agustus Locke, Hugh McKinstry, S. C. Davidson,
Rodgers Peale, Oscar Hershey, Edward Wisser, Paul Henshaw, Douglas Smith,

Jr., and Denis Hall was critical to the understanding of the local and
regional geology.

A greater appreciation of the subtleties of the dis-

trict and local geology was achieved through the tutelage of the district
geologist, Mike Clarke.

To understand the structural controls within the Arana system,
a structural analysis of the system's footwall was undertaken.

The

analysis included an investigation of the physical properties of the major footwall faults including examination of fault plane texture, vein
texture, and an inventory of fault plane striae (slickensides).

plement results of this field investigation, the Arana system was

To sup-

4

modeled experimentally according to movement patterns interpreted in the
mine.

All of the available data were synthesized into a two -part model.

The first part of the model is an interpretation of the kinematic

evolution of the Arana system before mineralization; the second part of
the model simulates the response of the rock body to stress applied after the formation of the Arana system and during mineralization.

A second objective of the investigation was to gain a greater
understanding of the hanging wall block of the Arana fault.

Field map-

ping of this block on a topographic base map at a scale of 1:5,000 depicts the major stratigraphic and structural features.

A final

objective of this investigation was to integrate the total kinematic
model of the Arana system into a regional framework.

The regional

framework model was constructed to be simple and strong enough to explain the known data, yet flexible enough to incorporate future work.
This manuscript presents the regional structural and strati graphic relationships first as a framework for understanding the local
structure.

The focus of the local structure centers around the Arana

fault system.

A detailed description of the system's geometry is pre-

sented and is an integral part in the following kinematic interpretation.

Finally, the relationship between fault kinematics and

mineralization is explored, completing the examination of the local
structure.

CHAPTER II

GEOLOGIC SECTION OF
THE SAN DIMAS DISTRICT

Figure 2 is a graphic representation of the geologic column of
the San Dimas district.

The base of the section is composed of intru-

sive rocks of the Piaxtla batholith.

The batholith, in turn, shows in-

trusive relationships with the overlying Espadañal Formation and the
Lower Volcanic Series rocks.

The Lower Volcanic Series reaches a maxi-

mum thickness of 1700 m and is succeeded by the Upper Volcanic Series
of equivalent thickness.

Figure 3 is a schematic diagram showing the chronologic evolution of the San Dimas district rocks.

The fundamental structure and

stratigraphic relationships are portrayed in Figure 4.

Piaxtla Batholith

The Piaxtla batholith is part of the coastal batholith complex
found along the western North American Cordillera.

Henry (1975) plot-

ted the K -Ar ages of the coastal batholith as a function of "distance
from the coast."

The resulting graph (Figure 5) suggests that the bath -

olith intruded as a magmatic front migrating to the east from about
100 to 40 m.y.

After 40 m.y. the trend is reversed and the magmatic

front migrates rapidly to the west.
of the low sample number.

The data are inconclusive because

However, it strongly resembles the data
5
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presented by Coney and Reynolds (1977) in their analysis of plutonic
and volcanic ages in the southwestern United States.

The eastward (or inland) sweep of intrusives reached the San
Dimas district approximately 45 m.y. ago.

Henry (1975) divided this in-

trusive type into two groups on a lithological basis: the Candelaro
Granodiorite and the San Ignacio Granodiorite.

Intrusive relationships

indicate that the Candelaro plutons are younger than the San Ignacio
plutons.

Six specimens of the Candelaro Granodiorite from Tayoltita were
dated by Henry (19 75) (Table 1)

clustered around 45 m.y.

.

Four of the six K -Ar biotite dates are

The two remaining K -Ar dates are considerably

lower at about 32 m.y. and probably represent a later hydrothermal alteration event.

The batholithic Candelaro Granodiorite ranges in composition
from granite to diorite with a "marked trend toward granodiorite"
(Fredrikson, 1974, p. 175)

.

Smith and Hall (1974) described the rock

as a fine- to medium -grained, biotite quartz monzonite.

Espadañal Formation

The Espadañal Formation is found in scattered outcrops below the
basal unit of the Lower Volcanic Series.

Rocks of the Espadañal Forma-

tion no longer constitute a continuous stratigraphic unit because of the
high level of the intrusion of the batholith.

The remnants of the for-

mation are composed of folded and metamorphosed conglomerate, sandstones,
siltstone, shale, calc- arenite, and limestone.

The age of the Espadañal

Formation is unknown, but Fredrikson (1974) has estimated the age as

11

Table 1.

Piaxtla Batholith Ages near Tayoltita -Candelaro
Style Intrus ives -- From Henry (1975).
.

K-Ar (Biotite)
45.0 ± 1.0 m. y

.

43.0 ± 1.0 m. y

.

Hornblende
45.6 ± 1.0 m.y.

U -Pb

30.2 ± 0.3 m. y .

32.8 ± 0.4 m.y.

45.4 ± 0.5 m-y.
45.0 ± 0.5 m-y.

43.6 ± 1.0 m.y.

48.0 m.y.
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An upper age limit is placed on the

late Paleozoic to middle Mesozoic.

-formation by the intrusive relationships of a 150 m.y. quartz diorite
in the central Rio Presidio Valley.

The clasts of the conglomerates in the Espadañal Formation indicate that the formation was derived from an earlier volcanic terrain.

Long since lost to erosion, the only remaining remnants occur as siliceous volcanic cobbles in the conglomerates.

Further evidence of the

ancestral examination of the sandstone reveals that much of the sand is
volcanic rock, quite possibly derived from the same source as the conglomerates (Henry, 1975).

Lower Volcanic Series

The Lower Volcanic Series was deposited as alternating suites
of rhyolíte and andesite.

The aggregate thickness of the series is in

excess of 1600 m while individual formations range from 50 to 800 m.

The base of the Lower Volcanic section is a 700 m thick unit of
rhyolitic flows and tuffs called the Socavon Rhyolíte.

The Socavon

Rhyolite is succeeded by a thin, variable unit of air fall andesite
tuff.

This andesitic tuff is named the Buelna Bedded Andesite after its

distinct but subtle horizontal laminations.

Its thickness is extremely

variable, reaching a maximum thickness of 50 m and in places pinching
out completely against the underlying Socavon Rhyolite.

Immediately above the Buelna Bedded Andesite is another rhyolite
unit called the Portal Rhyolite.

The Portal Rhyolite also shows signif-

icant variations in thickness, ranging from 140 to 230 m.

The rhyolitic

13

tuffs and flows of the Portal Formation are conformably overlain by
another andesitic unit, the Productive Andesite.
is a sequence of porphyritic andesite flows.

The basal Productive

Higher in the section,

volcanic agglomerates become increasingly dominant as the Productive
Andesite reaches a maximum thickness of 800 m.

Age

The Lower Volcanic Series has never been directly dated in the
San Dimas district because of its regional propylitic alteration.

Field

relationships outside the district, however, suggest an age of Latest
Cretaceous to late Paleocene (70 -57 m.y.) (Renshaw, 1953; Fredrikson,
19 74; Henry, 1975)

.

Contact Relationships

The base of the Lower Volcanic Series is generally marked by an
intrusive contact with the Piaxtla batholith.

Where the Espadañal For-

mation is present, however, the contact is a sharp angular unconformity.

The upper contact of the Lower Volcanic Series is marked by a
variable angular unconformity with the Upper Volcanics.

In some places,

small sedimentary units, derived from the Lower Volcanic Series rocks,
are present between the Lower Volcanics and Upper Volcanic rocks.

Guarisamey Sedimentary Rocks

North of the small village of Guarisamey, sedimentary rocks crop
out between the Lower Volcanic and Upper Volcanic Series.
thickness of the rocks is estimated to be about 350 m.

The total

The sequence is
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divided into the Peña Conglomerate, Las Palmas Red Beds , and the Guarisarray Green Beds.

Peña Conglomerate
The Peña Conglomerate unconformity succeeds the Productive Andesite along an angular unconformity of less than 5 °.

Above the contact,

the base of the Peña Conglomerate is marked by a discontinuous layer of
fine -grained arkosic sandstone.

In hand specimen, the arkose appears to

be composed of plagioclase, quartz, and fine - grained chlorite.

In out-

crop the arkose is very discontinuous, but always is restricted to the
same stratigraphic horizon.

With a maximum thickness of 4 m, the arkose

is void of any diagnostic sedimentary structure.

In places, however, it

does demonstrate a delicate horizontal lamination in thin alternating
bands of black and green.

The type Peña Conglomerate transitionally overlies the arkose.

The Peña crops out on the west side of Las Palmas ridge where it forms
cliff faces nearly 30 m high.

The conglomerate is largely composed of

subround to round andesíte clasts with a minor constituent of rhyolite
cobbles.

The clasts range in size from .5 to 13 cm in diameter.

white quartz fragments are present as small angular clasts.

Rare

Within the

conglomerate, interbeds of a fine -grained arkose are present in lens -

shaped bodies.

Above these lenses the conglomerates are deposited along

erosional surfaces indicating scour and fill deposition (Figure 6)
The thickness of the Peña Conglomerate is quite variable.

.

It

reaches a maximum thickness in its southernmost limit of about 100 m
just east of the village of Las Palmas.

To the north, the conglomerate

15

Figure 6.

Scour and Fill Structure in the Peña Conglomerate. -- Scale
View is to the east on Las Palmas Ridge.
1.5 m.

16

thins dramatically and pinches out against what was a topographic high
in the Productive Andesite landscape.

In addition, the conglomerate

decreases in clast size to the north until in its northernmost location
the Peña is a coarse -grained arkose with small conglomerate lenses.

Origin and Suggested Environment of Deposition.

The mineralogy

of the Peña clasts and matrix suggests that it was derived from the Productive Andesite.

The influx of the conglomeratic clasts above the

fine -grained arkose indicates rapid erosion due to increased or increasing relief.

The geometry of the conglomerate body indicates that there

was a topographic high to the north, high enough to preclude Peña depoIn the south, the dramatic increase in stratigraphic thickness

sition.

and clast size suggests that the depositional basin was deeper and that
the probable source area was south.

The presence of scour and fill

structures indicates that deposition was sub aerial or in very shallow
water.

Las Palmas Red Beds

The Peña Conglomerate is conformably overlain by the Las Palmas
Red Beds.

The contact is sharp on outcrop scale and is accented by the

contrast between the non -resistant brick -red shales and the resistant

dull green conglomerate.

On a smaller scale, the contact is gradational

over 50 -75 cm.

The red beds crop out as reddish -maroon shales interlayered with

thin beds of gritty plagioclase conglomerate.

The shales are
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thin - bedded, showing shale partings in fresh exposure.

Individual shale

beds vary in thickness from several centimeters to nearly one meter.
Sedimentary structures within the red beds are rare.

At the

base of the unit along Las Palmas ridge, however, a U- shaped body of

conglomerate is contained in the red beds.

The walls of the body are

sharp erosional contacts, suggesting that arroyos were cut in the shales
during the depositional history.

In addition, the red beds show well -

preserved desiccation cracks high in the section.

The mudcrack layers

are laterally discontinuous and are not restricted to one horizon.

Where best exposed, the Las Palmas Red Beds are 76 m thick (Figure 7).

This thickness, however, almost certainly varies with locality.

Origin and Suggested Environment of Deposition.

Nemeth (1976)

proposed that the red shales of the Las Palmas Formation were derived
from a soil developed on and stripped from the Productive Andesite.

The

transition from the coarse underlying conglomerates implies that the local relief had decreased significantly.

The fine laminations of the

shales indicate that they were deposited in a low relief, low energy
environment.

The presence of desiccation cracks suggests that deposi-

tion was at or above water level.

Furthermore, the arroyo cut on Las

Palmas ridge indicates that there were periods of base level falls in
the basin causing slight downcutting on the basin margin.

Guarisamey Green Beds
(Capas Verdes)

Conformably overlying the Las Palmas Red Beds along a gradational contact are the Guarisamey Green Beds.

Because of their limited

Figure 7.

Contact between the Peña Conglomerate (below) and the Las
Palmas Red Beds (above). -- View is to the northeast on Las
Palmas Ridge.
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outcrop, the green arkosic beds are named after the local village of
Guarisamey.

The Guarisamey Green Beds crop out as a dark green medium- to
coarse -grained plagioclase arkose.

Plagioclase and andesite fragments

compose the bulk of the rock with smaller amounts of hornblende and
chlorite present.

The green beds are well -lithified and are consider-

ably more resistant than the underlying red beds.

Individual beds in

the green bed section show considerable variation in thickness, ranging
from a fraction of a meter to two meters thick.

Although the arkose

shows few sedimentary structures, there are a few examples of trough
cross-bedding present.

In the upper part of the formation, the green

arkose grades into a conglomerate that resembles the Peña Conglomerate.

As with the Peña, the clasts are dominantly andesitic with a few rhyolitic representatives.

Quartz fragments are also prominent and much

more abundant than in the Peña Conglomerate.

Origin and Suggested Environment of Deposition.

The mineralogy

and the clastic texture of the Guarisamey Green Beds indicate that they
were derived from an exposed Productive Andesite terrane.

The quick

transition from the underlying red beds to the coarser arkoses suggests
that there was a sudden increase in local relief.

The internal sedimen-

tary structures such as trough cross - bedding are evidence that deposi-

tion was at least occasionally in shallow enough water to produce
substantial turbulence.
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Upper Volcanic Series

The Upper Volcanic Series is the highest stratigraphic unit in
the San Dimas district.

The series is most reknown for a majestic

cliff-forming sequence of ignimbrites.

It is this ignimbrite sequence

that forms the spines of nearly every high ridge in the rugged barranca
country.

In the immediate vicinity of Tayoltita, the Upper Volcanic Series can be roughly divided into two units:

a lower sequence of por-

phyritic andesite flows and an upper sequence of rhyolitic ignimbrites.
The base of the Upper Volcanic Series crops out on the east side of
Arroyo de Agua Caliente as a thin rhyolitic tuff.

The tuff overlies

the Lower Volcanics and the Guarisamey sedimentary rocks over a slight
angular unconformity.

Above the basal tuff, a thick (850 m) section of

andesite flows form the heavily vegetated slopes leading up to the ignimbrite cliffs (Figure 8)

.

The rhyolitic ignimbrites forming the re-

mainder of the section are in excess of 800 m thick.

The Upper Volcanic Series is estimated to be late Oligocene to
early Miocene.

The rocks disclose a K -Ar age range from 21 to 32 m.y.

along Highway 40 (60 km southeast of Tayoltita) and from 22 to 32 m.y.
at the Mesa de la Tortuga 68 km north -northwest of the mine (Smith and
Hall, 1974).
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Figure 8.

Upper Volcanic Series Rocks. -- The lower vegetated slopes
are formed by andesite flows which lead up to the ignimbrite

cliffs.
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Intrusive Bodies of
the Tayoltita Section

Plutonic Bodies
The largest of the plutonic bodies that are not part of the
Piaxtla batholith are known as the Candelaria stocks.

Their occurrences

are limited to intrusions in the Lower Volcanic Series rocks.

Smith and

Hall (19 74) have described the rock type as a dark green to dark grey
fine -grained andesite with as much as 25% plagioclase phenocrysts.

trusive relationships with the batholithic rocks are not certain.

In-

Henry

(1975) determined, however, that an equivalent intrusive in the mine has
a K -Ar age of 43.1 ± 1.0 m.y.

Within the main Tayoltita mine, intrusive rocks comprising the
Arana stocks are intruded into the Lower Volcanic Series.

The stocks

are compositionally and texturally similar to the Piaxtla batholith and
may represent apopheses of the intrusive (Smith and Hall, 1974).

Dikes

Three types of dike- forming intrusive rocks are recognized in

the vicinity of the Tayoltita mine:
Andesite, and Rebo.

Santa Rita Feldspar Porphyry, Basic

According to Renshaw (1953), the Santa Rita Feld-

spar Porphyry dikes are the oldest of the three types, followed closely
by the Basic Andesite dikes.

These two dike -forming intrusives are re-

stricted to the Lower Volcanic Series.

As a general rule the Santa Rita Feldspar dikes have east-west
strikes and are less common than the other dike types.

In contrast, the

Basic Andesite dikes are abundant and display a wide variety of trends.
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The youngest of the dike - forming intrusives are the Rebo dikes.

Mine geologists have generally associated this dike -forming intrusive

with the Upper Volcanic Series, as occasionally they can be seen in a
cross -cutting relationship with the base of the ignimbrite section.

CHAPTER III

REGIONAL GEOLOGIC SETTING

The regional geologic setting of the Tayoltita area and the San
Dimas district is dominated by three large north -northwest trending nor-

mal faults which divide the district into three blocks (Figure 9)

.

From

west to east they are the San Vincente -Reliz block, the Noche Buena Camichin block, and the San Luis -Santa Rita block.

Each of the three

structural blocks has slightly different characteristics, yet several
district wide patterns are common.

On a regional scale, the primary

difference between the blocks is that the San Vincente block is a graben
whereas the Noche Buena and San Luis blocks are half-grabens.

Regional-

ly, the San Vincente block contains an axis of fault symmetry which normal faults on either side dip toward (Figure 10).

San Vincente -Reliz Block

The San Vincente -Reliz graben, approximately 5 km wide, is

bounded on the west by the Dan Porfirio fault and on the east by the
Limoncito fault (Figure 9) .

The Don Porfirio fault has a general trend

of N20°W, 57 -75 °NE and shows dip -slip separation of 500 -1000 m.

Limoncito fault has an average orientation of N20°W, 45 °SW.
(1953) estimated its throw at a minimum of 1000 m.

The

Henshaw

Two other signifi-

cant faults in the block are the Contra Estaca and the Sinaloa faults.
The Contra Estaca fault crops out in the western half of the block with

an orientation of N15°W, 70 °SW.

The Sinaloa fault crops out farther
24
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normal fault
ball on down -

thrown side

Figure 10.

fault
1

axis of fault
symmetry

arrows indicate
lateral movement

.

Regional Fault Pattern and Limits of the San Dimas
District. -- After Fredrikson (1974)
.
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east with an orientation of N13 °W, 35 -40 °E.

slip displacement with throws of about 100 m.

Both faults display normal
In addition to these

northwesterly striking faults, the San Vincente block contains many
smaller northeasterly striking faults.

These northeast and northwest faults are common to all three
structural blocks and are generally restricted to the Lower Volcanic
Series rocks (Figure 11).

Although both fault sets display normal sepa-

ration, the well -mineralized northeast faults show a considerable hori-

zontal dextral component of separation while the barren northwest faults
generally show pure dip -slip displacement.

The main structural feature within the San Vincente graben is a
broad flexure or arch called the Contra Estaca Anticline.

Its horizon-

tal axis trends north -northwest and is marked by a broad flexure zone in
the Lower Volcanics.

Because the fold does not affect Upper Volcanic

Series rocks, it is assumed that the fold preceded the Upper Volcanic
Series Volcanism.

A cross -sectional view of the structure (Figure 12)

shows the geometry of a monocline.

The western limb crops out just east

of the Don Porfirio fault dipping less than 5° west.

Rocks of the Lower

Volcanic Series are horizontal on the fold crest and progressively increase their easterly dip to the east.

The increase in dip of the Lower

Volcanic Series rocks continues across the Limoncito fault into the
Noche Buena structural block.

The resulting geometry shows no easterly

closure and is asymmetric toward the east.

In the northeast portion of the San Vincente block, the Lower
Volcanic section is intruded by a stock of the Candelaria intrusives.
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This pluton crops out over roughly 2 sq km and represents one of the
largest non - batholithic intrusives in the San Dimas district.

Noche Buena- Camíchin Block

The Noche Buena- Camichin block is the central fault block in
the San Dimas district.

It is bounded on the west by the Limoncito

fault and on the east by the Guamuchil fault.

The eastern Guamuchil

fault has an average strike of N30 °W and dips 45- 70 °SW.

It displays an

estimated normal slip displacement of between 2.5 and 4 km (Henshaw,
1953)

.

In places, the fault juxtaposes the capping rhyolites of the

Upper Volcanics in the Noche Buena block against the batholith of the
San Luis block.

Because the Guamuchil fault is similar to the Don Por-

firio fault in terms of magnitude, the Noche Buena and San Vincente
blocks may be structurally more significant when considered together.

The relative displacements along the Limoncito and Guamuchil
faults make the Noche Buena block a half -graben, tilted to the east.

The units of the Lower Volcanics decrease in dip up- section, from about
85 °E dip proximal to the Limoncito fault to about 40 °E near the Guamu,-

chil fault.

The capping rhyolites of the Upper Volcanics dip uniformly

from the top to the bottom of the section at about 30°E.

Hence, the

trend for a decrease in dip up- section (or to the east) is confined in

the Lower Volcanics and is probably related to the formation of the
Contra Estaca (monoclinal ?) flexure.

The Noche Buena block, like the San Vincente block, exhibits
many northeast to east -west mineralized faults that are restricted to

the Lower Volcanics.

However, the large barren northwesterly faults
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common to the San Vincente block are almost totally absent from the
Noche Buena block.

San Luis -Santa Rita Block

The most easterly block in the San Dimas district is the San
Luis -Santa Rita block.

The San Luis block is approximately 10 km wide

and is bounded on the west by the Guamuchil fault and on the east by a
fault in the Arroyo San Geronimo.

The bounding faults dip west and the

normal movement along both have tilted the block about 45 °E.

Within the San Luis block, several large plutons of the Candelaria stocks crop out.

The largest of the plutons, called the Candelar-

ia Intrusive, crops out west of the Arana fault with an aerial extent of
approximately 2 sq km.

Two smaller representatives of the Candelaria

stocks are found east of the Arana fault, north of the village of
Guarisamey.

The major structural features of the San Luis block are normal
faults in the Lower Volcanic section.

The Arana fault crops out in the

western portion of the block with an orientation of N13 °W, 70 °E.

The

Arana fault is actually the principal fault in a complex system of many
faults striking northwest to east -west, forming a complex horsetail geometry in plan view and in cross -section (Figure 13).

Many of the east-

west and northeast faults contain rich ore veins that have made the
Arana system an economic lure and the object of intense study for several hundred years.

Figure 13.

Plan View Surface Map of the Arana System.
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The Peña normal fault crops out about 1 km east of the Arana
structure with an orientation of N5 °E, 65°W.

Normal movement along the

Peña and Arana faults displaced the intervening area down, creating a
graben.

Favorable Zone

Another structural feature in the San Dimas district is a
pseudostratigraphic horizon called the favorable zone.

The favorable

zone is a restricted tabular horizon in which ore -grade mineralization
is concentrated (Smith and Hall, 1974) .

In the Tayoltita mine area, the

zone is 400 -600 m thick and is oriented about N16 °W, 36 °E.

The favor-

able zone is everywhere contained within the Lower Volcanic Series rocks.
In many places, erosion has removed the top of the zone.

However, the

base of the zone is usually untouched by erosion and is defined for individual veins in one of the following manners:

1) the vein and sul-

fides continue with depth, but the gold and silver mineralization values
vanish; 2) the vein continues but sulfides and gold -silver mineraliza-

tion values die out rapidly; or 3) the vein pinches out downward.

Although the favorable zone is subparallel to stratigraphic
trends, it does transe et formational boundaries in the Lower Vo lcani cs .

Hence, the favorable zone does not have strict stratigraphic significance.

The delicate pressure -temperature requirements presumably neces-

sary for gold and silver mineralization are probably the most important
parameters responsible for the localization of the favorable zone.

Hy-

drothermal fluids rising toward the surface may have boiled within the
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restricted pressure and temperature limits, resulting in deposition of
the gold minerals and the silver sulfides and sulfosalts (Drier, 1976)

.

CHAPTER IV

LOCAL STRUCTURE

This investigation is primarily concerned with the structural
analysis of the Arana fault system and the structural - kinematic controls

of that system on mineralization.

It is important to try to fit this

evaluation into a regional framework for a clearer knowledge of the
district -wide geologic evolution.

To accomplish this end, the under-

standing of the geometry and kinematics of the Arana system is of paramount importance.

The total Arana system can be divided into two structural domains, the hanging wall and the footwall.

Each domain is structurally

distinct, but they share interesting similarities.

Hanging Wall of the Arana Fault
The Arana fault has an average orientation of N13 °W, 70°E.

Movement along the fault has displaced the east side of the fault, the
hanging wall, down relative to the western, footwall side.

Figure 14

(in pocket) is a geologic map of the hanging wall area showing the major
structural and stratigraphic relationships.

The Pena fault system is the dominant structure in the hanging
wall area.

The Peña fault is a normal fault with an average orienta-

tion of N5 °E, 65 -70°W.

Figures 15 and 16 (in pocket) are east west

cross- sections of the hanging wall area.

They show that the relative

movements along the Arana and Peña faults created a graben.
35
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The graben is rectangular in shape, covered by the Upper Vol -

canics in the north and eroded away to the south.

Stratal units within

the graben are strictly limited to the rocks of the Guarisamey Sedimentary section.

All three sedimentary units are present in the graben and

have an average orientation of N15 °W, 45 °ENE.

Within the basin the sedimentary units are displaced by numerous
intra- basinal faults.

The largest of these faults crops out on the east

side of Las Palmas ridge with an orientation between N5 -20°W, 60- 70 °SW.

The fault shows normal separation, having displaced the hanging wall
down to the west.

Figure 17 (in pocket) shows that the faulted sedimen-

tary strata increase their dip across the fault to the east, indicating
that at least some (possibly all) of this fault's history was after the
deposition of the rocks as sedimentary layers.

To the south, this fault is cut by younger structures trending
east-northeast.

South of the younger cross -cutting structures, the

northwest faults crop out with a much gentler dip.

Textures along the

fault plane show that the Peña Conglomerate is finely comminuted and
contains occasional quartz stringers which separate the fault plane from
the overlying red beds (Figures 18 and 19)

.

By far the most numerous faults in the Guarisamey Basin have
strikes of between N65 °E to E -E.

Virtually all of these east -northeast

faults dip steeply and show a variable dip direction.

Displacement of

the faulted rock units indicates that faults have relative separations
that are down to the north.
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Figure 18.

North -south Fault on Las Palmas Ridge. -- Fault dips toward
the viewer and separates red beds (above) and Peña Conglomerate (below) .
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Figure 19.

Close -up of North -south Fault on Las Palmas Ridge. -- Yellow
rock is brecciated Peña Conglomerate.
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In general, the east - northeast faults are more strongly veined

than faults with more northerly orientation.

In most cases, the easter-

ly faults cut the sedimentary rocks in zones about one meter wide.

Quartz veins, if present, usually occupy the most distinct fracture in
the zone -- forming narrow, laterally discontinuous stringers (Figure 20)

In summary, the northerly striking Peña and Arana normal faults
dip toward each other and form a graben.

Other northerly oriented nor-

mal faults are contained in the basin but are much smaller features and
probably formed in response to the bounding faults.

The east-

northeasterly oriented faults are also completely contained inside the
basin.

They are also small -scale features, probably not exceeding 50 m

in throw.

It is interesting, however, that in the northern part of the

basin the northeasterly faults are almost structurally insignificant.
To the south, the faults become stronger, increasing in continuity and
displacement as the Arana fault dies to the south.

East of where the

Arana structure dies, a strong east -west oriented fault connects the

Arana and Peña structures.
becomes more complex.

South of this intersection the Peña system

The Peña system continues to gain in strength

and complexity in the south until it bears a strong resemblance to the
Arana system (M. Clarke, personal communication, 1978).

Footwall Structure of
the Arana Fault

The footwall of the Arana fault is the most explored portion of
the San Dimas district.

Over 100 km of underground workings and tun-

nels, over a vertical interval in excess of 900 m, provide excellent

.
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Figure 20.

East west Fault with Quartz Stringers.
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access to the curious geologist:

The geology of the explored portion of

the Arana system has been beautifully recorded by the San Luis Mining
Company on maps and cross -sections of many scales.
on these records.

Appendix A is based

It is an isometric projection of 18 cross -sections as

viewed facing north.

It was prepared as an integral part of this re-

search and serves as a reference point for the discussion of fault
geometry.

San Luis Wedge
The southern part of the Arana system is dominated by a wedge shaped area formed by the intersection of the Arana and San Luis -219
fault systems (Figure 13)

.

The intersection is the geometric result of

an easterly swing by the San Luis fault as it departs its northwesterly
strike, becoming parallel to and joining the Arana fault.

The faults

form a wedge, open to the south and convex to the north in plan view.
Within the San Luis wedge, the wedge- shaped geometry is repeated
on a smaller ,scale by the Arana intersections of the San Rafael, 3 -367,

921, and the Cinco Senores reverse faults.

Also contained in the San

Luis wedge are small or normal faults striking east-northeast.
in this set are the Escondida, 904, 619, and 652 faults.

Included

The wedge ge-

ometry is further complicated by faults that Smith and Hall (1974) have
referred to as reverse -gash fractures1.

This fault set, comprised of

the 314, 440, 755, and the 458 structures, strikes N20 °W to N60 °W and

The word "reverse" used in reverse -gash fractures refers to
a strike classification and does not refer to movement style.
1.
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dips to the southwest.

They are unique to the wedge geometry in that

they extend well to the northwest of the limits of the wedge.

(Table 2

is a summary of the characteristics of the wedge -forming faults.)

Arana Fault.

The "Arana hanging wall fault" forms the east

boundary of the San Luis wedge, rarely departing in orientation of N13 °W,
75 °E (Figure 21).

The Arana structure, traceable for over 2500 m on

the surface, dips approximately 75 °E at the north end of its exposed
trace.

To the south, the fault dies and the dip decreases to about

65 °E.

Below the 1000 m elevation level, the Arana fault becomes increasingly complex with depth.

Most of the complexities are related to

the intersections of the reverse -gash fractures of Smith and Hall (1974)
(Appendix A, section 36000 N).

The gash -fractures generally intersect

Arana at an acute angle open to the north.

Near their intersection, the

faults are commonly linked together by a footwall split of Arana (Figure 22).

The same relationships hold in a cross -sectional view; the

consequence being that the footwall splits create a cymoid loop geometry
(McKinstry, 1927).
depth.

Some of the loops, however, do not show closure with

These open loops are called drooper veins by the mine geologists.

Examples of these structures are the 233, 12 -544, 16 -522 faults (not

shown) and the Independencia and 921 faults.

Wedge- forming Faults .

The San Luis normal fault forms the west-

ern boundary of the San Luis wedge.

It crops out on the surface as a

curvilinear fault traceable over about 1600 m.

In the south the fault
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Table 2.

Arana Fault System Characteristics.
Movement
Trend
Fault
Style
(Orientation)
Arana
N13 °W, 75 °E
normal

Separation
unknown

San Luis

normal

about 66 m

reverse

about 120 m

variable strike
southern section:
N20 °W

northern section:
N50 °E

average: N30 °E
65-70°E
dip:

San Rafael

variable strike
southern section:
N10°W
northern section:
N30 °E

average:
dip:

_

N5 °W

70 °SW

3 -367 - 921

variable
southern section:
NW
northern section:
NE
WSW
dip :

reverse

about 60 m

Cinco Señores

variable
N17 °E
average:
dip: 65-70°W

reverse

about 20 m

440

N50 °W1_ 75 -80 °SW

reverse

about 67 m

755

N16 °W_L 75 -80 °SW

reverse

about 65 m

458

N60°W, 75 -8J °SW

reverse

about 65 m

314

N15 °W, 75 -79 °SW

reverse

small

Escondida

N80 °E2 55_60 °NW

normal

small

904

N65°E, 75°NW

normal

small

619

N70 °Ez63 °NW__, normal

652

N70 °W, 65 °NW

normal

small_!__
small
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Table 2, Continued.
Fault
Candelaria

Trend
(Orientation)
N70 -90 °E, 65 -70 °NW

Movement
Style
normal oblique
slip

Separation
90 m dip -slip
100 -120 m

right lateral
Culebra

N70-90°E, 70°NW

normal oblique
slip

60 -90 m

right lateral
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Figure 21.

Poles to the Arana Fault Plane. -- 249 points.
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is oriented approximately N10°W, 79 °SW.

To the north it swings abruptly

northeast to a trend of about N40 °E, 65- 70 °SE.

The variable orientation

of the San Luis structure is documented by the stereonet projection of
the poles to the fault plane (Figure 23).

Although the dip direction of

the fault is variable, it remains steeply inclined throughout its
length.

Inside the San Luis wedge the San Rafael, 3 -367, 921, and Cinco

Señores show many of the same physical and geometric characteristics as
the larger San Luis structure.

All of the faults are curviplanar and

subparallel to San Luis, their intersections with Arana also forming
wedge geometries.

An important difference between these faults and San

Luis is that the former generally dip steeply northwest (Figure 24)

.

The wedge-forming faults intersect Arana at variable angles.

The intersections of the curviplanar "wedge" faults with the planar
Arana fault result in steeply plunging undulatory lines.

The lineations

(Figure 25) are remarkably parallel from fault to fault, as shown in the
Arana plane.

The intersections between the curviplanar faults and Arana are
also zones of extreme structural complexities.

Examples are the inter-

sections of the 3 -367 - 921 system, the Cinco Señores, and the San Luis -

219 system shown in Appendix A sections 35600 N, 35800 N, and 36200 N to
36400 N, respectively.

Most of the complexities result from the inter-

ference of other structures and from the development of numerous foot wall splits.
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Figure 23.

Poles to the San Luis Fault Plane. -- 181 points.
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Figure 24.

Poles to the San Rafael, Cinco Señores, and 921 Faults.
75 points.

Figure 25.
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Footwall splits are especially common on the San Luis structure
(Appendix A, sections 35200 N to 36400 N)

.

On the surface, the Pirame

vein is such a footwall split, and forms a closed loop.

At lower levels

in the San Luis footwall (level 20, Smith and Hall, 1974), a major split
named the 219 fault is evident.
The San Luis -219 fault system forms a loop that is traceable to

the lowest explored depths of the mine plunging to the north.

On the

twenty -first level (Smith and Hall, 19 74) two sets of cross -faults con-

nect the San Luis and 219 structures, forming what McKinstry (1948)
called a double vein, double link cymoid loop (Figure 26)

.

Luis -219 loop widens with depth to a maximum width of 90 m.

The San
It has not

been proven to close and is considered by mine geologists to be a "droop er" vein.

The Escondida, 904, 619, and 652 faults are contained within the
San Luis wedge, yet they are distinct from the wedge -forming faults discussed above.

The main difference is that the faults are generally

planar features, striking roughly east-west and dipping 60 °NW (Figure
27)

.

The Escondida fault is the most easterly trending and has the

shallowest dip (N80 °E, 55- 60 °NW)

.

The smaller 904, 619, 652 faults crop

out progressively farther north with dips of approximately 75 °NW, 63 °NW,
and 65 °NW, respectively.

In the northern part of the San Luis wedge, the 904, 619, and

652 faults link the converging San Luis and Arana structures (Appendix
A, sections 36000 N to 36400 N)

.

Between the two master fractures, the

small connecting faults developed remarkable planarity.

They remain
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N

Figure 26.

Double -vein, Double -link System.
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Figure 27.

Poles to Planes of the Escondida, 619, 652, and 904
Faults. -- 17 points.
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planar until they are within 50 m of Arana, where they curve west and
join Arana.

The 314, 440, 755, and 458 faults were coined "reverse -gash

fractures" by Smith and Hall (1974).

Within the San Luis wedge, these

faults have distinct northwest strikes.

Specifically the 314 and 755

faults are oriented about N15 °W, 75 -79 °SW while the 440 and 458 faults
are oriented more westerly at about N60°W, 75- 80 °SW.

These faults intersect Arana forming acute angles, open to the
north.

Near the intersections, the 314 group faults are spacially asso-

ciated with westerly deviations in the Arana strike.

Along strike to

the northwest these faults generally cut and displace the vein faults of
the San Luis wedge (Appendix A).
is the 755 fault.

An interesting exception to this rule

It does not show clean cross -cutting relationships

with the vein faults; instead, it shares the 921 and Cinco Señores discontinuities as it stretches to the northwest.

The 314 group faults cut the San Luis fault and extend out of
the wedge where they have not been mapped.

Candelaria and Culebra Faults

The Candelaria and Culebra normal faults crop out north of the
San Luis wedge (Figure 13).

The Candelaria fault strikes N86 °E and dips

80 °N, cropping out west of the Arana fault in a discontinuous line over
1500 m long.

It approaches Arana at an angle of about 90°, but does

not cut across it.

The Candelaria fault cuts and displaces an earlier,

more easterly trending structure in the Hundido -Remedios fault.

Pre -

mineralization movement along the Candelaria fault accounted for between
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100 to 120 m right lateral offset of the N50 °E, 50 -70 °NW oriented

Hundido- Remedios fault (Smith and Hall, 1974)

.

The Candelaria-Hundido fault system is remarkably well duplicated in the Culebra fault system 550 m to the north.

Here the Culebra

fault crops out along a sinuous orientation averaging N80 °E, 72 °NW.

It

in turn is also cut by a younger fault, the Juan Manuel, striking approximately N80°W.

Smith and Hall (1974) have estimated the offset of

the Culebra fault to be between 60 and 90 m of right lateral offset.

CHAPTER V

EVOLUTION OF THE ARANA FAULT
SYSTEM AND MINERALIZATION

The geologic system of the San Dimas district prior to the deformation that caused the Arana fault system was relatively uncomplicated.

By approximately 42 m.y. the district's rock system consisted

of horizontal to subhorizontal Lower Volcanic Series rocks overlying and
intruded by a cooling batholithic substratum.

The last addition to the

pre-Arana geologic column was the intrusion of the Intrusive Andesite
(Candelaria) stocks and the associated dikes.

The only possible structural complications at this time were the
Contra Estaca monocline and the Guamuchil fault.

The Guamuchil fault,

intruded by the pre- mineralization Santa Rita dikes, is at least as old

as the Arana fault and possibly older.

Stratal dips in the Lower Vol -

canics on the east side of the San Vincente block and in the Noche Buena
block decrease in dip, indicating that the Guamuchil may be very old,
possibly acting as a growth fault during deposition of the Lower Volcanics.

Indeed, repeated movement along the fault (down to the west) may

be the underlying cause of the Contra Estaca monocline.

However, bound-

ary conditions governing the formation of the monocline are unknown, and
such an origin for the monocline is purely speculative.

In any case, the structural province of the San Luis block was
affected little.

The uniformity of dip between the Upper and Lower

Volcanic Series indicates that there was no major rotation until after
56
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the deposition of the ignimbrites.

The direction and degree of rota-

tion is constrained by the orientations of the tilted stratigraphy.

The

Lower Volcanic strata in the mine are oriented approximately N12 °W, 3545 °ENE.

Stratal dips of the Guarisamey sediments in the Arana hanging

wall also show a high degree of rotation, oriented N15 °W, 45 °ENE.

Still

further evidence of rotation was found on the Arana 12 level of the Cinco Señores vein.

There A. B. Parker mapped a sediment -filled vug in

late -stage quartz (Figure 28).

The fine sedimentary layers are tilted

to an orientation of N35 °W, 45 °ENE.

Assuming that the silica layers

were of sedimentary origin, the vug offers conclusive evidence that rotation was post - mineralization, hence, post -formation of the Arana
system.

Restoration of the geologic settirig to pre -tilt orientation in-

dicates that when faulting was initiated the Arana system formed with
shallow to moderate easterly dips.

Using the average trend of the

Guarisamey sediments as a rotation pole for original horizontality, the
Arana and Peña faults may be rotated back to their original positions
(Figure 29a, b).

Mineralization along the Peña and Arana faults suggests that the
faults formed at the same time.

As contemporaries, they formed a graben

that became the deposition center for the Guarisamey sediments.

Begin-

ning with the deposition of the Peña Conglomerate as fanglomerates along
emergent fault scarps, the Guarisamey sediments must be considered the
sedimentary record of local fault history.
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Quartz crystal
lined vug

DlORITF

vein
quartz

Figure 28.

Sedimentary Vug in Stage III Quartz. -- Fine laminations of
silica fill the vug and have been tilted to an orientation
of N35°W, 45 °ENE.
This is conclusive evidence that major
tectonic tilting was post-mineralization.
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A.

Present -day orientation of the Arana and Peña faults.

B.

Rotation of the Arana and Peña faults to pre -tilt orientations.

Figure 29.

Stereonet Projections of the Arana and Peña Faults.
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Kinematics of the Arana System
The initiation of faulting in the San Dimas district began with
the opening of "ancestral normal faults" along trends of N20 °W and
N72 °E.

Henshaw (1953) indicates that the development of the sets were

contemporaneous, with the northwest set opening slightly earlier.
Within the Arana system, both sets are represented --Arana repre-

senting the northwest set and Candelaria and Culebra representing the
northeast set.

Along with these two sets, however, are many additional

fault sets that complicate the Arana system.

To understand the kinematics of the entire system, an experiment
in deformation was modeled after the movement pattern on the faults observed in the mine.

The experiment featured oblique extension of a clay

cake by the separation of two overlapping tin plates (Figure 30).

The

oblique movement of the upper plate caused the specimen to undergo rotational strain, simulating simple shear in the footwall.
The experimental deformation suggests that when faulting was
initiated, the San Rafael, 3 -367, 921, Cinco Señores, and San Luis

faults formed subparallel to Arana; i.e., with north -northwest strikes
and shallow easterly dips.

Of these, the Arana fault was probably quickly established as
the dominant structure.

Slickenside striae on the hanging wall fault

are shown in post -tilt orientation in Figure 31a.

When rotated back to

their original orientation, they rake approximately 85 °S, indicating

that the Arana fault formed as a normal oblique slip fault with the
horizontal component of separation being right- lateral.
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Figure 30.

Experimental Deformation Apparatus.
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Striae on the Arana fault.
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Striae on the Escondida and
619 faults.

.

Striae on the
Candelaria
and Culebra
faults.

Figure 31.

Slickensidè Striae on Faults of the Arana System.
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Contemporaneous with the formation of the northwest faults was
the formation of the northeast faults of the Arana system.

Within the

San Luis wedge, this included the development of the Escondida, 904,
619, and 652 as normal faults.

In their present position, slickenside

striae rake an average of 60 -70 °SW along a generalized fault trend of
N65 °E, 60 °NW (Figure 31b).

Correction of the late Miocene tilting, how-

ever, restores the faults to an average trend of N50 °E, 65°NW along
which the slickensides would rake 42- 80 °NE.

Assuming that the slicken-

sides reflect the true slip sense, the faults formed with a strong component of dextral separation.

The Candelaria and Culebra faults show a kinematic history similar to that of the Escondida group, except unmodified by the San Luis
wedge.

The slickenside striae document the similarity: a present rake

of 63 °SW along a generalized orientation of N80 °E, 80 °NW (Figure 31c)
and a corrected rake of 77 °NE along an orientation of N69 °E, 75 °NW.

As

before, the northeast rake of the slickensides indicates that the faults
formed with a strong horizontal component of dextral slip.

The Candelaria and Culebra systems also show that during deformation, younger faults were progressively formed with more easterly
strikes.

This is documented by the cross -cutting relationships and

trends of the Candelaria - Hundidos faults and further corroborated by the
Culebra -Juan Manuel faults.

The younging of faults with progressively easterly strikes suggests the operation of a clockwise shear couple.

With this in mind, let

us return to the experiment in modeling Arana deformation.

After the
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initiation of deformation, two sets of northwest -striking normal faults

developed in the clay, one above each plate edge (Figure 32).

These

faults are analogous to the initial development of the Arana and San
Luis type faults.

During continued deformation, however, the faults above the stationary lower plate began to deviate in strike to the northeast as they
extended to the north.

As the clockwise rotation of the extending

fault strands continued, their dips increased from being shallow easterly dips to nearly vertical.

Near the end of the experiment, the extend-

ing western fault set had intersected and joined with the eastern fault
set.

The result was the wedge- shaped geometry so characteristic of the

Arana system (Figure 33).

The experimental results are analogous to and applicable to the
formation of the wedge geometry of the Arana system.

After beginning as

normal faults subparallel to Arana, the San Luis and San Rafael type
faults developed a curviplanar shape, eventually being captured by the
master Arana fault.

The apparent rotation of these faults is also im-

portant in explaining their higher original dips relative to Arana and
at the same time explaining their current westerly dips and consequently
their reverse separation.

Slickenside striae of the San Luis and San Rafael group faults
(Figure 34a and b) are variable due to the variable fault trends.

Structural analysis of the fault system slickensides reveals that the
northeasterly strands of the faults contain the steep southwest -plunging

striae, whereas the northerly strands contain vertically plunging, dip slip striae.
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Figure 32.

Experimental Deformation Showing Opening of Primary Faults.
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Figure 33.

Experimental Deformation Showing Wedge- shaped Geometry.
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A.

Striae on the San Luis fault: 81 points.

B.

Striae on the San Rafael fault: 51 points.

Figure 34.

Slickenside Striae on the Wedge -forming Faults of the Arana
System.
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Rotation of the faults and slickensides back to their original
orientations suggests that the faults formed as dip -slip faults when
originally parallel to Arana.

That is, normal dip -slip movement on the

strands parallel to Arana dictated the movement sense along the northeast strands, causing them to show normal oblique (sinistral) slip.

The modeling also suggests that as the San Luis-San Rafael group
faults joined Arana, they did so as a function of their proximity to the
This would indicate that the first fault to join Arana

master fracture.

was the San Rafael, followed successively by the 3 -367 - 921, Cinco
Señores, and San Luis faults.

The intersection of the curviplanar

faults resulted in undulatory lines of intersection (Figure 25).

Be-

cause the faults developed subparallel to one another, each reflects the
morphology of the previously formed fault.

Hence, the undulatory inter-

section developed by the San Rafael fault is mirrored in the subsequent
structures.

After the experiment had produced the wedge- shaped geometries

sought, the clay cake responded to the last interval of strain by pro,

ducing a new set of faults.

This last generation of faults developed

with strikes of about N20 °W and cut across the previous curviplanar
faults.

The Arana system analog to these faults is the reverse -gash

fractures of Smith and Hall (1974).

Appendix A shows that the reverse -

gash fracture representatives (faults 440, 761, 755, and 468) are late
developing features, striking northwest and displacing the San LuisSan Rafael group faults.

69

Stress and Strain
The pre- Miocene Arana system was composed exclusively of normal

Un-

faults, indicating that the system formed in response to extension.

fortunately, there are few indicators available for the interpretation
A reexamination of the geometric- kinematic

of the paleo- stress field.

relationships of the Arana -Peña faults, however, may be fruitful in such
an endeavor.

Figure 35 is a stereographic projection of the two fault planes
prior to Miocene rotation.

The results of the geometric reconstruction

combined with the separation senses on the faults indicate that the
Arana structure formed as a low -angle normal fault while the Peña structure formed as a high -angle reverse fault.

The origin of the Peña as a

reverse fault is enigmatic unless it is interpreted as a conjugate shear
for the Arana fault.

Although the dihedral angle is small at 45 °, the

geometry and movement directions are consistent with a conjugate interpretation.

Assuming that the axis of maximum compressive stress (a.l)

bisects the dihedral angle, al must have been oriented 51 °, S65 °E.

other principle stress axes,

a2

and 3

,

The

are stereographically resolved

to the trends l0 °, N7 °E and 40 °, N86 °W, respectively.

After faulting began, the experimental deformation suggests that
a

and a

rotated clockwise about a

the extension direction (a

)

3

(Figures 36 and 37)

.

This enabled

to be at an acute angle to the major fault

(Arana), thus providing the rotational component of strain for the formation of the Arana wedge- shaped geometry.
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Figure 35.

Stereonet Projection of the Arana and Peña Fault Geometry
and Interpreted Stress Orientation.
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Figure 36.

Initiation of Faulting in the Arana System. -- The Peña Conglomerate is being derived from local fault scarps. The San
Rafael, 3 -367 - 921, Cinco Señores, and San Luis faults are
in the incipient stages of development.
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Continued Development of the Arana System. -- Rotation of
the a2 and a3 stress axes about al caused simple shear in
the footwall, thus forming the wedge geometry in the Arana
system. North of the San Luis wedge the progressive development of faults with more easterly strikes continues as
Culebra cuts the Hundidos- Remedios fault.
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After the formation of the Arana system, the local Lower Volcanic section was highly extended.

Measurement of the footwall strain (as

percent extension) also shows it to be extremely variable (Figure 38).

The increases-in strain can generally be attributed to the increased
structural complexity near the curviplanar -Arana fault intersections.

In addition, rapid changes in strike of the same curviplanar faults are
spacially associated with large increases in the strain.

Mineralization of the
Arana System

The total Arana system represents a protracted deformational
event comprised of several spasmodic episodes of faulting.

The best

evidence of episodic activity in the local fault history comes from the
sedimentary units in the Guarisamey Basin.

The initiation of faulting

caused a sudden increase in local relief, resulting in the deposition of
the Peña Conglomerates as fanglomerates.

A second tectonic -depositional

transition is indicated by the rapid transition from the Peña Conglomerate to the Las Palmas Red Beds.

The well -laminated, fine-grained red

beds were deposited at low energy during a time of subdued structural
relief.

The indicated absence of relief suggests that there was a lapse

in local fault activity.

The relative subsidence of the Guarisamey Ba-

sin continued, however, as the red beds are thicker in the basin.

The

presence of the red bed -type shales on the footwall side of the Arana

fault also indicates that subsidence of the basin was slow enough to allow the red beds to fill and partially overlap the basin margins.
A third tectonic -depositional transition is indicated by the

transition from the red beds to the overlying green beds.

The
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coarseness of the green beds suggests that local relief was again increased.

The green beds are strictly local; hence, their deposition is

probably the result of movement confined to the Arana fault.

The relative timing of mineralization in the Arana system and
Guarisamey sedimentation is difficult to assess.
relative age are few.

Constraints on the

Quartz fragments are present in the conglomerate

in the upper part of the green beds, suggesting that mineralization had
at least begun during deposition of the conglomerate.
merous veins cut the green beds.

In addition, nu-

Thus, mineralization was probably co-

eval with the deposition of the upper part of the green beds.

Mineralization has been dated at an absolute age of 40.0 ± 0.4
m.y. by the K -Ar isotope dating method on a vein adularia (M. Clarke,
personal communication, 1978).

During this time, hydrothermal fluids

selectively deposited precious metal ore in faults with sufficient permeability to allow circulation.

Davidson (1932) recognized three dis-

tinct stages or pulses within the mineralization event based on
appearances, cross -cutting relationships of quartz, and the presence or

absence of ore minerals and subsidiary gangue minerals.

The three stages of mineralization are briefly summarized in
Table 3 with attention drawn to the difference between the Type 1 and
Type 2, Stage I mineral assemblages.

Smith and Hall (1974) indicate that

the Stage I, Type 2 mineralization, although synchronous with Type 1, is
generally confined to discontinuous veins with east -northeast strikes
or as remnants in younger veins.

The east-northeast striking Candelaria

and Culebra veins also bear the Stage I, Type 2 mineralization, although

'Found in higher concentrations in Candelaria -Culebra veins.
2Found in lesser amounts in Candelaria -Culebra veins.
3Found only in Candelaria -Culebra veins.

Calcite3

Mineralization Chart of the Arana System after Smith and Hall (1974) .
Late
Main
Stage III:
Stage II:
Stage I:
Early
"Barren" Stage
"Productive" Stage
"Barren" Stage
All Faults
NE and NNE
Type 2 (NE and
Arana Hanging
Affected
Wall Fault
(Wedge) Faults
Type 1
Young Faults)
Vuggy quartz
Quartz
Quartz
Quartz
Quartz
Bus tami te
Adularia
Chlorite
Chlorite
Pyrite
Sphalerite2
Sphalerite
Sphaleritel
Galena2
Galena
Galena'
Chalcopyrite2
Chalcopyrite
Chalcopyrite'
P yrite Z
Pyrite
Pyrite'
Gold and silver Gold and silver
Silver
minerals:
minerals:
Gold
Argentite
Argentite
Stromeyerite
Stromeyerite
Jalpaite
Jalpaite
Polybasite
Polybasite

Table 3.
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they are slightly richer in base metal sulfides than the veins in the
San Luis wedge.

The Stage II "main productive stage" mineralization also occurs
in two mutually exclusive assemblages, each in faults of different
The assemblages are differentiated by differences in gangue

strikes.

minerals.

"With rare exceptions ", the Arana hanging wall fault contains

a quartz -adularia- chlorite -sulfide assemblage while the other veins of

the wedge, generally the "wedge" faults or the east -west faults, contain a quartz- bustamite- sulfide assemblage (Smith and Hall, 1974) .

It

is interesting to note that the Stage I, Type 2 assemblage in the east -

northeast veins crudely resembles the Stage II mineralization in veins
with more northerly strikes.

In addition, there is a similar but loose-

ly controlled distinction between the mineral assemblages of the Stage
II mineralization.

In studying the mineral paragenesis of the Arana

system, Davidson (1932) indicated that bustamite deposition largely preceded adularia deposition.

If this is correct, it establishes a pattern

that begins with Stage I sulfide mineralization in east -northeast veins,
is followed by Stage II ( bustamite) sulfide deposition in the system's
north - northeast veins, and culminates in Stage II (adularia) sulfide

deposition in the north -trending segments of the Arana fault.

Stage III mineralization was virtually the same for all the system faults.

This late "barren" stage mineralization was largely de-

structive, flooding rebrecciated veins and flushing out the earlier ore
grade mineralization.
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Mineralization Related
to Tectonism

The mineralization of the Arana system was strongly structurally
controlled.

As discussed above, the system's mineral paragenesis indi-

cates that ore deposition progressively affected faults with more northerly strikes.

This northerly swing in strike and mineralization suggests

an orderly sequence of fault opening.

Mineralization then acted like a

camera, recording successive instants of fault opening with distinctive
mineral assemblages.

The dynamics and kinematics of the counterclockwise swing in
fault opening can be understood in terms of progressive strain as discussed by Ramsay (1967).

The central concept of progressive strain is

division of the strain properties of an object's deformational history into a finite part and an incremental part.

Finite strain describes

what has already happened and is represented by the conventional strain
ellipsoid (Figure 39a).

The ellipse can be divided into four sections

according to each section's individual deformation history.

The bound-

aries of these sections are "lines of no finite longitudinal strain ",

lines that have undergone no net extension or contraction.

The finite

strain ellipse shows that the deformation to date has caused net extension in the two lined sections and net contraction in the two blank sections.

Incremental strain describes what will happen during the next

increment of deformation and is represented by the infinitesimal strain
ellipsoid (Figure 39b).

This ellipsoid can also be divided into sec-

tions, this time on the basis of which sections will extend and which
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II) Infinitesimal strain ellipse

Ad Finite strain ellipse

contraction

contraction

extension

extension

Ci Total strain ellipse
continuous contraction
MIX continuous extension
ESSI extension then contraction

INN contraction then extension

Figure 39.

Progressive Strain Ellipsoids. -- After Ramsay (1967) .
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sections will contract.

Once again, the section boundaries are "lines

of no finite longitudinal strain."
By superimposing the two strain ellipses, one can see that the
total strain ellipse has four sections, each with different histories.

Because the strain is rotational, the axes of the two ellipsoids do not
coincide.

The misalignment results in a total strain ellipse with

strain features that are asymmetric (Figure 39c).

In this manner, lines

in space may undergo lengthening and shortening (in either order) during
one period of deformation.

This concept also explains how even though

the overall stress regime is extensional, a line may extend first and
then rotate into a compressional environment.
In the Arana system, relative stress -fault framework rotation

during the waning stages of tectonism resulted in progressive strain.
When faulting began, al was plunging steeply east (Figures 36 and 37)

.

Consequently, the east -west and east -northeast fractures almost contained a 1 in their fault planes as a linear element : they were in the

contraction region of the total strain ellipse.

Hence, these faults

were open and receptive to invading hydrothermal fluids.

The result was

Stage I mineralization of the easterly faults with a mineral assemblage
that resembles Stage II mineralization.
The counterclockwise rotation of the relative stress -fracture
framework during mineralization consequently rotated the San Luis -type

wedge faults from the extension region of the finite strain ellipse into
the contraction region of the infinitesimal strain ellipse.

As these

faults became more closely aligned to al, they opened dilationally and
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provided the necessary channelways for the ascent of hydrothermal fluids.

The result was a Stage II, main productive stage mineralization.
Continued rotation of the stress -fracture framework during

Stage II mineralization progressively opened faults with more northerly
strikes.

This is suggested by early bustamite deposition in northeast

faults followed by adularia deposition in the north -trending strands of
Arana.

In addition to explaining ore deposition in the veins of the

Arana system, the progressive strain model also explains the lack of
mineralization along the Arana system's northwest faults including the
314, 440, 755, and 458.

The existence of these faults during minerali-

zation is indicated by weak mineralization at their intersections with
the Arana structure.

Their northwest strike and steep angle of dip pro-

hibited the alignment of their fault planes and al.

Hence, the faults

remained in the extensional parts of the finite and infinitesimal strain
ellipses and were never dilationally opened.

Instead, their orienta-

tions insure their continued movement as shear fractures, closed to hydrothermal fluids.

Indeed, post- mineralization normal oblique dextral

slip is indicated on these faults by the offset of the 904, 652 , and
Cinco Señores veins.

Textures of the veins within the San Luis wedge substantiate the
dilational opening and rebrecciation of many veins.

Textures indicating

open -space fracture fillings include orbicular, mosaic, and cockage

structures; vugs; and metric banding.
wedge veins (Smith and Hall, 1974)

.

All are common in the San Luis

Rebrecciation of previous vein ma-

terials is indicated by fragments of early vein materials contained in
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later veining.

A good example is the refracturing of veins that oc-

curred prior to Stage III mineralization.

The flooding of Stage III

quartz into refractured veins could have accounted for volume increases
of several hundred percent.

The faults, their timing, movement style,

vein texture, mineral assemblages, and interpreted opening order are
summarized in Table 4.

A time -lapse view of mineralization kinematics

is schematically portrayed in Figures 40, 41, and 42.

pre -vein

pre -vein

pre -vein

pre -vein

pre -vein

pre -vein

pre -vein

San Rafael

3 -367 - 921

Cinco
Señores

Escondida

904

619

open -space fill

open -space fill

open -space fill

open -space fill

open -space fill

open -space fill

veined

veined

veined

veined

veined

open -space fill

veined
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Arana System Mineralization Characteristics.
Formation
Veined or
Unve ine d
Texture
Timing
veined in
pre -vein
open -spaced, veined
gouge, unveined
part

San Luis

Fault
Arana

Table 4.

Stage I Type 2
Stage II bustamite gangue
Stage III barren quartz

Stage I Type 2
Stage II bustamite gangue
Stage III barren quartz

Stage I Type 2
Stage II bustamite gangue
Stage III barren quartz

Stage I Type 1
Stage II bustamite gangue
Stage III barren quartz

Stage I Type 1
Stage II bustamite gangue
Stage III barren quartz

Stage I Type 1
Stage II bustamite gangue
Stage III barren quartz

Stage I Type 1
Stage II bustamite gangue
Stage III barren quartz

Mineralization
Stage and Type
Stage I Type 1
Stage II adularia gangue
Stage III barren quartz

pre -vein

pre -vein

Culebra

syn -vein

pre- and

syn -vein

pre- and

syn -vein

pre- and

Candelaria

458

755

440

pre- and

314

syn -vein

pre -vein

652

Fault

Formation
Timing

Table 4, Continued.

veined

veined

unveined

unveined

unveined

unveined

Veined or
Unveined
veined

open -space fill

open -space fill

gouge, shear
fracture

gouge, shear
fracture

gouge, shear
fracture

gouge, shear
fracture

Texture
open -space fill

Stage I Type 2

?

Stage I Type 2

None

None

None

None

Mineralization
Stage and Type
Stage I Type 2
Stage II bustamite gangue
Stage III barren quartz
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Figure 40.

Stress -strain Relationships during Stage I Mineralization. -- The steep easterly plunge of
opens the east west striking faults to mineralizing fluids.

6i
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a3

Figure 41.

Stress- strain Relationships during Stage II Mineralization. -- The rotation of the principal stress axes progressively opens faults with more northerly strikes.
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4

Figure 42.

Stress -strain Relationships during Stage II Mineralization Continued. -- Continued rotation of the principal
stress axes opens up north -northeasterly striking faults.

CHAPTER VI

DYNAMIC AND TECTONIC MODEL

Relatively little is known about the tectonic history of the San
Dimas district prior to the eruption of the Lower Volcanic Series, but
scattered remnants of the Espadañal Formation offer some clues.

The

lithology of the formation indicates that it was deposited in shallow
marine water with some clastic input.

A fossiliferous limestone 12 km

northeast of Tayoltita contains gastropods, rudistae, and foraminifera
that indicate an age of Albian or early Cenomanian (Fredrikson, 1974).

Regional correlation of the Espadañal Formation is uncertain, but Henry
(1975) concluded that the best correlation is with the Alisitros Formation of Baja California.

At approximately 80 m.y., the entire Cordillera seems to have
undergone a fundamental tectonic change.

Absolute movement vectors de-

rived from suspected hotspots suggest that this fundamental tectonic
change may have been related to changes in plate motions during the opening of the North Atlantic Ocean.

Specifically, at about 80 m.y. the

American continent changed its absolute motion from northwest to southwest as the Atlantic opened between North America and Europe.

The change

in continental motion served to increase the Farallon - America converg-

ence rate from an average of 7.5 cm /yr prior to 80 m.y. to nearly 15 cm/

yr between 80 and 40 m.y. along an oblique vector direction with prominent dextral slip (Dickinson, 1979).
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Luyendyk (1970) theorized that such an increase in convergence
rate would cause the Benioff zone of the subducting plate to flatten.
Assuming that magmas of a given composition are derived from the sub -

ducting slabs at constant depth intervals, the shallowing of the Benioff
zone would cause magmatism to march inland.

Distance versus age data

(Coney and Reynolds, 1977) and geochemical data (Keith, 1978) on early
mid- Tertiary rocks from the western United States have done much to substantiate this theory.
Figure 5 (Henry, 1975) shows an inland sweep of intrus ives

.

This intrusive event affected the San Dimas district at about 45 m.y. as
the intrusion of the Piaxtla b atholi th

.

The first manifestation of the

inland sweep in the district is probably correlative with the Lower Volcanic Series.

If these volcanics followed the documented pattern in the

North American Cordillera, they were extruded as an easterly migrating
front.

Vector analysis from hotspots indicates that another major plate
reorganization took place just prior to 40 m.y.

This tine, the North

American continent switched to an absolute motion of southwest by west
(Coney, 1972)

.

At the same time, the Pacific -Farallon plate assemblage

changed its absolute movement from the north to the northwest.

The com-

bined result of the movement changes was a dramatic decrease in subduction rate.

In addition to the decrease in subduction rate, the relative

convergence motion became more normal to the coast (Dickinson, 1979)

.

The sudden decrease in convergence rates at about 40 m.y. is

theorized to have had the opposite effect as the increase in rates at

90
80 m. y .

The accompanying steepening in the Benioff zone is also theo-

rized to be responsible for the return sweep of volcanism westward
across the western United States during the mid- to late -Tertiary (Coney
and Reynolds, 1977).

This tectonic condition is probably applicable to

the San Dimas district, in that Figure 5 indicates intrusive sweep toward the coast.

In addition, the extrusion of the Upper Volcanic Series

is chronologically and spatially correlative with the intrusive retrograde sweep.

The beginning of the retrograde magmatic sweep was accompanied
by several significant geologic changes in the San Dimas district.

Be-

fore the return of magmatism, the district and surrounding area underwent a brief period of regional extension.

This brief extension formed

two distinct sets of faults in the district generally striking northwest
and east -northeast.

Experimental deformation by Cloos (1955) suggests

that such a fault pattern can be produced by a shear couple as conjugate
faults (Figure 43)

.

The Cloos experiment may not be totally applicable to the geology of the San Dimas district.

Although the northeast and northwest

faults probably did form a conjugate, there is little evidence for rotation of the northeast set.

Instead of rotation, the northeast set most

likely formed in several generations with each succeeding generation
forming more easterly strikes.

This hypothesis is supported by the

cross -cutting relationships of the Candelaria and Culebra systems.

As

previously discussed, the east -west striking Candelaria fault cuts and
displaces the N50 °E- striking Hundidos- Remedios fault.

In addition, the
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Figure 43.

Experimental Deformation Model Devised by Cloos (1955)

.
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Juan Manuel fault strikes N80°W and displaces the east -west Culebra
fault.

The clockwise rotation of strain is also reflected in the Arana
system.

As modeling suggested, the system probably formed during simple

shear as the median and minor stress axes rotated clockwise during
deformation.

The cause of the brief period of extension is not well understood.

Dickinson (19 79) suggested that a rapid increase in the dip of

the Benioff zone during the late Tertiary, caused by the disengaged
Farallon plate falling away from its trench, could have caused an upwelling of asthenosphere which might have contributed to regional extension during Basin and Range deformation in the southern United States.
This model also provides a vehicle for explaining pre -vein extension in
the San Dimas district.
As the Benioff steepened in response to a decrease in sub duction

rates at about 43 m.y., an influx of asthenosphere was impeded by the
base of the (thinning ?) lithosphere.

The resulting drag on the base of

the lithosphere caused a brief period of rotational, extensional strain
(Figures 36 and 37)

.

Figure 36 indicates that the maximum compressive

stress was inclined steeply to the east, probably the resultant vector
between the mild horizontal compression of subduction mechanics and the
stronger vertical compression of extension.

Extension was brief and ended as the effect of the influx of asthenosphere subsided.

As extension waned, al becane subhorizontal and

rotated clockwise, attaining a direction consistent with the oblique
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subduction of the Farallon plate.

In the Arana system, the rotation of

the principal stress axes provided a response in the rock body similar
to progressive strain.

As a consequence, preexisting faults in the

Arana system were opened in a progressive manner (Figures 40, 41, and
42)

.

The progressive opening of the system's faults created new fluid

channelways along which hydrothermal mineralizing fluids ascended.

The

repeated influx of hydrothermal fluids in turn was responsible for the
district's three stages of mineralization.

After the mineralization

event, retrograde volcanism deposited the Upper Volcanic Series as the
volcanic front moved toward the coast.

Volcanism ended at about 23 m.y.

in the San Dimas district after depositing over 1600 m of volcanic rock.
Figures 44, 45, and 46 are a time -lapse version of the tectonic events.
At about 30 m.y., the Pacific -Farallon ridge collided with the

American trench in a complex manner, later giving birth to the San Andreas transform fault (Atwater, 1970)

.

The ridge- trench -transform trip-

le point had migrated down to north of the latitude of Mazatlan by
approximately 10 m.y.

During its migration, the continental crusts of

western California and Baja California were transferred to the Pacific
plate in a manner not clearly understood.

Nevertheless, rifting of Baja California from mainland Mexico
began in the late Miocene as a manifestation of the differences in plate
motion between the Pacific (Baja) plate and the American plate.

The

faulting associated with Baja rifting is not characteristic of other
rifts.

Figure 10 shows that the vast majority of faults are not dis-

placed down toward the gulf, but are down toward the continent.

Indeed,

94
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Figure 44.

TO BO MY

Tectonic Setting from 100 to 80 m.y. -- The subduction of
the Farallon plate initiates arc volcanism.
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American Plate

Km

1

Figure 45.

BO - 40

MY

Tectonic Setting from 80 to 40 m.y. -- Increased convergence
rate of the Farallon -America plate causes the Benioff zone
subduction angle to decrease. This in turn causes the inland sweep of volcanism of the Lower Volcanics.

96

Figure 46.

Tectonic Setting after 40 m.y. -- A rapid decrease in the
convergence rate causes the Benioff zone to increase its angle of dip. The results are a rapid seaward sweep of volcanism and a rapid influx of as thenosphere
.
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the axis of fault symmetry is centered around the San Vincente -Noche
Buena graben.

Assuming that the rift faults largely reactivated mid -

Tertiary structures, the fault symmetry actually reflects mid- Tertiary
tectonics!

CHAPTER VII

CONCLUS IONS

The Arana fault system formed during a brief period of regional
extension at approximately 43 m.y.

Modeling of the Arana system sug-

gests that it formed during simple shear deformation and that its wedge -

shaped geometry is the geometric result of rotational strain during
faulting.

During faulting, the clockwise rotation of the

stress axes caused the San Rafael

,

3-367, Cinco Señores

,

a,2

and a3

and San Luis

faults to develop as curviplanar faults and to be captured by the master
Arana fault.

Mineralization of the Arana system is K -Ar dated at 40 m.y. by
vein adularia.

Vein assemblages, interpreted according to the parage-

netic sequence worked out by the mine geologists, indicate that the
east -west striking faults were mineralized first, the northeast -striking

faults were mineralized second, and the north -northeast striking faults

were mineralized last.

The progressive mineralization of faults with

more northerly trends was a function of the timing of fault opening and
can be understood in terms of progressive strain.

As extension began to

wane, al began to rotate counterclockwise and toward horizontality at
the same time.

As a

rotated, it became aligned with faults such that

it was held in the fault planes as a lineation.

The effect was to com-

pressively open the faults as pressure parallel to the cover of a book
would separate the book's pages.

As the faults progressively opened,
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they provided channelways for ascending hydrothermal fluids and were
mineralized.

The ramifications of the rotation of

o l

in the Arana sys-

tem are that faults with northwest strikes and dips of less than 40 °E

would have contained al as a lineation parallel to its dip and would be
mineralized (example Arana)

.

In addition, faults that contained al as a

lineation parallel to their strike would also be mineralized (examples
are Candelaria, Culebra, San Luís, Cinco Señores, etc.)

.

The exceptions

to the mineralization are faults whose northwest strike and steep dip
prohibited 61 from ever being contained in the fault plane as a lineation.

The results were the unmineralized 440, 458, 755, and 314 faults.

APPENDIX A

ISOMETRIC PROJECTION OF
THE ARANA SYSTEM

Faults are keyed by number.

Red indicates mineralization along

faults and blue indicates unmineralized faults.
are separated by 200 ft.

The individual sections

Sections 33800 N through 37400 N are summa-

rized in a composite projection on page 101.

Number

View is to the north.

1

Fault
Arana

2

San Rafael

3

921

4

3 -367

5

Cinco Señores

6

San Luis

7

219

8

314

9

440

10

458

11

755

12

761

13

Escondida

14

904

15

619

16

652
100

101

102

103

34200

N

104

34400 N

105

34600N

106

34 800N

107

35000 N

108

35200 N

109

35400 N

110

35600 N

111

35800 N

112

36000 N

113

36200 N

114

36400N

115

36600 N

116

36800N

117

37000 N"

118

37200 N

119

3 7400N
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