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PETROLOGY OF THE LOWER ARROYO PENASCO (MISSISSIPPIAN)

TAOS COUNTY, NEW MEXICO
ABSTRACT

The Lower Arroyo Penasco, which is probably of
Mississippian age, is a relatively thin clastic unit com-
posed of medium- and coarse-grained sand and gravel. It
rests on a topographically irregular Precambrian crystalline
basement or its regolith and grades conformably upward into
a complex carbonate sequence.

Nowhere in the studied field area does the lower
part of the formation exceed fifteen meters in thickness.
The dominant mineral is quartz which comprises over 95% of
the framework material, thus making the sandstone categor-
ically a guartzarenite.

The unit was deposited within 10° or 15° of the
Mississippian equator in a marginal system of high-energy
braided streams, beaches, and tidal flats. This system
alternately underwent periods of monsoonal flooding and
aridity.

An authigenic suite of minerals began forming scon
after deposition and an episode or episodes of grain em-
baying and solution fracturing. Large amounts of quartz

first precipitated as overgrowths. A complex assemblage



vi
of minerals including illite, chlorite, calcite, dolomite
chert, chalcedony, pyrite, and apatite then followed, not
necessarily in the preceding order. Microcline, which in
some areas may have comprised 5% of the sandstone was re-
placed by illite, chlorite, or calcite; some may have been
weathered and leached out of the system. There is prac-
tically no porosity.

This sandstone with very few fossils grades into a
calcitic, dolomitic, and dedolomitic carbonate unit, the

Upper Arroyo Penasco.
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INTRODUCTION

Statement of Problem

This thesis involves an examination of the lower
clastic portion of the Arroyo Penasco Formation, the oldest
sedimentary unit in Taos County, New Mexico. The assigned
ages range from Devonian through Mississippian. The purpose
of investigating the sandstone member of the Arroyo Penasco
Formation is to describe its features and from these inter-
pret the conditions and processes related to the source and
governing its deposition and subsequent alteration.

In Taos County, the Arroyo Penasco Sandstone rests
upon either Precambrian crystalline rock or its overlying
regolith and grades upward into a complex carbonate-evapo-
rite sequence. Both the Precambrian rock and carbonate strata
are closely related to the complex history of the thin sand-
stone unit.

The outcrops of the Arroyo Penasco Formation con-
sidered in the study are located in the Picuris Mountains
and Tres Ritos Hills of the Sangre de Cristo Range which is
part of the Southern Rocky Mountains. Several researchers
have examined the formation in this area, but most of their
work concerns the complex nature of the carbonates, the

fauna contained therein, and attempts to date the formation;



age relations are still unresolved. Little detailed petro-
graphic study has been done on the clastic section that con-
sists predominantly of quartz grains and pebbles. No iden-
tifiable fossils have been found in the unit. Original
depositional terrain, climate, and tectonic activity, as
well as burial, have imparted a complex character or aspect
to this relatively thin stratigraphic section.

The body of this thesis, then, revolves around an
array of established tools, procedures, and concepts that
when combined yield an accurate description and viable

interpretation of early Arroyo Penasco history.



SETTING
Location and Accessibility

Taos County is in northernmost central New Mexico
(Fig. 1); the county covers 2256 square miles (Schilling,
1960). The area of specific concern in this thesis is
located in the southern half of the county, the best Arroyo
Penasco outcrops beginning about five miles south of Taos
just outside Talpa (Fig. 2) in the eastern Picuris Range.
The outcrops at this location are the northernmost expo-
sures of the formation in the state. All the outcrops
studied are within a mile of paved roads, although access
to most involves fording streams and climbing steep and
narrow valleys upon leaving the highway. All the land
belongs to and is in the care of the National Forest Ser-
vice which has cut many service roads into heavily forested
areas. In other counties these roads provide the only
access to Arroyo Penasco rocks. However, in Taocs County,
the best outcrops are along State Highway 3 between Ranchos
de Taos and Tres Ritos.

Most of the locations are between 2100 meters (7000
feet) and 2400 meters (8000 feet) above sea level, usually
between 60 and 100 meters higher than the Indian towns in
the valleys. State Highway 3 follows the Rio Grande de
Rancho (sp. variable) south from Talpa for about 16 kilom-

3
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eters then follows the Rio Pueblo into Tres Ritos. These
rivers must be crossed to reach the outcrops. The exposures
between the villages of Rio Pueblo and Tres Ritos mark the

southern limit of this study.

Physical Features

Taos County exhibits a variety of physiographic
features (Fig. 3) that are the result of a continuous and
varied geologic history. Simply, two large divisions are
readily apparent: the Rio Grande Depression in the western
half and the north-trending Sangre de Cristo Mountains in
the southern and eastern part of the county.

The Rio Grande Depression has two distinct regions.
The Taos Plateau or Taos Plain (Fig. 4) is a southwestern
extension of the San Luis Valley or Basin of Colorado.
Although most of the plateau is level, hills ranging from
2100 meters (6900 feet) to 2450 meters (8100 feet) are
scattered over its extent. Most of these hills are dead
or dormant volcanoes. The plateau appears smooth from a
distance but its unconsolidated sediment is cut by many
stream channels as it gently slopes up to the foothills
of the Sangre de Cristo. Taos (Fig. 5) rests at the junc-
ture between the depression and the mountains at an eleva-
tion of about 2100 meters (7000 feet).

The Rio Grande Gorge (Fig. 6) is the second dis-
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Figure 4. Taos Plateau viewed from the D.H. Lawrence
Ranch above Arroyo Hondo looking south.

Figure 5. Taos and Taos Range viewed from above Talpa
looking north.



Figure 6. Rio Grande Gorge with Picuris Mountains in
background; viewed from Highway 64 bridge
looking south.
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tinct feature of the depression and cuts southward across
the Taos Plateau through unconsolidated sediments and vol-
canic flows. The volcanics provide the resistant material
that forms the gorge's vertical cliffs that range from 90
meters at the Colorado Border to over 300 meters at Pilar;
westward from the mountains, streams flow through narrow
valleys, and shallow arroyos cut across the plain to the
gorge (Schilling, 1960). No flowing streams exist on the
west side of the gorge; the trend of arroyos is south-
eastward.

Culebra Park in the north and Penasco Plateau in
the south comprise minor features of the Rio Grande De-
pression.

The Sangre de Cristo Mountains are the other large
physiographic division in Taos County with five ranges
contributing to the southern extension of the Rockies.

The Culebra Range in the northeast, with Costilla Peak
attaining a height of 3940 meters (13,005 feet), forms
only a minor portion of the Taos County ranges.

The major range in the county is the Taos Range
(Fig. 7) which contains Wheeler Peak with an elevation of
3985 meters (13,150 feet), the highest in New Mexico. The
western front of this range rises very sharply from the
Taos Plateau into many massifs that reach above the timber-

line at 3580 meters (11,800 feet). Ninety percent of the
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Figure 7. Rio Grande de Rancho Valley with Taos Range in

background; viewed from Beaver Ridge looking
north.

Figure 8. Picuris Mountains with Taos rooftops in fore-
ground; viewed from Taos looking south.



streams flow perennially through deep valleys toward the
Rio Grande (Schilling, 1960).

The Picuris Range (Fig. 8) lies about eight kilom-
eters (five miles) southwest of Taos and is an isolated
spur of the north-trending Sangre de Cristos. Its eastward
boundary is marked by the perennial Rio Grande de Rancho
above which to the west are secondary ridges formed by the
Arroyo Penasco, the primary ridges being the more resistant
Precambrian rocks. The highest point is Picuris Peak at
3275 meters (10,810 feet). Intermittent streams have cut
deep valleys into crystalline rock and, depending upon
which slope they drain, empty either into the Rio Grande or
Rio Pueblo.

East of the Picuris Range, on the other side of the
Rio Grande de Rancho, are the Tres Ritos Hills. The topog-
raphy here is not as rugged because most of the crystalline
rocké are overlain by a thick section of relatively un-
resistant sedimentary strata. The Rio Pueblo runs through
the southern portion of the hills, and it is here that many
~good exposures of Arroyo Penasco rocks are found.

The last range is the Truchas which forms the ex-
tremely rugged Pecos Wilderness Area. This southern por-
tion of the Sangre de Cristo Mountains offers the highest
and most spectacular peaks in the area, many being over

3600 meters (12,000 feet) and exhibiting many glacial
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features. Most of the Truchas Range is resistant crystal-
line rock, and the Pecos River cuts a gorge through it that
is more than 300 meters deep in places (Sutherland, in

Miller, et al., 1963).
Climate and Vegetation

Taos County has a semi-arid climate on the plateau
and in the lower reaches of the mountains. At its elevation
of 2100 meters (7000 feet), Taos receives about 33 centi-
meters (13 inches) of moisture annually and has average
temperatures of 26.3° Fahrenheit in January and 68.5°
Fahrenheit in July; the ranges receive at least 25 centi-
meters (10 inches) more precipitation and become wetter
and colder the higher one goes (Schilling, 1960). The
rainy season occurs in July and August with thunderstorms
in the afternoons. Deep snow covers the higher elevations
through the winter and is on the peaks usually through
summer; the plain remains free of major accumulations
even in the winter.

Sagebrush and some grasses cover the Taos Plateau.
In the Picuris Range, pinon, juniper, scrub oak, and moun-
tain mahogany cover much of the slopes; high areas and
canyons are wooded with Ponderosa pine (Schilling, 1960).
Most of the field area is covered with this vegetation,

making mapping and tracing of outcrops difficult. No de-



tailed maps of the area exist. At the higher elevations
fir and aspen displace the pines; only Alpine grasses and
schrubs grow above the timberline. Along the rivers and
springs are cottonwoods and willows.

Hazards also abound in the area. Of course, the
rugged topography and talus-covered slopes pose conditions
that, when combined with certain climatological events,
become real threats to hikers and campers. Certain flora

and fauna are also harmful.

14



GEOLOGIC HISTORY

Miller, Montgomery, and Sutherland (1963) describe
the observable structural patterns (Fig. 9) in the area as
extremely complicated, these being the result of four
major periods of deformation. Briefly, Montgomery relates

the major episodes.

1) Precambrian, which entails the following events:

a) Folding along east-west axes of metasedimentary rocks
that are exposed in the Tres Ritos Hills, the Picuris
Range, and the Truchas Range. Along with the folded
Precambrian metasediments, are young metaigneous and
igneous intrusions. Metaquartzites, schists and
phyllites comprise the wvarious layers of the folded
metasediments (middle-high metamorphism). Kyanite,
sillimanite, staurolite, muscovite, biotite, and
quartz are the major minerals associated with these
rocks. The granites in the field area are mainly
alkali-feldspar granites, and some also show evidence
of metamorphism. Associated with the intrusions are
pegmatites that, along with the granites, contain
tourmaline, rutile, and zircon that appear in the
Arroyo Penasco sedimentary rocks.

b) Thirty-eight kilometers of right strike separation

15
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Geologic Map of South Taos County

[ Modified from Dane & Bachman, 1965

and Miller et al.,1963
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Figure 9 . Geologic map of south Taos County. Modified
from Dane and Bachman (1965b) and Miller et
al., (1963).
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on the north-trending Picuris-Pecos Fault. This
fault passes through the Picuris Range about 7 kilom-
eters west of the Rio Grande de Rancho. Montgomery
(1963) states that most stike-slip movement occurred
in Precambrian time. The Precambrian rock was then
eroded until the Devonian or the Mississippian when

the Arroyo Penasco was deposited.

Pennsylvanian uplift on the west side of the Picuris-
Pecos fault, which, according to Sutherland (1963), in-
volved two episodes of deposition east of the fault.
During the active faulting in the Pennsylvanian, coarse
sediment was deposited as deltas prograded into the ba-
sin or Taos Troﬁgh. During periods of quiescence flu-
vial and high-constructive deltaic systems fluctuated
with carbonate shelf sediments. Sutherland states that
the clastics were shed from the Uncompahgre Highlands

west of the fault.

Mesozoic-early Cenozoic deformation that is marked pri-
marily by vertical uplift on the west side of the

Picuris-Pecos Fault.

Middle and late Cenozoic deformation that resulted in
the uplift of the mountains. Miller (1963) divides
post-Laramide time into three divisions:

a) Widespread volcanic activity in middle Tertiary time.
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b) Formation of the Rio Grande Depression in Miocene
time by normal faulting along the west boundary of
the Sangre de Cristo Mountains. Widespread volcanic
activity ceased in late Tertiary time, but large
amounts of sediments were shed from the mountains
into the down-faulted portions to the west. More
movement might have occurred along the Picuris-Pecos

Fault during this time.

3) Further faulting, erosion, sporadic vulcanism, and

glaciation occurred in the Pleistocene.

The above sequence outlines the more active tec-
tonic periods of geologic history. The most realistic
ages assigned the Arroyo Penasco are either Devonian
(Baltz and Read, 1960), or Mississippian (Armstrong, 1967).
Whatever the case, this formation apparently was deposited

during an interval of relative quiescence.



PREVIOUS WORK

Since 1904 when Read et al. mapped the entire clas-
tic-carbonate unit of this study as the lowest member of
the Sandia Formation, Magdalena Group, Pennsylvanian age,
stratigraphic nomenclature and chronology have fluctuated,
depending on the researcher. The major publications per-
tinent to the "debate" include Baltz and Read (1960),
Baltz (1965), Sutherland (in Miller, et al., 1963), and
Armstrong (1955, 1967).

The name Arroyo Penasco was given to the rocks
overlying the Precambrian in northern New Mexico by Arm-
strong in 1955. Based on endothyrid fauna in the lime-
stones, he assigned a Mississippian age to the entire
section of rock between the Precambrian and Pennsylvanian
(Fig. 10).

Baltz and Read (1960) discarded the name Arroyo
Penasco and introduced a system that divided the strata
into a complex sequence with various dates and names.
Their basis for rejecting Armstrong's stratigraphy was the
similarity of these rocks with Devonian ones in Colorado
and their mistrust of the then untested efficacy of dating
with Endothyra. They proposed the name "Espiritu Santo"
for the lowest clastic-carbonate unit and assigned to it
an Upper Devonian date.

20
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In 1963, Sutherland followed Baltz and Read's re-
vision but removed the clastic unit from the Espiritu
Santo Formation, named it the Del Padre Sandstone, and
assigned any age from Late Precambrian to Early Mississip-
pian.

In 1965 Baltz reaffirmed his original Devonian date
and name for the unit. The 1:500,000 geologic map of New
Mexico edited by Dane and Bachman (1965b) follow Baltz in
his usage.

In an extensive study, Armstrong (1967) asked for
a return to his 1955 terminology. This was based on his
faunal work involving the unit and a wide areal analysis
of the stratigrpahic and lithologic relationships within
the unit. Armstrong assigns an Early Meramecian age to
all the carbonate rocks and lists as probable that same
age for the clastic section. He includes this basal unit
as the initial phase of a cycle that was transgressive
across a Precambrian peneplain.

This study follows Armstrong's terminology and
dates. Stratigraphic relations observed in the field tend
to support Armstrong's interpretation. Relevant observa-

tions will be presented in succeeding sections.



FIELD RELATIONS AND METHODS

Field work was accomplished during the summer of
1977, December of 1977, and March of 1978. Reconnaissance
was facilitated by the use of the 1:63,360 map of Miller
et al. (1963) that covers the extreme southern part of the
county; the 1:500,000 map of New Mexico compiled by Dane
and Bachman (1965b); the Ranchos de Taos and Tres Ritos
Quadrangles (1964) of the USGS; and the works of Armstrong
(1967), Sutherland (in Miller et al., 1963), and Baltz and
Read (1960).

With the aid of these tools, a thorough search of
south Taos County revealed that the most complete and best
exposed outcrops are usually within view of New Mexico
State Highway 3. In the Rio Grande de Rancho Valley, one
must ford the river and travel up the narrow canyons that
cut through the Picuris eastern slope. Usually the best
outcrops appear in these canyons 150 meters above the road,
elev., ‘2200 meters (7200 feet), or along a secondary ridge
crest at about 2400 meters (7900 feet). The primary ridge
at 2500 meters is held up by Embudo Granite.

The Arroyo Penasco beds in this area (Fig. 12)
begin at Ponce de Leon Springs and extend south for about
4.2 kilometers (2.5 miles). Southward until Rio Pueblo
Valley, the strata have been faulted farther from the road

24
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Location Map of Arroyo Penasco Sections
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and in an orientation that has not permitted good exposure.
The beds in this valley dip at angles between 70° and 80°
NE and strike between N25°W and N40°w.

In Rio Pueblo Valley, a small, well-exposed section
appears 5 kilometers (3.0 miles) east of the junction of
State Highways 75 and 3 on Highway 3 and extends only 1.5
kilometers (1 mile) eastward. Faulting has obscured any
further exposures. The beds dip 25° NE and strike N50°w.
The exposures here occur along the Rio Pueblo on the north
side.

Measured sections were done in six areas (Figs. 11,
12) and over 200 samples were taken over the entire area.
Beginning in the Precambiran and measuring to the Missis-
sippian-Pennsylvanian contact, hand specimens were taken
every several feet. Even the carbonate portion of the
Arroyo Penasco was extensively sampled to determine a
stratigraphic boundary between it and the lower clastic

section.



STRATIGRAPHY

Precambrian and Upper Arroyo Penasco

The Arroyo Penasco rests either on the Embudo Gran-
ite, the Ortega Metasedimentary unit, or their intensely
weathered surfaces. The granite is usually gray and
coarsely crystalline with the dominant microcline crystals
sometimes several centimeters in diameter. The rock is an
alkali-feldspar granite with 0-5% plagioclase and 20-60%
quartz. This Precambrian intrusive or its regolith under-
lies all the examined outcrops in Rio Grande de Rancho
Valley. Baltz and Read (1960) report the Precambrian in
the area of Ponce de Leon Springs as being a quartzite,
but it is actually a granite.

In Rio Pueblo Valley the Arroyo Penasco was de-
posited on the Ortega Metaquartzite. This unit is com-
posed of gquartz crystals that are obviously the products
of earlier sedimentary episodes. But the dominant mineral
is microcline, probably the metamorphic product of an ar-
gillaceous matrix or an arkose. The foliation is delin-
eated by biotite or muscovite. In other areas the Ortega
is almost entirely quartz.

The clastic Arroyo Penasco conformably grades into
or interfingers with the carbonate section at all areas.

28
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No evidence of an unformity was found. Rather the clastic
unit usually changes within two meters from a sandstone with
clay cement, to a sandstone with a clay and calcite spar
cement, then to a sandy sparite, and finally to a sandy
micrite. The boundary between the two sections is arbi-
trarily that point where the unit changes from a sandy
sparite to a micrite with less than 50% terrigenous

material.

Outcrop Features and Structures

Outcrop Thicknesses and Bedding Characteristics

The outcrops in southern Taos County range from
about six meters to 15 meters in thickness. The thicknes-
ses of the outcrops vary over the field area as much as 10
meters (Fig. 13), indicating a very irregular Precambrian
peneplain. Sutherland (in Miller et al., 1963) offers a
regional map of the Arroyo Penasco with thicknesses over
a much larger region (Fig. 14). The recorded 700 foot
thickness is probably not an Arroyo Penasco outcrop; it
is bounded by faults and is of a later tectonic-deposition-
al episode (Armstrong, 1967).

The bedding is very similar at all outcrops with
beds as thin as a centimeter (Fig. 15) and others as thick
as two meters. The more massive beds appear in the middle

and upper parts of the clastics where silica cement is more
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Figure 15.

Arroyo Penasco outcrop composed of thin beds.
Penltente Valley 3 meters above section base.
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abundant; the less resistant beds have a larger portion of
clay cement and are less well-differentiated (Fig. 16).
There are two dominant bedding types: lenticular
beds and coextensive tabular beds. The lenticular beds
are at the most one meter thick and about five meters wide,
pinching out to a feather edge at both sides (Fig. 17).
The tabular beds maintain a constant thickness as long as
the outcrop is visible (Fig. 17); these are probably
sheetlike in three dimensions. An intermediate type exists,
that being a lenticular bed of wide extent (15 m) that
pinches out on both sides. The tops of many beds are
scoured by later overriding units.
At the transition zone of clastic to carbonate,
the beds usually become less resistant and less defined.
This zone grades upward into a massive section of gray,

extremely resistant lime mudstone.

Sedimentary Structures and Related Characteristics

Planar (Fig. 18), medium trough (Fig. 19), and low
angle tabular (Fig. 20) cross-stratification types are
present throughout the beds in the formation. Planar
stratification occurs predominantly in the tabular beds or
at the top of lenses. Low angle tabular cross-stratifica-
tion also occurs with the planar. The medium scale

troughs are associated with the bottom of lenses or some-
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Figure 16. Lower Arroyo Penasco outcrop in Rio Pueblo
Valley. The lower units are less well-defined
than the higher ones; the lower beds have more
clay and less quartz cement.
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Figure 17. Rio Pueblo Valley outcrop. Notice small len-
ticular paleochannel (c) at bottom of unit.
Tabular beds at top.

Figure 18. Planar beddin delineated bv hemati
= b at .
Beaver Ridge % meters above sectio;t%ase.



Figure 19. Medium-scale trough cross-bedding. Beaver Ridge
1.5 meters above section base.

Figure 20. Medium-scale low-angle tabular cross-
bedding. Rio Pueblo Creekside 15 meters above
section base.
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times beds of the intermediate type. Also a herringbone
pattern (Fig. 21) is present: tabulars slanting alternate-
ly in opposite directions. These stratification types are
delineated by iron stains in a white silica-cemented field
(Fig. 19) or white streaks (silica) in a green chloritic,
illitic field (Fig. 22).

Azimuths on the cross-stratification are very dif-
ficult to measure. On teds where readings were ascertain-
ed, there appeared to be no dominant transport direction;
rather the currents flowed bi- or multi-directionally.
There are exceptions that are associated with groups of
lenses where transport was east to west.

Considering grain size trends, the typical fining
upward sequence is present in most beds. An angular gravel
and cobble lag is frequently at the bottom of beds but
also is present in the center of beds where it forms a very
sharply delineated band (Fig. 23). The features to note
here are the extreme angularity of the pebbles as well as
the extreme break in grain size. From the previous obser-
vations it follows that these pebbles were not transported
very far and were introduced quickly and sporadically into
the system.

Other sedimentary structures include mudcracks,
crystal casts, and burrows. The mudcracks (Figs. 24, 25)

indicate two things: the subaerial exposure of the sedi-
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Figure 21. Herringbone cross-bedding indicating )
bidirectional currents. R10 Pueblo Creekside
9 meters above section base.

Figure 22. Maculose texture. The white blebs are

primary quartz cement; the green matrix is
chlorite and illite. Rio Pueblo Creekside
meters above section base.
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Figure 23. An ular ebbles of guartz in middle of bed.
ver 1dge 1.0 meTer zbove section base.

Figure 24. Mudcrack impressions in coarse-grained unit.
Beaver Ridge 1.0 meter above section base.
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Figure 25. Mudcrack impressions. Beaver Ridge 1.5 meters
above section base.

Figure 26. Crystal casts and mudcrack impressions indi-

cating subaerial exposure and presence of
evaporites. Penltente Valley 1.5 meters above
section base. .
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ment and the presence, albeit minor, of mud in the svstem
at one time. The cubic-shaped crystal casts (Fig. 26) are
evidence that the sediment at one time contained evaporites
that were also subaerially exposed. And the burrows (Fig.
27) are the trace fossils of an animal whose organic re-
mains were not preserved.

At one location there is a linear zone of gray blebs
(Fig. 28) that is more resistant than the surrounding sand-
stone. These are actually regions of chert-cemented sand,
and probably represent paleosilcretes to be discussed later.
Also there are beds that exhibit a maculose appearance
(Fig. 22). This is due to patchy quartz cementation prior
to chlorite and illite precipitation. Finally, instead of
six detailed descriptions of outcrops (that do appear in
verbal form in Appendix I), a composite outcrop descrip-

tion is presented in Figure 29.



Figure 27.

Relic worm burrow.
above section base.

Penitente Valley 3 meters
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Figure 28.

The blue blebs are paleosilcrete (ps) concre--

tions composed of chert-cemented sand.
Beaver Ridge 2 meters above section base.
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PETROGRAPHY AND LABORATORY ANALYSIS

Previous Work

Armstrong (1967), Sutherland (in Miller et al.,
1963), and Baltz and Read (1960) have done limited thin
section analysis of the Arroyo Penasco. In his studies,
Armstrong concentrated more on the examination of the car-
bonates and their diagenesis. Sutherland used Folk's
classification (1974) but only to the extent of giving
the five-fold name. He did not go into detail on grain
types, clay morphology, or diagenesis. Baltz and Read's
analyses primarily discussed textural relations and grain

identification.

Methods

For petrographic analysis, several types of micro-
scopes were used: a Zeiss binocular petrographic micro-
scope with a maximum magnification of 3000X; a Leitz
binocular microscope (500X); an Olympus OM-1 35 mm camera
adaptable to both microscopes; and accessory tools for
both scopes. The departmental scanning electron micro-
scope served to better delineate clay types and relation-
ships. Magnification with acceptable resolution seldom
exceeded 2000X. For complete clay and carbonate identifi-
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cation x-ray diffraction was employed. Staining (Lindolm
and Finkelman, 1972) and etching techniques enabled iden-
tification of the several carbonate minerals.

Over 200 thin sections were examined and point-
counted. For most sections a count of 100 grains sufficed,
but for superdetails 200 to 400 grains were counted.

Folk's classification (1974) is used throughout in both
clastic and carbonate descriptions. The appendix sample

number is appended to each thin section micrograph.



TERRIGNEOUS COMPONENTS

Quartz

Because quartz comprises greater than 95% of the
framework grains in most thin sections, the entire Arroyo
Penasco falls categorically in the quartzarenite clan
(Fig. 30). As an aside, the observation should be mention-
ed that in many samples, especially those rich in clays and
carbonates, there appears to have been replacement of
grains that were originally framework. These grains were
probably feldspar, and in some cases these fragments would
have comprised a framework fraction greater than 5%. The
rock would then fall into the subarkose clan. Such altera-
tion, however, incorporates the grains into what is now

recognized as part of the matrix or cement.

Texture

Because quartz forms such a large fraction of the
clastic material, its textural characteristics can be as-
cribed to the sediment as a whole. The degree of sorting
varies inter- and intrastratally according to the flow
regime of the current and grain sizes available at the
time of deposition. Within the Arroyo Penasco sorting
values run the gamut from very poorly sorted (Phi standard
deviation = 2.00) to very well sorted (g S.D. = «358) »
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This measure is simply a numerical correlative of the dis-
parity in grain sizes found in one particular specimen.

In this formation, the quartz sizes range from silt
(.004 mm, 80) through small cobbles (64 mm, -6d). Like-
wise, roundness values run the complete spectrum. In this
formation individual grain roundness is determined either
by the number of sedimentary cycles experienced or the
current duration and intensity in the last depositional
environment. In some samples, many grains are very round
(5-6 ) (Folk, 1955), others angular (l-2e), all being the
same size. Obviously, transport to this depositional site
did not completely determine the roundness; the round
grains inherited their values from a previous cycle. On
the other hand, some sections display high sorting and
roundness values; considered with the bedding and strati-
fication types, this sand roundness is probably a product
of its depositional environment.

In some cases the sediment is bimodal. In thin sec-
tion this bimodality is expressed either homogeneously
where the two grain sizes are mixed throughout (Fig. 31) or
segregated into distinct regions (Fig. 32). 1In the first
case, the sediment sorting seems to be a result of aeolian
deflation and mixing of sizes by weak currents; the second
case indicates a process, probably a pulsing current, where

the two size populations are each well sorted and isolated



Figure 31.

1.0mm

Homogeneous bimodality. Perhaps a product of

aeolian deflation.

# 89.

Crossed nicols. Sample

Figure 32.

Zoned bimodality.

.Smm

Probably the result of

variable currents. Crossed nicols. # 1l4X.
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from each other. Grain size and sorting also determine
cements as in Figure 33 where well sorted, fine grains are
silica-cemented and poorly sorted, coarse grains are
cemented by calcite as well as primary silica.

A diagenetic phenomenon occurs in the Arroyo Pen-
asco, often subsequent to deposition, that alters the
shape and roundness of the grains. Solutions dissolve
silica, and as a result grains display embayments, solu-
tion-enlarged fractures (grikes), and abnormal roundness
values (Figs. 34, 35, 36, 37). This solution eliminates
original grain features, especially where both incipient
overgrowths and mother grains were dissolVed. Some of
these embayed and fractured grains are inherited. But
they could not have been transported far or vigorously and
remained intact because of the fragile shape effected by
dissolution. At certain locations all grains both fine
and coarse are dissolved, bespeaking total in situ altera-
tion. In addition, polycrystalline grains are noticeably
absent in regions of high dissolution.

Poorly sorted sands with less than 5% original
terrigenous clay are considered submature; well sorted
sands with roundness values greater than (3€ ) and less
than 5% original terrigenous clay are considered super-
mature. These end members of the maturity scale and the

intervening types are all encountered in the Arroyo Penas-



Figure 33.

.S5mm

Grain-size-determined cement zones. The fine-
grained zone is completely cemented by quartz.
The coarse-grained zone had enough space for
both quartz and poikilotopic calcite (c).
Crossed nicols. 5 23X.
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Figure 34. Embayed quartz grains in clay matrix. Plane

light. # 6.

.S5mm
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Figure 35. Embayed quartz grains exhibiting a bimodality.

This bimodality could be a result of deposi-
tion or in situ solution fracturing. Crossed

nicols. # 17X.



.S5mm

Figure 36. Solution fractures or grikes following strain
trails in quartz grain. Plane light. # 123.

.2mm

Figure 37. A more detailed micrograph of solution
fractures. Plane light. # 123.
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co. Admittedly, there is some detrital clay, but it is
usually less than 2 or 3%. There is the possibility that
some of the clays are recrystallized detrital residue and
now appear authigenic. The section on authigenic minerals
addresses this problem. In addition, there is also the
phenomenon of clay infiltration subsequent to deposition.
This also gives erroneous maturity values and will also be
examined later.

The silt fraction comprises a very small percentage
of clastic material. It could be infiltered from later
depositional events or be an aeolian deflation product
(Fig. 31). The clastic portion of the Arroyo Penasco,
then, is a relatively coarse-grained unit that was deposited
by currents in the upper flow regime. For complete tex-

tural information see Appendix I.
Fabric and Packing

The descriptions used in this section are from the
classification system modified by Adams (1964) (Fig. 38).
In none of the samples is there a high degree of pressure
solution (Type I). Most of the rock has no porosity, and
there is always at least one type of cement and in many
places as many as six types. The highest amount of poros-
ity found, about 10%, appears to be the result of leaching

of feldspar grains replaced by calcite or clay (Fig. 39).
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V.

Fabric Class
High degree of pressure solution, flattened grains, no porosity, no cement, sutured contacts
Fabric Class
Moderate degree of pressure solution, approximately equidimensional grains, little or no porosity, little or
no cement, primarily concave—convex contacts with some flat, sutured contacts
A. Cemented by
1. Quartz overgrowths
2. Quartz overgrowths with minor amounts of calcite
3. Quartz overgrowths with some clay
Fabric Class
Minor degree of pressure solution, mostly original grain outlines, often some porosity, long or tangential
contacts
A. Poorly cemented (but normally tightly packed)
1. Quartz overgrowths
2. Calcite
3. Dolomite
4. Clay
B. Well Cemented
1. Quartz overgrowths
2. Calcite
3. Dolomite
4. Chy
Fabric Class
No pressure solution, original grain outlines, good porosity and (or) cementation' w/no porosity, tangential
contacts and floating grains .
A. Cemented but porous
1. Calcite
2. Dolomite
3. Clay
B. Cemented, no porosity
1. Calcite
2. Dolomite
3. Clay

9%
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Figure 38. Fabric classification. From Adams (1964).
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.2mm

Figure 39. Leached replaced feldspar (fs) and illite with
medial sutures (ms) and horrent orientation (ho).
Crossed nicols. # 22X.



In some of the formation a moderate degree of pressure
solution has occurred; such rocks are cemented with
quartz, clay, and calcite and combinations of the three
(IIA-1, IIA-2, IIA-3, IIA-2,3). 75% of the specimens are
IITI B types with combinations of cements. IV B types are
also present but many have undergone an early silica
cementation stage. Such a diversity of fabric types indi-
cates different diagenetic episodes and variable cementa-
tion rates. Those sandstones that experienced early silica
cementation followed relatively quickly by clay or calcite
cementation show a 'normally' packed fabric (type III).
Those sandstones that exhibit only a slight amount of early
silica precipitation and no other early cements are the
most densely packed. The fabric, therefore, appears con-
trolled by the type of intrastratal fluids flowing during

a time previous to emplacement at a depth great enough for
extensive pressure solution. That is, early cementation
"freezes" the rock and preserves the "loose" fabric;
~grains in rocks that are of type II are not locked in place

and, hence, free to move and merge into one another.

Quartz Types

All empirical and genetic quartz types are present
in the Arroyo Penasco: non-undulose-slightly undulose,

common plutonic quartz; undulose, metamorphic, plutonic
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quartz; semicomposite, vein quartz (bubbly); composite
undulose and non-undulose, metamorphic gquartz.

The most numerous quartz types comprise a contin-
uum from straight extinction through undulose extinction.
The grains that fall in this typological niche are usually
in the fine to medium grained categories. As a criterion
for provenance determination these grains are useless
(Blatt, 1963), most exhibiting high roundness values under
overgrowths. In most cases, they are the product of many
cycles that have altered original depositional imprimaturs
(Figs. 40, 41). Of more use for provenance analysis are
the polycrystalline grains, these occurring in the grain
sizes coarser than 0.5 mm (medium-grained). Folk (1974),
Blatt and Christie (1963), Blatt (1967), Basu et al. (1975),
and Young (1976) all agree that certain types of polycrys-
tallinity indicate grades of metamorphic sources and aid in
distinguishing igneous from metamorphic provinces. The
various touchstones for such determinations are crystal
number within one grain size, crystal shape, and boundary
relations. In all studies, it has been found that lower
grade grains contain more crystal units (Fig. 42). Gneis-
ses and granites usually show fewer units, and these are
distinctly polygonized (Young, 1976) (Fig. 43). Grains
from lower grades in addition to high polycrystallinity

indices with many crystals are elongated with sutured



.4mm

Figure 40. Extremely well-rounded quartz grain with over-
growth. Probably a recycled grain and re-
worked (?) overgrowth. Crossed nicols. # 169.

.08emm

Figure 41. Well-rounded recycled quartz nucleus. Over-
v growth is probably an in situ product. Plane
light. # 130.
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.Smm

Figure 42. Well-rounded grain of stretched metaquartzite
with many crystal units. Crossed nicols. # 156.

.Smm

Figure 43. Polyganized quartz grain with relativély few
crystal units. Crossed nicols. # 84,
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grain boundaries (Fig. 42).

The polycrystalline grains in the Arroyo Penasco
are seemingly of these lower grades with many crystal units
that are frequently stretched and sutured. This again in-
dicates low-medium rank metamorphism with shearing or tec-
tonic deformation. There are only a few examples of well
polygonized units in the collected samples.

Harrell and Blatt (1978) have determined a sequence
of mechanical durabilities for the quartz types: micro-
polycrystalline quartz > finely crystalline quartz >
coarsely polycrystalline quartz > monocrystalline quartz.
This sequence and the Griffith 'Fracture Theory' may ex-
plain the paucity of coarsely polycrystalline units. The
theory simply states that microfractures cause grain dis-
aggregation more readily in corasely crystalline units
because the stress can be applied over greater areas. In
finely polycrystalline rocks the fractures must cross many
crystals and crystal boundaries (Harrell and Blatt, 1978).
In short, the ratio of finely polycrystalline aggregates
to coarsely crystalline aggregates in the Arroyo Penasco
may not yield accurate provenance contributions simply
because of preferential chemical and mechanical elimination
of high-grade metamorphic and igneous rocks. Harrell and
Blatt (1978) state that monocrystalline quartz is ubiqui-

tous, not bectuse it is more mechanically durable, but
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because its chemical stability is much higher than that of
any polycrystalline quartz.

In addition to the quartz types already mentioned,
there is semicomposite quartz that is very bubbly (Fig. 44).
This is indicative of a hydrothermal provenance (veins or
pegmatites). Also it has been noted that at certain strat-
igraphic horizons very angular pebbles of vein and meta-
morphic quartz exist (Fig. 23). This is simply an indica-
tion of local origin because pebble-sized material is
usually well rounded after only several miles of trans-
port. However, most of the material in the coarser sand
sizes is highly rounded (5-6 €). There is no grain size
trend in the formation except in individual beds. And even
in this case, the fining upward trend may be interrupted
by an interval of pebbles.

So it is the coarse grained polycrystalline frac-
tion that yields a provenance determination, this being
low to high grade metamorphic and igneous, the finer sizes
indicating probable recycled sedimentary origins. Through-
out the following description of the terrigenous grains
more complete information will be added regarding sediment

sources.

Inclusions in Quartz Grains

The vast majority of the quartz grains have some

sort of inclusion, either vacuole, microlite, or both.



Figure 44.

Vein quartz with clay coat. Note myriad
bubbles indicative of hydrothermal origin.
Plane light. # 15.
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The usual three kinds of vacuoles are present:
gas, liquid, and two-phase. A uniformity in size pre-
vails among the types, none being noticeably large. Most
of the vacuoles are entrained across grains but not tran-
secting the associated quartz overgrowths (Fig. 44). Not-
withstanding, some sections show trails traversing across
many grains (Fig. 45). The first case indicates stress
before silica precipitation; the second case indicates
stress after cementation. Typically, vein quartz has a
much larger number of vacuoles than the other quartz
types. Microlites also appear in the quartz grains in
several mineral forms: ilmenite, muscovite, zircon, tour-
maline, rutile needles, and microcline. In some cases,
one or several of these minerals form strain trails across
grains.

Rock Fragments

Sedimentary and metamorphic rock fragments occur
in minor amounts throughout the formation. Metamorphic
rock fragments manifest schistose and gneissic attributes:
the fragments are either finely or coarsely polycrystalline,
but, unlike the aforementioned types in the quartz section,
these grains are riddled with aligned muscovite crystals
(Fig. 46). They are granular particles (2-4 mm). This
type of granule bears great similarity to the Ortega

Metaquartzite that underlies the Arroyo Penasco in Rio



Figure 45.
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.4mm

Strain trails traversing many grains. Plain
light. #141.



Pueblo Canyon. These types of fragments probably do not
persist in a depositional environment for the same rea-
sons that apply to regular polycrystalline quartz. They
can then be considered as first cycle material and direct-
ly attributable to nearby metamorphic provinces.

In addition to the remnants of crystalline base-
ment, there are also several types of sedimentary rock
fragments. The most abundant is chert comprised of micro-
crystalline quartz crystals (Folk and Weaver, 1952). These
detrital remnants (Fig. 47) occur most frequently in the
upper part of the formation where the unit is changing
from clastic to carbonate. They are granules, larger by
many diameters than the accompanying quartz grains and are
subangular-angular. Various carbonates are often included
in the chert. Also coarse, well rounded grains of length-
fast chalcedony occur (Fig. 48). Coarse, subangular sand-
stone fragments, clay and mud clasts are strewn throughout.
The sandstone is comprised of well sorted, =-rounded, and
-cemented fine quartz grains (Fig. 49) and represent the
destruction and distribution of lower or lateral units of
the Arroyo Penasco. Likewise, the clay and mud clasts of
chlorite and chlorite-quartz silt are debris from other
parts of the formation. The chert, carbonate, and chal-
cedony are, similarly, products of older limestone

deposits.
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Figure 46. Metamorphic rock fragment (rf) with aligned
muscovite flakes. Crossed nicols.# 19X.

.Smm

Figure 47. Detrital chert with carbonate vein. Crossed
nicols. # 17X.
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Figure 48. Granule of length-fast chalcedony. Crossed
nicols. # 15.

Figure 49. Fragment of reworked sandstone with clay coat.
Plane light. # 140.
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Feldspar

Because of the composition of the basement rocks
underlying the Arroyo Penasco, which are largely feldspath-
ic, one might assume that when weathered these would yield
a sandstone of arkosic or subarkosic composition. Such is
not the case. Not more than 3% feldspar is present in any
section, and this fraction is undergoing alteration. As
mentioned previously, there are many areas that appear to
have once been framework material but are now an authigenic
part of the rock; it is probable that these grains were
originally feldspars, and if so, would have given the
sandstone its expected feldspathic character (Figs. 50, 51).
The absence of feldspars is, in part, a result of recycling
of much of the sand in conjunction with the weathering and
leaching regimes. However, the absence of the alkali
feldspars could explain the presence of illite, a topic
that will be discussed in the sections in clays and dia-
genesis.

The existing feldspars do reflect the composition
of the Precambrian granites and metasediments, microcline
being the most dominant type of potassium feldspar (Figs.
52, 53). Some grains that have undergone extensive re-
placement by carbonates and chlorite have a small unaltered
core that has the gross optical characteristics of either

quartz or orthoclase. But there is so little left to
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Figure 50. Originally a framework grain (feldspar?)
altered now to chlorite. Plane light. # 123.

Figure 51. Crossed nicols view of chloritized grain in
illite matrix.# 123.
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.2mm

Figure 52. Microcline (m) being replaced by calcite (c):
in a micritic cement. Crossed nicols. # 97.

Figure 53. Mic;ogline being replaced by calcite; in an
illitic (I) matrix. Crossed nicols. # 84.
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analyze that positive identification is difficult (Fig. 54).
Probably the grains are K-spars. None of the microcline

is fresh or unaltered, carbonate replacement being the

only definite type of alteration. No sericitization is
evident, and the grains replaced by clays offer few clues
to their former identity. Great diversity exists in micro-
cline size and roundness: the range in size being from

.1l mm to .75 mm, and the roundness values from angular to

well rounded.

Mica

Although biotite is present in underlying Precam-
brian rocks, none was observed in thin section. Muscovite
is the dominant phyllosilicate. It is identifiable as
detrital in the coarser sizes by its crystal clarity,
brilliant colors under crossed-nicols, crystal shape, and
cleavage. The muscovite that is larger than silt is
usually frayed at crystal ends and contorted and crumpled
by pressure of quartz grains (Fig. 55). In no section
did coarse muscovite constitute more than 1% of the rock.
It is obviously derived from the basement rocks.

When muscovite approaches clay size, it is com-
monly referred to as illite. Illite partakes of three
basic structures or polymorphs: 1M illite, 1Md illite,

and 2M illite (Carroll, 1970). The first two are prod-



Figure 54.

.Smm

Feldspar (fs) being replaced by chlorite.
light. # 8.

Plane
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Figure 55.

Deformed 2M muscovite (M).

7 .

.2mm

Crossed nicols.
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ucts of low temperature (< 250°C) diagenetic processes.

2M illite is a product of low grade metamorphism or ex-
tremely deep burial. When it occurs in a sediment, it is
almost always the detrital residue of rocks subjected to
metamorphic conditions (Carroll, 1970). Extremely powerful
magnification, x-ray diffraction, and electron microscopy
is needed to distinguish it from the lower order polymorphs.
Only a small fraction of the clays was recognized as the

2M polymorph; its presence will be discussed in clay and

diagenesis sections.

Ultrastable Minerals

The heavy or ultrastable mineral suite is composed
of zircon, rutile, and tourmaline, none individually or in
combination forming greater than 1% of the sediment.

These minerals occur either alone in a random man-
ner throughout most of the sections or in concentrated,
well delineated placers in the more mature sandstones.
These placers also contain organic debris and a variety
of opaque minerals (pyrite and ilmenite) that have been
crushed and mixed. Often stylolitization occurs or is
highlighted along these placers.

All the minerals have a similar grain size median
of 0.075 mm ( fine sand) with an occasional individual

reaching a diameter of 0.2 mm. Very angular grains often
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accompany very well rounded grains, again an indication
that several injections of new material were introduced
during the deposition of the sands comprising the unit.
Zircon is the most abundant, exhibits high relief,
high birefringence, no pleochroism, and no idiomorphism.
Rutile is red-brown in plane light, occasionally exhibits
cleavage, and also has high relief. Tourmaline is almost
always well rounded, green in plane light, and has a high
birefringence. Neither rutile nor tourmaline are idiomorph-
ic, and all grains of the ultrastable suites indent quartz
upon compaction. No peculiar or noticeable trends were

observed in relation to their occurrences.
Detrital Clays and Iron Oxides

Except at the base of one outcrop, most of the clay
in this formation is considered of authigenic origin. The
only clays recognized as detrital are mixed or "dirty"
clays, usually occurring with various iron oxides (Figs.
56, 57). These clays are the result of either a primary
depositional event or later episodes of infiltration.

They assume the habit of thin coats that are either circum-
granular or geopetal covering only the top of the grain.

In a few cases, these coats are rather thick and may rep-
resent relic soil cutans (Figs. 44, 49). The clays in

Figure 58 may be infiltered or original detrital residue;
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.4mm

Figure 56. Well-rounded quartz grain with coat of iron.

;xi%g. The cement is quartz. Crossed nicols.
7 140.

.4mm

Figure 57. Well-rounded quartz grain in reflected light.
The metallic yellow border on grains is
limonite-stained clay.# 140.
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JASmm

i i nd
Figure 58. Infiltered clay coat (cc) between grain a
%partz overgrowth (Qo). Crossed nicols.

133.

JsSmm

Figure 59. Clay particles (c) (?) delineating grain.
These could be infiltered products or pre-
cipitates. Crossed nicols. # 136.



whereas, the clay in Figure 59 may be infiltered, detrital
residue, a coprecipitate with quartz, or is being replaced.
Some of the coats are definitely an infiltered
residue, the evidence being an early silica meniscus cemen-
tation (McBride in Jonas and McBride, 1977) stage after
which is deposited a clay coat (Fig. 60). These coats are
a heterogeneous mixture of illite, chlorite, unidentified
clays, and either limonite or hematite. Such coats do not
inhibit silica precipitation as authigenic rim chlorite
does. Far less than 1% of the rocks are compesed of these

coats.

81



Figure 60.

Jsmm

Meniscus (M) quartz cement with authigenic
chlorite (ch). Plane light.# 140.
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DIAGENETIC MINERALS

This section lists and describes the various ortho-
chemical minerals; their formation is dealt with in the

section entitled Diagenesis.
Quartz

Quartz constitutes the largest fraction of the
minerals formed during the lower Arroyo Penasco's complex
diagenetic history. Five basic types are present: over-
growths (including meniscus cement), idiomorphic crystals,
fracture and pore fillings, chert, and chalcedony.

The most common of these types is the overgrowth.
Most are readily visible under the microscope, the boundary
between original grain and authigenic silica being dust,
vacuoles, clay, or iron oxide coats (Figs. 40, 41). Only
when the surrounding diagenetic material is predominantly
clay or caicite does delineation of the overgrowths become
difficult or impossible. This is because of two factors
either alone or in combination (Jonas and McBride, 1977).
The first is an occultation, simply a physical phenomenon
in which the clay or carbonate overlaps or is smeared over
part of the grain and conceals the overgrowth. The second
factor actually concerns the dissolution of the overgrowth
during the precipitation of the later cements. Seemingly,

the first case is the most common in these sections.
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The overgrowths exhibit both euhedral and irregular
terminations. The formation of euhedral faces (Figs. 61,
62) indicates growth in open pores and is an important
criterion in judging the detrital or authigenic origins of
clays. There are euhedral terminations against both clay
and calcite. Frequently, overgrowths have not grown even-
ly around the grains, and, rarely, a meniscus cement is
encountered.

More than one overgrowth stage is exhibited in some
sections (Fig. 63), and both euhedral and irregular over-
growths assume these multiple growth stages. The most
numerous examples of these multi-precipitation events occur
in an unusual chert-cemented zone (Fig. 63). These are
strange overgrowths in that they grow evenly and concen-
trically around the grain, perfectly maintaining the curv-
ing shape of the detrital nucleus. This kind of concentric
evolution apparently ceases after a time as illustrated in
Figure 63. Only in the chert zone does this phenomenon
occur. All overgrowth occurrence is not noticeably affect-
ed by clay coats either thick or thin. Finally, some over-
growths contain inclusions of anhydrite and celestite(?).

Idiomorphic quartz crystals have grown in the car-
bonates in the transition zone between the lower and upper
Arroyo Penasco. Most of these crystals are about 0.2 mm

in diameter, exhibit progressive zoning, and have carbonate



.0emm

Figure 61. Multiple euhedral quartz ov%rirgwths (o) in
clay cement. Plane light. # 17%.

.08mm

Figure 62. Euhedral quartz overgrowth (o) in calcite (c).
Plane light. # 169,
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.2mm

Figure 63. Multiple concentric quartz'overgrowths (o) in
chert (ch). Plane light. # 159.

Figure 64. Authigenic zoned quartz. Note different ex-
tinction angles for crystal. Formed in
calcite. Crossed nicols. # 98.
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inclusions. The zoning is best exemplified in Figure 64
where the extinction orientation of the two zones is ob-
viously but inexplicably different. Some grains exhibit
many phantom crystal faces but their extinction orientations
are the same.

Occasionally, these authigenic crystals are sur-
rounded, or partially so, by a zone of chalcedony (Fig. 65).
Usually, however, the chalcedony occurs embedded in cal-
cite in the habit of rosettes (0.15 mm) without the cen-
tral quartz nuclei (Fig. 66). The chalcedony is length-
slow quartzine. Length-fast chalcedony occurs also, norm-
ally as an amorphous mass of fibers in calcite.

Chert occurs under two guises: as a replacement of
carbonate cement and as a primary cement. The latter
appearance, as mentioned previously, occurs at one outcrop
in one stratigraphic horizon intercalated between a hema-
tite-clay cemented sandstone (Figs. 28, 67). This chert
is nearly isotropic (Fig. 68), so small are its crystals
(1 micron); whereas the crystals in the replacement chert
range up to 20 microns (Fig. 69).

The last types of authigenic quartz fill pores or
fractures (Fig. 70). When touching a quartz grain, the
fracture fill assumes the orientation of the grain. These
fractures seldom exceed .1 mm in width but at times cut

across an entire thin section. Chlorite replaces these
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JA5mm

Figure 65. Length-slow chalcedony (LSC) on authigenic
\ quartz (Q). Crossed nicols with gypsum plate.
7 97,

ismm

Figure 66. Rosettes of length-slow chalcedony (R), prob-
3bly replacements of evaporites. Crossed nicols.

7 98.



.5mm

Figure 67. Zones of chert (CH) and iron-clay (IC). Por-
tion of a paleosilcrete. Plane light.# 159.

.2mm

Figure 68. Multiple gquartz overgrowths in chert zone.
Note embayed grains. The chert (ch) is nearly
isotropic under crossed nicols. # 159.
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Jsmm

Chert (ch) replacing calcite (c).
7 17X.

Crossed nicols.



iy Jasmm
e S

Figure 70. Fractures filled with quartz being replaced
by chlorite. Plane light. # 123.

: .4mm

Figure 71. 2Zoned ferroan calcite (c) and pore quartz
£ill (Qf). Crossed nicols. # 17X.
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grains in places. The pore fill (Fig. 71) is a rare phenom-
enon seen only in those sections where carbonates did not
completely fill the pore or where the section is composed

of granules and pebbles and pores were very large.
Illite

Authigenic illite assumes several forms and in some
places constitutes up to 20% of the rock. In the majority
of instances, it occurs as a mass of fuzzy fibrous sheaths
that are arranged tangentially around grains or pore boun-
daries, and, when distinguishable, are about 10-15 microns
long. It appears to have precipitated after the initial
silica and carbonate cementation stages and fills the en-
tire pore. Medial illite cement sutures (Fig. 39) are
located in various parts of the pore, usually the central,
and like medial boundaries in quartz cementation, indicate
growth from the pore margin outward (Figs. 72, 73, 74, 75).
Important authigenic indicators are the concentrically
banded color zones (Fig. 73) seen under crossed nicols,
the complete absence of silt, the structure of individual
flakes when viewed with the SEM (Fig. 76), and the purity
but poor crystallinity of the clay. Sometimes, especially
in later pore precipitation episodes, the illite developed
in a fashion horrent to the earlier illite cement (Fig.

39). Also illite appears filling in pores as small book-



.08mm

Figure 72. Medial sutures (MS) in illite. Plane light.
# 134,

.08mm

Figure 73. Medigl sutures (MS) and concentric color
banding indicating illite authigenesis.
Crossed nicols. # 134,
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Figure 74. Medial sutures (MS) forming a triple junction.
Plane light. # 162.

.4mm

Figure 75. Me@ial quartz overgrowth sutures (Qs) forming
triple junction. Crossed nicols. # 133.
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Figure 76.

25ym

Scanning electron micrograph of authigenic
illite flakes. # 5.
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lets of flakes (Figs. 77, 78) or plates (40 microns long,

20 microns wide). In plane light, the illite is clear to

pale green; under crossed nicols it attains a first order
blue interference color.

In other cases, the illite occurs as discrete crys-
tals in quartz and quartz overgrowths, this occurrence
usually in conjunction with chlorite (Figs. 79, 80). SEM
photogrpahs show illite and chlorite flakes are apparent-

ly dissolving the quartz.
Chlorite

Like illite, chlorite assumes several structures,
and also comprises up to 15% of certain rocks by volume.
It manifests three distinct forms: vermicular groups of
flakes (Fig. 80), individual shards or laths, and flakes
scattered throughout illite or quartz (Figs. 81, 82).

The vermicular chlorite is a homogeneous congrega-
tion of worm-like, intertwining growths. The length of
each "worm", ranges from 20 to 100 microns, and the width
is about 20 microns. Flakes 1 micron thick comprise these
units. This form of chlorite forms isolated patches
(usually in an illite matrix) that exhibit sharp boundaries,
suggesting that this is a replacement mineral, probably of
feldspar. This chlorite has the typical gray to light

yellow birefringence and is pea-green in plane light.
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Jd5smm

Figure 77. 1Illite (I)_and quartz overgrowths (Qo). Crossed
nicols. # 14.

.04mm

Figure 78. Booklets of authigenic illite (I). Crossed
nicols. # 14.



Figure 79.

25um

Scanning electron micrograph of chlorite (ch)
and illite (I) flakes. 5.
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Figure 80.

.08mm

Nest of vermicular chlorite (ch).
fringent matrix is illite (I).
is probabl
nicols. #

High bire-

The chlorite

¥2a feldspar replacement. Crossed
3.

99



.osmm

Figure 81. Chlorite (ch) replacing quartz . (gq). Plane
light. # 128.

.osmm

Figure 82. Characteristic Prussian blue extinction

colors of chlorite; replacing quartz.
Crossed nicols. # 128.
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The second type similarly occurs in homogeneous
masses but also and more noticeably as laths 20 microns
long and 1-2 microns wide in quartz and quartz overgrowths.
Apparently, it is replacing the quartz. This type exhibits
a Prussian blue extinction color along with its low gray
and straw-yellow birefringence; the shards are pale green
in plane light.

Finally, chlorite occurs as distinct flakes scat-
tered throughout illite cement or quartz overgrowths. They
are about 10 microns in diameter and 1 micron thick. They

exhibit a birefringence similar to the other forms.
Calcite

Various types of calcite have formed throughout
the Arroyo Penasco, but most is in the top at the tran-
sition between clastic and carbonate units. Eight types
are present: poikilotopic cement, finely to coarsely
crystalline spar cement (.02 mm to 1.0 mm), slightly fer-
roan spar cement, slightly ferroan replacement calcite,
replacement calcite, micrite (about 2 microns), microspar,
and a fracture-fill cement.

Poikilotopic regions of calcite (Fig. 83) are the
most widespread. This type forms in a patchwork fashion,
each distinct sector surrounding many quartz grains. The
calcite that is replacing feldspars and quartz either does

or does not assume the poikilotopic crystal orientation.
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Figure 83. Loosgly packed quartz grains in poikilotopic
calcite cement. Crossed nicols. # 34.
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Slightly ferroan calcite replaces feldspars; and often, even
though separated by an illite cement, under crossed nicols,
the replacement crystals in large sectors extinguish at

the same orientation (Figs. 84, 85). The distinction be-
tween true spar cement, either ferroan or plain, and the
replacement cements is sometimes difficult. The ferroan
calcite can be identified by compositional zoning (Fig. 71),
accompanying aggregates of framboidal pyrite which form
both in pores and on replacement crystals, and staining
techniques (Fig. 86). Some of the replacement calcite is
being leached (Fig. 39).

Sparry calcite, both plain and ferroan, occurs in
the transition zone where authigenic quartz, chalcedony,
and dolomite have formed. These types gradually merge in-
to a dense, predominantly micritic lime-dolostone free of
clastics; this is the true upper Arroyo Penasco. At lower
intervals intermixed with the spar, calcitic micrite and
microspar surround loosely packed clastic grains. Delin-
eation of replacement grains is much clearer here than in
sparry regions (Fig. 52).

Much later in the history of the formation, after
episodic faulting, a poikilotopic calcite filled fractures

and faults (Fig. 87).
Dolomite

Dolomite-dedolomite rhombs (Fig. 88), are scattered
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Figure 84. Feldspar (FS) being replaced by ferroan cal-
cite (fc). Note apatite crystals (A) in illite
(I). Plane light. # 84,

.2mm

Figure 85. Unitary extinction of replacement calcite
under crossed nicols. # 84.
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Figure 86. Ferroan calcite (Fc) in plane light stained

glug. Note euhedral gquartz overgrowths (Q).
169.

.Smm

Figure 87. Poikilotopic calcite fracture fill (c¢). Crossed
nicols. # 24X.
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Figure 88. Do

.08mm

Figure 89. Dolomite with limpid perimeter (LD) in cal-
cite (c). Plane light. # 171.



throughout the calcite, especially in the upper part of
the clastic section. Some of the rhombs consist of a
limpid rind of dolomite and dirty calcite core (Fig. 89).
In places these rhombs are surrounded by poikilotopic ca<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>