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breccia body from the surrounding country rock (Mulvany, 2011).
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(probably Jurassic Entrada Sandstone).

Figure 7F. Type 6: Dikes (branched). Many dikes in this area are branched. Some dikes
contain carbonate veins. It is noticed that some dikes have deformed and/or fractured
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Figure 8. Clastic dikes with deformation and slickensides. The upper one (A) in
Wedding Cake Butte shows that the uppermost part of the dike with the slickensides
have been deformed by differential pressure due to overlying layers. The lower one (B)
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fractures and clay-inclusions.

Figure 11. Plug RC. The plug is located on Highway 456 of Union County, NM (UTM:
13S 0673699 and 4086194, WGS 84 (datum), Sec. 24, T31N, R36E). This plug is well
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exposed in cross-section. This plug (RC, Fig. 11 and 12: approx. 22.3m in diameter) is
surrounded by Triassic Sloan Canyon Formation and its uppermost layer just above an
unconformity is probably the Jurassic Entrada Sandstone.
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Fig. 11) and shows that Plug RC with four different lithofacies is surrounded by the host
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in the Triassic Sloan Canyon Formation terminates at the unconformity. This picture is
from Wedding Cake Butte (UTM: 13S 0660543 and 4093590, WGS 84 (datum). The
scale for this picture is marked in dotted circle.
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plug and some of them coexist with subvertical thin dikes (<2cm in thickness). Left-hand
side of the roadcut; UTM. 13S 0673699 and 4086194, WGS 84(datum), Sec. 24, T3IN,
R36E. The scale for this picture is marked in dotted circle (small tag in orange for

marker).

Figure 13C. Type 3: Fractures in the Sloan Canyon Formation. Some vertical fractures
with bleaching are obvious but they mainly show a chaotic feature without specific
orientation. Location: UTM 13S 0662428 and 4093067, WGS 84(datum).

Figure 14. Sandstone classification (Folk, 1974) from all of the stratigraphic units and
clastic injectites. All samples of Entrada Sandstone have greater than 75% quartz
whereas those from other stratigraphic units classify as subarkose and arkose
(classification of Folk, 1974). Clastic injectites have a more variable composition,



including feldspathic litharenite and litharenite for samples in Facies 2-4 of Plug RC
and a thin dike in the Triassic Sloan Canyon Formation in the roadcut. These
classifications may imply significant amounts of entrained materials from host rocks as
lithic fragments.

Figure 15. (A) Compositional distribution of the samples from all the plugs. (B)
Compositional differences indicate that the samples from Facies 2-4 and two of the
other plugs are argillaceous or calcareous silty sandstone, and have much less porosity
than the ones without clay matrix. When compared with Plugs A and B, Plug M seems to
have a similar composition, but Plug M has a totally different cement and matrix content, in
that it dominantly has Fe-oxides (probably hematite) in its pore spaces without matrix, in
contrast to carbonate cement and matrix in the other plugs.

Figure 16. Proportions of grains, cement, and matrix in samples from the plug in the
roadcut. Facies 2 to 4 contain very fine grains, with significant amounts of clay matrix,

whereas Facies 1 has coarser grains and much less matrix.

Figure 17. Plug M (910-12) is highly mineralized with Fe oxide cement. (A) X-ray map
showing Fe distribution. The white material surrounding grains in this BSE image (B) is
Fe oxide cement. In optical examination hematite cement appears to be dark brownish

to blackish color.

Figure 18. Fe-Ca-Mg compositions of carbonate minerals. The samples selected for the
analysis are 911-2 (Sloan Canyon Formation), 911-4 (Facies 1 of Plug RC), 911-13
(Facies 3 of Plug RC), and 911-16 (Facies 1 of Plug RC).

Figure 19. This Sandstone classification (Folk, 1974) shows compositional differences

among all the samples from the plugs including the plugs from Reynolds (1979).

Figure 20. The sandstone samples from Facies 1 of Plug RC show similar textures to the
one from Entrada Sandstone (grain size (fU), sorting (poor), and roundness (subrounded
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moderately sorted, and has rounded grains. Moreover, Sheep Pen Sandstone is not

present around Plug RC.
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Figure 21. These pictures are from the samples of the other plugs (Plug A, Plug B, and
Plug M) and the dike next to Plug RC. The upper two samples, Plug A and B, seem to
have similar textures to Sheep Pen Sandstone (Fig. 20). Both plugs and stratigraphic
unit are from the same locality (unnamed butte; plugs in group). Unlike Plug A and B,
Plug M has coarser grains (fU), poor sorting, and subangular to angular roundness.
Whereas Plug M is characterized by its pore-filling hematite cement without much
carbonate cement or muddy matrix, Plug A and B are rich in carbonate cement and
calcareous muddy matrix. The sample from the dike shows similar features in texture to
Facies 1, indicating that it probably originated from the same source as Facies 1.

Figure 22. The sample (A) with a gravel-sized sandstone rock fragment (?) from Facies
2 may have originated from Triassic Travesser Formation which partially contains

conglomerate carbonate rocks (B) in the Steamboat Butte.

Figure 23. Plug RC is composed of significant amount of very fine to fine grains
throughout Facies 2 to 4. The samples of Travesser Formation from both localities
(Steamboat and Shiprock Butte) exhibit equivalent grain sizes.

Figure 24. The sample from Plug RC also contains abundant silt to mud-sized
components. Similarly, Triassic Travesser Formation shows that it is also composed of

silty mudstone.

Figure 25. The probable CRFs (Carbonate Rock Fragments) in Facies 4 are similar to
those from Triassic Sloan Canyon Formation, which is mainly composed of calcareous

mud and probable intraclast or void-filling carbonates filling moldic porosity.

Figure 26. CRF from Facies 1 of Plug RC. The dolomite crystals are from Triassic

Sloan Canyon Formation.

Figure 27. CRF from Facies 3 of Plug RC is pure carbonate and may be correlated to

Triassic Sloan Canyon Formation, which also shows almost pure carbonate.
Figure 28-1. Probable fossil fragment in Plug RC may be correlated to those (Fig. 28-2)

from Triassic Travesser Formation. The photo (bottom) is magnified from the one (top)

in circle.
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Figure 28-2. Probable fossil fragments from Triassic Travesser Formation are similar to
the ones (Fig. 28-1) from Plug RC. The photo (bottom) is magnified from the one (top)
in circle.

Figure 29-1. Probable fossil fragment in Plug RC may be correlated to those (Fig. 29-2)
from Triassic Sloan Canyon Formation.

Figure 29-2. Probable fossil fragment from Triassic Sloan Canyon Formation is similar
to the one (Fig. 29-1) from Plug RC.

Figure 30. Identical fossil fragments are present in both Plug RC and dike next to it,
indicating those probably originated from the same depositional unit.

Figure 31. Porosity and permeability for 42 samples from all the stratigraphic units and
clastic injectites. The Jurassic Entrada Sandstone shows the highest and widest values of
both porosity and permeability (A and B). The other samples display much lower
porosity and permeability except for the ones (A; marked in dotted circle) from Facies 1
of the Plug RC.

Figure 32. (A) Exhibits compositional variation (grains-matrix-cement) in the plug in
road cut. (B) Shows that porosity and permeability in Plug RC and the adjacent units
(Triassic Sloan Canyon Formation) are not particularly variable, except for facies 1 on
the east rim. The dotted line is for carbonate rocks or mudstone, which is below
detection limit for permeability with Tinyperm 2.

Figure 33. This picture shows the evidence for compaction with long and concavo-
convex contacts. Quartz overgrowths delineated by euhedral forms and dust rings are
present (911-17, x40 in PL).

Figure 34. Quartz overgrowths with euhedral to subeuhedral forms partly contact with
kaolinite and hematite (911-17, x40 in PL ).

Figure 35. Quartz overgrowths were followed by both authigenic minerals of kaolinite

and hematite on account of their precipitating the outlines of quartz overgrowths (911-
17, x40 in PL).
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Figure 36. Grain (feldspar?) dissolution preceded hematite cement because hematite
filled in the partially dissolved part, which was subsequently followed by complete
dissolution, forming a ghost texture (911-17, x40 in PL).

Figure 37. Partial dissolved feldspar grain exhibits skeletal texture with some
precipitation of calcite and hematite. The kaolinite acted as primary pore-filling cement.
The kaolinite, which is less densely precipitated in the upper part, presumably preceded
iron oxides (hematite) which probably filled the remaining pore spaces. Coatings in
calcite are common in this sample (911-17, x40 in PL).

Figure 38. Hematite precipitated on primary pore-filling kaolinite cement (911-17, x40
in PL).

Figure 39. Compaction occurred after dolomite precipitation. Kaolinite precipitated
prior to quartz overgrowths and calcite. Quartz overgrowths also postdated dolomite
precipitation (A and B from 911-3 Dike in RC, x40PL and XP, respectively).

Figure 40. Dolomite predated quartz overgrowth and calcite cement (A and B from 911-
3 Dike in RC, X40PL and XP, respectively).

Figure 41. Calcite cement postdated both kaolinite and quartz overgrowths (A and B
from 911-3 Dike in RC, X40PL and XP, respectively).

Figure 42. Kaolinite predated grain dissolution (probably feldspar) and possibly
hematite precipitation (A and B from 911-3 Dike in RC, X40PL and XP, respectively).

Figure 43. Grain compaction probably went on even after dolomite precipitation and
partial dissolution (A-D from 911-5 Facies 1 of Plug RC, A and C: x40 PL, B and D:
XP).

Figure 44. Dolomite precipitated earlier than kaolinite because kaolinite occupied all the
pore space except for dolomite precipitation (911-15 Facies 2 of Plug RC, X40PL and

XP, respectively).

Figure 45. Kaolinite precipitated earlier than quartz overgrowth and grain dissolution.
Kaolinite probably predated hematite as well (911-4 Facies 1 of Plug RC, Both X40 PL).
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Figure 46. Hematite precipitated at two different times: One predated grain dissolution
of probable feldspar; the other postdated dolomite dissolution. Quartz overgrowth
postdated dolomite (911-4 Facies 1 of Plug RC, X40PL and XP, respectively).

Figure 47. Grain dissolution contributes considerable porosity to Facies 1. Dolomite
probably postdates grain dissolution (probably feldspar), but it is not clear due to
possible 3D effects (911-4 Facies 1 of Plug RC, X40PL and XP, respectively).

Figure 48. Dolomite predated poikilotopic calcite and probably underwent
dedolomitization after calcite precipitation because calcitized dolomite still maintains its
original outline (911-16 Facies 1 of Plug RC, X40PL and XP, respectively).

Figure 49. This sample (Facies 4; 911-6) displays partial dedolomitization. BSE image
above indicates that the whitish bright color is Ca and gray one is Mg; the heavier

chemical element is the brighter.

Figure 50. Grain compaction probably took place after fluidization of both sandstone
grains and carbonate mud (910-8 Plug A, X10 PL).

Figure 51. Dolomite presumably crystallized from calcareous mud or in pore spaces
during early diagenesis. Kaolinite postdated both grain dissolution and hematite
precipitation (910-8 Plug A, X40PL and XP, respectively).

Figure 52. Grain dissolution predated calcite (?) cementation (910-8 Plug A, X40PL and
XP, respectively).

Figure 53. Early dolomite, probably crystallized from calcareous mud, and presumably
may have undergone calcitization (dedolomitization) during late diagenesis (910-8 Plug
A, X40PL and XP, respectively).

Figure 54. Paragenetic sequences in Jurassic Entrada Sandstone and clastic injectites.
Figure 55. The sample on the left shows a possible upward fluidization even though it

does have a mark for stratigraphic-up. The sample, however, with a mark for
stratigraphic-up indicates that the orientation of grains are not straight upward but



heading for top-left corner.

Figure 56. These photos show similarities and differences in texture between plugs RC,
A, B, and M, and compare these plugs to the samples from Reynolds (1979). Samples
from the plugs show a small difference in mean grain size (fU-fL), and sandstone grains
(Plug A and B) are most similar to the sample (Reynolds, 1979) from the Baldy Hill

Formation.

Figure 57. These two pictures indicate that fluidized materials may have followed
preferential flow paths, creating band-like grain alignments (A: Facies 2, 911-15; B:
Facies 4, 911-11).

Figure 58. Diagram illustrating a possible mechanism for clastic plugs formation. (A)
Undeformed depositional strata of the Upper Triassic units are present; (B) fractures
were generated by tectonic events associated with folding and/or earthquakes; (C)
fractures were further developed and liquefaction of sand layers took place; (D)
liquefied sand grains (sediments) moved upward, scouring and entraining host-rock
fragments; (E) sediments released on the surface experienced weathering and partially
eroded away; (F) Entrada Sandstone was deposited on the eroded surface, giving rise to
the unconformity. The stratigraphic column used here is modified from Lucas et al.
(1987).

Figure 59. A set of small faults coexist with a number of fractures and thin dikes in the
roadcut. Fault A is a reverse fault, which probably took place by compressional forces
and fault B is a normal fault, probably due to subsequent relaxation. It indicates that
some collapse- or sagging-like features right next to the plug may have occurred in
relation to hardening and settling after fluidization.

Figure 60. Diagram A shows porosity change before and after cementation and B
displays compositional differences among sandstone from all the plugs.

X1



LIST OF TABLES
Table 1 A. Settings and conditions for X-ray maps

Table 1 B. Settings and conditions for quantitative analysis (Appendix 2)

Table 2. Sandstone textures for plug samples

xil



ABSTRACT

Although numerous clastic plugs are well exposed in the Dry Cimarron Valley
of northeastern Union County, New Mexico, no one has so far studied the effects of
these clastic injectites on caprock integrity. Indeed, although previous workers in other
regions have considered the effect of such features on reservoir storage volume, only a
handful of studies have examined their potential as seal bypass systems. Previous
workers have mainly focused on ore deposits, stratigraphic classification, and/or their
origins, which have remained unclear. Detailed work on an exceptionally well exposed
outcrop found in a road cut provides more detailed information on their internal
geometry and any previous study to date.

The injectites consist mainly of sandstone, mudstone, and carbonate rocks
whereas the host units (Trsc and Trt) are dominantly composed of mudstone and
carbonate rocks. The lithology of the plug exposed in the road cut (Plug RC) varies
from sandstone on the outer rim to a brecciated mixture of mudstone and sandstone in
the interior of the plug.

The porosity and permeability of Plug RC varies considerably as a function of
lithology. All of the plugs and dikes, including Plug RC (except for Facies 1 in the
east), are characterized by low porosity (<4.3%) and permeability (<8.1mD) due to
abundant matrix and carbonate cement. Both the host units and the injectites have low
porosity and permeability; therefore, the injectites do not currently affect caprock
integrity. Facies 1 on the east of Plug RC has higher porosity (8.7%) and permeability
(<98mD) due to late-stage grain dissolution. Prior to cementation, however, Facies 1 in
Plug RC had the potential to become a seal bypass system, thus caprock integrity in

this case was time-dependent.
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CHAPTER 1: INTRODUCTION

Background and significance

Clastic injectites are structures formed by sediment injection (Oilfield Review,
2008) and can be classified into dikes, sills, pipes, and plugs by their geometries. In the
oil and gas industry, clastic intrusions have been well studied from the standpoint of
their contribution to reservoir volume (Hurst, 2005). Clastic intrusions can also act as
secondary migration pathways (seal bypass) through caprock units (Cartwright et al.,
2007). After formation, the impact of sandstone intrusions on sealing sequences can be
altered by cementation or deformation, blocking highly permeable conduits (Cartwright
et al., 2007). Nevertheless, issues including origins of injectites and triggering

mechanisms for intrusions remain under debate.

olssch o
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Figure 1. Localities of outcrops and samples (marked in circles): The Dry Cimarron Valley of
northeastern Union County, New Mexico from 30X60 MINUTE SERIES (CAPULIN MOUNTAIN
TOPOGRAPHIC MAP).



This report details my study of injectites of the Dry Cimarron Valley of
northeastern Union County, New Mexico. Although the injectites have been described
by previous workers, my investigation differs from the previous work by focusing on

their significance for petroleum geology and carbon sequestration.

Previous studies
Morphology

Parker (1933) classified the clastic injectites of the Cimarron Valley into two
types based on the morphology: plugs are “clastic stock-like masses™ of cylindrical
form; dikes are irregular sheet-like bodies. Unlike the dikes, the plugs are greatly
exposed compared to the surrounding stratigraphic units due to their greater resistance
to weathering (Parker, 1933). The plugs vary in diameter from 10 to 300 feet, 125 feet
on average, and vary in exposed surface length from a few feet to a maximum of 70 feet
(Parker, 1933).

Unlike clastic pipes, dikes, and sills, the term “clastic plugs” is not commonly
in use in geology. This term was presumably first used by Parker (1930) to denote
unique geologic outcrops, “clastic stock-like masses” with distinctive features such as
cylinders with highly deformed shapes and more complex structures, often with highly
branched clastic dikes (Parker, 1933).

Parker (1933) believes that all the dike systems are connected to clastic plugs
although some dikes do not seem to be near to clastic plugs. Such dikes may be
connected to adjacent plugs at depth. The dikes radiating from plugs are composed of
the same material as the plugs (Parker, 1933). They vary greatly in size and width

ranging from an inch to a maximum of two feet (Parker, 1933). Many of the clastic



dikes are highly branched into two to five dikes (Parker, 1933). Occasionally, the clastic
sills with thin, sheet- like offshoots from dikes occur along the bedding planes in the
Sloan Canyon Shales (Parker, 1933).

Plugs exhibit vertical banding or sheeting that develops concentric cylinders
parallel to and within the walls of the plugs and horizontal jointing (Baldwin and
Muehlberger, 1959) or pseudostratification along subparallel planes nearly
perpendicular to the axes of the plugs (Parker, 1933).

Baldwin and Muehlberger (1959) indicated that many of the plugs form isolated
knobs at a level below the base of the Exeter Sandstone. They noticed that the sandstone
forming many of the knobs is cross-bedded and in some cases has fairly steep to vertical
bedding planes. Baldwin and Muehlberger (1959) pointed out that brecciated materials
of the plugs appear to come from the Sheep Pen Sandstone and the Sloan Canyon
Formation.

Mulvany (2011) concluded that plugs and pipes are very similar, but that plugs
are more complex, incorporating pipes, dikes, and surrounding brecciated country rocks.
He indicated that a nearly continuous ring dike of quartzose sandstone adjacent to the
plug separates the breccia body from the surrounding country rock of the Sloan Canyon

Formation.

Stratigraphy

The research area is mainly composed of Mesozoic stratigraphic units (Parker,
1933; Baldwin and Muehlberger, 1959; Lucas et al., 1987). Upper Triassic units, which
are closely related to the occurrences of the clastic injectites, are locally exposed in the

Dry Cimarron Valley area. To begin with, Parker’s (1933) nomenclature for the Sheep



Pen Sandstone and Sloan Canyon Formation forming the stratigraphic units for the
upper Triassic, has been adopted by subsequent researchers (Baldwin and Muehlberger,
1959; Lucas, 1987). Nevertheless, some questions about the type sections and the
interpretations of the stratigraphic units along with the nomenclature have recently been
raised by Mulvany (2011). These questions related to the Sheep Pen Sandstone, which is
poorly exposed in comparison to the unconformably overlying Entrada Sandstone.
Ultimately, Mulvany concludes that the Sheep Pen Sandstone does not exist as a
separate Triassic unit, and is instead part of the Middle Jurassic. He also concluded that
the clastic plugs formed during, after, or both during and after deposition of the middle

member (Middle Jurassic).
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Figure 2. Stratigraphy of the Dry Cimarron Valley area related to the clastic injectites (modified from
Mulvany, 2011).



Origin

The origin of the injectites has been discussed by a number of previous workers.
The injectites are confined to the Upper Triassic stratigraphic units: the Baldy Hill
Formation, the Travesser Formation, the Sloan Canyon Formation, and the Sheep Pen
Sandstone (Parker, 1933; Baldwin and Muehlberger, 1959; Lucas, 1987). Parker (1933)
concluded that clastic masses of water-saturated, uncemented sand intruded into these
Triassic units forming the injectites. He suggested that intrusion took place due to
overburden pressure aided by stresses related to local folding. Compressional forces
gave rise to sufficient faulting and fracturing for intrusion to occur from the underlying
fluidized source beds.

Parker (1933) pointed out that the sand may have originated from the four
layers of white sandstone in the Dockum group, which are now considered to be part of
the Baldy Hill Formation (Baldwin and Muehlberger, 1959; Lucas, 1987). Subsequently,
the mobilized sand moved upward by meandering injection along bedding planes and
minor intersecting fractures (Parker, 1933). He concluded that this phenomenon
produced such a highly branched dike system that entire blocks of the country rock were
completely surrounded by the mobile sand. He also noted that such features as drag or
up-bending of the strata and inclusion of shale from the lower layers may be the most
convincing evidence for the upward movement of the sediments.

Baldwin and Muehlberger (1959) suggested that the cylindrical tubes may have
been formed by fluids moving upward through unconsolidated sand. Unlike Parker
(1933), they were not certain of the origin of the clastic plugs although they cited
evidence for upward movement including instances of upward drag of the country rock

and the absence of downward drag. Furthermore, they thought that the plugs are



composed of the Exeter Sandstone in their cores and the Sheep Pen Sandstone in the
surrounding breccia, even though they believed the plugs occurred in pre-Exeter ages.
This is probably because the plugs exist within the Triassic units and many plugs have a
central core of light-colored sandstone, which is similar in appearance to the Exeter
Sandstone (Baldwin and Muehlberger, 1959). Furthermore, they were uncertain about
whether the plugs were intruded from below, collapsed into depressions from above, or
formed somehow during deposition of the Sheep Pen sandstone (Baldwin and

Muehlberger, 1959).
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Figure 3. Geologic map of the vicinity of Wedding Cake Butte with a cross-section of northwest-southeast

trend (from Baldwin and Muehlberger, 1959).

Smith (1975) mentioned that east-west compressional stresses caused fractures
on a north-south trending anticline in the Travesser Formation and allowed upward

movement of lower Travesser sediments to form the plugs. Reynolds (1979), who



conducted a petrologic study, expressed the same idea as Parker (1933), but he
suggested that the only origin could be pre-Triassic or Triassic. Lucas (1987) had a
similar idea to Parker (1933) that tectonic activity caused upward fluidization in this
study area. Lucas (1987) hypothesized that earthquake activity associated with Early
Jurassic tectonism in the Sierra Grande arch triggered the mobilization of sand. Thus,
the folded Triassic strata had been subsequently eroded before the deposition of the
Jurassic Entrada Sandstone.

Unlike other previous workers, McLemore and North (1987) and Mulvany
(2011) had different ideas about the origin and formation of the plugs. McLemore and
North (1987) discussed the origin and triggering mechanism of the clastic plugs by
comparing them to collapse-brecciated pipes in northwestern Arizona. They believe that
these pipes occurred through solution collapse of the underlying Paleozoic limestone.
Mulvany (2011) had a somewhat different concept about upward clastic injections that

he believed were probably induced by upward flow along a spring conduit.



CHAPTER 2: GEOLOGIC SETTING

Depositional environments

The Triassic units in the research area were deposited in non-marine
depositional environments (Baldwin and Muehlberger, 1959; Lucas et al., 1987).
Baldwin and Muehlberger (1959) indicated that the Triassic and Jurassic units were
produced by non-marine deposition, mostly in flood-plain environments. Lucas et al.
(1987), however, claimed that the upper Triassic strata, from the Baldy Hill Formation
to the Sheep Pen Sandstone, originated dominantly from lacustrine environments, but
include braided fluvial and deltaic environments (Fig. 4). In addition, the Jurassic

Entrada Sandstone was produced by eolian environments (Lucas et al., 1987; Fig. 4).
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Figure 4. A: Summary of the upper Triassic stratigraphic units and depositional environments. B:
Section of Entrada Sandstone on the western face of Shiprock (Both from Lucas et al., 1987).

Regional geology

One of the regional events related to the geologic setting in this area is



anticlinal folding, first mentioned by Parker (1933). Steamboat Butte (previously named
Battleship Mountain, Fig. 3 and 5) exhibits a well exposed angular unconformity,
between Triassic and Jurassic units. This feature likely expresses the regional geology
in relation to clastic injectites. Smith (1975) claimed that the fold was produced by east-
west compressional stresses causing fractures in the Travesser Formation on the north-
south trending anticlinal crests. He believed this subsequently induced the clastic plugs
to form through upward migration of lower Travesser sediments. Lucas (1987) also
indicated that the angular unconformity was produced by the Early Jurassic tectonism in
the Sierra Grande arch; which in turn contributed to the mobilization of sand through
accompanying earthquake activities. Accordingly, there is general agreement for the
following sequence: Triassic strata was folded and eroded before deposition of the
Jurassic Entrada Sandstone (Parker, 1933; Baldwin and Muehlberger, 1959; Smith,
1975; and Lucas et al., 1987). Lucas et al. (1987) also made observations about the
western side of the anticlinal folding located as far west as T31N, R32E, in the
Travesser Park-Baldy Hill area. The angular unconformity plays a key role in
determining the geologic events and origin of the clastic injectites in that most of them

are concentrated between Triassic units and the Jurassic Entrada Sandstone.



Figure 5. Angular unconformity between the Jurassic Entrada Sandstone and the Travesser Formation in

Steamboat Butte in the Dry Cimarron Valley area of Union County, NM.
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CHAPTER 3: METHODS
Field work

Several places in the Dry Cimarron Valley area were visited for outcrop
observations and sampling for further petrographic and geochemical examination.
Outcrop observations of representative clastic injectites included a clastic plug (Plug
RC) with cross-sectional exposure in a roadcut and two clastic dikes. These outcrops
were studied to determine their geometric, structural, and lithologic characteristics. The
other sites (Fig. 1 and 6: Steamboat Butte; Shiprock Butte; a highly mineralized plug
(Plug M); a butte (no name) with a group of plugs (Plug A and B) and a nearby valley)

were also examined for sampling and field descriptions.

Petrography

There are two purposes for the petrographic analysis: one is to constrain the
origin of the clastic injectites by comparing their petrologic properties to units
surrounding the injectites; the other is to measure variables that control the sealing
properties of the injectites. Forty-two thin sections of samples from several distinctive
clastic injectites and stratigraphic units were prebared to determine lithologic
classification, porosity, component materials, textures, and diagenesis. For lithologic
classification, especially for sandstone classification and porosity, a mechanical stage
(Carl Zeiss Point Count Microscope Mechanical Pol Stage) was utilized for 300-point
counts of modal abundance of each component. Sandstone classification follows that of

Folk (1974).

Permeametry (Field)

For sealing integrity of the injectites, permeability was examined using a

11



portable minipermeameter (TINYPERM 2, New England Research, Inc.). For accurate
values, measurements were taken three times at each for 42 points throughout the study
area. The lowest of the three permeability values was assumed to be the value of the
sample, because the principal source of measurement error is loss of tip-seal integrity.
TINYPERM 2 functions best when using sandstone within the range from moderate to
high permeability (0.1 to 10°’mD). The measuring time for samples of low permeability
(less than ~1mD) takes too long. For these reasons, when a value measured for a point is
over the value (T) of 12.60 (equivalent to approx. 0.3mD), it is considered lower than
the detection limit of this tool. It is important to measure the same points as the samples
obtained for the thin sections in order to correlate porosity and permeability. According
to the instructions from the manufacturer, the values obtained from the TINYPERM 2
were converted into permeability (K) in milli Darcy (mD) by the equation (EQ. 1)

below. Measurement is possible within the range from 0.1 to 10°mD.

T =-0.8206 x logjo(K) + 12.8737 (EQ. 1)

Electron microprobe

In addition to standard optical petrographic analysis, samples were examined on
an electron microprobe (CAMECA SX 100) using X-ray mapping, BSE (Backscattered
Electron), and quantitative compositional analysis for Fe-Ca-Mg compositions of
carbonate minerals. The samples selected for microprobe analysis are 911-2 (Sloan
Canyon Formation), 911-4 (Facies 1 of Plug RC), 911-13 (Facies 3 of Plug RC), and
911-16 (Facies 1 of Plug RC).

For microprobe analysis, the samples were first coated with carbon to prevent

electrical discharge and electron-beam deviation. These samples were first run through

12



BSE and then points of interest were examined using X-ray maps. These points were
selected for quantitative analysis. Table 1 A and B shows the settings used for X-ray
mapping (A) and quantitative analysis (B). The standard elements (oxides) used for the
quantitative analysis for carbonate compositions were CO,, SiO,, CaO, MgO, MnO, and
FeO. Analysis of these oxides results in wt % and number of ions. The number of ions
from each point (less than £ 3% deviation from 100%) was recalculated into mol %

using Fe-Mg-Ca elements for ternary diagrams.

Table 1 A. Settings and conditions for X-ray maps

Condition 1 Condition 2 Column Dwell
Resolution
Spl PET | Sp2 TAP | Sp3 LLIF | Spl PET | Sp2 TAP |Sp3 LLIF Condition time
HV(kV): 15
CaKa | SiKa Fe Ka K ka Al Ka Ti Ka Sps  |512X512 pts
I(nA):20

Table 1 B. Settings and conditions for quantitative analysis (Appendix 2)

Crystal parameters Column Beam
Spl PET Sp2 TAP Sp2 TAP Sp3 LLIF Sp3 LLIF Condition Size
HV(kV): 15
CaKal(20) | MgKal(20)| SiKal(20) | MnKal (40)| FeKa 1 (10) (nA) : 10 10 pm
I(nA):1

* (1): Peak time (s)
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CHAPTER 4: RESULTS
Field description

Localities of outcrops and sampling

Many plugs and dikes are present throughout the northeast corner of Union
County, New Mexico. Figure 6 shows the localities for field observation and sampling
for petrographic analysis. Samples for plugs were collected from Plug RC (roadcut on
highway 456), Plug M (on north side of highway 456), and Plug A and B in a group of
plugs on the unnamed butte. Samples for dikes were collected from RC (roadcut on
highway 456), a small local stream (marked as Branched dike), and Wedding Cake
Butte. Samples for fractures are from RC (roadcut on highway 456), a small valley next
to the unnamed butte, and Wedding Cake Butte. A sample for Sheep Pen Sandstone is
from the unnamed butte. Samples for Entrada Sandstones were collected from RC
(roadcut on highway 456), Shiprock Butte, and Wedding Cake Butte. Samples for Sloan
Canyon Formation are from RC (roadcut on highway 456) and Wedding Cake Butte.
Samples for Travesser Formation were collected from Shiprock Butte and Wedding
Cake Butte. The plug observed by Mulvany (2011) is located on the corner of highway

406 and 456.
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Geometries

Clastic plugs (Fig. 7A-E) differ from dikes (Fig. F) in geometry in that plugs
are vertical and cylindrical and are generally circular in top-down view, whereas dikes
tend have slab- or sheet-like shapes. In some outcrops dikes and plugs coexist in a
complex form (Fig. 7C and E). Based on observations, clastic plugs and dikes can be

thought of as several distinctive types as shown in Fig. 7A-F below.

Figure 7A. Type 1: This plug (Isolated knob) contains inclusions of mud on the surface and
probably formed in a reducing environment. This type also has numerous polygonal fractures
similar to deformation bands. It apparently looks similar to Entrada Sandstone or Triassic
Sheep Pen Sandstone.




Figure 7B. Type 2: Mineralized plug with hollow interior. This type of plug has many
horizontal and vertical fractures and vertical flutes. Horizontal fractures (pseudostratification:
Parker, 1933) may be equivalent to “pseudo-bedding” (Baer and Steed, 2010).

Figure 7C. Type 3: Complex plug (pipe+breccia+pods+dikes). This complex type of plug is
300 feet in diameter and roughly circular in outline, and dominantly composed of chaotically-
oriented fragments of brecciated Jurassic Exeter Sandstone and upper Sloan Canyon
Formation (Mulvany, 2011). A nearly continuous ring dike separates the breccia body from the
surrounding country rock (Mulvany, 2011).
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Figure 7D. Type 4: Groups of plugs. This butte has dozens of white to tan plugs present. Many
plugs contain fluidized features such as vertically oriented flutes or grooves on their surfaces.

Some of the plugs are posed on the probable Sheep Pen Sandstone.
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Figure 7E. Type 5: Large plug (with dikes). Cross-section of the plug exposed in the middle of
continuous Sloan Canyon Formation by road cut shows its cylindrical form. This plug is
mainly composed of a chaotically complex mixture of sandstone and mudstone, breccias,
continuous blocky sandstones, and dikes with slickensides. Noticeably, unconformity is posed
between plug and overlying depositional unit (probably Jurassic Entrada Sandstone).
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Dikes

pinkish, tan, and light brownish very fine to fine grained sandstone (Fig. 7F, 8 and 9).
Some dikes have localized calcite veins (Fig. 8A). The dikes range in thickness from
very thin (<2mm in width) sheet-like structures (Fig. 9A) to bodies a few decimeters
across (Fig. 8B). These dikes commonly are branched into two or more dikes at a
certain point within the dike system (Fig. 7F and 9B). The clastic dikes vary in shape:
circular around plugs (Fig. 7C; Mulvany, 2011), linear associated with bleached
fracture systems (Fig. 9A), and sinuous apparently unrelated to plugs (Fig. 7F and 9B).

Some dikes have slickensides (Fig. 8A and B) on their vertical surfaces and exhibit

S (? RS

Figure 7F. Type 6: Dikes (branched). Many dikes in this area are branched. Some dikes
contain carbonate veins. It is noticed that some dikes have deformed and/or fractured
uppermost part due to apparently overlying units and also exhibit slickensides due to
probable vertical movement. This picture also indicates that an unconformity is between
the overlying Jurassic Entrada Sandstone and underlying Triassic Sloan Canyon
Formation from Wedding Cake Butte.

The majority of the dikes in the Dry Cimarron Valley are yellowish gray,

deformed features (Fig. 8A).
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Figure 8. Clastic dikes with deformation and slickensides. The upper one (A) in Wedding Cake
Butte shows that the uppermost part of the dike with the slickensides have been deformed by
differential pressure due to overlying layers. The lower one (B) in the roadcut on Highway 456
(old 325) is exposed within the Triassic Sloan Canyon Formation, showing slickensides as
evidence of its vertical movement.
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Figure 9. Many thin dikes (A) less than 2cm in thickness with a number of small fractures exist
adjacent to the left edge of the plug in road cut. The scale is marked in dotted circle. Another
branched dike (B) is exposed in the Triassic Sloan Canyon Fm (?).
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Plugs

The plugs are fine to medium-grained, cylindrical, vertical, highly mineralized
in some cases, brecciated, complex features. On the basis of the site observations, the
plugs may be subdivided into two types: one is a knob-like (Baldwin and Muehlberger,
1959) plug (Fig. 7A and C) with collapse features accompanied by many breccias; the
other is a cylindrical or pipe-like plug with a circular depression inside the exposed top
surface of the plug (Fig. 7B).

Knob-like plugs (Fig. A and B) are mainly composed of either a simple large
sandstone mass or a more complex plug composed of jumbled breccias. The latter type
of plug is a massive, whitish gray sandstone with many irregular vertical and
horizontal fractures. Some dome-shaped plugs have numerous cross cutting fractures
(Fig. 10 B), some of which appear to be deformation bands, and greenish gray mud-

inclusions.
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Figure 10. Two kinds of knob-shaped plugs. The upper one (A) shows flutes and tubular-
shaped holes (fluidization marks), and the lower one (B) has cross cutting fractures and
clay-inclusions.
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The other type of plug, a cylindrical or pipe-like plug, is mainly composed of
outer fine to medium-grained sandstone rims and inner very fine to fine-grained silty
mudstone. Unlike the well lithified outer rims, the inner parts are filled with relatively
loose particles that were subject to erosion. It is estimated that these outer rims
survived weathering, keeping their innate shape due to mineralization (oxidized). This
type of plug is readily recognized by its dark reddish or blackish brown color, with
many vertical and horizontal fractures (Fig. 7B). Furthermore, these plugs show
abundant evidence for fluidization such as vertical flutes and irregular convolute
shapes.

The plug in the Highway 456 roadcut is exceptionally well exposed in cross-
section. This plug, Plug RC (Fig. 11 and 12: approx. 22.3m in diameter), is surrounded
by Triassic Sloan Canyon Formation, and is capped by an unconformity that is overlain
by the Jurassic Entrada Sandstone. This plug is mainly composed of four characteristic
lithofacies (Fig. 12): Facies 1 consists of ring-shaped edges of continuous blocky, more
consolidated sandstone with partial bleaching, surrounding inner parts of the plug;
Facies 2 is predominantly chaotically brecciated, reddish brown, less consolidated
sandstone with minor friable mudstone; Facies 3 is largely composed of sand- and mud-
pods, and seemingly intact blocks of sandstone. Facies 4 is a similar lithofacies to
Facies 2, but exhibits a more chaotically brecciated complex mixture of sandstone
(~60%) and mudstone (~40%). In addition to the varied lithofacies, this plug has an

associated suite of well indurated dikes adjacent to the plug.
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Fractures

There are many localities related to numerous thin, bleached, vertical to
subvertical and/or horizontal to subhorizontal fractures, which tend to occur together
with thin dikes (Fig. 9A) in the Sloan Canyon Formation. These fractures can be

divided into 3 types (Fig 13 A-C).
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Figure 13A. Type 1: Fractures with bleaching (with overlying Entrada Sandstone). This type has
numerous vertical to subvertical and horizontal to subhorizontal fractures with bleaching mainly
occurring in calcareous siltstone layers. The angular unconformity between overlying relatively more
resistant Jurassic Entrada Sandstone and less resistant Triassic Sloan Canyon Formation is easily
recognized. Another branched dike in the Triassic Sloan Canyon Formation terminates at the
unconformity. This picture is from Wedding Cake Butte (UTM: 13S 0660543 and 4093590, WGS 84
(datum). The scale for this picture is marked in dotted circle.
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Fractures with bleacing |
Small (thin <2cm) dikes

Figure 13B. Type 2: Plug-adjacent fractures with bleaching. This type of fracture is apparently related
to clastic injectites. Most fractures with bleaching tilt away from the plug and some of them coexist
with subvertical thin dikes (<2cm in thickness). Left-hand side of the roadcut; UTM. 13S 0673699 and
4086194, WGS 84(datum), Sec. 24, T31N, R36E. The scale for this picture is marked in dotted circle
(small tag in orange for marker).

Figure 13C. Type 3: Fractures in the Sloan Canyon Formation. Some vertical fractures with bleaching
are obvious but they mainly show a chaotic feature without specific orientation. Location: UTM 138
0662428 and 4093067, WGS 84(datum).
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Petrographic data
Composition

All samples of Entrada Sandstone have greater than 75% quartz with some
samples classified as quartzarenite, whereas those from other stratigraphic units
classify as subarkose and arkose (classification of Folk, 1974). Clastic injectites have a
more variable composition (Fig. 14), including feldspathic litharenite and litharenite
for samples in Facies 2-4 of Plug RC and a thin dike in the Triassic Sloan Canyon
Formation in the roadcut.

In general, the samples from inner parts (Facies 2-4) of Plug RC have
relatively fewer grains and more clay matrix and the samples from both outer rims
(Facies 1) show more grains and much less matrix (Figs. 15 A and B). Samples from
the other plugs exhibit different compositions from Plug RC, in that they are composed
of less grains with more cement and much less matrix. Although the other plugs are
located in nearly the same area, they have completely different cement compositions:
carbonates as cement are dominant in Plugs A and B, and hematite (Fig. 17) is the

major cement in Plug M.
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Figure 14. Sandstone classification (Folk, 1974) from all of the stratigraphic units and clastic injectites.
All samples of Entrada Sandstone have greater than 75% quartz whereas those from other stratigraphic
units classify as subarkose and arkose (classification of Folk, 1974). Clastic injectites have a more
variable composition, including feldspathic litharenite and litharenite for samples in Facies 2-4 of Plug
RC and a thin dike in the Triassic Sloan Canyon Formation in the roadcut. These classifications may

imply significant amounts of entrained materials from host rocks as lithic fragments.
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Figure 15. (A) Compositional distribution of the samples from all the plugs. (B) Compositional
differences indicate that the samples from Facies 2-4 and two of the other plugs are argillaceous or
calcareous silty sandstone, and have much less porosity than the ones without clay matrix. When
compared with Plugs A and B, Plug M seems to have a similar composition, but Plug M has a totally different
cement and matrix content, in that it dominantly has Fe-oxides (probably hematite) in its pore spaces without

matrix, in contrast to carbonate cement and matrix in the other plugs.
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Figure 16. Proportions of grains, cement, and matrix in samples from the plug in the roadcut. Facies 2 to

4 contain very fine grains, with significant amounts of clay matrix, whereas Facies 1 has coarser grains

and much less matrix.
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Figure 17. Plug M (910-12) is highly mineralized with Fe oxide cement. (A) X-ray map showing Fe
distribution. The white material surrounding grains in this BSE image (B) is Fe oxide cement. In optical

examination hematite cement appears to be dark brownish to blackish color.
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Microprobe analysis shows that all the samples, with the exception of 911-4
(Facies 1 of Plug RC), have a mixed composition of carbonates (Fig. 16; Appendix 2).
Sample 911-4 contains only dolomite, whereas the other samples (911-2, 13, and 16)
contain both calcite and dolomite. The calcite cement is mainly low-Mg, with Mg
ranging from 0.2 to 8.5%, but several samples contain carbonate with 26.9-38.4% of
MgCO;. These cements containing MgCOs are either high-Mg calcite or Ca-rich
dolomite. X-ray diffraction is needed to determine different cement compositions, but
X-ray diffraction was not possible due to the low abundance of the carbonate phase.
These high-Mg samples are from both the Triassic Sloan Canyon Formation (911-2)
and Facies 1 (911-13) of Plug RC. Dolomite, which does not show stoichiometric
balance between Ca®" and Mg®" (Appendix 2) is Ca-rich, and also contains FeCO3 of

up to 4.5%, which was mostly found in samples (911-4) of Plug RC.
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Figure 18. Fe-Ca-Mg compositions of carbonate minerals. The samples selected for the analysis are 911-

2 (Sloan Canyon Formation), 911-4 (Facies 1 of Plug RC), 911-13 (Facies 3 of Plug RC), and 911-16

(Facies 1 of Plug RC).

Similarities and differences in petrography

The diagram shown in Fig. 19 indicates that only Plug M (highly Fe-oxidized
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plug) and the plugs from Reynolds (1979) are classified as quartzarenite (Folk, 1974).
Each researcher collected samples from four plugs, obtaining different results. The
results of this study differ from Reynolds (1979) because this research was based on
samples with varied composition. This resulted in the wide distribution of
compositions from quartzarenite to arkose to litharenite. Internal lithofaciesA (Facies 2-
4) have abundant lithic fragments from host rocks, causing different classifications

from Reynolds (1979).

O Plugs (Reynolds, 1979)

& Plug A (in group)

Q 4 Plug B (in group)

& M-plug

Plug in roadcut

s Facies 1

A Facies 2

# Facies 3
Facies 4(Ss.)

— Facies 4 (Mdst.)

Figure 19. This Sandstone classification (Folk, 1974) shows compositional differences among all the

samples from the plugs including the plugs from Reynolds (1979).
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The photomicrographs shown in Figs. 20-30 reveal varied petrographic
characteristics, and illustrate many similarities and differences between plug materials

and stratigraphic units. This may suggest the possible origins of the materials.

Clastic injectites: Plug RC Stratlgraphlc units

1 0 mm{ J »flﬁﬁ.—»

Facies 1: 911-4 Sandstone (x10 PL) Jurassic Entrada Sandstone
911 17 Sandstone (xlO PL)

Facies 1: 911-16 Sandstone (X10 PL) - Sheep Pen Sandstone: 910 9 Sandstone (xlOPL)

Figure 20. The sandstone samples from Facies 1 of Plug RC show similar textures to the one from
Entrada Sandstone (grain size (fU), sorting (poor), and roundness (subrounded to rounded)). The sample
from Triassic Sheep Pen Sandstone (Trsp) is somewhat different from the samples of Plug RC in
textures. It has smaller grain size (fL), is moderately sorted, and has rounded grains. Moreover, Sheep
Pen Sandstone is not present around Plug RC.
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1.0 mmg

"Dike (911-3) right next to Plug RC (x10PL) | Plug M: 910-12 (x10 PL)

Figure 21. These pictures are from the samples of the other plugs (Plug A, Plug B, and Plug M) and the
dike next to Plug RC. The upper two samples, Plug A and B, seem to have similar textures to Sheep Pen
Sandstone (Fig. 20). Both plugs and stratigraphic unit are from the same locality (unnamed butte; plugs
in group). Unlike Plug A and B, Plug M has coarser grains (fU), poor sorting, and subangular to angular
roundness. Whereas Plug M is characterized by its pore-filling hematite cement without much carbonate
cement or muddy matrix, Plug A and B are rich in carbonate cement and calcareous muddy matrix. The
sample from the dike shows similar features in texture to Facies 1, indicating that it probably originated
from the same source as Facies 1.
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Facies 2: 911-15 Sandstone (x2 PL)

Travesser For ation: 91 l-C (x2 XP)

Figure 22. The sample (A) with a gravel-sized sandstone rock fragment (?) from Facies 2 may have
originated from Triassic Travesser Formation which partially contains conglomerate carbonate rocks (B)
in the Steamboat Butte.
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Figure 23. Plug RC is composed of significant amount of very fine to fine grains throughout Facies 2 to
4. The samples of Travesser Formation from both localities (Steamboat and Shiprock Butte) exhibit
equivalent grain sizes.

40



ol o ) o
1.0 nlmf“

LS c.3
Facies 4: 911-11 Silty Mudstone. (x10 PL)

AR LI 1.0 mm|
Travesser Formation (Steamboat Butte)
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Figure 24. The sample from Plug RC also contains abundant silt to mud-sized components. Similarly,
Triassic Travesser Formation shows that it is also composed of silty mudstone.
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Clastic injectites: Plug RC Stratigraphic units

s

N T e A )
Facies 4: 911-6 Mudstone. (x40 PL) Sloan Canyon Formation
: 910-2 Argillaceous Ls. (x40 PL)

dstone. (x40 XP) Sloan Canyon Formation

: 910-2 Argillaceous Ls. (x40 PL)

Facies 4: 911— Mu

Figure 25. The probable CRFs (Carbonate Rock Fragments) in Facies 4 are similar to those from
Triassic Sloan Canyon Formation, which is mainly composed of calcareous mud and probable intraclast
or void-filling carbonates filling moldic porosity.
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Clastic injectites: Plug RC Stratigraphic units
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Facies 1: 911-7 Sandstone (x40 PL)
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- 9 ,
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1.0 mm

Facies 1: 911-7 Sandstone (x40 XP)

Figure 26. CRF from Facies 1 of Plug RC. The dolomite crystals are from Triassic Sloan Canyon
Formation.
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Clastic injectites: Plug RC Stratlgraphlc units

Facies 3: 911- 14 Sandstone (x40 XP) Sloan Canyon Formation: 911-19 Ls. (x40 XP)

Figure 27. CRF from Facies 3 of Plug RC is pure carbonate and may be correlated to Triassic Sloan
Canyon Formation, which also shows almost pure carbonate.

44




1.0 mm:”  WE
Facies 1: 911-5 Sandstone (x10 PL)

Facies 1: 911-5 Sandstone (x40 XP)

Figure 28-1. Probable fossil fragment in Plug RC may be correlated to those (Fig. 28-2) from Triassic
Travesser Formation. The photo (bottom) is magnified from the one (top) in circle.
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Stratigraphic units

Figure 28-2. Probable fossil fragments from Triassic Travesser Formation are similar to the ones (Fig.
28-1) from Plug RC. The photo (bottom) is magnified from the one (top) in circle.
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1.0 mme

Facies 3: 911-13 Ss (x10 PL)

Figure 29-1. Probable fossil fragment in Plug RC may be correlated to those (Fig. 29-2) from Triassic
Sloan Canyon Formation.
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Sloan Canyon Formation: 911-2 Argillceou Ds. (x10 ) I

Figure 29-2. Probable fossil fragment from Triassic Sloan Canyon Formation is similar to the one (Fig.
29-1) from Plug RC.
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lee next to Plug RC

3 ¥ p i
Facies 1: 911-5 Sandstone (x40 XP) Dike: 911-3 Sandstone (x40 XP)

Figure 30. Identical fossil fragments are present in both Plug RC and dike next to it, indicating those
robably originated from the same depositional unit.

Porosity and permeability

The diagram shown in Fig. 31 is the result of 300-point counts for porosity and
the measurement of permeability with Tinyperm 2. The samples from all of the
stratigraphic units and clastic injectites were measured for porosity and permeability.
The porosity and permeability of the probable host rocks (Trsp, Trsc, and Travesser
Formation) range from 0 to 5% and from 0.48 to 26.9mD, respectively. The clastic
injectites (plugs and dikes) have similar results that range from 0 to 8.7% in porosity
and from 0.42 to 97.9 mD in permeability. The Entrada Sandstone, however, shows a
much wider range in values for porosity and permeability, 4.3-25.7% and 22.1-

13,666mD, respectively.
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Figure 31. Porosity and permeability for 42 samples from all the stratigraphic units and clastic injectites.
The Jurassic Entrada Sandstone shows the highest and widest values of both porosity and permeability
(A and B). The other samples display much lower porosity and permeability except for the ones (A;

marked in dotted circle) from Facies 1 of the Plug RC.
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Figure 32. (A) Exhibits compositional variation (grains-matrix-cement) in the plug in the road cut. (B)
Shows that porosity and permeability in Plug RC and the adjacent units (Triassic Sloan Canyon
Formation) are not particularly variable, except for facies 1 on the east rim. The dotted line is for

(calcareous) mudstone, which is below detection limit for permeability with Tinyperm 2.
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Although 911-4, 5 and 7 (on the east rim) and 911-16 (on the west rim) are
from the same lithofacies (Facies 1), they exhibit completely different compositions
and porosity and permeability. Samples 911-4, 5 and 7 have higher porosity (8.3 —
8.7%) and permeability (4.7 - 97.9mD) due to higher values for intergranular and
intragranular porosity (because of a lack of matrix, Fig. 32). In contrast, sample 911-16
on the west side has no porosity and very low permeability (0.85mD) due to a high

percentage of cement and some matrix with little grain dissolution (Fig. 32).

Diagenesis

Paragenetic sequence

The paragenetic sequences displayed in Figure 54 have been obtained by
petrographic examination using thin sections from the Jurassic Entrada Sandstone and
clastic injectites. These paragenetic sequences are based mainly on sandstone samples
without much clay and/or calcareous matrix.

Sample 911-17 has been selected to represent the Entrada Sandstone. Absence
of quartz overgrowths at long and concavo-convex contacts indicates that quartz
overgrowths precipitated after compaction (Fig. 33). Quartz overgrowths occurred
concurrent with kaolinite precipitation. Primary pore-filling kaolinite is in direct
contact with either authigenic quartz overgrowths or detrital quartz (Fig. 34 and 35).
Because secondary porosity in feldspar and lithic fragments is not filled with kaolinite,
but rather hematite (Fig. 36) and/or calcite cements, dissolution most likely took place
after kaolinite precipitation, but before hematite and/or calcite precipitation (Fig. 37).
Hematite precipitated either at the margins of or on kaolinite cement (Fig. 37 and 38),

indicating that hematite precipitated after kaolinite.
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Figure 33. This picture shows the evidence for compaction with long and concavo-convex contacts.

Quartz overgrowths delineated by euhedral forms and dust rings are present (911-17, x40 in PL).

7,

Figure 34. Quartz overgrowths with euhedral to subeuhedral forms partly contact with kaolinite and
hematite (911-17, x40 in PL ).
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Figure 35. Quartz overgrowths were followed by both authigenic minerals of kaolinite and hematite on

account of their precipitating the outlines of quartz overgrowths (911-17, x40 in PL).

-

e
0.l mm 5

Figure 36. Grain (feldspar?) dissolution preceded hematite cement because hematite filled in the
partially dissolved part, which was subsequently followed by complete dissolution, forming a ghost

texture (911-17, x40 in PL).
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Figure 37. Partial dissolved feldspar grain exhibits skeletal texture with some precipitation of calcite and

hematite. The kaolinite acted as primary pore-filling cement. The kaolinite, which is less densely
precipitated in the upper part, presumably preceded iron oxides (hematite) which probably filled the

remaining pore spaces. Coatings in calcite are common in this sample (911-17, x40 in PL).

‘

Figure 38. Hematite precipitated on primary pore-filling kaolinite cement (911-17, x40 in PL).
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Clastic dikes were examined for diagenetic analysis. Compaction (Fig. 39)
occurred after dolomite precipitation, because rhombic dolomite makes a concavo-
convex contact with adjacent grains. Dolomite precipitation predated quartz
overgrowths and calcite cement due to quartz overgrowths blocked by dolomite and
calcite cement surrounding dolomite (Fig. 40). Kaolinite precipitation predated quartz
overgrowths and calcite, because its earlier precipitation prevented quartz overgrowths,
and is surrounded by calcite cement (Fig. 39 and 41). Calcite cement precipitated in the
latest stage of diagenesis, postdating quartz overgrowths, since calcite cement
precipitated on quartz overgrowths (Fig. 39-41). Kaolinite precipitation also predated
grain dissolution (probably feldspar) because kaolinite is not present in the secondary
porosity of grain dissolution even though kaolinite filled up the adjacent intergranular
porosity (Fig. 42). Kaolinite also precipitated earlier than hematite precipitated in the

grain dissolution because hematite seems to precipitate grain dissolution.
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Figure 39. Compaction occurred after dolomite precipitation. Kaolinite precipitated prior to quartz
overgrowths and calcite. Quartz overgrowths also postdated dolomite precipitation (A and B from 911-3
Dike in RC, x40PL and XP, respectively).
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Figure 40. Dolomite predated quartz overgrowth and calcite cement (A and B from 911-3 Dike in RC,
X40PL and XP, respectively).
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Quartz overgrowth .
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Figure 41. Calcite cement postdated both kaolinite and quartz overgrowths (A and B from 911-3 Dike in
RC, X40PL and XP, respectively).
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(probably feldspar) and possibly hematite precipitation

(A and B from 911-3 Dike in RC, X40PL and XP, respectively).

Figure 42. Kaolinite predated grain dissolution
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For the paragenetic sequence of Plug RC, the samples from Facies 1, 2 and 4
(911-4-6, 15, and 16) have been used together due to insufficient information from a
single thin section. Grain compaction probably continued after dolomite precipitation
and partial dissolution because some dolomite shows distorted outlines and fractures
between quartz grains (Fig. 43). Dolomite precipitation predated kaolinite precipitation
because dolomite occupied pore space earlier than kaolinite (Fig. 44). Kaolinite
precipitated earlier than the formation of quartz overgrowths because quartz
overgrowths have been blocked by kaolinite precipitation (Fig. 45). Since kaolinite is
not present in secondary pore spaces (Fig. 46-47), kaolinite precipitation predated
grain dissolution. Kaolinite also likely predated hematite precipitation (Fig. 45).
Hematite precipitated at two different times: an early stage that predated grain
dissolution (probable feldspar), and a late stage that postdated dolomite dissolution
(Fig. 46). The formation of quartz overgrowths likely postdated dolomite because
quartz overgrowths have been blocked by dolomite (Fig. 45-46). Dedolomization with
hematite precipitated on dolomite took place after poikilotopic calcite cement because
calcitized dolomite still maintains its original outline (Fig. 48). Unlike Facies 1 on the
east side (911-4, 5, and 7), dolomite in other facies has undergone dedolomitization

(Fig. 49).
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Figure 43. Grain compaction probably went on even after dolomite precipitation and partial dissolution

(A-D from 911-5 Facies 1 of Plug RC, A and C: x40 PL, B and D: XP).
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Figure 44. Dolomite precipitated earlier than kaolinite because kaolinite occupied all the pore space

except for dolomite precipitation (911-15 Facies 2 of Plug RC, X40PL and XP, respectively).
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Figure 45. Kaolinite precipitated earlier than quartz overgrowth and grain dissolution. Kaolinite

probably predated hematite as well (911-4 Facies 1 of Plug RC, Both X40 PL).
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Figure 46. Hematite precipitated at two different times: One predated grain dissolution of probable
feldspar; the other postdated dolomite dissolution. Quartz overgrowth postdated dolomite (911-4 Facies
1 of Plug RC, X40PL and XP, respectively).
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Figure 47. Grain dissolution contributes considerable porosity to Facies 1. Dolomite probably postdates
grain dissolution (probably feldspar), but it is not clear due to possible 3D effects (911-4 Facies 1 of
Plug RC, X40PL and XP, respectively).
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Figure 48. Dolomite predated poikilotopic calcite and probably underwent dedolomitization after calcite

1 of Plug RC,
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Figure 49. This sample (Facies 4; 911-6) displays partial dedolomitization. BSE image above indicates

that the whitish bright color is Ca and gray one is Mg; the heavier chemical element is the brighter.
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Plug A (910-8) has a somewhat different paragenetic sequence. Grain
compaction took place after fluidization of both sandstone grains and carbonate mud
(Fig. 50). Early dolomite presumably crystallized from calcareous mud or in pore
spaces after fluidization (Fig. 51). Hematite precipitated earlier than grain dissolution
and kaolinite subsequently precipitated in grain-dissolved pore spaces (Fig. 51).
Calcite cement in secondary porosity (Fig. 52) indicates that calcite precipitation
postdates grain dissolution. During the late diagenetic stage, finely crystallized

dolomite underwent dedolomitization (Fig. 53).

>’

i1
0.1 mm

Figure 50. Grain compaction probably took place after fluidization of both sandstone grains and

carbonate mud (910-8 Plug A, X10 PL).
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Figure 51. Dolomite presumably crystallized from calcareous mud or in pore spaces during early
diagenesis. Kaolinite postdated both grain dissolution and hematite precipitation (910-8 Plug A, X40PL
and XP, respectively).
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Figure 52. Grain dissolution predated calcite (?) cementation (910-8 Plug A, X40PL and XP,

respectively).
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Figure 53. Early dolomite, probably crystallized from calcareous mud, and presumably may have
undergone calcitization (dedolomitization) during late diagenesis (910-8 Plug A, X40PL and XP,

respectively).
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(910-8)

Grain compaction
Dolomite Precipitation
Hematite precipitation
Dissolution of grains

Kaolinite precipitation

Calcite cementation
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Figure 54. Paragenetic sequences in Jurassic Entrada Sandstone and clastic injectites.

74




CHAPTER 5: DISCUSSION

Origin of plugs
Fluidization

Unidirectional grain orientation observed in thin sections (Fig. 55: Facies 1
and 4) from Plug RC indicates that the plug was formed by upward fluidization. Field
observations of upward drag of host layers and flute features also support sediment
movement by upward fluidization (Parker,1933; Baldwin and Muehlberger, 1959;
Lucas et al., 1987) This evidence does not support solution collapse as the mechanism

for injectite formation as suggested by McLemore and North (1987).

e
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Facies 4: 911-10 Mudstone. (x10 PL Facies 1: 911-16 Sandstone (x10 PL)

Figure 55. The sample on the left shows a possible upward fluidization even though it does have a mark
for stratigraphic-up. The sample, however, with a mark for stratigraphic-up indicates that the orientation
of grains are not straight upward but heading for top-left corner.

Source of injectite material

The origin of the injectites in this area has been a somewhat controversial
issue. However, detailed examinations of samples from Plug RC help constrain the
source of injectite materials. Plug RC provides abundant clues as to the source beds,
including intact blocks of mobilized rock, smaller rock fragments, probable fossil

fragments, and lithologic textures.
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Petrographic examination suggests that the injectite materials were derived
mainly from the Sloan Canyon Fm (Trsc), Travesser Fm (Travesser Formation), and
possibly the Baldy Hill Fm (Trbh). Since the Entrada Sandstone (Je) and Sheep Pen
Sandstone (Trsp) can be ruled out as possible source beds due to their presence
above the unconformity that truncates Plug RC, there are no other possible sources for
sandstone components. Therefore, as some previous studies suggested, the Baldy Hill
Formation is a probable source bed for the sand grains, although other studies rejected
this possibility mainly on the basis of petrography.

Textures

Sandstone textures can play a critical role in determining the origin of the
plugs because sand grains serve as a main component of the plugs. Facies 1 of Plug RC
may be considered texturally equivalent to facies in other plugs, especially Plug M
(Table 2 and Fig. 56). Samples from the plugs are similar in texture to the Sheep Pen
Sandstone, but differ in texture from the Sloan Canyon Formation and Travesser
Formation. The Sheep Pen Sandstone is not considered as a source bed because it is the
uppermost unit of the relevant stratigraphy and also does not exist in Plug RC. The
upper two units, Sloan Canyon Formation and Travesser Formation, also are not
considered as source beds because they have fewer coarse grains (i.e., up to ~0.2mm,
fU; mean grain size).

The two previous studies based on petrographic analysis came to different
conclusions on the source beds. Smith (1975) suggested that the Travesser Formation
is the most probable source rock according to his interpretation of petrographic
parameters (correlation coefficients; Q-mode). Reynolds (1979) expressed a different

opinion, concluding that the plug materials do not match any of the stratigraphic units
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in his textural comparison.

Unlike the previous petrographic results above, it is estimated that the Baldy
Hill Formation (Trbh) is still the most likely source bed from the viewpoint of textural
similarity. Note that the textural information on the Baldy Hill Formation was derived
from the previous study (Reynolds, 1979) since we were not granted permission to
visit the outcrop. The comparison in texture may lead to negative conclusions in
finding an exact matching unit due to limited sampling and confined localities for
sampling. It should be noted that the petrographic results (Fig. 55) indicate that the
plugs do not show a single uniform texture (Table 4). Facies 1 and Plug M have fU
(~0.2mm) and mL (~0.3mm) in mean and maximum grain sizes, respectively. Plugs A
and B, however, have a smaller grain size (fL: ~0.15mm). The plugs examined by
Reynolds (1979), consist of even smaller grain sizes (0.12mm in mean size). Potential
source beds should contain sand grains ranging from 0.12 to 0.3mm in mean grain size.

Identifying the source bed will require sampling from much greater number of plugs.

Table 2. Sandstone textures for plug samples

Textures
Plug Sample No. Lithology
Mean size Roundness Sorting
911-4 Sandstone fU (max. mL) | Subrounded~rounded Very poor
911-5 Sandstone fU (max. mL) Subrounded~rounded Poor
Plug RC
911-7 Sandstone fU Subrounded~rounded Poor
911-16 Sandstone fU (max. mL) Subrounded~rounded Very Poor
Calcareous Moderately
Plug 910-8 Sandstone i Rounded sorted
Calcareous Moderately
Plug B 910-10 Semelstonss fL Rounded sorted
Fe-oxidized
M- plug 910-12 Sandstone fU (max. mL) iSubangular~sburounded Very Poor
(RSIEET ds P1A, P1B,  Quartzarenite : Fine to very fine Rounded ~ well- Moderately
1}9/79) ’ P2A sandstone (ave. 0.12mm) rounded sorted
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Plug (P1A) from Reynolds (1979): Baldy Hill Formation(BH-3) from Reynolds

Ave. grain size of 0.12mm(x407?) (1979): Ave. grain size of 0.08mm (x40?)
Figure 56. These photos show similarities and differences in texture between plugs RC, A, B, and M,
and compare these plugs to the samples from Reynolds (1979). Samples from the plugs show a small
difference in mean grain size (fU-fL), and sandstone grains (Plug A and B) are most similar to the
sample (Reynolds, 1979) from the Baldy Hill Formation.

Models for origin of injectites

Fluidization by tectonic activities

The petrographic results and field observations provide evidence for upward
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mobilization of fluidized sediment. When fluidized, subsurface sediments may have
entrained host-rock fragments as they moved upward. The petrographic data present
probable evidence for upward fluidization including unidirectional grain orientation
(Fig. 55) and the presence of lithic (Fig. 22, 24-27) and fossil fragments (Fig. 28-29).

Fluidized materials likely moved upward through fractures and weak areas of
the host rock. The sandstone samples from Facies 1 have relatively coarser grains and
little to no matrix, allowing fluids to dissipate into either surrounding host rocks or
onto the surface. Dissipation reduced fluid pressure that was produced in source beds
by tectonic activities such as folding (Parker, 1933; Baldwin and Muehlberger, 1959;
Lucas, 1987). In contrast, fluids carried significant amounts of very fine grains
(calcareous and/or muddy particles) into the plug where reduced pore spaces blocked
upward fluidization. This directed movement created aligned grains (Fig. 55) and
banded layers (Fig. 57).

A hypothesis for formation of the plugs is shown in Figure 58, based upon
field observations, petrographic examination, and the regional geologic setting
described by previous workers (Parker, 1933; Baldwin and Muehlberger, 1959; Lucas,
1987). The fluidization mechanism has the following sequence: (A) undeformed
depositional strata of the Upper Triassic units were present; (B) fractures were
generated by tectonic events associated with folding and/or earthquakes; (C) fractures
were developed and liquefaction of sand layers took place; (D) liquefied sand grains
(sediments) moved upward, scouring and entraining host-rock fragments; (E)
sediments released on the surface experienced weathering and partially eroded; (F)
Entrada Sandstone was deposited on the eroded surface, giving rise to the

unconformity. Faulting (Fig. 59) and fracturing (Fig. 13A-C) observed in the field
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show evidence of tectonic activity. Observations in thin sections showed unidirectional
grain orientation (Fig. 55) and the presence of lithic (Fig. 24-27) and fossil (Fig. 28-29)
fragments from host rocks. Circular depressions (Fig. 7B) were commonly observed
forming the inside surfaces of plugs and were unconformably overlain by Entrada

Sandstone (Fig. 11 and 12).
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These two pictures indicate that fluidized materials may have followed preferential flow

37.

Figure

911-11).
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like grain alignments (A: Facies 2, 911-15;

paths, creating band-
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C. Development of fractures and

liquefaction of sand layers D. Fluidization (upward sediment movements)

Eroded surface Unconformity Entrada Sandstone

E. Small hill formed by erosion F. Minor settling and a set of small faults due to
stabilization and overlying deposition of Entrada

Sandstone

Figure 58. Diagram illustrating a possible mechanism for clastic plugs formation. (A) Undeformed
depositional strata of the Upper Triassic units are present; (B) fractures were generated by tectonic
events associated with folding and/or earthquakes; (C) fractures were further developed and liquefaction
of sand layers took place; (D) liquefied sand grains (sediments) moved upward, scouring and entraining
host-rock fragments; (E) sediments released on the surface experienced weathering and partially eroded
away; (F) Entrada Sandstone was deposited on the eroded surface, giving rise to the unconformity. The
stratigraphic column used here is modified from Lucas et al. (1987).
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Faults adjacent to Plug RC may help constrain the origin of the plug. These
faults indicate that the area near the plug experienced both compression and extension,
resulting in a reverse fault (Fig. 59A) and a normal fault (Fig. 59B), respectively. The

compression may have occurred during emplacement, followed by a relaxation phase

related to settling after fluidization.

33
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Figure 59. A set of small faults coexist with a number of fractures and thin dikes in the roadcut. Fault A
is a reverse fault, which probably took place by compressional forces and fault B is a normal fault,
probably due to subsequent relaxation. It indicates that some collapse- or sagging-like features right next

to the plug may have occurred in relation to hardening and settling after fluidization.

Alternative hypotheses. Solution-collapsed pipes and spring conduit pipes
An alternative hypothesis for plug formation was suggested by Mulvany
(2011). He believes that plugs were probably induced by upward flow along a spring

conduit. The sequence of events suggested by Mulvany (2011) is as follows;
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Excavation = Collapse = Liquefaction = Injection = Desiccation and Settling
This sequence suggests a different mechanism for the formation of the chaotically-
oriented fragments of brecciated Exeter Sandstone and upper Sloan Canyon Formation
observed in the plug. Mulvany (2001) believes that the upper Sloan Canyon Formation
collapsed and dropped down into the relatively undeformed lower Sloan Canyon
Formation, which is the host rock surrounding the plugs. This mechanism suggests that
the complex components of the pipe, dike and pod sandstones in the clastic plug
uniquely formed in situ by the spring.

McLemore and North (1987) suggested a different hypothesis for how these
plugs formed. They compared the clastic plugs to collapse-brecciated pipes in
northwestern Arizona, which formed through solution collapse of underlying Paleozoic
limestone. They claimed that compressional folds, which are believed by most of the
researchers to be strong evidence for upward fluidization, could be formed by ring

fractures during solution collapse according to experiments by Mccallum (1985).

Seal bypass

Porosity evolution

It is very likely that fluidized injectites with initial high porosity were capable
of significant seal bypass, but underwent dramatic porosity loss due to cement
precipitation (Fig. 60), reducing their potential for bypass. Indeed, the presence of
abundance carbonate cement in the plug sandstones is strong evidence for significant
fluid flux through the plugs, and thus direct evidence of bypass. The paragenetic
sequence (Fig. 43-49 and 54) of Plug RC indicates that porosity changed subsequent to

fluidization. Sandstone samples had higher porosity immediately after fluidization.
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Mudstone and argillaceous sandstone samples would have had less permeability

because of abundant fine-grained components.
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Figure 60. Diagram A shows porosity change before and after cementation and B displays compositional
differences among sandstone from all the plugs.

General observation on permeability

Although Plug RC had initial high porosity and permeability, flow would have
been restricted to facies 1, and thus much less than the initial status suggested by the
diameter of the plug. Only in the east, Facies 1 was found to have relatively higher
porosity and permeability because of intergranular and intragrannular macroporosity.
Facies 1 initially was composed of relatively coarser sand grains without (or much
less) matrix due to dissipation of very fine muddy particles through pore spaces,
resulting in initial high porosity and permeability. Subsequently, dolomite and other
cements such as kaolinite and hematite precipitated into the pore spaces. During late
diagenesis, Facies 1 regained some porosity through grain dissolution (dolomite and
feldspar grains). Other parts of Plug RC did not undergo diagenetic grain dissolution,

and therefore did not gain porosity.
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CHAPTER 6: CONCLUSIONS

(1) Many clastic plugs and dikes in this research area exhibit characteristic
morphologies, often occurring together in groups. There are two main types of plugs:
knob-like plugs; and complex, brecciated plugs. Dikes vary in thickness from less than
2mm to a few decimeters and vary in shape: circular around plugs, linear associated
with bleached fracture systems, and sinuous apparently unrelated to plugs.

(2) Plug RC is composed of four characteristic lithofacies that may provide a
better picture of how plugs appear in the subsurface.

(3) Plugs show abundant evidence for upward fluidization both in outcrop and
thin section.

(4) Petrographic examination indicates that the materials forming Plug RC are
composed of Sloan Canyon Formation, Travesser Formation, and likely Baldy Hill
Formation, ruling out the Sheep Pen Sandstone and Entrada Sandstone as source beds.

(5) Petrographic examination indicates that Plug RC, Plugs A and B, and Plug
M have different compositions and experienced different diagenetic events. Unlike
Plug RC and Plugs A and B, which are mainly composed of carbonate cement, Plug M
consists predominantly of hematite cement.

(6) Potential source beds should contain sand grains ranging from 0.12 to
0.3mm in mean grain size. Identifying the source bed will require sampling from a
much greater number of plugs.

(7) Although the petrographic features of Plug RC were initially capable of
significant seal bypass, they were subsequently modified by cement precipitation and
are no longer high permeability features. The main controlling factors for seal bypass

through clastic injectites are timing of petroleum migration and development of
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cementation.
(8) Although Plug RC had initial high permeability, flow would have been

restricted to facies 1, much less than is suggested by the diameter of the plug.
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