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ABSTRACT

Phanerozoic sedimentary and volcanic sequences exposed in the Joyita Hills arca
(northeast Socorro County, New Mexico) record the faults, folds and other structurcs
that developed in response to three orogenic events: Ancestral Rocky Mountain, Lara-
mide and Rio Grande rift. Additional exposurcs of Proterozoic augen gneiss in the
core of the Joyita Hills reveal three preferred orientations of high—angle to vertical,
gncissic to mylonitic foliations. These strike to the north, northwest and cast—north-
cast. Proterozoic amphibolite dikes parallel the cast—northeast foliations. Compari-
son of Phanerozoic fault and dike orientations with attitudes of Proterozoic foliations
and amphibolite dikes indicates that reactivation of bascment anisotropies was a com-
mon factor during cach Phancrozoic deformational cvent.

Reactivation of Proterozoic foliations during ancestral Rocky Mountain (late Palco-
zoic) tectonism resulted in basins and uplifts of north and northwest trend. Bounding
faults separating these basins and uplifts were high —angle to subvertical normal faults.
Fault striae define displacements as normal, left—oblique slip on north—striking faults
and as dip slip on northwest—striking faults. Fault orientations and displacements,
when combined with isopach, palcocurrent and biostratigraphic (fusulinid) data, indi-
cate that late Paleozoic deformation in the Joyita Hills arca was the result of north
trending, divergent, sinistral wrench faulting.

Laramide tectonism rcactivated Proterozoic structures in a strikc—slip sense.
North—striking (synthetic) and east—northeast—striking (antithetic) faults are intcr-
preted as conjugate shears that developed within a north—trending, dextral wrench
fault system. Additional dextral wrench faults strike northeast, and parallel the Monto-
sa and Dcl Curto fault zones. Laramide deformation also resulted in thrust faulting
and folding of strata. However, these structures were a lesser component of Laramide

dcformation, and were apparently related to Laramide wrench fault systems.
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Mid—Tertiary (Oligocene —Miocenc) extension associated with the Rio Grande
rift developed along both high—angle and low—anglc normal faults. High—angle nor-
mal fault and dike systems strike to the north—northeast, northwest and east—north-
cast. The latter two fault and dike systems strike parallel to northwest— and cast—
northeast—striking Proterozoic foliations and amphibolite dikes. In addition,
north —striking foliations and ancestral Rocky Mountain faults obscrved along the East

Joyita fault influenced the orientation and location of this major, down—to—the—cast

and postdate the high—angle normal fault and dike systems. The low—angle normal
faults arc interpreted as extensional detachment faults. Oricntation data from west~
tilted Oligocene volcanic strata, when combined with the orientations of detachment
faults and associated striac, indicate that the han ging wall displacement dircction was

to the cast and east—southeast,



i

INTRODUCTION

The Joyita Hills area, as uscd herein, refers to the Joyita Hills proper (also known
as Los Canoncitos) and El Valle de La Joya, which lics to the cast (Plate 1). Rocks ex-
posed within thesc areas include Proterozoic augen gneiss and amphibolite dikes, and
Phancrozoic sedimentary and volcanic sequences and igneous intrusives. This sucees-
sion of rocks provides a fairly complete representation of the Phancrozoic stratigraphy
in central New Mexico, and affords the opportunity to cvaluate structural styles
associated with three recognized deformational cvents. Specifically, these include the
ancestral Rocky Mountain, Laramide and Rio Grande rift orogenies. Although Prot-
erozoic rocks are exposed in the core of the Joyita Hills, the dissertation focuses on
analysis of structures that developed during the Phanerozoic. Proterozoic structurcs
(preferred orientations of foliations and amphibolite dikes) have been determined in
order to evaluate the influence of reactivation during Phancrozoic deformation. Struc-
tures observed within the Phancrozoic section include normal faults (including low—
angle detachment faults), thrust faults and strike—slip faults, joints, mafic and felsic
dikes, and a limited number of folds. The dissertation combines detailed mapping at
ascale of 1:12,000, structural analysis, and observation of stratigraphic relationships in
order to formulate structural and tectonic syntheses for Phanerozoic deformation in
the Joyita Hills arca.

Structural analyses use a relatively simple concept earlier documented by Becek
(1984) and Beck and Burford (1985). Specifically, field observation indicatcs that tec-
tonically induced fractures (e.g., joints and faults, the latter typically of small displace-
ment) most commonly maintain consistent orientations with respect to bedding. These
relationships are demonstrated by comparing fractures plotted with respect to bedding
to fractures plotted with respect to their ficld—reccorded orientations. Fracturc

orientations, when plotted with respect to bedding, form concentrations that arc



2
increased in maxima percent value and define fracturc patterns (composed of both
shear and tensile orientations) compatible with Anderson’s (1951) models for shalow
crustal, brittle deformation. Thesc relationships are interpreted to indicate that frac-
tures had been superimposed on the stratified sequences while bedding was horizontal;
fracture orientations plotted with respect to bedding are then used to infer the orienta-
tions of applicd stress for Laramide and Rio Grande rift tectonisms.

The dissertation that follows is composed of four scparate, but related parts, cach
the whole. Fach part was written for publication and was
designed to stand alone as a journal article, and each builds on information provided
in the previous part(s). Part 1 presents an interpretation of ancestral Rocky Mountain
deformation, and integrates structural and stratigraphic data from the Joyita Hills with
isopach and paleocurrent data. Late Paleozoic structures in the Joyita Hills arc com-
patible with previously documented ancestral Rocky Mountain structures in the Sacra-
mento Mountains (Pray, 1961) and in the Sierra Nacimicnto arca (Baars, 1982). Con-
scquently, a tectonic interpretation of late Palcozoic deformation has been formulated
that is considered relevant to the broader area of central and southern New Mexico.

Part 2 provides a detailed discussion of the analytical method used in the disscrta-
tion, and focuses on Laramide and Rio Grande rift deformation. Specific structurcs,
including joints, faults, dikes and fold axes, arc uscd to infer applied stress orientations,
and both structural oricntations and applied stress orientations arc correlated with a
specific tectonic event (Laramide or Rio Grande rift). Part 2 also presents data from
ancestral Rocky Mountain deformation and discusses why the analytical techniquc
cannot be applied to late Palcozoic structures. Proterozoic data are also presented in
order to demonstrate the influence of basement anisotropics on Phancrozoic deforma-
tion. Lastly, Part 2 compares the analytical technique with a rccognized alternative

(clastic plate theory).
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Part 3 returns to ancestral Rocky Mountain deformation, and provides new informa-
tion (largely stratigraphic and biostratigraphic) relevant to the timing of late Paleozoic
tectonism.

Part4isasummary paper, and presents an interpretation of cach Phancrozoic defor-
mational event in a temporal scquence. In other words, Part 4 is intended to provide
a geologic history of the Joyita Hills area, and incorporates structural and stratigraphic
datain order to formulate a complete structural and tectonic synthesis. Onc of the pri-
mary arguments deveioped in Part 4, and to a iesser extent throughout the disscrtation,
is that rcactivation of basemcnt anisotropics was a common occurrence during
Phancrozoic deformation. The extent to which reactivation occurred in the Joyita Hills
arcashould not be considered as an isolated occurrence, but rather as another example
of a natural phenomenon that has been recognized on almost cvery continent. Addi-
tional studics, which include both theoretical considerations and specific examples of
reactivation in a variety of tectonic settings, have been provided by Watson et al. (1986),
Sykes (1978) and Watterson (1975).

In addition to these four parts, the computer programs used in the dissertation and
a tabulation of all field data have been provided in Appendices A and B. Lastly, the

geologic map and cross sections (Plates 1 and 2) have been provided in the end pocket.
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STRUCTURAL DATA FROM THE JOYITA UPLIFT: IMPLICATIONS
FOR ANCESTRAL ROCKY MOUNTAIN DEFORMATION WITHIN
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INTRODUCTION

Regional relationships of ancestral Rocky Mountain deformation, including the
location, trend, relative timing and magnitude of individual uplifts and depositional ba-
sins, were summarized by Kluth (1986) and Kluth and Coney (1981). Within New Mexi-
co, latc Paleozoic tectonism resulted in a scrics of north— and northwest—trending
uplifts and basins. Although the general trends and locations of these structures have
been well—defined on the basis of stratigraphic studics (Kottlowski, 1960), spccific
folds and faults have scldom been recognized, and littie is known about the structural
style associated with basin and uplift development.

On the basis of stratigraphic relationships, several investigators (Read and Wood,
1947; Kottlowski, 1960; Kottlowski and Stewart, 1970; Baars, 1982; Siemcrs, 1983)
have interpreted the modern—day Joyita Hills arca (Fig. 1.1) as the location of a late
Palcozoic, north—trending positive feature (the Joyita uplift). In addition, geologic
mapping and biostratigraphic (fusulinid) analysis (Kottlowski and Stewart, [970) doc-
umented an angular unconformity between Pennsylvanian and Permian strata and de-
fined the Joyita uplift as an carly Wolfcampian tectonic element (Fig. 1.2).

The purposc of this paper Is to present new structural data from the Joyita Hills
and interpret its relationship to the adjacent Lucero and San Matco basins. Observa-
tions indicate that ancestral Rocky Mountain faults within the Joyita Hills arc the result
of reactivation of Proterozoic mylonite zoncs, and are comparable, in both orientation
and sense of offset, to those identified as late Palcozoic faults in the Albuquerque Basin
to the north (Baars, 1982) and the Sacramento Mountains to the southeast (Otte, 1959;
Pray, 1961). Thesc similaritics indicate that cach arca was subjected to the same style
of deformation during ancestral Rocky Mountain tectonism. Fault orientations and ki-
nematic indicators, when combined with cxisting isopach maps (Kottlowski, 1960;
Baars, 1982) and available paleocurrent data (Altarcs, 1990), define a north—trending,

divergent, left—lateral wrench fault system extending from the Sicrra Nacimicnto arca
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Figure 1.1. Pennsylvanian palcogeographic index map showing the location of major

uplifts and depositional basins, and the location of the modern—day Joyita Hills (late
Palcozoic Joyita uplift) in north—central Socorro County. From Kottlowski and

Stewart (1970).
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8
southward through the Joyita Hills as a result of late Palcozoic tectonism. Similar struc-
tural features in the Sacramento Mountains arc believed to be related to the same

stress system.
STRUCTURAL ANALYSIS

In addition to ancestral Rocky Mountain deformation, the Joyita Fills arca has also
been subjected to tectonism during the Laramide orogeny and Rio Grande rift exten-
sion. A fundamental aspect of these events appears to be reactivation of existing struc-
tures. Asarcsult, faults associated with the younger Phancrozoic tectonic events (dom-
inantly normal and strike—slip faults) have been superimposcd on structurcs of carly
Wolfcampian (Bursum Formation) and Pennsylvanian age, which makes recognition
of ancestral Rocky Mountain structures difficult.

Fortunately, stratigraphic sequences that represent most of the known section within
central New Mexico are well exposced within the Joyita Hills and adjacent arcas to the
cast and south (El Valle dc La Joya). Middle Permian (I.conardian and Guadalupian)
and Mesozoic scdimentary strata, plus Cenozoic voleanic sequences, all postdate an-
cestral Rocky Mountain deformation, yot predate tectonism associated with Laramide
and Rio Grande rift tectonic events. These exposures provide an opportunity to define
and document Laramide and Rio Grande rift fault orientations and structural styles,
which in turn provide the means by which ancestral Rocky Mountain structures may be
properly reoriented and evaluated. In addition, exposures of Proterozoic rocks within
the core of the Joyita Hills provide the opportunity to evaluate the influcnce of existing
basement structurces on cach of the younger tectonic cvents.

A briefnote concerning the method of analysis is required before proceeding. Ficld
observation of brittle structures, including joint, fault, fault striac and dike oricntations,
indicates that each respective structural featurc maintains consistent angular relation-
ships with respect to bedding. The brittle structures (which arc preferentially aligned

with respect to the applied stress ficld), therefore, were superimposed on bedding prior
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to any appreciable reorientation of strata that were horizontal at the beginning of a giv-
cn deformational event. Assuch, in arcas wherc rotation has occurred, proper analysis
of brittle structures (and ultimately the orientation of the applied stress field) requires
the restoration of strata to horizontal and a corresponding rotation of fracturc patterns.
In repeatedly deformed rocks, sequential rotations are required. Brittle structurces are
therefore treated as early—formed features within a given deformational event. This
process resolves data that are initially a meaningless array of dispersed data and pro-
duces joint, striation, dike and fault patterns that define realistic orientations for princi-
pal stress axes according to Andcerson’s (1951) theorics on near—surface brittle failure.
In this paper, fault orientations associated with Laramide and Rio Grande rift defor-
mation are presented in this manner. The combined effects of mid-Tertiary and Lara-
mide rotation are removed in order to restore late Palcozoic and Proterozoic structures

to their post—ancestral Rocky Mountain orientations.
Mid—"Tertiary normal fault systems

Faults associated with the development of the Rio Grande rift define three distinct

scts of conjugate normal faults (Fig. 1.3) in Proterozoic metamorphic rocks though Ter-

tiary volcanic sequences. The two dominant scts strike to the north—northeast and
northwest, respectively. Associated slickenside striations define fault displaccments as
dip slip. A third conjugate fault pattern, numecrically less significant than the other two,
strikes cast—northeast. Each conjugate sct defines a distinct orientation of principal
stress axes, in which 01 (07 » 03 ~ 03) was vertical (Andecrson, 1951), and oy was parallel
to fault strike. Tertiary volcanic units within the Joyita Hills strike to the north—-north-
cast and dip 259—30° to the west—northwest, indicating that the down—to—the—west
rotation developed while the north—northeast—striking fault system was active. In that
all three conjugate sets of normal faults arc restored to realistic orientations by remov-
ing the effects of down-—to—the—west rotation, cach fault systcm must have been

superimposed on bedding prior to rotation. Thercfore, the northwest—striking
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Figurc 1.3. Mid—Tertiary normal fault systems. Fault oricntations define conjugate
pairs striking to the north—northcast (NNE), northwest (NW) and east—northcast
(ENE). Lower— hemisphcre, cqual—arca projection of poles to fault plancs.

Contoured at 0, 4, 8 and 12 pereent intervals per one percent arca.
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and east—northeast—-striking normal fault systems must predate the north—north—
cast—striking normal fault system.
Laramide strike—slip fault systems

Near vertical strike ~slip faults cut Proterozoic through Cretaccous rocks (Tig. 1.4)
and arc marked by nearly horizontal fault striac. Thesc faults define two separate con-
jugate scts of strike—slip faults (o, vertical). North—striking synthetic shears (inter-
preted as both synthetic (NNE) and secondary synthetic (NNW) shears) and cast—
northeast—striking antithetic shears developed in a north—trending, right—lateral
wrench zone (Christie~Blick and Biddle, 1985, fig. Sa; Chapin, 1983). Brown (1987)
documented right—lateral, strike—slip displacement along the northcast—striking
Montosa fault zone, which lies 13 mi (21 km) to the cast of the Joyita Hills. A conjugate
sct of right—lateral, northeast—striking (synthetic) shears and less well—dcflined
northwest—striking (antithetic) shears within the Joyita Hills arc thought to be related

to movement along the Montosa fault zone.
Anccstral Rocky Mountain fault systems

Two scts of normal faults which offset carly Wolfcampian (Bursum Formation) stra-
ta, Pennsylvanian strata and Proterozoic rocks (Fig. 1.5) arc interpreted to be ancestral
Rocky Mountain faults because: 1) they cannot be traced into, nor found within, middlc
to latc Wolfcampian (Abo Formation) or younger strata; or 2) they display differences
in fault character between Bursum and older rocks versus Abo and younger strata. Re-
spectively, the two fault sets consist of north—striking, west—dipping normal faults and
northwest—striking, southwest—dipping normal faults, Both sctswere reactivated dur-
ing Tertiary rifting.

North—striking normal faults

Acseries of near vertical, north —striking faults have only been observed within Pro—

terozoic, Pennsylvanian and early Wolfcampian rocks. These faults are all marked with
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Figure 1.4. Laramide strike—slip fault systems. Near-vertical strike —slip faults
striking to the north —northeast (NNE), north—northwest (NNW) and cast~northeast
(ENE) define a north—trending, right—lateral wrench fault system. Additional
strike—slip faults strike northeast (NE) and northwest (NW). Lower—hemisphere,
cqual—arca projection of poles to fault plancs. Contourcd at 0, 3, 6 and 9 percent

intervals per onc pereent arca.
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Figurc 1.5. Generalized geologic map of the Joyita Hills. Star denotes westernmost
north—striking fault described in text and illustrated in Figure 1.6. Other north—strik-
ing faults are designated with asterisk pattern along fault trace. Sandia and Madera
Formations are successively truncated southward by the Bursum Formation. The Abo
Formation (stipple pattern) truncates the Bursum Formation and is in dcpositional
contact with Proterozoic rocks in the southern Joyita Hills. Modified from Kottlowski

and Stewart (1970).
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fault striac that plunge 50°—-60° south and display both down—to—the—west and
down—to—the—-cast displaccments. The westernmost fault of this scrics can be traced
from Proterozoic rocks into the overlying Sandia, Madera and Bursum Formations, but
is overlain by unfaulted strata of the Abo Formation, and is therefore interpreted asan
ancestral Rocky Mountain fault (Fig. 1.6). Down—to—the—wecst fault displacement
juxtaposcs middic Madera Formation limestonces in the hanging wall against the Sandia
Formation/Proterozoic contact in the footwall. Stratigraphic scparation is approxi-
mately 300 ft (100 m). Associated folding deformed the Sandia, Madera and Bursum
units into an anticlinal (footwall, east block) and synclinal (hanging wall, west block)
fold pair. Erosionally thinned strata of the Madera Formation in the footwall arc over-
lain by depositionally thinned Bursum/Abo Formation sequences, which thicken to
both cast and west. This westernmost fault, although complicated by younger, cross—
cutting faults and poor exposure along the Bursum/Abo Formation contact, is inter-
preted to be a buried ancestral Rocky Mountain fault that has not been reactivated.

Fault and striation orientations observed along the more castward of the north—
striking faults arc the same as those observed along the westernmost fault. Therefore,
cach of the north—striking faults is thought to have been active as a down—to-—the—
west fault during late Paleozoic tectonism. Yet the obscrved displacement on the more
castward of these faults is down—to—the—cast. In one outcrop, south—plunging stri-
ations have been overprinted by dip slip (near vertical) striations, indicating that these
castward faults have been reactivated by younger tectonism. The casternmost faults
are found in proximity to the East Joyita fault, and the down—to—the —ecast displace-
ment is considered to be the result of reactivation of this ancestral Rocky Mountain
fault trend during Tertiary, down—to—the—cast, dip—slip displaccment along the East
Joyita fault.

Rotation of regional bedding within Abo and younger strata to horizontal restores

these near —vertical, north—striking faults to their post—ancestral Rocky Mountain
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orientation which was north—striking and west—dipping at 65°=70°, with a normal
sense of displacement (Fig. 1.7; Baars, 1982, figs. 3 and 4). The fold hinge then plunges
10°=159 north. South—plunging striations and mullion obscrved along these faults,
when similarly rotated, rake 63° southward, and define fault displacement as normal,

left—oblique slip.
Northwest—striking normal faults

Field relationships indicate that northwest—striking normal faults were active dur-
ing both Tertiary rifting and ancestral Rocky Mountain deformation. Where they cut
Abo Formation and younger strata, northwest—striking normal faults occur along dis-
crete fault planes with limited brececiation, and display conjugate dip dircctions to the
southwest and northeast (Fig. 1.3). In contrast, northwest—striking normal faults cut-
ting only Bursum and older rock sequences occur as 10 to 20 ft (3 to 7 m) wide zones
of highly brecciated rock, and dip consistently to the southwest.

Restored orientations of northwest—striking normal faults cutting only Bursum
Formation and older rock sequences strike northwestward and dip steeply (75°-807)
to the southwest (Fig. 1.8). Striations on these faults, when comparably restored, indi-

cate necarly pure dip—slip displacement.
Proterozoic Mylonites and Foliations

Proterozoic rocks within the core of the Joyita Hills arc gncissic to mylonitic. Foli-
ations (Fig. 1.9) define three distinct trends: East—northeast, north, and northwest.
Comparison of north— and northwest—striking foliations with ancestral Rocky Moun-
tain brittle fault orientations (Figs. 1.7 and 1.8) indicates that orientations arc similar.
Through direct field observation, the westernmost north—striking brittle fault that off-
scts only Proterozoic rocks, and Sandia, Madera and Bursum Formations is known to

have overprinted and reactivated a north—striking mylonite zonc. Northwest—striking
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Figure 1.7. North—striking ancestral Rocky Mountain normal faults. Composite,
lower—hemisphere, cqual—area projection of poles to fault plancs and fault striac.
Contoured at 0,9, 18 and 27 percent intervals per one percent arca. AP defines average

fault planc orientation; R defines approximate angle of rake of fault striac.
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Figure 1.8. Northwest—striking ancestral Rocky Mountain normal faults. Composite,
lower—hemisphere, cqual—area projection of poles to fault planes and fault striac.
Contoured at 0,7, 14 and 21 percent intervals per one percent arca. AP defines average

fault planc oricntation; R dcfines approximate angle of rake of fault striac.



21

AN
‘S;g,ﬁ/ N=47

Z
78
0% 5% >10% I5%

Figure 1.9. Preferred orientations of Proterozoic gneissic to mylonitic foliations
define threc common trends: North (N), northwest (NW) and ecast—northeast (ENE)
Lower—hemisphere, cqual—area projection of poles to foliations, contoured at

0, 5, 10 and 15 percent intervals per one percent area.
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brittle faults display comparable orientations to northwest—striking foliations; how—
cver, direct observation of reactivation has not yct been demonstrated in the field.

Comparison of gneissic and mylonitic foliations with Laramide (Fig. 1.4) and Rio
Grande rift (Fig. 1.3) structures further illustrates the influcnce of Proterozoic foli-
ations on the development of younger Phanerozoic structures. In short, the
Phanerozoic structural evolution of the modern—day Joyita Hills was strongly in-
fluenced by basement control and the repcated reactivation of existing Proterozoic foli-

ations and mylonite zones during each major Phancrozoic tectonic event.
Depositional Basin Trends

A mineral cxploration hole on the west flank of the Magdalena Mountains, south
of Kelly, cored 2009 ft (612 m) of Pennsylvanian strata (Krewedl, 1974; Chapin, unpub-
lished core log). This indicates that the San Mateo and Luccro basins arc one continu-
ous, north—trending basin (Fig. 1.10) which bounds the Joyita uplift to the west. [The
Luccero portion of this basin is mislabeled as the Acoma sag on figure 2 of Baars, 1982.
Note also that the thickness of the Pennsylvanian System in the Ladron Mountains used
by Baars for the isopachs of figure 2 is much Iess than that reported by either Kottlowski,
1960, or Siemers, 1983.] A prong extending southeastward from the San Matco/Lucero
basin bounds the Joyita uplift to the south and southwest. Isopach trends (Fig. 1.10;
Kottlowski, 1960) between the modificd San Mateo/Luccro basin and the Joyita uplift
parallel the fault trends defined as ancestral Rocky Mountain normal faults and delin-
cate the uplift margins.

When paleocurrent data from early Wolfcampian Bursum strata (Altares, 1990)
arc supcrimposed on the Pennsylvanian isopach map (Fig. 1.10), it appcars that the
southeast—trending prong of the San Mateo/Lucero basin may have been more exten-
sive than originally defined by Kottlowski (1960). Altares’ (1990) fickd arca spans the
north—south dimension of the prong. Palcocurrent data north of the prong indicate

palcoflow dircctions to the west, southwest and south, that is, basinward with respect
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Figure 1,10. Modified Pennsylvanian isopach map supcrimposed with early
Wolfcampian paleocurrent dircctions from Altares (1990). Hatchured box outlines
location of Altares (1990) field area. Palcocurrent directions (vector means) labeled
N and S are from the north and south of Altarcs’ ficld arca; length of each vector is
proportional to vector strength. Drill—core data (C.E. Chapin, unpublished core log;
control point number 52, Kottlowski, 1960) documents stratigraphic thickness of
Pennsylvanian rocks to be in excess of 2000 ft (610 m), and redcfincs the Lucero and

San Mateo basins as one continuous, north—trending basin.
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to the prong. Paleocurrent data south of the prong, however, do not show north— and
northeast—directed palcoflow dircctions as would be expected from isopach trends
along the southern margin of the prong. Thus, the axis of the prong lay farther to the
southwest. Isopachs between the San Matco/Lucero basin and the Orogrande basin
to the southceast are poorly defined, duc to a paucity of control points. However, the
combination of the southeast—trending prong of the San Matco/Lucero basin, palco-
flow directions to the west, southwest and south, and a southeast—trending trough be-
tween the southern end of the San Mateo/Lucero basin and the northern end of the
Orogrande basin suggests that the two basins were connected by a (perhaps complex)
southcast—trending channcl during the late Palcozoic. Alternatively, the San Mateo/
Luccro basin may be a fragment of another basin displaced northward by Laramide,

right—lateral wrench faults (Chapin and Cather, 1981; Chapin, 1983).
DISCUSSION AND INTERPRETATION

Two normal fault systems have been identificd as ancestral Rocky Mountain in age.
Although each fault trend has been reactivated to some extent during subscquent tee-
tonism, cxisting isopach maps confirm both fault trend and sense of displacement.
Brittle kinematic indicators (striations and mullion structures) define fault displace-
ments as dominantly dip slip, with north—striking faults showing a componcnt of lcft
slip. Furthcrmore, fault orientations are cither known to represent (north—striking
faults) or can be reasonably concluded to represent (northwest —striking faults) reacti-
vation of Proterozoic shcar zones, The fault oricntations associated with the Joyita
uplift, and basin trends within Socorro County, are comparable to structures identificd
as ancestral Rocky Mountain structures to both the north and south.

'To the north, as originally proposcd by Read and Wood (1947) and confirmed by
Baars (1982), anomalously thin Pennsylvanian sequences define a north—trending,
structurally positive element extending from the Nacimicnto—San Pedro arca (Penas-

co uplift of Kottlowski and Stewart, 1970; Fig. 1.1) southward to the Joyita Hills. Fault
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oricntations (Figs. 1.6 and 1.7) arc comparable to those of Baars (1982, figs. 3 and 4)
for the western margin of the uplift. The redefined San Matco/Lucero basin (Fig. 1.10)
borders the uplilt on the west.

In the Sacramento Mountains to the south, faults with similar styles have been inter-
preted as late Palcozoic structures (Roswell Geological Socicty, 1956; Otte, 1959; Pray,
1961). Dip=slip displaccment occurred along a scrics of north—striking, high—anglc
and vertical, normal faults (e.g., Fresnal, Arcente, Alamo and Bug Scuffle faults), some
of which (Alamo and Bug Scuffle) show a scissors—like sense of displacement. The
arca between the eastern shelf sediments exposed in the Sacramento Mountains and
the Orogrande basin has been interpreted by Pray (1961) to be a narrow, north—south
transition zone. This transition zone was probably a west—dipping normal fault zone
(Roswell Geological Society, 1956) comparable to west—dipping faults exposed within
the Sacramento Mountains, and similar to basin boundarics in the San Matco/Lucero
basin to the north.

The anticlinal/synclinal folds exposed within the Sacramento Mountains (Pray,
1961) are commonly associated with the dominantly down—to—the—west normal
faults, and arc comparable in both style and orientation to the fold exposed within the
Joyita Hills along the westernmost, north —striking normal fault (Fig. 1.6). If analogy
can be made with structures in the Joyita Hills, then the north—striking normal faults
within the Sacramento Mountains may represent reactivation of basement structures.
The north—trending folds commonly associated with north—striking normal faults
probably represent a flexure of sedimentary strata above older basement flaws as these
faults propagated upsection and cut into overlying strata.

Baars (1982) documcnted several episodes of displacement along the Nacimicnto
fault during ancestral Rocky Mountain deformation, the youngest in post—Madcra,
pre—Abo time. Within the Joyita Hills, Kottlowski and Stewart (1970) defined the tim-

ing of major uplift as carly Wolfcampian, and Pray (1961) concluded that ancestral
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Rocky Mountain deformation within the Sacramento Mountains was latec Pennsyl-
vanian to early Wolfcampian. Thercfore, the timing of the latest, and perhaps the ma-
jor, phasc of uplift within the three arcas was approximately synchronous.

It cannot be stated with certainty that the southern end of the modified San Mateo/
Lucero basin and the northern end of the Orogrande basin were connected by a south-
cast—trending trough. However, northwest—trending isopachs, as originally drawn by
Kottlowski (1960), and early Wolfcampian palcocurrent data (Altares, 1990), support
this interpretation. As defined, basin locations and irends suggest that a continuous,
and perhaps quitec complex, depositional channel extended from the San Mateo/
Lucero basin to the Orogrande basin during the late Paleozoic (Figs. 1.10 and 1.11).

In central New Mexico, ancestral Rocky Mountain tectonism resulted in basins and
uplifts of dominantly north and subordinate northwest trend. The San Matco/Luccro
and Orogrande basins are aligned in a north—trending, left—stepping en—echelon pat-
tern. The two basins were probably connccted by a southcast—trending channcl.
Bounding structures arc high—angle to vertical normal faults, with north—striking
faults showing a component of left slip. Restored fault gcometries and kinematic indi-
cators, when combined with spatial relationships of basin location and trend, definc an
overall system compatible with subsidiary left—lateral displacement along a north—
striking, dominantly normal fault zone extending through central and southern New
Mexico (Fig. 1.11). The inferred wrench fault system must have been largely divergent
in order to accommodate fault displaccments that were dominantly dip slip. The in-
ferred southeast—trending basin between the San Matco/Lucero and Orograndce ba-
sins is envisaged as cither a releasing bend or a rhomb—graben between two left—step-
ping, north—striking wrench faults (Ramsay and Huber, 1987, figs. 23.37 and 23.38;
Sylvester, 1988, fig. 20). The Jatter alternative is presented in Figure 1.11. Although

fault gcometries and associated kinematics are compatible with this interpretation, the
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Figure 1.11. Hypothetical late Paleozoic, north-trcndhg, left-lateral wrench zone

within central and southern New Mexico. North—trending basins (San Matco/Luccro

basin and Orogrande basin) developed within principal zones of left—latcral shear.

Theinferred northwest —trending basin connecting the southern end of the San Mateo/

Luccro basin and the northern end of the Orogrande basin is shown as a rhomb—

graben between two left—stepping, left—lateral shear zoncs.,
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principal hindrance to demonstrating such a wrench zone is due to younger deforma-
tion. Laramide, right—lateral, north—trending wrench systems have been interpreted
within New Mexico by Chapin and Cather (1981) and Chapin (1983), along the Naci-
micnto fault by Baltz (1967), and within the Joyita Hills (Fig. 1.4). Overprinting of
strike —slip systems of comparable trend but opposite sense of displacement makes
reconstruction difficult. However, it is important to note that restoration of approxi-
mately 60 mi (100 km) of Laramide right—slip (Chapin and Cather, 1981; Chapin,
1983) would significantly diminish the northeast—southwest dimension of the rhomb—
graben depicted in Figure 1.11. Restoration would roughly align the southeast—trend-

ing prong at the southern end of the Luccro basin with the northwest—trending trough

at the northwestern end of the Orogrande Basin (Fig. 1.10).
CONCLUSTONS

This paper has presented new structural data from the Joyita uplift and drifl—core
data from the adjacent Luccro and San Matco basins. The structural data define the
Joyita uplift as a north—trending positive clement, bound to the west and southwest by
depositional basins. Drill—core data indicate that the San Matco and Luccro basing
arc one continuous, north—trending basin. The basin probably extends southeastward
into the Orogrande basin.

Although the arca from which these data are obtained is relatively small with respect
to the arca to which they arc applicd, fault orientations and modificd basin trends are
compatible with interpretations of previous investigators in adjacent areas. The similar
basin and uplift trends, fault orientations and sensc of offsct, and timing of deformation
indicates that, during the ancestral Rocky Mountain orogeny, a large arca of the crust
in New Mexico expericnced a comparable deformational history. The combination of
basin and uplift gcometrics, brittle kinematic indicators and available palcocurrent
data suggest a north—trending, divergent, left—lateral wrench system extended

through central and southern New Mexico during the late Paleozoic.
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INTRODUCTION

Dctailed field obscrvation of more than 1700 joint, fault, fault striation and dike
orientations within sedimentary and volcanic rocks of the Joyita Hills, central New
Mexico, indicates that tectonically induced brittle fractures do not demonstrate pre-
ferred orientations with respect to three—dimensional space, per se, as is simply as-
sumed in classical orientation analyses. More specifically, observation indicates that
cach of the forementioned structural elements form consistent angular relationships
with respect to bedding. These relationships can be rcadily demonstrated by plotting
fracturc oricntations with respect to bedding, which is accomplished by computerized
rotation of inclined strata to horizontal combined with a corresponding rotation of ob-
served fracture patterns. This analytical method, therefore, treats joints and faults as
structures superimposcd upon bedding prior to any appreciable rotation within a given
deformational event. Plotting tectonically induced fracture patterns with respect to
bedding, rather than with respect to three ~dimensional space, readily defines realistic
orientations of applied stress fields in which the fracture patterns accord with Ander-
son’s (1951) theories of near—surface faulting. Resultant interpretations indicate that
both joints and small—displacement faults are mainly carly formed structural clements
within a specific tectonic episode.

This analytical technique has been applicd to fracture orientations observed within
the Phanerozoic stratigraphy of the Joyita Hills arca of central New Mexico, USA (Fig.
2.1) and has been used to evaluate stress oricntations associated with Rio Grandec rift
and Laramide tectonism. Comparative analysis of fault orientations, plotted with re-
spect to three—dimensional space (field—recorded orientations), versus thosc plotted
with respect to bedding (computerized rotation, or "restored” orientations) form the
basis of the following analyses. Fault orientations arc supplemented with fault stri-
ation, joint, fold axis and dike orientations, most of which, in the interest of minimizing

figures, are presented as “restored” orientations. The arguments that follow discuss
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resultant interpretations and implications of initial fracturing as a fundamental aspect
of shallow crustal, brittle deformation.

[t is emphasized from the outsct that the consistency between fracture orientation
and bedding may be alternatively attributed to clastic plate theory combined with bed-
ding—parallel {rictionless slip. Practical applications of this kind have been provided
by Reches (1978) and Jackson and Pollard (1990). Their respective analyses are cited
beeause both provide a thorough and reasonable account for their observations and in-
terpretations, and both provide a means of comparing a recognized analytical tech-
nique with the analytical technique utilized herein. It is also ecmphasized that the con-
ceptofjointand fault generation during the carly stages of deformation is not new (c.g.,
Mclton, 1929; Parker, 1942; Reches, 1976, 1978; Beck, 1984; Beck and Burford, 1985).
The results of this study indicate that the concept of initial fracturing provides a viable
alternative to clastic plate theory and frictionless boundary conditions to account for
the consistency between fracturc orientation and bedding. Morcover, the results indi-
cate that workers cannot assume, without cvidence, that faults and joints in any arca
have maintained the orientations in which they formed. Carcful consideration of later
rcoricntation of these brittle structures allows analysis in arcas where rotation subsc-

quent to jointing and faulting can be demonstrated.

Study arca

The Joyita Hills arca is a complexly faulted, west—tilted, normal—fault block within
northeast Socorro County, New Mexico (Fig. 2.1). Exposurcs of Protcrozoic augen
gneiss within the core of the Joyita Hills arc overlain by approximately 4 km of inclined
Phanerozoic sedimentary and volcanic strata within the Joyita Hills and adjacent arcas
to the cast (El Vallc de La Joya; Figs. 2.1,2.2). Thesc cxposurcs reveal awealth of struc-
turcs associated with crustal extension, wrench tectonics and to a lesser extent, com-
pressional thrusting. Phancrozoic structures are the result of at lcast three recogniz-

able orogenic episodes: Ancestral Rocky Mountain, Laramide and Rio Grande rift.
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Figure 2.2. Generalized stratigraphy exposed within the Joyita Hills and El Valle de
La Joya. Initially horizontal sedimentary and/or volcanic scquences were deposited
prior to and after each recognized tectonic episode, allowing a direct corrclation
between observed fracturc patterns and specific orogenic events. Patterns correlate
with those of Fig. 2.1; diagonal rule indicates absence (either non~-deposition or

crosion) of stratigraphic record. Modified from Osburn and Lochman—Balk (1983).
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A fundamental aspect of this deformation appears to be reactivation of existing struc-
tures. Fortunately, cach known Phancrozoic tectonic event was separated by a period
of tectonic quiescence and deposition of initially horizontal sedimentary and/or volca-
nic sequences, which record fracture patterns and structural styles that developed dur-
ing cach succeeding orogeny. The stratigraphic scquences that specific fracture pat-
terns and associated structural styles overprint, and just as importantly, thosc which
they do not, are used to corrclate specific stress—ficld orientations with individual tec-
tonic cvents.

Although both ductile (Proterozoic) and brittle (Phancrozoic) structurcs arc well
exposed, emphasis has been placed on brittle structures superimposed on the
Phancrozoic stratigraphy. Foliations within Protcrozoic bascment rocks arce gneissic
to mylonitic, and are cross—cut by amphibolite, pcgmatite and aplite dikes. Preferred
orientations of foliations have been determined in order to evaluate the influcnce of
basement control and the extent to which rcactivation of cxisting structures has oc-

curred.
REASONING, TERMINOLOGY AND METHODS

It should be emphasized that the reasoning behind the method of analysis does not
stem from either mathematical or mechanical considerations, but rather is the result
of direct field observation. Fracture patterns, formed by cither joints, faults or occa-
sionally both, formed angular relationships similar to thosc proposed by Anderson
(1951) for near—surface brittle failurc. Anderson theorized that in near—surface,
brittle deformation, the applicd stress ficld should be oriented such that one of the prin-
cipal stress axes should be vertical, and two principal stress axes horizontal (Fig. 2.3).
Conjugate faults (Hobbs et al. 1976; Davis, 1984; Price, 1966; Price and Cosgrove, 1990;
complementary faults of Anderson, 1951) would be symmetrically disposed about these
axes, such that each fault orientation would make an cqual angle with respcct to hori-

zontal. Observation in the field, however, indicated that what appearcd to be conjugate
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Figure 2.3. Hypothetical fracture patterns for shallow crustal, brittlc deformation as
proposed by Anderson (1951). Block diagrams represent: A) Normal faulting, o
vertical; B) strike—slip faulting, o, vertical; C) thrust faulting, o3 vertical. Diagrams
D, E and F illustrate stercographic representation of poles to fracture plancs for cach
system, respectively, assuming numerous fractures are plotted. All diagrams

referenced to north; T and S denote tensile and shear fractures.
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shear patterns (formed by cither joints, faults, or both) were not equally disposecd with
respect to horizontal, but rather were equally inclined with respect to bedding (aperva-
sive planar fabric that was originally horizontal; Fig. 2.4). Morc specifically, small—
to medium—scale faults that exhibited little or no drag, and occurred as either single
fault orientations or as conjugate pairs, very consistently cut bedding at roughly 30°
(thrust faults), 60° (normal faults), or 90° (strike—slip faults). The most straightfor-
ward interpretation is that these structures (which werc prefcrentially aligned with re-
spect to the applied stress ficld) were superimposed on bedding while bedding was con-
sistently oriented, and therefore, while bedding was still horizontal. The concept of
joint and fault generation during the carly stages of deformation is not entircly new
(c.g., Mclton, 1929; Parker, 1942; Reches, 1976, 1978; Becek, 1984; Beck and Burford,
1985). Most of these studics dealt primarily with joints, and to a lesscr extent small
faults, and concluded that these brittle structures predated observed folds. The shear
joints of Reches (1976, p. 1654) would be classified as small faults within the context
of this study, and although Reches (1978, fig. 15) discussed whether simall faults within
steeply inclined strata may have formed while bedding was horizontal, he did not favor
this conclusion. In the following analyscs, joints and small faults are treated as early
formed structures within a given deformational event and initial fracturing is inter-
preted as a fundamental aspect of shallow crustal, brittle deformation.

Data collection has been coordinated with detailed geologic mapping at a minimum
scale of 1:12,000 (1:6,000 where structurally complex). Attitudes of structural cle-
ments, including bedding, systematic joints (Davis, 1984; Price, 1966; Pricc and Cos-
grove, 1990), fault, fault striation (cither aligned crystal fibres or lincar abrasion
grooves; Durney and Ramsay, 1973; Ramsay and Hubcer, 1983; Davis, 1984; Pricc and
Cosgrove, 1990), fold axis and dike orientations are described and recorded in the ficld
at specific stations. Joints arc classificd as cither mincralized or "featureless” (Davis,

1984), and are thoroughly scanned for evidence of slip. If evidence of slip has been
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Figure 2.4. Examples of relationships between fractures and bedding. A) Conjugate
normal faults and shear joints cut across bedding at roughly 60°; B) simulation of
computerized restoration of bedding to horizontal. Conjugate shears arc now equally
inclined to both bedding and horizontal; C) steeply dipping inferred strike—slip fault.
Fault planc is normal to bedding; striac within the fault planc arc parallel to the line
of intersection formed by the fault planc and bedding planc. Computerized restoration
of bedding to horizontal would reorient the fault plane to vertical, striac to horizontal,
D) conjugate microfaults indicative of thrust faulting. Restoration of bedding to
horizontal would reorient microfaults such that they would be equally inclined with

respect to horizontal (o3 vertical).
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Figure 2.4, continued. Examples of relationships between fractures and bedding. A)
Conjugate normal faults and shear joints cut across bedding at roughly 60°; B)
simulation of computerized restoration of bedding to horizontal. Conjugate shears arc
now cqually inclined to both bedding and horizontal; C) steeply dipping inferred
strike—slip fault. Fault plane is normal to bedding; striac within the fault plane are
parallel to the line of intersection formed by the fault planc and bedding plane.
Computerized restoration of bedding to horizontal would reorient the fault plane to
vertical, striac to horizontal; D) conjugate microfaults indicative of thrust faulting.
Restoration of bedding to horizontal would reorient microfaults such that they would

be equally inclined with respect to horizontal (o3 vertical).
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dctected, either through minute offsct of bedding, abrasion grooves, or aligned crystal
fibres, the fracture is classified as a fault. Obscrved displacements (netslip) on individ-
ual faults range from less than 1 cm to several km (as along the East Joyita fault, which
displays approximately 3 km of Tertiary, down to the cast, normal displacement, Fig.
2.1). Most of the faults observed and used in the analyses record relatively small dis-
placements, and typically exhibit net slips on the order of a few meters to a hundred
meters. Small— to medium—scale faults arc far more numerous than large —scale (re-
ts. Faults are classified in the fickd as normal, thrust (reverse) or strike —slip
faults (Anderson, 1951). Strike—slip faults arc further classificd as right— or left—lat-
eral (dextral or sinistral, respectively; Anderson, 1951) through the use of "fault steps’
(Durney and Ramsay, 1973; Hobbs et al. 1976; chattermarks of Davis, 1984) on the fault
surfacc. As might be expected, not all faults arc readily categorized into these three
fault categories. In outcrops where the style of faulting has not been determined, duc
to outcrop over a small arca lacking specific marker horizons, or where a small—scale
fault could not be traced to marker horizons, the fault is classificd as “unknown”.

Computerized analysis of field data makes use of two FORTRAN programs. Rota-
tion is accomplished through the use of program FABSTAT (Perry, 1981), and plotting
utilizes program SCHMDT (Beasley, 1981). Both programs have been somewhat mo-
dificd. Modifications to FABSTAT include cxpanding input and output formats to ac-
commodate quadrant as well as azimuth notation, lincar data as well as planar data, and
output formats compatible with the input formats of SCHMDT. Modifications to pro-
gram SCHMDT include adapting the program to print at 8 (rather than 6) lines per
inch, and to print at every printing site (as opposcd to alternate printing sites) to cn-
hance definition of preferred orientations (maxima or concentralions).

In the analyses that follow, orientations of ficld data arc referred to as “ficld—re-
corded” data. Once these data have been run through the rotation program, they arc

referred to as “restored” data. Data scts arc plotted on lower—hemisphere,
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cqual—area (Schmidt) projections (Philips, 1971; Pricst, 1985) and analyzed according
to their ficld —recorded orientations. Thesame data scts are then run through the rota-
tion program, which treats all data from a specific ficld station individually. In other
words, the planar and lincar orientations observed at a spccific outcrop are restored
using the bedding orientation at that locale, rather than using regional dip. Bedding
is rotated to horizontal about an axis parallel to strike, by an amount equal to the field -~
recorded dip. Observed linear and planar structural clements are rotated in the same
sense and by the same amount, about the same axis, and restored orientations arc mati-
cmatically calculated. The restored datasctis then plotted and comparced to the projec-
tion of ficld—rccorded data.

Regional bedding, in some cascs, must be used to restore datq. Evidence of fault
drag indicates that the original angular relationship between bedding and the fault has
been destroyed within the drag—folded strata. If cvidence of dragis present inonly onc
fault block, the bedding orientation to be used for rotation is recorded in the opposing
fault block. If both blocks show evidence of drag, regional bedding is used to restorc
the fault to its inferred original oricntation. Similarly, regional bedding is used to re-
store structural orientations where bedding is absent, as in the Proterozoic core of the
Joyita Hills.

Interpretations of principal stress directions arc made in accordance with theoreti-
cal aspects of fracturc orientation with respect to the applied stress field (Fig. 3) as indi-
cated by Anderson (1951), Davis (1984) and Price and Cosgrove (1990). The applicd
stress ficld consists of three mutually perpendicular (orthogonal) stress axcs, desig-
nated as 0y, 0y and o3 (principal axes of maximum, intcrmediate and minimum com-
pressive stress, respectively). Structural elements arc oriented with respect to the
applicd stress ficld such that o} bisects the acute angle between the conjugate faults.
The line of intersection formed by the conjugate faults is parallel to ¢3. The obtusc

angle between conjugate faults is bisected by g3. Fault striac arc parallel to the line of
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interscction formed by the g1/03 planc and the respective conjugate fault plancs. Ten-
sile fractures (mincralized joints, veins and dikes) open normal to the fracture planc

and arc parallel to the o1/o; planc.

STRUCTURAL ANALYSIS

The principal data set is illustrated in a composite plot (Fig. 2.5) of all brittle, planar
structures (joints, dikes and faults), plotted with respect to three—dimensional space
aswellaswith respect to bedding. Additional data, including fault striac, fold axis, Prot-
crozoic basement foliations, and ancestral Rocky Mountain fault orientations (Beck
and Chapin, 1991) arc treated scparately. Inspection of both field-recorded (Fig.
2.5a) and restored (Fig. 2.5b) orientations reveals that planar orientations are distrib-
uted over much of cach sterconet and maxima arc of relatively low percentage valuc.
Thisisattributed to the cffects of overprinting and mutual interference of multiple frac-
ture oricntations associated with multiple dcformational events. The fundamental dif-
ference between the two diagrams is in the spatial distribution of maxima oricntations.
With reference to Fig. 2.3, preferred orientations observed in the plot of ficld—rc-
corded data show little to no compatibility with theorctical fracture patterns that would
be expected in Andersonian, shallow crustal deformation. In contrast, restored orien-
tations demonstrate two distinct fracture patterns that could be indicative of conjugate
faults and bisccting tensile fracturcs associated with stress fields in which aj was verti-
cal. However, the planar orientations plotted in Fig. 2.5 include the joints, faults and
dikes that formed in response to a minimum of three deformational events. For this
rcason, the initial data has been subdivided on the basis of like structural elements and
plotted scparately in the following catcgorics: Normal faults, strike —slip faults, thrust
faults, unknown faults, dikes and joints. Fault striac obscrved on cach of the four fault
categorics arc plotted scparately and presented with the corresponding fault plot. The
following analyses compare field—recorded fault oricntations with restored fault

orientations, because it is felt that of the foregoing catcgories, faults are most definitive.
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Fault oricntations are supplemented with fault striac, joint and dike oricntations,
where appropriate, and compatible orientations grouped into fracture (joint and/or
fault) systems. The stratigraphic scquences that a recognizable fracture pattern over-

prints is used to correlate structural styles with specific tectonic events.

Normal fault svstems

Aseries of normal faults offset Tertiary volcanics and older rocks, and arc associated
with the development of the Rio Grande rift. Field—recorded normal faults demon-
strate a variety of orientations, and are marked by dip—slip or oblique—slip striations.
Comparison of ficld—recorded and restorcd normal fault orientations (Fig. 2.6a,b)
clearly demonstrates that normal faults typically cut bedding at 60°—65°. When re-
stored, normal fault orientations form maxima that arc cither cnhanced as discreet con-
centrations and/or increased in maxima percent value. Normal faults plot as diamctri-
cally opposed concentrations that define three separate and distinct pairs of conjugate
normal faults. The two dominant conjugatc pairs strike to the north—northcast and
northwest, respectively. A third pair of conjugate faults, numerically less significant
than the other two, strikes to the east—northeast. Each conjugate pair is compatible
with Andersonian theories on near—surface normal fault oricntations, and defincs a
dihedral angle of approximately 559—600°.

Fault striae (FFig. 2.6c), when comparably restored, define dip—ship fault displace-
ments. Striae associated with the north—northeast—striking and northwest—striking
fault systems are fairly well defined: Striac associated with the east—northcast —strik-
ing normal faults are not numerically sufficient to form distinct concentrations. Pre-
ferred orientations of mineralized joints and veins (Fig. 2.6d) and mafic dikes (Fig.
2.6c), when comparably restored, define three distinet maxima. Each of these maxima
define sub—vertical tensile fractures that strike north—northeast, northwest, and
cast—northeast, and respectively bisect the acute angle formed by cach pair of conju-

gate normal faulfs.
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The combination of conjugate normal faults marked by dip—slip fault striac and
bisecting tensile fractures define three separate and distinct fracture systems that arc
compatible with theoretical considerations of Anderson (1951). Normal faults asso-
ciated with cach of the six inferred shear orientations, and mafic dikes from cach of the
three inferred tensile orientations have been obscrved within Tertiary volcanic se-
quences. Therefore, each of the three normal fault systems was active during deforma-
tion associated with the development of the Rio Grande rift.

Tertiary volcanic rocks within the Joyita Hills strike north —northeast and dip
259309 to the west—northwest (Figs. 2.1 and 2.5¢). That both bedding and normal
faults strike to the north—northeast, and that the faults arc marked by dip—slip striac,
geometrically necessitates that rotation occurred about an axis that was horizontal and
parallel to strike of bedding and faults (and therefore parallel to o3) of the north—
northeast—striking fracturc system. Therefore, rotation occurred while the north—
northeast stress field was active. Fractures associated with all three fracture systems
plot as enhanced maxima and form compatible systcms when bedding is restored to
horizontal, which indicates that fractures associated with each fracture system must
have been superimposcd upon bedding prior to rotation about the north —northcast—
trending axis. If the fractures associated with any system post—dated the rotation of
bedding, restoration (which effectively simulates a rotation of strata) would cause the
fractures to be redistributed and plot as scatter rather than as enhanced maxima (be-
havior of this kind is discussed in the scction on thrust faults). Thercfore, the gencra-
tion of fractures associated with cach fracture system must predate rotation about the
north—northeast—trending, horizontal axis.

Inferred stress field orientations for cach of the respective normal fault systems
arc provided in Fig. 2.6(f,g and h). Inferred stress ficlds were oriented such that | was
vertical; 0p and o3, respectively were parallel and perpendicular to fault strike within

cach system. Each stress field orjentation (and resultant fracture pattern) can be
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related to reaétivation of existing structures (discusscd below in the section on reactiva-
tion). Thercfore, an alternative interpretation is considered cqually viable, in which
the three (apparently distinct) fracture systems are indicative of onc overall stress ficld
where o} (vertical) > o5 ~ 3. Inthisinterpretation, small changes in the relative mag-
nitudes of ;3 and 03 would allow significant changes in the dircction of extension, with

fracturc patterns preferentially aligned parallel to existing structural grains.,

Strike—slip fault systems

Strike=slip faults obscrved in the fickd most commonly offsct Proterozoic through
Cretaccous rocks, and are marked by obliquc— to sub—horizontal striations. A limited
number of strike —slip faults (<2%) have been obscrved within Tertiary volcanic rocks.
Comparison of ficld—rccorded versus restored strike —slip faults (Fig. 2.7a,b) indicates
that strike—slip faults also demonstrate preferred angular relationships with respect to
bedding, and are typically oriented atright angles to the bedding plane. When restored,
strike—slip faults plot as near—vertical plancs, and obscrved maxima orientations arc
both enhanced as discrete concentrations and/or increcascd in maxima percent value.
Restored fault striac (Fig. 2.7¢) plot as sub—horizontal to horizontal lincations that
correspond with each observed fault maxima. Strike—slip faults form at least four con-
centrations that respectively strike north—northwest, north—northeast, northeast and
cast—northeast; northwest—striking faults are less common. Northeast— and cast—
northeast—striking fault orientations form discrect maxima. North—northwest— and
north—northeast-—striking faults may be alternatively interpreted as either a single or
dual maxima. These faults are considercd as two distinct fault populations for two rca-
sons: 1) northerly striking strike—slip faults have plotted as two populations through-
out the data collection process; and 2) northerly trending fault striac (Fig. 2.7¢) also
plot as two populations of lincations.

Fault steps on strike—slip faults have been used to determine the sensc of offset.

Fault steps are interpreted as “pull—apart” structures, the steep face of which, relative
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to the fault block in which they are found, faces the direction of displacement of the
opposing fault block (Durney and Ramsay, 1973). When interpreted in this manncr,
faults that strikc north—northwest, north—northcast and northeast arc defined as dex-
tral faults, and cast—northeast striking faults arc sinistral. The sense of displacement
is not always consistent, and fault steps occasionally indicate dextral and sinistral dis-
placement along different fault planes of the same orientation. However, the sensc of

displacement previously stated for the foregoing fault trends is compatible with a mini-

The foregoing strike—slip faults and their respective sense of offsct are interpreted
to be related to two separate wrench fault systems. Dextral faults that strike north—
northeast and north—northwest, when combined with sinistral faults that strike cast—
northeast, are interpreted as respective parts of a north—trending, right—Ilateral
wrench fault system, and are respectively interpreted as synthetic, sccondary synthetic
and antithetic strike—slip faults (or using Riedel shear terminology, R, P and R’ shears;
Christic—Blick and Biddle, 1985, fig. 5). The dihedral angle between synthetic and an-
tithetic faults approximates 60°. When interpreted in this manner, inferred stress axes
associated with the inferred dextral wrench system are oriented such that o) was hori-
zontal, trending northeast; op was vertical; and o3 was horizontal, trending northwest
(Fig. 2.7d). As defined, the north—trending, dextral wrench fault system is compatible
with interpretations of Chapin and Cather (1981) and Chapin (1983) for Laramidc de-
formation within New Mexico. An alternative interpretation, in which the north —strik-
ing faults are considered as a single fault population, yiclds a stress ficld oricptation as
depicted in Fig. 2.7(¢).

Other strike —slip faults strike northeast and to a lesser extent, northwest. Fault
steps define displacement as dextral along the northeast—striking faults. Definitive
fault steps have been observed along the northwest—striking faults in only onc location.

Although the sensc of displacement was defined as sinistral, one reading is inadequate
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for definitive interpretation. Dextral displacement has been documented along the
northeast—striking Montosa fault zonc (Fig. 2.1; Brown, 1987). The dextral strike—
slip faults observed within the Joyita Hills and El Valle de La Joya are thought to be
rclated to dextral displacement along the Montosa and Dcl Curto fault systems. The
northwest—striking faults may represent the antithetic fault orientation with respect to
the northeast—striking faults. Spatial relationships between the dextral strikc—slip
faults and a north—northwest — trending anticlinal flexure (Fig. 2.1) may be interpreted
as a convergent overstep structure associated with dextral wrenching along the left—
stepping, northeast—striking faults. This interpretation would also be compatible with
the dextral wrench faulting interpretations of Chapin and Cather {1981) and Chapin
(1983) within New Mexico. When considered as a conjugate pair of strike—slip faults,
the dihedral angle approximates 909, which is anomalous in comparison to other stress
ficlds defined hercin. One explanation could be that the orientation of the antithetic
shears within this inferred wrench fault system were controlled by northwest —striking
basement structurcs (presented below in the discussion of Proterozoic foliations).
When treated as a conjugate pair, inferred stress axes were oriented such that o was
horizontal, trending east —west; g, was vertical; and o3 was horizontal, trending north—

south (Fig. 2.7f). This may or may not be a valid correlation.

Thrust fault systems

Reverse faults (Fig. 2.8) observed within the study arca are much less common than
cither normal faults or strike—slip faults. Reverse faults are commonly moderate (o
high angle and marked by dip—slip and oblique—slip fault striac. Comparison of
ficld—recorded reverse fault orientations (Fig. 2.8a) with those of restored reverse
faults (Fig. 2.8b) indicates that when restored, observed maxima are enhanced as dis-
tinct maxima, increased in maxima percent value, and plot as low—angle structurcs, or
true thrust faults, in accordance with Andersonian theory. Obscrved maxima arc ap-

parently the result of three distinct fault systems. One system strikes west—northwest,
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and 1s composed of a conjugate pair of thrust faults. A sccond system, also defined by
conjugate thrust fault oricntations, strikes north—northwest. A third system, repre-
sented by a single fault maximum rather than by a conjugate pair, strikes north—nort-
heast. When restored, all thrust faults plot at roughly 259309 to horizontal and conju-
gate pairs form dihedral angles of approximately 50°—55°, Thrust faults and associated
folds have been observed within Pennsylvanian through Cretaccous strata and arc
therefore attributed to Laramide deformation. Restoration for thrust fault systems in-
volves a two—stage process: Thrust faults and associated striae, combined with the spe-
cific bedding orientation in which they are recorded, are restored (26° about a horizon-
tal axis trending to N28°E; Fig. 2.5¢) to compensate for rotation associated with Rio
Grande rift deformation. Residual bedding inclination is then restored to horizontal
and thrust faults and associated striae rotated by a comparable amount.

Fault striac are somewhat problematic because: 1) the number of obscrvations
associated with the thrust fault systems is limited; and 2) thrust faults were reactivated
during subsequent deformation. Some striac are thought to represent reactivation for
the following reasons. Comparison of west—northwest—striking thrust faults and con-
tained striae in ficld—recorded oricntations versus restored orientations (Fig. 2.8¢,d)
indicates that some individual concentrations (labelled A and C) are enhanced as dis-
tinct maxima and/or increased in maxima percent valuc, others (labelled B and E) re-
main relatively unchanged, and concentration D is actually diminished as a discretc
maximum and deereased in maximum percent value when restored. When restored,
fault orientations (maxima A and B) plot as a conjugatc pair. The combination of faults
with compatible striac (concentration C) are interpreted as respective clements of the
west—northwest—striking thrust fault system. Additional striac orientations (labelled
D and E) arc incompatible with the inferred thrust fault system. Each can be argucd
to be the result of subsequent reactivation of the west—northwest—striking faults.

Striac labelled D are parallel to the line of intersection formed by the fault plancs
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(concentration B) and the 01/03 plane of the cast—northeast—striking normal fault sys-
tem (Fig. 2.6h). In otherwords, it is interpreted that these incompatible strianc arc indic-
ative of renewed slip on cxisting Laramide thrust plancs whilc the cast—northeast—
striking normal fault system was active during mid—"Tertiary tectonism. Similarly,
incompatible striae (labelled E) in Fig. 2.8(d) arc interpreted to be the result of reac-
tivation of the west—northwest—striking thrust faults while the north—northwest—
striking thrust fault system was active (Fig. 2.8¢; both are Laramide fault systcms).

Thrust faults and striae of the 1

]

1rth—northwest— and north—northeast—striking

2

thrust fault systems arc less problematic (Fig. 2.8c¢,f).

A limitcd number of folds have also been obscrved in the Joyita Hills arca, and
are typically small—scale, localized folds or broad, open folds that occupy a small arcal
pereentage of the ficld arca. North—northeast—trending folds are most common, and
become more pronounced to the cast and northeast of the study arca (Fig. 2.1). Folds
have been observed within Cretaceous and older strata, and no folds (other than fault
drag) have been observed within Tertiary volcanic rocks. Thercfore, compressional
thrusting and the generation of these folds is attributed to Laramide deformation. Re-
stored fold axes (Figs. 2.8g,h and i; restored by removing 26° of down—to—the—west
rotation about a horizontal, N28°E axis, Fig. 2.5¢) define three distinet fold orienta-
tions that trend west—northwest, north—northwest and north—northeast. Each fold
axis is sub-horizontal to horizontal, and is sub—parallel to the inferred orientation of
0y associated with cach inferred thrust fault system. Therefore, folds are combined
with respective thrust fault systems on the basis of the compatibility of fault strike and
fold axis trend. For each respective thrust—fault and fold system, the inferred stress
ficld (Fig. 2.8),k and 1) is interpreted to have been oriented such that gy was horizontal,
and perpendicular to thrust fault strike and fold axis trend; oo was horizontal, and paral-

lel to fault strike and fold axis trend; and o3 was vertical.
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Ancestral Rocky Mountain normal faults

Structural and tectonic aspects of ancestral Rocky Mountain (late Paleozoic) defor-
mation within the Joyita Hills have been discussed previously by Beck and Chapin
(1991). Two distinct normal fault trends arc interpreted to have been active during car-
ly Wolfcampian (earlicst Permian) tectonism. Restoration has been accomplished by
removing the combined cffects of Laramide and Rio Grande rift, down—to—the —west
rotations (approximaltely 299 about a N32°K axis; Vig. 2.5¢). Restoration defines the
faults as north—striking and northwest—striking normal faults (Fig. 2.9a,b). Restored
fault striac define fault displacements as dominantly dip slip, with north-striking,
west—dipping normal faults showing a component of left slip (striac rake approximate-
ly 63° southward). Fault oricntations and kinematic indicators, when combined with
the spatial distribution and trend of basins and palcocurrcnt data, suggest a north—
trending, left—latcral wrench fault system through central and southern New Mexico
during the late Palcozoic (Beck and Chapin, 1991).

The foregoing fault trends have been treated separately from the primary data sct
(Fig. 2.5) for several reasons. Most of the faults interpreted to be ancestral Rocky
Mountain faults occur as wide gouge zones and exhibit fault drag where carlicst Per-
mian and older sedimentary sequences have been juxtaposcd against Proterozoic basc-
ment rocks. Therefore, the original angular relationship between the fault planc and
bedding, which is the fundamental basis upon which the analytical process described
hercin is formulated, has been masked. In addition, all but onc of these faults have
been reactivated during younger tectonism. The amount of fault drag and associated
axis of rotation attributable to younger tectonism versus that attributable to anccstral
Rocky Mountain deformation is not known. Further, the overprinting of ancestral
Rocky Mountain structures makes application of the analytical technique described
herein difficult. Distinguishing small-scale, north—striking strike—slip faults that

originated during Laramide dextral wrenching from thosc that may have originated
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during inferred ancestral Rocky Mountain sinistral wrenching (Beck and Chapin, 1991)
is not readily accomplished. For example, fault steps observed on north—striking
wrench faults attributed to Laramide deformation (those found within post—ancestral
Rocky Mountain strata) in some cascs indicate sinistral, rather than dextral displace-
ment. Similarly, small—scale normal faults of northwest strike superimposed on carli-
est Permian and older rocks may have originated during cither mid —Tertiary or ances-
tral Rocky Mountain tectonism. Thercfore, the apparent reactivation of ancestral
Rocky Mountain structurcs in a similar sensc of offsct (normal offsct along northwest—
striking, southwest—dipping faults) or similar structural style (dextral versus sinistral
strike—slip along north—striking vertical faults) renders application of the analytical
technique to ancestral Rocky Mountain structures less definitive in the determination
of applied stress ficld orientations than it was for cither Laramidc or Rio Grande rift

tectonisim.

Proterozoic basement structures and rcactivation

Exposures of Protcrozoic augen gneiss within the core of the Joyita Hills display

a multitude of planar features, including gneissic to mylonitic foliations, and amphibo-
lite, aplite and pegmatite dikes. Restored foliations (Fig. 2.9¢) define three common
orientations. All arc high angle tovertical, and respectively strike north, northwest and
cast—northeast. North— and east—northeast-striking foliations are most common.
Reactivation of basement fabrics occurred during each Phancrozoic orogenic event.
Proterozoic foliations apparently served as planes of weakness that were repeatedly
reactivated in a brittle manner during the Phanerozoic. North—striking, west—dipping
normal faults and northwest~striking, southwest—dipping normal faults of ancestral
Rocky Mountain age (Figs. 2.9a,b) are both comparably oriented to north— and north-
west--striking foliations in Proterozoic rocks. North —striking faults of ancestral Rocky

Mountain age have been observed to be directly superimposed upon and reactivate a
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Proterozoic mylonite zone (Beck and Chapin, 1991). Northwest—striking faults arc
also thought to represent reactivation of parallcl northwest—striking foliations.

Reactivation of basement fabrics can also be logically concluded to have occurred
inyounger orogenic events. Fault and dike orientations associated with both Laramide
and Rio Grande rift tectonisms are of comparable orientations to Proterozoic foli-
ations, and both dip—slip and strike—slip fault striations have been observed on foli-
ation planes.

Both strike —slip and thrust fauits have becn attributed to Laramide deformation.
Strike~—slip faults are most common, with thrust faults and associated folds compara-
tively less numerous. Laramide strike—slip fault orientations are comparable to thosc
of Proterozoic foliations. Notably, north~ and cast—northeast—striking—wrench
faults (Fig. 2.7b) arc subparallel to north— and east—northeast—striking foliations
(Fig. 2.9¢). Other strike—slip faults strike northwest (Fig. 2.7b), and arc subparallcl
to northwest—striking foliations.

Fault and dike orientations that developed during mid—Tertiary extension define
three distinct stress field oricntations, cach of which resulted in normal faulting. Planar
(dike and fault) orientations within cach fracturc system respectively strike to the
north—northeast, northwest and east—northeast (Fig. 2.6f,g and h). The northwestand
cast—northeast étriking fault and dike systemswere apparently controlled by the north-
west— and cast—northeast—striking basement fabrics. At present, no basement fabric
of north—northeast strike has been recognized that can give a similar correlation for
the north—northeast—striking normal fault and dike system. Rather, this Jatter fault
and dike system is thought to be the result of reactivation of north—northeast—striking
thrust faults of Laramide origin. Similarly, exposed Proterozoic rocks in the footwall
of the East Joyita fault indicate that north—striking foliations influcnced both the loca-

tion and orientation of the modern—day East Joyita fault, a major down—to—thc—cast
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normal fault during mid~Tertiary extension (approximately 3 km stratigraphic throw;

Fig. 2.1).

Unknown faults

Some faults in the Joyita Hills (Fig. 2.9d, restored) are not well understood, and
have been classificd as unknown faults. These faults have been observed where the
style of faulting could not be determined, duc to outerop over a small arca lacking spe-
cific marker horizons, or where a small—scale fault could not be traced to marker hori-
zons, and therefore these faults resisted ready classification as cither normal, reverse
or strike—slip faults. Obscrved maxima arc of comparable orientation to fault oricnta-
tions previously defined as normal (Fig. 2.6b), strike—slip (Fig. 2.7b) or thrust (Fig.
2.8D). Fault striac (Fig. 2.9¢) define displacement as largely dip slip. The similarity be-
tween unknown and known fault orientations suggests that they originated as onc or

more of the known fault typcs.

Joint orientations

Joint orientations (Fig. 2.10) constitute the remainder of the primary data sct (Fig.
2.5). Alljoints are treated in a manncer analogous to faults, and are plotted with respect
to their field —recorded orientations (Fig. 2.10a). Restored joint orientations arc scpa-
rated into featureless and mineralized joint sets (Fig. 2.10b,¢). Aswith faults and dikes,
maxima formed by restored joint orientations are enhanced as distinct concentrations
that display patterns compatible with Andersonian theory for near—surface brittle fail-
ure (Fig. 2.3).

Mineralized joints (Fig. 2.10c) arc attributed to extension and when restored, plot
as vertical planes that form three distinct maxima. Preferred orientations strike to the
north—northeast, northwest and cast—northeast, and mineralized joints of cach pre-
ferred orientation have been observed within Tertiary volcanic rocks. Therefore, cach
hasbeen attributed to mid—Tertiary normal fault systems (compare with mid —Tertiary

dikes, Fig. 2.6e).
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Featureless joints (Fig. 2.10b) occur as smooth, planar fractures that arc devoid
of mineralization, striac or slickensides, and exhibit no offsct parallel to the plane.
Therefore, fcatureless joints offer little in terms of direct tectonic interpretation on the
basis of joint character or texture alone. However, on the basis of orientation, featurc-
less joints arce logically the result of both extensional and shear origins. Obscrved maxi-
ma plot as orientations that are identical to known shear and extensional oricntations.
When restored, most featurcless joints plot as vertical planes (normal to bedding)
and to a Iesser extent as high~angle pianes (roughiy 60° to bedding). Comparatively
few plot as low—angle joints (roughly 30° to bedding). These angles arc analogous to
angular relationships between bedding and strike—slip, normal and thrust faults, rc-
spectively. Accordingly, featurcless joints have been further subdivided on the basis of
jointinclination with respect to bedding (Figs. 2.10d,¢ and f; inclination = 75°; inclina-
tion < 75% and = 459 inclination < 45°). Although an objective subdivision, it is not
cntirely arbitrary. Orientations of featureless joints cover much of the sterconet and
form maxima of rclatively low percentage value, which is attributed to the cffects of
overprinting and mutual interference of multiple joint patterns associated with multi-
ple stress field orientations. As with faults (Figs. 2.6, 2.7 and 2.8), fractures associated
with some stress ficlds are better developed than others (c.g., thrust fault systems arc
comparatively poorly developed with respect to normal and strike —slip fault systems;
normal faults that strike to the east—northeast are less common than those that strike
to the north—northeast and northwest). Subdividing featurcless joints on the basis of
orientation with respect to bedding reduces the total number of joints in cach plot,
thereby enhancing the preferred orientations of weak fracture systems that would

otherwise be masked by those of stronger systems.
Interpretation of featurcless joints that are normal to bedding (Fig. 2.10d) is ambig-
uous. Subdivision of all featureless joints defines two additional joint concentrations

(these strike to the north and east—northcast; compare Fig. 2.10b and d). However,
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few of these preferred joint orientations can be conclusively argued to have cither ex-
tensional or shear origins. This is largely duc to the complexity of the structural evolu-
tion of the Joyita Hills. All obscrved concentrations (Fig. 2.10d) are parallel to known
shear orientations as defined by Laramide strike—slip faults (Fig. 2.7b); yet most of the
preferred joint orientations shown in Fig. 2.10(d) also scrved as tensile orientations
during Rio Grande rift extension (Fig. 2.6d,c). Thercfore, only featurcless joints of
these orientations that have been superimposed on post—Laramide strata (Tertiary
volcanic scquences) are certainly extensional in origin. Thosc superimposced on pre—
Laramide strata may have originated as cither extension joints (during mid —Tertiary
extension) or shear joints (during Laramide wrenching), and conceivably may repre-
scat both.

Low=— to high—angle fcaturcless joints arc less cnigmatic. Joint orientations that
plot at roughly 60° to bedding (Fig. 2.10¢) clearly define maxima orientations that par-
allel known shear orientations of mid—Tertiary normal faults (Fig. 2.6b). Observed
concentrations plot as conjugatce pairs that respectively strike to the north—northeast,
northwest, and less commonly to the cast—northeast, mimicking the relative percent-
ages of normal fault populations. No comparably oricnted structures that can be classi-
fied as extensional (e.g., mineralized joints, veins or dikes) have been obscrved.

Low-—angle joint orientations that plot at roughly 309 to bedding (FFig. 2.10f) form
concentrations that parallel known thrust fault orientations (Fig. 2.8d,e and f). Some
concentrations form relatively strong maxima, others form poorly defined ones. Con-
clusive interpretation of both strong and weak concentrationsis hindered by the limited
number of joints. The limited number of low—angle joints is thought to be the result
of poorly developed thrust fault systems within the study arca rather than any inhcrent
rcason that low—angle joints should be uncommon. Obscrved maxima form conjugate
pairs of low—angle joints that strike north—northeast (in contrast to the singular maxi-

mum of north—northeast—striking thrust faults, Fig. 2.8f) and west—northwest. In a
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similar fashion, low—angle joints that strike north—northwest plot as a singular (poorly
defined) concentration, whereas north—northwest striking thrust faults plot as a conju-
gate pair. An additional concentration of joint oricntations (labeled "UNK?) is of un-
known origin, and has not been observed in any of the plots of known faults (Figs.
2.6—2.9) or tensile fractures (Figs. 2.6d,c and 2.10¢) and therefore cannot readily be
defined. The joints labelled "UNK” may simply be the result of overlapping concentra-
tions of west—northwest— and north—northcast—striking joints.

Clearly, preferred orientations of featurcless joints paralicl known fault oricnta-
tions. Although featureless joints that are normal to bedding (correspondingly vertical
when restored) parallel both shear and tensile orientations, the resultant ambiguity in
interpretation can be readily attributed to the complexity of the Joyita Hills arca and
ample evidence of reactivation of Laramide strike —slip fault orientations (and Proter-
ozoic foliations) during Rio Grande rift tectonism. Featurcless joints that arc normal
to bedding may have had either shear or tensile origins, and perhaps more likely, are
the result of both shear and tensile stresses generated during multiple orogenic epi-
sodes. Although Pollard and Aydin (1988, p. 1186) discount the very concept of shear
joints, the correlation between featurcless joint orientations and known fault orienta-
tions as defined herein cannot be denicd. In that featureless joints plot at 60° and 30°
to bedding, and parallel known shear orientations as defined by known faults, the shear

joint terminology is considered appropriate.
INTERPRETATION

Structural clements associated with brittle deformation in the Joyita Hills (faults
and associated striae, joints and dikes), when plotted with respect to bedding (Figs. 2.6,
2.7,2.8 and 2.10), clearly demonstrate that these structural fcatures maintain preferred
angular relationships to bedding. Inferred stress ficlds arc oriented such that onc of
the principal stress axes was normal to bedding, the remaining two principal stress axes

lay within the bedding plane. These relationships can be explained by either of two
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means, cach of which would produce identical results, yet arc inherently different in
principle.

One means of explaining the constancy of fracturc orientation with respect to bed-
ding is the elastic plate theory and frictionless boundary conditions (e.g., Biot, 1961).
If it is assumed that the imposcd deformation rates arc low, then it is conceivable that
folding of scdimentary strata may occur prior Lo or simultancously with fracturing. If
itisalso assumed that bedding —plane slip is esscntially frictionless, then a situation oc-
curs that, in many respects, is analogous to Anderson’s theories (1951). If bedding
plane slip s frictionless, or at Icast nearly so, the shear stresses gencrated along bedding
plancs should be mnfinitesimally small.  Accordingly, the bedding plane cffectively
scrves as a principal plane of stress, and one of the principal stress axes must thercfore
be perpendicular to bedding, regardless of bedding planc oricntation (Fig. 2.11a). The
remaining two principal stress axes must lie within the bedding plane. When consid-
cred in this manner, conjugate shear orientations would form at equal angles to bed-
ding. The preferrcd angular relationships between obscrved fractures and bedding,
therefore, may be attributable to clastic plate theory and bedding parallel, frictionless
slip.

Application of elastic plate theory and frictionless boundary conditions has been
applicd to stratificd scquences by several rescarchers, notably Reches (1978; sce also
Reches and Johnson, 1978) and Jackson and Pollard (1990). The work of thesc re-
searchers is cited for several reasons: Both evaluate small—scale fault orientations
within sedimentary sequences, where reported magnitudes of displacement arc of com-
parable scale to the majority of faults in the Joyita Hills arca; both provide stercograms
for comparison with analyses and interpretations presented herein; and both give a
thorough and reasonable account for their obscrvations and interpretations. In addi-

tion, the thickness of the Phanerozoic section within the Joyita Hills arca approximates
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4km. A 4km~ thick section was studiced by Jackson and Pollard (1990), and a I =2km—
thick section was studied by Reches (1978).

This author objects to application of elastic plate theory and frictionless boundary
conditions to near—surface sedimentary rocks for the following reasons: 1) In terrain
where scdimentary strata have been flexed and folded, bedding plane slip may be antic-
ipated. Yetevidence of bedding plane slip is in itsclf problematic, in that evidence (c.g.,
brecciation or striae within the bedding plane) necessitates that slip was frictional, not
frictionless. Although it might be argued that bedding plane slip was “nearly friction-
Jess”, this assertion cannot be readily verified. 2) Although the occurrence of bedding
plane slip near faults (Jackson and Pollard, 1990, p. 196) is suggestive, it is not conclu-
sive and may simply be coincidental, in that there necd not be any temporal correlation
between the generation of observed faults and generation of bedding plane slip. In oth-
cr words, the two types of structures may be temporally sequenced (early fracturing
post—dated by flexure of strata) rather than simultaneous (fracturing and folding oc-
curring at the same time). 3) In a similar linc of rcasoning, if a fault offsets horizonial
strata (strata that have undergone no rotation), the observer may concludc that the
fault is in its original oricntation. However, if a fault cross—cuts inclined strata (Fig.
2.11b), the obscrver cannot simply draw the samc conclusion. Fault generation may
have occurred prior to, during or after rotation of bedding. Even where a fault (or dike)
offsets an existing fold (Fig. 2.11¢), the only relationship that can be concluded is that
the cross—cutting structure post—dates the folding. That both fault and fold may have
experienced post—formation reorientation cannot be excluded. In short, there is no
inherent evidence in any outcrop that allows the obscrver to conclude that a faultis in
its original orientation when obscrvation is made in inclined strata.

An alternative interpretation to elastic plate theory and frictionless boundary condi-
tions, as proposed herein, is that tectonically induced fracturing is superimposed on

bedding prior to any significant reorientation of strata. In the foregoing analyses,
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brittle structures (faults and associated striac, joints and dikes) have been plotted with
respect to bedding by restoring strata to horizontal and rotating fractures by an cquiva-
lentamount. The analytical process, therefore, treats fractures as carly—formed struc-
tures within a deformational cvent. If fractures have alrcady been superimposed on the
scdimentary sequences, then folding should reorient and redistribute both bedding and
cxisting structural clements by cquivalent amounts. Resultant, small—scalc [racturc
patterns would look similar to those predicted by clastic plate theory and frictionless
boundary conditions, yet would be the resuii of an inberently different mechanism.

Consideration of standard stress—strain diagrams (Fig. 2.11d,¢) indicates that in
near—surface deformation, brittle failurc occurs at the clastic limit. Therefore, failurc
may occur in the absence of folding (Fig. 2.11d), or perhaps better put, prior to folding
(Fig. 2.11¢). If the folds evaluated by Reches (1978) and Jackson and Pollard (1990)
arc considered as viscous dcformation, then one might anticipate that the observed
fracturing predated any appreciable folding of strata. Although Biot (1961) indicates
thatif ratcs of deformation arc low, folding may occur without brittle failure, such need
not be the case. If deformation rates are high, and/or if ambicnt temperatures and pres-
surcs arc low, then brittle failure would logically be the initial responsc, rather than
folding. Further, in that sedimentary sequences arc typically restricted to shallow crust-
al environments, it may be anticipated that rocks initially respond in an elastic manner,
and only begin to fold (viscous response) after ambient temperatures and pressures

have becn clevated by progressive deformation.
DISCUSSION

What are the implications of early—formed fracturcs within a tectonic perspective?
If tectonically induced fractures (composed of tensile fractures and both shear joints
and small faults) form as the initial response, then of necessity, these early—formed
structural elements may cffectively serve as cxisting planar weaknesses that arc idcally

oricnted to accommodate imposcd strains of increasing magnitude as deformation
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develops. Extension fracturcs would be present to accommodate extension parallel to
3. Shear fractures, originating only as joints and small faults, would alrcady be present
to accommodate fault displacements of increasing magnitude. If we assume that these
joints and small faults are numerous and widely distributed across the disturbed area,
then some of these shear fractures may be utilized to accommodate additional displace-
ments. Some, probably most, will remain unused. Others may develop into mesoscale
faults, still fewer may develop into regional faults. However, with increasing displace-
ment, the original angular relationship between the fault plane and bedding may be lost
through increasingly developed fault drag and brecciation. In contrast, the multitude
of carly—formed shear joints and small faults that cxperience limited displacement
serve as comparatively pristine ‘'markers’ that, when combined with tensile fracturces,
can be utilized to evaluate stress orientations.

The analyses presented herein have demonstrated that tectonically induced fractur-
ing (joints and small—displacement faults) commonly maintain preferred angular rela-
tionships with respect to bedding. Others, notably Reches (1976; 1978), Beck and Bu-
ford (1985), and Jackson and Pollard (1990) have demonstrated similar relationships.
These relationships may be attributed to cither elastic plate theory and frictionless
boundary conditions or to initial fracturing. Although the analyses and arguments put
forth in this paper do not provide a means to distinguish between the two mechanisms,
the results of this study indicate that the concept of initial fracturing provides a viablc
alternative to elastic plate theory combined with frictionless bedding planc slip. The
interpretation of initial fracturing is preferred by this author, in that it would seem in-
herently simpler: When tectonically induced fracturing is considered as the initial re-
sponse, the orientation of the applied stress field may remain constant for the duration
of the tectonic event. Only the strain markers (fracturc patterns) need to be rotated,
not the stress axes themselves. Tt is emphasized that the concept of initial fracturing

does not preclude the generation of additional faults at later stages within a



70
deformational event. Rather it suggests that carly fractures are ideally oriented to ac-
commodate shear and tensile displacements until cither the stress ficld orientation
changes or rotation redistributes carly fracturcs such that they are no longer suitably
oriented to accommodate displacement. The structural history of the Joyita Hills was
such that carly deformational events resulted in only limited rotation of strata. In con-
trast, Angelier (1989) has recognized both pre— and post—tilt fracturce patterns. One
should not anticipate a constancy between fracturc orientation and bedding in multi-
ply—dcformed terrain where carly deformational events have resulted in significant re-
orientation of strata. In these scttings, the relationships between fracture orientation

and bedding would be more complex, and beyond the scope of this paper.
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INTRODUCTION

The Joyita Hills (Los Canoncitos) arc located in north—central Socorro County,
New Mexico (Fig. 3.1). Previous stratigraphic and palcontologic investigations (Rcad
and Wood, 1947, Kottlowski, 1960, Kottlowski and Stcwa'rt, 1970; Stewart, 1970; Sicm-
crs, 1978; 1983; Baars, 1982; Altares, 1990) have interpreted the modern--day Joyita
Hills area to have been the location of an ancestral Rocky Mountain uplift (the latc Pa-
lcozoic Joyita uplift). Arkosicsedimentary rocks of the Bursum Formation (Kottlowski
and Stewart, 1970; Altarcs, 1990) represent syntectonic detritus shed from this and oth-
cr late Paleozoic uplifts (c.g., the Pedernal, Uncompahgre and Zuni uplifts to the cast,
north and northwest, respectively). On a more regional scale, interpretations of late
Paleozoic sedimentation and tectonism have been provided by Armstrong (1962),
Armstrong and Mamet (1988), Peterson (1980), Kluth and Concy (1981) and Kluth
(1986).

The purpose of this paper is to present new fusulinid data and new structural data
relevant to the timing and tectonic development of the Joyita uplift. Earlier biostrati-
graphic (fusulinid) analyses within the Joyita Hills have been conducted by Kottlowski
and Stewart (1970) and Stewart (1970). However, the fusulinids used in their analyscs
were recovercd exclusively from Pennsylvanian strata on the west side of the Proterozo-
ic core, and no fusulinids had been recoverced from the overlying syntectonic Bursum
Formation. On the basis of both local and regional stratigraphic relationships, Kot-
tlowski and Stewart (1970) inferred that late Palcozoic uplift within the Joyita Hills
arca was dominantly a Wolfcampian event. Recent mapping of the Joyita Hills by the
author has revealed additional exposures of Bursum strata along the east side of the
Proterozoic core. Fusulinid—Dbearing limestonce horizons yicld Schwagering and Triti-
cites fauna (fusulinid identifications courtesy of DAL Myers, written comm. 1990;
1991). This assemblage cstablishes the Bursum deposits as carly Wolfcampian, and

confirms the interpretations of Kottlowski and Stewart (1970).
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Figure 3.1. Pennsylvanian palcogeographic index map showing the location of major
uplifts and depositional basins, and the location of the modern—day Joyita Hills (latc
Paleozoic Joyita uplift) in north—central Socorro County. From Kottlowski and

Stewart (1970).



80
Structural and tectonic interpretations of Wolfcampian tectonism within central
New Mexico have been discussed previously by Beck and Chapin (1991). However,
additional structures within the Joyita Hills arc indicative of an older deformational
cpisode. Fusulinid analyses (Kottlowski and Stewart, 1970; herein) indicate that this
carly tectonism occurred during the Atokan.
Accordingly, the data presented herein arc intended to supplement carlicr inter-

pretations of Kottlowski and Stewart (1970) and Beck and Chapin (1991).
GENERAL STRATIGRAPHIC RELATIONSHIPS

Pennsylvanian strata within the Joyita Hills range in thickness from 0 to 127 m (Kot-
tlowski and Stewart, 1970; 0 to 112 m, Siemers, 1983). Mcasured sections, petrologic
and biostratigraphic analyscs of thesc rocks have been presented in detail by Kot-
tlowski and Stewart (1970), Stewart (1970) and Sicmers (1978; 1983). That which fol-
fows is a general discussion of Pennsylvanian and carly Permian stratigraphy (Fig. 3.2)
within the Joyita Hills bascd on the work of Kottlowski and Stewart (1970), Sicmers
(1983) and observations of the author. Permian strata within the Joyita Hills havce re-
ceived much less attention, and a regional analysis of the Permian system by Peterson
(1980) has been used to supplement the personal obscrvations and interpretations

presented herein.
Pennsylvanian Strata

Proterozoic rocks (augen gneiss) exposed within the core of the Joyita Hills arc
nonconformably overlain by strata of the Sandia Formation (0 to 49 m, Kottlowski and
Stewart, 1970; 0 to 48 m, Siemers, 1983). The age of the basal Sandia is uncertain duc
to an absence of diagnostic fossils. However, the Sandia Formation is thought to be
exclusively early Atokan, the underlying Proterozoic rocks having formed a subacrially
cxposed upland of low topographic relief during Morrowan time. Lenticular, quartzitic

sandstones of the basal Sandia filled shallow topographic depressions on this crosional
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from Osburn and Lochman—Balk (1983), Kottlowski and Stewart (1970) and Beck and
Chapin (1991).
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surface. Overlying strata arc dominantly dark gray to black, carbonaceous shalcs, with
Icsser, interstratified bone coal, sandstone and limestone horizons. Palcocnviron-
mients have been interpreted (Kottlowski and Stewart, 1970; Sicmers, 1983) as shallow,
restricted to euxinic lagoon, marsh and intertidal scttings (clastics) interrupted by short
periods of subacrial exposure and occasional deepening to shallow, less restricted ma-
rine shelf scttings (carbonates).

The overlying Madcra Formation (0 to 78 m, Kottlowski and Stewart, 1970; 0 to
04 m, Sicmers, 1983) is composcd of limestones and subordinate fine —grained clastics.
The Madera is broadly subdivided into a lower sequence of massive, cliff—forming
limestones and an upper sequence of interbedded limestones and fine—grained clas-
tics. Limestones within the lower sequence span late Atokan to early Desmoincsian
time, and consist of grey, cherty mudstones and wackestones, indicative of deposition
in normal, open marine, inner to outer shelf scttings.

The overlying, interbedded limestone and clastic scquences range in age from carly
Desmoinesian to Missourian. Interbedded, argillaccous marine limestones and calcar-
cous, fossiliferous shales and micrites are in turn interstratificd with red, arkosic shales
and mudstones. The clastics represent episodic influx of terrigenous debris shed from
Pennsylvanian uplifts. The fine~grained character of the detritus is indicative of distal
source arcas, which are inferred to have been the Pedernal uplift to the east and the
Zuniuplift to the northwest (Fig. 3.1). Both Kottlowski and Stewart (1970) and Siemers
(1983) indicate that the influx of arkosic debris occurred during Missourian time.

Strata deposited during the foregoing stages of the Pennsylvanian are significantly
thinner in the Joyita Hills than those deposited within adjacent basins (typically 610 to
820 m; Kottlowski, 1960, fig. 25; Sicmers, 1983, fig. 3, tabs. 1 and 2). Thercfore, the
anomalously thin scction can be attributed to tectonic adjustments during sedimenta-
tion, rather than uplift and crosion of an initially thick Pennsylvanian section. Thesc

adjustments scrved to clevate the Joyita uplift as a structurally positive block
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throughout the Pennsylvanian. Kottlowski and Stewart (1970, p. 29) note that late Des-
moinesian strata arc absent within the Joyita Hils, which has been attributed to middle
Desmoinesian uplift and erosion (see also Kluth, 1986, p. 356). Virgilian strata are also
absent within the Joyita Hills. On the basis of regional relationships, Kottlowski and
Stewart (1970) inferred that a thin Virgilian section may have been deposited in the
Joyita Hills, but subsequently removed by late Pennsylvanian and carly Permian uplift
and erosion. In addition to these unconformitics, Kottlowski and Stewart (1970) report
scveral diastems within the lower Pennsylvanian scction of the Joyita Hills. Thesc oc-
cur within early and late Atokan strata, along the Atokan/Desmoincsian contact, and
within early Desmoinesian strata. The latter two arc indicative of localized uplift and
crosion, as evidenced by clasts of quartz, feldspar, augen gneiss and reworked lime-
stone.

It is important to note that Kottlowski (1960, p. 152) indicates the term "basin™ may
be mislcading, in that depocenters probably were not much deeper than nearby uplifts.
Therefore, sedimentation within the basins must have kept pace with subsidence. In
contrast to the continuous sedimentation within depocenters, episodes of intermittent
subaerial exposure, uplift and erosion recorded in the Joyita Hills scetion indicate that
the Joyita uplift remaincd as a structurally positive clement amid rapidly subsiding ba-
sins. The foregoing unconformitics, diastems and general thinness of the Pennsyl-
vanian section in the Joyita Hills, relative to the thickness of comparably aged strata
within adjacent depositional basins, attest to the persistent, weakly positive nature of

the Joyita uplift throughout the Pennsylvanian.
Permian Strata

Pennsylvanian strata in the Joyita Hills are unconformably overlain by strata of the
syntectonic Bursum Formation. The unconformity is angular, as Bursum strata succcs-
sively truncate the Missourian, Desmoinesian and Atokan scquences from north to

south, until they lic in depositional contact on the Proterozoic augen gneiss within the
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southern Joyita Hills (Fig. 3.3a; Kottlowski and Stewart, 1970, fig. 2; Beck and Chapin,
1991, fig. 5). Restoration of average bedding oricntations within the Sandia, Madera
and Bursum formations (using the regional bedding orientation determined from over-
lying strata exposed within the Joyita Hills) indicates that these strata were gently in-
clined (5°—=10°) to the cast and northeast as a result of late Paleozoic tectonism.
Strata of the Bursum Formation are texturally and compositionally immature, typi-
cally 9 m thick, and composcd of interstratified, red and less commonly greenish—grey,
arkosic shales, mudstones and breceias (Fig. 3.3b), with lesser, discontinuous limestone
horizons. The clastics arc indicative of proximal deposits shed from alocal uplift. Bree-
cias typically contain a sand matrix, with pebble— to cobble— and occasionally boul-
der—sized clasts of limestone (typically silicificd), vein quartz, pink feldspar and augen
gneiss derived from the underlying Pennsylvanian and Proterozoic rocks. In thevicinity
of Central Canyon (Fig 3.4; "Central Canyon” is an informal name adopted from Kot-
tlowski and Stewart, 1970), Bursum scquences stratigraphically overlie the Madcra
Formation. Both are in fault contact with older Pennsylvanian and Proterozoic rocks
(Fig. 3.5). This fault has been interpreted by Beck and Chapin (1991, fig. 6) as an anccs-
tral Rocky Mountain fault. Here, the Bursum strata arc anomalously thick and
coarsc—grained in the hanging wall (west block; downthrown) and were apparently de-
posited against the exposed fault scarp. In the footwall (east block; upthrown), both
Madera and Bursum strata arc thinned (the former erosionally, and the latter deposi-
tionally and/or erosionally). Both the fault and offsct strata arc overlain by
anomalously thin, unfaulted strata of the Abo Formation. Clearly, the Bursum strata
are syntectonic deposits derived from local uplift. On the basis of regional relation-
ships, Kottlowski and Stewart (1970; see also Altarcs, 1990) inferred that the Bursum
deposits were carly Wolfcampian.
In general, strata of the Wolfcampian Abo Formation conformably overlic, and

are intertongued with the Bursum Formation. A potential exception to this generality
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Figurce 3.3. Selected photographs of lithologies and featurcs within the Bursum and
Abo formations. A) Coarsc, arkosic Bursum (Pb) in depositional contact with foliated
Protcrozoic augen gneiss (p€) in the southern Joyita Hills; B) A silicified limestone
pebble arkose at the base of the Bursum (interpreted as early Wolfcampian colluvium)
lies in depositional contact on erosionally thinned limestones of the Madera Formation
in the southern Joyita Hills; C) Limestonc pebble conglomerate in the Wolfcampian
Abo Formation; and D) Arkosic breccia within the Bursum Formation (east of the

Protecrozoic core) contains lithic clasts of Proterozoic augen gneiss (pE), vein quartz

(Q), silicificd limestone (L) and pink feldspar (F).
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Figure 3.3, continucd. Selected photographs of lithologics and features within the Bur-
sum and Abo formations. A) Coarse, arkosic Bursum (Pb) in depositional contact with
foliated Proterozoic augen gneiss (p€) in the southern Joyita Hills; B) A silicificd lime-
stonc pehble arkose at the basc of the Bursum (interpreted as carly Wolfcampian collu-
vium) lics in depositional contact on crosionally thinned limestones of the Madcera
Formation in the southern Joyita Hills; C) Limestone pebble conglomerate in the
Wolfcampian Abo Formation; and ID) Arkosic breccia within the Bursum Formation
(cast of the Proterozoic core) contains lithic clasts of Proterozoic augen gneiss (p€),

vein quartz (Q), silicified limestone (L) and pink feldspar (F).
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Figure 3.4. Generalized geologic map of the Central Canyon area of the Joyita Hills.

With the exception of the East Joyita fault (EJF), all faults arc unnamed. The Atokan
and Wolfcampian faults described in text are labelled A and B, respectively. Fusulinid
sample localitics are marked with @ (Atokan) and A (Wolfcampian). Pb? is

interpreted as a Bursum megalith incorporated into the Tertiary dike.



‘1661 ‘urdeyd

puE ¥oog WOl ‘¢ 91nS1g w papiaoid soquiAs TOTIRWIIOY 03 £ {PAINOSQO 219U PIYSEP SIOBIUOD PUE J[ME] SIXE [IU0ZLIOY

90

“7oCEN B INOQR UOHEIOL 152M — 3Y} — 0] — UAOP JO o€ STIAOWRI £q UOHBIUDLIO UTEIUNOIA YO0 [B11S30UR— 1sod $31 01 pa103saI uUS2q

Sey uonoas sso1d (¢ “S1 ur g pajjeqe;) ynej rewrou ueldwedjjopy A[Ies oy} SUO[E UOTID9S SSOID PIZI[RISUAL "C'¢ 21n3n

e



91

1334 SH3L3NW
el [
002 0 0§ 0
37IVOS FLVWIXOHddY

\b 39N09 /

\ FE71nvd T~ A4
{ \m\. N B .,w_
>~ 3NOZ /4 /5
4 3LINOWAW VT —  — - —

- - / U_ONomul_.an_ \\

/\

|



92
occurs in the southernmost Joyita Hills, where depositionally thinned Abo sequences
arc separated from undcerlying Proterozoic rocks by an anomalously thin (1 to 2 m) unit
of Bursum—like strata (Fig. 3.3a). This unit of Bursum—likc strata may be altcrnative-
ly interpreted as a thin deposit of the Bursum Formation, or as a Bursum—like lithology
at the base of (and within) the Abo Formation. Typically, Abo scquences arc red, arkos-
ic mudstones and shales, with lesser channcl sandstone horizons. The majority of these
sediments were most likely derived from the larger Pedernal, Uncompahgre and Zuni
uplifts (to the east, north and northwest, respectively; Fig. 3.1) which cventually cov-
cred the comparatively small Joyita uplift. The finc—graincd, arkosic sediments of the
Abo (typically 110 m thick in the Joyita Hills) are indicative of subacrial sedimentation
during the waning stages of ancestral Rocky Mountain tectonism. Oceasional lime-
stone pebble conglomerate beds (Fig. 3.3¢) have been observed within the lower 75%
of the Abo section. These beds are interpreted to indicate that episodic tectonic adjust-
ments occurred during Abo deposition, and/or that local, remnant cxposurcs of lime-
stone uplands persisted well into Wolfcampian time.

Peterson (1980) indicates that the late Palcozoic basins within New Mexico were
largely filled with sediment during Wolfcampian time and that most of the late Palcozo-
ic uplifts were completely buried by Leonardian/Guadalupian sedimentation. Within
the Joyita Hills and surrounding arcas, Leonardian and Guadalupian strata formed ex-
tensive, sheet—like layers of compositionally mature, well—sorted clastics and clean
carbonates of the Yeso, Gloricta and San Andres formations (Fig. 3.2). These litholo-
gics are indicative of relative tectonic quicscence, and a cessation of ancestral Rocky

Mountain tectonism within central New Mexico.
ATOKAN DEFORMATION

Scveral (6—8) faults of northward strike offsct the Sandia Formation and underlying
Proterozoic rocks. Most of these faults are poorly exposed and can only be mapped as

surface traces. All appear to be of comparable orientation, in that they have a
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consistent surface trend and all exhibit a down—to—the—cast sensc of displacement.
Offsets are on the order of a few tens of meters. Cross—sectional exposure of onc of
these faults (Fig. 3.6) hasbeen obscrved in Central Canyon (Fig. 3.4). Although partial-
ly obscured by colluvium, offset strata of the Sandia arc overlain by unfaulted strata of
the Madera Formation. Down—to—the—cast displacement (as evidenced by fault drag
and correlation of a sandstone marker horizon in both castern and western fault blocks)
has been measured at approximately 23 m. Restoration of the fault and contained fault
siriac (using bedding orientations within the Madcra) indicates that the original fauit
orientation was subvertical, striking N12°E. Restored fault striac indicate subvertical
displacement. Strata within both formations arc comparably oriented, indicating that
the episode of faulting was non—rotational (cxcluding fault drag). Although Holocenc
colluvium obscures the basal Madera and the uppermost extent of the fault, it is consid-
cred unlikely that approximately 23 m of displacement would dic outwithin the remain-
ing 9 m of covered slope.

Specimens of Fusulinella famula Thompson and F. devexa Thompson have been
recovered from the lower limestones of the Madcera Formation in the vicinity of Central
Canyon by Kottlowski and Stewart (1970; figs. 4, 5 and 8, scction JH3). Similarly, Fusu-
linella aff. F. juncea Thompson has been recovered (Table 3.1) from the fowermost
Madera limestones exposed above the aforementioned fault (Fig. 3.6). The Fustdinella
biozone dates these lower Madera limestone horizons as late Atokan (Kottlowski and
Stewart, 1970, p. 22). Offsct strata of the underlying Sandia Formation have been cs-
tablished as early Atokan (Kottlowski and Stewart, 1970; Siemers, 1983), and thercfore

this faulting episode can be constrained as an Atokan event.
WOLFCAMPIAN FUSULINIDS

Recent structural investigations and detailed mapping in the Joyita Hills have found
previously unmapped exposures of the Bursum Formation in the vicinity of Central

Canyon (Fig. 3.4). Thesc rocks are exposed between the East Joyita fault and an
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Figure 3.6. Cross—sectional exposure of the Atokan fault (labelled A in Fig. 3.4); view
to north. Down~—to—the—cast displacement approximates 23 m. Fusulinid sample
3—-3-13-90 collected from Jowermost limestone cxposcd above colluvium (arrow).
IPs = Sandia; IPm = Madera; Qco = colluvium; ss = sandstone; Is = limestonce; sh =

shale. M.D. Boryta for scale.
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Table 1. Fusulinid identifications (D. A. Myers, written communication, 1990; 1991). * Read as
"sample #3, collected on March 13, 1990."

Sample Identification Interpretation Figure

3-3-13-90*  Fusulinella aff. F. juncea Thompson Atokan

4-3-13-90 Schwagerina cf. S. pinosensis Thompson = Wolfcampian-Bursum Ta
Triticites aff. T. creekensis Thompson Wolfcampian-Bursum

8-10-29-90 Triticites aff. T. creekensis Thompson ‘Wolfcampian-Bursum

10-10-29-90  Triticites aff. T. creekensis Thompson Wolfcampian-Bursum

11-10-29-90  Triticites aff. T. creekensis Thompson Wolfcampian-Bursum 7b

12-10-29-90  Triticites aff. T. creekensis Thompson Wolfcampian-Bursum
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unnamed, north—striking fault of ancestral Rocky Mountain origin. Both faults exhibit
a down—to—the—cast displacement, which is attributed to Oligocene—Miocence ex-
tension (the original, late Palcozoic displacement on the unnamed fault was down—
to—the—west; Beck and Chapin, 1991). Relationships arc further obscured by an intru-
sive, mid—Tertiary rhyolite dike (31.3 + 1.2 Ma, Aldrich et al., 1986, p. 6201, stress
indicator #324). Conscquently, the basc and top of the Bursum arc only locally ex-
posed. Where the base of the Bursum is exposcd, the Bursum appears to be in deposi-
tional contact with Proterozoic rocks. Where the top is exposcd, the Bursum strata arc
overlain by strata of the Abo Formation. However, the combination of known fault and
intrusive dike contacts, much vegetation and Holocene colluvium and alluvium prohib-
its an accurate determination of the truc thickness of the Bursum.

These outcrops of the Bursum Formation arc comparable to thosc on the west side
of the Proterozoic core. Reddish—brown and less commonly greenish —grey, coarsc—
grained sandstones, gravels and breccias predominate. Arkosic mudstones and shales
arc also present. The sandstones and gravels arc poorly to modcrately sorted and pre-
dominantly composed of subangular quartz and potassium feldspar grains. Breccias
(Fig. 3.3d) contain a sand matrix and gravel— to pebble—sized lithic clasts of augen
gnceiss (similar to the augen gneiss within the Proterozoic core), vein quartz, pink feld-
spar, and silicified limestone.

Occasional limestone beds are interstratified with the arkosic clastic sequences,
and are thought to represent lack of detrital influx due to episodic tectonic quicscence
and/or rapid sea level rise due to custacy. The limestones appear to be discontinuous,
Ienticular (maximum 1 m thick) horizons that are composcd of light to medium grey,
calcareous grainstones and packstones, and less commonly, calcarcous mudstoncs.
Specimens of the genera Schwagerina and Triticites have been recovered and identificd
(Table 1), including Schwagerina cf. S. pinosensis Thompson (Fig. 3.7a) and Triticites aff.

T creekensis Thompson (Fig. 3.7b). These fusulinids date the syntectonic Bursum
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Figure 3.7. Fusulinids recovered from limestones within the Bursum Formation on the
cast side of the Proterozoic core of the Joyita Hills (Fig. 3.4). A) Schwagerina cf. S.

'y ol

pinosensis Thompson; B) Tiiticites aff. 1! creekensis Thompson. Scale bars equivalent

to 1 mm.
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Formation as early Wolfcampian, and indicate that the dominant phase of tectonism

assoctated with the Joyita uplift was an carly Wolfcampian cvent.
SUMMARY

The new fusulinid data and new structural data presented herein are intended to
supplement carlier interpretations of late Palcozoic sedimentation and tectonism
(Kottlowski and Stewart, 1970; Beck and Chapin, 1991). Fusulinid analyscs of Kot-
tlowski and Stewart (1970) and Stewart (1970) have been presented in more detail.
However, they did not recover fusulinids from the syntectonic Bursum Formation.
Limestones within Bursum outcrops west of the Proterozoic core, where Kottlowski
and Stewart (1970) conducted their analyses, are apparently barren with respect to fu-
sulinid content. Newly recognized outcrops of Bursum strata cast of the Proterozoic
core, however, do contain fusulinid—bearing limestoncs. The Schwagerina and Triti-
cites fauna recovered from these newly sampled outcrops establish the syntectonic Bur-
sum sediments as early Wolfcampian, and confirm the carlier interpretations of Kot-
tlowski and Stewart (1970).

Similarly, the analyses and discussion of Atokan tectonism arc hindered by the lim-
ited number of faults and poor exposure. Although constraincd as an Atokan event,
this episode of structural deformation is poorly understood. Restoration indicates
down—to—the—east, subvertical displaccment occurred along subvertical, northerly
striking faults. The limited displacements obscrved along these faults suggest that this
cvent was comparatively minor.

The structural trends that were to control late Palcozoic uplift and sedimentation
began to develop during Chesterian time (late Mississippian; Armstrong, 1962; Arms-
trong and Mamet, 1988; Kluth, 1986). Thesc trends persisted throughout the Pennsyl-
vanian (Kottlowski, 1960) and into the Permian (Peterson, 1980). The persistent,
weakly positive nature of the Joyita uplift (Kottlowski and Stewart, 1970; Siemers,

1983) throughout the Pennsylvanian indicates that tectonic adjustments must have
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occurred during Pennsylvanian sedimentation. The unconformities and diastems ob-
scrved within the Pennsylvanian section of the Joyita Hills (Kottlowski and Stewart,
1970), observed Atokan structurcs, and inferred middle Desmoinesian uplift and cro-
sion (Kottlowski and Stewart, 1970) arc thought to reflect these adjustments. However,
they were apparently minor events during the tectonic development of the Joyita uplift,
and only precursors to the major orogenic episode during the carly Wolfcampian (Kot-

tlowski and Stewart, 1970; Beck and Chapin, 1991).
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Part 4

STRUCTURAL AND TECTONIC EVOLUTION OF THE JOYITA HILLS,
CENTRAL NEW MEXICO: IMPLICATIONS OF BASEMENT CONTROL ON
RIO GRANDE RIFT

Submitted to the Geological Socicty of Amcrica

August 26, 1992
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INTRODUCTION

The Joyita Hills (Los Canoncitos) arcais a north—northeast—trending, west— tilted,
normal—fault block at the southern end of the Albuquerque Basin (Fig. 4.1). Approxi-
mately 4 km of inclined Phancrozoic sedimentary and volcanic strata are well exposed
in the Joyita Hills and adjacent arcas to the cast and south (EI Valle de La Joya; Figs.
4.1 and 4.2). Proterozoic basement rocks (augen gnciss) arc also exposced in the core
of the Joyita Hills. Thesc rock sequences represent much of the known section in cen-
tral New Mexico, and record the faults, folds and other structures that formed in re-
sponsc to a minimum of three recognized Phancrozoic orogenic events.  Previous
stratigraphic and biostratigraphic investigations (Rcad and Wood, 1947; Kottlowski,
1960; Kottlowski and Stewart, 1970; Baars, 1982; and Sicmers, 1978, 1983) have identi-
ficd the Joyita Hills arca as the location of an ancestral Rocky Mountain uplift (the late
Paleozoic Joyitauplift). Structural and tectonic interpretations of the Joyita uplift have
been previously discussed by Beck and Chapin (1991) and Beck and Johnson (1992).
Inaddition to ancestral Rocky Mountain deformation, partial omission of late Palcozo-
ic and Mesozoic strata west of the East Joyita fault (Figs. 4.1 and 4.2) is indicative of
Laramide uplift and erosion, and west—tilted Oligocene volcanic strata attest to de-
formation associated with Rio Grande rift cxtension.

Resultant overprinting of diverse structural styles has resulted in a complex array
of fault types and orientations. Observed structurcs include those associated with
crustal extension, wrench tectonics, and to a lesscr extent, thrust faulting. Fortuitously,
the stratigraphic units preserved in the Joyita Hills and El Valle de La Joya (Fig. 4.2)
represent pre—, syn—, and post—tectonic sequences that roughly bracket cach recog-
nized tectonic episode. For example, middle Permian (Leonardian and Guadalupian)
and Mesozoic sedimentary units postdzﬁc ancestral Rocky Mountain deformation and
predate Laramide tectonism; Oligocene volcanic units postdate Laramide deforma-

tion and represent pre— and syntcctonic units with respect to Rio Grande rift
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Figurc 4.2. Generalized stratigraphy exposed to the west (Joyita Hills) and cast (Ll
Valle de La Joya) of the East Joyita fault (EJF). Initially horizontal sedimentary and/or
volcanic sequences werce deposited prior to and after cach recognized tectonic episode,
allowing a direct correlation between observed structural styles and specific orogenic
cvents. RGR = Rio Grande rift; LAR = Laramide; ARM = ancestral Rocky
Mountain. Continuous deposition of Pennsylvanian and Permian strata to the east of
the East Joyita fault (not observed in field arca) inferred from Read and Wood (1947),
Kottlowski (1960) and Peterson (1980). Continuous deposition during this interval also
occurred to the west and south of the Joyita Hills (Kottlowski, 1960). Lithologic pat-
terns correlated with those of Fig. 4.1; diagonal rule indicates absence (cither non—
deposition or crosion) of stratigraphic record. Modified from Osburn and

Lochman~Balk (1983).



106

EAST OF EJF

4

L

s
i
1
I
I
1
1

1
I
I
I
1
1
1

¥
I
T
I
T
T
[

~
yﬁ{
=T
~
SN

e
~

P
-~

~ ~
\/ \/
~ Y N
A\

~ ~ ~ ~

NEENEINARNAY
N NN
AN ARNARN AN

"
~ ~
vy

-
~.

A et S
s

AR
~
Iy

/N

l

ARM

WEST OF EJF

e

3

N

=

~

AHYNNILYAD]

AMVILE3L

SNO33V13HO

alssvynr

JISSVYIYL

NVINY3d

NVINVATASNN3d

OQ10Z0N3D

Q91 0Z0S 3N

210Z031Vvd




107

extension. These stratigraphic sequences record the differing structures that devel-
opcd during cach successive orogeny, and the stratigraphic interval that a given struc-
tural style overprints has been used to corrclate structures with specific tectonic events.

The purpose of this paper is to present structural data associated with cach of the
foregoing deformational episodes and to formulate structural and tectonic interpreta-
tions within a temporal perspective. Although both ductile (Proterozoic) and brittle
(Phanerozoic) structures arc well exposed, emphasis has been placed on structures
associated with Phanerozoic deformation. Fauit, fauit striae, dike and fold axis oricnta-
tions have been grouped into compatible systems in order to evaluate structural styles,
associated kinematics, and where possible, to infer applied stress orientations. Reac-
tivation of existing structurcs was a fundamental aspect of these deformational epi-
sodes. Oricntations of Proterozoic foliations and amphibolites have been plotted in
order to evaluate the influence of basement structures during Phancrozoic deforma-

tion and the extent to which reactivation has occurred.
METHOD OF ANALYSIS

Evaluation of Phancrozoic structures and kinematics has been accomplished largely
through fracture analyses. Data collection has been coordinated with detailed mapping
(minimum scale of 1:12,000; 1:6,000 where structurally complex), and stratigraphic
rclationships have been used to supplement structural and kinematic interpretations.
Structural attitudes, including bedding, fault, fault striac and dike orientations, werc
described and recorded in the field. Displacements (net slips) along individual faults
range from less than 1 cm to several km (as along the East Joyita fault, which displays
approximately 3 km of down—to-the—ecast displaccment; Fig. 4.1). Most faults ob-
served and used in the following analyscs, however, exhibit net slips of a few meters to
onc hundred meters.

Fault and dike orientations have been used to infer applicd stress orientations in

a manner similar to that proposcd by Anderson (1951) for shallow—crustal, brittle
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deformation. Anderson (1951) proposed that in ncar—surface settings, onc of the prin-
cipal stress axes should be vertical, and accordingly, conjugate fault orientations would
be equally disposed to horizontal. However, ficld obscrvation in the Joyita Hills arca
indicated that what appeared to be conjugate fault orientations were not cqually dis-
posed to horizontal, but rather were equally inclined with respect to bedding. For ex-
ample, faults rather consistently cut across bedding at approximately 309 (thrust faults),
609 (normal faults) or 90° (strike —slip faults), regardless of bedding orientation. Simi-
larly, extensional fractures (mid—Tertiary mafic dikes) were consistently oriented at
roughly 909 to bedding. These relationships were interpreted to indicate that thesce
structures were superimposed on bedding prior to appreciable rotation associated with
a given tectonic event, and that rotation had removed carly formed fractures from their
original orientation.

The consistency between fracture orientation and bedding has been demonstrated
by plotting structural elements with respect to bedding. This was accomplished by re-
storing inclined bedding to horizontal, and rotating contained structural clements by
a comparable amount. The analytical method, thercfore, treats the foregoing structur-
al featurcs as early formed clements within a deformational cpisode, and produccs
orientations of faults, fault striac and inferrcd stress axes that arc compatible with ob-
scrved structures, brittle deformation and Andersonian theory.

The concept of brittle failure prior to rotation of strata (initial fracturing) is not
new. Previous investigations (e¢.g., Mclton, 1929; Parker, 1942; Reches, 1976; Becek,
1984; Beck and Burford, 1985) have also treated tectonically induced fractures in this
manner. Neither is it the only means by which the consistency between fracturc
oricntation and bedding may be explained. Alternatively, the consistency may be ex-
plained using clastic plate theory, in which itis inferred that frictionless bedding —planc
slip occurred during deformation. In this latter approach, the bedding plane would be

a principal plane of stress, and onc of the principal stress axes would be consistently
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oricnted normal to the bedding planc, regardless of bedding orientation.  Analyses
which have utilized this latter interpretation have been provided by Reches (1978) and
Jackson and Pollard (1990). The analyses that follow take the former approach, and
brittle structures are treated as early formed structural elements within a given dcfor-
mational episode. The reasoning behind this approach, and a more detailed analysis
of brittle structures in the Joyita Hills arca, has been provided in Part 2.

This analytical technique has been applicd to fracturcs associated with Rio Grande
rift and Laramide tectonisms, and applicd stress orientations have been inferred for
both of these events. In contrast, ancestral Rocky Mountain structures have been over-
printed and reactivated by these younger deformational events, which has made ap-
plication of the foregoing analytical technique to late Palcozoic structurcs difficult.
Fortunately, ancestral Rocky Mountain structures have been determined through ficld
obscrvation and recognition of buried structurc. Late Palcozoic structures (faults and

tault striac), as well as Proterozoic structures (foliations and amphibolite dikes), have

2}

been restored to their approximate original oricntations by using regional bedding,
PROTEROZOIC BASEMENT STRUCTURES

Protcrozoic rocks (augen gneiss) in the core of the Joyita Hills (Fig. 4.1) host a
number of planar structures. These include joints, faults, foliations, and amphibolite,
pegmatite and aplite dikes. Previous petrologic, structural and descriptive interpreta-
tions of these structures have been provided by Herber (1963a,b).

Foliations are gneissic to mylonitic, strongly lincated, and occur along three com-
mon trends. Amphibolite dikes arc also foliated and lincated. Wherc observed, foli-
ations and lincations within the amphibolites parallcl thosc in the surrounding gneiss.
The amphibolites, therefore, are interpreted as pre— or synmetamorphic structures.
In contrast, pegmatite and aplite dikes arc unfoliated structurces that both parallel and

cross—cut the older foliations.
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Restoration of foliations and amphibolites has been accomplished by removing the
combined effects of Phancrozoic rotations (299 of down—to—the—-west rotation about
a N32°E, horizontal axis; Fig. 4.3a). Restored foliations (Fig. 4.3b) arc high—angle to
vertical structures that strike north, northwest and cast—northeast. North and cast—
northeast—striking foliations are most common. Amphibolites (Fig. 4.3¢) are also
high—angle structures that parallel the cast—northcast—striking foliations. Given the
limited rotations associated with ancestral Rocky Mountain and Laramide tcctonisms
(Fig. 4.3a), the orientations of restored foliations and amphibolites (Fig. 4.3b,c)
approximate the attitudes of basement structures in the underlying basement rocks of
the Joyita Hills arca prior to mid—TTertiary rotation.

Preferred orientations of observed lincations arc subparallel to the approximate
lines of intersection formed by foliation planes (Fig. 4.3d). The implications behind
this correlation are not understood, because neither preliminary field observation or
petrographic inspection supports the interpretation that these lincations are the result
of intersecting foliations (intersection lincations). Rather, ficld obscrvation indicates
that thesce lincations arc the result of mineral clongation (stretching lincations). Corre-
spondingly, itis inferred that ductile displacements paralleled lines of interscction dur-
ing metamorphism. The respective senses of shear have not been determined, which
further obscures interpretation. However, the average orientations of foliations and
stretching lincations have been presented in the interest of providing available data and
for the purpose of identifying potential avenues for continued rescarch in the Joyita
Hills.

ANCESTRAL ROCKY MOUNTAIN DEFORMATION

General Stratigraphic Relationships

Regional aspects of late Palcozoic sedimentation and tectonism have been previous-

ly discusscd by Peterson (1980), Kluth and Coney (1981) and Kluth (1986). In New
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Mexico, deformation resulted in basins and uplifts of dominantly north and northwest
trend. These trends began to develop as carly as latest Mississippian (Chesterian) time
(Armstrong, 1962: Armstrong and Mamect, 1988; Kluth, 19806), persisted throughout
the Pennsylvanian (Kottlowski, 1960), and into the carly Permian (Peterson, 1980). On
a more local scale, stratigraphic investigations (Read and Wood, 1947; Kottlowski,
1960; Kottlowski and Stewart, 1970; Baars, 1982; Sicmers, 1978, 1983) have identificd
the Joyita Hills arca as the location of an ancestral Rocky Mountain uplift (the Joyita
uplift).

Accumulations of Pennsylvanian sediments in depositional basins to the west, south
and cast of the Joyita Hills attain thicknesses of up to 820 m (Fig. 4.4; Read and Wood,
1947; Kottlowski, 1960; Baars, 1982; Sicmers, 1983). Thesc strata are typically shallow
water (continental shelf) carbonates and subordinate clastics (Kottlowski, 1960).
These scquences represent nearly continuous sedimentation that spanned Atokan
through Virgilian time (Kottlowski, 1960; Sicmers, 1983), and thercfore subsidence
must have kept pacc with sedimentation. In contrast, Pennsylvanian scquences in the
Joyita Hills are anomalously thin (0—127 m, Kottlowski and Stewart, 1970; 0—112 m,
Sicmers, 1983). These scquences also consist of shallow watcer (restricted lagoon, inter-
tidal, and inner to outer shelf) carbonates and subordinate clastics that werc deposited
during Atokan through Missourian time. Kottlowski and Stewart (1970) inferred that
Virgilian strata were also deposited in the Joyita Hills, but subscquently were removed
by late Pennsylvanian or carly Permian uplift and crosion. Severalstratigraphic discon-
tinuitics have been observed in this section (Kottlowski and Stewart, 1970). Diastems
occur in early and late Atokan sequences, along the Atokan/Desmoinesian boundary,
and in early Desmoinesian strata. The latter two arc indicative of localized uplift and
crosion, as evidenced by clasts of augen gneiss, feldspar, quartz and reworked lime-
stone. A disconformity occurs between carly Desmoinesian and Missourian strata,

which has also been attributed to uplift and crosion during middle Desmoinesian time
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proportional to vector strength. Drill—core data (Krewedl, 1974; C.E. Chapin,
unpublished core log; control point 52, Kottlowski, 1960) documents stratigraphic
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basins as one continuous, north—trending basin, Contour interval = 250 {t,
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(Kottlowski and Stewart, 1970; see also Kluth, 1986). In addition, an carly (Atokan)
cpisode of faulting has becn obscrved in the Joyita Hills (Beck and Johnson, 1992).
Down—to—the—cast displacements along subvertical, north—striking faults offsct
carly Atokan strata (Sandia Formation), but arc overlain by unfaulted, latc Atokan
strata (basal Madcra Formation).

Accordingly, the anomalously thin Pennsylvanian scction in the Joyita Hills can be
attributed to tectonic adjustments during sedimentation, rather than uplift and crosion
of an initially thick Pennsylvanian scction. The foregoing stratigraphic discontinuitics
and cvidence of Atokan deformation arc thought to reflect these adjustments, which
scrved to elevate the Joyita uplift as a structurally positive block amid subsiding basins
throughout the Pecnnsylvanian.

Ancestral Rocky Mountain Structures

Ancestral Rocky Mountain tectonism in the Joyita Hills reached its culmination
during carly Wolfcampian (carlicst Permian) time (Kottlowski and Stewart, 1970; Beck
and Johnson, 1992). Deformation in the Joyita Hills occurred along two fault sets:
North—striking, west—dipping to subvertical normal faults and northwest—-striking,
southwest—dipping normal faults (Beek and Chapin, 1991). North—striking faults
have been found within or along the fault—bounded marging of Proterozoic through
carly Wolfcampian rocks, and typically occur as wide (3 ~ 7 m) gouge zones that arc
conspicuously marked by south—plunging fault striac and muilion structurcs. Most
faults of this oricntation have been reactivated and display a down—to—the—cast sensc
of displaccment. These reactivated faults are found in proximity to the East Joyita fault
(which exhibits approximately 3 km of mid—Tertiary, down—to—thc—ecast displace-
ment), and reactivation is thought to have occurred as a result of mid=Tertiary exten-
sion (discussed below). Other faults of this orientation display a down—to—the —west
displacement, and do not appear to have been reactivated. One of these faults (the

faultis unnamed; Fig. 4.5) is comparatively well exposed. Along this fault, Proterozoic
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through carly Wolfcampian rocks display a stratigraphic offset of approximately 100 m.
Syntectonic strata (Bursum Formation) are anomalously thick and coarse grained in
the hanging wall (west block, downthrown) and apparently were deposited along the
exposed fault scarp. In the footwall (east block, upthrown), syntectonic clastics overlic
crosionally thinned Pennsylvanian (Madera Formation) limestones. Both the fault and
offsct strata arc overlain by depositionally thinned, unfaulted mid—Wolfcampian stra-

ta (Abo Formation), and the fault is thereforc interpreted as a buricd ancestral Rocky

Northwest—striking faults arc more problematic, in that all faults of this orientation
appear to have been reactivated during mid—Tertiary extension (discussed below).
Howecver, subtle differences in fault character and orientation indicate that these faults
were also active during late Paleozoic tectonism. Similar to the north—striking faults,
northwest—striking normal faults supcrimposed on carly—Wolfcampian (Bursum
Formation) and older rocks also occur as wide (3 — 7 m) gouge zones, are marked by
well—developed fault striac and mullion structures, and dip consistently to the south-
west. In contrast, northwest—striking normal faults superimposed on mid—Wolfcam-
pian (Abo Formation) and younger strata occur as discrete fault plancs that exhibit lim-
ited breeciation, poorly developed fault striations, and oceur as conjugate fault
orientations. Thesc changes in fault character occur at the boundary between carly—
and mid—Wolfcampian strata. Although interpretive, itis thought that the disparity in
observed strain over such a short stratigraphic interval cannot readily be attributed to
a single deformational episode. Rather, it is thought that the greater strain obscrved
in carly-—-Wolfcampian and older rocks is attributable to structural deformation during
two diffcrent orogenic episodes.

Restoration of both fault sets has been accomplished by using regional bedding
(removing 29° of down—to—the—west rotation about a N32°E, horizontal axis; Fig.

4.3a). Restoration defines the faultsets as north —striking, west—dipping to subvertical
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normal faults (Fig. 4.3¢) and northwest—striking, southwest—dipping normal faults
(Fig. 4.3). Restored fault striac define fault displaccments as normal, left—oblique
slip along north—striking faults (striac rakc approximately 63° southward), and as dip
slip along northwest —striking normal faults.
Comparison of ancestral Rocky Mountain fault orientations (Figs. 4.3¢,f) with those
of north— and northwest—striking Protcrozoic foliations (Fig. 4.3¢) indicates that

oricntations are similar. Reactivation of north—striking foliations has been verificd in

£

the ficld along the foregoing north—striking ancestral Rocky Mountain fault (Fig. 4.5).
Reactivation of northwest—striking foliations is also thought to have occurred, given
the comparable orientations, although this correlation has not been verificd by ficld
observation. Moreover, late Paleozoic fault striac orientations arc similar to Protcro-
zoic stretching lincations (Fig. 4.3d), indicating that latc Palcozoic faults not only reac-
tivated existing planar weakness in the Proterozoic basement, but also utilized compa-
rable slip vectors. The reasons for this latter similarity are not clear, and may simply
be coincidental.

Interpretation of Ancestral Rocky Mountain Deformation

Modified Pennsylvanian isopach maps (Fig. 4.4) support the forcgoing fault orienta-
tions and define the Joyita uplift as a north—trending structural element. The uplift
was bordered to the west and southwest by depositional basins (the Lucero and San Ma-
tco basins). Modifications to the isopach map (originally drawn by Kottlowski, 1960)
consist of redefining contour patterns between the Luccero and San Matco basins.
These changes are the result of more recent drill—corc data from a mineral exploration
hole on the west flank of the Magdalena Mountains (Krewedl, 1974; C.E. Chapin, un-
published core log) which encountered 2009 fr (6121 m) of Pennsylvanian strata, This
drill~core data indicates that the San Mateo and Lucero basins were one continuous,
north—trending basin. Both the Joyita uplift and modificd San Mateo/Luccro basin

probably extended northward as continuous structurcs to the Sierra Nacimicento arca
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and the adjacent Cabezon sag (to the west of Sierra Nacimicnto [the Penasco uplift of
Kottlowski, 1960, fig. 30]; sce also Baars, 1982; Read and Wood, 1947).

Although they do not bear dircctly on Pennsylvanian rocks, paleocurrent data from
carly Wolfcampian strata (Altarcs, 1990) have also been superimposed on the Pennsyl-
vanian isopach map (Fig. 4.4). Altares’ (1990) ficld arcaspans the north—south dimen-
sion of a poorly delineated prong cxtending from the San Mateo/Lucero basin. North-
west— trending isopachs along the northern margin of the prong are rcasonably well
defined by control points (Kottlowski, 1960) and arc compatible with the northwest—
striking normal faults observed in the Joyita Hills (Fig. 4.3f). In contrast, isopach trends
along the southern margin of the prong, as well as between the San Mateo/Lucero and
Orogrande basins in general, are poorly constrained due to a paucity of control points
(Kottlowski, 1960). Altares’ (1990) palcocurrent data to both north and south of the
prong indicate general paleoflow directions to the south and southwest, indicating that
the depositional axis of the prong lay further to the southwest than originally drawn by
Kottlowski (1960). Although the northwest—trending palcocurrent vector (marked
with an asterisk in Figure 4.4) may not appear compatible with this interpretation, it
should be noted that this vector occurs near the top of the Bursum scction (Altarcs,
1990). The northwesterly directed flow indicated by this palcocurrent vector may be
indicative of changing tectonic and/or palcoflow patterns during the latter stages of
Bursum deposition. All other paleocurrent vectors occur comparatively lower in the
Bursum section, and are compatible with the foregoing interpretation.

The limited amount of data between the San Mateo/Lucero and Orogrande basins,
in terms of both paleocurrent vectors and control points for delincating isopach trends,
makes interpretation difficult, However, the combination of the southcast—trending
isopachs at the southern end of the Joyita Hills (Fig. 4.4), northwest—striking normal
faults in the Joyita Hills (Fig. 4.3f), palcoflow dircctions to the south and southwest, and

northwest—trending isopachs between the southern cnd of the San Matco/Lucero
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basin and the northern end of the Orogrande basin indicate that the two basins werc
connected by a northwest—trending basin (Figs. 4.4 and 4.6) during latc Palcozoic
deformation.

North—striking faults in the Joyita Hills arc comparable, in terms of both oricnta-
tion and sense of offset, to other late Paleozoic structures in the Sierra Nacimicnto arca
to the north (Baars, 1982), and in the Sacramento Mountains to the south (Pray, 1961).
Similarly, the timing of deformation in thesc three arcas was approximately synchro-

hie Joyita Hills was carly Wolfcampian (Kot-

nous. The dominant phasc of upli
tlowski and Stewart, 1970; Beck and Johnson, 1992). Scveral episodes of late Palcozoic
deformation in the Sierra Nacimiento area were reported by Baars (1982), the youngest
in post—Madera, pre—Abo time (compare with Fig. 4.5). Pray (1961) also concluded
that the dominant phase of deformation in the Sacramento Mountains occurred during
late Pennsylvanian to carly Wolfcampian time. The compatibility of observed
structural styles and comparable timing of deformation in the three areas indicate that
alarge part of the crust in New Mexico was subjected to the same style of deformation
during ancestral Rocky Mountain tectonism.

Integration of the forcgoing fault orientations, associated kinematics and the spatial
distribution and orientation of known and infcrred basins suggests that late Paleozoic
dcformation in central New Mexico was the result of sinistral wrench faulting (Fig. 4.6).
The north—trending San Mateo/Lucero and Orogrande basins are arranged in a left—
stepping, en echelon pattern and represent the principal zones of sinistral shear. The
two basins werc probably connected by a northwest—trending basin (Figs. 4.4 and 4.6)
which is interpreted as either a thomb—graben or a relcasing bend (Ramsay and Hub-
cr, 1987, figs. 23.37 and 23.38) between the two shear zones. The former alternative
is presented in Figure 4.6. Bounding structures between basins and adjacent uplifts

were high—angle to vertical normal faults (Fig. 4.3¢,f). The predominance of normal

displacement along both fault sets indicates that the inferred wrench fault system must
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Figure 4.6. Inferrcd divergent, sinistral wrench fault system superimposed on
Pennsylvanian paleogeographic map. The north—trending San Mateo/Lucero and
Orogrande basins developed within principal zones of sinistral shear. The inferred
northwest—trending basin is envisioned as a rhomb—graben between two left—
stepping, sinistral shear zones. Palcogcographic base map from Kottlowski and
Stewart (1970). Notc that the Sicrra Nacimicnto area (used in text) is coincident with

the Pcnasco uplift of Kottlowski and Stewart (1970).
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have been largely divergent, with sinistral offset along north—striking faults being a
lesser component of deformation. The impetus for sinistral displacement is not clear,
but most likely was the result of continental suturing between North America and South
America- Africa (Kluth, 1986). Resultant, northerly directed compression along the
Marathon—OQuachita belt of west Texas, Oklahoma and Arkansas (to the cast and
southeast of New Mexico) reactivated existing basement flaws (Proterozoic foliations;
Fig. 4.3b) of both north and northwest trend, and resulted in a north—trending, diver-
gent, sinistral wrench fauit system in central and southern New Mexico during the late

Paleozoic.
LARAMIDE DEFORMATION

General Stratigraphic Relationships

Late Palcozoic (middle Permian) and Mesozoic sedimentary rocks represent
post—ancestral Rocky Mountain, pre—Laramide strata (Fig. 4.2). Middle to late
Wolfcampian rocks of the Abo Formation are composed of red, arkosic mudstones,
shales and lesser channel sandstone beds. These strata represent subacrial sedimenta-
tion during the waning stages of late Paleozoic tectonism (Beck and Johnson, 1992).
Overlying Leonardian and Guadalupian strata of the Yeso, Gloricta and San Andrces
formations formed extensive, sheet—like deposits of clean carbonates and mature clas-
tics that cventually buricd the Jate Palcozoic uplifts (Peterson, 1980), and signalled an
end to ancestral Rocky Mountain tectonism in central New Mcxico.

Triassic strata consist of texturally and compositionally immature conglomerates,
sandstones (micaceous litharenites and graywackes) and mudstones of the Moenkopi
and San Pedro Arroyo Formations (Lucas, 1991). Jurassic strata have been observed
only locally. Mature sediments (claystoncs, siltstones and micrites) of the Brushy Basin
Member of the Morrison Formation (Hayden et al., 1990) occur as erosional remnants
between Triassic and Cretaceous strata along the eastern margin of El Valle de La Joya.

Cretaceous strata (1300 ft*; 396 m*) are composed of interstratified, well—sorted
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sandstones, siltstones, shales and thin coal beds of the Dakota Sandstone, Mancos
Shale, Tres Hermanos Formation, Gallup Sandstonc, and Crevasse Canyon Formation
(Bakcer, 1981).

Where observed, strata deposited during cach of the foregoing periods exhibit dis-
conformable contact relationships, and with the exception of 'Triassic strata, all
scquences arc composed of well —sorted clastics and clean carbonates indicative of rel-
ative tectonic stability. Although Smith (1983) has inferred a post—middle Permian,
pre—late Triassic deformational cvent in the Socorro Region, no field evidence has
been recognized to support this interpretation in the Joyita Hills. Rather, the typically
maturc sediments and disconformable contact relationships between the stratigraphic
sequences indicate that the interval between ancestral Rocky Mountain and Laramide
tectonisms was one of relative tectonic quiescence in the Joyita Hills arcé.

In contrast, syntcctonic strata of the Eocene Baca Formation are indicative of tec-
tonic instability and late Laramide uplift and crosion (Cather, 1980; Cather and John-
son, 1986). These sequences consist of compositionally and texturally immaturc con-
glomerates, sandstones (lithic arkoses, feldspathic litharcnites and sublitharenites)
and mudstones that unconformably overlic Cretaccous, Triassic and Permian rocks.
More specifically, fundamentally different stratigraphic columns in the western and
castern portions of the study arca attest to proximal uplift (Figs. 4.1 and 4.2). To the
cast (El Valle de La Joya), Baca sediments overlic Cretaceous rocks through discon-
formable to mildly angular contact relationships. To the west (Joyita Hills), however,
Cretaccous strata arc absent, and conglomerates of the Baca Formation overlic ero-
sionally thinned Triassic and Permian (Leonardian and Guadalupian) rocks along an
angular unconformity. The north—northeast— to northeast—striking East Joyita fault
appears to be the boundary between these two distinet stratigraphic columns, and the
partial omission of strata is indicative of Laramide uplift and erosion west of the East

Joyita fault.
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Laramide Structures

Laramide deformation in the Joyita Hills arca resulted in both wrench faulting and
subordinate thrust faulting (Part 2). Strike—slip faults have been observed predomi-
nantly in Proterozoic through Cretaceous rocks, and enly a limited number (<2%) of
strike—slip faults have been observed in post—Laramide strata (Tertiary volcanic
rocks). Thrust faults and associated folds have been found exclusively in Cretaccous
and older strata, and no folds (other than fault drag) have been observed in Tertiary
volcanic rocks. Accordingly, both strike—slip faults and thrust faults arc attributed to
Laramide deformation.

Ficld observations indicate that strike—slip faults most commonly occurred as
high—angle to vertical structures (Fig. 4.7a) marked by low—rake (typically 0 to 30°)
fault striac. Obscrvation also indicated that these strike—slip faults were consistently
oriented at roughly 90° to bedding, regardless of present bedding orientation. The
constancy between fault orientation and bedding has been demonstrated by plotting
the strike~slip faults with respect to bedding (herein referred to as “restored” orienta-
tions). This was accomplished by restoring inclined bedding to horizontal (using the
specific bedding orientation at the locality where the faults were obscrved) and rotating
(restoring) the faults by a comparable amount. Thc analyses, therefore, treat the
strike—slip faults as early formed structural clements that predate appreciablc rotation
of strata.

Comparison of Figures 4.7a and b indicates that when restored (Fig. 4.7b), strike—
slip faults plot as subvertical to vertical planes in accordance with Andersonian thcory
for strike—slip deformation. Restored strike—slip faults form five concentrations (pre-
ferred orientations or maxima) that are both enhanced as distinct concentrations and
increased in maxima percent value. These preferred orientations strike north—north-
west, north—northeast, northeast, east—northeast, and less commonly northwest.

Comparably restored fault striac (Fig. 4.7¢) plot as horizontal to subhorizontal
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lincations that correspond to each obscrved concentration of strike—slip fault orienta-
tions (Fig. 4.7b). Interpretation of fault steps (Durney and Ramsay, 1973) on the
fault surface indicate dextral displacements on faults that strike north—north-
west, north--northeast and northeast, and sinistral displacements on east—north-
cast—striking faults. The sense of displacement on northwest—striking faults has not
been determined.

In addition to strike —slip faults, Laram_ide deformation resulted in reverse faulting
and associated folding of strata. Obscrved reverse faults occurrcd as modcrate— o
high—angle structures of diverse strike (Fig. 4.7d). However, obscrvation also indi-
cated that these reverse faults were consistently oriented at 25°—30° to bedding. Ac-
cordingly, reverse faults have been evaluated in a manner similar to that uscd for
strike—slip faults. Comparison of field—recorded (Fig. 4.7d) and restored (Fig. 4.7c)
reverse faults indicates that when restored, reverse faults plot as shallow—dipping
structures, or true thrust faults in accordance with Andersonian theory. Whenrestored,
observed maxima are enhanced as distinct concentrations and/or increased in maxima
percent value, and form three distinct fault systems. Two of these systems are repre-
sented by diametrically opposcd concentrations that define conjugate thrust faull
oricntations. These partially overlapping concentrations strike west-northwest and
north—northwest. The third fault system, striking north—northeast, consists of asingu-
lar fault set.

Folds are relatively uncommon in the Joyita Hills area. Where observed, folds occur
as broad, open structures or asymmetric anticlinal/synclinal pairs or fold trains that
occupy a small percentage of the ficld area. Folds have been restored by using the re-
gionalbedding orientation determined from Tertiary volcanic strata (26° of down—to—
the west rotation about a horizontal, N28°E trending axis of rotation to compensate for
rotation associated with Rio Grande rift deformation; Fig. 4.3a). When restored,

Laramide fold axes plot as subhorizontal fold axes that trend west—northwest,
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north—northwest and north—northeast (Figs. 4.7f,g,h) and correspond to the strike
direction of each inferred thrust fault system (Fig. 4.7¢).

Interpretation of Laramide Deformation

Strike—slip faulting was the dominant style of Laramide deformation in the Joyita
Hills arca. Although thrust faults and folds are present, thrust faults are comparatively
Jess numerous and foldsare cither poorly developed or of limited extent. In some cases,
however, the orientations of fold and thrust fault systems can be directly related to
strike —slip fault systeimns.

Preferred orientations of restored strike—slip faults are interpreted as respective
parts of two separate dextral wrench fault systems. Dextral faults that strike north—
northeast and north—northwest, and sinistral faults that strikc cast—northcast arc in-
terpreted as respective elements of a north—trending, dextral wrench fault system.
Respectively, these faults are interpreted as synthetic, sccondary synthetic and anti-
thetic shears (or, using Riedel shear terminology, R, P and R’ shears; Christic —Blick
and Biddle, 1985, fig. 5). Here, allowance is made for the differences between pure
shear (Andersonian) and simple shear (wrench) models (e.g., Sylvester, 1988, p. 1673).
Inferred regional average stress axes were oriented such that o1 was horizontal, trend-
ing northeast; gy was vertical; and 03 was horizontal, trending northwest. As defined,
the inferred dextral wrench fault system is compatible with interpretations of Chapin
and Cather (1981) and Chapin (1983) for Laramidc dcformation in New Mcxico.

The second wrench fault system is based on the combination of dextral, northcast—
striking faults and the north —northwest —trending fold and thrust fault system. Dextral
displacement has been documented along the Montosa and Del Curto fault zones (to
the cast and southeast of the study area, Fig. 4.1; Brown, 1987; Hayden, 1991). Spatial
relationships between these two fault zones and a north—northwest—trending an-
ticlinal flexure (Fig. 4.1) may bc interpreted as a convergent overstep structurc

associated with dextral wrenching along the left—stepping, northeast—striking faults.
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This interpretation is also compatible with latc Laramide dextral wrench fault
interpretations of Chapin and Cather (1981) and Chapin (1983). The dextral,
northeast—striking faults and north—northwest —trending folds observed in the Joyita
Hills and El Valle de La Joya are thought to represent similar (but smaller scale) struc-
tures as those obscrved along the Montosa and Del Curto fault systems.

Comparison of restored strike—slip fault orientations (Fig. 4.7b) with Proterozoic
foliations and amphibolite dikes (Fig. 4.3b,c) indicates that orientations are similar,
and fauit striac indicative of strike—slip dispiacements have occasionaily been ob-
served along foliation plancs. Accordingly, it is inferrced that the orientations of Lara-
mide strike—slip faults were controlled by reactivation of existing planar weaknesscs
in the basement rocks of the Joyita Hills areca. These consist of north—northwest— and
north—northeast—-striking dextral faults (collectively influenced by the generally
north—striking foliations) and the sinistral cast —northeast—striking faults (controlled
by both foliations and amphibolite dikes). Rcactivation of northwest—striking
foliations during Laramide tectonism is also inferred. However, strike—slip faults of
this orientation are comparatively uncommon, and their tectonic significance is not ful-
ly understood at this time.

Observed thrust faults (Fig. 4.7¢) are interpreted to be the result of three separate
fault systems. Thesc systems strike west—northwest, north—northwest and north~—
northeast. Eachinferred fault system corresponds to the restorcd orientations of Lara-
midc fold axes (Fig. 4.7f,g,h), and the combination of fault sets and fold axes is thought
to represent realistic orientations of applied stress ficlds during Laramide deforma-
tion. The inferred stress ficlds were oriented such that in cach system, g1 was horizontal
and normal to fault strike and fold axis trend; 02 was horizontal and parallel to fault
strike and fold axis trend; and o3 was vertical.

Laramide uplift to the west of the East Joyita fault is duc, at least in part, to deforma-

tion associated with the west—northwest fold and thrust fault system. Uplift along a
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west—northwest—striking thrust fault (Fig. 4.8) resulted in crosional stripping of Cre-
taccous and older rocks. Restoration of bedding oricntations (using the average
orientation of Oligocene volcanic rocks, Fig. 4.3a) indicates that Paleozoic and rem-
nant Triassic strata in proximity to the fault were inclined an average of 8°—10° to the
north—northeast. These strata were bevelled and partially buried by syntectonic de-
posits of the Eocene Baca Formation, which overlic and progressively truncate older
scquences from north—northeast to south—southwest. This uplift (Fig. 4.8) has been
observed only to the west of the East Joyita fault, and only a few sinall —displacement
(< 1 m) thrust faults of comparable orientation have been observed in El Valle de La
Joya. The East Joyita fault appears to bound the uplift to the cast, and although promi-
nently marked by dip—slip fault striac (the East Joyita fault was also active during Rio
Grande rift tectonism, discussed below), overprinted fault striac indicative of
strike —slip displacement have been observed along various scgments of this fault. The
East Joyita fault is subparallel to the dextral Montosa fault, and it is inferred that dex-
tral displacement also occurred along the East Joyita fault. It is thought that the ob-
served west—northwest—striking thrust fault (Fig. 4.8) originated as a result of com-
pression associated with dextral displacement along the East Joyita fault (Fig. 4.9).

However, this deformation nced not be the only cause of Laramide uplift to the
west of the East Joyita fault. Folds associated with the north—northeast fold and thrust
fault system have been observed in proximity to the East Joyita fault and in El Valle de
La Joya. Folds of this orientation become more pronounced to the east and northeast
of the study area (Fig. 4.1). Myers et al. (1986) mapped comparably oriented structures
between El Valle de La Joya and the Montosa fault, and documented an carly (Lara-
mide?) episode of up—to—the—west reverse faulting along the Montosa fault zone (in-
terpreted as transpressional, dextral reverse slip by Hayden, 1991). The East Joyita
fault is a north—northeast— to northeast —striking structure, and conceivably, the up—

to—the—west displacement may be the result of compressional deformation associated
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Figure 4.9. Plan view of structural relationships west of the East Joyita fault after

Laramide uplift and prior to deposition of the Spears Formation (compare with Fig.
4.8). West—northwest—striking bedding and thrust fault arc interpreted to be the re-
sult of compression directed from north—northeast to south—southwest as a result of
dextral displacement along the East Joyita fault. Both the cxistence and the location
of the dextral fault to the west—northwest of the East Joyita fault arc inferred. Forma-

tion symbols keyed to those of Fig. 4.8.
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with the north—northcast—striking fold and thrust fault system. Here, analogy is made
between observed displacements in the Joyita Hills arca and seemingly similar
dcformational styles along the Montosa fault zone (Myers et al., 1986; Hayden, 1991).
Conceivably, Laramide uplift of the Joyita Hills block may be the result of both west—

northwest and north—northeast fold and thrust fault systems.
RIO GRANDE RIFT DEFORMATION

General Stratigraphic Relationships

Syntectonic strata of the Baca Formation arc depositionally overlain by approxi-
mately 2 km of Tertiary volcanic sequences. The volcanic scetion of the Joyita Hills has
previously been mapped, measurcd and described by Spradlin (1976). However, the
stratigraphic nomenclature has been largely redefined (Osburn and Chapin, 1983). In-
terbedded volcaniclastics, lava flows and ash—flow tuffs of the Spcars Formation
(latest Eocene —early Oligocenc; Cather, 1986) form the basal unit of the volcanic scc-
tion. The Spcars Formation is overlain by a scrics of interstratificd, Oligocenc rhyolitic
ash—flow tuffs (Hclls Mesa Tuff, Tuff of South Crosby Pcak, and La Jencia, Vicks Peak,
Lemitar and South Canyon tuffs) and basaltic andesite tlows (collectively, the La Jara
Peak Basaltic Andesite). Detailed descriptions, palcomagnetic analyses and timec—
stratigraphic (**Ar/??Ar) assignments of these volcanic rocks have been provided by
Spradlin (1976), Osburn and Chapin (1983), Mclntosh (1983) and Mclntosh et al.,
(1992).

Stratigraphic differences in the volcanic section also occur to the west and cast of
the East Joyita fault. To the east, thick accumulations of the Spears Formation overlic
the Baca Formation. Cather (1986) reported 740 to 1480 m (2428 to 48506 ft), with
abrupt thickening of the Spcars Formation across an inferred northwest-striking re-
verse fault. Spradlin (1976, plate 2) reported approximately 884 m (2900 ft). In con-
trast, accumulations of the Spears are comparatively thin to the west of the East Joyita

fault, and rest in depositional contact on rocks of Eocene or middle Permian age.
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Relationships between the Spears and underlying Focene and/or Permian strata and
overlying Hells Mcsa Tuff arc commonly obscurcd by mid—Tertiary normal faults,
making an accurate determination of the thickness of the Spears Formation difficult.
However, two exposures have been observed in which it is thought that reliable thick-
ness determinations can be made. These yield stratigraphic thicknesses of 38 m (125
ft) and approximately 125 m (410 ft) for the Spears (to the north and south of the thrust
fault depicted in Fig. 4.8, respectively; the latter aided by a marker horizon in proximity
to the West Joyita fault). The anomalously thin Spears section west of the East Joyita
fault is thought to reflect the persistence of the uplifted Joyita fault block (Laramide
deformation) as a topographic high through most of Spears time (latest Eocene —carly
Oligocene). However, it is also possible that additional, down—to—the—cast displacc-
ments along the East Joyita fault occurred during Spears deposition. If so, indicators
of these additional displacements have gone unrecognized. In contrast, overlying Oli-
gocene ash —flow tuffs and basaltic andesites apparcntly blanketed terrane to both cast
and west of the East Joyita fault.

Rio Grande Rift Structures

Mid—Tertiary extension in the Joyita Hills arca resulted in both high— and low—
angle normal faults. These faults offset Tertiary volcanic and older rocks, and exhibit
avaricty of orientations. Field observations indicate that most of thesc faults were con-
sistently oriented at roughly 60° to bedding, regardlcss of present bedding orientation.
Accordingly, normal faults have been evaluated in a manner identical to that used for
strike—slip and thrust faults of Laramide origin, i.c., normal faults were cvaluated as
both pre— and post—rotational structures. Comparison of ficld —recorded (Fig. 4.10a)
and restored (Fig. 4.10b) normal fault orientations indicates that when restored, most
normal faults plot as diametrically opposed (conjugate) orientations that are both cn-
hanced as distinct concentrations and/or increased in maxima percent value. These

faults define threc distinct fault systems that respectively strike north—northeast,
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northwest, and less commonly, cast—northeast. Restored fault striac (Fig. 4.10¢) indi-
cates that fault displacements were predominantly dip slip.

Other structures of mid—"Tertiary origin include mafic (basaltic andesite) dikes.
Restoration of these extensional structures (Fig. 4.10d) indicates that when restored,
mid—Tertiary dikes plot as subvertical structures that preferentially strike north—
northeast, northwest, and cast—northeast, bisecting the acute angle formed by cach in-
ferred fault pair.

An additional sct of normal faults have aiso been obscrved in the Joyita Hills. In
contrast to the foregoing faults, these faults occurred as shallow (09 to 30°), cast—dip-
ping plancs of north and north—northeast strike (Fig. 4.10¢), and typically showed no
consistent orientation with respect to bedding. Geologic mapping and field observa-
tions indicate that these low-angle normal faults arc commonly associated with
allochthonous terrane. Allochthonous blocks composed of Oligocenc volcanic and
older rocks form the upper plates of these faults.  Additionally, these relatively flat
faults display differences in fault character that have not been observed on the original-
ly high—angle faults. Some of the shallow—dipping faults exhibit microbrecciated fault
surfaces (1—2in; 2—5 cm) and locally, as along the southernmost exposure of the East
Joyita fault, are overlain by 0—100 ft (0—30 m) of tectonic melange.

Interpretation of Rio Grande Rift Deformation

Comparative analysis of mid—Tertiary normal fault oricntations as both post—tilt
(Fig.4.10a) and pre—tilt (Fig. 4.10b) structurcs indicates that most faults were original-
ly pre—tilt, high—angle (60°~65°) normal faults that experienced dip—slip displace-
ments. Preferred orientations of mid—Tertiary mafic dikes respectively bisect the
acute angle formed by cach inferred fault system. The combination of restored shear
and extensional orientations yields three distinct fracture systems compatible with An-
dersonian (1951) theory for shallow crustal deformation. These fracture systems arc

therefore interpreted as early formed structural clements during Rio Grandc rift
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tectonism. Inferred stress axes werce oriented such that in cach system, 0] was vertical;
o was horizontal and paraliel to strike of dikes and faults; and o3 was horizontal and
normal to strike of dikes and faults. Each stress ficld orientation and resultant fracturc
pattern can be correlated to rcactivation of cxisting structures (discusscd below).
Theretore, these three apparently distinet stress ficld orientations may be indicative of
oncoverall stress ficld where oy > 07 ~ g3, In this interpretation, small changes in refa-
tive magnitudes of 0y and o3 would allow significant changes in the direction of exten-
sion, with fracture patterns preferentially aligned paralict to existing structural grains.

Mid—"Tertiary normal fault and dike orientations (Fig. 4.10b,d) arc similar to the
oricntations of Proterozoic foliations and amphibolite dikes (Fig. 4.3b,c). Tt is inter-
prceted that northwest— and cast—northeast—striking normal fault and dike
systems were  controlled by, and represent rcactivation of, northwest— and
cast—northeast--striking planar anisotropics in the Proterozoic basement, Here,
cxtensional orientations are subparallel to, and conjugate shears symmetrically dis-
posed about, the preferred orientations of Proterozoic structures. To date, no compa-
rable correlation can be made for the north—northeast—striking normal fault and dike
system. Rather, itis inferred that this normal fault and dike system represents reactiva-
tion of the north—northeast—striking thrust fault and fold system of Laramidc origin.
Tertiary volcanic rocks strike north—northeast and arc inclined 259309 to the west—
northwest. Accordingly, the shallow—dipping thrust faults of north—northcast strikc
may have influenced or enhanced rotation about a north—northecast—trending, hori-
zontal axis during Rio Grande rifting.

Reactivation of the East Joyita fault also occurred during Rio Grande rift deforma-
tion. Down—to—the—west rotation (25°~30°, Tig. 4.3a) rcoriented the initially sub-
vertical East Joyita fault to a steeply cast—dipping orientation. Renewed down—to—
the—east displacements then juxtaposed Oligocene ash—flow units against the

Proterozoic core of the Joyita Hills (Fig. 4.1). Combined Rio Grande rift and Laramidc
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down-—to—thc—-cast offscts approximate 3 km of stratigraphic throw. The modern—
day East Joyita fault exhibits a very complex geometry.  Although a generally
north—northeast—striking structure, the fault is actually composed of aseries of right —
stepping, north—striking, steeply (55°—859) cast—dipping planes. Ficld observations
indicate that these fault segments are reactivated ancestral Rocky Mountain faults and
Proterozoic foliation plancs. In addition, a mid—Tertiary rhyolite dike (31.3 £ 1.2 Ma,
Aldrich et al., 1986, their stress indicator #324) was injected along both the East Joyita
fault and the forcgoing, late Palcozoic faults and Proterozoic foliation plancs. Elsc-
where, as in the southernmost exposure of the Proterozoic core, the Bast Joyita fault
displays fairly shallow (30°) cast—dipping fault surfaces. Fault striac observed on both
shallow and steeply dipping fault segments indicate that mid—Tertiary displacements
along the East Joyita fault werc predominantly dip slip.

Other normal faults were not originally high—anglc (Fig. 4.10c¢). Thesc faults typi-
cally occur as shallow (0°—30°), east—dipping faults. Consideration of thesc faults as
pre—tilt structures indicates that they could not have been steeper than 259—=55°. In
contrast to originally high—angle normal faults, Jow—angle faults are associated with
and underlic allochthonous terrane. Thesc low—angle normal faults arc interpreted
as extensional detachment faults, and arc thought to represent the near surface scg-
ments of the detachment faults detected in scismic scctions across the Albuquerque Ba-
sin {c.g., Capeet al., 1983; De Voogd et al., 1988; Russcll and Snclson, 1990). Field ob-
scrvation indicates that originally high—angle normal faults arc abruptly truncated by
the detachment faults. The detachment faults are therefore interpreted as compara-
tively young structures that cut the older, originally high—angle faults in amanner anal-
ogous to excising detachment faults (Lister and Davis, 1989). Itis infcrred that normal
displacement along the detachment faults accommodated rotation and developed con-
temporancously with rotation. Rotation of bedding and originally high—angle faults

resulted in domino-—style faulting in extensionally dectached terranc (sce also
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Chamberlin, 1983). Obscrvations of westward tilting of the Phanerozoic scction (Fig.
4.3a), when combined with the orientation of faults and fault striac (Fig. 4.10c,f), indi-
cate a hanging wall displacement direction to the cast and cast—southeast.

Unfaulted, subhorizontal basin—{ill deposits of the Sicrra Ladrones Formation of
the Santa Fe Group (Fig. 4.2; approximatcly 5 Ma, Osburn and Chapin, 1983) overlic
allochthonous terrane, detachment faults and rotated and croded volcanic strata as
young as the South Canyon Tuff (27.4 Ma, McIntosh et al., 1992). Thercfore, mid—Ter-
tiary deformation in the Joyita Hills can be broadiy constrained as an Oligocene —Mio-

cene cvent,
SUMMARY

Structurcs associated with three Phancrozoic orogenic events have been recorded
and preserved in the sedimentary and volcanic strata of the Joyita Tlills arca.
Reactivation of existing structures, most notably the foliations and amphibolite dikes
in the Proterozoic basement, was the rule rather than the exception. Resultantly, fault
and dikc orientations preferentially developed along north, northwest and cast—north-
cast trends.

Ancestral Rocky Mountain deformation is thought to be the result of sinistral dis-
placcments along a north—striking wrench fault system (Fig. 4.6). Late Palcozoic fault
orientations represent reactivation of Protecrozoic foliations of both north and north-
west strike. Northward thrusting in the Marathon—Quachita orogenic belt (Kluth,
1986) resulted in sinistral displacements along north—striking zones of weakness, re-
sulting in basins and uplifts of dominantly north and subordinate northwest trend. The
north—trending Joyita uplift and adjacent San Mateo/Luccro basin probably extended
northward through the Albuquerque Basin to the Sicrra Nacimicnto arca, as carlier
proposed by Baars (1982) and Read and Wood (1947).

The main obstacle to conclusively demonstrating a late Palcozoic sinistral wrench

fault system is the result of overprinting by younger deformation. North—striking,
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dextral wrench faulting of Laramide origin has been documented in New Mexico by
Chapin and Cather (1981) and Chapin (1983), along the Nacimicnto fault by Baltz
(1967), and within the Joyita Hills arca (Fig. 4.70). Laramide dextral wrenching reacti-
vated Proterozoic basement structures of north and cast—northeast strike, the former
in a dextral (synthctic) sense, the latter in a sinistral (antithctic) sensc. Northwest—
striking foliations were also reactivated in a strike—slip sense at this time, although the
causal mechanisms for faults of this orientation have not been recognized.

Additional Laramide structures include noriheast—siriking dextral faults, thrust
faults and folds. Both northecast—striking dextral faults and north—northwest oriented
thrusts and folds arc interpreted to be refated to dextral wrench faulting along the Mon-
tosa and Dcl Curto fault zones (Fig. 1; Brown, 1987; Haydcen, 1991).

Laramide uplift in the Joyita Hills arca occurred to the west of the East Joyita fault.
Uplift resulted in partial stripping of Mesozoic and middle Permian strata prior to de-
position of the syntectonic Eocene Baca sediments (Fig. 4.8). The East Joyita fault dur-
ing Laramide time was a north—northeast—striking, subvertical fault, and was subpar-
allel to the dextral Montosa fault system. It is inferred that tﬁc East Joyita fault
originated during Laramide deformation as a dextral strike—slip fault. Remnant
strike —slip fault striae support this interpretation, although younger, normal displacc-
ments have overprinted and removed all but a few strike—slip fault striac.

Anomalously thin (125 to 410 ft; 38 to 125 m) strata of the Spears Formation occur
to the west of the East Joyita fault, indicating that Laramide uplift persisted as a topo-
graphic high through much of Spears time (Jatest Eocene —carly Oligocene). The East
Joyita fault was reactivated as a down—to—the—cast normal fault during Rio Grande
rift tectonism. Although a gencrally north—northeast—striking structure, down—to—
the—cast displacement reactivated numerous north—striking ancestral  Rocky

Mountain fault planes and Proterozoic foliation plancs. Combined Laramide and
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mid—"Tertiary, down—to—thc—cast displaccments along the East Joyita fault approxi-
mate 3 km of stratigraphic throw.

Deformation associated with Rio Grande rifting resulted in both high—anglc nor-
mal faults and low-—angle, extensional detachment faults. Originally high—angle faults
developed along three directions, two of which represent reactivation of Proterozoic
structurcs of northwest and east—northeast strike. The third normal fault system is
thought to have reactivated the north—northcast—striking fold and thrust fault system
of Laramidc origin. Extensional detachment faults occur as low—angle structures (Fig.
4.10c) that are commonly associated with microbrecciated fault surfaces, teetonic me-
lange and allochthonous terrane. These structures arc interpreted as the shallow crust-
al analogs to the decper detachment faults in the Albuquerque Basin detected by seis-
mic investigations (e.g., Russell and Snclson, 1990; Dc Voogd et al, 1988). An
cxtensional model compatible with Lister and Davis (1989) is favored, in which com-
paratively younger, cxcising detachment faults cut older, originally high—angle normal
faults. Associated ratation of both bedding and high—angle normal faults resulted in
domino—style faulting within allochthonous terranc. Both high— and low—angle nor-
mal faults offset Oligocene and older rocks, but are overlain by unfaulted strata of the
Sicrra Ladrones Formation of the Santa Fe Group. Therefore, mid—Tertiary cxten-
sional deformation in the Joyita Hills arca can be constrained as an Oligocenc—~Mio-

cene event.
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SUMMARY

Specific structures associated with ancestral Rocky Mountain, Laramide and Rio
Grande rift tectonisms have been identificd and documented. The analytical tech-
nique utilized herein has demonstrated that tectonically induced fractures most com-
monly maintain consistent angular refationships with respect to bedding. These rela-
tionships have been interpreted to indicate that tectonically induced fracturing was
superimposed on bedding prior to appreciable rotation of bedding from horizontal,
and these relationships have been used to cvaluate applicd stress orientations. The
analytical technique has been used to evaluate structurcs associated with Laramide and
Rio Grande rift orogenics, and stress orientations have been inferred for both of these
cvents. The technique has notbeen applied to ancestral Rocky Mountain deformation,
because late Paleozoic structures have been overprinted by younger structurcs of com-
parable orientation and/or structural style. Rather, ancestral Rocky Mountain struc-
tures have been identified through field observation and recognition of specific latc Pa-
lcozoic structures.

Anccstral Rocky Mountain deformation in the Joyita Hills arca was the result of
north—trending, sinistral wrench faulting during carly Wolfcampian time. The com-
patibility of structures observed in the Joyita Hills with previously documented struc-
tures in the Sierra Nacimiento area and the Sacramento Mountains indicates that much
of central and southern New Mexico was deformed in a similar structural style during
the late Palcozoic.

Laramide deformation in the Joyita Hills arca resulted predominantly in wrench
faulting, with a lesser component of thrust faulting. North—striking synthctic faults
and cast—northeast—striking antithetic faults arc interpreted as respective parts of a
north—trending, dextral wrench fault system. Other dextral wrench faults strike to the

northeast, and parallel the dextral Montosa and Del Curto fault zones. Laramide fold
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axes trend to the north—northeast, west—northwest and north—northwest, and arc in-
terpreted to have been related to Laramide wrench lault systems.

Deformation associated with the Rio Grande rift resulted in both high—angle and
low—angle normal faults. Low—angle normal faults postdate the high—angle faults,
and are interpreted as extensional detachment faults. Dctachment faults arc thought
to have accommodated rotation and to have developed pencecontemporancously with
rotation, resulting in domino—style faulting within extensionally detached terranc,
Westward tilting of the Phancrozoic section, when combined with the orientation of de-
tachment faults and associated striac, indicate a hanging wall displacement dircction
to the cast and cast—southcast. This deformational cvent can be constrained as an Oli-
gocene—Miocene event,

Reactivation of Proterozoic foliation and amphibolite dike orientations was a com-
mon occurrence during cach Phancrozoic orogeny. Once formed, basement fabrics
served as existing planar weaknesscs that were intermittently rejuvenated during the
geologic history uf the Joyita Iills area. Reactivation of north—striking foliations has
been verified in the field along a buried ancestral Rocky Mountain fault. Comparison
of Laramide and Rio Grande rift fault and dikc orientations with Proterozoic foliation
and amphibolite dikes indicates that reactivation also occurred during thesc younger
deformational cvents. Laramide deformation reactivated Proterozoic structures in a
strike—slip sense, and Rio Grande rifting rcactivated Proterozoic structures in an ex-

tensional sensc.
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PROGRAM ROTATE

C*i:-)e-k*'k**‘k***‘k*‘k*‘k*****’k*****-).'**-k*****-kv\'****-k-!:****************#'ﬁ:*****i*

This program iz a modification of Wm. J.

fortran prog

ram (U.S. Geological Survey,

Perry, Jr.'s FABSTAT

OFR 81-158). Principal

modifications to the program include the following: 1) acceptance
using either quadrant or
tion; 2) output in any of eight modes, see below; and 3)
omission of statistical calculations performed in the original
program, in that they are not applicable to the task at hand.

of both linear or planar data as input,

azimuth nota

Perry’s (198

1) program still forms the

core of

program, and mach of the original progroan,
comment s, remain unchanged.

this modified

including some of e

LR R R R R R R R R R R R R g A R E R LR R

Main arrays

alpha{n
opti
beta (n
1 an

c(i,60)
line
vari
3_

cm (70, 1
line

Program - - - fabstat.fortran -
modified 5-19-83 by D.A. Cullen and W.C. Beck
and M.W. Knoper

‘modified 5-20-89 by W.C.
modified 4-26-90 by W.C.

Bealk

Reck

EXPLANATION OF TERMINOLOGY

and matrices:

) — strike (bearing) of planes

ons 1 and 2 below.
) = dip (plunge) of planes
d 2 below.

(lines) .

- August, 1980

(lines) . see input

see input options

- direction cosine matrix of poles to planes (or
ations) designated by alpha and beta. convention: ~i~
(x axis); 2 - east (y axia);

es from 1 to 3. 1 - north
down (z axis).

) — direction cosine matrix of mean poles {(or

"

ations), "1

as above. matrix used in mid-progran to

store all data to be rotated to bedding flat.

Rotation mat

af(i,q)
the
cm (7

rix:

— derived from “al”, the strike of bedding, and "be",
dip of bedding. by matrix multiplication (a(i,di)x
0,3)), the coordinate axes are changed such that the
data are rotated to horizontal bedding.

o i B o T 2k i AR TR

INPUT AND OUTPUT FORMATS

Data input and output formats have been modified from the
original program to accommeodate input formats used in the “rose” and
"equal-area” programs developed by Tang Ning-hua at the University
'Schmidt’ program developed by

of Akron (19
A.J. Beasley

81, unpublished), and the
(Computers & CGeosciences,

vol.

7

I3

1o81) .
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As many as 9 planar or linear orientations can be linked to an
individual bedding orientation. Bedding is rotated to horizontal

(about a rotation axis parallel to strike)
are re-criented by an equivalent amount.

and structural elements
An individual bedding

orientation and its contained structural elements are herein defined

as a ‘data set’. Any number of data sets

nnay be rotated in the szame

run, provided that sets are formatted to a sequential input file.
Data set-up is as follows. All data is to be left-justified,

beginning in column 1.

Line 1: Defines the following options:
1: FOROPT=format option, where eithev

a ‘1’ (azimuth notation)

or a '2’ (guadrant notation) is typed into column 1.

2: INPOPT=input option, where either a

‘1’ (planar data) or a

27 (linear data) is typed into column 2.
3: OUTOPT= output option, where an integer (1 through 8) is

typed into column 5, where:

1 - defines azimuth notation, planar data

2 — defines azimuth notation, linear data (or pole to plane

3 - defines quadrant notation, planar data

4 - defines quadrant notation, linear data (or pole to plane
5 - defines dip direction and dip, planar data-schmidt format
6 —~ defines bearing and plunge, linear data-schmidt format

(or pole to plane)

7 - defines bedding only, equal-area program format
8 - defines bedding only, schmidt program format

4: ROTOPT= rotation option, where either a ‘0' (no rotation) or
a 'l’" (rotation) is typed into column 7.

Note that regardless of input formats,

output may be obtained in

any degired format. Data that is to be used in the ‘rose’ orv
‘equal-area’ programs must select output options 3 or 4.
Data that is to be used in the schmidt program must select

output options 5 or 6.
to linear format (outopt = 2, 4 or
to plane.

Note that planar data that is output

6) 1is equivalent to pole

Line 1 also definesg the TITLE for a particular run, is printed

once at the head of output, and is
equal-area and schmidt programs.
7, and may be up to 40 columns in

combination of symbols, characters

the title may be left blank.

equivalent to TITLE in the

The title begins in column
length, consisting of any
or numbers. If desirved,

Line 2: Is the beginning of the first data set. An integern
representing the number (0 to 9) of structural orvientations
(lines or planes) to be linked to and rotated with the
corresponding bedding plane is typed into columns 1 and 2. The
number of data ig referred to as NUMDAT in the program.

Line 3: Defines the orientation of bedding, indicates whether
bedding is upright or overturned, and assigns a name (SETNAM) to

that particular data set. If desired,

setnam may be omitted from

output by ’'commenting-out’ write statement (6,1730), or left

blank.
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The orientation of bedding must be entered as a planar
orientation and begins in column 1. Bedding format wvaries with
the value of foropt: each is illustrated below.

Bedding must be defined as either upright or overturned by
typing a ‘1’ (upright) or a '0' (zero, overturned) inte the
second column following the bedding orientation.

A name (setnam) for the individual data set begins in the
fifth <¢elumn after the bedding orientation, and may be up to 40
columns in length, and may contain any combination of characters,
numbers or symbols. If desirved, setnam may be left blank.

Lines 4 through numdat+23: Define the orientation of data (planes on
lines) to be rotated with bedding to horizontal bedding. Data
formats are dependent upon the values of foropt and inpopt; each
is illustrated below. Data begins in column 1. A ‘LABEL’' may be
assigned to each data line, and the label begins in the thiud
column following the data. The label may be up to 40 columns in
length, and may contain any combination of characters, numbels ol
symbols. Label may also be left blank.

Line numdat+4: Contains a single digit integer, typed into column
1. TIf there are more data sets to be rotated, enter the value of
‘numdat ' for the next data set, signifying the beginning of the
data set. If the last data set in this run has just been read, a
'-17 (minus one) is typed into this line to signify the end of
data.

LR R R RS R o I I S T S S S S S S S R R R A Y R U L A DR PRV IR K LR TR g g

CONVENTIONS

The fLaollowing convention:s ave vecpiired in ovder for thio
program to function properly.

Azimuth notation (foropt=1):
Planar data (inpopt=1): Data entered as strike (0 to 360) and
dip, using the convention that dip is 90 degrees clockwise
from strike, e.g., N6IE/503E=061/50; N61E/S0NW=241/50.

Linear data (inpopt=2): Data entered as plunge and bearing,
e.q., 25/N10W=25/350; 73/323E=73/157.

Quadrant notation (foropt=2):
Planar data (inpopt=1): Data entered as strike (0 to 90) and
dip, e.g., 355/14=NO05W/14NE; 210/63=N30E/638E. &Strike must be
entered with respect to the northern hemisphere.

Linear data (inpopt=2): Data entered as plunge and bearing,
e.g., 48/240=48/560W;05/005=0%5/N0O5SE.

Schmidt notation (outopt=5 or 6; meaning output is given in szuitable
format for entry into the schmidt program.

Planar data (outeopt=5): Output is given in azimuth notation,
ten pairs (azimuth of dip direction and dip value) per data
line, using a (201i4) free format.
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Linear data (outopt=6): Output is given in azimuth notatiocn, ten
pairs (azimuth of bearing and plunge value) per data line,
using a (20i4) free format.

Bedding: Is always entered in planar format,

Overturned bedding: Enter the field-recorded orientation.
Program will restore bedding to horizontal by rotating beds
through vertical, i.e., bedding restored to its younging-
upward orientation.

Vertical bedding: Dip direction must be entered as the younging
direction of the beds teo assure that bedding is restored to
its younging-upward orientation, e.g., N4S5W/S0NE will be
rotated down to the gouthwest.

Note: The final data line requires a '-=1’ (minus one) in columns 1
and 2 to signify the end of data.

hhkhhkdhhhhhhhdhhdhhdhhhbhddbbdhbhbhhbhbbhddddthbhbhhkrhrrrhhhhhbhhhhhhhbd s bdddhhx

SAMPLE DATA SETS AND INPUT FORMATS

Line 1 options: 1 1 1 1 Title (azimuth, planar input+output, rotate)
Line 2 numdat: 5
Line 3 bedding: 045/45 1 Setnam:(optional) Azimuth, planar input
Data n=1 number 320/16 Label...(optional) to 40 characters

n=2 of data 015/53 Label...

n=3 lines 214/30 Label...

n=4 equals 235/61 Label...

n=5 numdat 135/14 Label...

Line numdat+4 -1

options: 1 2 4 0 {(output to quadrant, linear format, no rotation)
numdat : 2

bedding: 285/37 1 Azimuth format, linear input
data: 12/012 Label...

data: 18/318 Label...

numdat ; 3

bedding: 212/67 0 Bedding is overturned

data: 06/350 Label...

data: 36/026  Label. ..

data: 62/317 Label...

end: -1

2 1 3 0 (output to quadrant format, planar data, no rotation)
2

N75W/37NE 1 Quadrant format, planar input

N78W/785W Label...

N48E/728E Label. ..

~1

2 2 1 1 (output to azimuth format, planar data, rotated)
3

N75W/37NE 1 Quadrant format, linear input

12/N12E Label...

18/N4A2W  Label...
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49/N45W  Label...

5

N32E/67NW 0 Bedding is overturned
06/NLOW Label...

36/N26E  Label...

62/N43W Label...

02/N80W Label...

11/N79E Labesl...

-1

O 0 00

R S R R R R R R R R R O O I I IR R I I g e e e R R R R R

a0 000000

DIMENSIONS AND INTERNAL DEFINITIONS

0

9]

dimengion a(3,3).label(70,40)

dimension u(3),q(3),prod(3),final (9),init(9),title(40),setnam{40)
dimension xz(2000),yb(2000)

common /one/cm{70,3)

common /two/alpha(70),beta(70)

common /three/c¢(3,60)

integer b, final, foropt, inpopt, outopt, rotopt, overt, z,xz,yb
character*l stdrl (60),stdr2(60),hs, hw

character*2 ddr (60), hne, haw, hnw

double precigion rad

rad=0.017453293d0

data heg/'s8"/,hw/ W'/, hne/'NE’/,hsw/ "8W’ /, hnw/ 'NW'/

S A R R R R R A A R R R R

g

READING OF DATA AND INITIAL SORTING OPERATIONS

00N

E3

read options and title

T 0N
*

reac (5,1000) ftoropt, inpopt,outopt, rotopt, (title(§),j=1,40)
1000 format (il,1x,1l,lx, 14,1, 11, 1x,40al)
write(6,1010) foropt, inpopt,ocutopt, rotopt
1010 format (10x,’ format option’,lx,il,/,10x,’ input option’,lx,il, /,
L10x, " oubtput option’,lx,11l,/,L0x, " voltation option’, Llx,il)
write (6,1020) (title(j),Jj=1,40)
1020 format (40al)
o
o* read nunmber of data
ol
1030 continue
read (5,1040) numdat
1040 format (12)
if (numdat.lt.0) go to 2140
if (foropt.eqg.2) go to 1060

ax read bedding, azimuth notation

read (5,1050) malpha, nbeta, overt, (setnam(j),i=1,40)
1050 format (i3,1x,12,1x,11,2x,40al)

go to 1090
1060 continue
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ol read bedding, gquadrant notation
read (5,1070) stdrl(l),malpha,stdr2(1l),

2nbeta,ddr (1), overt, (getnam (), =1, 40)
1070 format (al,i12,al,lx,i2,a2,1x,il,2x,40al)

c write{6,1080) numdat,stdrl(l),malpha,stdr2(1l),nbeta,ddr(l)
1080 format(’ ’,//,10x,’ number of data = ',1i2,/,
210x, " bedding plane = ',al,i2,al,"/',12,a2)
C*
ok define variables for outopt 7 and 8
C*

istr=malpha
idip=nbketa
1090 if(overt.ne.0) go to 1110
I write{6&,1100)
1100 format (20x, ' bedding is overturned’)
1110 alpha(l)=float (malpha)
beta(l)=float (nbeta)
if (numdat.eq.0.and.outopt.ge.7) go to 1760
if (numdat.eq.0) go to 1030
num=1
¢ "num”=number of sets considered from one locality,
n=0
bed=alpha{l)+beta(l)
if (bed.gt.0.) n=1
i=1
init(i)=n+1
l=init (1)
“init (i) " is the first element of set “17.
n=n+numdat
“numdat” is the number of data in set 7i”.
final(i)=n
¢ "final(i)” is the last element of set (i)
do 1200 k=2.,n
if (foropt.eq.2) go to 1150
1f (inpopt.eq.2) go to 1130

0

8]

c* read planar data, azimuth notation

read (5,1120) malpha,nbeta, (label(k,m),m=1,40)
1120 format (i3,1x,12,2x,40al)

go to 1190
o
¥ read linear data, azimuth notation
c*‘

1130 read (5,1140) nbeta,malpha, (label(k,m),m=1,40)
1140 format (i2,1x,13,2x,40al)

go to 1190
1150 if (inpopt.eq.2) ¢go to 1170
c*
lohd read planar data, quadrant notation
c*

herein set

read (5,1160) stdrl(k),malpha,stdr2(k),nbketa,ddr(k),

2(label(k,m),m=1,40)
1160 format (al,i2,al,lx,12,a2,2x,40al)
go to 11920

at

1
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read linear data, guadrant notation

read (5,1180) nbeta,stdrl (k) ,malpha, asbtdr2(k), (label (k, m),m=1, 40)

format (12,1x,al,i2,al,2x,40al)
alpha(k)=float (malpha)
beta(k)=£fleoat (nbeta)

continue

last=final (num)

if (foropt.eq.l) go to 1400

do 1270 k=1, nun

if (stdrl(k).eq.hs) go to 1210
go to 1230

write (6,1220)

format (10x, ‘wrong input format,
go to 2020

continue

atrike of bedding’)

convert bedding in guadrant notation to azimuth

if (ddr(k) .eq.hne) go to 1240
if (ddr(k).eqg.hnw) go to 1250
if (ddr (k) .eq.hsw) go to 1260
go to 1270
alpha(k)=360~alpha (k)

go to 1270
alpha(k)=180+alpha (k)

go to 1270

alpha (k) =180-alpha (k)
continue

write (6,1280) alpha(l),beta(l),overt
format ('bedding defined as’,1x, ‘alpha(l)=",£8.4,

if (inpopt.eq.2) go to 1360

convert planar data in qguadrant notation to azimuth

do 1350 k=2, last

if (stdrl(k).eg.hs) go to 1290
go to 1310

write(6,1300)

format (10x%, ' wrong input format,
go to 2020

continue

if (ddr(k).eqg.hne) go to 1320
if (ddr(k).eqg.hnw) go to 1330
if (ddr (k) .eqg.hsw) go to 1340
go to 1350

alpha (k)=360-alpha (k)

go to 1350

alpha (k)=180+alpha (k)

go to 1350

alpha (k)=180-alpha (k)

continue

go to 1410

21x, 'beta(l)=",£8.4,1x, 'overt=",11)

agtrike

of

data’)
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convert linear data in quadrant notation to azimuth

do 1400 k=2, last

if (stdrl(k).eg.hs) go to 1330
1t (stdr2(k).eq.hw) go to 1370
go to 1400

alpha (k) =360-alpha (k)

go to 1400

if (stdr2(k).eq.hw) go to 1390
alpha(k)=180-alpha (k)

go to 1400

alpha (k)=180+alpha (k)

continue

1f (bed.eqg.0.) go to 1450
al=alpha(l)

be=beta(l)

convert for overturned bedding

if (overt.ne.0) go to 1420
al=al+180.

be=180.-be
do 1430 i=2, last
n=i-1

alpha(n)=alpha (i)
beta(n)=beta (i)
continue

do 1440 in=1,num
init(in)=init(in)-1
final(in)=final(in)-1
continue

last=last-1

continue

last=final (num)

INITIAL WRITE STATEMENTS, COMPUTATION OF

LR AR R R A E R EREEEEEREEEESEREEEEREEEREEREESEEEESEEREESESEERIEREEEREIEEEREEEELEREEE LSS

POLES TO PLANES AND

COMPUTATION OF DIRECTION COSINES OF POLES TO PLANES:

J=init (i)
k=final (1)
if (inpopt.eq.2) go to 1490

convert planar data to pole to plane

do 1480 n=1, last

alpha(n)=alpha(n)-90

if{alpha(n).1l£.0.) alpha(n)=360.+alpha(n)
if(beta(n))1460,1470,1470
beta(n)=—(90.+beta(n))

go to 1480

beta(n)=90.-beta(n)

continue

continue

do 1550 i=1,num



165

j=init (i)
k=final (1)
if (inpopt.eq.2) go to 1520

e write (6,1500)

1500 format ('poles to input planes, plunge and bearing’)
e} write(6,1510) (1,beta(l),alpha(l),l=7,k)

1510 format (10x, 'l=',41l1l,10x,£6.2,5x%,£6.2)

go to 1550

1520 continue
c write (6,1530)

1530 format (’input lineationsg, plunge and bearing’)
c write (6,15%40) (1,beta(l),alpha(l),l=7,k)

1540 formabt (7x, ‘l=’,1il1,8x,£6.2,6x,£6.2)

# 1550 continue

c‘k
c* convert to radians
o*

do 1560 n=1, last

alpha(n)=alpha(n) *rad

beta(n)=beta(n) *rad
1560 continue

c* convert to direction cosines

do 1570 1=1, last
¢(l,1)=cos(alpha(i)) *cos (beta(i))
c¢(2,1)=gin(alpha(i)) *cos (beta(i))
c{3,1i)=sin(beta(i))

1570 continue

c******‘k*'**'k***********************-k-k************'k*********************

|

| o

| c DETERMINATION OF MEAN AND ANGLES OF ERROR FOR EACH NON-TRIVIAL
& SET:

l ;

|

no=0
do 1620 i=1,num
J=init (i)
k=final (1)
n=k-j+i
o 1 {j.eq.k) go to 1620
no=no+ 1l
call mean(j, k, no, xm)
"ywm” is the radius of confidence calculated by subroutine mean for

9]

< the set.

< "no” ig the subscript value of the 'no’th calculated mean vector.

¢ "j, k" are respectively the initial and final subscript values of the
¢ set.

| if(xm.eq.0.) go to 1620
c write(6,1580) rdeconf,rad,xm
1580 format(2x,f£10.2,2x,£10.2,2x%x,£10.2)
if(xm.gt.1.0) xm=1.0
if(sem.1lt.-1.0) xxm=-1.0
- wrrite(6,15380) acos (xm)
1590 format(2x,f£10.2)
rdconf=acos (xm) /rad
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call angle (no)
write(6,1600) 1i,alpha(ne),beta(ne), xm, vdcont
1600 format(’ ’,4dhset ,11,2x,’ mean pole and itz radiug of
leconfidence,/,10x, ' azimuth’,lx,£6.2,2x%, " dip in azimuth
2direction’, 1x,£5.2,/,10x, " radius of confidence’,£8.4,/,10x,
3" angle of errvor’',f£6.2,1x, " degrees’,/,Ll0x, " the probability is
45% that the angle of error’,/,10x,’ will exceed this value ({(i.e.
595% confidence level).’'/)
str=alpha(no)+90
if{str.gt.360.) str=str-360.
dip=90-beta (no)
write(6,1610) i,str,dip
1610 format(’ ',7x,’ mean plane, set no.’,11,/,10x,’ st
2dip:, f6.1,4x%,/,7x%,’ dip direction is 90 degrees
3atrike’, /)
1620 continue

rike:", f
clockwis

LAy

“rom

oo

o

c
C:*'A"k'*'k********'A"k'k***'k'k*'k'k'k'):*:\“A"k******‘k**‘k*****-k*‘k‘ﬁ"i‘************'k*‘i‘*‘k*'k*
<
c DETERMINATION OF THE ROTATION MATRIX:
C
< if(be.eg.0.0) go to 1030
ok
o if data is not to be rotated, redefine bedding dip as horizontal
o prior to calculations to bypass rotation
o*

1f (rotopt.eq.0) Le=0.0
C*
o convert bedding to radians
<

al=al*rad

be=be*rad
¢ “u” is axis of rotation and strike of bedding

u(l)=cos(al)

u(2)=sin(al)

u{3)=cos (be)

ull=u(l)**2

u22=u(2)**2
¢ "g” 1s a unit vector perpendicular to "u”, the axis of rotation,
< which determines the angle of rotation. 1if below the horizon to the
¢ west by angle "be”, the coordinate system 1s rotated counterclockwise
¢ from north by “be” degrees. if below the horizon to the east by angle
¢ "be” the coordinate system is rotated clockwise "be” degrees.

<

g(l)y=—sin(be)*u (2}
g(2)=sin(be)*u{l)
q(3) =cos (be)
a(l,ly=ull+qg(3)*u22
a(2,2)=u22+q(3)*ull
a(l,2y=u()*u(2)*(1-q(3))
a{2,1)=a(l,2)
do 1630 i=1,3
a(i,3)=g(i)

1630 continue
a(3,1)=-a(1,3)
a{3,2)=—a(2,3)

a(i,j) is the rotation matrix

—~ e e



[

c***‘k~k*-k-k***-k*‘k*****’k************’k*i:**:ki‘*****************'};***7\’*'&;#:******

C
<
C

1640

1650
1660

1670
1680

1690

1700

1710

1730

do 1660 i=1,3
r=0.0

do 1640 j=1,3
r=r+a(i,j)**2
continue
r=sqrt(r)

do 1650 1j=1,3
a(i,j)=a(i,j)/r
continue
continue
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ROTATION OF DATA TO BEDDING FLAT‘

do 1680 i=1, last
n=no+i

do 1670 j=1,3
cmi{n,j)=c(j, i
continue
continue
last=last+no
do 1720 i=1, last
do 1700 j=1,3
sum=0.0

do 1690 1=1,3

)

sum=sum+a (j, 1) *em (1, 1)

continue
prod(j)=sum
continue

do 1710 1=1,3
cm(i, 1) =prod(l)
continue

call unvec (i)
call angle (i)
continue

convert radians to angles

alr=al/rad
ber=be/rad

AAKAKRKA A AL A AKRK AR AL A A AR AA AR R R R AR ARk h ok oh kh ok oh kb Ak bk b kb h b hokd b Aok

FINAL SORTING AND FINAL WRITE

it=0

do 1760 i=1, num
J=init (i) +no
k=final(i)+no
n=k-j+1

it=1it+1

write(6,1730) (setnam(n),n=1,40)

format (* ', /,11x,

1f (inpopt.eq.2)
str=zalpha(it)+90

40al, /)
go to 1740

STATEMENTS



1740
o

1750

1760
C*
o
ok

1340

1850

1860

1870

1880

168

if(str.gt.360.) str=str-360.

dip= 90-beta(it)

continue

write(6,1750) i,str,dip

format (' ',7x,' mean plane, set no.’,il,/,10x,’ strike:’,£6.1,1x,
2:dip: ', £6.1,4x%,/,7x, ' dip direction is 90 degrees clockwise from
3strike’, /)

continue

routing given value of outopt
go to (1770,1800,1830,1930,2030,2050,2070,2090) outopt
outopt=1, azimuth notation, planar data

continue

do 1790 1=7,k

z=ifix(alpha(1l)+90)

if (z.gt.360) =z=z-360
b=ifix(90-heta(l))

write (6,1780) z,b, (label(l,m),m=1,40)
format (13,'/*,12,2x,40al)

continue

go to 1030

continue

outopt=2, azimuth notation, linear data (or pole to plane)

do 1820 1=7,k
z=ifix(alpha(l))
b=ifix(beta(l
write (6,1810) b,z, (label(l,m),m=1,40)
format (i2,°/",13,2x,40al)

continue

go to 1030

continue

—

outopt=3, quadrant notation, planar data (for equal-area program)

do 1920 1=3,k

kk=kk+1

z=ifix(alpha(l))

b=ifix(90-heta(l))
if(z.ge.0.and.z.1t.90) go to 1840
if(z.ge.90.and.z.1t.180) go to 1860
if(z.ge.l80.and.z.1t.270) go to 1380
if(z.ge.270.and.z.1t.360) go to 1900
z2=90-z2

write(6,1850)z,b, (label(l,m),m=1,40)
format ('N’,12,'W/',12,'SW’,2x,40al)
go to 1920

z=z—-90
write(6,1870)z,b, (label(l, m), m=1,40}
format ('N’,i12, ‘E/',12, 'NW",2x,40al)
go to 1920

z=270-2
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write(6,1890)z,b,(label(l,m),m:l,40)
format(’N',iz,’W/’,iZ,’NE',2x,40a1)
go Lo 1920

z=2-270
write(6,1910)z,b,(label(l,m),m:l,40)
format(’N’,iZ,’E/',iZ,’SE’,ZX,4Oal)
continue

go te 1030

continue

outopt=4, quadrant notation, linear data {or pole to plans (for
equal-area program))

do 2020 1=1,k

kk=kk+1

z=ifix(alpha(l))

b=ifix(beta(l))

if (z.ge.O.and.z.le.90) go to 1940

if (z.gt‘90.and.z.le.180) go to 1960
if (z.gt.180.and.z.1e.270) go to 1980
if (z.gt.270.and.z.le.360) go to 2000
write (6,1950) b,z,(label(l,m),m:l,40)
format (i2,’/N',i2,’E’,2x,40a1)

go to 2020

z=180-z

write (6,1970) b,z,(label(l,m),m:l,dO)
format (i2,’/S’,i2,’E’,2X,40a1)

go to 2020

z=z—-180

write (6,1990) b,z,(label(l,m),m:1,40)
format (i2,’/S',i2,’W',2X,40a1)

go to 2020

z=360-z

write (6,2010) b,z,(label(l,m),m:l,40)
format (i2,’/N’,i2,’W’,2x,40al}
continue

go to 1030

continue

outopt=5, azimuth notation, planar data, dip direction and dip
(for schmidt program)

do 2040 1=7,k

kk=kk+1
z=ifix(alpha(l) + 180)
if (z.ge.360) z=z-360
b=ifix {90-beta(l))
xz (kk) =z

ybh(kk)=b

ll=kk

continue

go to 1030

continue

outopt=6, azimuth notation, linear data (or pole to plane), tirend
and plunge, (for schmidt program)
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c*
do 2060 1=7,k
kk=kk+1
z=ifix (alpha(l))
b=ifix(beta(l))
xz(kk)=z
vb(kk)=b
11=kk

2060 continue
go to 1030

2070 continue

*

*

outopt=7, bedding only, quadrant format (equal-area program)

*

kk=klk+l

write (6,2080) stdrl(l),istr,stdr2(l),

2idip,ddr (1) ,overt, (setnam(j), =1, 40)
2080 format(al,i2,al,/",12,a2,1x,1l,2x,40al)

go to 1030
2090 continue

*  outopt=8, bedding only,

kk=kk+1
if (ddr (1) .eq
1f (ddr(l) .eq
if (ddr(l) .eqgq
go to 2130
2100 istr=360-istr
go to 2130
2110 istr=180+istr
go to 2130
2120 istr=180-istr
2130 continue
istr=istr+90

if (istr.gt.360)

z = istr
xz (kk)=istr
vb(kk)=idip

11=kk

go to 1030
2140 continue
*
* print counter
"

if (outopt.eq.

.hne) go to 2100
hnw) go to 2110
.hsw) go to 2120

for equal-area program

3) write

igtr=istr-360

6,2150)

azimuth format

kk

(schmidt program)

(
1f (outopt.eq.4) write (6,2150) kk
if (outept.eq.7) write (6,2150) kk
2150 format (' number of data=',15)
if (outopt.le.d.or.cutopt.eq.7) go to 2170

k
ok print output matrix for schmidt program
ke

write (6,2160) (xz(kk),yb(kk), kk=1,11)
2160 format (20i4)
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2170 continue
end

SUBROUTINE MEAN

this subroutine calculates the mean and radius of confidence of s
of unit wectors in array “c(i,60)".

subroutine mean(j, k, no, xm)
"7 and "k” define the range of "¢” to be considered.
common /one/cm(70,3)
common /three/c(3,60)
double precision r,cs(3)
x=k—-J+1
do 30 1=1,3
r=0.0
do 20 i=7,k
r=r+c(l, i)
20 continue
co(ne,l)=r
cs{l)=x**2
30 continue
r={(cs{ly+os(2)+es(3))**.5)
“r” is now the length of the vector sum
do 50 1=1,3
c{no, 1) =cm({ne, 1) /1
50 continue
cm” is now the vector mean (the mean pole)
ax=x-2
if(r.gt.ex) go to &0
write(6,400) J,k
400 format (lho,10x, 'set of data including planes no.’,1x,i2, lx,
2'through no.’,1x,12,1x, 'cannot ke treated accurately by this
Jprogram’,/,10x, ‘as r is less than or equal to the number of
dplanes minus two {(n-2).’,/,10%, 'a valid measure of dispersion
5 is not computed.’,//)
»r=0
go to 70
60 g=1./(x-1.)
ga=0.05
xm=1l.-{((x-)*((1l./ga)**g-1.)) /v
70 return
end

”

SUBROUTINE ANGLE

]

¢ this subroutine converts the direction cosine array to azimuth and

[
(e

<

plunge.

subroutine angle (i)
common /one/cm{70,3)

T
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this subroutine verifies that unit vector
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common /two/alpha (70} ,beta(70)
double precision rad
rad=0.017453293d0
abort=cm(i,1)+cm(i,2)+cm(i, 3)
if(abort.eq.0.0) go to 20
if(em(i,3)) 4,8,8
em(i,1)=—cm(i, 1)
cm(i,2)=-cm(i,2)
cm(i,3)=-cm(i,3)
if{em(i,3).eq.l.) go to 18

em{i,1)= em{(i, 1) /sgre(am(i, 1)**2+cm(i, 2)**2)

alpha (i) =acos (em(i, 1)) /rad
b=em(i,3)/{((1l.-cm(i,3)**2)**.5)
beta (i) =atan(b) /rad
if(em(di, 1)) 10,14,14
if(cm(i,2)) 12,16,16
alpha(i)=360.-abs(alpha(i))
go to 20

if(cm{i,2).gt.0) go to 20
alpha(i)=360.-alpha(i)

go to 20

if{alpha(i).gt.%90) go to 20
alpha(i)=180.-abs(alpha{1i))
go to 20

alpha{i)=0

beta(i)=90

refurn

end

SUBROUTINE UNVEC

unitized.

10

15
20

subroutine unvec({j)
common /one/cem{70,3)
r=0.0

do 10 i=1,3
r=r+cm(j,1)**2
continue

if(r.eq.0.) go to 20
r=sqrt{r)

do 15 i=1,3
era{j,i)=cm(3,1i)/r
continue

return

end

array

"cmi{n,i)”

I O R R R R R R R R EREE R R R E R EENER RS I O o

is
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PROGRAM CONVRT

C«‘A"k*’k*‘k**'k***********‘k‘k‘!‘**********'k*-l-‘l'****i‘**‘l'**********'k***‘k-k)\'*'A'i‘*****'k

D00 0000000

I

&

OO0 nNnaoo0aa00an

O 00

a0 000

N oo 0an

0 Q00 000nna

0 o

This program is used to convert a continucus data file in
gquadrant notation intec suitable azimuth format for entry into the
SCHMDT program. Assumedly, the input file is typed by the user or
created as output by program ROTATE (outopt = 3,4 or 7). Only minor
modifications to the output file created by program ROTATE are re-
quired to make it suitable as input into this program. Input f[ormats
are specified below, where: NPLOT is the number of datasets to be
converted; INDEX is a nunerical value defining type of data to be
converted (1 = planar data; 2 = linear data; 0 = end of data); NORSNM
is the number of individual orientations teo be converted in a given
data set; and TITLE is a 40 character string used to label a given
data set.

Khkhkhkhhdhhddhhdhhhhhdhhhhhhdodhh bk kdek bk kbbb A AT A bbb bk ok ok h b hddhhh b dd kh kb

Program -~ - - convrt.f - - - Version of October, 1990 - - W.C. Beck

hkdkkdkkhh bk bk Ak bk b b dhhhhhhhbhhh bk bbbk ddh kA A AL AT A A A LA A ATAAR R A hhdhk b hobokok bbb &

SAMPLE DATA SETS AND INPUT FORMATS

005 nplot

1 index
00012 nobsnm
planar data, set #1 title

N4LW/455W (GOES TO...) 225 45
N20W/408W 250 40
N45W/2058W 225 20
N10wW/708W 260 70
N60E/458E 150 45
N30E/61NW 300 6l
N45W/58NE 45 58
N1OW/25NE 80 25
N20E/64NW 290 64
N50E/90NW 320 920
N16E/16SE 106 14
N37E/00SE 127 00
2 index
g0005 nobsnm
linear data, set #2 title
12/NS0OE 50 12
87/821E 159 87
49/362W 242 49
62/N75W 285 62
77 /NSOE 50 77
2 index
00004 1nobhanm
linear data, set #3 title
55/N46W 314 58
bL/S520W 200 [}
89/8T2E 108 89
67/NOSE 5 67
1 index
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|
i
!
E
i/ i ¢ 00004 nobsnm
| ¢ planar data, set #4 title
¢ NASE/45S8E L35 4%
o N45W/458W 225 45
¢ N45E/45NW 315 45
<  N4SW/45NE 45 45
(<IN} index
¢ 00006 nobsnm
¢ planar data, set #5 title
¢ N1OE/908E 100 90
¢ N8SE/S52NW 359 52
¢ NIOW/52SW 260 52
¢ NIOW/6E2NE 0 62
< NOOW/00sSW 270 0
o N14Ww/85sw 256 85
c 0 te end program index
Z****************3\'***'k**'*'*'*'k*****'k****'k-k*'k**-A"k"k'A'**'k***********'k****‘k****
e,
& DIMENSIONS AND INTERNAL DEFINITIONS
c
dimension title(40), xz(2000), vh(2000)
integer b, z, xz, vb
character*l stdrl, stdr2, hs, hw
character*2 ddr, hne, hsw, hnw
data hs,hw, hne, hsw, hnw/'S’, 'W’', 'NE’, "SW’, "NW’ /
.
C*'A—*-k*-).-**-k***-k*-k'k*'k*:kk**k****k*******A-***'k*'.‘: Ak ok hk ko oAk d kb ok ok ok hdh ok ok khk ko ok oAk AR
[ad
o
o* begin program
o*

read (5,1000) nplot
1000 format (i3)
do 1200 i=1,nplot
read (5,1010) index
1010 format (il)
if (index.eqg.0) go teo 1210
read (5,1020) nobsnm
1020 format (i5)
read (5,1030) (title(j), 4=1,40)
1030 format (40al)
kk=0
do 1160 k=1, nobsnm
if (index.eq.2) go to 1090

Q
*

0
*

read planar data
a*
read (5,1040) stdrl,malpha,stdr2, nbeta, ddr
1040 format (al,i2,al,lx,i2,a2)
alpha=float (malpha)
beta=float (nketa)
if (ddr.eg.hne) go to 1050
if (ddr.eg.hnw) go to 1060
if (ddr.eqg.hsw) go to 1070
go to 1080
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1100
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1050 alpha=360.-alpha

go to 1080
alpha=180.+alpha
go to.1080

1070 alpha=180.-alpha
1080

continue

alpha=alpha-90.

if (alpha.lt.0.0) alpha= 360.+alpha
beta=90.-beta

go to 1140

continue

read linear data

read (5,1100) nbeta,stdrl, malpha, stdr2
format (i2,1x,al,12,al)
beta=float (nbeta)
alpha=float (malpha)

if (stdrl.eg.hs) go to 1120
if (stdr2.eg.hw) go to 1110
go to 1140

alpha=360.-alpha

go to 1140

1f (stdr2.eqg.hw) go to 1130
alpha=180.-~alpha

go to 1140

alpha=180.+alpha

continue

all data now converted to line, azimuth format
if (index.eq.2) go to 1150
set up array, planar data

kk=kk+1

z=ifix (alpha+180.)

if (z.ge.360) z=z-360
b=1fix(90.-beta)
xz{kk) =z

yh(kk)=b

1l=kk

go to 1160

continue

set up array, linear data

kk=kk+1
zz=ifix (alpha)
bb=ifix (beta)
xz(kk)=zz
yvbh(kk)=bb
11=kk
continue

print title
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write (6,1170) (title(3), j=1,40)
format (40al)

print output array

write (6,1180) (xz(kk),yb(kk), kk=1,nobsnm)
format (2014)

print number of data

write (6,1190) 11

format ('number of data= ’',15)
continue

continue

end

Planar data may be subdivided into multiple arrays

C* ***according to dip value by substituting the following

C*-
o*

a0 n

000000

O a0

a0 0 n0a0a00o0n

0

o*
c*
o %

o, kK

1145

1148

1150
1160

after line 1140.

all data now converted to line, azimuth format
if (index.eq.2) go to 1150
set up array, planar data

z=ifix(alpha+180.)

if (z.ge.360) z=z-360
b=ifix (90 .-beta)

if (b.ge.45.and.b.1t.75) go to 1145
if (b.1t.45) go to 1148
kk=kk+1

xz (kk) =z

vb (kk) =b

11l=kk

go to 1160

continue

km=km+1

xm(km) =z

ym(km) =b

Im=km

go to 1160

continue

kn=kn+1

xn(kn)=z

yn{kn)=b

In=kn

go to 1160

continue

continue

print title
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write (6,1170) (title(j), +=1,40)
format. (A0a71)

print output array

write (6,1180) (xz(kk),yb(kk), kk=1,11)
format (2014)

print number of data

write (6,1190) 11

format ('number of data= ’,15)

write (6,1181) (xm{km),ym(km), km=1,lm)
format (20i4)

write (56,1182} 1m

format ("number of data= ', 15)

write (6,1183) (xn(kn),yn(kn), kn=1, 1in)
format (20i4)

write (6,1184) 1n

format (’'number of data= ', 1i5)
continue

continue

end
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PROGRAM SCHMDT

LR R R R R R R R R A R L e

A FORTRAN IV (ICL 1901A) program for printing an eqgual-area
density diagram of structural orientation data.

Program by A.J. BEASLEY, GEOLOGY DEPT., UNIVERSITY OF ZIMBARWE,
P.O. BOX MP167, MOUNT PLEASANT, SALISBURY, ZIMBABWE.

Three types of structural data can be processed:

Mode 1: Vectors or lineations, the data must be supplied as
azimuth measured clockwise from north, and dip or plunge.

Mode 2: Poles to planes; data must be supplied as azimuth of the
dip direction (i.e., perpendicular to strike, and in the down-dip
direction) and dip angle.

Mode 3: Beta intersections of planes; data as for mode 2.
Any number of sets of data may be processed in a compubter run.

For each set of data the following cards are required:
Card 1: format (Il, 19%9a4, a3); mode and title:

column 1: mode as above (single digit)

columns 2 - 80: title
Card 2 et seq.: format 20i4); orientations of data; each card
bears 10 pairs of positive integer values of azimuth and dip.
After the last pair of data, the final card must contain a
negative dummy azimuth, with the remaining fields containing
dummy values, zero for example. When there are an exact multiple
of ten data,a dummy set-terminator card must be added, complying
with the above requirements; i.e., a negative digit followed by
1% other dummy digits.

After the last set of data, a batch terminator card is required;
this contains a zero in column 1.

**'A‘*****************************k************A“k******************

common
/blkl/rad, dx, dy, prent, kontrs, kmid, kmax, lmid, lmax, num
/blk3/title(20)
/blk5/al(3896),b1(3896),c1(3896)
/blk8/kount (3896)

* calculate parameters required during program
call params

* calculate parameters of node at center of projection-circle, in
case it is not scanned during program; center node must be
numbered because it is addressed specifically in subroutine
‘print .

call denode (kmid, lmid)

* read operating mode, and title
read (5,1001) mode,title
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C**-A—************************'k**********‘k*******************************
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if (mode .eg. 0) stop

* print title and headings for data
write (6,1002) title

* initialize "kount’' array to zero
do 20 n = 1,num

kount(n) = 0

* initialize number of data (np) to zero
np = 0

* read and write a line of data

call card (mode,ndata)

1f {ndata .eg. 0) go to 60
* process data from card
do 60 i = 1,ndata

* increment number of data
np = np + 1

* calculate direction cozines of vector, and coordinates of
nearest node to its projection onto the projection plane.
call devect (1, a, b, ¢, k, 1)

* if beta diagram required, store direction cosines, otherwise
plot vector

go to (40, 40, 50) mode

call count {(a, b, <, k, 1)

go to 60

al(np) = a

bl (np) b

cl(np) ¢

continue

1

* if card contains ten pairs of data, read another card
if (ndata .eg. 10) go to 30
continue

* if beta diagram required, calculate intersections of planes,
and plot vectors of intersections.
if (mode .eg. 3) call beta(np,nbeta)

* print diagram

call print (mode, np, nbeta)

go to 140

format (il, 19%a4d, a3)

format (1hl,10x,1%a4,a3,/,1h0,11lx,10{(6haz dip, 5x})
end

block data

definitions of constants
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s
fo! rad........ radius of pleotted diagram (mm)

C dx. .o grid interval along x-axis; all printing positions

s of line-printer (mm)

c Ay ...... . .. grid intexrval along y-axis; every line (mm)

¢ prent. ... .. area of scanning circle; as percentage of equal-area
o plot

< kontrs..... number of contour intervals on an equal-area plot

s R S A R S I I R I R A I e A I O I I R S S S e e

o~

c

commen

1 /blkl/rad, dx, dy, prent, kontrs, kmid, kmax, 1mid, lmax, num

data rad/ 100. /

data dx,dy/ 2.54000,3.17500 /

data prent/1./

data kontrs/4/

end
C
C‘.'k’A'*********************'k**************k‘k***k***********’k*********'A'*****
-

subroutine params

calculates various parameters dependent upon the radius of the
primitive circle, the line and character spacings of the line-

o printer and the size of the scanning cone.
C:‘k‘.i‘**i‘**‘k************************“k*'k*****'k*'k******‘k*****‘k******'k**'k****

oo

commuon
1 /blkl/rad, dx, dy, prent, kontrs, kmid, kmax, lmid, lmax, nun
2 /blk2/cscrit, check, krange, lrange
6 /blké/node (77, 61)
[
< * determine number of columns and rows within projection circle,
c and array indices of center column and row.
kmid = (int(rad*2./dx)-1)/2+1
kmax = kmid*2-1
Imid = (int{rad*2./dy)-1)/2+1
Imax = 1lmid*2-1
num = 0
(]
v * initialize array 'node’; outside projection circle = -1;
< inside = 0

do 60 1 = 1, 1lmax
y = dy * (lmid - 1)
¥ = sdrt (rad*rad - y*y)
kmin = kmid - int(x/dx)
if (kmin-1) 40, 40, 10
10 do 20 k = 1,kmin-1
20 node(k,1l) = -1
do 30 k kmax—kmin+2, kmax
30 node(k,1l) = -1
40 continue
do 50 k = kmin, kmax-kmin+1
50 node(k, 1) 0
60 continue
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C * calculate the cosine of the angle subtended by the scanning-
C circle at the center of the hemisphere
cgorit = 1l.-proent/100
!
C * calculate the critical z-axis direction cosine for which the
c scanning-circle overlaps the perimeter of the projection-
¢ circle; it equals sin(angle of scanning-cone) .
check = sqrt{l. - escrit*cscrit)
(]
C * calculate range of lines and columns to be scanned
rsmall = rad*check

krange = rsmall/dx

lrange = rsmall/dy

return

end
o
C**********************************************************************
o

subroutine dcnode (k,1)

c
c numbers a node within the projection circle, initializes the
c count-value at that node, and calculates the direction cogines of
< the vector through the node.
<
c explanation of subroutine arguments
(o)
. | L column and row numbers of a node
C****************************k*****************************************
&
common
1 /blkl/rad,dx,dy, prent, kontrs, kimid, kmax, Imid, Imax, num
6 /blké/node (77,61)
7 /1lk7/a(3896),b(3896),c(3896)
8 /B1k8/kount (3896)
num = num + 1
node (k,1l) = num
kount {num) = 0
x = dx * (k-kmid)
Yy = dy * (lmid-1)
rsg = X*™ + y*'y
r = sqrt(rsqg)
costh = 1. - rsqg/(rad*rad)
sinth = sgrt(l. - costh*costh)
if (r .eqg. 0) go to 10
£l = sinth/r
a{num}) = x*fl
b(num) = y*fl
go to 20
10 a(num) = 0
b(num) = 0
20 c(num) = costh
return
end
(e}

C**********************************************************************

<
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subroutine card (mode,ndata)

!
C reads a data card, determines the number of data pairs, and, for
< planar data, ceonverts te pole azimuth and plunge.
o]
< explanation of subroutine arguments
<
e mode. ..., flag controlling type of diagram produced; 1 = vectors
IS or lineations; 2 = poles to planes; 3 = beta-intersec-—
< tions of planes; 0 = end of batch.
c
< ndata....number of data pairs on a card.
Cj*:k*‘k‘k-k*********'k****************’k*\k***********-k'k'k*********'&***’k*i'k****
[
common
3 /olk3/title (20)
4 /blkd/iphi(10), itheta (10)
read (5,1001) (iphi{i),itheta(i), 1 = 1,10)
o
c * determine number of data pairs on card (ndata); -ve iphi
C terminates
ndata = 0
do 10 i = 1,10
1f (iphi(i)) 20, 10, 10
10 ndata = 1
20 continue
if (ndata) 40, 40, 30
30 write (6,1002) (iphi(i),itheta(i), i = 1, ndata)
«
c * for planar data, convert azimuth and dip to pole vector
< directions

if (mode .eg. 1) return
do 40 n = 1,ndata
iphi(n) = iphi(n) + 180
itheta(n) = 90 - itheta(n)
40 continue

return

1001 format (20i4)

1002 format (11x,10(13,14,4x))

a,b,c..direction cosines of vector whose azimuth and dip are
iphi(i) and itheta(i).

k,1....column and row number of the node nearest to the
projection of the data vector.

end
[
C**’k**************‘k**'k****************‘k*‘k*************************‘*****
[
subroutine dcvect (i, a, b, ¢, k, 1)
(@]
o calculates the direction cosines of a data-vector, and determines
c the nearest node to its projection onto the prejection-plane.
ol
e explanation of subroutine arguments
e
c i...... array index of azimuth iphi(-) and dip itheta(-) of data
c vector.
<
[}
«
C
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C***************************************-k-k-k**************************i’*
c

commaon
1 /blkl/rad, dx, dy, prent, kontrs, kmid, kmax, Linid, lmax, num
4 /blkd/iphi (L0}, itheta(10)

data fpi/0.0174532%2 /

( fpi = pi/180 )

gamma = fpi*(90-itheta(i))
c cos (gamma )

r = rad*sqgrt(l.-c)

phi = fpi*(90-iphi (i))
singm = sin{gamma)

cephi = cos(phi)

snphl = sin{(phi)

a = csphi*singm

b snphi*singm

k = nint(r*csphi/dx) + kmid
1 = lmid -~ nint (r*snphi/dy)
return

and

1

&
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o

subroutine count (aa, bb, cc, kk, 11)

<
s scans the nodes in the vicinity of a data-vector projection and
s increments ‘kount’ for nodes within the scanning-cone.
<
o] explanation of subroutine arguments
<]
c aa, bb, cc..direction cosines of the vector.
c Kk, 11...... column and row numbers of the node nearest to the
c projection of the vector.
C*********‘k*****************‘k***********‘k*******’A‘**********************
[
common
1 /blkl/rad, dx,dy, prent, kontrs, kmid, kmax, 1lmid, lmax, num
2 /blk2/escerit, check, krange, lrange
6 /blké/node (77,61)
7 /blk7/a(3896) ,b(3896),c(3896)
8 /blk8/kount (3896)
c
e * 'iflag’ records whether inverse vector has been considered
iflag - 1
10 continue
C
c * determine scanning limits within lines and columns
11 = max0(1ll-1lrange,l)
12 = min0 (1l+lrange, lmax)
k1l = max0 (kk-krange, 1)
k2 = min0 (Kk+krange, kmax)
C
C * commence scan

do 50 1 11,12
do 50 k = k1,k2

i
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n = node(k, 1)

* if node = -1, it is outside primitive circle; skip.
if zero, direction cosines have not been calculated yet; do =zo.
if (n) 50, 20, 230
call denede (k, 1)
n = num

* calculate cosine of angle bestween data vector and vector
through node
cosan = abs(aa*a(n) + bb*b(n) + co*c(n))

* 1fF data vector within critical angle of node vector, increment
"kount’ for the node.

if (cosan - cscrit) 50, 50, 40

kount (n) = kount(n) + 1

continue

* check whether scanning-cone overlaps perimeter of projection-
circle; if so, repeat above routine for inverse vector.

go to (60,80) iflag

if (cc-check) 70, 70, 80

aa = —aa
bb = -bb
e = —cc

kik = kmax + 1 - kk
11 = Imax + 1 - 11
iflag = 2

go to 10

return

end

c*-k***********************"A‘*k***********************A—*******************

[¢]

200 000000

subroutine beta (np,nbeta)

calculates the direction cosines of the intersections of all
pairs of planes, and calls 'count’ to plot them.

calculations require a significant run time: can send output to
file using: “schmdt.out < datafile > outputfile” - — — — then
view/print output file. for some as of yet unknown reason, beta
plots do not function well when there is an even multiple of ten
data, yet other valueg of ndata work.

explanation of subroutine arguments

np......number of data wvectors
nbeta...nunber of beta intersections

c************‘k******************'k****‘k*********************************

C

1
5

s}

common
/blkl/rad,dx, dy, prent, kontrs, kmid, kmax, lmid, Imax, num
/11k5/a1(3896),b1(3896),c1(3896)
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* initialize the number of beta intersections to zero
nbeta = 0

* commence processing of data, in pairs
do 70 1 = 1, np-1
do 70 j = i+1, np

* skip parallel planes

if (al(i)-al(j)) 40, 20, 40
if (b1(i)-bLl(j)) 40, 30, 40
if (el(i)-cl(3)) 40, 70, 40

* increment number of beta intersections
nbeta = nbketa + 1

* calculate direction cosines of beta vector
bl(i)*cLl(j)-bl{(j)*cl(i)

cl{i)*al (j)~cl(j)*al (i)

= al(i)*bl{j)-al(j)*bl(i)

fabc = 1./sqrt(a*a+b*b+c*c)

a a * fabec

b = b * fabe

c = ¢ * fabc

Qo e
i

it

* if ¢ is negative, reverse vector
if (¢) 50, &0, 60

a = —-a
b = -b
Cc = —cC

* calculate grid coordinates of beta-procjection on projection
plane

fo = rad/sqrt(l.+c)

k = nint{(a*f¢/dx+knid)

1 = nint (Imid-b*fc/dy)

* plot beta vector

call count (a, b, <, k, 1)
continue

return

end

Ci‘k**‘k***************‘***‘k*:l—**********7\'**'k*-A'*'k'k*‘A'*‘k*‘k*‘k**'k******’****'k***‘ﬁ‘

C

subroutine print (mode, np, nbeta)

prints the completed Labrice Jdiagram
axplanation of zubrvoutine avgument.
mode....... see subroutine ‘card’
np,beta....see subroutine ‘beta’

C«**********************************************************************

<

dimension isym{10), north(5), line(78)
CoImmon
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/blkl/rad, dx, dy, prent, kontrs, kmid, kmax, Imid, lmax, num
/blk3/title(20)
/blké6/node {77, 61)
/blk8/kount (3896}
data isym/lha, lhb, 1hc, 1hd, 1he, 1hf, 1hg, 1hh, 1hi, 1hj/
data iblank, idot, istar, iplus/lh , 1h., 1h*, 1lhs+/
data north/1lhn, tho, lhr, 1ht, lhh/

* find maximum value of 'kount’ (ktmax)
ktmax = 0

do 10 n = 1,num

ktmax = max0 (ktmax, kount (n))

* ¢calculate maximum value of ‘kount’ as a percentage of the total
number of data or beta vectors.

go to (20, 20, 30) mode

nv = np

go to 40

nv nbeta

pc 100./float (nv)

pemax = float (ktmax) *pc

* calculate integral scaling factor such that maximum percentage
ig less that 'kontrs’.
igscale = pcmax/kontrs+1l

* calculate scaling factor to be applied to all ‘kount’ values.
factor = pc/float(iscale)

* initialize ‘maxs’, the number of grid points at which
"kount ' =’ ktnax"’
maxs = 0

* zsubstitute printing symbols in "kount’
do 90 n = 1,num
if (kount(n)) 50, 50, 60

* ‘kount’ is zero, insert dot
kount (n) = idot

go to 90

if (ktmax-kount(n)) 70, 70, 80

8 ‘kount’ equals maximum; insert ‘*’ and increment ‘maxs’
kount {n) = istar

maxs = maxs + 1

go to 90

kountl = float (kount(n)) *factor+1

* insert appropriate symbol
kount (n) = isym{kountl)
continue

* store symbol at center in ‘imid’, and substitute '+’ at center
imid = kount (1)
kount (1} = iplus
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* print diagram
go to (100, 110, 120) mode
100 write (6,1008)
go to 130
110 write (6,1009)
go to 130
120 write (6,1010)
130 continue
write (6,1001) title, (iblank, k = 1, kmid - 2), north
do 180 1 = 1, lmax
do 170 k = 1, kmax
n = node(k, 1)
if (n) 140, 150, 160

* node = -1, =so0o it iz outside plotting c¢ircle, insert blank

140 line(k) - ibklank
go to 170

* node is zero, so has not vet been scanned; therefore ‘kount’

nmust be zero
150 line(k) = idot
go to 170
160 line(k) = kount(n)
170 continue

* print line
write (6,1002) (line(k), k = 1, kmax)
180 continue
write (6,1006) imid
write (6,1012) prent
write (6,1004) (isym{i), T = 1, kontrs)
write (6,1003) (i, 1 = iscale, iscale*kontrs, iscale)
write (6,1007) np
if (mode .eqgq. 3) write (6,1011) nbeta
write (6,1005) maxs, pcmax
return
1001 format (1h0, 22x, 1%a4, a3, //, 21x, 44al)
1002 format (22x, 78al)
1003 format (23x, 11hPERCENT 0, 10i4)
1004 format (1h0, 22x, 9hSYMBOL . L0(2x, a2) )

1005 format (1h0, 22x, 10hMAXIMUM AT, i4,19h POINTS MARKED '*':

1 £5.1,2h %)
1006 format (lh+, 22x, 9hCENTER: , al)
1007 format (1h0, 22x, 12hNO. OF DATA:, 1i4)
1008 format (22x, 'EQUAL AREA PROJECTION OF LINEATIONS')
1009 format (22x, ‘'EQUAL AREA PROJECTION OF PLANES')
1010 format (
1011 format (1lh+, 48x, 26hNQO. OF BETA INTERSECTICNS:, 14)
1012 format (1h0, 22x, 24hPERCENTAGE OF VECTORS IN, £4.1,
1 22h PERCENT SCANNING AREA)
1013 format (1lh )
end

7

22x, '"EQUAL AREA PROJECTION OF BETA INTERSECTICNS')
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