Implications of Jurassic, Cretaceous, and Proterozoic piercing lines
for Laramide oblique-slip faulting in New Mexico and rotation of

the Colorado Plateau

Steven M. Cather*

ABSTRACT

Regional isopach patterns and pinch-out
data for nine stratigraphic units of Jurassic

and Cretaceous age are either permissive or was 1° to 1.5°. Geological constraints thus indi-

supportive of significant dextral slip of

Laramide age along the eastern Colorado
Plateau boundary in New Mexico. The best-
constrained dextral offset estimates are for the
Sand Hill-Nacimiento fault system (20—33 km)
and the previously published 13 km estimate
for the Defiance monocline, which together
yield a cumulative offset of 33—-46 km. Meso-
zoic stratigraphic constraints for other
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constraints allow ~0° to 3° of Laramide clock- for reverse components of slip. Normal compo-
wise rotation of the Colorado Plateau. Addi- nents of Laramide slip, however, have been doc-
tional clockwise plateau rotation during late umented on dextral-oblique faults near Albu-
Cenozoic development of the Rio Grande rift querque (Rio Puerco fault system, Slack and
Campbell, 1976; parts of Tijeras-Cafioncito fault
system, Stearns, 1953a; Abbott, 1995), faults that
may be related to a releasing bend in the regional
dextral-oblique fault system in the southern

cate that clockwise rotation of the Colorado
Plateau from combined Laramide and Rio
Grande rift deformations was between about

1°and 4.5°. Rocky Mountains (Cather, 1992).
At the latitude of Santa Fe, dextral-oblique
INTRODUCTION AND Laramide faults occupy a zone at least 320 km

TECTONIC OVERVIEW wide bounded on the west by the Defiance mono-
cline (Kelley, 1955, 1967) and on the east by the

The Laramide orogeny (ca. 80—-40 Ma) hafontal faults of the Sangre de Cristo uplift

Laramide fault systems are less precise, and been relatively little studied in New Mexico as(O’Neill, 1990). Dextral-reverse faulting along

typically provide only maximum limits for pos-

compared to other areas in the Rocky Mountainthe East Kaibab monocline (Davis and Tindall,

sible dextral offsets because of widely spacedprincipally because of the difficulty in seeing1996) indicates that significant Laramide dextral
control points and broad areas of Tertiary ero- through the effects of subsequent Rio Grandsmponents of fault displacement were locally
sion. These less precise constraints allow asrifting. Analysis of Laramide deformation be-important as far west as the Grand Canyon area of
much as 40-60 km of Laramide dextral slip neath rift basins has been restricted largely tihe Colorado Plateau. Within the dextral-oblique
along what is now the Rio Grande rift and as identification of areas of relative Laramide upliftzone of central and northern New Mexico, the

much as 110 km across the entire breadth of versus subsidence based on subsurface stratiincipal locus of Laramide deformation was in

the Laramide deformed zone in central and
northern New Mexico.

Well-documented dextral offsets of Protero-
zoic lithologies and structures across the
Tusas-Picuris fault system (15 km) and Pi-
curis-Pecos fault (37 km) probably represent
minimum Laramide displacements because of
the need to account for sinistral components
related to other deformations. These displace-
ments, when combined with dextral offsets
along Sand Hill-Nacimiento and Defiance
structures, yield a minimum dextral offset of
~85 km for Laramide structures in northern
New Mexico. This minimum dextral offset is
approximately equivalent to the amount of
Laramide crustal shortening on and north-
ward of the Colorado Plateau, a result that ar-
gues against nearby Euler pole locations for
Laramide rotation of the Colorado Plateau rel-
ative to cratonic North America. Geological

*E-mail: steve@gis.nmt.edu.

GSA BulletinJune 1999; v. 111; no. 6; p. 849-868;

graphic data or paleocurrent and provenandke east-central part, as shown by the distribution
analysis of Laramide synorgenic deposits exaf small en echelon basins of late Laramide age
posed along rift flanks (Cather, 1983, 1992(Fig. 1; Echo Park—type basins of Chapin and
Sales, 1983; Brister and Gries, 1994). Unrecodzather, 1981, 1983). Laramide faults within this
nized Laramide faults may have been buried beentral zone exhibit relatively large throws as well
neath basins of the Rio Grande rift becausas evidence of dextral slip (Table 1). For these rea-
Laramide faults were commonly reactivated dursons, faults of the central zone (Picuris-Pecos
ing late Tertiary extension. fault and its southern bifurcations, Sand
Major Laramide faults are widely distributedHill-Nacimiento fault system, and Laramide
in central and northern New Mexico. Most strikdfaults now buried beneath basins of the Rio
north to northeast (Fig. 1). Studies during the pa&rande rift) probably accommodated the majority
40 yr in New Mexico have demonstrated dextrabf Laramide dextral slip in New Mexico. At the
components of slip on many Laramide fault$atitude of Santa Fe the central zone has the cross-
(Fig. 1; Table 1). Because the relative amounts skctional form of an enormous positive flower
strike slip versus dip slip are unknown on mangtructure (Cather, 1992, Fig. 10). Laramide dex-
of these faults, | refer to them collectively as dextral displacements decrease northward into Col-
tral-oblique, although | recognize that some obrado due to increased components of shortening
these faults eventually may prove to be closer ia that area (Chapin and Cather, 1981, p. 192).
either the strike-slip or dip-slip end members. Evidence for dextral components of slip along
Faults that display dextral slip indicators (Tablenajor Laramide faults in central and northern
1) generally strike north to northeast, dip modeiNew Mexico is, in most cases, of two types
ately to steeply, and typically display evidencgTable 1): (1) kinematic data based on slicken-

12 figures; 3 tables.
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= Faults for which dextral slip indicators have Areas of strong Laramide subsidence
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concealed. N
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Figure 1. Map showing Laramide uplifts, basins, and structures, Rio Grande rift basins, and selected wells near Albuquerque. Abbiegions
of names of Laramide structures are: AMf—Alegres Mountain fault; ACm—Anton Chico monocline; Bf—Borrego fault; Clfs—Chloride fauk
system; Cf—Chupadera fault; Cfs—Comanche fault system; CLf—Cox Lake fault; Dm—Defiance monocline; Dmm—Derramadera monocline;
EJf—East Joyita fault; GMEBfs—Glorieta Mesa—Estancia basin fault system; Gm—Grants monocline; Hfs—Hickman fault system; Hm—Hog-
back monocline; HSWCf—Hot Springs—Walnut Canyon fault system; Lb—Leon buckle; Lm—Lukachukai monocline; Ma—Mescalero arch;
Mfs—Montosa fault system; Mlfs—Morenci lineament fault system; Nfs—Nacimiento fault system; Nsz—Nalda shear zone; Nm—Nutria mon
ocline; P—Pajarito fault; PSb—Pecos Slope buckles; PPf—Picuris-Pecos fault; RLfs—Red Lake fault system; RRm—Red Rock monogline
RPfs—Rio Puerco fault system; Rfs—Ruidoso fault system; SHf—Sand Hill fault; SCff—Sangre de Cristo frontal faults; TCfs—Tijeras
Cafioncito fault system; Tf—Tinnie fold belt; TPfs—Tusas-Picuris fault system; Vi—Vaughn fault; Wf—Winston fault. Well designatins are:
A—Humble Oil and Refining Co. No. 1 Santa Fe B; B—Shell No. 1 Santa Fe; C—Shell No. 3 Santa Fe; D—Shell West Mesa Federal 1-24;
E—Southern Union Tijeras Canyon Unit No. 3; F—Shell Laguna—Wilson Trust #1; G—Shell No. 2 Santa Fe. Albug.—Albuquerque.
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TABLE 1. LARAMIDE DEXTRAL-OBLIQUE STRUCTURES IN CENTRAL AND NORTHERN NEW MEXICO

Name
(map symbol, Fig. 1)

Evidence for dextral displacement

Estimated dextral offset

Other references

Borrego fault

(B9

Chloride fault system
(CIfs)

Chupadera fault
(Ch

Comanche fault system
(Cfs)

Defiance monocline
(Bm)

East Joyita fault
(EJN)

Glorieta Mesa—Estancia
Basin fault system
(GMEBY)

Hickman fault system
(Hfs)

Hot Springs—Walnut
Canyon fault system
(HSWCf)

Montosa fault system
(Mfs)

Morenci lineament fault system
(Mlfs)

Nacimiento fault system
(Nfs)

Pecos Slope buckles
(Psb)

Picuris-Pecos fault
(PPf)

Red Lake fault system
(RLfs)

Rio Puerco fault system
(RPfs)

Sangre de Cristo
frontal faults

Sand Hill fault
(SHf)

Tijeras-Cafioncito fault
system
(TCfs)

Tusas-Picuris fault system
(TPfs)

Winston fault

(Wi

Shallowly plunging slickenlines (Bauer and Ralser, 1995; Moench et al.,
1988; lig et al., 1997; P. W. Bauer, 1997, personal commun.)

Horizontal slickenlines, orientation of R and R’ shears, flower structures,
offset lithologic boundaries (Harrison, 1989)

North-northwest—trending shortening structures associated with
restraining bend in T4S, R8,9E (S. M. Cather, unpub. data)

Steeply plunging drag folds (Cabezas, 1991)

Northwest-trending en echelon folds, offset Jurassic facies transition
and pinch-out (Kelley, 1967)

Shallowly plunging slickenlines (Beck, 1993; Beck and Chapin, 1994)

Shallowly plunging slickenlines (lig et al., 1997; S. M. Cather, unpub.
data; P. W. Bauer, 1996, personal commun.)

En echelon folds, shallowly plunging slickenlines, en echelon faults,
southeast termination of Grants monocline (Cather and Johnson, 1986;
Maxwell, 1986; Chamberlin et al., 1989, p. 31; Maxwell et al., 1989,

p. 20-24)

Offsets of Paleozoic and Mesozoic pinch-outs and facies, restraining-
bend structures, shallowly plunging slickenlines (Harrison and Chapin,
1990; R. W. Harrison, 1996, personal commun.)

Restraining-bend structures, releasing-bend structures, shallowly to
moderately plunging slickenlines (Brown, 1987; Hayden, 1991)

Seismic-reflection imaging of positive flower structures (Kopacz et al.,
1989; Garmezy et al., 1990)

En echelon growth folds that were active during Late Cretaceous—
Eocene time (Baltz, 1967; K. G. Stewart, 1995, personal commun.;
J. P. Hibbard, 1995, personal commun.)

Steeply plunging drag folds, en echelon folds and faults (Kelley, 1971)

Offset Proterozoic structures and lithologies, large-scale drag folds,
shallowly plunging slickenlines (Miller et al., 1963; Karlstrom and Daniel,

1993; Daniel et al., 1995; Bauer and Ralser; 1995; lig et al., 1997)

En echelon folds (Cather and Johnson, 1986)

Northeast-striking en echelon normal faults (Slack and Campbell, 1976)

Northeast-striking dextral tear faults in frontal thrust faults (Baltz and
O’Neill, 1984)

En echelon normal faults (Rio Puerco fault system of Slack and
Campbell, 1976); dextral offset of seaward limit of Gallup Sandstone
(this study)

Shallowly plunging slickenlines, en echelon folds (Abbott, 1995;
Lisenbee et al., 1979; Chapin and Cather, 1981)

Offset Proterozoic structures and lithologies (Karlstrom and Daniel,

1993; Daniel et al., 1995

En echelon folds, horizontal slickenlines, east-northeast R’ shears,
positive flower structures (Harrison, 1994)

N.D., but may be a southward
extension of Tusas-Picuris
fault which has ~15 km
dextral offset

3.1 km (Harrison, 1989)

N.D.

N.D., but may be a southward
extension of Sand Hill fault
(Kelley, 1977) which exhibits
20-33 km dextral offset

13 km (Kelley, 1967)

N.D.

N.D.

N.D.

26 km (Harrison and Chapin,
1990); 0.5 km (Lozinsky,
1986; east strand only)

N.D.

N.D.

20-33 km (this study); 5 km
(Baltz, 1967); 2 km
(Woodward et al., 1992)

N.D.

37 km (see text for
discussion)

N.D.
<2 km (Slack and Campbell,
1976)

N.D.

20-33 km (this study)

<10 km? (Kirby et al., 1995)

15 km (see text for

discussion)

N.D.

Karlstrom and Daniel
(1993)

Harrison (1990, 1994)

Hawley (1986); Kelley and
Thompson (1964);
E. C. Beaumont,
unpublished
photogeologic map

Callender and Zillinski
(1976)

Kelley (1955)

Wengerd (1959)

Nelson (1993)

Cather and Johnson
(1986)

Kelley (1955); Woodward
(1987)

Wengerd (1959)

O'Neill (1990)

Kelley (1977); Cather
etal. (1997)

Kelley and Northrop
(1975)

Note: N.D. = no data.
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lines; or (2) geometric relationships with secand Cather, 1981, 1983; based largely on es' A
ondary structures (drag folds, en echelon foldsated crustal shortening to the north of th
and faults, faults and folds related to flower struoplateau), 100—170 km (Karlstrom and Daniel===x:
tures, and restraining or releasing bends). Nori®93; based on offset Proterozoic lithologic an
of these types of data, however, provide informastructural features), ~100 km (Chapin, 1983
tion on the magnitude of lateral slip. based on offset of magnetic anomalies), ~50 ki
Identification of unambiguous piercing lines by(Daniel et al., 1995; based on offset of magneti
which to constrain the magnitude of dextral disanomalies and of Proterozoic structural an
placements across Laramide faults has provéithologic features), 5-20 km (Woodward et al.
elusive. Well-documented dextral separations df997; based on their interpretation of Mesozoi
Proterozoic structures and lithologic units irstratigraphic features). Because of differences
northern New Mexico have been interpreted ake inferred position of the Euler pole for rota-
Laramide displacements (Chapin and Cathetion of the Colorado Plateau relative to cratoni==>~===
1981; Karlstrom and Daniel, 1993; Daniel et al.North America, Hamilton (1981, 1988) vari-
1995). Because of the great antiquity of theseusly invoked moderate to small dextral dis
Proterozoic piercing lines, however, the observeplacements in the southern Rocky Mountains
separations have not been demonstrated to be bgsed on inferred amounts of Laramide shorte|
clusively Laramide. Baltz (1967) used the appaing to the north of the Colorado Plateau.
ent offset of axes of en echelon folds to estimate The following analysis utilizes regional Meso- x

. . .. ) control point
5 km of Laramide dextral displacement along theoic isopach trends and pinch-out data to col==actual pinch-out trend
Nacimiento fault system (Fig. 1). Woodward et alstrain the amount of lateral offset on Laramid———— contoured pinch-out trend

(1992) argued that the correlation of fold axefaults in central and northern New Mexico. This

across the Nacimiento fault system is ambiguousethod is particularly appealing in thatit may al  Figure 2. Schematic map of a dextrally off-
and therefore cannot be used to estimate latetalv estimation of lateral displacements ofset pinch-out, showing effect of control-point
offset. Woodward et al. (1992) instead preferredaramide faults buried within the Rio Grande rift spacing on interpretation of pinch-out deflec-

the <2 km offset estimate of Slack and CampbeA similar approach was employed by Woodwaritions. (A) Widely spaced control points allow
(1976) for the Rio Puerco fault system, a series et al. (1997). Because of differences in methodcsmooth contouring and thus are amenable to
en echelon Laramide normal faults bounded oogy, however, their conclusions differ markedlyeither sedimentary or tectonic interpretations

the east by the Sand Hill fault, a southward corfrom those of this study. of origin. Note that trend of pinch-out on mid-

tinuation of Nacimiento fault system. The estima- dle structural block is undefined except by
tion by Slack and Campbell (1976), however, waMIETHODS control points beyond bounding faults.
not based on piercing lines but on the summation (B) Closely spaced control points more faith-

of heave across en echelon faults of the Rio Stratigraphic data from preorogenic depositfully depict the actual offsets. The presence of
Puerco fault system. Their technique did not evahave been used in other areas to determine tmore than one control point on the middle
uate the potential for dextral displacement alongnagnitudes of lateral displacement in both anciestructural block allows determination of
the Rio Puerco faults or along the through goingBudnik, 1986) and active (Hill and Diblee, 1953;pinch-out trend independent of control points
north-striking Sand Hill fault. Kelley (1967) pio- Graham et al., 1989) fault systems. Several cavebeyond bounding faults.
neered the use of Mesozoic pinch-outs and faciskould be considered, however, when using sur
transitions as piercing lines to constrain Laramiddata. For example, mappable stratigraphic criter._.
dextral offsets and inferred ~13 km of dextral sliguch as isopach trends, lithologic pinch-outs, arfdithfully depicts the actual fault offsets, and the
along the Defiance monocline, the limb of whicHateral facies transitions are rarely linear over larggistinction between sedimentary versus tectonic
is modified by numerous northwest-trending euistances. In this analysis, | use the term “defleorigins is less equivocal. The possibility remains,
echelon folds (Kelley, 1955, 1967). tion” in a nongenetic sense to denote nonlinedrowever, that the abrupt isopach deflections re-
Uncertainty as to the magnitude of dextraparts of isopach lines and pinch-out trends. Whergiired by the control points in Figure 2B may have
displacement across the eastern Coloradodeflection occurs, it is important to consider theriginated during syndepositional differential sub-
Plateau boundary has led to the development géographic distribution of control points that desidence (dip slip) along precursors to the dextral
widely disparate tectonic models for Laramiddine the deflection in order to distinguish betweerfaults. This possibility can be evaluated by
northward to northeastward motion of the Coleurvature related to normal sedimentary processesamination of the strata in question for evidence
orado Plateau relative to cratonic North Amerfe.qg., intrabasin subsidence patterns, along-striké syndepositional tectonism (e.g., differential ero-
ica. Kelley (1955), Woodward (1974, 1976),variations in sediment supply) versus postdepossion or thickening, abrupt changes in paleocurrent
and Woodward and Callender (1977) were thional tectonic offset. Figure 2A illustrates the indirections or sedimentary facies) at control points
first to incorporate such Colorado Plateau maerpretational ambiguity of a sedimentary pinchnear the faults. Figure 2B thus illustrates two im-
tion in their Laramide tectonic models, althouglout that has been offset by dextral faulting in aportant points. First, in order to confidently distin-
the magnitude of displacement was not specarea of poor stratigraphic control. In this case, thguish between tectonic and sedimentary origins
fied. Of the numerous published models for rebroadly spaced control points can be contourefdr lateral deflections, the distance between control
gional Laramide deformation, only a few havewith a gently curving line that masks the actugboints bracketing a suspected oblique-slip fault
attempted to estimate the amount of dextral ofabrupt offsets, and is thus permissive of either temaust be similar to, or smaller than, the magnitude
set across the eastern Colorado Plateau bouridnic or sedimentary interpretations of origin. Irof the observed deflection. Instances where the
ary in northern New Mexico. Based on a varietyhe contrasting case (Fig. 2B), where stratigraphimontrol spacing greatly exceeds the magnitude of
of techniques, these dextral offsets have be@ontrol points are closely juxtaposed about than observed deflection are typically ambiguous in
estimated variously to be 60-120 km (Chapidextral faults, the contoured pinch-out trend morerigin (Fig. 2A). Second, accurate visualization of
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LARAMIDE OBLIQUE-SLIP FAULTING, NEW MEXICO

New Mexico except ~30 km south-southwest of

TABLE 2. THICKNESS DATA FOR JURASSIC UNITS IN SUBSURFACE OF ALBUQUERQUE BASIN AREA Tucumcari (Lucas et al., 1985), where its location
Stratigraphic Thickness (m) is closely bracketed (Fig. 3). In the region be-
unit Humble Oil  ShellNo.1 ShellNo.3  Southern Union Shell Shell No. 2 tween the Shell No. 2 Santa Fe well and the Tu-
and Refining SantaFe  Santa Fe Tijeras Canyon Laguna- Santa Fe . .
Co.No. 1 Unit No. 3 Wilson cumcari area, the trend.and Iopatlon of the.En-
Santa Fe B Trust No. 1 trada zero isopach are imprecisely constrained
Morrison Formation 250.9 153.9 286.6 189.0 160.4 0 within the broad area of Tertiary erosion south-
Todilto Formation east of Albuquerque. Given the absence of Juras-
Togﬁfosgg‘mr:;?;zer 24.0 L7 338 38.1 219 0 sic strata between control areas near Socorro and
limestone member 6.4 37 3.0 6.1 3.0 0 Capitan on the south where the Entrada Sand-
Entrada Sandstone 50.3 60.4 >41* >22* 49.4 0 stone is absent, and near Las Vegas, New Mexico,
*Minimum thickness because total depth achieved within unit. on the north where it is present, the Entrada data

are permissive of interpretations of little or no
Laramide offset (e.g., Woodward et al., 1997).
tectonic offsets in oblique-slip terranes requirebase from Figure 1 that depicts known Laramid8uch interpretations, however, are not unique.
knowledge of the trend of isopach lines, which nefaults. This is not meant to imply that these faultMinor sinistral offsets are possible if the trace of
cessitates the presence of two or more contralere active during Jurassic time, but is simply inthe Entrada pinch-out passed close to the south of
points on each structural block. Because these cdended to facilitate interpretation of possiblehe Las Vegas area. If the zero isopach of the En-
ditions are rarely met, many of the observed dex-aramide lateral offsets vis-a-vis the Jurassittada Sandstone passed close to the north of out-
tral deflections of Mesozoic stratigraphic parameisopach patterns. These maps contain three typageps northeast of Socorro, where the Entrada is
ters in New Mexico are ambiguous in origin anaf information: (1) internal isopach data that demissing beneath the Morrison Formation, as
thus may reflect stratigraphic and tectonic effectgict thickness variations within preserved parts ahuch as ~60 km of right lateral displacement on
of unknown relative importance. Such deflectionsach unit; (2) the location of Jurassic pinch-outisaramide faults in the Socorro and southern Al-
serve only to place maximum limits on possiblézero isopach) where they are preserved or closédyquerque rift basins is possible (Fig. 3). Step-
tectonic offsets. constrained; and (3) areas where Jurassic straiag eastward across the Montosa and Chu-
Of the Phanerozoic rocks in New Mexicohave been entirely removed by Tertiary erosiopadera faults, outcrops where the Entrada
Mesozoic strata potentially contain the most dewithin which the trend and location of isopachSandstone is missing beneath the Morrison
finitive piercing-line data for Laramide offset. lines are interpretive. Formation at Capitan allow cumulative dextral
This is primarily because Mesozoic depositional There is good evidence for dextral offsetslisplacements of as much as ~110 km.
systems older than about 80 Ma directly predatexdong the Defiance monocline (Kelley, 1967) and The internal (non-zero) isopachs of the En-
the Laramide orogeny and were only weakly inalong the Sand Hill-Nacimiento fault systentrada Sandstone indicate substantially greater
fluenced by local structural elements, thus limit{see following). The more generalized Jurassiticknesses in western New Mexico than in the
ing additional interpretive complications to thosésopach maps of McKee et al. (1956) have beexastern part of the state (Fig. 3). This relationship
related to later Rio Grande rifting. Because avaimodified accordingly in these areas without comalso holds true for the Todilto and Morrison
able stratigraphic data for Triassic rocks in Nevpromising the control points. Because parts of tHeormations (see following), suggesting relatively
Mexico are not sufficiently detailed to allow de-Sand Hill-Nacimiento fault system were activegreater subsidence on the Colorado Plateau than
lineation of piercing lines, this analysis will beprior to Jurassic time (Woodward, 1996), synin eastern New Mexico during Middle and Late
limited to strata of Jurassic and Cretaceous agdepositional reactivation during Jurassic timdurassic time. There are no compelling correla-
The use of pre-Early Permian data requires an atay have contributed to the apparent isopach disens of internal isopachs of the Entrada Sand-
counting of strike-slip components related to theontinuities in this area. Evidence for weak Jurastone across the Sangre de Cristo uplift.
poorly understood ancestral Rocky Mountain desic syndepositional tectonism has been noted in
formation, during which north-striking faults in areas to the west (Kirk and Condon, 1986) antbdilto Formation
central New Mexico appear to have been mostlyast (Lucas et al., 1985) of the Sand Hill-

left-oblique normal (Beck and Chapin, 1994;Nacimiento fault system. The Todilto Formation is of Middle Jurassic

Barrow and Keller, 1994; Karlstrom et al., 1997). age and consists of a thin, widespread lower
Entrada Sandstone limestone member and a thicker, more areally

JURASSIC SYSTEM restricted upper gypsum member. In southern

The Entrada Sandstone is an areally widezolorado, these strata are called the Pony Ex-

Isopach patterns and pinch-out data are consispread eolian unit of Middle Jurassic ag@ress Limestone. The Todilto Formation has
ered for three well-studied Jurassic units (Entrad&ocurek and Dott, 1983). The trend and locatiobeen variously interpreted to have been de-
Sandstone, Todilto Formation, and Morrisorof the southward pinch-out of the Entrada (Fig. 3)osited in a marine embayment or in a lake or
Formation) that are widely distributed in northerrare constrained in western New Mexico by outsalina (Kocurek and Dott, 1983; Lucas et al.,
New Mexico. Data for this analysis were summaerops ~40 km north of Quemado (O. J. Andersor985; Kirkland et al., 1995).
rized largely from the literature (McKee et al., 1996, oral commun.) and in the Lucero uplift area Depositional pinch-outs of the limestone and
1956; Ash, 1958; Lucas et al., 1985), althouglB0 km southwest of Albuquerque (McKee et al.gypsum members of the Todilto Formation are
geophysical logs and cuttings from several petrd-956). The Entrada Sandstone is not present in thegeserved locally. This contrasts with the other
leum exploration wells in the Albuquerque are&hell No. 2 Santa Fe well (Table 2) in the southdurassic units considered in this report (Entrada
were also used (Table 2; data are available at thest part of the Albuquerque rift basin; the Enand Morrison Formations), the zero isopachs of
New Mexico Library of Subsurface Data, Newtrada pinch-out therefore must be located to thehich are defined typically by erosional trunca-
Mexico Bureau of Mines and Mineral Re-north of this well. tion beneath younger Mesozoic units.
sources). The resulting maps were plotted on aThe zero isopach is poorly defined in eastern The limestone member of the Todilto Forma-
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tion ranges from 0 to about 13 m thick (Fig. 4)about 250 km (Fig. 4). Subsequent workers (e.gzpmmun.; see Gries et al., 1997, for well loca-
The southern depositional pinch-out is well deKocurek and Dott, 1983; Lucas et al., 1985tions). Between the Pagosa Springs and Las Ve-
fined in western New Mexico, but was eroded durKirkland et al., 1995; Woodward et al., 1997) congas areas, the pinch-out is dextrally deflected
ing Tertiary time in a broad region southeast of Altinued to depict a relatively linear east-west-trend-70 km (Fig. 4). Because of the broad spacing
buquerque. The southeastern depositional limit @fig southern depositional limit for the limestoneof control points, however, it is not clear if the
the limestone member of the Todilto Formation isnember in Jurassic paleogeographic maps, abserved deflection is of sedimentary or tec-
exposed in the Bull Canyon—Luciano Mesa arethough long-standing evidence for Laramidéonic origin, or both.

~40 km southwest of Tucumcari, New Mexico oblique-slip faulting in the southern Rocky Moun- The gypsum member of the Todilto Formation
There, the eastern depositional pinch-out has betins renders such simplistic interpretations susvas deposited in an elongate, north-trending
variously interpreted as sinuous and northeapect. The broad north-south constraints on the pbasin. Although the isopach data in Figure 5 are
trending (Lucas et al., 1985, Fig. 8), or relativelysition and trend of the southern pinch-out of theomewhat smoothed because deposition occurred
linear and northwest trending (Lucas and Kietzkdimestone member are similar to those describéd numerous small brine pools (O. J. Anderson,
1986, Fig. 1). Early regional studies (McKee et alhere for the Entrada Sandstone, and provide sindi996, oral commun.), the gypsum member gener-
1956; Ash, 1958) depicted a simple, relatively linfar limitations on lateral slip. ally thickens to the south and east. The gypsum
ear southern limit of Todilto limestone deposition, The northeast depositional limit of the lime-member is not present south of the Tijeras-
based on the ~300 km extrapolation between tlstone member is reasonably well defined ne&afioncito fault system or east of the Picuris-
pinch-out control points exposed near BulLas Vegas, New Mexico (Fig. 4). The northeastPecos fault. The abrupt southeast limit of Todilto
Canyon on the east and in the western Lucero ugrn Todilto pinch-out in Colorado is locatedgypsum deposition suggests Jurassic northwest-
lift on the west. The Shell No. 2 Santa Fe well corabout 45 km northeast of Pagosa Springs, whedewn deformation along a precursor to the Ti-
strained the southern limit of the pinch-out of thé is bracketed between the Champlin Petroleuieras-Cafioncito system, although additional ef-
Todilto limestone along the east side of the Lucerb Federal 24-A1 well and the Amoco Beavefects of Laramide oblique-slip juxtaposition
uplift and thus narrows this interpretive gap tdMountain Unit 1 well (R. R. Gries, 1997, oralcannot be ruled out.
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Morrison Formation ico the Morrison onlapped its eroded southertan Morrison strata closely resemble the strata
basin margin late in its depositional history. identified in Socorro County as Morrison by Hunt

The Upper Jurassic Morrison Formation is of The zero isopach of the Morrison Formation isind Lucas (1987) and Hayden et al. (1990), but
fluvial-lacustrine origin and is broadly distributedwell defined in western New Mexico and passethey are thicker. It seems most reasonable to view
throughout the Rocky Mountain area (Petersomorth of the Shell No. 2 Santa Fe well (Blackthe outcrop at Capitan as a thin, truncated remnant
1972). In western New Mexico, the southern limitL979; Molenaar, 1988). The southern pinch-out isf the Morrison Formation (Brushy Basin Mem-
of the Morrison Formation (Fig. 6) is somewhaglso closely constrained about 30 km souttber) that was deposited near the extreme southern
north of that of the subjacent Entrada Sandstorsgutheast of Tucumcari (Fig. 6), where the Morriedge of the Morrison depositional basin.”
due to the effects of the southward beveling afon Formation has been erosionally truncated be-Figure 6 depicts the northern limit of the zero
both units beneath the Dakota Sandstone. The apeath Cretaceous strata (Lucas et al., 198Bppach as required by the erosional remnants of
posite relations prevail in outcrops near Socorrp. 237). Most previous studies (e.g., McKee et alMorrison exposed near Capitan and Socorro. As-
and Capitan, where the Morrison Formation i4956; Peterson, 1972) have depicted a simpi&iming that the regional trend of the southern
present but the Entrada Sandstone is not. Thesast-west Morrison basin margin that connects timeargin of the Morrison basin was approximately
relations indicate that the position of the nowpinch-outs exposed near Tucumcari to those in tleast-west in New Mexico, then a minimum ~60
eroded pinch-out of the Entrada Sandstone lrucero uplift areas. Recent documentation of thikm dextral deflection is required between the
eastern New Mexico was north of these souther(<19.5 m) Morrison Formation deposits near Soshell No. 2 Santa Fe well and the Morrison out-
most Morrison Formation outcrops and was dezorro (Hunt and Lucas, 1987; Hayden et algrops northeast of Socorro. This abrupt deflec-
termined by pre-Morrison erosion. Because th&990) and at Capitan (Lucas, 1991), however, réion is relatively closely constrained to occur
outcrops near Socorro and at Capitan are uppguires that the location of the Morrison pinch-outvithin the Socorro and southern Albuquerque
Morrison Formation (Brushy Basin Member;in eastern New Mexico be much farther south. Asasins of the Rio Grande rift. Laramide dextral
Lucas, 1991), it appears that in eastern New Megsummatrized by Lucas (1991, p. 41), “The Capifaults that may have contributed to this deflection
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are thus buried within the rift. Stepping eastwardated by east-west isopach trends (Fig. 6). Eastsibns were followed by transgressions (T-2
from Socorro across the Montosa and Chupadettze Picuris-Pecos fault the Morrison Formation ighrough T-5) that terminated the seaward (north-
faults, the minimum deflection increases to abouhin and is characterized mostly by north-soutkastward) progradation of the regressive sand-
90 and 120 km, respectively (Fig. 6). Because @sopach trends. In addition, the Morrison Formastones. The resulting seaward limits of each of
fragmentary exposure of the Morrison Formatiotion to the west is significantly coarser than irthese four regressive sandstones trend at moder-
in the Socorro and Capitan areas, however, it @astern New Mexico (Peterson, 1972, Fig. 8pte to high angles to Laramide structures in New
not possible to distinguish between sedimentafjhese depositional distinctions probably explaiiMiexico and thus have the potential to serve as
versus tectonic components of the observed detke lack of compelling east-west correlation opiercing lines.

tral deflections. Certainly the apparent onlappingternal isopachs within the Morrison Formation. The following analysis builds on the earlier

nature of the upper Morrison Formation (Brushy work of Molenaar (1973, 1983a, 1988) and Black
Basin Member) in these areas would argue that@RETACEOUS SYSTEM (1979, 1983), who depicted the regional pinch-
least part of the observed deflection is due to this out trends of Upper Cretaceous regressive sand-

late episode of southward depositional encroach- Late Cretaceous sedimentation in northerstones in New Mexico for the purpose of strati-
ment. However, the spatial coincidence betweddew Mexico was characterized by transgressiveraphic analysis and/or petroleum exploration.
the observed deflection and known Laramideegressive cycles (Fig. 7). The details of sedldnfortunately, these pinch-out trends are too
oblique-slip structures suggests a significant, buhentation within these cycles are the subject ofgeneralized to provide useful piercing lines for
unknown, tectonic component. voluminous literature, and are beyond the scopgructural analysis.

Thickness trends and average grain size in ttod this paper. Molenaar (1983a) recognized five The seaward pinch-out of regressive sandstones
Morrison Formation differ from west to eastregressive sequences of Late Cretaceous ageniithin marine mudstones is relatively easy to lo-
across New Mexico. West of the Picuris-Pecosorthern New Mexico and southern Coloradocate both in outcrop and in the subsurface
fault and its southern bifurcations the MorrisorHe referred to these as, from oldest to youngegtable 3). The principal source of ambiguity in de-
Formation is thick (locally >275 m) and domi-R-1 through R-5 (Fig. 7). The four older regreslimiting the seaward extent of regressive sand-
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stones is the local presence of offshore marirgone (Fite Ranch Member; Molenaar, 1983ajsallup Sandstone (R-2) and Basal Niobrara
sandstone units at similar stratigraphic levels (e.d he location and trend of the seaward limit of théTocito) Sandstones
Tocito Sandstone, Semilla Sandstone; Fig. 7Jres Hermanos are well defined by outcrops near
Such marine sandstones, however, can usually Gallup and west of the Zuni uplift (Fig. 8, Table 3; The Gallup Sandstone is a regressive strand-
identified by their laterally discontinuous natureMolenaar, 1973, 1983a). Eastward from the Zurplain succession (Nummedal and Molenaar,
and common upward-fining textures (Molenaarplift, the pinch-out location becomes increasinghyt 995) that was deposited during a local regres-
1974, 1977). Although not attempted in this studyposely bracketed by control points and the trension only in New Mexico and northeastern Ari-
the landward limits of transgressive marine unitsf the pinch-out on individual structural blocks iszona (Molenaar, 1983a). The Gallup is upper
(T-1 through T-5, Fig. 7) potentially also couldnot defined. Assuming continuation of the trenduronian—lower Coniacian in age (ca. 89 Ma;
serve as piercing lines (see generalized trendsdefined in the Gallup-Zuni uplift area to the westNummedal and Molenaar, 1995), and thus was
Molenaar, 1983a). The common juxtaposition ofhe pinch-out must deflect south (i.e., dextrally) ofleposited <10 m.y. prior to the beginning of the
transgressive marine shales against underlyirtige Shell No. 2 Santa Fe well, in which the Trekaramide orogeny. The Gallup Sandstone differs
fine-grained continental deposits without intervenHermanos Formation is missing (Black, 1979from the other regressive sandstones discussed in
ing shoreface sandstones (Fig. 7) creates the pdelenaar, 1988), and pass north of outcrops in thiis report in that its seaward termination is in
tential for ambiguities in subsurface interpretatiorSevilleta area (control point K, Fig. 8; Bakermost places defined by erosional truncation be-
1981). A dextral deflection of 10-60 km is thus inneath sandstones and shales of the basal Niobrarz
Tres Hermanos Formation (R-1) dicated across what is now the southern Alburansgressive sequence (Fig. 7). Only in the Mesa
querque rift basin. The broad spacing of pinch-olRrieta area southwest of the Nacimiento uplift
The Tres Hermanos Formation is of Turoniaiontrol points, however, allows both step-wis€Molenaar, 1974) and in the subsurface of the Al-
age and consists of a lower regressive coastélig. 8) and smooth (e.g., Woodward et al., 199 huquerque rift basin does the Gallup Sandstone
barrier sandstone (Atarque Member), a medidlig. 7) contouring of the data, and thus rendehow evidence for a simple depositional “turn-
nonmarine, coastal-plain unit (Carthage Memberambiguous the determination of tectonic versuasround” similar to that of the other regressive-
and an upper transgressive barrier-island sanskdimentary origins for this deflection. transgressive sequences.
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The seaward limit of the Gallup is exposed iThe approximate pinch out of the Gallup Sandseaward pinch out of the Gallup Sandstone is thus
the Four Corners area west of Farmington, Newtone is exposed along the pipeline road 4 kiracketed by the Shell No. 3 Santa Fe and Shell
Mexico (Molenaar et al., 1996), and is closelynortheast of Mesa Prieta (Fig. 9), where the Gallup-24 West Mesa Federal wells, which necessitates
bracketed by well penetrations in the south-centra only 1 m thick. a sharp dextral deflection of 20 to 33 km in the
and southeastern San Juan basin (Fig. 8; Table 3To the southeast, the seaward limit of th@inch-out trend as defined to the northwest in the
Molenaar, 1973, 1974). These control points deésallup Sandstone steps abruptly to the rigtan Juan basin (Fig. 8). This dextral deflection is
fine a linear, southeast trend that is deflected siniaeross the Sand Hill-Nacimiento fault systemcompatible with the ~25 km dextral deflection of
trally by the control point (H, Fig. 8) near theThis sharp dextral deflection is required by the albasement-related aeromagnetic trends in the
Nacimiento uplift. The more northeastward posisence of the Gallup Sandstone in the Shell No.Nacimiento uplift area, which was ascribed to
tion of this control point relative to the trend de-Santa Fe and Shell No. 3 Santa Fe wells, as dodiaramide strike-slip faulting by Karlstrom and
fined in the San Juan basin probably reflects thmented by Black (1979) and Molenaar (1988paniel (1993).
lack of southwestward beveling beneath the erdFig. 9). The Gallup is present in the Shell 1-24 The control points near Mesa Prieta and in
sive base of the T-3 (Niobrara) transgressive d&Vest Mesa Federal well, where it constitutes the western Albuquerque basin closely straddle
posits in this area, and thus is not tectonic in origi21.3-m-thick upward-coarsening sequence. Thbe Sand Hill-Nacimiento fault system. The
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TABLE 3. CONTROL POINTS FOR SEAWARD LIMITS OF UPPER CRETACEOUS REGRESSIVE SANDSTONES
IN NORTHERN NEW MEXICO, SOUTHERN COLORADO, AND EASTERN ARIZONA

Unit and regression Control Location Remarks
number point Section Township Range County State
Tres Hermanos 24 SE/4 30 26N 31 Apache AZ Exposure of approximate pinch-out.
Formation (R-1) 28A NE/4 29 15N 19w McKinley NM Exposure of approximate pinch-out.
32A NW/4 31 13N 16W McKinley NM Exposure of approximate pinch-out.
61B SW/4 29 to 9N 8w Cibola NM Bracketing exposure where Tres Hermanos is present.
NE/4 31
53B SW/4 4 10N W Cibola NM Bracketing exposure where Tres Hermanos is absent.
G 29 6N iw Valencia NM Bracketing well (Shell Santa Fe No. 2) where Tres
Hermanos is absent.
K 9 1N 2E Socorro NM Bracketing exposure (Baker, 1981) where Tres
Hermanos is present.
Gallup Sandstone (R-2) 6 E/2 20 30N 19w San Juan NM Exposure of approximate pinch-out.
106 23 23N 12w San Juan NM Bracketing well (Humble Oil and Refining No. 2) where
Gallup is present.
107 29 24N 11w San Juan NM Bracketing well (Magnolia Petroleum No. 1) where
Gallup is absent.
120 25 16N 5w McKinley NM Bracketing well (Hughes and Hughes No. 1) where
Gallup is present.
121 29 17N 4w Sandoval NM Bracketing well (Refiners Petroleum No. 1) where
Gallup is absent.
H NW/4 36 16N 2W Sandoval NM Exposure of approximate pinch-out.
B 28 13N 1E Sandoval NM Bracketing well (Shell Santa Fe No. 3) where Gallup
is absent.
D 24 11N 1E Bernalillo NM Bracketing well (Shell West Mesa Federal 1-24) where
Gallup is present.
Hosta-Dalton (R-3) 105 18 21N 12w San Juan NM Bracketing well (Sinclair Oil and Gas No. 1) where
Hosta-Dalton is absent.
104 26 20N 13W McKinley NM Bracketing well (Sinclair Oil and Gas No. 1) where
Hosta-Dalton is present.
121 29 17N A Sandoval NM Bracketing well (Refiners Petroleum No. 1) where
Hosta-Dalton is absent.
120 25 16N 5w McKinley NM Bracketing well (Hughes and Hughes No. 1) where
Hosta-Dalton is present.
J Wi2 24 17N 2w Sandoval NM Exposure of approximate pinch-out.
L 31 14N 6E Sandoval NM Exposure of approximate pinch-out.
Point Lookout Sandstone (R-4) | 33 36N 1w Archuleta CO Exposure of approximate pinch-out (O. J. Anderson,

1997, personal commun.).

Notes: Control points designated by single letter are from this study. All others are from Molenaar (1973, 1974, 1983a) and Molenaar et al. (1996). Locations are projected
where surveys are incomplete. AZ—Arizona; NM—New Mexico; CO—Colorado.

Nacimiento fault system that forms the westerbounds the en echelon normal faults of the Ribased, upward-fining transgressive deposits
boundary of the Nacimiento uplift has longPuerco fault system in a manner similar to that isuch as those typical of the basal Niobrara in
been recognized as a Laramide dextral-obliquehich the Nacimiento fault bounds the en echehe central and northwestern San Juan basin
structure (Kelley, 1955), primarily due to an ad{on folds of the eastern San Juan basin (Fig. QMolenaar, 1974, p. 257-258). In view of the
jacent series of northwest-trending, en echeloflthough in part reactivated during rifting, theproximity to areas of post-Gallup erosion to the
growth folds that developed synchronoushyRio Puerco faults were active as a Laramide derorthwest and east, had the observed dextral de-
with Laramide sedimentation in the eastern Samal-oblique system (Slack and Campbell, 1976Jlection been the result of Gallup-age dip slip on
Juan basin (Baltz, 1967). Although the lineaf4) The Sand Hill fault has been traced to ththe Sand Hill-Nacimiento fault system, it is un-
trace and the association with secondary esouthwest by Kelley (1977), where it splays intdikely that continuous sedimentation would
echelon structures suggest that the Sand Hilseveral intrabasin rift faults of unknown ancestrjave occurred on both the upthrown and down-
Nacimiento fault system accommodated mosts well as the basin-margin Comanche fault sytrown blocks.
or all of the observed dextral offset, the possitem. The Charlie Hill fault within the Comanche The Tocito Sandstone Lentil of the Mancos
bility remains that Laramide precursors tdault system exhibits evidence of dextral slip oShale comprises a series of oil-productive
faults east of the Nacimiento uplift (Fig. 9) alsd_aramide age (Cabezas, 1991, p. 33). lenticular sandstones related to post-Gallup
may have participated. An origin for the pinch-out deflection of the Sandstone erosion and the ensuing basal Nio-
Southward along strike of the Nacimiento faulGallup Sandstone related to Gallup age dip-sliprara transgression. The Tocito sandstones form
system is the Sand Hill fault (Fig. 9), which isfaulting is unlikely. At the exposed pinch-outan arcuate trend in the San Juan basin, and di-
currently an intrarift fault that cuts and juxtaposeaortheast of Mesa Prieta (control point Hyerge eastward from the pinch-out trend of the
rift-fill deposits of differing ages (Kelley, 1977; Figs. 8, and 9), the Gallup Sandstone shows r@®allup Sandstone (Fig. 8, Molenaar, 1973,
Cather et al., 1997). The following relationsevidence of erosional truncation beneath overlyt983b; cf. Woodward et al., 1997, Fig. 7). The
however, suggest that the Nacimiento and Sariidg Niobrara transgressive deposits (Molenaafocito sandstones are absent in the eastern San
Hill systems share a common Laramide ancestr§974; O. J. Anderson, 1997, oral commun.), de3uan basin (Molenaar, 1974) and have not been
(1) Both fault systems mutually are on strike andpite proximity to broad areas of erosively baseencountered by drilling in the Albuquerque
dip steeply to the east. (2) The continuity of theiNiobrara sequences in the San Juan badbdasin. To the east, however, Tocito sandstones
traces has been demonstrated except in small @violenaar, 1973, 1974) and in the Hagan basiare exposed in the southern Hagan basin and in
eas of poor exposure or incomplete mappin@lack, 1979). Similarly, the Gallup Sandstonehe Tijeras syncline (Black, 1979). These expo-
(e.g., Santos, 1975; Anderson et al., 1997; Kellein the Shell 1-24 West Mesa Federal well showsures are dextrally deflected ~100 km from the
1977; Cather et al. 1997). (3) The Sand Hill faulho evidence of truncation beneath erosionallyrend defined in the San Juan basin (Fig. 8). Be-
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cause of the unproven genetic link between Td-983a). In deposits near the seaward limit of thebout 40 km northeast of Albuquerque (Fig. 8).
cito sandstones in the Tijeras syncline—Hagamrgression, Dalton and Hosta deposits become ifihe Hagan basin control point is dextrally de-
basin area to those to the northwest, as well dsstinguishable due to the lack of intervening corflected about 40 km relative to the Hosta-Dalton
the absence of Tocito Sandstone in the Albuinental deposits of the Crevasse Canyon Formpinch-out trend defined to the west. The origin of
querque and eastern San Juan basins, the appimm. In such “turnaround” areas, the ternthis deflection (i.e., sedimentary vs. tectonic) is
ent offset depicted in Figure 8 is of indetermiHosta-Dalton is commonly used in the literatureinclear, however, given the sparse, nonlinear con-

nate origin. (e.g., Black, 1979, 1983). The seaward pinch-ottol in the San Juan basin and the lack of subsur-
of the Hosta-Dalton is closely bracketed by wellace control in the northern Albuquerque basin.
Hosta-Dalton Sequence (R-3) in the south-central and southeast San Juan basin

(Molenaar, 1973, 1974, 1983a) and is exposdeoint Lookout Sandstone (R-4)
The R-3 regression is Santonian in age and $®uthwest of the Nacimiento uplift (Fig. 8; Table
recorded by the Dalton Sandstone Member of tt8). The Hosta-Dalton pinch-out is located north of The R-4 regression is represented by the Cam-
Crevasse Canyon Formation. The Dalton membé#re array of deep petroleum tests in the Albuypanian Point Lookout Sandstone. The seaward
is overlain by the transgressive Hosta Tongue gfuerque basin and is again exposed in the Haggimch-out of the Point Lookout Sandstone crops
the Point Lookout Sandstone (Fig. 7; Molenaahasin area (Cano Sandstone of Stearns, 1953h)t in southern Colorado near Pagosa Springs
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Figure 9. Geological map showing details of the Sand Hill-Nacimiento fault system and control points that constrain the offsiethe Gallup
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Sandstone. Modified from Anderson et al. (1997), Kelley (1977), and Cather et al. (1997).
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Figure 10. Map of recon-
structed Proterozoic fold and
thrust belt in north-central New
Mexico (inset shows location of
unreconstructed terrane) after
removal of 15 km dextral slip on
the Tusas-Picuris fault system i
and 37 km dextral slip on the Pi-
curis-Pecos fault. Also shown i
are sample localities that dem- ~ NEW MEXICO

10 20 km

location pr\orb

I to restoration

onstrate regionally similar peak- )
metamorphic temperatures and e % o

pressures. See text for discus-
sion. Modified from Daniel et al.

(1995).
550°C

(e}
— —A- Proterozoic ductile thrust fault 40°C Yy
——* (dashed where buried) 4.0 kbar 510°C
— ™ _ Laramide oblique-slip fault (dashed 3.8 kbar

— < where buried)

/G/— Proterozoic overturned syncline

(Fig. 8; Molenaar, 1983a, p. 220; O. J. Andersorfrom the preceding analysis is locally variableble that the tectonic offset of the Tres Hermanos
1996, oral commun.). The trend of the pinch-outhere are no well-constrained Mesozoi@and Hosta-Dalton pinch-outs may exceed that
near Pagosa Springs is poorly defined, but is geisopach data that uniquely support models calébserved for the Gallup Sandstone. This is be-
erally thought to be subparallel to the northweshg for small (<20 km) dextral offsets along thecause the Gallup Sandstone control points en-
trend defined by the pinch-out of related contieastern Colorado Plateau boundary in Newompass only the western part of the Albu-
nental deposits of the Menefee Formation iiMexico (e.g., Hamilton, 1988; Woodwardquerque basin, whereas those for the Tres
southern Colorado and northern New Mexicet al., 1997), although data for several of thélermanos and Hosta-Dalton span the entire
(Fig. 7; Molenaar, 1983a, Fig. 10). Previouslymore poorly constrained units are permissiblbasin. Mesozoic pinch-out data suggest that the
published maps depict the Point Lookout pinchef such interpretations. It is perhaps significantipper limit of allowable Laramide dextral offset
out crossing the Raton basin north of Las Vegahat all Jurassic and Cretaceous units examinedross the Rio Grande rift is ~40 km near Albu-
(Black, 1983, Fig. 3; Molenaar, 1983a, Fig. 10)either exhibit, or are permissive of, significantjuerque and ~60 km near Socorro.

The Point Lookout Sandstone, however, is nadextral deflections across the Rio Grande Offset constraints by Mesozoic isopach data
present in the Raton basin (Fassett, 1976ift—southern Rocky Mountain area. In twothat span the breadth of the Laramide deformed
0. J. Anderson, 1996, oral commun.), and so @ases (Defiance monocline and Sand Hillzone in New Mexico are sparse, particularly for
significant dextral deflection of the pinch-outNacimiento fault system) Mesozoic strati-Laramide faults east of the Rio Grande rift. This is
trend to the southeast of the Pagosa Springs agraphic criteria seem to provide definitive tecprimarily because Cretaceous and Jurassic strata
is required. In eastern New Mexico the Pointonic-offset constraints. have been stripped by extensive Tertiary erosion
Lookout pinch-out shares similar broad geo- On alocal scale, the best-constrained exampé®utheast of Albuquerque. The seaward regressive
graphic constraints with other (R-1 through R-3pf dextral tectonic offset is along the Sandimits of the Upper Cretaceous sandstones in east-
regressive sandstones. These pinch-outs muitl—-Nacimiento fault system, where the seaern New Mexico are only loosely bracketed as
pass south of the Raton basin and north of thveard limit of the Gallup Sandstone is displacethaving passed through the ~200-km-wide, ero-
Capitan area (Arkell, 1986). In view of these20-33 km. Two other Upper Cretaceous regresionally stripped area south of the Raton basin and
large uncertainties, a distinction between tectongive sandstones also show dextral deflectiomorth of Cretaceous outcrops in the Sierra Blanca
versus sedimentary origins for the Point Lookouacross the Albuquerque basin area, but the obasin. The trend and location of the southern
deflection across the Sangre de Cristo—Rigins of those deflections are not well deterpinch-outs of the Entrada Sandstone and the lime-

Grande rift area is not possible. mined. That the magnitude of the dextral tecstone member of the Todilto Formation are so
tonic offset of the Gallup pinch-out is broadly bracketed as to allow interpretations rang-
DISCUSSION AND SUMMARY compatible with dextral deflections exhibited bying from small sinistral offsets to those that allow

the seaward limits of the Tres Hermanos Sandraximum cumulative dextral offsets west of the
Primarily because of regional differences irstone (10—60 km) and the Hosta-Dalton seCapitan area of as much as ~110 km.
the distribution and quality of control points,quence (~40 km) suggests a tectonic origin for at The only reasonably well defined Mesozoic
the robustness of conclusions that can be draveast part of these deflections as well. It is possisopach trends documented in this report that
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span most or all of the Laramide oblique-sligGrambling and Williams, 1985; Grambling et al. zoic dextral brittle faults in northern New Mex-
zone in northern and central New Mexico are th£989). Because these pressure differences of 0.5¢o cannot be ruled out, but no evidence for their
northeast basin margin of the limestone membé@r0 kbar represent only 2 to 4 km differences iexistence has been found. It seems plausible that
of the Todilto Formation (Fig. 4) and the southerdepth, the observed dextral separation of steeptpmponents of lateral slip during Late Protero-
pinch-out of the Morrison Formation (Fig. 6).dipping Proterozoic lithologic contacts, ductilezoic brittle faulting in this area would be sinis-
The northeastern zero isopach of the limestoribrusts, and axial planes of folds cannot be exral, as would be necessary to accommodate ex-
member of the Todilto Formation exhibits a dexplained by dip-slip displacement alone (Danietension in the Uinta aulacogen to the north of the
tral deflection of ~70 km across the Sangre det al., 1995). Colorado Plateau. Thus, the cumulative brittle
Cristo uplift and the Rio Grande rift. The south- The origin of the net 37 km dextral offset preseffsets observed on the Picuris-Pecos fault and
ern pinch-out of the Morrison Formation step®nt on the Picuris-Pecos fault has been variouslysas-Picuris fault system (37 km and 15 km, re-
dextrally at least 120 km from near the latitude ahterpreted. Miller et al. (1963) postulated a Protspectively) may provide minimum estimates of
Belen on the west side of the rift to the south afrozoic age for dextral displacement on the badisramide dextral offsets because of the need to
the latitude of Capitan near the east edge of tloé perceived ductile rotation of foliation into theaccount for possible late Paleozoic and rift-
Laramide deformed zone. An unknown part ofault. Karlstrom and Daniel (1993), however,related sinistral components.

both of these deflections, however, may be sedioted that the Picuris-Pecos fault is a brittle

mentary in origin. strike-slip feature that abruptly truncates ProterdMPLICATIONS FOR LARAMIDE

To summarize, the Mesozoic data support a&oic foliations, an interpretation that is supported ECTONIC MODELS AND ROTATION
least 20 to 33 km of right-lateral offset across thby local areas of brecciation along the faulOF THE COLORADO PLATEAU
Sand Hill-Nacimiento fault system. This is in(Miller et al., 1963; Bauer, 1988). Karlstrom and
addition to the 13 km offset described by KelleyDaniel (1993) regarded the 37 km dextral offset Numerous tectonic models for regional
(1967) in the Defiance monocline area, giving & be mostly Laramide in origin. Chapin and.aramide deformation have invoked movement
combined minimum dextral offset of 33—-46 kmCather (1981) estimated ~26 km of Laramidef the Colorado Plateau relative to cratonic North
Allowable dextral offsets across the rift maydextral slip along the Picuris-Pecos based oAmerica (Sales, 1968; Hamilton, 1981, 1988;
have been as much as 40 km near Albuquergtleeir reinterpretation of a mismatch betweeChapin and Cather, 1981; Livaccari, 1991;
and 60 km at the latitude of Socorro. Considet-ower Pennsylvanian detrital assemblages aritarlstrom and Daniel, 1993). Of these models,
ing the entire breadth of the Laramide deformeddjacent source terranes across the fault (Millenly those of Hamilton (1981, 1988) and Chapin
zone in central and northern New Mexicogt al., 1963, p. 41). Subsequent studies hawsd Cather (1981) attempted to quantify
Mesozoic data only provide generalized limitshown, however, that this apparent mismatch Isaramide plateau motion in terms of Eulerian ro-
on possible displacement and allow as much dse result of mineralogic changes due to diagéations. The net Laramide motion of the Colorado
110 km of dextral offset. These data suggest thaetic processes (Soegaard, 1990). WoodwaRlateau relative to cratonic North America can be
the upper ranges of dextral Laramide displacet al. (1997) interpreted the dextral offsets on thepproximated in Eulerian terms (i.e., the net mo-
ments estimated by Chapin and Cather (198Pjcuris-Pecos fault to be mostly Precambriation of one plate relative to another on a sphere,
60-120 km) and Karlstrom and Daniel (1993and/or late Paleozoic in age, despite the obsenexpressed as a finite rotation about a specified
100-170 km) are too large. However, the Mesdion of Bauer and Ralser (1995, p. 114) of a donpole of rotation). The nature of net Laramide de-
zoic data discussed in this report do not suppdrtance of shallowly plunging striae along the Piformation within the deformed area between the
the 5-20 km offset estimates of Woodward et aturis-Pecos fault and related faults in rocks aSolorado Plateau and cratonic North America
(1997) or the minor strike-slip components imyoung as Mesozoic age. (i.e., the central and southern Rocky Mountains)
plied by the central New Mexico Euler pole By a process of elimination, a reasonable casga reflection of, and can be used to constrain, the
model of Hamilton (1988). can be made that the observed dextral fault ofulerian parameters of plateau rotation.

Due to the effects of Tertiary erosion, Mesozoisets of Proterozoic rocks in northern New Mex- The central Rocky Mountain area to the north
stratigraphic data fail to precisely constrain théo represent minimum Laramide offsets. Northef the Colorado Plateau is characterized by major
limits of Laramide dextral offsets on faults east oérn New Mexico has undergone three principalhortening across dominantly northwest-trending
the Rio Grande rift, particularly the prominent andPhanerozoic deformations: (1) ancestral Rocksanges and subsidiary left-lateral offsets along
episodically reactivated Picuris-Pecos fault and ifslountain orogeny of Late Mississippian—Earlyeast-west structures. Estimates of the amount of
southern bifurcations. The Picuris-Pecos fault iBermian age; (2) Laramide deformation of Laterustal shortening in the central Rocky Moun-
one of at least two faults that juxtapose dissimila€retaceous—Eocene age; and (3) Rio Grande fiétins vary between about 5% and 15% (Kanter
Proterozoic terranes in northern New Mexicaleformation of late Cenozoic age. Of these threst al., 1981; Hamilton, 1981, 1988; Brown, 1988;
(Fig. 10). As first noted by Miller et al. (1963), theknown deformations, only the Laramide is comChapin and Cather, 1981; Gries, 1981). Perhaps
Picuris-Pecos fault shows evidence for a 37 kipatible with large-scale brittle right-lateral faultthe most detailed assessment of crustal shorten-
dextral offset of Proterozoic lithologies (includingoffsets. The Rio Grande rift opened in a someng to the north of the Colorado Plateau is that of
a distinctive Mn-rich layer) and ductile structureswhat left-oblique fashion (Kelley, 1982; ChapinStone (1993a), who calculated 8%—-12% shorten-
Using similar lines of evidence, Karlstrom andand Cather, 1994). North-striking late Paleozoitng along a well-constrained, northeast-trending
Daniel (1993) documented ~15 km of dextral offfaults east of the Colorado Plateau are also sinisansect between the western Green River basin
set of Proterozoic lithologies and structures acrogsl (Beck and Chapin, 1994; Karlstrom et al.and the Black Hills. Considering only those por-
the Rio Grande rift in north-central New Mexico1997; Barrow and Keller, 1994). Although pre-tions east of the Cordilleran thrust belt, the tran-
that they explained with a buried Laramide faulPennsylvanian brittle deformation of unknowrsect of Stone (1993a) is about 600 km long and,
system (the Tusas-Picuris fault system, Fig. 1xharacter is at least locally manifested in nortrassuming 10% shortening, encompasses ~60 km
The Proterozoic rocks exposed in the Tusas, Rirn New Mexico (Bauer and Ralser, 1995), thef crustal shortening.
curis, Truchas, and Rio Mora areas record relanly demonstrably Proterozoic right-lateral Using crustal shortening estimates for the
tively uniform pressure-temperatufe-T) condi- deformation is ductile (e.g., Grambling andmonoclines of the Colorado Plateau and for the
tions of 3.5—4.5 kbar and 500-550 °C (Fig. 10Dallmeyer, 1993). The presence of Late ProteradJinta uplift in combination with the shortening
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Figure 11. Regional tectonic
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Mountain area in northern New
Mexico. Modified from Stone
(1993a), Huntoon (1993), and
Woodward (1984).
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data of Stone (1993a), it is possible to construct@olorado Plateau. The central part of the transe@nsion is present near Albuquerque (Slack and
three-part transect that allows estimation of thencompasses the Uinta uplift, shortening acro&&ampbell, 1976; Cather, 1992). Estimation of net
net shortening from the southwestern Coloradehich has been estimated as about 20 km (Bruli@aramide shortening in the southern Rocky
Plateau to the Black Hills (Fig. 11). The threeet al., 1983; Stone, 1993b). The northern part dflountains is greatly complicated in most areas
part transect depicted in Figure 11 is subparalléie transect is adopted from Stone (1993a) amttie to effects of subsequent rifting. The east-west
to the regional shortening directions on the Cokencompasses about 60 km of shortening. The teemponent of Laramide shortening in central
orado Plateau (Kelley, 1955) and in the centrdhl shortening measured from the Grand CanydBolorado is ~30 km (Chase et al., 1992); east-
Rocky Mountains (Erslev, 1993). Shorteningarea of the southwestern Colorado Plateau to theest shortening in central and northern New
across monoclines in the Grand Canyon area Bfack Hills of South Dakota thus is ~85 km. ~ Mexico was probably significantly less due to the
the Colorado Plateau was estimated by Huntoon The southern Rocky Mountains that bound theouthward decrease in crustal shortening in the
(1993) to be <1%, which gives about 5 km of toColorado Plateau on the east are characterizeddyuthern Rocky Mountains (Chapin and Cather,
tal shortening measured in the southern part dramide crustal shortening and dextral transt981, p. 192). Mesozoic stratigraphic data re-
the transect in a northeast direction across tipeession, although a local area of dextral transuire at least 33 km and allow as much as 110 km
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of regional dextral offset across the Laramide déranstension along the southeastern margin of thede of combined Laramide (3.0°) and Neogene
formed zone in central and northern New Mex€olorado Plateau in southern New Mexico(1.5°) plateau rotations is about 4.5°. The mini-
ico. Although the magnitude of offset is unknowrwhich is contrary to the observed dominance afum plausible rotation is about 1°. These figures
for many Laramide dextral-oblique faults, sum-crustal shortening and dextral transpression ire consistent with the lower range of rotations in-
mation of known dextral offsets across fouthese areas (Harrison, 1989; Harrison andicated by paleomagnetic analysis and support
Laramide structures in northern New MexicaChapin, 1990; Nelson, 1993; Seager et al., 199%ther geologically inferred limits on plateau rota-
near the latitude of Santa Fe yields net offsets thBhese geologic data suggest that the Euler pdien (Chase et al., 1992).
are compatible with regional Mesozoic stratifor Laramide Colorado Plateau rotation was
graphic constraints. These four dextral-obliquenore remote and farther south than depicted K(YONCLUSIONS
structures (Fig. 11) are the Defiance monoclinelamilton (1981, 1988).
(13 km of dextral offset), the Sand Hill- Chapinand Cather (1981, 1983) argued that the 1. Offsets of Mesozoic pinch-outs and facies
Nacimiento fault system (minimum 20 km), theColorado Plateau occupied a near-equatorial posiansitions provide estimates of Laramide dextral
Tusas-Picuris fault (minimum 15 km), and the Pition relative to its pole of rotation (Fig. 12C). Indisplacements for the Defiance monocline (13 km;
curis-Pecos fault (minimum 37 km), producing @his model, north-northeastward plateau rotatioKelley, 1967) and for the Sand Hill-Nacimiento
net minimum dextral offset of about 85 km. Al-of <1° would account for the observed ~85 knfault system (20—-33 km).
though this figure does not account for additionathortening in the Colorado Plateau—central Rocky 2. Mesozoic pinch-out data suggest that the
Laramide dextral slip of unknown magnitudeMountain area. The linear displacement vectopproximate upper limit of allowable Laramide
along the oblique-slip frontal faults of the Sangrassociated with such an equatorial rotation, hovaextral offset across the Rio Grande rift is 40 km
de Cristo uplift (Baltz and O’Neill, 1984; ever, would not cause significant clockwise rotanear Albugquerque and 60 km near Socorro.
O’'Neill, 1990), it significantly exceeds any plau-tion of the Colorado Plateau. The Eulerian geom- 3. Mesozoic stratigraphic constraints on net
sible estimate of east-west shortening at this latétry of Chapin and Cather (1981) is compatibldextral offset across the entire Laramide de-
tude and thus suggests that strike-slip compa@vith the dominance of dextral transpression anidrmed zone in northern and central New Mex-
nents exceed dip-slip components within therustal shortening observed along the eastern aied are imprecise, primarily because of broadly
Laramide dextral-oblique zone of northern Nevsoutheastern Colorado Plateau boundary. It alspaced control points and the widespread effects
Mexico. The approximate equivalence betweepredicts ~80 km of dextral offset in northern Newof Tertiary erosion. Minimum dextral displace-
shortening in the central Rocky Mountain-Mexico, which is quite similar to the cumulativement is 33 to 46 km; maximum dextral dis-
Colorado Plateau area (~85 km) and dextral corminimum 85 km of dextral offset estimated acrosplacement is possibly 110 km.
ponents of slip in the southern Rocky Mountainthe Defiance, Sand Hill-Nacimiento, Picuris- 4. Well-documented dextral displacements
in northern New Mexico (minimum 85 km) hasPecos, and Tusas-Picuris structures. Althougimet 52 km) of Proterozoic rocks and structures
important implications for the Eulerian paramethese structures are clearly in need of further studlong the Tusas-Picuris and Picuris-Pecos faults
ters of Colorado Plateau rotation. it is unlikely that future work will produce the two- in northern New Mexico probably represent min-
Figure 12 summarizes three previously pubfold or (particularly) the four-fold reductions in es-imum Laramide offsets because of the need to ac-
lished Euler pole locations for Laramide rotatiorimates of net dextral slip that would be necessargpunt for sinistral components related to other
of the Colorado Plateau relative to cratonic Northespectively, to accommodate the Laramide Euleleformations.
America (Hamilton, 1981, 1988; Chapin andpole locations of Hamilton (1981, 1988). Geolog- 5. Laramide shortening on and northward of the
Cather, 1981). In each case, | have used the afoigal constraints are not sufficiently refined to ruleColorado Plateau (~85 km) compares closely with
mentioned 85 km net shortening estimate in theut a moderately distant Euler pole approximatelgnown and suspected Laramide dextral slip in the
Colorado Plateau—central Rocky Mountain area equidistant between those of Hamilton (1981) ansbuthern Rocky Mountains of northern New Mex-
calculate the magnitude of plateau rotation abo@hapin and Cather (1981). Such a pole positioito (minimum 85 km), which argues against Euler
these poles. Shortening estimates by the originlabwever, would allow no more than about 3° opole locations near the Colorado Plateau.
authors were poorly constrained. Hamilton (198%lockwise Laramide plateau rotation. 6. Consideration of geological constraints for
1988) calculated shortening in the Wyoming area Comparison of paleomagnetic poles for preboth Laramide deformation and Rio Grande rift-
by assuming that about half the width of eacharamide (Mesozoic and upper Paleozoic) rockieg allows between about 1° and 4.5° of clock-
Laramide basement uplift represents crustal shodn the Colorado Plateau with similar-age rocks owise rotation of the Colorado Plateau during Late
ening. Chapin and Cather (1981) estimated shothe craton have yielded a wide range of estimat€setaceous through Neogene time.
ening north of the Colorado Plateau based asf the amount of clockwise plateau rotation dur-
sparsely distributed petroleum-well penetrationgg Laramide and Neogene Rio Grande rift defotACKNOWLEDGMENTS
of fold-thrust overhangs in the Wyoming regiommations. Estimates vary from as much as 10° to
(Gries, 1981). 15° (e.g., Steiner, 1988; Kent and Witte, 1993; Financial support for this study was provided by
Hamilton (1981, 1988) has variously depictedent and Olsen, 1997) to <5° to 7° (Bryan andhe New Mexico Bureau of Mines and Mineral
the Euler pole for Laramide Colorado Plateau rdsordon, 1990; Molina-Garza et al., 1995). PostResources (C. E. Chapin, Director). | benefited
tation to be in central New Mexico (Fig. 12A) orLaramide rotation of the Colorado Plateau relateftiom discussions with numerous geologists during
in the panhandle of Texas (Fig. 12B). The Neuwo opening of the Rio Grande rift was estimatecesearch for this paper, particularly O. J. Anderson,
Mexico Euler pole location requires ~6° of clock-by Hamilton (1981, 1988) to be about 3°. HowP. W. Bauer, R. F. Broadhead, R. M. Chamberlin,
wise rotation to explain the observed 85 knever, palinspastic restoration of rift-related extenc. E. Chapin, B. Donegan, L. B. Goodwin,
shortening (Fig. 12A), whereas the Texas Euleion documented by seismic reflection surveys iR. W. Harrison, J. W. Hawley, K. Karlstrom, W. C.
pole position requires ~4.5° of clockwise rotatiorthe San Luis basin (Kluth and Schaftenaar, 1994jcIntosh, and S. Ralser. Earlier versions of the
(Fig. 12B). Both of Hamilton’s models predictand the Albuquerque basin (Russell and Snelsamanuscript were improved by reviews from
significantly less dextral slip in northern New1994) allows only 1° to 1.5° of Neogene plateai. E. Cather, R. M. Chamberlin, C. E. Chapin,
Mexico than appears to be present. Furthermomatation (Chapin and Cather, 1994). Geologic e\E. A. Erslev, K. E. Karlstrom, B. S. Kues, F. E.
both of these models predict crustal extension @lence thus suggests that the maximum magrifottiowski, W. C. MclIntosh, and J. Zidek. Com-
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Figure 12. Maps showing published Euler pole models for rotation of the Colorado Plateau relative to cratonic North America dog
Laramide deformation. In each example, crustal shortening (S) within and north of the Colorado Plateau is assumed to be ~85 kee(text); the
amount of strike slip in the southern Rocky Mountains (SS) and the rotation angle are calculated from this shortening value &ach pole posi-
tion. (A) Hamilton (1988); (B) Hamilton (1981); (C) Chapin and Cather (1981). Base map is from Hamilton (1988).
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