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GEOLOGICAL AND GEOPHYSICAL SIGNATURES OF THE JEMEZ LINEAMENT:
A REACTIVATED PRECAMBRIAN STRUCTURE
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A. W. Laughlin*
*Los Alamos National Laboratory

P.0. Box 1663, MS 983
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ABSTRACT

The Jemez lineament (N52°E) is one of several northeast-trendinq linea-
ments that traverse the southwestern United States, It is defined by a 500-
km-1onqg alignment of late Cenozoic volcanic fields extending southwest fro~ at
least the Jemez Mountains in north-central New Mexico to the San Carlos-
Peridot volcanic field in east-centrzi Arizona. Other volcanic fields, ba*h
to the northeast and southwest, may lie or extensions of the lineament, The
distribution of volcanic centers indicates the lineament has a width n?
approximately 50 km. Geochronoloqic data from Precambrian basement roc:s
indicate that the lineament 1is approximately coincident with a bourdary
between Precamhrian crustal provinces.

Cnaracteristics of the lineament are high heat flow (>104.5 mw/m?). ar
attenuated seismic velocity zone from 25 to 140 km depth, and an upwarp of the
crustal electrical conductor inferred from magnetotelluric studies, The hiaoh
electrical conductivity is probably caused by the presence of interstitial
magma in the rockc o' the mid-to-upper crust. The averaage electrical strike
within the Precambrian basement is N60“L, supporting a relationship betwecn
the Precambrian structural grain and the Jemez 11ineament,

The qeological and qeophysical data suggest that the )ineament is a struc-

tural zone that extends deep into the lithosphere and that its Jlocation was



controlled by an ancient zone of weakness in the Precambrian basement. Ages
of late Cenozoic voicanic rocks along the lineament show no systematic geo-
graphic progression, thus indicating that & mantle plume was not responsible
for the alignment of the volcanic fields.

Most of the faults, dikes, and cinder cone alignments along the lineament
teend approximately N25°E and N5°W. These trends may represent Riedrl shears
formed by left-Tateral transcurrent movement alon3 the structure. Less common
trends of cinder cone alignments and dikes are approximately N65°W and NB85°W,
The diversity in orientation indicates that the magnitud=:s of the two
horizontal principal stresses within the 1lineament have been approximately

equal for at least the last 5 m.y.

INTRODUCTION

The Jemez lineament is one of several large northeast-trending lineaments
that transect the southwestern United States. As originally defi-.ed by Mayo
(1958) the Jemez zone (lineament) is delineated by a northeast-trending trough
in southern Colorads, the Jemez Mountains (Valles Caldera), Mount Taylor, and
the northwestern border of the Datil volcanic field. Mayo suqgested that
aligned post-Nevadan 1intrusions and other structura)l features in the Globe-
Miami mining district are part of the zone. Between Globe and Ajo, Arizona,
he thought the zone was cuncealed by overprinting of the Texas lineament,
Mayo also suggested that the linacate volcanic field of northerr Sonora, and a
small group of volcanic cones in Baja, California may lie nn an extension of
the lineament (Figure 1). More recently, Suppe and others (1975), Laughlin,
Brookins, and Damon (1976), and Chapin and others (1978) defined the lineament

almost exclusively on the basis of the alignmert of Quaternary volcanic



centers. Suppe and others (1975) proposed that the young volcanic fields from
the Great Plains (Raton-Clayton) to the White Mountains of east-central
~izor.a are part of one volcanic chain formed by a mantle hot spot that
migrated northeastward. They suggested that the chain may extend to the head
of th> Gulf of California. They referred to the alignment of volcanic fields
as the "Raton-Trans-New Mexico volcanic chain," failing to point out that this
is the Jemez zone of Mayo (1958). Laughlin and others (1976) demonstrated
that there is no progression in age ot the volcanic rocks along the lineament
and interpreted the feature as a linear zone that "leaked" basaltic magmas for
at least 3 m.y. Chapin and others (1978) 1include the young volcanic fields of
northeastern New Mexico and southeastern Colorado as part of the Jemez linea-
ment, but place a kink in the lineament where it crosses the Rio Grande rift,
Lipman and Mennert [(1v7¢) also stressed the lack of a progression in the aae
of volcanic rocks. They correlated the lineament with a lithospheric zone of
weakness,
This paper brings together the results of several onqoina studies or the
lineament, particularly that segment that crosses the Coloraco Pla*rau fran

the San Carlos-Peridot volcanic field to the Jemez Mountains (Fiqure 1).

DESCRIPTION AND GEOLOGY

Stnce the Jemez lineament was first described by Mayo (195%), vyouna
(Pliocene-Quaternary) vclcanic fields have been the principal feature used to
determine its location. We believe that thiy criterion is useful because it

fs simple and straightforward and ‘herefore accept it as the best means for

delineating the lineament,



We include the San Carlos-Peridot volcanic field, Springerville-Show
Low-St. Johns field, Catron County field, Zuni-Bandera field, Mount Taylor-
Mesa Chivato, and the Jemez Mountains (Figure 1) as part of the lineament,
giving it a minimum length of 500 km, The volcanic fields of the Great Plains
east of the Riv Grande rift (Chapin and others, 1978) and the Pinacate field
and cones on Baja California (Mayo, 195C) may lie on extensions of the linea-
ment to the northeast and southwest. The addition of the northeast extension
would give the lineament a length of 900 km, and if the southwest extension is
added the total length is 1500 km. In the part of the lineament where we con-
centrated our efforts, the lineament width can be defined by two parallel
lines 50 km apart between which most of the volcanic centers are included.

Four of the six volcanic fields on the Colorado Plateau portion of the
Jemez lineament consist exclusively ot basalt. In the Jemez Mountains and Mt.
Taylor-Mesa (Chivato fields, intermediate to silicic magmas were also erupted.
The compositional range of the basalts is large, with silica contents from 43
to 53% and total alkali contents from 2 to 6.5% (Figure 2). Both petrographic
and strontium isotopic evidence indicates trat many basalts were cortaminatcd
by crustal rocks (Léughlin and others, 1972; Carden and Laughlin, 1974;
Brookins and others, 1975). Crustal-derived xenoliths and «enocrysts are
conenon, and 87Sr/865r ratios are variable and cummonly high.

Ultramaric xenoliths have been found in alkalic basalts from the San
Carlos-Peridot, Zuni-Bandera, and Mt. Taylor-Mesa Chivato fields (Laughlin and
others, 1971, Kudo and others, 1972; Ander and others, 1981). These
inclusions of dunites, websterites, lherzolites, and clinopyroxenites provide
samples of the source region of the basalts.

The style of volcanism is also diverse along the Colorado Plateau portion

of the lineament. varge fissure, cinder cone, maar, and <tratovolcano



eruptions have all occurred. The typical eruptive sequence is large,
tholeiitic eruptions followed by smaller, alkalic cinder cone eruptions. The
tholeiitic flows spread over large areas and traveled distances of tens of
kilometers,

A large number of K-Ar dates for the late Cenozoic volcanic rocks of the
Jemez lireament, are summarized in Table 1 and are shown graphically in Figure
3. There is no simple progression of ages along the lineament which contra-
dicts the suggestion of Suppe and others (1975) that the lineament is the
trace of a mantle plume. A more pi.usible model correlates known genlcav and
geophysics to show that the volcanic centers were loralized by a major crus<*al
break or zone of weakness. Stress conditions have apparently beer suitable
for the zone to have served as a conduit for intermittent magma rise for at

least the last four m.y,

PRECAMEL AN STRU TYRT

Nurmerous workers (Slowson and Austin, 1962:; Schmitt, 19Af; Landworr,
1967, Wertz, 196¢; Gay, 1672; Laughlin and West, 1976; Corde'l, 197#: Lip~a-
and Mehnert, 1979, and Ander, i980) have emphasized that lineaments such as
the Jemez formed above zones of weakness in Precambrian basement rocic,
Landwehr (1967) noted that the Globe belt (Jemez lineament) in the vicini‘y of
Globe-Miami, Arizona strikes parallel with fold axes in the Precambrian Pinal
schist, and paralle! with an alignment of Precambrian qranitic intrusions.

At. the Copper Cities porphyry copper mine near Miami, Arizona the Lost
Gulch quartz monzonite, the host rock for the ore body, was emplaced alonqg a
northeast-trending zone that separates Paleozoic and younqger Precambrian rocks

to the north from older Precambrian Pinal schist and intrusive rocks to the



south (Simmons and Fowells, 1966). They cite Peterson's (1962) suggestion
that the intrusive contact between the Ruin Granite (Precambrian) to the north
and Pinal Schist to the south is the fundamental control for this zone.

Along the Jemez lineament, within the Zuni Mountains, New Mexico, Pre-
cambrian rocks are strongly foliated (Goddard, 1966). In general, the folia-
tion strikes northeast to east-northeast and dips steeply to the southeast or
northwest. Precambrian porphyritic qranite dikes trend parallel with the
strike of the foliation. Other Precambrian dikes ranging from hornblendite to
granite invade the gneisses at righkt angles to the foliation.

Geochronological investigations of the Precambrian rocks of the south-
western United States suqqest that the Jemez lineament may reflect the loca-
tion of a suture in the Precambrian basement, Silver (unpublished data, cited
in Cordell, 1978) draws a boundary between Precambrian-age provinces that is
essentially coincident with the lineament. More recently, Van Schmus and
RBickford (in press) show a similar province boundary, which is the cortact
between rocks of 1690 to 1780 m,y., ages and those of 1610 to 16€0 m.y. ages.
Lipman and Mehnert (1979) and Chapin and Cather (19f1) have also recognized
the apparen® coincidence of the Jemez lineament with a Precambriun province

boundary,
Geophysical Investiga*ions

Recent studies indicate that the lineament has greater than normal heat
fiow (Fiqure 4) ranging from 62 to 105 mwlmz. with a few measurements above
105 mN/m? (Reiter and others, 1975; Edwards and others, 1978). One area of

particularly hiqh heat flow is the reqion to the west of Grants and south of



Gallup, New Mexico. The highest value measured in this region is 125.4 mw/m2
which is located south of the town of Zuni on the Zuni Indian Reservation.

A regional deep magnetotelluric (MT) sounding survey and a detailed
magnetotelluric/audiomagnetotelluric (MT/AMT) survey of a 161 km2 area were
performed in this region (Ander and others, 1980a, b). The detailed survey
was located in the area of highest heat flow to determine if a detailed
electrical evaluation could recognize the presence of a deep-seated body of
high-temperature basement rock. The regional survey was designed to determine
the geometry of the pervasive deep electrical conductor in this region and to
prcvide a regional background for the detailed site investigation., Within this
area, the regional survey consisted of three roughly east-west profiles
(Figure 5).

The estimate of the depth to a deep electrical conductor, based on one-
dimensional inversion, is shown in each profile for the MT components parallel
to strike and perpendicular to strike (Fiqure 6). The 50 ohs-m contour was
arbitrarily chosen to represent the depth to the deep electrical conductor.
On the northern and central profiles the conductive zone becomes shallower
beneath the Jemez 1lineament for both the parallel and perpendicular
electrical-strike components, while on the southern profile the conductive
zone becomes shallow for only the parallel-to-strike ccmponent. It is thus
apparent that the Jemez lineament is marked by an anomalously shallow
electrical conductor, probably associated with partial melting of the crust.
The results of the detailed MT/AMT survey support these conclusions.

The detailed MT/AMT survey consisted of 119 scalar AMT stations and 25
tensor MT stations (Figure 7). Although the WMT study was performed to search
for any near-surface electrical structures or lateral contacts, none were

found.



The detailed MT survey shows that at shallow depths the electrical strike
approximately aligns with the axes of N30°W-trending broad anticlines and
synclines (Figure 8) in sedimentary rocks. At qgreater depths the strike
rotates about 90° to a distinct and consistent N60°E orientation. This rota-
tion is commonly abrupt and almost certainly reflects a different trend within
the Precambrian metamorphic basement. The near-parallelism between the Jemez
lineament (N52°E) and <ipper strike in the basement (N60°E) strongly sugqests
the lineament 1is structurally contrclled by the fabric of the deeper Pre-
cambrian rocks.

A two-dimensional electrical model was developed for a line across the
detailed survey area oriented perpendicular to the deep electrical strike.
The resulting model (Fiqure 9) gqives an excellent fit to the apparent resis-
tivity sounding curves., The top 800 m is very conductive and overlies resis-
tive electrical basement, A well located at sec, 5, T.9N., R.1BW. in the
northern portion of the study area showed that depth to basement is 767 m.
From a depth of 800 m to 15 km the rocks are resistive. Below 15 km the rocks
become much more conductive. This deep conductive zone is less conductive in
the northwest and becomes more conductive to the scutheast in the direction of
the Jemez lineament.

Qur MT results agree with the preliminary results of a teleseismic P-wave
delay study that indicate that this portion of the Jemez lineament is asso-
ciated with a zone of low scismic velocity from 25 to 140 km deep (Spence and
others, 1979; Spence, U.S. Geological Survey, personal written communication,
1950). This zone varies from 50 to 120 km in width and has low P-wave
velocities.

Regional gqeophysical studies, indicate that the Jemez lineament is

assnciated with: 1) greater than normal heat flow (Edwards 2nd others, 1978);



2) a low seismic velocity zone from 25 to 140 km deep inferred from teleseis-
mic P-wave delay studies (Spence and others, 1979); and 3) anomalously high
electrical conductivity at shallow depths inferred from a regional deep MT
sounding survey and a detailed MT/AMT survey (Ander, 1980; Ander and others,
1980a, b).

STATE OF STRESS

Orientations of principal stress in areas along the Jamez li~eament were
determined from several different stress indicators including (1) the trends
of young (Pliocene-Quaternary) d.kes, (2) alignments of young cinder cones,
(3) directions of oblique slip on normal faults that show displacement within

the last 5 m.y., (4) earthquake focal mechanism solutions, and (5) in situ

stress measurements from strain relief determinations and hydrofracturing.
Zoback and Zoback (1980, p. 6114-6115, and 6128) discuss the assumptions
associated with each indicator.

Our data show that the segment of the lineament between the Jemez Moun-
tains and San Carlos-Peridot volcanic field is characterized by least-
principal horizontal stresses that have widely different orientations. T.e
stress is criented west-northwest (approximately N65°W) in many areas along
the lineament. (Qther orientations occur however; one to the north-narthwest
(approximately N25°W), another due north, and one east-northeast (approximate-
ly N85°E). At a few places the stress is oriented northeast (see Figure 10).
The wide variation in orientation of the least principal horizontal stress
indicates that the two principal horizontal stresses are approximately equal
in magnitude within this segment of the lineament. This relationship is

consistent with stress measurements made at Fenton Hill in the Jemez Mountains



where S1 is vertical and S1 > S2 ] S3 (D. Brown, Los Alamos National Labora-
tory, personal communication, 1981).

The must commonly used stress indicators are dikes and cinder cone a!‘ -a-
ments. Most of these features trend north-northeast and north-northwest
(Figure 11) approximately parallel to the two main fault trends along the
Tineament that Bartov (personal communication, 1981) found from LANDSAT,
SEASAT, and other imagery. The 74 vents forming the Zuni-Bandera volcanic
field follow the north-northeast trunk, The emplacement of the vents may have
been influenced by the eastern edge of a shallow, 90 km long and 30 km wide
mafic intrusion alsc 'rending north-northeast (Ander and others 1981; Ander
and Huestis, in press). One of the largest northeast-trendiny faults (Ventana
fault) is located on the east side of the Zuni-Bandera volcanic field south of
Grants, New Mexico. The similarity in orientation of dikes and cinder-cone
alignments with fault trends suqggests that prior feuits controlled the
emplacement of the dikes and cinder cones. Movement on some of the faults
also created topographic barriers that blocked and channeled basaltic laves,
as for example, the previously ment,ored Ventana fault.

The north-northeast structural trend (N25°E) is the best developed and
most persistent. The second most prominent trend is oriented N5°W (Fiqure
11). These fracture trends may represent Riedel shears furmed by left lateral
transcurrent movement along the lineament. Failure directions predicted by
the Coulomb failure criterion for rock with an angle of she2aring resistance,
¢» between 50” and 55° are consistent with the observed fault trends on the
lineament. A ¢ value of 50° to 55° is reasonable for the Precambrian basement
rocks that may have controlled the orientation of the faults (c.f. Handin,
1966). Observed fracture trends and predicted trends are shown in Figure 12.

Riedel shears with similar orientations with respect te the direction of



movement formed during the 1968 Dasht-e Bayas earthquake in Iran (Tchalenko
and Ambraseys, 1970); their trends have been added to Figure 12 for comparison,
Supporting evidence for left-lateral movement is also present east of the

Rio Grande rift where the frontal fault zone of the Picuris Range is parallel
to the trace of the Jemez lineament (c.f. Lambert, 1466)., Muehlberger (1978,
p. 44) suggested that the frontal fault is a transform between the Espanola
and San Luis basins and that it should show evidence of lett-lateral slip.
Slickensides on the Ventana fault indicate older strike-slip motior anrd
younger oblique-slip motion that is consistent with the irterpretationr the
the faults formed from compressional stresses during Lararide wrerch fau'tinr:

and were later subjected to extension.

DISCUSS!IUN

Our results support pr.or conclusions that tre Jemez lineament 15 4 ==
lithospheric flaw that develooed along a Precambriar province boundary [L1p-34-
and Mehnert, 1979 and Chapin and Cather, 1Gki). Wnere Preca=bria- rochs ars
exposed along the Jemez lineament as in the Juni Mountains, the folra®ron qerer.
a.ly trends parellel to the lineament, (ur MT data show that the trenn n* *ne
electrical conductivity to a depth of 4 km is parallel with this s*trycteral
grain. The i{nterpretation of th> lineament as a zone nf weakness is further
substantiated by teleseismic data showing an attenuation of P.waves bheneath
the 11inpament (Spence and others, 1979). It is apparent that tre linea~ent
provides conduits for magma to reach the surface, wai-h is probahly the cause

of the high electricel conductivity and P-wave atteruation associated with the

1ineament.



The geological and geophysical signatures of the Colorado Plateau segment
ot the Jemez lineament (from the Jemez Mountains to the San Carlos-Peridot
volcanic field) are different ftrom those of its possible extensions to the
southwest or northeast. The most obvious difference i3 a scarcity of
Pliocene-Quaternary volcanic rocks southwest of the San Carlos-Peridot field
and the broader distribution of volcanic centers northeast of the Rio Grande
rift., This broader distribution of centers may result iro. movement of the
Colorado Platecu northward (60 to 120 km) relative to the continental intericr
during the 1latest Paleocene and middle Eocene as sugaested by Chapin an~
Cather (19¢1). If this is true, then the Precambrian flaw feorming the Jemaz
l11neament or the C(clorado Plateauy 1S no lorger on strike with 1its origina’
northeas: extension ant myy be approximately aligned with an entirely dif-
ferert Preca—briar basement flaw. The ahserce 0f vour: volcaric activye
soLthucst nf the Sarm (Ca-os-reridot fre!! may result from destruction of ths
uppsr  crustal portainr of the linedrernt in so.cherr Emizera by large-nrels
Larasade thrus? faultare of the crust above a décollement,

(narges 1n the orierta®r1or ¢* the stress fiel4d exis® alorg and a-rose tr..
l11nea unt,  Stuties by 2ohack an1 Zoback (19%") an¢ Aldsich ars Laughlir (ir
Press) suunces® that the stresses assnciatecd with any qQiven segmert of the
feature are controlled by the regional stesses. &long the lineamen: sea-ent
betweer the Jemer Mountarns and the Sar (Carlos-Peridot volcaric field stresses
characteristic of bhoth the (olorado Plateay interior and Basin and Ranae
Province (Zoback and Zoback, 1970) are present.

Chapin and Cacher (192]) propose that during tre Laramide oroqery, B0 to
40 m.y. aqgo (Coney, 1972), thera were twn different orientations of the stress
field. They suaqest that during the early part of the orogeny, 80 to 75 m,y,

a4go, the maximum principal horizontal stress was oriented east-northeast &s o



result of the Colorado Plateau being crowded against the rigid craton to the
east, Because the Jemez lineament trends N52°E, this east-northeast compres-
sion favored right-lateral movement aiong the lineament. At about 55 m.y.
(1atest Paleocene) tht ‘tress orientation changed to northeast (NA45°E) due to
an anticlockwise rotation of the North American plate (Chapin and Cather,
1981). This N45°f orientation persisted until the compressive forces relaxed
during the middle Eocene (45 m.y. aqo). A maximur. principal compressive
stress direction of N45°E favored left-'ateral motion on the Jemaz lineamont,
Evidence of this later left-lateral motion is present as the Reidel chear
planes associated with the Colorado Plateav segment of the Jemez lineament,
Contemporary stress conditions on the Colorado Plateau segment of the
Jemez lingament are substantially different from those existing durina the

Laramide orogeny. l situ stress measurements and the presence of older

faults, such as the Ventana, with H~locene, normal, oblique slip moverer* show
*hgt the maximum pringcipal stress (Sl) is now vertical, Several large eerth-
quakes recoraed near the Jemez linrament northwest of Mourt Taylor were pre-
dorirantly s*trike-s!'ip events a* depths of 30 to 407 km near the bhase of the
crust (Sanford and others, 1979), The earthquake data suqaest that the orien-

tation of the principal stresses within tha lineament may change with depth,
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Figure 1.

Figure 2.

Fiqure 3.

fiqure 4,

Figqure 5,

FIGURE CAPTIONS

Index of late Cenozic volcanic fielas along the Jemez 1ineament.
Exposures of Precambrian rocks near and on the lineamen:{ are shown

by 1ined pattern.

Variation in silica and alkali content in basaltic rocks of the

Jemez lineanent.

Range of K/Ar dges in volcanic rocks alonq the Jemez 1lineament,
S.C-P. = San Cfarlus-Periudot; S.-S.-S. = Springerville-St,
Johns-Show Low; L.C, = Catron County; B.Z. = Bandera-Zuni:
M.T.-M.C. = Mount Taylor-Mesa Chivato; J.M. = Jemez Mountains;

T.P. = Taos Plateau, M.C. = Jdora County; R.-C. - hcton Clayton.

Heat flow mep of northern New Mexico and southerr. Colorado (mndi-

fied from Edwards and others, 1979¢).

Map of west-central New Mexico and part of Arizona showing Ceno-
zoic volcanic rocks, Riop Grande rift, and location of

magnetotelluric sites,



Figure

Fiy.re
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Figure

Figure

Figure

10.

11,

Portions of three east-west magnetotelluric profiles (Figure 5)
indicating the estimates of depth to deep electrical conductor for
both polarizations based on one-dimensional analysis, shcwing
inferred 50 ohm-met.r contour interval; a, b, and ¢ are the
northern, central, and southern profiles respectively., The
lineament 1is located between s*ations 40 and 42 on the northerr
profile, between stations 32 and 33 on the central profile, and

between stations 46 and 47 on the southern profile.

Location of magnetoteliuvric/audiomagnetotelluric statiors in

detailed survey site.

Estimate of electrical strike directions for the short period and
the long period portions of the magnetotelluric spectrum at the

detailad survey site.

Two-dimensional electrical model based on iJetailed site maane‘ote1-

luric Ssurvey.

Uriertation of 32 Jleast-principal horizontal-stress indicators
along the Jemez 1lineament from the vicinity of the San

Carlos-Peridot volcanic field tc the Jemez Mountains.

Orientations of 26 dike trends and cinder “one alignments along

the Jemez lineament.



Figure 12.

Orientations of dike trends and cinder cone alignments along the
Jemez lineament (stippled pattern). Black areas are direction of
Riedel shears predicted by the Coulomb failure criterion for crys-
talline rock with 50° ¢ ¢ < 55° and left-lateral displacement. For
comparison, lined areas delineate Riedel shear directions in fault
zone associated with Dash-e-Bayaz earthquake of August 31, 1968
(Tchaenko and Ambraseys, 1970); data are rotated so that fault

zZone parallels trend of Jemez lineament.
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