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GEOLOGIC AND GEOPHYSICAL INVESTIGATIONS OF THE ZUNI-BANDERA
VOLCANIC FIELD, NEW MEXICO.

by

Mark E. Ander, Grant Heiken,'thn Eichelberger,
~A. W. Laughlin, and Stephen Huestis :

ABSTRACT

A positive, northeast-trending gravity anom-
aly, 90 km long. and 30 km wide, extends ‘southwest
from the Zuni uplift, New Mexico. The Zuni-Bandera
volcanic field, an alignment of 74 basaltic vents,
is parallel to the eastern edge of the anomaly.

" Lavas display a bimodal distribution of tholeiitic
~and alkalic compositions, and were erupted over a
period from 4 Myr to present. A residual gravity
profile taken perpendicular to the major axis of
the anomaly was-analyzed using linear programming
and ideal body theory to obtain bounds on the den-
sity contrast, depth, and minimum thickness of the
gravity body. Two-dimensionality was assumed. The
limiting case where the anomalous body reaches the
surface gives 0.1 g/cm® as the greatest lower bound
on the maximum density contrast. If 0.4 g/cm?® is
taken as the geologically reasonable upper limit on
the maximum density contrast, the least upper bound
on the depth of burial is 3.5 km and minimum thick-
ness is 2 km. A shallow mafic intrusion, emplaced
sometime before Laramide deformation, is proposed
to account for the positive gravity anomaly.
Analysis of a magnetotelluric survey suggests that
the intrusion is not due to recent basaltic magma
associated with the Zuni-Bandera volcanic. field.
This large basement structure has controlled the
development of the volcanic field; vent orienta-
tions have changed somewhat‘through.time, but the
trend of the volcanic chain followed the edge of
the basement structure.. It has also exhibited some
~control on deformation of the sedimentary section.




I. INTRODUCTION

The Zuni-Bandera volcanic field consists of a northeast-trending chain of
late Cenozoic basaltic vents and related lava flows, forming a band 90 km long
and 1 to 15 km wide. It is located along the southeastern edge of the
Colorado Plateau and forms part 6f the Jemez volcanic 11’neament‘.,1"3 which
strikes approximately N52°E (Fig. 1.). The elongate Zuni-Bandera volcanic
field is not parallel to the Jemez lineament but is oblique to it. It is,
however, parallel to a major basement structure associated with a large posi-
tive gravity ‘anomaly. The volcanic field is also paraﬂél to northeast-
trending normal faults that cut some of the older volcanic rocks of the field.
The field overlies a section of Permian through Mesozoic age sedimentary rock
units, which are exposed along the .ﬂanks of the Zuni uplift. The northern-
most vents in the field are located along N-S striking faults that cut the

Precambrian igneous and metamorphic complex exposed in the core of the uplift.4
The Zuni Mountains area is marked by relatively high heat ﬂow.s Edwards
et a1.5 found that heat flow values of 83.6 to 125.4 m\rl/m2 are characteristic
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of the flanks of the uplift. Levitte et a1.6'perf0rmed a thermal gradient
survey of the wells in the general area around the Zuni.Pueblo and. found gra-
dients substantially above normal (>25°C/km). Unfortunately, very few of
these wells are within the volcanic field itself.

This study examines the structure, petrology, and age of the basaltic
flows -and their vents in an effort to determine the duration and styie of vol-
canism. Gravity analysis was used tordeTineate basement structures that appar-
ently localized the volcanism. Magnetotei]urics (MT) was used to search for
electrical conductive anomalies that may be correlated with gravity anomalies.
These MT data come from part of a regional deep MT survey, conducted by Los
Alamos National Laboratory in west-central New Mexico. The regional MT survey
is being used to define the depth of a crustal deep-electrical conductor be-
neath the region and to attempt a correlation of this conductor with other geo-
logical and geophysical data sets, the heat flow in particu]ar.7'9 This study

is part of a larger regional MI study of Arizona and New Mexico.g'12

II. DESCRIPTION OF THE VOLCANIC FIELD |

Parts of the Zuni-Bandera volcanic field cross four 1° x 2° quadrangles;
there are geologic compilations for three of ‘them--Gallup, Socorro, and
A]buquelr‘que.m'16 A geoTogic compilation for the St. Johns quadrangle is
1ncomp1ete. Parts of the volcanic field have been described by Laughlin and
_coworkers.2 17-21 Characteristics of the lava flows, so beautifully displayed
at Bandera Crater and along Interstate Highway 40 near Grants, have been des-
cribed by N1ch01522 and Hathaway and Hermng.23

The chain of vents is oriented N38°E, with the exception of a north-south
segment that crosses the Zuni uplift (Fig. 2). This north-south vent segment
across the uplift follows some visible faults.* The more numerous northeast-
trending normal faults and vents are parallel to a prominent gravity anomaly,
the Chimney Hill gravity high.9’24 This anomaly is 90 km long and 30 km wide
and extends southwest from the southern edge of the Zuni uplift. The volcanic
chain follows the eastern edge of-the anomaly. ‘

There are 74 vents in the fi€1d; all have erupted lavas and tephra of
basaltic composition. Vent types include simp1e cinder cbnes, spatter ram-
parts and cones, small shields, maars, and collapse p1ts. Descriptions of the

vents are summarized in Appendix A.
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Lava flows were not mapped. - Only the youngest flows, those associated
' with the McCartys vent and the cluster of cones near Bandera Crater, are
easily mapped. Most others are difficult to trace to their sources because
they are either buried by younger flows or masked by soil and sediments. Lava
flows follow drainages east and west from the axis of the chain, which also
coincides with, and marks, the Continental Divide. The McCartys flow and the
underlying Laguna flow fill much of the valley east of the chain. The
McCartys flow continues down the Rio San Jose Valley toward McCartys, an over-
all distance of 50‘km. The Fence Lake flow drained west, past the Arizona
border, a distance of 90 km. Another group of unnamed lava flows is located
between Bandera Crater and Zuni Pueblo. These flows could have originated
from any of the several dozen vents in the middle of the volcanic field.

The approximate total area covered by lavas from the Zuni-Bandera field,
including flows from E1 Tintero, is 2460 knZ, There are very few composite
thickness measurements available; 61 m at E1 Morro, New Mexico;:zo to 60 m
near Grants, New Mexico; and 36 m near the center of the E1 Tintero flow near
Blue Lake, New Mexico. If the average thickness of erupted lavas for the
field is assumed to be 50 m, the total volume of lavas is 123 km3; if the
average thickness is one-half of that, it is about 62 km>.  With 74 vents, the
Tower approximation may be closer to fea]ity, with an average volume of lava
and pyrocliastics per vent of about 0.85 km3. For comparison, the total volume
of lava and pyroclastics erupted at Paricutin, Mexico, ﬁas 1.8 km3.25

Vent elongations were measured wherever possible (Table I). Because our
observations showed most basaltic magma moved up along fissures, the e‘longa-
tion measurements provide some data on the nature of the fault and joint sys-
tems under the field. - Only'a small number of cones are symmetrical. Vent
elongations rangé from N-S to N45°E, with most parallel tb the long axis of
the volcanic chain (N38°E) and to normal faﬂ]ts,Eqused in the southern part
of the field. Three major exceptions are Cerro Brillante and Cerro Pomo, both

‘with vent elongations of N38°W, and Cerros de'1a'Mujeres with vent e1dngation
of N45°W. ' ‘

111. AGE OF THE ACTIVITY | |
Because all of the vents are in the same climatic zone and compoSed of

similar basalt types, we are able to assign relative ages to nearly all of

them (Table I). These ages range from young cones that exhibit little erosion
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TABLE I
ZUNT-BANDERA VOLCANIC FIELD - VENT CHARACTERISTICS

Little Little Erosion, Eroded, Eroded, Eroded,
Vegetation, Well-Developed Eroded - Crater Crater Vent
Very Little Soil and Crater Eroded Away Eroded Away Exposed Vent
Vent Erosion Vegetation Preserved Not Faulted Faulted {Mesa)  Elongations

E1 Tintero x (0.4 Myr) N8°w
Cone near Cerro, Colorado X N3°W
Paxton Springs . . X N11°E
Oso Ridge _ X N-S
Bandera Crater x (1000 yr) N32°E
Cerro Bandera x _ NS°E
Lava Crater (La Tetara) X Symm,
Cone E of Lava Crater x N26°E

(Cerro Candelaria)
Twin Craters X . : N25°E
Crater S. of Twin x N35°E

Craters
Crater SE of Twin X N25°E

Craters (El ’

Calderon)
Hoya de Cibola X N37°t
Cerro Rendija X : N-S
Cerrito Arizona x N30°E
Cerrito Comadre : X N33°E
Cerro Americano X Symm,
Cerro Leonides X N25°F
Cerro Piedrita X N30°E
Cone 2-1/2 km NW of X N4O°E

C. Piedrita
Cerro Lobo X N22°E
Hi11 8042 X NAS°E
Pig-a-ti-ana X : : N30°E
Cerro Negro ) X N14°E
Cerro Hueco X N5°E
Cerro Chato X N-S
Cerro Chatito X : ?
Cerro Brillante x (0,94 “N3B°W

10.4
Myr)

Cerro Colorado X N-$
Cerro Negro x N12°E
 Hi11 7981 (E of X N14°E

C. Negro) .
Cerro Flora X N25°E
Cerro Orqueta X N30°E
Cerro Alto x(1.5+0.3 Myr) «x N32°E
Maar S. of C. Alto X (?) N25°E




TABLE I (cont)
ZUNI-BANDERA VOLCANIC FIELD - VENT CHARACTERISTICS

Little Little Erosion, Eroded, Eroded, Eroded,
Vegetation, Well-Developed  Eroded Crater Crater Vent
Very Little Soil and Crater Eroded Away Eroded Away Exposed Vent
Vent Erosion Vegetation Preserved Not Faulted Faulted (Mesa) Elongations
Spatter Ramparts . o X N25°E
S. of C. Alto . : '
Crater 2 km SW of : v . X : . N34°E
C. Alto . ; .
Two Vents, S. of : ) x Symm.
Laguan Colorado '
Two Vents SW of C. : X N45°E
Alto Maar v
Vent West of C. Alto S N40°E
Maar , ‘ :
Two Spatter Ridges N. : X ‘ ] Symm,
of Sokno Lake , X ‘ N30°E
Chimney Hill X N35°E
Sokno Lake Maar + - ' . , o X N31°E
Cinder Cone :
Cerro Cantina ) : X . N31°E
Two Cones W of , o X » N30°E
C. Cantina ‘ _
Cerro Brujos ) : X , ?
Cerro Montoso X Symm.?
Cerro Pomo : X Symm.?
Cerros de la Mujeres : : X 216.73’_0.8 Myr)  N38°W
x (15.5+0.8 Myr) N45°W
, \ (17.0+0.8 Myr)
Cone SW of Cerro Pomo . ‘ . : ~ Symm.

Cerro Gatos , : X N-S?




and little or no soil to those where only resistant plugs remain. The only
example of the latter is a pair of older vents at Cerros de 1a Mujeres, dated
at 27 Myr that are not part of the main volcanic field. -
Geomorphically, the volcanic chain generally is younger from south to
north (Table I). With the 'exception of Cerro Pomo and the Chimney Hill
cluster, most of the vents in the southern part of the field are deeply eroded
and cut by normal faults. In the central part of the field, the vents are
eroded and have a well-developed soil profile, but are. not cut by normal
- faults. Two of these vents have been dated: Cerro Brillante, 0.94 t 0.4 Myr
and Cerro Alto, 1.5 £ 0.3 Myr. Laughlin et a1.26’27 dated vents in the cen-
tral part of the chain at 3.8 + 0.40 Myr, 1.41 & 0.29 Myr, 1.57 & 0.26 Myr,
and 0.70 + 0.55 Myr. The northern part of the chain is younger, with well-
preserved cinder cones and spatter ramparts. These range in age from 0.199 &
0.042 Myr for an alkalic flow beneath Bandera Crater, New Mexico,28 to 700
A.D., an archaeological date for the McCartys fiow.22 An alkalic flow, near
Laguna Pueblo northeast of the Zuni-Bandera field, has an age of 0.38 * 0.25
Myr.2” The source for this flow is probably not within the field. '
The Zuni-Bandera volcanic field was active from around 4 Myr to about
1000 years ago. This activity was contemporaneous with volcanic activity else-
where along the Jemez volcanic lineament; the Mt. Taylor field, located im-
mediately'northeast of the chain was active from 3.5 to 1 Myr and the Springer-
ville field, located southwest, erupted from about 3 Myr to 22,000 yr b.p.3’26

IV. PETROLOGY OF THE LAVAS

Field observation shows nearly all of the lavas to be aphanitic, with
only a trace of visible olivine phenocrysts and a few quartz xenocrysts. For
field descriptions, see Appendix A. Table II is a petrologic summary. Most
of the basalts can be characterized as having greater than 85% finely crystal-
line groundmass, with small phenocrysts of olivine, pyroxene, and plagioclase.
An exception to this general charaéterization is the stubby lava flow from the
Cerro Chato-Cerro Lobo cluster, where the lavas have abundant large plagio-
clase phenocrysts.

Xenoliths and xenocrysts are'rare and consist of mostly quartz and grani-‘
tic or granodioritic fragments, probably from the basement compiex. Xenoliths
from Cerro Piedrita consist- of partly melted granodiorite. Laughlin et




| TABLE II
ZUNI-BANDERA VOLCANIC FIELD - PETROLOGIC SUMMARY

Mode . Description
—__Phenocrysts —Phenocryst Size (mm) —_Phenocryst Shape
Xeno- : v .
Location 01 Pyx _P1_.Op_ crysts Matrix n Pyx Pl 1] Pyx P1 Matrix Xenoliths — Comments
Zuni Canyon flow 10 - 0.1 - - 89.9 . 0.41.3 - 0.1 eu,, - eu x - picotite in 01,
(Paxton Spas) . w/res, .
paxton Springs 1 tr tr - - 88.3 0.3/1.8 0.1 . 0.1 e;.. ey ey fx  Qtz-Feld picotite in 01,
w/res.
C Colorado 12 v 01 - - 87.9 0.1/2.0 0.4 0.4 eu & &y x - -
(north) - . ‘ lath :
E1 Tintero 2.7 0.8 131 - s 83.4 0.8/2.0 1,5/2.0 4.0/6.0 eu- sub- ~ lath q) - -
S i skel. ragged
C. 0so flow . 73 - ¢ - a - 92.7 0.1/0.6 - - eu : - - x - some P1, in cone
. ' ' . : ‘cinders
C. Rendija 3.9 3.8 - - - 92.7 1.0/2.0 2.0 T - ey rounded - x - Pyx in single clot.
: . . . Oxidized O1.
Bandera Crater 10.5 - - - - 89.5 0.2/1.0 - - el':-l - - fx - -
. skel,
Twin Craters 10.9 - - - - 89.1 0.5/1.5 - - ey - - - fx e -
C. Alto 6.0 1.0 0.4 Qtz-0.6 91.6 0.471.0 0.1 0. sub; ragged eu 4 fx - Qtz + San. with Pyx
‘ ;!‘m-g.g - ) : k resorb, rims ‘ B
NNE of C. Chato 38 2.6 1.8 - P1.-0.4 71.4. 0.5/1.0 1.0/2.0 1.0/2.0 'sub. ragged long eu. fx - P1. + 01. + Pyx,
‘laths clots. Some Cpx
‘ } . rims on 01. Some Cpx
L clots
"Ridge E. of C. 4.6 0.6 15.8 0.2 - 78.8 0.5 0.5 0.5/3.0 sub ~ ragged long eu. fx/gl - P1. + 01. + Pyx,
. Negro - - ‘ . : (some . ‘ clots. Some Cpx rims
: : : resorp. . on 01. Some Cpx clots
Sokno Lake 9.8 - - - Qtz-tr, 90.2 0.2/3.0 - - some eu. poik. - fx -
some skel. N .
C. Chatito . 9.8 - - - Qtz-0.6 B89.4 0.2 - - ey- - Co- fx Qtz-Feld  Qtz/Feld basement
: P1.-0.4 : skel, ) xenos.
N. of C. Chato 12.4 - 44 - .- . 83,2 o0.21.0 - 0.5/1.0 sub- - }ona x - -
) ' ' aths :
NNE of C. Chato 2.5 3.7 1.3 - - 82.8 0.2/1.0 0.2 0.5/1.5 sub ragged very long gl Cpx P1. + 01. clots
' - Taths Cpx from xenol.?
C. Lobo : " 4,0 2.0 16.0 - - 78.0 0.5 1.0/2.0 1.0/3.0 sub- - large, long " x - Some P1. + 01,
embayed round laths - clots
C. Hueco - 14.0 - 6.0 = - 80.0 0.4/1.0 - 0.5-1.0 sube - long cx - -
: . embayed laths ) .
NE of C.Pledrita 5.0 - 2.2 - resorh. 91.0 0.5/1.0 - 0.5 sub- - .long fx - Pl. + 01. clots
P1.-1.8 embayed Taths P1. not well-
L res. P, : developed
C. Piedrita 7.0 1.0 - - =0.2 91.6 0.211.0 0.15 - sSub= sub- - fx  melted Qtz Small, melted base-
) ’ Qtz-0.2 embayed eu, -Feld. ment frags.
C. Pomo 6.6 1.2- - = - Qtz-2.0 90,2 0.2/1.0 - - ey, sub, rims on - x Dunite Qtz prob. ndt

Skel, Qtz magmatic
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ZUNI-BANDERA VOLCANIC FIELD - PETROLOGIC SUMMARY

TABLE II (cont)

Description

0p_ crysts Matrix

Mode
Phenocrysts
Location 01 Pyx _Pl
C. Mujeres (old) 7.8 9.0 - -
C. Flora 6.8 - - -
C. Orqueta 2.6 3.6 0.2 -
'S. of C. Alto Maar 2.2 0.2 -
C. Brillante n.z2 - -
C. Americano 8.8 - 0.2 -
C. Negro-North 15.8 - 0.2 =~
C. Negro-Central 6.0 - - -
C. Colorado- 9.0 - 0.2 -
South

S.C. Brillante 7.8 - - -
C. Gatos 2.4 - 8.8 -
C. Leonides 3.2 1.0 - -
NNE of C. Piedrita 7.2 - 3.0 -
E. of C. Piedrita 11.0 0.2 0.2 -
C. Comadre 6.4 - 0.4 -
Explanation:

Xeno-

P1.-tr.
Qtz-0.6

Qtz-0.8
Qtz-tr.

Qtz-0.6
Qtz-0.2

83.2
93.2
93.0

97.6
88.0

91.0
84.0

93.4
90.6

92.2
88.8
95.8
89.8

88.6
93.2

Phenocryst S1ze (mm) _Phenocryst Shape

Matrix Xenoliths

01 Pyx Pl 01 Pyx P1
0.4/1.0 0.4/3.0 - sub. eu, some - fx
resorb

0.21.0 - - eu, sub - - fx
skel,

0.5/1.0 0.2+rims 0.5 sub, sub,eu laths fx
embayed + rims  (thin)

0.2/0.5 0.1 - skel. - - fx

0.8/0.2 - - sub - - fx

0.2/1.0 - 0.5 sub- - lath fx
skel,

0.3/5.0 - 1.0 sub, - lath cx

0.3/0.8 - - sub-eu - - x

0.2/1.0 - - sub-eu - - fx
some :
embayed

0.2/1.0 - - sudb - - fx

0.4/2.0 - 1.0/2.0 sub-eu - long cx

laths
0.171.0 2.0 - sub anhed. - f§+
‘ 9

0.3/1.0 - 0.4/0.7 anh.~ - laths fx
embayed

0.2/1.0 0.2 0.1 eu ey equant fx

0.3/1.0 - 0.5 sub- - laths gl
skel,
embayed

Cpx?

Qtz-Pyx

Comments
Qtz-Feld, vesicle
f11ling

Coarser matrix
around 01.

01. clots

rdd. Qtz xeno. Prob-
ably not magmatic
Qtz-basement
fragment

Qtz with Pyx rims
Large embayed 01.

Altered .

01. + P1. glomero-
crysts

Variable matrix

P1. + 01. clots

Highly oxidized 01,
Scorfa

Mode - 01 = olivine, Pyx = pyroxene, P1 = plagioclase, Op = opaque oxides, Qtz = quartz, San. = sanidine, Cpx = clinopyroxene, tr. = trace.
Phenocrysts are defined as grains 0.1 mm.

Shape - sub = subhedral,

ey = euhedral, anh = anhedral, skel = skeletal,

res = resorbed, poik = poikllltic
Matrix - fx = fine-gralned. crystalline. cx = coarse=grained, crystalline. gl = glass,




a1-2’29 have described uitramafic xenoliths in bombs from Bandera Crater. We

‘found only one small dunite xenolith in lavas from Cerro Pomo.

Samples were sent to two laboratories for major element analysis (J.
Husler, University of New Mexico and P. Hooper, Washington State University).
The new analyses, plus a compi]atioh of existing chemical data for the Zuni-
Bandera field, are presented in Table III. ‘

The basaltic lavas show a bimodal distribution of alkalic to tholeiitic
basalts. Norms ca]culated by D. Vamman30 and other workersz 17,19,20 indi-
cate a range of compositions from nepheline to hypersthene to quartz norma-
tive. There is no systematic variation of basalt compositions with time, vent
type, or position within the field. Variation appears to be random.

V.  GRAVITY ANALYSIS

The source vents for the Zuni volcanic field are superimposed on the
Bouguer anomaly gravity map in Fig. 3. The gravity data used in the pro-
duction of the map come from the Defense Mapping Agency gravity data bank.
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‘ Fig 3. '
Bouguer grav1ty anomaly map of Chimney Hill gravity high showing Zuni volcanic
vent locations. Gravity profile AA' is shown in Fig. 4 (from Ander®).
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TABLE III

COMPOSITION OF LAVAS FROM THE ZUNI-BANDERA VOLCANIC FIELD

Type of  Refer- No.
Name of Vent 5102 A1203 Fe,0; Fel Ma0 Ca0 Nazo K20 Tioz MnO P2°5 Total Sample ence Samples

E1 Tintero 49.9 15.6 2.9 8.4 8.4 8.9 34 0.78 1.5 0.17° 0.32 99.97  lava 2 1
C. Colorado (N) (mean) 45.4 14.5 -10.4 - 10.3 9.6 3.28 1.62 2.19 0.18 - 97.47 lavas 17 25
C. Colarado {N) (std. dev.) 0.8 0.26 - 0.12- 0.4 0.23 0.37 0.2 0.16 0.00 - - - - -
Paxton Springs (S) (mean) 45.6 15.6 -10.8 - 9.13 9.29 3.46 1.62 2.75 0.23 - 98.48  lavas 17 10
Paxton Springs (S) (std. dev.) 0.41 0.25 - 0.33- 0.35 0.33 0.37 0.1 0.1 0.0 - - - - -
Paxton Springs (N) (mean) 45.3 15.6 -10.6 - 9.76 9.6 2.95 1.46 2.65 0.24 - 98.17 lavas 17 14
Paxton Springs (N) (std. dev.) 0.82 0.58 - 0.56- 0.46 0.22 0.42 0.6 0.24 0.00 - - - - -
C. Baridera 49.5 15.6 - 9.78- 9.72 8.42 3,00 1.1 2.02 0.5 - 99.51 lava 3 1
C. Bandera 49.4 15.9 9.91 - 9.79 8.67 3.37 1,50 2.07 6.16 - 100.77 lava K} I 1
Bandera Crater 44.8515.10 3.16 8.90 10.76 9.47 3.46 1.36 2.39 0.7 0.37 99.62 cinders 2 |
Bandera Crater 44.47 15.22 4,39 8.42 9,30 8.80 3.38 1.60 3.04 0.15 0.58 99.35 lava 2 1
McCarty's Crater 49.93 16.62 1.54 9.25 8.45 8.90 2.89 0.75 1.38 0.17 0.25 100.13 lava 20 1
La Tetera 48.5 15.30 -1N.4 - 9.57 9.1 2.94 0.69 1.4 0.16 - 99.11  lava 2 1
E1 Calderon 50.18 15.15 -11.3 - 8.44 8,92 3.4 0.72 1.57 0.15 - 99.57 lava 2 1
Hoyavde Cibola 50,57 15.44 -10.4 - 8.12 9.45 2.75 0.44 1.26 0.4 - 98.57 lava. 2 1
Cerrito Arizona 50.2 15.4 - 10.6 - 9.23 9.09 2.91 0.8 1.45 0.15 - 99.89 lavas ki 10
Cerrito Comadre 49.2 15.0 -10.4 - 9.39 9.09 2.67 0.82 1.62 0.16 - 98.35 lavas k|| 2
Cerro Americano 49.0 15.0 - 10.2 - 10.4 8.7 2.3 1.05 2.0 0.16 - 98.81 lavas n 2
Cerro Leonides 47.7 14.7 -10.9 - 12.5 9.4 2.6 1.34 2,14 0.17 - 101.46 lavas N 4
C. Pledrita 47.83 14.97 -1.3 - 8.83 8.95 3.86 1.44 2.16 0.17 0.52 100.06 1lava a 1
C. Lobo 52.82 15.96 - 10.9 - 5.86 9.08 3.45 0,72 1.44 0.17 0.30 100.71 lava 2 |
C. Lobo -51.31 16.00 5.19 5.50 6.60 9.20 2,70 0.71 1.28 0.4 0.25 99.54 lava b 1
C. Negro (N) 4.2 154  -10.8- 0.0 8.71 2.59 1.43 2.5 0.6 -  97.85 1lava 3 4
C. Hueco 48.1 15.9 -1M.4- 10.7 9.35 2.69 -0.82 1.57 0.17 - 100.7 lava 3 3
C. Hueco 49.65 15.41 -1.7- 8.43 B8.69 3.36 0.9 1.63 0.7 0.42 100.35 lava a ]
Cone 2-1/2 km K. C. Pledrita 49.0 15.0 - 10.6 - 10.4 9.1 3.04 1.61 2.31 0.16 - 101.22 lavas k)] 2
C. Chato 47.9 15.42 ~12.0 - 6.71 7.86 4.53 2.6 2.20 0.19 0.62 99.58 lava a 1
C. Chato 46.89 15.30 10.92 1,19 7.55 7.77 4,03 2.02 2.13 0.8 0.63 99.54 lava b 1
C. Lobo Shield §3.11 16.79 - 11.07- 5.44 8,61 3.69 1.06 1.70 0.16 0.33 101.96 lava 2 1
C. Brillante 43,47 14.74 - 10.5 - 8.33 8.3¢ 3.8 1.8 2,17 0,16 0.54  99.93 lava a 1
C. Brillante 47.89 14,52 4,79 6.69 9.49 3.31 176 232 0.16 0.59  99.65 b 1

8.34

lava
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o TABLE III (cont)
COMPOSITION OF LAVAS FROM THE ZUNI-BANDERA VOLCANIC FIELD

¢

‘ o ‘ ; : Type of Refer- ﬁo.
Name of Vent. ‘ . $10y A1203 Fe,04 Fe0 ~ Mg0 Ca0 - Na0 K0 Ti0,  Mn0 P,0g “Total Sample  ence . Samplas

C. Colorado (S) : 46,83 15.82 n.s 8.63 8.8 3,89 1.61 2.35 0.18  0.57 99.27 lava a 1
€. Negro , © 47,85 18,2 na 9.32 8,98 3.62 1.39 .2.13 0.17 0.5 .99.91 lava a 1
C. Orqueta o 51.78 15.43 10.6 _ 6.94 7,75 4.28 1.87 1.79 0,16 0,44 100.93 lava a 1
C. Alto L - 55.75 15.58 8.9 5.71 7.45 416 1.84 1.67. 0.4 0.36 101.51 lava a 1
c. Aito . 54.07 15.10 1.69 6.82 .6.32 7.34 3.6 1.76 1.56 0.3 . 0.38 99.67 1lava . b 1
C. Montoso P . 51.78 16.49 10.4 .5.92 9.92 3.49 0.72 1.73 0.7 . 0.32 100.97 lava -8 1
€. Pomo ‘ 55,10 14,98 8.9  6.33 7.28 3,86 1.79° 1.58 0.13 . 0.33 100.25 lava a 1
Cerros Gatos ' : ' 53.49 15.8 10.7 '5.33 9.44 3.61 0.75 1.59 0.16 -~ 0.23 101.06 lava . - 2 1
C. de 1a Mujeres ‘ 7 50.89 10.56 8.4 '9.31 8,94 330 4.57 230 0.13 1.05 99.42 lava a 1

Asource 1s this paper‘. analysis performed by P. R. Hooper, Washington State University,
bsource 15 this paper, analysis performed by J. Husler, University of New Mexico,




Also shown on the map are the locations of the deep magnetotelluric sites dis-
cussed in this paper. A positive northeast-trending gravity anomaly, the
Chimney Hi11 gravity high, extends southwest from the Zuni uplift. The anom-
aly is 90 km long and 30 km wide. The Zuni volcanic veni:s are parallel to the
eastern edge of this anomaly, suggesting a causal relationship between the
location of the vents and the orientation of the structure producing the grav-
ity anomaly.

A gravity profile A-A' perpendicular to the major axis of the anomaly was
selected for analysis. One of the most important problems in the interpreta-
tion of gravity measurements is that of separating the surface gravity field
into its independent components and ascribing geological structures to each of
the parts. For this study the regional component was obtained from the
Bouguer gravity by a simple smoothing technique. Figure 4 shows the grayity
profile A-A' and the assumed regional gravity anomaly. The regional gravity
anomaly was chosen in such a way as to best reflect the long wavelength struc-
ture of the gravity signal, which at the same time produces a reasonably con-
servative estimate of the residual.

Conventional analysis of gravity data typically involves the construction
of a density solution or suite of solutions that satisfy the data. It is well
known, however, that even perfect (complete and accurate) gravity data are
compatible with an infinite number of solutions. In practice, data neces-
sarily comprise only a finite number of uncertain measurements so the non-
uniqueness is even greater. A more acceptable analytical approach is there-
fore the recovery of properties shared by all solutions, or by some subset of
solutions satisfying a priori restrictions. The properties to be treated here
are greatest lower bounds on the maximum Adensi ty of solutions confined to some
prescribed region; if such a bound can be found, any solution confined to that
region somewhere has a density reaching or exceeding the bound. For a given
data set and region of confinement, the unique extremal solution with the
smallest possible maximum density is termed the "ideal body" for that region.
The theory of ideal bodies is developed by Parker‘.32’33 Safon et 31.34
discuss the use of linear programning35 for discovering the value of the bound.

The seven residual data points of Fig. 4 have been analyzed using ideal
body theory to determine bounds on the density contrast, and using these
bounds to derive maximum depth of burial and minimum thickness of the source.
In all calculations, two dimensionality has been assumed, with densities
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Fig. 4.
Chimney Hill gravity anomaly profile AA' showing assumed regional anomaly
(from Ander®). , /

uniform in the horizontal direction perpendicular to the profile. Had more
data been used, the derived bounds would necessarily have been more stringent.
However, experience shows that measurements in excess of about five values do
Tittle to change the bounds unless the additional data deviate substantially
from the trend already established. The two measurements on the flanks of the
residual anomaly were not treated, due to their large relative uncertainties
caused by uncertainty in the choice of a regional gravity anomaly. Details of
the partitions used in the calculations are given in Appendix B.

Figure 5 plots density bounds as a function of depth to'fhe top of the
region of confinement of solutions. The curve must increase monotonically
because each such regioﬁ is a subset of all regions with shallower tops. The
solid curve gives bounds for exact data,,whi1e the dashed curve gives bounds
when data errors are less than or equal to 1 mgal. For example, if the source
is allowed to reach the surface the density contrast must reach or exceed 0.1
g/cm3 for exact'data, but if it nowhere comes within 4 km of the surface, the
density contrast cannot be everywhere less than 0.55 g/cm3. Also, important
for our purposes, the argument can be turned around if an upper bound on the
density contrast can be assigned. "_Thus, if the density contrast is not
greater than 0.4 g/cm3,kthén the maximum depth of burial is 3.5 km for exact
data and 5.25 km for noisy data, because the ideal bodies and therefore all
solutions confined to greater depths have densities. exceeding 0.4 g/cmsx
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Figure 6 gives density bounds for sources confined between the surface
and the specified depth. These curves can be used in a similar fashion, as
-above, to determine lower bounds on the thickness of the source. For the same
maximum density contrast, 0.4 g/cm3, the minimum thickness is 2.2 km for exact -
data and 2.0 km for noisy data.’ ,

Two o0il wells, located on the northwestern flank of the anomaly at SEC
32, T9N, R15W and SEC 17, T9N, R14W, were used to estimate a depth to basement
of 1.16 km. An o0i1 well located just to the south of the anomaly at SEC 11,
- T2N, R16W indicates a depth to basement of 1.67 km. There are no deep wells
located over the anomaly. Over the area of the anomaly the sediments are
nearly flat or deformed slightly into gentle synclines and anticlines with
1imbs dipping 3° to 5°. There is no surféce evidence to suggest stratigraphic
thinning or basement uplift. Consequently, there is no direct evidence for
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stratigraphic thinning associated with the anomaly. '>F'i'gure 6, using noisy
data, indicates a minimum thickness of 2 km for the anomalous body with a high
density contrast of 0.4 g/cm3, assumirig it touches the surface. Thus it is
safe to ‘assume that th'e'anomaly is not due to a horst structure. This re-
quires that the anomalous body must be within the basement. If 1.4 km is
taken as the average depth to basement and it is further assumed that this is
the upper limit on the depth to the top of the body, then 0.14 g/cm is the
“lowest bound on the maximum density contrast for exact data and 0.105 g/cm
for noisy data. Figure 7 gives density bounds for sources confined below 1.4
km depth. Cohfim'ng the body below 1.4 km does not substantially increase the
mim‘mum thickness of the anomalous body. The minimum thickne;ss is 2.25 km for
nmsy data and 2.5 km for exact data assuming a maximum density contrast of
0.4 g/cm .
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VI. REGIONAL MAGNETOTELLURIC STUDY

As part of the hot dry rock geothermal energy resource evaluation effort,
the Los Alamos National Laboratory is performing a regional MT survey of west-
central New Mexico.7’8 This survey is focused upon the Jemez volcanic linea-
ment and is part of a much larger regional MT survey of Arizona and New
Mexico.g’12 A detailed discussion of this work is given by Ander.g The ob-
jective of this study is to map the depth to the electrical conductive layer
in the crust and/or upper mantle over a large region. The upper mantle con-
ductive zone is generally believed to be due to partial melting, or possibly
to temperature-dependent semiconduction.36 The crustal conductive zone may be
due to partial melting, increased pore fluids, and/or increased tempera-
ture.37’38 The depth to the crustal conductor is arbitrarily assigned as the
depth of the 50-ohm-m contour #nterval. - \

Preliminary results from the MT survey of west-central New Mexico indi-

cate that the Jemez lineament is associated with a substantial shallowing of
the crustal conductor beneath the lineament. The abundance of late Cenozoic

volcanism along the lineament suggests that the high electrical conductivity
at shallow depths is due to magma intruded along the lineament. In the vicin-
ity of the Zuni-Bandera volcanic field, the crustal conductor is inferred to
be no deeper than 10 km, based on one-dimensional analysis of the MT sounding
curves. A better estimate of the depth to the crustal conductor will be ob-
tained when two-dimensional analysis of the data is performed.

Figures 8, 9, and 10 give the MT sounding curves obtained at stations 32,
33, and 44, respectively. The locations of these stations are shown in Fig.
3. In each case the lower resistivity curve is the transverse electric mode
and the higher resistivity curve is the transverse magnetic mode. Note that
useable data are sparse for stations 32 and 33 between 0.1 and 1.0 Hz. This
is often the case in MT sounding and is caused by a lack of sufficient signal
strength in the MT spectrum to produce reliable estimates. Also shown in
these figures is the one-dimensional inverse for each of the sounding curves.
The one-dimensional inversions were obtainéd using the algorithm developed by
' Anderson.39 This algorithm uses the Marquart nonlinear least squares inver-

sion technique. :

An electrical conductive anomaly, if found to be spacially associated
with the body causing the gravity high, might suggest the presence of either
partial melt or magma. Within the resolution of the data so far collected,
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the MT sounding curves and results of the one-dimensional inversions for
stations 32, 33, and 44 do not detect the presenée of an upper crustal con-
ductivity anomaly in the basement shallower than 9 km. Thus, MT data do not
indicate that the gravity anomaly results from shallow intrusion of recent
basaltic magma associated with the Zuni volcanic field.

VII. INTERPRETATION
A shallow mafic intrusion is proposed to account for the large positive

gravity anomaly. The age of its emplacement is pre-Pleistocene. Although
this large basement structure has not been the source of Quaternary magma, it
has controlled the development of the Zuni-Bandera volcanic field, as evi-
denced by the vent locations and orientations of associated normal faults.
The conduits are preferentially deve1oped where the Jemez 11neament is obli-
quely crossed by the eastern boundary (dens1ty contrast >0.1 g/cm ) of the
intrusive body. The structure also exhibits some control on the deformation
of the sedimentary rocks. Normal faulting associated with the chain of volcan-
ic vents follows this trend. The Nutria Monocline, a major Laramide struc-
tural feature about 45 km long, marks the western boundary of the Zuni uplift.

The beds of the monocline have dips as great as 80°, but flatten out abruptly
to dips of less than 10° within about 1.5 km of the northwestern boundary of
the intrusive structure. The truncation of the strike of the Nutria monocline
‘at the northwest boundary of the positive anomaly may suggest that the intru-
sive body predates and controls the southern extent of the Nutria monocline.

VIII. CONCLUSIONS

The Zuni volcanic field is one of the major volcanic fields of the Jemez
lineament consisting of 74 vents that erupted between 64 and 123 km> of basalt
between 4 Myf and 1000 yrs ago. The vents for the Zuni field occurred along a
trend parallel to the eastern edge of a 90-km-long, 30-km-wide positive gfav-
ity anomaly with a maximum residual of 34 mgal. Most vent elongations are
also parallel to the edge of this gravity anomaly. Ideal body calculations on
the residual anomaly show that the anomalous body must have a maximum density
contrast greater than 0.1 glcm3, is buried no deeper than 5.25 km and has a
minimum thickness of 2 km. The anomalous body is interpreted to be a mafic
intrusion. Although the age of emplacement is unknown, MT data suggest that
the intrusion is not due to recent basaltic magma associated with the Zuni
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volcanic field. There is Some suggestion that the intrusion predated and con-
trolled the southern extent of the Nutria monocline, a Laramide feature.
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APPENDIX A
FIELD SUMMARIES\OF BASALT UNITS, ZUNI-BANDERA VOLCANIC FIELD

EL TINTERO. el. 2201 m, NW-1/4 NW-1/4 s.30, T13N, R10W, Bluewater Quad. New
Mexico.

This simplé vent and circular cinder cone is 100 m high, with a flat,
raised apron on the southeast flank. There is no apparent relation of the
vent to the local structure, but it may be located along one of the northeast-
trending faults visible on the north slope of the Zuni uplift. The cone is
characterized by massive bedding, with deposits cohsisting mostly of highly
-vesicular glassy bombs up to 20 cm long and Veny little fine ash or lapilli.
Cinders contain 1 to 5% feldspar phenocrysts, 1 to 2 m long, and traces of
olivine in glassy or aphanitic groundmass. The cone is covered with a poorly
developed soil over caiiche-cemented cinders.

'CONE‘ADJACENT TO CERRO COLORADO. el. 2552 m, NE-1/4, s.36, T1lN, R12W, Mt.
Sedgewick Quad., New Mexico. : . .

A simple cone, about 107 m high is breached to the northeast. There are
three erosional remnants of the original cone left. The cone is located on
Precambrian metamorphic rocks on the highland along a north-south trending
fault. Near the summit are mostly agglutinated bombs,fup to 50 cm long. On
the cone flanks are mostly small bombs and lapilli, including numerous ribbon
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bombs. There are thick, stubby flows to the north, east, and south, along
valleys and canyons. '

PAXTON SPRINGS CONE. el. 2490 m, SW-1/4, s.25, T1ON, R12W. Paxton Springs
Quad., New Mexico. ' :

This cone is about 110 m high, with two small subsidiary cones (both
about 20 m high) located south of the main cone. The cones are located along
one: of the main north-south trending faults that crosses the Zuni highland.
Massive cinder beds with blocks up to 20 cm in diameter are exposed in cinder
pits located on the southern blank. The cinders are covered with a yellow-
brown soil,'0.2 to 1.5 m thick. ‘

0SO RIDGE CONE. el. 2656 m, W-1/2, s.25, T1ON, R12W, Paxton Springs Quad., New
Mexico.

This 100-m-high cone 1is located on a high ridge along a northwest-
trending fault. It consists of mostly welded spatter and rootless lava flows
and is breached to the north. Bombs in the spatter are up to 2 m long. There
are thick, stubby flows emanating from the breached side of the crater.

CERRO BANDERA. el. 2552 m, SW-1/2, s.22, T9N, R12W, Ice Caves Quad., New
Mexico.

This cinder cone is breached on the northwest flank, with a spatter and
~ cinder rampart trending north-northeast from it. The sequence visible in the
crater walls is of tephra-agglutinate-tephra-cinders. This cone is part of a
north-northeast trending chain of craters between Cerro Bandera and Cerro
Leonides.

BANDERA CRATER. el. 2533 m, NE-1/4, s.22, T9N, R12W, Paxton Springs and Ice _
Caves Quad., New Mexico. ‘

This 145-m-high cinder cone is breached on the southwest side. There are
some spatter ramparts flanking the breach. There were two periods of erup-
tion. The earlier eruption deposited oxidized cinders with abundant, partly
melted xenoliths of Permian sedimentary rocks, and the later episode produced
deposits of alkalic basalt containing ultramafic xenoliths (olivine-red spinel
and pyroxene-green spine]).2 :
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McCARTYS CRATER AND FLOW. el. 2244 m, s.28, T7N, R1lN, Ice Caves Se Quad., New
Mexico.

This low crater is mostly buried by its own lava flows. According to
local history, there was a small cone, but it was destroyed by bombing prac-
tice during World War II. The flow covers an area of about 1000 km".

LA TETERA. el. 2420 m, W-1/2, s.25, T9N, R12W, Ice Caves Quad., New Mexico.

This basaltic shield, with a collapse crater 120 x 180 m and breached on
the northeast flank, consists mostly of cinders. It is located along a buried
north-northeast trending fault scarp. o

TWIN CRATERS. el. 2423 m, SE-1/4, s.25, T9N, R12W, Ice Caves Quad., New Mexico.

This line of vents actually consists of three craters along a fissure
oriented N30°E -coincident with a buried normal fault. The highest of the
cones is about 73 m and has a small spatter rampart on the north side.

CERRO CANDELARIA. el. 2458 m, center, s.25, T9N, R12W, Ice Caves Quad., New
Mexico.

Cerro Candelaria is a cinder,end'spatter cone 116 m high. It is open to
the south where a lava tube begins, trends north, then southeast.

EL CALDERON. el. 2320 m, center-top, s.5, T9N Rllw, and bottom, s. 32, TN,
R11W. Ice Caves Quad., New Mexico.

Two eruptive periods involving cinders have produce this broad, symmetri-
cal cinder cone that is bgeached'on jts northeast flank.*’  Numerous lava
~ tubes are associated with this vent. ’

HOYA DE CIBOLA. el. 2323 m, s.29, T8N, R12W, Ice Caves Quad., New Mexico.

This crater is'part of a low shield located east of Cerro Hueco. The
vent trends north-northeast and may have formed partly by collapse, produc1ng
an elongate crater about 0. 6 km long, 0.2 km wide, and 30 m deep. ~

'CERRO ENCIERO. el. 2243 m, S.36, T8N, R12W, Ice Caves Quad., New Mexico.
There is no field description for this older, eroded cone.
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CERRO RENDIJA. el. 2494 m, S.5 and 6, T8N, R12W, Ice Caves and Cerro Hueco
Quads., New Mexico. : ’

This prominent shield volcano, about 3.75 km wide at the base and 152 m
high, is crossed by a chain of small craters and fissures, oriented N14°E.
The southernmost of the craters is breached to the south. There are mostly
large bombs (around a meter and larger) and welded spatter at the summit along
the crater rims. The shield is eroded and has a well-developed soil on its
flanks.

CERRITO ARIZONA. el. 2385 m, E-1/2, s.36, T9N, R13W, Cerro Hueco Quad., New
Mexico.

This is a broad shield that is part of the western most chain of vents in
the field. It is an elongate collapsed crater, 580 by 290 m, trending N34°E.
The rim consists of lava flows from less than 1 to 10 m thick, interbedded
with some welded spatter.

CERRITO COMADRE. el. 2377 m, SW-1/4, S.1, T8N, RI3W, Cerro Hueco Quad., New
Mexico.

This low-rimmed volcano consists of two vents, with an orientation of
N33°E, in line with Cerrito Arizona. Both vents consist of small, symmetrical
cinder cones with craters about 150 m in diameter. The northeast crater ié
breached to the southwest and the southwest crater is open to the northwest.
The deposits consist of steeply dipping spatter and cinders.

CERRO AMERICANO. el. 2460 m, SE-1/4, s.11, T8N, R13W, Cerro Hueco Quad., New
Mexico.

The crater of this 143-m-high symmetrical cinder cone is breached to the
north. There are some “"bumps" around the base that Gawe1131 has interpreted
as vents, but they appear to be tumuli or piles of cinders rafted out for a
short distance from the cone. There is a well-developed soil and pinon forest
on the flanks and summit of the cone. Bombs up to 10 cm long and some blocks
(average size 3 cm) are characteristic of the deposits immediately below the
soil.
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CERRO LEONIDES. el. 2377 m, s.15, T8N, R13W, Cerro Hueco Quad., New Mexico.
The base of this broad, complex cinder cone occupies most of one section.
It is characterized by a fault that crosses it with a trend of N18°E. The
fault may be a slump scarp associated with partial collapse of the cone§ how-
ever, there is a low spatter rampart south of the cone that is in line with
this fault. The cone is made up of interbedded welded spatter, with bombs up
to 1.5 m long, and coarse cinders. - |

CERRO PIEDRITA. el 2488 m, NW-1/4, S.8, T/N, R13W, Cerro Brillante Quad., New
Mexico. :

Cerro Piedrita is a semicircular cinder cone, open on the south side; It
is slightly asymmetrical along a north-northeast trend. It is surrounded and
partly buried by lava flows from Cerro Lobo. The deposits consist of mostly
equant bombs and blocks (not welded).

CERRO LOBO. el. 2544 m, SE-1/4, s.8, T7N, R13W, Cerro Hueco Quad., New Mexico. -

In this steep-sided cone, the summit is preserved by a well-developed
spatter rampart and rootless lava flows at the crater rim. The crater is
breached to the west. Stubby flows from this vent make up part of the shield
surrounding it, Cerro Chato, and a number of nearby unnamed cones.

HILL 8042. el. 2451 m, center, S.9, T7N, R13W, Cerro Hueco Quad., New Mexico.

This is a rounded, eroded cone remnant with a 400-m-diam crater. The
erosional remnant is composed of interbedded spatter and cinders. The low
crater rim on the west is composed of spatter ramparts.

CERRO NEGRO. el. 2461 m, W-1/2, S.28, T8N, R13W, Cerro Hueco Quad., New Mexico.

This large cinder cone, 130 m high, is “"split" along a north-south 1line
by an arcuate slump scarp. It appears that the cone, highest on the east
side, slumped into a collapsed crater on the west side. The slumped material
may have been partly buried by later strombolian activity. There are some
depressions near the cone that look like elongate craters but are actually
kipukas surrounded by steep-sided flows. Far out on the north flank is a
ridge that may be an old spatter rampart.
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CERRO . HUECO. el. 2421 w, SE-1/4, S.26, T8N, R13W, Cerro Hueco Quad., New
Mexico. _

Cerro Hueco is a broad semicircular cinder cone with a 500- by 600-m
crater that is breached on the north side. The crater is about 30 m deeper
than the -surrounding countryside and exhibits evidence of considerable col-
lapse. Some large blocks of outflow lava at the breach have tilted back into
the collapse crater. The cone consists of mainly welded spatter with inter-
bedded cinders. The north crater rim is composed of shelly pahoehoe flows 0.5
. to several meters thick.

UNNAMED CONE 2-1/2 Km NW OF CERRO PIEDRITA. el. 2398 m, east 1/2, s.1l, TIN,
R14U, Cerro Alto Quad., New Mexico. )

~ This crescent-shaped cinder cone is breached on the north-northeast side
and is about 400 m in diameter.

CERRO CHATO. el. 2514 m, SE-1/4; s.20, T7/N, R13W, Cerro Brillante Quad., New
Mexico. ' :

This is a broad, semicircular cinder cone, 166 m high with a crater 550
m in diameter that is breached on the north-northwest side. Crater walls are
lined with bedded cinders and welded spatter or agglutinate. Most of the
deposits consist of bombs 5 to 10 cm long, with occasional spindle and ribbon
bombs.

CERRO CHATITO. el. 2405 m, NE-1/4, s.28, T7/N, R13M, Cerro Brillante Quad., New
Mexico.

This is a heavily eroded spatter rampart, consisting of bombs and blocks
that exist as both welded and unwelded deposits. The cone is surrounded by
thick, stubby flows from other cones and is partly buried by them.

CERRO BRILLANTE. el. 2457 m, E-1/2, s.10, W-1/2, s.11, T6N, R13W, Cerro
Brillante Quad., New Mexico.

Cerro Brillante consists of two closely spaced vents that define a trend
of N42°. The larger vent, a 171-m-high cinder cone, is breached to the north-
west. It consists of mostly welded spatter and interbedded cinders. The
small cone on the southeast side of Cerro Brillante, 116 m high, consists of
lapilli-size tachylite and sideromelane pyroclasts.
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CERRO COLORADO. el. 2401 m, S-1/2, s.32, T7N, R13N;VCerro'Brillante Quad., New
Mexico. ' '

This older, heavily eroded cone is covered by a soil with rounded,
weathered cinders. It is partly buried by flows from cones east and north of
it. '

CERRO’NEGRO; el. 2461 m, Nw-1/4,‘s.31, T/IN, R13W, Cerro Brillante and Cerro
Alto Quads., New Mexico. ' v S ,

Cerro ﬁegro‘isva symmetrical cone; 114 m high,‘with a north-south spatter
rampart on the north flank. Its 330-m-diam crater has a small breach on the
north side. The deposits are mostly cinders, with a few bombs. It is covered
with a well-developed soil and forest on the slopes.

HILL 7981 (Immediately East of Cerro Negro). el. 2433 m, W-1/2, s.29, TN,
R13W, Cerro Briilante Quad., New Mexico.

This is a heavily eroded elongate cone or spatter rampart. If it is a
spatter rampart, the elongation may be due to the original shape. The elonga-
tion may also be due to erosion along north-south trending faults. The cone
is too poorly exposed to determine its original shape.

CERRO FLORA. el. 2424 m, NW-1/4, s.25, TIN, R14W, Cerro Alto Quad., New Mexico.
Cerro Flora is a low cinder cone, breached on the north side. The crater

is 300 m in diameter and 76 m high The cone contains deposits of interbedded

spatter and lava flows. ' ‘ :

CERRO ORQUETA. el. 2437 m, NW-1/4, s.30, T7N, RI3W, Cerro Alto and Cerro
Brillante Quads., New Mexico. ' ' o

This is a cinder cone 81 m high with a 3204m-diam‘ crater that is
breached to the northeast. Although. the crater is preserved, the cone is
deeply eroded;r The slopes are covered with oxidized cinders, blocks, and
bombs.

CERRO ALTO. el. 2594 m, s.35, T7N, R14W, Cerro Alto Quad., Nevaeiico.

Cerro Alto, a 712-m-high symmetrical cinder cone, dominates the country—
side as a major landmark. Its shallow crater, 200 m in diameter and about
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64 m deep, is breached on the west-southwest side. It is composed of mostly
cinders and bombs.

BROAD DEPRESSION SOUTH OF CERRO ALTO. el. 2313 m, parts-of s.2,3,10, and 11,
T6N, R14W, Cerro Alto Quad., New Mexico.

This 1.2-km-wide, 20- to 30-m-deep crater is an old, eroded maar. Expo-
sures are very poor. On the east rim are a few exposures of beds of 1api]11-
size basaltic tephra mixed with a few basaltic blocks. The north end of the
maar has been filled with flows from Cerro Alto. Along the southwest corner
of the maar is a chain of spatter ramparts and cone remnants that form a line
of small hills trending N35°E from the south end of the maar. These hills are
composed of cinders, bombs, and interbedded basalt flows and are all less than
35 m high.

UNNAMED CINDER CONE (3.7 km south of Cerro Alto). el. 2357 m, s.1/2, s.10,
N-1/2 s.15, T6N, R14W, Cerro Alto Quad., New Mexico.

This is a héavily eroded, 55-m-high cinder cone. The rim is preserved by
layers of welded spatter.

CERRO MONT0SO. el. 2421 m, s.35,36, T6N, R14W and S.1,2, T5N, R14W, Cerro Pomo
Quad., New Mexico.

On the surface of this old, heavily eroded cinder cone, basaltic bombs
and cinders are mixed into the soil that covers the cone (there are no good
exposures). It appears to have two vent areas; the main one is on the east
side with a satellite vent 1.7 km west and 40 m lower. The flanks of the vol-
cano are covered with wind-blown sand.

CERRO CANTINA. el. 2339 m, s.32 and 33, T6N, R14W, Cerro Pomo Quad., New
Mexico.

Cerro Cantina is one of many older, deeply eroded cinder cones and spat-
ter ramparts in the area that have been cut by northeast-trending normal
faults. It consists of several vents oriented N31°E, parallel to the normal
faults. ‘
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CERRO POMO. el. 2386 m, s.3 and 4, T5N, R14KW, Cerro Pomo Quad., New Mexico.

Cerro Pomo is the youngest-looking cinder cone in the southern part of
the Zuni volcanic field. It is a symmetrical cone, 130 m high, with a crater
breached to the west. The slopes consist of weathered cinders, blocks, and
bombs. '

SOKNO LAKE. el. 2256 m, s.19 and 30, T6N, R14W, Cerro Pomo Quad., New Mexico.

Sokno Lake ‘is located in a 700-m-diam, 20- to 25-m deep crater, sur-
rounded by a low rim deposit consisting of basaltic breccia. There_are only a
few very poor exposures. The maar is open (breached?) on the south-southwest
side. Adjacent to the breached end of the crater is a small spatter and cider
cone. The line of the maar and spattér cones is parallel to the Penasco Ridge
fault, a normal fault located about 0.5 km east of the maar.

UNNAMED BASALT PLUG NEAR THE GRASSY PLACE. el 2301 m, NW-1/4 s.7, T5N, R14W,
Cerro Pomo Quad., New Mexico.

A1l that remains of this volcano is a deeply eroded basaltic plug along
the normal fault that forms the Pefiasco Ridge. It is one of many unnamed
basaltic vents cut by northeast-trending normal faults in the Zuni volcanic
field.

CERRO GATOS. el. 2270 m, s.30, T5N, R13W, La Rendija Quad., New Mexico.
, The Cerro Gatos consist of erosional remnants of a low spatter cone
oriented north-northeast. ‘

CERROS DE LAS MUJERES. el. 2497 and 2404 m, s. 16,17,18,19,20,21, T5N, R14W,
Cerro Pomo Quad., New Mexico. '

These two very old, eroded basaltic plugs- are oriented N40°w, normal to
the general trend of the Zuni volcanic field. These are most likely remnants
of a group of vents and dikes that cross from the Datil area to the southern
end of the Zuni field. The plugs form steep spires 150 to 240 m above the
surrounding countryside. The vertically jointed plugs are surrounded by talus
aprons of flocks from the plugs, mixed with cinders and bombs.
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APPENDIX B

IDEAL BODY CALCULATIONS

The ideal body code used in performing the calculations consists pri-
marily of a revised simplex a]Qorithm35 that has been written specifically for
this problem and an algorithm for establishing a two-dimensional constraining
region, which is divided into rectangular prisms. The following tables give
~ the code input parameters used to build the necessary prisms and to obtain the
solution, or objective function. In every case several different prism sizes
and constraining regions were used. Only the solutions used in the prepara-
tion of the trade-off curves aré shown in the tables. Experience obtained
from running over 100 such calculations aided in choosing prism sizes and con-
straining regions that facilitated a very rapid convergence of the objective
~ function.

In Tables B-I and B-II

X = the distance from the origin to the data point in km

B = the magnitude of the residual anomaly at the data point in mgal

M = the designation number for a group of prisms all having the same
size

X0 = the starting point of each group of prisms in the x-direction in

km
D = the depth of the upper bound of each group of prisms in km

DX = the x-dimension of each prism in a particular group in km
DZ = the z-dimension of each prism in a particular group in km
NX = the number of prisms in a group in the x-direction

NZ = the number of prisms in a group in the z-direction

OF = the objective function in g/cm3.
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TABLE B-I

CHIMNEY HILL GRAVITY HIGH
PERFECT DATA CASE

X(km)  =23.75 36.4 42.0 47.5 54.5 63.9 70.5
B(mgals) = 0.15 26.71 32.61 33.53 18.77 7.59  3.15
Trade-off .
Curve _ v 3
Point M X0 (km) D (km) DX (km) DZ (km) NX NZ OF(g/cm )
1 1 150 0.0 2.5 2.5 22 2 0.095
2 15.0 5.0 2.5 5.0 22 1
3 15.0 10.0 5.0 5.0 11 2
2 1 2.0 1.25 2.5 2.5 18 3 0.135
. 2 20.0 875 2.5 5.0 18 1
3 1 200 2.5 2.5 2.5 18 3 0.213
2 20.0 10.0 2.5 5.0 18 1
4 1 2.0 3.5 1.25 1.5 36 3 0.460
2 32.5 7.50 2.5 5.0 9 1
§ 1 2.0 0.0 2.5 2.5 20 4 0.105
6 ‘1 150 00  1.25 2.5 4 3 0.129
7 1 10,0 0.0 1.5 2.5 48 2 0.180
& 1 0.0 00 125 1.25 76 2 0.33
9 1 -0.0 0.0 1.25  0.625 76 2 0.651
10 1 200 1.4 1.25 2.5 40 1 0.136
2 2.0 3.9 2.5 2.5 20 5
11 1 20,0 1.4 1.25 2.5 40 3 0.136
2 2,0 8.9 2.5 2.5 20 1
12 1 200 1.4 125 2.5 40 3 0.150
3 1 7.5 1.4 1.5 2.5 60 2 0.206
14 1 0.0 1.4 1.25 1.25 76 2 0.374
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TABLE B-I (cont)

CHIMNEY HILL GRAVITY HIGH
PERFECT DATA CASE

Point M X0 (km) D (km) DX (km) DZ (km)

X(km) = 23.75 36.4 42.0 47.5 54.5
B(mgals) = 9.15 26.71 32.61 -33.53 18.77 7.59 3.15
. Trade-off
Curve

NX NZ OF(g/cm’)

15 1 0.0 1.4 0.625 1.25 152 1 0.715




TABLE B-I1

CHIMNEY HILL GRAVITY HIGH ,
NOISY DATA CASE, 1 MGAL ERROR BAR ASSUMED

X (km) =23.75 36.4 42.0 47.5 54.5
B (mgals) = 9.15  26.71 32.61 33.53 18.77
Trade-off
Curve _ k
Point M X0 (km) D (km) DX (km) DZ (km)
16 1 20.00 0.0 1.25 2.5 40
2 20,0 2.5 2.5 2.5 20
3 20,0 100 25 50 20
4 20.0 15.0 5.0 5.0 10
17. 1 200 1.25 1.25 2.5 40
2 20,0 3.75 2.50 2.5 20
3 20.0 11.25 2,50 5.0 20
4 20,0 16.25 5.0 5.0 10
18 1 200 2.5 125 2.5 40
2 20.0 5.0 2.5 2.5 20
3 20.0 12.5 2.5 5.0 20
4 2.0 17.5 5.0 5.0 10
19 1 200 5.0 1.25  1.25 40
20 1 15.0 0.0 1.25 2.5 48
15.0 2.5 2.5 2.5 24
22 1 50 0.0 1.5 2.5 56
2 50 5.0 2.50 2.5 28
22 1 50 0.0 1.25  1.25 56
2 50 2.5  1.25 2.5 56
23 1 0.0 0.0 1.5  1.25 75
24 1 0.0 0.0 1.25 140

0.625

6

- W = N e

3.9 70.5
7.59 3.15

NX NZ 0F(g/cm3)
1

0.076

0.099

P e e W = N

= N = N W =

- N

0.137

0.353
- 0.100

0.124

0.173

0.324
0.632
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TABLE B-II (cont)

CHIMNEY HILL GRAVITY HIGH
NOISY DATA CASE, 1 MGAL ERROR BAR ASSUMED

X (km)

B-(nanis) - .05 1 el 383 1897 789 35
Trade-off
Curve ‘ 3
Point M X0 (km) D (km) DX (km) DZ (km) NX NZ OF(g/cm’)
25 1 20.0 1.4 1.25 2.5 40 1 0.096
2 20.0 3.9 2.5 2.5 20 5
26 1 20.0 1.4 1.25 2.5 40 1 0.093
‘2 20.0 3.9 2.5 2.5 20 4
27 1 7.5 1.4 1.25 2.5 50 2 0.112
2 7.5 6.4 2.5 2.5 25 2 |
28 1 7.5 1.4 1.25 2,5 50 3 0.138
29 1 0.0 1.4 1.25 2.5 76 2 0.192
30 1 0.0 1.4 1.25 1.25 76 2 0.355
31 1 0.0 1.4 0.625 1.25 152 1 0.683
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076-100 .00 ADS 226-250 14.00 All 376400 20.00 Al? 526-850 26.00 A2}
101128 9.00 A0S 251278 15.00 Al2 401425 2100 Al8 551518 2700 A24
126-150 1000 A07 276-300 16.00 All 426450 2200 Al9 576600 28.00 A2S

601up L 4 A9

$Add $1.00 for sach additional 25-page increment or portion thereof from 601 pages up,
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