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 ABSTRACT

‘Thie report summarizesrthe resolts of a oomérehensive
geologlcal and geochemlcal study of the Socorro geothermal
earea begun in September 1976 under contract no. ERB-76~201 65 23
'_from the New Mex1co Energy ReSOurces Board. We have

'“olntegrated our data Wlth the geophy51ca1 data of A. R. Sanford;

in order to present a complete and well documented report T
‘.OQ: 1) why thergeothermal act1v1ty is there, 2) the main . 
rstructural and stratlgraphlc controls of the geothermal
 -‘system, 3) the geothermal potentlal of the area, and
| 4) a model based on ‘the - Socorro area which maj be usefu1
f;n,geothermal-exploratlon elsewhere in the rlft. The
report (minus the apoendlces) will be publlshed 1D;FQY 1978
in New Mexico Geological Society Special Publ;catlon No,lj
' rentitled-?Cauldrone-and mining districts of the Datii-Mogollon-

'volcanic field¥. A copy of the report with a complete set

"-f_of geologlc maps, Cross - .sections, and tables of radiometric

,dates and chemlcal analyses is avallable for 1nspectlon in
n;Socorro as. 0peneF11e Report No. 88 of the New Mexlco Bureau

of Mines and Mineral Resources._

Geothermal activity is present in the Socorro area
because of a "leaky" transverse shear zone which connects
en echelon segments of the Rio Grande rift. The transverse

. shear developed where the Ric Grande rift broke en echelon



sfyleracross the Morenci lineaﬁent,'a ﬁajor flaw in.the‘
- continental plate. The tfansverse_structure has_"leaked“
maémas at intefveie since'at leaet 32 mJy{‘ego. Seveﬁ-:
eoverlapplng and nested cauldrons, ranglng in agelfrom

532 to 26 m.y., occur along the transverse shear zone
f,between Socorro and the north end of the Black Range,
,f“a dlstance of ~about 50 mlles. The Socorro geothermal area
is located in the north half of the northeasternmost of
Vthese cauldrons.' SlllClC magmatlsm occurred -in the north-
half of the Socorro cauldron between 12 and 7 m. y. aco, the-'
vents occur to elther 31de of the transverse structure and |
.. are approx1mately blsected by it. Basaltlc magmas were .
erupted about 4.m;y. ago from vents ﬁear the transverse.
structure and approx1mately in the- mlodle of the area of
12-7 m. Ve old 5111010 volcanlsm. The‘present—day
-73111—11ke magma body, whlch extends soutowar&“from the
‘Bernardo area, as outlined by Sanford and othe?s using

‘reflections from microearthquakes, ends againStAthe
" transverse shear zone at a depth of about 18 km. Several
.shallow;dike—like magma bodiss occur along the transverse
shear zone above the termination of the. deep maéma body;
The'shear zone.apparently ects as a barrier to‘iateral
movement of magma at deﬁth but'ailows magmas to bleed
upward‘along it and £ill north—erending‘fractores. The

known shallow magma bodies occur within or near the Socorro



déﬁldron, which may provide,addifionai channelwafs for_ 
riéingrmagma; . .
' The main structural controls df the Socorrd geothermal

 arééiare thertransverse shear zoﬁe and thé'ring i:éctufé |
zone of-the Socérro'caﬁldrcﬁ;e A north-trending rift fault,
supérimpoéed acrosé the'sdcorro ba&ldron_ccnteﬁporaneously
'_Vwith‘céuldrdﬁ collapse, infiuenced the amount df}sﬁbsidencé_'
: and formed the east edge-of thé r¢sur§ent domé. -fhe older..

;Sawm111 Cany6n cauldron,. ovérlép?ed and'buried'by.the  '
'-‘Sécorro cauldron} acted as'a bu&yant block; cauldron-facies
fuffs arerthinher on.this‘block and moat deposits are |
absent,. ﬁréak up of a broad éérly~rift basin:betweenA?
and 4 m.y. égo superimposed the Chupédera—Socorfo—Lemitaf
uplift and the adjacent La Jencia'and.Socorro grabens
_across ﬁhe'Socorro and éanill Canyon c&iderag; Cumulative
effects of cauldron subsidénce aﬁd graben éubsidence arqp
potential reservoir rocks to the greatest depths where
grabéns overlap the‘éauldrons. . |

: fPotential reservbir rocks are pfovided by.Paiéozoic

limestones, several ash—flo&.tuff units, and the basal
- fanglomerates of the rift £ill. The ésh-flow tuffs were
~reservoir rocks in an ancient geothermal sysfem.' Chemical
énalyses show Kéo values of 6 fo 11.5% in tuiffs whiéh-
normally'contain 4 to 5% KZO' Experimenﬁél‘studies

elsewhere have shown that potassium-leaéhed from hotter
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rocks displaces sodium in cooler rocks in vapor-dominated

systems. The chemical data:is substantiated by,petfographic

studies which show'that-piagioclase feldspars are'progréssively

replaced by ;ota551un feldspar and potaSSLumwrlch clayS“'as

.'the KZO content of the rock 1ncreases._ Permeablllty within

the brlttle, densely welded tuffs is prOV1ded by coollng

ijlnts and by fractures formed du ring fa u;tlgg, caaldrun

collanse, and resurgent domlng. ‘Relatively.impermeable

'-caprocks are provxded by Paleozoic shales, volcahiclastic'

rocks of the Spears Formatlon, and by playa claystones 1n_”-

the rift flll.. ) |
'Potential for discovgry.and.development Qf commeréial

geothefﬁal reéervdirS-in the.So¢or£0 area is good becaﬁse

of the presence of: 1) shallow magma bodies {as shallow as .

4-5 km}, 2) hlgh heat flow (as high as ll 7 HFU), ‘3) a

"leaky" transverse shear zone whlch has controlled magma

injection iﬁ'therpast.and seems to be doing so todéy,

4) a zone‘of subdued'aeromagnetic anomalies along the _

transverse shear zone whlch suggests that the Curle pOlnL

'flsotherm occurs at relat1ve1j qh llow depths, 5) several

potentlal reservoir rocks which show evidence of having
been reservolr rocks in an aﬁcient‘geothermal‘éystem,
6) down faulting of potential reservoir rocks to depths’

near the tops of shallow magma bodies because of the

cumulative effects of graben subsidence across areas of

multiple cauldron subsidence, and - 7) relatively

impermeable cap rocks.



Recognition of the transverse shear zone and its

effect on magma injection, high heat flow, and movement

_'of'geothermal fluids suggests that similar conditions may

‘exist where the Rioc Grande rift transects other crustal

lineaments. Characteristics of these transverse zones are:

1) en.echéldn.offsets of rift basins, Zk-chahges_in
_ fdirecfion oflrotation and step faulting'on oPpoéité sides
 -0£ a-lihéament, 3} Jjutting éf‘transverse_horsts into rift
_.basins,_é)persisﬁent uplift of one siﬁé-of“a lineament,
5) recurrént volcanism, and S) thermal springé and other

evidence of high heat flow. Not all of these characteristics

may be present.



INTRODUCTION

o The Socorro geothermal area is located about 75 m:les
(120 km) south of Albuquerque, New Mex1co, at the town of
Socorro (fig. 1). Geothermal act;v1ty has been known ln'the
" area forja7lon§,time.i‘1n fact, Socorro owes its existence |
-'to:tWO Warm_springsnon the SOuthwestredge'of:town which nave _.
providedle reliable sonrce of potable water-since before.
'the Spanish;settlement of New Mexico. These sprlngs (plus
"a third man—made sprlng) still supply a najor portlon of the
town's water needs. Attentlon has been focused on the Socorro
area in recent years because of studies of mlcroearthquakes
and magma bodies by Caravella (1976), Flscher (1877), |
Rinehart (1976), Sanford (1977a), Sanford and Long.(1965), 
' sanford and others (1973, 1977a; 1977b), Shuleski (1976),
.Shuleskl and others (1977), heatflow by Relter and others
{1975}, Reiter and Smith (1977}, Sanford (l9a7b), modern
uplift by Relllnger and Oliver (1976): and deep crustal
‘structure by Sanford (1968), Toppozada and Sanford (1976),

' Ollver and &aufman (1976), and Brown and others (1977)

In Aprll 1975, the New Mexico Bureau of Mines and
Mineral Resources began a detailed geologic etudy of the
Socorro area in'anticioation of probable geothermal.
exploration and development. Since July 1976, the project
has been funded by a grent from the New Mexico Energy |
ResourcesrBoard,througn the Energy Institute at New Menico

State University. - The geophysical-studies of Sanford.



have been supported by a series of grants from The New Mexico
.Energy Resources Board and The National Science Foundation-

In l°76 the U.S. Geological Survey de51gnated apprQXLmately

i 140 sguare mlles (362 kmz) in and around Socorro as the

_Socorro Peak Known Geothermal Resources Area (KGRA). The J
U S. Bureau of Land Management deSLgnated a much larger _.
area (624 814 acres} ‘as the Socorro Peak Geothermal Lea51ng
Area. The flrst competitive lease sale was held in November
_1977 w1th nine tracts totallng 17 000 acres belng leased |

.w1th1n the Socorro Peak KGRA for $215 411 46.

 GEOLOGIC SETTING S

 The SoCorro geotﬁermal area is locaﬁed within the Rio
- Grande rift (fig. 1), where the rift Lransects thc northeastern
portion of the Datlleogollon volcanic field of Oligocene to
.early Miocene age. The northmtrendlng_fault block ranges

of the rift expose thick sequsnces of rhyolitic ash~flow

tuffs o%erlsin by, and interbedded witﬁ basaltic andésite
flows (fig. 3). Beneath the ash—flow Luffs are latitic

'conglomerates, mud £flow dep051ts, dnd sandstones representlﬁg
' the alluvial apron Whlch surrounded the Datll-Mogollon'fleld
‘prior to its‘ignimbrife climax. The base of the volcsnio'
pile rests unconformably upon rocks rénging from late Eocene-
to Precambrian in age. Most of the area west of the Ric Grande-
and south of San Acacia lies on the_northeést flank of s
major Laramide uplift from which thé Mesozoic rocks were

stripped by early Tertiary erosion. Basal volcanic rocks
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resting upon late Paleozoic limestones, quartzites, or shales.
on fhe uplift 1ap off £he structure onto Eocene arkosic
§eaiments which overlié éretaceous saﬁdstones and shales.
'_Precambﬁian.rocks in the Socorro area‘generally éonsist of
:léw—grade mefaéedimehtary‘rocksr(eSpe;ially quartzites én&
aréillites),‘metavolcaﬁic rocks, and'ihtrusive focks fanéing 
”fiomjlarge granitic plutons to gabbroicfstocké'and diébaée*'
',dikés;r_The high—pdtassium-P:ecambrian'graﬁiﬁesr(Condie, 1978)
'ﬁay be.the main-séurCe of K20 for the potaséium anémaly B
- describéd in a latér sécfion. | -
| }wa major crustal lineaments (fig. 1) jqtersect in.the o
Socorro area; The Morenci lineamént is one of a éeriés'of
ﬁortheast—ﬁrending shéar zones that doﬁinate the structural
grainrof Precémbrian rocks in the southern Rockerountains,
Docﬁmentation for each of the lineaments labeled on Figure
1 will be presénted iﬁ a 1ater paper. They are included on
Figufe-l to iiluétrate how structures in thé Socorro area
f£it into fhe‘regional framework. The thfee northern lineaments:
:aie én,echelon segments of the Coioraﬁo lineament of Warner
{1978). O©f these, the Silverton énd Idaho Springs lineaments
?aré generally lumped as the well-known Colorado mineral.belt
-fTweto and Sims, 19635; The Capitan lineament paral;als the
better known (and highly controversial) Texas 1ineameﬁt |
(Albritton and Smith, 1956; Wertz, 1970) and may be related
fo it. Thé important point is that these linecaments are
deeply pénetrating flawé in the lithosphere that tend to

"leak" magmas and to influence deformation in the brittle
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- near-surface rocks. The Morenci lineament has had a majox

influence on tectonics and magmatism in the Socorro area

for the past 32 m.y. The recognition that a transverse
'=shear.zon¢ of the Moreﬁci lineament separatesrfiélds of
',tilted bldcks ﬁndergoing rotatioﬂ ahd.step faﬁlting in
opposite diréctions has beenléné of the most significant
"‘aiécbveries of our geologic research.- This Shear'zone-

- ois actlng as .an 1nc1p1ent transform fault connectlng en

echelon segments of the Rio Grande rift. Flgure 2 and Plate

1 (1n'pockeL) document the shear zone and illustrate its

effect on magmatism, both past and,preSént-

In addition to exposmng a good Cross sectlon of volcanlc

uplifts, also transect several cauldrons and related'vent

Vareas, The area from Socorro southwestward to beyond'the

San Mateo- Range, a distance of about %0 mlles (80 km), consxsts

of at least seven overlapplng cauldrons (flg. 2). These

‘-c;rcular to elllpulcal subsidence stLuctures.formed by collapse

of the roofs of large, shallow magma.ﬁhambers as a cbhsequence

- of the voluminous ash-flow eruptions which deposited the

widespread tuff sheets that cap tﬁe'Datil-Mogollon vblganic

pile. The'noxth'margin of one of the youngest of these

‘cauldrons 1s exposed on Socorro Peak; the ring fracture

- zone and moat of this cauldron partly control the location

and plumbing system of the Socorro geothérmal area. The
Socorro cauldron formed about 27 m.y. ago during onset of

the extensional stress field which pulled apart the earth's

 and pre-volcanic rocks, the north—trendlng, tllted, fault-block
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cfust_along_the_Rio Grende rift. As a.result, fault patterns
within the caldera interrelate ih'e_complex mannexr with
those outside the structure.- | |
After collapse, the floors of many cauldrons are domed

'upward by renewed magma pressure to form a central resurgent |
dome separated from the cauldron walls by a trouahwllke-
annulus called a moat (Smlth ‘and Balley, 1968).. Becauserthe
:moat is underlaln by the deeply penetratlng rlng fractures |
of the cauldron, post—collapse magmatlsmrusually fllls it
l_ with lava flows, 1ava domes, and local tuffs whlch are |

interbedded with sedlments weshed in from the resurgent dome
'and from the outer cauldron walls. Volcanlsm may contime
along the moat‘for many millione of Years eftervcauldron_‘
collapse because the underlying ring fractures_ﬁrovide
the easiest route of ascent for magmas (Lipmaﬁ and.others}
1976) . Likewise, the:ring'fracture‘zone_often controls
geothermal eystems,by proﬁiding magmna bodies*;nd highly
fractured rock beneath a permeable seqﬁence of'ﬁoat depoeits.
© This idealized picture is true in a general way for the B
Socorro cauldron. Cauldron collapse was.followed_bﬁ' |
resurgent doming aﬁd accﬁmulation ofrmoet volcanics and
sediments. After a long.lull in magmatism, during which
. the cauldron was largely burled by sediments of the Popotosa
.ba51n, renewed magmatlsm occurred durlng the 1nterval 12 to
7 m.y. ago. After another guiet spell, basaltic'lava flows
were_emplaced at about 4 m.y. ago {(Bachman and Mehnert, 1978),

Volcanism again became dormant, but the geophysical studies
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of A. R. Sanford and others indicate that ﬁagma'bodies'are
agaih rising along, and ﬁear;:tﬁe ring fracture zone {pl. 1,
-map 4y . - o |
Another 1mportant element in the‘geologlc settlng is the

.formatlon and dlsruptlon of a broad sedlmentary baSln ‘which

aspanned the Rlo Grande rift 1p the Socorro_area durlng_the
'-'inter&ainfrom about' 26 hly.:to 7Im'y. ago. The basin extended_

- from the Galllnas Range on the west to the hlgh mesas east :
-of the Rio Grande and from the LadrOn Mountalns on the north
to the eastern Magdalena and central Chupadera mountalns on
the south. Within the-ba51n accumulated.several thousand feetr‘r
of alluvialefan; piedmoht-slope, fluvial;'and'plafa:deposits
now known as'the”Popotosa Formation (Denny, 1940;.Bruning,
1973). The lowest‘portione of the baein floor persistently
occupied a aorthmtrending area along the present site of the
Chupadera, Sooorro, and Lemitar Moentains. Alluvial fans
Qraded_downslope from the borderihg uplifts t;.playa lakes
along this depression; At least 800 to as much as 2500 feet
. (244-762 m) of relatively uniform, gypsiferous elays were
t deposited.from.the-playas. During the intervai 12 m.y,-tor
7 m.y. ago,-rhyoiitic magmas rose along the northern moat
of the buried Socorro caldera, spread over-the'thick olay
deposits, and lapped onto bedrock highs along the east side‘
of Socorro Peak and in the northern Chupadera Mountaihs and
eastern Magdalena Mountains. Chemical and petrographic'data
"seggest that a very large geothermal system existed at that

time.
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‘The Popotosa basin was disrupted sometime after about

7 m.y. and before 4 m.y. by extensional forces which broke

the basin into tilted fault-block uplifts and grabens. The

reason for this disruption is not known. It coincides in

time with a pulse of uplift'and faulting throughoutrthé Rio,'

Grande rift, but it‘maf also be related, in part, to intrusion

of:arlarge Sillnlike'mégma chamber similar to the one now

present at a depth of 18 to 20 km (Sanford and:oﬁhers, 1973,
1977a} -The area 0ccupied by the playa-lakes wés uplifted

to- form the Chupadera—Socorro»Lemltar mountains. Many slopes

'.1n the Socorro Peak, Black Maega, and Strawberry Peak areas

are underlaln by red Popotosa claystones, slump blocks of the

overlylng volcanic rocks are rldlng downslope on the claystones

and have masked much of the underlylng bedrock (pl. lr map l}.

B Drlll holes along the canyon bottoms 1nd1caLe Lhat several

hundred feet of claystone is yet to be exposed.'
Exten51ve pedlment surfaces were carved across upllfted

and tilted Popotosa beds ‘and older rocks on the Chupadera-

',_‘Socorro—Lemitar horst during the Pliocene and Pleistocene
' periods. . The rock removed was dumped mainly into the Socorro
-_basin on the east. Sometime during the breakup of the

. popotosa basin, the regional drainage was integrated to form

an ancestral Rio Grande. Extensive deposits of ligh£¥colored,
well—sorted arkosic sands were laid down by this :iver and
some of its larger tributaries. These sands underlie mﬁch
of the Rio Grande valley east of the frohtal-fauits of-thg

Chupadera-Socorro-Lemitar uplift and provide an important



aquifer for New Mexico Institute of Mining and Tecﬁnoiogy
and the Town of Socorro. Broad, ﬁentiy sloping piedmont
plaiﬁs graded fo the ancestrél Rio Grande and on these.
accumulated'gravels, sands, and siltsrwhich interfinger
with the clean sands and muddy'overbank'deposits'of the 
trunk stream. Both £hé piedmOnt-aﬁd mainnstem fiuvial |
depdsiﬁs hé&e ﬁeen named the Sierra Lédrones fofmatiOn
(Machetté} in ﬁress): These deposits ldcally overlié‘the
PdpotosérFormatioh‘with angﬁlar ﬁnconfdrmity and are iighter
in color, less indurated, and céntain a lafger pé:ﬁion of
clasts dérived-from frevoicanic rocks. At about 4 m.y.

ago, basalt flows were efupted in the‘éediilozﬂiil area,
'léouth of Socorro Peak. 'These iaVas flowéd'eéstward doWn‘a"
pédiment éurfacé, across tfuncafed'?opotosa'claystones-éﬁd
silicic domes and flows of_thé‘rhyolite of Socorro Peak} and
onto fluvial éands of the ancestral Rio-Gfande--

Capture of the ancestral Rio Grande at EL Paéé in -
middle Pleistocene:time'(between BOG,OUQ and 500,000 years.‘
‘ago; Kottloﬁski; 1958; Hawley, 1975),7aﬁ6 its integration
fo the sea,‘lowered its base iével-and caused it to’entfench'
deeply into'its'éarlier ae?osits. The highest,butcropé'of
ancestral Rio Grande deposits in the-Socorro area are about.
600 feet (180 m) above its present flopdplain; about half
" the elevation differencé_ié due to entrénchmeﬁt énd half
to pplift along the east flank of the Chupadera-Socorro-
Lemitar horst. The present landscape consists of four

elements: 1) the mountain ranges, 2) the present floodplain



of the Rio_Grande, 3) brea& piedmon£ eurfacee of,Pleistocene
to Holocene age, and 4) arfoyos which'grade to the present
Rio Grande and are'diseecting the piedmont slopes. The
largest of the arroyo eystemé, suchrae Socorro Cany0n and
'Nogal Canyon, head in the Magdalena Range and cross the
-Chupadera~Socorro—Lemltar uplift. This 1is an anomalous
31tuat10n Wthh probably occurs because the Chupadera~
Lemltar block was uplifted w1th1n a broad ba51n and beveled
by a Pliocene pedlment. During subsequent upllft streams
have been able to'maintaln thelr courses across the upthrown
block. | | | :
The geophy51ca1 characterlstlcs of the Socorro area

and their spatial relatlonshlps to the SocorrO'cauldron and
the fransverse.shear zone are shown en‘a series bf maps
accompanylng the generalized geologic map (pl 1, maps
1—4,'1n pocket).' Map 2 is a residual Bouguer grav1ty map.
(Sanford, 1968), Map 3 is an aeromagnetlc map prepared by
‘the U.s. Geolog:cal Survey. Map 4 shows the extent of a

~ deep magma body at about 18 km depth and several shallow
- magma bodies inferred by Sanford and others from selsmlc
studiee. The distribﬁfions7of microearthquakes (Sahﬁord,'
.and ethers, 1977a, bj and heat flow measurements {Reiter_
and Smitﬁ, 1977; Sanford, 1977} are also shown on this map.
In'summary,rthe magma bodies, seismic activity; high ﬁeat
floﬁ, geothermal activity,‘and modern eplift of the Socorro
area occur in algeologie setting which has experienced
repeated magmatism in the past and is likely to again in the

future.
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STRUCTURAL CONTROLS

'Structural contrbls bfrthe Socorro_geothérmal areé ﬁay
be divided into those_thét: _l):controlrthe ascent of magma
bodies, i.e. éhe 1oca£ion of heat sources; 2} control thé_
location and thickness of permeable reserﬁoir rocks and
impérmeablé cap rocké,.hencé, the lateral migration‘and‘ 
stofage Qf'geothermai fluids; 3) control the-upward‘migraﬁion ‘
of geotherﬁalrfluids;-and 4)_¢bntr01 the frécture treﬁds -
'aﬁd fraéture spacing in rocks whose reservoir characteristics-
are depéndent upon fracture permeabilitf.  These coﬁtyols
aré interrelated;'tﬁeir relative importance to discovery énd
 deve1opment'of a commercial geothéermal feserﬁbir in the - |

Socorro area is yet to be tested.

Structural Controls of Magmatism

The major structural controls éf the Socofro.geoﬁhérmal_-
area.are:the Rio Grande rift, a tranSvefge shear zone of the
-~ Morenci lineament, and the Socorro cauldron. ‘The'ring
fracture zone of the Socorro cauldroﬁ has influencea thez -

l ascént of magmas-atrintermittént periods since cauldréh'f
formation. K-Ar dates on voloanic rocks indicate périods'

of magmétism at 27-20 mfy.,'12?7 Me¥a anéfé m.y.;'Géophysiéal
data indiqates that magma bodies are again étesent in the'
plumbing system (pl. 1, map 4). Reiter and others (1978)
"have recently poiﬁted out the associatibn of seveﬁal heat-flow
"anomalies along the Rio Granderrift witﬁ cauldron'margins-

Until very recently, we thought that the Socorro cauldron
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margin was £hé most important structu:al control of magmaﬁiém
‘other than fhelRio Grande rift. .HoWevef, when the detalled
.geologlc maps of the eastern Magdalena Mountamns (Osburn,
1978) and the Socorro Peak—jLemltar Mountalns‘area (Chamberlin,
1 1978) were oompletedu a remarkable~pa££ern‘begen to emerge.
'"To the north of a 11ne extendlng southwestward from Socorro

| through the South Baldy area of the Magdalena Mountalns,‘

| formatlons are t;lted to the west and stepped down to the
 east by no:ﬁthrending normalffeults (pl;‘l,rmap l, cross
 section A—Af);:'To the eouth of this line, formatione are
tilted to'the.east'and Stepped down to theﬁweét (cfoss
section B¥B').. Examinetion-of other geologic maps, both
completed and in progress, revealed thaﬁltnis patternr
,_persists southwestwerd at least as'ferres Mount Withington '
in the San Mateo Range and northeastward to the Mesa del

- Yeso area. The rotatlon and step faultlng of rocks at the
surface in opp051te dlrectlons across thls I;ne must be
--accompanled by shearlng in the underlylng llthosphere.

.The sense of the shearlng is left lateral, yet tle shear zone
cOnnects en echelon segments of the Rio Grande rift which
have a‘right~latera1 apparent,offset (Alnuquerque graben

to the northeast, Mulliéan Guich.and Wineton-qrabens to the
southwest). Hence, the shear zone is acting as a transformK
fault connectingren echelon axes of extension. The ratee

of shearing and extension, however, are very siow compared

to ocean ridgesland the transform is in a very early stage

of development. Barberi and Varet (1977) have recently
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described transverse structures; some of which are‘transform
faults, in the Afar depression of east Africa. They note
that the transverse structures connecting offsets of sPreading

centers tend to occur along prerift lines of tectonic

weakness in the'continental block; tﬁat transform faults

"in the 1n1t1al stages of development are somewhat chscure

‘and may be represented at the surface by zones of en echelon'

‘faults WhOse trends may diverge by 15° to 30° from the'
Afrltrend of the transform and whose motions are’ partly shear

‘and partly exten31onal that the common occurrence of

"volcanlsm along transverse structures suggests a tendency

" to "leak" magmas; that large central volcanoes tend to

occur at the intersections of transverse structures with

faults bordering depressions; and that magmas erupted along

transverse structures are usually alkalic and contain

peridotite xenoliths. All but the last-of these characterlstlcs

-

~are also true of the transverse shear 'zone at Socorro. - The

- Socorro structure:occurs along the MOfGﬂCl llneament, a major

northeast~trending flaw of probable Precambrian age; its

surface expression is marked by a zone of jostled fault

blocks a mile (1.5 km) or more in width across which the

tilt of beds and sense of extension changes markedly; it

has leaked magmas at irregular intervals since late Oligocene

time and is leaking them today.
The deep magma body at about 18 km, outlined by sanford
and others (1977a) using reflections from microearthquakes,

terminates in an irregular manner against the transverse
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shear zone. The five shallow magma bodies inferred by
Sanford and others (1977b) from_changes_in Poisson's'ratio,
screeniﬁg of § waves, and distribution of micrOearthqﬁake
fcci, are.distribﬁted along-the shear zone and lie within
3 or 4 miles (5-6 km) of either side of it. Thus;_the,
transverse shear zone eeeme:tc.influence bothlﬁhe.lateral

- and vertical mcvemeﬁt of magma. The.deeprmagma=body may.'
terminate against the shear zone becauee or-a srructﬁral
"curtaih" cf-sheared end recrystallized‘rcck; and/or the
'COmpositioﬁs and physical proferties cf baseﬁent rocks

may be dlfferent on opp051te 51des of the shear zone. .Note
on the aeromagnetlc map (pl. 1, map 3) the change in rrend
of megnetic anomalies across the sheer zone. Magmas may
"bleed" upward along the shear zone and accumulate in.sﬁailow
reservoirs, The'north-scuth orientarion of the shallcw
magma bodies (pl. 1, map 4) prcbably reflects the dominance
. of northérrendiné, rift-related fractures in the shellow |
crust and the favorablllty of fractures of thls orlentatlon
-for dllatlon and magma 1njectlon. The fact that the shallow
- magma bodles lie within or close to the Socorro cauldron o
-could be fortultous, but the well-documented relatlonshlp
of recurrent magmatlsm to cauldrons elsewhere suggests that
the cauldron ring . fractures prov1de additional vertical
'permeablllty to the magma plumbing system.- In the last
several kilometers of ascent, the coﬁbinatian of north-trending
rift_fractures and intersecting cauldron ring.fractures mey
tend to draw the magmas towards the cauldron by pr-ov-iding.

paths of least resistance.
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Control of past magmatism by the transverse shear zone'

' is evident from Figure 2 and Map 1 (pl. 1, in pocket).

Going back in time, the wvent for the.4‘m.y, old basal+: of
Sedillo Hill lies on the shear zone; the two youngest

silicic'domes‘(Grefco dome, 7 m.y.; unnamed dome hetween

'Black Mesa and Soborro'spring, 8 m.y.) lie on the shear

. zone, the area of 7-12 m.y;.old silicic volconism isr~

approximately bisected by the shear éone and ail kndwn
veﬁﬁs for this period of ﬁagmatism lie within 3'of747ﬁileé
{5-6 kﬁj of it (pl, 1, maﬁ 1}; and, finally, the seven
overlapping and nestéd cauldrons of the Socorrd*Mag&alena
area are clustered'aloné the sheérlzone. o |

On the aeromagnetic map (pl.ll, map73);-the:tranéverée
sheaﬁ zone is-marked by a "guiet"” 2oﬁe wﬁich sepafateé an
area of nofth—trending magnetic anomalies tq tﬁe nofth'from

an area of northeast-trending magnetic anomalies to the south.

ot

The transverse shear zone seems to be following a major

~discontinuity in the continental crust across which the

structural grain of basement rocks changes from northerly'

to northeasterly. Along a zone about 8 miles (13 km) wide

and extending from Socorro southwestward across Socorro

Peak and the northern Chupadera Mountains. through the

. Magdalena Range, the aerchagnetic anomalies are muted.

In spite of rugged topography and exposure of Precambrian

rocks at the surface, Socorro Peak is. a relatively featureless

area on the aeromagnetic map. The "gquiet" zone extends
g P q

across the highest and most rugged part of the Magdalena
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Range with bold aeromagnetic anomalies to the‘north,and
eouﬁh.but greatly subdued anomalies within it. -The."quietf
zone seems independent of rock types =nd terrain. The |
-most logical exelenation is that high heat flow‘alonc the.
‘transverse shear zone has ralsed the Curle temperature
© . isotherm to shallower denths and thus canceled the aeromagnetlc'
e31gnature of the deeper crust. Con51der1ng the rather strlklng
.control of volcanlsm exerted by the transverse . shear zone in
- the past, hlgh heat flow along this zone seems a,reasonable

possibility.

Structural Controls of Reservoir Rocks and Cap Rocks’

High heat flow above the shallow magma bodies may 1eaﬁ

" to development of geothermal reservoirs 1if: 1) Qermeable
water-bearing reservoir rocks are present, and 2) an imﬁermeabler
cap exists above the resexrvoir to prevent loss of fluid and
dissipation of heat. Sanford and others (lB??b) estlmate .
1depths of 4 to 5 km to the tops of the shallow ma oma bodles.
‘At these depths, the magma bodles are within either Precambrlan
besemenf rocks or orystalline'rocks of therlafe Cenozoic_
batholith of which the Socorro cauldron is a surface‘manifeste—
tion. Rocks at these depths are probably dry, beﬁ.envelopes"
of high heat flow.above the shallow magma bodies may intersect
permeable water-bearing horizone at shallower depths.. The
depth of rock units with good aquifer.chafacteristics is

apt to be greatest within the Socorro cauldron-because this -

subsidence structure has dropped pre—-cauldron rocks an
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undetermined distance below the elevations at which they axe

nermally found. The Socorxrc and La Jencia grabens {(p1l. 1,

" maps 1, 2} were superimposed across the Socorro cauldron

during and after its collapse. Where these grabens overlsp

rthe cauldron, subsidence effects are additive.softﬁat

'potentlal reservoir rocks are depressed to the ¢greatest

" depths. Where these zones of additive subsidence overly -
”:sshallew maéma Boaies, ﬁemﬁeratures in,poteﬁtiai reservoir

‘_rocks should be hlghest

The Socorro cauldron overlaps and burmes the eastern

’:half of the older Sawmlll Canyon cauldron (flg. 2).  The

burled ring fracture zone of thlS oldexr cauldrcn‘is difficult

to locate; however, the stratigraphic sequence'in a drill hole

‘at the Tower mine (pl. 1, map 1) suggests that it lies east

" of the drill hole. An unusual feature of the Socorro

cavldron is the fact that moat deposits are very thick in

L.

- the northern Chupadera Mountains, northeast of the Tower

‘mine, and along the east-facing escarpment of_Socorro-Peak;'

whereas,'from the Tower mine west, moat deposits are‘thin

" to absent and the tuff of Lemitar Mountains is only about
one~third as thick as it is to the east. It seems possible

- that during subsidence of the Socorro cauldron the buried

Sawmill Canyon cauldron behaved as.s rigid,; bouvant block .
which did nof sebside as much asjthe rest of the Socorro

cauldron. Another possible explanation is that subsidence
was much-gfeater east of a major north-trending contemporaneous

rift fault.. A norﬁh—tren&ing rift fault zone is. known to .
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control the-thickness of the outflow shéet of the tuff of
Lémitar Mountains.north of the Socorro cauldron (pl. 1,

‘map 1, cross séction AnAf). Whatever the cause, oOIr éombination
of caﬁses, the eastern third of the Socorro cauldron seems

to have subsided considerably more than the rest of the

A Cauld:on.énd acéumulated.as much 53'3,000 feet'(900 m).of
cauldron facies tuff of Lemitar Mouptains and as much as 2,00ﬁ
'feef'(Gid m) of moat'deposits. HThué, the depth to pre~¢aldera
-'rocks may be as much as 5,000 feet (1,5.km) greater east_of
alline trending north-northwest from a point about 0.6 miles
.(l km) east of.thé Tower mine,'to the north édge.of the
,Socorrorcauldron; Alterﬁéﬁivély,-thié buﬁied.escérpment nay |
bend northwestward towards the mouth of Socuth Canyén tor
follow the inferred margin of the buried Sewmill Canyon
cauldron. However, gravity data (pl. 1; map 2)Afavors the -

first alternative.

TN

Structural Controls of the Ascent of Geothermal Fluids

The location of the two warm springs‘SOﬁthwest of

Socorro seems to be contrblled by the intersectioﬁ of the

moat of the Socofro cauldron with the major faultrzdne.

bounding Socorro Peak on the east. Downfauiting of £he

thick claystone interval in the upper Popotﬁsa Formation
l(fig. 3} may havé blocked the éastward.migratidn bf ﬁeaﬁed
ground waters, thus forcing them to the_surféce. 1Alterna£inly,
these hot waters‘may be leaking upward along the range~bounding

fault from a deep reservoir heated by a shallow magma body.
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Composite stratlgraphlc column- cf the Socorro area.
Thlckness of units not to scale. '

.
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‘The thermal spiiﬁgs_lieldireetly oe.tﬁeltransve:se.shear 1x
zone ecross which the fotatiOn'of.tilted feult blocks ohanges
from easterly to westerly ‘and the sense of extension changes |
180 degrees. These changes must be accompanled at depth
by shear1n§ and at shallow depths by a tw1st1ng motlon

.Beds whlch have a northerly strike but 0ppos;ng dlp dlrectlons,

'_to the north and south of the shear zone generally become
parallel to the shear zone in cr0551ng 1t. These changes

~in tllt, accompanled by breaklng of strata in new dlrectlons,

"Vmay provxde escape paths for geothermal fluids leaking from '

. reservoir rocks at depth.' Whatever the heat source, “the
purity and relatlvely low temperature 0f the waters (Hall
1963) 1ssu1ng from the Socorro thermal sprlngs 1ndlcates'
major dllutlon by ground‘water. The tritium studies of

‘Holmes (1963) indicetes-a_transit time of about 4.3 years
. between recharge in the eastern Magdalene Mountains_and,.

discharge at theﬁ80corro sérings; This relatl#ely rapid

flow also suggests that dilution by ground water has a major

effect on any geothermal flulds leaking from depth.

Strﬁctural Controls of Fractu;e_Permeability

B11 rocks in the Socorro geothermal area have abundant'l
-fractures.and joints, exce?t for the_claystone intervalrof
the Popotosa Formation and the'younger; lesshindurated
-‘sediﬁentary deposits. Primary coollng 301nts in lava
flows and ash-flow tuffs provide excellent permeablllty at

.rlght angles to bedding. The interconnection of these joints




27

 'prdvides good éermeability parallel to:bedding. The long

histdry of faultingrhas_superimp65ea'abunaant tecﬁonic

‘ fracturés on the primary joint patterﬁs;l Thus,.fr&ctﬁré

'permeability éhould,be.good in all of the brittle ﬁblcahid '

rocks and well—induratéd sedimentéry rbcks, Fracture .
ﬁpérmeability is prﬁbably-ﬁigheét‘in.the.brittle,,ﬁensely

.: welded-tuffs,-such as the-A—L Peak Tuff and the_tuff of
_ Leﬁitar-Mouﬁtains.' The diétribuﬁion of'potéésium ehricﬁﬁént.
'in reservoif-rocks_of aﬁﬁancien£ gebthermal system indicates
‘that the. well—joihtéd and fractured ash-flow tuffs did have

the greatest permeab 1tv in that syqtem,

 STRATIGRAPHIC CONTROLS
Possible stratigraphic controls of the Socorlo geothermal

_aréa are the sequenca, thlckness, fac;es changes, and- latera’
and’ vertlcal.permeablllty of geolcﬂlc formations which
51 comprise the rock column in the area. For p&%poses of
.dlscu531on, the stratlgraphlc units may be divided jinto:
- 1) Paleozoic rocks, 2) volcanic and vblcaniclastic'rocks .':
oider than tﬁé Socorro cauldron, 3) rocks of the SoCorro “
cauldron'and‘its-moat, 4) volcanic rocks'ybunger'tﬁaﬁ the
.moat deQOSLts, 5) sedlmentary rocks of the Sauta Fe uroup

(alluv1d; flll of the Rio Grande rlft),_

" Paleozoic Rocks

Paleozoic rocks (fig. 3) consist of the Caloso Formation

and Kelly Limestone of Mississippian age (Armstrdng} 1962)
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and the Sandia Formation ané Madera LiﬁestOne efePennsjivanian'
rlage (kottloweki,'lQGOF Siemere,.i978). These rocks vary'e
from 1050 to . 2270 feet (320 -620 m) in thlckness in the
Socorro area because of varying degrees of removal durlng
'  Eocene er031on of the Laramlde upllft and to a mlnor degree,
-because of dlfferences in. the thlcknesses dep051ted. The _
',VKelly'and Madera lemestones are well-jolnted relatlveTy
_brlttle rocks whlch have good fracture permeablllty at’
;shallow depths.. The gew mun;c;pal well fer the town of
Magdalena produces 100 galian/minufe from fractured faleozeic
‘limestones along e major fault about l;S.miles (2;4 km}
northeast of Magdeleﬁa. The_Kellerimestone was'highly

.permeable to hydrothermal'flﬁids'duxing stock. intrusion and

 ore deposition in the Kelly mining district. The Sandia.
Formation; howe}er; 13 1érge1y-shale‘and formed’a_ﬁexy;
.effective'impermeable cap above-the.Kelly'Limestone duri@g
'c1rculat10n of hydrothermal flulds. Both the‘Kelly'and:

’Madera llmestones could provide deep reserv01r rocks w1th1n

the Socorro,geothermal system. The Sandia shales would

brovide an impermeable cap above the Kelly and'the volcaniclastic
rocks of theAspears Formation would provide a relatively
impermeable cap above the'Madera Limestone.

The Pa160201c rocks have been downfaulted to depths of

4,000 to 12, OOU feet (1220 3660 m) within the Socorro
cauldron and possibly to depths as great as 17,000 feet'
(5180 m) where the Socorro graben overlaps the eastern

edge of the Socorro cauldron. The reservoir characteristics
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of the Kelly and Madera limestones at fhese,dépths and
temperatures are unknown. 'HoWevér, they provide potential

reservoir rocks relatively close to the tops of the shallow '

s magma bodies dellneated by Sanford and others (pl 1, map 4)

and may be worth testlng if shallower reserVOLrs prove

1nadequate. -

L Pre;caﬁldrOn_Volcaniu and Volcaniclastic'Rocks

'Volcanio ahd VOlcaniClaStiC‘réckS older than the Socorro
L oauldron ére;‘in'53cen&ing order,,the Spears Formation, Hells
lMesa Tuff, A—L Peak Tuff, ana unit of ijmile Canyon {fié;
'-3).” The Spears Formatlon con51sts-ma1nly of volcanlc
conglomerates w1th thln 1nterbeds of volcanlclastlo sandstones;:
Mudflow deposits booomé increasingly abundant upward in the
Spears; ashnflow-tuffs and basaltic andesite flows are
- common near the top. The muddy matrix.an& high degree of
induration of the sedimentary rocks makoo them relatively
_fimpermeable. The poor‘permeability and_great_thickness  7
(0 to 1500 £t, 0-457 m) of the Spears Formation makes'itvo
' possible cap;rock fof the underlying Madera Formation.__
' _0utflow facies Hells Mesa Tuff consists of 0 to 500
feet (0—152‘m) of densely_welded, massive.fﬁyolitiolash-flow
tuffs; the cauldron facies is as much as 3,000 feet (915 m}_
thick. The brittle chéractér and.good'jointihg of these':r
rocks,.tOgether ﬁith-théir lateral continuity and sﬁbsﬁantial'
thickness suggesto good potentiai as-a reservoir. Thé Hells

MeSa is often separated from the overlying A-L Peak Tuff by



30

0 to 300 feet (0-90 m) of basaltic andesite flow rocks. These

flows are'probably too thin and permeable to.provide an
' effective cap.' The overlyiné AwL Peak TuEE consists of
0 to 700 feet (0 213 m) of moderately to densely welded
"erhyolltlc ash—flow tuffs. A thln tongue of basaltlc ande31te :

Vflows of the La Jara Peak Formatlon generally separates the
l'A-L Peak 1nto an upper and lower coollng unit. The Luffs
~are generally well 301nted and brlttle and should have |
:good fracture permeablllty Anomalously hlgh K20 values-
_in the flow~banded and plnnacles members of the A~-L Peak

" in the Lemmtar Mountalns (table l) 1ndlcate that these |

units prov1ded reservoir rocks for an ancient geothermal

system.

The AmL Peak Tuff 1nterf1ngers to the northwest with

'basaltlc ande51te lavas of the L.a Jara Peak Formation. In

- the Lemltar Mountalns, the A~-T, Peak,ls overlaln by 0 to

e

500 feet (0-152 m) of basaltic andeSLte flows. These lavas‘
'accumulated.on downthrown blocks durlng early rlft faultlng,
: ¥0n upthrown blocks they are generally thinner and may be
- missing entirely so that the tuff of Lemltar Mountalns .'
s :rests dlrectly on A-L Peak Tuff,‘ In the-Magdalena Mountains, o

- mafic lavas vary from 0 to 600 feet {0-183 m} on the

outflow sheet and to as much as 2 000 feet {610 m} w1th1n .
the Sawmill Canyon cauldron. The basaltic andesite flows
are well jointed but not as brittle as the densely welded

tuffs. Their lateral and vertical permeability is probably.

too good to be an effective cap rock but relatively poor
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for a reservoir rock. However, these mafic flows are
° receptive to deposition of calcium carbonate and siliea

- and they may'provide'a cap rock in areas of secondary-

) cementatlon

N The Socorto cauldton overlapped and burled the eastere
idhalf of the Sawmlll Canyon cauldron from which the plnnacles
Q.member of the. A—L Peak Tuff was erupted At least 2 600 |
'feet (610 m) of densely welded A—L Peak Tuff accumnlated
-w1th1n the Sawmlll Canyon cauldron._ Where exposed 1n the N
Magdalena Range, ‘this tuff 1s perva51ve1y 301nted with
} closely spaced (5 to 15 cm‘-ohe t jOlntS that are approx1mete1y- _
B perpendlcular to,the foliation. Thls thlck puddle of A—L
Peak Tuff may provide'one of the best reserv01r rocks in the
area. A drillrhole near' the Tower Mine in the northern
,Chupadeta Range“penet;ated‘aboﬁt 300 feet (92 m} of'hydrothermally
altered and perﬁasively.sheared'AfL Peaijufﬁkand was bottomedf-
. ln lt_' ; _ .- 7“ -_ | , .: _ : _- _ :
| Overlyzng the A-L Peak Tuff in the Sawmill Canyon cauldron N
-~;tlsla thick series of cauldron—flll or moat de9031ts con31st1ng fﬁ,
:of andesxtlc flows, talus brecc1as, sedlmentary rocks, )
E rhyolltlc domes and flows, and 1oca1 ash-flow tuffs. 'These
_de9051ts have been termed the unlt of Slxmlle Canyon (Osburn; i
: 1978) for gooa exposures in the amp;theater at the head of |
thlS canyon. The unit of Sixmile Canyon ranges from 0 to-
2000 feet (0-610 m)_ln thickness with andesmtlc lavas consasting
of about two-thirds of the thickness at the type_localitj} o

A drill hole near the Tower Mine in the northern Chupadera
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-Mountains.ihtereepted a 2134foet7(6$ m) interval of
rhyoiitic ro'andesitic segdstenes'snd'conglomerates,above'
the A-L Peak and below the tuff'of'Lemitar.Mountains;' Both
the_stretigreéhic ?osition and the rock'types present in
“this intervelrare similar to tﬁe unit of Sixmile Cényoﬁ-*'
g this-correlarien'is valid, :then the eastern'edgesef the
.Sawmlll Canvon cauldron may extend as far east as the Tower
 ;m1ne.. The area of overlap of the Sawmlll Canyon and Socorro
.-cauldrons seems to have acted as a bouyant resurgent block
follow1ng collapse of the Sawmlll Canyon caﬁlﬁron and durrng
collapse of the Socorro cauldron., Both the moat dep051ts
-;of the Sawmlll Canyon cauldron (unlt,of Slxmlle Canyon)
and the caldera—fa01es tuff of Lemrtar Mountalns of the
Socorro cauldron are anomalouély'thin on7fhis:block.
Structural and stratlgraphlc traps may be present ln tiltea‘
formatlons along the eastern and nor*hern boundarlcs Of the
resurgent blcck; strucrural closure may ex1srhon the
'lresurgent block for reservoir rocks from the tuff of Leﬁirér ‘

'Mountalns through Paleozomc rocks.-

. Rocks of the Socorro cauldron ‘and 1ts Moa

Collapse of the Socorro cauldron occurred durlng, and .
~as a result of, eruption of the turfroi LemltarrMountalns..
:The-lower crystalwﬁoer member of the tuff of Lemitar |
MOuntains aecumulated to thicknesses in'excess of'BOO feet
(244 m) within'the'cauldron (the base of the lower member

is rarely exposed with the cauldron so the maximum thickness.
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- may be much greater); Oﬁtside the cauldron, the lower tuff =
of Lemitar Mouﬂtains is discontinuous and thin (0 to 100 feet,
o 0=-30 m). | The upper, crystalhrlch member is also. thlcker

w1th1n the caldera (350 to 3 000 feet 107 ag4 m), but - 1ts

':_foutflow fac1es is relatlvely thick (0 to 400 feet, 0 122 m}

-aland arealy exten51ve. Anomalously hlgh KZO values and
; ‘a1tered plagloclase feldspar w1th1n Doth ‘the upper and lowerl
'ﬂ;members, both 1n31de ‘and out51de the cauldron, 1ndlcate that
.rthe tuff of Lemltar Mountalns may: have been an lmportant
reservoir rock durlng the anc1ent System., Both members arer
readensely welded and brlttle w1th well- developed jOlntlng and_
rgood fracture permeablllty | |
Durlng and after eruption of the tuff of Lemltar
_.Meuntalns, a north—trendlng zone of dlfferentlal-subSLdence
- existed in what is now the northe n Chupadera Range. At
.lthe-Tower Mine in the western Chupadera-Mountains, 690 feet'

——

.(210 m) of the tuff of Lemitar Mountains have been 1ntercepted

© " 4n a dr111 hole, whereas, about 0.6 mile (1 km) - to the

;southeast, a minimum of 2900 feet (884 m} of the upper
”7'ﬁember;ef the tufflof Lemitar Mountains is erPOSed in
_continuous section on the resﬁrgent dome. 'Eleration of the:
-resurgent.dome formee a structural moat betweeﬁ.its northernr
,and'eastern eidee aﬁdrthe oeter,7t0pographic.wall'of the
'_Socorro cauldrontr Within this'moat'accumulated as much-ae
2;000 feet (610 m) of landslide deposits, local lithic—rich'

ash-flow tuffs, and andesite flows capped by rhyolite domes;

"and tuffs. Collectively, these moat deposits have been
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termedrﬁhe unit of Luis_LoPeﬁ (Chamberlin,-1978). Theair
_reservoir'dharécteristiééare.quite varied but, in generyy,
‘:they form a relétivély.permeable~uni£ with abundant ioinze,
fractures and unconformltles. The occurrence of the Sogng,
_thermal sprlngs where the frontal fault of the Socorro Eap;ﬁ

~ 'cuts the moat,dep051ts may be partly related to this permesi: - .

- Volcanic Rocks Younger than Moat Deposits .

‘The outflow sheet of another major ash-flow tuff unis
”‘,was'emplaced across the Socorro cauldron and.surroundin«_
areas about 26 m.¥. ago, shortly after the cauldron haﬁ £iit s

L L e

" This tuff 1nfo*mally termed the tuff -of South Canyon (Guis:

»Jr,,.u_m-s.a ¥

11978}, is a multlple flow 31mple coollng unit generally
'.ranglng from 0 to 600 feet (0-183 m)lln thickness. The ¢y ze
of South Canyon is'so‘hiqh in the stfatigraphic‘cOlumn,t?~ﬁ
'iit pfobably has no chance of being a re;ervbir rock excepx
VWheré downfaulted benéaﬁh'the.Socorro or Léiiéncia.grabeng,
.Inrthese basins, it may occur at dépths of i,dod to 5,060
ifeet (30S~l524 m)fand, because of the high theimal gradiesx,
 ¢0ﬁld have'reservoir potential. The 1ower;rpoorlf weldest
. 2bne ah& the_overlying lithophysal zone are.moderately
porous and totalrabout 180 feet (55 ﬁ} in thickness at'ﬁae
}_type'locality; The upper 440 feet (134 m) of the tuff ax
‘the tfpe loqa1ity‘is moderafely to_densély Welded and
b:ittle, with well-developed jointiné.énd good fracture
.petmeability. The tuff of South CanYonrwas a reservoir
rock in an ancient geothermal system.aS'evidenced by

ranOmalous KZO values and highly altered piagioclase Phenvizrgm,




The tdff of SotthtCanyoh is'generaliy separatea.froﬁ-;
- the underlying Lemltar Tuff by basaltic andesite flows 7
 Wthh range in thckness from about 100 feet (30 m) in the
- Socorro cauldron to as much as 1,100 £eet (244 m) in the
'-Lemltar Mountalns.f ThlS basaltic ande51te 1nterva1 is
’Vprobably a tongue of La Jara Peak Basaltlc Ande51te, the
"Llows are also very 51m11ar to basaltlc anae51tes 1nterbedde&
in the A—L Peak Tuff and between the A-L Peak and the tuff
Zlof Lemltar Mountains. A typlcal basaltlc'andeslte flow is
- about’ 15 feet thick w1th autobreCCLated zones above and
f1below a thln, massive core. Thln dnd991tlc sanastones andr
' :}conglOmerates are occa51onally 1nterbedded between flows.
The entlre basaltlc andesite 1nterval 1n1t1al1y had hlgh
lateral and vertlcal permeablllty but much of the prlmary
permeability has been lOSL by dep051t10n of calclte and
78111ca in v01d spaces. The basaltic anae81tee are not as
brlttle as the densely welded tuffs and are probably now
,_‘a relatlvely poor reservoir rock.r A
| The basal fanglomerates and mua flow uep051ts of Lhe.
't”riftuflll sediments (lower Popotosa Formatlon) rest dlrectly'

. on the tuff of South Canyon in ths Lemitar Mountains on

Socorro Peak, and in.the northern Chupadera Mountains. -In
the Water Canjon Mesa erea of the.eastern Magaaleha Raﬁge;u
-rhyolitic.domes and flews; local.rhfolitic tuffs, and a

efew intermediate lavaé‘separate the tuff'of South Cenyon

. from the overlying P0potosa'Formatioﬁ. ‘However, %“his

seems to be a local occurrence.
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The most exten51ve volcanlc rocks younger than the
moat de9051ts of the Socorro caleron are the 5111010 flows
and domes of Socorro Peak, Strawberry.Peak, and Pound Ranch.

-Tﬁese,rocks Were:erupted between 12 and 7 m.y. ago and

'f'uloCally reet on'top of all but the ﬁery youngest Popotosa

=Formatlon, however; they also lap unconfornably—onto the
i_ lower Popotosa Formatlon and tuff of South Canyon in the
‘Blue Canyon, Tower Mlne, and Pound Ranch areas.‘ They are
as muﬂh as 800 feet (244 m) thick but are so hlgh in ther'
':stratlgraphlc column that they have V1rtually no chance
of being reserv01r'rocks. They were not reservoir rock
-;nin-the'ancient geothermal system as eV1denced by thelr'-
' norma1 KZO values and relatively fresh plagloclase.- Tney
:overlle the thlck playa claystone sectlon of thc Popotosa
Formatlon which may have prov1ded an 1mpermeable cap for
the ancient geothermal system.: These claystones would locally :]
fprovzde a similar cap to a modern geothermal syetem SO that,
-~even where downfaulted beneath the Socorro and La Jencia

-grabens, the 1ate Mchene 5111c1c domes and flows would

‘U-probably be above the geothermal system.

Sedlmentary Rocks of the Santa Fe Group

Follow1ng eruptlon of the tuff of South Canyon, the
Socorro area sub51ded as part of a broa.u, early—rlft ba51n
" in which as much as 5,000 feet (1524 m) of sediments of the

Popotosa Formation accumulated. The sediments were deposited

as coelescing alluvial fans which graded down broad piedmont
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sloﬁes to ﬁlaya lakes on the tioof oftthe basin; lThe ‘h
‘present site oftthe Lemitar-éooorro—Chupadera:u?lift‘wes‘a'
'_ per51stent north—trendlng 1ow on the ba51n floor.. At least
-800 feet {244 m) of red, gyp51ferous clays accumulated
"v_lalong thlS axls. When volcanlsm agaln became actlve 1n the
"Socorro area ahout 12 m.y. ago, the SlllCIC nagmas 1ntru&ed;'
- through the_ba51nwflll allﬁv1um and Spllled out: onto the
' playa deéo"‘te._ The 5111c1c 1avas also lapped onto older‘r
bedrock, along the southern margln of the basmn in the
:.Pound Ranch~Tower mine area. An unconformlty whlch.locally
separates’ the lower and upper members of the P0potosa
Formatlon is a reflectlon of thlS ba51n margln. Sedlmentatlon
~continued durlng the 5111c1e volcanism; consequently
stratigraphie relationships aie complex between contemporaneous_
volcehic and sedimentary‘rocks'in.the uppermost'Popotoee |
. Formation, An an01ent geothermal system-may have been
_;;estahlished durlng thls lnterval w1th the playa claystones
L-loceily ‘o";ing'an im perﬂeab e ca ap. | |
The coarser'sedlments of the lower Popotosa rormatlon '
i_(mnd~flow dep051ts, fanglomerates and sandstones) may'have

been cemente& and partlally ox1dlzed durlng the an01ent

geothermal act1v1ty They are for the most part anomalously '

_ Well 1ndurated and red for rlft sedlments. East of’Socorro
Peak and in the central Lemltar Mountains, the red well—‘ .
'1ndurated facies 1ntertongues and grades abruptly to
llght—gray, moderately indurated conglomeratlc sandstones

with opposing paleoccurrent directions. How these primary



facies'feletionships'eontrbl-the'apparent eecondary eoioretion
aha cementatioﬁ is as yet.unknown.r The red facies of the
1ower‘Popotesa is now herd'aﬁa briftle_with little primary
r,permeebilitf lefﬁQ However,_these focksrare mederetelye
'QellejOihted.and britﬁie enough tO-éevelop‘Qbod fractﬁfe"
permeablllty 1n fault zones, as ev;denced by the fact that
Socorro Sprlng, Sedlllo Spring, and an unnamed cold sprlng _
;northeast of Strawberry Peak 1ssue from thls unlt.'= | |
| ; Sometlme after emplacement of the 7 to 12 m.y. old
lSlllClC domes and flows, the Popotosa ba31n was dlsrupted |
eby uplift of tilted fault blocks to form the Lem;tar Socorro~
'1. Chupadera mountalnrchaln.' The Popotoee sedlmentary roeksr 7-‘
VVQere tiited and beveled by pediment surfecee on toé of Which_ 

a new cycle of rift sedimentation began. The younger sediments

were derived fxrom the uplifted blocks and contain sigﬁificant_

- quantities of clasts of Paleozoic and Precambrian rocks.

Theselupper Santa.Fe sedimentary rocks-are\genetaily_iighter
in color;‘lese indufeted, andrless deformed fhaﬁ rocke'of the
.underlying.Pepetosa Formation. These younger rift sediments
%'_ ' | :e eheve been termed thersierra LadronesiFormation by Machette

(1n press) Beglnnlng sometime prior to eruptlon of the

4 m.y. old basalt of Sedlllo Hill, - the drainage was 1ntegrated

to form an ancestral Rio Grande.- The extensive fluvial

sands deposited by this trunk stream interfinger with
piedmontvsiope deposits of the Sierra Iadrones Formation '

and were included by Machette as a fluvial facies of that

formation. The ancestral Ric Grande sands form the major
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fresh-water aquiferref the Rio Grende Valley in the'Socorfo
a?ea. | | -
" AN ANCIENT GEOT-HERMAL“ SYSTEM
Prellmlnary chemlcal analy31s and mlcrosceplc ekemlnatlon

.of thin sectlons of volcanlc rocks in the Socorro area has
-revealed a pervas;ve addition of pota551um to several of
..thevmeﬁoﬁ ash—flow‘fuffisheets. Tuffs which normally conteih
| e4-t615% Kzolwere feuﬁd‘to centain 6 to 11.5% K,0. Sodium
was found to be depleted 1n rocks enrlched in pota351um,

thus suggestlng an alkall exchange phenomenon. Rocks w1th
20 values were found 1n thln sectlon ;e
to have plagloclase,feldspar partly replaced'by tha331um
.feldspar; In rocke with;higher KZO values,-the plagiocléser
- feldspar has been completely altered-to e'white; fine-grained
‘aggregate of potassium~rich,_“clayflike“ material which has
not yet been identified. Upon stainiegewith sodium -
| cobeltinitrite, everything in.the thin sectiees, except
for quartz phenocrfsts, gaﬁe a yellow:eﬁain-indicaﬁive of.
tﬁe.preseﬁce.Of-potassium. The pervaeive potaesiﬁm stain

. and ‘the very high K,0 values indicate that;iin addition to

2
replacement of sodlum by potaSSLum, there is a net addition
of pota831um to some of these rocks. There also appears
to be significant addition of 1ron,to_the focks-aﬁd‘subtle
:eddening-of_theif celor, which probably indicatesran |

increase in the ferric-ferrous ratio. Table 1 compares

relatively fresh and altered samples of the A-I, Peak Tuff

and the tuff of Lemitar Mountains. The tuff of Lemitar
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Mouhtéins samples are all altered to some extent but sampie
ILM-6-3 and PR-1-77L are comparatively fresh. Note- Lhe

dramatlc 1ncrease in the K O/Na O ratlo, 1ncrease in

2
' total elkalles, and 1ncrease71n total iron 1nrthe alteted
:-eamples;.'Yetﬂnone‘of‘these rocks appear altered.io outcrop}
tﬁe pota551um metasomatlsm is a subtle, ea51ly overlooked
'ialteratlon. | | | B "
" In addttlon to the above chemical enu mxnelalog;cal
.changes in some of the ash—flow tuff sheets the seolmentary:
- rocks of the Popotosa Formatlonnare-anomalously,rea and very.
_ﬁell—inauratea'in theléoeorro erea. "Reconneiseencetof.
other gfebenéfill eedimentary rocks elono the Rio Grande
rift 1ndlcates that the normal color is buff to gray oxr
cream and that the rocks are normally only sllghtly to
moderately 1ndurated. Only one cther locality along the
-rift was found to heve'such ted and hiohiy"indurated‘early~riﬁt_
sedlmentary rocks - the San Diego Mountaln-Rlncon areas |
e'nEar Hatch New Mex1co.- Detailed chemlcal studles have S
_.not been done in thlS area, but a chemlcal ana1y51s of a
iyrhyollte SIII 1n'the Robledo‘Mountalns {Seager and Clemons,‘
| o and only 0.68% NA,O -'values-

2 2
¢ similar to those of pota551um metasomatlzed rocks in the

1975, p. 11) gave 7.04% K

Socorro areafr'r

The.potassium anomaly in the Socorro-area is very
extensive both laterally ahd vertioallyt_,bur chemical
coverage of the anomaly is still wvery 1ncomplete, but

-thln section examination of samples for plagioclase alteratlon




Table 1 - Comparison of preliminary Chemical'énalyses of
: - fresh- and potassium metasomatized samples of
~the A-L Peak Tuff and tuff of Lemitar Mountains.

4A-I, Peak Tuff .  :
' : ' Total o ' Total

. Sample # __'Lécatioh . Fe,0, Na:0 K20 Kzo/NazO Alkalles
-Flow—banded_:V R o '
, Member . _ Altered . : : _ E S
76-6-7 - Lemitar Mts. 2.03  3.39 6.61 1.95 10.00
Pinnacles S | | o
Member S . B A
76-1-11 Lemitar Mts. 2.46  1.46 9.48 . 6.49  10.94
Basal ' o o ' ' '
vitrophyre - o Fresh : . _ _
72-12 San Mateo Mts. 1.28  4.64 3.95 0.85. 8.59
72-2 San Mateo Mts.  1.26 3.85 4.68 1.22 8.53
Tuff of Lemitar Mountains
: : ‘ ' ' >
y ' Lower Member ~ Altered o ‘
LM-6-2 Lemitar Mts. —  2.02 - 1.98 7.94 4.01 9.92
ILM-6-2b Lemitar Mts. - 1,01 2.22 8.12 3.66 10.34
) Relatively
_ - _ Fresh , Lo
-”LM~5 -3 Lemitar Mts. .  2.42  2.63 5.80 2.21 8.43
5 : Upper Member o ~ -Altered _-‘ o ‘
§ LM-6~5 Lemitar Mts. 3.11 ° 2.751063 3.87 13.38 .
{ LM-6-6b Lemitar Mts. 2.78 1.72 9.55 5.34  11.34
| . IM~-6-8 Lemitar Mts. . 2.26 ~1.54 8.67 5.63 - 10.21
IM-6~8b" Lemitar Mts. - 2.71 1.97 9.46 4.80 = 11.43
76-1-10 Lemitar Mts. 2.87 1.97 8.37 4.25 10.34 .
IM~6-8a Lemitar Mts. 3.88 1.57 1157 7.37 13.14
PR-1-774 . East Magdalena ‘ _ S
. Mts. 2.70  3.65 8.45 2.32  12.10"
Relatively . |
: _ Fresh
PR~1-77L ‘Rast Magdalena _ . _
: Mts. - 1.88 3.63 5.97 1.64 9.60
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' aod steieing ﬁith sodium cobaltinierite hes helped.toA
_-eStablish the geneial extent of.the enomaly.'xt appears
‘that the more.permeable'volcaeic aﬁd'sedimenﬁary ﬁock units
‘older ehan;'or ihterbedded with, the Popotosa dieystoﬁeq
‘have been affected from South Baldy in the central.Magdalena
"Range on the southwest to the Ladrcn Mountalns orn the north._
'_U51ng Socorro Peak ag a center, these two llnes £orm radll
of about 14 and 20 mlles (22 5 and 32.2 kmL respectlvely.‘-'
The extent of the anomaly to the south is not: Pnown. In
vertlcal sectlon, ash-flow tufs unlts aggregatlng 1., 300 to
3, 000 feet (396 914 m) in thlcknees are known to be affected,'
a minimum of 800 feet (244 m) of Popotosa fanglomerates are
inferred to have been involved bec-use of their enomalously
;'red color and high'degree'of-induration; - |
If we assume a rectangular block of altefed rook ;5.
" miles wide by 25 miles long x 1 mile thick (24.1 x 40.2 x 1.6 km),

T

an average increase in Kio content of 3 percent, and an average

'den51ty of 2. 7, the net addltlon of K20 is approx1mate1y 11 X 109

"tons. The only reasonable mechanlsm for deriving such & large

'31quant1ty of K,0 seems to be the leachlng of pota851um,from

2
granitic rocks in the Precambrian baSemenL. Orville (1963).
demonstrated experlmentally that 1f a temperature gradient.

" and a perva31ve vapor phase ex1sts in a two £eldspar rock,.
.alkall ions w1ll dlffuse through the vapor in = re01pr0ca1

transfer process that depletes the hotter rock in potassium

and enriches the cooler rock. He pointed out that hot spring

- waters are generally depleted in K relativerto Na' and cited
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evidence by White (1955)'and Fenner {1936) that-ﬁotassium

is replac1ng sodlum in plagloclase in rocks of the Wa:rakel,

T New Zealand and Yellowstone geothermal systems. _Battey

(1955)_demonstretedlthat alkali-rich voleanic rocks {cailed

-keratophyres)_ih New'zealand were normal rhyolite flowe

"f_originally, but during”deep'burial they were held:for a lohg

time at ﬁoderetely'elevated temperatures duriﬁg Which alkali.

'_exchange took place by diffusion in pore fluids. In these

rccksi the total alkall content remained constant but some

rocks became enriched in potassium while others nearby were

enrlched in sodlum.

0rv111e (1963) also demonstrated that an increase of

~caleium in plagloclase of the two-feldspar-plus-vapor

assemblage affects the vapor-feldspar equlllbrlum by 1ncrea81ng :

'the K/Na ratio in the vapor. He postulated that orlglnal

1nhomogene1t1es in the. calc1um content of rocks w1ll result '

-

'1n comp051t10na1 gradlents with respect to alkalles in the

vapor phase and hence to alkali transfer,” Rocks orlglnally

‘rich in calcium will tend to be depleted in pctassium while |

those originally poor in calcium will tend to be enriched

- Prellmlnary data indicates that mafic flows lnLerbedded with
.7p0t3551um-enrlched ash~zlow sheets in the Socorro area are

" enriched in sodium relative to potassium. The data is as o

yetltoo sketchy to present; however, sodium enrichment of
these mafic flows would fit Orville's experimental results
and would explain where some of the sodium goes after

it is replaced by potassium in the tuffs. This would also



- fit Battey s observatlons that adjacent rock masses in the
New Zealand keratoohyres are enrlched elther in POt&SSlum
or in sodlum.

Ratte and Steven (1967) dlscovered ‘a 51mllar pota551um‘

- anomaly in the Bachelor Mountaln cauldron of the San Juan

'-the K

Mountalns (see also Steven and Llpman, 1976 p; 20)._ The
potaSSLum-enrlched Bachelor Mountaln Rhyollte COnualnS 6 tof
11, 4% K20 compared,to about 4 7% Kzo in the unaltered rock-
V;As the K20 content of these samples 1ncreases, ‘the Nazo |
content decreases.r Ratte (personal Comman. 1977) was ableﬂ_
to partlally outllne the pota551um anomaly by contourlng -
20 values of about 30 samplea. The exposed’ portlon
of the anomaly is . about 6 mlles w1de by 10 mlles long
(9.7 X 16.1 km). Much of the_anomaly,_however, has been'
:downfaulted beneath.the founger Creede'oeuldron. We are
'  espec1a1ly grateful to Jim Ratte for helplng us to lnterpret
the Socorro anomaly.

The pota551um anomalf in'the-socorro‘areefis a.very
inﬁeresting:discoﬁery which may be quité useful in eﬁeluating
the'present'geotheimal systemfzritrihdicates; first oflail,
that a veryrlarge'geothermal system existed in fhe Socorro
" area in the past; probably in late Miocene time (about 7-
to 12 m.y.“ago) during intfusion of rhyolitic megﬁas,eloﬁg 7
: the northern margin of theeSocorro cauldfon, but possibly
also in early Miocene;tiﬁe dﬁring moat volcanism; .GeoPhysical.

data indicates that magmas are again being intruded in this

area and that the heat flow is very high._.An ion exchange
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proceés is currently taking place in waters emerging from

the Socorro thermal'springs;iwaters in the recharge area

are calcium bicarbonate types whereas those discharging
at the SPrings are sodium bicarbonate'types (Hall, 1963).'

Secondly, the dlstrlbutlon of potasslum metasomatlzed rocks

~ in the stratlgraphlc column can be used to determlne whlch
rformatlons were the reserv01r rocks of the an01ent geothermal
”system and by analogy, which formatlonq may'be the best

jreserv01r rocks in the present system. Anu, flnally, the

lack of_pota551um enrichment in rocks above the Popotosa

‘Aclaystone horizone suggests that the claystones probably

provided ‘an impermeable caproék for a late Miocene geothermal

_YSystem and are likely to do so again.

MODERN MAGMA BODIES _
Two types of magma bodies have been-&etgcted in the

vicinity of Socorro. The first is an extensive body, shown

“in red on Map 4 (pl. 1), which covers a minimum area of

1700 km®. Depths to this body range from 18 km to 22 km

énd the‘e§iaence to déte suggeéts it_has.a thin, Sill—liké
shape. B | B |

-The second type of magma body is small 1ntru51ves
1ocated in the reglons shown in yellow on Map 4 (pl l).
These anomolous crustal segments appear to extend from the"

deep magma 1ayer to within about 4 km of the surfaces

Extensive Mid&Crustal Magma Body

The initial evidence for an extensive magma hody at_'
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_:mid—crustal depths'oame-ffom an analysis:of ﬁhe arrival'
ritlmes and amplitudes of two reflectlon phases on mlcroearth—o
‘;quake selsmograms (Sanford and Long, 1965 Sanford Alptekln
and Toppozada, 1973). _These two reflectlons, S‘to P and

.5 £¢ S, afe impulsive_and hase the same general freqnency”:
_ooateat'as-the direof'S;Phase; Recordings:bydiﬂstfuments

' 'd_withda-broad.freqoency_responseshow ﬁhat the S‘ﬁo-S phase_
'coﬁtaios e wide range of-fsequencies -- from 3 to 15 Hz |
"(Rinehart '1976). This observatioa indicatesfthat the

reflectlng dlscontlnulty is sharp and singular. In addltlon,

“the absolute strength of the reflectlons as well as the
'.ratlo of thelr amplltudes 1nd1cates that the dlscontlnulty
_dproduc1ng the reflectlons is- underlaln by magma (Sanford,

".Alptekln, and Toppozada, 1973 Sanfd;d 1977a).

The geographlcal extent of the magma body is belng‘
determlned from the presence and absence of reflectlons on -
the mlcroearthquake selsmograms {(Sanford et al., 1977a,7'_

'Sanford 1977a) Beyond the boundarles of the magma body

no S to S reflections have been observnd to date although

1;thea1nstruments have been pos1tloned to record such

feflectioﬁs. Northward, beyond'the limits of Map-4“(pl. 1),

 the boundaries are not closely defined by the S-phase
_reflection data. However, good control on. the extenﬁrof
the magma body iﬁ_fhis region has been obtained froﬁ
high-resolution seismic refieotion'profiles (Oliver'and .
- Raufman, 1976; Brown and_others, 1977). These c;ustal_

profiles show very strong P-wave reflections from approximately
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thersame depth as the § wave reflectieﬁs. In additien,
the P—wave reflections haﬁe a northward-dip of aboﬁt 6
degrees whlch is in agreement w1th the S-wave re£1ectloﬁ
data from the top of the magma layer |
| The avallable Observatlonal data 1ndlcate that the
‘magma’ body is very thln relatlve to 1ts extent. P~wavei
residuals for teleeeisﬁs (Fischer,'1977) do not suéport
the.ekistence'of a thick magﬁa leyer ereﬁ‘after etation
correctibns.are aﬁpiied Analysis of the Gasbuggy‘refractlon
data (Toppozada and Sanford 1976) 1ndlcates that tlme
7fdelays for P arrivals pa551ng through the magna 1ayer'
~ cannot be much greater than 0.1 Second.‘ A layer of’magme ..
(full—melt) 0.6 km thlck would be suff101ent to proauce
ia 0.)l second time delay. Flnally} no clearly ueflned
reflectlon phases from the bottom of the magma layer hiave
t.been 1dent1f1ed on mlcroearthquake selsmograms._ If such
reflectlons ex1st, they must occur so closelyqln time to
the reflectlons from the top of the magma body that they

cannot be ea511y identified.

 Small Shallow Magma Bodies

- Three types of obserﬁations suggest the exietence of:

- small magma bodies above the seuthern end of the:mid«crustalr_
' ﬁagma'layer'. (1) the screenlng of SV waves,. (2)'tﬁe -
spatial distribution of P01850n s ratio, and (3) the

spatial distribution of mlcroearthquake'hypocenters,

Screening of SV Waves. For many microearthquakeS‘in'
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the vicinity of Socorro, SV waves are obsent or extremeiy'
wéak-on éeismograms for one or more_staﬁions in the arfay‘. R
) (Shﬁleski; 1976; Sanford and others, 1977a). About 40 o
percent of:these obsexvations can be explained‘by the faul£
‘mechanism of the miéroéarthuakes:jthe remaining 60 percént.
apparehﬁiy,resuit from sV screéning by molten.or.partialiy
.molten rock bodieé (Kubota and Berg,"19684 Matumoto, 19715
 Magma bodles located within the reglons shown in yellow on
Map 4 (pl 1) can cxplaln the observed sv screenlng 1n the
'Socorro area.

Spatlal DlStrlbuthD of Poisson's Ratio. From anrk

analysis of S~P times and P travel times for_microearthquakes,n
- the séatial-distribution of Poisson's raﬁio in,the‘upper

crust hés been aetermined (Caravellé,.1976). Several

- segments of the crust with average-Poisson's ratios Qreater

- than 0. 29 have been mapped - in the Socorro reqlon. These
'anomalously high values of Poisson's ratlo can be explalned

by the same dlstrlbutlon of shallow magma bodies that

is used_to account for the SV screenlng,-

Spatial Distribution of Microearth@uake Hypocenteré.
A detailed three~dimensional analysis of the spaﬁiai |
aistribution of microearthquake foci shoﬁs activity
surrounding, buE not within,'the'anomalous crustal seqméﬁts
'mapped in yellow on Map 4 (Shuleskl and others, 1977:; |
Sanford ‘and others, l977a). Above these regions, mlcfoearthquake
hypocenters are never deeper than about 2-1/2 km, whereas

‘adjacent to those regions, activity occurs to depths of 8 km
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or greater. Earthquake activity is not expected in segments
of the crust containing magma- inasmuch as high temperatufes‘
prevent accumulation of elastic straih energy .

i

'Configuration_end Distribution of Shallow Megma Bodies.'

The techhiques empnged in detecting shallow magma bodies
f. do not permit pfeeise.detefminatioﬁ of the shape or volume |
of magﬁa injectedintothe crust. Howeﬁer} an aeeepteble'.
'7‘modei'at this tiﬁenie injection of thin,.discontinﬁous‘dikee
of magma such that the fractlonal volume of molten materlal
~in the yellow reglons of Map 4 is qulte small.. | |
To date we have only looked for shallow magma bodies
above the southern end of the exten31ve magma body. Thus R
we cannot be certain thlSllS the only reglon where magma

- leaks upward through the crust from the deeper megma body.

'Other'Geophysical-Evidence for Magma Bodies

An'independent geophysical observaéion‘saggeating
" . magma bodies at shallow depths in the Socorro area is the
high temperature gradlents (max1mum, 241°C/km) and heat-flows
'(maxlmum, 11 7 HFU) measured in boreholes w1th1n the :
Socorro Mountaln block (Relter ‘and Smlth 1977 Sanford
- 1977b) . Values of measured temperature.gradients and
heatwflow.are shown en Meé 4. The low temperaﬁﬁre'gradienﬁs'
' fer stations in-the'Rio-Grande Valley ere nost likelyAthe'e
result of southward flow of groundwater within the basin
(Bushman,rl963). 7 | | .

‘- Two observations suggest that magma may have been .




‘1njected into the crust in very recent tlmes. The first

is the dlscovery by Relllnger and Oliver {1976} of hlstorlcal

j_upllft 1ﬂ the Socorro area roughly c01n01dent wath the

_spatlal extent of.the exten51ve mlducrustal magma body.

o The second is the pattern of seismic act1v1ty in space and

”tlme (Sanford and others, 1977a) . The mlcroearthquake
.act1v1ty 1s dlffusely dlstrlbuted over an.area of 2000
vkmz that is roughly centered on the extensrve magma layer

“_as presently mapped. Most earthquakes in the Socorro area.

- have occurred 1n swarms, which is the characterastlc selsmlc

behavror for volcanlc regions. One of the-Socorro earthquake

. swarms (from 1906 1907) ‘appears to have been comparable to_'

‘_'the Matsushiro swarm (from 1965- 1967) which Stuart .and

'Johnston (1975) belleve was caused by magmatlc 1ntru51on._

| GEOTHERMAL POTENTIAL OF THE SOCORRO AREA

: High'heat flow, the presence of'shalidwﬁ;agmarbodiea;
the exrstence of both reservoir rocks and cap rocks 1n the
erock column, and the downfaultlng of potent1a1 reservoir
{_rocks to con51derab1e depths makes the Socorro‘area an
attractive target for geothermal exploratlon. tgecognirion
- of the transverse shear zone, its long hlstory of "leaking”
magmas, and the probable upwarp of'the Curie temperature
isotherm alOng it reinforces tﬁis conclusion. Exploratlonr

however, must take into account the rapld flow of ground

water from. recharge areas 1n the Magdalena Mountains towards

the Rio Grande. The travel path for most of this water is




beneath the thick Popotosa claystone section; hence,

temperature measurements made in shallow holes will not

be an effective guide to temperatures at depth.

- THE SOCORRO SHEAR ZONE--A _
 POSSIBLE MODEL FOR GEOTHERMAL EXPLORATION
ELSEWHERE ALONG THE RIO GRANDE RIFT -

' Recognltlon of the Socorro transverse shear zone and

.ite role in controlllng magmatlsm and geothermal act1v1ty
_ 1n_the_Socorro area provides a p0551ble model for exploratlon-r.
ielseﬁhere along the Rio Grende rift;. Several ﬁajot northeesf—
' trendiﬁg;'seﬁéaraliel lineameﬁts tfansect £he rift.(fig. 1):

_ however, different 1ineamente have "leaked" magmas at - K

- different times. The Jemez lineament has been the most .

active lineament magmatically during the past 5 million:

-years; The Kremmllng lineament was actlve between 24 and

'f20 m.y. ago and 14 to 8 m. y. ago, W1th mlnor act¢v1ty of
ofe_Plelstocene and Holocene age {Larson and others, 1L975}.

B The Idaho Springv and Silverton llneaments were the-moet
‘active of the northeastﬂtrendlng llneaments dur;ng the

-; Laramide orogeny (75-50 m.y. ago). The reasons for thls e

behavior are as yet unknown. 1In fact, the subject of -

1'_lineament tectonics and magmatism has been shrouded in
'mystery and contrOVersy for decades and remains so today

‘(see Gllluly, 1976 1977; Walker, 1977; Warner, 1978)5

Apparently, when a reglonal stress field is applied to a

flawed plate, the stress is relleved along different flaws
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K eat,diffetent times. Why the flaws.leak magmas‘isvanother;ﬂ
llargely unresolved, questlon. | -
BaSLns of the Rio Grande rlft are often hlnged 1n 
: opposite_directieﬁsron opposite SLdes of transverse llneamente.r
_  For exampie; the‘upper'Arkansae basin is hinged down f:qm |

the eastrside with-the deenest £ill on the westf'the-San

- Luls ba31n is hlnged down from the west WLLh the Qeepest

,flll on the east. The tran51t10n between opposxnc'structeral
_styles occurs where the Sallda llneament transects the |
-rlft.r The Sallda area is also the 51te of several.major ”
hot sprlngsdl A 51m11ar tw1st 1n ba51n geometry occurs

across the Jemez 11neament To the north, the southern
_exten51on of the San LUlS.baSln is hinged down from-the |

| west with the deepest £ill to the;east;eto‘the_seﬁth;

“the Espanola basin is hinged down fromethe'east Witﬁ
the-deepest £ill to the‘west- Tne tranSLtloq OCCUrS across
-‘therJemez 1iheament ﬁhich is marked in thlS area by the
-Jemez vclcanlc fleld and present day geothermal act1v1ty.;

| - Transverse horsts often jut into basins where llneaments
dross the Rio Grande rlft. 'Examples are the Browns Canyon
horst and the-ﬁorthern'tip of the Sengrefde Criste-Range'

in the Sallda area, the ‘Picuris Range ln the Taos area, aﬁd
the Mud Sprlngs Mountalns near Truth or Consequences Hot
Sprlngs are often present near these horsts. It is also |

common for one Slde of a llneament to be elevated relatlve

to the other. In the Socorro area, the La Jen01a and

Mulligan Gulch grabens shallow scuthward aeross,the Morenci
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‘lineament. Recurring uplift of the south side is reflected _

- in unconformltles and fac1es changes in the ba81n—flll

sedlments and in the geomorphology However, the north

side is now belng upllfted (Relllnger and Ollver - 1876}

- because of 1nf1at10n and thermal expansron related to
1ntru31on of a srll 11ke magma body at 18 to 20 km depth. '

i In the Espanola ba51n, the north Slde of the Jemez llneament

'seems to have been per31stently hlgh In the upper Arkanuas

*.“b&Sln; the south 31de‘of the Salida llneamént“hes-been

“recurrently hlgh.

Where 11neaments cross the Rio Grande rif-, deepiy

penetratlng flaws in the contlnental plate produce a

characteristic suite of structural features which are'

often reflected in the'stratigrephy and geomorphology. -
The direction of tilt of beds and the direction of downthrow '

across faulrs may change 180 degrees Basinsg may . be hjnged

——

on the east or on the west on opp031te 51des of the llneament.r

Transverse horsts may jut 1nto the basins and one side or

the other of the,llneament may be per51stently up or down

relative to the other. Magma ihjection, volcanism, high

~ heat flow, and geothermal activity are often associated'

with these areas of transverse tectonics. Recognition of
these features may help narrow the search for geothermal

exploration targets along the rift. Comparison of geologic

and topographic maps With aeromagnetic maps may locate

other "qﬁiet" zones where the Curie temperature is at

anomalously shallow depths.
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Formation  Sample KBy che‘ érs'i /Sree : sg_oz A12Q3 _Fezol MgQ Cal Na20 Kzo- T:L'é2 'I'O'I‘AL..
(m.y.) ' (total) | : -

Spears KA-JH-1 34.5 59,76 17.33 5.74  2.51 - '5.67 - 4,04 43¢ 0.73  100.12

' Ka-JH-1  34.5 59,76 17.33 5,74 2.51 - 5.67 4.04 4.34  0.73  100.12

76-1-12 | .7062 55,10 16,17 6.84  5.78  5.32 433 378 l.24 9857

76-1-4 o 7308 13.15 _‘2-72 o.54 1.2 3.13 5.55  0.14 . 99.77

76-1-7 f54.35" 14,20 8.27 é.zo 6.89‘,_:‘4.29 2.61 1.37 : 100.18

76-1-5 5330 17.03 10.32 5.26 - 7.56 453 172 171 99.71

" 76-6~10 : .7059 54,71  15.48 6.64  3.50 7.12 4,10 3.70  5.01 100.26

71-49 63. 60 16.00 6.09 . 1.95  .4.08 - 3.88 4.30  0.82  100.72

Hells Mesa'  76-1-13 .7076 __50.37 15.90 2.98 0.86 : 2.03  4.67 4.92_A 0.43  102.16

M-24-23 70.61  15.34 3.14°  0.83  0.53 - 3.98 5.06 0.45 59.94

M-24-33 76.72 13.35 1.48 0.58 0.28  1.85 5.42 0.25 & 99.93

Mafic Flow  76-1-14 .7059  51.18 1401 8,59 - 9.99 = 7.62 3.87 1.59 - 1.15  98.00

A-L Peak 76-6-7 27.4 73.21 14,32 2.03  <0,0L  0.22 3.3 6.61. 0.3 100.12

4 . ' : .

76-1-11 ,7198 75,03 14,05 2,46 €0,01 ' 0.63 . 1,46 9,48 0,35 103.46

72-12 76,10 12,08 1,28 0.141_; 0.60 - 4,64 3.95 0.15 59,93

722 75,83 13,50 1,26, 0,21 0,49 3.85 4,68 0,13 99,95

Potato Canyon 71-66 74,89 13,25 1.81 0,23 0.41 3,90 5,13 0,31 99.93

71-65 74,93 13.25 1,79 0.24 .38 3.71 5.28  0.32 99.90



Formation Sample K-Ar Age Sr87/5r86 .sioz' A1203 ,'!:"13203 : MgO Cé._OI Na20  1<20 -'I'ioé TO'I‘AL
- A ’- (total) T |

Potato Canyon 70-109 76.25 1174 1.3 0.54 . 0.74  3.92 4.59 0.22  99.83
71-131 - 76.59  12.43 157 0.44 . 0.62 3.5 4.53 0.25  99.88
© 71-132 90.86 14.75 238 0.43 - 0.86  4.36 5.79 0.52  99.85
71-132 .12 14.75  2.24 0,46 0.92- . 4.30 5.59  0.47  99.85
Lemitar Tuff  LM~6-2 77,13 ’13.34" 2.02  0.08  0.73 1.8 7.94 0.25 103.47
| LM-6-2b 78.02 1454 101 0.7 g{svl"{ 2.22 8.12 0.20  101.48
 LMe6-3 74,73 14.86 :2.42 .63 6.8 ~,é.e3 5,80 . 0.35 102.00
LM-6-5  64.47  17.89 311 0.38\ .‘Q.8l, 12.75 10.63  0.61 . 100.65
| LM-6-6b 65,85 .15;47 2.7 0.70 © 1.73 © 1.79 9.55 0.57  98.45
LM-6-8 ©70.88 16.15 2.26 \"1.15_-._0;72;, 1.54 8.67 0.50  101.88
LM-6-8b | 0.3 1575 .2.71:'- 0.78 086 1.97 9.46 l 0.57 . 101.93
76-1-10 26.3 7130  eo.e0 15.37 2.87. 0.93 0.44 ©1.97 8.37 0.53 100.17
1M-6-8a | 63.16 1828  3.88 0.70 1.06 1,57 11.57 - 0.70  100.92
' PR-1-77b 76.51 12.75 1;88‘ <0.01 0.53 . 3.63 5.97 0.32  101.60
| PR-1-77d 66.73 18,10 2.70 . 0.50  0.84  '3.65 8.45 0.94 101.91
Mafic Flow  77-2-2 51.65 14.15 10,38 8.18 . 8,66 6.85 1.88 1.24 . 102,96
- 76-1-3 ",',7ofo " '53,63 14,43 | 8,44 1 '?,bd-‘  7;63 6,27 2,06 1.3 100,80
 76m6w8 | | 4o.68 13,79 .j;'io,zc | 11,79;' 3,50 ; :‘6;59 1.67. 1,29 103,42

Tuff of lS_outh _ ‘ ' B . : | o | _
canyon 76-4-2 26,2 ©77.86 12,00 1,81 0.29 . 0.58 . 3.42 4,75 0,19 100.90
‘ | 17,62 11.01 7102 ; 19.56 3 ‘-4.52 0.86 1.76 101.91

PR-2~77

49,46
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; i TR RS b S TR P Sy v T } . i ) ) _
Formation Sample X-Ar Age Sr87/Sr86 Si02 \1203 Fe, O MgO - Cao - Na20 K20‘ ;iO2 TOTAL
{m,y) : ' . (to%ai) ‘ : ' ,
' la Jara Peak SC-PO-2 126.6 57.01.  13.80  6.71  5.66 5,02 2.92 4.89 0.81  96.83
M-46-1 23.8 56.62 . 13.75  7.65 - 4.92  7.60  3.20 4.45 1,58  100.88
Hwy 60 | _ o A -
rhyolite  77-5-2 28.6 ©77.80 12.45 . 0.92 . <.01  0.46  2.99 '6.32 0.31 101.33
Coungil RE ‘ o o o : L . ' o
basalt 76-6-6 17.5 .706) 53.60 16.63 '8.13 5,20 8,16 . 5.50 2,02 1.45 100.69
- Kelly Ranch S L | ‘ o . ‘ o
' basalt 76-1-9 7051 53.61 15.79 8.75 8.51  7.40  3.41 2,16 °0.35  99.98
Maodalena : L ‘ o o B s o
peak dome 76~2-5 13.1 '.7068 72.06 13.43 © 2,98 - 1.72 © 2.07 - 3,87 3,33 0.41  99.87
Strawheryy R - L , ) ‘ '
peak dome 76-6-la 11.8 .7050 ~ 68.50 14.38 '3.17  1.14 ~ 2.66 .1.98 3.55 0.14  95.63
Socorro Co : : B . : -
peak dome 76-4-16 12 - .7048 68.28 15.84 . 3.48 1,81 - 2,93 ° 2,20 3.57 0.47  98.68
Pound Ranch : s ‘ o ' e
lava 77-3-1 11.8 .7070 73.00 14.62 1.96  0.51 1.38 3.65 4.79 0.26 = 100.07
77~3-2 10.5 72,31 12,34 2,94 3,41 2,01 . 1.93 4.60 0,39  99.93
Signal Flag - REEE I S : L - _ ‘
‘dome 76-6-2a - 10.5 75.06 13.90 2,15 0,34 - 2.00 - 2,11 3,61 0,15  99.32
76-6-2b 7135 73.33 0 12,72, 1,14 0.63 - 1.80 . ..2,97 3,11 0.07 ~ 95.87
RR Qﬁarry - . - : : ‘
deme 76-6-3 8.0 .7065 69.79 14.83 2.97 1,12 2.0l 3.39 4.40 0.38  98.89
Grefco dome 77-5-4 - 73.86 - 13.17  0.20 <0.01 = 0.57 2.86 4.86 0,06  95.59
'77-5-1 6.0 60.16 15.03 3,95  6.66 4,58 . 3.70 1.79 0.73  96.60
76=6-11 4.0 7044 50,15 - 8,41  8.49 3,06 1,70 1,28  96.09
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TOTAL

Pormation mple K-Ar Age SIST/SrB:; sio Te, 0 o g0 ' . Ca0 Na,0 X,0 TiQ,
2 273 2 JJ_ o . 2 2 2
{m.y.) (tofal) : -
Blue Canyon 77-7-7 54.79 15.32 5,60  6.28  4.57 4.17 3.45 0.92  95.10
77-5%6 77.81 13.26 1.14  <0.01° 0.07  1.03 8.27 0.3l  101.90
77-5-3 47.43 16.30 - 10.65  7.63  7.50 5.16 1.24 1.82  97.73
I
| e .o
' L 1
[ ’_‘x'
. '.x" '
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[AAEerd Uy pries p

. ) 87_ 86 ‘ : :
vprPer T K~AT Age Sx/ St 510 0 '
pror Tufts | Kax e o My Fel W0 @0 wmp xo | mo

p-%500°(7) -Y. _ _ N {total} - i

(26. 2 i‘za‘m.‘y) 23.9 . o - 77.8 ) -12.8 . 1.8 0.2

base Miz -ondesits . '
f/ow; - 0.7070 51.6 4.1 9.6 . 10.1 . 8.2 6.5
. o-gsor ' I | !

Crystif-rich . -
Mmemler L . o ; "
o-Soo’ ’ : _ ' g . o §
(263228mp) | 263 0.7130 - 70.2 5.6 2.4 .05 . 0.7

(f‘f:h;‘-,—‘le-;' )
o-Soar

Cuit o fAalleq Well
D-tood?

“hax q/?f.'- anderife o .
s . . )
om2an’ R oo 49,6 13.5
andesile, prcnzanile ) ) ) ) 48.7 13.1
H £ gropfe Jlactrs o - . 47.6 14.8

fopt ¥ ler . " :
” (2e-30 mp) . . 52.6 15.1

franacier member L 55,1 - 17.2
o700 . . .+ .. 59.5 - 21.1

* . L 65.2 15.9

fay . : . ]

ac:;oa' : : - 71.9 o l4.4
Asaas-bonded | '
memtber
o-goa’

__; ra y—-_mq.nfrr
L prember
Oo-s500’
fu#o-w{‘ N, fares @70
HELLS MESA

TUFF . . B ROt
o~ Fove’(?) _ 0.7059 51.1 '14.0 - 8.5

(32 m.y) o S , BT -

o

SR OO W

-
»
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.

.
-
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.

]

-

W DO

*

.

.
.
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" 4
WO WO D

¥

oMo O R0
M
NOOEP D

+ s
.
.

)
.

PRLWOBROW
MUWRNWNNO DN
opooOMMD
Wik s o

)
+

.OQQO\‘QODHU’
.

0.7198" 75.0  13.7 1.7 0.1 . 0.5 3.2 6.1 3.2

AL PEAR TUFF 02000

OULIGOCENE

1.6 3.8 1.5 1.1

Tufc o
Granife Alia.

member ) -
o-5co’

voltaaichafre : ) : " )
fo:&?s ;Aa"f'ard.: ' 0.7076 - 725 4.8 2.5 0.7 0. 35 5.1 - 0.3

O-300’

CwhF el Niisale Hlry mgms
i~ S

OrFRo0’

Bl »

P Ty R
Frocts and : - ) . . S
fayar : : - . ’ - . B -

SPEARS <Y

o -zrovo’

0.7061 59.1 15.6 6.6 . 3.9 5.3 s.0 . 3.7 1.4
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