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A.b~tracs-SrtUillc 31lligr:t\:tt.) ~ac.quuedby die. SAGE prOJFam-O¥eFW ~twrwe-yean. ~ulledto-defme­
thr grt'mell'y oft~ E~pa/lola basrn and the utent of pre· Tentary ~rmenwy rocks.lbe Paleozoic and Mesozoic 
unm ha\"e been thmned and remo"ed dunng l..atamtde uphh tn an area now obscured by the youngn nft !!tim 
The: E~p;Jilola buan t5 generally a wllo~A-. :u.ymmctnc trans.monal wucture betwe-en deeper. beuer de"eloped 
b:l~tn\ to the nonhe:u.t md southwest. lbe gta\'11) doua andacate the presence 1>f ~ narrow but deep suuetural 
lo""' arra~cd along the fmbudc.IPaJanto fault ~ysrem. lbese sub-ba.stns seem to be younJer than !he faults on the 
ba\tn mar~~~~ Tha~ apparent tocusstn~ of defonnataon an the later ha~tory of the buan may be a rnponse to 
.:han~c\ an ~~aonal ~U"e\\ or more local a.:commodataon of lhe nh extenston. Future work ti planned to de"clop 
-ea~ma.: d;ua over oM of these ~ub-ba~ans. the Velude graben . .and to better define the gr&\111)' map tn order to 
lactlll:nr ahree-iJamensaon~ modchng 

INTRODt:CTIOS 

Sonce 198J the Summer of Applied Geophysical Experience !SAGE) 
·ogram. sponsored by the Los Alamos Nauonall.aboratory branch of 
e Lmvcrsuy ofCahfomra·..; Jn~utute of Geophysics and Planetouy Phys­
'· has conducted geoph:--stcal field v.ork sn the Espanola basin of the 
o Gr.tnde nft 1 Fig. I}. Although pnmarily a .. hands on" course for the 
. Jchmg of geoph~stcal field methods to undergraduate :md graduate 
,Jdents. SAGE has also '>ystematically pursued a program of research 
1 the ~uue~ure and str.mgraphy of the basrn. The goal of these studies is 
llm;~t-lv to undersmnd better the kinemaucs of the Espanola basin. the 
lie basin m the over.tll evoluuon of the Rio Grande rift. and the 
<>re~~·eral implication~ regarding the process of continental nfting. 
The purpo~ of thts p.aper is to offer interpretations of selected SAGE 
1\m1c sc:cuons. ~ome :1.s yet unpublished. to present a new gravity map 
the basm. and to tntegr.tte and interpret the geophysical d:ltaro elucr· 

He major structur.tl fe:11ures of the basm. ln pan1cular. we wish to focus 
1 the EmbudoiPaJanlo fault system Addiuonal processmg of 11l:lny of 
c -.c1sm•c lines shown here rs rn progress. hence the interpretauons 
fered are prelimanaJ! 

GEOLOGIC SETIISG AND PREVIOUS WORK 

The Rto Grande nfr extends as a senes of interconnected. asymmetri­
! ba~1ns from centr:ll Color.tdo ro Big Bend. Texas. and Chthuahua. 
,~,K·o. a diMancc: of more than 1000 km tFig. I). The nonhem nft 1s a 
:Tow phy .. iogr.tphtc and tectonic depren1on separating the Colorado 
.lte;~u from the: Gre:1t Pl:ltns. pan of the smble Nonh Amencan craton. 

the east !Cordell. 1978: Baldridge et al.. 1983. 1994: Olsen et al.. 
:n. Chapm and Cather. 19<41 The Espanola basin in nonhem New 
,:"co rs uansruonal between the larger and deeper San Lurs I Kluth 
d S~:haiten:l.lr. 199~. Bnster and Gnes. 19941 and Albuquerque-Belen 
u"ell and Snelson. 199~: Mav and Russell. 1994) basm~ of the nflto 
: nnnh and south. respectively !Fig. I). 
rh~ generJI .. rructure :!Od asymmetncal getlmetry of the Espanola ba­
\\C:re known from geolog1cJI mappmg (Kelley. 1978: Manley. 1979) 

! I rom hmtled gra\ Hy and \C:Jsm•c retlecuon and refractrnn data 
•rJdl. 1979. Btehkr c:t :11.. 19911. Thc:!>e re!>ult\ showed that the: e:~~t­
. .md we,tem ''de:-; of the ba!iin are structurally different from each 

o.:r The ea~tem \Ide: •~ charactenzed by .1 ba~tnward slopmg Precam­
jn ,urfa~:c v.uhout maJor faultrng along the margtn of the ha~rn In 
1tr.• ·,e we-.tcm cd!_!c of the ha)tn t\ a nonhea~l-lren<Jmg tone or 
'n ~-..-a~t tau It\. large!~ conceJit'd beneath rhe Jeme1 volcamc 
~ ·\ rna,vr Lone ol tau han~ c EmbudD I:JUlt tone 1. trc:ndtng ohh4u..-h 
· '', the ha'in. lran-.Jc:r' c:"l!'n'mn l;ueralh from the: .. outhl!'m l!'nd ol 
'i,Jll l.u1' h;'''" Ill lhL· \\l!'\1 ,,de: nl the." E'p;~lilll.a tla\ln 1 Ftg II The 
.-,~,.J,, tr:~n,tcr tauit c:IICI.'Il\d~ "...Seumrk' · 1he rn.a10 E'panol.a h.a,on 

to the south from the northern and nonhwestem pan of the ba~m 1 in· 
eluding theAbiqusu embayment nonh of the Jemez volcoutic field: Kelley. 
1979). A nlliTOW central graben (Velarde graben 1. aligned along the 
Embudo zone. is present near the nonhem end of the mam &panola 
bum <Manley. 1979). Previous SAGE results (Baldridge er aJ .• 19941 
showed that the Abiquiu embayment is essentially a shallow plattonn. 
and may preserve an early stage of development of the Espaltola ba.-.m . 

Proprielary seismic reflection data for pans of the Espanola basrn ha\·e 
previously been published by Black 0984). Allhough these dala. offer 
imponant coverage of the southeastern pan of the basm. no locauon map 
is provided for the seismic profiles. Other proprietary oil company data 
exist in the nonhem pan of the basin as well. and etfons conunuc to 
secure their public release. 

DATA AND RESULTS 
Setsmtc retlecrion and refraction experiments have been perfonned 

dunng every summer of lhc: SAGE program (Fig. I). These expenments 
are usually co-located and hence complement each other in velocity and 
structural resoluuon. Gravity results generally confonn to the seismic 
model. as both the sedimenrary rock velocity and density are pnmarily 
con1rolled by porosrry. confining pressure (depth). and degn:e of sauua­
tion Vanous elet.tromagnetic measurements are also made: in panicular. 
a profile of magnetotelluric soundings has been constructed from the 
Nacrmrento uplift. west of the Jemez Mountains. to the east s1de of the 
Sangre de Cnsto Mounmins. Only the seismic :md gr:~vity results will be 
discus'ied here due to their greater relevance to the: Espanola basin struc­
ture. as opposed to the deep crust 

Seismic profiles 

In most years the SAGE seismic expenments have been des•gned. 
with respect to recording apenure outd ~ource energy. ro explore depths 
corresponding to basin slructure ci. e .. a few kmJ. In 1986. 1987. 1988 
and 1993. ~hallow targets were sought. Also. reflection effons were ham­
pered in !lome years by the presence of volcanic and volcan1dasuc rocks. 
wh1ch degrade the data quality and limit the: depth of penetrauon. Van­
ous recordmg ~y<aems. energy sources. outd procc:ssmg systems have been 
used. Since 1989. Vibroseas® recording and proccssmg with Advance 
Geophy.;acal'' MrcroMax® and ProMax® sy~tems has been standard. 

Four profile~ 1 Fig. :!). representing stx field o,ea~ons (about 8 km of 
hne are aCl~um~d each l>Ummerl are discus!>ed here. These profiles char· 
actenzc: the eJ)tem basm margm. adJacent to the Sangre de Cnsto Moun­
tarn' .1nd the 'halluw WC!.tem .snd nonhwestem pam of the E~pafaola 
ba'!n. The profile, document earher mference~ ba~ed on geologJcaJ data 
te !=. Kcllc'. IY7H. ~anll!'y. 1979t that the: E'pafaola hao,m "a"iymmetn· 
..:al :\tore Jer:ulcd de!>cnpuon~ of the f1dd procedures for the: Te,uquc 
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FERGUSON. ET .-\L. 

tE J .lndcA map. showiq loc:alionl of aD SACiE seismic proiUa llld the yan ill Mlich the work wa8CCOIIIP1ilbed.l'lafilcs dilc:ual:d ill dlis peper are as rotJov. ;: 
:cas 1984111d 1985. RioddOsois 1989.Abiqaiui11990111d 1991.11Dd Vellnlei119M. Seismir:)IIVfilcsplaaaedfor I"' and 1996(dasblldlineJarcdestped ~ 
:u: a 5ia&Jc traiiSCCt ac:ross dw: Embudo flllk mae. Jbtdlured paaem is Pn:cambriaa rocb. horizonlllly dulled p111erD i& pre-Tenilly rodts.lbldcd plltCftl u .oW 
ic: rocU.. while is Teniary sediments liDd sedimentary rucks. 

:m be found in Biehler et al. ( 1991) and for dte Abiquiu line in 
.dge et lll. ( J 994 ). The Rio del Oso line was JUOrded in a manner 
r 10 du: Abiquiu line. with the ARCO F"aeld Acquisition Survey 
The Velarde line was recorded with two vibrarors and a 48 ~han­

?S IV system opcrau:d by die Colorado Scbaol of Mines. Field 
~~ wen: similar ro the Abiquiu line. excqx for a smaller rec:on:J. 
enure. 
· inserprewions (Fig. ~) have been made wirb the aim of iJiustrar· 
:major ~fleeting evenu in each common midpoint fCMP) sraclced 
tt. It was not practic:aJ to reproduce the aciUal sections in lhis for­
lie actual seismic seclions for Tesuque and Abiquiu are available 
bier et at.< 1991) and Bllldridte et al. ( 1994). and the Rio del Oso 
:Wde sections will be published in the near future. The imporwn 
Ms of the four sections displayed include a thickness of Eocene to 
eae rocks and a pac.k4Be of pre-Tertiary sedimenwy rocks. which 
e various thicknesses of P:lleozoi~ and Mesozoic: units. The Pre­
ian basement is usua.ll~· de\·oid of geophysically c:barxt~riz.able 
ll'e. exc:epc in the Velarde profile. Proterozoic supnamrstal rocks of 
~and Vadico Groups t Mawer et al.. J 990) are likely responsible 

for the deeper tefleaing events in dw seclion. The Precambrian Sb'U.:· 
tures are not weD oriented wilh respect to the Velade IW"Yey line (Ma,.·er 
et al .• 1990). whicb was designed to map the sballower borizons. 

Tbe cbickness of Paleozoic and Mesozoic rocks is of considerable im­
portanc:e. Prior to this work the effect of the Laramide uplift on the pre. 
viously extensive Paleozoic aod Mesozoic sedimentary rocks beneadl 
the Espdola basin was nearly unknown. Tbe extent of these rocks was 
fim recognized in the subsurface by Black ( 1984).. who inferred the pres­
ence of thrust sbcea of presumed Laramide fealty Teniary) a,t tO e:.:· 
plain some of the seismic observations. Subsequently. baed on SAGE 
data and on drill holes for hydrocarbon exploration. Biehler et al. ( 1991• 
reinterpreted subsurface ~lations in the Tesuque profile {southern pan 
of the basin) to indicate lhat the Paleozoic/Mesozoic section was ero­
sionally uuntaled and missina from the easaem two thirds of the pmflle 
and that Teniary uniiS directly overlie Precambrian. Only small. isoJmd 
rcmnanu ofPuleozoic and Mesozoic rocks crop out on abe western flanls 
of the SangR de Cristo Mountains. The Paleozoic and Mesozoic roc;l..s 
are geophysically well chanu:terized by higher velocities and densities. 
The maximum thickness observed is similar to measured secrions in 
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FIGURE 2. lntcrpseted comJ1)()ft midpoint srxlcechdlectioa seclions. AU profiles ue rime sections. On each fCICtiofl.. die upper unpiftCtlled illta'Val repmeatS T~ 
ledimclus aDd Hdimenwy rocks. illdudina rift fiD: Shaded JtiUa'1l i~ PaleozoK: and Mesozoic sedimentary rocks. Underlying unpauemed imaval is Prccambn.~.~ 
Major c:oberem retlectinr evenrs are indic:llfCd by black lilies. heavy black lines indic:are mapped faulrs. For mosr of d1e Tesuque line. Tertiary uni1s ate inferred to dim:'::~ 
OYeriie Precambrian crystalline rocks~ top of PreC:arnbrian is marked by subhoriumlal neneaors. 

nearby oula'Op. The Teniary unconformity ia dte Tesuque line displays 
a gentle dip to the west. witb only minor(< 200m) nonnaHauhing. No 
major eXtensional feanues are_ recognizable; .· 

The Abiquiu line was very sipir&Cant ln~~ing the ctwacter 
of rble ~zoican<fMcsozoic section (Baldridge~ al •• 'J994 ); The west­
-em end of the seisrmc profile is on MesoZoic iuc:bof lbe Colorado Pla­
~eau. which QJl bec:ondnuousiy traced .east_WanHnro•thesubsutface. 
The lOwermost reflecting event is due 'to tiJC·Madera limestone. which 
overlies the Precambrian .basemefti. This~ his a vtO' diiiracterisric: 
.. two-legged". wavelet. which ·.c:an be. idenrifaecl. in most of' the seismic 
seerions •. The Laramide uplift haS ~a lhinniiigofthe Pnltozoic and 
Mesozoic section to the eust alAbiqili&iThe Tertiiley rift basin lllAbiquiu 
is rather shaiJow and lacks majofextei\SiOriai featum .. 

Twenty kilometers sourheast of Abiquiu. along the Rio del Oso. the 
Pal~zoiciMesozoic: section is interpreted tO Qndertie a similar thickness 
ofTeniary rocks. but does nocrbin eastward.; thus . .pJacing abe Laramide 
uplift to the east of rhis line. Jnsrw; lbe eastern end of the Rio del Oso 
lint"~"' ·vs a:monoclinal warping and faulting downward ro rhe ease in co 
the . .de graben. 

P=-zoic:/Mesozoic rocks recognized in rhe Velarde line 3I'C interpreted 
: () be erosion:JIIy rhinned to the e:lSI. wirh a gende dip of the unconformity. 
,miJar to the Tesuque profile 40 km to lhe soulh. The acrual dis:~ppear· 
1nce of che pre·Teni~· sedimc:nr:Jry rocks occurs easr of lhe end of the 
o<:ismic line. On 1he west end of the line. major. down·IO·the-wesr. nor-

mal faulting is observed on the Velarde fault. stepping down into th~ 
Velarde graben. 

Gravity..., 
The gmvity map {Fig. 3) incorporates data galhered over the 12-ye;u 

history of SAOE. as weJJ as from older U. S. Geological Sun-ey (Cordell. 
1979) ~s. The SAGE data con_sists primarily of dense tr.msects ne;ar 
the seismic Jines. -ahh~gh an auempuo acquire a beaertwo-dimen· 
sional anay ofstations has been pursued as well. Startin1 in 1994. and''' 
be continued over the ne~t-two summers. inhe use ofthc Global Posi­
tioning System (GPS) for elevation control and a more a~ssive fillin~ 
of data.gaps·on rhe.lll4J).-This effort will make possible a better diRe· 
dimensional model of the basin. when locally guided by imerprewion 
of the seismic profiles. No other significant subsurface conuoJ (i.e •• bcft· 
holes) is available in most oflhe ESpaftola basin. 

The imporumt conclusions~ from the gravity datl :are: {I) major 
extensional structures (fault-bounded sub-basins) ~ confined to the ccn­
rerof che main ESpniiola basin: Cl)a gendy basinward-dipping unaJnfonnity 
on the Precambrian is c:h.aracreristic of the entire e:wem margin of thi: 
Espanola basin from Santa Fe to Velarde: :snd (3) no major ~uuc:turaJ reJid 
exists between Abiquiu and the Rio del Oso. Cotdetl ( 1979l ~ a 
similar conclusion with res;ud to the cenua.l b:asin graben~.llse amplitud.: 
of the ussociated gravity anomaly implies sevml kilometers of structur.al 
relief across rhe ten fo twenty-kilometer wide zone. 
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Gravily and tectonic map. Bouguer gravity is c:ontowed at a 2 mGal interVal. SWion locations are indicated by small MX""symbols. Stippled pancm is exposed 
1 rocks. Heavy lines are faults. with bar and ball on downthrown side. "The 1eet0nic base is abslraCted from Kelley ( 1978) for interpretive purposes. A, Abiquiu: 
; LA. Los Alamos: SF. Santa Fe:: and T. Taos. 

osed graviry lows are situllled along the surface trace of the 
ajarito faulr system (Fig. 3 ). We infer that the lows result from 
;ub-basins developed along the fault system. 1bc nonh-cast· 
· these. elongated east-northensterJy beneath Black Mesa. is 
y faults along both sides. Thus. we infer dw the gravity low 
n a stM;tural basin fonned between these faults. the Velarde 
vfanley c 1979). The Velarde seismic profile imaged the south 
anomaly I Fig. 2). Two down-to-the-nonhwest faults extend· 
1e boundary of the Picuris range are present CManley. 1977). 
m of these faults is the Velarde fault of Manley ( 1979). Since 
•se to the end of the 1994 seismic line. we ase not able to 
he :unount of offset where the fault crosses our line. The south­
wo faults I unnamed) appears to have a vertical component of 
to 1.5 km. Gmvity data indic:ue that the southwestern end of 
gmben does not continue west of the Rio Chama. The west· 

he gmben •~ bounded by the rollover of str:tta and by the fault 
1m the 1989 ..r:tsmic data 1F1g. ~)near the e:.srem end of the 
J. 

J do!>cd gra' ity to" i~ located .. outh of the Embudo zone 

west of the Rio Grande. It is bounded on the nonh by the Embudo fault 
zone and on the east and west by north-tn:nding faults, but appears to 
bave no distinct bounding strUCnlres on the south or west 1be Sleep 
gravity gradient associated with the Embudo faull zone suggests t1w a 
large down-to-the-south offset oa:urs across the fault at this location. 
which is compatible with the sense of offset derived from geoloBical 
mapping (Dethier and Manley. 1985). 

A third gravity low, bounded by the Pajarito fault zone on its west 
side. is situated beneath the Pajarito Plateau south and east of Los Ala· 
mos. Although no faults are present at the surface along the east side of 
the gravity low. we suggest that the basin may be bounded by faults in 
che subsurface that lie to the east of the southern projections of the Rendija 
Canyon and Guaje Mountain faults. 

Over the next two summers reflection and wide-angle seismic data 
will be acquired to connect the Abiquiu and Velarde lines cFig. I) over 
the :!5-km gap separating them across the northern gravity low. It is un· 
likely that se1smic data will be acquired across the two southern gravity 
anomalies due to volcanic and volcaniclastic cover in the Pajarito Pia· 
teau area and to access restrictions. 
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DISCUSSION AND CONCLUSIONS 
The EspaAola basin consists of a series of rwrow. deep. axtal U'Oughs 

1or sub-basins) arrayed alons the Pajarito and Embudo fauh zones an an 
·•··· crwise relatively shallow basin. The eastern side oflhe Espanola ba· 
........ dips gently wesrwud and northwestward coward the PaJarit~mbudo 

fault system. with nn major suvctural boundary apparenr at tts eastern 
margin (Baltz. 1978; Manley, 1979). The northwesrern pan of the basm. 
nonh of the Embudo fault zone. is pnmarily a shallow platfonn sepa· 
rarcd from the Colorado Plateau by a broad zone of faults wirh throw of 
SOO m <Baldridge er al.. 1994). This shallow platfonn continues sourh­
ward at lease as far as tbe Rio del Oso with no major strucrural 
discontinuities. and is essentially "decoupled" from the resr of the 
Espailola basin by the Embudo zone. The Pajariro fauh zone is a major 
down-ro-the-east fault system. From gravity data we infer lhaf rhe basin 
as shallow wess of the Pajarito fault zone. but we have been ~le ro. 
successfully determine basin geometry beneath rhe volcan1c and 
volcaniclastic rocks of the Jemez volcanic field wirh seismic data. 

We suggest. in agreement with Manley ( 1979), tba1 the axial struc· 
tural troughs may be younger than the faults bounding the margins of the 
Espaftola basin. and thus that the troughs represent a relatively recent 
~tage in the evolution of the Espanola basin. Along the margin of the 
Colorado Plaleau neM Abiquiu. faults do nor appe:1r to have undergone 
significant offset more recently than about 8 Ma (Baldridge er al .• 1994 ). 
ln contrast. both the Pajarito and the Embudo fault zones have been ac· 
uve in Pliocene to Holocene rime. South of Los Alamos. up ro 200 m of 
down-to-tbe-easr offset has occurred on me Pajarito fault zone since the 
Bandelier Tuff was erupted (Smither al .• 1970; Caner and Gardner, this 
volume). Fault activity on the western segment of the Embudo fault zone 
(west of Espanola> may have been. in pan. contemporaneous with that 
of the Abiquiu margin. bur apparently continued until more recently 
(Aldrich and Oethier. 1990). Right-slip offset along this pan of the fault 
zone commenced after deposition of rhe youngest sediments of rhe Santa 
~ oup (Cbamita Formation), about 6-4.5 Ma (Manley. 1979), but did 
l~fect upper Puy~ sediments. i.e .• sediments younger than about 2.5 
Ma<Dethier and Manley. 1985;Aidrich. 1986;Aidricb and Dethier. 1990). 
In contrast. Quaternary defonnation along the eastern segment of the 
Embudo fault zone (Velarde gnben segment) is ~ed by fault scarps 
cuuing alluvial fans along the base of the Picuris Mountains and by geo­
morphic evidence rMuehJberger. 1978. 1979; Dungan et aJ.. 1984). 
Present seismicity indicates that defonnarion is continuing along this 
segment CHouse :md Hanse. this volume). 

lf our infem1ee is correct that the deep axitll sub-basins arc younger 
than the extension along tbe margins of the Espaiiola basin. and in Ci· 

sence that the active part of the basin has become nanower with rime 
(Manley. 1984), then this shift in activity may correlate with a major 
reorientation of the direction of regional extension from east·nonheasc 
to west-nonhwest C~k et al .. 1981; Aldrich et al .. 1986) that oc­
curred over a broad region of the western U.S. about 10 Ma. Thenar­
rowing of the basin may have occurred in response ro the change in the 
regional stress field. assuming that the faulrs toward the center of the 
basin were more favorably oriented. or simply ro the focussing of ex ten· 
ston on specific fault zones as the rift basin continued to develop. 

Finallv. we arc now beuer able ro delineate the western extent of the 
massive ·sangre de Cristo-Bmzos uplift of Laramide rearly Teniary) age 
than has been possible from surface data alone. Along the western side 
<>f the basin. Paleozoic and Mesozoic sedimentary rocks are preserved 
l:~enc:nh Teniary basin-filling sedimentS. although in the Abiquiu line 
rhese units are observed to thin dr.unatically to the east beneath an Eocene 
unconfonnny (Baldridge et al.. 1994). In the southeasrem pan or the 
t~aStn I Tesuque line I. the Paleozoic/Mesozoic seclton has been completely 
removed by eroston. allowing Teni:ary basin fill to be depostted directly 
nn lll"""'1mbrian rocks I Biehler er al .. 1991 ). However. if we have inrer· 
pre .. ..e Velarde section correctly. a rhick section of Paleozoic!Me\o· 
mrc~l\s rs present. posstbly mdicaung that this area lay m a reentrant 
1n rhe w~tern margm of the uplift. 

In conclusion. the exi~rence of ltmsred. but strategically placed. ,e,,. 
:l':rc lines combmed wrth more broadly rang10g gravny coverage make!> 
.m rnregr.ued geologlcal-geophy'itC:Ji model po~!>tble m 1hree damen\lon,. 
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As. cbc SAGE pbut for a comptece easr to wesr transect of the basin
1 i~ 

completed in the nexr few field seasons. a qwmrirauve geophysical-sqtc. 
rural model will be produced. Gravity wilJ be used to infrr strU~l 
detail. by analogy to areas where seismic data exist. We believe t~p­
nematics of the basin evolution can be deduced from a. model oi p,•!> 
rype-. under reasonable assumptions and geolog1c conslr.Unts. l. 
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