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Oyer 100 radiometric dates and receot deWled plope: mappinl allow some refinemcall of the 
strati&nlphic relations of major unill and p:neraIization of temporal Iilbologic variatiODl in lbe Jemez 
Yolcanic field. Volcanism had belJUn in the area by about 16.' Ma with episodic eruptions of alkaline 
basalts. 8y 13 Ma, alkaline volcanism bad bleD replaced with eruptioDl of more yoluminous olivine 
tholeiite. Hip-silica rhyolite. derived from melll of lower crust, abo wu eruptin& by about 13 Ma. 
Bualt and hip-si1ica rbyolite continued to be erupted until about 7 8.Ild 6 Ma, respectively, but eft'usions 
of dominantly andaitic dilferentiates of basalt lbat bepD u early u about 12 Ma volumetrically 
ovenbadowed all other eruptive products between 108.lld 7 Ma. From 7 to 3 Ma lbe dominant erupted 
lilbololY wu dacite. which appears to have bleD puerated by mixinl of mqmu whOle compositioDl 
are approximated by earlier 8.Ildesita and bilh-silica rhyolites. Leu than 4-3 Ma volcanism wu domi­
nated by eruption of rbyolitic tuft's. Field relatiODl, pocbemistry. and data rpeci&:alIy indicate tbe 
followinl with reprds to stratilfaphic relatioDl: (1) distinctioDl amonl basalt of Cb.amisa Mesa, Paliza 
Canyon Formation basalts. and Lobato Dualt for olber than polfapbic reUOllJ are anific:W; basaltic 
yolcanism wu continuous in yolC8.llic field from > 13 to 7 Ma, (2) Canovu Canyon and 8earbcacl 
rhyolitllS form a continuum of hip-silica rhyolite volcanism from > 13 to 6 Ma, (3) hypabyssal and 
yolcanic rocks of the Cochiti mining district probably represent the exhumed interior of a K.eres Group 
yolcano(s). (4) temporal overlaps exist amonl lbe major strati&nlphic lfouPS which may imply some 
JIIIIctic relations, and (" the Tewa Group formation Cerro Rubio Quartz Latile may more appropriately 
be considered pan of the Tschicoma Formation of the Polvadera Group. Preliminary analym of by. 
drothermal altcration in the context of lbe volC8.llic strati&nlPhy Sugesll at leut three distinct hy­
drothermal events have occurred in lbe volC8.llic field's history. 

INTRODUCTION lap among all groups (Figure I), but the three stratigraphic 
With increasing scicntific: interest focused on the Jemez vol­ ,groups retain much of their petrological significance. as im­

canic: field because of the Continental Scientific: Drilling Pro­ plied by Bailey et al. [1969]. 

gram, numerous detailed geological, geochemical. and pet­ Stratigraphic: relations within a complex volcanic field such 
rologic: studies (for example, this special section) of various as the Jemez Mountains are not as straightforward as in most 
aspects of the Jemez Mountains have been done since the sedimentary sequences. Too commonly, genetic relations for 
pioneering work of the U.S. Geological Survey [e.g., Idd~ng!. the volcanic rocks overshadow purely stratigraphie c:onsider­
1890; Ross. 1931. 1938; Doell and Dalrymple. 1966; Smith and ations. Hence instead of attempting to redefine the stratigra­
Bailey, 1966. 1968; Smith et al.. 1970]. As commonly occurs phy of the Jemez voleanic field, in this paper we point out 
when more detailed information becomes available. revisions stratigraphic and lithologic relations of major units so as to 
of or substitutes .for earlier geologic: models are necessary. The provide a skeletal framework from which funher refinements 
purpose of this paper is to present stratigraphic relations, may be made. Although the rormaJ stratigraphy was based on 
based on new field and radiometric: data, together with gener­ excellent field geology and some radiometric: dates for the 
alized temporal lithologic: variations which have imponant pre-Tewa Group rocks. the c:yc:lic, bimodal nature of vol­
implications for the development of the Jemez volcanic: field canism it implies is misleading (see below). However. it is our 
and probably the Bandelier Tuff magmatic: system(s). intention that this paper complement Bail~y en al. [1969]. not 

Bajl~y et aI. [1969] and Smith ~t al. [1970] developed a replace it. 
formalized stratigraphy ror the volcanic and voleanic:lastic Figure 1 is a summary of the refined stratigraphic: relations 
rocks of the Jemez volcanic: field. They divided the volcanic: that are discussed in this paper. The reader will find compari­
field into the three stratigraphic groups from oldest to son of Figure 1 to Figure 2 of Bailey en al. [1969] instructive. 
youngest, Keres, Polvadera. and Tewa. A compilation of avaiJ­ Figure 2 shows the distribution of the major stratigraphic: 
able dates (Table 1) and field relations indicate temporal over- groups in the Jemez Mountains. and Figure 3 together with 

Table 2 provide an index of geographic: localities mentioned in 
the text. 

Copyript 1986 by the American Gcophysical Union. Lithologic nomenc:lature Cor rocks of the Jemez volcanic: 
Paper number 585479. field is problematic and has been discussed in detail elsewhere 
o148"()227/86/OO58-5479505.00 [Gardner, 1985]. Both c:hemical and modal c:lassification 
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TABLE I. Compilalion of Dales of Jemez Volcanic Rocks 

t
TewaGroup 


EI Alto, Sanla Ana Mesa, 

Tshirege Member Cerro Olowi Member Cerro Rubio Pn:-Bandelier and CerrOi del Rio 


Valles Rhyolile (Bandelier Tull) Toledo Rhyolite (Bandelier Tull) Quartz latile Silicic Tull'l "Baull Fidda" 


Refer- Reier- Refer- Refer- Reier- Reler- Refer-
Dale. Ma enee Dale. Ma nee Dale. Ma ence Dale, Ma nee Dale, Ma nee Dale. Ma ence Dale, Ma eace 

0.1l t 0.10 10 1.02 to.04 4 1.20 i 0.0) Il 1.37 to.04 4 2.18 to.09 Il 2.85 i 0.07 17 1.96 t 0.06 6 
0.365 t 0.061 15 1.06 t 0.0) 4 1.22 t 0.04 4 1.44 iO.04 4 l.S9 t 0.)6 Il ].64 t 1.64 9 2.4 i 0.) 6 
0.434 t 0.01S 
0.494 t 0.015 

4 
4 

1.09 t 
1.1 t 

0.0) 
0.1 

4 
2 

1.2) t 
1.24 t 

0.02 
0.03 

14 
I) 

1.48 t 0.09 4 2.5 to.] 
2.6 t 0.4 

I 
I 

0.S02 t 0.01S 4 1.19 i 0.04 4 1.27 t 0.02 Il 2.6 t 0.4 I 
0.n5 t 0.015 4 1.24 t 0.05 4 1.3) i 0.02 I) 2.6 t 0.2 , 6 
0.692 t 0.01S 4 1.38 i 0.05 I) 2.78 i 0.44 6 
0.707 t 0.01 9 4 1.47 t 0.04 14 2.76 t 0.44 7 
0.726 t 0.015 
0.82) ±0074 

4 
4 

1.47 iO.05 
I.SO t 0.05 

I) 
I) 

2.8 t 0.7 
2.8 i 0.5 

8 
8 

0.884 t 
0.886 i 

1.04 i 

0.028 
0.019 
0.05 

4 
4 
4 

2.8 i 0.1 
2.8 t 0.1 
3.1 i 1.0 

6 
6 
8 

o 
~ 

).2 to.1 2 ~ 
4.4 t 0.1 2 ~ 

4.62 t 0.12 II 
~ 

Polyadera Group 
Keres Group 

Paliza Canyon Formalion 
( 

EI Rechuelos 
Rhyolile Tschicoma Formalion Lobalo Basall Bearhead Rhyolile Dacilic Rocb Andesilic Rods Basaltic Rocb 

Canons Canyon 
Rhyolile 

~ 
Fi 

Refer- Reler- Refer- Refer- Refer- Refer- Refer- Refer­ ~ 
Date. Ma 

2.01 t 0.06 

enee 

II 

Dale, Ma 

3.15 t 0.28 

enee 

6 

Dale. Ma 

7.6 t 0.4 

ence 

8 

Dale. Ma 

5.8 i 0.2(1)'" 

renee 

II 

Date. Ma. enee Date, Ma nee Dale. Ma enee Dale, Ma 

8.79 t 0.66 

ence 

5 
e 

2.07 i 0.06t ) ).77 t O.l2t 3 7.6) t 0.16t 3 6.18 t 0.09 5 7.4 i 1.6 5 8.69 t 0.)8t ) 8.8 i 0.3 6 9.24 ± 1.5 5 
3.98 t 0.18 12 7.8 i 0.5 8 6.22 t 1.2 5 8.8 i 0.5 5 8.88 i 2.7 5 10.4 i 0.5t 6 9.32 i 1.6 5 
4.2 i 0.) 6 7.8 t 0.7 8 6.52 i 0.59 5 9.11 i 0.19f 3 9.0 i 0.3 6 1).2 i 1.24 5 10.0 t 0.3 6 

4.21 t 
5.0 t 

1.3 
0.7 

5 
6 

7.9 t 
8.1 i 

0.5 
0.2 

8 
6 

6.74 i 
6.81 t 

0.47 
0.15 

5 
18 

9.3) i 
9.48 i 

O.l9t 
0.44 

) 

5 
9.5 i 

10.6 i 
2.5 
J.4 

6 
5 

10.2 i 
10.5 t 

0.) 
0.9 

6 
S 

5.16 i O.ut 3 9.07 i 0.22 12 7.1 i 0.2 6 10.1 i 2.5 5 12.4 t 1.98 5 
5.65 i 
5.78 i 

0.82t 
0.18t 

] 

3 
9.20 i 
9.56 i 

0.25 
0.24 

II 
16 

7.12 i 
7.54 i 

0.4 
0.28(1)· 

5 
II ".t!O.~ (Sft,'u..,',\13) 

6.36 t 0.95 5 9.6 iO.3 6 
6.82 i 0.17t 3 9.6 i 0.2 2 
6.87 i O.3Jt 3 9.7 i 0.] 2 

9.8 i 0.4 I 
9.9 i 1.0 8 

10.12 i 0.27 II 
10.17 i 0.24 12 
10.30 i 0.30 12 
10.30i 0.30 16 
10.40 i 0.0] 12 
10.67 i 0.30 16 
10.76 i 0.28 
14.05 ±0.)) 

II 
12 , 
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schemes tend to obscure the diversity of rock types in the 
volcanic field. With few exceptioas the rocb or tbe volcanic 
field are subalkaliDe (Fipre 4), and are of the calc:-a1b1iae 
series [Smith er Gl.. 1978; LawrDII:e. 1979; Gardnn. 1985]. In 
fact, most andesites of the Jemez Mountaias satisfy tbe criteria 
suggcsted by Gill [1981J for bigh-powsium orop:nic: IUlde­
sites [Gardnn, 1985]. For all of these reasoas. we include 
selected chemical analyses of eacb major unit (Table 3), and 
adopt an approach to rock nomenclature based primarily OD 

Si02 content, as (ollows: less tban ,53% Si02• basalt; ,53-64,.. 
Si02• andesite; 64-70% Si02• dacite; 70-7,5% Si02• rbyolite; 
and greater than 7.5% Si02, bigh..ilica rbyolite. A noteworthy 
result of our approach to rock nomenc:lature is that wbat we 
refer to simply as dacites have been variously called dacites. 
latites. quartz latites. and rbyodacites by other workers. 

In a final section of tbis paper we briefty discuu by­
drothermal alteration events that have oc:c:urred throushout 
tbe history of the Jemez volcanic field. Altbough the timin. of 
tbese bydrothermal events is presently poorly constrained. a 
discussion of hydrothermal activity in the context of the vol­
canic: stratiaraphy has never been previously attempted. 

INCEP110N Of VOLCANlSM 

Based on field relatioas and 2.5 new radiometric dates. Gard­
ner arrtl Goff [1984] sugested that "Jemez volc:aDism" bepn 
arcater than 13 ML They reported, however, the oldell date 
yet obtained (rom tbe volc:anic: field as 16.5 ± 1.4 M~ on • 
basanite (Table 3) (rom a sequence o( alkali basalts interbed­
ded witb Santa Fe Group sediments ncar St. Peter' .. dome 
(Figures 2 and 3). GtD'dnn [1985] conc:fuded that the Santa Fe 
Group alkali basalt sequence is unrelated to Keres Group 
rocks. but all aeochemical data are c:onsistent with derivation 
of both aroups' mafic magmas from similar upper mantle 
sources. Gardnn [1985] sugscsted, bowever. tbat although 
tbey had a petrogenesis separate from "Jemez volcanic rocb." 
the alkali basalts interbedded with tbe Santa Fe Group near 
St. Peter's dome mark the onset of tbe thermal and tectonic: 
events that have caused development of the volcanic: field. As 
suc:h, reprdless of stratiarapbic aasignment, these alkali ba­
salts coold be construed as markin. the inception of "Jemez 
volcanism." Aldricll [this issue] reports a date of 14.0,5 ± 0.33 
Ma on a unit mapped as Lobato Basalt [Smitll er aI•• 1970] in 
tbe northeastern Jemez MountainL No petroloBic data are yet 
available for tbis dated basalt, but Aldrich [this issue] reports 
that it, too, is interbedded with Santa Fe Group sediments. 
Hence inception of "Jemez volcanism" is more a semantical 
problem tban a aeo10gic: problem. Clearly, volcanism in the 
area bad bcpm by about 16.,5 Ma, and some roeb aasisned to 
formal stratiaraphic groups of tbe Jemez volcanic field bave 
aIlS greater than 13-14 ML 

K.E:luls GROUP 

Bailey er aI. [1969] defined the K.eres Group u being com­
posed of the three formatioas. Canovu Canyon Rhyolite. 
Paliza Canyon. and Bearbead Rbyolite. and an informally des­
ignated unit, the basalt of Chamisa Mesa. Field relations and 
radiometric: dates indicate that K.eres Group volcanic: activity 
spanaed the period from greater tban 13-6 Ma (Fipre 1 and 
Table 1; see also GtD'dnn arrtl Goff[1984]~ Keres Group rocks 
are best exposed in the southern Jemez Mountains and in the 
northern rim of Valles caldera (Fipares 2 and 3). Although the 
aroup contaias a fun spectrum of rock compositions (rom 
olivine tholeiite basalt to bish-silica rbyolite (Table 3), it is 
volumetric:ally dominated by andesites of the Paliza Canyon 
Formation. In fac:t. tbe reconstructed distribution of Keres 
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FiB- 1. Generalized stratigraphic relations of major units in the vicinity. of the Jemez volcanic field. Irrepdar Iti",,1c. 
Keres Group formations; coarse. regular stipple., Polvadera Group formabons; random dub. Tcwa Group formabons; 
horizontally ruled pattern. youn, basalt fields, as indicated. Duhed lina indicate wsc:enaiDty. Also a aemalie lOuth-to­
nonh (Ieft-to-riabt) section throuab the volcanic field (modified from G..1IMr aNI Goff(1984] and GtrdNr (lftS]). 

Group rocka after lUX:Ounung for effects or faulting. erosion, 
and caldera formation [Self et at. this issue] (also see dis­
cussion by GtII'GMr [1985]) suuests that rocks of this group 
easily constituted about 1000 kml, balf of the volume of the 
entire volcanic &eld. 

Nowhere baa the true stratigrapbic base of the group yet 
been identi&ed. Near SL Peter's dome (Figures 2 and 3). the 
Keres Group volc::aDM: rocka uncomormably overlie arkosic 
basiD-&I1 sedi_ta of the Santa Fe Group. Interbedded with 
the Santa Fe Group are the only true alkaline basalts yet 
found in the JIIDIZ Mountains, tho stratigraphically highest of 
which h .. yielded & date or 16.5 ± 1.4 Ma (Table 3) [GQI'dlU'f' 
and Goff, 1984]. TbeIe basalts and sedimentary rocka may be 
indicative of the ouet or rifting that initialed and enabled 
development of the volcanic field. 

In tbe south central Jemez Mountains. Keres Group rocks 
overlie hydrothennally altered volcanic and hypabyssal rocka 
of the Cochiti mining district (Figure 3) [Smith et al.. 1970] 
(Bland group or Stetn [1983]). Although Smith et aL [1970] 
showed the contact as unconformable, R. A. Bailey (personal 
communication, 1980) stated that the map contact was placed 
somewhat arbitrarily because of uncertain relations between 
the two groups. Smith et al. (1970] showed that the Bland 
group rocks were of probable Eocene or Oligocene age, ap­
parently based on their resemblance to similar rocks in the 
Cerrillos Hills and Ortiz Mountains; however. Ross et al. 

[1961] presented an "inconclusive lead alpha age determi­
nation on zircons" of 19 Ma. Stein [1983] obtained a K·Ar 
date on feldspar from a monzonite porphyry. one pf tbe 
younger units in the Bland group, of 11.2 ± 0.3 Ma. Re­
connaissance in the Bland group indicates that andesitic dikes 
are numerous. "country rock" in the area is two-pyroxene 
andesite. and high-silica rhyolite is abundant. All of these rock 
types. including the monzonite porphyry, are petrographically 
very similar to Keres Group rocks. Funhermore. Wronkiewic% 
et al. [1984] indicated that lold mineralization in the Cochiti 
district postdates Bearhead Rhyolite (7-6 Ma). These rela­
tions. together with Stein's date., suggest the Cochiti district 
rocks may be the interior of a dissected Keres Group volcano. 

In the western Jemez Mountains, Keres Group rocka un­
conrormably overlie Paleozoic· Mesozoic limestones and red 
beds [Smith et aI., 1970]: Paliza Canyon basalt and Cerro del 
Pino dacite (see below) lie unconformably OD an irregular ero­
sional surface on a raulted(?) sequence of tuffaceous wacke, 
arkosic arenite. and conglomerate of problematic correlation. 
Smith et al. (1970] depicted the sedimentary sequence as "Abi­
quiu Tuff or Smith [1938]," but R. A. Bailey (personal com­
munication. 1980; R. L Smith and R. A. Bailey, unpublished 
mapping. 1980) and K. Manley (personal communication. 
1983) suggested that the sequence may correlate with the 
Santa Fe Group. 

The younger limit of Keres Group volcanism is about 6 Mil. 
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Fia. 2. Generalized map showiol distribution of major stratigraphic aroups (pallCI'IIJ are the same as Fisure 1) aDd 
the major fault zones in the Jemez Mountaill.t. JFZ, Jemez fault zone; SFZ. Santa AlIa Mesa fault zone; CFZ, Caiilda de 
Cochiti fault zone; PFZ, PajarilO fault zone; Vc. Valles caldera; R. resurpnt dome of VC; T, Toledo embayment; aDd 
SPD, Sl Peter's dome (from Ganbvr IINI Goff[ 1984]; modified from Smirh!!r Gl. [1970]). 

based on K-Ar data of the Bearhead Rhyolite (Table 1). As 
shown in Fil11re I, waning Keres Group volcanic activity 
overlapped the early activity of Polvadera Group formations. 
Consistent with the relations sugestcd by the K-Ar dates, 
conformable and unconformable contacts exist betwCCD the 
two groups in the nonhero wall of the Valles caldera. and 
substantial volumes of undated twa.pyroxene andesites nonh 
of Valles caldera, peuographically identical to those of the 
Keres Group, are inclUded in the Polvadera Group by Smirh 
er aI. (1970). Funhermore, two rhyolite domes mapped as 
Polvadera Group rocks by Smirh er al. [1970] intrude and 
overlie Polvadera dacites; these two domes are probably 
Keres Group rhyolites in age and chemistry (see EI Rechuelos 
Rhyolite.. below). Over much of the area, domes. ash ftows. 
and pumice deposits of the Tewa Group rest unconformably 
on (or locally intrude) a russed erosional topography on the 
Keres Group. 

Bailey er al. [1969] originally supposed that the basalt of 
Chamisa Mesa was one of the oldest units in the Jemez vol­
canic field primarily because of relations OD Borrego Mesa 
(Fi,ure 3) (R. A. Bailey. personal communication. 1983) where 
Chamisa Mesa basalt is separated from Paliza Canyon basalt 
by a sequence of Canovas Canyon tuff. This was apparently 
confirmed by a date of 10.4 ± O.S Ma on Chamisa Mesa 
basalt [Leudke and Smith. 1978]. the oldest at that time in the 
Jemez volcanic field. New dates (Table 1) [Gardner and Goff, 
1984] and petrographic and geochemical data [Crowley, 1984; 
Gardner. 1985] show that the basalt of Chamisa Mesa is indis­
tinguishable from basalts of the Paliza Canyon Formation. 
We include therefore. as did Ross er at. [1961] in their "early 
basalt,M the basalt of Chamisa Mesa within the Paliza Canyon 
Formation. 

Bailey er al. [1969] defined the Cochiti Formation. a vol­
caniclastic sequence essentially contemporaneous with the 
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Keres Group but did not include it within any or the strati· 
graphic groups or the Jemez volcanic field. Other workers 
have included portions or the Cochiti Formation as part or the 
Santa Fe Group [e.g., Hawley, 1978; Manley, 1978]. Because 
or intimate spatial. temporal, genetic. and tectonic relations to 
rormations or the Keres Group (see below), we include in this 
discussion the Cochiti Formation as part or the Keres Group. 

Canof)(J$ Ca"yon Rhyolite 

The Canovas Canyon Rhyolite consists or domes, plugs. 
and ash flows or high·silica rhyolite (Table l). Rocks or this 
rormation most commonly are aphyric with only a rew dis­
cernible crystals of plagioclase, sanidine. quartz, and biotite. 
Gardner [1985] argues that the best model ror the p:nesis or 
Canovas Cany~n high-silica rhyolites involves their derivation 
rrom partial melts or lower crustal, granulitic rocks. Type ex­
posures or the rormation are in the Bear Springs area (Figure 
l) [Bailey et al., 1969], most or which is currently inaccessible 
because or private land ownership. 

The rocks or this rormation overlie the Santa Fe Group in 

many localities and are interbedded with, or intrude. rocks of 
the Paliza Canyon Formation and the laharic and basin fill 
deposits of the Cochiti Formation (see below~ Where eruptive 
centers ror these rhyolites can be identified. they invariably lie 
on raults or the Canada de Cochiti rault zone (Figure 2). 

While existing K-Ar dates or this rormation cluster around 
10 Ma. geologic relations with a dated Paliza Canyon basalt 
and two dates on a dome indicate that the rormation is greater 
than 13 Ma (Table 1) [Gardner and Goff, 1984]. Rocks or the 
Canovas Canyon Rhyolite are petrographically and chemi· 
cally indistinguishable from those of the Bearhead Rhyolite 
(Table l), and high-silica rhyolites are interbedded or intrude 
throughout the Keres Group sequence. Field and radiometric 
data indicate the two formations form a continuum of high­
silica rhyolite volcanism rrom greater than 13-6 Ma. We have 
placed a somewhat arbitrary boundary at about 7 Ma be· 
tween the Canovas Canyon and Bearhead rhyolites (Figure 1). 
This boundary is the approximate ap: or a prominant strati· 
graphic marker, the Peralta Tuft' Member or the Bearhead 
Rhyolite (Table I) [see Bailey et al., 1969; Smith et al., 1970]. 
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TABLE 2. Indu to Localities of FiJUre 3 

Map 
Number Locaticm 

1 8aDdelicr National Monument 

2 Bearhead Peak 

3 
 Bear Spriap· 

4 Borrego Mesa 

S Cerro del Piao 

6 Cerro Pelado 

7 Cerro Rubio 

8 Cerros del Rio 

9 Cerro Toledo 


10 Cochiti Canyon 
11 Cochiti Minin, District (BIaDd) 
12 CoUe and Peralta CanyoDi inrcnect 
13 EI Alto 
14 Guaje Canyon 
15 Indian Point 
16 Jemez Plateau 
17 Las Conc.bu 
18 Lobato Mesa 
19 Lol Griqos 
20 Otowi Rum 
21 Pajarito Plateau 
22 Paliza Canyon 

(Peralta and 
CoDe Canyon. intersect 12) 

23 Polvadera Peak 
24 Rabbit MouataiD 
2S ResUfJeDt dome of Valles caldera 
26 Rio del Oso 
27 Ruiz Peak 
28 San Diqo Canycm 
29 Santa Ana Mesa 
30 St Peter'. dome 
31 Tsankawi Ruin 
32 Tsdlic:oma MouataiD 
33 Turkey Rid.. 
34 VC-I core hole 

Paliza Canyon FormtJtion 

Smith et al. [1970] divided the Paliza Canyon Formation 
into three informal map units of "mainly basalt." "mainly an­
desite," and "dacite. rhyodacite. and quartz latitc." GQ1"dMr 

D TEWA GROUP 

[198.5] subdivided the andesine writ of Smith et al. [1970J into 
two sequences of intermediate composition rocks whose erup­
tions were accompanied by on-Ioinl effusions of rhyolite and 
basalt of the Keres Group and basaltic effusions of the Polva­
dera Group (Figure 1), 

Paliza Canyon Inuall. The unit consists of multiple Sows 
of olivine tholeiite basalt derived from upper mantle periodite 
si.m.ila.r to that from which the Santa Fe Group alkali basalts 
were derived [GartUwr, 198.5]. Table 3 contains two analyses 
of Paliza Canyon basalt: typical compositions show evidence 
of fractionation of primarily olivine and clinopyroxene. Both 
sbeetlike and intracanyon flows are interbedded with Canova 
Canyon Rbyolite. laharic and basin fiD deposits of tbe Cochiti 
Formation, and the lower Paliza Canyon andesitic unit. On 
BorRIO Mesa (Figure 3) the writ comormably(?) overlies the 
Santa Fe Group. In tbat the unit yields si.m.ila.r K-Ar dates 
(Table 1) and bas field relations si.m.ila.r to the Canovas 
Canyon Rbyolite. Paliza Canyon basaltic activity reasonably 
began at about the same time., srcater than 13 Ma. For the 
most part, Paliza Canyon basalt underlies the andesites and 
dacites of the Paliza Canyon Formation, but basalts can be 
found interbedded with aU Keres Group units except for Bear­
head Rbyolite. Lwdb and Smith (1978] report a date of. 
1.8 ±0.3 Ma on Paliza Canyon basalt. and dates in the range 
9.6 ± 0.3 to 7.4 ± 0.16 Ma (Lftulb and Smitll. 1978; DaJrym­
p" el al .. 1967] on Lobato Basalt in the DOrtbera. Jemez 
Mountains indicate a continuum of basaltic volcanislit in the 
Jemez volcanic field. from srcater tban 13 to 7 Ma ti'able 1 
and Figure 1), . 

Paliza Canyon "lUJIklirlll." Tbe lower part of the Paliza 
Canyon "mainly andesite" map unit of Smith III al. (1970] 
consists of ilows and domes of bypersthene-augite andesite 
and bomblende dacite wbicb are poorly preserved and poorly 
exposed. The lower portion of tbe writ postdates earliest Ca­
novas Canyon Rhyolite and Paliza Canyon basalt volcanism 
but is interbedded with the upper Canova Canyon Rhyolite, 
Paliza Canyon basalt. and the lower Cochiti Formation. 
Stratigraphic relations with dated Canovas Canyon Rbyolite 
domes suggest that Paliza Canyon intermediate composition 
volcanism bad hegun by 12 Ma. Field relations further suggest 

Co POLVADERA GROUp· PRE-BANDELIER SILICIC TUFFS 
o KERES GROUP • CERRO RUBIO ' 

ALKALINE 
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SiOZ (wt. %) 

Fig. 4. Total alkalis venus SiO: for rocks of the Jemez volcanic: field. Curve separatin. alkaJine and lubalkaline fields 
is from Im._ ilarlJllar [1971]. Data are from Table 3.l..o(fJWr [1984J, GartWtr (1985), and J. N. Gardner and F. Goff 
(uttpublished GaUl, 1985~ 
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TABLE ). Chemical Analyses of Rocb From Each Major Siralillaphic Uni! of lhe Jemez Volcanic Field 

Paliza CanyOD Canovas Canyon Paliza Canyon Paliza Canyon 
Sanla Fe Basalts Rhyolile Andesile Dacile 
Group 

Basanile Type I Type 2 Type I Type 2 
Bearhead 
Rhyolile 

Lobalot 
Basall 

Tsc:hicomat 
Andesile 

Tsc:hicoma 
Dacile 

F81-SO JG8C).5) FBI·22 JG81·51 JG80-47C JG80-28 JG81-48 JG81-)1 JG81·2OA JG80-49 SB224 IMI5) JG8C).12 

Approll.imate 16.5 13.2 II II 8.7 8 8 9 8 6.11 8 6.5 5 
age.Ma 

Major Elemenfs 
SiOI 43.82 SO.62 SO.95 76.08 76.6) 59.98 63.47 66..48 67.45 76.16 SO.5 I 60.76 67.21 
TiO! 
AllO j 

FelO j -

MilO 
MgO 
CaO 

2.36 
D.74 
12.35 
0.17 

10.65 
10.00 

1.76 
17.77 
10.27 
0.15 
3.91 
9.08 

1.37 
15.65 
9.34 
0.13 
7.96 
8.33 

0.12 
11.77 
0.68 
0.05 
0.07 
0.54 

0.12 
12.36 
0.77 
0.04 
0.09 
0.47 

1.09 
16.37 
6.40 
0.08 
2.66 
5.27 

0.83 
16.75 
US 
0.09 
1.65 
3.81 

0.68 
15.75 
3.27 
0.07 
0.58 
1.91 

0.48 
15.43 
189 
0.05 
1.12 
3.10 

0.11 
12.11 
0.68 
0.07 
0.04 
0.40 

1.47 
16.00 
11.05 
0.16 
6.71 
9.56 

0.93 
16.54 
6.02 
0.09 
2.54 
4.62 

0.51 
15.28 
3.68 
0.06 
1.69 
3.40 

0 

& 
i 
:I 

NalO 
KIa 
PIa' 
L.O.l. 
TOIiII 

CI 

3.26 
1.41 
0.81 
2.16 

100.85 

199 
1.29 
0.66 
1.16 

100.66 

3.25 
1.01 
0.34 
1.43 

99.16 

3.11 
4.51 

0.43 
98.02 

300 

180 
4.62 
0.03 
0.41 

99.34 

480 

4.25 4.23 
2.55 3.18 
0.40 0.25 
0.41 1.33 

99.52 .100.10 

Trace Elements 
620 

5.49 
3.81 
0.19 
0.51 

98.80 

3.19 
3.14 
0.12 
0.60 

99.11 

200 

1.92 
4.61 
0.05 
0.31 

98.52 

380 

3.11 
0.93 
0.40 
0.61 

100.51 

n.a. 

3.74 
2.82 
0.22 
0.82 

99.10 

n.a. 

190 
3.18 
0.14 
1.46 

100.51 

SOO 

~ .. ... 
I 
<
0 
I'" n » 
3 

51: 
V 
Cr 

24.9 
260 
3SO 

23 
2S4 
27 

26.3 
176 
280 

J.9 3.2 12.9 
144 
2S 

8.1 
18 
II 

6.1 
31 

5.5 
56 
31 

3.1 30.5 
220 
2SO 

13 
104 
29 

5.1 
58 
22 

n 
.." 

e 
Zn 72 21 11 52 S2 30 n.a. n.a. 
Rh 65 3D n.a. 185 139 55 68 9S 64 154 14 SO 79 
Sr IOS8 IOS3 n.a. 56 60 718 169 S05 410 62 116 649 510 
Zr lSI n.a. 116 112 241 360 454 232 127 133 201 189 
Nb n.a. 20 n .•. n 20.6 19.6 25.3 39 14.7 27.3 13 20 17.) 
Cs 94 4.7 5.5 3.9 2.2 2.1 0.7 3.1 06 14 
Ba 1400 710 590 n.a. 810 1280 1440 2400 1390 800 483 1157 1180 
La 48 52 21.6 41.1 27.3 SO.2 51.9 114 42.9 30.4 30 49 44.1 
Ce 96 71 43 54 54 73 83 129 56 52 54 91 54 
Nd SO n.a. n.•• n .•. n.a. n.a. n.a. n.a. n.a. n.a. n .•. n .•. 
Sm 9.4 7.0 4.5 2.5 3.9 5.8 6.1 Il 5.3 404 5.8 7 404 
Eu 2.3 2.2 1.21 0.25 0.40 1.6 1.6 2.1 0.93 0.51 I.SO 1.43 1.0 
Dy 
Yb 

5.2 
2.0 

5.5 
2.9 

4.2 
1.9 

1.4 
1.7 

3.8 
3.0 

4.3 
2.2 

5.1 
3.3 

12.2 
5.3 

3.2 
1.5 

5.0 
2.6 

5.0 
2.6 

5.1 
2.1 

3.0 
I.S 

Hr 4.9 4.1 1.4 1.S 1.S 5.4 6.3 9.0 18 3.2 1.S 55 35 
Th 4.4 6.1 2.0 22.5 12.9 1.1 9.4 , 14.) 3.4 12.0 3.0 8.4 7.5 
U 1.47 2.18 0.72 6.19 3.94 2.62 2.92 5.22 1.38 4.12 US 2.56 3.29 



lower 
Cerro Toledo Rhyolite Valla Rhyolite 

CeRO Rubio 
Quarlz Lalite 

Fa3-24S 

Pre·BaDddier 

tpiabrile "."F12-92 

EI Rechuclost 
Rhyolile 
ER 3-3 

Bandelier 
Pumke 
Fl2·11 

Cerro 
Toledo 
FII·14S 

Cerro 
Traquilar 
Flt·1l9 

Upper Bandelier 
T......wi Pumke 

f82·94 

Redondo Creek 
Rhyolite 
FlI·I09 

Sail Allionio 
Mountai. 

fIO.14 

Baneo 
Bonito 
F82·1 

Approlimate .......3., 2.8S 2.02 I.4S 1.31 1.21 1.09 1.0 0.54 0.13 
age, Ma 

MDjor £'It/flftds 

SiOl 
TiOl 

66.9 
0.41 

14.4 
0.10 

14.8 
0.08 

13.6 
0.04 

11.0 
0.08 

lS.2 
0.08 

12.1 
0.08 

13.2 
0.36 

14.0 
0.J4 

73.2 
0.29 

AI1O, 1S.2 11.1 12.4 11.9 12.2 11.9 12.2 12.1 13.2 IH 
FclO,· 3.41 U4 O.SS 1.40 1.19 1.01 1.41 1.04 1.09 1.14 
MnO O.OS 0.06 0.06 0.01 O.OS 0.01 0.08 0.03 O.OS O.OS 
MgO 
CaO 

1.42 
3.32 

0.08 
0.33 

O.OS 
0.4S 

0.10 
0.24 

0.02 
0.14 

0.03 
0.26 

O.OS 
8.33 

8.09 
0.69 

O.IS 
0.61 

0.63 
1.51 0 

NalO 3.60 4.00 3.14 4.36 4.21 4.22 3.08 3.66 3.16 3.14 ~ 
KJO 
PJO, 
l.O.!. 

1.20 
O.lS 
1.17 

4.61 
O.OOS 
3.3S 

4.14 

3.11 

4.61 
O.OOS 
4.26 

4.41 
O.OOS 
0.2S 

4.49 
O.OOS 
3.19 

S.36 
O.OOS 
4.01 

4.86 
0.01 
3.63 

S.03 
0.01 
1.96 

4.11 
0.06 
0.24 

I 
~ 

Total 99.11 100.34 100.04 100.59 99.62 100.46 99.31 100.31 100.06 99.34 ~ 

CI 
Sc 

390 
6.$ 

1620 
2.7 3.11 

2800 
0.$8 

Tract £1_" 
190 

1.09 
1990 

1.16 
2200 

1.01 
680 

2.9 
680 

2.2 
SOO 

4.0 

... 
S 

V 64 16 12 14 19 ~ 
Cr 
Zn 

$1 
13 

$ 
40 

S 
20 60 

4.2 
80 33 

3.6 
30 

4.0 
40 

12 
30 ~ 

Rb 
Sr 
Zr 
Nb 

52 
SOO 
160 
n.a. 

ISS 

180 
n.a. 

119 

$8 
40 

330 
9.9 

190 
n.a. 

lOS 

130 
n." 

230 
10 

ISO.... 
330 

3SO .... 
110 

210 
lI.a. 

160 

12S 
lI.a. 

16S 

160 
n.a. 

n 
"It 

e 
C. 0.1 4.1 S.3 10.S 4.6 8.1 II 3.1 5.4 S.2 
Ba 1110 11 1000 320 900 
La 14 59 11.2 S2 31 16 91 51 41 46 
Cc 61 113 44 109 12 80 111 106 19 11 
Nd 19 30 41 I' 29 60 21 21 2S 
8m 4.4 1.0 1.6 IU 1.0 1.4 16.6 s.s S.6 4.S 
Eu 1.08 0.16 0.11 2.4 0.10 0.09 O.OS 0.68 0.27 O.SI 
Dy 2.6 '.0 3.6 I'.S 10.2 11.6 28 S.3 6.' 3.' 
Yb 
Hr 

1.56 
5.0 

S.6 
8.2 

2.6 
3.1 

12.2 
12.0 

S.l 
'.6 

8.1... 1S.4 
14.0 

3.0 
1.2 

4.9 
4.9 

3.S 
S.2 

Th 4.6 21.1 20.4 43 24 26 40 IS.6 23 23 
U 1.16 6.1 1.0 15.9 '.S U II.' 4.2 6.3 S.7 

See GaniMI' [19IS] lOr ..alytical melhods and qualily of dala. 
·Tolal iron a, FcJO, from anal)'lil. '. f I' 

tCbemical data from I.M.fftn (1984). 
::j 
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that intense faulting witbin the Caiiada de Cochiti fault zone 
(Figure 2) accompanied lower Paliza Canyon andesitic vol­
canism. causinS a paucity of outcrops of and tbe best preser­
vation of samples of tbe lower Paliza Canyon andesitic unit as 
angular cobbles ill the immature basin fill sravels of the Co­
chiti Formation. 

Upper Paliza Ca.nyon "andesite"' is the most voluminuous 
and widespread unit of tbe Keres Group. The sequence is 
composed of multiple dows of two-pyroxene andesite, minor 
pyroclastic deposits. and minor domes and flows of dacitic 
rocks. On Cerro Pelado and in the northern topographic rim 
or Valles caldera (Figures 2 and 3) the thickness of the unit 
exceeds 300 m. Larse blocks of andesite of this unit occur in 
the caldera fill tuff in Valles caldera (Goff and Gardner, 1980; 
R. L. Smith and R. A. Bailey, personal communication. 1980]. 
Union Geothermal Company has penetrated "substantial" 
thicknesses of andesite and andesitic cinder (> 300 m) of this 
unit in their exploration drilling in the resurgent dome of 
Valles caldera (Figure 3) [Nielson and Hulen. 1984; R. Denton, 
personal communication. 1980]. Hence the reconstructed dis­
tribution (see Self et al. [tbis issue] and Gardner [1985] for 
discussion), after accounting for effects of erosion, faulting. and 
caldera formation, suggests that the original volume of this 
unit was nearly haH of the volume of the entire volcanic field. 

In the southern and southeastern portions of the Jemez 
Mountains. the upper Paliza Canyon andesitic unit is separat­
ed from the lower portions of the unit by a thick interval of 
interbedded Canovas Canyon tuff. Paliza Canyon basalts, and 
laharic and basin fill deposits of the lower Cochiti Formation. 
In the south central portions of the Jemez Mountains, the unit 
overlies the rocks of tbe Cocbiti mining district (see above) 
(Figure 3). On the western side of tbe area, andesites of this 
unit unconformably overlie Mesozoic-Paleozoic rocks, Mio­
cene sedimentary rocks. or Paliza Canyon basalts. 

Near Las Conchas, in the southern rim of Valles caldera 
(Figure 3), upper Paliza Canyon andesites unconformably 
overlie hydrothermally altered Paliza Canyon basalts, locally 
separated by a thin sandstone. In the southern Jemez Moun­
tains the upper Paliza Canyon andesite is locally and con­
formably capped by the young Paliza Canyon dacites (see 
below I and is intruded by several dacite plugs of Tschicoma 
Formation age and chemistry. Exposures of upper Paliza 
Canyon andesite in the northern rim of Valles caldera are 
locally in both conrormable and unconformable COntact with 
overlying Tschicoma Formation andesites and dacites. Com­
monly, a silicified sandstone separates the Paliza Canyon an­
desites rrom Tschic:oma dacites near the Toledo embayment 
(Figures 2 and 3). Thus field relations and K-Ar dates (Table 
I) constrain the upper limit of Paliza Canyon andesite to 
about 7 Ma. 

Young Paliza Canyon dacites. Plugs, domes, and breccias 
of dacitic rocks intrude and overlie all units of the Keres 
Group except for Bearhead Rhyolite. Most voluminous of 
these are the dome complexes comprising the mountain peaks 
Los Griegos, Las Conchas, Cerro del Pino. and Ruiz (Figure 
3). Although they exhibit some petrographic variability, rocks 
of this unit tend to be coarsely porphyritic with plagioclase, 
two pyroxenes, and hornblende ± biotite. Commonly. out­
crops of this unit contain 1-10% vesicular clots of Ca­
plagioclase and acicular hornblende. Petrographically, some 
rocks of this unit are similar to dacites of the Tschicoma 
Formation. 

The upper Paliza Canyon andesite is the youngest unit that 
these dacites overlie. One date of 10.1 ± 2.5 (Table 1) obtained 
on Cerro del Pi no (Figure 3) is probably only reasonable at 
the younger limit of reported error. Although the dated dome 

is only in unconformable contact with Paliza Canyon basalt. 
essentially contemporaneous domes of the Cerro del Pmo 
complex overlie upper Paliza Canyon andesites immediately 
to the east. In a few localities, dacitic rocks of this unit are 
intruded by domes of Bearhead Rhyolite (7-0 Ma: see below). 
K-Ar dates and field relations sugsest. therefore. that the age 
of this unit is probably 9-7 Ma (Table I). 

Table 3 shows the chemical composition of a typical Paliza 
Canyon andesite (type II and a compositionally extreme 
Paliza Canyon dacite Itype 1). Gardner [1985] demonstrated 
that most Paliza Canyon basalts, andesites. and dacites repre­
sent a differentiation sequence with little or no interaction of 
the magmas with crustal material: he noted. however. that 
small volumes of Keres Group andesites and dacites. very 
similar to Tschicoma Formation rocks. have been generated 
by mixing and homogenization of andesitic and high-silica 
rhyolitic magmas (Type 2 andesite and dacite. Table 31. 

Bearhead Rh yoUte 

The high-silica rhyolite plugs, domes. and tuffs of this for­
mation arc chemically and petrographically indistinguishable 
from the Canovas Canyon Rhyolite (Table 3). and Gardner 
[1985] suggested derivation of Bearhead from partial melts of 
lower crustal granulitic rocks. Included in this formation is the 
Peralta Tuff Member which consists of massive lithic tuff. 
bedded ash fall. and water-worked ash as typified by ex­
posures near the intersection of Colle and Peralta Canyons 
(Figure 31. Eruptive centers, where they have been-identified, 
lie on raults of the Canada de Cochiti fault zone (Fiiure 2). 

Bailey et al. (1969J stated that the Bearhead Rhyolite i.s 
unconformably overlain by pediment gravels. correlative to 
formations of late PliocenCl-1':arly Pleistocene age. As men­
tioned above. field relations and K-Ar dates (Table 1 and 
Figure I) indicate a continuum of rhyolitic volcanism through 
Canovas Canyon and Bearhead time. from greater than 13 to 
6 Ma. We restrict the term Bearhead Rhyolite to those high­
silica rhyolites that postdate Paliza Canyon Formation vol­
canism to be consistant with the usase of Bailey et al. [1969] 
and Smith et al. [1970]. Thus a boundary at about 7 Ma. 
which is the approximate age of the Peralta Tuff, separates 
Canovas Canyon and Bearhead rhyolites. The younger limit 
of Bearhead activity appears to be about 6 Ma Wigure 1). 

Cochiti Formation 

Bailey er al. [1969J define the Cochiti Formation as"a thick 
sequence of volcanic gravel and sand, consisting of basalt, 
andesite. dacite and rhyolite detritus derived from pen­
econtemporaneous erosion of units of the Keres Group." As 
such. the formation is. interbedded with units thai span the 
time encompassed by Keres Group volcanism [see Baileyet 
al.• 1969J. 

Deposits of this formation consist primarily of lahars. vent 
breccias. and gravels. The gravels contain angular cobbles of 
dacite and andesite of the Paliza Canyon Formation. with 
subordinate amounts of Paliza Canyon basalt and Canovas 
Canyon Rhyolite. set in a volcanic sand matrix. Commonly 
interbedded with the lower Cochiti Formation are Paliza 
Canyon basalts and Canovas Canyon tuffs. The Cochiti F or­
mation pinches out in the western Jemez Mountains but is 
about 30 m thick in Paliza Canyon and thickens to greater 
than 200 m in the vicinity of Cochiti Canyon and St. Peter's 
dome area where the detritus was being washed to the east 
into developing basins of the Rio Grande rift (Figures 2 and 
31. 

The geometry of the Cochiti Formation suggests that the 
Canada de Cochiti fault zone was, in effect, a zone of growth 
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faults bounding tbe west side of the Rio Grande rift. The 
coarse cobble size, poor sortina, and crudely developed bed­
ding of the basin fill deposits are indicative of relatively in­
tense rift faulting that accompanied the early stages of devel­
opment of tht volcanic field. 

PoLVA.D£J\A GROUP' 

The Polvadera Group consists 0( the three formations from 
oldest to youngest. Lobato Basalt. Tschicoma Formation, and 
El Rechuelos Rbyolite (Bailey et til., 1969]. Relations of tbe 
group to the Puye Formation are analogous to tbe relations 
of the Keres Group to the Cochiti Formation, except tbat the 
Puye Formation is a lar. alluvial fan (McPIulrJon fit til.. 
1984]. Hence. as with the Keres Group and the Cochiti For­
mation., we include the Puye Formation as part of the Polva­
dera Group in our discussion. The level of stratigrapbic detail, 
discussed above for the Keres Group, is not yet available 
within the Polvadera Group. Our discussion is based lar.ly 
on our reconnaissance work. relations published by Grigg.s 
(1964]. BailflY et til. (1969], and Smith n til. (1970], and per­
sonal communications from individuaIJ workinl on various 
aspects of the Polvadera Group. Polvadera Group rocks are 
best exposed in the northern Jemez Mountains (Fisure 2), but 
a few deeply incised plugs of Tschicoma dacite, which intrude 
upper Paliza Canyon andesite, have been found in tbe south­
ern Jemez Mountains [Gardner, 1985]. As defined by Balky et 
131. [1969], the Polvadera Group contains a spectrum of whole 
rock compositions (Table 3), but it is volUmetrically domi­
nated by nearly 500 km3 of Tschicoma Formation dacite (I. O. 
MacGregor, personal communication, 1981). 

Lobato BMait 

The Lobato Basalt consists of multiple flows of olivine 
basalt which are similar in petrography. chemistry. and pet­
rogenesis to Paliza canyon basalts (Table 3) [Loeffler, 1984; 
Gardner. 1985; Baldridgfl and Vaniman, 1985, R. A. Bailey, 
personal communication. 1983]. In fact. distinction between 
Lobato and Paliza Canyon basalts for reasons otber tban 
geographic distribution may be somewbat artificial given tbeir 
petrologic and temporal similarities (Table 1 and Fisure 1). 
The Lobato Basalt forms prominent mesas. sucb as Lobato 
Mesa (Figure 3), in the northeastern Jemez Mountains, and 
overlies Abiquiu Tuff and Santa Fe Group sediments. One 
early dacite flow of the Tschicoma Formation is interbedded 
with the basalts in Rio del Oso (Figure 3) (Bailey et til., 1969]. 
For the most pan. however, the Lobato Basalt is conformably 
overlain by the Tscbicoma Formation. Numerous dikes of 
Lobato Basalt intrude Santa Fe Group sediments in the 
northeastern Jemez Mountains [Smith fit til.. 1970]. Radio­
metric dates on Lobato Baaalt indicate that the largest volume 
of the formation was erupted between about 10 and 7 Ma 
(Table 1). Aldrich (this issue],bowever, cites a date of 
14.05 ± 0.33 Ma on a basalt, interbedded witb Santa Fe 
Group sediments, whicb was mapped as Lobato Basalt by 
Smith fit aI. [1970]. Basalts interbedded with tbe Santa Fe 
Group in the northeastern Jemez Mountains are particularly 
problematic with respect to assignment to stratigraphic 
groups. Because of their spatial and temporal relations. many 
of these basalts are tabulated as "Lobato Basalt" in Table 1 
(see, for example. Baldridge fit 131. (1980] and Manley and Meh­
nert [1981]). 

Tschtcoma Formation 

Tbe Tsc:hicoma Formation was defined by GriggJ [1964] 
and consists of voluminous domes and flows of dacite typified 
by exposures on Tschicoma and Polvadera peaks (Filure 3), 

with subordiDant amounts of andesite. Tschicoma Formation 
andesites are typically porpbyritic with plagioclase, aU81te, 
and byperstbene, very similar to those of tbe Paliza Canyon 
Formation. Data of Smith et til. [1970] and Loeffler [1984] 
sugest most Tscbicoma andesites (Table 3) are a younger 
(about 7 Ma?) generation of Paliza Canyon-like differentiates 
of basalt that bave experienced contamination witb uppert?) 
crustaJ material. Tscbicoma dacites (Table 3) are commonly 
coarsely porpbyritic with plaajoclase, auajte, hyperstbene. and 
bornblende ± biotite and appear to have been pnerated by 
miltinl and bomogenization of magmas wbose compositions 
are wen approximated by Paliza canyon andesites and Keres 
Group high-silica rbyolites [Gardner, 1982, 1983; L«ffler, 
1984; GardNrr. 198'1. The Tscbicoma Formation un­
conformably overlies Abiquiu TuJ'f and the Santa Fe Group in 
tbe northern Jemez Mountains. Flows of the Tscbicoma For­
mation interfinger with deposits of the Puye Formation. Both 
conformable and unconformable contacts exist between the 
Tschicoma Formation and the Paliza Canyon Formation in 
the rim of Valles caldera. and botb conformable and un­
conformable contaets exist between the Tschicoma Formation 
and Lobato Basalt. Radiometric dates for tbe Tschicoma For­
mation span approximately 7-3 Ma (Table 1) and Tschicoma 
Formation volcanism overlapped botb waning Keres Group 
volcanism and early Tewa Group volcanism (Fisure 1). 

EI RflChwlos Rhyolite 

Bailey fit tJI. [1969] proposed tbe name EI Recbuelos &hyo­
lite for tbe rhyolite that forms five small domes and a small 
pumice cone in the nortbern Jemez Mountains west and nortb 
of Polvadera Peak (Fisure 3). L«ffler (1984] and Vaniman 
and Baldridge [198'1 indicate significant petrographic and 
chemical variability in the formation. The "EI Rechuelos pet­
rograpbic type" of D. T. Vaniman and W. S. Baldridge lun­
published data, 1985) appears to be about 2 Ma (Tables 1 and 
3), but the remainder of tbe formation may be petropnetically 
unrelated. In fact. two domes, recognized by Bailey et 131. 
[1969] as being older than tbe rest of tbe formation. have been 
dated at 7.5 ± 0.3 Ma and 5.8 ± 0.2 Ma (D. T. Vaniman and 
W. S. Baldridp. unpublished data. 1985). These dates topther 
with preliminary cbemical data suggest that tbe older El Re­
cbuelos domes may be Keres Group rhyolites contaminated 
witb more mafic magma. 

Puye Formation 

The Puye Formation, described by Griggs [1964] and de­
fined by Bailey fit 131. [1969]. consists of gravels. lahars. con­
glomerates. and tuffs derived from, for the most part. and 
interbedded witb other formations of the Polvadera Group. In 
contrast to tbe somewbat analogous Cochiti Formation. the 
Puye Formation forms a broad alluvial fan (McPherJon et til.• 
1984] wbose deposits extend in tbe pre-Bandelier Tuff subsur­
face 15 km south-southwest of the nearest surface exposures 
[Dramfifl/d and Gardner, 1985]. These relations. in contrast to 
the pometry of Cochiti Formation deposits. may indicate 
deposition of most of the Puye Formation in a period of 
relative tectonic inactivity. Stratigraphic relations with Tscbi­
coma Formation rocks, Cerros del Rio basalts. and the Ban­
delier Tuff suggest that the Puye Formation ranges in age 
from about 7 to 1.45 Ma [Baileyetal.. 1969]. 

TEWA GROUP 

As defined by Griggs (1964], Baileyet aI. (1969]. and Smith 
et at [1970], the Tewa Group includes from oldest to 
youngest the formations Bandelier Tuff. Cerro Toledo Rhyo­
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lite. Cerro Rubio Quartz Latite. and Valles Rhyolite. and 
these workers show the lower (Otowi) member of the Bandel­
ier Tuff (1.4S Ma [Doell ~t til.. 1968]) as the oldest unit in the 
group. However. at least three pre-Bandelier silicic tuffs bave 
now been recopizcd in the southwestern Jemez Mountains 
[Kite et til.. 1982; S~lf It til.. this issue]. and new K-Ar dates 
and interpretations of field relations regarding Cerro Rubio 
Quartz Latite (Table 1) reveal tbat it is much older tban pre­
viously thought [H~iken ~t aI.. this issue]. Based on the dates 
of Table 1 the Tewa Group. as defined, spans 3.6-0.13 Ma and 
overlaps with the age of upper Polvadera Group rocks. 

Chemically. the group consists almost entirely of rhyolite 
(Table 3) and by far the largest volume of rhyolite is repre­
sented by the Bandelier Tuff [Smith and Bailey. 1966). Al­
though presumed to be a comagmatic sequence [Smith, 1979]. 
published geochemical data from the Tewa Group are sparse. 

Tewa Group deposits unconformably blanket or intrude 
most older volcanic units of the Jemez volcanic field and are 
best exposed within the Valles and Toledo calderas. the 
Toledo embayment. and on the plateaus that Hank the east. 
west. and north sides of the Jemez Mountains (Figures 2 and 
3). 

Cerro Rubio QlU.ll'tz uuite 

The Cerro Rubio Quartz Latite consists of two very similar 
domes that lie within the eastern Toledo embayment (Figures 
2 and 3) [Heiken et al .• this issue]. Petrographically. the two 
domes are nearly· identical, containing small phenocrysts of 
hornblende. plagioclase. hypersthene. sparse biotite. and rare 
quartz in a devitrified groundmass. Smith et til. [1970] indicate 
that the north dome of this pair is a shallow intrusion. but 
their textures are identical. 

Based on apparent field relations in the canyons sur­
rounding these domes, Smith et al. [1970] interpreted the 
Cerro Rubio Quartz Latite to be intrusive into the Cerro 
Toledo Rhyolite which also fills the Toledo embayment. In 
addition. Smith [1979] indicated that the northern dome was 
emplaced after the eruption of the upper (Tshirege) member of 
the Bandelier Tuff, while the tuff was still hot. It appears to us 
that the Cerro Toledo Rhyolite intrudes the Cerro Rubio 
domes and that only Bandelier Tuff. showing no evidence of 
alteration or effects of intrusion. overlies the domes. Our inter­
pretation is substantiated by two K-Ar dates on plagioclase 
separates that yield ages of 2.18 ± 0.09 Ma for the northern 
dome and 3.59 ± 0.36 Ma for Cerro Rubio [Heiken et aI.• this 
issue). 

Cerro Rubio Quartz Latite is mineralogically and chemi­
cally similar to the dacitic rocks that compose the major 
volume of tbe Tscbicoma Formation (Table 3). Because the 
age of Cerro Rubio Quartz Latite is within the time span of 
Tschicoma volcaDism. we suggest that the two domes of Cerro 
Rubio Quartz Latite are shallow intrusions or the eroded 
cores of extrusive domes of the Tschicoma Formation that 
have been partially obliterated during formation of the Toledo 
embayment. 

Pre-Bandelier Silicic Tuffs 

Not included in the formal stratigraphy of Bailey et al. 
[1969] is a sequence of at least three tuffs older than. but 
chemically (Table 3) and petrographically similar to. the Ban­
delier Tuff [Smith. 1979; Kite et al .• 1982; Self et al .• this 
issue). This unnamed sequence of pumice beds and ash fall 
and ash flow tuffs underlies the Otowi Member of the Bandel­
ier Tuff along the southwestern wall of Valles caldera and 
farther south in San Diego Canyon (Figure 3). Nielson and 

Hulen [1984] recognized this group of tuffs in many deep 
geothermal wells at the bottom of the caldera-fill sequence 
inside Valles caldera. and the tuffs are also present ID the core 
from core hole VC: I near the southwestern ring fracture zone 
of the caldera (Figure 3) [Goff et tIl~ this issue]. Pumice de­
posits inferred to be correlative to these tuffs are found in the 
upper Puye Formation northeast of Valles caldera (B. Turbe­
ville. personal communication. 1984]. Although correlations 
are still problematic and the uncertainty of one K-Ar date is 
large (Table 1), these t""ffs were probably erupted 3.6-1.S Ma; 
Smith [1979] inferred the age of one ofthese tuffs to be 1.9-1.5 
Ma. 

Chemically, a sample of pre-Bandelier "Ignimbrite B" 
pumice closely resembles both lower and upper Bandelier 
pumice except for variations in the ratio of alkalis. Petro­
graphically. tbe pumices contain abundant quartz and sani­
dine phenocrysts and sparse mafic minerals. 

Bandelier Tuff 

The Bandelier Tuff consists of upper (Tshirege) and lower 
(Otowi) members formed during catastrophic eruption of the 
Valles (l.12 Ma) and Toledo 0.45 Ma) calderas. respectively 
[Smith and Bailey. 1966; Doell et til.• 1968; Smith et til.• 1970; 
bert et til.• 1980]. Each member contains a prominant asb fall 
bed at the base; the Guaje Pumice is at the base of tbe Otowi 
and the Tsankawi Pumice is at the base of the Tsbirege 
[Bailey et ai.. 1969]. The Bandelier Tuff fOrml two superposed 
thick composite asb flow sheets tbat are best exposed in can­
yons of the Jemez and Pajarito plateaus. west and cast of 
Valles caldera (Figure 3). Generally. the upper (Tshirege) 
member is the more densely welded of tbe two units, and 
welding increases as distance from their caldera sources de­
creases. Inside Valles caldera, Bandelier Tuff varies from fresh. 
very densely welded tuff to silicified welded tuff to hy­
drothermally altered tuff and tuff breccia [Goff and Gardner. 
1980]. Both members contain lithic fragments of precaldera 
volcanic rocks. Paleozoic sedimentary rocks. and rare Pre­
cambrian fragments. although the lower member is clearly 
more lithic rich [Bailey and Smith, 1978; Eichelberger and 
Koch. 1979; Potter. 1983; Selfet ai•• this issue]. 

Petrographically. the tuffs contain abundant quartz and sa­
nidine phenocrysts and sparse mafic minerals in a eutaxitic 
ground mass. The uppermost part of the upper member con­
tains anorthoclase and hypersthene. whereas the lower part of 
the member contains sanidine and fayalite [Smith and Bailey. 
1966; Doell et al .• 1968]. Sanidine may display a pronounced 
irridescence that is most common in densely welded zones. 
Chemically. the Bandelier Tuff is composed of rhyolite having 
low CaO. K20. and Na20 contents that are variable. 

Cerro Toledo Rhyolite 

The Cerro Toledo Rhyolite was originally defined by Griggs 
[1964] and consists of a group of many coalesced domes 
inside the Toledo embayment. an arc of four domes believed 
to represent a remnant of Toledo caldera moat volcanism. and 
a single dome (Rabbit Mountain) that was erupted on the 
eastern margin of Toledo caldera (Figure 3) [Smith et al.• 
1970; Goff et til.. 1984; Heiken et aI., this issue]. Domes and 
tuffs of Cerro Toledo Rhyolite intrude the two domes of Cerro 
Rubio Quartz Latite. as mentioned above, but are overlain by 
welded upper Bandelier Tuff. Tuft's. flows. and How breccias 
from Rabbit Mountain occur between the two members of 
Bandelier Tuff in some canyons east of the Toledo caldera. A 
sequence of ash falls best correlated witb Cerro Toledo Rhyo­
lite inside the Toledo embayment occurs between the two 
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members of the Bandelier Tuff on the northern Pajarito Pla­ nonb. and east (Figures 2 and 3~ Petrologic studies of Bal· 
teau (Figure 3) [Haun et al.. this issue]. Based on these field dridge [1979J indicate a petrogenesis for these small 6eJdI 
relations, the datil of the tW& [lzltt ~f al.. 1980J and rec:ent uurelated to the Jemez, althouJ,b Crowley [1984J sugested 
dates on the domll [Haun If al.. this issueJ the age of Cerro derivation oC Cerros del Rio basalts from mantle similar, in 
Toledo Rhyolite IpUI 1.so ± O.OS to 1.20 ±0.03 Ma (Table IDany respccu. to the mantle from whicb GardMr [1985J in­
1). Cerred derivation of most Keres Group mafic rocks. Because of 

Petroppbically, IDOIt dolDOt and tuft's are aphyric to their spatial and temporal relations, however, tbese younl 
sparsely porphyritic: containiDl smalJ pbenocrysts of quartz. basalt fields do bear implications for tectonic and magmatic 
sanidine, and plagioclase. and sparse phenocrysts of biotite. evolution within the Jemez volcanic field (see discussions of 
hornblende, or pyroxene in a sWsy, flow-banded Foundmass. GardMr and Goff [1984] and GardMr [1985]). 
A major exception is the FOuP of porphyritic domes CorminS Cinder cones, mars. and ftows oC predominantJy basalt 
Turkey Ridge and Indian Point (Figure 3) whicb contain with subordinant andesite comprise the three basaltic fields 
abundant quartz, sanidinc. and sparse biotite. Chemically, the [Smither al~ 1970; Aubele, 1978]. Baldridge [1979] recosniz;ed 
domes and tuffs are composed of hiJ,b-siUca rhyolite having both tholeiitic and alkaline compositions. These lavas began 
sliJ,btJy more Si01 but sliJ,btly less Fel0l· (total iron) and to be erupted at about 4.6 Ma. and thouJ,b the younlOlt date 
Al10 l than Bandelier Tuff (Table 3). on these basalts is 1.96 ± 0.06 (Table I), at least one flow is 

interbedded between the Otowi and Tshirep members of tbe 
Valla Rhyolite Bandelier Tuff [Smith et al~ 1970], Thus the minimum span of 

time for this basaltic activity is 4.6 to 1.45 or 1.12 Ma. The Vanes Rhyolite [Griggs, 1964; Bailey et al.. 1969J con­
sists of domes. flows, aDd tuft's erupted inside vanes caldera 
after caldera coDapse. The formation includes lavas emplaced 
contemporaneously with growth of the resurpslt dome as well Most exposed rocks of the Jemez volc:aaic field are fresh 
as moat rhyolites that postdate and surround the resurgent and unaltered. However, because of the well-knoWl'l active by­
dome [Smith and Bailey, 1968; Smkh 6t al.. 1970). Bailey d al. drothermal systems, the presence of vanes caldera. and some 
[1969) divided tbe Valles Rhyolite into su members whicb are preliminary evidence of multiple hydrothermal events 
not discuued in detail here. Age determinations indicate the throuJ,bout the volcanic field's history, a brief' diJcusIion of 
Vanes Rhyolite raaps from 1.04 to 0.13 Ma (Table 1) [Doell hydrothermal alteration in the Jemez Mountains is appropri­
et al., 1968; Mani" and Dob$On. 1979], althouJ,b determi- . ate. More detailed discussions of individual bydrotllennal 
nations on the two oldest members were not suecessful be- alteration events in the Jemez Mountains lDay be found in the 
cause of extensive bydrothermal alteration. We note. also. that work by ChaTle, et al. [this issueJ, Goff 6t al. [this issue], 
four domes of the Vane GraDde Member in the nonhern pan Hade" and NielJo" [this issueJ, and Wro"kiewic: et aI. [1984J. 
of Valles caldera have ages that range from 1.22 ± 0.04 to Hydrothermal alteration assemblages, regardless of age, are 
1.50 ± 0.05 Ma whicb predate the age of Vanes caldera and restricted to the Cochiti mining district, pans of the topa­
tbus should be considered pan of the Cerro Toledo Rhyolite graphic rim of Valles caldera. and within vanes caldera 
[Goffet al.. 1984; HeUum et al.. this issueJ. (Figure 3). 

The Valles Rhyolite includes the products of tbe youngest In the Cochiti mining district there appears to have been 
volcanic eruptions in the Jemez Mountains. AlthouJ,b most two hydrothermal events. An older event tbat caused wide­
units lie entirely within vanes caldera. the relatively youns spread propyllitic alteration of hypabyssal rocks which are 
Battleship Rock tuff, EI Cajete pumice.. and Banco Bonito probably Keres Group equivalents occurred as a result of 
obsidian bave flowed throuJ,b a breach in the southwestern hydrothermal convection probably induced by Keres Group 
caldera wan [Smith et al.. 1970J. Thus these units localJy (Paliza Canyon Formation?) volcanism. The younger by­
overlie rocks substantiaUy predating fonnation of vanes cal- drothermal event in the Cochiti mininl district postdates 
dera. Bearhead Rhyolite (7~ Ma) and caused locaIizr:d argillic 

Petrographically, the Vanes Rhyolite is a very hetero- alteration associated with quartz veins and lold and silver 
seneoua FOUP as noted by Bailey et al. [1969]. Units vary mineralization [Wro"kiewicz et aI., 1984). We speculate tbat 
from aphyric to coarsely porphyritic, and the Redondo Creek this argillic alteration and associated mineralization was a 
member is characterized by the absence of quartz.. ChemicaJly, late-stage deuteric event Crom a pulse oC hiJ,b-silica rhyolite 
there are two types: a hiJ,b-silica rbyolite type consisting oC volcanism in Bearhead Rhyolite time. 
tbe early Deer Can)'OD. Redondo Creek, and Valle Grande In pans of the topographic rim of Valles caldera there is 
members and a lower-lilica type consistinl of the younger propyllitic alteration of Keres and Polvadera group rocks. 
Battleship Rock, EI Cajete. and Banco Bonito members (Table Near Las Conchas (Figure 3), propyIliticaJly altered Paliza 
3). The latter type conta.i.as lea Si01 but more Fel0,·, MgO. Canyon basalt is overlain by unaltered upper Paliza Canyon 
Cao, Ti01• and P 10, than tbe hiJ,b-silica rhyolite type. A andesites. Immediately east oC Las Conchas, however, the 
recently discovered, unnamed rhyolite penetrated by the VC-l propyIlitic alteration affects upper Paliza Canyon andesites, 
core hole in the southwestern moat zone of vanes caldera and in the north-northwestern rim of Valles caldera the 
(Figure 3) is also of the lower-silica chelnical type (F. Go~opyllitic alteration affects TschicolDa Fonnation rocks. 
unpublished data, 1985) [see Goff et aI., this issue]._'Ih...ua the Hence this propyllitic alteration may have occurred in more 
group of younpst units of the Valles Rhyolite all lie in the than one event, but the altered rocks are confined to within a 
southwestern moat zone and are chemically distinct Crom Cew hundred meters oC the topographic rim oC the caldera. If 
other units in the formation. these relations can be interpreted as indicative of an incipient 

ring Cracture hydrothermal conduit system. then the alteration 
EL ALTO, SANTA ANA MESA, AND CEIUlOS DEL RIo is pre-Valles caldera (1.12 Ma) and possibly pre-Toledo cal· 

BASALT FIELDS dera (1.4S Ma) in ap. 
The young basalt fields, Santa Ana Mesa., EI Alto, and In research borehole VC-l near the southwestern pan of 

Cerros del Rio, flank the Jemez Mountains on the south, Valles caldera there is significant phyllic alteration oC Paleo­

http:conta.i.as


GAADNEIl ET AL: JEMEZ VOLCANIC FIEUJ 

zoic sedimentary rocks and mineralization including molyb­
denite, sphalerite, galena, chalcopyrite, and pyrite [see Goff n 
aI., this issue; H.... l1li4 Nwlsorr, this issue]. Postca1dera vol­
canic rocks ill VC-I are unaltered, and current bottom hole 
temperatures are too low ror precipitation or the mineral as­
semblage observed [Hukn l1li4 Nirlsorr, this issue]. We sug­
gest, therefore, that the hydrothermal alteration in VC-l is 
pre-Toledo caldera in age (1.45 Ma) and probably most close­
ly related to the caldera topographic rim environment, dis­
cussed above. 

Within Valles caldera there is extensive argillic to advanced 
argillic alteration exposed at the surface. The best examples or 
the intracaldera alteration environment can be round around 
the active acid-sulfate springs at Sulphur Springs, west or the 
resurgent dome or the caldera (Figure 3) [Charl~s ~t aI.. this 
issue]. Alteration or post-Valles caldera rocks and old sili­
ceous sinter deposits sugest that this postcaldera hy­
drothermal system has boiled down to deeper levels to rorm a 
vapor-rich cap [Goff ~t al.. 1985]. H.,I~lI and Ni~lsoll [this 
issue] postulate that the active hydrothermal system beneath 
the resurgent dome or Valles caldera may have withdrawn to 
greater depth as one possibility to reconcile the positions or 
observed alteration assemblages with current downhole tem­
peratures. The present Valles caldera geothermal system con­
tains at least three zones or hydrothermal upftow recognized 
rrom thermal gradient data [Swanberg, 1983]. Steam activity 
was reponed in 1882 (Santa F~ Daily N~ M~JCictJft, October 
IS, 1882) in areas that are currently inactive. Thus one Ihould 
consider the active system to be dynamic as the intracaldera 
rhyolitic activity, structural development, and hydrology have 
changed in the last 1.12 Ma. 

We conclude, based on available data, that there are at least 
three distinct hydrothermal events associated with magmatic 
events that have occurred in the volcanic field's history: (1) 
associated with Keres Group (Paliza Canyon Formation?) 
volcanism. (2) associated with late Bearhead Rhyolite vol­
canism. and (3) associated with postcaldera residual heat rrom 
magma chambers parental to most or the Tewa Group. The 
hydrothermal activity noted in the caldera topographic rim 
environment may represent multiple events related to the late 
Bearhead event, Tschicoma volcanism. early Tewa Group vol­
canism. and/or combinations or all or these. 

CONCLUSIONS 
1. Volcanic activity in the vicinity of the Jemez Mountains 

has not been successive basalt through rhyolite cycles and 
probably was never a truely bimodal basalt-rhyolite associ­
ation, as has been inferred [e.g., Christiaru~lI and Lipman, 
1972] rrom the rormal stratigraphy [Bail~y ~t aI., 1969; Smith 
er al., 1970]. Volcanic activity has been essentially continuous 
since at least II Ma, and the only strictly bimodal period or 
volcanism may have been at about 13 Ma; however, we sug­
gest that volcanism at about 13 Ma was dominantly mafic. 
Although volcanism less than 3 Ma could be construed as 
bimodal, we believe that the thermal, tectonic, and magmatic 
events relating to the Bandelier Tuff magmatic system and the 
young, flanking basalts are sufficiently distinct that appli­
cation or the term bimodal is misleading. 

2. Volcanism in the vicinity or the Jemez Mountains had 
begun by 16.5 Ma with alkali basalts. By 13-14 Ma, episodic 
alkaline volcanism was replaced by more voluminous, rapid 
effusions or olivine tholeiite and differentiates or olivine tho­
leiite. By about 13 Ma the rate of aa:umulation or volcanic 
rocks rar exceeded the local rate or sedimentation or the Santa 
Fe Group. 

3. Based on field relations. petrography, FOChemiltry, and 
K-Ar dates, stratigraphic distinctions amonl Paliza CanyoD 
basalt, basalt or Cbamisa Mesa, and Lobato 8asaJt are arti­
ficial except ror geographic reasons. All or these basaJt units 
are pan or a continuum or basaJtic volcanism rrom > 13 to 7 
Ma that was contemporaneous with, but volumetrically over­
whelmed by, dOminantly andesitic activity. 

4. Intermediate composition volcanism probably began by 
about 12 Ma, but between less than 10 to about 7 Ma upper 
Paliza Canyon andesite, derived rrom olivine tholeiite by dif­
rerentiation, was erupted, constituting Dearly half or the 
volume or the entire volcanic field. 

S. Canovas Canyon and Bearhead rhyolites rorm a con­
tinuum or high-silica rhyolite volcanism rrom > 13 to about 6 
Ma that was essentially contemporaneous with Paliza Canyon 
Formation volcanism. 

6. The petrography and geometry or Cochiti Formation 
deposits suggest that active Rio Grande rift raulting and rapid 
basin development accompanied Keres Group volcanism. The 
petrography and geometry or the Puye Fonnation, on the 
other hand, suggest that Tschicoma and some El Rcchuc101 
volcanism occurred in a period or relative tectonic inactivity. 

7. Bland group rocks or the Cochiti mining district prob­
ably represent the exhumed interior or a Keres Group vol­
cano(s). 

8. Temporal overlaps between Keres Group IUId Tschi­
coma Formation volcanism and between TschicoIDA Forma­
tion and Tewa Group volcanism may indicate .netic rela­
tions among these units. Geochemical data or ~ [1984] 
and Gardner [1985] confirm genetic relatioDi between the 
Keres Group and Tschicoma FormatioD. 

9. As a stratigraphic unit, Cerro Rubio Quartz Latite is 
insignificant and should probably be considered as simply 
part or the Tschicoma Formation. 

10. At least three distinct hydrothermal alteration events 
can be tentatively related to magmatic events in the volcanic 
field's history. 

11. Through time, dominant lithologies in the volcanic 
field have been (1) 13-10 Ma, mantle-derived olivine tholeiite, 
crust-derived high-silica rhyolite, and unknown volumes or 
intermediate composition differentiates or the basalt, (2) 1~7 
Ma, andesite derived from olivine tholeiite by differentiation, 
(3) 7-3 Ma, dacite generated by hybridization or mantle­
derived and crust-derived melts. and (4) less than 4-3 Ma, 
rhyolitiC tuffs, erupted rrom large, zoned magma chambers. 
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