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I The Bandelier Tuff: A Study of Ash-flow Eruption 
Cycles from Zoned Magma Chambers·:, 1 

R. L. SMlTII nnd R. A. DAILEY 

U. S. Geological Sun·cy, W<~shing!On, D. C. 

Introduction 

The Bnndclicr Tuff (H. T. U. S:'lmll, 1938; GRIGGS, 1964; Ross, 
S.MITJ!, BAILEY, 1961 ), Jemez Mountains of northern 1'\e\v Mc:xico, 
U.S.A. (fig. 1 ), is a Pleistocene rhyolitic ash-flow formation consisting 
of two major members. In this preliminary paper the two m<1jor 
members arc designiltcd informally as the upper member of the B<in­
delier and the lov.:cr member of the Bandelier. Formal subdi,·ision is 
planned for a 1ater p::tpcr. Each member is the product of a giant cal­
dera-forming eruption: the eruption of the lower member of the B<in­
delicr approximately 1.4 million years ago, was followed by subsid­
ence in its sow·cc area to form the Toledo Caldera; the upper mem­
ber oF the Bandelier was erupted approximately 1.0 million ye<~rs ogo, 
and formed the Valles Caldera (SJ\IJTli, BAlLEY and Ross, 1961; K/Ar 
ages from G. B. DALRY:'I1PLE, personal communication). The upper and 
]ower members of the Bandelier thus form I\\'O cycles of ash-l1ow 
eruption and caldera formation that together arc the culminzi!ion of 
a long history of basaltic and andesitic to quJrtz-btitic and rhyolitic 
volcanism in the Jemez !dountains. 

Because of the simibrity between the upper and lm\·cr members 
of the Bzmdclicr, both in physical ::1nd chemic~l! properties, and be­
cause space docs not permit more th~1n a preliminary account, de­
tails of the upper 13~mdclicr only ::1rc ckscribcd here. The following 
pages are a brief summ0ry of the distribution, stratigr:tphy, and prc­
liminal·y mineralogy <1ncl dlL'mistry of Lht: upper member of the Ban· 

* PuhlicatiCln ;lllthori·,,·,l 1)\' the Dirc•ctor, tl, S. Gco1orica1 Sunl·~·. 
1 f';lpLT n·:1LI ;II t h: I,\ V I nlcrn:lt iL'n;ll S\'mposium on Vulc;mulog~· (l'o:cw Zealand), 

sdcntific Sl'$~iun of No\'. 25, l%5. 
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ddicr. The lower member of the Bandelier will be referred to for 
significant comparison. 
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FIG. 1 - Index map of New Mexico showing location of Jemez Mountains volcanic field. 

Distribution 

The Bandelier Tuff forms broad plateaus that slope radially from 
the Jemez Mountains volcanic highland. The plateaus are dissected 
by numerous deep canyons radial to the Jemez Mountains, and these 
canyons provide many hundreds of miles of exposure of the Ban­
dclicl· (Fig. 2). Figure 3 shows Lhc physiogrt1phy of the Jemez vofcanic 
highland, tht: Valles Caldera, and the flanking plateaus of Bandelier 
Tufi". The totul Jemez volcanic field has dimensions of about 60 miles 
north-south and about 40 miles cast-west. 
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FIG. 2 - Aerial view of Bandelier Tuff cliffs on the west side of San Diego CanYon <~nd 
the dissected surf<~cc of the krncz Plateau. west side of the Jemez 1\·!tns. 
{Nacimiento Mounwins in distance). The lower l\\O dark and light bands in 
the cliff constitute the lo\\'Cf member of Bandelier; uppermost dark and light 
bands constitute the upper member of Banddier • 

F1c. 3 • Photogr;1ph of a rc.•lid model of th<· Jemez t\1ount;~ins arL'a sho\\'ing the v.,tks 
Caldera (c.·ntcr) ;1nd flanking plateaus of U;111dclia Tuff. View as sct.'n from the 
southeast. 
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The prcscn,t outcrop ar~a of the Bandelier ash-now sheets is 
about 500 square miles. The upper member of the Bandelier formerly 
covered about 830 square miles (Fig. 4) and had a volume of about 

FJG. 4- Distrihlltion of Bnmldkr Tuff nround the Valles Caldera (topogrnphic rim, 
solid black line; ring fr~cturc, dashed line) and Tokc.lo Caldera (topo·•rarhic 
rim, cbsh-dot lin.:). Outcrup of lower n11.:mbcr of !he Danddier, solid" bl.,ck. 
Ma)(imum extent or upper member of the Bnndclict·, dolled. 

SO cubic milt:s. The lower member of the Bandelier had ::~ppro~imatdy 
the same distribution and volume, but pre-upper Bandelier erosion 
has reduced its distribution, and burbl by the upper member of the 
Bnnr.ldicr restricts its present outcrop (f-ig. 4). 
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In the interval between the upper and lower Bandclic1· cmptions, 
the lower member of the Bandelier wns extensively eroded and deeply 
incised by rauial canyons. The upper member of the Bandelier was 
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FlG. 5 - Isopach map of upper member of Bandelier Tuff. 

emplaced on the much dissected topography of the lower member 
and pre-Bandelier rocks. Simplified isop<Khs {Fig. 5) show the highly 
variable thickness of the upper Bandelier ash-flow sheet and empha­
size the influence of topography in controlling thickness and distri­
bution. Locally it is more llwn 800 feet thick, the greatest known 
thickness being in the Toledo Caldera basin. , 
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The ash-flow eruptions o[ both the upper :~nd lower members 
of the Bandelier w~rc preceded by pumkc falls :mel these deposits 
arc nearly everywhere present beneath the ash-Oow sheets. 

Stratigraphy 

The present study is based on obscnration nnd measurement of 
numerous detailed stratigmphic sections. All sections were hand 
leveled and all observable features recorded. The diagram of Figure 6 
illustrates some of the features noted and serves to illustrate the basis 
for construction of Figures 7, 8, 11 and 12. Degree of welding was 
determined by porosity estimates every 5-10 feet. Kind and intensity 
of groundmass crystallization or absence of it were noted. Partic­
ularly significant were pumice block accumulations, crystal concen­
trations, and other features that mark partings between individual 
ash flows. « Fossil " fumarolic pipes were found to be \'aluable indi­
cators of flow tops. Composition and size of lithic fragments; size 
and mineralogy of phenocrysts; size and texture of pumice blocks; 
color both on fresh and weathered surfaces; and joint, weathering, 
and erosion characteristics were recorded. All these features con­
sidered collectively provide valuable means of correlation over the 
entire Bandelier sheet. Typically no two sections are alike, and no 
single section is representative of the entire sheet. Sections were cor­
related by visual field relations, by best fit of observed fentures, and 
by contouring of lines of equal porosity (degree of welding). 

Reversals in porosity trends in verticrtl sections, common in the 
Bandelier, indicate different rates of \Vclcling and reveal variations in 
emplacement temperatures of individual ash flows or groups of ash 
flows. In Figure 7 four simplified sections of the upper member of 
the Bandelier that span about 8 miles are joined by lines of equal 
porosity. The uppermost stratigraphic layers have been removed by 
erosion, and the principal fidd key to correlation is the position of 
the zone of maximum welding. Locally this zone is composed of at 
least six successive nsh flows and can be traced for 12 miles in con­
tinuous outcrop. Figure 8, n greatly simplified cross section, spans a 
distance of 15 miles rndi::dly from the V::-~llcs Cald~r::-t and is con­
structed from 5 me::tsurcd sections (4 of which arc shown in Fig. 7) 
and inter-section inspection. The porosity contours, besides aiding in 
correlation of measured sections, show how wcldin~ dccrc::~scs away 
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R. L. S~llTII and R. A. B lli.f:\' - Tin• nmul<!lier Tuff: II Study of /Ish-flow Emptim1 
Cycles /rum Zullt'd Ma~:ma Clwm!Jers. 
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FJG. 6 • A somplc stmti:;raphic sc·ction of the upper mcmhn of the B;m<klic·r Tuff. 
showing rn·onlcd changl'S in dcgn·c uf wdding (percent porosit_\', shadt'd), 
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F1c. 7 • Correlation diagram of stratigraphic sections of upper member of the Bandelier Tuff in San Diego Canyon, Jemez Pia· 
teau, showing projected porosity contours and the relation of zones of crystallization to zones of welding. 
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from the source area even though the total cooling unit thickens. 
This lateral decrease in welding is related to heat loss during em­
placement of the ash flows. The heat loss toward the distal end of 
tl1e sheet is also confirmed by the decrease in thickness of the zone 
~f crystallization relative to the thickness of the cooling unit. this 
change in. zone thickness is related to the total heat b~1dgct of the 
cooling unit rather than to individual ash flows as shown_ by the fact 
that the lower zone-boundary between crystalline and noncrystalline 
tuff steadily rises in the cooling unit toward its distal end and cmsses 
partings between individual ash flows. 

To understand the stratigraphy of either the upper or lower 
members of the Bandelier it is necessary to visualize the eruption 
and emplacement of the ash-flow materials from a volcanic highland 
onto a much dissected lowland. The early ash flows were confined to 
the valleys and basins, successive flows filled the valleys, and the 
later ash flows merged to form continuous sheets from which scat­
tered mountain peaks protrude. 

In general the thickest sections are most likely. to reveal the 
earliest ash flows, although the location of lowland areas and the 
assymctrical distribution of successive flows from the highland source 
vents combine to complicate the flow sequences and create gaps in 
any given section wbere certain flow units or their correlatives are 
missing. 

Because of many factors, it is impossible or impractical to cor­
relate individual ash llows over long distances Consequently other 
means \vere devised to frame a useful stratigraphy. 

Correlation of nearly 100 detailed stratigraphic sections has per­
mitted recognition of fi~tJ:a1igJ1lJ.2hlc su.bunH.UYith.ll}_!.b.£._,!!El2..~r 
.!!!~rnbc.~:."oL1he.._B.andcli~.2). These subunits arc made u2 .Qf 
groups of ash flows and are id£~~!_ific9_2yJherr_r..clat..U!.e...e.JXUllnf£.l.:u~nt­
temperature characteristics. and by thcirJI!lD~r~Jggy. The subunits 
are not C\'~1:;;~;11Cr'C~shal·pY)t'(l{;fi'i1ccn:>ui"thcy represent stratigraphic 
zones that can be correlated over the entire outcrol?.. area. The pumice l p"_p·J-•.J': 
fall layer is present at the base of the upper Bandelier except where 5 ·' . .~ 
the underlying topog1·aphy \Vas too steep for lodgment. 

Subunits I, II, and Ill contain prominent phenocrysts of quartz 
and sodic sanidinc and are recognizable in the field as a progrcssin~ 
temperature sequence. Subunit I is composed of ash flows tk1t mrcly '[:~, (.J..,..;l.. 

show wclding or groundm:tss cryst<llliz.::ttion even where ovcrbin by 
scvct·al hundred feet of section. This subunit occurs in lowl!r parts 
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of all major valleys filled by the upper member of the Bandelier. 
Subunit II is composed of ash flows that typically show partial weld­
ing and vapor-phase crystallization, but_ f)() cl,ensc \\ft,:lding. S_u_b_tmiUII 
contains a densely \vcldcd a11d clcyitrificd zone over a large portiQIJ 
of the outcrop area, although in its distal pot·tions, where it is thin, 
or where it has chilled against buried topogrnphic highs, it physically 
resembles subunits I or II. Subunit V, the topmost unit, is char;C:. 
1£!:i':'_C:s!_byJ<l:rge zoned pl;-;;nocry~ts of anorthoclase mther than of soclic 
sanidine. 

VOLUME M1 3 SUB-UNIT 

. .::~·;:;i:~::·:::.::.:·:~:';::::(:::::·~~:;·~~x~~-:-~:·;:~\;_..~:~~?::·:·;f:;{:~::::~:·::~.:~:·::: 
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FIG. 9 • Schematic stratigraphic diagram of the upper member of the Bandelier Tuff. 

Subunit IV, designated th.~ « Jr::msition unit.», is most critical. 
It is a zone of mixing where anorthoclase and hypersthene-bearing 
pumice and sanidine and fayalite-beming pumice occur together. It 
is also a zone of abrupt upward decrease in modal quartz. Subunit IV 
is not equally distributed and in some areas is not present or is not 
recognized. Four of the subunits are represented in the exposure 
shown in Figure 10. Subunit V has been removed by erosion at this 
locality. 

Topographic restriction of subunits I and II, and the wide dis­
tribution cf subunit II I are well illustrated by the cross section of 
Figure 11. As a consequence of differential compaction of subunits II 
and III and the limited distribution of subunit IV, subunit V rests 
directly on subunit III at the eastern edge of the cross section. To 
the west, ash flows of subunit IV occur in normal succession between 
subunits HI and V (Fig. 1 l). 

The increasing temperature sequence of subunits I-III is well 
illustr:.~tcd by Figure 11. The lowermost portions of the cooling unit 
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Jemez Pliltcau. Dilrk b;~nd in middle of clifl is subunit III; subtmit IV is 
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are nonwclded and noncrystalline and all sections sl1ow an upward 
increase in degree of welding (as shown by d<.!crcasc in porosity) 
into subunit Ill. This sequence is the reverse of that in a simple 
cooling unit emplaced at uniform temperature,! (St..tlTII, 1960). Re­
versals in porosity (welding) vertically in subunit II show the ~·-"!r­
iability of emplacement temperature in successive flows. 

Figure 12 shows a cross section that is closely representative of 
the total upper Bandelier sheet. All five subunits are present. Com­
plications induced by underlying topography are shown by the abrupt 
appearance in subunit III of a thick zone of dense welding, and the 
absence of the same zone upslope as a result of the chilling effects of 
concealed topogrophic highs on the upslope portion of the subunit. 
The cross section of Figure 12 also confirms the emplacement tem­
perature gradient previously discussed and illustrated by Figure 11. 

'\ '' \_! •, (< $ 

Ncar the top of subunit III and in subunits IV and V the recog­
nizoble ash_Jlows __ g~ _Jbjnner than those .lower in the coofingui11t, 
~nd t-he-p~rtings between-~- ash--ffo~~;s·-:.a~~-~-~<?~c ~-~i_~tj~{i~i.zon~s -of 
dense welding, separated by steep porosity gradients (Fig. 12) and by 
local vitric zones along partings, indicate cooling breaks of greater\ 
frequency and longer duration than observed in the lower part of 
subunit III and below. The thin zones of dense welding, occurring 
as they do ncar the top of the cooling unit, also indicate a continuation 
(with some reversals) of the trend toward higher temperature of suc­
cessive ash flows shown more clearly by subunits I-III. 

) ~ ! .'-, .. 

Preliminary lVlineralogy 

The mineralogicol studies of the upper member of the Bandelier 
arc incomplete, yet sufficiently advanced to illustrate significant mag­
matic trends. Figure 13 shows the general nature of the information 
stored in a composite section simibr to that depicted by the wcstcm 
portion of the cross section of Figure 12. Alkali feldspar compositions 
(determined from a-paramckrs, derived by computer from X-ray {rata 
for heot-trcntcd phenocrysts) are plotted against sample position in 
the section. The saniclinc phenocrysts show a slight but significant 
trt.!nd toward a more sodic composition from the nii--Llll pumice base, 
through subunits I-IV. There is then a marked cotnposilion:.~l change 
to strongly zoned anorthoclase in subunit V. 
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In subunit IV both anorthoclase and sanidinc occur in bulk 
welded tuff, but they ha\'e not been found together in individual pum­
ice blocks. Both the anortl10clase and the sanidine in subunit IV 
arc variable in composition (rig. 13), yet the sanidinc is gcncr<dly 
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FIG. 13 · Modal percent phcnocry~ts and composition of alk<tli feldspar phenocrysts in 
an 800-foo! scclion of upper member o( Bandelier Turr. Open circles, sodic 
sanidinc (monoclinic); dosed circks, anorthoclase (triclinic). 

more sodic than in subunit III. The evidence from the feldspars in­
dicates that subunit IV is a zone of mechanical mhing transitional 
between subunits III and V and suggests that some significant event 
occurred either in the magma chamber, in the conduits, or during 
the course of the eruption. 

The distributio11 of fayalitc nnd hypct·sthene offers adclitionfll in­
formation. raynlitc is restricted to sanidinc-bcaring pumice. 1-I)·pcr­
sthcnc, on the other h<:~nd, although ubiquitous in anorthoclase pum· 
icc, also occurs instead of rayalitc in sanidine-bcal'ing pumice, in 
some outcrops of subunit IV (and possibly III). Thus the change 
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from faynlite to hypersthene is independent of the change from san· 
iclinc to anorthoclase and provides critical evidence for continuity 
of crystallization, suggesting that the entire upper Bnmlelicr was 
erupted from a single magma chamber. 

Modal phenocryst content also shows significant change. The 
modal data (calculated porosity free) in Figure 13 were determined 
from single thin sections of bulk rock, hence are not rigorously rep· 
resentative. Nevertheless the changes are sufficiently large to be 
significant. Total phenocrysts increase from about 5 percent in the 
air-fall pumice to nearly 35 percent near the top of subunit III, where 
a marked decrease to about 20 percent occurs. The total-phenocryst 
curve is paralleled by the quartz curve, whereas the feldspar· shows 
relatively steady increase with only minor variations. The sudden 
decrease in total phenocrysts at the top of subunit III is probably 
the result of preferential resorption of quartz, although both quartz 
and feldspar show resorption textures. This resorption may be most 
plausibly explained as due to the sudden release of pressure following 
remo\'al of more than 20 cubic miles of overlying magma erupted as 
subunits I-III. Abundant field evidence indicates changes in the erup­
tive pattern beginning near the top of subunit IlL Partings between 
ash flows become more distinct; wind-blown sand layers are more 
frequent and thicker, and fossil fumaroles are better dewloped. All 
these criteria indicate slightly longer time intervals between eruptive 
pulses. 

In addition to these field features, to mineral mixing, and to phe­
nocryst resorption at this level, an unusually high percentage of 
coarse lithic inclusions occurs at the top of subunit III. These in· 
elusions may be the result of structural disruption during the early 
stages of collapse of the Valles Caldera. 

The foregoing relationships suggest the following sequence of 
events: 

1) Rapid eruption of some 20 cubic miles of magma with con­
comitant lo\\'~ring of tot;:tl pressure in the magma chamber. 

2) Preliminary sagging or partial foundering of the cauldron 
block and wedging of the conduits, bringing the erupt ion to a tem­
porary halt. The culmino.ting ash flows of this phase (subunit III) 
carry abundant lithic inclusions derived from the conduit walls. 

3) Disturbance of equilibrium due to lowered pressure causing 
resorption of quartz and feldspar in the magm:1 chamber. 

I 

t 
I 

I 

I 

1 
i 

4) Cantin 
ing dcvclopmc1 
maroles. 

5) Rcopc 
miles of m<~gm 

6) Final 
thus forming 

The 50 ct 
equivalent to 
of the subunil 
and im·crted 
mi.'lgma cham 
four chemica 
data shown i 
spars from t 

but the tren 
mim1tions. ·r 
client 1nvo1Yi 
percent crysl 

As migh 
chemical ch: 
ical analyse 
Bandelier sl: 
III to about 
and II have 
real as is sl 
there is a p 
decrease in 
(fig. 15, or 
shows a sit 

Aclditic 
the distrib 
data) arc n 
of bulk rc 
well an ar 
3- to 4-fol 

7 



......... ,,..-.~~~~..._'__;..r.-:..:·-4....,.....:~>:,;;..#r"_.,.·_:;....,.~~••.._•_.,....,. __ ~...,, .... ...._..~""..,e..:.-~t·;t·..;,.-.·,,...,.;_._~~~"'"'._......,.lrif,...•tPW.·u,..·,a·'()•\~••· .. ·· t· .. .,..;....,.-..-..A....;.~;;..l..•· 
... 

: from san-
continuity 

dclier was 

1angc. The 
determined 
>rously rep-
arge to be 
::ent in the 
l HI, where 
:phenocryst 
spar shows 
l'hc sudden 
is probably 
)Oth quartz 
1ay be most 
·e following 
erupted as 

in 1hc crup-
1gs between 
·s are more 
\'eloped. All 
:en erupti\'e 

and to phe-
rcentage of 
I. These in-
1g the early 

sequence of 

m \\'ith con-
bcr. 
he cauldron 
•n to a tcm .. 
subunit I 11) 
walls. 

mrc causing 
cr. 

• 

' I 
I 
I 

I 
I 
I 
! 

-97-

4) Continued sporadic eruptions with short time breaks, allow­
ing development of local disconformities, sandy partings, and fu­
maroles. 

5) Reopening of conduits and eruption of remaining 10-!- cubic 
miles of magma (subunit V). 

6) Final colbpse of the cauldron block into the magma chamber, 
thus fanning the Valles Caldera. 

Preliminary Chemistry 

The 50 cubic miles of upper member of the Bandelier Tuff are 
equivalent to 35 cubic miles of magma. In Figure 14 total volumes 
of the subunits (Fig. 9) are reclaculated to volume percent of magma 
and inverted in sequence to show their relative positions in the 
magma chamber and their proportions as erupted. The data from 
four chemically analyzed feldspars agree remarkably well with X-ray 
data shown in Figure 13. The chemical differences between the feld­
spars from the pumice fall and from subunits II and III are small, 
but the trend is clearly confirmed by the CaO, Ba, and Sr deter­
minations. The feldspars reveal a small but significant chemical gra­
dient involving 35 cubic miles of silicate magma that is less than 25 
percent crystallized. 

As might be expected, the foregoing mineralogical changes reflect 
chemical changes within the upper member of the Bandelier. Chem­
ical analyses of bulk rock samples of the upper member of the 
Bandelier show that Si02 decreases from about 77 percent in subunit 
III to about 72 percent in subunit V. (Chemical analyses of subunits I 
and II have not yet been made). Other differences, though small. are 
real as is shown by the trends in Figure 15. From subunit III to V 
there is a progressive decrease in total alkalies and a complimcntnry 
decrease in FcO relative to MgO. The lower member of the Bandelier 
(Fig. 15, open circles) has similar bulk chemical characteristics and 
shows a similar trend. 

Additional chemical data arc shown in Figure 16. The data on 
the distribution of U, Th, and Nb (GO'rTFJHED, et al., unpublished 
data) arc most complete and the curves arc based on a large number 
of bulk rock analyses averaged from several mensurcd sections as 
well an .:malyscs from selected s:-~mplcs. All three clements show a 
3- to 4-fold decrease from the first to last erupted material. It is 

7 
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important to note th~_;t these clements arc not parlicularly sensitive 
to cooling history dcvitrification and vapor-phase crystallization or to 
the minor diagenetic alterations that arc recognized in the Bandelier . 
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Although some scatter of values may be attributed to these processes, 
they seem not to signiftcantly affect the m::tjor trends. The Bandelier, 
howl!ver, is very young, and older <1sh flows mily show greater mod­
ification resulting from prolonged diagenetic alteration. 
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from 3 selected gbss analyses. Although insuflicicnt for· detailed 
discussion, they show trends consistent 'I.Vith the U, Th, antl Nb data. 

Some Preliminary Conclusions 

1) The upper Bandelier ash flows were erupted in a remark­
ably systematic way from a single magma chamber containing de­
monstrable physical and chemical gradients. 

2) At least the first 30 cubic miles of ash flows record a sys­
tematic increase in emplacement temperature. The remaining 20 
cubic miles probably continue the trend but documentation is more 
difficult. 

3) The emplacement temperatures probably ranged from about 
550"C to over 800"C. These approximate temperatures will be discussed 
more fully in a later paper but are based on welding and crystalli­
zation experiments (SMITH, FRIED:>.-rAN, and Lo;xG, 1958, and unpub­
lished), phase relations, and other factors. 

4) The empl<~cement temperature range seems best explained 
by the cooling effect of mixing with air in a vertical eruption column 
before the ash flows formed. The height of the column, and hence 
the amount of mixing may be related to a changing vapor pressure in 
the magma. The evidence implies that a falling vapor pressure is 
conducive to greater heat conservation, hence to successively higher 
emplacement temperatures during the course of the eruption. A 
higher vapor pressure at the top of the magma chamber is also im­
plied, and whereas this condition is in agreement with some of our 
data, it is at variance with other data. More information is needed. 

5) The bulk compositions of the upper member of the Bandelier 
show the first erupted material to be most salic and the last erupted 
most mafic. In a schematic way the evidence indicates a magma 
chamber (Fig. 17) with the most potassic feldspar crystallizing at the 
top, more sodic feldspar below; fayalite crystallizing at the Lop, hy­
persthene below; and U, Th, Nb, Pb, Li, Rb, F, and Cl concentrated 
upward in the liquid, Ba and Ti concentrated downward. 

6) These gradients arc pcr1wps to be expected in th~ magma 
chmnbcr, but most significant is the fact that they can be recon­
structed by means of detailed stratigraphic, miucralogicat nnd chem­
ical studks of the ash-flow sheet. 
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served, shows m~m:v physical and chemical parallels with the upper 
sheet. All evidence indicates that the two sheets, separated in time by 
about 400,000 years, had comparable histories and common origins; 
and that considered together they broaden our concepts of volcanic 
cycles. 

The systematic eruptions of the Bandelier ash-now sheets, and 
others like them, arc remarkable, and careful studies should lead to 
more refined knowledge of the processes actually at work in magma 
chambers. 

Ba,Ti Hypersthene Na Feldspar 

FIG. 17- ~thematic diagram showing gradntions in composition of crYstals and liquid 
m the magma chamber from which the upper member of the Bandelier Tuff 
was derived. 

Recent work published or in progress by a number of workers 
indicates similarities among these silicic magmas that may permit 
us to limit the number of hypotheses for the origin and e\·olution of 
silicic volcanic rocks. Of the current work we should note that of 
RATTI~ and STEVE~ (1964) in the San Juan Mountains of Colorado; 
LIPi.1AN, CJIH.ISTIA:-\SEN, and O'Co:-~~oR (in press) in Nevada; ARA~IAKI 
and Ur (1965), 0:\o (1965, and personal communication), in Japan; 
and EwAnT (1965) in New Zealand. 

Acknowlcclgcments 

We wish to thank the following individuals for specific contri­
butions to this study: Mrs. Kathryn DtcKso:-.: for careful mineral scp· 
arations and X-ray measurements; D. B. S·t:t~WART for guidance in 



- 102 

our feldspar studies; Laura REICI!E:X for feldspar analyses; nntl David 
GoTITHIED and his associates for U, Th, and Nb data. R. G. SCIIJ\tiDT 

and B. C. HEARN, Jr., we thank for critical reviews of the manuscript. 

References 

ARAM.IKI, S., and Ut, T., 1965 • Aira and Ala Ca!clcras in SoutTtun Ky11slm, Japatl, and 
tlzc Related P)•roclastic Flow Deposits. Pro~::ram IAV, InternaL Symposium on Vol­
canology, New Zealand, 1965 (abstract). Abo this volume. 

EWART, A., 1965 • Mi,eralogy a11d Petrogc11esis of tile \V/I(lkamcmt Ignimbrites in r!1e 
Maraetai Area of tire Taupo Volcanic Zone, New Zealand. New Zc:aland Jour. Geol. 
;md Geophys. Second Special Issue, Vol. S, No. 4, p. 611-677. 

GRIGGS, R. L.. 1964 • Geology and Growul Water Resources of tile Los Alamos Area, 
Nell' Mexico. V. S. Ceo!. Survey Water-Supply Paper, !753, 107 p. 

LJP:\IA~. P., CIIRISTIANSES, R. L., and o· CoxxoR, J. T. (in press) • A compositionally 
zoned ash-flow s/Jeet ill sowhcastem Nevada. U. S. Gcol. Survey Prof. Paper 524-F. 

Oxo, Koji, 1965 - Geology of rlze cas/em par/ of Aso Caldera, Cclltral Kyuslw, sautlnvest 
Japa11. (Jap. with English abstract), Jour. Geol. Soc. Japan, V. 71, pp. 541-553. 

Rurt, J. C .• and Srr:vcx, T. A., 1964 - Magmatic dilferentiatiou in a volcanic sequence 
related to the Creede Caldera, Colorado. Art. 131 in U. S. Gcol. Survey Prof. Paper, 
475-0, p. 0~9-053. 

Ross, C. S., S.\I!TH, R. L., and BAtLEY, R. A., !961 • Outli11e of t/ze geology of llze Jemec. 

Mou11tains, Nen• Mexico. Guidebook New tvlexico Geol. Soc. Twelfth Field ConL, 
Albuquerque, N. M., !961, p. 138-143. 

SMJTI!, II. T. U., 1938 • Tertiary geology of the Abiquiu quadrangle, New Mexico. Jour. 
Geology, V. 46, p. 933-965. 

S:-.rrm, R. L., 1960 • Zones mzd zonal variations in welded ash flows. U. S. Geol. Survey 
Prof. Paper 354-F, p. 149-159. 

S~HTII, R. L., B.\ILEY, R. A., and Ross, C. S., 1961 • Structural evolution of till! Valtes 
Caldera, New Me.dco, and its bearing on the e111p/acemant of ring dikes. U. S. 
Gcol. SutTey Prof. Paper, 424-D, p. 145-149. 

S~llTII, R. L., FRIED:\t.\:-;, I., and Loxt>, W. D., 1958 • Welded tuffs, Experiment I (abstract): 
Am. Gcophy. Union. Trans., V. 39, No. 3, p. 532-533. 

Discussion 

A. E\\'ART: We nre particularly interested in the results of your study of 
the n:rtical variations within the J3amlelier Tuff. Recently, simil<tr variations 
wen.: found ami described from the \Vhak:mmru lgnimb;·ite, Taupo Volcanic 
Zone. TIK•sc inclmkd an upward L'IHkhrm:nt in sodium, upward increase in 
total phenotTyst content, quartz resorption, and upward decrease in mocbl 
pb1!iodascjquartz mtios. These \\·en; <~!so interpreteJ as of primary (pre: 
erupt ion) origin. 
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the basal portions of the various now unite;, and if so, do these show dillcrcnt 
mineralogical ami chemical charucteristics from the enclosing rock? 

R. L. S.\HTll: I think you arc referring specifically to vitric knticlcs that 
you found to be more potassic than their matrix. \h~ ha\·t~ nut fo11nd such 
!cnlicks in the B;mddicr TufT. Hom.:\'cr, speaking on the general probkms of 
volcanic glasses. we do lind in the United Stales, that the diagenetic hydt:-ttion 
of glass may be accompanied or followed by chemical cbangcs. The most 
obvious change is loss of sodium causing rclatin~ cnr·ichmcnt of potassium with 
respect 10 sodium. Jn mnny hydrated glasses, however, I have found :tlso a 
real enrichment of potassium that I relate to low tcmperatun~ reactions be­
tween the glass and ground or surface waters. I would suggest that this proc­
ess might have altered the original chemistry of the WhakamLJru lcnticlcs, 
but for the fact that you have also found mineralogical differences. 

K. YAGl: Is there any difference in the degree of welding within each 
subunit? 

What minerals are formed as the products of dcvitrification in these de· 
posits? 

R. L. Sl\1JTH: Within each subunit differences in degree of welding arc ob­
served- th:tt is, zones of greater welding alternate with zones of lesser welding; 
but the average porosity of the subunits decreases upward from one subunit 
to the next, suggesting a general upward increase in degree of welding and a 
progressive increase in emplacement temperature of the ash nows. 

The products of devitrification in the Bandelier- spC'cifically, the products 
of direct crystallization of the glass in shards and pumice- are inntriably cristo· 
halite and alkali feldspar. In the vapor phase zone these products of de\"itri· 
Jication arc accompanied also by tridymitc, alkali feldspar, and iron oxides 
which have crystallized from vapors in vesicles and in interstices between 
shards. 
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