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Abstract
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Washington State University
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Chair: John A. Wolff

The 1.61 Ma Otowi Member of the Bandelier Tufisompositionally-zoned, high-silica
rhyolite tuff showing internal upward decreasethie concentrations of incompatible trace
elements. It is associated with the first majasege of collapse at the Valles caldera. Using a
comprehensive methodology, the minimum eruptiveina of the Otowi Member has been
recalculated at 335 KhDRE. The plinian phase has been calculated &t#DRE. Based on
these minimum calculations, it is likely that thgonal volume of the deposit was greater than
500 kn? DRE.

Prior studies suggested that the Otowi eruptiggabewith a single, central vent and
transitioned quickly to multiple ring vents as apite ensued. This model has been evaluated by
comparing vertical profiles in pumice chemistry ditlsic abundances in outflow sheet sections
around the caldera. Lithic distributions are sisipgly uniform around the caldera. Thus, a new
model for eruption of the Otowi Member is preserttece in which a single, central vent was
responsible for the majority of the eruption. kitand chemical evidence indicate a vent shift
late in the eruption towards the northeast as psél@nsued. However, multiple ring vents are
not evident in the data. In addition, volume chdtions of chemical types in the Otowi
ignimbrites indicate a roughly equal tri-part distition. This volume-constrained chemical data

may prove useful in future petrogenetic studieshenOtowi Member.
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CHAPTER ONE

INTRODUCTION TO CALDERA STUDIES

Large pyroclastic eruptions and associated calc@tapses are among the most
catastrophic events in geologic history. The latg@own calderas can have dimensions of up
to 80 km, such as Toba caldera in Indonesia. Vehiof erupted materials can range from
hundreds to thousands of cubic kilometers; exaniptegade the 5000 kiof material that
emanated at approximately 27.8 Ma from the La @aaldera in the San Juan volcanic field of
southwestern Colorado (Lipman et al., 1984), th@02&t erupted from the Yellowstone
caldera at approximately 2 Ma as the HuckleberdgRiTuff ( Boyd, 1961), and the 600 kof
material that erupted approximately 760 ka fromd.®alley caldera as the Bishop Tuff
(Hildreth, 1979; Hildreth and Mahood, 1986; Wilsamd Hildreth, 1997).

During the past century, significant advances Haen made in comprehending the
nature of large volcanic eruptions and consequadica collapse. Despite this, there is still a
great deal to be learned about caldera eruptiotg@llapse processes. The general mechanism
is well understood: eruptions of large ignimbritesd to the evacuation of a magma chamber
that causes the unsupported overlying crust t@ps# downward. The most common model
invoked in this scenario is the “piston” or “platedllapse in which a disc-shaped plug of crust
settles neatly into the void vacated by the ergptiraterial. However, the processes responsible
for caldera formation may be far more complex dngtthe aforementioned model simply
represents an end-member process (Walker, 198¥reTs a great deal of information that has
yet to be learned regarding the mechanisms anddiimvolved in large caldera-forming

eruptions.



The term “caldera” comes from the Spanish wordkgdtle or cauldron. Its roots lie in
the Latin word ‘calderia,” which translates to ‘g pot.’ Initially, the term was used in the
Canary Islands to describe bowl-shaped topogragegpeessions. The definition has changed
with time, but it is generally used to describg&grcircular collapse structures associated with
volcanic eruptions. Typically, the term calderas®d to define a geomorphologic feature
resulting from collapse or subsidence associatéd avi eruption. The term cauldron is now used
to define a structural feature that representethded remnant of a past caldera-collapse event
(Komuro et al., 2006), where most of the eruptiveenal associated with caldera collapse has
been removed, exposing older rock units beneatfotheer caldera floor (Cole et al., 2005).

The first studies on calderas were conducted itatteel8’ and early 18 centuries. The
majority of early studies assumed that calderasvaf@hnic craters were created solely by
explosive fragmentation of a volcanic edifice. the early 18 century Leopold von Buch, a
student of Abraham Werner and a Neptunist, exantinedCaldera de La Palma (now known as
Caldera de Taburiente) and described it as anbelngskratere’—an elevation crater. Based on
his studies von Buch proposed two classes of vadaaaters including one in which craters
form through explosion and one in which cratersfarmed by uplift. The first class was in
keeping with prevailing doctrine at that time, whievolved around the concept that ejecta from
explosive eruptions and more passive lava flowsimetated around vents to create a volcanic
mountain; the second class was attributed to grafvthe volcano by inflation from below. The
latter concept was referred to as craters of d@vaheory by von Buch (1820) and it was based
mainly on studies that he conducted in the Auverggen of France and in the Canary Islands
(MacDonald, 1972). The craters of elevation hypsih stated that volcanoesre not formed

by accumulation of volcanic products around a veather, it was suggested that upward



pressure from molten material at depth caused upiagof formerly horizontal lava flows to
create the volcano. Two observations were madéhyBuch at La Palma that led him to
develop this idea: First, he observed coarse-giagnanitoid rocks in the summit crater. To von
Buch, this implied elevation since granitic rocksresbelieved, in the Neptunian way of

thinking, to represent the lowest or primary portal rock sequences. Second, he believed that
the slopes of the volcano were too steep to allowd to accumulate on them and thus must
have been uplifted (von Buch, 1820; translatedairt py Macdonald, 1972).

Many geologists of the time, including Charles lLy€harles Darwin, and George
Poulett-Scrope were opposed to craters of elevétieory. Poulett-Scrope conducted field work
on numerous volcanoes in Italy, France, and elsesnineEurope, and published one of the first
major volcanological studigSonsiderations on VolcandBoulett-Scrope, 1825). In this work
Poulett-Scrope challenged the theory of cratedefation, arguing that volcanoes were not
‘craters of elevation,” but instead ‘craters of@ran’ formed from accumulation of lavas on
steep slopes. Poulett-Scrope pointed out thaif #fle layers of rock exposed in volcanic vents
were ejected from the vent itself, and that volcananes did not exhibit evidence of significant
uplift such as cracking and swelling (Macdonald/2® Thus, volcanic cones could not be
formed by uplift alone as the craters of elevahgpothesis suggested.

Lyell was also highly skeptical of von Buch’s thedinat the summit crater at La Palma
was formed through upheaval of lavas and suggésséed that it was likely related to
explosion. InPrinciples of GeologyLyell, 1830 and later editions) Lyell used obs#rons
from Mt. Etna, Stromboli, and Mt. Vesuvius in ateatpt to discredit “craters of elevation.”

Despite this opposition, two French geologistsiieidrmand Dufrenoy and Jean-

Baptiste Elie de Beaumont, embraced the conceppatticular, de Beaumont offered evidence



supporting the theory in his 1836 study of Mt. Emm&icily (de Beaumont, 1836). In this paper
(published in French and later summarized by Mo8irr1990), de Beaumont pointed out that
lava flows on the flanks of the volcano were umifan thickness and resting at angles of nearly
30 degrees. He wondered how it was possible &melflows to accumulate in such a manner on
such steep slopes when it was common knowledgéaetflows will move downhill under the
influence of gravity on slopes of as little as $es. Furthermore, he noted that the volcano
had only added approximately 1.25 meters to itghiten 2000 years. De Beaumont concluded
that the volcano grew not by accumulation of erdptaterials but through uplift (de Beaumont,
1836). Lyell later used observations from Etnahallenge the conclusions of de Beaumont and
von Buch. However, it took until 1859 before tliguanents of Lyell and Poulett-Scrope took
hold and craters of elevation was largely discezti{Macdonald, 1972). Throughout the debate,
Lyell was careful to note that de Beaumont wagaat, a meticulous field geologist and that his
study of Etna was a valuable and well written dbatron to the literature (Chester et al., 1985).
The fundamental idea that calderas are formed gfircollapse was first suggested in
1879 by Ferdinand Fouqué (Fouqué, 1879 and lateslated by A.R. McBirney). In a study of
the Greek isles of Santorini, Fouqué determinetttteprominent central bay existing between
the isles of Thera and Therasia must have restribed collapse of a large central block
associated with a large eruption. He vehemenjécted the “craters of elevation theory” and
dismissed the concept that the caldera had beamhdat. Foqué identified several key pieces
of evidence to support a collapse origin. Fitstyas necessary to estimate the total volume of
erupted material, which he determined to equal@pprately 60 k. Within the erupted
material, accidental fragments only accounted femall (1-10%) proportion of the overall

volume. In addition, significant tephra depositeranot found on nearby islands. Fouqué



concluded that if all the missing material in tlag/livere explosively removed, the amount of
ejecta should be several orders of magnitude larBgrhis calculations, the erupted volume
could range from 600-6000 RmConsequently, he suggested a new idea, oneighwaHarge
eruption was followed by a collapse of the volcaddice (Fouqué, 1879).

Fouqué proposed two potential mechanisms for cedla he first was that compaction
of marine sediments allowed for subsidence of tileano. The second was that downward
collapse of a coherent central block in the volceamased a large crater. Of all the theories
relating to caldera formation until this point ime, only the collapse model could account for
the steep slopes of the crater and the distinktddaccidental fragments in pyroclastic deposits
(Fouqué, 1879). Fouqué even went as far as teestigitat collapse events could trigger large-
scale eruptions and not the converse. The idealibeharge of magma in calderas is a
consequence and not a cause of collapse is a dahe¢pvas only revived over 100 years later
(Druitt and Sparks, 1984).

Another major caldera study (Verbeek, 1885) waslaoted soon after the eruption of
Krakatoa in 1883. This eruption was catastropkiltng approximately 36,000 on the
Indonesian islands of Java and Sumatra, primayilthbe large tsunami that was created.
Although the 1815 eruption of Tambora was signiftbalarger, the 1883 Krakatoa eruption
garnered far more attention and ranks as one dig¢lestudied caldera events of all time. Two
factors contributed to this increased scrutinyst-icommunication technology in 1883 had
advanced to the point where news of the eruptionlwaadcast around the world almost
instantaneously. Second, by 1883 there existegrafisantly heightened sense of scientific

curiosity in the west about natural phenomena.



In his 1885 study, Dutch geologist R.D.M. Verbe&nussed explosive coring as a
primary mechanism and identified collapse as tkedyticause of caldera formation. Verbeek
recognized that the volume of lithics in the erdpteaterials was far less than the volume of
material missing in the caldera. He concludea Fouqué before him, that the bulk of the
volcano had collapsed downward into a void spaeated by the evacuation of magma during
the eruption. Verbeek also suggested that re-ngeltithin the volcano may have weakened the
edifice, thereby contributing to collapse (Verbeb885).

The late 19 century and early Z0centuries saw several significant studies of calsle
Dutton (1884) conducted a study on the originseradution of volcanism and the formation of
craters in Hawaii. In this investigation, Duttertroduced the term caldera in American
scientific literature to describe collapse struesuin the Hawaiian Islands. Diller and Patton
(1902) described the history and geology of Crhéde in Oregon. The geology of the caldera,
including its structure, petrology, and petrograplas examined in detail. The overall goal was
to reconstruct Mount Mazama, the stratovolcanowes present prior to caldera formation
approximately 7700 years before present.

A major milestone in caldera study was in 1909, w@éugh and his colleagues
presented a paper focusing on the evolution of Glea Cauldron in Scotland (Clough et al.,
1909). Glen Coe in western Scotland is a deeglyetited caldera approximately eight
kilometers in diameter that erupted roughly 420(Kkugh et. al, 1909). The cauldron, as
Clough and co-workers called it, was interpretetiasng formed via subsidence of a coherent,
piston-like block along steeply dipping ring faul@&ough et al., 1909; Moore and Kokelaar,
1998). The ring faults were found to be steepppdig on the surface and it was assumed that

they behaved in similar fashion at depth (Clougaletl909). The general sequence is shown in



Figure 1.1; although, it is interesting to notet tiee ring faults in this diagram are drawn nearly
vertical. The authors state, however, that thepalaegard the diagram as “anything more than
diagrammatic” (Clough et al., 1909).

In addition, it was envisioned that simultaneoususion of magmas into the ring faults
accompanied caldera subsidence, thereby formimmgrglex series of ring dikes around the
cauldron (Clough et al., 1909). Ring fault congdlsubsidence became a simple and easily
evoked caldera collapse model that was appliedt@mly deeply dissected calderas but to
younger volcanic systems as well. Later in th® @ntury, it would become increasingly
evident that a greater diversity in processes gxrisimany calderas worldwide (Roberts, 1974;
Walker, 1984; Scandone, 1990; Branney, 1995; Liprh@87; Moore and Kokelaar, 1998)

From 1909 to the early 1940’s the concept of cellaps a caldera-forming mechanism
was becoming more established, but the literataskdd a well-defined classification scheme for
the variety of caldera types. The studies thdased during this time dealt mainly with
exploration and recognition of previously unknovatderas and the development of a
classification scheme (McBirney, 1990). Daly (19Malker (1928), Tanakadate (1930), Reck
(1936), and Van Bemmelen (1939) all proposed diaatibn systems for calderas. Burbank et
al. (1933) examined the evolution of the San Jualcahic Field in Colorado. In addition to
providing a classification, Van Bemmelen (1939)ogtized Toba in Indonesia as a large
caldera. The absence of a unified classificatedreme effectively ended in 1941, when Howell
Williams of the University of California wrote arséal treatise on caldera evolution entitled
Calderas and their OrigingWilliams, 1941).

In Calderas and their OriginsWilliams provided an in-depth literature revietwloe

ideas available up to that time. He enthusiasyieatacked the stale concept that the explosive



shattering of vents was the main process involudte creation of volcanic depressions.
Williams also proposed a universal classificatiohesne for different types of calderas.
Although this scheme has been modified over thegagears, it is still significant and deserves
recognition as the first attempt to organize tx@t@my of calderas.

Williams'’s first task was to address confusion tia@to nomenclature. He pointed out
that in the science of volcanology no term had vgaiee more changes in meaning and usage
than caldera. Williams noted that originally tkent ‘caldera’ was used in the Canary Islands to
describe natural depressions. On this subjeistjnteresting to consider that some Canarian
‘calderas’ are actually not calderas in the modemse of the word. A classic example of this is
Caldera de Taburiente on La Palma, which represelatieral avalanche scar and not a vertical
collapse. The Valle del Bove on Mt. Etna is anothemple of a lateral landslide scar that has
been associated with the term caldera (Walker, 19Bdrly researchers such as von Buch thus
used the term caldera for features that were nc#ssarily associated with an eruption. The
confusion between lateral and vertical collapsdinaes to cause nomenclature problems to this
day.

In his discussion, Williams noted that Dutton (18B4er used the term caldera to
describe collapse structures in the Hawaiian Idahi@ suggested that most geologists in the
early 20" century had varied opinions on the meaning oténe. For example, Sandberg
(1927) proposed that there was no difference betwesaldera and a crater and that size was the
only distinguishing structural factor. Others,luting Escher (1929) maintained that for a
structure to truly represent a caldera, it musehaflat floor and steep inner walls (Williams,
1941). Regarding the definition of the word ca#der is evident that iCalderas and their

Origins, Williams was influenced a great deal by German ggist Hans Reck. In 1936, Reck



proposed the following interpretation of the terabdera in which he delineates seven specific
criteria: 1) Calderas are related to volcanic toppgy. 2) Calderas are characterized by their
“centric structure.” In other words, regardlesswiether the edifice is vented outward or
collapses inward, the structure remains roughlyutar. 3) Calderas are different from craters
not only in size but also because craters arettiirassociated with the magmatic conduits of a
volcano. To clarify, craters are typically situatdirectly above a conduit, whereas large
portions of calderas may be far from eruptive verdisA fundamental difference is that a crater
is an eruption vent; whereas, a caldera is nevengaibut it may contain vents within its

structure. 5) Calderas are the result of chafgjdser state or volume) in the underlying magma
reservoir. 6) Craters form within the tops of domstional features (i.e. positive features) such
as cones and domes; calderas are collapse feétarasegative features) and are associated with
an emptied magma chamber. 7) Craters are assbuigteactive, young phases of volcano
growth, whereas, calderas are a mark of “decadamdege” regardless of whether a later
renewal of activity takes place (Reck, 1936).

Williams’s own summary defined a caldera as “adaigrcular volcanic basin produced
by engulfment.” He also went so far as to diffeéiee between calderas and craters, which he
later described as constructional features forrrioigyn accumulation of tephra around a vent
(Williams, 1941).

The next segment of the discussion is a reviefiwvefprominent, pre-1941 caldera
classification schemes. The first, proposed byDE14), divided calderas into four main
morphological types: true calderas, sinks, sunletecas, and volcanic rents. True calderas
were related to explosion and may either be simpleested. Sinks were ascribed to collapse

that was not associated with an explosion. Suckéreras were related to post-explosion



subsidence. Finally, volcanic rents were expla@edesulting from the horizontal tearing apart
of cones (Daly, 1914).

Walker (1928) divided calderas into two types: espin calderas and subsidence
calderas. Explosion calderas were classified akanic depressions more than a mile across.”
Subsidence calderas were subdivided into Kilaupa &hd Katmai type. Kilauea type calderas
were designated as those formed via engulfmervititig recession of lava in the conduit.
Katmai type calderas were classified as those fdrineugh explosion of silica-rich magmas
and subsequent collapse of the crater (Walker, 1928

The third system, proposed by Tanakadate (193@pesied that all calderas were
fundamentally related to collapse. Three classiions were proposed: crater-type, depression-
type, and conca-type. Crater type calderas wedreetkas circular or oval-shaped calderas
situated at the summit of a volcano. Examplesrgivere Aso and Hakone in Japan.
Depression type calderas were defined by Tanakaddbasins without distinct rims, many of
which are modified by erosion. Examples givenudeld Sikots, Towada, and Koya calderas of
Japan.Concatype calderas (conca is an Italian term used sortlee a depression) were defined
as shallow depressions that have gently-slopingrimmlls. A classic example— Lago di
Bolsena, Italy was given, and it was noted thatrA&ad Inawasiro in Japan were similar
(Tanakadate, 1930). Tanakadate also distinguiseetlal from lateral calderas. As the names
imply, in the former, engulfment occurs about at@rvent; while in the latter depressions are
created due to escape of magma from adjacent vadsarWWilliams noted, perhaps a bit harshly,
that few will agree to Tanakadate’s use of termsesi‘crater-caldera is contradictory” and

“depression caldera is redundant” (Williams, 1941).
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In the fourth classification scheme, Van BemmdlE89) subdivided what he terms
“negative volcanic forms” into two groups. Thestigroup included depressions caused by
explosion, such as craters and maars. The secoong mcluded depressions caused by
collapse, which were tentatively termed caldei@éthe calderas, he further subdivided them
into three types, including central, depressioi, @nca type (Van Bemmelen, 1939).

Finally, Williams reviewed Hans Reck’s classificat (Reck, 1936) which was
comprised of two main groups: calderas formed logenous forces and those formed by
exogenous forces. The endogenous grouping inclimedubdivisions: explosion calderas,
ruckflusskalderen, intrusion calderas, and collajgdderas. Explosion calderas, such as
Krakatoa and Santorini were attributed to collapsright on by partial emptying of magma
chambers during violent explosive eruptions. Taiscept is similar to Daly’s (1914) sunken
calderas, and it is also quite similar to the modeew of caldera collapse in which engulfment
is related to loss of magmatic support. Ruckkas$eren (rickfluss means ‘a withdrawal’)
were explained as collapse forms in which lossuppsrt was initiated by an internal melting
process. Intrusion calderas were related to edhgatovolcanic activity or deep-seated
movement of magmas. Cryptovolcanic activity isreleterized by subterranean volcanic
explosions where little or no magmatic materiadngpted on the surface, and thus the activity is
hidden or largely unknown. Examples given incltitee Bosumtwi caldera of West Africa and
the Steinheim basin of Germany. Collapse caldetas) as Kilauea and Askja were related to
magma withdrawal and subsequent loss of crustgdstp

The exogenous grouping includes erosion caldeva$, #s La Palma and deflation
calderas, such as those found in Southwest Afigdliams (1941) noted that all of the

endogenous calderas of Reck (1936) were relatednre way to engulfment. He also suggested
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that it would be more appropriate to group allhed exogenous calderas as ‘erosion calderas’
because some had been modified by wind and otlyesrsater (Williams, 1941).

Based in part on the previous work of others, ian@hrt on his own ideas, Williams
presented his preferred classification for calderé delineated six categories (A-F) of caldera
types. Those grouped in category A were termetbsign calderas. These calderas are formed
through explosive shattering of a volcanic edif@&oncept that had been suggested for nearly
150 years. Williams noted that these types oferalslare not only rare but are typically very
small (2-3 km) in diameter.

Category B included the so-called collapse caldeYdsliams sub-divided this category
into six models named primarily for type localitiesluding Krakatau type, Kilauea type,
Katmai type, cryptovolcanic type, Glen Coe typed arat he described as miscellaneous
collapse types. Krakatau type calderas were dextias being formed by engulfment followed
by a small eruption of juvenile material. Kilaugae calderas were associated with shield
volcanoes. They were described as having undengm@ effusion of lava from flank vents
that causes foundering of the central vent, theaterg a small central caldera. Katmai type
calderas were suggested to be formed through adterelting of pre-existing lavas beneath a
volcano that enlarges the magma chamber and sutrsidgtorces the edifice to collapse inward.
Cryptovolcanic type calderas were suggested t@obmedd through “muffled” volcanic
explosions in which there is little or no escapenaigma on the surface. These eruptions were
considered to represent “products of more or lbsst&e attempts to blast diatremes and
produce surficial explosion maars” (Williams, 1948len Coe type examples, named for Glen
Coe in Scotland (Clough et. al, 1909), were desdridis collapses of a coherent roof block along

well-developed ring fractures. This is the soexlistoping” discussed by Clough et al. (1909).
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Finally, the miscellaneous calderas are an assattofeollapses produced by changes in the
shapes or volumes of magma chambers beneath ttenool

Williams’ category C included erosion calderas.e3dnare described as calderas forming
from erosion of pre-existing caldera types. Hlso suggested that they may represent
enlargement of craters within existing calderagariples given are Papenoo in Tahiti and the
Banks Peninsula of New Zealand.

Categories D and E are calderas that are assoevatedtructural deformation of a
volcanic edifice that is not necessarily relateénaption. Calderas in Category D were termed
volcanic grabens. These structures were descabpéanch-like valleys on the slopes of
volcanic cones. They may exist as summit grabeasd at the peak of the edifice, or, as sector
grabens found on the flanks of the cones. Haleakehter on Kilauea Volcano in Hawaii is an
example of the former. Examples of the latterudel Stromboli and the Somma on Mt.
Vesuvius, Italy.

Category E consisted of volcanic rents or fisstwaghs. Daly (1933) suggested the use
of the term “volcanic rents” to describe depressifiimed on volcanic cones in response to
lateral magma displacements. An example givehasdland of St. Helena, where it is
suggested that a cone was torn apart due to tbetiony of dikes. Other examples given include
the Bandoeng ridge (entertainingly termed a “geaittirny Van Bemmelen) and the Tengger
massif, both of Java, Indonesia (Williams, 194djilliams supports Daly’s (1933) assertion that
these structures form via horizontal movementsliteatlly “tear apart” the edifice (Williams,
1941).

In a modern discussion of caldera types, categ@riasd E are more appropriately

considered to represent structural deformationaatea with magma movement, intrusion, or
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withdrawal in the shallow subsurface. Examplesuide flank collapse scars and slump scarps,
such as those observed at Pu’u O’o on Hawaii aciiseollapses associated with vent shifts
such as those that have occurred at StrombolisuBh, they are not necessarily calderas.

The final category (F) in Williams'’s classificatiags termed “major volcano-tectonic
depressions.” This classification includes subsigestructures that are associated with fissure
eruptions instead of those emanating from ceneats: Examples include a portion of the
North Island of New Zealand that lies between twajyanstructural axes and is home to late-
Tertiary to recent volcanism, and the Barisan Rafhe of Sumatra, Indonesia (Williams, 1941).

In the final portion of his paper, Williams shift¢he focus from classification of caldera
types to an examination of physical mechanismsluagbin creation of calderas. He addresses a
number of key theories, providing a criticism fecch, and eventually offers his own synthesis of
the issue.

The first reviewed wason Buch’s craters of elevation theory. Williams reslshort
work of the idea, claiming that it was “short-liveahd that within a few years of its inception,
Lyell and Scrope had “given it the coup de gracesdal on their studies on volcanoes such as
Mt. Etna and those elsewhere in Europe (Willianggl1).

The next theory discussed is the long-standingosx@h hypothesis in which a caldera is
directly related to a large explosive eruption, #adize is proportional to the intensity of the
eruption. Williams pointed out that the theorynadequate because more often than not, there is
a disparity between the amount of observed ejeadatee amount of missing material in a
caldera. Furthermore, the relative scarcity tiidifragments in many eruptions, such as at

Krakatoa where only 1/20of the ejecta are lithics, discredits the explogheory. Williams
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stated, “Clearly these volcanoes did not blow themds off; on the contrary, they were
disemboweled and their heads caved in” (Williangzi1).

The gas coring theory of Escher (1929) proposatlithsome eruptions, large cylinders
are drilled out by explosion and subsequentlywh#s of the structure slide in, thus creating a
depression. The idea was developed from his sitifderret’s work on the 1906 Vesuvius
eruption. Escher’s contention was that the praseseperating at Vesuvius are a small-scale
analogue of larger caldera forming processes.hEurtore, he concluded that more violent
eruptions would produce progressively larger furstelped cylinders. Escher utilized atrtificial,
scale-model volcanoes and through his experimenta&termined that the radius of the
proposed cylinder is a direct function of gas vtlom the conduit. He also derived a formula
capable of determining the maximum attainable depthe cylinder. Williams immediately
discredited the gas coring concept, arguing thgehwlumes of lithics would need to be erupted
prior to caldera formation in order to accommodhgetheory. He concluded that the gas coring
mechanism may in fact account for moderate crdmergannot explain caldera formation
(Williams, 1941). It is significant to note thaggpite Williams’s objections, Escher’s gas coring
theory does provide a good description of the peee that form diatremes. Diatremes are
small, funnel-shaped collapse structures typidakg than 2 km in diameter.

The mantle pipe hypothesis of Sandberg (1928)estgd that calderas and craters are
fundamentally formed in similar fashion and tha tnly difference between them is their size.
This theory proposed that magmatic conduits ofatodes are initially very large (of caldera
proportions) and that they shrink progressiveljhviiine as they are filled in with eruptive
material. An example is Mt. Vesuvius, where then8w@ is presumed to represent the initial

conduit and volcanic activity since the A.D. 79@ran represents subsequent narrowing of the
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vent (Williams, 1941). Four significant problente associated with this theory. The primary
objection is that if conduits are opened by exgiosthere should be extremely high lithic
proportions in the erupted products. This is symt the case at the majority of the world’s
calderas. Williams’s second objection stated ‘thatknown volcanic neck has the diameters of
a caldera and no known caldera is active ovemitiseesurface.” A third issue pointed out is that
the theory cannot account for straight-sided vatcgrabens and calderas bordered by non-
volcanic rocks. Finally, Williams pointed out thatorder to form huge vertical conduits, the
explosions would (out of necessity) be emanatiogfgreat depths and would be of “quite
improbable magnitude” (Williams, 1941).

An interesting theory addressed is that of inteso#ition in volcanic conduits. First
suggested by von Hochstetter in 1871, the conbaptinternal melting of the volcano could lead
to its collapse was later adopted by Verbeek irstudy of Krakatau. Verbeek (1885) concluded
that the collapse at Krakatau was brought abotitarfollowing sequence of events: First,
internal melting of old lavas results in enlargem@the magma chamber; next, foundering of
the cone into the void space occurred; finallywsear rushed in and was followed by
explosions (Williams, 1941). In stark contrastugoé dismissed the concept of internal solution
citing a lack of field evidence to support it. €gtFenner (1920) and Griggs (1922) would
support internal solution to explain eruptive prsses at the eruption of Mt. Katmai in 1912
(Williams, 1941).

It is interesting to note that internal solutiorfusdamentally related to modern ideas
regarding magma chamber growth and formations tiow acknowledged that silicic magmas
can be generated relatively quickly prior to ampéian. This is accomplished through crustal

melting related to the heat associated with basitrusions. Bindeman and Valley (2003) and
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Bindeman et al. (2006) have used oxygen isotopeeatad U-Pb zircon geochronology to
demonstrate that magmas in the southwestern Nexddanic field (SWNVF) were derived
quickly through crustal melting and assimilatiorhgtirothermally-altered country rock beneath
the volcanoes.

Daly (1914) envisioned vertical-sided magma chasibemost volcanic systems. Easton
(1916) challenged this notion, reasoning that werical-walled magma chamber where
conduits to the surface feed from the top of thengber, drawdown during eruptions would soon
make it impossible for eruptions to continue, andsequently the volcano would soon become
extinct. This reasoning led him to propose thagma chambers in all volcanoes except for the
Hawaiian type must be either inclined or of “widertical extent,” which presumably means
both deep and broad in cross-section. In thesa@mgjric chambers, he suggested that conduits
to the surface must tap lower levels on the roafhambers as seen in Figure 1.2 (Easton, 1916).
An eruptive scenario in this type of chamber wauidceed as follows: An initial eruption from
the conduitC-E forces magma drawdown to tAeAlevel. Gas pressure builds up in the
overlying vacated space and pushes out more magmetiie conduit, thus drawing magma
levels down to th®&-Blevel. This process is repeated, with volcaniseob@ng more explosive
and less effusive as the edifice on the surfacel®up, until magma levels reach GeC level,
essentially even with the cond@tE. At this point, the system enters the solfataiags in
which the conduit is effectively plugged, thus fagcgases to escape to the surface through
fissures in the roof. During gas escape, Eastggested that the fissures would be widened and
that melting occurs, thus creating new magmaswioatd percolate downward. Easton stated
that “the lowest part of the volcano will consistast of a solid skeleton with an infinite number

of cells, differing greatly in size and shape, wlihie feeding chamber is gradually infilled with
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magma and the gases above the magma attain eveasig tension.” As gases are rising
vertically in this scenario, the cells are thoughtssume cylindrical forms. Easton termed this
overall scenario “cell” theory, and two potentiatcomes of the process were identified. First,
the weight of the overlying volcano is too much tlee “honeycombed” cell structure and
collapse ensues. Because the cell structuresestieal, so is the collapse structure. Second, gas
tension may increase until magma is forced expébgifrom the conduit and the cell structure.
Massive engulfment ensues, and a vertical-wallédkca structure is formed.

In response, Van Bemmelen (1929) and Williams (3 $4ovided a number of pieces of
evidence to discount cell theory: 1) No disseet@ldanic structure has been found that shows
cell structure; though, it is unlikely that theustiture would be preserved. 2) The theory requires
all calderas be eccentric with respect to theirespand that they should occur near the bases of
the cones to be in keeping with Easton’s diagrafiguare 1.2. 3) Extensive solfataric and
fumarolic activity should be found on the flankscohes that would be particularly active prior
to eruption, and this has not been observed. #d @olumes of the lower portions of the
volcanic edifice and the country rock beneath thieano would be melted and would thus
contaminate the magma, which has not been obsefidmte: see earlier discussion of
Bindeman and Valley, 2003, and Bindeman et al.62@Mere this phenomenon has been
verified in large silicic calderas such as TimbaénM\evada and Yellowstone, Wyoming)

5) As the conduit became blocked when magma levete drawn down sufficiently, eruptions
would be expected to occur at the base of theocedifihere the roof of the magma chamber is
thinnest. This is not commonly observed. 6) Teoty cannot account for straight-walled
summit grabens. 7) Most calderas have simpleraslthat do not agree with the idea of

collapse of a complex “cellular” roof block.
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After presenting his preferred classification sgstnd examining the multitude of
theories on caldera formation available at the ti@liams discussed the mechanism that he
believed to be most significant in caldera formatiGollapse involving withdrawal of magmatic
support. He stated, “It is primarily the rapidsseration of the magma chamber which leads to
crustal foundering and the production of caldesagymit, and sector graben, and the still larger
volcano-tectonic depressions discussed in thisrp@pélliams, 1941). Figure 1.3 is a
schematic diagram modified from Van Bemmelen (19B®trating the aforementioned
processes in a Krakatoan caldera (Williams, 194%¥hat is essential in the processes is that
replenishment of magma from beneath is too slowofie with evisceration and consequently a
void space and collapse is inevitable (Williams41)® This is easily justified when we consider
that volatiles rapidly decrease in concentratiothenresidual (non-erupted) magma and
hydrostatic pressure in the chamber decreasedisanntly following violent eruptions. The
residual magma is under less pressure and is likehg crystal-rich. Thus, it is more viscous
than the erupted material (depending on the ddgresich it has crystallized) and is less
capable of replenishing the chamber fast enouglipport the overlying crust.

In Calderas and their Origin®Villiams makes two main assertions, the first bethrag
calderas formed by the explosive shattering ofdifice are typically small (< 1 km) and rare.
The second is that the fundamental cause of calderation is engulfment following loss of
magmatic support. Several causes for loss of magsgpport are proposed, including
degassing and contraction of cooling magma, raptdauring of lavas from fissures such as at
Kilauea, and large-scale plinian eruptions in whialst quantities of pumice and ash are ejected
into the atmosphere. Although essentially a liteeareview, Williams’ work was strongly

influenced by his vast field experience and yeaiatense study. It is a landmark effort in that
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it analyzed and organized nearly all ideas relattiingaldera formation up to the 1940’s. Most
aspects of his work are still valid today, andahtinues to be respected as a major contribution.

The 1960s and 1970s saw a resurgence of intereatdaras and publications on caldera
forming processes. Significant new work on thelavon of calderas was advanced by a
number of researchers. Boyd (1961) investigatedh#iure of volcanic deposits at Yellowstone
Caldera in Wyoming. Although the work is chieflgncerned with description and
interpretation of ignimbrites in the region, it pided significant insight into volcanism at
Yellowstone. This, coupled with the fact that b&lstone is one of the largest resurgent
calderas on the planet makes the study worthy ofiorein a review of caldera studies.

Yokoyama (1963) and McCall (1963) illustrated tise of geophysical data (gravimetry)
in delineating the structure of collapse calderdskoyama’s study used gravity anomalies to
estimate total erupted material from a volcanidieeli A total of eight calderas and three
stratovolcanoes in Japan were used in the studighvibund that low gravity anomalies
commonly occur in calderas where large ignimbtitage been erupted (Yokoyama, 1963).
McCall examined several calderas in the East Afritt valley, also discovering significant
gravity anomalies marking collapse structures (MQQ63).

Yokoyama (1966) alluded to an explosion hypoth&sigaldera formation based on
gravimetric, geologic, geomagnetic, and seismigesys of Japanese calderas. In this study,
smaller calderas were found to have large gravignalies, while larger calderas (those with a
diameter > 20 km) were typically characterized dy-gravity anomalies. The small calderas
with high gravity anomalies were attributed to ugpled of basements beneath the calderas
(Yokoyama, 1966). The author proposed that thgdsigalderas represented highly-explosive

events in which large amounts of ejecta were biiaste of the vent. In essence, it was implied
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that the larger calderas were eviscerated structorened by explosion. This idea is akin to the
explosive gas coring hypothesis proposed by E4di®29) and it would later form the basis for
establishment of the funnel-shaped caldera morglyadd Yokoyama (1981; 1983).

Of particular note are the contributions of R.L.iBmR.A., Bailey, and C.S. Ross, who
wrote a number of landmark papers relating to calégolution and ash flow magmatism. Their
work focused primarily on the Valles caldera, NewxXito. Their accomplishments are
significant and include providing a framework foetstudy of ash flows, creating a model for
the evolution of resurgent calderas, investigatitegpetrologic origins of large silicic magma
chambers associated with calderas, and describiggeat detail the geology of the Valles
caldera in New Mexico.

Although they are not strictly focused on caldethas,contributions of Smith and Ross
during the early 1960s on the subject of ash-floffstare notable. Smith, (1960a, b) provided a
sorely-needed and well-documented explanationtoflag/s and depositional mechanisms.
Later, in 1961 Ross and Smith published “Ash flows, their origin, geologic relations, and
identification” (Ross and Smith, 1961). In therattuction to the 1979 GSA special paper on
Ash Flow Tuffs, editors Chapin and Elston note ttia¢ documentation in these papers was so
thorough—including a large number of excellent plgoaphs of outcrops, hand specimens, and
thin sections—that even a beginning student coasilyegrasp the subject” (Chapin and Elston,
1979). Certainly, these papers are invaluableyome studying silicic calderas and their
associated products, and they continue to be usethls day.

Smith and Bailey (1968) established the teesurgent calderawhich was defined as a
cauldron within which the subsided block is upliftafter initial subsidence, usually as a

structural dome. In this influential work, the laots compared various well-known caldera
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systems, emphasized the cyclical nature of caldarakfor the first time clearly defined
individual stages in the development of resurggstesns. Smith and Bailey (1968) were
enthusiastic in their praise of the work of Howailliams. Smith in particular noted that
Williams’ 1941 paper “caught him, in 1942, at arpm@ssionable age” and that it had
“influenced his thinking ever since (Smith and Bgjl1968). The authors did note, however,
that in the twenty-seven years sir€alderas and their Origing/as published, many new
calderas had been described thereby adding tov#ralbknowledge base. Consequently, they
set out to re-evaluate caldera-related theoriest(Sand Bailey, 1968).

The stated purpose of the paper was to introdudearplify the authors’ concept of
resurgent calderas. The authors use the termradliére same fashion as did Williams—to
describe a large, circular, volcanic depressiohithiypically larger than a volcanic crater and is
usually associated with some form of collapse (Brartd Bailey, 1968). The authors use the
term cauldron as a generic term to describe atlarot subsidence structures regardless of
shape, size, erosion, or association with surfateanism. This includes tectonically-controlled,
irregular-shaped collapse structures such as Tdleaenthe genetic processes are similar to those
involved in caldera formation. Smith and Baileyrevelear to explain that it was not their
intention to revise current terminology, but that the sake of simplicity in describing similar
caldera structures with common genetic charackesiite term cauldron was the most
convenient available to them (Smith and Bailey,8)96The term ring fracture was used by the
authors to describe the fractures and faults thah8 or are associated with the collapsed mass.

Smith and Bailey (1968) briefly described the gggland evolution of seven calderas:
Valles NM, Creede CO, San Juan-Silverton-Lake Ci@, Timber Mtn. NV, Long Valley CA,

and Toba, Indonesia. These case studies weredeawith the intent of identifying key pieces
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of evidence for caldera resurgence. A numberroilarities were identified between the various
calderas, including comparable structural featueagptive patterns, and (with the exception of
Long Valley) centrally-located resurgent domessdhon their observations, the authors
identified a systematic sequence of seven eruptages. It is important to note that the model
of resurgence was based mainly on the Valles claethis was the system with which the
authors were most familiar.

Six of the seven stages of development in resurg@entity are shown in Figure 1.4.
Stage | represents general regional tumescencgearetation of ring fractures. Regional
tumescence was defined as doming of an area |Hrgerthat defined by the outer ring fractures
of a caldera. Smith and Bailey proposed thatdhislling leads to initiation of fractures along
which “catastrophic ash flow eruptions eventuadlge place” (Smith and Bailey, 1968). Stage Il
is marked by major caldera-forming eruptions tlgptdally produce voluminous ash flow tuffs.
The duration of this stage was a source of unceytéor the authors, who recognized that large
volumes of ash flows could be erupted in a verytstime. Using the 1883 Krakatoa, 1912
Katmai, A.D. 79 Vesuvius, 1815 Tambora, and thd M& and 1.22 Ma Bandelier eruptions as
examples, a very short time was defined as reptiegeanywhere between a few days to less
than 10 years (Smith and Bailey, 1968).

Stage lll represents caldera collapse in whichelatple subsidence occurs. Based
mainly on their evidence from Valles N.M., SmithdaBailey separated Stages Il and llI.
However, they noted that in some calderas erumtidarge volumes of materials and collapse
may in fact be concurrent. This concept is reqLibg the observation of thick caldera fills in
some systems. Druitt and Sparks (1984) examinsegtienomenon in detail and this study will

be discussed later in the chapter.
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Stage IV is represented by pre-resurgence volcaamsiintra caldera sedimentation.
Smith and Bailey (1968) proposed that the perididfiong collapse would be a time of
“extreme disequilibrium” in the caldera and in thagma chamber. Within the caldera they
suggested that caving, avalanching, and gravitiapsé of the weakened caldera walls, and
formation of intra caldera lakes would dramaticatigrease rates of sedimentation. In addition,
they believed that minor eruptions of pyroclastatenial and lava flows would occur as the
magma chamber attempted to re-establish itself.

Stage V represents the resurgent doming phaseiamn\attypically well-defined central
structural dome is emplaced within the collapseezomith and Bailey (1968) pointed out that
resurgent domes are frequently structurally defokntieey may contain distension faults or
exhibit various types of grabens. It was also sstgy that resurgent doming may be
accompanied by small amounts of volcanism, typyaadicurring along ring-fractures (Smith and
Bailey, 1968).

Stage VI is represented by major ring-fracture aoism, identified as a ubiquitous and
long-lasting process in all of the calderas exanhioye Smith and Bailey (1968). The authors
suggested that Stage VI is the second longeseddlien stages, with only Stage | having a
longer duration. Stage VII (not shown in Figuréd)Iepresents solfataric and hydrothermal
activity. The authors argued that this stage @tege VI) may be long-lived and could perhaps
overlap other stages. However, they also suggdséta only becomes unique after all
eruptions have ceased, and at that point it cossita “terminal” phase of activity. Valles and
Long Valley are identified by Smith and Bailey (BY@&s silicic resurgent calderas that currently

are in either Stage VIl or late Stage VI.
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There is no doubt that Smith and Bailey (1968) @spnts a major contribution to our
understanding of large, long-lived, caldera-formuadcanic systems. In many ways it is as
important as the work of Williams (1941). The aurth for the first time, emphasized the
cyclical nature of calderas and set out to cledetiyne stages of development in these large,
explosive systems. One major criticism, howeethat the authors appear to have been a little
too heavily influenced (perhaps understandablythieyr excellent work on Valles caldera; their
I-VII resurgent sequence is identical to the seqaesf events that has occurred in the Jemez
Mountains for the 1.22 Ma Tshirege eruption of Baadelier Tuff. It is unrealistic to expect
that all resurgent calderas would behave idenyi¢alValles; although, the general theme of
resurgence is certainly applicable to many systeordwide. One other criticism of Smith and
Bailey (1968) is their confusing use of the terraklera and cauldron. There are several places
in the paper where nearly simultaneous usage of teoins is somewhat cumbersome and
potentially confusing to the reader. Although ghethors justify their broad usage of the term
cauldron, as it is currently understood a cauldepresents an eroded caldera. Consequently,
the modern reader may become slightly disorientéds in no way, however, invalidates the
broad contributions of the work.

Williams and McBirney (1979) redefined the tecaldera using it to indicate “a large
volcanic collapse depression, more or less ciradairquelike in form, the diameter of which is
many times greater than that of any included veilitiey also revised Williams’s prior
classification scheme, abandoning all but the pskacalderas (category B) from the 1941
system. The terms Krakatoan, Katmai, Valles, HamaiGalapagos, Masaya, and Atitlan types
were retained. Categories A and C-F (explosioateel calderas, erosion-related calderas,

volcanic grabens, volcanic rents and fissure traughd major volcano-tectonic depressions)
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were abandoned by Williams and McBirney; althowsgime of these terms continued to be used
by others. Volcano-tectonic depression in paréicwas used throughout the 1980’s and
remains in use.

During the 1980’s and 1990’s interest in caldewdigts was again revived. During this
period, and continuing through to the present, muokre attention has been paid to caldera-
forming processes rather than to the classificatforalderas. This is no doubt due in part to
advances in technology, in part due to increastlast in the potential of geothermal energy as
an alternative energy resource, and also in pa&taan increased awareness of the need to
understand the workings of large volcanic systeims fa geologic hazards perspective.

Yokoyama (1981) introduced the concept of the flutyyee caldera, suggesting that it
represented a large debris-filled explosion critat was cored out during an eruption. Gravity
anomalies at Krakatoa were correlated to an “irgedrcular cone (or a funnel)” structure with
a maximum radius of 8 km and a depth of 1 km (Y@hkog, 1981). Yokoyama (1983) studied
four low gravity anomaly calderas in Japan inclgdiso, Kuttyaro, Nigorikawa, and Hakone
calderas. The study incorporated gravimetric sudaga and various drilling studies to evaluate
caldera collapse mechanisms. Three significadirigs were highlighted that challenged
conventional ideas of caldera collapse at that.tifftee first noted that coarse materials (termed
‘fall-back’ by the author) are usually found accuated as deposits situated between one to four
kilometers in depth beneath calderas. The secoggested that caldera boundaries are not
always faults, and that they typically dip inwatdshallow angles with a few steeply-dipping
exceptions. The third, and perhaps most significsuggested that the basement rock beneath
some calderas assume a funnel-shaped morpholodyhainthey are neither piecemeal nor

chaotic in nature.
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Yokoyama (1983) used this evidence in support efetkplosive coring hypothesis for
caldera formation in general, and more specificihthe 1883 Krakatoa eruption. He rejected
the idea of Williams (1941), which proposed thaakatau-type calderas were formed by
collapse of a pre-caldera volcano into a magmavese In contrast, Yokoyama stressed that
pre-caldera volcanoes could not collapse into anaageservoir through narrow central vents.

The major issue with explosive excavation as a magtilera-forming mechanism is that
the proportions of lithic fragments in ignimbritassociated with the eruption are too low to
account for the caldera subsidence (Self and Ram@®81). Since Yokoyama (1981; 1983) the
continuum of caldera collapse morphologies has kagmnficantly refined. Funnel calderas
have been identified as end member morphologiexaded with either small or deep magma
bodies (Lipman, 1997). More recently, it was pregubthat funnel morphologies may not
represent an end-member, and instead they refieatety of processes including the breakup
and collapse of weak or fractured materials (Metrtal, 1994; Lipman, 2000a; Roche et al.
2000). Roche et al. (2000) suggested that som# satderas with lithic-rich ejecta may have
been formed through explosive reaming and areltlbssinterpreted as large vents.

Walker (1984) proposed the concept of downsag hichvstratigraphic layers warp
downward, as an important mechanism in calderaideise. Walker recognized that not all
calderas conformed to the favored collapse modileatime—the so-called piston model in
which a cylindrical block subsides along well-defii) steeply-dipping ring faults. Walker cited
six pieces of evidence that conflicted with theagmssubsidence model: a) subsidence at some
calderas occurs via broad down-sagging of the $amfhce; b) vent rings (which may be
indicative of a larger ring fracture) are scarcenany calderas; c) vent rings may occur outside

as many calderas as inside and may also occur \ah&klera is lacking; d) most cauldrons are

27



larger than most calderas, signifying that smdtl@as may not be linked with cauldron
subsidence; e) ring dikes are a feature of Predaamferatonic) crust; whereas, most modern
calderas occur in younger continental crust; f)albtalderas are generated by catastrophic
eruption and some may form incrementally with salvphases of collapse. In addition, Walker
noted that evidence from some Japanese calderaated that subsidence could be constrained
in a small funnel-shaped collapse zone in the caftihe caldera (Aramaki, 1984).

Walker concluded that no single genetic model cagltbunt for the variations in caldera
collapse; and thus, a spectrum of morphologies exist. He stressed that downsag was a
significant process in caldera collapse, and tiiahen circumstances where subsidence
occurred along ring faults downsag accounted foleast as much of the total subsidence as
downfaulting” (Walker, 1984). Downsag was defirseed‘a gradual inward slope of the ground
toward the center of the depression coupled wititla of tangential fault scarps, and the
centripetal dip of a depositional feature that bardeduced originally to have been horizontal or
nearly so” (Walker, 1984). A number of localitwwsre identified where downsag could be
readily observed, including Taupo and Lake Rotanudew Zealand and the Lake Bolsena
depression within the Vulsini volcano, Italy. Wetlalso noted that ring fracture subsidence and
downsagging are not mutually exclusive, citing Qe Scotland and the Ossipee Mountains
(New Hampshire, USA) as examples where the dowhefdweollapse blocks demonstrate basin-
like structures with inward dipping layers. At Gl€oe it was estimated that at least half of the
collapse could be attributed to simple downsaf)ssipee over half of the subsidence was
related to down-warping. Walker suggested thdtédumonoclinal folds could be used as
analogies, and noted that downward flexuring ofieed rocks would be expected to occur prior

to failure and faulting. Thus, he stated that ppehcalderas should be regarded as faulted down-
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warps. Figure 1.5 is an illustration showing aetgrof caldera types that have been influenced
by downsag.

In addition to establishing downsag as an importaidera collapse process, Walker
(1984) also conducted a literature survey of 16@t@uary calderas to investigate the locations
of post-caldera vents. In 89 young calderas, \aattions were assigned to one of five
categories: C, in which a single vent occupiesrdra€location (20 examples); L, where vents
are located along a linear trend (39 examples)yvMere a single vent is located along the
margin of the collapse (7 examples); R, in whichtgere located in an arcuate ring roughly co-
located with the caldera margin (8 examples withtla@r 5 possible); and S, in which vents are
randomly scattered (10 examples) (Walker, 1984)e Rey finding was that post-caldera vents
are seldom co-located with peripheral ring fauhgy more commonly occupy a central or near-
central location. The implication of this is tllaé pre-collapse vent system is not necessarily
altered by caldera collapse. Walker suggestedntioat ring fault systems were observed in
Precambrian crust and thus the piston style oapsk may operate best in rigid and strong crust.
He proposed that in weaker and younger crust dogvasd other types of collapse would
predominate (Walker, 1984).

Marsh (1984) investigated the mechanisms involmethldera resurgence using a
numerical modeling approach. A series of mathesabinodels were created to evaluate the
applicability of a variety of physical processesught to influence resurgent activity. Based on
the results, regional detumescence following eampéind magmatic pressure associated with
vesiculation were cited as the most significantsesuwf resurgence. Detumescence and
vesiculation similarly serve to compress a magneandser, causing doming of the caldera block.

Marsh noted that in most cases, regardless of g#ehamism responsible, the times of
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detumescence and doming of the caldera block aezsaly proportional to the size of the
magma chamber (Marsh, 1984).

Mahood (1984) conducted a survey of calderas as®acwith strongly peralkaline
magmatism. The author concluded that numerousrdifces exist between calderas related to
peralkaline rocks and those found in calc-alkatettings. Peralkaline calderas are typically
smaller in diameter (2-8 km), are derived from nratidy-sized explosive eruptions with
relatively low eruptive columns, and have smallelume pyroclastic deposits associated with
them. In addition, because of lower magma vis@ssipyroclastic deposits (including fall
deposits) are commonly welded and may be subjeotptbcesses such as rheomorphism and
re-vesiculation.

Druitt and Sparks (1984) provided an intriguingastigation of the timing of large-scale
caldera forming eruptions with caldera collapsesvi®usly, it was assumed that massive,
explosive eruptions of pyroclastic material emptethagma chamber, thus causing collapse due
to withdrawal of support. Inherent in this sequerscthe concept that eruption occurs first and
that collapse occurs second only after a majoiquorf the eruption has occurred. Based on
their analysis of pressure variations in magma demduring explosive eruptions, Druitt and
Sparks proposed that caldera forming events mayraedwo well-defined stages (Figure 1.6).
Stage one involves eruption of magma from an inveat while the magma chamber remains
over pressurized. In stage two, chamber pressailsehielow lithostatic pressure and collapse of
the overlying crust occurs as the magma chambamats to re-establish lithostatic pressure,
and as a consequence, large volumes of magma @dstir thousands of Kjrmay be expelled
(Druitt and Sparks, 1984). Their main contenti®thiat only small to moderate volumes of

magma may be erupted while high pressures exteeichamber.
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In the 1990’s the continuum suggested by Walk884) became much more clearly
defined. In what was essentially a reiteratiodis€overies made earlier by Walker and others,
Scandone (1990) examined the Krakatoa-type caldéndslliams (1941) and re-assessed the
plausibility of explosive decapitation of ventse Hetermined that so-called Krakatoa-type
eruptions are more likely formed through what wesied chaotic collapse (also referred to as
“noncoherent collapse” by Roche et al., 2000). nHoae proposed that the energy required to
create a caldera through straight explosive casmgt normally available in natural
circumstances (Scandone, 1990). These conclugieresbased on an analysis of crater
formation by high explosives (both nuclear and @mional). Scandone also noted (as have
many of his antecedents) that deposits in caldara$y (if ever) contain lithic proportions that
can account for lost volumes in the caldera. Tdwchusion was that chaotic collapse is marked
by extensive brecciation of the caldera floor. &wmging on the aspect ratio of the magma
chamber (tall, vertically-oriented magma chambeesnaore likely to produce chaotic collapse;
flat, horizontally-oriented magma chambers are nhikedy to produce large volume eruptions),
chaotic collapse may occur following depressura@abf a magma chamber (Scandone, 1990).
However, Scandone failed to recognize that theestifflerential between nuclear explosion
cavities and large calderas (2-3 orders of magajtigisignificant and damages the credibility of
his analogy (Roche et al., 2000).

Branney and Kokelaar (1994) conducted a studyerstcafell caldera in the Lake
District of England (Branney and Kokelaar, 1998xafell is one of the best-described examples
of chaaotic or highly fragmented collapse. Durimdjapse, the floor at Scafell broke up into
multiple 0.1 to 2 km blocks separated by faulthie Buthors use the term “piecemeal caldera” as

a substitute for the chaotic or Krakatoan type twey apply it to calderas with block-faulted
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floors such as Scafell or those with indiscretelesd floors that have been transformed into
meso/mega-breccias such as Aira in Japan (BramkeiKakelaar, 1994). Their main
conclusion was that subsidence in calderas wherédar is highly fragmented likely occurs via
“successive localized events, each affecting sfaalt-bounded areas rather than the entire
caldera floor” (Branney and Kokelaar, 1994).

Lipman (1997) presented a paper on caldera typesich the breadth of diversity in
caldera types is recognized, and a summary is geovof the continuum of morphologies that
had been developed since the early 1980’s (Liprh@87). In the first part of the paper, a
general review of the major structural elements@néin a caldera was presented. The author
noted that these are not intended to represeniordaat any specific caldera but rather to
provide a general framework for examining caldeitapses. The elements (Figure 1.7) include
the following: topographic rim, inner topograpkwall, collapse collar, bounding faults, intra-
caldera fill, caldera floor, sub-caldera magma dbangLipman, 1997).

In the second portion of the paper, Lipman idesdifiive caldera end-members that can
be expected to result from the majority of subst#gorocesses found at calderas. These types
can be seen in Figure 1.8 and include plate oompistpe collapse, piecemeal collapse, trap-door
collapse, downsag collapse, and funnel-shapedpsdl@_ipman, 1997). The author is careful to
note that the aforementioned collapse morpholagieend members and that collapse may
frequently involve combinations of the proposed-emembers.

Moore and Kokelaar (1998) undertook a completesesssment of the Glen Coe cauldron
in Scotland. In this study, the authors refutegldbnclusions of Clough et al. (1909) and
Roberts (1963; 1966) by interpreting Glen Coe aqalds an example of piecemeal subsidence

and not coherent-block collapse. The primary ewedor this interpretation was the discovery
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that the ring-faults identified by Clough et al9(B) actually formed after a long, drawn-out
collapse process and were not associated with arediate collapse (Moore and Kokelaar,
1998).

Since the turn of the century, several significaltlera studies have been published.
Troll et al. (2000) produced a study of the Rumtiadngneous complex, Scotland. They suggest
that caldera collapse may have preceded large-sogi¢ions, thus echoing the sentiments of
Komuro et al., 1984. Komuro originally conductederal experimental studies on calderas in
the 1980s on 1:200,000 scale models. The resalts multiple experiments indicated that
calderas may collapse prior to an eruption asutresinflation of the magma chamber and
expansion of the volcanic edifice. These expertaldindings will be discussed in greater detail
in a section to follow. More recently, Komuro atmworkers presented field evidence for a
transitional type of caldera at the Sakurae caulinsouthwest Japan (Komuro et al., 2006).

Lipman (2000a) provided a review of calderas andera-forming processes in the
Encyclopedia of Volcanoes (Sigurdsson, 2000). Téwsew included an overview of historical
work on calderas (including Lipman’s own efforta)hibliography of significant papers, tables
of important caldera eruptions, and a discussicsoofetal implications of large volcanic
eruptions. In addition, four stages of calderaefigyment were designated: pre-collapse
volcanism commonly associated with tumescencepcaldubsidence associated with eruption
and withdrawal of magmatic support; post-collapsgmatism and resurgence; hydrothermal
activity and mineralization.

Cole et al. (2005) published a review of calderas® @ldera structures. The review
incorporated many of the newer studies that had bempleted during the preceding fifteen

years, such as that of Branney and Kokelaar (19%9%dnan (1995, 1997, 2000a, 2000b), Moore
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and Kokelaar (1998), and Troll et al. (2000). Saleevisions to terminology were suggested;
the stated intent being to more clearly distinguistween well-defined calderas and older
eroded structures. The tecalderawas defined as “a volcanic structure, generaligdawhich

is principally the result of collapse or subsidemte the top of a magma chamber during or
immediately following eruptive activity.” Aaldera complexvas defined as “spatially and
structurally associated nested or overlapping calef different ages.” Aauldronwas defined
as “an eroded caldera in which most of the eruptacompanying caldera collapse have been
removed by erosion, and older volcanic or sedintgntaits below the caldera floor are now
exposed.” Finally, aing structurewas defined as “a magma chamber or chambers, exjpgse
deep erosion (generally > 2 km), beneath an infleceddera structure.”

The review provides an overview of caldera struegucollapse morphologies, and
examples of different calderas. This draws maomiythe work of previous authors. In the latter
section, examples are organized according to emipbmpositions, including basaltic,
peralkaline, andesitic-dacitic, and rhyolitic typeSole et al. (2005) suggest that eruptive
composition may serve as a useful way of groupaideras. However, they note that some
calderas may erupt multiple compositions, and foeeethis is not intended as a classification.

The final portion of the review is a summary ofade Chief among them is the
recognition of the “individuality” of caldera coffae structures. The authors assert that calderas
form from a variety of processes and that “in mesays, each caldera is unique.” Furthermore,
they suggest that it is inappropriate to clasgiBnt into overly-specific types such as was
attempted by Williams (1941) and his predecessors.

The work of Cole et al. (2005) is a solid contribatto the literature on calderas,

primarily because a significant volume of caldezkated studies are reviewed, including some of
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the more recent studies from the previous deca#e. discussion regarding nomenclature is
helpful and informative, and the point about digtirshing between well-defined structures and
eroded, older calderas is well-taken. In additamjmportant and valid theme emphasized in the
beginning and end of the review is that calderasuaique—they form from a spectrum of
collapse processes and exhibit a multitude of featiand thus, they should not be pigeonholed
into well-defined types.

A criticism of Cole et al. (2005) is their somewleanfusing and disappointing use of
eruptive compositions as a means of grouping casdeA significant portion of the review is
devoted to the description of calderas that haea lggouped based on eruptive composition. To
be completely fair, the authors are careful to @ty on that their use of eruptive compositions
is not intended as a classification. Furthermthrey note that “there is not a direct relationship
between composition of the eruptives and ‘typegalfleras” (Cole et al., 2005). Having said
this, in their conclusion, they contradict themsslin stating that “composition of erupting
magma at a caldera-forming volcano is a usefuégat(sic) for subdividing calderas for
descriptive purposes” (Cole et al., 2005). Basetheir initial commentary, this is a confusing
and misleading way to end the review. As has loe@monstrated by numerous studies in the
past, many of which have been reviewed in this wookKapse styles, mechanisms, and
structures are a far better means of charactertafdgras. Despite the disclaimer to the
contrary, many readers may still come away withvdigue notion that magma compositiorais
acceptable means of classifying calderas. Itaseflore somewhat frustrating that the authors

chose to use this ‘technique’ in their work.
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Experimental Studies

A number of interesting experimental methods haenldeveloped to better constrain
the nature of caldera collapse. Ramberg (1981J asentrifuge with putty as a magma
chamber placed under a roof of clay to simulaté&apsk. In this experiment, preexisting
fractures were created in the clay that servedgsde for the subsiding clay block (Ramberg,
1981). Komuro et al. (1984) used 1:200,000 scaildets with balloons placed in boxes of
powdered material to simulate the expansion andgse of a volcanic edifice. Using finite
element analysis performed as plane strain prohldmag determined that the depth of a magma
chamber is proportional to the diameter of an aasedt uplifted pre-eruptive dome (Komuro et
al., 1984). They also concluded that in some ¢asddera collapse may precede large explosive
eruptions. They suggested that uplift directlated to the inflation of a magma chamber could
produce a pre-eruption caldera (Komuro et al., J9&bmuro (1987) refined the experiments in
1:200,000 scale to include dry ice balls placed mixture of dry sand and powdered clay
Evaporation of the dry ice simulates eruption @& tthagma body.” As evaporation continues, it
was found that collapse of the overburden becommstable. From the experimentation,
Komuro concluded that pre-caldera doming will tyhig form polygonal cauldrons.
Conversely, catastrophic eruptions are expectéarto circular cauldrons. Since the two
eruption events are not mutually exclusive, he askedged that a spectrum of caldera collapse
morphologies must exist with the polygonal anduactypes as end members (Komuro, 1987).

Marti et al. (1994) presented an experimentalystudcaldera collapse using an
apparatus consisting of a balloon placed withimafidled with fine alumina powder. The depth
of the powder was 40 cm, and the balloon was atthtth a pump system allowing it to be

inflated and deflated. The model (Figure 1.9) \wa#t to a scale of approximately 1:100,000.
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Thus, the 10 cm experimental caldera equates &buaai caldera with a diameter of 10 km.
Inflation of both spherical and elongate balloonthin the powder led to structures exhibiting
varied morphologies, depths, and sizes (Marti.ett@94). A number of significant conclusions
were derived from this experimental study. Caldgzas were found to be related to the size of
their associated magma chamber—essentially, |langgma chambers result in larger calderas.
Shallow experimental magma chambers were foundei@e calderas with larger areas than
deeper magma chambers with the same dimensionssidence shapes were found to reflect the
shape of the projected area of the associated ateatmagma chamber responsible for collapse.
Radial fractures and normal faults created dunimgeiscence and doming were found to be open
to re-activation during collapse to form reversdtta The wide spectrum of deep caldera
morphologies was attributed to the degree to whalmtry rock has been affected by
tumescence. Funnel collapse morphologies wereeste to result from the collapse of weak
or fractured materials; while, coherent piston-tgpdapses were proposed to reflect a lack of
disruption of the collapsing material. The expenms also indicated that migration of magma
bodies beneath a volcanic edifice may result intiplel overlapping collapses. Similarly, it was
predicted that rejuvenation of magma chambers caddlt in nested calderas that utilize the
same collapse structural elements, such as rirgfatlihis notion has a particular relevance to
the Valles caldera, where the individual Bandedierptions at 1.61 and 1.22 Ma yielded caldera
collapses that appear to be nested within one an@itteiken et al., 1986).

On the subject of scaled balloon collapse experisy&oche et al. (2000) noted that a
limitation of these experiments is that the ballpoaserves its convex-upward shape during
subsidence and thus continues to affect the detempattern in the roof block. In a real-life

caldera, it seems logical that the opposite isrfare likely to be true. As the roof block
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collapses, it will apply a force on the magma chantieneath it, deforming the magma and
making it impossible for the magma to retain a @nshape as does the balloon in the scaled
experiments. Thus, the magma chamber should mbinc@ to have a deformational influence
on the subsiding roof block as is observed in tatesl models.

Branney (1995) conducted an investigation of caldiée structures using data from
mining-subsidence models, scaled analogue subsdeperiments, ice-melt collapse pits from
the 1991 eruption of Volcan Hudson in Chile (Branaad Gilbert, 1995), and data from over 50
calderas. The goal was to determine which typesrattures are formed during caldera
collapse where the only mechanism is withdrawahafmatic support in the absence of
tumescence or regional tectonic/structural cont@dmmonalities were drawn between
downsag collapse events at calderas and the idephahining subsidence, and experimental
models, including outward-dipping extensional fumes and inward tilting strata. The general
conclusion is that complex patterns of deformatiay form directly from subsidence in lieu of
a more intricate deformational history (Branney93pP The author is careful to note the wide
diversity in caldera types and that factors imparta the structural development of many types
of calderas are not represented using the subfdandels employed in the study.

Roche et al. (2000) conducted scaled caldera-c@lagperiments in two and three
dimensions using dry sand as analogue rock ammbsédias analogue magma. A range of roof
aspect ratios likely to form in calderas (thickesdth = 0.2, 1.0, 2.0, and 4.5) were utilized in
the experiments. To achieve correct scaling, thdets were built to be geometrically and
dynamically similar to the real thing—each physigatameter in the model was realistically
scaled to natural physical parameters. Criticedumeters considered in the calculations include

density, gravity acceleration, typical length, streangle of internal friction, and viscosity. In
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earlier experimental models such as that of Konetiral. (1984), Komuro (1987) and Marti et al.
(1994) scaling was achieved by defining pi-numl§einsiensionless products) that include ratios
such as external force to gravity force and intefmetion to resistant forces.

The authors compared their experimental resultis fietd observations and also with
data from mining subsidence models. A limitatioharent in the latter comparison is that the
ratio of subsidence to roof thickness is 10 to ti@@s greater in calderas than in mines and
therefore the stresses involve in caldera collapsesignificantly higher (Roche et al., 2000).

The experiments revealed that for calderas natenited by pre-existing faults, a general
mechanism of subsidence exists that is only skghtluenced by the shape of the magma
reservoir (Roche et al., 2000). Variations in @pde morphology were found to represent
diverse roof aspect ratios. For low roof aspettdsg<1) the dominant collapse morphology
was piston-type along vertical or reverse faulsr high roof aspect ratios (>1) it was
discovered that multiple reverse faults break @ortof into large pieces resulting in a chaotic or
noncoherent collapse.

Walter and Troll (2001) conducted scaled analoggeeements in order to better
understand the nature of caldera faults and tk&tions to magma chamber dynamics. The
authors evaluated several scenarios that typicadlylt in caldera-related faults and fractures,
including doming (radial and circumferential fra@s), pure evacuation collapse (concentric
fault systems), and a combination of the two teatesents cyclical resurgence. The
experimental apparatus involved a glass tank filied depth of several tens of centimeters with
‘granular analogue material,’ in this case sievedrtz sand with a mean diameter of 500,
mixed with clay (Walter and Troll, 2001). A balloevas placed in the center of the tank and a

mound was constructed with the intent of simulaanglcanic cone. The geometry of the
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apparatus was changed over 30 times by adjustemghtaipe and size of the simulated magma
chamber and the volcanic edifice. The experimesmt® geometrically scaled to represent
ocean-island volcanoes using parameters derived ftobbert (1937), Sanford (1959), and
Komuro et al. (1984).

Based on their experiments, Walter and Troll (3@@ihcluded that the geometry and
arrangement of caldera-related faults and fractaredinked to specific mechanisms of
formation. Doming (inflation) of an edifice wasufied to generate a compressive stress regime
on the periphery of the dome and a tensile stegise at the apex of the dome. This resulted in
propagation of fractures and dikes in a radial iftashover-steepening of the outer slopes, and
the formation of a polygonal apical graben. Pwa&ceation collapse was found to generate
outward-dipping faults that circle the subsidedckloThese faults were sharply defined and
curved in nature. Multi-stage caldera collapsesevieund to generate complex networks of
intersecting dikes and faults both in the centaddlera and on the periphery of the caldera.

Troll et al. (2002) examined the often confusinigtienship between extracaldera
(peripheral) faults and the central regions of mydile caldera volcanoes. The study was based
on field data collected from the Tejeda calder&oan Canaria and analogue experiments scaled
to the island of Gran Canaria. The experimentalpsased (in 1:100,000 scale) was similar to
that of Walter and Troll (2001) in which balloongre immersed in sand and repeatedly inflated
and deflated to simulate multicyclic caldera cadlap

Troll et al. (2002) found that data collected frexperiments on multiple collapse cycles
in scale models were quite similar to that obseiaetie field at the Tejeda caldera on Gran
Canaria. The authors observed complex crosscutiigl and concentric dikes on the

periphery and within the intracaldera zone of tiege@a caldera. In addition, this complex
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crosscutting relationship was similarly observeth@ experimental models. The main
conclusion was that multicycle calderas (such gsdgg are unlikely to have undergone simple
piston collapse (Troll et al., 2002). The authostead proposed that “discrete block subsidence
(i.e. piecemeal)” is a far more likely subsidenaectranism in long-lived multicycle calderas.
Based on the agreement observed between fieldvatgers and scaled analogue experiments,
they also inferred that peripheral fault systemg gald significant information about the nature
and mechanisms of caldera collapse (Troll et 8022.

Holohan et al. (2008) investigated vent migratibh@ng Valley using scaled analogue
models. Prior studies revealed that eruptive venggated in concert with lateral propagation of
ring fractures during the 760,000 yr B.P. eruptidithic fragment studies were previously used
by Hildreth and Mahood (1986) and Wilson and Hitdrél997) to establish that vent locations
migrated throughout the course of the Bishop Tuipgon. The so-called ‘unzipping’ pattern of
ring fractures was noted by previous workers sucWadson and Hildreth (1997), who
hypothesized that pre-existing structural weakreessgy have provided an impetus for the
phenomenon; however, the reasons for it remainetkan

Holohan et al. (2008) used analogue modeling teidecan explanation for ‘unzipping’
at Long Valley and identified other localities whéheir mechanical explanation was applicable.
The experimental apparatus used a reservoir ofrddoney situated within a 4:1
sand/gypsum mixture. Four magma (honey) chambepmotogies were used, each with a
different plan-view elliptical shape defined by tta¢io of their long/short axes. The A/B ratios
used were 1, 1.33, 1.5 and 2.0. In the modelscone/as equal to 2 km in nature. Thus, for

Long Valley a 14 x 7 cm model approximates the 3%m collapse area, and a depth of 3 cm
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approximates the ~5-6 km depth to the Bishop madmeaber (Holohan et al., 2008). Each
chamber was run (collapsed) five times.

Based on the analogue experiments, Holohan e2@08) determined that vent migration
and ring fracture unzipping at Long Valley resultesin two main factors: (a) the highly
elliptical nature of the pre-collapse chamber rawid, (b) the effects of pre-failure shear strain
along the short axis of an elliptical roof blockaldhan et al., 2008). In addition, examples of
smaller calderas that have experienced syncollagstemigration were provided as examples.
These included Laacher See (Germany), Campi Flégabr), Rabaul (Papua New Guinea) ,
Suswa (Kenya), and Alcedo in the Galapagos Isléiddiohan et al., 2008).

It is interesting to note that Marti et al. (19%&d previously suggested that the shape
and size of magma bodies affect caldera collapspmotogy. Based on the results of Holohan
et al. it appears even more likely that the shd@ermagma chamber roof is influential in the
collapse process. At elliptical calderas, theodtrction of pre-failure shear strain, coupled with
the elliptical shape of the pre-eruptive magma diemmay result in the ‘unzipping’
phenomenon of ring fractures and consequently svaiaty migrate during the eruption.
Summary and Discussion

Overall, this review demonstrates that calderacangplex geologic entities and that our
current thinking regarding them has advanced sanfly over the past 200 years. Some
important conclusions can be drawn: 1) Calderasallapse features related to volcanic
activity; cauldrons represent eroded calderagCdleras form via collapse or subsidence
resulting from removal of support in the crust.isTloss of support is frequently caused by
removal of magma beneath a volcanic structure.d&sypé coring has been used to explain the

origins of some small calderas. However, explosmeng is not a genetic process common to
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most calderas. 3) Subsidence mechanisms (andtheerof caldera collapse) are dependent on
a number of physical characteristics includingitftensity of an eruption, the shape, size, and
depth of the magma chamber associated with thaps®l and the presence (or absence) of pre-
existing faults or other tectonic influences. 4n% calderas are resurgent and thus erupt and
collapse multiple times in a cyclical fashion, danito the Valles Caldera in New Mexico. 5)
Several end-member morphologies can be applieditieia collapses, including piston,
downsag, trapdoor, and piecemeal. Chaotic andefunorphologies have also been proposed in
past literature. However, Lipman (1997, 2000agddhat chaotic collapse is not well
documented in nature and can be explained instgattdrnative processes such as piecemeal
collapse. Likewise, Lipman (2000a) also suggettat“funnel calderas” do not represent an
end member and instead reflect a variety of pr&sedsis also very important to recognize that
some calderas may exhibit characteristics fromiplalend-member morphologies. 6) Most
importantly, calderas form from a variety of prages, they may contain a variety of structures,
and a single system may erupt multiple magma coimpas. Consequently, not all calderas are
alike. Thus, the application of a generic calderaplate or classification scheme is not always
appropriate, and it should be recognized that ncailgeras will exhibit behaviors or
characteristics that fall on a continuum betweeah-member types. ldeally, a holistic approach
to caldera classification is best, taking into asdcsignificant features and characteristics
including collapse geometry, number of collapsen&eresurgence in the system, deformation
of the collapse floor, and the type of magma ewmlipte this way, caldera research will continue

to advance into the 2kentury.
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Figure 1.1. Several diagrams illustrating mechanisms ofdaraul subsidence along ring faults
at Glen Coe Scotland, (Clough et al., 1909)
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Figure1.2. Adaptation of Cell theory of Wing Easton, assemrged irCalderas and their
Origins by Howell Williams (1941). Easton pointed out thlithon-Hawaiian type magma
bodies must be either asymmetric or of wide extethgrwise drawdown during an eruption
would quickly starve the volcano of magma, effeslyvshutting off the eruption prematurely.
The cell theory suggested that during an eruptisagma is progressively withdrawn from the
chamber in stages. With each successive magmavagntiee level in the chamber drops. Gas
pressure increases in the vacated spaces, whitinees to drive the eruption. When the
magma levels reach the level at which the con@@+E) sits, the volcano is enters a solfataric
stage where the conduit is plugged and gases eapapad through fissures. This gas escape
process forms numerous cylindrical and verticaligated “cells” in the lower half of the
volcano. This in turn weakens the structure ansl praposed as a means for caldera collapse to
occur. This theory was rejected by Van Bemmelidh @filliams for a number of reasons.
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Figure 1.3. Evolution of a caldera of the Krakatau type. \Wiray has been modified from
Calderas and their Originby Howell Williams (1941)

Stage 1: Mild explosions of pumice. Magma
stands high in conduit

Stage 2: Explosions increase in violence.
Magma level falls into main chamber

Stage 3. Culminating explosions. Ejecta are
projected into the atmosphere and also down the
flanks of the caldera as pyroclastic flows.
Magma level is deep. Fracturing of roof begins.

Stage 4. Collapse of volcano into magma
chamber due to a lack of support from beneath.

Stage 5. Resurgent magmatic activity begins.

Stage 6. Young cones build above caldera rim
and vent lavas down the flanks of the caldera
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Figure 1.4. The seven stages of resurgent calderas as defyinedlb Smith and R. Bailey: I.
Regional tumescence and doming. Il. Caldera-fogneiruption. Ill. Collapse. IV. Pre-resurgent
volcanism and sedimentation. V. Resurgent domithgRing fracture volcanism. VII. Solfataric
and hydrothermal activity (not shown). Adaptedrir&mith and Bailey, 1968
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stage 1 siaga

Figure 1.5. Various caldera types as proposed by G. P. Lk&aA) downsagged,

B) normal-faulted downsag, C) subsidence via Amaletype ring fault, D) subsidence with a
steep, inward-dipping ring fault, E) cored out @gie vent of Escher (1929), F) block diagram
of downsagged graben. G-H represent two sceniarwwhich ring vents may form. Taken from

Walker (1984)
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Stage 1

Plinian eruption from 1/
over-pressurized magma

chamber

Magma Chamber

/> Magma Chamber

Depressurization allows large-scale eruption and collapse to occur

Figure 1.6. A simplified diagram of the two-stage eruption miggi®posed by Druitt and
Sparks. In stage one the magma chamber is ovssyoieed, allowing only a small fraction of
magma to erupt from a central vent. In stage thamber pressure has decreased significantly
below the lithostatic pressure of the overlyingkiod his allows large scale eruptions and
caldera collapse to occur. Modified from Druitda®parks (1984)
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Figure 1.7. Diagram showing the components of a typical @adand the features that result
from subsequent caldera collapse. Re-drawn frggmban (1997).

50



PLATE (“piston”)
Single, large volume eruption

PIECEMEAL
. multicyclic? -

TRAP-DOOR
asymmetrical pluton?

Figure 1.8. Various models of caldera subsidence
(Lipman 1997) showing both end-member models
and intermediate collapse morphologies.
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small / deep pluton?
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Figure 1.9. Experimental apparatus of Marti et al. (1994yimch a balloon immersed in
powder is alternately inflated and deflated to dateitumescence and subsequent collapse in a
caldera-forming eruption. Note that three holegehazeen drilled in the sides and bottom of the
tank that are spaced at 10 cm distances from ant@em These are used to perform multiple

inflations and deflations simultaneously.
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CHAPTER TWO

GEOLOGIC BACKGROUND

I ntroduction to the Jemez M ountains Volcanic Field and The Valles Caldera

The Valles caldera situated in the Jemez Mountdoisanic Field (JMVF) in north-
central New Mexico, is one of three major Quateyrsdicic calderas in the United States. The
others are Yellowstone caldera in Wyoming and L@aliey caldera in California. The JMVF
is situated on the western edge of the Rio Graifid@-rgure 2.1), a major north-south trending
Cenozoic extensional feature that runs from Coloiadhe north to Mexico in the south. In
addition to the Rio Grande Rift, the JIMVF is alsedtly associated with a structural feature
known as the Jemez Lineament. The lineament (Egg2rl and 2.2) is a NE-SW trending zone
of lithospheric weakness marked by a series ofarotccenters on the surface and is believed to
control volcanism in the Jemez Mountains (Wolfakt 2005).

Although volcanic activity in the IMVF area datexk to approximately 25 Ma, the best
known unit in the field is the Pleistocene Bandeliaff, which is subdivided into the lower
(Otowi) member erupted at approximately 1.61 Ma tedupper (Tshirege) member erupted at
approximately 1.24 Ma (lzett and Obradovich, 199gell et al., 1996a; Winick et al., 2001;
Phillips et al., 2006) Both members of the Bandelier Tuff are compositilgreoned, high-
silica rhyolitic tuffs exhibiting overall upward deeases in incompatible trace element
concentration. The products are the result of @sgve sampling of compositionally-zoned
magma chambers. Basal plinian fall beds are ptésehoth members around the caldera in

various locations and are overlain by ignimbritpats. The Guaje pumice bed, found to the
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east and southeast of the caldera, is associatedhei Otowi eruption. The Tsankawi pumice
bed, found mainly to the northeast of the caldsrassociated with the Tshirege eruption.

Each of the two Bandelier eruptions is associatitl a/caldera collapse event. The
Otowi eruption resulted in formation of the Toletkddera, while the Tshirege eruption created
the current Valles caldera. Itis believed thatWalles caldera (Figure 2.3) is nested in the
remnants of the earlier Toledo caldera (Self et1l&I86). The Otowi collapse structure is
believed to be roughly similar in size, shape, laedtion to the later Valles collapse (Self et al.,
1986). The Toledo embayment (Figure 2.3) is ars@a9 km circular depression overlapping
the northeast corner of the main Valles calderaing of lava domes are found within the
Valles caldera (Figure 2.3) and are associated ngghrgent activity following the Tshirege
eruption (Self et al., 1986).

Since the earliest descriptions of the geologheregion, nomenclature has been
continually evolving. Initially, Smith and Bailg§966) introduced the term ‘Toledo caldera’ to
describe the collapse feature associated with tberuption. This collapse was identified
with the Toledo embayment (Figure 2.3), the aforatineed prominent depression located in
the NE corner of the present-day Valles calderf € al. (1986) relocated the Otowi collapse
structure to a more centrally-located position cmlant with the Valles collapse. This was
based in large part on age determinations fronotier ring of lava domes in the northern
section of the caldera (Figure 2.3). The origimaine Toledo was retained from Smith and
Bailey (1966) but was now used to describe the ‘ri@wwi collapse structure. The original
Toledo caldera of Smith and Bailey became the Tokdbayment. Gardner and Goff (1996)
suggest that the embayment may have formed durmsa@towi eruption. In this study, the

model of Self et al. (1986) will be used. Thug tollapse associated with the Otowi eruption
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will be referred to as the Toledo caldera, andcthiilapse associated with the Tshirege will be
called the Valles caldera. The smaller depressidhe northeast part of the present-day Valles
caldera will be referred to as the Toledo embayment

In prior studies the Valles caldera has been ifledtas a type locality for piston-style
collapse (Smith and Bailey 1968; Lipman, 1997).wdwer, geophysical and stratigraphic
studies suggest that the combined results of tbectllapse events associated with eruption of
the Bandelier Tuff are too asymmetric to represanple piston-style collapse. Nielson and
Hulen (1984) and Heiken et al. (1986) propose@pdmor collapse hypothesis for both the
Toledo and Valles calderas. Nielson and Hulen 4)98ulen et al. (1991), and Nowell (1996)
found that the Valles caldera is filled with a weekhaped body of intra-caldera tuff (Figures
2.4, 2.5). The tuff wedge is thickest in the eaxt is bounded on the eastern side by a major,
NE-trending fault system that lies parallel to Rie Grande Rift. The hinge of the collapse
resides in the west, where the tuff wedge is trstin€ollapse is interpreted to have occurred
predominantly in the eastern part of the caldaractly associated with rift-bounding faults.
The hinge overlies topographically high Paleozedismentary rocks and Precambrian plutonic
and metamorphic rocks. Heiken et al. (1986), 8e#l. (1986), and later Nowell (1996)
proposed that the Toledo and Valles calderas cidymn similar trapdoor fashion, had similar
centers, and that the collapses are ‘nested’ ighiyuthe same location. Nowell (1996)
reinterpreted the gravity data of Seagar (1974)etermine that the Valles caldera is an
asymmetrical structure containing 760 m of calddiran the west and over 4570 m in the east.
Three dimensional gravity modeling showed thatddeera floor is broken into pieces, offset by

a series of discontinuous faults and not smootuagd be expected in a typical trapdoor
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collapse (Nowell, 1996). Thus, Nowell concludedtithe Toledo and Valles calderas may
represent a transitional morphology between chawitctrapdoor.

As one of the best-studied caldera systems in thrywa large number of papers have
been written on the Valles on a wide range of ®mcluding stratigraphy, petrology, structural
geology, geophysics, volcanology, geochemistryyblpd)y and economic geology. A number
of geothermal and scientific drilling studies stagtin the early 1960’s and ending in the late
1980’s yielded an enormous amount of informatiorthenstructural, stratigraphic, geophysical,
and hydrothermal nature of the caldera (Neilsontdnieén, 1984; Goff et al., 1986; Hulen et al.,
1991). The Bandelier Tuff itself is also one o thest studied ignimbrite units in the world.
Despite this, many studies go unpublished and ther@ great deal is still to be leaned about the
specific nature of the eruptions.

The pioneering work conducted by R.L. Smith andeaglues provides a valuable
foundation for information on the volcanic evolutiof the Jemez Mountains Volcanic Field
(JMVF) and the subsequent catastrophic calderajsd events associated with the Bandelier
Tuff (Bailey et al., 1969; Smith, 1979; Smith et 4961; Smith and Bailey, 1966; Smith and
Bailey, 1968; Smith et al., 1970). Self et al.§&Pprovide an interpretation of the eruptive
sequence for the Otowi (lower) member of the Bareddluff, which can be seen in Figure 2.6.
The eruptive cycle shown represents a sequencaichwan initial Plinian eruption from a
central vent is followed by ring fractures and apBe of a coherent, central piston. In this
scenario, the vents are believed to have shiftedeeriphery along the ring-fractures as the

eruption progressed.
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Purpose of this study

This study deals specifically with the eruptiortloé lower (Otowi) member of the
Bandelier Tuff and uses lithic distribution datalassociated geochemical data of the host tuff
to delineate the nature and progression of thetierupOnly two studies have focused on
Bandelier lithic fragments in the JMVF. Eichelbergt al. (1979) examined lithic geochemistry
in the Otowi Member, and Potter and Oberthal (19&2&d lithic counts from the Otowi Member
to assist in identification of vent localities. tims study, lithic distributions have been used to
help identify vent locations and shifts throughthé eruption. In addition, a recalculation of the
total eruptive volume and a calculation of chemigdume types in the Otowi Member has been
undertaken. The overall goal is to evaluate th@iegbility of the currently accepted eruptive
model of Self et al. (1986). In this model, th@®@iteruption is presumed to have begun as a
large central vent eruption with a plinian phasel then later to have migrated outward to ring
vents on the periphery of the caldera.

This study will represent a significant improvementprior lithic fragment studies for
several reasons. First, this study is more conggrglie and better organized than prior attempts
(Potter and Oberthal, 1987; Self et al., 1986; &listrger et al., 1979). Specifically, bulk
samples of ignimbrite were collected in the fiefdidrought back to the lab where they were
sieved to separate various fractions (matrix,dghand pumice), washed (a vital step), and then
all lithics greater than 0.5 cm in diameter werenittfied and counted. Prior studies, such as that
of Potter and Oberthal (1987) counted lithics #oksiising a grid placed over the face of the
outcrop in the field. While this methodology istmecessarily flawed, it does allow for the
distinct possibility that lithic fragments will baisidentified due to difficult field conditions.

Even under the best of circumstances, identificatibsmall fragments of aphanitic volcanic
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rock can be difficult. The inherent problems assed with this procedure will be further
explored in Chapter 4. A number of factors thay e present in the field can all lead to
misidentification including lighting conditions,dlabsence of proper magnification equipment,
time constraints, and perhaps most significantlg,dverall ‘cleanliness’ of a given sample.
Because bulk ignimbrite samples were collectedhénfield and then processed in a controlled
lab setting, this study will undoubtedly beneftrir greater accuracy and success in the
identification and counting of samples.

A second improvement offered by this study is thattempts to link the chemistry of the
host tuff with the lithic fragment population datdhe goal associated with connecting the
chemical and lithic data is to link magmatic prassswith volcanic processes operating on the
surface, including vent transitions and shifts endnges in the intensity of the eruption. An
example of successful use of this methodology Isoag Valley caldera, where Hildreth and
Mahood (1986) and Wilson and Hildreth (1997) haseduchemical stratigraphy and lithic
fragments in the Bishop Tuff to link eruptive evemtith magmatic processes.

A third improvement brought forth by this studytht it includes chemical and lithic
data from all regions of the Jemez Mountains Valkcé&ield, including some of the more remote
and previously under-studied regions such as timneddlateau in the western portion of the
field. The geographic extent of the data allowsthe overall spatial understanding to be far
more comprehensive than in previous studies.

Overview of Regional Geology

Geology of the Rio Grande Rift
The Rio Grande rift is a major late Cenozoic extams feature located east of the

Colorado plateau in the southwestern United S{&igsire 2.1). It consists of a series of en-
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echelon right-stepping sedimentary basins extenlorg central Colorado southward through
New Mexico and into Chihuahua, Mexico (Keller anatl@@r, 1994). The rift is the easternmost
expression of the Basin and Range province. Rjiftiegan at approximately 30 Ma although the
most rapid extension occurred later in the Miocgldrich et al., 1986). Chapin (1971) found
that a significant increase in extension occursiftbe San Luis Basin in the north (8-12%) to
the Socorro Basin in the middle (50%). Openinghefrift is thought to be via clockwise

rotation about an Euler pole located in northeast#ah (Chapin, 1971). However, Cordell
(1982) suggests clockwise rotation around a poteaN in north-central Colorado.

In its entirety, the rift stretches more than 18@0in length and widens significantly
from approximately 5 km in the north to greatemt200 km in the south (Chapin, 1971). The
majority of the sedimentary basins found within tifieare half-grabens bounded by steeply-
dipping normal faults. Basin asymmetry alternatesifone side of the rift to another along the
axis of the rift. Faulting in the rift is complexd episodic with both high and low angle faults
common. Topographically, the eastern rim of tiftesris higher than the western. Topographic
relief throughout the rift averages approximatelp@ meters (Chapin, 1971). Bedrock relief
ranges from several hundred meters to nearly 1In@i@rs within the San Luis basin. Alluvial
fill ranges from approximately 120 meters in theaBsia Basin to an estimated 9150 meters in
the San Luis Basin. Lithologic assemblages vans®rably on opposite sides of the rift. On
the eastern margin, Precambrian and Paleozoic mreklbminate; whereas on the western
margin, Tertiary volcanics and sediments are morermaon (Chapin, 1971). Galusha and Blick
(1971) described a number of the sedimentary umitse northern Rio Grande Rift and in the
Espafiola Basin, including the Tesuque Formatiome Tesuque Formation contains significant

ash beds and Miocene fossils that have been usefohstraining tectonic events in the region.
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It should be noted that the Miocene mammal fo$ils this area are significant, and rank as
one of the premier occurrences in North America.

The majority of work done on the Rio Grande Rifs fi@acused on the northern and
central portions (Colorado and New Mexico). Bryaf38) is credited with the earliest
description of the rift in the literature. He debed the rift as the Rio Grande depression. He
went on to delineate eight significant basins vattiie rift including the San Luis, Espafiola,
Santo Domingo, Albuquerque, Belen, Socorro, Erglecon, and Mesilla. Later studies by
Kelley (1952, 1954, and 1956) investigated thecstmal geology and tectonics of the rift. The
definitive account of the RGR was published by Gh#p971) in which a number of revisions to
the pioneering work of Bryan and Kelley were matiost significantly, the boundaries of the
rift were re-defined and re-delineated. In additimalex fossils and potassium-argon (K-Ar)
dates were used to better constrain the initiaébafrifting at approximately 18 Ma (Chapin,
1971). The onset of rifting has since been moaaklin time to approximately 30 Ma by
Aldrich et al. (1986).

Recent investigations have better constrainedefjgencing of events in the evolution of
the Rio Grande Rift. With an abundance of fieldkyarew radiogenic dating techniques, and
geophysical techniques such as teleseismic imathieggectonic evolution of the Rio Grande rift
is more clearly understood.

Evolution of the RGR

Prior to initiation of Rio Grande extension, theisavestern region of the U.S.
underwent at least two significant episodes of defdion. During the Pennsylvanian, the
ancestral Rockies were formed, and during theQagtaceous through the early Tertiary the

Laramide orogeny occurred (Ingersoll et al., 1990has been suggested that Rio Grande
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extension is partly controlled by pre-existing stural features from these earlier episodes
(Chapin and Seager, 1975). Laramide compressiotinc@d until approximately 50 Ma in the
northern portion of the rift and 40 Ma in the sarthregion (Lucas, 1984; Seager and Mack,
1986). This compression is likely related to thbduction of an oceanic slab beneath the
western coast of North America. The evolutionh# tift during the Cenozoic is fundamentally
associated with tectonism along the western marfghtorth America (Ingersoll et al., 1990).

Studies by Aldrich et al. (1986) suggest two phadet extension in and around the
Esparfiola Basin. Phase one began during the Ohgdq@&® Ma) and continued until the mid-
Miocene (18 Ma). This period was characterizedblmangle faulting, formation of broad,
shallow basins, and regional extension of approtega@0-50%. It is estimated that the axis of
extension during this time was NE-SW. Next, aqebof relative quiescence occurred until
approximately 15 Ma, during the middle Miocene. tiis point, phase two was initiated, lasting
as late as 7 Ma. Clockwise rotation of the Colorpthteau increased in rate during this period
and changed orientation to E-W (Aldrich and Laughli984). This period was marked by
higher angle faulting and regional uplift of approately 1 km.

Extension has slowed overall since 10 Ma and hes bkaracterized as weak to
moderate (Keller and Cather, 1994). Sedimentdigman during the late Oligocene and has
resulted in thick sedimentary sequences. For elgnmpthe San Luis Basin, alluvial fill has
reached 9.1 kilometers in thickness (Chapin, 1971).

In the Jemez Mountains region fault activity hagnaied eastward, roughly parallel to
the Jemez lineament (Aldrich, 1986). Several migolt systems developed (Figure 2.7) as the
western edge of the Espafola Basin shifted east{@dddch, 1986). The Sierrita and Jemez

fault zones (Figure 2.7) were active during the fatigocene and early Miocene during a period
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of extreme extension in the Rio Grande rift, argythkely served as the western boundary of
Espafiola Basin (Lipman, 1981; Aldrich, 1986). Gerdand Goff (1984) suggested that the
Jemez Fault Zone, resurgent and subsurface stesdatuthe Valles-Toledo caldera complex, and
the Toledo embayment are manifestations of the 2eimeament.

Following a period of quiescence in the early Mioe from 21-15 Ma, a revival of rifting
and volcanic activity occurred that resulted ireastward shift of the western boundary of the
Espafola Basin. This shift formed the Cafiada dehifidault zone (Figure 2.7) sometime
before 13 Ma (Gardner and Goff, 1984). Intenstotec activity from 13 to 10 Ma was
accompanied by basalt and rhyolite eruptions atbegCafiada de Cochiti fault zone (Goff et al.,
1989). Between 7 and 4 Ma the western margine@ts$pafnola Basin once again shifted
eastward, this time forming the Pajarito fault z¢@ardner and Goff, 1984). The Cafiada de
Cochiti, Sierrita, and the Jemez fault zones resthactive because they are adjacent to the
Albuquerque and Santo Domingo basins and thustilrefuenced by activity in the Rio
Grande rift (Aldrich, 1986). Golombek (1983) andl@nbek et al. (1983) proposed that
Pajarito fault system initially formed at 5 Ma. tAdty continues to the present with the fault
system having offset the Bandelier Tuff as much@®m in the past 1.1 million years
(Golombek, 1983). The total displacement acrosdgarito fault zone over its 5 million year
history is between 200 to 600 m. The position medd of the Pajarito fault zone is thought to
be controlled by mechanics associated with abampe$ changes between older volcanic
complexes and volcaniclastic sediments from theezeiountains (Golombek, 1983).

On the northeast side of the caldera is the Emifauglozone (Figure 2.7), which strikes
northeast into the Espafiola Basin and is coincidghtthe Jemez lineament. The fault zone

separates two segments of the Rio Grande riftlamsi dcts as a transform fault (Muehlberger,
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1979). During the Pliocene, the Embudo fault zongerwent major right lateral strike-slip
motion (Dungan et al., 1984), but since 2.5 Ma nnosets along the fault system have slowed
(Aldrich, 1986).
The Jemez Lineament

The Jemez lineament is a northeast-southwest trgratliuctural feature that stretches
through Arizona and New Mexico and extends acrassetmajor tectonic provinces including
the Colorado Plateau, the Rio Grande Rift, and3teat Plains (Aldrich, 1986). On the surface,
the Jemez lineament manifests itself as a norttsmaghwest trending group of Cenozoic
volcanic fields stretching from southeast Arizoaabrtheast New Mexico (Figure 2.1). This
includes the Jemez Mountains, Mt. Taylor, Ratonytdia, Ocate, Zuni-Bandera, and
Springerville volcanic fields. Beneath the surfabe lineament is a crustal flaw that is thought
to control volcanic and tectonic activity in themkz Mountains (Aldrich, 1986).

Seismic studies such as the CD-ROM project haggested that the lineament may
correspond to a suture between the 1.65 Ga Madataat Arc, the 1.8-1.7 Ga Yavapai proto-
North American continent, and a transitional teeréimat lies between the two (Shaw and
Karlstrom, 1999; Dueker et al., 2002; Karlstronakt2002; Magnani et al. 2004). Seismic data
obtained from the CD-ROM Project indicate a soutidadipping crustal reflector projecting
towards a southward-dipping mantle layer that is@dent with the Jemez Lineament. This
boundary, which has been interpreted as the Souterapai-Mazatzal suture, extends beneath
200 km depth and is marked by a division betwegh-Relocity mantle to the south and low-
velocity mantle to the north (Karlstrom et al., 2D0Wolff et al. (2005) propose that the fertile
mantle trapped in the suture is the source for naagmpted in the IMVF. Migratory pathways

to the surface are provided by Rio Grande Riftteglaxtension.
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Volcanism in the IMVF

The Jemez Mountains Volcanic Field (JMVF) is thgést and most diverse volcanic
field with respect to erupted products found aldmgJemez lineament (Goff and Gardner,
2004). The JMVF contains approximately 2000’ kaherupted material ranging from lava flows
to ignimbrites and encompassing a compositionattsp@ from nephelinite to high-silica
rhyolite (Wolff et al., 2005). The JMVF is builpan a series of Upper-Paleozoic rift-fill
sediments that in turn rest on Proterozoic basenoeks (Brookins and Laughlin, 1983). These
Precambrian rocks have been dated between 1.62sh4Brookins and Laughlin, 1983).
Previous work

Early descriptions of the stratigraphy and volcaolution of the JIMVF began in the
late 19" century with the work of Iddings (1890) and Flamt Vincent (1885, republished by
Powell in 1961). Later, Ross (1938) authored dystin what he termed the Valles Volcano.
Comprehensive study of the region began in theaditcentury, as evidenced by the abundance
of publications produced in the 1960’s and 1978egs et al., 1961; Smith et al., 1961; Griggs,
1964; Smith and Bailey, 1966; Smith and Bailey,&%ailey et al., 1969; Smith et al., 1970).
The majority of these studies combined geologicpirap borehole analysis, and stratigraphic
observations. Early K-Ar age determinations wemiged by Dalrymple et al. (1967), Doell
and Dalrymple (1966), and Doell et al. (1968).

Griggs (1964), Bailey et al. (1969) and Smith e(#970) introduced the first formal
stratigraphic framework for the JMVF. They dividin@ rocks of the field into three groups
including, from oldest to youngest, the Keres, Bdbra, and Tewa groups. These authors
believed the individual groups to be temporally @etrologically distinctive (Goff et al., 1989).

Subsequent work, including more detailed mappingrenaccurate geochronology, and borehole
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data has determined that both temporal and petotagriap exists between all groups
(Gardner and Goff, 1986; Loeffler, 1988; Goff et 4889). The work of Gardner et al. (1986)
in particular served as a significant landmarkhi& ongoing re-evaluation of the JMVF
stratigraphy. A more recent revision to JIMVF stiatphy is that of Goff and Gardner (2004)
shown in Figures 2.8 and 2.9. It is significanthat it recognizes not only temporal overlaps
between groups, but also geographic distributionsray the erupted groups.
JMVF stratigraphy as currently understood

The stratigraphic framework of Bailey et al. (19@8d Smith et al. (1970) has been
substantially modified as new geochronological stndtigraphic data have become available.
Notable revisions have been published by Gardnal. €1986), and later by Goff and Gardner
(2004). However, a major issue with the stratigpramomenclature in the IMVF is that
researchers now recognize that the subdivisiokseofs and Polvadera groups are not
particularly useful (Rowe et al., 2007). The twoups are not temporally distinct and
significant overlaps exist in the ages of many fations. In particular, the Polvadera Group
rocks as defined by Bailey et al. (1969) and Sreithl. (1970), represent wide-ranging ages and
petrologic origins (Rowe et al., 2007). Wolff &t @005) described the petrogenesis of pre-
caldera mafic lavas using a modified stratigraploynf Gardner et al. (1986). More recently,
Rowe et al. (2007) provided a description of the-galdera intermediate and silicic rocks in
which usage of the terms Keres and Polvaderagellabandoned and units are described
independently. This improved temporal schemdustilated in Figure 2.10. In this paper, a
combination of the revisions of Goff and Gardn€¥02), and modifications by Wolff et al.

(2005) and Rowe et al. (2007) will be used to dbsdhe stratigraphy of the JMVF. It is hoped
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that in the near future a new stratigraphic framdwuaill be developed for the IMVF that ties
together the advances made by the above mentiesednchers.

Overview of IMVFE Stratigraphy

Santa Fe Group Lavas

The oldest volcanic rocks exposed in the JMVF agerees of sporadic basaltic lavas
found interbedded with Santa Fe Group basin-filisents beneath the Keres Group in the Saint
Peter's Dome region, to the north and northeatefield, and in the northern Espafiola Basin
(Goff et al., 1990; Gardner et al., 1986; Woldeggllat al., 2003). These lavas have been dated
at 25-16.5 Ma (Bailey et al., 1969, Smith et &.7Q, Gardner et al., 1986, Woldegabriel et al.,
2003). The Santa Fe lavas fall in two chemicalgeo(Wolff et al. 2005): strongly silica-
undersaturated nephelinites and basanites, angiitbsland quartz-normative basaltic andesites.
It has been proposed that the Santa Fe Group éaupted during an early extensional phase
(one that preceded activity in the JIMVF) that ressiin a small-volume, late Oligocene to
middle Miocene volcanic episode in the EspafiolarB@sardner et al., 1986; Gibson et al.,
1993; Woldegabriel et al., 2003)

Keres Group of Bailey et al. (1969)

As originally defined by Bailey et al. (1969), tkeres Group contained four formations:
Paliza Canyon, Canovas Canyon Rhyolite, BearhegolRd, and the Basalt of Chamisa Mesa.
The Basalt of Chamisa Mesa has been largely digededs a unit as it is chemically,
temporally, and petrographically indistinguishatotan Paliza Canyon basaltic lavas (Gardner et
al., 1986). Gardner et al. (1986) also included@ochiti formation, a series of volcaniclastic
rocks as a part of the Keres Group. Rocks of tbamare generally found in the southern

JMVF but also crop out in a small area along theh®on rim of the Valles caldera (Figure 2.9).
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The group contains volcanic rocks of the entire positional spectrum from basalt to rhyolite,
but it is dominated by andesite of the Paliza Carfyormation (Gardner et al., 1986). Based on
K/Ar and *°Ar/*°Ar dates, the Keres Group is thought to span the period from 13-6 Ma
(Luedke and Smith, 1978; Gardner, 1985; Gardnat.e1986; Goff et al., 1990; McIntosh and
Quade, 1995; Justet, 1996; Chamberlin et al., 199&et and Spell, 2001).
Paliza Canyon Formation

The Paliza Canyon Formation consists of mainlyathyandesites, trachydacites, and
dacites, with subordinate mafic lavas, andesited |aw-silica rhyolites erupted between 13-7
Ma (Rowe et al., 2007). The approximately 100G kilava flows, domes, tuffs and minor
intrusives are exposed mainly in the southern portif the JIMVF. However, well data (Hulen
et al., 1991), mapping (Smith et al., 1970; Gardet Goff, 1996), and lithic fragment data
show that Paliza Canyon rocks extend under theecalahd underlie the Tschicoma Formation
in the north central Jemez Mountains. On the bafsége and geochemical affinity, the dacite of
Los Cerritos found in the northeastern IMVF (oradiyn Polvadera Group) has been included as
a part of the Paliza Canyon Formation.

Figure 2.11 is a TAS plot showing the intermedtatsilicic pre-caldera rocks of the
JMVF (Rowe et al, 2007). This plot shows thatRBadiza Canyon compositions are weakly
alkaline. Therefore, most Paliza Canyon lavasién37-63% Si@range are classified as
trachyandesite and the remainder as andesite asliavhe range 63-69% Si@re more evenly
distributed between trachydacite and dacite (Raved. £2007). Phenocryst assemblages for the
trachyandesites and andesites are plagioclasg-64&no) + augite + hypersthene + opaque
oxides_+hornblende ®livine. Reaction rims and resorption textures @mmon among the

olivine and plagioclase phenocrysts respectivelyw®et al., 2007). For the dacites, plagioclase
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(Anie-Ansg) is the most common phenocryst with hornblendatjtiei, clinopyroxene, opaque
oxides, and small quantities of apatite also predeowe et al., 2007).

The mafic lavas of the Paliza Canyon Formatioerfsa the TAS plot in Figure 2.11)
include olivine tholeiites, olivine basalts, hawes, mugearites and benmoreites that have the
same petrographic and trace-element groupingseaSdiros del Rio lavas (Wolff et al., 2005).
The lavas have distinctively high La/Nb and Th/kas, and plagioclase phenocrysts {As)
exhibit complex zoning and resorption textures. [f\& al. (2005) suggest that these textures
represent varying degrees of magma mixing and digation.

Canovas Canyon Rhyolite

The Canovas Canyon Formation is comprised of leavtagh silica rhyolite and
rhyodacite lava flows, domes, plugs, and pyroaad¢iposits found interbedded within the
Paliza Canyon Formation (Bailey et al., 1969; Reatval., 2007). A tuff has been dated at 12.4
Ma by Gardner and co-workers (1986). The TAS pidtigure 2.11 shows that the rhyolites are
split between two types: a low-silica (69-72 % giariety that is very similar petrographically
and geochemically to Paliza Canyon rocks mappedi@ste dacite’ by Goff et al. (1990) and a
high-silica (76-78% Sig) variety that is sparsely porphyritic (Rowe et 2007). The latter
contains phenocrysts of sanidine + quartz + opagiges_+plagioclase fpyroxene +
hornblende +biotite (Rowe et al., 2007).

Bearhead Rhyolite

The Bearhead Rhyolite and associated Peralta duSist of a series of high-silica

rhyolite (Figure 2.11) domes, flows, tuffs, andI&ha intrusions These rocks have been

described in detail by Smith (1989) and Gay andtl${ii993), and have been dated at 7.06 — 6.1
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Ma by Justet and Spell (2001). Bearhead rhyddivas have been described by Rowe et al.,
(2007) as being nearly aphyric and similar to tl@&@as Canyon rhyolites.
Lobato Basalt

The Lobato basalt is the only mafic unit in whasvarmerly the Polvadera Group of
Bailey et al. (1969). Itis mainly comprised o¥daflows and cinder deposits. The majority of
the basalts appear to have been erupted betwe@n718 Ma, based on mapping and
geochronology by Manley (1982) and Goff et al. @P8Aldrich and Dethier (1990) reported
K/Ar ages of 13.9 ©.4 to 9.6 Ma and Gardner et al. (1986) reportedlaminous pulse of
volcanism dated at 10.80:3 to 9.1 4#0.2 Ma. Several flows found inter-bedded with tadfe
Group sediments in the northern IMVF were datddl#15 +0.33 Ma using K/Ar techniques
(Dethier et al., 1986; Aldrich and Dethier, 199@off et al. (1989) and Wolff et al. (2005) state
that the Lobato basalts are predominantly thoteiitinature. These rocks are typically olivine-
phyric and are comparable in composition (Figudel Pto tholeiitic lavas from the later Cerros
del Rio and EIl Alto basalts (Wolff et al., 2005).
Tschicoma Formation

The Tschicoma Formation is a major unit in the Imemh portion of the JIMVF. It is
comprised of approximately 500 Riof domes and lava flows ranging in composition from
andesite to rhyodacite (Gardner et al., 1986). itBas by far the predominant composition
(Figure 2.11) with subordinate amounts of trachysmitd, andesite, and rhyolite (Rowe et al.,
2007). Ages range from 6.90t3 to 2.96 40.27 Ma with the majority of the dacites erupted
from 5-2.7 Ma (Dalrymple et al., 1967; Leudke amdith, 1978; Gardner et al., 1986); Goff et

al., 1989; Goff and Gardner, 2004).
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Tschicoma dacites are coarsely porphyritic andaiorit5-20% phenocrysts with the
assemblage plagioclasectinopyroxene +orthopyroxene (resorbed)hbrnblende -biotite +
opaque oxides (Rowe et al., 2007). Disequilibriextures in plagioclase and hornblende
phenocrysts are common, as are mafic enclaves cedmd basaltic andesite, andesite and
trachyandesite up to 25 cm in diameter (Rowe eR807).

The Cerro Rubio quartz latites consist of two $iplalgs on the east side of the Toledo
embayment on the northeast side of the currene¥alldera (Gardner et al, 1986). They are
rhyodacitic in composition and have been dated By l&t 2.18 +0.09 Ma and 3.59 + 0.36 Ma
respectively (Heiken et al., 1986). Rowe et @02 include the Cerro Rubio quartz latites in
the Tschicoma Formation on the basis of similaraggchemistry.

The lavas of the La Grulla Plateau in the northMiVF are separated from the main
body of the Tschicoma Formation by the Mesa deliblaghich consists of Bandelier Tuff
occupying a deep paleovalley system (Rowe et@07R It consists of andesite lavas (Figure
2.11) that are capped by domes and flows of dacitetrachydacite (Singer and Kudo, 1986).
The suite has been dated at 7.9-7.4 Ma (SingeKadd, 1986), a timeframe that overlaps late
activity in the Paliza Canyon Formation. The Lailar Plateau rocks share major element, trace
element, and isotopic characteristics with bothRaéza Canyon Formation and the main body
of the Tschicoma Formation (Rowe et al., 2007) wklzer, one dacite dome contains mafic
enclaves that are chemically similar to those foumithe more easterly Tschicoma dacites
(Rowe et al., 2007).

Puye Formation
The Puye formation is a 15 Rwolcaniclastic alluvial fan derived from Tschicoma

Formation domes and lavas (Waresback and TurbetBi@0). It is situated on the eastern side
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of the IMVF, covers nearly 200 Krand has an estimated total thickness of at |t
(Waresback and Turbeville, 1990). Fallout depasifsivalent in composition to Tschicoma
dacite are found interbedded throughout the PUye Puye ignimbrite, exposed in the middle
of the formation, has been dated at 2.383HMa with K/Ar techniques (Waresback and
Turbeville, 1990). High silica rhyolite pyroclastiall deposits are found in the upper Puye, one
of which is correlative to the San Diego Canyoningrites erupted at 1.85 Ma (Turbeville and
Self, 1988). These deposits are noteworthy bedieserepresent the first eruptive products
from the Bandelier magma system.
El Rechuelos Rhyolite

El Rechuelos Rhyolite (Figure 2.11) is a groupinfssnall rhyolite domes and plugs
found in the northern IMVF (Smith et al., 1970; fflee et al., 1988). They are thought to
represent three phases of volcanism at 7.5 Maia,6and 2 Ma (Loeffler et al., 1988). The two
older groups are similar in age to the BearheadRy(7.06-6.1 Ma) but they share more
chemical similarities with the Tschicoma rhyolif@owe et al., 2007). The younger group is
composed of high-silica rhyolite with sparse midrepocrysts of sanidine, plagioclase (Na-rich),
and quartz.
San Diego Canyon (SDC) Tuff

The SDC Tuff underlies the Bandelier Tuff in CafitnSan Diego on the southwest side
of the present-day caldera, and it has also baamdfo core holes drilled within the caldera
(Hulen et al., 1991). Like the Bandelier, the SD@fs are high-silica rhyolite (Figure 2.11)
between 75-78% Siand consist of fall, flow, and surge deposits. bEwille and Self (1988)
divided the SDC rocks into two informal units, ddey ignimbrite termed unit A, and a younger

unit B. Unit A is lithic-rich and non-welded whilenit B is stratified, non-welded to weakly-
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welded, and pumice-rich (Turbeville and Self, 1988pell et al. (1996) determin&uhr/>°Ar
ages of 1.85 6.07 Ma and 1.85 .04 Ma for SDC ignimbrite units A and B respeetlix The
SDC ignimbrites share many geochemical similaritvéh the Bandelier Tuffs and have been
identified as early products of the Bandelier magmamber (Spell et al., 1990).
Bandelier Tuff

The Bandelier Tuff is one of the best known igniitébunits in the world and has been
extensively studied (Ross et al., 1961; Smith aaitel, 1966; Bailey et al., 1969; Smith et al.,
1970; Smith, 1979; Gardner et al., 1986; Self et18186; Potter and Oberthal, 1987; Goff et al.,
1989; Spell et al., 1990; Wolff et al., 1999; Waddffal., 2002; Wolff and Ramos, 2003). The
Bandelier Tuff consists of two units, the Otowivjier) and Tshirege (upper) Members that
represent the products of two major caldera-forn@ngptions. lzett and Obradovich (1994) cite
“OAr/*°Ar ages of 1.61 ©.01 Ma for the Otowi and 1.220:02 Ma for the Tshirege. Winick et
al. (2001) cited®Ar/**Ar ages using melt inclusion-bearing quartz pheystsrof 1.629 4©.022
Ma and 1.235 0.032 Ma for the Otowi and Tshirege respectivéore recently, Phillips et al.
(2006) cite ages of 1.68 Ma for the Otowi and 11225 Ma for the Tshirege. Each member
consists of basal plinian fall beds overlain byingiorite deposits. The Guaje pumice bed is the
plinian deposit associated with the Otowi Membad the Tsankawi pumice bed is the plinian
deposit associated with the Tshirege Member. Bwmbers are compositionally-zoned, high-
silica rhyolite tuff sheets showing internal upwaktreases in the concentrations of
incompatible trace elements. The Otowi Membeleisegally less welded than the Tshirege and
is more lithic-rich. Smith and Bailey (1966) prded an early volume estimate for the Otowi
Member of approximately 200 Khdense rock equivalent (DRE). Later, Self and Lapni1989)

estimated the total erupted volume to be approxmai00 kni DRE.

72



The approximately 390,000 year interval betweerQtewi and Tshirege Members is
referred to as the Cerro Toledo interval (Heikealgtl986; Stix et al., 1988; Spell et al., 1996).
The Cerro Toledo Rhyolite is found within the preisday Valles caldera and consists of domes,
lava flows, and pyroclastic deposits. In additiGesro Toledo pyroclastic rocks are found
sandwiched between Bandelier Tuff members on tleiRaPlateau (Griggs, 1964; Gardner et
al., 1986). Cerro Toledo rhyolites are typicalphgric, which contrasts with the highly
porphyritic pumice of the Bandelier Tuff (Goff athrdner, 2004). Heiken et al. (1986) defined
seven cycles of explosive activity in the Cerro€lld Rhyolite, some of which erupted through
an intracaldera lake located in the eastern podfdhe Toledo caldera. This hypothesis was
based on the presence of phreatomagmatic tuffeiCerro Toledo Rhyolite deposits. Spell et
al. (1996) used®Ar/*°Ar geochronology to suggest that five major teptmaducing eruptions
occurred in pulses at 1.59, 1.54, 1.48, 1.37, a28 Wa. Cerro Toledo domes have been
interpreted as representing resurgent activity@assl with the last remnants of Otowi
magmatism (Gardner et al., 1986; Stix et al., 15g&|l et al., 1996).

Valles Rhyolite

The Valles Rhyolite was first described by Grighy864) and was later subdivided into
six members by Bailey et al. (1969) and Smith e(18170). It includes domes, lava flows, and
pyroclastic deposits, all of which represent inteddera volcanism postdating the creation of the
Valles Caldera. From oldest to youngest the mesmaex the Deer Canyon, Redondo Creek,
Valle Grande, Battleship Rock, El Cajete, and Baonito. They are divided into two
compositional groupings, including the high-silitgolites of the Valle Grande and Deer
Canyon members and the lower-silica rhyolites efRedondo Creek, Battleship Rock, El

Cajete, and Banco Bonito members (Bailey et ab9).9E| Cajete, Battleship Rock, and Banco
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Bonito members are commonly referred to as thehseegtern moat rhyolites (Wolff and
Gardner, 1995; Wolff et al., 1996). These roclesthe youngest eruptive products in the IMVF.
Hydrothermal Activity

Two episodes of significant hydrothermal activitg aecognized in the JMVF: a period
lasting from approximately 8.5 to 5.5 Ma associatétt Keres Group volcanism and a second
period that began 1.6 Ma and continues to the pteséhe current phase of activity is associated
with formation of the Toledo and Valles calderad aith younger Tewa Group volcanism
(Woldegabriel and Goff, 1989; 1992). Consideralely has been devoted to understanding the
active nature of the Valles geothermal system (@oéf Grigsby, 1982; Hulen and Nielson,
1986; Goff et al., 1989; Goff and Gardner, 1994;l6fégabriel and Goff, 1989; 1992).
Associated Mafic Volcanism

Three mafic volcanic fields exist on the periphefyhe JMVF along its border with the
Rio Grande Rift (Figure 2.4). From north to sotitbese fields are El Alto, Cerros del Rio, and
Santa Ana Mesa (Smith et al., 1970). The thrdddieonsist mainly of small mafic shields, lava
flows, cinder cones, and maars. The TAS diagraRavfe et al. (2007) in Figure 2.11 shows the
compositional ranges for the El Alto and CerrosRiel groups. The Cerros del Rio is the
largest of the fields and contains lavas of two positional groups: tholeiites and a continuum
of ne-hy normative hawaiites-mugearites (Wolff et al., 200%5he tholeiites in White Rock
Canyon were erupted between 2.48 and 2.33 Ma anldatvaiite-mugearite series between 2.57
and 2.46 Ma (Woldegabriel et al., 1996). El Alld is smaller but its lavas are
petrographically and chemically similar to thosarfd in the Cerros del Rio (Wolff et al., 2005).
Gardner et al. (1986) indicated a minimum duratda.6 to 1.45 or 1.12 Ma for eruption from

the three fields. This was based on a single lafe of 4.62 ©.12 Ma and the recognition of
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lavas inter-bedded between the Tshirege and Ot@amiipers of the Bandelier Tuff (Gardner et
al., 1986).

Petrogenetic History of the JIMVE

Pre-caldera mafic lavas

Wolff et al. (2005) proposed that the lithosphenantle represents a significant source
for IMVF parental mafic magmas. The Proterozotarguzone beneath the JMVF constitutes a
major crustal weakness, and ancient oceanic lithegpassociated with the suture has been
identified as a likely source for primary magm&eismic and geophysical evidence presented
by previous workers (Shaw and Karlstrom, 1999; Beeet al., 2001; Karlstrom et al., 2002;
Magnani et al. 2004) supports this theory. Twaet/pf parent magmas have been identified
including a K-depleted, silica-undersaturated padenived from partial melting of lithospheric
mantle and a tholeiitic parent derived from eitlitiospheric or asthenospheric mantle (Wolff et
al., 2005). From these parental compositions,tiywes of IMVF mafic lavas have resulted,
including hawaiite-mugearites and tholeiites. Wetfal. (2005) suggest that these magmas
have been derived primarily through a combinatibpastial melting of lithospheric mantle and
subsequent contamination with variable amountsnoficental crust.
Pre-caldera intermediate to felsic rocks

Rowe et al. (2007) provided a review of the petrages of the pre-caldera intermediate
to silicic rocks in the IMVF and the caldera-retasdicic rocks. A significant process in the
petrologic evolution of the IMVF appears to be mgxof mantle-derived mafic compositions
with crustal melts. Most notably, hawaiites, mugesa, and basaltic andesites of the Cerros del
Rio and some of the Paliza Canyon Formation ardatéd to mixing of crustal melts with the

K-depleted, silica-undersaturated parent matestetified by Wolff et al. (2005). The majority
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of the Paliza Canyon, Canovas Canyon, Bearhead,@a&@tulla Plateau (Tschicoma) volcanic
products between 63-73% Si@rmed from a diverse set of petrogenetic processsuding
fractional crystallization, assimilation-fractionalystallization (AFC), and simple mixing of
mafic magmas with crustal melts (Rowe et al., 200/it)e large dacite domes of the Tschicoma
Formation formed through near-complete crustal imglbf granitoid rocks and mixing with
mafic magmas. Pre-caldera rhyolites in the IMVEEhsas the Bearhead and Canovas Canyon
are isotopically distinct and appear to be gendratemelting of Proterozoic crust (Rowe et al.,
2007).

The Caldera Rhyolites (SDC, Bandelier, Valles)

The caldera rhyolites, like their predecessorstltavaght to represent crustal melts.
However, unlike the Bearhead and Canovas Canydsrtitey represent partial re-melting of
‘hybridized’ crust as opposed to more ‘pristinebtérozoic crust (Rowe et al., 2007). Repeated
basalt intrusions beneath the JIMVF after approxaeigeé?2-3 Ma led to rejuvenation of young,
warm intrusive rocks beneath the surface. Theymtsdassociated with this melting formed the
Bandelier magma system, which first erupted asStre Diego Canyon ignimbrites at 1.85 Ma
and later as the Bandelier Tuff and Valles RhydlRewe et al., 2007). The residual heat from
the basaltic intrusions is thought to have resuheal reduced thermal “penalty” during the
melting process and allowed for the generationreatgr quantities of crustal melts (Rowe et al.,
2007). In other words, less thermal energy wasired to heat the crust as part of the melting
process, and thus this extra energy was availableéreased crustal anatexis. This may help to

explain why the caldera rhyolites are more voluragthan their predecessors.
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Figure 2.4. Cross-sections illustrating geophysical models psep by Nielson and Hulen
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forming eruptions of the Bandelier Tuff (Heikenadt 1986).
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Figure 2.5a. Geophysical model (SW-NE
cross-section) of the Valles caldera by
Nowell (1996) illustrating major rock units,
thicknesses, and basic structure

Figure 2.5b. Sequence of SW-NE cross-
sections showing the development of the
Valles caldera based on geophysical
modeling of Seagar (1974) and Nowell
(1996). A. Volcanism associated with the
Rubio volcano in the NE (4 Ma to 1.78 Ma);
B. Formation of the Toledo caldera (1.61
Ma); C. Intracaldera volcanic®). Collapse

of the Valles caldera and post-caldera
volcanics (1.22 Ma to 53 Ka).



Figure 2.6. Interpretation of the Lower Bandelier Tuff emwptsequence. A = initial Plinian
eruption from central vent, B = initial collapsea&ntral eruption column produces thin
pyroclastic flow and surge deposits, C = wholesaltapse of central column leads to
development of large-scale pyroclastic flow demydit = caldera collapse (magma chamber
under-pressurized), transition of vents to ringtiuges, E = continued collapse and ring fracture
eruptions. From Self et al. (1986)
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Figure2.9. Map
Showing the approximate
distribution of major
stratigraphic groups in
the JMVF and associated
mafic volcanic fields.
(Modified from Goff

et al., 2004)
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Figure2.11. Total alkali-silica plot of pre-caldera intermi to silicic rocks of the JIMVF.
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(2007).
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CHAPTER THREE

CALCULATION OF ERUPTIVE VOLUME OF THE OTOWI MEMBER

Prior Studies and Rationale

Calculations published thus far for the total eeaptolume of the Otowi Member of the
Bandelier Tuff have been estimates, largely basethe distribution of existing Otowi outcrops
and also on the distribution of the younger Tslerbtember. Smith and Bailey (1966) provided
the first estimate, based on an assumption of afityilbetween the Tshirege and Otowi
members. Their data suggests that the Tshiregaally covered an area of approximately
2200 knf, and had a volume of approximately 200°kaithough, it is not stated whether this
volume estimate is a dense rock equivalent (DREey inferred that the Otowi area and
volume must be very similar to Tshirege valuesrmie that pre-Tshirege erosion and
subsequent burial by the Tshirege flows have retlitsgpresent outcrop area (Smith and Bailey,
1966). The logic behind using a younger unit tectide an older one is easily understood—the
Otowi Member has been significantly eroded andigeced by younger units, and thus the
Tshirege presents itself as a reasonable analogulee Otowi based on similarities between the
two. Several parallels can be drawn between thgetUand Lower Bandelier eruptions. Each
Bandelier ignimbrite was erupted explosively fromigarly located centers in the IMVF. The
source material for each ignimbrite originatednia same magmatic system, albeit 390,000 years
apart. In addition, each eruption produced plifi@hdeposits followed by ignimbrite flow
units, and each eruption resulted in a trapdode-stgldera collapse. Based on these similarities,
it seems logical that Otowi and Tshirege distribng should be comparable, and this is the

assumption made by early researchers such as 8ndtBailey (1966). Despite the similarities,
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the eruptions are not identical, and it is obvigwssirable to more rigorously estimate the
volume of the Otowi.

More recent volume estimates for the Otowi Membelude that of Self and Lipman
(1989), who inferred a total erupted volume of 46 DRE. This estimate was based on the
distribution of ignimbrites and fall deposits arduthe JMVF. Self et al. (1996) reaffirmed the
total volume of 400 krhDRE, and calculated the Guaje plinian volume t@®&nt DRE based
on isopach maps constructed from the deposit.

This study attempts to systematically re-calculagetotal erupted dense rock equivalent
(DRE) volume of the Otowi Member. The overall asno calculate an accurate minimum
volume. This has been accomplished using threesswf information: drill-core data,
stratigraphic thicknesses (both observed in tHd &ad taken directly from maps), and three-
dimensional reconstructions of eroded materialhenperiphery of the field. In addition,
published studies on the JMVF and the PajaritoeBlatind knowledge of pre-Otowi eruptive
topography has been used extensively.

The 1:125,000 scale geologic map of Smith, Baidey] Ross (1970), the 1:500,000 scale
New Mexico Geological Map (2003), 1:24,000 scalelggic maps published by the New
Mexico Bureau of Mines and Mineral Resources, a28@,000 USGS topographic maps were
used as base maps for calculations. Two signifisesblems inherent in the geologic data make
these calculations difficult. First, the Otowi Mber has been extensively eroded and
subsequently covered over by younger volcanic rodkgs makes it difficult to determine the
true extent of the original deposit. Second, thkle@opographic surface onto which the Otowi
was erupted is covered by the deposit itself artldus poorly constrained in most areas. The

notable exception is the Pajarito Plateau wheré anel corehole coverage is excellent due to the
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fact that Los Alamos National Lab sits atop theqda. Despite the difficulties involved in
discerning paleotopography, there are some araaath deeply dissected, and thus a reasonable
idea of the pre-Otowi paleosurface can be inferrElde following sections will describe the
background and methodology used for the calculation

Geologic Background

Geothermal drilling has been conducted by the UQdrCompany (UOC) and Los
Alamos National Lab (LANL) within the Valles Calder In addition, a variety of wells have
been drilled for water (Griggs, 1964), environméneanediation, and seismic hazard studies by
LANL on the Pajarito Plateau. These studies hawogiged a great deal of stratigraphic and
thickness data for the Otowi Member. In the 19@Diling was undertaken by UOC; in what
was termed the Baca project, nearly 42,000 metetslbhole data was produced from within
the caldera (Neilson and Hulen, 1984). In a stidyre Redondo Dome, Nielson and Hulen
provided thickness data for the Otowi member frdmrzlividual wells. This data shows a
maximum thickness of 833 meters and a minimum 6f8 meters, with an average of 400
meters. As the rock sampled is situated withincdddera walls, the Otowi Member encountered
in each of these drill cores consists almost exadlys of densely welded tuff (Nielson and
Hulen, 1984).

The Continental Scientific Drilling Program (CSD#s drilled three deep core holes in
the Valles Caldera. The first, VC-1, was drilledAugust and September of 1984 on the
southwest side of the Valles caldera and meas&@sn@ters in depth (Goff et al., 1986). The
second, VC-2A, was drilled to a depth of 527.4 meeteside the caldera in the vicinity of
Sulphur Springs during 1986 (Hulen et al., 1991he third core, VC-2B, was drilled

approximately 600 meters from VC-2A to a depth 84 meters in 1988 (Hulen et al., 1991).

90



The initial results from core VC-1 were reported®off et al. (1986) and later revised by Self et
al. (1991). More recently, Wolff et al. (1996) ddbe VC-1 core in an examination of El Cajete
and southwestern moat rhyolites. Goff et al. (398fported an approximately 85 meter
thickness of Otowi in VC-1. However, a reassessratoore VC-1 by Self et al. (1991) refuted
the presence of Otowi in VC-1. Otowi thicknessesares VC-2A and VC-2B were reported as
136.9 meters and 226.9 meters respectively (Hulah,e1991).

Hulen et al. (1991) used the CSDP coreholes iitiaddo UOC geothermal boreholes to
conduct a more comprehensive study of the geolbgfyeowestern Valles caldera. Earlier
studies, such as that of Nielson and Hulen (1984he Redondo Dome used drill cuttings rather
than core. Drill cuttings typically produce muchallar samples that may obscure larger-scale
textural features. These textural features malg yialuable information about depositional
environments and modes of emplacement (Hulen,et@91). Hulen et al. (1991) is an
improvement on previous attempts, such as thaiesdh and Hulen (1984), to interpret the
intracaldera geology.

An important finding of Hulen et al. (1991) is thegiteration of the importance of the S
beds (also known as thg S&andstones from Nielson and Hulen, 1984). Theds tepresent an
important marker horizon that separates the uppet@ver Bandelier tuffs within the Valles
caldera, and thus they are useful in identificaiod interpretation of the Bandelier units in
cores. Hulen et al. (1991) proposed a phreatomigoragin for the S beds; previously these
sediments were interpreted as a simple epiclastiteca apron.

Of even greater significance to this study aregbpach maps derived for various
intracaldera units by Hulen et al. (1991). Isopaxps were created (Figure 3.1) using thickness

data from core studies for the lower (San Diegoy@atuffs, the Otowi Member of the
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Bandelier Tuff, the aforementionedl&ds, and the Tshirege Member of the Bandelier Tuff
within the western Valles caldera. The isopach foaphe Otowi Member delineates a thinning
towards the east. This eastward-thinning is problec, as prior research has shown the Toledo
caldera to represent a trapdoor collapse struthatehas subsided on the eastern margin (Segar,
1974; Nielson and Hulen (1984); Heiken et al. ()98®well, 1996). Based on the asymmetric
nature of the caldera, we would expect the Otowhicken to the east. This inconsistency will
be discussed in more detail later in this chapter.

Numerous core-drilling studies on the Pajaritddda east of the caldera have been
undertaken by Los Alamos National Lab. As patheflLab’s Seismic Hazards Program and
continuing environmental remediation efforts, wéldsse been drilled in technical areas TA-55
(well SHB-1), TA-3 (well SHB-2), TA-16 (well SHB-3and TA-18 (well SHB-4). LANL
studies LA-12460-MS (Gardner et al., 1993) and L3831-MS (Gardner et al., 2001)
summarize the findings of well-drilling operatioinsthese technical areas. Broxton and Reneau
(1995, 1996) have published a comprehensive cotigrilaf core data from LANL in order to
delineate the pre-eruptive and post-eruptive sadad the Otowi Member on the Pajarito
Plateau. These studies proved invaluable resotwcesalculation of Otowi volume on the
Pajarito Plateau.

Morphology as a means of describing ignimbrites

Ignimbrite morphology has traditionally been expgeztusing aspect ratios. Walker et al.
(1980) and Wilson and Walker (1981) used aspeit (déefined as the ratio of the average
thickness of the deposit to the diameter of thelewhich has the same area as the deposit) to
guantify whether an ignimbrite is relatively thindawidespread (low aspect ratio) or thick and

localized (high aspect ratio) for a given volumeudf. Examples of high aspect ratio
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ignimbrites (< 1:1000) include the Valley of Tenclisand Smokes ignimbrite (1:400) and the
Bishop Tuff (1:250). Examples of low aspect ragjoimbrites (> 1:1000) include Taupo
(1:70,000) and Rabaul (1:7000) (Wilson and Walkég1).

Variations in aspect ratio reflect different eruptrates and inferred violence of
emplacement of deposits (Wilson and Walker, 1989w aspect ratio ignimbrites have high
eruption rates, high transport velocities, andvéotently emplaced. High aspect ratio
ignimbrites have low eruption rates, low velocitiaed are more gently emplaced (Wilson and
Walker, 1981). In addition, low aspect ratio igbimtes tend to consist of a single flow unit over
most of their extent, while high aspect ratio ighitte deposits tend to be composed of multiple
flow units (Wilson and Walker, 1981). More recgnthe applicability of the latter rule has been
brought into question. Some low-aspect ratio idmites such as the Rattlesnake Tuff (Streck
and Grunder, 1995) and the Abrigo Ignimbrite onérde (Pittari et al., 2006) have been found
to contain multiple flow units. This rule needsther examination, particularly as more
examples of LARI are found with multiple flow units

Wilson (1991) noted that aspect ratios of igninmgwiare “coarse-scale measurements”
and stressed the need for a more detailed apptoachestigating ignimbrite morphology.
Wilson therefore used physical parameters suchigeness, volume, and area to more
accurately describe the size and shape of an igitenbrhe Oruanui ignimbrite in New Zealand
was used as an example, first to illustrate a nasstfication of morphologies and second to
demonstrate the usefulness of erosion models onstiction of an original ignimbrite deposit.

The study provided two theoretical end-member idmita morphologies (Figure 3.2)
including a slab (uniform thickness) model and apomential-decay model in which thickness

decreases exponentially with distance from a mamn(ilson, 1991). These models were not
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necessarily linked to any particular aspect rasitwes, but simply represent two possible
morphologies. Violently emplaced, low aspect ragimmbrites were found to more closely
approach the exponential decay model. More gemtiglaced, intermediate to high aspect ratio
ignimbrites were found to more closely approachsiaé model (Wilson, 1991).

These models were then ‘eroded’ in two fashionsgengemoval in which a specific
thickness of ignimbrite is evenly removed from #mtire area and preferential erosion in which
a physical attribute of the ignimbrite (such asdirg) allows only certain areas to be removed.
The study found that for low to intermediate aspatib ignimbrites, the area of the deposit (pre-
erosion) can be best estimated by drawing an epgedocound known exposures instead of
summing the areas of the exposures themselveshigtoaspect ratio ignimbrites a close
approximation of original area may be obtained loysing existing exposures. It was
determined that for all aspect ratios, a best egérof original volume may be obtained by
multiplying existing outcrop areas by inferred amig thicknesses (Wilson, 1991).

Methods

Using the logic set forth by Walker et al. (1988)iJson and Walker (1981), and Wilson
(1991) the Otowi Ignimbrite can be classified d8gh aspect ratio ignimbrite (HARI). Using
thickness data derived from this study (Table Zah)average thickness of 111 m was calculated
for the Otowi. The geologic map of Smith et aB{0) was used to estimate a maximum
diameter of 90 km for the entire deposit. Thesgabées yield an aspect ratio of 1:811, which
classifies the Otowi as a HARI.

Wilson (1991) showed that high-aspect ratio ignielsrhave inherently less variation of
area with erosion. Therefore, estimates of origan@a and volume based on present day

outcrops and inferred original thicknesses maylbgecto the true value. Thus, the most
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appropriate method of estimating the area and veliona HARI is to sum the areas and
volumes of present day outcrops.

The findings of Wilson (1991) provide us with a plenand very practical set of
guidelines for use in estimation of ignimbrite voles. Ignimbrite volume estimates are by no
means easy to calculate—numerous physical varialdgsthwart estimation attempts. For
example, eruptive units are frequently covereddynger ones; they can be eroded or deeply
incised through a variety of natural means, ang thay be dispersed hundreds to thousands of
kilometers from the vent as plinian fall and distah. Wilson (1991) showed that by
multiplying existing outcrop areas by inferred amgg thicknesses, the original volume of an
erupted unit can be accurately estimated. Althowadia, this method can be substantially
improved upon if more detailed geologic data ionporated into the calculations. By taking
into account a variety of sources of informatigrcluding core data (if available), field and map
observations of unit thicknesses, paleotopograjgaitures, and more complete calculations of
distal ash, a much more accurate volume estimatbealerived.

In this study a rigorous approach was used fongaved estimate of the Otowi
Member volume. Rather than simply summing up langas of the Otowi deposit and
multiplying by an inferred original thickness, @pemeal approach was adopted. The outline of
the deposit was defined using its current outcrep.a Then, the deposit was broken down into
numerous ‘zones’ in which individual volumes wegdcalated and later summed to derive a
total volume. These zones were constrained basddedr geologic characteristics. Plinian and
distal ash deposits were calculated using preiegisind newly developed isopach maps. Even

though the volume derived from this study is ameste, it is the most systematic and accurate
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estimation of the Otowi Member volume to date. Tbee is that it will serve as a model for
calculation of large-volume ignimbrites at locad#iother than Valles.

To define the extent of the deposit, three pied¢ésformation were used. First, in
accordance with guidelines set forth by Wilson [9%e area for the Otowi Member was
outlined using present exposures. The USGS 1:005mnith, Bailey, and Ross geologic map
of the Jemez Mountains (1970), the 1:500,000 NewisteGeological Map (2003) published by
the New Mexico Bureau of Mines and Mineral Resosi@¢¢dMBMMR), and several 1:24,000
scale geologic maps also published by the NMBMMRewesed. Second, in regions where the
Tshirege and Otowi Members are both present, thedge Member was used as a guide to help
identify the Otowi extent. This was based on tesuaption of Smith et al. (1966) that the
Otowi and Tshirege eruptions were at least in sparesimilar and thus must have covered
similar areas. Third, paleotopographic informatraas used to assist in estimation of the
original (pre-erosion) extent of outflow sheetsgdegermine the location of topographic features
such as canyons, and to make reasonable hypothleseswhere Otowi ignimbrites would
likely have flowed during the eruption. Figure 3 map illustrating the calculated pre-Otowi
paleosurface by Potter and Oberthal (1987). Figutas a reconstruction of the pre-Otowi
Member paleosurface on the Pajarito Plateau bytBroand Reneau (1996). These maps were
invaluable in both delineation of the Otowi depa@sitl in volume calculations. Figure 3.5 shows
the results of the volume calculation exercise Imcl thirteen individual zones labeled A-M
have been subdivided based on geologic constraints.

Additionally, in Figure 3.5, in the Santo Domingad$n south of the caldera and in the
Espafiola Basin east of the caldera, two distamgnie outflows have been added onto the

periphery of the Otowi envelope. Based on the gogohy (there are relatively unrestricted
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“lanes” of travel into each of these basins), itkely that Otowi flows would have extended far
to the east and south. Unfortunately, erosionréamved much of the outcrop evidence. In two
localities, however, isolated Otowi ignimbrite espoes support the hypothesis that the outlying
basins once held flow deposits. Specifically, akwutcrop of Otowi ignimbrite is found
associated with fall deposits near Truchas, Newibtegn the far eastern side of the Espafola
Basin. Also, in the Santo Domingo Basin, limitegbesures of Otowi ignimbrites up to 15 m
thick have been mapped in tributaries along Gali§teeek near Santo Domingo Pueblo (Smith
and Kuhle (1998). Based on the presence of thesesits, it is reasonable to assume that flows
would have continued far into the Rio Grande rdsins. Thus, distally-thinning outflow sheets
have been extended into the Espafola and SantorigorBiasins to account for eroded deposits.
Their significance will be discussed in a latertsec

An interesting aspect of Figure 3.5 is the larga@lesdiscontinuity of areas of the Otowi
outcrop distribution. Several gaps appear to tirehrand northeast of the caldera, and it appears
that flows extended farther to the south than yaher direction. A plausible explanation for
this pattern is that pre-existing topographic feagunfluenced deposition of Otowi pyroclastic
flows. One major example of this control is a egf obstructions situated on the northern and
northeast rim of the caldera. In this area, l@lgmes of Tschicoma dacite appear to have
significantly impeded pyroclastic flows. ConsequygrOtowi deposits are conspicuously absent
to the northeast of the caldera and also in asmrigonsisting of the La Grulla Plateau located
between zones F and G. Otowi flows reappear tedlseof the caldera in an eroded remnant at
Puye Cliffs in the north-central portion of zone Ho the west of this exposure, pyroclastic

flows from both the Otowi and Tshirege eruptiongsevieinneled down Guaje and Santa Clara
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Canyons (Figure 3.5). In all likelihood, Otowifls extended out from these canyons and then
proceeded to spread out over the Puye Formatidacguon their way into the Espafiola Basin.

To the southeast of the caldera several topogrdphatares presented an obstacle to
pyroclastic flows. For example, it is unlikely ttagnificant Otowi thicknesses were deposited
on the site of what is now St. Peter's Dome andS#we Miguel Mountains in zone B (Figure
3.5). Farther to the southeast of the calderaeerros del Rio volcanic field. The hills formed
during these basaltic and intermediate eruptionsige a possible obstacle to Otowi flows.
Several pieces of evidence support this hypothedisst significantly, reconnaissance geologic
mapping in the Cerros del Rio by USGS and UNM regeas have uncovered Otowi (Guaje)
fall deposits but no ignimbrites (Gary Smith, perslocommunication; Mark Hudson, personal
communication). Assuming that Otowi flows origilyaravelled through the Cerros del Rio and
covered the majority of the fall deposits locateere, it is extremely unlikely that the flows
would be completely eroded away, leaving only tighlly erodible fall deposits behind. A more
likely scenario is that the Otowi ignimbrite neweade it that far, and only Guaje fall was
deposited there. Another piece of evidence in sty this hypothesis is the deflection and
capture of Otowi flows in the White Rock Canyonaane zone B of Figure 3.5. There, a thick
sequence (approximately 130 m on the map) is preaérn the canyon but is not observed to
overwhelm topographic features further southedsttime Cerros del Rio volcanic field.

Another potential obstacle lies to the south ofdhlelera at Santa Ana Mesa, which is a
significant topographic feature. The mesa is netlt low— approximately 1835 meters at its
summit. However, there is sufficient relief betwatand the surrounding area (approximately
130 meters) to assume that Otowi flows would haenliforced (at least in some part) to flow

around to the east and west of the mesa.

98



Finally, on the southeast side of the calderagtiseno evidence of Otowi flows to the
southeast (outboard) of the Cerros del Rio. Ifthen Otowi exposures of Smith and Kuhle
(1998) are used as a rule of thumb for the fartpestt of advance for the outflow sheet on the
south-southeast side of the caldera, then Otoviinignte should also be observed southeast of
the Cerros del Rio. However, no such exposures haen found. The distal edge of zone L has
been conservatively drawn through the center of2itbeos del Rio to account for any flows that
may have possibly made it into the hills but hagerberoded.

On the western side of the IMVF, Otowi and Tshikmg&s are constrained along a
roughly N-S trending line by the Laramide-age upifown as the Sierra Nacimiento.

The greatest Otowi outflow thicknesses are founthenvestern side of the JIMVF on the
Jemez Plateau in zone E. In this region it islyikleat Otowi flows were funneled through a
breach in the western rim of the caldera into ampaleocanyon in the vicinity of the present-
day Cebolla Canyon and Telephone Canyon areas pafheostructure will be discussed in more
detail in a later section.

The individual zones labeled A-M in Figure 3.5 weubdivided based on the available
geologic data. However, it should be noted thathenperiphery of the outflow sheet, outcrop
coverage is poor to non-existent. Consequentipesibboundaries on the periphery are not as
well constrained as those where outcrop coverag®ie widespread. In these areas, boundaries
were drawn based on the available data. A prinaengke of this can be observed along the
distal edges of zones J, K, and M where outcropsjotty due to extensive erosion (zone J in
particular is dissected by a major watershed). dis&l boundaries in these areas are based on
sparse exposures—the up to 15 m-thick outcropg@iviQgnimbrite found at approximately

5400 ft in the southeastern portion of zone K r&arto Domingo Pueblo (Smith and Kuhle,
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1998). Because these localities are the mostl disterops on the south side of the caldera, they
have been used to represent the farthest poirdwainee. Accordingly, the southern boundaries
of zones J and K have been defined using a comapmytaphic contour corresponding to the
15 m exposures. It should be noted that there jgateotopographic feature at this point in the
Santo Domingo basin that could explain a suddernt@iige Otowi pyroclastic flows.

Obviously, it is highly likely that the Otowi flomsontinued out further into the Santo Domingo
Basin from this topographic line. To account fost in a later section hypothetical distally-
thinning wedges were extended out into the Santaibgo Basin from this boundary.

Zone A covers the Pajarito Plateau, which is ai@ddrly well-studied region thanks to
the extensive work of LANL scientists including thaleotopographic studies of Broxton and
Reneau (1995, 1996). Thicknesses are very welltcained due to borehole and drill core data,
and the geologic map shows that the Otowi thinsctoger to the caldera rim. Zone B contains
the area directly to the south and extending tRifeeGrande in White Rock Canyon. This
segment is deeply dissected by several canyong,motable among them Canyon de Cochiti.

Zone C encloses the outflow sheet south of theecaldnd includes Cat Mesa (a notable
Bandelier Tuff stratigraphic section) and part @fién de San Diego on the southwest side of
the caldera. Zone D includes Virgin Mesa, WildCanyon, and part of Cafion de San Diego on
the southwest side of the Caldera. Zone E enclbsasajority of the Jemez Plateau and
includes the thickest Otowi outflow deposits, maistvhich are densely welded. Zones F and G
represent prominent alleyways through which Otdew$ were funneled north to Mesa Qjitos
and Mesa Pinebetosa in zone F and Pueblo Mesaai@mh€s Mesa in zone G. These segments
are located on either side of a topographic bafoiened by dacite domes of the Tschicoma

Formation in what is now called the La Grulla Péate At the north end of zone G are two small
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paleocanyons, seen in Figure 3.5. Zone H enclbgesgion to the north of Guaje Canyon,
including Santa Clara Canyon, through which OtdewE were funneled northeast into the
Espafiola Basin. Zone | represents the intracalderd’he Otowi in this zone is densely-
welded and up to 833 m thick, averaging approxiiga@0 m. (Nielson and Hulen, 1984).

Zones J and K enclose a broad area on the soutboarticeast side of the caldera,
extending into the Santo Domingo Basin. Much ef@towi is eroded in these segments, but
several key outcrops near Santo Domingo PueblotfSmnd Kuhle, 1998) provide evidence of
Otowi flow deposition at least to the outer boumeaof these segments. The distal boundary in
Zone J has been fitted around the northern ed§ata Ana Mesa (Figure 3.5). Santa Ana
Mesa sits approximately 130 m higher than the sumdong land surface, and thus constitutes a
definite topographic barrier. It is unlikely ththick flows (similar to the 15 m thicknesses
observed at Santo Domingo Pueblo) would have ingddhe Mesa and flowed over its top.
Thus, the distal boundary of zone J was drawn aldlw base of the north side of Santa Ana
Mesa following a smoothed 5400 foot contour. Tooamt for significantly thinner Otowi flows
that may have gone up over parts of the Mesagsiblean included within the distally-thinning
Santo Domingo wedge to the south.

Zone L is a very rough estimate of Otowi that mayébeen present within the Cerros
del Rio volcanic field. As previously mentionea, @towi outflow is found in the Cerros del
Rio volcanic field. Zone M is also a very consém@estimate of outflow on the southwest side
of the caldera, and it is bounded on the west bySilerra Nacimiento. Thicknesses in zones L
and M were derived by averaging thicknesses fraadibtal ends of adjacent zones (C and D for

Zone M; B for zone L).
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Paleotopography

The pre-Otowi land surface is characterized byrapgex series of deep canyons and
broad valleys that extend radially away from theent caldera. Wherever possible, every effort
has been made to consider paleotopography in tlneneocalculations. The pre-Otowi
topographic surface is not well constrained in gvegion of the IMVF. Given the fact that the
Otowi deposit covers its own pre-eruptive surface enat erosion has stripped away an
indeterminate amount of geologic evidence, the matere of the original paleosurface is
clouded in many areas. The best source of palegtaphic information has been drill-core
data. On the Pajarito Plateau (zone A in Figubg, 3he pre-eruptive and post-eruptive Otowi
surfaces are very well constrained. Broxton andeda (1996) used outcrop data and an
extensive core data set (much of it from LANL s@&sicto reconstruct the Otowi
paleotopography on the Pajarito Plateau (Figurke 3[f#ey determined that the pre-Otowi
surface consisted of a broad, SSW-draining valfgraximately 4 miles wide and at least 6.2
miles long. On the northern boundary of the valiey a low-relief, ESE-dipping surface that
represents the upper limit of an alluvial fan coexpimost likely the Puye Formation (Broxton
and Reneau, 1996).

An uncertainty arises with the modern canyons agtisto the plateau and whether they
represent paleo-structures or simply more recemtdl erosion. In localities where consecutive
layers of ignimbrite have been deposited, it is g@wn for drainages to be incised into the
approximate locations of pre-existing drainagesweler, Broxton and Reneau (1996) noted
that as the Otowi is largely non-welded in thisioegthe pre-Tshirege surface likely lacked “the
sharp mesa-canyon topography” present today. Thigspossible, but unlikely that the current

canyons on the Pajarito Plateau represent pre-Qial@bdcanyons.
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In a similar fashion to the Pajarito Plateau, UQfll dore data and CSDP holes VC-2A
and VC-2B have allowed for a much clearer integdren of the caldera (zone | in Figure 3.5).
Paleotopographic information and thickness datavel@éfrom these studies have been used
extensively to augment the volume calculation$hesé regions.

Unfortunately, outside of the Pajarito Plateau tredcaldera, core data is limited. As a
result, researchers have reconstructed paleosartasteg geologic maps and field observations.
Potter and Oberthal (1987) reconstructed the poavOtaleosurface in Figure 3.3 using the
Smith et al. (1970) geologic map as a guide to dstauctural contours at the base of the Otowi.
The contour interval is 100 ft in areas where thewdis well exposed. In areas where
exposures are limited, generalized contours wengateby smoothing out current surface
contours of pre-Otowi units (Potter and Oberth@B7). In these regions the contour interval is
500 ft. Using this technique Potter and Oberth8B{) were able to derive the minimum
topographic relief for the pre-Otowi paleosurfadéne authors acknowledge that the map is not
perfect but assert that the general slopes andrimggographic features (such as paleocanyons)
are reliable. | concur with this assessment atiduise this data to help discern major
paleotopographic features.

Seven pre-Otowi paleocanyons have been identisatgunformation obtained from the
maps of Smith and Bailey (1970) and Potter and thbe(1987). To account for the volumes of
Otowi ignimbrites likely contained within theseisttures, a series of inverted triangular prisms
have been created to ‘fit' each paleovalley. Thenps are based primarily on dimensions taken
from the reconstructed paleosurfaces of PotterQivetthal (1987). Thicknesses were obtained
by comparing differences in elevation between theelof current Otowi outcrops and the

paleotopographic data. These prisms are represant@gure 3.5 as dashed outlines, and their
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volumes are provided in Table 3.2. Calculationgliese prisms will be discussed later in this
chapter.

The first major structure is a broad valley runngagallel to the western rim of the
caldera in zone E on the Jemez Plateau. This palé®y is roughly centered in the same areas
as the present-day Telephone Canyon and Cebollgo@amd contains some of the thickest
Otowi outflow deposits. Potter and Oberthal (1985tjmated that this wide paleo-valley had an
axial gradient of 12 m/km and likely channeled myastic flows emanating from a breach in the
western caldera wall to the southwest (Figure 3.3).

Another large paleostructure existed beneath vghadw Cafion de San Diego, on the
southwest edge of the caldera. The axis of tHlsyw#& generally coincident with the modern
Cafion de San Diego and had a gradient of approgiyn@® m/km (Potter and Oberthal, 1987).
A trace for this paleovalley is found at Jemez i&ggiand Wildcat Canyon, and the canyon is
filled with a significant thickness of Otowi Tufsaletermined from well data.

In zones C and B in Figure 3.5, three deep, napawocanyons (labeled CC1, CC2, and
CC3) exist in the area that is now dominated byH@o€anyon. These paleocanyons are each
approximately 300 m deep and vary in width from Ba8and length from 4-8.5 km. In zone G
(Figure 3.5) two small paleocanyons are presentipeablo Mesa. The western one measures
approximately 2 km wide by 7 km long. The east&anyon measures approximately 3 km wide
by 8 km long

Volume Calculations

Volume calculations for zones A-M
For zones A-M, a template ten kilometers squarb d@marcations for each square

kilometer on tracing paper was created. The tetaplas produced in 1:125,000 scale, which is
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the scale of the map by Smith et al. (1970). Afeagach zone were determined in square
kilometers using this template. Zones B througird&particularly large in area, and thus these
zones were further subdivided into multiple subsloms to enhance accuracy in the calculations
(see Table 3.1).

For each lettered zone or subdivision, as accarateverage thickness as possible was
calculated using drill core data and availabletgfraphic thicknesses. For subdivisions
containing areas with zero Otowi thickness (paftseations B, C, D, and E), a zero was entered
into the average to account for the lack of depoEite overall average thickness was then
multiplied by the area of the zone or subdivisiométermine volume. The individual results
were added together to determine a total volumedah lettered zone. For all zones except E
and |, which are densely welded, a porosity of 86 used to determine dense rock equivalent.
This porosity was determined by measuring the veludisplacements of fragments versus
crushed samples of Otowi ignimbrite in beakergdilvith water.

To calculate the intracaldera fill volume in Zonedre data from CSDP VC-2A and VC-
2B, along with geothermal well data from the Baogjgxt were used. An average thickness of
436 m for the intracaldera fill was derived by agng thicknesses from 22 Baca wells of
Nielson and Hulen (1984) and the two CSDP cores pr&viously noted, gravity surveys have
shown that the Toledo and Valles calderas are agtrmoand collapsed farther down in the east.
Therefore, it would seem logical that the intraeaddfill would thicken to the east. However,
the isopach map of Hulen et al. (1991) seen inréi@ul indicates a thinning of the Otowi
Member to the east. Unfortunately, neither conevwnell data is available from the eastern
portion of the caldera, and thus the nature ofatmwi in this region is uncertain. In the absence

of verified thickness data from the eastern portbthe caldera, it seems irresponsible to
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assume either thickening or thinning to the edsius, the average thickness (436 m) attained
from available data in the west was deemed thessafgroximation of intracaldera thickness.
Potential errors incurred in calculating the intdaera volume will be discussed later in the
chapter.

The data for the zone A-M volume calculations carséen in Table 3.1. The calculated
intracaldera volume is 149 RrDRE, and the calculated outflow is 120kBRE.
Volume calculations for paleocanyons

The inverted triangular prisms in Figure 3.5 hagerbused to account for extra
thicknesses of tuff that filled in the deeper pabaojons. A summary of these calculations can
be seen in Table 3.2. On the Jemez Plateau gutearprism was created to account for the
paleovalley that underlies the area running froenNe to SW. The shape is 25 km long, 7.9 km
wide, and an estimated 30 m in depth. In examitheglifferences between the base of the
Otowi Member on the Smith et al. (1970) map andéwenstructed paleocountours of Potter
and Oberthal (1987), very little difference is eantl between the two. On average
approximately one contour of difference (approxehaB0 m) is observed, so 30 m has been
used as the depth of the triangular prism. Thipshyelds a volume of 2.96 KmBecause the
ignimbrite in this region is densely welded the D&ftiivalent is 2.96 ki

In Caflon de San Diego a triangular prism 23.1 kng land 11.5 km wide was
established to account for extra thicknesses oiviDdeposited in the paleo (pre-Otowi) Cafion
de San Diego. For the depth of this triangulasmrithe average difference between the
observed base of the Otowi and the bottom of theopganyon (as determined from
paleocontours)—approximately 50 m—was used. Theltiag dimensions (23.1 km long, 11.5

km wide and .05 km deep) yield a volume of 12.2 k05 knt DRE).
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In the Cochiti Canyon area, three paleocanyonpm@®ent and have been accounted for
in the volume calculations with inverted triangytaisms labeled CC1, CC2, and CC3. CCl1lis
the westernmost and measures approximately 1.9 kmoidith and 5.9 km in length. CC2 is the
central of the three and measures 2.7 km in width/9 km in length. CC3 is the easternmost
and measures approximately 4.0 km in width andrtGrklength. Depths for these triangular
prisms were determined by averaging the differentsgrved between the elevation of the
current exposed base of the Otowi and the bottotheopaleocanyon as determined by the
paleotopographic map. In the Cochiti Canyon ateadepths are fairly small, averaging
approximately one contour or 30 meters. For CQ@lyields a volume of .17 k(.09 kn?

DRE). For CC2 this yields a volume of .24 %12 kn? DRE). For CC3 this yields an
estimated volume of .60 kh(.30 kn? DRE).

At Pueblo Mesa, two paleocanyons have been modseied inverted triangles. The
western paleocanyon measures approximately 2.1 ki@ and 7.7 km long. The depth of this
canyon beneath the current base of the Otowi isoappately 60 m. These dimensions yield an
estimated volume of .50 Kh(.25 kn? DRE). The eastern paleocanyon measures appradimat
4.4 km wide and 10.3 km long. The depth of thisyca beneath the current base of the Otowi
is approximately 50 m. These dimensions yieldstm&ted volume of 1.13 kh{.57 kn?

DRE).
Volume calculations for distal ignimbrite wedges

In examining the pre-Bandelier geology it is evidémat there are few topographic
obstacles that would have impeded Otowi pyrocldkigs to the south and east of the caldera.
Consequently, a reasonable assumption is that flowdd have extended further out into these

regions. However, because of the effects of enosu@r the past 1.61 million years in the
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Espafola and Santo Domingo Basins, very littlhef®@towi ignimbrite is preserved. In the
Espafiola Basin there is one known outcrop of Otgmimbrite found east of the Rio Grande.
An exposure on NM route 76 near Truchas, NM orféheastern boundary of the basin
(approximately 42 km from the eastern Valles Calden) is the only instance of Bandelier
preservation outside of the present ignimbriterdiistion (Self and Lipman, 1989). At this
locality, a thin (~ 1-2 meter) flow unit is presetvat approximately the 8000 foot contour.

In the Santo Domingo Basin, the approximately 1&mok exposures of Otowi
ignimbrite found near Santo Domingo Pueblo (disedssn page 10) are the most distal
exposures of ignimbrite found in the Santo DomiBgsin. These tuffs were deposited on a
generally broad fan surface and lie unconformabplyrugravels of the Lookout Park formation
or directly on paleosols derived from eolian sareds$ing on the gravel (Smith and Kuhle, 1998).
Based on the fairly substantial thickness of thenidprite here, it is reasonable to hypothesize
that Otowi flows would have continued farther sofitim this point into the rift basin.

Thus, two ignimbrite wedges have been added ortpdhiphery of the field and can be
seen as dashed outlines in Figure 3.5. In thefgdp®asin, the wedge is 20 m thick at the
proximal end and zero meters at the distal ence proximal thickness of 20 m represents an
average of thicknesses along the distal edgesrmaszA and H. In the Santo Domingo Basin, the
15 m exposures of Smith and Kuhle (1998) were fizethe proximal thickness.

In the Espaiola Basin, the Truchas exposure hasthken as the farthest point of
advance. Accordingly, the distal end of the ignitewedge has been extended out to this
exposure situated approximately at the 8000 footaxg, and then was traced north and south
along the far edge of the basin using this conésua guide. The edge has been smoothed out to

remove the effects of post-1.61 Ma stream eros@n.the northern and southern edges of the
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basin, the boundary was wrapped back towards tdereafollowing contours and using the
topography as a guide.

In the Santo Domingo Basin, a similar methodologgwmployed in which the distally-
thinning wedge was extended out into the basindonamon contour line (in this case the 1700
meter contour). This contour was chosen baseworctiteria. First, major topographic
features present south of the caldera such asath@issMountains would provide a barrier to any
pyroclastic flows. Second, plausible rates oftimg were considered for a distally-thinning
ignimbrite wedge 15 meters thick at the proximajeednd 0 meters thick at the distal end.

This exercise found 0.06 degrees to be the mokstieangle that could account for the outflow
sheet. At this angle, the wedge extends out litbhkters into the basin. For comparison, a
slope angle of 1 degree using the same dimensieltisya wedge only 859 m in length, and a
slope angle of .01 degrees yields a wedge 86 ki Idime 1 degree and .01 degree slopes are
particularly unrealistic—the former yields a wedbat is unrealistically ‘stubby’ while the latter
(out nearly 90 km) does not fit in the basin. Thhe wedge was theoretically extended out 14.5
kilometers, and this was found to correspond with1700 meter contour. It should be noted
that the wedge boundary follows this contour b b@en smoothed out to account for post-
emplacement stream erosion.

It should be noted that the proximal edge of thet&&®omingo wedge fits into the
embayment formed in zone J around Santa Ana MEse. area was not included in the volume
calculation for zone J, as it is likely that thickatowi flows were directed around Santa Ana
Mesa. However, the relief on the mesa is not ggel¢éhat thinner flows could not flow over the

top of it. As a result, the distally-thinning Sari@omingo wedge was extended over the mesa in
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an attempt to account for volumes of thinner Otthaws that may have overwhelmed this
topographic feature.

With the boundaries defined, a series of rectam@urid triangular polygons were used to
determine volumes enclosed within the distal wed@dse results of these calculations are
shown in Table 3.3. For the Santo Domingo Bagle sif the caldera, an ignimbrite wedge with
a volume of 7.98 kh(3.99 knf DRE) was calculated. For the Espafiola Basin mimigrite
wedge with a volume of 14.21 Rrt7.11 kn? DRE) was derived.

Note that these are conservative, minimum estimatesit may very well be that these
regions once held larger quantities of Otowi owtflparticularly in the centers of the basins
where flows tend to pond. However, based on tladahe geologic evidence these estimates
are intended to establish a reasonable minimummweluln all likelihood, Otowi ignimbrites in
the Espafiola and Santo Domingo basins would hawdgubin the center of the basin. However,
since these distal deposits have been so extenskaled, there isn’t enough information to
incorporate this phenomenon into the calculatiddsence, the usage of thinning wedge shapes
as representations of Otowi deposition in thessnsg
Volume calculations for distal ash

Self et al. (1986) calculated a volume of 20°HDRE for the Otowi Member plinian
deposit. Later, Self et al. (1996) estimated thatbulk volume of plinian unit A could be as
little as 7 kni or as much as 30 Khtbulk volume). The authors estimated that units 8ould
represent as much as 65%¢bulk volume).

Sparks and Walker (1977) demonstrated that sonfwutolumes (O) are equal to
plinian/co-ignimbrite ash volumes (A). Lipman (¥&uggested that DRE intracaldera deposit

volumes (I) are approximately equal to outflow dapwolumes (O). Mason et al. (2004) used
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this information to summarize the volume relatiapdbetween caldera fill, outflow, and distal
ash in large pyroclastic eruptions. They companederuptions for which it has been possible
to calculate all three components—the ~74 ka Youiigba Tuff eruption and the 26.5 ka
Oruanui eruption. For each of these eruptionsruteethat <k O~ A is valid. At Toba [:O:A =
1000:1000:800 krh(Rose and Chesner, 1987), and for the Oruanuhl:0420:320:430 km
(Wilson, 2001). Mason et al. (2004) noted thatlihkance between caldera fill and outflow may
depend on the timing of caldera collapse. Howgvased on the Toba and Oruanui eruptions
and a comparison of 47 large explosive eruptidres authors adopted the assumption thaOl
~A.

Based on this work, we may assume roughly equahwes for caldera fill, reconstructed
outflow, and distal ash in large ignimbrites sushte Otowi. In Table 3.4, zone | (149 %m
DRE) is taken as the intracaldera volume (1), dredremainder (290 k49 kn? = 141 knd
DRE) is calculated to represent the total outfl@lue (O). These values are consistent with the
model set forth by Mason et al. (2004), and theltgsstifies further application of the model to
assume an equivalent volume of distal ash (A). ofgiagly, the distal ash volume was
determined in Table 3.4 by averaging intracaldedh@utflow values. The calculated distal ash
volume (A) is 145 kmi(DRE). This value represents a discrepancyiassignificantly greater
(over 7 times) than the 20 RrDRE calculated by Self et al. (1986).

In light of the discrepancy, an attempt has beedenta estimate the volume of the Otowi
fall deposit using the technique of Pyle (1989ntal thickness for the Guaje is reasonably well
constrained near to the caldera (Self et al., 198§;et al., 1996). However, only one
significant distal Guaje outcrop has been posyiveéntified—Mt. Blanco, Texas, located

approximately 22 km southeast of Floydada, Texastt(kt al., 1972). There a 30-60 cm bed of
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ash was measured and attributed to the 1.61 Mai@tonption based on chemical and
petrographic attributes (lzett et al., 1972). dididon, Holliday (1988) later measured and
described a 30 cm Guaje ash bed at Mt. Blanco. Giiege ash at Mt. Blanco is partially
reworked, and the likely original thickness of teh is approximately 12 cm (Self, personal
communication). A detailed chemical stratigraphyhe ash beds at Mt. Blanco was not worked
out by these authors. Consequently, there is taiogy regarding which Guaje fall units are
present there. Most likely, the deposit is domilyaiall units B and C. Unit C represents the
period of highest eruptive intensity and thus §kehs the greatest dispersal. Clearly, however,
fall unit A is not exposed there as it is constedito regions immediately east of the vent. Units
D and E may be exposed; although, they are muanéhiand more difficult to discern. A more
detailed chemical stratigraphic analysis of thej@aah at Mt. Blanco would be useful in
future studies.

Consequently, this calculation is an estimate baseavailable data. Isopachs were
constructed using fall thicknesses measured byebelf (1986), Self et al. (1996), Izett et al.
(1972), and Holliday (1988). Fall unit A has bexafculated separately from units B-E because
it is very small in volume and was deposited imated region along a narrow eastward
dispersal axis. Because of this, fall unit A igkh(~ 10 m) in some areas close to the caldera,
but its area of distribution is decidedly vent-proal. Using thicknesses from fall unit A in
volume calculations for the entire deposit (A-Edmdatically skews the total apparent thickness
of the deposit and results in an overestimatel ureglls B-E, however, are more widely
distributed (at least 12 cm thick 550 km from tleawin the Texas panhandle). Because there is

a lack of thickness data for the individual falitsnunits B-E have been grouped together.
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Figure 3.6 is an isopach map constructed for faill & using thicknesses from Self et al.
(1996). Thicknesses for unit A are fairly well strained, and reasonable closures for isopachs
were used. Figure 3.7 is an isopach map for fatsuB-E showing ash distribution across the
southwest. Figure 3.8 is a blown-up view of thgioe around the caldera with thicknesses for
units B-E (from Self et al., 1996). Pyle (198%tet that many tephra fall deposits are
characterized by simple exponential decay. Theeeto assist in the placement of isopachs for
units B-E, a plot of thickness versus distance made using a number of points close to the
caldera and the distal locality at Mt. Blanco (%50, 12 cm). Assuming that the Guaje deposit
follows an exponential thinning trend, an exporartend line was fitted to the data. This
provided a means to determine the approximateraistafrom the vent that specific isopachs
should be situated.

The Pyle (1989) techniqgue was used to calculatemes for fall unit A and units B-E
(Figure 3.9). Calculations are shown with the gsapsed to determine half distance).(B-or
fall unit A, T, equals 10.5 m and for fall units B-E i 2.5 m. A total volume of 2.3 Khibulk)
and 1.2 kil (DRE) was calculated for plinian fall unit A. tAtal volume of 88 krh(bulk) and
44 knt (DRE) was calculated for fall units B-E. Togethtéis results in a total plinian volume
of 85.2 kn? (bulk) and 44 krh (DRE).

Results

Using the methodology described, a total volum85sf kn? was calculated for zones A-
M, including caldera-fill and outflow (Table 3.1Assuming 50% porosity in Otowi ignimbrite,
and taking into consideration that zones E ane ld@nsely welded, this yields a DRE volume of
269 kn?. The paleostructures in Table 3.2 yield a totdlime of 17.7 krhand a DRE

equivalent of 10.3 krh In Table 3.3, the distal ignimbrite wedges yieltbtal volume of 22.2
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km?*and a DRE equivalent of 11.1 RmThe total calculated intracaldera plus outflaviume is
290 kn? DRE (Table 3.4).

Using the 1:0:A assumption, a value of 145°KBRE was calculated for the Otowi fall
deposits. Using isopach data, a volume of 45.2BRE was determined for the Otowi fall
deposit. Total erupted volumes of 435%and 335 kmcan thus be derived for the Otowi
Member; these values were calculated using fallstimates from the 1:0:A scheme of Mason
et al. (2004) and the Pyle (1989) technique resgpagt Both estimates are considerably greater
than the approximately 200 Rraolume estimated by Smith and Bailey (1966). iremnore
they are similar to the 400 RiDRE estimate of Self and Lipman (1996) and theeetalidates
their estimate. However, the volumes derived fthim study are intended as minimum
estimates. Large quantities of the Otowi igningand fall deposits have undoubtedly been
eroded, and thus the potential exists that the Oeouption yielded a DRE volume equal to or
greater than 500 kin

Estimation of Errors

As this volume calculation represents a minimunmese, a variety of uncertainties may
be inherent in the data and need to be discusskdlamfied. Clearly, over the past 1.61 million
years the Otowi Member has been subjected to vamounts of erosion but it is difficult to
estimate how much has actually been removed. ultligely that an even removal scenario
(Wilson, 1991) can be used for the Otowi ignimbbezause it is strongly welded in portions.
Therefore, a preferential erosion scenario (Wild®91) is far more likely. In those regions
where the ignimbrite is significantly welded (suahthe Jemez Plateau in zone E, and in the
intracaldera fill in zone 1), the volume estimaées probably quite accurate. However, in all of

the other regions where the tuff is not denselydee] we must assume that portions have been
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removed. This is particularly true in the rift bess where erosion has removed any trace of
Otowi ignimbrites.

Dethier et al. (1988) estimated rates of erosiohénwestern Espafiola Basin for a
variety of local rock types. From 1.1 Ma to thegent the denudation rate for tuff in the White
Rock gquadrangle was estimated at 4 cm/1000 yrndJsiis as a rough approximation for
erosion rates, we can make an attempt to calcldsterolumes. The Cerro Toledo interval
between the Otowi Member and Tsankawi fall depadithe Tshirege Member spans
approximately 390,000 years. Based on the erasi@nfrom Dethier et al. (1988) during this
timeframe, as much as a 156 meter thickness cavd been eroded from the exposed Otowi
Member. Excluding the densely welded Zones E aarttlithe paleocanyon deposits (which
were covered), then as much as 39F ki®6 knf DRE) could conceivably have been eroded
from the ignimbrite outflow sheet. This would ®&ithe total volume of the ignimbrite from 290
km? to 486 kni DRE. If the erosion rates are correct, and ttevdignimbrite was being
eroded over the entire 390,000 yr interval (whitlsome places it clearly was not), then the
maximum missing volume (196 KrDRE) represents approximately 40% of the ignimbrite
deposit lost to erosion. Including fall volumesided from isopach data (45 Rinthis
theoretically increases the original (pre-erosiwume estimate for the Otowi Member from
335 kn to approximately 531 ki DRE—a change of 158%.

While these numbers are significant, it is importarrecognize that they are very
difficult to calculate reliably. A reasonable statent would be to say that erosion has likely
removed significant quantities of the Otowi Memlggrimbrites, and thus its true original
volume is likely much larger than the 290 kBRE calculated. However, the exact amount lost

to erosion is difficult to determine.
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Goff et al. (1989) suggested that the intracaldiéira the undrilled eastern half of the
caldera complex could possibly be as much as tthie00 m maximum thickness observed in
the west. Despite the proposals by some researtnrthe intracaldera Otowi thickens to the
east due to the asymmetric caldera collapse steydtwere is no stratigraphic evidence for this
phenomenon. Furthermore, the isopach maps of Hailah (1991) suggest that the Otowi thins
towards the east. In the absence of stratigragdtar, the average intracaldera thickness (436 m)
calculated in this study is a reasonable and prugd@mmum estimation based on the available
data.

As a matter of interest, however, increasing treragye thickness to 600 m increases the
intracaldera volume to 205 Knfa 138% change). An extreme scenario—one in wiigh
assume that the entire eastern caldera averagéaig0thickness—would increase the average
thickness to 1000 m; this maximum volume would tk&oally increase the intracaldera volume
to 341 kni(a change of 229%). These modified volumes woutddase the overall Otowi
volume to 427 krmand 563 krirespectively.

The hypothesized ignimbrite aprons proposed folEs@anola and Santo Domingo
Basins in Figure 3.5 may or may not have existéidher way, they do not exert significant
leverage on the overall calculations. If they diicte exist, then the calculations provided for
them in Table 3.3 indicate a reasonable minimurawa. However, if they did not exist and
their volumes are removed from the outflow tot#ilg, difference in volume is small, with a net
change of 2.5% of the total outflow. An importaonsideration in this case is that Otowi
ignimbrites would have likely ponded in the middfebasins, thus resulting in greater
thicknesses of tuffs. Thus, it is safe to incltite distal wedges in a low-end volume estimate.

However, with so little outcrop evidence availatiles difficult to rationalize increasing the
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estimate to account for ponding of flows. Consedjyeas they have been calculated, the distal
wedges are most likely a reasonable and justifiabtition to the total volume calculations.

It is important to remember that these calculatiovigle they have been geologically
constrained and made to be as accurate as posgilblespresent a minimum volume.

Therefore, the 335 ki'DRE may have once been much larger—perhaps o@ekisd It is
unlikely that the actual Otowi volume is less tltlais number for the simple reason that the
calculations are a conservative estimate basetysoie¢he available geologic data.

Wilson (1991) noted that volume estimates of otdngorites may be reasonably accurate
even after strong erosion, provided the originadkihesses of ponded/landscape-forming
material can be inferred. In this case, a pletlobthickness and paleotopographic data has been
used in this study to derive as accurate an estiofatolume as possible. For a minimum
calculation, the total erupted volume of 335°MBRE found in this study is quite reasonable and

based solidly on the existing data.
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Ave. Thickness Volume Volume

Zone Area (km ?)

(km) (km?) (km* DRE)

A 247.3 0.071 17.6 8.8
B
B1 122.0 0.146 17.8
B2 122.0 0.067 8.2
B3 17.1 0.046 0.8
B4 8.5 0.046 0.4
B5 64.7 0.094 6.1
B6 75.6 0.057 4.3
B7 21.5 0.107 2.3

39.9 19.9
C
C1 87.3 0.094 8.2
c2 113.7 0.137 15.6
C3 110.6 0.072 8.0
C4 78.6 0.073 5.7

375 18.7
D
D1 99.0 0.046 4.6
D2 50.5 0.065 3.3
D3 68.3 0.027 1.8

9.7 4.8
E
E1l 220.9 0.095 21.0
E2 184.6 0.095 17.5

38.5 38.5
E 73.7 0.067 4.9 2.5
G 161.9 0.079 12.8 6.4
H 67.1 0.037 2.5 1.2
| 340.8 0.436 148.6 148.6
J 377.6 0.023 8.7 4.4
K 193.7 0.026 5.0 2.5
L 239.4 0.091 21.8 10.9
M 129.3 0.023 3.0 1.5

3255 km? Totals: 350 km® 269 km® (DRE)

Table3.1. Volume calculations for Zones A-M. Zone E (Jemé&tdau) and zone | (caldera
fill) are densely welded.
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Paleocanyon

Jemez Plateau

Cafon de San
Diego

CC1
(Cochiti Canyon)

CC2
(Cochiti Canyon)

CCs3
(Cochiti Canyon)

Pueblo Mesa
(western)

Pueblo Mesa
(eastern)

Length
(km)

25

23.1

5.9

5.9

10

7.7

10.3

Width Thickness Volume
(km) (km) (km?)
7.9 0.03 2.96
11.5 0.05 12.1
1.9 0.03 0.17
2.7 0.03 0.24
4 0.03 0.6
2.1 0.06 0.5
4.4 0.05 1.13

TOTAL:  17.7 km?®

Volume

(km° DRE)
2.96

6.05

0.09

0.12

0.3

0.25

0.57

10.3 km* (DRE)

Table 3.2. Volume calculations for pre-Otowi paleostructuréote that Otowi ignimbrite from
the Jemez Plateau is densely welded.
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Basin

Espafiola

Santo Domingo

Total:

Total
Volume

14.21 km®

7.98 km®

22.2km 3

Volume

(DRE)

7.11

3.99

11.1 km?

Table 3.3. Volume calculations for Otowi outflow sheets thay have existed at one time to
the south (Santo Domingo Basin) and east (Espd&ada) of the caldera. These sheets are

represented as thinning wedges with a proximakttass of 20 m (Espafiola) and 15 m (Santo
Domingo) and a distal thickness of 0 m.

Totals:

Zones A-M

Paleocanyons
Distal Wedges

Caldera Fill (1) =

Total Outflow (O) =

Distal Ash (A) =

TOTAL =

269 km?®

10.3 km®
11.1 km®

290 km® (DRE)
149 km?®

141 km?®

145 km?
(Mason et al. 2004)

45 km?®
(Pyle method)

435 km* (DRE)

335 km?
(DRE)

Table 3.4. Final volume calculations, including all zones @aegments. Distal ash is calculated
on the left as an average of outflow and caldéréMiason et al. 2004), and on the right using

isopach maps (Pyle, 1989).
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Figure 3.2. Sketch illustrating the “exponential decay” aisthb” model ignimbrites of Wilson
(1991). In the exponential decay model thicknesseen to decrease exponentially with
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T = Tmax* € Where T = thickness, k= maximum thickness, k = the rate of thicknessagtec
and r = the distance from where T 7.f For the slab model, thickness is constant.
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Guaje Plinian

A
Thickness  long axis short axis area (km 9 sqroot A Inthickness

(cm) (km) (km) A=Pi(L*S) (km) (cm)
1000 11.8 2.7 25.0 5.0 6.9
750 13.6 3.8 40.6 6.4 6.6
500 16.1 6.7 84.7 9.2 6.2
250 20.5 11.6 186.8 13.7 5.5
100 313 18.9 464.6 21.6 4.6
50 49.2 26.6 1027.9 32.1 3.9
25 63.7 34.4 1721.0 415 3.2

1/2 distance 3.91

Volume 2.3

DRE (km?) 1.15

Guaje Plinian_
B-E
Thickness  long axis short axis area (km 9 sqroot A Inthickness

(cm) (km) (km) A=Pi(L*S) (km) (cm)
200 60 18 848.2 29.1 5.3
150 130 38.4 3920.7 62.6 5.0
100 235 108 19933.4 141.2 4.6
50 335 187 49201.3 221.8 3.9
25 437 289 99190.3 314.9 3.2
10 600 380 179070.8 423.2 2.3

1/2 distance 52.1

Volume 89

DRE (km°®) 44

Guaje Fall- Unit A Guaje Fall- Units B-E
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Figure 3.9. Calculations and plots used to determine plimalnmes, based on the
methodology of Pyle (1989).
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CHAPTER FOUR

ALITHIC STUDY OF THE OTOWI MEMBER

Backaround

Lithic counts have traditionally been an undelizgd method for determining
characteristics of an ignimbrite-producing eruptiowing largely to the amount of time and
labor involved in the process. Despite this, itbounts remain perhaps the best method for
identifying vent locations and shifts throughout tourse of a large caldera-forming eruption.
This is particularly true if the basement geologyéath a volcanic edifice is particularly well-
constrained. However, since the 1970’s, there baea only a handful of lithic count studies,
focusing on eruptions in the United States, Eurdjmy Zealand, Japan, and Mexico.

Hildreth and Mahood (1986) used lithic counts frbamg Valley in California (Bishop
Tuff) to pinpoint the locations of eruptive ventg@ss the caldera. They discovered that areal
distributions of lithic fragments were an idealicator of vent locations. This is particularly
true in the case of Long Valley because the pré&dgisT uff geology is particularly well-
constrained and variable. Specifically, thereaaseries of narrow belts comprised of distinctive
lithologies that are easily identified as lithicsthe Bishop Tuff. In addition, there are pre-
caldera domes that assist greatly to distinguisttsveituated on the north side of the caldera
from those on the south.

They concluded that the initial deposits of thehBis Tuff (plinian and early flow
deposits) emanated from a vent in the south-ceptndion of the caldera and that later flows
represented a transition to vents associated wighfaults on the periphery of the caldera

(Hildreth and Mahood, 1986). Based on lithic détay were able to ascertain that the vents
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migrated around the caldera in a counter-clockwissction and that the transition from a
single, centrally-located vent to multiple, ringsfiavents took place after approximately 20% of
the magma had been erupted (Hildreth and Maho®§)19

More recently, Wilson and Hildreth (1997) have s=ssed the eruptive model for the
Bishop Tuff, using lithic data from Hildreth and Waod (1986) along with new lithic counts and
a re-examination of stratigraphy. In this studyi¢s with a diameter greater than 5 mm were
collected from various points around the calde@assified. This more robust and detailed
lithic distribution data resulted in a determinatibat vent migrations, initially identified by
Hildreth and Mahood, were actually far more comgten previously thought (Wilson and
Hildreth, 1997). In addition, the authors disc@ckthat the Bishop Tuff was intraplinian in
nature, with coeval eruption of pyroclastic faligldlows.

Cole et al. (1998) used lithic proportions and cisty to determine provenance for
individual ignimbrites in the Taupo Volcanic Cent&aupo Volcanic Zone, New Zealand. The
authors used distribution, petrologic, and dend#tta derived from 1162 lithics greater than 32
mm to assist in correlating various ignimbrite arahd to evaluate volcanic structures within the
Taupo Volcanic Zone (Cole et al., 1998).

Browne and Gardner (2004) examined a small (3-2BRE) caldera situated in a
stratovolcano (Volcan Ceboruco) located in the $rltexican volcanic belt. Lithic
assemblages were found to shift demonstrably athessollapse transition, from deep origin to
progressively shallower origins. In this studye #uthors were able to demonstrate the
applicability of lithic data to the study of caldsrother than those erupting only large volumes,

such as Valles or Long Valley.
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Lithic Studiesin the IMVF

Potter and Oberthal (1987) produced the only stigilyg lithic fragment data to
delineate eruptive processes for the Bandelier. TUReir study proposes that at least seven
vents, situated along the margin of the Toledo @alénd coincident with ring-fractures, were
involved in the 1.61 Ma eruption of the Otowi Membéthe Bandelier tuff. They cite five key
pieces of evidence in support of this determinatiopthe overall broad radial distribution of
large volumes of Otowi ignimbrite; 2.) areal vaigats in lithic fragments, 3.) contrasts in
welding and zonation of the Otowi ignimbrite, 43lgotopography, 5.) flow directions of
ignimbrite determined using measurements of el@wptimice and charred tree-casts.

Field techniques used by Potter and Oberthal irctadlection of lithic data, an
assortment of stratigraphic observations (includibgervations of thicknesses, areal extent,
degrees of welding, and zonation within the Otay)t and an examination of pumice
orientations for use as flow-direction indicatdP®{ter and Oberthal, 1987). Their field
procedure employed two or three scientists at eattrop making observations across a zone
approximately 10 to 50 meters wide. Afterwardgjitidata was pooled. All visible lithic clasts
in the face of the outcrop, ranging in size fronbto.20 cm, were counted and identified. In all, a
total of 5200 lithics from 54 localities were idgigtd with approximately 88 (on average) from
each site (Potter and Oberthal, 1987). Basaltaaaésite lithics were lumped in a single group,
as were rhyodacite and rhyolite. The data wersgnted in pie charts for comparison (Figure
4.1). Pumice orientations were mapped from 120ostsy 48 in the upper third of the Otowi, 28
in the middle third, and 43 in the lower third.o® directions were inferred largely from the
measurement of pumice orientations. The dirediwh magnitude of plunge of pumice

fragments were recorded at all sites and fromtiedtigraphic levels. In addition to pumice, the
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orientations of carbonized logs and groove-caste weed as flow-direction indicators.
Weathered outcrops were selected over hardenetbpatbecause the orientations of the pumice
clasts are more easily measured in weathered qgtcro

Based on the field data, the authors assert thatay as seven vents, located on the
caldera ring-fracture, were involved in the eruptad the Otowi ignimbrite (Potter and Oberthal,
1987). To assess the data, the authors subdithéechldera into five regions, labeled A-E,
starting in the southwest and running counter-alosk around the caldera (Figure 4.1).
Physical data was evaluated in each region and amdpo the other sections. The authors’ first
contention is that flow direction data derived frpommice orientations is significantly variable
around the caldera, which supports multiple sourdesddition, they suggest that the broad
radial distribution of huge volumes of Otowi ignintb represents direct evidence for multiple
vents. Next, the asymmetrical distribution of wetdthroughout the Otowi tuff (prevalent
throughout the western caldera, poorly-developdtereast) is identified as further evidence for
multiple vents. Finally, contrasts in lithic dibwtions in areas A-E are used as evidence for
multiple vents sampling varied source lithologies.

The authors propose that Otowi Member Tuff waswéeriprimarily from vents within
Paliza Canyon lavas which are dominated by ande$ite exception is the Pajarito Plateau,
where lithic fragments are predominantly dacitid #mus were likely sampling Tschicoma lavas
(Potter and Oberthal, 1987). Potter and Obegtalit that they are “puzzled” by the presence
of rhyolites, as they are not dominant in formasiexposed near the caldera. They go on to
suggest the possibility that their “rhyolites” magve been confused with hydrothermally-

bleached volcanic rock (Potter and Oberthal, 1987).
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Criticism of the findings of Potter and Oberthal (1987)

Self and Turbeville (1987) provide a useful crém of the findings of Potter and
Oberthal (1987) in which they evaluate the evidgmesented for locations and numbers of
eruptive vents. They question the validity of gspaleotopographic data, distribution of Otowi
ignimbrites, and flow indicators as evidence foitiple vents. Self and Turbeville point out
that flow patterns and ignimbrite distribution obsl in the Otowi could also be produced in an
eruption emanating from a single, centrally-locatedt. In this circumstance, the flow
indicators observed by Potter and Oberthal woybdesent not multiple vents, but instead,
funneling of pyroclastic flows into pre-existinglpavalleys in the pre-Otowi topography. They
suggest that Potter and Oberthal did not consiteetfects of erosion of the original, more
substantive Otowi sheet and that current erosi@mhants may not reflect original eruptive
processes.

In addition, Self and Turbeville question flow dit®n indicators, citing that 40% of the
flow direction data came from the basal portiorthaf Otowi ignimbrite. Flow directions
obtained from the basal portion of a flow are hawifluenced by underlying topography and
thus may have improperly skewed Potter and Obeésthahclusions (Self and Turbeville, 1987).

Self and Turbeville also question the use of emes in welding zonation as an indicator
for multiple vents. They suggest that many faciofisience welding patterns, including
deflection of hot pyroclastic flows by collapse rige asymmetric collapse of an eruption
column, and even erosion (Self and Turbeville, 3987

In the last segment of their criticism, the aushpropose that the disparity discovered by
Potter and Oberthal between lithics from the Pagd?lateau (Area C of Potter and Oberthal,

Figure 4.1) and the rest of the caldera may b#atad to the presence of thick Guaje fall
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deposits. The deposition of 8-10 meters of pysiaddall early in the eruption would have
prevented later entrainment of surface lithics bgv@d pyroclastic flows. They also point out
that Potter and Oberthal seem to have had diffianlthe identification of lithic types. For
example, andesite and basalt were lumped togdtiesrdid not provide any criteria for
distinguishing latites, which in some of their sdenjpcalities constitute up to 80% of the lithics
present; welded ignimbrites were not recognizednetiough this lithic type is present in the
Otowi, as discovered by Eichelberger and Koch (J9B&If and Turbeville go on to point out
that the relative uniformity of lithologies aroutite Valles Caldera makes identification of vent
sites based on lithic assemblage a tricky task.

Self and Turbeville do not discount the possipititat the Otowi eruption initially came
from a large central vent, later migrating to pkegal, caldera ring-vents. In fact, precisely this
scenario is presented in an earlier paper (Salf €1986). However, they submit that the
evidence presented by Potter and Oberthal is iicgerit to prove the case, and it is thus still
open to alternative interpretation.

In a response published in the same volume, PatietOberthal defend their earlier
interpretations. They re-assert that the broatlildigion of the Otowi ignimbrite provides
“ready explanation in multiple vents” and note tBatf and Turbeville do not discuss this. In
addition, they reiterate that the contrast in titeignatures between east and west is their most
important piece of evidence for multiple vents.eTissue of lithic misidentification is addressed
and Potter and Oberthal essentially plead ‘no-aintetating that although their identification
methodology (in-situ at the outcrop) may be unusihaly identified at a large number of widely
separated stations (54), and despite the unceeminherent in identification of small fragments,

they are confident their signatures are valid drahsreal contrasts. They summarize by stating
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that they are not “dogmatic” about the number afts€7) but they remain firm in their assertion
that the Otowi was erupted from multiple ring vents

The main issue with the lithic study of Potter &igkerthal is that although they do
identify some legitimate contrasts in lithic dibtitions, the evidence provided is insufficient to
substantiate a multiple ring-vent eruptive scena8elf and Turbeville concur with this
assessment and note that the evidence presentattey and Oberthal could also be used to
support a single, centrally-located vent througtibatduration of the eruption. Another major
shortcoming of the lithic fragment study of Poted Oberthal (1987) is that the authors knew
much less than we now know about pre-Otowi subsarfgology, particularly in the western
part of the caldera. Since the late 1980’s, a rarmbimportant investigations of pre-Otowi
volcanism have been published including Goff e{E389; 1990), Goff and Gardner (2004),
Wolff et al. (2005), and Rowe et al. (2007). Thesv information has allowed for a much better
understanding of subsurface geology in the Vallakl€a (see map in Figure 4.2). In turn, this
has allowed lithic counts to become a more accuoaiefor use in provenance studies of
ignimbrites in the Jemez Mountains.
Why thislithic count study is superior to previous studies

In this study, a total of nine sample localitiesward the caldera were selected from
various points in the Otowi ignimbrite (Figure 4.3)he lithic data obtained in this study is not
only more comprehensive but more valuable for sdwveasons. For one, our understanding of
pre-Otowi geology is now far more comprehensivee-éxisting lavas and tuffs that may
potentially be present as lithic fragments are wiedracterized chemically and petrographically.

As a result, by using a combination of hand-sang#atification, geochemistry, and
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petrographic techniques, lithics are much moreeantified and associated with their source
localities.

Next, Potter and Oberthal (1987) relied entirelyfiefd-based identification of only
exposed, in-situ lithics in the faces of outcroppie problems inherent with this technique are
obvious. First, count data may be skewed asablg representative of what is present at the
surface of an outcrop and not the entire dep&ecifically, factors such as erosion,
preferential weathering, or pyroclastic transpogchmnisms may artificially affect the lithic
population on the surface of an outcrop, thus tiioing a bias in count data. Second,
classification of mainly small (< 1 cm), aphanigoeous rock in the field is a difficult
proposition under even the best of circumstan€@msequently, in this study, bulk ignimbrite
samples were collected from outcrops, sieved ifighe, and taken back to the lab. In the lab,
samples were further sieved to separate the vacmuponents, including pumice, lithics, and
ash matrix. The lithics were then washed thoropghdentifying small, aphanitic rock
fragments is difficult enough when the samplespaigiine. It becomes far more difficult when
the samples are weathered and covered with divf,czasl other assorted materials.
Consequently, our experience is that a clean sairgagital for proper lithologic recognition.
Lithic type identifications were made with the asance of a binocular microscope, hand lens,
and several strategically-positioned lamps thatipced an exceptionally well-lit work area.
Therefore, we believe our sampling and identifmatiechnique is superior to that of Potter and
Oberthal (1987).

Finally, this work is one of the largest lithic ecudistudies ever undertaken, involving the
collection and identification of over 17,000 litHiagments from all stratigraphic levels of the

Otowi Member. The data set is not only robust,ibistthree-dimensional in that it includes
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vertical and lateral lithic distributions. In atldn, geochemical analyses from the host tuff have
allowed comparison of lithic distributions and magio processes. This has not before been
attempted in the Bandelier Tulff.

Experimental Methods

Bulk Otowi Ignimbrite samples were collected fraime locations around the caldera
(Figure 4.3) and placed in two-gallon Ziploc pladiags. The samples were collected in the
field during the summer of 2000 by W.L. Aubin, RWinters, M.C. Rowe, P. Hartman, and J.A.
Wolff. At each locality, multiple samples were ¢akfrom different stratigraphic heights. In
addition, individual pumice and lithic samples weodlected for geochemical analysis. The
bulk samples were initially sieved in the fieldsieparate larger material from ash-sized patrticles.
Later, in the lab, samples were once again siaveddist in separation of individual fractions
including pumice, ash, and lithics. Large pumind hthic fragments were picked out at this
point and bagged. Bulk material was then placealfime-gallon bucket and filled with water to
assist in pumice separation. Pumice too dendedbwas visually picked out by hand once the
mixture had dried. The processed material was tinethrough a 5 millimeter sieve, and all
lithic fragments greater than 5 mm were pickedyubhand. Lithics were then washed
thoroughly in order to aid in the identificatiorogess.

All lithics larger than 5 mm were identified, cdad, and weighed. A binocular
microscope and a hand-lens were used to assimmifying smaller fragments. Lithics were
divided into five categories based on known prelea lithologies: andesite, dacite, rhyolite,
ignimbrite, and miscellaneous lithologies. Misaakous lithologies include, but are not limited
to, various plutonic igneous clasts, metamorphaksdgamphibolites and quartzites), and a

variety of sandstones and other clastic sedimemtaks.
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The data were organized using Microsoft EXcgireadsheets. For each locality,
individual pie graphs showing numbers of fragmems weight fractions were generated for
each sample. The graphs were then placed inggtaptiic order for each sample locality. The
resulting stratigraphic columns, complete withi@tdistribution charts, were placed on a
geologic map showing pre-Otowi lithologies in Figur.4
Lithologic Descriptions

Dacite lithic fragments encountered in this stugyreMight grey to medium grey in color
and aphanitic to porphyritic. Plagioclase, pyraxemornblende, biotite, and sparse quartz
phenocrysts were observed in these fragments.Pahea Canyon and Tschicoma Formations
each contain significant quantities of dacitic kwa he Tschicoma dacite is typically more
coarsely porphyritic than the Paliza Canyon, wattgér and more abundant plagioclase
phenocrysts visible. Despite these differencestrsamples were between 0.5-1 cm in size, and
as a result it was difficult to accurately diffetiate between Paliza Canyon and Tschicoma
dacite in hand specimens. Consequently, deterroimatvere made through geochemical
analyses that will be discussed later in this atrapOverall, the presence of the above-
mentioned phenocrysts and the lighter color weffecgent to distinguish dacite as a lithic
lithology.

Andesite lithic fragments encountered in this studye typically dark-grey in color and
aphanitic to weakly porphyritic. Phenocrysts oleedrinclude plagioclase, pyroxene, and
occasional olivine visible in a dark aphanitic matrMany fragments were vesicular with a
spongy texture. In general, the darker color, gmes of pyroxene and olivine phenocrysts, and
the vesicular nature of some Paliza Canyon andesisesufficient to distinguish andesite as a

lithic lithology.
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Rhyolite lithic fragments encountered in this stueere typically light-grey in color and
aphanitic, with occasional quartz and biotite ptueysts visible. Most samples exhibited some
degree of flow banding, with the majority of sangpéxhibiting conspicuous flow-banding. In
light-colored lithic fragments that were not pyrastic in origin, the presence of flow-banding
and biotite phenocrysts were used to discriminayelite fragments from dacite fragments. This
seems reasonable, as many of the pre-calderatényolits such as the Bearhead and El
Rechuelos Formations are flow-banded.

Ignimbrite lithics encountered in this study weream to buff colored and were typically
small (< 1 cm) in size and strongly welded. Timympces, phenocrysts, and occasional lithic
fragments were observed within these tuff fragmeMsst of these small samples were either
altered hydrothermally or weathered significant@verall, they appear similar to the Bandelier
Tuff. However, if they are recycled Otowi fragmgnive would expect them to be much less
weathered and/or altered than observed. Thusgtinabrite lithic fragments are more likely
associated with the earlier La Cueva ignimbritesnilerly the San Diego Canyon Ignimbrites),
which are chemically and petrographically similathe Bandelier Tuff.

The other lithic fragment lithologies encounteregf@scarce in number, but include
sedimentary rocks (sandstone and siltstone), mefanoorocks (quartzites and amphibolites),
and a variety of granitoid lithics. The sandstand siltstone lithics were tan to beige in color,
and appear arenitic with fine to very fine quantaigs visible with the aid of a binocular
microscope. Quartzite lithics were observed adlssream-colored opaque to translucent
fragments having a granular texture. Several s(wal8 cm) green to black metamorphic

lithics were observed that have been tentativedyntified as amphibolites. Granitoid lithic
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fragments were the most abundant of the ‘othdrbliigies. They were typically found as small
(< 1.0 cm) light-colored phaneritic fragments wighdspar, quartz, and biotite crystals visible.
Results

Lithic data obtained from the Otowi member is sumggal in Table 1, the pie diagrams
in Figure 4.5, and in the individual stratigrapkextions seen in Figures 4.6 through 4.10.
Overall, andesite (44%) and dacite (49%) were tbetrmommon lithics encountered. Rhyolite
(4.8%), ignimbrite (1.4%), and “other” lithologi€8.8%) comprise the remainder of the count
data.

Lithic abundances found at the nine individual penlocations are summarized in
Figures 4.4 and 4.5. Upon close examination afiak individual sample localities, andesite
and dacite remain the most dominant lithologieem@ined abundances of andesite and dacite
vary between 68.7% and 98.5% around the caldetaixAocations (including Cat Mesa,
Pueblo Mesa, Cebolla Canyon, Wildcat Canyon, Ugarhiti Canyon, and the Northeast #1
locality), the combined proportion of andesite dadite is equal to or higher than 93.5%. In
two locations (Dixon Ranch and the Airport Sectjah combined proportion is 84.9% or
greater. The exception is Guaje Canyon, whereadth still dominant, the overall percentage
of andesite and dacite is somewhat lower (68.7%)tduhe presence of larger quantities of
rhyolite (20.2%) and densely-welded tuff (9.7%).

Rhyolite lithics are found at all localities withe exception of Cebolla Canyon, which is
dacite-dominated. A striking feature of the dat#hat rhyolite lithics are found at similar points
in stratigraphy around the caldera and are assuocwith the most evolved pumice
concentrations (Figures 4.6-4.11). At nearly@dilities, the largest quantities of rhyolite lahi

are found in tuff with niobium (Nb) concentrationstween 195-180 ppm, regardless of mode of
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deposition (fall or flow). Moving upward in strgtaphy, beyond the ~180 ppm transition,
rhyolite lithics decrease significantly in overptbportions.

Densely-welded ignimbrite lithics are found atrféacalities around the caldera: Wildcat
Canyon, Cat Mesa, Guaje Canyon, and Dixon RaneinceRtages of these lithics vary from
0.1% at Wildcat Canyon to 9.7% at Guaje CanyonGAaje Canyon, several samples (JMVF-
00-09 and JMVF-00-10) actually contain ignimbrigethe dominant lithology (48% and 64%
respectively). This is, however, the exceptioheathan the rule as ignimbrite is found only in
minor quantities elsewhere.

Guaje Canyon

The stratigraphic section at Guaje Canyon (Figuég¢ i4 a 15 m composite of two
sections, one measured at the Copar pumice mintharather measured at the White Eagle
pumice mine. The two localities are within %2 nofeeach other in Guaje canyon. Strata at both
localities have thus been correlated to form a auwsite section. At Guaje Canyon, five fall units
(A-E) are exposed in addition to a thin ash layesrtying fall unit E, followed by a layer of
massive Otowi ignimbrite.

In this section (Figure 4.6), andesite and daoteqrise 68.7% of the total lithics
encountered (38.3% and 30.4% respectively); rhgditihics, 20.2%; welded ignimbrite lithics,
9.7%; other lithics comprise 1.4% of the total.eTthtal number of lithics encountered increases
significantly from fall unit A to fall unit C, wherthe largest numbers of lithics are encountered
(193 in sample JMVF-00-177). After fall unit C thember of lithics decreases steadily through
fall units D and E, with only nine lithics encourgd in fall unit E at 10.53 m above the base of
the section. This would seem to correlate welhwiite hypothesis that the Otowi plinian column

intensity peaked during deposition of unit C (Sl&l., 1996).
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Lithics increase in abundance in the overlyingngiite, but their numbers are more
randomly distributed in stratigraphy. However,udsp of welded ignimbrite lithics found
between 12 and 12.75 m is noteworthy as theseditlme uncommon elsewhere.

The main lithologic trend observed in the Guajdisacis the dominance of andesite and
dacite lithics and the regular fluctuation in ta#io between the two. A secondary trend begins
with the appearance of rhyolite lithics in the uppertion of Fall Unit A. Rhyolite continues to
increase in concentration upward until Fall UnivBere, in samples JMVF-00-03 and JMVF-
00-177 it comprises 37.1% and 52.3% of the tothids (respectively). Stratigraphically above
Fall Unit C, and in the overlying ignimbrite, rhyt@l lithics sharply decrease in concentration.

The emergence of rhyolite appears to coincide Whthconcentrations in the 195-180
ppm range. After fall Unit C, Nb concentrationgplisignificantly below the 180 ppm threshold,
and rhyolite disappears as a major lithology. Wdtlobserved trend is the presence of densely-
welded tuff lithics found within the ignimbrite ab® the plinian fall. Samples JIMVF-00-09 and
JMVF-00-10 contain 49% and 64% welded ignimbritieitis, respectively. Other lithologies are
minor in this section (1.4%) and appear randonflgt all throughout stratigraphy.

Northeast Section

The Northeast exposure (so named because itagelbthe farthest north and east of all
sample localities) consists of a small fall depasid a 3 m ignimbrite sequence on Route 114.
Only one bulk sample—JMVF-00-108 was taken fromigi:émbrite. In this section (Figure
4.7), dacite is the dominant lithic (56.3%), follesvby andesite (38.5%), and rhyolite (5.2%).
Pumices analyzed from the host tuff at this locayielded Nb concentrations between 94 and

182 ppm.
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Pueblo Mesa

Pueblo Mesa, located to the north of the presaptMhlles Caldera is host to an
approximately 45 m section (Figure 4.7) that carga thin plinian unit and a massive
ignimbrite. Four bulk samples were taken fromitgrembrite. Andesite (68.4%) and dacite
(29.2%) comprise the majority of lithics encounte(®87.7% overall) at the Mesa. Andesite is
the dominant lithology, ranging from 55.2% at tlegtbm of the section to 94.3% at the top of
the section. The andesite/dacite ratio shifts frmarly equivalent at the base of the section to
overwhelmingly andesite-dominated (16.8 times asmandesite) at the top. Lithic numbers
remain reasonably consistent throughout the seatamging between 51 and 96 total fragments
per sample.
Cebolla Canyon

One bulk sample was taken from Cebolla Canyonufigd.7) in which dacite (89.2% of
the total) is the dominant lithology encounterdddesite comprises 9.2% and other lithologies
1.5% (one lithic).
Cat Mesa

Cat Mesa, located to the southwest of the predayicaldera, represents the largest
sample site in the study in terms of stratigrajineadth and abundance of lithics. Thirteen bulk
samples were taken from the Otowi ignimbrite ireet®n (Figure 4.8) measuring 87.8 meters
high. These samples yielded the largest numbkthafs (9185 of the overall total) collected
from any locality. In addition, some extraordityatarge (> 1 meter) lithic fragments are found
in this outcrop. Particularly prominent in thisgen is a well-known lithic lag breccia, sampled
as JMVF-00-83, located at approximately 73.7 m altbe base. Bulk samples and pumice

were taken from above, below, and within the lagcbra. In this section, dacite (50.9%) was
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slightly more abundant than andesite (42.6%), whglolite (3.9%), tuff (1.6%), and other
lithologies (1.0%) comprising the remainder ofiihobserved. As in other sections, andesite
and dacite are dominant in varying proportionse $action begins andesite-dominated (samples
JMVFE-00-42, 00-45, and 00-51) at the base; thervimgoupward in stratigraphy the section
switches to overwhelmingly dacite-dominated (sampMVF-55, 00-57, 00-60, and 00-64),
changes back to andesite-dominated (JMVF-00-6@8ar@R), shifts to heavily dacite-dominated
within and just above the lag breccia (samples JN)GF83 and 00-85), then ends with andesite
as the prevailing lithology (samples JMVF-00-88 &0e90) at the top of the section.

Rhyolite lithics are found in samples at Cat M were sieved from tuff with Nb
concentrations ranging from as low as 159 ppm @&im. The highest proportions of rhyolite
lithics are found in samples taken from tuff with Sloncentrations between 189-195 ppm. This
includes samples JMVF-00-51 (189 ppm) and JMVF-B@®1 ppm) where rhyolite lithics
comprise 12.53% and 11.68% of the total lithicsoemtered respectively. At lower Nb
concentrations the proportions of rhyolite lithaa® smaller (< 5%). Rhyolite lithics are most
prevalent beneath the lag breccia. The abundanteyalite lithics decreases upward in
stratigraphy approaching the lag breccia, and greycompletely absent within the lag breccia
(sample JMVF-00-83). Above the breccia, they reappn JMVF-00-85 (4.57%) and JMVF-
00-88 (1.64%), and then disappear in sample JIM\WB@O

Welded ignimbrite lithics are found in every samgkeept one but are most prevalent at
the base of the section, below 12 meters, in sadBd/F-00-42 (10.09%) and JMVF-00-45
(6.41%). Immediately beneath the lag breccia at @8:ters, welded ignimbrite lithics are
nearly absent (0.91% in sample JMVF-00-69), théurnewithin the lag breccia (2.18% in

sample JMVF-00-83) and above.
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Other lithologies are not encountered in any s$icgmt quantities except for sample
JMVF-00-66, where other lithologies comprise 3.4¥his includes quartzite and sandstone
clasts, with several small plutonic lithics.

The number of lithics is very high in bulk samplesn this section. At the base of the
section 109 lithics were found in sample JMVF-00-42&hic numbers increase significantly up-
section, with 1282 lithics counted in sample JIMMI-8b at approximately 66 meters, and 964
lithics in sample JMVF-00-83 at 73.7 meters witthe lag breccia. Above the lag breccia lithic
numbers remain high until approximately 78 met&é220 in sample JMVF-00-88). Above 78
meters the number of lithics declines.

Wildcat Canyon

At Wildcat Canyon seven bulk samples were takemftioe Otowi ignimbrite in a
stratigraphic section measuring 40 meters highis $éction (Figure 4.9) is roughly correlative
in stratigraphy with the section above the lag bieat Cat Mesa. Dacite (51.5%) and andesite
(46.0%) are the dominant lithic lithologies. Rh{®(1.8%), other lithologies (0.6%), and
welded ignimbrite (0.1%) were also encountereddesite and dacite lithics predominate
throughout the section; although, the relative aamce of the two fluctuates between andesite-
dominated and dacite-dominated. Rhyolite lithiesraost prevalent at the base of the section in
sample JMVF-00-150 (188 ppm Nb), where they cone@@i®% of the lithic total. Both rhyolite
lithic abundance and Nb concentration decrease upiwwastratigraphy. An anomaly in this
section is found in sample JMVF-00-171, where ofitieologies comprise 17% of the total

sample. Based on their texture and mineraloggeimne lithics appear to be quartzite.
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Dixon Ranch

The section measured at Dixon Ranch (Figure 4l@6ated on the southeast side of the
caldera, is a composite of two exposures approxiynd00 m apart. The first outcrop contains
fall units B-D (and possibly unit E) and an ovenlyimassive ignimbrite. The second outcrop
contains intra-plinian ignimbrite interbedded betweub-layers of fall unit C. Two bulk
samples were collected from the plinian deposit (f@its B and D), and one sample was taken
from the overlying ignimbrite. At this locality adite is the dominant lithic at 45.6%, followed
by andesite (37.3%), rhyolite (9.7%), welded ignii@(4.8%), and other lithologies at 1.0%.
Andesite and dacite ratios vary between the theegptes, alternating between andesite and
dacite-dominated in the plinian, then switchinglézite-dominated in the ignimbrite. The most
conspicuous trend is the presence of rhyolite @atar proportions in the two samples taken
from the plinian deposits. In JIMVF-00-31, at OrB&ters from the base (Nb = 182 ppm),
rhyolite comprises 15.0% of the lithics. In IMVB-83, at 1.68 meters (Nb = 183 ppm),
rhyolite comprises 17.8% of the lithics. Contrdss with the sample taken from the overriding
ignimbrite (JMVF-00-40; at 4.75 m; Nb = 193 ppmhaeve rhyolite is 1.3% of the total lithics.
Also significant is the relative abundance of welagnimbrite lithics in the plinian (7.3% in
JMVF-00-31, 10.3% in IMVF-00-33) compared to thenptete absence in JMVF-00-40, taken
from the ignimbrite.
Upper Cochiti Canyon

The stratigraphic section measured in Upper CoClaibhyon (Figure 4.11) is a 64 meter
exposure from which five bulk samples were collddtethe Otowi ignimbrite. Overall,
andesite (48.6%) and dacite (46.8%) are presamany equal quantities, with the remainder

consisting of rhyolite (4.3%) and other lithologi®4%). As in the majority of other sample
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localities, the combined proportions of andesité dacite remain similar in each sample
throughout the section, and it is the ratio betwibentwo that changes between samples.
Rhyolite is observed to increase in abundance dreatlg moving upward in stratigraphy. In
particular, samples JIMVF-00-200 (6.3%) and JMVF208-(19.4%) show significant quantities
of rhyolite lithics.
Airport Section

The airport section (Figure 4.11) is located imraggly to the east of the Los Alamos
Airport and consists of a 39.9 meter stratigrafgeiction of massive Otowi ignimbrite.
Lithic data was obtained from two bulk samplesthiis section, andesite (45.3%) and dacite
(42.8%) are the dominant lithics, with rhyolite (8%) and other lithologies (0.1%) also present.
As in many of the other sections, the andesitetdaatio is variable throughout stratigraphy. At
the base of the section, sample JMVF-00-70 is eatwminated (62.1%) with subordinate
andesite (24.2%) and rhyolite (13.7%). Sample JM@F/4, taken midway up in the section
(21.8 m), is significantly more andesite-dominatéd.7%) with lesser dacite (15.9%) and
rhyolite (9.4%).
Geochemistry as a means of determining dacite lithic provenance

Two of the most significant pre-caldera unitstarms of overall volume and lithic
presence within the Otowi member, are the Palizay@a Formation and the Tschicoma
Formation (Figure 4.2). Each of these units ctutgts a significant quantity of the lithics that
were entrained within the explosive Otowi eruptairl.61 Ma. The Paliza Canyon Formation is
composed of a diverse series of volcanic rocksingnig composition from basalt to dacite
although it consists mainly of andesite and ddeias. The Tschicoma Formation consists

primarily of dacite domes, found in the north aagteportion of the IMVF.
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Because the Paliza Canyon and Tschicoma Formarente major pre-Otowi rocks
beneath the caldera, geochemical identificatioeithier or both as accidental fragments at a
sample locality may be used to corroborate conahssderived from the lithic distribution data.
Both the Paliza Canyon and Tschicoma Formationasomacite in relative abundance, which
provides an opportunity to chemically fingerprimkaown dacite lithics in the count data and to
use them for determination of provenance. Thisrmktion may also confirm the location of
vents. Consequently, twenty-eight dacite lithicsrf two localities, Cat Mesa and Guaje
Canyon, were analyzed by XRF (Table 4.2 and 4.3)nf@jor and trace element geochemistry.
These specific localities were chosen becauserdmgsent the two most noteworthy
stratigraphic columns in the study, and they amdelyi separated on either side of the caldera.

The differences between the Paliza Canyon andid@tia dacites are subtle but are
significant enough to allow for differentiation beten the two. Geochemistry for the Paliza
Canyon and Tschicoma lavas used for comparisontivtlunknown samples was taken from
Rowe et al. (2007). The most significant differems that some Paliza Canyon dacites are
weakly alkaline, thereby plotting as trachydacietioe TAS diagram of Le Bas et al. (1986)
seen in Figure 4.12. In contrast, Tschicoma damtaot contain high enough concentrations of
total alkalis to plot as trachydacite. Other déieces occur with the major element oxide®la
and the incompatible trace elements Nb and Zr.h\ttiése elements, the Paliza Canyon lavas
exhibit higher average concentrations and a muehtgr spread of data (Gardner, personal
communication). In contrast, the Tschicoma laeasl to delineate a tighter grouping of data,
typically with lower concentrations than the maprbut not all, of the Paliza Canyon samples.

Unknown dacite lithics were plotted on the TAS deg of Le Bas et al. (1986) in

Figure 4.12 along with representative Paliza Carggmh Tschicoma analyses from Rowe et al.
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(2007). As only Paliza Canyon lavas are trachydathe unknown dacite samples that plot as
such have been automatically attributed to thezR&lianyon Formation. This includes fourteen
samples from the list of unknowns. For the renmgrfourteen samples (five from Cat Mesa and
eight from Guaje Canyon), the plots of Ravs. SiQ, Nb vs. SiQ, and Zr vs. Sig all of which
show recognizable variation between Paliza Canyahlachicoma dacite, were used to
distinguish the unknowns. Incompatible trace eletmatio plots of Ba/Nb vs. Nb and Rb/Th vs.
Rb were used to assist further in determinatidésch unknown sample was individually plotted
on these diagrams; the full set of plots can ba sedppendix A. Additionally, in Figure 4.13
the unknown samples are shown plotted on diagrdmNsu® vs. SiQ, Nb vs. SiQ, Zr vs. SiQ,
and Ba/Nb vs. Nb for easy comparison.

Based on the individual sample diagrams in Appedand the summary plots in Figure
4.13, the fourteen non-trachydacite samples wenatiiied. Those that showed a clear
relationship to either formation on at least fotithe six plots were ascribed to that formation.
Three samples were equivocal and thus were ndawattd to either formation. Distributions are
shown in Table 4. Paliza Canyon dacite is morgglemt, comprising 15 of the twenty-eight
analyzed samples. Of these fifteen samples, fennpotted as trachydacite, and a single sample
was assigned after analyzing the aforementionedidimatory plots. Ten samples were
determined to be of Tschicoma origin, and threesvegjuivocal.

The most significant overall finding of the dasathat both pre-Otowi dacite lavas are
found as accidental lithics in the Otowi ignimbraetwo widely-separated localities on opposite
sides of the caldera. This provides importantrimiation for the location of eruptive vents,

which will be discussed in the following sectioMore importantly, it casts doubt on the
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contention of Self et al. (1986) that the lag biasat Cat Mesa are evidence for a local vent,
since there is no local source of Tschicoma lithics
Discussion

Lithic fragment distributions in the Otowi Membeaeaemarkably similar at most
locations around the caldera, despite the facttheae are variations in lithic signatures within
the vertical sections from each location. The samyndata in Figure 4.4 shows a striking
similarity between lithic fragment signatures atstiocations with the exception of Pueblo
Mesa and Cebolla Canyon where rhyolite lithicsraoeobserved. Guaje Canyon is different to
some extent in that it has a greater abundandeyofite lithics than any other locality, and in
addition, it has welded ignimbrite lithics as aewbrthy constituent.

Overall, andesite and dacite lithic fragments prediate at all localities around the
caldera. This suggests that most of the localgiese a common source for erupted material.
Vertical variations may simply be representativefoclastic transport processes or varying
paleotopography. Other than the welded ignimbitiec fragments at Guaje Canyon, there are
few distinctive lithic signatures. Additionall\here are few noteworthy transitions in lithic
distributions with stratigraphic height.

Previous researchers have proposed that the Otaptien emanated from an initial
central vent that later shifted to multiple verdsdted around the periphery of the caldera. # thi
hypothesis is correct, we would expect to see widjuic signatures representative of local
sources. Based on the lithic distributions sedfigire 4.4 this hypothesis is not well-
supported. Figure 4.14 is a hypothetical diagd&mstrating lithic distributions that would be
expected if the ring-vent transition hypothesigaid. Two key examples from the diagram

demonstrate the lack of support for this hypotheBisst, an eruptive vent situated along the
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eastern ring fracture would sample mostly Tschicda@te. Andesite would not be expected as
a significant lithic lithology. In actuality, igmbrites found east of the caldera at Guaje Canyon,
the Airport section, and the Northeast section @onsignificant proportions of andesite lithics—
a lithology not in abundance in the Tschicoma fdrame—in addition to dacite. Therefore, it is
unlikely that a local vent was responsible for de@osits in that region.

Similarly, the southwest side of the caldera isarfan by dominantly Precambrian
basement rocks and Paleozoic sedimentary rock&nflocated in this region would be
expected to sample significant quantities of Prdwém and Paleozoic rocks. Despite this, these
lithologies are not dominant lithic fragment typeshe ignimbrites at Wildcat Canyon, Cat
Mesa, and Cebolla Canyon. Consequently, it is ttolthat a local vent was involved in the
eruption of these units.

Overall, if the eruption shifted from a centralychted vent to a series of ring vents, we
would not expect to see such homogeneity in theldata as is observed in Figure 4.4. In fact,
even when comparing individual vertical sectiomgniicant similarities are still present.
Specifically, rhyolite lithics appear and disappatcorrelative points in stratigraphy around the
caldera (Figures 4.6-4.11) and are coincident wiitfilarly evolved Nb compositions at nearly
all localities. It is unlikely that this similayitis coincidental, and it serves to link different
sample localities in an eruptive sense.

The chemical data used to determine lithic proweador dacite fragments also supports
a centrally-located vent hypothesis for the majyaoitthe duration of the eruption. Paliza
Canyon Formation and Tschicoma Formation dacitadand domes are well constrained in
terms of their position beneath the Valles Caldefeterminations of dacite provenance were

conducted for two widely spaced sample localig#szat Mesa in the southwest and Guaje
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Canyon in the northeast. Even though there i®oallsource for both Paliza Canyon and
Tschicoma dacites at each locality, both dacitesypave been found at each locality. This
guestions the likelihood that a local vent soures wesponsible for the ignimbrites found at
either locality. In fact, the only area in whicbtb Paliza Canyon and Tschicoma dacite can be
entrained simultaneously is located roughly inghst-central portion of the present-day caldera.
Finally, it is important to note that at some litgss lithic data are correlative with
chemical variations in the host deposits. Two ificgnt examples of this are the near
disappearance of rhyolite lithics where Nb dropeWwel80 ppm around the caldera and the
dramatic change in pumice chemistry at the sanghhes the lag breccias at Cat Mesa. In the
following chapter, Nb chemical variations in stgasiphy (determined from analyses of pumices)
with be evaluated and compared to the lithic dadenfthis chapter. The combination of the two
datasets will be evaluated with a specific emphasisnplications for eruptive events. The

ultimate goal is to delineate a detailed event eage for the Otowi eruption in Chapter 6.
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Table4.1. Lithic count data summarized by sample locality

Guaje Canyon

Sample Dacite | Andesite | Tuff | Rhyolite | Other | Total | Andesite/Dacite
JMVF-00-01 2 14 0 0 0 16 7.0
JMVF-00-02 14 24 0 3 1 42 1.7
JMVF-00-03 17 22 0 23 0 62 1.3
JMVF-00-04 10 15 0 0 0 25 1.5
JMVF-00-05 5 16 0 3 1 25 3.2
JMVF-00-08 15 12 1 2 0 30 0.8
JMVF-00-09 7 10 18 0 2 37 1.4
JMVF-00-10 16 14 56 0 1 87 0.9
JMVF-00-175 1 11 0 2 2 16 11.0
JMVF-00-176 86 39 0 19 3 147 0.5
JMVF-00-177 45 47 0 101 0 193 1.0
JMVF-00-178 10 52 0 4 1 67 5.2
JMVF-00-180 2 7 0 0 0 9 3.5
JMVF-00-183 6 14 0 0 0 20 2.3
Total Counts 236 297 75 157 11 776

% Overall 30.4 38.3 9.7 20.2 1.4
Northeast #1 Section
Sample Dacite | Andesite | Tuff | Rhyolite | Other | Total | Andesite/Dacite
JMVF-00-108 98 67 0 9 0 174 0.7
Total 98 67 0 9 0 174
% 56.3 38.5 0.0 5.2 0.0
Pueblo M esa

Sample Dacite | Andesite | Tuff | Rhyolite | Other | Total | Andesite/Dacite
JMVF-00-215 43 53 0 0 0 96 1.2
JMVF-00-218 26 54 0 1 2 83 2.1
JMVF-00-219 15 32 0 0 4 51 2.1
JMVF-00-222 4 67 0 0 0 71 16.8

Total 88 206 0 1 6 301

% 29.2 68.4 0.0 0.3 2.0
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Cebolla Canyon

Sample Dacite | Andesite | Tuff | Rhyolite | Other | Total | Andesite/Dacite
JMVF-00-191 58 6 0 0 1 65 0.1
Total 58 6 0 0 1 65
% 89.2 9.2 0.0 0.0 15
Cat Mesa
Sample Dacite | Andesite | Tuff | Rhyolite | Other | Total | Andesite/Dacite
JMVF-00-42 45 53 11 0 0 109 1.2
JMVF-00-45 105 137 18 13 5 278 1.3
JMVF-00-51 198 227 0 61 1 487 1.1
JMVF-00-55 336 183 28 73 5 625 0.5
JMVF-00-57 387 298 3 18 4 710 0.8
JMVF-00-60 488 354 8 14 12 874 0.7
JMVF-00-64 767 276 3 45 1 109P 0.4
JMVF-00-66 554 602 14 69 43 128p 1.1
JMVF-00-69 254 270 5 15 8 552 1.1
JMVF-00-83 642 296 21 0 4 963 0.5
JMVF-00-85 395 230 20 31 2 678 0.6
JMVF-00-88 353 841 1 20 6 1221 2.4
JMVF-00-90 148 149 13 0 1 311 1.0
Total 4672 3916 145 359 92 9184
% 50.9 42.6 1.6 39 1.0
Airport Section
Sample Dacite | Andesite | Tuff | Rhyolite | Other | Total | Andesite/Dacite
JMVE-00-70 267 104 0 59 0 43( 04
JMVE-00-74 49 230 0 28 1 308 4.7
Total 316 334 0 87 1 738
% 42.8 453 0.0 11.8 0.1
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Wildcat Canyon

Sample Dacite | Andesite | Tuff | Rhyolite | Other | Total | Andesite/Dacite
JMVF-00-135 10 18 0 0 0 28 1.8
JMVF-00-149 381 212 1 4 1 594 0.6
JMVF-00-150 385 383 3 32 3 806 1.0
JMVF-00-154 137 159 0 10 2 308 1.2
JMVF-00-156 88 187 0 4 0 279 2.1
JMVF-00-159 543 349 0 1 5 898 0.6
JMVF-00-161 57 132 0 5 0 194 2.3
JMVFE-00-171 29 15 0 0 9 53 0.5

Total 1630 1455 4 56 20 3165

% 515 46.0 0.1 1.8 0.6
Dixon Ranch

Sample Dacite | Andesite | Tuff | Rhyolite | Other | Total | Andesite/Dacite
JMVF-00-31 94 54 14 29 2 193 0.6
JMVF-00-33 34 42 11 19 1 107 1.2
JMVF-00-40 120 100 0 3 2 225 0.8

Total 248 196 25 51 5 525

% 47.2 373 4.8 97 1.0
Upper Cochiti Canyon
Sample Name | Dacite | Andesite | Tuff | Rhyolite | Other | Total | Andesite/Dacite
JMVF-00-196 353 330 0 4 3 69( 0.9
JMVF-00-198 145 196 0 1 1 343 1.4
JMVF-00-199 148 259 0 7 0 414 1.8
JMVFE-00-200 282 208 0 33 0 523 0.7
JMVF-00-204 114 89 0 50 5 258 0.8
Total 1042 1082 0 95 9 2228
% 46.8 48.6 0.0 4.3 04
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Upper Cochiti Canyon

Nb (ppm)/ m above base Sample #/ m above base
5

50

JMVF-00-204
89 114 64 m
193 ppm JMVF-00-200
33.5m 33-34 m
177 ppm JMVF-00-199
22.5m 22-23 m
194 ppm JMVF-00-198
11.5m _— 11-12m
185 ppm
10m
JMVF-00-196
330 253 Om
@ LR 4
g a0
;: 25
2 .
g 20
%10 . M
o

Nb in whole pumice (ppm)

Height in stratigraphy (m)

Airport Section

Nb (ppm)/ m above base Sample #/ m above base

109 ppm
399 m
129 ppm JMVF-00-74
21.8m 21.8m
53 ppm
11.73m 230
123 ppm
9.44 m
JMVF-00-70
180 ppm om
0.35m
* *
*
- *
*

Nb in whole pumice (ppm)

Lithologic Key

- Andesite
- Dacite
- Rhyolite

Tuff

- Other lithologies

(numbers in pie charts are count totals per lithology)

Figure4.11. Stratigraphic columns for Upper Cochiti Canyon #me Airport section showing

lithic abundances and Nb data.



14 -
12 -
Trachydacite ~o
10 A o)
] %
» @oo " o Rhyolite
4] O
ES 8 1 OO‘O o
= u] O
< s =
S 61 % ©
(@]
|_
] Dacite
47 Basaltic Andesite
1 Andesite
2 =
0 ) ) ) ) ) ) 1
45 50 55 60 65 70 75 80
SiO;,

Figure4.12. TAS diagram of Le Bas et al. (1986) showing unkna@cite lithic chemistry
(dark blue squares) compared with analyses of #&lanyon (open green circles) and
Tschicoma Formation lavas (open red squares). thatesome unknown lithic samples plot as
trachydacite. These samples have been automgtassdigned to the Paliza Canyon Formation
specifically because trachydacite is not typicédiynd in the Tschicoma lavas.

168



Sample SIO, TiO, Al,O03 | FeO* MnO MgO CaO Na,O K,0 P,0s5 TAS
CM 55-D1 68.72 0.638 15.76 2.82 0.075 0.78 1.97 5.10 3.95 0.174 9.050
CM 55-D2 65.87 0.821 16.22 4.04 0.104 1.27 3.03 4.88 3.46 0.318 8.335
CM 57-D1 65.91 0.807 16.25 4.03 0.086 1.16 2.95 4.95 3.56 0.305 8.503
CM 57-D2 66.46 0.710 15.77 4.06 0.063 1.68 3.72 4.13 3.15 0.249 7.274
CM 57-D3 65.50 0.827 16.37 4.21 0.083 1.08 3.26 4.90 3.45 0.326 8.345
CM 57-D4 65.97 0.833 16.34 4.09 0.078 1.00 2.83 4.97 3.56 0.320 8.535
CM 60-D1 67.93 0.646 16.25 3.03 0.083 0.80 2.25 5.12 3.72 0.176 8.833
CM 60-D2 68.49 0.608 16.32 2.65 0.065 0.44 2.15 5.18 3.92 0.175 9.097
CM 60-D3 69.46 0.787 16.12 3.70 0.065 0.49 2.16 3.33 3.55 0.336 6.887
CM 60-D4 68.71 0.607 15.98 2.80 0.072 0.57 1.96 5.18 3.94 0.172 9.122
CM 60-D5 66.09 0.798 17.40 3.51 0.063 0.83 4.03 4.46 2.53 0.286 6.993
CM 83-D1 67.08 0.771 16.89 3.61 0.030 0.48 3.55 4.47 2.85 0.282 7.316
CM 83-D2 65.38 0.812 16.39 4.23 0.090 1.17 3.36 4.88 3.39 0.308 8.263
CM 83-D4 65.68 0.810 16.36 4.09 0.084 1.16 3.09 4.97 3.45 0.314 8.421
CM 90-D1 68.93 0.616 16.07 2.75 0.052 0.42 1.86 5.53 3.62 0.156 9.144
CM 90-D2 66.49 0.705 15.78 4.10 0.067 1.72 3.86 4.34 2.67 0.267 7.012
CM 90-D3 65.16 0.771 16.61 4.61 0.068 1.47 3.60 4.58 2.85 0.278 7.426
G 04-D1 65.84 0.863 15.95 4.31 0.088 1.39 2.85 4.82 3.59 0.308 8.411
G 09-D1 68.36 0.471 15.47 3.39 0.062 1.76 3.53 4.13 2.66 0.175 6.789
G 09-D2 68.72 0.446 15.39 3.27 0.054 1.46 3.34 3.93 3.22 0.164 7.152
G 176-D1 69.04 0.625 15.73 2.63 0.080 0.75 1.88 5.10 4.00 0.177 9.097
G 183-D1 67.13 0.587 15.77 3.59 0.065 1.82 3.91 4.08 2.81 0.230 6.889
G 10-D1 66.73 0.534 16.31 3.43 0.065 1.68 4.09 4.23 2.69 0.247 6.917
G 10-D2 67.54 0.495 15.99 3.22 0.045 1.73 3.80 4.10 2.87 0.198 6.971
G 10-D3 66.31 0.665 15.95 3.86 0.069 1.70 3.92 4.18 3.10 0.241 7.281
G 10-D4 66.52 0.820 17.19 3.96 0.044 0.65 3.44 4.23 2.84 0.300 7.076
G 10-D5 69.25 0.448 15.07 3.07 0.056 1.53 3.18 3.88 3.35 0.163 7.234
G 10-D6 68.81 0.621 15.75 2.73 0.083 0.77 1.96 5.14 3.95 0.172 9.092

Table 4.2. XRF major element oxide geochemical data for umkndacites

. All data in wt %.
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Sample Ni | Cr| Sc| V Ba |Rb| Sr | Zr| Y | Nb |Ga| Cu| Zn| Pb| La| Ce | Th| Nd
CM55-D1 | 5 2 5 | 23 | 1353 | 76 | 317 [ 307 | 30 | 402 | 18 | 2 | 55 | 19 | 54 | 98 |13 | 40
CM55-D2 | 11 | 3 5 | 47 | 1335 | 68 | 479 | 299 | 27 | 414 | 20 | 7 | 64 | 19 | 54 | 96 |12 | 41
CM57-D1 | 3 4 6 | 47 | 1322 | 71 | 471 | 319 | 25 | 402 | 18 | 3 | 64 | 15 | 55 | 91 |10 | 36
CM57-D2 | 18 | 26 | 8 | 66 | 1266 | 58 | 500 | 197 | 17 | 183 | 17 | 7 | 56 | 16 | 39 | 69 | 5 | 29
CM57-D3 | 6 6 7 | 50 | 1304 | 67 | 515 | 307 | 25 | 377 | 21 | 6 | 64 | 17 | 53 | 92 |10 | 37
CM57-D4 | 5 3 5 | 48 | 1314 | 70 | 466 [ 321 | 25 | 403 | 19 | 6 | 68 | 42 | 57 | 101 |11 | 39
CM60-D1 | 2 3 5 | 22 | 1375 | 76 | 383 [305| 29 | 401 | 19 | 2 | 63 | 20 | 55 | 99 | 9 | 39
CM60-D2 | 2 4 5 | 24 | 1344 | 79 | 377 [ 302 | 28 | 411 | 19 | 5 | 67 | 22 | 53 | 98 |11 | 37
CM60-D3 | 4 4 6 | 45 | 1326 | 76 | 426 | 291 | 49 | 421 | 19 | 7 | 46 | 25 | 48 | 94 |10| 35
CM60-D4 | 2 3 5 | 21 | 1360 | 80 | 326 [ 306 | 29 | 405 | 19 | 5 | 55 | 28 | 56 | 100 |21 | 39
CM60-D5 | 1 2 7 | 55 | 1405 | 57 | 716 | 186 | 22 | 189 | 19 | 6 | 58 [ 31 | 40 | 79 | 7 | 32
CM83-D1 | 1 2 7 | 48 | 1338 | 50 | 656 | 191 | 21 | 182 | 18 | 9 | 63 [ 30 | 39 | 69 | 8 | 28
CM83-D2 | 6 4 6 | 51 | 1296 | 65 | 519 | 305 | 24 | 373 | 20 | 9 | 78 [ 19 | 52 | 93 |8 | 36
CM83-D4 | 2 3 7 | 47 | 1305 | 65 | 502 | 315 | 25 | 39.0 | 19 | 8 | 70 | 26 | 54 | 94 |10 | 37
CM90-D1 | 7 4 4 | 21 | 1357 | 64 | 325 | 296 | 26 [ 388 | 18 | 3 | 60 | 91 | 55 | 95 |22 | 40
CMO90-D2 | 27 | 21 | 9 | 81 | 1207 | 55 | 689 | 176 | 19 | 184 | 16 | 16 | 42 | 30 | 37 | 66 |17 | 26
CMO90-D3 | 17 | 15 | 9 | 91 | 1209 | 63 | 828 | 206 | 19 | 239 | 19 | 16 | 59 | 27 | 40 | 74 | 7 | 28
G 04-D1 9 8 6 | 53 | 1317 | 68 | 439 | 320 | 27 | 410 | 20 | 9 | 63 | 23 | 54 | 8 |21 | 36
G09-D1 | 23 | 37 | 8 |51 | 1250 | 61 | 459 | 172 | 17 | 111 | 18 | 10 | 57 | 18 | 37 | 63 | 4 | 25
G09-D2 | 20 | 33 | 8 | 49 | 1266 | 62 | 448 | 168 | 16 | 119 | 19 | 16 | 55 | 21 | 34 | 57 | 5 | 22
G176-D1 | 5 5 5 | 21 | 1354 | 73 | 277 | 293 | 29 | 378 | 21 | 4 | 59 | 24 | 58 | 101 |27 | 41
G183-D1 | 19 | 20 | 7 | 67 | 1291 | 47 | 608 | 142 | 17 | 146 | 18 | 10 | 57 | 26 | 37 | 62 | 7 | 27
G10-D1 | 20 | 21 | 7 | 56 | 1328 | 33 | 659 | 131 | 16 | 148 | 19 | 10 | 53 | 23 [ 36 | 55 | 7 | 23
G10-D2 | 22 | 29 | 7 | 50 | 1249 | 46 | 615 | 139 | 15 | 128 | 20 | 17 | 44 | 15 [ 32 | 55 | 6 | 20
G10-D3 | 16 | 20 | 7 | 66 | 1242 | 56 | 518 | 187 | 18 | 161 | 19 | 15 | 60 | 17 | 39 | 68 | 6 | 28
G 10-D4 1 3 O | 47 | 1321 | 55 | 649 | 191 | 25 | 195 | 19 | 7 | 59 | 24 | 47 | 76 |17 | 33
G10-D5 | 24 | 32 | 7 | 48 | 1302 | 63 | 400 | 167 | 17 | 111 | 18 | 9 | 52 | 24 | 32 | 66 |19 | 28
G 10-D6 2 2 6 | 17 | 1382 | 73 | 317 | 307 | 27 | 393 | 18 | 3 | 56 | 19 | 53 | 99 |11 | 37

Table 4.3. XRF trace-element geochemical data for unknowitesc All data in ppm
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Figure 4.13. Selected geochemical data used in determiningedébic provenance.
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CAT MESA

GUAJE CANYON

CM 90-D3 ? (equivocal) G 183-D1 ? (po_ssibly
CM 90-D2 Tschicoma Tschicoma)
CM 90-D1 | PC (Trachydacite) G 10-D6 | PC (Trachydacite)
CM 83-D4 | PC (Trachydacite) G 10-D5 Tschicoma
CM 83-D2 | PC (Trachydacite) Lag G 10-D4 Tschicoma
CM 83-D1 Tschicoma Breccia G 10-D3 Tschicoma
CM 60-D5 Tschicoma G 10-D2 Tschicoma
CM 60-D4 | PC (Trachydacite) G 10-D1 ? (equivocal)
CM 60-D3 PC G 09-D2 Tschicoma
CM 60-D2 | PC (Trachydacite) G 09-D1 Tschicoma
CM 60-D1 | PC (Trachydacite) G 04-D1 | PC (Trachydacite)
CM 57-D4 | PC (Trachydacite) G 176-D1 | PC (Trachydacite)
CM 57-D3 | PC (Trachydacite)

CM 57-D2 Tschicoma

CM 57-D1 | PC (Trachydacite)

CM 55-D2 | PC (Trachydacite)

CM 55-D1 | PC (Trachydacite)

Table4.4. Distribution of unknown dacite samples per saniptality. Samples are organized
according to stratigraphic order at each localitye lag breccia at Cat Mesa is represented by
three samples: CM 83-D1, CM-83-D2, and CM-83-D4liZ2 Canyon samples are highlighted
in red, Tschicoma samples are highlighted in black] equivocal samples are highlighted in
blue. Identifications were accomplished usingTh& diagram in Figure 4.12, and by plotting
individual samples on the geochemical plots seékpiendix A.
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Figure4.14. Expected lithic distributions based on the higests that the Otowi eruption transitioned froneatral vent to multiple
ring-vents during the course of the eruption.
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CHAPTER FIVE

CORRELATION OF LITHIC DISTRIBUTIONS AND NB CONCENTRATIONS

Purpose

In this chapter, chemical variations in pumicesrfrine Otowi plinian and ignimbrite
deposits are evaluated and compared with lithia datained in Chapter 4. In addition,
chemical data have been used in conjunction withme calculations from Chapter 3 to
calculate approximate abundances of chemical typttee Otowi Member. This type of
calculation has not been previously attemptedHfer@towi Member. The cumulative goal of
this exercise (found in Chapter 6) is to delineatietailed event stratigraphy for the Otowi
eruption based on the lithic and chemical data.

Smith and Bailey (1966) were the first to identifie Bandelier Tuff as a product of a
zoned silicic magma body. Inherent in this findiaghat the Bandelier eruptive products are
compositionally-zoned in a systematic way as weflecting their extraction from a zoned
magma system. For zoned high-silica rhyolitic magites such as the Bandelier,
incompatible elements such as Nb are commonly aseah index of magmatic evolution. In the
Otowi Member nearly fourfold increases in Nb corication are observed between the least and
most-evolved eruptive products (Kuentz, 1986; Durdral Hervig, 1992a; Dunbar and Hervig,
1992b; Hervig and Dunbar, 1992; Wolff et al., 199@pnsequently, previous studies on the
Bandelier Tuff (Smith, 1979; Kuentz, 1986; Winte2802) have utilized Nb as a convenient
differentiation index. The assumption is that joe (pumice) fragments containing the highest
Nb concentrations are derived from the most chdigieaolved portions of the magma

chamber.
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Another possible use for Nb in zoned outflow sheets a chemostratigraphic marker.
Studies have demonstrated that the chemistry ohadzeruptive deposit can be strongly
correlated with eruptive processes. In the Otowier, fall deposits and ignimbrite flow units
are systematically zoned with respect to trace etgrohemistry. The early erupted units
generally have higher Nb concentrations, and thepesits are taken to be associated with the
most differentiated magmas, typically derived fridra upper portion of the magma chamber.
Later erupted units generally have progressiveleloconcentrations of Nb, and these are
associated with less-differentiated magmas origigetom lower levels in the chamber.

Consequently, in addition to serving as a useftriogenetic indicator, Nb variations in
stratigraphy can be used to correlate eruptiveswamtl to discern physical eruptive processes.
This may include identification of changing ventdtions and geometries (such as widening),
shifts in eruption dynamics (sustained versus psltag plinian column), the timing of caldera
collapse, and finally to link eruptive events wilie host magma body.

In this study Nb data from the host tuff have beramined at 12 stratigraphic sections
from 11 localities (Figure 5.1) around the caldefEaght of these stratigraphic sections have
corresponding lithic population data. Chemicalatgons in stratigraphy at each of the localities
have been linked with lithic distributions and atlances from Chapter 4. The combination of
the chemical data set with the lithic data setgaiicant because it allows for a more thorough
evaluation of eruptive processes.

Chemical data are from several sources: the stlyentz (1986); the study of Winters
(2001) in which pumices were collected by R.L. W3t W.L. Aubin, P. Hartman, M.C. Rowe,
and J.A. Wolff during the summer of 2000; and freamples collected by the author, J.A.

Wolff, and K. Brunstad during the summer of 20@amples were cleaned and weathered rinds
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were removed using a diamond lap. The bulk purséreples were then processed and analyzed
by XRF and ICP-MS at New Mexico Tech and Washingitaete University (Kuentz, 1986;
Winters, 2001; present study). Detailed samplegmagion and analytical procedures can be

found at the WSU Geoanalytical Laboratory websitep(//www.sees.wsu.edu/Geolab).

Background: Stratigraphy, Geochemistry and Zoning in the Otowi M ember

The Otowi Member of the Bandelier Tuff is a minegtally and compositionally-zoned
high-silica rhyolitic ignimbrite (Smith and Baile$966; Smith, 1979; Kuentz, 1986; Dunbar and
Hervig, 1992; Wolff et al., 1999; Winters, 2001; Wand Ramos, 2003). The Bandelier
magma chamber is thought to reside within Protacdzasement rocks that are situated beneath
the IMVF. This is based in part on borehole ddtal§on and Hulen, 1984) and on the presence
of partially re-melted Proterozoic lithic fragmemdsind within the Otowi ignimbrite
(Eichelberger and Koch, 1979). These lithics idelgranitoid and amphibolite fragments found
in the ignimbrite and rare garnet xenocrysts foumithe basal portions of the Guaje fall deposits
(Wolff et al., 2002).

The Otowi Member includes both plinian deposits amtkespread non-welded to
densely-welded ignimbrite deposits. The pliniapatt, known as the Guaje Pumice Bed,
consists of five units (designated A through E} tiv@ found primarily to the east and southeast
of the present-day Valles Caldera. The fall depasinge from massive to well-bedded and
consist primarily of well-sorted angular pumicestta The prevalence of bedding increases
upward in stratigraphy due to a decrease in thebeurof large pumice fragments, and thus units
B-D exhibit more stratification than the typicaltyassive unit A. In addition, crystal

concentrations generally increase upward in stiagigy (Kuentz, 1986). Unit A is by far the
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thickest plinian layer (up to 9 m in thickness) lghinits B-D are individually much thinner (<
1.0 meters) depending on location. The fall unége variable dispersal axes indicative of
changing wind directions during the eruption. Uhiis found only to the east, while units B-D
can be found along an arc stretching from easbutheast around the caldera. Dispersal axes
were calculated by Self et al. (1986) using isdpletd isopach maps.

Fall unit A is a homogenous pumice fall depositwiteak stratification observed at
Guaje Canyon towards the top of the unit. It isggcuously absent to the south, west, and
north of the caldera. Unit B is lithic rich (up2& wt. %) and found primarily to the east and
south of the caldera. Fall unit C is coarse-gmhiaed homogenous in nature and was associated
with the highest plinian eruptive columns durinly éeposition (Self et al., 1996). Fall units D
and E are thin and can be found to the east artti sbthe caldera; however, they are more
poorly exposed due to erosion by early pyrocld&ties (Self et. al, 1996). Distally, ashes have
been found 550 km to the southeast of the Vall&teca in the Texas panhandle that are
correlative with Otowi eruption (lzett et al., 19#2olliday, 1988).

The Otowi ignimbrites are comprised of multiplevloinits and are typically observed as
white to pale pink or tan, non-bedded to weaklgtdied rhyolitic ash-flows with variable
proportions of accidental (lithic) fragments. Walglis poor in most areas although the Otowi
ignimbrites on the Jemez Plateau in the west gnedlly densely welded. In most areas to the
south and east of the caldera, the ignimbriteslsve the plinian fall deposits A-E. However,
intraplinian ignimbrites have been found situatetinieen subunits of fall C in Lower Cochiti
Canyon near Dixon Ranch, southeast of the cald&natérs, 2001).

Chemically, the Otowi deposit is almost entirelydmaip of high-silica rhyolite and

demonstrates a general internal upward decredbke itoncentrations of incompatible trace
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elements. Major element concentrations are unifimoughout, but large variations are
observed in minor and trace elements. Phenocoydents range from 7.5-19.5% (Self et al.,
1996). Major phenocrysts present (>1%) are quartzsanidine (Self et al., 1996). Other
phases include clinopyroxene, fayalite, magnetitepn, allanite, and chevkinite (Winters,
2001). The plinian fall deposits become progredsgiless evolved moving upward in
stratigraphy from first-erupted (fall unit A) togHast-erupted units (falls D and E). Otowi
plinian unit A is thought to represent extractidmmagma from a highly-differentiated zone in
the upper portion of the Bandelier magma chambée bulk of the magma was erupted as
voluminous pyroclastic flows that cover large aretthe JMVF. Compositions from pumices
analyzed in the Otowi ignimbrites are typicallydeonsistent, with variable ranges of chemistry
scattered throughout flow units. Although, in sdomalities (such as at Cat Mesa) clear
evidence of compositional zoning is evident initr@mbrites.
Prior Otowi Member Geochemical Studies

Smith and Bailey (1966) conducted the first exarmnomaof Bandelier stratigraphy in
which zoning and chemical variations were discus$&@liminary data (chemical and
mineralogical) were presented, and the study fatesechemical, mineralogical, and
stratigraphic variations in the Tshirege (Upper)nMer of the Bandelier Tuff than on the Otowi
Member. An assumption of similarity between thaifege and Otowi was used to draw
conclusions for the Otowi Member.

Smith (1979) examined zoning in magma chambersdopa larger study on ash flows.
In this study the relationships between ash-floeesivolume, magma chamber size, and
chemical zoning in magma chambers were examineti{renBandelier Tuff was used as a

primary example. Several conclusions are highightSmith stated that all caldera-forming ash

178



flow sheets should show some evidence of zoningritédd from the magma chamber. He also
emphasized that when examining various zoned auSlweets, a spectrum of chemical gradients
may be observed. For example, in some units thgoesitional gradients may be well-defined,
while in others the gradients may be obscuredabrtoy eruptive mechanisms. Finally some
outflow sheets may exhibit compositional gaps betwiadividual flow units (Smith, 1979).
These gaps are interpreted in several ways. OGmaeiexplanation involves a scenario in which
there exists unequal distribution of successiveflasts. In this circumstance, the missing
compositions may be found in other areas of thBawtsheet. A second scenario proposed that
ash flows may emanate from different vents creatmmgpositional gaps and reversals. In this
situation different levels of the magma chambertapped at the same time. Another
explanation is that in some circumstances, a coitigoeal gap in an outflow sheet can be
correlated directly to a compositional gap in theegma chamber.

Smith (1979) also compared volumes and composittbnsagmas erupted from known
caldera systems and presented them in a basic rsleoh in Figure 5.2. The fundamental
relationships between volumes and compositionsemtodel were used to make five
observations: 1) chambers tend to be compositiprzalhed and become more mafic with depth.
2) Erupted parts range from nearly uniform rhyoldompositions to strongly-contrasting basalt-
rhyolite compositions. 3) Small volume systemsvglstronger compositional contrasts than do
large systems. 4) Successive ash-flow cycles thmsame source tend to become more mafic
in average composition than the preceding cyctgdrrespective of starting composition, the
volume of a magma chamber must control the deptvhath successively more mafic magmas

will reside during and after differentiation (Smitt979).
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Sommer and Schramm (1983) used several techniquitdrmine volatile
concentrations in melt inclusions from the Bandelieff. Volatile measurements from melt
inclusions were used to infer concentrations inmfa@ma chamber, a practice that has since
been identified by Wolff et al. (1999) as poteryiahisleading. Sommer and Schramm (1983)
reported large differences betweesOtontent in samples from the plinian and the idmitas
for both the Otowi and Tshirege Members. The autlattributed the large differences inCH
concentrations in melt inclusions from the plinard ignimbrite units to the eruptive transition
from plinian activity to large-scale ignimbrite degtion. This transition is referred to as
“catastrophic column collapse” by the authors.

Kuentz (1986) conducted a study on the geocheyro$tthe Otowi Member in which
chemical variations in the erupted units were exaahi their implications for magma withdrawal
and eruptive processes were then evaluated. Ttherauggested that although the Otowi
Member pyroclastic deposit is not consistently zbtieoughout its entirety (the plinian is well-
zoned, while the ignimbrites are more intermittgatbned) the striking trace element variations
found within the erupted units are indicative dfederogeneous, zoned magma source. Analyses
of trace elements in the plinian were found to slitile variation, while analyses for the same
elements from the ignimbrite were more variabléne@ical zonation was attributed to
fractionation of a magma that resulted in densityatile, and viscosity gradients within the
magma chamber. Side-wall crystallization was psegloas the primary fractionation mechanism
in which quartz, sanidine, pyroxene, magnetitetisggahevkinite, allanite, and zircon were the
main phases crystallizing. The initial phase ef @towi eruption (Guaje plinian unit) was
proposed to have been erupted first from a highbhed upper carapace in the magma

chamber. Eruption of the main ignimbrite body ttepped progressively deeper levels within
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the magma chamber. Kuentz suggested that magrhdraatal during the main phase of the
eruption caused intermingling of magmas within¢hamber, thus destroying pre-eruptive
gradients and decreasing chemical zonation inriingted ignimbrites (Kuentz, 1986).

Dunbar and Hervig (1992a) compared the systematittace element chemistry and
volatiles from melt inclusions in the Bishop Tuffcathe Otowi Member of the Bandelier Tuff.
They noted that although the trace element data wetridentical, some striking similarities
could be drawn between the two units. Volatileat@n and density gradients were determined
to be similar in the Bishop and Otowi magmas (Durgvad Hervig, 1992a). Data from melt
inclusions in the plinian and ignimbrite phaseshef tuffs suggested that the Bishop and Otowi
magmas were strongly zoned with respect 40 I the upper portions of the chambers but
largely non-zoned for the majority of the magmayoBased on the trace-element and volatile
concentration data, Dunbar and Hervig (1992a) sstgdethat a combination of fractionation and
partial melting could produce the compositionalingrobserved within the Bishop and
Bandelier magmas.

Dunbar and Hervig (1992b) further examined volatihel trace element concentrations
from melt inclusions in Otowi quartz, sanidine, gnloxene phenocrysts using the electron and
ion microprobes and XRF analysis. As did Kuen@3@) before them, they observed significant
trace element variations and inferred that largegouptive volatile and density gradients
existed. They echoed the observation of Kuent8g)l¢hat although the Otowi ignimbrite
shows only partial compositional zoning, the lairgee element variations are indicative of an
ignimbrite erupted from a zoned magma chamber.

Wolff et al. (1999) examined Sr isotope disequilibr in glasses from Otowi quartz and

sanidine phenocrysts and from glasses in quardafb@r glomerocrysts. As in prior studies
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(Kuentz, 1986; Dunbar and Hervig, 1992a; Dunbarked/ig, 1992b; Hervig and Dunbar,
1992), it was noted that Otowi pumices show thidd-fo five-fold coherent variation with
incompatible trace elements that is consistent fratttionation of the phenocryst assemblage
sanidine + quartz + clinopyroxene + magnetit@yalite_ +zircon_+chevkinite. An important
conclusion of Wolff et al. (1999) is that melt inslons from quartz and other phenocrysts may
not necessarily be representative of bulk magmapositions. The concept of preferential
derivation of melt-inclusion bearing phenocrystafrmarginal environments along the
periphery of a magma chamber may thus invalidate prork that uses melt inclusions to
determine pre-eruptive volatile contents. Thidudes prior studies conducted on the Otowi,
such as that by Sommer and Schramm (1983) and DanlkeHervig (1992b).

Winick et al. (2001) conducté@Ar/**Ar studies on glass melt inclusions in quartz from
the Bishop and Bandelier Tuffs. The overall goabwo use the K-Ar system to study the
controversial topic of magma residence time indastjcic systems. The study found
unreasonably high apparent ages for melt inclusiogsiartz phenocrysts from both the Bishop
and Bandelier Tuffs. For the Otowi Member, an afj#4.60 +1.50 Ma was calculated. This
exceeds realistic chamber residence times for gbgra factor of two to five (Winick et al.,
2001). These unrealistic ages were attributecktess'’Ar present in the melt inclusions. It
was therefore concluded that apparent ages defigedmelt-inclusion bearing quartz
phenocrysts are not necessarily representativeysfatlization or eruption ages. Another
significant corollary of this finding was the reeution by the authors that exceé8ar may also
be found in melt inclusions from sanidine phenotsyshis has the potential to shift sanidine
apparent ages for the Bishop and Bandelier Tuft& batime anywhere from thousands to tens

of thousands of years. Based on this assumpborihé Otowi Member, single-crystal laser
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fusion ages were estimated to be up to 27,000 yearsger than the age cited by lzett and
Obradovich (1994) of 1.61 Ma (Winick et al., 200Bges for the Bandelier Members are still
being refined, however, with new ages of 1.68 Malie Otowi Member and 1.21 Ma for the
Tshirege Member reported by Phillips et al. (2006).

Winters (2001) investigated the behavior of REE &ade elements in the Otowi
Member. The chemical data were used to assidemtification of petrogenetic and magma
withdrawal processes and to define an eruptiveesszpi Much of the chemical data in this
study is taken from Winters (2001).

Wolff et al. (2002) conducted a study of oxygertopes in quartz and feldspar
phenocrysts from Bandelier plinian and ignimbriggpdsits. This included samples from the
Otowi and Tshirege Members and the Cerro Toledooktiey However, the majority of samples
were taken from the Upper Bandelier. All samplealyzed had'?0 values between 6.3%. and
8.3%0. For the Otowi sample$:20 values in both quartz and feldspar ranged betweks%o
and 7.91%.. None of the samples analyzed wereseptative of a lové'°O rhyolite.

Wolff and Ramos (2003) provided the first highgsen Pb isotope data for a high-
silica rhyolite. In addition, they expanded thasstope data set from Wolff et al. (1999).
Within the Otowi Member, Pb isotope ratios wererfduo be variable between the Guaje
pumice unit A, the Otowi ignimbrite, the Upper Gaigumice units, and in the glomerocrysts.
Wolff and Ramos (2003) concluded that this obsemagthtion could not result from in situ
ingrowth and that open system processes must lemreresponsible for generating Pb isotope

variations.
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Nb variations and comparisonsto lithic data

In Figures 5.3 through 5.13, Nb concentrations ol pumices have been plotted
versus height in stratigraphy at eleven samplicglibes. Chemical variations will be discussed
for each locality, and lithic distributions will m®mpared to the chemical data for each locality.
Additionally, an evaluation of potential eruptiveopesses will be made where applicable for
each locality based on the chemical and lithic .data

Some general observations include the followinghtonorth of the caldera, at Pueblo
Mesa, sections show initial highly-evolved composi$ that shift weakly towards less-evolved
compositions with height in stratigraphy. To tleeithwest of the caldera, compositions are
observed to shift more suddenly and span a widgyera The highest Nb concentrations are in
the plinian fall deposits found to the east andiseast of the present-day caldera. The lowest
Nb concentrations are found in the ignimbritestipalarly in those found on the Jemez Plateau
in the west and in the stratigraphically-highesingpbrites deposited at Wildcat Canyon to the
southwest. In addition, pumices with very low NbS0 ppm) are found in ignimbrites on the
Pajarito Plateau at the Airport Section and at Ltioca 17 and 27 of Kuentz (1986).

Guaje Canyon

At Guaje Canyon (Figure 5.3) the most evolved niates found in the plinian fall units,
with Nb concentrations decreasing up-section; thexlging ignimbrite is less evolved than the
majority of the plinian. In the plinian, Nb is caistently high in fall units A-C, with
concentrations ranging between 181 to 198 ppnfalltunit D, Nb decreases from 160 ppm to
118 ppm. Fall Unit E is the least evolved pliniayer, with Nb concentrations dropping to 66
ppm at 10.6 m above the base of the section. Abalenit E there is a fine ash layer that is

equivalent in chemistry (Nb concentrations of 88 & ppm) to fall unit E. Stratigraphically
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above 11 meters in the ignimbrite, Nb concentrati@mdomly fluctuate with height between
152 and 84 ppm.

By comparing lithic distributions to chemical varoas, several patterns are evident at
Guaje Canyon. First, it is immediately evident the largest proportions of lithics are in fall
units B and C where Nb concentrations are sombeeohighest in the section. The largest
proportions of lithics are encountered in unit @erwhich the number of lithic fragments
present decreases significantly in fall units D &xd he decrease in lithic abundance coincides
directly with the abrupt decrease in Nb chemistrg\ee fall unit C. Rhyolite lithics are present
in significant quantities in fall units B and C wheNb concentrations are very high; after fall
unit C, rhyolite lithics decrease considerably imtbers and are absent within the ignimbrite
above 11 meters. Finally, welded ignimbrite lithare observed as a dominant lithic type
between 12-12.75 meters in the ignimbrite. Theseasociated with intermediate Nb
concentrations (119-132 ppm) and do not appeasrt@spond to any significant shifts in
chemistry.

The lithic data presented here support the hyp&lodSelf et al. (1996) that the plinian
phase increased in intensity through depositidialbtinits A-C and peaked during deposition of
fall C. Crystal concentration data (Self et aBq&) support this, as enrichment factors increase
from 0.8 in fall unit A to 3.8 in fall unit C. Adtr fall unit C, enrichment factors decrease to 3.4
in fall D and 2.0 in Fall E. In addition, the higfb concentrations found in the early to middle
fall units suggest that that magma was being etddeitom the highly differentiated, upper
portion of the Otowi magma chamber. Chemical @@t this study also imply similarity
between fall unit E and the first ignimbrite at Ggu&anyon. Later ignimbrites show

intermediate compositions that fluctuate more ramigtan stratigraphy.
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The increasing lithic abundances, crystal enriaftrnfectors, and sudden decrease in Nb
above fall unit C likely represent a progressivdeming of the vent system early in the eruption.
Vent widening could facilitate higher eruption atehich would, in turn, allow larger quantities
of magma to be extracted from the chamber. Wititinoed eruption, deeper, more primitive
magmas with lower Nb concentrations would be ex#hc This may help to explain why fall
units D and E and the ignimbrites at Guaje Canyarelsignificantly lower Nb concentrations
than fall units A-C.

In the ignimbrites, Nb concentrations fluctuatebagk’ composition Otowi magmas
were erupted. The appearance of densely-weldaahlgite lithics in major quantities is a
phenomenon that is only observed at Guaje CanyamAppendix A for easy comparison of
lithics between all sampling localities). Two exphtions can be invoked for the presence of
these lithics: first, they may simply represent obihzed fragments of Otowi ignimbrite;
second, they may suggest a more localized litigicagure common to Guaje Canyon and thus
imply a vent shift towards the northeast and tlognity of Guaje Canyon. The remobilization
hypothesis is not supported by this study; thenmpmite lithics in question are densely welded,
weathered in many cases, and do not appear sitmifgypical’ Bandelier ignimbrite. Therefore
it is unlikely that they represent pieces of Otgyaroclastic deposits incorporated into later
flows. A vent shift is the only reasonable explarafor such a unique lithic signature to be
found at Guaje Canyon.

Cat Mesa

At Cat Mesa two sections were measured (Figuresarad 5.5), Cat Mesa A and Cat

Mesa B. In both sections a similar trend is obsérveneath the prominent lag breccia in which

Nb concentrations in the ignimbrite are typicaligh(> 180 ppm). Starting within the lag
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breccia and continuing stratigraphically aboveitmice compositions shift dramatically to < 90
ppm Nb within a span of approximately 14 meters.

Several significant observations can be made w#pect to the chemical and lithic data
at Cat Mesa. First, the striking change in punsizemistry corresponds directly with the
appearance of the lag breccia in stratigraphyhid.@bundances increase up-section and remain
extraordinarily high through the lag breccia uapbroximately 78 meters, above which
abundances decrease significantly. Second, rieylihics are most prevalent in the lower
ignimbrites associated (as at Guaje Canyon) wigmtlst evolved pumice compositions (> 180
ppm Nb). Finally, the lower ignimbrites at Cat Measontain highly evolved pumices with high
Nb concentrations (> 180 ppm).

The lag breccias at Cat Mesa were described byeSalf (1986) as being vent-proximal
and thus were used to support the theory that \eattsnigrated during the Otowi eruption to
ring fractures around the caldera. Converselyd#ta from this study proposes a single vent
hypothesis for the duration of the eruption. Tikibased on the overall similarity of the lithic
signatures at all sampling localities around tHdera, the determination of provenance for
dacite fragments in Chapter 4, and the appeardmtgalite lithics where Nb > 180 ppm at
similar locations in stratigraphy at the majorifysampling sites. This is in contradiction to the
multiple ring vent hypothesis, and thus the origiithe lag breccias at Cat Mesa must be
addressed.

Chemical analyses of dacite lithics in Chapter @vsd that both Paliza Canyon and
Tschicoma dacite fragments are present at Cat klegarious levels in stratigraphy, including
the lag breccia. Based on current knowledge optkecaldera geology, Tschicoma dacite is not

known to underlie the Cat Mesa sampling localitherefore, it is impossible that the
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ignimbrites there, and in particular the lag bracerere erupted locally from a ring vent. Thus,
it is proposed that the lag breccias at Cat Megeesent a widening of the centrally-located vent,
rather than a vent shift. The sudden drop in Ndnabktry and the increase in abundance and size
of lithic fragments being deposited in the ignintdsicould just as easily correspond to an
increase in the eruption rate brought about by mirteof the vent. In addition, the region
around Cat Mesa lies in a significant pre-Otowepablley. Pyroclastic flows from the
collapsing column were undoubtedly funneled dows plaleocanyon. In this circumstance, the
lag breccias could represent dense lenses ofdilssociated with deposition of pyroclastic
flows. Based on the evolved nature of pumicesyaedl from the lower portions of the Cat
Mesa sections, it is likely that these ignimbritesre emplaced earlier on in the eruption
sequence.

Wildcat Canyon

The stratigraphic section at Wildcat Canyon (Figa® is roughly correlative with the
upper portions of the Cat Mesa sections. In tbdisn, Nb is observed to decrease fairly
consistently with increasing height in stratigrapiNb concentrations range from highly evolved
(189 ppm) at the base of the section to depletégdn) at 55 meters. Between 45 and 50
meters, several reversals are observed in whichudtuates, going as high as 108 ppm and as
low as 65 ppm; above 54 meters in the section Miceatrations cluster between 66-68 ppm.

At Wildcat Canyon rhyolite lithics are slightly m@abundant at the base of the section
where Nb concentrations are more evolved. Min@ngties of rhyolite lithics (less than 3% of
each bulk ignimbrite sample) are found up-sectssoaiated with more primitive Nb
concentrations. Lithics are prevalent in numbesughout the section but decrease above 54

meters.
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The section at Wildcat Canyon is similar to tha€Cat Mesa above the lag breccia.
Decreasing Nb concentrations most likely repredepbsition of ignimbrites associated with
more primitive magmas derived from deeper levekhenchamber. These ignimbrites were
deposited during the mid to late phase of the engiased on their stratigraphic position and
decreasing Nb chemistry.

Pueblo Mesa

Nb data from Pueblo Mesa (Figure 5.7) show conaldlerspread throughout the section.
At the base of the section, a very thin layer ef @towi plinian is exposed with a Nb
concentration of 173 ppm. Above this, a fine agérkying the plinian has a more intermediate
composition of 159 ppm Nb. Immediately above tths, first ignimbrites have higher Nb
concentrations (~ 180-190 ppm). Pumices analyzed just beneath a flow unit boundary in
the ignimbrite at 7 meters have a range of compositbetween 140-190 ppm Nb. Moving
upward in stratigraphy, two groupings of pumice amesent at all levels of stratigraphy between
10-35 meters: an intermediate grouping where NBG=160 ppm and a more evolved grouping
where Nb = 180-200 ppm.

There does not appear to be any significant cdroeldetween lithic distributions and
Nb chemistry at Pueblo Mesa. Lithics at Pueblo &m® dominated by andesite and dacite with
extremely small quantities of rhyolite (1 of 301aip and other lithologies (6 of 301 total).
Andesite and dacite lithic proportions fluctuatestratigraphy, with andesite the dominant lithic
lithology at the top of the section. Numbers tfitis are fairly consistent throughout the section.
Most likely, the ignimbrites at Pueblo Mesa arerisult of the eruption coring downward

through Paliza Canyon Formation andesite and dandelTschicoma Formation dacite beneath
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the centrally-located vent. The multiple groupimpumice chemistries indicate extraction of
magma from multiple levels of the magma chambeulameously.

Seven Springs and Cebolla Canyon

At Seven Springs (Figure 5.8) Nb concentrationmftbe densely-welded ignimbrite are
considerably lower (€0 ppm) when viewed in comparison with data fraratgyraphic columns
from other parts of the JMVF. The data exhibitighé negative trend with increasing
stratigraphic height. Bulk ignimbrite samples wea collected from this locality so a
comparison of Nb chemistry and lithic distributiaasiot possible. However, a bulk sample was
collected at Cebolla Canyon (Figure 4.5 in Chagjefocated slightly to the northeast of Seven
Springs. At this sample locality the dominantithwere andesite and dacite. A single pumice
analyzed from this bulk sample yielded a Nb coneiain of 62 ppm, which is consistent with
the chemical data obtained at Seven Springs. nergé the Nb concentrations (generally < 100
ppm) on the Jemez Plateau are lower than anywlss@mund the caldera. Therefore, these
ignimbrites represent less-evolved magmas derirad fower in the chamber and were
probably erupted later in the overall eruption ssme.

Dixon Ranch

The composite section at Dixon Ranch (Figure 5x@psees fall units B and C and
intraplinian ignimbrites. The intraplinian ignimtar is situated between subunits of fall unit C.
Fall unit A is not exposed in this area, havingrbdeposited to the east of the caldera. The vast
majority of the material analyzed at this locatisiighly evolved, with Nb concentrations > 180
ppm. Fall units B and C contain pumices with Nb88 ppm; likewise, the intraplinian

ignimbrites all contain evolved pumices with Nbveeén 173-199 ppm. Sample JMVF-00-40,
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taken several meters into the upper ignimbrite @ 4neters, yielded a highly evolved pumice
composition of 199 ppm.

At Dixon Ranch rhyolite lithics are present inatele abundance in fall units where Nb
concentrations are high (> 180 ppm). This is teration of the trend where rhyolite lithics are
found in plinian and ignimbrite units around thédeaa associated with the most evolved pumice
chemistry.

The highly evolved chemical signature found indleposits at Dixon Ranch suggests
that these materials were erupted from the uppgh)\rdifferentiated portion of the Otowi
magma chamber. The presence of the intrapliniaimilgrite is evidence that fall and flow
deposition were simultaneous during the pliniansghaSelf et al. (1996) proposed that the
Otowi plinian phase peaked in intensity during dgfian of fall unit C—a conclusion that is
supported by lithic data from this study. Thusg thitraplinian ignimbrites likely represent
instability in the plinian column, with smaller-segyroclastic flows being deposited during a
partial column collapse. These flows were funneledn the paleocanyon in what is now
Cochiti Canyon. Given the highly-evolved chemicelkeup of the ignimbrites at Dixon Ranch,
it is likely that they represent some of the figgtimbrites to be deposited from the eruption.

Upper Cochiti Canyon

The five pumice samples collected for analysiggper Cochiti Canyon are highly
evolved (Figure 5.10); Nb compositions range betwkE£7-200 ppm. Lithic fragments found in
this section are dominantly andesitic and daguroportions of the two are variable with
stratigraphic position. Beginning at 22.5 metard eontinuing to the top of the section at 64
meters, rhyolite lithics become increasingly abumaand are associated with high Nb

concentrations. The ignimbrites at this localiytain pumices with some of the highest Nb
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readings collected (~ 200 ppm) in this study. Basetheir highly-evolved chemistry, these
ignimbrites, like those at Dixon Ranch to the spatle associated with magmas from the upper,
more differentiated portion of the magma chambfecordingly, as with the Dixon Ranch
ignimbrites, they are most-likely intraplinian iatare.

Airport Section

The graph in Figure 5.11 shows that Nb compositairthkis locality are highly variable
in stratigraphy, ranging from highly evolved at theese of the section (180 ppm) to more
primitive (54 ppm) at 40 meters. Based on Nb clsemiwWinters (2001) noted that two
chemically distinctive pumice populations are prése the massive ignimbrite at this locality.
The more evolved grouping is unaltered with feweenmocrysts, and the less evolved grouping is
more phenocryst-rich and has a “yellowish tint tlgloout” (Winters, 2001). Despite the two
distinct groupings, it was noted that the minerglsgsimilar with quartz, sanidine,
hedenbergite, and magnetite phenocrysts preseaicim group (Winters, 2001).

Lithics at the Airport Section were measured friovo bulk samples (JMVF-00-70 and
JMVF-00-74) at zero meters and 21.8 meters resfabgti Rhyolite lithics are more abundant
where Nb concentrations are high, in this casheabtise of the measured section. Curiously,
however, at 21.8 meters where Nb is lower (129 piny9lite lithics are still prevalent. Most
likely, the highly variable nature of the Nb chetnyssuggests that these ignimbrites were
erupted with the bulk of the ignimbrite volume laite the eruption.

Location 13 and Location 27

Locations 13 and 27 represent two stratigraphit@ex measured by Kuentz (1986)
from a road cut on N.M. Route 4 at the base of OMesa on the Pajarito Plateau. Location 13

includes fall unit A only, and Location 27 includasly massive Otowi ignimbrite. The graphs
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in Figure 5.12 show chemical variations for eackthete locations. At Location 13, three
samples were collected from fall unit A, each ofahihcontains (perhaps unsurprisingly) high
Nb concentrations between 193-196 ppm. At Locakibneight samples from the ignimbrite
have low Nb concentrations between 52-93 ppm. d#sdjenerally increase from the base to
the top of the section. No lithic data is ass@dawith either of these locations.
Location 17

Location 17 is east-southeast of the Copar Min@uaje Canyon. The section was
measured in massive non-welded Otowi ignimbriteoseg above the plinian and contains two
flow units separated by a poorly-defined bound&nyentz, 1986). The graph in Figure 5.13
shows that Nb concentrations range between 51-p86 g-rom the base of the section, Nb
initially increases to 135 ppm, then decreases ba88 ppm and stays in this range up to the
flow unit boundary. Above the flow boundary, NiImcentrations show first a positive reversal,
then a negative reversal, and finally a positiversal at the top of the section to a value of 145
ppm. No lithic data is associated with this settidhe Nb chemistry here is fairly typical of
what has been observed within the bulk Otowi ignitelat other localities—moderate
fluctuation within flows that range between low andl-range concentrations (50-150 ppm).
Volume calculations of Otowi chemical types

In addition to being extremely useful as a petregiertracer, the Nb data has been used
to determine the abundance of various chemicalgings present in the eruptive products of the
Otowi Member. Dunbar and Hervig (1992b) suggettatithe Otowi may be divided into three
major chemical divisions that delineate an earlidie, and late phase of evolution. To test this
hypothesis, Nb concentrations from eight samplogalities (Figure 5.1) have been used to

estimate proportions of ignimbrite chemical typsgarcentages of height in stratigraphy. Three
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ranges of chemical types have been identified: 20@ppm for the most evolved compositions,
90-170 ppm for intermediate compositions, and 9P for the least evolved compositions. In
each of the eight stratigraphic columns abundaat#te three chemical ranges have been
estimated as both a thickness in meters and asanage of the total stratigraphic height.
Table 5.1 shows the percentages determined foraraahical group at each of the eight
columns in the Otowi ignimbrite.

Next, the proportions of each chemical group weiad to the volumes calculated in
Chapter 3 to determine the amount of each chertyipalpresent in khDRE. For volume
zones containing a stratigraphic column (A-E, GJ ki the proportions from that column were
used. For those zones not containing a stratigeaggtumn (F, I, J, K, L, M, and the distal zones
in the adjacent rift basins) data from an adjasegiment or an average of multiple adjacent
segments have been used. The intracaldera filchwh represented by zone |, was calculated
using averages from stratigraphic sections infalhe adjacent zones A-H. For the Espafiola
Basin distal wedge, an average of the chemicalgtmms from zones A and H was used. For
the Santo Domingo Basin, an average of the chemiroglortions from zones B and C (the areas
from which the ignimbrites in the basin presumatdyne from) was used. Using this
methodology, a total volume has been calculate#rifhDRE) for the three ignimbrite chemical
groupings in each zone. The results of these ladions, including totals for the entire Otowi
ignimbrite deposit, are shown in Table 5.2.

Two stratigraphic localities, Dixon Ranch and Gu@pnyon, contain Otowi plinian
deposits. For the chemical volume calculationthis chapter, the plinian phase has been
considered as a separate entity from the ignimbR®portions of chemical types in the five

plinian fall units were estimated using the straghic columns from Guaje Canyon and Dixon
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Ranch. The data sets from the two localities va@eraged in Table 5.3 to determine the overall
proportions of chemical types in each of the filiaign fall units.

As was done for the ignimbrite, the plinian cherhpr@portions have been applied to the
volumes calculated in Chapter 3. Fall unit A isreated as 1.2 kilDRE, and fall units B-E are
estimated to collectively represent 44*%BRE. Table 5.4 shows the quantity (in kBRE) of
the three chemical types for fall unit A and fatits B-E. Unsurprisingly, the data show that the
Guaje is dominantly (90%) evolved composition (20D ppm Nb).

For the Otowi ignimbrite, three chemical types resent in roughly equal quantities.
The most evolved grouping (170-200 ppm Nb) comprisk9.7 krl DRE, which is 41% of the
deposit. The intermediate grouping (90-170 ppmtiaurtes 85.8 kthDRE or approximately
30% of the deposit, while the least evolved chehgioauping comprises 84.4 KnDRE, which
equates to approximately 29% of the deposit. [Eiguitda is a pie chart illustrating the relative
proportions of the three chemical groupings inigmembrite.

Plinian fall units A-C are comprised of 100% of th&-200 ppm Nb compositional
grouping. Fall unit D is comprised of 70% of th&31200 ppm Nb grouping and 30% of the 90-
170 ppm Nb grouping. Fall unit E is comprised 0%&of the 90-170 ppm Nb grouping and
50% of the < 90 ppm Nb grouping. Overall in thimigln, a total of 73.2 kiDRE (90%) is
made up of 170-200 ppm Nb. The remaining 8 BRE (10%) is comprised of the intermediate
(90-170 ppm Nb) grouping. Figure 5.14b is a piartilustrating the relative proportions of the
three chemical groupings in the plinian.

Summary
Data from this study and from previous geochensbadlies support the concept that

chemical zonation in the Otowi Member results fribi@ eruption of magma from a zoned
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Bandelier magma chamber. The most evolved comepnsi{as determined by Nb
concentrations) are found in plinian fall units Aa€d in intraplinian ignimbrites exposed to the
east-southeast of the caldera. Stratigraphicalbya fall unit C, Nb concentrations decrease
significantly through fall units D and E and inteetlower, post-plinian ignimbrites.

Intraplinian ignimbrites exposed at Lower Cocliinyon (Dixon Ranch) and Upper
Cochiti Canyon contain highly evolved pumice wiigthNb concentrations. Their presence
interspersed between sub-units of fall unit C psowat fall and pyroclastic flow deposition were
simultaneous during the plinian phase. This istriikaly attributed to column instability during
the plinian phase with associated partial colunitapees that resulted in deposition of the
intraplinian ignimbrites in Cochiti Canyon. Thiegnomenon was suggested by Self et al.
(1996).

Within the Otowi ignimbrites, zoning is more randamd a greater spread of Nb
chemistry exists depending on the locality and tigig stratigraphy; although, at several
localities (Cat Mesa, Wildcat Canyon, Seven Spiitigs ignimbrites do show general decreases
in Nb with height in stratigraphy as would be expédan a zoned outflow deposit. At the
majority of other localities positive and negatsrefts in Nb chemistry are observed at varying
heights in stratigraphy.

Kuentz (1986) proposed that much of the compostianning present in the Otowi
magma has been obscured and overprinted in théwrwmits. It was noted that zoning is not
as well preserved in the Otowi plinian and tuff dgips as it is in other zoned ignimbrites such as
the Bishop Tuff. In the Otowi Member chemical zooa is best exhibited between the plinian

and ignimbrite deposits. However, many of thengmites are unzoned.
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These unzoned ignimbrites, as well as fluctuatioNlmwithin the outflow units both in
stratigraphy and with geographic locality, can tiglauted to shifts in eruptive dynamics and
also to processes operating within the magma chaniigysical changes during an eruption,
such as widening of vents, the onset and prognmessgioaldera collapse, and funneling of
pyroclastic flows via pre-existing topography céinrdluence deposition and thus affect
chemical patterns in the erupted material. In ol beneath the surface several magmatic
processes may have influenced the composition ghmaa that were extracted during the Otowi
eruption. Chiefly, this includes mixing and pebation of the magma chamber before and
during the eruption. Disruption of magmas (andtbliemical zonation) during the Otowi
eruption was suggested by Kuentz (1986) to be eason why the Otowi ignimbrites do not
reflect compositional zoning as well as some othfs.

Spera (1984) and Spera (1986) showed with numeriodels that magma can be
erupted from different levels of a zoned magma diemsimultaneously and that compositional
gaps may exist within outflow units. Kuentz (1986ggested that in the case of the Otowi
Member, chaotic caldera collapse may have causiEgendently sinking blocks to function as
pistons which allowed for magmas with different gasitions from multiple depths to be
sampled simultaneously. This phenomenon can atlEguplain random fluctuations in Nb
chemistry at some localities and the unzoned natignimbrites at others. It is also a plausible
explanation for the chemical variability at Pueblesa; there, pumices from the ignimbrite show
two simultaneous and distinctive compositional giags throughout a large part of the
stratigraphic section.

Mixing of bulk Otowi magmas with the evolved anteatd carapace of material on the

periphery of the chamber, as suggested by Wolf.€11999) and Wolff et al. (2002) may have
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also affected the compositions of erupted matetiatsughout the course of the eruption. The
first magmas erupted as the plinian fall and idtrégn ignimbrites could represent highly
evolved liquids stored in the upper portion of theamber. Later, disruption of the carapace and
subsequent mixing led to various other compositlm#iag extracted.

Finally, volume calculations of chemical types agp@ delineate a tri-part division
within the Otowi ignimbrite. Roughly equal quargg of evolved (> 170 ppm Nb), intermediate
(90-170 ppm Nb), and depleted (<90 ppm Nb) aregoesThe evolved magmas are slightly
more represented (40%), while the intermediatedaplieted types are nearly equal in quantity
(30% and 29% respectively). In the plinian, apprately 90% of the deposit is comprised of
the most evolved Nb compositions, while the renrmgrii0% is of intermediate composition. It
is intriguing that the chemical quantities withietignimbrites are roughly equal. The volume
calculations presented are enough to warrant futoré& on this subject with an expanded
dataset, perhaps including isotopic analyses.

Based on the information ascertained in chapteestiorough five, the next chapter
(Chapter 6) will provide a cumulative synthesigh# eruption sequence. The eruption has been

broken down into a series of stages with interpieta.
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ignimbrite deposits. Locations that do not haveesponding lithic population data are labeled
‘geochemistry only’.

199



Kilometers

e e
T p
<+ 800 ket 20,

T T -
PR L A

% X 300 Km?
il &

S,

R T e
R 3 PNA T
e e e )

A NI Sy 300 KmT Y

Kilometers

Rhycdacile Andesite

Basalt

Rhyolite - Quartz Laotite

Figure5.2. Basic comparison of volumes and compositions afma erupted from known
caldera systems, from Smith (1979). Cross-secap@sirawn to scale and are based on the
assumption that caldera-forming magma resideddrugiper portions of a hemisphere having the
diameter of the caldera. Cross sections are ldlzddollows: A = Askja, Iceland. 4As the
Knebel caldera; Arepresents basalt presumed to underlie eruptett sibmpositions. Data are
from Bemmelen and Rutten (1955). B = Crater LakegOn. B is rhyolite-rhyodacite; Bis
andesite. Data are from Williams (1942) and Whtisaand Goles (1969). C = Bandelier Tulff,
New Mexico. G is the Otowi Member; £is the Tshirege Member;3& the Cerro Toledo
rhyolite. D = Timber Mtn. caldera, Nevada, B a high-SiQ rhyolite from the Rainier Mesa
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al. (1976) and Christiansen et al. (1977). E dd¢ettone, Wyoming from approximately 6 x
10° years ago. Hs the volume erupted during caldera formationisEhe post-caldera magma
that has been extruded since.
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Figure 5.3. Graph showing Nb chemical variations with heighstratigraphy at Guaje Canyon.
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Figure 5.4. Graph showing Nb chemical variations with heighsiratigraphy at Cat Mesa A.
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Figure 5.5. Graph showing Nb chemical variations with heighsiratigraphy at Cat Mesa B.
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Figure 5.6. Graph showing Nb chemical variations with heighsiratigraphy at Wildcat
Canyon.
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Figure5.7. Graph showing Nb chemical variations with heighsiratigraphy at Pueblo Mesa.
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Figure 5.8. Graph showing Nb chemical variations with heighsiratigraphy at Seven Springs.
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Figure 5.9. Graph showing Nb chemical variations with heighsiratigraphy at Dixon Ranch
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Figure 5.10. Graph showing Nb chemical variations with heighsiratigraphy at Upper Cochiti
Canyon.
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Figure5.11. Graph showing Nb chemical variations with heighsiratigraphy at the Airport
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Height % of % of % of
Localit of Stratigraphic Stratigraphic Stratigraphic
=ocally. section height = 170- height = 90- height < 90
(m) 200 ppm Nb 170 ppm Nb ppm Nb
Cat Mesa 105.6 71.2 8.3 20.5
Wildcat Canyon 56 41.1 44.6 14.3
Seven Springs 71.3 0 19.6 80.4
Pueblo Mesa 42 7.1 92.9 0
Guaje Canyon 2.25 0 67 33
Airport 39.9 3.8 81.2 15
Upper Cochiti 335 100 0 0
Dixon Ranch 2.85 100 0 0

Table5.1. Proportions of Otowi chemical types expressegesisentages of height in
stratigraphy for eight stratigraphic sections fribra Otowi ignimbrite.
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Volume of Volume of Volume of

Total
170-200 ppm  90-170 ppm <90 ppm
Area Segment (k\rfiué“F‘fE) Nb (km Nb (km?®  Nb (km?
DRE) DRE) DRE)
A 8.8 0.33 7.15 1.32
B 19.9 19.9 0 0
C 18.7 13.31 1.55 3.83
D 4.8 1.97 2.14 0.69
E 38.5 0 7.55 30.95
F 2.5 0 0.49 2.01
G 6.4 0.45 5.95 0
H 1.2 0 0.80 0.40
I 148.6 58.55 50.67 39.38
J 4.4 3.46 0.27 0.67
K 2.5 2.5 0 0
L 10.9 10.9 0 0
M 15 0.91 0.31 0.27
Santo Domingo 3.99 3.42 0.17 0.41
Wedge
Espanola Basin 7.11 0.27 5.77 1.07
Wedge
Paleocanyons
Jemez Plateau 2.96 0.00 0.58 2.38
San Diego 6.05 3.40 1.60 1.05
CcC1 0.09 0.06 0.01 0.02
CC2 0.12 0.12 0 0
CC3 0.3 0.12 0 0
Pueblo Mesa (west) 0.25 0.02 0.23 0
Pueblo Mesa (east) 0.57 0.04 0.53 0
Total (km * DRE) 290.14 119.7 85.8 84.4
% of Total 41 30 29

Table5.2. Chart showing volumes (in KDRE) and proportions (in %) of chemical types in
the Otowi ignimbrite from each area segment usainme calculations from Chapter 3.
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% of % of % of
Guaje Cyn. , Stratigraphic Stratigraphic Stratigraphic
(plinian) | ' Mekness(m) heigh%: IL170- heightg: 9%-170 heigﬂt <p90
200 ppm Nb ppm Nb ppm Nb
Fall E 0.1 0 50 50
Fall D 0.3 0 100 0
Fall C 0.7 100 0 0
Fall B 1 100 0 0
Fall A 8.5 100 0 0
Total 10.6
Dixon st i o hic | st i o hic | st g o hi
— . ratigraphic ratigraphic ratigraphic
% Thickness(m) heigh%: h70. heighti 50,170 heig?u 290
(plinian) 200 ppm Nb ppm Nb ppm Nb
Fall E 0 - - -
Fall D 0.7 100 0 0
Fall C 0.6 100 0 0
Fall B 0.7 100 0 0
Fall A 0 - - -
Total 2
Total % of . (.)/0 of . % of .
Av_e_ra_lgﬂ Thickness Stratigraphic Stratigraphic Stratigraphic
Plinian (m) height = 170- | height = 90-170 height < 90
200 ppm Nb ppm Nb ppm Nb
Fall E 0.1 0 50 50
Fall D 1 70 30 0
Fall C 1.3 100 0 0
Fall B 1.7 100 0 0
Fall A 8.5 100 0 0
Total 12.6

Table5.3. Proportions of Otowi chemical types presenthim plinian phase. Data from the

Guaje Canyon section and Dixon Ranch section hais &eeraged to determine overall chemical

proportions for each of the five fall units (A-E).
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Volume Volume of 170- Volume of 90- Volume of

Plinian Unit (km? 200 ppm Nb 170 ppm Nb <90 ppm Nb

DRE) (km* DRE) (km* DRE) (km* DRE)
Fall unit A 1.2 1.2 0 0
Fall units B-E 44 39.7 3.8 0.5

Total

(km3 DRE) 45.2 40.9 3.8 0.5
% of Total 90.5 8.5 1.0

Table5.4. Chart showing volumes (in KiDRE) of chemical types in the plinian phase of the
Otowi eruption. Note: The total volume used fae Btowi plinian phase is 45.2 Rpas
determined in Chapter 3 based on the plinian idopaconstructions. Volume proportions for
individual fall units (B-E) have been determinedhgsstratigraphic sections from Self et al.
(1986) and from this study.
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Figures5.14a and 5.14b. Pie charts showing overall proportions of Otowewtical types in
both the Otowi ignimbrite and plinian phases.
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CHAPTER SIX

ERUPTIVE SEQUENCE AND CONCLUSIONS

In this chapter the eruptive sequence for the OMember has been constructed based
on the data and conclusions in the preceding cheptel from previous studies. The eruption
has been subdivided into five phases. Figureth®aligh 6.5 are a series of diagrams
illustrating the proposed stages and distributibthe eruptive units.

Eruptive Sequence

|. Initial plinian phases: fall units A-C

The Otowi eruption began (Figure 6.1) with a plmghase that emanated from a vent
located roughly in the center of the present-ddgleza. A thick pumice fall (fall unit A) was
dispersed to the east by the prevailing winds;uait A is not found to the southeast of the
caldera. Up to 9 meters of predominantly massmneaarse pumice was deposited along a
fairly narrow dispersal axis on the Pajarito Plateacluding sampling localities at Guaje
Canyon and Location 13. Fall unit A is highly exed chemically (Nb 480 ppm) and thus was
most likely extracted from the upper portion of #gmmed Otowi magma chamber. The majority
of fall unit A (~6 meters) is massive, and numbdrttioics do not change significantly within
the unit. In addition maximum pumice and lithiaulieters do not change demonstrably through
unit A (Self et al., 1996). This evidence stronglggests that the eruption column was steady
and constant during deposition of fall unit A. fSalal. (1996) proposed a relatively low
eruption column of approximately 20 km or less.isMas based upon low crystal
concentrations (enrichment factor of ~1.0), reldyiwenall maximum grain sizes, and

application of the fallout model of Carey and Spafk986). The small volume and limited
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dispersal area calculated for fall unit A in Cha@esupport the hypothesis that the early eruptive
column was subplinian in nature.

Following deposition of fall unit A, fall units Bral C were deposited to the east and
southeast of the caldera. The prevailing windstrhase shifted during this time as the dispersal
axes (Self, 1986) for fall units B and C are omehinore to the southeast than for fall A.

The intensity of the eruption increased throughodépn of fall units B and C and likely peaked
during deposition of fall C. This is based on tim@s of evidence: one, crystal enrichment
factors (which can indicate the intensity of anpgian) increase significantly through fall units
A-C and are then are observed to decrease sigmifycafter fall unit C (Self, 1996); two, lithics
increase in number significantly in falls B andtlien decrease in number in fall units D and E at
Guaje Canyon and at Dixon Ranch.

The increasing intensity of the eruption and insesi@ numbers of lithics through fall
unit C are interpreted to coincide with a suddemt wadening. After fall unit C, numbers of
lithics are observed to decrease significantly, [dbdconcentrations drop considerably in fall
units D and E. A sudden vent widening and a cpording increase in eruption rates can
account for the increase in the proportions ofdghn falls B and C. Additionally, increased
eruption rates would result in magma extractiomfiower levels in the magma chamber where
compositions are more primitive than those eruptdte early stages (fall unit A). As a
consequence, following a peak in eruption intensity concentrations would be expected to
decrease in response to the tapping of progregsiesper magmas. This decrease is observed
in fall units D and E.

Fine ashes were reported by Self et al. (1996yletween plinian units B-D at Guaje

Canyon and Dixon Ranch. This indicates that dejoosof the plinian units B-D was not
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necessarily continuous and that slight pauses raag bccurred between each fall unit. These
ashes are most likely co-ignimbrite ashes.
I1. Plinian column instability: deposition of intraplinian ignimbrites

The first ignimbrites were deposited concomitamilth fall unit C to the southeast of the
caldera in Cochiti Canyon and to the southweshefdaldera at Cat Mesa in Cafion de San
Diego (Figure 6.2). These intraplinian ignimbritessse highly evolved compositions (> 180
ppm Nb) and are likely associated with magmas etddafrom the upper differentiated portion
of the magma chamber. Deposition was heavily arfted by paleotopographic features;
specifically, paleocanyons were instrumental imieling pyroclastic flows (Figure 6.2). At
Cochiti Canyon southeast of the caldera, intraghrflow units associated with high Nb
concentrations are exposed between subunits aiffdllC at Dixon Ranch; in the upper portion
of Cochiti Canyon ignimbrites with high Nb contért170 ppm Nb) are also exposed.
Southwest of the caldera in the paleo-Cafion deDago at Cat Mesa, the lower ignimbrites
(from beneath the lag breccia) contain dominaniijyn INb content. Additionally, these
intraplinian ignimbrites contain Nb concentratidhan are consistently higher than those found
in fall units D and E. The conclusion is that gaélsw units are associated with the same
evolved magmas that were deposited as the eantyddle fall units, and that they were erupted
prior to fall units D and E.

A noteworthy lithic trend observed in the intrajpdin ignimbrites is that rhyolite lithics
are found in abundance and are associated withNiigtoncentrations—very similar to the
distribution of rhyolite lithics in the plinian depits. This suggests a single vent operating

throughout the plinian phase of the eruption.
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The presence of these intraplinian pyroclastic depd@Figure 6.2) is evidence for
instability in the plinian column. Portions of thenvecting column collapsed and consequently
pyroclastic flows were funneled down paleocanyonahat is present-day Cochiti Canyon and
Cafon de San Diego.

[11. Lithic lag breccias: evidence for a vent widening and possible timing for caldera collapse

The prominent lithic lag breccias at Cat Mesa Whldicat Canyon to the southwest of
the caldera (Figure 6.3) were previously identifigdSelf et al. (1986) as evidence for vents
shifting to the periphery of the caldera along riragtures. However, the lithic evidence from
this study presented in Chapter 4 does not supporal source for these deposits. In the
absence of any evidence for a local vent associitthdhese lag deposits, several explanations
can be invoked to explain their presence.

One, they may simply represent preferential defposdf lithics in paleocanyons brought
about by changing depositional conditions. Tweythre associated with a major vent widening
event. Increased eruption rates and increasesl ohttownward coring through the pre-caldera
lavas can adequately explain the voluminous litaiche locality. Furthermore, the conspicuous
drop in Nb chemistry at the lag breccias at CataMes be explained by greater magma
extrusion rates brought about by vent widening—deepd more varied magma compositions
were extracted from the magma chamber. The pysticilows associated with this vent
widening were violently deposited in the paleo-Qafle San Diego and the lithic lag breccias
are thus more likely associated with depositiomatpsses rather than proximity to a vent.

Three, the lithic lag breccias may potentially oate the onset of caldera collapse. As
the magma chamber depressurized and collapse emmye@ruptive pathways were formed and

magma extrusion rates increased significantly. [@georeccias at Cat Mesa and Wildcat
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Canyon and the sudden decrease of Nb chemistrghiglstratigraphy at Cat Mesa are evidence
for a significant shift in the eruption; this coydssibly be explained by a major change in the
vent morphology such as collapse and breakup ofdlera floor. However, lithic proportions
stayed the same around the caldera, so it is Uylikat a new vent opened. This fact may
damage the argument that caldera collapse begargdhrs phase of the eruption.
V. Lateintraplinian ignimbrites and fall units D-E

At Pueblo Mesa, located to the north of the caldiiachemistry is generally high;
consequently, the ignimbrites there were likelyased concurrently with fall units D and E
(Figure 6.4). At Pueblo Mesa, massive flow deosith varying Nb chemistry were deposited
on top of a thin plinian ash layer. These flowhjch represent different portions of the magma
body, were deposited through paleocanyons on esitlerof topographic barriers—the
Tschicoma dacite domes on the La Grulla Plateawdantes located to the northeast. Also at
this time, fall units D and E were deposited tod¢hst and southeast of the caldera (Figure 6.4).
Lithic abundances are significantly decreased @s¢hunits, and Nb chemistry falls considerably
to lower concentrations at the top of fall E. Tdé&sl units are thin and poorly exposed, most
likely because they have been significantly erdoedverriding pyroclastic flows. At Guaje
Canyon, fall unit E, which is composed of pumicechemically similar to an ash layer
immediately above it and to the overriding igninadrihis thin ash may be a co-ignimbrite ash
associated with the first ignimbrites deposite®imje Canyon.
V. Main deposition of ignimbrites

The ignimbrites at Guaje Canyon contain pumice dwateheir base which suggests that
they were violently emplaced soon after depositibfall E and the ash overlying fall E. These

ignimbrites show moderate variability in Nb congatibns. In addition, they exhibit a unique
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lithic signature that may imply a local source. tis locality, an unusual abundance of welded
tuff lithics are found within the ignimbrite. Theefithics are weathered, and densely-welded, and
do not appear similar to Otowi ignimbrite—it is ikaly that they represent remobilized Otowi
flows.

The presence of weathered ignimbrite lithics atj&@anyon may be significant for
multiple reasons. First, it may provide a moreauplble timing for the onset of caldera collapse.
The change in lithic signature and the chemicaboherent ignimbrites that erupted in Guaje
Canyon could signify the onset of collapse and sgbent voluminous eruption of ignimbrites
with heterogeneous composition.

Second, as it is a unique lithic signature not ol elsewhere, it supports the
hypothesis that at least one new vent opened tietonortheast of the caldera late in the eruption
sequence. Certainly, a vent shift is plausiblinigttime, particularly if it occurred concurrently
with the onset of collapse.

If caldera collapse did occur at this point in #maption, the preferred scenario is a
significant increase in eruption rate with ass@dawidening of the vent followed by
depressurization of the magma chamber and the ofsatdera collapse. Collapse was
complicated: prior studies (Nielson and Hulen, D98#iken et al., 1986) have shown that the
caldera floor is asymmetric to the southeast wkigfigests a trapdoor-type collapse.
Additionally, during collapse the caldera floor wikely broken into numerous fragments in a
piecemeal-style collapse. The inconsistent nattitee collapse likely provided new pathways
for magmas to reach the surface and thus alloweldfger quantities of magmas to be erupted

as the main, voluminous Otowi ignimbrites obserasalnd the JIMVF.
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In this stage (Figure 6.5), wholesale depositiopybclastic flows ensued around the
caldera. At Cat Mesa the upper, more primitive position pyroclastic deposits were
emplaced. Nearby, at Wildcat Canyon weakly zongdgastic flows that correlate
stratigraphically with the upper portion of Cat Mesere deposited around the same time.

Caldera collapse and chaotic breakup of the inldaca floor was likely responsible for
the removal of topographic barriers to the northveesl northeast. With these barriers removed,
the thick Otowi ignimbrites found on the Jemez &atwere funneled out of a breach in the
northwest wall of the caldera and into a fairly pl@aleocanyon co-located approximately with
present-day Cebolla Canyon and the Seven Springeitréake area. The ignimbrites are
different in this region from other Otowi ignimleg—they are thick, have comparatively low
Nb concentrations, and they are densely weldethulfaneous opening of the large central vent
and the onset of caldera collapse can explaindheninous nature of the Jemez Plateau
ignimbrites. Furthermore, their low Nb chemistaggests that they were derived from deeper
portions of the magma chamber. A consequencasighhat they were likely at a higher
temperature when erupted. This may explain whyQtwavi ignimbrites on the Jemez Plateau
are so densely welded—they were thicker and hatten deposited and thus were more
susceptible to post-depositional welding.

At the same time, pyroclastic flows likely spilledt onto the Pajarito Plateau, depositing
massive ignimbrite thicknesses. At the Airportti®et Location 17, and Guaje Canyon tuffs
show variable Nb concentrations and are indicaiive heterogeneous magma source erupted

from the vent system.
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Number of eruptive vents

The lithic data from this study strongly supposdiagle vent hypothesis for the majority
of the duration of the Otowi eruption. There igaweorthy uniformity in the distributions and
numbers of lithics between sampling localities fraraund the caldera. No compelling evidence
exists to suggest a local source for lithics at @fintye localities except for the welded ignimbrite
lithics at Guaje Canyon. In addition, the bestlenice for earlier vent migration—the lithic lags
at Cat Mesa and Wildcat Canyon—has been questioaged on the comparison of dacite lithic
lithologies.

Consequently, there is no hard evidence to supperypothesis that the Otowi eruption
transitioned from a large central vent to numenaug vents as was illustrated in Self et al.,
1986. Potter and Oberthal (1987) proposed as rasisgven ring vents based on their lithic
study and determination of flow directions from poenorientations. However, the lithic work
conducted in this study is far more comprehensivefvariety of reasons: significantly greater
numbers of lithics (3.5 times) were counted andsdmapling techniques were improved; the pre-
Otowi geology is now much better understood; litlgat identifications of fragments were more
accurate (as explained in Chapter 4); and perhass$ importantly, the lithic data has been
supported with chemical data from the host tufhefefore, the conclusions from this study
represent an improvement over those of Potter dvedt@al (1987). In their reply to the
conclusions of Potter and Oberthal (1987), Self Bmdbeville (1987) pointed out that the flow
directions and distributions of lithics reportedPgtter and Oberthal could just as easily have
been produced by an eruption from a central v&he results from this study validate that
statement. The exception is the pulse of weldeohfrite lithics at Guaje Canyon, which

represent one piece of evidence for at least sgpeedf vent shift in the later stages of the
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eruption sequence. This shift most likely tookcplafter caldera collapse ensued later in the
eruption. However, the lithic evidence is not sudint to determine the numbers of new vents
formed.

Conclusions

Three significant conclusions are derived frons 8tudy. First, the minimum calculated
total volume of the Otowi plinian and ignimbritepsit (335 kml DRE) represents a significant
improvement on prior volume calculations, and isstderably greater than previously thought
(Smith and Bailey, 1966). Furthermore, as it 80Bd minimum estimate, it suggests that the
actual erupted volume for the Otowi Member couldyb=ater than 500 kin The plinian/distal
ash reconstruction (45.2 RDRE) is admittedly a rough estimate and will unigkedly continue
to be refined in the future; however, the overalinber validates the volumes reported by Self et
al. (1996).

Second, the 1.61 Ma Otowi Member of the Bandeligf most likely emanated from a
central vent for the majority of the duration oétaruption. Several flaring or widening events
are supported by the lithic and chemical data bothe plinian and ignimbrite, but evidence
does not support a major shift from a central vemumerous ring-fault vents. Prior evidence
(Self et al., 1986; Potter and Oberthal, 1987 nfioiitiple ring-vents has been questioned based
on the lithic and supporting chemical data frons $tudy. There is some data, however, that
suggests that new vents may have opened duringtthstages of the eruption, thus producing
the more unique lithic signature at Guaje CanyAdditionally, two features present in the
eruption sequence—the lag breccias at Cat Mesei@rthe eruption and the shift in lithic

proportions at Guaje Canyon later in the eruptiomvehbeen identified as potential timing
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events for caldera collapse. Based on the evidénappears that the latter is the more likely
candidate.

Third, a tri-part distribution of chemical typespsesent in the Otowi ignimbrite,
including an evolved (> 180 ppm Nb), intermedi&@-170 ppm Nb), and primitive (< 90 ppm
Nb) component. The proportions of these threegype in roughly equal quantities (41%, 30%,
and 29% respectively). Volume-constrained chendesh are useful to petrogenetic studies and

may thus prove extremely useful in future geochamit/estigations on the Otowi Member.
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Figure6.1. Eruptive sequence stage one: Initial plinian mabed from a vent (denoted with

star) and was deposited to the east-southeast @blldera by the prevailing winds as fall units
A-C. Vent location, plinian dispersal axes (blackows) and 10 cm plinian isopachs are from
Self et al. (1986). The diagram shows that Fall Arwas dispersed in a more easterly direction
and is not found to the southeast of the caldathuhits B and C were deposited across a wider
region than fall unit A as indicated by their disgs axes and thicknesses around the caldera.

Contour interval = 500 ft; contour data from Po#iad Oberthal (1987)
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Contour interval = 500 ft; contour data from Po#iad Oberthal (1987)
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Figure6.3. Eruptive sequence stage three: Vent wideningoatehtial onset of caldera
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in lithic abundance and later decrease in Nb chieyres Cat Mesa. Lithic lag breccias are
deposited at Cat Mesa and Wildcat Mesa as densitgrits within pyroclastic flows at the

bottom of deep paleocanyons. Contour interval & fi0contour data from Potter and Oberthal

(1987)

229



b t -~ -\{o%f_b S
o =) A
| Q Cebollaj;-ﬁ:;;-;; y \\ :TCW
¢’ Canygn./ Toledo \_Carfyoh
éc J Embayment! §
i) / _j |

/ Toledo Caldera % Fall
7 \ g S

La Cueva
(e
Wildcat) \
Canyog

\ @
o) \

2 4 6 8 10 12
kilometers

0

(

\

/\5 Pond’erzo&7I
%y, |
\

Figure 6.4. Eruptive sequence stage four: In this stagembgntes are deposited at Pueblo
Mesa to the north of the caldera. Plinian depasiaf fall units D and E continues following

deposition of fall units A-C and intraplinian igniomites. Contour interval = 500 ft; contour data

from Potter and Oberthal (1987)

230



3 H Puebl}a\j/ A
Mesa < ) R .
T\, Pinabet ; M \
Y La Grulla S
W Plate@ﬂ ﬁ \ 2,
\ _
Sz
Sy (LfJ\//.\sfgo;? J \
/\fi\ % by :,_:,;9929:7/ \sa ntaJQ/al yon Fyve
Q ebolla .~ ~ Toledo \_——

5“ Canyg(n’ Embayment! [ﬁ@
— / I
Seyen / / Toledo Caldera / '
SDringgl \?ﬁ
/ ATy
- { (Possible vent shﬁ)
Feanton "=~ ,‘ ﬁ, |
Lake o

//"?Q.a Cueva

Wildcat'y

4 6 8 10 12
kilometers

O -
(S

\ \) % 5\,-/
ANy
/" e -// e

Figure6.5. Eruptive sequence stage five: The possible afsegdldera collapse allows for
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and Guaje Canyon. A vent shift may have occurtethd this stage, as indicated on the
diagram. Contour interval = 500 ft; contour datan Potter and Oberthal (1987
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