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Abstract Phreatomagmatic deposits at Narbona Pass, a
mid-Tertiary maar in the Navajo volcanic field (NVF), New
Mexico (USA), were characterized in order to reconstruct
the evolution and dynamic conditions of the eruption. Our
findings shed light on the temporal evolution of the
eruption, dominant depositional mechanisms, influence of
liquid water on deposit characteristics, geometry and
evolution of the vent, efficiency of fragmentation, and the
relative importance of magmatic and external volatiles. The
basal deposits form a thick (5-20 m), massive lapilli tuff to
tuff-breccia deposit. This is overlain by alternating bedded
sequences of symmetrical to antidune cross-stratified tuff
and lapilli tuff, and diffusely-stratified, clast-supported,
reversely-graded lapilli tuffs that pinch and swell laterally.
This sequence is interpreted to reflect an initial vent-clearing
phase that produced concentrated pyroclastic density currents,
followed by a pulsating eruption that produced multiple
density currents with varying particle concentrations and flow
conditions to yield the well-stratified deposits. Only minor
localized soft-sediment deformation was observed, no accre-
tionary lapilli were found, and grain accretion occurs on the
lee side of dunes. This suggests that little to no liquid water
existed in the density currents during deposition. Juvenile
material is dominantly present as blocky fine ash and finely
vesiculated fine to coarse lapilli pumice. This indicates that
phreatomagmatic fragmentation was predominant, but also
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that the magma was volatile-rich and vesiculating at the time
of eruption. This is the first study to document a significant
magmatic volatile component in an NVF maar-diatreme
eruption. The top of the phreatomagmatic sequence abruptly
contacts the overlying minette lava flows, indicating no
gradual drying-out period between the explosive and effusive
phases. The lithology of the accidental clasts is consistent
throughout the vertical pyroclastic stratigraphy, suggesting
that the diatreme eruption did not penetrate below the base of
the uppermost country rock unit, a sandstone aquifer ~360 m
thick. By comparison, other NVF diatremes several tens of
kilometers away were excavated to depths of ~1,000 m
beneath the paleosurface (e.g., Delaney PT. Ship Rock, New
Mexico: the vent of a violent volcanic eruption. In: Beus SS
(ed) Geological society of America Centennial Field Guide,
Rocky Mountain Section 2:411-415 (1987)). This can be
accounted for by structurally controlled variations in aquifer
thickness beneath different regions of the volcanic field.
Variations in accidental clast composition and bedding style
around the edifice are indicative of a laterally migrating or
widening vent that encountered lateral variations in subsur-
face geology. We offer reasonable evidence that this
subsurface lithology controlled the availability of external
water to the magma, which in turn controlled characteristics
of deposits and their distribution around the vent.

Keywords Phreatomagmatic - Maar - Narbona Pass -
Minette - Pyroclastic - Base surge - Navajo volcanic field
Introduction

Phreatomagmatic eruptions occur when rising magma

mixes with shallow surface water or groundwater (Sheridan
and Wohletz 1983). Controlled experiments demonstrate

@ Springer


http://dx.doi.org/10.1007/s00445-008-0209-y

50

Bull Volcanol (2009) 71:49-77

that the degree of fragmentation associated with the
magma-water interaction, as evidenced by particle size, is
a function of melt composition, magma flux, water—melt
mass ratio, confining pressure, magma viscosity, mixing
efficiency, and the degree of turbulent mixing of magma with
water, steam, or water sprays (Sheridan and Wohletz 1983;
Wohletz and McQueen 1984; Biittner and Zimanowski
1998; Zimanowski et al. 1991; Mastin 2007). However, the
challenge of identifying depositional characteristics and
relationships indicative of specific vent conditions remains.

There is a significant body of literature suggesting that
phreatomagmatic pyroclastic deposits can lend insight into
eruptive energy, the amount of liquid water in the eruption
column and flows, and the relative influence of external
water at the vent (e.g., Fisher and Waters 1970; Crowe and
Fisher 1973; Lorenz 1974; Sheridan and Wohletz 1983;
Fisher and Schmincke 1984; Houghton and Hackett 1984;
Kokelaar 1983, 1986; Sohn and Chough 1989; Dellino
et al. 1990; Houghton et al. 1999; White 1996, 2001;
Nemeth et al. 2001; Cole et al. 2001; Mastin et al. 2004;
Brand and White 2007). It has been variously suggested
that many characteristics of phreatomagmatic pyroclastic
deposits, such as the presence or absence of features
associated with liquid water (i.e., accretionary lapilli and
bomb sags), bedding characteristics, and edifice morphology;
can be attributed to the original amount of external water-to-
melt mass ratio (Heiken 1971; Wohletz and McQueen 1984;
Sheridan and Wohletz 1983). This ratio may change many
times throughout an eruption as a result of increasing or
decreasing magma mass flux (Kokelaar 1983, 1986), an
increase or decrease in the source and abundance of external
water (Brand and White 2007), fluctuations in mixing
efficiency and turbulence (Biittner and Zimanowski 1998;
Mastin et al. 2004), variable influence of magmatic volatiles
in fragmentation (Houghton et al. 1999; Houghton and
Hackett 1984; Houghton and Schmincke 1986; Houghton
and Wilson 1989), and the relative effectiveness of vent
sealing against external water (Cole et al. 2001; Brand and
White 2007).

This study is intended to build on the existing framework
for hydromagmatic pyroclastic deposits and to continue to
identify relationships between deposit characteristics and
eruptive dynamics of mafic phreatomagmatic eruptions. To
this end, we have examined the well-preserved Oligocene
tephras of the Narbona Pass maar volcano (NPM), a center in
the Navajo volcanic field (NVF) located in northwestern
New Mexico, to better understand its eruptive history and the
phreatomagmatic processes that operated during the erup-
tion. We look specifically at the temporal evolution of the
eruption, dominant depositional mechanisms, the influence
of liquid water on deposit characteristics, vent geometry and
evolution, and the relative importance of magmatic and
external volatiles in fragmentation.
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The occurrence of highly potassic, phlogopite-bearing
minette provides an additional reason to study the eruptive
history of NPM. Minette magmas have been interpreted to
originate from a mantle source, based on their mafic and
ultramafic xenoliths, high Mg-numbers, and Ni and Cr
contents (Esperanca and Holloway 1987; Ehrenberg 1978;
Best and Christiansen 2001). The source region for NVF
minettes is thought to have undergone several episodes of
metasomatism and melt depletion (Roden 1981; Carlson
and Nowell 2001). The sensitivity of phase assemblages in
minettes with both olivine and phlogopite phenocrysts,
such as those from NPM (Ehrenberg 1978), suggest
eruption at high, near liquidus temperatures (Esperanca
and Holloway 1987), which implies fast ascent rates from
the mantle. Furthermore, the original content of CO, and
H,O of these magmas is in some cases argued to drive
fragmentation (Gonzales et al. 2006), and in other cases
interpreted to aid in fragmentation efficiency during
phreatomagmatic eruptions (Shaanan et al. 2007).

Geologic setting

NPM is one of approximately 80 volcanic and hypabyssal
features in the Oligocene—Miocene NVF (Semken 2003) in
the central Colorado Plateau, and is located atop the East
Defiance monocline in the Chuska Mountains, Navajo
Nation, New Mexico, USA (Fig. 1a). NVF rocks are mostly
potassic lamprophyres, dominated by hypabyssal and
extrusive mafic minettes and ultramafic microbreccias
(Smith and Levy 1976). Other NVF centers in the vicinity
of NPM, such as the iconic Ship Rock monolith 67 km to
the north, are exhumed minette tuff-breccia diatremes. It is
reasonable to presume that NPM was fed by a similar
diatreme (Ehrenberg 1978; Semken 2003) consistent with
the Lorenz (1986) model. The NPM volcanic center
consists of a thick sequence of bedded tuffs capped by
three minette lava flows (Fig. 1b) and minor minette plugs
(Appledorn and Wright 1957; Ehrenberg 1978). The oldest
lava flow has an *’Ar/*’Ar age of 25.05+0.16 Ma (Cather
et al. 2003).

NPM is directly underlain by the Chuska Sandstone, an
Eocene—Oligocene formation that caps most of the mountain
range. The Chuska Sandstone is divided into two members:
the upper, eolian Narbona Pass Member, and the lower,
fluviatile Deza Member (Fig. 2; Wright 1956; Lucas and
Cather 2003). The Narbona Pass Member, which is ~360 m
thick at NPM (Lucas and Cather 2003), is a pinkish-grey to
yellowish-grey trough cross-bedded arkosic sandstone that
ranges from strongly indurated to friable (Wright 1956;
Trevena and Nash 1979; Lucas and Cather 2003).

The basal Deza Member is 81 m thick or less and occurs
only in scattered paleovalleys in the pre-Chuska surface
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Fig. 1 a Map of the main part of the Navajo volcanic field (after
Semken 2003). Extrusive and intrusive features are shown as black
circles; location of NPM (36°05.5" N, 108°51.5" W) is shown as a
gray circle; black lines indicate regional Laramide monoclines; x’s
indicate towns. b Topographic map of NPM (U.S. Geological Survey.
Narbona Pass, or Washington Pass, New Mexico. 1:24,000. 7.5
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Minute Series. Washington D.C.: USGS 1992). Stars identify
locations of sections measured in this study. ¢ Geologic map overlain
on DEM of NPM (from Ehrenberg 1978 and Lucas et al. 2003). Tc
Chuska Sandstone, 7t NPM pyroclastic deposits, Tva, Tvb, and Tvc
lava flows described in the text, and 7i plugs described in text
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Fig. 2 a Stratigraphy in the vicinity of NPM [after Lucas and Cather
(2003) and Trevena and Nash (1979)]. Mesozoic units are not shown
to scale. b Large scale foreset cross-beds within the Narbona Pass
Member of the Chuska Sandstone (outcrop is approximately 15 m

(Lucas and Cather 2003). It is not exposed at NPM, but
crops out in the Crystal Creek drainage several kilometers
to the west. It consists mostly of arkosic sandstone beds
with minor interbedded siltstone and claystone (Wright
1956; Lucas and Cather 2003). Where the Deza Member is
present, the contact with the overlying Narbona Pass
Member is conformable (Fig. 2; Wright 1956).

The Chuska Sandstone was deposited atop a regional
erosion surface (the Tsaile surface of Schmidt 1991) that
bevels Cretaceous to Triassic rocks in the eastward-dipping
limb of the East Defiance monocline. Mesozoic stratigraphy
directly beneath NPM is not well exposed (Fig. 2), but on the

@ Springer

SANDSTONE

high). ¢ NPM pyroclastic deposits cutting the Chuska Sandstone
(roadcut is in the west rim of the crater; vent focus ~0.5-1 km to the
right; person at bottom center indicates scale)

basis of outcrops to the west, it is presumed to be composed
of Upper Cretaceous Mancos Shale and Dakota Sandstone;
Upper Jurassic Morrison Formation; Middle Jurassic Zuni
Sandstone; and Upper Triassic Wingate Sandstone and
Chinle Group.

Data

Centimeter-scale measurements of four inner crater and five
outer crater proximal sections (Fig. 1b) of the NPM
pyroclastic deposits yielded 35 lithofacies. The lithofacies
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were grouped into facies associations (FA) according to
common bedding styles, fragment morphology, and the
percentage and type of accidental components. FAs differ
from units in that they may repeat several times throughout
the section.

Inner crater tuff ring deposits

The inner crater deposits are exposed on both the east and
west sides of the eroded maar, where they dip 25-31°
towards the center of the crater. The contact between
Chuska Sandstone and NPM tuff is exposed on the west
side of the edifice where the pyroclastic deposits cut
through the older sandstone (Fig. 1c). This indicates that
the crater floor is below the original surrounding surface,
and thus that NPM is a true maar (Cas and Wright 1987).
Fourteen lithofacies were identified within the inner crater
deposits, and various combinations of these were grouped
into six FAs (Tables 1 and 2).

The inner crater deposits are primarily massive lapilli
tuffs and tuff breccia with minor components of cross-
bedded and plane-parallel bedded deposits. Inner crater
deposits tend to be thick and poorly sorted, show both
normal grading (in beds 0.5-4 m thick) and reverse
grading (in beds <1 m thick), and commonly truncate
underlying strata. While these deposits contain some
primary features, most are interpreted to have resulted
from syn-eruptive inward avalanching of erupted tephras
down steep slopes of the inner crater (Table 2). This is
indicated by the massive, poorly sorted nature of the
deposits, rounded grains, occasional breccias, and thick-
ening of massive beds towards the inner vent. The cross-
and planar-bedded deposits present in localized areas are
evidence for simultaneous lateral flow of density currents
and fallout from the vent. Detailed descriptions and
interpretations of these FAs and their lithofacies can be
found in the supplemental material (Supplemental tables 1
and 2), but as most of the deposits are interpreted to record
recycling and avalanching of material down the inner
slopes, rather than primary depositional features recording
changes in the eruption, they will not be discussed further
in this paper.

Outer crater tuff ring deposits

The primary foci of this study are the outer crater deposits
and their distribution around the vent, as they dominantly
exhibit primary depositional characteristics and thus record
the original sequence of eruptive events. Twenty-two outer-
crater phreatomagmatic lithofacies and four magmatic
lithofacies were identified (Table 1). These lithofacies are
grouped into four FAs (Table 2).

Facies associations: descriptions and interpretations
PHI: massive pyroclastic deposits

PHI contains matrix-supported lapilli tuffs and tuff-breccias
(Fig. 3). Most exposures of PHI are between 15-20 m
thick, massive, poorly sorted; and generally ungraded
except for a slight fining upward of the coarse clasts
representing crude coarse-tail grading (Fig. 3c). In these
occurrences, the base of the unit consists of coarse lapilli to
fine blocks in a matrix of fine to coarse ash (between 10—
25% fine blocks, less commonly medium blocks). The clast
sizes decrease upward throughout the FA to dominantly
medium lapilli with <5% fine blocks. The amount of matrix
is highly variable and composes between 40-80% of the
deposits, while the clasts compose the remaining 20-60%.
Infrequent, clast-supported, diffusely-stratified interbeds
0.05 — 0.5 m thick are also present (Fig. 3a). They contain
80% clasts ranging from coarse ash to fine blocks (average
grain size: fine to medium lapilli) with ~20% fine to
medium ash matrix.

In other, less-common exposures, PH1 beds are 0.5-1 m
thick, massive, matrix-supported, and poorly sorted with an
average grain size of fine to medium lapilli within a matrix
of 50-60% fine ash. These thinner beds are bounded by
fines-dominated, crudely stratified to well-stratified beds
that pinch and swell laterally (Fig. 3b,c). Fine to medium
lapilli stringers occur sparsely within these deposits. The
thinner deposits are often directly overlain by the thicker
deposits described above.

Clasts within PH1 are dominantly angular to subangular,
with less common subrounded accidental lithics, and
juvenile scoria and pumice. The compositions and percen-
tages of juvenile and accidental lithics are described in
detail in the clast analysis section below. However, it is
relevant here to note that between 25-30% of the grains
found in this FA were either juvenile scoria or finely
vesiculated juvenile pumice (average grain size: coarse ash
to fine lapilli), and up to 75% of clasts were entrained
accidentals. Furthermore, no accretionary lapilli or soft-
sediment deformation structures were found in PHI.

PH1 interpretation

The poorly sorted, fines-rich composition and lack of
grading in PH1 indicate that it was deposited rapidly from
concentrated suspensions with little tractional transport or
fluidization, such that elutriation of fines and the development
of grading were inhibited. The thick, massive, generally
ungraded beds are suggestive of high-concentration flows
(Hein 1982; Lowe 1982), and imply deposition by one or
more concentrated pyroclastic density currents (Sparks 1976;
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Table 1 Outer crater lithofacies classified on the basis of grain size/abundance, sedimentary features, and dominance of juvenile fragments [table

modeled after Nemeth et al. (2001) and Nemeth and White (2003)]

Pyroclastic lithofacies >10% blocks >75% 25-75% Lapilli >75% Ash Spatter Effusive
Lapilli
Tuff breccia Lapilli stone Lapilli tuff Tuff (T)
(TB) (LS) (L)
Inner crater
Pyroclastic—matrix supported
Clasts dominated by accidental/xenolith lithics
Massive MTBI1, MTB2, MTB3-J MLTI1, MLT2, MLT3
Planar stratification
Crude planar to wavy-planar cross stratification MPLT4-J
Crude planar stratification
Planar stratification—normal grading PXT1 PT1
Planar stratification—reverse grading PLTI-R
Cross-strata—combination of climbing dunes, XLT1 XTI1, XT2
symmetrical, and anti-dunes
Clasts dominated by scoriaceous/juvenile material
Juvenile and spatter deposits MAGI
Outer crater
Pyroclastic—clast supported
Clasts dominated by accidental/xenolith lithics
Massive MTBS MLS2 MLT6
Massive, reverse grading MLS-TB1-R MLSI1-R MLT7-R
Crude planar to wavy-planar cross stratification PXLT1
Crude planar to wavy-planar cross stratification— PXLSI-R
reverse grading
Planar stratification—reverse grading PLS1-R PLT4-R
Cross-strata—combination of climbing dunes, XLT2, XLT3
symmetrical, and anti-dunes
Cross-strata, reverse grading XLSI-R
Clasts dominated by scoriaceous/juvenile material
Massive MAG-1
Pyroclastic—matrix supported
Clasts dominated by accidental/xenolith lithics
Massive MTB4, MLT-TB1 MLTS5
Planar stratification PLT3
Crude planar to wavy-planar cross stratification PXLT2, PXLT3
Crude planar stratification PLT2 T3
Non-pyroclastic
Lava flows Tva,
Tvb,
Tve
Plugs Ti

Detailed descriptions of individual lithofacies are available as online supplemental material (Supplemental table 3).
M Massive, P planar-stratification, X cross-stratification, R reverse grading, MAG magmatic. For example, MTBI is a massive tuff breccia, and

PXLT1 is a planar and cross-stratified lapilli tuff.

Sparks et al. 1978; Bursik and Woods 1996; Freundt and
Bursik 2001; Branney and Kokelaar 2002). The clast-
supported interbeds tend to vary in thickness and pinch out
laterally, which suggests lateral transport (e.g., Cas and
Wright 1987). They may reflect concentrated basal zones
where varying degrees of shear stresses can produce diffuse
stratification parallel to bedding, and if shear stresses are
high enough, cause inverse grading (Lowe 1982). However,
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the clasts are angular and fairly well sorted, which may also
indicate a contribution of fallout from an eruption column
through a density current (e.g., Valentine and Giannetti
1995). Distinct coarse-tail grading was not recognized within
these deposits, and would not be expected to have developed
so proximal to the source.

The thinner-bedded deposits bounded by fine-grained,
diffusely-stratified to well-stratified beds suggest emplace-
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Table 2 Correlated units, facies associations, lithofacies, and deposit interpretations

Crater units Lithofacies

Facies associations description and interpretation

Inner
Phreatomagmatic (PH) MLT1, MLT2, MLT3, MTB1, MTB2
with common interbeds of XT1 and XT2

MTB3-J, MTBS, MAG1

PT1

XTI, XT2

PXT1, PT1, and interbeds of PLT1-R

PLT1-R, XLTI1, MLSI and interbeds
of PXT1, PTI1

Outer

Phreatomagmatic (PH) MTBS5, MLS2, MLT6, MLS-TB1-R, MLST1-R,

MLT7-R, MTB4, MLT-TB1, MLT5 with

common interbeds of XLT2, XLT3, PXLSI-R,

PLT4-R

T3, PXLT1, PXLS1-R, XLT2, XLT3, XLS1-R,

PXLT2, PXLT3

T3, PXLT1, PXLSI-R, XLT2, XLT3, XLSI-R,

PXLT2, PXLT3, PLSI-R, PLT4-R, PLT3,
PLT2, MLTS, MLS1-R, MLT7-R

Magmatic (M) Tva, Tvb, Tvc

Ti

PH-inner 1

Massive lapilli tuff and tuff breccia varying from normal-,
reverse-, and no-grading, with occasional diffuse planar- and cross-
stratification. Dominated by accidental lithics. Combination of tephra
fallout accumulating within the crater and avalanching of erupted
tephras on steep slopes of inner crater with some influence from
dilute density currents and co-surge fallout

PH-inner 2

Same as PH-inner 1 but dominated by juvenile lithics. Intermittent
co-strombolian-phreatomagmatic activity accumulating a high
percentage of juvenile tephra and scoria on inner flanks of tuff ring,
possibly remobilized by avalanching into inner crater

PH-inner 3

Matrix supported, even thickness, laterally continuous, planar
stratified beds, 1-4 cm thick. Deposits consist of alternating beds of
coarse ash, fine lapilli, and medium lapilli. Tephra fallout derived
from a pulsating phreatomagmatic eruption

PH-inner 4

Large, symmetrical, hummocky, and wavy cross-strata with
wavelengths between 3—5 m and amplitudes between 0.5-1 m.
Direction of flow upwards and out of the vent. Deposition of
turbulent, dilute pyroclastic density currents and co-surge fallout
derived from pulsating phreatomagmatic explosions

PH-inner 5

Alternates from 3-25 cm thick, fine-grained, planar and cross-
stratified ash beds with almost 100% matrix (few floating coarse ash
grains, facies PXAT1), and 3 cm to 0.5 m thick, grain supported,
coarse ash bed with typically no grading but occasional reverse
grading. Combinations of pyroclastic density currents, and co-flow/
surge fallout-derived from pulsating phreatomagmatic explosions

PH-inner 6

Dominated by thick, coarse-grained, massive deposits between 0.5 to
2.5 m thick. Alternates between clast- and matrix-supported with no
grading or internal stratification, but occasional contains diffuse
stratification. Dominated by concentrated pyroclastic density currents
with minor influence from dilute pyroclastic currents and fallout-
derived from pulsating phreatomagmatic explosions

PH1
Massive, poorly-sorted, matrix-to-clast supported lapilli tuffs and
tuff-breccias. Concentrated pyroclastic density current

PH2

Cross-stratified tuffs and lapilli tuffs. Turbulent, dilute pyroclastic
density current

PH3

Laterally continuous deposits of massive and planar beds with
common interbeds of fine-grained (fine-coarse ash) cross strata.
Combination of alternating concentrated and dilute pyroclastic
density currents

M1

Minette lava flows

M2

Two exposed minette plugs and one dike swarm
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Fig. 3 a PHI exposed in the east-northeast measured section (location 3
in Fig. 1b), showing a coarse, clast-supported interbed within the
massive, poorly sorted deposits. b PH1 as exposed in the lower part of
the west measured section, showing 0.5-1 m thick massive beds

ment of multiple density currents with little to no scouring
of underlying deposits, as thinner flows bounded by fine-
grained material would be easily eroded. These thin,
stratified beds imply some degree of flow unsteadiness or
periodicity during transport, which may be caused by local
topography, obstacles, distance from the vent or eruption
column, or unsteadiness at the eruption source (e.g., Fisher
1966; Sparks 1976; Sparks et al. 1978; Valentine 1987
Fisher and Schmincke 1994; Branney and Kokelaar 2002).

Because PH1 deposits lack accretionary lapilli, vesicu-
lated fine ash tuff, and soft-sediment deformation such as
ballistic clast sag structures, we interpret PH1 to have
originated from pyroclastic currents with little to no liquid
water present in the flow. The relatively high abundance
(25-30%) of vesiculated juvenile material (20-60%
vesicles), along with abundant entrained accidental lithics
and angular ash morphology, suggest that vesiculation
occurred before or simultaneously with phreatomagmatic
fragmentation (e.g., Cole et al. 2001; Houghton and
Hackett 1984).
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separated by 0.25 m finer grained, stratified beds that pinch and swell

laterally. ¢ PH1 exposed in the west measured section (location 1 in
Fig. 1b) (Hammer indicates scale in a and b.)

PH?2: cross-bedded pyroclastic deposits

PH2 is dominated by low-angle, cross-stratified lapilli tuffs
(Fig. 4). Cross strata are abundant, with wavelengths of <1
to 6 m, and amplitudes from 0.1 to 1 m. The dune forms are
elongated on both the lee and stoss sides and show both lee-
side and stoss-side accretion, although lee-side accretion is
dominant. These beds pinch and swell laterally along with
coarse-grained, massive interbeds (described below), and
commonly display a minor degree of soft-sediment defor-
mation in regions where they are overlain by fine blocks or
coarse deposits. The cross strata commonly contain chute-
and-pool structures (Fig. 4a), drape large clasts with coarse
lags deposited on their upstream side (Fig. 4b), truncate
underlying strata (Fig. 4c,d), and form climbing dunes
(Fig. 4d).

The most common occurrences of PH2 are dominated by
alternating beds of matrix-supported, fine- to medium-
grained ash with approximately 5-25% grains of coarse ash
to fine lapilli; and clast-supported beds with <20% fine-
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Fig. 4 PH2 as exposed in the first 20 m of the east—northeast measured
section (location 3 in Fig. 1b). a, b, and ¢ Fines-dominated, cross-
stratified PH2 deposits described in the text (hammer for scale in a

grained ash matrix and ~80% grains of coarse ash to
medium lapilli (Fig. 4a—c). Both of these bed types lack
accretionary lapilli and exhibit minor soft-sediment defor-
mation beneath larger ballistic clasts (typical sags are on the
order of the size of the ballistic clast or smaller).

Coarser occurrences of PH2 are found on the east side of the
outer crater (location 3, Figs. 1b and 4d), and consist of fairly
well-sorted, reverse-graded beds from 0.2 to 2 m thick. The
dominant grain size is typically fine to medium lapilli, and
lenticular lags of coarse lapilli and fine blocks are common
(5-10% fine blocks). Occasional coarser beds contain grains
as large as coarse lapilli with some fine blocks. Clasts
are ~90% accidental and ~10% juvenile (detailed below), and
no sags are present beneath the larger clasts.

Three types of interbeds are common in PH2. The first are
matrix-supported and exhibit faint planar and cross stratifica-
tion, are composed of ~35% coarse ash to fine lapilli within
~65% fine-ash matrix, and vary in thickness from 5-30 cm.
The second type of interbed is 2—4 cm thick and matrix-
supported, with ~50% fine to medium ash matrix and ~50%
coarse-ash-sized grains of primarily accidental material. The
third interbed is typically 10-15 cm thick and clast-supported,

and b). d “Coarser-grained” PH2 deposits described in the text; the
average grain size for these cross strata are fine to medium lapilli. Flow
direction in all photographs is from left to right

with ~20% fine to medium ash matrix and ~80% coarse-
ash-sized grains of primarily accidental material. Reverse
grading is common in the second and third types of interbeds.

Juvenile clasts, including scoria and pumice, compose
20-75% of PH2. The compositions and percentages of
juvenile and accidental lithics are described in detail in the
clast analysis section below.

PH? interpretation

Because of the cross-stratified nature of the deposits, we
interpret PH2 to be a result of turbulent, dilute pyroclastic
density currents, commonly known as base surges when
they are associated with hydromagmatic eruptions (Fisher
and Waters 1970; Schmincke et al. 1973; Allen 1982;
Dellino et al. 1990; Cole 1991). Base surges have been
previously characterized as either “wet” or “dry” depending
on the evidence for liquid water in the deposits (Fisher and
Waters 1970; Schmincke et al. 1973; Allen 1982; Dellino
et al. 1990; Cole 1991). However, it can be problematic to
distinguish antidune deposits that resulted from abundant
liquid water at the time of deposition from those with little

@ Springer



58

Bull Volcanol (2009) 71:49-77

to no liquid water, as these features can be formed either by
dry, two-phase, critical to supercritical flow conditions; or
by wet, three-phase cohesive flow conditions where grains
are plastered on the upstream side of the dune (Fisher and
Waters 1970; Schmincke et al. 1973; Allen 1982; Dellino
et al. 1990; Cole 1991). PH2 lacks accretionary lapilli,
pervasive soft-sediment deformation, and evidence of
plastering or cohesive flows. Also, grain accretion occurs
primarily on the lee side of dunes, which has been
attributed to minor liquid water in the current (Schmincke
et al. 1973; Allen 1982; Cole 1991). Therefore, we interpret
PH2 to have been emplaced by dry, non-cohesive, two-
phase (gas-particle) flows containing particles of varying
density and size (Table 1).

Pyroclastic surges are density-stratified, dilute, turbulent
flows (Fisher and Waters 1970; Crowe and Fisher 1973;
Fisher 1979; Valentine 1987; Druitt 1992). As we have
ruled out the presence of liquid water in the PH2 current,
the long wavelengths and low-angle symmetrical dune to
antidune, climbing-dune, and chute-and-pool structures found
within the deposits are indicative of high flow energy, and are
typically closely linked to high-velocity flows with Froude
numbers (Fr) above 0.8 (Fr = u/+/gh; where u = velocity,
g = gravitational constant, and /# = depth of flow; Jopling and
Richardson 1966; Schmincke et al. 1973; Allen 1982;
Valentine 1987; Cole 1991). In fluvial systems similar
bedforms are related to upper-flow regime conditions
undergoing traction deposition, but are the result of standing
waves at the density interface, the free flow surface
(Middleton 1965; Jopling and Richardson 1966; Barwis
and Hayes 1985; Paola et al. 1989). In pyroclastic surges,
symmetrical and antidune features are interpreted to be the
result of standing internal waves developed within stratified
flows (i.e., Valentine 1987; Druitt 1992), where dune
migration is controlled by subcritical or supercritical flow
conditions near the bed region (Valentine 1987). Thus, the
relevant Froude number for pyroclastic surges (upstream
dune migration when Fr > 1, downstream dune migration
when Fr<1; Middleton 1965; Jopling and Richardson 1966;
Barwis and Hayes 1985), is thought to be the ratio of flow
velocity to internal gravity wave speed (Valentine 1987). It is
written as Fr = u/Ny;, (Lin and Pao 1979; Valentine 1987),
where u = flow velocity, y;, = height scale, and N represents
the maximum possible frequency of internal waves in a
stratified flow (N =5 (‘7"’3—51)1/2; p = bulk density at a
given height of the current and g = gravitational acceleration
directed in the negative y direction; Lin and Pao 1979). The
height scale, y;,, can be the height of an obstacle in the flow,

or the depth through which a specified density difference
_ (4p)d
" dp/dn®
difference; d = total flow thickness; p = surge bulk density;
and 1 = dimensionless height y/d; Valentine 1987).

occurs (v where (Ap)s = specified density
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Hence, we interpret the deposits of PH2 to be the result
of layer-by-layer deposition from a fully turbulent, dilute,
density stratified current. The cross-stratified deposits imply
that deposition from the bed load region would have been
dominated by traction sedimentation. The first two inter-
beds described above pinch and swell laterally, and exhibit
faint, thin cross-stratification; all of which suggests some
degree of lateral transport. However, they also contain a
high proportion of fine ash (65% fine ash in the first
interbed, and 50% fine ash in the second), and have faint
planar stratification. For these reasons, we suggest that they
were deposited during the waning stages of a pyroclastic
surge, reflecting both late-stage surge deposition (weak
lateral transport) and co-surge ash fallout (planar-bedded
fine ash). The coarse, grain-supported interbeds, which are
commonly inversely graded, are interpreted to be the result
of traction carpet sedimentation from a more concentrated
basal region, which commonly occurs beneath turbulent
flows (Lowe 1976, 1982; Postma 1986; Valentine 1987,
Druitt 1992; Sohn 1997).

As with PH1, the abundant entrained accidental lithics
and angular ash morphology indicate that fragmentation
was dominantly driven by phreatomagmatic processes.
However, the relatively high abundance (5-30%) of
vesiculated juvenile material (20-60% vesicles) indicates
that the magma was actively vesiculating prior to or
simultaneously with water—magma interaction, and may
suggest a second mechanism of fragmentation.

PH3: diffusely-stratified and reverse-graded pyroclastic
deposits

PH3 is dominated by 0.5-2 m thick, laterally continuous,
massive and planar beds with common interbeds of fine-
grained cross strata (Fig. 5). PH3 commonly alternates and
occasionally interfingers with the deposits of PH2 (Fig. 5d),
and occurs wherever the coarse, clast-supported, massive
third interbed of PH2 (described above) predominates over
the cross-stratified tuffs and lapilli tuffs. PH3 beds are
dominated by fine to coarse lapilli and <5% fine blocks
within <20% fine ash to coarse ash matrix. Individual beds
range from grain-supported to matrix-supported, commonly
exhibit reverse grading and diffuse stratification, and pinch
and swell laterally (Fig. 5a,b, and d). The coarser-grained,
clast supported beds are fines-poor (lacking a significant
fine-ash component of <30 um in size). No accretionary
lapilli were found. It is important to note that the proportion
of bombs that show sags is greater in the deposits of PH3
than either PH2 or PH1 (Fig. 5c). However, the deforma-
tion is on the same scale as the other two FAs, with sag
depth equal to or less than one ballistic clast diameter.
Clasts within PH3 are between 10-45% juvenile,
including both scoria and pumice. The compositions and
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Fig. 5 a-b PH3 deposits as exposed in the west measured section
(location 1 in Fig. 1b). e—d Photographs of PH3 deposits exposed in
the east measured section (location 3 in Fig. 1b). a, b, and d Show the
0.5-2 m thick, laterally continuous deposits of massive and planar

percentages of juvenile and accidental lithics are described
in detail in the clast analysis section below.

PH3 interpretation

Sedimentary characteristics vary among the beds. This
suggests that the dominant transport and depositional
mechanisms of PH3 varied with each explosive pulse,
producing unique particle concentrations, grain sizes,
velocities, and flow conditions for each density current.

beds with common interbeds of fine-grained cross strata; ¢ indicates
the scale of soft-sediment deformation associated with ballistic or
large clasts

The massive, poorly sorted, fines-rich deposits that lack
grading are suggestive of rapid deposition from high-
concentration suspensions with little tractional transport
(Sohn and Chough 1989; Chough and Sohn 1990; Fisher
and Schmincke 1994). However, the dominant bedding
characteristics within PH3 are diffusely stratified, coarse-
grained, grain supported, and commonly inversely graded
deposits capped by, or interbedded with, fine-grained,
matrix-supported, cross-stratified deposits. We interpret
these deposits to be the consequence of traction carpet
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flow conditions beneath a high-density, turbulent current
(Lowe 1976; Lowe 1982; Sohn 1997).

Traction carpets are hypothesized to have two main
regions; a lower, viscous and slow moving region domi-
nated by granular flow within the frictional regime (traction
carpet), and an upper, less viscous and less concentrated,
fast moving region dominated by turbulence (Lowe 1982;
Hanes and Bowen 1985). Massive to diffusely stratified
deposits exhibiting reverse grading are often attributed to
the lower viscous regions where zones of high shear rates
and high dispersive pressure occur (Chough and Sohn
1990; Branney and Kokelaar 1992, 2002; Sohn 1997).
These features could also result from temporal variations in
clast size as the deposit aggrades, or from waxing and
waning of the flow (Kneller and Branney 1995). The pinch-
and-swell features, interfingering of finer-grained cross-
bedded deposits, diffuse stratification, and splay-and-fade
features all suggest that turbulence was also an important
transport mechanism (Valentine 1987; Chough and Sohn
1990; Branney and Kokelaar 1992).

The three controls on traction carpet thickness are applied
shear stress, grain flux rate, and grain size (Sohn 1997). The
thickness of a traction carpet is dependent on the supply rate
of sediment from the overlying flow and the deposition rate
at the base of the traction carpet (Lowe 1976; Drake 1990;
Sohn 1997). Lowe (1976) explains that the sediment supply
rate is a function of particle concentration and capacity of the
overlying flow, whereas the deposition rate is a function of
grain size because the base of a high-concentration granular
fluid is most strongly affected by particle settling velocity.
Hence variations in PH3 deposit characteristics and thickness
from one bed to another are interpreted as a result of varying
initial particle concentrations, particle settling rate, and flow
conditions from each eruptive pulse.

PH3 contains only occasional evidence of soft-sediment
deformation and lacks accretionary lapilli, which suggest
that liquid water was not abundant during emplacement.
However, the proportion of ballistic clasts with accompa-
nying sags is greater in PH3 than in PH1 and PH2. This
suggests that during intervals when PH3 dominated, liquid
water was more abundant in the pyroclastic currents.

As with PH1 and PH2, the presence of vesiculated juvenile
material (20-60% vesicles), along with abundant entrained
accidental lithics and angular ash morphology, indicate that
fragmentation was dominated by phreatomagmatic processes,
but that fragmentation due to magmatic exsolution may have
also occurred.

M]1: minette lava flows
The NPM pyroclastic sequence is overlain by three minette

lava flows (stratigraphically labeled Tva, Tvb, and Tvc by
Ehrenberg 1978; Fig. 6). Tva is an extrusive minette with
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phenocrysts of olivine, clinopyroxene, and phlogopite
1-3 mm in diameter in an aphanitic groundmass. Tvb is
compositionally identical to Tva, but is a coarser-grained
lava with a groundmass of sanidine crystals 0.5-1 mm in
diameter that poikilitically enclose the ferromagnesian
minerals (Ehrenberg 1978). Tvc, the youngest unit, is an
aphanitic, greenish-grey felsic minette lava with phenocrysts
of phlogopite and diopside in a trachytic groundmass of
feldspar laths (Ehrenberg 1978). Tvc is more evolved than
Tva and Tvb, and exhibits bands and marbling that may
indicate magma mixing. Upon eruption, Tvc carried abun-
dant nodules of spinel peridotite and subordinate websterite
and granulite; most xenoliths near the surface of the flow
were subsequently altered and eroded, leaving voids.
Remnant xenoliths now compose about 5% by volume of
Tvc exposed in outcrops (Ehrenberg 1978).

M1 interpretation

M1 lava flows have a sharp contact with the pyroclastic
deposits from the phreatomagmatic stage of the eruption.
There were no signs of the groundwater being gradually
depleted or isolated from the vent, as seen within other
phreatomagmatic-pyroclastic sequences where tephra
deposits grade into strombolian cinder deposits, and finally
into lava flows (e.g., Sohn and Chough 1989; Houghton
et al. 1999; Brand and White 2007). Instead, at NPM there
seems to have been an abrupt transition from phreatomagmatic
to effusive activity. No paleosols or obvious signs of surface
alteration or erosion were found between the pyroclastic and
effusive deposits. In some areas the lava flows intrude the
crater walls at the pyroclastic-lava contact, indicating that the
tuffs were not lithified at the time of the effusive stage. Within
the crater, the lava flows are slightly pillowed in some places,
which suggests that water may have ponded in the crater
before the effusive stage (Fig. 6¢). Similar features have been
observed within the crater of South Alkali Butte (Lucero
Volcanic Field, New Mexico), where pillowed lavas locally
intrude down into the underlying deposits (Valentine and
Groves 1996). Finally, the Tva and Tvb mafic minette lavas
have the same phenocryst assemblage as the juvenile
scoriaceous clasts found in the phreatomagmatic deposits,
indicating that the first lavas erupted were no more or less
evolved than the minette magma involved in the prior
phreatomagmatic stage. Although there might have been a
short repose period between the pyroclastic and effusive
stages of the eruption, the repose was not long enough to
allow an erosional horizon or paleosol to form.

M?2: minette plugs and dikes

Two plugs of aphanitic mafic minette and one cluster of
dikes and scoriaceous rubble also occur within the crater at
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Fig. 6 Minette lava flows and plugs of M1 and M2. a View north—
northeast across the NPM crater (~1.5 km diameter) from atop the west
measured section (location 1 in Fig. 1b). Columnar-jointed lava flows
seen in the middle-left part of the photograph follow topography up and
over the rim, possibly indicative of post-crater subsidence. The hills to

NPM (Figs. 1b, 6a and b; labeled Ti by Ehrenberg 1978).
The plugs have columnar jointing and are generally
nonvesicular, except in their uppermost parts. This non-
vesicular mafic minette is petrographically and composi-
tionally similar to the oldest lava, Tva (Ehrenberg 1978).

M?2 interpretation

It is not clear whether the plugs and dike cluster mark the
location of the vent or vent focus during either the
phreatomagmatic or the effusive stage. Ehrenberg (1978)
identified these as intrusive bodies that were exhumed
during post-eruptive subsidence of the maar crater. However,
based on their aphanitic textures and topographic position
above the lava flows, we interpret these plugs as dome-like
features that emerged in the crater during the effusive stage.

Clast analysis

We estimated the type and percentage of accidental and
juvenile clasts for all measured sections. Grain type and
percentage were estimated in the field for grains larger than
coarse ash, as finer grains were too small to accurately
identify in hand sample (Table 3). Clasts larger than coarse
ash include mudstone and sandstone, accidental minette,

the right are M2 plugs. b M1 (Tva in Fig. 1c) flow (~10 m thick)
viewed from the crater floor. ¢ Contact between the M1 flow and
underlying pyroclastic deposits within the crater. This photograph
displays the pillow features indicative of water ponded in the crater
prior to emplacement of the lava flow (21.6x28 cm notebook for scale)

juvenile magma, and crystalline mantle and lower-crustal
xenoliths (Table 3). The matrix was defined as the
proportion of each unit finer than coarse ash, and its
composition was analyzed petrographically as described
below. Cumulative proportions of individual components
were calculated by combining field and petrographic
estimates.

The white sandstone and unconsolidated rounded quartz
sand grains were determined to have originated from the
underlying Narbona Pass Member of the Chuska Sand-
stone. They are of the same composition, grain size,
rounding, and sorting (relative to the other sand grains) as
those of the Narbona Pass Member as sampled immediately
below the maar deposits. These grain characteristics do not
correspond to any of the other sedimentary units below the
maar (based on outcrops throughout the region). In
addition, the disaggregated sand grains likely originated
from the more friable sections of the Narbona Pass
Member, whereas the (rare) consolidated sandstone likely
originated from more indurated sections. It is difficult to
ascertain the stratigraphic origin of the other accidental
sedimentary clasts, as the exact stratigraphy below the
Narbona Pass Member is not well constrained. Both the
mudstone and arkosic-argillaceous white sandstone are
consistent with descriptions of the Deza Member from the
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Table 3 Description of clasts (both accidental and juvenile) identified in hand sample from all measured sections at NPM and corresponding
source units, identified from the well-documented regional stratigraphy (Wright 1956; Trevena and Nash 1979; Lucas and Cather 2003)

Clast name Accidental/ Description-distinguishing characteristics Source unit
juvenile
Mudstone Accidental White-to-gray mudstone containing thin (<5 mm) Deza Member of the Chuska Sandstone
lenses of silty-fine sand layers. It is both laminated
and massive
Dirty white Accidental Fine-grained sandstone which consists of subangular Deza Member of the Chuska Sandstone
sandstone to subrounded grains
Red sandstone Accidental Fine-grained, well sorted red sandstone. Clasts appear Mesozoic Strata
generally massive, but occasionally exhibit bedding
Purple sandstone  Accidental Fine-grained, massive, purple sandstone Mesozoic Strata
White sandstone/  Accidental Well sorted, fine-grained sandstone consisting of Narbona Pass Member of the Chuska Sandstone
sand grains subrounded to rounded quartz sand with minor amounts
of heavy minerals. Individual fine-to-medium, well
rounded quartz sand grains were commonly identified in
the matrix of the pyroclastic rocks
Angular minette ~ Accidental Dense, angular, non-glassy, non-vesicular accidental Hypabyssal intrusions of minette magma, solidified
minette prior to NPM phreatomagmatic eruption
Pumice Juvenile Irregular, sometimes flattened, finely vesiculated, They are interpreted to be juvenile pumice
sometimes highly altered pumice, ranging in color from  because of their compositional similarity to
white to gray to brown. They range in size juvenile ash, and the degree of vesiculation
from <5 mm to 30 cm, and often contain >1 mm
sized biotite-phlogopite minerals
Scoriaceous Juvenile Dark, irregularly-shaped scoriaceous clasts. They are Juvenile scoria
minette frequently found flattened, often have quenched rinds,
and occasionally contain inclusions of mudstone and/or
sandy mudstone
Crystalline mantle Accidental ~2-5% of each outcrop contains xenoliths of Peridotite,  Crustal and mantle xenoliths

and deep crustal
granitic xenoliths

granite, and gneiss, which appear to be derived from the
mantle and are not related to the phreatomagmatic

accidental clasts

Crystal Creek outcrop several kilometers to the west and
other localities (Wright 1956; Lucas and Cather 2003). The
red and purple sandstone likely originated from the older
Mesozoic sandstone units, which crop out just west of
NPM.

Distinguishing between accidental minette lithics and
juvenile clasts in the field is challenging. Accidental minette
was generally angular, exhibited evidence of abrasion during
transport, and lacked features typical of juvenile dense
blocky lapilli (e.g., platy slabs bounded by curvi-planar
fracture surfaces, fluidal contorted slabs, or gnarled, bread-
crusted, or cauliflower surfaces; Houghton et al. 1999). The
accidental minette lithics are interpreted to have originated
from previously solidified dikes and sills beneath NPM,
and will be referred to as hypabyssal minette.

The scoriaceous juvenile minette clasts are distinct from
the hypabyssal minette in that they display quenched rinds; are
irregular, splotchy, or twisted-fluidal in shape; sometimes
show breadcrusted or cauliflower surfaces; and often incor-
porate pieces of sand, or show mixing with a sand-mud slurry.
The occasional presence of wall rock grains in some of the
juvenile clasts suggests that magma interacted with water-
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bearing wall rocks prior to fragmentation (e.g., Schmincke
1977; Houghton and Schmincke 1986; Houghton et al.
1999). More conclusive evidence for the distinction between
hypabyssal versus juvenile minette is presented below in the
thin-section analyses. The pumiceous lapilli clasts found in
the section were difficult to identify in the field because of
heavy alteration. However, subsequent thin-section analysis
also verified that these are juvenile clasts of finely-
vesiculated minette pumice from the erupting magma, as
they have phenocryst assemblages identical to those of the
juvenile minette.

Crystalline mantle and lower-crustal xenoliths were also
identified within the pyroclastic rocks, and compose a
consistent 1-3% of the clasts. Rock types observed include
spinel peridotite, websterite, granite, and granulite.

Thin-section analysis

Twenty-six thin sections from multiple lithofacies within all
measured sections were analyzed and point-counted to
better constrain the composition and percentage of acci-
dental versus juvenile clasts, especially in the matrix. For
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each thin section, 300 points were counted with ~1 mm
spacing between traverses and between points. One juvenile
and ten accidental clasts were identified (Table 4; see
Supplemental online material for a more detailed petro-
graphic description). More accidental sedimentary lithics
were identified in thin section than in hand sample, which
indicates that they were either present only as grains too
small to identify, or were too similar to distinguish in hand
sample. The relative abundances and the importance of
these lithics are discussed in the next section.

The accidental volcanic lithics (C1, grey mafic; C2,
minette) in thin section correspond to the hypabyssal
minette identified in hand sample. They are dominantly
angular, but some clasts are slightly abraded and rounded,
have a crystalline groundmass, and contain partially melted
rounded quartz siltstone clasts. The partial melting of the
siltstone strongly suggests that it was in contact with
minette magma for an extended period prior to cooling.
This supports the idea that the host minette originated as an
intrusion that entrained sedimentary lithics during ascent,
prior to the phreatomagmatic event. The crystalline ground-
mass also suggests a slower cooling rate. Finally, the
angularity and occasional abrasion of the clasts suggest that
they were entrained during the phreatomagmatic phase, and
subsequently transported within eruption columns or
density currents.

J1 is interpreted to be a juvenile clast because of its
irregular shape; quenched, glassy groundmass; glassy rinds;
vesiculated texture; and entrained, accidental quartz sand
grains. Its phenocryst assemblage indicates that it is similar
in composition to the Tva and Tvb minette lavas. The
varying degrees of vesicularity (20-60%) suggest that
magmatic vesiculation occurred prior to or simultaneously
with fragmentation, and that while hydromagmatic frag-
mentation was dominant, some simultaneous fragmentation
due to exsolution of magmatic volatiles may also have
occurred (Houghton and Wilson 1989; Houghton et al.
1999; Cole et al. 2001). The sand grains within the glass
matrix are evidence for mixing between the intruding

magma and the disaggregated Narbona Pass Member found
in the pyroclastic matrix.

Facies association and clast distribution

Three outer-crater stratigraphic sections (Figs. 7, 8 and 9)
illustrate the distribution of FAs and lithics around the
volcanic edifice. Field estimates of grain type and percent-
age are compared to thin-section analyses of matrix
composition for various elevations throughout the stratig-
raphy around the vent (Figs. 7, 8 and 9; Tables 5 and 6).
Table 5 shows field estimates of percent matrix, as well as
lithic abundances normalized to the non-matrix portion of the
unit. Throughout each section, the dominant accidental
material from subsurface sedimentary units are disaggregated
sand grains from the Narbona Pass Member (17-50%), red
Mesozoic sandstone (0-20%), and minor amounts of purple
Mesozoic sandstone, greywacke, and mudstone. The thin-
section analyses reveal additional siltstones and micrites,
likely derived from either the Deza Member of the Chuska
Sandstone, or the Upper Cretaceous Mancos Shale, which is
exposed immediately beneath the Chuska Sandstone west of
NPM. Accidental material from the sedimentary units
underlying the Chuska Sandstone do not occur as disaggre-
gated particles in the matrix, but only as larger clasts.

The relative abundances of the sedimentary lithics
derived from below the Narbona Pass Member remain
constant throughout the entire pyroclastic section. That is,
accidental clasts of red sandstone, purple sandstone, grey-
wacke and mudstone—siltstone do not vary in relative
proportions of one to the other, which allows them to be
broadly grouped together as non-Narbona Pass Member
accidentals. Therefore, clast abundances are reported as
relative proportions of Narbona Pass Member accidentals,
non-Narbona Pass Member accidentals, hypabyssal mine-
tte, and juvenile material (Figs. 7, 8 and 9; Tables 5 and 6).

The vesicles within the fine ash tuff matrix were
examined in thin section and constitute three size classes.

Table 4 Clast types identified in thin sections (detailed descriptions of these clasts are available as online supplemental material)

Clast name Accidental/juvenile Subsurface unit

Cl—gray mafic Accidental Hypabyssal minette

C2—minette Accidental Hypabyssal minette

Fine-medium grained sandstone (S1) Accidental Narbona Pass Member, Chuska Sandstone
Individual rounded quartz sand grains Accidental Narbona Pass Member, Chuska Sandstone
Dirty sandstone (S2) Accidental Non-Narbona Pass Member

Quartz siltstone Accidental Non-Narbona Pass Member

Silty micrite Accidental Non-Narbona Pass Member

Silty mudstone Accidental Non-Narbona Pass Member

I Juvenile Pumice/Scoria Juvenile minette magma
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Fig. 7 a Stratigraphic column representing the deposits on the
western side of the volcanic edifice. b Generalized stratigraphic
column showing facies associations. ¢ Relative proportions of units in
this section. d Relative proportions of accidental lithics and juvenile
material estimated in the field (left column) and by thin-section
analysis (right column). Vesicles within the fine-ash matrix show the
relative area taken up by the vesicles themselves, not the amount of
fine ash matrix that was vesiculated
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The smaller vesicles (100-600 pum) have a semicircular
cross section, the medium sized vesicles (600 pm—2 mm)
are rounded to irregular in shape, and the largest vesicles
(4-5 mm, rare) are highly irregular in shape. Most vesicles
are small to medium in size. The vesicles show no preferred
orientation and are not stretched. Many vesicles are filled
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Fig. 8 a Stratigraphic column representing the deposits on the
southeast side of the volcanic edifice. b Generalized stratigraphic
column showing facies associations. ¢ Relative proportions of units in

Individual rounded Chuska sand grains

this section. d Relative proportions of accidental lithics and juvenile
material estimated in the field (left column) and by thin-section
analysis (right column)
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Fig. 9 a Stratigraphic column representing the deposits on the eastern
side of the volcanic edifice. b Generalized stratigraphic column
showing facies associations. ¢ Relative proportions of units in this
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section. d Relative proportions of accidental lithics and juvenile
material estimated in the field (left column) and thin-section analysis
(right column)
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Table 5 Field estimates of grain type and abundance with location around vent
Grain types-field estimates West (%) Southeast-1 (%) Southeast-2 (%) East (%)

2,688m 2,800 m  2,673m 2,700 m 2,828 m 2,585m  2,635m  2,695m
Narbona Pass Member, Chuska 3 6 4 5 - — - 8
Non-Narbona Pass Member lithics 37 34 11 20 7 7 5 19
Hypabyssal Minette 30 24 48 37 21 56 87 53
Juvenile pumiceous ash clasts 28 36 30 23 72 37 8 20
Juvenile Scoria 2 - 7 15 - - - -
Fine-grained Matrix 60 60 35 25 70 60 10 40

The clast proportions were normalized to the non-matrix portion. The percent matrix generally reflects the proportion of fine-grained material
present at each location. The sandstone from the Narbona Pass Member does not include disaggregated sand grains. The “non-Narbona Pass
Member” groups all other sedimentary clasts (mudstone, siltstone, and dirty white, purple, and red sandstones), and includes mantle and crustal

xenoliths.

with a black gritty secondary material, or have been
subsequently filled with calcite crystals.

West tuff ring

The measured west section (location 1 in Fig. 1b)
begins at 2,688 m elevation, and the contact with the
Chuska Sandstone is exposed approximately 10 m down-
section. The base of the west section consists of approxi-
mately 20 m of poorly sorted, massive PH1 (Fig. 7),
above which there is an abrupt transition into alternating
sequences of PH2 and PH3. The section between 2,757
and 2,770 m is unique in that it has uniformly alternating
0.5-1 m thick beds of PH2 and PH3. Above this the
section is dominated by PH3, followed by the fine-
grained deposits of PH2. The contact between PH2 and
M1 lava is sharp, showing no evidence of erosion or
paleosols (Fig. 7).

Bomb sags are more numerous within this section than in
the southeast and east—northeast measured sections. The
vertical extent of each sag is comparable to the ballistic clast
diameter. No accretionary or armored lapilli were found.

The lithic types and abundances estimated in the field do
not change significantly throughout the west section (Fig. 7d).

Table 6 Thin-section analysis of grain type and abundance in matrix

Subequal proportions of juvenile grains, hypabyssal minette,
and accidental subsurface sedimentary units are consistent
from the base to the top (Table 5).

The thin-section analysis demonstrates that while the
amount of indurated Chuska Sandstone is low relative to
other accidental clasts in hand sample, it is abundant in the
matrix as disaggregated, subrounded to rounded sand grains
(between 17-38%; Table 6). The percentage of Narbona
Pass Member sand grains in the matrix increases up section
(up to 38%), while the proportions of other accidental
sedimentary-derived grains and juvenile grains decrease
(non-Narbona Pass Member from 12% to 4%, and the
juvenile grains from 27% to 19%). The uppermost thin
section was collected at an elevation of 2,734 m; however,
field analysis confirmed that the matrix in the highest part
of the west section (2,799 m) composes an estimated 60%
of the sample, while hand-lens inspection showed that the
matrix was dominated by rounded quartz sand grains and
fine-to-medium grained ash.

Cumulative proportions of each component were calcu-
lated by combining field estimates and thin-section point
counts. In the west, juvenile material (juvenile clasts plus
fine ash) predominates at roughly 45%, while disaggregated
grains of the Chuska Sandstone compose nearly 30%.

Thin section analysis West (%) SE-1 (%) SE-2 (%) East (%)
2,689 m 2,69lm 2704m 273m 2689m 2692m 2802m 2587m 2605m 2,676m

Narbona Pass Member 17 18 38 45 11 36 15 21 27 25
Non-Narbona Pass Member 2 12 4 9 6 1 1 3 1 —
Hypabyssal Minette (C1, C2) 16 16 2 2 3 4 10 3 2 1
Juvenile Grains 22 27 19 8 41 19 46 41 17 20
Altered, fine ash matrix 31 26 37 36 29 37 20 25 42 52
Vesicles within matrix 12 1 - - 10 3 8 7 11 2

Narbona Pass Member includes disaggregated and indurated sandstone/sand grains, but is dominated in all sections by individual sand grains.
“Non-Narbona Pass Member” lithics include all other sedimentary clasts (mudstone, siltstone, and dirty white, purple, red sandstones, and mantle/
deep crustal xenoliths). Juvenile grains include both pumiceous and scoriaceous material for the thin-section analysis.
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Minor proportions of non-Narbona Pass Member sedimen-
tary units (15%) and hypabyssal minette (10%) make up the
rest of the unit. All cumulative proportions remain nearly
constant from the base to the top of the western section.

Southeast tuff ring

The southeast measured section (location 2—1 in Fig. 1b)
begins at an elevation of 2,673 m. The base of the section is
not exposed here. The basal deposits at this section are
approximately 2 m of poorly sorted, massive PH1, with a
sharp upward transition to alternating sequences of PH2
and PH3 (Fig. 8). The exposure at this location ends at 2,703
m elevation, but the measured section is continued 0.5 km to
the south (location 2-2 in Fig. 1b) at an elevation of 2,798
m. PH2 and PH3 dominate this part of the section. M1 lavas
directly overlie the top of the pyroclastic section. The oldest
flow, Tva, locally intrudes the uppermost part of the tuff ring,
indicating that the phreatomagmatic deposits in the tuff ring
were not lithified at the time of M1 extrusion.

Bomb sags (again scaling with bomb size) occur beneath
some, but not all, ballistic clasts in this section. No
accretionary or armored lapilli were found.

Our estimates in the field indicate that at its base, the
southeast section contains a high proportion of hypabyssal
minette and juvenile grains; most of the latter are pumiceous
ash clasts (Fig. 8d; Table 5). Several tens of meters up
section (at ~2,700 m), the percentage of hypabyssal minette
decreases, the percentage of sedimentary-derived (both
Narbona Pass Member and non-Narbona Pass Member)
accidental clasts increases, and the percentage of juvenile
grains remains approximately constant. Towards the top of
the southeast section (at locality 2—2 in Fig. 1b), juvenile
clasts increase to nearly 75%, while sedimentary-derived
accidental clasts and hypabyssal minette decrease to less
than 25%.

Thin sections of the matrix of the units in the southeast
measured section reveal that the base of the section contains
a high percentage of juvenile grains (~41%) and a relatively
low percentage of individual sand grains (~11%). However,
a few meters up section, individual sand grains increase to
36% as juvenile grains decrease to 19%, consistent with the
field estimates. Toward the top of the southeast section, the
juvenile grains again increase (up to 46%) and individual
sand grains decrease (15%).

Calculations of cumulative proportions reveal that the
southeastern section is dominated by juvenile material
(juvenile clasts plus fine ash) which, beginning a few tens
of meters above the base, increases gradually up-section
from 45% to 75%. The proportion of hypabyssal minette is
also significant, decreasing from >30% at the base to just
under 20% at the top of the section. Sedimentary clasts are
minor in the southeast, with Narbona Pass Member and non-
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Narbona Pass Member components each composing less
than 10% of the unit. Units sampled from the southeastern
side of NPM contain a higher percentage of juvenile grains
and hypabyssal minette, and a lower percentage of Narbona
Pass Member sand grains than those sampled from the
western side.

East—northeast tuff ring

The east-northeast measured section (location 3 in Fig. 1b)
begins at 2,585 m elevation, about 5 m up section from the
contact between the pyroclastic deposits and the Narbona
Pass Member. This measured section begins at a lower
elevation than the other sections do, because the pyroclastic
deposits here fill a paleovalley in the Chuska Sandstone
(Appledorn and Wright 1957). The base of the section
consists of 5 m of poorly sorted, massive PH1, then a sharp
upward transition to an alternating sequence of PH2 and PH3
(Fig. 9). The first 10 m of PH2 is fine-grained (fine ash to
medium lapilli), matrix-supported, exhibits cross strata with
grains of coarse ash to fine lapilli, and contains coarse,
massive, reversely graded interbeds similar to PH3. The next
~40 m of section is coarser-grained PH2 (grain sizes up to
coarse lapilli and fine blocks) and contains low-angle
duneforms with wavelengths from 3-5 m and amplitudes
of one meter or less (Fig. 4d). Above 2,659 m elevation,
PH2 is again dominated by finer-grained deposits (fine ash to
medium lapilli) and continues to the top of the section. The
contact between the pyroclastic sequence and M1 lavas is
sharp and shows no paleosols or obvious erosional horizons.

In the first 18 m of this section (below the coarse PH2
deposits), bomb sags are present at the same abundance as
in the southeast measured section. As in the other sections,
deformation scales with the size of the ballistic clast.
However, in the coarse PH2 deposits no soft-sediment
deformation was recognized. In the fine PH2 deposits
above 2,657 m elevation, bomb sags are again observed,
but they are far less abundant than at the bottom of the
section. No accretionary or armored lapilli were found.

At the base of the east—northeast section, field estimates
of grain type and percentage indicate subequal proportions
of hypabyssal minette clasts and juvenile grains, and <5%
sedimentary-derived accidental grains (Fig. 9d; Table 5).
However, at 2,605 m, where the coarser-grained PH2
appears, the abundance of hypabyssal minette component
increases to >85%, with juvenile grains comprising <8%,
and accidental sedimentary clasts comprising <3%. At the
top of the section the percentage of hypabyssal minette
again decreases to ~53%, while sedimentary-derived
accidental clasts and juvenile material increase to subequal
proportions (19-20%; Table 5).

Thin-section analyses of the east-northeast section show
a relatively consistent proportion of individual Narbona



Bull Volcanol (2009) 71:49-77

69

Pass Member sand grains throughout the section (21-27%),
and an overall decrease in the proportion of juvenile grains
from 41% at the base, to 17% in the middle, and to 20% at
the top, which is consistent with field estimates (Fig. 9d;
Table 6). The decrease in juvenile grains corresponds to an
increase in the fine ash matrix. The spike in the amount of
hypabyssal minette in the middle part of the section is not
reflected in the matrix.

Juvenile material (juvenile clasts plus fine ash) domi-
nates the cumulative proportions at the base and the top of
this section (50-60%), with hypabyssal minette also
reasonably abundant (25-30%). The center of the section,
as also noted by field estimates, is dominated by hypabyssal
minette (80%), while juvenile material makes up 20% of
the unit. As in the southeast, sedimentary clasts are minor
throughout the section, typically composing 5-10% of the
unit, with Narbona Pass Member grains occasionally
composing up to 15%.

Discussion

The first eruptive products from NPM were the massive,
concentrated pyroclastic density current deposits of PHI,
consistent with the observation that maar volcanoes often
produce massive lapilli tuff or tuff breccias during an initial
vent-clearing phase (Wohletz and Sheridan 1979; Godchaux
et al. 1992). After PHI, the stratigraphy is dominated by
alternating sequences of PH2 and PH3, which have been
interpreted as products of dilute density currents (PH2), and
more concentrated density currents dominated by traction
carpet flow conditions (PH3). The deposits of PH2 and PH3
are well-stratified and periodic, reflecting the pulsating
nature of this eruption. Little to no evidence for the presence
of liquid water during deposition was found throughout the
section, and the proportion of juvenile material fluctuated
only slightly (variations generally of less than 20%). This
suggests that the eruptive conditions, such as the influence of
external water, fragmentation efficiency, and eruptive energy,
did not vary significantly during this eruption.

The final stage of the NPM eruption produced lava flows
and plugs. Minette lava flows directly overlie the pyroclastic
deposits, and in some places intrude parts of the upper tuff ring
walls. This indicates that there was no explosive magmatic
(e.g., Strombolian) phase between the phreatomagmatic and
effusive phases. No erosional horizons or paleosols were
observed at these contacts. However, the pillowed lava-flow
features inside the crater suggest that water ponded locally and
immediately prior to the effusive stage of the eruption (also
noted at the Lucero volcanic field by Valentine and Groves
1996). Thus, although there was probably some pause
between the phreatomagmatic and effusive stages, it was
geologically brief.

“Wet” and “dry” are commonly used qualitative descrip-
tions of phreatomagmatic eruptive conditions, based on
deposit characteristics (Sohn and Chough 1989; Biittner
et al. 1999; Nemeth et al. 2001; White 2001; Cole et al.
2001; Brand and White 2007). Wet conditions are typically
indicated by a combination of features such as accretionary
lapilli, fine-grained vesiculated tuff, pervasive soft-sediment
deformation, surge cross-strata with stoss-side accretion and
evidence for plastering, mud cracks, debris-flow filled
erosion channels, and lahar deposits (Waters and Fisher
1971; Lorenz 1974; Wohletz and Sheridan 1979; Dellino
et al. 1990; Sohn and Chough 1989; Nemeth et al. 2001;
White 2001; Cole et al. 2001; Brand and White 2007). Wet-
phreatomagmatic conditions are interpreted to occur when
external water at the zone of magma—water interaction is
not efficiently converted to steam (Sheridan and Wohletz
1983; Wohletz and McQueen 1984), and abundant liquid
water is retained in the eruption column and density
currents.

Dry conditions are indicated by juvenile material largely
present as highly fragmented fine to coarse ash (although
this occurs in wet conditions as well), low-angle cross strata
with dominantly lee-side accretion, no evidence of accre-
tionary lapilli, and little to no soft-sediment deformation
(e.g., Fisher and Waters 1970; Sheridan and Wohletz 1983;
Sohn and Chough 1989; Nemeth et al. 2001; Doubik and
Hill 1999; Chough and Sohn 1990; Brand and White 2007).
Dry-phreatomagmatic conditions represent efficient conver-
sion of external water to steam at the site of magma—water
interaction, or subsequently in the eruption plume. As a
consequence, little or no liquid water is retained in the
eruption column or proximal density currents, although
steam may condense in density currents and rising plumes
farther from the source (e.g., Sheridan and Wohletz 1983;
Wohletz and McQueen 1984). These conditions are thought
to represent highly efficient conversion of thermal energy to
kinetic energy, yielding the highest degree of melt fragmen-
tation and therefore the highest explosivity (Wohletz and
McQueen 1984; Biittner and Zimanowski 1998).

At NPM we found no accretionary lapilli, and while
bomb sags were observed in some areas, they were about
equal in size to the ballistic clasts that formed them. This scale
of deformation is minor compared to that observed in deposits
interpreted as originating from wet-phreatomagmatic erup-
tions such as Tihany (Pannonian Basin), Hungary (Nemeth
etal. 2001); Pahvant Butte, Utah (White 2001); Sinker Butte
Tuff Cone, Idaho (Brand and White 2007); and the 1957—
1958 Capelinhos eruption, Faial, Azores (Cole et al. 2001).
In wet phreatomagmatic eruptions, unlike at NPM, deforma-
tion associated with ballistic clasts can scale well beyond the
size of the clast, and deformation associated with sediment
loading is much more prevalent. Furthermore, the symmet-
rical, low-angle cross-strata at NPM commonly show
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dominant accretion on the lee sides of the dunes; the
infrequency of stoss-side grain accretions further supports
the conclusion that little to no liquid water was present
within the base surges (Crowe and Fisher 1973; Waters and
Fisher 1971; Allen 1982; Sohn and Chough 1989; Chough
and Sohn 1990; Dellino et al. 1990; Brand and White 2007).

The presence and abundance of vesicles within the fine
ash component of the NPM deposits varies around the vent
from 0% up to 20%. Vesicles in phreatomagmatic tuffs form
by a gas phase trapped by the compaction of viscous, fine-
grained wet ash (Fisher and Schmincke 1984). Potential
sources of gas trapped in fine ash include juvenile volatiles
released from hot pyroclasts; steam bubbles generated
within a hot, dense wet ash matrix by deposition over hot
pyroclastic material; air trapped by rapid accumulation of
mud from a pyroclastic surge cloud (Lorenz 1974); or air
trapped by the coalescence of accretionary lapilli (Rosi
1992). The most common interpretation for the occurrence
of vesicles in phreatomagmatic tephras is trapped liquid
water that was present in the eruption plume or density
current during deposition (Lorenz 1974; Self et al. 1980;
Rosi 1992). In this interpretation, vesicles are almost
always found with other features indicative of liquid water,
such as soft-sediment deformation and accretionary or
armored lapilli. These features were not observed at NPM.
Furthermore, it has been recently noted that the mecha-
nisms by which vesicles form in ash is relatively unclear,
and that they can form in fine-grained eolian soils in arid
and semi-arid settings by non-volcanic mechanisms
(McFadden et al. 1998). Therefore, the vesicles may have
had less to do with liquid water at the time of deposition,
and possibly more to do with post-emplacement formation,
and thus not much significance is ascribed to them here.

Our observations at NPM indicate that little to no liquid
water was present at the time of deposition. The external
water involved in the eruption was largely converted to
steam either during magma-water interaction, or shortly
thereafter. We therefore interpret NPM to have been a dry
phreatomagmatic eruption, likely with a melt-water mass
ratio between 0.1 and 0.3 (Wohletz and McQueen 1984).
Additionally, most of the juvenile material at NPM is present
either as fine-lapilli scoria and pumice, or fine ash. The
abundance of fine ash and its blocky, angular morphology in
thin section indicates that the primary mechanism for
fragmentation was magma—water interaction. However, the
vesiculated juvenile clasts (with up to 60% vesicularity)
implies that magmatic vesiculation occurred prior to or
simultaneously with the phreatomagmatic fragmentation.

It is not feasible to determine if vesiculation of the melt
also caused fragmentation, but this is a possibility. Similar
features have been noted at Crater Hill, New Zealand,
where a wide range of juvenile clast vesicularity (20-50%)
was observed in the hydromagmatic deposits (Houghton
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et al. 1999). This observation was interpreted to indicate
that vesiculation was already underway at the time of
explosive magma—water interaction, but that vesiculation
alone did not fragment the magma. Instead, explosions
were thought to be driven by a combination of gas released
from the rising magma and steam produced by the flashing
of groundwater (Houghton et al. 1999; Houghton and
Wilson 1989). Cole et al. (2001) also observed a wide range
of clast vesicularity (up to 70% vesicles) within the juvenile
pyroclasts in the hydromagmatic facies of the 1957-1958
Capelinhos eruption. They propose that while hydromagmatic
fragmentation was dominant, vesiculation and fragmentation
driven by magmatic volatiles operated simultaneously.

Vertical variation in the types of accidental lithics has
been observed at other maar volcanoes, and is commonly
attributed to downward coring of the diatreme as an
eruption progresses (Lorenz 1982, 1986; Zimanowski
1986; Mastin 1991; Nemeth et al. 2001). Within each of
the measured sections, distributed over three quadrants of
NPM, accidental lithic species were dominated by individual
grains of the Narbona Pass Member and by hypabyssal
minette associated with subsurface dikes and sills. The
cumulative proportion of entrained lithics originating from
sedimentary units below the Narbona Pass Member was
minor, and generally remained the same or decreased up-
section. These trends in accidental lithic proportions suggest
that the eruption did not result in excavation below the
friable portion of the Narbona Pass Member, or no more than
about 360 m below the surface at the time of eruption. By
comparison, Ship Rock and surrounding minette diatremes
on the Four Corners Platform, a few tens of kilometers to the
east and northeast and similar to NPM in age and petrology,
penetrated to depths of at least 1,000 m, as evidenced by their
stratigraphic level of exhumation (Delaney 1987; Semken
2003).

The depth at which phreatomagmatic explosions occur in
maar-diatreme volcanoes is controlled by the hydrostatic
pressure and availability of external water (Lorenz 1986).
Explosions are favored at pressures of 2 to 3 MPa (Fisher
and Schmincke 1984; Lorenz 1986; Schmincke 2000;
Zimanowski and Buettner 2003), corresponding to depths
of a few tens to several hundred meters depending on
geological conditions (Lorenz 1986; Lorenz and Kurszlaukis
2007; Lorenz and Haneke 2004). Magma may ascend
unaffected through deep aquifers until it encounters this
pressure threshold. The Lorenz model (Lorenz 1986; Lorenz
and Kurszlaukis 2007) holds that a cone of depression forms
in the water table surrounding the diatreme as the hydro-
volcanic activity draws the aquifer down. This locally
decreases hydrostatic pressure, allowing the zone of interac-
tion to migrate downward and the explosive eruption to
continue, as long as external water remains available. An
example of this process is Tihany-style hydrovolcanism
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(Nemeth et al. 2001), in which an eruption begins in a
shallow aquifer, then excavates deeper to another aquifer as
the initial source is depleted.

This hydrogeologic control may account for the com-
paratively shallow penetration of the diatreme eruption at
NPM, which is structurally separated from the Four Corners
Platform by the East Defiance monocline. Along this
monocline in Laramide time, about 40 My before NVF
activity, Mesozoic and older sedimentary units were steeply
down-folded to the east (Cather 2003; Fig. 10a). The
uppermost part of this section consists of interbedded
sandstones and mudstones deposited by two major trans-
gressions and subsequent regressions of the Late Cretaceous
Western Interior Seaway (e.g., Eaton and Nations 1991). The
basal transgressive mudstone in this sequence, the Mancos
Shale, forms the land surface in the vicinity of Ship Rock,
and as described above, directly underlies the Chuska
Sandstone in the vicinity of NPM. The Mancos Shale is an
aquiclude, but five Cretaceous sandstone aquifers, totaling
about 300 m in thickness, intertongue with it or overlie it
(Stone et al. 1983). All of these units dip shallowly to the
east and crop out today between the East Defiance
monocline and the edge of the San Juan structural basin
about 50 km farther east. Erosional remnants of the second
deepest of these aquifers, the Point Lookout Sandstone, sit in
place on the north side of Ship Rock monolith about 150 m
above the base, and hold up several surrounding mesas and
buttes.

Paleogeomorphic studies by Cather et al. (2008) indicate
that by about 35 Ma, the Defiance uplift and surrounding
areas had been eroded to a nearly flat surface, upon which
the Chuska erg aggraded from about 33.5 to 27 Ma. NVF
eruptions commenced near the end of this interval (Semken
2003). As Fig. 10b shows, a thicker Cretaceous section,
including the sandstone aquifers within and above the
Mancos Shale aquiclude, was preserved to the east of the
monocline. West of the monocline on the Defiance uplift,
where NPM erupted, the uppermost Cretaceous units were
eroded away by 35 Ma, and the Chuska Sandstone was
deposited directly on the Mancos Shale aquiclude. There-
fore, although Ship Rock and the other Four Corners
Platform diatremes probably initiated in the Chuska
Sandstone as did NPM, the additional aquifers underlying
the Four Corners Platform could have enabled these
diatremes to penetrate farther than NPM did.

This interpretation implies that local aquifer structure
and stratigraphy control the depth to which a diatreme can
penetrate. At NPM, the observed thick sequence of tuffs
suggests that while magma—water interaction remained
comparatively shallow, it was not short-lived. Rapid
groundwater recharge in the Chuska Sandstone (weakly
cemented and porous in the vicinity of NPM) would have
allowed phreatomagmatic activity to continue without

quickly depleting the aquifer or excavating more deeply
into the subsurface.

The minimal post-eruptive erosion of NPM, compared to
the deep exhumation of the Four Corners Platform
diatremes (Fig. 10c), may be a consequence of subsequent
regional silica cementation of the Chuska Sandstone which,
while holding up the Chuska Mountains against incision of
the Colorado Plateau in the Late Oligocene to Holocene
(Cather et al. 2008), would also have better preserved the
NVF volcanoes that erupted therein.

An alternative explanation is that the zone of magma-—
water interaction and fragmentation did core deeper into
stronger country rocks but did not entrain them. We find
this alternative less likely because the Chuska Sandstone in
the vicinity of NPM is underlain by the equally or more
friable Mancos Shale and Dakota Sandstone. If the diatreme
had cored more deeply beneath NPM, these units should
have been included in higher proportions throughout the
pyroclastic section.

Valentine and Groves (1996) had a similar finding in the
Lucero volcanic field, where the accidental clast component
of three basaltic volcanoes comprised of hydrovolcanic,
strombolian, and effusive products were studied in detail.
They found that crustal xenoliths entrained below 500 m
depth were equally represented in both the hydromagmatic
and magmatic facies, but inclusions of the uppermost unit,
the 500-m thick Chinle Formation, varied in proportion
between these facies. Valentine and Groves (1996) sug-
gested that the deeper country rocks were entrained by dike
offshoots, or cracking of wall rock by thermal stresses and
pore-pressure build-up, whereas the hydromagmatic activity
entrained only the uppermost unit, the Chinle Formation.
Similarly, we interpret xenoliths of deeper crustal and mantle
rocks at NPM to have been entrained by the minette magma
below the site of explosive activity.

Thus one of the more important findings at NPM is
evidence for little downward excavation of the diatreme
(<360 m) relative to other well-preserved, thick, hydro-
magmatically fragmented tuff sequences, many of which
resulted from coring to depths of hundreds of meters to
more than a kilometer (i.e., Lorenz 1986; Delaney 1987;
Nemeth et al. 2001).

Clast composition, proportion, and dominant depositional
mechanism varied azimuthally around the vent. Because the
deposits are interpreted to be primarily the result of
pyroclastic density currents, with only small portions derived
from airfall, this asymmetry was not caused by changes in
wind direction during emplacement. Instead, the asymmetry
probably developed from multiple vents, from a single
asymmetric vent, or from a migrating or widening vent
encountering asymmetry in subsurface units. East—west
migration of the focus of magma—water interaction could
have caused the predominant accidental clast composition to
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Fig. 10 a During the Laramide
orogeny, Mesozoic and older
strata were folded in the East
Defiance Monocline in the
vicinity of the future NPM. b By
the middle Oligocene Epoch, the
Defiance uplift had been eroded
to a slightly eastward-dipping
surface, upon which the Chuska
Sandstone was deposited
(Cather et al. 2008). Because of
the removal of the west limb of
the monocline, the Chuska
Sandstone directly overlies the
Mancos Shale aquiclude in the
vicinity of the future NPM,
whereas it overlies a thicker
Upper Cretaceous section, in-
cluding several aquifers, to the
east. Therefore, Ship Rock and
other NVF diatremes in its
vicinity cored deeper than did
the diatreme at Narbona Pass.

¢ Deep erosion of the Colorado
Plateau followed NVF activity.
The Chuska Mountains and
NPM have been held up by
localized silica cementation of
the Chuska Sandstone (Cather
et al. 2008). In contrast, Ship
Rock and its neighbors have
been exhumed almost to their
root zones
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vary as observed, especially if minette dikes and sills in the
feeder system have a preferred orientation (e.g., subparallel
to the roughly north-south trend of the East Defiance
monocline). This is most apparent in the East section where
the base contains between 25-30% hypabyssal clasts, which
quickly spike to 80% towards the lower-middle part of the
section, and then drop to ~50% at the top of the section. This
spike does not occur in any other sections around the edifice,
and likely reflects the vent (or vents) encountering hypabyssal
minette intrusions.

We further suggest that where the vent encountered
these intrusions, less external water was available, and
deposition occurred under comparatively drier conditions.
Evidence of this was observed on the east and southeast
sides of NPM, where hypabyssal minette lithics dominate,
soft-sediment deformation features are essentially absent,
and the deposits are interpreted to have been emplaced
with little to no liquid water in the eruption column or
flows. On the other hand, the west side deposits are
dominated by lithics from the Chuska Sandstone, a
porous, permeable aquifer, and, accordingly, exhibit wetter

Fig. 11 The truncated tuff ring of NPM. a At the top of the southeast

measured section (person approximately 1.5 m tall visible on the rim).
b In the east rim of the crater near locality 3 in Fig. 1b (outcrop 25 m

depositional features in the form of a higher proportion of
ballistic clasts with bomb sags. An alternative explanation
for the variation in wet features could be a change in the
magma mass flux with respect to available external water.
However, this interpretation does not account for the
azimuthal variation in accidental lithics. Therefore, we
prefer the former interpretation.

We also found that the slightly wetter western section is
dominated by a combination of both dilute and concentrated
density currents (PH3), whereas the comparatively drier
east—northeast and southeastern sections are dominated by
dilute density currents (the base surges of PH2; Figs. 7c, 8c
and 9c). Can this observed variation in dominant deposi-
tional mechanism be related to source conditions, specifi-
cally to the subsurface lithology and available external
water? Low vent velocities, syn-eruptive enlarging or
widening of the vent, a high solid—gas ratio, and large
grain sizes favor the formation of pyroclastic density
currents (Wilson et al. 1978; Fisher and Schmincke 1984;
Cas and Wright 1987), which may occur as concentrated or
dilute flows. In general terms, the style, concentration, and

tall). ¢ Schematic diagram illustrating the progression of the inner
crater faulting and slumping towards vent during crater widening, and
subsequent deposition of new material that truncates older strata
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flow conditions of pyroclastic currents can be controlled by
many additional factors, such as initial grain size distribu-
tion at the source and subsequent lateral transformation
(e.g., Fisher 1966, 1979); changes in local flow conditions
imposed by topographic variation; or preferred flow
directions of an eruption (e.g., directed blasts). Here we
speculate that at NPM, there may have been an additional
control: the greater volume of water available from the
Chuska Sandstone aquifer at the source of the western
section deposits may have resulted in a higher proportion of
concentrated pyroclastic currents to the west.

Another important observation at NPM is that the older
deposits of the crater walls are truncated by younger
deposits (Fig. 11), which is evidence for syn-eruptive crater
widening. Widening of the crater could be interpreted as a
consequence of downward penetration of the diatreme and
concomitant widening of the crater diameter (Lorenz 1986),
lateral migration of a single vent, widening of a single vent
without concurrent downward coring, or the development
of multiple vents over the course of the eruption. Based on
entrained lithic proportions and lack of evidence for
downward excavation of the crater, except that which may
have occurred in the uppermost Narbona Pass Member, we
interpret the syn-eruptive crater widening to represent either
a vent that simply widened without deepening, or a vent
that migrated laterally throughout the eruption.

Finally, this is the first study to document a significant
magmatic volatile component (evidenced by the juvenile
pumice and scoria) in NVF minette extrusives. Such
volatiles may also have been present in other NVF minette
eruptions, such as Ship Rock: a minette tuff-breccia
diatreme intruded and flanked by minor minette plugs and
dikes, suggesting an NPM-like history of pyroclastic
eruption followed by extrusion of minette lavas (Delaney
1987). Was the fragmentation within these other eruptive
centers driven solely by magma—water interaction, or did
magmatic volatiles also play a role? Melt inclusion studies
on NVF magmas, outside the scope of this work, should
help answer this question and provide more information on
the long-debated relationships between mantle hydration or
metasomatism and Colorado Plateau magmatism (e.g.,
Smith et al. 2004; Humphreys et al. 2003).

Conclusions

A phreatomagmatic eruption occurred when minette magma
interacted with groundwater within the permeable and friable
Narbona Pass Member of the Chuska Sandstone, creating the
Narbona Pass maar (NPM). The initial vent-clearing phase of
the eruption produced concentrated pyroclastic density cur-
rents, followed by a period of pulsating dilute pyroclastic
surges (base surges) and more concentrated currents, possibly
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accompanied by fallout. The final phase of the eruption
produced three lava flows and three dome-like plugs. There is
no evidence for a magmatic (i.e., Strombolian) phase or a long
repose period between the phreatomagmatic and effusive
phases. However, pillowed lava-flow features suggest that the
crater contained water during lava flow emplacement.

Accretionary lapilli, soft sediment deformation, and stoss
side accretion on dunes were absent or rare, suggesting that
most of the external water was converted to steam either at
the site of magma—water interaction or shortly after. The
fine-grained, blocky and angular nature of the juvenile ash
implies that the process of fragmentation was driven
primarily by magma—water interaction, and that fragmenta-
tion was efficient. The presence of juvenile pumice and
scoria, which generally composes between 20% and 45% of
the clasts within the strata, suggests that the intruding magma
was volatile rich and vesiculating at or near the time of
eruption. This suggests that exsolution of magmatic volatiles
may have been a secondary mechanism of fragmentation.

The vertical consistency of the deposits indicates that the
influence of external water at the vent did not fluctuate
significantly throughout the eruption. It also implies that the
crater did not excavate beneath the uppermost country rock
unit, the Narbona Pass Member of the Chuska Sandstone
(<360 m below the paleosurface). Asymmetry within the
deposit characteristics and dominant lithic composition
azimuthally around the edifice likely resulted from a
migrating or widening vent encountering asymmetry in
subsurface units.
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