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Abstract Welding of pyroclastic deposits involves flat-
tening of glassy pyroclasts under a compactional load at
temperatures above the glass transition temperature. Pro-
gressive welding is recorded by changes in the petro-
graphic (e.g., fabric) and physical (e.g., density) proper-
ties of the deposits. Mapping the intensity of welding can
be integral to studies of pyroclastic deposits, but making
systematic comparisons between deposits can be prob-
lematical. Here we develop a scheme for ranking welding
intensity in pyroclastic deposits on the basis of petro-
graphic textural observations (e.g., oblateness of pumice
lapilli and micro-fabric orientation) and measurements of
physical properties, including density, porosity, point load
strength and uniaxial compressive strength. Our dataset
comprises measurements on 100 samples collected from a
single cooling unit of the Bandelier Tuff and parallel
measurements on 8 samples of more densely welded de-
posits. The proposed classification comprises six ranks of
welding intensity ranging from unconsolidated (Rank I) to
obsidian-like vitrophyre (Rank VI) and should allow for
reproducible mapping of subtle variations in welding in-
tensity between different deposits. The application of the
ranking scheme is demonstrated by using published
physical property data on welded pyroclastic deposits to
map the total accumulated strain and to reconstruct their
pre-welding thicknesses.
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Introduction

The welding process involves sintering, compaction and
flattening of hot glassy pyroclastic material (e.g., Smith
1960a; Ross and Smith 1961; Cas and Wright 1987).
Pronounced changes in physical properties attend weld-
ing; as welding intensifies, for example, primary porosity
is reduced, density increases (e.g., Ragan and Sheridan
1972; Streck and Grunder 1995; Rust and Russell 2000)
and the deposit becomes progressively more foliated (e.g.,
Smith 1960a; Ragan and Sheridan 1972; Sheridan and
Ragan 1976; Peterson 1979). For most pyroclastic de-
posits, especially those resulting from en masse deposi-
tion (e.g., Sparks 1976; Sheridan and Ragan 1976; Wright
and Walker 1981), the strain due to welding accumulates
immediately after deposition (e.g., Smith 1960a; Ross and
Smith 1961; Quane et al. 2004). In such cases, the in-
tensity of welding reflects the aggregate effects of the
load of the overlying column and time of residence at
temperatures above the material’s glass transition tem-
perature (Tg) (Riehle et al. 1995; Giordano et al. 2000;
Russell and Quane 2004). The welding intensity reflects
the volume strain resulting from porosity loss during com-
paction and, therefore, varies systematically with strati-
graphic position (e.g., depth and lateral distance). How-
ever in deposits resulting from high-temperature pro-
gressive aggradation, much of the agglutination and com-
paction of glassy particles may actually occur during
emplacement (e.g., Branney and Kokelaar 1992; Sumner
and Branney 2002). The resulting “high-grade” ign-
imbrites are highly-agglutinated and lava-like in charac-
ter and typically do not exhibit systematic variations in
welding intensity (e.g., Kobberger and Schmincke 1999;
Sumner and Branney 2002). In fact, these deposits com-
monly host textures and features consistent with rheo-
morphic flow (Schmincke and Swanson 1967; Walker
and Swanson 1968; Wolff and Wright 1981; Branney and
Kokelaar 1992; Kobberger and Schmincke 1999; Sumner
and Branney 2002) representing a non-coaxial strain
that is not dependent on porosity loss (e.g., pure or sim-
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ple shear; Sheridan and Ragan 1976; Kobberger and
Schmincke 1999; Quane et al. 2004).

Welded pyroclastic flow deposits can serve as excel-
lent stratigraphic markers (e.g., Smith and Bailey 1966)
and mapping distributions in welding intensity has been
used for a variety of purposes. Streck and Grunder (1995)
used spatial variations in welding facies to constrain
aerial extent and eruptive volume of the Rattlesnake Tuff.
Profiles of welding intensity in pyroclastic deposits have
also been used to estimate pre-welding thicknesses (e.g.,
Sheridan and Ragan 1976), displacements across faults
(e.g., Peterson 1979), hydrologic variability in tuffs for
waste disposal assessment (e.g., Istok et al. 1994), and
variations in rock strength for engineering applications
(e.g., Price and Bauer 1985). There is, however, no agreed
upon standard means of recording welding intensity and
this limits comparisons within and between welded py-
roclastic deposits. Unit 4 of the Tshirege member of the
Bandelier Tuff has been characterized by many workers
and serves as an example (e.g., Smith and Bailey 1966;
Vaniman and Wohletz 1990, 1991; Goff 1995). The unit
is interpreted to represent a single cooling unit of ign-
imbrite and has a base clearly defined by a sandy surge
deposit (Krier et al. 1998). Welding variations in the same
section of the deposit have been described, by different
workers, as nonwelded to partially welded (Broxton and
Reneau 1995) or as nonwelded to densely welded (Krier
et al. 1998). Each study is internally consistent but ap-
pears to describe different ranges in welding intensity.

The purpose of this paper is three-fold. Firstly, we
review the past practices used to map welding facies.
Secondly, we present physical property measurements on
samples of welded pyroclastic deposits including: poros-

ity (f), density (r), point load strength (PLST), uniaxial
compressive strength (UCS), pumice lapilli oblateness
and micro-fabric orientation. The physical properties are
evaluated as metrics of total strain and welding intensity.
We conclude with a classification system comprising six
indices for ranking the intensity of welding in pyroclastic
deposits. These indices have the attributes that they: (1)
are explicitly tied to deformation-induced textural chang-
es which makes the system useful in the field, (2) rec-
oncile the terminology and divisions for welding intensity
developed previously (e.g., Smith 1960b; Streck and
Grunder 1995; Wilson and Hildreth 2003), and (3) should
provide a consistent framework for semi-quantitative map-
ping of welding facies in pyroclastic deposits.

Previous work

Semi-quantitative schemes used to describe welding in-
tensity are summarized in Fig. 1 (Smith 1960b; Smith and
Bailey 1966; Sheridan and Ragan 1976; Peterson 1979;
Streck and Grunder 1995; Wilson and Hildreth 2003).
Smith (1960b) proposed six zones of welding based on
petrographic traits of lapilli and ash sized fragments
(Fig. 1a). Smith and Bailey (1966) created six zones based
on the range of estimated porosities in multiple sections
of Bandelier Tuff (Fig. 1b). Sheridan and Ragan (1976)
and Peterson (1979) used measurements of bulk densi-
ty and pumice flattening ratios, respectively, to identify
three grades of welding for the Bishop Tuff and Apache
Leaf Tuff, respectively (Fig. 1c). Streck and Grunder
(1995) developed the most complete scheme; they dis-
tinguished five zones based on measurements of bulk

Fig. 1a–f Previous schemes for classifying zones of equal welding
intensity in a single cooling unit of ash flow tuff based on changes
in physical properties (e.g., r, f) and shard shape. Schematic col-
umn on left represents textural variations in ash shards (open) and
pumice lapilli (solid) as well as typical variations in r and f.
Schematic columns a–f represent schemes for defining welding
intensity present in the literature: a) Smith (1960b; petrographic

observations on Bandelier Tuff), b) Smith and Bailey (1966; po-
rosity of Bandelier Tuff), c) Sheridan and Ragan (1976; density of
Bishop Tuff) and Peterson (1979; fiamme elongation of Apache
Leaf Tuff), d) Streck and Grunder (1995; density of Rattlesnake
Tuff), e) Wilson and Hildreth (2003; density of Bishop Tuff), f)
This study
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density and petrographic features of the Rattlesnake Tuff
(Fig. 1d). Similarly, Wilson and Hildreth (2003) used
field characteristics and measurements of density to cre-
ate a scheme comprising five zones of welding intensity
for the Bishop Tuff (Fig. 1e).

The schemes described above use petrographic obser-
vations and/or a number of physical properties to define
their welding ranks. However, the relative effectiveness
of each physical property (or metric) to track welding
variations is poorly known, as are the covariances be-
tween the individual metrics.

Metrics of welding intensity

We present measurements of r, f, point load strength
(PLST), uniaxial compressive strength (UCS), oblateness
and fabric angle for samples of Bandelier Tuff, New
Mexico (e.g., Smith and Bailey 1966; Table 1; Fig. 2). The
suite includes 100 samples collected at a depth spacing
of <1 m from 4 drill cores (SCC-1, SCC-2, SCC-4 and
NISC-2) of Unit 4 in the Tshirege member of the Ban-
delier Tuff (Broxton and Reneau 1995) spaced within
~100 m. At this location, Unit 4 is a ~20-m-thick unit with
a base defined by the presence of a crystal-rich, sandy
surge deposit (Krier et al. 1998). These data (Table 1) are
supplemented by measurements from eight samples of
more densely welded material collected from the Devine
Canyon Tuff and Walcott Tuff (Table 2). The highest de-
gree of secondary crystallization exhibited by any of the
samples investigated here is equivalent to the cryptocrys-
talline vapor phase zone of Streck and Grunder (1995), in
which, the material maintains its vitroclastic texture but
shows axiolitic growth of recrystallized cristobalite. This
limited style of secondary crystallization is assumed to
have negligible effects on the physical property measure-
ments. Wilson and Hildreth (2003), for example, showed
that the density of Bishop Tuff samples was unaffected by
minor devitrification and vapor phase alteration. However
as the extent of devitrification and vapor phase alteration
increases, vitroclastic textures will tend to be completely
replaced and the physical properties will be strongly im-
pacted.

Density and porosity

Density and porosity vary systematically in all four sec-
tions of the Bandelier Tuff and define maxima and min-
ima, respectively, at a depth of between 13 and 17 m
(Fig. 2; Table 1). Bulk densities for all 108 samples were
determined using the hydrostatic weighing technique at
25�C. Core or hand samples having a bulk volume of at
least 150 cm3 were rendered impermeable to H2O by
spraying them with a negligible volume and weight of
Krylon� Crystal Clear aerosol coating. Densities (rT)
were calculated from:

rT ¼ rf W1= W1 �W2ð Þ½ � ð1Þ

where rf is the density of the fluid, W1 is the weight of the
samples in air and W2 is the weight of the sample im-
mersed in H2O. Specific details on the procedure can be
found in Hutchison (1974) and Muller (1977). Accuracy
of the technique was established by measurements of
multiple samples of pure quartz (€0.01 g/cm3). An esti-
mate of analytical precision was determined by replicate
measurements on two samples (1s ~ <1%).

Sample porosity was measured by helium pycnometry.
Samples were weighed and then flooded with helium to
determine the volume of framework material (i.e., the
skeletal volume). This technique measures skeletal den-
sity (rs) if all porosity is connected and total porosity (fT)
is then calculated from:

fT ¼
rS � rT

rs
ð2Þ

where rT is the bulk density of the sample. If all the pores
are connected, then fT is a true estimate of sample po-
rosity. To test for unconnected (isolated) porosity, sam-
ples were powdered and matrix density was determined
by He pycnometry (e.g., Rust et al. 1999). These ancillary
measurements showed that, for the complete spectrum of
samples of Bandelier Tuff, all porosity is connected.
Experimental uncertainties (1s) are estimated to be ~1%
relative.

Rock strength

Rock strength as measured by point load strength (PLST)
and unconfined or uniaxial compressive strength (UCS)
offers an alternate, albeit indirect, measure of welding
intensity. These measurements also define a maximum at
depths between 14 and 17 m (Fig. 2). PLST measures the
tensile strength of a rock specimen by application of a
vertical load (perpendicular to the fabric) until the sample
fails (i.e., Quane and Russell 2003). PLST measurements
were made on 41 samples from 2 of the drill cores of
Bandelier Tuff (SCC-1 and SCC-4; Fig. 2) and all values
are reported after scaling to a common size and geometry
(e.g., 50 mm core diameter). The relative precision (1s) of
the measurement is ~10% (e.g., Quane and Russell 2003).

UCS determines the true breaking strength of a mate-
rial under axial loading. Measurements were performed
on right circular cylinders with a length (L) at least 2
times the width (W) having a minimum diameter (D) of
50 mm. Reported UCS values are the mean of the peak
load at failure from multiple measurements (~5) from
each sample and average standard deviation (1s) is ap-
proximately 15%. UCS measurements are more repre-
sentative of the true strength of material but are much
more expensive in time and resources, thus, we made
UCS measurements only on a subset of samples (Table 1).
However, UCS can also be predicted from measured
values of PLST (Quane and Russell 2003) using the
equation:

UCS ¼ 3:86 � PLST2 þ 5:65 � PLST ð3Þ

131



Table 1 Physical property data collected from four drill cores in Unit 4 of the Tshirege member of the Bandelier tuff including density (r),
porosity (f), point load strength (PLST), uniaxial compressive strength (UCS), fabric angle (FA) and oblateness (OB)

Sample Depth
(m)

r
(g/cm3)

2s f 2s PLST
(MPa)

1s UCS
(MPa)

1s FA 1s OB 1s

SCC1–1 0.00 1.27 0.002 0.51 0.006 0.23 0.06 – – 46.90 6.43 0.40 0.03
SCC1–2 1.30 1.32 0.002 0.49 0.006 0.23 0.03 2.07 0.56 39.15 5.46 0.42 0.05
SCC1–3 2.36 1.34 0.002 0.49 0.006 0.19 0.02 – – 39.60 5.38 0.42 0.04
SCC1–4 3.51 1.36 0.002 0.48 0.006 0.19 0.04 2.44 – 31.32 4.55 0.44 0.04
SCC1–5 3.89 1.38 0.002 0.47 0.006 0.27 0.03 2.37 0.53 38.65 5.42 0.54 0.03
SCC1–6 4.73 1.40 0.002 0.46 0.006 0.31 0.05 – 0.10 37.35 5.14 0.52 0.04
SCC1–7 5.64 1.44 0.002 0.45 0.005 0.39 0.08 2.38 – 34.54 5.14 0.51 0.05
SCC1–8 6.55 1.45 0.003 0.45 0.005 0.40 0.03 3.27 0.35 32.99 4.80 0.55 0.03
SCC1–9 7.62 1.50 0.003 0.43 0.005 0.58 0.06 4.26 0.23 33.81 4.80 0.57 0.04
SCC1–10 8.23 1.52 0.003 0.42 0.005 0.54 0.08 5.34 0.46 – – 0.59 0.04
SCC1–11 8.99 1.53 0.003 0.41 0.005 0.54 0.03 – – 36.49 5.23 0.58 0.03
SCC1–12 9.91 1.57 0.003 0.39 0.005 0.77 0.10 – – 30.31 4.62 0.58 0.04
SCC1–13 11.81 1.59 0.003 0.39 0.005 0.58 0.02 – – 32.29 4.83 0.61 0.06
SCC1–14 12.42 1.64 0.003 0.36 0.004 0.78 0.08 6.74 0.39 31.11 4.59 0.60 0.05
SCC1–15 13.57 1.70 0.003 0.34 0.004 0.91 0.02 – – 22.02 3.46 0.68 0.05
SCC1–16 16.92 1.80 0.003 0.30 0.004 1.61 0.03 12.78 3.13 22.54 3.53 0.69 0.04
SCC1–17 17.45 1.78 0.003 0.31 0.004 1.40 0.05 12.41 1.31 25.29 4.11 0.65 0.03
SCC1–18 18.06 1.72 0.003 0.33 0.004 1.39 0.11 – – 32.19 4.68 0.64 0.03
SCC1–19 18.75 1.60 0.003 0.38 0.005 0.82 0.08 – – 29.37 4.38 0.62 0.02
SCC1–20 19.44 1.59 0.00 0.38 0.005 0.56 0.04 – – 28.74 4.35 0.45 0.04
SCC2–1 0.00 1.28 0.002 0.51 0.006 – – – – – – 0.40 0.06
SCC2–2 0.46 1.28 0.002 0.52 0.006 – – – – – – 0.41 0.05
SCC2–3 1.22 1.33 0.002 0.5 0.006 – – – – – – 0.39 0.04
SCC2–4 1.98 1.36 0.002 0.48 0.006 – – – – – – 0.47 0.06
SCC2–5 3.43 1.36 0.002 0.48 0.006 – – – – – – 0.55 0.03
SCC2–6 4.42 1.40 0.002 0.47 0.006 – – – – – – – –
SCC2–7 5.18 1.43 0.002 0.45 0.005 – – – – – – 0.55 0.05
SCC2–8 6.40 1.45 0.003 0.45 0.005 – – – – – – 0.53 0.05
SCC2–9 7.70 1.52 0.003 0.4 0.005 – – – – – – 0.62 0.04
SCC2–10 9.07 1.63 0.003 0.38 0.005 – – – – – – 0.60 0.03
SCC2–11 10.37 1.63 0.003 0.38 0.005 – – – – – – 0.60 0.03
SCC2–12 11.81 1.65 0.003 0.36 0.004 – – – – – – 0.65 0.04
SCC2–13 12.84 1.72 0.003 0.35 0.004 – – – – – – – –
SCC2–14 13.57 1.77 0.003 0.32 0.004 – – – – – – 0.70 0.03
SCC2–15 14.33 1.82 0.003 0.32 0.004 – – – – – – – –
SCC2–16 14.94 1.84 0.003 0.3 0.004 – – – – – – 0.77 0.02
SCC2–17 15.63 1.84 0.003 0.29 0.004 – – – – – – 0.73 0.04
SCC2–18 16.54 1.77 0.003 0.32 0.004 – – – – – – 0.63 0.05
SCC2–19 18.06 1.43 0.002 0.45 0.005 – – – – – – – –
SCC2–20 19.28 1.45 0.003 0.45 0.005 – – – – – – – –
SCC4–1 0.00 1.41 0.002 0.46 0.006 0.66 0.07 – – – – 0.38 0.04
SCC4–2 0.38 – – – – – – – – – – – –
SCC4–3 1.68 1.31 0.002 0.5 0.006 0.19 0.01 – – – – 0.51 0.03
SCC4–4 2.59 1.35 0.002 0.48 0.006 – – – – – – – –
SCC4–5 3.51 1.40 0.002 0.46 0.006 0.24 0.01 – – – – 0.45 0.08
SCC4–6 3.89 1.41 0.002 0.46 0.006 – – – – – – – –
SCC4–7 4.42 1.42 0.002 0.45 0.005 0.35 0.04 – – – – 0.48 0.04
SCC4–8 4.95 1.41 0.002 0.46 0.005 – – – – – – – –
SCC4–9 5.95 1.49 0.003 0.43 0.005 0.30 0.05 – – – – 0.56 0.04
SCC4–10 6.40 1.49 0.003 0.43 0.005 0.33 0.05 – – – – 0.52 0.04
SCC4–11 7.09 1.49 0.003 0.42 0.005 0.26 0.05 – – – – 0.56 0.04
SCC4–12 8.23 1.58 0.003 0.4 0.005 0.39 0.08 – – – – 0.61 0.02
SCC4–13 8.77 1.59 0.003 0.39 0.005 0.72 0.07 – – – – 0.63 0.03
SCC4–14 9.45 1.59 0.003 0.39 0.005 – – – – – – – –
SCC4–15 10.02 1.63 0.003 0.37 0.004 0.70 0.08 – – – – 0.63 0.04
SCC4–16 10.52 1.61 0.003 0.39 0.005 0.70 0.07 – – – – 0.64 0.03
SCC4–17 11.39 1.67 0.003 0.36 0.004 0.61 0.18 – – – – 0.67 0.03
SCC4–18 11.93 1.71 0.003 0.34 0.004 0.73 0.1 – – – – 0.61 0.05
SCC4–19 12.65 1.76 0.003 0.32 0.004 0.87 0.2 – – – – 0.69 0.03
SCC4–20 13.26 1.79 0.003 0.32 0.004 0.92 0.12 – – – – 0.69 0.03
SCC4–21 13.87 1.78 0.003 0.31 0.004 1.01 0.14 – – – – 0.70 0.02
SCC4–22 14.63 1.68 0.003 0.36 0.004 0.86 0.11 – – – – 0.62 0.03
SCC4–23 15.09 1.63 0.003 0.37 0.004 0.80 0.08 – – – – 0.60 0.03
SCC4–24 15.85 1.59 0.003 0.39 0.005 0.31 0.01 – – – – 0.62 0.04
SCC4–25 16.46 1.45 0.003 0.44 0.005 0.25 0.06 – – – – 0.62 0.05
SCC4–26 16.92 1.42 0.002 0.46 0.006 0.09 0.02 – – – 0.49 0.04
SCC4–27 18.06 1.33 0.002 0.5 0.006 – – – – – – – –
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Petrographic features

Welding deformation is manifest by measurable varia-
tions in the petrographic features oblateness and fabric
angle. Oblateness increases to a maximum and fabric
angle decreases to a minimum between 13 and 17 m
depth in measured sections of Bandelier Tuff (Fig. 2).
During progressive welding of ignimbrites, both the ash
matrix and pumice lapilli deform (e.g., Ragan and Sheri-
dan 1972). The pumice lapilli deform to form flattened
ellipsoids having equatorial axes a and b and polar axis c.
Ragan and Sheridan (1972) demonstrated, from mea-
surements on cube shaped, oriented samples of Bishop
Tuff and Aso 4 Tuff, that the equatorial axes (a and b)
change equally as the vertical axis (c) shortens. Hence,
when measured perpendicular to flattening direction, the
height (c) and the length (a) of pumice lapilli fully de-
scribe the extent of deformation. Commonly, the ratio of
axial length to height (a/c) is used to describe “flattened”
lapilli (e.g., fiamme; Sheridan and Ragan 1976; Peterson
1979). However, to better describe deformation of pum-
ice lapilli, we use the formula for oblateness:

1� c=a ð4Þ
assuming that the equatorial axes of the ellipse (a and b)
are equal.

We measured oblateness for 81 of the samples col-
lected; some samples were too poor in pumice lapilli for

oblateness to be measured accurately. Reported values of
oblateness are the means of measurements on �20 pum-
ice lapilli per sample. Each lapillus had to have a cross
sectional area of at least 5 mm2 and the average uncer-
tainty (1s) is ~7%.

During progressive welding ash shards align to form a
fabric perpendicular to the direction of flattening (e.g.,
Smith 1960a). The orientations of individual glass shards
(relative to horizontal) were determined through thin sec-
tion analysis. Digital photomicrographs of oriented thin
sections were taken for 19 samples from section SCC-1
and from samples of the Devine Canyon and Walcott
Tuff. We traced a minimum of 100 particles from each
photomicrograph using the pencil tool in Adobe Illustra-
tor�. Near the edges of mineral grains (e.g., phenocrysts),
shards commonly show enhanced alignment or deforma-
tion. Consequently, all fabric measurements were made
well away (e.g., >1.5 times the diameter of the mineral
grain) from the edges of any crystal. Using the Scion�
(NIH) image analysis program, we fit an ellipse to each
particle trace to best represent its orientation. The mean of
each population is reported as the fabric angle: the an-
gle of deviation from the horizontal. The most intensely
welded (e.g., deformed and aligned) samples will have
the lowest fabric angle. The average measurement un-
certainty (1s) is 3% and this was estimated by replicate
analysis (e.g., five separate populations of particles) on a
single thin section.

Table 1 (continued)

Sample Depth
(m)

r
(g/cm3)

2s f 2s PLST
(MPa)

1s UCS
(MPa)

1s FA 1s OB 1s

SCC4–28 18.67 1.36 0.002 0.48 0.006 – – – – – – – –
NISC2–1 0.00 1.23 0.002 0.52 0.006 – – – – – – 0.36 0.05
NISC2–2 0.23 1.23 0.002 0.53 0.006 – – – – – – 0.40 0.07
NISC2–3 1.37 1.28 0.002 0.52 0.006 – – – – – – 0.50 0.05
NISC2–4 1.75 1.31 0.002 0.48 0.006 – – – – – – – –
NISC2–5 2.44 1.33 0.002 0.48 0.006 – – – – – – 0.50 0.05
NISC2–6 3.05 1.36 0.002 0.47 0.006 – – – – – – 0.49 0.04
NISC2–7 3.43 1.38 0.002 0.46 0.006 – – – – – – – –
NISC2–8 3.96 1.38 0.002 0.46 0.006 – – – – – – 0.59 0.04
NISC2–9 4.65 1.40 0.002 0.45 0.005 – – – – – – 0.60 0.04
NISC2–10 4.99 1.43 0.002 0.44 0.005 – – – – – – 0.58 0.04
NISC2–11 5.49 1.46 0.003 0.43 0.005 – – – – – – 0.62 0.03
NISC2–12 6.17 1.46 0.003 0.44 0.005 – – – – – – 0.59 0.05
NISC2–13 6.63 1.49 0.003 0.43 0.005 – – – – – – – –
NISC2–14 7.09 1.55 0.003 0.4 0.005 – – – – – – 0.68 0.03
NISC2–15 7.47 1.51 0.003 0.41 0.005 – – – – – – 0.67 0.02
NISC2–16 8.08 1.55 0.003 0.4 0.005 – – – – – – – –
NISC2–17 8.69 1.56 0.003 0.4 0.005 – – – – – – 0.62 0.03
NISC2–18 9.26 1.58 0.003 0.39 0.005 – – – – – – – –
NISC2–19 9.60 1.60 0.003 0.38 0.005 – – – – – – – –
NISC2–20 10.14 1.59 0.003 0.39 0.005 – – – – – – 0.67 0.03
NISC2–21 10.90 1.62 0.003 0.37 0.004 – – – – – – – –
NISC2–22 11.66 1.66 0.003 0.36 0.004 – – – – – – 0.71 0.03
NISC2–23 12.42 1.71 0.003 0.34 0.004 – – – – – – – –
NISC2–24 13.11 1.71 0.003 0.33 0.004 – – – – – – 0.72 0.01
NISC2–25 13.95 1.68 0.003 0.35 0.004 – – – – – – – –
NISC2–26 14.71 1.63 0.003 0.37 0.004 – – – – – – –
NISC2–27 15.40 1.55 0.003 0.4 0.005 – – – – – – 0.64 0.03
NISC2–28 16.16 1.48 0.003 0.43 0.005 – – – – – – 0.49 0.05
NISC2–29 17.38 1.38 0.002 0.47 0.006 – – – – – – – –
NISC2–32 19.89 1.30 0.002 0.5 0.006 – – – – – – – –
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Metrics: strengths and weaknesses

To a first order, when plotted versus depth, all metrics
show significant and systematic variation throughout the
core and all appear to record similar variations in welding
intensity. Furthermore, the metrics show similar patterns
indicating a maximum in welding at ~17 m depth (Fig. 2).
There are inherent strengths and weaknesses in the mea-
surement and application of each metric. For example,
density is relatively easy to measure and seems to provide
a direct and accurate record of subtle changes in the
welding process. Density, however, is affected by bulk
composition of the magma or it can be modified by post-
welding crystallization (e.g., lithophysae), and it varies
with lithic and crystal contents. These issues lessen its
utility for tracking welding intensity or making compar-
isons between deposits. Normalizing density (bulk den-
sity/matrix density) mitigates some of these effects and
allows direct comparison between disparate pyroclastic
deposits. Porosity tends not to be measured as precisely as
density but has the same capacity to track subtle changes
in welding intensity. Porosity is also affected by post-
welding alteration (e.g., secondary porosity) but is less
susceptible to the effects of crystal and lithic concentra-
tions because both bulk and skeletal (or matrix) density
are used in its calculation.

Rock strength offers a more indirect measure of weld-
ing intensity. PLST measurements can be made quickly in
the laboratory or field on machined or irregular samples
(e.g., Quane and Russell 2003), but tests are destructive
and require a significant amount of material. PLST can be
used to calculate UCS, which is a universally accepted
metric of rock strength (e.g., Quane and Russell 2003).
The uncertainties on rock strength measurements of weld-
ed pyroclastic deposits are relatively high compared to the
other metrics (Fig. 2). Furthermore, pervasive secondary
crystallization is likely to change the strength of welded
pyroclastic materials.

Oblateness and fabric angle are direct measures of
welding intensity and can be used to see through the ef-
fects of post-welding alteration for samples in which the
vitroclastic textures remain. Oblateness is quite easily
measured in the field or laboratory; however, some subtle
changes in welding intensity are lost due to high vari-
ability of pumice flattening, perhaps due to differences in
original porosity. It is however, a direct measure of strain
accumulated by pumice lapilli (Fig. 2). Fabric angle mea-
surements are relatively labor intensive and also do not
seem to track subtle changes in welding as well as the
other metrics (Fig. 2).

Covariation of metrics

The purpose of this section is to explore the relationships,
or covariation, between the individual metrics used for
welding intensity. Density has commonly been used for
this purpose (e.g., Sheridan and Ragan 1976; Streck and
Grunder 1995) and it has a low experimental uncertainty.

Fig. 2 Physical properties of samples from drill core sections from
Unit 4 of the Tshirege member of the Bandelier Tuff are plotted as
a function of depth (m), including: density (g/cm3), fractional po-
rosity, oblateness of pumice lapilli and point-load strength (PLST)
(MPa). Samples are from four different drill hole sections (SCC-1,
SCC-2, SCC-4 and NISC-2). All metrics vary systematically with
depth and define maxima or minima between 13 and 17 m depth.
Error bars denote 1s uncertainties on PLST and oblateness mea-
surements; corresponding 2s uncertainties on density and porosity
are smaller than symbols (see text for discussion of methods used to
measure each metric). Panels separated by solid black line (bottom
right) represent the additional physical properties uniaxial com-
pressive strength (UCS) (measured-solid circles and predicted-open
circles; Quane and Russell 2003) and fabric angle (in degrees) as a
function of depth for core SCC-1
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We use normalized density as the standard for tracking
welding intensity. The most densely welded samples of
Bandelier Tuff in our dataset have a density of ~1.8 g/cm3

and porosity of ~30%. We have supplemented the dataset
with measurements on more densely welded material
from the Devine Canyon Tuff (e.g., Greene 1973) and
Walcott Tuff (e.g., Carr and Trimble 1963) and published
values of f, r and oblateness from four samples of the
Bishop Tuff (Ragan and Sheridan 1972). Covariation
between physical properties is illustrated by plotting each
metric against normalized density (rn) (Fig. 3). Each
dataset (e.g., rn vs. f) is fit by least squares optimization
to the generalized function:

y ¼ a � rb
n þ c ð5Þ

The form of this relationship is purely descriptive and
not meant to reflect physical processes controlling vari-
ations between the metrics.

Porosity shows a near perfect 1:1 correlation with rn

(Fig. 3a) confirming that there is little unconnected po-
rosity and indicating that welding in these samples is all
accommodated by a loss in porosity.

The relationship between rock strength (PLST and
UCS) and rn is non-linear (Fig. 3b,c). For normalized
densities up to ~0.65, rock strength shows a moderate and
near linear increase but, above this value, rock strength
increases dramatically for relatively small changes in rn.
At higher values of rn rock strength is less precise and, as
seen in previous studies (e.g., Price and Bauer 1985;
Quane and Russell 2003), the measurements are only
applicable to rn up to ~0.9. Price and Bauer (1985) in-
dicate a similar non-linear trend between UCS and f for
Yucca Mt. Tuff over a very large range in strength and f
(equivalent rn from 0.35 to 0.9). It is apparent that after a
certain amount of densification due to welding, the me-
chanical strength of pyroclastic flows drastically increas-
es. This increase in strength likely results from the sin-
tering of glassy particles as the contact area of individual
ash particles increases with densification.

The relationship between rn and both oblateness and
fabric angle is non-linear (Fig. 3d,e). There is a rapid in-
crease in oblateness and fabric angle during the first third
of densification. Above values of ~0.6 rn oblateness in-
creases and fabric angle decreases only slightly and they
are almost constant at rn >0.9. The two properties show

similar behavior, however, Sheridan and Ragan (1976)
and Streck and Grunder (1995) suggest that, during weld-
ing, pumice lapilli deform more rapidly than the sur-
rounding ash matrix. Pumice lapilli show a complete loss
of porosity when the matrix still has ~10% porosity (Sheri-
dan and Ragan 1976; Streck and Grunder 1995). This
apparent decoupling of deformation processes during
welding (e.g., lapilli vs. matrix) is likely a reflection of
fundamental differences between the two components.
Changes in fabric angle are presumably related to rotation
of individual shards into the plane of the eutaxitic texture
during progressive welding. In the initial stages of weld-
ing (e.g., high f, low rn) there is significant room for ash
shards to rotate. However, as densification proceeds (e.g.,
rn~0.7) there is little opportunity for rotation of ash
shards to fill void space. At these high values of rn loss of
porosity in pumice lapilli appears to be more efficient.

Metrics of strain

The welding process largely reflects the accumulation of
strain in pyroclastic materials and, therefore, metrics that
track welding are also indicators of total strain (e.g.,
Ragan and Sheridan 1972; Sheridan and Ragan 1976;
Kobberger and Schmincke 1999). The nature of strain
induced by welding can be conceptualized by two end-
member processes. Under plane strain, strain is induced
by pure shear involving homogeneous flattening and re-
quiring volume conservation. This requires flow in the
plane of flattening. Conversely under volume strain, strain
(e.g., flattening) is accumulated strictly by volume re-
duction (e.g., porosity loss). Most studies suggest that
volume strain is most important during welding (e.g.,
Sheridan and Ragan 1976) until the onset of rheomorphic
flow. If strain in pyroclastic deposits is accommodated
entirely by porosity loss then f and rn serve as direct
measurements of accumulated strain. Strain strictly ac-
cumulated from porosity loss can be calculated directly
from porosity measurements �(f) via:

e fð Þ ¼ fo � f1

1� f1
ð6Þ

where fo is the initial porosity of the deposit (assumed
here to be 60%; e.g., Sheridan and Ragan 1976) and f1 is

Table 2 Physical property data collected from the Devine Canyon. Walcott and Rattlesnake Tuffs including density (r), matrix density
(rm), porosity (f), point load strength (PLST), uniaxial compressive strength (UCS), fabric angle (FA) and oblateness (OB)

Sample r (g/cm3) rm (g/cm3) 2s f 2s PLST (MPa) 1s UCS (MPa) FA 1s OB 1s

DVC 10–1 2.29 2.63 0.004 0.13 0.002 3.64 0.49 71.75 — — 0.77 0.10
DVC 10–2 2.35 2.47 0.004 0.05 0.001 — 0.27 31.13 21.22 1.27 — —
DVC 10–3 2.15 2.44 0.003 0.12 0.004 — — — 15.70 0.94 0.78 0.11
DVC 10–4 1.75 2.44 0.003 0.28 0.003 4.53 0.45 104.68 25.21 1.51 0.68 0.14
DVC 10–5 1.53 2.44 0.003 0.37 0.004 — — — 26.33 1.58 0.47 0.18
DVC 8–5 1.93 2.44 0.003 0.22 0.003 3.21 0.39 57.82 20.30 1.22 0.80 0.02
WT 85–3 1.66 2.41 0.003 0.31 0.004 2.07 0.27 28.34 40.46 2.43 — —
WT 85–7 2.35 2.38 0.004 0.01 0.001 — — — 12.12 0.73 — —
RT 1–2 1.89 2.38 0.002 0.21 0.002 — — — — — 0.62 0.23
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the porosity of the strained sample. A similar estimate of
total strain based on rn is given by:

e rnð Þ ¼
rn1
� rno

rn1

ð7Þ

where rno is the initial normalized density of the deposit
(assumed here to be 0.4; e.g., Sheridan and Ragan 1976)
and rn1 is the normalized density of the strained sample.
Lapilli oblateness is also a measure of strain in pyroclastic
rocks but it tracks only the strain accommodated by col-
lapsing of pumice lapilli whereas �(rn) and �(f) track
strain in the bulk deposit.

The calculated values of strain based on measurements
of rn, f and oblateness are plotted for samples from
section SCC-1 (Fig. 4a), other sections of Bandelier Tuff

and supplementary samples (Fig. 4b). These data define a
1:1 relationship because the two physical properties (rn

and f) are completely coupled (e.g., densification is
driven only by porosity loss). Strain estimates based on
oblateness, however, are greater than that of the bulk
sample (Fig. 4c,d). Pumice lapilli that deform in a manner
consistent with volume strain (viz., strain accommodated
by porosity loss) will describe a linear relationship with
zero intercept (solid lines; Fig. 4c,d). Conversely, if
pumice lapilli deformation occurs on a constant volume
basis (pure shear and no porosity loss) measurements of
oblateness and �(rn) will have a non-linear relationship
(dashed curves; Fig. 4c,d). The majority of oblateness and
�(rn) data from SCC-1 exhibit a linear trend consistent
with plane strain. However, unlike the ideal model, the
observed trend does not pass through the origin probably

Fig. 3a–e Plots of normalized
values of density (rn) vs. mea-
sured values of a) porosity (f),
b) PLST, c) UCS, d) oblateness,
and e) average fabric angle for
all samples in this study. Suite
includes samples from: the
Bandelier Tuff (circles), Devine
Canyon Tuff and Walcott Tuff
(triangles) and Bishop Tuff
(Sheridan and Ragan 1976; di-
amonds). Solid lines represent
empirical functions
y ¼ a � rb

n þ c
� �

fitted to data;
model values of a, b, c are
shown in upper left corner (see
text for details). Error bars are
as discussed in Fig. 2
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because the pumice lapilli had an original oblateness prior
to any welding deformation (e.g., Sheridan and Ragan
1976; Peterson 1979; Sparks and Wright 1979). The
best approximation for data from SCC-1 is an original
oblateness of 0.24 (Fig. 4a), a reasonable value when
compared to observations made on measurements on
nonwelded pumice lapilli from the Aso 4 and Bishop
Tuffs (0.25 and 0.32 respectively; Sheridan and Ragan
1976). Still, 4 of 20 data points deviate and fall below the
model line for homogenous strain with an original
oblateness of 0.24. Such samples record a greater strain in
terms of densification than suggested by measurements of
oblateness. In every instance, these samples were col-
lected from the top or bottom of the flow unit where
cooling is fastest (e.g., Riehle 1973; Miller 1990; Riehle
et al. 1995). In these locations, the processes of porosity
loss and pumice lapilli flattening occur at substantially
different timescales causing them to be decoupled. For

example, early densification of the ashy matrix may result
from largely mechanical compaction of particles that
operates on a short timescale, relative to the viscous de-
formation driving the collapse of pumice lapilli (e.g.,
Sheridan and Ragan 1976). The “quenched” tops and
bases of ignimbrites, therefore, record the points on the
welding path where compaction processes dominate over
processes limited by viscous flow.

The entire dataset is shown in Fig. 4d and, although
there is considerably greater scatter, the pattern is similar.
Nearly all data fit into the region covered by model lines
allowing for an original oblateness of 0.24€0.12 (dashed
lines; Fig. 4d). Again, samples from the Bandelier Tuff
that fall below the model line are from the top and bottom
of their respective flow units. The Bishop Tuff samples
(diamonds; Sheridan and Ragan 1976) span a much larger
welding range than the Bandelier Tuff samples (crosses).
However, they follow a linear model trend consistent with

Fig. 4a–d Values of strain calculated from physical properties
measured in this study. Strain calculated from porosity, �(f) and
density, �(r) for a) SCC-1 samples (open circles) and b) all other
samples in this study (SCC-2, SCC-4 and NISC-2 crosses; Devine
Canyon Tuff and Walcott Tuff triangles; Bishop Tuff (Sheridan
and Ragan 1976); diamonds). As expected, data fall very close to
model line with unit slope and zero intercept (solid line). Oblate-
ness of pumice fiamme vs. �(r) for c) SCC-1 samples and d) all
samples in this study (symbols same as in a and b). Heavy solid line
in (c) denotes model relationships between oblateness and strain
accumulated strictly from porosity loss. The Y-intercept of the
different model lines (solid and light) represent the original

oblateness of the pumice lapilli (e.g., 1-co/ao). Dashed curve rep-
resents model relationship between oblateness and constant volume
strain. Data from section SCC-1 are consistent with volume strain
and an original oblateness value of 0.24. Where samples deviate
from these model curves (top (T) and bottom (B) of sections), they
record a greater loss in porosity than fiamme shape would suggest.
d) Data from Bandelier Tuff samples (crosses) plot in the region
defined by volume strain model lines with original oblateness
values between 0.24€0.12 (dashed lines). Samples from the Bishop
Tuff (Sheridan and Ragan 1976; triangles) plot near a model re-
lationship for volume strain and an original oblateness of 0.32
(solid line)
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an original oblateness of 0.32 (e.g., Sheridan and Ragan
1976; solid line), further suggesting that, within the un-
certainty of the method used, most strain in the welding
interval is accommodated by porosity loss.

Ranks of welding intensity

Here, we present a scheme for ranking the intensity of
welding in pyroclastic deposits. Our classification scheme
comprises six ranks (I-VI) that are defined by discrete
ranges in physical property values and specific macro-
scopic or microscopic textural characteristics. The rank
divisions are explicitly tied to previous schemes used to
characterize welding intensity (e.g., Fig. 1; Smith 1960b;
Smith and Bailey 1966; Sheridan and Ragan 1976; Pe-
terson 1979; Streck and Grunder 1995; Wilson and Hil-
dreth 2003). Specific petrographic characteristics used to
define the individual ranks are listed in Table 3. Discrete
ranges in physical properties for each rank were deter-
mined using the empirically derived covariation relation-
ships between individual properties (Table 4). Field and
thin section photographs are collated in Figs. 5 and 6,
respectively, to illustrate the major structural changes
used to define each rank.

Rank I consists of undeformed pumice lapilli in a
loosely-packed, unconsolidated matrix (Figs. 5a and
6a). This rank describes the commonly used term “non-
welded” (e.g., Smith 1960b; Peterson 1979; Streck and
Grunder 1995; Wilson and Hildreth 2003) and comprises
deposits with rn values <0.60 (Table 4). Pumice lapilli

and ash comprising Rank II remain undeformed (Table 4;
Fig. 5b). However, some adhesion between clasts has
occurred rendering the deposit coherent (e.g., Streck and
Grunder 1995; Wilson and Hildreth 2003; Fig. 6b). The
assigned range of rn values (0.48–0.67) partly overlaps
with that of Rank I and describes the commonly used
terms “incipiently welded” (e.g., Peterson 1979; Streck
and Grunder 1995) and “sintered” (Wilson and Hildreth
2003; Table 4). Rank III denotes the inception of defor-
mation in the ash matrix and pumice lapilli (Figs. 5c and
6c). This rank is based on the divisions “partial welding”
(Smith 1960b), “partially welded with pumice” (Streck
and Grunder 1995) and “poorly welded” (Wilson and
Hildreth 2003). The range of rn is 0.67–0.76 (Table 4).
Rank IV describes samples that have a clearly defined
eutaxitic texture, however, the pumice lapilli show both
moderate deformation as well as being collapsed to fi-
amme (Fig. 5d). Rank IV encompasses the term “mod-
erately welded” (Wilson and Hildreth 2003) and is a
subdivision of the term “partially welded with fiamme”
(Streck and Grunder 1995) and describes deposits with rn

from 0.76–0.88 (Table 4). Samples having all pumice
lapilli collapsed to fiamme (Fig. 5e) and a strongly foli-
ated ash matrix (Fig. 6e) are assigned to Rank V. This
rank is again a subdivision of the term “partially welded
with fiamme” (Streck and Grunder 1995) and covers most
of the term “densely welded” (e.g., Smith 1960b; Sheri-
dan and Ragan 1976; Peterson 1979; Wilson and Hildreth
2003). The range of rn for Rank V is 0.88–0.94. The most
densely welded samples are placed into Rank VI. Rank VI
comprises those samples that have been welded all the

Table 3 Petrographic characteristics used to define ranks of welding

Rank Ash matrix Pumice lapilli

I Unconsolidated1, noncoherent4, loosely packed2, little to no
adhesion between shards3

Lack deformation3, randomly oriented2

II Coherent4, some adhesion between shards3, no coalescence of
glassy material3

Randomly oriented2, no deformation3, no eutaxitic texture4,
fracture takes place around rather than through pumice1

III Highly porous and soft4, dull luster and hackly fracture1,
originally spherical bubble shards slightly ellipsoidal3, some
coalescence of glassy material3

Incipiently1 or slightly3 flattened4; fracture takes place
through rather than around pumice1

IV Relatively soft4, moderately foliated5 but individual shards only
slightly deformed3, contact area between shards increased5 and
clasts are moderatly adhered to one another3

Foliated into clear eutaxitic texture4 with both moderately
deformed pumice and fully collapsed fiamme present3,5

V Shards strongly foliated5, strongly adhered to one another3 and
moderately deformed3

Foliated into strong eutaxitic texture4, collapsed to fiamme3

that are obsidian-like although traces of former vesicles
can be seen1

VI Obsidian-like vitrophyre1,3, shards are thoroughly collapsed1,3,
and completely adhered to one another3

Eutaxitic texture and obsidian-like fiamme are faintly
visible1 or difficult to detect3

1Smith 1960b; 2 Sheridan and Ragan 1972; 3Streck and Grunder 1995; 4Wilson and Hildreth 2003; 5 This study

Table 4 Range of physical properties associated with each welding rank

Rank � r rn f PLST UCS OB FA

I <0.31 <1.45 <0.60 >0.42 <0.59 <4.4 <0.58 >33.2
II 0.2–0.39 1.25–1.65 0.49–0.67 0.50–0.34 0.28–1.13 1.8–9.8 0.46–0.67 40.4–28.0
III 0.39–0.47 1.65–1.85 0.67–0.76 0.34–0.25 1.13–2.15 9.8–21.4 0.67–0.74 28.0–23.7
IV 0.47–0.52 1.85–2.15 0.76–0.88 0.25–0.13 2.15–4.6 21.4–53.2 0.74–0.8 23.7–19.5
V 0.52–0.57 2.15–2.3 0.88–0.94 0.13–0.07 4.6–6.4 53.2–80.2 0.8–0.82 19.5–17.8
VI >0.57 >2.3 >0.94 <0.07 >6.4 >80.2 >0.82 <17.8
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way to obsidian-like vitrophyre. Commonly, in this rank,
the eutaxitic texture is difficult to detect in hand sample
(e.g., Fig. 5f) and the glass shards are completely adhered
to one another (Fig. 6f). This rank encompasses the term
“densely welded” (Streck and Grunder 1995).

The ranking scheme described above reconciles the
terminology used by previous workers to describe weld-
ing intensity (Fig. 1). In addition, it provides a number of
criteria that can be used to classify the welding facies of
individual outcrops because petrographic features (e.g.,
particle deformation) are explicitly tied to ranges of

physical properties (e.g., f). This ranking system will
provide a consistent method of semi-quantitatively de-
scribing welding variations, thereby, replacing some of
the more loosely defined and vague terms (e.g., moder-
ately welded) used in the literature. The proposed ranking
scheme also offers greater sensitivity or precision by
expanding the welding scale to allow for six divisions (at
a minimum); this will help capture the true nature of
gradients in welding intensity recorded by different de-
posits.

Fig. 5a–f Photographs showing macroscopic features used to de-
lineate welding ranks (I-VI) in this study. Numbers in bottom right
corner represent values of rn measured on each sample (Tables 1
and 2). a) Pyroclastic flow deposit from Mt. Meager (Russell and
Stasiuk 1997; rank I). The deposit is unconsolidated with randomly
oriented pumice lapilli in a loose ash matrix. Deposit is easily
disturbed by hand. b) Pyroclastic flow deposit within the Bandelier
Tuff (rank II; sample SCC1–2). Pumice lapilli are randomly ori-
ented in a matrix of consolidated ash (camera lens cap in upper
right hand corner for scale). Deposit forms solid wall but individual
pumice lapilli can be plucked with hammer and fractures go around
pumice lapilli. c) Sample from the Bandelier Tuff (rank III; sample

SCC2–14). Pumice lapilli are incipiently flattened and crudely
aligned into eutaxitic texture. Fractures go through, rather than
around, pumice lapilli. d) Outcrop of Rattlesnake Tuff (rank IV;
sample RT1–2). Inclusions comprise both fiamme and moderately
flattened pumice lapilli. e) Sample of Devine Canyon Tuff (rank V;
sample DVC10–3). Pumice lapilli are fully collapsed to vitrophyric
fiamme with virtually zero porosity. However, the matrix still re-
tains some porosity. f) Sample from the Walcott Tuff (rank VI;
sample WT85–7). Sample appears as massive vitrophyre with
virtually zero porosity. However, individual shards can be seen
with a hand lens on cut or broken faces
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There are, however, caveats to this classification
scheme. The ranks presented above are based on the
properties of fresh pyroclastic rock samples that pre-
serve their vitroclastic texture. In every case, the physical
properties of the samples are a direct reflection of the
welding process alone; the physical properties have
not been significantly affected by secondary crystalliza-
tion processes (e.g., lithophysae, sperulites; Streck and
Grunder 1995). In nature, the effects of these processes
can be pervasive and this potentially reduces the utility of
our classification scheme. In such cases, one would have

to rely almost exclusively on petrographic criteria for
ranking welding intensity (e.g., Smith 1960b).

In this paper, we have treated welding intensity as
equivalent to the strain accommodated by volume loss
during compaction and flow of hot pyroclasts. The vol-
ume strain model describes well the welding that attends
post emplacement compaction of pyroclastic materials
that were deposited en masse (or very rapidly) or that
cooled as a single unit (e.g., Smith 1960a; Sheridan
and Ragan 1976; Wright and Walker 1981). However,
there are situations where the strain manifest in pyro-

Fig. 6a–f Photomicrographs of petrographic characteristics used to
delineate welding ranks (I-VI) in this study (all thin sections are
oriented perpendicular to flattening direction). Numbers in bottom
right corner represent values of f measured on each sample (Ta-
bles 1 and 2). a) Unconsolidated glass shards from the Rattlesnake
Tuff (rank I). Bubble and Y-shards are present, although most
shards are tabular in form. None of the glass shards are deformed or
adhered to one another. b) Sample of Devine Canyon Tuff (rank II;
sample DVC10–5). Incipient adhesion of undeformed ash shards
and pumice inclusions is present. c) Sample of Devine Canyon Tuff
(rank III; sample DVC10–4). Original spherical bubble shards are

slightly ellipsoidal. Ash shards are deformed around the edge of a
quartz crystal inclusion. The remaining matrix is still randomly
oriented. d) Sample of Devine Canyon Tuff (rank IV; sample
DVC8–5). A weak but apparent foliation is developed in the ash
shard matrix. e) Sample of Devine Canyon Tuff (rank V; sample
DVC10–3). Strong foliation is apparent in the ash shard matrix. f)
Sample of Walcott Tuff (rank VI; sample WT85–7). Ash shards are
strongly flattened and adhered to one another. Further details of the
petrographic characteristics used in this study can be found in text
and Table 3
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clastic deposits is not explicitly tied to porosity loss
but instead represents coherent flow induced by pure or
simple shear (constant volume) (e.g., rheomorphic ign-
imbrites; Schmincke and Swanson 1967; Walker and
Swanson 1968; Elston and Smith 1970; Wolff and Wright
1981; Branney and Kokelaar 1992; Kobberger and
Schmincke 1999; Sumner and Branney 2002). The indi-
cators of strain (e.g., r, f or oblateness) extracted from
these types of deposits cannot be used in our classifica-
tion scheme because the strain in these deposits records
completely different deformation processes (e.g., non-
coaxial pure or simple shear). Furthermore, the relation-
ships between the metrics of strain (e.g., f versus fabric)
will be very different in these types of deposits than the
covariations established here (e.g., Fig. 3). For example,
rheomorphic ignimbrites will commonly show stretched
and folded pumice lapilli with abnormally high length to
height ratios in deposits that still have significant residual
porosity (e.g., >25%; e.g., Wolff and Wright 1981; Streck
and Grunder 1995; Kobberger and Schmincke 1999).

Application

Welded pyroclastic deposits are the final products of a
complex sequence of volcanic processes involving erup-
tion, flow and emplacement of pyroclastic materials. The
welding process involves either syn or post-emplacement
degassing, compaction, annealing and flow of glassy ma-
terial (e.g., Smith 1960a; Ross and Smith 1961; Branney
and Kokelaar 1992; Freundt 1998). Two of the most
sought after and important pieces of information con-
tained in a welded ignimbrite deposit are the thickness of
the deposit at the time of deposition and the corre-
sponding dense rock equivalent amount of erupted ma-
terial. The method described below is most valid for ig-
nimbrite deposits that have undergone post-emplacement
deformation. For example, such deposits have deformed
pumice lapilli oblateness values that are entirely consis-
tent with flattening via porosity reduction alone (e.g.,
Fig. 4).

Ragan and Sheridan (1972) created a single welding
profile for the Bishop Tuff on the basis of numerous
density measurements on a composite section. We have
converted their reported bulk densities into rn and divided
the section into welding ranks using the scheme outlined
in Table 3 (Fig. 7a). Assuming all welding compaction is
due to the removal of pore space, rn values can be used as
a proxy for strain in welded pyroclastic deposits. Strain is
calculated for each sample for which density has been
reported (Fig. 7a). The �(r)-depth data were fitted to a
polynomial expression which was then integrated to pro-
vide estimates of average total strain as a function of
depth (Fig. 7a). The average strain in the section increases
down section to a maximum at ~130 m depth and then
decreases slightly as the curve enters the less welded
(Ranks I–III) base (Fig. 7a). The value at the base (�(r)=
0.429) represents the average total strain over the entire

Fig. 7a–c Application of ranking system developed in this study to
the (a) Bishop Tuff, (b) Bachelor Mt. Tuff and (c) Therasia welded
air-fall tuff. Left hand panels in a–c are schematic representations
of welding ranks. Welding rank divisions are based on normalized
density values for a and c and petrographic features for b. Middle
panels represent strain calculated from physical properties in a and
c and average values for each rank in b (Table 4). Right hand
panels represent average strain values with depth. Such diagrams
allow for analysis of post-welding distribution of physical proper-
ties and are a basis for calculation of initial deposit thickness and
distribution
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section. This value can then be used to compute the orig-
inal thickness of the section (Lo) from:

e rð Þ ¼ Lo � L1

Lo
ð8Þ

where L1 is the current thickness (~165 m). Our estimate
is 289 m, which is in close agreement to the original
estimates of Sheridan and Ragan (1976).

This calculation of original thickness for a welded
ignimbrite requires accurate measurements of both bulk
and matrix density and an assumption of the average pre-
welding porosity of the deposit. Significant amounts of
post-welding crystallization (e.g., lithophysae) can change
the bulk density and porosity of part or all of a welded
section, rendering this method inaccurate. Therefore, an
accurate prediction of original deposit thickness based on
something other than density or porosity measurements
could prove quite useful, especially in older, more altered
welding facies.

Petrographic features are a viable alternative, tending
to be more resilient to post-welding processes and re-
maining useful even in significantly altered rocks (e.g.,
McPhie et al. 1993). Here we calculate the pre-welding
thickness of a multi-flow, simple cooling unit section of
the Bachelor Mountain Tuff (Ratte’ and Steven 1967)
using the ranking system proposed in this study. Ratte’ and
Steven (1967) indicate that the Bachelor Mountain Tuff is
pervasively altered by crystallization during cooling of the
ash flow deposits, hence physical property measurements
do not provide a reliable estimate of welding-induced
changes. We have divided the ~1,220-m thick Bachelor
Mountain Tuff stratigraphic column into ranks (Fig. 7b)
using petrographic characteristics recovered from pub-
lished photographs and photomicrographs and stratigra-
phic descriptions from a thick section of variably welded
ignimbrite (Ratte’ and Steven 1967). The average amount
of strain recorded by each interval (�a) is calculated in the
same fashion as above using the mid-value of rn consistent
with the assigned rank (Fig. 7b). The total strain achieved
in the deposit (�T) is determined using the equation:

eT ¼
XVI

i¼I

hr � ea ð9Þ

where hr is thickness (%) of material constituting each
individual rank in the deposit and �a is the average strain
for each rank division (Table 3; Fig. 7b). The total cal-
culated strain is 0.455. Using the equation above we es-
timate an original thickness of 2,237 m for the Bachelor
Mt. Tuff. This calculation demonstrates the usefulness of
a ranking system comprising petrographic features and
corresponding ranges of physical properties. This ranking
system has the power to assign quantitative values to
macroscopic and microscopic observations.

The ranking system proposed in this study is not lim-
ited to ash flow tuff deposits. Alternatively, any pyro-
clastic deposit that undergoes strictly volume strain can
be ranked. Here, we apply our system to the Therasia
welded air-fall tuff (Sparks and Wright 1979; Fig. 7c).

The 250 cm thick welded air-fall tuff deposit shows a
range of densities (Sparks and Wright 1979), which al-
lows the unit to be divided into ranks I–V. The average
total strain in the deposit (0.45) is higher than the value
reported for the Bishop Tuff section despite the fact that
the welded air-fall deposit does not reach welding rank
VI. The pre-welding thickness of this air-fall deposit is
calculated to be 455 cm.

Summary

We have explored the abilities of different physical prop-
erties to map variations in welding intensity using data
collected from a single cooling unit of Bandelier Tuff. We
have used these and supplementary data from more dense-
ly welded ignimbrite facies to develop a scheme for
ranking or classifying the intensity of welding in pyro-
clastic deposits. Our ranking scheme comprises six divi-
sions defined in terms of specific textural changes record-
ing progressive deformation. We have also tied Ranks
I-VI to characteristic ranges of physical properties (e.g.,
normalized density). The attributes of this proposed clas-
sification are two-fold. Firstly, it facilitates semi-quanti-
tative comparisons of welding processes within different
deposits or packages of pyroclastic material. Secondly, by
coupling the petrographic-based ranking scheme to phys-
ical properties the individual ranks serve as approximate
measures of strain.
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