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Abstract

This volume is a collection of ten papers largely derived from a special session, Welding Processes in Volcanology,

organized for the 2003 meeting of EUG-EGS-AGU in Nice, France, and brings together field, experimental, and modeling

studies. We briefly review advances in understanding welding as represented by this volume and point to future lines of inquiry,

with an emphasis on understanding the timescales of welding, the metrics of strain, and feedback relationships between

compaction, porosity, permeability loss, fluid transport and rheology of the deposit. Our analysis suggests that, within the realm

of field and textural studies, more systematic and quantitative data are necessary to evaluate strain histories related to welding

and the timing of welding relative to other processes during eruption and emplacement. A new generation of experiments is

needed in which load, strain rate and volatile pressure can be controlled. Numerical models are needed to further explore the

relationships and feedbacks between processes that contribute to welding.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Welding in volcanology is expressed by dramatic

variations in the texture, structure and physical

properties of fragmental deposits (e.g., Smith,

1960a,b, 1979; Ross and Smith, 1961; Ragan and

Sheridan, 1972; Peterson, 1979; Streck and Grunder,
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1995; Quane and Russell, 2004). The welding

process causes densification of volcanic deposits

through deformation mechanisms including compac-

tion and viscous flow which includes sintering

(adhesion of molten fragments ) and deformation

of glassy clasts (e.g., Smith, 1960b; Guest and

Rogers, 1967; Riehle et al., 1995). Despite decades

of description and sporadic theoretical and exper-

imental exploration (Fig. 1), the significance and

implications of welding in volcanic deposits remain

elusive. Welding is influenced by the dynamic
rmal Research 142 (2005) 1–9



30

20

10# 
P

ub
lic

at
io

ns

~45

~60

1950 60 70 80 90 2000

this
issue

field or
descriptive

theoretical
or modeling

experimental

Fig. 1. Post-1950 publications on welding processes in volcanol-

ogy summarized as histogram of number of publications by

decade. The 1960s saw particularly abundant additions to the

welding literature. Experimental, theoretical, and modeling studies

are scarce relative to descriptive studies. The present volume

(Welding Processes in Volcanology) includes papers in all three

categories, but represents a particularly large advance in exper-

imental and modeling papers. The numbers to the left of and

above 1950 refer to descriptive papers on welded deposits from

the first half of the century; many of these do not directly address

welding. The compilation for post-1960 excludes several hundred

publications that examine welded deposits but do not address the

welding process itself. Sources include references cited by papers

in this volume, the results of a detailed GEOREF search, plus the

references in Smith’s papers (1960a,b, 1979). Papers were grouped

according to their main contribution; largely descriptive papers

with important experimental or theoretical contributions were

counted as half in each category. All publications are journal

articles except for the B. Sc. thesis of Bierwirth (1982) and an

abstract by Boyd and Kennedy (1951); both are included owing to

the paucity of experimental literature.
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interplay of diverse factors governing eruption,

emplacement, and cooling processes.

Welded volcanic deposits, among which we

include agglutinates, are geographically and tempo-

rally pervasive on Earth (e.g., Cook, 1959) and are

also interpreted to occur on other planetary bodies

(e.g., Mars: Crown and Greeley, 1993; and Io:

McEwen et al., 2000). Most welding studies have

focused on silicic ignimbrites; however, welding

features are reported in diverse deposits, including

pyroclastic flow (Smith, 1960a,b; Boyd, 1961) and

fall (e.g., Sparks and Wright, 1979) deposits, spatter-

fed lavas (e.g., Wolff and Sumner, 2000; Gottsman

and Dingwell, 2001), bases and margins of lava flows

(Naranjo et al., 1992; Sparks et al., 1993), and

volcanic conduits (Kano et al., 1997; Tuffen et al.,

2003). Welding is also recorded in deposits of

virtually every magma composition from rhyolite to

basalt and even carbonatite (e.g., Barker and Nixon,
1983). Welding is especially prevalent in deposits of

peralkaline composition which also commonly exhibit

signs of rheomorphic flow (e.g., Schmincke and

Swanson, 1967; Wolff and Wright, 1981; Kobberger

and Schmincke, 1999).

The collection of papers presented here derives

largely from a special session Welding Processes in

Volcanology organized for the 2003 meeting of AGU-

EUG-EGS in Nice, France. Our intentions in conven-

ing the original conference session and in preparing this

volume are to assess recent advances in understanding

welding processes with a view towards developing new

strategies for interpreting welding in volcanic deposits.

We hope that these papers might initiate a renaissance

in welding studies to rival the exceptionally productive

decade of research heralded by Smith’s landmark

papers on welding in 1960 (Fig. 1). We note that the

body of scientific literature on volcanoes has approx-

imately quadrupled between the 1970s and 1990s

(~13,000 versus 52,000 publication), so that the peak in

activity on welding in the 1970s represents about 6

times (relative) the activity of the 1990s.
2. This volume

This issue brings together field, experimental, and

modeling studies (Fig. 1). The field studies add new

and important insights to an already substantial

literature. In a field-based study of the Nuraxi

Ignimbrite, Sicily, Pioli and Rosi (2005—this issue)

use spatial distributions of textures, porosity, and

paleomagnetic orientations to unravel a complicated

history of pyroclastic flow, syn-emplacement welding,

and rheomorphic and mass flow. A caution for paleo-

volcanological interpretations is provided by the work

of Gifkins et al. (2005—this issue) who describe

eutaxitic textures that are the result of diagenetic

processes. They also provide criteria for distinguishing

diagenetic compaction from welding compaction

textures.

The experimental studies in this volume include

work on analog and natural materials and explore the

conditions conducive to densification and clast

deformation. Sumner et al. (2005—this issue) con-

sider agglutination and, particularly, clast morphology

induced by impact in low-viscosity compositions.

Through experiments on analog materials and com-
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putational fluid dynamics, they describe impact out-

comes for inviscid (such as basaltic) clasts. Quane and

Russell (2005—this issue) explicitly explore the

relationships between temperature, load, strain rate,

and total strain in a series of high-temperature

compaction experiments used to simulate welding.

Their experiments control temperature and strain rate

or load and are performed on spherical glass beads;

results are used to develop a rheological model for

strain accumulation during welding. Experiments on

natural rhyolitic ash by Grunder et al. (2005—this

issue) explore the effects of water and time on

compaction, fabric development and clast deformation

and the occurrence of vapor-phase crystallization.

Giordano et al. (2005—this issue) provide the first

glass transitions temperatures (Tg) determined for a

range of natural hydrous glass compositions. Tg

serves as a useful and accessible proxy for viscosity

and separates the thermal regime into one dominated

by viscous deformation (TNTg) where adhesion and

deformation of clasts operate on a relatively rapid time

scale, versus a regime (TNTg) where viscous flow

would require excessive amounts of time.

The volume also contains two computational

modeling studies which make contributions beyond

the seminal works of Riehle (1973); Miller (1990),

and Riehle et al. (1995). Sheridan and Wang (2005—

this issue) present a model that allows for compaction-

induced changes in thickness during cooling. They

use the modeling to constrain average welding times,

as well as the temporal implications of breaks between

cooling units, by comparing modeled density profiles

of the Bishop Tuff with field data. Keating (2005—

this issue) investigates the effects of water, partic-

ularly vapor derived from the substrate during cooling

of an ignimbrite. His model provides a vehicle for

exploring the role of water vapor in causing secondary

explosions, in promoting cooling, in enhancing

welding by absorption into the glass, and in affecting

devitrification and vapor-phase crystallization. Lastly,

Russell and Quane (2005—this issue) use an inverse

modeling approach in the interpretation of physical

property data collected on samples from the Bandelier

Tuff. The field data provide estimates of cumulative

strain due to welding and are inverted through a

rheological model to establish the relative roles of

mechanical compaction versus viscous deformation.

Russell and Quane conclude with a pair of dimension-
less numbers, which are used to define the notion of a

bwelding windowQ, that is, a combination of con-

ditions under which welding is enhanced.

2.1. Quo vadimus?

There are several themes that emerge from this

compilation which suggest fruitful avenues for further

research. An abbreviated list follows.

(A) What are the mechanisms of welding and how

do the relative roles of these mechanisms (e.g.,

mechanical compaction vs. viscous flow) vary

in response to load, emplacement and thermal

history, and melt properties (e.g., Russell and

Quane; Giordano et al.; Grunder et al.)?

(B) What are the time scales of welding and how do

they relate to internal (e.g., temperatures, melt

properties, water content) and external (load,

water infiltration) factors (Pioli and Rosi; Quane

and Russell; Grunder et al.; Sheridan and Wang;

Keating)?

(C) What are the effects of intrinsic versus extrinsic

water on the welding history of pyroclastic

rocks? Dissolved water has the potential of

greatly enhancing welding (Giordano et al.;

Grunder et al.; Russell and Quane) or can

provide a pore-fluid pressure that inhibits

compaction rates (Keating; Sheridan and Wang;

Grunder et al.). Water or steam derived from a

wet substrate or from rain or internally will

affect cooling and welding (Keating).

(D) What morphological, textural, or physical attrib-

utes of a deposit are most important to measure

in the field to facilitate interpretation of the

welding history? In particular, what field

observations are most useful and reliable for

connecting field-based interpretations to the

knowledge-base gathered from experimental

and theoretical studies (Gifkins et al.; Pioli

and Rosi; Russell and Quane; Sumner et al.)?

(E) What are the feedbacks among factors affecting

welding? For example, how does permeability

(connected pore space) vary spatially and

temporally during welding of pyroclastic depos-

its and how is permeability evolution controlled

by the welding history (e.g., high vs. low strain

rates)? Does welding history and permeability
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evolution affect the ultimate character of the

welded deposit?

Below, we briefly expand our discussion on two of

these topics, namely: the measurement of strain and

the role of water.
3. Discussion

Welding in pyroclastic deposits results from a

favorable intersection of: (1) the emplacement con-

ditions of the deposit (i.e., eruptive temperature,

column height, emplacement temperature, accumula-

tion rate, thickness, or load); (2) the physical proper-

ties of the materials, including composition and water

content (which together with temperature are sub-

sumed in viscosity), Tg, particle size and shape, and

sorting; and (3) dynamic feedbacks during welding

and compaction involving changes in porosity and

permeability, evolution of steam and absorption (or

resorption) of water, devitrification, or vapor-phase

alteration (see summaries by Smith, 1960a,b; Guest

and Rogers, 1967; Riehle et al., 1995; Sparks et al.,

1999). Among the many parameters and processes

that need to be understood in order to deconvolve the

welding signal in rocks, we focus on two issues: (1)

identifying common metrics for comparison among

field, experimental, modeling, and theoretical studies;

and (2) the systematic investigation of the changes in

and effects of water pressure during welding.

3.1. Measurement of strain

The welding intensity of pyroclastic deposits, as

measured by changes in texture, structure, physical

properties, typically varies with stratigraphic, and

lateral position. Sheridan and Wang (2005—this

issue) provide a brief summary of the sequence of

events attending the compaction and welding of ash

flow tuffs. The absolute changes in welding intensity

can be tracked by converting the physical properties

into corresponding values of strain (e.g., Smith and

Bailey, 1966; Ragan and Sheridan, 1972; Sheridan

and Ragan, 1976; Peterson, 1979; Sparks and Wright,

1979; Kobberger and Schmincke, 1999). Estimates of

total strain also provide a common basis for relating

field-based observations directly to results from
laboratory or computational experiments (e.g., Quane

et al., 2004). We note, however, that field studies that

allow for the systematic analysis of strain due to

welding are few.

The strain accumulating during progressive weld-

ing is mainly expressed as porosity loss (i.e., volume

strain) via mechanical compaction and viscous defor-

mation of the porous clastic matrix and vesicular

particles. Thus, the thickness of the deposit, the bulk

properties such as porosity and density, the axial ratios

of clasts, and the degree of foliation can all serve as

records of strain when compared with the unstrained

(nonwelded) state (e.g., Sheridan and Ragan, 1976;

Peterson, 1979; Sparks and Wright, 1979; Quane and

Russell, 2004).

Using axial ratios of fiamme, shard elongation, or

changes in Y-shard angle as metrics of strain can be

complicated because the original shape of particles

may not be known and the particles may become

preferentially aligned during emplacement (e.g., Sher-

idan and Ragan, 1976; Peterson, 1979; Sparks and

Wright, 1979). Although fiamme are the most con-

spicuous feature to measure in the field, they may

exhibit a greater degree of deformation than the ash

matrix (Ragan and Sheridan, 1972), reflecting greater

initial porosities, incomplete vesiculation during

eruption, or, as suggested by Sparks et al. (1999),

lowering of viscosity by resorption of water seques-

tered in vesicles.

Using combinations of strain measurements allows

for distinguishing between mechanical versus viscous

deformation regimes. Coupling of density measure-

ments and strain as measured from Y-shards and

fiamme shape, in the Bishop Tuff, led Ragan and

Sheridan (1972) to conclude that volume strain was

dominant and that fiamme axial ratios (length over

width) of 25 could result from volume loss alone. In

contrast, substantial decoupling of the degree of

flattening of fiamme and density in the Apache Leap

Tuff caused Peterson (1979) to conclude that sub-

stantial bplastic flowQ drove deformation at constant

volume.

Porosity and density are strongly coupled bulk

properties but can become uncoupled by variations in

crystal or lithic content, heterogeneous glass compo-

sitions, and syn- or post-emplacement devitrification

and alteration. They generally serve as excellent

measures of strain until virtually all porosity is lost.
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On the other hand, once porosity reduction is

complete, most of the conventional metrics that are

used to record volume strain are no longer useful for

tracking continued strain (e.g., strain accompanying

rheomorphic flow).

Volume strain can be expected to dominate until

porosity has been reduced substantially (e.g., b5%)

after which strain can be accommodated via (near-)

constant volume deformation processes involving the

pure viscous flow of the deposit or portions of the

deposit, if strain becomes localized. Deformation

under the constant volume constraint (e.g., zero

porosity) can be via coaxial, pure shear as would

attend the 2-dimensional flattening, or compaction of

the deposit. Alternatively, constant volume strain can

involve non-coaxial shear. For example, where

pyroclastic deposits rest on a substantial slope, over-

burden loads can be resolved into non-coaxial shear

stresses (e.g., simple shear) inducing strain manifest

as rheomorphic flow (Wolff and Wright, 1981; Quane

et al., 2004).

More explicit treatments of strain and constraints

on strain rates are important next steps to link field

data with models, experiments and the physical

properties (viscosity and Tg) that bear on interpreting

welding in pyroclastic rocks. In particular, a greater

understanding is needed of how strain is partitioned

between matrix and clasts or becomes localized within

the deposit as a function of welding history. Although

field data can provide a detailed spatial distribution of

accumulated strain, experimental work is providing
Table 1

Summary of observed and computed properties of compaction experimen

(1963), including: temperature, fluid pressure ( PH2O
), run times (tMax), w

T

(8C)
PH2O

(MPa)

XH2O

(wt.%)

tMax

(min)

/Final

(%)

635 0 0.15 1000 0

635 0.171 0.25 5300 10

635 0.345 0.4 32000 10

635 1.03 0.6 10000 31

635 2.07 0.85 53000 41.5

735 0 0.1 320 0.8

735 0.172 0.15 530 0.3

735 0.345 0.3 1750 1

735 1.03 0.5 3200 2

735 2.07 0.65 32000 4

Calculated properties include volume strain (q), strain rate (qV), melt viscos

H2O in the melt (calculated according to Newman and Lowenstern, 2002).

glass shards and pumice with 2–5% crystals under a load pressure of 3.6
rheological relationships among temperature, load and

the strain rates attending sintering and compaction

(e.g., Boyd and Kennedy, 1951; Boyd, 1961; Fried-

man et al., 1963; Bierwirth, 1982; Quane and Russell,

2005—this issue). At present, there are no direct

means of recovering strain rate information on

welding from field studies. However, future exper-

imentation may identify markers, textures, or other

features within pyroclastic deposits that could serve as

indicators of strain rates during welding. In a similar

manner, Rust et al. (2003) used analogue fluid

dynamic experiments to show how bubble sizes and

orientations can constrain magma velocity profiles in

conduits during eruption.

3.2. Water

Water is a critical factor in welding because it

strongly affects the viscous response of the melt (e.g.,

Giordano et al., 2005—this issue), as well as affecting

the abundance of vesicles and the fluid pressure in

pore spaces. Water is variably lost from the magma

during eruption, and is variably retained or gained

during emplacement and cooling (e.g., Dingwell et al.,

1996; Sparks et al., 1999; Keating, 2005—this issue).

If permeability is low, steam will be trapped and pore

fluid pressure may inhibit welding or lead to

explosion.

The only welding experiments in which fluid and

load pressure were controlled independently through-

out the experimental run are those of Friedman et al.
ts on samples of Bandelier ash flow as reported by Friedman et al.

ater content (XH2O
), and final porosity (/Final) of run products

eMax eVMax log10
(Pa s)

XSat

(wt.%)

0.50 10�3.4–10�6.4 13.4 0

0.44 10�4–10�7 13.2 0.18

0.44 10�4.5–10�7.5 12.9 0.24

0.28 10�4.7–10�7.1 12.5 0.43

0.15 10�5.2–10�8.1 12.1 0.61

0.49 10�3.3–10�6.8 11.5 0

0.50 10�3.2–10�6.5 11.4 0.16

0.49 10�3.4–10�6.9 11.2 0.21

0.49 10�3.7–10�6.9 10.8 0.38

0.48 10�4.6–10�7.4 10.6 0.56

ity (calculated according to Shaw, 1972) and the model solubility of

All experiments were performed on unsieved ash-sized mixtures of

MPa and having an initial porosity of 50%.
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(1963). Their seminal work on the rhyolitic Bandelier

Tuff is the basis for the ash densification function

developed by Riehle (1973) which has been incorpo-

rated in subsequent ignimbrite cooling models (e.g.,

Riehle et al., 1995). Here we review these experi-

ments for the purposes of stimulating further research

on this important issue.

Friedman et al. (1963) conducted compaction

experiments on samples of Bandelier ash using a

fixed temperature (635 and 735 8C), a constant load
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Experimental data sets (Table 1) are relabeled for the correct water pressur

performed at 635 8C (solid lines) plotted as sample porosity vs. duration of

labelled with the imposed PH2O
(bars); measured water contents of samples

same load pressure and the maximum and minimum water pressures (bar

Dashed lines are 635 8C experiments under the same load pressure and the

Experimental data from (A) and (B) are summarized in terms of volume s

lines 735 8C. All porosity is lost where strain approaches 0.5; tangents to

results summarized as calculated strain rates vs. strain. Experimental cond

dependent and strongly controlled by porosity loss (e.g., strain); implied de

decrease rapidly as porosity disappears (10�6 to 10�8).
pressure (3.63 MPa) and a constant water pressure of

0, 0.172, 0.345, 1.03, or 2.07 MPa (Table 1). The

samples were held at the experimental temperature

and PH2O
for 1–2 days prior to applying the load. The

experiments involved applying the fixed load and

recording the shortening (porosity reduction) as a

function of time (Fig. 2A,B). As noted by Sparks et al.

(1999), the curves in the original graphs are mis-

labelled (reversed) in terms of P (e.g., Friedman et al.,

1963: in Fig. 5 the curve labelled 20.7 bars PH2O
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should be labelled 0 bars PH2O
and so on). The

original data are replotted in Fig. 2A and B with

corrected labels denoting PH2O
and the measured

water contents of the experimental run products.

Increasing water pressure resulted in increased dis-

solved H2O in the melt and greatly facilitates

compaction. At 635 8C, in the experiment having a

water pressure of 2.07 MPa, the sample lost all of its

porosity, whereas in the experiments with lower PH2O
,

the samples maintained at least 10% porosity even

after 5 days (Fig. 2A). In the higher-temperature

experiments (Fig. 2B), samples compacted more

quickly; in the high-water pressure experiments,

samples reached zero porosity in just over 3 h.

The experimental results are summarized in terms

of the volume strain (Fig. 2C) calculated from

porosity and assuming a fixed original porosity

(e.g., 50%). These strain/time curves directly record

the evolution of strain rate during the separate

experiments (Fig. 2D). The highest strain rates occur

early when porosity in the sample is high and decrease

steadily as porosity is reduced. Lastly, we have

converted the computed strain rates to apparent
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; experiments with higher PH2O

effective viscosities. Values of gapp increase as porosity is lost. Grey bars d

transition (1012–1012.5 Pa s).
viscosity to demonstrate the evolution of rheology

during the compaction experiments (Fig. 3). Apparent

viscosity increases steadily with porosity loss from the

initial values of 1010–11 Pa s and 109.5–10 Pa s for 635

8C and 735 8C, respectively.
It is important to note that all of Friedman et al.’s

(1963) viscosity values are estimates made by

comparing the compaction curves of the hydrous ash

with the corresponding compaction curves for ash-

sized powders of dry pyrex of known viscosity.

However, analysis of the compaction curves for the

pyrex powders implies substantially higher viscosities

than were measured on the corresponding pyrex

melts. This discrepancy may result from experimental

problems, such as strain being partitioned into the

experimental apparatus or into the sample holder, or

from frictional effects on one of the two pistons.

These experiments demonstrate the relative roles of

temperature, PH2O
, and pore fluid pressure. Increased

temperature promotes higher strain rates and greater

degrees of compaction due to lowering of viscosity.

When PH2O
is increased, the melt becomes increas-

ingly hydrous which lowers the viscosity, thereby
01020304050
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o
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s of porosity loss assuming that all deformation is accommodated by

have melts with higher H2O contents and describe paths having low

enote the range of viscosities coincident with the calorimetric glass
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causing a substantial increase in strain rates and total

compaction (Table 1). Based on coincidence among

calculated strain rate curves, a temperature increase of

100 8C has a similar effect to adding 0.3 wt.% H2O to

0.55 wt.% H2O to the melt (Fig. 2D). The role and

evolution of pore fluid pressure is uncertain in these

experiments because the nature and distribution of the

fluid phases are not well characterized. After dwell

times of 10 s of hours at elevated temperature and

several bars of PH2O
, the melt should be saturated with

H2O and in equilibrium with a fluid phase. The

solubility of water in rhyolite derived by Friedman et

al. (1963) is greater than that based on the solution

model of Newman and Lowenstern (2002; Table 1).

We suggest that some water may have been trapped in

isolated pores during the experiments as the ash

became sintered; some of the sintering and trapping of

fluid may have occurred prior to application of the

experimental load (e.g., during the dwell time). If so,

the compaction experiment will have had an effective

load that is less than the 3.63 MPa load pressure

(Peff=Pload�PH2O
).

In natural deposits undergoing welding, we expect

porosity and permeability evolution to be highly

variable and critical to the nature, style and time

scales of welding (e.g., Sparks et al., 1999; Keating,

2005—this issue). The effects of permeability on the

distribution and intensity of welding have seen little

attention and are likely line of pursuit. We suggest that

a new generation of hydrous compaction experiments

are in order to take us past the exceptional work of

Friedman et al. (1963).
4. Conclusion

The papers collected in this volume represent a

significant advance in understanding welding in

volcanology and point to future lines of inquiry. In

the realm of field and textural studies, more systematic

and quantitative studies are necessary to evaluate strain

histories related to welding and the timing of welding

relative to other processes during eruption and

emplacement. A new generation of experiments is

needed in which load, strain rate and volatile pressure

can be controlled. Numerical models are needed to

further explore the relationships and feedbacks

between processes that contribute to welding.
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