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Preface

Turbulent chaotic behaviour occurs all around us in natural systems as a
function of a number of various factors, and is often thought to show a
system out of balance. In the physical world, turbulence makes one think of
whirlwinds, hurricanes, thunderstorms and white water rapids. In the
human world, what comes to mind are the global economic crisis at the
beginning of the 21% century, revolutions, conflicts and other more personal
moments when the otherwise smooth flow of life is thrown into turmoil.
However, in this book we are not dealing with disasters or traumas, but
rather with certain linguistic events that remind us that turbulence can be
both positive and a type of balance or equilibrium. We focus on the
characteristics of a class of frequently occurring speech sounds called
obstruents. The term ‘obstruent’ refers to consonants that involve the
partial or total obstruction of the vocal tract by the lips, teeth or tongue.
Such obstructions disrupt a smooth airflow or block it entirely, and thereby
generate a particular timbre of sound, one which lets obstruents stand out in
speech and thereby function effectively, since they are audibly different
from vowels and ‘sonorant’ consonants.

A total obstruction tends to cause a silence or a quasi-silence in the
acoustic signal (with a glottal murmur in voiced segments). This occurs in
oral stops, affricates, clicks, ejectives, and implosives. The former two are
purely pulmonic sounds, where air comes from the lungs, and are made
turbulent particularly on the release of the total closure of the vocal tract.
The latter three are generally nonpulmonic sounds, where airflow is not
dependent on the lungs.

A partial obstruction occurs throughout fricatives, in the slowed release
phase of affricates, and during pre- or post- aspiration. The partial
obstruction in the vocal tract and the glottal configuration together create
the aerodynamic conditions that make a turbulent airflow arise near the
tightest point of constriction, which is either at the glottis or at a
supraglottal constriction. Noise realized at the glottis is commonly called
aspiration, whereas noise at the supraglottal constriction is called frication.

In a given language it is generally well known which turbulent sounds
are produced within which environments. However, the actual individual
realisation of turbulent sounds is largely unpredictable, since a variety of
changing factors come into play, making turbulent sounds one of the most
challenging and interesting areas to study. On account of the difficulty in
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investigating turbulent sounds, considerable courage (or naivety) is called
for on the part of the researcher, since it is necessary to apply knowledge
from several different research disciplines. Moreover, the researcher has to
face the fact that generally accepted acoustic parameters describing, for
instance, fricatives, do not exist. This fact makes it rather difficult to know
which acoustic parameters are perceptually relevant. None of the
comparable classes of speech sounds requires so much basic knowledge of
phonology (different sound inventories, places of articulation), acoustics
(e.g. noise sources), aerodynamics (e.g. the relation between subglottal,
intraoral, and atmospheric pressure), speech production (e.g. laryngeal-oral
coordination) etc. as is required for obstruents. An optimal research team
examining turbulent sounds should consist of a phonologist, a phonetician,
two physicists (one from the area of acoustics and the other one from the
area of fluid mechanics), a speech therapist (working on cleft palate speech,
hearing impairment or neurological disorders), a psychologist (working on
speech acquisition), a dentist (working on teeth size and different bites),
and a mathematician (working on models). Since most of us are probably
far from such an optimal research environment, this book is intended to
bridge a gap by introducing the reader to the world of obstruents from a
multidisciplinary perspective, with a particular focus on the phonetics and
phonology of these sounds. Moreover, this multidisciplinary perspective
involves the description of typological processes as well as detailed studies
of various phenomena occurring in unrelated and even endangered
languages: Germanic languages (German, Scottish English), Slavic
languages (Polish and Slovak), Khoesan languages (N|uu-endangered),
Caucasian languages (Avar, Georgian, Ingush, Bezhta-endangered, Tsez-
endangered), Finno-Ugric languages (Hungarian), and Korean. Most of the
chapters in this book that relate to a particular language use acoustic
analyses in addressing the relevant research questions. Additionally,
electropalatography, magnetic resonance imaging, ultrasound, and laryngo-
graphy were chosen to investigate speech production phenomena of
obstruents at the laryngeal and supralaryngeal levels. Aerodynamic char-
acteristics were studied using the Rothenberg mask and a first attempt was
made to do acoustic modelling of obstruent phenomena.

The book is structured as follows: It starts with a typological study by
Hall and Zygis, featuring an overview of the phonology of obstruents in a
variety of languages using the traditional features [sonorant], [continuant],
and [strident]. It is shown how these features are (un)able to capture
commonly occuring natural classes and phonological processes involving
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obstruents. Moreover, the authors take into account cross-linguistic
tendencies with respect to frequent and infrequent processes.

A rich set of phonological processes occurring in obstruents are
introduced from a radically different perspective in the chapter “Turbulence
and phonology” by Ohala and Solé. The authors explain phonological
processes as a consequence of aerodynamic principles, acoustic-auditory
factors, interarticulatory timing as well as coordination, and summarize
their own related work over the last decades.

Barkanyi and Kiss’ study approaches the puzzling phonological
behaviour of the voiced labiodental fricative /v/ in Slovak and Hungarian
by appealing to the phonetic properties of this sound. The authors pursue
the question of whether the aerodynamic and acoustic properties of /v/
correlate with its double-faced (sonorant vs. obstruent) behaviour in
voicing assimilation as well as its distribution in the lexicon.

Kim, Maeda, Honda and Hans tackle another issue, addressing the
laryngeal characterization of the Korean alveolar lenis and fortis fricatives.
Based on their acoustic and aerodynamic (air flow and intraoral pressure)
experiment and a separate MRI study they conclude that the two fricatives
are specified for [-spread glottis]. Moreover, the authors consider the
aspiration noise occurring after the offset of the two fricatives as a
consequence of the transition between a fricative and a vowel or a vowel
and a fricative, regardless of the phonation types of the fricatives.

The next three chapters deal with languages and phenomena which are
rather underrepresented in the scientific literature. Preaspiration is a rarely
reported phonetic phenomenon occurring mostly in stops, not in fricatives.
Gordeeva and Scobbie find evidence for preaspiration as a correlate of
word-final voice in Scottish English fricatives. They explain it as a learnt
dissociation of the lingual and supralaryngeal gestures in word-final
voiceless fricatives, show how different speakers vary in the extent of this
dissociation, and suggest that this variable (but quite persistent) inter-
articulatory event helps to secure contrast in the Scottish English voice
system with its tendency for final phonetic devoicing.

Based on their fieldwork data, Grawunder, Simpson, and Khalilov study
phonetic characteristics of ejectives, and provide samples from Caucasian
languages. These also include data from speakers of two endangered
languages: Tsez and Bezhta. The authors discuss the (ir)relevance of a
variety of acoustic parameters in the description of ejectives in comparison
to secondary features or pulmonic stops in these languages.
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Miller presents her fieldwork data on clicks from another endangered
language: N|uu, spoken by only a few speakers in South Africa. Miller
challenges current knowledge on clicks, in particular with respect to
different air stream mechanisms, to front and back place of articulation and
to vocalic environment, shaping the production of these sounds.

The last three chapters introduce selected phenomena occurring in
obstruents from the perspective of sociophonetics, pathology, and physics /
acoustic modelling.

It has often been shown that voiceless sibilants are realized differently
by male and female speakers in a variety of languages. On the basis of a
large articulatory, acoustic, and anatomical data set from English and
German speakers, Fuchs and Toda investigate the following question: Do
differences in male versus female /s/ reflect biological or sociophonetic
factors? Their findings provide evidence that the sociophonetic factor plays
a pivotal role, but results are also influenced by biology.

Obstruents are typically distorted in children or adults with a cleft
palate, since the air can escape through the cleft and a high intraoral
pressure cannot build up. In their chapter “Producing turbulent speech
sounds in the context of cleft palate,” Gibbon and Lee provide a com-
prehensive overview of compensatory mechanisms used by cleft palate
speakers to satisfy the aerodynamic and perceptual goals in obstruent
production. These compensatory mechanisms have a large impact on
speech production, since they are often persistent, even after the subjects
have undergone surgery to close the cleft palate.

Finally, Toda, Maeda, and Honda develop a combed portrait of the
formant structure of sibilant fricatives and their affiliation to vocal tract
cavities. The topic is introduced with simple vocal tract models, followed
by recorded Polish /¢/ and /s/ configurations derived from high-resolution,
teeth-inserted MRI data. The chapter concludes with a note on the acoustic
mechanisms involved in the phonemic contrast.

We would like to thank the German Research Council and the French-
German University Saarbriicken for a grant to support the French-German
cooperation, and also all the supporters of the conference “On turbulences,”
which took place in 2005 at ZAS in Berlin. This conference provided a
fundamental basis for the ideas given in this book. We also would like to
thank the editor in chief of the Interface Explorations Series, Tracy Alan
Hall, for his engagement, the publisher Mouton de Gryuter, and all the
reviewers who contributed to this book. This book is dedicated to our
children Jolanda, Louise, Victor, Emilia, Weronika and Marysia, who not
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only realize various turbulent sounds of German, French, and Polish, but
also create lots of positive turbulences in our lives.

Susanne Fuchs, Martine Toda, Marzena Zygis
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An overview of the phonology of obstruents”

T. A. Hall and Marzena Zygis

1. Introduction

Sounds in the languages of the world involving turbulent noise are referred
to in generative phonology as ‘obstruents’, a natural class subsuming stops,
affricates and fricatives. Sounds not belonging to the class of obstruents are
traditionally considered to be ‘sonorants’, namely vowels, glides, liquids,
nasals.

The purpose of this article is to provide an overview of the phonology of
obstruents, concentrating on the three subcategories ‘stops’, ‘affricates’ and
‘“fricatives’ and the rules in natural languages which change a sound from
one of those categories to a sound in one of the other two. We begin in
section 2 by discussing the distinctive feature used for capturing the
sonorant vs. obstruent dimension ([sonorant]). In section 3 and 4 we turn to
the features used to express the contrast between stops vs. affricates
([strident]) and stops vs. fricatives ([continuant]), respectively. In each
section we discuss traditional definitions of the respective features as well
as rules in a wide variety of languages which change the values of one of
these features, e.g. obstruent — sonorant, stop — affricate, stop — fricative
(and the respective mirror image rules). In section 5 we provide examples
of processes which are problematic in terms of features but which can be
explained if phonetic evidence (in addition to the phonological features) is
taken into account. The aim of that section is to show the limits of feature
theory — at least in its current state.

Although a number of works have appeared through the years which
analyse the kinds of rules we discuss below, a number of controversial
issues relating to feature theory remain. The purpose of this article is not to
make new proposals but instead to discuss some of these open questions
and to point to directions for further research, some of which are dealt with
in other articles in the present volume (see e.g. Ohala and Solé).
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2. The obstruent vs. sonorant dimension

In this section we discuss the definition of the distinctive feature [sonorant],
posited in generative phonology to capture the distinction between
obstruents and sonorants (section 2.1.) and rules which involve a change in
the feature [sonorant] (section 2.2.). Some controversial questions
involving the material we present below are discussed in section 2.3.

2.1. The definition of the feature [sonorant]

The two natural classes ‘obstruent’ and ‘sonorant’ are traditionally captured
in phonological theory with the feature [sonorant], which Chomsky and
Halle (1968; henceforth SPE) define as follows (p. 302): “Sonorants are
sounds produced with a vocal tract cavity configuration in which
spontaneous voicing is possible; obstruents are produced with a cavity
configuration that makes spontaneous voicing impossible.” SPE (p. 302)
notes that spontaneous voicing is suppressed by “...narrowing the air
passage to a point where the rate of flow is reduced below the critical value
needed for the Bernoulli effect to take place.” This occurs in segments
whose constrictions are more radical than those found in glides like /j w/.
This means that stops, affricates and fricatives — those sounds formed with
more radical constrictions than the glides — are considered to be obstruents,
i.e. [-sonorant], whereas vowels, glides, nasals and liquids are sonorant, i.e.
[+sonorant].! The reader is referred to the Appendix for a list of the features
we discuss in the present article.?

According to a second definition (Halle and Clements 1983: 6) sonorant
sounds “are produced with a vocal tract configuration sufficiently open [so]
that the air pressure inside and outside the mouth is approximately equal.
Obstruent sounds are produced with a vocal tract configuration sufficient to
increase the air pressure inside the mouth significantly over that of the
ambient air.” Apparently both the latter definition and the one from SPE
make the same predictions concerning natural classes. Since the Halle and
Clements’s (1983) definition of [sonorant] seems to be the most widely
accepted one among phonologists, it is the definition we adopt in the
present study.’

It is usually assumed that the definition for obstruents correlates with
their phonological behaviour in the sense that sounds like /p t k/, etc., are
obstruents from the point of view of phonetics (i.e. they fit one or both of
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the definitions given above), but also from the point of view of phonology
by patterning as [-sonorant] segments. A number of linguists have pointed
to segments in various languages in which this correlation does not hold.
One logical possibility involves sounds which are phonetically obstruents
but which nevertheless pattern phonologically as if they were sonorants,
while the mirror image situation obtains if phonetic sonorants pattern
phonologically as obstruents. In the remainder of this section we briefly
discuss examples illustrating the former case.

Examples of phonetic obstruents patterning with sonorants are discussed
by Rice (1993), who dubs such sounds ‘sonorant obstruents’. These are
defined as obstruents (from the point of view of phonetics) that (a) take the
place of sonorants in a system, (b) receive voicing from sonorants, or (c)
alternate with sonorants. An example of the (c¢) case can be found in
languages in which voiced stops like [b d g] alternate with nasals. (It is not
clear whether (a), (b) or (c) alone is sufficient to define a sound as a
‘sonorant obstruent’, or whether all act together, and must all be met).
Rice ultimately argues that the feature [sonorant] should be replaced with
the feature [sonorant voice] (SV), which is underlyingly present in all
sonorants and sonorant obstruents.*

Additional examples of surface obstruents which behave phonologically
like sonorants involve the fricative [v] in a number of languages. See, for
example, Barkai and Horvath (1978) on Hebrew and Hungarian, Padgett
(2002a) on Russian, Hall (2007) on German, and Barkanyi and Kiss
(present volume) on Hungarian and Slovak. While it could be that the
surface [v] in these languages really is a sonorant (e.g. the approximant
[v]), another possibility is that it is an obstruent (i.e. the fricative [v]),
which needs to be analysed as a sonorant in the phonology. We therefore
regard language-specific studies on the phonetics and phonology of [v] as a
profitable area of future research because these studies have the potential of
shedding light on features (e.g. [sonorant]) as well as the general interaction
of phonetics and phonology. (Cf. also phonetic investigation of [v] in
Padgett (2002a) and Barkanyi and Kiss (present volume)).

2.2. Rules altering [sonorant]
Rules altering [sonorant] subsume processes in which a sonorant becomes

an obstruent (section 2.2.1.) or ones in which an obstruent becomes a
sonorant (section 2.2.2.). We refer to these two types of processes as
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desonorizations and sonorizations, respectively. In contrast to some of the
other changes discussed in sections 3 and 4, desonorizations and
sonorizations typically affect individual segments rather than the entire
natural class of obstruents or sonorants. As we note below, one general
problem in investigating processes of this type is that they will often
involve not only a change in sonorancy but also changes in other features
(e.g. [consonantal], [continuant]). The theoretical relevance of this point is
discussed in section 2.3.

Many of the processes we discuss in the present section (and in the
subsequent sections) are referred to in the literature under the umbrella-
category of lenitions — a term often meant to imply a reduction of
‘articulatory effort’. The literature on lenitions is vast, and we do not
attempt to summarize it here. The reader is referred to Kirchner (2001)
(including the references cited therein) for a recent phonetically-based
analysis of lenitions, which also includes a cross-linguistic survey.
Lenitions from the historical perspective are discussed in Hock (1986:
80ft.).

2.2.1. Sonorants becoming obstruents

The change from a sonorant into an obstruent will typically affect either a
glide (e.g. /w/ or /j/) or a rhotic such as /1/.

Examples of desonorizations converting /r/ into a coronal fricative
before high front vocoids (i.e. /j/ or /i/) are presented in (1a-b).” We refer to
this process as the assibilation of a rhotic because the output is a sibilant
(fricative), but also because the high, front vowel context is the same as the
trigger for stop assibilations (see sections 3.2.1. and 4.2.1.).

(1)  Assibilation of rhotics
ar—s/__ji Jita (*) Downing (2005)
b.r>s/ i Oceanic  Ross (1988)

In the Bantu language Jita in (1a), a stem-final /r/ (phonetically the flap [r])
changes to [s] before /i j/ in certain morphological contexts. The change in
(1b) transpired in a number of Oceanic languages, e.g. Proto-East
Admiralties *[r] > [s] in Titan and Sori-Harengan (Ross 1988: 324).

Examples of the assibilation of rhotics which apply anywhere other than
before high front vocoids are difficult to come by. One example to our
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knowledge is the process in Tarasco, whereby /r '/ become [z] before /z/
(Swadesh 1969).

Desonorization rules with a glide (i.e. /w/ or /j/) as input are presented in
(2-3). In the former examples we can observe the change from the input
glide to a fricative; in the latter examples the output is a homorganic stop.
The context for (2a) will be described below.°

(2) Desonorization of glides (in which the output is a fricative)

aw-op/ (V) i Guayabero Keels (1985: 75)
b.w—op/# C Sawai Whisler (1992: 13)
c.j—>3/6 Portefio Spanish ~ Harris (1983: 57-58)
dw-ov/ i Bagri Gusain (2000: 10)

Keels (1985: 75) writes about the process in (2a): “The semivowel /w/ is
realized as a voiced bilabial fricative...when it occurs following a front or
high central vowel or preceding a stressed front vowel.” Harris (1983: 57)
gives alternations from Portefio Spanish (see 2¢) like convo/j] ([j] = [i] in
Harris’s transcription) ‘convoy’ vs. convo/3/es ‘convoys’. In Bagri (see 2d)
/w/ changes to [v] before front vowels, e.g. /wiwwa/ is pronounced as
[viwwa] ‘marriage’ (Gusain 2000: 10).

An anonymous reviewer points out that another example of the
desonorization of glides might be Dutch [w], which is usually a labio-
dental approximant, but which is typically realized as [v] before [r] (in
onsets), e.g. wreed ‘cruel’ then becomes homophonous with vreet ‘devour’.
[w] may even become voiceless [f] in this position in some dialects.

We hypothesize that processes like the ones in (2) will typically occur in
syllable-initial position, although this hypothesis needs to be tested by
examining additional languages with this type of process. If correct, the
syllable-initial context suggests that desonorizations occur because a less
sonorant sound is preferred in the syllable onset. See Vennemann’s (1988)
‘Head Law’, in which the author discusses segmental changes like the
desonorizations in (2), which show a strengthening from glides to fricatives
in the onset.

A final set of examples illustrating desonorization is presented in (3).
These examples differ from the ones in (2) in that the input glide surfaces
as a homorganic stop. In Pawnee (3a), /w/ shifts to a homorganic stop in
word-initial position or after an obstruent. (/p/ is the only labial stop in the
language). The example from Cypriot Greek in (3b) illustrates the change
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from a palatal glide (i.e. /j/) to a homorganic stop (transcribed in the
original source as [k]) after certain consonants (i.e. /p £ 0 v &/).

(3) Desonorization of glides (in which the output is a stop)
a.w—op/{# [-son]} V Pawnee Parks (1976: 50)
b.j—>c/C_V Cypriot Greek Newton (1972a: 53)

In all of the examples provided by Parks (1976) and Newton (1972a) the
respective desonorizations process takes place before a vowel. Hence, the
two changes in (3) provide further support that desonorization tends to
occur in syllable-initial position in conformance with the Head Law of
Vennemann (1988).

In the examples presented in (1)-(3) we have only considered de-
sonorizations of a rhotic or a glide, but other hypothetical desonorizations
have not been presented, e.g. the desonorization of a nasal or a lateral to an
obstruent. We have also only presented examples in (1)-(3) in which the
output is a fricative or a stop, but not an affricate. We are not aware of
processes like these excluding a few optional processes which we are not
discussing in this article and tend to classify them as very infrequent or
accidental.

2.2.2. Obstruents becoming sonorants
The output of sonorizations is typically a glide ([w]) or rhotic (e.g. [r] or
[r]) and the typical context is intervocalic or coda position. Representative

examples of sonorizations in intervocalic position are provided in (4).

(4) Sonorizations (in intervocalic position)

af-ow/V_V Kirgiz Herbert and Poppe (1963)
b.vow/V_V Turkish Underhill (1976)
c.td—>rc/V__V Am. English  Kahn (1976)
dk—>rc/V__V Ibibio Urua (2004)
e.z>r/V__V Latin Catford (2001)
f.g—>w/(u_(uw Bir Terrill (1998: 9)

In American English (see 4c) /t d/ also change to [r] if the stops are
preceded by a word boundary (as in meet Anne). In the word-internal
context in (4c) there is a condition that the second vowel cannot be stressed
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(Kahn 1976). A similar process is found in Ibibio (4d) in which the
intervocalic context also conditions the change of /k/ to the voiced velar
approximant [ujf] or optionally to the voiced uvula or tap (transcribed as [R]
by Urua 2004: 106). In Biri /g/ changes to [w] before or after /u/ (Terrill
1998:9).

Sonorizations in anything other than intervocalic position are presented
in (5). In (5a-d) the context is either word- or syllable-final position and in
(5e) it is before a consonant.

(5) Sonorizations (in other contexts)

ap-o>w/__ {C# Lama (*) Ourso and Ulrich (1990)
b.3—>j/ # Haitian Creole Tinelli (1981)
c.vo>w/NuC_ Slovak Short (1993)
dd-"1/__Ts Mambay Anonby (2006)
e.tff(s)—>j/_C Arbore Hayward (1984)

In Lama, spoken in northern Togo, a morphologically-conditioned process
converts /p/ to [w] in coda position before a consonant and word-finally,
e.g. kpa/p/su is realized as kpa[w]su ‘to reconcile’ and ya/p/ as ya[w] ‘buy,
imp.” (Ourso and Ulrich 1990: 136). In the Slovak examples in (5c) /v/
changes to [w] after a syllable nucleus (NUC), which can be a vowel or a
sonorant consonant, e.g. pra/v/da is pronounced as pra[w]da ‘truth’ and
kr/v/ny as kr[w]ny ‘blood, adj.” (Short 1993: 536).” In Mambay (Niger-
Congo), the retroflex /d/ changes to a preglottalized, creaky voiced [71] in
syllable-final position (Anonby 2006). In the Arbore language sibilants
change to a glide before a consonant, e.g. wara/tf/té surfaces as wara[j]té
‘hyena, fem.” (Hayward 1984: 65).

A number of languages are attested in which obstruents (or some subset
thereof) are realized as laryngeals (i.e. either [h] or [?]) in coda position,
e.g. in Spanish dialects /s/ surfaces as [h] in the rhyme (Harris 1983). Such
processes are usually referred to as debuccalizations because they involve
the loss of an oral constriction. If laryngeals like /h/ are analysed as
[+sonorant] (recall note 1), then debuccalizations like the one from Spanish
could be added to the list of sonorizations in (5). However, as we pointed
out in that note, the characterization of sounds like /h/ as [+sonorant] is not
clear.

We hypothesize that the context for sonorizations in (5) makes sense
from the point of view of syllable markedness: A number of linguists have
observed that languages prefer sonorants to obstruents in the syllable coda
(see, for example, Vennemann’s 1988 ‘Coda Law’ and much subsequent
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work in Optimality Theory). In our view the processes in (5) are triggered
by a requirement that codas contain sonorant sounds. This analysis of the
processes in (5) begs the question of what motivates the sonorizations in
(4), since these processes occur in the onset and not in the coda. This is a
question that exceeds the goals of the present study because it would
require that one takes a closer look at the phonology of the individual
languages. Our preliminary hypothesis is that onset sonorizations like the
ones in (4) are triggered not by a syllable-based requirement, but instead by
a requirement that intervocalic sounds weaken; see, for example, the
approach taken by Kirchner (2001), which relies on the constraint LAZY.

2.3. Some open questions

Although all of the processes in (1-5) look superficially like they change a
[asonorant] sound into the corresponding [—oisonorant] one, it is not always
clear whether or not this is the correct analysis of the respective rule
because it is usually the case that other features are changing as well. With
respect to the assibilation of rhotics in (1), it could be that the change to
[-sonorant] is a consequence of the addition of the feature [+strident] (see
section 3.1.), which itself is assigned if the change from /1/ to [s] has its
phonetic origin in a brief period of frication which occurs at the point when
a rhotic is released into a front vocoid (see our explanation for stop
assibilations in section 5). Consider now (3a) and (3b). Since glides like /w
j/ are [+continuant] and stops like /p ¢/ are [—continuant], one could argue
that (3a-b) involve a change in continuancy alone and that the change in
sonorancy is not a part of this rule at all, but instead is the consequence of
an independent default rule saying that [+continuant] segments are
[+sonorant].®

Since the correct answer to the questions discussed above depends on
language-internal arguments for distinctive features and default rules, we
do not take a stand here and instead leave the issue open. These featural
issues are further complicated by the fact that they need to be evaluated
with respect to phonetically based treatments of sonorizations and
desonorizations which eschew traditional features like [sonorant]. See, for
example the treatments proposed in Lavoie (2001) and Kirchner (2001),
which suggest that the traditional features are inadequate.

A related question is whether or not there are clear examples in which
the feature [sonorant] assimilates in some process. One might argue that
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some of the processes in (4) involve the assimilation of an input obstruent
to a sonorant in the neighbourhood of [+sonorant] vowels, but some of
these changes involve features in addition to [sonorant]. For example, the
process in (4f) seems also to involve a change in [continuant] and
[consonantal]. A more obvious example of the type of assimilatory process
we are describing here would have a segment in the input (an obstruent
[X]) and output (a sonorant [Y]) which differ in sonorancy alone. The
process in (4a) appears to be such an example. To confirm this analysis one
would need to examine the phonology of the input segment /3/ to determine
if it is in fact a [-sonorant] segment. This is a question we leave open for
further study.

Should there be no examples at all of rules which involve the spreading
of [sonorant], then one might want to implement the suggestion proposed
by McCarthy (1988) that [sonorant] (like [consonantal]) is a part of the root
node itself and that it therefore cannot display autosegmental behaviour
such as spreading. The analysis of [consonantal] in this fashion (i.e. as a
part of the root node) stands in contrast to the proposal made by Kaisse
(1992) that [consonantal] can spread.

3. The stridency dimension

In this section we discuss first (in section 3.1.) the distinctive feature
[strident], posited in generative phonology to capture the distinction
between sibilant vs. non-sibilant fricatives (e.g. /s/ vs. /0/) and stops vs.
affricates (e.g. /t/ vs. /ts/). In section 3.2. we consider rules which mani-
pulate the feature [strident].

3.1. The feature [strident]

We employ the feature [strident] to capture the contrast between two sets of
fricatives: (a) non-sibilant (coronal) fricatives (i.e. /0 &/) vs. sibilant
(coronal) fricatives (e.g. /s z/) and (b) palatals (e.g. /¢ j/) from postalveolars
(e.g. /f 3/). The use of the feature [strident] for these fricatives is illustrated
in the matrices in Table 1. Note that all sounds traditionally described as
‘sibilants’ are [+strident] (including all sibilant affricates; see below).” We
follow earlier writers who see [strident] as being only distinctive for
coronal sounds (e.g. Lahiri and Evers 1991, Shaw 1991, Hall 1997).
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Table 1. Features for strident and non-strident fricatives.

¢ £ 0 S ¢ X X
[3 \% W) z 3 B K
[sonorant] - - - - - - - -
[continuant] + + + + + + + +
[CORONAL] v v o v v
[strident] — + + -
[LABIAL] v v
[DORSAL] v v

On this view labials, velars and uvulars are not specified for [strident] at all.
We leave open which feature is necessary to contrast bilabials from
labiodentals. For approaches to [strident] in which non-coronals are
specified for [strident] as well, the reader is referred to Jakobson, Fant, and
Halle (1952), SPE and Hume (1992)."

A commonly assumed definition (SPE, p. 329) says that “strident
sounds are marked acoustically by greater noisiness than their non-strident
counterparts.” Jakobson, Fant and Halle (1952 [1967: 23]) state that
strident sounds are represented “by a random distribution of black areas” in
spectrograms. This is in contrast to non-strident sounds which show a more
regular waveform distribution. (For a more detailed phonetic specification
of [strident] and its relevance for perceptually driven processes see Zygis
submitted and Padgett and Zygis 2007).

We adopt the view that [strident] distinguishes oral stops from the
corresponding affricates, e.g. /t/ vs. /ts/. For a defence of the analysis of
affricates as ‘strident stops’ the reader is referred to Jakobson, Fant and
Halle (1952), LaCharité (1993), Rubach (1994), Clements (1999) and
Kehrein (2002). According to all of these authors both affricates and stops
have in common that they are [—sonorant, —continuant] and differ in terms
of stridency: stops are [—strident] and affricates [+strident]. This approach
to [strident] is captured in Table 2.

Table 2. Strident stop analysis of affricates.

t ts
[sonorant] — -
[continuant] — -
[strident] — +
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An apparent problem for the features in Table 2 is that they cannot account
for non-strident affricates (e.g. /t0/ in Tahltan; see section 3.2.3.). However,
as Kehrein (2002) shows, no language contrasts a non-strident fricative
with a plain stop, i.e. /t/ and /t0/. Significantly, in languages with /t/ and /t0/
or /p/ and /pf/, there is always a minor place contrast which distinguishes
the two sounds. For example, in German /p/ is bilabial and /pf/ is
labiodental and in Shilluk /t/ is lamino-alveolar and /t0/ is apico-dental
(Kehrein 2002: 27). This means that in a language like Shilluk, /t/ and /t0/
are both [-sonorant, —continuant, —strident] and the feature [distributed]
distinguishes the stop from the affricate. We do not commit ourselves here
to the feature(s) required to distinguish /p/ from /pf/ and /x/ from /kx/, but
we assume that it is a (minor) place feature. By contrast, a place feature
cannot distinguish coronal stops like /t/ from coronal affricates like /ts/
because coronal affricates uncontroversially belong to the natural class of
strident sounds."’

There is yet another issue concerning the feature [strident] which needs
to be addressed at this point. While both values of [sonorant] and
[continuant] define natural classes, this is not so clear with the feature
[strident]. The class of [+strident] sounds is uncontroversial (i.e. this is the
natural class which conditions the selection of the plural allomorph [1z] in
English), but is the natural class of [—strident] sounds as well documented?
Since this is a question that can only be answered by taking an in depth
examination of the phonology of individual languages, we leave it open for
further study.

3.2. Rules altering [strident]

Rules altering [strident] subsume processes in which a stop becomes an
affricate (e.g. /t/ — [ts]; section 3.2.1.), or an affricate becomes a stop (e.g.
ts/ — [t]; section 3.2.2.). Other possible changes involving stridency are
discussed in section 3.2.3.

3.2.1. Stops becoming affricates
Processes which convert a stop to a strident affricate (or fricative) (i.e. /t/

— [ts] or /t/ — [s]) are referred to henceforth as stop assibilations. Stop
assibilations with an affricate as the output are provided in (6). Note that
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this type of process is typically triggered before a high vocoid such as [j i
u].

(6) Stop assibilations (with an affricate as the output)
a.td—>tsdz/ __iyjyy QuebecFrench Kim (2001)

b.td>tsdz/ __j Old Polish Carlton (1991)
c.t>ts/_j Latin Pope (1952: 129)

d.t t"ststs"/  (h)i Korean (*) Kim (2001)

e.t—ts/ iu Maori Bauer and Parker (1993)

In Korean (i.e. 6d), stem-final plosives /t t"/ are affricated when followed
by derivational or inflectional suffixes beginning with /(h)i/, e.g. before the
nominative suffix /i/: /mat+i/ — [ma.dzi] ‘first child’, and before the
causative suffixes /i/ and /hi/: /mut+hi+ta/ — [muts"i.da] ‘to be buried’
(Kim 2001: 89). In Maori (i.e. 6e) /t/ is produced with frication before a
devoiced final /i/ or /u/ in unstressed syllables. '

It is not at all clear how the processes in (6) should be analysed in terms
of the features posited in Table 1 (see Clements 1999 for discussion). While
it is certainly possible to say that the input coronal stop becomes
[+strident], this approach cannot explain why this particular feature is
assigned in the high vowel context. What this suggests to us is that a
complete explanation for stop assibilations like the ones in (6) requires
reference to various phonetic parameters; see section 5 for discussion.

We refer here to processes which convert a stop (or a fricative) to an
affricate in a context other than before a (high) front vocoid as affrications.
Examples are presented in (7). Process (7b) applies phrase-initially and
-finally and in slow speech. The diachronic process in (7c) affected the
three voiceless stops in Bavarian and Alemannic dialects of Old High
German. (7¢) also affected /p t k/ in other environments, e.g. after a nasal."

(7)  Affrication (of stops)

app"b— ﬁ{i pd" b/ u Lahu Luschiitzky (1992)
b.p k— ﬁi kﬁ/ # Kunimaipa Pence (1966: 60)
c.ptk>pptskx/# Old H. German Braune (1967)

Another example of affrications can be found in Polish (Rubach 1994). In
that language the coronal stops /t d/ surface as [ts dz] before strident
fricatives and affricates (i.e. [s z ts dz]). Note that this type of process is
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easily analysable phonologically as the spreading of [+strident] from [s z ts
dz] to a preceding /t/.

The examples in (8) illustrate the process of palatalization, by which
coronal or dorsal stops surface as postalveolar affricates.

(8) Palatalizations

a.td >tfd3/ frontV  Tera Tench (2007)

b.td—=1fd3z/ ir Braz. Portug. Barbosa and Albano
(2004)

c.tot/i Basque Hualde (1991)

d.td—>1td3z/__j Ilocano Rubino (1997)

ekg—otfd3/ ei Cassubian (*) Stone (1993)

In Tera, spoken in Nigeria, coronal stops /t d/ are palatalized to [tf d3]
before front vowels, e.g. /ti/ ‘to stir’ is pronounced as [tfi] and /kudi/ ‘chief’
as [kudzi] (Tench 2007: 227). According to Hualde (1991: 46) the process
in (8c) holds in the Arbizu dialect of Basque. The same rule shifts /1 n/ to [£
1]. In Tlocano, /t d/ convert to [tf d3] before /j/, e.g. /diak/ is pronounced as
[d3ak] ‘T don’t’ and /buttiog/ as [but.tfog] ‘large abdomen’ (Rubino 1997:
15). Process (8e) takes place in the declension of nouns and adjectives if
the declensional suffixes start with /i/ or /e/, e.g. [rek] / [retfi] ‘crab’ nom
sg. / nom.pl or [dtugd] / [dhud3i] fem.nom.sg. / masc.nom.sg. (Stone 1993:
767).

A typical output for palatalizations is a (laminal) postalveolar sound, i.e.
[tf d3], although many languages are attested in which the output is
alveolopalatal [t¢], e.g. Mandarin (Duanmu 2000), Polish (Rubach 1984).
In some languages the output is alveolar, e.g. the sound change k g > ts
dz/ e i in Proto-Slavic (Carlton 1991). However, it is sometimes not clear
whether or not changes of this type involved a single step, i.e. from velar to
alveolar, or two steps, i.e. k g > d3/ e followed by tf d3>tsdz/ ei
(recall note 5).

In phonological theory, palatalizations as in (8a-d) require the spreading
of the feature [—anterior] from front vowels to the coronal stop (e.g. Hume
1992). That the output is an affricate might be captured in this approach
with a default rule which assigns [+strident] to a non-anterior coronal stop.
The same approach can account for velar palatalizations as in (8¢) in terms
of the spreading of [CORONAL] (and [—anterior]) from a front vowel to the
coronal stop. The default rule referred to above would then assign
[+strident] to the output.'*
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3.2.2. Affricates becoming stops

We refer here to processes which convert affricates into stops (or fricatives)
as deaffrications. Representative examples of the former are presented in

9):

(9) Deaffrications (with a stop as the output)
a.tf ->c/_{N,#  Anejom  Lynch (2000)
b=t/ s Korean Kim-Renaud (1974: 113)
ctstf -t/ sf Sahaptin ~ Rigsby and Rude (1996: 671)

In Anejom the affricate /tf/ changes to the palatal stop before a nasal, e.g.
/nitfman/ is pronounced as [nicman] ‘his hand’ (Lynch 2000: 14). The
same process is optional in final position, i.e. /natfat/ ‘flatfish’ is pro-
nounced either as [naidzaitf] or [naitfaic] (Lynch 2000: 14). Deaffrication in
Korean is usually analysed as a very general phenomenon which also
includes the loss of aspiration and the change from /s/ to /t/, also in
syllable-final position (see Kim-Renaud 1974 for discussion). Kehrein
(2002: 39, note 44) mentions Guajiro and Maidu as languages in which
coda /tf/ shifts to [t], but we were unable to confirm this with the original
sources.

It is interesting to note that the processes in (9) all involve the
deaffrication of strident affricates. In fact, Sahaptin in (9c) is a language
with lateral affricates and non-strident affricates (/p$ t0/), but neither of
these undergoes a shift to stops before /s §/. This type of example suggests
that the process in (9¢) is triggered by an avoidance of adjacent [+strident]
sounds; recall that we are adopting the position that affricates are strident
stops, cf. Table 2. The reader is referred to Kehrein (2002: 44ff.) for
discussion.

3.2.3. Other changes involving stridency

In addition to the changes described in sections 3.2.1. and 3.2.2., there are
several other types of changes which involve a change in stridency. The
changes in (10) have in common that the manner of articulation of the input
and output remains constant; hence, the strident fricative in (10a) remains a
fricative in the output, although it becomes non-strident. The input affricate
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in (10b) similarly stays an affricate in the output, although stridency
changes.
Consider the possibilities listed in (10):

(10) Changes in stridency
a.s —>0...
b.ts =10...
c.0—-s...
d. 10 —>1s...

We are aware of one language (Tahltan), which seems to have all of the
changes in (10) together in the process of coronal harmony. (10a) is
illustrated by the first person singular subject marker /s/, which is realized
as [0] if followed anywhere in the string to the right by an interdental
fricative or affricate [dd t0 10> 0 3]. Thus, e.g. /ededesdu:6/ is realized as
[ededeBdw:O] ‘T whipped myself” (Shaw 1991: 145). In this process /s/ is
also realized as [{] if /s/ is followed by [d3t[ t]” { 3 j] in the string and as [s]
elsewhere. Tahltan also provides an example for (10c): the initial under-
lying /0/ of the first-person dual subject prefix surfaces as [s] or [f] in
appropriate harmonic contexts, e.g. de/0/idzel is pronounced as de[s]idzel
‘we shouted” (Shaw 1991: 145). Shaw stresses that the triggers and targets
of the processes discussed above are composed of any member of the
following series: [dd t0 10’ 0 8], [z tsts” s z] or [d3 t tJ” { 3 j]. Since these
natural classes also include affricates, Tahltan also provides evidence for
the processes in (10b, d).

4. The stop vs. fricative dimension

In this section we discuss the distinctive feature [continuant], posited in
generative phonology to capture the distinction between stops and fricatives
(section 4.1.), and rules which alter the same feature (section 4.2.).

4.1. The definition of [continuant]

The two classes ‘stops’ and ‘fricatives’ are traditionally captured with the

two features [sonorant] and [continuant]. According to Halle and Clements
(1983: 7) “Continuants are formed with a vocal tract configuration allowing
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the airstream to flow through the midsagittal region of the oral tract.”
According to this definition [+continuant] includes fricatives, vowels and
glides, while [—continuant] describes stops and nasals and (because of the
clause “midsagittal region”) lateral approximants like /1/, which are realized
in such a way that the air escapes along one side of the tongue."”

The natural classes of stops and fricatives are captured by referring to
two feature values, i.e. stops (and affricates) are [—continuant, —sonorant]
and fricatives are [+continuant, —sonorant]. We follow the now
uncontroversial view that affricates are [-continuant] (recall section 3.1.);
hence, the natural class [—continuant, —sonorant] refers to both stops and
affricates. The class of stops only can be referred to as [—continuant,
—sonorant, —strident].

4.2. Rules altering [continuant]

Rules altering [continuant] subsume processes in which a stop becomes a
fricative (section 4.2.1.), a fricative becomes a stop (section 4.2.2.), a
fricative becomes an affricate (section 4.2.3.) or an affricate becomes a
fricative (section 4.2.4.).

4.2.1. Stops becoming fricatives
We refer to processes which change stops to fricatives as spirantizations. In
(11) we have listed several examples of spirantizations in intervocalic

position.

(11) Spirantizations (in intervocalic position)

a.bdg—>pdy/V __V Tzeltal (*) Kaufman (1971)
b.dd*—>063/V__V Badimaya Dunn (1988)
c.t>0ie V Tiimpisa Shoshone Dayley (1989)
dpb—>p/V__V Ibibio Urua (2004)
ebop/V_V Af Tunni Tosco (1997: 27)

The spirantization process in (11a) also applies in other contexts as well,
i.e. after a vowel and before a consonant (V__ C) as well as postvocalically
if the vowel occurs at a specific morphemic juncture (V__ +); see Kaufman
(1971: 11). In Badimaya (in 11b) the dental /d/ is frequently realized as the
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fricative [0] in intervocalic position whereas the palatal stop (transcribed by
the author as /d’/) is pronounced as [3] (Dunn 1988: 29). In Tiimpisa
Shoshone (in 11¢) /t/ becomes [0] intervocalically if the preceding vowel is
front, but it changes to [0] if the preceding vowel is front and the following
vowel is devoiced (Dayley 1989: 407). In Ibibio /p b/ change to [(] in
intervocalic position. This context also conditions other changes of
obstruents in Ibibio, as presented in section 2.2.2. In Af Tunni, the Southern
Somali dialect, /b/ becomes [3] in intervocalic position, e.g. the last word in
ana kiki yaa/b/o ‘I was surprised at you’ is pronounced as yaa[f3]o (Tosco
1997: 27).

One cross-linguistic generalization is that spirantizations with a
voiceless stop as the input are considerable less common than ones in
which the input is voiced. For additional discussion see Lavoie (2001:
32f1.).

Spirantizations in contexts other than intervocalic position are presented
in (12). According to Keels (1985) the process in (12a) only occurs in
stressed syllables. In Af Tunni (12c) /q/ is realized as [y] in the
preconsonantal position, e.g. /4qli/ is pronounced as [4yli] ‘wisdom’ Tosco
(1997: 26). The process of g-spirantization in (12d) only applies after /1/ in
Standard German, but in other varieties it applies after all front vowels.

(12) Spirantizations (in other contexts)

ad—>0_ ]s Guayabero Keels (1985: 72)
b.t">0/V Laconian Bubenik (1983)

c.qgoy __C Af Tunni Tosco(1997: 26)
dg—c¢/t__ s German Hall (1992: 228)

There are also languages like Greek, in which the change from stop to
fricative is motivated as a dissimilation to avoid sequences of adjacent
stops; see Newton (1972b: 106). According to that source a stop surfaces as
a fricative before a stop (and a fricative surfaces as a stop before a fricative,
with the exception of /fs/, which surfaces as [fs]). By contrast, sequences of
stop plus fricative and fricative plus stop surface without any changes.

Processes of spirantization as in (11-12) appear to obey the following
cross-linguistic generalizations: A spirantized velar surfaces as [y], while a
spirantized bilabial (/b p/) and coronal /t d/ will surface as [} ] and [0 0]
respectively. According to Kirchner (2001) spirantizations like the ones in
(11) and (12), i. e. those which he sees as lenitions, will never surface as
[fv] or [s z]. See below for discussion on this point.
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A special type of spirantization is illustrated with the examples in (13),
which have in common that the processes are triggered by a following high
(and in some cases front) vocoid. We refer henceforth to processes like the
ones in (6) and (13) collectively as stop assibilations (Clements 1999, Kim
2001, Hall and Hamann 2006, Hall, Hamann and Zygis 2006 and
references cited therein). The crucial difference between the processes in
(6) and the ones in (13) is that the output of the former ones are affricates
and the latter ones are fricatives.

(13) Stop Assibilation (in which the output is a fricative)

at—s/ i Finnish (*) Kiparsky (1973)

b.t>s/ __iueo Woleaian Tawerilmang and Sohn
(1984)

c.td—>s/V__ iV  Ancient Greek Sommerstein (1973: 15-16)

d.*t >s/ ie Kosraean Lee and Wang (1984)

The process in (13a) is known from the literature as a derived environment
rule (Kiparsky 1973). For example, stem-final /t/ changes into [s] before /i/
across a morpheme boundary, e.g. /turpot+i/ — [turposi] ‘swelled’. The
process also applies if the underlying stem-final /e/ changes into /i/ by an
independent process in word-final position: /vete/ — veti — [vesi] ‘water,
essive’.

Stop assibilations in other contexts other than the ones in (13) are rare
and often morphologically conditioned, e.g. in Nez Perce the morpheme /c/,
a palatal stop, changes to the fricative [s] before [n] or [W], e.g. /y?cne/ is
pronounced as [yu?sne] ‘poor, object case’ (Aoki 1970: 39). In Iranian
Azari a stem-final /t/ changes to [s] in the conditional form, e.g. [atmax]
‘throw’ inf. is pronounced as [assa] ‘throw, conditional’ and [yatmax]
‘sleep’ inf. as [yassa] ‘sleep, conditional’ (Dehghani 2000: 50).

The correct featural analysis of the processes in (13) is not at all
obvious. Recall the discussion above with respect to the similar processes
in (6). Our conclusion is that a featural analysis of processes like the ones
in (13) in terms of phonological features alone (i.e. the addition of
[continuant] and [strident]) is unsatisfactory because it does not account for
the fact that the rules are triggered only by certain vowels and not by
others.

An alternative approach to the processes described in (11-13) is
proposed by Kirchner (2001), who argues that the processes are driven by a
phonetic tendency to minimize articulatory effort, i.e. a more effortful set
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of gestures is substituted by a less effortful set of gestures. In particular,
spirantization — a change of a stop to a fricative is viewed as reduction of
the magnitude of a stop gesture which eventually leads to a constriction
typical for fricatives. The fact that assibilations (and affrications) occur
more frequently before high front vowels and /j/ is attributed to a strong
stop frication resulting from the closeness of the tongue blade to the hard
palate. The higher and fronter the vowel, and the greater the coarticulation
of the stop and the following vowel, the stronger is the frication (Jager
1978, Ohala 1983, Kirchner 2001).

Kirchner also differentiates between spirantization processes which
result in sibilants and nonsibilants. He argues that the former are less
frequent as output cross-linguistically because they require more
articulatory effort, i.e. the articulatory settings of sibilants are more precise
due to a relatively long and more controlled constriction (Kirchner 2001:
851). The author also states that the acoustic properties of the input stop are
decisive for the output in the sense that stops without any friction never
spirantize to sibilants. Along these lines, the author claims that the input
stop in spirantizations in (11) is not accompanied by any frication. By
contrast, processes of assibilation as in (13) have stops accompanied with
frication in the input. Whether or not this claim is always correct should be
proved experimentally. To his credit, Kirchner (2001) discusses several
apparent counterexamples from Lavoie (2001) and shows that they are
compatible with his approach.

4.2.2. Fricatives becoming stops

We refer to processes which involve the change from fricatives to stops as
occlusivizations; in terms of features, a fricative becomes [—continuant].
Four examples are provided in (14). The process in (14a) is the replacement
of word-initial French /v/ into [b] in Antillean Creole French. The Old High
German example in (14b) is context-free. A frequent context of
occlusivization is in post-nasal position. Three examples are provided in
(15). The reader is referred to Lavoie (2001: 42) for discussion and
additional examples.

In the Lumasaaba example in (15a) voiced continuants surface as
homorganic stops following a nasal prefix, e.g. /zi+N+li/ — [zindi] ‘roots’.
In Eastern Cheremis (in 15b) /B/ changes to [b] after /m/, e.g. /komfo/ is
pronounced as /kombo/ ‘goose’. The same process converts the phoneme
/8/ to [d] after nasals and liquids, e.g. /komdek/ changes to [komdek]
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‘supine’ and /y/ to [g] after /y/, e.g. /kogya/ is pronounced as [kopga]
‘stove’.

(14) Occlusivization

a.v>b/# Creole French Goodman (1964)
b.d>d Old High German  Braune (1967)
c.ps—pt/ ] West Tarangan Nivens (1992: 145)
dss’—>t/ _]e Korean Kim-Renaud (1974)

(15) Occlusivization (after a nasal):
a.pflj »>bd3/N__ Lumasaaba (*) Brown (1972)
b.BO0y— bdg/nasals  Eastern Cheremis  Ristinien (1960)

4.2.3. Fricatives becoming affricates

In the following examples (sibilant) fricatives convert to homorganic
affricates:

(16) Affrication (of fricatives)

a.s—ts/yl Samoan Mosel and Hovdhaugen
(1992)

b.z—% {# N} Japanese Okada (1999: 118)

c.s—>ts/C It. dialects ~ Vincent (1988: 281)

In Samoan /s/ is pronounced as [ts] not only in utterance-initial position
(abbreviated as ‘y”) but also before or after stressed vowels under emphasis.
In Japanese (in 16b) underlying /z/ tends to be realized with [‘z] initially or
after the moraic nasal /N/. In the central and southern Italian dialects in
(16¢), /s/ neutralizes to [ts] (transcribed by Vincent as ['s]) after con-
sonants, although Vincent’s only examples involve nasals or laterals, e.g.
falso [faltso] ‘false’. This process has spread to labials, especially in
southern dialects, i.e. /v f/ surface as [bv pf] ([°v Pf] for Vincent 1988: 281);
We interpret affrication after laterals and nasals (as in Italian), as the
addition of an intrusive stop; cf. Clements (1987), Ohala (1997), Ohala and
Sole (this volume) for a discussion on intrusive stops.
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4.2.4. Affricates becoming fricatives

Processes which change affricates to fricatives (deaffrications) are
presented in (17). Featurally, a deaffrication means that a strident stop loses
[-continuant] and becomes [+continuant].

(17) Deaffrication of sibilant affricates (with fricatives as the output)
atfdz—>f3/V_V Flor. Italian Giannelli and Savoia

(1979)
b.dz—>z Jukun Shimizu (1980)
ctstf>sf/ _C Pochutla Aztec ~ Campbell (1974: 62)
d.ts—>s/__ [~cont] Basque Hualde (1991: 128)
e.ts — z/nonfrontV _ Shoshoni McLaughlin (1989)

In Florentine Italian the affricates /tf d3/ become fricatives intervocalically
and optionally word-initially, e.g. /tferkalo/ ‘cercalo’ is pronounced as
[tferkalo] or [ferkalo] ‘look for it’ (Giannelli and Savoia 1979: 46). The
Junkun rule in (17b) is optional, e.g. /dz/o ‘put into’ is pronounced as [dz]o
or [z]o (Shimizu 1980: 57). In Shoshoni and Panamint, Central Numic
languages /ts/ changes to [z] after a nonfront vowel and to [3] after a front
vowel, e.g. in Western Shoshoni /tatsi?impi/ ‘star’ is realized as [tazi?imbi]
and /kwaitsoi/ ‘wash’ as [koizoi] (McLaughlin 1989: 243). Additional
examples of deaffrications are discussed by Kehrein (2002), who mentions
Luisefio as a language which changes /tf/ to [{] word-finally or preceding
another stop. Similar examples from Basque can be found in van de Weijer
(1994).

The output of deaffrications is virtually always a sibilant fricative (see
also Kehrein 2002). One exception seems to be Gosiute Shoshoni, in which
the output of deaffrication is a dental [0] after nonfront vowels, e.g.
/ta?si?impi/ ‘star’ is pronounced as [tadi?imbi] (McLaughlin 1989: 243).
([3] appears after front vowels, as in Shoshoni and Panamint).

Deaffrications virtually always have a coronal (strident) affricate as the
input. One of the rare examples of a deaffrication with a non-coronal
affricate as the input (i.e. /pf/) is the change in colloquial speech in Modern
German from /pf/ to [f] in word-initial position, e.g. [pflennig — [f]ennig
‘penny’.
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5. Stop assibilations and affrications in light of phonetic evidence

As suggested at various points in the previous sections, features in rules
might adequately describe the relevant processes, but they are not always
able to provide a satisfactory explanation for them. In the search for new
explanatory possibilities several new approaches have been proposed.
These alternatives either interpret such processes from the acoustic/-
perceptual perspective (Flemming 1995, Hayes 1999, Padgett 2002b, 2003,
Steriade 2001, Wright 1996) or they provide articulatory explanations
different from the ones we offered above (Boersma 1998, Kirchner 2001,
Lavoie 2001). In this section we concentrate on certain phonetic
explanations for stop assibilations with an affricate as the output (e.g. t —
ts/___iu asin 6)and palatalizations (e.g. k g > tf d3/ _ei,asin 8).

From the point of view of the feature theory described in sections 3.1.
and 3.2.1., it is not clear why [strident] is assigned to the output of stop
assibilations and palatalizations in the (high) vowel context. Indeed, the
assignment of this feature seems to be arbitrary and does not offer a
principled answer to why this particular feature and not some other one is
inserted.

An explanation for the assignment of [strident] to the output of stop
assibilations is proposed by a number of phonetic studies. According to this
view, stop assibilations are triggered in the context of high vocoids because
the cross-sectional area of the supraglottal constriction of vocoids
triggering the process is small and because the airflow passing through this
constriction therefore causes a turbulent noise, which eventually is
reinterpreted as a fricative part of the affricate; cf. Bhat (1974), Jager
(1978), Ohala (1983), Stevens (1993), Clements (1999), and Chang,
Plauché and Ohala (2001). It has also been shown experimentally that the
(phonetic) aspiration of stops like /t/ is longer before high vowels than
before low vowels (Kim 2001, Hall, Hamann and Zygis 2006); this fact can
potentially explain why stops undergo stop assibilation preferably before
front vocoids (see examples in 6). On the basis of the aforementioned
studies, one could speculate that the coronal stops undergoing stop
assibilation must always have a certain aspiration length (i.e. positive Voice
Onset Time (VOT)).

Zygis, Recasens and Espinosa (2008) pose the hypothesis that the
palatalization of velars (as in 8e) can be triggered either perceptually or
articulatorily depending on whether or not the stop is aspirated. If the input
velar is nonaspirated, it changes to [tf] via an intermediate stage, i.e., a
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palatal stop [c] (e.g. /k/ (Latin) > [c] > [tf] > [(t)s] Majorcan Catalan). This
articulatorily based hypothesis has its roots in articulatorily based phonetic
tradition (Rousselot 1924-1925, Antilla 1972) and has been recently
confirmed for Majorcan articulatory data (Recasens and Espinosa 2009). If,
on the other hand, the input velar stop is aspirated, it changes to [tf] via
perceptual reinterpretation (see also Guion 1998). Further experimental
studies are needed in order to explore the dichotomy between articulatorily
vs. perceptually based palatalization processes.

6. Conclusion

Given that the focus of the papers in the present volume is on the phonetics
and phonology of turbulent sounds (i.e. obstruents) the purpose of this
article was to provide an overview of the phonological behaviour of stops,
affricates and fricatives. We posited a set of traditional features (i.e.
[sonorant], [continuant], [strident]) and showed how these features are able
to capture commonly occurring natural classes and phonological processes.
In several cases we also pointed out whether the processes are frequent or
occur rather sporadically which sheds light on cross-linguistic tendencies.
Finally, we point out new explanations for phonological processes in the
literature which open new perspectives in phonological research. We hope
that the open questions posited in the course of the article will spark future
work in the phonology of obstruents and especially in the relationship
between phonology and phonetics with respect to stops, affricates and
fricatives.
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Appendix

Table 3. Features for selected consonants.
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The matrices include the three features [sonorant], [continuant] and [strident]
which we discussed in this article, as well as some of the other features we referred
to in our treatment. We do not commit ourselves to the feature necessary to
distinguish bilabials from labiodentals. All segments listed above are assumed to
be [+consonantal] as well. The ‘v indicates the presence of a privative node in the
feature geometry framework (see McCarthy (1988) and Clements and Hume
(1995) for two approaches in that framework and Hall (2007) for a discussion of
distinctive feature theory in general). Definitions of the features listed in the

matrices above which are not discussed in the present article can be found in the
preceding works.

Notes

This article has benefitted greatly from the comments by two anonymous
reviewers. All disclaimers apply. The study was supported by a grant from the
German Research Council (DFG) GWZ-4/11-1-P2.

1. The category ‘liquid’ is intended to subsume only ‘unmarked’ liquids, i.e.,
lateral approximants like /1/, while lateral fricatives are [-sonorant]. Among r-
sounds, trills like /r/ and central approximants like English /1/ are usually
assumed to be [+sonorant], but some languages are attested with an r-sound
which is probably [-sonorant] (e.g. Czech 7). We do not investigate the
properties of liquids in this article.

The features for laryngeals (/h ?/) are controversial. Chomsky and Halle
(1968) and Halle and Clements (1983) consider them to be [+sonorant], but it
might be possible to interpret either definition in such a way that /h ?/ are
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[-sonorant] (see Gussenhoven and Jacobs 1998: 67, note 1). We do not pursue
this question here.

Selkirk (1984) argues that [sonorant] can be eliminated as a binary feature and
that the natural classes described above can be captured given sonority indices
on a Sonority Hierarchy. See Clements (1990), who defends the binary feature
[sonorant] as one of the features which defines the concept of ‘sonority’ in
syllable structure.

The feature [sonorant] is just one of the two features which involve voicing,
the other being [voice]. Significantly, the latter feature is argued to be
distinctive for obstruents only, while the feature which expresses spontaneous
voicing ([+sonorant]) is only relevant for vowels, glides, liquids and nasals.
We point out here another approach to [sonorant], which predates the
definition proposed by Halle and Clements (1983). Kenstowicz and
Kisseberth (1979: 21), write concerning the distinction between obstruents vs.
sonorants (and consonants vs. non-consonants): ‘“There are no truly
satisfactory articulatory or acoustic definitions for the bases of these two
different partitions. Nevertheless, they are crucial for the description of the
phonological structure of practically every language.” Thus, on this view, the
feature [obstruent] simply has a classificatory function. It is interesting to note
that Kenstowicz himself seems to have abandoned his earlier scepticism (in
Kenstowicz 1994) by proposing a definition of [sonorant] which incorporates
aspects of both the SPE definition and the one proposed by Halle and
Clements (1983).

Another example of sonorant obstruents is the » found in the German dialects
spoken near Diisseldorf (Hall 1993). In these dialects the » in words like
Hirsch [hry(] ‘stag’ is unquestionably an obstruent from the point of view of
phonetics because it is non-distinct from the dorsal fricative in words like
Bach [bay] ‘stream’, which itself is uncontroversially an obstruent. However,
as Hall (1993) shows, there are phonotactic reasons for believing that the
surface obstruent [] in words like Hirsch is underlyingly the [+sonorant] /r/.
Synchronic examples are indicated in (1a) and below with the arrow ‘—’ and
sound changes with the wedge ‘>’ (see 1b). All processes which are
morphologically conditioned are indicated with ‘(*)’ after the language. All
examples in this article are presented in the IPA and therefore non-IPA
symbols employed by the authors we cite have been changed accordingly.

An anonymous reviewer points out that sound changes (A > B) will often pass
through an intermediate stage (e.g. A > C > B), therefore obscuring the
change from A to B. To the best of our knowledge neither (1b), nor any of the
other sound changes we discuss below had such an intermediate stage.

As pointed to us by a reviewer, the symbols /B & 7/ do not always indicate
fricatives in language descriptions (and in some version of the IPA), but that
they can instead denote approximants. We have attempted to choose processes
below in which /B 0 Y/ are realized as fricatives according to the source
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10.

11.

12.

13.

14.

provided. If a process shows variation between a fricative and an
approximant, then we indicate this below. We omit processes in which sounds
transcribed as /B 0 7/ are realized as approximants.

If the underlying /v/ is followed by a sonorant consonant then it shows a free
variation in its realization, i.e. as [v] or [w], e.g. sla/v/ny is pronounced as
sla[v]ny or sla[w]ny ‘famous’ (Short 1993: 536).

Note too that (3a-b) involve a change from [—consonantal] /w j/ to
[+consonantal] [p c]. For discussion on the status of [consonantal] see Kaisse
(1992) and Hume and Odden (1996).

That all palatals (including /¢/) are [CORONAL] is defended by Hume (1992).
By contrast, Hall (1997) argues that palatal fricatives like /¢/ are [DORSAL]
and not [CORONAL], while Robinson (2001) contends that they are [CORONAL]
and [DORSAL]. We do not commit ourselves to either analysis here because
this issue is peripheral to the goals of the present study. Note, however, that if
we were to adopt the position endorsed by Hall (1997), that /¢/ would be
unmarked for stridency.

SPE also uses [strident] to distinguish ([—strident]) bilabials (e.g. /¢ /) from
([+strident]) labiodentals (e.g. /f v/).

A number of linguists have argued that affricates also have a [+continuant]
component. Among these proposals, Sagey (1986) sees [—continuant] and
[+continuant] in affricates as being linearly ordered. By contrast, Lombardi
(1990) argues that [-continuant] and [+continuant] are linearly unordered.
Other approaches to affricates can be found in van de Weijer (1993, 1994) and
Schafer (1995).

We do not discuss the aforementioned approaches to affricates below; our
assumption is that affricates do not have a [+continuant] component, although
this is clearly an issue that needs to be left open for further study.

Stop assibilations like the ones in (6) are also attested as a pronunciation of /t
d/ when those stops are secondarily palatalized, e.g. /f d/ — [ts' dZ'] in
Belorussian (Mayo 1993).

We were unable to confirm process (7a) with the original source (Crothers
1979).

Flemming (1995) proposes an alternative account of processes like the ones in
(8), focusing on perceptual distinctiveness. He argues that palatalization
involves enhancing the difference in F2 at the release of consonants preceding
front and back vowels, e.g. /ka/ vs. /ki/. F2 is naturally increased at the
consonantal release in the latter case as it is preceded by a vowel with higher
F2. Due to the shift of the primary constriction from velar to palatal, a certain
degree of frication emerges (palatal sounds are always accompanied by
frication). A difference between a palatal and plain stop is further enhanced by
increasing the loudness of frication which results in an acoustically prominent
sibilant affricate. In order to account for affrication in palatalization processes,
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Flemming proposes Minimal Distance constraints selecting candidates with
optimal F2 distance and differences in burst energy.

In his discussion on frequency differences between velar and labial stops
Flemming argues that velar palatalizations occur more frequently than labial
palatalizations because the palatalization of labials does not naturally result in
frication which itself is necessary for assibilation. If the assibilation of labials
does occur the process is independent of the place of articulation of the stop.
In contrast, the assibilation of velar is more often attested because co-
articulation naturally gives rise to frication which leads to assibilation.

15. The controversial questions involving [continuant] pertain primarily to
[+sonorant] sounds and will therefore not be discussed, e.g. whether or not
lateral approximants are plus or minus [continuant]. See Mielke (2005) for
discussion. Another open question concerns how to capture the connection
between rules assimilating [continuant] and the place features as a unit (see
Padgett 1991 and van de Weijer 1992).
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Turbulence and phonology*

John J. Ohala and Maria-Josep Solé

0. Introduction

In this paper we aim to provide an account of some of the phonological
patterns involving turbulent sounds, summarizing material we have
published previously and results from other investigators. In addition, we
explore the ways in which sounds pattern, combine, and evolve in language
and how these patterns can be derived from a few physical and perceptual
principles which are independent from language itself (Lindblom 1984,
1999) and which can be empirically verified (Ohala and Jaeger 1986). This
approach should be contrasted with that of mainstream phonological theory
(i.e. phonological theory within generative linguistics) which primarily
considers sound structure as motivated by “formal” principles or constraints
that are specific to language, rather than relevant to other physical or
cognitive domains.

For this reason, the title of this paper is meant to be ambiguous. The
primary sense of it refers to sound patterns in languages involving sounds
with turbulence, e.g. fricatives and stops bursts, but a secondary meaning is
the metaphorical turbulence in the practice of phonology over the past
several decades. We shall treat the latter topic first.

1. Turbulence in phonology

Anyone familiar with the history of phonological science in the 20th
century will have to concede that there has been considerable turbulence in
the theoretical domain. To be sure, there were controversies in phonology
in the 19th century, too, for example, the dispute as to whether Sanskrit
should be taken as the oldest ancestor of what became known as the Indo-
European language family or whether an attempt should be made to
reconstruct a parent language of which even Sanskrit was an off-shoot.
Schleicher (1861-62) the advocate of the latter view, eventually won that
dispute. There were also disputes as to the causes and mechanisms of sound
change; these disputes have not been satisfactorily resolved even to this
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day. Nevertheless, this domain of phonological science — historical
linguistics — made steady and remarkable progress from its beginning in the
18" century (e.g. ten Kate 1723, des Brosses 1765).! The methodology, the
“comparative method”, has been refined and proven itself. Beginning
around the turn of the 19™ to 20™ centuries, a new program developed,
spurred by the writings of Kruszewski, Baudouin de Courtenay, Saussure,
Sapir and others. This was to be an account of the psychological aspect of
language, i.e. how distinctive speech sounds and their contextual variants
arise and are maintained and managed in the mind of the speaker-hearer.
Turbulence in linguistic theory arose when patterns arising from physical
and physiological factors, that had previously been judged to be extra-
linguistic, were claimed by generative grammarians in the mid-20™ century
to be incorporated into the posited psychological lexicon and grammar of
the speaker. The dust still has not settled on this controversy. In form these
supposed psychological representations of language and the methods used
to discover them were largely identical to the descriptive entities and
methods of the historical phonologist.

Against this historical background, we declare that the explanations we
give below for sound patterns involving noise (turbulence) are strictly
physical phonetic. In our view there is no mystery about how physical
phonetic factors can become phonologized and manifested in languages’
sound patterns: the variation in the speech due to these physical constraints
can lead to the listener’s misperception, misparsing, and misconstruing of
the speaker’s target pronunciation. Listener error, then, can lead to a change
in the pronunciation norms just as manuscript copyists’ errors led to
different variants of ancient texts in the time before printing (Ohala 1981b,
1989).

The ultimate purpose of the experimental approach to phonology
illustrated in this paper is to demonstrate that phonological theory must be
based on mechanisms and principles coming from the subsystems involved
in speech production and speech perception (Ohala 1981a, 1981b, 1992).

For ease of presentation, we group the sound patterns according to
aerodynamic factors (sections 2, 3), acoustic-auditory factors (sections 4,
5), and timing factors (section 6), but most of the patterns involve the
interaction between a number of these factors.
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2. Aerodynamic factors relevant to turbulence. Basic principles

From an aerodynamic point of view, we can think of the vocal tract as two
air cavities, the lung cavity and the supraglottal cavity, ultimately
connected to the atmosphere. The two cavities are connected by the glottis
which allows pulmonic air to flow into the oral cavity as pulmonic forces
(from muscular activity or passive recoil) compress the lungs. The
supraglottal cavity is connected to the atmosphere by the mouth (and the
nose) which can impede the air flowing out with changes in articulatory
constriction of the lips and tongue. Thus the two main valves (along with
the nasal valve) that regulate the airflow used in speech are the glottis and
the oral constriction, and turbulent noise can be generated at both of these
constrictions.

The generation of audible turbulence, i.e. noise, in the vocal tract is
necessary for the production of fricatives, the fricative release of affricates
and the burst of stops. However, audible turbulence may also be associated
with the production of vowels and sonorants in certain conditions.
Although there is some degree of low-level air flow turbulence even for the
most open of speech sounds, i.e. something like [€] (because the air flowing
into the vocal tract acquires some turbulence upon passing through the
vibrating vocal cords) it is only when the turbulence reaches a level to
become audible that it can play some role in speech.

Turbulent airflow is determined by a multiplicity of factors, including
roughness and length of the channel, shape of the orifice, and whether the
air downstream of the constriction is already turbulent, but it is the speed of
air flowing through the constriction which is the main factor. The speed of
air (or ‘particle velocity’, v), in turn, depends on the volume of air flowing
through the constriction (called the ‘volume velocity’, U) and on the cross-
sectional area of the constriction (4), as indicated in (1). Thus the larger the
volume of air per unit time and the smaller the constriction, the higher the
velocity, and the more intense the frication noise.

(1) v=U/A

v is the particle velocity in cm/sec, U is the volume velocity in cm’/sec, 4 is
the cross-dimensional area of the constriction in cm”’.

The volume of air, U, that will flow through a constriction depends on
the size of the aperture, 4, and the pressure difference across the aperture,
that is, the difference between the upstream pressure and downstream
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pressure, Pypsiream-Paownsiream, @ shown in (2) (Warren and DuBois 1964). In
the case of an oral constriction, this will be the difference in pressure
between the oral cavity and the atmosphere (Pom,—Pa,musphg,ic)z, and in the
case of a glottal constriction, the difference in pressure between the
subglottal (or pulmonic) cavity and the oral cavity (Psusgionai-Porar). The
greater the difference in pressure and the larger the area of the constriction,
the larger the rate of flow. The exponent, a, varies between .5 and 1,
depending on the nature of the flow; it is 1 when the flow is smooth or
laminar, and .5 when the flow is turbulent. In the conditions found in speech
production, i.e. what is called 'mozzle flow', this number may vary
continuously between these two extremes (Jaeger and Matthys 1970).
Naturally, the direction of air flow will always be from the cavity with greater
pressure to that with lesser pressure.

(2) U=4 (Pupstream - PdownstrearrJa c or U=4 (Ap)a c

P is the pressure in cm H,O and c is a constant. As mentioned, traditionally,
the critical velocity at which the change from laminar to turbulent flow
occurs is determined by a number of factors, including particle velocity, the
diameter and roughness of the channel the air passes through, etc. The
relative contribution of these factors for certain flow conditions is
quantified in the Reynolds number. When the Reynolds number exceeds a
certain threshold the airflow is supposed to change from smooth or
“laminar” to turbulent. However, it is the case that in irregularly-shaped
channels like the vocal tract and with airflow that usually has a turbulent
entry into the vocal tract (certainly the case as the air passes several
“rough” surfaces — narrow alveoli in the lungs, tracheal rings, vocal cords,
ventricular folds, epiglottis, etc.), some turbulence, even audible turbulence
can occur in conditions where the Reynolds number is far below the ideal
threshold between laminar and turbulent flow. So it is simplest just to state
the relation between air velocity and noise in a purely qualitative way: the
intensity (i.e. loudness) and centre frequency (i.e. pitch) of frication noise
varies monotonically with the particle velocity of the air flow, as given in (3a),
below (Catford 1977: ch. 3; Stevens 1971; Flanagan and Ishizaka 1976;
Flanagan, Ishizaka, and Shipley 1975, 1980; Shadle 1990). A variant of this
relation, stating that intensity of frication at a supraglottal constriction
increases with increasing oral pressure and decreasing aperture of constriction
(therefore, conflating principles 1 and 2), is given in (3b) (Stevens 1971).
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(3 a) Ifrication ~V 32 12
(3b) Iﬁ’ication ~ Po A

The articulatory constriction for vowels, glides and sonorants is not
typically narrow enough to cause a pressure difference across the
constriction (in other words, P, is not much higher than P.o5pheric), 80
that particle velocity, v, through the constriction is kept low and does not
reach a level sufficient to generate audible frication (but see below for
exceptions when these are voiceless). Obstruents such as fricatives, stops
and affricates, on the other hand, are produced with a narrow or complete
constriction which causes the P, to rise substantially over Puuospherics
upon release the particle velocity is high and the airflow becomes more
turbulent.

Additional turbulence can be also generated when an air jet that has
passed through the major oral cavity constriction encounters any sharp
discontinuity: either an abrupt enlargement of the channel or the opposite,
i.e. an additional barrier or “baffle”. The former occurs (a) when air passes
through the vocal cords during voicing (“voicing” consists of periodic
short-term noise bursts occurring at a rate equal to the fundamental
frequency) and (b) when the air flows past the sharp-edged constriction at
the teeth in a labio-dental fricative such as [f]. The latter occurs when an air
jet emerging from an apical-alveolar constriction is directed at the upper
and lower incisors. (It is this factor which accounts for the somewhat
impoverished apical fricatives made by children who have lost their
incisors as part of the change from baby teeth to permanent dentition at
approximately age 6 and on.)

A final factor needs to be mentioned regarding the acoustic amplitude of
the noise which the turbulence generates: other things being equal, the
intensity of the noise is greater, the larger is the resonating cavity
downstream of the point where the turbulence occurs. For this reason
palatal and velar fricatives have more intense noise than labial and labio-
dental fricatives.

3. Generalizations on phonetic and phonological universals deduced
from aerodynamic principles

In the following sections we review a number of sound patterns, involving
the emergence or extinction of turbulence, which can be deduced in part
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from variations in glottal flow, U, (section 3.1.), changes in area of oral
constriction, 4, (3.2), and changes in oral pressure, P, (3.3.).

3.1. Variations in glottal flow

It is known that the glottis regulates the flow of air from the lungs into the
oral cavity. Vibration at the vocal folds for voiced obstruents causes a
diminished rate of flow through the glottis and a significantly lower oral
pressure vis-a-vis voiceless obstruents which, in contrast, have a large
glottal opening and continuous flow. A relatively low oral pressure is
necessary to maintain a sufficient pressure differential across the glottis so
that there will be continuous transglottal flow and thus voicing during the
obstruent. *

Since by principles (2) and (3), intensity of turbulence is dependent on
the pressure difference across the oral constriction, a lower oral pressure for
voiced obstruents will result in a lower intensity of high frequency noise
during the fricative constriction or at stop release vis-a-vis voiceless
obstruents. In addition, due to the reduced transglottal flow, voiced
obstruents take longer to build up oral pressure behind the oral constriction,
which results in a delayed onset of audible frication for fricatives (Solé
2002b) and a weaker burst for stops compared to their voiceless counter-
parts. Thus, the characteristic cues for obstruency — abrupt amplitude
discontinuities and high intensity noise cues — are enhanced in voiceless
obstruents due to the larger rate of flow through the glottis. In sum, for
acrodynamic and auditory-acoustic reasons voicelessness favours or
enhances obstruency (i.e. high intensity frication and release burst). The
following phonological generalizations can be derived from this principle.

3.1.1. Voicelessness favours obstruency

3.1.1.1. Sonorants (glides, laterals and nasals) become fricatives when
devoiced

As stated in section 2, the common description of the articulatory
difference between an approximant and a fricative is that they have
different degrees of constriction (e.g. Clark and Yallop 1990: 81; Laver
1994: 134-135). A difference based on constriction degree is endorsed by
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the present structure of the IPA phonetic chart. While this is generally an
adequate description, there are cases with considerable phonological
interest where this is not completely true.

In general, approximants have a constriction that is large enough to
allow the airstream to flow through it without causing turbulence.
Nevertheless, by equation (1), v = U/A, they may cross the threshold into
obstruents if the constriction (4) narrows further or if a higher rate of flow
(U) passes through the same constriction. Approximants,