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Abstract

English rhotics are realized with rich allophony across speak-
ers, contexts and varieties, but Australian English /1/ has not
previously been examined in detail. Rhotic approximants pro-
duced in three vowel contexts by four speakers of Australian
English were captured using real-time and volumetric structural
magnetic resonance imaging. /1/ was articulated with bunched
tongue postures by two speakers and more apical configurations
by two speakers, but all rhotics were characterized by three co-
ordinated gestures: tongue tip, tongue body and labial constric-
tions. These data shed new light on the complex goals of pro-
duction of rhotic approximants beyond the midsagittal plane,
and their realization and extent of variation in Australian En-
glish.

Index Terms: rhotic approximant, Australian English, speech
production, MRI, liquid consonant

1. Introduction

Rhotic approximants have been the focus of a large body of re-
search because of their great diversity, incompletely understood
complexity, and special salience as speech sounds. The com-
plexity and variability of this class of consonants presents many
challenges for phonetic and phonological characterization.

Acoustically, a lowered third formant is a canonical char-
acteristic of English /1/ in many phonological environments
[1, 2], but rhotic approximants show great phonetic variabil-
ity across speakers and environments [3, 4], and the complex
relationships between rhotic articulation and its acoustic conse-
quences are imperfectly understood [5, 6].

American English /1/ is produced with remarkable variabil-
ity among speakers, and a focus of much research into rhotics
has been characterizing the range of tongue configurations in-
volved. Different taxonomies have been proposed to capture the
main patterns of articulation shared across speakers, involving
up to eight different categories [7, 8, 9]. Classifications have
distinguished ‘retroflex’ vs. ‘bunched’, and ‘tip-up’ vs. ‘tip-
down’ /1/ in North American varieties and other Englishes with
similar rhotic approximants [10, 11, 12].

Characterization of /1/ allophony is complicated by many
factors that interact with individual speaker variation, includ-
ing sound change, register, prosodic and contextual influences,
and inconsistent percepts of rhotic type. For example, Mielke
et al.’s ultrasound study of 27 speakers of American English
found that “two speakers used only retroflex /1/, sixteen use
only bunched /1/, and nine use both /1/ types, with idiosyn-
cratic allophonic distributions”. Furthermore, “these allophony
patterns are covert, because the difference between bunched and
retroflex /1/ is not readily perceived by listeners” [13, p.101].
Another ultrasound study of 62 speakers of New Zealand En-

glish found that 25 speakers consistently produced tip-down
variants, 12 consistently produced tip-up rhotics, and 25 speak-
ers produced /1/ with variable tongue shapes [12].

Important insights into properties of English /1/ have been
obtained through analysis of its consistent gestures. North
American English rhotics have been studied using MRI [14,
15, 10, 16], X-ray microbeam [17, 18], ultrasound and video
[19, 20, 13]. These and other studies have revealed that /1/
is typically produced through the coordination of two lingual
gestures, and an additional labial gesture in onset environments
[21]. It remains to be seen whether Australian English /1/
is characterized by the same patterns of gestural coordination.
Australian English (AusE) is a non-rhotic variety [22], so for
most speakers /1/ does not occur in codas, but the phonetic
similarities in onset and intervocalic environments suggest that
AusE /1/ involves similar goals of production to rhotics in other
English varieties.

AusE /1/ has previously been investigated using ultrasound
tongue imaging (UTI). A study of six speakers from Sydney
[23] found similar patterns of /1/ production as in NZE [12]:
four broad tongue shapes were observed word-initially before
/irer-oi/. UTI was also used to examine midsagittal articula-
tion of onset /1/ by six speakers from Sydney before the full
range of AusE vowel contexts [24]. Three broad patterns of
tongue shaping were observed, and although speakers differed
in the type and degree of vocalic influence on rhotic posture, the
data revealed two coordinated lingual gestures across all speak-
ers and contexts: a mid pharyngeal tongue body gesture, and
a coronal gesture realized at a speaker-specific place of articu-
lation. These studies have provided an initial articulatory pho-
netic characterization of Australian English /1/, but more data
are needed to understand the goals of production and how the
tongue is shaped by the constituent gestures within and beyond
the midsagittal plane of the vocal tract.

The goal of this study is to begin to examine AusE /1/ artic-
ulation in new detail using structural magnetic resonance imag-
ing, to more comprehensively characterize this consonant pho-
netically and to shed more light on its goals of production. To
the best of our knowledge, this is the first study of Australian
English rhotics using MRI. By combining real-time and vol-
umetric MRI data, we aim to provide richer insights into the
articulation of these complex liquid consonants and individual
speaker variation.

2. Methods

Data were collected as part of an ongoing project examining
speech production in Australian English. Four adult native
speakers (2 female, 2 male) of Australian English produced
rhotic approximants in a series of speech tasks recorded out of



and inside an MRI scanner. Female participants F21 and F22
were 21 and 22 years, and male participants M21 and M22 were
21 and 22 years old respectively. All participants were raised in
Australia, completed their secondary education in Sydney, and
had at least one parent who was born and raised in Australia.

2.1. Experimental Materials

Rhotics were elicited between three corner vowels: high front
/i:/, low /ei/, and back /o:/, and in isolation as a sustained
continuant [x:1]. Each token was recorded twice in a quiet room
with a Glottal Enterprises EG2-PCX2 digital speech recorder
to familiarize the participant with the experimental materials.
Elicitation items were presented orthographically on a monitor
and read aloud by the participant. Trials compromised by mis-
pronunciations or atypical prosody were re-recorded. The same
utterances were later recorded five times during a rtMRI scan,
and the sustained rhotics twice more during a volumetric MRI
scan. A total of 3 (vowel contexts) x (2 pre-scan + 5 rtMRI) + 4
(2 pre-scan + 2 volumetric MRI) = 25 rhotics were recorded for
analysis from each participant.

2.2. Data acquisition

MR imaging was conducted at Westmead Hospital (Sydney,
Australia), on a Siemens Magnetom Prisma 3T scanner with
a 64-channel head/neck receiver array coil. Speakers lay supine
in the scanner bore, reading elication materials presented on a
screen visible through a mirror. Image data were acquired from
an 8§ mm slice aligned with the mid-sagittal plane of the up-
per airway, over a 280 x 280 mm field of view, using a 2D RF-
spoiled, radially-encoded FLASH sequence [25].

Audio was recorded concurrently in-scanner at 16 kHz us-
ing an Opto-acoustics FOMRI-III ceramic noise-canceling mi-
crophone designed for MRI environments [26]. Speech audio
and rtMRI data were time-aligned during postprocessing us-
ing synchronization signals saved with each in-scanner record-
ing, and reconstructed into videos with a pixel resolution of
0.83 mm?, encoded as 72 frames per second MP4 files.

3D configuration of the vocal tract during rhotic production
was captured using volumetric imaging. Participants sustained
[x:] for 7.6, following timed prompts presented on the elic-
itation screen. Data were acquired over a 256 X 256 X 64 mm
field of view centred on the pharynx, using a T1-weighted fast
3D gradient-echo sequence with a spatial resolution of 160 x
160 x 32 px, to resolve the structures of the entire upper airway
with a voxel resolution of 1.6 X 1.6 X 2.0 mm.

2.3. Phonetic analysis

rtMRI videos and time-aligned in-scanner audio recordings
were analyzed using a Matlab-based custom graphical interface
[27]. Image frames corresponding to articulatory landmarks
were located with reference to the time-aligned audio signal and
spectrogram (Fig. 1).

Volumetric MRI data were analyzed using ITK-SNAP [28].
Lingual tissue boundaries were segmented iteratively across
sagittal, coronal, and axial orientations to identify tongue con-
figurations used by each speaker while articulating sustained
rhotic approximants. The entire tongue mass was first seg-
mented from the airway and surrounding tissue to validate the
anatomical structures. To more effectively illustrate lingual ar-
ticulation and allow comparison between speakers (Fig. 7), the
inferior part of each tongue was then truncated by bisecting the
volume with an oblique axial plane connecting the lowest point
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Figure 1: Identification of articulatory landmarks in real-
time MRI data. Top: audio and spectrogram of in-scanner
speech recording (Speaker M21, utterance [eure:]); Bottom:
time-aligned image frames extracted from rtMRI video.

of the sublingual cavity to the junction between the tongue root
and base of the epiglottis.

3. Results
3.1. Intervocalic Rhotic Production

Rhotic production in a low vowel context [eire:] is illustrated
in Figs. 2-3. For each speaker, three frames captured using
the real-time MRI sequence are shown, representing midsagittal
tongue postures at (i) the pre-rhotic vowel target; (ii) the acous-
tic mid point of the rhotic; and (iii) the post-rhotic vowel target.
Each speaker produced the [e:re:] utterance five times with sim-
ilar patterns of articulation; the images shown are taken from
the first repetition.

Figure 2: Rhotic production in a low vowel context [e:1e:],
Speakers M22 (top row) and F21 (bottom row). Left: pre-
rhotic vowel posture [e:]; Centre: target rhotic posture [1];
Right: post-rhotic vowel target [e:].

In the [e:_e:] context, Speakers M22 and F21 articulate /1/ with
an apical coronal gesture. The tongue tip (TT) constriction lo-
cation target is alveolar for Speaker M22, and post-alveolar for
Speaker F21 (Fig. 2, centre column). In the same vocalic en-
vironment, Speakers M21 and F22 articulate /1/ with a laminal
coronal gesture at a palatal constriction location. The tongue
shape for Speaker M21 at the rhotic target is characterized



by a mid-lingual saddle, while Speaker F22 shows a globally
bunched midsagittal posture for /1/, resembling that of a high
central vowel (Fig. 3, centre column).

Figure 3: Rhotic production in a low vowel context [e:1e:],
Speakers M21 (top row) and F22 (bottom row). Left: pre-
rhotic vowel posture [e:]; Centre: target rhotic posture [1];
Right: post-rhotic vowel target [e:].

Midsagittal [1] articulation in a back vowel context is illustrated
in Fig. 4. Three frames are shown for each speaker, revealing
midsagittal lingual configurations at (i) initial [o:], (ii) [1], and
(iii) final [o:] targets. Speakers M22, F21 and F22 produced the
[o1101] utterance five times with similar patterns of articulation;
images taken from the first repetition are shown here. Speaker
M21 produced the final intervocalic rhotic with a different con-
text vowel quality [wim:] which cannot be compared directly
with back vowel contexts of the other three speakers.

Figure 4: Rhotic production in a back vowel context [0:10:],
Speakers M22 (top row), F21 (middle row) and F22 (bottom
row). Left: pre-rhotic vowel posture [o:]; Centre: target rhotic
posture [1]; Right: post-rhotic vowel target [o:].

Rhotic articulation in the high-front vowel context is illustrated
in Figs. 5-6. Three frames captured during production of the
sequence [iii:] are shown for each speaker, at (i) initial [i:] tar-
get; (ii) the acoustic mid point of [1]; and (iii) the post-rhotic
[ir] target. Each speaker produced the [i:1i:] utterance five times
with similar patterns of articulation; the images shown are taken
from the first repetition.

Figure 5: Rhotic production in a high-front vowel context
[i:xi:], Speakers M22 (top row) and F21 (bottom row). Left:
pre-rhotic vowel posture [i:]; Centre: target rhotic posture [1];
Right: post-rhotic vowel target [i:].

Figure 6: Rhotic production in a high-front vowel context
[i:xi:], Speakers M21 (top row) and F22 (bottom row). Left:
pre-rhotic vowel posture [i:]; Centre: target rhotic posture [1];
Right: post-rhotic vowel target [i:].

3.2. Sustained Rhotic Production

More detailed information about articulation of Australian En-
glish /1/ is provided by the volumetric MRI data captured from
the same speakers. Fig. 7 shows three dimensional lingual con-
figurations adpoted by each speaker during sustained [1:] pro-
duction. The superior surface of each tongue is shown from a
viewpoint located above and behind the centre of the tongue, be-
yond the left cheek. The entire volume of each speaker’s tongue
was segmented to identify the complete lingual structure, but to
allow clearer visualization and comparison, only the top part of
each tongue is illustrated in Fig. 7.

4. Discussion

These data reveal two broad patterns of tongue shaping in Aus-
tralian English /1:/, most clearly differentiated in the low vowel
context. Rhotics are generally produced by Speakers M22 and
F21 with a more clearly separated coronal articulatory compo-
nent (Fig. 2), while Speakers M21 and F22 show a more glob-
ally bunched tongue posture at the rhotic target (Fig. 3). These
patterns of individual speaker variation are compatible with pre-
vious typologies of /x:/ allophony [7, 10, 11], and the influence
of vowel context in these data is broadly consistent with pre-
vious findings for New Zealand English that tip-up allophones
are more commonly observed in back vowel contexts, and tip-
down before high front vowels [12]. Beyond these general pat-
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Figure 7: Lingual configurations during sustained rhotic production. Top row: Speaker M21 (L) and M22 (R); Bottom row: Speaker
F21 (L) and F22 (R). Superior tongue mass depicted (above oblique axial plane bisecting sublingual cavity and tongue root), visualized
from left superior posterior viewpoint. Tongue tip oriented towards left of each image.

terns, it is difficult to describe the full range of variation and
details of production in terms of global tongue configuration.
A better understanding of the goals of rhotic production can be
obtained by comparing patterns of articulation across different
vowel contexts to gain insights into gestural constituency and
coordination in Australian English /1:/.

4.1. Gestural Characterization of AusE /x:/

All rhotics produced in low and back vowel contexts by these
speakers demonstrate advancement and/or raising of some part
of the front of the tongue towards some part of the anterior oral
cavity. The type of coronal articulation and the location of the
target varies: Speakers M22 and F21 use a more apical coronal
gesture with the anterior tip of the tongue approximating the
alveolar ridge or post-alveolar region (Figs. 2, 4), while Speak-
ers M21 and F22 form a laminal constriction with the tongue
body at a palatal target (Figs. 3, 4). Regardless of these differ-
ences, rhotics produced by all speakers involve a coronal ap-
proximation gesture.

After the tongue body is raised and advanced towards the
palatal target of the initial vowel in [ii1i:] sequences, retraction
of the tongue body/root towards the rear pharyngeal wall can be
observed before the tongue advances again during articulation
of the final [i:] (Figs. 5 & 6). These patterns demonstrate that
Australian English /x:/ involves a tongue body gesture with a
pharyngeal target. The constriction location of the tongue body
gesture appears be speaker-specific, but some degree of retrac-
tion of the tongue dorsum was observed in rhotics produced by
all four speakers in [ii] utterances in these data.

Rhotics produced in unrounded vowel contexts [iixi:] and
[e:re:] by these speakers also showed labial approximation in
the intervocalic interval (Figs. 2-6), revealing evidence of a
labial gesture for Australian English /x:/. For Speakers M21

and M22, consistent labialization was only observed in [i:1i:]
and [emre:] sequences, but rhotics produced by Speaker F21
in the back vowel context were also characterized by a nar-
rower labial constriction between the rounded vowels, con-
sistent with /x/ involving an independent labial approxima-
tion gesture, rather than simply coarticulated labial protrusion
(Fig. 4).

4.2. Future Directions

Additional data from more speakers are needed to better un-
derstand the type and scope of individual speaker variation in
/x:/ articulation in Australian English. Improved temporal res-
olution of real-time MRI data would allow closer analysis of in-
tergestural timing across a wider range of phonological contexts
to shed more light on the way that tongue tip, tongue body and
labial gestures are coordinated in Australian English /11/, and
how these coordinative patterns are influenced by wider coar-
ticulatory and prosodic factors. Acoustic analysis of recorded
speech and simulations based on MRI-derived vocal tract mod-
els are planned, to help validate the articulatory characteriza-
tion of /x:/ and inform our understanding of the acoustic con-
sequences of different aspects of articulation within and across
speakers.

5. Conclusions

These data demonstrate how image data combined from dif-
ferent MRI modalities can provide new insights into details of
rhotic articulation in under-described language varieties. Aus-
tralian English /1/, as in other English varities, is produced with
considerable inter-speaker variability; nevertheless, each of the
rhotic allophones captured here can be characterized as a com-
plex articulatory structure involving coordination of tongue tip,
tongue body and labial gestures.
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