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Gulf of Mexico (Rowan, 2020; data courtesy of WesternGeco); (c) steep thrust welds with common footwall from the southern Gulf of Mexico
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53 faults and salt-cored anticlines (shown with permission of WesternGeco)
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The Warraweena area of the Northern Flinders (Figure 2)
provides an excellent natural laboratory to investigate con-
tractional salt tectonics at the sub-seismic scale and to an-
swer the following questions: (a) What is the nature of the
lateral transition from diapir to linking structures? (b) Are
these linking features thrust welds or just thrusts? (c) If thrust
welds, were they pre-existing diapirs that were squeezed shut
or did the diapirs form only during shortening? (d) If thrusts,
how does the geometry transition laterally from a remnant
diapir to a thrust? (e) Is there any variation in structural style
and stratal geometries between areas adjacent to diapirs or
thrusts? (f) What kinds of small-scale deformation (fractures,
shear, etc.) are present and how do they change along strike
within the transition zone? (g) Might any such differences
impact reservoir quality (i.e. secondary porosity or porosity
reduction), trap configuration or hydrocarbon migration?
The results of our study are relevant to those companies and
institutions invested in exploration and production in fold-
and-thrust belts with salt diapirs, such as the passive-margin
basins of the Gulf of Mexico, the Lower Congo Basin and
offshore Brazil, as well as convergent-margin basins such as

the Austrian Alps and the Dinarides/Albanides/Hellenides in
the Balkans.

2 | GEOLOGICAL SETTING

The Northern Flinders Ranges are located in the Adelaide Fold
Belt, also known as the Adelaide Geosyncline or Adelaide
Basin (Jenkins, 1990; Preiss, 1987, 2000; Sprigg, 1952;
Thomson, 1969). The Adelaide Fold Belt is a broadly N-S
trending fold belt extending ca. 700-km north from Kangaroo
Island in South Australia (Figure 2) that evolved for at least
300 million years. The stratigraphic record is characterised by
a >15-km-thick succession of Neoproterozoic and Cambrian
rocks, including a basal remnant evaporite sequence, deposited
during multiple phases of rifting (polyphase aulacogen) followed
by shortening (Delamerian Orogeny). The aulacogen devel-
oped as western Laurentia separated from Australia during the
breakup of the Rodinian supercontinent (Preiss, 2000). Basin in-
version followed during the Delamerian Orogeny, which is var-
iably considered to have taken place during the Late Cambrian
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to Ordovician (ca. 500 Ma, Foden et al., 2006; Preiss, 1987a;
Sandiford et al., 1998; Paul et al., 2000) or with an earlier onset
in the latest Neoproterozoic (Jenkins, 1990; Lemon, 1988,
2000; Rowan et al., 2019; Rowan & Vendeville, 2006; Turner
et al., 2009). The Delamerian Orogeny was a major shortening
event that impacted the evolution of the structures studied in
the present work.

2.1 | Stratigraphy
A detailed review of the stratigraphic record and depositional
settings of the Northern Flinders is beyond the scope of our
manuscript. The interested reader will find thorough sedi-
mentary and stratigraphic descriptions in publications cover-
ing the regional geology of the area: Dalgarno and Johnson
(1968), Dalgarno (1998), Preiss (1990, 1993, 2000), Preiss
and Cowley (1999), Hearon, Rowan, Giles, et al. (2015).
However, a general overview of the stratigraphic record
found in Warraweena is offered for completeness (Figure 3).
The oldest exposed rocks comprise the Neoproterozoic
Callanna Group (Willouran in age, ca. 850-800 Ma), a typi-
cally brecciated mixture of non-marine and marine sedimen-
tary rocks and occasional volcanics (Preiss, 1987a). Where
in its correct stratigraphic position, for example in parts of
the Willouran Ranges, it comprises a layered sequence of
carbonates, fine- to coarse-grained siliciclastics and volca-
nic rocks that were originally interbedded with evaporites
(Preiss, 1987a; Rowan et al., 2019). The most common lithol-
ogies are dolostones, dolomitised limestones, sandstones and
thinly laminated siltstones. Moulds of halite crystals (known
as salt hoppers) and other pseudomorphed evaporite min-
erals, mm to cm in size and present in sandstones, indicate
the former presence of evaporites and are diagnostic of the
B Callanna Group. The usual appearance of the Callanna rocks
in the field is that of breccias and megabreccias discordant
with overlying and underlying strata, with chaotic and heavily
oxidised cm- to km-scale blocks of Callanna Group litholo-
gies surrounded by a blue-grey carbonate matrix that con-
tains rounded, pebble-sized carbonate clasts (Coats, 1964;
Forbes, 1990; Hearon, Rowan, Giles, et al., 2015; Hearon,
Rowan, Lawton, et al., 2015; Preiss, 1987a; Preiss, 2000;
B Webb, 1960). Where remnant bedding is still recognisable, it
tends to exhibit large internal shear with recumbent, dishar-
monic and ptygmatic folding. For simplicity, throughout the
manuscript we will refer to these as Callanna breccias. The
origin of the Callanna rocks brecciation has been ascribed by
some workers to the Delamerian Orogeny (Burns et al., 1977,
Mendis, 2002; Mount, 1975), in contrast to many others, who
cite evidence for long-lived passive growth of salt diapirs that
were later squeezed during the Delamerian Orogeny (Coats,
Ed1965; Dalgarno & Johnson, 1968; Dyson, 1996, 1998;
Hearon, Rowan, Giles, et al., 2015; Kernen et al., 2012, 2019;
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Lemon, 1988; Preiss, 1987b; Rowan & Vendeville, 2006;
Rowan et al., 2019). Signs of a diapiric origin include com-
posite halokinetic sequences and diapir-derived detritus
redeposited in adjacent strata. Thus, the Callanna Group
represents one of the earliest records of salt movement and
evacuation on Earth. At the surface, it represents a caprock
assemblage where halite is no longer present, and gypsum
has been altered to the pervasive carbonate matrix (Dalgarno
& Johnson, 1968; Dyson, 1996, 1998; Hearon, Rowan, Giles,
et al., 2015; Lemon, 1988; Rowan et al., 2019; Webb, 1960).

The overlying Burra Group (Torrensian) comprises the
oldest suprasalt rocks in the Adelaide Fold Belt. These units,
however, are not exposed in the Warraweena area (Figure 4).
The scarce outcrops nearby are restricted to a few square ki-
lometres of dolomitic siltstones, shales and quartzites of the
Copley Formation lying along the hinge of the Mount Morris
Anticline north of Warraweena Station (Figures 4 and 5), be-
yond the limits of our studied area. The predominant litholo-
gies are quartzites, dolomites and finely grained siliciclastics
(mostly shale and siltstone). Although the exposed thickness
is less than 550 m, the entire Burra Group is interpreted to be
up to 3-km thick at depth in the area (Figure 5).

Regionally the Burra Group is overlain by the Umberatana
Group, which is Sturtian to Marinoan and comprises: (a) til-
lites of the Merinjina Formation; (b) marine and non-marine
fine-grained, thinly laminated to massive siltstones and shales
of the Tindelpina and Tapley Hill formations; (c) algal, oolitic
limestones and dolomites of the Balcanoona Formation and
(d) arkosic, medium-grained, cross-laminated sandstones,
siltstones and sandy red dropstones with minor beds of diam-
ictites of the Elatina Formation. The thickness of the exposed
Umberatana Group reaches up to ca. 1,500 m on the south-
ern flank of the Mount Goddard Syncline (Figures 4 and 6),
although it is not exposed all around the studied area. The
thickness is interpreted to increase dramatically towards the
cores of the Mount Morris (where the Burra is exposed) and
Mount Stuart anticlines, reaching more than 5 km (Figure 5).

The youngest sequence of Neoproterozoic rocks is the
Wilpena Group (Marinoan to Ediacaran), which is characterised
by an upward-shallowing succession of shelfal, fine-grained si-
liciclastics and carbonates, along with shoreface sandstone and
peritidal carbonates (Preiss, 1987a, 2000). The oldest units in
the Wilpena Group comprise strata deposited during worldwide
glaciation (Preiss, 1987; Preiss et al., 2011). The youngest units
contain fossils of the Ediacaran fauna (Hearon, Rowan, Giles,
et al., 2015; Preiss, 2000). The Wilpena thickness in the field
area is in the range of 4-5 km, but dramatically increases to
nearly 7.5 km towards the centre of the synclines neighbour-
ing the Warraweena diapir-weld-thrust system (Figures 4 and
5). From older to younger, the Wilpena Group consists of: (a)
the Nuccaleena Formation, composed of thinly laminated mi-
critic dolomites with interbedded shales at the top; (b) red and
olive-green siltstones, shales and sandstones of the Brachina
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FIGURE 3 Stratigraphy of the Neoproterozoic and Cambrian units outcropping in the Warraweena area. Thicknesses are average values

observed within the mapped area

Formation; (c) pinkish-grey cross-bedded and rippled quartz
arenites of the ABC Range Quartzite; (d) grey-red to grey-green
fine-grained sandstones, siltstones and shales of the Bunyeroo
Formation; (e) grey calcareous shales, dolomites, limestones
and siltstones of the Wonoka Formation and (f) the Pound
Subgroup, largely composed of sandstones, quartzites and silt-
stones, and subdivided into three members (the thinly laminated
green shales, cherty dolomites and dark-yellow quartz aren-
ites of the Patsy Hill Member, the reddish-brown to yellowish
quartz arenites of the Bonney Sandstone Member and the cross-
bedded and rippled subarkose to quartz arenite and quartzite of
the Rawnsley Quartzite Member, which contains the Ediacaran
Fauna).

Overlying the Wilpena Group are Lower Cambrian strata
of the Hawker Group, which comprise turbiditic and stromat-
olitic reefal limestone units with minor interbedded clastics.
More specifically, four units are described in the studied area:
(a) the olive-green micaceous shales, orthoquartzites and grey

cross-bedded sandstone with limestone nodules of the Uratanna
Formation; (b) the rippled argillaceous sandstones, shales and
lenticular limestones of the Parachilna Formation; (c) the grey
biostromal, brachiopod-bearing and stromatolitic limestones of
the Wilkawillina Formation and (d) the green, finely micaceous
carbonaceous siltstones of the Oraparinna Shale. The preserved
thickness of the Hawker Group in the Warraweena area is up to
ca. 2 km in the centres of the synclines (Figure 5).

2.2 | Structural framework
The structural features of the Warraweena area are described
in more detail in later sections of the manuscript. However, a
general description of the regional structural style will help to
put later local observations and descriptions in context.

The structural style of the region is characterised by
multiple structural trends (see Figure 4). Although broad,
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long-wavelength anticlines, synclines and apparent thrust
faults generally trend WNW-ESE to WSW-ENE, there are
also structures with more N-S trends. Bodies of Callanna
breccia also have variable trends and are usually located along
the hinges of anticlines or along fault systems. The complex-
ity of the large-scale geometry is interpreted to reflect some
combination of inversion of the precursor rift architecture
and shortening of pre-existing diapirs and minibasins (Backé

et al., 2010; Rowan & Vendeville, 2006). The different struc-
tural trends and the complexity added by the presence of
pre-existing diapiric bodies makes is difficult to determine
the main orientation of the Delamerian shortening. We infer
that NNW-SSE directed shortening affected the pre-existing
structures, based on large-scale fold orientations seen on
maps (Figure 4). However, a component of vertical-axis rota-
tion cannot be ruled out (Rowan & Vendeville, 2006).
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The subsurface geometry is largely unknown. In gen-
eral, the anticlines are interpreted to be cored by rocks of the
Callanna Group (Figure 5) based on analogous structures
throughout the Flinders Ranges. Evaluation of published re-
gional maps suggests that the anticlines originated as asymmet-
ric synclinal depocentres (as indicated by the large thickness
differences between flanks, particularly in the Mount Morris
Anticline and, to a lesser degree, the Mount Stuart Anticline,
Figure 4), later inverted during the Delamerian Orogeny. This
is also supported by the thickening of the Umberatana Group
units (i.e. from the Merinjina to the Elatina Fms.) towards
the anticlinal hinges. The presalt structure is thus postulated
to be a set of partially inverted basement-involved exten-
sional faults (Figure 5). These would have controlled an early
morphology where Neoproterozoic minibasins were located
above the rift hanging walls, whereas inflated salt and thinned
strata developed over the footwalls (similar to experimental
models by Warsitzka et al., 2015). During the Delamerian

Orogeny, partial inversion of the basement faults and possible
footwall buttressing would have led to salt inflation above
the rift hanging walls, formation of Callanna-cored anticlines
and thrust faults and squeezing of any pre-existing diapirs.
This geometry is exposed in the plunging Yankaninna anti-
cline and the Mt. Painter inlier basement inversion structure
northeast of the study area (J. A. Muiioz, pers. comm., 2019;
1:250,000 Copley sheet, Coats, 1973).

3 | STRUCTURAL DESCRIPTIONS
OF THE WARRAWEENA AREA

The deformation and structural styles in the Warraweena
area are described at three different scales. First, the regional
to macro-scale (i.e. km-scale) structure is summarised based
on field observations and the base maps available in the area
(scale 1:100,000 by Coats, 2009 and scale 1:250,000 by
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Coats, 1973) as well as satellite images (confidential, courtesy
of ConocoPhillips). The field observations include mapping
and geometrical relationships of the principal folds, faults and
breccia bodies. Second, meso-scale (i.e. metres to hundreds of
metres) structures in the area are characterised based on de-
tailed mapping and construction of structural transects across
key domains. These include smaller faults and folds as well as
tectono-sedimentary relationships and salt-sediment interface
features (e.g. halokinetic sequences, local debris flows and
caprock). Finally, small-scale (i.e. mm to cm) structures (prin-
cipally fractures and cleavage) are described and evaluated.

The study area is divided into three structural domains
(Figures 5 and 6): the WSW-ENE trending Mount Goddard
Syncline (Domain A) in the north; the NW-SE Mount Hack
Syncline (Domain B) in the southeast and the WSW-ENE
Cadnia Syncline (Domain C) in the west. The three domains
are separated from each other by a complex system of Callanna
brecciated bodies and faults. The system displays an overall ar-
cuate structural trend that varies from E-W in the west (in the
vicinity of Warraweena Station) to N-S in the eastern termina-
tion (just south of Mucatoona Hill; Figures 4 and 6). Below, we
describe first the dividing system of breccias and faults and then
the details of the three structural domains.

3.1 | Dividing structures
The dividing structures comprise three different Callanna-
brecciated bodies and their connecting or branching fault
segments. At a triple junction of three segments is the WSW-
ENE oriented Warraweena East (WE) breccia (Figure 6, map
Band inset). The Warraweena East structure is nearly 3.2-km
long, with a width ranging from O to ca. 450 m. Because it
is the only breccia body between each pair of structural do-
mains, it has a forked geometry with three terminations: the
northwestern prong separates Domains A and C; the south-
western tip divides Domains C and B and the main body ex-
tending to the east is in between Domains A and B. The three
terminations of Warraweena East thin rapidly, transitioning
to apparent faults with the northern domains upthrown: fault
AB separates Domains A and B, fault AC separates Domains
A and C and fault BC separates Domains B and C (Figure 6).
The northwestern end of Warraweena East is a good ex-
ample of the transition from the Callanna breccias to apparent
faults (Figure 7a). The tip is a highly deformed area of Callanna
breccia, about 15-m thick, in contact with a highly altered
and oxidised sequence of tillites of the Merinjina Formation
(Figure 7b). Some dozens of metres further to the northwest, no
trace of Callanna breccia is found, and the Merinjina Formation
in Domain A is juxtaposed against the Rawnsley Formation
(Pound Subgroup) in Domain C along fault AC. This arcuate
faultis 3-km long, and displays no Callanna breccia until it links
to the Warraweena West structure to the northwest (Figure 6).

The southwestern termination of Warraweena East (Figures 6
and 7) contains patchy Callanna breccia outcrops, tens of me-
tres in size, that separate the Rawnsley Formation (mapped as
part of the Pound Group) in Domain C (northwestern side) from
the carbonate sequences of the Uratanna and Parachilna forma-
tions in Domain B (southeastern side). This transitions to an
apparent linear thrust fault (fault BC) that dies out to the WSW.
The northeastern prong of the Warraweena East structure thins
out progressively, merging with the roughly 2.8-km-long fault
AB that links to the South Angepena structure (SA; Figure 6).

The ca. 5-km long, roughly E-W oriented, Warraweena West
(WW) structure is an outcrop of Callanna breccias, 0- to 500-m
wide, separating Domain A to the north from Domain C to the
south. Fault AC intersects the breccia body at a corner, and the
southern edge of the breccia is relatively smooth, whereas the
eastern and northern sides of Warraweena West are characterised
by abrupt trend changes (Figures 6 and 8). To the west, Holocene
alluvium partly covers the bedrock, but the breccia is interpreted
to curve to the north, where it connects to an E-W trending thrust
fault extending out of the study area to the west (Figure 6).

The South Angepena (SA) breccia body exhibits an over-
all SSW-NNE orientation, is nearly 4 km in length and has
significant variations in width up to nearly 1.1 km. It sep-
arates Domains A and B and has several prongs extending
into these domains (Figures 6 and 9-11). The main body of
Callanna breccia to the south is ca. 50- to 100-m wide on av-
erage and occasionally thins to ca. 25-35 m. An E-W trend-
ing strip of Callanna breccia extends out into the Cambrian
stratigraphy of Domain B (Figure 9). The strip is ca. 530 m
long and displays a width ranging from 200 m in the west,
to 25 m in the centre and 45 m in the east. To the north, the
Callanna breccia expands into a triangular body that narrows
to the northwest into Domain A (Figure 10). Farther north,
the Callanna breccia is folded to trend roughly E-W and thins
to the east, eventually dying out near the vicinity of the Old
Angepena Station, beyond the limits of the studied area. In
this area, a ca. 25-m-wide strip of rock with a pervasive but
discontinuous, elongated fabric (informally called chips)
is observed within, but at the margin of the Callanna brec-
cia (Figure 11b). The chips are mm to cm in size, comprise
silicified dolomite, and are roughly aligned in the fashion of
a pseudo-foliation. Although less well preserved, a similar
fabric is also observed further south within the outermost
Callanna breccia. This texture is characteristic of the south-
eastern boundary of the South Angepena structure, but it is
not observed at the margins of other Callanna breccia bodies.

3.2 | Domain A: The Mount
Goddard Syncline

The Mount Goddard Syncline is a ca. 17-km long and 8.5-
km wide, arcuate syncline trending E-W to ENE-WSW.
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FIGURE 7

(a) Geological map of the Warraweena East diapir (WE) showing the relationship between the Mount Goddard (MG), Cadnia (CS)

and Mount Hack (MH) minibasins across fault segments AC and BC, respectively, and across the diapir. Colour legend and labels are the same as

in Figure 6. Label d inside the black circle indicate approximate location of photo shown in Figure 13d. (b) Field photo taken at the NW tip of WE,

near fault segment AC, showing highly deformed and altered Merinjina Fm. in contact with the Callanna breccia blocks (dark area of Callanna,

around 15-m thick; see label 7b on the map above for location). Photograph looks towards the SSW. Black dotted circle highlights lens cap for

scale. See Figure 6 for the location of this map in the subregional context

The exposed stratigraphy displays a maximum thickness of
ca. 4.2 km in the central sector of the southern limb. The
strata here comprise the Umberatana and Wilpena groups,
separated by a ca. 10-km-long unconformity at the base of
the Nuccaleena Fm. (Figure 6). Below the unconformity,

the Umberatana Group thins laterally towards both the
Warraweena West and South Angepena Callanna breccia
bodies. Above, the Wilpena is generally tabular, with minor
thickness variations accentuated near the Callanna breccia
bodies. Dips range from moderate near the synclinal hinge to
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FIGURE 8 Geological map of the eastern portion of Warraweena West diapir (WW) showing the general features and meso-scale

deformation described in this sector between the Mount Goddard (MG) and the Cadnia (CS) synclines. Notice the different structural styles in

the in the Wilpena Group of the Mount Goddard Syncline near the salt and near fault segment AC. Colour legend and labels as in Figure 6. Some

intra-Callanna stringers indicated in purple. See Figure 6 for the location of this map in the subregional context

overturned closer to the bounding faults AB and AC and the
associated breccia bodies.

Inthe vicinity of Warraweena West (Figure 8), the Umberatana
Group is restricted to a NW-thinning sequence of the Merinjina
Fm. Strata are generally steep, between 60° and 90° away from
the breccia and often slightly overturned. The base-Wilpena
unconformity, separating the base of the Nuccaleena Fm. from
the underlying units, intersects the Callanna breccia at a promi-
nent cusp in its edge. The bedding of the overlying Brachina and
Bunyeroo fms. displays a general WSW-ENE trend that folds
down towards the Callanna breccia, leading to tight, overturned
folds of tens of metres in size. The contact between the Bunyeroo
and Wonoka fms. intersects the breccia at another, larger cusp,
with bedding in the lower Wonoka Fm. displaying a steady SSW-
NNE trend and near-vertical dips until within ca. 30-50 m of the
Callanna breccia, where the Wonoka beds become more over-
turned and strike parallel to the edge of the breccia (Figure 12a).
Continuing upward, the upper Wonoka Fm. and Pound Gp. thin
towards the northern interface of Warraweena West in an appar-
ent onlap relationship (Figure 12a).

To the east and southeast of Warraweena West (Figures 6
and 8), the bedding of the Umberatana Group is broadly

parallel to the southern boundary of Domain A and is steeper
(near vertical to overturned) than the Wilpena Group, high-
lighting the presence of the previously mentioned base-
Wilpena unconformity (i.e. base of the Nuccaleena Fm;
Figure 12b). Another minor unconformity is defined by
the contact between the Tindelpina and the Merinjina fms.
with the Brachina Fm. as beds generally steepen closer to
the Callanna breccias and fault segments (Figure 12a—d).
However, there is a notable difference depending on posi-
tion: whereas progressive steepening towards the Callanna
breccia characterises the breccia-flanking strata (Figures 8
and 12a,c), those along the intervening fault segments first
steepen but then become gentler, forming minor anticlines
juxtaposed against the faults (Figure 12b,d).

The southern limb of the Mount Goddard Syncline grad-
ually becomes less steep near the South Angepena structure
(Figures 6 and 9). Locally, however, NW-ward dipping beds
steepen towards the bounding fault or breccia: 75°-80° in the
Merinjina Fm., ca. 65° in the Elatina Fm. and 45°-35° in the
Wilpena Group (Figure 12e,f). The NW-SE trending edge of
South Angepena truncates the bedding from the base of the
Umberatana Group all the way up to the base of the Brachina
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FIGURE 9 Geological map of the area just south of the South Angepena diapir (SA). Notice the presence of the salt wing extending out into
the Cambrian sediments of the Hawker Group. North of the salt wing bedding of the Pound Subgroup strikes roughly WNW-ESE up to the last
few hundreds of metres away from the salt, where it gradually rotates to a N-S to NNE-SSW strike, often overturned. Labels e, f, g and h inside the

black circles indicate approximate locations of photos shown in Figure 13e-h respectively. Colour legend and labels as in Figure 6. See Figure 6 for

the location of this map in the subregional context

Fm. in the Wilpena Group (Figure 10). Within 200 m of
South Angepena, bedding becomes steeper and subparallel to
the Callanna breccia interface before forming an overturned
anticline of ca. 100 m in wavelength, predominately in the
Tapley Hill Fm (Figure 10).

Small-scale deformation varies throughout Domain A.
Away from the breccia-fault systems, metre-scale thrusts
and folds are occasionally observed (Figure 13a), as are
swarms of fractures that include bedding-parallel, cross-
strike and strike-oblique orientations (Figure 13b). Starting
in the west and moving along the southern edge of the do-
main, the Warraweena West area is characterised by metre-
scale, tight, overturned folds developed within 30 m of the
Callanna breccia interface, particularly in the Bunyeroo,
Wonoka and Pound stratigraphic sequence. The Merinjina
Fm. adjacent to fault AC locally displays a minor shear fab-
ric, metre-scale ca. E-W trending folds and NW-SE trend-
ing fractures dipping 70°-85° mostly to the NE. Near the
Warraweena East structure, two main fracture sets are well
expressed: a moderately dipping (30°-60°) NW-SE set and
a subvertical NE-SW set (Figure 13d). Other than this, de-
formation is not qualitatively different than farther away

from the breccia. Fault AB is associated with several tight
folds (Figure 13g), an increased presence of NE-SW trend-
ing fractures, a fault-parallel cleavage (roughly E-W) and
a 1- to 3-m wide shear zone along the fault (Figure 13h).
Finally, near the South Angepena breccia small-scale
asymmetric folds and thrusts are observed (Figure 13e)
that become somewhat more common where the Callanna
breccia is <50-m wide. Many breccia-flanking areas are,
however, effectively undeformed (Figure 13c).

3.3 | Domain B: The Mount Hack Syncline

The Mount Hack Syncline is a ca. 9-km long, WNW-ESE
trending structure whose hinge intersects the South Angepena
breccia near where it merges into fault AB (Figures 6 and
9). The exposed strata span the upper Wilpena Group to the
Cambrian Hawker Group (Figure 12c—f). The northern limb
dips consistently 75°-80° towards the SSW (Figures 9 and
11). The southern limb is more variable in orientation, curv-
ing from WNW-ESE to ENE-WSW south of Warraweena
East and faults AB and BC, where it dips steeply towards
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the breccia-fault system and becomes overturned (Figures 7a
and 12¢,d).

Strata in the northern limb of the syncline thin and curve
within 300 m of the South Angepena structure, steepen-
ing slightly and becoming overturned before truncating
against the Callanna breccia or becoming parallel to its
edge (Figures 9-11). The Bunyeroo to Cambrian section
here contains multiple unconformities within 400-800 m of
the Callanna breccia interface. The youngest of these is at
the base of the thin body of breccia extending out into the
northern limb of the syncline within the Wilkawillina Fm
(Figure 9), whereas the other unconformities are at the bases
of 20- to 50-m-thick conglomerates that thin progressively
towards the east, away from the South Angepena structure.
These are highly altered adjacent to the breccia and comprise
poorly sorted, angular, gravel-sized clasts in a highly weath-
ered and poorly indurated matrix. Some of the underlying
unconformities intersect the Callanna breccia with minor
changes in the orientation of its boundary (Figure 11a).

Other conglomerates within the northern limb of the
Mount Hack Syncline are not associated with unconformi-
ties or the South Angepena structure. These conglomerates
are gravel to cobble sized, poorly to medium sorted, angular,
clast-supported and unaltered. They thin to the west and east,
defining channel-like morphologies that suggest a sediment
provenance from out of the plane of the surface exposure.

The small-scale deformation in the Mount Hack Syncline
is not appreciably different from that in Domain A. It includes
fractures (bedding-parallel, cross-strike and strike-oblique),
with no systematic increase towards the breccia-fault system,
as well as mm- to cm-scale folds in the Cambrian carbonates
(Figure 13f). Whether the latter are due to tectonic or soft-
sediment deformation is uncertain. Near fault AB there is an
increased development of a fault-parallel foliation.

3.4 | Domain C: The Cadnia Syncline

The Cadnia Syncline is located in the west of the studied area.
Itis an ca. 8-km long, WSW-ENE trending structure bounded
by the Warraweena West breccia and fault AC to the north
(Figure 12a,b) and fault BC to the south (Figure 12b), with
its eastern tip intersecting the Warraweena East structure
(Figures 6 and 7). Exposed strata include the upper Wilpena
Group and the lower Hawker Group, which dip steeply on
both limbs but which reduce in dip towards the fold hinge
(Figure 12a,b).

In the eastern sector of Domain C, the structure becomes
more complex (Figure 7a). First, beds are vertical to over-
turned in the northern limb close to fault AC. Second, there
are several minor faults in the southern limb. Third, near
the north-western tip of the Warraweena East structure,
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minibasin (MH). Notice the presence of caprock along the eastern salt-sediment interface and several composite halokinetic sequences with strata
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subregional context. (b) Field picture of the elongated fabric facies (chips) interpreted as caprock (see coin for scale). See the white asterisk inside
the black circle on the map above for location
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west-dipping strata fold abruptly to overturned NNE dips
about 50 m from the breccia, with the overturned limb
disappearing rapidly near the last remnant of the Callanna
breccia where it transitions to fault AC (Figure 7a). Fourth,
the geometry near the south-western prong of Warraweena
East is characterised by complex short-wavelength (ca. 50—
60 m) folds with overturned beds adjacent to the Callanna
breccia. The traces of these tight overturned folds are about
100- to 200-m long, are within 50-100 m from the breccia
and intersect it at low angles. Finally, at the southwestern tip
of Warraweena East, adjacent to the lateral transition from
the Callanna breccia to fault BC, there is a rapid decrease in
bedding dip from near vertical to moderate dips to the north.

4 | INTERPRETATION OF FIELD
GEOMETRIES AND SURFACE DATA

4.1 |
diapirs

Callanna-brecciated bodies as passive

We interpret the Warraweena West, Warraweena East and
South Angepena-brecciated bodies as passive salt diapirs
growing from at least the Ediacaran Series (deposition of
the Wilpena Group) well into the Early Cambrian (Hawker
Group). The main evidence supporting this interpretation
includes: (a) intra-Callanna deformation, such as both brec-
ciated (chaotic) and well-layered, intensely folded blocks,
similar to intra-salt deformation described in other basins (e.g.
La Popa basin, Rowan et al., 2003; the Spanish Prebetics,
Rubinat, 2012); (b) the presence of mm to cm halite crys-
tal moulds (hoppers, according to arguments presented in
Coats & Preiss, 1987); (c) interpreted lateral caprock (Giles
et al., 2012; Jackson & Lewis, 2012) along the eastern bound-
ary of the South Angepena iaper (Figure 11a), as elaborated
below; (d) a general lack of small-scale (i.e. metre-scale or
smaller) deformation in strata flanking the Callanna breccia
bodies, suggesting that the Callanna lithologies were weaker
than the surrounding rocks at the time of deformation (i.e.
larger percentage of evaporites in the Callanna; see Rowan
et al., 2020); (e) flanking folds, unconformities and conglom-
erates that we interpret as composite halokinetic sequences
(CHS; see Giles & Rowan, 2012), displaying thickness and
facies changes away from the Callanna interface and (f) short-
distance (tens of metres) changes of geometry/structural style
in the areas where the Callanna breccia thins out, suggesting
rapid changes in structural style between areas across diapirs
and areas where country rocks were not pierced by salt. Our in-
terpretation is in line with similar structures seen elsewhere in
the Flinders Ranges and interpreted as long-lived passive dia-
pirs and salt sheets (Dalgarno & Johnson, 1968; Dyson, 1996;
Hearon, Rowan, Giles, et al., 2015; Kernen et al., 2012, 2019;
Rowan et al., 2019). The following paragraphs summarise

Research =
the field-based evidence supporting our interpretation of the
Callanna-brecciated bodies, along with specific traits that re-
veal more about their evolution as passive diapirs.

The clearest indication of passive diapirism at
Warraweena West is the folding of the Wonoka Fm. on
the north-eastern flank. Because the strata generally dip
steeply to the NNW, the map view is effectively a cross-
sectional view. This is confirmed by calculating the ori-
entation of the salt-sediment interface using the method in
Hearon, Rowan, Giles, et al. (2015): The resulting near-
vertical present-day orientation yields a pre-Delamerian
diapir flank dipping 40° to the NE. The lower Wonoka
strata form a hook halokinetic sequence fossilised by the
upper Wonoka and Pound, which thin over the top of the
diapir (as inferred from Figures 6, 8 and 12a). In contrast,
the Brachina and Bunyeroo fms. beneath the Wonoka are
folded down onto the Umberatana-Wilpena unconformity
(Figure 8). This fold might be the continuation to the NW
of the anticline within the Merinjina Fm., northeast of fault
AC, or it might have formed due to dissolution of a salt
wing originally emplaced at the level of the unconformity.
There is no evidence of passive diapirism in the Pound
Subgroup at the southern side of Warraweena West (i.e. no
apparent change in bedding morphology between areas ad-
jacent to the Callanna and areas along fault AC, as seen on
Figure 8), but since the diapir was buried by late Wonoka
time, the salt-sediment interface here is probably a later
thrust-related juxtaposition of the diapir against the Pound
Subgroup.

At Warraweena East, we do not see clear evidence of
passive diapirism in the bedding of either the Merinjina Fm.
on the north side or the Cambrian strata on the south side
(i.e. no apparent halokinetic folding nor significant changes
in structural geometries across the Callanna; Figure 12c).
However, the western flank (i.e. eastern end of Domain C)
contains evidence of passive rise in the form of near-diapir
halokinetic folds within the Pound Subgroup (Figure 7a).
Diapir growth might have started earlier as seen on the
northeast side of the Warraweena West diapir, but these lev-
els are not exposed in Domain C. The original orientation of
the salt-sediment interface cannot be calculated accurately
because of its location at the steeply plunging termination
of the Cadnia Syncline.

The best evidence of passive diapirism is along the south-
eastern flank of the South Angepena diapir, where multiple
CHS are interpreted in the Wilpena (Bunyeroo, Wonoka and
Pound fms.) and Hawker units (Figures 6, 9, 11 and 12e,f).
Observed features typical of CHS include: strata that turn up
and thin within 300-400 m of the diapir edge; stacked local
unconformities that intersect the edge of salt at cusps and
poorly sorted conglomerates (interpreted as debris flows) that
thin away from the diapir and contain clasts probably derived
from both non-evaporite lithologies of the Callanna Group
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(dark meta-sediments and meta-igneous rocks) and from the
diapir roof (dark carbonate and dolomitic blocks). The geom-
etries show that these are wedge halokinetic sequences that
stack into tapered CHS (Giles & Rowan, 2012). The original
orientation of the Callanna—Pound interface is calculated to
have been near vertical.

Other aspects of the South Angepena diapir warrant men-
tion. First, the band containing chips of silicified dolomite
along the south-eastern interface (Figure 11b) is interpreted
as carbonate caprock (see arguments presented in Giles
et al., 2012; Kernen et al., 2019) that formed periodically at
the top of the diapir due to halite dissolution in late Wilpena
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FIGURE 13 Examples of small-scale deformation across different domains. (a) Regional background deformation by thrust imbricates and

detachment folding in the Pound Subgroup, near the Mount Goddard Syncline axis; (b) regional background deformation by bedding-perpendicular

fractures in the Wonoka Fm. (interpreted lines are just a few examples of the centimetre-spaced strata-perpendicular fractures); (c) well-laminated

layers of the Merinjina Fm. near the South Angepena diapir showing little internal deformation; (d) decimetric layers of the Merinjina Fm.

displaying tensile joints oblique to bedding and filled with quartz crystals near the Warraweena East diapir (see coin in the centre for scale); (e)

centimetre-scale folding and reverse faulting in the Merinjina Fm. near the weld at the southern termination of the South Angepena diapir, where

the Callanna breccia is less than 50-m thick; (f) centimetre-scale concentric folding in the Oraparinna Fm., just east of the weld (Callanna breccia

is ca. 75 m in map thickness); (g) metric-scale anticline in the Merinjina Fm., near fault segment AB (see hammer at the core of the anticline for

scale); (h) highly altered and chaotic sediments in the fault zone of fault AB (stratigraphy, bedding and structural features are indistinguishable

due to large internal shear along the fault). See Figure 6 for approximate location of a and b, Figure 10 for approximate location of c, Figure 8 for

approximate location of d and Figure 9 for approximate location of e to h

time. Second, the small protrusion of Callanna breccia into
Cambrian strata (Figure 9) is interpreted as a salt wing em-
placed at the level of a CHS boundary (see Rowan, 2017,
Figures 10a and 12e). Third, we interpret that the near-salt
anticline affecting the Umberatana along the SW side of the
South Angepena diapir (Figure 10) was not caused by haloki-
netic drape folding. Although unclear, we hypothesise that
its origin may be due to either: (a) remnants of pre-existing
folding before passive diapir rise juxtaposed it against salt;
(b) fault-related folding away from the salt with strata on one
side of the fault subsequently juxtaposed against the salt by
ongoing fault slip (see Rowan et al., 2020); or (c) shortening-
related deformation against non-evaporitic Callanna Group
rocks.

4.2 | Linking structures and discrete diapirs
versus squeezed salt wall

As shown in Figure 14, the linear to arcuate structures link-
ing and extending away from the diapirs can be interpreted
as either faults or secondary salt welds. In the first sce-
nario, the current geometry of the Warraweena area would
be the result of three discrete, pre-existing diapirs that were
squeezed and linked by thrust faults during Delamerian
shortening (Figure 14a). An alternative interpretation is that a
15-km-long salt wall was shortened and partly welded during
the Delamerian Orogeny, resulting in three salt bodies con-
nected by secondary welds (Figure 14b), a variation on Q-tip
structures (Rowan & Vendeyville, 2006). Both models neces-
sarily imply the presence of complete or incomplete (i.e. less
than 50 m of salt thickness) secondary welds, either just off
the ends of the diapirs currently seen on maps (Figure 14a)
or formerly, all along the linking structures (Figure 14b).
Intermediate scenarios are also possible, in which either pair
of diapirs represents an original wall and the third was an
isolated diapir.

Several observations help to elucidate whether the linking
structures are faults or secondary welds. First, no remnants
of Callanna breccia (non-evaporite blocks) were identi-
fied along the linear structures linking the diapirs, despite

their occurrence on documented welds in the Flinders and
Willouran ranges (e.g. Dyson, 2005; Dyson & Rowan, 2004;
Hearon, Rowan, Giles, et al., 2015; William et al., 2019).
Second, halokinetic sequences are associated with the discrete
diapiric bodies but are not found along the linking structures.
Third, the areas between the diapirs have hectometre-scale
anticlines in the upthrown (northern) block (Figures 7 and
12b,d), in contrast to areas adjacent to the brecciated bod-
ies. Finally, an increase in small-scale deformation, mostly
in the form of fractures and cleavage, is observed in areas in
between the brecciated bodies along the linking structures,
although this admittedly could have been generated after
welding. Therefore, although we cannot completely rule out
their origin as a formerly continuous salt wall (Figure 14b),
the preponderance of evidence and the clear distinctions at
not just one, but every scale of observation, lead us to in-
terpret the linking structures as reverse faults (Figure 12b,d)
that formed and connected the three discrete diapirs during
the Delamerian Orogeny (Figure 14a). Similarly, we inter-
pret fault BC (Figure 12b) as a thrust branching off the SW
termination of the Warraweena East diapir. The faults are
interpreted as steep (nearly vertical) south-directed reverse
faults, where the hanging wall (northern block) is structur-
ally higher than the footwall (southern block). Indications of
southward reverse transport direction are also supported by
the lack of Hawker Group sediments in the Mount Goddard
Syncline (Domain A), structurally higher than Domains B
and C, as well as the apparent overthrusting of the Mount
Hack Syncline. We interpret the hectometre-scale anticlines
in the upthrown block of Domain A near the fault segments
as hanging-wall fault-related folds, widely described in fold
and thrust belts all over the planet (e.g. Dahlstrom, 1970;
Grasemann et al., 2005; Medwedeff & Suppe, 1997;
Suppe, 1983, 1985).

The transition from diapir to reverse fault happens over
short distances, often within less than 200 m along the fault
trend (Figure 7a). A repeated pattern is that the map-view
width of the diapir decreases to 100 to 15 m in the diapir
terminations, narrows further to zero and transitions into a re-
verse fault where no Callanna breccia is observed. According
to published definitions of welds (Hudec & Jackson, 2011;
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FIGURE 14 Conceptual evolutionary models in map view, assuming two possible end-member scenarios: (a) diapirs initiated as three

independent structures, being later squeezed and developing lateral short welds that were linked by reverse faults and (b) diapirism initiated in

the form of a salt wall that was later squeezed shut in places and eventually developed south-directed reverse fault segments along the welds.
MG, Mount Goddard Syncline; MH, Mount Hack Syncline; SAD, South Angepena Diapir; WED, Warraweena East Diapir; CS, Cadnia Syncline;

WWD, Warraweena West Diapir

Jackson & Hudec, 2017; Rowan & Ratliff, 2012; Wagner &
Jackson, 2011), the salt bodies with widths of up to 50 m are
classified as incomplete welds.

A good illustration of how this transition impacts both
meso- and large-scale deformation in adjacent strata is pro-
vided by the Merinjina Fm. along the southern flank of
Domain A. Along fault AC, strata form a hanging-wall anti-
cline that is truncated by the fault (Figures 8 and 12b). Here,
decimetre- to metre-scale tight folds within 200 m of the fault,
increased fracture intensity and a minor shear fabric are inter-
preted as associated with fault development. Adjacent to the
Warraweena East diapir, however, the Merinjina Fm. forms
an overturned panel (Figure 12c) and there is no increase in
small-scale deformation above background levels. A similar
transition is seen from fault AB (Figure 12d) to the South
Angepena diapir (Figures 9 and 12e,f). Here, because the
Callanna breccia has a map width ranging from 0 to 100 m,
it forms a combination of narrow diapirs and discontinuous
weld. Increased small-scale deformation suggests that strain

can be imparted to flanking strata before complete welding
(e.g. intra-Callanna non-evaporitic lithologies might have
transferred strain to flanking strata before complete welding
occurred; see Davies et al., 2010).

To sum up, the structures in the Warraweena area are in-
terpreted as a system of three squeezed diapirs that are lo-
cally welded at their tips and linked by steep, south-directed
reverse faults and one branching imbricate. The diapirs rose
passively since at least the Ediacaran and were shortened
during the Delamerian Orogeny. Contraction resulted in the
squeezing of the diapirs and folding and thrusting of the sur-
rounding strata.

4.3 | Subsurface interpretation

Although no subsurface information is available, the ob-
servations and structural relationships observed at the
surface give us hints about the geometry of the strata
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and dividing structures at depth. One tool is that the
steeply dipping bedding attitudes mean that the map
often constitutes an approximate cross-sectional view
when examined from a direction perpendicular to the
strikes. Examples include viewing the northeastern flank
of Warraweena West from the SE; viewing the entire
southern limb of Domain A also from the SE and view-
ing the eastern flank of the South Angepena diapir from
the NNE (Figure 6).

Another tool is to use the stratal dips to constrain the
dips of the reverse faults. Because reverse faults almost
always cut up-section relative to both hanging- and foot-
wall strata, the faults are most likely steeper than the adja-
cent bedding. This, combined with the overall northward
convex surface expression and the fact that Domain A is
structurally higher than the others, suggests that the faults
dip very steeply to the north (Figure 12b,d). The dips may
decrease at depth, especially where the faults presumably
merge with the autochthonous Callanna rocks at triangular
pedestals (Figure 5). Moreover, the lower parts of the re-
verse faults may be welds if there were originally deep salt
ridges connecting the diapirs.

The Warraweena East diapir was probably also vertical
(Figure 12c) since it is flanked by two near-vertical faults (i.e.
fault AC, Figure 12b; fault AB, Figure 12d). We depict the
other diapirs in the same way (Figure 12a,e,f), although some
tilting along with the strata of Domain A cannot be ruled out.
Could the diapirs be squeezed shut and welded at depth as
a consequence of Delamerian contraction? This would de-
pend in part on the original geometry of the diapirs, which re-
mains unknown; nevertheless, we depict local welds at depth
(Figure 12).

In contrast to the other domains, the footwall (Domain B)
of faults AB and BC and the Warraweena East diapir is not
parallel to the bounding structures. The Mount Hack Syncline
is truncated by the thrust system (Figures 6, 9 and 12), sug-
gesting that the Mount Hack may have been a pre-existing
fold, later cut by the dividing structures. Moreover, given that
fault BC dies out in the stratal panel that forms the south-
ern limb of both the Mount Hack and Cadnia synclines (see
southwestern sector of Figure 6, where the fault segment BC
dies out to the SW), the Mount Hack and Cadnia Synclines
are likely to be the same structure at depth (Figure 12a),
partly overridden by the south-directed relative movement of
Domain A.

5 | DISCUSSION

As expounded in the previous section, we interpret the
three Callanna-brecciated bodies in the Warraweena
area as passive salt diapirs growing diachronously from
at least the Ediacaran Series (deposition of the Wilpena

Research =
Group) well into the Early Cambrian (Hawker Group).
However, how did these diapirs evolve in three dimen-
sions through time? What are the plausible alternative
scenarios that can be considered leading to the geometry
and distribution of meso- and small-scale deformation
that we observe in the field? What are the key lessons
learned in Warraweena that can be applied in other global
salt provinces where field exposures are not available?
In this section, we discuss different alternatives for the
formation and evolution of the shortened passive diapirs
connected by linking faults, as well as pointing to the ap-
plicable learnings and implications for seismic interpreta-
tion and prospectivity that can be used in similar settings
elsewhere.

5.1 | Three-dimensional
geometry and evolution

The results of our work illustrate the geometry and evo-
lution of squeezed diapirs, associated reverse faults and
flanking minibasins in the Northern Flinders Ranges of
South Australia. The salt-sediment relationships and the
composite halokinetic sequences adjacent to all three dia-
pirs indicate that passive diapirism was ongoing during the
Ediacaran and lasted until at least the Early Cambrian. Thus,
passive diapirism and shortening may have coexisted if the
onset of the Delamerian Orogeny occurred during the lat-
est Neoproterozoic (Jenkins, 1990; Lemon, 1988; Rowan
et al., 2019; Rowan & Vendeville, 2006; Turner et al., 2009).
But when did passive diapirism initiate? We see no evidence
of passive diapirism in the Umberatana Group adjacent to
any of the diapirs, and the prominent base-Wilpena uncon-
formity in Domain A separates different geometries in the
Umberatana and Wilpena strata, with the former thinning and
folding gently up towards the Warraweena West and South
Angepena diapirs (Figures 5 and 6). Thus, we speculate that
Umberatana strata thinned onto precursor salt pillows and
that base-Wilpena erosion of the highs thinned the roofs
enough to allow the salt to breakthrough in a brief phase of
active diapirism (see Rowan & Giles, 2020) and subsequently
start growing passively during Wilpena time, with the con-
sequent development of composite halokinetic sequences. In
this scenario, the three synclines defining Domains A, B and
C started as salt-withdrawal minibasins, with the underlying
salt first moving into pillows and subsequently into the grow-
ing diapirs.

Again, we interpret three distinct passive diapirs rather
than one salt wall (or one shorter wall and one separate
diapir). Admittedly, some of the observed differences
between features flanking the breccia bodies and those
adjacent to the linking structures are not diagnostic. For
example the increase in small-scale deformation along
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3D model showing the lateral transition from squeezed diapir to weld to thrust fault and the changing structural style in the
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hanging wall minibasin. Salt is depicted in pink. Horizons A and B depicted in the figure are merely illustrative and are not related to any specific

stratigraphic marker. Footwall configuration is based on the geometry seen in Warraweena West, although different footwall configurations are

seen in other sectors of the studied area

the linking structures could have been generated by post-
welding weld-parallel slip. And the lack of halokinetic se-
quences in some areas can be explained by the strata being
pre-diapiric (as interpreted for the Umberatana strata along
the southern flank of Domain A) or as having been juxta-
posed against the Callanna only during late thrusting (as
possible for the footwall Cambrian strata of Fault AB).
Instead, two considerations lead us to reject the salt-wall
option. First, the complete lack of Callanna breccia along
any part of the linking structures strongly suggests that salt
was never present in these locations. Although one could
argue that there were parts of the wall with only halite and
no stringers, this would be highly coincidental along the
almost 3-km-long faults AB and AC. Second, the change
in geometry in the Merinjina Fm. adjacent to the breccia
bodies (steepening strata) versus the linking structures

(anticlinal folds) is striking (Figures 12 and 15) and is
compatible with squeezing of a diapir versus fault-related
contractional deformation.

The Delamerian Orogeny resulted in shortening being
accommodated in three different ways. First, the miniba-
sins evolved into tight synclines, with the limbs rotating
to near-vertical. Second, the formation of south-directed,
steep reverse faults led to the Mount Goddard minibasin
(Domain A) being thrusted over the combined Mount Hack-
Cadnia minibasin (Domains B and C). Third, the shortening
squeezed the three diapirs enough to form short (ca. 200 m)
secondary welds at their lateral terminations where they
transitioned into the steep reverse faults. The correspond-
ing transition from steepened bedding to hanging-wall an-
ticlines (Figure 15) was gradual as no faults were observed
separating the two styles.
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FIGURE 16 Schematic diagrams
showing end-member structural styles of
thrusted diapirs: (a) decapitated diapir;
(b) thrust-welded diapir and (c) welded
source-fed thrust. Modified after Rowan
(2020)

(b)

(c)

_

5.2 | Shortening of pre-existing diapirs:
Field examples versus published models

Shortening of salt stocks and walls displaces salt and may re-
sult in pinching-off of their necks with complete exhaustion of
salt supply and the development of secondary welds (Callot
et al., 2007, 2012; Hudec & Jackson, 2007; Pichel et al., 2017;
Rowan & Vendeville, 2006; Vendeville & Nilsen, 1995). Their
subsequent evolution depends in part on the geometry of the
salt structure at the time of welding. Three different modes of
secondary weld formation and evolution are presented and dis-
cussed here (Figure 16; Rowan, 2020). For vertical secondary
welds with relatively small pedestals (Figure 16a), additional
shortening is accommodated by the development of a thrust
fault that decapitates the diapir and separates it from its ped-
estal, carrying the weld and the shallower section of the diapir
in the hanging wall (Callot et al., 2007; Dooley et al., 2009;

Duffy et al., 2018; Ferrer, 2012; Granado et al., 2018; Pichel

et al., 2017; Roma et al., 2018). In contrast, a flaring diapir
and large pedestal may lead to an inclined thrust weld, with
the hanging-wall minibasin thrust over the footwall minibasin
(Figure 16b; Jackson et al., 2008; Rowan, 2020). Originally
leaning diapirs may also form inclined thrust welds. Pre-
existing diapirs are not required for thrust welds; they may also
develop by squeezing salt in the hanging wall of a source-fed
thrust (Figure 16c; Rowan, 2020). The thrust may emanate
from either an undeformed salt layer (as shown in Figure 16c)
or a precursor salt pillow or ridge.

In the light of the evolutionary models presented above
(Figure 16) and the geometries interpreted in the field, we dis-
cuss three different possibilities to generate the discrete diapirs
connected by reverse fault segments seen in Warraweena. First,
decapitation of previously welded vertical diapirs by a thrust
fault (Figure 16a) would result in diapirs being passively trans-
ported in the hanging wall, with the diapirs at a distance from
where the thrust fault is exposed (Figure 17a). Alternative ge-
ometries have been generated in models (Duffy et al., 2018),

RN N
qiﬁ

— \—
=N

(a) Decapitated welded diapirs
-~

FIGURE 17 Schematic sketch illustrating hypothetical field
exposure of the three thrust weld modes shown in Figure 16: (a)
decapitated diapirs; (b) flaring diapirs linked by short thrust welds
and reverse fault segments and (c) partially welded source fed thrust

with the faults curving sharply, either towards the foreland or
towards the hinterland, to intersect the diapirs. In any case, we
see none of these patterns and thus reject an interpretation of
decapitated diapirs. Second, flaring diapirs squeezed during
the Delamerian Orogeny and connected by reverse faults
(Figures 16b and 17b) would generate the observed contractional
styles and be compatible with the halokinetic folding seen on
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each independent diapir. Third, emplacement and partial weld-
ing of a source-fed thrust followed by hanging-wall erosion and
salt breakout (Figure 16c) would result in similar geometries
to what we observe (i.e. linear to arcuate structure with vari-
able width). However, in such a case the connecting structures
observed at the surface would be welds (Figure 17c) instead of
steep reverse faults where no remnant salt exists (Figure 17b).
In addition, an origin as a source-fed thrust (Figures 16c and
17¢) is incompatible with the evidence for passive growth of
the three diapirs, and thus this option can also be eliminated.
Therefore, we conclude that the second scenario where the
squeezing of three discrete passive diapirs and the formation of
linking reverse faults is the best-fitting evolutionary model that
would explain our field observations (Figure 17b). Squeezing
of pre-existing model salt walls produces map patterns that are
remarkably similar to those of the Warraweena area (e.g. fig-
ures 9.25¢, d in Jackson & Hudec, 2017).

There are, however, a number of differences between model
geometries, whether analogue, numerical or conceptual, and
what we see in the field. The most obvious is the moderately
dipping bedding of flanking minibasins in the models (e.g.
Figure 16 of this manuscript, figure 6 in Pichel et al., 2017 or
figure 8ain Roma et al., 2018) versus the steeply dipping (at least
at the surface) bedding observed in Warraweena (Figure 12). In
sandbox modelling this is a natural limitation of using cohesion-
less sand as an analogue of the sedimentary cover. In numerical
models, though, it is usually related to the boundary conditions
or the limitations of the code at hand (i.e. DEM vs. FEM vs.
geometric relationships between horizons and faults).

Similarly uncommon in modelling is the steep dip doc-
umented in the surface expression of the reverse faults in
Warraweena. Although steep reverse faults have been ob-
served on seismic (Figure 1), they are rare in analogue mod-
els (see diapir 3 in figure 5a of Rowan & Vendeville, 2006
or figure 11.15a in Jackson & Hudec, 2017). Experimental
results do not reproduce the nearly vertical faults along with
vertical to overturned bedding such as that documented in
Warraweena. Moreover, near-vertical reverse faults and
hanging-wall strata are rare in most orogenic belts unless
there has been steepening by later footwall imbricates. There
are exceptions in the case of isolated minibasins, mostly sur-
rounded by salt, that rotate to very steep attitudes (e.g. Duffy
et al., 2020; Kergaravat et al., 2017), but that explanation is
inapplicable due to the large anticlines bounding the syn-
clines to the north and south of the study area (Figure 5).

We suggest that several factors may have influenced the de-
velopment of the steep bedding and faults. First, although not
reproduced in models, we cannot rule out that the existence of
pre-existing vertical salt walls might have favoured the gener-
ation of steep faults once the diapirs were squeezed enough.
These faults might decrease in dip away from the diapirs unless
they are connecting closely spaced diapirs, as is the case in the
Warraweena area where the linking faults are only ca. 2.5-km

long. Second, there may have been a component of strike-slip
movement along the faults, due to either the regional stress field
or local vertical-axis rotation of minibasins, but we have no sup-
porting evidence for either of these. Third, the steep attitudes
may have been due to increased tightening of the synclines as a
consequence of continued shortening after diapirs were mostly
squeezed shut. Alternatively, the continuation of shortening may
have led to the folding of the reverse faults, but this would also
necessitate that the footwalls were deformed unless the footwalls
had adequate salt to absorb any such strain.

5.3 | Small-scale deformation
in Warraweena

Because the study area is in an orogenic belt, there are back-
ground small-scale contractional structures seen in areas away
from diapirs and faults. The deformation is characterised by
decimetric to metric thrusts and folds accommodating layer-
parallel shortening; a weak tectonic foliation mostly subpar-
allel to steep bedding; unmineralised joints and veins. The
latter includes minor bedding-parallel veins compatible with
flexural-slip folding and bedding-perpendicular fractures,
most of which accommodate the along-strike extension that
is common in fold-and-thrust belts (Figures 13a,b and 18).
Deformation styles and intensity vary non-systematically
with, for example fractures occurring in swarms.

There is no significant increase in fracture intensity near
diapirs (Figures 13c,d and 18), although there is a tendency
for joints to be less organised. However, this occurs primarily
in the massive tillite and thus might reflect mechanical control
by the stratigraphy. Adjacent to incomplete welds, additional
deformation is observed in the form of more common folding
and fracturing (Figures 13e,f and 18). This probably reflects
the tendency of strain to be recorded in wall rocks when the
salt gets thin (Davies et al., 2010). Finally, areas across faults
are characterised by a marked increase in fractures, folds and
cleavage, often masking bedding/lamination due to large in-
ternal strain (Figures 13g,h and 18). In general, the lack of
increased small-scale deformation near salt structures but an
increase near faults is entirely consistent with field observa-
tions in other salt provinces such as La Popa Basin in Mexico
(Rowan et al., 2003), the Spanish Pyrenees and the Zagros
Mountains in Iran (see Rowan et al., 2020 for a review).

5.4 | Implications for seismic
interpretation and prospectivity in other
salt basins

Seismic interpreters and exploration geoscientists working on
compressional salt provinces commonly face difficulties to in-
terpret the geometry and nature of three-way truncations against
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styles seen in the different sectors of Warraweena, Northern Flinders Ranges of South Australia. Labels as in Figure 6

squeezed salt, welds or faults. Their commonly steep morphol-
ogy and sub-seismic resolution thickness (e.g. Figure 1), as
well as other limitations associated with seismic acquisition
and processing (e.g. overmigration, use of inaccurate velocity
models or inappropriate dip illumination), make the characteri-
sation of these structures a challenge. A correct understanding
of their geometry and evolution has important implications for
the characterisation of such play types in petroleum systems
of subsurface salt basins (e.g. the Gulf of Mexico, offshore
Morocco or offshore Angola, among others). Is it one continu-
ous salt wall, now partly welded, or are they different discrete
diapirs linked by reverse faults? If the latter, what does the tran-
sition from diapir to weld and finally to faultlook like in detail?
Is there a variation in the pattern of small-scale (i.e. metric and
below) deformation along strike? The geometric relationship
between flanking strata and linking structures helps us to an-
swer these questions, and is of paramount importance to predict
not only trap geometry and volumetrics, but also enhancement
of hydrocarbon migration pathways and sealing mechanisms.
Field geometries exposed in the Warraweena area of the
Northern Flinders Ranges help us in assessing what these
structures look like, how they link laterally and transition
into each other and what small-scale deformation patterns
characterise each domain. A summary of traits and specific
features at different scales as well as their lateral transition
is provided in Figure 18. Passive diapir rise is typically
characterised by the presence of composite halokinetic se-
quences (CHS) and diapir roof detritus deposited in flank-
ing strata, instances of lateral caprock, as well as steepening
of bedding in flanking minibasins towards the diapir as the
salt edge is approached. Linking reverse fault segments
commonly display hanging-wall anticlines of tens to hun-
dreds of metres in wavelength with stratal dips decreasing
towards the fault, as seen along the fault segment AC, or

simply panels of fairly constant dip and minor folding as
seen in fault segment AB (Figure 18). When trying to iden-
tify whether we are interpreting a flanking minibasin against
squeezed/welded salt or simply a fault-related folded panel,
these are the key geometric relationships between horizons,
faults and salt to look for in seismic.

Before transitioning into reverse faults, diapirs thin to
thrust welds. In the case of Warraweena East, these are short
thrust welds, ca. 200-m long (Figure 8a). However, given that
seismic resolution most likely will not image steep salt even
100- to 200-m thick, apparent thrust welds can be longer,
as seen along the ca. 2-km-long continuation of the South
Angepena diapir towards the south (Figures 9 and 11). Here,
CHS are observed even in areas where the thickness of the
mobile unit is nearly depleted (<75 m).

Finally, field observations in Warraweena teach us that the
expected sub-seismic, small-scale deformation can be derived
from the geometric relationships between flanking horizons and
salt versus faults. If there is evidence of salt along the bound-
ary (either imaged salt, CHS or just steepening dips), then only
background (i.e. regional) levels of small-scale deformation
would be expected (Figures 13c,d and 18) along with tentative
presence of soft sediment deformation (e.g. syn-sedimentary
slumping, convolute bedding, etc.). Where evidence for reverse
faults is encountered (i.e. either hectometric-scale hanging-wall
anticline formation, dips shallowing towards the boundary or
simply panels of fairly constant dip), then increased small-scale
folding, fracturing at high angle to the bedding and shear/dam-
age zones along the fault would be expected (Figures 13g,h and
18). In areas of thin salt (<50 m) or welds, an intermediate sce-
nario is likely to be encountered (i.e. both small-scale shear and
folding; Figures 13e,f and 18).

Despite the analogies discussed above, there are also import-
ant differences to bear in mind between the salt features observed
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in the Northern Flinders of South Australia and other salt prov-
inces around the globe. First, as described in the Stratigraphy
section, the origin of the Callanna Group breccia is interpreted
to be a layered evaporite sequence comprising evaporites inter-
bedded with siliciclastics, carbonate and igneous rocks, from
which the evaporites are currently absent. Some other evapor-
itic units, such as the Louann Formation in the Gulf of Mexico
or the Aptian layered evaporite sequence in offshore Brazil, for
example are characterised by well-documented large percent-
ages of evaporitic content, namely halite with varying amounts
of other evaporites such as anhydrite, sylvite, carnallite or
tachyhydrite, and at most insignificant quantities of strong non-
evaporite layers (Fiduk & Rowan, 2012; Gamboa et al., 2008;
Hazzard et al., 1947; Hearon, Rowan, Giles, et al., 2015; Jackson
etal., 2014, 2015; Karner, 2000; Meisling et al., 2001; Rodriguez
et al., 2018; Salvador, 1987). Despite this apparent rheological
difference that might influence the mechanical response to sed-
imentary loading and shortening, the Callanna Group mobile
unit seems to have behaved similarly to the evaporitic units in
the aforementioned prospective basins. The lack of near-diapir
deformation of flanking strata even in the presence of strong
non-evaporitic stringers in the Callanna Group of the Northern
Flinders makes us expect the described small-scale deformation
patterns to be even more applicable in evaporite-rich salt basins
such as the Gulf of Mexico or the South Atlantic margins.

6 | CONCLUDING REMARKS

The field exposures described in the Warraweena area of the
Northern Flinders Ranges, South Australia, provide the rare op-
portunity to investigate one of the oldest examples of shortened
salt bodies on Earth, within a salt basin that evolved for at least
300 million years. Salt structures in the study area grew as pas-
sive diapirs during the Neoproterozoic and Early Cambrian and
were shortened during the Delamerian Orogeny, resulting in
salt remobilisation, formation of short thrust welds and steep
reverse faults linking diapirs. Increased shortening after the
development of the thrust welds and reverse faults resulted in
folding and southward overlap of one adjacent minibasin above
the other. We also suggest that continued shortening after the
formation of thrust welds and reverse faults may have led to the
steepening and folding of strata in juxtaposed minibasins across
the weld, and even the weld itself.

Using geological mapping, cross-section construction and
structural models, we have analysed the geometry and evo-
lution of three discrete diapirs in the area linked by subverti-
cal reverse faults. The diapirs and linking faults separate the
Mount Goddard minibasin to the north (upthrown minibasin)
from the Mount Hack and Cadnia minibasins to the south
(downthrown minibasins). The changing structural style of
strata in the flanking minibasins has also been assessed,
and forms a complex three-dimensional pattern where the

geometry, dip and polarity of the bedding change between
areas flanking diapirs and those adjacent to fault segments.
The main takeaway messages are as follows:

e In areas near salt bodies, flanking strata are characterised
by the presence of composite halokinetic sequences, in-
stances of lateral caprock and an overall steepening of the
bedding towards the salt edge.

e In areas near fault segments, minibasin strata exhibit ei-
ther fault-related anticlines of tens to hundreds of metres
in size, with dips decreasing towards the fault, or panels of
roughly constant dip.

e The lateral transition from diapir to weld to thrust happens
in a short distance, within barely 200 m, giving rise to
short thrust welds at the diapirs’ tips. Therefore, the struc-
tural style and geometrical relationships between miniba-
sin strata, salt bodies and reverse faults change abruptly.

e Small-scale deformation in flanking minibasins also changes
accordingly. Near diapirs, only background levels are ob-
served, along with some instances of soft-sediment defor-
mation. Welds have minor development of mm- to cm-scale
folding, reverse faulting and fractures at high angle to the
bedding. Near fault segments, we see a marked increase in
metre-scale folding, fractures and cleavage, often masking
bedding/lamination due to large internal strain.

The results of our research are useful in guiding and in-
forming seismic interpretation of shortened diapirs and
minibasins in global salt basins. Many of the field geome-
tries described here are below seismic resolution and may
help improve our characterisation of three-way closures and
sub-thrust plays below allochthonous salt, particularly in the
definition of trap configuration, assessment of hydrocarbon
migration pathways and the sealing potential of secondary
welds and associated thrusts.
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