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Abstract B The Lawn Hill Impact Structure (LHISis located 250 knN of Mt Isa in NW Queensland
Australia,and is marked by a highly deformed dolomite annulus with deraliameter of 18 km overlying
low-metamorphic grade siltstone, sandstone and shhklag the NE margin of the Georgina Badihis study
provides detited field observations from sections of the Lawn Hill annulug adjacent areas that demonstrate a
clear linkbetweenthe deformation of the dolomiendthe Lawn Hill impact*°Ar-*°Ar dating of impactelated
melt particles provides a time whpact inthe Ordovician (472 8 Ma) when the Georgina Basin was an active
depocentreThe timingand stratigraphic thickness of the dolomite sequence in the arsuggssthat there was
possibly up to 300 m of additional sedimentary rocks on top ofuhently exposed Thorntonia Limestone at
the time of impactThe exposed annulus is remarkably well preserwath preservationattributed to post
impact sedimentationThe LHIS hasan atypical crater morphology with no central upliffhe heterogeneous
target materials at Lawn Hill wergrobablylow-strength, porous and watsaturatedwith all three properties
affecting the crater morphologyhe watersaturated nature of the carbonatst at the time of impads thought
to have influenced the highlyrecciated nature of the annulasd restricted melt productiofhe impact timing
raises the possibility that the Lawn Hédtructuremay bea member of aroup of impacts resulting froran
asteroid breakip that occurred in the mi@rdovician(470+6 Ma).

INTRODUCTION

Meteorite impacts into carbonademinant, sedimentary targets are complex and poorly underdiecduse of the variable
effects of porosity, water saturation and extreme heterogeakityichtarget material{Osinski et al., 2008)Each of these
properties may alter the physical and chemical responses to temexemperatures and pressures generated at jrtiperety
influencing the crater morpholgg

With carbonateocks present in 30% of known sedimentary impact structu(€sinski et al., 2008} is important toassess
the effects of meteorite impacts in carbor@td environmentsCarbonaterocks commonly contain little or no siliciclastic
material and quench rapidly after meltifithis makes the determination of pressure and teryperaonditions at an impact site
difficult using classic shock metamorphic featufidsison et al., 201Qjuch as shock metamorphosed quartz (Grieve et al.).1996
In addition, carbonateocks have a much more complex pore system thastsiliclastic rocks (Moore, 2001) Dolomitization
hasthe potential to increase porosityhich can be further enhanced fybsequenkarst processeoore, 2001) Pore collapse
in highly porous materialwill limit crater growthby absorbing large amounts of shock wave en€¢vgynnemann et al., 2006;
Miljkovic et al., 2012) which results inhigher postshock temperatures ana reduction inthe critical melting pressure
(WYnnemann et al., 2009)orous rocks may also contain larg@ounts of pore watgwhich after vaporization, can altéhe
crater morphology, reduce melt productend increase brecciatigKieffer, 1971; Orms et al., 2006Crater morphology can be
further altered byheterogeneitiem the lithologysuch as pnoounced layeringHaines, 2005; Collins et al., 2008; Kenkmann et
al., 2010) with block formation and rotation linked to vibrati® in layered target zonés.g. Waqf as Suwan and Upheaval
Dome impact structures, Kenkmann et al., 20Iheological heterogeneity acrotmyered sequencemsiay alsoresult in
differential deformation responses during impact, such as variatidhe ieffects ofcoustic fluidizatiorbetweendifferent units
(Collins & Melosh, 2003)

The Lawn Hill Impact Structure (LHIS)s located in NW Queensland250 kmN of Mt Isa (Fig. 1) and is defined byan
annulusof deformed dolomitsurrounding a core, the Gum Hole Plaihe annuludas an outer diameter b18 km andconsists
of Cambrian dolomitewhich unconformablyrests on top ofow-metamorphic grade ®soproterozoic siltstone, sandstone and
shale The inner area i58 km in diameter and is devoid aflolomite coverThe dolomite unit in the annulus is highly deformed
and brecciatedihereas rock®elonging to the same stratigraphic unitclose vicinity to the impact structuege undeformed
The Gum Hole Plain within the annulus yields wmilkserved shock features, such as shatter céigs2], and quartz grains
containing planar deformation lamellé8tewart & Mitchell, 1987) Mesoproterozoic siltstone and carbonaceous shatkill
core samples from the centre of the structure also contain paehylite and microdiamonds linked to imp#8alisbury et al.,
2008) In contrast, no definitive shock features have been destcfitom the intensely deformed dolomite units within the
annulus, thereby raising the possibility that the deformaldndite resulted from events unrelated to the impg&tewart &
Mitchell, 1987)

Several hypotheses haveebeproposedat explain the anomalous deformation of the dolorffRends, 1901)the presence of
carbonate breccia dykes, and overturning of large dmalecia blockswithin the annulusTheseinclude: a OcryptoexplosionO
(Hutton, 1992)tectonic deformatior{Carter & ...pik, 1961; de Keyser & Cook, 1972; Szul®Q21%eltrin, 20086) collapse,
solution or compaction brecciatiaue to karst effect€Sweet & Hutton, 1980; Wilson & Hutton, 1980karstification, solution
collapsein combination withfault reactivation(Feltrin et al., 2003; Agnew, 2004; Feltrin & OlivelQT4) and extraterrestrial
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impact(Stewart & Mitchell, 1987; Shoemaker & Shoemaker, 199®6; Denaro et al., 1999; Haines, 2005; LindsaBrésier,
2006; Salisbury et al., 2008)

Literature on the Lawn Hill dolomite annulpsovides evidence for a range ajes for the deformatioevents affecting the
Lawn Hill area, stretchinrom the MesoproterozoigShoemaker & Shoemaker, 1996; Andrews, 1998kthe Late Devonian
(Feltrin, 2006) The studiesthat suggesa tectonic origirfor the annulus structure lirdeformationto the Alice Sprigs Orogeny
(450 to 300 M, Haines et al., 200BEnd movemendluring the Late DevoniagAgnew, 2004; Feltrin, 2006; Draper, 200Eparly
proponents ofan impact originfor the Lawn Hill structure suggested a Late ProterozoiEarly Cambran origin, predating
deposition of the dolomitéStewart & Mitchell, 1987; Shoemaker & Shoemaker, 19@8)nsidering thedistinct deformation
patterrs in the dolomiteSalisbury et al(2008) suggesteanage for the impacttructure thatoincided with dolomite deposition

The SW edge of theL HIS overliesthe world-classCentury Zn-Pb-Ag deposit(Fig.1, GeologicalSurvey of Queensland,
2011) It is not uncommon to find major mineral deposits &saciation with impact structur@sdicating links between impact
events andnineralization(Grieve & Masaitis, 1994)with the Witwatersrand gold deposits distributed aroured \thedefort
Dome, and the Sudbury Ni deposits being the mosthimxamplegReimold et al., 2005Near Century mine, hydrothermal
veintype Zn-Pb mineralizaton extend W of the current pit, away from the rim of the annufsse Figure 1 in Salisbury €t,a
2008) and the deposit probably representinapact modifiedore deposit

In previous studies th@nnulus has been described in a regional cofidexKeyser & Cook, 1972but no detailed structural
analysedave been performed clarify the origin of the deformation patterns within the doloraitd investigate if such patterns
are consistent with an impadthis study provides detailed field observations fregations of the Lawn Hill annulus and adjacent
areas fig. 1), with the aim of describing the unique structures in the annulus anddipg\wefinitive evidencehat the
deformation patterns areonsistent with an impact structurhe detailed structural descriptions also place trails on the
natureof the impact.

REGIONAL GEOLOGY

The LHIS is situated towards tiof the Mt Isa Inlie (Fig. 1) (Geological Survey of QueenslgriegD11) This areafeaturesa
complex network of faults dominated the NW trendingTermite Range FaulE{g. 1), which isa 70 kmlong fault that abutts the
SW edge of the annuly&eltrin, 2006) This faultexerted a majoinfluenceon local sedimentation geerns prior to the Isan
Orogeny(1590 to 1500 Ma, Betts et al., 1999)

The stratigraphy ofhis part ofthe Mt Isa Inliercomprisa up to 8500 m of variably deformed clastic and sedimentary rocks
that are part of the Isa superbasin sequéhRekrin, 2006) overlying the Kamarga VolcanicAndrews, 1998a)The McNamara
Group forms the uppemost part of the superbasin sequendeltrin, 200§, and hoststhe Century depositThe Lawn Hill
Formationoccursat the topof this group andreaches a maximum thickness2#00 m(Fig. 3, Andrews, 1998a)t comprises
four members. fie basal membearonsists of ~1508n of carbonaceous shale with concretioihgs overlain byl 200 m of tuffite
(defined by Andrews, 1998 and thickly bedded sandstone, dridd50 m of interspersed shale and siltstoxreund Lawn Hill
the top of the Lawn HilFormationis composed ad550-650 m of micaceousandstone (th&/iddallion Sandston&lembe).

The Lawn Hill Formatioris unconformablyoverlain by rocks of th&eorgina Bais sequencéFig. 1), whichcover an area
of 325000 knf straddling the Northern Territory and Queensland édiflicker et al., 1979)Rocks in theGeorgina Basirare
generally unmetamorphosednd the basinatocks W of the LHIS are ssentially undeformedUnconformities within the
sequence have been interpreted to result from brpéfi, downwarping and erosion rather than faultisugd folding(Smith,
1967) In the LHIS only the basal units of the Georgina Basiquence are exposed.

The base of the Georgina Basin sequenesists of thelhorntonia Limestonewhich in the Lawn Hill area is composed of
thick-bedded dolostone and dolomitimestonewith layers and nodules of chd@mith, 1972) The unitis vuggy with a high
porosity, and acts as aource of water for the perennially flowing Greg®iver (Opik et al., 1961; Kruse et al., 2013)he
dolostonesof the Thorntonia Limestone in the annulus of the LidBresent an outlier of the Georgina Bg$iig. 1). Along the
NE edge of the Georgina Basihgtunit has a thickness of20 m directlyW of the annulusandthickens to~100 m, 50 knS of
the Lawn Hillarea(Opik et al., 1961; Smith, 1967Jhe Thorntonia Limestone is disconformably overlainab$30 cm thick
layer of limonitestained stratiform stromatolite; the Bronco Strom#toBed (Fig. 3), which in turn is disconformably overlain
by the Gowers Formation (Southgate, 1986)e Gowers Brmation consists of phosphatic limestone and dolostone, and locall
contains chert concretions (Southgate, 198&)aches a thickness of ~5 m in the Lawn Hill areadgserand Cook, 1972;
Southgate, 1986)The Gowers Formation is overlain by the Qamweal Dolostone Formation, which reaches a maximum
thickness of ~170 nfKruse et al., 2013)and consists of dolostone and dolomitic limestone that is litholbgisianilar to the
Thorntonia Limestone, but contains no chert (SouthgatiShergold, 1991).

An estimate for the maximum age ofetiThorntonia Limestone can be obtained from volcaofcthe Kalkarindji Large
Igneous Province (LIP) which have been dated18t7%+ 0.6 Ma using U-Pb and*Ar/**Ar methods(Jourdan et al., 2014)nd
occur within 20 km of the impact site, where they are comformablylamdyy the Thorntonia Limestond-aunalremainswithin
the overlying Gowers Formatiorprovide a biechronological age for the deposit 508 to 506 Ma (Southgate, 1986)and also
providea minimum age limit for the Thorntonia Limestone

The Georgina Basin experienciuab further periods of sedimentation aftéormation of the LHISTucker et al., 1979)The
first, occurred during the Devoniaandwas limited to theS parts of the Basin, away from the LHIBhe seconaccurred during
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the Jurassi€Cretaceousindinvolved a period of marine transgression, which led to tipesigon of two unit around the impact
site (Fig. 1). It has been estimated that sandstone of the eaglygd@ous Gilbert River Formatiomrmay have blanketethe area to
an estimated thickness of -8d0 m (Smart et al., 1980)and wascovered byintercalated sandstorghale units of the ely
CretaceousMullamanBeds that may have reached a thickness of up to 188ign3, Munson et al., 2013Jhe youmest deposits
exposed in the Lawn Hill area consist of colluvial and allusediment of Quarternary aggrouped as the ArmraynaBleds,
which reach a thickness of up 7® m (Langford et al., 1988)The ArmraynaldBeds areexposed across th@um Hole Plain
inside the anulus and extentl andNE along the river valleys awayom the annulugFig. 1 andFig. 2) (State of Queensland
DNRM, 2011b)

METHODS

A series of mapping and gearhical techniques were applied in obtaining the data as detailed. below

Map compilation in GIS and Field Mapping

Geologicaland geographicaligital mapsof the Lawn Hill areawere obtainedrom the Queensland anBlorthern Territory
Geological surveyéNorthern Territory Geolagal Survey DME, 2011; State of Queensland DNRM, 2011algse mapwere
combined in ArcMAP 10.21singthe Geocentric Datum of Australia 1994 (GDAYA)Google Earth image of the area was used
for geological interpretatiofcf. Tewksbury et al., 2012hich together with the Queensland Globe imagerytardin updates,
were imported into ArcMAPAdditional geological data from may 1:100 000 and 1:250000 scalegBureau of Mineral
Resources, 1982ere digitized and incorporated where appropri&tegional feld mappingwas undertaken, with detailed
mappingfocused onwo, 1 kmwide radial strips covering tHeand NE sides of the annulube Mt Jenniferarea and three small
outcrops of dolomit@ear the outer rimand to theS of the annulus structu(@&outhern Outcrop$ig. 1), as well as outcrops of the
Georgina Basin proper ipars of the Boodjamulla National ParlFig. 1). Field dataand geological maps havelso been
displayed in Google Earffef. Blenkinsop, 2012)together withadditionalphotograph®f critical outcrops and geological features
of interest which are included in thesupplementary materialhis additional material has been placed in folders/subfolders,
named inreferenceto the manuscript sectiomherethey are first mentionedollowed by the position labgk.g.LHIS.kmz/The
Lawn Hill Annulus/Braonco Stromatolith/LH408, -582, -583, -608 indicates photographs of stromatolisggour locations LH
408, LH582, LH583 and LH608 from the Bronco Stromatolith Bed located within the Lawn Hill Annulus

Structural Analyses

Structural data (poles to bedd)nwere visualized using Stereonet version 8(8linendinger et al., 2011pnd analyzed using
a Bingham axial distribution function to determine normalig&gtnvalues'(;, " 2, " 3). These eigenvalues were used to calculate
the corresponding fabric shape and strerfgtilimer, 1990) andto determine the point (P), girdle (G) or random (R) indices o
fabric types The intensity value (IfLisle, 1985)was used to compare the degree of preferred orienthetween the different
areas of interest and has been represented as contours on thegiexplaoy \VVolimer (1990)

Chemical staining techniques

Chemical stainingf selected dolomite samplass undertakensing Alizarin Red S and potassium ferricyanide to determine
the carbonate types present in tiedormed dolomitend associated brecci@syan, 1965)

GeochemicalAnalyses

Electronprobe microanalysiEEPMA) on matrix and clasiaterialfrom selected brecceampleqL.H101 andLH648; Fig. 1)
was donausingthe JXA 8200microprobeat the James Cook University Advanced Analytical Cedtnalyseswere performed in
WDS mode, using aaccelerating/oltage of 15 kV and a beam current of 20. iAe electron beam wakefocusedo 5! m. The
data were corrected usinthe ZAF procedure.Powdered clasts taken frosampleLH101 were analyzed using EDS and
XRD/XRF at James Cook Universitph Siemens D5000 Diffractometer (XRD) withtheta? theta goniorater and a copper
anode xray tube, fixed slits, monochromator and a forty pogsittample changer was used to identify the minefaBruker
AXS S4 Pioneer Xay Fluorescence Spectrometdth SpectraPlus software was used for XRF analyses

EPMA wasalso appliedto determine the compositiarf mineralsfor sampleslS006 and JSO2Bat wereused for dating.
These analyses were performed #te University ofMelbourne, usinga Cameca SX50 in WDS mode, widim accelerating
voltage of 15 kVand a beam current of 35/25 nAhe data were corrected using matrix correctionwsr® PAP(Pouchou &
Pichoir, 1984)ntegratednto the SAMx software packag&hiot & Pouchou, 1996)sed for autontéoon and data reduction.

Analytical results are presented in the supplementary mai@riddlesS1-5)andthese results are duplicated and presented
within the Supplementary File, LHIS.knAgeochronology.

Dating techniques

“OAr-*°Ar analyses were conducted the University of Melbourne, using analytical procedures thestiby Phillips et al.
(2004) and Phillips and Harris (2008)nvolving stepheating A defocused C@laserwas used tgerform the stejheating
procedure Gas purification wasachievedby means of two SAES NP10 getters, operated at 400iC and room tamperat
respectively A MM5400 mass spectrometer, equipped with a Daly detecarried out Argon isotopic analyselsvalues were
calculated relative to an age of 98.8 + Bla for GA1550 biotite(Renne et al., 1998Analyses of standard air volumes from a
Nupro pipette system were applisdmonitor mass discriminatioibystem blanks, mass discrimination, and radioacteeay of
%Ar and*"Ar, and reactor interferences were corrected usingnebed line blanks (220 min) Demonstrated atmosphefitAr-
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%Ar compositions(Renne et al., 2009)and reported argon isotopic dafiar “°Ar-**Ar ages are additionally corrected for
atmospheric contamination (assuming®r is atmospheric), and fluence gradientsless otherwise stated, errors gieenas
2", and exclude uncertainties in thedlues.Decay constants are those recommend&iteiger and Jager (1977)

STRUCTURES OF THE LAWN HILL IMP ACT
The Lawn Hill annulus

Cambrian dolomite at theHIS forms aring-shaped map patteneferred to as the annulgsig. 1). Sliceous brecciais
exposed along most of the inner edge of the anniifus annulus is asymmetric 8hape;with a width of! 7 km of dolomite
preservedalongthe NEpart of theannulus comparetb ~1 km adjacent to Century minEig. 1). The dolomite unit reaches a
thickness 0200-400 m in the annulud.indsay & Brasier, 2006Based on field data, estimated lithology thicknegsesirews,
1998b)and drill core information a section across the annulus hasreeenstructed (Fig4). The dolomiteis predominantly
micritic with a combination of oospariteomicrite and biosparite in restricted areaSolitic patches contain both oncolites and
peloids Chert bands (mmto cmscale) or chert nodulesccurinterbedded with the dolomité layer containing fossil shells,
possibly hyolithidgde Keyser & Cook, 1972Wwas found in isolated locations within 2 km of the outer exfghe annulus along
the NE strip The dolomite locally contains 50 cm thick beds with domal stromatotit@aterally linked hemispheroidal type;
LLH Walter, 1972) Silicified, larger diameter (~30 cm) LLH stromato$iteccur in the inner region along the E strip (K.
These larger stromatolite beds are comparable WélBronco Stromatolith Befdund 100 km to the S of the LHISStromatolite
bedswith smaller diameter (~5 cm) LLKtromatolitesoccur on the outer edge along the NE sf@ipcolites can also be found as
isolated clasts within the breccdongboth the NE andE strip (Supplementary File, LHIS.kniEhe Lawn Hill Annulus/Bronco
Stromatolith: LH408, 58 and 3, 608). The Bronco Stromatolith Bed contaibsth stromatolites and oncoliteSome of the
Bronco Stromatolith Bed stromatolites are charaaterizy a palisade structyrehich is a feature of #hsmaller stromatolites
seen at LHIS

The Lawn Hill annulus ifolded, faulted and brecciatedrig. 6), with clasts ranging from mm to100 min size Megaclasts
contain coherent folds on a scale of BID m €ig. 6). Foldswithin individual megaclasts do not display constaréntations or
systematic changes in orientatibetween clastsinstead, the orientation d6ld hinges, fold axial planesind bedding planes,
varies in a random, nesystematic manner from one brexdilock to the nextBoudins occur in chert layers found within the
Thorntonia Limestonayhich together with the folds indicate that the roaleye folded and boudinageeéfore the breccia blocks
were formed(Supplementary File, LHIS.knizawn Hill Annulus: LH136).Locally within the annulus bedding planesre
overturnedand bedding orientations range from horizontal to vertiahe of the deformation features seen within dolornite
the annulus occur in the Thorntonia Limestone (dolonaitegxpsed inthe Boodjamulla National Park less than 15 km tovthe
(Fig. 1), theN end of Mt Jennifer, or th& most parts of the Southern Outcrops to $ef the annulus where bedding is near
horizontal. The N section of the Thorntonia Limestone at Mt Jeenifonsists primarily of bioclastic limeston8upplementary
File, LHIS.kmZMt Jennifer and the Southern Outcropbt2 763).

Stereoplots of poles to bedding combining data fritnis studywith data presented iSzulc (1992)show adispersed
distribution of bedding plane orientations arouhe horizontal Fig. 7a-c).Beddingplane orientations taken from layessth
known younging directions have been shown separatdfigime 7. The majority of theSzulc (19924ata, in the SW part of the
annulus, lacks definitive wayp indicators [fig. 7c) and only &ew overturned beds were notethking the comparison between
the data presented b$zulc (1992)and this study difficult The paucity of stromatolite beddongthe NE strip(Fig. 1) also
reduced theability to identify definitive way-up indicators Outcrops alonghte E strip (Fig. 1) contain stromatolite beds
throughout, thus facilitating the determination of wagy criteria. In this areaypright and overturned bedding planesre
observed to occur at a similaefjuencyA fabric strength analysifr the datasets obtained from tiNE, E, and SWparts of the
annulusindicate a unixial strain distribution pattern with, being near equal tbs (Fig. 8) (Vollmer, 1990) The eigenvalues
calculated for the dataseisdicate that thedistribution pattern of bedding planes along tiE strip and SW domain are
geometricallysimilar.

The E and NE stripshave beersubdivided into inner, middle and outer sectiobased onan observed variation in the
dominance of breccia in the middiectionof bothstrips The middle section is approximately 2.7 km from ithveer edge of the
dolomiteand covers an area of 1 kalong both stripsThe three sections in the E strip (inner, midaihel outer) display darger
range in fabriorientationsandfabric intensity than the sectioradongthe NE strip Fig. 8). The entire SW domain is comparable
to the middle sectioalongthe NE strip in terms of fabric distribution and intensity.

Mt Jennifer and the Southern Outcrops

Mt Jennifer Fig. 99 is located 2 km NW of the outer edge of the Lawi &finulus.The dolomite along th& edge at Mt
Jennifer consists of a nodular dolomite faci®agplementary File, LHIS.kniiglt Jennifer and the Southern Outcrops: L-F28),
similar to the outer edgef the annuluslong the NE stripBedding planes within dolomite along tBeedge of the Mtlennifer
area dip gentlyN, whereas elsewhere, bedding planes at Mt Jennifer are wokerizontal Fig. 9a; Supplementary File,
LHIS.kmz/Mt Jennifer and the Southern Outcrppfhe Widdallion Sandstone Member can be seen bel@wTtiorntonia
Limestoneat Mt Jennifer.

The Southern Outcrogig. 9b) lie 1 km SE of the outer edge of the Lawn Hill annulus, antsist of three small outcrops
of Thorntonia LimestoneRjg. 1). These outcrops of dolomite have been designated inner, middle, antta@uatd\W to SE, i.e.
away from the core of the annulus, and they mark the trangitaomdeformed to undeformed dolomiféhe inner outcrop marks
the limit of the brecciation, but both the inner and middle outcdigyday variable orientations of bedding with eage dips of >
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30;. The outer outcrop is predominantly horizontally bedidvith a gentle southward dip (< poccurring along ittN edge Fig.
9b). A large overturned LLH stromatolite bed occurs on dheedge of the inner outcropgFig. 9b, Supplementary File,
LHIS.kmz/Mt Jennifer and the Southern Outcrop$i2-864). Less than 500 m to thE, stromatolitic limestone in the outer
outcrop shows no variation in orientatiddiong theN edge of the outer outcrop, the unconformable contact betweearssltznd
Thorntonia Limestone is exposethus, the outer margin of the annulus to $his characterized by overturniraj the dolomite
beds

The Gum Hole Plain

The Mesoproterozoic rock pesures in the Gum Hole PlafRig. 2) are folded and fractured reflectinigformation patterns
that are consistent with thegional deformationevents preserved with these basementocks; e.g.sandstone units display
parallel folds with interlimb angteranging from tight to operThere are no highly fractured zones that displagdacale
rotation of blocks or brecciaslhe basal unit of the Lawn Hill Formation is recoguzby the presence of concretions.
Concretions are found at L-B26 (18j44'24.308, 138i42'18.24"E), as well as on the surface of Gdabe Plain but the
concretions found within the Gum Hole Plain are predomindralstured Folding and meHike features are present in sandstone
and siltstonaunits exposed in the centre of the Gum Hole Pl@&ig. 10a-c), with some samples displaying flow texturgsis
melt material is described in detdy Stewart and Mitchell (1987Ashley (2010)described similar material from a drill core
(18j41'31.53"$138i38'13.84"E as resembling rhyoliteThe melt breccias are located within this drill cate48, 69 and 106 m
below the surface of the Gum Hole Plaabric orientation of thisnelt materialindicatedno identifiable pattern however the
poles of the hinge surfacese all directed NW-NE. The region of meltrocks identified in this study is comparable tbat
previously mappedsee Figure 16 in Shoemaker & Shoemaker, 1996)vever, gidence of melt material in the drill core from
LH-355suggests thahe melt regionis largerthan that shown

In-situ shatter conearelocated in two areas: 1)1.9 km NNE ofthe centre of Gum Hole Pla{i8i40'39"S, 138i39'37"E)
and2)! 1.4 km NE ofthe centre of the PlaifFig. 2,18j41'23"S,138j39'49"B. A band of Proterozoic rocks within the NNE part
of the Gum Hole Plan@-ig. 2) contairs classic horsetail striatior{®ietz, 1959; Manton, 196%hterpreted as shatter cong&fese
outcropsshowthat the extent of rocks that preserve shatter cones is thagethe area recorded Byewart and Mitchell (1987)
(Fig. 2). Siltstone with shatter conesadso found around the outer edge of the melt rocks near thecimpntreln-situ shatter
cones have been found in siltstone, mudstone, and sandStopeldmentary File, LHIS.knfiEzhe Gum Hole PlaintH2-754;
762;971 and-974). Shatter cones in siltstendisplay more clearly defined striations than those preservetlistone Apex
orientations of shatter cones vary by up toj180 adjacenin-situ surfaces as well as on different surfaces within singbbles
(Fig. 11, Supplementary File, LHIS.knitzhe Gum Hole Plaijn The majority of apex orientations point outward, aevay from
the impact centreSupplementary File, LHIS.knithe Gum Hole Plain

Cobbles with shatter coneBig. 2) arelocated inthe NE and Esectorof the Gum Hole PlainA small number of cobbles,
with shatter cone striations haaéso been found in thé part of Gum Hole Plain, but such cobbles have \naihded edges
suggesting transportatio@obbles containing corie-cone structures and small concretions are presghedampact siteThese
were found in the Gum Hole Plain and in the colluviaatside the dolomite annuluslicrostructural analysis eliminated any
possible confusion between concretion, coreone structures and shatter co(@sllZsMart'nez, 1996; Lugli et al., 2005)

Breccias

Mesaoscale brecciaare a distinct featurevithin rock outcrop=of the annulus, Gum Hole Plain and the nearby Mt Jennifer
area The various breccia units presémtthe Lawn Hill area fall into 2 classes: 1) dolomithert breccia in a calcitic matrix and
2) sandstonguartz breccia in a siliceous matrix

IHS%8 () +8&,-+))%.,

Dolomite-chert brecciaforms beds or massethroughout themegaclastic dolomite blocks(Fig. 12a€) in the annulus
Contacts between breccia and intact dolomite cariter sharp or gradational, with masses of brecoigscutting bedding
Pockets of breccia cover areas up to 3060mextent and range in thicknesses from 0.1 to 1@iamond drilling through the
dolomite annulusndicates that the contact between basement and cover istehnied by extensive brecciation and a320m
wide zone in which Mes@roterozoic basement rocks are interleaved withrditddo(Salisbury et al., 2008 he breccia contains
both chert and dolomite clasts ranging in size from 2 to 500@nty the chert clasts were found to be smallenthanm in size
whereas dlomite dominates the clasts that are larger than 200 Then larger dolomite clasts can contain thin cheréla that
are common in the deformed dolomite blocks in the anniihes dolomitechertbrecciain the annulus locallgontains small (< 1
%) class composed of a white powdery material with a composition datethby Si, Ca, Al, and Mg with minor CI, P, and K
XRD analyss indicate the presence of kaolinite, dolomite (>%4@ach) and quartz (10%})able S3). These clasthave been
interpreted as the remains of dolocrete and may have doem&ust covering the dolomite at the time of imp#¥¢ithin the
annulus breccia is generally poorly sorgett matrix supportedvith local fining upwards of clast size~{g. 1 and Fig. 12ac;
Supplementary File, LHIS.km&nnulus breccialLH-101, LH648, LH620) Staining suggests the matrix material is calcite
rather than dolomite, but microprobe analyses inditaee is no difference between the MgO and CaO digsitn the dolorite
clasts and the calcite matrigr those samples that were analygedmbined gerage 21.3 % MgO, 28.5 % CaO, s§&amples
TablesS1 andS2). None of the chert clasts within the samples viewdtin sectioncontainsshock features.

Two other dolomitechert breccidypes are found associated withetimpact eventThe Thorntonia Limstone at Mt Jennifer
hosts areccia Fig. 12d, Supplementary File,HIS.kmz/Mt Jennifer brecciag H2-800,-802,-803,-786) similar in appearance
to the dolomitechert breccia in the annulus. This bredgiae, however occuisin subvertical dykes up to 100 m in length and up
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to 0.5 mwide (Fig. 12d). This breccigoreserves a variable clast to matrix ratio (80:20 to 30:70) witliscienerally consisting of
a combination of dolomite and che@ne dyke $upplementary Filel HIS.kmz/Mt Jennifer brecciasLH2-786) also contains
sandstone clasts from the Widdallion Sandstone Men#béurther dolomitic brecciatype is located towards the edge of the
Gum Hole PlainFig. 13a,LHIS.kmz/GHP breccia: LH183). This brecciehas a lgh clast to matrix ratio with two generations of
fracturing in the clastsStaining indicatethe matrixmaterial is calcit@ndthat the breccia imatrix supported

1.012&"0" -+"))%.,%0,.,2%#%)"32,%.&+%4,

Sandstonéreccia in asiliceousmatrix occursin outcrops neaMt Jenniferand along the boundary zobetween the Gum
Hole Plain and the annuluBi@. 13c; Supplementary File, LHIS.knidt Jennifer breccias and Annulus brecciald2-850,-849,
LH-134). The siliceousbrecciaat Mt Jenniferoccurs in silllike masses located between beds of sandsiodsiltstone These
breccia layers are50 cm thick at thes end of Mt Jennifer where they occur in multiple subvertical kgeparated by 1 m
thick zonesof intact sandstonksiltstone This type of breccia isalso present 300 m NW of the Mt Jennifer breccia sills
(18j36'26"S, 138i35'41"EjFig. 1). The outcrops obrecciaalongthe outer edge of the Gum Hd®ain are massivg5-50 m in
length) and havecomparable textures to the siliceous breccia at Mt Jenfifes brecciacontains angular (90 %) and rounded
(10 %) clasts, with &uggy matrix. The sandstone unit exposed below the Thorntonia Lomegf8i36'12"S, 138i328"E) has
material that is locally brecciatgFig. 13b; Supplementary File, LHIS.kniidt Jennifer brecciad H2-770) with a high clast to
matrix ratio.

GEOCHRONOLOGY

Two samples have been collected #o&r-*Ar analysis sample J$06 from drill core and sample I&3 from a surface
outcrop(Fig. 2). A binocular microscope was used to handpick sampl@d®Srom impact melt particlgqfragments > 3 mm) and
K-feldspar spherules (< 0.1 mm) from a 15 cm interval72.7 m depth in a diamond drill hole 355, drilled into the centre of
the structure, containing spherules in partially mettatbonaceoushale andsiltstone The fluidal melt domain features dark
convoluted and contorted particles with embedded siltstone brizagimens (Fig. 14). Spherules are present, but rare in the
darker areas of the melt, which mostly consist of quartz and saini&ec with minor cdcite spacdfill and quartz veining
throughout the sampigig. 15).

Electron microprobe analysis of the fluidal melt ddomgave an average potassium contert3%b, which is sufficient for
“OAr-*Ar analysis (Table $andS5. Sample J$23 was obtained from dark, meith domains in a surface specimen collected
from close to the centre of the Gum Hole Pldihe sample contains convoluted recrystallized impaeit material encasing3
mm large Kfeldspar spheruled={g. 15) with fine-grainedradial striations indicative of rapid coolin@ptical petrography and
electron microprobe analysis of the spherules indicate thalattkebandsare composed of feldspar (sanidine) set in a matrix of
fine-grained quartz (~0.3 mm grain size), indicative of high temperatystatlization(Sharp et al., 1992Supplementary File,
LHIS.kmz/Geochronology; 3806).

Isoplot was used to analyze tffar-3°Ar data (Table 1Fig. 16a andb). Sample J$06 exhibits two plateaus at mean ages of
483.63 + 0.94 Ma, and 457.7 + 1.5 MAg( 16a), which is most likely due to partial devitrification bitimpact melt particles,
resulting in higher recoil loss and more redistributiof’af during irradiation than would otherwise be expected in homogeneous
fluidal melt particlesCompositional variation such as this could resultimmalously old plateau ages, and multiple plateau
which may account for the older plateau éigerguson & Phillips, 2001A more accurate representation of the overall aghisf
sample, despite the higher possible error, is the iatedrotal gas age at 472.3 £ 8.0 Mdample J923 exhibits one plateau
with a mean age at 477.90 + 0.76 NFég( 16b), which is not reported as a plateau age, as thisgepie< 60 % of releasé¥hr.
However, the stabilization of the heating curve & foint, suggests that the mean age is the best reflection of tipdesage.
The broadly similar heating curves and agreemeiaigim results provide confidence in the ages repoesgecially considerg
that compositionally different sample material wasd

DISCUSSION
The origin of the Lawn Hill annulus

Because the dolomitic rocks of the annulus at Lavthdg not contain unambiguous textures indicatbfean impact origin
(e.g. shatter cones, deformation lamellae, fitgmineral phases, pseudotacleyhteins and melt), even though they surround a
known impact sitgStewart & Mitchell, 1987)a wide range of alternative models have been proposexptain the structure
(Carter & ...pik, 1961; de Keyser & Cook, 1972; Sweet&téh, 1980; Wilson & Hutton, 1980; Szulc, 1992]tke et al., 2003;
Agnew, 2004; Feltrin, 2006;dftrin & Oliver, 2014) The validity of such models hinges on a detailedarstanding of the
deformation patterns assisted by accurate dating afrtbact both of whichareprovided in this paper.

A review of earlier modeldemonstrates that it is hard to explain the localized, extremghydtiain deformation pattern of
the annulusby involving either tectonic or sedimentary processes, both ofhwhimuld operate on a regional scdbeformation
patterns within the annulus at Lawn Hill are complex and redricteareal extentln contrast to the rocks of the annulus, the
salimentary rocks of th@earbyGeorginaBasin are flat lying and largely undeformedlthough Szulc (1992) suggested that
some of the structures in the annulus may be attribistedgional deformation events, his interpretaticaswased on lined
mapping Our mapping across the full extent of the annulughenNE and E sides clearly demonstmitie localized(Fig. 5),
circular extent of the deformation patterns in the annulus,tlaadharp outer boundaryf the structure across which bedding
planesresune a horizontal positionTherefore, the annulus must have formed due a hilglelglized deformation process in the
absence of a significant, regional-fald stress.
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One way to explain the localized nature of the ammataucture has been to invokevariety of sedimentary processesstly
it has been suggested that the Lawn Hill impact occurred invideCambrian (509506 Ma), prior to deposition of the
Thorntonia LimestonéLindsay & Brasier, 2006)n this interpretation the thickening of the dolomitgt around the annulus has
been attributed to infill of a cratein which pre-existing topography was gradually smoothed over as sedin@eniabgressed
The intense brecciation of dolde in the annulus structure has been attributed to grdviten deformation mechanisms
involving solution and collapse of the dolomite plat§Sweet & Hutton,1980; Wilson & Hutton, 1980)a process that was
invoked to occur in a highly restricted manner near thelaanieltrinandOliver, 2014).In this context it must be noted that the
Thorntonia Limestone has been describeduggyy, brecciated and fracturé@mbrose, 2006as well as porous and wategged
(Feltrin & Oliver, 2014) but itdoes not display large block rotations anywhere outside of the annulus.

Estimates for the depositional age of thkorntonia Limestonebetween 511 MgJourdan et al., 201) and 506 Ma
(Southgate, 198&uggest that the impact pafdted the Thorntonia Limestoty as much a85 Ma, when considerinthe new
“OAr-3°Ar date of 472.3 + 8.0 M#or the impact structure (Fig. 16An age of impact younger thahe Thorntonia Limestone is
consistent wittthe presence of breccia injection veins into basement raesthe annulus, and OdykesO and sub horizontal Osi
of dolomitic breccia in Mesoproterozoic rocks in the Century(gge Figure 4F in Salisbury et al., 2008hus the annulus
structure and dolomitic breccias cannot be explaimigid an early timing of impaaind subsequent loéabd karst processeand
the most logical explanatidior the geometry and deformation patterns within the annulus isheyatormed as a direct result of
impact. In this case the nature of the structures in the asnaihd their relationship with basen structures can be used to
constrain the type of impact, and possibly the composifiampactor itself.

If the Thorntonia limestone was not deposited withipreexisting crater, one characteristic that is hard to explain in an
impact setting is th@anomalous thickness of the dolomite stratigraphy that has freserved in the annulus, whichup to
twenty times that of the Thorntonia Limestone (i.20to 100m) as exposed in outcropsthe Georgina Basin, ~18n to theW.
Considering the preseaof overturned rocks within the carbonate sequence in the anaotlisising available drill core data, we
estimate that the total stratigraphic thickness of carbonate seditbe impact site may have been as much as 250 tm 306.
significantly nore than the maximum recorded thickness of the Thorntonia Lime&tbaesimplest way to explain this apparent
anomaly is if the dolomite in the annulus is not just coseal of Thorntonia Limestone, but also contains remnardsesfying
units, includingthe Bronco Stromatolitbed, theGowersFormation, and the Camooweal Dolostomhbis is possible considering
the near identical nature of these units to the Thorntonia Limestnd the widespread presence of stromatolite beds ard ch
free dolostonavithin the annuluslf so, thiswould constrain the timing of impact smmetimeduring or after deposition of the
Camooweal Dolostone.

The LHISis well-preserved in spite of its age, and has not been eroded very ,deiplyhe dolomiteunit thatwas mat
likely on surfacewhenthe impact took place, still prese@ne explanatioffior this preservatioiis thatsedimentation continued
after impact, withsedimentdlanketingthe impact siteand halting significant erosion in a similar manner to the Deay 8nd
Clearwater East impact structuré3ence, 2002)Remrants of Mesozoic rock units indicate that further blanketinghef site
occurred during this periodplift and erosion during the Cenozoic will have grally exposed the site, but let@pography and
a dry climate would have contributed to slow erosion réRestenga & Bierman, 2011)

A Mid-Ordovician impactagefor the Lawn Hill structurealsomeans that it could be part of a larger flux of erigig events
thought to have been generated at this time by the breakap a$teroid in the asteroid belt at ~470 Ma (8ahmitz et al.
(2001) The current list of MigOrdovician impacts linked to this-thondrite brealup stands at thirteefMeinhold et al., 2011,
Orms et al., 2014; Schmieder et al., 2Q1%hereas modeling suggests that the Earth could have exgestieip to 80 small
asteroid (< 1 km diameteimpacts from this brealp over a 30 Myr time spa@appal” et al., 1998)All of the current known
structures linked to this event hrealeen described from North America and the Baltic, whilst noatd@ypact structures have yet
been located on Gondwanaland, which represented abotthirgde the continental mass in this peri@mith, 1999) The
identification of theLHIS as Mid-Ordovician is, therefore, consistent with the expeéeteundancandlikely world distribution of
impact structures related tiois event.

The LHIS and its constraints on the type of impact

Few d the expected crater features associated with arksl8iameter impact structueppear to be present in the LHIS
contrast to most terrestrial impacts of this sizeltH¢S shows no evidence for a centrgllift within the Gum Hole Plainor an
uplifted crater rim with a marginal collapse zone and a high degfreymmetryFrench, 1998)Likewise, impact mellithologies
and crosscutting pseudotachylite veins with allochthorwascia, and subcrater rocks with a high degree of fractFirench,
1998)are largely absent across the Gum Hole Plain.

While Shoemaker and Shoemaker (1986fserved that the older sediments of the McNamara Group were folidedaor
impact, they stated that the exposed siltsmgsandstoneinits of the Lawn Hill Formation in the Gum Hole Plain defined the
outer edge of a central upliftowever,this basement material is only exposed on the NE side of tine I&ole Plain and the
deformation features in this area are entirely consistent wétingpact deformation structures, and probably did not result from
impactrelated effectsThus, althougtshatter coneare evident on some dii¢ exposed rocks in the Gum Hole Plain, there is no
measurable evidence of upliliecause the lithologies and structures exposed within the centrararsimilarto those exposed
outside the annulu§he aeromagnetic (TMI) image of the LH{See Fig 6b in Salislyy et al., 2008alsoshows nocanomalous
structureghat can be attributed to the impact.
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Considering that the dolomite annulus at Lawn Hillprobably part of the overall impact structuresréhappears to be a
sharp contrast in the nature and intensity gfant related structures in the basement rocks as exposed in thddkiflan, and
the intensely brecciated cover rocks exposed in the anfitlisscontrast needs to be explainBldimerical modeling shows that
impacts into layers of variable material estgth and thickness have the capacity to localize deformation andcedter
morphologieqSenft & Stewart, 2007)t is themismatch in acoustic impedance at the lithologicalnoauiesthatresults in wave
scattering and the rapid dissipatiaof the shock wave enerdZhuang et al., 2003; Chen & Chandra, 20@0¢ave scattering at
lithological boundariexanresultin delamination(Chen & Chandra, 2004which may explain the limite mixing across the
lithological boundary at the LHIDelamination along weak bedding planeasused to explairsome of thedleformationat the
Chicxulub impact cratefKenkmann et al., 2004Yhe Jebel Wagf as Suwwan impact structure in Joi@&mameh et al., 2008;
Kenkmann et al., 201Mas a lithologically similar setting to tHeHIS, with limestone resting upon a basemehsandstonge
noting there is no mention of water saturatidhis impact structure is 6 km in diameter and pnese@ ring syncline containing
block-faulted lithologies displaying micrdo mesescale faulting, and a central zone with stratigrapimilift that is considerably
less than expected:he heterogeneity in the lithological sequence at ibbel Wagf as Suwwan impact structure has beer
identified as a key influence on the folding and block faultirilh weak layers restricting the transfer okeyy across to more
competent layer§Kenkmann et al., 2010)his phenomenon may also explain why the distinctolding and faulting pattern
within the annulus is absent from the basement sadisnat thd HIS. The lack of cetral uplift at LHIS may indicate a greater
mismatch in acoustic impedance at LHIS comparatabof Jebel Waqgf as Suwwan impact structure.

In addition to the effects dhyered target lithologies, thlaeologicalproperties of the projectiléself mustalso be considered
in explaining the anomalous nature of thélS. To explain the lack of central uplift and a cleaater rim it could be suggested
that the meteorite had a small diameter or a low velocity resuhirlgnited penetrationHowever, theseeombinations are
unlikely to produce an impact structure of the magnitude and size of HillvrA low-density, highvelocity meteorite; i.e. a
comet may need to be considered. While comets have been identifievéb at higher velocitiegave. 32 km/s; Hughes &
Williams, 2000)their total energy is low because the average comet densiy580 kg/m (Solem, 1994fompared with known
lunar meteorites that have a measured density in the rar@g568300kg/m® (Macke et al., 2011)To take this work further
detailed modeling is required to test the validity of these varicarsasios.

Brecciation of the annulus as a result of hydrofraatring of water-saturated dolomite

Rapid energy dissipation at the Lawn Hill impace sitay explain the failure to form a central uplifhe intense brecciation
across a large area of the dolomitic cover sequence, however, seguinether deformation mechanism linked to layered
sedinents; i.e. hydrdracturing. The carbonate cover sequence in the Lawn Hill arsabean identified as both porous and a
source of groundwatéMegirian, 1992) Although the breccia contains clasts interpreted as dolocrbieh wuggests that at the
time of impact the land surfaavas above water, it ¢uite possible that the dolomite sequence was wadgred.

The boundary between the wataturated Thorntonia Limestone and impermeable Widdabandstone member may have
had a significant influence on shock wave propagatiah any water present in the dolomite expected to have vapoaize
expanded outwar@@©rms3 et al., 2006)Two physical experiments show the effects of watéreth horizontally from an impact
site. Water was found to generate gejlder structures ahead of the shock wg@ems et al., 2006)and blocklike fracturing
occureed as saturation levels increag&hger et al., 2014)This water spray may have resulted in fluidizatistabilities and
site dewatering aad of the impact shock wave in the area outside the transient drhigrscenario is evidenced by the
brecciation ahead of the shock wave followed by block rotation presenthwitheannulus.

Alternatively the brecciation could be a result oftevavaprization following the shock wave during the rarefaction phase.
Water vaporizes during the release phase if thespreds above 5 GR&ieffer et al., 1976)In either scenario the behavior of
water has been found tmntrolthat of rock(Kieffer et al., 1976)The presence ainmixedbreccia throughout the annulus may
mark the exit path of the water vapor through thelkemed carbonate cover with the degree of fragnmientam breccias
dependent on the quantity of water preq&eger et al., 2014)'he dykes at Mt Jennifer appear to have formed almuging
planes and in vertical fissures in the dolomiéignment ketween the clasts and dyke wall occurs in the breccia with the lowes
clast/matrix ratioA likely source of the clasts is the abundant chedule beds, found throughout the Thorntonia Limestat
Mt Jennifer.These clastic dyke injections may have oréged at impact as watspaked, fluidized debris, injected at high speed
as the fissures formed, in a similar fashion to the dyk#seaharine Lockne impact structui@turkell & Ormo, 1997)

The superheated water that pushed out horizonthligugh the dolomite cover sequences may have alsmalously
increased the annulus diameter and interrupted the proedswmtimally results in the formation of a symmetrical cré@éelosh,
1989) The asymmetrical nature of the annulus as definethbydimensions of its outer rim wlol be evidence of site erosion;
however, it may also be explained by dewaterifige presence of the Termite Range Fault on the S@¥ ¢fithe annulus may
have provided a major conduit for escaping water vapor limiting both theidtien and block rot&n of the cover on the SE
side of the annulusThe unusual presence of the large block of overtursieomatolitic dolomite in the Century mine pit
(Salisbury et al., 2008)nd a second bloakutside the current limits of the annulus at the irhieutcrop Fig. 7) may indicate a
major exit path for this heated watdtis superheated water may have also been resperfsibthehigh-magnesiumcalcite
matrix, by providing the heat tmelt the dolomite source materiahd the confined environment to prevent the escape 6f,Mg
incorporating it in the calcite lattiqdiang et al., 2011)

A marginal collapse zone is usually present in ni@sestrial craters, with the wtid of the terracing increasing with distance
from the impact centre, coupled with outwardly digpisurfaceqFrend, 1998) The mese to macreboulders found in the
annulus at Lawn Hill do not increase in size towards the @atge of the annuluZhere is no identifiable terracing at the LHIS
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Bedding orientations across the annulus are scdttgmind araverage horizontal orientation with an equal proportion oghpr
and overturned bedding planes where these directions can be rdiadiynined Kig. 9b). The random distribution of the blocks
indicates a formation mechanism that is atypical of sedangitnhpacts.

The Gum Hole Plain, in the core of the impact stitestrepresents the area whinge quantities of melt breccias and melt
rocks (e.g., in a melt sheet) would normally be exge¢Erench, 1998with melt production enhanced by material porosity
(WYnnemann et al., 2008)/hile drill core indicateshe presence of burigdelt materiathere appears to be orligw volumes of
melt materiakt theLHIS. This may be explained by erosidroweverthe dolomite annulugppears to have experienced minimal
erosionmaking it unlikely that the Mesoproterozoic sands®mnd siltstones within th@um Hole Plain would have fared
differently. The presence of groundwater within the dolomite coway have reduced melt production at the Lawn idippact
site. Impact siteswith saturated sediments produced similar outcorneshallow water impact€Orms et al., 2006and melt
production in shallow marine impacts is min@ypvik et al., 2004) We suggest that the presencegofundwater within the
porous dolomite cover increased energy dissipation upon impact resultingtedlimelt production. This suggestion needbeo
qualified by the observation that Pleistocene sediments cover much®@f@ithéHole Plain, so the extent of impact melt may have
beenunderestimated.

CONCLUSION

The intense deformation of the dolomite cover segeén the Lawn Hill annulus was caused by the Lawhiklipact. The
situation of a highly deformed annulus surroundingnawkn impact site combined with a complete lack ofodwuation in
equivalent sedimentary rocks outcropping just 15 km away hralidghout a regional basiprovidesa compellingset of
geological cicumstances that argue for an impact origin for the structutbg iannulus.

The impact timing (472 8 Ma) in the MidOrdovician suggests that the target Thorntonia Ltores (Middle Cambrian) was
lithified and that there were probably up to 200 m of additicealimentary rocks on top of the Thorntonia Limestdrtes
presence of overturned stromatolite beds present in the annulus sufgéshe Bronco Stromatolith Bed extended to this
location. The similarity of the Camooweal Dolostone to the Titoria Limestone and the severe deformation of the annulus
material make differentiating between the Thorntdtimmestone and younger Camooweal Dolostone diffidult, it is likely that

the Camooweal Dolostone was part of the target stratigraphyg gitme & impact. The Mid-Ordovicianimpact timing makethe
LHIS a candidate for the group of impacts linked to the asteroid fueand subsequent influx of¢hondrite meteorites striking
Earth at this time. The exposed annulus appears kaigrwell preserve considering the impact timinghe preservation has
been attributed to postpact sedimentation providing a protective layer until recent times.

The Lawn Hill impact haanatypical crater morphology typical impact of this size should have generatemntral uplift
yet such structure is absent at Lawn Hill with the exposed lithadagid structures in the central area being similar to those foun:
outside the annulushe failure to form or maintain these features sstgyextremely rapid dissipatioof impact energyThe
Lawn Hill target materials were heterogeneous, amdswggest that some target units (i.e. the dolgmitere porous and
contained large quantities of groundwatéaporization of this water and the associated hydmiéring can exain the extent
and intensity of brecciation observed within the dolomitéhefannulusThe watersaturated dolomite layewhich occurred as a
cover sequence overlying less permeable and deformed basement sedimehimve dissipated energy rapidlyardownward
direction, but may have enhanced damage in a horizontal direction atdtlevave was deflected along the lithological
interface.Likewise, the presence of less permeable sandstelogrlihe carbonate may have restricted crater deptlenhaned
the diameter of the damage zone on surfabe. presence of a wateaturated dolomite cover sequence at the time ofdtripa
also consistent with the low amount of impact melt, the brestieharacter of the annulus, and the presence of calciti mmatr
the breccia.
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FIGURE CAPTIONS

Figure 1: Locality map showing the general location, rock units, and strips (Al E) used to ground truth the virtual bedding
interpretation (kmz file)A larger scale view of the &rip can be foundh figure 5. Theposition of theCentury Mine has been marked including
the area previously mappé8&zulc, 1992)Sample locatios of dolomitechert breccias (LHLO1 and-648) have beeshown The boundary of
the Boodamulla National Park lies-15 km to thé/ of the LHIS, and representle closesbutcropsof the Georgina BasinThe location of
figure 6 is markedvith thewhite rectangleThe whiteline marks theposition ofthe section shown in figuré. Supplementary material has been
provided in the form of a kmz file that opens@oogle Earthdisplaying additional photographs at the sample locatiofke inset shows the
location of the Georgina Basin, the Undilla Sodsin and the Mt Isa Inlierelative to the LHIS and Mt Isdlhe lithological legendised in
figure 1 is the same for all other figures

Figure 2: Detailedgeologicalmap of the Gum Hole PlaiThe sampldocatiors of the melt rocks and shatter cones (showfigures 10
and 11), and the dolomitehert breccia(LH-183) have been included. The arehere loose rubble witthe shatter corewere found is
displayed, includinghe areamapped byStewart and Mitchell (1987)he position ofin situ shatter cones markedwith solid lines and the
estimated regin of melt with a dashed circl&hesamplelocations for “°Ar-*°Ar datingare indicated(JS006/LH-355 and J$23). The exposed
Mesoproterozoic rocks of the Lawn Hill Formation ateown, including the basal carbonaceous sh@le shale boundary was taken from the
earlier mapping undertaken byhoemaker and Shoemaker (1998)e breccia ringing the outer edge thie Gum Hole Plain is sandstone
quartz in a siliceous matrixthistype ofbreccia is also found between sandstone beds at Mt JenFiiferlegend to this figure is presented in
figure 1.

Figure 3: A stratigraphic columrfor theLHIS showing the Lawn HilFormationand overlyingsedimentst the base of the Georgina Basin
sequencelurassic (Gilbert River Formation and Mullaman bedsd CenozoicsedimentgArmraynald bedsynconformably covered rocks of
the Georgina Basin sequence.

Figure 4: A cross seitin through the impact structure from SW to NE (section linevship figure 1). The deformation of the Mesoproterozoic
rocks of the Lawn Hill Formation in the Gum Hole Plain is sistent with regional deformation. Thin Cenozoic Armraynald lweder the
majority of the Gum Hole Plain rocks (Fig. 2). Shoclatirg and deformation appear to have affected theksoin the impactentre to a
maximum depth of ~ 160 to 170 (8alisbury et al., 2008)

Figure 5: Detailed map of the E strip (Fig. 1). Setettbedding measurements, illustrating the locabdeétion patterns, @ shown.
Overturning is more common in the inner regisee stereonet ifigure 5b. The inset (figure 5¢) shows the bedding surfaeesafgles) with
the associated younging directions (arrows) superimposatie@Google Earth topography with disks marking localities ofdiee Analyses of
the subdivided bedding data i.e. inner and outer sections do not reveal a prefemldehberientation. The stereoplots in figures 5b and 5d are
equal area, lower hemisphere plots of poles to bedding. The legefigiure 5a is presented in figure 1.

Figure 6.A detailed interpretation fobedding trendgyellow) and fault lines (red) within the NE strip ugioogle Earth base imagery
The deformation pattern shownrepresentative of the deformation within the doloniitee majority of the folding occurred prior to fracitng,
which ledto the formation of the megareccia Minor rotation of breccia blocks, post fracturing evident The megeclasts have no systematic
orientation with fracturing occurring @0 to 100 m scalehe locatiorof figure6 is shown with avhite rectangle idfigure 1.

Figure 7.Equal area, lower hemisphere stereoplots of poldsetiding withirdolomite blocks athe main annulus, a) and bhow data for
theNE and E strips respectively, shows theneasurementsollectedby (Szulc, 1992jrom a small region on the outer Sdlgeof the annulus.
Bedding dips are mostly gentieoderate with no preferred azimuthal orientatidhe identifiable overturned bedding in the SW isersieeply
dipping than the NE an& strips noting that th&zulc (1992fata did not differentiate betweepright and overturned beddinganes The
poles to bedding within the NE strip cluster around thetical The abundance of stromatolite beds in the E stribktithe determination of
way-up criteria for alarger number of beddinglanes

Figure 8. Point, girdle and random distribution indi for the orientations of beddirigf. Bureau of Mineral Resources, 1982; Vollmer,
1990)with contours of intensity drawn aftérsle (1985) Aggregate values for the NE and E strips, and SW domaiaespond tathe plots in
figures 7ac. Patterns for all data sets are generally intermediate between poéhtaadom distributions. Inner, middle and outer Sulsibn
of NE and E data sets were used to identify any radial distinctiverdafimn and to identify thgeographical equivalence between the smaller
Szulc (1992) results and the full extent field data of this study. Simiteatween NE strip middle and SW domain sugdkatshese localities
may occupy comparable positions relative to the impact

Figure 9: Geologicalmaps of a) Mt Jennifer and b) Southern Outcr@Bareau of Mineral Resources, 1982; State of QueadsNRM,
2011b) Selected field data has been added to the base data to show beddingBEopadisrea, lower hemisphere stereopltssets to figures
9a and 9b) of poles to the dolomite/sandstone bedding within the particular large aeas display the variation in bedding dip and
orientation. The dolomite at th&l end of Mt Jennifer and the Outer outcrop is-$rizontal. The dolomitechert breccia at Mt Jennifer shows
dykelike properties compared with the Mt Jennifer siliceous breaekdch is aligned with the local bedding (Fig. 12Monomictbrecda was
found along the contact between the dolomite and siliceousianeait at Mt Jennifer (Fig 13b andc). The legend to this figure is presented in
figure 1.

Figure 10:Examples of mit rocks (ac) thatdisplay the range of metamorphic effects foimthe siltstoneand sandstone rocks exposed in
the centre of the Gum Hole Plaifthe samples shown are locatéd00 m from each othewith a) LH-143 occurring at 18j41'32.27"S,
138j39'8.02"E b) LH-145at 18j41'32.76"S, 138;39'7.84}&nd c) LH138at 18j41'29.80"S, 138i39'5.08"E (Fig. 2).

Figure 11.Examples o$hatter cones founidh float on the surface ahe Gum Hole Plain (Fig. 2)a) a loose cobble found close to 1125
(18j41'26.57"S, 138j38'59.15"E);b) from a region of high abundance on the NKEe of the mapped shatteone area (LH128 at
18j40'46.00"S, 13839'31.20"EBoth samples show a change in the direction of fhieea of the cones on the differing surfacBse back
surface osample(b) is not shown but preserves apex orientations opposite to the displayed surface.
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Figure 12. Dolomitechert breccia is found within the deformed dolomite annulus suringritte Gum Hole Plain (®c) at the LHIS
including the inner southern outcrop. a) t648; b) LH101 (Fig. 1); c) A large clast (~58 50 cm) of Thorntonia Limestone with fine chert
banding. This sample is located at{620 (Fig. 1). A photograph showing the entire clast can be found in the Supplentéleaay LHIS.kmz
/Annulus Breccias, LH20. d) Breccia within dolomite at Mt Jefem, which is compositionally similar to the other breccias excegt ttie
ratio of matrix vs clasts varies. The Mt Jennifer dykes are the only brecdi@ahtains material from a lithology otherah dolomite (see
Supplementary File, LHIS.kmz/Mt Jermifand the Southern Outcrops: LHB6), i.e. sandstone clasts that may have originated from the
Widdallion Sandstone.

Figure 13. Examples of breccia tygfeundin the LHIS a) Within the Gum Hole Plain, a fierecciated dolomite breccia, L-#H83 (Fig. 2).
This material is clast dominant with clasts showing a history of fraurb) Mt Jennifer hosts olymict brecciathat contains fragments of
Widdallion Sandstone located below the dolomiteSilmeous breccia identified as OBorder WatertiemationOThis image showa breccia
sill injected between layers of sandstpaed suggests the siliceous breccia may have originally been Widdallions®aerdaltered by the
impact eventThe siliceous breccia lining the inner edge of théothite anmilus may also have originatétbm Widdallion Sandstone.

Figure 14.Sample J$06 (LH355)(Location: 18;40058.310S, 13806.47QHised for*’Ar-**Ar dating. This PPL image shows the dark
convoluted and contorted fluidal melt domain with the embediltstbne breccia fragmentaglabeled).

Figure 15.Sample J®23 (Location: 1§41031.890S, 13800.550Hi1sed for*’Ar-*Ar dating. a) and b) are PPL and XPL images
respectively of a singlefleldspar spheruleThescale is in mm.

Figure 16.Step heating diagramssed for*°Ar-**Ar dating Representative agepectraof the two samples analyzed. a}U® a fluidal
melt domain found in the central drill core L355. b) 3923 which islocated within float material (Fig.;2.HIS.kmz/Geochronologypetails
of theanalyses are presentéu Table 1.

Table 1: Detaiédgeochronology results for the two samples selected from within the abtiel HIS.
Supplementary Material
Tables SiS3Microprobe, XRD and XREnalyses fodolomitechert breccia found withithe deformed dolomite annulus.
Table S4Microprobeanalyses foimpact melt particles andeldspar spherules from JS006
Table S5Microprobeanalyses of the dark, melt rich domains in a surface specimen, JSO28texbfrom close to the impact centre.

Supplementary File, LHIS.kmZhis file displays additional photographs and sogijng material. This file needs to be opened in Google
Earth where all material iplaced orthe relevant geographical location.
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	The Lawn Hill annulus

