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ABSTRACT

Cambriansiliciclastic sequences along the Dead Sea Transform (Dfafginin southern
Israel and rsouthern Jordamost bothdetrital fluorapatitgD-apdite] and U-rich authigenic
carbonatdluorapatite (francolite [A-apatite]. Dapatite and underlying Neoproterozoic
basement apatitgield fission track (FT) data reflecting Pale@zdesozoic sedimentary
cyclesand epeirogenic eventand dispersedU-Th-Sm)/He (AHe) ages. Apatite which
may partially orpcompletely replace-&patite,yields an earlyMiocene FT agesuggesng
formation by.fracturing hydrothermafluid ascentandintra-stratarecrystallisation linked to
early DST motion. The DS[Tseparating the African and Arabian plateg,ords ~105 km of
sinistral strikeslip displacement but became more transtensional pbstMa. Helium
diffusion “measurements on -#patite are consistent with thermalbctivated volume
diffusion, indicating Tc~52-56x10C (cooling rate 10°C/Myr). Aapatite AHe dataecord
Pliocene cooling~35-40°C) during te transtensiongbhase of movementhis suggests that
timing of important milestones in DST motion can be discerned uBhagatite low-

temperature thermochronologgtaalone.
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1 INTRODUCTION

Authigenic apatite(francolite or carbonatdluorapatitg (A-apatite)has beerrepored from
Cambrian ‘stratdrom areas neighbouring the D37 southern Israel, Jordaand Sinai(e.qg.
Weissbrod, 1980; Weissbrod & Nachmias, 198&apatite which may form euhedral
overgrowths omdetrital apatite(D-apatite)(e.g. Fig. 6 in Vermeesch et al.,(®), is clearly
postdepositional, yet the age of authigenesis remainsclear A late Devoniarearly
Carboniferousthermal eventin southern Israeland Egypt Sinai and Eastern Desertis
recorded irzireon fission track datéKohn et al., 1992; Bojar et al., 2002ermeesch et al.,
2009 andgeochronologicatiata fromother mineral systema southern Isragle.g Segev et
al., 1995, Heimann et al., 1995, Golan et al., 2088 patites donot appear in strata younger
than Devonian_(Weissbrod & Nachmias, 1988)Vermeesch et al2009 and Weissbrod et
al. (1987) gproposedhat its growth resulted from a pulse of-fith hydrothermal fluid
circulationsrelated to thPaleozoidhermal event. On the other haseggev (1992) suggested a

Neogene age fabundant tmineralisatiorand Aapatitein Cambrian stratan southern Israel

Low-temperature thermochronology (LTT) is a powerful tool daantitatively constraing
the timing=and rates of processes that disrupt the thermal regime of thecupgteover
geological time scales (e.g. Reiners 2005). Within the LTT toolbox various
thermochrenometric systems have different temperature sensitiitiegzircon (UTh)/He
(ZHe), typically,~110-180°C(e.g. Wolfe & Stockli, 2010; Guenthner et al., 2018)t lower

in highly radiation damaged graiffer apatite fission track (AT), typically ~66-110°C(e.qg.
Gleadow et7al®*2003ndfor apatite (UTh)/He (AHe), ~—35to >120°C[covering a range of
radiation=damaged grairend CIl conteijt(e.g. Shuster et al.,, 2006, Flowers et al., 2009;
Gautheron et al., 2009; Djimbi et al., 201%zifas et al. (2017) flagged the potential for
fissiontrack dating offrancolite, but to date nTT data have been reportethis study
investigats A-apatite genesis and thermal histogsing AFT, AHe and ZHedating from
Cambrian strata and underlying crystalline basement in the Nahal Shahdré&ilatarea
southern Israehordering thdST (Figurel).

2 GEOLOGICAL SETTING AND SAMPLES

This article is protected by copyright. All rights reserved



108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140

Following the ParAfrican Orogeny,a thick sequence of shelf sediments accumulated over
the nortlem margin of the ArabiafNubian Shield through several depositional cycles. From
Cambrian toPaleogengerecurrent eustatic ostations caused minor hiatuseshereas
epeirogenic doming and subsequent truncatsolted in wide stratigraphic gapehe most
significant ‘movement in the Late Paleozaicremoved>2.5 km of Carboniferous to
Ordovicianstratafrom large areas in the Levaaind wasaccompanied by anomalously high
gedhermal gradientse(g. Gvirtzman and Weissbrod, 1984; Kohn et al., 199&rmeesch et
al., 2009).4h southern Israel and southern Jordaong the Dead Sea Rift margin marked by
the DST, the subCretaceous unconformity has superseded the Late Paleozociedsuian)
unconformity, so that.ower Cretaceousiliciclastic rocks directly overlie Cambriarstraa
(Figures 1 and 2).

The DST separateshe African (Sinai sulplate) and the Arabian pla®ver a distance of
~1000 km, andelatesthe Red Sea spreading centre in the south to the-Battjsos zone of
plate convergence in southern Turkey to the north. The matching of offsets of Pragambr
Paleogenestratigraphic markers, depositional patterns and tectonic elementshosiddof

the DST indicate leftateral displacement of ~105 km (e.g. Quennell, 1958; Freund et al.,
1970; Garfunkel, 1981pifferenttimetables have been proposed for the initiation and stages of
DST movement (e.g. Quennell, 1958; Freund et al. 1970; Freun@afuhkel, 1976; Bartov

et al., 1980)However Garfunkel (2014) summarised the evidence supporting early Miocene
commencement dhteral motion along the DS{between 20 Ma and ~3¥6 Ma) The slip
history is strongly constrained by plate kinematics related to the opening of thed&addhe

Gulf of Aden (e.g. Freund et al., 1970; Cochran, 1983; Joffe & Garfunkel, 198iher
details of the geological history and stratigraphy of the study area are presented in several
works (e.g.. Weissbrod, 198%/eissbrod2005; Vermeesch et al., 2009

Studies ofneavy minerals ithe PaleozoidMesozoic clastic sequen¢®ubian Sandstone’)

on both sides=of the DSWerereportedby Bender (1968)Weissbrod &Nachmias(1986)

and Weissbrod & Bogoch (20Q07Apatite isa common accessory in Cambrsihciclastics,

but is absent in, the overlying seriesapatite (fluorapatite) generally appears as subangular
to rounded grains (typically up to 2@®n in size)and more rarely, as prisms with rounded
edges. Dapatiteshave euhedral overgrowthsome of whichare Aapatite which may

contain opaque inclusions and may be coated with limoniapaite (francolite) usually

This article is protected by copyright. All rights reserved



141
142
143
144

145

146
147
148
149
150
151
152
153
154
155
156
157
158

159

160
161
162
163
164
165
166
167
168
169
170
171
172
173

occurs adasal hexagonal platelets (Figie A-apatites areoften associated withuthigenic
kaolinite, which mayalso beabundantin overlying Cretaceoustrata where no apatite is

recorded.

3 SAMPLES"AND METHODS

The Cambriarsequence in southern Israsldivided into four formations (Weissbro2Q05).
For this studyfive samples of Bapatite from the Shehorebfnationand threefrom the
overlying Netafim Formatiorfwhere Aapatite is common were analysedor AFT, AHe
and ZHethermochronometryFigure 1). Apatite forming mmsize crystals in a pegmatite
from underlyingNeoproterozic crystalline basemeargar Eilat (Figre 1) wasalso included

for AFT and. AHe analysis

Mineral separations and anadgsfollowed Gleadow et al. (2015)except that for ZHe
analysis®>¥Urand??°Th spikes were usedFT measurements were made only on prismatic
faces parallel to the-axis (determined by orientation of track openings under reflected light).
For A-AFT analysis, hexagonal plates were mounted ‘vertically’, so that measurements could

alsobe made,on prisnia faces which ranged in width from ~80-12&m.

4 RESULTS
A- andD-AFT.datg as well as AFT basemedatg are presented in Table With single grain

radial plots and confinettacklength histograms shown in Figui®l 1 (see alsdrables SI 1
and Sl 2 for*farther AFT and chemical datB-AFT and basemerftssiontrack parameters
spana limited rangeand clearlyindicatetotal thermal resettingostcrystallisationdeposition
A-AFT data aranarkedlyyounger,yielding acentralage of 172+1.3 Ma (1c), with longer
mean track lengths (MTL(Table ). D-AHe ageson subroundedounded grainganging from
~11-207 Ma are younger than-BFT ageswheread?A-AHe ages aré’liocene(weighted mean
3.2+0.4Ma at95% Cl)(Tables 2 and3). The slight spread iIAHe-A-apatite agemay indicate
heterogeneity in U and Th content as reflected in the concentric growtm pattecting thex-
ejection correctionZHe datapredominantlyyield Paleozoic agesom both D and Aapatite
bearing stratawith a negativeage verssieU ppm correlation eflecting increased He diffusio
in heavily radiation damaged grains (e.g. Guenthner et al.,) Z6idure 4 andTable 4).
However, one grain in sample TW650 @aapatitebearingstrata) with exceptionally high eU
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(>9000 ppmYieldedaZHe age of 17.3+1.1 Ma, concordant with the coexistin§iAI age

5 DISCUSSION

Our D-AFT andD-AHe agesshowsimilar trendsto those ofVermeesch et a(2009, although
D-AFT MTL in that studywere markedly lowefThewide dispersiorof D-AHe agegrobably
reflecs a range=of factorge.g. Table 4in Wildman et al., 2016and in this casemay
specifically-includethe influenceof U-rich A-apatite overgrots (either present aremoved
on the agée calculation Time-temperature modelfor D-AFT using the HeFTy software
(Ketcham 2005) showa similarthermalhistory (Figure5, see also Table Slifor modelinput
datg, including averprinting related to thiate Devoniarearly Carboniferous thermavent

constrainedsby:the ZFT age in the Nahal Shehoret section reported by Vermeeg20@dal.

The A-AFT age dataindicates thatA-apatite growth was not directly linked to the late

Devonian-arly Carboniferous thermotectonic eveRather we suggestit resulted from
intra-stratarecrystallisatiorfrom low temperatureU-rich hydrothermal solutionsassociated
with early DST activity(e.g. Garfunkel, 2014}-urther,a highlyradiationdamagd zircon in

sampleTW650.yielded a ZHe age concordant with tloeexistingA-AFT age.This suggests
that highly=damaged zirconkave the potential toecord low-temperaturehermal events
drivenby hydrothermal fluidge.g. Mackintosh et al., 2017; Johnson et al., 2017).

Apatite is sensitiveto a range ofthemical and textural changes induced by fluaeer a
broad range,ofpressures and temperatures (e.g. Harlov, Z0&%emperature of théuids
facilitating/ A-apatite growthwas presumablyrelatively low with respectto the AFT
temperature sensitivity rangleecauseéhe DAFT systemin strata(and basemengroximal
to predominantly Aapatitebearing stratavasnot thermallyoverprintedto any extenin early

Miocene time althoughthewidely dispersed DAHe data ddncludesome Miocene ages.

Cu-Mn-U.. mineralgation is associated withmarine Cambrian phosphorite-bearingstrata
(Timna Formation)n the Timna Valleysouthern IsradFigure 1),whereA-apatiterich beds
arealso locatede.g. BarMatthews,1987 BarMatthews & Matthews, 199(egev, 1992;
Harlavan et al., 2017)Considerable debate hagrisen over interpretation of field,

petrographic and geochemicdata related to mineratation processes and their timing

This article is protected by copyright. All rights reserved
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However,there isclearevidence forepigenetic dissolution (karstification) and minesation
(including Umobilisation and reprecifation), also affecting crystalline basemewoter a
broadtime span(e.g. BarMatthews, 1987; Segest al., 1995 Beyth et al., 1997). Some
mineralisation has beeriinked tothe pattern oflensefaulting and jointingaccompanied by
the circulation=of brinesassociated witibST developmentd.g. Beyth, 1987;Segev et al.,
1995). Furthemore, altered Neoproterozoic gabbrosg the Mt Timna Igneous Complex
(Figure 1l)acquired a chemical remanieanagnetiationin the middle Miocene, whichlarco
et al. (1993)attributed toearly DSTFinduced hydrothermal activityThe rormal polarity
suggest that alteration took plasethin a short time intervalk~1 m.y), while the basement

still resided.under aedimentary cover

Approximately twethirds of total DST offset occurred Ipyre strikeslip movement until the
end of the MioceneThen due to changes in regional pldimematics an additional minor
transtensional or transpressional component egbinlisome southern aredsvelopinga more
rift-like marphology (e.g. Garfunkel & BerAvraham, 2001; Smit et al., 2010)n part
manifested.as.pulipart basins(e.g. Gulf of Eilat [Agaba]and the Dead SgaDuring this
phase~-1 km ofTertiary to Senonian section was removed frdiflanksbordering the DST
and deposited indeveloping adjacent rifbasins as the prevailing drainage systemas
deepenede.g-Avni et al., 2012) We therefore interpre®lioceneA-AHe agsas acooling
responserelatedto removal of overburdenalong the southermift margins leading to

exposireof the Cambrian section and underlyibgsement

In order to discern théemperature sensitivity of the -AHe system we carried out
preliminary diffusion measurements asputhern IsraeA-apatite supplementedy more
detailed datdrom Yucca Mountain, USAA-apatite The data indicate closure temperasure
covering..the two measurements 52°C and 56°C, respectively (with a conservative
uncertaintyestimated at-10°C),at a cooling rate of 10°C/MyFigure 6), which is lower
than fortypiealiigneous apatites (e.g. Farley, 2Q0Qpnsideringthis closuretemperature
rangeandasmeanannualsurface temperature 625°C,a timetemperature moddbr LTT
A-apetite datasindicates that-Apatites have undergone ~88°C of cooling in Pliocene time
(Figure 5). Assuminga presenday geothermal gradient of20°C/km in southern Israel
(Eckstein & Simmons1977) would suggesthat ~1.52 km have been removed. However,
any calculation of the thickness of cover removed based tbese figures may be an

overestimatebecause deep faults associated with the rift systeed ast conduits for hot
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241 water ascending from deep aquifemssulting in anomalously high heat flo{fizckstein &
242 Simmons, 1977)The upper limit on the amount ofPliocenecooling must honor theo-
243 existing early Miocene AAFT age and MTL parameters however, he temperature
244  sensitivity of fissiortrack annealing for francolitess unknownand only nine track lengths
245 were located-for measuremeitssumingit is similar to fluorapatite A-apatitewould have
246 residedunderthermalconditionsthat preserved the-AFT recordfrom the early Miocene
247  until Pliocene cooling.

248

249 Our A-AFT_and AAHe dates arsimilar to agesecordedfrom ‘Mottled Zone’ outcropgo
250 the north,‘in _Israel and Jord#Rigure 1).This uniquesequence of high temperatutew-
251 pressure metamorphic rockasa complex mineralog{Gross, 1977jeflectingnearsurface
252  combustion'metamorphism of late Cretaceeady Tertiary bituminous chalknd marl(e.g.
253 Kolodny & Gross, 1974Burg et al, 1999. Combustion is linked to exposure and contdict
254 these rocks with atmospheric oxygen, following uplift and erosion at the DST margins
255 Absolute dating indicates that combustion occurred in diffeaegds at different times
256 gehlenite®Ar/2°Ar at ~16.0+0.2 Ma and anorthitesanidine fels'®Ar/*°Ar at ~2.3—-4.0Ma,
257 (Gur et al. ;1995 AFT age at 13.6£2.0 Ma (Kolodny et,al971).Gur et al. (1995) linked
258 the early eventto initial exposure of hostk®dn the Miocene, and interpretdte Pliocene
259 ages asa laterrcombustion event related to removal of Neogenenseatsand renewed
260 exposure of bituminous rock®llowing initiation of the Ded Sea depressioriMottled
261 Zoné geochronologythereforeprovidesindependent evidence for the timing of important
262 DST-related eventsand these eventsan be linked to those discernedsouthern Israel (see

263  Figure?).
264

265 6 CONGLUSIONS

266

267 Detrital (D) andauthigenic (A)apatites (francolite) arefound in Cambrian strata in southern
268 Israel. Dapatites preservea similar lowtemperaturethermochronological history to
269 underlying Neoproterozic basementflecting PalezoicMesozoic sedimentgr cycles,
270 marked by a distinct late Devoniaaty Carbonifeous thermal everA-apatites, which may
271 partially or totallyreplae D-apatite record more recergeologicalevents A-AFT and ZHe
272 (from a highly radiaon-damaged zircon) data yielehrly Miocene age$~-17 Mg, while
273 coexistingAHe agesare distinctly youngef~3-4 Ma). A-AFT and ZHe ages are interpreted
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to reflect intra-strata recrystallisatiordriven by low-temperature hydrothermal solutions
ascendinghrough fracturesreatedduring early DST activityWe link our A-AHe agesto

uplift and erosion of overlying cover during a transtensional DST phasardng cooling

due to removal of overburden during the Pliocéltee timing of twamportantmilestones in

DST movemenis therefore recordetly A-apatite datan isolation This timetableis also
supporteday independenthemical remanennagnetisation overprintingnd mineralisation
datain southern‘Israel and geochronology of the “Mottled Zone” to the north. This study
invites further (UTh)/Heinvestigation of higly radiatiordamagd zircons in southerisrael

and other areas to evaluate the extent of early Miocenefltwidrelated to DST activity.
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FIGURE CAPTIONS

Figure 1. Locality map. Mt TIC = Mt Timna IgneouSomplex.A stratigraphic section at
Nahal Shehoret, showing positions of samples anabseédypes of low temperature
thermochrenolegy methods carried out on them. Numbers following famaames can be
keyed into'those indicated in the section photo in Figure 2. Stars next to sample numbers
indicate those thatontain Aapatite.

Figure 2. Cambrian sedimentarype locality in Nahal Shehoretalley (see also Figuré).
Foreground_shows the Multicolored Meml{@) of the Shehoret Formation, consistiof
alternating beds of coarséo fine-grained, crosbedded subarkose and laminated clays
displaying-asrange of colsrBackground showthe cliff -forming White (2) and Variegated
(3) (red-brown)members of the Shehoret Formatioomprising uniformly finegrained and
thinly crossbedded subarkosd@hese strataare overlain byredbrown fine to medium
grained and crossedded quartarenite of theNetafim Formation(4), which in turnis
overlain unconformably by theower Cretaceoug®mir Formation(5) at top. Note recent

gravel beds on the valley floor between units (1) and (2).

Figure 3. @) Scanning electron microscopmage showinghexagonalA-apatitewith small
particlesofgkaolinite in sample TW65@rains typically range from ~5000 um in diameter,
though welldeveloped prismand twin crystalsalso occur. Aapatites are typically ich,
display undulatory extinction when observed down tfexis, sometimesh®w concentric
lamellae andTeffervesce upon dissolution in weak BINThese are all characteristicé
carbonateaich fluorapatite (francolite)b) Sontaneous fission tracks in-d#patite sample
TW650.c) Spontaneous fission tracks indpatite sample TB58.

Figure 4. a) Plot of single grain AHe age versus effective uranium content (eU) ppm from

Cambrian sedimentary samples, which aneelominantlyeitherD- or A-apatitebearing (see
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550 Tables 23). The general negative relationshipith younger agesgenerally related to
551 increased eU contenteflects the effect of radiation damage on He diffusion (e.g. Shuster et
552 al., 2006; Flowerst al.,2009 and Gautheron et al., 200B) Plot of single grainZHe age

553 versus effective uranium content (ephm from Cambrian sedimeaty sampleswhich are

554 predominantly=eitheD- or A-apatitebearing (see Table 4). Oldest zircon ages at low eU
555 (ppm) may reflect primary Neoproterozdtan African Orogeny coolingges, but a negative
556 relationshipbetween single grain agand increasd eU content (which is a proxy for
557 radiationdamage) shown more clearly in the upper panslthe product of increased He
558 diffusivity. Note that for one graimith very high el the ZHe age of 17.3t1.1 Ma is
559 concordantwittan A-AFT age fromthe same samplgee text for further discussion).

560

561 Figure 5. Thermal historyreconstruction®f representativessamples analysed usimtgFTy

562 software (Ketcham, 200&nd fissiontrack annealing model of Ketcham et al., 2007 and
563 where applicable for sample TW650 using the He diffusion model of Flatexls 2009.

564 Measured'and modelgesare compared, together with GOF = Goodness of Fit forflbest
565 time-temperaturg@aths, which are represented by a dark solid line within the statistical good
566 fit envelope, (magenta), which represents good models that fall within a probabdio (a

567 weighted mean patfor this envelope is also shown). Alsiisplayedis an oter envelpe

568 (green), which req@sens accepted mode that fall within a probability of 5%. The right
569 hand panels show measured and model MTE flumber of length measurements) and
570 axis projected confined track lengths illustrated as histograms and the smoabaility

571 distributions represeinty the model track lengths from the “bdgt models. Broad time

572 temperatureconstraints usedvere as follows. Cambrian stratigraphic age or nominal Pan
573 African age for basement, partial annealing of zircon fission tracks forl Shkaoret section
574 during late Devoniamarly Carboniferous timgsee text). Following that constrairaee related

575 to theamount.of'erosion estimat@daccordance witkhe thickness of the various formations
576 in Israel and=adjacent regionSince ParAfrican orogeny the sedimentary column of
577 southern Israel’has been affected by four main epeirogenic ewdnth are expressed by
578 notable _unconformities with conspicuous rate of truncation (beside numerous
579 disconformities). The rate of truncation of each event was calcutatedrding tothe

580 thickness of the missing sequence (formations) from the bounding flanks of the IIST w
581 they are still preserved in close or remote areas in southern Israel (Permian to Maockne)
582 adjacent countries such as southern Jordan, northwestern Saudi Arabia and Sinai (als

583 Ordovician to Carboniferousyyhich in keeping withtheir sedimentarghelf characteristics
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and the paleogeography should have lgosited over the whole Near East, but have been
removed fromlarge areas in the Levant including the DT shouldersPresent day mean
surface temperature is assumed to 20-25°C. Note no ZFT data are available from
basement sample (EP2), locatelDkm south of Nahal Shehoret and in this case modelling
indicates only=partial Paleozoic overprintiofjthe AFT systenmo ~80+5°C (Figures). Note

for sampleTW650 only nine track lengths were available for measurement.

Figure 6.gResults of He stepheating diffusion experiments carried out on hexagonal
francolite in the Cambrian Netafim Formation, southern Israel (at the University of
Melbourne), and fronTertiary asklow tuffs, Yucca Mountain, Nevada (at Caltechjitial
diffusivities” are bwer than the extrapolation of values at higher temperatures. This is
commonly ‘observed in apatites and is attributed to rounding of the initial concentration
profile by a-ejection and possibly by diffusion (e.g. Fechtig & Kalbitzer, 1996; Farley,
2000). Between_ ~206300°C the diffusivity lies on a linear array (independent of any
temperature cyclingwhichis consistent with thermally activated volume diffusiomplying

a closure temperature for the two measurement826€C and 56°C(with a conservative
uncertainty»of,=10°C) at a cooling rate of 10°C/M$tep heating data and calculations of

parameters arising from the diffusion experiments are presented in Table Sl 3.

Figure 7. Schematic ammarytimetable relating the proposéche-temperaturédnistory of A-

apatite (and one ZHe measuremernt) southern Israel, deduced from ld@mperature
thermochronology data, to major phases of DST motion and other independent geological
information (see text). Phasel relates toinitial earlylate Miocene sike-slip DST
movement, resulting iabout twethirds of the total~105 km displacement. Phase Il relates

to the onset of a more transtensional environment along the DST resulting in maié of a
morpholegys-with erosion of the rift flankflling adjacent puHapart basins, leading to
cooling and“exposure of Cambrian sediments and underlying crystalline dras&He

ages are widely dispersed. CRM = chemical remanent magnetisation-Adaddw timing of

combustion‘events dated from the “Mottled Zone” (see text for further discussion).
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Table 1. Apatite fission track data.

Location No. of Ps 238y Pooled age Central age Mean track St.Dev. Dyar
Sample No. Lithology/Formation L E/Lat N . N; Ma 1 Ma + 1 Niengtn I h + «

(Long E/Lat N) grains [10° cm?] [ppm * 10]* [Ma t 10] [Ma t 10] ength [um t se] [um] [um]
Authigenic (Cambrian)
TW650 Netafim Fm 34°57' / 29°38' 46 463 4.36E+05 50.99+1857 | 17.0+1.7Ma | 17.2+1.3 Ma 9 13.82+0.48 1.45 1.80 £ 0.46
Detrital (Cambrian)
TW558 Shehoret Fm (White Mbr) 34°56' / 29°38' 24 2819 3.605E+06 23.39 £ 13.57 299.8+15.5 313.4+14.2 147 11.68 £ 0.12 1.47 1.59+0.24
TW560 Shehoret Fm (White Mbr) 34°56' / 29°38' 36 3044 3.242E+06 22.50+12.98 282.0+11.3 289.0+11.8 112 11.34+0.13 1.41 1.54£0.17
TW670 Shehoret Fm (White Mbr) 34°56' / 29°38' 30 1484 2.997E+06 21.57 £15.17 2743+123 279.1+£12.2 60 11.31+0.19 1.48 1.95+0.57
TW683 Shehoret Fm«(White Mbr) 34°56' / 29°38' 27 1524 3.782E+06 28.97 £ 20.20 259.1+16.8 266.9 £ 15.5 45 11.16 £ 0.25 1.71 1.56 £ 0.15
TW836 Shehoret Fm (Multicolored Mbr) [ 34°56' / 29°38 10 321 1.802E+06 | 10.64+7.04 | 328.1+36.1 | 337.4+32.4 51 11.2940.20 143 | 1.47+0.16
Basement (Neoproterozoic)
EP-2 Elat pegmatite 34°56' / 29°34' 13 2718 1.127E+07 59.38 £ 23.58 364.4+12.4 366.3+11.0 119 11.78 £0.13 1.46 1.63+0.10

Ns = number of spontaneous tracks counted; ps = spontaneous track density; Niength = Number of confined lengths measured; se = standard error; Dpar = long axis of track etch pit;

*Uncertainty is standard deviation of mean

Notes: Apatite grains were mounted and polished, and fission tracks analysed using the LA-ICP-MS technique following procedures described in Gleadow et al. [2015].

Analyses were performed onfimage sets captured by the software TrackWorks. Spontaneous track densities were measured on prismatic internal apatite surfaces after etching with 5SM HNO3 for 20 sec at 202C.

Track counts were obtained by‘automated counting using the software FastTracks employing the 'coincidence mapping' technique of Gleadow et al. (2009) followed by manual inspection.

Uranium concentrations of each grain were determined by LA-ICP-MS single spot analysis using a New Wave Nd:YAG Laser (A= 213nm with 5Hz @ 50% power, spot size = 30um) connected to an Agilent 7700 mass spectrometer.
NIST612 was used as the primary LA-ICP-MS standard, together with a sintered Mud Tank Carbonatite apatite as an in-house secondary reference material.

Data reduction of LA-ICP-MS'results was performed using the TraceElement_IS data reduction scheme in software package Iolite [Paton et al., 2011]. Single grain and pooled ages were calculated according to Hasebe et al. (2004).
Central ages were estimatedifrom single grain ages and errors according to the formulas given by Galbraith (2005, p.100) using the Newton-Raphson method. All ages are 'model' ages obtained using a range factor (Rs) of 7.50 um.

Confined track lengths (TINTS) were.measured as true 3D lengths using FastTracks and are corrected for a refractive index of 1.634 for apatite.
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Table 2. Single grain apatite (U-Th-Sm)/He data for detrital and crystalline basement apatite.

Mass Corrected age Grain length Grain half 9Grain
Sample No. Lab. No. He# *He (ncc) (mg) *Mean F;| Uppm [ Thppm [ Smppm Th/U ®[eU] ppm (Ma) Error (x10) (um) width (um) ‘Rs morphology
Detrital (Cambrian)
TW558 14392 46447 0.573 0.0068 0.76 23.2 40.6 54.1 1.75 32.7 27.6 1.7 213.1 56.3 66.8 oT
TW558 14393 46450 2.037 0.0106 0.81 7.9 5.2 94.2 0.66 9.1 206.9 12.8 220.0 69.3 79.1 oT
TW558 14394 46453 0.724 0.0064 0.78 11.9 8.3 314.6 0.69 13.9 83.1 5.2 168.9 61.6 67.7 oT
TW558 14395 46456 0.435 0.0042 0.73 8.0 11.3 34.2 1.42 10.7 108.1 6.7 176.6 48.9 57.4 oT
TW558 14396 46459 0.056 0.0078 0.78 31 4.1 95.2 1.33 4.1 18.0 1.1 192.5 63.6 71.7 oT
TW560 14413 46462 1.350 0.0105 0.82 106.7 15.3 63.9 0.14 110.3 11.7 0.7 136.3 87.6 80.0 oT
TW560 14415 46468 0.650 0.0077 0.79 49.6 5.7 94.7 0.11 50.9 17.2 1.1 99.7 87.5 69.9 oT
TW560 14416 46471 0.147 0.0037 0.72 23.8 17.5 226.4 0.73 27.9 15.8 1.0 171.2 46.6 54.9 oT
TW560 14417 46474 0.080 0.0113 0.81 5.5 5.1 36.6 0.94 6.7 10.6 0.7 199.7 75.0 81.8 oT
TW560 14418 46477 0.911 0.0072 0.78 8.8 7.8 20.4 0.89 10.6 125.1 7.8 192.2 60.8 69.3 oT
TW670 18757 62411 0.068 | 0.00264 0.70 15.2 16.0 227.3 1.05 19.0 15.8 1.0 114.0 48.0 50.6 oT
TW670 18758 62414 0.680 0.00193 0.65 37.5 59.2 441.1 1.58 51.4 85.1 5.3 114.2 41.0 45.2 oT
TW670 18759 62417 0.133 0.00133 0.59 9.4 41.4 220.6 4.39 19.1 71.4 4.4 109.1 34.8 39.6 oT
TW670 18760 62420 0.121 0.00171 0.63 14.1 43.8 169.3 3.10 24.4 37.2 2.3 104.0 40.5 43.7 oT
TW670 18761 62423 0.974 | 0.00226 0.69 52.2 20.0 294.8 0.38 56.9 88.9 5.5 83.2 52.0 48.0 oT
TW670 18762 62426 0.091 0.00280 0.70 211 15.1 201.7 0.72 24.6 15.3 0.9 80.9 58.6 51.0 oT
TW670 18763 62429 0.700 | 0.01311 0.82 5.5 5.9 57.9 1.06 6.9 76.1 4.7 185.1 83.9 86.6 oT
TW670 18764 62432 2.475 0.00482 0.76 33.1 17.6 282.5 0.53 37.2 146.9 9.1 150.3 56.5 61.6 oT
Basement (Neoproterozoic)
EP-2 18750 62393 92.569 - 1.00 - - - 0.78 - 390.1 24.2 - - - -
EP-2 18751 62396 54.245 - 1.00 - - - 0.74 - 458.2 28.4 - - - -
EP-2 18752 62399 35.246 - 1.00 - - - 0.38 - 327.3 20.3 - - - -
EP-2 18753 62402 37.197 - 1.00 - - - 0.76 - 289.4 17.9 - - - -
EP-2 18754 62405 22.686 - 1.00 - - - 0.27 - 205.3 12.7 - - - -
EP-2 18755 62408 113.722 - 1.00 - - - 0.41 - 442.5 27.4 - - - -
Durango apatite
Durango 14466 46390 6.379 - 1.00 - - - 22.86 31.7 2.0 - - - -
Durango 14467 46519 2.452 - 1.00 - - - 20.81 31.0 1.9 - - - -
Durango 14527 46554 6.289 - 1.00 - - - 21.16 31.3 1.9 - - - -
Durango 18756 62380 4.628 - 1.00 - - - 16.31 - 31.5 2.0 - - - -
Durango 18793 62489 3.895 - 1.00 - - - 21.34 31.8 2.0 - - - -
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Table 2. Single grain apatite (U-Th-Sm)/He data for detrital and crystalline basement apatite.
“Fis the a-ejection correction after Farley et al. (1996).

°Effective uranium content [U ppm + 0.235*Th ppm].
°Radius of the equivalent sphere;ofithe,crystal.

Grain morphology - OT = no crystalterminations, 1T = one crystal termination and 2T = 2 crystal terminations.

Note: Durango apatite reference 'material (31.02+1.01 Ma - McDowell et al., 2005) was run as an internal check with each batch of apatites analysed.
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Table 3. Single grain authigenic apatite (U-Th-Sm)/He data.

Sample Lab. No- He# “He (ncc) Mass (mg) *Mean Fr U ppm Th ppm Sm ppm Th/U b[eU] ppm Corrected | Error (+1c) | Grain plate Grain plate
age (Ma) thickness width
parallel c- | perpendicular c-
axis (um) axis (pm)
TW650 14420 46483 0.164 0.0216 0.82 17.0 25.3 41.4 1.49 229 33 0.2 92.8 304.7
TW650 1442% 46486 0.355 0.0282 0.83 20.9 82.0 36.9 3.92 40.2 3.1 0.2 107.0 324.0
TW650 14422 46489 0.206 0.0220 0.82 23.5 325 53.6 1.38 311 3.0 0.2 89.5 312.6
TW650 14423 46492 0.157 0.0142 0.79 26.2 25.1 49.8 0.96 321 3.6 0.2 73.8 277.1
TW650 14424 46495 0.156 0.0240 0.82 16.9 20.7 40.3 1.22 21.8 3.0 0.2 92.7 321.2
TW650 14425 46498 0.166 0.0285 0.83 19.4 18.1 38.9 0.94 23.7 2.5 0.2 94.8 345.8
TW651 14432 46501 0.108 0.0068 0.74 28.7 46.4 155.2 1.62 39.6 4.4 0.3 66.0 203.1
TW651 14433 46504 0.134 0.0082 0.75 32.8 147.6 150.1 4.50 67.5 2.7 0.2 70.0 2154
TW651 14434 46507 0.128 0.0087 0.76 27.3 53.1 115.6 1.94 39.8 4.0 0.2 76.2 2133
TW651 14435 46510 0.086 0.0105 0.78 24.0 33.8 128.4 1.41 319 2.7 0.2 84.2 223.1

®Fris the a-ejection correction after Farley et al. (1996).

°Effective uranium content [U ppm # 0.235*Th ppm], which can be used as a proxy for radiation damage.

Note: Durango apatite reference material was also analysed with these samples (refer to lab nos. 14466, 14467 and 14257 in Table 2).
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Table 4. Single grain zircon (U-Th)/He analytical data for D- and A-apatite-bearing Cambrian siliciclastic sediments.

Sample Lab. No. He# “He (ncc) Mass (mg) *F, U ppm Th ppm | Th/U ratio b[eU] ppm Corrected | Error (+1c) | Grain length Grain half Rs dCrystal
age (Ma) (um) width (upm) morphology
tit ing|strata
TW650 14426 46129 149.064 0.0155 0.85 116.4 65.2 0.56 131.8 559.1 34.7 274.1 69.5 83.2 2T
TW650 14427 46132 128.801 0.0103 0.82 128.8 105.5 0.82 153.6 631.2 39.1 218.6 67.9 77.7 2T
TW650 14428 46135 153.018 0.0141 0.83 137.3 110.2 0.80 163.2 519.1 322 284.3 62.8 77.1 2T
TW650 14429 46138 46.662 0.0077 0.78 99.4 73.1 0.74 116.6 412.8 25.6 265.3 45.5 58.3 2T
TW650 14430 46141 165.026 0.0086 0.80 9050.9 295.9 0.03 9120.4 17.3 1.1 243.5 52.7 64.9 2T
TW650 14431 46144, 190.250 0.0183 0.82 157.1 93.5 0.60 179.0 457.5 284 265.1 60.9 743 oT
TW651 14437 46147 321.108 0.0139 0.83 507.4 147.5 0.29 542.0 339.1 21.0 302.6 58.6 73.7 2T
TW651 14438 46150 28.870 0.0077 0.78 53.3 309 0.58 60.6 485.1 30.1 260.4 46.3 59.0 2T
TW651 14439 46153, 56.155 0.0088 0.80 64.4 48.0 0.75 75.7 653.2 40.5 234.6 55.2 67.1 2T
TW660 18800 62557 59.033 0.0031 0.73 2783 219.8 0.79 330.0 453.4 28.1 165.2 39.4 47.7 2T
TW660 18801 62560 57.277 0.0040 0.70 359.4 137.1 0.38 391.6 291.4 18.1 248.0 309 413 T
TW660 18802 62563 8615 0.0024 0.70 47.1 4.3 0.09 48.1 583.1 36.1 164.0 33.2 41.4 2T
Detrital apatite-bearing strata
TW558 14397 46059 83.910 0.0052 0.76 205.7 368.7 1.79 292.3 438.2 27.2 200.5 45.6 55.8 2T
TW558 14398 46062 77.620 0.0050 0.77 213.9 196.9 0.92 260.2 466.9 29.0 183.8 49.1 58.1 2T
TW558 14399 46065 129.691 0.0066 0.76 288.0 2923 1.01 356.7 436.0 27.0 274.3 40.6 53.0 2T
TW558 14400 46068 104735 0.0049 0.76 3123 284.3 0.91 379.1 447.4 27.7 199.7 43.9 54.0 2T
TW558 14401 46071 169.558 0.0108 0.79 193.8 163.6 0.84 2323 528.3 32.8 327.6 47.4 62.1 2T
TW558 14402 46074 89.185 0.0090 0.79 120.0 219.1 1.83 1715 458.2 284 279.1 48.1 61.5 2T
TW560 14403 46077 129.181 0.0060 0.74 526.5 302.8 0.58 597.6 288.6 17.9 286.2 37.3 49.5 2T
TW560 14404 46080 79.011 0.0069 0.78 137.1 113.4 0.83 163.8 544.5 33.8 250.7 44.8 57.0 2T
TW560 14405 46083 52.619 0.0052 0.75 136.8 139.5 1.02 169.6 473.1 293 233.1 39.8 51.0 2T
TW560 14407 46089 43.335 0.0066 0.77 97.3 40.6 0.42 106.9 481.2 29.8 268.8 41.2 53.6 2T
TW560 14408 46092 48.156 0.0040 0.72 150.3 100.2 0.67 173.8 537.9 333 230.9 34.6 45.1 2T
TW639 18794 62539 134:302 0.0058 0.76 458.0 212.0 0.46 507.9 360.7 224 255.7 39.8 51.7 2T
TW639 18795 62542 93.332 0.0103 0.77 124.4 137.6 111 156.7 454.5 28.2 387.8 41.2 55.8 2T
TW639 18796 62545 88.372 0.0087 0.77 154.7 165.3 1.07 193.5 416.4 25.8 288.6 45.9 59.4 2T
TW639 18797 62548 15.356 0.0148 0.85 13.6 2.8 0.20 14.3 561.9 34.8 272.5 67.6 81.3 2T
TW639 18798 62551 131.069 0.0054 0.73 851.7 971.3 1.14 1080.0 180.9 11.2 274.0 36.3 48.1 2T
TW639 18799 62554 138.749 0.0119 0.81 1451.7 918.7 0.63 1667.6 57.0 3.5 257.4 543 67.2 T
TW670 18804 62569 27.848 0.0048 0.75 83.5 56.0 0.67 96.6 469.3 29.1 220.3 40.0 50.8 2T
TW670 18805 62572 103.816 0.0084 0.78 166.8 152.1 0.91 202.5 479.6 29.7 262.2 48.6 61.5 2T
TW670 18806 62575 45.957 0.0064 0.79 94.7 72.3 0.76 111.7 503.1 31.2 185.8 58.5 66.7 2T
TW670 19807 62578 52.272 0.0049 0.78 196.3 124.7 0.64 225.6 375.5 233 173.0 52.1 60.0 2T
TW670 18808 62581 87.979 0.0045 0.76 287.3 1235 0.43 316.3 479.6 29.7 196.3 42.7 52.6 2T
TW670 18809 62584 28.191 0.0043 0.74 90.3 345 0.38 98.4 521.2 323 195.8 41.2 51.0 2T
TW683 18810 62587 335.341 0.0156 0.83 572.2 352.4 0.62 655.0 263.3 16.3 3219 59.8 75.6 2T
TW683 18811 62620 68.930 0.0058 0.76 160.0 114.2 0.71 186.8 495.7 30.7 239.0 42.0 53.6 2T
TW683 18812 62623 49.175 0.0062 0.76 116.4 64.5 0.55 131.6 471.0 29.2 258.0 411 53.2 2T
TW683 18813 62626 78.002 0.0068 0.75 199.5 1425 0.71 233.0 392.8 24.4 245.9 41.0 52.7 T
TW683 18814 62629 74.966 0.0055 0.77 250.7 143.9 0.57 284.6 379.9 23.6 202.1 47.1 57.2 2T
TW683 18815 62632 95.837 0.0081 0.79 154.8 95.5 0.62 177.2 521.5 323 202.8 51.3 61.4 T
Fish Canyon Tuff
FCT 14410 46098 9.250 0.0074 0.78 3244 173.0 0.53 365.0 28.2 1.7 248.3 46.9 59.2 2T
FCT 14411 46123 9.774 0.0079 0.79 344.9 167.7 0.49 384.3 26.3 1.6 250.5 48.7 61.2 2T
FCT 14412 46126 5.908 0.0045 0.74 333.7 197.8 0.59 380.2 28.6 1.8 188.2 43.9 53.4 2T
FCT 18689 62536 8.730 0.0060 0.77 366.9 181.4 0.49 409.6 293 1.8 236.9 42.8 54.4 2T
FCT 18691 62747 6.499 0.0037 0.75 456.7 226.8 0.50 510.0 283 1.8 175.3 41.6 50.4 2T

°F,is the a-ejection correction after Farley et al. (1996).

“Effective uranium concentration (U ppm+0.235 Th ppm).

“Equivalent spherical radius

“Grain morphology - OT = no terminations, 1T = one termination, 2T = 2 terminations.

Notes: Samples TW651 and TW660 are from different beds of the Netafim Formation at the same locality as sample TW650 in Nahal Shehoret (see Table 1).

Fish Canyon Tuff zircon reference material (28.3+0.4 Ma - Gleadow et al., 2015) was analysed as an internal check with each batch of zircons analysed.
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