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Fig. 2: THE EVRONA PLAYA - MAP OF FAULTS AND LINEAMENTS
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Fig. 4: TRENCH T-16
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Fig. 5: TRENCH T-19
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Fig. 6: TRENCH T-18
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-NINIPI DMINNRLNN DPMTN MPPY VWP P Y1 ;MONHBRLVNN TN PVITNPDTN

0T

27



D1ONNN PYOIT INSN)

(Holland & Blundy, 1994) 9pMO9 TN 3 Ca -1 Na MOMVY 295 MIvmnIn
Hollister et) 17152713 DYINON NDN 197 MIVMII 1PN ,700°C -3 SV NIMLIL ANRIN
(OM»P 10-6 YW Dpny) 1P 3- 2DV DISND NNNIN (al., 1987

Stern & > Yy U-Pb NV'W1 12NN ,1 7NN IMNI ATV VIIT-XINIP INNTH DNPIN
NNWNI D2 MTTH .Y 9N 63412 N LIpRNY Mynn D .(97ya DMIT - 1995) Manton
DT D% IIXM ,NONT AMRND ITINNY VIV NANX DYIMNN DY K-Ar nLIvI

DY D>MNY THMPN HINDIV RVIANNDN YIN INYND AMTY MNMP T VIWT-YINIPI
NI PRI DMHVDWY DM VMINT Y INPN TN DWAM MMPN3 .S NTMODPL
AN 2OTNINPD NN NOYI INDBN OPONY (4 TPNR) DMIVHD MIVYY 1IN DINRY 1WN-
DPYTN MNDM VIIPT-XINIPI DXMYY 1INIY IYN .DPINNNLN D'P1T BN YN DMV
25V N0 PSNNM ,INND Y0NPP NI YOI MT-XINIPI NOWONY T DY DIDYN DIINNRVNN
NN YN DY ONYMIDN IR 29 YY 1NN DPRN VXINT-YINIPI TV DI PINMOTH
2YY HINNOTN NPNY AN 12 29 HY X W9 Y9NMMINLN-MVPL VY] (Heimann et al., 1995)
AT OIMT-XINIPN P YINN DY TN PN YNY IMDSN N IV ,HLVP VW T-\WNIPN
L2 X)) MOMNNLHN

{Gilat et al., 1993) POUMD YINT MMNI W WX .1.2

YIRIN TNNY .POOYM YN NID) ANTPIN TONYOINN NMPNIN AN 83 NPOnY yon
MONN NI NNIY NN 14,0073 §,000MN 20°01 23 ,0771TN-TN DNIAN 12 DY 0TIV 19WN)
0NN AN .DNTOY 1IN "WV (millstone) DPNI MIAN DY 37 190N INSN) NTIIYN YINNI
TOANY DL MINY AR .LIIMT-YINWP 123273 N7D 30 -1 NI N0 80-60 1AM NP
MIA3 NINIY 29I ,AINN .0INT-YWNIPHY DNTNN XINIP DY DN MYTY v 3NN I8 NPan
APAND APON PYNN ANt 20 ppm TV XINIWP WPV NYINY MDD NPT NPIAR ML NOINN
NN 0NN NANA PT MINY PNV 1PN NN DYV DYIN IIN DY NPIYI M KOO
AYYI XY O MM 9 AN .0 DY MNT 1MNd T Dy N9HVVWI NV NPIAND TINN 3NN
002 DY ,TININ INND AN NOP 0M Y APTO NPOON DY ,NYINX X190 NN MNI XON NN
ANNTPMN TPNYDIND NNPNN) NPV MHPYYM TPPNWN INHNN PV NNPND NI INSNIY D'OIN
»H23501 DN ONA OMINA IR N M APPIYA NYA 93D Y DXTHY X WK DIRINND TINn
YO AN WX

JTYD A0 MNIT ONWIPIM .2 NN

DY P DX MN DY HAYAN YWNN AN MK 1N DT 3N MO Nosnl
Y IONNINVNN ATAN NN NN DINT 29Y .2WN3 NNOY IM NNN-D1ITI NN YN ,NOSI
APAMN P VNN NN AN NN 295 TNV VNN .DYVNI1M DM, VDY 1NN TN YN
NMNINLHN OPLAMPN P qUNI LYIT-XINIPN TV VINT-YINIPY TTII Y1 DY 9 NHINLHN
’ DD AN DY VNIVM
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VM (1 (Weissbrod, 1961) TT17 w1 DY LIINT-XINPN TINd ONTN VYN VIV MY
DOPTI YO ,ONMIP (2 (NNNY HN) MN) TN ¥N'DY MAsT PN MYNN ,1ONI
LT AN YW M0 DR NI PONS VNN N (3 M) VIWT-XWNIPI DNPDONN DTN
ST Wi DT A AN

TARN NN M YOD DONPOM LYM NP LIVPIMYY ,19DTY9-K D0n vHYMIPIHN
VNN Y 2HPYHNN DPLMINY INIANN PR NPNIAD DINAN MDD MINI NN PYSN 0NN
NTITY TPIHMOTI PIPHRY MOPLP NMYINT SY AYNNI PIONN DT N MDY Oy VIMIPHN
PN MOPLP NWINT .PDIM IDTIV-ISINIP DPMILVN TINI D9Y DHIPH-7IY N3 Mo
TR MHYPLPN TN NI KXY .10 DINK DWHDI XY NI NINNDN LWT-XWNIPI MM
9T VAT-YINIPI (VINYI ,MPI) DVPIDIY DY DM NDDNM 1PN .VNMIPMNL
DWPDIAN DT VIMIPMINY Ty ,NIMIPNA THEINING 13 NIBM YOON Y RN NDI1D* AN
T°I9 191N NMVAML-YND MNIN DMINI 1IN

J3mnn
ST MY DTN DMLV DWITVM MINHBXRLHN NP P N 3.1

1N, TR N VN DIMWT-NINIPN ONIMIPMN P YINA qGUN) DT 30 T
VIT-XINIPN P WIND QYN YNNI .DMIWT-XWNIPN TIN R LHYNN DY MPNONI PNIND
IOIN YV ,TN WX ,D"n"[-‘f'lN\pb VYMIPNN PI N T M VN .D”D'!’IDNDYJQ DYYOUM
.OYNPI9DN NN 5¥ DHOLNINN NN DMHNNNLY KD DPNT T Sy TOMM MNIVIN

JUNT ION - TN YN DY DPINDNLLN DWHON .3.2
MMPHNN 1173 1PN MNVDY AYMN NOYI TN w1 DT HY HONNBRLHN DTN .

TY PONY NN THINIR-NN TY THIAIN TPONNNRLNN TN TPINDIVN .VIM DY DVOINPOIND
(4 AOR) FPAR-NN NN MMPNI NNMON MINIY .(1980) Garfunkel DI PISY 29 NN NOY
"IN DRIV TINI ,NOTVID APNNIT VIOV K¥P11 SY 013N IIMN 29MINVNA (fabric) MIANN
Sy DOPYY DYDY DI/ PITIN 23772 WPPIYON .MM NMLDPLI PN XN
OPVTIND WPMIDAN TEY DYDY WD MIND XY 20ION 23713 P19 .0MYNY 1BDTHI-K

A1, ISHONIN OVW POAN 1Y TN VI OINT HY MANNRLNN ATNIN DT DPON
VI79) YOIPIPNY 253 MIAIY OY YVIPNNDN 129N MOV Y PNID H51ON A7wWn Man ona
DNV NV YPY DINT MANNRVNN SN YLD HY MMSPLNIN MITI DMPY (7 NN
AN (Johannes, 1988) 123913 2170N VNIV NINNI OMNPM ,D>TNN DMIVN YV ONYP
NYINWNN DVOLVNIY DY N NIAN NN PON KN ION NN NOWNIN NPONNDNLNN
{1995) Gutkin & Eyal D3 29»8W 592 0™ T-XIWNIPN DY 1M1 10123 TIRD

2VPL INPNY TINYN DY ARSIN XN (FIINID ININY) DOYID HY >9MNNLY AN
WNINNY DNVPOLN DIONNN NMIANT MYD 513> TTHI Y1 DT DPONHBNLHN DMIANN HY M)
3959 DY NN TPOIN TPINODIY NIV NN D00 NY PITYY DPOIN ,01I1INPI9N 1D MNI
IMTY D200 XY MONNRLNN AT WID PPN NP N TPPAN MASPNN YW INSIN
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¥ PN L)Y .00 YV (pressure shadows) YN 19HNT NOP MIVDION VYN ,PMYNYN NPV
JPPON MINPNND (0DY0P1T) Py NV NP TTI Y DY MONMNLNN 1T MHIANN

MO0 YINY IPANM VYUBIDN NHDI VN LIN DY DXVOIIIPONG N3 7NN
AMMTINDS) VPN LI DY BT DVTIATPHNG DYPIN MO >TNI MNNNI YOUN *OWNn
T AN A’H VIVTNP-VINN GOND TN Y1 MNI DY DI (OO VPTNP NN
Feﬁy &) LVNI-VIN Y9V PIVMNIN TN YN OYODI INSMIY I AMAIN MONNINLIN
DWW MINNN MNI .700°C -1 S¥ 1MLV NNARIN NI GONND DINY YOO Dy (Spear. 1978
DN PN IOPMILN XN OMVAN (pressure shadows) YNY-DON DVLOOINPINON 2220
VINNY DPMIM ,0INN HY DXODINVINN DID DOMPHR DIHRVRONN .NYON MIVND-N

20NPPIO-N19

4 nn
ST YN HAMDNOLKN PN DY PN 4.1

,M5IAPH M DY MHANT PIANND NNLY 17 .TMINIVN TN YN MININVHN AN
NI2°30 ISPLNVHN NIV NPHVDWA NN NN R’ MOTM OTAN DIV DY 2y Mdya
TPNYIPNI MNIANA NPV TPINNON DY PIIVDN TN DIYN) MNSIN PA DYINN .03
X7 1N DT VIV 1PN 2A2IWN NN JYI VINVIIY DY AIT APN MONNNVLNN NN DY
NN (DHNN) YUNM (VDIWN) PONTIR 177N ,32IWN IVINTD-2NVIV X 1IVINTD-NPOIN
DT DXVIPVONT NLIDNY DID MPTNNN NINHLNIIIN NNIIWY NPTV DY

.DMVIPNIN DWIPN VYN INN OLIDTHV-ININIP DM NI AT INNI NYND YHon
0N YY I AN ADINN HYI VDWW XN NIYNN YIDN 13 NN PNIAND 1) TNl

.DMVIPVEN

12°300 YD DNINNNLD DIPNT P TV YO 4.2

Weissbrod,) 71717 w1 DY MaMNXLND NTMN OXIANIN ONONNNLVY DPM»T YW DY)
M)AN5 NMAPHN ON9MNNLY DXPNT HY NNX NNIIAP ,NPIPY MNP Nwa 0 NIN (1961
PYIN YOO (HPUITNPOD?T) MY MIAN NIMN NINKY (TPLITNPNP) NAXA0N YOO W r9MnNvrn
HPPISY ,VIVNI VNPVPN ,NNVDNN OMIPIY DWINI DIM PHIVDIY 1PN MNIIAPN PNva
D3NN DI2¥1 DINDN DPLIPNINN DYINA MLITNPDITA NP XMWY (PIHN)
JNOTYVIN Nl

(Holland & Blundy, 1994) tYp1159) NI DXDIHN THS NNYA NHVMIY NPI0NININ
VDY UNDANN DXINO INONNNRVN NIMNINN 640°C DY NNVIL DIYIIT NN

TIT2 O DPMTN (5 IR) DT - NAY NI MUITMPIPN NIAPN SW DP» TN NI
VINM D91 DPM TN MIP MMPNA 0¥ TN TIND 9N 19INI MNWHN ' 1Ty S »2ya 55
Yy YW IWRY PNINY AON DP1T OINK NPYY 1M DMIPHNN 171 TN WX N1IA0N YOO DY
aMA 935 MPPY NPIAPH-NM NP MIN DOVITNPNPN DPNT NN .0MVN NIWY
JOPOIN-NIN WN IR0 MMM Yy ISR TN

30



<N

LEGEND

—— Foliation
..... Probable Foliation
— — Lineation

Im .
—

Migmatite  Discordant

Schist Dike
lm
—_l¥
Porphyritic  Discordant Migmatite

Dike Schist Dike

Migmatite
NG AINND N2I0N YOI D19NNRLVN OYPNT PA DMLNID NTY 20N’ (a) .5 N

;34 NN N22200 YO0 PINI PIT ,OMINNNRLN DPMT P D1VNID ATY YON (b)
.10 71NN 122300 YOO YMHNLY P1T PI ONPVNID NTY ION )
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DWW DPMTA (5 TON) 2N - NRND NI MOLITNPOTN NNIAPN DY DP»T Nd
PPN DI VINID DI TNND DPHTI MPP PPN TIND MNWHN M 2 -1 DY 1wa 550 71T
PN TY N20I DPVITNPDPTN DIPNTA MHINDN .OMOLN MY DY PHIND ONINK PYD
TISNDI9 NN HIN TPPAIN-NN DPIIN TPIND YNWIN DY MINPIN ISTNINPD MINn NOYN
21 down-dip 3°37 NOya DMLY

MIYY TNRY qUN) POTN .POITNPDITA NNIAPNN 29NNRVA PMT qUNI NN MNI
NN DXXIN OMIN PIOTI MPP 2N - NRD WY PPIVDN NP L0103 -D P DN
DN SV 02N DN Y- NI P1TR YID (ba IN) NINNN YHDN DV MINNON
DMVIPIPNY DN IINN IPYNNNY NMOOPLI DPMIVN TN (MI1DMNN ,VVPI) D’OIPNIN
YV TPENYON NN DM NOTVIB NPNIT DIINND D»VIPNONN DMIANN .(OPMLY XINIWD)
IPLYLMY L(IIPPIZS XINIP) NPVLIPIPND MYTY PP TN DI MMPNHI .YHoN

PPY NDNAPN MININEN POTN VP T HHTNIN1O AN NYYI PHTN YO HY HINDN
D IPIONID NPN TINNGN (6 XY PPY 40° TY YW M N9 NPT 1IN
YW NYN 1D VPO TND TY ATH IR WA PPN DY TARD 1TINT PPY D1IpPnn MINN9
A6 IN) NDIPN-NN NI DTN M PNIOY PPY NI THINDON PPN TIND 1N
M0 YY DMWY WK DHINONON YT DY "DIIDMNNT DWPY ¥ PITI MIP THIRD Mmpna
(6 IN) DYPWN TINA DTNINND

TPLITNPDTA NP .DINN VDN LIVH PTLI DPTN MIIP NV DY TN Hond
APNR) NI AL DY TITI AMKX NVIDM HPVLITNPNPN NXIAPT NN MMPH 1VONI NOMN
TPENINON DY DDNINDON MIANTND NN MPPN TIND APRIN PO DNNN IVONN P (Sa
19V N2A0N YO0 MSNONON NVIY NINND DOOITNPOYTR DPITN RPN I NN .OP»T]
MINN NNNONNY ,DMVITNPDITN DPNTI THINON/N .DXVNPNN PR DPYTN MPP NINN
YNl 00N 0NIANY NNITA ,NI2I0N YOU YV MENMIN NV XN QN DINND ,ONPTN
TNHYNN NN 137D IWANND N DXINNN AON DYNMUPIVD DO (Avigad, 1984) NN
.N2°200 YO0 Yy Nyawn XYY 0MOVITNPDTD Dp» T2

,POITNPOTN NIAPAN POT TMN PVITNPNPN NXIIAPIN P»T DN 002190 TN >ON?
DPRY MMPn DYN X ,NTYA INY PHN PINKD AIPHNY 1PN (5b 1N) DN N DYam
DPYTN MNP Y NMIN-1I NINMNN TN ,DPHOTA MNP P2 D»OYIN DXONN NN NIPWN
mwn

TMIMNNLN-INVPY PNVDN ONNIN TTIN YN YD 1) Prond .]m 299 NINN TN
MAND NPIT NYP NYKRIN TINNOTA WIIN .IDINNNOT OMIN OIY MNSY NOON IIN
THPINIDIN MY KD M HIGNNNLN MIAN .DMVITNPNPN DPMTM NIIADN YID DY 19 NMINVNN
MYP NIUN DHINNOTI NIN .TPPAN MIASPNN PSM PN TDINPY INMON DPYY DMIIN
TPINIDIY MNYM HDID DT INNNINLN MIAN .DOVITNPDTN DIPMTI P9NNINLVNN MANN NPY
YIONN DIMNNY AR POTN MPP TIND YN AP MMPHNa DIINN DY TNIND
JNX OV DMV DMY DP9 MY DNSMN DN TINNNST YAV NIV 1IN T NN nn
AMPIBNTMN PINND NNXAN Sy YN MW 1R N NDNTI TN TOND
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a <N

Equal Area,

Migmatite

g/

C Equal Area

LEGEND
—— Dike Wall
Foliation

HANONSN NYID NI N300 YOOI (3 INNA WNINNDN) YVITNPDIT 29NHDNVY PHT DY (N9N VIN) NTY Y0NS (a) 6N

[ AY] iscordant

— foliation

Im
—

{0 NYYNS) INIDINN YNYINY DIVPI MHMNKIVD NIVYN IS 4 - 1 MTPIA TN P»13
OMLYITNPNP DYINNDNRLI OWPNT VIONN YVITNPDIT Y9NDRVLN PNT DY (NON VIN) NTY YON (b)

33 INN) VAN PITY HVITNPNPN NNIAPNN P1TOT LY NLON NOY THNN

PANODON INYIND DIVPI NOMNIOD NOYYNIANIM 4 - 1 MTIPIA TTNI b P1TI MIINDON Y NWD 11 (c)
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NOY N9 Myan - Au-As-Cu v mpsvdown .5 mnn
(DD DNINNIN NINN LYON PATY NN PN ,APY YN ,YIa D)

.DYN) GND MNMIITA JOINY AN DY MYNNN NNZIN NDX MNI MNP TOna
SN0 T N P, 1423/8887 .80 MIADI in situ THIXHOIWIN DY NI NI DT O
DXPMT YT DY NSNN LPUIIPTXMP 2070 Hya DM TINA 7NN HIIHOINN (2 IPNR) DX9V)
9173 MIXMNN DY DXMNI XN NLYA M9 DY SHYIPNN DY 7NIYI .D1DDI DIV
(P09 NN DXOVIDIRD INTNNY PN PID YIAND DV DY OIMN NN-DIN YN
NNN-PAN) DM DV TSN PP T DY Py NVOWI MIHYIINN NN DY IVMININ
D3N DNOP XMP HPNY 20 DONY 10 122200 YOD ISHYINN NI P L(2IWN-011T -
M NINI IIMN XD_DTOND .10 O NN 29 Dy 5111 MNN DN DPONIY D»PNN NN
13921 LXPNPYI ,L>PA-VDIN HY NMILP MMM DY DXVIDINY AT D¥INA X MP >PNY DN
ONND 2WN-01ITN 00N 500 - DMISH

DOIMINY DNVLP IINY DOT) TINND WPYI DMYH DPN N INNT 1MITINY D9INN
MW PON .APY NAONNN INSIND X N1IID YOV gangue NYNI NI NONON DNPNY
N31IP2 93N WY VXYY L1 AN DVIDIN MY .TPINNX NI DWW 0MINN
solid solutions NMY NNMP .NINY PYY VIXIINP .2 :(adelite) VIITNN DY MHNOPIIVOININD
VINDINPN WND ,PbCuAsO,OH duftite - VYT 1’2 conichalcite - CaCuAsO,0H V351P 12
D>12NN YT DY ITINY plumbian conichalcite -2 132772 1P W MY N3N NN DY
DXI0MMN DXTTA OYNY DMNNTII N ONITXIND DWVINKI YN VIXYINPN .DINN
NYIAPN .(7b) MNIN VNN N TP MNT DWW (7a TPX) 0MINY DY) NNIDND
VIVON V9N 12 .LVDYNY VIDLAIIR DI MOLYIN MMNIA VIT LD 1IN DVINDA
Sv VPNV (7b) NPV ,(7d) 23T MXIVND - 1IN APNNIXR MINI YOV (7¢) Y9N0V TN

) AN LNTIYN DPO) MTIN OMPTY SEM Mp>T132 >9 Sy (7e) 10N 9113 10 . nvn)
NN9MNN NNINRNNN NONNN AN 29NV 0112 D) TINN 1WaAN VI ANT PPN 19N MNS
YT DWW YO XIN :NINNT DIND NNYPI TR SHOIINN NN NIWYHNN IMD Ov
{7d) Y1920 MXMNN DY MHINIXIONI MPYT "MPV"I X (7f, 7g) DXVIDINN OY TN 1y -3 Y
Ty YW Y3 ,D»VINT , DMLY DXNNI NN YN NADI DMNINNN X MP 29N HPyva

.thiosulphate DPY9MPI ¥3 2Nt 3 NINY w1 (7Th) 20u

TP AN MNMY MMABPIO VLIVANP .6 NN

Sy N9OWM NLYN M9 DX YN NYNINND MONNIRLIM TEINNNT DNV NN DPD DY
.0V DLITD DWYWPIY 1YY VIYAN NI NLWN M9 DN NYNNN .01INNRLNN DYIDN
D»I2NPION P DXINN VDN YA MMVINVIX KYI TIT PUPIIIND 1IINPII VL IVLINPY
VIMVANPN (Weissbrod, 1961; Garfunkel. 1980) M NWNN >3 DY 1IXNY DN XONM ,NIHOX MNI
PIANPION MNODNN NN NNMOHNN MIVIPTO-UPINN NITONN PPN (1961) Bentor YT DY WNIN
221290 THwn S

DY 12 DN DINN LIMVINP GUN) MDD N MO NNNN D 150 -3 ,TT v 0173

VT XINIPA , 00NN ONPN NXI0N YION 1) WX ,DNN NPNTI NPONY Dyl OMv
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AD¥9MNP HY 0MIAND W) MNIAN TRV - a : 7 NN
D9MNN NMNPINID VA2 Y IO DVNR NNND VINYOND - b
OMOMNY TR VYWIN YA - C
AN MY DY IPYNTPIVI 9312 n¥enn - d
ADINY 9392, 1002 , NN 220020 9NN VYD - e
N9 WY LINIIMNP OWAN A IY AN W - |
DTN ANV - ¢
XOIMP PNY INNOVATITAN - h
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NNNN NN VINVINPT NHPON IN T DY DYTVN DPYNN (3 I1N) DNV DPP TN
99390 MAKINND DT 119N TN TIY MNN 2D I DY YISM P09)ad

ST VYOVDMD .7 NN

M1 YOON .AONNN N HY MM MNDLIVNLI WV YONNNLN YOO NI VDD
DOMNY PN DWININ .(Johannes & Gupta, 1982) (mesosome) DWNM) ,(neosome) DINNI P10
OYNNN .(melanosome) DRNON - DD DPT DO 11PDIWA WK ,(leucosome) DIMPNY - D PN
APN) VIVNIMN AN NN VNV HY PN AX MYN NPLDW X NPDMN MM 10NN
8

MIPLNIN DY PYHDN MY TTIN YN DT MONNDRLNN ATMA DY DT DPON
S NPMLDWY NIAPN NI DINAINN WK (stromatic) DXINYN DXVXVVIND TP DIWN
DN DVWLNINN RN PNVTY MNIAN DIMNID MMPNI (Mehnert, 1968) MmN MPN3 MOV
.D»NYTY DXLVNMIM

NN 2 TY YA DIMPNY M)A DMIANWNN DIVIVNINM HY DMININ :02IWN DIVWNIN
L0013 P 9INND NN 0.5 TY 22T DRNOND PRIV WN YWD HPMY9 Iprva Honn
T YN DT ODM DYINNID N7 5 =D ¥ WHN DMMININ P ONNRNHNN DY DY
N VIV (VPPTNP MINX TNMTRDI) VNN VIN DY DVDIANPING LVNINI DN
V9N .OMPNII YYD TITA MNWPIHNN DMP) DWW DY NIWIYI IN DXVIPINIG DWW
2DYOPIAN I DY YIN YW

5 7Y 7211 AYTY DMPNY NI DHAYTYN DXVXVNNN YW DRININ :0PNYTY DLV
YT DY POIWA DM IWN LXINIPY PP IPva DINN nrO MIYY NN SV TN DD
TN MPT MBI YN DRVLNN ,MMPNI .V P DINN NN 4-1 21 ONRILN
PONa Y91 19UTH9-K (Johannes & Gupta, 1982) DMMIPND MY DY NN PINK DMIPO1IN
221NN VYVPINN TINT NNANN MNYTYN VYLD APHMPNON MYTYIN

WPPID9-12290NY (Ferry & Spear, 1978) LXVI-VIM MLIYI IAVYMIV MIVMIBIN
NMOYN NINNI ,DDIMNN MY 640°C -3 DY NMVINL Yy NY*asN (Holland & Blundy, 1994)
L9 MN) VIVPTNP + VIN + VLXWVPI GONNN 29 DY POIN WP 5 Ty Sw xNY .0»Owa MnNo
NMLBNLA DNN N1 XY (Powell & Holland, 1990) M3 YOP9N129NN OXINED DIPINRIN DX DNIN
NS XNV IN VDWW DNONND 9122 DY DN MIN NN DONWAN NYIAPNNN 1M AN
MNP Y

912 OMPND ((1976) Amit & Eyal :bwnb) ma 'n'nn N2 DYOVNI DYID MINIVN NN
Mehnert,) P31 2303 INNROLN FHINIVIINT YT DY X VNV DY NONN T Dy WS
PPON NINN2 NYP TN LVNIN NP PHAN I ANV NI TY VIINY DN 19 Yy (1968
MPYY MY NV (1995) Gutkin & Eyal D) 18W 9D ,70W9N NIN9D OM MNOV3A (anatexis)
YOIN NN NNIN (DMNYTYN IPPYI) DMNMPNYN DY NNOVDPLA N NI DI MTMY
NPI POINI NINN MAMNYN DY NIANM (D' P DINVYN TYIN DPINNNDI DY)
DO SV¥ NONN WAND ,TTIY DYOHIN SYID NIY AVINY ,ANVIML-YNN NTY .0OVNINN
YOI T-YWIPA NOVWAN NI OMD YIWAN NPN .JHPYNN MINSD D MNINV SIPHNLY YN 39712
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,DIMT = m ,DMINI = n .(Johannes, 1988) Y020N1N NIAN MNNONN DY YLNID NNN (a) .8 N
.DYNYTY DXLVNIN () ;0XANYN DVWVNIN (b) ;DNNDN = me ,DINPND = le

37



R
16 F a
ECLOGITE 150
14
9 >
121 Ji 40 g
%
< L2
=10 5
2 o
c <130 9
S gl T
2 :
2 ] GRAMULITE ?
a 3 2
6+ — C —q <20
Lt ! |
. /' 30N ¥ 1
oL 9 |
i 4 :
: g <10
i ¢ !
2 ?
i ™~ i
i ! £ Hils / HBL Hils / PX Hils mE ;
L H B ) S A i ——— J
10C 200 320 Q0 500 600 700 800 300 AC0
Temperature (°C)
5 - T H
1 N
- chist dike ™ . v b
= = = - Cuunet Migmanie I
= Cordienite Nigniaite — ! 'J_‘J
5 — - — \mphbolitc ’ ]
- ’{5‘5«{2;';’ Q-DMionite = [.
g - :
£ I
< th’ [N
v g '
Z 4 !
A
¢ p I
a 7 '
L . I
yd g .
i [
/ .
3 ;/’/, f
- 4// ‘o
ﬂ AL
550 600 650 700 750

Temperature (°C)
W1 Y90 S AMLINL-YNYT ATV (b) ( Yardley. 1989) D»9NNNLNN DIONNON INNNT (W) .9 N
YSIIAN TIVN (2) ;(£50°C) D9N 1Y VIVPI-VIN 29D MIVNIVINND Yy y3mnNn TN (1) 71N
I0MNAN Y YWNN TN (3) ;(£40°C) 0910 PPYNI] WPPIDI-NTIZNN 90 PIWNMINT OV
(6-1 5) L PTMP YY MPYON NTY (4) ;(1Dp £1) DYIPR OPYLIT NTIVDINNI DVINON NN *9
Uohannes, 1985) NHXNNA DXVOINN YYD DVIN DO SV (DD MNINI) AONN NMLVIMNY
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,Mehnert 1968) P3M 28N FIVLAVNY PN IYNIN ,DMIPNYI 1WOTYA-K DY NION .waannn
MIYANA NN TI2 YUIAN) POYUN LYN 5IN WK 1P OPVHYNN 1712 NPN YIDI 1I0W
TPONNNRLKT TR LYV DY NINN IWARY MV DY PIT MM P NOY MMLINLD (PO NN
DPN ON D0 (LD DM) OPIN MISPONIN 1IIY NI WK DOYOLD NDDIN TTN v DY
ST YA DLWVNINN HY VIIVINGN NIX 1¥D DO POYN DN

DXLVNINN YW MHNINN PNVDNN AN NI TINND PDI NYY) NIV NTIAYN NNONI
VXLP DVI SNV MXHINT PNYN TINNY VWV Dy (K-Ar NVIVI) D) NYIP MYSNNI
DNSINA NRNND MY PN 435 -1 535,700 -2 DN WIAPNNY D900 X4 INRND NNX NN
INSIND TN MY DPAY DY NN N ,DPOMNNLN U7 DY WIASND AN MY YN 700 Sv
XRD -1 SEM NP 721 198)¥ MO 7PIDOINII NMIIT Nopwn D511 NIysnn Excess Argon -1
SYnb) AYN YN 103IY DIYAND IMTI PNAT P ,INING NIRD DIDPOLINYIN NPH
.((1995) Heimann et al.

LOMNYT-YINID MAMNNLAN AN DY ¥INN MNI YDDMNN YOO .8 NN

P2 NN TNRD DT DIVN MXND TY MIWY DHTIY 09N 19002 YN VINIANND
APNY OPMIVNI VINDANN DY DOVINDP .2 IOR) LIVT-NWNIPM ONNBRVAN NTON
-XIIP DY APTN DY DWIASM UM T-X NPT DINDANND PA YINN NN 0NN YO MWT-N WP
NMMPNI .NTYVA DTN NI WA N DIVNIHAM VINDABND 12 VN DNIOANRD VIT
DTN AIRYA DINONON 1D ANYTR NN NOX NI PMIVD NOYI MMINDNS VIIDONNI
2NN POV MPINN MNNY MWD VINDANNT DM YI-MPT NPININID JTPINMNDNVNN
33912 YMIRY QORN MINYH WX IMT 20703 M1 MW (VP MTIAY - PIDIN) HPMION
VINONNT YI-MOIN NPININII (VND1I - VNTITD) 1357 HPMON POONT HD10N NI
DM»ONIAIP OPIVN DI INM MONT VINDANND G 3D HPMON VIOV 01NN 1IN
L33 UYNYD POV LLINOP 20N

-3 YW NMLI9NYV ANNIN (Holland & Blundy, 1994) 192199 N3N0 YW MMI0NININ
YO0 NN 92D (8 TN) YVDVNMN DX D121 HY YONDONNT ONI¥9N DY M PHna 735°C
Y9NMNNLNN YIIND 9N T YN HOYHD TINT 2003 1N DY UINPY X PPTI IXIN VINDSHNN
NND MOMDNRLHBN ATAY VIVT-XINIPA TTN NN INND .DOVNINN NPIY NIANY IPYN
DVNPHRM VINDONINM P VI 2% TN

OV NNXIN NN VINDIONNRND YOON 1TINNY DNDNKX DY K-Ar nouwa S nprTa
Bielski) 650£10 -2 Rb-Sr NLYWA TININ NYIN YN DN DHISMNNLNN .Y O 730+
(1982

LOMINT - XN TINA 29NHBNLY PMT .9 NN
DY NN PINT NI POVMIVT-XWIPN YIDN TINI I8N 0N IINI DY 1211 9NNNLN PHT
T OTRMPVD TN NI PHTA MPP DY AWITIND THINONN . TPSNNINVHRN AN
W0 OV TN IDPIN 1MW 9 O1IT-NAS WINIY MY YNNY 12w HY DOW POTA NN
I TN YN D90N MMPHI 01 VIMT-XNIPD TINI DIAXINA OPINNNLVD DPMT
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DWHDI DPVITMPOYTN OPPTN NPIY AMTA NI ,37yn NN 5D TITa AOND DP» TN
YINIPA NP9 DY DN NI DNINNDNLNN DP1TA NYIOY TPINMOT (4 IWKR) DPINNDNLNN
P OINNOTN NTYN Y0MY DMT VIIT-X WP PPN P TDINMITM NTYN 0N OT
(4 NN IWNINNY 19I) NMINDN MONNNLAN NTNI NI YOO DPVITNPOTN DP»TN
DMNSNN .PIONN OPMNON Y913 ,9TyN 19182 My 0NN ORI 10VON DPPTN 1 AN

SAMIND YVNPP PNV TI DY NYIANN VT NINIPN TINT ODPINNDNLY DP1T OV

10 mnNn
D) YV 51T LEHYPAMS .10.1

TONMNRLHN NN YOU TINA M B0 30 -1 Y 0P S¥1 )ITa PTI VIN VI
SY NENYPIN 59101 YVIPPINIY VINA VIVT-Y NP MNHNLVNT TN PI VINT NIXA

TN NMLOPLA HPPILN WP

JPVITNPOYT NSTAPNN 29NNNVN P»T .10.2

MENODON MY HVWVNIHN YIDN TINT AN DITNXR DXIVN XY P9NNNVY POT
(T4 9PNR) N2I0N YOD YW 9MNINRLNN MIIAND NN DI DDV PN ONT 2957 O NN
NP ONM (T4 IN) SN NWN Dy nNMEnN (down-dip) 9T TNN NI TSNP
Y DMININDN B35V YN AYNN DY DYNN MITRINID AN PPTI INNSD AT P
(%0PIT) PMY ML NASM W YRV 1P TN YN DY MONNDRLN-MVPLN MNLVDNN
DIMMND IVWN DPO DY DNPR MPPTI NNNNRD
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DM NN HY DONI DNIND DY DPT 5545

N TV POV IITID JOP N
DYV, NIIYN NVIDIANIND K"NTI WTND 10NN

NN
NN Y DM»PYLDIPN DXONI PINRD VWD AR MNAN YOO MTN IR PIND NN WON NN
SNHNI PRV DPODINMOA Y NNV DY DMNDIN 0PI ATV DNYNNN TOVN DIDN

NUTITI YV PNV YNV D1IP NN YY DOIIMIN DNDRN TAK IR MNP O2N-23WN TV NP
_:(Bentor, 1985) n»pry nramNn MING ¥IIX DO ToOWN Y MMDIN

MTIVON 1PV NIDWM N MIND .TMIMPIN N30 YO0 1013 DAIPIYN MEINN - (wn ~900) I nne
181V oceanic plateau Dm¥»n MTYLa DInNN D oy Stein and Goldstein (1995) .o 3m
AT AINGD 13 PR 2NN DINTA PO ONSLVYN DY OV

DYHD SVHNV-YVRTIN 123 PPYI DIPYPIN-POP DWHD MITO MISNN - (w.n 650-870) :II mixe
LDV XNINTY) NYIN MDA DI DOVN) BN DN, TV HY DPMITN DPONI 1Py D¥NWN 1T MNIN
DN NYP YW N0 N IR DIV DMIPIND MIAM (NDX YVNN UM ,NT0 DM, TN DM NN
AStern, 1994 1 p1ov)

N NG WOD DV T-IVNN 32773 POV ,DMPYPIN-PIP DVININI MISNN - (w0 600-630) 11T mixe
NOIN VN YT DY N AR MSPN 2N DT (D2IIN ,10) TOWN NI NMYNN NLYAN 70%-1 DM
TNNNN ON NIYY 137 NN PMIAPY MIDMANN AYNINN R IR N0 DIXIPY .VINN 1PONY VI M
T13ay-nnn) Manm

,DOONTIN ,MYT) DY D22 OMPYPOHN DWOHD SV NPTN MNI9nn - (w.n 540-590) IV mino
-NPON DINN NYNNI DAY DP1T NPVTNI THPNNN N MNI (DMVNM DIVDYPI, DVINT ,DXUMNNM
NINSN MXPN 2N DINTA .NNNN ONIN DINMIND MYNIND Dy DX DYNn 022N OXTINNN D1VOOP
D29 DPMT NYNIND L UN NDIN VIIIMINN ,DIMY VNI VIV VI LYINN VYN YT DY YN
ONONA WON 1M DTMY DNOY NHINIVIM MY MINON YO

NN IVITO-BPOIN TOSVINTD ,NPAY 2T AN NNPADN 1AN-137YN THWA HININA MPyon
MWHY DIPYIN MNMANNN VPN ONIDION TIND YPYII 199390 Syn .PYaian NN NISPA M9ma
.DPI D19 DAY 290 TN M NN THVUN N9 WNY NN ND-D° NNXN9 NN

Mdy9 ,ANNSN MI2A0 MNNONNA DINYPN DIONNT XN 12AN-227YN DWW MINI YNV ONpn
0MNYI DMV AV APIDINON NI N N1 .0MY DHPMIP DOVINMD DY P3P DN MNP
Y9IND MY INYN w1 600 MDA NNINND MWHOYN NMINONN 1IAYNN .ANNSNT MDY DX NWPin
IV NN THNP TPXIPRND TMNVPLN MY INNI NPYA POPIRY OPIN-POPN DONNINN
Sy TN MY DMIWANND NNINRN NINON HYOHD .TPMY TIN N2IADI MNINND NPIN ANNND DYDY Nwd
NPOIYN 23790 DY MAWN MYIAV1H OPODN DN I NPV 1) DN NPND NN 10N
YOIV DX N VX .NDINXY DIMY YV DXONI WON TP TN AT NV .AMNNAIND 7T NI
MMNN IR NNAY TN Yy DAN NYIAPINY MANRMIN MINNIPRA NN NPON 0Tl DMNYN DYIDN

NPODULHN HY MNNONNN 297NN XYND MIOYNM MLV

DN PONI OPIT

NYY PON) NDIN DON (1 IMN) TTHIN NDN 020N NYN 101 ,NPX DYDY 29y Nasn ,NYNX 0Yamp
92219 N9 TTI HN) TV DIITA AARLND TYNA ANV NN POHNN DM’ 12N 7Y DTIdMN ,DPON
LN 120 29y0n NN 0N DY A1WNN PUNN N3N DIN DIRDNINN DI PYSN DX0INYTDN vy NN
1INV OOYIDN M AN 0N .09V) YA 21N, TTIN DN MBI LIV 1TV Y INITA YN
.1 N53V1a 0PN NAYN DN DY MIMWVIVDM YOOI MTN TP MHWHOYN ,MIVN NN

201 Y31 DNWN DY DX DPNT .NDN DN DINBN DPTA YO0 NX NI MON TONNa
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DPMT M DPMONHN DN DPYN DIV . MINI MINPRISA MAVYAN 9D 3 NN DITM NOX
0 0.5-20 5w oinma ¥y 0P»TN Yw DIMI 1291 DOYN DPIT BOWNY DN "DXVPY” NN OIYN

D»ANNDN DM TN .0¥ADNN DP1TI MDY DPMT ,DNONN DPMT :MXI1AP YIdYS OpHNY 11 NTwa
0”11 OX22NIN DPMTN .13 DXV NP DMV DMDHON DWP1TN IOV 1 DI PN DMY3
0N DM9) MPPI DIMNNND DMYN DTN 20Y9 13713 2N 120 29NN 12712 MY DN
NINNDN YOO DT HY TPIIN NPTN DWMIND NINI DVIMD .DPYNI DMIANTNN ,"HMIP" - DOVINIDN
»y 3N N-S 123 ©P»T 0P DN MY D NN 1ona op» T (Baer et al. 1993)
PX) YOIRDIN 370 NNIWN AXIAP OPYPOX-PYD 3370 MwNIN 0P T naph NE-SW moa op»t
(2

DINY 120N DNIND DYDY DPN1T

.DMIANPNID DWHD HY 487 DN PR ODIN TN YA DY 1DWNNI NYIN YONY N8N N8N DINY 10N
T-98 DIMNMDY 012V IMIN DXPNN DPNINNN DVINYTONN TINNN DNND YN I3 DY 10N
i AW N HY ONPIHMN DYHDN PIAD WA TN DIVVI YPI YN-T

0”»0Y9 DPMT .0BY VM DINY VIV ,0INY VMIND ANINND IR WOON PI OV DMY 1ON
DPMT MY 12 M .0MY DN VYPI NN DSIN APX DONIY NINY DTN, D N0 TNIND
2°01 ¥ MOMVIDN .3ON3 PNTA NY IN M L E-W o3 oswwn 0nbra 13903) 0wt
.1 NYava moon DMy

(N-S 2} o»rhpIN-pYPn DP» 10 YW mwnn .1

:0N DPYYPYN-PYPN DOPMIN HY OXWNN D1PNIIWNM DIINNNT DIINNDN

220NN NMP DN DIPNTN DI .77% TY 53% DY DINNI ¥ NPDP0N NN LN

ADY0M VYN NTIVDIMNA PPV VLI NN DINNNND D1INNN DPNTN .2

HREE n Y99 990 LREE -n 99119 (3 98) i1 REE 29119 079pYR-p5pn op»T1n 935
((Er/Yb)n= 1-1.2) "poIx vyna

(2 793v) Nb/Th by omy1 oom oNwm Dp»Tn .7

Ni 12, ©23avamp MM Yv ,mon ,0NMa DM DIN N NXIAPI TN DNINNN DP1TA .0
LREE -1 (711 ppmy) Ba (800 ppm ) Sr Yv oma o120 (407 ppm 1) Cry, (120 ppm y)
.40 ppm 1y La

PO 0 NP0 307ya 0 DY T Ni-m Cr-a,V nomoia

nmn

DMNNONT Sy Tyn MPHPOHR-PYPN N¥1apa o»odam oonnn op»1a Nb/Th dv nm 1 oron
D»ANN OWHD HY DMITH DMNVIVND DN NN NNY TIPON . TNAX NPHN ANV Imnn
(Stern and Voegeli, 1995) 207n p»1 onan o»svy

SOOI NP Y Wwasn oraxnn 0p»1a Cr- Nibw >man v 2

Eu m5nux 17yn . mpnn syooa 2wn 220 7 X9 vy 1o 9y wasn HREE Yw ymnn bo119n .3
MIASNNA 2IWN 2D NN XY INOPMYI HY MNIPPI9Y T2 Yy Dyasn Sr Yv oman ondam
MNPN YO0 1M DOPYPOR POPN DIPNTN NN 1IOY NVPNYUNIN MNINNY 1D ONX OIXM) .0P»TH
PNV NPOTIIMOI 990N DY MAIIN PRIV VWV

DU NPHNN RN DI 1NNV NPLITN MVINRD DY NTOYN NN YW P ONN MNdVN 4

TMNNANN 5y NTYN MPDYAY NPANNKI MMINNDNN 1IYNI D¥IVINIPN MTIDN MDA NPAND NDPN S
ADMANN DN PO ) OPON vian dv HOona

MIPOYN DWIHN NPVRTIND NIMIN TN ,MONTIN MDD NWNIT NNINHD YR YN 1O L6
.MINND NPORTIRG MNIN YIATPNN GONRNY 9030 INIPMIY 51DONN N vInnv

ANW-SE- NE-SW 112) 0wr9nn ©p» 10 Sv i wnn .2

0N OYVINNINN DPMTN DY DMIPIYN 0NN DN DINANNDN

NXIPN 0WHOY 43-49% N NW-SE n¥1apa1 ,77%-5 47% pa y3 NE-SW nsiapa np»on nnx X
.D2UNIM XMP 0N NON MIIPN OPNTN 210 .000INT OMIP 0PN TN 1IY ,IPVINT MMLOPL N
117 ppm-n 19 Ni 11207 Ywnb . 2»209mp MM 1213 APN NP DIMANRD DP»T .3
N3P0 NP AN (Mg#H ortnn 1990 (Si02 56%-1 123) NTTIN 9135 1PN DWW
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N33 1TV NYND PMYNYn 0N (10 M3>a3) Nb/Th 37y DR D»axnn Dp»Tn 3
. (,2 NYaV ) MIVPON-PYPN

DYONIINN DPHTN DNN (3 W) OPPOPHN-PHPN DP1IN SY MY ImT MPTHN MIYN a9 .7
REE bv 10 oomay oho» 0Xm
LINOPILSY YOPIPH ,PIVIN) TPVIDIINR NNNI DIPNNND DMONNDN DP»TN .1

nmm)
.DPPHPON-POPN DP»TN SY Nt N PRX NPnN 0P»TR Mvn Yy Dyn Nb/Th b mnxn onon .1
DV MPN YOO Yy Tyn Maan Nin > ,0709p5K-popn Dp» T nmTa .2

N NP DPNYRIN MMNNA NPY Oy wasn Eu mbdoux matyim HREE 2 nosivspaon a1yn .3
DY INN YAANND QONNI N1ANN ITYM JOPIP MNIN .JPAVI APIDIPYI 91900 MY MPONI
.DVITIN ONIN

DTPIN 25Wa INOPPIDS MO ,JPVIRIINN NNMINDIN YAANNY NWNI 12210 ,10PIPan mNd .4
Y1210 020W NN 1123 1DMA DPONDN MMINDAY T2 0¥ DOTYN PNIND OY NINNDA Mynnm
2003 proya

DXPNIN SYW AN - D110
(NP 40-60) 5390 SY MIXNN POIWN MNWN APIDINONN 1N DPMTA AN NMNAN MDINnN .1

DOIMRND 1NN DOVINNNN DP1TN ) DWISN BN (M¥12pN »nwa Nb/Th romd) o»mown o5pw Tinn
LDOPON-POPN DPIT IWRND NPIDIMON DY Ny 0Py

YOO DY DMWY DPMIYI NISINIPI YIONN DY NIRNIN XN DP»TA MITO YNY Yw >IN 1070 .2
2NWIN D1IPM

PRV NP MNNINM 320 MIYwin
YOM XM 2 1YV ANV NPANNT MNINAT DINPI DPP1PTN MNP PA D322 DPOYn DO TINN
MOWVIVD 295 DTN MSIAP MITION YV .MNYN DPHPTN MNP DDIVAMP-IN VNP MTID
.0TpPN Pyoa 1aminy »93 HREE N naninn »7ay 021n NyNWURIN MMINDD NN P ,0Tvn
AMTA) NOX DYOMY TN ¥ MPNN PYID 1071 TINDH DM1IVIMP-INN LNPN MTID® DN YINIYN
YOI MNMIDN MINS MNONN GPYH D012 DHIX ,NINN MONNN DWIVIN DX (DINVIPNR 0IWND
15300 (0NN VY YY MYYN TI2Y) DINMDN OPIIVIMP-IX VNP MTID MPTYN WN ,MPHin
MOXND NP Y TIY MTY MR IWN NI TINAN TPYPOX MY VNP MTID® YON? DI NN
(Stein and Hofmann, 1992 nxa , 1o nwasn npaoinda any piny) 0300 Yv massn

Ce/Pb -1 Nb/Th >on » px17 AN .2 NY202 DWMN VMPN MTID? YON NN DX INY NPOY)
LDMPYHPONR-POPN DPMTN HY NPHRN NHNRD  NPYHPORN MZTIN HY MPnn MORN P PIDION Thnd DTV
.onnwn o»x Th/U som commdn 1nna ooy Rb/La-y Ba/La »om

MY133 ,0°p»T3 LNPN MTID PON> TN 1ADNY SANMLMII-PORMDALVN DTN DN VN
TV NN MW NNPN AT HTIN 9y . MIAN-MPAWYN NPNIDIMOI 13T Y 19102 NHIXININN
AUN NPODYN DY DY DPONI NMPLUMDNLA-NPVITN MRS MIXNNI ANON AN >IN-127YN
monna REE- Th, Rb, Ba, Pb 5 mom Nb n 515T1nn 7an nxsina .Nb mavupho 1ownb ypnan
MY NON) APADIYI NP DTITI DNON DIONT DMPHPIHN-POPN DPNTA .APIDINYI Mdwn
S5 mon> Pb 1 Rb, Ba 2 m2o0pYo mavynnn (512>90K 13) MPLITHN NRRS MIsN 0N (990N
NN Moy nxnwna Pb/Ce -y Ba/La, Rb/La bv anv» omay oon oxm on 199 ,REE
Nb 2 wynn nPaoimva ANy pmy NPN IRNI DNNT DVRINN DP1TM IPXINVON Moan
Rb, Ba, Pb -2 mon Y15 rm

A D19VUn VYN MISNND WPM BIVY 1IDN] §1OYON DYI0N
DIV DWHDM L(DINY VOPI) HVIHYMI 1D DOV DAPYN OWHDN 19133 11 M DY ON
WY1 DPMT DWIDN MNP YNV (DIY VIM OIMY VIIINN) YV X\IMP TY YUINID-YD)T 210713
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Table 1. Main stratigraphic units of Elat and Amram Massives

Phase Elat Massif Amram Massif
v Doleritic dykes
Mafic, felsic, Mafic, felsic,

and composite dykes and composite dykes
Amram rhyolite
Yehoshafat Granite Amram Granite
Amram monzonite

[l Elat Granite
1l Elat Amphibolitg

Elat Granitic Gneiss
Ziat Schist

Tatle 2. Trace element ratios (normalized to primitive mantle)

depth rock type Nb/Th! Th/U| Ce/Pb Ba/8b
Spinel calc-alkaline 1102 1 [0.3 t0 0.3 0.7 tc 1.3
dykes
40-6C km
Tholeiitic 1tc 1.3f 1 ]G.11to 03131t 1.3
dykes
Garnat | Phanerozoic
> 60 km alkali basalts 1.3 1 2.8 1.1

S0



Table 3. Selected chemical analyses

Sample rket20 | rket23 | rket38 | rket88 | rket86 | rkam28 | rkam21 | rkam22 | rkam15
Lithology Elat andesitiq rhyolitic| basaltic | rhyolitic| Amram | Amram | basaltic| doleritic
granite | dyke dyke rim* center* [monzonit{ rhyolite| ‘dyke dyke
affinity**| CA(I) [ CA(V) [CA (V) | TH(UV) [ TH (V) | TH (V) | TH av)'| TH V) |- TH (V)
Sio2 75.02 58.30 71.21 47.76 69.21 67.22 73.79 47.67 46.58
TiOo2 0.08 0.75 0.18 3.40 0.54 0.76 0.23 2.30 6.47
Al203 14.95 17.79 12.23 13.61 12.63 12.43 10.94 14.76 13.79
Fe203 0.32 1.43 1.68 3.43 2.64 3.18 1.31 2.38 2.00
FeO 0.38 3.86 2.00 9.27 3.15 3.79 1.57 6.43 10.21
MgO 0.12 2.21 0.47 3.58 0.77 0.96 0.27 5.28 5.08
Ca0 0.82 3.72 0.94 5.88 1.01 1.37 0.45 8.62 8.14
Na20 4.67 4.96 3.99 4.08 2.50 3.16 1.33 3.06 3.07
K20 3.82 2.37 3.89 0.91 6.15 5.17 7.12 1.37 1.45
P205 0.08 T 0.50 0.04 0.50 0.04 0.10 0.04 0.50 0.i0
H20(+) 0.41 2.30 1.42 6.15 2.13 2.31 1.13 6.81 3.26
total 100.7 98.2 98.1 98.6 100.8 100.4 98.2 99.2 1CC.2
#Mg 0.36 0.51 0.30 0.41 0.30 0.31 0.24 0.59 0.47
v 11 91 10 270 9 14 5 197 198
Cr 3< 6 8 3< 2< 4< 2< 85 18
Co 0 12 3 35 8 4 1< 40 49
Ni 3< 1< 2 14 2 3 3 51 79
Zn 30 78 55 151 140 81 30 147 337
Ga 23 20 22 34 26 26 26 22 31
Rb 135 61 108 26 157 118 161 19 30
Sr 218 406 50 205 62 98 17 723 583
Y 5 16 41 43 49 36 62 33 44
Zr 49 160 378 231 428 383 547 238 297
Nb 11 7 16 20 37 26 40 20 33
Ba 346 621 577 184 235 850 119 651 538
Pb - 6.4 10.9 15.3 29.2 18.9 19.1 969.5>
Th 12.8 3.5 8.5 9.0 12.3 2.8 4.2
U 5.4 4.9 4.9 2.2 2.2 0.6 0.2<
La 7.8 41.7 62.5 44.3
Ce 12.9 82.2 129.0 90.0
Nd 7.3 56.9 80.0 8.0
Eu 0.3 3.1 1.1 3.5
Gd 1.3 7.6 12.0 10.3
Dy 0.9 6.4 14.4 7.7
Yb 0.7 3.6 4.9 2.8

* center'and rim of a composite dyke .
** CA = calc-alkaline ; TH= tholeiite; roman numerals are statigraphical phases of Table 1
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Fig. 5. Total Alkali vs. silica (TAS) diagram showing the distribution of Mt. Timna dyke rocks in alkaline (I) and
subalkaline (II) fields. 1-dolerite; 2-andesite; 3-rhyolite; 4-the two components of the composite dyke of stop 11.
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Stop 8: Quartz monzodiorite intruding the porphyritic granite

A quartz monzodioritic body, which contains xenoliths of all the abovementioned plutonic rocks
intrudes the calc-alkaline porphyritic granite. This intrusion is younger than a N-S trending
rhyolite/andesite dyke, but older than the ENE-trending dykes (which were dated in Egypt as 590
Ma (Stern and Voegeli, 1987)). According to a modal analysis this quartz monzodiorite has an
affinity to granodiorite. The age of the quartz monzodiorite is 599 Ma (Beyth and Reichman,
1996).

Stop 9: A young ESE-striking dextral fault

Three generations of young faults were mapped in Mt. Timna. NW-striking normal faults are cut
by the NE-striking sinistral fault of Nahal Alakhson (Fig. 1); this fault is cut on the NE margin of
Mt. Timna by an ESE-striking dextral fault which belongs to the youngest faulting phase in the
region and probably crosses the Dead Sea rift. In this station two basaltic-andesitic dykes are seen
displaced dextrally by about 100 m along this fault (Beyth et al., 1993).

Stop 10: An ENE-striking dyke swarm along the northern boundary fault of Mt.
Timna

An ENE-striking dyke swarm is exposed along the main Timna Park road, close to its junction
with the Arches road. The swarm consists of 10 - 20 individual dykes, 0.2 - 8 m thick. The swarm
is confined to a distance of about 100 m of an ENE-striking fault along which the TIC was uplifted
relative to the Cambrian sedimentary rocks (Fig. 1). The fault is thus younger than the Precambrian
rocks, and is probably of Tertiary age, related to the Dead Sea Rift. However, the close association
between the dyke swarm and this fault suggests that the fault was also active during the Late
Precambrian, and was rejuvenated later.

Stop .11: An ENE-striking composite dyke, east of Solomon's Pillars

The dyke is composed of a rhyolitic core and andesitic margins. The contact between the two
units is diffusive, suggesting that the two were formed contemporaneously. A few hundred meters
northeast of this stop the two units split to a rhyolitic dyke with andesite on one margin and a
separate andesitic dyke. All other composite dykes in Timna are also rhyolitic at their cores and
andesitic at their margins (Fig. 5). In some cases the contacts are diffusive, as they are here; in
other cases the rhyolites show intrusive contacts into the andesites; locations where andesitic dykes
crosscut the rhyolites are also found. These variable relationships suggest that the two rock types
are of the same age, and were most likely formed from a common parent magma by fractional
crystallization.
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Stop 3: The northwestern termination of section 4

Section 4 terminates about 200 m upstream (Fig. 3a); the next section of the dyke (section 3)
strikes N60°E, and is 1.5 to 10 meters thick (Fig. 2). The transition between the two sections is
characterized by a zone of highly zigzaging dyke walls. The strikes of the individual wall segments
at this location are grouped into the two orientation populations mentioned above, plus a population
of roughly N-striking walls. Reconstruction of the walls of this section to their preintrusion
position by matching an andesitic dyke on both sides of the doleritic dyke entails dilation normal to
the NW striking dyke walls only, with no shear component.

Stop 4: Observation point north of the doleritic dyke

About 700 m north of stop 3, we reach an observation point over Mt. Timna and the
surrounding areas. To the NE is the Dead Sea Rift; to the north, in a downfaulted block, the
prominent rock type is an altered olivine-norite with a green lawn-like color. A pink ENE-striking
rhyolitic dyke, forming a conspicuous ridge, cuts the northern part of the olivine-norite outcrop.
The olivine-norite is surrounded by grey diorite and monzodiorite and further to the NE, by pink
alkali syenite. Calc-alkaline porphyritic granite (yellowish) intruded by N-striking rhyolitic dykes
is seen in the NW. A small outcrop of Early Cambrian sandstone is seen overlying the Late
Precambrian peneplain unconformably.

Stop 5: Altered olivine-norite

The altered olivine-norite outcrop is located about 300 m north of stop 4, in the downfaulted
block. Its general appearance is of yellow stains in a greenish matrix. The stains are interbedded
chlorite and smectite; the green matrix is composed of well-crystallized chlorite, with minor talc. A
paleomagnetic study (Marco et al., 1995) shows that the alteration of the olivine norite is of
Tertiary age, most likely related to hydrothermal processes at the Dead Sea Rift margins. Copper
mineralization in altered amphibole-monzodiorite is found at the southern margins of this outcrop.

Stop 6: Amphibole monzodiorite and fresh olivine-norite

About 100 m from the previous stop, along the main trail, large amphibole anhedral crystals (a
few cm in size) are observed within the monzodiorite host rock. Downslope one may also observe
exfoliated boulders of olivine-norite in an altered matrix.

Stop 7: Propagation and flow indicators in ENE-striking dykes

About 300 m NW of the previous stop, within a narrow gorge, several ENE-striking rhyolitic
and andesitic dykes are exposed. Steps and vertical terminations in the andesitic dykes suggest
subhorizontal propagation. Corrugations in the form of subhorizontal fingers and grooves are
observed along the rhyolitic dyke, at its contact with an andesitic dyke. These fingers are
interpreted as indications of marginal magma flow directions. The two dykes seem to be
composite, however, the flow structures along the rhyolitic dyke indicate a slight time difference
between the emplacement of the two.
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Fig. 4. Detailed map of the central part of section 4 of the doleritic dyke showing the relations between the dyke
walls and adjacent structures. (a) Walls at present geometry. (b) Reconstructed to the preintrusion position. (c) Two
stages of wall displacement: stage 1, wall-normal dilation; stage 2, wall-parallel shear.
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Fig. 3. Maps showing the field relations between the dyke walls and adjacent structures in sections 4 and 5.
(a) Northwestern end of section 4. (b) Central part of section 4. (c) Section 5 and southeastern part of section 4.
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similarly abundant close to the andesitic dykes as away from them. The shorter wall segments of
the doleritic dyke form along these joints and along the walls of the andesitic dykes.

Half way up section 4, the dyke narrows abruptly to about 5 meters; the thickness change occurs
along an ENE-striking wall segment (Fig. 3b). Twenty meters upstream, the dyke widens back to
about 25 meters. The thickness change is again associated with a 20 m long ENE-striking wall
segment. A pair of andesitic dykes is seen along the northeastern doleritic dyke wall. These dykes
are dextrally displaced by about 20 meters, and are observed upstream in the southwestern wall.
Reconstruction of the walls of section 4 to their preintrusion position (Fig. 4a, b) by matching the
two andesitic dykes on both sides of the doleritic dyke entails dilation normal to the NW-striking
dyke walls, followed by dextral shear along these walls (Fig. 4c). The absence of shear structures
along other sections of the dyke, and the occurrence of other N40°W striking right-lateral faults in
Timna, which have been correlated with the Tertiary Dead Sea stress field (Eyal and Reches,
1983), suggest that the shear could be due to young faulting unrelated to dyke emplacement.

—_— Doleritit dike
------- Inferred wall (t1im)
——-  Inferred wall (%Sm)
Andesitic dike
------- Open fracture

—==-  Fault
©) Major segment

Fig. 2. A map of the southeastern part of the NW-trending doleritic dyke.
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The ENE-trending rhyolitic and andesitic dykes are about 590 Ma old (Stern and Gottfried,
1986), are characterized by high-K affinities, and are chemically volcanic-arc type, similiar to the
A-type granite. Geochemically, the andesitic dykes range from basaltic andesite to trachyandesite
and as they are enriched in K, some may be classified as shoshonite and latite. The doleritic dyke is
543 Ma old, transitional between alkali basalt and tholeiite and is rich in Ti, Nb, and Ta. On a
“spider diagram”, the patterns of the doleritic dyke show no depletion in Nb (Beyth et al., 1994b),
such as are commonly found for other dyke rocks from the TIC and elsewhere in the Arabian
Nubian Shield (Friz-Topfer, 1991). When plotted on a tectonic discriminant diagram, it lies within
the intraplate field. Thus, the Mt. Timna dykes probably indicate transformation of the
subcontinental mantle from an arc-like geochemical signature to an intraplate signature.

EXCURSION STOPS

The excursion to Mt. Timna includes a traverse by foot from south to north (stops 1 to 9),
crossing the main dyke swarms and host rock suites. The excursion focuses on the relationships
between the major dyke swarms, the mechanics of dyke emplacement in fractured rocks, and on
the country rocks and the young faults in the region. Stops 10 and 11 will be reached by bus.

Stop 1: Section 5 of the doleritic dyke

The doleritic dyke is about 2.3 km long; only its southeastern part (1.4 km long) was studied in
detail due to poor exposures elsewhere (Baer and Beyth, 1990). The general trend of this portion is
N60°-70°W and it can be divided into six major sections (Fig. 2): sections 2, 4 and 6 which strike
N30°-50°W and sections 1, 3 and 5 which strike N60°-85°E. Dyke thickness varies from 1.6 m to
32 m; the greater thicknesses correspond to the NW striking sections.

Climbing up a narrow wadi from the water pools of the Timna copper mine, we cross a few
ENE-striking andesitic dykes and reach section 5 of the doleritic dyke (Fig. 3c). The host rock is
alkali granite. The strike of the doleritic dyke here is N80°E, and its thickness varies from 4 to 8
meters. The dyke rock is weathered and the host rock walls at the contacts with the dyke are
covered by a brownish-black crust that facilitates the identification of the contacts. Subhorizontal
slickenside-like striations are seen on some of these walls. The dyke contact is composed of
individual wall segments of two major orientations: long walls striking N80°E, and short walls
striking N40°W.

Stop 2: Thickness variations within section 4

Section 5 terminates westwards (upstream), where the strike of the dyke changes abruptly to
N40°W (Fig. 3). The dyke thickness also changes markably and is about 25 meters from this point
northwestwards. Several points should be noticed while walking upstream along this section of the
dyke: (1) The doleritic dyke crosses several N50°-70°E striking andesitic dykes and one composite
dyke (rhyolitic center and quartz-latitic margins), which dip to the SE. (2) The doleritic dyke walls
are zigzaged, forming tens of short wall segments, grouped into similar orientation populations as
in section 5, only that in section 4 the longer walls strike N20°-60°W, whereas the shorter walls
strike N50°-90°E. (3) The ENE-striking dykes are accompanied by parallel joints, that are
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THE TIMNA IGNEOUS COMPLEX
[FIELD TRIP E|

G. Baer and M. Beyth
Geological Survey of Israel, Jerusalem, 95501

This guide is an update of the 1990 GSI meeting excursion guide (Beyth et al., 1990) and is based
mostly on the 1995 Third International Dyke Conference, post-conference excursion guide (Baer et
al., 1995).

Introduction

Mount Timna is an uplifted block at the western margin of the Dead Sea Rift (Fig. 1), exposing
plutonic and hypabyssal rocks of Late Precambrian age. The block is bounded by faults and is also
crossed by several NW, ENE, and E trending faults. The Timna Igneous complex (TIC) marks the
NE edge of the Arabian-Nubian Shield (ANS), and was formed during the last stages of shield
evolution (620-540 Ma) when the region was subjected to an extensional phase, accompanied by
potassium rich, bimodal magmatism (Stern and Gottfried, 1986). Plutonic rocks in Timna include
alkali and calc-alkali granites, syenite, monzodiorite, diorite, and olivine-norite (Bentor, 1961;
Zlatkine and Wurzburger, 1957; Beyth et al., 1994a). Hypabyssal rocks include rhyolitic,
andesitic, and doleritic dykes (Beyth and Peltz, 1992), arranged in three dominant systems of
decreasing relative age: N-trending rhyolites and andesites, ENE-trending rhyolites and andesites,
and NW trending dolerites. Dykes of the two older systems, and in particular, the ENE trending
dykes, are relatively thin (< 10 m) and form regional swarms, while the younger dolerite is
relatively thick (ca 30 m) and does not form a swarm. All three systems are abundant in other
Precambrian outcrops south of Timna, in the Elat and Sinai regions (e.g., Shafranek, 1978), and
extend as far west as the Eastern Desert in Egypt (Schurmann, 1966), and as far east as northem
Saudi Arabia (Vail, 1970).

Geochemical, geochronological and isotopic studies (Beyth et al., 1994a) suggest that the alkali
granite was formed 610 Ma ago by fractional crystallization from a monzodioritic magma in a
magmatic cell, located within the 625 Ma old porphyritic granite. The monzodiorite and the
andesitic dykes of the TIC are mantle-derived and have a REE pattern and other chemical
characteristics similar to the Dokhan andesites from northeastern Egypt and the Archean
sanukitoids from Canada. The alkali granite, like the rhyolitic dykes is a typical post-orogenic,
borderline A-type granite with a strong negative Eu anomaly (Ew/Eu*=0.058-0.38), ENd (610 Ma)
of +3.9 and high potassium (4.68-6.6%). The porphyritic granite is an I-type granite with a small
positive Eu anomaly (Ew/Eu*=1.02-1.16) and €Nd (625 Ma) of +5.6 to +5.9 which is
significantly different from those of the alkali granite and monzodiorite.

A younger body of quartz monzodiorite, which contains xenoliths of all the abovementioned
plutonic rocks was mapped at the center of the TIC (Shpitzer et al., 1992). This intrusion is
younger than a N-S trending rhyolite/andesite dyke, but older than the ENE-trending dykes.
According to a modal analysis this monzodiorite has an affinity to granodiorite. Age determination
of the quartz monzodiorite by sigle zircon 207Ph/206Pb evaporation analysis (14 grains) yields
599.3%£2.0 Ma. This age was interpreted as the age of the intrusion (Beyth and Reichman, 1996).
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We reach stop 5 by bus following the road from the Container Farm Elat to Mizpe Elat,
about 1.2 km (Fig. 1).

Stop 5. Compact and vesicular rhyolite. The northwestern corner of the Mizpe Elat
volcanic dome (MEVD).

Though most of the MEVD was covered by clastic deposits of the subsequent explosive
phase, little of their original surface morphology was preserved. Thus we have ‘the
opportunity to examine the top vesicular zone of the lava dome and the transitional layers to
the compact rhyolite. In thin section the rock is pheno-andesitic with a devitrified matrix and
sporadic phenocrysts and microcrysts of plagioclase. The chemical analysis (P-1303 in Table
1) and the plot in the TAS diagram (Fig. 7) reveal a rhyolitic rock.

The contact between the vesicular and the dense zone is often sharp. The top vesicular
zone is a sequence of alternating millimetric layers of compact brownish-grayish rhyolite
with vesicular or amygdular layers. Gas cavities are frequently elliptical, others have been
flattened by flow. Maximum vesicle diameter is approximately 20 mm.

The abundance of gas cavities varies markedly within the dome. Eastward, in the central
part, the spongy rhyolite consists of more spherical vesicles which are of increased size (up to
2-3 cm diameter). Some of them are filled with quartz (initial opal) and calcite.

The vesiculation is the result of the growth and rise of gas bubbles in the upper zone of
the viscous rhyolitic dome. The presence of a vesicular rim reveals the importance of gases in
the latest stage of the evolution of the MEVD. It also reveals that the viscous lava reached the
surface. It's difficult to state ( Williams, 1932 in Newhall and Melson, 1983), if the dome
grew by extrusion and piling up of multiple viscous lava flows (exogenous) or by expansion

from within (endogenous), or if there are gradations between the two types.

Stop 6. Southern Hatabor Hanozel volcanic area lookout.

From the location of stop 5, looking north we see the northernmost part of the Yotam
Graben and the Hatabor Hanozel extracaldera area. Exposed on the southern slope of the hill
is the complete volcanic section, about 100 m thick. The changes in lithology from base to
the top, which are beautifully revealed by changes in the color of the different deposits, will

be discussed here.
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Stop 4. Exposures of Garof Tuff, megafiamme-rich and lithic-rich, inside the RYP

a. Garof Tuff, megafiamme-rich

In an excavated outcrop on the northwestern slope of the "Observatory hill" the Garof
megafiamme-rich ignimbrite is clearly seen. The brownish colored tuff exibits typical
eutaxitic structure, and fluidal-eutaxitic and rheomorphic microstructure (stretching, molding,
double molding). It commonly contains megafiamme (10-20% of the rock) with beautiful
fray-like (flamme') ends. Its length is commonly 12-20 cm but a few "super megafiamme” 60
cm in length (P-350 in Tab. 1) are also present. The microscopic study reveals a dense glassy
material completely devitrified, with a few plagioclase crystals. The internal pumice structure
was eliminated, yielding a platy texture, in places with frayed ends; it exibits a large
devitrified matrix, and sporadic euhedral plagioclase phenocrystals (0.5-3 mm in diameter).
The matrix of the tuff is completely devitrified, consisting of microgranular aggregates of
quartz and feldspar; plagioclase (An10-30) dominates forming subhedral laths. Fragments of
alkali feldspar, quartz and opaque crystals as well as the accessory zircon are common. The

matrix is crystal-enriched compared to the collapsed pumices (fiamme).

b. Garof Tuff, lithic-rich

The stop is located on the southern slope of the CFH, about 1 km north of location 4a
(Fig.1).

The tuff encountered in the CFH area exibits structural-textural peculiarities similar to
those of the fiamme-rich ignimbrite, but differs in its abundance (60%) of the lithic fragments
which frequently reach more than 15 mm in diameter. Petrotypes of the lithics are: 1)
volcanic rocks (60%): vitrophyre fully opacified, latite andesite, andesite, pyroxene-
hornblende andesite, 2) subvolcanic rocks (27%), namely microgranular andesites; 3) gneiss,
granitic gneiss, quartz monzodiorite, monzonite and diorite (13%). Note the sporadic
presence of clasts (1-4 mm) representing air-fall tuffs of the Shelomo phase (vitric tuff and
crystal-lithic tuff). Also note the open cavities within the fiamme and matrix, the high
vesicularity and the high vapor-phase mineralization of the whole rock.

These ignimbrites so rich in lithic fragments constitute the lower part of the CFH
volcanic section. The upper part is a welded fiamme-rich tuff, exibiting a medium degree of
devitrification, vesiculation and vapor-phase mineralization. A rhyolitic dyke cuts the

ignimbritic sheet (P-774 in Tab. I).
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a partially hydrated matrix including perlitic cracks; the core comprises: a) country rocks,
namely pyroxene andesite, basaltic andesite, leucoandesite, latite and diorite, indicating
precaldera magmatism within the caldera itself; b) granite and gneiss from the basement; c)
an association of massive quartz, chalcedony and calcite mixed with various amounts of
hematite and goethite, deposited fron the hydrothermal solutions. Reddish-brown banded
quartz also occurs in the rims of the ejecta. Fractures and cavities filled with quartz and
chalcedony are common.

2) the perlitic ash-flow tuffs, spatially and genetically closely related to the vent. The
hydration of the glassy components was due to mineralized fluids active in the vent area. As a
consequence, favorable conditions occurred for the contraction of silicic glass and for the
generation of spheruloidic concentric (onion-like) cracks. The perlitic tuffs are commonly of
a brown color with a reddish shade when enriched by goethite and limonite. The perlitization
increases progressively towards the central vent area. The pearls surround the lithics, inside
the fiamme, and the matrix. SEM study revealed that after the hydration, precipitation of
silicic material associated with Zr, P and Ce took place in the pore spaces created.

Hydrothermal alteration was accompanied by enrichment in Cu (80-125 ppm), Pb (127-
138 ppm) Zn (151-188 ppm)(arithmetical means in unaltered STM: Cu=17ppm; Pb=31 ppm;
Zn=57 ppm; for more data consult Peltz and Eyal, 1992). If common hydrothermal metallic
minerals existed, they were leached by secondary processes. The abundance of limonite may
be considered as an indication regarding the presence of pyrite and/or marcasite. The
abundance of Mn minerals impregnating the matrix and as cavity and crack filling reflect the
rich content in Mn of some hydrotherms.

From this stop we return to the bus by foot, about 0.4 km, following the track along the
slope of the hill. This track offers the opportunity to examine a few representative types of the
Garof ignimbrite: 1) brownish welded tuff, microfiamme-rich, highly vesiculated and highly
oxidized (major-element analysis of sample P-189, in Table 1); 2) pinkish tuff showing
rheomorphic structures, high devitrification and vapor-phase crystallization, open cavities; 3)
vitric-crystal tuff representing a rare case in the volcanic section of the GTM. This ignimbrite
is interpreted as an air-fall ash elutriated from the eruptive column as a large cloud above the
ash flow.

We reach the next stop located inside the CFP (Fig.1), about 2 km further, by bus.
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Walking along the arcuate channel of the RFZ toward the west, the relations between the
Garof Tuff and the Taba Gneiss can be observed. Note the position of the Taba Gneiss at a
higher topographic level compared to the Garof Tuff, as a consequence of the collapse of the
Garof Volcano.

As we walk along the RFZ to Stop 2, the floor of the channel exposes the ash-flow
components of the STM (P-118, in Table 1).

Stop 2. Lithology and structure of a segment of the RFZ

This stop provides an opportunity to view the lithology and the structure of the RFZ in
detail. We see here from SW to NE (Fig. 8): 1) the outer ring fault zone marked by a
segment about 1.2 m thick of highly powderish argillic-limonitic material; 2) the next
segment which is about 15 m thick is the intra-ring fault zone, which comprises Shelomo
welded tuff locally perlitized with hydrothermal veins (quartz and calcite). Inside the intra-
ring fault zone there is a narrow elliptic area 10/1.5 m with Shelomo ignimbrite, highly
brecciated, crushed to a very fine-grained material, and a few vent-ejecta (for more details
regarding the vent-ejecta, see the next stop); 3) the inner ring fault zone seen on the
southern slope of the hill is differentiated by a limonitic segment up to 1.5 m thick,
consisiting of highly crushed tuff.

Wélking northwestward along the RFZ we reach the next stop where we will examine a
rare example of explosion breccia of the Taba Gneiss (coarsely brecciated in a 0.5-1 m wide
zone). The brecciation may be associated with the eruption vent and the eruption fissure.

located in the vicinity (Fig. 4).

Stop 3. Eruption vent and the associated hydrothermal alterations

Here we examine the "EVb" vent, the most representative of the four vents exposed
along the RFZ (Fig. 4). The vent is elliptical, 25/12 m. The walls are of perlitic Shelomo Tuff
in the western and southwestern part and of Garof Tuff in the northern and northeastern part.
The floor is composed of a highly crushed limonitic-argillic material, including vent-ejecta
and veins with quartz and calcite. 7

The following notable aspects will be examined:

1) the vent-ejecta, so abundant inside the vent area, are up to 50 mm in diameter and
well rounded. They exhibit a concentric texture: the rim comprises a glassy ash-flow tuff with
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Stop 1. View of RYC western border

From the southern slope of the RYH at an elevation of 220 m above sea level we can
view: a) the actual relief of the inside caldera and extracaldera areas and have an overview of
the northwestern corner of the Ramat Yotam Graben; b) in front of us, an arcuate channel
representing a segment of the RFZ. Observe the totally different morphology of the Taba
Gneiss, the Garof Tuff and the Shelomo Tuff, constituting the two walls of the channel. We
descend on the slope of the hill, to the RFZ across the Garof Tuff sheet.

TABLE: Major element analyses of representative samples. Ramat Yotam

Caldera and Mizpe Elat (Analyst, Sara Ehrlich, GSI)

Sample P-112 P-169 P-315 P-350 P-774 P-1303
Si0, 75.0 70.5 712 70.8 76.9 71.2
TiO, 03 04 0.3 0.3 03 04
AlLO, 12.0 14.0 152 15.0 113 144
Fe,0, 3.6 43 35 3.1 22 2.7
MnO <0.05 0.06 0.17 0.18 <0.05 0.15
MgO _ 0.9 0.4 0.2 0.3 0.4 0.3
Ca0 0.4 0.4 0.3 0.5 05 05
Na,0 3.3 39 53 5.7 3.5 40
K;0 29 43 3.9 45 3.4 5.9
LOI 16 0.9 0.4 0.7 12 0.5
Sum 100.0 100.2 100.5 100.9 99.7 100.0

P-112, Shelomo Tuff, the southwestern segment of the RFZ.

P-169, Garof Tuff, the southwestern slope of the RYH.

P-315, Garof Tuff, the northern part of the RYH inside the CFP.

P-350, Garof Tuff, megafiamme, the northern part of the RYH inside the CFP.
P-774, Dyke. the eastern slope of the CFH.

P-1303, Mizpe Elat volcanic dome. the northwestern corner.
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The volcanic section of Mizpe Elat and Hatabor Hanozel extracaldera areas

The section includes two units. The lower unit is a thyolitic volcanic dome, with an
exposed thickness of about 50 m. In most of the area the dome was eroded and subsequently
covered by rhyolitic volcaniclastics. In a few places a thin bed of mixed sandstone or mixed
microconglomeratic sandstone overlies the eroded dome. The upper unit is a volcano-
sedimentary complex about 20 m thick at Mizpe Elat and about 60 m at Hatabor Hanozel.
This complex comprises alternations of fine and coarse silicic tuffs, volcanic epiclastics and
mixed epiclastics. Hatabor Hanozel preserves at the top of the complex about a 30 m thick
deposit consisting of rhyolitic welded tuffs and rhyolitic flows.

Parts of the volcanics of the extracaldera areas, namely the rock constituting the domes,
are correlative with the Mahzevot and Garof ignimbrites in their respective petrography and

chemistry.
CHEMICAL CLASSIFICATION

The total alkali-silica (TAS) diagram classifies the RYC ignimbrites and dyke rocks and
the Mizpe Elat and Hatabor Hanozel dome rocks according to the IUGS recommendations
(Le Maitre et al., 1989).

The distribution of 40 analyzed samples (analyst, S. Ehrlich) on the TAS diagram
indicates that all the rocks plot in the rhyolite field (Fig. 7). The Shelomo tuffs are distributed
in part in the subalkaline/ calc-alkaline field, whereas another part occupies the tholeiitic
field. The dyke rocks plot in the tholeiitic field. Most of the Mizpe Elat and Hatabor Hanozel

rocks show subalkaline and calc-alkaline affinities.
EXCURSION STOPS

We proceed by vehicle from the hotel to the Ramat Yotam Plain, about 3 km westward
along the Elat-Mizpe Ramon highway. Continuing southwest along the route to the "Mizbale
Elat" about 1.2 km, we arrive at the northeastern corner of the Yotam Hills. We traverse the
northern border of the hills in an east-west direction about 1.4 km by vehicle and about 0.4

km on foot and reach the western border of the caldera.
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representing volcanic rocks (pre-Garof Tuff volcanism), and also plutonic and metamorphic
rocks of the basement. Notably, the volcanic rocks are mainly andesites and lati andesites. Of
the lithic fragments, only granite and gneiss are exposed at the surface, around the RYC. All
GTM ignimbrites have a completely devitrified matrix. A shard structure of the matrix is
evident only in a few cases with cuspate, discoidal and lunate aspects. In the case of the more
dense welding, platelike shards with parallel alignments are present. Vapor-phase crystals
were encountered, filling vesicles of the fiamme and/or matrix. Post-cooling cracks and open
cavities are filled with vapor-phase minerals (tridimite and cristobalite actually represented by
quartz).

The air-fall tuffs are generally fine-grained, massive rocks. They are composed of
fragments of plagioclase and quartz (0.5-1.5 mm). set in a glassy, moderately devitrified
matrix.

Alteration of the RYC tuffs. The tuffs have undergone a complex history of
devitrification, vapor-phase crystallization and fumarolic/hydrothermal alteration. The
alteration was most extensive within the vents, less so along the faults and the contact
between dykes and tuffs. Mainly in the RFZ the tuffs are altered to a powder-like consistency
and comprise montmorillonite, kaolinite, illite, chlorite and goethite. Irregular cracks filled
with quartz and calcite are commonly present. The highly altered vents and surrounding rocks
are enriched in Zn, Cu and Pb.

Ramat Yotam volcanism consists of two main stages: (I) precaldera stage and (II) caldera
stage (Eyal and Peltz, 1992). From older to younger the precaldera volcanic phases are:
Shelomo, Mahzevot and Garof. The climax of the Garof phase, was a voluminous eruption
emptying the magma chamber, thus removing the support at the roof of the chamber and
causing collapse and caldera formation (Fig. 6).

The simple composition (rhyolitic-rhyodacitic) and cooling zonation of the flow units
may be related to a source consisting of a single volcano. We have no indication regarding the
location of the eruption center. We assume that the source area of the Garof ignimbrite was
north-northeast of the RYP (Peltz and Eyal, 1994). The ash flows moved toward the
southwest, as shown by the decreasing amount and size of lithics from the CFH (40-60% with
50 mm diameter) to the southwestern area of Ramat Yotam Hill (up to 30%, with 5-20 mm

diameter)(Figs. 3 and 4).



eruption fissures are characterized by the same features as the vents. Two types are
distinguished, one occupying the entire width of the RFZ and up to 100 m in length (Fig. 4),
and the other occupying a narrow 1.5 m section of the intra-ring fault zone and up to 10 m in
length.

Representative exposures of the the northwestern segment of the RFZ including eruption

vents and fissures are examined in this field trip.

Petrography of the RYC tuffs

The Shelomo Tuff Member consists of an association of silicic ash-flow and ash-fall
tuffs about 20 m thick, covered by an apparent paleosol bed of about 0.5 m. In the RFZ this
unit is exposed between the Taba Gneiss and the GTM (Fig. 4).

The ash-flow tuffs consist of a highly welded devitrified matrix (50-70%), phenﬁcrysts
(10-25%), and lithics (5-25%). The matrix shows conspicous flowage of the collapsed pumice
(6-12%) and stretched shards, and reveals low-medium degrees of crystallization to
microspherulitic growth of quartz and feldspar. The juvenile and accidental phenocrysts are
composed of plagioclase, and to a lesser extent, alkali feldspar, quartz, biotite, and Fe-Ti
oxides.

" The lithics are volcanic, subvolcanic, plutonic and metamorphic fragments of various
compos}tions.

The fallout component comprises varieties of vitric, lithic and lapilli tuff. The crystals (9-
19%) are alkali feldspar, plagioclase, quartz and biotite; the lithic fragments (9-60%) are
latite, andesite, vitrophyre, ignimbrite, granite and gneiss.

The Garof Tuff Member, which is approximately 200 m thick, is the main rock unit
inside the caldera volcanics; it was eroded from the extracaldera area (Fig. 4). The base of the
unit is not exposed and there is no evidence relating to the missing part of the section between
the exposed upper part of MTM and the lower part of GTM. The Garof sheet contains 17
simple cooling units and 23 ash flows, with variations in thickness. welding, crystallization
and alteration, flamme and lithic fragment concentrations (Peltz and Eyal, 1994).

This unit comprises silicic welded ash-flow tuffs and ﬁne-grainea air-fall tuffs.
Plagioclase, alkali feldspar, quartz, and magnetite are the principal minerals, with accéssory
zircon and apatite. The fiamme are pheno-andesitic with a devitrified glassy matrix and

sporadic plagioclase phenocrystals. The Garof Tuff contains up to 30% lithic fragments
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inside-caldera area comprises three morphostructural areas (Figs. 3 and 4): (1) the Container
Farm Plain (CFP), including the northern part of the caldera, mostly covered by recent
deposits; (2) the Ramat Yotam Hills (RYH) at the southern part of the caldera; and (3) the
downsagged area, which forms an elongated shallow depression in the eastern part of the
RYH, separated by N-S trending faults. A number of other N-S faults displace the caldera rim
and the inside-caldera west and east to the downsagged area (Figs 4 and 5).

The volcanic rocks of the RYC constitute the Yotam Caldera Formation, which is part of
the Katharina Group. Three members were distinguished, from oldest to youngest; (A)
Shelomo Tuff Member (STM). (B) Mahzevot Tuff Member (MTM). and (C) Garof Tuff
Member (GTM).

Representative exposures of STM and GTM located in the CFP and RYH are examined
in this field trip.

Structure of the border area

1) The ring fault zone is exposed for about 1200 m along the southern part of the
caldera as arcuate segments 150 m to 200 m long. Most of the ring fault zone comprises the
following units: i) the outer ring fault places STM rocks in lateral contact with the Taba
Gneiss (Figs. 4 and 5). We estimate the displacement along the outer ring fault to be a few
tens of 'meters. The fault plane clearly dips toward the caldera. At many places along the
exposed fault plane the Taba Gneiss is coarsely brecciated in a 0.5-1 m wide zone. Adjacent
to the fault, in a zone a few tens of centimeters wide, the STM rocks are crushed to a very
fine-grained powdery material and altered by late hydrothermal activity. ii) the inner ring
fault parallels the outer ring fault and places GTM against STM rocks. A zone about 1 m
wide of highly brecciated and altered rocks separates the STM from the GTM. Generally, the
GTM unit near the fault dips gently toward the caldera center. iii) the intra-ring fault zone is
4-19 m wide and combrises the area between the two ring faults. It contains only STM rocks
with a maximum thickness of about 5 m. The STM flows within this zone always dip towards
the caldera center.

2) Eruption vents and fissures are located every few hundred meters along the RFZ
(Fig. 4). Four vents 60-250 m apart, are exposed along the ring fault zone. They are elliptical
with individual dimensions of 19/18, 25/12, 11/8, and 16/8 m (Fig. 4). All vents are

characterized by highly-altered powdery tuffs and the presence of well-rounded ejecta. The
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GEOLOGICAL SETTING

The Precambrian volcanic rocks of the Elat region belong to the Katharina Group defined
in southern Sinai, which is part of the alkaline magmatic stage (580-540 Ma) including
volcanics, conglomerates and granitic plutons (Gass, 1.977; Bentor,1985; Eyal et al., 1980;
Bentor and Eyal, 1987).

The RYP is a tectonic depression, filled with Pleistocene and recent deposits, bordered
by the Mahzevot Fault (Garfunkel, 1970) to the east and the Zefahot Fault (Eyal, 1973) along
the west (Figs. 2 and 3). The country rocks include the quartz-dioritic Taba Gneiss (south),
the Elat Granitic Gneiss (southwest), the Elat Granite (northeast, west and northwest), and
Lower Cretaceous (Samar Formation, according to Druckman et al., 1993) sedimentary
deposits (north and northeast) (Fig. 3).

Garfunkel (1970) estimated the amount of sinistral displacement along the Zefahot and
Mahzevot faults as 8 km and 0.3 km, respectively; Eyal (1973) could document only 3 km
horizontal displacement along the Zefahot Fault. The presence of the Elat Granite west of the
Container Farm Hill (C in Fig. 3) and on both sides of the Zefahot Fault, as well as the
mismatch of the rock units all along the Mahzevot Fault (Fig.2), indicates that the main
horizontal displacement occurred along the latter. Therefore we suggested (Eyal and Peltz,
1994) a horizontal displacement of about 3 km along the Zefahot Fault, in accordance with
Eyal (1973), and a 5-6 km displacement to the north of the eastern part of the RYC, along the
Mahzevot Fault (Fig. 2). Restoration of the assumed 6 km of sinistral displacement along the
Mahzevot Fault will bring the volcanics of Giv'at Shehoret (Fig. 2) to just northeast of the

RYP. Based on this displacement, the initial diameter for the inside-caldera was about 2x3
km.

STRUCTURE LITHOLOGY AND VOLCANIC EVOLUTION

Three stages of development can be discerned in the RYC: (1) precaldera volcanism,
mainly preserved within the caldera; (2) caldera collapse; and (3) post-caldera volcanic
activity, represented by eruption vents and fissures located along the ring fault and outside the
caldera (Fig. 4). Three morpho-structural volcanic units can be distinguished in the RYC: (A)

the inside-caldera area; (B) the ring fault zone (RFZ); and (C) the extracaldera area. The
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LITHOLOGY, STRUCTURE AND VOLCANIC EVOLUTION OF THE
RAMAT YOTAM CALDERA. ELAT, SOUTHERN ISRAEL

[FIELD TRIP A|
Sergiu Peltz' and Moshe Eyal2

: Geological Survey of Israel, 30 Malkhe Yisrael Street, Jerusalem

2 Department of Geology, Ben-Gurion University of the Negev, Beer Sheva
INTRODUCTION

The purpose of this excursion is to examine the structure and lithology of representative
areas of the Ramat Yotam Caldera. In addition an overview of the extracaldera areas of Mizpe
Elat and Hatabor Hanozel and a brief examination of the Mizpe Elat volcanic dome will be
made. For the location of the field trip stations see Figure 1.

The Ramat Yotam volcanic area is located in the Ramat Yotam Plain (RYP), about 2 km
west of the town of Elat. It is the southernmost representative of the silicic Late Precambrian
volcanic field of Elat, remnants of which are exposed in the Giv'at Shehoret, Har Amram and
Har Neshef areas (Fig. 2). It is part of the Late Precambrian crystalline basement of southern
Israel, which is the northernmost component of the Sinai Massif at the northern margin of the
Arabian-Nubian Shield (Fig. 2).

The Ramat Yotam Caldera (RYC) is located in the southern and central parts of the RYP
(Fig.3), but the remnants of the structural elements and the constituent lithologic units are
exposed only in the extreme southernmost part of the RYP. Located north of the RYC are two
complex volcanic areas, namely Mizpe Elat and Hatabor Hanozel (Fig. 3).

The Ramat Yotam volcanic area has been studied by the authors since 1990 to gain a
more comprehensive understanding of the Late Precambrian volcanism in southern Israel. In
the southern part of Ramat Yotam, Garfunkel (1970; 1980) noted the presence of a volcanic
neck; he suggested that the neck was the source of the dacitic or rhyodacitic ignimbrites
found further north. An Rb-Sr isochron yielded an age of about 545 Ma for the tuffs of the
Elat area (Bielski, 1982).
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