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ABSTRACT 


A detailed study was conducted on the tephra deposits that were found in several locations 
in  the  Peninsular  Malaysia  which  are  important  time  markers  in  the  local  Quaternary 
stratigraphy.  Typically,  these  deposits  consisted  of  aerially  deposited,  fine-grained  <  100 
μm, silica-rich volcanic glass shards and mineral grains, in layers ranging from 10 cm to 9 
m  in  thickness,  within  quaternary  lacustrine  sediments.  Few  of  these  have  been  dated.  In 
the literature, most, if not all, were attributed to the VEI 8 eruption at Lake Toba at 70-75 
k.a.,  while,  in  actuality,  there  have  been  three  other  high  VEI  eruptions  in  Sumatra  that 
might  have  been  responsible  -  Mount  Maninjau  at  80  and  52  k.a.  (proximal  tuffs  are 
exposed at Sianok Canyon near Padang Highlands, Sumatra) and Lake Ranau between 0.7 
and 0.4 m.a.  In this  study, site reconnaissance, tephra age determination and geochemical 
fingerprint  analysis  have  been  carried  out  to  provide  scientific  proves  of  the  origins  of 
Peninsular Malaysia tephra. Detailed field mapping of tephra distribution in the vicinity of 
Lenggong  in  Perak  revealed  that  the  tephra  layers,  covering  15  km2,  were  deposited  at  a 
time when the local stream base level was 70 m above the current level, as most of the fresh 
tephra  layers  were  found  at  that  elevation.  Tephra  distribution  was  controlled  by 
topography at the time of deposition since layers of fresh and reworked deposits of tephra 
had been discovered in the vicinity of the Perak River banks and on gentle slopes of palm 
oil  estates.  The  presence  of  reworked  ash  under  layers  of  fresh  ash  might  indicated  that 
more than one paroxysmal eruption were responsible. Fission track and optically stimulated 
luminescence  (OSL)  techniques  were  executed  on  two  selected  areas  with  fresh  layers  of 
tephra  and  correlated  the  results  with  published  data  of  possible  origins.  Cluster  analysis, 
bivariate  analysis,  Rare-Earth  Element  and  trace  element  ratios  analysis  and  spider 
diagrams were implemented to differentiate and recognize individual eruptions. The results 
of  fission  track  dates  of  Lenggong  tephra  were  59  ±  7  k.a.  and  59  ±  9  k.a.,  while  Kuala 
Pelus tephra had luminescence dates of 58.5 ± 7.6 k.a and 75.5 ± 9.8 k.a. These dates could 
be  correlated  with  the  52  k.  a.  Maninjau  and  75  k.  a.  Toba  eruptions.  Major  and  trace 
element  content  of  glass  shards  revealed  similarities  between  those  from  the  Peninsular 
Malaysia  and  the  proximal  tuff  from  the  75  k.a.  Toba  eruption.  The  majority  of  Gelok 
samples were correlated to Toba sample.  Even though  Lenggong  and Padang Sanai major 
elements  result  showed  that  there  were  three  populations  in  the  same  layer,  chemical 
genetically  it  could  not  be  related  with  Maninjau  samples.  Kg.  Dong  and  Kuala  Kangsar 
tephra showed the largest variations of SiO2 and alkalies which were distinct from the other 
Peninsular Malaysia tephra. The Maninjau tuff was distinctly different from the Peninsular 
Malaysia tephra and from the YTT. This implies that Lenggong tephra could be originated 
from  Toba  and  other  possible  source(s).  The  conclusion  that  could  be  drawn  from  this 
evidences that it is significantly proved that the tephra in Peninsular Malaysia is most likely 
originated from Toba and also possible from Maninjau and other eruptions.  



(2)
ABSTRAK  


Kajian  secara  terperinci  telah  dijalankan  terhadap  enapan  debu  gunung  berapi  yang 
 dijumpai  di  beberapa  kawasan  di  Semenanjung  Malaysia  yang  merupakan  penanda  usia 
 yang penting bagi  stratigrafi  Kuaterner tempatan.  Secara  amnya, enapan ini  mengandungi 
 enapan yang berbutir halus, berkaca syard dan butiran mineral, dengan lapisan berketebalan 
 antara 10 cm hingga 9 m di dalam enapan tasik berusia Kuaterner.  Hanya segelintir telah 
 ditentukan  usianya.  Di  dalam  kajian  terdahulu,  kebanyakan  penyelidik  telah  menyamakan 
 kesemua  debu  ini  dengan  asalan  Tasik  Toba  yang  mempunyai  Indeks  Letusan  Gunung 
 Berapi 8, walaupun secara realitinya, terdapat tiga lagi letusan yang mempunyai VEI tinggi 
 di  Sumatra  yang  berkemungkinan  besar  menyumbang  kepada  enapan  debu  ini;  iaitu 
 Gunung Maninjau yang berusia 80 dan 52 ribu tahun di mana proksimal tuff tersingkap di 
 Ngarai Sianok berdekatan Padang dan Tasik Ranau yang berusia 0.7 hingga 0.4 juta tahun. 


Dalam  kajian  ini,  eksplorasi  kawasan  kajian,  penentuan  umur  debu  gunung  berapi,  dan 
 kajian  geokimia  telah  dijalankan  untuk  mendapatkan  bukti  saintifik  bagi  asalan  debu 
 gunung  berapi  di  Semenanjung  Malaysia.  Kajian  secara  terperinci  di  kawasan  Lenggong 
 menyingkap  bahawa  lapisan  debu  gunung  berapi  yang  merangkumi  15  km2,  telah 
 dienapkan semasa paras air sungai 70 m lebih tinggi daripada paras waktu kini, oleh kerana 
 kebanyakan  debu  ‘segar’  telah  dijumpai  di  ketinggian  tersebut.  Taburan  debu  gunung 
 berapi ini dipengaruhi oleh topografi semasa pengenapan berlaku kerana beberapa lapisan 
 debu  ‘segar’  telah  dijumpai  di  tebing  Sungai  Perak  dan  di  kecerunan  landai  di  kawasan 
 ladang kepala sawit. Kehadiran debu gunung berapi yang dikerja semula di bawah lapisan 
 debu  yang  ‘segar’  menunjukkan  berkemungkinan  terdapat  lebih  daripada  satu  letusan 
 gunung  berapi  yang  menyumbang  kepada  enapan  ini.  Kaedah  penentuan  umur  ‘fission 
 track’  dan  ‘optically  stimulated  luminescence’  (OSL)  dijalankan  di  dua  kawasan  yang 
 terpilih  dan  dikorelasikan  dengan  keputusan  yang  telah  diterbitkan  bagi  sumber-sumber 
 yang  berkemungkinan.  Analisis  kluster,  kajian  bivariat,  analisis  unsur-unsur  minor  dan 
 surih  serta  gambarajah  spider  telah  dijana  untuk  membezakan  dan  mengenalpasti  setiap 
 letusan gunung berapi. Keputusan bagi umur ‘fission track’ bagi Lenggong adalah 59 ± 7 
 dan 59 ± 9 ribu tahun, manakala debu  Kuala Pelus pula mempunyai umur ‘luminescence’ 


58.5 ± 7.6  dan 75.5 ± 9.8 ribu tahun. Umur-umur ini dapat dikorelasikan dengan Maninjau 
yang berusia 52 ribu tahun dan Toba  yang berusia 75 ribu tahun. Kandungan unsur-unsur 
minor  dan  surih  menunjukkan  persamaan  di  antara  Semenanjung  Malaysia  dengan 
proksimal  tuff  bagi  letusan  Toba  yang  berusia  75  k.a.  Secara  majoritinya,  sampel-sampel 
Gelok  dapat  dikorelasikan  dengan  sampel  Toba.  Walaupun  unsur-unsur  major 
menunjukkan  terdapat  lebih  daripada  tiga  populasi  di  dalam  satu  lapisan  debu  gunung 
berapi  yang  sama  di  Lenggong  dan  Padang  Sanai,  secara  genetik  kimia  ia  tidak  dapat 
dikaitkan  dengan  sampel-sampel  Maninjau.  Debu  gunung  berapi  Kg.  Dong  dan  Kuala 
Kangsar menunjukkan variasi SiO2 dan alkali tertinggi menunjukkan perbezaan yang ketara 
berbanding  debu-debu  gunung  berapi  lain  di  Semenanjung  Malaysia.  Tuff  Maninjau 
menunjukkan  perbezaan  yang  ketara  dengan  debu-debu  gunung  berapi  di  Semenanjung 



(3)Malaysia  dan  Toba.  Ini  menunjukkan  bahawa  debu  Lenggong  berkemungkinan  berasal 
daripada  Toba  dan  sumber-sumber  lain  yang  berkemungkinan.  Berdasarkan  bukti-bukti 
yang  diperolehi,  dapat  dirumuskan  berkemungkinan  besar  debu  gunung  berapi  di 
Semenanjung  Malaysia  berasal  daripada  letusan  Toba,  dan  berkemungkinan  daripada 
Maninjau dan letusan-letusan gunung berapi lain.  
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(9)CHAPTER 1 


1.0  INTRODUCTION 


Tephra  layers  played  an  important  role  as  a  time  marker  in  establishing  a 
 chronology  for  the  Quaternary,  because  they  occurred  within  very  short  period  intervals 
 and widely distributed. Individual tephras, however, vary significantly, and were restricted 
 spatially by factors such as the magnitude and direction of prevailing wind and the particle 
 size  of  the  tephra.  Consequently,  tephra  was  useful  for  local  and  regional  stratigraphy 
 (Machida, 2002). Many extraordinary large tephra, such as the 75 k.a. Toba eruption, have 
 been  recognized  as  very  powerful  tools  for  correlating  stratigraphic  sequences  and 
 extensive landforms, particularly for land-sea correlation. 


Tephra has been used since 1940s as time stratigraphic marker for both site-specific and 
 regional  geologic  studies  and  often  provided  absolute  age  constraints  for  sediments, 
 structural features, depositional rates, biostratigraphic datum levels, and soil developments 
 (Sarna-Wojcicki,  2000;  Ward  et  al.,  1993).  Tephra  has  also  been  used  to  determine  the 
 timing and rate of movement along faults. Soil scientists used tephra for the development of 
 time  lines  in  soil  formation  and  to  control  the  biostratigraphic  datum  levels  (Ward  et  al., 
 1993). 


Dispute in the origin of distal tephra layers have been reported in numerous parts of 
 Peninsular  Malaysia  (Fig.  1-1).  Very  few  of  these  tephra  units  have  been  dated  and 
 some  of  the  dated  tephras  were  not  published.  Many  of  the  previous  researchers 


"A person who leaves home in search of knowledge, walk 
 in the path of God"  


- Prophet Muhammad (P.B.U.H). 



(10)simply reported that the age of these tephras were approximately 70  -75 ka originated 
 from the Toba super eruption in Sumatra. Despite clear field evidence for multiple more 


Fig. 1-1. Documented localities of tephra found in Peninsular Malaysia (modified from 
 www.divezone.net) 


Padang Sanai 


Sg. Bekok 


Kuala Pelus 
 Lenggong 


Kuala Kangsar 


Serdang 
 Ampang 


Kg. Sg. Taling 



(11)than  Volcanic  Explosive  Index  (VEI)  8  have  occurred  in  multiple  volcanic  regions  of 
 Sumatera,  newer  publications  have  attributed  all  near  superficial  tephra  from  India  to  the 
 South China Sea, including Peninsular Malaysia, to Toba as the single source. (Tjia and R.F 
 Muhammad, 2008).  


Wind  blown  tephra  deposits  from  Sumatra  was  first  recorded  by  Scrivenor  (1931)  in 
 Peninsular Malaysia. The thickest tephra deposit ever recorded in Peninsular Malaysia was 
 about  nine  metres,  and  it  was  found  at  the  confluence  of  Kuala  Pelus  and  Perak  River. 


Widespread tephra layers have been recorded as far as the North East Indian Ocean and the 
 Bay of Bengal (Ninkovich et al, 1978) (Fig. 1-2).   


Fig. 1-2. The distribution of rhyolitic tephra on Indian Ocean Floor (Tjia, 2008). 



(12)The  Lake Toba eruptions were  considered  to  have been the largest explosive eruption 
 ever  documented  throughout  the  Quaternary  age.  The  available  "absolute"  dates  of  the 
 multiple Toba eruptions were summarized in Table 1-1. Apart from Bukittinggi, the 
 other  five  acid  tuffs  belong  to  Toba.  All  of  the  samples  were  dated  by  fission 
 track, except for the sample from Tuktuk Siadong. 


Table 1-1: List of major eruptions in Sumatra from Nishimura, (1980). 


Other Sumatra volcanoes like Maninjau and Ranau in South Sumatera  have also 
 had  multiple  paroxysmal  events  (Kastowo,  1996).  Maninjau  volcano  in  Bukittinggi 
 was  believed  to  have  at  least  three  multiple  paroxysmal  events  at  70  ka  and  80  ka 
 (Tjia  and  R.  F.  Muhammad,  2008).  Therefore,  it  was  very  plausible  that  Lenggong 
 valley acid tephra could be originated from Sumatra volcanoes other than Toba. The Toba-
 like caldera associated with superficial acid tephra deposits  were also known found at 
 Bukittinggi  area  (known  as  Fort  de  Kock  in  Dutch  Colonial  times).  They  were 
 exposed  in  the  deep  "Karbouwengat",  nearby  the  Maninjau  Lake,  and  at  further 
 southern  area  of  Ranau  (Figure  1-3).  The  70  ka  Bukittinggi  tephra  could  be  well 


Tuff Name  Age 


Youngest uppermost acid tuff layer 9 km South of Parapet  30,000 years 


Acid tuff at Siguragura  100,000 years 


Upper acid tuff at Parapet Pass  100,000 years 


Lower acid tuff at Parapet Pass  1.2 my 


Ignimbrite (welded acid tuff) at Tuktuk Siadong (K/Ar)  1.9 my 
Acid tuff at Bukittinggi, Padang Highlands  70,000 years 



(13)correlated  with  the  reported  74  ka  –  75  ka  Toba  tephra  mentioned  in  the  recent  articles 
 (Alloway, 2004).  


This  study  will  concentrate  on  the  tephra  found  around  Lenggong,  Perak. 


This  site  is  home  to  the  Tampanian  Paleolithic  stone  tool  sites  and  the  11,000 
 years  old  "Perak  Man "(Zuraina,  1988), previously  dated  at  31,000  based  on 14C 
 ages  of  organic  material  in  close  association  with  acid  tephra  at  Ampang  and 
 Serdang and are corroborated by the age of the uppermost tuff layer near  Parapet (see 
 Table 1-1). However, more recently, it was shown that the dating of the stone tools was 
 dependant  on  tephra  dating  (Tjia  and  R.  F.  Muhammad,  2008).  By  correlation  with  the 
 Toba  Tephra,  the tephra  that  belonged to the tools was agreed to be of the great 75,000 
 years-old Toba Eruption.  


Lenggong 


Fig. 1-3. The volcanic history of Sumatra. (Modified from Alloway, 2004) 


Lenggong 



(14)1.1  OBJECTIVES 


The main objectives of this study were: 


To  determine  the  distribution  of  tephra  deposits  in  Peninsular  Malaysia, 
 particularly in Lenggong Valley area. 


To provide a detailed geochemical data and precise ages determination for 
 tephra  layers  of  Peninsular  Malaysia.  This  research  will  investigate 
 whether the trace element compositions of these  ash beds will be distinctive 
 enough to recognize individual eruptions. 


To  establish  the  tephra  correlation  between  Peninsul ar  Malaysia  and 
 Sumatra. 


To  establish  the  time  marker  in  the  stratigraphy  for  the  Late 
 Pleistocene of Peninsular Malaysia region. 


This  study  attempted  to  delineage  the  source  and  age  of  tephras  found  in 
Peninsular  Malaysia.  The  focuses  of  this  research  were  on  the  Lenggong  and  Kuala 
Kangsar tephras that have not yet been correlated to any eruption source. Both places were 
the ideal locations for study due to three main reasons: 1) Abundance of tephra localities. 2)  
Kuala  Kangsar  tephra  was  thought  to  be  similar  to  that  of  Kota  Tampan  tephra  based  on 
their proximity  and the similarity of their  chemical  composition and 3) Both  areas  have  a 
substantial  number  of  undifferentiated  tephras  and  are  simply  described  as  the  “Toba 
Tephra”(Chesner,  1991,  1987,  Basir,  1987,  Ninkovich,  1978).  This  research  attempted  to 
investigate  whether  the  trace  element  compositions  of  these  tephra  beds  were  distinctive 
enough to discriminate individual eruption. Using laser ablation inductively coupled plasma 



(15)mass  spectrometry  (LA-ICP-MS),  the  rare-earth  elements  (REE)  and  other  trace-element 
 concentrations were obtained and to the established Youngest Toba Tuff (YTT) and Sianok 
 (Maninjau) tephras. 


A  detailed  investigation  on  the  source  of  tephra  in  Peninsular  Malaysia 
 could  be  established  by  comparing  geochemical  signatures  of  tephra  in 
 Peninsular  Malaysia  that  of  ejecta  from  Sumatra  volcanoes.  Previous  researchers 
 were  mainly  focused  on  analyzing  the  major  elements  of  the  tephra,  however,  major 
 elements  alone  has  proved  to  be  inconclusive  in  many  cases  (Pearce,  2004)  and  such  has 
 been  the  case  here.  An  example  was  the  attempt  to  use  major  elements  signature  to 
 determine  the  source  of  a  widespread  deposition  of  rhyolitic  tephra  deposits  along 
 Padang  Terap  river  made  by Debaveye, J. et  al.  (1986). Given  that  he  silica-rich  volcanic 
 tephras  from  Sumatra  region  have  very  similar  major  element  composition,  major 
 element  signatures  cannot  distinguish  between  them  (Pearce,  1998) .  Minor  and  trace 
 elements analysis could possibly be proven more useful than major elements alone.  


There  were  substantial  amount  of  tephras  in  Peninsular  Malaysia  that  remained 
undifferentiated.  Part  of  the  reasons  were  the  lack  of  research,  unpublished  results  and 
insufficient  geochemical  data  analysis.  Based  on  Toba’s  super  magnitude  intensity,  all  of 
these  undifferentiated  tephras  were  speculated  to  be  originated  from  super  volcano  YTT 
(Westgate  et  al,  1998).  Referring  to  Ninkovich  (1972),  a  Toba  origin  might  still  be 
considered  most  likely.  Eruptions  of  the  Toba  Caldera  have  been  frequent  (Dehn  et  al, 
1991)  and  without  isotopic  ages  and  geochemical  characterization  of  the  glasses  in  the 
distal  tephras,  correlation  to  a  particular  eruption  could  not  be  confirmed  (Shane  et  al, 
1995).  



(16)Geochemical  data  analysis  showed  apparent  variables  among  Peninsular  Malaysia’s 
 tephra,  YTT  (Toba)  and  Sianok  (Maninjau)  data  suggesting  disparate  sources  for  Perak 
 tephras.  Volcanics  from  Maninjau  caldera,  had  been  dated  at  52  +  3  ka.  (M.  M.  Purbo-
 Hadiwidjoyo, 1979). The Maninjau tuff deposits were distributed over 8500 km2 and have a 
 volume  of  220  –  250  km3.  However,  Sumatra  eruption  volumes  have  often  been 
 underestimated,  and  only  0.5  %  of  known  Indonesian  eruptions  have  been  dated  by  other 
 than historical techniques (Simkin and Siebert, 1994).   


The  major,  trace  and  rare  earth  elements  analysis  used  for  fingerprinting  study  were 
 able  to  differentiate  the  glass  shards  population  and  it  gave  better  understanding  on  the 
 magmatic  fractionation  of  the  origins  of  Peninsular  Malaysia  tephra. The  results  of  this 
 study  can  be  used  to  advance  the  understanding  of  the  Paleolithic  archaeology  of  the 
 Lenggong area and will further contribute to Peninsular Malaysia Pleistocene stratigraphic 
 in correlation.   


In  addition,  this  study  would  hopefully  be  beneficial  in  establishing  one  or 
 more  time  markers  in  the  stratigraphy  of  the  Late  Pleistocene  in   Peninsular 
 Malaysia.  Establishing  an  effective  time  frame  for  the  tephra  found  in  Peninsular 
 Malaysia  could  benefit  various  fields  of  research,  such  as  soil  science,  geology, 
 paleoclimatology, stratigraphy,  paleontology and archeology.  


1.2   PREVIOUS STUDIES AND RESEARCH MOTIVATION. 


Multiple  super-volcanic  eruptions  have  occurred  in  Sumatra  for  the  last  65  million 
years. As a result of the eruptions, tephras were deposited over a broad area in Peninsular 
Malaysia.  As  early  as  1930s,  pioneer  studies  tephra  deposits  in  Peninsular  Malaysia  were 



(17)carried out by J. B, Scrivenor. Tephra in Peninsular Malaysia was first  recognised by this 
 researcher  in  Kota  Tampan  area  in  1930.  He  subsequently  found  up  to  9  m  of  tephra  at 
 Kuala Pelus in 1931 and it was considered by Van Bemmelen (1949) to be originated from 
 Toba.  The  tephra  overlain  the  top  of  several  metres  thick  of  sand  and  gravel  containing 
 Palaeolithic chopper tools and flakes, which in turn mantled by about a metre thick of soil 
 (Ninkovich et al., 1978b). Westgate et al., (1998) suggested that the chemical composition 
 of the tephra was indeed the YTT.  


Stauffer’s  (1973)  study  on  Late  Pleistocene  age  for  tephra  in  West  Malaysia 
 suggested the Ampang Lake allowed 500 years for deposition of the roughly 0.5 m of 
 peat between the tephra and two dated underlying wood fragments, taking 34,500 B.P 
 as  the  middle  of  their  age  overlap,  he  estimated  the  actual  age  of  the  teph ra  as 
 approximately 34 ka B. P. He considered the maximum age for the tephra as the 73  + 
 12 ka yrs reported for the Toba ignimbrite deposits in Sumatra, determined using the 
 potassium-argon  method  (Ninkovich,  et  al,  1971).  He  stated  that  there  was  no 
 evidence  that  the  tephra  in  Peninsular  Malaysia  was  related  to  the  Toba  eruption. 


However,  since  there  was  no  evidence  of  any  other  eruption  of  comparable 
 magnitude  in  Sumatra  (Ninkovich,  et  al.  1978b),  a  Toba  origin  might  still  be 
 considered  most  likely.  Dating  of  this  tephra  was  in  progress  when  this  paper  was 
 published,  with  expectation  to  resolve  the  remaining  ambiguity.  However,  the  result 
 for 14C age determinations for this area have not been published.  


Stauffer  (1978)  found  fresh  Serdang  tephra  in  Selangor  deposited  in  clear  separate 
layers in  a stratigraphic  sequence.  The topmost  layer  was  a  fine  grained  tephra,  underlain 
by  the  coarse  biotitic  tephra,  whereas  the  bottom  layer  constituted  fine  grained  tephra, 
suggesting  different  eruption  events.  The  relatively  undisturbed  nature  of  the  tephra  also 



(18)supported the idea that the deposition took place in an open-water (lacustrine) environment, 
 as had previously been suggested for Ampang tephra (Stauffer, 1973). This writer planned 
 further studies  on the dating of the tephra  and associated wood and peat. Serdang  zircon 
 fission  track  age  of  30  +  4.5  ka  was  determined  for  the  tephra (Nishimura  and 
 Stauffer, 1981).  


This  finding  is  contrary  to  (Chesner,  1991)  age  of  fission  track  68  +  7  k.a.  that 
 supported  the  conclusion  of  Rose  and  Chesner  (1987)  that  tephra  in  Malaysia 
 originated  from  the  75  k.a.  YTT  eruption.  Based  on  that,  Chesner  (1991)  believed  a 
 large explosive eruption originating from Toba at 30 k.a. as postulated by  Stauffer et 
 al. (1980) seems unlikely. This theory was supported by (Dehn and Chesner, 1991) as 
 large  Pleistocene  eruptions  in  the  last  30  to  40  k.a.  were  not  known  for  the  Toba 
 Caldera  and  it  was  assumed  that  the  zircon  and 14C  age  the  Peninsular  Malaysia 
 tephra  were  in  error  (Taylor,  1982).  Recent  archeological  publication  reported on the 


40Ar/39Ar age of 73.88 ± 0.32 ka for sanidine crystals, extracted from Toba deposits in the 
 Lenggong  Valley,  6  km  from  an  archaeological  site  with  stone  artifacts  buried  by  tephra  
 (Storey, 2012).  


Tjia  (1976)  stated  that  if  Terengganu  tuff  originated  from  Toba,  it  had  been  flown 
about  500  km,  which  is  more  than  150  km  compared  to  Perak  Tuff.  He  found  tephra  in 
Sungai  Bekok, Terengganu  was deposited  at  the elevation of  30 m  and the distribution of 
plant  remains  at  the  lower  layer  could  be  interpreted  as  lagoonal  deposit  with  dense 
plantations. Generally, all Quaternary experts believed that during the last interglacial 
sea level  reached 6 m higher than at present, as  glacial ice melted back a bit more than it 
has today. 



(19)Debaveye  (1986)  studied  on  a  widespread  deposition  of  rhyolitic  tephra  deposits 
 along the axis of Padang Terap river. The tephra was thought to be originated from the 
 Toba  area,  North  Sumatera  based  on  microscopy  and  major  elements  analysis.  This 
 area has been correlated with uncertain age of Toba eruption which is 75 k.a. or a 30 
 k.a.  eruption. Debaveye  (1986)  summarized  the  origin  of  this  tephra  deposits  were 
 from  tuff  erupted  at  a  centre  just  north  of  the  Toba  depression  called  Sibuatan  Tuff. 


However,  he  was  uncertain  whether  the  tephra  originated  from  the  75  k.a.  Toba 
 eruption  or  from  30  k.a.  Sibuatan  eruption. A  second  possible  source  is  Krakatau, 
 located  in  the  Straits  of  Sunda  near  Southeast  Sumatra.  Sunda  Strait  tuffs  were 
 believed  to  be  erupted  throughout  the  Late  Miocene  to  the  Pleistocene  time.  This  is 
 based  on  the  major  elements  composition  (glass  shards)  and  minor  elements  (on 
 topsoil)  analysis  result  in  Padang  Terap  that  has  been  correlated  with  Toba’s 
 ignimbrites  chemical  composition  that  is  chemically  identical.  Electron  probe  X-ray 
 microanalyser,  X-ray  diffractions  (clay  fraction)  and  physico-chemical 
 characterization  of  a  soil  developed  on  rhyolitic  tephra. Yet  the  K-Ar  dates  on  glass 
 shards of this area has not yet published. 


Basir (1987)  suggested  that  the  age  of  Kuala  Kangsar  tephra  deposits  were  of  similar 
age to tephra in the Kota Tampan area and its age as claimed by (Ninkovich, 1978) on the 
basis  of  proximity  of  occurrence  and  similarity  of  two  samples  of  tephra  major  elements 
chemical  composition  by  using  X-ray  fluorescence  spectrometry,  is  75  k.a.  years 
(Ninkovich et al, 1978). Kuala Kangsar tephra deposits was located approximately at 30 km 
from Kota Tampan area in Lenggong. The tephra was deposited as sub aerial fallout on the 
river-bank of Sungai Perak. The reverse graded bedding found in the deposit was attributed 
to the progressive increase of the initial gas velocity during eruption, which was responsible 



(20)to eject the coarser fragments to a greater height in the later phase, thus promoting a wider 
 wind dispersion. The finer tephra was  rapidly dispersed and deposited  earlier followed by 
 the  deposition  of  coarser  tephra.  The  occurrence  of  six  layers  indicated  the  fluctuation  of 
 wind  energy  as  a  transporting  agent.  He  assumed  that  the  source  of  the  tephra  might 
 possibly  be  originated  from  Toba  eruption  based  on  its  largest  magnitude  explosive 
 eruption  ever documented  in  Quarternary  age  and  its  widespread  tephra  layers  have  been 
 recorded  in  the  North-East  Indian  Ocean  and  Bay  of  Bengal  (Ninkovich  et  al,  1978). 


However,  no  dating  determination  has  been  done  on  the  Kuala  Kangsar  tephra.  Basir 
 (1987) showed no scientific evidence that would suggest a relationship exists between the 
 different isolated deposits in Lenggong. His notions of similarities were solely based on its 
 proximity to Kota Tampan area and results of two major elements analysis acquired by X-
 ray Fluorescence Spectrometry.  


Eruptions of the Toba caldera have been frequent (Dehn, 1991) and without precise 
isotopic  ages  and  geochemistry  characterization  of  the  glasses  in  the  distal  tephras, 
correlation to a particular eruption could not be confirmed (Shane, 2000). Collectively, in 
the literature, most of the tephras were attributed to the VEI 8 eruption dated at Lake Toba 
at 70-75 k.a. However, there were three other high VEI eruptions in Sumatra that might be 
responsible  to  the  tephra  deposits,  the  Mount  Maninjau  dated  at  80  k.a.  and  52  k.a.  (its 
proximal  tuffs  were  exposed  at  Sianok  Canyon  near  Padang,  Sumatra)  and  Lake  Ranau 
dated from 0.7 mya to 0.4 mya. (Bellivier et al., 1999). Consideration should also be given 
to  other  eruptions  such  as  Pulau  Weh  in  North  Sumatra  which  was  presumed  to  be 
Pleistocene  age  (Bennett  et  al.,  1981).  However,  based  on  the  volcanology  highlights  in 
Volcanology  of  Indonesia,  only  few  stratigraphic  studies  of  older  volcanic  deposits  were 
established in Indonesia and only 0.5 % of the known Indonesian eruptions were dated by 



(21)other than historical records, emphasizing the need for more study on the prehistoric record 
 in this region (Simkin, 1994). 


To date, much of the volcanological researches conducted in Sumatra were largely 
 focused on the eruptive history of Toba caldera (Alloway, 2004). Maninjau was a volcanic 
 edifice situated in Padang Highland, located about c. 300 km to the south of Toba and c. 15 
 km  to  the  west  of  Bukit-Tinggi  town  at  west-central  Sumatra.  Purbo-Hadiwidjoyo  et  al. 


(1979) estimated that the Maninjau tuff deposits were distributed over 8500 km2 and have a 
 volume of 220–250 km3 with VEI 7. Undoubtedly at that magnitude, Maninjau that located 
 approximately  600  km  from  Lenggong  could  possibly  contributed  to  the  Peninsular 
 Malaysia tephra deposits. The c. 52 k.a. age for the paroxysmal Maninjau PDC deposit was 
 supported by the occurrence of an underlying silicic tephra bed which  was geochemically 
 indiscriminated from the c. 75 k.a. Toba. The Volcanic Explosivity Index (VEI) of the Toba 
 super-eruption was the largest possible for a volcanic eruption. The magnitude of Toba 
 eruption was an order larger than the Maninjau VEI 7, which produced ca. 2500–3000 km3
 of dense rock equivalent to pyroclastic ejecta (Rose and Chesner, 1987) compared to that of 
 the  220–250 km3  pyroclastic  from  52  k.a.  Maninjau  eruption  (Alloway,  et  al,  2004). 


Despite  its  high  magnitude  eruption,  the  Maninjau  eruption  has  been  ignored  and  lack  of 
 research. Other enormous eruptions during Tertiary Quaternary periods such as  the Ranau 
 eruption should also be considered as source of Peninsular Malaysia tephra deposits (Table 
 1-1).  


Previous researchers have focused primarily on analyzing the major elements of the 
tephra.  Silica-rich  volcanics  from  the  Sumatra  region  have  very  similar  major  elements 
composition.  Hence,  they  were  not  easily  discriminated  from  each  other  using  these 



(22)elements. The result from minor and trace elements analysis could be used to discriminate 
 the origin of the tephra layer.  


Pattan  et  al.  (2002)  agreed  that  the  origin  of  tephra  in  the  Central  Indian  Ocean 
 Basin  (CIOB)  was  in  dispute.  The  in-situ  silicic  volcanism  and  Indonesia  arc  volcanism 
 have been proposed as the potential sources of tephra in the basin.  A detailed study on the 
 morphology and chemical composition (10 major, 20 trace and 14 Rare Earth Elements) of 
 the glass shards were  carried out  from  8 sediment  cores  in  the CIOB to  gain  insights  and 
 provided  a  new  tephra  volume  estimation.  The  major,  trace  and  REE  composition  and 
 morphology  of  the  shards  suggested  that  Youngest  Toba  Tuff  (YTT)  dated  at  ~74  k.a.  of 
 Northern  Sumatra  as  the  source  of  the  tephra.  The  YTT  shards  contained  higher 
 concentration of Ca, K, Al, Cs, Ba, Ta, Th, U and heavy REE and lower amount of Fe, Rb, 
 Sr,  Y  and  light  REE  compared  to  that  of  the  Middle  Toba  Tuff  tephra,    The  YTT  tephra 
 contained higher level  of  Si, K,  Hf  and light  REE, and lower  amount of  Ti, Fe, Mn,  Mg, 
 Ca,  Na,  Rb,  Sr,  Y,  Nb,  Th,  U  and  heavy  REE  compared  to  that  of  the  Oldest  Toba  Tuff 
 tephra.  


Pearce  et  al.  (1995)  studied  on  a  proximal  sample  of  the  Toba  tephra  from 
Sumatra, and analysed it by both solution and laser ablation  ICP-MS techniques. Samples 
UT1068, UT1069, UT1070, UTl134, and UTl135 were collected from the northern part of 
the Indian sub-continent. Based on the acquired data, Pearce demonstrated that there could 
be little doubt that these samples were the distal members of the Toba tephra. On the basis 
of  EPMA,  data  these  distal  samples  were  compositionally  similar  to  the  proximal  Toba 
tephra  from  Sumatra.  A  range  of  trace  elements  were  determined  from  the  proximal  and 
distal  samples  of  the  Toba  tephra  using  LA-ICP-MS.    LA-ICP-MS  offered  a  rapid  trace 
element analytical technique with low detection limits for small samples of volcanic glass 



(23)shards.  It  could  be  used  with  confidence  to  correlate  or  distinguish  the  separate  tephra 
 deposits,  when the  EPMA data alone  were inadequate. This  approach  has been applied in 
 this study. 


Tjia  and  R.F.  Muhammad  (2008)  stated  that  the  multiple  paroxysmal 
 volcanic outbursts of Toba character occurred at multiple locations in Sumatra throughout 
 the Quaternary age. At Toba, four such events might be occurred between 1.9 Ma and about 
 30  k.a.  age.  Maninjau  and  Ranau  eruptions,  which  were  included  in  the  top  rank  of  the 
 Volcanic  Explosivity  Index  (VEI),  could  be  considered  as  a  possible  prime  contributor  to 
 tephra distribution in Peninsular Malaysia. Figs. 1-4, 1-5 and 1-6 showed calderas that were 
 formed in Toba, Maninjau and Ranau due to the high magnitude of these ancient eruptions. 


Based on this notion, Tjia (2008) suggested that the contention that the widely distributed 
 (from India to the South China Sea) rhyolitic tephra of 75 k.a. attributed to a single Toba 
 paroxysm was highly improbable. 


Fig. 1-4. Toba caldera complex in northern Sumatra from Chesner, (2012). The Sipisopiso 
 YTT location was highlighted in green circle. 


Sipisopiso 



(24)Fig. 1-5. Maninjau Caldera in Central Sumatra from Tjia (2008). K1, K2 and K3 were the 
 Maninjau craters. Sianok valley location was highlighted in purple colour.  


   


Fig. 1-6. Danau Ranau in Southern Sumatra from Gafoer et al. (1993). 


25 km 


Sianok 



(25)Collectively,  most  of  the  tephra  deposits  in  Peninsular  Malaysia  were  insufficiently 
 dated. The lack of geochemical data unable to prove that all of these deposits were solely 
 originated  from  the  75  k.a.  Toba  eruption.  However,  the  Ampang  tephra  dated  at  34  ka 
 (Stauffer,  1973)  and  Serdang  tephra  dated  at  30  +  4.5  k.a.  by  zircon  fission  track. 


(Nishimura and Stauffer, 1981) showed that there was more than one possible sources of 
eruption.  The  major  elements  analysis  by  Basir  (1987)  was  not  distinctive  enough  to 
discriminate  each  tephra.  This  research  attempted  to  address  the  lack  of  dated 
tephras. By  conducting  detailed  geochemica l  analysis  (trace  elements  and  rare 
earth  elements),  tephras  from  Peninsular  Mala ysia  could  be  discriminate  and 
correlated to the Sumatra’s tephra.  



(26)CHAPTER 2 


2.0  METHODS 


The  investigation  of  tephra  samples  from  Peninsular  Malaysia  and  Sumatra  was 
 conducted  in  two  phases.  The  first  phase  consisted  of  fieldwork  and  the  second  phase 
 consisted of laboratory work. Fieldtrips were carried out at Lenggong, Kuala Pelus, Kuala 
 Kangsar, Kg. Dong, Padang Sanai, Ampang, Serdang and Kg. Sungai Taling and samples 
 were collected for dating and geochemical analysis. Samples collections were also included 
 a number of Toba tuffs and Maninjau tuff, collected from Sumatra. The list of sites visited, 
 with the corresponding analyses conducted was shown in Table 2-1. 


Sample Name  Code 
 Name 


Field 
 Work 


Sample 


Collection  SEM   EPMA  LA-ICP-MS 


Gelok 1  PM-G1  √  √  √  √ 


Gelok 2  PM-G2  √  √  √  √ 


Gelok 3  PM-G3  √  √  √  √ 


Gelok 4  PM-G4  √  √  √  √ 


Gua Badak 1  PM-B1  √  √  √ 


Gua Badak 2  PM-B2  √  √  √ 


Bukit Sapi  PM-S1  √  √  √  √ 


Kg. Pisang  PM-M1  √  √  √ 


Kg. Kuah  PM-M2  √  √  √ 


Chegar Galah  PM-M3  √  √  √ 


Kuala Pelus 1  PM-P1  √  √  √ 


Kuala Pelus 2  PM-P2  √  √  √ 


Kuala Pelus 3  PM-P3  √  √  √ 


Kuala Pelus 4  PM-P4  √  √  √ 


Kg. Talang 1  PM-T5  √  √  √ 


Kuala Kangsar  PM-K1  √  √  √ 


Kuala Kangsar  PM-Q5  √  √  √ 


Kg. Dong  PM-D1  √  √  √ 


Padang Sanai  PM-3C  √  √  √  √ 


Sianok 1  SM-4A  √  √  √  √ 


Sianok 2  SM-4B  √  √  √  √ 


Sipisopiso (YTT)  SM-5A  √  √     √  √ 


Table  2-1.  List  of  sites  visited,  with  the  corresponding  analyses  conducted.  PM=  Peninsular 
 Malaysia;  SM=Sumatra;  SEM=  Scanning  Electron  Microscope;  EPMA=  Electron  Probe  Micro 
 Analyser; LA-ICP-MS=Laser Ablation Inductively Coupled Plasma Mass Spectrometry. 


“Knowledge is not what is memorized. 


Knowledge is what benefits” 


– Imam ash-Shafi’e. 



(27)2.1.  FIELD WORK 


A  detailed  mapping  of  tephra  distribution  was  conducted  in  Lenggong  at  Kota 
 Tampan  area  due  to  the  abundance  of  tephra  localities.  A  continuous  samples  collection 
 was  conducted  within  the  Peninsular  Malaysia  area  included  collection  of  Lenggong 
 tephra, Padang Terap tephra, Kuala Pelus, Kuala Kangsar, and a number of samples in Kg. 


Dong, Pahang.  A number of Sumatra pumices  and  tephra  samples  were also  collected  for 
 comparison.  Approximately  500  to1000  g  of  for  fresh  tephra  and  more  than  1000  g  for 
 reworked  tephra  samples  were  collected  from  each  outcrop.  The  Sumatra  samples  were 
 collected from Sipisopiso (YTT) and Sianok Canyon tephras. They were to be compared to 
 the Peninsular Malaysia tephra.  


Field observations and mapping were carried out in the study areas with the aid of 
Lenggong  topographic  base  map,  compass,  sketch  notebook,  global  positioning  system 
(GPS) to locate tephra spots with elevations based on Datum Malay Peninsula Kertau 1948, 
measurement tape, hand lens, hammer and shovel for sample collections. The samples were 
sealed to avoid contamination and amalgamation with other samples. Each bag was labeled 
with area name code, to be synchronized with more detailed field note. Camera was used to 
capture  tephra  outcrop  images  for  documentation  purposes.  Generally,  the  tephra  has  a 
yellowish-white to ochre colour and made up of silt to sand-sized particles. Tephra was 
identified primarily by its whitish color, the nature of its boundary, its hardness, gritty, 
abrasive and its weight was lighter than fluvial sediments. Some of the local people in 
Lenggong  claimed  that  fresh  tephra  tasted  like  milk  powder.  The  tephra  samples  were 
identified  in  the  field  before  it  was  collected  and  subsequently  be  confirmed  in  the 
laboratory using petrographic study or the X-Ray Fluorescence (XRF) technique. 



(28)The samples collection focused primarily on the freshness of the tephra. However, 
 most of the tephras found in Lenggong area were reworked. A detailed GIS mapping were 
 constructed based on 94 localities in Lenggong area. Fresh tephra was characterized by its 
 light color and light density whereas the reworked tephra normally was mixed, compacted 
 and cemented to terrigenous material.  


Field  data  were  extracted  to  produce  surface  mapping  using  a  geographic 
 information system (GIS) that allows us to view, understand, interpret, and visualize data. It 
 was used to reveal Lenggong tephra relationships, patterns, and trends in the form of maps, 
 and contour maps were used in producing the map. The geospatial datasets such as stream, 
 soil, rock from JUPEM data source were used in producing the map.  


2.1.1.  Tephra Characterization 


The quick identifications could be made by noting the variation of grain size, colour 
 and  thickness  of  the  different  tephra  layers.  However,  colour  and  other  field-observable 
 properties might be misleading. Therefore, recourse has to be made to geochemical analysis 
 or  other  more  reliable  laboratory  tests  to  define  the  chemical  composition  and  physical 
 properties of the tephra layers (Westgate and Gordon, 1981) 


In  Peninsular  Malaysia,  where  tephra  was  distally  deposited  from  its  source,  glass 
shards  were  not  visible  to  the  naked  eye  and  some  of  the  samples  were  extremely  low 
concentrations  of  shards,  particularly  in  the  lacustine  sediments.  Some  of  the  early 
researchers in tephrochronology relied upon visible properties of tephra deposits where, for 
example, colour and the characteristic of shard morphology were assumed to be sufficiently 
diagnostic. For instance, the Laacher See Tephra constituted the high amount of vesicular 
shards whereas the Vedde Tephra was commonly referred as containing ‘butterfly’-shaped 



(29)(three-winged)  shards  (Wohlfarth  et.  al.,  1993).  Shard  shape  and  color  were,  however, 
 rarely  sufficient  to  distinguish  between  individual  eruption  events,  because  these  two 
 characteristics might be common to tephras derived from the same eruption centre, or from 
 different  eruption centres but have similar lithologies. Care has to be exercised, therefore, 
 when  distinguishing  between  such  materials  and  glass  shards.  For  these  reasons,  more 
 comprehensive  examinations  of  tephra-derived  components  was  required,  including  the 
 mineralogy  and  chemical  composition  of  glass  and  other  mineral  (crystals),  if  present  
 (Shane, 2000). 


2.1.2.  Glass-shard Morphology 


Glass  shards  could  be  distinguished  from  crystalline  siliceous  material  by  their 
 isotropy,  whereby  grains  of  glass,  which  was  non-crystalline  and  isotropic,  become  black 
 under a polarizing microscope with both analyzers in place (Lowe, 2011). Shards exhibited 
 a range of morphologies and hence in favourable circumstances might provide a means for 
 helping  to  distinguish  one  tephra  from  another,  typically  using  scanning  electron 
 microscopy (SEM), in addition to optical microscopy. A useful method for mounting glass 
 for  morphological  study  by  SEM,  which  also  enables  to  run  the  subsequent  geochemical 
 analysis from the same grains, was described by Kuehn and Froese (2010). 


This  research  used  four  samples  from  Bukit  Sapi,  Chegar  Galah,  Kg.  Pisang  and 
 Kg. Kuah for glass shards morphology study was shown in table 2-1. 


2.2.  LABORATORY METHODS 
 2.2.1.  Age Determination 


Majority  of  the  tephra  ejected  between  1.5  M.a.  and  50  k.a.  have  been  dated  by 
radiocarbon methods. However, this method has its own limitation. The calibration system 



(30)to  obtain calendar  years  for AMS 14C dating has  not  yet  been fully  established (Machida, 
 2002).  The  use  of  fission  track  and  optical  simulated  luminiscence  ensured  that  the 
 tephrocronological  approach  could  be  employed  both  within  and  beyond  the  limit 
 radiocarbon dating.  


2.2.2.  Fission Track on Glass Shards 


Fission-track  dating  was  uniquely  approriate  for  determining  the  low -
 temperature  thermal  events  using  common  accessory  minerals  over  a  very  wide 
 range of geological age,  typically from 0.1 M.a. to 2000 M.a. This method has made 
 a significant impact on understanding the thermal history of continental crust, and to 
 determine  the  the  timing,  sources  and  age  of  vo lcanic  events. The usefulness  of this 
 dating  technique  stems  from  the  tendency  of  some  materials  to  lose  their  fission-track 
 records  when  heated,  thus  producing  samples  with  the  fission-tracks  produced  since  they 
 last cooled down. The useful age range of this technique was from 100 years to 100 million 
 years before present (BP), although the estimated error were difficult to  assess and  rarely 
 given.  Generally it was thought  to  be most useful  to  date in  between 30,000 and 100,000 
 years BP (Garver, 2008).  In this study, two samples from Gelok at Lenggong were dated 
 using  fission  track.    The  selection  criteria  for  this  analysis  were  based  on  the  freshness, 
 thickness  and  stratigraphy  of  the  tephra  samples.  The  Gelok  dating  samples  were  taken 
 from second and fourth layers of total 2.8 m for tephra deposits. Padang Sanai tephra was 
 not suitable for the fission track analysis since it was deposited as a single paddy soil layer. 


The fission track analysis for tephra samples in Peninsular Malaysia were performed by J. 


A. Westgate at the University of Toronto, Canada. 



(31)2.2.3.  Optical Stimulated Luminescence Dating (OSL) 


Luminescence  dating  has  now  become  an  established  method  for  providing 
 chronologies  for  sedimentary  deposits  containing  sand-  or  silt-sized  mineral  grains.  In 
 particular, the fast component of the OSL signal from quartz has been used extensively for 
 dating  deposits  ranging  in  age  from  a  few  decades  to  100  ka  (Wintle,  2008).  Volcanic 
 tephra  has  its  own  signature  for  each  eruption.  In  a  sedimentary  sequence  the  associated 
 material within the tephra layer could be dated, giving a date for the eruption. If this tephra 
 is found anywhere else in the world, a date will already be known. 


Geochronology  was  the  science  of  determining  the  age  of  rocks,  fossil  and 
 sediments,  within  a  certain  degree  of  uncertainty  inherent  to  the  method  used.  


Tephrochronology  was  the  study  of  volcanic  tephra  deposits,  combining  petrology, 
geochemistry,  and  isotopic  dating  methods  correlation  of  unknown  volcanic  tephra  to 
geochemically-fingerprinted,  dated  tephra.  This  study  promoted  correlation  of  marker 
horizons.    The  optically  stimulated  luminescence  (OSL)  signals  currently  used  were 
appropriate for mineral grains that its previous radiation history was erased by exposure to 
sunlight  immediately  prior  to  deposition.    In  the  case  of  TL,  zeroing  was  achieved  by 
heating. In the case of OSL, it was achieved by light exposure, with both procedures being 
relevant to the way in which the signal was zeroed in the past (Liritzis, 2011). In this study, 
two fresh tephra from Kuala Pelus samples were taken from the first and third layer of total 
9 m thickness for tephra deposits. Padang Sanai tephra was not selected for OSL since the 
depositional area had been exposed to human and animal activity. 



(32)The OSL analysis for the tephra samples were performed in Luminescence Dating 
 Laboratory School of Geography, Environment and Earth Sciences, Victoria University of 
 Wellington in New Zealand.  


2.3.  GEOCHEMICAL ANALYSIS 


2.3.1.  Sample Preparation for Geochemical Analysis 


The  collected  tephra  samples  that  have  been  collected  were  prepared  for  electron 
 probe & laser ablation analysis. Glass shards were concentrated by using the heavy liquid 
 Sodium  Polytungstate  (SPT)  (Savage  1988).  Special  efforts  were  made  to  avoid  cross 
 contamination. 


Initially,  tephra  samples  were  crushed  using  a  mortar.  A  precaution  needed  to  be 
 taken not to grind the samples, to avoid destroying the glass shard. The ultrasonic analysis 
 was then performed to clean the glass shards surfaces from any clay coating (Hanan et al. 


1998). Samples were wet sieved using 60 to 230 mesh screens and the material coarser than 
 20 micron was free from clay-minerals. The resulting material was a combination of glass 
 shards and the silt-sized quartz and feldspar. 


A heavy liquid separation of glass shards was performed to sink the higher density 
quartz  and  feldspar  from  the  glass  shards  using  Savage  (1988)  method.  The  SPT  heavy 
liquid  of SG 2.42  was  prepared by dissolution  in  distilled water. A piece  of obsidian was 
placed  into  500  ml  glass  beaker  as  standard  glass  density.  SPT  powder  was  added  to  the 
distilled water and  the liquid  was  stirred gently  with  plastic stirring rod until  the obsidian 
floated  to  the  surface.  It  was  advisable  to  start  at  higher  densities  and  work  down  to  the 



(33)desired  value  by  adding  distilled  water  a  few  drops  at  a  time.  The  specific  gravity  of  the 
 solution  should  be  adjusted  only  when  it  was  at  ambient  temperature,  since  temperature 
 affected its density (Krukowski, 1988). 


Samples were then mixed with SPT and were left undisturbed for a few hours since 
 some samples were heavily cloudy and the heavy minerals needed time to sink. The floated 
 glass  shards  were  filtered  through  the  filter  paper  and  rinsed  many  times  with  distilled 
 water. The samples were then air dried or dried in the oven at low heat, preferably around 
 65° C to 75° C for 24 hours to ensure any remaining distilled water added during cleaning 
 phase was removed.  


The  dried  glass  shards  were  then  inserted  into  the  resin  block  for  further  steps. 


Approximately  after  two  days  or  when  the  resin  mixture  was  completely  hardened,  the 
 sample  blocks  surface  were  ground  and  polished.  The  individual  glass  shards  were 
 identified and mapped using optical microphotographs. However, the samples needed extra 
 polishing if the glass shards were invisible under the microscope, indicating the low relief 
 of glass shards.  Before the blocks were carbon coated, the photographs were used as probe 
 maps and each shard was analyzed for major elements and then later for trace elements. 


  


2.3.2.  Electronprobe Micro Analyzer (EPMA) 


An  electron probe  was  the  primary  tool  for major  elements  analysis  of  solid 
 materials  at  small  spatial  scales.  Although  electron  probes  have  the  ability  to 
 analyze  for  almost  all  elements,  they  were  unable  to  detect  the  lightest  elements of 
 minor and trace elements (Jansen, 1982).  


All  of the  glass shards from  Peninsular Malaysia and Sumatra  were analysed  with 
total of 40 to 50 points per sample using beam size of 50 μm. The electron probe data were 



(34)then saved in the Microsoft Excel format and was sent together with the sample blocks for 
 laser  ablation  ICP-MS  analysis.  A  data  quality  control  was  conducted  for  major  elements 
 data  from  this  analysis  to  eliminate  possible  data  contamination  from  feldspar  or  feldspar 
 inclusion.  This  was  done  by  comparing  data  obtained  with  the  alkali  feldspar  and 
 plagioclase standard major elements composition. Sixteen samples from Gelok, Gua Badak, 
 Bukit Sapi (Lenggong, Perak), Kuala Pelus, Kg. Talang, Kuala Kangsar, (Perak), Kg. Dong 
 (Raub, Pahang), Padang Sanai (Kedah), Sipisopiso (proximal YTT, at Lake Toba) and two 
 layers  of  proximal  Maninjau tuff  at  Sianok  Canyon  (Sumatra)  (Table  2-1)  were  used  for 
 EPMA study.  


Major  element  analysis  of  volcanic  shards  was  conducted  by  J.A.  Westgate  at  the 
 University of Toronto,  and by the author and supervisors  at  University of Malaya using a 
 Cameca  SX100  microprobe  and  at  Nanyang  Technical  University  (NTU)  in  Singapore 
 using a Jeol JXA-8530F Field emission microprobe. In all cases, natural mineral standards 
 were used for calibration.  


2.3.3.  Laser Ablation ICP-MS  


Trace  element  analyses  of  volcanic  shards  were  conducted  at  the  Unversity  of 
 Aberysthwyth,  Wales,  by  N.J.G.  Pearce  using  Laser  Ablation  ICP-MS,  using  techniques 
 described  in  Pearce  et  al.  2004.  As  this  is  a  destructive  process,  it  was  carried  out  after 
 major  element  analysis  by  microprobe.    Electron  Microprobe  samples  with  oxide  totals 
 around ~ 90% were selected for LA-ICP-MS analysis. 


Trace element data was only available for Gelok (Lenggong, Perak), Padang Sanai 
(Kedah),  Sipisopiso  (proximal  YTT,  at  Lake  Toba)  and  two  layers  of  proximal  Maninjau 
tuff at Sianok Canyon (Sumatra) (Table 2-1).  



(35)2.3.3.1. LA- ICP-MS Vs Other Methods 


Geochemical ‘fingerprinting’ of glass shards could be based on X-Ray Fluorescence 
 (XRF) (Norddahl and Haflidason, 1992) and inductively coupled plasma mass spoctomery 
 (Pearce  et.  al.,  1995;  Eastwood  et.  al.,  1999).  These  methods  also  have  their  limitations, 
 however,  because  large  sediment  samples  were  required  because  small  samples  were 
 susceptible to contamination effects (Shane, 2000). Furthermore, analytical targets must be 
 focused  on  the  sufficient  surface  size  to  be  able  to  represent  the  original  magmatic 
 components (Shane, 2000),  


Particle-induced  X-Ray  Emission  (PIXE)  was  ideal  for  nondestructive  surface 
 analysis at trace levels, but it would not be appropriate for heavy elements analysis. On the 
 other hand, XRF does not need an accelerator and was more appropriate for trace element 
 investigations,  especially  for  medium  weight  and  certain  light  elements  in  small-scale 
 laboratories  in  developing  countries.  ICP-MS  complements  PIXE  and  XRF  by  providing 
 heavy elemental analysis. Laser ablation was preferred over FIA because time was saved by 
 avoiding  lengthy  sample  preparation  procedures.  Detection  limits  in  ICPMS  were  about 
 three orders of magnitude lower than PIXE or XRF (Pillay, 2001). 


2.3.3.2. LA-ICP-MS 


Laser  Ablation  ICP-MS  was  a  suitable  method  for  minor  &  trace  elements  analysis. 


Rare earth element  concentrations  are likely to be  of  help in either confirming  or refuting 
correlations  of  the  origin(s)  of  the  tephra  layer. Trace elements were used in geochemical 
and  petrological  studies  because  these  elements  were  more  capable  in  discriminating 
petrological  processes  than  major  elements  (Rollinson,  1993).  Trace  elements  were  often 
classified  into  groups  for  geochemistry  and  petrology  studies  since  the  behavior  of  the 
elements  were  related  to  a  particular  group.  The  main  groups  of  trace  elements  were 



(36)divided into the following; 1) the first transition series, 2) the platinum group elements, and 
 3)  the  rare-earth  elements  (REE).  A  number  of  other  elements  were  also  considered 
 important in discussing trace elements, they were Rb (atomic number 37), Sr (38), Y (39), 
 Zr (40), Nb (41), Cs (55), Ba (56), Hf (72), Ta (73), P (15), Pb (82), Th (90), and U (92) 
 (Rollinson, 1993).  


The elements in first transition series were Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and 
 Zn (atomic numbers  21-30). The first  transition  series  included  two major elements  of  Fe 
 and  Mn.  The  platinum  group  elements  were  of  Ru,  Rh,  Pd,  Os,  Ir,  Pt,  and  Au  (atomic 
 numbers—44-46, and 76-79, respectively). The REE constituted Sc (atomic number 21), Y 
 (39),  La  (57),  and  the  lanthanides,  constituted  14  elements  that  range  from  Ce  (58)  to  Lu 
 (71). However, in  geochemical  and petrological  studies,  the REE  were often limited to  Y 
 (39), La (57) and the lanthanides (58-71) (Henderson, 1996). Thus, this study followed the 
 REE limitation according to Henderson (1996).  


The  purpose  of  grouping  trace  elements  was  to  show  the  similar  chemical 
 behaviour,  which  means,  they  also  share  similar  chemical  properties.  Any  deviation  of 
 normal group behavior indicates some petrological process change or systematic changes of 
 behavior in a rock (Henderson, 1996). 


The  rare-earth  elements  (REE)  were  the  most  useful  trace  elements  and 
 demonstrated  important  applications  in  igneous,  sedimentary,  and  metamorphic  petrology 
 (Rollinson, 1993; Henderson, 1996). The REE were usually sub-divided into the light REE 
 and heavy REE. The light REE consisted of elements with atomic numbers 57-62 (La-Sm) 
 and the heavy REE atomic numbers were 64-71 (Gd-Lu).  


The  REE  have  very  similar  chemical  behaviour  and  resulted  in  similar  physical 
properties. This similarity  was attributed to the fact that all  of the REE  were able to form 
stable  3+  ions  that  were  of  near  equal  size.  However,  there  were  a  small  number  of  REE 



(37)that  existed  in  oxidation  states  other  than  3+.  The  most  important  REE  for  geological 
 processes  were  Ce4+ (relative  oxidizing  condition)  and  Eu2+  (relative  reducing  condition). 


The difference in size between these two elements and their 3+ counterparts was significant 
 enough to cause changes in chemical behavior (Henderson, 1996).  


However,  despite  having  similar  behaviour  the  REE  still  have  some  small  subtle 
 differences  that  were  directly  attributed  to  the  ionic  size  of  each  REE.  These  subtle 
 differences rendered the REE to fractionate from one another. The REE were decreased in 
 ionic radius with the increase of atomic number. However, special attention must be given 
 to the fact that geological processes took advantage of the subtle chemical differences and 
 could fractionate elements from one group to another.  


Rare-earth elements (REE) should be normalized to a standard of reference and in 
 most  cases  chondritic  meteorites  was  used  to  normalize  the  igneous  systems  (Rollinson, 
 1993; Henderson, 1996). The reason for using chondritic meteorites was because they were 
 thought  to  represent  the  unfractionated  primitive  solar  system.  There  were  two  main 
 reasons for normalizing REE. The first reason was to remove the Oddo-Harkins Rule effect 
 and  the  second  reason  was  to  identify  any  REE  fractionation  relative  to  chondritic 
 meteorites.  


This  research  used  the  Sun  and  McDonough  (1989)  reference  set  standard  for 
normalizing  REE.  Normalization  using  the  chondritic  meteorites  presented  a  number  of 
problems.  The  notion  that  chondrite  meteorites  were  a  bit  varied  in  composition  was 
delusive, when in fact there often was great variability in composition. This lends itself to 
some authors approaching the normalization process by averaging chondrite meteorites and 
others by assuming that the C1 chondrites were the most the representative composition of 
the original solar nebula (Rollinson, 1993).  



(38)The multi-element spider diagram was typically used in data analysis to display the 
 overall  incompatible  element  characteristics  of  a  rock  (Saunders, 1998).  In  a  spider 
 diagram,  the  elements  were  ordered  to  give  a  smooth  curve  for  average  mid-ocean  ridge 
 basalts  (MORB;  Sun,  1980),  which  in  effect  means  an  increasing  incompatibility  of  the 
 elements  in  lherzolite  during  incipient  partial  melting  from  right  to  left.  The  total 
 concentrations  of  the  elements  in  spider  diagram  needed  to  be  normalized  against  a 
 primitive mantle standard (Sun and McDonough, 1989). 


The  source  analysis  in  this  study  used  reverse  approach,  the  ANOVA  cluster 
 analysis  to  minimize  variability  within  clusters  of  Peninsular  Malaysia  and  Sumatra  data. 


Cluster  analysis  was  a  major  technique  for  classifying  a  ‘mountain’  of  information  into 
 manageable meaningful piles (Garson, 2012). It was a data reduction tool that created more 
 manageable data subgroups than individual datum. Like factor analysis, it examined the full 
 complement of inter-relationships between variables. Both cluster analysis and discriminant 
 analysis  were  concerned  with  classiﬁcation.  Subsequent  multi-variate  analysis  could  be 
 performed on the clusters as groups (Garson, 2012).  


The  REE  patterns  seen  in  the  REE  plots  or  what  were  referred  to  sometimes  as 
Masuda-Coryell  diagram,  were  the  result  of  the  chemical  behaviour  of  the  REE  and  was 
controlled by the magma source and the crystal-melt equilibria that has occurred during the 
evolution  of  the  magma  chamber  (Rollinson,  1993;  Henderson,  1996).  The  chemical 
behaviour  of  REE  in  magmatic  systems  did  not  allow  the  larger  sizes  of  REE  ions  to 
incorporate readily into common minerals. REE tended to have small mineral-melt partition 
coefficients  (partition  coefficient  K,  was  the  concentration  of  the  element  in  the  mineral 
divided by the concentration of the element  in  the coexisting melt) for minerals  that have 
small  cation  coordination  sites  (Henderson,  1996).  In  a  non-eccentric  cooling  magmatic 
system  that  contained  minerals  with  small  cation  coordination  sites,  REE  tended  to  be 



(39)incompatible.  Thus,  REE  preferred  to  remain  in  the  melt  portion  of  a  magmatic  system 
 (Henderson, 1996; Rollinson 1993). The overall partitioning of REE between a mineral and 
 the  melt  did  not  only  depend  on  the  ionic  radius  but  also  depended  on  the  ionic  charge, 
 temperature, pressure, and composition of the magmatic system (Henderson, 1996).  


Europium  (Eu)  existed  in  both  a  divalent  (2+)  and  a  trivalent  (3+)  oxidation  state 
 depending  on  the  redox  potential  in  the  magmatic  system.  The  divalent  state  of  Eu  has  a 
 much larger ionic radius than the trivalent state. Despite its larger ionic radius, the partition 
 coefficient of the divalent Eu into some minerals was greater than that of the trivalent state. 


A  good  example  of  the  Eu  partitioning  behaviour  could  be  seen  in  plagioclase  feldspar 
 mineral and a non-eccentric magma.  


The  relative  partitioning  difference  in  the  divalent  and  trivalent  state  of  Eu  could 
 lead to  Eu  anomaly. The Eu anomaly  was defined as  the deviation  from  the  general  REE 
 trend or patterns when the normalized REE data were plotted. In the diagram, negative Eu 
 anomaly  showed  a  sharp  decreased  below  the  other  REE  pattern,  a  positive  anomaly 
 showed a sharp increased above the other REE pattern. The Eu anomaly was the measured 
 difference between the actual measured Eu value and a predicted Eu* anomaly value. The 
 predicted Eu* value was calculated by averaging the Sm and Gd values—i.e., (Sm + Gd)/2 


= Eu*. The actual Eu anomaly was determined by dividing the actual measured Eu by the 
 predicted Eu*.  


Westgate  et  al.  (1994),  Pearce  et  al.  (2004),  and  Knott  et  al.  (2007)  demonstrated 
 that  the  inductively  coupled  mass  spectrometry  (ICP-MS)  was  an  effective  method  for 
 measuring trace element concentrations in tephra correlation.  


In  attempting  to  establish  tephra  correlation  between  Peninsular  Malaysia  and 
Sumatra  tephra  deposits,  the  glass  major,  REE  and  trace  elements  chemistry  must  be 
examined  and  correlated  using  analytical  precision  for  all  elements.  The  major  element, 



(40)REE  and  trace  element  discrimination  diagrams  were  plotted  using  the  diagrams 
 demonstrated  in  Pearce,  (1995,  2004);  Alloway  (2004).  Characteristics  multivariate 
 analysis  using  bivariate  plots  of  selected  major,  REE  and  trace  element  data,  chondrite 
 normalized  REE  concentrations  were  plotted  to  discriminate  all  samples.  All  of  the  trace 
 and  REE  concentrations  were  reported  in  ppm  by  weight.  The  analytical  precision  was 
 typically + 2.3 % for the more abundant trace elements (Ba, Zr, Rb, Sr, LREE) to around + 
 10-20 % for the less abundant elements, the odd atomic number HREE (Pearce, 2004).  In 
 Iceland,  FeO/CaO  and  FeO/TiO2  ratios  were  frequently  the  most  useful  indices  for 
 identifying particular tephras, although additional examination in particular MgO, FeO and 
 CaO offered further assistance (Machida, 2002).  


The  analysis  of  Rare-Earth  Elements  (REE)  and  trace  elements  for  Peninsular 
Malaysia and Sumatra glass shards were performed by Nicholas J. G. Pearce at University 
of  Aberystwyth  using  a  Coherent  GeoLas  ArF  93nm  Excimer  laster  ablation  system 
coupled to a Thermo Finnegan Element 2. 
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