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ABSTRACT 

The origin of cristoba lite has been invest igated in a se lect ion 

of soils f rom North Island . These include Tokoma ru silt loam in the 

Manawatu , and Hamilton clay loam, Naike clay and Te Kowhai s i lt loam 

in the Hamilton basin . The occurrence of cristobal ite , in con j unct ion 

with a s s ociated sand and silt mineralogy, has been used to interpret 

both the provenance of soil parent materials and aspects of soil 

gene s i s . 

Cristoba lite isolated from the soils is a-cristobalite ( opal-C)  

and is  inva riably accompanied by t ridymite ( t ridymite-M st ructure ) . 

SEM data suggest that rather than discrete phases , cri stoba l ite and 

t ridymite usually occur intergrown with each other . Togethe r they 

const itute up to 15%  of the soils examined and usually occur in 

higher concent rat ions in upper soil hori zons . Oxygen isotope 

abundances for cristoba lite and tridymite range from 7 . 5 -8 . 4  °/00 and 

are independent of grain s i ze and relat ive proportions of c ristobalite 

and t r idymite. These data ,  together with the highly ordered c ryst al 

st ructure and subhedral morphologies of grains , indicate that 

c r istobalite and tridymite formed at high temperature . Both are shown 

to occur in a number of the rhyolitic tephras f rom the Taupo Volcanic 

Zone ( e . g .  Aokautere and Okareka ashes) and leucocratic lavas from the 

Egmont cent re . Cristobalite and t ridymite in the soils the refore 

probably o riginated from volcanic sources . 

Various forms of amorphous silica were also identified in the 

soils  of the Hamilton basin . In upper soil horizons,  microfossils  and 

phyt o l iths dominate but at depth the Naike c lay and Hamilton clay loam 

cont a in two inorganic forms of amorphous silica . These comprise 
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microspheres similar to t hose described in precious opal . Oxygen 

i sotope data ( 2 6 . 6 -2 6 . 9  °/00) a re consistent with their being of low 

t empe rature origin . 

In the Tokomaru s i lt loam, although the mineralogy is dominant ly 

qua rt zofeldspathic , va riat ions in sand mineralogy and sand chemi s t ry 

identify tephric additions at s pecific depths in the loess . Microprobe 

data on pyroxene s ,  amphiboles , gla s ses and t itanomagnet ites at these 

depths and in reference tephras f rom the Egmont cent re and the Taupo 

Volcanic Z one demonstrate that it is possible to ident ify the sources 

o f  the t ephras in the soil and so place some t ime constraints on the 

age of the loes s :  

0 -5 0  cm 

1 . 1 - 1 . 2 m 

1 . 2 - 1 . 3  m 

c .  1 . 6  m 

c .  2 . 0  m 

2 . 2 1 -2 . 3 4 m 

Mixed rhyolitic and andesitic tephra s from the Egmont 

cent re and the Taupo Volcanic Zone . These have 

accumulated during the last 1 1  ka . 

Rhyolitic ash,  t entatively correlated with the 

Rerewhakaaitu Ash ( 1 4 . 7  ka B . P . )  f rom the Okata ina 

centre . 

Andesit ic tephra from the Egmont centre . 

Ande s it ic tephra from the Egmont centre . 

Andesitic tephra from the Egmont cent re . 

Aokautere Ash ( 2 0  ka B . P . )  f rom the Taupo cent re . 

The distribution o f  phytolith types in this soil demonst rate a 

change at c .  50  cm depth which i s  interpreted a s  resulting f rom pos t ­

glacial afforestat ion . This i s  inferred to have occurred a t  1 1 - 1 2  ka 

B . P .  

Quart z accumulation rates demonstrate that there are markedly 

increa s ed rates of loess accumu lat ion f rom 1 4 . 7  ka to 12 ka , after 

which t ime there was a dramatic reduction . The loess that accumulated 

between these dates may not be so directly related to �old climate 

condit ions as to an increased supply of suitable material £rom local 

source s . 



iii 

ACKNOWLE DGEMENTS 

Dur ing the c ou r se of th i s  research proje c t  I have re ce i ved 

suppor t and encouragemen t  f r om many peop le and I wou l d  l i ke to expre s s  

m y  g r a t i tude t o  the f o l lowing f o r  th i s  as s i s tance . 

Dr . V . E .  Nea l l , my p r i n c i p a l  s uperv i s or , f or h i s  en thus iasm , 

p a t ie n ce and wise counse l when I dr i f ted into a reas w i th wh ich I was 

u n f am i l i ar and who a l lowed new and i n tere s t ing avenue s  o f  inq u i ry to 

be f ree ly pursue d .  

T o  the "Q u a ternary team" i n  the Departmen t o f  S o i l  S c ience, D r s . 

R . B .  S tewar t ( la t te r ly a l s o  as e o- s uperv i s or ) and A . S . Pa lmer , and 

Me s s r s  C . G . Vuce t i c h  and B . V .  A l l oway for he lp f u l  d i s cu s s ion dur ing 

the cou r s e  of the p r oje c t . 

Members o f  the Depar tme n t  o f  S o i l S c ie n ce , p a r t i c u la r ly Drs . 

J .A .  P o l lok , M .  A .  T u rner , A . N . Ma c gregor and J . H .  K i rkman encourage d  

and a s s i s ted me i n  re s o lving m inor prob l ems o r  i n  learn ing new 

techn ique s . 

To Drs . C . M .  Lee s , J . P .  S k ipwor th ,  R . N . Pate l and Mr . A . G . 

Robe r t s on for i n i t i a l  ass i s tance w i th the inq u i r y  i n to phyto l i ths . 

Drs . H . S . Gibbs and D . J .  Lowe , Waikato Univers i t y  prov i ded 

i n f o rma t ive as s i s t a n c e  and g u i da n c e  when co l le c t in g  the s o i l s  from the 

H am i l ton Bas in . 

Messrs D . H .  H op cro f t  a n d  R .  Benne t ,  App l i e d  B iochem i s try 

D i v i s io n , D . S . I . R .  and Dr . J . D .  C o l len , V i c t or i a  Unive r s i ty ,  are 

thanke d  for s upp l y i n g  the i r  te chn i c a l  s k i l ls and a s s i s tance in 

p r oduc ing the e le c tr on micr ograp h s . 

Dr . P .  B l a t tne r  and M i s s  C .  Hous ton , Geo lo g i c a l  S u r ve y , 

i n t r o duced me to oxygen i s o tope ana lys i s  technique s  and s upp l ied t h e  

oxygen i s otope d a t a . 



Mr . K . Pa lme r, V i c to r i a  Un i ve r s i ty, a s s i s te d  wi th the X R F  

an a ly ses a n d  f a c i l i t a te d  ready acce s s  t o  the e lec tron m i croprobe . 

Dr . C . W .  C h i l d s  u n de r took s ome p re l im i n ary moss bauer s tu d ie s 

and, together w i t h  D r . J . D . G . Mi lne, made unpub l i s he d  chem i c a l data 

a v a i lable .  

iv 

To the "produ c t i o n  team", p ar t i cu lar ly Glenys, Mar t i n  Egge l s and 

Anne Rouse for g i v i n g  o f  the ir t ime and expe r t i se so f ree ly .  

Fina l ly to m y  m a i n  s uppor t team ( G len ys, Kerry, Hea ther and 

C le land ) for enc o u r a geme n t, support and p a t ie n ce dur ing a l l  phase s  of 

the proje c t . For s ha r i n g  the " highs " w i th me and he lp ing me through 

the " lows" - T h an k  you . 



V 

TABLE O F  CONTENTS 

ABST RACT . . . . • . . . . . . . . • • . • • . . . . . . . . • . . . . • . • . • . • . . . . • • . . . . . . . • . • . . . • . . .  i 

AC KN OWL EDGEMEN TS • • • . • . • . . . . . . . . . . . • . . . . • . • . . . . . . • . • . . . • . . . . • . . . • • . •  i i i 

L I S T  O F  F I GU RES . . • . . . • • • • • . • . . . . • . . . • • . . • • • . • . . . . . . . • . . . . • . • • . • • . . • .  ix 

L I S T  O F  T.ABL ES . . . . . . • • . . • . . . . . . • . . . . . . . • • • . . • • • • . . . . . . . . . . • . . . . . .  x i i i  

CHAPTE R 1 

I n troduc t i on • . • . • • • . • . • • . • . . • . . . . . . • • • • • . . . . • • . • • . . • . . . . • . . . . . . . • .  1 

A im s  . . • . . • . • • • . • . . • . • . . • . • . . . . • . • . • . . • • • . . . • • . • • • . . • . • • . . . • . • . . . . .  3 

CHAPTE R 2 

Me thods and Te chn ique s  . • . . . . . . . . • • • • . • • . • • . • . . . . . . . . . . . . . . • . . . . . • •  4 

S am p le P repar a t i on • . . . . . . . . . . . • • • . . • • . • • • • • • • • • . • • . . . . • . . • • . • • . • . .  4 

P repar a t i on for M i ne r a logica l Ana ly s i s  • . • . . . • • • . . . • • . . . . . . • . • . . . . . 4 

I s o la t i on of C r i s t ob a l i te . . . • • . • • . • • • • • . • . . . • • . • . . • . • . . • . . . . • . . . . •  5 
I s o la t i on of Quar t z  • . . • . . . . . . . . . . . . . • . • • . • • • . . . • . . . . . . • . . . . . • • . . . .  6 
I s o la t i on o f  Phy to l i th s  . . . . . • . • • • • • • • • • • . . • • . • . . . . . • . . • . . . . • . . . . . .  7 

E le c t r on Microp r obe An a ly s i s  . . . . . . • • . • • • • • . . • • . • . . . • • • • . . . . • . . • . . •  8 

X - Ray F luore s ce n ce An a ly s i s . . . . • • • • • . • • • • . . . . • . • . • . . . . . • • • • • • • • • . .  9 

I n f rare d Ana lys i s  . • • . . . . • . . . • . . . . • . • • • . . . • • • . . • • . . • . • . • • . • • . . . . • • .  9 

Phosphorus An a ly s i s  • . . . • . . . . • . • • . • . • . • • • • . • • . . . • . . • • • • • . • • • . . • • . • .  9 

Carbon Ana lys i s  • • • • • . . . • • • . . • . . • • • • • • • • • . • • • • . • . . • . . . . • . • • • • • • . . . .  9 

Oxygen I s o tope An a lys i s  . • . . . . • • • • • • • • • • • • . • • . • • • . • . • . . • . • . . • • . • • •  1 0  



CHAPT E R  3 The D i s tr ibution and Or i g i n  o f  C r i s toba l i te a n d  

T r i d ym i te in s ome New Zea l a n d  S o i ls 

v i  

I n t r o du c t i on . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . .  11 

N ome n c l a ture . • . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . .  12 

S tr u c ture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . .  15  

T he rma l S tab i l i ty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  17 

I s o t ope s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 0 

Occurre n ce . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 1  

Re s u l t s : Grain S i ze D i s tribut ion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32 

Gr a i n  Morpho logy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35 

Op a l- C  and Tr i dym i te - M  N ome n c l a ture . . . . . . . . . . . . . . . . . .  46 

Crys t a l l i n i ty o f  C r i s toba l i te a n d  

T r i dym i te in the S o i l s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 9  

D i s t r ibut ion o f  C r i s toba l i te and 

T r i dym i te in the S o i l s  . • . . . . . . . . • . . . . . . . . . . . . . . . . . . . .  62 

I s o topes . . . . . . . . . . . . • . . . . . . • . . . . . . . . . . . . . . • . . . . . . . . . .  7 0 

I gneous S ource s  o f  C r i s toba l i te and T r i dym i te . . . . . . . . 7 3  

O ther C ompone n ts i n  the S o i l  • . . . . . . . . . . . . . . . . . . . . . . . .  7 6  

D i s cu s s ion : 

T r i dym i te i n  New Ze a land S o i ls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 4  

S o i l  S trat i graphy and Pare n t  Mate r i a l  . . . . . . . . . . . . . . . . . . . . . . . . . .  8 5  

O r i g i n o f  C r i s toba l i te and T r i dym i te i n  S o i l s . . . . . . . . . . . . . . . . . .  9 5  

C r i s t o ba l i te a s  a Tracer for Tephras . . . . . . . . . . . . . . . . . . . . . . . . . .  1 0 1  

Amorphous S i l i c a i n  H ami l ton Bas in S o i l s . . . . . . . . . . . . . . . . • . . . . .  l02 

CHAPT E R  4 S and and S i l t M iner a logy a n d  Geochemis try o f  the 

Tokomaru S i l t  L o am 

I n t r o duction : 

P revious Work . . . . . . . . . . • . . • • . • • • . . . . . . . . . . . . . . • . • . • • 1 0 7  

T he Prese n t  S tudy . • . • • • • • • . • . • • • • • • • • . . • . . . • . . . . . . . .  1 1 4  

Re s u l t s : Gr ain S i ze Da ta . . • • . • • • • • • • • • • • • • • • . . . . • • • • • • . . . . . . .  1 17 

Op tica l M i nera logy . . . • . • . . . • • . • . . • . • . . . . • • • • • • • • • • • •  1 2 0 

Miner a 1 Chem i s tr y  . . . . . . • . . . • • • • • • • . • . . . • . • • . . • • • . • . •  1 3  5 

D i s s o l u t i o n  Techn iques • • • • • • • • • • • • • . . • . • • • • • • • . . . . • .  1 4 9  

Major and Trace E lement C hem i s try o f  the S o i l .  . • . • • .  1 5 1 

Phyto l i  ths . . . • • . . • . . . . • • • .• . • • • . . • • • • . . • . • . . • • • . • • • . .  1 6 0  



v i i  

D i s cu s s i o n : 

Tephra i n  the Ohakea L oe s s  i n  the Manawa tu . . . . . . . . . . . . . . . . . . . .  1 7 2  

I den t i f i c a t ion of Tephra S ou r ce s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  17 5 

Tephra C o r re lat ion . . . . . . . . . . . . . . . . . • • . . . . . . • . . . . . . • . . . . . . . . . . .  1 7 7  

The S i g n i f i cance o f  B i o gen i c  S i l i c a  i n  the Tokomaru S o i l . . . . . .  1 8 2  

L oe s s  P r o venance . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 8 4  

Pos t - G l ac i a l  Loess S ou r ce . • . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . .  1 9 0  

The P a l ae o s o l  in the Ohake a Loe s s  . . . . • . . . . . . . . . . . . . . . . . . . . . . . .  1 9 2  

Fragipan Gene s i s  . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . .  19 5 

Ye l low- Gre y Earth an d Ye l low-Br own E ar t h / Ye l low- Brown Loam 

I n te r g r a de Re lation s h i p s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 0 3 

S e d ime n ta t ion H i s tory o f  t he Tokomaru S o i l  . . . . . . . . . . . . . . . . . . . .  2 0 9  

Accum u l a t ion and Se d imen t a t i on Rate s  . . . . . . . . . . . . . . . . . . . . . . . . . .  2 1 1 

CHAPTER 5 

S ummary and Conc lus i on s : 

C r i s toba l i te Gene s i s  . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . .  2 1 6 

T o k om ar u  S o i l  . . . . . . . . . . . • . . . • . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . .  2 1 8 

APPENDIX 1 Grain s i ze d i s t r i bu t i on in the W a i are k a, Ham i l ton , N a i ke 

and Te Kowhai s o i ls . . • . • . • . • • . . . . . • . . . . . . . . . . . . . . . . . . . .  2 2 2  

APPENDIX 2 C r i s tob a l i te and q u ar t z  in the s i l t  and c lay f r a c t i on s  o f  

the Ham i l ton , N a i ke a n d  Te Kowh a i  s o i l s  . . • . . . . . . . . . . . . .  2 2 3  

APPENDIX 3 Des cr ipt ion o f  m iner a l s  i den t i f ie d  i n  

the Tokomaru s o i l  . . . . . . . . . . . . . . . . • . . • • • . . . . • . . . . . . . . . . .  2 2 4  

APPENDIX 4 Tokomaru s o i l - g r a i n  s i ze di s tr ib u t i on . • • . • . • . . . . . . . . .  2 2 9  

APPENDIX 5 Mineral freque n c y  d a t a  from the Tokom aru s o i l  • • • . • . . . . .  23 0 

APPENDIX 6 Geochem i c a l  d a t a  f r om the Tokomaru s o i l  . • • . . • • . • . . . . . • .  23 8 

APPENDIX 7 E le c tron m i cr op robe an a lyses o f  tephra m inerals . • • . . . . •  242 

APPENDIX 8 Prop or t i on o f  the T o k omaru s o i l f r a c t ions r em oved dur in g  

the d i s s o lu t i on t r e a tmen t s  • • • . • • • • • . . • . . . • • • . . • • • • • • • •. •  275 



v i i i  

APPENDIX 9 Key to s amp le dep th s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 7 6  

APPENDIX 10 Ana lyses o f  P and C in the Tokomaru s o i l  . . . . . . . . . • . . . . .  2 7 7  

APPENDIX 1 1  Heavy mine r a l  c o n te n t  o f  the Ham i l t on , N a i ke and Te K owh a i  

s o i ls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . •  2 7 8  

APPENDI X 12 Microprobe an a l yses o f  mine r a l s  f r om 

the Tokomar u  s o i l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 7 9  

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 9 3 



ix 

L:IST OF F:IGURES 

Figure Page 

3 . 1 :  Diffraction t races of forms of sil ica . . . . . . . . . . . . . . . . . . . . . . . . . 1 3  

3 . 2 : Summary of the thermal t rans it ions of some s i l ica phases . . . . . .  1 8  

3 . 3 :  Locat ion map of part of  the Hami lton basin . . . . . . . . . . . . . . . . . . . .  2 8  

3 . 4 :  Variat ions in the grain s i ze distribut ion in the Hamilton 

clay loam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 3  

3 . 5 :  Variat ions in the grain s i ze dist ribut ion in the Naike clay . . .  3 4  

3 . 6 :  Va riations in the grain s i ze dist ribut ion in the Te Kowhai 

silt loam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 6  

3 . 7 :  Typical form of cristobal ite in the soils studied . . . . . . . . . . . . .  3 7  

3 . 8 :  Less common forms of c ristobalite in the soils studied . . . . . . . . 38  

3 . 9 :  Less common forms of c ristobalite in the soils  studied . . . . . . . .  3 9  

3 . 1 0 :  Elect ron micrograph of cristobalite from pumiceous 

xenoliths in Tarawera Basalt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 0  

3 . 1 1 : Electron micrograph of the lepisphere form of cristobalite . . . .  4 1  

3 . 12 :  Elect ron micrograph of the hexagonal tabular form of 

cristobalite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 3  

3 . 1 3 :  Infra-red spect ra o f  some silica phases f rom soils in the 

Hamilton basin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 4  

3 . 1 4 :  Morphology o f  the concent ric form o f  opal-A . . . . . . . . . . . . . . . . . . . 4 5  

3 . 1 5 :  Morpho logy of the dusty opal-A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 7 

3 . 1 6 :  XRD patterns of tridymite and cristobalite . . . . . . . . . . . . . . . . . . . .  4 8  

3 . 17 :  XRD patterns for opa l-C, t ridymite-M and quartz in the s ilt 

fract ions of the Hamilton, Naike and Te Kowhai soils . . . . . . . . . . 5 1  

3 . 1 8 :  XRD patterns of the clay fractions in the Hamilton soil . . . . . . .  6 0  

3 . 1 9 :  XRD patterns of the clay fractions in the Naike soil . . . . . . . . . . 6 1  

3 . 2 0 : XRD patterns of the c lay f ractions in the Te Kowhai soil . . . .  � . .  6 3  

3 . 2 1 :  Hamilton soil - Abundance of cristobalite and t ridymite in 

the silts and clay fract ions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 4  

3 . 2 2 : Naike s o i l  - Abundance of cristobalite and t ridymite i n  the 

silts and c lay fract ions . • . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 6  



X 

Figure Page 

3 . 2 3 : Te Kowhai s o i l  - Abundance of cristobalite and t ridymite in 

the silt and c lay fractions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 8  

3 . 2 4 :  Typical X RD  spectra o f  silica phases i n  Egmont loam and 

andesitic lavas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 1  

3 . 2 5 :  XRD spectra o f  s i lica phases in the Aokautere Ash . . . . . . . . . . . . .  7 4  

3 . 2 6 :  XRD spect ra o f  cristobalite and tridymite in erupt ives 

associated with the Okataina Volcanic Centre . . . . . . . . . . . . . . . . . .  7 5  

3 . 2 7 : Qua rt z dis t ribut ion in the s i lt and clay fract ions o f  the 

Hamilton and Na ike soils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 7  

3 . 2 8 : Qua rt z dis t r ibut ion in the s i lt and clay fract ions o f  the 

Te Kowhai soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 9 

3 . 2 9 :  Dist ribut ion of the heavy fract ion in the sand fract ions of 

the Hamilton soil . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 0  

3.3 0 : Distribut ion o f  the heavy f ract ion in the sand fract ions of 

the Naike soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 1  

3 . 3 1 :  Dist ribut ion o f  the heavy f ract ion in the sand fract ions of 

the Te Kowhai soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  82 

3 . 32 :  Corre lation diagram for the Naike and Hamilton soils and 

the Te Kuiti and Welches Road sect ions . . . . . . . . . . . . . . . . . . . . . . . .  8 6  

4 . 1 :  Location map of part of cent ral New Zealand . . . . . . . . . . . . . . . . . .  1 0 8  

4 . 2 :  Variat ion in grain size dist ribut ion for the Tokoma ru silt 

loam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 8  

4 . 3 :  Tokomaru soil - Abundance of volcanic plagioclase , volcanic 

lithi c ,  and glass in the non-magnetic fract ion of the f ine 

sands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  122 

4 . 4 :  Distribut ion o f  the illite greywacke lithic and quartz + 

sediment a ry plagioclase as a proportion of the sedimentary 

fract ion in the non-magnet ic fraction of the fine s and in 

the Tokomaru s o i l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 2 3  

4.5 : Variation in the total volcanic component of the non­

magnet ic very fine sand and fine sand fract ions of the 

Tokomaru soil . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 4 



x i  

Figure Page 

4 . 6 :  Distribut ion of mineral phases in t he magnetic fraction of 

the fine sand of the Tokomaru soil (hornblende , 

orthopyroxene , c l inopyroxene and plagiocla se) . . . . . . . . . . . . . . . . 1 2 5  

4 . 7 :  Tokomaru soil - Further abundance of volcanic component s in 

the magnetic f ract ion of the f ine sand ( opaques ,  

plagioclase volcanic lithic , obs idian , and plagioclase-

opaque volcanic l ithic ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126  

4 . 8 :  Abundances of the total volcanogenic component in the 

magnet ic f ract ions of the fine and very fine sands in the 

Tokomaru soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : . . . . . .  127  

4 . 9 :  Tokomaru soil - Mineral dist ribut ion in the non-magnetic 

fract ion of the very fine sand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2 9  

4 . 10 :  Abundances of  mine rals in the magnet ic fract ion of the very 

f ine sand in the Tokomaru silt loam . . . . . . . . . . . . . . . . . . . . . . . . . .  130 

4 . 1 1 :  Tokomaru soil - Mineralogical variat ions within the very 

f ine sand as determined on grain count s . . . . . . . . . . . . . . . . . . . . . . 132 

4 . 12 :  Variat ion in t he mineralogy of the coa rse silt in t he 

Tokomaru soil  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  134 

4 . 1 3 :  Compa rison of t he chemistries of the amphiboles f rom the 

Tokomaru soil with those from the Taupo and Egmont cent res . . .  140 

4 . 1 4 :  Bi-variant plot of  MnO and enstatite content for 

orthopyroxenes f rom the Taupe , Tongar i ro and Egmont 

cent res . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 4 1  

4 . 1 5 :  Dist ribut ion of o rthopyroxene from the Tokomaru soil  o n  an 

MnO - enstat ite plot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 4 4  

4 . 1 6 : Comparison between the chemistry of the clinopyroxenes from 

the soil and those from poss ible source regions . . . . . . . . . . . . . . 1 4 5  

4 . 17 :  Harker diagrams demonst rat ing the discrete nature of the 

chemical t rends between Egmont cent re and the Taupe 

Volcanic Zone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 7 

4 . 1 8 :  Chemical va riation diagrams demonst rat ing the s imi l arity 

between the compositions of glas se s  in the Tokomaru soil 

and poss ible sources . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 4 8  

4 . 1 9 :  P roportion of the Tokomaru soil removed during the acid 

dissolution sequence . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . .  1 5 0  



x i i  

Figure Page 

4 . 2 0 :  Distribut ion o f  the ma j or elements in the sand fraction and 

total soil in t he Tokornaru silt loam . . . . . . . . . . . . . . . . . . . . . . . . .  1 5 5  

4 . 2 1 :  Distribut ion o f  V ,  Mn ,  Ba , Y and Z r  i n  the sand fraction 

and total soil of the Tokornaru s i lt loam . . . . . . . . . . . . . . . . . . . . .  161 

4 . 2 2 : Typical phytoliths extracted f rom t he Tokomaru soil . . . . . . . . . .  165 

4 . 2 3 : General view o f  the low density fraction from samples T2 3 

and T 1 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  166 

4 . 2 4 : Relat ive dist ribut ion of the more common forms of biogenic 

s i l ica between 1 0  and 90 cm depth in the Tokomaru s i lt 

loam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . .  1 67 

4 . 2 5 :  Phytoliths ext racted from vegetat ion . . . . . . . . . . . . . . . . . . . . . . . . .  1 68 

4 . 2 6 :  Typ ical phytoliths extracted from peat s . . . . . . . . . . . . . . . . . . . . . .  1 7 1  

4 . 2 7 : Post-glacial loess unconforrnably overlying older loess 

units . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 93 

4 . 2 8 : Wel l  developed columnar structure formed in loess near the 

Tokomaru s it e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 99 

4 . 2 9 :  Columnar st ructures developed in a spoil heap . . . . . . . . . . . . . . . .  2 0 4  

4 . 3 0 :  Qua rt z accumulation rates in the f ine and coarse s i lts in 

the Tokomaru soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 1 3  



xiii 

LIST OF TABLES 

TABLE Page 

3.1 Summary of oxygen isotope data for cristobalite . . . • . . . • . . . . . . . •  22 

3 . 2  Cristobalite content of the Tokomaru and Onaero soils . . . . . . . . • .  69 

3.3 Oxygen isotope data from silica phases in soils from 

the Hamilton basin . • . . • . . . . . . . . . . . . • . . . . • . • . . . • • . • . . . . . . . . . . . . •  72 

4 .1 Mineralogy of some volcanic centres in the North Island . . . . . .  � 1 3 6  

4 . 2  Relative proportion of biogenic silica in the Tokomaru soi1 . . •  1 69 

4 . 3 Chronology of major eruptions from the North Island 

in the last 20 ka . . . . . . . • • . . . . . . • . . • . . . • . . . • . •  between pp. 178-179 



1 

CHAP TER ONE 

INTRODUCTION 

During weathering s i l ica is  re leased to the soil solution and 

whi le much of this is lost f rom the soil ( e . g .  Stevens and Vucet ich 

1 9 84 ) the occurrences of ' s ilica ' cement s in duripans , si lans and 

"s ilcretes" indicates that s ome silica, probably as amorphous 

coat ings , remains in the soil . Inve st igation of the transformat ion of 

amorphous s i lica to crist obalite ( in deep sea sediments , and precious 

opa l )  has demonst rated that cristobal ite could form from amorphous 

opal unde r temperatures and pres sures similar to those in the 

pedosphe re . It has been suggested (e . g .  see McKeague and Cl ine 1 9 6 3 ; 

Lowe 1 9 8 6 )  that cristoba l ite in soils is pedogenic . The present study 

was unde rtaken to carry out a detailed invest igat ion of the mine ra logy 

of selected North I s land soils , us ing oxygen isotope analysis and 

opt ical techniques to dete rmine the validity of the pedogenic origin 

hypothe s i s  for cristobalite in soils . 

Appl icat ion of thermodynamic principles to isotopic systems 

predicts that tempe rature and initial 18o;1 6o ratio of a system a re 

the ma j or factors determining the fractionat ion of 18o and 1 6o between 

a hydrous fluid or melt and phases crystallising from such a system 

(Urey 1 947 )  . The amount of 1 8o and 1 6o entering a mineral st ructure 

during f o rmation is dependent on molecular vibrat ions which are in 

turn proportional to the ma ss of the atoms involved. Increased thermal 

ene rgy at higher temperatures minimises the effect of mass diffe rence , 

and the f ract ionation factor is therefore l owered . The temperature 

dependent nature of the f ract ionat ion has been used to establish 

marine palaeotemperature scales . These methods use the fractionat ion 

of 1 8o and 1 6o between calcareous or siliceous organisms and sea water 

( see Urey et al . 1 9 5 1 ;  Epstein et al . 1 95 3 ;  Emiliani 1 9 6 6 ;  Shackleton 
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and Opdyke 1 9 7 3 )  and this technique is now commonly used in 

palaeoenvironmental studies . Invest igation of oxygen isotopes in 

s i licate systems (e . g .  Taylor and Epstein 1 9 62 ;  Gar l ick and Epstein 

1 9 6 7 ; Savin and Epste in 1 97 0 )  demonst rated that the re was considerable 

isotopic f ract ionation between mineral/mine ra l and mineral/me lt pa irs 

and that these were shown to vary systemat ically with inferred 

t empe rature of format ion (Clayton and Epstein 1 9 5 8 ; Engel et al. 

1 9 5 8 )  . Subsequent calibrat ion of the fractionat ions between specific 

mineral pairs has led to their use as geothe rmometers (e . g .  O ' Neil and 

Epstein 1 9 6 6 ;  O' Neil and Taylor 1 9 67 ; Epstein and Taylor 1 9 67 ; 

Bott inga and Javoy 1 9 7 3 ;  Blattner and Bird 1 9 7 4 )  . The isotopic 

composition of a mineral is therefore a function of temperature and 

the composit ion of the system f rom which the mineral forms . While in 

many instances the isotopic composition of the system is poorly known , 

in general low o1 8o f ract ionat ion indicates high temperature of 

format ion and high f ractionat ion values indicate low tempe ratures of 

formation . 

As part of developing improved techniques for soil sand 

mine ralogical ident if ication an invest igat ion o f  the Tokomaru silt 

loam wa s undertaken (Wallace and Neall 1 9 8 4 )  and thin section 

techniques suitable for invest igat ing the internal morphologies of 

grains developed . With these techniques it is now pos sible to ident ify 

phases within pumiceous fragment s and to different iate l ithic grains 

of sedimentary o rigin from those of igneous origin . During this 

developmental stage minor amount s of cristobalite were identified in 

the Tokomaru s i lt loam, so a detailed investigat ion of this profi le 

was also undertaken . 
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The prima ry a ims of the present invest igation were : 

( 1 )  To determine the occurrence , dist ribut ion and origin of 

cristoba l ite and associated phases in North I s land soils 

us ing oxygen isotopes as a principal tool . 

( 2 )  To ident ify the nature and distribut ion of s ilica phases 

other than quart z and cristobalite in the soils . 

( 3 )  To tabulate the principa l mineral const ituents of the sand 

and s i lt fractions o f  the Tokomaru silt loam and to quant ify 

the tephra input . 

( 4 )  To ident ify the source ( s )  of the tephric addit ions to the 

Tokomaru s ilt loam . 

( 5 )  To interpret the pedogenesis of the soils studied . 
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CHAPTER TWO 

METHODS AND TECHNIQUES 

SAMPLE PREPARATION 

This invest igat ion was concerned with deta iled studies of 

se lected soils t o  ascert a in the provenance o f  their soil st rat igraphic 

unit s . A cont inuous channel sampling method was used . Sampling 

invo lved excavat ing a channel up to 15 ern deep and covering a 1 0  ern 

vert ical interval ( o r  t o  hori zon boundaries where they were convenient 

or sharp) . Samples were t a ken to a depth of one metre in the Hami lton 

s ilty clay, Naike clay and Te Kowhai silt loam and to 2 . 5  m in the 

Tokornaru si lt loam .  Whe re there were prominent vertical j o ints these 

were avoided to minimise contaminat ion from il luvial materials . The 

s amples were a i r  dried, gently crushed to pass through a 2 mm s ieve 

and subdivided using a Jones splitter into approximately 1 0 0g samples .  

La rge samples were obta ined because it wa s ant icipated that most of 

t he work would be done on the coarser f ractions and these were 

relat ively minor const ituent s in all the soils . 

The soil samples were treated with NaOAc-HOAc (pH 5 ) , H2 o2 and 

s odium citrate-sodiurn bicarbonate-sodium dithionite (CBD )  t o  remove 

carbonates , organic matter and cement ing materials respect ively 

( Jackson 1 9 5 6 )  . They were then fract ionated into various s i zes by 

s ieving ( >63 �) , sedimentat ion ( 63-2 0 �) and cent r ifugat ion ( 2 0-5 

�, 5-2 �, <2 J.lrn) after Jackson ( 1 9 5 6 )  . 

PREPARATION FOR MINERALOGICAL ANALYSIS 

The soils have a low rnafic content so concent rat ion o f  this 

f raction was achieved using either a Franz I sodynarnic Magnetic 

S eparator to separate magnetic and non-magnetic f ract ions or 
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b romoform ( specific gravity of 2 . 8 ) to  produce a heavy and light 

f ract ion . Prelimina ry invest igation of the coarser fract ions involved 

opt ical invest igat ion of grain mount s for each pa rticular s i ze 

f ract ion . Volume percentages of the various phases were dete rmined 

us ing a ribbon point count method (Ga lehouse 1 9 6 9 )  with between 5 0 0  

and 1 0 0 0  point s ( depending on the required accuracy, Pett i j ohn e t  al . 

1 9 7 2 )  being counted . Dupl icates of some fract ions indicated that the 

various trends a re s ignif icant . For deta i led inve stigat ions thin 

sect ions and polished thin sections of the various light and heavy, 

magnet ic and non magnet ic fractions we re prepared (Wal lace et al . 

1 9 8 5 ) . The catego ries of mineral frequency are : abundant , 5 0 -3 0 % ;  very 

common, 2 9- 1 0 % ;  common , 9-5%;  sca rce , 4 - 1 %  and rare <1% . 

The mine ra l  categories are briefly described in Appendix 3.  

X SOLATXON OF CRXSTOBALXTE 

To carry out the oxygen isotope invest igat ion of cristobalite it 

was necessary to obta in a pure concent rate and a method us ing chemical 

dissolution and dens ity separation was employed . Chapman et al . ( 1 9 6 9 )  

describe a method involving a fusion with sodium pyrosulphate 

( Na2 s2o7 ) followed by t reatment with f luoros il icic acid ( H2 SiF 6 ) to 

determine the amount of quartz in a soil quant itatively . Henderson et 

a l . ( 1 97 2 )  modif ied this technique by subst itut ing an HCl /NaOH cycle 

f o r  the sodium pyrosulphate treatment because fus ion with Na2 s2o7 

t ends to enrich the 1 8 o content of cristobalite (Henderson et al . 

1 9 7 1 ) . Subsequent work (Pisciotto 1 97 8 )  howeve r ,  has shown that the 

pyrosulphate step minimally depletes the 1 8 o ( <1 °!00 ) . This 

apparent cont radict ion was not invest igated during the pre sent study 

and the method of Hende rson et al . ( 1 9 7 2 )  has been used here with 

minor modificat ions . Most previous workers used highly weathered 

material or relat ively pure samples (ma inly geological and not 

pedological )  which were free of volcanic glass . The glass present in 

t he soils of this s tudy caused problems as it is of a variable density 

and is relatively unreactive to the HCl /NaOH / H2 SiF 6 ( ABF S )  t reatment . 

Rather than subject the sample to excess ive ABSF treatments to remove 
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the glass , and therefore perhaps prefe rent ially remove low tempe rature 

cristobal ite , an ext ra density separat ion ( SG c .  2 . 2 5  Mg m- 3 ) wa s 

used . 

Init ial work showed that the cristobal ite in the coarse 

fract ions of  the soils studied occurs as  cristobalite aggregated with 

clay or as intergrowths (e . g .  with feldspa r ) . It was therefore 

necessary that , after the init ial cleaning of the sample and divis ion 

into s i ze fract ions , the samples be given a 2 4  hour ABSF treatment to 

remove most of the impurities and any coat ings or intergrowths 

a s sociated with the c ristoba lite . The samples were then mixed with 

polyvinylpyrrolidone (PVP ) us ing the ultrasonic probe for dispers ion , 

t ransferred to test tubes conta ining the tet rabromoethane nit robenzene 

solution ( SG 2 . 38 )  with an eye droppe r and cent rifuged for the 

prescribed t ime . This step was repeated unt i l  X- ray diffract ion ( XRD )  

indicated that quart z  was absent . Most o f  the light fraction conta ins 

s ignificant amounts of  biogenic silica and glass so rather than 

sub ject the cristobalite to repeated ABFS t reatments to remove the 

biogenic mate rial a second density separat ion ( SG c .  2 . 2 5 Mg m-3 ) was 

unde rt aken . This concent rate was given a final ABFS treatment , t reated 

ove rnight with boric acid ( S ridhar et al . 1 97 5 )  and given an XRD and 

scanning electron microscope ( SEM) purity check . 

The amount of cri stobal ite wa s dete rmined by quant itat ive XRD 

techniques. After ABFS t reatment to remove t he feldspars and 

ferromagnesian minera ls , cristobalite , quart z and glass rema ined . A 

method intergrating the area under the peaks wa s used to determine the 

amount of cristobalite and quartz and these were corrected to account 

for the ABFS- soluble fraction and the amount of glass . 

ISOLATION OF QUARTZ 

While the qua rt z content of the coarser fractions was determined 

by opt ical methods this was not appropriate for the f iner f ract ions 

and dissolution techniques were employed . The samples were given 

repeated HCl /H2 SiF 6 treatments (Henderson et al . 1 97 2 )  unti l  XRD 

showed t hat only quart z  remained . Samples were repeatedly washed, then 



dried and weighed. Where there was significant cristobalite in a 

sample the amount of quartz was determined, together with the 

cristobalite by the XRD techniques described above. 

XSOLATXON OF PHYTOLXTHS 

7 

In an attempt to investigate the vegetative history of the 

Tokomaru silt loam, opal phytoliths were separated from various depths 

in the soil, and for comparison, from tree species and two peats. 

Separation of Phytoliths from the Soil: The technique for 

isolation of phytoliths from the soil is similar to that of Rovner 

(1971) . The process was modified to account for lower yields at depth 

and to split off the coarse fraction (mainly coarse organic matter) 

and fine fractions (Jackson 1956) to reduce the bulk. The procedure 

is as follows: 

( 1 )  Acidify 60 grams of soil with HOAc and treat overnight with 

H2o2 to remove most fine organic matter, then disperse 

ultrasonically. 

{2) Wash into test tubes through a 250 � sieve {to remove the 

coarse fraction, commonly dominated by organic matter) and 

centrifuge, discarding the <5 � fraction. 

( 3 )  Add dilute HCl to the test tubes and heat in a water bath, 

avoiding excessive heat, to remove remaining cementing 

materials. 

( 4 )  Repeatedly wash, ultrasonically disperse and spin down until 

the supernatant is clear. 

(5) If required for ease of handling, split the sample into 

required grain size fractions by adjusting the centrifuging 

time and speed (Jackson 1956), then dry. 

(6) A suitable mixture of nitrobenzene and tetrabromoethane to 

give a density of 2.3 is used to separate off the light 

(phytolith-bearing) fraction (Rovner 1 9 7 1 ) . Remove the light 

fraction and repeat density separation on the sample until the 

yield is negligible. Wash the light fraction repeatedly with 

acetone, dry, weigh and mount. 
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Separation of Phytoliths from Vegetation: Early investigators 

commonly used high temperature oxidation to concentrate the phytoliths 

in vegetation (Beavers and Stephen 1 9 5 8 ; Lanning et al.  1 9 5 8 ;  Twiss et 

a l .  1 9 6 9 )  but this method produced distorted or fused material that 

had frequently been transformed to cristobalite (Jones and Handreck 

1 9 6 7 )  . Jones and Milne ( 1 9 63 )  used a nitric/perchloric acid digestion 

mixture at relatively low temperatures and preserved the phytolith 

outlines more faithfully. This method, as refined by Rovner ( 1 97 1 )  was 

used to prepare material for the current study. In many cases the acid 

digest produced a waxy cake so the samples were finally heated in 

acetone to remove the wax. 

ELECTRON MICROPROBE ANALYSES 

Although the sand mineralogy preserves a record of volcanic 

additions to the mainly quartzofeldspathic Tokomaru silt loam (Wallace 

and Neall 1 9 8 2 ) , the Aokautere Ash is the only macroscopic indicator 

of tephric additions. Thus bulk sampling methods (e. g. Kohn 1 9 7 0 )  are 

inappropriate for determining the chemistries of the volcanic 

additions. The fully automated JEOL JXA7 3 3  superprobe at Victoria 

University was used to determine the mineral chemistries and so help 

elucidate the origins of the volcanic materials. After separation of 

the required grain size fraction, polished thin sections (Wallace et 

a l . 1 9 8 5 )  were prepared and the minerals analysed for the major 

elements using 1 5  Kv, 12 nano-amps and a focussed beam counting for 

three ten second periods (Watanabe et al . 1 9 8 1 ) . The analysis of 

glasses, particularly alkali loss, is a problem with a microprobe 

(Wallace 1 9 7 4 ;  Froggatt 1 9 8 3 ) . To analyse glasses the beam current was 

lowered to 8 nano-amps, beam diameter increased to 1 0  � and a fresh 

area of glass chosen for each of the 10 second counts. 
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X-RAY FLUORESCENCE ANALYSES 

Major element chemistry was determined by using the fused disc 

method (see Roser 1983), after the samples had been ground in a 

tungsten carbide mill. Loss on ignition is determined by the weight 

loss on heating to 1000°C. Trace elements were analysed on borate­

backed pressed pellets (Roser 1983) . 

INFRA-RED ANALYSIS 

For infrared analyses one milligram of sample was ground with 

170 milligrams of KBr and pressed under vacuum into a glass disc. 

After overnight drying at 55°C the sample was analysed in a Pye Unicam 

Sp3-300 infrared spectrophotometer. 

PHOSPHORUS ANALYSIS 

As well as being determined by XRF methods the phosphorus 

content of the Tokomaru silt loam was determined colorimetrically 

after ignition at 550°C and 16 hours of end over end shaking in 1N 

H2 so4 (Walker and Adams 1958). 

CARBON ANALYSIS 

Carbon was determined with a LECO induction furnace using the 

standard LECO method. The carbon is converted to co2 which is then 

adsorbed onto ascarite (NaOH + asbestos) which is weighed. 
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OXYGEN ISOTOPE ANALYSIS 

The oxygen isotope analyses were carried out on a NAA 6-60  RMS , 

15 cm radius, 60° sector double collecting mass spectrometer at the 

Institute of Nuclear Sciences. Oxygen is liberated by reaction with 

BrF5 at high temperature (Clayton and Mayeda 1 9 6 3 )  and then using a 

Toepler pump (Blattner and Bird 1 9 7 4 )  is converted to co2 which is the 

feed stock to the mass spectrometer. The data is reported as parts per 

thousand, 0!00, relative to standard mean ocean water (SMOW of Craig 

1 9 6 1 ) . 



CHAPTER THREE 

THE DISTRIBUTION AND ORIGIN OF CRISTOBALITE AND 

TRIDYMITE IN SOME NEW ZEALAND SOILS 

INTRODUCTION 
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Cristobalite, tridymite and quartz, together with opaline silica 

are the silica phases of significance in soils (Wilding et al. 1977). 

One of the initial aims of the present project was to both investigate 

the source (s) of cristobalite in selected New Zealand soils and to 

determine its significance in soil genesis. Preliminary tests showed, 

however, that cristobalite is intimately associated with tridymite in 

the soil so the project was expanded to include studies of tridymite 

as well. 

In siliceous deep sea sediments biogenic silica (also referred 

to as amorphous silica or opaline silica) is transformed during 

diagenesis to cristobalite-tridymite phases (Wise and Hsu 1971; Hein 

1981; Iijima and Tada 1981) . Opaline silica in soils is thus a 

potential precursor of cristobalite and/or tridymite so forms of 

opaline silica in soils are therefore also included in this review. 

NOMENCLATURE 

Cristobalite forms either during diagenesis (here referred to as 

the low temperature pathway) or under conditions such as those 

associated with ,igneous processes (here referred to as the high 

temperature pathway) . 

(a) Low Temperature Pathway: Studies of the "low temperature" 

pathway (e.g. Florke 1955; Jones et al . 1963) showed that there were 

two broad groupings of "opaline silica": 

Type-1: specimens that gave x-ray patterns indicative of a 

well- ordered crystal structure, 



Type-2: samples that were almost amorphous, giving only a few 

diffuse x-ray bands (see Fig. 3.1). 

Florke (1955) also showed that there were some tridymite 

reflections in x-ray scans of "opaline silica". A comprehensive 

examination of gem opal and a-cristobalite by Jones et al . (1963, 
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1964) showed that the opal structure could vary from highly 

crystalline (a-cristobalite) to x-ray amorphous (opal) . They produced 

x-ray diffraction ( XRD )  traces that showed opals corresponding to 

type-2 had only a broad peak at 4. 1A while type-1 opals showed XRD 

patterns with sharper and more numerous peaks corresponding to a­

cristobalite. Electron microscope scans of fracture surfaces of opals 

indicated a distinct difference in surface morphology between the two 

types of opal (Jones et al . 1964). Type-1 opaline silica had a fine 

grained featureless surface while the surface of type-2 opaline silica 

comprised closely packed silica spheres (individual spheres were 

1500 -35Q� in diameter and uniform for a specific sample, see also 

Jones et al . 1964; Wenk et al . 1976; Klein and Hurlbut 1985). 

Jones and Segnit (1971) subdivided the low temperature silica 

phases into three groups based on XRD patterns: 

(1) Opal-C: considered to be the equivalent of a-cristobalite. 

It is recognised that minor tridymite may be present 

as tridymite subdomains in a dominantly cristobalite 

structure. Opal-C is identified by having at least a 

full range of XRD peaks (4. 05, 3.14, 2.85, 2. 48, 

2.12, 2.02, 1. 93, 1. 87A - see also Brown 1980; 

Carpenter and Wennemer 1985), 

(2) Opal-CT: having only two peaks present, 4.1A and 2. 48A. These 

peaks are broad reflecting various degrees of 

structural disorder. There is often considerable 

interstratified.tridymite, and 

(3) Opal-A: which includes varieties of hydrous silica with a 

broad diffuse XRD band at c .  4. 1A. Most precious 

opals occur in this group. 

In experiments in which opal-A was heated Jones and Segnit 

(1971) showed that, with time and temperature, the 4. 1A cristobalite 

peak developed out of the broad opal-A band. This confirmed earlier 
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data from Florke (1955) and Frondel (1962) from which they concluded 

that the sequence opal-A opal-CT opal-C was a 

continuum. On heating, the tridymite disorder diminishes but tridymite 

may still be present in opal-C, suggesting that the tridymite domains 

are large enough to resist thermal conversion to cristobalite. 
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From the above studies it is concluded that during early 

diagenesis there is a relatively low temperature discontinuous 

transition from poorly crystalline hydrous silica to cristobalite and 

that, based on XRD characteristics, this can be divided into three 

forms: Opal-A (highly disordered, near amorphous), opal-CT (disordered 

cristobalite with tridymite subdomains) and opal-C (ordered 

a-cristobalite). The considerable structural disorder of opal-CT, 

manifest as tridymite stacking, can persist through the transition to 

opal-C. 

(b) High Temperature Pathway: Opal-C is usually referred to as 

a-cristobalite when it forms in high temperature environments. 

Studies involving reactions of a-cristobalite show that it has a 

similar structure to opal-C (e. g. Brown 1980; Carpenter and Wennemer 

1985) and also highlight the complexity of the relationship between 

cristobalite and tridymite (Hill and Roy 1958a, 1958b; Sato 1963a, 

1963b, 1963c; Roy and Roy 1964; Rockett and Foster 1967; Tada and 

Iijima 1983; Carpenter and Wennemer 1985). In a detailed study of 

synthetic tridymite, Hill and Roy (1958a, 1958b) identified metastable 

(tridymite-M) and stable (tridymite-S) varieties, each of which had 

its characteristic x-ray pattern and therefore structure. Sato (1963a, 

1963b, 1963c) further developed the nomenclature of these structural 

states and introduced a third form, tridymite-MS. Sato identified the 

various forms of tridymite according to the degree of development of 

minor peaks and the.presence or absence of doublet peaks. 

Tridymite-S Doublet peaks at 3. 85, 3. 0, 2. 5, 2.3A and only 

a very weak peak at 3. 25A. 

Tridymite-M No doublets but a strong 3. 25A peak. 

Tridymite-MS Doublet peaks at 3. 85, 3. 0,  2. 5, 2. 3 A and a 

strong peak at 3 . 25A. 



The complex nature of the tridymite structure makes XRD 

identification of tridymite difficult, not just because there is 

considerable variability in the presence or absence of peaks but 

because the major peaks (4.33, 4.10 and 3 .83A) show a considerable 

range of relative intensities (see Hill and Roy 1958b; Sato 1963a, 

1963c; Roy and Roy 1964; Rockett and Foster 1967; Carpenter and 

Wennemer 1985) . It was also shown that these tridymites might be 

interstratified with cristobalite . 

The terminology used in the present report is based on the 

criteria established by Jones and Segnit (1971) and Sato (1963a, 

1963c). The term opal/cristobalite is used to denote the whole group 

opal-A, opal-CT and opal-C. 

STRUCTURE 
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Cristobalite and tridymite are tectosilicates comprising a three 

dimensional framework of Sio4 tetrahedra although the precise nature 

of the structure is not well understood. The tetrahedra combine in 

relatively regular 6-sided rings with the apical oxygen of the 

tetrahedra pointing alternately up and down. Kihara (1978, 1980) 

reports that in some tridymite the rings are deformed into "D" shapes. 

The rings form sheets which are stacked perpendicular to the (111) 

axis in cristobalite and the (0001) axis in tridymite. In tridymite 

the basal oxygens are positioned directly above those in the 

underlying sheets while in cristobalite the Sio4 tetrahedra in each 

additional sheet are rotated by 60°. To make up a unit cell the sheets 

of Sio4 tetrahedra are stratified in an ABC-ABC-ABC sequence (see Deer 

et a l . 1967-) in cristobalite ( i . e .  3 sheets repeated) and AB-AB-AB 

pattern in tridymite (a 2 sheet repeat sequence) . Commonly tridymite 

domains and cristobalite domains occur within the one unit, i . e . 

mineral grains often contain interstratified sequences of tridymite 

and cristobalite. 

A comprehensive examination of the transformation of opal to 

c.ristobalite (Jones e t  al. 1963, 1964) showed that there was a 

continuous variation from amorphous opal to poorly ordered 



cristobalite with tridymite domains (opal-CT) and finally 

a-cristobalite (opal-C) . Similarly tridymites have been shown to 

contain cristobalite (opal-C) domains (Hill and Roy 1958a, 1958b; Roy 

and Roy 1964; Carpenter and Wennemer 1985) . 
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The structural relationship between the Sio4 tetrahedra in 

cristobalite and tridymite produces a comparatively open, low density 

structure with relatively large channels or openings (1. 7A in 

cristobalite and 1. 3A in tridymite, Holmquist 1961) in which foreign 

ions might be trapped (e.g. Na, K, Li, Al). It may be that these ions 

are necessary to stabilise the structure under surface conditions. 

Tridymite can only be synthesised in the presence of mineralisers and 

some authors (e. g. Florke 1955; Holmquist 1961) have suggested that 

tridymite may not be a polymorph of silica but rather a binary system 

with alkali oxides. Mason (1966) suggests tridymite may be isomorphous 

with feldspathoids. Hill and Roy (1958b) and Rockett and Foster (1967 )  

however, argue that tridymite is a polymorph o f  silica. 

A distinct morphology of opal-CT was described from deep sea 

sediments and coastal plain sediments of the eastern United States 

(Rex 1969; Calvert 1971a, 197 1b; Weaver and Wise 1972; Wise and Hsu 

197 1). This consisted of small, spherulitic rosettes 3-10 � in 

diameter and comprising thin, radiating blades between 300-500A thick. 

The term lepisphere was proposed by Wise and Kelts (1972) for opal-CT 

with this morphology (see also Oehler 1973; Wilson et al. 1974; Jones 

and Segnit 1975; Florke et al . 1975, 197 6). 

Opal-A is amorphous to x-rays so investigations of its structure 

have been largely by direct observation with the electron microscope 

rather than by XRD . Studies of silica in the form of petrified wood 

(e.g. Segnit et al. 1970; Stein 1982; Scurfield and Segnit 1984; 

Senkayi et al . 1985) have identified microspheres, spherulites and 

more structureless varieties of silica which have invaded woody 

material, often faithfully reproducing the cellular structure. 

Australian studies of precious opal (mineralogically opal-A) have 

shown that it is composed of uniformly sized microspheres (1500-3500A 

diameter) -arranged in a cubic or hexagonal packing pattern (Jones et 

al . 1964, 1966; Darragh et al . 1966; Sanders 1968; Jones and Segnit 



1969; Wenk et al . 1976; Klein and Hurlbut 1985). These microspheres 

themselves comprise smaller particles c. 300-400 A in diameter (Darragh 

et al . 1966; Jones et al . 1966). It is diffraction of white light by 

planes of the microspheres that is thought to produce the iridescence 

seen in opals (Sanders 1968; Darragh et al . 1966). 

THERMAL STABILITY 
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Based o n  energy considerations quartz should be more stable than 

cristobalite and tridymite under surface conditions. These three 

phases however, are related to each other by slow transformations that 

involve reconstruction of the Si-0 bond, requiring considerable energy 

to convert from one polymorph to another. This, together with the 

stabilising influence of traces of chemical impurities, allows 

cristobalite and tridyrnite to exist metastably under surface 

conditions. Within each polymorph type there is a series of high and 

low temperature structures ( i . e .  a and � forms, Fig. 3. 2) that involve 

displacive transitions (lattice re-orientation) without breaking 

bonds. Because this occurs spontaneously within a specific temperature 

range the lowest temperature form should be stable under surface 

conditions. There is, however, some evidence that �-cristobalite may 

persist under low temperatures in special circumstances. Greig (1932) 

and Sosman (1932) have described this phenomenon where �-cristobalite 

is enclosed in glass and suggest that the rigidity of the glass which 

"sets" above the cristobalite inversion temperature inhibits the 

re-orientation of the crystal during inversion. 

The inception of the Deep Sea Drilling Projects (DSDP) created 

an impetus for researching the relationship between biogenic silica 

(opaline silica), cristobalite-tridymite and quartz. It has been shown 

that with increasing depth of burial, biogenic silica (opal-A) in 

siliceous sediments is replaced by opal-CT which may in turn be 

replaced by quartz. In siliceous deposits the neoformation of 

cristobalite is thought to be a step in a sequence from biogenic opal 



H I GH  TEMPERATURE PATHWAY 

Hea t ing cyc le 

5 7 5°c 87 0°C 1 4 7 0°c 1 6 2 5°C 
�-qu a r t z  � 8-quar t z  � 82 - tr i d ym i te � 8-cris toba lite � me l t  

�-qu a r t z  
5 7 5°C 

----�•• 8 - quartz 
I 

cr i s toba l i t e  

Coo l i ng cyc l e  

� - qua r t z  8-quartz 

1 1 7 °c 1 6 3 oc 
« - tr i dym i t e  � 8 1 - tr i dym i te � 82 - tr idymite 

� - c r i s toba l i te 8-cr i s toba l i te 

t Rea c t ion proposed by F lorke ( 1 9 5 6 ) in the absence of minera l isers . 

LOW TEMPERATURE PATHWAY 

* + 
opa l i n e  s i l ica ------��� cr i s toba l i t e / t r idym i t e  quar t z  

* * 
op a l -A opa l-CT qua r t z  

* o c c u r s  i n  5 - 1 0  ma at 4 0 - 5 0°C o r  3 0 - 4 0  ma a t  2 0 - 3 0°c 

1 8  

+ occurs a t  approximately 7 0- 8 5° C  and the t ime cons traint i s  unknown except tha t 
cr i s toba l i t e - t r i dymite is n o t  found in rocks o lder than the C r e taceous . 

F i g u r e  3 . 2 :  Summary of the therma l tran s i t ions o f  some s i lica phases . 



to cristobalite (with or without tridyrnite) i.e. equivalent to 

opal-CT, then quartz during diagenesis (Iijima and Tada 1981; Hein et 

al . 1978). These workers (see also Isaacs 1982; Murata and Nakata 

1974; Kastner et al . 1977; Keller and Isaacs 1985) have shown that the 

reaction is partially dependent on host rock composition in that it 

occurs at lower temperatures in the purer diatomites compared with 

siliceous/argillaceous mixtures . Isaacs (1982) also showed that the 

presence of carbonate did not dictate whether the reaction proceeded 

but Kastner et al . (1977) have shown that although carbonate was not 
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required directly, it was important in that it increased the 

alkalinity of the water and so stimulated the reaction. Other factors 

influencing the reaction rate include pore water chemistry [Kastner et 

a l . (1977) demonstrated that Mg and possibly Al, Fe and Mn hydroxides 

assisted nucleation ] and surface area (Hein et al . 1978), but the 

primary factors are time and temperature (Jones and Segnit 1971; 

Mizutani 1977; Iijima and Tada 1981). 

The transformation of opal-A to opal-CT is a 

dissolution/ precipitation reaction (Murata and Nakata 1974; Stein and 

Kirkpatrick 1976) . Heydemann (1964), Florke et al . (1975) and Jeans 

(1978) have suggested that another phase (the so called silica-X) was 

a transitional phase between opal-A and opal-CT and Hein et al . (1978) 
' 

recognised an intermediate phase, opal-A , which was composed of thin 

blades 20-27A thick which they suggested was a proto opal-CT. 

Estimates of the temperature of the opal-A to opal-CT transition 

include 35-50°C (Hein et al . 1978), 40 -50°C (Aoyagi and Kazama 1980), 

3 8-54°C (Pisciotto 1981) and 44-48°C (Keller and Isaacs 1985) . Hein et 

a l . (1978) suggested that while the transition occurred in 5-10 ma at 

40-S0°C along continental and island arc margins (where sedimentation 

rates were higher and there was increased diagenesis) it took 30-40 ma 

at 2 0-30°C in open oceans with low sedimentation rates (Fig. 3.2). 

The nature of the opal-CT to quartz transition is more 

enigmatic. There are few sections where the transition is exposed, 

either through lack of suitable lithologies or from marine cores not 

reaching deep enough. Opinions are divided as to whether the 

transformation is due to solution /precipitation or solid/solid 

inversion (Ernst and Calvert 1969 ; Heath and Moberly 1971; Greenwood 



197 3; Murata and Larsen 1975; Stein and Kirkpatrick 1976). Aoyagi and 

Kazama (1980) suggested that the transition occurred at 7 0°C; 

Pisciotto (1981) suggested 55-110°C and Keller and Isaacs (1985) 

suggested 70-85°C, depending on the composition of the enclosing 

sediments. 

Precious opal (opal-A) comprises amorphous silica microspheres 

c .  1500-3500A in diameter. This form of opaline silica is thought to 

develop by dehydration of silica gels (Jones et al . 1966; Darragh et 

a � . 1966). Detailed observation of the rnicrospheres has shown that 

they consist of smaller particles ( c .  3 0 0 -400A diameter) and Darragh 

e t  al . (1966) suggest that they are produced by evaporation from 

silica-bearing waters under near surface conditions. Under relatively 

static conditions these particles settle as loose floes to produce a 

thin gel. With additional aggregation and desiccation they develop 

into the 1500-3500A rnicrospheres seen in precious opal. 

ISOTOPES 

The development of techniques to isolate opal/cristobalite 

(Henderson et a� . 1972) have now made it possible to determine the 

oxygen isotopic composition of these phases. 

Henderson et a� . (1971, 1972) determined that there was a broad 

correlation of s18o with temperature of formation similar to that for 

quartz . High o18o values are found for poorly crystalline opal-A 

(including diatoms) and low o18o values for opal-C from hydrothermal 

deposits. Oxygen isotope relations between diagenetic silica minerals 

(Murata et al . 197 7) indicated decreasing o18o (37.4°/
00 

to 23.8°/
00

) 

with increasing crystallinity and they determined that opal-CT formed 

at approximately 48°C while "rnicroquartz" formed at about 7 9°C .  These 

temperatures are in good agreement with those determined by Hein e t  

a� . (1978) and Aoyagi and Kazana (1980). In a study of 

opal /cristobalite from hydrothermal springs in Japan, Jackson et al . 

( 1977) showed, using the electron microscope, that those phases from 

2 0  



low temperature springs (high o18o) were "spheroidal and spongey" 

compared with those formed at higher temperatures (low o18o) which 

formed irregular plates or prisms. 

Cristobalite in a podzol from Northland, New Zealand was 

concluded to be of hydrothermal or volcanic origin (Henderson et al . 

1972) while in a recent investigation cristobalite in Ando soils from 

Japan , Indonesia and Guadalupe and a podzol from Japan was shown to be 

inherited from a primary volcanic source (Mizota et al . 1987). 
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These data (Table 3.1) indicate that opal-C (a-cristobalite) 

from a high temperature environment can clearly be differentiated from 

opal-CT or opal-A from low temperature diagenetic environments similar 

to conditions prevailing in soils. 

OCCURRENCE 

Geo1ogica1 Environments 

(1) In sedimentary environments opal/cristobalite has been 

identified in a wide range of rock types such as bentonite (Brindley 

1957; Guven and Grim 1972; Henderson et al. 1971); shales (Davis 

1970); claystones (Reynolds 1970; Weaver and Wise 1974); interbedded 

argillite/porcellanite sequences (Aoyagi and Kazama 1980 ; I i j ima and 

Tada 1981; Murata and Nakata 1974; Pisciotto 1981; Isaacs 1982) and 

greensand/chalk sequences (Jeans 1978). In all of these examples none 

of the rocks are older than Upper Cretaceous. These authors describe 

some or all of the sequence: 

biogenic silica --- opal-A --- opal-CT --- quartz. 

With the initiation of DSDP (e.g. JOIDES 1967) there has been 

considerable work undertaken on silica in deep ocean sediments (see 

Hein 1981) . In North Atlantic deep sea sediments Calvert (1971a, 

1971b) identified opal-CT and found that while siliceous deposits 

older than the Cretaceous were cherts (i.e . quartzitic) all younger 

deposits were porcellanites (containing opal-CT) . Since this initial 

work opal/cristobalite has been shown to be extensive in ocean 

sediments (e.g. South Atlantic, Wise and Hsu 1971; Antarctic and 

Mid-Pacific, Weaver and Wise 1972; North Pacific, Hein e t  al. 1978). 



Tab l e  3 . 1 :  S umma ry of oxygen i s o t ope data for c r i s t o ba l i t e . 

Env i r onment 

D ia to m s  

D i a t om s  

M i o c e n e  d i a t oms 

Por c e l l a n i t e  

P or c e l l a n i t e  

P o r c e l l a n i t e  

Ben t o n i t e  

S o i l s  

S o i l s  

Hydr o t hermal 

M i n e r a l  t ype 

( opa l - A ) 

( opa l - CT ? )  

( opa l -A ? )  

( opa l -C T ) 

( opa l -C T ) 

( opa l - C T ) 

( opa l - C T ) 

3 6 . 2 ,  3 7 . 4  

N o .  R e f . 

3 4 . 0  * 2 

3 2 . 2  * 3 

2 7 . 9 - 3 3 . 8  ( 1 0 )  . 1 

3 0 . 2 - 3 2 . 1  ( 6 )  * 4 

3 5 . 7 , 3 5 . 9  ( 2 )  . a  

2 5 . 5 - 2 9 . 9  ( 4 )  * 2 

l ow c r i s toba l i te ( op a l -C ) 8 . 3 � 9 . 1  ( 3 )  

( 4 ) opa l - C  a n d / o r  t r i dym t e  5 . 3 - 1 1 . 0  

l ow c r i s toba l i t e  

T e r r e s t r i a l  v o l ca n i c s  opa l - C  + t r i dym i t e ( ? )  

8 . 8 ,  9 . 3  

6 . 8 - 1 1 . 4  

7 . 2 

( 4 )  

L u n a r  v o l c a n i c s  ? 

Qua r t z  i n  cher t s  a s s oc i a t e d  w i th porce l l a n i t e s  2 4 . 5 - 2 7 . 1  ( 1 3 )  . 4 

2 3 . 8  + 0 . 3  * 1 

2 a  - 3 6  ( 1 0 )  . a  

* 1 - Mu r a t a  e t  a l .  ( 1 9 7 7 ) :  2 - Henderson e t  a l . ( 1 9 7 1 ) :  3 - Henderson 

e t  a l . ( 1 9 7 2 ) :  4 - P is c i o t t o ( 1 9 8 1 ) :  5 - J a c k s on e t  a l .  ( 1 9 7 7 ) ;  6 -
Tay l o r  and Ep s te i n  ( 1 9 7 0 ) ;  7 - M i z ota e t  a l . ( 1 9 8 7 ) ;  8 - H e in and Y e h 

( 1 9 8 1 ) .  
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Various forms of silica (opal-A, opal-CT and tridyrnite) also 

form as precious to semi-precious opal and wood opal, usually in 

terrestrial deposits. Here the minerals form lepispheres, microspheres 

and massive varieties that fill joints and cavities or form 

pseudomorphs after woody tissue (Mitchell 1967; Buurman 1972; Mitchell 

and Tufts 1973; Stein 1982; Scurfield and Segnit 1984; Senkayi et al . 

1985). 

Opal-A is also precipitated in South Australian lakes (Skinner 

1963; Peterson and von der Borch 1965) in association with magnesite 

and dolomite under extremely alkaline conditions (pH up to 10. 2). 

(2) As well as forming in a diagenetic environment, 

cristobalite is also reported from environments with demonstrably 

higher temperatures, e . g: 

Zones of hydrothermal alteration (Tokuda 1960; Jackson et a l . 

1977; Murray et a l . 1977; Sarna-Wojcicki et al . 1981; 

Hampton and Bailey 1985), 

2 3  

Lavas e. g. lunar basalts (Applernan et a l . 1971; Champness et al . 

1971; Christie et al . 1971; Kei1 and Prinz 1971; Klein 

et al . 1971; Sippel et al . 1971), Japanese lavas (Kuno 

1933), 

Ignirnbrites (Mahood et al . 1985), 

Volcanic mudflows (Mullineaux and Crandell 1962, see also 

Verhoogen 1937), and 

Tephras - in Indonesia (Hardjosoesastro 1956), Nevada (Moncure et 

a l . 1981), Japan (Mizota and Aomine 1975; Yarnada and 

Shoji 1977), Chile (Wada and Kakuto 1984) and in the 

1980 eruptions from Mount St. Helens (Fruchter et a l . 

1980; Dethier et al . 1981; Gage et al . 1981; Kuntz et 

a l . 1981; Lofgrens 1981; Bernard and Guern 1986). 

This type of cristobalite is equivalent to opal-C. 



Tridymite, which often occurs with cristobalite, is commonly 

associated with z ones of hydrothermal alteration (Frondel 1 9 62 )  and 

silicic volcanics such as rhyolites, obsidian, trachyte, dacite and 

andesites (Frondel 1 9 62 ; Klein and Hurlbut 1 9 8 5 ) . Fruchter et al . 

( 1 9 8 0 )  and Dethier et al . ( 1 9 8 1 )  report tridymite in ash from the 1 9 8 0  

eruption of Mount St. Helens. Tridymite is also described from stony 

meteorites (Klein and Hurlbut 1 9 8 5 )  and lunar lavas (Appleman et a l . 

1 9 7 1 ;  Keil and Prinz 1 9 7 1 ) . It forms in cavities and vesicles, 

apparently during the latter stages of magmatic activity and Rogers 

( 1 92 8 )  considered it to be pneumatolytic. Trace amounts of tridymite 

have often been described in the fine microlitic mesostasis which 

crystallises last as a lava cools (Frondel 1 9 62 ; Appleman et al. 1 97 1 ;  

Keil and Prinz 1 9 7 1 ) . 

( 3 )  In New Zealand, cristobalite has been described from ( 1 )  

2 4  

the devitrified matrix of the Whakamaru Ignimbrite (Ewart 1 9 6 5 ,  1 9 7 1 ) , 

( 2 )  dacites from the Taupe Volcanic Zone (Cole 1 9 7 9 ;  Worthington 

1 9 8 5 ) , ( 3 )  hydrothermal deposits e. g. Northland (Murray et al . 1 9 7 7 ;  

Harvey 1 9 8 0 ) , and ( 4 )  pumice xenoliths thermally metamorphosed by the 

1 8 8 6  Tarawera basalt (identified during the present study) . This type 

of cristobalite is similar to opal-C. 

In geological environments opal-A and opal-CT occur in rock 

types that are associated with the low temperature pathway while opal­

C and tridymite occur in rock types associated with the high 

temperature pathway. 

Pedological Environments 

( 1 )  Opal/ cristobalite is common in soils developed in parent 

materials associated with volcanism, e.g. in Indonesia 

(Hardjosoesastro 1 9 5 6 ;  Sjarif and Gilkes 1 9 8 6 ) , Japan (Mizota and 

Aomine 1 9 7 5 ;  Mizota et al . 1 9 8 7 ) , South America (Cortez and Franzmeier 

1 97 2 ) , Israel (Yaalon 1 9 62 )  and New Zealand (e.g. Swindale . and Jackson 



1960 ; Lowe 1987). The very sharp nature of the XRD peaks, together 

with the coarse nature of the cristobalite (it occurs in clay to sand 

size grains), led Mizota and Aomine (1975) to conclude that it was of 

primary volcanic origin (see also Wi1ding et al . 1977). Recently 

determined oxygen isotope ratios of cristobalite/tridymite from some 

Japanese soils supports this conclusion (Mizota et al . 1987). 
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(2) In New Zealand soils cristobalite is scarce and tridymite 

has only rarely been identified. Fieldes and Williamson (1955) refer 

to cristobalite in the Okaihau gravelly clay, but the first 

significant report on cristobalite in the pedosphere was by Swindale 

and Jackson (1960) who described
· 

opal/cristobalite from the silt 

fractions of soils with a rhyolitic provenance. It is not possible to 

determine the crystallinity of this opal/cristobalite from their data 

but they do refer to some as being of the "stuffed" structure (Buerger 

1954), indicating that some may have been opal-CT or opal-C plus 

tridyrnite. Oxygen isotope analysis of the opal/cristobalite (Henderson 

et al . 1972) indicated that it was of a relatively high temperature 

origin, i. e. hydrothermal or volcanic. Reconnaissance soil 

mineralogical studies (Fieldes and Weatherhead 1968; New Zealand Soil 

Bureau 1968 ; Claridge and Weatherhead 1978) indicated that 

cristobalite could be up to 9% of the silts in some New Zealand soils. 

More detailed recent investigations (e. g. McQueen 1975; Davoren 1976 ; 

Jessen 1977 ; Bruce 1978; Hogg 1979; Lowe 1981, 1986; Shepherd 1984) 

report significant cristobalite in the volcanic ash soils of the 

Hamilton Basin, particularly the brown granular loams. Benny (1982) 

identified cristobalite and tridyrnite in a study of the Okareka Ash 

and overlying tephric loess in the vicinity of Lake Rotorua (see also 

Birrell and Pullar 1973) , and Stewart (1982) reports minor amounts of 

cristobalite in soils developed on basalts in Northland. These 

occurrences appear to correlate closely with siliceous tephric 

material. 

Tridyrnite, where identified, (New Zealand Soil Bureau 1968; 

Claridge and Weatherhead 1978) is also associated with soils developed 

from tephric materials. 



( 3 )  Opal-A occurs in both biogenic and inorganic forms in 

soils (Wilding et al . 1 9 7 7 ) . Biogenic opal is minor though ubiquitous 

in most soils either as plant phytoliths (Bartoli and Guillet 1 9 7 7 ; 

Beavers and Stephen 1 9 5 8 ; Jones and Beavers 1 9 6 4 ;  also see chapter 4 )  

or from aquatic environments (sponge spicules, diatoms and 

radiolaria). Laminar opaline silica (Parfitt 1 9 7 5 ;  Shoji and Saigusa 

1 9 7 8 ;  Shoji et al . 1 9 8 6 )  is another form of opaline silica which is 

commonly associated with humic horizons and soils rich in 

volcaniclastic materials. Inorganic silica serves as a cement in some 

indurated soil horizons (duripans) in areas of Mediterranean and arid 

climate. 

The occurrence of biogenic silica as phytoliths or microfossils 

is relatively common in New Zealand soils (New Zealand Soil Bureau 

1 9 6 8 ;  see chapter 4 )  . This is due to ( 1 )  the nature of the rocks that 

are the soil parent materials - many contain radiolaria, sponge 

remains and diatoms, (2) the ubiquitous plant cover prior to 

relatively recent human settlement and ( 3 )  the relatively stable 

nature of biogenic opal (Bartoli and Wilding 1 9 8 0 ) . Laminar opaline 

silica has also been reported in New Zealand soils (Fieldes and 

Furkert 1 9 6 6 ;  Henmi and Parfitt 1 9 8 0 ; see also Lowe 1 9 8 7 ) . 

PRESENT INVESTIGATION 

Cristobalite in soils has been postulated as being either 

inherited or pedogenic (see Hardjosoesastro 1 95 6 ;  Henderson et al . 

1 9 7 1 ;  Lowe 1 9 8 1 , 1 9 8 6 ;  Mitchell ( 1 97 5 ) ; Wada 1 9 8 0 ; Wilding and Drees 

1 9 7 4 ;  Wilding et al . 1 97 7 ) . In a study of soils in the Waikato region 

where cristobalite is relatively common in some soils with poor 

drainage, Lowe ( 1 9 8 1 ,  1 9 8 7 )  suggested that cristobalite was 

2 6  



authigenic. He suggested that cristobalite formed in soils where 

drainage was poor because the soil solution became enriched in Si. 

This Si precipitated to form hydrogels which crystallised as 

cristobalite during dry periods. If this pathway is correct then any 

cristobalite so formed should have a high o1 8o commensurate with its 

low temperature of formation and poor crystallinity ( i . e .  opal-CT) . 

To characterise the form of cristobalite present in these 

soils four soil types were chosen for detailed analysis. Three are 

from the Hamilton basin (Hamilton clay loam, .Naike clay and Te Kowhai 

silt l oam) and have formed from volcaniclastic parent materials while 

the fourth (Waiareka clay) is formed from mixed loess-calcareous 

basaltic tuff near
· 

Oamaru (Fig. 3 . 3 ) . The profiles were continuously 

channel sampled over 1 0  cm intervals down to a depth of one metre. 

After particle size analysis cristobalite and tridymite in various 

fractions were separated. During this process concentrates of a very 

low density fraction (opal-A) and a heavy fraction (opaques, 

ferromagnesian silicates and zircons) were produced. 
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During initial x-ray investigation the cristobalite in the soil 

was shown to be closely associated with tridymite and to be of a well­

ordered variety ( opal-C) . It was therefore deduced that the 

cristobalite was probably of a high temperature origin and introduced 

into the soil along with the volcaniclastic materials. Accordingly 

representatives of possible volcanic sources were processed to isolate 

cristobalite. Tephras sampled included ( 1 )  the Rotoma Ash, Rotoehu 

Ash, Okareka Ash (from which cristobalite and tridymite had been 

previously reported, Benny 1 9 82 ) , and the Rotomahana Mud, all from the 

Okataina Volcanic Centre, and ( 2 )  the Aokautere Ash, Waimihia Lapilli 

and Taupe Pumice from the Taupe Volcanic Centre . Andesitic lavas and 

tephr a  from Mt . Egmont were also processed to isolate cristobalite. 

Two extra soils were processed: (1 ) the Tokomaru silt loam, the 

detailed mineralogy of which is presented in chapter 4 ,  and ( 2 )  a 

p r o fi le through peaty beds at Onaero near the edge of the Mt . Egmont 

ring plain in northeastern Taranaki. 
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Soil description 

(1) The Hamilton clay loam is a brown granular loam (New Zealand 

Soil Bureau, 1968) . The sampling site (Rototuna Road; S14/1028301) was 

on a flat terrace tread at an altitude of 50 m. Annual rainfall is 

120 0 mm . A detailed soil description is given in Lowe (1981) . 

The soil profile can be divided into two units. The 

underlying clay-rich unit (here referred to as the lower unit) is part 

of the Hamilton Ash Group (Ward 1967; Pain 1975; Shepherd 1984) while 

the overlying sandier unit (upper unit) is a composite unit of loess, 

and andesitic and rhyolitic tephric accretions (McCraw 1967; Pullar 

1967; Vucetich and Pullar 1969) . 

The Hamilton Ash Group comprises clay-rich, highly weathered 

tephra, which mantle the low ridges and isolated hillocks that are 

erosion remnants of Lower-Middle Pleistocene sediments. It contains 

numerous palaeosols (Shepherd 1984) and is the result of continuous 

accretion of numerous rhyolitic and andesitic tephra that have been 

reworked and rapidly weathered (Ward 1967; Stevens and Vucetich 1984; 

1985) . The ash is now dominated by clay minerals but there are small 

amounts of residual sand-sized grains, mainly quartz, magnetite, 

ilmenite and zircon (Shepherd 1984) . At Rototuna Road the clays are 

predominately halloysite with less allophane (Lowe 1981) but near Te 

Kuiti they are dominantly allophane (Stevens and Vucetich 1984; 1985) . 

A minimum age for the ash is c. 70 ka (Gibbs 1980 ) . In a detailed study 

of the Hamilton Ash Group at Welches Road where it is c. 3. 8 m thick, 

Shepherd (1984) identified numerous palaeosols and eight members (H1 -

H8) .  Member H2, a prominent pale horizon at the base of the Group, is 

the Ohinewai Tephra Formation (Vucetich et al . 197 8). Mairoa Ash (68 

cm thick) overlies the Hamilton Ash Group. At Rototuna Road the top of 

the Hamilton Ash Group (i. e. the top of the lower unit) is correlated 

with the Hs or H6 member � Lowe 1981) . 

The upper unit is much less weathered and contains more 

weatherable minerals (e. g. glass, feldspars, ferromagnesian silicates) 

and less clays compared with the lower unit (Lowe 1981; Shepherd 1984; 

Grid references are based on the metric 1 : 50 000 series (NZMS 260) . 



Stevens and Vucetich 1984; 1985; Joe 1986). Based on mineralogical 

evidence, Lowe (1981) identified the Rotoehu, Aokautere, Okareka and 

Tuhua tephras in the upper unit. These do not form discrete bands 

because they have been mixed. The presence of the Rotoehu Ash 

indicates that there have been tephra additions to the upper unit for 

at least the last c .  42 ka. 
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Cristobalite has been frequently reported from the Hamilton clay 

loam. New Zealand Soil Bureau (1968), Lowe (1981) and Joe (1986) 

report up to c .  30% cristobalite in the clays from the upper unit 

while Lowe (1981), Shepherd (1984) and Joe (1986) report up to c .  15% 

cristobalite in the sands or silts. Generally, larger amounts of 

cristobalite have been reported from the upper unit compared with the 

lower unit. 

(2) The Naike clay is a brown granular loam. The sampling site 

(S14/93 4975) was on an 11° slope of a hill spur at an altitude of 100 

m. Annual rainfall is 1240 mm. The parent material is the Hamilton Ash 

Group and details of the soil site are given by New Zealand Soil 

Bureau (1968) and Anon (1981). These reports indicate that there is a 

marked change in properties at c .  20 cm. Above 20 cm there is an 

increased sand content and these sands comprise more weatherable 

minerals (feldspars and Fe-Mg silicates) compared with deeper horizons 

where quartz, magnetite, ilmenite and muscovite are more common. The 

clay content of the top 20 cm is lower and contains more vermiculite, 

kaolinite and allophane (with halloysite) compared with deeper levels 

where the clay content is higher (>88%) and is totally dominated by 

halloysite. The total element chemistry (e. g. Mn ,  K, Si, Al, Zn, Rb, Y 

and Ba) and soil solution chemistry ( e . g . K, Na, Al) also demonstrate 

a marked change at c .  20 cm depth (Anon 1981). 

New Zealand Soil Bureau (1968) and Anon (1981) both record minor 

cristobalite in the clay fraction of the top of the profile while the 

New Zealand Soil Bureau (1968) record a trace of tridymite in the sand 

fraction of the C horizon. 
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(3) The Te Kowhai silt loam is a gleyed yellow-brown pumice 

soil on a flat, poorly drained site (514/120 819), adjacent to a sand 

quarry. Altitude is 30 m and the site receives 1270 mm annual 

rainfall. The soil has formed in a swale of an old channel on a gently 

undulating plain developed in the Hinuera Formation. 

The Hinuera Formation (Schofield 1965; Hume et al . 1975) is a 

low angle fan of volcanogenic alluvium that was deposited by the 

braided river system of the Waikato River during several phases of fan 

building (McCraw 1967; Hume et al. 1975). It is composed of gravelly 

sands and silts which are reworked rhyolitic volcanic debris (mainly 

pumiceous) from the central North Island. It also contains localised 

peats. The youngest phase of fan building (Hinuera-2) has been dated 

at 20 - 15 ka (Hume et al . 1975; McGlone et al . 1978; Green and Lowe 

1985) and the final phase of alluvial sedimentation in the region of 

the gravel pit ceased approximately 15. 5 ka ago (Green and Lowe 1985; 

Lowe 1987) . 

Details of the soil at the sand quarry are given by Anon (1981) 

while McQueen (1975) presented a detailed study of the Horotiu-Te 

Kowhai soil complex. The Horotiu silt loam is a yellow-brown loam with 

a clay fraction dominated by allophane, and forms on well drained 

sites in pumiceous alluvium (Hinuera Formation) . It forms a soil 

complex with the Te Kowhai silt loam, a gley soil with a clay fraction 

dominated by halloysite and found in poorly drained sites on the 

Hinuera Formation (McQueen 1975; Joe 1986) . 

The mineralogy of the Te Kowhai silt loam is dominated by glass 

(Joe 1986) . Cristobalite is common (up to 5% of the clay and 15% of 

the sand fractions) . Quartz and feldspar are relatively constant 

components of the sand fraction ( c. 20 %) except below one metre depth 

where there is a marked increase with a concomitant decrease in glass 

content (Joe 1986). Heavy minerals are rare in the sands except for 

the top 20-30 cm where there is a significant rise in this fraction 

(mainly orthopyroxene, magnetite and hornblende) . 

(4) The Waiareka clay is a brown granular clay (New Zealand 

Soil Bureau - 1968). The sampling site (J41/419602) was on a bench at an 

altitude of c. 3 0  m .  Annual rainfall is 600 mm .  
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This soil has developed on the Eocene Waiareka Volcanic 

Formation (Gage 1957; Suggate et al . 1978). In the region of the 

railway cutting this comprises calcareous basaltic tuffs. The clay 

fraction is dominated by montmorillonite and the sand fraction is 

mainly quartz, feldspar, cristobalite and epidote group minerals (New 

Zealand Soil Bureau 1968) . There is a change in the components of the 

sand fraction at c .  55 cm with chlorite abundant, and many of the 

scarcer phases absent, below this depth. Similarly, the soil chemistry 

(Fe, P ,  Na, K and Ca) indicates that there is a significant change at 

55 cm. This change is taken to reflect the transition to the 

relatively unweathered Waiareka Volcanic Formation. 

RESULTS 

GRAIN SIZE DISTRIBUTION 

Although different grain size divisions were used in previous 

work on the soils of the present study (New Zealand Soil Bureau 1968; 

Lowe 1981; Anon. 1981), published results are in good agreement with 

those of the present investigation. 

The Hamilton soil is a silty clay (Fig. 3.4) with horizons above 

50 cm being coarser than those in lower horizons. The top 30 cm has a 

uniform and sandier texture while between 30 and c .  60 cm there is a 

transition to clay-rich lower horizons. 

The Ap horizon of the Naike soil has a coarser texture than the 

2Bt1 horizon (30-80 cm depth) which has a very high clay content (Fig. 

3.5). Below 80 . cm is a 3Bt2 horizon in which the sand content is 

similar to the Ap horizon. The Bw horizon (20-30 cm depth) is 

transitional between the sandy Ap and clay-rich 2Bt1 horizons. The 

coarse nature of the 3 Bt2 horizon is mainly due to authigenic 

halloysite nodules whereas the coarse A horizon is due to coarse 

grained primary minerals. 
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The Te Kowhai soil has a variable texture as would be expected 

from an alluvial parent material (Fig. 3 . 6 ) . It is stratified and 

there is an increase in the very fine sand and coarse silt towards the 

base of the profile. The medium and fine silt fractions increase 

towards the top of the profile. 

Particle size parameters show the Waiareka soil to be a silty 

clay. The upper 3 0  cm (A and B horizons) are uniform in texture while 

the BC horizon ( 3 0 - 4 0  cm depth) is transitional to the C horizon. 

Towards the base there is an increasing abundance of blocks of the 

Waiareka Volcanic Formation (up to 10 cm in diameter) . These blocks 

have coatings of clays, presumably translocated down joints in the 

welded tuffaceous parent material. 
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Cristobalite was not identified in this soil profile. During the 

XRD scans however, quartz was observed to be abundant in the top 3 0  cm 

but absent below 4 0  cm. Quartz has not been previously identified in 

the Waiareka Volcanic Formation and its p resence in the soil is 

interpreted as resulting from aerosolic additions to the profile. 

Although such additions could be derived from volcanic sources as a 

component of airfall tephra (e. g. Stewart 1 9 8 2 ; Stewart et al . 1 9 8 4 ;  

1 9 8 6 )  there is no apparent volcanic source of an appropriate age or 

composition in the region . The quartz therefore probably results from 

loess additions to the profile. 

Due to the absence of cristobalite this soil is not considered 

further. 

GRAIN MORPHOLOGY 

An electron microscope study showed that there were a variety of 

morphologies in the cristobalite concentrates. The dominant form (Fig. 

3 . 7 )  is of blocky material with euhedral pits. This type of grain 

often has striations on its surface (Fig. 3 . 7 ) . Various forms of 

residual cristobalite and tridymite (Figs. 3 . 8 , 3 . 9 ) are interpreted 

as remnants of mesostasis intergrowths from which silicates and glass 

have been removed. A morphology which comprises clusters of striated 

euhedral c rystals occurs in pumiceous xenoliths in the 1 8 8 6  Tarawera 

Basalt (Fig. 3 . 10 ) . Also rare are forms that are apparently composed 

of florets of very thin blades (Fig. 3 . 1 1 )  which are similar to 

lepispheres. 
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Figure 3 . 7  : ( A )  Typ ica l blocky c r i s toba lite with euhedr a l  p i ts 
and s ur f ace s t r iat ions . ( B )  Sur face s tr i a tions enhanced 
by a c id treatment . S ca l e  bar represents 10 m icrons . 



F igure 3 . 8  : Less common forms o f  c r i s toba l i te . 
Remnan ts o f  mesos ta s i s  type i n tergrowths .  
S c a l e  bar r epresents 1 0  microns . 
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Figure 3 . 9 : ( A )  C r i s toba lite r emnants f r om a spher u l i t i c  
intergrowth . ( B )  Cr i s toba l i te which i s  thought to 
r epresent mater ial crys ta l l ised f r om an inters t i t i a l  
l iquid phase .  S ca l e  b a r  r epres ents 3 0  microns . 
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Figure 3 . 1 0 :  S tr ia ted cris toba l i te from pum i c eous xeno l i ths in 
Tarawera bas al t .  S ca le bar represen ts 3 0  mi crons . 
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F i gure 3 . 1 1 :  An unusual form o f  cris toba l i te wh i ch is s im i lar to 
lep i spheres . Sca l e  bar repres ents 1 0  microns . 

4 1  



The XRD traces of most samples contain tridymite peaks but it is 

not possible to determine if the tridymite is discrete. Grains with 

wedge-shaped twins similar to those described for tridymite have been 

observed optically in some samples and it is thought that the 

hexagonal grains illustrated in figure 3 . 12 may be tridymite. This 

phase appears to be uncommon. Frondel (1962; see also Wilson et al . 

1974) reports that "high-tridymite", which has hexagonal symmetry, is 

found as thin plates with hexagonal outlines but Jones and Segnit 

( 1975) and Florke et al . (1976) also describe opal-CT with a platy 

hexagonal morphology. Based on this electron microscope study the 

evidence for discrete tridymite is equivocal. 

During sample preparation a low density fraction ( <2 . 25 Mg m-3) 

was separated. This included volcanic glass shards, phytoliths, 

diatoms, sponge debris and two distinct forms of what has been 

interpreted as opal-A (Fig. 3 . 13). One of these distinct forms occurs 

in the Hamilton soil while the other is from the Naike soil. Although 

their distributions were not systematically studied some general 

observations can be made. 
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The opal-A from the Hamilton soil is composed of rounded 

equidimensional to prismatic, or platy forms (Fig. 3 . 14) . In grain 

mounts these forms are concentrically zoned (up to 5 zones per grain) 

and SEM investigation shows that the outer shells of some grains are 

cracked and appear to have "exfoliated" from the grain core. This 

exfoliation phenomenon only occurs with the samples prepared for the 

electron microscope and is thought to be due to ultra-desiccation 

under high vacuum during sample preparation. Although the outer 

surfaces of the grains are reasonably smooth, close examination of the 

surface revealed by the "exfoliation" indicates that it comprises 

equidimensional particles c. 1600A in diameter . This form is referred 

to as concentric opal-A and occurs in samples R6, R9 and R10 but not 

in R1, R2 or R3, i . e .  it occurs in the lower unit of the Hamilton 

soil . 

The opal-A from the Naike soil is composed of irregular subangular 

to subrounded grains which contain a high density of micron-sized 

inclusions. These give the grains a dusty appearance, so this form is 
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Figure 3 . 1 2 :  T r i dymi t e  o r  c r i s toba l i te in the form of hexagona l  
p la tes . S ca les are 5 0  microns ( a )  a n d  1 0  microns ( b ) .  
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Figure 3 . 1 3 :  Infra-red spectra of s ome s i l ica phases f r om 
the s o i l s  studied . ( a )  Quar t z . ( b )  Phy t o l i ths . 

( c )  C oncen t r i c  opa l- A .  ( d )  Dus ty opa l - A . ( e )  Wave 
number 9 6 0  cm- 1  is referred to in the tex t . 
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Figure 3 . 1 4 :  Morphology of the concen t r i c  opa l - A . 
( A )  Op t ic a l z on ing ( transm i t ted l ight , scale is 4 0  microns ) .  
( B )  SEM image showing ex f o l i a t ion ( s ca l e  is 2 0  mi crons ) .  
( C ) H i gh magn i f ication SEM ( sc a l e  i s  1 micron ) .  



46 

referred to as dusty opal-A .  In rare cases the inclus ions are 

anisot ropic and appear to represent minerals incorporated in the 

grains during growth . The inclusions invariably have a higher 

refract ive index than their host . Electron microscope study indicates 

that this form has a very porous surface (Fig . 3 . 15 ) . The dusty opal-A 

occurs in samples NB and N10  but not in the t op 2 0  cm of the Naike 

soil . 

OPAL-c AND TRIDYMITE-M NOMENCLATURE 

Ident ification of the low density silica polymorphs based on 

x-ray diffraction is complicated because ( 1 )  cristobalite and 

tridymite may occur as both intergrown or discrete phases , ( 2 )  the 

I1 0 0  peaks for t ridymite and cristobalite ove rlap, and ( 3 )  the 

relative intensities of peaks in the same phase are variable depending 

on the structural state . Further,  �-cristobalite which has an XRD 

pattern s imilar to a-·tridymite (Brown 1 9 8 0 )  may occur at surface 

temperatures and pressures ( Greig 1 932 ; Sosman 1 932 ) . These problems 

may be compounded in soils due to mixing . To facilitate better 

identificati on and discrimination between cristobalite and tridymite , 

selected samples were given an additional dens ity separation ( S . G .  of 

2 . 3  gm cm-3 ) to separate cristobalite and t ridymite . Although the 

resultant concentrates were not monomineralic the one with the lower 

density shows enhanced tridymite XRD peaks whi le the other shows 
fl 

enhanced cristobalite peaks ( Fig . 3 . 1 6 ) . Based on this x-ray data ,  

electron mic roscopy and optical data, it is concluded that at least 

some of the t ridymite reflections are due to discrete tridymite . 

The multiplicity of cristobalite peaks in the concentrate 

heavier than 2 . 3  Mg m-3 (Fig . 3 . 1 6 )  indicates that the phase present 

is opal-C ( i . e .  a-cristobalite) . Tridymite peaks also occur and this 

tridymite may either be present as discrete grains or as subdomains in 

cristobalite . In the t ridymite concentrate the absence of doublet 

reflections at 3 . 85A, 3 . 0 0A and 2 . 50A and a relatively strong 

reflection at 3 . 25A indicate that the tridymite phase is tridymite-M . 

P-cristobalite i s  also a poss ible component in the soil but the 

absence from the diffractograms of major reflections at 2 . 53 ,  1 . 6 4 and 

1 . 4 6A (Brown 1 9 8 0 )  suggests that it is not common in these soils . 
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F ig u r e  3 . 1 5 :  Morpho logy o f  the dus ty opa l - A  showing the rough nature 
of the s ur face ( A )  and the m i crospheres with in the g r a ins 
( B ) . S ca les bars are 20 m i c r on s  for ( A )  and 1 m i cron for ( B ) .  
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Furthermore , optical investigat ion indicates that the concentrates are 

dominated by grains which are weakly anisot ropic , thus precluding 

�-cristobalite (cubic)  as a dominant phase . High cristobalite ( i . e .  

�-cristobalite ) has recently been reported from soils (Mizota et al . 

1 9 8 7 )  but the d-spacings of the reflections they have indexed, 

t ogether with close examination of their diff ractograms , suggest that 

this phase is probably tridymite ( reflections at 4 . 3 ,  4 . 1 , 3 . 82 ,  2 . 97 

and 2 . 4 8A) . Although the relative intensities of the reflect ions of 

their �-cristobalite do not fit t ridymite as documented by Brown 

( 1 9 8 0 ) , neither do they fit the relative intensities of 

�-cristobalite . Hill and Roy ( 1 95 8 a ) , Roy and Roy ( 1 9 6 4 )  and Tada and 

I i j ima ( 1 9 8 3 )  show that the relativity of peak intens ity is quite 

variable . The �-cristobalite identified by Mizota et al . ( 1 9 8 7 )  is 

therefore probably t ridymite . 
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I n  the standardised XRD t races (Fig . 3 . 17 )  the cristobalite type 

is identified using the 3 . 1 4A and 2 . 85A reflections . If they are 

present the phase is identified a s  opal-C whereas if they a re absent 

opal-CT is indicated . The tridymite phase present is tridymite-M and 

this has been ident ified using the form and presence of the 

reflections at 3 . 8 5 ,  3 . 25 and 3 . 0 0A .  The relative proportions of 

opal-C and tridymite-M are difficult to determine because the I1 0 0  
peaks ( c .  4 . 05A and 4 . 1 1A respect ively) overlap considerably .  This 

ratio may be meaningless because each phase may occur as subdomains in 

the other,  but as an approximate measure of the maximum concentration 

of these two phases the height above background of their I 1 0 0  peaks 

(or  the level of a shoulder peak if one is very dominant ) is taken as 

a measure of the amount present . 

CRYSTALLrNITY OF CRISTOBALITE AND TRIDY.MITE rN THE SOILS 

To investigate possible variations in the types of cristobalite 

and t ridymite present , plagioclase and mafic minerals were removed 

f rom t he samples by the ABFS t reatment ( chapter 2 )  . The f inal 

concentrates were dominated by quartz ,  cristobalite and or t ridymite 

with additional minor phases which were resistant to the pre-treatment 

( e . g .  z ircon, rutile ,  anatase ) . XRD analyses of these concentrates , 

standardised so that the traces are comparable, were prepared from a 

selected grain size for each profile . 



C ristobalite has been reported from the sand fract ions of the 

soils being studied (e . g .  Shepherd 1 98 4 ;  Joe 1 98 6 )  but in the present 

study ,  after ABFS t reatment , cristobalite and tridyrnite were found to 

be rare in the very fine sands and absent in the coarser f ractions . 

During washing after the ABFS t reatment , fines ( < c .  2 0  �) were 

released by the sands and subsequent invest igation of this material 

revealed that it was dominated by opal-C and t ridyrnite . The sand 

fracti ons of the soil  contain abundant pumice grains and volcanogenic 

lithic fragments and it is here suggested that the cristobalite and 

t ridyrnite in this f ract ion occurs either as fine crystals attached to,  

or t rapped in pumice , or  as components in lithics . Much of the 

cristobalite reported f rom the sand fractions of the soils probably 

has a s imilar origin . 

Opal-C and t ridyrnite-M are common in the silt and c lay 

fractions . 
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(A) Coarse S i lt : In the Hamilton soil (Fig . 3 . 17a )  the top 4 0  ern 

are dominated by t ridyrnite-M with only minor opal-C . Below 4 0  ern the 

reflect ions are more uniform and indicate that opal-C and t ridyrnite-M 

are present in approximately equal amounts .  The XRD patterns for the 

Naike s oil (Fig . 3 . 17b)  demonstrate that there is an approximately 

uniform distribution of opal-C and tridyrnite-M down the profile . In 

the Te Kowhai soil the XRD pattern of the minor peaks reflect the 

distribution of relatively uniform amounts of opal-C and t ridyrnite-M 

down t he profile ( Fig . 3 . 17c ) . 

(B) Medium S ilt : In the Hamilton soil there are wel l  developed 

peaks for opal-C in all  samples except the bottom two where the 3 . 1 4 ,  

2 . 8 5 and 4 . 48A reflections are greatly reduced . This i s  attributed to 

the much lower cristobalite and tridyrnite contents of sample Rl O . Like 

opal-C,  tridyrnite-M appears to be uniformly distributed down the 

profile except for the two basal samples where the 3 . 8 5 ,  3 . 25 and 3 . 0A 

ref lections are greatly reduced . Expanding the scan range to higher 

angles for these two samples produces a s ignificant reflection at 

2 . 0 4A, i . e .  consistent with t ridyrnite . In the Naike soil opal-C and 

tridyrnite-M are comparatively uniformly distributed down the profile 

( Fig . 3 . 17e ) although in sample NB they a re both much reduced . The 

medium silt fraction o f  the Te Kowhai soil also has uniformly 

distributed opal-C or t ridyrnite-M (Fig . 3 . 17 f ) . 
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Figure 3 . 1 7 :  Forms o f  the XRD patterns between 2 4° and 4 ' 0  29 for 
opa l-C , t r i dymi te-M and quart z  in the s i lt fractions o f  the 
Hami lton , N a ike and Te Kowhai s o i ls . Q des ignates quar t z  
ref lec t i on s . C 1 , C 2 , C 3 , C 4 are t h e  4 . 0 5 ,  3 . 1 4 ,  2 . 8 5 and 
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2 . 4 8A ref lect ions o f  opa l -C . T 1 , Tz , T3 , T 4 and T 5 refer to 
the 4 . 3 3 ,  4 . 1 1 ,  3 . 85 ,  3 . 2 5  and 3 . 0A ref lec t i ons of tr i dymi t e . 
( A )  shows the sma l ler ref lection s , ( B )  shows the deta i l  of 
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Figure 3 . 17 b :  Naike coars e  s i lt fraction . 
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(C) Fine S i lt : In the fine silt the tridymite-M 3 . 0 0A and 3 . 2 5A 

reflections are absent while the 3 . 85A peak is quite variable . P lot s 

of the I 1 0 0  reflection (Fig . 3 . 17 )  indicate that t ridymite is 

apparently still a ma jor component so the above changes in the XRD 

patterns may reflect a change in the form of tridymite . Elect ron 

microscopy shows , however, that most of the grains have a similar 

morphology (they are not composed of two forms ,  cristobalite and 

tridymite ) ,  so the tridymite with reduced reflect ions may result 

because tridymite now no longer occurs as a discrete phase but as 

tridymite subdomains in cristobalite . 
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I n  the Hamilton soil opal-C occurs apparently uniformly 

distributed throughout the profile although there i s  a zone between 30  

and 60  cm deep where the 2 . 4 8 ,  2 . 8 5 and 3 . 14A  peaks are smaller . 

Tridymite is represented by reflections at 4 . 33 ,  4 . 1 1 and 3 . 85A .  In 

the Naike soil there is a general tendency for reduced 2 . 4 8 ,  2 . 8 5 and 

3 . 1 4A opal-C peak s ize with increasing depth . Furthe rmore below 30 cm 

the 3 . 85A tridymite-M peak is very weak or absent . This reduction in 

spect ra intensity is thought to represent very low opal-C and 

tridymite-M content . The XRD patterns for the Te Kowhai soil 

demonstrate that all samples are opal-C and that there is a decline in 

the size of the opal-C peaks with depth . Between 40 and 50 cm deep 

there are smaller peaks compared with adj acent samples . Tridymite is 

repres ented by the 4 . 1 1 and 4 . 33A reflections but the 3 . 85A reflect ion 

is only strong in the top 30 cm . 

(D) Clay Size Fract ion : There is no cons istent evidence for 

tridymite in this s ize fraction . This absence may be due to either a 

grain size phenomenon i . e .  tridymite does  not occur in the clay size 

fract i on in these samples , or tridymite subdomains in cristobalite may 

no longer occur . I f  it is due to a lack of tridymite subdomains then 

it may be because at <2 � cristobalite crystals can absorb any 

strain in the lattice (perhaps produced during the � to a transition) 

whereas  in larger grains the strain is relieved via t ridymite 

subdomains . 

In the Hamilton soil (Fig . 3 . 18 )  opal-C is the dominant silica 

polymorph . Towards the base of the profile the diffractogram peaks 

become less wel l  defined due to the low concentrations of the silica. 
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polymorphs . In samples R9-10  the 2 . 8 5A and 3 . 1 4A peaks are minimal 

indicating that they could comprise opal-CT . The diminution of the 

opal-C peaks could, however, also be a function of low opal-C content 

rather than crystallinity (opal-CT ) ; note that definition of quart z 

spectra is also reduced towards the base . In the Naike soil 

indisputable opal-C i s  common above 3 0  cm . Below 30  cm the diffraction 

peaks a re less diagnostic of opal-C with the size of the 2 . 8 5A and 

3 . 1 4A peaks being highly variable . As in the case of the Hamilton soil 

the very small size or absence of the 2 . 8 5A and 3 . 1 4A peaks ( e . g .  

s ample NS and N B )  may reflect a very low opal-C content ( see the 

following section) rather than the appearance of opal-CT . The top 

three samples of the Te Kowhai soil have st rong opal-C spect ra ( Fig . 

3 . 2 0 )  while below 3 0  cm the spectra of opal-C are less well defined . 

In two samples (TK9 and TK10 )  the opal-C reflections are very weak or 

absent and this is attributed to very low concentrations of opal-C ; 

note the concomitant reduction in the size of the quart z  spectra 

t owards the base . 

DISTRIBUTION OF � STOBALITE AND TRIDYMITE IN THE SOILS : 

It  i s  not possible t o  indisputably determine if the t ridymite-M 

and opal-C identified in the XRD scans are discrete grains , 

intergrowths of two phases , or mixtures .  Therefore where they occur 

together their distribution down a profile has been plotted both as 

discrete opal-C and t ridymite-M and as the sum opal-C + t ridymite-M . 
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( a )  Hamilton clay loam :  In the coarse s ilt , opal-C content 

increases with depth t o  a value of c .  1 4 %  of this fraction at 6 0  to 7 0  

cm depth a fter which there i s  a decline . When plotted as a proport ion 

of the total sample however ,  opal-C is relatively constant down to 7 0  

cm but there i s  a s ignificant reduction below 7 0  cm (Fig . 3 . 2 1 ) . This 

difference in t rends between the two measures is because there are 

marked variations in the percentage of the coarse silt fraction down 

the profile . This demonstrates that trends within subsamples which are 

themse lves only minor components of the total sample should be 

interpreted cautiously . Tridymite-M, which generally exceeds opal-C, 

i s  more variable with higher concentrations in the Ah and Btl horizons 

( 2 . 5% in s ample Rl and 2% in R4 ) and less than 0 . 5% below 5 0  cm. 
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In the medium silt fraction (Fig . 3 . 2 1 )  opal-C now dominates . 

Both opal-C and tridyrnite-M are reduced below 5 0  cm, particularly at 

the base of the profile . 
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The fine silts show general trends o f  decreasing opal-C and 

t ridymite content with depth . Tridymite is reduced f rom 0 . 5%  of the 

total sample at R4 to 0 . 1 % at R6 while opal-C decreases from 0 . 7 5%  to 

0 . 1 % in the s ame interval . There are maxima in the t ridymite-M content 

as a percentage of total sample at samples R1 and R4 while opal-C 

shows local maxima at samples Rl and R3 (Fig . 3 . 2 1 ) . 

In the c lay fraction t ridymite is only a t race constituent . 

Opal-C has values of 3-3 . 5% of total sample in the upper horizons but 

dec lines to 1 %  in sample R1 0 . The t rends for " cristobalite" 

distribution as a percentage of the clay fraction a re very s imilar to 

those published by Joe ( 1 9 8 6 )  . 

Data on the distribution of opal-C and t ridymite-M in the 

Hamilton soil demonstrate the following trends : 

( 1 )  there are consistently higher values of t ridymite-M in sample 

Rl and R4 throughout the s ilt fractions , 

( 2 )  there a re increased o r  high values of opal -C as a percentage 

of total sample at 2 0 -30  cm depth, 

( 3 )  the re is a marked reduct ion in both opal-C and t ridymite-M in 

the s ilt fract ions at about 50 cm, 

( 4 )  the proportion of t ridyrnite-M reduces with reducing grain 

size . 

(b) Naike Clay :  I n  this s o i l  opal-C tends t o  dominate over 

tridymite-M in the medium and fine silts while tridyrnite-M dominates 

the coarse silt but is rare or absent in the clay s i ze f raction (Fig . 

3 . 22 ) . Opal-C and t ridyrnite-M a re more abundant in the top 2 0 -30 cm . 

In the coarse and medium silts tridymite-M as a percentage of 

total s ample has a maximum value at 10 -20 cm depth while in the fine 

s i lt s  t ridymite-M is slight ly higher in the top 3 0  cm . Opal-C in the 

coarse and fine silts has higher and uniform values in the top 30 cm 

compared with l ower levels . In the medium silt there is a maximum 

value at 1 0- 2 0  cm and the values a re very low below 3 0  cm . 
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I n  the clay-size fraction opal-C content is low below 4 0  cm ( c . 

0 . 1 % o f  t otal sample ) then rises to values of c .  3% in the Ah hori zon . 

As a proportion of the clay fraction opal-C reaches c .  7 %  in the top 

2 0  cm which is higher that the 3 %  described from the A horizon by 

Anon . ( 1 9 8 1 ) . 

( c )  Te Kowhai Silt Loam: In the coarse silt of the Te Kowhai soil 

( Fig . 3 . 2 3 )  tridymite-M as a percentage of total sample has a uniform 

distribut ion ( 2 . 2 -2 . 8 % )  except for a higher value in sample TK7 ( 4 % ) . 

The opal-C concent ration is stratified with low total values (<1% ) in 

the t op 2 0  cm and higher values ( c . 2 % )  below 2 0  cm . An exception is 

sample TK8 where opal-C content increases to 3 . 8 % of the total sample . 

In the medium silts the top 30 cm (particularly " the 1 0 - 3 0  cm interval) 

has a higher opal-C content (c . 6 %  of total sample) while a zone at 

7 0- 9 0  cm also has higher opal-C content ( 2 . 5% )  compared with the zone 

between 3 0  and 60  cm ( 1 . 5% ) . Tridymite-M concent ration is stratified, 

ranging from higher values in the top 30 cm to lower values below 4 0  

cm . In the fine silt fractions both opal-C and tridymite-M a re higher 

in the top 30-40  cm . 
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The opal-C distribution in the clay-size fraction increases t o  2 %  

o f  the total sample in the top 2 0  cm . The value in the t op 2 0  cm i s  7%  

of the clays . This is  s imilar to data of  Joe ( 1 9 8 6 )  who reports 5%  

" cristobalite" in the clays from the topsoil and Anon . ( 1 98 1 )  who 

report s 6%  "cristobalite" in the clay fraction of the t op 1 8  cm . Both 

Anon . ( 1 9 8 1 )  and Joe ( 1 9 8 6 )  show that the cristobalite content of the 

c lay f raction decreases with depth . 

(d) Tokomaru silt loam : In the f ine silt fraction of this soil 

opal-C occurs in two z ones (Table 3 . 2 ) . At the level of the Aokautere 

Ash ( sample 3 )  opal-C forms 4% of the fine silt while in the top 4 

s amples the fine and medium silts contain c .  1 . 1% and c .  0 . 8 %  opal-C 

respectively . In both fractions sample T21 contains traces of 

cristobalite while it was not detected in the zone below T2 1 until 

sample T4 . Although the low opal-C content in the top 4 s amples means 

any t rends are equivocal it does appear that samples T22 and T24 are 

regions where there is s lightly more opal-C . 

(e) Onaero : Only the <32 � fraction from the Onaero profile was 

processed to concentrate cristobalite . Opal-C is a relatively constant 

proportion of this fraction (c . 2 - 3 % ,  Table 3 . 2 ) but in two s amples 
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Ta b l e 3 . 2 : C r i s t oba l i te content i n  t h e  T o k oma r u  s o i l a n d  t h e  

s o i l a t  t h e  Ona e r o  s i te . 

Ona ero s i te 

Samp l e  Dep t h ( m ) % c r i s toba l i t e +  

BVA3 0 . 2 - 0 . 3  1 . 6  

BVA 4 0 . 3 - 0 . 4  2 .  6 

BVA5 0 . 4 - 0 . 5  2 . 0  

BVA 6  0 . 5 - 0 . 6  2 . 0  

BVA7 0 . 6 - 0 . 7  2 .  2 

BVA8 0 . 7 - 0 . 8  1 . 8  

BVA 9 0 . 8 - 0 . 9  2 . 4  

BVA 1 0  0 . 9 - 1 . 0  3 . 0  

BVA l l  1 .  0 - 1 . 1  2 . 6  

BVA 1 2  1 . 1 - 1 . 2  2 .  7 

BVA 1 3  1 . 2 - 1 . 3  2 .  5 

BVA 1 4  1 . 3 - 1 : 4  4 . 0  

BVA 1 5  1 . 4 - 1 . 5  4 . 0  

+ i n  t h e  < 3 2 m i cron f r a c t i on . 

Tokomaru s o i l  ( %  cris toba l i t e ) 

Samp l e  f i ne s i l t me d i um s i l t  

T 3  4 . 0  4 .  1 

T 4  3 . 8  3 . 2  

T2 1 trace trace 
T2 2 1 . 1  0 . 8  
T 2 3 0 . 5  0 . 4  

T 2 4  1 . 1 0 . 8  

T 2 5  1 . 0  0 . 7  



( BVA1 4 and BVA15 )  there is a significant increase to 4 % . Sample 1 5  

contains the Aokautere Ash . Based on small peaks a t  4 . 1 1A and 3 . 8 5A 

traces of tridy.mite have been tentatively identified in sample 13 . 

Only the 5-2 � fraction of the Egmont loam was processed and it 

produced a weak cristobalite pattern (Fig .  3 . 2 4 ) . 

ISOTOPES 
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Theoret ically the �1 8o content of cristobalite in soils should 

readily identify the .
environment in which cristobalite and or 

tridy.mite formed . Reliably pure concent rates are required for analys is 

and there are s ignificant practical problems in concent rat ing 

cristobalite from soils . These include ( 1 )  the occurrence of 

cristobalite and t ridymite in the finest grain sizes , ( 2 )  the 

ubiquitous presence of some form of opal ine silica , and ( 3 )  the 

abundance of pumiceous shards of variable density . Most of the 

pumiceous material is derived from the Taupo Volcanic Zone and 

fortunately the �1 8o values for this glass ( 6 . 35-7 . 6  °!00 , Taylor et 

al . 1 9 8 6 )  are similar to cristobalite determined in this study so 

minor glass contamination is thought inconsequential . An extra step in 

the preparation procedure was introduced to separate the opaline 

silica but this required repeated density separations ( S . G .  2 . 0  Mg m 

3 ) to achieve a satisfactory separation . It was therefore �nly 

practical to prepare a limited number of reliably pure concent rates .  

The results ( Table 3 . 3 ) emphasise the bimodal nature of the 

data . Data from opal-C and tridy.mite-M mixtures cluster between 7 . 5  

and 8 . 0  °/00 irre spective of grain size or relative proportions of 

opal-C and tridymite-M . 

The various forms of amorphous s ilica ( opal-A) have values that 

range from 2 6 . 6  to 30 . 1  °/00 • Data from phytoliths in the Hamilton 

soil ( 3 0 . 1  °/00 ) and living vegetation ( 2 7 . 5  °/00 for phytoliths from 

beech wood) are lower than the value of 37 . 2  °/00 reported by Jackson 

et al . ( 1 97 1 ) . However they are still consistent with equilibration 

at normal surface temperatures . Similarly the slightly higher �18o 

values for the concentric and dusty opal -A from the bases of the Naike 

(2 6 . 9 °/00) and Hamilton ( 2 6 . 6  °/00 ) soils are consistent with a low 

temperature paragenesis . 
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Figure 3 . 2 4 : Typ i c a l  XRD spectra of s i l ica phases in E gmont loam 
( E l ) ,  Onaero section ( Os ) ,  and two andes i t i c  lavas ( A l ) .  
S ymbo l s  are quar tz ( Q ) ,  cr i s toba l i te ( C ) .  



Tab l e  3 . 3 :  Oxygen i s o tope va lues from s i l i ca p hases in s o i l s  

f r om the H am i l t on r eg i on . 

S AMPLE S I ZE FRAC T ION 

R l  

R l . 

R 4  

R 4  

R 9  

R 9  

R l O  

R l O  

N 2  

N 4  

TK 5 

coa r s e  s i l t ( h + ) 

coa r s e  s i l t ( l + )  

coarse s i l t  

medium s i l t  

coarse s i l t  

medium s i l t  

coarse s i l t  

medium s i l t  

medium s i l t  

coarse s i l t  

medium s i l t  

R l  coarse s i l t 

Vegeta t i on 

R 1 0  coa r s e  s i l t  

N 1 0 c oarse s i l t  

M I NERAL 

c r i s t oba 1 i te 

tr idym i t e  

c r i s toba l i t e  

c r i s tob a l i t e 

c r i s toba l i t e 

c r i s toba 1 i t e 

cr i s t oba l i t e 

c r i s toba l i te 

cr i s t oba l i te 

c r i s toba 1 i t e 

cr i s toba l i t e  

phyto 1 i ths 

beech 

concen t r i c  opa l - A  

dus ty opa l - A  

6 3 %  

7 . 7 6 

7 . 5 5 

7 . 5 1 

7 . 6 2 

7 . 5 3 

7 . 5 5 

8 .  1 8  

8 . 0 2 

7 . 2 2  

8 . 7 4 

8 . 4 0  

3 0 . 1  

2 7 . 5 * 1 

2 6 .  6 *2 

2 6 . 9 * 3 

* L ow y i e lds 1 = 7 0 % ,  2 = 8 8 % ,  3 

+ h = h i gher dens i ty f r a c t i on , 1 l ower d en s i ty f r a c t i o n  

Ana l y s t C .  Hous ton . 
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XGNEOUS SOURCES OF CRISTOBALITE AND TRIDYMITE 

( a )  Taranaki : In addit ion to soils f rom Ta ranaki, some andesitic 

lavas from Mt Egmont were also processed t o  ident ify any s i lica 

po lymorphs present . The lavas were separated into two groups , ( 1 )  

me l anocratic va riet ies which usually had a da rk glassy mat rix, and ( 2 )  

leucocratic varieties with ma fic and plagioclase phenocrysts in a 

tecto s ilicate-rich mic rolit ic groundmass . The me lanocrat ic lavas did 

not yield any cristobalite or t ridymite but opal-C did occur in the 

leucocratic lavas (Fig . 3 . 2 4 ) . 
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(b) Taupe Volcanic Centre : Based on a precursory invest igation 

it was determined that while there was no significant cristobalite or 

t ridymite in the Taupe o r  Wa imihia tephras sampled it was in the 

Aokautere Ash . Henderson et al . ( 1 97 1 )  did not detect cristobalite in 

the Aokautere Ash and it is here suggested that this was due to the 

re lat ive ly narrow grain s i ze limits within which cristobal ite appears 

to occur in tephric materials . XRD of the S -2 � fract ion of material 

collected during a detailed s ampling of the Aokautere Ash t ype sect ion 

yielded significant cristobalite and t ridymite spectra (Fig . 3 . 2 5 ) . 

Thes e  exhibit st rong c .  4 . 1A cristobalite and t ridymite ref lections 

but the rest of the spectra a re poor . Other t ridymite reflect ions were 

not obse rved and the 3 . 1 4A opal-C refect ion is miss ing . A s ample of 

the Aokautere Ash from the West Coast of  t he South Island (Mew e t  al . 

1 9 8 6 )  was also proces sed . The spect rum f rom this sample also conta ins 

re f lect ions from both cristobalite and tridymite . 

( c )  Okataina Volcanic Centre : It was known from Benny ( 1 9 8 2 )  

that there was both cristobalite and t ridymite in the Okareka Ash and 

the overlying loes s ,  so s amples from two of Benny' s sites ( Loop Road 

and Ngongataha ) were invest igated . The spectra from these s amples 

( F ig . 3 . 2 6 )  conf irm Benny' s  investigat ion and demonstrate that opa l -C 

and t ridymite-M a re common const ituent s of the ash and loess . I t  is  

worthy o f  note that t he loesses appea r  t o  be richer in cristobalite 

and e specially t ridymite compared with the a shes , e . g .  at Ngongataha 

the 3 . 8 5A t ridymite-M peak from the loes s  s ample is significantly 

la rger than that in the a sh . At Loop Road this effect is less marked . 

The grain size used in the XRD analyses differs between ash and loess 
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Figure 3 . 2 5 :  XRD spec tra o f  s i lica phases in t h e  Aokau tere Ash a t  
the type s ec t i on .  S amp les a r e  f r om t h e  coarse b a s e  o f  the 
graded un i t  ( A ) ,  the middle of the graded unit ( B ) ,  and the 
over lying fine ash ( C ) .  Ref lect i ons are cris toba l i te ( C ) ,  
tridym i te ( T )  and quartz ( Q) .  
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Figure 3 . 2 6 :  XRD spec tra of cris toba lite ( C ) and tri dym i te ( T )  in 
s om e  eruptives as s ocia ted with the Okataina Volcan i c  
C en tre . The Okareka Ash ( 0 ) from two s i tes ( L  - Loop Road ; 
N - Ngongataha ; Benny 1 9 82 ) ,  both w i th the tephra ( t )  and 
over ly ing teph r i c  loess ( 1 ) ,  are s h own . C r i s toba l i te and 
tr i dymi te bear ing eruptives assoc iated with the 1 8 8 6  
Tarawera erupt ion a r e  also shown : ( 1 )  Rotomahana Mud ( RM ) ,  
( 2 ) Bas e surge depos i ts as sociated w i th the mud ( BS ) ,  and 
( 3 )  pumiceous x en o l i ths ( PX )  with i n  Tarawera Bas a l t .  Trace 
Ro is from the Rotoma Ash . 
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( 6 3-20 � ve rsus <20 � respect ive ly) so the di fferent sizes of the 

reflect ions could be due to this e ffect , but if the trends of the 

Hami lton basin soil samples apply, then t ridymite would be 

concent rated in the 63-20 � fract ion . The use of  the 6 3-2 0 � 
fraction f r om the ash should therefore favour highe r abundances of 

tridymite . The relat ive concent ration of cri stobalite and t ridymite in 

the loes s may be re lated to the grain size, density, and morphology of 

these pha s e s ,  all of which combine to permit the grains to be winnowed 

preferen t i al ly from the ash . Benny ( 1 9 82 ) suggested that some of the 

loess may have been derived f rom the Mamaku Ignimbrite and this is  

anothe r p o s s ible source of cristobalite and t ridymite . 

Of t he other volcanogenic materials examined from this cent re : 

- the Rotomahana Mud contains both opal-C and t ridymite-M (Fig . 

3 . 2 6 ) , 

- the base surge deposits as soc iated with the Rotomahana Mud contain 

opa l -C with variable amount s of t ridymite ( Fig . 3 . 2 6 ) , 

- the Rotoma Ash contains opal -C ( Fig . 3 . 2 6 ) , 

- the Rotoehu Ash has a very weak cristobalite spect rum, and 

- the phases produced by therma l metamorphism and devit rificat ion of 

pumice xenoliths in the Ta rawe ra Ba salt contain opal-C . A weak 

t ridymite spect rum conta ins the 3 . 0  and 3 . 2 5  but not the 3 . 85A 

reflect ions . 

OTHER COMPONENTS IN THE SOILS 

Whi le p rocess ing the samples to invest igate the c ristobalite and 

tridymite dist ribution, the mineral composit ions of some of the 

"by-product " fractions were noted . Some of these data a re only 

qualitat ive but they supply informat ion relevant to inte rpret ing the 

genesis o f  cristoba lite and t ridymite . 

( a )  Qua rt z :  The quartz content of the three soils from the 

Hamilton basin was determined a long with the cristobalite and 

t ridymite .  In the Hamilton soil (Fig . 3 . 27 )  quart z in the silts 

increases i n  a zone at 4 0 -60 cm deep from low values in deeper 

horizons t o  c .  5% , 9 %  and 1 . 5% in the coarse , medium and f ine silts 

respectively . In the <2 � fraction t he quart z content is  relatively 

uniform ( 1 . 3% )  but there is a - zone of reduced values at 7 0 - 9 0  cm . 
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In the silts and clays from the Na ike soil there is  a dramatic 

inc rease in the quart z  content in the A and Bw horizons ( F ig . 3 . 2 7 ) . 

Much o f  the 2Bt 1 hori zon has lowe r qua rt z  content than the Ap and Bw 

hori zons but there is an increase in the 3Bt2 hori zon at the base of 

the profile . 

In the Te Kowhai soil the qua rt z  content of the upper horizons 

is much lower than for similar hori zons in the Hami lton and Na ike 
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soils ( Fig . 3 . 2 8 ) . There is more qua rt z in the top 3 0  cm o f  the medium 

and f ine silts compared with deeper levels and the re appears to be a 

pulse of  increased quartz content at s ample TKB in the coarse and 

medium si lts . 

(b) Ferromagnes ian Mineralogy :  During the pre limina ry t reatment 

of the fine and ve ry fine sands bromoform ( S . G .  2 . 8 7 Mg m-3 ) was used 

to remove the ferromagnesian silicates and the iron oxides . The 

dist r ibut ions of this heavy fract ion as a proport ion of ( 1 )  the 

specific size f ract ion, and ( 2 )  the total sample are illust rated in 

f igure s 3 . 2 9  to 3 . 3 1 .  In these figures the general t rends for the Te 

Kowhai soil are s imilar using both approaches ( 1 )  and ( 2 )  . Although 

the st rat ificat ion of the Hamilton soil and Naike soil profiles is 

preserved us ing methods ( 1 )  and ( 2 )  the relative concent rations of the 

heavy f ract ion is reve rsed . This occurs because the re a re significant 

variat ions in the s and content down the profiles and demonstrates that 

relat ive trends within fract ions which a re themselves only minor 

components (e . g .  t he sands in the lower horizons of the Hamilton soil 

and Naike soil ) should be interpreted with caution . 

I n  the Hamilton soil there is  a marked change in the heavy 

component of the total sample at 5 0  cm ( Fig . 3 . 2 9b) . This change is 

less obvious in f igure 3 . 2 9a but is  thought to be significant as it 

corre sponds with a change in the mineralogy of the heavy fract ion . The 

miner alogy of the heavy fract ion above 5 0  cm is dominated by 

ferromagnesian s i licates whereas these a re rare or absent at deeper 

level s  where the heavy fract ion is composed ent irely of iron oxide s ,  

together with z i rcons . There is a s ignificant increase in the heavy 

f ract ion in sample R1 0 and a lthough this is not accompanied by a 

dramatic change in mineralogy this sample contains o range-brown highly 

corroded and porous grains which a re interpreted as the remnant s of 

pyroxenes or amphiboles . 
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In the Na ike soil there is an increase in the heavy component of 

the total soil in the top 2 0 - 3 0  cm and in a zone between 60 and 80 cm 

particula rly in the very fine sand ( F ig .  3 . 3 0 ) . In the t op 2 0 -30 cm 

the heavy fract ion is composed of fe rromagnesian silicates and iron 

oxides in approximate ly equal proport ions but between 4 0  and 90 cm the 

silicate s are almost totally absent and this fraction i s  dominated by 

iron oxides . The mine ralogy between 3 0 - 4 0  cm is transit ional between 

these two zones . At the base of the prof ile, Nl O and to a less extent 

N9 are st ill dominated by iron oxides but zircon and biot ite (both 

euhedra l)  are much more evident . The biotite flakes a re often part ly 

or fully expanded to verrniculite . Many of the expanded grains are 

totally bleached and appear very · sirni lar to halloysite gra ins . 

The distribut ion of the heavy component in the f ine and very 

fine sands of the Te Kowhai soil (Fig . 3 . 3 1 )  illustrates that the top 

2 0  cm a re of significant ly different provenance to deeper hori zons . 

This is reinfo rced by the mineralogy of the heavy fract ion which 

changes markedly f rom biotite dominat ion below 3 0  cm to 

pyroxene+amphibole dominat ion in the top 2 0  cm . There i s  a t ransit ion 

zone between 2 0 - 3 0  cm . 

(c)  Other trends which have been observed in the three Hamilton 

profiles but for which there is only qua litat ive data include : 

( i )  Hami lton soil 

- in the coarse and medium silt fract ions plant phytoliths 

are only common in the t op 30 cm, 
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- in the coarse silt cristobalite concent rate s ,  glass shards 

are common in the top 3 0  cm, a re rare between 3 0  and 6 0  cm 

and absent below 6 0  cm, 

- in the medium silt cristobalite concent rates ,  z ircon 

grains a re suddenly evident in the two bott om s amples (R9 

and Rl O )  . 
( ii )  Naike soil 

- In the coarse silt fract ion mafic minerals and phytoliths 

a re only common in the t op thirty cm, 

- glass shards a re signific ant in the top thirty cm, a re 

minor between 30  and 5 0  cm and become absent below 5 0  cm . 



- large halloysite nodules (up to 2 cm diamete r )  are common 

in N10 ( 9 0 - 1 0 0  cm) . They occur in a pinkish white to pale 

ye llowish brown horizon that cont rasts with the overlying 

reddish brown horizons . 

( iii)  Te Kowhai soil 

84 

in the coarse silt , phytoliths are common in the top 30  cm 

but rare be low this leve l ,  

- i n  the medium silt s ,  diatom tests are common below 3 0  cm . 

DISCUSSION 

TRID�ITE IN NEW ZEALAND SOILS 

Cristobalite has f requent ly been reported from New Zealand soils 

but this study is  the first to report significant amount s of 

t ri dymite . This is perhaps because most researchers studying the 

mineralogy of New Zealand soils use the JCPDS ( 1 97 4 )  data set for 

reference spect ra ( see also Brown 1 9 8 0 )  and this set has few tridyrnite 

examples . The se reference spect ra show 1 1 0 0  to 1 9 0  ref lect ions at c .  

4 . 3 3A and c .  4 . 1 1A and only a limited numbe r of othe r peaks with 

rel at ive intens ities greater than 1 1 0  ( i . e .  at 3 . 8 SA, 2 . 9 9A and 

2 . 52A) .  Quart z ,  which is a ma jor component in soils where tridyrnite 

commonly occurs , has ma j o r  reflect ions at 4 . 2 6A and 2 . 4 6A which are 

very close to those of t ridyrnite . Furthermore the relat ive intensity 

of t ridyrnite reflect ions can be quite variable (Hill and Roy 1 958b; 

Sato 1 9 63a,  1 9 6 3b ;  Tada and I i j irna 1 9 8 3 ) , e . g .  the 4 . 3 3A reflect ion is 

c ommonly an 12 0  peak rather than 1 9 0 . These factors , coupled with the 

absence of t ridyrnite in the clay f raction s ,  a re suggested as the 

causes of this overs ight . In the present pro ject it was only when 

s amples were analysed with newly acquired x-ray diffract ion equipment 

that t wo separate peaks were resolved in the 4 . 1A region . Tridyrnite 

had, nevertheles s ,  been ident ified on the basis of the 3 . 8 5A _ 

reflection . 



8 5  

SOIL S'l'RA'l'IGRAPHY AND PARENT MA'l'EIUALS 

( 1 )  Hamilton Soil 

P revious detailed invest igations of the Hamilton soil ( Lowe 

1 9 8 1 ;  Joe 1 9 8 6 )  have documented dramatic changes at the boundary 

between the upper zone (post-Hamilton Ash Group) and the lower zone 

( weathe red Hami lton Ash Group) . The data f rom the Hamilton soil 

presented here , supports this division ( see Fig . 3 . 32 ) . Change s in ( 1 )  

the grain s i ze dist ribution , ( 2 )  the s i ze and mineralogy of the heavy 

mineral fraction, and ( 3 )  opal-C and t ridymite-M in the s ilt fract ions 

indicate that there is a dramat ic change at 5 0  cm depth ,  between R5 

and R6 . 

( i )  Upper Zone : Within the upper z one the common occurrence of 

volc anic glass,  euhedra l  opaques and ferromagnes ian silicates supports 

t he conclus ion of Lowe ( 1 9 8 1 )  that this is  a zone of tephra 

a ccumu lation . Lowe ident ified minerals indicat ive of several specific 

t ephras in this zone and determined that the Rotoehu Ash ( c .  5 0  ka ) 

and Kawakawa Tephra ( a  correlat ive of the c .  2 0  ka Aokaute re Ash )  

occurred a t  4 5- 5 0  cm and at c .  3 5  cm depth respectively . The opa l-C 

and t ridymite-M dist ribut ion is quite variable in the upper zone but 

t he re is a consistent maximum of tridymite-M in the silt s at R4 ( 3 0 - 4 0  

cm) . This s ample corresponds t o  the region from which Lowe ( 1 9 8 1 )  

des c ribes the Kawakawa Tephra . I n  the current studies it has been 

s hown that the Aokaut e re Ash contains t ridymite and cristobalite so 

t he increased tridymit e -M in R4 may reflect the influence of this 

t ephra . The Okareka Ash is  another tephra shown to be dominated by 

t ridymite in some fract ions , and because it was e rupted soon a fter the 

Aokautere Ash it may a l s o  cont ribute to R4 and cannot be excluded as a 

p o s s ible t ridymite s ource . The Okareka Ash is known to have been 

deposited throughout the Waikato region ( Pullar and Birrel l  1 97 3 a )  . 

As wel l  as the minerals with demonst r able tephric o rigins there 

is c ons iderable quart z in the upper zone . This quartz may be t ephric , 

but Stewart ( 1 9 8 2 )  has demonstrated that tephric quart z most commonly 
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occurs in gra in sizes coarser than 63 � - As a pe rcentage of total 

sample howeve r ,  qua rt z  is most common in the s i lt sizes in the upper 

zone . Here it is interpreted that this quartz wa s loes sial in origin , 

derived f rom local Tert iary sediments during stadial periods of the 

late Quate rnary . 

The aggregate thickne s s  of tephras that have been preserved in 

favourable sites in the Waikato suggests that approximately 1 . 5  m of  

tephra h a s  been deposited in the region of the Rototuna site in the 

last 5 0  ka . This is cons iderably more than the thicknes s  of the upper 

zone . The common occurrence of weatherable mine rals (plagioclase , 

fer romagnes ian silicates and gla s s )  indicates that the removal of 

material by st rong weathe ring and leaching cannot be cons idered a 

signif icant factor in the thinning of the upper z one . A period of 

erosion i s  therefore infer red . 

8 7  

( ii )  Lower Zone : Lowe ( 1 9 8 1 )  ident ified a mixed t ransition z one 

( 50 -7 0  cm) in the top of the lowe r zone . The gradual change of some 

prope rties demonstrated in the present study ( e . g .  trends in opa l-C, 

tridymite-M and quart z  in the clays and medium and coarse s ilt s ) , as 

shown in s amples R6 -R7 , may support this conclus ion . In this 

t rans it ion zone howeve r ,  the clay content is  very high and the s and 

content low, being s imilar to t he basal lower zone , and there may be 

an alternat ive explanation . Shepherd ( 1 9 8 4 )  reports significant qua rt z  

and c r i st obalite in some membe rs of the Hami lton Ash Group and 

demonstrates that the distribut ion of these phases throughout the Ash 

is quite variable . It may be that the gradual changes in R6 -R7 

represent the "norma l "  leve l of these component s in specific membe rs 

of the Hamilton Ash Group . 

Lowe ( 1 9 8 1 )  shows the upper zone lying disc onformably on members 

H5 and H 6 of the Hamilton Ash Group in the road cutt ing adj acent t o  

the Hamilton soil site . These two members cannot b e  those i n  the lower 

zone f rom the site unde r invest igat ion however ,  because t he data f rom 

R6 -R1 0 a re incompatible with those for H5 or H 6 ( Shepherd 1 9 8 4 )  . 

Shepherd ( 1 9 8 4 )  shows that H5 and H6 have increased cristobalite and 

quart z  abundances in their s ilt fractions , and an increased heavy 

f ra ct ion in the sands compared with adj acent beds . When compared with 

the Hamilton Ash Group members below H5 , R6-R1 0 in general have ( 1 )  



less opa l -C and tridyrnite-M in the silt s ,  ( 2 )  lowe r qua rt z content in 

the s ilts and to a lesser extent the clays , and ( 3 )  very low levels of 

opaque minerals (exemplified by the heavy fract ion as a pe rcent of the 

total soil ) . These data a re more compatible with the uppermost 

Hamilton Ash Group membe r ,  H 8 . The increased z i rcon content in R9 -R1 0 

is  in accord with the slight ly increasing zi rcon content of the heavy 

s and fraction in H7 ( Shepherd 1 9 8 4 )  . Also, the inc rea s ing values of 

total quart z ( in the coa rse silt and clay size fraction ) and total 

heavies ( in the sands ) in Rl O a re consistent with it being correlated 

with H7 . 

It is  here concluded t hat the lower zone at the s ample site in 

this study i s  a sequence of beds similar to the upper Hamilton Ash 

Group beds ( H7 and Hg ) at We lches Road . The upper zone is  composed of 

t ephra and l oess deposit s  depos ited since about 5 0  ka B . P .  

( 2 )  Naike Soil 

Most of the data from t he Naike soil a re cons ist ent with a 

divis ion of this profile into three unit s ,  an upper zone (Ap-Bw, Nl­

N 3 ) , a middle zone (2Bt l ,  N 4 -N8 ) and a lower zone ( 3Bt2 ,  N 9 -N1 0 ) , see 

figure 3 . 32 .  

8 8  

( i )  Upper Zone . Minera logically the upper zone is  ma rkedly 

different to the middle zone because it has dist inct ly more glass and 

ferromagnesian silicates ( i . e .  weatherable minerals ) .  The change in 

abundance of weatherable minerals at the upper zone /middle zone 

boundary could a rise a s  a result of different ial weathering of a 

uniform parent material and i ndeed the middle zone is obviously highly 

weathered, but this interpretation is inconsistent with the reduct ion 

in qua rt z  in the middle zone . Quart z is relat ively res i st ant to 

weathe ring and so would inc rease in a zone of maximum weathering . 

There is such a marked cont rast between the degree of weathering in 

the upper and middle zones that t hey cannot have both developed during 

the s ame weathering cycle f rom a common parent materia l ,  and it is 

concluded that there is a s ignificant disconformity between the upper 

and middle z ones . 
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The uppe r zone represent s organic and mine ral accretions which 

a re much younge r than the middle zone . It is not pos s ible to 

specifica lly identify the source of the upper zone mate rial . The 

increa sed quartz content of the silt and clay fract ions suggests that 

some at least is  derived from the Te rt iary sediments adj acent to the 

site . This qua rt z is unlikely to have a dominant ly tephric origin as 

Stewart ( 1 9 8 2 )  has suggested that qua rt z  from tephric sources is 

dominantly coa rser than 63 � · In the Na ike soil there is  more qua rt z  

i n  the silt f ract ions than i n  the sand f raction , pa rt icularly in the 

medium silt . The opaques ,  pyroxenes and amphiboles which a re prevalent 

in the sand fract ion of the uppe r zone a re euhedral and occasiona lly 

have glass selvedges . This,  together with the common occurrence of 

volcanic glas s ,  indicates that t hey a re derived f rom volcanic sources 

(both rhyolit ic and andesitic) . Based on a study of t ephras in lake 

sediments in the Waikato ( Lowe 1 9 87 ) , and extrapolat ing data from 

Pulla r  ( 1 9 67 )  it is est imated that since c .  15 ka B . P .  approximately 

2 0 - 2 5  cm of di stal tephras could have accumulated at the Naike site 

and it is suggested that the upper zone represent s the bulk of this 

mate r ial . There was expansion of the forest in the Hamilton Basin 

after 1 5  ka B . P .  (Harris 1 9 6 3 ;  McGlone et al . 1 97 8 ;  Green and Lowe 

1 9 8 5 ;  Lowe 1 9 8 7 ) and the increase in phytoliths in the soil at c .  3 0  

cm is  thought to represent this expans ion . I f  the uppe r zone does 

repre sent material accumulated during the post -glacial then not only 

has t he upper Hamilton Ash Group (H4-H8 ) been eroded f rom this site 

but so too has material chronost ratigraphically equ iva lent to the 

lowe r  part s of the Ma iroa Ash and the upper zone at Rototuna . 

( ii )  Middle and Lower Zone s . The material below t he upper zone 

is part of the Hamilton Ash Group and using morphological ,  

minera logical and chemical criteria i t  i s  possible t o  relate the 

middle and lower zones to the tephra sequences described by Shepherd 

( 1 9 8 4 )  and Stevens and Vucet ich ( 1 9 8 4 ;  1 9 8 5 ) . It is demonst rated that 

NlO is a poss ible correlat ive of the upper levels of the Ohinewai 

Tephra Formation (Vucetich et al . 1 9 7 8 ) , see figure 3 . 32 .  

At a s ite near Te Kuit i ,  Stevens and Vucet ich ( 1 9 8 4 ;  1 9 8 5 )  

described 42 tephric and loessial beds . These can be b roadly 

subdivided into ( 1 )  relatively c l ay-rich beds below 3 . 1 5 m (here 



refe rred to a s  the " o lder beds " )  and ( 2 )  shallower beds with markedly 

less clay ( the "younge r beds " )  . The Rotoehu Ash occurs towards the 

base of the "younger beds " so these beds a re cons ide red possible 

chronost ratigraphic equivalents of the upper z one at Rototuna , and of 

the Mairoa Ash at We lches Road . Shepherd ( 1 9 8 4 )  conc luded that the 

Rotoehu Ash occurred in the lower Mairoa Ash at Welches Road . Towards 

t he base of the Te Kuiti section ( s amples AH2 - 8 )  is the Aratora Tephra 

( Vucetich et a l . 1 9 8 1 )  which has been correlated with the c .  2 5 0  ka 

B . P .  Mount Curl Tephra (Vucetich et a l . 1 9 8 1 ;  F roggatt 1 9 8 3 ) . 

9 0  

In a det a i led study of the Hamilton Ash Group at Welches Road, 

Shepherd ( 1 9 8 4 )  described a "platy mine ral" ( he re interpreted as 

part ia lly altered biotite) from two levels within the Group, ( 1 )  In H7 

and H8 at the t op of the Group, and ( 2 ) towa rds the base of the Group 

in a pallid z one associated with the H2 beds ( Ohinewa i Tephra 

Format ion) . At the Te Kuit i site the K2o dist ribut ion has two 

s igni ficant maxima , at AH2 5-30 and AH4 - 1 0  ( which incorporates the 

Aratora Tephr a ) ,  i . e .  towards the top and the base of the " older beds " 

respectively . These maxima have a ve ry s imilar relat ive st rat igraphic 

posit ion to the biotite-bearing H7 -H8 and H2 beds of the Hamilton Ash 

Group . It is here suggested that the zones of higher potass ium a re 

correlatives o f  the zones of increased biot ite content . The Te Kuiti 

section is highly weathered and Stevens and Vucet ich ( 1 9 8 4 )  show that 

most e lement s ( K2o included) have been s ignificantly leached so that 

the soil chemistry might be expected to be a poor pointer to parent 

material mineralogy . If the profile is st rongly leached, howeve r ,  any 

increases in a leached e lement must reflect eithe r the presence of a 

res istant pha se containing that e lement o r  a fortuitous accumulat ion 

z one . Biotite and vermiculitised biot ite rema in in the highly 

weathered Hami lton Ash Group at Welches Road, in the weathered lower 

z one at the Na ike s ite,  and in other highly weathered tephras e . g .  at 

Omahina Road, Waverley, so the zones of  increased potassium in the 

" o lder beds " at Te Kuit i a re here considered to reflect the presence 

of biot ite . In support of this supposition ,  Vucetich et al . ( 1 9 8 1 )  

report a " st rongly discoloured mica - presumed . . . . .  t o  be altered 

biotite" from t he Aratora Tephra i . e .  within the lower potassic zone . 



The "platy mine ral" of Shepherd ( 1 9 8 4 )  and "st rongly 

discoloured mica " of Vucet ich et al . ( 1 9 8 1 )  a re very simi la r  to the 

mica f rom the lowe r zone of the Naike soil . Tot al element dat a  for the 

Na ike soil (Anon . 1 9 8 1 )  show that compared with overlying horizons 

there a re increased values for potass ium in a hal loys ite nodule­

bea r ing horizon at the level of the lower zone . At Te Kuiti the 

Aratora Tephra immediately underlies a h a lloys ite-rich pallid zone . 

Based on ( 1 )  the presence of biot ite and ( 2 )  relatively increased 

pota s s ium value s ,  t he lower zone of the Na ike soil is correlated with 

e it he r  ( a )  the Ohinewai Tephra Format ion and the Aratora Tephra , or 

( b )  t he H7-H8 and AH2 5-AH3 0 beds . These correlat ions assume that there 
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h a s  not been s ignificant e rosion between t hese beds at the We lches 

Road or Te Kuiti sites . It is improbable that the lower zone of the 

Naike soil is correlated with the H7 -H8 or AH2 5-AH30 beds because it 

is overlain by a f a r  greater thickness of Hamilton Ash Group than any 

of the other sect ions , which are all closer to volcanic sources . A 

pal l id zone and hal loysite concret ions thought to be similar to those 

in t he lower zone at Naike are associated with the Ohinewai Tephra 

Formation throughout the Waikato and Bay of P lenty regions (Vucetich 

et a l . 1 97 8 ;  1 9 8 1 ) . Based on the coinc idence of mica, halloysite 

concretions and pall id zones it is suggested t hat the lower zone at 

Na i ke is a correlat ive of the Ohinewai Tephra Formation and the 

Aratora Tephra . Vucet ich et  al . ( 1 9 8 1 )  and Froggatt ( 1 9 8 3 )  correlated 

the Aratora Tephra with the Mount Curl Tephra,  so the lower zone at 

Naike is a poss ible correlative of the Mount Curl Tephra . Milne ( 1 9 7 3 )  

documented 2 %  quart z and 0 . 5% biotite in the Mount Curl Tephra a t  its 

t ype sect ion and a preliminary investigat ion by the present author 

shows that the biot ite is  more abundant in the upper laye rs of the 

Tephra compared with lower layers . This biotite forms hexagona l 

e uhedral to subhedra l  plates that are o ften a very pale straw brown 

colour due to the i r  u lt ra-thin nature . The pale brown mica in the 

lower zone at Naike, and in the Aratora Tephra at Te Kuit i ,  plus 

t he "platy mineral" described by Shepherd ( 1 9 8 4 )  in the Ohinewai 

Tephra Formation a re here interpreted as represent ing weathered 

equ ivalents of this biotite . 
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Other minera logical data from the present study support the 

corre l at ions between s ites documented above . For example res idual 

miner a ls may be of cons ide rable use in correlation . Shepherd ( 1 9 8 4 )  

sep a rated the heavy component s from the s and fract ion o f  the beds 

within the Hami lton Ash Group at Welches Road . His data show that 

between H2 and H3 the heavy component in the sands increases f rom 2 %  

to 3 2 %  while between H7 /H8 and the Mairoa Ash this component decreases 

from 2 7 %  to 2 % . The s ilt magnet ic fract ions show similar t rends with 

high values directly above H2 and low values above H8 . In the sands .of 

the Na ike soil the lower z one has 2-5% heavy fraction, rising to 2 5 %  

in t h e  middle zone i . e .  compat ible with the H2 /H3 relat ionship . This 

mine ralogical t rend is also reflected in the chemical data . The Naike 

soil has increas ing Tio2 and Fe2o3 leve ls in the middle zone compared 

with the lower zone (Anon . 1 9 8 1 ) , indicating an increas ingly ande s it ic 

provenance . In the Te Kuiti sect ion the re a re pulses of increased Tio2 

cont ent , concomitant with higher Fe2o3 va lue s ,  above the Aratora 

Teph r a . At the Welches Road section the T io2 and Fe2o3 content s 

increase above the Ohinewai Tephra Formation, mi rroring the 

miner a logical data . 

In the Naike soil profile description,  (Anon . 1 9 8 1 )  "prominent 

clean quartz gra ins" a re described from a z one directly below the 

loweomo st horizon s ampled in the present invest igat ion . Similar clear 

euhe dr a l  quartz crysta l s  a re common in the base of the Ohinewa i Tephra 

Forma t i on (Vucetich e t  al . 1 9 8 1 )  and Stevens and Vucetich ( 1 9 8 4 )  

report coarse, faceted quart z crystals f rom the base of the Aratora 

Tephra . Quartz dist ribut ion in the silt f raction of the Hamilton Ash 

Group a llows discriminat ion between the H2 / H3 coupling compared with 

the a7 -H8 /Mairoa Ash coupling . Qua rtz in H2 is  greater than in H3 

wherea s  qua rt z in H7 -H8 is generally low and equa l to that in the 

Mai ro a  Ash . In the silts of the Naike soil the quart z  in the lowe r 

zone i s  greater than in the middle zone , i . e .  in agreement with the 

H2 : H3 relationship . At Te Kuiti an increase in Sio2 content in AH4 - 1 0  

compared with the overlying beds i s  in accord with increasing levels 

of S io2 in the lower zone at Naike (Anon . 1 9 8 1 ) . This is consistent 

with increasing quart z content in the s i lt s  and clays towards the base 

of the Naike soil . 



As suming that there a re no signif icant members mi ss ing at the 

Welches Road or Te Kuit i site s ,  this evidence indicates that the 

pallid lowe r zone of the Na ike s oil may be correlated with the pal lid 

zone a s s ociated with Ohinewai Tephra Format ion and Aratora Tephra . An 

inc reased heavy mineral fraction in the middle zone of the Na ike soil 

is  corre lated with H3 in the Hamilton Ash Group and the andesit ic 

tephr a s  that overlie the Aratora Tephra at Te Kuiti . The corre lat ives 

of the H4 -H8 beds and the lowe r part of the Mairoa Ash are mi s s ing at 

the N a i ke soil site . This is  probably rest ricted to this site because 

at other sites variable amount s of material may have been removed . 
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Interpret ation of the mineralogical va riations within t he Naike 

soil demonstrate a complex history� After deposit ion of mixed 

rhyo l it i c  and andesitic teph ras and loess beginning c .  2 5 0  ka B . P .  

there were periods of intense weathering and ma jor erosion . The last 

of these occurred prior to c .  1 5  ka B . P .  During the Holocene there 

have been addit ions to the profile from both tephric and quart zo­

fe ldspathic sedimentary sources . 

( 3 )  Te �owhai Soil 

Although the grain s i ze distribut ion down this profile is highly 

variab le this is cons istent with an alluvial parent materia l .  There is 

signif icant mineralogical data t o  show, howeve r ,  that the top 2 0 - 3 0  cm 

has a different parent material f rom that at deeper levels . Not only 

does t he heavy f raction increase in the Ap and Bg horizons compa red 

with the C horizons ( s imi lar to Joe , 1 9 8 6 )  but there is also a 

sign i f icant change in mine ralogy . Biotite dominates the heavy f ract ion 

be low 3 0  cm and pyroxenes + amphiboles dominant above 20 cm . In 

addition to these variat ions , the quart z  content of the silts 

increa ses in the top 30  cm . Quart z content also increases in the 

coarse and medium silts of  s ample TK8 ( 7 0 - 8 0  cm deep) which is in 

accordance with a significant increase in the coarse silt f raction of 

the s o i l . Compared with the changes in the other minerals there is 

les s  contrast ing st rat ificat ion of opa l-C and t ridymite-M in the Te 

Kowhai soil . In general the top 30 cm contain higher concent rat ions of 



these minerals , except in the coa rse silt . In this fract ion opal-C is  

signi f icant ly lower in the top 2 0  cm . The stratif icat ion is also 

ref lected in some of the dat a  from other sources . The fe ldspar dat a  of 

McQueen ( 1 9 7 5 )  shows that in the sands there is more plagioclase in 

the t op 20 cm while the tot a l  element chemist ry of Joe ( 1 9 8 6 )  

documents increas ing MnO , Tio2 , CaO, MgO, Cr,  V ,  N i ,  Nb ,  and Ga and 

decreasing Ba and Rb in the t op 2 2  cm . 
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The T e  Kowhai soil i s  the poorly drained member of the Horotiu­

Te Kowhai complex so this st rat igraphy might be interpreted as a 

weathe ring phenomenon, with the absence of pyroxenes and amphiboles 

below 3 0  cm being interpreted as reflecting reducing conditions be low 

this level . This is not , however ,  consistent with the reduction in 

quart z  and, in general ,  opa l-C and tridyrnite-M with depth . It is here 

suggested that the zone below c .  30 cm represents al luvium of the 

Hinuer a  Format ion while the top 30 cm is formed f rom material 

subsequently added to the profile . Comminuted diatoms a re common below 

30 cm . Similar diatoms are found in lakes in the central North I s land . 

In the Te Kowhai soil they probably represent mate rial t ransported 

along with the alluvium .  The biotite common below 3 0  cm in the heavy 

fract ion is  simila rly thought to be from an a l luvial source . 

The top 3 0  cm represent s a zone of accumulated tephra dust ings . 

Evidence for this includes ( 1 )  the finer grain s i ze of this zone , ( 2 )  

the manner in which the amount o f  heavy fract ion reduces towards the 

finer grain sizes ( s imilar to the tephric dat a  of McQueen ( 1 97 5 ) , and 

the tephric component in the Tokomaru soil, chapter 4 ) , and ( 3 )  the 

euhedral nature of acicular pyroxenes and arnphiboles . Recent studie s 

of distal tephras in lake sediment s and peats ( Lowe 1 9 8 7 ) , and known 

tephra distribut ion in the Wa ikato (Pullar 1 9 6 7 )  demonst rate that 

since c .  15 ka B . P . approximately 30 cm of rhyolitic and andesitic 

tephras have been deposited in the proximity of the Te Kowhai site . As 

the f inal phase of the Hinuera Formation aggradat ion ceased at 1 5  ka 

B . P .  ( Green and Lowe 1 9 8 5 ;  Lowe 1 9 8 7 )  these tephras might be expected 

to be preserved in the Te Kowhai soil . In the Waikato region after 1 5  

k a  B . P . there was s ignificant climat ic amelioration and expansion o f  

the f o rest (Harris 1 9 6 3 ;  McGlone et al . 1 97 8 ;  Green and Lowe 1 9 8 5 ) . 



The sudden upsurge in phytolith content of the soil at 3 0  cm is 

inte rpreted to represent the ces sation of alluvial accumulat ion at 

this s ite and the development of a post-glacial vegetat ion cove r .  

In the T e  Kowha i soil the strat ification o f  the primary minerals 

is  here interpreted a s  reflect ing two parent materia l s ,  ( 1 )  a lowe r 

alluvial deposit derived from predominantly pumiceous materials from 

the Taupo Vo lcanic Zone , and ( 2 )  an overlying tephric cover of 

rhyol itic and ande s itic dust ings which have accumulated since about 1 5  

k a  B . P . 

THE ORIGIN OF CRISTOBALITE AND TRIDY.MITE LN SOILS 
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During weathering silica i s  released t o  the soil solut ion . It 

may be removed from s olution either by combining with other element s 

to produce seconda ry minerals ( e . g .  precipitat ion with Al to form 

allophane ) or by plants (phytoliths ) and the soil fauna ( see Jones and 

Hay 1 97 5 )  . Studie s of soil leachates , however ,  show that much silica 

remains in solution and is lost entirely from the soil ( see Mitche ll 

1 9 7 5 ;  Wilding et al . 1 97 7 ) . Although there is  dispute over the forms 

of s i l ica in natural waters ( see discuss ion in Mitchell 1 9 7 5 )  it is 

thought to occur mainly as s i licic acids . Ginzburg and Kabanova ( 1 9 6 0 )  

recognised five forms of s ilica in natural waters , ( 1 )  ionic and 

molecular ,  ( 2 )  colloidal,  ( 3 )  absorbed to oxides of Mg, ea , Fe and Al , 

( 4 )  o rganic silica ( humites ) ,  and ( 5 )  in skeletal material but White 

et al . ( 1 9 5 6 )  and Krauskopf ( 1 97 6 )  concluded that s i l ica in natural 

waters was mainly in the form of monomeric s ilicic acid . 

The polymeric nature of sil ica in solution a llows it to readi ly 

form " weak" or "thin "  colloids or gels . Polymerisation of the 

monomeric silicic acid, which is enhanced by decreasing pH , increas ing 

temperature and increas ing degree of silica supe rsaturat ion ,  produces 

silica hydrosols . These may change progressively to hydrogels and 

eventu ally to relat ively brittle amorphous s ilica during dehydration . 

It is  known f rom studies of amorphous s ilica ( opal-A) in geological 



environment s that given time and sl ightly raised tempe ratures opa l-A 

is t ransformed to opa l-CT (cristoba lite ) and it has been suggested 

that cri stobalite observed in soils may also be derived f rom amorphous 

silica ( see Mitche l l  1 97 5 ;  Lowe 1 9 8 6 )  . Lowe has suggested that under 

condit ions of poor dra inage , relat ively high concent rat ions of silica 

in the soil solut ion might result , leading to hydrogel format ion . He 

suggests that dehydration of these hydrogels would lead to 

cristobalite forming . 
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( i )  Drainage : The upper hori z ons in the Hamilton ,  Naike and Te 

Kowhai soils all have their highest concent rations of opal -C and 

tridyrnite-M in z ones relat ively close to the surface whe re alternating 

wet and dry conditions and desiccat ion a re maximised, the most 

favou rable environment for the mechanism proposed by Lowe ( 1 9 8 6 )  . It 

may be particularly applicable to the Hami lton soil as this soil has 

relat ively poor dra inage , result ing from its locat ion on a flat 

terrace underlain by the more compact and impermeable H amilton Ash 

Group . It is les s  l ikely to apply to the Naike soi l ,  as this site 

occurs on a low spur where natural run-off lessens the possibility of 

water perching on t he Hamilton Ash Group and the consequent build up 

of silica in solut ion . The Te Kowha i soil occurs in low lying swales 

where there is often a shallow water table , also favouring the 

suggested mechanism . The Te Kowhai s ilt loam, however ,  forms a complex 

with the Horotiu s ilt loam, a well drained soil (McQueen 1 9 7 5 ;  Jessen 

1 97 7 ;  Joe 1 9 8 6 )  which is reported t o  contain common amounts of 

cristobalite (McQueen 1 9 7 5 ;  Jessen 1 97 7 ; Joe 1 9 8 6 ) . Comparative data 

for these two soils ( Joe 1 9 8 6 )  shows that the Te Kowhai soil does have 

slight ly more cristobalite than the Horot iu soil, suggest ing that 

their differing drainage status may be s ignificant if c ristobalite 

forms in the soi l ,  but it cannot be the dominant factor . 

As more miner a logical data becomes available in New Zealand 

c ristobal ite is being described from many more soils , e . g .  Marnaku 

s andy loam, P aturnahoe silt loam (Anon . 1 9 8 1 ) ; Otorohanga s ilt loam, 

Rukuhia pea t ,  Netherton clay loam ( Joe 1 9 8 6 ) ; Hamilton Ash Group 

( Shepherd 1 9 8 4 ) . Many of these a re well drained soils . Furthermore 

many soils from Japan which contain .c ristobalite a re commonly well 

drained (Mizota and Aomine 1 9 7 5 ;  Miz ota e t  al . 1 9 8 7 ) . 
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An inc rease i n  the concent ration of s i lica in the soil solut ion 

can also be induced by vegetation (Mit chell 1 9 7 5 ;  Lowe 1 9 8 6 )  and soil 

de s iccat ion so these processes may the refore promote the format ion of 

cristobalite . In the Horot iu-Te Kowhai complex, however ,  the soils 

form such a complicated inter-relat ionship that the obse rved 

va riability of c ristobalite in the soil cannot be reasonably explained 

by these mechanisms . 

( i i )  Crystall inity :  During _ the diagenes i s  o f  deep sea sil iceous 

deposits there is a gradual increase in the st ructural order from 

opa l -A to opa l-CT, and eventually to qua rt z ,  and a similar range of 

st ructural o rde r might be expected during the maturation of gels in 

soils . Such a range is not appa rent in the soils invest igated during 

t he present study . The cristobalite in t he soils is all opa l-C except 

for rare samples ( e . g .  R9) , but even in the se s amples it can be 

demonst rated that the weak development of the peaks is due to reduced 

absolute abundance of opal-C rather than reduced crystallinity . Tada 

and I i j irna  ( 1 9 8 3 )  have demonst rated that in poorly crystalline opal­

CT , not only a re the reflect ions at 2 . 8 5A and 3 . 1 4A absent but also 

t he re is ma rked peak broadening of the c .  4 . 1A peak . . Comparison of 

the peakednes s  of  the opal-C and qua rt z in figure 3 . 1 7 indicates that 

they both have s imilar peak shape . Any s light broadening of the 4 . 1A 

opal-C peak can be attributed to associated t ridymite which can 

readily be ident ified in the XRD spect r a . These results a re s imilar to 

t he l imited data from Lowe ( 1 9 8 1 )  which depicts an XRD spect rum in 

which cristobalite has similar peakednes s  to quart z  in a s ilt s ample 

f rom approximately the level of the Aokautere Ash at the Rototuna 

s ite . 

The relative homogeneity of the opal -C c rystallinity data 

indicate that a l l  the opal-C originate s  f rom s imilar sources ,  and the 

mult iple ref lect ions of the spectra indicates that the opal -C 

o riginates from environments where highly o rdered structures can 

develop . 

( ii i )  Oxygen I s otopes : The oxygen i s ot ope values for opal-C and 

t ridymite-M range f rom 7 . 22 to 8 . 7 4  ° /0 0  and a lthough they a re l imited 

in number ,  t hey demonstrate that these minerals a re of a high 



temperature origin , e . g .  they a re similar to values of c .  8 . 4  °/ 00 for 

Taupe Vo lcanic Zone qua rtz ( Stewart 1 9 8 2 ; P .  Blattner pers . comm . ) .  

The dat a  are similar t o  those of Henderson et al . ( 1 97 2 )  who 

determined 518o values of 8 . 3  to 9 . 1  ° / 00 for three cristoba l ite 

concent rates from a podzol in north Auckland . Four values for 

crist obalite and " t ridymite " in ando soils and a podzolic soil in 

Japan ( Mizota et al . 1 9 8 7 )  range from 5 . 3  to 8 . 4 °/ 00 with one 

ma rkedly higher value of 1 1 . 0  ° / 00 . It is not iceable that the yield 

for t h i s  sample is much lower ( 8 8 % )  than for their others and it is 

suggested that the higher value is due to cont amination . During the 

present study 518o va lues from the clay s i ze f ract ion of s ample TK1 

were h igh ( 1 7 . 5 °/ 00 and 2 1 . 7  ° /00 ) ,  but t he yields were low ( 7 2 %  and 

8 0 %  respect ively) and subsequent deta iled examination determined that 

the s amples were contaminated . 

9 8  

The 518o fract ionation for the samples f rom the Hamilton basin 

appea rs to be independent of density and grain size . Although the 

opa l-C : tridymite-M rat io changes markedly with grain size and dens ity 

the 51 8o va lues do not (variations in s amples R1 , R4 and R9 a re within 

the l imits of the exper imental error) . This indicates that both 

t ridymite and cristobalite have similar oxygen isotope fract ionat ion 

equilibria . 

Notwithstanding t hat the samples analysed during the p re sent 

invest igation are f rom soils and may therefore be composites from 

var i ou s  source s ,  the oxygen isotope abundance from the silt f ractions 

have a rest ricted range and there is a grouping between 7 . 2 2  and 7 . 7 6 

0 ! 00 . The fractionat ion of o1 8  and o1 6  between a crystal and water is 

tempe rature dependent and, other things being equal ,  a lower 51 8o 

value indicates a higher equilibrium tempe rature . Therefore i f  the 

part i t i oning of o1 8  and o1 6  between cristobal ite and "tridymite" and 

wate r  is similar to that of quart z  and water t hen this data ( 7 . 2 2 - 7 . 7 6  

0 /00 ) indicates that c ristoba lite and " t ridymite " either formed at a 

high e r  temperature , o r  were in equilibrium with water of different 

oxygen isotope chemis t ry to that of the qua rt z  ( 8 . 4°/00 , Stewart 1 9 82 ; 

P .  Blattner pers . comm . ) .  They may therefore record a magmatic event 

different to that recorded by the quart z . 
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Four data ,  8 . 0 2 ,  8 . 1 8 ,  8 . 4 0 and 8 . 7 4  ° / 00 a re significantly 

different to the group noted above . Except ing TKS ( 8 . 4 0 ° / 00) these 

dat a  a re from deeper levels in the profiles . It has been a rgued above 

that these deeper hori zons a re in general much o lder than those 

containing the 7 . 22-7 . 7 6° / 00 grouping . Thus it could be a rgued that 

t he h igher s18o values a re the result of post -depositional exchange 

with ambient water ove r a longe r period of t ime , particula rly 

cons ide ring that the highest S1 8o data ,  (N4 ) , is from the oldest 

s ample . S amples R9. and R1 0 are adj acent samples in the Hamilton soil 

yet they have cont rast ing S1 8o values . Shepherd ( 1 9 8 4 )  documents a 

palaeosol between H8 and H7 (correlat ives of  R9 and R1 0 respect ively) 

s o  s ample R10 may have had a longer period in cont act with ambient 

water ,  but this does not satisfact orily explain the diffe rence between 

the t wo s amples . It is suggested that the dif ference therefore 

reflect s  the temperature of format ion of the c ristobalite and 

" t ridymite" and may indicate a change in magmatic proce sses or source 

at this t ime . 

S ample TKS is chronostrat igraphically within the age range o f  

the 7 . 2 2 -7 . 7 6 °/00 group so either it represents cristobalite from a 

s light ly cooler environment or this sample i s  contaminated . S ample TKS 

is f rom a poorly drained soil prof ile whe re t he pa rent material is  

dominated by glass and a s  a consequence it was not poss ible to obta in 

a pure mine ral concent rate . Although it has been argued that the glass 

should not influence the S1 8o significant ly it is  suggested that 

hydrat ion of the gla s s  may have occurred ( Hodder 1 97 8 ; Lowe e t  al . 

1 9 8 4 )  and the s18o value may be higher as a consequence . 

Although the oxygen isot opes from the soils may represent an 

" average " value of c r istoba lite and "t ridymite " ,  potent ially derived 

f rom many sources,  the dist ribution of the dat a  indicates that there 

may have been a significant change in the nature of the source with 

t ime . I t  is  suggested that variations in S1 8o values of cristobal it e  

and t ri dymite may be useful i n  investigation o f  magmatic processes , 

part icularly as they may reflect processes occurring at , o r  

immediately prior to e rupt ion . 

( iv) Sources : -The distribut ions of opal -C and t ridymite-M in the 

Hamilto n ,  Naike and Te Kowhai soils are highly stratified wit h ,  in 

gene ra l ,  h igher abundances in the upper horiz ons . The stratificat ion 
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is a l s o  ref lected in the dist r ibut ion of other component s e . g .  glas s ,  

ferromagnesian silicates and opaques . These other component s represent 

a change in parent material in the top of the profiles and it is 

concluded that the changes in the distribut ion of opa l-C and 

t ridymite-M a re related to changes in pa rent materia l . The concomitant 

increase in opal-C and t ridymite-M and relat ive ly unweathered 

materials of demonst rable vol canogenic origin suggest that the opa l-C 

and t ridymite-M a re derived f rom volcanic sources . a-cristoba lite and 

a-t ridymite a re closely a s sociated with volcanicity and the oxygen 

isotope and c rystallinity dat a  of the opal-C and t ridymite-M are 

consistent with this origin . The morphology of the crystals ( euhedra l 

t o  subhedra l )  is in general c ompat ible with this interpretat ion . The 

va riability in form, however ,  even within the same soil s ample , 

suggests that the opal-C and t ridymite-M in some s amples a re from 

mult iple sources . A limited i nvest igation has ident ified opal-C and 

t ridymite-M f rom several diverse and cont rast ing volcanic 

envi ronment s ,  e . g .  andesitic lava s ,  rhyolit ic tephras and 

hydrothermal ly a ltered mate rial . This variability probably account s 

for the variety in crystal shape . 

(v)  Dist ribut ion : I f  the cristobalite in the soils is derived 

f rom an igneous source and t r ansported to a site in associat ion with 

tephric mate r ials then cristobal ite should be a common mineral in 

tephric soils . In the Wa ikato ,  Lowe ( 1 9 8 1 ,  1 9 8 6 )  has concluded that 

this does not appear to be the case and that while cristobalite is 

common nea r  Hamilton, e . g .  Rototuna , it "was rare ly detected in any 

s amples from the other three s ites" ( i . e .  the Tapapa , Taotaoroa and 

Kakepuku site s ) . McQueen ( 1 97 5 ) , Anon . ( 1 9 8 1 )  and Joe ( 1 9 8 6 )  also show 

c ristobalite distribut ion to be variable . This variability could be 

due to dif ficulty in ident ifying cristobalite where it occurs with 

plagioclase and quart z  because of peak overlap , o r  it could be due to 

winnowing e ffects during t ra nsport . Opal-C and t ridymite-M occur in 

t he f iner grain s izes and selective deposition may e ffect 

distribut ion . Cristobalite can form via pneumatolytic processes 

( Be rnard and Guern 1 9 8 6 ;  Hampton and Bailey 1 9 8 5 ;  S a rna-Wo j cicki et 

al. 1 9 8 1 )  s o  crystals can grow very quickly . Many of t he plinian 

rhyol ites f rom the central North I sland have multiple phases of 
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erupt ion, each o f  which may have a different di stribut ion patte rn . It 

is poss ible that conditions suitable for cristobal ite format ion may 

occur prior t o ,  or during, a specific phase of e rupt ion . Cristobalite 

wi l l  consequently only occur in this phase of erupt ion , and because in 

di stal depos it s  sepa rate pha ses are seldom able to be different iated 

the cristoba l ite distribut ion will appear va riable . Notwithstanding 

these poss ibil ities the ma in factor cont rolling the dist ribution of 

opa l-C and t ridymite-M in soils is the variability in distribut ion 

between tephra s .  It has been shown that opal-C and t ridymite-M are 

common in s ome fractions of the Okareka , Aokautere and Rotoma ashes 

but rare or absent in other tephras (Rotoehu , Taupo , Waimihia ) . This 

data is supported by Lowe ( 1 9 8 1 ) . At the Tapapa s ite cristobalite is 

reported as  c ommon in the silts and sands of the tephra,  loess and 

palaeosols a s s ociated with the Oka reka , Aokautere and Tahuna ashes but 

absent or in only trace amounts at the level of the Rot oehu Ash,  and 

at other leve l s  where no specific tephras are ident ified . The variable 

distribut ion of c ristobalite can be explained by the distribution and 

proport ion o f  cristobalite-bearing and non-cristobalite-bearing ashes 

in each soil . 

�STOBALITE AS A TRACER FOR TEPHRAS 

If it can be shown , a s  the preliminary work presented here 

suggests , that cristobalite is associated with pa rt icular e rupt ions 

then there exists the possibi lity of using cristobalite for 

correlat ion o f  ashes . Cristobalite not only has the advantage of being 

resistant to weathering ( it is still common in the H1 bed of the 

Hami lton Ash Group, and in t he underlying Kauroa Ash Format ion 

(Davoren 1 9 7 6 ) ) but it occur s  in a relat ively narrow range of grain 

s izes . It is also readily detected by XRD , and beneficiat ion with 

f luorosilicic acid (Henderson et a l . 1 972 ) removes feldspar ,  the ma jor 

phase that interferes with t he cristobalite spect rum . The c ristobalite 

identified in the Aokautere Ash from the West Coast confi rms that 

c ristobalite has t rave l led s ignificant distance s . By us ing the most 

advantageous grain s i ze and t reat ing a sample with fluoros ilicic acid 

it may be pos s ible t o  quant i fy what are only t race amounts of 

c ristobalite in a sample . 
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I n  a n  invest igat ion o f  a ma rine core · east of  the North Is land, 

S tewa rt and Neall ( 1 9 8 4 )  determined the biogenic opa l content by 

c onvert ing it to cristoba lite and quantifying the c ristobalite by XRD . 

They also determined the distribut ion of tephric c omponent s in the 

core . The t rends of the biogenic s i lica distribut ion f rom their 

analysis are quite variable but the re are markedly inc reased values 

for biogenic silica at 3 . 8  and 5 . 5 m sub-bottom depth . These depths 

correspond to the level s  of the Aokautere and Oka reka a shes 

respectively and it is  here suggested that these increases in biogenic 

s i l ica are related to relat ively high init ial cristoba l it e  levels 

( i . e .  volcanogenic cristobalite ) in these s amples .  A det a i led 

inspect ion of other dat a  ( in Stewart 1 9 8 2 )  from this core indicates 

that synchronised increases in volcanic glass and biogenic silica 

c ontent occur : 

( 1 )  Immediately below the Aokautere Ash at the level correlated 

with the Poihipi Tephra ( Stewart 1 9 8 2 ) . 

( 2 )  Below the Okareka Ash, at t he level of Tephra 5 o f  Stewart 

( 1 9 8 2 ) . 

( 3 )  At the levels o f  the Waiohau, Rotoma and Whakatane Tephras 

where there a re small but potentially signi ficant increases in 

biogenic silica . 

The distribut ion of c ristobal ite may thus be a use ful parameter 

to use to ident ify sma l l  tephric additions to sedimenta ry sequences . 

AMORPHOUS SILICA :IN HAMILTON BASIN SOILS 

Although the re i s  no evidence from the present invest igation for 

the involvement of cristobalite with the precipitat ion o f  silica from 

the soil solution, s ome of the opal -A may have fc>rmed by this pathway . 

The morphol ogies of  the opal-A grains in ( 1 )  the A and upper Bt 1 

horizons of the Hamilton soil,  ( 2 )  the A and Bw hori zons o f  the Naike 

s o i l ,  and ( 3 )  the Te Kowhai soi l ,  a re of phytoliths and microfossil s ,  

consistent with a biogenic origin . The dusty and concent ric opal-A 

have morphol ogies con s istent with inorganic origins and they are here 

t hought to have formed in the soi l . IR spectra for the dusty and 
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concent ric opa l-A ( Fig . 3 . 1 3 )  are both s imi lar t o  those from opa l 

( Yoshida et al . 1 9 5 9 ;  Kamatani 1 9 7 1 )  except for a pronounced 

inflection at app roximately wave numbe r 9 6 0  cm-1 probably related to a 

Si -OH bond . 

Knauth and Epste in ( 1 9 8 2 )  have shown that oxygen isotope 

ana lysis of opa l-A is diff icult because of the different ial release of 

adsorbed, occluded and st ructural water ( see also Jones and Segnit 

1 9 6 9 ;  Bartoli 1 9 8 5 )  . This may be furthe r complicated by ( 1 )  the 

evaporat ion effect , where o1 6  is prefe rent ially lost during 

evaporat ion ( Stewart and Taylor 1 9 8 1 )  so 51 8o increases in the 

rema ining water , ( 2 )  the temperature e ffect , S1 8o decreases with 

inc reasing tempe rature , and ( 3 )  post -deposit iona l exchange with 

younge r ambient wate r . These problems , t ogether with the pos sibi lity 

that oxygen isotope equilibrium may deviate f rom linearity at low 

tempe ratures (Kawabe 1 97 8 )  suggest that only broad generalit ies 

arising from differences in S1 8o should be made , particula rly 

cons idering the s i ze of the data set . 

Comparison o f  the S1 8o va lues of the four samples of opal-A 

analysed indicates that there is a significantly wide range of values . 

Equil ibrium tempe ratures calculated us ing different calibrat ions 

( Clayton et al . 1 9 7 2 ; Knauth and Epstein 1 9 7 5 ;  Kita et al . 1 9 8 5 )  range 

from 9 °C to 37 °C with est imated temperatures from the same sample 

be ing highly va riable , depending on the part icular calibrat ion used . 

This range is too broad to warrant detailed interpretation but in 

gene ral the calibrations predict that the soil phytoliths formed in an 

environment approximately 1 0°C cooler than t he concent ric and dusty 

opal-A (assuming that all formed in equilibrium with waters that had 

s imi l a r  isotope chemis t ry) . 

The factors which a re thought to lead t o  the format ion of 

hydrogels and opal -A include high temperature , low pH , and silica 

super saturation . As the dusty and concentric opal-A content appears to 

be stratified in the s o i l ,  changes in the controlling factor ( s )  should 

occur at the boundaries of  the opal-A-bea r ing zone . There are no 

s igni ficant contrasts of  pH in the prof i les . pH values in the soils 

range from 5 . 6  in t opsoil to � . 3_ at one metre depth in the Naike soil 

(Anon . 1 9 8 1 )  and f rom 5 . 7  in topsoil to 5 . 2 at one met re depth in the 
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Hamilton soil ( Joe 1 9 8 6 ) . At depths greater than 5 0  cm the temperature 

dif ferent ial and variability of the two soils would be minima l ,  so 

current pH and temperature a re not cons idered critical factors in the 

occurrence of ino rganic opa l -A in the soil . Si lica supersaturat ion of 

the soil solution is probably most readily induced where water t able 

fluctuat ions and desiccat ion are most ma rked i . e .  in the topsoi l ,  but 

the distribut ion of acid oxa late -soluble silica indicates that there 

is no ma rked change in silica distribut ion down the profile (Anon . 

1 9 8 1 ;  Joe 1 9 8 6 )  . These factors , t aken together with the cont rast ing 

morphologies of the opal-A in two soils which have similar phys ical 

and chemical environment s ,  suggests that opal-A is  either an art ifact 

of,  or · at least initially deve loped during, an earlier weathering 

cycle . 

If  the correlat ion of the st rat igraphy of t he Hamilton and Naike 

soils to the Hami lton Ash Group is  correct then the concent ric and 

dusty opa l-A-bearing zones occur in parent materials that are of 

cons iderably different age s . The beds in which the dusty opal-A is  

found have been correlated with the upper Ohinewai Tephra Format ion + 

H3 beds and with the 250  ka Mount Curl Tephra . Shepherd ( 1 9 8 4 )  

describes a palaeosol devel oped i n  the H3 bed and Ohinewai Tephra 

Format ion, so it is concluded that the middle and lower z ones of  the 

Naike soil ( i . e .  those zones conta ining the dusty opal -A) were 

initially weathered during this period . 

The concent ric opal -A occurs in horizons which are overlain by 

the Rotoehu Ash so they are at least 50 ka old . If the correlat ion 

between the Hamilton soil s ite,  the Welches Road section and the Te 

Kuiti sect ion is tenable then the Hamilton soil lower zone ( i . e . the 

zone containing the concent r ic opal-A) is tentatively correlated with 

the upper horizons of the " older beds " at Te Kuit i . Stevens and 

Vucetich ( 1 9 8 4 ) , assuming a uniform ac�umulat ion rate, inferred the se 

horizons to have been depos ited c .  8 0 - 1 1 0  ka BP . If it can be as sumed 

that opal-A formed (or began to form) during weathering s oon after 

depos it ion of the associated parent materials (Ward 1 9 6 7 ;  Stevens and 

Vucetich 1 9 8 4 )  then the dusty opal-A is considered older than the 

concentric opal-A . 
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Although the dusty and concent ric opal-A have signif icant 

morphological di fferences and have been interpreted to be of ma rkedly 

dif ferent age s ,  the �1 8o and IR data suggests that they comprise 

s imilar materials and that they formed at low temperatures . An ordered 

internal st ructure was not observed in the dusty opal -A but the 

concent ric opa l-A comprises part icles that are c .  1 6 0 0A in diameter 

and which appear to be very s imi lar to the microspheres ident ified in 

precious opal s  ( Jones et al . 1 9 6 4 ,  1 9 6 6 ;  Darragh et al . 1 9 6 6 ;  Sanders 

1 9 6 8 ) . These are thought t o  form by the aggregat ion of f loes in thin 

hydrogels with subsequent des iccat ion " setting" the st ructure (Darragh 

et al . 1 9 6 6 ) . The same proces s  probably produced the dusty and 

·concentric opa l-A .  The ma rked cont rast in refract ive index between 

zones probably ref lect s a s ignif icant change in either the size of the 

individua l floes or in the water content . Darragh e t  a l . ( 1 9 6 6 )  

considered that the presence o f  open cavities was a s ignif icant 

prerequisite for the formation of opa l and the f o rm of inorganic opal ­

A ident if ied here is consistent with this . Although the dusty opa l-A 

has fine inc lusions throughout the grains they a re not in sufficient ly 

high concent rations to demonst rate that the opa l -A had enc losed a soil 

aggregate . It is concluded that these grains developed in pores within 

the soil . 

The concentric structure of the opal-A suggests a rhythmic 

deposition sequence . Of the t hree main factors ident if ied with the 

format ion of opal-A it is improbable that pH by itself would be cyclic 

so the main f actors involved with the deposition of opal-A a re 

probably related to temperature and silica saturat ion . I f  they are 

related to t emperature these cycles could be c limat ic , on a scale of a 

decade , a mil lennium or perhaps of stadial propo rtions . It is 

improbable t hat they could be annual cycles unles s  the growth period 

of the grains was very short , as  the grains have only five zones at 

most . Aridity was cons idered a ma j or factor in the format ion of opal 

in Australia (Darragh et al . 1 9 6 6 )  and it may be t hat a s imilar 

factor,  either as  droughts or stadials produced the desiccation 

required to form the opal-A . Judging by the variations in the numbers 

of zones not all grains have undergone the same number of cycles . 
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Variable si l ica supply i s  another factor which could be 

cyclical .  Studies of recently erupted ashes showed that there may be 

la rge increases in the silica leached from an ash soon after erupt ion 

(White and Claasen 1 9 8 0 )  . It is poss ible the refore that immediately 

after an e ruption a sudden increase of silica in solut ion produces 

si lica supersaturat ion and given the appropriate desiccat ing 

environment this may produce opal-A .  

While this pro j ect has demonst rated that the cristobalite 

ident if ied in the soils  studied is derived f rom igneous sources it has 

also ident ified a low temperature form of inorganic opal-A in the 

soil . It is thought that weathering of andesitic and rhyolitic tephras 

provided a re lat ively continuous source of s ilica in solut ion which 

with polymerisation produced hydroge l s . These accumulated at specific 

sites in the soil and subsequent dehydrat ion produced opal -A .  

Repetit ion of this p rocess produced the concent ric zoning . 
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The Tokoma ru s i lt loam i s  a soil developed on the high terrace 

of the east bank of the Manawatu River ( Fig . 4 . 1 ) near P a lmerston 

North . It has formed in the youngest of a sequence of s i lty unit s 

which overlie interdigitating gravels and sands that were deposited on 

a ma rine bench (Te P unga , 1 9 62 ) . This is the Tokomaru marine bench 

( Hesp and Shepherd 1 9 7 8 )  which was cut during a period of higher sea 

leve l . 

One of the e a r l iest geological descript ions of the area 

( Crawford 1 8 8 6 )  noted that "the drift grave l s  form terraces"  and 

suggested that the grave l s  were raised beaches . Park ( 1 8 8 7 )  included 

the surficial depos i t s  in a "Drift Format ion" . In 1 9 1 0  he included the 

surficial deposit s in the "Rangitike i  fan" ( still  part of the Drift 

Formation ) , a "marit ime " fan bui lt f rom material transported down the 

larger rivers between the Manawatu and "Wangaehu" ( sic)  Rivers . 

Marshal !  and Murdock ( 1 9 2 0 )  noted that there were large muscovite 

f lakes ( unknown in the local North Is land basement rocks )  in the. Plio­

P leistocene "papa " underlying the Drift Format ion and described ext ra­

regional pebbles with granitic and schistose affinities in the raised 

beach deposits . They suggested that these ext ra-regional pebbles were 

evidence for a late P leistocene land bridge with northwest Nelson and 

that a climat ic cooling had occurred at that t ime . 
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Hudson and Fife ( 1 9 4 0 ) were the first to report on the soils of 

the t erraces . This work ( on mole drainage ) was in response to a ma j o r  

l imitat ion o f  the s o i l  f o r  agricultural purposes . I t  has a pe rched 

water table which results in poor drainage in winter . They documented 

the grain s i ze distribut ion down the profile and showed that the soil 

was dominated by their f ine sand ( 0 . 2 - 0 . 0 0 2  mm) fraction . They a lso 

noted the " clay bulge" between 4 4  a d 60 cm depth and desc ribed iron 

concret ions ( see also Te Punga 1 9 5 4 )  which commonly occur in a zone 

above the " clay bulge " . Hudson and Fife were a l so the first to note 

" the pre sence of a narrow sandy layer an inch or two in thicknes s " ,  

( the Aokautere Ash o f  Cowie 1 9 6 4 )  at approximately 2 . 2 m depth . They 

regarded the origin of t he silt as "ma rine sediments now forming an 

e levated coastal plain " . Fife ( 1 9 4 5 )  in studying a "yellow-grey loam" 

( sic)  (Grange 1 9 4 5 ;  Pohlen et al . 1 9 4 7 )  in the Manawatu ( the Tokoma ru 

s ilt loam) provided the f irst data on the chemistry of the soil . Using 

pH a nd base exchange chemistry he showed a marked change in the 

chemical properties within the B hori z on and between the B and C 

horizons . His data ,came f rom an untopdres sed profile among f o rest 

remn ants and although the exact site i s  unknown , ( it is bel ieved to be 

in the vicinity of grid refe rence T24 / 3 0 6 8 7 9 ,  J . A .  Pollok pers . comm . 

1 9 8 6 ) , it p robably represent s the best chemical data for a virgin 

forest soil of this terrace . 

Taylor ( 1 9 4 8 )  grouped the yellow-grey l oams of the North Is land 

( Grange 1 9 4 5 )  with the S outh Is land Lowland Tus sock Soils (Grange 

1 9 4 6 )  and changed the name to yellow-grey earths to emphas is the zonal 

nature of the group . It was not unt il the 1 : 2 5 3 4 4 0  North Island soil 

map ( So i l  Survey Staff 1 9 5 4 )  was published however that the group was 

forma l ly described and the Tokomaru s i lt loam ident ified as  belonging 

to the group . The group is characterised by " greyish topsoi l s ,  

yel lowish subsoils with a hard, massive pan" below the subsoi l . 

Greyish bands of gleyed soil immediately above the pan pass down into 

vert ical cracks in the pan . Although t hey des c ribe the parent material 

for the Tokomaru silt loam as alluvium, the parent material for the 

yel l ow-grey earth group is  given a s ,  amongst others "drift deposits 

including f ine volcanic ash and other loess l i ke beds" . They also 

state " examination of the minerals of the sand fraction has shown 
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. . . . . .  the parent mate rial of the soil i s  st rat ified and that there has 

been some accumulat ion of airborne material during soil format ion" 

( Soil Survey Staff 1 9 5 4 )  . A comprehens ive summary of the phys ical and 

chemica l properties of the yel low-grey earths was given in a sympos ium 

on this s o i l  group in 1 95 8  (New Zea land Soil News 6 : 2 0 6 -2 3 0 ) . 

In a detailed study of the sediments on the marine bench south 

of Palmerston North , Olive r ( 1 9 4 8 )  des cribed a sandstone ( Otaki 

Sandstone ) equivalent at least in part to the Drift Formation of Park 

( 1 9 1 0 ) . He included the ove rlying silt s  in the Otaki Format ion . 

According t o  Oliver most of the Otaki Formation was deposited in a 

shal low mar ine to beach environment with much of the sand being 

derived f rom reworked Tert iary sediments to the north . Te Punga ( 1 9 5 3 )  

in a study o f  the Rangit ikei Val ley correlated the alluvium (greywacke 

derived conglomerates plus sands ) overlying the Cast lecliffian 

sediment s ( i . e .  the Drift format ion ) with the Hawera Series of  Thomson 

( 1 9 1 6 ) . 

Rich ( 1 9 5 9 )  in a study of the Cenozoic geology of the lowe r 

Manawatu Va l ley included the gravels and over lying silts in the 

Tiritea Format ion . He described approximately 40 metres of rarely 

fossilife rous interlaminated gravels , sands and silts,  which often 

have ripple marks , capped by 6 met res of yellow-grey silt . He 

suggested that this capping of " thin, yellow, and in place s sandy, 

silt layers may represent alluvial or aeolian deposition . A sheet of 

yellow-gray silt forms the top member of the Ti ritea Formation in most 

place s . · · ·  · · ·  a dist inct vertical part ing invites comparison with 

loess . An aeolian origin is suggested by a lack of stratificat ion and 

by a persistent 3 to 6" band of gray-white pumice ash 3 to 5 feet 

below the t op · · · · · · . Thickness decreases away f rom Anzac Park but the 

silt with the a sh band persists southwards to t he vicinity of Lint on . "  

In  the north he traced the ash to an a rea northeast of Colyton and 

suggested that the "pumice material was probably air-borne to site of  

deposit ion" and "pumiceous material came originally from the Taupo 

volcanic zone " . On the greywacke a long the inner (east ) edge of the 

Tiritea Formation, Rich also describes outcrops of sands with " steeper 

cross bedding, 1 7 - 3 0° · · · · · ·  suggesting some o f  the sand is wind 

blovnw . He f inally concludes that "The widesp read silt forming the 
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topmost member of the format ion suggests that the fina l phase o f  the 

Ti ritea depos it ion may have been the aeolian dist ribut ion of loess­

like s i lt " . Earlie r ,  Birrell ( 1 9 5 6 )  had also refe rred to the younge st 

unit on the Tokoma ru ma rine bench as " loess-l ike silt s " . 

Cowie ( 1 9 6 3 , 1 9 6 4 a )  realised that the thin sand of Hudson and 

Fife ( 1 9 4 0 )  and the ash of Rich ( 1 9 5 9 )  were parts of a much more 

extens ive unit that formed a thin veneer mant ling the landscape . He 

named it t he Aokautere Ash . At its type sect ion ( 1 . 5  km east of the 

Tokomaru s ilt loam site of this study) the ash consists of 1 . 5  cm of 

f ine pinkish pumiceous silt overlain (with a sharp bounda ry) by 1 1  cm 

of a norma l ly graded coarse purniceous sand which grade s into the 

overlying s i lt . The base of the lower pumiceous s ilt i s  sharp and 

undulat ing . The ash is relat ively cont inuous in the road cutt ing at 

its type sect ion but elsewhere in the Manawatu is dis cont inuous . 

Isopachs show that the Aokaute re Ash increases in thickness towards 

the cent ral North Island . Vucetich and Howarth ( 1 9 7 6 )  have proposed 

that the Aokautere Ash, Scinde I s land Ash and Oruanui Breccia are 

members o f  the Kawakawa Format ion, a c .  2 0 , 0 0 0  year o ld rhyolitic 

eruptive f rom Lake Taupo . Recent work ( Self 1 9 8 3 ;  Self and Healy 1 9 8 7 )  

would group t he above members with the Wairakei Breccia (Grindley 

1 9 6 5 )  and proposed the name Wairakei Format ion . The problem of 

correlation and nomenclature has not been sati sfactorily resolved so 

for the purposes of this work the term Aokautere Ash sensu stricto 

( Cowie 1 9 6 4a )  is used . 

Cowie ( 1 9 6 4b) demonstrated that the Aokautere Ash and therefore 

the enclos ing silts must have been deposited subaerial ly so that the 

silts were of a loessial origin . He showed that the loess was thin or 

absent on the Ohakean Terrace ( Te Punga 1 9 53b) and that the post­

Aokautere Ash loess thinned and became finer towards the southeast 

away from each ma j or river,  so drawing the conclus ion that the loe s s  

was derived from material blown off the terraces built during the 

Ohakean aggradat ion . This terrace formed during the aggradation phase 

of the last stadial (Milne 1 97 3 a ,  1 9 7 3b) . It is now recognised that in 

the southwestern North Is land the s i lty material overlying the terrace 

gravel s  ( a l l  part of the drift regime of earlier worke r s )  is composed 

of multiple loess units each separated by a palaeosol ( Cowie and Milne 
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1 97 3 ;  Leamy e t  al . 1 9 7 3 ;  Milne 1 9 7 3a ,  1 9 7 3b) . During co lde r stadial 

pe riods aggradation occurs in the river val leys as a consequence of 

devegetation and accelerated eros ion (Ve l la 1 9 6 3 ;  Leamy et al . 1 9 7 3 )  

and with the relat ive ly colder,  windier and drier condit ions silt s i ze 

material can be removed from the aggradat ion surfaces and deposited as 

l oess on o lder and higher terraces . During interglacials or 

interstadials soils develop as the climat ic condit ions improve , only 

to be buried by loess depos ited during a subsequent cooling . On the 

Tokomaru ma rine bench between two and four periods of loess 

accumulat ion a re preserved (Cowie 1 9 7 3 ;  Mc intyre 1 9 7 5 ; Mi lne and 

Smalley 1 9 7 9 ;  Anthony 1 9 8 4 )  with the Tokomaru silt loam developed in 

the youngest o f  these . 

Since Cowie ( 1 9 6 4b )  there has been a series of deta iled studies 

undertaken on various aspects of the pedological properties of the 

Tokomaru s i lt loam .  The distribut ion of Fe , Mn, V, Ni , C r ,  Co and Ti 

between the c oncretions and soil ( Brooks 1 9 6 5 )  showed that there was a 

marked concent rat ion of all these element s except Ti in the 

concretions . Comparison between the parent soil and the gleyed cracks 

showed a loss of  a l l  these elements (Co was beyond detect ion limit ) 

in the gleyed material .  Symes and Wells ( 1 973 ) in an X-ray study of 

the topsoi l  mineralogy from Mount Egmont to Palmerston North reported 

only trace amount s of ash in the Tokomaru silt loam .  The ir method 

however was unsuitable for ident ifying minor amount s of volcanic 

c omponents but t hey did show a systemat ic increase in quartz content 

away from Mount Egmont . Kirkman ( 1 97 3 a ,  1 97 3b)  showed that the 

occurrence of amorphous S i ,  Al and Fe reached a maximum in the B 

horizon . 

Soil water and related soil physical parameters in the Tokomaru 

s ilt loam were invest igated by Gradwell ( 1 9 7 4 )  and Scatter et al . 

( 1 97 9 ) . Thei r  work confirmed inferences from the morphological 

descript ion of the Tokomaru silt loam in that quant itative 

measurements were obtained to show the gradual change in bulk density 

and water p ropert ies down to the pan which is relatively dense and 

impervious . Below the pan the data indicate litt le further change 

until the z one of influence of the Aokautere Ash . 
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I n  1 9 7 5  Pollok published the first result s of a n  ongoing 

invest igation of the pedology of the Tokomaru s i lt loam . He ( see 

Pollok,  1 9 8 4 )  des ignated a pseudogley horizon in the B horizon and the 

dense pan a fragipan in the C hori zon . Us ing extractable chemistry, 

c lay mine ralogy and mic romorphology he demonst rated ( l ike Fife 1 9 4 5 )  

that there was a ma rked difference between the B and C hori zons . The 

Tokomaru silt loam h a s  a measure of va riable charge and Pollok ( 1 9 8 4 )  

suggested that this was due t o  ferrolysis . Pollok concluded that the 

soil is the product of polygenesis with the early format ion of the 

f ragipan in the l oe s s  fol lowed by subsequent pseudogleying which is 

the prominent current process . 

During a survey of Kairanga County ,  Cowie ( 1 97 8 )  studied a site 

adj acent to the one presently being invest igated and presented data 

similar to that of F i fe ( 1 9 4 5 )  and Pollok ( 1 97 5 ) . In studying the 

relat ionship between the yellow-grey earths and adj acent yel low-brown 

earth/yel low-brown l o am intergrades he conc luded that the difference 

between the groups was not due to different parent materials . Rather 

t hey were the result of variat ions in c l imatic factor s ,  with sea sonal 

wett ing and drying p roducing the compact fragipan of the yellow-grey 

earth . Initial results o f  this invest igation (Wallace and Neall 1 9 8 2 ,  

1 9 8 4 )  presented the s and mineralogy o f  the Tokomaru s ilt loam and 

ident ified significant rhyolit ic and andesitic tephra components 

( other than the Aokautere Ash ) . These results showed a marked 

strat igraphic break at approximately 0 . 5  m which is thought to be 

related t o  an hiatus in loess accumulation marking the end of the 

Ot iran Glacial stage . A threefold division for the post -Aokautere Ash 

l oess was proposed : ( 1 )  an upper mixed tephra / l oess unit , ( 2 ) a middle 

quart zofeldspathic l oe s s ,  ( 3 ) a lower tephric loess down to the ash . 

I n  a study of the relationship between the yel low-grey earths and the 

ye llow-brown eart h/yellow-brown loam inte rgrades Parfitt et al . ( 1 9 8 4 )  

p resented limited mineralogical data on the Tokomaru s i lt loam .  Like 

Cowie ( 1 9 7 8 )  they suggested that the dif ferences between the yel low­

grey earths and int ergrades were due to c l imat ic factors . High summer 

water def icits in the yel low-grey earths exert hydraulic suction that 

produces the increase in bulk density . This impedes drainage leading 

to separate weather ing paths and different soils . 
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The Tokomaru s i lt loam, an Aeric F ragiaqualf in U . S .  Soil 

Taxonomy, is a member of the cent ral zone of yel low-grey ea rth soils 

( se e  Bruce 1 9 8 4 ;  Cowie 1 9 8 4 )  . It has developed in last stadial Ohakean 

l oe s s  which probably started accumulat ing approximately 2 3 , 0 0 0  yea rs 

ago ( at lea st prior to the 2 0 , 0 0 0  year o ld Aokautere Ash )  and may have 

cont inued unt il approximately 9 7 6 0  years B . P . (based on a radiocarbon 

dat e  in the Rangit ikei Rive r ,  Milne and Sma l ley 1 9 7 9 )  . 

THE PRESENT STUDY 

The purpose of the current invest igat ion was to study the 

accumulation of aeolian materials from various sources ( including 

l oe s sic,  aerosolic and tephric) in the deve lopment of the Tokoma ru 

s ilt loam .  The sample s ite ( informally known as Pollok ' s Pit ) is  

l o cated on one of the Massey Unive rs ity farms adjacent to Clifton 

Terrace at T2 4 / 32 9 8 8 1 . Clearance of the original broadlea f /podocarp 

f o re s t  began in the 1 8 8 0 s and after the init ial grass was sown "the 

area where the profile pit is located was kept as a museum piece " 

( P o l lok 1 9 7 5 ) . It has not been act ively topdressed or cultivated and a 

wel l-defined cha rcoal layer at approximately 5 cm (the burnt remains 

of  the original bush c learing phase ) , the preservation of granules in 

p l anes parallel to the surface , and mineralogically discrete laye rs 

indicate that the soil has only been minimally disturbed .  

Samples were f ract ionated into grain s i zes and whereas the sands 

and coarse s i lt were sub jected to deta iled opt ical invest igations , 

dis solution techniques were employed to determine mineralogical t rends 

in the finer fract ions . The f irst stage of the dissolut ion which 

involved repeated heat ing in HCl removed micas and mafic minerals 

(Brindley 1 9 5 7 ; Henderson et al . 1 9 7 2 ) . Afte r  this the s amples were 

t re ated repeatedly with H2 SiF 6 so removing the feldspar ( Chapman et  

al . 1 9 6 9 )  and leaving a residue of quartz (plus minor cristobalite in 

s ome cases ) . 

Optical investigat ion showed that there were numerous tephra 

additions to the soil and that these were concentrated in the sand 

fraction . This f ract ion was therefore analysed for ma j o r  and trace 

e lements in an attempt to support the mineralogical evidence of 
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volcanic addit ions to the loess . Chemical ana lyses were also ca rried 

out on the whole soil in an attempt to locate chemical t rans locat ions 

due to pedogenic processes . 

Phosphorus is relat ively immobile in the soil , it being readily 

f ixed by amorphous Al-Fe compounds . As it is a ma jor plant nut rient 

phospho rus is removed f rom the subsoil during plant growth and 

accumulates in the A ho rizon, therefore if a surface is stable there 

i s  a gradual accumulat ion of P .  This P is  norma lly retained i f  the 

soil is buried (e . g .  by tephra , loess,  colluvium etc . )  and the 

subsequent palaeosol may have a relatively high P content . This 

property has been used (Walker 1 9 6 5 ;  Leamy and Burke 1 9 7 3 ;  Tonkin et 

al . 1 97 4 ;  Runge et al . 1 97 4 ;  Mc intyre 1 9 7 5 )  to  identify palaeosols .  

Phosphorus dist ribut ion was therefore dete rmined in a search for 

palaeosols in the uppe r zones of the soil . 

Trace element chemistry of minerals in tephras has been used 

( Rankin 1 9 7 3 ;  Kohn 1 9 7 0 ;  Kohn and Neal l  1 9 7 3 )  to characterise 

individual tephras . Apart f rom the Aokautere Ash, the tephric 

material s  in the Tokomaru s ilt loam occur as  dust ings diluted by 

loess , so  that bulk s ampl ing methods are inappropriate . An a lte rnative 

is to analyse individual minerals on an e lect ron microprobe (Westgate 

et al . 1 9 7 0 ;  Westgate and Gorton 1 9 8 1 ;  F roggatt 1 9 83) . Such an 

invest igat ion of the volcanogenic components in the Tokomaru s i lt loam 

was unde rtaken for correlat ion with potent ial sources . 

Although pollens are not preserved in the loess due t o  t he 

oxidis ing environment , the occurrence of different forms of phytoliths 

(plant opa l )  hinted at a potent ial for discerning the vegetative 

history . Phytoliths a re composed of biogenic silica that forms 

replicas of  plant ce lls o r  c rystals within plant cel ls . These a re 

released when the cel l  decays . It is unc lear whether silica is  an 

essent i a l  element for plant growth or even advantageous to t he plant 

but Japanese workers believe that silica deposited within rice plant 

cells makes the plant more resistant to fungal and insect attack 

(Yoshida et al . 1 9 6 2 a ,  1 9 62b) . Phytoliths a re formed when s il ica in 

solut ion moves through the plant system until water loss due to 

t ranspiration allows the s i l ica to precipitate , most commonly in t he 

leaves . Struve ( 1 8 3 5 )  was one of the earliest workers to invest igate 
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si lica in plant s and Ehrenbe rg ( 1 8 4 7 )  used the term phytolitharia for 

some dust const ituents he de scribed . It was Ruprecht ( 1 8 6 6 )  who first 

used the term phytolith for "minute stoney part s o f  plants" . 

Subsequent work ( e . g .  Jones and Handreck 1 9 6 7 ;  Twi ss et al . 1 9 6 9 )  has 

shown t hat phyto lith shape may be ident if ied with particular plants 

and that they are commonly preserved in soils ( Baker 1 95 8 ;  Beavers and 

Stephen 1 9 5 8 ; Wilding and D rees 1 97 1 ;  Bartoli and Guillet 1 9 7 7 ) . 

Ecological reconstruct ions based on phytoliths have also been 

attempted ( Baker 1 9 5 9 ;  Rovner 1 9 7 1 )  . In New Zealand Raeside ( 1 9 6 4 a )  

des cribed plant opa l (phyto liths ) from loesses and later attempted to 

re late these t o  those he ext racted from various t ussocks and sedge s 

(Raes ide 1 9 7 0 )  . Potent ia l ly,  phytoliths may be used like pollens and 

as the loess pa rent mate r ial to the Tokornaru s ilt loam accumulated on 

a gra s s / shrub dominated s urface compared with the pre-European bush 

cove r ,  phytoliths were ext racted from samples T 1 7  to T2 4 seeking this 

change in vegetation . In an attempt to ident ify the soil phyto liths , 

wood and leaves from elements of the present bush on the Tokomaru 

terrace, kahikatea (Podocarpus dacrydioides) ,  rimu (Dacrydium 

cupressinum) , totara ( Podocarpus t otara ) , black beech ( Nothofagus 

solandri ) and tawa ( Bei l s chmiedia tawa )  were p rocessed . Two peats 

represent at ive of forest communities were also studied . Pollen dat a 

indicated one peat ( from Maruia , South Is land) to be beech dominated 

while the othe r ( from Mt . Egrnont ) is  from a mixed podocarp associat ion 

( C . M .  Lees pers . comm . 1 9 8 6 ) . 

\ 

I 
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RESULTS 

GRAIN SIZE' DATA 

The relat ive proportions of  the various s i ze fract ions 

a re pre sented in Appendix 4 .  The textures of a l l  

1 1 7 

samples are s i lt loams except for T 1  and T 1 7  which are s ilts and T2 0 

which is a s i lty clay loam . Even the Aokautere Ash is  of silt loam 

texture . This is due to s ignif icant amount s of  non-volcanic material 

in the s i lt size fract ions in the ash . The grain s i ze data are very 

s imilar to those of Hudson and F ife ( 1 9 4 0 )  and Pollok ( 1 97 5 )  . Like 

Hudson and Fife cont inuous sampling was used ( in cont rast to the 

horizon s ampling of Pollok) , which gives much improved definit ion to 

the patterns of changes down the profile . 

(i)  CLAYS : The main feature of the clay distribut ion down the 

profile is the "clay bulge" described by Hudson and Fife ( 1 9 4 0 )  and 

Pollok ( 1 97 5 ) . It is here ref lected in the high clay content of sample 

T 2 0  (Fig . 4 . 2 )  which is l ocated t owards the top of the Bgt2 horizon . 

Above this there is  a variable c lay content with a minor increase j ust 

below the surface . In the Cxg horizon the clay content is relat ively 

constant and it should be noted t hat this uniformity cont inues above 

the cap of the fragipan into the middle of the Btg2 horizon . Below the 

Cxg hori zon there is a rise in c lay content at s ample T8 followed by a 

general fall  in clay content t o  the Aokautere Ash . This trend 
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parallels the r ising glass content in this region of the profile ( see 

mineralogy sect ion) . Be low the ash the c lay content rises to levels 

similar to those of  the Cxg horizon . 

(ii) S ILTS : S i lt distribut ion is broadly antipathetic to the 

c lay dist ribut ion ( F ig . 4 . 2 ) . The 5-2 � fraction, taken to represent 

global aerosolic dust (Mokma et al . 1 9 7 2 ) , has a relatively uniform 

di stribution th roughout although there are pe rturbations at the 

Aokautere Ash . In the 20-5 � fract ion there is  a marked decrease 

between samples T 1 9  and T2 0 ,  a s light increase from samples T15 to T 1 9  

and higher values i n  the Aokautere Ash . The Aokautere A s h  has a 

bimodal grain s i ze distribution (modes at 2 5 0  � and 2 0 -5 �) so that 

the increase in the 2 0 -5 � fract ion for the Ash, compa red with the 

loess is att ributed to increased medium silt sized gla s s  shards . The 

higher H2 SiF 6 soluble material in this fract ion of the ash (compared 

with adj acent s amples ) supports this conclus ion . The mode of the loess 

is  in the 63-20 � f ract ion . At the level of the Aokautere Ash in this 

f raction there is a l ower coarse silt content compared with the 

adj acent Cwg hori zons . The top seven s ample s ,  part icularly the ABg 

( T2 4 )  and top of the Btg2 (T2 0 ) , have a lowe r coarse s i lt content than 

in the C hori zon . S amples T16-T18 (the cap of the fragipan ) have 

coarse silt levels s lightly below those of the underlying C horizons . 

(iii) SANDS : The sand fract ion forms up to 6 %  of t he loess 

(excluding the influence of the Aokautere Ash )  and although samples T9 

and T12-T13 appear to be above background the only sign ificant shift 

in t rend is  between s amples 19 and 2 0  whe re there is a general 

lowering of the total sand content ( F ig . 4 . 2 ) . Individual ly the 

various divis ions of the sands present quite different t rends . In the 

very fine sands ( 12 5- 63 �) there is a maximum at the Aokautere Ash . 

The top s ix samples ( T2 0 -T2 5 )  t rend at s l ight ly lower levels compared 

with the Cxg-Cwg horizons . The trends for the fine sand ( 2 5 0 - 125  �) 
show a maximum at t he level of the Ash and the top four samples (T22-

T2 5 )  have fine sand contents above those of  the Cxg-1Cwg1 horizons . 

There a re also slight increases at the levels of samples T 9  and T 1 3 . 

The medium sand ( 5 0 0 -2 5 0  �) content i s  at a maximum at the Ash and 

there is an increase in this fraction above sample T2 1 .  Although the 
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coarser sand fract ions a re only a minor component they are cons idered 

s i gnif icant because they reflect important t rends in the mine ralogy . 

Furthe r ,  Hudson and F ife ( 1 9 4 0 )  also demonst rated a change in the 

coarse sand f ract ion at approximately 4 5  cm depth . 

OPTICAL MINERALOGY 

The ma fic content of the samples i s  low, so to improve the 

quality of the data t he various sand fra ct ions were split into 

magnetic and non-magnet ic fractions . The minera l proport ions were 

determined on both grain mounts and thin sections prepared f rom these 

f ract ions , but grain mounts of only whole samples were studied for the 

c oarse silt ( 6 3 - 2 0  �) . The mine ral p roportions are reco rded in 

appendix 5 .  Minerals o r  mineral groupings showing repeatable and/ o r  

systemat ic t rends a re plotted against depth ( sample number )  . Although 

variat ions in trends within a particular f ract ion seem s ignificant 

they can be biased by variations in the proport ions of that fraction 

in the total sample ( e . g .  hornblende dominat ing a magnet ic fraction is 

insignificant , where the magnet ic f ract ion is a very minor amount of 

the whole sample ) . To obviate this , dat a a re usually presented as 

p roport ions of the total sample but some data are presented as a 

p ropo rtion of the particular fraction . When plotted as a percentage of 

the t otal sample variat ions may seem sma l l ,  but they are highly 

s ignificant because t hey are based on a much wider data base than is 

apparent . Absolute p roportions (percent of total sample ) of minerals 

o r  mineral associat ions of demonst rably volcanic . origin are used to 

ident ify pos s ible tephric addit ions to the loe s s ,  while va riations in 

the loess a re investigated using the relat ive proport ions (percent of 

f raction) of non-volcanogenic minerals . Although the sand content of 

the samples is low it is  important as  much of the volcanic material is 

in this fract ion . 
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FINE SAND FRACTION 

Non-Magnet ic Fraction : In this fract ion the volcanic plagioclase 

is above background leve ls in samples T 9 - T l 0  and T13 while the re are 

significant peaks at samples T5 and T22 -T2 5 ( Fig . 4 . 3 ) . Volcanic 

l ithics (monomine r a l i c  aggregates o f  plagioc l a s e ) inc rease at the 

level of the Aokautere Ash ( s ample T 3 )  and again in samples T l O ,  Tl3 

and i n  the top SO  cm with maxima at samples T22 and T2 5 (Fig . 4 . 3 ) . 

The g l a s sy mate rial has been subdivided into sha rds and pumice in 

figure 4 . 3 .  The Aokautere Ash (with approximately 9 %  of the whole 

sampl e  being glass in this fract ion) dominates and the inf luence of 

the ash continues for at least 4 0  cm (up to s ample TB) and pe rhaps 90 

cm ( up to sample Tl2 ) above the visible top of the ash . The sample 

immediately underlying the ash ( sample T2 ) is a lso influenced . Above 

the Aokautere Ash there are significant increases in total glass 

content at sample 1 4  and in the top 50 cm, part icularly s amples T22 

and T 2 5 .  There is also a marked change in the morphology of t he 

glass e s  at S O  cm . Below this level sha rds dominate, although in the 

Aokaute re Ash shards and pumice are approximately equal ,  while in the 

t op o f  the prof ile pumice dominates . 

Excluding the influence of the Aokautere Ash , minerals of  a 

sediment ary origin range from 7 5% in the Cxg to 5 5 %  in the top 50  cm . 

There is  a significant and systemat ic increase in the proportion of 

sedimentary lithics (quart z-feldspar greywacke and illite greywacke ) 

with depth (Fig . 4 . 4 ) . Also,  a lthough there is  a problem with 

obtaining representat ive data for the micas ,  the data in appendix 5 

indicate a reduct ion in mica content in tne t op 4 0 -50 cm . 

Magnetic Fract ion : The magnetic f ract ion of the fine sand varies 

between 4% and 3 9 %  (Fig . 4 . 6 ) . Generally a high magnetic content 

reflects a higher proport ion of grains f rom volcanic sources . The 

pyroxene and hornblende content increase at the Aokautere Ash and at 
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samples T S ,  T l 3 -T1 4 and T2 1-T2 5 ( F ig . 4 . 6 ) . The relat ive proport ions 

of  the mine rals also changes . At the Aokautere Ash orthopyroxene 

dominates with less cl inopyroxene and hornblende lowest . In cont rast 

c linopyroxene dominates samples TS and T2 1 -T2 5 and orthopyroxene is 

lowest . At s ample Tl3 the clinopyroxene dominates but at sample T l 4  

both hornblende and cl inopyroxene diminish while orthopyroxene 

increases s light ly . The distribut ion of opaques (mainly 

t itanomagnetite and i lmenite ) is highly variable with peaks at samples 

T3 and T S ,  a high opaque content in T2 2 -T2 5 and a broad zone of higher 

opaque content for samples T12 t o  T l 4 . Volcanic plagioclase (drawn 

into the magnet ic fraction because of magnetic inclus ions ) shows a 

marked increase at the top of the prof ile and at samples T 3 ,  TS and T 9  

and a s light increase at sample T l 3 . The di stribut ion of obsidian 

( Fig . 4 . 7 )  increases at samples T 3 ,  T l 4  and T21-T25 (particularly 

T2 5 ) . Data for two va riet ies of volcanic l ithic fragment s 

(monomineralic plagioclase and plagioclase + opaque va rieties )  are 

documented in f igure 4 . 7 .  The plagioclase volcanic lithics contribute 

to samples T3 and TS and there a re minor addit ions to broad zones 

encompas s ing s ample s T 1 0-T14 and T2 0 -T2 5 . The plagioclase + opaque 

volcanic l ithic is highlighted in s amples T3-T5 , T l 3  and T2 3-T2 5 . 

Figure 4 . 8  indicates that other than t he Aokautere Ash the magnetic 

f ine sand f ract ion contributes approximately 0 . 2 5 %  volcanic material 

to a tot a l  s ample . 

T rends within the sediment a ry fract ion are difficult to 

identify because at the level of  the Aokautere Ash and in the top 5 0  

cm the sedimentary data set is t o o  sma l l . There is a general trend of 

decreas ing micas,  epidote greywacke l ithics and chlorite greywacke 

lithics t owa rds the t op of the p rofile ( see appendix 5 )  . 
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VERY FINE SAND FRACTION 

Both grain mount s of the whole fract ion and thin sect ions of the 

magnet ic and non-magnet ic fractions we re used to invest igate t rends in 

the very fine sands . 

Non-magnet ic fract ion : Except for the influence of the Aokautere 

Ash ,  mine rals with a volcanic association are minor ( c .  5 %  of the 

f raction ris ing to c .  1 8 %  in the top 40 cm) and consist of glass and 

volcanic plagioclase . At the level of the Aokautere Ash glass 

dominates this f raction and constitutes 9 %  of the total sample (Fig . 

4 . 9 ) but for the remainder of the profile glass represents c .  0 . 4 % of 

the t otal sample and the sum of the volcanogenic material i s  c .  0 . 5%  

of  the sample . The volcanic plagioclase , although only a t race 

cons t ituent , indicates volcanic addit ions to samples T3 , TS and T22-

T25 ( Fig . 4 . 9 ) . 

In the materials of  a sedimentary origin there is  a gradual 

increase in the proportion of illite greywacke lithics and a decline 

in t he proport ion of quartz with depth (Fig . 4 . 9 ) . 

Magnetic Fract ion : Unlike the fine sand the magnet ic f raction of 

the very fine s and is  a relat ively constant component at approximately 

3 % ,  rising to 1 0 %  for samp les T21 to T2 5 .  The distribut ions of the 

pyroxenes and hornblende (Fig . 4 . 1 0 )  a re similar to those in the fine 

s and with signi ficant increases in samples T3 , T S ,  and T2 1 to T25 . A 

change at samples T13-T14  is also evident but additionally t here is a 

s ignificant increase in hornblende content in samples T 9  and TlO . 

O rthopyroxene dominates t he Aokautere Ash but its cont r ibut ion to the 

very f ine sand has been halved compared with the fine sand a nd while 

hornblende cont ributes s imilar amounts to both size f ractions the 

c l inopyroxene content o f  the very fine sand is greatly reduce d .  At 

saq:>le TS hornblende now dominates ( although reduced) and the 
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pyroxenes a re great ly reduced . Hornblende dominates sample T13 but , as 

in the f ine sand, o rthopyroxene dominates sample T 1 4 . In the top 50 cm 

the amount of orthopyroxene has increased and the c linopyroxene 

decreased compared with the fine sand and they are eo-dominant in the 

very f ine sand . The hornblende content of both fract ions is similar . 

The opaques trend (Fig . 4 . 1 0 )  indicates increases at samples T 3 ,  T 5 ,  

T 9 ,  T 1 4  and T22 -T2 5 which excepting for T 9  is  s imilar t o  the f ine 

sand . The glass and obsidian contents (both a re mic rolit ic varieties)  

have increased values for s amples T3 and T22-T25 ( Fig . 4 . 1 0 ) . The 

ma j o r  volcanic lithic present is a plagioclase + opaque variety and 

although it shows a similar distribution to that in the fine sand, 

with peaks at T3, T5 (a shoulder on T3 ) , T 1 3  and T22-T2 5 (Fig . 4 . 1 0 )  

it cont ributes only half that of the fine sand . The total volcanic 

component (Fig . 4 . 5 ) for the magnet ic fract ion of both the fine sand 

and ve ry f ine sand fractions are s imilar .  

The distribution of the sedimentary component s is complex . One 

st rik ing feature is a drop in the biot ite+chlorite , and chlorite 

greywacke lithic content in t he top four samples ( T22-T2 5 ) , see 

appendix 5 .  

Very Fine Sand Grain Mounts : The glass content of this f ract ion 

reaches c .  9 %  of the whole sample at the Aokautere Ash and then 

decl ines gradually reaching an average value of 0 . 1  - 0 . 2 %  for most of 

the prof ile ( Fig . 4 . 1 1 ) . There is significant glass mixed with loe s s  

f o r  a t  least 4 0  c m  ( t o  sample T8 ) and perhaps 9 0  c m  ( sample T12 ) above 

the visible top o f  the ash, if the broad rise in glass content at 

samples T 9-T l 0  is related to the Aokautere Ash . As in the fine sand 

fraction there is  a consistent pattern in the morphology of the glass 

with sha rds being greater than, or eo-dominant with pumice at the base 

of  the sect ion while pumice dominates in the top 4 0  cm (Appendix 5 )  . 

The amounts of other volcanic minerals a re too low to warrant 

individual plott ing, however it is noticeable ( see appendix 5 )  that 

the sum of hornblende + pyroxenes and the volcanic plagioclase are 

both higher in t he top 50 cm of the profile . 
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Figure 4 . 1 1 charts the va riat ion o f  the sum of the vo lcanic 

component s and demonstrates that this fract ion norma lly cont ributes 

between 0 . 5 and 1%  to the total sample . At the level of  the Aokautere 

Ash this cont ribut ion reaches over 9 % . 

Gra ins with a demonst rably sedimentary origin form between 7 0  

and 9 0 %  of this f raction ( reducing t o  1 5 %  at the Aokautere Ash )  and 

there are systematic trends within this sedimentary grouping . The 

proportion of epidote greywacke and mica greywacke lithics (plotted as 

greywacke lithics ) ,  increase with depth and there is  a corresponding 

dec rease in the proportion of quart z + sedimentary feldspar (Fig . 

4 . 1 1 ) . Also,  muscovite and biot ite / chlorite are reduced in the top 4 0  

cm . 

COARSE SILT 

The coarse s ilt is the modal inte rval for the Tokomaru silt loam 

so mineral t rends in this fract ion have significant influence . Figure 

4 . 12 plots the proportion of minerals which are from volcanic and 

sedimentary provenances together with various plagioclase types whose 

sources are equivocal . The fraction is  dominated by sedimentary 

material and even at the Aokautere Ash c .  45%  of the coa rse silts ( c . 

1 5 %  of the total s ample ) a re from a sedimentary source . Such material 

must have been t ranslocated since the ash was deposited . The glassy 

material of the Aokautere Ash provides c .  1 8 %  of the total sample 

( Fig . 4 . 12 )  and glass content gradually decreases to s ample T8 . The 

glass content is constant between samples T10  and T2 1 with slightly 

higher values ( up to 1 . 4 % of whole sample) between samples T22 - T2 5 .  

The total volcanic component ( glasses + hornblende + pyroxenes + 

volcanic plagiocla se + high R . I .  plagioclase + opaques + obs idians + 

volcanic lithic s )  shown in the same diagram increases gradua lly from 

approximately sample T 1 6  and contr ibutes 7 - 1 0 %  towards the top of 

the p rofile . Although the amounts of  individual components a re low 

t here is : ( 1 )  a s light increase in hornblende + pyroxenes in the top 
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5 0  cm, ( 2 )  an increase in the volcanic p lagioclase at samples T5-T6 

and T 1 9 -T2 5 ,  and ( 3 )  an increase in the high R . I .  plagioclase in the 

top h a l f  of the profile ( appendix 5 )  . 
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Trends i n  the sedimentary components are s imilar to those 

identified in the coarser fractions . The re is a reduct ion in the 

sediment ary lithic component and increase in the qua rt z + sedimentary 

plagioclase towa rds the top (Fig . 4 . 1 2 ) . The mineral dat a  in indicate 

a s ignificant reduction in mica in the t op 50 cm . 

MINERAL CHEMI:STRY 

During the optical investigat ion in the present study several 

mineralogical components were ident ified that were consistent with 

derivat ion from a volcanogenic source ( such as glass selvedges and 

inclus ions , euhedral c rysta l  out lines ) . If the source of this material 

can be ident ified then t ime planes are provided which enable the 

dat ing of soil pa rent materials and calculation of soil accumulat ion 

rates . The potential sources for these volcanic component s a re 

e rupt ions from Mt . Egmont volcano or f rom the Taupo Volcanic Zone . In 

the latter source this would include rhyolitic tephras f rom the Taupo 

and Okataina cent res and andesitic tephras from the Tonga r i ro centre 

( F ig . 4 . 1 ) . Although these cent res have different minera logies (Table 

4 . 1 ) it is not pos s ible to identify unequivoca l ly these different 

s ources on mineralogy a lone . The chemistries of the sources vary from 

basalt to rhyolite and t hey are situated iri different tectonic 

environments so the minera l chemistry from each centre might be 

expected to be different . 

Mineral chemistries have been used by, among others , Howarth and 

Rankin ( 1 97 5 ) , Westgate and Fulton ( 1 97 5 ) , Kohn ( 1 97 0 )  and F roggatt 

( 1 98 3 )  to identify igneous sources . Initial techniques e . g .  Kohn and 

Nea l l  ( 1 9 7 3 )  involved the concentration of a phase from bulk samples 



Tab l e  4 . 1 :  Summary of t h e  mi neral ogy of tephra f rom some North I s l and 

v o l c an i c  centre s .  

TAUPO C E NTRE C l e ar g l a s s  + sod i c  p l ag i oc l ase + o r t hopyroxene + 

opaques ( m* ) + c l i n opyroxen e ( m )  

OKATA I NA CENTRE - - - C l e ar g l ass + sod i c  p l ag i o c l a s e  + orthopyroxene + 

horn b l ende � c umm i n gton i te � b i o t i te + 

c l i n o pyroxene ( m )  + opaque s ( m )  

TONGAR I R O  CENTRE - - - O r t ho pyroxene + c l i nopyroxene + c a l c i c  

p l ag i oc l ase + opaques � o l i v i ne � hornb l ende ( tr* ) 

EGMONT CE NTRE C l i n opyro xene + hornb l ende + c a l c i c p l ag i oc l ase + 

opaques � orthopyro xen e ( m )  + b i ot i te 

* m M i nor ; tr = Trac e 

1 3 6 
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for which both ma j o r  and t race elements we re ana lysed . Where there is 

pos s ible contamination e . g .  dilution of tephras in soils , mixing of 

tephras from va rious source s ,  or phases int imately intergrown or 

exsolved, then the concent rat ion process is  c rit ical and bulk sampling 

techniques are unsuitable . The use of the e lect ron microprobe obviates 

this problem because individual phases can be ana lysed . This is  an 

advance in that sma ll quant ities of sample will suffice . However ,  

complicating fact ors include : ( 1 )  only ma j o r  elements can practicably 

be analysed and ( 2 )  variat ions due to chemical zoning in individual 

grains can be determined, so enlarging the compos itional range to 

which any unknown is  referred . 

In the present study chemistries of phases from various sources 

we re determined by electron microprobe in o rder to ident ify chemical 

discriminat ing factors (Appendix 7 ) . Aokautere Ash ( c .  2 0  ka B . P . ) , 

which is  a readily ident if iable marker hor i zon t hroughout the North 

I s land occurs in the C horizon within the Tokomaru silt loam at 2 . 2 m 

depth, s o  potent ial reference tephras above the ash were sampled .  

Minerals were separated from pumice and lithic fragment s because this 

reduced the potent ial for contaminat ion and also because these 

fragments could readily be unambiguous ly corre lated with known 

tephras . The chemistries of the pyroxenes ,  amphiboles,  plagioclase s ,  

t itanomagnetites and glasses were then dete rmined with the e lect ron 

microprobe and plots of e lement pairs ( one element plotted against 

another )  were constructed . 

In a study of Eltham County, Franks ( 1 9 8 4 )  showed that the post­

Aokaute re Ash sequence of tephras from Mt . Egmont was thickest to the 

southeast ( i . e . t owards Palmerston North) . Minerals from twelve of the 

larger e rupt ions in this sector were thus sampled to attempt 

corre lation with t he tephric components in the Tokornaru silt loam . 

This data set was extended by the whole rock data of Neall et al . 

( 1 98 6 )  . Reference elect ron microprobe mineral data from the Taupo 

Volcanic Zone was obtained from Howorth ( 1 97 6 )  and Froggatt ( 1 9 8 2 )  and 

augmented with whole rock data for basaltic to dacitic compositions 

f rom Cole ( 1 9 7 9 ) , Reid and Cole ( 1 9 8 3 )  and F roude and Cole ( 1 98 5 ) . In 

an attempt to exclude poss ible differences in operator techniques with 

the mic roprobe analyses ,  minerals from the Waimihia Lapilli ( Taupo 
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cent re ) and Rotoma and Whakatane erupt ives ( Okat aina cent re ) were 

analysed as refe rence material to best represent these centres . Ma j o r  

element mineral chemistry of tephras from the Tongariro centre is  not 

available so the chemist ries of the lava mine rals ( Hackett 1 9 8 5 )  a re 

used . 

When it had been established that it was possible to 

discriminate between potent ial sources us ing mine ral chemistry, 

minerals from the s oil were ana lysed for comparison with these 

source s . The minerals and glasses in the fine sand fract ion from 

samples that have a demonst rable volcanogenic component ( samples T l ,  

T3 , T S ,  T 6 ,  T 9 ,  T l O , T13-T 1 6  and T2 1-T2 5 )  were invest igated with the 

elect ron microprobe (Appendix 12 ) . 

P LAGIOCLASE : Plagioclase chemistry is  usually sensitive to the 

compos it ion of the magma from which it cryst a l lise s ,  ( calcic 

plagioclases form in more basic magma types and s odic plagioclases 

form i n  more acidic magmas ) s o  plagioclase composit ion should help 

diffe rent iate sources . However it is of limit ed use in the present 

study because chemical zoning produces a very wide range in 

compos ition (An3 1  to An g o  with typical ranges of 2 5% anorthite within 

a gra i n ) . Further ,  zones of  c orros ion parallel to crystal outlines 

occur within plagioclases in the soil envi ronments as the more calcic 

zones a re prefe rent ially removed . 

Notwithstanding these p roblems plagioclases associated with 

samples Tl and T3 (average plagioclase compos it ion An4 4  and An4 0  

respectively) have lower anorthite content than shal lower samples . 

Average composit ion for sample T6  is An55 , s ample Tl3 is An55 , sample 

T24 is An4 9  and s ample T2 5 i s  An52 . 

AMPH IBOLES : The amphiboles are pargasite to pargasitic 

hornblende in Mt . Egmont tephras and magnes io-hornblende, edenit ic 

hornblende or edenite in the rhyolit ic tephras f rom the central North 

Island . Amphiboles are absent o r  very rare in material from the 

Tongar i ro cent re . Most ma j o r  element s in the amphiboles produce a good 

dis c riminat ion between magma types . Potassium in particular,  t ogether 



with silicon , iron and titanium produce a distinction between 

andesites and rhyolites so Egmont s ourced material can be readily 

ident ified ( F igs . 4 . 1 3 ) . It is not pos s ible to different iate between 

the Okataina and Taupe cent res . 

1 3 9  

When t he amphiboles from the soils  are compared with the 

reference mate rial ( F ig .  4 . 1 3 )  the dominant source of amphiboles in 

samples above the Aokautere Ash is shown to be Mt . Egmont . There is 

however a s ignificant proport ion of the amphiboles in the top of the 

profile ( e . g .  T2 1 and T25)  that have a Taupo Volcanic Zone signature . 

As expected t he chemistry of the amphiboles in the Aokaute re Ash is 

cons istent with a Taupo Volcanic Z one source . 

ORTHOPYROXENE : In erupt ives from Mt . Egmont orthopyroxenes a re 

relatively ra re ( Tonkin 1 9 7 0 ;  Kohn a nd Neall 1 9 7 3 ; Franks 1 9 8 4 ;  Neall 

et al . 1 9 8 6 ;  Lowe 1 9 8 7 )  and only 1 2  orthopyroxenes were ident ified in 

the c ,  1 0 0 0  pyroxenes invest igated within the fine sand f raction of 

the Egmont reference data in this study . I f  the references cited above 

and the dat a  presented here a re representat ive of the mine ralogy of 

the Egmont volcano then orthopyroxene is  only a trace const ituent in 

tephras f rom this s ource . It is therefore probably very rare in distal 

tephras . In cont rast to the Egmont s ource orthopyroxenes a re the 

dominant maf ic mine ral in rhyolites and are common in andesites f rom 

the Taupe Volcanic Zone . A detailed comparison of the orthopyroxene 

chemical data from the Taupe Volcanic Zone and Egmont cent re (Froggatt 

1 9 82 ;  Hackett 1 9 8 5 ;  Lowe 1 9 8 7 ; this study) indicates that there is a 

limited discriminat ion between these two source areas . This compa rison 

has however ident ified significant t rends with respect to the 

relat ionship between MnO, FeO and MgO within the erupt ives from the 

Taupe and Tongariro centres . 

Most orthopyroxenes from the Taupe centre have MnO content s 

that t rend from c .  1 . 9% to 1 . 3 % as  MgO increases (Fig . 4 . 1 4 ) . This 

group is here referred to as high Mn orthopyroxenes .  In figure 4 . 1 4 

there is  however another t rend parallel to the high Mn o rthopyroxene 

t rend, with MnO between 0 . 4 % and 1 . 3 % . These are here referred to as 

the low Mn orthopyroxenes . The high Mn orthopyroxenes also have 

relatively higher FeO (En4 0-En5 5 > and lower cao, Al2o3 , MgO and Tio2 
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compared with the low Mn o rthopyroxenes .  This dichotomy of MnO data i s  

also ref lected i n  data f rom the Aokaute re Ash and its corre lat ive,  the 

Kawakawa Tephra Format ion of Howorth ( 1 9 7 6 )  . 

Froggatt and S o l l oway ( 1 9 8 6 )  att ributed the bimodal nature of 

the chemistry of the o rthopyroxenes in s ome Taupe centre e rupt ive s to 

ande s it ic contaminat ion but the orthopyroxenes in the reference 

material from the present study were separated from rhyolitic 

pumiceous lapilli that were collected f rom the middle of multiple 

s hower unit s . These factors combined with an as soc iation with glasses 

more acidic than those known from Tonga r i ro cent re andes ites (Appendix 

7 )  preclude an ande s it i c  origin . 

The o rthopyroxenes with low MnO have relat ively high enstatite 

content ( En5 0 -En7 5 ) and in those that have gla s s  inclusions the 

glasses are commonly dacitic (Appendix 7 ) . This chemical data suggest s 

that the low Mn orthopyroxenes formed in equilibrium with a magma of 

more basic composit ion than that with which they were erupted . The low 

Mn orthopyroxenes a re p resently known to occur in deposits from four 

format ions (Taupe , Hinema iaia , and Waimihia tephra formations and the 

Aokautere Ash ;  F roggat t  1 9 82 ; this study ) . Of the eleven ma j o r  

rhyolitic e rupt ions f rom t he Taupe cent re in t h e  last 2 0  ka these four 

a re t he largest ( Latter 1 9 8 5 ;  Lowe 1 9 8 6 )  . It is here suggested that 

whereas the smaller e rupt ions tap only the more evolved upper a rea of 

the magma chamber,  the larger eruptions ( i . e .  those with the more 

enstatitic o rthopyroxenes ) are derived from deeper levels in the 

system . The chemistry of t he orthopyroxenes and their as sociated 

glasses suggests that t he magma chambers associated with the rhyolitic 

e rupt ions f rom the Taupe centre may be zoned . 

The o rthopyroxene data from the soils indicates that within the 

f ramework of the potential sources considered here the orthopyroxenes 

originate mainly from e ither the Taupe or Tongariro cent res . The 

absence of evidence f o r  o rthopyroxenes from the Okataina cent re 

supports results obta ined f rom the glas s  chemist ry which showed that 

glas ses from Okataina are rare . The rarity of o rthopyroxenes with 

chemical characterist ics s imilar to those of Mt . Egmont may be a 

reflection of the grain s i ze used in this invest igation ( fine sand) as 



1 4 3  

Kohn and Nea l l  ( 1 9 7 3 )  record orthopyroxene f rom Mt . Egrnont sma l ler 

than this . Howeve r Tonkin ( 1 9 7 0 ) , Kohn and Nea l l  ( 1 9 7 3 ) , Franks ( 1 9 7 4 )  

and Neall e t  al . ( 1 9 8 6 )  support the f indings of this study, i . e .  

pyroxenes from Egrnont a re dominated by augite . Most of the 

orthopyroxenes from the soil plot within the fields of the high Mn and 

low Mn orthopyroxene ident ified in figure 4 . 1 5 .  The soil 

o rthopyroxenes which correspond to the high Mn o rthopyroxenes p robably 

originated f rom the Taupe cent re , but the low Mn orthopyroxene f ield 

ove rlaps with that of the Tongariro field so in these cases it is  not 

possib le to dif fe rent iate between the two sources . In the reference 

data f rom the Taupe cent re the low Mn o rthopyroxene group forms a 

relat ively sma l l  proport ion of " the total orthopyroxenes , whereas in 

t he soil this group is  a much greater proport ion of the orthopyroxene 

population analysed . It is here suggested that this enrichment is due 

t o  the addition of o rthopyroxenes from the Tongariro centre andes ites . 

CLINOPYROXENE : Clinopyroxenes are common in Egrnont erupt ives . 

Within the Taupe Volcanic Zone they are rare in the rhyolites and 

common in the andesites .  As in Lowe ( 1 9 8 7 )  it is only possible to 

confidently discriminate between Egrnont and Tongariro centre sourced 

material us ing CaO . Minor amounts of Cr are however common in Taupe 

Volcanic Z one c linopyroxenes and rare in those from Egrnont so Cr in 

c linopyroxenes probably indicates a Taupe Volcanic Zone source . Lowe 

( 1 9 87 ) showed that Tongariro sourced c linopyroxenes averaged wo42 

while Egrnont sourced material had wo45 . 

In  samples T 1 , T 5 ,  T2 4 and T2 5 the chemis t ry indicates that the 

clinopyroxenes are derived from both . Mt . Egrnent and Taupe Vo�banic 

Zone ( Fig . 4 . 1 6 ) . It is  not possible . t o  dist inguish between t he 

Tongariro and Taupe centres using clinopy�oxe� chemistry, howeve r 

clinopyroxenes are rare in rhyolitic t ephras cand :Ehere = ar��too many 

with Taupe Volcanic Z one signatures in sample�' -T2 4 :and
.
T2 5 for them 

all to be derived from the Taupe centre . It i s  therefore likely that 

some must be from Tongariro centre , pos sible derived f rom the 

Ngauruhoe volcano which began its present cone building phase c .  2 . 5 

ka B . P .  ( Latter 1 9 8 5 ) . 
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GLASSES : The Mt . Egmont volcano and the membe rs of the Taupo 

Volcanic Zone occur in two different tectonic sett ings (Cole 1 9 8 6 )  and 

have evolved along separate chemical l ineages (Nea ll et al . 1 9 8 6 ;  Cole 

1 9 7 9 ;  Reid and Cole 1 9 8 3 ;  Froude and Cole 1 9 8 5 )  . Whi le XRF analyses 

can cha racterise the chemistry of who le rock samples these represent 

only the less to mode rately evolved members of a series as the most 

evolved members a re represented by interst it ial glasses . These glasses 

require the microprobe for analys is . Microprobe analyses of glasses in 

rocks are consistent with the XRF dat a  of whole samples from the same 

suite and . clea rly extend the t rends t o  more highly evolved end po int s 

( Fig . 4 . 1 7 ) . Ut i l i s ing chemica l data from the two environment s ,  it can 

be shown that while t he Taupo Volcanic Zone erupt ives f o l low the 

basalt-andes ite-dacite-rhyolite lineage , those from Mt . Egmont are 

h ighe r in a l k a l i s  and f o l l ow a b a s a l t - t ra c hyande s it e - t ra chyt e - rhyo l i te 

t rend (Wallace et al . 1 9 8 6 ) . The two t rends plot in dist inct fields 

(Fig . 4 . 17 )  so mic roprobe ana lyses o f  glasses should dist inguish 

between these two sources . Recent data on the chemistry of glasses 

f rom tephras in lake sediments in Waikato ( Lowe 1 9 8 7 )  a re cons istent 

with t hese dist inct fields . Within t he Taupe Volcanic Z one the re a re 

several e rupt ive cent res and Froggat t  ( 1 9 8 3 )  has demonst rated that 

among the rhyolites , purniceous glasses e rupted from the Okataina 

centre are chemically dist inct from those erupted from the Taupo 

centre ( see also Lowe 1 9 8 7 )  . Addit ionally, while the < 1 0  ka e ruptives 

from Taupo (the Holocene Taupe erupt ive s )  a re indist inguishable from 

each other they a re chemically diffe rent t o  glasses of the Kawakawa 

Format ion ( i . e .  Aokautere Ash )  ( P . W .  F roggatt pers . comm .  1 9 8 4 ) . 

Within the given t ime frame (<2 0 ka ) it is  poss ible to use the 

chemical variations in FeO, CaO and K2 o to distinguish between 

rhyolitic glasses from the Okataina centre , the Holocene tephras from 

the Taupo centre , and the Aokautere Ash ( Fig . 4 . 1 8 ) . 

The clear glas s  f ragments in t he soil have chemi s t ries 

consistent with a Taupo Volcanic Zone source . In the lower third of 

the profile the glas s  composition is consistent with that of the 

Aokautere Ash and t here is a s ignif icant Aokautere Ash c omponent up to 
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sample T l O . Three data point s f rom T 6  are consistent with an Egmont 

source . A general increase in glas s  content towards the top of the 

prof ile begins at s ample T2 1 .  The glass in sample T 2 1  has a Holocene 

Taupo e ruptive signature and although the data set is smal l  there is 

no indication of glass from the Okataina cent re . Above sample T2 1 the 

glasses have mult iple sources with chemical signatures consistent with 

derivation from Holocene Taupo eruptives , the Aokautere Ash and 

perhaps the Okata ina cent re (sample T2 5 )  . The amount of glass above 

sample T2 1 with Aokautere Ash chemistry is significant and may 

represent the react ivat ion of Aokautere Ash glass by e ros ion in the 

landscape . 

DISSOLUTION TECHNIQUES 

Opt ical methods are not appropriate to invest igate mineralogica l 

t rends in the f iner f ractions and a lthough the mineralogy of the HCl 

and H2 SiF 6 soluble f ract ions cannot be precisely ident ified, 

variat ions in amount s of this fract ion are informat ive . The pre­

t reatment of the samples removes most amorphous materials so the HCl 

soluble port ion is thought to be dominated by micas + mafic minerals 

with the H2 S iF 6 s oluble fract ion dominated by feldspars + glass . The 

unreactive res idue i s  quartz except for four samples in the S-2 � 

fract ion where cristobalite occurs ( sample 3 has 4 %  and samples 

T2 4 and T2 5 have approximately 1% cristobalite ) . 

Coarse S ilt : The HCl soluble fract ion ( Fig . 4 . 1 9 )  decreases at 

samples T3 and T8 and in the top 70 cm (but particularly the top 5 0  

cm) . There may also b e  a tendency to decrease s light ly up the profi le . 

The H2 S iF 6 soluble f raction decreases s lightly in T 3  and T8  and 

excepting sample T 2 5  there is  a reduction towards the t op of the 

profile . Quart z dist ribution emphasises the
.
Aokaut e re Ash and tends to 

be reduced in the t op 9 0  cm . 
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Medium Silt : In the medium silt ( Fig . 4 . 1 9 )  the HCl soluble 

fract ion drops s i gnif icant ly in the top 60 cm . The trends of the 

H2 S iF 6 soluble material and quart z both highl ight the Aokautere Ash 

and a re relat ive ly uniform or increase s l ight ly up the prof ile . 

Fine Silt : Only the quartz content was determined in this 

fract ion and it is  reduced at the level of  the Aokautere Ash and 

increases up the profile becoming irregu l a r  in the top third (Fig . 

4 .  1 9 )  . 

MAJOR AND TRACE ELEMENT CHEMISTRY OF THE SOIL 

1 5 1  

The sand f ract ion and whole soil were analysed (Appendix 6 )  with 

the objective of dete rmining chemical variat ions in soil parent 

mate r ials in orde r to provide some evidence of t rans locat ions due to 

pedogenic proce s ses . The carbon, and to a s ignificant degree ,  water 

contents ,  are later addit ions to the prima ry parent material and as  

t hese are incorporated in the loss on ignit ion ( LOI ) in the ma jor 

e lement analyse s the plott ing of the data is  on a LOI free basis with 

t he data normal ised to 1 0 0 % . Adjust ing t he analyses in this manner 

ignores some primary water bound in micas ,  amphiboles and glasses but 

this i s  a relat ively minor component . No s uch adjustment s we re made 

f o r  t he trace e l ements .  
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MAJOR ELEMENTS 

S io2 : The Sio2 content of the who le soil is re lat ive ly constant 

(Fig . 4 . 2 0 )  except for a s l ight reduction at samples TS and T 6  and the 

rise in the top 4 0  cm . Sio2 in the sand f ract ion is more variable with 

low va lues for the Aokautere Ash and a rise to sample T8 . The decrease 

at T 9 -T 1 0  is small but is  significant as  it mimics changes in the rest 

of  the ma j o r  element s .  There is also an increase in Sio2 at T 2 0 -T2 2 . 

Al2Q3 : The soil Al2o3 content (Fig . 4 . 2 0 )  inc reases at the 

Aokautere Ash (T3-T7 ) and the "clay bulge " (T2 0 -T2 1 ) . There are t rends 

of inc rea s ing aluminium up to T2 0 -T2 1 and reducing aluminium above 

this leve l . The aluminium content of the sands has a maximum at the 

Aokautere Ash, gradually reducing to sample T8 , a slight increase at 

T l O  and a dramat ic reduction in the top 6 0  cm . 

T io2 : In the top of the soil profile Tio2 (Fig . 4 . 2 0 )  has a 

distribut ion similar to Al2o3 , rising with depth to a maximum at 

sample T2 0 .  At the level of  the Aokautere Ash however Tio2 is  at a 

minimum . The Tio2 dist ribut ion in the sand fract ions indicates 

increa sed va lues at samples T5-T6 and T 9 - T 1 0  but reduced values at 

T 1 9-T2 1 .  

Tot a l  I ron : This element is expres sed by calculat ing total i ron 

as Fe2 o3 . As a consequence of the va riable distribution of i ron 

conc re t ions in the soil,  iron is highly variable (Fig . 4 . 2 0 ) . Soil 

i ron increases from the surface reaching a maximum at the base of the 

Btgl ( sample T2 1 )  and is higher than background at the base of the 

Btg2 ( T 1 8 -T1 9 )  and into the fragipan ( T 1 6 -T17 ) ,  even perhaps down to 

s ample T 1 3 . The iron content of the Aokautere Ash is low but there is 

a slight increase at sample T S . The iron content in the sand f ract ion 

is a l s o  variable with small peaks at T 3 ,  T S ,  and perhaps T l O  and 

t rough at T2 0-T2 1 . There are relatively h igher iron values in samples 

T2 3-T2 5 .  
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MqO : The soil MgO content ( Fig . 4 . 2 0 )  shows a dramatic drop at 

the Aokaute re Ash and also between 4 0  and 7 0  cm depth . It is unifo rm 

above 4 0  cm . I n  the sand fract ion there is an increase in samples TS 

and T9-T1 0 ,  a decrease in sample T 2 0  followed by increas ing values to 

a high plateau in the topsoil . 

CaO : The soil CaO va lues diminish from the basal samples to 

sample T2 0 ,  with s light increases at T3, TS and T l O . There is a 

general increase in calcium in the soil from sample T2 0 to the 

surface . This increas ing calc ium content in the surface sample could 

be due to the addit ion of lime or superphosphate , however the sand 

a l so shows a high CaO content (pre -treatment of sand samples involved 

an acid wash ) and the mineralogical evidence indicates increas ing 

ca lcic mine ral s  in the top of the profile . Fert iliser and lime 

influence on CaO levels ( and P205 levels ) is therefore discounted . The 

sand fraction CaO levels parallel the soil CaO in t he cent ral port ion 

of the loess but towa rds the base samples T3 and TS have increased 

calcium and the top s amples ( T2 2 - T2 5 )  have high CaO contents . 

Na2Q :  The Na2o values are s imilar for both the sand fract ion and 

total soil except for ( a )  the inf luence of the Aokautere Ash ,  which 

has higher values in the sand f ract ion and (b)  the t op 5 samples where 

the sand fract ion is lower (Fig . 4 . 2 0 ) . 

!2Q :  Except for at the leve l of the Aokautere Ash where the K2o 

level in the s and fract ion and the total soil are the same , the t rend 

of the sands paralle l s  that of the soil (Fig . 4 . 2 0 ) . The trends are 

relat ively uniform but for a s light increase in samples T9-Tl 0 and a 

generally lowe r  K2o content above sample T 1 8 ,  pa rticula rly evident 

above samples T2 0-T21 . 

Los s  on Ignition ( LO I )  : The LOI for the sand f raction reflect s 

water bound i n  hydrous minerals and is  relatively l ow and uniform 

except at the Aokautere Ash level where the wate r  in the glass reached 

3 . 9% ( Fig . 4 . 2 0 ) . The top samples ,  T2 1-T2 5 ,  have s ignificantly lower 
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LOI (wate r? ) levels . The LOI component in the total soil samples is 

dominated by the carbon supplied by t he organic matter in the top soil 

and water a s sociated with clay mine ra l s  in sample s T2 0 -T2 1 . 

�2Q5 : Phosphorus forms only a minor component of the sand 

f raction and in the t otal soil samples has a dist ribut ion profile 

typica l of the yellow-grey earths with high phosphorus in the topsoil 

but much lower value s  in the Btg hori zons (Fig . 4 . 2 0 ) . The P2o5 

content then increases to a relat ive ly uniform level in the C horizon . 

The Aokautere Ash is notably lower in phosphorus . 

Total Soil Phosphorus : The dist ribut ion of total soil phosphorus 

(Walker and Adams 1 9 5 8 )  at 5 cm inte rva ls in the top of the profile is 

s imilar to the trend in soil P2o5 ( se e  Appendix 1 0 )  . 

TRACE ELEMENTS 

Vanadium : In the sand fraction t he V values are relat ively 

constant with decreases at samples T 3 -T4 and T20-T21 (Fig . 4 . 2 1 ) . In 

the soil t he V content is low in the Aokautere ash but above the ash 

there is a gradual bui ld up in V to s ample T2 1 then a cont inuous 

reduction to the surface . 

Barium : The Ba distribut ion for the sands and soil a re generally 

s imilar although the s oil has s l ight ly higher values for most of  the C 

horizon (Fig . 4 . 2 1 ) . The Ba increases at the Aokautere Ash and there 

is a systematic reduction in Ba leve l s  above sample T17 . The Ba 

content of the sand f raction in T 1 7  increase dramatical ly . The Ba 

content of the sand a lso increases in T 9 . 



T25 

T24 

T23 

T22 
T21 

T20 

T11 

T11 

T17 

T11 
. 
T15 

T14 

T13 

Tl 
Tl 
T7 
Tl 
T5 

T4 

T3 

T2 

T1 

Ah 

ABg 

BAg 

Btg1 

Btg2 

Cxg 

Cwg1 

2C 

Cwg2 

m 
0.1 

0.3 

.5 

0 .75 

1 .55 

2.21 

2.34 

9102 AI203 

70 80 8 5  8 10  12  14 16  
Weight % of Total Sample Weight % of Totel Sample 

Figure 4 . 2 0 1  D i s tr ibu t i on o f  the ma j or e l emen ts in the sand f r a c t ion ( o )  and t o t a l  s o i l ( o )  o f  the 

Tokomaru s i l t  loam . 

1-' 
1..11 
1..11 



T25 

T24 

T23 

T22 

T21 

T20 

T11 

T18 

T17 

T11 • 
T15 

T14 

T13 

T12 

T11 

T10 

Tl 

T8 

T7 
Tl 
T5 

T4 

T3 

T2 

T1 

Ah 

ABg 

8� 

Btg1 

Btg2 

Cxg 

I 

CWg1 

2C 

Cwg2 

m 
0.1 

0.3 

.5 

0.75 

1 .55 

2.21 

2.34 

� 

1 2 4 
Weight % of Tot1l Sample 

F i gure 4 • 2 0  c on t i nu ed 

Fe203 

5 0 0.5 1 .0 
Weight

· % of Tot1l Sample 

M gO 

..... 
V1 
0'1 



T25 

T24 

T23 

T22 
T21 

T20 
T11 
T11 

T17 

T11 
. 
T15 

T14 

T13 

T12 

T1 1 

T10 

Tl 
Tl 

T7 
Tl 

T5 

T4 

T3 

T2 

T1 

m 
Ah 

0.1 
ABg 

BAg I 0.3 

Btg1 

lA .5 

8tg2 

� .75 

Cxg 

. 55 

Cwg1 

. . .21 
2C 

. . .34 
Cwg2 

0.5 

Figure 4 . 2 0 z  cont inued 

1 .5 
Weight % of Totel Sample 

CeO 

2.0 0.2 0.4 0.6 
Weight % of Total Sample 

no2 

0.8 

� 
V1 
..... 



T25 

T24 

T23 
T22 
T21 
T20 
T11 

T11 

T17 

T11 

T15 

T14 

T13 

T12 

T11 

T10 

Tl 
Tl 
T7 
Tl 

T5 

T4 

T3 
T2 

T1 

m 
Ah 

0.1 
ABg 

BAa 1 0.3 

8tg1 

.5 

8tg2 

Cl .75 

Cxg 

. 55 

CWg1 

. . 21 
2C 

. • 34 
Cwg2 

2 

Figure 4 . 2 0 t cont inued 

N120 

4 1 

Weight % of Totll S.mple 

3 
Weight % of Tot1t Sllmple 

..... 
V1 
CX) 



T25 

T24 

T23 

T22 
T21 

T20 

T1t 

T11 

T17 

T11 

T15 

T14 

T13 

T12 

T1 1 

T10 

Tt 

Tl 

T7 
Tl 

T5 

T4 

T3 

T2 

T1 

Ah 

Alg 

BAg 

ltg1 

8tg2 

Cxg 

Cwg1 

2C 

Cwg2 
-

m 
0.1 

0.3 

lA .5 

Cl .75 

. 55 

. ' 21 

. ' 34 

Fi gure 4 . 2 0 : cont i nued 

LOI 

5 10 15 

Weight •;. of Totel Sample 

P205 

0.1 0.2 0.3 
Weight % of Total Sample 

...... 
V1 
1.0 



1 6 0  

Manganese : In the sands the Mn is relatively uniform except for 

increased values at the Aokautere Ash and in the top four samples 

( F ig .  4 . 2 1 ) . Va lues in the soil a re more variable with significant 

increases in Mn content at samples T2 , T l O  and in the top three 

s amples .  

Zirconium : Z i rconium is an important t race element and as it is 

ma inly concent rated in the highly stable phase zircon , Zr is often 

used as an index of weathering assuming that the pa rent materials were 

originally uniform in Z r  content . The Zr content s of the sands are 

ve ry uniform except for increased va lues at the Aokautere Ash and in 

the top of the profile . In the soil,  Zr is  uniform for most of the 

f ragipan , excepting the low values at the Aokautere Ash ,  but there is 

a decrease in the very top of the fragipan and Btg2 and an increase in 

s amples T22-T2 4 ( Fig . 4 . 2 1 ) . 

Ytt rium :  Ytt rium distribut ion in the sand fraction is uniform 

except for the increase in the Aokautere Ash (Fig . 4 . 2 1 ) . The 

distribution in the soil however shows no relationship to soil 

bounda ries and increases gradual ly to a maximum in sample Tl5 then 

diminishes to a re lat ively low value below sample Tl l .  

PHYTOLITHS 

The yield of phytoliths from the soil is low ( c .  0 . 5% )  with 

s lightly higher yields in the upper samples (T22-T2 4 )  . The phytoliths 

have low refractive indices (approximately 1 . 45 )  and a lthough most are 

c lear and t ransluscent there are pale brown variet ies and occasionally 

f ragments with a pale green or pink irides cence s imilar to that of 

p recious opal . 
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There i s  a wide variety o f  mate ria l concent rated in the low 

density fract ion but only the biogenic opal is  reported here . 

Microfossils a re common and sponge spicules dominate some samples . 

There is no established nomenclature to cove r the cons iderable range 

in phytolith shapes so purely descriptive terms have been used . 

Prismatic and t abular forms (Fig . 4 . 22 )  are common ,  frequent ly 

serrated ( with pointed or rounded serrat ions ) ,  or are ribbed, or have 

rows of  turret s .  Microspheres are common (Fig . 4 . 2 2 ) and are composed 

of spheres approximately 10 � in diameter that appear to be 

concent rically zoned in t ransmitted light . Also common is a f lower­

shaped variety (Fig . 4 . 2 2 )  which has a rough lobate out l ine (Fig . 

4 . 2 2 ) . Rarer shapes include those like bicycle seat s (Fig . 4 . 2 2 ) , 

smooth rounded forms (Fig . 4 . 2 2 ) , j igsaw puz z le pieces , hour glas s ,  

discs , and kidney or sausage forms (depending on the length/width 

rat io)  . 

A comparison of the phytolith assemblages in the top and base of 

the profile ( Fig . 4 . 2 3 )  indicated that there were large di fference s ,  

s o  the relat ive proportions o f  the various shape s were quant ified 

(Table 4 . 2 )  and the dist ribution plotted (Fig . 4 . 2 4 ) . This shows that 

above sample T 1 9  the re is  a s ignificant reduct ion in the microfossils  

and spicules and concomitant increase in  the flower and microspherical 

shape s . The t abular and prismatic shapes show l itt le change in the 

same interval . Furthe r ,  it was apparent during opt ical scanning of the 

samples that s amples T 1 9  and T2 0 had much more f ine grained, 

irregular, nondescript debris compared with the rest . 

The beech and tawa vegetation and the two peats all gave good 

phytol ith yields . The beech phytoliths are relat ively uniform being 

composed of 1 0  � diameter microspheres which the e lect ron microscope 

shows to be semi-spherica l bodies composed of even smalle r  sphe res 

(approximately 3 0 0 0  A in diameter,  Fig . 2 . 2 5 ) . Tawa vegetation has a 

range of phyt o l ith shape s . S ome have multi-ribbed shapes but the most 

common shape is  a smooth rounded "eye" with or without an outer she l l  

(Fig . 4 . 2 5 ) . I n  t ransmitted l ight some of these "eyes" are 

concentrically zoned and have apparently formed by the growth of 

additional she l l s . The other vegetation species ( kahikatea , rimu , and 
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2 0 m i c r o n s  

F i g u r e  4 . 2 2 : Typ i ca l phy t o l i ths ex t r a c ted f r om t h e  Tokomaru s o i l .  
( a )  p r i sma t i c , tabu lar , m i crospheres : ( b )  m i crospheres , 
( c )  f lower s h ape ( i n transmi t ted l i ght ) :  ( d )  extern a l 

morpho logy of the f lower s hape s howi ng the r ough loba t e  
ou t l i n e :  ( e )  smooth sur f aced f orm : ( f )  bicycle seat form . 
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1 0 0  m i c r o n s  

F i g u r e  4 . 2 2 :  c o n t i n u e d  

( c )  f lower s hap e ( in transm i t ted l i g h t ) ;  ( d )  ex tern a l  

morphology o f  t h e  f l ower s h a p e  s howi ng t h e  rough lobate 

ou t l i n e . 
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2 0  m i c r o n s  
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3 0  m i c r o n s  

F i gu r e  4 . 2 2 :  con t in u e d  

( e )  smoo th s u r faced f orm ; ( f )  b i cy c l e  s e a t  form . 
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Figure 4 . 2 3 :  Gener a l  v i ew o f  the low den s i ty f r a c t ion from T 2 3 ( a ) 
and T l 8 ( b ) .  Th i s  f r a c tion of T2 3 i s  dom inated by phyto l i ths 
in c on tr a s t  wi th T l 8  wh i ch i s  dominated by sponge spicules 
and m i ca f lakes . 
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RELAT I VE % B I OGEN I C  S I L ICA 

F i gure 4 . 2 4 :  Relat ive d i s tr ibution o f  the more common forms of 
b i ogen i c  s i l i ca between 1 0  and 90 cm dep th in the Tokomaru 
s i l t  loam . 
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Figure 4 . 2 5 :  P�yto l i ths ex trac ted f r om vege t at ion . ( a )  Round 
phy t o l i th s  from beech vegeta t i on .  Thes e a r e  composed 
of sma l l  spher i c a l  bodies wh ich are l e s s  than one 
m i c r on i n  d iameter 1 ( b )  tawa phy to l i th s  w i th an ou ter 
s h e l l  a n d  a cen tr a l  bu lge . 
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Tab l e  4 .  2 :  Re lative propor t i ons of the various s hapes iden t i f i e d  i n  

t h e  low den s i ty f r a c t i on f r om the Tokomaru s o i l .  

S amp l e  T 1 7  T l 8 T l 9  T2 0 T2 1 T 2 2  T2 3 T2 4 
M i c r o sp h e r e s  0 . 5 1 0 . 4 9 3 . 7 2 8 . 2 2 2 3 . 7 0 3 5 . 8 2 2 5 . 7 0  4 9 . 0 4 
Tabu l a r  2 . 0 5 3 . 2 5  l .  1 2  3 . 1 8 5 . 9 6 4 . 1 5 3 . 7 5  3 . 6 5 
P r i sma t i c  2 4 . 1 7 2 2 . 8 9 1 8 . 9 6  1 3 . 2 7 1 2 . 9 7 8 .  1 3  9 . 3 8 1 1 . 3 0 
S ea t  0 . 7 7 0 . 6 5 l .  8 6  0 . 5 6 l .  0 4  l .  0 0  l .  1 3  l .  0 4  
F l ower 0 . 6 4 l .  4 9  5 . 6 1  1 4 . 9 0 2 2 . 3 9 2 7 . 2 0  1 2 . 8 7 

K i d n e y  0 . 6 5 0 . 1 9 0 . 3 0 0 .  1 7  
Other s +  9 . 8 5 6 . 3 3 5 . 5 8 9 . 9 1  9 . 3 9 8 .  62 1 9 . 8 9 1 1 . 3 0 
M i c r o f o s s i l  2 . 0 5 2 . 9 2 4 . 8 3 2 . 9 9 0 . 6 0 0 . 8 3 l .  5 7  
S p i c u l e s 5 0 . 2 6  5 2 . 7 6 4 4 . 9 8 5 3 . 0 8 2 8 . 3 2 1 6 . 5 8 1 1 . 2 6  7 . 3 0 
O t h e r s *  7 . 9 2 1 0 . 3 9 1 7 . 1 1 2 . 9 9 2 . 8 3 2 . 4 9  l .  6 9  l .  9 1  

+ O t h e r  f o rms of phy to l i  t h s . 

* O t h e r  m i n e r a l s  iden t i f i e d  ( e . g  . m i cas , g la s s ) .  
• 
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tota ra ) did not yie ld phytol iths but did yield signif icant mine ral 

matter (ma inly qua rt z and feldspars ) and diatoms when the fol iage was 

washed . 

The beech peat conta ined a phytolith populat ion that was 

dominated by microspheres ( Fig . 4 . 2 6 )  whe reas the podocarp peat has 

tabular and prismatic forms t ogether with many forms very s imilar to 

the f lower shapes in the s o i l  (Fig . 4 . 2 6 ) . 



a 
1 0  llm 

b 
2 0  lJm 

F i g u r e  4 . 2 6 :  Typ i c a l  phyto l i ths ex tracted f r om peats . 
( a )  C o r r oded microspheres f r om a pea t dom inated by 
beech p o l len .  ( b )  A knobb ly form ex tracted f r om a peat 
dom in a te d  by mixed p odocarp po l len . 

1 7 1  
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DISCUSSION 

TEPHRA IN THE OHAKEAN LOESS IN THE MANAHATU 

Although t he Ohakean loess in the Manawatu is dominated by 

qua rt z  and feldspa r ,  there are st rat igraphic levels at which there are 

increased amoun t s  of  minerals that c learly derive from volcanogenic 

source s . Cowie ( 1 9 6 4 )  demonst rated that the loess in the Manawatu was 

formed from s i l t s  b lown off the ma j o r  rive r aggradat ional surface s ,  so 

any volcanogenic material in the Tokomaru soil could feas ibly be blown 

in as loess . The sources of the sediment s on these aggradat ion 

surfaces include ( 1 )  greywackes from the Tararua and Ruahine range s ,  

and ( 2 ) the P l io -P leistocene sediment s ,  (plus o lder terrace coverbeds ) 

from t he Dannev irke-Pahiatua and Manawatu regions . All of these 

contain volcanogenic materials (Te Punga 1 9 5 3 ;  Kingma 1 9 62 ,  1 9 6 7 ; 

Milne 1 9 7 3 ;  Suggate et al . 1 97 8 ;  Roser 1 9 8 3 ;  Marden 1 9 8 4 ) . The 

volcanogenic material in the greywackes however is usua l ly at least 

s lightly weathered (Roser 1 9 8 3 ;  Marden 1 9 8 4 )  and the ashes in the 

P lio-P leistocene sediments and older t errace cover beds are frequent ly 

pumiceous . Thus these types of volcanogenic materials are probably not 

sufficiently robust to withstand ma j o r  rive r t ransportat ion and 

abrasion . Furthermo re,  Lithgow ( 1 9 8 6 )  did not report glass in the 

present Manawatu River sediment s .  The vol canogenic grains ident ified 

in the soil a re inconsistent with t ransport that would produce 

s ignificant abras ion because they f requently have glass selvedges and 

euhedral out line s . Thus the pulses of volcanogenic material described 

in the soil a re interpreted as being derived from late Quaternary 

North I s land tephra s . 

Tephras a re a common feature o f  t he coverbed st rat igraphy of the 

North I sland, p roducing excellent chronost rat igraphic unit s  that 

provide reliable markers for correlat ion between regions (e . g .  
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Aokautere Ash i n  loesses of the Rangitike i ,  Manawatu, Wa ira rapa and 

Wairau valleys and West land) . The eruption that produced the Aokautere 

Ash was particularly large and the ash is usually wel l  preserved so 

there is l ittle doubt about its ident i f ication (Cowie 1 9 6 4 ;  Mew et al . 

1 9 8 6 ) , but it can also appear as  grains dispersed in loess (Neall et 

al . 1 9 8 3 ) . Sma l ler tephras fall as  light dust ings in distal regions 

and will be mixed to a greater or les se r  extent with the mate rial at 

the surface on which they fall . To ut i lise the chronost rat igraphic 

potent ial of these dust ings it is important to establish if this 

mixing is s ignificant . 

Tephra P reservat ion : The C hor i z ons of the Tokomaru soil 

accumulated during the last stadial , when the - environmental conditions 

of the last Glacial were most seve re ( CLIMAP 1 9 7 6 ;  Thompson 1 9 8 1 ;  

Pede rsen 1 9 8 3 ;  Stewart and Neall 1 9 8 4 ;  McGlone 1 9 8 5 )  . Climatic 

condit ions throughout this period we re probably much drie r ,  windier 

and colde r t han at present (Fleming 1 97 0 ;  McGlone et al . 1 9 7 8 ;  McGlone 

1 9 8 0 ,  1 9 8 5 ;  S a linger et al . 1 9 8 5 ; Soons 1 9 7 6 ) . This is supported by 

the palynologic a l  evidence which indicates that the flo ra was 

dominated by grasses with rare Nothofagus and shrubs (Mc intyre 1 97 0 ;  

McGlone and Topping 1 9 8 3 ;  Lewis et al . 1 9 8 5 ) , particularly in exposed 

locat ions . Under these condit ions the range of soil biota may have 

s ignificant ly contracted ( Lee 1 95 9 ;  Ros s  1 9 8 4 )  and activity suppressed 

( Lee 1 9 6 8 ; Spa rling et al . 1 9 8 6 ) . It is suggested that the re would 

have been very l ittle biological activity in the surface layers that 

were accumulat ing at this time . This is cons istent with the lack of 

bioturbat ion o f  t he Aokautere Ash ,  part i cularly the very fine base , at 

its t ype section . An environment of a rathe r  restricted f lora and 

min imal fauna is in accord with the findings of Birrell and Pullar 

( 1 97 3 ) , who demonst rated that palaeosols which developed in the 

cent ral North I sland at this time were only s light ly weathered . 

Further,  Mci ntyre ( 1 9 7 5 )  and Blakemore ( 1 9 8 4 )  demonstrated that 

phosphorus in t he C hori zons of t he Tokomaru soil is dominated by 

inorganic P a l s o  indicat ing weak weathe ri ng . In addit ion , the clay 

mineralogy, e spec ially t he absence of interstrat ified c lays in the Cxg 

and Cwg horizons (Pollok 1 9 7 5 ) , -can be interpreted to indicate minimal 

weathering . I t  i s  the refore concluded that during the last stadial 
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there was very little pedological act ivity at the surface o n  which any 

ash fell and that below c .  60-7 0  ern there was minimal post­

depos itiona l redistribut ion of ash in t he loes s . 

In the top of the profile there a re indicat ions of more 

prono unced biological act ivity and thus a greater potent ial for 

mixing . In the top c .  SO e rn  the volcanogenic component is high and 

re lat ively uniformly distributed rathe r than in pulses . This 

unif o rmity could ( 1 )  ref lect homogenisat ion by pedological processes 

( 2 )  indicate an increased rate of tephric addition and/or ( 3 )  ref 1ect 

a reduction in the loess accumulation rate . The preservation of qua rt z 

granules in planes parallel to the soil surface and the irregular 

variat ions in depth of changes in mine ra l ogical and chemical t rends 

indicate that the Ah to Btgl horizons have not been significantly 

homogenised and that some of the original st rat igraphy may be 

prese rved, as  shown for example by va riat ions in XRF analyses (Figs . 

4 . 2 0 ,  4 . 2 1 ) , HCl soluble fract ions (Fig . 4 . 1 9 ) , grain s i ze ( Fig . 4 . 2 )  

and mineralogy (Figs . 4 . 4  - 4 . 12 ) . The change at S O  ern i s  sudden 

rather than gradual . Many parameters indicate that there i s  litt le 

mixing across this boundary, yet there i s  no impediment t o  root 

penet rat ion at this level e . g .  grain s i ze distribution (Fig . 4 . 2 )  and 

bulk dens ity values ( S cotter et al . 1 9 7 9 )  are similar across this 

z one . 

It is concluded that there has been little trans location or 

mixing of volcanogenic materials ,  part icularly below 50  ern . The levels 

o f  the samples with a higher volcanogenic component are taken as  the 

l evel at which individual tephras were depos ited . Using this criterion 

t he minera logical dat a  ident ify tephric addit ions to the loess at the 

l evel of samples T S ,  T 9 -Tl 0 ,  Tl3,  T l 4 ,  and T2 1 to T2S (ma inly T22 to 

T 2 S }  a s  wel l  as sample T3 (the Aokautere Ash )  . The mineralogy is also 

reflected in the sand chemistry with higher than background leve l s  of 

T io2 , reflect ing increased hornblende , c linopyroxene , and 

t itanornagnet ite content ; higher MgO and FeO reflecting increased 

pyroxenes and hornblende content ; higher CaO reflecting increased 

plaqioclase and c linopyroxene content ; decreas ing Sio2 and increas ing 

Al2o3 and alkalis ref lect ing the presence of rhyolitic glas s ,  and 

h igher K2o reflect ing increased hornblende and glass content ( see Fig . 

4 .  20 ) . 
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IDENTIFICATION OF TEPHRA SOURCES 

The s ources for these tephric additions are the andesit ic 

centres of  Egmont and Tonga riro and the rhyolitic Okataina and Taupe 

centre s ,  but unless one of the more unusual minera ls from any of these 

sources is identified in the soil (e . g .  abundant cummingtonite 

indicat ing a source in the Okataina Volcanic Centre ) , mineralogy alone 

cannot uniquely ident i fy a source ( Table 4 . 1 ) . The relat ive 

proport ions of mineral s  can neverthele s s  give an indication of s ource . 

For example significant hornblende ref lects an Egmont cent re s ource ; 

s igni f icant orthopyroxene indicates a Taupo Volcanic Zone s ource ; 

s ignif icant clinopyroxene or opaques indicate an andesit ic source and 

incre a sed t rans luscent glass content reflects a rhyolit ic source . The 

tephra addit ions to the soi l have been init ially class ified a s  to 

s ource on this basis ; T S ,  T9,  T 1 3  and T2 1 -T25 have andesitic addit ions 

while T 3 ,  T 1 4  and T2 1 -T25 contain rhyolitic ashes . 

When mineralogy is  used in con junction with mineral chemis t ry 

however ,  it is pos s ible to uniquely ident ify sources . Ut ilising the 

chemi s t ry of the amphiboles it is poss ible to discriminate between 

Egmont and Taupo cent res ,  and where amphiboles form a significant 

component of the profile ( T S ,  T 6 ,  T 9 ,  T l O , T 1 3 ,  T2 1-T2 5 )  they are 

usually from the Egmont cent re (Fig . 4 . 1 3 ) . The except ion is s ample T3 

which has a Taupo cent re source . There are also rare amphiboles in 

sampl e s  T21  and T2 5 which have demonst rable Taupo cent re chemi st ry . 

The chemist ry of clinopyroxenes from selected samples in which 

they a re more common ( e . g .  T 3 ,  T S ,  T2 4 ,  T2 5 )  indicate that they 

originate f rom both the Taupo Volcanic Zone and Mt . Egmont ( F ig . 

4 . 1 6 ) . The clinopyroxenes in s ample T3 are consistent with those f rom 

the Aokautere Ash but the c linopyroxenes in the remaining s amples 

predominant ly o riginate from Mt . Egmont . It is  not pos s ible t o  

ident i f y  a specific cent re f rom within the Taupo Volcanic Z one us ing 

the chemis t ry of the c linopyroxenes ,  however clinopyroxenes a re rare 

in rhyol ites s o  soil samples with a high p roportion of c linopyroxenes 

are unl i kely to be derived f rom rhyolitic e rupt ions . In the t opsoil ,  

c linopyroxenes with Taupo Volcanic Zone chemistry are relat ively 

common, so some are most likely derived from andesitic sources ,  
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probably the Tonga riro cent re . This would be consistent with reports 

of ashes f rom Mount Ruapehu (Tongariro cent re ) reaching Wel l ington in 

historic t imes (Latter et al . 1 9 8 1 ) . The data on clinopyroxene s f rom 

T 9 ,  T 1 0 ,  T 1 3 ,  T 1 4  and T2 1 -T2 3 indicate that these are divided between 

an Egmont and Taupe Vo lcanic Zone sources . 

O rthopyroxenes a re rare in the sand grain s i ze in tephras f rom 

Mt . Egmont and examples with Egmont chemist ry are rare in the Tokoma ru 

samples ( 3  o rthopyroxenes in samples T22 and T2 5 have an Egmont 

chemistry) . Further ,  orthopyroxenes with an Okata ina cent re chemi stry 

are absent , which is to pe expected as  glass grains with an Okata ina 

s ignature are rare . Most of the orthopyroxenes analysed plot on t rends 

consistent with e ither a �aupo or Tongariro cent re source and preserve 

the separat ion into low Mn and high Mn variet ies ident ified in the 

section on results ( Fig . 4 . 1 4 ) . The high Mn o rthopyroxenes are de rived 

from t he Taupe cent re but t here is overlap between the Taupe cent re 

low Mn orthopyroxenes ,  and Tongariro orthopyroxenes .  In the reference 

tephras f rom the Taupe centre there was a greater proport ion of h igh 

Mn orthopyroxenes compared with the low Mn o rthopyroxenes but in the 

Tokoma ru samples these groups a re approximately equally represent ed .  

I f  the analysed grains from the soil are a reasonable representat ion 

of the total soil population then there is an excess of low Mn 

orthopyroxenes and s ome a re de rived from Tongariro . 

The analyses of  the glasses in the soil indicate that but for 

rare e xcept ions ( in T6,  T24  and T2 5 )  they a re rhyolitic and there fore 

from t he Taupe or Okataina cent res . The mineralogy demonst rated that 

rhyolitic glass is a significant component of the loess for up to 4 0  

cm ( sample T8 ) above the Aokautere Ash and this is supported b y  the 

reduced S io2 and increased Al2o3 in the sand fract ion above the Ash . 

Microprobe analyses of the glass grains demonst rate that the glas s  up 

to T8 and even t race amounts of glass up to T13 has a chemical 

signature identical to that of  the Ash . It is known that the 

compos it ions of the glasses in the rhyolit ic erupt ives from the 

central North Island are cyclical ( P . C .  Froggatt pers . comm . ; B . J .  

Pillans pers . comm . ) and that it is  possible to have glasses with 

chemistries equivalent to t he Aokautere Ash in older rhyolitic 

tephras . The simplest explanation is however ,  that this glass 

represents grains o f  Aokautere Ash blown in as loes s . 
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Based o n  the presence of glas s ,  obsidian, o rthopyroxenes ,  

opaques and iron content of the sand fraction , s ample T 1 4  was 

ident i f ied as cont aining rhyolitic tephra material . Only three gra ins 

of gla s s  we re ana lysed from T 1 4  so t he data set is unacceptably small 

but the glass compos ition is s imilar to that e rupted from the Okataina 

centre . 

The chemistries of the glasses in samples T2 1 to T25  are highly 

variable with (Fig . 4 . 1 8 ) : 

( 1 )  the Holocene Taupo cent re s ignature common in all samples ,  

( 2 )  s ample T2 1 and perhaps T 2 5  have glass chemistry consistent with 

the Okata ina cent re although the data set is sma l l ,  

( 3 )  s amples T 2 Z  t o  T2 5 contain a significant amount of glass with 

an Aokautere Ash signature . 

There are no known erupt ions since the Aokautere Ash with a 

similar chemistry, ( Latter 1 9 8 5 ;  Froggatt and Solloway 1 9 8 6 ) , so the 

recurrence of glass with this chemi stry probably reflects the 

react ivat ion of the Aokautere Ash glass in the landscape due to 

erosion, although react ivation of o lder tephras with similar chemist ry 

cannot be p recluded . 

Us ing the above chemical parameters (together with mineralogy) 

it is pos s ib le to identify the sources of the tephra addit ions to the 

loess . T3 is Taupo cent re ; T 5 ,  T9 and T13 are from the Egmont cent re ; 

T14 is  from the Okataina cent re and T2 1-T2 5 are mixed Tonga riro, Taupo 

and Egmont cent res . 

TEPBRA CORRELATION 

( i )  Andesitic : Potent ially the andesitic addit ions from Mt . 

Egmont can be correlated with spec ific eruptions . Post -Aokautere Ash 

isopachs of Mt . Egmont tephras indicate that there is a lobed 

distribut ion to the southeast ( Franks 1 9 8 4 )  . In the Manawatu and 

Taranaki regions the wind is from the north to west quadrant for c .  

5 5 %  of the t ime at a height corresponding to the summit o f  Mt . Egmont 

and increases to c .  7 5 %  of the t ime at 1 6  km height ( Reid and Penny 

1 9 8 2 ) . Larger eruptions from Mt . Egmont might the refore be expected to 

be carried to the Palmerston North region . Modern evidence for long 

carry distances of ashes is p rovided by the 1 9 8 0  e rupt ion sequence of 



1 7 8  

Mt . St . Helens . The ash clouds from these erupt ions contained glasses 

of compa rable composition to those of Mt . Egmont and reached heights 

of 25 km and travel led 1200  km, deposit ing more than 5 mm of ash up to 

6 0 0  km f rom source ( Harris et al . 1 9 8 1 ;  Sarna-Wo j cicki et al . 1 9 8 1 ) . 

I n  southeastern Taranaki the post -Aokautere Ash cove rbeds may be 

subdivided into a l ower tephric loess unit and an uppe r tephric unit 

( see Stewart et a l . 1 9 7 7  and Franks 1 9 8 4 ) . In regions c lose to Mt . 

Egmont these two units are separated by a ma rked disconformity ( Franks 

1 9 8 4 ; B . V .  Alloway pers . comm. ) which formed approximately 1 1-12 ka 

B . P . ,  and at which t ime there wa s signif icant eros ion . There is also 

evidence that a rudimentary soil developed on the tephric loess at 

this t ime 1 Franks 1 9 8 4 ) . Further f rom Mt . Egmont the disconformity is 

less obvious but i s  readily ident i fied on mineralogical grounds 

( Stewart et al . 1 9 7 7 ) . Within the loessia l  unit there a re numerous 

tephras and southeast of Mt . Egmont at the Mangatoki St ream sect ion 

(Fig . 4 . 1  ) of F ranks ( 1 9 8 4 ) , there are three prominent tephras in the 

lowe r part of the unit , above the Aokautere Ash (Table 4 . 3 ) . These 

tephras are here referred to informally f rom oldest to youngest as 

ME1 ,  ME2 and ME3 .  ME 1 is dark brown and dominated by l ithic lapilli 

while ME2 and ME3 a re yellowish b rown and composed of coarse pumiceous 

lapi l l i  (Franks 1 9 8 4 )  . ME2 and ME3 are thought to be membe rs of the 

Carrington Tephras (Neall 1 972 ) . The tephras (ME 1 ,  ME2 ,  ME3 ) are here 

corre lated with the three lowe r andesitic layers identified in the 

Tokomaru s oil ( i . e .  T 5 ,  T9 and T 1 3  respect ively) . Thi s  correlat ion 

cannot be subst ant iat ed on mineralogical grounds as the tephras have 

similar mineralogies but the sand chemistry indicates that T5 has 

higher levels o f  MgO, total Fe and Tio2 than T9 o r  T 1 3 . While this 

could be related to the relat ive amount of material reaching the 

Tokoma ru s ite , it could also be because these elements a re 

concent rated in the ferromagnes i an mineral fraction and so are highe r 

in l ithic fragments than in pumice . Furthermore the rat ios of the 

distances between the Aokautere Ash and T 5 ,  T9  and T 1 3  a re simi lar to 

those between the Ash and ME1, ME2 and ME3 and all thre e  tephras occur 

in the lower port ions of a last stadia! loess unit . In a detailed 

mineralogical study of a section at Mokoia (Fig . 4 . 1 ) , Stewart et al . 

( 1 97 7 ) demonstrated that within the last stadia! loe s s  unit there are 



T ab l e  4 . 3 :  Chrono l ogy of the l arger pos t - 20 ka erup t i on s  f rom four v o l c a n i c  cen t re s  in the North I s l an d .  

0 *  

TAUPO CENTRE 

Taupo P � i ce ( 1 . 8 k a )  

Mapara Tephra ( 2 . 2  k a )  

Whak a i po  Tephra ( 2 . 8  k a )  

Wai•i h i a  L ap i l l i  ( 3 . 4 k a  

OKATAINA CENTRE 

Kaharoa Ash ( c .  0 . 85 k a )  

H i neaa i a i a  Ash ( 4 . 5  k a )  Whak atane Ash ( 4 . 8  k a )  ) 

5* 

Motutere Tephra ( 5 . 4  k a )  

Opepe Tephra ( 8 . 9  k a )  

Poron u i  Tephra ( 9 . 2  k a )  

10* Karap i t i Lapi l l i  ( 9 . 8  k a )  

1 5 *  

2 0 *  Aok autere Ash ( c .  20 k a )  

* k a  B . P .  

Mamaku Ash ( 7 . 0 k a )  

Rotoma Ash ( 8 . 5  k a )  

Wai ohau Ash ( 1 2 . 4  k a )  

Rotorua Ash ( 1 3 . 5  k a )  

Rerewhakaa i tu Ash ( 1 4 . 7  k a )  

Okareka Ash ( c .  1 7  k a )  

T e  Rere Ash ( c .  1 9  k a )  

TONGAR I RO CENTRE 

Ngauruhoe Tephra (0 - 1 . 8k a )  

Mangatawa i Tephra { 1 .8-2 . 5  k a )  

Papak a i  Tephra 

EGMONT CENTRE 

K aupok anu i tephra ( 1 . 2 k a )  

Maketawa tephra ( 3 . 1  k a )  

Manganui tephra ( 3 . 5  k a )  

l n g l ewood tephra ( 4 . 0  k a )  

Kor i to tephra ( 4 . 5  k a )  

Mangatoki tephra ( 5 . 5  k a )  

Tar i k i  tephra 

W a i puku tephra 

Kapon9a tephra 

Mangamate Tephra ( 9 . 6 -9 . 9  k a )  Kon i n i  tephra 

Mahoe tephra ( 1 0 . 5 - 1 1  k a )  

Ok upata Tephra ( c .  1 1  k a )  

Rotoa i ra L ap i l l i  ( 1 3 . 8  k a )  Unnamed ash ( c .  1 3 . 3  k a )  

Unnamed a s h  ( pum i ceou s )  

Unnamed ash ( pumiceou s )  

Unnamed ash ( l i t h i c )  

Compiled from data in Topping and Kohn ( 1 97 3 ) , Stewart ( 1 9 8 2 ) , 

Franks ( 1 9 8 4 ) , Latter ( 1 9 8 5 ) , Froggatt and Solloway ( 1 9 8 6 ) , 

Lowe ( 1 9 8 7 ) , Alloway (pers. comm . ) and Neall (pers . comm . ) · 
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sma l l  tephra pulses together with one mac roscopic "marke r lapi lli" 

h o r i z on composed of " andesite pebbles " . The lapilli occurs at a level 

i n  t he loessial unit which is c .  8 5 %  of the distance between a 

paraconformity and the Aokautere Ash . This proportion is s imilar for 

that of ME1 and T5 in their respective profiles ,  so this lapil l i  is 

c o r re lated with the tephra in T5 identified in the present study . 

The upper tephric unit in Taranaki represents a pe riod of much 

mo re a ctive volcanism ( Stewart et al . 1 97 7 ;  Franks 1 9 8 4 )  and Stewart 

et a l . ( 1 9 7 7 )  have correlated pulses in andes itic gla sses and 

plagioclase at Mokoia with a sequence of 7 ma j o r  tephras prese rved in 

t he Ngaere Swamp (Fig . 4 . 1 ) , southea st of Mt . Egmont . The peat at the 

l evel of a concent rat ion of these tephras towards the base of a core 

obta ined from the swamp has been radiocarbon dated at 1 0 4 5 0  ± 1 0 0  yr 

B . P . ( Stewart et al . 1 97 7 ) . This upper tephric unit i s  correlated with 

t he i ncrease in andesit ic addit ions to the top of the Tokomaru soil on 

t he basis of ( 1 )  the lower tephras in the Ngae re Swamp core are 

amongst the thickest and coarsest (and therefore perhaps largest ) 

post - 1 3 , 0 0 0  yr B . P .  ashes and ( 2 )  Stewart et a l . ( 1 97 7 )  document a 

marked change in the det rital component s in the soil at t he base of 

t he t ephric unit (quart z ,  micas,  epidote and mic rocline content 

dec rease dramatically) . A s imi lar change in the proport ion of the 

det ri t a l  component s occurs at c .  5 0  cm in the Tokomaru soil . · 

The three andesite tephras in T5 , T 9  and T13  are est imated to 

h ave been erupted approximately 1 9 ,  1 7  and 1 5 . 2  ka B . P . ,  assuming 

uni f o rm sedimentat ion rates during this period . The andesitic material 

in the top 50  cm represent s tephra dust ings that have accumulated 

during the last 1 0 . 5  ka . 

( ii) Rhyolitic erupt ions are much more explos ive than those 

a s s o c i ated with andesites ( see Self 1 9 8 3 ; Wilson 1 9 8 5 ; Wilson and 

Walke r 1 9 8 5 ; Self and Healy 1 9 8 7 )  with much greater quant ities of ash 

c onvected to greater altitudes and dispe rsed over a wider a rea . In 

addi t ion to the Aokautere Ash some of the post 20 ka B . P .  rhyolit ic 

t ephr a s  reached the Manawatu and Elde r  ( 1 9 6 5 )  described up t o  7 

t ephr a s  from peats in the northern Ruahine Range (Fig . 4 . 1 ) . The Taupe 

and Waimihia tephras have been described f rom peats in the Ruahine 



Range (Elde r  1 9 6 5 ;  Hubba rd and Nea l l  1 9 8 0 ;  Lees 1 9 8 6 )  and recent ly a 

rhyol itic tephra radioca rbon dated at c .  5 9 0 0  years B . P . (D . J .  Lowe 

pers . comm . ) has been described in lake sediment s near Levin (M . S .  

McGlone pers . comm. ) .  

1 8 0  

The Aokautere Ash a t  2 . 2 1 -2 . 3 4 m depth in the Tokomaru profile 

is  a ma jo r  rhyolitic tephra addit ion to the loess in the Manawatu but 

t he re is evidence of othe r small dust ings of rhyolit ic materia l .  

Sample T 1 4  has a mineral s ignature compatible with a rhyolitic o rigin 

and t he gla s s  chemistry is consistent with an origin from the Okat a ina 

cent re . Given its position in the cent re of a last stadial loess there 

a re four pos s ible correlat ive s ,  the Okareka, Wa iohau , Rot oma and 

Rerewhakaaitu ashes (Table 4 . 3 ) . The Okareka Ash at c .  17 ka (Pullar 

1 9 8 0 ;  Stewa rt and Neall 1 9 8 4 )  would be expected to occur at levels 

closer to the Aokautere Ash than T14 (as suming relatively constant 

accumu lation rates ) . Furthermore cri stoba lite , which is common in the 

Okareka Ash ,  ( see chapter 3 )  was not ident ified in T 1 4 . Waiohau and 

Rotoma ashes have dispersal patterns inconsistent with t ransport t o  

the s outh and Froggatt and Solloway ( 1 9 8 6 )  failed to find the Waiohau 

Ash s outheast of Lake Taupo . Sample T14 is there fore tentat ively 

corre lated with the Rerewhakaaitu Ash because in the cent ral No rth 

I s land this ash is associated with the last phase of loess 

accumulation (McGlone et al . 1 9 8 4 ;  F roggatt and Solloway 1 9 8 6 ) . The 

Re rewhakaaitu Ash has been dated at 1 4 . 7  ka B . P .  (Pullar et al . 1 9 7 3 ; 

Green and Lowe 1 9 8 5 )  therefore, i f  t he correlation to T 1 4  is correct , 

t here is  evidence in the Tokomaru soil for cons iderable loess 

accumu lation a fter c. 1 4 . 7  ka, which is in cont rast to the cent ral 

North I s land ( Kennedy 1 9 8 0 )  . Data in Stewart ( 1 9 82 ) showed that the 

proportion of quart z in a marine core continued at higher than 

Holoce ne leve l s  for c .  2 ka after the Rerewhakaaitu Ash was erupted 

be fore declining to levels typical 'of the Holocene . This is consistent 

with t he dat a  from the Tokomaru soi l . 

I n  the t op 4 0 -50  cm the re is  a large increase in rhyolitic 

component s .  The glasses in these s amples indicate that the source o f  

this volcanic material is the Taupo cent re but i t  is  not possible t o  

ident i fy individual tephras . Afte r  1 0  ka B . P .  there was a resurgence 

in act i vity at the Taupo cent re ( Table 4 . 3 ) and two of the largest 
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e ruptions during this period, the Taupe and Waimihia tephra 

format ions , have been ident ified in peats of the southern Ruahine 

Range (Hubbard and Nea l l  1 9 8 0 ; Lees 1 9 8 6 )  and might we ll have reached 

Pa lmerston North . Glass from the c .  5 . 9  ka rhyol i t ic tephra near Levin 

would also probably have been depos ited throughout the Manawatu . 

Recent work has shown that the Hinemaiaia Tephra was also a very large 

e ruption and has been corre lated with an ash in s outhern Hawke ' s  Bay 

( Lowe 1 9 8 6 ) . Froggatt and Solloway ( 1 9 8 6 )  have recent ly redefined the 

Karapiti Tephra to incorporate the previous dis t ribut ion of the 

P apanetu Tephra ,  thus enla rging the size of this e rupt ion . They 

des cribe an uppe r fine ash unit of the Karapit i Tephra that has a 

distribut ion pattern directed to the south . 

Amongst the ashes from t he Taupo centre it i s  possible that any 

o r  all of these five tephra could have cont ribute d  to the soil of the 

present study . The increase in the rhyolitic component s in the topsoil 

is  therefore attributed to the resurgence of activity from the Taupe 

cent re c .  1 0  ka ago . 

One sample (T2 1 )  of this upper unit has a glass chemistry 

consistent with an Okataina centre source . It is  not poss ible to 

positively ident ify the source tephra , but its posit ion towards the 

base of a zone of increased tephric additions is consistent with the 

identificat ion of the Rotoma Ash towards the base of the upper tephric 

unit at Mokoia ( Stewart et al . 1 9 7 7 ) . 

The dist ribut ion of volcanogenic minerals in the Tokomaru soil 

a l lows the profile t o  be subdivided into three units ( 1 )  an upper unit 

of mixed rhyolitic and ande s itic a shes younger than c .  10 . 5  ka , ( 2 )  a 

middle unit with minor input s f rom volcanic sources and ( 3 )  a lower 

unit of tephras and tephric loe s s  dominated by the Aokautere Ash . The 

Aokautere Ash and sample T 1 4 . allow t ime planes at c .  2 0  ka and c .  1 4 . 7  

k a  to be established . 



THE SIGNIFICANCE OF BIOGENIC S ILICA IN THE TOKOMARU SOIL 

In the present study the various forms of biogenic s il ica have 

been divided into two broad groups '( 1 )  animal tests and ( 2 )  plant 

phyt o l iths . 
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The anima l test group is composed o f  diatoms and radiola ria (or  

parts thereof ) ,  fragments of sponge spicules and sponge sterrasters . 

Most of  the gra ins have suffered abras ion and are thought to have been 

t ransported to the site as loess . At the t ime the anima l tests were 

deposited there was a land bridge between the North and South Islands 

( Lewis and Eade 1 9 7 4 )  with the exposed continenta l  she lf t raversed by 

t he Manawatu, Rangit ikei and Wanganui rivers which flowed out through 

Cook St rait ( Lewis 1 9 7 9 ) . The spicules and microfossils probably 

o riginated from material deposited on the shelf . The sudden reduction 

in the proport ion of spicules ( and to a lesser extent microfoss ils)  at 

5 0  cm depth in the Tokomaru soil ( Fig . 4 . 2 4 )  may represent the 

cessation of supply f r om this source area which occurred when the 

rising sea level covered the cont inental shelf during t he post-glacial 

t ransgress ion . Given the very low angle of slope on the continental 

she lf ( van der Linden 1 9 6 9 ;  Norris 1 97 2 ;  Lewis and Eade 1 97 4 ;  Lewis 

1 9 7 9 ) , pos sible downwarping of the south Wanganui Basin (Milne 1 97 6 ;  

Anderton 1 9 8 1 )  and the possibility of sea level still stands before 

t he land bridge was b reached (Andrews 1 97 3 )  the f inal stages of this 

t ransgress ion may have been relatively fast result ing in a sharp 

cutoff of the s ource a rea . The rapid rise in sea level has been 

e s t imated to have occur red 11-12  ka B . P .  ( Cullen 1 9 67 ; Norris 1 972 ; 

Lewis and Eade 1 9 7 4 )  . Norris ( 1 972 )  also reported some e lements of a 

cold water fauna dated at 1 0 . 6  ka B . P .  from the S outh Taranaki Bight . 

The presence of this f auna may reflect a short cold epi sode and sea 

level still stand during the climat ic amelioration , a l s o  recently 

documented in pollen s t rat igraphy from Tierra del Fuego ( Heusser and 

Rabassa 1 9 8 7 )  . 

Phytoliths have been identified in palaeosols ( Be avers and 

Stephens 1 958 ) , in l oe s s  (Baker 1 9 5 9 ) , deep sea cores (Kolbe 1 9 5 7 )  and 

in atmo spheric dust ( Baker 1 95 9 )  . They are relat ively c ommon in soils 

(Baker 1 95 9 ;  Jones and Beavers 1 9 6 4 ;  Wilding and D rees 1 9 7 1 ) , and have 
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been used in pa laeoeco logical reconstruct ions (Rovner 1 9 7 1 ;  Wilding 

and Drees 1 97 1 ;  Ba rt o l i  and Guillet 1 9 7 7 )  . Historically pol lens have 

been used in this role and although phytoliths a re not a s  uniquely 

specific as pol lens ( Rovner 1 97 1 ;  Bartoli and Guillet 1 97 7 ) there is 

good differentiation of phytoliths between ma jor plant groups and they 

a re probably less mobile (at least in a forest s ituat ion ) and more 

st able in an oxidis ing environment , common in so ils . 

In New Zealand Raes ide ( 1 9 6 4 )  ident if ied phytoliths in loess 

f rom the South I s l and and separated phytoliths f rom some tus sock and 

sedge species (Raes i de 1 9 7 0 ) . These phyto lith fo rms allowed 

ident ificat ion of sedge species but could only ident ify tussock at the 

f amily level . " S i lica gra ins " ( i . e .  phytoliths)  have also been 

ident i f ied in Nothofagus (Patel 1 9 8 6 )  and other New Zea land woods 

( B . G .  Butterfield pers . comm . ) .  

Of  the phyt o liths ident ified in the present study s ome of the 

serrated prismat ic f orms are similar to those described by Raes ide 

( 1 9 7 0 )  and in gener a l  the prismat ic forms a re s imilar to those 

described from gra s s l ands ( Jones et al . 1 9 6 3 ;  Twiss et al . 1 9 6 9 ;  

Rovner 1 9 7 1 )  . The mic rospheres are similar to phytoliths f rom the 

North American Fagus group (Wilding et al . 1 9 7 7 ) , are very similar to 

those f rom the beech peat and could readily be slight ly corroded 

.relics of the beech vegetat ion . Among the New Zealand Nothofagus 

species silica grains only occur in Nothofagus truncat a ,  Nothofagus 

solandri and Nothofagus solandri var . cliffordi oides (Patel 1 9 8 6 ) . The 

f lower shape phyt o l ith is similar to some phyto liths of unknown origin 

in Aust ralia (Baker 1 9 5 9 )  and is very s imi lar t o  those f rom the mixed 

podocarp association invest igated in the present study . The smooth­

surfaced form in sample T2 4 is thought to be equivalent to the cent ral 

" eye• t ype from t aw a  vegetat ion . Although the dist ribution of 

phytoliths in different part s of the plant has not been invest igated 

in the present study Lanering et al . ( 1 9 5 8 )  and Baker ( 1 9 5 9 )  report 

that s ilica is not usually deposited in underground parts of plant s ,  

s o  the phytoliths i n  the soil are interpreted a s  the residue left 

after decomposition of vegetable matter on the soil surface . In the 

soil p rofile of the present study there i s  a s ignificant change in the 

phytolith population down the profile (e . g .  c ompare Figures 4 . 2 3  and 
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4 . 2 4 ) . The populat ion dominated by microsphe re s ,  the flower shape and 

the smooth- surfaced form are interpreted to represent forest species 

or a f o rest associat ion . Thus the change in phytolith population at c .  

5 0  cm depth reflects a significant change in t he flora and is 

as sociated with the Aranuian a f forestat ion . There is  no palynological 

data f o r  this t ime period in the Manawatu west of  the main axial 

ranges but in the cent ral North I s land the a fforestation began c .  1 4 . 5  

ka ago (McGlone and Topping 1 97 7 ; McGlone 1 9 8 0 ) , in Taranaki it 

occurred at approximately 1 2 - 1 3  ka B . P . (McGlone 1 9 8 0 ;  McGlone and 

Neall pers . comm . ) and in the Wel lington region c .  10 ka B . P .  

(Milde nhal l  and Moore 1 9 8 3 ;  Lewis et al . 1 9 8 5 ) . This decreasing age of 

forest expansion with incre a s ing lat itude in the s outh of the North 

I s land fol lows the gene ral t rend for New Zea land (McGlone 1 9 8 0 ) , and 

an age for the afforestat ion in the Manawatu is thus inferred to be 

1 1-12 ka B . P .  

Pa lynological data ( Lees 1 9 8 6 )  showed that there was an 

assemblage dominated by Lep t ospermum and Cyathea with minor Podocarpus 

spicat a  (mata i )  on a 13 ka B . P .  t errace related to Ohakean aggradation 

(Marden et al . 1 9 8 6 )  at Ball ant rae (Fig . 4 . 1 ) . This is apparent ly 

inconsistent with the grass-scrub as semblage infe r red for P a lme rst on 

North at this t ime . The type of flora in a region may, however ,  be 

very dependant on site,  part icularly in relation to a spect , (McGlone 

and Nea l l  pers . comm . ) and it is suggested that f o rest condit ions 

deve l oped earlier at Ba llant rae because of the shelte ring effects of 

the Ruahine Range . 

The change in the phyto lith populat ion at 5 0  cm depth in the 

Tokomaru soi l ,  interpreted to have occurred 1 1 - 12 ka B . P . ,  is 

consistent with an 1 1-12 ka age for the rise in sea level that 

resulted in the diminution in supply of sponge spicules , suggest ing 

that the two event s were st rongly climat ically interrelated . 

LOES S  PROVENANCE 

The Tokomaru soil is  located in a region surrounded by indurated 

Mes o zoic sediments of the Torlesse terra in ( Suggate et al . 1 9 7 8 )  and 

poorly consolidated Terti a ry sediments of the S outh Wanganui Bas in ( Te 
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Punga 1 9 5 3 ;  Kingma 1 9 62 ,  1 9 6 7 ) . Mine rals from both these doma ins are 

therefore potent ial s ource materials for loes s . A third potent ial 

source area is atmospheric dust from Aust ra l ia . The dis t ribution of 

quart z ,  kaolin and i l lite in the Ta sman Sea and western Pacific Ocean 

sediment s (Windom 1 97 5 ;  Thiede 1 9 7 9 )  and the historic falls of 

Aust ralian dust in New Zea land (Marshal l  and Kidson 1 9 2 8 )  demonstrate 

that Australian-derived aeolian material can reach New Zealand under 

favourable ci rcumst ances ( see also Gagosian et al . 1 9 8 7 ) . Cowie 

( 1 9 6 4b) howeve r ,  has shown that the loess in the Manawatu thins 

dramat ically on the eastern banks of the ma j or rivers,  c learly 

demonst rat ing that most of the aeolian materials are locally derived . 

The lithologies o f  t he Torlesse te rrain range from greywackes 

( feldsarenites and l itharenites ) to a rgillites . Mineralogically the 

coarser lithologies are composed of plagioclase ( a lbite ) ,  quart z ,  

l ithic fragment s and alkali fe ldspar ( in decreas ing order o f  

abundance) i n  a f ine-grained matrix ( < 1 5  � )  which is often 

recrystallised to se ricite or chlorite (Reed 1 9 5 7 ; Rowe 1 9 8 0 ;  Roser 

1 9 8 3 ;  Graham 1 9 8 5 ) . Coarse mica grains are rare ( Reed 1 9 5 7 ; Rowe 1 9 8 0 ;  

Graham 1 9 8 5 ;  Marden 1 9 8 4 )  . The Tert iary sediments include mudstones,  

siltst ones and s andstones ( al l  of which are micaceous ) and rare 

greywacke congl ome rates (Fleming 1 9 5 3 ;  Te Punga 1 9 5 3 ;  Graham 1 9 8 5 ) . 

Mineralogical ly the coarser members of this set comprise quartz and 

muscovite in a muddy mat rix; fe ldspa r and lithic f ragment s are less 

common (Graham 1 9 8 5 ;  Lithgow 1 9 8 6 ) . The Tertiary sediment s a re thought 

to be derived f rom the local greywackes ( supplying qua rt z ,  feldspa r 

and lithic f ragment s )  with quart z ,  feldspars and mica supplied by the 

basement rocks of the northwest Nelson area (Te Punga 1 9 5 3 ;  Anderton 

1 9 8 1 ;  Graham 1 9 8 5 )  . A dist inction between the Tert iary and Mesozoic 

sediment provenances is  therefore difficult . They do have minor 

differences in mineralogy and whereas the Tert iary sediment s  have a 

high proport ion o f  coarse muscovite and fewer l ithic f ragment s ,  the 

reverse is t rue in the greywackes . 

The mineral ogy of the det rital f ract ion of the l oe s s  is 

dominated by qua rt z ,  feldspar and greywacke lithics,  reflecting the 

two ma jor sources highlighted above . In t he coarser f ract ions quart z 

dominates over f eldspar while in the finer fractions feldspar 
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dominates . The lithic fragments are a significant component a t  2 5 %  to 

4 0 %  of the sand and coarse silt fractions . These values are not 

dis s imilar to the sum of " lithic" plus " sericite" determined by Palme r 

( 1 9 8 2 )  in loe ss in the Wairarapa . 

Qua rt z dist r ibut ion in the silts and very fine sands down the 

prof ile demonst rates that there are great e r  abundances of qua rt z  in 

the top 50 cm (particularly the fine silt ) compa red with the 

unde rlying loe s s . The Sio2 content of the soil support s this 

conclus ion . The quartz content of the coarse si lt as dete rmined by the 

po int count method is low (Appendix 5 )  and apparently at variance with 

that determined by the dis solut ion techniques (Appendix 8 )  . Lithics 

are o ften dominated by quartz and when the matrix of the l ithics is 

dissolved out t h i s  quart z cont ributes to the total qua rt z .  

Lithic f ragment s decrease as a concomitant increase in 

quart z +feldspa rs occurs t owards the top of the profile , part icularly 

above 50 cm depth ( Figs . 4 . 4 , 4 . 9 , 4 . 1 1 ,  4 . 12 ) . It might be argued 

that t he reduction in lithics is related to weathering , specifically 

the matrix of the l ithics . This , however ,  appears not t o  be the case 

because such weathering would release the fine and medium silt -sized 

grains from the l ithics and there are no increases in the 5 -2 � or 

2 0 -5  � f ract ions , concomitant with the reduction in lithic content . 

There is an increase in the quart z content of the S-2 � fract ion but 

this occurs in samples above 50 ems whereas the maximum weathering is 

between 51 and 6 4  cm (Pollok 1 9 7 5 )  . The p resent data is  not able to 

demonst rate a cause o f  reduction in the l ithic component towards the 

top of the profile . 

Micas a re minor phases among the detrital component s ,  and 

a lthough it is acknowledged that it is difficult to obt a in 

representative data on micas because of their platy nature , there is a 

reduct ion in the mica content of the coarse fractions above 5 0  cm . 

This t rend i s  supported by the chemical analyses which show a decrease 

in K2o and Al2o3 content above 50 ems . LOI in the sands a lso decreases 

above 50 ems . The potassic phases that contribute to the K2o in the 
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s ands are potass ium fe ldspar,  hornblende , micas and glass . The sand 

mineralogy demonst rated that hornblende and glass increase above 50 

e ms  and there is  no change in potass ium feldspa r content at 50 cm so 

the reduction in K2o content must be due to a reduced mica content . 

The LOI component in the sands is probably due to st ructural water in 

the hydrous pha ses (mica s ,  hornblende and gla s ses ) so a reduced LOI 

content also reflects a reduction in the mica content . Furthe rmore ,  if 

the HCl -so luble component of the medium and coarse silts is mainly 

mica ( optical data indicate that amphiboles , pyroxenes and opaques are 

rare in the coarse s i lt fraction) , then the results of the HCl 

di ssolut ion supports the conclusion that there is a lowered mica 

content above 50 ems . The data demonstrates that this occurs for the 

full range of grain sizes >5 �· The lowering of the mica content may 

be due to weathering but several factors are inconsistent with this : 

( 1 )  The top 5 0  cm is a zone richer in relatively weatherable 

pyroxenes which are comparat ively unetched and euhedral 

compared with the highly etched pyroxenes in the Cxg and 

Cwg horizons where micas are common . It is diff icult to 

envisage a s ituation where , given s imi lar parent materials 

and pHs ( 4 . 9  - 5 . 3  in the t opsoi l s ,  compared with 5 . 0  -

5 . 2  in the Cxg ; Pollok 1 9 7 5 )  micas would be weathe red in 

preference to the readily weathered pyroxenes at one level 

and not at another . 

( 2 )  Micas a re still ident ifiable in the highly weathered 

t ephras in the Hamilton bas in ( chapter 3 )  whereas the 

pyroxenes and glass are aLmost completely weathered.  

(3 )  Compared with levels below 5 0  cm, mica content in the top 

5 0  cm is l owered almost uniformly across the range of 

grain s i z e s  >5 � · 
( 4 )  The level of maximum weathering (Pollok 1 9 8 4 )  and hence 

the zone o f  maximum degradation of minerals is between 5 1  

- 6 4  cm depth i . e . below t he zone of lowered mica content . 

I t  is  there fo re t hought that the change in mica content does not 

reflect pedogenic processes but rather a change in parent material .  

P a rf it t  et al . ( 1 9 8 4 )  document a reduction in epidote and chlorite in 
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the t op of the Tokornaru soil . There i s  a lso a reduct ion in mica and 

epidote content at the boundary between tephric loess (with micas ) and 

an overlying tephric unit in yellow-brown learns from south Ta ranaki 

( St ewart 1 9 8 2 )  . The greywackes and the Plio-Pleistocene sediments are 

the t wo pos s ible ma j or sources for the micas in the loess , although 

Australia cannot be t otally excluded as Ma rshall and Kidson ( 1 92 8 )  

describes " flakey" sic mine rals (probably mica s )  in historic dust­

storm debris . In  the greywackes,  howeve r ,  the micas are either fine­

grained ( < c .  2 0  �) o r ,  when coarser ,  a re de formed and re lat ively 

rare ,  while in the P l io-Pleistocene sediments micas are more common 

and coarser ( up to sand-s ized grains ) . This is  good evidence for the 

micas t o  have been e roded from the P l io-P leistocene sediment s and 

deposited on the Ohakean aggradat ion surfaces , from where they were 

removed by aeol ian processes . The sudden reduct ion in mica content of 

the l oe s s  may be due to the loess source being inundated by the sea 

and/ o r  expans ion of t he forest at the end of the stadial . At the end 

of the last stadial De Angelis et al . ( 1 9 8 7 )  document a similar 

decrease in aluminos i licates (mainly i llite ; Windom 1 97 5 )  in aerosols 

trapped in an Antarct ic ice core . 

The reduced mica content may also be reflected in the chemical 

data of Chi lds and Sea rle ( 1 9 7 5 )  . They show a pattern of reduced K2o 

content in A and B horizons compared with C hori zons in yel l ow-grey 

earths and yel low-brown learns and att ribute the lowered K20 levels to 

loss o f  pot a s s ium during weathering . An a lte rnat ive explanat ion to 

weathering is that it represent s a different parent materia l .  Under 

acid c ondit ions in soils chlorite is more readily weathered t han micas 

yet it is still present in signif icant quant ities in yellow-brown 

loam/yellow-brown e a rth intergrades ( e . g .  Parfitt et al . 1 9 8 4 )  so the 

pot a s s ium dec rease which also occurs in the upper horizons o f  these 

soil s  ( unpubl ished data ,  C . W .  Childs pers . comm . ) may not be due to 

mica weathe r ing . Even where mica degradation does occur the potassium 

fixing p roperties o f  the clays will tend t o  minimise K leaching . In 

the Table Flat silt loam the K2o content is very low towards t he base 

where the parent material is demonst rably different , i . e .  t he 

"Tonga riro"  tephra ( Leamy et al . 1 97 3 ;  Childs and Searle 1 9 7 5 )  mixed 

with 1oes s .  It is suggested that t he decrease in potassium reflects a 
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reduction i n  potass ium-bea ring minerals (mica s )  . I n  some o f  the 

Holocene portions of deep-sea sediment s and ice cores (De Angelis et 

al . 1 9 8 6 ;  Griggs et a l . 1 9 8 3 ;  Nelson et al . 1 9 8 5 )  there is a decrease 

in the mica content which is inferred to ref lect a decreased aeolian 

content in the atmosphe re as a consequence of climatic amelioration . 

The cyc l ical reduct ion in potass ium in loe s s ial sequences (e . g .  Chi lds 

and Searle 1 9 7 5 )  may be a ref lection of the provenance of loessial 

mater i a l s  that accumulated between stadial pe riods . 

Chemical t rends which are due to tephra in the loess have been 

discussed above but s ome t rends evident may not be related to tephra 

addit ions but rather to variat ions in the det rital mineralogy . 

Z i rcon is a particularly stable mineral and has commonly been 

used a s  an index of relat ive change in provenance and pedological 

studi e s  ( Khangarat et al . 1 9 7 1 ;  Rut ledge et al . 1 9 7 5 ) . Changes in Zr 

content in a sedimentary sequence may be taken as  reflect ing change s 

due t o  e ither weathering or changes in parent materials . In the 

Tokomaru soil the Zr content of the Ohakean loess is relatively 

uniform, except in the Aokautere Ash ,  but there is a marked increase 

for samples T22-T2 4 . This increase could be due to either an 

addi t i on a l  parent mate rial or the removal of  a fract ion that does not 

include z ircon ( i . e .  weathering) . The f resh but weathe rable minerals 

in T22 -T 2 4  suggest that minima l material has been translocated so the 

incre a s e  in Zr in these samples is thought to be due to a change in 

parent material . The increase in Zr cannot be due to the more volcanic 

nature of the top 50 cm, for a lthough the sands which are dominated by 

volcanics do have an increased Zr content in t he top 50 cm the 

inc re a s e  is  insufficient to account for the increased levels in the 

soil . I t  is  concluded that t he increased Z r  content of T2 2 -T24 is  

theref o re a reflect ion of increased zircon content of the loess at 

this l e vel . 

Based on the significantly different quart z ,  l ithics ,  mica and 

Zr c onte nt in the top of the profile it is  here suggested that the top 

50 cm represent loess with a dif fe rent provenance to that below 5 0  cm . 

It h a s  been argued above t hat t he top unit accumulated during the last 

1 0 - 1 1  ka s o  it is  here referred to as  post-glacial loess . 
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POST-GLACIAL LOESS SOURCE 

In the South Is land post -glacial loess is relatively common east 

of the main divide , but of local extent , (Bruce et al . 1 9 7 3 )  and at 

the present time storms f requently blow dust ( loes s )  from braided 

river systems ont o adj acent terraces (Cox et al . 1 9 7 3 ;  Ives and 

Stevenson 1 9 7 3 )  . In the No rth Island post -glacial loess is less 

extens ive (Cowie and Milne 1 97 3 ;  McCraw 1 9 7 5 )  although in the cent ral 

North I s land this apparent absence may be an ident ificat ion problem 

due t o  the diff iculty of different iat ing thin, shower bedded tephras 

f rom tephric loe s s  ( Pullar and Pollok 1 97 3 ;  Lowe 1 9 8 0 ) . Holocene loess 

has been reported at Lake Ferry in the Waira rapa (Palmer 1 9 8 2 )  and 

Pullar ( 1 9 8 0 )  described tephric loess derived f rom pumice of the Taupe 

Tephra Format ion in the Rangitaiki Rive r va lley . 

In the Manawatu dust can be observed blowing from the Manawatu 

Rive r f lood plain during storms . The sand mineralogy of the present 

day Manawatu River sediment s has a quartz : feldspa r : lithics rat io 

s imi la r  to the post-glacial loess so the flood plain is a pos sible 

loe s s  source . Micas are common in the present ove rbank deposits f rom 

the river however ,  and rive r sediment clays are current ly dominated by 

micas ( J . G .  Churchman pers . comm . ) .  A source with a relatively high 

mica content would be expected to produce loess with a high mica 

content , part icularly if one cons iders the ease with which a platy 

mineral like mica can be l i fted ( S ouster et al . 1 9 8 5 )  and the fore st 

present at this t ime would have provided an excellent loess t rap . The 

sca rcity of micas in the post -glacial loess at the Tokoma ru site may 

be due to either : 

( 1 ) Weathe ring - micas may have been removed by weathering . It 

has been argued above howeve r ,  that this is not the cause 

of the dearth of micas in the Ah to Btg1 horizons and dat a  

of Parfitt et al . ( 1 9 8 4 )  indicate that micas a re even 

absent in the Ap hori z on . 

( 2 )  Non-deposition - Souster et al . ( 1 9 8 5 )  show that for grain 

s i zes >2 0 � the relative proport ion of micas in loes s  

increases with distance f rom. source because micas t end t o  
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be transported furthe r than othe r mineral grains . 

Notwithst anding the t rapping ability of the forest,  micas 

may have blown beyond the "Pollok ' s P it "  site which is 

quite c lose to source . 

( 3 )  P roximity of any accumulation site down wind from 

extens ive , sparsely vegetated flood plain a reas . 

( 4 ) Scarcity of micas in the loess source . 

Rhyolitic glass with chemistry similar to that of the Aokaute re 

Ash reappears in the post -glacial loess . There a re no known tephras 

with s imilar chemist ry to the Aokautere Ash after 2 0  ka . B . P .  so this 

glass must . represent recycled mate rial . Glass i s  fragile and would not 

survive abras ion in the river and Lithgow ( 1 9 8 6 )  did not record glass 

in the sand fract ion of the Manawatu River sediment s .  The source of 

the glass in the post-glacia l loess must therefore have been 

relat ively localised . 

Based on these factors it is suggested that the ma j o r  sources of 

the post -glacial loe s s  a re ( 1 )  the thinly veget ated cliffs that we re 

exposed in the val ley as the river was downcutt ing , and ( 2 )  the rive r 

flood plain . Such cliffs are common in the Manawatu Rive r valley and 

its t r ibutaries (e . g .  t he Tiritea valley) today . In the Rangit ikei 

River valley Milne ( 1 9 7 3 )  also cons idered the exposed valley side s 

might be loca l sources for loess . The s l ightly coarser nature of the 

post -glacial loess , even with reduced wind intensities can be 

reconciled if the following point s are cons ide red : 

( 1 )  much of the ene rgy used in transporting dust is expended 

in lifting grains from a surface ( Bagnold 1 97 3 ;  Thorson 

and Bender 1 9 8 5 )  so where this energy is not required e . g . 

when grains fall naturally from a cliff, weaker winds may 

t ransport larger gra ins ; 

( 2 )  the orographic e f fects of the cliffs might increase wind 

speeds locally . A . S .  Palmer (pers . comm . ) reports 

observing quart z granules being b lown from cliffs onto 

terraces in the southern Wairarapa . 

If valley-side cliffs a re considered the dominant source of the 

post-glacial loess in the Manawatu then the l oess should be s l ight ly 

more mature than the Ohakean loe s s . Increases in quart z  content a re 
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thought t o  re flect inc reasing maturity i n  sediment s (Folk 1 9 7 4 )  s o  the 

s l ight increase in quartz content and decrease in lithic content in 

the post-glacial loe s s  a re compat ible with increas ing maturity . 

S imi larly the s light increase in the Z r  content in the post -glacial 

loe s s  could be interpreted as represent ing a more mature pa rent 

material for this unit . 

THE PALAEOSOL r.N THE OHAKEA LQESS 

The Tokomaru ma rine bench and coverbeds form an extens ive 

terrace out of which numerous val leys and gul lies have been eroded 

( Hesp and Shepherd 1 9 7 8 ) . Towards the head of one of these gullies ( GR 

T2 4 / 3 4 4 8 8 6 )  there is  a di sconformable relat ionship between the upper 

c .  6 0  cm and the unde r lying loesses which cont ain the Aokautere Ash 

(Fig . 4 . 2 7 ) . This uppe r unit is incl ined at a shal low angle on the 

gul ly side and shows an apparent constancy and cont inuity of 

pedological horizons f rom the terrace tread into the gul ly . Charcoal 

is  rest ricted to t he t op 10 cm of the upper unit , and this , together 

with an absence of o rganic debris throughout the top 6 0  cm in the 

gul ly, indicates that the mass movement event s desc ribed in the area 

by Jane ( 1 9 8 0 )  probably have not af fected this profile . This unit was 

not emplaced by mas s  wast ing processes but rather is a unit mant ling 

the contours of  the l andscape . It is  thought to be of aeolian origin 

and is correlated with the post-glacial loess ident ified in the 

present study . If this correlation i s  correct then there was a 

significant hiatus between the Ohakean and post -glacial loesses during 

which t ime there was erosion of the Ohakean and older loesses . 

In the previous sections it has been demonstrated that the loess 

sequence being studied consists of a post-glacial loe s s  overlying 

Ohakean loess in a disconforrnable re lationship . In the Tokomaru soil 

at Pollok ' s P it there is  a transition zone between c .  50 cm depth and 

the cap of the fragipan at c .  8 0  cm (the Btg2 horizon ) where the 

mine ra logical and chemical trends change f rom those of the Cxg and Cwg 

horizons , which have reasonably constant properties ,  t o  those typical 

of the post-glacial loess . .  The samples immediately below the post-



Figur e 4 . 2 7 :  A t h i n  layer o f  p o s t - g l a c i a l  loes s ( above arrow 

h ea ds ) unconformab ly o v e r l y i n g  o l der loes s un i t s . The 

Aokautere Ash is v i s i b l e  at t h e  lev e l  o f  the 

h o r i z on t a l  l in e  to the l e f t . 

1 9 3  
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g l a c i a l  loes s have the h ighest clay c ontent o f  the s o i l  ( no t e  a l s o  the 

i n c r e a s e d  a l umin ium ,  t it an i um and vanadium leve l s  wh ich a re related to 

the c l ays ) . They happen to c o r re spond to the two s amples i n  t he 

s equence p repa re d  f o r  t he phyt o l ith s t udi e s  whe re there were 

s i gn i f i c ant nonde s c r ipt f ragment s of b i o ge n i c  mate r i al . These 

f r a gmen t s  may represent h i ghly corroded b i o ge n i c  s i l ica . 

I n  other a re a s  of New Zea land a di s c o n f o rmity is c ommonly 

p re s e rved in depo s i t s  that were laid down du r ing the t ra n s it ion f rom 

s t a di a l  to po s t -glacial c ondit i ons . In the v i c i n i t y  of Mt . Egmont a 

s o i l  i s  deve l oped be low a d i s c onformit y  o f  s imi l a r  age t o  that 

de s c r ibed above ( Franks 1 9 8 4 ) . In Cante rbury a t  Barrhi l l ,  Ive s ( 1 9 7 3 )  
de s c ribed a p o s t -g l a c i a l  l o e s s  (probably a c o rrelat ive o f  t h a t  

de s c r ibed here ) that ove r l ie s  an indi st inct pa l aeosol deve l oped in a 

de f l a t e d  late P l e i s t ocene l oes s . In wet t e r  a re a s  o f  S outhland, B ruce 

( 1 9 7 3 )  recogn i sed a poo r l y  de f ined palae o s ol below the mode rn s o i l  and 

he r e p o rt s  that i n  drie r a re a s  this palae o s o l  is repre sented by a 

t e x t u r a l  change . I n  cent r a l  North I s l and t he re i s  evidence f o r  a 

pe r i od of e r o s ion a nd s o i l  deve lopment a t  the end of t he l a s t  s t adi a l . 

T h e r e  i s  therefore evidenc e  f r om other a re a s  o f  New Zealand f o r  a 

pe r i od of s o i l  developmen t  towa rds the c l o s e  o f  the l a s t  s t adial a nd 

i t  i s  h e re suggested that the z one of increased clay content be low the 

po s t -g l a c i a l  loess ( i . e . t he Btg2 h o r i z o n )  is a relic o f  a s o i l  that 

f o rmed in t he Manawatu a t  t h i s  t ime . This conclusion is s upp o rt e d  by 

t h e  c l ay miner a l ogy o f  P ol l o k  ( 1 9 7 4 )  whi c h  s hows a ma rked inc re a s e  in 

i nt e r s t ra t i f ied c lays and heat col laps ible 1 4  A c l ays a t  51 - 6 4  cm 

dept h .  

The t ephric n a t u re o f  the post-gl a c i a l  l oe s s  and p roximi t y  o f  

t h e  bu ried s o i l  t o  t he p r e sent t opsoil ma s k s  many o f  the chemi c a l  

p r ope rt i e s  t h a t  have t radit i onally been u s e d  t o  ident i f y  buried s o i l s  

( Ru ng e  et a l . 1 9 7 3 ;  Ton k i n  et al . 1 9 7 4 ;  C h i lds and Searle 1 9 7 5 )  but 

t h e  t rends of Fe , Ba and Y a re informat i ve . Down t he p ro f i le the i ron 

c ontent o f  the s o i l  incre a s e s  t owa rds the base o f  the po s t -g l a c i a l  

l oe s s  but dec re a s e s  at s amp l e  T2 0 ( t op o f  Btg2 ) before increas ing 

t ow a rds the base of the Btg2 hori z on . Thes e  t wo i ron maxima a re 

i n t e rpreted a s  bei ng re lated t o  two pe r iods o f  i ron mob i l it y  and 

p re c ipitat i o n . Chi lds a n d  Sea rle { 1 9 7 5 )  demo n s t rated t h at t here was an 
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i n c re a s e  i n  the Ba content i n  the B hori z on s  o f  palaeosols due t o  the 

p re s en c e  of ba rite . The h igher Ba cont ent o f  the s ands in s ample T l 7  

may be related t o  this phenomenon . Y leve l s  a re low i n  the A and B 

h o r i z o n s  and r i s e  to a maximum in t he Cxg ( da t a  f rom A . S .  P a lme r ,  

pers . c omm . , i n  the Wa i r a rapa c ommonly show h ighe r  Y values i n  the top 

o f  C h o r i z o n s ) . The inc r e a s e  in Y might re f le c t  a re lat ive ly Y- r ich 

p a re n t  mate r i a l  but the un i f o rmity of soil Zr and s and Y dist r ibut ions 

at t h i s  leve l t ends to c ount e r  this po s s ib i l i t y  and there a re no 

mine r a l ogic a l  or chemica l t rends s imi l a r  t o  that o f  Y .  Mo s t  c ommonly Y 

s ub s t i t ut e s  f o r  Ca in ph osph a t e s  ( Tayl o r  1 9 6 9 ;  Lambert and H ol l and 

1 9 7 4 )  s o  the low Y value s i n  the A and B h o r i z ons may be due to 

weat h e r ing of apat ite and the leach ing of Y .  T he h igh Y leve l s  i n  the 

Cxg may represent Y re l e a s e d  f rom t he upper h o r i z on s  dur ing 

wea t h e r ing . I f  the leve l s  of Y in s amples T 5 -T l l  re flect the leve l s  i n  

unwe a th e red l o e s s ,  a n d  t he Y d i s t r ibut ion w a s  app roximately uni f o rm 

p r i o r  t o  weathe ring a s  indicated by the d i s t r ibut ion of Y in the s ands 

above t he Aokautere Ash , then t he amount of Y added to s amples T 1 3 -T 1 7  

( a r e a  A i n  F i g . 4 . 2 1 )  approximate ly equ a l s  that removed f rom samples 

T 1 8 -T 2 0 ( a rea B in Fig . 4 . 2 1 ) . It i s  proposed that Y added t o  s amples 

T 1 3 -T 1 7  rep re s ent s Y re lea s e d  by weather ing o f  phosphates in the very 

t op o f  the Ohakean loes s .  

FRAGIPAN GENE S I S  

DEFINING PROPERTIES O F  FRAGIPANS : Fragipans a re s u f f i c iently 

imp o rt a nt s o i l  features that t he y  a re used for c l a s s i f i ca t i on i n  the 

US S o i l  T axon omy at the great group leve l i n  Alf i s o l s , I ncept i s o l s ,  

Spodos o l s a n d  Ult i sols yet t h e re i s  s t i l l  debate about what c r i t e r i a  

s h o u l d  b e  u s e d  to de f ine a f r a gipan ( Gros sman a n d  Ca r l i s le 1 9 6 9 ;  

Sma l l e y  a n d  D avin 1 9 8 2 ; Veneman and Lidbo 1 9 8 6 ) . This problem h a s  led 

to a dive r s e  range of s ugge s t e d  mechani sms for f ragipan f o rmat ion 

( e . g . s ee Sma l ley and Davin 1 9 8 2 ) . 

In pedology the c oncept o f  a pan i nvo lve s a n  hor i z on that 

r es t ri c t s  root penet rat i on . The t e rm " f ragipan" wa s int roduced by G . D .  

Smith ( G r o s sman and Ca r l i s le 1 9 6 9 )  t o  d i s ti n gu i s h  uncemented c ompact 
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l o am t o  s il t  l oam soilpans f rom h a rdpans ( cemented ) ,  c l a y  pans { c lay 

domi n a t e d )  and duripans ( s i l i c a c emented ) . Lat e r  Smith e t  a l . ( 1 9 7 5 )  

int r oduced the term " dens ipan "  t o  de s c r ibe a dense albic h o rizon . The 

imp o rt a nt f a c t o r  diffe rent iat ing a f ragipan f rom the othe r s o i l  

h a rdpan s  i s  t h a t  i t  i s  h a rd but uncemented i . e . the appa rent 

indu r a t i on d i s appears on wet t ing a s  the mat e r i a l  s l ak e s  or di spe r s e s . 

The r a n ge o f  properties o f  f ragipans was extended t o  enc ompas s  

indu r a t e d  " d r ift " depo s it s  b y  F i t zpatrick ( 1 9 5 6 ,  see a l s o  Fit zpat rick 

1 9 7 6  and D e  K imp 1 9 7 0 ,  1 9 7 6 )  but more recent l y  Mathews ( 1 9 7 6 } , Roman s  

( 1 9 7 6 )  a n d  Avery ( 1 9 8 0 )  conc lude d  that at l e a s t  s ome o f  the 

" f ragipan s "  o f  Fit zpat rick ( 1 9 5 6 )  f a i led t o  s lake a nd were ma inly 

c emented . F i t zpat rick { 1 9 7 6 )  acknowledged that " t he re a re probably at 

l e a s t  t wo d i f fe rent h o r i z on s  that have been c a l led f ragipans hence the 

lack o f  agreement and con f u s i on t h at exi s t s " . Recently Veneman and 

Lidbo ( 1 9 8 6 )  st ated that "the re e x i s t s  a c le a r  need t o  better def ine 

the t e rm  f ra gipan " . 

S o i l  S u rvey Staff ( 1 9 7 5 )  de s c r ibe fragipans a s  c ompact loamy 

s ubs u r fa c e  h o r i zons o f  h igh bulk dens ity which a re h a r d  t o  ext r eme ly 

h a rd when d r y , and f i rm t o  ve r y  f i rm when wet . They a re brittle when 

dry o r  wet . This de f in i t i o n  is u se d  he re . I n  New Zeal and f ragipan s  o r  

related ma s s ive hori zons a re integral parts o f  t h e  ye l low-grey e a rth 

s o i l  group ( Cowie 1 9 8 4 )  . The i r  phys ical prope rt ies a re t yp i fied by : 

( 1 )  a low por o s i t y  ( S co t t e r  et al . 1 9 7 9 ) , 

( 2 )  a h igh bulk den s i t y ,  between 1 . 5  and 1 . 8 Mg/m3 ( Gradwell 

1 9 7 4 ; Scot t e r  e t  a l . 1 9 7 9 ,  

( 3 )  a relatively we l l - s o rted particle s i ze di s t r ibut ion with a 

s i lt mode , 

( 4 )  co lumns that a re polygon a l  in c r o s s - se c t i on with grey 

ve ins ( g amma t i on s ) bet ween t he c o lumn s  ( Bruce 1 9 72 ) , and 

( 5 )  s keletal gra i n s  whi c h  a re closely p a c ked . 

MECHANISMS OF FRAGIPAN FORMATION : The p r ima ry cha racte r i s t i c s  o f  

f ra g ipans a re ( 1 )  high bulk dens it ie s ,  and ( 2 )  l o w  poros i t i e s ,  both o f  

whi c h  i n f luence the dra inage p r ope r t ie s  o f  a ny over l ying hori z on s . The 

mos t  pla u s ible theories on f ragipan formation invo lve e ither chemi c a l  
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pathways o r  s o i l  de s i ccat i on proce s s e s  t o  produce a high bulk den s i t y  

( se e  G r o s sman and C a r l i s l e  1 9 6 9 ;  a n d  Sma lley and D a vin 1 9 8 2  f o r  a 

det a i led di s cu s s i on o f  the s e  t h e o ri e s )  . 

Nikiforoff ( 1 9 5 5 )  and F i t z pat rick ( 1 9 5 6 )  invoked de s i ccat i on a n d  

f re e z e -thaw proce s s e s  respe c t i ve ly t o  expl ain the i n c r e a s e  i n  den s i t y . 

More recently F i t zpat rick ( 1 9 7 6 )  and Langohr ( 1 9 8 7 )  have developed the 

f re e z e -thaw p ri nc iple further and s ugges t  that i n  a perma f rost 

e nv i r o nment , near-sur f ace f ro zen g round draws wat e r  from deeper leve l s  

s o  c omp re s s ing t he laye r s  a t  t h o s e  leve l s  a n d  p ro du c ing a high bulk 

dens it y . P a r f i t t  and Milne ( 1 9 8 4 )  a nd P a rfitt et a � . ( 1 9 8 4 )  working in 

New Zea land sugge sted that unde r a h igh s o i l -wate r  de f ic it , plant root 

s u c t ion would de s ic c ate the s ub s o i l  plac ing it under h igh compre s s ive 

s t r e s s e s  and so p roduce comp a c t i o n . 

I nve st igat o r s  us ing d i s s o lut ion t echnique s t o  study po s s ible 

chemi c a l  pathways for reduc ing p o r o s i t y  in f ra gipa n s  conc luded that 

there were br idges o f  S i ,  Al and F e  between s ke le t a l  g r a in s  ( Ha r lan 

et a � . 1 9 7 7 ; H a l lma rk and Sme c k  1 9 7 9 ;  Veneman a n d  Lidbo 1 9 8 6 ;  Bu l l  and 

B r i dge s 1 9 7 8 ) . They also noted t h a t  the re was a r e duct ion in the 

numbe r of voids in a f ragipa n  c omp a red with the u n derly ing loess . 

U s ing the scann ing e lect ron mic r o s cope Norton e t  a l . ( 1 9 8 3 )  ident i f ie d  

t h i n  S i ,  Al and Fe c oat ings that they t hought w e r e  probably act ing a s  

cement ing agent s a l t hough t hey a cknowledged that c lays had been 

re a r r anged and could be the binding agent . Gros sman and C a r l i s le 

( 1 9 6 9 )  a l s o  f avoured c lays a s  t he bonding agent s but t hey did not 

exc lude t h in chemical f i lms as p o s s ible bonding a gent s .  

FRAGIPANS IN NEW ZEALAND : F r agipans in New Zealand have not been 

studied in s u f f i c ient det a i l  to be able to det e rmine if amorphous 

c o a t ings a re c ommon but dat a  o f  Ki rkman ( 1 9 7 3 )  a n d  P a r f i t t  et al . 

( 1 9 8 4 )  show that if amorphous S i ,  Al and Fe a re p resent t hey a re only 

mino r .  Barratt ( 1 9 8 1 )  des c r ibes u l t ra thin pale c o at ings that " could 

a c t  a s  cement " and the i ron di s t r ibut ion ( plus B a  and Y) in the 

T okoma ru s o il indicates that t he r e  a re inc re a s e d  leve l s  of these 

e leme n t s in t he t op of the f ragipan compared with lowe r h o r i z ons . The 

e a se with which t he f ragipan s lake s however indi c at e s  that t he 

s t rength o f  a ny chemical coat ings is e a s i l y  ove r c ome , s o  it s eems 
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imp robable that t hey a re ma j o r  factors i n  f ragipan s t rength . Any 

c hemi c a l coat ings a lmo s t  certainly post -date f ragipan f o rmat ion 

because where t hey have been ident i f ied they f o rm t h in coat ings that 

cover grains that a re a l re ady i n  a very dense configu rat ion and so do 

not cause the dens i f i c a t ion . B a r ratt ( 1 9 8 4 )  a f t e r  s t udying the 

mi c r omorphology of s ome New Zealand f ragipans concluded that they 

resulted ma inly f r om phy s i c al proce s s e s  and it i s  here concluded that 

f ragipans in New Z e a land f o rmed by s ome f o rm of den s i f ic at ion due to 

de s ic c a t ion . 

Although a s y s t emat ic st udy of f ra gipans h a s  not been undertaken 

in the present i nve st i gat i on ,  p rope r t ie s  obse rved i n  the Tokomaru s o i l  

t h a t  may b e  pe rt inent t o  the o rigin o f  the f ragipan include : 

( 1 )  A gra i n  s i ze dist r ibut i on dominated by s i l t s  ( mean gra in 

s i z e  o f  1 4  � f o r  the whole s ample o r  2 8  � on a clay-f ree 

bas i s )  but with s ign i f i c ant c la y  c ontent ( 1 5  - 1 7 % ) . 

( 2 )  Jo ints d i v i de the loess into polygon a l  co lumns and 

commonly extend for the full t hickne s s  o f  the Ohakean 

loe s s  i . e . t hey a re cont inuous f rom the cap of t he 

f ragipan t h ro ugh the Cwg 1 ,  Aokautere Ash and Cwg2 ( Fig . 

4 . 2 8 )  . 

( 3 )  The t op o f  i ndividual co lumns ( i . e .  the top o f  the 

f ragipa n ) often h ave a rounded cap ( c .  1 0  cm thick) which 

i s  not ic e ably st ronge r than lower port ions o f  the co lumn . 

During t he p re sent s t udy the init i a l  d i s agg regat ion of 

s amples t a ke n  from l oe s s  co lumns involve d  c rush ing with a 

hydr a u l i c  p re s s , and a l though only qualitat ive it was 

noted that the s ampl e  f r om the cap of the f ragipan 

wit h s t o od s ign i f i cantly h ighe r  p re s s u re s  be f o re yielding . 

( 4 )  Remnant s o f  the f ragipan a re d i s c e rn ible i n  the overlying 

Btg2 h o r i z on . 

( 5 )  Loe s s  f r om the fragipan s lakes readily in wate r . This 

happen s  when sma l l  exfo l i at i o n  bursts occur f rom ped 

surface s . There i s  o ften no a c c ompanying release of ga s .  

( 6 )  Chemi c a l ly t he f ra g ipan i s  relat ively homogenous f o r  the 

ma j o r  e l emen t s  except f o r  an i n c rease in F e  i n  the cap of 

the pan . The re is more va riat i on i n  the t r a ce element s  
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F i gur e 4 . 2 8 :  W e l l  deve loped c o lumn ar s t ructure f ormed in 

loes s n e a r  the Tokoma r u  s i te .  The Aokau ter e A s h  i s  a t  

the l ev e l o f  t h e  ar rowheads . 



with V increas ing t owards the cap wh ile there a re highe r  

va lues f o r  Y i n  t he centre o f  t he fragipan . T h e  s a nd 

fract i o n  Ba c ontent increa s e s  in the cap . 

2 0 0 

T o  e st abl i s h  how t he f ragipan fo rms i t  i s  important t o  e stabl i sh 

a t ime f rame with in which t he proce s s  o c cu r red . The Tokoma ru s o i l 

p r o f i l e  i s  c apped by a p o s t -glacial loe s s  which is unde r l a in by a Bt g2 

hori z o n , h e re int e rpreted a s  a buried s o i l  t ha t  f o rmed c .  1 2  ka B . P . 

The Btg2 incorpo r a t e s  f ragments o f  the f ra gipan a nd is cont inuous with 

gammat i on s  that f i l l  j oint s in t he fragipa n ,  s o  the ma j o r  f e a t ures o f  

t h e  f r ag ip a n  were p robably e s t abli shed b y  t h i s  t ime , ( al t hough i t  i s  

acknow l e dged that e xpans ion and c ont r a c t i o n  with in t h e  gamma t ions 

c ont inue s t oday )  . Rae s ide ( 1 9 5 6 ,  1 9 6 4 a ,  1 9 6 4 c )  and oth e r s  ( se e  Bruce 

1 9 8 4 )  a l s o  infe r re d  t ha t  t he f ragipan wa s an inhe r ited f e a t u re . 

The open ing of j oint s that a re polygon a l  in plan s e c t i on is a 

c ommon n at ural phenomenon in geologica l mate r i a l s , e . g . mudcracks 

( Dunba r a nd Rodge r s  1 9 5 8 ) , s ands tones ( Splet t s t o e s s e r  a n d  Jirsa 1 9 8 5 ;  

Kocur e k  a n d  Hun t e r  1 9 8 6 ) , surface s edimen t s  o f  a ri d  regions ( Hunt e t  

al . 1 9 6 6 ;  Nea l et al . 1 9 7 9 ;  Alaily 1 9 8 6 ) , c o l umna r  j o int ing in igne ous 

rocks ( P re s s  and S ieve r 1 9 7 4 ;  Healy 1 9 8 2 ;  Ta rbuck and Lut gens 1 9 8 4 )  

and f ra g ipans . I n  igneous rocks these j o int s a re t hought t o  b e  t he 

re s u lt o f  shr inkage due t o  coo ling and whe re t hey occur i n  s ediment s 

t hey a re interpret e d  a s  the result o f  s h r inkage and den s i f i c a t ion due 

to de s i c c a t ion . Langohr ( 1 9 8 7 )  has a rgued t ha t  t he j o i n t s  i n  

f ragipans a re t h e  result o f  perma f rost and i c e  wedge s . I n  N e w  Zealand, 

howeve r ,  t his i s  a n  unl ike ly pathway because it i s  improbable that 

t he re was perma f r o s t  a t  this a l t itude in New Zea land du r ing t he 

Ohakean . McGlone ( 1 9 8 5 )  and S oons ( 1 9 7 6 )  h ave e s t imated t ha t  the re was 

a t emperature depre s s ion o f  between 6 °C and 4 °C during t he l a st 

s t a di a l .  Furthe rmore , j oints and gamma t ions i n  New Zealand loesses a re 

never a s  wide a s  s imi l a r  t ypes of features f o rmed from i ce wedge s . 

Fit zpat rick ( 1 9 7 6 )  agreed that New Zealand f ragipans l a c k  s ome of t h e  

anc i llary features a s s oc iated w i t h  perma f ro s t  and concluded t hat the 

p o lygo n s  in many European pseudogleys a n d  New Zea land ye l lo w-grey 

e a rt h s  were t he result o f  s hrinkage . 
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I t  i s  imp robable that plant s caused de s i c c a t ion and deve lopment 

of t he f ra g ipan as the loe s s  accumulated, ( P a r f it t  and Mi lne 1 9 8 4 ;  

P a r f it t  e t  a l . 1 9 8 4 )  because : 

( 1 )  The cont raction j o int s a re cont inuous a c r o s s  the Aokautere 

Ash s o  the Ohakean 1 oe s s  h a s  p r ob ably acted a s  a who l e  

u n i t  du r ing t h e  de s iccation a n d  c ompact ion proc e s s  a n d  the 

deepe r leve ls would be beyond t he reach o f  t he p l ant 

root s . 

( 2 )  The Aokautere Ash doe s not appe a r  t o  h ave f a l len down the 

j o int s as might be expected if t he f ragipan f o rmed when 

the ash was only t h inly covered by loe s s . 

( 3 )  A repo rt by Mc intyre ( 1 9 7 5 ) on t h e  P dist r ibut ion in a 

ye l low-grey e a rt h  1 5  km s outh o f  " P o l lok ' s P it "  s howed a 

s imil a r  P di s t r ibut ion to t h a t  i n  f igure 4 . 2 0 . The P in 

t h e  s t a di a l  l oe s s  h a d  not been t ra n s located by veget a t ion 

as h a s  h appened in t he Btg h o r i z o n s  and the P i n  the C 

h o ri z on s  i s  dominated by inorg a n i c  P i . e .  it i s  

re lat ively unwea t he red . The unwe a t h e re d  nature o f  t h e  

phosphoru s at t h i s  level i s  a l s o  demonstrated b y  B l akemore 

{ 1 9 8 4 )  a n d  sugge s t s  t hat there h a d  been minima l  we athering 

during l o e s s  accumulat ion . It h a s  been a rgued above that 

t here was probably min ima l b i o l og i c a l  act ivity whi le the 

l o e s s  a cc umulated . Mic romo rph o l o gi c a l  dat a of B a r r a t t  

( 1 9 8 1 ,  1 9 8 4 ) a l s o  indicate t h a t  t h e  f ragipan f o rmed when 

weathe r i ng and b i ological act i v i t y  were at a min imum, s o  

t h e  vege t a t i on w a s  p robably spa r s e . 

( 4 ) I f  t h i s  des iccat ion t he o ry app l ied t oday t o  l oe s s  

depo s it s ,  a f ragipan should perhaps be developing under 

t he B a r r h i l l  f ine s andy loam .  Th i s  does not appea r  t o  be 

o ccurring . 

A MODEL FOR FRAGIPAN FORMATION : The des i c c a t i on and 

dens i f i ca t i on exemp l i fied by mudcracks is h e re used as a model f o r  

f ragipan f o rmat i on . The model invokes nat u r a l  drying t o  imp o s e  the 

s t re s s  that resul t s  in dens i f i ca t i on . 
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In we l l - s o rted mat e r i a l  l ike l oe s s ,  den s i f i c a t ion and low 

p o r o s i t y  c annot occur unle s s  there i s  f iner gra ined ma t e rial or s ome 

f o rm o f  c hemic a l  "cement " t o  s e a l  o f f  the pore s . The gra in s i z e  

d i s t r ibut i o n  in the Tokoma ru f ragipan i s  dominated by s i l t s  but the re 

i s s i gn i f i cant c l ay c ontent . Many inve s t iga t ions ( e . g . Syers et a l . 

1 9 6 9 ;  Smi t h  e t  a l . 1 9 7 0 ;  Windom 1 9 7 5 ;  Duce e t  a l . 1 9 8 0 ;  De Ange l i s  e t  

a l . 1 9 8 7 )  have s hown that ae ros o l ic dus t  cont a ins c lays , and t he uppe r 

h o r i z ons o f  t he pre sent ly a ccumu la t ing Barrh i l l  f i ne s andy loam 

c on t a in c .  1 3 %  clay . Wha l ley ( 1 9 7 9 )  and Derbysh i re ( 1 9 8 3 )  h ave 

ident i f ied s i lt - s i zed a ggrega tes of c l a y-s i ze d  mine ra l s  in loe s s  and 

t he 1 5 - 1 7 %  c la y  in t he f ragipan o f  the Tokoma ru soil i s  thus 

int e rpreted a s  being aeolian in o r igin . The f r agipan pa rent mat e r i a l s  

we re t hought t o  comprise s i l t - s i zed mine r a l  gra ins ( with or without 

c l a y  c o a t ings ) and s i lt - s i zed clay aggrega t e s . This mat e rial 

a ccumu l a t e d  under relat ive ly dry condit ions w i t h  ve ry low biolog i ca l  

activity, but the actual nat u re o f  t he env i ro nment i s  l it t le 

unde r s t ood . I t  i s  di f f i cult t o  e nvi s age how l oe s s  or a s h  is s tabi l i sed 

in the l a nd s c ape during windy c ondi t i on s  and with l imited vegetat i o n . 

It may be t ha t  t he l imited vege t at ion was o f  a f o rm that produced a 

canopy t h a t  p rovided shelter f rom t he w ind but without s igni f i cant 

surf ace a c t ivity . 

At s ome s t age the loess bec omes wet t ed . This may have been a 

repeated p r o ce s s  du ring accumulat ion a nd t he re f o re expla ins why t he 

loe s s  wa s t rapped . The re could not have been many cyc les o f  

s igni f i c an t  wet t ing then drying howeve r ,  a s  t h i s  w o u l d  p robably h a ve 

p roduc e d  repe a t ed dispers i on cycles and unde r s u ch c ondit ions the 

voids in t he Aokaute re Ash might be e xpected to f i l l  with t ra n s l o cated 

c lays and s i l t s when the a s h  w a s  t hinly c ove red with loe s s . For 

example , at t he present t ime t i le dra ins i n  the Btg h o r i z on may f i l l 

with s i lt and clay . The pumic e  l api l l i  in t h e  Aokautere Ash only 

c ont a i n  min o r  i l luviated c lays and s i l t s . During the wett ing t he s i lt ­

s i zed c la y  aggregates c o l l apse and a re red i s t r ibuted a s  clay coat ings 

o r  b ridge s bet ween t he coarse r grains . D ispe r s ion may have been 

a s s is t e d  by t h e  pres ence o f  c yc l i c  s a l t s  whi c h  were more common 

cons t i t uent s o f  ae rosols during stadial per i ods than during t he 

Holocene (De Ange l i s  et al . 1 9 8 7 )  and would have been depos ited w i t h  
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the l o e s s . C o n sequently the den s ity i s  inc rea sed and in t he proc e s s  

many o f  the a i rways are b l ocked to produce closed voids . T h i s  g ive s a 

wet homogenous unit and natural drying re sult s i n  a co lumna r  polygon a l  

s h r inkage patte rn and increased den s it y  s i:rni l a r  t o  those f o rmed by 

mudc r a c k s  ( se e  F i g . 2 in Bi shop et al . 1 9 8 4 )  . As a consequence of the 

l a c k  of bioturb a t i o n  because of the l ow biologi c a l  a ct ivit y ,  h i gh 

den s i t i e s  may be ma inta ined at c ompa r a t i ve ly s h a l low depth s .  The 

drying pha s e  further incre a s e s  t he den s i t y  due to the f o rces induced 

by the low mat r ic potent i a l  ( C r one y and Co leman 1 9 5 3 ; C roney and 

Jacobs 1 9 6 7 ) . T h i s  proce s s  may a l s o  p re s surise the c losed vo ids and 

exp l a i n  t he bu r s t s  which relea s e  mat e r i a l  from the loe s s  s u rface on 

rewet t ing . 

It i s  di f f i cult t o  dete rmine the condi t i o n s  and t ime requ i re d  

f o r  f r a gipan f o rma t ion . Column a r  s t ructures have been rec o rded such a s  

f igure 4 . 2 9  deve loping under pre s ent c l imat i c  condit i o n s  i n  a mat t e r  

o f  months r a t h e r  t han yea rs ( J . A .  P o l l ok pers . comm . ) a n d  i n  a s imi l a r  

t ime f r ame po l ygonal s t ructure s a re p roduced f rom the dewa t e r ing o f  

l oe s s  s lu r r i e s f rom Ge rman c o a l  min e s  ( J . A .  P o l l ok pers . comm . ) .  
I t  h a s  been shown above that there was a pe r iod o f  e ro s ion and 

pedogene s i s  when t he c l imate imp ro ved at the end of the depo s i t i o n  of 

l a s t  stadial l o e s s .  This p robably happened be f o re colon i s a t ion by the 

forest . I t  is he re sugge sted that it was during t h i s  t ime t hat the 

f in a l  propert i e s  of the f ragipan deve l oped due t o  nat u r a l  drying . The 

f ra gipan i s  n ow being de st royed dur ing the cur rent pha se o f  

pedogenes i s . 

YELLOW-GREY EARTH AND YELLOW-BROWN EARTH/YELLOW-BROWN LOAM INTERGRADE 

RELATIONSHIPS 

In New Z e a land, s o i l s  de r i ve d  f rom loe s s  embrace a wide range o f  

morpho logica l ,  phy s i c a l  and chemic a l  characte r i s t ic s  ranging f rom 

brown-grey e a rt h s  (mo re a r id e nv ironment s )  through ye l low-gre y  e a rt h s  

t o  yel low-brown e a r t h s  (more humid envi ronment s )  . In the Manawatu 



Figure 4 . 2 9 :  T h e s e co lumnar s t r u c tu r e s  developed in a f ew 

mon ths in a sp o i l  heap l e f t  a f t e r  b u i lding f oundat i ons 
were e x c a va te d . Phot ographer D r . J . A .  P o l l o k ,  
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dist rict a t ransit ion occurs between the yellow-grey ea rths and 

intergrades between ye llow-brown earths and yellow-brown loams ( soils 

formed ma inly f rom volcanic ash pa rent materials)  . The two soil 

groupings can be found on the same terrace , have similar textures 

( dominated by silt ) , s imilar age and apparently formed f rom s imi lar 

parent materia l s ,  yet have dramatically cont rast ing prope rt ies ( see 

Neall 1 9 8 2 ,  and Bruce 1 9 8 4 )  . 

The yel low-grey earths of the Manawatu typica lly have a fragipan 

with high dry bulk dens ities ( 1 . 5  - 1 . 8 5 Mg/m3 ) and ve ry low 

permeability (Gradwe l l  1 9 7 4 ,  1 97 8 ;  Scotter et al . 1 97 9 )  . Thus they 

become waterlogged in winter to produce reduced, pale , grey B horizons 

( often with large i ron concretions ) . They have "yellow" C horizons 

with o range mott les . The soils that are classified as being 

inte rgrades between ye llow-brown earths and yellow-brown loams 

( he reafter refe r red to as YBE-YBL) have moderate dry bulk densities 

( 1 . 2 - 1 . 5  Mg/m3 ) ,  a re permeable , do not have a fragipan and have 

b rown B and C hori z ons , i . e .  have a more uniform profile form .  YBE-YBL 

a re f ree dra ining with significant ly more ferrihydrite and a llophane 

dist ributed uniformly throughout the profile , creating greater 

macroporosity which ma intains free dra inage . Further, they a re 

c ommonly found in areas with slight ly more rainfall and at s lightly 

h igher elevat ions than the yellow-grey earths . The fundamental 

difference between the yellow-grey earths and the YBE-YBL is  the 

impeded drainage of the former caused by a comparative ly impermeable 

fragipan . 

PAST EXPLANATIONS : Milne ( 1 9 7 3 )  s uggested that the difference 

between the two soil groupings was caused by summer drying which 

p roduced a dense subso i l  in yellow-grey earths . Later he completed a 

deta iled map of the t rans it ion between yellow-grey earths and YBE-YBL 

(Milne 1 9 8 1 )  and showed that the soils were juxtaposed in an 

i r regular, interdigitat ing pattern . He p roposed that loca l s ite 

f actors had an influence in developing this pattern and that these 

factors acted early in pedogenesis to f o rce the system a l ong either a 

YBE-YBL o r  yellow-grey earth weathering path . Vegetation was a 

possible factor and Milne ( 1 98 1 )  suggested that the area �hich is at 
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an e levat ion o f  c .  2 0 0  m st raddled the Pleistocene tree l ine and that 

the ye l low-grey ea rths developed under shrubs and trees and the YBE­

YBL unde r tussock . Vegetat ion may have been a factor but , judging from 

the palynological evidence in Ta ranaki and south of Levin, the last 

stadia l  vegetat ion on the low terraces in the region was probably 

dominated by grasses with minor sc rub ( e . g .  Dacrydi um bidwi l l i i ,  

Dra c ophyl lum, Leptospermum and Hebe) and rare forest trees ( Nothofagus 

menziesi i )  (McGlone and Nea ll pers . comm . ; Mc intyre 1 9 7 0 ) . According 

to Fleming ( 1 9 7 9 )  t he Manawatu wa s beyond the forest vegetat ion zone 

during the last stadia l . The uniform and relat ively low phospho rus 

content of the YBE-YBL subsoils yet high proportion of organic P 

(Anon . 1 9 8 1 ) , the more dis rupted nature of the Aokautere Ash ,  and the 

less contrast ing nature of YBE-YBL soil hori zons in succes s ive 

loe s s i a l  units indicate a significant degree of mixing or biological 

activity during accumulat ion . Such mixing is  more compat ible with a 

scrub or bush environment . At least one member of the soil fauna , 

worms , a re more numerous under forest vegetat ion and a lmost absent in 

dry t ussock vegetat ion, especially during stadial condit ions ( Lee 

1 9 5 9 )  . If the prese nce or absence of forest was a dete rmining factor 

then it is  more probable that the YBE-YBL formed under bush . 

Parfitt and Milne ( 1 9 8 4 )  and Parfitt et al . ( 1 9 8 4 )  att ributed 

the differences between the soils to increasing impermeability towards 

the ye llow-grey e a rth end member .  They proposed that desiccat ion and 

dens i f icat ion was induced by hydraul ic suct ion from plant root s during 

periods of high s o i l -water deficit . As discus sed above , this 

part icular mechanism does not adequately explain some features of 

fragipan formation a nd it cannot eas ily account for the complexity of 

the boundary relationship to the YBE-YBL soils . The theory also 

requires that the s ubtle variations in soil-water deficit observed at 

the present t ime operated during the last stadial . This is unlikely 

given the different wind regime probably operat ing during that period 

and the changed environmental condit ions consequent upon a lowered sea 

leve l . 

A MODEL TO BXPLAm THE YELLOW-GREY KAR.'l'B, YELLOW-BROWN 

EAR.TB/YBLLOW-BROWN LOAM ::IN'l'ERGRADE RELAT:IONSHIP : Where a terrace is 

covered by multiple l oess unit s the repetitive occurrence of e ither 
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yel l ow-grey earth o r  YBE-YBL soil profiles suggests that once a 

part icular soil format ion pathway is established it is mainta ined . 

Only one except ion has been observed; 4 km south of Massey Univers ity 

a yel l ow-grey earth profile has developed after a possible YBE-YBL 

pro f i l e  p recursor . 

Many parameters (e . g .  morphology, chemistry, mineralogy and 

physical  p ropertie s )  indicate that ye llow-grey ea rth format ion results 

in an e f ficient different iat ion into horizons and that this pattern is 

repeated for each new cycle (e . g .  Dashing Rock s ,  Timaru ) , whereas in 

the YBE -YBL there is much less different iat ion into horizons within 

loe s s  cyc les and even between cycles . The distribution of phosphorus 

in YBE-YBL profiles emphas i ses this . In the Dannevirke and Kiwitea 

silt l o ams (Anon . 1 9 8 1 )  and Shannon s i lt loam (Mc intyre 1 9 7 5 )  much of 

the phosphorus in the profile is in the upper hori zons with subsoils 

and p a laeosols having low and uniform phosphorus levels . This is in 

cont r a s t  with the yellow-grey earths where phosphorus distribut ion is 

mo re v ariable . Here P is relatively high in topsails and palaeos ols , 

decreases markedly in B hori zons , but increases to a constant level in 

C hor i z ons (Fig . 4 . 2 0 ;  see also Childs and Sea rle , 1 9 7 5 ;  Mci ntyre 

1 9 7 5 )  . I f  t he soils origina l ly had similar levels of phosphorus , and 

phospho rus in tops ails represent s P t rans located to the surface by 

biological act ivity while the loess was accumulat ing, then YBE-YBL 

have p r obably undergone more act ive pedogenesis throughout a l l  stages 

of accumulat ion than yellow-grey earths . This conclusion is supported 

by the f o rm  of the phosphorus because in the C hori zons of the ye llow­

grey e a rths the P is dominant ly inorganic P while at deeper leve l s  in 

the YBE -YBL organic P is a h igher proportion of total P .  

This continual pedogenesis may also explain why the Aokautere 

Ash t ends t o  be more diffuse in YBE-YBL profiles compared with in the 

yel low-grey earths . In cont rast the yellow-grey earths have 

experienced more stop-start cyclical pedogenesis . Therefore a lthough 

the c ondit ions that produced the yellow-grey earths (fragipan 

formation)  a re repeated at the end of each stadia!,  the factors that 

lead t o  the YBE-YBL path were established at the first appea rance of 

YBE-YBL in a sequence of loesses and were maintained to the present . 



To invest igate the factors that lead to the formation of the YBE-YBL 

it i s  necessary to search for the fi rst leve l where similar aged 

loe s s e s  develop along YBE-YBL or ye llow-grey earth weathe ring paths . 
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In the Manawatu the cycle of YBE-YBL soil formation begins with 

a tephric pa laeosol on compa rat ively we ll-dra ined sands or gravelly 

alluvium and the allophane and ferrihydrite present produced a free­

dra ining soil . The volcanic cent res of Egmont , Tongariro and Taupo 

have e rupted intermittent ly at least since the Tokoma ru marine bench 

was cut ( Latter 1 9 8 5 )  so have p robably regula rly suppl ied tephra 

dust ings to the region . It is proposed that the re was sl ight ly 

inc reased weathering and biological activity in the YBE-YBL, even 

during stadial periods so even though the accumulat ing loess was 

probably mainly quart zofeldspathic the weathering of the occa siona l 

tephr a  p rovided sufficient allophane and ferrihydrite to maintain good 

drainage . Both allophane and ferrihydrite are h ighly react ive and have 

large s urface a reas so small amounts have a disproport ionate effect on 

the s o i l . Parfitt et al . ( 1 9 8 4 )  report 1 - 5 %  allophane in YBE-YBL in 

the Manawatu (excluding the influence of the Aokautere Ash )  and based 

on Fe0x it has been estimated that there is  1-3 % ferrihydrite (C . W .  

Childs pers . comm . ) 

I n  cont rast the formations underlying the ba sal yellow-grey 

earth in a sequence of yellow-grey earths is often relat ively 

imperme able or poorly drained . In the Rangit ikei River valley the 

yellow-grey earth sequences are f requent ly underlain by thin laye rs of 

aggradational gravels that rest on impervious mudstones . Judging by 

the s eepage from along the contact between these gravels and the 

mudstone s ,  the gravels have a shallow wate r  t able and are poorly 

draine d . Although many yellow-grey earth sequences are underlain by 

the h i ghly permeable Otaki Sandstone in the Manawatu, the loesses a re 

often s eparated f rom the sandstone by silts or a re underlain by s ilty 

alluvium so that they are initially poorly drained . Once a yellow-grey 

earth weathering path has developed, tephras falling on this surface 

during an interstadial will be sub jected to redox reactions . I ron is 

t ransl o c ated to form concretions while the a luminium and s ilicon form 

halloy s ite (Milne 1 9 8 1 ;  Parfitt et al . 1 9 8 4 ) . Allophane is  absent from 

the Tokomaru soil (except i.n "the Aokautere Ash )  and there is  less than 
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0 . 5 % ferrihydrite in the B and C horizons . During stadial periods the 

tephras are " sealed" in the loes s  at the pos it ion whe re they fall and 

there is litt le weathering or t ranslocat ion . 

At the s ite where the re is  a switch in the sequence of soil 

format ion the change is from a YBE-YBL type to a ye llow-grey earth . 

Although this section has not been studied in detail the change occurs 

at a l evel whe re there is a part icularly reduced and clay-rich laye r . 

This may have reduced the dra inage and init iated a yellow-grey earth 

sequence . 

The theory suggested here to explain the origins of the 

differing weathering paths ma int ains that the YBE-YBL path has been 

fol lowed at least since soon after the Tokomaru bench was cut , whereas 

the ye l low-grey earth path has been re-established at the end of each 

stadi a l  cycle . Like Milne ( 1 97 3 )  it is  suggested that f lora may have 

influenced the soil patterns . It is proposed that the YBE-YBL pa rent 

materials which were darker (warmer ) ,  freer draining (promot ing longer 

growing cycles )  and with higher phosphorus were more favourable for 

some specific f lora-fauna associat ion compared with yellow-grey 

ea rths . These s light site advantages would be maximised during the 

stadi a l  periods . It is not poss ible to ascertain i f  the 

inte rdigitat ing relat ionship of the soils in the boundary area is 

solely a funct ion of the present pedogenesis or a re lic feature , but 

under t he scenario developed above it is proposed that the complexity 

of the bounda ry re lationship is  an inter-relat ionship between the 

flora - f auna association and dra i nage . 

SEDIMENTATION HISTORY OF THE TOKOMARO SOIL 

The history of sedimentation revealed in a deep sea core from 

12 0 km east of  Cape Turnagain ( Ste wart 1 9 8 2 )  may be relevant to the 

history of the Tokomaru soil � Close examinat ion of the mineralogical 
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component s at the level of the st adia l/Holocene t rans it ion in this 

core shows that there were two st ages in the change at the bounda ry . 

Init i ally there was a ma rked reduction in accumulat ion rate at c .  14 . 2  

ka ( a fter the Rerewhakaaitu Ash )  . A decrease in quart z content in the 

coa rse and fine s ilts at c .  12 ka . ( a fter the Waiohau Ash )  is here 

interpreted as re flect ing a reduct ion in the aerosolic component of 

the s ediment s .  After c .  12 ka the sedimentat ion rates we re re lat ively 

low a nd unifo rm . These data indicate that changes in environmentally 

sens i t ive factors may not have been synchronised . Absence of 

synchronisation of changes in sediment s at the stadial /post-glacial 

t rans it ion is subst antiated by recent data from separate ma rine cores 

east of  the North Is land (R . B .  Stewart pers . comm . ) which show a 

change in Globigerina bull oides and Neogloboquadrina pachyderma c .  4 0  

cm above the ma j o r  colour change in these cores . Furthermore , data 

from Ant arct ic ice cores (Petit et al . 1 9 8 7 ;  Ra isbeck et al . 1 9 8 7 ) , 

Tierra del Fuego (Heusser and Rabassa 1 9 8 7 )  and the North At lantic 

(Ruddiman and Mcintyre 1 9 8 1 )  indicate that there was an inflection in 

the general trend of climatic ame l io rat ion at the end of the last 

stadial . The ma rked change in sedimentat ion rates at 1 4 . 2  ka has been 

interp reted as ref lect ing the southwa rd migration of the westerly wind 

system ( Stewart and Neall 1 9 8 4 )  marking the beginning of a cl imatic 

amelioration while the change at c .  12  ka is here interpreted as 

ref lecting the termination of the loe s s  source due to the rising sea 

level or spreading forest . In t he Tokomaru soil there is  a reduction 

in mic rofossils and sponge spicules and increase in forest phytoliths 

at 5 0  cm and this has been interp reted as reflecting a change in sea 

leve l  and/or afforestation . Furthe rmore , as well as  the change in 

biogenic silica at 50 cm depth the re is a reduct ion in mica content 

and s light increase in sand content . Griggs et al . ( 1 9 8 3 )  record a 

s imi l a r  reduct ion in micas and increase in sands in the Holocene 

sections of mar ine cores east of the South Island . The age of the 

level where this change occurs is c .  12 ka , after adjust ing for the 

effect s of sediment bioturbation ( Stewart 1 9 8 2 )  . 

In the Manawatu a combination of ameliorating climate and a 

reduced accumulation rate led t o  t he development of a soil at the 

close of the Ohakean sub stage . If the correlation between the loess 
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and cores is sound t hen loess was still accumulat ing at this lat itude 

at c .  12  ka . This is incons istent with an absence of loess above the 

Roto a i ra Lapilli ( 1 3 . 8  ka B . P . )  from an area southeast o f  Lake Taupe 

( T opping 1 97 3 ;  Froggatt and Sol loway 1 9 8 6 )  or above the Rerewhakaaitu 

Ash ( 1 4 . 7  ka B . P . )  north of Taupe (Kennedy 1 9 8 2 ) . Thus loess ceased 

accumulat ing in the cent ral North I s land earlier than in the southern 

North I s land . 

ACCUMULATION AND SEDIMENTATION RATES 

As a result of the Deep Sea Drilling P ro j ects there have been 

nume rous invest igat ions studying the pa laeontology and sedimentology 

of mar ine core s  to ident ify trends in palaeoceanography and 

palaeoclimatology (Burn et al . 1 9 7 3 ;  Kennett et al . 1 9 7 5 ,  1 9 8 5 ;  

Stewart and Nea l l  1 9 8 4 ;  Nelson et  al . 1 9 8 5 ) . Variations i n  the 

biogenic components of marine sediments ( silica and carbonate content ) 

a re interpreted in terms of changes in product ivity due to va riations 

in the nut rient status of water masses , while va riations in the 

aero solic dust accumulat ion and sedimentat ion rates have been 

interpreted either in terms of changes in source areas (ma rine 

t ransgres sions inundating or afforestat ion stabl is ing s ource areas ) or 

change s in transport mechanisms ( shifts in wind patterns ) . 

After correlat ing features in the Tokomaru soil profi le with 

events for which there is tempora l cont rol it is possible t o  determine 

sedimentat ion rates ( thickness of sediment /time , cm/ ka . )  and 

accumulation rates (weight of mineral f lux, gm/ cm2 / ka . )  for the loess 

parent materials . The t emporal cont rols used include : 

( 1 )  the Aokautere Ash ( 2 0  ka at 2 . 2 1  m depth ) ,  

( 2 )  the changes in mineralogy (mica s ) , grain s i z e  ( sands ) , and 

invers ion o f  the dominance of marine microfossils over 

phytoliths ( 12 ka at 5 0  cm depth ) , 

( 3 )  the t entative correlat ion of the tephra dust ing at 1 . 1 5 m 

with the Rerewhakaaitu Ash ( 1 4 . 7  ka ) , and 
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( 4 )  the increase in volcanogenic materials toward t he top of 

the profile ( 1 0 . 5  ka at 4 0 - 5 0  cm depth) . 

It is unrealistic to expect changes in sedimentat ion rates (and 

resultant accumulat ion rates )  to be isochronous with tephras , and the 

ma j or changes at tephras may be re lics of these tempora l c ontrols ,  so 

the dist ribut ion pattern should be smoothed across these z ones . 

Changes that occur across boundaries that have environment a l  

signif icance ( e . g .  change s i n  biogenic component , changes in the 

dist r ibut ion of the det rital component s ) , or general t re nds within a 

zone of uniform sedimentat ion rate are more representat ive of real 

changes or trends in accumulat ion rates . 

The sedimentat ion rates for the Tokomaru soil range from 4 . 5 5 cm 

ka - 1  for the post -glacial loess to 5 0  cm ka - 1  for Ohakean loess . 

Sedimentation rates in loess a re very dependent on proximity to 

source , so rates f rom di fferent areas are not directly c omparable , but 

the r anges of rates from the Tokoma ru soil are similar t o  those from 

othe r areas of New Zealand (calculated trom Bruce 1 97 3 ;  Kennedy 1 9 8 2 ) , 

United States ( Ruhe et al . 1 97 1 ; Kleiss 1 9 7 3 ) ( and marine cores east 

of New Zealand ( Stewart 1 9 8 2 ;  Griggs et al . 1 9 8 3 ;  Nelson e t  al . 1 9 8 5 ) . 

Histo r ic sedimentat ion rates on the Canterbury Plains ( Cox et al . 

1 97 3 ;  Ives and Stevenson 1 9 7 3 )  are 2 - 7  cm ka-1 . 

Quart z accumulat ion rates in the Tokoma ru soil (Fig . 4 . 3 0 )  are 

higher than those f rom a ma rine core east of Cape Turnagain ( Stewart 

and Neall 1 9 8 4 )  . The much higher rates for the Tokomaru s o i l  63-20 � 
f ract i on which represents the loessial component of aeo l i an materials 

( Bagn o ld 1 9 4 1 ; Ruhe 1 9 6 9 ;  Jackson et al . 1 9 7 1 )  are a reflect ion of 

proximity to source . This conclusion is supported by the grain size 

data which shows that the modal interval for the soil profi le is 2 8  � 
while that of the core is f iner ( c .  8 �) . The rates for the 5 �2 � 
fract ion from both s ources are similar, reflect ing the more global 

nature of this •aerosolic component (Rex and Goldberg 1 9 62 ;  Walker and 

Costin 1 9 7 0 ;  Jack s on et al . 1 9 7 1 ,  1 97 3 ) . 

The distributions of  quartz in the 63-20 � and 5-2 � 

fractions are taken t o  represent the loe s s ia l  and aeroso l ic dust 

components respective ly .  These demonstrate that there is an increas ing 
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accumulation rate t owards the end of the Ohakean stadial before a 

dramatic drop to Holocene accumulat ion rates (F ig . 4 . 3 0 ) . These 

results a re consistent with the documented increas ing rates of aeolian 

sedimentat ion towards the end of the last stadial in North America 

(Ruhe et a l . 1 9 7 1 ;  Kleiss 1 97 3 ) , in tephric loess in Taranaki ( B . V .  

Al loway pers . comm . ) and in ma rine sediments t o  t he east of the North 

Is land ( St ewa rt and Neall 1 9 8 4 )  . In the Tokomaru soi l the highest 

rates occur between 1 4 . 2  ka and c .  12 ka . Data in Stewart ( 1 9 8 2 )  also 

show that s edimentat ion of the terrestrial component s in a marine core 

east of Cape Turnagain cont inued at a relat ive ly high rate unt il 

approximate ly 12 ka when a Holocene rate began . Ma j o r  factors that may 

cont ribute to the increases towards the end of the stadial include : 

( 1 )  increased source area , ( 2 )  inc reased seve rity of the t ransport 

mechanism, and ( 3 )  increased sediment supply . In the South I s land the 

glacial maximum occurred at c .  1 8  ka . ( Suggate and Moa r  1 97 0 ;  McGlone 

1 9 8 5 )  and sea level began to rise after this t ime so an increased 

s ource area is improbable . Stewa rt and Neall ( 1 9 8 4 )  have suggested a 

cont ract ion in the c ircum-polar wind system as part o f  the 

ameliorat ion at approximately this t ime , so an increas ingly severe 

wind system is a doubtful cause of the continuing high accumulation 

rate . It is  conc luded that the increas ing rates reflect increas ing 

sediment supply . East of the Ruahine Range Hubbard and Neall ( 1 9 8 0 )  

and Marden e t  al . ( 1 9 8 6a ,  1 9 8 6b)  concluded that la rge volumes of 

gravels were moved during a period towards the culminat ion of the 

Ohakean . Richmond ( 1 9 62 ) , Wellman ( 1 972 ) , Ives ( 1 97 3 )  and Tonkin et 

a l . ( 1 97 4 )  t heorised that the maximum loess accumulat ion should be 

a s s ociated with the recessional stage of a glacier and the data 

p resented here support s this thes is . 

During the last stadial,  mas s  movement and solifluction 

p rocesses were common in the southern North Is land and valleys 

probably infilled with debris because of a declining load : discharge 

ratio of the rivers brought about by the lowered rainfall . The 

c l imat ic ame l iorat ion increased rainfall before the expanding forest 

stabilised the land surface and t he debris was flushed down the 

valleys to f o rm broad unstable aggradation surfaces which were the 



s ource of the loes s . Eventua lly a ris ing sea level,  expanding bush 

cover and a diminut ion of source material curtailed the high loess 

accumulat ion rate at c .  12 ka B . P . 

2 1 5  



CHAPTER F IVE  

SUMMARY AND CONCLUSIONS 

CRISTOBALITE GENESIS 

1 .  Cristobalite origin : This study has shown by means of oxygen 

is otope analys i s ,  degree of mineral c rystal linity, and grain 

morphology that c r i st obalite has not formed in si t u  in the soils 

invest igated here . These data indicate that the cristobalite 

c rystallised at a relat ively high temperature , consistent with 

magmatic origins . 

2 .  Tridymite : XRD spectra from silt fractions of the soils indicate 

that c ristobalite is usually accompanied by t ridymite . Although 

s ome of the tridyrnite may occur as a discrete phase , SEM studies 

suggest that it more often occurs int imately intergrown with 

cristobalite . 
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3 .  Cristobalite sources : Investigat ion o f  selected possible high 

temperature sources (tephras from the Taupe Volcanic Zone , lavas 

f rom the Egmont Volcanic Centre and hydrothermal deposit s )  indicate 

that c ristobalite and or t ridymite is common in hydrothermal 

. deposits but only in some tephras and some lavas . Cristobal ite and 

t ri dymite in the soils  of the Hami lton basin a re derived f rom the 

Taupe Volcanic Z one and have been transported t o  the region by 

aerial tephra depos it ion . 



4 .  Cristobalite distribution : The variable distribut ion of 

c r istoba lite in t opsoils is  related to the dispersal pattern and 

depth of burial of cristobalite-bearing tephras . 
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5 .  Cristobalite as a tephra tracer : Cri stoba l ite is deduced to be a 

s table phase in the pedosphere and this , together with the narrow 

grain si ze limits within which it occurs and the ease of 

benefic iat ion indicates that it may have a use as a t racer for 

t ephras . 

6 .  rnorganic opal-A : Inorganic opal-A ( amorphous silica)  has been 

i dent ified from the Hamilton Ash Group zone of the Hamilton and 

Na ike soils . Gra in morphology indicates that this was formed in the 

s o i l  and oxygen isotope data are consistent with this 

inte rpretation . S i lica released during weathering of tephras 

develops into s i lica gel s  and desiccat ion of these gels produces 

opal-A . 
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TOKOMARU SOIL 

1 .  Tephric additions : Based on chemist ry, mineral propo rtions and 

mineral chemi stry of the sand fract ion in the Tokoma ru soi l ,  it is 

pos sible to identify pulses of tephric additions t o  t he loes s ,  and 

t o  ident ify the i r  s ources : 

0 -50  cm 

1 . 1-1 . 2  m 

1 . 2-1 . 3  m 

c .  1 . 6  m 

c .  2 . 0  m 

2 . 2 1-2 . 3 4 m 

0 - 11 ka - Mixed rhyolitic and ande s itic tephras 

from the Egmont Volcanic Centre and 

the Taupo Volcanic Zone . 

1 4 . 7  ka - Rhyolitic ash, possibly the 

Rerewhakaaitu Ash from the Okataina 

Volcanic Centre . 

e
* 

1 5 . 2  ka - Andesit ic tephra from the Egmont 

Volcanic Cent re . 
* 

e 17 ka - Andesit ic tephra from the Egmont 

Volcanic Centre . 

e
* 

1 9  ka - Andesitic tephra from the Egmont 

Volcanic Cent re . 

2 0  ka - Aokautere Ash, a ma jor e rupt ion from 

the Taupo Volcanic Cent re . 

* estimated age a ssuming a constant accumulation rate between 

the Aokautere and Rerewhakaaitu ashes . 

2 .  Biogenic s ilica : In the Tokomaru soil there is a dramatic change in 

the form of biogenic silica down the profile with sponge spicules 

and microfossils  prevalent below 50 cm and phytoliths dominant 

above this leve l . The change is interpreted to represent post­

glacial afforestation and is inferred to have occurred at 1 1 - 1 2  ka . 

B . P .  The dramatic change in biogenic silica morphology with depth 

suggests a potential use of phytoliths to invest igat e  both spat ial 

and temporal variat ions in vegetat ion in "normal" parent materials . 



3 .  Soil Stratigraphy : Three strat igraphic unit s are recogni sed above 

the Aokautere Ash in the Tokomaru soil : 
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( I )  Post-glacial Loess - The upper 0 . 5  m, while still 

dominant ly qua rt zofe ldspathic , is  cha racterised by 

increa sed rhyolit ic glas s ,  obsidian , volcanic l ithics,  

volcanic minerals (which a re ma inly unetched) ,  Sio2 , CaO , 

Zr,  and decrea sed micas , greywacke lithics ,  Tio2 , Al2o3 , 

K2o,  C r ,  V and Y compa red with the underlying loess . The 

post -glacial loess has accumulated during the pa st c .  1 1 -

12 ka . 

( I I )  Qua rt zofeldspathic loess : Between 0 . 5  and 1 . 7  m there is 

more mica in the silt and sand f ractions compared with the 

post -glacial loess and much less volcanogenic material 

compared with the adjacent units . Notwithstanding the 

gene ral low volcanogenic cont ribut ions to this unit there 

are two di st inct pulses of Egmont -derived tephra and a 

dust ing of rhyolitic material with Okataina Volcanic 

Cent re a f f init ies . 

( I I I )  Tephric loess : The zone between 1 . 7  m and 2 . 2 1 m ( i . e .  

immediately overlying the Aokautere Ash) is one wherein 

there is a transit ion in mineralogical and chemical 

properties from those of the Aokautere Ash to those of the 

quart zofeldspathic loess,  part icularly in the coarser 

grain s i ze s . There is a pulse of Egmont -de rived tephra at 

2 . 0 -2 . 1  m .  

4 .  Initial soil devel opment : While it is  acknowledged that the Btg2 

hori zon is within the region where weathe ring is currently 

occurring, this hori zon is interpreted as resulting ·from weathering 

that init ially devel oped in the quartzofeldspathic loess at c .  12 

ka B . P .  It represent s the soil that began to develop a fter the 

dramatic reduct ion in accumulat ion rates at about that t ime . There 

is a lso evidence f o r  localised gullying in the quartzofeldspathic 

loess at that t ime . 
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5 .  Fragipan formation : I t  i s  inferred that the fragipan formed by a 

p rocess that init ially involved the wett ing of material composed of 

well sorted s i lt - s ized quart z ,  feldspars and clay aggregate s ,  and 

t he collapse of t he c lay aggregates to produce a close packed 

homogenous silt . Subsequent desiccation resulted in shrinkage 

c racks and columnar s t ructures . The fragipan is inferred to have 

formed towards the end of the last stadial . 

6 .  Yellow-grey earth to Yellow-brown loam/Yellow-brown earth 

intergrade relat ionships : It is concluded that the complexity of 

the yellow-grey e a rth to yellow-brown loam/ye l low-brown earth 

relationship is  a funct ion of drainage and a soil flora+fauna 

a s sociation . Thes e  two soils have developed along fundament al ly 

different weathering paths : 

( I )  Yel low-brown loam/yellow-brown earth intergrades are wel l  

drained l ow bulk density soi l s ,  where the format ion o f  

allophane and ferrihydrite h a s  occurred essentially i n  situ 

as primary minerals weather so t hat they are evenly 

distributed throughout the pro f i le . 

( I I )  Yellow-grey earths are poorly dra ined and waterlogging is 

common s o  as the ferrornagnes ian mine rals weather ,  Fe is  

trans located and precipitated at specific sites a s  mott les 

and/or concretions . 

Once these two s o i l  patterns are established they tend t o  be 

ma intained through dif ferent climatic cycles . To understand the 

paramount factors that govern which weathering path will dominate 

it is necessary to invest igate the cover beds where the t wo paths 

we re established, i . e .  in most cases in t he Manawatu, the Tokomaru 

marine bench . It i s  concluded that the initial drainage status is 

important in determining the weathering path and that once 

established a combination of drainage and a specific f lora+fauna 

a s s ociation mainta ins the separate paths . The complexity of the 

present boundary perhaps reflects competition between the two 

mechanisms . 
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7 .  Variations in accumulation rates : The quartz accumulat ion rates in 

t he silt fract ions demonstrate that there a re increas ing rates from 

t he level of the Aokautere Ash up t o  the t op of the 

qua rt zofeldspathic loe s s ,  with ma rkedly highe r rates between 1 4 . 7  

ka and 12 ka . At the base of the post-glacial loess there i s  a 

dramatic reduction in accumulation rates . The loess that 

a ccumulated between 1 4 . 7  ka and 12 ka may not be related to cold 

c l imate condit ions but rather to the increased supply of suitable 

s ource materia l . 

8 .  Chronology : The following chronology is  the refore suggested for the 

T okomaru soil : 

2 0 - 1 4 . 7  ka Continued accumulat ion of loess from a 

quart zofeldspathic source with diminishing input 

from Aokautere Ash-derived glass and occas ional 

dust ings from erupt ions at Egmont Volcanic Centre 

and the Okataina Volcanic Centre .  Al l these 

aeolian materials fell on a surface where there 

was c omparatively l ittle biologica l activity . 

Towa rds the end of this period there was s low 

climatic ameliorat ion . 

1 4 . 7 - 1 2  ka Increa sed climatic ame liorat ion although the 

vegetat ion is st i l l  dominated by grass and scrub . 

There is large scale aggradat ion, poss ibly t owa rds 

the end of this period . Within this zone there is 

an increase in quart z accumulat ion rates , e ither 

for the full period o r  t owards the top of the 

12-11 ka 

11 - 0 ka 

zone . 

Dramatic reduction in qua rt z  accumulat ion rates 

due t o  a reduction in source area . E ros ion occurs 

near the edge of the Tokomaru terrace and there is 

increased biological activity and increased 

weathering . Forest expands over the a rea . 

Post-glacial loess accumulated from more 

restricted and localised sources . There are 

s ignif icant dustings f rom both the Egmont Volcanic 

Centre and Taupe Vol canic Z one . 
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Append i x  1 :  Gra i n  s i ze data for the Wai arek a ,  Hami l ton , N a i ke and Te Kowhai so i l s  ( gm ) . 

Wai arek a c l ay 

Samp l e  W 1  W2 W3 W4 W5 W6 W7 
I n i t i a l * 1 39 .00 109 . 80 1 26 . 1 0  95 . 1 0 1 1 4 . 20 86 . 1 0 145 . 70 

+1 11111 6 . 4 28 .25  42 . 63 
1 000-500 lJm 1 .  27 2 . 05 4 . 00 4 . 43 1 7 . 62 6 . 73 3 1 . 42 
500-250 lJm 0 . 55 0 . 9 1  2 . 25 5 . 66 1 1 . 78 4 . 59 27 . 40 
2 50- 1 25 \Jm 1 . 65 1 . 68 2 . 95 4 . 90 8 . 75 4 . 75 1 6 . 64 
1 25-63 lJm 2 . 56 2 . 96 3 . 4 7  2 . 95 4 . 14 3 . 76 9 . 1 2  
63-20 lJm 9 . 54 9 . 83 7 . 1 6 5 . 90 6 . 96 3 . 62 2 . 91 
20-5 lJm 1 4 . 06 1 1 . 52 1 0 . 60 5 .80 4 . 94 2 . 87 2 . 42 
5 - 2  \Jm 3 . 06 2 . 69 2 . 33 1 . 06 0 . 68 0 . 54 0 .43  
< 2 \Jm 44 . 70 36 . 20 42 . 60 2 2 . 20 1 8 . 70 4 . 30 2 . 20 
Sum 7 7 . 39 67 . 84 75 . 36 5 9 . 30 73 . 57 5 9 . 4 1  1 3 5 .  1 7  

Te Kowh ai  s i l t  l oam 

Samp l e  TK 1 TK2 TK3 TK4 TK5 TK6 TK7 TK8 TK9 TK 10  
I n i t i a l * 7 1 . 00 7 2 . 40 7 9 . 70 68 .60 69 .80 85 .80 76 . 20 7 1 . 50 96 . 00 1 05 . 80 

+1 11111 0 . 1 1  0 . 08 tr t r  0 . 4 1  0 . 05 tr 0 . 04 
1 000-500\J m 0 . 30 0 . 26 0 . 04 0 . 01 0 . 1 0 0 . 1 6 0 . 0 1  0 . 03 0 . 05 tr 
500-250 lJm 0 . 58 0 . 58 0 . 1 7  0 . 20 1 . 26 1 . 86 0 . 20 0 . 2 1 0 . 5 1  o .  1 0  
2 50- 125  lJm 2 . 05 1 .  98 1 . 1 9 2 . 1 5  7 . 50 6 .82 2 . 07 2 . 65 6 . 31 3 . 64 
1 25 -63 11m 4 . 02 4 . 79 4 . 23 6 . 57 9 . 75 9 . 89 9 . 98 1 1 .  10 1 7 . 02 20 . 03 
63-20 lJm 8 . 50 8 . 30 1 3 . 50 1 0 . 60 1 1 . 90 1 2 . 26 1 4 . 70 1 6 . 43 1 7 . 20 24 . 30 
20-5 11m 1 6 . 60 1 8 . 00 21 . 50 1 7 . 30 1 0 . 34 1 6 . 20 1 3 . 90 1 3 . 00 1 4 . 70 1 4 .00 
5-2  11m 3 . 70 5 . 60 4 . 90 2 . 60 1 . 66 2 . 30 1 . 70 1 . 60 2 . 00 1 . 70 
( 2  \Jm 1 3 . 70 1 4 . 30 1 5 . 20 1 2 . 60 9 . 60 1 1 . 90 9 . 50 4 . 50 7 . 40 1 0 . 80 

Sum 49 . 56 5 3 . 89 60 . 73 5 2 .03 52 . 1 1  61 .80 52 . 1 1  49 . 52 65 . 23 74 . 57 

H ami l ton c l ay l oam 

Samp l e  R 1  R2 R3 R4 R5 R6 R 7  RB R9 R 1 0  
I n i t i al * 9 1 . 38 89 . 36 9 1 . 92 7 1 . 8 7  74 . 20 72 . 84 73 . 70 81 . 20 83 . 40 7 1 . 50 
1 000-50011 m 1 . 25 0 . 35 0 . 23 0 . 25 0 . 1 0  0 . 07 0 . 04 0 .05 0 . 08 0 . 1 1  
500-250 lJm 1 . 30 1 . 27  1 . 1 8 0 . 50 0 . 5 1  0 . 20 0 . 20 0 . 20 0 . 26 0 . 4 2  
2 50- 1 2 5  IJI1l 2 . 87 2 . 98 2 . 69 1 . 30 0 . 9 1  0 . 38 0 .  31  0 . 30 0 . 3 1  0 . 5 5  
1 25-63 IJil1 4 . 1 8 5 . 08 4 . 60 2 . 1 7  1 . 44 0 . 64 0 . 44 0 . 38 0 . 26 0 . 58 
6 3-20 IJ1l 9 . 5 7  9 . 63 8 . 59 5 . 1 0  3 . 67 2 . 00 1 . 40 1 . 1 0  0 . 23 0 . 93 
20-5 IJI1l 1 5 . 94 1 7 . 55 1 5 . 39 9 . 50 7 . 28 3 . 80 2 . 5 9  2 . 00 1 . 76 2 . 24  
5-2  IJ1l 3 . 59 3 . 39 3 . 63 2 . 90 2 . 10  1 . 10  0 . 93 0 . 80 0 . 80 1 . 1 8  
( 2 IJ1l 1 8 . 93 22 . 56 25 .87  24 . 90 2 9 . 4 5  34 . 10 32 .83  3 7 . 50 42 . 1 7 4 7 . 86 
Sum 57 .63  62 . 8 1  62 . 1 8  46 .62 4 5 . 46 42 .29  38 . 74 4 2 . 3 3  45 .87  5 3 . 8 7  

N a i k e  c l ay 

S amp l e  N 1  N 2  N 3  N4 N5 N6 N7 NB N9 N 1 0  
I n i t i a l * 1 10 . 00 94 . 20 86 .40 70 . 90 70 .60 80 . 10 91 . 60 78 . 90 83 . 20 7 3 . 90 

+ 1 11111 0 . 1 8  0 . 08 tr tr tr tr t r  t r  0 . 07 0 . 28 
1 000-50011 m 0 . 22 0 . 22 0 . 05 0 . 02 0 . 02 0 . 0 1  0 . 02 0 . 07 0 . 24 0 . 62 
500-250 IJI1l 0 . 5 7  0 . 52 0 . 2 1  0 . 09 0 . 05 0 . 09 0 . 08 0 . 14 0 . 44 1 . 1 0 
250- 1 25 11  m 2 . 83 2 . 20 1 . 26 0 . 4 1  0 . 34 0 . 30 0 . 30 0 . 37 0 . 77 1 . 77 
1 25 -63 IJ1l 3 . 03 2 . 31  1 . 33 0 . 51 0 . 48 0 . 56 0 . 65 0 . 67 1 . 22 2 . 09 
63-20 IJI1l 7 . 46 6 .02 3 . 42 1 . 42 1 . 3 3  1 . 52  1 . 95 1 . 97 2 . 73 2 . 92  
20-5  IJI1l 1 6 . 06 1 2 .85 7 . 48 3 . 99 3 . 7 1 4 . 58 5 . 1 2 4 . 80 5 . 39 6 . 58 
5-2  IJI1l 3 . 29 2 . 18 2 . 59 1 .  72  2 . 1 6  2 . 1 3  2 . 01 2 . 47 2 . 54 2 . 52 
<2 IJ1l 38 . 80 3 5 . 80 42 . 60 36 . 10 36 .80 41 . 30 44 . 20 35 . 60 36 .00 2 7 . 80 
Sum 72 . 44 62 . 18 58 . 94 44 . 26 44 . 89 50.49  54 . 33 46 .09 49 . 40 4 5 . 68 

* I n i t i a l wei ght . tr - trace . 



Appen d i x  2 :  Wei ght percent (cri stoba l i te + tr i dym i te ) and quartz in the Hami l ton,  Naike  and Te Kowhai 
s i l t  and c l ay frac t i on s .  
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1 1 . 0 70 2 . 4  

9 . 5  74 3 . 0  

9 . 0  76 2 . 7  

1 2 . 0  70 3 

1 3 . 7  76 5 . 9  

1 4 . 4  75 2 . 9  

1 0 . 4  7 1  3 . 3  

---- 5-2 1.1 m ----

C+T R Q 

2 7 . 1  64 24 

2 1 . 0  7 1  24 

2 5 . 0  76 23 

29 .0  58 26 

1 6 . 1  65 22 

7 . 6  58 1 5  

1 6 . 0  66 1 1  

3 . 3  69 1 2  

7 . 0  48 1 0  

4 . 0  64 5 

1 5 . 4  83 33 

1 8 . 5  75 28 

1 6 . 6  72 18 

5 . 9  5 2  5 . 9  

4 .  5 58 3 . 1  

3 .  7 58 3 . 0  

2 . 3  56 3 . 4  

1 . 8 57  5 . 2  

4 .4 60 7 . 8  

1 . 9 64 3 . 8  

2 5 . 4  7 1  7 . 2  

1 3 . 9  63 5 . 4  

1 7 . 0  79 4 . 3  

9 . 4  65 2 . 8  

1 . 1  4 7  2 . 3  

7 . 5  72 3 . 5  

7 . 5  53 2 . 5  

1 5 . 4  66 4 . 9  

8 . 4  58 2 . 6  

5 . 7  55 2 . 7  

- - < 2 J.1 m -

c Q 

8 . 8  3 . 9  

8 . 9  3 . 6  

9 . 1  3 .  5 

6 . 9  2 . 7  

5 . 7  2 . 0  

3 . 9  1 . 2 

3 . 0  1 . 4 

2 . 7  0 . 5  

1 . 7 0 . 4  

1 . 3 1 . 0 

5 .  9 4 . 1  

5 . 9  3 . 9  

2 . 7  1 . 4 

1 . 8 0 . 8  

1 . 2 0 . 3  

1 . 3  0 . 3  

1 . 8 0 . 2  

1 . 5 0 . 7  

1 . 6  0 . 8  

1 . 8 1 . 2  

7 . 9  1 . 1  
I 

7 . 6  1 . 1  

4 . 4  0 . 5  

3 . 0  0 . 7  

2 . 7  0 . 2  

2 . 2  0 . 4  

2 . 1  0 . 3  

3 . 7  0 . 6  

2 . 9  1 . 5  

2 . 8  0 . 6  

Q = Quart z ;  C = Cri s toba l i te ;  C+T = Cri stobal i te p l u s  Tri dymi te;f! =. C/( C+T) rat i o .  

2 2 3  



APPENDIX 3 :  Descr ipt ion of the mine ra ls identified in the Tokomaru 

s i lt loam. 

2 2 4  

( 1) QUART Z : Qua rt z occurs as discrete gra ins b roadly in two 

fo rms : ( 1 )  rounded frosted gra ins ( occas ionally with dusty inclusions ) 

that can be up t o  3 mm in diameter . This form is of a sedimentary 

o rigin ; ( 2 )  conchoidally fractured euhedra l fragment s o r  bipyramidal 

c rystals, both of which often have glass selvedges and/or inc lusions . 

This form is of  volcanic origin . Qua rt z is  also common in lithic 

fragments ( see bel ow) . 

( 2 )  PLAGIOCLASE : Grains of plagioclase are divided into two 

broad categorie s : 

( 1 )  S l ight ly rounded, usual ly untwinned grains that have a 

relat ively low ref ract ive index ( <1 . 5 4 ) and a re 

commonly c loudy or dusty due to very fine -grained 

alteration products .  This type has been a lbitised and is 

referred to as a sediment a ry plagioclase ; 

( 2 )  Clea r ,  high relief ,  highly angular fragments or euhedral 

t abul a r  cryst als of a complexly zoned ( no rma l ,  reverse 

and oscillatory zoning) plagioclase that varies in 

compos ition up to An8 0  ( labradorite) . They commonly have 

anoma l ous brownish interference colours , glassy re­

ent rants and selvedges of glass or volcanic lithic 

materia l . They frequent ly cont ain pyroxene , opaque and/ or 

glassy (both clear or brown glas s )  inclus ions . 

Occasiona lly the cores , which are usually more calcic , 

have p referent ially weathered out in zones parallel to 

the opt ical zoning or grain out line . Within. the s i lt-size 

fract ions where fragment s a re usually not sufficient ly 

large t o  be able to recognise zoning or inclus ions two 

addit ional forms of plagioclase have been recognised . One 

is referred to as " low R . I .  plagioclase" , being composed 

of c lear,  low refractive index ( approximately equal to 

that o f  the mounting medium) grains which often have grey 
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inte rfe rence colours . The se gra ins often have glass 

selvedges . The second form, referred to as "high R . I .  

plagioc lase" is clear and has a relative ly high 

ref ract ive index compared with Canada balsam but without 

anoma lous interference colours . This group also often has 

gla ss selvedges . Because o f  their obvious volcanic origin 

a l l  of these forms of plagioclase are referred to as 

vol canic plaqioclase . 

P lagioclase is  also common in lithic f ragments ( see be low) . 

(3 )  MICROCLINE : Microcline occurs as c lear to s light ly dusty, 

r ounded to subrounded ( o ften approximately square in out line) s ingle 

grains or as the coarser grains in a s i lty mat rix of a greywacke 

lithic . No other pot a s s ium feldspar was identified on a rout ine basis . 

( 4) LITHIC FRAGMENTS : Lithic fragments of various types a re 

common in the loess . P revious invest igat ions of the sand and s i lt 

mineralogy of s o i l s  have employed grain mounts to determine the 

mine ral content and so have not been abl e  to unambiguously identify 

t he various rock type s . In this study t h in sect ions we re used enabl ing 

this difficulty t o  be overcome . 

Grains that have been described a s  lithic fragment s have been 

divided into t h ree groups . 

( 1 )  The first group comprises sub-rounded silt to fine sand 

s i ze qua rt z ,  quart z + feldspar or epidote in a clay to 

f ine s i lt matrix . This mat rix is composed of either 

c o lourles s  micas ( sericite or i l l ite)  which a re a ligned 

and often draped over the coarser grains , or is an 

o range-yel low material ( chlorite or vermiculite and iron 

oxide coat ings ) . Occasionally the matrix is absent and 

the fragments are composed o f  interlocking quartz and/or 

feldspar and/or epidote grains . There are also rare chert 

and a rgillite fragments .  This group is consistent with 

derivation from greywacke . 

(2 ) The second form of lithic f ragment is rare , occurring only 

in the t op 10 erns of the profile . It is commonly oblate , 

up t o  5 x 3 mm in size and grey under natural l ight . In 
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thin sect ion it i s  seen t o  comprise ma inly qua rt z and 

fe ldspa r in a clayey matrix, cemented by an iron oxide in 

a very open spongey texture . It is different from 

concret ions in the Btg horizons and is resistant to 

repeated deferration . But for the iron oxide cement the 

texture is ve ry s imilar to that in the natural topsoil . 

Because of this factor and the a s sociat ion of this form 

of lithic with charcoal remaining from the origina l 

forest burning it is suggested that this form has 

resulted f rom soil fus ion during this burning . 

( 3 )  The third f o rm of l ithic fragment comprises euhedral to 

subhedral s i lt s i zed plagioclase with or without opaque 

grains . Occas ionally pyroxene o r  amphibole grains are 

present . Usually these minerals form a holocrystalline 

interlocking mosaic but a thin z one of glass may be 

present between grains . The minera logy is consistent with 

derivat ion f rom a volcanic source and these grains are 

therefore refe rred to as "volcanic lithics" . 

(5)  MICAS : Muscovite,  biotite and chlorite form rounded 

s l ight ly deformed flakes which, because they have st rong elect rostatic 

force s ,  are difficult t o  sample representat ively . This problem is 

c ompounded as  the pre-t reatment given the s amples may exploit any 

weathering-induced wea kness in the micas and split thick flakes into 

t hi nner sheets . 

Muscovite appears to be the most stable mica and forms c lear 

buckled flakes which a re almost isot ropic but with a birefringent rim 

due t o  deformation and expans ion at the edge of the flake . Biot ite 

c omprises pleochroic brown and green variet ies which a re often altered 

t o  chlorite . Like muscovite,  biot ites have · de formed rims . Occas ionally 

biotite is euhedral ,  undeformed and with a hexagonal out l ine . As wel l  

a s  occurring closely a ssociated with biot ite , a green variety of 

chlorite also occurs a s  distinct monocrysta l line grains . 

( 6 )  EPrDOTE GROUP : For the purpose o f  the minera logical 

analysis individual epidote group minerals were not diffe rent iated 

f r om e ach other . "Epidote" occurs as rounded equidimensional 
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colourless t o  pa le lemon gra ins of high relie f . "Epidote " as  

individual grains is relat ively rare in the coa rser gra in s i zes ; it is 

more common in the silt s . It is common , however ,  as the large r grains 

in greywacke lithics in t he coarser fract ions . 

( 7 )  CLINOPYROXENE : Clinopyroxenes form colourless to pa le green 

grains that are often chemically and opt ically concent rica lly zoned 

and twinned . Gra ins often contain apat ite , glass and opaque 

inclus ions , and somet ime s are partially enclosed by selvedges of glass 

o r  volcanic lithic material . In the upper port ions of the profile 

( above c .  50 cm) clinopyroxenes form euhedral stubby cryst als whereas 

at deeper leve l s  they have very irregular out l ines due to weathering 

and show coxcomb terminat ions and etched prism faces . 

( 8 )  ORTHOPYROXENE : Orthopyroxene is repre sented by pleochroic 

green to pink hypersthene that occasional ly has dark brown oxidised 

( "burned" ) rims . Grains can contain glass and/ o r  opaque inclus ions and 

frequently have glassy se lvedges . Like the c l inopyroxenes the 

o rthopyroxenes are euhedra l  in the upper port ions of the profile 

( a lthough more prismat ic in form than the c linopyroxenes )  and at depth 

are etched with coxcomb terminations . 

( 9 )  AMPHIBOLES : Although they are only a relat ively minor 

component of the soil there is  a wide va riety of amphibole type s . 

P leochroic green-brown and green hornblendes a re the common forms but 

there a re minor red-brown oxy-hornblendes and rare blue-green 

va r iet ies . Grains are occas ionally twinned and are more commonly 

euhedr a l  and less altered compared with the pyroxenes . They may 

contain glas s  and opaque inclus ions and s omet imes have glassy 

selvedges . 

Rarely the amphibole is a twinned, non-pleochroic pale brown 

var iety that has very thin (micron thick) t ransverse exsolution 

l amellae and a relatively low extinction a ngle . This amphibole may be 

cummingtonit e ,  but none with a suitable o rientation for posit ive 

optical ident ification was found . 
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( 1 0 )  OPAQUES : The opaque mine rals are magnet ite , ilmenite and 

t it anornagnet ite or their oxidised equivalents . They are usually black 

but there are grains with thin o range oxidised rims . Their morpho logy 

can vary f rom rounded frosted grains through to perfect euhedral 

oct ahedra ( t itanomagnetit e )  o r  hexagonal plates ( i lmenite ) . The 

euhedral varieties may cont a in glass inclusions or selvedges and, 

rarely,  volcanic lithic selvedges . S ome opaques are exsolved . 

( 1 1 )  VOLCANIC GLASSES : The term glass has been used for 

i r regular , colourless , isot ropic material that has a low ref ract ive 

index . Where this material has a brown colour it is referred to as 

obs idian (glass and obsidian f rom the same sample are usually 

chemically equivalent ) . Grains form ( a )  keel or slight ly curved 

platelette shapes derived f rom the breakup of glass bubbles ,  (b) 

i rregular solid glass (or obs idian) forms with conchoidally fractured 

surfaces and ( c )  rounded pumice f ragments where the ves icles are 

preserved . Where there is a h igh density of vesicles o r  the vesicles 

form l ong t ubes the pumice gra ins have a t rans lucent " white" colour . 

The coarser pumice fragment s commonly have layers of c lays deposited 

in the vesicles or silt grains t rapped at const rictions in elongate 

ves icles . At the level of the Aokautere Ash and in the uppermost 50 cm 

o f  the profile the pumice fragment s are up to 5 mm in diameter .  

Where t here are crystal l ites present in the glasses the 

adj ect ive mic rolitic is used . These c rystals a re very f ine prismatic 

grains of pyroxenes and amphiboles o r  more equant plagioclase and 

opaques .  As the crystal content increases the microlitic glasses grade 

t owards the volcanic lithic g roup . 

(12)  TRACE CONSTITUENTS : Mine rals that have been ident ified in 

t race amount s include titanit e ,  garnets ( some with spiral trails of  

inclus ions ) ,  z i rcons , tourmaline , a l lanite and ( ? ) perovskite . Also 

cristobalite forms fine needle s  in close associat ion with fibrous 

feldspar in pale brown grains with a fibre-radiat ing spherulitic 

t exture similar to those in devit rified ignimbrites and rhyolites .  

Rarely fossils (biogenic opal )  were noted . These include 

spherical , cylindrical and disc-like radiolaria , sponge sterrasters 

and spicules ,  diatoms and plant phytoliths . A more deta i led 

description of the phytoliths is given in chapter 4 .  
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App en d ix 4 :  Tokomaru s i l t  l oam gra i n  s i z e  d i s t r ibu t i on ( gm ) .  

S amp l e  * T l  T 2  T 3  T 4  T 5  T 6  T 7  T 8  T 9  

I n i t i a l  5 2 . 3 2 6 3 . 6 0 1 1 4 . 4 0  6 4 . 3 0  6 1 . 4 0 5 9 . 0 0 6 3 . 0 0 6 2 . 5 0 6 2 . 7 3 

> 5 0 0�m 0 . 0 1 0 . 0 2 l .  5 0  0 . 0 4 0 . 0 1 0 . 0 1 

5 0 0 - 2 5 0�m 0 . 0 1 0 . 1 3 5 . 9 0 0 . 2 9  0 . 1 1 0 . 0 4 0 . 0 1 0 . 0 1 0 . 0 1 

2 5 0 - 1 2 5 �m 0 . 0 8 0 . 3 4 1 0 . 7 6  l .  3 7  0 . 4 9 0 . 2 0  0 . 1 2 0 . 0 7 0 . 1 5 

1 2 5 - 6 3 �m 2 . 2 1 2 . 3 1 1 2 . 2 9 4 . 6 1 3 . 0 5 2 . 5 9 2 . 7 4  2 . 7 2 2 . 9 9 

6 3 - 2 0 �m 3 0 . 7 0  3 1 . 2 0 4 0 . 4 0  3 1 . 8 0 3 1 . 3 0 3 1 . 3 0 3 4 . 1 0 3 3 . 0 0 3 4 . 7 0  

2 0- 5 �m 8 . 7 0  9 . 0 0 2 5 . 3 0 1 0 . 9 0  8 . 4 0 8 . 5 0 8 . 3 0  9 . 5 0 9 . 0 0 

5 - 2 �m 1 .  7 0  1 . 8 0 2 . 9 0 l .  7 0  1 .  7 0  1 .  7 0  2 . 0 0 2 . 1 0 1 . 8 0  
< 2� m 7 . 1 0 8 . 2 0 1 1 . 4 0 7 . 1 0 8 . 0 0 9 . 0 0 9 . 5 0 1 1 . 5 0 8 . 9 0 

Sum 5 0 . 4 9 5 3 . 0 0 1 1 0 . 4 5 5 7 . 8 1 5 3 . 0 5 5 3 . 3 3 5 6 . 7 7 5 8 . 9 0  5 7 . 5 4 

S amp l e  * T l O  T l l  T 1 2  T 1 3  T 1 4  T 1 5  T l 6  T 1 7  

I n i t i a l  67 . 7 0  6 6 . 0 0 5 6 . 0 0  5 9 . 1 0 1 1 5 . 3 0 62 . 7 0  6 7 . 3 0  62 . 1 0 

> 5 0 0�m 0 . 0 1 0 . 0 1 

5 0 0 - 2 5 0�m 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 

2 5 0 - 1 2 5�m 0 . 1 4 0 . 1 4 0 . 1 1 0 . 1 7 0 . 2 7 0 . 1 0 0 . 0 7 0 . 0 7 

1 2 5 - 6 3�m 2 . 8 3 2 . 4 5 2 . 5 7 2 . 3 1  4 . 4 6  2 . 2 3 2 . 3 2 2 . 2 3 

6 3 - 2 0�m 3 6 . 2 0 3 5 . 1 0 3 0 . 6 0  3 2 . 2 0 6 2 . 4 0  3 3 . 9 0  3 4 . 9 0  3 1 . 9 0  

2 0 - 5�m 9 . 4 0 1 0 . 0 0 8 . 0 0 8 . 4 0  1 7 . 1 0 9 . 4 0 1 1 . 0 0 1 0 . 3 0 

5 - 2�m 1 . 8 0  1 . 9 0  1 .  7 0  1 . 9 0  3 . 9 0 2 . 3 4 2 . 2 0  3 . 3 0 

< 2�m 9 . 8 0 9 . 6 0 8 . 7 0  9 . 1 0 1 7 . 4 0 9 . 6 0 1 0 . 7 0  8 . 6 0 

Sum 6 0 . 1 7 5 9 . 1 9 5 1 . 6 8 5 4 . 0 8 1 0 5 . 5 3 57 . 5 8 6 1 . 1 9 5 6 . 4 1 

S amp l e  * T 1 8  T 1 9  T 2 0 T 2 1  T 2 2  T 2 3  T 2 4  T2 5 

I n i t i a l  6 5 . 1 0 1 0 8 . 2 0 6 4 . 4 0  6 3 . 9 0 6 2 . 1 2 6 1 . 3 0 6 4 . 2 0 5 6 . 9 0 

> 5 0 0�m 0 . 0 4 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 2 

5 0 0 - 2 5 0�m 0 . 0 1 0 . 0 1 0 . 0 2 0 . 0 1 0 . 04 0 . 0 6 0 . 0 5 0 . 0 6 

2 5 0 - 1 2 5�m 0 . 0 7 0 . 0 9 0 . 0 9 0 . 1 3 0 . 3 4 0 . 4 1  0 . 4 1 0 . 4 4  

1 2 5 - 6 3�m 2 . 1 8 4 . 5 2 1 .  5 4  l .  6 3  1 . 8 7  1 .  9 0  2 . 1 6 1 .  7 8  

6 3 - 2 0�m 3 1 . 0 0 5 0 . 5 0 2 6 . 3 0 2 5 . 4 0 2 8 . 0 0 2 6 . 2 0 2 5 . 7 0  2 3 . 6 0 

2 0- 5 �m 9 .  7 0  1 9 . 2 0 9 . 2 0 9 . 6 0 1 1 . 7 0  1 0 . 9 0  1 1 . 5 0 9 . 0 0 

5 - 2 �m 2 . 2 0  4 . 4 0 2 . 1 0 1 . 9 0  2 . 0 0 1 .  7 0  2 . 5 0 1 .  7 0  

< 2�m 9 . 6 0 1 8 . 4 0  1 6 . 6 0 1 3 . 6 0 1 2 . 9 0 1 2 . 2 0  1 4 . 2 0  8 . 6 0 

Sum 5 4 . 7 5  9 7 . 1 1 5 5 . 8 5 5 2 . 3 1  5 6 . 8 5 5 3 . 3 7 5 6 . 5 2 4 5 . 2 0  

* I n i t i a l  weight 



Appen d i x 5 :  Mod a l  d a t a  f rom the s an d  a n d  coarse s i l t  f r ac t i on s  of t h e  

Tokom a r u  s i l t  l o am . D a t a  are b a s e d  o n  700 c o u n t s  un l e s s  

otherw i s e  s p ec i f i ed a n d  are e x pre s s e d  i n  t h e  t ab l e s a s  

freq u e n cy p e rcen t . 

Abbre v i a t i on s  of t h e  m i n e r a l  c ategor i es i de n t i f i ed :  

Cpx 

Opx 

Hb l de 

V l i t h i c 

PO l i t h i c  

P l i t h i c  

0 v o l e 

S p l a g  

V p l ag 

HR ! p l a g 

L R I p l a g 

C gwk e  

E gwk e  

I gwk e 

M gwk e 

QF gwk e  

0 s ed 

tr 

C l i nopyrox e n e  

Orthopyroxene 

Horn b l en d e  

V o l c an i c  l i t h i c  

P l ag i oc l a s e - o p a q u e  v o l c an i c  l i th i c  

P l ag i oc l a s e  vo l c an i c  l i t h i c  

O t her vo l c an i c  types 

Sed i ment ary p l a g i oc l ase 

V o l ca n i c  p l a g i oc l ase 

H i gh refract i ve i n dex p l ag i oc l as e  

L ow refr a c t i ve i ndex p l ag i oc l a s e  

C h l or i te greyw a c k e  l i t h i c  

E p i dote g reywa c k e  l i th i c  

I l l i te greyw a c k e  l i t h i c 

M i c a greyw a c k e  l i t h i c  

Q u art zofe l d s p a th i c  g reyw a c k e  l i t h i c  

Other g ra i n s  of s e d i ment a ry or i g i n  

Trac e  amo un t s  

0 s e d  i n c l u d e s  t i t an i te ,  g arnet , z i rcon , t ou rm a l i ne ,  

a l l an i te ,  f o s s i l s  a n d  p hyto l i th s . 
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Appendix  5 . 1  - Magnet i c  fract ion  of  the  f i ne sand . 

Samp l e  
Hbl de 
Cpx 
Opx 
V p l ag 
P l i th i c  
P O  l i th i c  
Opaque 
Pum i ce 
G l as s  
Obs i d i an 
0 vole  
C gwke 
E gwke 
Epi dote 
M icas  
0 sed 
Counts 
% magnet i c  

Samp l e  
Hbl de 
Cpx 
Opx 
V p l ag 
P l i th i c  
P O  l i th i c  
Opaque 
Pumi ce 
G l a s s  
Obs i d i an 
0 vo l e  
C gwke 
E gwke 
Epi dote 
Micas  
0 sed 
Count s 
% magnetic  

S amp l e  
Hb l de 
Cpx 
Opx 
V p l ag 
P l i th i c  
P O  l i th i c  
Opaque 
Pum i ce 
Gl a s s  
Obs i d i an 
0 vo l e  
C gwke 
E gwke 
Epidote 
M icas  
0 sed 
Counts 
% magnet i c  

T 1  T2 
3 . 1  5 .0 
5 . 6  8 . 4 
5 . 9  1 2 .8 
2 . 7  2 . 4  
5 . 0 1 . 6 

1 3 . 6 20 . 5  
0 . 3  4 . 9  
0 . 1  1 . 2 
1 . 4 2 . 0 
3 . 0  8 . 6 
2 . 2  1 3 . 5  

46 . 8  1 2 . 3  
9 . 3  4 . 3  

0 . 7  0 .8 
1 . 2 

14  8 

T10 Tl1  
1 5 . 8 1 7 .4 

4 . 9  1 0 . 5  
6 . 0  9 . 3  
4 . 1  1 . 5 
4 . 3  4 . 7  

1 1 .  1 1 6 . 8  
0 . 4  1 . 0 
1 . 0 0 . 3  
2 . 5  1 . 9 
1 . 8 1 . 7 
2 . 0  1 . 4 

37 . 7  2 3 . 7  
7 . 1  8 . 2  

1 .  1 1 .  3 
0 . 1  

1 4  10  

T 1 9  T20* 
7 . 0 1 2 . 3  

1 2 .8 25 . 7  
6 . 2  2 5 . 7  
0 . 8  
2 . 3  4 . 1  
7 . 5  1 3 . 7  
0 . 6  1 . 4 
0 . 6  
3 . 5  1 . 4 
6 . 6  3 . 0  
4 . 0  6 . 8  

36 . 2  
6 . 4  
0 . 9  
4 . 6  

6 . 0  
530 273 

6 1 4  

* Determined on the tota l  

T3 T4 T5 T6 
4 . 0 3 . 0  25 . 5  32 . 3  
5 . 1  6 . 4  32 . 3  30 .0  

1 1  . 2 7 . 0  1 3 . 7 1 4 . 2  
2 . 7  1 .  4 2 . 6  2 . 6 
4 . 8  1 .  7 1 .  4 0 . 6  

1 5 . 3  1 4 . 2  7 . 5  6 . 3  
4 . 4  1 .  5 5 . 1  4 . 3  
3 . 6  9 . 3  
6 . 9  6 . 7  1 . 4 0 . 2  

1 3 . 7  1 8 . 4  1 .  9 1 . 5 
1 0 . 8  7 . 9  3 . 1  0 . 7  
1 4 . 4  1 7  . a  3 . 7  6 .0 

1 . 8 1 .  7 1 . 2 0 . 8  
0 . 1  
0 . 3  2 . 6  0 . 4  0 . 5  
0 . 8  0 . 2  

8 5 24 24 

T1 2 T 1 3  T 1 4  T 1 5  
1 8 . 8  1 8 . 0  1 3 . 0  7 . 9  

9 . 2  1 8 . 9  1 1 .  1 1 4 . 2  
7 . 8  1 1 . 9  1 5 . 5  1 0 . 4  
2 . 2  2 . 2  1 .  1 0 . 7  
6 . 6  3 . 8  3 . 2  1 . 8 

20 . 3  20 . 6  14 . 5  1 4 . 4  
2 . 7  1 . 3  2 . 4  1 .  3 
0 . 4  0 . 2  0 . 2  
2 . 6  0 . 6  3 . 5  1 . 5  
2 . 8  0 . 7  5 . 2  2 . 5  
1 . 5  4 . 3  3 . 0  6 . 8 

1 6 . 1  8 . 6  1 8 . 4  25 . 5  
8 . 1  7 . 6  3 . 5 9 . 1  

0 . 1 0 . 3  
0 . 9  1 .  3 5 . 4  3 . 5  

8 1 4  1 3  1 1  

T21 T22 T23 T24 
2 2 . 1  22 . 0  23 . 2  2 0 . 4  
38 . 4  4 1 . 1  46 . 5  45 . 3  
1 3 . 9  1 9 . 5  8 . 1  1 3 . 2  

1 . 2 1 . 0 0 . 7  0 . 7  
1 . 7  0 . 7  0 . 9  1 . 1  
5 . 5  1 .  3 3 . 6  2 . 7  
0 . 4  o . g  0 . 6  0 . 8  
3 . 2  2 . 2  1 .  7 0 . 4  
3 . 3  3 . 0  4 . 8  5 . 6  
2 . 2  3 . 1  5 . 4  7 . 9  
2 . 5  1 .  5 3 . 1  1 . 3 
4 . 3  2 . 2  0 . 6  0 . 4  
0 .4 1 .  7 0 . 1  0 . 1 
0 . 1  0 . 4  
0 . 7  0 . 1  0 . 1  

0 . 2  
690 1 005 803 740 

25 39 35  38  

f i ne s and fract i on .  

2 3 1  

T7 TB* T9 
36 . 7  23.8 1 4 . 3  
29 . 8  1 7 . 1  5 . 0  
8 . 7  1 8 . 6  2 . 8  
1 .  4 6 . 0  
1 .  1 1 . 3 1 . 9 
5 . 8  26 . 0  9 .  1 
2 . 0  2 . 2  0 . 5  

1 .  5 
0 . 2  0 .4  8 . 0  
0 . 9  6 . 1  0 . 7  
2 . 0  1 . 9 1 . 9 
6 . 2  38 . 4  
4 . 7  8 . 0  
0 . 2  0 .4  
0 . 5  1 .  9 2 . 2  
0 . 2  0 . 2  

270 
16 9 1 5  

T16 T17  T 1 8  
8 . 5  2 . 2  5 . 4 
5 . 8  3 . 4  3 . 2  

1 3 . 0  3 . 4  4 . 3  
1 . 4 0 . 5  

2 . 4  0 . 8  1 . 6 
1 8 . 4  5 . 0  9 . 2  

1 . 4 0 . 2  
1 .  6 

2 . 3  2 . 2  2 . 1  
5 . 8 1 . 0 2 . 7  
6 . 1  6 . 0  9 . 7  

23 . 2  64 . 3  53 . 0  
1 2 . 6  6 . 0  6 . 5  

1 . 0 4 . 0 0 . 5  
0 . 3  0 . 5  
285 289 499 

7 4 6 

T25 
1 7 . 2  
3 7 . 9  

7 . 6  
0 . 4  
0 . 9  
3 . 6  
0 . 4  
0 . 7  
6 . 4  

1 1 . 5  
5 . 7  
6 . 6  
0 . 5  
0 . 2  
0 . 2  

9 16  
33 
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Append i x  5 . 2  - Non-magnet i c  f r ac t i on of the f i ne s and . 

S amp l e  T 1  T2 T3 T4 T5 T6 T7 TB* T9 
E gwke 1 . 6 tr 0 . 3  0 . 5  0 . 6  1 .  2 0 . 7  
I gwke 22 . 4  2 . 1  0 . 2  tr 5 . 7  1 6 . 9  1 5 . 2  1 8 . 7  1 8 . 0  
Q F  gwke 20 . 0  5 . 7  0 . 3  1 .  7 7 . 2  1 0 . 4  1 3 . 3  1 7 . 6  20 . 7  
V p l ag 8 . 2  7 . 3  0 . 7  6 . 0  22 . 7  2 3 . 9  1 8 . 9  1 4 . 1  1 6 . 1  
S p l ag 4 . 3  0 . 6  1 . 1  1 . 1 2 . 9  7 . 3  4 . 2  
Q u a r t z  30 . 9  5 . 0  0 . 2  2 . 6  3 . 8  9 . 9  1 7 . 6  28 . 5  29 . 6  
P 1 i th i c  2 . 5  1 . 8 0 . 2  0 . 6  1 .  2 0 . 9  1 . 8 0 . 3  2 . 7  
Pumi c e  1 .  6 3 5 . 0  44 . 8  38 . 0  1 8 . 2  7 . 4  6 . 1  2 . 5  1 . 2  
G l a s s  5 . 6  40 . 7  53 . 8  50 . 9  38 . 8  27 . 2  20 . 1  7 . 9  5 . 1  
M i c a s  2 . 2  t r  t r  0 . 9  1 . 4 2 . 0  1 . 2 0 . 7  
M i c ro c l i ne 0 . 5  0 . 4  tr 0 . 3  0 . 7  0 . 8  0 . 9  
0 s ed tr 0 . 2  0 . 5  0 . 1  
0 vo l e  1 . 1 1 . 0 

S amp l e  T 1 0  T 1 1 T 1 2  T 1 3  T 1 4  T 1 5  T 1 6  T1 7 T 1 8  
E gwke 0 . 9  1 . 5  1 .  3 1 . 9 1 . 1 1 .  5 1 . 1 1 .  6 0 . 4  
I gwke 24 . 3  2 1 . 7  1 8 . 1  1 5 . 8 1 9 . 5  1 9 . 0  2 3 . 9  25 . 5  22 . 2  
Q F  gwke 1 3 . 9  1 9 . 4 22 . 5  1 9 . 6  1 7 . 3  20 . 5  1 5 . 6  1 6 . 4  1 9 . 4  
V p l ag 1 9 . 4  9 .  1 6 . 9  9 . 5  8 . 3  4 . 2 3 . 7  4 . 6  4 . 5  
S p l ag 3 . 3  5 . 9  6 . 6  6 . 4 7 . 4  7 . 3  7 . 4 7 . 7  5 . 7  
Q u a r t z  28 . 2  3 4 . 6  38 . 1  39 . 4  30 . 8  3 7 . 5  4 1 . 9  30 . 5  3 0 . 6  
P 1 i th i c  4 . 2  2 . 8  2 . 1  4 . 5  2 . 6  3 . 1  0 . 8  1 . 1 0 . 9  
P um i c e  0 . 6  0 . 6  0 . 1  1 . 1 1 . 4 0 . 8  1 . 5  1 . 0 
G l a s s  3 . 6  3 . 0 2 . 5  0 . 8  5 . 0  4 . 0 2 . 8  5 . 1  6 . 9  
M i c a s  1 . 2 1 . 3 0 . 4  1 . 1 6 . 1 1 . 2 1 . 3 5 . 6  7 . 9  
M i c roc l i ne 0 . 2  0 . 7  0 . 9  0 . 7  0 . 8  0 . 1  0 . 6  0 . 3  0 . 3  
0 s ed 0 . 2  0 . 1  0 . 1  0 . 1  0 . 4  

S amp l e  T 1 8  T 1 9  T20* T21 T22 T23 T24 T25 
E gwke 1 . 0 0 . 7  1 . 7 o .  1 0 . 1  0 . 6  0 . 1  1 . 2 
I gwke 24 . 3  20 . 4  1 8 . 6  9 . 1  5 . 7  8 . 0  7 . 8 1 1 . 2 
QF gwke 1 8 . 9  1 6 . 4 1 7 . 2  1 2 . 8  1 0 . 1 1 0 . 4  9 . 4  1 0 . 8  
V p l ag 5 . 0 4 . 2  9 . 5  1 9 . 5  35 . 5  26 . 5  28 . 3  2 1 . 7  
S p l ag 5 . 8  5 . 3  7 . 8  7 . 2  3 . 8  5 . 1  3 . 0  2 . 8  
Quartz  30 . 1  3 6 . 6  34 . 9  30 . 4  20 . 2  34 . 9  3 2 . 5  30 . 5  
P 1 i th i c  0 . 4  1 . 0 1 .  4 4 . 0 4 . 1  1 .  5 3 . 1  5 . 2  
P um i c e  0 . 9  1 .  9 3 . 7  1 0 . 9  1 5 . 8  1 1 . 4 1 2 . 9  1 0 . 7  
G l a s s  6 . 7  7 . 0  3 . 6  4 . 1  3 . 8  1 . 2 2 . 2  5 . 0  
Mi c a s  6 . 2  5 . 9  1 . 1  1 . 3 0 . 5  0 . 2  0 . 3  
M i c roc l i ne 0 . 6  0 . 3  0 . 3  0 . 4  0 . 3  0 . 3  0 . 5  0 . 6  
0 sed 0 . 2  0 . 3  0 . 1  0 . 2  0 .  1 

* Determi ned on the total  s amp l e .  
N umber o f  gra i n s  c o unted ; TB = 3 1 0 ;  T20 = 360 . 



2 3 3  

Appen d i x  5 . 3  - Magne t i c  f r ac t i on of t h e  very f i ne sand . 

S amp l e  T 1  T2 T3  T4 T 5  T6 T7 TB T9 
H b l de 4 . 9  9 . 0  5 . 7  4 . 9  1 0 . 0  8 . 3  7 . 7  6 . 6 6 . 4 
C p x  1 . 8 2 . 2  1 . 8 0 . 8  2 . 2  2 . 3  2 . 2  1 . 6 1 . 3 
Opx 1 . 1 4 . 4  7 . 4  5 . 8  3 . 9 2 . 6  2 . 0  1 . 2 2 . 0  
G l as s  0 . 8  2 . 4  9 . 8  6 . 6  2 . 1  1 .  7 0 . 8  1 . 0 0 . 4  
Obs i d i an 3 . 4  9 . 3  25 . 1  1 5 . 9  9 .  1 2 . 7  3 . 1  1 .  9 1 . 0 
Opaque 2 . 5  3 . 6  7 . 0  2 . 1  6 . 1  7 . 4  3 . 8  3 . 6  4 . 1  
V p l ag 1 . 6  1 . 6 1 . 4 1 .  3 2 . 2  1 .  5 0 . 5  1 . 0 0 . 6  
P O  l i th i c  4 . 0 7 . 8 1 0 . 6  3 . 9  3 . 7  1 . 4 1 . 1 1 . 5  0 . 4  
P l i t h i c  0 . 4  1 . 2 0 . 4  0 . 3  0 . 2  0 . 6  0 . 6  0 . 3  0 . 1  
V l i th i c  1 . 5 2 . 2  3 . 2 1 . 4 0 . 6  0 . 3  0 . 3  0 . 2  0 . 1  
0 vo l e  0 . 5  0 . 8  4 . 9  7 . 8  4 . 4 2 . 4  3 . 4  3 . 1  1 . 8 
C gwke 3 3 . 0  1 7 . 9  1 1 . 2 21 . 8  22 . 6  29 . 1  27 . 2  3 3 . 1  3 3 . 6  
E gwke 1 6 . 5  14 . 2  2 . 5  1 0 . 6  1 2 . 1  1 5 . 9  1 7 . 4 1 6 . 6  1 5 . 9  
E p i dote 9 . 0  5 . 4  0 . 8  2 . 3  4 . 1  8 . 7  1 0 . 5  1 0 . 7  7 . 6  
M i c a s  1 6 . 5  1 6 . 2  5 . 7  1 3 . 5  1 6 . 6 1 2 . 7  1 6 . 6  1 4 . 8  20 . 3  
0 s e d  2 . 6  1 .  5 0 . 2  0 . 7  0 . 4  2 . 4  2 . 6  2 . 8 3 . 7  

% magnet i c  2 . 9  2 . 8  5 . 0  2 . 7  3 . 4  2 . 3  1 . 8  1 . 9 2 . 5  

S amp l e  T 1 0  T1 1 T 1 2  T 1 3  T 1 4  T1 5 T 1 6  T 1 7  
Hb l de 9 . 1  5 . 6  4 . 0 7 . 9  2 . 4  3 . 6  3 . 5 4 . 9  
Cpx 2 . 2  1 . 4 0 . 6 2 . 9  1 . 4 1 .  3 0 . 5  0 . 8  
Opx 3 . 2  2 . 6  2 . 3  4 . 8 5 . 2  4 . 1  3 . 5  3 . 1  
G l a s s  0 . 9  0 . 4  1 . 4 0 . 3  0 . 7  0 . 8  0 . 9  
Obs i d i an 2 . 7  1 . 0 1 . 0 1 . 4 1 .  5 2 . 8  2 . 0 1 . 1 
Opaque 4 . 5  2 . 9  3 . 1  3 . 8 4 . 7  2 . 9  2 . 6  1 . 6 
V p l ag 0 . 3  0 . 6  0 . 6 1 .  2 0 . 6  0 . 3  0 . 5  0 . 3  
PO 1 i th i c  0 . 5  1 . 0 0 . 9  2 . 9  1 .  5 2 . 4  1 . 1 0 . 8  
P l i th i c  0 . 3  0 . 5  0 . 8  0 . 5  0 . 3  
V l i t h i c 0 . 2  0 . 3  0 . 8 0 . 5  0 . 8  0 . 3  0 . 4  
0 vo l e  3 . 7  3 . 5  2 . 2  3 . 0  3 . 8 3 . 2  2 . 8  1 . 8 
C gwke 26 . 0  4 1 . 2  4 3 . 2  35 . 2  40 . 5  33 . 0  32 . 0  3 9 . 1  
E gwk e 1 4 . 0  1 7 . 4  1 5 . 7  1 5 . 0 1 3 . 2  1 0 . 2  1 3 . 6  1 3 . 1  
E p i dote 5 . 6  5 . 5  6 . 0 5 . 7  5 . 6  5 . 7  8 . 7  8 . 8  
M i c a s  24 . 0  1 2 . 5  1 6 . 3  1 2 . 1  1 5 . 4 27 . 4  24 . 2  1 9 . 9  
0 sed 2 . 9  3 . 9  2 . 6  1 . 7  2 . 6  2 . 1 3 . 0 2 . 2  

% magnet i c  2 . 2  3 . 5  2 . 8 3 . 1  3 . 5  2 . 2  2 . 0  2 . 0 

Samp l e  T 1 8  T 1 9  T20 T21  T22 T23 T24 T25 
H b l de 5 . 1  7 . 8  1 2 . 9 1 3 . 0  1 6 . 6  1 4 . 7  1 5 . 2  1 1 . 2 
Cpx 1 . 2 0 . 8  8 . 5  1 5 . 3  2 5 . 2  26 . 4  20 . 1  2 1 . 3  
Opx 1 . 8 3 . 3  8 . 5  1 9 . 6  25 . 2  22 . 2  22 . 0  2 1 . 7  
G l a s s  1 . 4 1 • 1 3 . 1  6 . 4  4 . 0 7 . 8  6 . 4  6 . 2  
Ob s i d i an 1 . 3 2 . 3  2 . 3  3 . 2  6 . 6  1 4 . 3  22 . 3  28 . 8  
Opaque 1 .  9 1 . 4 3 . 5  4 . 0  5 . 4  2 . 9  2 . 6  1 . 6 
V p l ag 0 . 1  0 . 1  1 . 5 0 . 8  0 . 5  0 . 9  0 . 6  0 . 5  
PO l i th i c  0 . 9  0 . 4  0 . 6  1 . 0 2 . 0 1 .  2 1 . 9 0 . 9  
P l i t h i c  0 . 1  0 . 2  
V l i th i c  0 . 3  0 . 8  1 . 2 0 . 7  1 . 2 
0 v o l e  1 . 7  2 . 4  3 . 6 1 . 8 2 . 0 1 . 7  2 . 1  1 . 8 
C gwke 36 . 1  26 . 0  1 4 . 7  7 . 6  2 . 2  0 . 9  0 . 5  2 . 3  
E gwke 1 0 . 5  14 . 2  8 . 5  5 . 1  1 . 5 1 . 4 1 . 4 0 . 7  
E p i dote 7 . 3  1 1 . 0 1 1 . 3 8 . 1  4 . 1  2 . 1  2 . 4  0 . 9  
M i c a s  28 . 7  25 . 1  1 7 . 3  1 0 . 3  1 . 4 0 . 5  0 . 2  0 . 2  
0 sed 2 . 1  3 . 6  2 . 9  2 . 6  1 . 3 1 . 4 1 . 3 0 . 6  

% magnet i c  2 . 0  1 . 6 1 . 7  3 . 0  6 . 7  8 . 0  9 . 7  1 0 . 6  



2 3 4 

Appendi x 5 . 4 - Non -magn et i c  f r ac t i on of the very f i ne sand . 

S amp l e  T1 T2 T3 T4 T5 T6 T7 TB T9 
G l a s s  5 . 0  37 . 3  89 . 7  7 3 . 1  32 . 2  22 . 7  1 0 . 5  1 2 . 9  7 . 2  
Obs i d i an 0 . 1  
V p l ag 0 . 6  1 . 0 1 . 3 1 . 0 2 . 2  1 . 0  1 .  2 0 . 8  0 . 7  
LR I p l ag 0 . 3  2 . 0  1 . 5 0 . 7  0 . 7  1 . 0 1 . 0  0 . 5  
V l i th i c  0 . 3  0 . 1  0 . 1  0 . 1  
I gwke 24 . 1  1 2 . 4 1 .  3 5 . 9  2 1 . 6  21 . 0  20 . 9  1 7 . 5  25 . 0  
QF gwke 23 . 7  1 7 . 6  2 . 4  9 . 0 1 7 . 7  1 7 . 0  1 7 . 4  1 7 . 8 20 . 2  
Quartz 26 . 0  1 5 . 6  2 . 4  4 . 8 1 3 . 9  20 . 1 25 . 5  25 . 4  2 5 . 4  
S p l ag 1 8 . 4  1 5 . 6  0 . 9  4 . 4  1 2 . 8 1 5 . 7  2 2 . 3  23 . 7  1 9 . 7  
M i croc l i ne 0 . 4  0 . 1  0 . 2  0 . 2  
M i c a s  1 .  3 0 . 3  0 . 1 0 . 6  1 . 1 0 . 8  0 . 6  1 . 0 
0 sed 0 . 1 0 .  1 0 . 1  0 . 4  0 . 3  0 . 3  0 . 2  

S amp l e  T10 T 1 1 T 1 2  T 1 3  T 1 4  T 1 5  T 1 6  T 1 7  
G l a s s  4 . 5  4 . 4  3 . 1  3 . 5  2 . 2  2 . 9  5 . 2  3 . 0  
Obs i d i an 
V p l ag 0 . 2  0 . 9  1 . 0 1 .  2 0 . 6  2 . 2  1 .  6 0 . 7  
L R I  p l ag 0 . 2  0 . 9  0 . 6  0 . 5  0 . 6  0 . 9  0 . 8  
V l i th i c  0 . 2  0 . 3  0 . 2  0 . 4  0 . 2  
I gwke 24 . 1  2 1 . 8  1 3 . 0  9 . 4  1 9 . 3  1 4 . 6  1 1 . 8 1 9 . 3  
Q F  gwk e 25 . 4  2 1 . 6  3 3 . 3  2 1 . 6  1 8 . 7  1 5 . 3  27 . 4  2 1 . 3  
Quartz 26 . 4  29 . 3  28 . 3  25 . 6  2 9 . 1  32 . 9  32 . 6  27 . 3  
S p l ag 1 8 . 1 1 7 . 0  1 7 . 4  32 . 5  24 . 0  26 .0  1 6 . 5  2 3 . 7  
M i croc l i ne 0 . 2  0 . 5  0 . 4 0 . 6  0 . 2  
M i c a s  0 . 4  0 . 4  0 . 4  0 . 7  0 . 5  1 . 0 0 . 7  
0 sed 0 . 4  3 . 7  2 . 9  4 . 2  4 . 7  4 . 2  2 . 3  3 . 7  

Samp l e  T18 T 1 9  T20 T21  T 22 T23 T24 T25 
G l as s  5 . 6  8 . 3  3 . 4  3 . 0  5 . 8 1 2 . 6  6 . 8  1 0 . 3  
Obs i d i an 0 . 2  
V p l ag 1 .  3 1 . 0 2 . 5  2 . 6  8 . 9  3 . 9  4 . 0  6 . 0  
L R I p l ag 0 . 4  0 . 2  0 . 2  1 • 1 0 . 7  0 . 2  
V l i th i c  0 . 2  
I gwk e 1 2 . 1  1 1 . 3  6 . 4  4 . 2  3 . 7  1 . 5 1 . 3 3 . 6  
QF gwke 28 . 9  1 3 . 9  2 5 . 6  23 . 1  22 . 0  1 2 . 8  1 4 . 2  24 . 4  
Quartz 29 . 5  37 . 0  33 . 2  3 1 . 4  2 5 . 5  32 . 8  4 3 . 4  3 1 . 3  
S p l  ag 21 . 1  2 5 . 7  2 5 . 6  29 . 6  2 5 . 9  29 . 6  25 . 0  20 . 6  
M i croc l i ne 0 . 7  0 . 7  0 . 2  0 . 2  0 . 4  
M i c a s  0 . 6  1 . 4 0 . 2  0 . 7  0 . 2  0 . 2  
0 sed 0 . 8  1 . 0 1 .  9 4 . 4  8 . 0  5 . 2  4 . 2  3 . 0  



Append i x  5 . 5 - Gra i n  mou n t s  of t h e  very f i ne s and . 

Samp l e  
Quartz 
M gwke 
E gwke 
S p l ag 
Mi cas  
Mi croc l i ne 
E p i dote 
0 sed 
LR I p l ag 
HR ! p l ag 
V p l ag 
H b l de 
Cpx 
Opx 
Opaque 
Pum i c e  
G l as s  
Obs i d i an 
PO l i t h i c  
V l i th i c  
P l i th i c  

Samp l e  
Quartz 
M gwke 
E gwke 
S p l ag 
Mi cas  
Mi croc l i ne 
E p i dote 
0 sed 
L R I  p l ag 
H R I  p l ag 
V p l ag 
Hb l de 
Cpx 
Opx 
Opaque 
P um i c e  
G l ass  
Obs i d i an 
PO l i t h i c  
V l i th i c  
P l i th i c  

Samp l e  
Quartz 
M gwke 
E gwke 
S p l ag 
M i c a s  
Mi croc l i n e  
E p i dote 
0 sed 
LR I p l ag 
HR I p l ag 
V p l ag 
H b l de 
Cpx 
Opx 
Opaque 
Pumi c e  
G l as s  
Obs i d i an 
PO l i t h i c  
V l i t h i c  
P l i t h i c  

T1  T2  
3 1 . 3  23 . 5  
34 . 4  33 . 8  

8 . 2  1 .  7 
9 . 0  1 2 . 0 
3 . 6  2 . 5  
0 . 9  0 . 4  
0 . 8  0 . 3  
0 . 3  0 . 8  
2 . 2  2 . 6 
4 . 1  2 . 0  
1 . 8 2 . 0  
0 . 5  

0 . 1  
0 . 1  
0 . 2  

1 . 0 1 0 . 8  
1 . 4 5 . 2  

0 . 1  
0 . 1  0 . 2  

1 . 3 
0 . 1  0 . 1  

T 1 0  T1 1 
2 3 . 5  20 . 7  
24 . 2  28 . 1  

7 . 6  6 . 7  
23 . 9  28 . 0  

4 . 9 1 . 8 
0 . 7  1 . 3 
0 . 5  0 . 2  

0 . 4  
4 . 9  4 . 3  
0 . 5  1 . 3 
1 . 4 2 . 0  
0 . 1  
0 . 1  
0 . 1  
0 . 2  0 . 4  
1 .  9 1 . 1  
4 . 2  3 . 1  
0 . 4  
0 . 1  
0 . 6  0 . 2  

T 1 9  T20 
1 7 . 6  21 . 3  
34 . 4  20 . 4  

2 . 6  3 . 3  
30 . 7  36 . 2  

2 . 5  2 . 5  
0 . 2  4 . 7  
0 . 1  0 . 6  
0 . 2  0 . 4  
7 . 5  3 . 9  
0 . 4  1 . 1 

0 . 6  
0 . 2  0 . 6  
0 . 2  0 . 2  
0 . 4  0 . 1  
0 . 2  
0 . 4  0 . 9  
1 . 1  2 . 6  

0 . 1  

0 . 1  0 . 5  

T3 T4 T5 T6 
2 . 9  4 . 6  1 3 . 3  24 . 3  
7 . 0  1 2 . 7  1 6 . 2  25 . 5  
1 . 0 0 . 6  7 . 9  4 . 2  
3 . 2  4 . 5  1 3 . 0  1 7 . 3  
1 . 1 1 . 4 2 . 4  3 . 0  
0 . 3  0 . 2  0 . 4  

0 . 1  0 . 1  0 . 1 
0 .  1 0 . 6  0 . 6  
4 . 2  2 . 7  3 . 7  2 . 9  
0 . 8  1 .  2 1 . 1 0 . 3  
1 .  7 0 . 6  1 . 1  2 . 7  
0 . 2  0 . 1  0 . 1  0 . 2  
0 .  1 0 . 1  0 . 1 
0 . 2  0 . 3  
0 . 3  0 . 1  0 .  1 

33 . 8  39 . 6  1 9 . 4  6 . 9  
40 . 8  3 1 . 1  1 8 . 1 1 1 . 2 

0 . 6  0 . 4  0 . 6  0 . 4  
0 . 2  0 . 2  
1 . 3  0 . 5  1 . 0 0 . 2  
0 . 1  0 . 1  

T 1 2  T 1 3  T 1 4  T 1 5  
2 5 . 1  28 . 2  26 . 8  20 . 1  
24 . 7  28 . 7  24 . 0  27 . 1  
1 1  . 8  5 . 7  9 . 4  4 . 2  
2 3 . 9  28 . 0  25 . 9  34 . 0  

3 . 5  1 . 4 1 . 5 3 . 0  
2 . 1  0 . 5  2 . 4  0 . 7  
0 . 1  0 . 2  0 . 1  0 . 6  
0 .  1 0 . 7  0 . 4  0 . 2  
5 . 2  3 . 2  6 . 3  6 . 0  

0 . 4  0 . 9  
0 . 4  2 . 0 0 . 5  0 . 5  
0 . 2  0 . 2  0 . 1  

0 . 1  0 .  1 
0 . 5  0 . 4  0 . 2  
0 . 2  0 . 7  0 . 5  1 . 0 
1 .  7 0 . 5  0 . 7  0 . 6  

0 . 2  0 . 1  0 .  1 
0 . 3  0 . 2  0 . 4  0 . 5  

T 2 1  T22 T23 T24 
29 . 8  23 . 1  22 . 3  3 7 . 0  
26 . 8  1 7 . 2  21 . 5  2 1 . 0  

4 . 2  1 .  3 1 . 7  
1 9 . 6  29 . 5  3 1 . 1  1 4 . 8  

1 .  5 0 . 4  0 . 6  0 . 2  
2 . 1  9 . 1  1 . 0 1 . 4  
0 . 3  0 . 4  0 . 4  0 . 5  
0 . 1  0 . 6  
8 . 3  5 . 9  5 . 3  6 . 6  
0 . 1  4 . 0  1 . 4 0 . 7  
2 . 1  2 . 3  4 . 0 4 . 7  
0 . 4  0 . 6  0 . 2  1 . 1  
0 . 3  1 . 2 1 . 8 
0 . 3  1 .  3 2 . 6  1 . 8 
0 . 1  0 . 4 0 . 4  0 . 1  
1 . 5 3 . 6 4 . 2  2 . 0  
1 .  9 0 . 2  2 . 0  2 . 1  

0 . 4  0 . 8  1 .  2 

0 . 4  0 . 6  1 . 1  

2 3 5  
T7 TB T9 

1 9 . 8  24 . 8  22 . 5  
26 . 1  25 . 7  2 5 . 7  
1 1 . 9  6 . 3  1 3 . 1  
22 . 6  26 . 3  2 1 . 8  

5 . 3  3 . 2  3 . 9  
0 . 7  0 . 4  0 . 1  
0 . 3  0 . 4  0 . 4  
0 .  1 0 . 3  0 . 1  
3 . 5  4 . 9  4 . 5  
0 . 9  0 . 1  1 . 0 
0 . 9  1 . 3 0 . 3  
0 . 3  0 . 6  0 . 1  

0 . 3  0 . 2  0 . 5  
3 .  1 1 .  3 2 . 3  
3 . 7  3 . 9  2 . 5  

0 . 2  0 .  1 
0 . 1  

0 . 3  0 . 1  0 . 8  
0 . 1  

T 1 6  T 1 7  T 1 8  
1 7 . 2  23 . 4  20 . 0  
37 . 1  29 . 9  30 . 3  

2 . 6  8 . 0  2 . 7  
28 . 3  27 . 9  27 . 5  

4 . 6  3 . 5  6 . 4  
0 . 5  0 . 2  3 . 3  
0 . 2  0 . 4  
0 . 2  0 . 3  0 . 2  
6 . 3  4 . 1  4 . 4  
0 . 2  0 . 5  1 . 0 
0 . 2  0 . 7  0 . 4  

0 . 2  
0 . 1  0 . 2  
0 . 1  
0 . 4  0 . 2  0 . 4  
0 . 2  0 . 8  0 . 3  
1 . 4 0 . 7  1 .  9 
0 . 1  

0 . 2  0 . 4  

T25 
1 5 . 8  
1 6 . 9  

0 . 6  
33 . 6  

0 . 4  
2 . 1  
0 . 2  
1 . 5  

1 0 . 9  
0 . 6  
3 . 4  
0 . 9  
0 . 9  
1 . 1 
0 . 4  
3 . 6  
2 . 6 
3 . 6  

0 . 4  



Appen d i x  

Samp l e  
Quartz 
M gwk e 
E gwk e 
S p l ag 
E p i dote 
M i c a s  

5 . 6 

Mi croc l i ne 
0 sed 
Hb l de 
Cpx 
Opx 
Opaque 
G l a s s  
V p l a 9 
HR I p l ag 
LR I p l ag 
0 vo l e  
Counts 

Samp l e  
Quartz 
M gwk e 
E gwke 
S p l ag 
Ep i dote 
M i c a s 
M i c roc l i ne 
0 sed 
H b l de 
Cpx 
Opx 
Opaque 
G l a s s  
V p l ag 
HR I p l ag 
LR I p l ag 
0 vo l e  
Coun t s  

Samp l e  
Quartz 
M gwke 
E gwk e 
S p l ag 
E p i dote 
M i c a s  
Mi c roc l i ne 
0 sed 
Hb l de 
Cpx 
Opx 
Opaque 
G l a s s  
V p l ag 
HR I p l ag 
L R I  p l ag 
0 vo l e  
Coun t s  

- Gr a i n  mou n t s  o f  the coarse s i l t  fract i o n . 

T 1  T 2  T 3  T4 T5 T6 T7 
6 . 8  8 . 2  3 . 9  6 . 0  7 . 9  9 . 3  6 . 4 

26 . 8  34 . 5  1 3 . 6  23 . 6  25 . 7  2 1 . 1 20 . 2  
1 . 6 1 .  9 1 . 6 2 . 2  3 . 4  2 . 9  2 . 0  

3 6 . 4  28 . 1  1 6 . 4 1 7 . 3  28 . 0  4 1 . 6  4 3 . 1  
6 . 3  6 . 9  2 . 9  4 . 2  7 . 2  5 . 7  8 . 0  
2 . 4  4 . 4  1 .  7 1 . 8 5 . 1  4 . 9  4 . 7  
6 . 8 2 . 6  1 .  2 0 . 7  1 .  9 1 .  3 2 . 1  
1 . 9  0 . 3  2 . 4  0 . 4  1 .  5 0 . 5  1 . 4 
0 . 4  0 . 4 0 . 2  0 . 1  0 . 2  0 .  1 
0 .  1 0 .  1 0 . 2  0 . 2  
0 . 1  0 . 2  0 . 1  
0 .  1 0 . 3  0 . 3  0 . 1  0 . 2  0 . 3  
0 . 5  4 . 0 4 7 . 4  35 . 0  7 . 4 4 . 2  1 . 3  
0 . 9  0 . 6  0 . 5  0 . 2  . 1 . 3  1 . 0 0 . 5  
0 . 4  0 . 9  1 . 1 0 . 5  0 . 2  0 . 4  
8 . 1  7 . 3 4 . 4 6 . 3  9 . 8 6 . 1  9 . 5  
0 . 3  0 . 4 1 .  9 0 . 5  0 . 2  0 . 9  0 . 1  
790 680 800 8 1 4  623 590 750 

T 1 0  T 1 1  T 1 2  T 1 3  T 1 4  T 1 5  T 1 6  
7 . 6  5 . 1  6 . 9  9 . 6  7 . 1  20 . 6  9 . 5  

3 1 . 1 2 1 . 9  24 . 2  21 . 8  3 1 . 4  29 . 2  34 . 6  
1 . 6  1 .  7 3 . 2 2 . 0  0 . 8  2 . 0  1 . 9  

39 . 3  5 0 . 2  4 3 . 7  46 . 5  34 . 2  24 . 5  28 . 9  
4 . 9  4 . 8 3 . 0  4 . 3  5 . 2  5 . 7  4 . 6  
5 . 1  2 . 5 3 . 0  4 . 2 3 . 4  2 . 8  4 . 4  
2 . 5  3 . 7  3 . 8  1 . 1  4 . 0  1 . 0 5 . 2  
1 .  0 1 . 4 1 .  7 0 . 9  1 .  5 1 .  4 0 . 7  
0 . 2  0 . 3  0 . 3  0 . 4  0 . 2  
0 . 2  0 . 1  
0 . 2  0 . 1  

0 . 4  0 . 3  0 . 5  0 . 3  0 . 9  0 . 3  
0 . 2  0 . 1  0 . 3  0 . 6  0 . 5  0 . 7  0 . 2  

0 . 3  0 . 4  0 . 6  0 . 1  0 . 7  
0 . 4  0 . 8  1 .  6 1 . 1 6 . 0  2 . 2  
5 . 3  7 . 7  8 . 4  5 . 8  9 . 7  4 . 2  6 . 6  
0 . 6  0 .  1 0 . 1  0 . 1  
5 1 4  700 600 800 6 1 8  680 5 90 

T 1 8  T 1 9  T20 T2 1 T22 T23 T24 T25 
1 1 . 6 1 4 . 1  1 4 . 1  24 . 8  9 . 3  9 . 3  1 0 . 0  8 . 0  
38 . 1  3 3 . 6  2 1 . 5  26 . 3  1 2 . 0  20 . 3  1 2 . 9  1 0 . 6  

2 . 9  1 . 3 2 . 5  1 . 3 1 .  0 0 . 4  0 . 5  0 . 7  
2 3 . 4  2 3 . 4  33 . 0  20 . 2  43 . 6  38 . 8  4 1 . 5  48 . 1  

3 . 9  4 . 9  3 . 6  4 . 2  5 . 8  4 . 9  5 . 6  6 . 4  
3 . 8  4 . 9  3 . 0  0 . 7  0 . 7  0 . 6  0 . 7  0 . 4 
1 .  3 1 . 8 1 . 1 1 . 0 1 . 6 2 . 9  1 .  9 1 . 8 
1 . 6 0 . 9  0 . 3  0 . 5  0 . 9  1 . 4  1 . 2 1 . 0 
0 . 3  0 . 3  0 . 3  0 . 6  0 . 9  0 . 8  0 . 7  0 . 5  
0 . 5  0 . 2  0 . 7  0 . 4  1 . 2 0 . 5  0 . 9  

0 . 2  0 . 1  0 . 2  
0 . 5  0 . 2  0 . 2  0 . 1  0 . 4  0 . 5  0 . 4  0 . 1  
0 . 5  0 . 6  0 . 5  0 . 6  1 . 3  0 . 9  1 .  3 1 . 1  
1 . 0 1 . 8 1 .  3 2 . 4  1 . 7 1 . 3 2 . 5  1 .  7 
5 . 6  3 . 7  1 1 . 6 8 . 8  1 0 . 6  5 . 2  1 4 . 3  7 . 0  
5 . 2  8 . 1  7 . 0  6 . 9  9 . 2  1 1 . 2 5 . 1  1 0 . 3  

0 . 2  0 . 2  0 . 3  o .  1 0 . 7  0 . 8  
6 1 2  6 1 6  6 1 0  570 770 750 824 823 

2 3 6  

TB T9 
9 . 5  5 . 1  

1 9 . 8 3 1 . 5  
1 . 2 1 . 6  

46 . 8  4 1 . 8  
6 . 7  4 . 3  
4 . 6  3 . 1  
2 . 5  1 .  4 
1 . 1  0 . 9  
0 . 3  0 . 4  
0 . 3  

0 . 3  0 . 4  
0 . 8  1 . 3 
0 . 3  0 . 3  
0 . 3  0 . 1 
5 . 1  7 . 2  

0 . 1  
640 830 

T 1 7  
1 4 . 4  
34 . 4  

2 . 4  
24 . 0  

6 . 1  
3 . 2  
2 . 9  
1 . 3 
0 . 5  
0 . 1  

0 . 3  
0 . 5  
0 . 4  
2 . 0  
6 . 7  
0 . 3  
735 



2 3 8  

Appendi x  6 :  GEOCHEMICAL DATA FROM THE TOKOMARU S I LT LOAM. 

6 . 1 :  Major e l ement ana lyses of the who l e  soi l .  

Samp le T1 T2 T3 T4 T5 T6 T7 TB T9 T10  T 1 1  T 12  T 1 3  

S i 02 70 . 28 70 . 38 69 . 66 70 . 1 4  69 . 70 70 . 2 1  70 . 1 2 70 . 74 7 1 . 1 5 7 0 . 8 9  70 . 7 1 7 1 .20 70 . 6 1  

A l 2o3 1 3 . 1 1  1 3 . 37 1 3 . 8 5  1 3 . 7 2  1 3 . 89 1 3 . 80 1 3 . 46 1 3 . 38 1 3 . 34 1 3 . 2 1  1 3 . 35 1 3 . 1 5  1 3 . 38 

T i02 O . .S5 0 . 54 0 . 33 0 . 42  0 . 54 0 . 5 5  0 . 54 0 . 54 0 . 53 0 . 54 0 . 54 0 . 53 0 . 54 

Fe2o3 3 . 65  3 . 38 2 . 6 1  3 . 1 0  3 . 73 3 . 53 3 . 5 1 3 . 44 3 . 47 3 . 38 3 . 4 1  3 . 4 5  3 . 5 7 

MnO 0 . 05 0 . 10 0 . 05  0 . 06 0 . 05 0 . 05 0 . 04 0 . 04 0 .05  0 . 05 0 . 04 0 . 04 0 . 03 

MgO 0 . 92 0 . 90 0 . 52 0 . 69 0 . 90 0 . 93 0 . 88 0 . 88 0 . 88 0 . 89 0 . 9 1 0 . 89 0 . 90 

CaO 

Na2o 

K20 

P2o5 
LOI 

1 . 38 1 . 38 1 . 4 9  

2 . 99 2 . 92 3 . 03 

1 . 94 1 . 97 2 . 39 

0 . 1 4 0 . 1 1  0 . 05 

4 . 04 4 . 31 5 . 28 

1 . 38  

2 . 9 1  

2 . 1 9  

0 . 0 7  

5 . 09 

1 . 46 

2 . 96 

1 . 93 

0 . 09 

4 . 93 

1 . 38 1 . 29 

3 . 09  2 . 96 

1 . 88 1 . 88 

0 . 1 1  0 . 09 

4 . 65 4 . 43 

1 . 22 1 . 20 

2 . 98 2 . 93 

1 . 90 1 . 93 

0 . 09 0 . 09 

4 . 27 4 . 1 8 

1 . 2 1  

2 . 97 

1 .  93 

0 . 09 

4 . 26 

1 . 1 8  1 . 1 3  1 . 1 1  

2 . 98 3 . 04 3 . 00 

1 . 9 1  1 . 9 1  1 . 89 

0 . 1 0  0 . 1 0  0 . 1 0  

4 . 25 4 . 1 6  4 . 33 

Tot a l  99 . 05 99 . 36 99 . 26 99 . 7 7  1 00 . 18 100 . 1 8  99 . 20 99 . 48 99 . 75 99 . 42 99 . 38 99 . 60 99 . 46 

Sample  T 1 4  T 1 5  T 1 6  T 1 7  T18 T19 

Si02 
Al 2o3 
T i 02 
Fe2o3 
M nO 

M gO 

CaO 

Na2o 

K20 

P2o5 
LOI 

70 . 86 70 . 43 69 . 89 69 .56  69. 37 68 . 9 7  

1 3 . 57 1 3 . 49 1 3 . 63 1 3 . 73 1 3 . 80 14 . 1 0 

0 . 55 0 . 56 0 . 57 0 . 5 7  0 . 58 0 . 61 

3 . 59 3 . 59 3 . 84 

0 . 04 0 . 04 0 . 04  

0 . 93 0 . 92 0 . 92  

1 . 10 1 .06 1 .0 3  

2 . 97 2 . 93 2 . 92  

1 . 88 1 .89 1 . 90 

0 . 1 0 0 . 1 0 0 . 1 0 

4 . 35 4 . 44 4 . 56 

4 . 1 4  4 . 28 4 . 1 4 

0 .03  0 . 03 0 . 02 

0 . 9 1  0 . 89 0 . 79 

0 . 99 0 . 97 0 . 89 

2 . 9 5  2 . 87 2 . 84 

1 . 86 1 .83 1 . 7 7  

0 . 1 0  0 . 09 0 . 06 

4 . 83 4 . 05 4 . 60 

T20 T2 1 T22 T23 

68 . 78 68 . 59 71 .08 71 . 3 1  

1 4 . 4 1  1 4 .09 1 3 . 1 3  1 2 . 92 

0 . 62 0 . 58 0 . 49 0 . 46  

3 . 86 4 . 57 3 . 86 3 . 4 7  
0 . 01 0 . 02 0 .02 0 . 02 

0 . 64 0 . 59 0 . 52 0 . 5 1  

0 . 75  0 . 76 0 . 92 1 . 00 

2 . 67 2 . 66 2 . 84 2 . 87  

1 . 66 1 . 56 1 . 37 1 . 28 

0 . 03 0 . 03 0 .03 0 . 04 

6 .66 6 . 84 5 . 70 6 . 02 

T24 T25 

7 1 . 79 63 . 89 

1 2 . 7 1 1 0 . 86 

0 . 45 0 . 37 

3 . 1 5 1 . 93 

0 . 03 0 . 04 

0 . 5 1  0 . 46 

1 . 07 1 . 05 

2 . 9 1  2 . 58 

1 . 25 1 . 1 3  

0 . 05 0 . 1 5  

6 . 5 1 1 7 . 8 1  

Tota l  99 . 94 9 9 . 4 5  9 9 . 40 99 . 6 7  98 . 76 98 . 79 100 . 09 100 . 29 99 .96 99 . 90 1 00 .43 100 . 27 



Append i x  6 . 2 :  Major e l ement ana l yses of the sand frac t i on ( we i ght precent )  . 

Samp l e  T 1  T2 T3 T4 T5 . T6 T7 TB T9 T10 T 1 1  T 1 2  T 1 3  

S i 02 80 . 3 3 78 .92  72 .28 7 5 . 03 7 7 .03 79 .43  80 . 62 81 . 64 81 . 04 80 . 91 8 1 . 66 82 . 56 82 . 06 

A l 20J 1 0 . 04 1 0 . 63 1 2 .87 1 2 . 05 1 1 . 5 1  1 o . 8o 1 0 . 1 7  9 . 87 1 0 . 1 6  1 0 . 1 6  9 . ao 9 . 5 5 9 . 66 

T i 02 0 . 26 0 . 25 0 .25  0 . 23 0 . 27 0 . 26 0 . 23 0 . 2 1 0 . 25  0 . 25 0 . 22 0 . 20 0 . 20 

F e2o3 1 . 3 7 1 . 34 1 . 92 1 . 6 1  1 . 65 1 . 37 1 . 1 9  1 . 07 1 . 33 1 . 27  1 . 1 7 1 . 04 1 . 1 2  

MnO 0 . 02 0 . 02 0 . 05 0 . 04 0 . 03 0 . 02 0 . 02 0 . 02 0 . 02 0 . 02 0 . 02 0 . 02 0 . 02 

MgO 0 . 45 0 . 4 1  0 . 44 0 . 39 0 . 58 0 . 50 0 . 4 1  0 . 40 0 . 44 0 . 44 0 . 4 1  0 . 3 7  0 . 4 3  

C aO 1 . 04 1 . 20 1 . 74 1 . 35  1 . 6 1  1 . 31 1 . 07 0 . 98 0 . 99 0 . 99 0 . 93 0 . 86 0 . 92 

Na2o 3 . 0 7  3 . 27 3 . 72 3 . 52 3 . 31  3 . 22 3 . 1 7 3 . 1 2 3 . 1 4 3 . 1 4 3 . 1 1  3 . 09 3 . 1 2  

K20 1 . 72 1 . 87 2 . 53 2 . 40 1 . 89 1 . 76 1 . 66 1 . 66 1 . 72  1 . 7 1  1 . 65  1 . 63 1 . 63 

P2o5 o . o4 o . o3 o . o4 o . o3 o . o3 o .o3 o . o3 o . o3 o . o3 o . o3 o . o3 o . o2 o . o3 

L O I  1 . 1 8 1 . 67  3 . 90 3 . 25  1 . 93 1 . 47 1 . 2 1  1 . 1 1  1 . 2 1  1 . 1 9 1 . 07 1 . 0 1  1 . 0 1  

Tot a l  9 9 . 52 99 . 6 1  99 . 74 99 . 90 9 9 . 84 1 00 . 1 7  99 . 78 1 00 . 1 1  1 00 . 33 1 00 . 1 1  1 00 . 0 7  1 00 . 35 1 00 . 20 

Samp l e  T 14  T 1 5  T 1 6  T 1 7  T18 T19 T20 T21 T22 T23 T24 T25 

S i 02 81 . 75 81 . 99 81 . 55 8 1 . 38 81 . 70 8 1 . 72 83 . 6 5  84 . 7 7 84 . 37 83 . 22 83 .39  82 . 92 

A 1 2o3 9 . 7 1  9 . 70 9 . 77 9 . 8 7  9 . 76 9 . 38 8 . 70 8 . 1 7  7 . 72 7 . 73 7 . 64 7 . 94 

T i 02 0 .  20 0 .  1 9  0 .  20 0 .  1 9  0 .  1 9  0 .  16 0 .  1 5  0 .  1 6  0 .  1 8  0 .  2 1  0 .  2 1  0 .  2 2 

Fe2o 3 1 . 1 5  1 . 1 2  1 . 20 1 . 26 1 . 29 1 . 06 0 . 78 0 . 88 1 . 2 1  1 . 58 1 . 5 1  1 . 52 

HnO 0 . 02 0 . 02 0 . 02 0 . 0 1  0 . 0 1  0 . 0 1  0 . 01 0 . 02 0 . 03 0 . 04 0 . 04 0 . 04 

MgO 0 . 43 0 . 43 0 . 43 0 . 4 3  0 . 44 0 . 36 0 . 29 0 . 46 0 . 87 1 . 20 1 . 1 7  1 . 1 3  

CaO 

Na2o 

K20 

P2o5 

0 . 88 0 . 85 0 . 84 0 . 83 0 . 81 

3 . 09 3 . 08 3 . 04 3 . 06 3 . 00 

1 . 64 1 . 67  1 . 68 1 . 67  1 . 64 

0 . 03 0 . 02 0 . 02 0 . 02 0 . 02 

0 . 73 0 . 64 

2 . 99 2 . 8 7  

1 . 59 1 . 48 

0 . 02 0 . 0 1  

0 . 85 

2 . 70 

1 . 36 

0 . 01 

1 . 36 1 . 79 

2 . 5 1  2 . 45 

1 . 1 9 1 . 1 4 

0 . 01 0 . 02 

1 . 76 

2 . 36 

1 .  1 1  

0 . 02 

1 .  72 

2 . 5 1  

1 . 18  

0 . 02 

L O I  1 . 1 1  1 . 1 8  1 . 30 1 . 36 1 . 37  1 . 1 9 0 . 92 0 . 77 0 . 57 0 . 58 0 . 65 0 . 76 

Tot a l  1 00 . 01 1 00 . 2 5  100 . 05 1 00 . 08 100. 23 99 . 2 1  99 . 50 1 00 . 1 5  1 00 . 02 99 . 96 9 9 . 86 99 . 96 

2 3 9  



Append i x  6 . 3 :  Trace e l emen t  data for the total soi l ( �g/g ) .  

Samp 1 e T 1 T2 T3 T 4 T5  T6 T7 TB T9 T 1  0 T 1 1  T 1 2  T 1 3  

Cr 5 8 . 0  51 . 0  2 7 . 0  33 . 0  55 . 0  5 5 . 0  55 .0 53 . 0  56 . 0  5 3 . 0  56 .0 51 . 0  5 4 . 0  

V 78 . 0  71 . 0  3 6 . 0  52 . 0  74 . 0  73 .0 74 . 0  74 . 0  72 . 0  7 2 . 0  74 .0 7 2 . 0  7 5 . 0  

Ba 458 . 0  482 . 0  54 7 . 0  509 .0  479 . 0  472 . 0  472 . 0  470 . 0  4 7 1 . 0  478 .0 482 .0 489 . 0  495 . 0  

Se 9 . 0 9 . 0  8 . 0  6 . 0  1 0 . 0  9 . 0  9 . 0  9 . 0  8 . 0  7 . 0 8 . 0  9 . 0  9 . 0  

Mn 433 . 0  860 . 0  4 1 0 . 0  470 . 0  460 . 0  373 .0 367 .0  352 . 0  385 . 0  456 .0  352 .0  355 . 0  295 . 0  

T i  326 1 . 0  31 7 1 . 0  1863 . 0  2395 . 0  3098 . 0  3235 .0  3275 . 0  3243 . 0  3277 . 0  321 5 . 0  3244 . 0  3229 . 0  3264 . 0  

Zn 5 1 . 4  53 . 6  4 7 . 8  50 . 7  54 . 3  52 . 2  53 . 3  52 . 5  52 . 7  52 . 3  54 . 6  54 . 0  5 5 . 3  

C u  6 . 9  6 . 3  6 . 2  6 . 7  6 . 9  5 . 9  6 . 0  5 . 3  6 . 1  6 . 1  6 . 8  7 . 3  6 . 5  

N i  1 6 . 0 14 . 6  1 1 . 9  14 . 5  1 8 . 4  1 7 . 7  1 5 . 4  1 3 . 5  1 7 . 8  1 5 . 5  1 5 . 4  1 6 . 3  1 3 . 5  

Nb 7 .  1 7 .  0 5 .  9 6. 7 6 .  2 7 .  0 6. 6 5 .  8 7 .  1 6. 0 6. 5 6. 5 6 .  3 

Z r  34 7 . 0  340 . 0  1 9 7 . 0  265 . 0  3 1 1 . 0  333 . 0  340 . 0  336 . 0  340 . 0  336 .0 334 . 0  34 1 . 0 345 . 0  

y 24 . 8  25 . 2  24 . 1  25 . 2  25 . 2  25 . 3  24 . 8  25 . 0  23 . 8  24 .0 23 . 9  24 . 4  2 5 . 9  

Sr 274 . 0  264 . 0  1 6 2 . 0  208 . 2  257 . 0 266 .0  267 . 0  26 7 . 0 266 . 0  264 .0 265 . 0  263 . 0  263 . 0  

Rb 83 . 5  83 . 6  9 2 . 4  9 1 . 6  84 . 7  82 . 1  81 . 0  81 . 6  82 . 2  82 . 8  82 . 0  79 . 7  77 . 7  

Pb 

Ga 

1 1 . 8 1 2 . 2  

1 2 . 5  1 5 . 1  

Samp l e  T 1 4  T 1 5  

1 4 . 7  1 4 . 0  1 3 . 5  1 3 . 7  1 3 . 0 1 2 . 7  

1 4 . 8  1 4 . 3  1 5 . 2 1 4 . 0  1 3 . 9  1 5 . 0  

T 1 6  T 17  T 18  T 1 9  T20 T2 1 

1 3 . 2  1 3 . 7  1 3 . 3  1 3 . 0  

1 4 . 9  1 3 . 9  1 4 . 6  14 . 5  

T22 T23 T24 T25 

Cr 54 . 0  5 7 . 0  5 7 . 0  57.0 5 9 . 0  56.0 56 .0  5 2 . 0  4 7 . 0  45.0 44 .0  38 . 0  

V 7 7 . 0  78 . 0  80 . 0  83 . 0  86 . 0  90 . 0  90 . 0  92 . 0  78 . 0  7 3 . 0  69.0 5 5 . 0  

Ba 496 . 0  490 . 0  484 . 0  496 . 0  476 . 0  432 .0  385 .0 369 . 0  359 . 0  343 .0 338 . 0  305 . 0  

Se 9 . 0  9 . 0  9 . 0  1 0 . 0  9 . 0  1 0 . 0  8 . 0 8 . 0  6 . 0 6 . 0  6 . 0  5 . 0 

Mn 288 . 0  280 . 0  3 1 6 . 0  284 .0 238 . 0  1 9 1 .0 124 . 0  1 1 5 . 0 1 4 0 . 0  1 80 . 0  276 . 0  348 . 0  

T i  3305 . 0  3332 . 0  3420 . 0  351 5 . 0  3544 . 0  3778 .0  3906 . 0  3728 . 0  2968 . 0  2842 .0  2696 .0 2228 . 0  

Zn 53 . 2  53 . 4  5 3 . 8  54 . 2  4 9 . 0  44 . 1  36 . 8  34 . 4  33 . 6  3 5 . 3  36 . 1  7 3 . 3  

Cu  7 . 0  7 . 7  7 . 8 6 .6  5 . 1  6 .6  5 .3  4 . 6  4 . 1  2 .3  3 .2  6 . 5  

N i  1 3 . 7  1 3 . 7  1 3 . 0  1 3 . 4  1 2 . 6  1 2 . 8  9 . 8  8 . 4  7 . 4 6 . 7  6 . 0  6 . 2  

N b  6 . 2  6 . 7  6 . 9  8 . 1  7 . 7  7 . 8  8 . 5  7 . 2  7 . 0  5 . 9  5 . 9  4 . 7  

Z r  345 . 0  338 . 0  334 . 0  320 . 0  322 . 0  3 1 4 . 0  306 . 0  31 4 . 0  342 . 0  353 . 0  349 . 0  300 . 0  

y 27 . 9  29 . 1  28 . 7  2 5 . 4  2 2 . 6  20 . 0  1 5 . 2  1 3 . 0  1 2 . 2  1 2 . 5  1 1 . 4 1 1 . 0 

Sr 263 .0  259 . 0  2 5 7 . 0  254 . 0  2 5 1 . 0 240 .0 218 .0  2 1 4 . 0  2 3 1 . 0  236 . 0  236 . 0  2 1 7 . 0 

Rb 

Pb 

Ga 

78 . 1  78 . 7  

1 3 . 1  1 3 . 1  

1 4 . 2  1 4 . 3  

7 9 . 0  7 7 . 4  7 5 . 4  7 3 . 5  7 2 . 3  73 . 1  

1 3 . 8 1 3 . 2  1 4 . 0  1 3 . 3  1 3 . 2  1 2 . 6  

1 7 . 0  1 5 . 0  1 7 . 0 1 7 . 4  1 7 . 2  1 6 . 3  

69 . 7  69 . 0  

1 2 . 0  1 1 . 1  

1 3 . 0  1 3 . 6  

70 . 6  55 . 5  

1 1 . 6  1 5 . 5  

1 3 .0 1 1 .0 

1 2 . 7  

1 4 . 0  

2 4 0  



Append i x  6 . 4 :  Trace e l ement data of the s an d  fract i on { �  9/9 ) .  

Samp l e  

Cr 

V 

T1 T2 

24 . 0  23 . 0  

32 . 0  28 . 0  

T3 T4 T5 

1 4 . 0  1 6 . 0  24 . 0  

18 . 0  1 9 . 0  3 3 . 0  

T6 T7 TB 

2 2 . 0  2 1 .0  23 .0  

2 9 . 0  26 .0  24 .0 

T9 T10 T1 1 T12 T 1 3  

23 . 0  2 5 . 0  2 3 . 0  20 . 0  22 . 0  

2 7 . 0  28 . 0  2 6 . 0  22 .0  24 . 0  

B a  437 .0  463 . 0  543 . 0  524 . 0  465 . 0  43 7 . 0  4 1 8 . 0 4 1 9 . 0  44 1 . 0 438 . 0  435 . 0  437 .0  433 . 0  

Se 5 . 0 4 . 0 6 . 0  5 . 0  5 . 0  4 . 0 3 . 0  4 . 0  5 . 0  4 . 0  3 . 0  4 . 0  4 . 0  

Mn 143 . 0  1 78 . 0  370 . 0  3 1 5 . 0  230 . 0  1 78 . 0 1 3 7 . 0  1 3 3 . 0  1 4 2 . 0  1 4 1 . 0  1 28 . 0  1 1 6 . 0  1 20 . 0  

Ti  1455 . 0  1 38 1 . 0  1 3 1 3 . 0  1 262 . 0  1 536 . 0  1 4 1 4 . 0  1 230 .0  1 1 69.0 1 3 1 9 . 0  1 342 . 0  1220 .0  1046 . 0  1 1 05 . 0  

Zn 2 9 . 0  26 . 7  44 . 7  3 7 . 2  28 . 4  23 . 3  2 1 . 6  20 . 9  2 1 . 6  22 . 2  20 .8  1 8 . 6  20 . 5  

C u  1 4 . 8  7 . 3  1 5 . 6  8 . 2  5 . 7  6 . 1  4 . 6  7 . 5  8 . 6  4 .  7 6 . 1  5 . 9  5 . 2  

N i  4 . 5  5 . 2  3 . 7  2 . 5  6 . 2  6 . 0  3 . 2  3 . 3  5 . 9  5 . 5  4 . 5  5 . 0  4 . 0  

Nb 

Zr 

y 

3 . 4  3 . 7  6 . 3  4 . 5  4 . 0  

81 . 0  91 . 3  1 4 1 .0  1 1 7 . 2  86 . 7  

9 .  3 1 1 . 7 2 2 .  2 1 8 . 5  1 2 . 8  

4 . 0  3 . 7  2 . 2  

80 . 3  74 . 2  7 2 . 8  

1 0 . 7  8 . 2  8 . 2  

2 . 7  1 . 8  2 . 0  1 . 8 2 . 9  

75 . 5  78 . 7  7 3 . 9  7 1 . 8  75 . 6  

8 . 4  8 . 8  8 . 3  6 . 9  7 . 8 

Sr 248 . 2  2 3 1 . 3  147 . 1  1 7 0 . 4  246 . 2  250 . 9  235 . 0  241 . 7  228 . 6  244 . 2  24 1 . 4 24 1 . 6 248 . 6  

Rb 57 . 8  65 . 1  95 . 0  91 . 1  68 . 0  60 . 4  53 . 3  52 . 5  5 2 . 9  5 5 . 8  5 1 . 7  4 9 . 3  50 . 6  

P b  8 . 0  9 . 4 1 4 . 5  1 1 . 9  8 . 4  8 . 1  7 .8 7 . 5  7 . 6  8 . 4  7 . 6  6 . 8  8 . 5  

Ga 9 . 7  1 0 . 0  1 3 . 7  1 2 . 8  1 1 . 8  1 0 . 0  9 . 6  8 . 8  8 . 4  8 . 9  8 . 7  7 . 9  7 . 6  

Samp l e  T 1 4  T 1 5  T16 T 1 7  T 1 8  T 1 9  T20 T2 1 T22 T23 . T24 T25 

C r  22 . 0  2 3 . 0  24 .0  26 .0 25 . 0  20 . 0  1 9 . 0  1 9 . 0  24 . 0  26 . 0  2 5 . 0  26 .0 

V 23 .0  2 5 . 0  26 .0 2 7 . 0  26 . 0  2 2 . 0  1 7 . 0  1 7 . 0  2 2 . 0  29 . 0  28 . 0  30 .0  

Ba  435 . 0  443 . 0  486 .0 576 . 0  450 . 0  4 1 9 . 0  372 . 0  346 . 0  322 . 0  3 1 4 . 0  305 . 0  3 1 2 . 0  

Se 3 . 0  2 . 0  2 . 0  2 . 0  2 . 0  2 . 0  2 . 0  2 . 0  4 . 0  5 . 0 6 . 0  4 . 0  

Mn 1 1 7 . 0  1 1 5 . 0 1 2 6 . 0  1 26 . 0  1 2 1 . 0  98 . 0  86 .0  1 2 2 . 0  2 1 1 . 0  303 . 0  290 .0  285 .0 

T i  1 086 . 0  1 043 . 0  1084 .0  1085 . 0  1052 . 0  9 1 1 . 0 773 . 0  894 . 0  963 . 0  1 1 29 . 0  1 1 26 . 0  1 1 80 .0  

Z n  20 . 3  20 . 9  2 3 . 3  23 . 4  2 3 . 8  1 7 . 8 1 1 . 5  1 2 . 4  1 1 . 5  1 7 . 7  1 7 . 2  50 . 7  

C u  5 . 0  5 . 5  5 . 0 5 . 4  6 . 9  5 . 3  8 . 3  5 . 5  7 . 8  7 . 0 8 . 4  8 . 9  

N i  3 . 0  4 . 2  3 . 1  5 . 0  2 . 6  1 . 7 0 . 3  2 . 5  2 . 7  5 . 5  4 . 3  2 . 3  

N b  2 . 3  2 . 0  2 . 1  2 . 6  2 . 4  4 . 1  1 . 7 1 . 4 1 . 6 2 . 1  1 . 5 1 . 9 

Z r  78 . 6  7 8 . 0  7 9 . 9  7 7 . 9  74 . 7  7 1 . 4  75 . 7  72 .2  82 . 9  92 . 2  1 07 . 3  94 . 2  

y 7 . 7  7 . 7  8 . 2  6 . 6  7 . 5  5 . 3  5 . 7  5 . 8  6 . 4  7 . 1  7 . 3  7 . 4  

S r  240 . 6  239 . 3  239 . 3  240 . 8  234 . 5  223 . 4  209 . 9  203 . 6  207 . 8  2 1 7 . 1  2 1 3 . 8  2 1 3 . 0  

Rb 50 . 4  5 2 . 2  53 .0  54 . 2  52 . 9  48 . 8  43 . 6  39 . 2  33 . 8  32 . 7  3 1 . 8  34 . 9  

Pb  6 . 9  6 . 7  7 .0 8 . 9  8 . 3  7 . 1  6 . 2  5 . 5  7 . 3  6 . 4  6 . 1  1 6 . 6  

G a  8 . 1  7 . 6  8 . 6  8 . 5  8 . 4  8 . 5  7 . 0  5 . 8  6 . 4  5 . 5  7 . 0  5 . 8  

2 4 1  



App endix 7 :  E l ectron m i c r op robe data o f  tephra miner a l s  

S amp le loca l i t i es . 

( 1 )  Aok a u t e r e  As h ,  f r om the type section . 
89 very f ine ash ba s e .  
9 0  coar s e  base o f  the graded un i t .  
9 1  f i n e  ash over lying the graded un i t .  

2 4 2  

9 2  upper part o f  the graded un i t  ( be tween s amp les 9 0  and 9 1 ) .  

( 2 )  Wa im i h i a  T ephra Forma t i on ,  De Br e t ts s e c t ion . 
s amp l e  n umbers 1 0  and 1 9 . 

( 3 )  Egmon t t ep hras f r om Manga toki S tr ean s e c t i on ( Fr anks 1 9 8 4 ) .  
I n  s tr a t igraphic order : 
MnP P um i c eous b lock f r om the Manganu i tephra . 
MnL L i th i c  cry s t a l s  f r om the Mangan u i  t ephra . 
I l  I n g l ewood t ep hr a . 
2 2 2  ( E 5 ,  Franks 1 9 8 4 ) 
2 2 8u ( E 4 ,  Franks 1 9 8 4 ) 
2 2 8m 
2 2 8 1  
2 3 5  
2 4 3  
2 4 6  
2 5 1  
2 5 6 

( E 3 ,  Franks 1 9 8 4 ) 
( E 2 ,  Franks 1 9 84 ) 
( E l ,  Franks 1 9 8 4 ) 
Mahoe tephra . 
U named l i th i c  tephra directly above Aokau t ere Ash . 

( 4 )  Oka ta i n a  Volcan i c  Centre tephras . 
8 4  R o t oma Ash , Kawera u  ( ! . Na irn per s . comm . ) .  
87 Whakatane Ash ,  Kawerau ( I . N a i rn per s . comm . ) .  

Abbrev i a tions : 
a - a s s oc i a te d  wi th b - brown c - c l inopyrox ene 
d - corona a round f - o l ivin e  g - g la s s  
h - hornb l ende i - inclus ion k - core 
0 - or thopyrox ene p - p lagioc lase q - qua r t z  
r - r im s - s e lvedge t - t i tanomagnet i t e  
z - z on e  n . d . not determined 

v - ve s ic u l a r  



APPEN DIX 7 . 1 : GLASS 

SaNple MnP MnP 
Code ih2 1t3 

""'p 
V 

""'p 
st5 

""'p 
i t 7  

2 4 3  

""'p ""'p ""'p ""'p ""'p ""'p ""'p ""'p 
1 t8 sc10 se l l  sh13 sh14 ic 15  i c 16 

Si02 63 . 24 56 .43 61 . 22 61 .04 64 . 1 3  60 .35 64 . 60 61 .00 62 . 99 61 .81 61 .57 66 . 77 6 1 . 06 

A l z03 16 .91 16 .35 16 .82 1 7 .25 1 6 . 35 1 6 . 40 16 .42 21 .22 1 6 . 72 1 7 . 91  16 .64 13 .49 1 6 . 52 

Ti02 0 .61  0 .92 0 . 59 0.46 0 . 58 0 . 7 3  0.49 0 .42 0 .5 1  0 . 72 O . S4 0.64 0 . 58 

FeO* 3 . 56 5 .82 3 . 66 4 .39 3 . 7 3  5 . 25 2 .90 2 . 22 3 .47  4 . 31 3 .06 2. 87 4 . 1 5  

""'0 0 .00 0 . 2 1  0 . 16 0 .23 0 . 10 0 . 14  0 . 1 7  0.00 0 . 1 7  0 . 00  0 . 14 0 . 00  0. 16 

MgO 1 . 1 1 1 . 92 1 . 52 1 . 30 1 . 08 1 . 70 0.95 0 . 72 1 . 15 1 . 44 0 .91 0 . 56 1 . 47 

CaO 2 . 71 7 . 58 3 . 29 3 .07 2 . 62 5 . 96  2 . 50 5 .99 2 .26 3 . 26 1 . 92 1 . 67 3 . 37 

NazO 5 . 13 4 . 41  5 . 22 5 .35 5 . 1 4  4 . 52 4 . 73 5 .87 5 . 00  5 . 18 4 .81 4 .01 5 . 52 

K2o 4 . 09 2 . 38  4.08 4.08 3 . 50 2 . S4 4 . 40 2 .23 5 . 13 3 . 90  4 .02 4 .43 3 . 60 

Cl  0 . 35 0 . 13  0 . 1 6  0.26 0 . 1 5  0 . 10 0 . 1 1  0 . 10 0 . 19  0 . 18 0 . 19 0 .09 0 . 1 3  

Total 97 .7 1  96 . 1 5  96 . 72 97 .43 97 . 38  97 .69 97 . 27 99 . 77 97 . 59 98 . 71 93 .80 94 .53 96 . 56 

SIIIP 1 e MnP ltll 
Code v 1 c 1  

""'l 
sc1 

""'l ltll 
1t2 1 t3 

""'L ""'l 
1t3 1 t4 

Mnl 
1t5 

Mnl 
1t6 

ltll 
1 t6 

Mnl Mnl Mnl 
1h9 1c1 1 sc12 

Si02 61 .91 S4 . 1 6  53 .59 49 . 36 54 . 30 53.23 53.91 53.26 53.21 48 . 17 48.64 52.49 6 1 . 1 5  

A 12o3 16.60 1 9 . 18 1 9 . 1 1  18. 1 5  1 5 . 65 1 8 . 48 18 . 48 18. 10 18. 18 1 7 . 65 16 .44 18.99 18 . 53 

Ti02 0 . 65 0 .89 0 .99 1 .03 1 . 1 7  0 . 97 0 .87 0.85 0 .99 1 . 10 1 .33 0 .89 0 . 56 

FeO* 4 . 01 7 . 78 8 . 1 2  7 . 68 9 . 50 8 . 46 8 . 15 8 .68 8.26 9 . 37 9 .55 6 . 70 3 . 18 

MnO 0.00 0 . 16 0 . 1 3  0.00 0 . 24 0 . 00  0.00 0. 23 0. 1 3  0 . 24 0 .00 0.22 0.00 

MgO 1 . 47 3 . 33 3 .48 3 .60 4 . 92 3 .69 3 .46 3 .29 3 .23 3 .85 5 . 80  2 . 97 0 .99 

CaO 2 .67 7 .83 7 . 73 1 1 .02 7 .81 8 . 59 7 . 91 7 . 54 7 . 92 1 0 .62 9 .04 7 . 36  4 . 74 

Na2o 5 .37 3 .65 3 .89 2 . 7 1  3 . 91 4 .47 4 .65 4 . 72 4 . 03 2 . 83 3 . 37 4 . 35 5 . 52 

K2o 4 .26 2 . 08  1 . 96 1 . 33 2 . 38  2 . 45 3 .07 2 .86 2.69 1 . 11  1 . 93 2 . 28 2 . 99 

Cl  0 . 10 0.00 0 . 1 4  0 . 1 3  0 . 15 0 . 1 3  0 . 1 7  0 . 1 7  0 . 13  0 . 1 1  0 . 10 0 . 1 3  0 . 1 7  

Total 97.04 99 . 06  99 . 1 4  95 .01 100 .03 1 00 .47 100.67 99 . 70 98 . 7 7  95 .65 96 . 20 96 . 38  97 .83 

SIIIPle Mnl 
Code 1c1 

Mnl 
1t2 

Mnl Mnl lng lng lng lng lng lng lng 
1 c27 1c29 sh15 1h16 sh17 1h18 1h20 sh21 sc5 

lng ln9 
sc23 ic23 

Si02 53.23 4 7 . 99  52.87 53.27 69 . 70 67 .02 66.91 68.43 70 . 88  70.46 7 1 .31  69.88 67 .73  

Al2o3 1 9 . 1 9  1 7 .57  16 .59 1 9.07 1 5 . 10 1 5 .82 16.61  14 . 79 1 5 . 55 1 5 . 28 1 5 . 52 1 5 .25 14 .45  

T1o2 o .87  1 .06 o .88 o.64 o . 28 o .29 o . 34 o .36 o .4 1  o .44 o .42 o. 37 o.42 

feO* 7 .43 7 . 5 1  6 .85 7 .89 1 . 96 2 . 30  1 .99 1 .85 1 . 94 2 . 1 4  1 .86 2.00 1 .81 

MnO 0 . 12  0 . 1 5  0 . 1 5  0 . 12 0.00 0 . 1 5  0 . 12 0 . 16 0 . 19 0 . 1 7  0 . 1 4  0.22 0 .00 

MgO 3 . 30 3 .60 3 .40 2 . 94 0 . 34 0 .49 0 .47  0 .43  0 . 35 0 .42 0.46 0.31  0 .30 

CaD 7.87 10.84 6.32 7 .81 1 .85 2 . 5 1  3.04 1 . 57 1 .84 1 . 91  1 . 76 1 . 97 1 .66 

NazO 4 .26 3 . 14 4 . 24 4 . 14 4 . 66 4 . 56 4 . 93 4 . 18 4 . 74 4 . 59 4 . 91 4.69 4 . 1 7  

kzO 2.02 1 . 53 2 . 70 2 . 1 6  4 .4 7  4 .05 3 . 75 4 . 49 4 . 39 4 . 4 7  4 . 40 4 .28 4 . 32 

C l  0 . 12  0 . 12  0 .20 0 . 16 0 .21  0 . 16 0 .20 0 . 15 0 . 16 0 . 23 0.21.  0.23 0 .21  

Total  98 .41 93 . 51 94 . 20 98 . 20 98 .57 97 . 35 98.36 96.41 100.45 1 00 . 1 1  100.99 99 . 20 95 .07 



APPENDIX 7 . 1 :  C on t inued . 

Sa.p l e  J ng lng 
Code Sc24 v 

l ng 
b2 

l ng 
b2 

l n g  
sp6 

l ng 
sh 

l n g  
st8 

222 222 222 222 222 222 2 4 4 
b1c15  bic15 b 1c16  b 1 c 16 b 1 c 1 7  l c 1J 

S i02 70 .54 68 .95 7 1 . 1 9 69.93 70 .46 70.43 70 . 10 67 . 10 65.04 67 . 10 65 . 72 66 . 82 68 . 68 

Al 2o3 1 5 . 25 14 .58 1 5 . 28 1 5 .09 15 .05 1 5 . 34 15 .22 1 4 . 39 18. 12 14 .57 1 4 . 62 1 3 . 95 13 .8 1  

Ti02 0 .44 0 . 33 0 . 46 0 . 46 0 .39 0 .46 0 . 48 0 .48 0 .29 0 . 39 0 . 45 0 . 48 0 . 40 

FeO* 1 . 95 1 . 76 1 . 70 1 . 73 2 . 14 1 .83 1 . 92 1 .88 1 . 52 2 . 1 9 2 . 26 2 .04 2 . 16 

MnO 0 . 16 0 . 14 0 . 22 0 . 00  0 .00 0.00 0 . 14 0 . 16 0 . 1 1  0 . 1 3  0 . 1 5  0.00 0.00 

MgO 0.37 0 .42 0 . 35 0 . 39 0.41  0 .42 0 .40 0 .33 0.22 0 . 38  0 . 42 0 . 44 0 . 30 

CaO 1 . 92 1 . 64 1 . 7 7  1 . 76 1 .99 1 . 77 1 .80 1 . 26 3 . 54 1 . 59 1 . 6 1  1 . 45 1 . 1 7 

Na2o 4 . 56 4 .49 4 . 7 7  4 . 31  4 . 94 4 . 82 4 . 72 3 . 97 4 .41 4 . 04 4 . 04  3 . 70 3.87 

K20 4.60 4 .45 4 . 44 4 . 54 4 . 39 4 .40 4.30 4.37 3.36 4 . 52 4 .4 7  4 .48 4 . 45 

C l  0 .24 0 . 19 0 . 1 9  0 . 1 9  0 . 14 0 . 1 8  0 . 22 0 . 1 7  0 . 14 0 . 18 0 . 18 0 . 16 0. 1 7  

Tota l  100 .03 96 .95 1 00 . 37 98 . 40 99 . 9 1  99 .65 99. 30 94 . 1 1  96.75 95 .09 93 .84 93 . 52 95 .01 

Saaple 222 222 222 222 222 222 222 
Code sh18 sh19 sh20 1 c21  sc21 st23 s 

222 222 222 222 222 222 
1h25 1c26 1c26 1 c2 7  st28 sh9 

Si02 70.42 70 . 78 68 . 97 64 . 62 69.94 71 . 35 69 . 30 67 . 49 67 .85 67 . 14 68 . 75 69 . 30 70 . 54 

Al2o3 1 4 . 1 3  1 5 . 35 1 6 .08 1 2 . 80  15 .05 14 .88 1 5 . 05 1 4 . 73 14 .81 1 4 . 88  1 4 . 49 1 5 .22 1 5 . 30  

T i02 0.44 0 .57 0 . 4 1  0 .42 0 .47 0 . 45 0 . 4 1  0 .36 0.41 0 .40 0 . 36  0 . 42 0.43 

FeO* 1 .68 1 . 94 2 .09 2 . 54 2 . 1 5  2 .02 2 . 18 2 . 1 1  1 . 76 2 . 10 2.04 2 . 48 1 . 90 

MnO 0 . 1 1  0 . 1 1  0 . 1 1  0 . 1 7  0 . 15 0 . 14 0 . 1 3  0 . 12  0.00 0 . 1 4  0 . 1 7  0 . 1 9  0 . 12 

MgO 0.31  0 . 50 0.44 2 . 1 2  0 .5 1  0 .42 0.47 0 . 34 0.47 0 . 49 0 . 3 1  0.49 0 . 55 

cao 1 . 21 1 .63 2 . 54 5 . 1 0  1 . 74 1 . 32 1 . 79 1 . 47 1 .53 1 .66 1 . 19 1 . 58  1 . 60 

Na2o 4 .01 4 . 65 4 . 64 3 . 76 4 . 60 4 . 79 4 . 77 4 .22 4 . 13 4 . 03 4 .07 4 . 97 4 .85 

K20 4 . 95 5 .01 4 . 37 4 .04 4 .94 4 . 85 4 .65 4 . 60 4 . 62 4 . 56 4 .61  4 .84 4 . 86 

C l  0 . 1 1  0 . 14 0 . 16 0 . 18 0.21  0 . 1 5  0 . 19 0 . 18 0.06 0 . 23 0 . 20  0.20 0 . 1 7  

Total  97 .37 1 00 . 68  99 .81 95 .75  99 . 76 100.37 98 . 94 95 .62 95 .64 95.63 96 . 1 9  99.69 100.32 

SiiiiiP le  222 
Code sp l l  

222 228u 228u 228u 228u 228u 228u 228u 228u 228u 228u 228u 
v st13  st 13  1 t25 st25 1 c26 1 c27 1·:27 sc27 sc29 1c29 1 c30 

Sto2 7 1 . 57 67 .93 68 . 59 69 .09 66 .78 68 .64 66 . 76 67 .24 66 .96 68 . 53 6 7 .82 65 . 55 68 . 1 1  

Alz03 1 5 . 19 1 4 . 1 8  1 5 .60 1 5 . 73 1 5 . 56 15 .89 1 4 . 73 1 3 . 94 14 .62 1 5 . 12 1 5 .45  1 5 . 08  1 5 .67 

Tto2 0 .36 0 . 30  0 . 59 0 . 4 1  0 .57 0 . 53 0 . 40 0.33 0 .52 0.63 0 . 67 0 . 62 0.63 

FeO* 1 . 74 1 . 33 2 . 97 2 .81  3 . 27 2.68 2 .39 2.16 2 .42 2.30 2 . 1 2  2 . 22 2 . 24 

MnO 0 . 10 0 . 1 2  0 . 00  0 .00 0 . 1 6  0.00 0 . 16 0.00 0 . 15 0 . 14  0 . 00  0 . 1 7  0 . 1 3  

MgO 0.47 0.27 0 . 62 0 . 60 0 .65 0 .62 0 .55 0 .44 0 . 56  0 . 55 0 . 59 0 . 64 0 .69 

CaO 1 .40 1 .28 1 .80 1 . 75  2 .08 1 . 84 2 . 12 1 . 75 1 .93 1 .61 1 . 7 5  1 . 7 1  1 . 78 

NazO 4 .39 4 . 42 4 . 7 7  4 .8 1  4 . 53 5 . 02 3 . 78 3 .42 3 .98 4 . 4 1  5 .03 4 . 10 4 . 90  

K2o 4 .83 4 . 77 5 .01 4 . 74 4 .00 4 .83 4 . 56 4 .25 4 . 35 5 . 19 4 .88 4 . 59 4 .81 

Cl 0.20 0 . 14 0 . 1 5  0 . 16 0 . 18  0 .20 0 .24 0.24 0.30 0 .24 0 . 14 0.07 0.06 

Total 100.25 94 . 74 100.10  100.10 97 . 78 100.25 95.69 93 . 77 95 . 79 98 . 72 98.45 94 . 75 99. 02 



APPENDIX 7 . 1 : Con t inu e d . 

S.-p le 228u 228u 228u 228u 228u 22S. 228a 22S. 22S. 228a 22S. 22S. 22Bm 
Code i c 30 i c 32 i h33 sc34 s i c 1  sc5 sf4 ic6 sc6 b i c 7  i t9 i t 9  

s ; o2 66 . 90 66 . 5 1  64 . 77 67 . 99 67 . 59 66 . 95 64 .91 64 . 80  68 . 3 1  66 . 27 65 . 1 9  66 . 26 64 . 2 7  

AlzOJ 1 5 .44 1 5 . 20 1 5 . 29 1 5 . 7 1  1 5 . 87 14 . 28 1 6 . 55 1 6 . 10 14 . 01 1 5 . 50 14 . 7 3 1 5 . 6 1  1 6 . 1 0 

T i 02 0 . 5 7  0 . 66 0 . 49 0 . 7 1  0 . 70 0 . 29 0 . 39 0 . 58 0 . 33 0 . 48 0 . 40 0 . 68  0 . 50 

rea* 2 . 28 2 . 59 3 . 07 2 . 48 2 . 65 2 . 98  1 .89 3 . 52 2 . 1 3 2 . 54 3 . 1 1  3 . 7 5  3 . 78 

MnO 0 . 00  0 . 00  0 . 00 0 . 1 5  0 . 00  0 . 25 0 . 1 9 0 . 1 3  0 . 00  0.00 0 . 1 7  0 . 00  0 . 1 1  

NgO 0 . 50 0 .86 0 .87 0 . 58 0 . 72 0 . 67 0 .43 1 . 03 0. 53 0 . 69 0 . 90  0 . 68  0 . 80 

c.o 1 . 57 2 . 06 2 . 53 1 . 83 2 . 3 1  2 . 08  2 . 63 2 . 65 1 . 69 2 . 05 2 . 42 2 . 38  2 . 70 

.. 2o 4 . 78 4 . 49 4 . 2 1  4 . 92 4 . 91 3 . 97 4 . 78 4 . 84 3 . 96  4 . 53 4 . 38  4 . 66 4 . 46 

KzO 4 . 68  4 . 43 4 . 23 4 . 87 4 . 58 4 . 28 4 . 08  4 . 39 4 . 2 7  4 . 29 3 . 66 4 . 1 3 4 .05 

C l  0 . 28 0 . 1 7  0 . 24 0 . 20 0 . 19 0 . 16 0 . 1 1  0 .22 0 . 1 7  0 . 1 9 0 . 14 0 . 1 7  0 . 22 

Total  9 7 . 00  96 . 9 7  95 . 70 99 . 44 99 . 52 95 . 9 1  95 . 96  98 . 26 95 . 40 96 . 54 95 . 10 98 . 32 96 . 99 

s..pl e  228m 22S. 228m 22S. 228l 228l 228l 228l 228l 228l 228l 228L 228l 
Code i c 1 1  se l l  sh1 2 i h 1 3  i hl ih2 ic3 ic4 1c4 ic18 iclO st10 se 

Si02 6 7 . 40 65.46 66 . 29 67 . 1 9 6 5 . 80  63 . 52 64 . 16 66 . 25 66.03 64 . 16 66 . 24 68 . 2 5  68.09 

A1 203 14 . 74 1 5 .92 1 6 . 54 1 5 . 25 1 5 . 59 1 6 . 87 1 5 . 72 1 5 .69 16.23 1 5 . 79 1 5 . 10 1 5 . 92 1 6 . 12 

Ti02 0.52 0 . 50 0 . 48 0 . 66 0 . 49 0 . 36 0 . 49 0.47 0.51 0 . 52 0 . 55 0 . 5 1  0 . 52 

FeO* 2 . 5 1  2 . 75 2 . 88  2 . 60 2 . 37 2 . 69 2 . 30 2 . 28 2 . 39 2 . 67 2 . 35 3 . 09 2 . 2 1 

NnO 0.00 0 . 1 5  0 . 23 0 . 00  0 . 00  0 . 1 6  0 . 00  0 . 1 7  0 . 00  0 . 00  0 . 1 1  0 . 00  0 . 1 2  

NgO 0 . 71 0 . 74 0 . 74 0 . 56 0 . 42 0 . 46 0 . 7 1  0 . 57 0 . 65 0.87 0 . 56 0 . 5 7  0 . 58 

CaO 1 . 87 2 . 04  2 . 45 1 . 90 1 . 94 2 . 34 2 . 14 1 . 79 2 . 02 2 . 56 1 . 81 1 . 82 1 . 78 

1a2o 4 . 30 4 . 55 2 . 89 4 .84 5 . 04  4 . 1 1  4 . 1 2 4 . 1 2 5 . 03 4 . 20 4 . 00  4 . 86 5 . 06  

lzO 4 . 32 4 . 44 3 . 80 4 . 77 4 . 42 4 . 06  4 . 1 5  4 . 32 4 . 63 4 . 23 4 .63 4 . 70 4 . 90  

C l  0.00 0 . 1 6  0 . 1 9  0 . 20 0 . 26 0 . 3 1  0 . 1 4  0 . 23 0 . 2 1  0 . 13 0 . 2 1  0 . 1 7  0 . 27 

Total 96 . 37 96 . 7 1  96 . 49 97 .97 96 . 33 94 . 88  93.93 9 5 . 89 97 . 70 95 . 1 3  95 . 56  99 .89 99.65 

s..ple 228l 228l 235 
Code i c31 1p32 sh3 

235 235 
ic24 sh4 

235 235 235 
1 116  sh6 1c25 

235 
so8 

235 235 235 
sc27 1c28 sh9 

235 
so1 1 

Si02 65.43 6 7 . 62 69 . 16 65 . 97 68 . 37 65.42 _64 . 52 67 . 37 67 . 58  68 . 42 66.87 67 . 92 68.87 

Al 2o3 1 5 . 70 1 5 . 98 16.00 1 5 . 27 1 5 .88 1 5 . 23 1 7 . 94  1 5 .45 1 5 . 98  1 6 . 16 15.57 15.98 1 6 . 1 5  

1 1 02 o . 55 o . 4 2  0 .4 7  o . 3 9  0 . 42 0 . 48 0 . 36  � . 4 7  o.48 o . 44 0.49 0 . 46 o .44 

FeO* 2 . 30 2 . 09 2 . 4 3  2 . 4 7  2 . 68  2 . 24 1 . 92 2 . 85 2 . 70 2 . 5 1  2 . 39 2.80 2 . 70 

MnO 0. 14 0 . 00  0 .00 0 . 00  0 . 1 4  0 . 1 2  0.00 0.00 0 . 1 6  0 . 1 2  0 . 1 6  0 . 1 2  0 . 1 3  

MgO 0 . 53 0 . 60 0 . 58 0 . 56 0 . 69 0 . 73 0.48 0 .61 0.65 0 . 71 0 . 5 7  0. 72 0 . 6 1  

c.o 1 .8 1  1 . 79 1 . 90 1 . 93 2 .43 1 . 93 3 .48 2 . 1 6  2 . 16 2 . 10 . 1 .83 2 . 18 1 .9 7  

1a2o 4 . 75 4 .62 4 .7 9  4 . 38  4 .54 3 . 75 4 . 71 4 . 3 7  4 . 89 4 . 77 4 .63 4 . 7 1  4 . 93 

K20 4 .42 4 . 75 4 .52 4 . 33 4 . 14 4 . 15 . 3 .46 4 . 40  4 . 16 4 .39 4 . 36  4 .44 4 . 69 

C l  0 . 20 0. 1 7  0 . 20 0 . 2 1  0.24 0.18 0 . 1 1  0.21  0 . 1 6  0 . 19 0 . 1 5  O.ZO 0 . 22 

Tot a l  95.83 98 . 04  1 00 . 05 95 . 5 1  99 . 53 94 .23 96 . 98  97 .89 98 . 92 99 .81 97.02 99 . 5 3  1 00 . 7 1  

2 4 5  



APPEN D I X  7 . 1 : C o n t inued . 

Sample  235 235 235 235 235 243 
Code st20 st22 sp29 sp32 ip32 sc 1 

243 
ic2 

243 
ic3 

243 
sc4 

243 243 
i c6 sc7 

243 
y 

2 4 6  

243 
ic8 

Si02 67 o 75 67 o42 69 o40 69 o40 65 o 98 65 o 5 1 63 o40 63 o 56 63 oS8 66o43 65 o 68 63 o 50 63 o 73 

A lz03 1 6 o 24 1 5 o 96 1 5 o 85 15 o93 14 o 74 16o63 16 o28 1 6 o 26 16 o72 14 o94 16 o 36 1 9 o 33 1 5 o 90  

Ti02 O o 44 O o 54 O o42  O o 44 O o 38 O o 67 O o 61 O o 54 O o64 O o 4 1  O o 59 O o43  O o 60 

FeO* 3 o 06 3 o 19 2 o 29 2 o 55 2 o 74 3 o 28 3 . 21 3 o 07 3.26 2 .27 3 . 37 2 . 24 3 o 16 

MnO 0 . 12 O o 12 O o 1 3  0.00 O o OO  0. 18 0 . 20 0 . 14 0 . 18 O o 1 3  0 .21  0 . 1 7  O o OO 

MgO O o 61 O o 60 0 . 65 O o82 O o72  1 . 14 1 . 00 O o 72 l o09 O o 56 0 .88 0.65 0 . 96 

CaO 2 . 21 2 o 14 1 o 96 1 o87 1 o89 2 o 75 2 o 60 1 o 90 2.88 1 o89 2 o 39 4 o 62 2 o 81 

Na2o 4 o 82 4.26 4 o 74 4 . 69 4 o 1 5  4.96 4 . 18 5 o 58 5 o 20 3 . 71 4 o 94 S o 48 4 . 30 

K20 4 o 33 4 . 10 4 .  46 4 o28 4 o 66 4 . 27 4 . 20 4 . 26 4 . 23 4 .80 4 . 69 3 o 54 4 .44 

C l  0 .23 0.21  0 . 19 0.20 0 .23 0 .23 O o 20 O o 24 0.21 0 .26 0 . 25 O o 14 O o 24 

Total 99 o81 98 o 54 100o09 100 . 1 8  95 o49 99 o 62 95 .88 96 o27 97.99 95 . 40 99 o 36 100o 10 96 o 1 4 

Sample 243 243 243 243 246 246 
Code sh9 tel l ic 12  i h 13  ip12 s 

246 
s 

246 
st1  

246 246 246 246 246 
1h15 1h16 bic17  sh17  b i c 1 8  

S i02 64 .68 64 . 1 2  63 o 65 63 o 36 64 .03 65 . 78 6 5 . 2 7  64 o60 64o68 63 o49 64 . 53 63 .57  62 . 1 2  

Al 2o3 1 6 o 37 16.50 1 6 0 44 1 6 o 52 16 o67 16 . 76 1 7 .08 16 o67 1 7 .02 16 o 32 15 .82 1 6 . 80  1 5 o 95 

Tt02 O o 70 0.58 0 . 49 O o66 O o 59 0 . �  0 .69 0 .68 0.66 0 . 65 0 . 63 0 . 7 1  O o 63 

FeO* 3 . 40 3 o 39 2 o 91 3 . 02 3 . 18 3 .3 1  3 . 35 3 . 70 3 . 30 3 .07 3 o 1 1 3 . 68  3 o 12 

MnO 0.00 0 . 1 7  0 . 22 O o 1 3  O o 1 7  O o 14 0 . 1 7  0 .00 Oo20 0 . 12 0 .00 0 . 1 2  0 .00 

MgO 1 .09 1 o 1 1  0 . 90  Oo91  1 . 10 1 . 20 1 .21  1 . 06 0.82 O o 88  0.7 1  1 .08 1 . 03 

CaO 2.67 2 .42 2 . 50 2 o 30 2 o 96 2 0 64  2 . 55 2 0 56 2 . 53 2 . 20 2 . 99 2 .63  2 . 34 

Na2o 5 . 18 5.61  4 . 76 4 o 76 4 . 96  S o 14 5 . 12 S o 4 1  5 . 82 5 . 86  4 . 07 5 . 77 S o08 

K20 4 .55 4 .53 4 . 59 4 o 49 4 . 1 1 4 . 14 4 . 46 4 . 65 4 . 72 4 . 25 4 . 52 4 . 31 4 . 33 

C l  O o 25 O o27 0 .25 0.25 0 . 2 1  0 . 1 7  0 .22 0 .25 0.26 0.24 0.17  0.21  0 . 2 1  

Total 98.89 98 . 70 96 . 71 96 . 40 97 . 98 99 . 78 100.12  99 .58 100.01 9 7 . 08  96 . 55 98 . 88  94 .81  

Sample 246 246 246 246 246 
Code b1c18 b1c19 sc20 1 c20 1o21 

251 
1c2 

251 
1c2 

251 
sc3 

251 
sc5 

251 251 
1c6 s 

251 
sc9 

251 
1c9 

Si02 62.78 63 . 1 7  66 .46 64 . 52 65.02 61 .68 6 1 . 59 62 .43 63.75 61 .12  62.86 63.05 60. 14  

Al 2o3 16.02 16.53 1 5 . 77 16.57 15 .92 15.96 1 5 .87 16.41  16 .66 16o23 16.40 16 . 78 16.49 

Tto2 o .s6 o.s1 o . 63 o . 63 o·. s3 0.12 o.65 o .n o.74 0.12 0 . 12 o. 11 o . 66 

FeO* 3 .22 3 . 30 3 .42 3 . 07 3.08 3 . 93 4 . 14 4 .00 3.82 3.86 3 . 75 3 .85 3 . 96  

Mn O  O o 1 2  0 . 00  0 . 1 2  0 . 00  0 . 1 2  0 . 20  0 . 1 5  0 . 16 0. 16 0 . 1 3  0 . 00  0 . 00  0 . 1 7  

MgO 0.96 1 . 04  1 . 51 1 . 1 1  0 .82 1 .27 1 . 22 1 .42 1 . 1 7 1 .23 1 . 1 7  1 . 25 1 .46 

CaO 2 . 44 2 .56 2 . 1 1  2 . 96  2.44 2 .85 2 . 75 3 . 1 2  2 .76 2 .87 2 .82 2.87 3 . 36 

Na2o 4 .45 4.87 4 .83 5 .26 4 .69 4 .68 4 .84 5 . 25 4 .90 4 . 75 4 . 96  5 . 45 4 . 40 

K2o 4 .07 4 . 14 4 . 93 4 . 7 1  4 .25 4 .06 4 .04 4 .44 4 . 99 4 .40 4 . 50  4 . 70 4 .02 

C l  0.29 0.20 0 . 24 0.23 0.22 0 . 15 0. 1 7  0 . 19  0 . 1 2  0.13 0 . 13  0 . 1 5  0. 16 

Total 94 .9 1  96 . 32 100.02 99 .06 97 .09 95.50 95 .42 98.19 99.07 95.44 97.31 98 .81 94 .82 



2 4 7  

APPENDIX 7 . 1 :  Con t inued . 

Samp le 251 251 251 251 251 251 
Code io10 sel l i t22 i t20 st14 sp23 

251 
V 

251 251 
i p27 

251 
5 

256 256 
i f 1  ic39 

S i 02 61 . 55 64 . 32 62 .24 62.03 61 .26 62 . 99 60 . 62 63.87 59.67 63 .46 53 . 06 59 . 1 1  

A1 203 16:59 1 6 . 7 7  1 6 . 77 16 .67 1 6 . 1 2  16 .69 20 .46 1 6 . 93 1 7 . 65 16 . 57 1 8 . 94 1 6 . 8 7  

Ti02 0 .68 0. 74 0 . 78 0 . 79 0.99 0 .66 0 . 53 0 . 74 0 . 72 0 . 79 0 . 80 0 .80 

Feo* 3 .47  3 . 85 4 . 26 5 . 06 5 .25 3 . 7 1  2 .87  3 .54 3 . 36 3 . 59 5 . 38 4 . 47 

MnO 0 . 09 0. 18 0 . 16 0 . 1 7  0 . 1 5  0 . 1 7  0 . 1 4 0.00 0.00 0.00 0 . 2 1  0 . 1 3 

M90 1 . 36 1 . 16 1 . 2 1  1 . 34 1 .20 1 . 26 1 . 15 1 . 08  1 .04 1 . 20 2 .07 1 . 44 

CaO 2 . 65 2 . 70 2 . 95 3 .37 2 .64 2 .86 5 . 93 2 . 73 3 . 63 2 . 83 7 . 77 3 . 78 

Na2o 4 . 7 1  4 . 93 4 . 96  5 .02 4 . 98 5 .23  5 . 35 4 . 99 4 . 79 4 . 99 4 . 4 1  4 . 50 

K20 4 . 14 4 . 82 4 . 29 4 .63 4 .56 4 . 76 3 . 04  4 . 29 3 . 99 4 . 68  2 . 52 3 . 69 

C l  0 . 16 0. 14 0 . 1 8  0.20 0. 19 0 . 16 0 .08 0 . 14  0 . 18 0 . 13 0 . 1 5  0 . 1 7  

Total 95 . 40 99 . 6 1  97 . 80  99.28 97 .34 98 .49 100 . 1 7  98.31  95 .03 98.24 95 . 3 1  94 . 96  

Sample 
Code 

256 
5 

256 256 256 256 256 256 256 256 256 
sc14 sc44 ic45 i c46 sc46 1c47  1c48 ic49 ip7 

256 
V 

Si02 61 . 83 62 . 14 60 . 95 61 .67 65 .84 60. 78 5 9 . 60 60 . 15 63.40 60.20 64 . 7 1  

Al 2o3 1 7 . 57 1 7 . 1 5  1 7 . 20 16 .99 1 3 . 95 1 7 . 28 1 6 . 76 16. 76 1 6 . 1 2  16.80 1 4 . 52 

T i02 0 . 68  0 . 76 0 . 75 0.61 0 . 35 0.63  0 . 65 0 .64 0 .49 0.66 0.65 

FeO* 4 .85 4 . 55 5 .47 3.42 4 . 77 4 .87 4 .29 4 .44 4 .09 4 . 73 4 . 1 1  

MnO 0 . 19 0 . 1 7  0 . 1 7  0 . 18 0.18 0 . 1 5  0 . 1 7  0. 1 3  0 . 1 1  0 . 1 1  0 . 16 

MgO 1 .69 1 . 30 1 .48 0.86 0.93 1 .48 1 . 78 1 .23 0 . 68  1 . 76 0 .83 

CaO 4 .49 3 . 38 3 . 72 3 . 12 3 . 33 3 . 81 4 . 55 2 . 96  2 . 24 3.45 1 . 1 5  

Na2o 5 . 54 5 . 21 5 .03 4 .67 3 . 32 5 . 1 3  4 . 72 4 . 84  4 . 93 4 . 1 2  4 . 92 

K20 3 . 15 4 . 32 4 . 10 3 . 58  3 .26 3 . 75 3 . 38  3.68 3 .89 3 .65 5 . 58  

C l  0 . 17 0 . 19 0 . 1 8  0.21  0 . 16 0 . 22 0 . 1 7  0 . 20  0 . 1 5  0 . 1 7  0 . 14 

Total  1 00 . 16 99 . 1 7  99 . 05 95.31  96.09 98 . 10 96 .07 95.03 96. 10 95 .65 96 . 7 7  



APPEN DIX 7 . 1 : Continu e d . 

Sample 
Code 

1 9  
i o l  

19 
to2 

19 
soZ 

1 9  
to3 

19 
t o3 

19 
so3 

19 1 9  1 9  
t o4 bto5 bto6 

19 19  
i o7 b ioS 

SiOz 76 . 27 72 . 96 76.81 72 . 77 74 .41 74 .06 74 .49 69.68 73 .00 74 . 77 73.28 

Al 203 1 2 . 79 12 .24 12.80 12 . 35 12 . 44 12 .24 12 .45 1 3 . 33 1 2 . 1 3  12 .49 12 .02 

Ti02 0 . 1 7  0 .43  0.28 0 . 1 3  0 . 14 0.00 0.21 0 .40 0 . 1 3  0 .28 0 . 1 5  

FeO* 2 . 28 2 . 52 1 .83 2 . 39 2 . 14 1 . 80 2 .02 3 . 48 2 . 45 2 . 35 1 . 86 

MnO 0 . 1 7  0 . 18 0.00 0 . 1 5  0 .00 0.00 0.00 0 . 00  0 . 10 0 .00 0 . 16 

MgO 0 . 14 0 . 1 9  0.�5 0 . 1 6  0 . 1 3  0 . 1 7  0 . 10 0 . 49 0 . 23 0 . 13 0 . 1 5 

CaO 1 . 25 1 .29 1 .29 1 . 26 1 . 24 1 . 29 1 . 26 2 . 34 1 .26 1 . 23 1 . 24 

Na2o 4 .04 3 . 18 4 .29 2 . 44 3 . 88  3 . 40 4 .02 3 .81  3 . 55 4 .08 3 . 15 

K20 2 . 96 2.80 2 .87 2 .82 2 .89 2 . 85 2 .85 2 .45 2 . 85 2 . 77 2 . 91 

C l  0 . 12 0 . 1 3  0 . 1 1  0 .00 0 . 12 0 . 1 1  0 . 00  0 . 14 0 . 12 0 . 1 3  0 . 10 

Total  100 . 19 95 . 92 100.43 94 . 4 7  9 7 . 39 95 . 92 97 . 40 96 . 12 95 . 82 98 . 23 95.02 

Sample 
Code 

1 9  19 
bio9 so9 

19 19 19 19 19 1 9  
toll so1 1  to 12  so12 sp25 g27 

1 9  1 0  1 0  
gZ8 bto41 bst42 

St02 74 .06 75.44 73.44 76 . 2 1  75 . 23 76 . 19 75 .62 76 . 16 75 .36 73.90 76 . 97 

AlzOJ 12 . 19 1 2 . 36 12.04 1 2 . 54 1 2 . 53 12 .61  1 2 .20 12.49 1 2 . 45 1 2 . 35 12 .89 

Tto2 o . 1 9  o . 15  0.09 0 . 1 4  0 . 1 1  0 . 1 1  0.21  0 . 20  0 . 1 5  o.23 0 . 16 

FeO* 1 . 90 1 .87 2 .33 1 . 9 1  1 .87 1 .86 1 . 73 1 . 73 1 . 79 1 .82 1 .88 

MnO 0 . 12 0.00 0 . 13 0 .00 0 . 00  0.00 0.00 0.00 0.00 0.00 0.00 

MgO 0 . 14 0 . 1 3  0 . 17  0 . 18 0 . 14 0 . 1 4  0 . 16 0 . 1 7  0 . 19 0 . 16 0 . 13 

CaD 1 . 1 7  1 . 26 1 .25 1 . 36 1 . 34 1 . 31  1 .20 1 . 24 1 . 34 1 . 1 7  1 . 29 

Na2o 3 . 92 4 . 26 3.42 4 .03 4 .06 3 .99 3 . 72 3 . 90  3 . 79 3.91  4 . 27 

K20 2 .80 2 . 73 2 .59 2 . 85 2 . 88  2 . 85 2.80 2 .80 2 . 86  2.85 2 . 75 

C l  0.08 0 . 1 3  0 . 1 1  0. 1 2  0 . 1 2  0 . 1 2  0 . 1 1  0 . 1 2  0 . 16 0 . 1 3  0 . 10 

Total 96 . 57 98. 33 95.77 99 .34 98 . 34 . 99 . 1 8  97 . 75 98.81 98 . 09  96 . 52 100.44 

2 4 8  



APPENDIX 7 . 1 :  Con tinued . 

Sample  10 
Code bs t43 

10 
st43 

10 10 10 10 10  10 10 10 
st44 bio45 so45 b i o46 bio80 so80 b i t48 st48 

1 0  
s81 

10 
i82 

S i 02 76 .29 76 .92 76 .46 74 .47 76 .52 73 .09 76 .57  76 .86 76 .05 75 . 96  76 .21  73 .42 

A 1 20 12 .62 1 2 . 78 1 2 . 86  12.45  1 2 . 59 1 2 . 32 12 .69 12 .83 1 2 . 75 12 .6 1  12 . 78 12 .05 

MnO 

C aO 

Na2o 

K20 

C l  

0.24 0 . 21 0 . 22 0 . 1 5  0 . 16 0 . 10 0 . 12 0 . 1 7  0 . 36  0. 18 

2 . 12  1 . 76 2 .00 2 . 20 1 . 78 2 .62 1 . 89 1 . 93 1 . 92 1 . 78 

0.00 0 .00 0.00 0.00 0 .00 0 .00 0.00 0.00 0 . 14 0 .00 

0 . 16 0 . 1 7  0 . 1 7  0 . 14 0 . 18  0 . 14 0 . 14 0 . 1 3 0 . 1 7  0 . 18  

1 . 21 1 . 23 1 . 29 1 . 20 1 . 30 1 . 1 9  1 . 22 1 . 24 1 . 24 1 . 34 

4 .22 4 . 50 4 . 36 4 . 29 4 . 36 4 . 08  4 . 20 4 . 25 4 .49 4 . 28 

2.80 2 . 92 2.91  2 . 79 2 . 88  2 . 82 2 . 94  2.94 2 . 70 3 .03 

0 . 1 3  0 . 16 0 . 1 7  0 . 16  0. 1 5  0 . 1 3  0 . 1 5  0 . 14 0. 16 0 . 1 2  

0 . 30 0.25 

1 . 59 2 . 00  

0 . 00  0 . 00  

0 . 20 0 . 1 5  

1 . 27 1 . 17  

4 .04 3 . 83 

3 . 2 1  2 . 78 

0 . 1 2  0 . 12 

Total 99. 79 100 .65 100.44 97.85 99 . 92 96 . 49 99 . 92 100.49 99 .98 99.48 99 . 72 95 . 77 

Saii!Ple 
Code 

10 
io83 

10 10 
so83 i o49 

10 
so84 

10  10  
g50 bk50 

10 
g51 

10 
g52 

10 
b53 

1 0  
vS4 

1 0  
v56 

Si02 75 .59 7 7 . 58 74 .89 76 . 82 77 . 52 76 . 87 7 7 . 25 76.63 75 .95 76 . 7 3  76 . 64 

A l 20 12 .64 12 .63 1 2 . 28 1 2 . 78 12 . 71 12.67 12 .86 1 2 . 33 12 .69 12 .67  1 2 . 97 

T i 02 0 . 1 1  0 . 18 0 .24 0 .2 1  0 .22 0.25 0 . 12 0 . 23 0 . 19 0 .22 0 .23 

FeO* 2.20 1 . 91 2 . 13 1 . 76 1 . 70 1 . 83 1 . 76 1 .81  1 . 72 1 . 79 1 . 7 7  

Mn O  0.00 0 . 00  0 . 1 1  0 .00 0 . 00  0. 12  0.00 0 . 00  0.00 0 . 1 1  0 .00 

MgO 0. 14 0 . 15  0 . 1 1  0 . 17  0 . 13  0 . 18 0 . 17  0 . 16 0 . 19 0. 19  0 . 18 

CaO 1 . 28 1 . 32 1 . 15 1 .21  1 .46 1 . 30  1 . 28 1 .32 1 . 28 1 . 32 1 . 38 

NazO 4 .27 4 . 22 3 . 71 4 . 1 5  3 . 73 4 .48 4 .28 4 .26 4 . 32 4 . 39 4 . 38  

KzO 2.64 2 . 78 3 . 30  3 . 02 3 .03 2 . 7 7  2 .89 3.07 2 . 78 2 .97  3 .06 

C l  0.15  0 . 1 7  0. 17  0 . 1 3  0.00 0.07 0 . 1 1  0 . 13  0 . 1 1  0 . 1 1  0 .08 

Total 99.02 100 . 94 97 .09 100.25 100.50 99 . 54 100.72 99.94 99 .23 100·.50 100.69 

2 4 9  



2 5 0  

APPENDIX 7 . 1 : C on t inued . 

Sample 87 87 
Code 1o14 g33 

87 87 87 87 87 87 87 
bv37 g38 

87 87 87 87 
b9kl4 b9k34 bgR34 bg35 v36 sp39 sq40 su4 1 i u41 

S i02 74 . 78 78 . 58  77.49 76 .94 77.03 78 . 70 78 . 29 78.88 79 .08 78.42 79 .37 79.01 74 .92 

Al 203 1 1 .71  1 2 . 03 1 1 .81 1 1 . 80 1 1 . 72 1 1 . 85 1 1 . 92 12 .41  1 1 . 94 12 .00 1 2 . 1 2 1 2 . 02 1 1 .35 

T i02 0 . 14 0 . 12 0 .08 0. 12  0.00 0. 12  0 . 00  0 . 16 0. 14 0 .08 0 . 00  0 . 09 0.00 

Feo* 1 . 31 0 .85 1 . 1 3  0.84 0.93 0 . 78 0 . 77 0.90 0.92 o . 80 0 . 98 1 . 04 1 . 59 

MnO 0.04 0 . 00  0.00 0.00 0.00 0.00 0 . 00  0 . 13  0.00 0 . 1 2 0 . 00  0 . 00  0. 13 

MgO 0 . 10 0 . 10 0 .2 1  0 .05 0 . 20 0 . 1 6  0 .09 0 . 10 0.09 0 . 14 0 . 10 0 . 07 0 . 13  

CaO 0 .95 0 . 70 0 . 70 0 . 74 0 . 77 0 .90 0 . 64 0 .96 0 . 59 0 .61  0 . 70 0 . 65 0.92 

NazO 2 . 34 3 . 59 3 . 30  3 . 73 3 . 36 5 . 55 3 . 62 4 . 26 3 .85 3 .84 3 . 75 3 . 58 2.97 

K2o 3 . 02 3 . 58 3 . 97 3 . 85 4 .03 1 .09 3 . 70 3 . 18 3.67 3 . 74 3 . 53 3.67 2 .97 

C l  0 . 13 0 . 08  0 . 1 2  0 . 1 3  0 . 06  0.07 0 .05 0 . 00  0 . 00  0 . 10 0 . 10 0 . 10 0 .08 

Total 94 .52 99 .63 98.81  98 . 1 5  98 . 10 99 . 22 99 . 08  100.98 100.28 99 .85 100.65 1 00 . 23 95 .06 

Sa����> l e  
Code 

84 84 84 84 84 84 
i p30 b936 bsp37 9k39 gt39 gR39 

84 
9 

84 84 
gt40 gR40 

84 84 
v su42 

84 
V 

S i02 78 .64 79.21  64 .65 78 .37 77 . 10 76 . 94 78.2 1  78 . 10 78 . 15 77 . 67 7 7 . 57 76 .46 

Al 2o3 1 1 .94 1 2 . 1 6  21 .03 1 2 . 1 2  1 1 .86 1 1 .97 1 2 .02 1 1 . 95 1 1 .83 12 .00 1 1 . 93 1 1 .63 

Ti02 0 . 1 1  0 . 00  0 .22 0. 16 0 . 13  0 . 13 0 . 12 0.00 0.07 0 . 12 0 . 15 0 . 00  

Feo* 0.89 0 . 35 0 .87 0 .97 0.93 0 . 84 0 . 86  0 . 9 1  0 .84 0.86 1 . 05 0 .91  

MnO 0.00 0 .00 0.00 0.00 0 . 14 0.00 0 . 00  0.00 0.00 0 . 09 0 . 00  0 . 00  

MgO 0 . 13 0 .08 0 . 1 3  0 . 10 0 . 1 1  0 . 1 3  0 . 14 0 .08 0 . 1 3  0 . 1 3  0 . 1 1  0 . 14 

CaO 0 . 79 0 . 90  5 . 76 0 .87 0 .76 0 . 77 0 .80 0 . 75 0.81 0 . 78 0 . 79 0 .82 

Na2o 3 . 7 1  4 . 99 5 .97 3.81 3 . 91 3 . 99 3 . 66 3 .69 3 . 78 3 . 82 3 . 78 3 .57  

kzO 3 . 39 0 .69 1 . 30 3 . 26 3 .40 3 . 38  3 . 40 3 . 38  3.45 3 . 40 3 . 4 1  3 . 33 

C l  0 . 12 0 .00 0 .00 0.00 0.08 0 . 06  0 . 00  0 . 10 0 . 10 0 . 06  0 . 14 0 . 13 

Total 99 . 72 98 . 38  99 . 93 99 .66 98.28 98 . 21 99 .21 98 . 96  99 . 16 98 . 93 98.93 96 . 99 



APPEN D I X  7 . 1 : Con t inued . 

Samp le 9<' 
Code 920 

92 
g1 

92 
g2 

92 
gJ 

92 
g4 

92 
g5 

92 
g7 

92 
g8 

92 
g9 

92 92 
g10 g1 1 

92 
g12 

92 
91 3  

SiOz 75 . 24 75 . 64 75 .66 75 . 78 76 . 40 75 . 78 74 . 30  75 . 33 75 .47 74 . 22 7 5 . 98  75 . 1 7  7 5 . 4 7  

A l 203 1 1 .43 1 1 . 78 1 1 .38 1 1 .87  1 1 . 53 1 1 .37 1 1 . 50 1 1 . 26 1 1 . 44 1 1 . 36 1 1 . 33 1 1 . 1 1  1 1 . 46 

Ti02 0 . 1 1  0 . 1 1  0 . 12 0 . 1 7  0 . 1 7  0 . 14 0 . 10  0 . 15 0 . 09 0 . 1 1  0 . 1 1  0 . 16  0 . 1 0  

Feo* 1 . 14 1 . 18 1 .05 1 . 1 1  1 . 02 1 . 20 1 .03 1 .07 1 .05 1 .06 1 .09 1 . 1 3 1 . 26 

MnO 0.00 0 . 00  0.00 0 . 00  0 .00 0 . 1 1  0 .09 0 . 00  0 . 00  0 . 00  0.00 0 . 00  0 . 1 3  

M90 0 . 1 2  0 .09 0 . 1 3  0 . 1 4  0 . 10 0. 11  0 . 1 3  0 . 10 0 . 1 2  0. 1 1  0 .07 "0 .  1 2  0 . 1 1  

CaO 1 .02 1 .03 0 . 96  1 .0 1  0 .92 0 .97 0.94 0 . 92 0 . 88  1 .01 1 .01 1 .01  0 . 93 

Na20 3 . 1 1  3 . 34 3 .43 3 . 57 3 . 7 1 3.0i 3.44 3 . 38  3 . 47 3 .39 3 . 12 3 . 20 3 . 30  

K20 3 .02 3 . 1 1  2 . 90  2 .89 2 . 90  3 . 10 2 . 78 2 . 62 3 . 08  2.67 2 . 57 3 . 02 2 . 93 

C l  0 . 1 5  0 . 1 1  0 . 14 0 . 1 3  0 . 1 3  0 .20 0 . 15  0 . 1 2  0 . 16 0. 14  0 . 13 0 . 16 0 . 1 2  

Total 95 . 34 96 . 39 95.77 9 6 . 6 7  96 .88 95 .99 94.46 94 . 95 95 . 76 94 . 07 95 .41 95 . 08  95 . 8 1  

S amp l e  92 
Code g14 

92 
g15  

92 
916 

92 
g1 7 

92 92 89 
918 919  sh4 

89 
shS 

89 89 89 89 89 
i t 1 1  st14 sh24 1h29 b 1o32 

5102 75 . 78 76.01  75 .65 7 5 . 59 75 .08 75 .99 75 .59 75 . 16 74 .02 73 .97  75 . 59 73 .33 65 . 26 

A 1 2o3 1 1 . 31 1 1 . 37 1 1 .40 1 1 .47  1 1 . 38 1 1 . 38 1 2 . 13 1 1 . 70 1 1 . 39 1 1 .42 1 2 . 1 1  1 2 . 75 1 5 . 6 1  

Ti02 0 .00 0 . 1 1  0 . 10 0 . 1 0  0 . 1 1  0 . 1 7  0 . 14 0 . 00  0.49 0 . 1 2  0 . 10 0 . 1 3  0 . 97 

reo* 1 . 33 1 .04 1 . 07 1 . 26 1 . 04 0.85 1 . 22 1 . 23 1 . 76 1 . 1 1  1 . 21 1 . 16 3 . 39 

MnO 0.00 0 . 00  0.00 0 . 00  0.00 0.00 0.00 0 . 00  0 . 00  0 .00 0.00 0 . 1 1  0.00 

MgO 0. 14  0 . 1 1  0 .12  0 . 1 1  0.08 0.15  0 . 10 0 . 12 0 . 12 0. 1 1  0 . 12 0 . 1 7  1 . 14 

CaD 1 . 00 1 .08 1 .07 0 . 98  0.97 0.92 1 . 1 1  1 . 18 0 . 96  1 . 06  1 . 02 1 . 10 3 . 39 

NazO 3 . 4 1  3 . 19 3.61 3 . 4 1  3 . 35 3 . 36 3 . 19 3 . 40 2 . 97 2 . 53 3 . 37 3 . 2 1  5 . 16 

K20 3.08 2 . 74 2 .90 2 . 7 2  3 . 1 7  3 .60 2 .75 2 . 98 2 .82 2 . 95 2 .83 2 . 79 1 . 88 

C l  0 . 16 0 . 1 6  0 . 1 2  0 . 16 0 . 14 0 . 1 3  0.09 0 . 00  0.08 0 . 00  0 .09 0 . 10 0 . 08  

Total 96 . 2 1  95 .81 96 .04 95 .80 95 .32 96.55 96.32 95 . 77 94 . 6 1  93 . 33 96 . 44 94 .85 96 . 88  

5.-ple 89 89 89 
Code bio39 b io39 so40 

89 
9 

89 
9 

89 
9 

89 89 
g g 

89 89 
9 g 

89 
9 

89 
9 

89 
9 

Si02 58 . 67 58.85 73 . 34  73 . 75 73 . 73 73 .62 74.82 74 .43 74 . 59 73 .88 73.82 73.89 74 . 4 1  

A lz03 1 5.82 1 5 . 38  1 1 . 52 1 1 . 54  1 1 .85 1 1 .66 1 1 .66 1 1 .84 1 1 .38 1 1 . 58  1 1 .37 1 1 . 54 1 2 . 04  

Ti02 0.98 1 .00 0 . 1 3  0 . 0 7  0 . 1 3  0 . 1 6  0 . 00  0.20 0 . 1 3  0 . 1 5  0 . 1 1  0 .00 0 . 1 3  

FeO* 6 . 12 5 . 79 1 .49 1 . 14 1 . 18 1 . 14 1 . 19 1 .24 1 . 14  1 . 25 1 .05 1 . 18 1 . 15 

MnO 0.00 0.00 0.09 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 . 00  0 . 00  

MgO 2 .02 2 . 19 0 . 1 1  0. 1 1  0 .09 0 . 1 7  0 . 1 3  0 . 1 3  0 . 1 3  0 . 1 3  0 . 09  0 . 1 4  0 . 1 3  

c.o 5 .05 5 . 23 0.99 0.98 1 .05 1 . 13 1 . 18 1 . 20 1 .00 1 .01 0.88 1 .09 1 .08 

NazO 3 . 56  3 .67 3 .05 2 . 56  3.01 3.39 3.41 3 .46 3 . 1 9  3 . 35 2.94 3 . 00  3.40 

KzO 1 .98 1 .81 2.87 2 . 76 2 . 57 2.66 2.93 2.69 2 .83 2 . 71 2 .89 2 . 78 2 . 72 

Cl 0 . 1 3  0.08 0. 1 1  0 . 1 1  0.07 0 . 11  0.13  0.08 0 .09 0 . 1 2  0.07 0 . 1 2  0 . 1 1  

Total  94 . 33 94 . 00  93. 70 93. 1 1  93 .68 94 . 10 95.45 95.27 94.48 94 . 18 93.22 93 . 74 95 . 1 7  

2 5 1  



APP EN D I X  7 . 1 :  C on t inued . 

89 89 89 89 89 89 90 90 
9 9 9 9 9 9 i h 1  s h 7  

90 90 90 
s h 1 0  g g 

2 5 2 

Samp l e  
Code 
S i 02 74 . S2 73 . 62 74 . 28 7 5 . 1 6 7 3 . 83 74 . 00  7 1 . 1 4 72 . 8 1  7 3 . 4 3  7 3 . 4 9  7 3 . 14 

A l 2o3 1 1 . 4 4  1 1 . 4 8  1 1 . 7 1 1 1 . 50 1 1 . 50 1 1 . 55 1 1 . 4 5  1 1 . 6 1  1 1 . 66 1 1 . 4 9  1 1 . 38 

T i 02 0 . 00 0 . 1 1  0 . 08 0 . 1 2 0 . 1 4 0 . 1 1  0 . 24 0 . 1 3  0 . 2 1  0 . 1 5  0 . 1 0  

F eo• o .  95 1 .  26 1 .  20 1 .  03 1 .  03 1 . 11 2. 1 9  1 . 04 1 . 26 1 .  09 1 . 09 

HnO 0 . 1 2 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00  0 . 1 0 0 . 00 0 . 00 0 . 00  0 . 00 

HgO 0 .  1 1  0 .  1 3  0 . 1 3  0 . 1 3  0 .  1 0  0 .  1 1  0 .  58 0 .  0 9  0 .  0 9  0 .  0 9  0 .  1 5  

C a O  0 . 95 1 . 1 1  1 . 05 0 . 99 1 . 0 7  0 . 98 1 . 49 0 . 95 0 . 94 1 . 02 1 . 03 

Na2o 3 . 1 4. 3 . 06 3 . 22 3 . 39 2 . 92 3 . 2 7 3 . 2 1  3 . 52 3 . 4 2 2 . 94 3 . 33 

K20 2 . 80 2 . 46 2 . 62 2 . 95 2 . 7 3 2 . 9 3 3 . 1 8  2 . 7 2 2 . 83 2 . 93 2 . 87 

C l  0 . 1 0 0 . 1 2  0 . 1 5 0 . 1 2 0 . 1 2 0 . 1 0 0 . 1 1  0 . 1 5 0 . 07 0 . 08 0 . 1 1  

Tot a l  94 . 1 3  93 . 35 94 . 44 9 5 . 39 93 . 44 94 . 1 6 9 3 . 69 93 . 02 93 . 9 1  93 . 29 93 . 20 

Samp l e  
Code 

90 
g 

90 
g 

90 
g 

90 
g 

90 
g 

90 
g 

90 
g 

90 
9 

90 
g 

90 
g 

90 
s o l l  

S i 02 74 . 46 73 . 39 7 4 . 6 1  7 4 . 9 1 72 . 86 74 . 26 7 3 . 1 6  7 3 . 70 7 3 . 25 7 2 . 84 74 . 40 

A l 203 1 1 . 64 1 1 . 62 1 1 . 4 9  1 1 . 3 7 1 1 . 74 1 1 . 5 1  1 1 . 5 7  1 1 . 64 1 1 . 6 3  1 1 . 85 1 1 . 5 5  

T i 02 0 . 1 1  0 . 1 2 0 . 1 3 0 . 1 1 0 . 1 7  0 . 09 0 . 1 2 0 . 1 5  0 . 1 0 0 . 1 0  0 . 1 5 

reo• 1 . 05 1 . 0 7  1 . 08 1 . 1 7  1 . 1 9 1 . 1 2 1 . 1 2 1 . 06 1 . 09 1 . 0 7  1 . 27 

MnO 0 . 00 0 . 00  0 . 09 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 

MgO 0 . 1 0 0 . 1 4  0 . 1 3  0 . 09 0 . 1 4 0 . 1 1  0 . 1 1  0 . 1 2 0 . 1 2  0 . 1 0 0 . 1 4 

C aD 0 . 98 0 . 90 1 . 06 1 . 00 1 . 0 1  0 . 94 1 . 02 0 . 95 1 . 1 0 1 . 05 1 . 02 

Na2o 3 . 30 3 . 4 6  3 . 25 2 . 93 3 . 4 1  3 . 39 3 . 34 3 . 4 7  2 . 93 3 . 34 3 . 38 

K 20 2 . 8 1  3 . 0 1  2 . 73 2 . 96 2 . 79 3 . 07 2 . 6 3 2 . 9 7 2 . 88 2 . 66 2 . 43 
' 

C l  0 . 00  0 . 1 1  0 . 00 0 . 09 0 . 08 0 . 09 0 . 00 0 . 10 0 . 09 0 . 09 0 . 09 

Tot a l  94 . 4 5  93 . 82 94 . 5 7  94 . 6 3  93 . 39 94 . 58 93 . 0 7 94 . 1 6 9 3 . 1 9 93 . 1 0 94 . 4 3  

Samp l e  
Code 

90 90 90 90 90 90 90 90 90 
i o 1 2  s t 1 5  sh 1 9  io20 i o 2 1  io22 i o23 i o23 sh2 7 

90 
i h  

S i 02 7 3 . 24 7 4 . 2 3  7 3 . 64 7 1 . 22 7 2 . 72 7 2 . 40 72 . 30 77 . 33 7 3 . 6 1  7 1 . 23 

A l 203 1 1 . 66 1 1 . 56 1 1 . 5 7  1 2 . 88 1 1 . 75 1 1 . 7 1 1 1 . 70 1 1 . 4 0  1 1 . 39 1 2 .84 

T i 02 0 . 16 0 . 16 0 . 1 0  0 . 1 7  0 . 1 5 0 . 20 0 . 1 7  0 . 1 5 0 . 1 0 0 . 08 

reo* 1 . 69 1 . 24 1 . 22 1 . 92 1 . 2 7  1 . 66 1 . 56 1 . 4 7  1 . 1 9  1 . 28 

MnO 0 . 00 0 . 00 0 . 00  0 . 1 0 0 . 00  0 . 00  0 . 00 0 . 00 0 . 00  0 . 00  

MgO 0 . 1 3 0 . 1 1  0 . 1 3  0 . 1 5 0 . 1 5 0 . 1 2  0 . 14 0 . 1 3  0 . 1 3  0 . 1 9  

CaO 0 . 99 0 . 99 1 . 03 1 . 36 1 . 1 7 1 . 05 0 . 95 0 . 89 1 . 04 0 . 90 

Na20 3 . 39 3 . 35 3 . 1 2 3 . 03 2 . 96 7 . 8 7  2 . 92 2 . 9 1  2 . 99 3 . 49 

K20 2 . 79 2 . 9 7 2 . 98 2 . 70 2 . 82 2 . 99 3 . 65 3 . 78 2 . 69 3 . 60 

C l  0 . 1 1  0 . 1 2  0 . 7 3  0 . 00  0 . 1 2 0 . 00  0 . 00  0 . 09 0 . 08 0 . 09 

Tota l  94 . 1 6 94 . 73 94 .02 9 3 . 53 9 3 . 1 1  9 3 . 00  93 . 39 9 3 . 1 5  9 3 . 2 2  9 3 . 70 



APPENDIX 7 . 2 t  AMPH I BOLES 

Samp l e  MnP MnP MnP MnP MnP MnP MnP MnP MnP MnP MnP Mnl 
Code 1 f 1  26 27 2 - 1 3  14 31 a28 a29 a30 7 

Mnl 
1 0  

Mnl 
9 

I L  
1 

I L  
2 

I L  
1 0  

I L  
1 1  

I L  
1 2  

I L  
1 3  

S i 02 40 . 5 1  38 . 86 3 9 . 08 40 . 14 3 9 . 45 40 . 27 39 . 85 40 . 04 40 . 30 39 . 99 39 . 7 7  4 0 . 88 39 . 93 39 . 90 42 . 90 4 3 . 39 42 . 38 43 . 1 5 4 3 . 1 0  44 . 46 

Al 2o3 1 3 . 62 14 . 06 14 . 63 1 3 . 37 14 . 74 1 3 . 14 1 4 . 59 1 3 . 8 1  1 3 . 65 1 4 . 1 9 1 4 . 25 1 4 . 02 1 4 . 1 4  1 4 . 68 1 0 . 67 1 0 . 00 1 1 . 4 1  1 0 . 7 5  1 0 . 88 9 . 83 

T i 02 1 . 5 7  2 . 66 2 . 4 1  2 . 69 2 . 30 2 . 70 2 . 33 2 . 10 2 . 5 5  2 . 1 0  2 . 35 2 . 79 2 . 82 2 . 30 3 . 1 1  2 . 9 1  2 . 79 3 . 40 2 . 97 2 . 85 

reo• 9 . 20 1 2 . 58 1 1 . 53 1 1 . 83 1 1 . 03 1 2 . 05 1 1 . 1 7 9 . 75 1 1 .42 1 0 . 08 1 1 . 10 1 0 . 48 1 0 . 56 1 0 . 82 1 2 . 93 1 2 . 64 1 3 . 70 1 0 . 93 1 2 . 55 1 1 . 69 

MnO 0 . 10 0 . 22 0 . 1 2  0 . 2 1  0 . 1 4 0 . 20 0 . 00 0 . 00 0 . 1 7  0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 4 7
. 

0 . 50 0 . 4 5  0 . 29 0 . 39 0 . 4 1  

MgO 1 6 . 31 1 2 . 84 1 3 . 97 1 3 . 62 1 3 . 95 1 3 . 78 1 3 . 82 1 5 . 1 1  1 3 . 60 1 4 . 4 3  1 3 . 59 14 . 38 14 . 37 1 3 . 77 1 3 . 04 1 3 . 65 1 2 . 6 7  14 . 4 1  1 3 .48 1 4 . 20 

CaO 1 1 . 4 5  1 2 . 2 1  1 2 .42 1 2 . 19 1 2 . 49 1 2 . 1 3  1 2 . 31 1 2 . 35 1 2 . 06 1 2 . 27 1 2 . 22 1 2 . 06 1 1 .89 1 2 . 3 1  1 1 . 52 1 1 . 54 1 1 . 4 9  1 1 . 54 1 1 . 93 1 1 . 80 

Na2o 2 . 58 2 . 49 2 . 30 2 . 49 2 . 38 2 . 48 2 . 34 2 . 1 8 2 . 4 2  2 . 1 6 2 . 24 2 . 53 2 . 46 2 . 39 2 . 39 2 . 38 2 . 5 1  2 . 56 2 . 38 2 . 28 

K2o 0 . 92 0 . 93 1 . 00 0 . 94 0 . 88 0 . 94 0 . 93 1 . 19 0 . 90 1 . 12 0 . 94 0 . 93 0 . 89 1 . 00 1 . 1 7  0 . 8 7  1 . 07 0 . 83 1 .00 0 . 93 

Total 96 . 26 96 . 85 97 . 46 97 .48 9 7 . 36 97 . 69 97 . 34 96 . 53 9 7 . 0 7  96 . 34 96 .46 98 . 07 9 7 . 06 97 . 1 7  98 . 20 9 7 . 88  98 . 4 7  9 7 . 86 98 . 68 98 . 4 5  

Cat i ons o n  the bas i s  o f  23 oxygens 

S 1  6 . 040 5 . 860 5 . 822 5 . 979 5 . 861 5 . 990 5 . 91 4  5 . 963 6 . 004 5 . 968 5 . 952 5 . 992 5 . 923 5 . 923 6 . 350 6 . 422 6 . 277 6 . 335 6 . 332 6 . 500 

A l  2 . 370 2 . 499 2 . 569 2 . 347 2 . 581 2 . 304 2 . 552 2 . 424 2 . 397 2 . 496 2 . 5 14 2 . 422 2 . 472 2 . 568 1 . 861 1 . 744 1 . 992 1 .860 1 . 884 1 . 694 

Ti 0 . 1 77 0 . 302 0 . 270 0 , 30 1  0 . 257 0 . 302 0 . 260 0 . 235 0 . 286 0 . 236 0 . 265 0 . 308 0 . 3 1 5  0 . 257 0 . 346 0 . 324 0 . 3 1 1  0 . 3 75 0 . 328 0 . 3 1 3  

Fe 1 . 1 28 1 . 587 1 . 437 1 .4 74 1 . 3 7 1  1 . 499 1 . 386 1 . 2 1 4  1 .423 1 . 258 1 . 389 1 . 285 1 . 3 1 0  1 . 343 1 . 60 1  1 . 565 1 . 697 1 . 34 2  1 . 542 1 . 429 

Mn 0 . 01 2  0 . 028 0 . 0 1 5  0 . 026 0 . 01 8  0 . 025 0 . 000 0 . 000 0 .021 0 . 000 0 . 000 0 . 000 0 .000 0 . 000 0 . 059 0 . 063 0 . 056 0 . 036 0 . 04 9  0 . 05 1  

Mg 3 . 598 2 . 886 3 . 102 3 . 024 3 . 089 3 . 055 3 . 056 
·
3 . 354 3 . 020 3 . 209 3 . 031 3 . 1 4 1  3 . 1 77 3 .047 2 . 876 3 . 0 1 1  2 . 797 3 . 1 53 2 . 952 3 . 094 

ea 1 .822 1 . 973 1 .983 1 . 946 1 . 988 1 . 933 1 . 957 1 . 9 7 1  1 . 925 1 . 962 1 . 960 1 . 894 1 .890 1 . 958 1 . 827 1 . 830 1 . 824 1 .8 1 5  1 .878 1 . 848 

Na 0 . 750 0 . 728 0 . 664 0 . 7 19 0 . 686 0 . 7 1 5  0 . 673 0 . 630 0 . 699 0 . 625 0 . 650 0 . 71 9  0 . 708 0 .688 0 . 686 0 . 683 0 . 72 1  0 . 729 0 . 6 78 0 . 646 

K 0 . 1 76 0 . 1 79 0 . 1 90  0 . 1 79 0 . 1 6 7  0 . 1 78 0 . 1 76 0 . 226 0 . 1 7 1 0 . 2 1 3  0 . 1 79 0 . 1 74 0 . 1 68 0 . 189 0 . 22 1  0 . 164 0 . 202 0 . 1 55 0 . 187 0 . 1 73 

Mg No. 0 . 76 1  0 . 64 1  0 . 68 1  0 . 668 0 . 690 0 . 667 0 . 688 0 . 734 0 . 676 0 . 7 18 0 . 686 0 . 7 1 0  0 . 708 0 . 694 0 . 634 0 . 649 0 . 6 1 5  0 . 696 0 . 650 0 . 676 N 
U1 
w 



APPENDIX 7 . 2 :  Con t inue d .  

Samp l e  I L  
Code 15 

I L  
16 

IL 
17 

IL 
18 

222 
K6 

222 
Z6 

222 
Z6 

222 
Z6 

222 
Z6 

222 
R6 

222 
7 

222 
8 

222 
9 

222 
K 1 0  

222 
Z 1 0  

222 
Z 1 0  

222 
R 1 0 

222 
1 1  

222 
25 

s 1 o2 43 . 78 42 . 68 4 1 . 4 2  44 . 2 7  43 . 76 4 1 . 84 43 . 30 42 . 29 46 .06 43 . 40 40 . 79 4 3 . 30 43 . 1 3  43 . 3 9  42 . 6 7  43 . 57 43 . 5 5  4 1 . 38 4 1 . 40 

A 1 2o3 1 0 . 2 1  1 1 . 48 1 2 . 7 7  9 . 43 9 . 87 1 1 . 1 0 9 . 7 1  10 .86 8 . 50 1 0 . 1 1  1 2 . 36 1 0 . 35 1 0 . 36 1 0 . 33 . 1 0 . 97 1 0 . 28 9 . 88 1 3 . 1 4 1 1 . 78 

1 1 02 3 . 1 7  2 . 96 2 . 53 3 . 20 2 . 88 3 . 32 2 . 93 3 . 1 6 2 . 1 5  3 . 36 3 . 05 3 . 37 3 . 5o 2 . 93 3 . 4 7  3 . 32 3 . 34 2 . o8 3 . 59 

Feo* 1 2 . 09 1 3 . 02 1 3 . 1 6 1 1 . 6 1  1 1 . 38 1 2 . 55 1 1 . 66 1 2 . 2 1  1 0 . 96 1 1 . 7 1  1 1 . 95 1 1 . 58 1 1 . 5 2  1 1 . 55 1 1 . 48 1 1 . 1 6 1 1 . 4 1  9 . 88 1 1 . 75 

MnO 0 . 4 1  0 . 33 0 . 32 0 . 00 0 . 44 0 . 45 0 . 34 0 . 55 0 . 36 0 . 48 0 . 36 0 . 29 0 . 29 0 . 27 0 . 39 0 . 3 1 0 . 38 0 . 00 0 . 31 

MgO 1 4 . 14 1 3 . 56 1 2 . 45 1 4 . 42 1 4 . 66 1 3 . 38 1 4 . 32 1 3 . 30 1 5 . 57 1 4 . 1 2  1 3 . 3 7  1 4 . 42 1 4 . 08 1 4 . 62 1 4 . 1 3  1 4 . 59 14 . 35 1 5 . 20 1 3 . 73 

CaO 1 1 . 59 1 1 . 42 1 1 . 82 1 1 . 08 1 1 . 52 1 1 . 5 7  1 1 . 42 1 1 . 60 1 1 . 50 1 1 . 42 1 1 . 90 1 1 . 5 1  1 1 . 2 5  1 1 . 58 1 1 . 6 1  1 1 . 59 1 1 . 40 1 2 . 18 1 1 . 64 

Na2o 2 . 42 2 . 37 2 . 57 2 . 4 1  2 . 39 2 . 49 2 . 40 2 . 4 1  2 . 10 2 . 41 2 .40 2 . 45 2 . 40 2 . 40 2 . 52 2 . 54 2 . 50 2 . 47 2 . 54 

K20 0 . 93 1 . 0 1  0 . 93 0 . 1 9 0 . 86 0 . 95 0 . 85 0 . 93 0 . 76 0 . 90 0 . 83 0 . 93 0 . 91 0 . 85 0 . 9 1  0 . 90 0 . 88 1 . 1 1  0 . 94 

Total  98 . 74 98 .83 97 . 9 7  96 . 6 1  97 . 76 97 . 6 5  96 . 93 97 . 3 1  97 . 96 97 . 9 1  9 7 . 0 1  98 . 20 97 . 44 97 . 92 98 . 1 5 98 .26 97 . 69 97 . 44 97 . 68 

C at 1 ons on the bas i s  of 23 oxygens 

5 1  6 . 403 6 . 266 6 . 1 54 6 . 546 6 . 44 1  6 . 22 7  6 . 439 6 . 300 6 . 709 6 . 394 6 . 098 6 . 356 6 . 373  6 . 38 1  6 . 275 6 . 379 6 . 4 1 9  6 . 093 6 . 1 39 

A l  1 . 760 1 . 986 2 . 236 1 . 643 1 . 7 1 2  1 . 947 1 . 702 1 . 907 1 . 459 1 . 755 2 . 1 78 1 . 79 1  1 . 804 1 . 790 1 . 90 1  1 . 774 1 . 7 1 6  2 . 280 2 . 059 

Tl  0 . 349 0 . 32 7  0 . 283 0 . 356 0 . 3 1 9  0 . 372 0 . 328 0 . 354 0 . 236 0 . 372 0 . 343 0 . 372 0 . 389 0 . 324 0 . 384 0 . 366 0 . 370 0 . 230 0 . 400 

Fe 1 . 4 79 1 . 599 1 . 635 1 . 436 1 . 401 1 . 562 1 . 450 1 . 521  1 . 335 1 . 443 1 . 494 1 . 422 1 . 424 1 . 420 1 . 4 1 2  1 . 366 1 . 407 1 . 2 1 7  1 . 457 

Mn 0 . 051  0 . 04 1  0 . 040 0 . 000 0 . 055 0 . 05 7  0 . 043 0 . 069 0 . 044 0 . 060 0 . 046 0 . 036 0 . 036 0 . 034 0 . 049 0 . 038 0 . 047 0 . 000 0 . 03 9  

Mg 3 . 082 2 . 967 2 . 757 3 . 1 78 3 . 2 1 6  2 . 968 3 . 1 74 2 . 953 3 . 380 3 . 100 2 . 979 3 . 1 5 5  3 . 100 3 . 204 3 . 097 3 . 183 3 . 1 52 3 . 336 3 . 034 

ea 1 . 8 1 6  1 . 796 1 . 882 1 . 755 1 .8 1 7  1 . 845 1 . 820 1 . 852 1 . 795 1 . 803 1 . 906 1 . 8 1 0  1 . 78 1  1 . 825 1 . 829 1 . 818 1 . 800 1 . 922 1 . 849 

Na 0 . 686 0 . 6 7 5  0 . 740 0 . 691 0 . 682 0 . 7 1 9  0 . 692 0 . 696 0 . 593 0 . 688 0 . 696 0 . 697 0 . 688 0 . 684 0 . 7 1 9  0 . 7 21  0 . 7 1 5  0 . 705 0 . 730 

K 0 . 1 74 0 . 1 89 0 . 1 76 0 . 036 0 . 162 0 . 1 80 0 . 1 6 1  0 . 1 7 7 0 . 1 4 1  0 . 1 69 0 . 1 58 0 . 1 74 0 . 1 72 0 . 159 0 . 1 7 1 0 . 1 68 0 . 1 65 0 . 209 0 . 1 78 

Mg No . 0 . 668 0 . 644 0 . 622 0 . 689 0 . 688 0 . 64 7  0 . 680 0 . 650 0 . 7 10 0 . 674 0 . 659 0 . 684 0 . 680 0 . 688 0 . 680 0 . 694 0 . 684 0 . 733 0 . 6 70 N 
LT1 
"" 



APPEN DIX 7 . 2 :  Continued . 

Samp l e  228u 228u 228u 228u 228u 228m 228m 228m 228m 228m 228m 228l 228L 228l 22�l 228l 228l 228l 228L 
Code 33 37 31 38 39 2 12 13 14 1 5  . 21  22 i c4 24 25 26 27 28 K29 

s 1 o2 4 1 . 79 4 3 . 6� 42 . 99 40 . 9o 42 . 1 9 40 .02 42 . 42 42 . 09 39 . 33 43 . 5 1  40 . 1 1  4 3 . 83 4 0 . 60 44 . 1 3 40 . 44 42 . 6 3  41 . 75 4 1 . 70 4 1 . 26 

A 1 2o3 1 1 . 72 9 . 72 10 . 50 1 2 . 8 7  1 1 . 52 1 4 . 1 4 1 0 . 6 1  1 0 . 4 7  1 3 .62  1 0 . 24 1 3 . 42 9 . 7 1  1 2 .03 9 . 09 1 3 . 23 1 0 . 65 1 1 . 44 1 1 . 00 1 1 .82 

r 1 o2 3 . 04 3 . 10 3 . 79 2 . 98 2 . 09 2 . 42 3 . 4 7  2 . 5 1  2 . 78 2 . 89 2 . 55 2 . 35 3 . 1 7  2 . 83 2 . 73 3 . 38 2 . 93 3 . 42 2 . 95 

Feo* 1 2 . 62 1 1 . 66 1 0 . 94 1 1 . 55 9 . 85 1 3 . 03 1 2 . 1 2  1 3 . 44 1 2 . 74 1 1 . 14 1 2 . 28 1 2 . 5 7  1 1 . 84 1 1 . 25 1 1 . 76 1 1 . 48 1 1 . 79 1 1 . 05 1 2 . 22 

MnO 0 . 28 0 . 37 0 . 3 3  0 . 21 0 . 1 3  0 . 1 5  0 . 39 0 . 34 0 . 26 0 . 34 0 . 18 0 . 42 0 . 43 0 . 50 0 . 21 0 . 28 0 . 36 0 . 3 7  0 . 36 

MgO 1 3 . 59 1 4 . 46 1 4 . 60 1 3 . 28 1 5 . 35 1 2 . 9 1  1 3 . 9 1  1 2 . 08 1 2 .43 1 4 . 74 1 3 . 20 1 3 . 23 1 3 . 6 5  1 5 . 03 1 3 .45  14 . 48 1 4 . 1 6 1 4 . 70 1 4 . 06 

C aO 1 1 . 7 5  1 1 .44 1 1 . 60 1 1 . 97 1 2 . 08 1 2 . 0 1  1 1 . 08 1 1 .45  1 2 . 2 1  1 1 . 39 1 1 . 76 1 1 . 4 7  1 1 . 75 1 1 . 4 7  1 1 . 78 1 1 . 59 1 1 . 7 5  1 1 . 38 1 1 . 78 

Na20 2 . 62 2 . 3 1  2 . 6 7  2 . 50 2 . 5 1  2 . 34 2 . 43 2 . 04 2 . 37 2 . 39 2 . 40 2 . 1 4 2 . 58 2 . 29 2 . 52 2 . 55 2 . 49 2 . 43 2 . 46 

K20 0.85 0 . 93 0 . 95 0 . 97 1 . 09 0 . 9 1  0 . 96 1 . 05 1 . 01 0 . 89 0 . 89 0 . 94 1 . 0 1  0 . 83 0 . 90 0 . 96 0 . 92 0 . 98 0 . 94 

Tot a l  98 . 26 9 7 . 78 98 . 3 7  9 7 . 2 3  96 . 8 1  97 . 93 9 7 . 39 9 5 . 4 7  96 . 75 97 . 53 96 . 79 96 . 66 97 . 06 97 . 42 9 7 . 02 98 . 00 97 . 59 97 .03 97 . 8 5  

Cat ions on t h e  bas i s  o f  23 oxygens 

S i  6 . 1 78 6 . 444 6 . 296 6 . 087 6 . 253 5 . 95 1 6 . 300 6 . 4 1 5  5 . 938 6 . 409 6 . 0 1 5  6 . 550 6 . 080 6 . 51 2  6 . 037 6 . 28 1  6 . 1 9 5  6 . 203 6 . 1 25 

A l  2 . 04 2  1 . 690 1 . 8 1 2  2 . 258 2 . 0 1 2  2 . 4 78 1 . 8 5 7  1 . 88 1 2 . 423 1 . 7 78 2 . 3 72 1 . 71 0  2 . 1 23 1 . 58 1  2 . 328 1 . 849 2 . 001 1 . 928 2 . 068 

·r1 0 . 338 0 . 344 0 . 4 1 7  o . 334 0 . 233 0 . 2 1 1  0 . 388 o . 288 0 . 31 6  0 . 320 0 . 288 0 . 264 0 . 3 5 7  0 . 3 14 o . 306 0 . 3 7 5  0 . 327 0 . 383 o . 329 

Fe 1 . 560 1 . 438 1 . 340 1 . 438 1 . 221  1 . 6 2 1  1 . 505 1 . 7 1 3  1 . 609 1 . 3 72 1 . 540 1 . 5 7 1  1 . 483 1 . 388 1 . 468 1 . 4 1 5  1 . 463 1 . 375 1 . 5 1 7  

Mn 0 . 035 0 . 046 0 . 04 1  0 . 026 0 . 0 1 6  0 . 0 1 9  0 . 049 0 . 044 0 . 033 0 . 042 0 . 023 0 . 053 0 . 055 0 . 062 0 . 027 0 . 035 0 . 045 0 . 047 0 . 045 

Mg 2 . 994 3 . 1 7 9  3 . 186 2 . 946 3 . 390 2 . 86 1  3 . 079 2 . 744 2 . 797 3 . 236 2 . 950 2 . 946 3 . 046 3 . 305 2 . 992 3 . 1 80 3 . 1 32 3 . 259 3 . 1 1 0 

C a  1 . 86 1 1 . 808 1 . 820 1 . 909 1 . 9 1 8  1 . 914 1 . 763 1 . 8 70 1 . 975 1 . 798 1 . 890 1 . 837 1 . 885 1 . 814  1 . 884 1 . 830 1 . 868 1 . 8 14 1 . 874 

Na 0 . 75 1  0 . 661  0 . 758 0 . 72 1  0 . 72 1  0 . 675  0 . 700 0 . 603 0 . 694 0 . 683 0 . 698 0 . 620 0 . 749 0 . 655 0 . 729 0 . 729 0 . 7 1 6  0 . 70 1  0 . 708 

K 0 . 1 60 0 . 1 75 0 . 1 77 0 . 1 84 0 . 206 0 . 1 73 0 . 182 0 . 204 0 . 1 95 0 . 1 6 7  0 . 1 70 0 . 1 79 0 . 1 93 0 . 1 56 0 . 1 7 1 0 . 1 80 0 . 1 74 0 . 1 86 0 . 1 78 

Mg N o .  0 . 652 0 . 682 0 . 698 0 . 668 0 . 733 0 . 636 0 . 665 0 . 6 1 0  0 . 630 0 . 696 0 . 654 0 . 645 0 . 665 0 . 695 0 . 66 7  0 . 687 0 . 675  0 . 696 0 . 666 
IV 
(.J1 
(.J1 



APPENDIX 7 . 2 :  Con t inued . 

Samp l e  228l 228l 228L 228l 228L 235 
Code Z29 Z29 Z29 1 2 1 

235 
2 

235 
3 

235 235 
4 ' 5 

235 
6 

235 
9 

235 
10 

243 
14 

243 
15 

243 
16 

243 
1 3  

s 1 o2 4 1 . 56 4 1 .93 4 1 . 9 1  39 . 7 1  3 9 . 89 43 . 24 42 . 79 40 . 1 6 4 1 . 70 42 . 79 4 2 . 8 7  42 . 18 42 . 68 4 3 . 0 1  42 . 1 6 42 . 73 43 . 10 

A 1 2o3 1 1 . 75 1 0 . 95 1 0 . 9 7  1 3 . 70 1 3 . 70 1 0 . 24 1 0 . 73 1 3 . 29 1 1 . 38 1 1 . 1 4 1 0 . 42 1 0 . 92 1 0 . 45 1 0 . 54 1 1 . 1 1  1 1 . 3 1  1 1 . 08 

r1o2 2 . 97 3 . 22 3 . 30 2 . 85 2 . 6 1  3 . 35 3 . 1 6 2 . 38 2 . 79 3 . 02 3 . 05 2 . 88 3 . 44 3 . 07 3 . 82 3 . 45 3 . 82 

Feo* 1 1 . 52 1 0 . 90 1 1 . 91 1 2 . 05 1 1 . 92 1 0 . 98 1 1 . 95 12 .06 1 2 .03 1 1 . 58 1 0 . 82 1 1 .43 1 1 . 1 0 12 . 3 7  1 0 . 9 1  1 1 .04 1 0 . 52 

MnO 0 . 35 0 . 24 0 . 40 0 . 1 9  0 . 00  0 . 38 0 . 38 0 . 1 7  0 . 24 0 . 39 0 . 29 0 . 3 1  0 . 34 0 . 34 0 . 28 0 . 24 0 . 32 

M90 1 3 . 8 7  1 4 . 58 1 3 . 72 1 3 . 42 1 3 . 54 1 5 .07 1 4 . 33 1 3 . 32 1 3 . 95 1 4 . 32 1 4 . 29 1 4 . 36 1 4 . 76 1 3 . 62 14 . 1 3  1 4 . 54 1 4 . 87 

C aO 1 1 . 75 1 1 . 84 1 1 . 56 1 1 . 93 1 2 . 23 1 1 . 44 1 1 . 44 1 1 . 99 1 1 .83 1 1 . 53 1 1 . 30 1 1 . 77 1 1 . 5 1 1 1 .46 1 1 . 36 1 1 . 58 1 1 . 46 

Na2o 2 . 47 2 . 48 2 . 48 2 . 5 7  2 . 5 7  2 . 48 2 . 39 2 . 33 2 . 39 2 . 4 1  2 . 30 2 . 4 7  2 . 38 2 . 36 2 . 5 7  2 . 4 7  2 . 5 7  

K20 0 . 98 0 . 9 1  0 . 96 0 . 94 0 . 94 0 . 91 0 . 86 0 . 89 0 . 82 0 . 84 0 . 82 0 . 7 7 0 . 83 1 . 1 9 1 . 0 1  0 . 94 0 . 96 

Tot a l  97 . 22 97 .05 97 . 2 1  97 . 36 9 7 . 40 98 . 09 98 .03 96 . 59 97 . 1 3  98 . 02 96 . 16 97 . 09 9 7 . 49 9 7 . 96 97 . 35 98 . 30 98 . 70 

Cat i ons on the bas i s  of 23 oxy9en s 

5 1  6 . 1 84 6 . 231  6 . 246 5 . 929 5 . 94 7  6 . 34 1  6 . 305 6 . 031 6 . 2 1 6  6 . 293 6 . 394 6 . 2 70 6 . 303 6 . 360 6 . 238 6 . 254 6 . 268 

Al 2 . 061 1 . 918 1 . 927 2 . 4 1 1  2 . 407 1 . 7 70 1 . 863 2 . 352 1 . 999 1 . 93 1  1 . 832 1 . 9 1 3  1 . 8 1 9  1 . 837 1 . 938 1 . 951  1 . 899 

Tf . 0 . 332 0 . 360 0 . 370 0 . 320 0 . 293 0 . 369 0 . 350 0 . 269 0 . 3 1 3  0 . 334 0 . 342 0 . 322 0 . 382 0 . 34 1  0 . 425 0 . 380 0 . 4 1 8 

Fe 1 . 434 1 . 355 1 . 484 1 . 505 1 . 486 1 . 34 7  1 . 473 1 . 5 1 5  1 . 500 1 . 424 1 . 350 1 . 421 1 . 3 7 1  1 . 530 1 . 350 1 . 35 1  1 . 280 

Mn 0 . 044 0 . 030 0 . 050 0 . 024 0 . 000 0 . 04 7  0 . 047 0 . 022 0 . 030 0 . 049 0 . 037 0 . 039 0 . 043 0 . 043 0 . 035 0 . 030 0 . 039 

M9 3 . 076 3 . 229 3 . 047 2 . 986 3 . 008 3 . 294 3 . 147 2 . 981  3 . 099 3 . 1 38 3 . 1 76 3 . 181  3 . 248 3 . 002 3 . 1 1 6 3 . 1 7 1  3 . 223 

ea 1 . 873 1 . 885 1 . 846 1 . 909 1 . 954 1 . 798 1 . 806 1 . 929 1 . 890 1 . 81 7 1 . 806 1 . 875 1 . 821  1 . 8 1 6  1 . 801 1 . 8 1 6  1 . 786 

Na 0 . 7 1 3  0 . 7 1 5  0 . 7 1 7  0 . 744 0 . 743 0 . 705 0 . 683 0 . 6 78 0 . 691 0 . 687 0 . 665 0 . 7 1 2  0 . 68 1  0 . 6 7 7  0 . 737 0 . 70 1  0 . 725 

K 0 . 186 0 . 1 73 0 . 183  0 . 1 79 0 . 1 79 0 . 1 70 0 . 1 62 0 . 1 7 1 0 . 156 0 . 1 58 0 . 1 56 0 . 1 46 0 . 1 56 0 . 225 0 . 1 9 1  0 . 1 76 0 . 1 78 

M9 No . 0 . 675 0 . 700 0 . 665 0 . 66 1  0 . 669 0 . 703 0 . 674 0 . 660 0 . 669 0 . 68 1  0 . 696 0 . 685 0 . 697 0 . 656 0 . 692 0 . 697 0 . 7 1 0  
rv 
U1 
0\ 



APPEN DIX 7 . 2 :  Con tinued . 

Samp le 246 
Code 23 

246 
1 5  

246 
1 6  

246 246 246 
1 7  df27 df27 

251  
33 

251 
34 

251  
35  

251  
36 

251 
3 7  

256 
1 8  

256 
1 9  

256 
20 

256 
2 1  

256 
23 

256 
25 

256 256 
25 df31 

256 
e32 

s i o2 42 . 75 42.33  42.49 42.64 40 . 84 4 0 . 23 40 . 37 42 .45  39 . 98 40 . 70 40 . 72 4 1 . 2 7  42 . 1 1  4 0 . 44 4 1 . 28 42 . 02 4 1 . 24 4 1 . 50 41 . 55 42 . 26 

A 1 2o3 1 1 . 08 1 2 . 20 1 1 . 3 1  1 0 . 92 1 3 . 7 1 1 3 . 95 14 . 1 3  1 1 . 1 4 1 3 . 54 1 3 . 72 1 2 . 9 1  1 1 .49 1 1 . 82 1 4 . 50 1 3 . 26 1 1 . 59 1 2 . 96 1 2 . 66 1 3 . 35 1 1 . 38 

T i o2 3 . 7o 2 . 56 3 . 74 3 . 83 2 . 5o 2 . 16 2 . 75 3 . 66 2 . 66 2 . 75 2 . 83 3 . 76 3 . 8 7  2 . 16 2 . 45 3 . 9o 2 . 1 1  2 . 59 2 . 34 3 . 57 

Feo* 1 1 . 83 1 1 .46 1 1 . 3 3  1 1 .22  1 0 . 44 1 0 . 4 1  1 1 . 6 3  1 1 . 0 1  1 1 . 2 1  1 1 . 58 1 1 . 38 1 2 . 0 1  1 1 .44 1 0 . 5 1  1 2 . 85 1 1 . 79 1 2 . 76 1 2 . 29 9 . 66 1 1 . 16 

MnO 0 . 29 0 . 1 6  0 . 22 0 . 28 0 . 1 4  0 . 1 4 0 . 1 3  0 . 2 7  0 . 00 0 . 00 0 . 18 0 . 20 0 . 1 7  0 . 20 0 . 1 8  0 . 34 0 . 25 0 . 27 0 . 00  0 . 26 

M90 1 4 . 3 1  1 4 . 5 1  1 4 . 9 1  1 4 . 74 1 4 . 2 7  1 4 . 5 7  1 4 . 0 1  1 4 . 8 1  1 3 .83  1 3 . 66 1 3 . 79 1 3 . 8 7  1 4 . 33 1 3 . 63 1 3 .68 1 3 . 8 7  1 3 . 00 1 3 . 52 1 5 . 23 1 4 . 1 5 

CaO 1 1 . 36 1 1 . 76 1 1 . 1 9  1 1 . 3 1  1 1 . 76 1 2 . 22 1 2 . 26 1 1 . 62 1 2 . 20 1 2 . 1 3  1 2 .07  1 1 . 36 1 1 . 4 1  1 1 .83  1 2 . 34 1 1 . 3 7  1 2 . 10 1 1 . 72 1 1 . 40 1 1 . 36 

Na2o 2 . 56 2 . 5 7  2 . 6 1  2 . 59 2 . 50 2 . 43 2 . 52 2 . 5 7  2 . 27 2 . 43 2 . 4 1  2 . 6 2  2 . 71 2 . 36 2 . 38 2 . 75 2 . 5 5  2 . 59 2 . 6 1  2 . 66 

K20 1 . 00 0 . 94 1 . 03 0 . 99 0 . 98 0 . 97 0 .83 0 . 88 0 . 86 0 . 98 0 . 88 1 . 06 0 . 93 0 . 92 0 . 90 0 . 90 0 . 9 1  0 . 76 0 . 92 0 . 95 

Tota l  98 . 88 98 .49 98 .83 98 . 52 9 7 . 1 4 9 7 . 08 98 . 63 98 . 4 1  96 . 6 1  97 . 95 97 . 1 7 9 7 . 70 98 . 79 96 . 55 9 9 . 32 98 . 53 98 . 48 97 . 90 97 . 06 9 7 . 75 

C a t i on s  on the bas i s  of 23 oxy9ens 

S i  6 . 246 6 . 1 9 7  6 . 1 99 6 . 239 6 . 043 5 . 970 5 . 926 6 . 2 1 4  5 . 980 6 . 008 6 . 059 6 . 1 31 6 . 1 5 1  6 . 0 1 7  6 . 044 6 . 1 70 6 . 090 6 . 1 39 6 . 1 1 3  6 . 230 

A l  1 . 908 2 . 105 1 . 945 1 . 883 2 . 39 1  2 . 440 2 . 445 1 . 922 2 . 38 7  2 . 38 7  2 . 264 2 . 0 1 2  2 . 035 2 . 543 2 . 288 2 . 006 2 . 256 2 . 20 7  2 . 3 1 5  1 . 977  

T i  0 . 407 0 . 282 0 . 4 1 0  0 . 42 1  0 . 278 0 . 241 0 . 304 0 . 403 0 . 299 0 . 305 0 . 3 1 7  0 . 420 0 . 425 0 . 242 0 . 2 70 0 . 43 1  0 . 30 1  0 . 288 0 . 259 0 . 396 

Fe 1 . 446 1 . 403 1 . 382 1 . 373 1 . 292 1 . 292 1 . 428 1 . 348 1 . 4 1 0  1 . 430 1 . 4 1 6  1 . 499 1 . 398 1 . 308 1 . 5 74 1 . 448 1 . 576 1 . 520 1 . 1 89 1 . 3 76 

Mn 0 . 036 0 . 020 0 .027 0 . 035 0 . 0 18 0 . 0 18 0 . 0 1 6  0 . 033 0 . 000 0 . 000 0 . 023 0 . 025 0 . 021 0 . 025 0 . 022 0 . 042 0 . 03 1  0 . 034 0 . 000 0 . 032 

Mg 3 . 1 1 6 3 . 166 3 . 242 3 . 214  3 . 147  3 . 222 3 . 065 3 . 231 3 . 083 3 . 005 3 . 058 3 . 0 7 1  3 . 120 3 . 022 2 . 985 3 . 035 2 . 861 2 . 980 3 . 339 3 . 109 

ea 1 . 779 1 . 845 1 . 749 1 . 773  1 . 864 1 . 943 1 . 928 1 . 823 1 . 955 1 . 9 1 9  1 . 924 1 . 808 1 . 786 1 . 886 1 . 936 1 . 789 1 . 9 1 5  1 . 858 1 . 797 1 . 795 

Na 0 . 725 0 . 729 0 . 738 0 . 735 0 . 7 1 7  0 . 699 0 . 7 1 7  0 . 730 0 . 658 0 . 696 0 . 695 0 . 755 0 . 768 0 . 68 1  0 . 676 0 . 783 0 . 730 0 . 743 0 . 745 0 . 760 

K 0 . 186 0 . 1 76 0 . 1 92 0 . 185 0 . 185 0 . 1 84 0 . 1 55 0 . 164 0 . 1 64 0 . 185 0 . 167 0 . 20 1  0 . 1 73 0 . 1 75 0 . 168 0 . 1 69 0 . 1 7 1  0 . 143 0 . 1 73 0 . 1 79 

Mg N o .  0 . 6 78 0 . 690 0 . 697 0 . 695 0 . 706 0 . 7 1 1  0 . 680 0 . 70 1  0 . 686 0 . 678 0 . 680 0 . 668 0 . 687 0 . 694 0 . 652 0 . 6 7 1  0 . 640 0 . 657 0 . 737 0 . 688 
N 
V1 
-.J 



APPENDIX 7 . 2 :  Cont inued . 

Samp l e  89 
Code 1 

89 
2 

89 
3 

89 
4 

89 
8 

89 
9 

89 
10 

89 
18 

89 
19 

89 
20 

89 
2 1  

89 
22 

tiY 
23 

1:1� 
24 

Cl!# 
28 

89 
30 

89 
Ro35 

S i o2 46 . 10 44 . oo 4 7 . 58 47 . 36 45 .86 4 7 . 6 1  4 3 . 86 4 3 . 95 42 . 90 46 . 6 1  4 5 . 82 46 . 43 4 3 . 90 44 . 85 44 . 1 2 44 . 04 45 . 7 1 

A 1 203 7 . 03 8 . 98 5 . 92 6 . 23 7 . 46 6 . 60 8 . 78 9 . 3 1 9 . 96 6 . 62 7 . 40 6 . 80 8 . 58 8 . 09 8 . 74 8 . 70 8 . 05 

r 1 o2 1 . 4 1  2 . 31 1 . 18 1 . 28 1 . 6 7  1 . 44 2 . 1 0  2 . 54 2 . 12 1 . 34 1 . 76 1 . 55 2 . 21 1 . 12 2 . o8 2 . 35 1 . 77 

Feo* 1 8 . 62 1 5 . 09 1 5 . 00 1 7 . 44 1 8 . 52 1 5 . 7 7 1 6 . 89 1 4 . 32 1 4 . 39 1 6 . 34 1 6 . 50 1 5 . 98 1 6 . 70 1 8 . 09 1 7 . 4 5  1 5 . 1 4 1 1 . 92 

MnO 0 . 4 3  0 . 43 0 . 38 0 . 4 5  0 . 5 5  0 . 49 0 . 5 1  0 . 4 7  0 . 5 3  0 . 43 0 . 4 7  0 . 38 0 . 49 0 . 43 0 . 59 0 . 38 0 . 24 

MgO 1 1 . 63 1 2 . 60 1 4 . 04 1 2 . 38 1 1 . 4 1  1 3 .00 1 1 .43  1 3 . 1 7  1 3 . 09 1 3 . 02 1 2 . 52 1 2 . 98 1 2 . 00 1 1 . 03 1 1 .44 1 2 . 86 1 4 . 96 

CaO 1 0 . 38 1 0 . 73 1 0 . 64 1 0 . 4 1  1 0 . 3 1  10 . 6 7  1 0 . 80 10 . 79 1 1 . 1 1  1 0 . 55 1 0 . 70 1 0 .86 1 0 . 23 1 0 . 48 1 0 . 3 7  1 0 .82 1 1 . 29 

Na2o 1 . 5 1  2 . 14 1 . 34 1 . 5 1  1 . 79 1 . 45 2 . 02 2 . 2 1  2 . 49 1 . 5 1  1 . 69 1 . 53 2 . 00 1 . 76 1 . 96 2 . 1 0 3 . 48 

K20 0 . 37 0 . 3 1  0 . 40 0 . 25 0 . 25 0 . 33 0 . 34 0 . 2 7  0 . 26 0 . 33 0 . 32 0 . 32 0 . 3 1  0 . 32 0 . 28 0 . 3 1  0 . 3 1  

Tota l  9 7 . 48 96 .69 96 .48 9 7 . 3 1  97 . 82 97 . 36 96 . 73 9 7 . 03 9 7 . 45 96 . 75 97 . 1 9 96 .83 96 . 48 96 . 77 97 .03 96 . 70 97 . 73 

- C a t i on s  on the bas i s  of 23 oxy9ens 

Si 6 . 937 6 . 6 1 9  7 . 099 7 . 080 6 . 879 7 . 06 1  6 . 648 6 . 561  6 . 408 6 . 991  6 . 864 6 . 954 6 . 654 6 . 802 6 . 669 6 . 622 6 . 720 

Al 1 . 247 1 . 592 1 . 041 1 . 098 1 . 3 1 9  1 . 1 54 1 . 568 1 . 638 1 . 753 1 . 1 70 1 . 307 1 . 200 1 . 533 1 . 446 1 . 557 1 . 542 1 . 395 

Ti  0 . 1 60 0 . 26 1  0 . 1 32 0 . 144 0 . 1 88 0 . 1 6 1  0 . 239 0 . 285 0 . 306 0 . 1 5 1  0 . 1 98 0 . 1 75 0 . 259 0 . 196 0 . 236 0 . 266 0 . 1 96 

Fe 2 . 343 1 . 899 1 . 872 2 . 180 2 . 323 1 . 956 2 . 1 4 1  1 . 788 1 . 798 2 . 050 2 . 067 2 . 002 2 . 1 1 7  2 . 294 2 . 206 1 . 904 1 . 466 

Mn 0 . 055 0 . 055 0 . 048 0 . 057 0 . 070 0 . 062 0 . 065 0 . 059 0 . 06 7 0 . 055 0 . 060 0 . 048 0 . 063 0 . 055 0 . 076 0 . 048 0 . 030 

Mg 2 . 608 2 . 825 3 . 1 22 2 . 758 2 . 55 1  2 . 873 2 . 582 2 . 930 2 . 914  2 . 9 1 0  2 . 795 2 . 897 2 . 7 1 1  2 . 493 2 . 5 77 2 . 882 3 . 2 78 

ea 1 . 674 1 . 730 1 . 70 1  1 . 667 1 . 657 1 . 696 1 . 754 1 . 726 1 . 7 78 1 . 695 1 . 7 18 1 . 743 1 . 661  1 . 703 1 . 680 1 . 743 1 . 778 

Na 0 . 44 1  0 . 624 0 . 388 0 . 438 0 . 52 1  0 . 4 1 7  0 . 594 0 . 640 0 . 72 1  0 . 439 0 . 491 0 . 444 0 . 588 0 . 5 1 8  0 . 574 0 . 6 1 2  0 . 992 

K 0 . 0 7 1  0 . 059 0 . 076 0 . 048 0 . 048 0 . 062 0 . 066 0 . 05 1 0 . 050 0 . 063 0 . 06 1  0 . 061 0 . 060 0 . 062 0 . 054 0 . 059 0 . 058 

M9 No . 0 . 5 2 1  0 . 591  0 . 6 1 9  0 . 552 0 . 5 16 0 . 58 7  0 . 539 0 . 6 1 3  0 . 6 1 0  0 . 580 0 . 568 0 . 586 0 . 554 0 . 5 1 5  0 . 530 0 . 596 0 . 68 7  

tv 
V1 
CO 



APPENDIX 7 . 2 :  Con t inued . 

Samp le 89 
Code a38 

90 
1 

90 
1 

90 
2 

90 
4 

90 
5 

90 
7 

90 
8 

90 
9 

90 
10 

90 
18 

90 
19 

90 
24 

90 
18 

90 
27 

90 
29 

90 
32 

S i o2 45 . 99 4 3 . 98 45 . 48 44 . 72 43 . 46 4 3 . 88 42 . 66 46 . 1 2 46 . 64 45 . 1 6 4 5 . 68 4 6 . 84 46 . 79 45 . 5 5  46 . 55 4 2 . 6 5  4 7 . 54 

A l 2o3 8 . 56 9 . 38 7 . 42 8 . 46 9 . 05 9 . 91 1 0 . 87 7 . 24 6 . 64 7 . 72 7 . 1 5 6 . 44 6 . 8 7  7 . 38 6 . 54 1 0 . 60 6 . 29 

T i o2 1 . 76 2 . 1 9 1 . 78 2 . 1 5  2 . 34 2 . 4 7  2 . 69 1 . 62 1 . 55 1 . 8 1  1 . 59 1 . 32 1 . 6o 1 . 76 1 . 54 2 . 88 1 . 1 1 

Feo* 1 3 . 82 1 5 . 70 1 6 . 26 1 5 . 1 6 1 5 . 85 1 3 . 8 1  1 2 . 70 1 7 . 23 1 5 . 36 1 7 . 4 7  1 6 . 84 1 5 . 1 7  1 5 . 73 1 6 . 74 1 5 . 40 1 2 . 38 1 6 . 28 

MnO 0 . 30 0 . 36 0 . 48 0 . 48 0 . 4 1  0 . 36 0 . 36 0 . 58 0 . 33 0 . 42 0 . 5 1  0 . 32 0 . 43 0 . 4 1  0 . 30 0 . 25 0 . 38 

MgO 1 4 . 26 1 2 . 1 9  1 2 . 58 1 2 . 79 1 2 . 27 1 3 . 38 1 3 . 8 7  1 1 . 76 1 3 . 79 1 2 . 3 1  1 2 . 09 1 3 . 1 2  1 2 . 8 1  1 2 .42 1 2 . 84 1 3 . 95 1 3 . 4 1  

CaO 1 0 . 9 7  10 . 79 1 0 . 58 1 0 . 76 1 0 . 48 1 1 . 00 1 1 .07  1 0 . 64 1 1 . 04 1 0 .85 1 0 . 5 7  1 0 . 98 1 0 . 8 1  1 0 . 48 1 0 . 88 1 1 . 1 9 1 0 . 23 

Na2o 1 . 62 2 . 2 1  1 . 68 1 . 92 2 . 10 2 . 29 2 . 46 1 . 63 1 . 46 1 . 7 7  1 . 67 1 . 44 1 . 63 1 . 63 1 . 54 2 . 32 1 . 25 

K20 0 . 43 0 . 34 0 . 24 0 . 2 7  0 . 28 0 . 3 1 0 . 24 0 . 35 0 . 32 0 . 37 0 . 38 0 . 35 0 . 32 0 . 30 0 . 36 0.23 0 . 3 1  

Total  97 . 7 1  97 . 14 96 . 50 96 . 7 1 96 . 24 9 7 . 4 1  96 . 92 97 . 1 7 97 . 1 3 9 7 . 88 96 . 48 95 . 98 96 . 99 96 . 6 7  95 . 95 96 . 4 5  96 . 86 

Cat i ons on the bas i s  of 23 oxygens 

S i  6 . 762 6 . 596 6 . 854 6 . 708 6 . 586 6 . 5 1 1  6 . 34 7  6 . 928 6 . 944 6 . 763 6 . 907 7 . 044 6 . 983 6 . 863 7 . 0 1 5  6 . 365 7 . 088 

Al  1 . 483 1 . 658 1 . 3 1 8  1 . 496 1 . 6 1 6  1 . 733 1 . 906 1 . 282 1 . 165  1 . 363 1 . 274 1 . 14 1  1 . 208 1 . 3 1 0  1 . 1 62 1 . 864 1 . 105 

Ti 0 . 195 0 . 247 0 . 202 0 . 243 0 . 267 0 . 2 76 0 . 30 1  0 . 183 0 . 1 74 0 . 204 0 . 1 8 1  0 . 149 0 . 180 0 . 199 0 . 1 75 0 . 323 0 . 1 3 1 

Fe 1 . 699 1 . 969 2 . 049 1 . 902 2 . 009 1 . 7 14  1 . 580 2 . 165 1 . 9 13  2 . 1 88 2 . 1 29 1 . 908 1 . 963 2 . 109 1 . 94 1  1 . 545 2 . 030 

Mn 0 . 037 0 . 046 0 . 06 1  0 . 06 1  0 . 053 0 . 045 0 . 045 0 . 074 0 . 042 0 . 053 0 . 065 0 . 041 0 . 054 0 . 052 0 . 038 0 . 032 0 . 048 

Mg 3 . 125 2 . 725 2 . 825 2 . 859 2 . 7 7 1  2 . 959 3 . 076 2 . 633 3 . 060 2 . 74 7  2 . 724 2 . 940 2 . 849 2 . 789 2 . 884 3 . 103 2 . 980 

ea 1 . 728 1 . 734 1 . 708 1 . 729 1 . 702 1 . 749 1 . 765 1 . 7 1 3  1 . 76 1  1 . 74 1  1 . 7 12 1 . 769 1 . 729 1 . 692 1 . 757  1 . 789 1 . 634 

Na 0 . 462 0 . 643 0 . 491 0 . 558 0 . 6 1 7  0 . 659 0 . 71 0  0 . 475 0 . 421  0 . 5 1 4  0 . 490 0 . 420 0 . 472 0 . 476 0 . 450 0 . 671  0 . 361  

K 0 . 08 1  0 . 065 0 . 046 0 . 052 0 . 054 0 . 059 0 . 046 0 . 067 0 . 061 0 . 0 7 1  0 . 073 0 . 067 0 . 061 0 . 058 0 . 069 0 . 044 0 . 059 

Mg No. 0 . 643 0 . 575 0 . 572 0 . 593 0 . 573 0 . 627 0 . 654 0 . 540 0 . 6 1 0  0 . 55 1  0 . 554 0 . 601 0 . 585 0 . 563 0 . 593 0 . 663 0 . 589 
I'V 
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APPEN DIX 7 . 2 :  C on t inued . 

Samp le 84 
Code 1 1  

84 
K 1 2  

84 
R 1 2  

84 
1< 1 2  

84 
R 1 2  

84 
1 5  

84 
18 

84 
19 

87 
1 7  

87 
1<18 

87 
R 1 8 

87 
19 

87 
21 

s t o2 49 . 1 7  46 . 1 0 48 . 4 1  4 7 . 87 48 . 23 48 .69 44 . 2 5  4 5 . 09 48 . 40 48 . 36 44 . 98 48 . 70 48 .07  

A l 2o3 5 . 2 1  7 . 35 5 . 73 6 . 3 7 5 . 84 5 . 76 7 . 91  7 .8 1  6 . 4 7  6 . 25 9 . 20 6 . 04 6 . 64 

T i o2 o . 94 1 . 6 7  1 . 1 6  1 . 23 1 . 1 4 1 . 09 2 . 00  1 . 64 1 . 46 1 . 43 2 . 09 1 . 3 7  1 . 4 7  

Feo* 1 4 . 45 1 5 .06 1 4 . 96 1 4 . 5 7  1 5 . 05 1 3 . 86 1 8 . 44 1 7 . 38 1 4 . 4 1  1 5 . 00  1 6 . 09 1 4 . 32 1 4 . 18 

HnO 0 . 87 0 . 67 0 . 6 7  0 . 5 3  0 . 6 1  0 . 79 0 . 83 0 . 44 0 . 64 0 . 45 0 . 49 0 . 6 7  0 . 5 7 

MgO 1 4 . 84 1 2 . 7 7  1 3 . 72 1 3 . 97 1 3 . 73 1 4 . 68 1 0 . 95 1 1 . 3 1  1 3 . 9 7  1 3 . 72 1 1 . 9 1  1 4 .04 1 4 . 10 

CaO 9 . 70 1 0 . 38 1 0 . 1 8  1 0 . 45 1 0 . 53 1 0 . 38 1 0 . 1 7  1 0 . 55 1 0 . 52 1 0 . 5 7  1 0 . 73 1 0 . 39 1 0 . 60 

Na2o 1 . 3 1  1 . 66 1 . 37 1 . 46 1 . 3 7  1 . 34 1 . 72 1 . 62 1 . 04 1 . 05 1 . 27 1 . 1 3 1 . 46 

1<20 0 . 1 7  0 . 29 0 . 1 9  0 . 20 0 . 2 7  0 . 18 0 . 43 0 . 5 5  0 . 2 7  0 . 3 1  0 . 49 0 . 25 0 . 3 1  

Tot a l  96 . 48 95 .69 96 . 39 96 . 65 96 . 7 7 96 . 77 96 . 70 96 . 3 9  97 . 18 97 . 14 97 . 25 96 . 9 1  9 7 . 40 

Cat i ons on the bas i s  of 23 oxygens 

S 1  7 . 265 6 . 938 7 . 203 7 . 10 1  7 . 1 64 7 . 1 84 6 . 750 6 . 848 7 . 122 7 . 1 38 6 . 7 1 6  7 . 1 80 7 . 068 

A l  0 . 907 1 . 304 1 . 005 1 . 1 1 4 1 . 022 1 . 002 1 . 422 1 . 398 1 . 1 22 1 . 08 7  1 . 6 1 9  1 . 050 1 . 1 51  

T 1  0 . 1 04 0 . 1 89 0 . 1 30 0 . 1 3 7  0 . 1 2 7  0 . 1 2 1  0 . 229 0 . 18 7  0 . 1 62 0 . 1 59 0 . 23 5  0 . 1 52 0 . 163 

Fe 1 . 785 1 . 896 1 . 862 1 . 808 1 . 870 1 . 7 1 0  2 . 353 2 . 20 7  1 . 7 73 1 . 852 2 . 009 1 . 766 1 . 744 

Mn 0 . 109 0 . 085 0 . 084 0 . 06 7 0 . 077  0 . 099 0 . 107 0 . 0 5 7  0 . 080 0 . 056 0 . 062 0 . 084 0 . 071  

Mg 3 . 268 2 . 864 3 . 042 3 . 088 3 . 039 3 . 228 2 . 489 2 . 560 3 . 064 3 . 01 8  2 . 650 3 . 085 3 . 090 

e a  1 . 536 1 . 6 74 1 . 623 1 . 661 1 . 676 1 . 641 1 . 662 1 . 7 1 7  1 . 659 1 . 6 72 1 . 7 1 7  1 . 64 1  1 . 670 

Na 0 . 375 0 . 484 0 . 395 0 . 420 0 . 395 0 . 383 0 . 509 0 . 4 7 7  0 . 29 7  0 . 300 0 . 368 0 . 323 0 . 4 1 6  

K 0 . 032 0 . 056 0 . 036 0 . 038 0 . 05 1  0 . 034 0 . 084 0 . 1 0 7  0 . 05 1  0�058 0 . 093 0 . 047 0 . 058 

Mg No . 0 . 633 0 . 59 1  0 . 6 1 0  0 . 622 0 . 6 1 0  0 . 641 0 . 503 0 . 531  0 . 623 0 . 6 1 3  0 . 56 1  0 . 625 0 . 630 
N 
0\ 
0 



APPENDIX 7 . 3 :  CLINOPYROXENE 

Samp l e  MnP 
Code 25 

MnP 
10 

MnP 
1 1  

MnP 
1 1  

MnP 
1 5  

MnP 
16 

MnP 
1 6  

MnP 
K32 

MnP 
R32 

MnP 
33 

MnP 
34 

MnP MnP MnP MnP Mnl 
24 i h 1 0  

Mnl 
1( 1 3  

r·1n l  
Z 1 3  

Mn l 
Z 1 3  

S i 02 4 9 . 02 50 . 5 7  48 . 90 4 9 . 75 5 1 . 06 n . d .  5 1 . 33 5 1 . 4 7  50 . 39 50 . 1 0 48 . 38 48 . 5 7 52 . 1 9  50 . 1 0 4 7 . 4 5  

A l z03 4 . 55  2 . 68 4 . 32 3 . 59 2 . 33 1 . 00 1 . 35 2 . 2 1  3 . 4 5  3 . 36 5 . 58 5 . 08 1 . 90 3 . 44 6 . 3 1 

T i 02 0 . 60 0 . 40 0 . 5 7  0 . 4 7  0 . 54 n . d .  0 . 1 9  0 . 4 7 0 . 56 0 . 53 0 . 93 0 . 63 0 . 40 0 . 68 0 . 98 

Feo* 

MnO 

6 . 29 7 . 58 7 . 04 7 . 1 4 7 . 4 2 1 3 . 76 1 1 . 58 7 . 24 7 . 87 8 . 2 1  8 . 0 7  7 . 4 1  7 . 56 6 . 7 7 7 . 8 5  

0 . 00 0 . 42 0 . 1 8  0 . 1 3  0 . 33 0 . 33 0 . 4 7  0 . 48 0 . 29 0 . 46 0 . 1 7  0 . 1 5  0 . 4 1  0 . 26 0 . 00 

n . d .  5 1 . 02 4 9 . 5 5 50 . 1 9 

4 . 62  3 . 76 5 . 2 1  4 . 3 ( 

0 . 70 0 . 79 0 . 96 G . ia 

6 . 90 7 . 7 7 7 . 05 8 . 2 1  

0 . 25 0 . 24 0 . 00 0 . 2 7 

M90 1 4 . 56 1 5 . 46 1 3 . 4 7  1 4 . 4 1  1 5 . 4 7 1 1 . 2 7  1 2 . 66 1 4 . 78 1 3 . 8 1  1 3 . 99 1 2 . 90 1 4 . 1 6 1 6 . 1 5  1 4 . 34 1 3 . 66 14 . 5 1  1 4 . 5 7 1 4 . 1 5  1 3 . 89 

CaO 23 . 4 2  2 1 . 80 23 . 30 23 . 27 2 1 . 86 20 . 58 20 . 99 22 . 52 22 . 69 2 1 . 03 22 . 79 2 3 . 33 20 . 59 22 . 4 1  23 . 3 1 23 . 07 2 1 . 7 7 23 . 26 22 . 23 

Na2o 0 . 29 0 . 45 0 . 28 0 . 2 7 0 . 30 n . d .  0 . 3 1  0 . 3 5 0 . 43 0 . 34 0 . 30 0 . 26 0 . 30 0 . 32 0 . 30 

Tot a l  98 . 7 3  99 . 36 98 . 06 99 . 03 99 . 3 1 

Cat i on s  on the bas i s  of 6 oxy9ens 

Si 1 . 846 1 . 896 1 . 8 6 1  1 . 874 1 . 9 1 1 
' 

A l  0 . 202 0 . 1 18 0 . 1 94 0 . 1 59 0 . 1 0 3  

T i  0 . 0 1 7  0 . 01 1 0 . 0 1 6  0 . 0 1 3  0 . 0 1 5  

F e  0 . 1 98 0 . 238 0 . 224 0 . 225 0 . 232 

Mn 0 . 000 0 . 0 1 3  0 . 006 0 . 004 0 . 01 0  

M9 0 . 8 1 7  0 . 864 0 . 764 0 . 809 0 . 863 

ea 0 . 94 5  0 . 876 0 . 950 0 . 939 0 . 8 7 7  

N a  0 . 02 1  0 . 033 0 . 02 1  0 . 020 0 . 022 

Sum 4 . 04 7  4 . 050 4 . 036 4 . 043 4 . 033 

Wo 
En 
F s  

4 8 . 2  44 . 3  4 9 . 0  4 7 . 6  44 . 5  
4 1 . 7  43 . 7  39 . 4  4 1 . 0 4 3 . 8  
10 . 1  1 ? . 0  1 1 . 6 1 1 . 4 1 1 . 8 

98 . 88 99 . 52 99 . 49 98 . 02 99 . 1 0  99 . 59 99 . 50 98 . 32 99 . 86 

1 . 9 6 1  1 . 924 1 . 891  1 . 904 1 . 827 1 . 824 1 . 940 1 . 8 92 1 . 782 

0 . 06 1  0 . 09 7  0 . 1 53 0 . 1 50 0 . 248 0 . 225 0 . 083 0 . 1 53 0 . 2 7 9  

0 . 005 0 . 01 3  0 . 01 6  0 . 0 1 5  0 . 026 0 . 0 1 8  0 . 0 1 1  0 . 0 1 9  0 . 028 

0 . 3 7 0  0 . 226 0 . 24 7  0 . 26 1  0 . 25 5  0 . 233 0 . 235 0 . 2 1 4  0 . 24 7  

0 . 0 1 5  0 . 0 1 5  0 . 009 0 . 0 1 5 0 . 005 0 . 005 0 . 0 1 3  0 . 008 0 . 000 

0 . 72 1  0 . 823 0 . 7 72 0 . 792 0 . 726 0 . 793 0 . 895 0 . 80 7  0 . 765 

0 . 859 0 . 902 0 . 9 1 3  0 . 856 0 . 922 0 . 939 0 . 820 0 . 907 0 . 938 

0 . 023 0 . 025 0 . 03 1  0 . 025 0 . 022 0 . 0 1 9  0 . 022 0 . 023 0 . 022 

4 . 0 1 5  4 . 027 4 . 032 4 . 0 1 8  4 . 033 4 . 055 4 . 0 1 8  4 . 024 4 . 06 1  

4 3 . 8  44 . 1  46 . ?  
33 . 4  37 . 0  4 2 . 2  
22 . 9  1 9 . 0  1 1 . 6 

4 7 . 2  4 4 . 8  48 . �  
40 . 0  4 1 . 5  38 . 1 
1 2 . 8  1 3 . 7  1 3 . 4  

4 7  . R  
4 0 . 4  
1 1 . 8  

4 ? .  1 
45 . 9  
1 2 . 1  

4 7 . 0  
4 1 . 9 
1 1 . 1  

48 . 1  
39 . 2  
1 ? . 6  

n . d .  0 . 4 3 0 . 26 0 . 36 

4 7 . 4  
4 1 . 5  
1 1 . 1 

1 00 . 35 1 00 . 44 1 00 . 2 1  

1 . 889 1 . 836 1 . 869 

0 . 1 64 0 . 228 0 . 1 90 

0 . 022 0 . 02 7  0 . 02 1  

0 . 24 1  0 . 2 1 8  0 . 256 

0 . 008 0 . 000 0 . 009 

0 . 804 0 . 78 1  0 . 7 7 1  

0 . 864 0 . 924 0 . 887 

0 . 0 3 1  0 . 0 1 9  0 . 026 

4 . 0?7. 4 . 03J 4 . o?n 

4 !> . 3  
4 ? .  1 
1 ? . 6  

411 . 0  
40 . 6  
1 1 . 4 

46 . 4  
40 . 3  
1 3  . a  

N 
0'1 
� 



APPENDIX 7 . 3 :  Cont inued . 

Samp l e  Mnl 
Code Z 1 3  

Mnl 
Z 1 3 

Mnl Mnl 
Z 13 · R 1 3  

Mnl 
1 4  

Mnl 
1 8  

Mnl 
20 

Mnl 
2 5  

Mnl 
25 

Mnl 
26 

Mnl 
R 1  

Mnl 
1 2  

Mnl 
1 1  

Mnl 
8 

Mnl 
2 7  

Mnl 
28 

Mnl 
29 

I L  
1 4  

I L  
K26 

S i 02 5 1 . 54 48 . 99 n . d .  50 . 88 4 9 . 1 1  48 . 30 50 . 1 9 48 . 1 6 49 . 56 4 9 . 63 48 . 58 5 1 . 73 48 . 98 48 . 79 49 . 5 3 46 . 94 5 0 . 6 9  5 3 . 78 n . d .  

A l 2o3 3 . 29 5 . 5 5  3 . 8 1  4 . 48 5 . 56 6 . 42 4 . 66 4 . 54 5 . 09 4 . 95 5 . 58 2 . 1 4 5 . 1 0 5 . 59 4 . 78 6 . 94 3 . 94 0 . 7 1  1 . 4 1  

T i 02 0 . 5 7  1 . 1 8 0 . 58 0 . 66 0 . 85 0 . 86 0 . 85 1 . 20 0 . 7 3 0 . 75 0 . 8 1  0 . 49 0 . 84 1 . 26 0 . 82 1 . 1 7 0 . 44 0 . 1 8 0 . 26 

Feo* 5 . 90 7 . 86 6 . 46 6 . 93 8 . 32 8 . 32 6 . 7 1 7 . 83 7 . 50 7 . 04 8 . 02 7 . 59 8 . 16  8 . 0 1  7 . 1 3  8 . 39 6 . 52 7 . 03 7 . 86 

MnO 0 . 1 2  0 . 1 7  0 . 1 3  0 . 1 6 0 . 2 1  0 . 24 0 . 00 0 . 25 0 . 00 0 . 1 7  0 . 1 7  0 . 4 1  0 . 18 0 . 1 6  0 . 00 0 . 00 0 . 1 7  0 . 90 0 . 72 

MgO 1 5 . 1 4 1 3 . 80 1 5 . 4 7  1 4 . 7 1  1 3 .09 1 3 . 1 9  1 4 . 36 1 3 . 33 1 4 . 3 3 1 4 . 38 1 3 . 5 1  1 5 . 09 1 3 . 40 1 3 . 59 1 4 . 4 9  1 2 . 64 1 4 . 73 1 5 . 1 2 1 4 . 7 7 

CaO 23 . 1 2 22 . 54 22 . 96 22 . 80 23 . 1 0 22 . 6 3  23 . 44 2 1 . 04 22 . 1 1  22 . 4 5  23 .02 22 . 26 22 . 3 7  22 . 20 22 . 34 22 . 1 2 2 2 . 59 22 . 84 22 . 40 

Na20 0 . 20 0 . 39 n . d .  0 . 32 0 . 34 0 . 38 0 . 3 1  0 . 42 0 . 33 0 . 33 0 . 40 0 . 34 0 . 4 5  0 . 40 0 . 30 0 . 33 0 . 32 0 . 33 0 . 44 

Tot a l  99 . 88 1 00 . 48 1 00 . 94 1 00 . 58 1 00 . 34 1 00 . 52 96 . 7 7 99 . 65 99 . 70 1 00 . 09 1 00 . 0 5  99 . 48 1 00 . 00 99 . 39 98 . 53 99 . 40 1 00 .89 

C a t i on s  on the bas i s  of 6 oxygens 

$ 1  

A I  

T i  

Fe 

Mn 

Mg 

C a  

N a  

Sum 

Wo 
En 
Fs 

1 .  905 1 . 82 1 

0 . 1 4 3  0 . 24 3  

0 . 0 1 6  0 . 033 

0 . 1 82 0 . 244 

0 . 004 0 . 005 

0 . 834 0 . 765 

0 . 9 1 6  0 . 898 

0 . 0 1 4  0 . 028 

4 . 0 1 5  4 . 038 

4 7 . 4  
4 3 . 2  

9 . 4  

4 7 .  1 
40 . 1 
1 2 . 8  

46 . 4  
4 3 . 5  
1 0 . 2  

1 . 870 1 . 830 1 . 804 1 . 855 1 . 856 1 . 849 1 . 850 1 . 8 1 9  1 . 924 1 . 84 1 1 . 823 1 . 8 5 1  1 . 785 1 . 888 1 . 9 7 9  

0 . 1 94 0 . 244 0 . 283 0 . 203 0 . 206 0 . 224 0 . 2 1 7  0 . 246 0 . 094 0 . 226 0 . 24 6  0 . 2 1 1 0 . 3 1 1  0 . 1 73 0 . 0 3 1  

0 . 0 1 8  0 . 024 0 . 024 0 . 024 0 . 03 5  0 . 020 0 . 02 1  0 . 023 0 . 0 1 4  0 . 024 0 . 035 0 . 023 0 . 033 0 . 0 1 2  0 . 005 

0 . 2 1 3  0 . 259 0 . 260 0 . 207 0 . 252 0 . 234 0 . 2 1 9 0 . 2 5 1  0 . 23 6  0 . 25 7  0 . 250 . 0 . 2 2 3  0 . 26 7  0 . 203 0 . 2 1 6 

0 . 005 0 . 007 0 . 008 0 . 000 0 . 008 0 . 000 0 . 005 0 . 005 0 . 0 1 3  0 . 006 0 . 005 0 . 000 0 . 000 0 . 005 0 . 028 

0 . 806 0 . 72 7  0 . 734 0 . 79 1  0 . 765 0 . 79 7  0 . 799 0 . 7 54 0 . 836 0 . 75 1  0 . 75 7  0 . 807 0 . 7 1 6  0 . 8 1 8  0 . 829 

0 . 898 0 . 922 0 . 905 0 . 928 0 . 869 0 . 884 0 . 89 7  0 . 923 0 . 887 0 . 90 1  0 . 889 0 . 895 0 . 90 1  0 . 902 0 . 90 1  

0 . 023 0 . 025 0 . 028 0 . 022 0 . 0 3 1  0 . 024 0 . 024 0 . 029 0 . 025 0 . 033 0 . 029 0 . 022 0 . 024 0 . 023 0 . 024 

4 . 026 4 . 037 4 . 04 5  4 . 03 1 4 . 022 4 . 03 1  4 . 032 4 . 050 4 . 028 4 . 038 4 . 033 4 . 03 1  4 . 038 4 . 025 ' 4 . 0 1 2  

46 . 8  48 . 3  
4 2 . 0  38 . 1  
1 1 . 1  1 3 . 6  

4 7 . 7 
38 . 6  
1 3 . 7 

48 . 2  46 . 0  46 . 2  4 6 . 8  
4 1 . 1  40 . 6  4 1 . 6 4 1 . 7  
1 0 . 8  1 3 . 4  1 2 . 2  1 1 . 5 

4 7 . 9  
39 . 1  
1 3 . 0 

4 5 . 3  4 7 . 2  
42 . 7  39 . 3  
1 2 . 0  1 3 . 4 

46 . 9  46 . 5  
39 . 9  4 1 . 9  
1 3 . 2  1 1 . 6 

4 7 . 8  46 . 9  
38 . 0  42 . 5  
1 4 . 2  1 0 . 6  

46 . 3  
42 . 6  
1 1 . 1  

4 5 . 6  
4 1 . 9  
1 2 . 5  

N 
0'1 
N 



APPENDIX 7 . 3 1  Cont inued . 

Samp l e  I L  
Code Z26 

I L  
Z 2 6  

I L  
Z26 

I L  
Z26 

I L  
R26 

IL 
K 1 4  

I L  
S 1 4  

I L  
Z 14 

I L  
Z 1 4  

I L  
Z 1 4  

I L  
R 1 4  

I L  
22 

IL  
22 

I L  
23 

I L  
24 

I L  
2 5  

222 
d f 1  

222 
2 

222 
K3 

S i 02 n . d .  n . d .  5 1 . 83 n . d .  5 3 . 20 5 2 . 26 5 3 . 34 5 2 . 80 n . d .  n . d .  5 3 . 26 5 1 . 8 7  5 3 . 3 7  n . d .  53 .02 52 . 68 5 2 . 8 1  52 . 1 3 52 . 2 7  

A l z03 2 . 83 2 . 03 2 . 70 1 . 4 5  1 . 2 5  2 . 23 1 . 2 1  1 . 62 0 . 89 1 . 1 5 1 . 1 3  2 . 30 1 . 1 7 1 . 62 1 . 39 1 . 72 1 . 54 2 . 2 7 1 . 62 

T i Oz o . 54 o . 44 o . 5o o . 3 7  o . 28 o . 5o o . 33 o . 37 o . 3o 0 . 2 1  o . 3o 0 . 49 o.  1 9  o . 32 o . 3o 0 . 38 0 . 40 0 . 5 7 0 . 45 

7 . 4 1  7 . 78 7 . 39 Feo* 7 . 94 8 . 32 8 . 63 7 . 66 6 . 95 7 . 90 7 . 23 7 . 67 7 . 38 7 . 1 7  7 . 04 7 . 63 8 . 1 3  8 . 44 7 . 50 7 . 52 

MnO 0 . 33 0 . 5 7  0 . 48 0 . 6 7  0 . 6 7  0 . 68 0 . 8 5  0 . 7 1 0 . 6 7  0 . 75 0 . 68 0 . 59 0 . 70 0 . 72 0 . 66 0 . 68 0 . 72 0 . 46 0 . 79 

MgO 1 4 . 23 1 3 . 96 1 3 . 4 2  1 4 . 69 1 5 . 20 1 4 . 33 1 5 . 2 7  1 4 . 52 1 5 . 72 1 5 . 24 14 . 96 1 4 . 59 1 4 . 62 1 4 . 27 14 . 7 7  1 4 . 25 1 5 . 55 1 4 . 74 1 5 . 57 

CaO 2 3 . 1 6  22 . 7 7 2 2 . 87 22 . 56 2 2 . 90 2 2 . 46 22 . 3 1 22 . 58 22 . 22 22 . 6 1  22 . 83 2 2 . 49 22 . 1 6 22 . 3 3  22 . 1 9 22 . 0 7  2 1 . 9 1  22 . 50 2 1 . 47 

Na2o 0 . 3 1  0 . 46 0 . 39 0 . 40 0 . 39 0 . 44 0 . 38 0 . 42 0 . 37 0 . 36 0 . 35 0 . 4 7 0 . 54 0 . 5 3  0 . 42 0 . 5 1  0 . 39 0 . 36 0 . 39 

Tot a l  1 00 . 82 

C a t i on s  on the bas i s  of 6 oxygens 

S i  

A l  

T 1  

Fe 

Mn 

Mg 

e a  

N a  

.Sum 

llo 
En 
F s  

4 7 .  1 
40 . 3  
1 2 . 6  

46 . 8  
39 . 9  
1 3 . 3 

1 . 923 

0 . 1 18 

0 . 0 1 4  

0 . 268 

0 . 0 1 5  

o .  742 

0 . 909 

0 . 028 

4 . 0 18 

4 7 . 4  46 . 1  
38 . 7  4 1 . 7  
1 4 . 0 1 2 . 2  

1 00 . 84 1 00 . 80 100 . 92 100 . 69 

1 . 959 1 . 933 1 . 962 1 . 952 

0 . 054 0 . 09 7  0 . 052 0 . 0 7 1  

0 . 008 0 . 0 1 4  0 . 009 0 . 0 1 0  

0 . 2 1 4  0 . 244 0 . 222 0 . 23 7  

0 . 0 2 1  0 . 021  0 . 026 0 . 022 

0 . 834 0 . 790 0 . 837 0 . 800 

0 . 903 0 . 890 0 . 879 0 . 89 5  

0 . 028 0 . 032 0 . 02 7  0 . 030 

4 . 021 4 . 02 1 4 . 0 1 6  4 . 0 1 7  

46 . 3  
42 . 7  
1 1 . 0 

46 . 3  4 5 . 4  
4 1 . 0  4 3 . 2  
1 2 . 7  1 1 . 5 

46 . 3  
4 1 . 4  
1 2 . 3  

44 . 6  
4 3 . 9  
1 1 . 6 

100 . 55 100 . 4 3  100 . 88 

1 . 966 1 . 924 1 . 970 

0 . 049 o .  101 0 . 05 1  

0 . 008 0 . 0 1 4  0 . 005 

0 . 2 1 7  0 . 23 7  0 . 2 5 1  

0 . 02 1  0 . 0 1 9  0 . 022 

0 . 823 0 . 807 0 . 804 

0 . 903 0 . 894 0 . 876 

0 . 025 0 . 034 0 . 039 

4 . 0 1 3  4 . 029 4 . 0 1 9  

4 5 . 8  46 . 5  46 . 1  45 . 4  
42 . 9  42 . 3  4 1 . 6  4 1 . 6 
1 1 . 3 1 1 . 2 1 2 . 2  1 3 . 0  

1 00 . 25 99 . 8 1  100 . 73 1 00 . 8 1  99 . 50 

1 . 964 1 . 96 1  1 . 947 1 . 925 1 . 942 

0 . 06 1  0 . 0 7 5  0 . 06 7  0 . 099 0 . 0 7 1  

0 . 008 0 . 0 1 1 0 . 0 1 1  0 . 0 1 6  0 . 01 3  

0 . 2 3 2  0 . 234 0 . 228 0 . 240 0 . 230 

0 . 02 1  0 . 02 1  0 . 022 0 . 0 1 4  0 . 025 

0 . 8 1 5  0 . 79 0 . 854 0 . 8 1 1  0 . 862 

0 . 88 1  0 . 880 0 . 865 0 . 890 0 . 855 

0 . 030 0 . 03 7  0 . 028 0 . 026 0 . 028 

4 . 0 1 2  4 . 009 4 . 023 4 . 022 4 . 024 

4 5 . 8  45 . 7  
40 . 7  42 . 3  
1 3 . 5  1 2 . 0  

46 . 2  
4 1 . 5  
1 2 . 3  

44 . 4  
43 . 9  
1 1 . 7  

4 5 . 8  
4 1 . 8  
1 2 . 4  

43 . 9  
44 . 3  
1 1 . 8 

IV 
0\ 
w 



APPENDIX 7 . 3 s  Continued . 

Samp l e  222 
Code K4 

222 
K5 

222 
Z5 

222 
zs 

222 
Z5 

222 
Z5 

222 
RS 

222 
12 

222 
1 3  

222 
16 

222 
K 2 1  

222 228u 
27 K 1 6  

228u 228u 228u 228u 228u 228u 
Z 1 6  Z 1 6  Z 1 6  R 1 6  34 32 

S f 02 5 3 . 05 5 2 . 4 3  50 . 3 1  52 . 28 50 . 5 1  5 0 . 4 2  5 3 . 02 52 . 1 9  5 2 . 49 5 2 . 5 7  5 1 . 24 5 3 . 01 n . d .  n . d .  53 . 45 n . d .  n . d .  52 . 20 5 1 . 9 1  

A 1 2o3 1 . 40 1 . 54 3 . 40 1 . 79 2 . 5 1  3 . 0 1  1 . 35  1 . 8 1  1 . 05 1 . 86 2 . 7 7  1 . 62 2 . 18 1 . 23 1 . 38 1 . 3 1  1 . 5 1  1 . 87  1 . 77 

r 1 o2 o . 4 7  o . 5o o . 75 o . 4 1  o . 52 o . 55 o . 33 o . 3 1  o . 36 o . 4 6  o . 6o o . 4 1  0 . 29 o . 38 o . 3 1  o . 34 o . 34 o . 57 o . 5o 

Feo* 7 . 67 7 . 5 1 8 . 46 7 . 83 8 . 1 0 7 . 85 7 . 28 8 . 6 2  7 . 20 7 . 62 7 . 62 7 . 10 8 . 80 6 . 95 7 . 30 7 . 1 2 7 . 1 5 7 . 22 7 . 09 

MnO 0 . 60 0 . 5 1  0 . 3 3  0 . 5 1  0 . 1 7  0 . 3 1  0 . 6 1  0 . 75 0 . 77 0 . 66 0 . 28 0 . 60 0 . 78 0 . 5 1  0 . 4 7  0 . 72 0 . 5 1  0 . 65 0 . 60 

MgO 1 5 . 66 1 6 . 08 1 3 . 59 1 4 .89 1 4 . 36 1 4 . 33 1 5 . 4 3  1 4 . 6 2  1 5 . 4 1  1 5 . 18 1 4 . 2 1  1 5 . 5 1  1 4 . 6 1  1 5 . 5 5  1 5 . 92 1 6 .03 1 6 . 00 1 5 . 50 1 5 . 4 1  

C aO 2 1 . 4 2  2 1 . 38 2 2 . 5 6  2 1 . 9 7  2 2 . 47 22 . 68 2 1 . 5 7 20 . 4 4  2 1 . 70 2 1 . 53 23 . 1 5 2 1 . 60 2 1 . 35 2 1 . 75 2 1 . 62 2 1 . 42 2 1 . 74 2 1 . 4 9  2 1 . 79 

Na2o 0 . 3 5  0 . 38 0 . 28 0 . 29 0 . 3 1  0 . 2 7 0 . 4 3  0 . 57 0 . 32 0 . 44 0 . 32 0 . 4 1  0 . 5 1  0 . 3 1  0 . 4 3  0 . 33 0 . 35 0 . 38 0 . 42 

Tot a l  1 00 . 62 1 00 . 33 99 . 68 99 . 9 7  98 . 95 9 9 . 4 2  1 00 . 02 99 . 3 1  99 . 30 100 . 32 100 . 1 9 1 00 . 26 

Cat i ons on the b as i s  of 6 oxygens 

S i  

A l  

T f  

Fe 

Mn 

Mg 

e a  

N a  

Sum 

Wo 
E n  
F s  

1 . 955 1 . 938 1 . 889 1 . 944 1 . 907 1 . 894 1 . 963 1 . 955 1 . 96 1  1 . 94 5  1 . 907 1 . 956 

0 . 06 1  0 . 067 0 . 1 50 0 . 078 0 . 1 1 2 0 . 1 33 0 . 059 0 . 080 0 . 046 0 . 08 1  0 . 1 22 0 . 070 

0 . 0 1 3  0 . 0 1 4  0 .0 2 1  0 . 0 1 1  0 . 0 1 5  0 . 0 1 6  0 . 009 0 . 009 0 . 0 10 0 . 0 1 3  0 . 0 1 7  0 . 0 1 1  

0 . 236 0 . 23 2  0 . 266 0 . 244 0 . 256 0 . 24 7  0 . 225 0 . 2 70 0 . 225 0 . 236 0 . 23 7  0 . 2 1 9  

0 . 0 1 9  0 . 0 1 6  0 . 0 1 0  0 . 0 1 6  0 . 005 0 . 0 10 0 . 0 1 9  0 . 024 0 . 024 0 . 02 1  0 . 009 0 . 0 1 9  

0 . 860 0 . 886 0 . 760 0 . 825 0 . 808 0 . 802 0 . 85 1 0 . 8 1 6  0 . 858 0 . 837 0 . 788 0 . 853 

0 . 846 0 . 8 4 7  0 . 908 0 . 875 0 . 909 0 . 9 1 3  0 .856 0 . 82 1  0 . 869 0 . 854 0 . 923 0 . 854 

0 . 025 0 . 02 7  0 . 020 0 . 021 0 . 023 0 . 020 0 . 03 1  0 . 04 1 0 . 023 0 . 032 0 . 023 0 . 029 

4 . 0 1 4  4 . 028 4 . 025 4 . 0 1 5  4 . 034 4 . 034 4 . 0 1 4  4 . 0 1 7  4 . 01 7  4 . 0 1 7  4 . 027 4 . 0 1 2  

43 . 5  4 3 . 1 
44 . 3  45 . 1  
1 2 . 2  1 1 . 8 

46 ;9  4 5.  0 46 . 1 46 . 5 44 . 3 
39 . 3  4 2 . 4  4 1 . 0 40 . 9  44 . 1  
1 3 . 7  1 2 . 5  1 3 . 0  1 2 . 6  1 1 . 7  

4 3 . 0  44 . 5  44 . 3  4 7 . 4  
4 2 . 8  4 4 . 0  43 . 5  40 . 4  
1 4 . 2  1 1 . 5 1 2 . 2  1 2 . 2  

44 . 3  44 . 0  
44 . 3  4 1 . 9  
1 1 . 4 1 4 . 2  

1 00 . 88 

1 .  960 

0 . 060 

0 . 009 

0 . 224 

0 . 0 1 5  

0 . 870 

0 . 8 50 

0 . 03 1  

4 . 0 1 7  

44 . 6  4 3 . 7  43 . 5  
44 . 3  44 . 8  4 5 . 2  
1 1 . 1  1 1 . 5 1 1 . 3 

99 .88 9 9 . 4 9  

1 .  938 1 .  936 

0 . 082 0 . 078 

0 . 0 1 6  0 . 0 1 4  

0 . 224 0 . 22 1  

0 . 020 0 . 0 1 9  

0 . 85 7  0 . 857 

0 . 855 0 . 8 7 1  

0 . 02 7  0 . 030 

4 . 0 1 9  4 . 026 

4 3 .  9 44 . 1 
44 . 9  44 . 3  
1 1 . 3 1 1 . 6 

44 . 7  
44 . 0  
1 1 . 3  

1\J 
0'1 
� 



APPENDIX 1 . 3 :  Continued . 

Samp l e  228u 228u 
Code 29 30 

228m 228m 228m 228m 228m 228m 228m 228m 228m 228m 228m 228m 228m 228m 228m 228L 228L 
16 18 1 3 5 6 7 8 1 1  24 25 K31 Z 3 1  Z 3 1  R 3 1  18 1 9  

S i 02 49 . 74 52 . 66 52 . 54 5 1 . 36 52 . 26 5 1 . 99 50 . 23 52 . 74 5 1 . 2 1  50 . 8 1  52 . 0 1  5 1 . 54 5 1 .09 5 1 .89 49 . 00 50 . 92 5 1 . 2 7  5 1 . 94 52 . 4 1  

A 1 2o3 4 . 4 2  2 . 04 

T i 02 0 . 83 0 . 55 

Feo* 8 . 29 7 . 38 

MnO 0 . 29 0 . 53 

1 . 4 7  2 . 1 6 1 . 05 1 . 58 3 . 28 1 . 28 2 . 87 2 . 9 7  1 . 1 4 2 . 26 2 . 39 1 . 30 4 . 1 1  3 . 04 2 . 59 1 . 90 1 . 7 7  

0 . 29 0 . 49 0 . 24 0 . 40 0 . 64 0 . 33 0 . 64 0 . 60 0 . 24 0 . 70 0 . 56 0 . 25 0 . 70 0 . 54 0 . 42 0 . 50 0 . 4 1  

7 . 5 1  7 . 02 8 . 07 7 . 53 7 . 80 7 . 79 7 . 4 1  7 . 1 6 7 . 36 6 . 5 7  7 . 62 7 . 60 9 . 03 7 . 72 7 . 70 7 . 1 7  7 . 34 

0 . 74 0 . 44 0 . 69 0 . 48 0 . 1 7  0 . 74 0 . 45 0 . 35 0 . 64 0 . 34 0 . 3 1  0 . 76 0 . 44 0 . 28 0 . 3 1  0 . 4 3  0 . 5 1  

MgO 1 3 . 5 2  1 5 . 1 2  1 5 . 32 1 5 . 08 1 5 . 30 1 5 . 6 3  1 5 . 36 1 5 . 93 1 4 .42 1 4 . 56 1 5 . 35 1 5 . 50 1 5 .03 1 5 .05 1 3 . 35 1 4 . 23 1 4 . 58 1 5 . 4 9  1 5 .83 

C aO 23 . 1 7  2 1 . 85 2 1 . 3 2  2 1 . 64 2 1 . 68 2 1 . 2 6  2 2 . 03 2 1 . 1 5  2 1 . 5 7  2 2 . 3 4  2 1 . 6 7  22 . 1 9  22 . 85 2 1 . 75 22 . 24 22 . 37 22 . 78 22 . 78 2 2 . 18 

Na2o 0 . 37 0 . 4 1  0 . 40 0 . 32 0 . 39 0 . 40 0 . 1 7  0 . 34 0 . 38 0 . 28 0 . 36 0 . 37 0 . 26 0 . 5 1 ' 0 . 33 0 . 30 0 . 3 1  0 . 36 0 . 42 

Tot a l  1 00 . 63 1 00 . 54 99 . 59 98 . 5 1  9 9 . 68 99 . 27 99 . 68 1 00 . 30 98 . 95 9 9 . 0 7  98 . 7 7 99 . 4 7  100. 1 1  99 . 1 1  99 . 20 99 . 40 99 . 96 100 . 5 7  100 . 87 

Cat i on s  on the bas i s  of 6 oxygens 

S 1  1 . 853 1 . 942 1 . 95 7  1 . 932 1 . 954 1 . 943 1 . 8 7 7  1 . 95 2  1 . 920 1 . 906 1 . 956 1 . 9 1 9  1 . 904 1 . 950 1 . 857 1 . 907 1 . 9 1 2  1 . 92 1  1 . 930 

A l  0 . 1 94 0 . 089 0 . 065 0 . 096 0 . 046 0 . 0 70 0 . 1 44 0 . 056 0 . 1 27 0 . 1 3 1  0 . 05 1  0 . 099 0 . 105 0 . 058 0 . 1 84 0 . 1 34 0 . 1 1 4 0 . 083 0 . 0 7 7  

T i  0 . 023 0 . 0 1 5  0 . 008 0 . 0 1 4  0 . 007 0 . 0 1 1  0 . 0 1 8  0 . 009 0 . 0 1 8  0 . 0 1 7 0 . 007 0 . 020 0 . 0 1 6  0 . 007 0 . 020 0 . 0 1 5  0 . 0 1 2  0 . 0 1 4  0 . 0 1 1 

Fe 0 . 258 0 . 228 0 . 234 0 . 22 1  0 . 252 0 . 235 0 . 244 0 . 24 1  0 . 232 0 . 225 0 . 23 1  0 . 205 0 . 23 7  0 . 239 0 . 286 0 . 242 0 . 240 0 . 222 0 . 226 

Mn 0 . 009 0 . 0 1 7 0 . 023 0 . 0 1 4  0 . 022 0 . 0 1 5  0 . 005 0 . 023 0 . 0 1 4  0 . 0 1 1  0 . 020 0 . 01 1 0 . 0 1 0  0 . 024 0 . 0 1 4  0 . 009 0 . 0 1 0  0 . 0 1 3  0 . 0 1 6  

Mg 0 . 75 1  0 . 8 3 1  0 . 850 0 . 845 0 . 853 0 . 8 7 1  0 . 855 0 . 8 79 0 . 806 0 . 8 1 4  0 . 860 0 . 860 0 . 835 0 . 843 0 . 754 0 .. 794 0 . 8 1 0  0 . 854 0 . 869 

e a  0 . 925 0 . 863 0 . 8 5 1  0 . 872 0 . 869 0 . 8 5 1  0 . 882 0 . 839 0 . 867 0 . 898 0 . 873 0 . 885 0 . 9 1 2  0 . 876 0 . 903 0 . 898 0 . 9 1 0  0 . 903 0 . 8 7 5  

N a  0 . 027 0 . 029 0 . 029 0 . 023 0 . 028 0 . 029 0 . 0 1 2  0 . 024 0 . 028 0 . 020 0 . 026 0 . 027 0 . 0 1 9  0 . 03 7  0 . 024 0 . 022 0 . 022 0 . 026 0 . 030 

Sum 4 . 040 4 . 0 1 3  4 . 0 1 7  4 . 0 1 8  4 . 030 4 . 025 4 . 039 4 . 023 4 . 0 1 2  4 . 022 4 . 025 4 . 025 4 . 037 4 . 033 4 . 04 3  4 . 02 1  4 . 031  4 . 036 4 . 035 

Wo 
En 
Fs 

4 7 . 8  44 . 9  
38 . 8  4 3 . 2  
1 3 . 4  1 1 . 8 

44 . 0  4 5 . 0  
4 3 . 9  4 3 . 6  
1 2 . 1 1 1 . 4 

44 . 0  4 3 . 5  
43 . 2  44 . 5  
1 2 . 8  1 2 . 0 

4 4 . 5  
43 . 2  
1 2 . 3  

4 2 . 8  
44 . 9  
1 2 . 3  

45 . 5  
4 2 . 3  
1 2 . 2  

46 . 4  44 . 4  4 5 . 4  
4 2 . 0  43 . 8  44 . 1  
1 1 . 6 1 1 . 8 1 0 . 5  

46 . 0  
4 2 .  1 
1 2 . 0  

44 . 7  
43 . 1  
1 2 . 2  

46 . 5  
38 . 8  
1 4 .  7 

46 . 4  
4 1 . 1  
1 2 . 5  

46 . 4  
4 1 . 3  
1 2 . 2  

4 5 . 6  
43 . 2  
1 1 . 2 

44 . 4  
44 . 1  
1 1  . 5  

N 
Cl' 
\.11 



APPENDIX 7 . 3 :  Continued . 

Samp l e  228L 
Code 20 

228L 228L 228L 228L 228L 228L 228L 228L 
21 22 23 K30 Z30 Z30 Z 30 R30 

228L 
3 

228L 228L 
4 30 

235 
7 

235 
e22 

235 
16 

235 
24 

235 
25 

235 
26 

235 
R 2 7  

2 3 5  
28 

S i Oz 5 1 . 6 1  52 . 10 5 1 . 92 5 0 . 4 4  52 . 33 5 1 . 97 50 . 2 5  5 1 . 64 5 1 . 9 7  5 1 . 1 4 52 . 1 1  5 2 . 06 52 . 1 3  52 . 1 3  5 1 .83 52 . 09 50 . 78 5 1 . 9 7  52 . 08 5 1 . 6 1  

A 1 2o3 1 . 8 7  

n o2 0 . 49 

Feo* 7 . 1 5  

MnO 0 . 6 1  

1 . 99 1 . 40 3 . 26 0 . 78 1 . 7 5  3 . 28 1 . 78 1 . 4 6  

0 . 42 0 . 3 2  0 . 58 0 . 22 0 . 39 0 . 54 0 . 42 0 . 4 3  

7 . 52 7 . 93 7 . 84 8 . 1 9 6 .82 7 . 76 7 . 08 6 . 78 

0 . 46 0 . 8 1  0 . 22 0 . 80 0 . 5 1  0 . 18 0 . 44 0 . 53 

2 . 42 1 . 40 1 . 30 

0 . 54 0 . 34 0 . 33 

7 . 80 7 . 64 6 . 86 

0 . 34 0 . 6 7  0 . 64 

1 . 86 1 . 6 2  1 . 83 1 . 5 1  3 . 1 5  1 . 79 1 . 95 1 . 7 1  

0 . 48 0 . 36 0 . 49 0 . 40 0 . 49 0 . 43 0 . 52 0 . 44 

7 . 99 7 . 6 3  8 . 02 7 . 7 7  7 . 90 8 . 1 3 8 . 03 7 . 73 

0 . 44 0 . 45 0 . 53 0 . 62 0 . 33 0 . 4 9  0 . 76 0 . 56 

MgO 1 5 . 75 1 4 . 6 5  1 4 . 7 7 1 4 . 00 1 4 . 94 1 5 . 75 1 4 . 2 6  1 5 . 49 1 5 . 6 7  1 5 . 69 1 5 . 58 1 5 . 9 1  1 5 . 22 1 5 . 52 1 5 . 20 1 5 . 43 1 4 . 1 9  1 5 . 04 1 5 . 8 2  1 5 . 68 

C aO 2 1 . 4 7  2 3 . 04 22 . 40 23 . 10 2 1 . 99 22 . 06 2 2 . 9 7  22 . 1 3  22 . 23 2 1 . 95 2 1 . 72 22 .04 2 1 . 54 2 1 . 04 20 . 96 2 1 . 1 7 22 . 9 7  2 1 . 4 2  20 . 24 20 . 9 3  

Na2o 0 . 39 0 . 35 0 . 4 1  0 . 32 0 . 34 0 . 43 0 . 25 0 . 33 0 . 34 0 . 28 0 . 4 7  0 . 3 1  0 . 40 0 . 35 0 . 37 0 . 3 7  0 . 25 0 . 4 2  0 . 36 0 . 33 

Tota l  99 . 34 1 0 0 . 5 3  99 . 96 99 . 76 99 . 59 99 . 6 7  99 . 4 9  99 . 3 1  99 . 4 1  1 00 . 1 6 99 . 93 99 . 45 1 00 . 06 99 . 1 0 99 . 23 99 . 36 1 00 . 06 99 . 69 99 . 76 98 . 99 

C a t i on s  on the bas i s  of 6 oxy9ens 

Si 1 . 928 1 . 93 1  1 . 9 4 1  1 . 889 1 . 962 1 . 933 1 . 886 1 . 9 3 1  1 . 939 1 . 902 1 . 94 1  1 . 942 1 . 9 3 7  1 . 94 9  1 . 940 1 . 94 7  1 . 895 1 . 940 1 . 9 3 7  1 . 936 

·A l 0 . 082 0 . 08 7  0 . 062 0 . 1 44 0 . 034 0 . 0 7 7  0 . 1 4 5  0 . 0 78 0 . 064 0 . 1 06 0 . 061 0 . 05 7  0 . 08 1  0 . 0 7 1  0 . 08 1  0 . 067 0 . 1 39 0 . 07 9  0 . 085 0 . 076 

Ti 0 . 0 1 4  0 . 0 1 2  0 . 009 0 . 0 1 6  0 . 006 0 . 0 1 1  0 . 0 1 5  0 . 0 1 2  0 . 0 1 2  0 . 0 1 5  0 . 0 1 0  0 . 009 0 . 0 1 3  0 . 0 1 0  0 . 0 1 4  0 . 0 1 1 0 . 0 1 4  0 . 0 1 2  0 . 0 1 5  0 . 0 1 2  

Fe 0 . 223 0 . 233 0 . 248 0 . 246 0 . 25 7  0 . 2 1 2  0 . 244 0 . 22 1  0 . 2 1 2  0 . 24 3  0 . 238 0 . 2 1 4  0 . 248 0 . 239 0 . 25 1  0 . 24 3  0 . 24 7  0 . 254 0 . 250 0 . 242 

Mn 0 . 0 1 9  0 . 0 1 4  0 . 026 0 . 007 0 . 025 0 . 0 1 6  0 . 006 0 . 0 1 4  0 . 0 1 7 0 . 0 1 1  0 . 02 1  0 . 020 0 . 0 1 4  0 . 0 1 4  0 . 0 1 7  0 . 020 0 . 0 1 0  0 . 0 1 5  0 . 024 0 . 0 1 8  

Mg 0 . 8 7 7  0 . 809 0 . 823 0 . 782 0 . 835 0 . 87 3  0 . 798 0 . 863 0 . 8 7 1  0 . 869 0 . 865 0 . 885 0 .843 0 . 865 0 . 848 0 . 860 0 . 789 0 . 83 7  0 . 8 7 7  0 . 8 7 7  

Ca 0 . 859 0 . 9 1 5  0 . 8 9 7  0 . 927 0 . 883 0 . 879 0 . 924 0 . 88 7  0 . 889 0 . 875 0 . 86 7  0 . 881 0 . 858 0 . 84 3  0 . 84 1  0 . 848 0 . 9 1 9  0.857 0 . 806 0 . 84 1 

Na 0 . 028 0 . 025 0 . 030 0 . 023 0 . 025 0 . 03 1  0 . 0 1 8  0 . 024 0 . 025 0 . 020 0 . 034 0 . 022 0 . 029 0 . 025 0 . 027 0 . 027 0 . 0 1 8  0 . 030 0 . 026 0 . 024 

Sum 4 . 0 3 1  4 . 026 4 . 034 4 . 034 4 . 027 4 . 03 3  4 . 035 4 . 030 4 . 02 9  4 . 040 4 . 036 4 . 03 1  4 . 023 4 . 0 1 7  4 . 0 1 9  4 . 022 4 . 03 1  4 . 024 4 . 0 1 9  4 . 026 

Wo 
E n  
F s  

4 3 . 9  
44 . 7  
1 1 . 4 

46 . 7  
4 1 . 3  
1 1 . 9 

4 5 . 6  4 7 . 4  
4 1 . 8  40 . 0  
1 2 . 6  1 2 . 6  

44 . 7  4 4 . 8  
4 2 . 3  4 4 . 4  
1 3 . 0  1 0 . 8  

4 7 . 0  4 5 . 0  45 . 1  
40 . 6  4 3 . 8  44 . 2  
1 2 . 4  1 1 . 2 10 . 7  

4 4 . 0  44 . 0  
43 . 8  43 . 9  
1 2 . 2  1 2 . 1 

4 4 . 5  
4 4 . 7 
1 0 . 8  

44 . 0  
43 . 3  
1 2 . 7  

4 3 . 3  
4 4 . 4  
1 2 . 3  

43 . 3  
43 . 7  
1 2 . 9  

4 3 . 5  
44 . 1  
1 2 . 5  

4 7 . 0  
40 . 4  
1 2 . 6  

44 . 0  
4 3 . 0  
1 3 . 0 

4 1 . 7  
45 . 4  
1 2 . 9  

42 . 9  
44 . 7  
1 2 . 4  

1\.) 
0\ 
0\ 



APPENDIX 1 . 3 r  Cont inued . 

Samp l e  243 
Code i 

243 243 
i h9 1 2  

243 243 243 
1 7  18 1 9  

243 
2 

243 
4 

243 
1 1  

243 
24 

S i 02 5 1 . 94 5 1 . 74 52 . 1 3 53 . 0 7  5 1 . 99 5 2 . 0 7  52 . 48 52 . 1 1  52 . 33 5 2 . 32 

246 
K22 

246 
Z22 

246 
Z22 

246 
Z22 

246 
R22 

246 
24 

246 
2 1  

246 
K25 

n . d .  52 . 25 n . d .  5 1 . 5 3  n . d . 53 . 35 52 . 30 5 1 . 96 

A 1 2o3 2 . 36 1 . 68 1 . 85 1 . 44 1 . 94 1 . 98 1 . 93 3 . 05 2 . 1 1  2 . 1 5 2 . 72 2 . 70 1 . 79 3 . 42 2 . 4 1  1 . 48 1 . 79 2 . 39 

T i 02 0 . 50 0 . 44 0 . 33 0 . 38 0 . 5 1  0 . 4 7  0 . 39 0 . 68 0 . 4 7  0 . 69 0 . 66 0 . 55 0 . 46 0 . 6 1  0 . 5 1  0 . 37 0 . 39 0 . 40 

Feo* 7 . 5 1  7 . 89 8 .0 3  7 . 6 3  7 . 83 8 . 01 7 . 1 1  7 . 79 7 . 38 8 . 60 7 . 86 7 . 54 7 . 69 7 . 84 7 . 69 6 . 96 7 . 7 1 7 . 56 

MnO 0 . 39 0 . 5 7  0 . 59 0 . 68 0 . 53 0 . 52 0 . 35 0 . 45 0 . 48 0 . 4 1  0 . 50 0 . 35 0 . 52 0 . 28 0 . 42 0 . 59 0 . 5 1  0 . 35 

MgO 1 5 . 6 2  1 5 .0 1  1 4 . 75 1 5 . 89 1 5 . 4 2  1 5 . 1 1  1 5 . 6 7  1 4 . 90 1 5 . 34 1 5 . 6 7  1 5 . 62 1 4 .69 1 5 . 8 3  1 4 .48 1 5 . 64 1 5 .03 1 5 . 1 7  1 4 . 92 

C aO 2 1 . 35 20 . 79 2 1 . 43 2 1 . 36 20 . 9 1  2 1 . 46 22 . 20 2 1 . 31 2 1 . 48 20 . 76 2 1 . 60 22 . 10 2 1 .82 22 . 42 22 . 1 7  22 . 58 22 . 2 1  2 2 . 86 

Na20 0 . 40 0 . 4 3  0 . 48 0 . 34 0 . 37 0 . 30 0 . 38 0 . 40 0 . 4 5  0 . 38 0 . 4 7  0 . 35 0 . 36 0 . 30 0 . 4 3  0 . 40 0 . 44 0 . 4 1  

Tot a l  1 00 . 0 7  98 . 55 99 . 59 1 00 . 79 99 . 50 99 . 92 1 00 . 5 1  1 00 . 69 100 . 04 1 00 . 98 

C a t i on s  on the bas i s  of 6 oxygens 

S i  

A I  

T i  

Fe 

Mn 

Mg 

ea 

Na 

Sum 

Wo 
En 
F s  

1 . 924 1 . 94 9  1 . 947 1 . 952 1 . 938 1 . 937 1 . 935 1 . 9 1 9  1 . 938 1 . 926 

0 . 10 3  0 . 07 5  0 . 08 1  0 . 062 0 . 085 0 . 08 7  0 . 084 0 . 1 3 2  0 . 092 0 . 093 

0 . 01 4  0 . 01 2  0 . 009 0 . 0 1 1 0 . 0 1 4  0 . 0 1 3  0 . 0 1 1 0 . 0 1 9  0 . 0 1 3  0 . 0 1 9  

0 . 233 0 . 24 9  0 . 25 1  0 . 235 0 . 244 0 . 249 0 . 2 1 9  0 . 240 0 . 229 0 . 265 

0 . 0 1 2  0 . 01 8  0 . 0 1 9  0 . 021  0 . 0 1 7  0 . 0 1 6  0 . 0 1 1 0 . 0 1 4  0 . 0 1 5  0 . 0 1 3  

0 . 862 0 . 843 0 . 82 1 0 . 8 7 1  0 . 8 5 7  0 . 838 0 . 86 1  0 . 8 1 8  0 . 847 0 . 860 

0 . 84 7  0 . 839 0 . 858 0 . 84 2  0 . 835 0 . 855 0 . 8 7 7  0 . 841  0 . 852 0 . 8 1 9  

0 . 029 0 . 03 1  0 . 035 0 . 024 0 . 027 0 . 022 0 . 02 7  0 . 029 0 . 032 0 . 02 7  

4 . 025 4 . 0 1 7  4 . 020 4 . 0 1 8  4 . 0 1 8  4 . 0 1 7  4 . 026 4 . 0 1 1  4 . 0 1 9  4 . 022 

43 . 6  43 . 5  44 . 4  
44 . 4  43 . 7  4 2 . 6  
1 2 . 0  1 2 . 9  1 3 . 0 

4 3 . 2  43 . 1  44 . 0  44 . 8  
44 . 7  44 . 2  43 . 1  44 . 0  
1 2 . 1  1 2 . 6  1 2 . 8  1 1 . 2 

44 . 3  
43 . 1  
1 2 . 6  

44 . 2  42 . 1  
43 . 9  44 . 2  
1 1 . 9 1 3 . 6  

1 00 . 35 

1 . 928 

0 . 1 1 7  

0 . 0 1 5  

0 . 233 

0 .0 1 1 

0 . 808 

0 . 874 

0 . 025 

4 . 0 1 1  

43 . 7  4 5 . 6  
43 . 9  4 2 . 2  
1 2 . 4  1 2 . 2  

1 00 . 88 

1 . 900 . 

0 . 149 

0 . 0 1 7 

0 . 242 

0 . 009 

0. 796 

0 . 886 

0 . 02 1  

4 . 0 1 9  

4 3 . 8  46 . 1  
44 . 2  4 1 . 4  
1 2 . 0  1 2 . 6  

1 00 . 76 100 . 52 1 00 . 85 

1 . 962 1 . 936 1 . 9 1 9  

0 . 064 0 .0 78 0 . 104 

0 . 0 1 0  0 . 0 1 1  0 . 0 1 1  

0 . 2 1 4  0 . 239 0 . 23 3  

0 . 0 1 8  0 . 01 6  0 . 01 1 

0 . 824 0 . 8 3 7  0 . 82 1  

0 . 890 0 . 88 1  0 . 904 

0 . 029 0 . 032 0 . 029 

4 . 0 1 0  4 .030 4 . 033 

44 . 4  46 . 2  
4 3 . 6  42 . 7  
1 2 . 0  1 1 . 1  

4 5 . 0  
42 . 8  
1 2 . 2  

46 . 2  
4 1 . 9 
1 1 . 9  

N 
0\ 
-.J 



APPEN DIX 7 . 3 a  Con t inued . 

Samp l e  
Code 

246 
Z25 

246 246 
Z25 R25 

246 
20 

246 
19 

246 
K 1 8  

246 
1 78 

251  251  
i p27 38 

251  
z 

2 5 1  
K 4 1  

2 5 1  
Z 4 1  

251  
Z41 

251  
Z41 

251 
R41 

251  
1 1  

25 1 
9 

251  
6 

s 1 o2 50 . 79 5 1 . 94 5 1 . 64 5 2 . 42 5 2 . 44 5 2 . 49 5 1 . 4 5  50 . 22 52 . 09 52 . 36 5 1 . 48 5 1 . 50 52 . 1 5  5 1 . 80 52 . 68 5 1 . 72 5 1 . 34 5 1 . 7 1  

A 1 2o3 3 . 0 7  2 . 42 2 . 1 8 1 . 8 1  1 . 62 1 . 85 2 . 98 2 . 63 1 . 79 2 . 1 2 3 . 1 8 2 . 68 2 . 45 2 . 1 9 1 . 76 2 . 05 2 . 6 1  2 . 1 1  

r 1 o2 o . 69 o . 6o o . 59 o . 42 o . 44 o . 53 o . 48 o . 7 7 o . 48 o . 55 o . 68 o . 59 o . 45 o . 53 o . 52 o . 53 o . 58 o . 6o 

Feo* 8 . 08 7 . 74 7 . 56 7 . 5 7 7 . 66 7 . 1 2 8 . 73 7 . 78 7 . 75 7 . 85 7 . 70 7 . 57 7 . 39 7 . 1 3  7 . 64 7 . 53 7 . 40 7 . 45 

MnO 0 . 3 7  0 . 42 0 . 25 0 . 58 0 . 54 0 . 40 0 . 5 1 0 . 3 7 0 . 4 7  0 . 4 9  0 . 34 0 . 36 0 . 36 0 . 44 0 . 50 0 . 43 0 . 26 0 . 3 1  

M90 14 . 72 1 5 . 1 3  1 5 . 73 1 5 . 6 1  1 5 . 50 1 6 . 1 7  1 3 . 6 7  1 5 . 23 1 5 . 82 1 5 . 40 1 4 . 94 1 5 . 44 1 5 . 52 1 5 . 5 1 1 5 . 89 1 5 . 9 7  1 5 . 49 1 5 . 7 1 

CaO 22 . 0 7  2 1 . 93 2 1 . 52 2 1 . 4 2  2 1 . 72 2 1 . 5 5  22 . 26 2 1 . 32 20 . 65 2 1 . 39 22 . 02 2 1 . 78 22 . 18 2 1 . 1 0 20 . 70 20 . 84 22 . 3 7  2 1 . 6 7  

Na2o o . 4 1  o . 4 1  o . 4o o . 33 o . 38 o . 34 o . 58 o . 48 o . 36 o . 4 1  o . 35 o . 35 o . 32 o . 38 o . 3 7  o . 4o o . 3 1  o . 39 

Tota l  1 00 . 20 1 00 . 59 9 9 . 8 7  1 00 . 1 6  1 00 . 30 1 00 . 4 5  100 .66 98 . 80 99 . 4 1  1 00 . 5 7  100 . 69 1 00 . 2 7  1 00 . 82 99 . 08 1 00 . 06 99 . 4 7  100 . 36 99 . 95 

Cat i ons on the bas i s  of 6 oxygens 

S i  � . 892 1 . 920 1 . 9 1 9  1 . 941 1 . 942 1 . 934 1 . 9 1 3  1 . 894 1 . 941 1 . 933 1 . 900 1 . 908 1 . 920 1 . 934 1 . 948 1 . 927 1 . 902 1 . 920 

A l  0 . 1 35 0 . 105  0 . 095 0 .079 0 . 07 1  0 . 080 0 . 1 3 1  0 . 1 1 7  0 . 079 0 . 092 0 . 1 38 0 . 1 1 7  0 . 1 06 0 . 096 0 . 07 7  0 . 090 0 . 1 1 4 0 . 092 

T1 0 . 0 1 9  0 . 0 1 7  0 .0 1 6  0 . 0 1 2  0 . 012  0 . 0 1 5  0 .0 1 3  0 . 022 0 . 0 1 3  0 . 015  0 . 0 1 9  0 .0 1 6  0 . 0 1 2  0 . 01 5  0 . 01 4  0 . 0 1 5  0 . 01 6  0 . 0 1 7  

Fe 0 . 252 0 . 239 0 . 235 0 . 234 0 . 237 0 . 2 1 9  0 . 2 7 1  0 . 24 5  0 . 242 0 . 242 0 . 238 0 . 235 0 . 228 0 . 223 0 . 236 0 . 23 5  0 . 229 0 . 23 1  

Mn 0 . 0 1 2  0 . 0 1 3  0 . 008 0 . 0 1 8  0 . 0 1 7  0 . 0 1 2  0 . 0 1 6  0 . 0 12 0 . 0 1 5  0 . 0 1 5  0 . 0 1 1  0 . 0 1 1  0 . 0 1 1 0 . 0 1 4  0 . 0 1 6  0 . 0 14 0 . 008 0 . 01 0  

Mg 0 . 8 1 7  0 . 833 0 . 8 7 1  0 . 86 1 0 . 855 0 . 888 0 . 757 0 . 856 0 . 879 0 . 84 7  0 . 822 0 . 853 0 . 8 5 1  0 .863 0 . 8 76 0 . 887 0 . 855 0 . 870 

Ca 0 . 88 1  0 . 869 0 . 857 0 . 850 0 . 862 0 . 85 1  0 . 887 0 . 862 0 . 825 0 . 846 0 . 8 7 1  0 . 865 0 . 875 0 . 844 0 . 820 0 . 832 0 . 888 0 . 862 

Na 0 . 030 0 . 029 0 . 029 0 . 024 0 . 027 0 . 024 0 . 042 0 . 035 0 . 026 0 . 029 0 . 025 0 . 025 0 . 023 0 . 028 0 . 027 0 . 029 0 . 022 0 . 028 

Sum 4 . 036 4 .026 4 . 031  4 . 020 4 . 024 4 . 023 4 . 030 4 . 043 4 . 0 1 9  4 . 021 4 . 024 4 . 030 4 . 026 4 . 0 1 7  4 . 0 1 3  4 . 028 4 . 036 4 . 03 1 

Wo 
En 
Fs 

45 . 2  44 . 7  43 . 7  
4 1 . 9  42 . 9  44 . 4  
1 2 . 9  1 2 . 3  1 2 . 0  

43 . 7  44 . 1  4 3 . 4  
44 . 3  4 3 . 8  45 . 3  
1 2 . 0  12 . 1  1 1 . 2  

46 . 3  
39 . 5  
14 . 2  

43 . 9  
4 3 . 6  
12 . 5  

42 . 4  
4 5 . 2  
1 2 . 4  

43 . 7  
4 3 . 8  
1 2 . 5  

45 . 1  
42 . 6  
1 2 . 3  

44 . 3  44 . 8  43 . 7  
43 . 7  4 3 . 6  44 . 7  
1 2 . 0  1 1 . 6 1 1 . 5 

42 . 4  
45 . 3  
12 . 2  

42 . 6  4 5 . 0  43 . 9  
4 5 . 4  4 3 . 4  44 . 3  
1 2 . 0  1 1 . 6 1 1 . 8 

N 
"' 
CD 



APPENDIX 7 . 3 : Con tinued . 

Samp l e  256 
Code 1 1  

256 256 256 256 256 256 
1 6  

256 256 256 256 256 256 256 256 
1 7  26 28 K29 Z29 Z29 Z29 Z29 

256 256 256 
Z29 Z29 R29 7 K 1 2  R 1 2  1 3  1 5  

s 1 o2 48 . 3 1  5 2 . 23 n . d .  5 1 . 1 3 5 1 . 72 5 1 . 93 5 2 . 0 7  49 . 88 52 . 1 2 5 1 . 27 50 . 2 1  48 . 76 5 1 . 09 5 1 . 75 50 . 36 50 .89 5 1 . 20 5 1 . 8 7  

A1 2o3 5 .86 2 . 5 3  2 . 52 2 .92 2 . 90 2 . 54 2 . 7 1  4 . 55 1 . 8 7  2 . 73 4 . 73 5 . 34 2 . 92 3 . 00 3 . 73 3 . 09 3 . 32 2 . 93 

T i o2 0 . 82 o . 62 o . 6 7  o .6 7  o . 69 o . 55 o . 62 o . 66 o . 5o o . 5 7  o . 6 1  o . 8 1  o . 56 o . 5o o . 68 o . 6 1  o . 59 o . 57 

Feo* 8 . 00 7 . 72 8 . 1 7  8 . 38 8 . 05 7 . 7 1  7 .86 7 . 68 7 . 38 7 . 8 7  6 . 99 8 . 10 7 . 53 7 . 75 7 . 9 7  7 . 78 8 . 03 7 . 44 

MnO 0 . 2 1  0 . 36 0 . 35 0 . 35 0 . 38 0 . 29 0 . 35 0 . 30 0 . 4 1  0 . 4 1  0 . 00 0 . 24 0 . 33 0 . 29 0 . 28 0 . 3 1  0 . 32 0 . 4 7  

M90 1 2 . 96 1 5 . 46 1 5 . 40 1 5 . 05 1 4 . 86 1 5 . 1 9  1 4 . 92 1 3 .42 1 5 .89 1 5 . 2 5  1 4 . 2 5  1 3 . 43 1 4 . 99 1 4 . 9 1  1 4 . 64 1 4 . 79 1 4 . 59 1 5 . 08 

CaO 22 . 62 2 1 . 1 4  2 1 . 55 2 1 . 3 1  2 1 . 35 2 1 .64 20 .84 22 . 59 2 1 . 2 3  2 1 . 3 9  23 . 64 22 . 44 2 1 . 9 5  2 1 . 72 2 1 . 59 2 1 . 69 2 1 . 34 2 1 . 52 

Na2o 0 . 21 0 . 38 0 . 53 0 . 48 0 . 40 0 . 39 0 . 43 0 . 38 0 . 36 0 . 42 0 . 2 7  0 . 3 7  0 . 3 7  0 . 4 1  0 . 4 1  0 . 42 0 . 4 7  0 . 36 

Tota l  99 . 05 1 00 . 44 1 00 . 29 1 00 . 35 1 00 . 2 4  9 9 . 80 9 9 . 46 99 . 76 99 . 91 1 00 . 70 99 . 4 9  9 9 . 74 100 . 33 99 . 66 99 . 58 99 . 86 1 00 . 24 

Cation s  on the bas i s  of 6 oxy9ens 

S1 1 . 824 1 . 926 

A l  0 . 26 1  0 . 1 10 

T1 0 . 023 0 . 0 1 7  

Fe 0 . 253 0 . 238 

Mn 0 . 00 7  0 . 0 1 1 

M9 0 . 729 0 . 850 

ea 0 . 9 1 5  0 . 835 

Na 0 . 020 0 . 02 7  

Sum 4 . 032 4 . 0 1 5  

1 . 900 1 . 9 1 5  1 . 922 1 . 932 1 . 870 1 . 935 1 . 908 1 . 855 1 .833 1 . 904 1 . 9 1 5  1 . 882 1 . 90 1  1 . 906 1 . 9 1 8  

0 . 1 28 0 . 1 2 7  0 . 1 1 1  0 . 1 19 0 . 20 1  0 . 082 0 . 1 20 0 . 206 0 . 23 7  0 . 1 28 0 . 1 3 1 0 . 1 64 0 . 1 36 0 . 146 0 . 1 28 

0 . 0 1 9  0 . 0 1 9  0 . 0 1 5  0 . 0 1 7  0 . 0 1 9  0 . 0 1 4  0 . 0 1 6  0 . 0 1 7  0 . 023 0 . 0 1 6  0 . 0 1 4  0 . 0 1 9  0 . 0 1 7  0 . 0 1 7  0 . 0 1 6  

0 . 260 0 . 249 0 . 239 0 . 244 0 . 24 1 0 . 229 0 . 245 0 . 2 1 6  0 . 255 0 . 235 0 . 240 0 . 249 0 . 24 3  0 . 250 0 . 230 

0 . 0 1 1  0 . 0 1 2  0 . 009 0 . 0 1 1  0 . 0 1 0  0 . 0 1 3  0 . 0 1 3  0 . 000 0 . 008 0 . 0 10 0 . 009 0 . 009 0 . 0 1 0  0 . 0 1 0  0 . 0 1 5  

0 . 833 0 . 820 0 . 838 0 . 825 0 . 750 0 . 8 7 9  0 . 846 0 . 785 0 . 753 0 . 833 0 . 822 0 . 8 1 5  0 . 823 0 . 809 0 . 8 3 1  

0 . 849 0 . 847 0 . 858 0 . 828 0 . 907 0 . 845 0 . 853 0 . 936 0 . 904 0 . 8 7 7  0 . 861  0 . 864 0 . 868 0 . 85 1  0 . 853 

0 . 035 0 . 029 0 . 028 0 . 0 3 1  0 . 028 0 . 026 0 . 030 0 . 0 1 9  0 . 02 7  0 . 027 0 . 029 0 . 030 0 . 030 0 . 034 0 . 026 

4 . 035 4 . 0 1 7  4 . 02 1  4 . 007 4 . 025 4 . 023 4 . 0 3 1  4 . 034 4 . 039 4 . 029 4 . 021 4 . 032 4 . 029 4 . 022 4 . 0 1 5  

Wo 
En 
Fs 

48 . 2  4 3 . 4  43 . 7  43 . 7  44 . 2  44 . 4  43 . 7  4 7 . 8  
38 . 4  44 . 2  4 3 . 4  4 2 . 9  42 . 8  43 . 3  43 . 5  39 . 5  
1 3 . 3  1 2 . 4  1 2 . 9  1 3 . 4  1 3 . 0  1 2 . 3  1 2 . 9  1 2 . 7  

43 . 2  4 3 . 9  
4 5 . 0  43 . 5  
1 1 . 7  1 2 . 6  

48 . 3  
40 . 5  
1 1 . 2  

4 7 . 3  
3 9 . 4  
1 3 . 3  

45 . 1  44 . 8  44 . 8  
42 . 8  42 . 8  42 . 3  
1 2 . 1  1 2 . 5  1 2 . 9  

44 . 9  
42 . 6  
1 2 . 6  

44 . 6  
42 . 4  
1 3 . 1  

44 . 6  
43 . 4  
1 2 . 0  

1\J 
01 
-o 



APPENDIX 7 . 3 s  Cont inued . 

Samp l e  256 256 256 256 256 256 256 256 256 256 256 256 256 256 
Code K30 Z30 Z30 Z30 Z30 Z30 Z30 R 30 eh32 et42 K49 48 4 7  46 

256 
44 

256 
4 1  

256 

s1o2 52 . 1 2 50 . 9 5  50 . 1 3  5 1 . 36 50 . 4 7  5 1 . 2 1  5 1 . 4 7  5 1 . 4 3  5 1 . 32 n . d .  53 . 1 5  5 1 .85 5 1 . 1 1  5 1 . 69 5 1 . 7 1  5 1 . 52 50 . 5 7  

A1 2o3 1 . 95 2 . 84 3 .89 2 . 70 3 . 56 3 . 00 2 . 89 2 . 72 2 . 54 2 . 08 1 . 40 2 . 22 3 . 2 7  2 . 54 2 . 83 2 . 99 3 . 94 
' 

r 1 o2 o . 4 5  o . 54 o . 5 9  o . 5 3  o . 7o o . 6o o . 6 1  o . 53 o . 69 o . 5o 0 . 20 o . 52 0 . 12 o . 5o o . 59 o . 5 7  o . 56 

Feo* 7 . 69 8 .6 1  8 . 37 7 . 8 1  7 . 99 7 . 76 7 . 97 7 . 4 7  8 . 00 8 . 4 7  7 . 81 7 . 50 8 . 23 8 . 26 7 . 92 7 . 58 6 . 42 

MnO 0 . 34 0 . 29 0 . 29 0 . 30 0 . 26 0 . 4 1  0 . 39 0 . 30 0 . 42 0 . 38 0 . 62 0 . 33 0 . 3 7  0 . 38 0 . 39 0 . 35 0 . 00 

MgO 1 5 . 56 1 4 .87 14 . 1 6  1 5 . 22 1 4 . 52 1 5 . 1 5 1 5 . 05 1 4 . 92 1 5 . 18 1 5 . 6 1  1 4 . 2 9  1 5 . 39 1 4 . 91 1 4 . 88 1 5 .0 1  1 5 . 08 1 4 . 53 

CaO 2 1 .49 2 1 . 3 3  2 1 . 4 5  2 1 . 70 2 1 . 67 2 1 .83 2 1 . 4 3  22 . 04 2 1 . 5 3  2 1 . 05 2 3 . 0 1  2 1 . 54 2 1 . 4 9  2 1 . 6 1 2 1 . 39 2 1 . 66 23 . 48 

Na2o 0 . 39 0 . 39 0 . 39 0 . 4 1  0 . 44 0 . 39 0 . 38 0 . 38 0 . 39 0 . 42 0 . 44 0 . 38 0 . 43 0 . 36 0 . 42 0 . 40 0 . 26 

Tota l  99 . 99 99 . 82 99 . 2 7  100 .03 99 . 6 1  1 00 . 35 100 . 1 9  99 . 79 100 . 0 7  

C a t i ons o n  t h e  bas f s  of 6 oxygens 

S f  1 . 934 1 . 904 1 . 883 1 . 909 1 . 887 1 .899 1 . 910 1 . 91 4  1 . 909 

Al 0 . 085 0 . 1 25 0 . 1 72 0 . 1 18 0 . 1 5 7  0 . 1 3 1  0 . 1 26 0 . 1 1 9 0 . 1 1 1  

T 1  0 . 0 1 3  0 . 01 5  0 . 0 1 7  0 . 0 1 5  0 . 020 0 . 0 1 7  0 . 01 7  0 . 0 1 5  0 . 01 9  

Fe 0 . 239 0 . 269 0 . 263 0 . 243 0 . 250 0 . 24 1 0 . 24 7  0 . 23 3  0 . 249 

Mn 0 . 0 1 1  0 . 009 0 . 009 0 . 009 0 . 008 0 . 0 1 3  0 . 01 2  0 . 009 0 .0 1 3  

Mg 0 . 86 1  0 . 828 0 . 793 0 . 843 0 . 809 0 . 837 0 . 832 0 . 828 0 . 842 

ea 0 . 855 0 . 854 0 . 86 3  0 .864 0 . 868 0 . 867 o . 852. 0 . 879 0 . 858 

Na 0 . 028 0 . 028 0 . 028 0 . 030 0 . 032 0 . 028 0 . 027 0 . 027 0 . 028 

Sum 4 . 025 4 . 033 4 . 028 4 . 032 4 . 03 1  4 . 033 4 . 024 4 . 025 4 . 030 

100 . 92 99 . 73 1 00 . 53 1 00 . 22 100 . 26 100 . 1 5  99 . 76 

1 . 962 1 . 928 1 . 894 1 . 920 1 . 9 1 6  1 . 909 1 . 880 

0 . 06 1  0 . 09 7  0 . 1 4 3  0 . 1 1 1  0 . 1 24 o .  1 3 1  0 . 1 73 

0 . 006 0 . 0 1 5  0 . 020 0 . 0 1 4  0 . 0 1 6  0 . 01 6  0 . 0 16 

0 . 24 1  0 . 233 0 . 255 0 . 25 7  0 . 24 5  0 . 23 5  0 . 200 

0 . 0 1 9  0 . 010 0 . 0 1 2  0 . 0 1 2  0 . 0 1 2  0 . 0 1 1 0 . 000 

0 . 786 0 . 853 0 . 823 0 . 824 0 . 829 0 . 833 0 . 805 

0 . 9 10 0 . 858 0 . 853 0 . 860 0 . 849 0 . 860 0 . 935 

0 . 03 1  0 . 027 0 . 03 1  0 . 026 0 . 030 0 . 029 0 . 0 1 9  

4 . 01 7 4 . 022 4 . 030 4 . 023 4 . 021  4 . 024 4 . 027 

Wo 
En 
Fs 

43 . 7  
44 . 0  
1 2 . 2  

4 3 . 8  4 5 . 0  44 . 3  45 . 1  44 . 6  44 . 1  
4 2 . 4  4 1 . 3  4 3 . 2  42 . 0  4 3 . 0  43 . 1  
1 3 . 8 1 3 . 7  1 2 . 4  1 3 . 0 1 2 . 4  1 2 . 8  

45 . 3  
42 . 7  
1 2 . 0 

44 . 0  4 2 . 6  4 7 . 0  
4 3 . 2  44 . 0  40 . 6  
1 2 . 8  1 3 . 4  1 2 . 4  

44 . 1  44 . 2  
4 3 . 9  42 . 6  
1 2 . 0  1 3 . 2  

44 . 3  
42 . 5  
1 3 . 2  

44 . 1  
43 . 1  
12 . 8  

44 . 6  
43 . 2  
1 2 . 2  

48 . 2  
4 1 . 5  
10 . 3  

IV 
--.1 
0 



2 7 1  

APPEN DIX 7 . 3 :  C on t inued . 

Samp l e  89 90 90 90 84 84 84 84 
Code 36 2 5  1 3  6 1 0  1 1  K 1 2  R 1 2  

S i 02 49 . 70 50 . 6 1  52 . 2 7 53 . 24 5 1 . 9 7 52 . 1 7  52 . 6 3  5 1 . 69 

A l 203 2 . 95 2 . 68 2 . 48 2 . 5 5 1 . 5 2  1 . 5 1  1 . 3 2  2 . 06 

T i 02 0 . 38 0 . 79 0 . 2 1 0 . 24 0 . 4 3 0 . 3 5 0 . 34 0 . 50 

Feo* 7 . 49 1 2 . 05 4 . 8 1  5 . 4 7  1 0 . 3 7 9 . 50 9 . 3 2 9 . 06 

M nO 0 . 1 6 0 . 2 6 0 . 1 8 0 . 00 0 . 6 3 0 . 6 1  0 . 5 9 0 . 45 

M gO 1 6 . 04 1 4 . 5 3 1 7 . 08 1 7 . 68 1 4 . 02 1 3 . 94 1 5 . 2 5  1 4 . 7 1 

C aO 20 . 1 8 1 8 . 6 3  2 1 . 9 1  20 . 6 1  2 0 . 30 2 1 . 0 1  1 9 . 5 2 1 9 . 85 

N a20 0 . 38 0 . 43 0 . 24 0 . 30 0 . 3 1  0 . 34 0 . 2 3  0 . 28 

C r203 0 . 28 0 . 1 8 0 . 2 5 0 . 1 7  0 . 00 0 . 00 0 . 00 0 . 00 

Tot a l  97 . 56 99 . 5 6 99 . 4 3 1 00 . 26 99 . 5 5 99 . 4 3  9 9 . 20 9 8 . 70 

C a t i o n s  on the b as i s of 6 o xyg e n s  

S i  1 . 890 1 .  902 1 . 926 1 . 938 1 . 956 1 .  96 1 1 . 9 70 1 .  948 

A l  0 . 1 32 0 . 1 1 9 0 . 1 08 0 . 1 09 0 . 06 7  0 . 06 7  0 . 058 0 . 092 

T i  0 . 0 1 1 0 . 02 2  0 . 006 0 . 00 7  0 . 0 1 2  0 . 0 1 0  0 . 0 1 0  0 . 0 1 4  

Fe 0 . 2 38 0 . 37 9  0 . 1 48 0 . 1 6 7  0 . 326 0 . 299 0 . 29 2  0 . 286 

Mn 0 . 005 0 . 008 0 . 006 0 . 000 0 . 0 20 0 . 0 1 9  0 . 0 1 9  0 . 0 1 4  

Mg 0 . 909 0 . 8 1 4  0 . 9 38 0 . 95 9  0 . 786 0 . 781 0 . 8 5 1  0 . 826 

C a  0 . 822 0 . 7 50 0 . 865 0 . 804 0 . 8 1 9  0 . 846 0 . 78 3  0 . 802 

N a  0 . 028 0 . 0 3 1  0 . 0 1 7  0 . 02 1 0 . 02 3  0 . 025 0 . 0 1 7  0 . 020 

C r  0 . 008 0 . 00 5  0 . 00 7  0 . 005 0 . 000 0 . 000 0 . 000 0 . 000 

Sum 4 . 04 3  4 . 03 0  4 . 020 4 . 009 4 . 0 1 0  4 . 008 3 . 999 4 . 002 

Wo 41 . 7  38 . 6  44 . 3  4 1 . 7  4 2 . 4  4 3 . 9  40 . 7  4 1 . 9  
En 46 . 2  4 1 . 9  48 . 1  49 . 7  40 . 7  40 . 6  44 . 2  4 3 . 2  
F s  1 2 . 1  1 9 . 5  7 . 6  8 . 6  1 6 . 9 1 5 . 5  1 5 . 2  1 4 . 9 



APPEN DIX 7 . 4 z  ORTHOPYROXENE 

Sample 256 251 2 5 1  25 1 246 243 235 235 235 22&n 228u 228u 222 

s 1 o2 5 2 . 9 1  54 . 18 53 . 77 54 . 1 4 54 . 60 53 . 78 5 3 . 34 5 3 . 08 53 . 42 54 . 38 - - 54 . 1 6 

Al 2o3 1 .82 1 .02 1 . 22 0 . 89 0 . 86 1 . 40 0 . 72 1 . 29 0 . 74 0 . 55 0 . 84 0 . 99 1 . 10 

n o2 0 . 28 0 . 31 0 . 29 0 . 1 7  0 . 20 0 . 28 0 . 24 0 . 2 1 0 . 20 0 . 1 1  0 . 1 5  0 . 00  0 . 20 

FeO* 1 6 . 27 1 5 . 04 1 5 . 5 7  1 4 . 97 1 6 .08 1 4 . 65 1 6 . 38 1 6 . 04 1 6 . 42 1 6 . 35 1 5 . 90 1 5 .06 1 3 . 95 

MnO 0 . 8 3  0 . 83 0 . 73 0 . 7 7  0 . 8 7  0 . 80 0 . 98 0 . 94 1 . 04 1 . 27  0 . 92 0 . 69 1 . 20 

MgO 26 . 0 1  27 . 1 4 26 . 69 27 . 12 26 . 99 26 . 7 1  25 . 75 26 . 35 25 . 79 26 . 68 2 7 . 45 28 . 88 28 . 0 7  

CaO 1 . 38 1 . 39 1 . 4 3  1 . 26 1 . 1 7  1 . 3 5  1 . 35 1 . 24 1 . 28 1 . 08 1 . 06 0 . 82 0 . 92 

Tota l  99 . 50 99 . 9 1  99 . 70 99 . 3 2  1 00 . 7 7  98 . 9 7  98 . 76 99 . 1 5  98 . 98 1 00 . 42 - - 99 . 60 

Cat i ons on the bas i s  of 6 oxygens 

S i  1 . 936 1 . 960 1 . 954 1 . 968 1 .  965 1 . 960 1 . 96 7  1 . 94 7  1 .  968 1 . 971  - - 1 . 956 

AI 0 . 078 0 . 043 0 . 052 0 . 038 0 . 036 0 . 060 0 . 03 1  0 . 056 0 . 032 0 .023 - - 0 . 047 

T 1  0 . 008 0 . 008 0 . 008 0 . 005 0 .005 0 . 008 0 . 00 7  0 . 006 0 . 006 0 . 003 - - 0 . 006 

Fe 0 .498 0 . 455 0 .473 0. 455 0 . 484 0 . 4 4 7  0 . 505 0 . 492 0 . 506 0 . 496 - - 0 . 42 1 -

Mn 0 .026 0 .025 0 . 022 0 .024 0 . 027 0 . 02 5  0 . 031 0 . 029 0 . 032 0 . 039 - - 0 . 037 

Mg 1 .4 1 8  1 . 463 1 . 446 1 . 469 1 . 448 1 . 45 1  1 . 4 1 6  1 . 441  1 . 4 1 6  1 . 441  - - 1 . 5 1 1  

ea 0 . 054 0 . 054 0 .056 0 . 049 0 . 045 0 . 053 0 .053 0 . 049 0 . 05 1  0 . 042 - - 0 . 036 

Sum 4 .0 1 7  4 . 010 4 . 0 1 2  4 . 008 4 . 01 1 4 . 002 4 . 0 1 0  4 .0 1 9  4 .010 4 . 0 1 5  - - 4 . 0 1 4  

En 74 . 0  76 . 3  75 . 3  76 . 3  74 . 9  76 . 5  73 . 7  74 . 5  73 . 7  74 . 4  7 5 . 5  7 7 . 4  78 . 2  

N 
-.J 
N 



APPENDIX 7 . 4 1  Cont inued. 

SIIIIP le 90 90 90 90 90 90 90 90 90 90 90 89 89 89 89 89 89 89 89 89 

S i o2 50 . 8 1  50 . 97 50 . 28 5 1 . 25 50 . 88 5 2 . 25 50 . 1 3  50 . 89 50 . 99 5 1 . 2 1  5 2 . 47 5 1 . 58 5 1 . 79 52 . 50 50 .81  53 . 1 3  50 . 98 5 2 . 38 5 1 .85  51 . 05 

A l 203 
n o2 
FeO 

!linO 

M90 

CaO 

0 . 32 0 .44 0 . 4 1  

0 . 1 0  0 . 1 5  0 . 1 2  

0 .4 7  0 . 3 1  

0 . 1 1  0 . 00 

0 . 1 9  0 . 39 

0 . 00 0 . 1 0  

0 . 39 

0 . 00 

2 7 . 59 2 7 . 18 28 .62 28 . 38 2 7 . 97 26 . 3 7  28 . 14 27 . 68 

1 . 33 1 . 37 1 . 44 1 . 52 1 . 3 7  1 . 40 1 . 60 1 . 37 

1 7 . 84 1 7 .69 1 6 . 93 1 6 . 8 1  1 7 . 08 1 8 .09 1 7 . 1 9 1 7 . 64 

0 . 78 1 . 14 0 . 95 1 . 05 1 . 1 3 0 . 74 0 . 81 1 . 00 

0 .42 0 . 2 7  1 . 16 0 .88 1 .85 1 . 44 0 . 95 0 . 90 0 . 45 2 . 77 0 . 33 0 . 42 

o . oo  o.oo o . 29 0 . 1 2  o . 4 1  o . 34 o . 24 0 . 1 1  o . 1 3 0 . 20 · o . oo  o . oo 

2 7 . 3 7  26 .07  22 . 23 2 5 . 49 20.45 1 6 . 33 2 5 . 2 1  1 7 . 20 2 6 . 00  1 6 . 57 2 7 . 30 26 . 40 

0 . 99 1 . 33 0 . 98 1 . 34 0 . 43 0 .42 1 . 1 5  0 . 79 1 . 33 0 . 31 1 . 45 1 . 1 9  

1 8 . 72 1 8 . 75 2 1 . 78 19 .06 22 . 72 25 . 52 1 8 . 30 23 . 88 1 8 .89 25 . 64 1 8 . 27 1 8 . 73 

1 . 16 0 . 75 1 . 30 1 . 00 1 . 77 2 . 1 5  1 . 1 1  0 . 9 7  0 . 93 1 . 3 1  0 . 73 0 . 82 

Total 98 . 77 98 . 94 98. 75 99 . 59 98 . 74 99 . 04 98 . 36 98 . 97 99 .65 98 . 38 1 00 . 2 1  99 .47 99 . 42 98 . 70 97 . 77 97 . 1 0  98 . 7 1  99 . 18 99 . 93 98 . 6 1  

Cations o n  the b as i s  of 6 oxy9ens 

Si  1 . 980 1 . 980 1 . 973 1 . 988 ·1 . 988 2 .0 1 2  1 . 973 1 . 98 1  1 . 966 1 . 988 1 . 959 1 . 973 1 . 934 1 . 940 1 . 977 1 . 995 1 . 974 1 . 920 1 . 990 1 . 980 

A l  0 . 0 1 5  0 . 020 0 . 0 1 9  0 . 021 0 . 014 0 . 009 0 . 0 1 8  0 .0 1 8  0 . 019 0 . 0 1 2  0 . 051 0 . 040 0 . 08 1  0 . 063 0 . 044 0 . 040 0 . 02 1  0 . 1 20 0 . 0 1 5  0 . 0 1 9  

T i  0 .003 0 . 004 0 . 004 0 . 003 0 . 000 0 . 000 0 .003 0 . 000 0 . 000 0 . 000 0 . 008 0 . 003 0 . 0 1 2  0 . 009 0 . 007 0 . 003 0 . 004 0 . 006 0 . 000 0 . 000 

Fe 0 . 899 0 . 883 0 . 939 0 . 921 0 . 9 1 4  0 . 849 0 . 926 0 . 901 0 . 883 0 . 846 0 . 694 0 . 8 1 6  0 . 639 0 . 505 0 . 820 0 . 540 0 . 842 0 . 508 0 .8 76 0 . 856 

Mn 0 . 044 0 . 045 0 . 048 0 . 050 0 .045 0 . 046 0 . 053 0 . 045 0 . 032 0 . 044 0 . 03 1  0 . 043 0 . 014 0 . 0 1 3  0 . 038 0 . 025 0 . 044 0 . 010 0 . 04 7  0 . 039 

M9 1 .036 1 . 024 0 . 990 0 . 972 0 . 995 1 . 038 1 . 008 1 . 023 1 . 076 1 . 085 1 . 2 1 2  1 . 087 1 . 264 1 . 405 1 . 061 1 . 336 1 . 090 1 . 401 1 . 045 1 . 082 

ea 0 . 033 0 . 04 7  0 . 040 0 . 044 0 .047 0 . 031 0 . 034 0 . 042 0 . 048 0 . 03 1  0 . 052 0 . 041 0 .071  0 . 085 0 . 046 0 . 039 0 . 039 0 . 051 0 . 030 0 . 034 

Sum 4 . 010 4 . 005 4 . 0 1 4  3 . 998 4 . 004 3 . 984 4 . 0 1 5  4 . 010 4 . 024 4 . 006 4 . 007 4 . 003 4 . 014 4 . 020 3 . 994 3 . 987 4 . 0 1 2  4 . 0 1 5  4 . 003 4 . 01 1 

En 53 . 5  53. 7 51 . 3  5 1 .4 52 . 1  5 5 . 0  52 . 1  53 . 2  54 . 9  56 . 2  6 3 . 6  57 . 1  66 .4 73 . 6  56 .4 7 1 . 2  56 . 4  7 3 . 4  54 . 4  5 5 . 8  

IV 
-..J 
w 



APPENDIX 7 . 4 z  Con t inued. 

Sample 89 89 89 89 89 89 89 10 1 0  10 10 10 1 0  10 10 10 10 10 10 10 

s t oz 5 1 . 50 50 . 68 5 1 . 1 6 5 1 . 94 49.45 5 1 .44 5o . o 7  50.43 50 . 29 52 . 73 50 .45 5 0 . 33 5 3 . 63 50 . 59 50 . 83 50 . 45 50 . 70 50 . 54 50 .35  50 . 95 

A l z03 1 .01  1 .0 7  0 . 4 1  0 . 54 0 . 34 0 . 35 1 .03 0 . 39 0 . 42 1 . 19 0 . 36 0 . 6 5  1 . 34 0 . 42 0 . 4 7  0 . 45 0 . 32 0 . 73 0 . 51 0 . 42 

Tf02 0 . 24 0 . 20 0 . 00 0 . 00 0 . 00 0 . 00 0 . 32 0 . 1 5 0 . 18 0 . 24 0 . 1 0 0 . 2 1  0 . 21 0 . 1 2  0 . 14 0 . 1 6 0 . 1 6 0 . 22 0 . 00  0 . 1 9  

FeO 1 9 .63 24 . 94 27 . 5 7  2 7 . 03 30 .32 2 7 . 1 6  3 1 . 04 30 . 1 5  3 1 .05 1 7 . 42 30 . 45 30 . 02 1 8 . 25 30 . 02 29 . 59 30 . 1 0 30 . 06 29 . 4 1  29 . 86 30 . 5 1  

MnO 0 . 55 1 . 1 5  1 . 24 1 . 1 4  1 . 63 1 . 23 0 . 85 1 . 67 1 . 87 0 . 43 1 . 82 1 . 72 0 . 52 1 . 68 1 . 65 1 .80 1 .66 1 . 62 1 � 73 1 . 67 

MgO 23 . 78 1 9 . 27 1 8 . 33 1 8 . 23 1 5 . 37 1 8 . 43 1 4 . 34 1 5 .07  1 4 . 36 24 . 98 1 4 . 95 1 5 .02 24 . 9 1  1 4 . 92 1 5 . 54 1 4 . 86 1 4 . 8 7  1 5 . 58 1 4 . 93 1 4 . 7 1  

CaO 1 . 42 1 . 16 0 . 70 0 . 98 0 .84 0 . 75 2 .00 1 . 24 1 . 35 1 . 46 1 . 24 1 . 42 1 . 55 1 . 25 1 . 24 1 . 25 1 . 2 1  1 . 35 1 . 3 1  1 . 29 

Total 98.13 98.47 99.41 99.86 97.95 99.36 99.65 99.10 99.52 98.45 99.37 99.37 100.41 99.00 99.46 99.07 98.98 99.45 98.69 99.74 

Cations on the bas i s  of 6 oxygens 

S1  1 . 944 1 . 957 1 . 978 1 . 990 1 . 977 1 . 984 1 . 968 1 . 988 1 . 985 1 . 957 1 . 98 7  1 . 979 1 . 957 1 . 994 1 . 989 1 . 990 1 . 999 1 . 978 1 . 992 1 . 996 

A l  0 . 045 0 . 049 0 . 01 9  0 . 024 0 . 01 6  0 . 0 1 6  0 . 048 0 .0 1 8  0 . 020 0 . 052 0 . 0 1 7  0 . 030 0 . 058 0 . 020 0 . 022 0 . 021 0 . 0 1 5  0 . 034 0 .024 0 . 0 1 9  

T t  0 . 007 0 .006 0 . 000 0 . 000 0 .000 0 . 000 0 . 009 0 . 004 0 . 005 0 . 007 0 . 003 0 . 006 0 . 006 0 . 004 0 . 004 0 . 005 0 . 005 0 . 006 0 . 000 0 . 006 

Fe 0 . 620 0 . 806 0 . 89 1  0 . 866 1 . 014  0 .8 76 1 . 020 0 . 994 1 . 025 0 . 54 1  1 . 003 0 . 987 0 . 557 0 . 990 0 . 968 0 . 993 0 . 99 1  0 . 962 0 . 988 1 . 000 

Mn 0 . 01 8  0 . 038 0 . 04 1  0 . 037 0 . 055 0 . 040 0 . 028 0 . 056 0 . 063 0 . 0 1 4  0 .061 0 . 057 0 . 016 0 .056 0 . 055 0 . 060 0 . 055 0 . 054 0 . 058 0 . 055 

Mg 1 . 337 1 . 109 1 . 056 1 . 04 1  0 . 916 1 . 060 0 . 840 0 .885 0 . 845 1 . 382 0 . 878 0 . 880 1 . 355 0 .877  0 . 906 0 . 8 74 0 . 874 0 . 909 0 . 880 0 . 859 

ea 0 . 05 7  0 . 048 0 . 029 0 . 040 0 . 036 0 . 031 0 .084 0 . 052 0 . 057 0 . 058 0 . 052 0 . 060 0 . 061 0 . 053 0 . 052 0 . 053 0 . 051 0 . 057 0 . 056 0 . 054 

Sum 4 . 027 4 . 0 1 2  4 . 0 1 3  3 . 998 4 . 015  4 . 008 3 . 998 3 . 998 4 . 000 4 . 010 4 . 001 4 . 000 4 . 009 3 . 992 3 . 996 3 . 995 3 . 989 3 . 999 3 . 997 3 . 989 

En 68 . 3  5 7 . 9  54 . 2  54 . 6  4 7 . 5  54 . 7  4 5 . 2  47 . 1  45 . 2  71 . 9  46 . 7  4 7 . 1 70 . 9  4 7 . 0  48 . 3  46 . 8  46 . 9  48 . 6  47 . 1  46 . 2  

N 
...J 
� 



2 7 5  

Appen d ix 8 :  P r opo r t i on of the s i l t  f r a c t i on removed f r om t h e  Tokomaru s i l t  

l oam du r i ng the a c i d  d i s s o l u t i o n  trea tmen t s . 

5 - 2 l.lm - - - - - - 2 0 - S l.lm - - - - - - - - - - - - - 6 3 - 2 � m  - - - - - -

N o . Res i due HC l H2 S i F 6 R e s i du e  HC l H 2 S i F 6 Res idue 

T l  2 7 . 2  7 .  1 5 3 . 7  3 9 . 2  2 . 8  4 7 . 5  5 0 . 0  

T2 3 2 . 3  6 . 5  58 . 5  3 5 . 0  2 . 7  4 8 . 2  4 9 . 0  

T 3  2 1 . 3  4 . 5  8 5 . 3  1 0 . 2  1 . 8  6 6 . 7  3 1 . 5  

T 4  1 8 . 8  5 . 7  7 3 . 3  2 1 . 1  2 . 7  5 2 . 5  4 4 . 8  

T 5  2 6 . 2  7 . 3  6 0 . 1  3 2 . 6  2 . 8  5 0 . 1  4 7 . 1  

T 6  2 7 . 0  7 . 0  5 7 . 6  3 5 . 4  2 . 6  4 8 . 5  4 9 . 0  

T 7  2 6 . 5  6 . 8  5 3 . 6  3 9 . 6  2 . 4  4 6 . 0  5 1 . 6  

T B  2 8 . 5  6 . 6  5 5 . 9  3 7 . 6  2 . 2  4 5 . 0  5 2 . 8  

T 9  3 0 . 7  6 . 7  5 5 . 4  3 8 . 0  2 . 6  4 6 . 8  5 0 . 6  

T 1 0  3 1 . 9  6 . 5  5 4 . 3  3 9 . 3  2 . 5  4 7 . 7  4 9 . 7  

T l l  3 0 . 0  6 . 5  5 4 . 5  ) 3 8 . 9  2 . 3  4 5 . 6  5 2 . 2  

T 1 2  3 1 . 2  6 . 4  5 5 . 9  3 7 . 7  2 . 2  4 9 . 3  52 . 5  

T 1 3  3 0 . 3  6 . 0  5 3 . 1  4 0 . 9  2 . 3  4 6 . 9  5 0 . 8  

T 1 4  3 1 . 0  6 . 0  5 1 . 3  4 2 . 8  2 . 3  4 5 . 1  5 2 . 6  

T 1 5  3 0 . 8  6 . 5  5 0 . 8  4 2 . 7  2 . 1  4 5 . 3  5 2 . 5  

T 1 6  3 3 . 4  6 . 2  52 . 4  4 1 . 4  2 . 3  4 1 . 5  5 6 . 3  

T 1 7  2 8 . 6  6 . 6  5 3 . 4  4 0 . 5  2 . 2  4 4 . 3  5 3 . 4  

T 1 8 2 8 . 4  6 . 4  5 3 . 8  3 9 . 8  2 . 3  4 7 . 8  4 9 . 9  

T 1 9  3 2 . 5  5 . 0  5 3 . 0  4 2 . 1  1 . 7  4 4 . 6  5 3 . 8  

T 2 0 3 2 . 2  3 . 8  5 3 . 0  4 3 . 2  1 . 1  4 4 . 9  5 4 . 0  

T 2 1 4 3 . 6  2 . 9  5 4 . 6  4 2 � 5 1 . 0  4 3 . 2  5 5 . 8  

T 2 2  4 1 . 9  2 . 3  5 3 . 7  4 4 . 0  1 . 0  4 0 . 1  5 8 . 9  

T 2 3  4 0 . 1  1 . 8  5 2 . 4  4 5 . 8  0 . 8  4 1 . 4  5 7 . 8  

T 2 4  3 6 . 4  1 . 9 4 7 . 8  5 0 . 3  0 . 7  3 5 . 5  6 3 . 9  

T 2 5  4 0 . 0  2 . 0  5 6 . 3  4 1 . 8  0 . 6  4 2 . 0  5 7 . 4  



App e n d i x  9 :  Key to samp l e  depths ( m ) .  

Tokomaru s i l t  loam 

T l  

T2 

T3 

T4 

T5 

T6 

T7 

T8 

T9 

T l O  

2 . 4 2 - 2 . 5 0 

2 . 3 4 - 2 . 4 2 

2 . 2 4 - 2 . 3 4 

2 . 1 4 - 2 . 2 4 

2 . 0 0 - 2 . 1 4 

1 . 9 0 - 2 . 0 0 

1 . 8 0 - 1 . 9 0  

1 . 7 0 - 1 . 8 0  

1 . 6 0 - 1 . 7 0  

1 . 5 0 - 1 . 6 0 

T l l  1 . 4 0 - 1 . 5 0 

T l 2  1 . 3 0 - 1 . 4 0 

T l 3  1 . 2 0 - 1 . 3 0 

T l 4  

T l 5  

T l 6  

T l 7  

T l 8  

T l 9  

T2 0 

T2 l 

T2 2 

T2 3 

T2 4 

T2 5 

1 . 1 0 - 1 . 2 0  

1 .  0 0 - 1 . 1 0 

0 . 9 0 - 1 . 0 0 

0 . 8 0 - 0 . 9 0 

0 . 7 0 - 0 . 8 0 

0 . 6 0 - 0 . 7 0  

0 . 5 0 - 0 . 6 0 

0 . 4 0 - 0 . 5 0 

0 . 3 0 - 0 . 4 0 

0 . 2 0 - 0 . 3 0 

0 . 1 0 - 0 . 2 0 

0 . 0 0 - 0 . 1 0 

Ham i l ton c l ay l oam 

R l  

R2 

R3 

R4 

R5 

R6 

R7 

R8 

R9 

R l O  

0 .  0 - 0 . 1  

0 . 1 - 0 . 2  

0 . 2 - 0 . 3  

0 . 3 - 0 . 4  

0 . 4 - 0 . 5  

0 . 5 - 0 . 6  

0 . 6 - 0 . 7  

0 . 7 - 0 . 8  

0 . 8 - 0 . 9  

0 . 9 - 1 . 0  

Te K owha i s i l t l oam 

TK 1 

TK2 

TK3 

TK 4 

TK 5 

TK6 

TK7 

TK8 

TK 9  

TK 1 0  

0 . 0- 0 . 1  

0 . 1 - 0 . 2  

0 . 2 - 0 . 3  

0 . 3 - 0 . 4  

0 . 4 - 0 . 5  

0 . 5 - 0 . 6  

0 . 6 - 0 . 7  

0 . 7 - 0 . 8  

0 . 8 - 0 . 9  

0 . 9 - 1 . 0  

Na i ke c l ay 

N 1  

N2 

N 3  

N4 

N 5  

N 6  

N7 

N 8  

N9 

N 1 0  

0 . 0 - 0 . 1 

0 . 1 - 0 . 2  

0 . 2 - 0 . 3  

0 . 3 - 0 . 4  

0 . 4 - 0 . 5  

0 . 5 - 0 . 6  

0 . 6 - 0 . 7  

0 . 7 - 0 . 8  

0 . 8 - 0 . 9  

0 . 9 - 1 . 0  

Waiar eka c l ay 

W 1  

W2 

W3 

W4 

W5 

W6 

0.  0 - 0 . 1  

0 . 1 - 0 . 2  

0 . 2 - 0 . 3  

0 . 3 - 0 . 4  

0 . 4 - 0 . 5  

0 . 5 - . 5 5 

2 7 6  



Appen d i x  1 0 :  An a l ys e s  of p h o s p h o r u s  and c arbon from 

s e l e c t e d  dep t h s  a n d  s amp l e s i n  t h e  To k omaru 

s i l t  1 o am . 

Dept h ( cm )  JJ 919 p+ S amp l e  %C* 
0-5 562 T25 7 . 70 

5 - 1 0  446 T24 1 . 4 5  

1 0 - 1 5 390 T23 1 . 0 2  

1 5 -20 306 T22 0 . 6 3 

2 0 - 2 5  2 4 3  T2 1 0 . 5 1 

2 5 -30 1 96 T20 0 . 48 

3 0 - 3 5  1 50 T1 9 0 . 30 

3 5 -40 1 08 T 1 8  0 . 1 5  

40-45 60 T 1 7 0 . 1 2  

4 5 -50 40 T1 6 0 . 1 

5 0 - 5 5  33 T1 5 0 . 1  

5 5 -60 34 T 1 3  0 . 1  

60-65 3 1  T 1 1 0 . 1  

6 5 -70 55 T9 0. 1 

7 0 - 7 5  1 24 TB 0 . 1  

7 5 -80 3 1 3  T7 0 . 1 

80 - 90 3 4 1  T5 0 . 1 

90 - 1 00 3 5 1  T3 0 . 1 

1 00 - 1 1 0  340 T1 0 . 1  

+ W a l k e r  a n d  A d ams ( 1 958 ) * A .  We s t  an a l ys t  

2 7 7  



Appen d i x  1 1 :  T h e  percent h e a vy m i n er a l s  i n  the f i n e 

and very f i ne s an d  f r a c t i on s  f rom t h e  

H am i l to n , N a i k e  and T e  Kowh a i  s o i l s .  

S amp l e  
R 1  
R 1  
R 3  
R4 
R 5  
R6 
R 7  
R8 
R9 
R 1 0  

S amp l e  
N 1  
N 2  
N 3  
N4 
N5 
N6 
N 7  
N 8  
N 9  
N 1 0  

S amp l e  
TK1  
TK2 
TK3 
TK4 
TK5 
TK6 
TK7 
TK8 
TK 9 
TK 1 0  

250- 1 25 llm 
1 3 . 0  
1 1 . 5 
1 1 . 2 
1 2 . 0  
1 1 . 3 
1 4 . 4  
1 3 . 8  
1 1 . 5 
1 1 .  1 
1 5 . 1  

2 50- 1 25 llm 
5 . 2  
4 . 4 
4 . 8 
6 . 6 

1 2 . 1  
1 3 . 3  
1 4 . 9  
1 2 . 2  

4 . 0 
1 .  3 

250- 1 25 llm 
3 . 7  
3 . 3  
1 . 4 
0 . 1  
0 . 1  
0 . 1  
0 . 1  
0 . 2  
0 . 2  
0 . 2  

1 25 - 63 llm 
1 6 . 4  
1 6 . 1  
1 7 . 5  
24 . 2  
2 5 . 8  
28 . 7  
2 5 . 9  
2 4 . 3  
22 . 2  
2 9 . 6  

1 25 -6 3  llm 
1 0 . 6  

8 . 4  
1 1 .  1 
1 6 . 6  
2 1 . 0  
2 4 . 8  
2 7 . 7  
2 1 . 0  

9 . 3  
2 . 7  

1 25 - 6 3  llffi 
3 .  1 
2 . 5  
0 . 4  
0 . 3  
0 . 2  
0 . 5  
0 . 3  
0 . 5  
0 . 5  
0 . 3  

2 7 8  



App e n d ix 12 : E l ec tron m i c r op r obe analyses o f  s o i l  m i nerals . 

S amp l e  

S i0 2 
A l 2 0 3 
Ti02 
FeO 

MnO 

M gO 

C aO 

N a 2 o 

K2 0 

C l  

To t a l  

S amp l e  

S i02 
Al 20 3 
Ti02 
FeO 

MnO 

M gO 

CaO 

Na 2 o 

K 20 

C l  

Tota l 

S amp l e  

S i02 
A l2 0 3 
T i02 
FeO 

MnO 

M gO 

C aO 

N a 2o 

K 2 0 

C l  

Tota l 

1 2 . 1 : G l a s s es . 

T l  T l  T 1  T l  T l  T l  T l  T l  

7 4 . 3 4 7 3 . 8 0 7 3 . 1 5 7 4 . 7 1  7 4 . 0 7 7 3 . 9 7 7 6 . 0 0 7 3 . 1 3  
1 1 . 2 7 1 1 . 1 9  1 1 . 1 1  1 1 . 3 5 1 1 . 1 0  1 1 . 2 8  1 1 . 5 9 1 2 . 0 9 

0 . 1 6 0 . 0 9 0 . 0 0 0 . 1 7 0 . 1 0 0 . 1 2 0 . 1 5 0 . 1 7  

1 . 0 2 1 . 1 4 1 . 2 8  1 . 1 0 1 . 1 2 1 . 0 4 1 . 1 3 1 . 9 5 

0 . 1 4 0 . 0 0 0 . 0 0 0 . 0 0 0 . 1 2 0 . 0 0 0 . 0 0 0 . 0 0 

0 . 1 1 0 . 1 0  0 . 1 3  0 . 1 1  0 . 0 9 0 . 1 0 0 . 0 9 0 . 1 0 

0 . 8 7 0 . 9 5 1 . 0 3 1 . 0 2 0 . 9 8 0 . 9 5 0 . 9 4 1 . 0 7 

3 . 2 1  3 . 4 6 2 . 9 6 3 . 2 7 2 . 9 8 2 . 9 7 3 . 6 0 4 . 1 5 

3 . 6 4 2 . 8 8 2 . 7 9  2 . 9 0 2 . 9 0 3 . 0 5 3 . 7 4 3 . 3 3 

0 . 0 0 0 . 0 8 0 . 0 9 0 . 0 9 0 . 1 0 0 . 0 6 0 . 1 1  0 . 1 0 

9 4 . 7 6 9 3 . 6 9 9 2 . 5 4  9 4 . 7 2 9 3 . 5 6  

T 3  T 3  T 3  T 3  T 3  

6 6 . 8 0 6 4 . 2 8  6 2 . 0 0 

1 3 . 7 7 1 5 . 3 7 1 4 . 3 8 

1 . 1 8 1 . 1 7 0 . 9 6 

5 . 0 5 5 . 3 5 5 . 5 4 

0 . 0 4 0 . 0 0 0 . 1 1  

1 . 1 4 1 . 2 6  2 . 0 0 

3 . 4 3  5 . 3 8 5 . 0 4 

3 . 7 5  3 . 9 6 3 . 2 5  

3 . 3 3 2 . 2 9  2 . 5 6 

0 . 0 0 0 . 0 7 0 . 1 0 

7 4 . 8 0 7 3 . 1 2 

1 1 . 1 8 1 1 . 2 7 

0 . 0 0 0 . 1 3 

1 .  0 7  1 . 1 8 

0 . 0 0 0 . 0 0 

0 . 1 0 0 . 1 1  

0 .  9 2  1 .  0 7  

3 . 5 0 3 . 5 5 

2 . 8 7 2 . 7 1  

0 . 0 7 0 . 0 7 

9 8 . 4 9  9 9 . 1 3  

T 5  T 5  

7 4 . 6 3 7 5 . 0 2 

1 1 . 3 4 1 1 . 4 1  

0 . 1 0 0 . 0 0 

1 . 1 5  1 . 0 8 

0 . 0 0 0 . 0 0 

0 . 1 5  0 . 1 4 

1 . 0 4 1 . 0 6 

3 . 2 0  3 . 1 7 

2 . 6 9 2 . 7 7 

0 . 1 5 0 . 1 7 

9 5 . 9 4 9 4 . 5 1  9 3 . 2 1  

T 5  T 5  T 5  

7 3 . 7 5  6 7 . 9 7 6 8 . 5 2  
1 1 . 2 9  1 3 . 0 4 1 3 . 1 4 

0 . 1 4 0 . 8 0 0 . 7 7 

0 . 9 4 3 . 1 8 3 . 8 7 

0 . 0 0 0 . 1 3 0 . 1 5 

0 . 0 9 0 . 8 7 0 . 8 3 

0 . 6 8 3 . 5 0 2 . 9 0 

2 . 4 9 3 . 5 3 3 . 2 7 

4 . 5 1 3 . 3 3 3 . 3 9 
0 . 1 8 0 . 1 2 0 . 0 0 

9 3 . 5 4 9 7 . 3 5 9 6 . 0 9 

T 3  T 3  T 3  

7 4 . 5 0 7 5 . 1 9 7 3 . 7 7  

1 1 . 3 2 1 1 . 4 4 1 1 . 1 5  

0 . 1 2 0 . 1 1  0 . 1 3 

1 . 0 0 1 . 2 1  1 . 0 7 

0 . 0 0 0 . 0 0 0 . 0 0 

0 . 1 3 0 . 1 2 0 . 1 0 

0 . 9 7 1 . 0 7 0 . 8 3 

3 . 5 4 3 . 4 3 3 . 5 3 

3 . 1 4 2 . 7 6  2 . 8 6 

0 . 1 0 0 . 0 9 0 . 1 0 

9 4 . 8 2 9 5 . 4 2 9 3 . 5 4 

T 5  T 5  T 5  

6 8 . 3 4 7 5 . 5 4 7 4 . 1 5 

1 4 . 5 7 1 1 . 3 4 1 1 . 2 6  

1 . 0 4 0 . 1 3 0 . 0 0 

3 . 6 3 0 . 9 8 1 . 0 1 

0 . 0 0 0 . 0 0 0 . 1 4 

1 . 3 1  0 . 0 9 0 . 1 3 

2 . 7 7 0 . 7 4 0 . 9 3 

5 . 5 5 2 . 7 6  2 . 8 3 

1 . 4 9 4 . 5 5 2 . 9 5 

0 . 0 0 0 . 2 0  0 . 0 0 

9 4 . 4 5 9 4 . 82 9 4 . 0 7 9 6 . 4 7 9 6 . 8 4 9 8 . 7 0  9 6 . 3 3  9 3 . 4 0 

27 9  



2 8 0 
App en d i x  12 . 1 : con t inued . 

S amp l e  T 6  T 6  T 6  T 6  T 6  T 6  T 6  

S i0 2 7 5 . 1 1  6 2 . 4 4 7 4 . 5 6 7 4 . 8 3 7 4 . 1 4 7 4 . 7 2 7 4 . 3 7 

A l 2 0 3 1 1 . 3 8 1 5 . 8 7 1 1 . 4 0 1 1 . 2 8  1 1 . 3 0 1 1 . 3 2 1 1 . 3 3 

T i0 2 0 . 0 8 0 . 5 6 0 . 1 3 0 . 1 1  0 . 1 5 0 . 1 1 0 . 0 0 

FeO 1 .  0 3  3 . 1 2 1 .  0 7  1 .  0 9  0 . 9 7 1 .  0 1  1 .  1 5  

MnO 0 . 0 0 0 . 1 6 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 

M gO 0 . 1 1 l .  2 3  0 .  1 2  0 . 1 1  0 . 0 8 0 . 1 0 0 . 1 3 

CaO 1 . 1 0 2 . 7 6  l .  0 4  l .  0 4  0 . 8 8 0 . 9 3 1 .  0 9  

Na 2 o 2 . 9 6 4 . 1 0 2 . 9 0 2 . 8 4 2 . 5 9 2 . 9 0 2 .  82 

K 20 2 . 6 2 4 .  14 2 . 9 2 2 . 9 1  2 . 8 1 3 . 1 3 2 . 8 4 

C l  0 . 0 8 0 .  1 1  0 . 0 0 0 . 1 0 0 . 1 0 0 . 1 1 0 . 0 8 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T o t a l  9 4 . 4 7 9 4 . 4 9 9 4 . 1 4  9 4 . 3 1  9 3 . 02 9 4 . 3 3 9 3 . 8 1 

S amp l e  T 6  T 6  T 6  T 6  T l 3  T l 3  T 1 4 

S i02 7 4 . 9 1 7 5 .  1 7  7 5 . 0 7 7 4 . 4 2 7 3 . 02 7 2 . 9 8 7 3 . 5 6 

A l 20 3 1 1 . 2 9  1 1 . 4  7 1 1 . 2 4  1 1 . 2 2 1 1 . 5 0 1 1 . 6 3  1 1 . 7 1  

T i02 0 . 0 9 0 . 1 4 0 . 1 3 0 . 12 0 . 0 8 0 . 1 4  0 . 0 9 

F eO 1 . 1 5 1 .  0 8  1 . 1 8 1 . 1 3 1 .  1 1  1 .  0 2  0 . 9 4 

MnO 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 

M gO 0 . 1 2 0 . 1 2 0 . 1 0 0 . 1 1  0 . 1 1 0 .  1 2  0 . 0 8 

CaO 0 . 9 5 0 . 9 9 0 . 9 7 1 .  o s  1 .  12 1 .  0 7  0 . 6 3 

N a 2o 2 . 9 3 3 . 1 9 2 . 7 9  2 .  5 2  3 . 1 6 2 . 6 1 3 . 4 1 

K2 0 2 . 5 0  2 . 6 8 2 . 6 9 2 . 9 3  2 . 8 3 2 .  8 2  4 . 2 5  

C l  0 . 0 9 0 . 1 0 0 . 0 9 0 . 0 7 0 . 1 1  0 . 0 8 0 . 1 3 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Tota l 9 4 . 0 9 9 4 . 9 4 9 4 . 4 4 9 3 . 5 7 9 3 . 0 4 9 2 . 4 7 9 4 . 8 0  

S amp l e  T 1 4  T l 4  T l 6  T l 6 T 1 6  T 1 6  

S i02 7 4 . 0 9 7 4 . 6 3 7 3 . 1 8 7 3 . 4 4 7 4 . 2 6 7 1 . 6 7 

A l 20 3 1 1 . 7 5 1 1 . 7 1  1 1 . 7 4 1 1 . 6 8 12 . 0 8 1 2 . 6 7 

Ti02 0 . 1 1 0 . 1 1 0 . 0 9 0 . 0 0 0 . 1 4 0 . 2 6  

FeO 1 .  o s  1 .  3 5  1 . 1 5 1 .  0 8  1 .  0 4  1 .  7 6  

M n O  0 . 0 0 0 . 0 0 0 . 0 0 0 .  0 0  0 . 0 0 0 . 0 0 

M gO 0 . 0 7 0 . 0 4 0 . 1 3 0 . 1 6 0 . 0 8 0 . 2 3  

CaO 0 . 6 7 0 . 5 9 1 .  0 4  1 .  0 5  0 . 9 8 1 .  4 0  

N a 2 o 3 . 5 3 3 . 9 2 3 .  2 6 3 . 4 1 3 . 3 2 3 .  7 1  

K2 0 4 . 0 3 3 . 7 6  2 . 8 5 2 . 7 6 3 . 82 2 . 6 4 

C l  0 . 1 4 0 . 0 9 0 . 1 3 0 .  12 0 . 1 9 0 . 0 0 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T o t a l  9 5 . 4 4 9 6 . 2 0 9 3 . 5 7 9 3 . 7 0 9 5 . 9 1  9 4 . 3 4 



Appen dix 1 2 . 1 :  Con t i nued . 

S amp le 

S i02 
A l 20 3 
T i02 
FeO 

MnO 

M gO 

CaO 

Na 2 o 

K20 

C l  

Tota l 

S amp le 

S i02 
Al 2 03 
T i02 
FeO 

MnO 

M gO 

CaO 

Na2 o 

K20 

C l  

Tota l 

S amp l e  

S i02 
A l 20 3 
T i02 
FeO 

MnO 

M gO 

CaO 

Na2 o 

K 20 

C l  

Total 

T2 4 T2 4 T2 4 T 2 4  T24 T 2 4  T2 4 T 2 4 

7 5 . 1 8 7 5 . 4 5  7 2 . 0 1 7 5 . 2 7 7 3 . 1 3 7 3 . 4 3  7 4 . 5 2 7 5 . 0 4 

1 2 . 6 2 1 1 . 6 9  1 2 . 3 7 1 2 . 6 5 1 2 . 5 7 1 1 . 2 3 1 1 . 5 0 1 2 . 3 8 

0 . 1 8 0 . 1 1 0 . 2 7  0 . 2 0  0 . 2 6  0 . 1 3 0 . 1 6  0 . 2 2 

1 . 5 7 1 . 2 3 1 . 7 8  1 . 8 6 1 . 8 2 1 . 0 6 1 . 2 1  1 . 6 8 

0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 1 1  0 . 0 0 0 . 0 0 0 . 0 0 

0 . 1 8 0 . 1 3  0 . 2 4 0 . 1 8 0 . 2 3  0 . 1 2 0 . 1 3  0 . 1 7 

1 . 3 9 1 . 0 3 1 . 4 2 1 . 4 7 1 . 4 3 0 . 9 4 1 . 0 2 1 . 6 0 

3 . 9 6 3 . 7 1  3 . 8 0 4 . 0 5 3 . 9 9 3 . 0 1 3 . 7 2 3 . 9 6 

2 . 9 8 . 3 . 0 2 2 . 5 8 2 . 9 3 2 . 6 9 3 . 2 3 2 . 9 3 2 . 9 5 

0 . 1 2 0 . 0 8 0 . 1 0 0 . 0 7 0 . 0 9 0 . 1 1 0 . 1 0  0 . 0 8 

9 8 . 1 8  9 6 . 4 5  

T 2 4 T2 4 

7 4 . 8 2 7 2 . 6 9 

1 1 . 5 1  1 2 . 3 1  

0 . 0 0 0 . 2 4  

1 . 0 6 1 . 7 7 

0 . 0 0 0 . 0 0 

0 . 1 1 0 . 2 5  

1 . 0 8 1 . 4 2 

3 . 5 5 4 . 3 2 

3 . 4 1  2 . 6 5 

0 . 0 9 0 . 0 9 

9 5 . 6 3 

T 2 4  

7 5 . 3 1  

1 2 . s s  
0 . 1 9 

1 .  5 9  

0 . 0 0 

0 . 1 4 

1 . 2 5  

5 . 5 1 

1 .  5 7  

0 . 0 6 

9 5 . 7 4  

T 2 4  

6 8 . 3 2 

1 4 . 4 5  

0 . 3 9 

1 .  7 9  

0 . 2 4  

0 . 4 0  

1 . 5 8 

4 . 4 0 

4 . 8 8 

0� 1 0  

9 4 . 5 7 9 8 . 6 8  9 6 . 3 2 9 3 . 2 6  

T2 4 T 2 4  T2 4 T 2 4  

7 6 . 3 6 7 6 . 4 0 7 6 . 8 4 7 7 . 2 3  

1 1 . 9 2 1 1 . 7 3 1 1 . 7 8 1 1 . 7 8  

0 . 1 6 0 . 1 1 0 . 1 0 0 . 1 2 

1 . 2 7 1 . 2 5  1 . 1 7 1 . 0 5 

0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 

0 . 1 4 0 . 1 2 0 . 1 0 0 . 1 4 

1 . 1 5 0 . 9 3 1 . 0 8 0 . 9 8 

3 . 6 4 3 . 8 0 3 . 6 9 3 . 9 6 
3 . 3 4 3 . 2 9 3 . 2 5 3 . 3 5 
0 . 1 1  0 . 1 0 0 . 0 5 0 . 1 0 

9 8 . 0 9  

T2 4 

6 2 . 2 2 

1 5 . 7 9  

1 .  o s  
6 . 1 1  

0 . 0 0 

2 . 0 5 

5 . 5 7 

3 . 9 8 

2 . 2 8  

0 . 0 4 

9 7 . 7 3 9 8 . 0 6 9 8 . 7 1  

T2 4 T2 4 T2 4 

7 4 . 5 6 7 0 . 2 6  6 6 . 6 1  

1 2 . 3 0 1 2 . 2 8  1 5 . 1 8  

0 . 1 4 0 . 2 4  0 . 4 2 

1 . 4 7 3 . 0 0 2 . 1 9 

0 . 0 0 0 . 1 5 0 . 12 

0 . 1 0 0 . 3 8 O . S l  
1 . 1 5  1 . 7 3 2 . 0 1 

3 . 8 4 3 . 1 7 4 . 2 0 

3 . 8 9 2 . 3 3  4 . 4 8 

0 . 0 8 0 . 1 1 0 . 1 8 

9 5 . 2 9 

T2 4 

7 3 . 0 1 

1 3 . 2 8  

0 . 5 2 

2 . 6 5 

0 . 0 0 

0 . 3 9 

2 . 1 9 

4 . 1 5 

2 . 8 1 

0 . 0 7 

9 9 . 0 7 

T2 4 

6 2 . 5 0 

1 4 . 9 7  

1 .  0 2  

5 . 8 9 

0 . 0 0 

2 . 1 5 

5 . 1 7 

3 . 9 6 

2 . 4 3 

0 . 0 6 

9 8 . 0 8 

T2 4 

7 4 . 1 6 

1 3 . 3 5 

0 . 4 0 

2 . 3 9 

0 . 0 0 

0 . 3 5 

2 . 1 0 

3 . 6 4 

2 . 7 9 

0 . 0 5 

9 9 . 2 3  

T 2 4 

7 4 . 3 2 

1 1 . 4 1  

0 . 0 0 

1 .  0 7  

0 . 0 0 

0 . 1 0 

1 .  0 2  

2 . 9 8 

2 . 7 6  

0 . 0 9 

9 8 . 1 7  9 6 . 5 5  9 9 . 0 9 9 7 . 5 3 9 3 . 6 5 9 5 . 9 0  9 8 . 1 5  9 3 . 7 5 

2 8 1  



App en d i x  1 2 . 1 :  Con t i nue d . 

S amp l e  

S i02 
A l 2 0 3 
T i 02 
FeO 

MnO 

M gO 

C aO 

Na 2 o 

K2 0 

C l  

T o t a l  

S amp le 

S i02 
A l2 0 3 
T i 02 
FeO 

MnO 

M gO 

C aO 

Na 20 

K 20 

C l  

T2 5 T 2 5 T2 5 T 2 5  

67 . 6 4 6 7 . 3 6 6 3 . 6 7 7 7 . 5 2 

1 1 . 2 5  1 4 . 6 9 1 5 . 8 6 1 2 . 0 8 

0 . 6 5 0 . 3 1  0 . 6 1 0 . 0 9 

5 . 8 5 1 . 9 1  3 . 1 0 1 . 2 4 

0 . 1 3 0 . 0 0 0 . 0 0 0 . 1 0 
3 . 9 6 0 . 3 3 0 . 9 3 0 . 1 5 
2 . 2 7  1 . 7 2 2 . 6 5 0 . 9 4 
2 . 3 4 3 . 3 9 4 . 4 5 3 . 8 0 
3 . 0 9 4 . 2 7 4 . 1 9 3 . 1 2 
0 . 1 1  0 . 1 4 0 . 1 5 0 . 1 0 

T 2 5  T2 5 T2 5 

7 4 . 6 3 7 5 . 0 6 7 5 . 2 0  

1 1 . 7 3 1 1 . 3 7 1 1 . 1 8  

0 . 0 0 0 . 1 6 0 . 1 0 

0 . 9 4 1 . 0 0 0 . 9 6 

0 . 0 0 0 . 0 0 0 . 0 0 

0 . 1 2 0 . 1 1  0 . 0 8 

0 . 8 1 0 . 9 2 0 . 7 4 

2 . 9 7 2 . 8 7 2 . 8 8 

2 . 8 8 2 . 6 9 2 . 8 8 

0 . 1 0 0 . 0 9 0 . 0 9 

97 . 2 9  9 4 . 1 2  9 5 . 6 1 9 8 . 1 4  9 4 . 1 8 9 4 . 2 7  9 4 . 1 1 

T2 5 T 2 5 T2 5 T 2 5 T 2 5 

7 5 . 3 3 7 7 . 6 7 7 6 . 2 1  7 5 . 1 4 6 0 . 6 5  

1 1 . 3 6  1 1 . 8 5 1 2 . 4 3 1 2 . 7 0 1 8 . 3 7 

0 . 1 0 0 . 0 0 0 . 2 0  0 . 1 9 0 . 6 3 

1 . 1 3 1 . 1 2 1 . 7 3 1 . 9 6 4 . 6 5 

0 . 0 0 0 . 0 0 0 . 1 1 0 . 0 0 0 . 1 5 

0 . 1 0 0 . 1 4 0 . 1 8 0 . 2 8  1 . 6 1 

0 . 8 4 0 . 8 6 1 . 1 7 1 . 2 6  7 . 1 4 

3 . 1 6  3 . 4 1  3 . 6 5 3 . 7 3  3 . 9 1 

2 . 8 1 3 . 3 2 2 . 9 0 2 . 8 9 1 . 7 2 

0 . 1 0 0 . 1 4 0 . 0 7 0 . 0 6 0 . 0 6 

T2 5 T 2  5 

6 5 . 4 4 6 4 . 7 2 

1 4 . 0 6 1 4 . 1 9 

0 . 6 3 0 . 6 3 

5 . 6 3 6 . 5 3 

0 . 1 9 0 . 1 7  

1 . 3 7 1 . 4 1  

3 . 8 3 3 . 9 1  

3 . 6 3 3 . 6 4 

1 . 9 9 1 . 8 3 

0 . 0 8 0 . 0 7 

T2 5 

7 5 . 9 9 

1 2 . 8 3 

0 . 1 5 

1 .  6 3  

0 . 0 0 

0 . 1 8 

1 .  2 4  

3 . 6 8 

2 . 9 8 

0 . 1 1  

9 8 . 7 9  

T2 5 

6 4 . 2 3 

1 3 . 9 1  

0 . 5 4 

6 . 1 5 

0 . 0 0 

1 .  4 9  

4 .  1 7  

3 . 5 7 

1 .  9 2  

0 . 0 0 

282 

T o t a l  9 4 . 9 3 9 8 . 5 1  9 8 . 6 5 9 8 . 2 1  9 8 . 8 9  9 6 . 8 5 9 7 . 1 0 9 5 . 9 8 

S amp l e  T2 5 T 2 5 

S i0 2 5 9 . 8 5 6 2 . 2 6  

A l2 0 3 1 9 . 5 0 1 6 . 3 1  

T i02 0 . 5 3 0 . 7 6 

FeO 4 . 2 8  5 . 9 3 

MnO 0 . 0 0 0 . 1 6 

MgO 1 . 7 3 2 . 2 7  
C aO 7 . 9 5 6 . 2 2 
Na2 0 3 . 8 6 3 . 8 7 

K 2 0 1 . 4 1 1 . 9 3 
C l  0 . 0 0 0 . 0 0 

T2 5 T2 5 

7 0 . 9 7 6 4 . 3 7  

1 4 . 8 0 1 4 . 7 6  

0 . 3 4 0 . 7 8  

1 . 7 0 6 . 5 8 

0 . 1 5 0 . 0 0 

0 .  2 9 1 .  3 2  

1 . 5 1 4 . 7 2 

5 . 1 5  4 . 6 4 

4 . 1 7 1 . 9 3 

0 . 1 8 0 . 0 9 

T 2 5 

5 6 . 4 0 

2 3 . 8 5 

0 . 2 8  

2 . 5 4 

0 . 0 0 

0 . 6 4 

1 0 . 0 1 

4 . 1 5 

0 . 9 7 

0 . 0 0 

T2 5 

7 5 . 7 0 

1 3 . 6 8 

0 . 2 3 

0 . 4 4 

0 . 0 0 

0 . ·0 0  

2 . 2 7  

4 . 5 2 

1 .  87 

0 . 0 0 

T2 5 

7 0 . 2 1  

1 3 . 8 5 

0 . 8 8 

1 .  4 1  

0 . 0 0 

0 . 1 1 

1 . 3 9 

3 . 2 2 

5 . 9 6 

0 . 0 0 

T 2  5 T2 5 

6 4 . 2 2 6 7 . 7 8 

1 3 . 7 2 1 7 . 5 3 

0 . 5 3 0 . 5 7 

5 . 3 3 1 . 8 3 

0 . 1 7 0 . 0 0 

3 . 1 1 0 . 1 1  

4 � 5 0  5 . 4 9 

3 . 9 9 5 . 0 9 

1 . 02 0 . 4 1  

0 . 0 8 0 . 0 0 

T o t a l  9 9 . 1 1 9 9 . 7 1  9 9 . 2 6  9 9 . 1 9  9 8 . 8 4 9 8 . 7 1  9 7 . 0 3 9 6 . 6 7 9 8 . 8 1  



App e n d i x  12 . 2 :  Amp h i b o l e s . 

S amp l e  T 3  T3 

S i0 2 4 7 . 3 2 4 7 . 5 8 

Al 2 0 3 6 . 3 3 6 . 2 0  

Ti02 1 . 3 0 1 . 3 0 

FeO 1 6 . 3 9 1 5 . 9 1  

MnO 0 . 3 7 0 . 4 4 

MgO 1 2 . 7 2 12 . 8 3 

CaO 1 0 . 4 8 1 0 . 4 9  

Na 2 0 1 . 5 1 1 . 4 0 

K2 0 0 . 3 1  0 . 2 7 

Tota l 

Samp l e  

S i02 
A l 2 0 3 
Ti02 
FeO 

MnO 

M gO 

CaO 

Na 2 o 

K 2 0 

Tot a l  

S amp l e  

S i02 
Al 20 3 
T i02 
FeO 

MnO 

M gO 

CaO 

Na 2 o 

K 20 

9 6 . 7 3  

T S  

4 2 . 8 9 

1 1 . 0 3 

3 . 8 3 

1 0 . 9 0 

0 . 3 2 

1 4 . 2 5  

1 1 . 4 6 

2 . 6 4 

0 . 9 4 

9 6 . 4 2 

T S  

4 0 . 7 4 

12 . 5 7 

2 . 7 6 

12 . 0 9 

0 . 2 6  

1 3 . 0 8  

1 1 . 9 0 

2 . 3 5 

0 . 8 5 

9 8 . 2 6  9 6 . 6 0  

T S  T S  

4 0 . 0 6 4 2 . 9 4 

1 0 . 8 3 1 1 . 4 2 

3 . 5 7 3 . 3 1  

1 1 . 8 1 1 1 . 1 3  

0 . 3 6 0 . 2 8  

1 3 . 6 1  1 4 . 4 5  

1 1 . 1 9 1 1 . 5 4 

2 . 4 8 2 . 5 3 

0 . 8 9 0 . 8 2 

T 3  

4 7 .  1 7  

6 . 3 7 

1 .  5 3  

1 5 . 3 2  

0 . 3 6 

1 3 . 2 9  

1 0 . 7  5 

1 .  5 5  

0 . 3 2 

9 6 . 6 6 

T S  

4 1 . 5 8 

1 1 . 9 0 

2 . 5 9 

1 1 . 2 1  

0 . 4 0 

1 4 . 3 7 

1 1 . 3 8 

2 . 6 0 

0 . 8 7 

9 6 . 9 0  

T S  

3 9 . 7 8 

1 4 . 4 9 

2 . 4 2  

1 1 . 2 8  

0 . 0 0 

1 3 . 6 2 

1 2 . 2 6  

2 . 3 2 

1 .  0 6  

T 3  T3 T3 

4 7 . 2 4 

7 . 3 0 

1 .  5 7  

1 2 . 7 5 

0 .  2 6 

1 4 . 4 8 

1 1 .  1 0  

1 . 1 3 

4 7 . 6 4 4 8 . 2 7  

7 . 4 6  6 . 9 0 
1 . 4 9 1 . 4 2 

1 1 . 9 4 1 2 . 6 0 

0 . 1 8 0 . 2 3  
1 4 . 8 7 1 5 . 0 9 
1 1 . 2 0  1 1 . 0 3 

1 . 2 1  1 . 1 6 

0 . 2 0  0 . 2 1  0 . 2 0  

9 8 . 1 3  

T S  

4 2 . 3 7 

1 0 . 9 6 

3 . 5 9 

1 1 . 1 7 

0 . 3 4 

1 4 . 3 6 

1 1 . 3 9 

2 . 5 4 

0 . 8 3 

9 6 . 2 0  

T S  

4 2 . 3 6 

1 1 . 0 2 

3 . 6 0 

1 0 . 9 2 

0 . 3 2 

1 4 . 1 8  

1 1 . 0 6 

2 . 6 2 

0 . 8 5 

9 7 . 5 5 9 6 . 9 3 

T S  T S  

3 9 . 9 4 3 9 . 9 9  

1 3 . 4 2 1 3 . 6 0 

2 . 4 6  2 . 6 8 

1 1 . 4 6 1 1 . 7 7 

0 . 1 4 0 . 1 7 

1 3 . 4 4 1 3 . 4 6 

1 2 . 3 0 1 2 . 0 6 

2 . 3 9 2 . 4 5  

0 . 9 0 0 . 9 5 

9 6 . 9 0 

T S  

4 1 . 2 4  

1 2 . 8 5 

2 . 7 7 

1 1 . 8 8 

0 . 1 8 

1 3 . 9 8 

1 2 . 0 9 

2 . 4 7 

0 . 8 5 

9 8 . 3 1 

T S  

4 1 . 9 4 

1 1 . 6 6 

3 . 5 4 

1 2 . 4 3 

0 . 3 4 

1 3 . 0 6 

1 1 . 3 6 

2 . 4 7 

0 . 9 2 

2 8 3  

T S  

3 9 . 3 8  

1 3 . 3 7 

2 . 4 5 

1 1 . 4 2 

0 .  2 0  

1 3 . 2 2  

1 2 . 0 8 

2 . 5 2 

0 . 8 2 

9 5 . 4 6  

T S  

3 8 . 8 9  

1 3 . 5 5  

2 . 7 3  

1 1 . 7 0  

0 . 1 4 

1 3 . 0 8 

1 2 . 0 2 

2 . 4 3 

0 . 8 2 

9 5 . 3 6  

T S  

4 2 . 1 3 

1 0 . 9 6 

3 . 4 5  

1 1 . 5 5 

0 . 3 0 

1 4 . 1 2  

1 1 . 3 2 

2 . 4 6 

0 . 82 

T S  

4 1 . 9 0 

1 1 . 8 4 

3 .  1 1  

1 2 . 5 3 

0 . 2 9  

1 2 . 9 2 

1 1 . 6 0 

2 . 5 6 

0 . 9 2 

9 7 . 6 7 

T S  

4 2 . 7 4 

1 1 .  1 6  

3 . 6 3 

1 1 . 2 6  

0 . 3 2 

1 4 . o s  
1 1 . 5 1  

2 . 4 7 

0 . 8 6 

9 8 . 0 0 

T S  

3 9 . 8 2 

1 3 . 8 0  

2 . 3 6 

1 1 . 3 4 

0 . 1 8 

1 3 . 6 3 

1 2 . 2  5 

2 . 4 8 

0 . 9 2 

To t a l  9 4 . 8 0 9 8 . 4 2 9 7 . 2 3  9 6 . 4 5 9 7 . 1 3 9 7 . 7 2 9 7 . 1 1 9 6 . 7 8  



2 8 4  
App e n d i x  12 . 2 :  C o n t i nued . 

S amp l e  T 6  T 6  T 6  T 6  T 6  T 6  T 6  T 6  

S i02 4 1 . 8 3 4 1 . 3 0 4 0 . 7 2 4 2 . 9 6 4 0 . 7 4  4 2 . 2 1  4 2 . 0 8 4 2 . 3 5 

A l 2 0 3 1 1 . 6 0 1 3 . 0 7 1 3 . 4 6 1 1 . 0 5 1 3 . 1 0  1 1 . 0 6 1 2 . 0 7 1 0 . 8 6 

T i 02 3 . 0 7 2 . 3 7 2 . 0 2 3 . 3 4 2 . 4 3  3 . 6 2 3 . 0 9 3 . 4 8 

FeO 1 1 . 9 2 1 1 . 5 7 1 1 . 8 7 1 1 . 8 9 1 1 . 6 5 1 0 . 8 8 1 1 . 7 1  1 1 . 2 8 

MnO 0 . 2 3  0 . 1 5 0 . 0 0 0 . 3 2 0 . 1 7 0 .  2 6  0 .  2 1  0 . 2 7 

M gO 1 3 . 6 7 1 3 . 6 8 1 3 . 2 4  1 3 . 9 3 1 3 . 4 4 1 4 . 1 4  1 3 . 3 0 1 4 . 2 7  

CaO 1 1 . 7 0  1 2 . 0 2 1 1 . 9 6 1 1 . 3 6 1 2 . 0 4 1 1 . 4 2 1 1 . 82 1 1 . 4 5 

N a 2 o 2 . 5 0 2 . 3 3 2 . 4 8 2 . 6 6 2 . 3 9 2 . 4 7  2 . 5 0 2 . 4 2 

K 2 0 0 . 8 6 0 . 8 0 0 . 8 4 0 . 9 3 0 . 8 4 0 . 9 5 0 . 8 2 0 . 8 0 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

To t a l  9 6 . 9 3 9 7 . 2 9  9 6 . 5 9 9 8 . 4 4 9 6 . 8 0 9 7 . 0 1 97 . 6 0 9 7 . 1 8 

S amp l e  T 6  T 6  T 6  T 6  T 6  T 6  T 6  T 6  

S i02 4 2 . 5 4 4 2 . 9 6 4 2 . 4 4 4 2 . 4 1  4 2 . 4 1  4 2 . 4 9 42 . 3 7 4 1 . 4  7 

A l 2 0 3 1 0 . 8 0 1 0 . 9 3 1 0 . 9 7 1 0 . 8 0 1 0 . 8 0  1 0 . 8 9 10 . 4 8 1 1 . 5 0 

Ti02 3 . 3 9 3 . 5 1  3 . 6 9 3 . 1 5 3 . 1 5 3 . 5 1  3 . 4 9  3 . 2 6  

FeO 1 1 . 6 0 1 1 . 1 8  1 1 . 8 4 1 2 . 2 7  1 2 . 2 7  1 1 . 1 3 12 . 0 7 1 2 . 0 8 

MnO 0 . 3 3 0 . 2 6 0 . 3 1  0 .  2 8  0 .  2 8 0 . 2 6 0 . 2 9  0 . 2 8 

M gO 1 3 . 9 5 1 4 . 0 7 1 3 . 8 5 1 3 . 7 3 1 3 . 7 3 1 4 . 0 8 1 3 . 6 8 1 3 . 2 1  

CaO 1 1 . 3 1 1 1 . 4 6  1 1 . 4 2 1 1 . 2 0 1 1 . 2 0  1 1 . 3 2 1 1 .  12 1 1 . 3 9 

N a 2 o 2 . 5 1 2 . 6 1 2 . 5 6 2 . 3 8 2 . 3 8 2 . 5 5 2 . 6 3 2 . 4 8 

K 2 0 0 . 8 5 0 . 8 1 0 . 8 8 0 . 8 7 0 . 8 7 0 . 8 9 0 . 9 6 0 . 9 8 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T o t a l 9 7 . 2 8  9 7 . 7 9 9 7 . 9 6 9 7 . 0 9 9 7 . 0 9 9 7 . 1 2  9 7 . 0 9 9 6 . 6 5  

S amp l e  T 6  T 6  T 6  T 6  T 6  T 6  T6 

S i02 4 0 . 4 0 4 0 . 7 7  4 2 . 1 6 4 2 . 5 3 4 1 . 6 9 4 2 . 7 7 4 2 . 5 3 

A l 2 0 3 1 2 . 1 0  1 2 . 0 8 1 0 . 9 2 1 1 . 0 7 1 1 . 7 5  1 0 . 9 2 1 1 . 1 4 

Ti02 2 .  92 2 . 8 3 3 . 5 4 3 . 6 2 3 . 5 1 3 . 4 8 3 .  4 1  

FeO 1 2 . 5 7 1 2 . 4 5 1 0 . 8 7 1 1 . 0 2 1 1 . 6 2 1 1 . 3 0 1 1 . 5 5 

MnO 0 . 2 5  0 . 3 1 0 .  2 1  0 . 3 2 0 .  2 8 0 . 3 0 0 . 3 2 

M gO 1 2 . 6 9 1 2 . 5 8 1 3 . 9 0 1 4 . 3 5 1 3 . 5 3 1 4 . 2 9 1 3 . 7 9  

C aO 1 1 . 7 3 1 1 . 7 7  1 1 . 4 0 1 1 . 5 2 1 1 . 5 4 1 1 . 3 2 1 1 . 2 2 

Na 2 o 2 . 4 7 2 . 3 5 2 . 6 1  2 . 5 2 2 . 5 7 2 . 6 3 2 . 5 4 

K 2 0 0 . 8 4 0 . 8 2 0 .  7 9  0 . 82 0 . 9 4 0 . 7 6 0 . 8 5 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T o t a l 9 5 . 9 7 9 5 . 9 6 9 6 . 4 0 9 7 . 7 7 9 7 . 4 3 9 7 . 7 7 9 7 . 3 5 



2 8 5  
App e n d i x  12 . 2 : C o n t inued . 

S amp l e  T2 4 T 2 4 T 2 4 T 2 4  T2 4 T 2 4  T2 4 T2 4 

S i0 2 4 2 . 2 5  4 3 . 2 8  4 1 . 3 1  4 3 . 0 8 4 2 . 5 6 4 0 . 6 4 4 0 . 4 6  4 1 . 4 6  

A l 2 0 3 1 2 . 1 7 1 0 . 1 4  1 3 . 0 0 1 0 . 3 0 1 1 . 0 0 1 2 . 4 8  13 . 5 9 1 3 . 0 8 

Ti0 2 2 . 7 8  3 . 3 1  2 . 1 1 3 .  1 7  3 . 1 6 2 . 8 0 2 . 3 4 2 . 9 1 

FeO 1 3 . 6 1  1 1 . 4 3 9 . 6 0 12 . 2 3  1 1 . 8 4 1 2 . 7 9  1 1 . 5 8 12 . 2 4 

MnO 0 . 3 0 0 . 4 2 0 . 0 0 0 . 3 6 0 . 2 9 0 . 3 0  0 . 1 8 0 . 0 0 

M gO 1 1 . 9 1  1 3 . 7 7 1 4 . 9 2 1 3 . 4 7 1 3 . 5 5 1 2 . 5 0 13 . 5 5 1 3 . 6 8 

cao 1 1 . 7 9 1 1 . 4 4 12 . 2  7 1 1 . 4 2 1 1 . 6 3  1 1 . 7 7  12 . 4 0 1 2 . 1 6  

Na 2 o 2 . 2 9  2 . 3 3 2 . 3 7 2 . 3 5 2 . 5 0 2 . 5 4  2 . 2 9  2 . 5 3 

K 20 0 . 8 7 0 . 8 3 1 .  0 1  0 . 8 5 0 . 8 7 0 .  7 1  0 . 9 2 0 . 8 5 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Tota l 9 7 . 9 7 9 6 . 9 5  9 6 . 5 9 9 7 . 2 3  9 7 . 4 0 9 6 . 5 3 9 7 . 3 1  9 8 . 9 1  

Samp l e  T 2 4  T2 4 T2 4 T 2 4  T 2 4  T 2 4  T2 4 T2 4 

S i02 4 0 . 3 1  4 0 . 4 4 4 2 . 2 1  4 3 . 0 6 4 2 . 0 8 4 3 . 7 7 3 9 . 9 9 3 9 . 5 8 

Al 2 0 3 1 3 . 8 0 1 3 . 8 1 1 1 . 4 2 1 0 . 5 5 1 1 . 0 0  1 0 . 2 8 14 . 0 6 1 4 . 2 7  

Ti02 2 . 3 0 2 . 3 6 2 . 8 9 3 . 3 0 3 . 6 4 2 . 6 8 1 .  4 4  2 . 4 9 

FeO 1 1 . 1 6 1 1 . 2 1  1 4 . 1 9 1 2 . 3 4 1 1 .  1 7  1 2 . 4  7 12 . 1 4  1 2 . 0 7 

MnO 0 . 0 0 0 . 0 0 0 . 4 4  0 . 3 3 0 . 3 3 0 . 4 7 0 . 1 6  0 . 0 0 

M gO 1 3 . 6 0 1 3 . 6 4 1 1 . 8 7 1 3 . 5 8 14 . 1 9 1 3 . 2 4 12 . 8 6 12 . 9 0 

CaO 12 . 2 1  1 2 . 2  6 1 1 . 5 8  1 1 . 2 7 1 1 . 3 6  1 1 . 5 6 12 . 1 1 12 . 0 1  

Na2 o 2 . 3 7 2 . 4 3 2 . 3 8 2 . 4 5  2 . 5 3 2 . 3 2 2 . 3 7 2 . 4 2 

K 20 0 . 9 5 1 .  0 0  0 . 9 0  0 . 8 7 0 . 8 9 0 . 9 2 0 . 9 7 0 . 9 3 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

To t a l  9 6 . 7 0 9 7 . 1 5 9 7 . 8 8  9 7 . 7 5 9 7 . 1 9 9 7 . 7 1  9 6 . 1 0  9 6 . 6 7 

S amp l e  T2 4 T2 4 T2 4 T2 4 T2 4 T 2 4 T2 4 T 2 4  

S i02 4 1 . 5 0 3 9 . 7 8  4 0 . 2 3  4 2 . 6 8 4 0 . 1 1 4 3 . 0 7 4 3 . 7 2 4 3 . 7 6  

Al 20 3 1 3 . 5 6 1 4 . 4 7 1 3 . 9 1  1 0 . 8 9 1 5 . 9 0 1 0 . 0 9  9 . 9 1  1 0 . 1 6  

T i02 2 . 8 6 2 . 3 2 2 . 8 7 2 . 7 8 2 . 1 1 3 . 1 9 3 . 0 5 3 . 0 0 

FeO 1 1 . 1 8  1 1 . 7 3  1 1 . 0 5 1 2 . 3 3 1 0 . 7 1  1 1 . 5 1  1 2 . 3 3 1 1 . 4 3 

MnO 0 . 0 0 0 . 1 3  0 . 0 0 0 . 3 5 0 . 0 0 0 . 4 5 0 . 4 3 0 . 3 7 

M gO 1 4 . 3 0 1 3 . 1 8 1 3 . 8 6  1 3 . 3 1 1 3 . 6 3 1 3 . 7 6 1 4 . 0 2 1 3 . 7 2 

CaO 1 1 . 8 0 12 . 1 2  1 2 . 0 5 1 1 . 7 5  12 . 8 3 1 1 . 5 0 1 1 . 5 0 1 1 . 5 9 

Na 2o 2 . 5 1 2 . 4 3  2 . 4 3 2 . 4 4 2 . 3 7 2 . 3 1  2 . 4 5  2 . 4 1  

K 20 0 . 8 7 0 . 9 2 0 . 8 6 0 . 8 3 0 . 6 4 0 . 82 0 . 8 7 0 . 8 3 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

To t a l  9 8 . 6 4 9 7 . 0 8  9 7 . 2 6  9 7 . 3 6 9 8 . 3 0  9 6 . 7 0  9 8 . 2 8  9 7 . 2 7  



App endix 1 2 . 2 :  Con t inued . 

S amp l e  

S i02 
A l 20 3 
Ti02 
FeO 

MnO 

M gO 

CaO 

N a 2 o 

K 2 0 

T o t a l 

S amp l e  

S i02 
Al 2 0 3 
Ti02 
FeO 

MnO 

M gO 

C aO 

Na 2 o 

K 20 

Tota l 

S amp l e  

S i02 
A l2 0 3 
T i02 
FeO 

MnO 

M gO 

C aO 

N a2 o 

K 2 0 

T2 5 T2 5 

4 5 . 2 0  4 5 . 8 0 

7 . 7 0 6 . 8 4 

1 . 9 7 1 . 5 4 

1 7 . 0 6 1 8 . 3 3 

0 . 4 8 0 . 3 8 

1 1 . 4 9  1 1 . 4 6  

1 0 . 6 3  1 0 . 3 4 

1 . 8 6 1 . 4 9  

0 . 2 9 0 . 3 1  

T 2 5 T 2 5 T2 5 

4 0 . 9 5 4 1 . 8 1 4 1 . 7 6 

1 1 . 9 8  1 3 . 5 3 1 0 . 9 5 

2 . 8 8 1 . 6 8 3 . 5 0 

1 2 . 4 8  1 0 . 2 4  12 . 8 7 

0 . 2 4  0 . 1 3 0 . 3 0 

1 3 . 0 1  1 4 . 5 3 1 3 . 0 3 

1 1 . 8 3 1 2 . 1 6 1 0 . 7 9  

2 . 4 5  2 . 4 0 2 . 3 8 

0 . 8 7 0 . 3 3 1 . 1 4 

T 2 5 

4 2 . 3 9 

1 1 . 0 2 

3 . 7 2 

1 2 . 7 6 

0 .  2 8  

1 2 . 9 6 

1 1 . 0 2 

2 . 3 0 

1 .  3 4  

9 6 . 6 8  9 6 . 4 9 9 6 . 6 9  9 6 . 8 1 9 6 . 7 2 9 7 . 7 9 

T2 5 T2 5 T2 5 T2 5 T2 5 T2 5 

4 2 . 8 2 4 3 . 6 0 4 3 . 4 5  4 1 . 5 5 4 1 . 82 4 2 . 6 2 

1 0 . 1 7  9 . 7 2 1 0 . 1 0 1 1 . 4 8 1 1 . 5 4 1 0 . 4 1  

3 . 0 7 3 . 0 5 3 . 0 1  2 . 6 8 2 . 5 5 3 . 3 4 

1 2 . 1 9 12 . 4 0 1 2 . 2 2  1 2 . 9 2 12 . 4 7 1 1 . 6 4 

0 . 4 1  0 . 4 5 0 . 4 2 0 . 3 0 0 . 2 9  0 . 3 1  

1 3 . 7 2 1 3 . 6 8 1 3 . 6 6 1 2 . 5 9 1 3 . 0 6 1 4 . 0 0 

1 1 . 6 6 1 1 . 6 9 1 1 . 6 3 1 1 . 8 0 1 1 . 8 9 1 1 . 3 2 

2 . 3 6 2 . 3 2 2 . 3 8 2 . 4 1 2 . 3 8 2 . 4 0 

0 . 9 2 0 . 8 9 0 . 8 8 0 . 8 0 0 . 8 1 1 . 0 0 

9 7 . 3 2 9 7 . 8 0 9 7 . 7 5  

T2 5 T2 5 T 2 5 

4 2 . 3 8 4 2 . 4 7 4 2 . 7 3  

1 0 . 4 6 1 0 . 2 0  1 0 . 12 

3 . 4 0 3 . 2 9  3 . 1 6 

1 2 . 0 4 12 . 1 1 1 2 . 1 1 

0 . 3 7 0 . 3 1  0 . 3 8 

1 3 . 5 1  1 3 . 6 2 1 3 . 7 6 

1 1 . 9 0  1 1 . 5 4 1 1 . 5 6 

2 . 3 5 2 . 3 8 2 . 3 9 

0 . 9 2 0 . 9 5 0 . 9 1  

9 6 . 5 3 

T2 5 

4 3 . 0 3 

1 0 . 2 6  

3 . 1 6 

1 1 . 9 6 

0 . 4 0 

1 3 . 8 1 

1 1 . 3 8 

· 2 . 4 8 

0 . 7 9 

9 6 . 8 1  9 7 . 0 4 

T2 5 T 2  5 

4 2 . 6 2 4 0 . 9 9 

1 0 . 4 5 1 2 . 9 7 

3 . 3 1  1 . 8 0 

1 1 . 8 8 9 . 6 7 

0 . 3 2 0 . 0 0 

1 3 . 7 3 1 5 . 0 3  

1 1 . 3 5 1 2 . 3 6 

2 . 5 8 2 . 1 2 

0 . 8 1 1 . 0 6 

T 2 5  T2 5 

4 0 . 4 9 4 1 . 0 7 

13 . 4 4 1 3 . 6 2 

2 . 6 0 2 . 4 5 

1 0 . 6 9 1 0 . 8 9 

0 . 0 0 0 . 0 0 

14 . 1 6 1 4 . 2 0  

12 . 0 1 1 2 . 1 8 

2 . 5 1 2 . 4 8 

0 . 9 1  0 . 9 7 

2 8 6  

T2 5 

4 1 . 0 9 

1 3 . 5 4 

2 . 0 5 

1 0 . 0 9 

0 . 0 0 

1 4 . 7 4  

1 2 . 2 1  

2 . 3 9 

1 . 1 1 

9 6 . 8 1 9 7 . 8 6 9 7 . 2 2  

T2 5 T2 5 T 2 5 

42 . 1 1 4 2 . 8 6 4 0 . 9 0 
1 1 . 12 1 0 . 3 4 1 3 . 5 6 

2 . 7 7 3 . 2 5  2 . 4 9  

13 . 3 3 1 1 . 3 9 1 0 . 8 7 

0 . 3 3 0 . 2 9  0 . 0 0 

12 . 8 3 1 3 . 7 7 1 3 . 7 6  

1 1 . 8 8 1 1 . 4 9 1 2 . 1 8 

2 . 3 0 2 . 4 7  2 . 2 6  

0 . 8 9 0 . 9 1  1 . 0 4 

97 . 5 6 

T2 5 

4 2 . 5 6 

1 0 . 4 3 

3 . 3 8 

1 1 . 4 7 

0 . 3 5 

1 3 . 7 2  

1 1 . 5 6  

2 . 4 5 

0 . 8 0 

9 6 . 7 7 

T2 5 

4 2 . 1 5 

1 0 . 9 6 

3 . 6 6 

1 1 . 2 0  

0 . 2 7 

1 4 . 2 6  

1 1 . 3 0 

2 . 5 3 

0 . 7 8 

9 7 . 0 6 

T 2 5 

4 2 . 3 2 

1 2 . 7 0 

1 .  9 8  

8 . 7 7 

0 . 0 0 

1 5 . 5 3 

1 2 . 3 2 

2 . 3 9 

0 . 8 6 

Tota l 9 7 . 3 3 9 6 . 8 7 9 7 . 1 2 9 7 . 2 7  9 7 . 0 5 9 6 . 0 0 9 6 . 7 3  9 7 . 1 1 9 6 . 8 7 



2 87 

Appen d i x  12 . 3 : C l i n opy r ox en e . 

S amp l e T 5  T 5  T 5  T 5  T 5  T 5  T 5  T 5  

S i 02 5 1 . 9 0 4 7 . 5 7 5 2 . 5 2  5 2 . 0 4 4 9 . 5 1  5 1 .  1 7  5 2 . 2 0 5 1 . 4 6 

A l 2 0 3 2 . 2 9  6 .  7 8  2 . 8 0 1 .  8 0  5 . 2 3 2 . 1 1 2 . 0 7 2 . 4 5  

T i 02 0 . 8 0 1 .  0 6  0 . 3 4 0 . 5 2 0 . 8 0 0 . 6 4 0 . 4 5 0 . 6 4 

FeO 1 1 . 4 3  7 . 7 2 6 . 7 0 9 . 8 0 7 . 2 0  1 1 . 9 2 7 . 8 5 7 . 9 1 

M nO 0 .  2 9  0 . 1 5 0 .  1 9  0 . 1 6 0 .  14 0 . 3 7 0 . 4 5  0 . 4 0 

M gO 1 4 . 7 9  12 . 7 4 1 6 . 3 7  1 4 . 6 8 1 3 . 19 1 3 . 7 7 1 5 . 8 3  1 5 . 0 8  

C a O  1 8 . 3 7  2 2 . 2 5  2 1 . 0 8 2 0 . 3 4 2 3 . 4 1  1 9 . 1 0  2 0 . 8 5 2 0 . 2 9 

N a 2 o 0 . 4 4 0 . 2 8  0 . 2 9  0 . 3 0 0 . 2 6 0 . 3 5 0 . 3 2 0 . 3 9 

cr 2 o3 0 . 3 9 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T o t a l  1 0 0 . 7 0 9 8 . 5 5 1 0 0 . 2 9  9 9 . 6 4 9 9 . 7 4  9 9 . 4 3  1 0 0 . 0 2 9 8 . 6 2 

S amp l e  T 5  T 5  T 5  T 5  T 5  T 5  T 5  T 5  

S i0 2 5 1 . 1 3 5 0 . 7 5  5 0 . 1 0  5 0 . 3 3 4 9 . 7 4  5 1 . 8 3 5 1 . 2  9 4 9 . 9 2 

A l 2 0 3 2 . 5 8 3 . 4 8 4 . 3 8 3 . 4 9 2 . 4 3 2 . 4 0 2 . 8 1 4 .  1 1  

T i0 2 0 . 6 4 0 . 8 2 0 . 8 5 0 . 7 3 0 . 6 1  0 . 5 0 0 . 6 5 0 . 9 0 

FeO 9 . 2 5  7 . 9 6 8 . 7 8 8 . 1 1 7 . 7 1  6 . 1 7 7 . 5 9 8 . 3 0 

MnO 0 . 1 6  0 . 4 0 0 . 4 4 0 . 3 0 0 . 2 8 0 . 4 6 0 .  2 8  0 .  2 8 

M gO 1 4 . 3 2 1 4 . 5 7 1 3 . 4 9 1 4 . 4 3 1 5 . 1 8  1 5 . 1 6 1 4 . 7 4 13 . 7 5 

C a O  2 0 . 2 1  2 1 . 3 1 2 1 . 9 3 2 0 . 8 7 2 1 . 2 4 2 1 . 4 6  2 1 . 8 1 2 1 . 9 8 

N a 2 o 0 . 3 6 0 . 3 3 0 . 4 0 0 . 3 6 0 . 4 0 0 . 3 8 0 . 3 9 0 . 3 2 

C r 2 o 3 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T o t a l  9 8 . 6 5 9 9 . 6 2 1 0 0 . 3 7 9 8 . 6 2 9 7 . 5 9 9 8 . 3 6  9 9 . 5 6 9 9 . 5 6 



288 

App e n d i x  12 . 3 C on t inu ed . 

S amp l e  T2 4 T 2 4 T 2 4  T 2 4  T 2 4  T2 4 T 2 4  T2 4 

S i02 52 . 5 6 5 0 . 2 8  5 2 . 4 3 4 9 . 7 9 5 2 . 1 2 4 9 . 7 4 5 0 . 6 0 5 2 . 3 5 

A l 2 0 3 1 .  5 8  3 . 9 1 1 .  6 3  3 .  7 2  3 . 0 3 4 . 5 4 2 . 8 0 1 .  4 0  

T i 02 0 . 4 3  0 . 8 3 0 . 4 1  0 . 8 1 0 . 4 5 0 . 8 4 0 . 6 7 0 . 3 9 

FeO 1 1 . 0 2  8 . 5 2 8 . 1 7 8 . 4 9  5 . 7 3 6 . 4 2 9 . 9 3 1 0 . 7 8 

MnO 0 . 2 5  0 . 2 9 0 . 6 2 0 . 5 4 0 . 0 0 0 . 0 0 0 . 2 7  0 . 2 6 

M gO 15 . 0 0 1 4 . 2 8  1 5 . 5 8 1 3 . 2 9  1 5 . 4 2 14 . 1 6 1 3 . 6 8 1 4 . 9 1 

CaO 18 . 9 6 2 1 . 2 3  2 0 . 8 2 2 2  . 1 9 2 3 . 0 4 2 3 . 6 7 2 0 . 5 1 1 9 . 3 9 

Na 2 o 0 . 2 9  0 . 3 8 0 . 4 6 0 . 4 2 0 . 2 6 0 . 2 5  0 .  4 0  0 . 2 9 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

To t a l  1 0 0 . 0 9 9 9 . 7 2 1 0 0 . 1 2  9 9 . 2 5  1 0 0 . 0 5 9 9 . 6 2 9 8 . 8 6  9 9 . 7 7 

S amp l e  T2 4 T 2 4  T 2 4 T 2 4  T2 4 T 2 4  T 2 4 T2 4 

S i02 5 1 . 2 9  5 1 . 8 4 4 8 . 0 3 5 1 . 2 3 5 1 . 0 0 5 1 . 8 7 5 3 . 6 0 5 2 . 1 0 

A l 2 0 3 3 . 0 7 2 . 2 7 6 . 0 4 2 . 6 7 2 . 3 7 2 . 4 0  1 .  2 0  1 .  5 4  

Ti02 0 . 5 9  0 . 5 7 0 . 9 3 0 . 5 6 0 . 5 9 0 . 4 5 0 .  2 8 0 . 4 3 

FeO 8 . 02 1 1 . 1 6  9 . 0 2 8 . 9 4 1 1 . 0 3 5 . 6 7 7 . 4 0 9 . 9 3 

MnO 0 . 1 7 0 .  2 6  0 . 3 0 0 . 4 1 0 . 2 3 0 . 0 0 0 . 6 1  0 . 2 5  

M gO 1 3 . 6 6  1 4 . 0 9 12 . 0 1 1 3 . 0 1 1 4 . 1 5 1 5 . 7 2 1 5 . 0 2  1 5 . 0 4 

CaO 2 2 . 7 6  1 9 . 8 4 2 2 . 7 3 2 2 . 4 3 1 9 . 6 4 2 3 . 4 4 2 2 . 2 8  1 9 . 5 9 

Na 2 o o .  2 5  0 . 2 9 0 . 4 7 0 . 3 3 0 . 3 1  0 . 2 3 0 . 3 9 0 . 2 8  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Tot a l  9 9 . 8 1  1 0 0 . 3 2  9 9 . 5 3 9 9 . 5 8  9 9 . 3 2 9 9 . 7 8  1 0 0 . 7 8 9 9 . 1 5 



289 
App endix 1 2 . 3 :  C on t i nued . 

S amp l e  T2 5 T 2 5 T2 5 T2 5 T2 5 T2 5 T2 5 T 2 5  

S i02 5 1 . 6 7 5 0 . 8 5 5 1 . 6 3 5 0 . 2 5  5 0 . 3 0 4 8 . 8 6  5 1 . 4 2 5 2 . 0 9 

A l 2 03 2 . 6 0 3 . 1 0 2 . 5 4 3 . 6 6 3 . 6 2 5 . 1 3 2 .  1 4  3 . 6 6 

Ti02 0 . 4 3  0 . 5 1  0 . 4 6 0 . 6 3 0 . 5 5 0 . 7 4 0 . 3 2 0 . 3 0 

FeO 8 . 4 3 7 . 4 1  7 . 6 2 8 . 4 8 8 . 6 8 7 . 0 2 9 . 0 6 6 . 4 8 

MNO 0 . 3 9 0 . 2 9  0 . 5 1 0 . 3 5 0 . 3 5 0 . 0 7 0 . 2 4  0 .  1 6  

M gO 1 4 . 3 5 1 4 . 1 4  1 4 . 9 7 1 3 . 0 3 1 3 . 3 4 1 3 . 8 2 14 . 3 5 1 5 . 3 1 

CaO 2 1 . 5 4 2 2 . 7 0 2 1 . 6 0 2 2 . 2 6  2 2 . 2 8  2 3 . 0 3 2 0 . 6 7 2 1 . 6 4 

Na 2 o 0 . 3 3 0 . 3 0 0 . 3 9 0 . 5 2 0 . 4 9 0 . 3 1  0 . 3 3 0 . 3 7 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Total 9 9 . 7 4 9 9 . 3 6 9 9 . 7 2 9 9 . 1 8  9 9 . 6 1  9 8 . 9 8 9 8 . 5 3 1 0 0 . 0 1 

S amp l e  T2 5 T 2 5 T2 5 T2 5 T 2 5 T2 5 T2 5 T2 5 

S i02 5 3 . 2 6  5 2 . 1 4 5 1 .  12 5 2 . 8 0 5 1 . 2 5  5 0 . 8 7 5 1 . 1 7  5 1 . 1 1  

A l2 03 1 . 7 2 3 . 2 9 2 . 5 8 1 .  0 6  2 . 4 8  2 . 6 7 2 . 8 1 2 . 5 2 

T i02 0 . 1 9 0 . 4 2 0 . 3 5 0 . 2 2 0 . 4 3  0 . 4 6  0 . 4 7 0 . 4 0  

F eO 4 . 4 9 5 . 1 1  8 . 3 1 7 . 2 6  8 . 0 5 1 1 . 2 2 9 . 0 3 8 . 9 1 

MNO 0 . 1 3 0 . 1 4 0 . 2 8  0 . 6 5 0 . 4 0  0 . 3 1  0 . 2 2 0 . 1 5 

M gO 1 6 . 4 4 1 5 . 3 1  1 3 . 5 2 1 4 . 8 3 1 3 . 6 5 1 3 . 8 3 14 . 4  6 1 4 . 7 8 

C aO 2 2 . 5 0 2 3 . 4 3 2 2 . 8 0 2 2 . 0 4 2 2 . 6 8 1 9 . 6 9 2 0 . 7 4  2 0 . 3 5 

N a 2o 0 . 2 4  0 . 3 3 0 . 3 6 0 . 3 6 0 . 3 5 0 . 3 5  0 . 1 6 0 . 3 8  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Tota l 9 8 . 9 7 1 0 0 . 1 7  9 9 . 3 2 9 9 . 2 2 9 9 . 2 9  9 9 . 4 0 9 9 . 0 6 9 8 . 6 0 

S amp l e  T2 5 T2 5 T 2 5  T2 5 T 2 5 T2 5 T2 5 T2 5 

S i02 5 2 . 2 6  5 2 . 2 5  5 0 . 3 7 5 0 . 4 7 4 8 . 3 1  4 8 . 3 1  5 1 . 9 9  5 1 . 6 2 

A l20 3 2 .  02 2 . 6 2 4 . 0 2 3 . 5 4 5 . 8 2 5 . 6 5 2 . 4 4 3 . 2 6  

T i02 0 . 4 4 0 . 3 9 0 . 4 2 0 . 4 0  0 . 6 9 0 . 7 0 0 . 4 4  0 . 3 9 

FeO 8 . 3 8 8 . 5 2 7 . 2 7  7 . 1 7 8 . 8 7 8 . 3 0 9 . 9 5 6 . 0 6 

MNO 0 .  2 0  0 . 1 7 0 . 2 2 0 . 2 1  0 . 1 3 0 . 1 5 0 . 2 5  0 . 0 0 

M gO 1 5 . 5 1  1 5 . 0 9 1 3 . 4 2 1 3 . 8 4 1 2 . 3 5 12 . 3 2 1 4 . 6 8 1 4 . 8 3 

C aO 2 0 . 0 3 2 0 . 6 1  2 3 . 2 8 2 3 . 0 5  2 2 . 8 9 2 2 . 8 0 1 9 . 7 2 2 3 . 6 5 

N a 2o 0 . 3 5 0 . 3 3 0 . 3 1  0 . 3 1  0 . 3 6 0 . 4 2 0 . 4 5  0 . 2 5 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Tota l 9 9 . 1 9  9 9 . 9 8 9 9 . 3 1  9 8 . 9 9  9 9 . 4 2 9 8 . 6 5  9 9 . 9 2 1 0 0 . 0 6 



2 9 0  
App e n d i x  12 . 4 :  Or thop y r oxen e s . 

S amp l e  T 3  T 3  T 3  T 3  T 3  T 3  T 3  T 3  

S i0 2 5 1 . 4 6  5 1 . 3 4 5 4 . 2 2 5 3 . 5 3 5 1 . 1 4 5 4 . 2 5  5 3 . 7 5  5 3 . 5 5 

A l 2 0 3 0 . 3 5 0 . 3 8 1 .  4 1  1 .  4 9  0 . 2 8  2 . 4 8 1 .  6 6  2 . 5 4 

T i 02 0 . 1 0 0 . 1 2 0 .  1 4  0 . 1 4 0 . 0 0 0 . 1 0 0 . 1 6 0 . 1 2 

FeO 2 8 . 6 0 2 9 . 4 1  1 6 . 2 3 1 5 . 3 4 2 9 . 7 0 1 1 . 7 2 14 . 9 6 1 1 . 8 6 

MnO 1 .  3 3  1 .  5 9  0 . 2 9  0 . 3 3 1 .  4 4  0 .  2 1  0 . 3 3 0 . 2 2  

M g O  1 6 . 9 9 1 6 . 1 8  2 5 . 7 9 2 6 . 0 8 1 5 . 6 0  2 9 . 4 5 2 7 . 1 2 2 8 . 7 4 

C aO 0 . 8 0 0 . 8 9 1 .  4 5  1 . 1 9 0 . 8 3 1 .  4 2  1 .  5 4  1 .  4 7  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T o t a l  9 9 . 6 3 9 9 . 9 1 9 9 . 5 3 9 8 . 1 0  9 8 . 9 9 9 9 . 7 9 9 9 . 5 2 9 8 . 5 0  

S amp l e  T 3  T 3  T 3  T 3  T 3  T 3  T 3  T 3  

S i0 2 5 4 . 1 3 5 1 . 6 3 5 1 . 8 6 5 0 . 8 7 5 1 . 4 5 5 1 . 3 1  5 1 . 5 9  5 3 . 4 7 

A l 2 0 3 2 . 4 8  0 . 3 4 0 . 3 0 0 . 3 5  0 . 4 2 0 . 3 3 0 . 4 2 0 . 7 9 

T i 02 0 . 12 0 . 0 5 0 . 0 9 0 . 0 6 0 . 1 2 0 . 0 8 0 . 0 0 0 . 1 1 

FeO 1 1 . 6 7 2 8 . 1 5  2 6 . 6 8 2 8 . 3 5  2 6 . 7 0 2 8 . 5 6 2 7 . 3 5 2 0 . 4 2 

MnO 0 . 2 2 1 .  4 4  1 .  3 5  1 .  3 2  1 . 1 9 1 .  3 4  1 .  1 8  0 . 7 0 

M gO 2 8 . 9 6 1 7 . 3 9 1 8 . 2 0  1 6 . 7 3  1 7 . 9 5 1 6 . 3 7  1 7 . 5 2  2 3 . 4 5 

CaO 1 .  4 7  0 . 8 3 0 . 7 9 0 . 8 3 1 . 2 7  0 . 8 6 1 .  3 0  0 . 7 9 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

To t a l  9 9 . 0 5 9 9 . 8 3  9 9 . 2 7 9 8 . 5 1  9 9 . 1 0 9 8 . 8 5  9 9 . 3 6 9 9 . 7 3 

S amp l e  T 3  T 3  T 3  

S i02 5 3 . 4 6 52 . 9 8 5 3 . 5 4 

A l 2 0 3 0 . 6 8 1 .  8 2  1 .  4 3  

T i 02 0 . 0 0 0 . 1 3 0 . 2 5 

FeO 1 9 . 8 9  1 7 . 5 1 1 6 . 9 8 

M nO 0 . 7 2 0 . 2 8 0 . 3 2 

M gO 2 3 . 5 7 2 4 . 9 2 2 4 . 9 5 

C aO 0 . 8 9 1 .  5 1  1 .  9 5  
- - - - - - - - - - - - - - - - - - -

T ot a l  9 9 . 2 1  9 9 . 1 5 9 9 . 4 2 



2 9 1  
App en d i x  1 2 . 4 :  C on t inu ed . 

S amp le T 2 4 T2 4 T2 4 T 2 4  T 2 4 T 2 4  T2 4 T 2 4 

S i0 2 5 0 . 6 8  52 . 3 8 5 3 . 3 9 5 1 . 1 2 5 1 . 2 6  5 2 . 5 1 5 2 . 8 5 5 2 . 9 2 

A l 2 0 3 1 . 1 6 1 .  5 2  1 .  3 6  0 . 3 7 0 . 4 0 1 .  7 9  1 .  0 7  3 . 6 4 

T i0 2 0 .  2 3  0 . 3 1  0 . 2 7 0 . 1 3 0 . 1 9 0 . 2 0  0 . 2 5 0 . 0 0 

FeO 2 8 . 2 0  1 9 . 7 0 1 8 . 0 2 3 0 . 6 2 3 0 . 7 3  1 9 . 2 7 2 0 .  1 2  1 4 . 0 9 

MnO 1 .  3 9  0 . 4 7 0 . 4 6 1 .  7 1  1 .  7 7  0 . 4 6 0 . 3 7 0 . 2 6  

M gO 1 6 . 2 7  2 2 . 9 8 2 4 . 1 6  1 4 . 4 5  1 4 . 4 1  2 3 . 5 0 2 2 . 4 7 2 7 . 0 4 

C aO 1 .  9 1  1 . 2 8 1 .  3 2  1 . 1 8 1 .  2 5  1 .  3 3  1 .  7 7  1 .  3 5  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T o t a l  9 9 . 8 4 9 8 . 6 4 9 8 . 9 8 9 9 . 5 8  1 0 0 . 0 1  9 9 . 0 6 9 8 . 9 0 9 9 . 3 0  

S amp l e  T 2 4  T2 4 T2 4 T 2 4  T2'4 T 2 4 T2 4 T 2 4 

S i02 5 4 . 4 0  52 . 3 8 5 2 . 8 2 5 1 . 5 6 5 0 . 6 3 5 2 . 1 4 52 . 0 6 5 4 . 1 5 

A l 2 0 3 2 . 2 6 1 .  2 0  0 . 7 4 0 . 6 8 0 . 4 4  0 . 6 9 0 . 8 2 0 . 8 8 

T i02 0 . 1 7 0 . 3 1  0 . 2 1  0 . 1 8 0 . 1 3  0 . 2 3  0 .  2 6  0 . 2 0 

FeO 1 3 . 7 8 2 0 . 9 6 1 8 . 8 4  2 4 . 2 7 2 8 . 4 2  2 4 . 4 1  2 4 . 1 5  1 8 . 5 5  

MnO 0 . 2 6 0 . 5 2 0 . 5 8 0 . 8 4 1 .  5 7  0 . 5 0 0 . 7 2 0 . 3 9 

M gO 2 7 . 5 2 2 1 . 7 3  2 4 . 0 5 1 9 . 7 9 1 5 . 7 8 1 9 . 3 3 1 9 . 4 0  2 3 . 8 5 

CaO 1 . 1 3 1 .  5 3  1 .  5 8  1 .  3 3  1 .  2 9  1 .  3 2  1 .  6 1  1 .  8 5  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T o t a l  9 9 . 5 2 9 8 . 6 3  9 8 . 82 9 8 . 6 5 9 8 . 2 6  9 8 . 6 2 9 9 . 0 2 9 9 . 8 7 

S amp l e  T 2 4 T2 4 T2 4 T 2 4  T2 4 T 2 4 T2 4 T 2 4 

S i02 5 1 . 0 1  5 1 . 7 8  5 3 . 4 5  5 1 . 6 2 5 2 . 2 4  5 2 . 5 3 5 3 . 6 1 5 3 . 3 9 

A l 2 0 3 0 . 5 2 0 . 4 3 0 . 8 8 0 . 5 1  3 . 4 6 1 . 2 5  1 .  9 9  1 .  2 3  

T i 02 0 . 1 7 0 . 1 9 0 . 2 2 0 . 1 8 0 . 2 2 0 . 0 0 0 . 2 3 0 . 3 5 

FeO 2 8 . 0 5  2 6 . 7 4  2 0 . 5 9 2 7 . 9 8 1 8 . 7 3 2 1 . 5 7 1 7 . 4 0 1 9 . 5 4 

MnO 1 .  5 4  1 .  5 7  0 . 5 9 1 .  5 4  0 . 3 7 0 . 5 2 0 . 2 5 0 . 3 6 

M gO 1 6 . 5 0  1 7 . 6 1 2 2 . 7 1  1 6 . 7 4 2 3 . 6 4 2 1 . 7 5  2 4 . 9 8 2 2 . 8 3 

CaO 1 .  32 1 . 2 6  1 .  6 7  1 . 2 0 1 .  2 1  1 .  5 6  1 .  4 3  2 . 1 4 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T o t a l  9 9 . 1 1 9 9 . 5 8 1 0 0 . 1 1  9 9 . 7 7 9 9 . 8 7 9 9 . 1 8  9 9 . 8 9 9 9 . 8 4 



292 
App en d i x  1 2 . 4 :  C o n t inued . 

S amp l e  T 2 5 T2 5 T 2 5 T 2 5  T2 5 T 2 5  T 2 5  T2 5 

S i02 5 1 . 4 8 5 1 . 0 6 5 2 . 7 8 5 3 . 0 9 5 3 . 9 5 5 2 . 8 3 52 . 9 4 5 3 . 7 9  

A l 20 3 0 . 4 3 0 . 4 2 1 .  3 5  1 .  0 6  1 .  0 6  1 .  4 9  1 .  2 3  1 .  3 1  

T i02 0 . 1 3 0 . 1 1 0 . 2 9  0 . 3 1  0 . 2 0  0 . 2 4  0 . 2 3  0 . 0 0 

FeO 2 8 . 6 4 2 8 . 5 8 2 0 . 4 3  2 0 . 9 7 1 8 . 9 9 1 9 . 5 9 2 0 . 4 0 1 7 . 3 6 

MnO 1 .  5 8  1 .  6 9  0 . 5 0 0 . 4 0 0 . 3 9 0 . 6 2 0 . 4 7 0 . 3 9 

M gO 1 6 . 2 9  1 6 . 4 2 2 2 . 5 7 2 2 . 3 5 2 3 . 9 6 2 3 . 0 2 2 2 . 9 7 2 4 . 9 2 

C aO 1 .  2 1  1 .  2 4  1 .  4 4  1 .  5 5  1 .  3 4  1 .  5 1  1 .  5 6  1 .  4 8  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

To t a l  9 9 . 7 6 9 9 . 5 2 9 9 . 3 6 9 9 . 7 3 9 9 . 8 9 9 9 . 3 0  9 9 . 8 0 9 9 . 2 5  

S amp l e  T2 5 T2 5 T2 5 T2·5 T2 5 T2 5 T2 5 T2 5 

S i02 5 3 . 3 9 52 . 5 6 52 . 4 4 5 2 . 7 6 5 3 . 2 0  5 2 . 9 5 52 . 5 6 5 2 . 4 8 

A l 203 1 .  0 3  3 . 9 7 4 . 0 7 1 .  4 3  3 . 1 5 1 . 1 2 1 .  2 1  1 .  0 0  

T i02 0 .  2 1  0 .  1 4  0 .  1 7  0 . 2 2  0 . 1 7 0 . 1 9 0 . 2 6 0 . 2 6 

FeO 2 0 . 0 1  1 4 . 7 0  1 5 .  1 4  1 9 . 7 5 1 3 . 5 0 1 9 . 5 5 1 8 . 7 7 2 0 . 3 4  

MnO 0 . 4 6 0 . 2 5  0 . 3 1  0 . 6 0 0 . 3 1  0 . 6 1  0 . 4 1  0 . 4 7 

M gO 2 3 . 5 4 2 5 . 9 3 2 6 . 0 2 2 3 . 0 5 2 7 . 2 8 2 2 . 8 7 2 3 . 5 5  2 2 . 6 9 

CaO 1 .  6 7  1 .  0 9  1 . 1 0 1 .  5 5  1 .  3 3  1 .  5 2  1 .  6 6  1 .  7 1  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T o t a l  1 0 0 . 3 1  9 8 . 6 4 9 9 . 2 5  9 9 . 3 6 9 8 . 9 4  9 8 . 8 1 98 . 4 2 9 8 . 9 5 

S amp l e  T 2 5 T2 5 T2 5 T 2 5 T2 5 T2 5 T2 5 T2 5 

S i02 5 2 . 6 9 5 2 . 5 8 5 3 . 1 1 5 2 . 9 6 5 3 . 7 9  5 2 . 9 7 53 . 62 5 1 . 8 9 

A l 2 03 0 . 9 9 1 .  3 5  1 . 1 9 0 . 7 9 0 . 9 6 1 .  0 0  1 .  3 0  0 . 4 2 

T i 02 0 .  2 1  0 . 2 4  0 .  2 5  0 . 1 6 0 . 1 7 0 . 2 3 0 . 1 2 0 . 0 0 

FeO 1 9 . 7 5 2 0 . 2 8  1 9 . 2 3  2 3 . 3 6 1 8 . 6 7 1 7 . 6 9 1 8 . 1 4  2 7 . 9 5 

MnO 0 . 4 1  0 . 4 2 0 . 5 2 0 . 6 2 0 . 4 6 0 . 4 2 0 . 4 5 1 .  7 5  

M gO 2 2 . 9 1  2 2 . 7 0 2 3 . 5 2 1 9 . 9 5 2 3 . 5 6 2 4 . 3 6 2 4 . 3 5  1 6 . 9 5 

C aO 1 .  7 0  1 .  7 0  1 .  6 4  2 . 0 1 1 . 82 2 .  1 2  1 .  5 2  1 . 1 2 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T o t a l  9 8 . 6 6 9 9 . 2 7 9 9 . 4 6  9 9 . 8 5 9 9 . 4 3 9 8 . 7 9  9 9 . 5 0  1 0 0 . 0 8 
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