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:1 
! ABSTRACT 

•, 
'· ;: 

During the alteration of basal ti c glass to palagoni te, 11 

Al, Mg, Si, Mn and Ca are lost ; K, Ti, Fe and 0 are added i: Na, 

i: . 
IJ in the alteration product. The major differences between ocean~ 
ti , i 

ii !! 
i: ic 
:1 

and terrigenous palagoni tes is. the behavior of potassium. " 
:; 
:! Potassium is usually depleted in the alteration material 
, . ,, 
i! during terrigenous weathering, whereas it is enriched during ,. 
ii 
q the oceanic weathering (halmyrolysis). 
I 

Palagonite commonly 

contains 2 to J times more H20- and about 4 to lO times more 

H2o+ than sideromelane (basaltic glass). The greater the 

!; hydration in palagonite the greater the degree of authigenic 
I· 
lj 

i1 mineralization. Authigenic minerals present in deep-sea 
' 
• i 

!: sediments which are derived from palagonite solution are: 

I ., ,, 
: 

' 
;. 
I 

l 
" 

" 

I' 

i)1imonite, goethite, smectites, manganite, harmotome , phillipsite, 
ii 
'I intermediate zeolites of the phillipsite group and c l inoptio
:1 
l i 
·l lite. 
;. 
d 
1; Sea-water enters the basaltfc glass through hair-channels 
·I 
1, 

i which average 50 u in length. As hair-channels become more 

:! 
:;numerous with increased hydration they form a 50 u thick 
i! 
:: irrunobile product layer (solid solution border). The solid 
:1 
" ' solution border eventually hydrates to a palagonite band which 
•! 
I 

:J is 50 u thick. Palagonitization proceeds as the hair-channels 
:I 
,; extend into the sideromelane. Most palagonite forms during 
:; 
;
1 diagenesis, although there is some syngenetic palagonitization. 

·; 
:: sygenetic palagonitization occurs at high temperatures at the 
,. 
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I ! !I 

Ii time that volcanic exhala tes enter t h e marine environment. : 
;: 
·i 1; 
11 Diagenetic palagoni tiza ti on occurs after deposition of the 
" i! 
!I 
'I 
ii 
ii 
It 

original volcanic glasses and basalts. The configuration of 

the syngenetic palagonite is different in that it does not 

Ii ,
1 

have the typical 50 u bands. Sea-water diffusion into mafic 
" ,. 

volcanic glass does not slow down as the hydrated region 

(palagonite) becomes thicker. Fried.man and others (1966) 
! 
11 !I diffusion constant for a quadratic rate formula can not be 
H 
:1 
" 

applied to palagonite formation. The rate formula used by 

I ' 
i 
i 

'· 

ii 
:i 
11 

!· 

Moore (1966) is also not applicable because it uses Friedman ts :, 

ii 
1i 
II 

diffusion constant. Rate formulas for palagonite formation 
H 
ii ., ,. 
ii 

were derived here by studying the geometry of the hair-cha.rm.el L 

:I !I sector, the solid solution border and the palagonite bands. 

:1 The average total rate formula for palagoni tiza ti on is: 
,, 
ii ~R =(N-2)Q/T where: R = the rate of palagonitization, N=the 
11 p p 

ii number of ·palagoni te bands, Q=the thickness of each band, and 
•l 
ii 
\: 
11 

II 
ii 
ii 
:I 
Ii 
I 

T=the age in years. For the first 50 u th.e rate formula is: 

R =NQ/JT. p 
For the second and s~bsequent palagonite bands the 

rate formula is: R =NQ/T. 
p 

When dealing with time in millions 

of years the expression ~R =(N-2)Q/T approaches the linear 
p 

i ' 
I . 
I 

·' 

I 
I 
I 

rate R =NQ/T. 
p 

The rate formula for sideromelane hydra ti on is: i ' 

I 
.?:"~=(N+2)Q/T, where ~= the total rate of hydration. During 

ll 
'I li diagenesis the first 50 u of oceanic palagoni te form at an 

average rate of 0.97! 0.19 u/l,000 years. The first 50 u. of 

fresh water palagonite to form during diagenesis does so at 

i! the rate of 2.62 u/l,000 years~ The average rate of 
!1 

. :L.-: . 

:j 
r [; 

I ,, 
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• 

• 

• 
I· 
f 
! 
le 

• 

.. J. -
'I 
, palagonitization after the first 50 u have formed is: 

;· 2.9l! 0.58 u/l,000 years. For fresh water palagonite the rate , 

I 

'
1 is 

i: 
7.26 u/l,000 years. Manganese no d u l e s dated by the 

'l 
palagonite hydration method show t ha t the rate of manganese 

accretion decreases with time. .An iron catalytic agent supplied 
1; 

" d ., 

·' 

through palagonitization is responsible for the accretion of an 

;! appreciable amount of submarine manganese nodules. The rate of 

1i manganese accretion observed is between l.7 and 8.7 u/103 years. 
" 'I 

'.I This rate is dependent upon the rate of an iron catalyst 
1; 
', evolution into the sediment and therefore, is depen~ent on the 

rate of palagonitization. 
·I : , ,, 

Jj 
Diagenetic and syngenetic fracturing exist in sideromelane~ 

" d :: Fracture assemblages produced are mostly tensile displacements 

which are similar to those described by Lachenbruch (1962) for 
I 

~ . mud cracks • Shear fractures occur during diagenesis and are ,, 
:1 
i'. produced by. volwne expansion due to the addition of sea-water 

li " into the alteration material. 
li 

Micro-cha.nil.el fractures (hair-

•i 
I ' 
;I channels) are also produced during diagenesis. Diagenetic and 

ll 

I· ! 

,! syngenetic fracturing provides conduits for sea-water entering " 
•I 

~I :into sideromelane. 
:i 

Since diagenetic fracturing is dependent 

:! 
1J upon stresses produced by hydrati.on, there is a geometric 
!I ,, 
ii increa~e of fracturing as time increases. 
i; 
i: 

This mode of 

i! fracturing provides increased volume of alteration material 
.! ., 
! j 
;I during time. 
ii 

-
Conchoidal contraction fractures are produced b y 

'. differential contraction of the glass matrix and its 

I • 

. Phenocrysts during the quenching of a basaltic magma. Well 
•i 
ii ·:·ir -=-:· - - .::-:-::::'. .~:'.: ..:'. '. .. :::- ...... 
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ii 1i :! crystalized and exsoluted palagioclase feldspar phenocrysts 
l j 

!! 
1, are not affected by hydration reactions and remain fresh through-
l: 
' 

out the process of palagonitization. Pyroxene laths such as 

pigeonite also remain fresh and unaffected during submarine 
:; 
i! weatheri.ng. 
-!i 
" ·' " ! 
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Introduction 
, 1 
I 

i: 
' I' 

ii In the past century the term palagoni te has often appear- 11 
I 
'· 

11 

Ii !1 ed in the geologic J.i tera ture. 
:1 

However, the composition, mode /; 

' ! 
;I 

11 of' f'orma tion and overal.l. geol.ogic significance of' pal.agoni te 
ii 

I, 
1: 

lj have remained uncertain. 
~ l 
H The term was introduced by Van 

i ., 
i Wal.tershausen in 1845 (Bonatti, 1.965) to distinguish a brown 

,. 
1: 

I 

l 
' glassy material associated with pyroclastic rocks in eastern 

1' .. 
., 
:1 
:1 
ti 
!! ,, 
' I 

:1 

Ii 
Ii 
11 !1 
II 
:1 :, 
JI ·: 
: 

!I 
I! 

ii 
Ii 
l l 

I 
11 
!I 

Ii 
ii ., 
11 

!J 
Ii 11 
11 
11 

I· 

11 
i! 
I· 

:1 
11 

!1 
ii ·I II 

I' 

il 
p 
i! 
Ii , I 
Ii 

Sicily and Iceland. In 1926, Peacock, in a study of' the 

petrology of' Iceland, defined the nature of' palagonite to be 

that of' a highl.y hydrated .volcanic glass. Fuller (19J2), 

Denaeyer (1963) and Bonatti {1965) have concluded that pal.a-

gonite is an alteration product of' maf'ic volcanic glass 

'I 
i ' 
: ~ 
' .. 
' 

\ 

" ,, 

i; 
" :· 
H 
ii 

( sideromelane) • · 
I 

Pal.agonite alterations ;from sideromelane have ;· 
I 

been reported :from world-wide localities, such as : in the :1 
: ~ 

Co.J.umbia River Basalt ;formation (Fuller, 19J2), in the .. ·._: _·_ I• 

i . 

Quaternart basal.ts of' Iceland (Peacock, 1926)) in the Pacific 
~ : ,. 

Ocean (Murray and Renard, 1891; · Nayudu, 1962; Arrhenius, J.96J; 1
• 

and Morgenstein, 1967), and in hyalocl.astites of' Sicil.y " ' ;r ,, 

{Rittman, 1.958, as reported in Bonatti, 1965). Recentl.y, :Moore' 
I 
;1 

(1966) studied the rates of' pal.agonite formation from submarine · 
I 

I' 
basal.ts adjacent to Hawaii, and suggested that palagonitization 

occurs during diagenesis. Bonatti (1965, p.l) ooncl.uded that, :i 
:! 

"The hydration which causes the formation of' pal.agonite takes 

place at relatively high temperatures, that is mainly during i . 

'I 

•' ' 



• 
ir 
;l 

ii 
I' 
ii 

!,..._ ~- . ·----- ---- .. il. _______ _ -----.. ---··-.. --·--- . -.... --- ·- !'-··--·----
\ ' ii which mafic volcanic glass hydrates to palagonite. 

• 

"' ' 

• 

' ; 
r 

I . 

~ 
I 

t 

) lj 

ji (1963, p. 698) emphasized this problem when he stated: 

I 

" :i 

' ,I 

d 
I! 1
1

1

1 

"The conditions determining the rate of 
decomposition and devitrification of 

\I volcanic giass in marine sediments are 
:I •· 
:1· still obscure. While some minute glass 'I . !t 
I: shards in Mesozoic sediments are u.n- JI 
Ii altered, some Quaternary deposits of ;! 
1

1

/ ash and pumice have been entirely q 
altered to montmorill.ionoid minerals or p ii to phillipsi te. " ;! 

Ii The purpose of this work is to define · the time and rate I! 
1

11 t! 
ii of palagoni te formation, the chemistry . and geometry of gl.ass !I 
I' lf !I hydration and the geologic significance of palagonitization. f 

!. '1· Chemical. anal.yses were performed by wet chemical. and el.ectron Ii 
II microprobe examination. Petrographic thin section examination Ii 
ii 1.!. Ii provided data of' glass fracturing, mineral. associations and ,, 
~ ! . d ,, 
!I the rate of palagonitization. Samples used for this study are !i 
11 mainly from the Atl.antic and Pacific Oceans; however, reference !! 
ii - q 
i is made to wide spread l.ocali ties. A composite table (table l) ii 
i ;: 
: showing the lo ca ti on of each sample is found in this section. 1: 
!i 1·, )'. 

l1 . . ., 
ii References are made to these Sa.Jl!_~l_es as well as previously !! 
I •1' • I ' 

I i! ,l published samples in the foli'owing chapters. :! 
l1i i: 
I !i 

!I !i 
!i fl 

!' ii I. 
1: !i !( 

·I·.; :1 ii Ii :1 9 t1 I 

I ~ ! ! l : 
:j :i 1. ,. ,. 1, 

r . ! 1; 
11 1j ! ' 

1· I ! • " 

~ ij 1: 

l. ' I. i' ' ) ii . , i: 

2 • 

11 i'. 
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I• 
i 

Table l . I , 

Location o! Samples ~ : 

' I i! 
I :;sample Latitude 

· ' ...;;,;;.;.i;;;;;~----~.;,;.,;;,;;;;.;.;.;.;;...------;....lr;l,;.;;.....------------------------------------- i' 
V22-227 30°2311 

' 
1:A1SO-RD8 :31°49'N 

!;Vl6-SBT3 13°0415 
ii 

; ~V2s-J.2-T3 24u231H 

:v25-12-Tll 24°23,N 
' 
'I 0 
;:V25-13 ~4 471W 
! 

33°331N :'.RC8-D9 
:1 

37°3415 :;v22-119 
·i 

16°;2•s ; i.RCl0-110 
I • 
11 

1V-l6-l30 59°22•s 
' 

:fv-16-127 s4°3o•s 
' \ 
i J 

!:S-9-16 * I 

" 
:I 

" :1 
l~ Sample zmpplied by Alpine Geophysical .Associates, Hew Jersey. 

" " Ii ,, 
1! .1 
'I 
1: .! 
ii 

" 
i ~ ,, 
!l 
' i 

!j 
" 
I 
'· ;: 
I · 

Ji 
i' 
·' , ; 
1: ,. 
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j! ,. 
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1: 
I' ·I 
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" ,, 
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CHEMISTRY OF PALAGONITIZATION 

i j Introduction 

'. ' 
Murray and Renard (1891) were the first to study the 

:j 
:: chemical composition of deep-sea basal ts and their alteration 
;, ., 
,' products. At the time of their study, however, methods of 

;· analysis were not sufficiently accurate for examination of 
ii 
jl 
ii 

microscopic chemical changes of their samples. Recently, 
,, 
;, Moore (1966) used an electron microprobe for more complete 
:• 
; 

!: 
~ l 
;i 

'I 
'i 

analysis of palagonite and basaltic glass materials. 

i'. he only studied six elements. In the present study, both 
;i 
;: electron microprobe and wet chemical analysis techniques were 
Ii 

:1 
:1 

employed to study the chemical changes occurring during 

palagonitization. A comparison of previous and present 

analyses follows. 

' Method 

Submarine basaltic glass and palagonite samples were out 
I 

!r into one inch diameter cylinders an? the s~face of' each was 
l' • ··.~ 
1! polished carefully taking care not to contaminate the samples. 
Ii 
:; They were then vacuum-coated with a layer of carbon a few 

: hµ.ndred angstroms thick in order to make them conductive. 
I 

,! During this process much of the free water was removed by the 
!: 
ii 
1; vacuum. :, 
I! The samples were studied with a Philips Electron Nicro-
!I 
:i probe by goniometrically scanning in search of al l elements 
1: 

j! present, (from 27°2-& to 74°2&, at 200 coWlts/sec.), and by 

' ) li optically selecting areas of' each sample and scanning them 
" 

,. 
I! .. 
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'· ~ ; 
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,I 
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individually for speoifio ele~ents. No standards were used 

because none were available which would be representative of 

·· the types of material being studied. Purely qualitative 
! 

:: analyses were accomplished by compar;i.ng peak height ratios of 
; ~ 

i· each element of' one sample wi th the same element in another 
,J 
, ; 
~ I 
I 

·1 
!1 
:I 

'I 
:1 

\ 

sample. Each element was run ten times and the counting rate 

for each was averaged. Wet chemical quantitative analyses were 

also performed. Total volatile analyses were accomplished by 

., heating samples in silica glass tubing £or one hour ,at ll0°C 
i 

:: 
, (H2o-) and then at 1500°0 until the samples were liquified to 
' 1 
•' :i draw off the remaining vol.a tile gases (H2 o+) o Samples were 

:! 
Ji weighed before and at five minutes afte:i;- each heat treatment 
ii 
i! in the hopes. of' eliminating the problem of' reabsorption of' 
·I 

" 
!l volatile matter. There is, however, a slight increase in 
I ii weight after heating due to the oxidation of' iron present in 

!: 
" ,, :1 the samples. 
•! 
ij 

' I 
11 ,, 
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:1 Wet chemical analysis of a pasaJ. tio sample (Al50-RD8) ;: 
I! •: 
~ I ' I 
1· ;I f'rom the Mid-AtJ.antic Ridge is compared to previously publish- :• 

:i 
I' :I 
!1 
!J 
I 

I 
·! 
Ji 
lj 
' I !, 

ed analyses in Tabl.e 2. On the basis of' these analyses, the 

oceanic basalts studied f'rom the Pacific and Atlantic are 

similar in composition but differ slightly from analyzed 

basalts of' Iceland and Sicily. The largest variations occur 

in the elements calcium, potassium, sodium and iron. 

Microprobe analyses of' sample V22-227 from the Mid-
·1 

j • Atlantic Ridge (Table .'.3) are compared in element percentage 

1: 
11 
:I 
:1 

:1 
!I 

calculations (ratio analysis of f'resh glass to alteration 

products) with those basaltic glasses and palagonites in 

Table 2. Chemical changes during the weathering of siderome-

;i 

i 

:i 
i · 
ii 
I' 

., ,, 

tr 
I 

" i• 
1: 

" :: 
;1 .. 
'• 
!l 
I 

!: 
'· 
;. 

:1 
1! 
j! 

lane to palagonite are shown in Tables .'.3 and 4. These analyseS: 
,. ., 

ii 
:1 
ij 

show that during the alteration of' basaltio glass to palagonit~ 1 

11 
•i 

Na, Al, Mg, Si, Mn and Oa are lost; K, Ti, Fe and 0 are added 

in the alteration product. Potassium anq calciwn show the 
!I 
ii 
ii largest variation during hal.myro.;t.ys'is. ,, 
I' ii 
I: 

Total volatile analysis . (Table ,5) indicates that palagon- ;: 

j; ite contains 2 to .'.3 times more H2a- and about 4 to 10 times 
!I 
I 

i1 

!i 
ii 
" ,, 
i' 
1: 

+ more tt2o than sideromelane. This indicates that palagoniti-

zation is a process of hydratioll of' mafia volcanic glass 

(sideromelane). Observations snow that the more hydrated the 

ii palagoni te the greater the degree of' al tera ti on. The degree 

j: 

" 

!1 1:, 
ii 
11 of' alterFt.tion ii:i measured by the extend of' authigenic 
' 1 
I\ 
;j 
:I mi11eraliza tion. 
i i ., 
" 

,. 
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Table 2 

I Matched Chemical Analyses of Palagonite and Sideromelane in Weight % 
Ii 
: : ~~amp~~l-e--~11~--~A~2-----,B~1~---B2=-----=c1....---~c~2----~n-1-----n~2----,El=------E2------F _____ * __ F_l---F-2~F3 F4 

; Si02 
, Ali03 
' Fe2o3 
· FeO 
· ~O ·, 3 
;:Mno 
::Mgo 
:' cao 
' :· Na 0 
·' 2 
'.: K2o 

. : 820+ 

. •: 

!:H2o
;.Ti02 
: P205 
i : 

46.76 
17.71 
1.73 

10.92 

-
o.44 

10.37 
11.56 
1.83 
.0.17 -
--

44.73 46.39 
16.26 16.27 
14.57 1.35 - 9.96 
22.89 -

tr. 
2.23 9.77 
1.88 13.00 
4.50 1.40 
4.20 

9.56 

-

0.15 
0.15 
0.10 

35.34 
11.15 
10.28 
2.19 

0.22 
6.52 
7.01 
0.16 
0.19 
a.90 ... 

~.:-

15. 50 

49.54· 
16.47 
2.30 
1.55 -

- 0.19 
7.91 

11.43 
2.62 
0.30 
0.95 
0.27 

-

36.36 
16.20 
16.56 
0.93 -
l.25 
4.86 
6.77 
2.01 
0.94 
Oo31 
6.26 

51.90 
14.10 
l.60 
8.60 

--
a.10 

10.40 
2.60 
2.40 

33.0 
8.3 

15.2 

--
0.1 
s.o 
1.0 
0.7 
0.3 

0.20 9.3 
0.16 1803 

-

49.23 
15.19 

1.49 
8.42 -
0.15 
8.46 

11.01 
2.72 
0.13 
0.82 

0.13 
1.54 
0.13 

47.55 
13.94 
4.31 
9.15 

-
0.21 
6.15 

l0.85 
2.59 
0.20 

2.15 
0.43 
2.63 
0.24 

47.01 Na 

12.12 Ca 
2.86 K 
Oo29 

tfa 
0.17 Ca 

12.61 K 
- 8.98 

2o36 Na 
0.12 Ca 
o.66 K 

1.9 1.9 o. 7 0. 6 
7.4 7o4 0.4 0.7 
0.9 0.9 2.8 1.3 
FS F6 J'.7 F8 
Oo4 1.2- Oo4 -o.9 
o~s -,,~ 0.4 o. 1 
3.0 3o5--"o5 1. 7 
F9 FlO .)' 

11 
o.5 0.4 :: 
1.2 o.s 
2.7 3.3 ! 

! 

Oo41 * Electron 
Oo48 Microprobe 

' 
! 
I 
! 

Oo27 Fl and F2, Transparent 
~~~~~~~~~~~~~~~~~~ 

glB:ss (Moore, 1966) 

i A 
' B 

[Dash • no determination) Hawaii, East Rift Zone. 
South Pacific (Murray and Renard),·l•sideromelane, 2apalagonite FJ thru FlO, Pala~ornte 
Iceland (Peacock, 1926), lasideromelane, 2°palagonite Rind (Moore, 1966) 

c 
D 
E 

; ! }i' 
i; 

' 
' 
I 

,i 

Atlantic Ocean (Correna, 1930; reported in Bonatti, 1965)~ l•sideromelane , 2apalagonite Hawaii , East Rift Zone. 
Palagonia, Sicily (Hoppe, 1941; reported in Bonatti, 1965J, l•sideromelane1 2-palagonite 
Mid-Atlantic Ridge (Analysis by Fo Shido) El and E2 are fresh basalt, sample Al50-R.D8 
Hawaii, East Rift Zone of Mouna Kea (Moore, 1966) sample 22, basalt 
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ii q 
ii Table 3 'i 
i: !1 
1! !; 
IJ Percent o! Element or Oxide Within Sideromelane and Palagonite in Terrestrial and Oceanic Deposits II 
l! Ii 
11 I! 

- - :1 * II 
~i Al A2 Bl · B2 Cl C2 Dl D2 Gl 02 Ii 
;; ii 
ii Si02 51.10 48.90 56. 76 - 43.24 57 .67 42.31 61.13 18.87 64055 35~16 ~i 
,; Al203 52 .10 47 .90 59.33 40.67 50.41 49 • .59 63.92 36.08 48.81 s1.i9 :: 
!I "~203 lo.62 s9.3a 11.61 88.39 · 12.19 81.s1 9.52 90.4a 36•12 63•88 11

1 

;1 • ii 
:1 FeO - - - - 81.98 18.02 89.04 10096 • - - - " 'I !j • 
! ¥ ·- - - - trace over 13.19 66.81 - - • - 64.58 35.42 i• ,, 9rd 'I -1 ·- up j · 
d 1

1 

I! ~ 0 74.37 25.63 59.91 40.03 61.94 _38.06 63.50 36.50 63.96 36.04 1! 
11 c«o 86.01 13.99 64.96 35.04 62.ao 11.20 59.11 40.23 88.83 11.11 ii 
ti Nu,0 '28.91 71.09 .. 92.38 7.62 56.63 43.37 78.78 2lo22 57,87 h2.ll l! 
:1 K20 7.00 _93.00 42.86 57.14 24.19 75.81 64.91 35.09 9.73 90.27 Ill 
i! Ti • - - - ~· - - - - - - - - - - • - - 35.46 64.54 d 
' I .,, 8 1·6 61 ~4 'i ~ ·, 0 - - - - - .., ... - - .. - - - - .. .. 3 9Q. •;) f; 
1 'i 
11 l 1 

. :1 Ii 
ji All samples designated l are sideromelane, those numbered 2 are palagonit.o. !I 
j! Data recalculated tron Table 2. For t\102 : Al + A2 • 100%J Dl + D2 ., 100%. 1·l 

d Samples A, C and G are OceaniCJ B and D are Terrestrial. ;! 
:; * V22-227, Mid-Atlantic Ridge, microprobe analysis of elemant:s J Gl • sideromelane, 02 • palagonite. II 
;: Dash • no detennination. 'I! 
ii Example of calculation: Table 2 reports 46.67% Si02 for Al, and 44073% for A2. !!1 

:i The sum of Al and A2 • 91.49, which is equivalent to lOo,l of Si02 in sample A. · j 
~: There is Sl.10% or Si02 in sample Al of that 100%1 and 48.90% of t hat total for A2. The calculations ii !l are JDQde so that each matched sample may bs compared for each elai:wnt separately. · II 
ii ,, 
I 1 

~ , JI 

- !1 . . ii 
--- 1L - · II 

il ~ !! I 
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Table It 

Element ~nd Oxide Ratio~ ln Oceanic and Terrestrial 

Samples, (Calculated from Tab~~ J) 
Ii 
!I • , 
11 

:1 

% Element X in Sideromel~ne/% Element X in Pal.agonite 

!i 
ii Sample ii -
ij Si02 I: 

! J\120;3 
I 
I Fe 2o;3 
I 

Ii 
!j FeO 
I 

i MnO 

ii MgO 

ii Cao 

!I 
11 

Na
2
o 

1, 
1, 
1: K20 
' r 
j· Ti 
1! 
ii 

OC;El\NIO 
Gl/G2* Al./A2 

1.82 

,1.. 08 

Q.;J.,J, 
0.56 

i.77 

o,4o 

0.62 

c1/c2 

l,Ol 

O~l4 

TERRESTRIAL 
: , Bl/B2 DJ./D2 

1.57 

1.45 

0.1.'.) o.iio 

1 .. 
1.49 

,. 

-

I 

!'. 
" ' 
.I 

I 

I! 
l1 
;r 
I' 
i: 
I , 
1; 

li 
I• 
I' .I r 

i: 0 
1! l 
'' ~--------------------------------------------------------------~ I: 
i! (Dash = no determination.) 1

1 

Ii i! 
ii Elements wi tn rwpioa .1.E1sa than g f:l.re added to palagoni te duringj'. 
11 I ' :i l' 

II 
the alteration o:f' ~;i,derome,l-ane to p;;ilagonite. Those el.e?Jlents lt 

j1 Ii with :ratios greater than 2 are p~pleted in the a.iteration !; 

! product {pal.agoni te). !l 
l1
1 * Sample G is an element ;l:'a tio. Al,;1. othel;' samples are oxides. 1

1
! 

• I ! '. . 1! ' . . '.l 
1. 1 ii . 

1

1i . 1·· . I . . : 

9. 

1 ~· \ I . ' . I l 

i==::-:==-~-=-9t-:====--:::::::=.~--'7:.~ . __ .;:=..::::...-::::-.....:::::-=.:::-:.:==-:::=:.::=..:=-..=.==:::--==----::=...-::::::.:;;=.-=:=;:::-;--~-=---=--i1·=:·:.:::::.-:::-== 
I: ii ,. 1; 
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11 !' 
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ii 
1: 

l 

!i 

/ 

;: 
I 

ii 
I' 
I , 

" " 

., 

- - 15.96 6.32 22.28 6.66 19.34 26106 
B a.0 

0.26 0.19 0.45 3.24 i.62 4.6$ 11.96 s.40 20.36 
R 
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" Microprobe Petrology: Observations and Results 
ll 
ii 

'.I 

In addition to mioroprobe analyses with a goniometer, a 

!! 
1; 
I' d p 
;1 
" Ii 

!l Norelco beamscan oscil.loscope attachment was used 'f'or micro-
•: ij 

I' ii chemical analysis of' sidel;'omelane and pal.agoni te samples. j! 
The !' 

ii :; ., purpose of this ~eotion is to describe the px-ooess 0£ palagon- ii 
" ii 

Ji i tization. 
i! ,, 
' ' Interpretation of' Cathode Ray Tube Photographs 
:! 
·' " " •J 
!1 

'!Wo d~f:f'erent photograph display~ are sho¥J1 on the 

,· 
j; 
I; 
!'. 
ii 
:; 
i : 

follow- ii 
i; 
jl 

ii ;l.ng plates. A Line Current Displax, (LCD) ;ls simj,lar to an •
1
·: 

ii 
1 • d 
:! '1 
11 electror;i. microphotograph. Light areas in these displays are ;: 

ii representative of J.ight eJ.ements and dark a;reas are composed !( 
; \ ;; 
il ( . p :i of' heavy elements. Fractures are sl!own by black areas those .. 11 
!i l! 
1: areas void o'f: all elements). The Element Displays are !1 

i! f'luoresoent scans of ;individual elements and show tneir overall :; 
i j \ 
!: . !! distribution f'or a speoific area stud:i,ed. The size and inten- j: 
' I 
1, ' l 

~i si ty of the ;l.ndi victual displayed dots does not necessariJ.y n 
l! :,, 
:: ref'lect the quant:i, ty o:r that element present in the sample. l! 
!l Light intensity reflects ;l.nherent element activity and j! 
!I :: ;: osoillpscope gain ~ettings. ;; 
;i L li Analy15is of' two ~ampl.es are compared from the Mid-AtJ.antic :· 

lJ • ( ) I• 

i· 1· 

;1 Ridge v22-227, see Tap1e 2 for oompl.ete analysi~ and f'rom ~ ' 

'11 I •: 
:I the l3ellingshausen Basin, South Pac;i.:f'j,o (V1 q-1 JO). The !'pl.low- ·: 
:I l! 
i! ing seot;t.on descr;LP.tHi these microp;J;'OQ~ pho1;ogx-aphs. !i 

li ''\\' ii 
lj Description of' Plates L 
I I 
ii Plate 1 'I ------I, 
1· ,! An ~~ten~iv~ !'rFLQture net in pal,.FLgoni te is pest shown by i'. 
Jil j; 
! " --· · -·· ----~ - ----.. -·----------- ···· - ·· ----·-·---·----·- ··------ .. ·----·----......... --·~--.. ·--- · -----· ·---------------· 

. • 
- -- ··-··- --u•.. --- r~· · .. ··----- - · -··· · ·~ -__ ... --. .... ~ ·- ··- ··-··----------~-·- -----------·--- ·---- ----- ------- ·-·------·-----·-·------·- ··-r--· ... -·--· ··-·- -
I ' 'I ' : 

. 'I I : 

• -· Ii . · 
j 

1 i . :i 
~ . ii 

11 11 



1; 

" ii 
!1 
'I 

Ii 

i• 
;i 
ii 
t! 
1: 

12. 

'i 
- --- __ -----____ iL-----·------------------------·--··----- - _ .. ____ ,,,, -· ·- ; i-----··-··· --.. -~----·- ·----·· ---------· --·- - ·- ·--

'I =====·L ________ _ -rr-----------

j. 

11 
', 

'· 
' 

' F>-

I ' 

' 

r 

... I: 
·I 
11 

!1 ,, 
!I 
JI 

·I I. ., 
'I 1, 
11 
l ' 

ii 
I: 
1' d 
ll 
Ii 
11 

!1 · 

!I 
!I 
!J 
'1 !, 

I 
ii ,, 
:I 
11 

ii 
\; 
1, 

Plai:(e· 1 

Electron Beam Scanning Photographs of 

palagonite in v22-227. The base of the 

photographs are 320 u long (magnification 

400 diameters). 

A. Line Current Display showing the distri-

bution of heavy and ~ight elements. 

B. Oxygen display shows the concentration 

of oxygen in a cellular configuration. 

c. Potassiwn display depicts areas of 

palagonite. Areas voiq of potassium are 

f3ideromelane. 
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:j tne Line Cµrrent J?]1.otograpn 9f isarnpl,e Vf.f.-~g7. The Oxygen i; 
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11 i: 
! I ~ ! 
I display depict~ the element voids in t:O.e ;fractures. Botq 1: II ,. 
L !! i! pota,ss:i,wn and pxygen are evenly distr;ll:n-lted ;l.n the pal,agoni te., i! 
il . ('. i! The top central fl.nd lQwer ~i~:P.t portions of the potassium ii 
:i 11 di~play '3hQW that tl}ere i,s an iibsenoe, of th:li:t eleJllent in these !; 
!1 t , 

lj !: !i a:i;-eas. These are~~ are siderome1ane. j; 
i i d 
ii p 'I 
1. late 2 1i 

i\ "'-·cs ;fl;'fl.O tures in sideromelane with palagoni te !='ll +era tions li i: ... w t' \1 
, 1 11 

Ii al.ong them a:rie shown 'Py t:P,e el.ectrpn beam scanning photographs !l i! jj 
!\ i: j: of sampl,a V16-1JO. Pala~onite il3 con.fined, to the semicircular j; 

\j areas along the edge o:f' i;he major :fracture. Ca.l.oiwn i~ de- !J 

It II 
:! p1eted in the pa1agonite and ill i;he ;f;raatures, whereas, !l 
lj ll 
1
1
1 t · -i t t d i th A~ even concentra... :, po assiµm ~s conoen ra e n ese area.a. ,l'MA , 

IJ ti on of' potasaium with a smal.J. distribution ;I.a shown in the ii 
i,: li rel.a ti ve1y :fresh sideromelane. 'rh.i.13 conoent:i;-a ti on does not !I 
11 I!. p approach the quantity of potassiwn in the pa1agonite. Pala- i! 

I I! 
-!! gonite takes the semici:i;-oul.ar oonf;lguration because it has beenq 
II 11 

I
\ displaced by . ;s.ome oblique ~trike'·'~slip motion along the major lj 

!I,: fracture. '!;· An apparent displ.acement of' l50 u can be seen (see , 

ii 1! !! page 57 :for a more detai1ed pesor;iption o-C fractu:i;-ing). 11 

: .. I ii 
!j ii Plate 3 I! 

II! Ii 
1
1 Two silica displays show the geometl;'y ot the fractures in 1: 

,! I; 

Ii v16""'130. The 400 diameter magnification display depicts . I! 
!I . ij' 
i · 
1: fractures at ·an ~cute ang1e. The upper right :ti.and portion of !,

1 1: 
H I' 

l'i th.is. photograph is shown in mol;'e d~tail at a magnification of' ;\ 

I !! L 2400 diameter13, Re,J.at;i,ve+y sha:i;-p ppwidal;'ies oan be seen at ·!! 
li ti 
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Plate 2 

L~ne current di13play ~howing fractures. 

Oaloiiun di13play showin~ the distri-

butio~ o~ ~~deromelane (areas rioh ~n 

caloiUlll a.;re i:>hown 'by the ,light display 

d,qtf3" ) 

Potasstum display showin~ the di~t~i~ 

p~tion of ~alagonite (areas rich in 

potai:>s~um are shown. by th~ display dots}. 

Palagonite i~ conoen~rated in the 

iraotµred a~ea~. 
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\ i; li 1: :i Plate ;3 
1
, 

ii ii 
ii ti 

'' A" pilica display at 400 . diameters µiagnif'i- ill 

ii .cat;Lo'l ahowa area~ pf: t:raotµring in the Ii 
ll V16-1JO sample" I! 
.11, l

1

,:.· ,. ;B. S;i.lioa d;i,splay a1' ;?qOQ d;i,ameters of' magni-
1
, 

I} , I 
lJ f'icatio;n depicts the t3&me :f';i:-acture in more !: 
!I . !· ','.' l l ;, detaiJ,.. ! 

Iii' . l, u !i O, Ca;to;i.wn display ciepiots a;i;-eas of' sideromelane. !! 
II D. Potassium display showing areas of' pal.agoni te II 
Ill '1:! ooour;i,ng along the path ot a fracture. 
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either side of the fracture. A calcium and potassium display II 
of 400 diameters again show the inverse relationship between ii 

The calcium rich areas are sideromelane 

whereas the potas$iwn concentrates in the palagonite. One 

H 
ii 
ll 
!1 
11 

fracture in the pal.agonite shows up in the silica and potassium 
11 

1 
displays. I! 

11 

.I 
i 
i, Plate 4 
ii 
·I 
II A fracture net with a calcic-plagioclase lath, palagonite II 

.1 

1 and sideromel.ane is shown for sample V16-120. A diagramatic fl 

I \!: 

i 

:i outline map is drawn from the line current, Ca and K displays. 

11 1'1.' ii Palagonitization has occured around the feldspar lath while 
!\ 
' I I, 
I 
I 
I 

I 

!! 
the feldspar remains fresh. The palagonite alaterations occur ji 

1) 
Ii 
1i 
1: 

in an old fracture which has been expanded. A sideromelane 

1
1 fragment, broken off from the walls of the fracture is altering; 
,1 11 

111 111. to palagonite. 
il 

ii Plates 5 and 6 Ii 
Electron beam scanning ph_ptographs of V16-130 show the 

Ii 
'l 1. 
!I 

i! distribution of' seven elements il\ll sideromel.ane and palagonite. 1; 
>I 
; ! 

!1 
:1 

Those elements gained (K, Ti, Fe) during the alteration of 

ii ;! sideromelane to palagoni te are shown in plate .5 and those lost 

1

; 

:I (Mg, Si, Ca) are shown in pl.ate 6. Aluminum is shown in pl.ate i; 
ii jl ,, 
:I 
jl 

Ii 
11 
11 

. 

5, but it is doubtful. whether its concentration changes very I'. 
i! 

much during hal.myrol.ysis as seen from its display here and , from:: 

previous analyses. A mineral distribution diagram is shown on :, 
Ii 

1: 
plate 6. In the lower central portio;n of the diagram there is ·· 

1: 
a phenocryst containing iron, magnesiwn and silica. Optical 1i 

l· 
•I 
!• 
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Plate 4 

A. Line current display showing light and heavy 

element distributions. 

B. Calcium display depicts the outline of a 

Ca-p1agioclase feldspar and extent of 

sideromelan.e • 

c. Diagram shows the fracture assemblage and 

areas where the electron beam burnt a portion 

of' the sample. 

D. Potassium display depicts areas of major 

fracturing which are rich in palagonite. 

E. A mineral map of the sample showing the 

distribution of' palagonite, feldspar and 

gla~s (sideromelane). 
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P.la te .5 

Elements added to palagonite during the hydration 

of' sideromelane. 
" ·. 

A. Line current display depicting the geometry of 

the light and heavy elements. 

B. 
,. 
I 

Iron display showing that iron is concentrated in 

the area of' fracturing and in the pigeonite 

phenocryst. 

c. Potassium display shows the outline of' the major 

fractures and the distribution of palagonite. 

D. Titanium display follows the potassium display 

. "~ 
aluminum in the pigeonite phenocryst and a rather 

even distribution in the glass and pi.agonite. 
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Plate 6 

Elements lost during palag oni!ization in the 

alteration product (palagonite). 

A. Silica displ~y shows the border outline of the 

glass (sideromela.ne), palagonite and pyroxene. 

B. Calcium display depicts the distribution 0£ the 

sideromelane. 

c. Magnesium display shows the outline 0£ the 

pigeonite phenocryst. 

D. A composite mineral diagram showing the distri-

bution 0£ glass, palagonite and pigeonite. 
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I 

content is intermediate between clinoenstatite (MgSiOJ) and 

Clinohypersthene (FeSiOJ) suggesting that it· is pigeonite. It 1 

is surrounded by palagonite and has retained its identity •i 

I 

f'urther suggesting that it is relatively stable, as is calcic- ' 

plagioolase, in halmyrolysis .reaotions. 

Plates 7 and 8 

A comparison of the geometry of palagonite formation is 

shown by a photomicrograph of V22-227 and the Line Current 

Display of V16-1JO. Palagonitization occurs along a fracture 

>I 
'I 
L 
l 

I' ,, 

l' 
I• .. 

in the sideromelane. Again, potassium and calcium show the Ii 

largest var,ia ti on in chemical behavior. Sodium is slightly 

depleted in the palagonite and it therefore behaves similar 

, 
1· 
;I 

'l to calcium. The major :fracture is clearly shown by the absence1
: 

i 
1 of silica along its path. Palagoni te al. tera ti on occurs in two ·; 

' 
·1 partially connected areas along the fracture. The lower con- I: 

centration of' calcium between these two areas of palagonite 

I suggests that this intermediate area is in the process of' ii 

,I 
I 

" 

I' 

I 

hydration. Pota::;sium concentration in the intermediate area 

is higher than recorded in the surrounding sideromelane. 

In summary the c~thode ray tube photographs confirm the 
I 

I 

results obtained by wet chemical analysis. . The presence of 1• 

' calciwn i~ the d.ement display photographs is indicative of non-

1, altered or slightly altered aideromelane. Calcium is inversely ' 

, proportional to potassium, and therefore with increased potass-

ium concentration calcium is depleted. Potassium rich areas 

are palagonite. The geometry of palagonitization is dependent 

'· 
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Pl.ate 7 

A. Photomicrographs of V22-227 shows a fracture 

in sideromel.ane with pal.agonite al.teration 

al.ong the fracture. Pl.ane pol.arized light. 

Scale as shown. 

I 
I 

·' ' 

' 
" 

B. Line current display of v16-130 shows a simila~ 

fracture in sideromelane and a similar pal.a-

gonite concentration about the fracture. 

Sample V22-227 is from the Atlantic Ocean 

and V16-1JO is from the Pacific. 

C. Sil.ica display shows the major fractures 

more cl.early. Silica is present in both 

the palagonite and the sideromel.ane. 
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Plate 8 

Potassium display showing the concentration 0£ 

palagonite. 

Calcium display depicting the concentration 

of sideromelane. 

Sodium display shows the relative decrease of 

this element in palagonite. The larger display 

dots are a function of oscilloscope gain settings. 

Titanium is concentrated in the palagonite. 

Aluminum shows a slight increase in concentration 

in the palagonite. 

Oxygen is also enriched in the palagonite. 

Ivon follows the pattern of titanium and is 

concentrated in the palagonite. 

i: 

" 
I. 
'l 

'• 

.. 
" 

!. 
I 

'1 
I 
I, 

1' 
l 

j! ,, 
II 

i: 

·i 

I 
:j 

' I, 

.! 
·! 
I 

I 
I' 

·i 
I 

i, 
' 
II 
1' 

,, 
ii 
I 
,, 

i . 

' ;· 



• 

• 



• 
I ·-- . 

•' 

• 

• 

!. 
I 

I 
I 

l 
---- ·~ .... - -- ----

-.r 
·I 

'• I• 

upon the configuration of the paths which water enters the 

fresh sideromelane. Plates 1 through 8 have shown that most 

0£ these major alterations occur along fractures. 

A comparison of the results obtained by microprobe 

gioniometer scanning, beam scanning photographs and wet 

chemical analysis show that the chemistry of palagonite 

'· 
,, 
' 
' Ii 

I. 
I 

I 

! ' 

I: 
' I 
1, 

i! 

" 
1

1 formation is relatively constant in the Atlantic and Pacific 
I 

•I 
'/ 

ti 

,. 

I 
I, 
Ii 

:1 
!' 

'I 
ii .. 

Oceans. A major problem in the chemistry of palagoni tization 1. 

is the path in which the sea-water takes to hydrate the 

sideromelane. The following section discusses this problem. 

Water Diffusion in Sideromelane 

Sideromelane alters to palagonite by the process of 

hydration. This process of hydration is essentially a 

' , 1 
I• ,I 

I 
' 

" j· 

' ., 
' ,, 
I 

I 
diffusion mechanism i ntermediate between solid-state reactions 

and pure liquid reactions. The mechanism of diffusion in 

solids has been extensively studied by use of thermodynamic 

'I 1, 

" I 

I 
I. 

I ,. 
I 
i 

calculations and through laboratory experi~ents on crystalline : 

solids, as in Chapter J, page ~81. The thermodynamic equations ; 

for solid diffusion do not supply information concerning the 

p ath of the diffusing particles or the concentration of lattice 

defects. Knowledge of the concentration of lattice defects 

enables one to 13pecify the atoms that are mobile as well as i 

the frequency with which these atoms that are mobile are 

displaced during their travel through the solid. It is helpful 

to know tnis concentration in order to be able to follow the 

path of the diffusing particles. In solid-state reactions, the· 
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interaction between the solid depends on lattice defects, on 

the mobility of lattice units, and on the degree of contact 

between the reactants. (Jost, 1952) In fluid reactions, on 

the other hand, the reactant molecules are available to one 

a nother due to kinetic affe cts. (op. cit.) In solid-state 

reactions an inunobile product layer builds up at the inter-

face of the reactants, and further reaction depends on 

diffusion of lattice units through this layer. (op. cit.) 

The process of hydration is somewhat different f'rom the 

process of pure solid-state and fluid reactions. As diffusion 

proceeds there is an increase in the mobility of reactants 

due to increased kinetic affects. This concept has not been 

taken into account by presentw:>rkers studying perlitization, 

!' 

I 

Ii 
" ;; 

~ : 

'I 
'i :1 

!1 
; 

" I 

I r· 

:1 
,; (obsidian devi trifica ti on) or palagoni tiza tion. They wrongly 

i' 

" 

1, 

.1 

assume that the rate of' diffusion of water molecules into 

the glass - lattice structure slows down as the depleted or 

,, 
ii 
,i 

hydrated regions become thicker. i1 They base their assumptions li 
ij 
I on pure thermodynamic calculations f'or crystalline solids and , 
,' 

apply these equations to amorphous glass hydration reactions. 

For palagonite, an inunobile product layer is built up 

'I during hydration. This layer is extensively hydrated and 
I 

•I 

': 
1! 
" 

" :I 

!I 
1. 
I· 
I 

1! 
therefore the degree of lattice defects in the solid solution ., 

I 

boundary area (inunobile product layer) is considerably higher ii 

than in the Wlaltered glass. The rate of hydration is there- ., 

fore dependent upon the slower rate of' initial glass hydration . 

(the point at whicn there is a minimum of lattice defects). I 

·! 

i' 
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A. 

E. 

Plate 9 

Palagonite (P), sideromelane (s), hair-channels 

(H), solid solution border (g), and fractures 

(F) are indicated on the photograph.· Two 

major fractures are shown at a right angle 

connection. Sample V22-227, plane polarized 

light. Scale as shown. 

Hair-channels growing from a major fracture. 

The dark area of the fracture is the solid 

solution border. The solid solution border is 

not fully developed. Sample V22-227, plane 

polarized light. . Scale as shown • 
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Plate 9 sho'W\'3 the solid-solution boundary layer between pala-

I 

" " 

;i goni te and sideromelane. This layer has been divided into two jl 

sectors. The first is a solid-solution channel area (here-

after referred to ~s micro-channels or hair-channels) which 

;I defines the path of water into the glass structure. The 
II 

I 

; 

" 1· 
\; ,. 
' i 
' · 1; 

I 

" l ~ 
1, 

i 

;r 
density of the channels reflects the degree of lattice defects I 

" !r 
q 

I 

!I 
in the glass structure. The second part of the sector is a 

;! true immobile product layer and is referred to here as the 

solid solution border. It is composed of a high density of 

" " hair-channels and shows partial crystalization of some early 

ii 
jl 
11 
p 

;; 

" I 
•I 
I 

I' 
'· 

!. authigenic minerals such as iron oxides (goethi te and l.imoni te ) :1 

: i! 
,. 
~ ~ ·~ and smecti tee. The solid-solution border is more hydrated 
' I 

1 than the micro-channel area and thus diffusion of water into 
j 

" I• ,, 
I l · the solid solution border is more easily accomplished and also , 

i 
I• :: 
1' 1! more rapid. The controlling rate of diffusion, however, is 

'\ l· 
again represented by the rate of hair-channel development, and , 

,: 
1: 

therefore, the overall diffusion rate in a linear direction is 11 

'i 

constant. ~ detailed descriptidri of the rate of palagonitiza-

tion is found in chapter J. 
! 
" 

The exact configuration of the lattice defects in 

sideromelane is unknown. From microprobe analyses and micro-

scopic observations the following assumptions can be made con-

,. earning the diffusion of water molecules into the glass J.attice' 

structure: i' 
i 

' 

i ., l. Lattice defects in sideromel~ne must be large enough 

to accommodate an entire water molecule pecause water molecules 
1' 1: 

c.; .. . 

' 
I 

I 
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:i 

" I 

diffuse into - the glass lattice structure. 

2. There is more potassium in palagonite than in the 

original sideromelane for oceanic palagonitization reactions. 

\I 

I' 
II 
I 

,. 

The potassium must therefore come from the sea-water. Potassium 

is the largest element in any measurable quantity in pa1agonit- · 
. I ,' 

ization reactions. Lattice defects in sideromelane must be at ,, 
II 

l· least as large as the diameter of potassium in order for this 

element to be accommodated in the lattice structure. 

J. The path of the water molecules and potassium in 
!j 

1, sideromelane must be controlled by the configuration of lattice'; 
I 

defects. Plate 10 shows the distribution of hair-channels at i ~ ,. 

•i 
I• 

.! 
a palagonite - siderDmelane boundary. These micro-channels 

'i 
' 

grow perpendicular to the boundary toward the glass. They then : 

" ,I 
curve and interconnect with each other. The individual paths 

of these channels reflect the geometry of some of the lattice 
I 

i defects iti sideromelane • 
': 

IJ 
4. Lattice defects must be a function of atomic spacing 

' 
·I 

; 

,i 
q 

·i 
I 

" I 

between large elements in the glass such as calcium or between · 

silicate tetrahedra which are randomly orientated • 

.1 5. Marshall (1961) suggests that water molecules con-
I' 

: tained in glass are able to break the Si-0-Si, Al-0-Al, ,, 

:. Si-0-Al cross bonds by adding hydroxyl groups to an Si or Al 

II ,, 

I .;, 
I' 

i 

atom. In this case, the glass structure would partially break i ' 

.: down (hydrate) if some small quantity -of meteoric water were ' 'I 

to be included in the glass structure either during cooling or ' 

before quenching of the basaltic melt. Therefore, the sidero- l, 

J7. 
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Plate 10 

Hair-channels, solid solution border, 

zeolites and palagonite filled fractures, 

and sideromelane are shown on the photo-

graph. The hair-channels are interconnecting 

with each other. This photograph is an 

enlargement of figure B in plate 26, page 

108~ Sample V22-227, plane polarized light, •• 

Scale as shown. 
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melane is partially hydrated, and both large voids and a high 

- •t - ... 

i• 
I' 

,, 
' degree of kinetic movements exist. 

:1 
Thus, the glass structure j; 

can accept new sea-water during diagenesis without much 

difficulty. A difference in initial water contact might also 

:, explain why some glasses o:f basal tic composition do not alter 
11 
·, 

;I ,. 

I ~ 

' to pal?-gonite after extensive ts'eologic time whereas some alter lJ 
f, 

' rapidly during diagenesis. Marshall (1961) estimates that a 
" I 
'· 15% i riitial water content in basaltic glass is the minimum 
I 
, requirement to initiate authigenic mineralization. In acidic 

'i 

i · 
r: 
i• 
I 

" i 
I 
:I 
ii 

" 'i 
:i glasses he suggests that initial water contents of about 20 to ;! 
:1 ;, 
I 25% may be required because the Si-0 and Al-0 bonds are more 

· numerous. 
I 

:i 
A composite picture of the alteration sequence described 

previously is shown on plate 11. Both fresh sideromelane and 

,; palagoni te show the intricate structure which accompany the 
1: 

,, 
l; ,, 
" II 

1· ,1 

; 

l' 
I 

il 

" I • :1 
alteration reactionso Well defined :fracture assemblages are ,. 

' 
I 
I ; 

·i interconnected at right angles. Palagoni tiza ti on occurs along ~ 1 

e . '~ 
these fractures as wjl.1 as at a large palagonite-sideromelane ' I ,. 

" border. (Northern portion of photograph.) Remenent glass and 1
1 

·! 
' palagonite boundaries are observed stage by stage in the 

alteration material. A major :fracture (in detail) shows pro-

gressive authigenio mineralization where zeolites occupy the 

center of the :fracture and de:fine the original width of the 

:: displacement. Smecti tes and geothi te are crystalized from the 

1 palagonite and are intermixed with palagonite in the remaining 

portions of the :fracture. On either side of the fracture a 
i• 

! 

" 
1' 
" 

,. 

I' 

·: 
I 



I 
'• 

• 

l 

'I • I 

f • 

i 
I 
~ 
I 

• 

• 

• 1 

': 

!1 ., 
,j 
I' 

I, 

'i 
,, 

I 

' I 
'I 

·I 
!1 
I 

ii 
' I 

ii ,, 
:I 
I 
1! 

" :: 
I' 
1' 

I 
11 

1i 
" !I 
1: 
! ,, 

11 
1' 
I 

/, 
•I 
i r -..:. 

A. 

B. 

Plate 11 

Palagonite, glass, solid solution border, hair-

channels and fractures are labeled on the photo-

graph. 

a. Represents a zeolitized paleochannel border. 

b. A palagonitized paleochannel border. 

~ i 
~ I 
!1 
,, 
jJ 

1: 
i ~ 

a, d, e, Stages of palagonite paleochannel border 
1: 
I , 

formation. 

f. Palagonite banding. 

Sample V22-227, plane polarized light. Scale as 

shown. 

An enlargeme~t photograph of figure A (above). 

details of the process of sideromelane solution 

shown. The central"zeolite channel (labeled 

zeolite in figure A) marks the position of the 

!: 
!' 
:i 
;1 
I. 
I· 
:: 
I' 
" ii 
ii 
I 

I. 

The I: . 
are :: 

' 1 

original fracture. Progressive stages of' palagoni- i; ,, 
tization can be observed. The hair-channel sector :; ;, 

I\ 
and the solid solution border zone are located be- 11 

tween the palagonite and the sideromelaneo Sample 

V22-227, plane polarized light. Scale as shown. 
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11 d 
11 
!i 4 .3. 

'! 
I 

.; solid solution border and hair chaillleled sector separate the 
,I 

I 
1

1 · sideromelane from the al tera ti on 
i 

material (palagoni te). The " 

stages of' palagonitization cad! ! fact that a series of alteration 
' 

I 

Ii 

be recognized suggests very strongly that it is diagenesis that . 

is the process responsible for the development of palagonite 

and not syngenesis as is thought to be the case by· many 
~ I 

" ,, 

.: students of submarine volcanism. 
i 

·I 
Rapid pal.agonitization during · 

1, 

syngenetic quenching of' submarine lava would necessitate a 

general homogenienity of the alteration material (palagonite) 

because there could not be sufficient time to develop a series !; 
I, 

~ ! 

ii 
:! of stages (each 50 u thick) as is :found in typical palagoni te 
' d 
I banding. 

1' 

These palagonite bands (p1ate 12) represent stage by ,1 

:1 I 
i I stage alteration of' palagonite and are geometric reflections I .. 

ii 
" !j 

o:f the thickness of' the solid solution border and hair-channel.- '.; 
., 

; ed sector. Equal palagonite configuration on either side of 
I 

the :fractures show correlations in both the exact width of 

banding and degree of authigenic mineralization (type and 

I' 
I 

Ii 
I• ,, 
:; 
I 
·i 
·, 

·' 

quantity of authigenic minerals)":~ This suggests that hydration·
1 

.. 
' 

i! 
(sea-water diffusion) proceeds at a constant rate on all Sides 11 

of a fracture. The fractures, of' course, act as conduits for 
I. 

' sea-water entering the glass and probably also define the path :1 
:I 

·; of' removal of ions from the glass into the sea-water or sedi
,1 
1; j1 
,, ment. Plate l.'.3 shows these fractures in the sideromelane. 

Hair-charmels and solid solution borders are commonly perpendi-

oular to the fractures. They have their outlets (mouths) 

1· usually at a large palagonite-sideromelane border. In the 

·- t•' . 

j. 
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I 
1, 
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A. 

B. 

P.late 12 

Photograph shows cel.lu.lar pa.lagonite 

configuration with typical banding and 

fracturing. The fractures are mostly filled 

with zeolite fragments andanectites. Sample 

V25-12-T11, crossed nicols, gypsum plate. 

Scale as shown. 

Photograph of a palagonite cell during the 

!' 
" 

;, 
I 
I 
I 

:1 ,, 
i! 
Ii 
ii 
;! 
II 
" i 

alteration of sideromelane. The glass is i! 
' ' 

located in the center of the cell (upper left j! 

portion of the photograph) o Typical palagoni te 1
; 

banding is observed. The fractures connect 

at right angles and are filled with zeolites 

and smectites. Sample V25-12-TJ, partially 

crossed nicols, gypsum plate. 
r 

Scale as shown. i; 
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Plate 13 /; 
I 

Sideromelane with feldspar and pyroxene pheno-

crysts. Fractures are extensive in the sidero-

melane but do not extend into the phenocrysts. 

Hair-channels occur along these fractures • Sample 

v16-130, plane polarized light. Scale as shown. 

Sideromelane (s) and palagonite (P) with extensive 

fracturing in the sideromelane. Feldspar pheno-
! · 

crysts extend from the sideromelane into the ' " ,, 
palagonite. Hair-channels occur along the f'rac tures !' 

: ~ 
and at the sideromelane - palagonite boundary. 

Sample V16-1JO, plane polarized light. Scale as 

shown. 
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photographs here, calcic-plagioclase laths extend from the 

,' sideromelano into . the palagoni te and do not show any al tera-

tions. Palagonitization proceeds aroW1d both feldspar and 

pyroxene phenocrysts. (plates lJ, 14, 15). Feldspars showing 

1 exsolution features, commonly contain glass inclusions in the 
.I 

crystals (plate 16). These inclusions are sometimes altered 

I, 

I 
11 
I. 

' i ,, 
' 

'I 
i 

I 
I ., 
' 

to palagonite, but the original feldspar lath always remains ii 
,. 
---!' fresh. Most of the fractures occuring in the sideromelane ' 

I. 

do not pe~etrate the feldspar laths, but stop at the feldspar- " 

glass interface. 
1: 

In several cases the feldspars are fractured. 1
• 

.I 

•' They are mostly located in a palagonite matrix where large 

!i volume increases (due to hydra ti on) probably initiate rupture. :1 

In several instances displacements in the feldspars can be 

shown to correlate with displacements in the palagonite in 

1: both direction and magnitude. Nevertheless, feldspars do not 
! 

· i enter into ·the chemical reactions during palagoni tiza ti on or 

:1 !• during authigenic mineralization. The absence of phenocryst 

i' 
i'. 
,: 
:! 
I• 
I 

I I 
~ J 

11 
,i 
I 

:• 
l l 
jl 

.. ··:.;.. lj 

,. reactants during halmyS.olysis must play an important role in 
j ,, 

'• :: the overall availability of' ions entering into authigenic 

,. chemical reactions. Authigenio mineralogy sometimes differs 
! 

,
1 

between magmas of' different composition as shown by zeol.i tes 
I' 

., foW1d by Morgenstein (1967) in the South Pacific and Iijuma 
·: 

:: and Harada ( 1969), in Hawaii. In sediments :from the South 
ii 
:j 
.: Atlantic Ocean clinoptiolite was recognized as a major authi-
'.i ;! genie mineral product from the alteration of' palagonite (Core 

:. 
I 

I. 

l• 
I ' 
.I 

" i: ,. 
I' 

I 
I 

I 

Ii 
j ' 

'' V22-119). This zeoli te has not . been reported by either of the ;1 

' I 

·' 

• 1, 

---,·- -- -- ··- -·- ··-----·---·--·-·---- -·----~-------·--- -· - -----. . . . -- .... - ·- ·-··· - · ···---.. - -- ··---·-----··--·-·-·------- -·----- - ·-. ----- ---
; , 

i 

!, 

48. 



• 

• 

• 

• ) 

~ 
1 . 

• 

• I f ) . 
) 

• 
.l 
I. 

' 
" 

,. 

·; 

,I 
\I 

I 

" 
II 

.: 

.I 
•' .1 
'I 
11 
'I 
11 
II 
• I 

!! 
:I 
" ,, 

·I 

' ,, 
,J 
q ,, 
•I 

~ I 

:I 
!1 
I 

\: 

Plate 14 

I • 

' 
1· 
! 

j1 .. 

A. and B. Fresh feldspar phenocrysts in sideromelane. 

There are extensive fractures in the 

A. 

B. 

sideromelane, feldspars and in the palagonite. 
i, 

Both photographs are of V16-1JO. (Plane !i 
polarized light; scale as shown.) 

Plate 1.5 

Sideromelane (s) and palagonite (P) with fresh 

feldspar laths in the palagonite. Palagonite 

banding is prominent. Sample V16-1JO, plane 

polarized light. Scale as shown. 

Exsoluted feldspar in sideromelane. Some fractur-

ing is present in the sideromelane but it is not 

extensive. Sample V22-227, plane polarized light. 

Scale as shown. 

,• 
' I 

tf ,, 
It 
11 

ii 
11 
I 

H 
1, 
11 

" \ ' 

I ' 

1: 
;: 
il 
' " !\ 
I, 
1' 
I 

!; 
I, 
i· ,, 
i• 
I • 

i 
!I 
if 
" I' 
I 
;1 

!. 
l: 

I 

49. 







• 

• 

• I 

I 

! 

r 
I 

' I 
I 
i 
I 
I • I 

I 
I 

l 

t 
I 

) 

1. J 
i ! - ·-1·--- · 

I • 

i ., 

I ,, 

ii 

'! 
I 

I 

" 

" ., 

I 

·! 

·: 
I 

·I 
i 

11 

i 
" i • 
:; 
,I 

" :1 

:I 
:I 

:, 
ii 

!: 
I 

I 
I 

•I 

I 

I! 
I 

·I 

A. 

B. 

c. 

I. 

ii 
" 
11 
" 
I' 

--- -·-. ---= .. :-..:: :::-. .::.:-::-;:.~· --=-:--:.:-::-=: : ~ ::.-:::: :-.-:;:- ·:::::· ·:::::.-:.-=.=-::- . ---- -::;=:::::.'..:-_·:::.-.:.::-::...:-:.-. -- -- --::--=: 

Plate 16 

Feldspar phenocryst in a sideromelane growid-

mass • 

•I 

!i 
j: 

i: 
I 

I 
!, 

. 
i. 
I' The central portion of the feldspar 
l' 

contains a glass center which is under hydration. i! 
1; 

Sample V22-227, plane polarized light. Scale 

as shown. 

Feldspar phenocryst of figure A, showing the 

central glass inclusion in more detail. Sample 

v22-227, plane polarized light. Scale as 

shown. 

Feldspar phenocryst, with unusual symmetry, 

in sideromelane groundmass. Upper central 

portion of the phenocryst shows an altering 

sideromelane sphere. Sample V22-227, plane 

polarized light. Scale as shown. 
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authors mentioned above • It is asswned that both the original 

magma chemistry, and the quantity and variety of phenocrysts 

which were crystallized out of the melt before quenching 

differs among these areas. The removal of major ions such as 

calciwn, magnesium, and iron could very well affect the over-

all composition of the reactant- sideromelane. This would in 

'I ,. 

•' 

" '• 

'· 
!' 

turn affect the composition of palagoni te and resulting authi- :, 

genie minerals. However, these differences are mostly 

. i reflected in the authigenic mineralogy of the zeoli te suite 

and not in the production of smectites or iron oxides. The 

major differences in authigenic mineralogy and thus lava 

.. 
'· 
' 
Ii 
" , . . l 
, l 

!i 
composition occur mostly between oceanic and terrestrial source· 

areas. 

Discussion 

i 
" " I ,. 
I 

The present investigation demonstrates that the chemistry ' 

of halmyrolysis of sideromelane in the Atlantic and Pacific 

Oceans is relatively constant and that the most marked devia-

tions in chemical behavior durin~- palagonitization occur be-

tween terrigenous weathering and oceanic weathering. In ,. 

terrestrial decomposition of sideromelane (Table 4, page 9) 

sodium shows the largest change during hydration reactions. 

Potassiwn is the least affected in the alkali metal group (the 

periodic group which is most active during hydration). In 

Oceanic materials, potassiwn is enriched in the pal.agoni te '1 

and calcium is depleted. Sodium shows little variation, but 

is in part lost during hydration. Moore (1966), reports that !. ,, 
I 

' 
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genous and oceanic hydration reactions is the decrease of 

potassium in the terrigenous decomposition product and an 

increase in the oceanic palagonites • 
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by palagonite, Na, Ca and Mn are lost, and K, Ti and Fe are 

gained. Moore's findings support the results obtained by 

microprobe analysis in this study. In addition to Moore's 

findings it is noted here that Si, and Mg are also lost, and 

0 and in part Al are gained during pa1agonitization. 

Moore (1966) suggests that the resultant chemical zoning 

in palagonites resemble ancient metamorphosed basalt pillows. 

lie states that the zoning in these metamorphosed rocks are due 

to palagonitization which occurred prior to metamorphism. 

Miyrashero (verbal communication) suggests that the major 

difference between palagonites of terrigenous and oceanic 

origin is the quantity of potassium in the alteration product. 

He believes that potassium rich metamorphosed basaltic suits 

of old geosynclinal deposits originated as oceanic palagonites 

and that those suites depleted in potassium are possibly of 

terrigenous . origin. If Miyrashero's tentative conclusions are 

" 

I' 
!. 
I 

I 
\. 

i 

'· 11 

" ,. ,, 
~ ' 
; 

II 
l; 

,, ,, 
,· 
:; 

l 

d 

further supported, . there exists a method by which the origin ,. 

of certain metamorphosed geosyncl·:Lnal suites can be determinedo 

In laterites of east-central Puerto Rico, Briggs (1960) 

reported the relative increase of Al2o
3

, Fe2o
3

, Ti02 , and H2 o, 

and a decrease in FeO, MnO, P2o
5

, MgO, Cao, NaO and Si02 • 

•' 
,. 

., 

Potassium oxide decreased slightly during lateritization. These 

lateritic soils were derived from a basaltic-andesite lava. 

These alteration reactions are similar to those described 

earlier for palagonites of terrigenous origin and support 

Miyrashero's contention that a major difference between terri-

'• 
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,J 

' ., ,, 
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FRACTURE ANALYSIS 

Introduction _ 

A study of the origin and distribution of fractures in 

basaltic glass was undertaken for the primary purpose of 

determining whether the fractures are of syngenetic or dia-

genetic origin. The overall affect o.f · !fracturing on the rate 

of sideromelane hydration was also investigated. The process 

of sideromelane solution to pa~agonite depends upon the length 

of exposure of glass surface area for sea-water interaction. 

,. 
' 

i 
!' 

" , . 

I 
1' 

Lachenbruch (1962), Neal (1966), Tomkins (J.966) and others ' 

have studied fracturing in semi-homogenous materials 1'. 
' 

and have developed geometrical assemblages (figure l) based 

1; upon experimentation and field observations of' mud cracks. ·: 
1· 

i Lachenbruch (1962, p. 40) has .. developed the following classi- 11 

!' 

fication of fracture patterns occuring in semi-homogenous 

materials: 

Polygonal System 

I Orthogonal - ~ractures 
A. Random 

l. Regular 
2. Irregular 

B. Orientated 

II Non-orthogonal Fractures 

The new cracks in an area of rupture will follow randomly 

" . 

,: 

" " 
distributed zones of weakness (Lachenbruch, 1962). When the ' · 

crack curves, the tangential stress component is greater on 

the convex side (Lachenbruch, 1962)'. Secondary fractures will 

form perpendicular 'to the greatest tension (the horizontal 

i. 

.. 
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~ip:ure 1 
i~olvr:on3.l Svstern of 1i'racturine; 

A 
B 

Ortho~onal Tn~e~seution 

~ is R secon~~rv crack. 
n is a nri~~rv crqck. 

A B 

c 
Non-o~thoeonal Intersecti on 

A anti n are simultaneous 

branches from crack c. 

., 
tension is least in the direction peli'pendicular to the :frac- ji 

tures at the time o:f failure), and will intersect the primary 

fractures at right angles. In "random" systems the initial 
, 

i 
•' " •i 
·1 

i :· and secondary fractures are not directionally oriented. I' ,. 

"Nonorthogonal" connections develop when one :fracture splits 

into two (approximately 120° apart) during its propagation 

(Lachenbruch, 1962), (:figure l) • 

Griffith (1924), developed c~iteria which explain the 

II 
·! 

,: 

i. 
.: 

.. propagation of fractures. He sug~es·ted . that· small cracks will <; 

generate into longer fractures because they are subjected to li 
i 

relatively higher stress concentrations at their terminuso In 1• 

explaining the :fractures of glasses, Griffith postulated that 

:fracture occurs because of the prei:ienoe of' small cracks normal ·i 

to the tensile stress. 

! 
i1 
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Classification of Fracturing in Sideromelane i1 
' 

in ' 11 Several diagnostic varieties of fracturing were noted 
I 
I 
·1 
i; the samples of sideromelane studied from the Atlantic and 
:. 

Pacific Oceans. The following classification is based upon ;: 

' 
observations of these samples and theories . developed by the I 

:: 
' 
,I 

i' 
" 

previously mentioned authorso 

Classification of Fractures i: 

,. 1. Contraction Fractures: Produced during the initial cooling' 

i; 
' 

,, 
I 2o 

" 

;, 

J. 

I• 

of the lava, (plate 17 ,and figure ' 
, 

l, page ,58. ) 
' ' ;• 

:l 
,i 

A. Orthogonal Connections: Primary and secondary 

fracturing. 
" I 

, 
B. Nonorthogonal Connections: Primary fracturing. j, 

' ; . 
Conchoidal Contraction Fractures: Produced by differential 

contraction arising from the di££-
~ : 

" 
erences in density of sideromelane :i 

I; 

' and its phenocrysts • Syngenetic in 

orig~p •. This variety of fracturing , 

was first recognized by Nasedkin :1 

(1963), (plate 18). 
,I 

' Expansion Fractures: Produced by the increase in volume as :! 

the glass is hydrated. Orthogonal ?. 

and nonorthogonal connections are 

represented with the former being 

more prevalent. These fractures 

are diagenetic in origin, (plate 

19). 

I' 
I 

i' 
,1 
·' 
., 
I, 

" 



• 

• 
I 
f • 

• 

• 

r 
l 
1 
I· 
I·· 

t J ___. 

. -
: 

,, 

/. 

' '• 1; 
I 

': 

,i 
' ,, 
: 

;: 
' 
1 
·i 

' ti 
I 

:. 
I 

' i 
·I ., 
i 

" ,. 

;1 

' " ,, 
,I 

'1 
1, 

' I· ,, 
'.I 

, 

Plate 17 

A. A contraction fracture showing an orthogonal. 

connection. Zeolites of the phillipsite group 

.fill the fracture. Palagonite banding is 

prominent in the contraction cells. Sampl.e 

V25-12-TJ, crossed nicols, gypsum pl.ate. Seal.a 

as . shown. 

B. Contraction fractures with pal.agonite al.tera-

tions al.ong them. Solid solution border and 

hair-channel. sector can be observed at the 

boundary between the palagonite and the sidero-

melane. Sample V22-227, plane polarized light. 

Scale as shown. 
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Plate 18 

A. Conchoidal contraction fractures around a f'eldspar 

phenocryst. The ;Lower portion of' the photograph is 

palagonite. A solid solution border and hair-channels 

are observed between the palagonite and the sidero-

melane. Alterations proceed along the conchoidal 

fractures. Fractures extending from the phenocryst 

to the conchoidal fracture are connected orthogonally 

and form after the conchoidal contraction fractures. 

Sample V25-12-TJ, plane , polarized light. Scale as 

shown. 

B. Conchoidal contraction fractures circumscribing a 

pyroxene phenocryst. Secondary fractures are ortho-

" 
I 

" 
J' 

I, 

' , . 

.1 

'.I 

" 
'· 

!, 

i• 

gonal to the syngenetic conchoidal contraction fractures. 

Palagonite (P) and sideromelane (s) are separated by 

hair-channels and a solid solution border. Sample 

V22-227, plane polar~zed light. Scale as shown. 
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Plate 19 

A. Expansion fractur~s at the sideromelane 

(s) and palagonite (P) border. Secondary 

expansion fractures form at right angles 

to the primary expansion fractures. 

Sample V22-227, plane polarized light • 

Scale as shown. 

B. Expansion fractures in palagonite. 

Palagonite banding is observable aroWld 

the fractures. Sample V22-227, plane 

polarized light. Scale as shown • 
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\ 4. Channel Microf'ractures: Produced during diagenesis by the 

l' 

,! 

• J 
I 

" i 
:1 
'i 
' 
,l 

I' 
I 

" 

I 
I 

'· 

expansion of the glass by hydra-

tion. These channels occur at 

the contact of the sideromelane 

and pa1agonite and grow at right 

angles to the contact. They are 

initiated by hydration of the 

.. 
I 

glass and are propagated according 

to the Griffith (1924) criteria 

for fracturing. These micro-

fractures have not been previously ' 

recognized. (plate 20) 

Shear Fractures: Diagenetically propagated by the increase ' 

of volwne during hydration. They 

develop as a release of stresses 

produced during palagonitization • 

Most of the shears are dependent 
)' 

upon:- the anisotropy of contraction 

and expansion fractures whereas 

some are geometrically controlled 
j· 

I'. 
by the Mohr-Coulomb criteria for 

fracturing. For the latter case, 

movements are usually oblique and 

occur at acute dihedral angles to 

the greatest principal stress. 

Shear fractures have not been pre-
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Plate 20 

A. Hair-channels growing from a major fracture. 

Sample V22-227, plane polarized lighto 

Scale as shown. 

B. Hair-channels growing in sideromelane (s) 

are separated from the first palagonite band 

(Pl) by a solid solution border. Other 

palagonite bands are marked P2, PJ, and P4 • 

The average thickness of each band is 50 u. 

The average thickness of the solid solution 

border and the average length of the hair-

channels are 50 u. Sample V22-227, plane 

polarized light. Seal.a as shown • 
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viously ' recognized in sidero-

melane and palagonite. (plate 

21). 

Discussion of Fracturing 

In all cases, contraction fracturing occurs in response 

to syngenetic cooling of glass. Glass cooling is analogous 

to a shortening process since contraction reduces the surface 

area. Tensile fractures are in themselves a lengthening 
,: 

mechanism which develops in response to local shortening. The 

degree of shortening . is dependent upon the localized contraction 

cells which develop for the most part as irregular orthogonal · :, 

nets; and rarely as regular orthogonal or nonorthogonal con-

figurations. The cooling of a basaltic lava on the sea floor 1· 

causes fracturing and in itself increases the possibilities 
\, 

for extensive palagonitization (assuming that fracturing ,; 

develops from contraction). During the transportation of the 

1; magma from its chamber to the surface, partial crystallization 

:i of rimmed calcioplagioclase feldS:.pars and clinopyroxenes 
,. 
1' 
I 

'· 
develop. Most of the phenocrysts show extensive exsolution '· 

features and in themselves are density stratified. ·(Plates 14, 

" 
15, 16) Stratification is due to Ca enrichment in the central 

portions of the phenocrysts. The phenocrysts are of higher 
~ . 

density than the glass matrix and during cooling contraction 
.i 

fractures develop parallel to the phenocryst border outline. 

These fractures are due to differential density contraction. 
.; 

Many secondary orthogonal intersections develop in a radial 
'! 
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A. 

B. 

Plate 21 

Shear fractures with palagonite alterations 

along them. Sample V22-227, crossed nicols, 

gypsum plate. Scale as shown. 

Shear fractures with palagonite alterations. 

Apparent displacements can be seen in the 

areas of the palagonite alterations. Most 

movements seem to be oblique. Sample V22-227, 

plane polarized light. Scale as shown. 
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splay from the phenocrysts to the concentric outer glass 
,. 

:: fractures (see plate l8). These secondary orthogonal " 

,I 

' " 

connections may or.may not be syngenetic; however, they have 

occurred after the primary concentric fracturing. One of the 

first to notice this variety of fracturing in volcanic glass 

was Nesedkin (1963) who found spherical cracking between zones 

,, 
·' 
;. 

' " 

" 

of dissimilar density and suggested that these cracks were due ' 

to stresses built up between these zones. Using an electron !1 

;' 

" ., microscope at a magnification of 11,000 diameters he also noted 

I .: 
ii 
'I 

:' 
l ! ,, 
!i ,, 
o! . 

channels and channel-pores which did not exceed 200 A0 in 

length. These microchannels are the paths which water takes 

during solid-solution-hydration. While studying devitrifica-

tion of glass in tektites, Barnes and Russell (1966) also 

" ' 

!1 . noted hair-channels developing concentrically from the central ' 
Ii 

ii glass bubbles containing water vapor into the philippinite 
!t 
·'· 
·i 
ll 

glass. In tecktites, the zonation of micro-channels seems to 
' !' 

I be 20 u thick. (Barnes and Russell, 1966). · In sideromelane 
. "'l 

., these channel-fractures develop at an average of 50 microns in '. 
. " 

•' length (45 to 55 micron range) and are several microns wide. ! 

·' 
In cross-section they are conical, with their smallest end 

•: ,, 
i' toward the glass and their largest toward the hydrated pal a-

' gonite. Little doubt exists but that these micro-channels 

first develop chemically as channel pores during solid solution 

' 
hydration and continue their evolution into large~ and more 

1, conical features by a fracturing mechanism in which the 
,, •, 
1• fractures are propagated because they are subjected to re.la-
,; 

•' 
I ,, 
l 
I 
I I. . 
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tively higher stress concentrations at their terminus. Un-

doubtedly, the water filling the charmel-fractures aids in 

developing differential stress concentrations by changing the 

pore pressure and thus aids in the overall fracture propagation~ 
' 

' The concept of charmel-fracture growth supports the contention 

that much of the palagonite observe9 .in marine sediments is of 

;• diagenetic origin. Data further supporting this supposition 

1, come from observations of expansion fractures in sideromelane 
;, 

and palagonite samples. It has been well established in the 

,' proceeding chapter that sideromelane alters to palagonite 

through the process of hydration. As hydration proceeds there 

,. is an increase in volume. Two varieties of fracturing occur 
I 

" 

.. 
i 

" 
I 

" 

,, 
i' 

;i in response to this volume increase. One, expansion fractures, .: 
' , 
~! are tensile displacements whose configurations are similar to 

I', those described for contraction fracturing (orthogonal and 
. , 
" non-orthogonal cormections). The orientation of the stress 
II 

' '' field is however just the reverse .that is,. the direction of 

'i 
" .. 
I . 
.I 
i' 

·: '· !: the applied stresses differ in sign from positive to negative. 

Expansion fractures. are oriented normal to syngenetic contrac-

tion fractures because the anisotropy of the syngenetic 

:1 fractures control the stress configurations by controlling the 

direction of palagonitization. Syngenetio fractures act as 

conduits for sea-water entering the glass. .. 
I ,, 
I The second variety of fracturing which develops in res-

! 

>! ,. 
!l 

,. 

,, 

!; ponse to volume inc~eases is shear fracturing. Shears develop · 
i ,. 

: as an expression of lengthening, in response to differential 
" " 
' I .. .,.._._··--·-: -. -- - -· -:::-:::·-.· .·:-.. -- .. - _·:.·_· ~: .:: ·-~ .. :: ·::=:.:-:-:::c.·= :::-:::.:- '.: ·:; .. :: .-...::.::-·:. -;:::.:..:.--:.:::-:-:=;~.::::-:-: -·::7::-.- ..::-:::=-. -= .. -- ·- ·- ... - ·-· -=--::.:·;::.:-.- .. -::--.:-.::r.. · c-.· .. -:: ·;-:-.:.-:-:-·-:.- -·:;··. - - - - - -,, 
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• 

• 

• 

. ) 
• 

• 

• 

·i stresses exhibited through localized increases in volume. Most 

! shearing shows measurable oblique displacements (apparent 

displacements) which develop sporatically, supporting the 

" 
notion that a stress build up is necessary before movement 

'I 
'• 

can occur along previous fractures. (Plate 21) All of the 
,. 

l 

' 
shearing is localized phenomena which depends upon differen-

l 

j' tial stress build ups in various contraction cells of sider-

" omelane during its alteration to palagonite. The fact that 

1' 

I shearing develops, again supports the supposition that 
1' 
I 

diagenetic alterations are responsible for differential 
·1 

·i 
~: localized stresses and that these increases in volume are 

I 

i! proportional to the surface area of fracturing. 

" 
I' 

Continuous increases in volume are resolved by tensile 

1! 
1 and shear displacements which geometrically supply more water 

il 

:i for fur:ther palagonitization; thereby increasing the voll.lllle 

·' ,, 

:· 
,; 

I 

" 1, 
Ii 
1 

•' 

!. 
" 

It 

I' 
" 
1: 
.: 

I' .. ,, 
.: 
.1 . 
' i \• 

11 in a similar geometric progression. . This volume increase ! . ,, 
1' 

i1 controls further fracturing. 
:I 

!: 
The rate of palagonite formation 

1
, 

:' in a three dimensional cell must ' °therefore be proportional to 1' 

; 
:i the rate of induction of water through fracture assemblages • 

Since the fractures develop geometrically, the rate of supply 
I 
! 

of sea-water must also be geometric. 
1: 

If cellular configura-

I 
Ii 

t 

tions are not the case, and only one surface area is present 

ii for water diffusion, then palagonitization will proceed at a 
': ,. 

I• 
1· 

' " 

;j constant linear rate. 
i: The following chapter is devoted to the ,. 

,i' i; 
·, analysis of the rate of palagoni tiza ti on. 1'. 

;i 
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Laboratory Fracturing Vs. Natural Fracturing 

A series of experiments were performed to study the 

!· •: geometry of syngen~tic fracturing in glass. Samples of fresh 

' ' basaltic glass from the Mid-Atlantic Ridge were placed in 
. , 

I silica tubing and heated to l.500°C, . all volatile matter was 

.. ., 
,. 
" ' 
., 
i' 

I . 
, j 

ii 
1! 

:1 
, drawn off and then the samples were cooled in dry air for five ., 

minutes. Both the basaltic glass and the glass tubing frac- '· 

tured during cooling. When laboratory fracture patterns of 

I 

' II silica glass and basaltic glass are compared with those 
1i 

' ' 
patterns produced during natural fracturing in basaltic glass 

' 

• little differences were noted. The overall fracture patterns 
:! 

ii 
' 1 are similar in that there is orthogonal and non-orthogonal 
,i 

j, 
... : ! 

' i ~ 

" 

' '· 

,, 
1! connections. Orthogonal connections are however more numerous. · 

I 

·i 
:· 
j l 

,i 

Microchann~ls (hair-charlll.els) are numerous in naturally 
" I 

' ,, 

I! fractured basal tic glass but are not present at all in labora- ·· 

·i 
tory fractured glass of either basaltic or rhyolitic composi-

1: 
•: 
' tion. Plate ·22 compares the typical fracture assemblage in 

,I 

1: natural glass (figure A) with · that produced synthetically 

:; (figure B). Orthogonal connecting fractures are observed in 
' ' both photographs. The experimental glass photograph shows 
i, 

: l 

" 
i'. 

" 

" 
1: 

!· 1: 
;; typical contraction cells, and some non-orthogonal connections ! 

1. between fractures. The most striking difference between the !' 

.! L 

two photographs is however the absence of hair-channels, in 

,i the lower photograph, and the extensive hair-channel network ,l 

·! 

1
1 
in the upper photographo This indicates that hair-channels 

' , 

.: 'i 
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• 

• 

• 

• 

• 

!e 
I 

~ 
1 · 
I• 

" • 

1: are diagenetic :features and are not associated with syngenetic ;: 
•! 

I 

i fracturing. Hair-channelling, when present, is always 

1! associated with palagonitization. It is logically concluded 
1i . 

.. , 
l j 
I 

~ i 

:i from this that banded palagoni tes (palagoni tes associated with !'. 
ij :1 
1! hair-channels) are :for the most part diagenetical.l.y :formed. ' 
·I 
!: Some palagonite without typical banding may be :formed during 
•I I ,, 
'! 

. ! syngenesis. 
i' 
" II 

I• It was also noted that shear-fractures did not occur 
! 

:: during laboratory experiments, but are numerous in naturally 
I 

I 

1! 
1 

fractured glass. 
'! 
.: origin. 
" ' 

Shear fractures are therefore diagenetic in 

' •I 

1' 

l• 
·' ,, 

I 
I ' ,J 
" ,, 

I 
I: 
d 
i ~ 
' ; 

I 

d :1 A photograph (Plate 2J) of V22-227 is shown as a negative . '. i 

:I 
'I 

i! ,. 
H 

;! White areas are palagonite. Dark areas are either fresh 
1i 

. :! basal tic gl,ass, . or pyroxene and feldspar phenocrysts. l 
Typical. ~ · 

'.I fracture assemblages are shown. in this photograph. 
11 ,, 

·) the sideromelane cells are polygonal in outline. 
'I 

•' 

Most of 

Dif:f erences 

1
1 in fracture width are easily noted •. The wider the ;fractures 

!: 
1' 
'I 
11 

the older they are. Feldspar and pyroxene phenocrysts remain 

i: 
1: unaltered, al though several laths are :fractured. Detailed 
'I 
'1 I. 

I 
photographs of selected areas of this thin section are shown 

j! throughout the text. 
' 
!I 

Ii 
' !! 
;; 
:· 

I 

I• 
:I 
I. 

., i 
1
; ....___., Ii 
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A. 

B. 

Plate 22 

Orthogonally . coilllected fractures with 

palagonite banding, solid solution border 

and hair-channels. Sample V22-227, plane 

polarized light. Scale as shown. 

Laboratory fractured sideromelane with 

orthogonal and non-orthogonal fractures. 

Contraction cells in the sideromelane 

are also observable. Plane polarized light. 

Scale as shown. 
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Plate 2J 

Photograph made from thin section negative 

shows typical sideromelane (s) cells with 

polygonal outlines, fracture assemblages and 

palagoni te (P). Feldspar and pyroxene 

phenocrysts are abundant. Sample V22-227. 

Scale as shown. 
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1, RATE OF PALAGONITIZATION OF SUBMARINE BASALTIC GLASS 
: 

.I 
I 

1 Introduction 
1\ 

I 

; 
I • 
I 

I 

" The rate of alteration of volcanic glass has been studied :• 
/ , 
I 

·; by several authors: Friedman and others (1966), Marshall (196.1), 
I! 
' Bonatti (1965), and Moore (1966). 

.I 
ii 

These authors used hydratio~· 

curves for volcanic glass in hydrous .and anhydrous environ-
' 

i• 
Ii men ts and have attempted to define the limits of' al tera ti on by i; 
1j ,: 

;: thermo9,ynamic calculations o:f the diffusion coefficient of ;j 
.: 
·1 water molecules into glass structure for perli te f'ornia ti on, 
i' 
I ,. ii and by dating sideromelane through the use of reported man-

1i ganese accumulation rates t in deep-sea sediments. As a con-
1· 

1j sequence two schools of thought have developed concerning the 
" 
;1 rate of palagoni tiza ti on. 

Marshall (1966) suggests that perlite forms at a rate of' 

11 ,, 
;; 

'· 1. 
I' 

I ·\: 
' '• ,. 
1' 
.i 
1, 

:i 

Ii 
!j 2-5u/l00 million years at temperatures less than 50°c. tt '.l 

I 

!, (See figure 2) 
I 

At higher 
I 

temperatures ttt(in the order of 200°0:. 

II, I to 500°c) perlitization occurs ~n the order · of' 100 u several 
: ; ': -.~ ... 

Ii ,\ hours to l, 000 years o Obviously, conclusions based upon 
'1 
;: Marshall's estimate suggest that the bulk of' perlite is syn-

i! genetic and that diagenetic perli te occurs only in very minor 
,, 
" •i 

I 
·1 

1: quantities during long exposure through many Periods of geolo- I, 
'! L ; ;: 
;; gic time. 

ji 

: ! ~ : 
:! t Moore used rates of manganese accumula~ion from Bender, and 
:: others (1966) which range from 2-Ju/10 yrs. 
1: tt Marshall {1961) estimated that the diffusion coefficient at ,i 
.. '! . 20°0 is similar~45 a~l n~tural glasses, and that it is of' ' 
., the order of lO cm . /10 yrs • . , 
'i ttt 

~:::.::--::::..:::-·· -:·. ~ .. -.. ._. The behavior of' the dif'f'us~o:µ_ 9.()e_f'f'~c.ie;n,t . ~s __ a ___ f'~Qt.i_OI'! __ _ - -~------------
of' t~mperature is shown by the equatiorii n:n

0
-· -:E/R1' ··- - . --- ..- - ---- .. -· 

• •• ii ,, 
" ., 

e . 
D = diffusion coefficient 
D0 = temp. independent part of' the diffusion coef'f'icient. " I 

I 
I .. 
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"Pigure 2 

100 200 
TEMPERATURE { °C) 

Time required for the hy~rothermal reconstruction 
of perlite to a depth of 100 microns as a :runction 
of temperature. (After Marahall,1961) 
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Bonatti (op. cito) strongly supports Marshall's estimates ;. 

!'. and concludes that palagoni te is a syngenetic product of' sider- \! 
i i =1 

1i omelane. 
ii 

He states: "• •• Underwater cooling of lavas is !: 
1' 
! ~ ,, 

1 rapid. • .and palagonite is not a secondary product of' sidero-
·' 

.. 
11 melane, but is formed directly during the interaction of' hot !; 

i: 
:
1 lava with water." (Bonatti, 1965, p.9). Fuller (19J2), 

1, 
Nayudu i: 

:; (1962), Silvestri (196J) and Bonatti (op. cit.) suggest that 
'I 

:i 
II 

' 
,
1 

the only way palagonite may f'orm as a secondary product 

ii 
' I 

'1 !, 

li 
;I 
ii 
! : 
;l 
I' .I ,, 
~ I 
1: 
'! 
1. 
d q 
j, 
ii 

10.0------------. 

(/) 

er 

8 .0 

6.0 

4 .0 

20 

~ 1.0 
>-
- 0 .8 
i..i 

! 0.6 
..... 

0.4 

0 .2 

5 
THICKNESS - .JJ. 

10 

Figure ~. Experi~ental 
hyd r Rtion ~ate ~urve, for 
ob5i.dian ~t 100° t~. l\fter 
Fried ~an and others, 1966. 

(diageneticall.y) is when it 

undergoes prolonged hydro- :'. 

thermal action connected 

with volcanic episodes. 

In opposition to 

I 

" ' 

Marshall and Bonatti (1965~ 

Friedman and others (1966) ~ ,, 
have developed strong :: 

'! 

evidence to show diagene- i! 
! i 

tic perlite is the rule 
,. 
t, 

11 
rather than the exception. ;; 

They have recal.cul.ated the ·· 

diffusion coefficientt and " 
· 1 

have suggested that perlite 

forms in the order of 20 

u/40,000 years (u/2,000 

.years) at 20°0. 

'• 
•' 

'i 
;· 
'• 
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"Marshall assumed that the diffusion co
efficient is independent of the concentra
tion of water in glass. Our observation on 
the optical properties of perlite rims and 
obsidian cores appear to contradict this 
assumption" (Friedman and others, op. cit.) 

!i 
'i 

:· 

:1 
<! Ross and Smith(l955) have concluded :from a study of obsidian 
i, 
,I 
" 
" ., devitrification that perlite forms by secondary hydration 

after the emplacement of the original glass (obsidian) • 
i' 

Michels (1967) in a discussion of the historical develop- !! 

" ment of this new dating tool for archealogists has reported 
i; 

I 
1: ,. 
1l 
i• 
" II 
ii 
' I 
i! 
1: 
'i 
i ' 
I 

several problems which affect the application of his (obsidian ·; 

to perlite) alteration system to the (sideromelane to palagon- !· 
I, 

ite) system which we are most interested in. Michels states: 

I· 
I'. 1. 

84. 

ii.,.. ____________________________ ,,_, __________________________________________ : ____ .., 

1, 
. ,. 

!· 

I 

!: 
,, 
;. 
i' 

i 
jl 

I' 

\: 
I 

i' 
" 

;; 

80 Jl.2/ l, 00 
I' oc years 

"" ' ~ 60 A Coastal Ecuador 30 11.0 
A B c ~ Egypt 28 8.1 (/) D (/) c Temperate ;fl 25 6.5 l.iJ z D Temperat_e #2 20 4.5 

~ 40 
(.) E SUb-Arctic 5 0.9 
~ P Arctic l 0.4 
...... 20 

0 
2000 6000 10,000 

AGE (YEARS) 

~igure 4. Hyrlration rate curves for obsidian artifacts of known 
age forme~ un~er ~ifferent olimatio conditions. After Friedman 
and others,1966,p.324. 
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"It was discovered that .the primary determinant 
of hydration rate is atmospheric or s oil temp
erature, and since this is variable arolllld the 
globe, s eparate rates of hydration would have to 
be established for each microenvironment. 
Different kinds of obsidian proved to have 
different rates of hydration llllder identical 
temp erature regimes; and archeological applica
tion of the technique uncovered wide-ranging 
patterns of artifact reuse among prehistoric 
commllllities, which can interfere with dating 
unless compensated for." (Michels, op. cit., 
p. _211-212). 

The archeologists undoubtedly have extensive problems due to 

reuse of' artifacts. This, however, is not their basic problem, : 

for the stringent temperature factors in hydration dating are 

much more numerous and critical. Glasses of' different com-

positions give slightly different rates and therefore perlite 

formation rates cannot be extrapolated into palagonite hydra-

tion rates. For the most part, archeologists are dealing with 

terrestrial hydration which is slower than in oceanic or 

t fresh wate:r environments at similar temperatures. Secondly, 

' · 
maf'ic glasses alter at much faster rates than rhyolitic 

., 

glasses because of' the dif'f'erence:s in the atomic bonding and 

the availability of large cations to provide atomic spaces for 

,, the water molecules to diffuse by solid solution. 

The practicality and the reproducability of the obsidian 

dating tool is however a major factor in the usefulness and 

validity of' a new palagonite-sideromelane dating tool. Meighan 

and others (1968) have made carbon-14 dates and hydration 

a nalyses on obsidian tools from the Morret archeological site 

~ in Colima, Mexico. · They assumed a linear rate of hydration 

..J 
-~ .. _. ·~ .:. .... . -·-- ...... . 

t Friedman and others, 1966, state that the diffusion coeffi- . 
cient is dependent on the concentration of' water in the 
glass. It must be assumed that the quantity of' water in g l as s 
is dependent upon it's environment of' deposition. Bonatti 
( i Q/;~ ) s1l A ~~ .,., .. oj; ha. ·h '1..n a.n..h-V-d:t"aue env~rtn m erttn hvdr~~ -i n 11 :i .R m -i n i ma 1 _ 
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' (years/microns). 
'I 

(Table 6) Friedman and Evans (1968) in a .. 
1: ., 

•: discussion of' Mieghan 1 s paper pointed out that hydration 
I 
ij ii proceeds in a quadratic rate rather than a J.inear one, and !l 

2 t: 
,
1 

they recal.cula ted Mieghan 1 s rate using the f'ormul.a: Thickness 1'. 

,I 
1

: equals k time (microns 2 /year)~ . Averaging the time span f'or 
:1 

'I 
; ,, 

I• 

I ' 

:I 
I, ,, 
•' 
'I I, 
ii 
:1 
I 
t· 
' · 'I 1, 
1; 
JI ,, 
;1 
,i 
;I 
" I ' 
ii 

. , I 
: j 
I· I 
Ii 
,i 

ii 
:! ,. 
" ii ,, ,, 
ti 
1 , 

!i 
!i 
I 

ii 
1' 
•I 
" 
ii 
:1 
Ii ,, 
!I 
'i 
" ll 
·! I 
J I 
! 
I 
i· 
:• 
:· 

,; 

:· 
;1 
. 
1: 

the site, (c-14) values indicated 2050 years. Mieghan 1 s 

hydration analysis indicated 1J20 years and Friedman's re- ,, 

calculation showed J ,J.88 years .• I' If' the C'."' 14 dates are valid, '; 

Mieghan's estimates are more correct. · Archaeological data 

appear to support Mieghan 1 s f'indings. (Mieghan, lll))i> ofAeR-$-, 

1968'o.. , and </><J,.'6$);, ;.}. Friedman 1 s rate formula theref'ore, does 

i' , I 

I 

,. 
not seem to be val.id f'or this site. Friedman and Evans (1968) l'. 

2 . 
suggested using a 20 u /1,000 years rate f'or the Morret site. '1 

:! 
" L 

Based on their calculations in (1966) this indicates that the ,• 
i: 

ef'f'ective tenpexature f'or Colima, Mexico was greater than J0°C. !i 
It is interesting to note that the highest ef'f'ective tempera-

ture published by Friedman and others (1966) is J0°C, and 

according to their caJ.cuJ.ations ·this yields a rate of' ll. u
2

/ 

'\ 

!: 
l\ 
!, 
!: 
" " I · ., ., 
!• 

1,000 years. 
{: 

ii Friedman's temperature data does not support his •. 

rate formula and therefore, his results are not valid f'or the 

Morret site. Mieghan, on the other hand, is using a rate 

!; 
' •· 
i· 
" !' 
,I 

i' 

formula which is genetically consistant with both archeol.ogica.i': 

and C-14 dates. 

At least one other author has made a significant contri-

bution to the palagonite dating problem. Moore (1966) has 

·' : . 
,i 
j, 
I ~ :. ,. 
I ' 

I' 
dated pal.agonite by hydration and has developed a rate f'ormul.a ' 

----··- -----·-···-··*--·- --·-. . - -·. -·-· ·-·· ---------- ·-- -
" 

-·-·---~ -- - ------------~---~- - ·-- --- ·- ---
··--·-·A--- -----~ --· - · ~--··--- - W--- ------ -·-- - --.. ... _ .... - -· -- . 

I 

I 
,' 
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,, 
·' based upon manganese accumulation rates. 1: Moore reports: "The i1 ,. 

d 

'.! thickness of palagonite as a function of time (T) in 
I 

" 
!: Kiloyears (Ky) may be defined by: S = JcT, where S is the 

" 
I thickness in microns, and C is a constant. The value of C 

tl ranges f'rom 480 to 2, 000 u 2 /Ky f'or Hawaiia:q submarine basal. tic '
1 

I !1 

I 
; 

·' ,1 

glass. 11 (Moore, 1966, p. 16.3). His rate formula is based upon i! 
.! 
' man- d (1966)' Friedman and others however the use of a constant 

ganese accumulation rate to date the age of the pyroclastics 

is somewhat uncertain •. Much evidence is now available to show '.j 

I' 

'I that manganese accumulation rates are not constant as reported '' 
I! I 

!i by Bender and others (1966). (Bender, oral commu.nica ti on) I. 

Some manganese accumulation rates are, however, dependent upon ''. 

palagonite hydration rates (Morgenstein and Felsher, in 

preparation). 

Both Moore (1966) and Friedman and others (1966) use a 

quadratic rate f'ormula for hydration rim dating. The signi-

ficance of the quadratic formula lies in the belief that 

water diffuses in~o the glass st~ucture at an increasingly 

\/ 

" ;. 
' ;. 
I ,, 

I 

i; 
j. 
" " :; 

I 

): 

!! 
slower pace as the thickness of the alteration layer increases.' 

I 

Friedman and others (1966) believe that this rate o:f diffusion '' 
'I 

is reproduced every 20 u in the perlite structure. We have 

seen in chapter 1 that the rate of palagonitization does not 

proceed in the marmer described by Moore (1966) and Friedman 

., 

d 
!• 
j 

'• 11 
i: 
I 

" •; 
•, 

:· and others ( 1966). I• 
Again, the theory behind a linear rate :for :' 

'· 
1! 
i 

J! 

sea-water hydration in sideromelane it? based upon the concept P 
1; 
" !1 

l !' ~ '! that as hydration proceeds, the material which has been ,I 
_/ it :: 

I fj ' ---··-·-·- 1--·-··-- . ----------- --- -·--·····--- ---- --·------- - - ------------··------- . ··--- -- ·- -- -1 _ __ -·· .• - ·1·-- ·-· --·- ----···- .......... - - ---· ···--· ---···-- -· - ··- -- -----·-·--·- ·· --·-·-·-·---·- ·- ·- - - ··-- -- - --,. - ---- - ... -
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• 

• 

• 

• 

• 

• 

• 

• 
I· ,. 

!I hydrated will pass water onto the areas which are Wldergoing 

" .I 
I 

alteration without any difficulty due to the short distance 

:; 
" II 

j ; 
' 

I 

i 
:: of transport. The solid solution border is more hydrated than !. 

" the hair-channel sector and this area contains a greater con.j 
:r 
' tent of water than the sideromelane. :1 As palagonite becomes 

i! 
jl older it increases its water content, and thus, it is easier 
'i , · 
1i for water to travel through the alteration material as time 
; 
,: ., 

' ;1 
; 

!: 
!'. 
I 

~ ! 
i. 
I 
Ji 

,, 

•' :i increases. The rate, however, of' palagonitization is dependent 

upon the slower rate of hydration at the hair-channel sector. 
ji 

!; Thus, Mieghan and others (1968a and . l968b) are using a more 
!! ,, 
:I 
.: correct rate formula than Friedman and Evans, 1968, because 

I 

!l 
:1 

it is linear and not quadratic. 

Rate Formula Development 

Rate formulas f'or the devitrification of sideromelane 

1: 
I. 
I ,. 
!· 
!, 

!! ,. 
!'• 

' I! 
1; 

" ;' 

are developed by studying the geometry of palagoni te f'orma ti on. ;; 
i. 

;: The rate o-f palagoni tiza ti on does not equal the rate of !; ,, 
,I 'I 

,: sideromelane devitrification, nor is it a quadratic expression i: 
:: !: 
ii as suggested by Friedman and oth~rs (1966), and Friedman and i'. 
:1 1· 

; 
Ii 

,, 
i' Evans (1968). 
!I 
" 

The diagram below (figure 5) is a sketch of 

ii sideromelane glass altering to palagoni te using hypothetical 
" 
Ii numbers for the ease of calculation and clarity. Ten stages 
I' 

li ti of' palagonitization and twelve stages of' hydration are shown • 

il For the first two years of' hydration (Tl and T2) the sample 

" 

" '\ 

' · ~I 
J; 
· : 

I t ti 

\! does not produce any palagoni te. In the first year a 0.1 u .! , 

I
" . ! i Ii 1: 

Ii band o:f' hair-channels forms. In the second year this band of' ,, I. !i : 

:. ·• I: hair-channels is replaced by a .band (o.1 u thick) of' sol.id :i 
I ~--~~-- ... =:.~:-:--.Jl --.':" , : :.'.: •_:c~ _:; -..::..: ·- :.; : . :::c:; .: .. • :: : : ·~;c·'! '.,; ;·~ ;··-:-:::·:;:;; ;-: . . : . ::-:: ::::.:==-.:.·;;-..::=::..~~.;::_-=--=:=-:::=-:-:=-:-;=-:-.: -::-;:·.::::~ · = = .. ~;:-..:c:-:· ·-:-· -.. -,:-- ~ 

ii :'. 
•i 
I• 

,' f 

~ I\ 
! 

jl 
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Table 6 Deviation from 

Morret Site, Colima Me~ico ttt 2 C-14 in 
· Mei han 1968 (u/ ears) Friedman and Evans (u I s) ears 

No.of C- c- a.Obsidian Av.hydra- Rate * Age yrs. Hy~ration ~te Rate
2 

rs. 
Pit Level Date Yrs.Ago Readings tion u yrs/u ago u/time u u /l1000yrs yr/u Ago Meighan Friedlna 

2 120-160 1 1950 2 6.1· 320 1952 37.21 13.9 72 2,678 +2 +728 

l 100-120 4 1500 8 5.8 260 1508 33.64 22.!.i.2 1'4.5 1,497 . +8 - 3 

3 140-160 l 1600 11 5.8 260 1508 JJ.64 20.10 49.5 1,671 -92 +71 

h 160-200 l 2025 3 6 • .5 310 2015 h2.25 20.86 46 l,9L4 -10 . -81 

7 220-280 3 2180 1 a.o 270 2160 64.00 29.35 34 2,176 -20 -4 

Span 120-280 l6t 750B~130Rn 115 3.7-8.8 --- 330BC• 13.69- 684BP- +310BP +16 
990AD 77.Lh 20.0 50 3872BP -420BP -1,154 -- - 668BP- - -- -- 978BP- -- -- - 680BP** 

2718BP 2,298BP JBSOBP 
Duration of site in yrs. 2050 yrs. 

.,, 
11 320yrs. - J,188 yrs -730 +11J8 - --- --- --- - -

·-

: t. Meighan and others, 1968, table 2, page 1073 
·! 

tt Meighan, 1968, table 11 page 1070 
; 

ttt Friedman and Evans, 1968, Discussion, pages 813-814 

* To nearest 10 years - the .average hydration - rate to the nearest year is 284 years/u 
! : 

** Dates reported in literature ; recalculated 
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solution border and a new O.l u thick band of hair-channels 
" I 

i ,. 

;i is formed. 
•I 

!i 
During the third year of hydration (the first year 

i! of palagonitization) a O.J. u band of palagonite replaced the 
•i ., 

solid solution border. A new solid solution border replaces 
'1 

., ,. 
'.i 

" •: 

the old hair-charm.el sector and a new hair-channel sector 

1
1 

is formed. In the second year of palagonitization there is 
L 
;j 0.2 u of palagonite {two bands) and the fur-ther development 
,, 
:; of a new solid solution border and hair-channel sector. As 
,I 

Ii 
ii 

time continues the rate .of palagonite production remains 
i! 
i! contant. ,, 
:; Derivation of the Rate Formulas 

,/ 
11 

ii 
'! 

All data used in the derivation of the rate formulas are 

from the simplified model in figure 5, · 
·i 
I 

Ii Terms Defined 
.1 
· I 
;: N = 
'! Q = 
1i T = 
ij R = 
,: p 
1i R. = ., -11 ., 

Number of palagonite bands 
Thickness of each band 
Age in· years 
Rate of palagonitization 

Rate of hydration 

" 
ll 
1 1 

' 
i . 
~ ; 
I· .I 
i: 
; 
" I, 

1. 

~ ! 

i\ 
!' 
:1 
ii 
I , 
I , 

'I I· :· 

ij 
1i ,1 
,1 

Rate 1 For the 1st State or Fraction of State of Palagonitization 

· il Rp= ~Q/JT 
• I 

ii lim.l=N<J. 

,: example: 
ij 
Ii 
II 
I• 
·I 

R 
p 

(I) 

= NQ/JT 

= one stage (.lu thiokness)/J 
= (1) (.lu)/J years 
= .J.u / J years 

Time/u = JO years/u 
!i 
I ' 
;1 

(~me year) 

" ,. 
I• .. 
I 

II 
~ ' 
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~ -t- 6 
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8 

9 

10 
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FLOW FLOW 

- - - T -
' 

~ ; RATE 
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vv 
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cA 
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11111 111111 1111111 11111'1 
111111 111111 Hlllll 1111111 1111111 111111 111111 1111111 1111111 
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- lfa 
UNIT THICKNESS (0.1,t.L.) 

X-SECTION OF 
A 

BASALT FLOW 

I 11 HAIR-CHANNEL 
SECTOR 

z 
0 

~ SOLID SOLUTIO~ 
I-

BORDER ~ 

N 

I-

z PALAGONITE 
0 
C> 

~ 

..J 

~o SIDEROMELANE 

1 
~igure 5. St~ged formation of palagonite by the develop~ent 
ot hair-channels ann solid solution border. T 1 and T 2 
represent a total of two years of hynration. Numbers 1 
through 10 repreAent years of palagonitization • 
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;i Rate 2 For the Second and Subseguent Stages 

,1 R = 
I p 
' lim. 
:' 
i! 

NQ/T 

N).. l 

(II) 

•: example: l. (for two years) 
R = (2) (.lu)/2 years 

p i 
., 

,I 
= .2 /2 years 
= .lu / years 

Time/u = 10 years/u 

:: example: 2. (for 10 years) 
!; RP = (10) ( .lu)/10 years 

I ,, 
I' ,, 
1, 
•I 

= lu / 10 years 
Time/u = 10 years / u 

11 Rate l +Rate 2 Total Rate of Palagonitization 

i i 
ii ,, example: 
! ,, ,, 
·1 II 
I, 

:1 
!I ,, 

l. 

' ! 
:: Time/u 
;i I " .: 
1. example: 2. 
i' 
11 

ii 
1! 

I 
ii 
lj 
!1 
•I 
,I 

';£. 

Time/u 

(for 

R = p 
= 
= 
= 
= 
= 

(for 

R = p 
= 
= 
= 

(III) 

10 years) 

(N-2)Q/T 

(10-2)(.lu)/10 years 
8 ( .. lu)/10 years 
.Bu / 10 years 
.4u / 5 years 
12.5 years/u 

50 years) 

(N-2)Q/T 
- ~.";', 

(50-2)(.lu)/50 years 
4.Bu/50 years 
10.4 years/u 

Jj example: J. (Time = 106 years) 
'· 
. I 
<I· 
'· 
ii 
:1 
1, 

6 6 
":iS R = (12 -2t(.lu)/10 years 

Time/u p = 10 /10 years/u · 

: ' Dealing with time 
. ~ R =(N-2)Q/T 

in millions of years the expression 
approaches the linear rate R =NQ/T. 

p . p . 
,i 
·1 ,, 
,I 

: ) I l . 
..._) . (. 

' ;, ,, 
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r! 
ti 

I · :t 1: 
;I 
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.. ,. 
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II 
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ii 
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Rate of Hydration Measured from Palagonite Thickness 

~ ::: (N + 2) Q/T 

example: 

example: 

1. (one year) 

2. 

'2:1\i::: (1+2)(.l.u)/l year 

:: 3(.lu)/1 year 
= .J u/year 

Time/u = J.JJ years/u 

(lo years) 

°2: l\i = (10 + 2) ( .l.u)/10 

= 12(.lu)/lO years 
= l.2u/l0 years 
= o.12u/year 

Time/u = 7.5 years/u 

years 

11 In swnmary, three pal.agonitization rate formulas are 

:j li derived and one rate formula for hydration is formulated. 

iJ first formula (I) is only applicable to the first stage of 
I 

'I palagoni.te formation. The second formula (II) applies to 

1: 
1 the palagonite rate after but not including the first stage ,, 

:i of palago~itization. 
1i 
,I 
:' 

The third formula (III) averages the 

entire rate of palagonitization from the first stage to N ., 
ii 
I! 
I number of stages. . ··~· 

The 

I 

\: ,, 
I 

I. ., 
;, 

I! 

' ·' 

i! 
I! 
;1 
11 

ii 
I 

I; 
/, 
: 

I 
H 
·I 
r· ,. 
I: 
1; 
ji 
:: 

'i 
;· .. 
'l 

;· 

" \ 

j. 
I· 

j: 

I 

l. 
,. 
' 

i' .I 
;. 

1: ,, 
L 
11 
;. 

" ; 
;. 
ii ,. 

Two different rates for palagonitization exist even thoug~ 
,, 

there is a constant rate for hydration of' glass. (Figure 5) 

Friedman's formula states that the thickness squared per time · 1 

,I ,, 
I 

is the actual rate of' hydration in obsidian glasses and that 

! this rate is equal. to the rate of' perlite formation, f'or one 

11 band of' thickness. 
,I 

He states: 
" JI', 

J

1 

ji "Many na turaJ. perJ.i tes have shell thickness e ·! of about 20u. Using our hydration rate ·! 
..--.... .: 

1. equa tio'n for the diffusion coefficient deter- " 

t , 

92. 

j __,. . i: mined :from (a graph of' the ac ti va ti on energy . . 
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:i 

. I ,, ,, 
' ,, 

take about 40,000 years for a 20u thick 
hydrated surface to form 8.ll obsidian. After 
that period of time we believe that the stress 
would be so great that a crack would form ·at 
the interface between the hydrated and unhydrated 
glass and the process of hydration would start 
again. In 200,000 years, then, five 20-u shells, 

I 
! . 

" 

i! 
1: ., 

1· ,I 
or a total thickness of 100 u of hydrated material., !j 

" ,, might be formed. This would mean that the :1 
obsidian piece would have been reduced by twice \;,· 

• 1 100 u or by o.2nun; .if the greatest distance , . 
.I 
! 

1! 
I 

between cracks in the original obsidian was 
0.2nun then the obsidian in our own hypothetical 
model would have bee.nreplaced by perlite in 
200,000 years." Friedman and others, 1966, 
p. J26. 

;l 
I· 

1: 
.! Friedman recognizes banding in perli te and attributes the bands'; 
(I 

1
: to the tensile fractures developed at right angles to the 

•( 

:i palagoni te growth surface. 
,\ 

This is the second point where 

I• .. 
1: 
•i 
i' 
:1 
i : 

' 1 Friedman's model differs from the model proposed here. Accord- · 

i; ing to the Mohr-Coulomb c;ri teria for fracturing, extension 
I 

I 

' fractures will develop parallel to ·the greatest principal 
!' 

1; stresses. .The greatest principal stresses are acting perpen-
ii 
" 

•, 

•' " •: 
t. 
" I 

i: dicular to the axis of the banding and therefore the bands can- I 

l,'1 not be " products of stress release·::- by fracturing. The bands 

are an expression of the multiple stage development during 

;, hydration and are of constant thickness because the rate of " 

" 
: hydration is constant. When the hydration rate changes the 

band thickness also changes. The time it takes for orie stage 

1 of hydration to travel the distance, n1 , of one band-width 

equals the time it takes for the second stage of hydration to 
I ,, 

;' travel the same distance. Therefore, the banding observed in 

.; 

!1 
" " 

" 
" perJ.ite is not frac'turing but rather due to dif!'erences in the !; 

I 
I 

l , :1 
·I 
·I I· 

I 

ti 
I . !' 
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FIGURE 6 
HAIR -CHANNEL AND SOLID SOLUTION BORDER DEVELOPMENT 

SOLID SOLUTION 
BORDER= S I 

STAGE II 
DI= D2 

SI C2 

:I amount of hydration. The observed banding is a measure of 
I' 

" t~e degree of diagenetic crystallization of smectites, iron 

oxides and zeolites. The degree of crystallization is a 

11 
• 1, :function of ion migration. 

:; . ' Ions migrate much more easily in a ,, 

ii hydrated environment than in one which is not. In the above 

I 
;I 

I, 
1, 

, . 
. , sketch (figure 6) sl has taken the place of cl' and c2 develop- :' 

1: 
'.i ed during the time of the transfer o:f hair-channels (c

1
) to a :· 

'· 'i 
;, solid solution boarder (s

1
). Since the rate of glass hydra-

;, 
:i 

'i tion is a :function of the thickness of the hydrated glass bands ? ,, 
ii 

'.I 
I 

d 

it :follows that the rate of hydration between two chemically 

ii different glasses should have different banding widths • 
t 

This 

I 

II 
j! 

i: :j 
I 

'.: is in :fact what is observed between · obsidian and sideromelane. j~ 
! ; . ·.i;.. ii 

•i Perli te is banded at approximately 20 u (Friedman and others 
!i 
I/ 

;i 1966) whereas palagoni te has bands averaging about 50 u in 

1: 
jl 

;! 
~ : 
n 1: 

'I 

From this information we would · expect that palagoniti- 1! 
ii 

d zation is more rapid than perlite formation under similar 
I 

:i environmental conditions. 
!j 

I 

·1 section. 
I• 

This is ~onf'irmed in the :following 

11 
1j 
I, 
,1 

j! 
,! 

Of further interest, is the rate of zeoli tiza ti on, or the 1? 
ii 
; · 

ii rates of' limoni te and smecti te f'orma ti on. These rates will be ii 
1· 
1' .1 

I • 

1; 
dependent upon the rate of' hydration which is de:fined by the i' 

94. 
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formula: 1\i= (N+2)Q/T. 

I 
,1 

I 
I 
i · 
) , 

!I ,, 
;i 
I , 

:I Rate of Palagonitization 
i i' :1 

The following discussion concerns the rate of' palagoniti- ;: 
I, 

' zation in marine and lacustrine environments. Table 7 reports !; 

the vital information for those samples studied for rate !-

•I ;! evaluation. The best available data .for an age date for 
' 

' marine samples containing palagonite comes from sample Al50-

RD8, taken on the flank of the Mid-Atlantic Ridge (1JO Km East I: 
:• II 

) 
1· ': of the axis of the Ridge in water depths of' .'.3700 meters. 1' 

il 
Saito, and others (1966) have dated the Al50-RD8 dredge sample ·· 

Ii 
and found it to .be early to Mid-Miocene based upon diagonistic 

·I 
;1 foraminifera ( Globoquadrina dehescens) within the sideromelane 

r· 
: 1 
! i 

·, 
, fractures (Plate 24). They have concluded that the basaltic 

glass was emplaced after the deposition of' the Lower to Mid- I ' 
. ~ 

.; Miocene sediments. Late Miocene and younger sediments coat 
!' 

the outer portion of' the Al50-RD8 dredge samples but are not 
\ 

I 

associated with the interstitial fractures • . A general age dat~ . 
I 

\ 

' based upon these finding suggests that the sample is 15 :!: .'.3 My. 1
• 

I/ ' j 

;· 
old • Forty-two millimeters of' palagonite was measured on the '! 

,, 
sample and represents the amount of' palagonite formed since the 

I 

emplacement of' the volcanic flow. (Figure 7) A crust of 30 mm !; 

of manganese occurs above the pa1agonite and acts as a deter-

rent to submarine erosion. Using a general rate formula f'or 

palagonitization LR =(N-2)Q/T, the rate o.f' palagonite f'orma
P 

tion is: 

,. 
I 

I 
I 

i: 
I 

' i· 

::ER = .(840-2) 5ou/15my · i; 
p = 4 .19u/1, 5()0 _ Y,_~~rs .. __ _____________ ·-- ·-- --- - .... ---- .. !~·· ·- ---· .. .. ·---- . ~-- ----- .. ' . - --·-- ·--------. . ·--- - ·- - .: = -2 ~· 79u/ 1, 000 ye·ars· · ··-- · - ··-----·- .. __ --- -- -.. -· .-·~-· ·- .... - F .. .... _. --·---- - - · -·-· , r' 

• .! 
,, 
I 

I .. 

Time/ u = .'.358 o 2 years/u i: 
I; 

I 

I' 
:' 
JI 
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Table 7 

Thickness of Palagonite and Manganese in Samples Studied : . 
'• 

Palagonite 
' Sample ., thickness u Manganese in u 

:i 

" 

i: 

·: 

·r 
' 

" 
" 

,. 

, . 
• 1 

" 

!: .. 
·' 

.i 

:j 

,I 

,; 

AJ.50-RD8t 

Lake Motosu, Japan tt 

V22-227 

Vl6-1JO 

v16-130 

RC8-D9 

RCl0-110 

V25-12-TJ 

V25-12-Tll 

V25-lJ 

Vl6-SBTJ, Manganese Nodules 

" " " 
" " " 
" " " 
" " " 
" II ,, 

" II " 
fl " 

,, 

" " " 
5-9-16 

42,000 

9 

12,000 

5,000 

4,ooo 

5,375 

6,ooo 

J,500 

6,ooo 

4,ooo 

2,000 

J,500 

J,500 

2,500 

3', 000 

2,000 

2,000 

l,500 

J,500 

750 

J0,000 

7,000 

10,000 

_11,000 

4,500 

I 

: : 

•' 

:; 
" ' 

'· 

I · 

;, 
;! 

750 " 
i 
I 

' 
2' 000 ~ · 

50 

6,ooo 

.5,000 

4,ooo 

6,ooo 

.5,000 

5,000 

5,000 

4,ooo 

5,000 

I• 

j' 
·! 

,. 
,. 

·: 

! " 
i' 

t Age of Al.50-RD8 is i5:!: J million years. (Saito and others, 
1966) 

tt Age of the Japan sample is l, 101 years ( Tsuya, 19J8 as . ;; 
reporteq in Moore, 196_q) ... ·:-:::·:·: ··- ···=-~ "7' -::-: .. ·· .• - .-:--..-=·-:-=-.::= .;".'"=.--..--:·-_-:- - ::----:--::· .:::-: : -:- :: .. ;~ - -::·:. -:--~~--:--::: 
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Plate 24 

Sample Al50-RD8, showing extensive 

fracturing in palagonite. Foraminifera, 

zeolites, limonite and smectites fill the 

fractures. There is a manganese coating 

on the weathered outer surface of the 

sample. Scale as shown. 
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A. 

B. 

Plate 25 

Sample RC8-D9, the sample on the 1eft is a 

palagonitized basalt with extensive zeolite 

crystals coating the fractured networks. 

Manganese crusts coat the zeolites. The 

sample on the right is a manganese nodule 

which contains a high concentration of pala-

gonite. Scale as shown. 

Pigeonite crystals which were removed from 

the palagonite in RC8-D9. They are unusually 

large and well preserved. Scale as shown. 
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Table 8 reports the rates of palagonitization derived ;· , 

!· 
from the use of all four rate formulas for the possible ranges i· 

in ages of' Al50-RD8 and for the Japan Sample with a known date !j 
'· 

of l,101 years. This data is consistant with the theoretical 

rates based upon the differences of perlite and palagonite 

·: banding. As suggested earlier, palagonitization rates should 

11 be more rapid than perli tiza ti on rates for similar conditions 

1, since the average width of the perli te bands is 20 u and the 

•: 
ji 
;I 
i' 
1: 
i' 
I! 
ll 
j 
Jj • 

1: 
ti 
ti 
i'. 
Ii 

I 

1! average width of the palagoni te bands is 50 u. Marsh.all {1961) •: 
1 

i 

11 estimated that it is easier to hydrate glasses which are maf'ic " 

ti than those which are acidic because the silica, oxygen, and 
,I 

:i aluminwn cross bonds are more numerous in the acidic glasses. 
11 

; Marshal.ls' (1961) conclusion supports the findings here and 
: 

I• 

•' further suggests that the rate formulas used in this study are 

,I 
;1 genetically consistant with those samples studied. Hydration 
'I 
jl 

·1 curves for cbsidian and sideromelane are plotted on figure 8 
•1 
'\ 

;I 
I· 

ii 

., ,, 

;;. 
'II 
I ., 

I 

' ' ' 
1, 
.I 
(I 
!, 
Ii 
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:1 

'I' ,, 
! 
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I 
I 

FIGURE 7 

X-SECTION OF A 150-RDS USED FOR RATE DETERMINATION 

SEDIMENT ~ ------------,,-,- -
WATER INTERFACE MN CRUST _f MM 

TO CENTER OF SAMPLE 

42MM 
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and show the dependence of hydration rates on the effective 

)I ,· 

i. 
" II 
1· . I 

' " ii 
temperature as well as the general higher rate of palagonite r 
hydration to that of obsidian in both marine and lacustrine 

environments. The hydration curve for palagonite is drawn 

1 parallel to the slope of the obsidian curve. Two data points 

on the palagonite curve define the position of the curve on 

· the x and y coordinates. The obsidian curve was drawn from 

i· 
ti 

'· I· , 1 ,. 
1' 

j: 
I• 

,, data published by Friedman and others (1966) and contains five ' 

data points. Both curves should slope evenly since the same 

·' ,1 process of hydration of glass is shown. The only difference 

ii 
1: 

is the rate at which the different glasses hydrate. 

F~gure 9 shows the rate for palagonitization for all 

i! 
' !i 
I 

!, 

i! 
Ii ., 
!· 
'1 

1' . _) 
conditions of palagonite thickness • Figure 10 reports the mean :: 

I 
!' 

• 

) 

;l rate for palagoni tiza ti on in the marine environment. 
I 

Samples 

, 1 from both the Atlantic and Pacific Oceans are pl.otted on this 

curve (Figi.tre 10) and their relative ages are interpolated. 
) 

,. 

i· •, 

:1 i. 
Those samples from the Bellingshausen Basin are between one and , 

•! 
1i 
I' 

i: 
:1 

i 
·I 

;1 

" 
,: 
•' 
" I 
1: 

I 

. :)/ 
three million years old suggesting that volcanism was probably .! 

extensive during th~ Late Pliocene in that region • I 

" 
Sample V22-227 is located on the eastern flank of the Mid- ii 

Atlantic Ridge. Saito, and others, (1966), . have dated samples 

surroW'lding · ¥22-227 and have arrived at a Pliocene date for 

!' 

1. 
j• 

" 
1 all outcrops in that area. It is therefore, very probably that 

(1 
I 

1· ) 

•: V22-227 is Pliocene based on formaniferal dating. Pal.agonite ;. 
'; 

dating has yielded an age of about 4 my (Jo5 to 5.3 my) for 
I: 

this sampleo This Pliocene date supports the results obtained 1 
I; 

102. 
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' by Saito, and others, (1966). 
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, 
I ,, 
i• ,. 

Sample RC8-D9, from the Muir Seamowit in the Atlantic i' 
I 

Ocean is shown on Plate 25. It consists of sample of palagon- ' 

itized basalt coated with manganese. Large 10 mm diameter 

pigeonite crystals are included in the palagonite. The age 

of the sample is 2 my (figure 10). During the Pliocene the 
i • 

·; Muir Seamount erupted. Sea-water reacted with the basaltic 
·,, 
·' I , 
I 
•i 

glasses on the seamowit and formed palagonite crusts which '• 

'I 

were covered by layers of manganite. The mineralogy and con-

figuration of the alteration materials in the Muir Seamowit 

' samples are similar to those samples from the South Pacific. 
j· 
I 

., 
I 

I 

The hydration rates of all these samples are relatively con-

stant since bottom water temperatures do not fluctuate to any 

great extent in the major oceans. 

As with most dating methods this tool is limited by a 

11 

; . 

,. 

' 1' 
I 
.i 

percentage of possible error both in sampling and in laboratory. 

measuring. The actual size of the sample i~ a limiting factor .; 
.. ,.../ 

in age determination since age is determined by measuring the 

11 radius of alteration material. If a sample of only 2 mm were 
l ,. 

available then the maximum date obtained could only be about 
j: 

2 my. The palagonite dating method is best used when both 

palagonite and some portion of the unaltered sideromelane is 

available in the same sample. It is also advantageous to have !. 

a layer of manganese between the palagonite and the sea-water 

so that the original thickness of palagonite is preserved with• 
. 1, 

out any mechanical erosion. All samples studied correspond to . I: 

10J. 
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Sample 

Al50-RD8 

T = 12 MY 

T = 15 :MY 

T = 18 MY 

Salt H
2

0 

Temp. O-l0°C 

Mean rate 

Lake Motosu 
Mt. Fuji 

· Japan 
Fresh H2o 

! Temp. l7°C 

" 

ExplanatioJ?. .of 

Rate formula 
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104. 

. ··-· .. - ·-- -·· --- ... -- ·-.. . -· -- .. "' 

Table 8 

R =(N-2)Q/T 
p 

Rate Formula 

286 years/u . 

R = NQ/JT 
p R = NQ/T p 

J.49u/1,ooo years l.l6u/l,OOOyrs. J.5u/1,oooyrs. 

. J58.2 yrs/u 
2.79u/l,OOOyrs 

429.6 yrs/u 
2.JJu/l,OOOyrs 

2.91u/1,oooyrs. 

7.26u/l,OOOyrs. 

Rate formula for 
time gr~ater 
than 10 years. 

o.92u/l,OOOyrs. 2.Bu/1,oooyrs. 

0.78u/l,009yrs. 2.JJu/l,OOOyrs. 

o.97u/l,OOOyrs. 2.92u/l,000yrs. 

J.67yrs/u 7.86u/1,oooyrs. 

2.62u/l,OOOyrs. 

Rate formula f'or 
lst stage of' 
palagonitization 

Rate formula 
for remaining 
stages of 
palagoniti
zation 

Hydration Rate for Al50-RD8 (~~ = (N+2)Q/T] = 

J56j:71 years/u 

Hydration rate for Japan = 110 years/u 17°0 " ... 
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FIGURE 8 
HYDRATION CURVES FOR 

OBSIDIAN AND SIOEROMELANE 

A Hydration Curve - Obsidian 
A~ter Friedman and others, 1966, p. 324 

B Hydration Curve - Sideromelane 
Fresh and Salt Water 
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FIGURE 9 

~ RATE OF PALAGONITIZATION 
FOR N NUMBER OF BANOS IN FRESH ANO SALT WATER 

18 a Rp =(N-2)0/T RATE• 2 91- 0 ~,.A.l/1000 YEARS 
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FIGURE 10 

DATES OF VOLCANIC SAMPLES 
FROM THE ATLANTIC ANO PACIFIC OCEANS 

B \ 

A Al~-RD8 

B V22-227 

g) V16-130 

E RCS-09 

F RCI0-110 

G V16-SBT3 
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A traverse of a portion of a thinsection of V22-227 was 

made from a fracture located in palagonite to the sideromelane 

border. 
I 

(Figure ll). The palagonite shows differential 
.: 

mineralization with limonite in the first lJ5 u. The oldest 

palagonite borders the fracture, and the youngest is located 1· 

at the solid solution border. Mean alteration rates are used 
li 

,! (Table 8) (0.97 u/l,000 years for the first 50 u and 2.92 u/ :• 

l,000 years for the remaining palagonite). Based upon these " 
:I 

rates, about l95xlOJ years ago the V22-227 sample fra6tured as .. 

shown in the diagram. ·; The first 50 u of palagonite took about 
•I 

50,850 years to formo A total of 4JO u of palagonite formed 

in about l77,J40 years. Since fracturing, lJ5 u of palagonite 

have partially crystallized out some limonite (the limonite is 

.. amorphous and is intermixed in the remaining palagonite). It 

I ,, 

I 

" 

would take about 400,000 years longer for the remaining portion · 

of the palagonite to precipitate out an equal portion of 

limonite through its remaining 280 u length. This is a rate of 

about 1 u/l,500 years for enough,,,. limonite to give the palagon-

ite a distinctive yellow color. It would take substantially 

longer for all of the palagonite to alter to limonite, smectites 

and zeolites. The first 1J5u of palagonite are about J times 

more hydrated than the palagonite which is about 400 u deep 

into the . sample {assuming a constant rate of hydration, the 

thickness of the limonite rich palagonite is about one third 

'! of the entire palagoni te thicknessi 
1· 

i· 
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LINEAR SCAN OF A PHOTOGRAPHIC THIN SECTION OF V22- 2 27 
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Plate 26 

A. Sideromelane (s) and palagonite (P) are 

separated by hair-channels and a solid solution 

border. Remenent hair-.channels can be observed 

in the palagonite bands. Sample V22-227, 

plane polarized light. Scale as shown. 

B. Hair-channels are growing in sideromelane. A 

large fracture (F) is filled with zeolite 

fragments and smectites. Palagonite (P) is 

also present. The central portion of the 

photograph is more detailed in plate 10. 

Sample -V22-227, plane polarized light. Scale 

as shown. 
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A similar configuration for palagonite alteration is shown'. . 
' " ' in plage 26. The upper photograph shows the unaltered sider-

omelane on the right and bands ofpi.lagonite on the left side. 

A hair-channel sector and solid~solution border separate the 

sideromelane from the palagonite. Fossil hair-channels are 

1 readily observed in the palagonite banding. In the lower 

photograph, a fracture is filled with zeolite fragments and 

smectites. Hair-channels grow perpendicular toward the glass 

J: 

!· 
l' .I 
•i 
ii 
! i: 

., 

" I 
1· 

' 
i · 
:• 
I, 

and then curve and interconnect with each other. A more recent 

small fracture in the upper right portion of' the photograph 
l! 

shows a typical orthogonal connection with the larger fracture 

trending east-west. Typical 50 u palagonite banding can be 

., seen in the upper left portion of the photograph. Plate 27 
! 

;I shows this banding more clearly. In the central portion of 
' 

JI 

, the upper photograph the palagonite bands grow around a plag
' " . 1 ioclase f'eidspar lath. The feldspar remains unaltered. The 

!: 
•' 

i' . 

·i 
': 
I' 

" II 

I 
ii 
L 
L 

bottom photograph shows the hair-channel sector in more detail.. :; 

The lower portion of this photograph extends into the solid-

I solution border zone. As previously mentioned, the hair
·i 
' 

channels are the first to form during palagonitization. A 
i: 

I , ,, 

' :l 

,. 

fracture extending across a portion of sideromelane has these :. 
' 

1: hair-channels reaching into the glass on either side of the I; 

fracture as shown in Figure A of pl.ate 28. The thickness of 

'! 
the hair-channel sector on either side of the fracture is 

sim~lar (about 50 u)o The rate of palagonite growth on either 

side of the fr.acture is therefore equivalent to the rate o'f: 

-- - ·-- --- --__ .. _ ----- - -·-- .. ~ "' ·-· ~ ... --

·: 

,j 

Ii 
!i 
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i: 
I; 
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palagonite growth for the typical 50 u bands. The bottom 

• photograph shows the typical cellular configurations which 

exist during palagonitization. The center of' the photograph 

" contains fresh glass. Palagonite alterations circumscribe 

the glass and grow inward towards its center. 

'• Contribution of Palagonites in Marine Sediments 

Thus far the concern has been on the chemistry, physics 
I 
'
1 and rate of' palagonite formation. The significance of' pala-

'! 

gonite in deep-sea sediments as well as the possible uses for 

1/ the new dating tool are also of' great importance. 

Palagonite Dating Tool 

I· 
•I 

In recent years sediment dating has become of' more and 

d 
,i 

more concern because it provides data which deals with such 
., 

I ,. theories as Ocean Floor Spreading, the origin of' manganese 
l 
J 

I ,, nodules and the overall rate of sediment accumulation in the 
:j 
·: ocean basins. Various models have been proposed to explain 
II ,, 
" the origin of manganese nodules. One group suggests· that the 
' ' 

1: 
,J 
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!: 
J' 

' constituents of' manganese nodules~ are derived f'rom continental ·: 
j :: 
;I i· 

; 1 weathering and are precipitated by an inorganic pelag:i.c process ·~ ,, ! 
i, 

" Another group shows that manganese nodules are the products of' i 
;; ,, 

submarine volcanic eruptives interacting with sea-water. 1: 
'· 
" I• 

;I Morgenstein and Felsher (in preparation) have suggested that I' 

4 .. 1 

1 the process of terrigenous we~athering may be combined with the I; 

;i process of' oceanic weathering to account f'or manganese nodule 

development. We contend that manganese is derived as a product 

of' continental weathering, and then combines with ferrugenous 
'1 

; 
'i 
Ii 
j, 

i ' 
,i 

,1 
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Plate 27 

Palagonite banding around a feldspar 

phenocryst. The bands average 50 u in 

width. 

light. 

Sample Vl6-1JO, plane polarized 

Scale as shown. 

Hair-channels in sideromelane. The bottom of 

the photograph is the solid solution bordero 

Sample V22-227, plane polarized light. Scale 

as shown. 
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Plate 28 

' 
i· 114. 

/· 
!· 

I 

" I 

Sideromelane cell with palagonite alterations J! ,, 
A fracture with hair-oharme1s extends across 

the cell. Sample V25-l2-TJ, crossed nicols, 

gypsum plateo Scale as shown. 

Typical cellular configuration with a 

sideromelane center and palagonite 

circumscribing the glass. Samp1e V25-1J-TJ, 

crossed nicoJ.s, gypsum plate. Scale as 

shown. 
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r/c' "- ·: -and ferromanganiferous complexes produced by the diag~netic 

•• 

• 

r 
' 

t.'J 
• 

alteration of deep-sea palagonites to form manganese nodules. 
I 

We use the palagonite dating tool, as defined in this paper, 
'! · 
:i 

to find the ages of deep-sea manganese nodules. The manganese 

i, nodules studied, accreted at a rate of' l.7 to 8.7 u/io3 years• :: 
' " 

The rate of accretion decreased with time. This decreasing 

rate supports the c'oncept that iron catalysts, derived through l; 
the solution of palagonite are responsible for accreting 

manganese nod~les. During palagonitization, iron oxides are 

11 crystallized out of the palagoni te 11 gel 11 , and then react 
I 

with manganese i9ns situated in sea-water, the resultant 

combination is ' a manganese nodule. After a period of time, 

however, all of the iron is used up and the rate of manganese 

I' ,. 
!' 

' f' 
" ' ,1 
•( ,, 
I .. 

nodule accretion decreases. Plate 29 shows a typical manganese 

' nodule with a sideromelane and palagonite center. 
I 

J; 
1' Microprobe analyses were performed on a similar sampl.e 
1, 

(Vl6-lJO) from the same locality, in the South Pacific. 

(Plate JO). A photograph taken e:;t: a thin section of this 

i; 
j; 

;! 
!· 
•I 

sample shows the manganese-palagonite border. 
. ! 

Iron and caJ.c_iwn: 
I, 

~ ; ,, 
I• are concentrated with the manganese. of' the nodule. There is 
,, 
1

1 
a higher concentration of silica in the pal.agonite. A sharp 

., boundary is observed between the manganese and the palagonite 

in the calcium and manganese displays, indicating that . these 

i' 
d 
\ ' 
(, 

" 
" " l· ,, 
I< ,, 

,, 
I 

j 

i ,. 
1 elements are not derived from the pal.agonit~. Iron and silica ,. 
I 

" 
!• 

I~ 

1 displays show a more gradual change in the concentration across 

, the boundary. 
'I 

These elements are derived from the palagonite 
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Pl.ate 29 

Manganese noduJ.es with sideromelane and 

palagonite center. The sideromelane is in 

a celluJ.ar configuration with paJ.agonite 

alterations around the center of the cells. 

Sample Vl6-1JO. Scale as shown. 
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Plate JO 

A. Photograph of a portion of a manganese nodule 

showing manganese (M), palagonite banding (P) 

and sideromelane (s). Sample V16-1JO, plane 

polarized light. Scale as shown. 

B. Line current display of the sam~ sample showing 

manganese and palagonite sections. All 

electron beam scanning photographs in the plate 

are of 400 diameter magnification and are J20 u 

along the bottom edge. 

c. Manganese display showing the distribution of 

this element • 

D. Silica display showing a relatively even 

distribution of silica in the palagonite and 

the manganese portion of the nodule • 

E. Calcium display shows a higher c~ncentration of 
- -~, 

calcium in the manganese portion of the nodule 

than in the palagonite. The high concentration 

of calcium in the palagonite is a feldspar lath. 

Fo Iron display depicts a sharp boundary line be-

tween the manganese and the palagonite. It is 

however, evenly di~tributed in both portions 

of the nodule • 
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and are deposited in the manganese shell. The above observa-

tions support the findings of Morgenstein. and Felsher (in 

preparation) and suggest that iron complexes are derived 

through the process of palagonite solution and are added to 

the manganese ions of' sea-water ,(at the sediment-water inter-

face) to accrete manganese nodules. 

Authigenic Mineralization of Deep~sea Palagonites 

Palagonite is an intermediate product between the 

deposits of volcanic pyroclastics and the authigenic mineral 

suites observed in oceanic sediments. Figure 12 shows the 

relative importance of palagonite to the composition of deep-

\I 

i! 121. 

I 
1. 

i. 
!· 
1' 

ii 
•I 
1· 
~ 
'I 

'· 

·!! ;: 
sea sediments. Most authigenic deep-sea minerals are derived I~ 

'· Ii , 
from the solution of palagonite. Feldspars and pyroxenes ente~ 

the sediment as residual products from palagonite solution. 

Morgenstein (1967) published a review of the alteration 

stages of mafic pyroclastics in core RCl0-110, from the 

;: Society Ridge, South Pacific. The following five stages of 
! . -~ 
i authigenic mineralization were recognized: 

I 
I• 

I 
i' 

,, 
I 

. 
I. 

,, 
' 

(1) hydration Basaltic glass . 

( 2) Palagoni te 

(J) Palagonite 

(4) Goethite 

(5) Palagonite 

hydration 

hydration 

hydration 

hydration 

Phillipsite was also encountered 

Palagonite 

Montmorillonite + goethite 

" I 

Harmotome + Montmorillonite 
+ goethi te ,, 

jl 

Limonite ' · 

'I 
Harmotome + Montmorillonite 
+ Limoni:te 1, 

! 
as a product of' pala- 1' 

!· gonite hydration. ' Essentially, the phillipsite was reported 
i 

I ' 
,1 

I 

' '· 11 
,. 

~ I 

I H !' ,, 
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(Morgenstein, 1967) in sediments which are yol.Ulger than the 

alteration layers. A general decrease in harmotome was noted 

with an increase in phillipsite, although intermediate pro-

ducts of both (eg. calcium-rich-harmotome and Ba-rich-

I 122. 
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I ., 
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! 

phillipsite) were noted to occur ·together. These associations ., 
.! 

demonstrate a continued harmotome-phillipsite series in which 

the Ba-rich zeolite (harmotome) is produced directly as a 

consequence of palagonite solution, and phillipsite is produced
1 

by the reaction of harmotome with sea-watero Dietrich (1957, 

p. 221) demonstrates that the oceanic crust contains a higher 

concentration of barium than does sea-water. It is well 

i' 
L 
I 

I 
'I ,, 

·' ,, 
1: 

recognized that zeolites are capable of ion-exchange, and that ', 

1 an exchange of Ca for Ba would be possible in the hydrous 
., 
" ' 

environment of the ocean bottom. Both Ca and Ba are similar ,. 
:. 
j1 

in atomic size, further supporting the possibility of an j! 

i! 11 

exchange. ·Microprobe analysis (plate Jl) shows an intermediate ' 

" 11 zeoli te which contains both Ba and Ca. It is not known if' '.! 
. -~'/ i. 

this zeoli te is Ca-rich-harmotome or a Ba-rich-phillipsi te. :i 

The presence of both Ba and Ca in the same structure is, how-

ever, indicative of a continuous series between harmotome and 

phillipsite. 

A similar relationship was al.so shown to exist between 

goethite and limonite. Since authigenic mineralization is 

" 1, 
I 

. .. 
j ! 

,. 
j! 
, , 

• 1 accomplished by the process of hydration it follows that with 

increased hydration of palagonite . there is increased mobility 

!' 

,, 

J. 
t· 
f 

i: 
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FIGURE 12 

The Contribution of Vulcanism to Deep-sea 
Sediments 

,---------, 
I Vulcanis m I 
---------

r:------- ----;---- ·, 
I . II Pumice,acid Scona, 1 

Rhyohte I I Bas alt 1
91ass shards basic_glass _I 

,----- ---, 
1Feldspar 1 

l_P_y!~X~-n~~: 

---~--~---~ 
I I 

Ji4-----: PA LAGONITE.._
1 
--------

, I 

r---z~--r~~-
1 • : fZeolites: 1 

1Smed1te 1 P.hill~site 1 

L _____ _j . Lhas:_ otom_gi 

SEDIMENT POT 

----------, 
1Fe Oxides: 1 

:limonite, goethit ~ .... 
----- · -- _ _J 

rr----- ---1 

1
Sedimentary 

1 
rocks - 1 tuf fs L ________ I 



• 

• 

• 

• 

I ) 

,. 
- - ------- - - ... .. . 

• 

·' 
1, 

,I 

!I .. 
·: 
" Ii 

i 
.I 

" 
;1 
l 

Ii 
, i 

' I' ,I 
·: 

,i 

ii 

II 
,: 

I 

.-

A. 

B • 

c. 

i 

•' 

124. 
•' I 

. ' ------·- --· - --------··-·· __ ,,. ·· - ~- ---·-- _ .. _ .. . -- . - . :- :::;:-:: -::::: ·:.-.-.: ... :.:::;:-:::::.:.-::=--=-~-=-=--7;· --=--===-:=:::::..-.. -..=:-=:-.-:-=:-:;::-_:: ._-::::_- :·:::··=-=--== 
! 

Plate Jl 

Line current display of zeolite crystals 

in Sample RCl0-110. Bottom length of the 

photograph is 320 u. 

Calcium display showing the concentration 

of 'this element in the zeolite structure. 

Barium display depicts the concentration 

of this element in the same zeolite 

structure. 
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is great enough goethite crystallizes from the palagonite. 

Goethite is formed because it is wel1 crystallized and it ,, 

,. 
I 

1: 
\ 6 ii 12 • 

contains a minimum of attached water molecules. As hydration Ii ,1 

proceeds the goethite accepts a larger quantity of inter-

stitial water and :inverte to the less crystallized state o'f: 

limonite. 

Other authigenic minerals, mostly of the zeolite clan, 

:: are also produced during diagenesis. A fine example, previ-., 
J, 

ously mentioned, is found in core V22-ll9, located on the 

!: 
•' 
'• 
I' 
I 
! 

ji 

" :1 
.1 : 
! • ;; 
l! 
Ii 

Argentine Seamount, in the S.outh Atlantic. Here clinoptiolite ,, 
·I 11 
li !1 

!· is recognized as a major zeolite associated with phillipsite ~ I 
i 

p crystals and palagonite in a turbidite deposit. Clinoptioli te ' 
ii 
1j has been reported by Biscaye (1964) and others from deep-sea 
! 

;1 sediments, however, it is not recognized as a major deep-sea 
I· 
·' authigenic mineral due to its limited dispersion. The exact 
1: 
:' origin of this mineral is still uncertain. It probably is a 
·! 

product from the solution of palagonite, but the reason for 
. ·.;;, 

its crystallization in place of the more commonly occurring 
·I 

il ·; ,, 
" I 

' d 

I\ 
·" zeolites still remains obscure and serves as a topic for future 1 

l\ work. '• 
I ,. 
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Conclusions 
I' 
( 

1. During the alteration of basaltic glass to palagonite Na, ;I 

2. 

J. 

Mg, Si, Mn, and Ca are lost; K, Ti, Fe and 0 are gained 

in the alteration product (palagonite). Aluminum remains 

relatively constant. These results support the findings 

of Moore (1966). 

1· 
it 

I 

!'· 
1: 
' 
.j 

i ' 
'· I 
.: .. 
" 
!• 

The chemistry of palagonite formation is relatively constant 

in the Atlantic and Pacific Oceans. 

The largest chemical variations occurred between 

terrestrial and oceanic palagonites. The major difference :, 

between oceanic and terrigenous palagonites is the be-
It 

havior of potassium. Potassium is usually depleted in the ;: 

alteration material (palagonite) during terrigenous 

weathering; whereas, it is enriched during halmyrolysis 

(oceanic weathering). The significant differences in 

ii 
!, 
; 

i' 
i: ,. 

oceanic and terrestrial palagonite chemistry suggests that ; 
I ' 

metamorphosed geosynclinal piles can be. shown to have been '. 1 

l, 

either oceanic or terrestrial sediments based upon their 

concentration of potassiumo 

4. Palagonitization is a process of hydration. Palagonite 

.5. 

1: 

commonly contains 2 to J times more H20~ and about 4 to 10 : 
,; 

times more H2o+ than sideromelane (basaltic glass) • 

The greater the hydration in palagonite, the greater the 

degree of authigenic mineralization. Authigenic minerals 

. present in deep•sea sediments which are derived from 

palagonite solution are: Limonite, goethite, smectites, 

i' 
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\; 
manganite, harmotome, phillipsite, clinoptilolite and 

intermediate zeolites of the phillipsite group. 

Sea-water enters the basaltic glass (sideromelane) through ;j 
hair-channels which average 50 u in length. As the hair-

channels become more dense with increased hydration, they 

form a ,50 u thick immobile '.product layer (solid-solution 

border). The solid-solution border eventually hydrates 

I 

ii 
II 
' , . 

" 

I 

" · 
'.! 
I 
lj 

to a palagonite band which is 50 u thick. Palagonitization· 

proceeds as the hair-channels extend into . L the sideromelane •·. 
i ~ 

Most palagonite forms during diagenesis, although there is , 

some syngenetic palagonitization. Palagonites formed 

during diagenesis have typical 50 u bands which are repre-

' 11 

" ,. 
:, 
' 

.. 
!. 

sentative of hair-channel sector and solid solution border (i 

configurations. Palagonites which form syngenetically do ·1 

I: ,, 
not show typ1cal 50 u banding. Syngenetic palagonitization, 

is too Tapid to form by a stage reaction. When basaltic 

lava enters sea-water there can be an immediate hydration 

reaction (either during coolirlg or upon initial contact-

depending upon the temperature and pressure at which the 

lava ejects). The result of syngenetio hydration is 

palagonite rims on outer surfaces of basaltic flows. 

,, 
L 
I! ,; 
' Ii ., 

ii 
Sea-water diffusion into mafic volcanic glass does not slow· 

down as the hydrated region (palagonite) becomes thicker. 

As diffusion proceeds there is greater mobility of 

reactants due to increased kinetic affects shown by a 
j 

higher sea-water concentration in the alteration material • . ) 
ji 
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The rate of palagonitization is dependent solely on the 

initial rate of' glass hydration (i.e. the first stage of' 

hair-channel development). Friedman, and others (1966) 

I 

" I ,, 

I 

I, 
I 
I , . . ; 

~I 
:, 

i' 
dif'f'usion constant f'or a quadratic rate formula cannot be ;, 

" " ,, 
applied to palagonite formation. The rate £ormu1a used by :1 

lj 
I. 

Moore (1966) is also not applicab.le because it uses 

Friedman's diffusion contant. The use of' this constant is 

based on the incorrect concept that water diffusion in 

glass slows down as the immobile product layer becomes 

thicker. 

,. 
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fi 

I 

I• 

~ ' 
:1 

I 

!' 
•i 

Ii 
I 

" 9~ Rate formulas for palagonite formation are derived here by ' 

, studying the geometry of the hair-channel sector, the solid• 
!1 

ll ;; 
I 
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solution border and the palagonite bands. The average 

total rate formula £or palagonitization is: 

RP = (N-2)Q/T 

where: R is the rate of' palagonitization, N is the 
p 

number of' palagoni te bands, Q is the thi.ckness of' each 

band, and T is the age in years. For the first 50 u the 

rate formula is: 

R = NQ/JT p 

For the second and subsequent palagonite bands the rate 

formula is: R 
p = NQ/T 

1: 
!. 

i'. 
ii 

!' 
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I 
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:1 
;, 

When dealing with time in millions of' years the expression " 

for the averaged total rate approaches the linear rate . 

R = NQ/T. The rate formula f'or sideromelane hydration 
p 

~~= (N+2)Q/T 

is: 

' I 
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where: 

1JO • 

:• -· -- "· -·- --· -···· - -·-- - --··· -- -- ----- ... - ·--·- ·--·- -.. - ---· --· -· -· ·· --
~is equal to the total rate . of hydration. ,I 

I 

10. During diagenesis the first 50 u of oceanic palagonite forms 

at an average rate of 0.97! 0.19 u/1,000 years. The 

first 50 u of fresh water palagonite to £orm during 

diagenesis does so at the rate of 2.62 u/1,000 years. 

The average rate of palagonitization after the first 50 

u have formed (and including th.e first 50 u) is: 

2.91 ! 0.58 u/l,000 years. For fresh water pa1agonite 

the rate is: 7.26 u/l,000 years. 

' I 

, I 

1: 
I 

l! 

·' I 

" 

ll. Manganese nodules dated by the palagonite hydration 

12. 

method show that the rate of manganese accretion decreases 

with time. 
I 
1: 

An iron catalyst supplied through the process " 

of palagonite solution is probably responsible for the 

accretion of an appreciable amount of the submarine 

manganese nodules. The rate of manganese accretion 

obse~ved is between 1.7 and 8.7 u/103 years. This rate 

•. 1 
l . 

!: 
ii 

is dependent upon the rate of an iron catalyst evolution )i 

1: 
into the sediment and there£ore, is dependent on the rate ; 

I 
of palagonitization. ~ 

Both diagenetic and syngenetic fracturing exist in sider- 1; .. 
omelane. Fracture assemblages produced are mostly ten-

sile displacements which are similar to those described 

by Lachenbruch (1962) for mud cracks. Shear fractures 

occur during diagenesis and are produced by volume ex- l· 
!1 

pansion due to the addition of sea-water into the ;1 
., 

( 
,: 

alteration ma'terial. Micro-channel fractures hair- • q 
. i· 

I · 1, 
,_, - ·--·--··- ~ ::--_ -.. ·-::-:·..:-
1 ~--· ·-· ··· channels) ~ are : also:: .produce4 . .- cil.1:l:'.ing ... diag~~f4_:::.-=.D~~nej;~q'._-::-= ·-- ~·::::.-= 
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and syngenetic fracturing provides conduits for sea-water ', 

entering into sideromelane. 
I 

Since diagenetic fracturing ;' 

is dependent upon stresses produced by hydration there is 1: 

a geometric increase of fracturing as time increases. 

This mode of fracturing provides increased conduits for 

I 

~ i 
" I 

i 

sea-water and thus is responsible for an increased volume ;1 

of alteration material during time. Conchoidal contrac-

tion fractures are produced by differential contraction 

'· 
;i 
ti 
I• 

1. 
I 

of the glass matrix and its phenocrysts during the quench~ 

ing of a basaltic magma. 

Well crystallized and exsoluted palagioclase feldspar 

phenocrysts are not affected by hydration reactions and 

remain fresh thoughout the process of palagonitization • 
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Pyroxene laths such as pigeonite also remain fresh during j; 

submarine weathering. I i. 
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