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ABSTRACT 

The fluxing action ~f B 2 0
3

, its high vapour pressure 
; 

in the prespnçe of stpam, and the capacity of boron to substitute 

for aluminum in sorne aluminosilicates lcd lo an Invpstigation 

of ItS pffecL on (hp phase rc lations in the ~rani te' system. --
B20 3 is found to depress the granite minimum by up 

t 0 1200 C with ~hp addition of up to 10 per cent B203 at 

Thp presence of boron 'in thE' hydrolls system 

Qllso leads to an apparent potash enrichment of the hi~h sanidine 

SOlld so lu t ions cOPX 1St ing wi th va pour, or vapour and me 1 t . 

l'hi...:; (' t f pct mav })(' linkpd to the entry of boron int 0 thp crysta 1 
Ù 

...,t,ructure or may bp purely a solvatlon pffpct. 

Thr feldspars produced hydrothermally in boron-

bparing charges were "anomalous in that thelr b"and ~ cpll 
" 

dimenSIons are rpduced with rpspeci. to ~hose of no"rma l fe ldspars 

wi th the samp a lkali contents. These anomalies are consistent 

with thp substitut.ion of B for Al in TlO sites. 
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RESUHE 

Les investiga~ions de l'effet du bore sur les 

relations de p!rses dans ] es systèmes granl tiques sont inspirées, 

des dif11inllti~ns, des points de fusion dues au bore, sa haute 

pression de, va peur en présence d'eau aux telllpératures é lévées, 

et sa ca paci té de remplacer l'a luminium dans Id st ructure des 

feldspaths. Les relations de phases dans le système 

haplogranitique ont eté etudlées sous une pression d'eau 

d'un kil0t:~ 

On trouve que la presence de B 20 3 fait baisser la 

température du point de fuslon minimum des granites de 60 0 C 
, 

avec l'addition de 2% B20 3 , et de 120°C avec 1 ' addition de. 

10%. Le B203 dans la phase vapeur enrichit les feldspaths 

alcalins en potassium, dû soit a 
'ç> 

la structure, soit a un effet de 

o 
l'incorpora t,ion du bore dans 

'solvation' • 

La substitution de l'aquminium par le bore occasionne 

une reduction des dimensions de la maille des féldspaths. 

ArC des 

.pe'u plus 

" 

concentrati9ns limitées de bore la reduction est un 

importante en E qu'en b; elle est minimum en a. La 

valeur de ces reductions est en accord avec la substitution 
, 

"balancée" de l'aluminium et bore dans La posit1on TIO. 
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INTRODUCTION 

Previous Work: 

Goranson (1932) pioneered studles of the me1ting 

behaviour of gran1tic rocks ln the presence of water under 10w 

confining pressures. More recently, stlldies were made of the 
1 

cffects of temppratllrf', prf'ssure, an~ hulh. composit 10n in the 

water-saturated pclrt of the system NaAlS130(",-I\.A1S130,~-Si02-H20 

at P(HZO) up to 10 kiluhars (Tuttle and Howen, l45~; Luth, 

Jal:ms, and 1ut tIc, 1l)h4). The meItlng bphaviour of ndturdl 

t
'~ln1t~'-i Wd:--' found t () ('onform -Lü thp behdvlour uf thp 

'udoternary hap loc;ranl t~(' sy'-:item NaA lS130~ -I\.A 151 3 0 "i -Sl02' 

an adequate modf'l system for a stlldy of the hf'hav'iour of 

naturd 1 . granl tc~. 

The dddition I~f thp component anorthlte, CaAIZS120~; 

ra ises the minlmum me Iting temperature, of the wa ter-rich granite 

<;ystem and a],....;o apprec1ably r(~str1cts the '-itabllI.ty fleld of' 

a 1ka li ffddspa r (,James dnd Han:111 ton, 19 6Q) . The system 

NaAlS~30~-KAlS130~-CaA12Si20K-Si02 has bpen dpsi~nated as 

d model sy&tem for the investigation of phase re1~tl0ns ln 

!!,ranodiorltic rocks (Piwi.nSh.:l1 and .Wy11ie, 196K; 1(70). 

-
The effects of watcr undersaturatlon on the melt-.. 

ing bc,haviour of 'granites and granodiorites was lnvestlgated 

.hy Whitney (1972) and Robertson and Wyllie (1971). The 

" lnfluenc('s of the se< ond volatiles COZ' HF, NH]' S03' P20S' 

Hel, and Li 20 were al so e xplored (Tutt le and Wy Ille, ] 957 ; 

Wyllie ~nd Tutt1e, 19)9; 1960; 1961; 1964; Wyliie, 1959) . 
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Whereas NH 3 ,S03' and PzO') showed nee;ligible. effeet on the 

minimum melting tempe rature of granite, COZ and HCl inereased , 
the meltin~ temperature, neither beine; very solùble ln the 

si liea te me lt . HCl probably reacts ehemically with the 

feldspars, combining with the alkalis and t.ransferrine; them 

to the vapour phase, thus enlarglng the primary fleld of 

quartz. lU and Li 20 lowerpd the minimum meltin!!; temperature 

by parti1ionine; stronL';"Iy into the s111cate mplt, 1.P., hy 

actln!!; as fll1,,{p~. 

The"ic investie;ations prompted the present study 

of the influence of horon on the melting behavlollr ln the 

haplogranl tp system, "iince the fluxing propertips of a'lka Il 

horates are also weIl known. In addition, the slmilarlty 

in valence of horon and aluminum, and the sllghtly smallpr 

ionie radius of boron, suggests the posslbilit~ of boron 

substItution for aluminum in alumInosilicates and in the 

npt~ork of the corresponding melts. As weIl as determinlng 

the effect of boron on thp beginning-of-meltlng of granitIc 

compositions, it was hoped that criteria could be found by 

which tht> a~t ion of boron during the magmatle stages of 

gr~nite evolution could he deteeted from the subsolidus 

asspmb lae;es. 
( 

Morey (lQ51) ~tudied the system Na20-B203-S102 at 

atmo"ipheric pressure, with the specifie intention of elarify-

ine; relations alone; the hinary join B 20 3-Si0 2 , still unknown 

after studies of the system CaO-B203-Si02 in whieh the 

. ..,. 

z 
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B20 3-Si0 2 binary was serio~sly complicated by the formation 

of immlscihlp liquids (Morey and Ingerson, 1937). Unfortuna tely, 

he was not successful, as he was unable ta devitrify highly 

viscous glasses of horosillcate, composltion once they had been 

prf'pa red . Later investlgators failed to a~ree on thf' phase 
\ 

relations of thlS binary system until Rochett and rost~r (1965) 

re-examined the sys tem, making conslderah le effort to avoid 

the experlmental difficulties encountered by the previous 

authoros, 1.e. Ihose of: l)volatllization of B~03 at hu~h 

tempera turf' os; 2.) rapl d hydrat 10n of B 20 3-rich me I t~; .-lnd 3) the 

vf'ry hlgh viscosities of horo~11icate melts. Experimentatlon 

on boron-bparlng systems related to the haplogranite system 

has been minimdl, apart from these lnvestigatl0ns, and deter-

mination at the pffect of ~20, or of water under pressure in 

those systems alrf'ady studied, has not.heen attempted. In 

order to avoid compllcations, B~O~ contents of no greater than 
\ ... ) 

10 ppr cent wpre llsed in t,he present exp~rIments; such a limlt 

is we] 1 in excpss of horon conte'n·t s that c;ould be reasonably 

pxpected i~a magmatic environment, 

extreme magmatic conditIons. 

even under the most 

-
Distrihutl0n of baron in the crust, with special referenèe 

ta magmatic and related rocks: 

The earth's crust contains, on the average, less 

than 10 ppm B20 3 (1 ppm B), and igneous rocks, about 1 to 30 ppm 

(Coldschmidt, Il) 54) . Based on prèviously published data, 



• 

A.P. Vino~radov (1956) proposed average values of 10 to 15 

ppm B, wi th no c lear enrichment in basic, intermediate or 

acidic rocks. In an updated compilation Vinogradov, (1962) 

proposes averages of 1 ppm, 5 ppm, 15 ppm, and 15 ppm for 

~ ultramaflc, mafic, intermediate, and acidlc rocks, respective1y, 
A 

and t,hus a relative enrichment: in ir:ttermediate and feisie .. 
rock typ~s. Wide variations of boron concentration would be 

expected wlthin each c~tegory, correspondin~ to variatlons 

in minpra 10e;)' and de~ref' of post-magmat,ic a1teratlon 

(Barsukov, 1461: Llti~syn and Khitrov, 1962). Get1ing and 

Sa Vlnova (19) K) nott>d t ha thoron content was remarka b ly 

constant t20-~O ppm) in genetlcally related pre-skarn 

gabbros, granodiorltes, and diorites, extrusive mafie 
~ 

porphyri tes, and post -ska rn spessartJLe lamprophyres in the 

Turinsk copper dlstrict of thp Ura 1 Mountains. Most of the 

boron in these rocks was fixed in plagioclase (phenocrysts 

and in groundmass). V. D. Otroschenko (1967), ln his 

analY)H~s of baron and cesium in volcanic rocks of western 

Tien-Shan, found baron enrichment in intermediate lavas 

(2'3 ppm B) and tuffs (18 ppm B) relative ta silicic and mafic 

'vo l canie rocks. Boron concentration was also higher in 

produets of suhma rine erupt ions than in produ cts of, suhaeria l 

eruptions, and much hlgher in quiescent1y extruded materia1 
~ 

than in f"xplo~_ivply ,~j'upted material l . Most of the baron was 

4 . 

contained in the plagioclases, with slightly lower concentrations 

1. Siliceous melts are more llkely ta erupt explosively than 
more mafic melts. This shou1d be considered as a factor 
in eva luating the causes of boron enrichment in intermediate 
tuffs relative"to slliceous tuffs. '.' 
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in the amphiho les . Boron minera ls, such as dumort ierl te 
'>, 

and t.ourma line, were found only in altered voldmic rocks. 

Lititsyn and Khitrov (1962) have concluded their determ1nations 

of the boron content of comagmatic rocks of the Middle Urals 

(diorites, syenites, diabases, lamprophyres, porphyrites and 

tuffs), and associat,ed me'tamorph.iç rocks, that the boron 

content of l~neous rocks is dependent on their moda 1 ('ontent 
p .. 

of plae;ioclase, ho'rnblt"'nde, and ~l-rich pyroxenc, al] of which 

t end ta canc(~ntrate boron. 

Bcfore these studies, 
/) 

boron was belipvpd t,o acdlÎ-

mulatc in thf' end products of magmatlc diffpre,ntlation. 
, 

Cet ling and SaVlrlOVa (1960) cont,end that the behaviour of 
, 

boron clurine; thp magmatlc cycle depends largely on the boron 

content of thp primary magma. If the origlna l boron content 
1 

is very low, a Il of the boron, or most of lt, wlii isomorphously 

pnter ~he silicate lattices of mineraIs sucIl as plagiocl~se 

and Qornblende, thereby impoverishing the meit of boron. If 

J \ .J 

the ori~inal boron contient is high~ the boron that does not 

enter the s11icate structures 'will conéentrat€' in the residual 

me 1 t, and may evenJ-ya lly contrlbute to the formatiQh of tourma

line granitf~, pegm/tite, or boron-rich velns. For example, the , , 

axini te-ep1dote-tourma line-veins in the Lambert vi Ile, Va. 
1 .t , 

dia base , descri bed by Tomlinson (1945), may be the product of 

crysta IIi zation of a horon-t"'nr1ched magma (in 1 a c losed system) 'J 

o that coexisted with crysta 11ine phases saturated in boron. 
" 

Sta vrov and Khi trov (1960), ln their studies of 'boron concentrations 

"" 
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among varitô'us phases of granitoid complexes and associated 

pegmatites, noted that boron-rich (tourmaline-bear1ng) 

pegmatites were associated only with p~rcnt rocks having 

relatively high boron contents. Altern~tively, ~f concentrati6ns 

are high cnough and chemical conditl0ns are favourable, boron

bear1ng metasomatizln~ fluids may be produced; theseGrluids 

~ qtay a'lso 1nduce metasomatJ..sm, e :g., the potash metasomat1sm 

of gneisses, as described by Gore (' 1967 r in nort~h-wes'tern 

Wisconsin. Barsukov (19615 concluded from analyses for 

boron in gl~nitoids, both related and unrelatcd to borate 

m1npralization, that hypogenc borate deposlts, e.g. kotolte 

or ludwigl t e-bearing assemblages dssociated with skarns, are 

gcncrally assoclated w1th granitic rocks containing 8 tJ 15 
• 

times "the average boron content for granitic rocks. 
(l 

The case of boron saturatl0n in the original magma is 

illustrated by the well-known tourmaline-hearing granites of 

J ) Cornwa 11-. Bramme 1 (1923) and Exley and Stone (1<J64 have 

notcd th(-~ generéil __ increase in, tourma line content, often 
\ 

r accompanied by topaz and occasionally fluorite, in the younger 

intrusivp'uni~s. TexturaI rélations, as weIl as the reci-

proca 1 varia t ion 1',1 the a bUl'rdânce~ of biotite and tourma li,ne, _ 

suggest that brown tourma line (schor 1) has repla ced biotite 

durlng magrnatic crystallization. ,Post-joint, acicl!lar blue

green a'lkd li tourma line has replaced feldspars and biotite,' 
, . 

and has also nucleated on tourmaline and biotite selvages 

(Wells, 1(46) • It is significant that boron was present during 

• 
, 1 
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the later stages of magma tic cryS±~llization, and was later 
, 

active as 'a constituent of hyd,rotherma 1 solutions, or was 

released from borbn-saturated primary silicate phases by ~ 
f1uidJ.'ction and subsequently redistributed. 

That volcanic activity is indirectly responsible 

for our most viable commercial borate deposits (Gale, 1964; 

Watanabe, 1967) is testimony to the fact that magmatic rO,cl<s 

may often be oversaturated in boron. Polyborates of K, Na, 

a'-nd Ca, such as borax, colemanite, an{l ulexite (Gale, 1964, 
,.' 1 

p.4-6) are precipitat~d in arid climates from saline waters . ~ 

derived from 1...hermal springs, e.g., at the Kramer, Borax Lake 

l~es Lake deposits, cal~~nia (Gale, 1964; Watanabe, 

1967). High temperature,?hypog~~ borate deposits exploited 

elsewherp ar~ formed in magnesian skarns close to the 

-
contacts of granitoid intrusive rocks. Orthoporic acid, 

sassolite, is obtained directly from fumaroles in Tuscany, 

~d from the Showa-Shinza and Azuma volcanoes, Japan 

(Watanabe, 1967) and larderell~t~,' NH 4B S0 6(OH}4' occurs in 

Larderello, Italy (Nies and Campbell, 1964, p.117). It has 

been shown that boron can be extracted from tourmaline and 

boriferous serpentine using high pressure steam (Clarke, 1924), 
1 

"',supporting the hypoth~S'is that aqueous vapour escaping from 

an eruptin~ magma could leach boron from the crystallized 

or crystallizing magma, or from boron-rich country rock. 

Although the elements K and F, as weIl as Cs, __ 

have· been petrogenetically linked to boron (Tilléy, 1951; 

l 

7 
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Barsukov, 1961; Stavrov anq Khitrov, , 1962), it has b~en shown < 
experimentally that the most stable forms of boron in high-

temperatur~ fluids containing thesp elements are as thp 

relatively simple tctrahorate or metaborate ions (Barsukov 

and Yegorov, 1961; Stavrov and Khitrov, ]962). 

Chupka, and Berkowitz (1960) verify that the most stable 

borate sppcies in thp system H20 - B203 at tpmperatures of 

1 ,1 -/~oC 1'~ th tabor t . n ' .~ e me a p 10 , HB0 2 · Temperature and 

pH of post-ma'~mat~c solutions jointly influpncp the form of 

boron ~omplpx ln solution,chemical interaction with pre-

existing minprals, and the varlcty of boron mineraIs pre-

~lpitated under given conditions. Accordin~ to nàrsukov (1961), 

It is in t hp t orm of the metaborate Ion t hat boron, in w~akly 

alkallnp solut ions during the high temperaturp stages of 

pneumatolytlC activity, reacts with aluminosilloat~s to form 

tourma linp (or othpr boron-bearine; silicate mineraIs, such as 

if conditions are 

unsuita blf' for the forma tion of tourmaline 1) or lpaves the 

system in solution to be deposited as orthohorate salts, i.e. 
} 

salts whose structurps contain isolated BO~- groups, stable 

f 
at high temperatures, and smali metaIIic cations, such as 

A13+, Fe 3 +, and !'-1g 2
-+, rather than the complex polyborate salts 

~, 
o~ Ca, Na, and ~, typical of low t~mperaturp deposition or 

r(Ap 1 a cempnt . Subsequen t Iy, decomposilt ion of complexes conta in-

in~ stron~ly acid ions, such as Cl and F, lowers the alkalinity 

of the hydrothermal solutlons to neutral or weakly acid, giving 

1. Tourmaline is unstable in acid and strongly alkaline 
solutions (Smith, 1949; Frondel and Collette, 1957) 
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rise to th~ 'acid Ieaching' stage durin~ which boron is'common1y 

relp-ased from the granitoîd host, perhaps throu~h the recrystal-

lization of mineraIs containin~ boron, magmatically trapped' 

in solid solut10n. Neutral ta weakly acid conditions favour 

H2B0 3- groupings, which will probab1y be dissociat~d to B03- aS 

aç1dity increases. At the lower temperatures prevallin~ in 

la ter st a~es of hydrot herma 1 a cti vi ty these no J 3_ Ions may 

associatt> to form trianglliar B2b~4-. ~roups re'iultind in the 

prC<'1pltatl.On of diborate salts (c.~. szaibelyite). If th~ 

dibora t f' ,lon-bearine; solut ions Int eract wi th carbonate rocks, 

or otherwisp Increa se' the ira 1ka,lini ty, BO 3 ~- ions may be 

hYdrolyzed to form tetrahf"drai B0 3(OH)4- ions that may, result 

ln th~ formation of datolite or danburlte. 

~1uch of the boron in magmatic rocks is thoug-ht to 

havp b~en lntroduced by the assimilation or meltin~ of 

ar~ll1aceous sedlmentary rocks, or by the introduction of 

boron-bearln~ solutions from these sources (Landergren, 1945; 

Wassersteln, 19~1; Get1ing and Savinova, 1959; Barsukov, 1960). 

Althouqh arenaceous sediments contain a limited amount of boron, 
) 

usua l1y ln the forni'\of the res istant minera 1 t ourma line, marIne 

argillaceous s~dlments contain considerable amounts, from ~O 

ta 1,000 ppm B, concentrated in the clay fractions (Goldschmidt 

and ppter~, 1 Q 32; (;oldschmid't, 191)4: Harder, 1970) As a rule, 

freshwater arglilites contain v~ry little boron (Harder, 1970). 

Wasserstein (l9S1) relat~d the higher boron content of the 

youn~er South African and Rhodesian granites, relative to that 

9 
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of the older ones~ to their closer association with high-boron 

sedimentary host rocks; due to their shallower depth of erosion 

more of the outcrop exposed at the surface is located not far 

from contacts with sediments: the younger granite bodies are 

intersected by the surface at their smaller, upper diameters. 

" His evidence is somewhat ,tenuous because: 

1) The boron-bearing younger granites sampled, as weIl 

as the few oIder ~ranites that contain boron, are 

mineralogically classified as true granites, whereas 

the oider intrusive rocks are rlassified as granodiorites. 

It would be hard to comple~ely discount evolutionary 

f"nrichment. 

2) The sensitivity of his analytical technique is low, 

the limit of detection being .007 per cent. Most 

igneous rocks contain less B20 3 than this ,mount. If 

the boron content of the older rocks were just under 

the limit of detection, the enrichment of the younger 

rocks wouÎd be minora 

3) There is a greater possibility of boron removal from 

the ol~r rocks by post-magmatic alteration. 

However, in view of the high boron contents of mar~ne 

sediments and metasediments (Yegorov, 1961) an u1timate 

sedimentary origin for high boron concentrations in magmas, 

and in solutions resultin~in mineralization cannot ~e discounted. 

Sorne boron-ri ch mineraI deposits, su ch as Magnetite iron 

formation, Iocalized in skarns of the Tayezhnoye 

, . 
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region, U.S.S.R., probably derive their boron from rocks of 

sedimentary origin (Yegorov, 1961). The boron and iron content 

of biotite gneisses and pyroxene or hornblende schists of the 

Taye~hnoye area decreases with increasing granitization 

Il 

(formation of migmatite). Boron and iron, in the proportions 

found in nongranitized gneiss terrain, a\~ introduced into the \} 

vicinity of the dolomite zones of the regional sequence as 

metasomatic magnetite an~ tourmaline. 
"'----~-_-.=.---

It lS also possible that 

th~ borate portion of the hypoborate fluids invoked by Core 

(1967) to pxpla1n the mobility of potash may have been released 

during the regional metamorphism from the sediments themselves. 

If this were so; the following sequence would be sugg~sted: 

marine sediment -- schist -- granitized rock, or migmatite 

(process dccompanied by loss of boro~ in an open system) 

granite(?), with a low boron content relative to that of the 

schist or sediment. 

The geochemistry of boron has been documented in 

less detail than that of rnost other minor elements. This is 

dl\.e to analytical difficultjes r~la.ted to its low atomic 

number, and to close association to silicon and aluminum~ 

Promising colorimetrie techniques have been recently developed 

(Fleet, 1967; Uppstrom, 1968). It would be advantageous to 

have boron included in many routine analyses, as sorne aspects 

of the geochemi ca l bchaviour df boron, and sorne perspective as' 

to its relative petrologic importance, would thus be clarified • 
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• The role of boron in melts: 

To predict what part, if any, boron might play in 

the nucleat10n of solid phases from a cooling or undercooled 

melt, as weIl as to analyze its effect on the phase relations 

in the system under consideration, it is pertinent to consider 

its probab~e structural position in the melt under the appro-

priate cQemical and phys1cal conditions. 
'( ... - Boron lS capab~e of ' 

1\ " 
-J existing in tetrahedral as wf"ll as 'in triangu lar coordination 

------' 

.. 

wlt,h oxygen. A structura 1 transition from triangular to 

tetrahedral coordination m1ght be p1ctured as a shift from 

sp2 hybrid bonding with oxygen to sp3 hybridization. Since 

the outer, bondin~ electron shell of boron contains only 
\ 

three elf"ctrons, as does that of aluminum, the shift is 

facilitated by the 'donation' of an electron by a cation, ~.g. 

K, Li, Na, or H, but this is not strictly necessary as in 

the case of pure B20 3 glass '(Bockris et al, 1()60). If 

appreciable tetrahedrally coordinated boron·is linked into 

the Al-Si network, it could easily enter the structure of 

the first forming feldspar in equil1brium with the melt. If, 

on the other hand, boron is bound loosely in the ~elt and 

either exists mainly in threefold coordination, or tends to 

form clusters apart from the rest of the silicate netw~rk, 

there ]s littlp possibility of it being incorporated into 

nuclei ~rowing crystals of a tectosilicate, although it May 

form a crystalline phase-of its own. rhe result of clustering 

to the extent that a separate network is formed would be the 

12 
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;sep~ration of immiscible borate liquide This is known to occur 

metastably belo\Y the liquidus in the alh.ali-poor part of the 

metistable vitreous system Na20 - B203-Si02 (Charles, 1964), and 

a~o in g1asses of the system B203-Si02 (Charles and Wagstaff, 

1968 ). Immiscible behaviour was observed at temperatures 

above the liquidus in the system CaO-B 20 3-Si0 2 (Morey and 

\ Ingerson, 1937), although no evidence was found for liquid 

immiscibility in the system Na20-B20~-Si02 (Morey, 1951). 

Because of the similarit(Jof compositions used in 

this study to those of silicate glas9-..--S}'stems, it is possible 
"" '~t J ,/ 

, to draw lndirect evidence concerning the role of composition 

in determining the structural behaviour of boron in borosilicate 

glasses. To exp1ain anomalies in the variation of physical 

properties such as viscosity, density and coefficient of 

expansion with composition it has been proposed that these, 

13 

glasses contain boron in both threefo1d and fourfo1d coordination 

" 

(Warren, 1941; Abe, 1952). As an a1kali modifier such as Li 20 

or Na 20 is added; these properties increase or decrease until 

,fi maximum or minimum is reached, usually at slight1y under 20 

mole per cent modifier (with respect to 'the sum of a1kali 

plus borate, in moles). This suggests that for each mole alka1i 

modifier one fifth of the boron in the glass converts from 

threefold to fourfold coordination. This behaviour would 

naturally be dependent on the thermal history of the glass. 

It seems probable that boron will revert to its threefold 
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coordination state if the g,lasses. are held above their soft~ing 

temperatures (Abe, 1951); however, one possible explanation 

for partial molar volume and viscosity data determined at 

1,3000c for melts in the system B203-S10Z at compositions 

with over 60 mole pel' cent B20 3 is that boron may be forced 

into tetrahedral coordination, without the influence of an 
; 

alkalj modifier (Riebllng, 1964). 

Bray (1967) used nuclear magnetic resonance techniques 

to show that the proportion of tetrahedral to triply coordinated 

horon in borate glas~ increases smoothly up to 45 per cent 

. with the <ldditl0n of up to 35 per cent alkali moci1fler, a 
~ 

proportion lying above the limit set ,empirically by the other 

authors. In horon-doped CABAL glasses, belonglng to the system 

CaO-A1 20 3-Si0 2 , Bray a1so found tetrahedral boron in cases in 

which, due tO the relative deflciency of mono- qr divalent 

cations, aluminum was not completely converted to tetrahedral 

ooordination. Boron may, therefore, compete wi'th a luminum 

for tetrahedral sites in glass. It is unfortunate that 

similar data are not available for melts. 

The influen~e of pressure is another factor worthy 

of consideration, as tptrahedral coordin~tion should result in 

more compact 'packing' in glassy or melt structures. Bockris 

and Kojenen (1960) attribute the negative coeff'icient of 

adiabatic compressibility of pure borate melt to the shift 

from -II lB to IVB. . h . . Wlt lncrease ln temperature, thermal motion 

will resist the transfer, but the addition of Li 20 as an alkwli 

14 
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-rno:(Lifier les sens this effect by favouring the transfer of ,,'. ) 

• "r 

~~oron to four-coordination as weIl. A~ constant temperature, 
" 

the çompressibility~of MZO-B203 (M refers to a mqnovalent cation) 

decreases wi~~ increasing MZO, u~50 mole per cent M20, by 

inducing a more rigid network bases on tetrahedral coordination; 

in the case of silicate melt, the addition of M20 increases the 

compressibility by causing bonds to break. Thus in a granite 

, 
the boron could be expected to exist in tetrahedral coordination. 

An additional implicatipn of this predicted behavl0ur is that 

the addltio'n of B20 3 in basic' 'magmas might favour the nucleation 

of chaln silicates or tectosilicates as liquidus pha~es, rather 

than olivine. Th18 e ffect, previously mentioned by Belov (l961) 

is consequence of the ability of boron to maintaln tetr~hedral 

linkages in alkali silicate glasses; itchas been utilized in 

glass bJ..owing· Ç.es and CaIlPbell, 1964). This niJ.ght be on: of 

the reasons that the highest boron concentrations in primary 

igneous sillcates occur in plagioclase, hornblende, and pyr.oxene • 

15 
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Boron in silicates: dl 

As already mentioned, boron is capable of existing 

in both triangular and tetrahedral coordination with oxygen. 

~ For instance, it occurs in triangular coordination in common 

borosilicate mineraIs, such as tourmaline, axinite, and searlesite 

and in tetrahedral coordination in dato1ite, danburite, and 

kornerupine. The edge of the B04 5- tetrahedron i8 approximate1y 

2.4 ~, while that of 5i044- is 2.6 î, and that of Al0 4 5- is 2.8 ~. 

The formaI charge on a B04 tetrahedron is the same as on the AI04 

tetrahpdron, leadin~ one to anticipate the substitution of boron 

for a1uminum in silicate lattices. 50lid solution of this 
~ 

nature was found to occur in the system CaO-A1203-B203-Si02 
~ 

in which the join CaAl 2Si07 (geh1enite) - CaB 2Si0 7 becomes 

pseudobinary, with the solid solution of up to 60 mole pèr cent 

CaB 2Si0 7 in gph1enite (Bauer, 1962). SimilarIy, synthetic 

albite exhibits solid solution with synthetic reedmergnerite, 

NaBSi30 H, up to a limit of Ab~ORd20 (Eugster and Mclver, 1959). 

As synthetic boriferous micas isostructura1 with phlogopite and 

~ 
muscovi~e have been prepared hydrotherma,lly, s01id solution of 

both micas with their boron analogues can be expe~ted (Stubican 

and Roy, 1962). Boriferous dioctahedra1 micas have subsequently 

been discovered (Harder, 1971; Ofteda1, 1963). Minor quantities 

of boron have been reported in the following minerl~s: plagioclase 

(Barsukov, 19)~; Otroschenko, 1961, 1967; Getlin~and Savinova, 

/ 1 

19Ç8, 1959; Yegorov, 1961}; hornblende (Otrosch nko, 1967, 1969; 
l 

Lititsyn and Khitrov, 1962); pyroxene (Lititsy; et al, 1962; 

Malinko,. 1967); garnet (Barsukov, 1960; Liti syn 

/' 
1 

et al, 1962); 
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epidote, chlorite, a~dsphene (Lititsyn et al, 1962); serpentine 
, 

(Varlakov, x96l; Otroschenko et al, 1969; Thompson and Melson, 
o 

1970); sapphirine (Moore, 1968); sillimanite (Varley, 1965), 

and rar~ earth or metamict pegmatite mineraIs (Oftedal, 1963). 

It is inter~sting to note that whereas boron lS commonly lost 

during post-magmatic alteration, it is concentrated in the 

alteration products epldote and ch10rite (Lititsyn et al, 1962); 

similarly, the boron content of serpentinitc lS 5 to 30 times 

that of the parent per1dotite (Otroschenko et al, 1969). 

The bo~~alOgUe of anorthite is danburite, whose 

~lting behavlour has been studied by Morey and Ingerson (1937). 

~he boron analogues of both albite and potash feldspar have 

been synthesized at P(H20)=2 ki10bars in the temperature range 
. 0 

of 3000 C to 550 C (Eugster and Mclver, 1959). A natural horon 

an?logue of albite, reedmergnerite, has been discovered as an 

authigenic minera 1 ln shaleS of the Green River Formation, Utah 

(Milton and Axelrod, 1954; 1960). It was also discovered as a 
\ 

pegmatite mlnel'al in the Tul'Restan-Alasian_ province of the 
,-

U.S.S.R. (Dusmatov et al, 1967). Cell pal'ametel's of both 
t) 

occurrences are comparable, although the Russian reedmergnerite 

- 0 rcportedly melts congruently at 1,000 C, whereas the Green River 

\ . 
reedmergnerlte melts incongruently at 862 0 C to tridymite plus 

lt Th t t ot" ,J,'he d . f h . me. e s ruc ure ~ ree mergner~te rom t e Green R1ver 

Formation w~s determined by Appleman and Clark (1965). 

Authigenic potassium feldspars containing 0.55 to 

0.97 pel' cent B 0 have been found in the Barstow Formation, 
2 3 

17 
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San Bernardino County, Ca1ifornia (Sheppard and Gude, 1965), 

and in other simila~ 1acustrine tuff deposits (Martïn, 1971). 

They are derived from the devitrification of rhyolite tuffs 
• 

in the presence of highly saline pore fluids. R. F. Martin 

(pers. corn., 1970) reports that these feldspars melt congruently, 

un1ike orthoc1ase which melts incongruently to leucite plus melt. 

The cell dimens10ns of these disordered potash feldspars were 

studied using X-ray powder techniques (Martin, 1971). This 

study revealed anomalously low band E cell dimensions, 

though the ~ cell dimensions seem 'normal' according to the 

generdlly acccpted relations betwecn Or content, refractive 
.., .......... ~ 

indice~~~nd a cell dimension. The low band S cclI paramete~s 

were shown to be due to the substitution of boron for aluminum 

in the disordered structure by comparison with synthetj~ boron

bea~~nidines, which exhibit similar anomalies,~but possess 

more Si-Al(B) d1sorder. Appleman and Clark (1965) suggest 

that it is impossible for the sodic part of the boriferous feld-

spar system to possess complete disorder, a suggestion which is 
Q ~ Il 

substantiated in part in that the powder patt~rn of synthetic 

reedmergnerite is identical to that of the natural mineraI 

(Eugster and McJver, "1959). If this discrepancy of ordering 

behaviour between potassic and":sodic boriferous feIcfspar is 

re~l, then the reiationship between"the boron content of 

transitional Na-K boriferous feldspars and their cell parameters 

will be seriously complicated . 
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EXPERIMENTAL TECHNIQUE 

-' Hydrothermal Experimen~s: 

The startirtg materials were g!asses mape by the 

method 'of coprecipitating gels (Luth and IngamelÏs, 1965). 

They were supplied as powders by W. C. Luth, and were the same , 

as those used in a previ~us study of the granite system 
't. 

(Luth, Jahns, and Tutt~e, 1964): They were ground and dried 

in a vacuum oven for four to eight hours, then stored in a 

dessicator until required. As very little starting material 

was available, each run had to be prepared individually. 

" 
Further heatln~ was avoided in this way to prevent alkali 10ss 

and sintering, which would tend to produce inhomogeneities in 

the starting materials. 

Boron was intr du d in the form of boric ~d, 

~
) , f~'~Î\ 

H3B03' A C A approved ana yti~al grade, stable at room tempe rature 

and also nonhydroscopic. Boric acid was added in crystal form, 
! 

'because it tended to collect and adhere preferentially to the 

agate mor'tar when ground with the granitic glass, and therefore 

could be neither mixed nor removed with the rest of the material., ., 

The -B20 3 content of each run was ca~~ulated from the amount of 

H3B03 added, and the total percentage was c~~culated as .~ercen~age 

of dry in~redients, i.e. 'granite mix plus weight of B20 3. 

Distilled water was used in small quantities. The 

total water content was calculated as the weight of water added 
.' 

plus the weJ..ght of water added in the form of H3 ID 3' and ,t!Je 

wt.H20 total {g} X 100 ... 
weight per cént of water as: Run wt. capsule contents (g) • 

" 'composi tions are shown in' Table 1,Appendix l, in weight per cent 
~, 

oxide components, and in per cent Ab:Or:Q. 

,r 

.. 

, 1 

~ 
, 1 
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The capsules used in the hydrothermal experiments 
\ ~ 

were cut from 2mm O. D. gold tubing into 10 to l5mrn long, 

and sealed at one end with ~n arc welder. Each capsule was 

first weighed, then .001 to .002 g of distilled water was 

added with a disposable syringe. The capsule was reweighed 
~~ > 

upright, and one to three crystals of boric acid were added 
1 ~ 

20 

and the capsule rewei~hed. According to proposed run composition, _ 

an appropriate amount of granitic material was calculated,and 

added as accurate]y as possible, after 'being ground in acetonè. 

The capsule was tapped lightly to settle the contents and the 

rim cleaned with a fresh pipe cleaner, then pinched shu~. 

It was again weighed, trimmed and welded. The basal part of 
~ 

the cacpsule was held in ice and water while 'it was being welded 

to prevent vaporization. The sealed capsule was weighed and 

~ placed in a drying oven ovérnight. The capsule was reweighed 

to check for leakage. 

Experi~ents _~,re run in externally heated, 1" O.D. 
, 

s~ite cold seal pr~ssure vessels with water as the pressure 

medium. The vessels were immersed in vertically wound furnaces 

controJled with Pt-Pt87Rh13 Ether potentiometric controllers. 

The temperature of the contents of thè vessel were measur0d with . 
,~ Pt-Pt87Rh13 thermocouple inserted in~o a special weIl (>in ,the 

r 
s-ide wall, or~~in from the base, of the pressure vessel, as close 

to the charges as possible. Stainless steel filler rods we~e 

placed inside the vessel on top of the charges to minimize the 

therma 1 gr~dient in the vicinity of the capsules. The difference 

J 

1 
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1 
twee~ actua1 run temperature and the recorded temperatu~e 

s probab ly.,.in the order of 5 to 100 e (~oettcher et al, 1971) 

p us the additional error due to the noncalibration of the 

thermocouples. Temperatures were recorded from a Pike digita~ 

21 

voltmeter and corrected to room temperature. They were monitored 

twice daily. The maximum fluctuation recorded during runs 

lasting 5 to Il days was !lOOC, usually ~) to 6°c. To achieve 

the desired temperature itfwas occasionally necessary to raise 

the position of the vessel from that of maximum immersion and 

of minimum temperature gradient along -Ohe capsule, to severai 

inches above that position~ a region of redu~ed temperature 

but steeper thermal gradient. 

AlI runs were performed at P(H20). l k1lobar. The 

pressure ~as partially raised before the bomb was lowered into 
... 

the furnace. Pressure was measured wi:.th Bourdon tube gauges 

ca librated with a standard Heise gatlge. Th~ bombs,were qu~nched 
. --' 

by removing them from the furnace and allowing them to cOQl in 

air. 

After the run, the capsules were dried and weighed 

to determine whether leaka~e had occurred. The: t'un products 
1 

were first examined under a binocular microscope, qnd then 

petrographically, using oil immersion techniques. Perceqtage 

gLass ,was estimated visual1y,. often by a number of independent 

observers. It is like"ly that the visua lly estimated va lues are 

accurate to within 10 per cent (Piwinskii and Wyllie, 1968) • 
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Petrographie identification of the crystalline 

phases was verified by the Debye-Scherrer powder method (Cukot. .. 
radiation). More precise measuremen~s were made' using a Guinier-

Hagg powder camera (Cuko=-~, wi th quantz as the interna l standard. 

~he compositions and structural states of the feldspars were 
\ ;7--"" 

a 
estimated directly from 26 va lues from '!Ol, 060, and 204 

diffra ction peaks using the three peak method of Wright (1968). 

Unambiguously 1ndexed feldspar reflections were then used as 

input into a Fortran IV version of Evans, Appleman, and 

Handwerker's (1963) least squares unit cell refinement program. 

Composit10n and structural state were again ca lculated using 

thesf> nata. 

Dry melting experiments: 

A tourmaline-bearing granite (1.7 wt. p.er cent B,)O,) - ,\ 

from the Boulder Batho~ith, Montana (Knopf,1952) was used 

in dry melting experiments at atmospheric pressure. An ana lysis 

of the granite powder #1697A, is given in Table 2, Appendix II. 

A few charges were purpo~efully contaminated with a slight excess .,. 
of B 2 0 3 which was ground with the granite powder. Unfortunately, ,. 
the borate again formed a waxy paste that adhered to the walls 

of the mortar so that the amount of the addition could not he 

determined accurately. ~ charges were run alongside 

uncontaminated charges to observe the effect of added boron. 

The ~ranite powder was pulverized in acetone. Pl'atin~m 

crucibles of about 20mm in length, and welded at the base, were 

filled with powder. They were dried overnight in a vacuum oven • 

J' 
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Half of the capsules were welded shut and half were lèft 

unsealed. Sealeçl.and unsealed cap~ules were run concurrently 

in an open Pt6oRh40-wound furnace:' The charges were lowered 

into the furnace in a platinum crucible. The run temperatures 

were measured with a Pt-Pt87Rh13 thermocouple positioned inside 

the crucible, Ievel with the capsules but not in contact with 

23 

them. The thermocouple was a~tached to the Pike digital voltmeter 

ànd was internally calibrated with an ice and wateol:' bath. Runs 

lasted several days, after which the y were quenched in air, 

weighed and exam1ned optically. Run products were then examined 

by X-ray powder techniques. 

" 
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RESULTS 

1 • Hydro~herrnaI experirnents: 

The products of the experiments,on hapIogranitic 

materials with "203 and wate~ are given in Table 3, Appendix III. 

Values of 29 for the 701, 060, and 704 X-ray diffr~clion peaks 

of the feldspars are given in Table 4, Appendix III, as weIl 

as the composition of the feldspars calculated using the linear 

relationship bet\,een Or content and 28(-Z01) ,employed by Tuttle 

and Howen (1955), Orville (1967), and Wright (1968). Alternate 

24 

values for composition were derivcd graphicaIly from the relation-

ship between Or content and a celI dimension {Wright and Stewart, 

1968), and from ~he relationship between Or content and celi 

volUJfle (Orville yt967; Luth and Querol-Suné, 1970). Luth and 

Querol-SuKé (1970) propose that both ~ and cell volume, V, 

g~ve more accurate values for composition than does &9(701); 

however, aIl estimates are in approxima te agreement. Table 5, 

Appendix III, contains refined cell parameters for the feld~pars 
" ; 

'·'Qf aIl runs in whicH féldspar is abundant enough to produce a 

fair nuinber of :X ... rc1y diffraction lines. For convenience in 

the texi,-~û~~ are classifiJd according to their B20 3 contents 

as fol10ws: Group I), runs containing no B20 3; Group II), those 

containing 1. 5-2.0 weight per cent B20 3; • Group III) , those 

containing 4.5-5.0 weight per cent B,203 ; and Group IV), those 

containihg 8.5-10.0 weight per cent 8 2°3. \~ 

In a Il runs there was evidence of the presence of a 

vapour phase. Par~ially melted charges formed a tough rounded 

bead. ~sh/films of devitrification spread over the surface 



• 

• 

within several seconds after opening, probably as a result 

of the escape of fluide AlI charges emitted a rotten eggs 

odour when first opened. Tiny white-coated spheres of soft 

vitreous material (chalcedony or opal?) were found separate 

from the main charge in many capsules, in runs at subsolidus 

as weIl as solidus temperatures. It was assumed that the se 

were vapour phase condensate, possibly of a siliceous nature, 

because they were found in capsules containing no B20 3, as weIl 

as in those rich in B20 3 , Colourless idiomorphic laths were 

occasiona lly observed on the surfaces of slntered or melted 

charges. Most of tpese crystals were doubly terminated prisms 

with monoclinic, if not or~horhombic, symmetry and are possibly 

feldspar. One unique occurrenG;e displayed a peculiar plat y 

cleavage, and was extremely soft; this was probably 

a form of borie acid. A few charges of Group III that~contained 

no water beside that introduced as boric acid (3-4 per cent 

H20) also showed signs of abundartt vapour; 3 per cent H20 was 

thus enough to saturate the melts formed. In addition, it is 

likply that HB0 2 constitutes part of the volatile phase • .. 
C~ystalline products 

Before describing the crystalline products, it is 

pertinent to mention that equilibrium was probably not fully 

attained in many of the experiments. Most of the bulk com

positions stuc!ied lie in the KA lSi 308-Si02 - rich portion of 

the pse~doternary system, in which equi1ibrium is achieved with 

25 
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difficulty (Tutt1e and Bowen, 1958). Piwinskii (1967) has 

suggested that minimum run durations of 8 to 10 days are 
'-

necessar~to j'ring granite compositions to equi1ibrium, even 

under ~dr~hermal conditions. Longer periods may be needed 

to approach compositional equilibrium among subsol1dus phases 

in the alkali feldspar system l (Parsons, 1969). Subsolidus 
, . 

crystall i zat 10n in the present study might bp especially __ 

slu~gish if reaction kinctics are complicatpd hy the presence 

of quart z. Th!' run durat ions of the present study rarely exceed 

10 days. Sumr ~ubsolidus runs showed !'vidence ot 1ncomplete 

26 

rea ct "Lon at the pnd of thl.S time span; this ma y a Iso bl' a t, tributed 

to unexplained broad tempcraturc fluctuations which occurred 

during only a few runs, as weIl a~ by inadequatp run durations. 

A lthdugh the X-ray ref1ections from the crys"ta 11inc products . -

were genera lly sharp, occasionally the{"'ZOl '.;(0'60) or (204) lines 

were diffuse, indicative or inhomogeneity or zoning. Very 

diffuse lines wcre most noticeab1y observed in runs bordering 

2 un, or within, the alkali feldspars solvus (e.g.064b, 063b, 

F62b, 099, F9b, O~9, D88, and F~7), and grade in 1ntensity from 

rplatively strong peaks on the low 28 side (corresponding to 

pot.ash rich components) to broad, weak bands on the high 2e 

side. 

The crystal1ine phases produced in these experiments 

are hi~h sanidine and b~ta quartz (Plates 1 and 2). Weak 201 

1. Astate characteri zed by constant d-spacing for 201. 
2. Orville (1963) has noted the tendency for alkali feldspar glasses 

of intermediate composit,ion to crystallize inhomogeneously 
which is indèpendent of the position of the solvuB. It was 
presumed that the present run durations were generally long enough 
to preclude this tendency, except in runs with temperature -
bulk composition coordinates very close b8'the solvus. Possibly 
this assumption is not justified. 
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reflections from albite were detected in the powder patterns 

of several runs: FIlS at 567°C, Fl19 at 119 0 C, OHl, D~O, and 

0' 0 F78 at 655 C, and possibly D96 at 755 C, aIl with Ab:Or:Q • , 

30:30:40: 0~9, D88 and F~7 at 637°C with Ab:Or:Q - 30:40:30; 

and D99 and F9~ at 6000 t with Ab:Or:Q _ 2b:40:40. Unidtntified, 

very highly birefrin~ent phases appear in run products from 

GroupsIII and IV, gene~ally in minute quantities dispersed 

throughout clusters of quarti.: and feldspar, or ln ~lass. The 
o 

opt ical proppri,lcs of these phases resemblc those of beveral 

hydrous alkali borates (Winchcll and Winchell, 1964, p.114-116), 

but they cou Id not be dpt ected by X-ra y diffraction. It seems 

likely that thesc borates are precipitated from the hydrous 

vapour upon quenching, and that thelr greater dbundance in runs 

of hi~her boratp content, in subsolidus runs especially, results 

from the saturation of ·the melt and silicate phases wlth boron. 

It is noteworthy that ,among c~~rges of the same Ab:Or:Q 

ratio, held at the same temperature, the Or contents of the 

feldspars produced, as calculated from 28(101), and from ~ and 

y if possible, increase with B203 (bulk) providing the charges 
, 

have bulk compositions with non-extreme Ab:Or ratios, i.e. 

runs with Ab:Or:Q = iO:60:30 and 10:50:40 do not show this 
1 

relation5h~V, whereas runs wlth Ab:Or:Q _ 30:40:40 show it to 

the greatest extent. In addition, temperature is probably an' 

important control on thlS effect, as it is not observed at aIl 

in charges run at 75S oC, or above. 

.-' 
1 



• 

• 

For each feldspar, the 28(060) lS plotted against 

2e(~04) in Figures 1 (Group 1) and 2 (Group II, III, and IV). 

The results are superimposed on the 28(~01)~contoured, 28(060) 

versus 28("204) quadrilatera l gi ven by Wright (196H) for serie:;) 

of isostructura l alka li fe ldspars. AlI feldspars plot near 

or to the right. of the high sanidine - high ~lbite sldellne 

of thf" quadrilatera 1. Even among feldspars of Group l runs, 

several show aroma1ous values of 28(201) W:th respect to values 

estimated e;ra p ,a11Y from F1gures land l. A comparison of 

Figures 1 and 2 s~wsthat whereas 28(""2"01) obs. - 28(201) est. 

graph. is 1nvariab1~ee;ative for feldspars of Groups II, III, 

and IV, the same va lue for feldspars of Group l varies from 

posltlve to ne~ative, the mean and average values being 

positive .. AcC'ording t,o the linear re la tlon between 28(201) and 

a derived by Wright (196~), anomalous'ly 10w 28("201) values 

correspond to a cell dimensions that are higher than those 

predicted from values for band c. Refined ce Il parameters, 

plotted onto a c versus b quadrilateral contoured for values 

of !!. (Wright and Stewart, 1968), give anomalous values for a
2 

and a180 fall to the right of the high sanidine - high albite 

side1ine (Figs. 3, 4, 5, and 6; Table 6). ~bs.- !!est.graph. 

(Table 6) 1S positive for most feldspars of Groups II, III, and 

28 

IV, but is less consistent ln sign for fe1dspars of Group l, thus 

confirming the previous observations. Luth and Querol-Suné (1970) 

l. 29(1"0 l) observed differs from the va lue predicted fro:!: :th

L
e J 

contours of the 26(060) - 28(~04) quadrilateral by.l or 
more (Wright, 196~). 

2. ~ observed d±ffers from the valu~ predicted from the cont urs 
on the ~ - c quadrilateral by .02 A, or more (Wright & Stewart, 

1968) . 
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'" Table 6: Refinf'd ta t cell parameters compared wi th those • estimated from an 'a' -contoured, 'b!!.è quadrila te'ra l 
(Wright and Stewart, 1968, Fig. 2b). ,J 

'a' estimated 
Number Group 'a'observed graphica lly difference 

0 0 0 
'éO 19 l \J 8.55 A 1).48 A .07 A 

" 
..... /~ 'I.<"'~ t 

09 Il l IL 55 8.54 

0:-073 1 8.57 8.53 .04 

0103 1 8-.54 8. 52 

022 1 b.53 ~. 52 

0711 1 8.53 >-'.~4 
l' ~ ~""'''" y • 

,,L7I ,'.} 

"-0 6 >:la tL 52 8.4Q \ ,.03 
.t ' . 

Ai 
-"-067a 1 i3 • 51 'J 

K. )~ -.03 ... 
':-064b 1 8.43 8.47 -.04 

Ob9 1 8.44 "'.43 

-''-0~5 1 8.50 6 . 5~ -.Oô 

-'~og l 1 8.45 8.41 .04 

097 1 8.44 8.44 

-léD 57 II 8.55 ~.46 .09 
" 

D16 II t;.54 8.52 

-''-D 102 II is.54 8.50 .04 

" -'LD14 0 

II >'.1)6 ~.4M .08 

D75 II 8.55 8.54 

-:'-D99 II . '" t<.5l 8.45 .06 
·r~ -,;:. r-

-:~D66a 
' . 

" 
II .:~. 52 8.49 .03 

D63h ' II -~. 44 - 8~46 -0 

-" anomalous values of'a' as defined by Wright and Stewart (1968), • i.e, those with a discrepancy of greatf'r than 0.02 A between 
observed and est imated values 

\) 
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Table 6 : 
, 

,continued ••• Dr" 
I~~ ;;0 . Q, _ v 

'a' estimated 
Number 'Group 'a ' observed U gr'aphically difference 

(), 0 ~ 0~8 II 8.44 A 8.46 A _-
qG ~ 

" 
080 II 8. 44~ 8.46 

096 II 8.47 " ,r 8.50 -.03 

OéF 53 III B.5S \.; . 51 Q .04 

"-F17 JII 8.54 K.4~ .06 

FIOI 1 II 8: 55,\, 8.54 
J 

, 

F74 III K. 1) 5 8 . :; 5 
tl .- '1" .~-

0 Q "", 
oCF953 )3 .49 81' ~.4n III ~ \. \. ... .03 " " ~ 

à . 
F64a Q 

(f) 
III 8.52 8 • 53 

-, 

"-F62b III b • 52 8.55 0'-' -.03 
,l~ Cl 

F~7 III 8.49 8.48 

,'-F 83 
() 

0 

III - 8.51 ~ . 57 - .:. • 06 
:;;:? 

v 
-'-F7~ III 8. S-3 -8'.46 .07 

",$ 

" 
oCF95 III EL 57 8.50 .07 

"-FI04 III 8.55 8.42 • 13 

'Oc gFl19 . III 8.-48 G 8.43 .05 
,_ c ~L ç..-~rr 

'- -, 
'1 

IV 8.58' 8.50 .08 /CT 55 .;: 
c 

.J'-

-"T7 IV 8 . 53 8.50 . 03 
0.-

OCT21 IV 8.57 t 8.52 .0 S'" 
, 

OtT77 IV 8.56 '""u' t ,~D S.52 .04 
~\ql, " 8.~ Tl23 IV 8.52--'-' . 

anomalous values of 'a' as defined by Wright and Stewart (1968), 
i. e, those 'wi th a discrepaI\,cy of greater than 0.02 A between 
observed and estimated values • 

, '-
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found tlrat the b - ~ coordinates of a series of synthetic 

alkali feldppars, prepared by the hydrother~l crystallization 
1 

of dessicated peraluminous persilicic gel~ similarly fell to' 

34 

the right of the high sanidine - high albite sideline, apparently 

of higher structural stat,e than the limitlng high sanidlne-

hlgh albite series of Orvilie (1967). This behavlour resu1ted 

from b cclI edges that were larger than those 'bf .position~lly 

cqu i va lent disorderC'd fe] dspars studied by ot her aut hors 
4 

(p.~., Orville, ](67), to~eth,er with slightly 'larger.f. cell 
~ 

edg;e ... dnd 'norma l' ~ dimens ions; there fore, when the lr band c 

pa ra meU:rs are p lotted on the ~-contoured È - !:: qua drl1at era 1 

of Wright and Stewart (lq6~), predicted values of a are higher 

than those observed i.e., aobs. - ~est. ~raph. 15 ne~atlve, 

in marked contrast to the behaviour of feldspars from the boron-

bearing l'uns of this study. 

In an attempt to C?olate the possible cffects of 

bpron Substltutlon from the effects resultinl from var,yin g 

a lka Il contpnt, a ~ versus È. diagram wa~ prepa red for Group III 

- ( . 
The resu lt ing plot exhib'i.ts a linear trend wh{ch dl verges s lightly 

in a counterclockwise fa&hion from the high sanldine - hlgh albite 

side lipe of Wright and Stewaa. (196i::1), indiça ting ""eduction in 

both ~ and ~ cell parameters. Thia trend resembles the oblique 
" 

trend found by ~tartin (1971) for dlsord~red borlferous potash 

feldspars, but due to the lack of supporting'data on boron and 

,a lka 11 conü'nt determïned by chemica 1 ana lyses ln the present 

case the resemblance may be fortuitous. Although p19ts ~of cell 

'" . 
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• volume versus c-omposition, as estimated from !! reveals no 

significant difference be~ween feldspars of boron-bearing 

and non\ boron-bearing runs, two Group III fe Idspars, T 104 and 
, 

F7~, do plot on the low volume side of the general trpnd 

(Fig. S), pxhibit,ing a volume rE'duction simi laI' in magnitude 

to the volume reductlon shown by the synthetic fpldspars con-

tainin~ ~.~ p~~ cent KBSi30H, prepared by Martin (1971). This 
! 

ft>cÎi.urp -ca;" most e3s11y be explained hy a proport iona lly greater 
o 

( J'('duct 10n ln b' and c 1 han ln the a c~ll edg;f' , which is linearly 

re lated tu ~hp (JI' content ln norma 1 feldspa rs, (a re la tionsl;tip 

assum~d in F igul'e 1:5 for reasons E'Xplalned in the discusslon 

later). Thp a of these feldspars may or may not, differ signi-

ficantly from the ~ cell dimensions of feldspars of equivalent 

Unfortufiately, the reflned cell parameters 

of F7~, have unacceptably large standard errors; however, the 

b - c coordinates bf TI04 on Figures ~ and ~ show it to have 

low b and ~ cell edges wit~respect to~, which 18 anomalously 

high (Fig. )). Other feldspars with anomalously high ~ cell 

edges do not seem to show a similar reduction in volume, even 

though thpir ~ and ~ parameters plot below the high sanidine -

high albite 5ideline. Huch of the volume decreases may be 

lessened by a readjustment of the axial anglefi, and iWerhaps 

the other a Xla 1 angles. 

The magnitude and Quality of the relationship between 

boron content and the departure from normalcy of the feldspars 

of the present study may be obscured for several reasons: the 

, 
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~aximum range of boron content among the feldspars, as weIl 
'" -' " 

as the maximum absolute value, both unknown, are intuitively 

relat1vely lowj moreover, an apparent correlation would be 

-more rellable if equilibrium had been ensured. 

Melting behaviour: 

Crystals from supersolidus runs are distributed 

throu !?;hout clea r co lour less gla sses, whose indices of refrac.tion 

vary wi thin the narrow limits of 1. 47"-1. 4~2. The va lups 

correspond to the values which can be expected for a broad 

range of the NaAlSi308-KAlSi30g-SiOZ compositional field 

(Scha1rer and Bowen, 1955: 1956). It was felt that the melts 
\ 

formed Just above the solidus of Groups III and IV ~uns might 

37 ' 

be borate-rlch. However, as the refractive indices of silica glass 

and orthohorate glass are a1most identical, being l.~~~ and 1.5~, 

respectlvely, (~1orey and Merwin, 1936), and as the refractive 

indices in bath alkali borate and alkali silicate systems 

in~rease ~ith increasing a1kalis, it wou1d be very difficult to 

distin~ish optically between borate-rich and alkall-rich glasses. 

Runs that, at 600 0 c or lower, contained clear glass patches sepa-

rate from clusters of crysta ls, or crysta ls and glass, were 

discarded because it was concluded that sorne of the fused start-

ing material had not reacted. . " 
Thp exper1ments were not arran,ged in the manner mos:t 

suita.ble for bracket ing the beginning-of -me 1 ting tempe,ra tures 

of each of the 36 compositions. Each run set (contents of one 

1 

/ 
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hydrothermal vessel held at a specific temperature) was 

compo~ed of four capsules containing granitic material with 

the same Ab:Or:Q ratio, but w1th 8 2°3 contents ranging from 

10 per cent (Croup IV) to 0 per cent (Group I). The Group l 

charge in each set was used as a control, since relations in 

the pvre system_are known. The solidus temperatures for 

Groups l, II, IIr', and IV, runs differ considerably, so thllt 

more information re~arding the minimum melting behav10ur would 

have bpcn ohtdlnpd if the experiments had bpen au~mented by 

addit iona 1 run set s, each conta 1ning charges of the same group, 

but with di~t granite compos1tions. Unfortunately, 

problems adjusting the Ether control1ing devices made the 

achievement of the lower temneratures required to bracket the 

solidus <emperatures of GrO~and IV difficult. 

The meltslexpected just above the solidus temperatures 
\ . 

for bulk composit10nè used in this study, having Ab:Or rat10s 

(weight) from 1.0 to 0.167,~~ill lie in the thermal trough 

which separa tes the primary 

in the isobarlc Ah-Or-Q-H 20 

phase fields of ~artz and 

phase diagramf(Tuttle and 

feldspar 

Bowen, 1958). 

The maximum temperature difference along this cotectic between 

the point of intersection with the quartz-orthoc1ase binary to 

the ternary minimum i5 approximately 400 C (tahen from the data 

of Tuttle and Bowen, 1958). The difference in temperature between 

'" the solidus of the mObt orthoclase-rich bulk composition and 

that tt the most albite-rich bulk composition used in this study 

would be 200 or less in the pure system. On the assumption.that 
J 
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this is also the case for the~compositions of Groups II, III, and 

IV, generalized beginning-of-melting temperatures ranges were 

estimated from the results (Table 3). Thus, the approximate 
--" r 

range of the solidus temperatures in Group l compositions would 

be 720-7400 C, and that of Group II compositioQs would be 660_680
o

C • 

The SOlldus ran~e for runs of Group III should be approximalely 

'" 610-640 0 C -- grain mounts of F122 ~howed eVldence of, a partial 

V melt in sorne qrains, whl1e sorne of the materia} appeared 

1 Il.'(uat lon. Tilt' "IOllduH r'an~(! for runs of Group IV is harder 

to deflne a~ most composltlons in thlS group were run only above 

their solidus temperatures, except those wlth Ab:Or:Q = 30:30:40 

(one at 30:40:30) which are totally crystalline at temperatures 

up to 567= SoC, but partially melted (35-40 per cent glass) at 

595= 15°C (T123). From the amount of glass produced at this 

temperalure, it seems likely that 595= l5
0

C is close to the 

solidus for this particular composition, and is at the lower 

" end of the range of solidus temperatures. Minimum melting 

temperatures (beginning-of-melting temperatures for compositions 

projecting ooto the central portion of the Ab-Or-Q compositional 

fleld, expected to be at the lower limit of solidus temperatures 

for each group) are plotted against per cent B 20 3 bulk in 

Figure Q. The resultin~ curve flattens as the bulk composition 

reaches 10 per cent B20 3 , suggesting that melts of the compositions 

produced in these experiments approach saturation in B20
3 

in runs 

of Groups III and IV. This is in accordance with the increasing 

appearance of bo~ates in Groups III and IV runs. 
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Dry meltin~ experiments: 

The results of heating tourmaline granite, #1697A, 

in an open furnace, are listed in Table 7, Apppndix IV. 

Compo~itions of alkali feldspars from several runs, estimated 

using the linear relationshiR_,.Qetween 28(201) and Or content 

(Wri~ht, 1968), are also given in Table 7. The or igina 1 

granitic powder consists of dark green tourmalinp (20-2 S 

per cent), quartz, microcline (Or9S ' Spencer U equivalent), and 

minor 10w albite. The feldspars, partlcularly the albite, 

are occluded with sericite or another fine-grained green mineraI. 

On heatlng, the microcline rpequilibrates compositionally, as 

shown by a decrpase in Or content from Or 7S
1 at S4loC to Or64 

at 1,005°C (~ig. 10), and partially disorders to Spencer B 

equivalent (Fig. Il). This structural state then persists 

metastably to higher temperatures until feldspar disappears as 

a supersolidus phase. The albite undergoes a less regular 

compositional change, becoming more potash-rich at higher run 

temperatures. In the lowest temperature experiments, hematite 

apppars as a coating on the surface of an unidentified high 

relief green mineraI, apparently nonpleochroic and nonbirefrigent, 

which may represent a stage in the breakdown of tlourma line. 

A peak corresponding to the (122) reflection of tourmaline is 

observed in the X-ray~owder pattern of the products of runs held 

at temperatures of up to 'b77°C (#49); however, nO unaltered 

tourmaline is observed optically in runs held at temperatures 

1. The microcline from this run produces two ~Ol reflections, 
one corresponding to Or75 and the other to Or90' It is probable 
that the feldspar had incompletelYfXluilibrated and is 
inhomogeneous, or zoned with a potash-rich core, or that the 
feldspar is beginning, on the outside, to break down at t~pera
tures approaching the solidus. 
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The beginning-of-melting marks the first appearance 

of an unknown acicular mineraI of relatively high relief (with 

rpspect to the 'glass in which lt is usually embedded) and weak 

blue-green pleochroism. It occurs in fibrous bundles, invariab1y 

accompanied by hexagonal plates of hematite, and often by 

feldspar or quartz, (Plate 3). This phase may be the wel1-

formed equlvalent of the unknown green mineraI mentioned above, 

and thprf"forp may repres~nt a final product of the breakdown of 

1 ourma 11np. Nf' VP l'the le'Ss, an X-ray reflection of lh. 45-16.50° 

2t1( CuKO(l) lS unlque ly diagnostic of the presence of the a c i cu la r 

phase, and is observed only in coincidence with the occurrence of 
, 

flbrous bundles and melt. X-ray powder data for this mlneral, 

t'xt racted from t,he diffraction patters of l'uns Cl') and 014 

o 
(1,100 C ), are glven in Table ~, Appendix V. This mine ra 1 

lS prohahly a form of mullite J close in compositiun and structure 
!If 

to tha1 studied by Durovi~ (1962), with A1203:Si02= 1.7:1. 

Melting begins in the temperature interval b5~o_b77°C. 

A very small amount of glass appears after 10 days at the latter 

temperature. Quartz, microcline, albite, hematite, and mullite(?) 

o coexist with melt, with both feldspars disappearing between 1,005. 

and 1,~950C. It must again be mentioned that the products from' 

these experiments cannot be interpreted as representing equilibrium, 

as reactl0n~ are mort> sluggish than under hydrotherma l conditions 

(P.g~ Schairét', 19')0), and only an approach to equl1ibrium can 
--

be cited. The production of melt;a' the disordering of Al and Si 

in the feldspars and their comp,ositiona1 readjustment are time 

~ 
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• dependent processes that are sluggish even in hydrothermal 

experiments (Piwinskii and Martin, 1970). 

It is interesting to note that none of the unsealed 

charges showe~weight loss on heating, even at temperatures 

above the breakdown témperature of tourmaline. Run products 

were essentially the same whether the capsules were sealed or 

left open. 

) 
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DISCUSSION 

Effect on feldspa~ structure: .. .. 
/ 

From a study of the cell dimensions of feldspars . 
(,,; 

produced in the experiments on haplogranitic compositions, 

it has been shown that the presence of boron may cause pre-

ferential reduction of the .2 and ,S' celi parameters, occasionally 

accompanied by a noticeable decrease in unit cell volume. 

In norma l a lka li te ldspa rs a Il cell dimensions, ~, .2 and!::, as 
- ~ 

wqll as vo lume, y , decre,ase .with increasing substitution of 

Na for K; ~however, ~ and V are much more sensitive indicators 

of K/(Na+K) than are ~ and!::, especially s~ ln "the Or-rich 

portion of the system (Wright and ~tewart, 1~68i Fig.l). 
, ~J 

Martin (197~) noted a greater reduction of band c relatIve to 

~ in disordered authigenic potash feld~pars, and found that 

the Or content of these feldspars as determined from a was close 

to that determined from chemical analyses. (It was for this 

reason that, 1 t was aS;5umed in this study that a could be used . -
to estimate per cent Or. l ). He also found that the reduction 

in a between pure KAISi 30S and K(Al,B)Si 30 8 with 5.5 per cent 

of the boron end member (structurally slightly more disordered 

than the natural feldspars) was only .02 per cent, a value within 

thf' standard error of the refinentents. As chemical analyses of 

the feldspars from the present study are unavailable, it is 

impossibl~ to determine dire~tly whether or not a is reduced 

with respect to normal feldspars of equivalent alkali content. 

It May be argued that if ~ were reduced by boron substitution 

1. In reference to the assumptions made in Figures 7 and 8 
',:.'previous section. , , 
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at a rate equlvalent tp that' "of ~. and E, a plot of b - c 

f· 

coordinates.on the a-contoureq, c versus b plot of Wright 
\ 

and Stewart (1968) would indicate non-anomalous to anomalously 

low values for a rather than the anomalously high values 

observed. l ·-Thus it is tentatively concluded that a ia reduced 

to a lesser extent than band è, and that it can still be, us'e/d 

as an indicator of Or content at low concentrations of boron, 

though with less accuracy. 

Martin (1971) demonstrated that a reduct10n of cell 

edges in dis9rdered potash feldspars reflected t he subst1~on 

of B for Al in the feldspar framework, and thàt synthetic 

sanidines of the system KBSi 30 ts - KAlSi30 8 show volume, ~eductions 

directly proportional to the amount of boron end memher in 

solid solution. Since the se feldspars appear to he fully dis-

.~rdered, one m1ght consider the simple~t case, where boron 

46 

enters equally into each tetrahedral position occupied by aluminum 

i.e., randomly distributed among'the four tetrahedral sites, 

Due to the smaller size of boron, this 

scheme of substitution would probably result in a roughly 

equivalent decrease in aIl cell dimensions, the number of 
o 

tetrahedral sites per A being approximately the same in aIl 

crystallographic directions: a contains .47 T/APb bontains 
0' 0 

.46 T/A, and ~ contains .43 T/A. Any inequality in the rate 

reduction should then be toward greater decrease in a and b 

(':> 

1"-....) r} 

of 

i ' 

than in E, which is contrary to the observations for the feldspars 
a 

1. Since d~/d(Or) is greater than db/d(Or) or dC/d(Or) in normal 
feldspars, then ~ estimated from the ~-contoured, ~-~ quadrila~ 
teral from the reduced È and c cell parameters would be greater 
than the observed value if da7d(B). db/d(B). dc/d(B). 
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from this study (Table 9) and for those p~epared by Martin 

(Table 10), and also for the relatio,ns between the cell 

.4 dimensions of reedmergneri te and those of low a Ibi te.' In 

going from tow albite to reedmergnerite the per cent reduction 

in ~, Q, and c are 4.14, 3.3~ and 4.96 per cent, respectively, 
~ 

'whereas the ,i!, Ë, and S. parame~rs of Martin' s disordered potash 

47 

fe1dspars are reduced by .1), .31, and .4) per cent, respectively, 

in going from boron-free sanidine to saniqine containing 18 

per cent KBSi30~ (data from Martin, 1971). Both the reedmergnerite 

low albite system and the bor1ferous sanidine system show the 

reduction of ~ and S. in approximately the same ratio, although 

in the first case a comparison is made between pure end members; 

with potash feldspars, the comparisons are made among the 

fe Idspars of a cont inuous series a long the KBSi 308-KA1Si 308 

join, with a limiting composition of 18 per cent KBSi
3

0 8 • Thus, 

~the consideration of the behaviour of boron the fundamental 

difference between the two systems is that 1n the feldspars of 

this stu~ and of Martin's study aluminum is present in greater 
~\' ~ 

l')), "-., 
mol ~.çu1~ concentrations than is boron, whereas reedmergnerite 

c'ontains no ~ luminum. 

The prob1em of determining how boron fits into the 

alkali feldspar structure bears directly on the va1idity of a 

as an estimator of K/{K+Na) in the potassic feldspars. The 

question can be simp1istically approached as proposed by Stewart 

and Ribbe (1969) in their account of the variations of cel! 

\ 
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Table 9: Comparison of ce11 dimensions of T104 with fe-1dspars 

0 

from this study with sirnilar values of a* 

, Charge number a b c V 

8. S4-6~ ~ 
'<7 R R 714.63 ~,3 TI04 ,13.0053 7.1570 

0.28 .0026 .0039 _.0016 

067a 8.5469 13.0244 7.1779 718:37 
.0021 .0034 .0020 0.27 

GID 5417 
."~ 

0103 13.0213 7.1702 716.32 
. 0014 . 0016 .0010 0.17 

'09 8.5498 13.0283 7.1686 717.27 
.0017 .0025 .0014 0.18 

Transition ta 
0 .~3 TI04 from: A b % c % V 

067a -0.019Y -0.147 f -0.0209 -0.291 -3.74 
-=.0071 ±',05 6 .:!...:., Q.,0 36 ±.OSO ±0.55 , , 

,O103*'{~ -0.0160 -0.123 -0.0132 -0.184 -1.69 
±.0055 ±.042 . .:!:. 0026 , i'. 036 .:!:·45 

09-::- -0.0230 -0,176 -0.0116 -0.162 
1 
-2.64 

±.0064 ,!.049 ,:t.003 0 .:1. 042 .±..46 

-)f. Standard error is reported below each va1u~ 

·lH~ The ~ ce11 dimensions of tl)ese fe1dspars do not coincidê 
exact.lY with that of T104, within the margins of error 
quoted. Therefore they should not be directly compared, 
on1y as approximations of the nature of shrinkage. 

., 

1 
'. C J • 

% 

-:0.5 21 
-t.077 

-0.236 
.±.. 063 G 

-;1.368 
+.064 

! 

1 
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Table 10: Comparison of ce1I dim.;nsions of fe1dspars a10ng the~oin KBS,i 30 8' - KA1Si308~~ 

"" .. 
Percent 
KBSi 308 a b c V .!(percent) b(percent) c( percent) y(percent) - " 

0.00 8.6034 13.0~ 7.1812 723.1-4. 
j:.0010 .... 001 ±.0007 ' ±.09 

1 Ci 

5.51 8.6017 13.01t2 7.1711 721.34 .0017 .0122(0.094) .'0101(0.141)' 1.80(0.\249) 
.0009 .0015 .0007 0.11 :t. 0019 ±.00Z8(0.022) ~.OO14(O.020) :t.20(O.028) 

? 
1 J 

.0255(0.196) .0178
l

(0.248) 9.68 8.6002 12.9979 ,7.1634~ 719.68 .0032(0.037) 3.46(0.478) 
.0006 .0011 1.0006 0.08 .0016(0.01~) .0024(0.018) .001-3(0.018) .17(0.023) G 

, , 
18.10 8:5908 12.9~27 7.1486 716.55 .0126(0.146) .0407(0.312) .0326(0.454) 6.59(0.911) 

.0009 .0013 .0011 0.14 .0019(0.022) .0026(9.020) .0018(0.025) .23(0.032) 
..... '~-'\.~ ..... 

l ' 

'" , 
* Data taken from Martin (1971). Standard error is'~eported be10w each value. , 

, ' 0 

J.. ." 

~ \ 
r , 

\ 

0 ..J 
... .. ~ 

\l:) 
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parameters ~, h, and c with degree of structural disorder . 

Disordered feldspars are considered to have complet~ly random 

distribution of one aluminum and three silicon atoms among the 

four potentially non-equivalent tetrahedral sites in each formula 

unit. With increasing order., aluminum concentrates first in 

the mirror-related Tl sites (TIO and Tlm). in a monoclinic phase, 

and then tends to concentrate in the TlO site, at which point 

the structure converts from monoclinic to triclinic symmetry 

50 

(Brown, 196.2). Both steps overlap to a certain extent. Therefore, 

., the Al occupancy of aIl T sites in a disordered structure will 

ideally be .25,but the Al occupancy of the T 20, <4I'2m, and Tim tends 

to ° as that of the TIO site approaches 1.0 in the ordered 

st'ructure. In following a path in the ~ dinPction of the feldspar 

framework, either two TIOt s , one T20, and one T 2m, or t.WO Tlmts, 

one T 20, and one T 2 m will be encountered; in following a path 

along the h direct.ion one TlO, one Tlm, two T20ts, and two T 2 mt s 

will be encountered; and finally, in foliowing a path in the c 

be encountered. Significant differences in axial dimensions 
\ 

will be caused by varying the lengths of the T-O bonds' of the 

tetrahedral ions occupying the se sites, and will be the direct 

result of varying the long-range Al/Si distribution among these 

sites (Stewart and Ribbe, 1969), or of substituting a different 

tetrahedrai ion, such as boron, with a B-O bond length shorter 

than either AI-O or Si-O, into the structure. By arguments 

analogous to those of Stewart and Ribbe (1969), the s~le manner 
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in which boron can substitute for aluminum in the framework and 

cause a greater.' reduction in Ethan in !? is to enter only Tl 

sites. This is known to be the case in the reedmergnerite 

structure, in which boron occupies TI O sites (Appleman and 
\ \ 

C la r k , 1965 ) . As synthetic reedmergnerite shows the same 

powder pattern as natura1, ordered reedmergnerite (Eugster 

and,Mclver, 1959), it May be impossible for boron to enter sites 

other than TlO in soda-rich feldspars. This spems reasonablp. 

for potash feldspars as weIl, in view of the similar elpctron 

orbital configurations of boron and aluminum, and the slightly 
!-, '.., 

greater electroneg~tivity of boron. Thus, in a structure 

disorderAd with respect to trivalent tetrahedral sites, the 

Iim1t of B-for-AI substitution wou Id be reached when B/(AI~B)_ 

.25 if substitution is restricted,to TIO, or .50 if substitution 

is restr~cted to Tl sites. Simple substitution of boron into 

the TIO site or into both Tl sites, would lead to a reduction 

in a that is intermediate in magnitude between that of band c 
, 

(ratio of T1/T 2 sites is~I/2 along~, 1/3 along È, and 2/3 along 

E)' On the other hand, if the substitution of B for Al in the 

TlO site i8 coupled with a transfer of Al from Tlm to adjacent 

TlO sites ln exchange for Si, the length of a, a direct function 

of the lenh~hs of bonds that have large components in the a 

direction, will be decreased by only an amount equivalent to 

51 

the total replacement of Al by Si in both Tl sites" because the 

sum of H,-O and AI-O bond lengths equal twice the Si-O bond 

length. 1 This type of 'compensated' substitution May predominate 

1. The average B-O distance in reedmergnerite is 1.465 ~, whereas 
the av~rage Si-O and AI-0 bond lengths in albite are 1.613 and 
1.744 A (Appleman and Clark, 1965). (Al-O) + (B-O) = 3.209, 
and 2X (Si-O) _ 3.226 '1<.' 
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at~low concentrations of boron. At higher concentrations, in 

a structure with equal numbers of trlvalent ions in Tl and T2 
~ 

sites, boron substitution would become uncompensated for size, 

especially when the boron occupancy of Tl sites reaches .25, 

and probably somewhat below this level. As a result, the ~ 

cell edge would d~crease at a higher rate than with more limited 

boron substitution. Boron May begin to substitute in T2 sit~s 

at these concentrations, or alternatively aluminum May leave T2 

sites in exchange for silicon, thereby increasing ~ and 
, 1 

~ decreasing Q. For perfpct substitution of the latter type, 
, 

the~pit cell May appear ~onoclinic at 8=.50. It is noteworthy 

that Most of the decrease in a between the pure potash feldspars 

and that containing 18 pcr cent boron end member, synthesized 

by Martin (1971), occurs in going from 9.8 per cent baron end 
1 

member to the l~.l per cent boron end member (Table 10), in 

agreement with the former suggestion. 

As a consequence of the substitution of boron into 

TlO sites, the unit cell of these feldspars would become triclinic, 

as the mirror plane would be vielated. With this prediciion ',"-

in mind, the cell parameters of feldspars that had shown ~arge 

standard errors when reflned as monoclinic cells were re-refined 

assuming triclinic cells. The second set of refined cell 

parameters fell within the standard errors of the previous refine-

ments, and improvement was noted only for D96, F62b, D~O, and to 

a lesser extent fop 081. ~ and ~ fell within 5' of 900 in 

~ 
; 

1. Compare cell parameters of F78 from Table 5 - not very 
reliable because of high standard errors. 
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aIl cases (Table 5, Appendix III). Ce]l parameters of F78 

showed higher standard errors when re-refined in this way, 

although it appears f~9m the volume reduction (Fig.8) that 

the feldspars from this run contain considerable boron. The 

apparent retention of monoclinic character in F78 could he 

explained by the decrease in AI-occupancy of T 2 sites, mentioned 

above. This would mean that the a celi dimension is somewhat 

r~duced with respect to that of a feldspar with similar alkali 

content, i.e., the Or content would be higher- than that indicated 

from the ~ celi edge, and consequently the volume reduction 

wouid he increased as compared to pure hinary feldspar with 

the same alkali content. 

Regardiess of the validity of any of the arguments" 

posed to explain how boron fi ts in,to the feldspar structure, 

such substitution is suggested by the anomalous cell parameters, 

and also by the tendency of runs containing B203 to yr~~d feldspars 

enriched in potash over those of borate-free runs held at the 

same temperature, although this may have alternative explanations. 

Effect on partitioning of alkalis: 

Orville (1963), in his invest~gations of alkali 

exchange between feldspars and aqueous chioride-bearing vapours, 
o 

found that the distribution of a,lkalis between fluid phase~-", 

and coexistin~ feldspars is strongly temperature depende~~~t ) 
~ ...... ~/ 

almost indep~ndent of the physical state of the fluid, i.e, the 

partition of K and Na between crystals and water-saturated melt 

resembles"that between crystais and dilute aqueous chloride 
__ .c 
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solution with the same dependence on tempe rature (illustrated 

in Figs. Il and 12 of Orville, 1963). At lower temperatures, 

the hydrothermai fluld is persodic, with a corresponding 

depletion of Na ln the feldspars. Iiyama (1965) suggested that 

the anlon of the aqueous solution has some effect on the partition

lng of alkalls in hydrous sy~tems, showing that the essence of 

Orville's normalized alkall distribution curves was maintained 

tor solutions of Cl-, 1-, 5°4 2, and CO}J -bearing Na and K 

saIts, but that the curves were shifted accordin~ to the valence 

of the anl0ns and the dpgree of dissoclation of the Na and K 

sa It s ln solut.lon. Th~ valence factor seems ta predomIna te in 

hlS experlments, the clivaIent anions tending tu shift the 

equi llbrla toward hlgher Na content of the fluid phase and a 

corresponding enric~ment of ~ in· the feldspar phase (see F~g.2). 

According to Bachinskl (1972), Na enrichment ln the fluid phase" 

(aqueous) 15 due to the hIghpr 'solvation energy' of Na relatIve 

t? K, and it follows that the equilibrium will be shifted by 
~ 

an~ factor tllat effects the solvating characteristics of the 

fluid m~dium, Ruch as temperature and the anIon specles in 

solution. 

ln the present experiments, the potash enrichment in 

feldspars from charges cont,aining 8 2°3 over those from borâte

frep charges with the same granltic constituents l'un at the same 

temperat ure and pressure, suggests that the effect of a 

volatlle horate in the presence of steam i8 equlvalent to that of a 
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diva lent anion in solution (perhaps -+mplying that the volatile 

borate sppc1es is HB0 3-2 under these conditions). Another 

factor ta be considered here i8 the entry of boron into the 

feldspar structure, which will in turn affect the stability of 
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the crystal, and thcrefore the equilibrlurn composition of coexist-

ing phases. It is dlfficult to evaluate the rplalivp import ance 

of thcse two factors. However, a shift of the solvus curve in 

the direction correspondin~ to the shift of the alkali distribu-

t 10n curvp .. uward5 pota'5h pnrichmcnt in the crystals is indicated 

hy .... uhsolvu~ l'uns O~:Il, D~O, and F7~ at bl)::;oC; therpi"orc, 1t 18 

probah le that crys.tal chem1cal principlpb rnay exert sorne 

influence on the alkali - distribution~ 1nvolv1ng feldspars. 

In the same manner as a thermal gradient may be 

invoked as a drlvin~ force for alkali exchange in two-feldspar 

rocks (Orville, I(63), it is possible to invoke e;radients in 

boron content of volatile phases as a dr1ving force for the 

alkali metasomatisrn reported in Cornwall and Devon granites, 

known to have experienced sporadic influxes of boron-rich 

vapour. TexturaI evid~nce for the replacement of plagioclase 

and the constituents of aplite by potash feldspar megacrysts 

and perthite has been citcd by Exley and Stone (1964). In the 

same rocks, Branune 1 (1923) describe~ the replacement of the 

alhitE" lamellae il) perthite by tourmaline, and of biotite by 

secondary tourmaline (a ccompanied by the re lease of K), suggesting 

that many simultaneous rea('tions, with the ald of thermal gr~_dients 

and a volatile phase could contribute ta the cornpositional 

gradients necessary for the autometasomatic processes invoked 
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by Exley and Stone (1964). For example, influxes of boriferous 

pneumatolytic fluids would tend to induce reactions that increase 

the potash content of the'Te Idspa r, though reduction of the 

concentrations of volatile borat~s hy the crystallization of 

horosilicate mineraIs, such as tou~, would probably 

induce the reverse effect. Influxes of boron-bearing vapour 

along shear zones ln t~le area may be responsible 

for the development of micrucline in the vicinity of these 

zones, as su~gf'sted by (;ore (1968),although it seems improbable 

that a hydrated horate 10n is the transporting agent for the 
\ 

potash rpquired, as she has tentatlvely proposed. 

In addition, the solidiflcation of grapltic magmas 

, 
that are relatively rich in boron may proquce alka feldspars 

that are unu .. 'mal1y high in potash, coexisting in a two- Idspar 

granit1with a soda-rich plagioclase, and with a volatile 

pha se enriched in Na. In d= his context, an i~vestiga tI0n of the 
\ 

effect of 8 2°3 on phase relations in the 'granodiorite' system 

might be fruitful. 

Effect on melting behaviour: 

A comparison of Figure 9 of this studylwith Figure 4 
, 

of Wyllie and Tuttle (1961) indicates that the introduction of 

B20 3 has an effect on the minimum melting temperature of tfe 

wat,er-saturated granite system similar to that of HF. The 

figures are not directly comparable, since the experiments of 

Wyllie and rutt~le were performed at P(H 20)- 2750 bars; also, 

t he values on the abscissa of Figure 4 are in weight per cent 
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HF in solution, but since the HF-bearing capsules are prepared 
'0 

with a 1:1 rat,io of silicate to solution, values comparable to 

those of the present experiments (per cent B 2°3 recorded as 

weight per cent of dry ingredients) can be obtained by multiplying 

t he va lues on the ahscissa hy ] 00 + %~~~olution' The granite 

minimum is depressed by 60°C, with'\the addition of 2 per cent 

13 2 °3 and 100°C wlth the addition of 5 per cent B2 0 3 at P(HZO)= 

l kilobar, whereas the addition of 5 per cent HF depresses the 

minimum by approximately 700 C at P(H 20)= 27:;0 bars. A melting 

point depression of t he magnitude caused by 2 per cent BZ03 

would he equivalent to that caused by an increase in P(HZO) 
-

of 2 ki1obar~ (t-rÔfn-tb!' data of Tuttle and Bowen, 1~958), corres-

--------- , , -. ponding to~ an increase in depth in the earth' s crust of about 

7 Km (from the relation given by Verhoogen et al, 1970, 

Chapter 9). Tt is therefore ~vident, as in the case of HF, 

that B20 3 partitions more strongly in the melt than in the 

solid or volatile phases. 

The beginning-of -melting temperature for tourma Une 
, , 

granite, #1697A, is about ~O to. 900 
lower than the accepted 

o' , 
va lue (960 C) for norma 1 granitic rocks at 1 atmosphere, cited 

by Piwinsk1i andWyllie (196~). However, because the first 

me lt was deri ved from the breakdown of tourma line to a mullite-

like phasp and hematite plus melt, and not from the breakdown 

of quart- z and fel3spar, a close comparison between #1697A 'and 

a haplogranl te mode 1 is not strictly va lid; the sample :i,s 

compositionally similar to the Westerly granite used by 
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Tuttle and Bowen (1958), 
-. . 1 

but is s light ly poorer it~a lis. 

It is possible that the first melt be prevented from reacting 

with the other phases because of the high viscosity of the ~ry' 
-<.. 

boraluminosilicate melt and/or that the melt is metastable 

with r~pect to components of the other phases. Fe Idspar 

appears to be breaking down at 89~oC, and a drastic incrpase 

in the amount of melt at 94lo C indicates that the feldspar has 

pa rtia lly me 1 t pd a t this t emperature. Therp is, therefore, 

somp depre"iS10n of the solidus with the additlon 01 BZ03' but 

the ma~ltudp of the/""'pffect cannot be evaluatpd from exppriments 

on this rock alonp. 

Melting in this rock could not occur hefore the 

breakdown of tourmal1ne releases boron to the system. In 

addition, its seems possible that the mullitp-like phase could 

incorporate sorne of the boron, preventing its participation 

in melting p.henQlllena. The occurrence of solid solution between 

mu11ite and si11imanlte has been discussed by several authors 

{e.g. Agrell and Smith, 1960; Hal'iya, Dollase, and I\.ennedy, 

The following observations suggest that borate, too, 

could be inv01ved in solid solution in the system: 

1. An al'tificial boraluminate, 2B203. lOA1 2ü 3 , cl'ystallo

~raphically similar to sillimanite and mullite has been 

descl'ibed (Baumann and Moo~, 1942). 

2. Sillimanite containing .30 pel' cent B20
3 

has been 

report ed from ~tadhya Pradesh, India (Varley, 1965). 

B20 3 is ral'e1y included in chemical analyses, so tpat 

it is not known whethel' su ch borate concentrations are 

common. 
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Christophe-Michel-Le~ (1950) has reported tha t a 

si,llimanite-like ~se can be synthesized from it,s 
, 0 

co~ponent~ at ~50-500 C at P(H 20)= 50~ bars in thp 
/ 

,prf>sence oV 20 per cent Na 2B 407 .lOH20. 
/ 

It sepms 
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-, . likely,that som~ boron is incorporatpd in the structure • 

Thp X-ray reflections and cell parameters from thf' aluminosilicate 

producpd ln these' pxppriments correspond superflclally to those 

of 1.71:1 mulilte and synthptic mullit~s chara,terized by 

Agre11 and Smlth (1000). In çlots of unit cpll volume, ~, 

ver'sus CP Il edge, ~, they t a Il bet,ween the ranges of nat ura 1 

1 ron- and t i t anium-bearin~ mu Il ites and na tura 1 si llimani tes, 

whereas ln plots of the axial ratl0s ~/~ vprsus b/~ they fall, 

far outslde the fields of aIl of the aluminosilicatp~ studled. 

This pos~-a comp lex crysta llographlc prohlpm out slde the scope 

of the present 

wou Id indicate 

study. Perhaps a detailed study of these phases 

that the occurrence of boron ln ~lumlnosilicates 
is one of the many factors influencing a1~minosilicate stability 

in metamorphic rocks, particularly in metapelites of marine origine 

Posslble effects of press~tre and composition on the b~haviour 
~0 

ot boron: 

The review of the structural statp of boron in borosili-

rate melts and ~lasses, presented in the introduction, rpvealed 

that-boron tended to adopt four-coordination with oxygen with 

ln(T('a~ing pressurp., and alkali, or alkaline earth, concentration. 

If this be~aviour i~ retdined in melts that are more complex 

chemica lly, then the role of boron in phase equilibria in magmatic 

\ 
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rocks will be altered with.changes in pressure. For instance, 

in a dry magmatic environment, at depth, boron May partition 
'J -into the, tetrahedral sites of aluminosilicates, or into mineraIs 

containing essential boron in four-coordinatl0n; to' a~~egree 

which increases with pressure, and possibl,y a lkali content. 

This may be in part resl).Pnsible for the"marked absence of 
..... TI 

tourmaline in peralkaline silicic rocks" mentioned by Bowden (1970). 

! 

1 

. 
", . 
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SUMMARY AND SUGGESTIONS FOR FURTHER WORK 

It has been shown in the experimental section of , 

this study that the' presence of boron in the gram te syst em 

has the followln~ effects: 

1. The beginning-of-melting temperatures of water-

saturated granite compositions are lowered hy 
} 

int f'rva 15 ranging From! 60°C wi th the addlt ion of 
" ' ,. 

2 per ccnt<>Bi03 tu 120ck-- with the addltion Qf 

10 pf'r Cf'nt B 2.o 3 
to the systC'm at P(H 20)= 1 hilobar. 

2. B-for-AI substitution causes reduct ion.;; of t,he cell 

dlmensions of fC'lclspars. At low concentrations of 

boron, the cel1 edge, E, is reduced to a ~reater 

extent than i~ Q, whereas the ~ cell dimension under
"\: 
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goes minlmalO rf'duct,ion. Essentidlly, this is consistent 

with the preferentia 1 occupancy of B and Al of the 1\0 

sites in a generally disorded structure. 

-.1.. Th" prescrl..ce of boron in the system inf luences the 

composition df the alkali feldspar pha~es, favouring 

r 
potash-pnrichment over feldspars p~odueed under thp 

1 .., 

same coriditions of temperatu~e and pressure, from the 

.J> 

same granltic C'onst ituents, ln the absence of boron. 

As this invpst!~ation of the granite-B2û3- H
2
0 system 

1S only prphminary, i t is recommended that liquidus, and solidus 

temperatures be determinpd in more detail, with both albite-rich 

and orthoc la'7f'-rich compo,,> i t lons J The e ffeet o~'B20 3 on the 
, . 

position of the cotectic between the primary phase fhields of 
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1. 

quartz,a~d fclds~ar, and the minimum melt in the haplogranite 

composItion. diat.;ram shoul,d .. ~tie studied. A more detalled --
study of alkali partitit~on 'among the ~l~i~p~r' a~nd v~pour 

'."'" ''\ 
"phases in 60th the haplogranite and alkali feldspar syst,ms in 

the prespnct' of baron is also needed, pay~ng partlcular attent ion 

to the compo~it ions of (Iuid's. 

on the ternar~' feldspar and ~/"anodiorite systpm shollid he 

investigated, as should the> et't'eet of varying- pre~-jur('",. 

" 
Iri v~pw of thp lnflllf'nee of buron on the cump0..,ltions 

uf the a] ka 11 fp l"dspa rs and t he pos~"ihi Il ty that 
. 

l t ~ prespncc 

may he detected in theJ fe Id"ipar struct ure hy anomallps in cell 

dlmeCl"iions, Whléh may, or may nat, àceumpany chan~es ln 

cqulllbr Ulm a 1 ka Il' conceni ra tlons, i t i5 s'llgg-e.., tc-cl t hat knuwn 

OCC\,JrI'cncc"'i 0 f hur'on-r ieh !!;rarl1 tes and thf' Ir hu~t 0:; bp c xdmined il' --, ... ~ 

for evidence of boron ac~ as it has ·affpct pd ft-.ldspar 

stability. 
• 0 , 

B~-Call'->e B 20 3 al">o depressps the n1l.111.mUm melt1.ng 

! 
'tf~rhp'prature~ of ~Tanit1(' ~ulk composl<tions, dnd wlll pI'obably~ 

affect th~ nOI'mative compo..,itions of the melts produced,' the 

rolp of boron in thp partIal melting of metasediments, ,especially 
. " 

t,host> of !p~lrinp orlg-in, resultin,l:{ 1.n the produ('ti~n of mIgmatite, 

or pallngpnic ~ranitps, 
,p 

o 

• 

5hould he considel'cd. 

, .. 

( . ( 
" 

() 
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Plate 1: Grain mount of beta quartz (inverted) in glass 

<of <'low refractive index. x480 Plane po1arized light. 

/ 
/' 

/ 
/ 

Plate 2: Gra1n mou nt of penetration twins in sanidine. 
/' ' 

, J/' 

x4'lO X-n1cols. 

• , 

p 

-
/ ------------ ~- ------- -- ~--- - ---

, 
Plate 3: Grain-mount of tourmalirte granite, #1697A,-run at 

r 

.... 
,~ 

r0950C, 9, days. f> Note tte deve10pment of the acicular,

~mullit~-like phase i~ radi~ti~g clusters embedded in 

'>"~\ 

glass .( R. l '\.:L appr . 1. 510)." xl20 Plane polarized 1ight. 
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APPENDIX l 

• Table 1: continued 

Run No. 82 0 3 A12D3 /(5102 N820 K2 0 . H2 0 

036 0.00,. 13.04 76.13 2.36 8.46 17.15 

035 1.96 12.78 74.64 2.31 8.29 7.70 

030 1.96 12.78 74.64 2.31 8.29 25.97"'" 

f29 5.21 12. 3~ 72.17 2.24 8.02 24. ~5 

T28 9.88 11.75 68.61 2.13 7.62 , 9. 48 

076 O. 00 , 3.04 76.13 2.36 8 .. 46 13.58 

/ 075 1.97 12.78 74.63 2.31 8.29 11.82 
, 

F7'~ 4,07 12.51 73.03 2.26 8.12 16.59 
-, 

1 
067a 0.00 11.21 79.66 2.36 6.77 10.39 

.... ' 
D65a 1.84 11.00 78.19 2.32 r. 65 27.94 

F63a 4.89 10.66 \75.75 2.24 -6.44r 16.77 

T61 a 9.86 10.10 71.80 2.13 6.10 18.14 . 
068a 0,00 11.21 79.66 2.36 6.77 '7.50 

D66a 1,93 10.99 78.10 2.31 6.64 12.73 J 
# 

F64a 4. gr. 10.65 75.70 2.24 6.43 / 10.30 

T62a 9~6 10.12 71.89 2.13 6.11 18.40 

~" ~ 

D99 1.96 10.99 "ra. 1 0 \ 2.31 6.64 9.20 
/ 

F98 A.87 , 0.67 75.83 /25 
, 6.44 26.77 \ 

\ 
f 

1 1 

024 .0.00 , 0/.(38 83.1 B 2.36 5,08 38.77 , 
". ~ 

~D19 2.02 ''---::-9.,19 Hl,50 '2.31 4.98 35.16 

"--- -
73.2~ T23 11 .97 8, 'lb 2, U8 4.47 29.86 -.,.. 

O~O U,OO 9.38 R3.l8 2.36 5.08 1t· 31 

F49 4.97 A.91 79.05 2.24 4~3 14.53 -. 064b 0.00 9.3A (13.1 B 2.36 5.08 16.40 \ 

i , 

D63b 1.97 9.19 Rl .53 2.31 4.98 13.98 .. 

F62b 4.9A B.91 19.04 2.24 4.A3 .16.25 

---~ 
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Table 1: continued • Run No. 8203 A1 2 0 3 5i02 N820 K2 0 H2 0 

T61b 9,73 8.47 75,119 G 2,13 4.59 22.67 

085 O~O 13.16 76,53 3,55 6.77 10.76 

084 1.96 12.90 75.03 3.48 6.64 19.53 

F82 , 4,80 12.52 ' 72.83 3.38 6.44 20.23 

F83 4.77 ,12.53 
.,Il 

72.86 3.38 6.44 3.59 

089 0.00 13.16 76. ~3 3.55 6 ... 77 ' 6.38 

~ D88 1.75 12.93 75.19 3.49 -6.65 20.51 

F87 5.ob 12.50 72.70 3.37 6.43 22.44 
,\ 

T1 04 1 ~ 19 10.17 71.88 3.18 4.56 24.18 

F112 7.39 10.49 74.14 3.28 4.70 45.33 

T113 9.86 10.21 72.16 3.20 4.58 11.20 

F115 7.20 10.51 74.29 3.29 4.72 36.53 

F117 6.94 10.54 74.50 3.30 4.72 10.96 

T11 R 9.71 10.22 72.29 3.20 4.58 25.86 

F119 4.97 10.76 76.07 3.37 4.82 15.29 

1 
( T120 9.35 10.26 72.57 3.21 4.60 12.46 

F122 4.70 -10.79 76.29 3.38 4.84 9.64 

T123 10.11 10.18 71 ,96 3.19 4.56 17.67 
"-

"-

D80 1.94 11 .10 78.49 3.48 A,98 12.94 
~) 

F78 4.90 10.77 76.14 3.38 4.83 13.40 

F79 4.85 10.77 76.17 3.38 4.83 3.62 

• 
097 0.00 11.32 80.05 3.55 5.08 21 • .42 

096 1.99 11.09 78.46 h.l 3• 48 4.)8 11.13 

• f24 5.02- 10...75 
"'i\ • 

. 
76,03 3.37 4.82 11.08 

F95 4.97 10.76 76.07, 3.37 4.83 3.71 
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• .. 
Table 1z continuad 

Run No. 

F32 4.73 9.0B 79.63 

01 9.34 8.60 75.77 

052 0.00 9.49 83.58 

F51 4.~ 9.02 79.48 

, " 

... 

, 
" 

r • 

K20 

3.21 3.38 

3.06 3.22 

3.38 3.55 

3.21 3.38 

. r 

/- , 
/ 

! 

H20 

20.30 

24.15 

12.40 

16.9B", 

> • 

-

/ 

79 
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Table 2: Chemical Analysis of tourmaline granite, #16974A) .. 

;' 
Weight cent pel' 

'Si0 2 '" 72.673 

A1
3

0
3 • 14.63 

~ J --------.' , 

fe Z0
3 1. 87 

FeO .34 

MgO .60 

CaO • 1)6 

NaZO 2.49 1 

K20 4.36 

H2O- .51 
f-) 

---' 

H2O+ 
t-

.05 

- -' 

T'i°2 .14 

, P20S .O~ 
1 

MnO .. - .01 

COZ 4- .00 

\ F .07 
, 

" - 1 
Cl .01 

.B Z0
3 1.74 

~ 

, ' 

-1. analysis by I;:lain'Munsen, U.S.G .. S. 
" v 

~\:- P n~ 
~I 

• 
'" 

" '= 

" .. 
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APPENDIX lIT 

Table 3: Result~ of hydrothermal experiments on haplogranitic 
constituen-ts of P(H 20)= 1 ki10bar. ' 

Tempera- T ime ,~ 

81 

Run No. 
Ab,: Or: Q 
(Wt. %) ture (OC) (days) Run Products~é % glass 

059 

D 57 

F53 

T55. 

060 

F54 

T56 

09 

D16 

F17 

1'7 

0103 -. .,. ., 
DI02 

~' 101 

073 

F71 

10:60:30 631)±4 

" " 

" " 

" " 

" 
" 

" " 

" " 
10: 5 0 :, 40 5 9 3 ± 5 

" " 

" " 
\ 

" " 

" 

" " 

" " 

" Il 

, " " 

6 

" 
" 

'. 
" 

6 

" 

" 

" 
7 

" 
" 

" 
9 

" 

" 
7. 

·n 

", 

0.00 

1. 92 

Q+San+gl+v 
(Q < San) 

1.95 San+g1+v 

o 

o 

15+ 

4.12 f San+g1+v 

70-75 

i:l5 

90 

98+ 9.79 

0.00 

1 •. 41 

4.91 

,'j • 3,5 
'--
0.00 

2.05 

5.03 

0.00 

1-2 

4- 1) 

Q+San+v o 

o 

o 

Q+San+vi-b o 

Q+San+v o 

o 

Q+San+gl~v ~ 15-20 - . / 

QtSan+g1~v~ ~o 
(Q > San)/ 
Q+Santg~4v ~O 

Ut-Sa n+g1+v 
(Q > San) 

.-

95 

. Q= quart z; San= Sdnid int>; Ab= a 1bi te: gl- e;lass; v= vapour; 
b= berale prpcip:i:tatc in not.;icable q';~nti t,ies . 

~ ..,;;.~ -... ' 
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Tàble 3: continued~ •. 

v/ 
~ Ab:Or:} Tempera- Time B203 

Run No. (Wt. % tur~ (0 c) (ciays) (Wt. %) Run Products ;c nt gla~s'-- . ,0 

T70 10:"50: 40 64 0=.5 7 9-10 gl+v 100 
... 

022 10:40:50 7 09=5 " 9 0.00 Q+Sanfv 0 ) 
1. 9~ 

.:.' 
25+ 014 Il " " Q+San+gl+v .. 

T21 Il n " Q.74 Q( t r ) +gl+v-fb 98 , 
FIS Il 791±5 7 4.92 Q+-gl-4-V 1:\0 

T6 " " " 9.40 Q+gl+v+h 9b . 
~ 06':1b " ,~00±6 10 0.00 Q+gl+v 75 

~o7b " " " • 1. q6 QtSan+~+v 85 
(Q /' San) ,r::;, 

F66b " " " 4.95 Q-t!{l-tv+b 90 

T65b " 10.<)~ gl+v Il 100 \ " 1 " \ 1 -

i; 

01*r 20:50:30 73 "±6 5 0.00 Q+-San+gl"v 30 
(Q z San) 

D7S Il " " 1'197 Q+San+g1~v 60 
J 

F 74 " " " ,4.07 Q+San+g1+v 75 
(Q c:::.. San) 

/' T77 " " " 10 Q+San+g1+v 95+ 
'-.../ (Q .:::. San) 

1 03tJ Il ~25±7 6 0.00 San+gl+v 90 "-j / 
035 Il " " 1.96 gl+vtb 991" 

.. 
Oqq 20:4 0 :4P 6 o 0.t. l 10 1. 96 Q+San+v 0 

Fq~ " " " 4:~7 Q+San+g1t"v '25 
~~ r 

06ba .... 
'-"..J 

" 7 lS.tS 7 0.00 Q+San+v 0 

D66a " " " 1.93 QtSantgltv 50 • F64a " " " 4.97 Q+San~gl+v 65-70 
l' 

T62a Il " 
" 1 

" 9.76 Qtgltv 90 

~ , , 
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• Table 3: continued ••• / 

Ab:Or:Q Tempera- Time 82,° 3 
Run No. (wL %) ture (OC) . (days) (4(t. %) Run Products % glass 

067a lO:40:4° 7971" 2 7 0.00 Qt-San-+gl-fv 65 

r Î 
(Q= San) 

D65a " " " 1.K5 Qt-San( tr )+gl~v 85 

F63a " " " 4.~9 Q+Santg1tv '90 
(Q San) \ 

T61a " " " \).:56 gltvtQ( tr) 99 

064b 20:30;50 66'1)+ 5 Il 0.0 Q+Sant- v 0 

( --
D63b " " 'II 1.97 Q1"Sdn+-g1tv .::.0-25 

F62b " " Il 4.9b Q-San-gl-y. 55-60 
.. (Q> San) 

T"olb " " Il 
" 9.73 Q+gltv 70 

\ 
65 050 20:30:50 :-'00+5 10 0.0 Q+gltv 

r 44 " " If 4.97 Q+gl+v ~5 

024 " HZ 5+ ') 5 0.00 "" Q+gltv 80-85 

D19 n " " 2.0..: Q+gl+v 90-95 

T23 " " " Il.97 gl+v-fb 99--

~00+6' , 
.~ o ~ .~ 30:20:50 !. 10 0.0 Q1"gltv 70 )-

- I- -) l " " " 4.~9 Q+gl+v ~O+ 

F'L. ,. . " ~21)±Î 6 4.73 Q( tr)+gl~v 95+ 
~ " • T31 " \ " " 9.34 gltv+b 99+ 

0;'9 30:40:30 637+2 9 0.00 Q+San+Ab( tr) +v 0 

0"-"- " 't " 1.75 Q+San+Ab( tr) 0 • 
F"I7 " " " 5.00 Q+San+Ab(tr)~gltv30 • i 
'O~ 5 ''-', " 777+3 6 0.00 S~"tg1,.v 90 

• ~Q.«< San) 

-~ 
Il 

) 0 
$ , . 
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Table 3: continued ..• , 

Ab: OriQ Temper- . Time B203 • (Wt. 0) ature (OC) (days) (Wt. %) Run products % glass '. Run No. 

DK4 30:40:30 77-7 ±3 / 6 1.96 San+g1-tv 90 

F?:i2 If " " 4·77 Santg1tv 90 

t· 
0 

Tb3 If " " 4. KO Sa'n-tQ (tr) +gltv ~5+ 
" 

Tl04 30: 30: 40 506±5 "" 1 7 10.19 Q~San+v+h 0 

F112 " 53 0 ±4 5 7.39 Q+San+v 0 
( lncomplete 

react ion) 

Tl13 ,. n 5 9 . ~6 Q+San+v 0 
( incomplete 

reaction) 

fIlS If 55 b.t4 Il 7.20 QtSa.rl+v+b 0 

" 
'1 

" If 6.94 Q+San+v-th 0 F 117 

T1lb " " " 9.71 Q+San+v+b Û 
<;; .. 

F 119 " 567±5 13 4.97 Q+San,+v+b 0 

T 120 " " " 9.35 Q+Sân+v't'b 0 

j F 122 " 595j:15 If 4·70 Q+San+v+h 0 
(part ia11y 

unreacted) 

-----., T123 " Il 10.ll QtSan+g1tvtb 35-40' ... 
,J 

0"::-1 " oSS±S b 0.00 4'" Q+San+Ab( ? hv 0 .l. .. 
Q+San+Ab( tr)+v 

0 

OKO " " If 1.94 0 

F7:-' If " " 
,. 

4.96 QtSan+Ab(tr)tgl~50t 
tv 

F7li " " " 4.»5 QtSantgl 5 0 t 

097 " 7 S S.tS 7 0.00 Q+Santglt v 60 

---. 096 " " " 1.99 Q+San-tgl-t v 70 , -- -- -- -----.- - ...... 
(Q:San= 5: ;I.) 

/ 

/ ., 
,/ 

... ,,-- - ~ - -

'·1\ 
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't.able 3: 
""--r· , 

RUR No. --
~~ 

F95 

1'"94 

, . 
continùed ••• 

Ab:Or:Q Tempera-
(wt • %) ture (ct) 

30:30:40 755±5 

" " 

, 
• .. 

~ 

" 

85 

Time B203 
",(days) (Wt. %) Run products % glass 

1 

'-\ 
7 4.~7 Q+gl+vtSan(tr) 95 

" 5.02 2+gl fv 95 

o 

" 
- 1 

"" 

, 
o r 
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• APPENDIX III 
-- - -

Table 4: 20 ( CuKcx.,) for (201), ( 060), and (204) of fe1dspars, 
~ith Or content estimated from 20 (201), "a, and V. , . , 

(0)* (%) , 20 values Or content from: 
Run No. (ZOl) (060) (204) (201) a V 

059 21.06 41.57 50.91 89 87 ~5 

D57 21.06 41.60 50.93 ~9 86·5 84 , 

F53 21.03 41.59 50.91 92 92 90 

TS5 21.00 41.59 50.~9 94 92.5 91-92 
.. c 

060 20.96 41.55 50.~8 91j 
~'-... • 

058 20.99 41.''?9 50.~6 94 

F)4 20.95 41.56 50.~9 99 

OQ 21.09 4~ 40.97 ~6 ~5 ~4-85 

016 21.09 41.55 )0.97 1j6 84.5 ~2-83 , 
Q 

~17 & 21. 12 41.60 50.q6 83 ~1 79-80 

T7 21. 12 41.58 50.92 K3 81 HO 

0103 21.11 41. )8 ')0.90 84 84 81-82 "Pi' 

----:-
0102 21.11 41. 5~ 50.96 84 84 tH 

'F101 21.0q 41.55 50.91 ~6 86 8.5 

073 21. 03 41. 5~ 50.87 91 91 90 

072 21.04 ,,41.56 50.88 -91 
~-~. l F71 21,.01 93 1 .-

.., OZ2 21.13 41.58. )0.91 .82 81 , ,. 81 , , 

21.04 41 . ) H )0.93 91 89 
... r 

88 D14 ' " 
) 

T21~ 21.04 41. )6 )0.93 91 ~9 88 

D67h 21.02 1 41. 57 ,50.~6 r • \ ' 

-:~ aIl 28 va lues ± .01 0 

\ ' ( 1 . " 
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• Table 4: continued ••• !...' 
T 
, 

" " , 'il 

J ~ -----_ f ~ / ') , ., ~, 

'0 l~9-tent (%f, from: 2e values ( .;~ " 
Run No. (701) <1<(.060) (704) ("Z"O 1:) < ~ y 

t- é, 

076 21.~3 41.54 50. '<37 'ci 2 .83 82 
.'-

.t 

","" 21.06 4.1.58 50.89 ~--- 86 89, 075 - . 
F74 ,21. oq,. 'ci 9 86 86 • )JI 

--- . 
T77 2h o..).. • 41.5r 50.91 ,90 86.5 8~ 

OQ9 .;C_':_ 21. 22 41. 63 50.97 75 74 74 
(21.85) ( 15) 

1 
F98 _"_H_ 21. 24 41.62 50.96 72\ 72 70 

( 21. ~(,d. (13)~ 
" 

i 
1, 

068a.J 21.16 41. 62 50.90 80 77-78 
c \. 

066a 21. 16 41. 5 8' '~-:_ 50 • 90 80 78,. 5 78 
,.. 

" 
\ 

F64a 21. Il Al. 58 50.88 K4 81 ~ '<32 

067a 21.10 41.56 50. ~5 1~ 85 
,,-

'<37 
c 

065a 21. fo "'~ 85 

"""' • 87 F63a. 21. O~ .-;; 

061tb -" 21. 34 41. 61 50.95 63 61 61 

') 063b 21. 30 41.60 50.95 ?7 '62.5 61 . 

F62b ~n>.14' 41. 55 50.89 81 • 
79 81 

- Ok9 -..~:' 21. 34 41.64 50.97 62 61 ..{)o 
(21. h 4) ( 15) 

088 _;L ;'- 21.,32 41. 64 59.96 66 ' 62.5 '64 

" \ ( 21.~O) ( 23) 

>~\ 72 ) 
F 87 "--;'- 21.22 4)·60 50.94 75 71 .. (:~1:b5) (34) 

. 
OH) il. 19 41 --56 50.89 77 75 77 , 

0~4 21.16 79 -.'. \ 
,- a Il '28 va lues - .010 

---:'-"- 2 feldspars are produc('d in thesp- ryns, valUes of :!f("2"OI) 
for Ah art.> listed in hra ckpt s • 

" , 

'" 
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APPENDIX III 

• Table 5: (ell parameters of faldspars produced in hydrothermal exper iments. * 
" 

No. e b c lB ~. V -

059 B.5540 A 13.0141 A 7. 1686 ~. 116° 1.51 717.11 ~3 

t.0022 ±.0037 :t.0018 .:t • 50 ±'.26 

/ 
D57 8.5507 13.0108 7.1653 115°59.91 716.48 

.0014 .0027 .0012 .86 .11 

r53 8.5746 13.0211 7.1684 1160 1. 87 719.16 
.0014 • 00~1 .0011 • BB .16 

T55 8.5794 13.0184 1.1685 115°56.47 119.98 
.0074 .0056 .0027 4.09 .62 ... , 

116
0 

09 8.5498 13.0283 7. ~ 686 4.20 717.27 
.0017 .0025 .0014 •• 96 .1 8 

016 A.5446 13.0298 7.1640 " 6° 3.33 716.54 
.0010 .0013 .0007 .56 .10 

r17 . 8.5359 13.0178 7. 1631 116 0 1 .45 715.25 

~ 
.0009 .0010 .0006 .47 .16 

T7 8.5329 13.0208 7.1657 1160 
'_.45 715.43 

.0016 .0021 .0011 ,.90, .16 

0103 8.5417 13;0213 7.17Q2 1160 4.56. 716.32 
.0014 .0016 .0010 1 • , 4 • '7 

0102 8.5419 13.0222 7 .. 1655 116
0 

2.75 716.11 
.0011 .0016 .0007 .54 .11 

F101 8.5499 13.0277 
1 

7.1689 '16
0 2.44 717.45 

.0013 .0018 .0010 .84 .15 

073 8.5729 13.0195 7.1732 
0 

116 0 1.92 719.41 
.0027 .0027 ':,0012 1.47 .26 

022 8.5315c 13.0212 7.1700 1'.6° 2.75 71 S. 62 
.0015 .0019 .0010 .86 .15 

014 8.5652 13.0237 7.1673 115°59.10 718.69 
.0023 .0019 .0011 1.25 .21 

T21 8.5665 13.0262 7.1669 116° 1.32 718.68 
:0012 .0015 .0007 .65 .12 .' • • Standard error reported belolll eech velue. • 
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• Table 5: continued 

b -No. e c ,8 V 
-' 

076 B.5355 Â 13.0237 A 7.17,40 ~ 116b 3'.03 7j 6.47 'A~ 

±.0023 -t.0030 i:.0015 1:1 .33 :t.23 , 

075 8.5521 13.0228 7.1717 115°58_05 718.09 
.0015 .0022 .0010 0.90 .15 

• nA 8.5532'" 13.0244 I!I 7.1743 , 116° 0.46 118.2B 
.0021 .0028 , .u'o12 1 .05 • ~d 

ln B.5616 13.0220 7.1709 '15°56.97 71 8.87 
0 .0029 .00j8 .0012 1 • 41':1 .26 

~ 
D99 R.5060 13.0089 7.1624 115°56.30 112.71-

• ,- .0095 .U052 .0030 J 4.ü3 .78 

f98 . 8.4881) 13.0122 7.1633 '15°59.90 711.12 
/ e 

.0034 .001 El .0009 1.35 
. 

• 27 
" 

0681'1 B. 51 79 13.0114 7.1723 116° 1.54 714.36 
{) .0026 .0029 .0013 1 .3B .25 

0661'1 B.5216 13.0156 7.1687 115°59.87 714.65 
.0011 .0017 .0009 0.6~ .13 

" r64e 8.5308 13.0216 7.1726 11<6° 2.20 1'1·5.91 
.0031 - .0035 .0019 2.12 .34 

0671'1 B.5469 33.0244 • 7.1779 115°57.90 718.37 
.0021 .0034 .0020 1.48 .27 

064b 8.4344 13.0147 7.1636 116° 4.49 706.32 
.0066 .0031 .0022 ) 3.12 .56 

D63b 8.4444 13.0068 7. , 623 116° 5.64 706.48 
1\, ~0046 .0025 .0013 2.15 .41 

" 
, 

089 8.4367 13.0030 7.1610 116° 3.56 705.71 
.0057 .0026 .0016 2 •• 2 .46 

088" .8.4442 13.0125 7.1630 115°58.36 #707.58 

.0,034 .. .0037 .0014 1.97 .30 

fB7 B.4817 13.0154 7.1658 115°58.93 111.61 
.0043 .0022 .0014 1.84 .34 

• () ,. 
, -



• 
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A~PENOI X III ~ .' rab11 continued 

1 r' No. e b c 
/3' V - -

" 'V' 

085 8.5032 13.0259 7.11'755 .. 116? 1.62 714.17 
.0025 .0027 L0013 :1..12 .22' 

ra3 8.5121 13.0283 7.1754 116.0 0.20 715.19 
.0035 .0033 .0017 1.94 .34 

" r7 8 8.5325 13.0097 7.1669 1160 9.54 713.57 . ' 
.0104 .0087 .0046 5.47 .91 • 

097 8.4439 13.0033 7.1660 116° 3.99 706.'79 
.0064 .0029 .0021 2.77 .51 --

r95 8.5719 13.0205 7.1672 115°58.40 719.15 
• ..Q018 .0024 .0015 1.40 .21 . 

T104 8,5462 13.0053 7.'570 116° 3.32 714.63 
.0026 ) .0039 .0016 1 .41 .28 

F"1 1 9 8.4826 13.0052 7.1595 115°58.31 710.06 
.0102 '.0044 .0030 4.15 " .78, 

1123 8.5210 13.0210 7.1715 ° .116 3.07 714.85 
.0023 ,.0019 .0009 1.50 .23 

\ ---' 
,4 

r6~b* A. 5210 °13.0316 7.1720 1160 5-.42 715.24 

" 
.0024 .0022 .0009 1.38 .26 ~-

o~;.. 
~\ 

8.4534 12.9987 7.1637 115?58.62 707.64 
.0067 .0041 .0022 3.71 .69 

(f 

081 *** 8.4705 13.0107 7.1613 115%7.55 709.60 

" • 0067 .O03~ .0'014 2.89 . .56 

'\.D96.**~2 
.. 

13.0151 7.1686 1160 6.88 709.93 
.0048 .0036 .001 fi 2.42 .45 

*0<.= 890 
, 

5B.73'!. 1.54'; ~ = 89°55.00'+ 1.37' 

** Q::"= 890 58.82'!. 1.97' ; ~ = 90° 5.46'. 2.31 J 
-, 

;; 
***oc:: =890 55.95 '.! 1.97'; ~ ::; 90° 2.99'+ 3.12' 

• **** ex = 890 57.91'.! 2.57'; '6 :89° 52.82'!. 2.35' 
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. APPENDIX IV 

• 
Table 7: Products of dry melting experiments at atmospheric 

pressure usingtoùrma line granite #1697A 

Tempera - T ime . 
Run No. Material 'ture ~OC) (days) 

#1697A starting materiai 

C20 
021 
C19 

C22 
023 

C24 
C25 

C26 
027 

028 

C49 

CSO 

C31 

C30 

? 

#1697A 

# 1697A-
8 2°3 

#1697A 

" 
" 

#1697/\ 

" 
#1697A-

8 20 3 

tfI697A 
" 

#IQ97A-
82°3 

#1697A 

#1697A-

#1697A 

#1697A 

74 3.:t 1) ',' 

743.1:5 

b 2l.±7 

" 
" 

H41.±5 

877±4 

H77±4 

883±4 

22 

22 

9 
n 
ft 

10 

10 
ft 

14 

7 

12 

Products~<-' 

T-tKfp+Q 
+Ab(minor) 

T( 20%)+Kfp( 45%) 
tQ( 30%) THem+ 
Fln aIt. 

Or content of 
feldsPars 

(from (291» 

T( 20% )+Kfp( 30%)+ 
Q(40%)+Fm aIt.+Hem. 

T(20%)+Kfp(3 0%)+ 
Q(45%)+Fm alt.Top 

T(20%)+Q+Kfpt 
Fm aIt. ('5%) 

T( 25%)+Q( 34%)+ 
Kfp(3 0%)+M? 

T(breaking down)+ 
Q+Kfp+Hem+Fm aIt. 

T+Q - K fp+Ab( tr) 
tFm aIt. t-Hem 

Q(20%)+Kfp(zoned,3 0 %)Or69 
+Fm alt.+HemtM? Or14 
~gl. 

Q( 15%)+Kfp( zon~-5-5%) 
+M?+Hem+gl. 

Q+Kfp+Fm alt./M? 
+Hem+gl ... 

QrKfp+Fm aIt. /M? 
tHemtgl 

-" T = tourmaline; Q - quartz; Kfp = microcline; Hem = haematite; 
Fm aIt = unknown ferromognesian alteration product; M? = 
muilite-like phase; op = opaques. 

• 
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Table 7 : continued ••. '\ • Or contertt of 
Tempera- Time feldspars 

Run No. Materia 1 ture (OC) (-da ys ) Products~~ (from C2-EH» 

032 #1697A 8~3±4 '7 QtKfp+Hem+ 
M?+gl 

C33 . #1697A d83,±4 12 Q+Kfp-\oHem+ ,,. 
Fm alt.+M?(tr) 

C34 #1697 A H83±4 12 Q+Kfp+Fm alto 
-8 20 3 t Hemtgl 

c~ 

035 " " 12 Q+KfptFm alt.+ 
\), Hemtgl 

C16,17 #1697A 89 i3±5 8 ,Q .... Kfp+Hem+M?-gl Or6-~ 

QtK f PtHL'mJu tg ~ 
Or ~ 

Ù 01~ # 1697A tr9,~+5 ~ , . r-
~ 

, 

C37 #1697A ë<f~'±5 Il QtKfptHemtM? ... gl 1 

036 # 1697A i39~±5 Il . Q+Kfp+Hem+Fm a1t./ 
(" ,- M?+gl ' 

~ .. 
038 #1697A- 89 8±5 Il Q+KfpfM? /Fm a 1 t. + 

\ -

Hem+g1Cfeldspar 
going) . 

C39 # 1697A- 898±5 Il Qi-Kfp+M'Z/Fm alt.-
Hem+g1,( 1'e Idspar 
going) 

C3,4 # 1697 A 915±6 7 QtKfp+M? +Hemtg1 
. 

01,2 #1697A 915+6 7 Qi-Kfp+M?tHem+g1 
;" 

C45 #1697A Q41,:t5 8 Q( 30\n+Kfp( 40%) .... Or67 
gl( 10%)tHemtM? p Or19 

C47 #1697A <J41±5 8 Q(30%)tKf ptg1(3 0 %) 
+HeQltM? 

C6,8 #1697A 1005+4 4 Q+Kfp(tr)~M?+Hem+gl 

07 # 1697 A 100 5±4 4 Q+-Kfp+M?+gl 

• 
.. 
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Table 7: continued .•. 

Tempera- Time 
Run No. Material ture ( OC) (day~ ) Products 

/ . , 

94 

" 

'Or conotent ;;'i
f e 1ds{>ars (from 
(ZEn») , " 

#1697A 
----------------------------------------------~\~--------------~----' 

Q+M?"Hem+g1 
(over 50%) 

C41 

C42 # 1697A-
B203 

ft 

C13, 1) #16q7A 

014 # 1697A 

C40 # 1697A 

C43 # 1697A 
then 

1095±5 

lO95N] 

110O±H 
Î 

1100.±ij . 

+ 

14 
,1 

14 

9 

9 

14 
8 

14 
4 

. , 

Q( 25%)+gl( 60%)+ 
M?+Hem 

Q+M?+Hem+g1 

~+M?-+Hem+g1( 50%) 

• 
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• APPENDIX V 

\.., 
...... \ 

Table 8· X-ray data for the àcicular mu11ite-1ike unknown , 
"\. 

" 

.1.71:1 mullite 
~014 fC1S { Durovié, 1962 ) 

Index 26CuKOc. 1} . 

110 16.46 16.50 16.45 

, 120 25.95 26.01 

210 26.277 26.28 26.29 

121 40.81 40.8 K 

l 

211 41.11 41.05 41.07 

Cel1 
Dimens ions-~l-

0 0 0 

a 7.5052 A 7.5617 A 7.549 A 
-±.0033 

b 7.7151 7.6214 7.681 
:t.0018 

~ 
2.8873 2.8664 2.884 c o :!::.0006 

03 03 03 
V 167.185 A 166.34 A 167.22 A , 

.. ±.049 

• tt 
Axial . : . 
ratios 

. ,'" 

!!,/b .973 .99'2 ,j .983 

~/b .3742 .3787. .3755 

~ Standard errors are reported below each ~a1ue when poSsible • 

• 
'. 


