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ABSTRACT 

Abe, H. and Aoki, M., 1976. Experiments on the interaction between NajCOj—NaHCO, 
solution and clinoptilollte tuff, with reference to analcimization around Kuroko-type 
mineral deposits. Chem. Geol., 17: 89—100. 

Analcime and albite were synthesized from natural clinoptilolite tuff at 100—300°C 
and 20—110 kg/cm* with a mixed solution of NajCO,—NaHCO, in 240-h treatments. 
A value around pH = 9.0 is required while lower temperatures (150—160°C) are presumed 
to be conditions suitable for analcimization. The analcime—albite alteration boundary 
shows dissimilar behaviour due to Na concentration. It was concluded that the formation 
of analcime zones surrounding Kuroko (Black ore)-type mineral deposits is controUed 
strongly both by temperature and chemical gradients. 

INTRODUCTION 

The alteration aureoles enclosing Kuroko (Black ore)-type mineral deposits 
in Miocene marine acidic pyroclastic sediments show zonal arrangements, 
both laterally and vertically. These are divided into montmorillonite (outer) 
and chlorite—sericite (inner) zones. These alteration zones are thought to be 
related directly to Kuroko mineralization. On the other hand, zeolite altera
tion zones surrounding the Kuroko deposits are subdivided into clinoptilolite— 
mordenite, and analcime zones. lijima (1972,1974) stated that the analcime 
zone around the Kuroko deposits was formed by the reaction between clinop
tilolite—mordenite-bearing acidic tuff and interstitial solutions containing 
sodium which migrated from the sericite—chlorite and montmorillonite 
zones. 

In the present study, an attempt was made to estimate the formation 
temperatures and chemical conditions for analcimization by means of model 
experiments, in which a specimen of clinoptiloUte tuff was subjected to 
alteration in a Na2C03—NaHCOj mixed solution. 
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STARTING MATERIALS 

Clinoptilolite tuff (Daijima Formation, Miocene, Locality Tateyamazaki, 
Oga City, Akita Prefecture, northem Japan) is a whitish-colored, acidic fine
grained rock. Under the microscope, clinoptilolite, quartz, plagioclase, and 
altered glass were observed, but X-ray diffraction analyses showed no quartz 
or plagioclase because of their minor contents. X-ray powder-diffraction 
pattems of the tuff consisted of only clinoptilolite (see Fig. 3 on p. 93). 
The chemical composition of the tuff is: SiOj, 62.40; TiOj, .0.23; AljOj, 
11.15; FejOj, 2.71; FeO, 0.25; MnO, 0.01; CaO, 1.90; MgO, 1.49; Na^O, 
2.17; K2O, 1.55; H20(+), 8.96; and H20(-), 6.85; total 99.67 wt.%. 

EXPERIMENTS 

The clinoptilolite tuff was pulverized in an agate mortar, and 0.5 g of its 
powder under 250 mesh were used as the starting materials. Hydrothennal 
treatments were carried out in a test-tube-type autoclave. For the reaction 
solution in order to examine the reaction under varying pH conditions, treat
ment was made by fixing the Na concentration in the reaction system at a 
constant value. 

The range of pH values was pH = 8.0—11.2, in a mixed solution of NaiCOs-
NaHCOa (0.25-M and 0.5-M series). The relation between mixed solutions 
and pH values is shown in Fig. 1. The starting materials with the reaction 
solution (25 ml) were placed in the autoclave, then heated in the electric 
furnace at temperatures of 100—300°C, pressures of 20—110 kg/cm*, and 
a reaction time of 10 days. The temperatures and pressures were controlled 
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Fig. 1. The pH variation curve of mixing solution of NaHCO,-Na,COj (0.25-Jlf series). 
'''g. 2. X-ray diffraction pattems 
A = analcime, Ab = albite, Q = se 

jmi#iJ,vji!Jj.iij|guji.muj,...i'i)-yiiWMaiw 
S^-"":-, • •<;?'̂ ^®J^!'rt-'*"r'-r'̂ .'"»s*¥!<?s» '̂i.»-' 



^ ^ ^ g l ^ ^ ^ ^ ^ ^ m^tsiitiiii^smmtm 

!, Locality Tateyamazaki, 
hitish-colored, acidic fine-
, quartz, plagioclase, and 
analyses showed no quartz 
•ay powder-diffraction 
5 (see Fig. 3 on p. 93). 
40;TiO2, 0.23;Al2O3, 
..90;MgO, 1.49;Na20, 
total 99.67 wt.%. 

e mortar, and 0.5 g of its 
materials. Hydrothermal 
toclave. For the reaction 
arying pH conditions, treat-
the reaction system at a 

a mixed solution of Na2C03-
oetween mixed solutions 
terials with the reaction 
;ri heated in the electric 
of 20—110 kg/cmS and 

: pressures were controlled 

CO,-Na,CO, (0.25-M series). 

«, lJn,WkjM|Lj i |L{y i i ; jy .p^a,ML^M.»yi l l | i .»J! f f ;^ 

91 

to an accuracy of 0.5% (±) and 2% (±), respectively. The reaction products 
were centrifuged, air-dried at room temperature, and then examined by 
means of both X-ray diffractometry (Rigaku Denki-4001) and the scanning-
electron microscope (Nihon Denshi JSM-U3). The operating conditions of 
X-ray diffractometry were fixed as follows; Cu—K^, Ni filter; 30 kV; 15 mA; 

LLJoM 
A 165 C 

aUuL_ 
150"C 

'"ig. 2. X-ray diffraction patterns of alteration products at pH = 9.8 (0.25-Af series). 
A = analcime, Ab = albite, Q = secondary quartz; others are reflections of clinoptilolite. 
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glancing angle, 5°; scanning speed, l7niin; slit divergence, 1°; slit receiving, 
0.3; full scale, 500 cps, and time constant, 2.0 sec. The pH values of the 
residual solutions after hydrothermal treatments were obtained with a 
Beckmann Zeromatic pH meter. 

ALTERATION PROCESSES 

X-ray pattems showing the alteration processes in a mixed solution 
(pH = 9.8) of NajCOa (0.25 M) and NaHCOj (0.25 M) are shown in Fig. 2. 
When the specimens were treated in the mixed solution (pH = 9.8) at 
120—133°C for 10 days, the original clinoptilolite tuff showed no noticeable 
change. At 150—165°C for 10 days, the reflections of analcime gradually 
intensified £ind most of the reflections of clinoptilolite were weakened as 
shown in Fig. 2. At 220—250''C for 10 days, clinoptilolite was completely 
decomposed and analcime was in the stable phase. Under these conditions, 
the reflections of albite were progressively intensified. The reflection of 
secondary quartz appeared slightly at 220°C. When the specimens were 
treated at 270—300°C, most of the reflections of analcime were weakened 
but albite became more stable. 

The alteration processes under isothermal (e.g., 150°C) conditions are 
shown in Fig. 3. At pH values from 8.0 to 8.8 at 150°C for 10 days, the 
original clinoptilolite tuff showed no remarkable change, but under pH = 
9.2—9.8 for 10 days, clinoptilolite was slightly decomposed and the reflec
tions of analcime were gradually intensified. Clinoptilolite was decomposed 
and analcime was in the stable phase at pH = 11.3 and 150°C for 10 days 
(Fig. 3). 

The results of the alteration processes under the various conditions studied 
are summarized in Figs. 4 and 5. 

The behaviour of pH values showed definite relationships between the 
initial solution and the residual solution after treatments. The arrow lines in 
Figs. 4 and 5 show the shifting of pH values from the initial to the residual 
solution, and the dashed lines the alteration boimdaries. The pH values de
creased similarly at each temperature in the initial solution with higher 
values of pH = 10—11 in the analcime field in both the 0.25- emd 0.5-Af 
series. On the other hand, in the case of the initial solution with lower values 
of pH = 8.0, the final pH values were observed to increase. At around pH = 
8.8 (0.25-M series) and pH = 9.0—9.5 (0.5-Af series) of the initial solutions, 
no shifting of the pH value in the analcime field was recognized. 

FORMATION RANGES OF ANALCIME AND ALBITE 

0.25-M series 

As shown in Fig. 4, clinoptilolite tuff alters to analcime in the range of 
pH = 8.0—11.2. However, as the pH values increase, analcimization proceeds 
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Fig. 3. X-ray diffraction patterns of alteration products at isothermal condition (0.25-M 
series). Starting:,cliiiopUlolite;4 = analcime. 

readily at theJower-temperature side. The.alteration temperature for clino-
ptitolite—analcime was 1.10°C a tpH= 11.2. Consequently, the analcime field 
broadens at the high-pH side. The synthetic, analcime fi'elds obtained experi
mentally are strongly cohtrolled by both temperature and cheraical gradients. 
Analcime alters secondarily to albite as the temperature rises. As for the 
alteration temperature betweeri analcime. and albite, no effect due to the pH 
coriditiori was observed on the flat boundary of the reaction relation at 
about 220''G. 
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Scanning-electron micro photographs (0.25-M series). A. Starting material (clinoptilolite). 
B. Analcime (180°Gi pH = 8.0), G, Analcime (ZIO'C, pH = 8.0). D. Analcime (aSCC, pH = 
8.0). E and F. Analcime (IGi^C, pH = 9.2). . 
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'PLATE I (continued) 
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Fig. 6. Schemati(;.,diagram for crystal pattern, of syntheticanalcime. 
o = 0.25-M and 0.5-M series; b = 0.25-M series, c = 0.-5?M series (cL Figs. 4 and 5). 

tetrahedron shape was-form ed at-the lower temperature. With an increase in 
temperature, the crystal edge becomes dissolved, resulting in a minor.furrow, 
arid, at the same time, crystallization of microiite on the; crystal plane begins 
producirig the incomplete crystal plane. The product at pH - 8.0 is an almost 
spherical crystal, not of euhedral foriia, even though the condition was tiie 
lower-temperature field. A value of around pH = 9,0 and lower temperatures 
(150—160°C) are presumed to be conditions-suitable for analcimization. The 
dif ference of Naconcentrati oh showed no remarkable influence on the crystal 
features of the analcime products. 

DISCUSSION . 

Boles (1971) has synthesized analcime'from clinoptilolite. at 100°C. Holler 
et al. _(197 4) mentioned that at low temperature, high concentrations 
of alkaline solution are necessary, whereas high temperatiires require, lower 
concentrations for the,formation of zeolites. In the present experiment, 
when the Na concentration is increased, the alteration boundary of clino
ptilolite—analcime showed no noticeable change in either the 0.5-M series ot 
the 0.25-M series. As to pH values, however, the alteration temperature of 
clinoptilolite—^analcime is higher (155°C) at a lower pH (8.0), arid lower 
(1,10°C) at a.higher pH (11.2). 

Many opinions'have been expressed on the alteration temperatures for 
analciirie^albite. For alteratiori, Saha (1959) has proposed a high temperature 
of SeO^C; Coombs et al. (1959) mentioned that 270~290''C was appropriate; 
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Campbell and Fyfe (1965) stated that 190^0 was favorable, and Thompson 
{1971) pointed out that 150—190''C was suitable. As seen from the present . 
experimerital rissults, the alteration temperature for analcime—albite showed 
a somewhat differerit behaviour toward the Na concentration and ,pH value^ 
In the 0.25-Af series, the flat boundary at about 220°C is irrespective of the 
pH values. In the 0.5-M series at the lower-pH side (pH = 8.0—9.6), it showed 
a constarit alteration temperature of about 220''C for analcime—albite. How
ever, at the higher-pH side (pH = 10.5—11.2) in the. 0.5-M series, analcime is 
not altered to albite at temperatures of 250—300°C. Therefore, the alteratiori 
process for analcime—albite is coritrolled strongly-by both thennal and chem
ical gradients. 

At around pH = 9.0 ofthe initial solution (both of the 0.25-M aind 0; 5-M 
series) no shifting of the pH value was recognized compared with the case of 
the residual-solution pH values. This pH value of around 9.0 is that which is 
commonly measured in extract water in natural zeolite rocks.enclosing 
^uroko deposits (lijima, 1974). The analcime piroducts at 160''G(±).and 
pH = 9.0(±) showed ideal euhedral crystals of icositetrahedron form under 
the scanning-electron microscope. These cheinical and temperature condi
tions are inferred to have; played a role in controlling hydrothermal analcime 
crystallization in nature. It is considered that the initial solution at the lowier-
pH side (around pH = 8.0) riiight become-more alkaline after the treatments 
as aresult of the removal of COi. While^ at the higher-pH side, the initial 
solution inight become more acidic in the residual solutiori as a result ofthe 
addition of ff-i'on to the solution from the-starting materials. 

The analciriie zone surrouriding the Kuroko deposits is not a product.simr 
ply due to diagenesis, but is rather considered to have been formed by the 
interaction, between the countiy rock and the alkaline hydrothermal solution 
rich iri Na*-ion'after Kuroko mineralizatipn (Abe et al., 1973; Utada arid 
Ishikawa, 1973; lijima, 1974;.Abe and Aoki, 1975). Albite was observed iri 
the:sericite—chlorite zone which enclosed the Kuroko deposits. Taking this 
fact and the present experimental resiilts into account, the sericiter-chlprite 
zone enclosingthe Kuroko deposits is considered to have been formed at the 
temperature of around .2 50''C. 

Honda ahd Muffler (1970) stated.that elevated temperatures and interstitial 
fluid are necessary for the foimation of hydrothermai, zeolites. If the analcime 
zone in nature was forraed by hydrothermal pirocesses,, it is assumed that anal
cime is develpping in wide areas, and riot only in the Kurok'o-mineralization 
areas. Volcanic sediments might be readily altered to analcime in the Nâ r̂ich 
aqueous enviroriments, if it could be heated by submarine volcanism and/or 
exhalative activities. 
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/ 

Abstract—Application of (ho llionuoil.vniiniic i)r!ncipl(!s of clicinicnl petrology nnd solution 
ehoiiiisi.ry to tho sliiily of guocliomicnl proces.ses permits j.irodiction of th.o consciqiionccs of 
reaction between niiueoiis .solutions of electrolytes nnd typical igneous, niotaniorphic, and 
setliiiiciita'ry uiinonil iis.soinbliige.s. A tiiytni^ccociiemicnl process cnii bo represented by a set of. 
lovor.-iible mul ir̂ •uvel•̂ jiblo cheiiiienl reactions that eorrcsponda to un nirny of lincnr difTorcutial 
ocjinitions relnting partial criiiilil.iri-.im nnd iioncquilibriuiu iu tliennodynnmio .systems. Siniul-
tniicoiid cxaluiilioii of llicso equations ilefiiics tlio uniiire niid Mic/it of tho compositional chuugo 
and rodistribiitioii of .species in the aqueous phnse, the orflor of appeaianco of st.ablo and meta
stable pha.ses, niid tim ma.ss trniisfor re.sull.ing from irroviirsiblo reactions between tho niinerals 
nr.d the nqueous solution. . . ' 

IKTKODUCTION 

ALTHOUCII niiincrous studies of cquilibiiiim in geologic systems have appeared in 
recent years, few at tempts have been made to predict the e.xtent to which comiioncnts 
ill a s\'.stcm arc redistributed by geocheniical processes. The principles involved 
in making such picdictions arc now well established within the fraineworl' of chemical 
petrology (KOIWIUN'SKU, 1959, I9G5; Tiioj irsox, U)r)5, 1959; OKVILLE, 19G3; 
Z E N , 19G3, 19GG), but little has been done to extend KOKZHI?:S:UI 'S (19G3. 19G4, 
1965) efforts to integrate these principles -.vith solution chemistry and a))ply them 
quantitatively to .specific irreversible processes of geologic interest. Tliis is the 
object of the pre.s>int communication, -vvhieh consists of (1) a summary of tliermo
dynamic i-clations pertinent to evaluating geochemical processes involving aqueous 
solutions, and (2) a discussion of the mass transfer, reaction paths, and chemical 
implications of irreversibility in idealized models of weathering, evaporative con
centration, diagenesis, h3'drothermal rock alteration, and ore deposition. The 
first of these topics is considered in the following pages; the second will be presented 
in a later contribution. ' . 

Although irrcvcr.sible in an overall sense*, any geochemical process can be 
represented by a succession of partial equilibrium states, each reversible with 
respect to the next, but .all irreversibl}' related to the initial stat<j o f t h e system. 
Because the comiiositional changes resulting from a geochemical process are path 
dependent functions, they caimot he evaluated by fconsidering only the initial and 
final states of the systera. To predict the mass transfer irivolved in such a process 
requires knov.'Iedge of (or assumptions about) relative reaction rates and all possible 

* Th.at is, the tliormodynniiu'c ,systcins involved, togctlior with their surroundings, cannot 
IKS restored to their iniiinl stntcs without producing changes in tho rest of tho universe. 
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meta.stablo and stable partial equilibrium states that might'arise. Bccau.sc tlio I 
final ub,'<nrvi-(l 8tat,o may not constitute a stable equilibrium state, and because the 

•I ^ system may be partly or completely o]»en with respect to ono or more of its comjio-
ncnts, the alternate paths through which a given overall equilibrium state may be 
achieved aro of particular interest in chemical petrology. t 

Many geochemical jirocesses arise through reaction of mineral assemblages 
with an aqueous phaso. These reactions arc caused by changes in the tcmj^eraturc-
pressuro environment or by introduction of an aqueous solution M'ith which the 
mineral as.seinblage is not initially in equilibrium. The resulting redistribution of 
components in the s^'stcm is controlled by tho composition of tho aqueous solution 
and the reactant mineral assemblage, and the stable and metastable partial eqiiilib- «. 
rium states established during the process. To evaluate the effects of these controls in 
terms of pctrolog}' as well a.s solution chemistry requires a common thermodynamic 
frame of reference for describing chemical equilibrium in geologic systems. 

• . EQUILIBRIUM CONSIDERATIONS 

Comjiositional rejnesentalion 
i 

{• Diagrams depicting mineral compositions and compatibilities afTord ajipropriate 
'̂  points of departure for simultaneous consideration of the jjetrology and solution 
> chemistry of geochemical jDrocesses. Diagrams of this kind are portrayed on tri

angular and orthogonal coordin.ates in Figs. 1 and 2. Phase relations are depicted 
in Figs, la and 2a for an liypothetieal system of g components and three solid phases 
(^^, ^2. and ^3) at an unspecified temperature and pressure. Corresponding diagrams 

M •" are presented in Figs, lb and 2b for the system AljOs-SiOa-HoO at 25°C and one 
!! atmosphere. Figures 1 and 2, resi^ectivelj', provide a general frame of reference and 
.> a specific example for the thermodynamic relations discussed below. 
I ; • Although conventional triangular coniposition diagrams (Fig. 1) are widely 
'l . used in pcitrology in preference to orthogonal plots of mineral corapositions and 
,;• compatibilities (Fig, 2), the orthogonal method of representation has an important 
j; \ geometric advantage over its triangular counterpart. This advantage lies in the 
i • • fact that the SIOJJCS of the tie lines on an orthogonal composition diagram are equal 
i| 'V. to the negative reciprocals of the slopes of the corresponding field boundaries on a 
:j ' . chemical x)otential diagram (KORZHINSKII, 1959). 
} • • • • • • . 

j^ •; Composilion and chemical potential 
.I \' i ' Equilibrium between minerals tft̂  and ^^ in Figs, la and 2a requires the chemieal 

1; potential of a given coraponent in each of the phases to be equal. The Gibbs-Duhem 
'j ' equations corresponding to the minerals in this equilibrium state at a given tem-

.t perature and pressure can be combined to give: / 

«*. 2 ^(*.) d/̂ i = TO#. 2 n,,^,, d^i (1) 

i l 
1* 
• • . • » < 

f 
in whicli //,- is the ehcftiical potential ofthe ith eomponent in the system, v^ and 71̂  

I • represent the number of moles (grara formula Aveights) of phases <f>i and ^2 "^ '•'̂ ^ 
1 ' equilibrium state, and 11, refers to the number of moles of the tth eomponent in one 
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WATER 

SiO, 

Fig. l.(a) Schematic compositional projection for nn hypothetical system of q 
components (» e= 1, 2, . 3 , . . . q) and threo solid phn-sos (< ĵ, ̂ , , and ^3) nt a givon 
tomporaturo and prcssuro. Ono of tho components other than those roprcsontod 

by t = 1, t = 2. and t = 3 is H . O . 
(b) rimso relations in tho system Alg03-.SiO,-H20 nt 25°C and one atmosphoro. 
The phase relations nnd mincrnl compositions shown in tho triangulnr diagrams 

abovo aro plotted on orthogonal coordinates in Fig. 2. 

n(i,2) / " ( i - a ) »• 

w 1 1 r~ 

PYROPHYLLITE 

Fig. 2. (a) Schematic compositional projection for en hypothetical system of q 
components (» = 1, 2, 3 , . . . 9) nnd threo solid.pha-scs (^j, <j>2, and 1̂ 3) a t a givon 
tomporaturo and pressure. Tho letter n refers to tho number of moles of tho 
subscripted components in tho phases. Ono of tho components other than those 

rcprcscTitcrl by » = 1, » = 2, and f = 3 is HjO. 
(b) Phaso relations u» tho system AUOj-SiO.-HjO at 25°C nnd one atmosphere. 

. Tho phuso relations nnd mincrnl conipositions sliown in tho orthogonal diagrams 
abovo are plotted on triangular coordinates in Fig. 1. 
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niolo of tho subscripted phase. With the chemical potentials of all components 
other than thu,so represented by t = 1, t = 2, and » = 3 constant.* 

Equation (1) can be written as: 

d / i a «i>i»i(*,> — « * , " i t* ,» ^«^#,»h<*,) - »* ,» i (* ,» / d / ig 

If wc nbw specify that 

(2) 

(3) 

it follows that the second term on the right side of equation (2) is reduced to zero 
and wo can MTito 

("2(»,)/"3(».l) — ( " 2 ( ^ l / " 3 ( ^ . l ) 

( " l ( # , ) / " 3 t * , ) ) - («»*.)/"3(<i.)) 
(4) 

Although the first identity in equation (4) is also true when /i^ is held constant, 
tho second equality in the expression is valid only when equation (3) is satisfied 
(or when, by chance, n'i{*,)«2(̂ ,) = 'h(*,)"2i#,))- The constraint provided by equation 
(3J is applicable when the eomponent represented by i = 3 is an inert component 
in the system. Under these conditions, the chemieal potential of the component 
represented by t = 3 is a dependent variable of undefined magnitude that is a 
function of the equilibriura states in the sj'stem. 

I t can be deduced from equation (4) that equilibrium phase relations in a given 
system involving an inert component ean be portrayed schematically in terms of 
chemical potential simply by evaluating the slopes ofthe tie lines on an orthogonal 
coraposition diagrara such as that in Fig. 2a. To define these relations quantitatively, 
we need only interpret chemical potential and establish appropriate standard 
states for the variables of interest. 

Inierprelalion of cliemicai potential 

Activity and chemical potential. The activity of the ith component in the system 
described by i = 1, 2, 3, . . . . g at a given temperature and pressure (Figs, la and 2a) 
is related to the chemieal potential of the ith component by 

(5) 

where /if and /ij" are the ehemical potentials, and / , and/,-' tho fugacities of tho ith 
component in the state of interest and in the standard state respectively, G represents 
the Gibbs free energy of the systera, Vj arid_o,- refer to the number of moles and 
activity, respectively, of the ith component, and the subscript k stands for all 
coraponents other than the ith component in the system. For the components 

• Tho other components may bo either inert, tha t is, their chemical potentials are fixed by 
other equilibrium conditions in tho system (such na /'.siO| being fixed by equilibrium between 
quartz, tho aqueous phase, and minerals ^ j , and ipn), or thoy may be perfectly mobile with their 
chemical pot<!ntials fi.\od externally (KonziiiNSKii, 1909). In geologie systems, AI2O3 nnd SiOj 
are commonly inert components, bu t CO2 and HjO are often mobile. 

T^TT'.fS^ 
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represented by » 
to give 

I and i = 2, tho derivatives of equation (5) can bo combined 

d l n / i d l n o j ^ dfjti 

dln/g d in a. 

Equations (4) and (G) describe relations between composition and the chemical 
])otcntiaIs, fugacities, and activities of components in a system without regard to 
the nature of tho components used to describe the system. Oxide components 
are usually chosen for this purpose, but for systeras involving an aqueous phase it 
is often advantageous to employ tho notation used in solution chemistry to describe 
the state of the system. This can be done within the fraraework of conventional 
cheraical petrology by first easting the chemical potentials of oxide components 
other than SiOa as activities of ionic species in the aqueous phase. 

Components and ionic species. Oxide components can be represented in terms 
of aqueous species by M'riting the general cheraical reaction 

• ^ . , 0 , . + v^Z^n+ ^ V+M2+ + ^ H^O (7) 

in which M represents the cation in the oxide coraponent, 0 stands for oxygen, 
H refers to hydrogen, r .̂ and v_ are the nuraber of moles of tho cation and anion, 
respectivelj', in one mole ofthe oxide coraponent, and Z+ is the charge on the cation. 
Hydrogen ion is a convenient choice for the reactant in reaction (7) because water 
is then a product of the reaction and the aetivity of HjO can be regarded as vmity 
in many geologic processes.* 

Tlie Law of Mass Action for a statement of reaction (7) involving the ith.oxide 
coraponent caii be written for a given teraperature and pressure as: 

°.V(i>°H>0 = K (8) 

in which a denotes the activity of the subscripted species aud K is tho equilibrium 
constant for reaction (7). If we assume unit activity of HjO and take the logarithm 
of equation (8), we can write 

In Oi = v+„, In ajKo/ofjV'" - In K . (9) 

The derivatives of equations (5) and (9) ean then be combined for the oxide coraponents 
represented by i = 1 and t = 2 to give 

d^i _ y-Ki) d In (aM(i)/of,V") 

d / i g " r+,2,dln(aii(2)7o^-V'")-' — 

Equation (10) can be regarded as a "bridge" between solution cheraistry and 
chemical petrology. Together with the other therraodynaraic relations discussed 

(10) 

* This is true oven when concentrated electrolytes are involved. For example, tho activity 
of HjO in concentrated sodium chlori<lo .solutions ( ^ 3^0 mj-aci) t̂ t temperatures up to 270''C 
varies between 10 and 0-9 (GAJiUNEn cl al., 1903; HELOESON, 19G7b, 1908). This variation has 
nn insigiiificant effect on nriost geochemical calculations. — . . - --

• J 

•ll ' 

1 1 
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above it ^'crmits correlation of petrologic observations with the choniiHtry of aqueous 
electrolytes. 

Sunt ntary 
Tho slopes of the field boundaries on chemical potential or logarithraic fugacity 

diagrams are identical to thoso on logarithraic activity diagrams cast either in 
terms of tho activities of oxide components (equation 0) or ions in the aqueous 
l»ha.so (equation 10). These slopes arc also equal to the negative reciprocals ofthe 
slopes of the tic lines on orthogonal eoraposition diagrams. This multiple identity 
is expressed in equation (11), which is a combination of equations (4), (G) aud (10) 
for two oxido components (represented by i = 1 and i = 2) in two solid phases 
(^1 and ^j) at equilibrium. The conditions specified for the equilibrium state are 
constant temperature, jiressure, and ehemical potentials of components other than 
those for which » = 1, i = 2, and i = 3, where i = 3 is an inert component iu the 
system: . , •-_ 

d/ti 
d//jj 

dinf i _ d lua^ _ V-KV d In (a.Mii)/of,V") '_ H^."2(<.) - «^>."2(j.) 

d ln/2 ~ d In Cj ~ v.^,j, d In (PM(2)/OnV) ~ «*.ni(*.) - «*.»i(#.. 

/ « 3 t * , > - - ^ 2 ( * , » / « '2(»il/"3(»,> 2(»i)l"3t^> 

«l(#, l /"3(*,» — ''l<.*,l/«3(*,» 
(11) 

When the component represented by t = 3 is not inert, the last identity iu equation 
(11) becomes an inequality and fî  is lield constant. Diagrams illustrating phase 
relations in the systems considered in Figs. 1 and 2 are shown in Fig. 3 in terms of 
three of the variables in equation (11). The arrows and letter annotations in Fig. 3 
arc explained in later discussion. 

' The versatility of diagrams representing alternate interpretations of chemical 
potential can be demonstrated M'ith the aid of Fig. 3. For exaraple, to aid in solving 
a particular problera, the variables in equation (11) raay be interchanged without 
obscuring the geometric relation between the cheraical potential and composition 
diagrams for the systeni under consideration. This has been done in Fig. 3b, where 
an oxide component is used together with ionic species in the same diagrara to 
describe equilibrium relations in the system AljOa-SiOg-HjO at 25''C and one 
atmosphere. Note that where the aetivity of H2O is an externally fixed constant 
(and therefore HgO is a perfectly mobile component) in Fig. 3a, it is a variable, 
implicity specified by any given equilibrium condition (and consequently HjO is 
an inert component) in Fig. 3b. In contrast to Fig. 3b, all of the stability fields 
in Fig. 3a are for the indicated mineral in the presence of an aqueous solution. 
The positions sho^vn for the field boundaries in Fig. 3 are fixed by equilibriuin 
constants defined in terms of standard states appropriate for the variables involved. 
Although the minerals in the systems considered in these diagrams do not exhibit 
solid solubility, the relations discussed above are equally applicable to systems 
involving solid solutions (HELGESON, 19C7b). 

Of the several possible interpretations of cheraical potential that can be made 
for the purpose of studying geologic systems, activities of ionic species are the most 
useful where aqueous solutions are involved.. Activity coefTicients can be computed 

;T;«w^̂ ;̂';.̂ !;.A.V?v*vj|r«-:̂ ^̂  . 
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Fig. 3. Schematic chemical potential diagrams for: 
(a) Tho system described by t = 1, 2, 3, . . . 9 a t a given temperature and pressure 
(sco Fig. l a and 2a). Tho subscript fc designates all components other than those 
represented by » = I, » = 2 , nnd » = 3. The chemical potential of the component 
designated by t = 3 is a dependent variable tha t is specified implicitly by the 
equilibrium conditions in tho system. Ono of tho components other than those 

represented by « = 1, i = 2, and t = 3 is HjO. 
(b) Tlio system AljOj-SiOj-HoO a t SS'C and ono ntmosphci-o (see Figs. 1 b nnd 2b) , 
in terms of activities of species in the aqueous phaso. For the sake of clarity, 

quartz saturation hns been omitted from tho diagram. 
Tho letter annotations in llio dingram.9 roprcsont points on irreversible reaction 
paths (dashed lines nnd arrows) followed by an aqueous phase with a specified 

starting composition reacting with various minerals (seo text). 

for these species in concentrated (up to 3 molal) electrolyte solutions at temperatures 
from 25° to 300°C (HELGESON, 19G4, 1967b, 19G8; HELGESON and JAMES, 1968). 
Consequcutly, chemical analysis of aqueous solutions can be made directly ajiplicable 
to the study of jictrologic jiroblems. 

IRREVERSIBLE EBACTIOKS 

Equilibriura relations such as those discussed above describe the state of a 
system befoi-e or after a geochemical process has taken place. These relations 
alone cannot define the chemical reactions or tJie raass transfer involved in a partic
ular irreversible process that has led to an observed equilibriura state. The additional 
information required to characterize such a process quantitatively can be illustrated 
simply by describing the hydrolysis of pyrophyllite with the aid of Fig. 3b. 

An example in Ihe system AUOa-SiOj-HgO 

The Jiaths vith arrows in Fig. 3b depict hypothetical changes in the composition 
of the aqueous jihase in the .sy.stcra AlgOg-SiOa-HgO wJion jij-rojihyllitc is immersed 
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. I 
in a given amotuit of juirc water and jicnnittcd to react at 25%' and ono atraosjihcro. 
The dis.soliition jirocess rejiresented in Fig. 3b and discussed below is based on 
thennodynamic calculations assuming the jiresence of excess jiyrophyllitc and 
solution. Quartz and a number of metastable jihases that might ajipear during the 
actual dissolution of jiyrophyllitc aro not considered in tho following discussion, 
wliich rejiresents an idealization of the real process. 

Providing for aqueous sjiecies that may form to significant degrees, the hydrolysis 
of pyrojihyllitc can bo •written as: 

AljSiAoCOH);, + (6 - a - 4/5 - A)H+ + (4 -t- a -f 4^)H80-..(2 - a - ^)Al»+ 

+ aAI(0H)»+ -I- /?Al(OH)r -f AHaSiOr -|- (4 - AjH^SiO. (12)? 

in which a, j8, and A stand for the reaction coeflicients of A1(0H)*+, AUOH)^-, 
and HaSiO^", resjiectively. The vaiucs of these coefficients dejiend on the com
position of the aqueous solution during the jirogress of the reaction. Reaction 
(12) causes the chemical jiotential of AUOj and SiOg to increase in the aqueous 
phase; consequently, as the first small amount bf jiyrojihyllite goes into solution, 
the ratio of the activity of Al'"'" to the activity of H"*" increases in solution, as does 
the activity of aqueous silica (Fig. 3b). While the solution is still very dilute, the 
continued dissolution of pyrojihyllitc eventually causes the solution to liecome 
saturated with respect to gibbsite, and a sraall araount of gibbsite jirccipitat.es from 
solution. The identity of the mineral with which the solution becomes saturated is 
determined by the relative sizes of the activity product constants for the jihases 
in the system. 

If the equilibrium condition described by: 

Al»+-|-30H-:;iAl(OH)3,,i,^.„ (13) 

is maintained between gibbsite and the aqueous phase, further reaction of pyro
phyllite with the solution causes the removal of aluminum and hydroxyl ions 
according to 

d In o^i i t 

d Tn OoH-
= - 3 (14) 

f / a ' The chemical potential of AI2O3 in the systena is then fixed, and log OAI"/""II* 
remains constant aa gibbsite precipitates. In contrast, the activity of H^SiOi 
continues to increase in solution as gibbsite precipitates until the aqueous phase 

* Description of tho dissolution process with reaction (12) involves the implicit assumption 
that all important species in tho oquoous phaso are included in the reaction as written.. Reaction 
(lj2) is intended to indicate simply that the total aluminum and silicon in tho aqueous phase 
increases as pyrophyllite dissolves, nnd that the complexes shown in the reaction may play 
important roles in tlio process. The division of Rpccics into reactants and products as shown in 
the reaction does not necessarily correspond to physical reality. The actual changes in the 
concentrations of the individual species in the aqueous phase may be positive or negative 
depending on the signs of thn respective reaction coeflicients. Tlio activities of species such as 
0 H ~ , which is not included in the reaction as written, arc nlso afrcctcd by the dissolution of 
pyrophyllite, and these activities must bo taken inlo consideration when calculating the reaction 
coeflicients for reaction (12). Such constraints are discussed further in later pages. 

f 
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becomes saturated with resjiect to kaolinite (Fig, 3b). At this jioint, the gibbsite 
Jiroduced earlier reacts with the jiyrojihyllite to form kaolinite while the solution 
comjiosition remains constant. This reaction is 

Al2Si40,o(OH)2 -f 2A1(0H)3 -* 2Al2SiA(OH),. (15) 

The coefTicients in reaction (15) are fixed by the requirement for constant a^ ĵjf/oj,** 
and a„ y,,̂  imposed by equilibrium between kaolinite,. gibbsite, and solution. 
After all ofthe gibbsite is destroyed according to reaction (15), pyrojihyllitc continues 
to react with tho solution to jiroduce kaolinite (Fig. 3b). As this latter reaction 
jiroceeds, OAI"/"!!* decreases in solution, but tho activity df H^SiO^ increases. 
Finally, the reaction ceases when equilibrium is established between kaolinite, 
pyrophyllite, and solution. 

The sequence of events described above involves sequential states of partial 
equilibrium between the aqueous solution and the successive phases produced 
along the reaction jiath as jijuojihyllite reacts irreversibly with the aqueous jihase. The 
process results in mass transfer among the phases to an extent defined by the 
coefficients for the reacting mineral(s), the jiroduct minerals, and the aqueous 
species in the reactions i-eprcsentcd by the various segments of the overall reaction 
path. The nature and extent of this mass transfer, the partial equilibriura states 
established as the overall irreversible reaction takes place, and the jiaths followed 
by the aqueous solution on a cheraical jiotential diagram arc all of interest to the 
geologist. In addition to the thcrmodj'uamic data for equilibrium conditions in 
the .system of interest, we need sjiccify only the initial state ofthe sj'stem to define 
all of these varicablcs quantitatively for geochemical processes in Avhich jiartial 
equilibriura is maintained. The equations, reactions, and a.ssiimjitions involved in 
raaking such calculations for the general case are summarized below. 

Reaction protjress ^ ^ 

Selected changes in the comjiosition of an aqueous solution reacting with a 
given mineral or mineral assemblage can be rejiresented quantitatively on an 
equilibrium activity diagram if we sjiecify the initial comjiosition of the aqueous 
phase and calculate the mole transfer involved in the jirocess.' The mass of tho 
system and its surroundings is the property that is conserved in irreversible processes, 
but it is morc convenient for most purjioscs to evaluate chemical reactions in terras 
of mole transfer. The extent to which a given component in a systera is redistributed 
by a reaction involving an aqueous solution can be described convenieutiv in terms 
"of a reaction difTerential. d£r—also called a piocrress variable (FITTS, 10G2), or the 
degree of advancement" or Extent of reaction ( D E DONDER7~T92() ; PRIGOGINE, 
19G1)—whicii is defined by: 1 t,^ C ^ 

-̂  ^ ^ ^ A t t i ' * * 
U.cit^'^ 

df = 
dxjj- dx^ diH, 

n, i J 

dx^ 

n. 
(16) 

in which x,j is the total number of moles of the ith eomjionent in the j th jihase 
in the system (j = 1, 2, 3 I), n\j is the total number of moles of the ith 
component in the j th jihase in the reaction as written, x^ is the number of moles 

.. 1 

I . : 

»^.^ i i - . j ; jw_ i | i ; ^ i j ^w_»; 'y j^ ;, 
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jH-T 101)0 grams of water of tlio ^tli reactant or juodtict mineral* in the Hj'iilciu 
(^ = 1, 2, 3 <l»), m, is the molality of the 5th sjiecies in the aqueous piiase, • 
and iT̂  and I'l, refer io the number of moles per thousand grains of water (reaction 
coeflicient) of the .subscrijited mineral or afjuooiis sjiecies in tho reaction. Where 

j , <f>, or 8 denote products of the reaction, tho coelficients n'jj, v^, und ii, aro treated 
as positive numbers, but for reactants these coefficients arc negative. 

Equation (10) permits calculation of the distribution of components in a system 
at aiiv_£'^"^" xtn»rn nt nn irrevnr.^ililc reaction! Tliat is, for a given d.?. values of 
dx.j, or dx^ and dm, can bo calculated for the reaction as long as numerical values 
arc known lor the reaction cocfHcientS/ n|;, or T?,̂  and ii, for all products and reactants. 
However, to assign numerical vaiucs to all of the reaction coefficients wc nmst / 
first take into account all equilibria in the aqueous phase and jirovide for equilibriura 
between the aqueous solution and the solid jiroducts of the overall irreversible f 
reaction. These jiartial equilibrium states fix the values of the reaction coefficients i 
at any given stage of reaction Jirogress. . "-. ' 

*• • Pariial equilibrium 

Partial equilibrium describes a state in which a system is in equilibrium with 
resjiect to at least one uroccss (or re.tetiou), but out of oQiiilibrium witii rcsjicct to ? 
others (BAUTOX et al., 19G3). Partial equilibrium thus obtains in any part ofa system 

; ; in which the jiliascs arc not all mutuaiiv incompatible. For uxanijile. in a syst<;m con-
;': ! taining only a single solid jihase and an aqueous solution with which it is incompatible, ! 
_! the entire system is in heterogeneous (but not necessarily homogeneous) chemical •. 
^ , • disequilibrium. However, reaction between the solution and the solid may produce a i 
{ : ^ second solid that is comjiatible with the solution but not with the original solid i 
I , phase. Equilibrium then obtains between the second solid. Jihase and the .solution, 
f ^ ;̂  even though the original solid continues to react with the solution. Accordingly. 
'• the activity jiroduct constant for the jiroduct .solid jihase is satisfied until this jiha.sc 
;" . is either destroyed by later reaction or the overall reaction ceases. When evaluating 
;' an irreversible reaction, it is usually safe to a.ssurao that homogeneous equilibriuin 
I ' jirevails iu the aqueous pha.se involved in the process. Con.sequcntlv. where anv of ' 
\ _ ;, the rciictant or jiroduct species in the aqueous solution form complexes, the system 
\ •• ' is considered to be in partial cquiiiunum. 
I : ,•• An irjevcrsible jaocess tiiac involves a series of Rncnp.«;.qivc iiartial equilibriuni 
,"' ' states may result in a state of local equilibrium for the svstem: that is. a state 
'̂ • in which no mutually incomjiattblc phases are in contact, even though the svstem as 

J. a whole is not in equilibrium (TiiOMrsON, 1959). For examjile, the reaction of 
•.i •. . pyrojihyllito with water discussed above may result in rims of kaolinite eomplctclj' 
i ; =•• • jacketing the jiyrojihyllite-grains before overall equilibrium is achieved.- Reaction • 
•;. '. - ^vill then cease because local equilibritim has been established. When this occurs, 

the aqueous solution will have a comjiosition consi.stcnt with some jioint along the 
',1 ,: kaolinite + solution field boundary in Fig. 3b, rather than at the jiyrophj'ilite -}- ; 
^ . . kaolinite -\- solution equilibriura jioint. / 

• Tho coiiiposition.s of tlio ininoraU iiivolve<l in a given irmvi^r.siblo reaction are .specified / 
quantitatively in terms of tho oxido components in tho sy.stcm. Tlio subscript ^ thus ivfers to a • 
mineral with a .specific mole composition. | 

j 
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Partial equilibriuin is jirobably maintained in most geochemical jirocesses. 
This conclusion is sii]ijiurtcd by tho niineral as.soinblagc8 ooininonly found in 
metamorphic rocks, cliemicai and mineralogic cliaract.eristics of hydrothermal and 
geothermal systems, aud the chemistry of ground watera involved in the weathering 
Jirocess. In geologic systems, partial equilibritun apjioara to bo tho rule rather 
than the exception; consequently, tho relative rat«8 at which minerals aro produced 
or destroyed in a given irreversible reaction arc defined imjilicitly for most geo
chemical Jirocesses, ond thermodynamic relations for tho jiartial equilibrium states 
can bo u.sed to calculate values of tho reaction coefficients in equation (10). 

i?eacfjon coefficients 

Reaction coefricicnts for reactant minerals arc sjiecified when an irreversible 
reaction is written.* Consequently, when no product minerals ajijicar in the 
reaction and no internal equilibria such as the dissociation of comjilcxes in the 
aqueous jiliase are involved, the reaction coefficients in equation (16) arc independent 
of the comjiosition of the aqueous jiha.se. Under these conditions, the reaction 
coefficients (which are negative for reactants and jiositive for products) are constants 
defined entirely by mass and charge balance requirements. The conservation of 
mass and charge is described by 

2 ^ j = S'*^. = 0 (17) 

in which Z, is the charge on the sth aqueous species. 
AAHicrc solution equilibria or jiroduct minerals arc involved in an irreversible 

reaction, the values of n, in the reaction change with each increment of reaction 
Jirogress. Although equation (17) must bo satisfied in the jirocess, the-values of 
«, arc no longer defined cxjilicitly by the conservation of mass and charge. For 
exaraple, in the jirocess described by reaction (12) equilibriura obtains araong 
A13+, A1(0H)2•^ AHOH)^-, H"*", and OH- in the aqueous jihase. Consequently, the 
equilibrium concentrations of these sjiecies must be considered when calculating the 
respective vaiucs of n, in reaction (12). On the other hand, because 

n 'i > aqueous ph.iae Z, ''-l-(i)«"'» (18) 

where v.̂ ,,-,, is the total number of moles of the cation in the ith component in the sth 
sjiecies, the total mole transfer in reaction (12) is defined by 7J,-', pyropiiyiiue-

When Jiroduct minerals are involved in an irreversible reaction, n\j, and n^ for 
the products also depend on the coniposition of the aqueous phase involved in the 
reaction. The equilibrium solubilities of the product minerals must be satisfied 
during reaction jirogress in order to-preserve partial equilibrium in the system. 
In most cases, these solubilities dejiend on comjilexing in the aqueous phase. For 
all irreversible reactions involving partial equilibrium, the reaction coefficients 

• In iiracticc, mole trnnsfer calculations are usually carried out relative to one mole of the 
reactant mineral. 'Whoro a group of reactant minerals is present, tho reaction coefTicient for 
each mineral is defined relative to one mole of a particxilar rwictant in the group by ossigning 
relative rcnctiou rates to tho minerals. Tho ca.so of multiple reactant minerals is discus.scd 
further in later pages. 
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can be (•(uiijiiilfd IVoiii (liiVciviitiiil ciiuiitiuiis r(;l;i(iiig Iho (;(iuilibiiiiiii aclivilics 
of sju'civs ill ,si)liili(iii to tiic molo tr,ui.sfcr resulling from tlio irrcvcr.sililo rcaolioii. 

Von.flrtiiiilH imjiDscdly-jHirlidli'ifiiilihri'iiiii. 'riic ru.aclioii cuellicii.iil.s in au irrcvcr.s
ible reactioii involving tMiuiiibiiiiiii betweena(nieoiis,spi;cicsorthcso!uti(m and a prod
uct jih.'ise can be defined .at any given «tagc of reaction progress bj ' siiiuiltaiu-oii.siy 
evaluating (lilloruiitial equations derived from tlio Law of ]\la.ss Action for the 
equilibriuin st.ttes together with mass balance relations for the overall irreversible 
reaction. 'L'lic derivation of these equations can be illusLratcd by using .ts an cxainjile 
the reaction discii.ssed above in which jiyrojili^'Ilite reacts with water to produce 
gibbsite, 'J'liis p.articul.ar reaction takes jilacc along the second segment of the 
reaction patii illustrated in Fig. 3b. If wc provide for chemical equilibrium among 
the aqueous species as well as for equilibrium between the solution and gibbsite, wc 
can write the irreversible reaction as 

AI,Si,0,„(0H).3 + -^. .yi^O -I- 77u.H+ - nv„oii,,Ai(0H)3 -f ii^,,,iAP^ 

+ 'IM(OU,=^ AI(OH)"-^- -h nv„oir)4-Al(OH)4- -f «n,sio.-M3«'04-

+ 77o„-OH-+77u,.sio,H,SiO,.. (19)* 

and describe the various equilibria by 

Al(OH)3, ,„„ , i , ,5 :>AP'^- | -30H-

AHOH)^- Tt A|3+ -f 4 0 H -

A1(0H)2"^ :i± AP+ + 0 1 1 -

H^SiO^ :p± H+ + HjSiO,-

H.O 5:t H+ -f O H -

(20) 

(21) 

(22) 

(23) 

(24) 

for which the s tatements of the Law of Mass Action ajijicar as (with «.„ y = 

''̂ giblraite = 1)> 

« . u ' + « O H - = K i (25) 

" A I " ° O H -

'^AKOIIU' 

°A1"°0H-

<̂ A1(011)»*̂  

' 'n^sio, 

<*â < ôu- = Kw • 

= K, 

= K.. 

K. 

(26) 

(27) 

(23) 

(29) 

• As boforo ill reaction (12), writing the reaction in this way is not meant tb iniply that the 
aqueous species .shown on tho loft aro actually reactants, or that thoso on tho right nro products. 
The true ilo.signatiou of react nuts and products depeiid.s on tho signs of the reaction coeincients 
determined from equations (;i6)-(44). On tlio other hand, tho reaction as written is as.sumed to 
include all species that may contribute sigiiilicnntly to the dis.so!ution procoas. 

ry.K^w';f< '̂WTi;Ty.-̂ .j,M;tjv7?.̂ y-yjr̂ 7.v'!:\̂ ^ 
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« • 
Taking the derivatives of equations (2r))-(29) with respect to the jirogress variablo 
for reaction (!!)) and Hiib.sLitutiiig equations (25)-{2!t) in the rosultiiig u.-^prc.ssioiis 
yields 

d«Ai'Wd^ Hd».ii,-/d| ^ y 

'̂ Ai'*- "oir-

' ^AUOIl) , -«.U> " o i r 

dffAi'-/d| dapii-Alj' _ d(:i.vi(on)-.4/d| ^ ^ 

"AI"- ' O l f ^Al(01I)«*' 

da,ijTdl d«„,'sio,-/d^ _ da„^sio,/d| ^ ^ 

^11+ % r , S i o r '^i i jSiO, 

dai,+/df dffo,i-/dj^ ^ ^ 

a„+ 

(30) 

(31) 

(32) 

(33) 

(34) 
' o i i -

If we as.sunic tha t the activity coefficients for the aqueous species are unaffected 
by the change in .solution composition resulting from a given increment of progress 
in the irreversible reaction,* wc can write ^ . . 

n . = 
dm, 1 da, 

dF"7,dT' 
(35) 

iu which y, is the activity coefficient of the sth species. Combining apjiropriate 
statements o f a , = y,/«, and equation (35) with equations (30)-(34) yields 

' " 'AI»* + 
3?I 011-
V l Q l l -

= 0 

7iAl»+ 

' « A 1 ' ^ 

I ^ ^ ' O l l - _ ^'•AKOID.- _ Q 

V i n t . - m , , , n , l \ -" ' o i i - •Al(Oll)," 

^'•Al"^ , ^ ' O l l " _ ^AI(01I)«* _ Q 

•mAi»+ ' "ou- '"•Auou)»+ 

^^g* , ^^UjSior "n,siO« _ 
1 — 

jKyt mujSio^- 'iji.sio, 
" u + . « o i i -1 

= 0 

= 0 . 

(30) 

(37) 

(38) 

(39) 

(40) 

• This assumption is valid for rnost nqiioous solutions in geologic systems where tho reactant 
minerals mo silicates, sulfides, oxides, carbonates, etc., or for that matter in nil cnses where the 
mass tran.sfor between n mineral nnd an aqueous phase is sninll compared to tho ionic strength 
o f the solution. The total concentration ofclcctrolyt.es in (and thorcfore tho ionic strength of) 
nn nqiicoiis solution in nature is iiRually far greater than the mass transfer resulting from a 
small increment of pio;;re.s.s in a given irreversible reaction between tho solution and a minornl 
a.ssi-mblago. AVIieic diliilis water is involved in such reactions, tho activity coclTicicnts do not 
depart Bigiiificanlly from ono. 
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J11 adilitJon to t'f(ual.)nij,s (i.hi)-(-iM), wc e;ni clcsurihc ruta(i(>ii.s between Uic reaction 
COC lli tii UM t.S in rcat'fiui) ( l ! l ) by wr i t ing tlic^ fol lowing inass balance cqualions for 
the tratisfer of a luminum, si l icon, l iy i l rogei i , and o.\ygcn, iv.'jj sect ively, relat ive to 
ono 2JioIc o f pyroi i \ iy] \ i iO: 

iiĵ ît -j- nAnQiir-* + 'l.vi(oii),- + l̂-vKoii), - 2 = 0 (41) 

"n,.?iO, + •t'hi.Bor - 4 = 0 _ (42) 

711,1- + 2?l|t.o -f -Iwu.Sio, + 3".,r^sio,- + »iAi(oii)=̂ -

-i- «ou- + ^'lutonir +'^'hHom, — - ^ 0 (43) 

'"pn- + '^n.o + 4''ii/,sio, + '*»iJiSi0r + %i(on)!<- " 

+ '̂"̂ AUOU}.- + SJIAUOIU, - 1 2 = 0 ; (44) 

- i •: 

•t . 

Equations (3G)-(44) constitute a set of nine linear equations deKc'ribing the 
systein along, the second segment ofthe reaction path illustrated in Fig. 3b, Because 
the reaction coeffieients arc negative for reactants and positive for products, and 
bccaubo jirovision has been included for all mass balance relations in the reaction, 
the roqiiircmcnt for charge balance in equatioii (17) is imjilicity met by tlie com-
binatjon of cqii.itions (3G)-(44). The .set of nine linear equations involves nine 
unknow-n rcaefion coefficients when the comjiosition of the aqueous phase and the 
dtstribvilinn of spcfics in the reacting sohition arc specified. For a given initial 
Kohition, these nine reaction coeffieients can be defnicd mrmcrically by emjiloj-iug 
matri.x aigelira to solve tlic set of linear equations; A similar apjiroach can be 
used to evaluate an}' itrcversible reaction involving- partial equilibrium. For all 
such reactions, the unknown reaction eoclllcients can be described by ^ set of 
linear differential equations in a nonsingular reaction matrix in -which the number 
of equations equals the nunibcr of unknowns. This is dcmoustratcd in the develop
ment of equations for the general case stimmarizcd belo^v. 

Matrix equations in genarai notatiqn. In a general.model of irreversible reactions 
involving one reacting mineral and an aqueous solution, mass balance equations 
(e.g. equations 41-44) cau be represented by 

X Te,f,"'*, + 2 i't,ii% -!- S *'.,iy^ = n,*, 
^n i • I 

(45) 

where v,̂ ,̂  statids for the number of moles of the eth monatoiiiic ion {E = 1,2,3,... £) 
inonemole of tlie î ,̂th product minei^al in equilibrium with the sohitipn (^^ = 1, 2, 
3 , . , . tl> )̂, <̂^ designates the rcaetant mineral, -̂  rejiresents aqueous comjilex es 
(except HgO) for w-liich ma,ss action ijquations are provided in tlie calculations 

L 



Kvaluntioii of irruvorsiblo louclioun in goochomieid procossos 807 

(( = I, 2, 3, . . . (t;), nnd J refers to the remaining species in the .aqiieons solution 
(.< = I, 2, 3, , . . a). The limit ^ for the range of e corresjioiuls to the number of 
monatomic ions (which equals the r.iimber of elements) in the reactant mineral 
(or mineials in tho case of imilti[)le reaclants iliseus.sed below), .and a is eqii.al to 
the number of <lissociatcd aqueous sjiecies. I t follows iVom these definitions t ha t 
<r S ft. Note that equation (15) h.as been written relative to one mole of the reactant 
mineral. 

Equilibriuin between jimc stoichiomotric jiroduct jiliascs and an aqueous 
solution can be described for the general case by 

\ 
T 

' m. 
(46) 

Equation (40) is a general expression of the difTerential equation derived above 
(equation 30) from the equilibrium activity jiroduct for gibbsite (equation 25). 
The analogous exjiiession for dissociational reactions in the aqueous jihase (e.g. 
equations 37-3'.)) ajijiears as 

2 'M!L' = !!* 
i m^ m^ 

(47) 

Because the difTcrcntial equation for the dissociation of HjO (equation 40) has the 
form of cqu.ation (40), and because HjO is not included in the designation ^, the 
number of dificrcntial equations for activity products is ahvays equal to 0^ -1 - 1. 
If provision is included for .solid .solution in the jiroduct jili.ascs in the reaction, 
the corresponding dini"crential equations have the form of equation (47); the activ
ities of the Jiroduct minerals are then sjiecified in these cqu.ations <as other than 
unity. Where equilibrium between a jiroduct plia.sc and the aqueous .solution 
is described using H"*" or OH", the corresjionding equation in the matrix also has 
the form of equation (47). These modifications arc discussed further below. For 
the moment Ict ns confine our attention to a simjile system in M'hich jiartial equi
librium is maintained and only one mineral is reacting irreversibly with the aqueous 
pha.sc. 

Provided the limit of the range of the subscript e is set equal to that of the 
subscripts (i.e. £ = a), cqu.ations (45), (40) and (47) define the elements of a matr ix 
in which the number of linear equations equals the number of unknown reaction 
coefficients for aiij ' solution comjiosition and distribution of sjiecies. Imposing 
the constraint that E = a requires the matrix to be square, fi will alwaj's be equal 
to a if only one aqueous sjiecies designated as s contains a given monatomic ion 
rejiresented by e. For examjile, if jirovision is not included for the dissociation 
of.HjSiOj in the designation ^, then both H3Si04~ and 1^^8104 should not be repre
sented in the designation s; if both arc included, a will be greater than fi and the 
matrix will not be square. The matri.x Avill alwaj'S be nonsingular, and thus a unique 
solution can be obtained for the set of equations, as long as all of the equations in 

• the matrix are indeiicndcnt equations. 
The matri.x equation for the general case involving one reactant mineral can 

J . •: • • . ? • 

< • • . . •• - : • . ' . 
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bo written ,as 

l-/̂ ;, = 1 - ' 1 ' ; , H-IK = 1 - (t h^ = I --<r I 
0) 

II 

i 

. ^ 
II 

1 
A 

-1-
> — 

-C-

II 

0 I O I -'--^ 

0 l - l 1 !!£:£ 
1 . '"cc 1 • '"i 

•'ic 
• 0 

0 

(48) 

If MC designate the matrix by F, the column vector for the unknown reaction 
cocllicients as p, and the column vector for v̂  in tlie reactant jihasc as )., wc can 
write 

P== r - U . • • . (49) 

Equation (49) is then the defining equation for evaluation of all reaction cocfiicicnts 
in an irreversible reaction involving one rcact.ant mineral, an unlimited number 
of Jiroduct minerals, and an aqueous jih<a.sc of known composition in which the 
distribution of species ean he calculated at anj- sjiecified stage of reaction jirogress. 
The values of the reaction coefficients computed from equation (40) for a given stage 
of reaction progress arc sjiceificd inijilicitlj' by the partial equilibrium states of the 
syslcm. ConsequentI}', the relative rates at which the product minerals arc formed 
as a result of an irreversible reaction are also fixed by the jiartial equilibrium states. 
If a given jiartial equilibrium state is not maintained, the corresponding reaction 
rate must be defined explicity to determine the reaction coefficient in a raanner 
analogous to that described below for tlic case of niultijile reactants. 

Provision for solid solution has not been included in the matrix equation derived 
above, but solid solution can be taken into account by inserting a coefTicient (equal 
to, in the caso of an "ideal" solid solution, the negative reciprocal of the mole 
fraction of the .stoichiometric end member in the product jiha.sc) in the ajiprojiriate <f>̂  
column-row location in equation (48). The sjiecies H,0 and the dis.sociation of HjO' 
arc included in-equation (48) as the <Iip -|- 1 column and row, respectively, in the 
matrix. The reaction cocRieient for HjO is thus an unknown, but the activity 
of H.jO is cither specified of taken as unity* in the calculations. AVhere partial 

• See footnote on p. S-O?. 
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cquitibriiim bct^'ceii a product iiiineral .and tlie a!jucbu.s jihase isnot described by ati 
activity jiroduet, but Mii!) If-i' as a icar.tant, a term eqiial to — 2 (''J.-J, l^.-.(ipl/'"ii*) 

i 

ajijiears in the .apjirojiriatc ^^ column-row loeittioii for the hydrogc.ii ion in equ.ation 
(48), If the leactipn iii allernattvely written to jirodueo hydroxyl ion, an analogous 
term apjicars in the matrix location for that sjiecies. 
• Altliough equation ('iS) is wrtitun foronc reaetaut mineral, the ]ii.atrt.x equation 

imjilicitly jirovides for jiroduct phases jiroduced in an early stage of rcacMon jirogress 
that became luistablo at some later stage (as in the case of gibbsite ajong the reaction 
Jiath in Fig. 3b). When this occurs, the unstable mineral (say that represented 
by i>p = 1) becomes a reactant. However, during ttic reaction of ttiis jiliasc with 
the origin,aI reactant in ineral to jiroduce a new miiicral, .say that for which (ft̂  = 2, 
(o.g. the reaction of gibbsite with pyrophyllite to jiroduce kaolinite^Fig. 3b), 
equilibrium is assumed to obtain between tlie solution and tlie jihases designated 
by ^̂ , = 1 and ^̂ , = 2. For tli if; reason, no change in the matrix equation is necessary 
to jirovidc for the i'cactioii of the niineral represented by jij, =" l ; all tliat.is required 
is to add apjirojuJatc terms foi- tlic jih.aso FQV \vliich tf>̂, = 2. Tlie value of JT̂ ^ = 1 
determined from the matrix cqu,ation will tlicii be negative, and reaction jirogress 
will result in cliaivgcs in the solution comjiosition restricted by the presence of both 
minerals until the jiliasc designated as. 4p ~ ^ '^ eoniplctcly consumed by the 
reaction; Reactant jih.-iscs that are in jiartial equ ilibrium with the solution are 
thus treated in the ma'trix equation as jirdduct jihases having negative reactioii 
cpcitictents. If a possible jiartial equilibrium state is not maintained, the corre
sponding reaction eqc{ficient or the relative rate at. w-hicli the jiroduct mineral 
forms must be specified. • . . " 

Trrcvensililc reactioiis betw cen an aqueous solution and t̂ '̂o or hiorc jil'iases in a 
mineral assemblage arc not uncommon in gcpclieinical processes. The jiresence of 
.more than one miMcfa! reacting irrevej'.sibly'c.aii be taken into aceouiit by coirstrucfcing 
a matri.x equation for the o% ĉr,all reaction. This can be done by sjiccifying one 
additional const rai nt for each additional rea ••ant mineral. 

JhtKiple rcacf.anfs. In cases wlidre moi than one rcaetant mineral, nolle of 
which is iu cquilibriitm with the aqueous plui , is involved in an irreversible reaetioii 
with an aqueous solution, relative rates foi the reaction of the inincrals must be 
specified cxjitieitly to (Icfinc tlic reactioii Gf-'̂ fficicnts in the overall reaction. This 
can be stated for the gcnbral caso by ̂ ^Titing 

in u'liicli v'<ji,/<ii,i rcjircsciits the reaction rate for the <;4,t]i phase (^, = 1, 2, 3, . . . ^^) 
relative to that for the <l>̂ th jihase. The relative reaction rate is defined as 

MV i"-

(51) 

in w-liich t refers, to time. "With ttie relative reaction rates specified, the reactant 
Jihase column vector in equations (4S) and (49) can be rcivritteu for iiniltipio rcaetant 
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minerals ;ind reiirescntetl as 

;. = 

0 

(52) 

The summation in equation (52) defines the total amount of the eth ion derived 
from the </),th reactant jiliasc, relative to ono mole of the <l>,th rcaetant jiliasc and 
a single d | for the overall irreversible reaction. 
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il/a.ss traih'ife-r ctdc-uhtlions 

Having defined the initial comjiosition of the system and the initial distribution 
of the species in the aqueous jili.a.se involved in a given irreversible reaction, the 
mass transfer among the phases resulting from a small increment of progress in 
the reaetioii ean be calculated from the reaction coefficients derived above. Using the 
general notation employed in equations (45)-(4S), wc can write for a small increment 
of Jirogress in an irreversible reaction* 

Ax^, - :f̂ , - V = 7l#̂  Al (53) 

and 

Am, ?Hj — 711 / = n ^ A | 
f 

and 

(54) 

(55) 

iu which .f,j refers to the number of moles per 1000 grams ofwater of the (ft th jilia.se 
in the .sy.stem and the sujicrscrijit (°) designates an earlier stage in the jirogress of 
the reaction. Because irreversible reactions arc evaluated relative to one mole of the 
reactant niineral, A.(:̂ ^ = A | when oiAy one rca.ct.ant mineral is jircsent. Where 
more than one mineral reacts irreversibly, V'(#,/*,) '•'5 treated as a constant and 

For multiple reactant minerals, the mole transfer for each reactant is thus comjiutcd 
relative to ?7,t,_; = 1. The ma,ss transfer resulting frora an irreversible reaction can 
be calculated by multijilying Ax^ , Am^, Am,, and Ax ,̂, by apjirojiriatc molecular 
or atomic weights. 

* Equations (:'5;l)-(5;')) aro based on tho assuinption that the reaction coeflicients in a given 
irrovorsililo reaction aro cs.scnt.ially constant for a very sm-ill increment of renction progress; 
i.e. ns i \$-* 0, jildf s» nA,J. AVhcre partial equilibrium is not involved, Jndf = JIAf for all 
vaiucs of d i . Tho numerical value chosen for A | in tho calculations depends on tho molalities 
of the species present in tho aqueous phase. In practice, A{ is usually assigned a valuo several 
orders of niagiiitiido smaller than the activity of H''', OH", or the total concentration of tho cle
ment present in tho sinallost coiiccntr.ition in tho initial solution, whichever is the smallest. 
Sco Xotc added in proof p. 870. 
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The mole transfer c.'ilculations discus.sed above define .a new eomjiosition of tho 
aqueous jiii.asc and .-i new dist.iibul ion of species in sohit ion after t lie first A ^increment 
in the Jirogress of the rcaclion. New values of the reaction eoenicients can then 
bo comjiutcd from tho miitiix equation and the calculations repeated, l''or each 
stage in the jiiogiess of the reaction, an ionic strength (j) is comjiuted for the aqueous 
Jihase from 

1 = ^ 2 Zrttl, -f ^ X ^ ' c»^ (57) 
i C 

where Z is the charge on the subscrijited sjiccics in solution. Activity coefficients 
are then calculated* from I along with activity jiroducts for the minerals in the sys
tem. The comjiuted activity jiroducts arc comjiared with the corresjionding aetivity^ 
Jiroduct constants calculated from thermodynamic data"f to determine whether 
the solution has become saturated with respect to any new phases. When this 
occurs, the dirTcrcntial equation derived from the activity jiroduct exjiression 
for the new pli.asc is added to the m.nltri.x equation along with a. column for the 
unknown reaction cocnieient for the jihasc. Even if the aetivity of an aqueous 
sjiecies is fixed by the jiresence of the new jiroduct jihase, as is the case when the 
solution becomes saturated (and jiartial equilibrium is maintained) w-ith resjiect 
to quartz, the matri.x will not become singular as long as the new difTerential 
equation is an independent equation. 

Evaluation of irreversible reactions involving minerals aud acjueous solutions 
invariablj ' requires a model for the internal distribution of species in the aqueous 
pha.se. Such models usually give rise to jiredictions of minimal equilibrium mineral 
solubilities because jnovision is rarely included for all comjilcxes tha t actually 
form to significant degrees in the aqueous jihase. For this rea.son, ma.ss transfer 
calculations arc often minimal apjiroximations of the actual mass transfer involved 
in a given geochemical jirocess. An adequate model for the internal distribution 
of sjiecies in the aqueous phase is a prerequisite for comjniting reliable reaction 
coefiieients and jiredictiiig accurately the mass transfer resulting from geologic 
jiroces.scs involving aqueous solutions. 

The ajijiroach described above for evaluating irreversible reactions is general, 
and it cah be inodified to provide for the geochemical behavior of any given sj^stem. 
If tcmjierature and/or jiressure change during an irreversible reaction, the jiartial 
equilibrium states adjust accordingly, bu t the equations and considerations presented 
above remain the same. If desired, one or another jiartial equilibrium state can 
be ignored in the calculations. For example, it may ajijiear from geologic evidence 
tha t a given intermediate jiroduct mineral did not forra in a geocheniical process; 

* Ac t iv i t y coefllcionts can b e c o m p u t e d for ions a n d n e u t r a l species in c o n c e n t r a t o d electro
l y t e s from 2.0° to ,100X using a v a r i e t y of met i iods , m o s t of whicii involve c.Ntensions of tho 
Dcbyo-Hi i chc l equat ion ( U U T J . K K , 1004; Connr.K, 1",)04; H K L O E . S O N , 1904, X'JGlb, 1908; 
GAinii3i.s nnd Ciiui.ST, 190.5; H J J U I K S O X a n d J A J I K S , 1908). 

t A c t i v i t y p r o d u c t cons tnn t s for a largo nu inbor of minc rn l s , a n d dis.sociation c o n s t a n t s for 
m a n y nrpicous eomploxos can n o w bo p red ic t ed for t o m p c r n t u r c s from 2,0° t o g rea t e r t h a n ,')00°C 
wi t l iou t in t roduc ing laig.> unccriniiitie.s in ll ic ca lcu la t ions (Ciiiss and Conui .E, 19G4; ConuLE, 
1904; .Sii,i.itN- and MAnrKr.i,, 1904; H E L C E S O X , 1904, lUC7n, b , 1908; GAniiECS a n d C H R I S T , 
1005; li.MfSKH e t a l . , 1 0 6 0 ) . 
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accordingly, provision fur tha t mineial can be oiniMed from lhe inadix eqii;i(ion. 
On tlio other iiaiul, ift.lio evidence indiiatt^.s lhe jucseiicc o f a mineral sucli as quarlz 
jircciiiitaling IVum a snjicrsatuiated .solution, provision for this eau be included 
by specifying tho dcgrci; of siiper.satiir;iti(iii. in (he ;ib.seiH'.o of jiaitial eqiiilihiiiim, 
relative reaction rates can be imjio.sed for the Ibrination or disajipearanue of jiroduct 
minerals in an analogous inanner to tha t jiie.seiited above for inultijilc reactants. 
Where aiijilie.ablc, the reaction i-atcs can be computed from dilfusion coenicicnts. 
The validity of .a.ssiiniiiig that a given ji.artial crjuilibriiim state is maintained in a 
geochemica! jirocess often can be assessed by comjiaring the mole ratios of nunerals 
in the rock with those predicted on the basis of a.ssuming partial equilibrium. 
Conversely, when jiartial equilibrium is not mainlained, mole r.atios of minerals in 
roeks cau be used to set relative reaction rates for the formation of jiroduct minerals 
when evaluating geochemical jiroce.s.scs in the manner described above. 

Cli.anges in the activities of aqueous .sjiecies cau.scd by an irreversible reaction 
can be represented by reaction jiaths on equilibrium activity diagrams. These 
changes arc computed in the normal course of evaluating an irreversible reaction 
in order to detect new jiarti.al equilibrium sta tes ; jilotting the changes as reaction 
Jiaths Jirovides a geometric illustration of the relative changes in the chemical 
Jiotentials of the o.vide components in a sj-stcm as an irreversible reaction jirocccds 
tow-ard overall equilibrium. 

Reaction jicilhs 

As with most jieritcctic reactions, reaction of natuial waters with mineral 
ns.scmblages in geochemical jirocesses usually leads to changes in the comjiosition 
of the aqueous phase that are rarely iu the direction tha t otic would anticijiate 
solely on the basis of the comjiositions of the .solid reactants and jiroducts. This 
can bo demonstrated by deriving an exjiression of the Gibbs-Duhera equation 
for the slojie of an irreversible reaction jiath on an equilibriuni activity diagram 
such as tha t illustrated in Fig. 3b. A derivation of this equation for the general 
case is summari-/.cd below. 

tSlopc ctpittlion in general nolalion. Returning to the notation used in equations 
( I ) - ( I I ) , wc can write 

(58) 'M(il 7M 
y.^r(.•) 

M<il 

and combine this with an appropriate s ta tement of equation (55) to give 

".M(il 

nitii 
" M (.1 

+ 'bun Af • (59) 

Because the mass- transfer resulting from a small increment of jirogress in most 
geochemical reactions is small, wc can assume (as before in equation 35) tha t 

Vmi) ViiU) (CO) 

for a small value of A| .* Dividing equation (59) by â '**'' then results ia 

• Sec footnoto on p. 805. 
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'.M(,l ".M (.1 " I " '''hni) J'.Mdl A f 

ICl^ 
a^'-'i'i 

i i ^ 

(01) 

Diflerential ing equation (01) .and dividing the resulting exjiression through by 
«M(.iK1;''' g'^'cs 

d i n " • M ( i l 

ft'''|C(| 
II I-

^,.'",M(.-i>'.M(.'id| - Z ^ u ) ( " M ° ( O + ».M(.-iy.M(,) Af )d .a„^ . 

« . \ i (o"u+ 
(02) 

Combining approprialc s tatements of equations (55), (58), (GO) and (02) for two 
specific components, rearranging, substituting statements of equations (IG) and (58) 
for the liydrogen ion, and simplifying leads to a dificrcntial equation describing 
the slojic of an irreversible reaction path for the aqueous jiliasc on a chemical jiotential 
or logarithmic activity diagram. This exjiression, for the oxide comj'ioncnts rejire
sented by i = I and i = 2, can be corabined with equation ( lO)and written as 

d i H ^ d ( i V ( i ) l o g « . M , i i / < ' t " ' ) 

d/ /o d(v+,2 , l o g «.M(2l/«%^'") 

^'-Kll»'.M(2l(".M(ll«,i^ - •^-Kll'»'.M(ll''i„^ y„-^) 

' ' + C 2 | ' " M ( 1 I ( « . M C 2 / V ~ •^-K2l"^M(2l 'V ^11*) 

(63) 

I t can be deduced from equation (03) tha t when the hydrogen ion is not involved 
.in an irreversible reaction, the slojie of the reaction jiath is described b y 

d/ll ^ d(v^.n) log a y u v K l " ' ) ^ v. 

d,«2 d(v.„2, log ajKoi/aJ';;"') v 

•m -Kll "'•.M(2l"M(ll 

m -)-(21 "''M(ir''.M(2) W^ 

(64) 

Equation (04) is represented in Fig. 3a by path AD, which reflects the change in 
solution comjiosition as jiliasc (jî  reacts with a solution having an initial comjiosition 
a t point A to produce pliase tj)̂ . In the ease of jiath AD, 77.̂ ,,i, is negative, lij'drogen 
ion is not involved in the reaction, and '"..Md) > '»M(21 "i tlie uiitial solution. At 
point D, equilibrium is estabiished between the solution, jiliase tfî , and jili.ase ^3. 

For a reaction t ha t involves the hydrogen ion as well as an aqueous solution 
in which the activit}' of the hj'drogen ion is initially sinall relative to the activities 
of other reactant sjiecies, equation (63) can be abbreviated to 

d | " i 

d/'a 
d(v-nii log ff.M(i)/ft':"') ^^ v+tyZ+fit 
d(''+(2i log aj„„,/a^+i'>. v+(2,Z+,2, 

(65) 

This relation holds .as a close ajijiroximation as long as a + < O.M(,) SO t h a t d log c^id,/ 
d log a.M(2) f̂  a constant. Equat ion (G5) is represented by jiath AB in Fig. 3a. 
In this case, phase ^3 reacts w ith a solution a t point A in which the activity of H"*" ia 
much less than the activity of cither iM(l) or M(2). This reaction produces jihase ^ 1 ' 
and the solution changes comjiosition .along AB, which has a 1:1 slope consistent 
with cqu.ation (G5). At jioint B, jihasc î g begins to form along with jih.asc ^, . The 
comjiosition of the solution then changes along the field boundary BC as long as 
Jiartial equilibrium obtains between phases ^ 1 , ift.̂ , and the aqueous solution. If the 
s3-stcm is closed and jihasc ^3 is jiresent in excess, continued reaction causes the 
eomjiesition of the solution to reach point C, where overall equilibrium is established 
between jihascs tft̂ , <f>2, ^3, and the solution. 
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I t can be deduced from lhe ili.seussion al.nivi; tii.at the initial cli;iiii^cs in the 
comjiosil ion of an n(|ucou.s jiliasi; involved in a given ii reversible reietioii ,u-e jui inarily 
conti-olk'd b}' the initial comjiosition and di.slriluilioii of species in .solulion. The 
siiecies involved in the re.-iction that are jiresi'iit in tbe smallest concenlralions 
initially arc the species whose coiieeiiti-.itions arc most .'iflccted by the reaction. 

Open sy-flciiin uiHlpcrfcclhj tiiohile cotiiponi'.iil.'i. The reaction jiaths !iiul sequence 
of events described above are the same for a closed system a,s well as one (Iiat is ojicn 
to one or more eoinjionents. However, the extent to which the various reactions 
take Jilacc and the sjiatial distribution of the jih.a.scs jiroduced will be dillerent 
dejieiidiiig on the relative velocity and rate of flow of thc'solution compared to the 
difl'usion and reaction rates obtaining in the .system. A final overall equilibrium 
state m.ay not be achieved if the .system is open, and the mass transfer may be 
much Larger than tha t in a closed system. In an ojien system, the aqueous phase 
may exit from the roek when its composition is a t say, point B in Figure 3a. As a 
result, (lie distribution o f the jiroduct jiha.ses will be zoned in the rock, and if the en
tire amount of jihasc ^3 jiresent in the original rock is .available for reaction, the 
reactant pha.sc may be completely destroyed in the jirocess. The matrix equations 
(equations 48 and 49) and the mass transfer calculations discussed above for an 
ineversible reaction taking jilacc in a closed system can also be'ajiplied to a system 
tha t is ojicn to one or more of its comjionents. To do so requires jirovision in the 
matrix equation for sjiecified activities of the mobile comjionents in the system. 

Conscrvalioii of inert coitijionenis 

• I t is often .adv.antageous to balance an irreversible reaction by conserving one 
or another inert component in the s^-stem. The jihrasc "conserving a eomjionent" 
simjily means that all o f the mass of the eomjionent sujijilicd by tiic reactant mineral 
is .a.ssumed to go into jii-odiict minerals rather than the aqueous phase. The chemieal 
Jiotential of the inert eomjionent is sjiecified b}' the jiartial equilibrium states in 
the .system, and it changes to whatever extent is necessary to maintain these jiartial 
equilibrium states as the irreversible reaction proceeds. By conserving the eomjionent 
in the reaction we are simjily neglecting the corresponding changes in the mass 
t-i-ansfcr of the eomjionent bctv,-ccn the jiroduct minerals and the aqueous solution. 
This mass transfer is often negligible in geocheinical jirocesses. 

The reaction of X-fcldsjiar with an aqueous phase to jiroduce" kaolinite and 
quartz will serve to illustrate the implications and consequences of conserving an 
inert eomjionent Avhen describing an irreversible jirocess. If we write this reaction as 

KAISiaOs -1- H-*- + O-SHgO -* 0-5A!2Si2O5(OH)4 -f 2Si02(„tzi + 1<̂ -̂  (66) 
• \ 

we are assuming tha t the total concentration of aluminum and silica in the aqueous 
Jihasc is constant as the reaction jiroceeds. As indicated .above, this is not strictlj ' 
true becau.se the .activities of the aluminum and silica sjiecies in the aqueous .solution 
and the solubilities of kaolinite and quartz dejicnd on variables such as a + that 
are changing in the aqueous jihasc as the reaction proceeds. These changes, which 
are small comjiared to the total ma.ss transfer, arc manifested in the amounts 
of kaolinite and cjuaitz jiroduced by the irreversible reaction. W'hen ALO3 and SiO, 
arc conserved, as iu reaction (00), the mass transfer calculations neglect the amounts 
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of haoliiiile and quart-/, tha t must be di.ssolved by, or jirecijiitate.d from the .aqueous 
solulion to mainlain (lie chemical jiotentials of-•\l.jt)3 ••viul .SiO.̂  at the values required 
for Jiartial equilibrium as the reaction jiroceeds. .'Vccordingly, the amounts of 
Iv-aoliiiilc and qu.-ut-/, tli.it are actually jiroduced in the irreversible jirocess will not 
correspond exactly to the amounts jiredicted when Al.jOa and Si02 arc con.scrved 
in writing the reaction. The difTerences are negligible for aluminum (and silica 
when quartz is present) in most iiicvcrsiblc reactions involving jiartial equilibrium 
between silicates and .-in aqueous jihasc. Because these dincrcnccs arc usually small, 
con.se.rving one or more inert components is a convenient method of first apjiroxi
mation for calculating the m.ass ofa jiroduct mineral jiroduced in a given geochemical 
process. 

CONCLUDING RILMAKKS 

. From a mathematical slandjioiiit, evaluating irreversible reactions is considerably 
e.asier than carrying out equilibrium calculations for multicomjionent systems. 
Equilibrium models reduce to nonlinear equations tha t can be evalu.ated only by 
invoking indirect and unwieldy anal^-tical methods. In contrast, the differential 
equations describing an irreversible jirocess are all linear, which makes the cal
culations amenable to rapid machine comjiutation. A general computer jirogram 
based on the ajiproaeh jiresented above has now been written (b}' A. Nigrini and 
T. ^lundt). This jirogram makes it jiossible to analyze geochemical jirocesses of 
considerable complexity in multicomjionent systems involving an aqueous phase 
and large numbers of silicates, sulfides, oxides, carbonates, and sulfates. Oxid.ation-
reduction reactions, and reactions in which metastable jihases jiarticipatc cnn 
also be evaluated. In addition to cases where all jiarti.al equilibrium states are 
in.aintained, cqu.ations .arc being programmed for jirocesses involving given under
saturation and/or supersaturation states, and s3-stcins in which multijilc reactant 
minerals ave present. In all ca.ses the initial comjiosition of the .system and the 
relative reaction rates for multiple reactant minerals are sjiecified. The jiartial 
equilibriuin states arc used to define the distribution of species in the aqueous 
Jihasc, The outjiut routine from the jirogram will eventually include both numerical 
Jirescntation and grajihie disjil.ay of the results of the comjiutations. In addition, 
thanks to the efforts of T. H. Brown, the machine will jiroduce ajijirojiriatc jiro-
jcctionsof the Jih.asc diagiams ofintercst showing the reaction Jiath for the geochemical 
Jirocess under consideration. With thermodynamic data currently available, 
calcul.ations can be carried out for a large number of multicomjionent systems a t 
temperatures from 25° to.300°C (HKT.GESON, 1908). 
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Xvll 
take 
equa 
linea 
accu 
(53)-

inliliil ill- -jii-oiif. Ill piaclico it iiiaj^ not ho Ccasiblo (owing to oxpcnsivn (.oiiniiilci' liiiie) to 
A J iiicmncnls that arc .siiiiill ciiiaigli I.o acliiuvo accuiuU) mii.s.s t i-iiiLsfci- ealculalioiis using 
lions (."l.'l) -("i.'i), which aro cqiiivalcnl. to triinealoil Taylor's cvpaiisioiis or.(\< , m^, and ;yi.- t.o 
r cvjircSNiony. 'J'o rediieo tin- cumi'iilcr limo r,'i|iiiri!il, and (o acliicve a liiglirr dogrco of 
incy ill praet.icnl coinpnlafions, luklil.ionn! csiiansioii t i i ins can bo aildoil lo equations 
(.OO), Kor example, quadratic Taylor's expansions appear as 

- (Ai)* Amj = n^Af -|- 7t{' - ^^^ , 

Ami = " j A I -)- l l j 
, (A|)°-

2! 

(») 

(b) 

(0 ) ' 

where n^ ', n^', and n,-' aro the second dcrivaiives of equations (45), (40) and (47), respectively, 
which appear as 

. V * 

I-
_ Y '''.<>p"< 

4- //..-

(d) 

(e) 

(0 

After calculating the reaction coefficients in the maiiiior described in the text, tlieir derivatives 
can be computed from a matrix equation aiinlogous to eriuations (48) aud (49) in which tho bust 
column vector on tho right .side consists of the terms on tho riglit side of cijiiations (d), (o) ami (f), 

KEFEKENCES 

BAHNE.S 11. L., IIEIXJESON H . C . and ]-:i,i.is.'V. J . (1900) Ionization constants in oqiieou.s'solutioiis. 
Ill llavdbovk of Physical Constants, Revised Kdition (editor S. P. Clark, Jr .) . Ocol. Soc. .•Imer. 
Mf.in. 97, 401-414. 

BAUTOX 1*. L., BKTUKE P . M. and Toui-siiK P. , ,3i-d (1903) Kquilibiium iu oro deposits, .l/tn. 
.S'cir.. vliiifr. .S7icr. Ptipcr 1, 171-18.0. 

liuTi.Etl J . >r. (1904) Innic Kquilibriuni. ^Vddison-AN'oslcy. 
Conni.E J . W. (1904) Tho thennodynamic properties of high t<a'nporatui-o aqueous solutions. 

VI. Apjilica tions of entropy correspondence to tliormoilynamics and kinetics. J . .Avier. Cliein. 
Hoc. 86, 5394-5401. 

Gniss C. M. and COHBLE J . W. (1904) The thcrmodynnmie properties of high tcmpcraluro 
aqueous solutions. V. Tho calculations of ionic heat eap.icities uji to 200°. Entropies ami hoar. 
cnpneitics abovo 200°. J . .4i)icr. Clicm. Sue. 86, .''>3'J0-5393. 

D E DONiiEit Th. (1020) Le .̂o-iis dc Tlierniodi/iiamifpie el dn Cliimie-Phisiqup,. Gauthier-Villni's. 
Frrxs 1"). D. (1002) Noncqiiilibri-ii-in Thcrinodynaiiiics. ]\IcGiaw-Hill. 
GAunNEiiK. H.., .TOKKS P . .1. nnd D E X O U I I W A I X H . J . (1903) Osinot ic coefficients of somo aqueous 

sodium chloride solutions a t high temperatiire. Trnti.i. Faraday. Soc. 59, 1994-2000. 
CAUKELS K . M . and Ciinisx C. L. (1065) Solutions, Mi-iicrals, atid Equilibria. Harper and Row. 
HEI.GESOX H . C . (1964) Complcxinrj and Hydrothemial Ore. Dcpositioix. Pcigainou. 
HELCESOK 11. C. (19C7a) Thcrmodynnmics of comjilcx dissociation in .acjueous solut ion.s at 

clovntod temperatures. ./. Phys. Chem. 71, 3121-3136. 
HELOESON H . C . (1007b) Solution chemistry and metamorphism. In Pc-ie.archcs t " Gcocheniiitry, • 

(editor P . 11. .A.I>cI.son), Vol. I I , pp. 302-404. ,rohn \\'iloy, 
HELCE.SON H . G. (1908) Thermodynamics of hydrothermal systems nt elevated temperatiires and 

pressures. Amer. J . Sci. in press. 

I 
< 

•^z'S^rfr^r^^^f'^rrTS^^y^^jZ^^'P'^^rs'T}^^ ^y . - . . i I ' " I ' l . v . ' . r ^ . i ' J l ' l . ^ . ' ^ ; ' •'''<?"• 



. . • • , . . U H A < * > ^ '*M«u 'MvMU.«^Wi^ ' - ; * i i » ' <J i f cA* V 

i Hvaliialioii of iric.vcr.siblo rcaclioii-i in gcoclioiniciil proec.s.scs 87: 

UKI.CKSOX M. (.'. and .JA.MI-:S ^\^ U. (I90S) Acli\-it,y coollicicnls in concoiiliatcd fierilolylo 
(.•oliilloiis nf clcvii(i,:d leriiprialiir(is, nn alisl.nic.t,; .•Mi.ilniit.i of Piijici.t, 15.0̂ A Natl. Mfctiinj, 
.•\inr.r. Chv.iii. S'ir., Ajiril, JIKi.S, Sun I'laneiseo. f'lillfuriila, .S-l.'lO. 

KoitziiiNSKii 11. .S, (1959) I'hy.iimichi-.iniciil liu.ti.i if Ihr. .•\iialy.iis of Ihr. J'tiraijcJiciiii oJ JSIincrtil.-t. 
Cli i ipni i i i i Mild H u l l . 

Koic/.iiiN-si:ii 1), S. (1903) 'riicriimdyn.-iiiiic j-iolentials of opon sysloms who.so ncidity and 
reduction potential aro dctcrinincd by external conditions. Dokl. Acad. Sci. U.S.S.Jl., 
A.G.I. Translation. 1,52, 17.''.-177. 

KoK-/inssicii 11. S. (19(i4) .\i\ oiiUino of niotnsoinul.ic ijrocesscs. Jnl. Ceui. Jie-f. 6, 1713-1734, 
1920-1952, 2109-2198. 

Koit-AiiiN'sisii D. S. (1905) Tho theory of systems willi perfectly mobile componoiits aiul processes 
of mineral forination. .'Imer. J . Sci. 2G3, 103-205. 

OnviLLK P. M. (1903) .-Mkali ion excliango between vapor and feldspar phnsos. .4mc*'. ./. Sci. 
261. 201-237. 

PiuGOOiNE I. (1901) Introduction to Thermodynamics of Irreversible Processes, Second Edition. 
Intci-scicncc. 

Sii^ra';,v L. G. and MAn-rEr.r, A. K. (1904) Sttibility Constants oj Mettd-Ion Complexes. Special 
Pub. Xo. 17., The Cliemicai Society, London. 

THOMPSON- J . B., .Tii. (1955) Tlio thennodynamic basis for the minoral facies concept, .•iincr. 
•I.Sci. 253, 05-103. 

TiiOMi'.sox .1. 11., ,Tu. (1950) Local equilibrium in mola.somatie processes. In Researches iv. 
Geochemistry, (edilor P . H. Abclson), pp. 427-457. John 'Wiley. 

ZEN E-..\N" (lil03) Components, pliivscs, and criteria of chemical equilibria in rocks. .4Hier. J . Sci. 
261, 929-942. 

ZEN I''.-AK (1900) Conslnielion of pre.ssiire-tonipcratiue diagrams for ninlticompoiieiit syslPiiis 
after the method of Schrcincmnkcrs—A geometric approach. U. S. Gcol. Surv. Btdl. 1225. 

'^^^'•'^''''/•'..y.^r...-'"^-'-.'!^'i.^.'i-!-Vy:,l'.T^-'f^'--y^ t.y.'CT.^v-J'i'^iiV'v'^'.'?-;-^'',''- ..V-""'!;-.".'* 

file://�/inr.r
file://�/iialy.iis


C . ' • ' ••* 

sa&:f^^ 

we and P.A. Copley 
y 

is on the diopside-

zaard intrusion and 
id of the successive 

loyd 1968 
1. The petrology of 
ronland 105, No. 4, 

-^^^^a^k^^jm^i^'^^tS^ 

Contrib. Mineral. Petrol. 53, 55-60(1975) - © by Springer-Verlag 1975 

UNIVERSHW 
RESEARCH BNSTITUTE 
EARTH SCIENCE i m . 

SUBJ 
GCHM 
LSTX 

Experimental Study of T— XQQ^ Boundaries 
of Metamorphic Zeolite Facies 

l.p. Ivanov and L.P. Gurevich 
Institute of Experimenlal Mineralogy, Academy of Sciences of the USSR, Chernogolovka 

Abstract.The T—X^o, conditions of reactions: Lom = Pr-l-Mont-l-Qz-fH^O 
and Lom-fHjO-f C02 = Ca-f Mont-fgz limiting the laumontite stability 
field that represents the zeolite facies of regional metamorphism have been 
experimentally studied at ^= 1000 bars. The stability of laumontite has been 
confirmed al very low carbon dioxide contenis in the solution. The boundaries 
of metamorphic zeolite facies were experimentally and thermodynamically 
found to be (to a first approximation): temperature range —200-270° C, maxi
mum total pressure (PJ up to 2500 bars, maximum carbon dioxide pressure up 
to 40 bars. 

Introduction 

The zeolite facies of regional meiamorphism is known as the lowest in temperature 
and pressure, ll has been described by Coombs in a svork on Triassic volcanic and 
sedimentary rocks from Southland, New Zealand [I]. He subdivided il into a 
heulandite subfacies wilh heulandite and analcite (low grade), and a laumontite 
subfacics where heulandite is being replaced by laumontite, and intensive albiliza
tion of analcite and original rock plagioclases is laking place (higher grade). 

Fyfe et al. [2] and Winkler [3] consider the zeolite facies as composed of the 
Coombs' laumontite subfacies only, the heulandite subfacies being diagenetic. 
However the separalion of zeolite facies of regional metamorphism is not uni
versally accepted. Thus, Dobrcisov and Soboiev [4] share Eskola's viewpoint 
lhat the zeolite associaiions are formed under hydrolhermal condilions, depend 
on solution composiiions and that Iheir chemistry and mineralogy and do nol 
conform lo mciamorphic facies. 

In this paper, we are reporting on results of experimental and thermodynamic 
sludies of mineral equilibria corresponding to the inetamorphic zeolite facies, 
which to our mind vvill contribute greatly to understanding the problem. The 
choice ofthe model sysiem has been infiuenced by: 

1. Petrologic data on regionally altered rocks [1,4-10] show that analcite, 
albiie, quarlz, prehnite, montmorillonile and kaohnite occur in paragenetic 
associations wilh heulandite and laumonlile. 

2. The conditions of the actual zeolite formation [11], experimental data on 
the wairakite decomposition lo calcite-{-montmorillonite [12], geologic evidence 
and thermodynamic calculations [13-17] indicate that the Ca-zeolites are e.\-
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Table 1. Minerals ofthe system CaO—AUOj—SiO^—H^O—COj 

Mineral 

Heulandite 
Laumonlile 
Prehnite 
Ca-Monimorillonite 
Kaolinite 
Quartz 
Calcite 

Mineral 
abbreviations 

Heu 
Lorn 
Pr 
Mont 
Kaol 
Qz 
Ca 

Formula 

CaAIjSi^O.^eHjO 
CaAl jS i , iO , j4H,0 
CajAUSi30,<,(0H)j 
Cao,44Alj.3jSi,.j„0,.o,(OH), „ 
AljSijOjiOHU • HiHjO 
SiOj 
CaCO, 

«HjO 

Tabic 2. Slable rcactl 

— ; — : 1 
No. of reactions H 

I 

li 
0. 
(lj 
O.I 

ci 
III 
C: 

tremely sensitive to the carbon dioxide in the solution and thai they are slable at 
low CO2 partial pressures of aqueous solutions. In natural paragenesis, analcite 
occurs in all associaiions with heulandite, and albiie is found in associaiions with 
laumonlile ("irans" inincrals). 

Some Considerations 

Thus, the phase equilibria in the sy.steiri CaO—Al,0,—SiO,—H ,0—CO, mighl 
be used to study, lo first approximation, zeolite facies. Tabic 1 gives lhe minerals 
in these equilibria. 

We arc unable as yet to control the fugacities of two volatile components 
(H2O and COt) ofthe .system independently and simultaneously. Taking this fact 
into con.sidcration, wc a.ssumc lemperalure (T), total pressure (/̂ ), fugacity (or 
partial pressure) of one of the volatile components, and mole contents of CaO, 
AljOj and SiO,, as indepcndenl parameters defining phase equilibria in the 
sysiem. The CO, fugacily {.fco,) sliould be taken as an independent parameter 
for H , 0 and CO,, since as it follows from the above, il will markedly influence 
the stability fields of laumonlile and heulandiic. This holds also for petrologic 
condilions where metamorphic solutions are essentially a H,O-f CO, mixlure 
withoul appreciable amounts of any other components. The system under study 
is possibly open lo water and carbon dioxide only and therefore it conforms lo 
mineralogy and chemistry of mciamorphic facies. 

Topological analysis of the CaO—Al ,0 ,—SiO,~H,0—CO, sysiem (with 
due regard lo natural mineral paragenesis) revealed stable reactions, shown in 
Table 2. Our'discussion is confined lo the reactions with excess quarlz because 
these reactions more closely correspond lo regional meiamorphism of volcanic 
and sedimentary rocks. Divergence from sloichcomctric equations of the re
actions (l)-(9) prevents some dirficiilties. because Ca-zeolites (laumontite and 
heulandite) and clay minerals (Ca-montmorillonite and kaolinite) are minerals 
of "variable witter conlenl". The dilTercnliai ihcrmal analysis has shown that a 
temperaUire rise to within 150-200° resulted in intensive release of "zeolite" 
waler from laumonlile and heulandite and of absorbed water from Ca-mont-
morillonilc and kaolinite Water content of these minerals under hydrothermal 
condilions (depending on Tnnd /^|,o) has nol bcon studied. In Eqs.(l)-(9) k was 
assuiued to be the variation in zeolitic water conlent at elevated T and P as 
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Experimental Study of T-ATco, Boundaries of Metamorphic Zeolite Facies 

Table 2. Stable reactions in the system CaO—AUO3—SiO^—H jO—COj with excess quartz 

Ho. of reactions Reactions 

57 

l.6Ca-t-0.89Monl = Pr-f(0.29-t-nlHjO-(-l.6COj 
3.58 Lom=l.35Pr-f2Monl-f 3.51 Oz-1-(I0.06-3.58k-2n)HjO 
Lom-f Ca = Pr-f Qz-f (3 -1;) H 2O-t-CO, 
0.6Ca -^0.89 Mont -f Qz = Lorn -f (0.89/i + fc -2.72) H ,0 -(-0.6CO, 
0.88Ca-1-2.23 Kaol-I-2.3Qz = 2 Mont-l-{l.55-f2.23»i'-2n)HjO-^0.88COj 
0.88 Lorn-H.35 Kaol-l-0.54Qz = 2 Mont-f-(3.31-0.88 k-l-1.35 m-2n)Hj6 
Ca -I- Kaol -f- 2 Qz = Lorn -f (»i -I- fc - 2) H ,0 4- CO, 
Heu = Lom-(-20z-f 2H2O 
Ca-t-Kaol-t-4Qz = Heu-)-(m-(-fc-4)ll,0-h COJ 

compared wilh Table I. Water content in Ca-montmorillonilc is denoted by n, 
and in kaolinite by in, as in Tabic I. 

The change in values of A:, n and in over ccrlain ranges are lo be deicrmined. 
It is petrologically imporiant first to evaluate external (intensive) parameters 

T, P̂  and /^Q, (of the general form HcoJ- Al P, = const. all the reactions of Tabic 2 
are monovariant and their equilibria mighl be (experimentally) studied as a 
funclion of 7'and |i(.„,. Maintaining definite CO, moic content (fraction) in the 
fluid phase enhances the .̂̂ .̂̂ y, control in experiments carried out by the ""big 
capsule" technique To oblain morc reliable rcsulls a new precision lechnique has 
been developed involving the introduction of pure carbon dioxide into the system. 
The new method of dose CO, in an Ag capsule by freezing was used [18, 19]. 

An impulsive ampule shaker was al.so designed and successfully used for 
initiation of reactions, which permitted the equilibria to be more accurately 
defined fiom the two sides. In our experiments with equilibria of the reactions 
(l)-(5), Table 2, wc found as expected, that these reactions attain equilibrium 
slale at low 7 - X^Q, values and their experimental identification presents con
siderable difficulty. 

Results 

The results arc shown on the IcniperaUire-niole fraclion of CO, diagram of the 
sysiem where A'C-Q, is the mole fraclion in the mixture H,O-t-CO, (fiuid phase) al 
P= 1000 bars (Fig. 1). The reaction (8) boundary is an extrapolation of Nitsch's 
(1968) dala from 5000 to 1000 bars. Reactions (7) and (9) have nol been experi
mentally studied. The lines 7 and 9 arc as from topological analysis. 

The diagram of Fig. 1 shows that at ^=1000 bars the laumontite stability 
field is limiled in the upper part by the decomposition reactions (2) of laumonlile 
lo prehnilc +monlmorillonile accompanied by water removal al 7 = 260-270° C. 
The lower boundary of this field is represented by reaction (8) of laumontite 
transition to heulandite (hydration reaction) at 7'~220°C. On the right the field 
is limited by reactions (4) aud (7) of laumontite carbonization with the formation 
of clay minerals. Maximum CO, content in ihc fiuid is 2.0-2.3% (mole) which 
nearly corresponds lo the CO, partial pressuie /Jo, = 20-23 bars. The laumonlilc-
prehnitc association is seen to be stable in ihc upper pari and the laumonlitc-clay-
mincral association is slable in the lower zones of this field. Heulandite field 
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' Kcoe *Ca = (feu 
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Fig.l 

20 50 p,o ,̂4o: 
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Fig. 1. The '/"- AĈ oj diagram of stability fields of laumonlile, heulandite, prehnite and Ca-mont-
morillonilc in the system CaO—AljOj—SiO,—H_,0—CO^. Lines I. 2, .3, 4, 5 - a s estabiished by the 
aulhors; line 8-after Nitsch(1968); lines 6, 7-according lo topological construclion 

Fig. 2. Displacement of Ihe laumontite slabiliiy boundaries as a function of /J. Solid lines-at P̂  = 
ICKWbars; doited lines-al /̂  = 500bars; dash-dot lincs-at /̂  = 250O bars. Numbers of reactions 
are same as in Fig. I 

bounded by reactions (8) and (9) extends into the temperature region of lower 
than 200° C, and iJo, ^̂  '^ b>.\T%. Lower boundaries of the prehnite reactions (1) 
and (3) and Ca-monimorillonilc reactions (5) and (6) slability fields are also 
distinctly seen on the diagram. Prehnite and Ca-montmorillonite turned oul lo 
be less sen.sitive to /^QJ changes in the solution. Kaolinite is a lower-iemperalure 
mineral than Ca-montmorillonite. 

In accordance wilh Table 2 and Fig. I, there are two types of slable reactions 
in this system: net hydration reactions: (2), (6) and (8) and coupled hydralion-
carbonizalion reactions: (1), (3), (4), (5), (7) and (9). We have experimentally 
eslablished that in the temperature range 220-300° C the coupled hydration-
carbonization reactions involving laumontite and calcite proceed at fairly high 
rates. Thus, al /^= 1000 bats, the reaction (4) rate is comparable with that of the 
decomposition reaction muscovite = potassium feldspar-l-corrundum-t-HiO in 
the range 550-650° C. Reaction 5 involving clay minerals and calcite is very 
sluggish and therefore it should be initialed to attain equilibrium from two sides 
(kynetic method of "monovariant association"). This is also true for a nel hydralion 
reaction and especially for rcaclion (8). 
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The total pressure effect on the equilibria of coupled reactions hydration-
carbonization has nol been studied. It was defined to a first approximation by 
thermodynamic calculations ofa formula: 

lg^co.= 
-(^JG°+^K^ + "co.'4-576 •T^lg/c*o, + >7H20-4.576 •T-lg/H*o) 

Hco,-4.576-7 

where X^Q^ is the CO2 mole fraction in the mixture HjO-t-COj at given P̂  and T 
values; zlC? —standard free energy ofthe reaction calculated by the experimental 
curve (Fig. 1) for Tand P̂ = 1000 bars; .dK.-the molar volume change of solids in 
the reaction; /icoj and »„jo~stoichiometric coefficients of CO2 and H2O in the 
equation ofthe reaction;/c*02 and/,f^Q —fugacities of pure CO2 and H,0 compo
nents. This expression does not consider the mixing energy of real gases H,0 
and CO2, and may be used for calculations at low CO2 contents in the fluid 
(less than 3% mol.). 

We have calculated the equifibria of reactions (1), (2), (3) and (4) bounding the 
laumontite and prehnite stability fields for /̂  = 500 and 25(X) bars (Fig.2). The 
slope of line 2 was determined by two points al X^Q^ = 0 and A'̂ oj as determined 
by the intersection of lines I, 3 and 4. Allowances were made for T- and /f,̂ o-
dependent changes in the zeolite-water content in laumontite and in the absorbed-
water content in monlmorillonile The vaiucs in Fig. 2 are only lenlalivc. How
ever, it could be cleady .seen on the diagram that lowering lolal pressure lo 
/̂  = 500 bars appreciably enlarges ihc slability field of laumonlile inlo the zone 
of higher CO2 partial pressure Increa.se in total pressure, in contrast, makes this 
field smaller. At /^o^~ 50-60 bars and /J,jo'~2500 bars the laumontite field 
practically "wedges oul". 

Summary 

1. According to Turner and Winkler, the zeolite facies of regional metamorphism 
comprises stable associations with laumontite only. This theory seerns to be mosl 
reasonable. Isochemical reactions yielding heulandite are sharply inhibited, and 
therefore heulandite must be epigenetic. 

Local accumulations of heulandite result from ihc aclion of hydrothermal 
solutions on rocks involved in hydrolysis reactions. Two subfacies might be 
distinguished within the zeolite facies: quartz-prehnite-laumontile and quarlz-
clay-laumontilc. 

2. Associations with laumontite have been experimentally verified to be 
slable only at low CO, contents in the fiuid. The external parameiers of the zeolite 
facies are likely lo be as follows; lemperature range 200-270° C; maximum lolal 
pressure i^~2500-3000 bars; maximum pariial pressure of carbon dioxide 
/co2~40-60 bars. The boundary between epigenic zone and zeolite facies could 
be established from isochemical reactions of transition of heulandite lo laumonlile 
and of quartz-clay-carbonate association lo associaiions wilh laumonlile. 

Ackiiuivlcilgeniciii.s. The aulhors are graieful lo Pr. A. A. Marakushcv (Moscow Slate Univcrsitct) 
for useful suggestions and comments. 
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The rare earth oxyfluorides were prepared by Popov and Knudson'^^''* 
by treating the fluoride at 800° for about 100 hours vvith air, nitrogen, 
ammonia, or hydrogen containing water vapor. LaOF, NdOF, SmOF, 
EuOF, and GdOF vvere prepared using air or nitrogen as the carrier gas 
and CeOF, PrOF, and TbOF using hydrogen. Cerium oxyfluoride vvas 
made by Finkelnburg and Stein<-25) by haking a mixture of CeOs and 
CeFz for 5-30 min at 3000°IC. Its crystal structure was studied. Mazza 
and Jandelli<''65) studied the structures of PrOF, NdOF, and SmOF. 

XXI. Actinide Metal Fluorides 

Thorium tetrafluoride, ThF4, was prepared by Lipkind and 
Ncwtont^ss) by the reaction of ThH4 with hydrogen fluoride at 350°. 
Its vapor pressure in the solid phase from 1055 to 1297°K is given by the 
equation logio Pa tm = 9.105 — 16,860/7' and in the liquid phase from 
1437 to 1595°K by logio Paim = 7.940 - 15,270/r, according to Darnell 
and Kencshea*^''^). It is monomeric in the vapor. The X-ray diffractions 
of its hydrates were reported by D'Eyc and Boothd**"). Zachariascn'^^'* 
reported the crystal structure of a-KoThFo, a-Na^^ThFe, ThOFo, CaThFo, 
SrThFe, BaThFe, PbThFc, ThFa, and NaTh2F9. T'homa et «/.<733c) 
reported the compound NaF • BeF2 • 3ThF4 melting at 745°; and Thoma 
and Carlton(™h) found 3CsF • ThF4 melting at 980°, 2CsF • ThF4 
melting at 869, and CsF • ThF4 melting at 830°. 

Protactinium tetrafluoride PaF4 was prepared by the action of a 
hydrogen-hydrogen fluoride mixture on protactinium dioxide at 600° 
by Sellers et a/. '̂'̂ '̂. It is a reddish brown solid that reacts with moist 
oxygen when heated. It is a starting material for the preparation of the 
metal. By the action of bromine tri- or pcntafluoride on protactinium oxide 
a volatile compound was formed that may be the pcntafluoride or 
an oxyfluoride. Because of the ability to separate protactinium from thorium 
with a stream of hydrogen fluoride above 450°, Schulz^^^) also assumed 
a volatile compound of this kind. A complex salt K2PaF7 was also reported. 

The preparation of uranium trifluoride has been studied in various 
laboratories. The methods all consist of the reduction of UF4. Katz and 
Robinowitch(388) discussed a number of these Reduction with hydrogen 
is not very satisfactory but is accomplished at 1000° if the UF4 is very 
pure and both vvater and oxygen are rigorously excluded. Reduction with 
uranium metal at 1140°C gave a satisfactory product according to Warf<'̂ ^>. 
The temperature must not be much higher than this because of the re
versal of the reaction. Runnalls*''''^) found that aluminum could be used 
at 900° with the formation and volatilization of AIF. At 1200° UF3 com
bines with NaF to form Na2UF5 according to D'Eye and Martin"^'''^>, 
Crystallographic data for UF3 was reported by Staritsky and Douglass('^^>. 
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As prepared, uranium trifluoride appears black; but under the micro
scope the crystals are violet red in color. The melting point is not known, 
because above 1000° the compound reacts with itself to form the metal 
and the tetrafluoride. Its crystal structure was discussed by Katz and 
Robinowitch*3S8>. i i [̂  only slowly affected .by most air; but if heated to 
900°, it is converted to UsOs- Water reacts with it at 100°. Acids react 
only slowly unless oxidizing. Oxidizing agents react rapidly. Chlorine 
reacts to form UF3CI. It can be reduced to the metal by an excess of 
calcium. 

The details of the preparation of uranium tetrafluoride, UF4, have 
been extensively investigated in the various atomic energy programs. These 
are described at considerable length in the book, "The Chemistry of 
Uranium"<-''8S>. From aqueous solutions the hydrate UF4 • 2.5IT2O is 
precipitated by the addition of fluoride ion usually from hydrofluoric 
acid to a solution containing U''''" ions. The U''''' ions are frequently 
obtained by reduction of a uranatc, UO.r", or urayl, U02-''', solution by 
various reducing agents. The material obtained in these ways contains 
impurities in addition to H2O. This hydrate can be converted to the 
monohydrate, UF4 - M2O, by drying at 100°. At 400° this monohydrate 
loses water, but the product UF4 is contaminated by products of both 
hydrolysis and oxidalion. If this dehydration is done under reduced pressure 
and in the presence of hydrogen fluoride vapor, a purer product results. 

Anhydrous UF4 can be obtained purer, if aqueous solutions arc avoided. 
At 500-750° a mixture of ammonia and hydrogen fluoride will convert 
UO3 to UF4- Uranium trichloride reacts at 450° with hydrogen fluoride 
to give the tetrafluoride and hydrogen. Uranium oxides with ammonium 
bifluoride at 700° give UF4. .'\t 450° NH4UF5 is obtained. Uranium tetra
chloride reacts with liquid hydrogen fluoride to give a product which 
appears to be Ul-'j • HF. Upon heating in a vacuum at 625°, hydrogen 
fluoride is lost and UF4 formed. Pure anhydrous UF4 can be obtained from 
the pure metal by first converting it to Ulls with hydrogen at 250° and 
then treating this w-ith hydrogen fluoride at 200°. Sohoo and Patnaik*'''''" 
stated that UF4 resulted from the reaction of uranium tetraacetate and 
ammonium bifluoride at 450° under vacuum. 

Uranium tetrafluoride is a green crystalline solid only 0.10 gm soluble 
in a liter of water and rather inert chemically. At elevated temperatures 
particularly above 600°, UF4 is converted by water to UO2. In the presence 
of oxygen, UO2F2 is formed. With elementary fluorine at different 
temperatures and under different conditions higher fluorides of uranium 
are formed up to^UFc. These reactions have been very extensively studied 
as means of preparing UFg for the thermal diffusion process of separating 
the uranium isotopes. Above 250° UFQ is the principle product. It can 
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also be obtained by the reaction of UF4 with C0F3. Uranium tetrafluoride 
reacts with dilute acids to give tetravalent uranium salts. Dilute sulfuric 
acid and silica result in U(S04)2 for example. It also will react at 250-500° 
with AICI3 to form UCI4. Oxidizing acids form uranyl ion solutions as 
do most strong oxidizing agents. Terebaugh el fl/.<''32) described ways to 
obtain UsOs from UF4. Fusion with ammonium oxalate is one method 
and treatment at 800 to 850° with superheated steam is another. 
Robinson(58i> reported that above 630° calcium sulfate will react to form 
U3O8 by the reaction 6CaS04 -f- 3UF4 '̂ 2±=Î °l 6CaF2 -t- UaOg -t- 2SO2 
-f 4SO3. 

The reaction of uranium tetrafluoride with oxygen at 800° to form 
UFc and UO2F2 was apparently first reported by I'ricd and Davidson<25i). 
This is a method of obtaining UFo without the use of elementary fluorine. 
A patent to Haimcr'''i»2) discloses the same method. Ferris(22i,222) showed 
that some UF5 results in this reaction, probably from the combination of 
UFfi with UF4; and he studied both the thermodynamics and kinetics 
ofthe reaction. 

The melting point of UF4 is 960 ± 5°. It has a vapor pressure of 
1.9 X 10-4mmI-Ig at 760°. Langer and Blankeiiship('''-'ia) reported the 
vapor pressure of liquid UF4 between 1018 and 1302°K to follow the 
equation logic Pm,,, = 37.086 ± 0.03 - 16.840 ± 44 ' / - ! - 7.549 log T. 
This gives a boiling point of 1729°K and a AS of vaporization = 29.7 e u . 
Its crystal structure was discussed by Katz and RabinowichW^S) and its 
crystallographic data reported by Shanker, Khubchandani, and Pad-
manabham(6G5>. The heat capacity of uranium tetrafluoride was determined 
from 5 to 300°K by Osborne, Westrum, and Lohr'^^'D. As the measure
ments below 20° difl'er considerably from the extrapolation given by 
Brickwcdde, Hoge, and Scott'S^) in this temperature range, some changes 
in the thermodynamic properties result. At298.16°K C = 27.73 ± 0.03 
cal per deg per mole, H^ - / /o" = 5389 + 6 cal per mole, and 5 ° - 5oO = 
36.13 ± 0.04 cal per deg per mole. 

Uranium tetrafluoride forms double salts with metal fluorides NaUFs, 
NajUFc, NagUFc, KUF5, K.UFc, K3UF7, K2U2F9, and KUGF25 are 
mentioned and crystal properties studied. .Some of them exist in several 
crystal forms. Thoma cirt/.(^33t> reported the compound NaF • BcFo • 3UF4 
which melted at 548°. Harris^^o^a) studied the crystal structure of RbsUFa 
and <3o-"i)RbUGFo5 which he found isomorphous with KUcF2,r, and KThcFoj. 

The intermediate uranium fluorides aUFs, ^UFs, U2F9, and U4F17 
are mentioned in Volume I of "Fluorine Chemistry" and discussed in detail 
in "The Chemistry of Uranium"<388), and also in two books of the United 
States Atomic Energy Commission'''"' and in individua! reports such as the 
one of Argon et al.̂ ^K There arc very few additional recent studies of them. 
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Uranium hexafluoride, UFe, can be made by the action of elementary 
fluorine on the metal or any of its compounds. It was first prepared in this 
way using either the metal or its carbide. Because of the iinportance of 
producing large quantities of the compound fpr the atomic energy pro
gram, many methods were devised for producing it using less elementary 
fluorine or none and also avoiding the use of the pure metal. The fluorina-
tion of the tetrafluoride by either F2 or C0F3 is one such method. In this 
reaction the pcntafluoride is first produced, if the reaction temperature is 
less than 250°; and the hexafluorine results from its further fluorination. 
Uranium oxide, UgOg, reacts with fluorine at 360° or at 300°, if mixed 
with carbon. Hydrogen fluoride reacts at 500° with U3O8 to form UO2F2 
and UF4. This mixture produces UFe on further fluorination. 

It has been mentioned above that UF4 reacts with oxygen to form UFe 
and UO2F2. With hydrogen fluoride UCI5 can be converted to UF5, at 
175° UF5 is converted into U2l'".5 and UF'e, and above 200° U2F9 goes 
to UF4 and UFe. By the following reactions, 

12UC16 -f 6 0 H F -> I2UF5 -f 60HC1 

12UF5 ' i£ :4UaF9 -t- 4UFo 

4U2F9 200'̂  6UF4 -f 2UFo 

6UFj -(- 3O2 -+ SUGsFa -f 3UFo 

I2UCI5 -f 6 0 H F -)- 302 ->9UFo -f 3UOjF2 -f 60HCI 

three-fourths of the uranium in the peiitachloridc can be converted to 
UFfi without the use of elementary fluorine It is also reported by Rosen*^^^' 
that UCIG reacts with hydrogen fluoride at 60 to 150° to produce UFe-

Uranium hexafluoride is a very reactive chemical. It reacts with water 
readily to produce UO2F2 and hydrogen fluoride. I'his reaction has been 
studied by Googin*-'^). It also reacts w-ith glass or quartz, particularly 
in the presence of water or hydrogen fluoride Hydrogen fluoride is equiva
lent to water for this reaction, as it produces water from silica. As all glass 
has water on its surface and as hydrogen fluoride is a common impurity 
in UFe, glass or quartz vessels cannot usually be used to contain it. If the 
UFG is freed from H F and the glass thoroughly dried, the action is slower; 
and it can be still further reduced by adding dry KF or NaF as shown by 
Grosse(28i), These salts combine with both FIF and HoO. They also add to 
SiF4 so that they remove reacting molecules. Copper, nickel, and alumin
um are satisfactory material for equipment for handling UFQ. 

Uranium hexafluoride docs not react with o.xygen, nitrogen, chlorine, 
or bromine gases. It dissolves in liquid chlorine and bromine and can react 
with carbon dioxide. It dissolves without reaction in liquid fluorocarbons. 
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It reacts with hydrogen above 400° but only complex products are pro
duced, and the reaction gives evidence of being one having a large energy 
of activation. Hydrocarbons and other organic compounds will reduce it at 
room temperature but SO2 does not at 150°. Johns et a/.(272) found that 
ammonia reacts rapidly at — 80° to reduce it to a mixture of products one 
of which is NFI4UF5. Flydrogcn bromide at 80° and hydrogen chloride 
at 300° reduce it to UF4 and hydrogen fluoride with the formation of the 
free halogen. At 500° UFe reacts with UO2 to form UO2F2 and UF4 
according to Rampy*^^!). In a study of the freezing solubilities of the 
UFe—FIF system. Rutledge, Jarry, and Davis'^"^* concluded that no 
complex compound exists between these two substances, Grosse'28i) 
affirms that no combination occurs between sodium or potassium fluoride 
and uranium hexafluoride in the absence of hydrogen fluoride and that 
the combination contains only one mole per mole of hydrogen fluoride, 
when it is present. Fie also states that KF • FIF does not react with UFe-
Other workers find the complex UFe • 3NaF to be formed. Martin, 
Albers, and Dust*''^''' reported this compound, Massoth and HcnseH'"'*'* 
studied the kinetics ofthe reaction even as low as 24°, and Cathers, Bennett, 
and Jolley'ii'" measured the vapor pressure of UFe from the complex 
and agreed with Martin, Albers, and Dust(''57) that between 200 and 450°, 
UFe • 3NaF -> UF5 - NaF + 2NaF -f O.5F2 and above 450°, 
UF5 • NaF -> UF4 • NaF -f O.5F2. Worthington<«05) also found that NaF 
and UFe combined at 80-130° to form NasUFg which at 150° and low 
pressure gives NaaUF? and F2. Riidorff and f..euthcr<^"i> reported Na3UF8 
by treatment of NasUF? with F2 at 390-400°. In copper at 410° NaF and 
UFe resulted, Martin, Albers, and Dust<''^') reported that UI-"e also com
bines below 100° with AgF, KF, and RbF as well as NaF to form 
UFe—3AgF, UFe • 3NaF, 2UF6 • 3KF, and UFQ - 2RbF(?), 

The physical properties of uranium hexafluoride have been extensively 
studied. For a thorough treatment the various reports of the atomic energy 
commissions, authorities, and conferences, should be consulted, for 
example, the survey by Dc Witt068a) xhe melting point is given as 
64.052°C, Oliver, Milton, and Grisard('̂ 20) determined its vapor pressure 
and critical constants. The vapor pressure of the solid (0 to 64°) was found 
to be represented by the equation logio Pmm = 6.38363 -)- 0.0075377< — 
942.76/(/ -f- 183.416). Similarly the vapor pressure of the liquid from 64 
to 116° is logio Pnm. = 6.99464 - 1126.288/(< -f 221.963) and above 116°, 
logio Pmm = 7.69069 - 1683.165/(/ -)- 302.148). The critical temperature 
= 230.2 + 0.2° and the critical pressure = 45.5 ± 0.5 atm. Triple 
point = 64.02 + 0.05°. A / / a t triple point = 6.82 kcal per mole. The heat 
of sublimation at 25° = 11.80 kcal per mole and at 56.54° and one atmos
phere = 11.50 kcal per mole. The heat of fusion at the triple point is 

4.58 kcal per mole. As i 
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4.58 kcal per mole. As reported by Katz and Rabinowich'^ss), the free 
energy of formation APSOS^K = — 485 kcal per mole. For solid UFe, 
H - Ho = 9865.0 - 20,082r -f 0.0807907^2 - l,047,9207'-i, 
S - S o = 125.59 - 20.082 I n T -b 0.16127" - 523,960r-2. For liquid 
UFe, H - Ho = 5986.6 -f 17.954r -h 0.032514^2 _ 666,990r-i, 
5 - So = - 50.33 -1- 17.954 In T -f 0.065028r - 333,490r-2. The 
precision of the above is ±0 .01%. For gaseous UFG-/^ = 8460 -I- 32.437"-!-
0.003968r2 + 320,680r-2 cal per mole. S l̂ atm) =• 74.69 log T -f-
0.0079357" -1- 160,3407"-2 - 98.05 e u . The density of liquid UFG, 
p = 3,630 - 5.805 x IQ-^t - tf) - 1.36 x lO-=(t - tff, tf = 64.052°C. 
The viscosity, e x IO"" poises = 1,67 - 0.0044^ t 'm°C, ± 2 % , The 
surface tension in dynes per cm at 70° = 16.8 + 0.3, at 80° = 15.6 ± 0.3, 
at 90° = 14.3 ± 0.3, and at 100° = 13.1 ± 0.3. The dipole moment is 
essentially zero. The dielectric constant of the liquid at 65° = 2.18. The 
molar polarization was given as 27 + 0.3 by Smyth and I-Iannay(^''2) and 
31.034 by Magnuson('"5). 

The crystal structure of uraniuin hexafluoride was reported by Floard 
and Stroupe<33i). These measurements are not critical in regard to the 
molecular structure as cither a totally symmetrical or an unsyininctrical 
structure would satisfy the measurements. The electron dilfiaction 
measurements of Baucr'^'^' indicated an unsyininctrical structure, although 
the Raman spectrum by Claassen, Weinstock, and !\Ialm<i'-'5)̂  the infrared 
by Gaunt<'25''), and by Hawkins, Mattraw, and Carpcnter*3oi'), and both 
by Burke, Smith, and Nielsen*^'"" strongly favor a totally symmetrical 
structure not only for UFe but also for .MoFe, WFe, SFe, SeFc, TcFe, 
ReFe, OSFc, IrFc, NpFe, and PuFe. Using a symmetrical model Wein
stock and Malm*"''^' gave 1.994.A. as the U—F distance from electron 
diffraction measurements. 

The crystal structures of a number of uranium compound were 
determined by Zachariascn<8i3). These include aK2UF6, aNa2UF6, 
aKLaUFe, UF3, SrUFo, BaUFc, PbUFe, UF4, K3UF7, and UaFn. 

Uranium forms compounds in which morc than one kind of halogen 
atom is attached to the fluorine atom. In the tetravalent uranium fluorides 
Warf and Baenzigen'^^ei) found UCIF3, UCI2F2, UBrF3, UIF3. The 
first of these, UCIF3, is stable but cannot be volatilized. UCI2F2 dis
proportionates to UCI4 and UFi, UBrFs is stable below 450°, and UIF3 
is stable below 100°C, The first and last two were made by the reaction 
of UI-"3 and the halogen; UCI2F2 was made by the reaction of UO2F2 and 
CCI4 in the liquid phase under pressure at 130°, 

Uranyl fluoride, U02l'"2, as the mono hydrate, UO2F2 • FI2O, or a 
questionable dihydratc can be obtained by dissolving a uranium oxide 
in hydrofluoric acid. The anhydrous compound can be prepared by 
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treating UO3 with FIF at 350 to 500° or by the action of fluorine with a 
uranium oxide at 350°. It is also one of the products of the oxidation with 
oxygen of UF4 to form UFe. It is hydroscopic and significantly soluble 
in water, 67.3wt% at 35°. Its aqueous solutions do not attack glass. It does 
not melt but decomposes on heating above 300°. At 850 to 900° UF4 and 
F2 or UFo are formed. Ellis and Forrest<2ooa) reported that at 150° UO2F2 
reacts with CIF3 to produce UFG, CIO2F, CI2,02, and F2. It can be reduced 
with hydrogen at 600° to UO2 and FIF. It forms many complex salts such 
as NaF • UO.2F2, 3KF • UO2F2, 3NH4F • UO2F2, 3KF • 2UO2F2, 
5KF • 2UO2F2, and 2CsF • UO2F2. Solutions of these salts appear to 
form insoluble per compounds upon the addition of hydrogen peroxide. 
These compounds decompose at 100°. The preparation of K3UO2F5, 
(NH4)3U02l-"5, and CS2UO2F4 were given by Dicke and Duncan(i'3), the 
crystal structure of K3UO2F5 by Zachariascn<8i3)^ and that of K5(U02)2F9 
by Staiitzky, Cromer, and Walker*'!"'. 

Neptunium trifluoride, NpFs, is a purple hexagonal crystalline com
pound having a heat of formation of - 3 6 0 + 2 kcal per mole, according 
to Cunningham and Hindman*'-'''''. It was prepared by treating the dioxide 
with hydrogen and hydrogen fluoride at 500°. It was reduced to the metal 
at 1300° by reaction with barium as shown by Westrum and Eyring'^'^'. 
It can be obtained from the tetrafluoride by reaction with I-I2 and HF at 
elevated temperatures according to Fried and Davidson*-̂ '"*) Jtg crystal 
structure and also that of NpF4, NpFe, and KNP2F9 were studied by 
Zachariascn'*'!-''. 

Naptunium tetrafluoride, NpF4, is a light green monoclinic crystalline 
substance with a heat of formation of —428 + 3 kcal per mole It vvas 
made from the trifluoride by reaction at 500° with oxygen and hydrogen 
fluoride*^''*". It can also be made by the reaction betw-een Np02 and HF 
at 400 to 700° according to Fried and Davidson(2'i9). Np(0H)4 can also 
be used. 

Neptunium pcntafluoride is not reported as having been prepared. 
Neptunium hexafluoride, NpFe, is a white orthorhombic crystalline 

compound with a heat of formation for the gas of —463 ± 3 kcal per 
mole'i^"'. It was prepared by the action of F2 on either NpF3 or NpF4. 
Malm, Weinstock, and Wcavcr<'52) gave detailed directions for its prepara
tion and purification. They studied the infrared spectrum and concluded 
the molecule to be symmetrical. Raman spectrum cannot be taken as the 
compound is sensitive to photochemical decomposition. Weinstock, 
Weaver, and Malm*''''''' stated the vapor pressure of the solid from 0 to 
55.10° followed the equation login Pmm = 18.48130 - 2.6690 log 7 " -
2892.0/7"aad that ofthe liquid from 55.10° to 76.86° logio P = 0.01023 -f 
2.5826 log 7 " - 1191.1/7". The boihng point = 55.18°, the triple 
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point = 55,10° at 758.0 mm of Hg, and the A/ / of fusion = 4198 cal per 
mole, and AS of fusion = 12.79. The Np—F distance = 1.981A, The 
infrared spectrum was reported by Malm, Weinstock, and Claassen*''^!). 

Neptunium dioxydifluoride, NPO2F2, was prepared by the action of 
hydrogen fluoride on NaNp02Ac3 at 300-325°. The complex salts 
NFl4NpF"5 and KNP2F9 were also reportcd*!^^'. 

Plutonium trifluoride, PuFs, is a hexagonal crystalline solid melting 
at 1425 ± 3°C with a heat of formation of — 375 + 1 kcal per mole and a 
heat of fusion of about 13 kcal per mole according to Cunningham*!^'''. 
It was prepared from most plutonium compounds such as Pu02, PUF4, 
Pu(N03)4 • ATI20, or Pu02(N03)2 • .VH2O with hydrogen fluoride and 
hydrogen at 550 to 600°. It may also be prepared by adding hydrofluoric 
acid to aqueous solutions containing Pu(lII) ions. It hydrolyzes with 
water at 70° and at 300° is converted to the dioxide. At 600° with dry 
oxygen it is converted to the tetrafluoride and dioxide according to Fried 
and Davidson*250). Jt reacts with fluorine at 200° to give the tetrafluoride. 
Its vapor pressure was determined by Phipps et w/.*̂ *̂". They give for 
the solid, 120-144°K, logioPmm = 12.468 ± 0.074 - {21,120 ± 100)/7" 
andforthcliquid, 1440-1770°, login Pnm, = 11.273 ± 0.034 - (19,399 ± 
53)/7" from which A// of vaporization of the liquid is 105.9 kcal per mole. 
The vapor pressure of PuFy was also measured by Carniglia and Cun-
ninghamO'2). Westrum and WallmanC^' determined the melting point, 
1425 ± 3°, and gave the dissociation pressure, represented by the equation 
logio Pmm = 38.920 - 24,917/7" - 7.5513 log 7"; and a heat of sublima
tion at 1400° of 89 kcal per mole. '1'he preparation and some of the 
properties of PuFs and PUF4 were treated in considerable detail 
by Dawson et rt/.*!''3) and the preparation of the metal by reduction of the 
trifluoride with calcium was mentioned by Ansel in, F'augeras, and 
Grison<iG). 

Plutonium tetrafluoride, PUF4, is a monoclinic crystalline solid with 
a melting point estimated to be 1310°K and a heat of formation of 
— 424 ± 4 kcal per mole. Mandlebcrg and Davies**'̂ 3'a) determined the 
vapor pressure of PUF4 between 700 and 1200°K. Logic 7'mm = 5.58 — 
10,0407"-!. They state that above 1200° a more volatile species occurs, 
which may be PuFs, and leaving Pul's. The pressures above 1200°F 
follow the equation log Pmm = 36.1 — 54,1807"!. It is prepared by the 
treatment ofthe dioxide with hydrogen fluoride and oxygen at 550 to 600° 
according to Cunningham*!^-''. It can also be obtained from the trifluoride 
by treatment either with fluorine at 200° or with hydrogen fluoride and 
oxygen at 600°. It does not react with oxygen up to 900° according to 
Fried and Davidson<250)^ but docs decompose at 1000°. It forms a hydrate, 
PuF4 • 2.5H2O, Its reduction to the metal is discussed by Fried et fl/.*252). 
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It can be fluorinated a t temperatures, above 100° by elehieiitary fluorine 
to the hexafiupride; ,b,ut the rate becomes sigriificant only above400° 
according to Steindler, Steidlj'afidSteuin'ehberg*''!^', The crystal structures 
of PuQF, PuFa, and.PuFi were giveri by Zachariasen*^!2)_ 

Plutonium oxyfluoride, PuOF, has a tetragonal structure and a rnclting 
poirit above 163S°C. Ft was obtained by heating \PuFs to a v'efy higli 
teraperature. Its crystal structure was given by ZacHariascril^!^', 

Complex salts of tetravatent plutonium were delcribed by Anderson*!"', 
They were made by adding;a solutiori of a soluble tetravalent.plutonium. 
salt to a solution of a flriorid'e. NaPuFs, KPuFa, RbPuFs, and CsP,U2F9 • 
3H2O have bisen identified and the crystal structures detisrmined by 
Zachariasen*^!'''. 

A pcntafluoride of plutonium has not; been idehtvfied, 
PlutoniuiTi hexafluoride; was, first obtained by Florin<23^). Its prepara

tion andpropertieswere.descf ibed by Florin, Tanncnbaum, and Lenion*235>. 
It was prepared by treat'ihg PuOy, PuFs-, or PUF4 with .elementary fluorine. 
In this reaction PU4F17 whicii is ispmerphous \yith U4F17, is,also fprm'ed 
according td Madlcberg, ei a/.*'i5''i). It is an extrcin.ely'powe'rfid flutjririat-
ing agent, even reacting with BrFa to form Brl-'s. ThisJs a reaction beyond 
the fiuorinating capabilities of UFe, as was :slidwh by Weinstock, and 
Ma!m*'̂ <>'". The physical properties of-PUFG were reported by Weinstock, 
Weaver, and Malm*''*^'''. Its triple point is 51.59°, and betw(^:cn 0 and 
51,59° its vapor pressure.can be represented by the equation, log Prmii ~ 
0.39024 -1- 3.4990 log T - 20'95,0/7". "For the liquid :between 51.59 and 
77,17°,. logPmra= 12.145.45- 1.5340 log T - 1807,5/:?; TKe boiling^ 
point is 62,16°, the pressure at the-triple, point is 533.0 mm of Hg; its 
heat offiisioiT is 4456 eal per mdle, audi ts entropy of fusion i&,13.72ca.l 
per mole per deg. The plutdniurri-fluorine distance ip the molecule was 
given by M'einstdck and Malin*''*'^' as 1.969A. Its infrared.spectra was 
discussed by Flawkins, Mattraw, and SabolO!''' and by Malm and Weiti-
stock*«i', 

Plutonyl fluoride, PuOaFg • l-cFJaO, can be pTecipitated as a wjiitc 
gelatinous substance from a mixture of riiethanol and concentrated hydro
fluoric.acid according to Anderson*!!'. It was also discussed by Alcnciiikova 
etaL<.^\. 

Americiurii trifluoride^ AmFa, was made by Fried *̂ 47) by treating the 
hydroxide with a mixture of hydrogen fluoride and o.xygen at 600-750°. 
It is pink and isomorphous with the trifluorides of uraniurii, ricptiiniurii, 
and plutonium. It failed to form the tetrafluoride at 500-700°, when 
treated with elementary fluorine. By rcductioii of the-trifluoride at 110P° 
with barium the metal was prepared by Westrum and Eyringf''''*'. The 
vapor pressure of A'mEs. was deterriiined by Carniglia*!^!', t ie found 

between 1120 and 147i 
gave the melting poin 
95.0 kcal per mole ani 
of the compound wi 
The 'crystal structure, 
DaubenP3!'. ; 

Americium tetrafli 
fluorination of Afntii!', 
at 500^. KAmEs was ; 
The vapo'r pressure o,, 
as follow'ing the equal 
X 103/r. The M I of 

49.8 kcal per,mole and 
Curium trifluoride 

hydrofluoric acid to a 
reduced to the rrietal ; 
Grarie, and Cunninghj 

Gurium tetraflupri! 
with fluorine at 400° 1 
mined. 
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between I'l20 and 1470°K, logio Pmm = 36.880 - 24;,65p/r ^ 7.046 log-^T, 
gave the.melting point as- 17O0-K, and gave for sublimation: AHI273°K = 
9S..0 kcal per mole, and Affo = 112,8 keal per mple. The vapor pressure 
of the coriipound was also given by Carniglia and Gunnin.gham*!!2)_ 
The .crystal structure vvas studied by Zachariasen.arid by Temple ton and 
Dauben(73i). 

Atnericium tetrafluoride, AinF4, was prepai'cd by Asprey*20.) by the 
fluorinatipn'of Am*!!!', as AmFs, Am*!^'', as AmO'a, orAna'^'' coinpouhds 
at 500'̂ , ICAmFs was also formed, but no evidenee was found for AmFg. 
The vapor pressure of AmF4 was given by YakGylev and Kosyakov*®*'*' 
as following the equation, log Pmm. = 7.727 +' 0.0.93 - (10.886 ± p.qi65) 
X 103/7", The A/7 of sublimation in the teitiperaturti range'383-640° is' 
49.8 kcal per mple.and S85f) = 22.2. 

Curium trifluoride, CmFj, was; rnade by preGipitating -it by adding, 
hydrofluoric.acid to a nitric acid soKitioii of curium(IIl) ion. It can be 
reduced to' the metal-at 1275° with barium vapor accordihg to Walhnan, 
Cra nCj and Cun ii i ngh a m*,?58). 

Curium tetra'flupnde, GniE4, was made, by'fluorinating the trifluoride 
with fluorine at 4"0d° by Asprey et a.iS~ î and its crystal properties deter
mined. 
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ABSTRACT 

Paul, D.K., Buckley, F. and Nixon, P.H., 1976. Fluorine and chlorine geochemistry of 
kimberlites. Chem. Geol., 17: 125—133. 

Abundances of fluorine and chlorine in thirty-two kimberlites and six ultrabasic inclu
sions from India, Greenland and Africa have been determined and shown to be held by 
tpatite (mainly F) and phlogopite (mainly Cl). Compared with other ultrabasic rocks, 
kimberUtes show higher level of fluorine. Secondary alteration depletes chlorine more than 
nuorine. In the Indian kimberUtes, the variation of element abundance is related to geo
graphical regions. A significant positive correlation exists between F and P and a fraction
ation index suggesting that the halogens, especially F, represent differing degrees of evolu
tion of the kimberlitic magma. This possibly reflects regional variation in levels of "incom
patible" elements within the mantle dependent upon cratonic ages. 

INTRODUCTION 

Kimberlite is a Mg-silicate rock, derived from great depth, which during 
irruption, has incorporated a variety of mantle and crustal xenoliths and 
undergone reaction with its own volatile constituents. The main products 
representing hydration ("serpentinisation") and carbonate formation are 
iniplicit in most kimberlite chemical analyses, but of other volatiles that are 
likely to be present, e.g., fluorine and chlorine, virtually nothing is known. 

These volatile constituents comprise part of the "incompatible" suite of 
elements that have been enriched in the mantle during kimberlite formation 
(Harris and Middlemost, 1969). The main volatile, HjO, has given rise to a 
series of hydrated Mg-bearing siUcates including venniculite, saponite, talc, 
serpentine, phlogopite, chlorite, montmorillonite, and nontronite which are 
products of both magmatic alteration and weathering (Kresten, 1973). CO2, 
as carbonates of Ca and Mg, has been similarly redistributed. It is not known 
the extent to which F and Cl are remobilised, although Stueber et al., (1968) 
f>ave shown that, in ultrabasic rocks, these elements vary according to mode 
of occurrence and degree of secondary alteration. 

Our objective.is to detennine the main mineral carriers of F and Cl, in 
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kimberlites and to assess the amount of secondary redistribution of these ele
ments and, most importantly, to investigate whether the variation of these ele
ments can be ascribed to an evolutionary trend in kimberlites as, for example, in 
basaltic and andesitic magmas (Anderson, 1975). The relationship with host 
mantle, represented by six ultrabasic xenoliths from southem Africa (none 
has been found in the Indian kimberlites) is also investigated since this is 
relatively volatile-free. 

MATERIAL STUDIED 

Over half the specimens analysed (Table I) are from Indian kimberlite pipes 
(Paul et al., 1975a). These can be divided in two groups; those from central 
and south India. The central Indian samples are serpentinised (fresh olivine 
is absent) and agglomeratic. The colour ranges from yellowish grey at the sur
face (e.g. MG 11) where secondary calcite is abundant to greyish green at 
depth. Phenocrysts of phlogopite up to 0.5 cm across are often present. 

The south Indian samples, especially those from the Wajrakarur pipe 2, 
are dark grey, hard and show a conchoidal fracture similar to the "hardebank" 
of southem Africa. The degree of serpentinisation is less than in the central 
Indicin occurrences and fresh olivine hiegacrysts are often present. Minor 
phlogopite is present in the matrix at Lattavaram. Kimberlite from the Hinota 
pipe is soft, friable and very altered. 

In contrast, PGH 1 from Greenland is exceptionally fresh, greenish black 
with abundant megacrysts of ilmenite, olivine and gamet. JA 3, also from 
Greenland, is greenish brown, hard but carbonated rock. Among the Zambian 
samples, AK 1 is a medium-grained rock with abundant calcite and phlogopite. 
Phenocrysts of olivine are completely altered to serpentine. Ilmenite occurs 
both in the groundmass and in phenocrysts. Sample K 5 is soft, friable and 
highly altered kimberlite with about 29% CO^ (Hawkes, 1974). 

The kimberhte dyke from Marakabei, Lesotho, which has also been de
scribed as a carbonatite (Dawson, 1967) consists of altered subhedra of olivine 
and mica in a highly calcitic groundmass (Ferguson et al., 1973). Dark blue-
grey hardebank (tough kimberlite) from Monastery Mine, South Africa, con
stitutes the main diamond-bearing "quarry type" with abundant olivine and 
ilmenite inclusions (Whitelock, 1973). A much paler "East End" variety 
consists of calcite-rimmed serpentine pseudomorphs after olivine and with 
groundmass phlogopite. 

Two phlogopite megacrysts from Monastery Mine which were analysed 
are pale bronze-brown subhedral crystals 4—5 cm across (illustrated by 
Whitelock, 1973). Another analysed sample forms grains up to 0.5 cm across 
in kimberlite from the Majhgawan pipe, central India. 

The ultrabasic inclusions are mainly gamet Iherzolites and include varieties 
derived from different levels within the upper mantle and from three geo
graphical points within the Kaapvaad (South Africa) craton. They have also 
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.j^lfiolites. afid indudfi yaripties 
mgntl^ and frpm three geo-

cratpn. They have also 

.jgffeied-varying degrees of magmatic depletion and incompatible element 
accretion, (Nixon and Boyd, in press). The six saniples werie chosen to give an 
indication ;pf:the range of F and Cl values in the upper mantle in the regipn 
ofikimt^rlite ^activity. 

.,4flfliyttcoi:procedure 

"..fThejdie.thpd used fpr these determinatipns was essentially that of Huang 
,jnd;iphns.tl:967) as mpdified by Sen Gupta (1968). The measurements were 
rm8de-ji§mg;a'HiIger and Watts "Uvispek" spectrophotometer. 

_Ih ihe-determination of chloride, absprbance-measurements were taken 
lO-min-after :mixihg to pbviate the increase (approx. 5%) which was found 

-to occjir .oyer-the period 15—30 min after mixing. 
IThe d.etermination of fluoride reqiiires the use of the dye Solochrome 

Gy.anme;R,(.cptnmercial samples of which were shpwn by Dixon et al. (1970) 
-to:be.pf^y.ariable and pften Ipw quality. The dye/used in this-work was purified 
,:accor$&:hg to-their pipcediire. DUe to the increased concentration of the ac-
-tiiffi .epns.titjient, it was found necessary tP reduce the amount frora that given 
-.in-Jhe mi^nal papers. A cpneentration of 1.0 g/1 (instead of 1.8 g/1) was 
rfpund ie give reasonable; sensitivity and a linear calibration pver. the range 
.^M.Oyg/SO.ml. ' 

The p.recisipn pf the ahaiytical procedure was tested by repeated determi-
•natigns .eaimed out on one pfthe samples (MG-6) throughout the duratibn 
of-the work. The results produced a value of 2ci = 0.003% for chlorine, and 
0:018 for fluorine. In the caseof the ultrabasic inclusions, the 2ff value for 
fl.uorine ^ill be,less du'e'tP the larger weights :and aliquots used. 

The. accuracy pf the procedure was checked usirig the USGS standard 
sample G'SP4 Results of 0,326% F and 0.030% Gl are comparable with the 
published values of 0.320% F and 0.030% Cl (Flanagan, 1973). 

.RESULTS 

The ygriation in fluorine and chlorine contents of the Indian kimberlites 
(Table I) is related to their geographical distribution and this emphasises.the 
two gepehemical provinces earlier outlined by Paul et al. (1975a). Thiis, the 
meMi F ® d Gl abundances of the central Indian kiraberlites are, 0.492% and 
0,023% and thpse-of the south Indian kimberlites are 0.182% and 0.017%, 
^?R.?etivfly. 

There- is a significant positive corirelation between PjO.s and F (r = 0.96) 
^ygge^ting that fluprine is contained in apatite (cf. Roegge et al. (1974)). This 
fe iUuatmted in the linear plot in Fig. 1 which also shpws the, geographical 
seeafatipn pf the twp kimberlite; groups. There is no such relationship be-
tvy'eenf^Qs- and Cl even within a single pipe. Paul et al. (1975b)-shpwed that 
fe^^iS^PQSiMye cprrelation between the fractionation index 1/3 Si02'+ 
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TABLE I 

Fluorine and chlorine abundances in kimberlitcs and ultrabasic inclusions 

No. Samp.le, location P 
(wt.%} 

Gl 
(w't.%) 

Kimberlite — 
M G 2 1 
MG 11 

MG 6 
MG25 
MG 40 
MG 50 
U G l l A J 
UG84 { 
U G 1 3 6 ( 
UG 191 ' 
HV 4/1 
HV 4/2 
HV 4/4 
HV 4/6 

Kimberlite — 
WK 1/1 
WK2/5 J 
WK 2/6 { 
WK 2/7 ( 
WK2/9 ' 
LM 3/4 I 
LM3/5 / 
LM 4/6 ] 
LM 4/9 / 

Central [niiia: 
quarry sari?pie, depth 9 m, Majhgawan 
•weathered quarry sample, depth 12 m, 
Majhgawan 
quarry sample, depth 19 m, Majhgawan 
quarry sample, depth 20 nni, Majhgawan 
quarry sample, depth 20 m, Majhgawan 
quarry sample, depth 20 m, Majhgawan 

underground samples from a depth of 
•100 m, Majhgawan pipe 

bore-hole sample (30.8 rii), Hinota 
bbre-hole sample (49,2 m), Hinota 
bore-hole sample (80.8 m), Hihota 
bore-hole sample (88.9 ih), Hinota 
South India: 
surface sample, Wajrakarur 

surface'sam pies, 3.2 km east of 
Wajrakarur 

surface samples, 1 km east of Lattavaram 

surface samples, 1,6 km east of 
Lattavaram 

Kimberlite — St^uthern Africa and Greeriland: 
AK 1 north Luangwa, Zambia 
K 5 Kufue Hook, Zambia 
PHN 2522 kimberlite dyke, Marakabei, Lesotho 
PHN 2643 hardebank, quarry type, Mon^tery, 

Sou th, Africa-
PHN 2644 East End kimberlite, Monastery, 

South Africa 
PHN 1 8 6 7 ' East End kimberlite. Monastery, 

South Africa 
PHN 2655 soft kimberlite^ Monastery,,South Africa 
PG H 1 Hbl s te irisborg, Gree nl an d 
JA 3 Nigardlikasik, Greenland 

Ph logopite from kimberlite 
MG PH phenocrysts, Majhgawan pipe, central India 
PHN 264.8A 4—5 cm megacrysts. Monastery Mine, 
PHN2648C South Africa 

0.367 

0.337 
0.409 
0.'421-
0.435 
0.503 
0.473 
0.521 
0.473 
0.477 
0.487 
0,726 
0,749 
0.6i2 

0:231 
0,209 
o.iis 
0.213 
0.269 
0.258 
0,096 
0,021 
0.225 

0.200 
0.122 
0.349 

0.173 

0.112 

0.075 
0.128 
0.068 
0.118 

1.239 
0.446 
0.440 

0.036 

0.007 
0.035 
0.O34 
0,030 
0.033 
0.041 
0.017 
0.037 
0.020 
0.006 
0.013 
0.006 
0.009 

(0.001) 
(0.001) 
0.004 
0.014 

(0.001) 
0.042 
0,074 
0.010 
0.008 

0,005 
(0.001) 
0.010 

0,007 

0.003 

0.007 

(o.ooi) 
0.011 
0.073 

(0.003) 
0.045 
0.048 

F/Q 

10,1 

48,1 
11.7 
12.2 
14.5 
15.2 
11.-
30.7 
12.8' 
23.9 
81.2 
55.9 

124.8 
56.9 

.28.8 
15.2 

6.1 
1.3 
2.) 

28.1 

40,0 

37.3 

iO.T 

6.3 
1.6 

413.0 
9.9 
9.2 

_ I 
34:9 'I 

I 
t 

24.T } 

TABLE I (continued) 

No. 

or fro 60s ic 
PHN2765 

PHN 2766/6 

PHN2838 

PHN2839 

PHN2654 
PHN 2771 

USGS-GSP-1 

Sample locatioit 

inclusions frotn-kimi 
highly shearedin 
South Africa; 
highly sheareitn 
South African 
highly sheatjediil 
Lesotho 
highly sheare.d:n 
Lesotho 
harzburgitei.M'tB 
phlogopiter-tjlitt 
Monastery, Soul 
international, rej 

Figures in parenthesis are appcojui 

K:0 - MgO - FeO - CaO ami 
correlation (r = 0,95) also exi 

The gtpup of kimberlites £ 
ities to those of southem liici 
Fluorine greatly outweighs C] 
samples particularly in the ca 
The average level of PjOj of s 
(Gurney and Ebrahim, 1973) 

Kimberlitic phlpgopites w« 
major carriers of halogens (cf 
{Table I) cpnfirins this in sou 
must be present in micas of n 
in Table I(and JA 3 from Gl 
probably apatite — must be p 
phlogopites compared with n 
However, several generations 
tliere may be compositional ( 

There is some evidence th^ 
kimberlite from Majhgwan pi 
Hinota (Table I). Other poKi 
mite (McGetchin et al., 1970 
fei^aphic examination. 

Viariatipns of F and Cl in t 
gcneities in the mantle that -̂  
of the order of F,. 0.024% an 
from Lesotho, phlogopite is ] 
results. 



129 

abasic inclusions 

n 
a 
n 
n 

P 
(wt.%) 

0.367 

0.337 
0.409 
6.421 
0.435 
0.503 
0.473 
0.521 
0.473 
0.477 
0.487 
0.726 
0.749 
0.512 

0.231 
0.209 
0.115 
0.213 
0.269 
0.258 
0.096 
0.021 
0.225 

0.200 
0.122 
0.349 

0.173 

0.112 

0.075 
0.128 
0.068 
0,118 

1 India 1.239 
0.446 
0.440 

Cl 
(wt.%) 

0.036 

0.007 
0.035 
0.034 
0.030 
0.033 
0.041 
0.017 
0.037 
0.020 
0.006 
0.013 
0.006 
0.009 

(0.001) 
(0.001) 
0.004 
0.014 

(0.001) 
0.042 
0.074 
0.010 
0.008 

0.005 
(0.001) 
0.010 

0.007 

0.003 

0.007 
(0.001) 
0.011 
0.073 

(0.003) 
0,045 
0,048 

P/tj 

IOl 

48! 
It .: 
12: 
M i 
15: 
I I : 
,10: 
12.} 
23 9 
81 3 
5.i.5 

121.1 
56 9 

2S.J! 
15 i 

6.1 
I.J 
2 1 

2S1 

400 

3-1? 

2.I.: 

37.3 

10.: 

6 : 
I t 

413 0 
9* 
,9.: 

f ABLE I (continued) 

So. Sample location F 
(wt.%) 

Cl 
(wt.%) 

p /a 

Ultrabasic inclusions from kimberlite: 
pHN 2765 highly sheared nodule, Bultfontein, 

South Africa 
pHN 2766/6 highly sheared nodule, Bultfontein, 

South Africa 
PHN 2838 highly sheared nodule, Thaba Putsoa, 

Lesotho 
PHN 2839 highly sheared nodule, Thaba Putsoa, 

Lesotho 
PHN 2654 harzburgite, Monastery, South Africa 
PHN 2771 phlogopite—clinopyroxene-rich nodule. 

Monastery, South Africa 
,USGS-GSP-1 international reference sample 

0.013 

0.023 

0.007 

0.004 
0.025 

0.072 
0.326 

0.021 

0.010 

(0.001) 

(0.001) 
0.002 

0.002 . 
0.030 

0.6 

2.3 

— 

12,5 

36.0 
10.9 

Figures in parenthesis are approximate, measured values of which are less than 2a. 

KjO - MgO - FeO - CaO and Ce/Yb ratios of Indian kimberlites. A positive 
correlation (r = 0.95) also exists between this index and fluorine (Fig. 1). 

The group of kimberlites from southem Africa and Greenland show similar
ities to those of southem India in absolute abundances of F and Cl (Table I). 
Fluorine greatly outweighs Cl, though this is not marked in the two Greenland 
samples particularly in the carbonated kimberlite JA3 in which Cl = 0.073%. 
The average level of P^Os of southem African kimberlites is less than 1% 
(Gumey and Ebrahim, 1973) as in south India. 

Kimberhtic phlogopites were analysed as it was thought that they could be 
major carriers of halogens (cf. Correns, 1956). Their relatively high Cl content 
(Table I) confirms this in southem African kimberUtes but a higher Cl content 
must be present in micas of many of the Indian kimberlites than is indicated 
in Table I (and JA 3 from Greenland) or another Cl bearing mineral — most 
probably apatite — must be present. Fluorine is not significantly higher in the 
phlogopites compared with most of the analysed whole-rock kimberlites. 
However, several generations of phlogopite are present in kimberUtes and 
there may be compositional differences between these. 

There is some evidence that Cl is less abundant in altered rocks, e.g. altered 
kimberlite from Majhgwan pipe (MG 11) and the altered specimens from 
Hinota (Table I). Other possible halogen bearing minerals e.g. titanoclinohu-
mite (McGetchin et al., 1970) and amphibole were not observed during petro
graphic examination. 

Variations of F and Cl in the ultrabasic nodules illustrate large inhomo
geneities in the mantle that will be discussed elsewhere but mean values are 
of the order of F, 0.024% and Cl, 0.006%. With the exception of the nodules 
from Lesotho, phlogopite is present and is thought to account for the higher 
«;sults. 
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Fig. 1. Plot of 1/3 SiO, •»• K , 0 - MgO - FeO - CaO (wt.%) and P , 0 , (wt.%) against F 
(wt.%), for Indian kimberlites. Open symbols are kimberlites from south India and closed 
symbols are those from central India (see Paul et al., 1975b). 

Overall, F is much lower than in kunberlites. The difference is less marked 
in the case of Cl and, with the exception of the central Indian kimberlites, is 
about the same concentration (Table I). This is reflected in the lower F/Q 
ratios in the nodules compared with the kimberUtes (Note, nodule PHN 2765, 
Table I, has Cl > F.) This suggests that there has been Uttle or no kimberUte 
magma contamination of the nodules. 
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Fluorine and chlorine mean abundas 

Rock type 
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Kimberlites, central India 

Ultrabasic inclusions in kimberlite 

Ultrabasic rocks (alpine type) 

Carbonatite 

Basalt 

Chondrite (carbonaceous) 
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DISCUSSION AND CONCLUSIONS 

The enrichment factor in kimberlitic fluorine compared with host mantle 
in which it formed ranges from 7 to 33 for the southem African examples 
(up to 50 if the nodule data is extended to central India). 

However, these figures are oversimpUfied because there are large regional 
chemical variations within the mantle (Table I; Nixon and Boyd, in press) 
and local variations within kimberlite. The latter could arise from post
magmatic alteration and weathering of the main carrier minerals; apatite 
(F, Cl) and phlogopite (CJl). The present evidence suggests that fluorine is 
little affected by these processes but that chlorine could be e.g. in the Hinota 
samples, central India and soft altered kimberUte from Monastery Mine, 
South Africa (Table I). Stormer and Carmichael (1971) have observed similar 
secondary depletion in altered biotites. 

Variation of volatiles could also arise from the mode of kimberlite propa
gation, whether as explosive vent (pipe) extrusions or as quiet, sealed, dyke 
intrusions, but major differences probably represent degrees of kimberUte 
magma evolution. The phosphoms content of a crystaUising magma has been 
considered as an indicator for the degree of crystallisation (Henderson, 1968; 
Anderson and Greenland, 1969) because its concentration in the cumulus 
phase is low and it, thus, enters the liquid phase preferentiaUy. Our evidence 
links F with P as an element behaving in a similar manner. 

A comparison of the halogen contents in kimberlites with other rocks 
(Table II) shows that F is invariably more abundant than Cl. Furthermore, F 
is subject to greater enrichment than Cl in kimberUte compared to chondrites. 

TABLE II 

Fluorine and chlorine mean abundances and ratios in some major rock types 

Rock type P 
(wt.%) 

Cl 
(wt.%) 

F/Cl Reference 

Kimberlite (excluding central Indian 
occurrences) 

Kimberlites, central India 

Ultrabasic inclusions in kimberlite 

Ultrabasic rocks (alpine type) 

Carbonatite 

Basalt 

Chondrite (carbonaceous) 

0.165 

0.492 

0.024 

0.0088 

0.81 

0.04 

0.0405 

0.015 

0.023 

0.006 

0.0019 

0,006 

0.028 

11.0 

21.4 

4.0 

4.6 

6.7 

1.4 

l u 

I ' 
I 

this paper 

this paper 

this paper 

Stueber et al. 
(1968) 

Heinrich (1966) 

Taylor (1964) 

Reed and Allen 
(1966); Fisher 
(1963) 
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Ultrabasic rocks and basalts on the other hand have simileu: or lower levels 
than chondrites. Conventional differentiation processes such as partial melting 
and crystal fractionation would appear to have no marked effect on F and Cl 
distribution. Only by extreme differentiation as in zone refining (Harris, 
1957) is a great degree of enrichment observed, i.e., in kimberlites and car
bonatites (Table II) and then only with F. The same mechanism has Uttle 
apparent effect on Cl concentration but this may be a reflection of the greater 
aqueous solubility and dispersal of Cl from silicate—carbonate magmas. 

We attribute regional grouping of the chemical data, particularly in central 
and south India, to kimberUte development in the mantle where zone refining 
had been operative for varying lengths of time dependent upon cratonic ages, 
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Fluorine and chlorine in peraUvaline ]iqxii(is and the 
need for magma generation in an open system 

D. K, BAILEY 

Departmenl of Geology, University of Reading, Reading, RG6 2AB 

AND R. MACDONALD 

Department cf Environmental Sciences, University of Lancaster, Bailrigg, Lancaster 

.̂ u.M.MARV. Fluorine, chlorine, zinc, niobium, zirconium, yttrium, and rubidium have been deter
mined on fifteen ob.'iidians from Eburru volcano (Kenya Rift Valley), spanning the range from pantel-
kriiic trachyte to pantelleritc. All pairs of elements show positive correlation coelTicienis, ranging 
hcuvecn 0-769 and 0-998, but with most values better than 0-900. In spite of some very high correla-
ii;iRS, only two of the twenty-one best-fit lines pass near the origin of the Cartesian coordinates. 
Linear distributions are found within two separate groups of elements: F, Zr, Rb; and Cl, Nb, Yt. 
Zn behaves in general as a member of the second group but seems to be subject to an additional 
varialion. When an element from the fluorine group is plotled against one from th: chlorine group 
lhe rosuhing pattern is non-linear. Therefore, although the elements in both groups would generally 
t\-considered 'residual' (partition coefficients between crystals and liquid approaching zero) there are 
cL-arly detectable dilferences in their varialion, and hence their behaviour. 

Major-element variations in the obsidians are such that a vapour (fluid) phase would be needed to 
aaount for any magma evolution. The trace-element patterns are also impossible by closed-system 
.srysial fractionation and suggest that this fluid may have been rich in halogens, with the metallic 
.elcmcnls forming preferred 'complexes' with eilher F or Cl. The F-Zr-Rb 'comple,\' also varies 
.iiuiie independently of the important major o.-̂ ides (e.g. AI.O3) in the rocks. In the case of Rb this is 
but one aspect of a more significant anomaly, in which there is no sign of any influence of alkali 
fcWspar (which partitions Rb) in the varialion. This is remarkable because trachytes and rhyoliles 
li:ivc normative nb-t-or > 50 %, and any evolutionary process coiiiiolled by crystal «=i liquid inter-

.actions must be dominated by the melling or crystallization of alkali feldspar. The results on the 
khurru obsidians show lhat if ihcy are. an eioliiiioiiary series then cither, tlie process was not crystal n=̂  
liijuitl controlled, or that any such process has been overriden (or buntred) by otlier processes that 
Iwvc superimposed the observed trace-element patterns. In the latter event, the buffering phase may 
have been a halogen-bearing vapour. 

The same considerations must apply to other pantellerite provinces where Rb appears to have 
.feliaved its a 'residual' element. 

J.N'r?,cent years wc have compiled all the available data on oversaturated peralkaline 
•"•>hs.i,iJians (Macdonald and Bailey, 1973) and set in train an analytical programme on 
:all new samples that we have been able to obtain. Our own field sampling has been 
focused on theNakuru-Naivasha region of Kenya, the topographic culmination ofthe 
hiist African rift, where there is an unparalleled development of Quatciiiary-Rccent 
peralkaline volcanoes. In the trachyte to pantellerite composition range it had been 
•.Remonstrated previously thai the obsidians from diflereni volcanoes showed systematic 

'̂iiriations in major-element chemistry, but these variations were not consistent with 
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a fractional-crystallization model involving the observed phenocryst phases (M.at. 
.donald ct a!., 1970), The best development of pantellerite magmatism is found in the 
Eburru volcano (Sutherland, 1971) just north-west of Lake Naivasha. Trace-element 
analyses of some of Sutherland's samples by Weaver ct al. (1972) were used (with dnui 
from five other volcanoes) to argue that the relationships between trachytes and 
pantellerites are most reasonably explained by fractional crystallization. Subsequent 
examination has revealed, however, that the 'Eburru' specimens used by Weaver 
et al. were a mixed population (Bailey et al., 1975). 

Since 1970 we have collected and analysed obsidians from Eburru, which span 
the composition range from quartz-trachyte to pantellerite, and the major-element 
varialion within this one volcanic pile cannot be explained by fractional crystallization 
of the phenocryst phases. The major-element evidence on quenched liquids is thus 
in direct conflict with the conclusions reached through the trace elements by Weaver 
et al. (1972). Trace-element analyses of our own Eburru samples form part of the 
long-term study of peralkaline obsidians, and they are now sufficiently far advanced 
to demonstrate that fractional crystallization cannot explain tlie variations. This 
demonstration, however, is only a subsidiary aim of the present article—our chief 
concern is to describe some unexpected relationchips (especially involving halogens) 
which may provide some real clues to the secrets of this magmatism. 

We shall look at a small group of trace elements (F, Cl, Zn, Nb, Zr, Yt, and Rb), 
which includes the two (Nb and Zr) considered most significant by Weaver et al. 
(1972). Our population is fifteen obsidians from quartz-trachyte to rhyolite: vve are 
unable to include any basalts because we are restricting our study to glasses (quenched 
liquids). Actually, there are no contemporaneous basalts in the Eburru pile, although 
there is a Recent basalt field in the lowlands just to the north. We believe it would be 
begging the question to include these basalts with the Eburru magmatism until we 
have evidence other than geographic proximity to indicate that the two may be co
genetic (this problem is currently being studied by A. W. H. Bowhill, University of 
Reading: sec also Bailey et ai, 1975, fig. 1). Correlations among the selected trace 
elements are moderately to strongly positive, whereas their correlations with major 
elements are generally poor. Although the major element ranges in the population are 
small (e.g. SiOj range from 66-2 to 72-0 per cent) the trace element ranges are large 
(e.g, Zr range from 1038 to 3058 ppm). Samples with essentially identical major-
element chemistry show widely diflerent trace-element levels, and the impossibility 
of reconciling these facts with simple fractional crystallization has been noted else
where (Bailey, 1973). 

Trace-element relations. The limits, means, and concentration factors are listed in 
Table I. Trace-element values, sample points, rock names, and age relations are given 
in the Appendix.' 

The absence of basic rocks, with very low levels of the selected trace elements, is 
not a serious drawback to correlation analysis because in the case ofthe strongly con
centrated elements, F, Zr, and P.b, the obsidian values span two-thirds ofthe possible 
range from the maximum observed down to zero. The results of the correlation 
analysis are given in matrix form in Table II, 

XABLt I. Limits, means, c 
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TABLE!. Limits, means, and conceniration factors in 15 obsidians from Eburru, Kenya. 
Values in ppm 

Minimum (m) 
Maximum (M) 
Mean 

Standard Deviation 
Maximum 

coneentration 
factor (M/m) 

F 

2910 
7800 
4900 

1660 

2-68 

Cl 

2090 
4290 
3300 

630 

205 

Zn 

333 
537 
457 

58 

f 6 l 

Nb 

230 
542 
388 

96 

236 

Zr 

1038 
3058 
1910 

671 

2'95 

Yt 

195 
410 
307 

63 

2 1 0 

Rb 

131 
417 
252 

98 

j i 8 

1 

TABLE II. Correlation malrix for trace elements in the Eburru obsidians (all coefficients 
are positive). Plus or minus indicates the sign ofthe intercept ofthe best-fit line (reduced 
major-a.xis equation: TiU, 1973) on the axis of the second variable in those cases where 
the 95 % confidence limits do not include the origin. Zero indicates that the origin falls 

within lhe 95 % confidence limits 

F 
Cl 
Zn 
Nb 
Zr 
Vt 
Rb 

F 

1 0 0 0 
0862(4-) 
o-769(+) 
0-955(4-) 
0-994(0) 
0-932(-t-) 
o-996(-) 

Cl 

IOOO 

o879(-f) 
0 9 4 3 ( - ) 
o 8 7 6 ( - ) 
0954(0) 
0-853(-) 

Zn 

I 000 
o^909(-) 
o - 8 i 7 ( - ) 
o-928(-) 
o-793(-) 

Nb 

I 000 

o-972(-) 
o-995(-l-) 
o-959(-) 

ZT 

rooo 
095i(-l-) 
o-998(-) 

Yt 

I 000 

o-937(-) 

Rb 

rooo 

hyiplications ofthe trace-element distributions 

The central tenet of the trace-element argument with respect to magma evolution, 
as propounded by Weaver et al. (1972), is that in a series of peralkaline liquids certain 
elements will be imable to enter tbe crystallizing phases, and will become progressively 
concentrated in the residual liquids. This assumes that the liquids are related by a pro-
'•"css dominated by crystal ^ liquid interactions: we would claim that this itself needs 
lo be proven, but for the moment let us examine the rest of the case, Zr is chosen as 
the prime example of a residual element because of: its high solubility in peralkaline 
niejis (and insolubihty in the major crystalline phases); its impassiveness to late-stage 
volatile eflects'; and its abundance and high-precision determination by XRF 
(̂ •̂ 'eaver et al , 1972). Consequently Zr is claimed to be a more useful index of dif
ferentiation than the more coramonly used major-element indices. More assumptions 
^rc, of course, compounded in this claim. In the case ofthe Eburru rocks we cannot 
reconcile tlie claim with the major-element patterns (Bailey, 1973) and, moreover, we 
now cannot find support for it iu our trace-element data. 

\̂'eave^ et al. (1972) state that in the six volcanic centres they have tested the 
'̂''iphical plots of each of tlie elemenis Cc, La, Nb, and Rb against Zr are linear, and 

^H '; 
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project through the-origin.Tiicy deduce; from this (assuming, that Zr.-is the; archetype 
residual element) that, the; other fourclemcnls also have, bulk distributionrcoenicients 
(element concentration- iiv combined' crystal phascs/concentratioiv iiv liquid) close' to 
zero. Compared with, their data, on'Eburru. (kindly provided-by Si. D'i Weavei) our 

3000 

IOOO 

Zr 

IOOO 

• 

/ 

ZOOO 

/ : 

1000 

0 9« .< 

/ ( 

6000 eooo 

20CO 

Zr 

0-59« , / 

. X 

100 200 300 £00 

600 

AOO 

b 

:oo 

0 995 ./ 

/ 

/ 
. ' • 

• / 

FIG. I. Four-examples of linear correlations of element pairs in the Eburru obsidians (solid circles). 
In every case the line is the computed reduced major-axis line and the heavy bar on the axis shows the 

95 % confidence limits on the intercept. All values in ppm. 

obsidian analyses show far less 'noise', more systematic variations, and higher correla
tion coefficients throughout. Our distribution patterns are quite different. Many are 
not linear, and most do not project through the origin. The latter are shovvn in Table II 
by plus and rainus signs, to indicate the sign ofthe intercept on the axis ofthe second 
variable when the first variable reaches zero. Only those pairs of variables with a cor
relation coefiicient better than 0-990 appear to be convincingly linear; these four arc 
examined first. . . 

Fluorine, zirconium, and rubidium. These three elements are the most strongly cor
related, each pair providing a linear plot, two of which arc shown in fig, i. 

In the case of F and Zr the calculated best-fit line passes close to the origin, whicii 
falls within the 95 % confidence limits. Assuming that Zr is the archetype residual 
element, then F too would have a bulk distribution coefficient close to zero, and con
stant throughout the series. The consistent behaviour of F would also indicate that the 
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population of obsidians is free of vagarious late-stage volatile losses, because our 
tests confirm the findings of Noble et al (1967) that fluorine-loss is one of the most 
conspicuous eflects of devitrification in this sort of lava. 

The correlation of Rb with Zr, however, destroys the primacy of Zr as a residual 
element. The line misses the origin, making a positive intercept on Zr when Rb runs 
to zero. If this distribution is generated by crystal ?̂  hquid relations in a closed system 
then Zr must be fractionated (at a constant distribution coefficient) in the solid phases 
throughout the lava series. If Zr is held to have a distribution coefiicient close to zero 
then the system must be open to Rb. Because, if the data are fitted to a ftactional-
crystallization model, then Rb increases in the residual liquids at a greater rate than 
Zr: if a fractional-melting model is adopted then the level of Rb must fall faster than 
Zr as the liquid volume increases. Either 
way, Rb has to move in or out of the 
system if Zr is behaving as a residual ele
ment. The same deduction, but without 
the precision, could have been made from 
the concentration factors in Table I. 

In fact, the covariance of Rb and Zr 
shown in this range of obsidians is even 
more dramatic, because if the liquids 
were generated by fractional crystalliza
tion about two-thirds of the separating 
crystals would have to be alkali feldspar 
(based on normative ab-\-or in the trac-
hjtes) and the partition coefficient for Rb 
between alkali feldspar and liquid must 
be greater than zero. Relevant partition 
coefficients are available from Noble and 
Hedge (1970) for alkali feldspar pheno
crysts and glassy matrices from peralka
line volcanics. They give values for the Rb 
partition coeflicients in eleven peralkaline 
rocks, ranging from 0-25 to 0-45. Two of these determinations were made directly on 
separated phenocrysts and glass, giving vahies of 0-32 and 0-38 (1970, p. 235, Table, 
Samples 4 and \\b). Determinations of Rb have also been made on separated feld
spars and glass from two Eburru rocks (PCO 134 and 135) giving partition coeflicients 
of 0-41 and 0-31, respectively (Geochemistry Unit, Reading: analysts S. A. Malik and 
E>. A. Bungard). Taking the average partition coeflicient for Rb of 0-35 for alkali-
feldspars/peralkalinc-liquids, fractional crystallization (from a trachytic parent) in 
which 70 % of the separating crystals were alkali feldspar would result in a bulk 
distribution coefficient for Rb of 0-25. Fig. 2 is a graphical plot for Rb v. Zr to 
show the curve that would be generated by fractional crystallization when the bulk 
l̂istribution coeflicients for Rb and Zr arc 0-25 and zero, respectively. The curve is 

calculated from a starting-point at 100 ppm Rb on the actual line and is developed by 

Rb 

FlC. 2. Showing the difierence between the actual 
array line for Rb v. Zr and that e.xpected by frac
tional crystallization if the bulk distribution co
efficient for Rb is finite whilst that for Zr is zero. 
In the latter case, laking a starling concentration 
of 100 ppm Rb, the poinls should lic between the 
broken lines o and 1 0 (if there is to be any concen-
tialion of Rb). The line 025 represents a reason
able case calculated on the basis of four-stage 
fractionation (solid squares) at intervals defined by 
Zr concentrations (solid circles) in the actual array. 
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four successive crystal crops at stages marked by «c/»«/.Zr contents in tlieFburru rocks. 
The highest calculated Rb value on the 'fractionation' curve is 244 ppm, which is only 
a little more than half the actual value (417 ppm) for the:Same Zr content. Itis glaringly 
obvious from fig. 2 that eilher Zr is tiot a reliable index of diflei-eiiUatio.n,.or fractional 
crystallization caimot account for the covariance of Rb.and Zr, or both. .All evidence 
available to us favours the third conclusion! 

Niobium, ytlrhtm, and chlorine. There is good correlation between Nb and Yt- Die 
plot, shown in fig. i, is linear within the liraits of experimental error, vvith :a narrow 
95 % confidence band. The calculated line does not pass through the origin. If iit were 
assumed that crystal fractionation controls the series, and Nb has a distribution co
efficient close to zero, the sample array might be explained by Yt having a significantly 
higher distribution coefficient. The only phase that might be separating throiighout 
the whole series is alkali feldspar, which would not normally be.suspected of fractionat
ing Yt with respect to Nb. Furthermore, neither Nb nor Yt shows a siraple linear 
relation with Zr, which adds further complications to the model. 

Nb and Yt both show reasonably linear correlations with Cl. The graphical plot 
for Nb I'. Cl, shown in fig. i, reveals a high positive intercept of the computed line on 
the Cl axis. This has the same imphcations for fractional crystallizationas the Nb v. Yt 
array. Itshould be noted that if afractional-melting evolution model is apphed to these 
data, and Nb is taken to have a distribution coefficient of zero, then the system must be 
open to the ingress of Yt and Cl. 

Yt V. Cl gives a similar pattern to Nb v. Cl but the line runs through the origin 
(within the 95 % confidence band). 

Non-linear palterns, and covariance with fluorine and chlorine.. Examination of the 
correlation matrix (Table II) shows that in addition to the four coefficients better 
than 0-990, there are a further ten better than 0-900. Nb and Zr are the best of this 
group with a coefficient of 0-972. But when graphical plots of these pairs of variables 
are made it emerges that many of these correlation coefficients are not lower (i.e. 
< 0-990) due to random deviations from the line (as might be argued, for instance, for 
Nb V Cl, fig. 1). The lower coeflicients for many pairs of eleraents result from patterned, 
but non-linear arrays of points. Examples are depicted in fig. 3, in which it raay be seen 
that each computed best-fit line has been achieved by balancing a cluster of points in 
the middle of the array against points at the extremities. These are certainly not 
random patterns. The most obvious case is F v. Cl, with a relatively low correlation 
coefficient of 0-862, where a better description ofthe array would be an inflected line. 
The fact that this pattern is matched by Nb v. Zr, elements of a completely different 
kind, determined by a completely different method, must rule out the possibility that 
the arrangement is fortuitous. Fig. 3 confirms what vvas implicit from fig. 1 and the 
earlier discussion, namely, that Zr varies linearly with F (and Rb), that Nb varies 
linearly with Cl (and Yt), but between these groups of elements there is a marked 
inflection in the pattern of distribution. The complexity of the element covariances 
within these two groups, coupled with this additional complication ofthe relationships 
betvveen the groups, rules out any rational closed-system (isochemical) evolutionary 
model. Such a conclusion is entirely consonant with those reached earlier on the 
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basis of major-element variations (Macdonald et a l , 1970) and comparisons of major 
and trace elements (Bailey, 1973). 

Before considering alternative explanations for the chemical variations in the 
Eburru obsidians, the anomalously high, and seemingly erratic, zinc distribution 
needs comment (fig. 3). Firstly, Zn can be determined with high precision by XRF. 
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0-955 ^ x ^ 

^ ^ j j ^ ' 400 
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2000 

2r 

Cl 

2000 

FlO. 3. Four examples of non-linear arrays in the Eburru obsidians. Solid circles, continuous lines, 
and heavy bars as in fig, 1, The broken hncs represent preferred descriptions ofthe variation in each 
case. In the Zn v. Zr plot the plus signs are comenditc obsidians from the Naivasha volcanic area 

(see text). 

Secondly, the limiting Zn values in fig. 3 were checked by atomic absorption, with 
good agreement. Thirdly, the high levels, and the variability, ofthe Zn values in the 
l-.bi.irru samples, are not due to vagaries of sampling, sample preparation, or analytical 
method, because the second data set (plus signs) in fig. 3 represent comendite ob-
*'dians from the Naivasha volcanic area, just south of Eburru. These were collected, 
prepared, and analysed with the Eburru samples, so wc are seeing a genuine Zn 
anomaly in the Eburru rocks. Fourthly, the broad scatter of tlic Zn values about the 
'v.si.fii line i„ j-,g ^ jg confirmed by later results on other samples (not yet analysed 
"•r I- and Cl)—the impression given by this pattern is ofa second-order fluctuation in 

" concentration superimposed on a main trend indicated by the line. The general 
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form ofthe Zn distribution, when plotted against Zr, resembles that of Yt, Nb, and Cl 
against Zr, except that the general high levels of Zn are more obvious. Indeed, Zn 
shows its strongest correlations vvith Yt, Nb, and Cl, in that order (sec Table H) so 
that similar factors, either at source or during magma generation, or both, have pre
sumably influenced all four elements, but to diflerent degrees. At present wc have no 
evidence to suggest possible causes ofthe second-order fluctuations in the Zn pattem. 

As a final point it should be noted that inflected patterns similar to those among the 
trace elements (shown in fig. 3) also emerge when some major elements (and their 
functions) are plotted against Zr. Examples are Al-Og, TiOj, and agpaitic index 
(Mol(Na.,0+K.,0)/AI.,03)-

An open-system model 

In our earlier paper on the major-element patterns in the range pantclleritic trachyte 
to pantellerite (Macdonald et al, 1970) we had to conclude that if the rocks were an 
evolutionary series a phase now missing from the rocks must have played a major 
part in the evolutionary process. The Eburru obsidians fall into the previously defined 
major-element patterns and the same conclusion applies. Furthermore, the trace-
element patterns are now found to be incompatible vvith closed-system evolution. We 
concluded from the earlier major-element studies that if the rocks had been generated 
by a series of melting episodes then a separate vapour (fluid) phase had contributed 
Na (and possibly Si and Fe) to successive silicate liquids. Our reasons for preferring 
a fractional-melting model were given in that account (Macdonald el al, 1970): a 
further reason in the Eburru rocks is that the chemical variations do not seem to fit 
any regular pattern in the development of the volcano. It would be premature to try 
to elaborate this model much further until all our data are in, but some additional 
conclusions from the present trace-element distributions are in order. 

It is clear that a simple fractional-melting model could not generate most of the 
observed trace-element patterns. For instance, most of the correlation lines do not 
pass through the origin, which would be the first requirement for 'residual' elements. 
In such cases, where the correlation is linear (fig. 1) the line could be interpreted as 
a product of simple mixing, but the true picture must be more complex because some 
patterns are inflected (fig. 3). The most significant feature is the affinity of Zr and Rb 
with F, and the separate affinity of Nb, Yt, and Zn with Cl: judging by the inflected 
variation patterns betvveen these two groups they would seem to have some degree of 
independence throughout the rock series. One possibility is that the metallic elements 
form preferred complexes with either fluorine or chlorine, and the partitioning of tliese 
complexes between vapour (fluid) and silicate melt varies with the melting conditions 
(e.g. relative volumes of melt to vapour, variations in melt or vapour compositions, 
teniperature, and pressure). We are investigating this and other possibilities by: 
further analyses of Eburru rocks and extracted gases; experimental determination of 
melting, crystallization, and volatile exsolution; and by studies of obsidian suites from 
other volcanoes. 

Another remarkable feature of the Eburru rocks is the Rb variation, which shovvs 
no recognizable contribution from alkali feldspars in contact with the melt (yet 
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alkali-feldspar phenocrysts are normal). If a coexisting vapour phase contributing 
Rb (and Zr and F) is accepted, the Rb patterns ih the rocks suggest that the eflect of 
this vapour is paramount. It is as if the melts were buffered for Rb. The fact that a key 
major element such as Al gives inflected variation patterns when plotted against Zr, Rb, 
and F also suggests that the concentrations of these elements are controlled by some 
factor other than those that determine the major-element distributions in the magmas. 

Finally, one general point may be made concerning F and Cl in peralkaline magmas. 
• ft is commonly argued by advocates of fractional crystallization, that the high con
centrations of Zr that distinguish peralkaline from subaluminous magmas are due to 
the solubility of Zr in peralkaline melts, and their consequent failure to precipitate 
zircon during crystallization. But how, then, is it possible to account for the high con
centrations of F and Cl that equally distinguish these same peralkaline melts from 
other oversaturated magmas? We believe that the very high correlation of Zr and F 
in our samples exposes this as an artificial dilemma, and we appeal to fellow petrologists 
and pctrochemists. to critically reappraise some of the time-honoured concepts of 
magma evolution. 
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Bungard; XRF analyses for Zn, Nb, Zr, Yt, and Rb by G. J. Smith ahd N. I. Tarrant. Wc arc 
indebted, too, to Dr. A. Parker who set up the XRF routines, calibration methods, and com
putations, an'd to Dr. R. Till and Mrs. J. Webber for the correlation programme and its 
operation. A.Parker, J. E.Thomas, and R. Til! improved the final manuscript by their valuable 
comments on the first draft, 
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I'luomie and chloriiie in perallcaKne liquids and the 
need for magnia generation m an open system 

O. K. BAILEY 

Department of Geology, University of Reading, Reading, RG6 2AB 

AND R. MACDONALD 

Departnient of Environmental Sciences, University of I.ancasler, Bailrigg, Lancaster 

.<;UM.\IARV. Fluorine, chlorine, zinc, niobium, zirconium, yttrium, and rubidium have been deter
mined on fifteen obsidians from Eburru volcano (Kenya Rift Valley), spanning ihe range from panlcl-
(criiic trachyte to pantellerite. All pairs of elements show positive correlation coefficients, ranging 
bciween 0769 and 0998, but with most values better ihan 0900, In spite of some very high correla
tions, only two of the twenty-one best-fii lines pass near the origin of the Cartesian coordinates. 
Linear distributions are found within Xwo separate group.'! of elements: F, Zr, Rb; and Cl, Nb, Yt, 
Zn behaves in general as a member of the second group but seems to be subject to an additional 
«riation. When an element from the fluorine group is plotted against one from tin chlorine group 
the resulting pattern is non-linear. Therefore, although the elements in both groups would generally 
he considered 'residual" (partition coeincients between crystals and liquid approaching zero) there are 
clearly detectable dilTerences in their variation, and hence their behaviour. 

Major-element variations in the obsidians are such that a vapour (fiuid) phase would be needed to 
account for any niagma evolution. The trace-element palterns are also impossible by closed-system 
crystal fractionation and suggest that this fluid may have been rich in halogens, with the metallic 
elements for.ming preferred 'complexes' v\'ith eilher F or Cl. The 1--Zr-Rb 'complex' also varies 
quite independently of the important nwjor oxides (e.g. A1..0a) in the rocks. In the case of Rb this is 
but one aspect of a morc significant anomaly, in which there is no sign of any influence of alkali 
feldspar (which partitions Rb) in the variation. This is remarkable becau.sc trachytes and rhyoliles 
have normative ab-\-or > 50 %, and any evolutionary process controlled by crystal F^ liquid intcr-
aoiions must be dominated by the melting or crystallization of alkali feldspar. The results on the 
I-burru obsidians show that if ihey are au evoliilionaiy series then either, the process vvas not crystal ^ 
licjuid controlled, or that any such process has been overriden (or biifFercd) by other processes that 
liaie superiiuposcd the observed trace-clement patterns. In the latter event, the biiffering phase may 
I1.IVC been a halogen-bearing vapour. 

The same considerations must apply to other pantellerite provinces where Rb appears to have 
bohaved as a 'residual' element. 

IN' recent years we have compiled all the available data on oversaturated peralkaline 
obsidians (Macdonald and Bailey, 1973) and set in train an analytical programme on 
all new samples that we have been able to obtain. Our own field sampling has been 
locused on thcNakuru-Naivasha region of Kenya, the topographic culmination of the 
East African rift, where there is an unparalleled development of Quaternary-Recent 
P<-'ralkaline volcanoes. In the trachyte to pantellerite composition range it had been 
demonstrated previously that the obsidians from diflerent volcanoes showed systcm.itic 
• '̂ariations in major-clement chemistry, but these variations vvere not consistent wilh 
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a fractional-crystallization model involving the observed phenocryst phases (Mac. 
.donald et a l , 1970). The best development of pantellerite magmatism is found in HIQ 
Eburru volcano (Sutherland, 1971) just north-west of Lake Naivasha. Trace-elcmciu 
analyses of some of Sutherland's samples by Weaver el a l (1972) were used (with data 
from five other volcanoes) to argue that the relationships between trachytes and 
pantellerites are most reasonably explained by fractional crystallization. Subsequent 
exaraination has revealed, however, that the 'Eburru' specimens used by Weaver 
el a l were a mixed population (Bailey et a l , 1975), 

Since 1970 we have collected and analysed obsidians frora Eburru, which span 
the coniposition range from' quartz-trachyte to pantellerite,. and the major-element 
variation within this one volcanic pile cannot be explained by fractional crystallization 
of the phenocryst phases. The major-element evidence on quenched liquids is- thus 
in direct conflict with the conclusions reached through the trace elements by Weaver 
et al. (1972). Trace-element analyses of our own Eburru saraples form part of the 
long-term study of peralkaline obsidians, and they are now sufliciently far advanced 
to demonstrate that fractional crystallization cannot explain the variations. This 
demonstration, however, is only a subsidiary aim of the present article—our chid' 
concern is to describe some unexpected relationships (especially involving halogens;) 
which may provide some real clues to the secrets of this magmatism. 

We shall look at a sraall group of trace elements (F, Cl, Zn, Nb, Zr, Yt, and Rb), 
which includes the two (Nb and Zr) considered most significant by Weaver et al. 
(1972). Our population is fifteen obsidians from quartz-trachyte to rhyolite: we arc 
unable to include any basalts because we are restricting our study to glasses (quenched 
liquids). Actually, there are no contemporaneous basalts in the Eburru pile, although 
there is a Recent basalt field in the lowlands just to the north. We believe it would be 
begging the question to include these basalts with the Eburru magmatism until wc 
have evidence other than geographic proximity to indicate that the two may be co
genetic (this problera is currently being studied by A. W. H. Bowhill, University of 
Reading: see also Bailey et a l , 1975, fig. i). Correlations among tlie selected trace 
elements are moderately to strongly positive, whereas their correlations with major 
elements are generally poor. Although the niajor element ranges in the population arc 
small (e.g. SiO.̂  range frora 66-2 to 72-0 per cent) the trace element ranges are large 
(e.g. Zr range from 1038 to 3058 ppra). Samples with essentially identical major-
element chemistry show widely difTerent trace-element levels, and the impossibility 
of reconciling these facts with simple fractional crystallization has been noted else
where (Bailey, 1973). 

Trace-element relalions. The limits, means, and concentration factors are listed in 
Table I. Trace-element values, sample points, rock names, and age relations are given 
in the Appendix. 

The absence of basic rocks, with very lovv levels of the selected trace elements, is 
not a serious drawback to correlation analysis because in the case of the strongly con
centrated elements, F, Zr, and Rb, the obsidian values span two-thirds ofthe possible 
range frora the maxiraura observed down to zero. The results of the correlation 
analysis are given in raatrix forra in Table II. 

TAI!Ltl. Limits, means, c 
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TABLE I. Limiis, means, and conceniration factors in 15 obsidians from Eburru, Kenya. 
Vahies in ppm 

Minimum (m) 
Maximum (M) 
Mean 

Standard Deviation 
Maximum 

concentration 
factor (M/m) 

F 

2910 
7800 
4900 

1660 

2-68 

Cl 

2090 
4290 
3300 

630 

205 

Zn 

333 
537 
457 

58 

r 6 i 

Nb 

230 

542 
388 

96 

236 

Zr 

1038 
3058 
1910 

671 

2-95 

Yt 

195 
410 
307 

63 

2 1 0 

Rb 

131 
417 
252 

98 

3-18 

TABLE II. Correlation matrix for trace elements in the Eburru obsidians (all coefficients 
are positive). Plus or minus indicates the sign ofthe intercept ofthe best-fit line (reduced 
major-axis equation: Till, 1973) on the axis of the second variable in those cases where 
the 95 % confidence limiis do not include the origin. Zero indicates that the origin falls 

within the 95 % confidence limits 

F 
Cl 
Zn 
Nb 
Zr 
Yt 
Rb 

F 

1000 
o862(-f) 
0769(-f) 
o-955(-4-) 
0994(0) 
o-932(-f) 
o-996(-) 

Cl 

rooo 
o 8 7 9 ( + ) 
0 9 4 3 ( - ) 
o-876(-) 
0-954(0) 
o-853(-) 

Zn 

tooo 
o-909(-) 
o -8 i7 ( - ) 
o-928(-) 
o-79D(-) 

Nb 

I 000 
o-972(-) 
o-995(+) 
o-959(-) 

Zr 

rooo 
o-95i(-t-) 
o-998(-) 

Yt 

I 000 
0-937(-) 

Rb 

rooo 

Implications of the trace-element distributions 

The central tenet of the trace-element argument with respect to magnia evolution, 
•IS propounded by Weaver et al. (1972), is that in a series of peralkaline liquids certain 
elements will be unable to enter the crystallizing phases, and will become progressively 
concentrated in the residual liquids. This assumes that the liquids are related by a pro
cess dominated by crystal v̂  liquid interactions: vve would claim that this itself needs 
to be proven, but for the moment let us examine the rest of the case. Zr is chosen as 
the prime example of a residual eleraent because of: its high solubility in peralkaline 
nielis (and insolubility in the major co'stalline phases); its impassiveness to late-stage 
volatile eflects'; and its abundance and high-precision determination by XRF 
(Weaver et a l , 1972). Consequently Zr is claimed to be a more useful index of dif
ferentiation than the more coramonly used major-element indices. More assuraptions 
are, of course, compounded in this claim. In the case ofthe Eburru rocks we cannot 
reconcile the claim with the majoi-elenicnt patterns (Bailey, 1973) and, raoreover, we 
now cannot find support for it in our trace-clement data. 

Weaver ct al. (1972) state that in the six volcanic centres they have tested the 
firaphical plots of each ofthe elements Ce, La, Nb, and Rb against Zr are linear, and 
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project through the origin. They deduce from this (assuming that Zr is the archetype 
residual element) that the other four elements also have bulk distribution-coeftkients 
(element concentration in combined crystal phases/concentration in liquid) close to 
zero. Compared with their data on Eburru (kindly provided by S. D, Weaver) our 
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FtG. I. Four examples of linear correlations of element pairs in the Eburru obsidians (solid circles). 
In every case the line is the computed reduced major-axis line and the heavy bar on the axis shows the 

95 % confidence limits on the intercept. All values in ppm, 

obsidian analyses show far less 'noise', more systeraatic variations, and higher correla
tion coefficients throughout. Our distribution patterns are quite diflerent. Many are 
not linear, and most do not project through the origin. The latter are shovvn in Table II 
by plus and rainus signs, to indicate the sign of the intercept on the axis of the second 
variable when the first variable reaches zero. Only those pairs of variables vvith a cor
relation coefficient better than 0-990 appear to be convincingly linear; these four are 
exarained first, 

Fluoriite, zirconium, and rubidium. These three elements are the most strongly cor
related, each pair providing a linear plot, two of which are shown in fig. i. 

In the case of F and Zr the calculated best-fit line passes close to the origin, which 
falls within the 95 % confidence hmits. Assuming that Zr is the archetype residual 
element, then F too would have a bulk distribution coefficient close to zero, and con
stant throughout the series. The consistent behaviour of F vvould also indicate that the 
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population of obsidians is free of vagarious late-stage volatile losses, because our 
tests confirm the findings of Noble et al (1967) that fluorine-loss is one of the most 
conspicuous eflects of devitrification in this sort of lava. 

The correlation of Rb with Zr, hovvever, destroys the primacy of Zr as a residual 
element. The line misses the origin, making a positive intercept on Zr when Rb runs 
to zero. If this distribution is generated by crystal ?=i liquid relations in a closed system 
then Zr must be fractionated (at a constant distribution coeflicient) in the solid phases 
throughout the lava series. If Zr is held to have a distribution coefficient close to zero 
then the system must be open to Rb. Because, if the data are fitted to a fiactional-
crystallization model, then Rb increases in the residual liquids at a greater rate than 
Zr: if a fractional-melting model is adopted then the level of Rb raust fall faster than 
Zr as the liquid volume increases. Either 
way, Rb has to move in or out of the 
system if Zr is behaving as a residual ele
ment. The same deduction, but without 
the precision, could have been made from 
the concentration factors in Table I. 

In fact, the covariance of Rb and Zr 
shown in this range of obsidians is even 
more dramatic, because if the liquids 
were generated by fractional crystalliza
tion about two-thirds of the separating 
crystals would have to be alkali feldspar 
(based on normative ab-\-or in the trac
hytes) and the partition coefiicient for Rb 
betvveen alkali feldspar and liquid must 
be greater than zero. Relevant partition 
coefficients are available from Noble and 
Hedge (1970) for alkali feldspar pheno
crysts and glassy matrices from peralka
line volcanics. They give values for the Rb 
partition coefficients in eleven peralkaline 
rocks, ranging from 025 to 0-45. Two of these determinations were made directly on 
separated phenocrysts and glass, giving values of 0-32 and 038 (1970, p. 235, Table, 
Samples 4 and \^b). Determinations of Rb have also been made on separated feld
spars and glass from two Eburru rocks (PCO 134 and 135) giving partition coefficients 
of 0'4[ and 0-31, respectively (Geochemistry Unit, Reading: analysts S. A, Malik and 
D. A. Bungard). Taking the average partition coefficient for, Rb of 0-35 for alkali-
feldspars/peialkalinc-liquids, fractional crystallization (from a trachytic parent) in 
which 70 % of the separating crystals were alkali feldspar would result in a bulk 
distribution coefficieitt for Rb of 0-25. Fig. 2 is a graphical plot for Rb v. Zr to 
show the curve that would be generated by fractional crystallization when the bulk 
distribution coeflicients for Rb and Zr are 025 and zero, respectively. The curve is 
calculated frora a starting-point at 100 ppm Rb on the actual line and is developed by 

Rb 

FIG. 2. Showing the difTercncc between the actual 
array line for Rb v. Zr and that expected by frac
tional crystallization if the bulk disiribulion co
efficient for Rb is finite whilst that for Zr is zero. 
In the latter case, taking a starting concentration 
of 100 ppm Rb, the points should lie between the 
broken lines o and 1 o (if there is to be any concen
tration of Rb). The line 025 represents a reason
able case calculalcd on the basis of four-stage 
fractionation (solid squares) at intervals defined by 
Zr concentrations (solid circles) in the actual array. 
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four successive crystal crops at stages raarked by actual Zv contents in the Eburru rocks. 
The highest calculated Rb value on the 'fractionation' curve is 244 ppra, which is only 
a little more than half the actual value (417 ppm) for the same Zr content. It is glaringly 
obvious from fig. 2 that either Zr is not a reliable index of dilTercntiation, or fractional 
crystallization cannot account for the covariance of Rb and Zr, or both. All evidence 
available to us favours the third conclusion! 

Niobium, yttrium, and chlorine. There is good correlation betvveen Nb and Yt; tlic 
plot, shovvn in fig. I, is linear within the liinits of experimental error, with a narrow 
95 % confidence band. The calculated line docs not pass through the origin. If it were 
assumed that crystal fractionation controls the series, and Nb has a distribution co
efficient close to zero, the sample array niight be explained by Yt having a significantly 
higher distribution coefficient. The only phase that might be separating throughout 
the whole series is alkali feldspar, vvhich would not normally be suspected of fractionat
ing Yt vvith respect to Nb. Furthermore, neither Nb nor Yt shovvs a simple linear 
relation with Zr, which adds further complications to the model. 

Nb and Yt both show reasonably linear correlations vvith Cl. The graphical plot 
for Nb V. Cl, shovvn in fig. 1, reveals a high positive intercept ofthe computed line on 
the Cl axis. This has the sarae implications for fractional crystallization as the Nb v. Yt 
array. Itshould be noted that if afractional-melting evolution model is applied to these 
data, and Nb is taken to have a distribution coefficient of zero, then the system must be 
open to the ingress of Yt and Cl. 

Yt V. Cl gives a similar pattern to Nb v. Cl but the line runs through the origin 
(vvithin the 95 % confidence band). 

Non-linear patterns, and covariance witli fluorine and chlorine. Exaraination ofthe 
correlation raatrix (Table 10 shows that in addition to the four coefficients better 
than 0-990, there are a further ten better than 0-900. Nb and Zr are the best of this 
group with a coefficient of 0-972. But when graphical plots of these pairs of variables 
are made it emerges that many of these correlation coefficients are not lower (i.e. 
< 0990) due to random deviations from the line (as might be argued, for instance, for 
Nb V Cl, fig. 1). The lovver coefficients for many pairs of elements result from patterned, 
but non-linear arrays of points. Examples are depicted in fig. 3, in vvhich it may be seen 
that each computed best-fit line has been achieved by balancing a cluster of points in 
the raiddle of the array against points at the extremities. These are certainly not 
randora patterns. The most obvious case is F v. Cl, with a relatively low correlation 
coeflicient of 0-862, where a better description ofthe array vvould be an inflected line. 
The fact that this pattern is matched by Nb v. Zr, elements of a completely different 
kind, determined by a completely diflerent method, must rule out the possibility that 
the arrangement is fortuitous. Fig. 3 confirms what was implicit from fig. i and the 
earlier discussion, namely, that Zr varies lineariy with F (and Rb), that Nb varies 
linearly vvith Cl (and Yt), but between these groups of elements there is a marked 
inflection in the patlern of distribution. The complexity of the element covariances 
within these two groups, coupled with this additional complication ofthe relationships 
between the groups, rules out any rational closed-system (isochemical) evolutionary 
model. Such a conclusion is entirely consonant vvith those reached eariier on the 
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basis of major-element variations (Macdonald et a l , 1970) and comparisons of major 
and trace elements (Bailey, 1973). 

Before considering alternative explanations for the chemical variations in the 
Eburru obsidians, the anomalously high, and seemingly erratic, zinc distribution 
needs comment (fig. 3). Firstly, Zn can be determined vvith high precision by XRF. 

600 

AOO 

Nb 

200 

eoo 

<oo 

Nb 

200 
x̂ ^ 

[ X / ' \X ^ 

^ " 

0 972 / ^ 

eooo eooo IOOO 2000 3000 

Zr 

Ct 

IOOO .•/ 

(000 6000 

F 

• iCi. 3. Four examples of non-linear arrays in the Eburru obsidians. Solid circles, continuous lines, 
and heavy bars as in fig. 1. The broken lines represent preferred descriptions of Ihe variation in each 
ea-ic. In the Zn v. Zr plot the plus signs are comendite obsidians from the Naivasha volcanic area 

(see text). 

^X'ondly, the limiting Zn values in fig. 3 were checked by atomic absorption, vvith 
food agreement. Thirdly, the high levels, and the variability, of the Zn values in the 
'••hiirru samples, are not due to vagaries of sampling, sample preparation, or analytical 
•neihod, because the second data set (plus signs) in fig. 3 represent comendite ob-
*'diaiis from the Naivasha volcanic area, just south of Eburru. These vvere collected, 
prepared, and analysed wiiii the Eburru samples, so vve are seeing a genuine Zn 
•inonialy in the Eburru rocks. Fourthly, the broad scatter of the Zn vahies about the 
<̂ î-fit line in fig. 3 is confirmed by later results on other samples (not yet analysed 
yr •" nnd Cl)—the impression given by this pattern is ofa second-order fluctuation in 

oncentration superimposed on a main trend indicated by the line. The general Znc 
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form ofthe Zivdistributi 611,'vvhen plotted against Zr, resembles that of Yt,Nb, and Q 
against Zr, except that the general liiglt levels of Zn are more obvious. Indeed, Zu 
shows its strongest co.rrelations with Yt, Nb, and Cl, in that order (see Table ff) sti 
that similar factors, either at source or duringmagma,,generation, or both, have pre-
sumably influencecl all tiaurelerneiits, but to difTerent dtjgrecs. At present vve have no 
evidence to suggest possible causes ofthe seccjnd-ordcr fitictuations in the.Zn pattern. 

As a final point it should benofedthat inflected patterns siniilar to those amoiig the 
trace elenieiits (shovvn in fig.,3) also eiiierge when some major eleincnts (and their 
functions) are plotted against Zr. Examples are ALOa, TiO.,, and agpaitic index 
(Mor(Na.,0+K,0)/Ai.j0a), 

An open-system'inodel 

In om earlier paper pnthemajpr-element patterns in the range paiitclleritictrachyt^e 
to pantellerite (Macdonald et a l , 1970) we had to coiidude.that iff/ie rpcks were an 
evolutionary series d phase now missing froin the rocks must have' played a. major 
part in the evolutionary process. The Eburru obsidians fall into the previoiisly defined 
inajdr-elenient patterns and the same eohcUision applies. Furtliermpre, the trace-
clement patterns are novv found to be incompatible with closed-system evolution. We 
concluded from the eariier major-element studies that if tlie rocks had been generated 
by a series of meltirig episodes then a, separate vapour (fluid) pliase had contributed 
Na (and possibly'Si.and Fe) to suGcesstve siiieate, liquids. Our reasons for preferring 
a fractionalrmelting model were given in that account (Mac.dooald e t a l , .1970): a 
.further reason in the Eburru rocks is that the cheinical variations do not seem to fit 
any regular patterri in the development of tlie volca no.. It would be premature to try 
to elaboTate this model much further until al! our data are. in, but some<add!tiona! 
cohcliisions from the present trace-element distributions are in order. 

It is clear thaf a simple fractipnal-melting niodel could not generate, inost ofthe 
observed trace-clement patterns. For instance, most of the correlation lines do not 
pass, thro ugh the origin, which would be the first requirement for 'residual' elements. 
Tn such cases, where the correlation is linear (fig. i) the line could be-interpreted as 
a prbduct-of" simple mixing, but tlie true pic'ture must be more complex because some 
patterns are inflected (fig. 3). The most significant feature is the affinity'of-Zr and Rb 
with F, and the separate affinity of Nb, Yt, and Zn with Cl: judging by the iiiRected 
variation patterns betvveen the'se Iwoi'groups they would seem to have.some degree of 
independence throughout the rock series. One possibility is thatthe metallic elements 
form preferred complexes with either fluorine or chlorine, and the partitioning of these 
complexes betvveen vapour (fluid) and silicate rnelt varies with the melting conditions 
(e.g. relative vokinjes of melt to vapour,, variations.in melt or vapour compositions, 
temperature, and pressure). We are .investigating this and other possibilities by: 
further analyses of Eburru rocks and extta~cfi:d gases; experimental determination of 
melting, crystallizatibn, and volatile exsolution;,and by^studiesQf.obsidian suites from 
other volcanoes. 

Another reriiarkable feature of the Eburru rocks is the Rb variation, which shows 
no recognizable contribiitibri from alkali feldspars in cgntact with the melt (yet 

alkali-fci'ispar phenocrysts 
j^b (and Zv and F) is accept 
this vapour is paramount; fi 
Ilia i 01* eleinent such as Al giv 
;vi)d F also suggests that thi 
fictor bihei* than those that 

Finally, one general point 
h is coin monly argued by 
ceiiirations gf Zr tliat distii 
die solubility of Zr in pert 
zircon during crVstallizatioi 
centrations of F and Cl th 
other oversaturated miigmi 
in our samples exposes this 
and petrochemists tp criti 
magma evolution. 

,Ackno'>\<kdgcmenis. Wet chen 
BLuigard; X R F analyses for i 
indebted, too,,fo Dr. A. Park 
piiiations, and to Dr. R. Ti 
ofieration. A. Parker, J,.^E.Th 
comments on the first dr-ift. 

GAILEV (O. K . ) , 1973. -fow"- S' 
^ WEAVER (S. D,), <ind Suj 

MACDONALP (R.) and.BAiLHY ( 
and SuTHj;RLAhJD {.D 

NOBLE (D. C.) and HCIXJE (G. 
PAKKER (A.) (unpubl.). Geol, L 
SUTHERLAND ( D . S,), igyl.Jot 
Tiio.MAS (J. E.), BUNG AHD (D. 
TILL (R.) , I973- ^rea Vnst. of 
WEAVGR (S. D) , SCEAL(i.S.C 

[Maniiicripl received2r Augti.s. 

femat''JJ*eay^-^l'^^^''4a^S^i.t.»^i|ji^^ ,'. ' •^»5^.-l;:,-ri'f'»w.1.??^^l^5?V|:,i^ 

I. 



y^a& :,^.-..i ..!,.- - .f,'.jf.i-.»t..Jjj-,.), ,rt_ _.,•',-.'taia>J.^Sa>4»-<.JK»^''.:k-iiA.a.V,J^.-AliCativ.^j.„-tf.-.-A"&-A^^^^ A.-. |'j'.Jii;,-j',.^'^-.'aj»'...fjljJli.tr.4^-J,-..',^Ji.?,-^<. 

PERALKALINE LIQUIDS 413 

:hatofYt,Nb, andCI 
obvious. Indeed, Zn 

rder (see Table II) so 
>n, or both, have pre-
t present vve have no 
ons in the Zn pattern, 
ar to those among the 
r elements (and their 
,, and agpaitic index 

; pantclleritic trachyte 
It / / the rocks were an 
have played a niajor 
the previously defined 
rthermoie, the trace-
system evolution. We 
cs had been generated 
ihase had contribiued 
reasons for preferring 
anald et a l , 1970): a 
ins do not seem to fit 
d be premature to try 
, but some additional 
order, 

generate most of the 
rrelation lines do not 
3r 'residual' elements, 
luld be interpreted as 
omplex because some 
affinity of Zr and Rb 
dging by the inflected 
> have some degree ol 
the meiallic elements 
e partitioning of thc.̂ ic 
he melting conditions 
vapour compositions, 
ther possibilities by: 
ntal determination ol 
f obsidian suites from 

iriation, which shou'-": 
t with the melt (yci 

alkali-feldspar phenocrysts are norraal). If a coexisting vapour phase contributing 
Rb (and Zr and F) is accepted, the Rb patterns in the rocks suggest that the eflect of 
this vapour is paramount. It is as if the melts were bufl'ered for Rb. The fact that a key 
major element such as Al gives inflected variation patterns vvhen plotted against Zr, Rb, 
and F also suggests that the concentrations of these elements are controlled by sorae 
factor other than those that determine the major-element distributions in the magmas. 

Finally, one general point may be made concerning F and Cl in peralkaline magmas. 
It is comraonly argued by advocates of fractional crystallization, that the high con
centrations of Zr that distinguish peralkaline from subaluminous magraas are due to 
the solubility of Zr in peralkaline melts, and their consequent failure to precipitate 
zircon during crystallization. But how, then, is it possible to account for the high con
centrations of F and Cl that equally distinguish these same peralkaline melts from 
other oversaturated magmas? We believe that the very high correlation of Zr and F 
in our samples exposes this as an artificial dilemma, and we appeal to fellow petrologists 
and pctrochemists to critically reappraise some of the time-honoured concepts of 
magma evolution. 
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putations, and to Dr. R. Till and Mrs. J. Webber for the correlation programme and its 
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Fluorine and chlorine in pera]]valine licpids and the 
need for magma generation in an open system 

D. K. BAILEY 

Department of Geology, University of Reading, Reading? RG6 2AB 

AND R. MACDONALD 

Department of Environmental Sciences, University of Lancaster, Bailrigg, Lancaster 

SUMMARY. Fluorine, chlorine, zinc, niobium, zirconium, yttrium, and rubidium have been deter
mined on fifteen obsidians from Eburru volcano (Kenya Rift Valley), spanning the range from .oantel-
leritic trachyte to pantelleritc. All pairs of elemenis show positive correlation coellicienls, ranging 
bclv̂ •ccn 0769 and 0998, but with most values better than 0900. In spite of some very high correla
tions, only two of the twenty-one best-fit lines pass near the origin of the Cartesian coordinates. 
Linear distributions are found ii'///;m two separate groups of elements: F, Zr, Rb; and Cl, Nb, Yt. 
Zn behaves in general as a member of the second group but seems to be subject to an addilional 
varialion. When an element from the fluorine group is plotted against one from th; chlorine group 
the resulling pallcrn is non-linear. Therefore, allhough the elemenis in bolh groups would generally 
be considered 'residual' (parlilion coellicients between crystals and liccaid approaching zero) Ihere arc 
clearly delectable dilferences in their variation, and hence their behaviour. 

Major-element variations in the obsidians arc such that a vapour (fluiu) phase vvould be needed to 
account for any niagma evolution. The trace-element paiierns arc also impossible by closed-.sysicm 
crystal fraclionation and suggest lhat this fluid may have been rich in halogens, with the metallic 
elements forming preferred 'complexes' with either F or Cl. The F-Zr-Rb 'complex' also varies 
quite independently of tl;e imporiani major o.vides (e.g. AI..O.i) in the rocks. In the case of Rb this is 
but one aspect of a morc significant anomaly, in which there is no sign of any influence of alkali 
feldspar (vvhich pariiiions Rb) in lhe varialion. This is remarkable because trachytes and rhyoliles 
have normative ab^\or > 50 "/[,. and any evolutionary process cnuirolled by crystal -r-̂  liquid inter
actions must be dominated by the melling or crystallization of alkali feldspar. The results on the 
Eburru obsidians show lhat if they arc an ci-aliiiionary .series then either, the process was not crystal c=i 
liquid controlled, or that any such process has been overriden (or bufl'ered) by olher processes that 
have superimposed the observed irace-clement patterns. In the latter event, lhe butl'ering phase may 
have been a halogcn-tiearing vapour. 

The same considerations must apply lo other pantellerite provinces where Rb appears to have 
behaved as a 'residual' element. 

IN recent years we have compiled all the availabic data on oversaturated peralkaline 
obsidians (Macdonald and Bailey, 1973) and set in train an analytical programme on 
all new samples that we have been able to obtain. Our own field sampling has been 
focused on thcNakuru-Naivasha region of Kenya, the topographic culmination ofthe 
East African rift, where there is an unparalleled development of Quaternary-Recent 
peralkaline volcanoes. In the trachyte to pantellerite composition range it had been 
demonstrated previously that the obsidians from different volcanoes showed systematic 
variations in m:ijoi--clement chemistry, but these variations were not consistent vvith 

© Copyrighl the Mineralogical Society. 
D d 

•*W«f«4l^»M*W¥V' i- • '̂  '"•••̂  g r . j ' ^ ' ^ay^rgf ' -^p^CTj^f ipa iy ' ' : , ' ; ; ^^ .y«^r<^t^'^^'T?^F7^v^,•J^^^,7^l^-»•'--•';^^l^-V^^^ 



ifeJi,.t£-;gi^'tUaigi»i-:^J*aiii^ 

" i 

^ J t a S S B S ^ 

s . . 

V-
Ik « 
.m a 

,<: a 
"A 

' ( 

I 1 
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a fractional-crystallization model involving the observed phenocryst phases (Mac
donald et a l , 1970). The best development of pantellerite magmatism is found in the 
Eburru volcano (Sutheriand, 1971) just north-west of Lake Naivasha. Trace-element 
analyses of some of Sutherland's samples by Weaver el a l (1972) were used (with data 
from five other volcanoes) to argue that the relationships between trachytes and 
pantellerites are most reasonably explained by fractional crystallization. Subsequent 
examination has revealed, however, that the 'Eburru' specimens used by Weaver 
et al. were a mixed population (Bailey et a l , 1975). 

Since 1970 we have collected and analysed obsidians from Eburru, which span 
the composition range from quartz-trachyte to pantellerite, and the major-element 
variation within this one volcanic pile cannot be explained by fractional crystallization 
of the phenocryst phases. The major-element evidence on quenched liquids is thus 
in direct conflict with the conclusions reached through the trace eleraents by Weaver 
et al. (1972). Trace-element analyses of our own Eburru saraples form part of the 
long-term study of peralkaline obsidians, and they are now sufficiently far advanced 
to demonstrate that fractional crystallization cannot explain the variations. This 
demonstration, however, is only a subsidiary aim of the present article—our chief 
concern is to describe some unexpected relationships (especially involving halogens) 
which may provide sorae real clues to the secrets of this magmatism. 

We shall look at a small group of trace elements (F, Cl, Zn, Nb, Zr, Yt, and Rb), 
which includes the two (Nb and Zr) considered raost significant by Weaver et al. 
(1972). Our population is fifteen obsidians from quartz-trachyte to rhyolite: we are 
unable to include any basalts because we are restricting our study to glasses (quenched 
liquids). Actually, there are no contemporaneous basalts in the Eburru pile, although 
there is a Recent basalt field in the lowlands just to the north. Wc believe it vvould be 
begging the question to include these basalts vvith the Eburru magmatism until we 
have evidence other than geographic proximity to indicate that the two may be co
genetic (this problem is currently being studied by A. W. H, Bowhill, University of 
Reading: see also Bailey ct a l , 1975, fig. 1). Correlations among the selected trace 
elements arc modenitcly to strongly positive, whereas their correlations with major 
eleraents are generally poor. Although the major element ranges in the population are 
small (e.g. SiO.̂  range from 66-2 to 720 per cent) the trace element ranges are large 
(e.g. Zr range from 1038 to 3058 ppm). Samples with essentially identical major-
element chemistry show widely dilTerent trace-element levels, and the impossibility 
of reconciling these facts vvith simple fractional crystallization has been noted else
where (Bailey, 1973). 

Trace-element relations. The limits, nieans, and concentration factors are listed in 
Table I, Trace-element values, sample points, rock names, and age relations are given 
in the Appendix. 

The absence of basic rocks, vvith very low levels of the selected trace elements, is 
not a serious drawback to correlation analysis because in the case ofthe strongly con
centrated elements, F, Zr, and Rb, the obsidiaii values span two-thirds ofthe possible 
range from the niaxiniuni observed down to zero. The results of the correlation 
analysis are given in matrix form in Table II. 
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TABLE I, Limiis, means, and concentration factors in 15 obsidians from Eburru, Kenya. 
Values in ppm 

Minimum (m) 
Maximum (M) 
Mean 

Standard Deviation 
Maximum 

concentration 
factor (M/m) 

F 

2910 
7800 
4900 

1660 

2'68 

Cl 

2090 
4290 
3300 

630 

205 

Zn 

333 
537 
457 

58 

r 6 i 

Nb 

230 
542 
388 

96 

236 

Zr 

1038 
3058 
1910 

671 

295 

Yt 

195 
410 
307 

63 

210 

Rb 

131 
4>7 
252 

98 

3-18 

TABLE II. Correlation matrix for trace elements in the Eburru obsidians (all coefficients 
are positive). Plus or minus indicates tlte sign ofthe intercept ofthe best-fit line (reduced 
major-axis equation: Till, J973) on the axis of the second variable in those cases where 
the 95 % confidence limiis do not include the origin. Zero indicates that the origin falls 

wiihin the 95 % confitlcnce limits 

F 
Cl 
Zn 
Nb 
Zr 
Yt 
Rb 

F 

1000 
©•862(-l-) 
o-769(-i-) 
0-955(-i-) 
0-994(0) 
o-932(-l-) 
o-996(-) 

Cl 

rooo 
o-879(-l-) 
o-'943(-) 
o-87fi(-) 
0-954(0) 
o-S53(-) 

Zn 

1000 
o-909(-) 
o -8 i7 ( - ) 
o-928(-) 

- o-79o('-) 

Nb 

1000 
0-97 2 ( - ) 
o-995(+) 
0-959(-) 

Zr 

rooo 
o-95i(-l-) 
o-998(-) 

Yt 

rooo 
0 9 3 7 ( - ) 

Rb 

1000 

Implications of the trace-element tlistributions 

The central tenet ofthe trace-element argument with respect to magraa evolution, 
as propounded by Weaver el al. (1972), is that in a series of peralkaline liquids certain 
elements vvill be unable to enter the crystallizing phases, and vvill become progressively 
concentrated in the residual liquids. This assumes that the liquids arc related by a pro
cess dominated by crystal ?=i liquid interactions: wc would claim that this itself needs 
to be proven, but for the moment let us examine the rest of the case. Zr is chosen as 
the prime example of a residual element because of: its high solubility in peralkaline 
melts (and insolubility in the major crystalline phases); its impassiveness to late-stage 
'volatile eflects'; and its abundance and high-precision determination by XRF 
(Weaver et a l , 1972). Consequently Zr is claimed to be a more useful index of dif
ferentiation th.in the more commonly used major-clement indices. More assumptions 
are, ofcour.se, compounded in this claim. In the case ofthe Eburru rocks vve cannot 
reconcile the claim vvith the major-clement patterns (Bailey, 1973) and, moreover, we 
novv cannot find support for it in our trace-clement data. 

Weaver et a l (1972) stiite that in the six volcanic centres they have tested the 
graphical plots of each of the elements Ce, La, Nb, and Rb against Zr are linear, and 
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project through the origin. They deduce frora this (assuming that Zr is the archetype 
residual element) that the other four elements also have bulk distribution-coeflicients 
(element concentration in corabined crystal phases/concentration in liquid) close to 
zero. Compared with their data on Eburru (kindly provided by S. D. Weaver) our 
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FIG. I. Four examples of linear correlations of element pairs in the Eburru obsidians (solid circles). 
In every case the line is the computed reduced major-axis line and the heavy bar on the axis shows the 

95 % confidence limiis on the intercept. All vaiucs in ppm. 

obsidian analyses show far less 'noise', more systematic variations, and higher correla
tion coefficients throughout. Our distribution patterns are quite diflerent. Many are 
not linear, and most do nbt project through the origin. The killer are shown in Table II 
by plus and minus signs, to indicate the sign ofthe intercept on the axis ofthe second 
variable when the first variable reaches zero. Only those pairs of variables with a cor
relation coefficient better than 0-990 appear to be convincingly linear; these four are 
examined first. 

Fluorine, zirconium, and rubidium. These three elements are the most strongly cor
related, each pair providing a linear plot, two of vvhich arc shovvn in fig. i. 

In the case of F and Zr the calculated best-fit line passes close to the origin, which 
falls vvithin the 95 % confidence limits. Assuniing that Zr is the archetype residual 
clement, then F too vvould have a bulk distribution coefficient close to zero, and con
stant throughout the series. The consistent behaviour of F would also indicate lhat the 
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population of obsidians is free of vagarious late-stage volatile losses, because our 
icstsconfim the findings of Noble et a l (1967) that fluorine-loss is orie of the most 
conspicuous effects of devit.riricatiqn in this sort of lava. 

The correlation of Rb vvith Zr, however,, destroys the primacy of Zr as a resitlual 
element. The line misses'the origin, making a positive'intercept on Zr when Rb runs 
to zero. If this distribution is generated by crystal ^ l iqu id relations in a.closed systeiti 
then Zr must be fractionated (at a cpnstant distribution coefficient) in the solid phases 
throughout thejava series, tf Zr is held to have a distribution coefficient close to zero 
then the systetn must be 'Open to Rk- Because, if the data are fitted to a fiactip.nal-
crystaUizatjon model, then Rb inc;reas"es in the riisidual liquids at a greater rate than 
Zr: if a fractional-melting model is adopted then the ievelof Rb must fall faster than 
Zras the liquid volume increases. Either 
way, Rb has to move in or out of the 
system if'Zr is behaving as a residual ele
ment. The same deduction, but without 
the precision, could have been made from 
the-concentration Victors in Table f, 

In fact, the ccivariancc of Rb and Zr 
shown in this ninge of obsidians is even 
more dramatic, because if the- liquids 
were generated by fractional crystalliz:i-
tibn about tworthirds of llie separating 
crystals would have to be alkali feldspar 
(based on normal ive «/;+(>/' tn ttie trac
hytes) and the partition'coeificient for Rb 

Rb 

FIG. 2. Sliowing the difTercncc between lhe actual 
array line for Rb v.Zr and tliai expected by frac
iional cryslallizalion if Ihc bulk distribution co-

between alkali fcld.spar and liquid must -c/licicnt for Rb i.s limic'wjiii.siiliat for Zr i.s zero. 
be greater than zero. Relevant partition !n ihc latter ease, taking a .starling coiicentralion 

bf ipq npm Rb, llic points sh.ould lie between ihc 
'broken lines 0 and 1-o(if there is.lo beany'cbricen-
Iralion of Rb), The line 0-25 represents a reason
able., ca'se' cakukited 'on liie basis of rour-stage; 
fraclionation (solid squares) at inlcrvals defined by 
ZrcDncentratiQns:(solid circles) in the aciual array. 

coefficients are availabic from Noble and 
Hedge (1970) for alkali feldspar plieno-
crysts and. glassy matrices from peralka
line Volcanics. They give vaiucs fortlie Rb 
partition co'cHicientsiin eleven peralkaline 
rocks, ranging from 6-25 to 0*45. Two of these determinations were made direcUy on 
sepiirated plicnocrysts and glass, giving valiies of 0-32 and 0-38 (197P, p. 235, Tabic, 
Samples 4 and 1 I/J). Determinations of Rb have also Been made- ori separated feld
spars and glass from two Eburru rocks (PCO 134 and 135) giving partition Goeflkients' 
of 0'4i and 0-31, respectively (Gcochcniistiy Unit, Reading: analysts S. A, Malik and. 
D, A. Bungard). Taking the average, partitioji cocHicient -for Rb of 0-35 for alfcali-
fcldspars/pcralkSiiiic-hquidsj fractional crystallization (from a tiachylic parent) in 
which 70 % of the separating crystals were alkali feldspar would result in -A bulk 
disiribulion coefficient for Rb of o-25. Fig. 2 is a graphical 'plot for Rb v. Zt to 
show the curve that would be generated by fractional crystallizatidri when the bulk 
distribution coeflicients for Rb and Zr are 0--25 and zero, respectively. The curve is 
calculated from a starting-point at too ppm Rb on the arfi(f//'line and [s developed by. 
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four successive crystal crops at stages marked by fif/wcr/Zr contents in the Eburru rocks. 
The highest calculated Rb value on the 'fractionation' curve is 244 ppm, which is onJv 
a'-littiemore than half the actual value (417 ppm) for the same Zr content, ft is glaringly 
obvious frorii fig, 2 that either Zr is /?of a reliable index ofdiflerentiation, or fractional 
crystailization effWif?/'account for the covariance of Rb and Zr, or id///.-All eviderice 
available to us favours thc'third.conclusion! 

Niobium-, yttrium, and cfilon'ne. There is good correlation between Nb and Yt; the 
plot, shovvn in fig. i, is linear within the limits of experimental error, with-a riarrpw 
95 % confidence-band'. The calculated line does not pass through the origin. If it were 
assumed that crystal fractionation controls the series, and Nb has a distribution co
efficient close to zero, the-sam pie array migh t. be explained,by Yt haying a sign ificantly 
higher distri bu tibn coefficient. The orily phase that night be separating throughout 
the whole series is alkali feldspar, which wouldndt normally be suspected of fractionat
ing Yt with respect to Nb. Furthermore, neither Nb nor Yf shovysra simple linear 
reJationr with Zr, which adds further complications to the modej. 

Nband Yt both ;show reasonably linear cprrelatioiis with Cl, The.graphical.pJdt 
for Nb V. Cl, showri in fig. i„revea)s a high positive intercept ofthe computed line on 
the Cl axis. This has the'same'implicati.ons forfractional crystallizationas theNb v. Yt 
array. It sh oti Id be noted thafif afractional-melting evolution'model is.appl/edtb these 
data,.and Nbis taken to have a distribution coefficient ofzcro, then the system must be 
open to the ingress of Yl and Cl. 

Yt V. Cl gives a similar pattern to Nh r. Cl but the line,runs through the origin 
(vî ithin the,95 % confidence'band). 

Non-linear patlerns, aiid. covariance with fluorine and chlorine. Exanii nation pfthe 
correlation matrix (Tabic If) show's that in addition to the four coefficients better 
than 0-990, there are a further ten better than. 0-900. Nband Zr are-the best of this' 
group with a coeflicient of 09 72. But when-graphical plots oftlfe.se pairs pf variables 
are made it emerges that many of these, correlation cgclficients arc not lower (i.e. 
< 0-990) due to random de'viatipiis from the line (as might be argued, for instance, for 
Nb V CI, fig. i). Tiiclovver coefficients for mUny pairs of elements result froin patterned, 
but mn-linear arrays of points. Examples arc depicted In fig. 3, in which it may be seen 
that each computed best-fit line has been achieved by balancing a cluster of points in 
the middle bf the array against points at thS extremities. These arc certainly riot 
random patterns. The most obvious-case is F i'. Cl, with a relatively low correlation 
coefficient of o-S62, where a better description ofthe array would be an iiiflected line: 
The fact that this-pattern is matched by Nb it. Zr, elements of a^completely difl'crent 
kind, determined-by a completclyMifKrent method, inust.rule oufthe possibility that 
the arrangement is fortuitous. Fig: 3 coiffinms what vvas implicit from fig. i and tire 
eariier discuss iori, namely j that Zr varies linearly with F (and Rb), that.Nb varies 
linearly with CJ (and Yt), but between these groups of elements there is. a marked 
inflectiori in the pattern of distribution. The complexity of the element covariances 
within these two groups, coupled with this additional complication pfthe, relatitî nships 
.between the groups, rules put any rational elosed-systcin (isoclieirifcal) evolutibnary 
rii^del. Such a cbnclusipn is eritirely cpn,sonant with those reached eariier on the 
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basis of major-element variations (Macdonald efi//., 1970) and comparisons of major 
and trace elements (Bailey, 1973). 

Before considering alternative explanations for the chemical variations ih the 
Eburru obsidians, the anomalbu.siy high, and, seemingly erratic, zinc distribution 
needscomment (fig. .3). Firstly, Zn cari be, determined with high precision by XRFi 
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FIG. 3. Four examples of hon-Iincar arrays in the F.burru obsidians. Solid circles, continuous lines, 
.and heavy bars as in figi t, Thcbroken liiies reprcse'ni prcfeircd descripiioiis of the variation in cacli 
ease. In the Zh v. Zr plot'lhe.plus signs are comendite obsidians from the Naivasha volcanic area 

(see twt). 

Secondly, the iimiting Zn vaiucs iji fig'. 3 were checked by atomic absprptipn, with 
good agreement. Thirdly,, the high levels, and the variability, of the Zn values in the 
Eburru samples, are riptdueto vagaries of sampling, sample preparation, or analytical 
methbd, because the second data set (phis signs) in fig. 3 represent conie'̂ ndite ob
sidians from the "Naivasha volcanic area, just.south of Eburru. These were collected, 
pi'cpai-ed, and analysed with the Eburru samples, .so wc arc seeing a genuine-Zn 
anomaly inthe Ebiirru rpcks. Fourthly, the broad scatter ofthe Zn values about.the 
best-fit line in fig. 315 co.nfirmcd by Uitcr results ori Gther saniples (not yet analy.icd. 
for F'and Cl)—the iiiipressipn given by this pattern; is ofa second-order fluctuatiori in 
Zn cpnGeiitnitipn superimposed on a iniiin trend indicated by the line. The general 
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form of the Zn distribution, when pibtted against.Zr, resembles that of Yt; Nb,-aiid ( | 
against Zr, except that the geiieral high levels of Zn are niore obvious. Indeed. 2^ 
shows its strongest correlations with Ytj Nb, and Cl, in that prder (see*Tablc If) s,,, 
that similar factors, either at source or during niagma generation^ or botli, have prt-
siimabiy influenced all four eiemehts, but to difl"ercnt degrees; At present we have mi 
evidence to suggest pbssible causes ofthe second-border fluctuations in the Zn paliori!, 

As a final poirit it should be noted that inflected patterns sirriilar to those among the 
trace elements (shown in fig. 3) also emerge when some major- elements (and their 
functions) are plotted agairist Zr, Examples are AljOij, TiOj, arid agpaitic index 
(Mol(:Na',O-'rK^0)'/Al2O3). 

An open-system model-
In ourearlier paper on the majpr-elemcnt patterns inthe range pantelleritic trachyte 

to .pantellerite (Macdonald et a l , 1970) we had to conclude that if the rocks were an 
evohttiotiary series A phase now hiissing from the rocks must have played a majvir 
partin the evolutionary process. The Eburru obsidians fall into the prcviousiy defined 
major-clement patterns and the same, conclusion applies: Furthermbre, the traec-
element patterns are riow found to be incompatible with closed-system evolution. Wc-
concluded from the'earlicr major-element studies that If the rocks had been generated 
by a series of melting episodes then ti separate vapour (fluid) phase hud contributed 
Na (and possibly Si and Fe) to successive silicate liquids. Our reasons for preferring 
a fractional-melting, rnodel were given in that accpunt (Macdonald et dl , 1970); a 
further reason in the Eburru rocks is linit the chemical variauons db not seem to iii 
any regular p;itte.rn in the deveiopment of the vpleanP. ft would be prcmatiire to try 
to elaborate this model much further until all our data are in, but some, additional 
conclusions from the p'rcsent*trace-element distributions iirc in order. 

It is clear that,a simple fractibnal-mclting model could not generate most of the 
observed trace-element patterns. For instance, m,pst ofthe correlation lines do not 
pass through the origin, vvhich would be the first requirement for 'rcsiduaT elements. 
In such cases, where the correlation is linear (fig. i) the line could be interpreted as 
a product of simple mixing, but the true picture must bcmore eomplex because some 
patterns are Inflected (fig. -3). Tiie most significant feature is the afilnity of Zr and Rb 
with F, and t\ic separate aflTMiity of Nb, Yt, and Zn with Cl: judging;by tlie inflected 
variation patterns bety?cen these two groups they would seem to have some degree'of 
independence throughout the rock series. One possibility is that the metallic elemenis 
form preferred complexes with either fluorine or chlorine, andthe partitioning of these 
complexes between vapour (fluid) arid silicate melt varies with the meiting conditions 
(e.g. relative, volumes of melt to vapour, variations in melt or vapour cSmpositions, 
temperature, and pressure). We are investigating this arid other possibilities by: 
furtlier analyses of Eburru rocks and extracted gases; experimental determinatipn of 
melting; crysiallizationj and volatile exsolution; and by .studies of obsidian suites from 
other volcanoes. 

Another remarkable feature, of the Eburru rocks is the Rb variation, which shows 
no. recognizable contribution from alkali feldspars in contact with the melt (yet 
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alkali-feldspar phenocrysts are nprmal). If a coexisting vapour, phase contributing 
Rb (iind Zr and F) is accepted,'the Rb patterns in the rocks suggest that the- effect of 
this vapour is paramount. It is as if the melts were buttered for Rb. The fact that a key 
nuijbrelement such as At gives inflected vari'atiPn patterris when plPtted.againstZr, Rb, 
and F alsb suggeststhat the concentrations of these.elemeiits arc 'coritrolled by sbfne 
factor other than those that determihe the majpr-element distributions in tlie magmaSi 

Finaliyi one-genera! point may beraade.concerning F and Cl in peralkaline maginas. 
It is commonly argued by advocates Gf.ffaetipnal crystallization, that the high con
centrations of Zr that distinguish peralkaline from subaluminous magmas are due to 
llic solubility of Zr in peralkaline melts, and their c:orisequent. failure to precipitate, 
zircon duririg crystallizatibn. But hpw,;th.en, is it possible to acepurit for the high eori-
centrations of F arid Gl that equally distinguish these same peralkaline melts from 
other oversaturated magmas? Wc believe that the very high cprrelatibn of Zr and F 
in our samples exposes this as anartificial dilemriia, arid we appeal to fellow petrologists 
and petrbchemists to criticafly reappraise some of the time-iibnoured concefits of 
magma-evolution. 

.•)fA7!oii'fê .jeme«/i-, Wet chemical analyses for F arid Cl were iii.adc by S. A. Malikaivd D. A, 
liungard; XRFanalyses for-Zn, Nb, Zr, Yt.and Rb by G. J. Smilh and N..f. Tarrant. Wc are 
indebied, too, to Dr. A. Parker who set up the XRF routines, caltbraiion method'?, and com
putations, and to Dr. R. Till .and Mrs. J.'Webber for the correlatioh programme and its 
operation.A. Parker, J. E.Thomas,'and R. Till improved the firialnianuscript by their yatuable 
coni ments on the fust draft. 
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A P P E N D I X . Trace-element values (ppm) in 15 Ebiirru obsidians 

l i t 

rr 

1 \-

Sample 

PCO082 
PCO083 

. PGO084 
PCO 129 
PCO 130 
PCOtSi 
PCO [31 
PCO 133 
PCO 134 
PCO 135 
PCOi 61 
PCO 1,62 
PCO 163 
PCO 164 
PCO 165 

F 

4000 
4100 
3000 
4650 
4200 
7020 
4400 
4150 
5.630 
4090 
7390 
7370 
7800 
3480 
2910, 

Cl 

3300 
3400 
2300 
3680 
3190 
•3710 
3480 
3330 
Bfio; 
'3040-
3930 
•3930 
4290 
'2480 
2090 

.Zn 

' 454 
467 
-384. 
•448; 
491 
519 
48Q 
472 
440 
469 
501 
503 
537 
359 
333 

Nb 

3?d 
367 
240 
381 
389 
508 
379 
372 
419 
357 
502 
502 
542 
:269 
230 

Zr 

1653 
1664 
1137 
174S 
1697 
1776 
1679 
1608 
209! 
1593 
2865 
2S80 
305,8 
1168 
1038 

Yt 

294 
296, 
203 
305 
318 
371 
305 
300 
324 
292 
383 
375 
410 
230 
195, 

Rb 

211 
211 
139 
220 
213 
377 
2(8 
208 
•273. 
.206 
'397 
'402 
41.7 
162 
131 

Co-ordi nates - A gc 
yroup 

AK 966 332 c 
AK 956 323 c 
AK 971-329 b-e 
AK943,-297 d 
AK 933.363 b 
BK 001 398 a-b 
AK 950.279 d 
AK 954'295 <i 
AK 96s 24a d 
AK 974 229 a? 
BK 037 3i3 a 
BK Qi9 329 a 
BK022 263 a, 
AK 910 362 b 
AK 905 374 b 

Meihods: F and Ci; detemiined colorimetrically- (Thomas e( al., 1975). 2n, Nb, Zr, Yt, Riv 
dctcrminedby XRF'(Parker, unpub.), using.L;,S.G.S.'Stand.ird Rocks fG2, GSPi, AGVr, PCCi. 
DTSi, BCiig ror^calibraiion, 

Cd-urdimiie.i. I'dbo m Universal Transvcr.*,!; Mcrealor Grid Gl-arkciSSo (ModilieiJ) Spheroid. CriJ 
Zone'D'^signalion 37 M. The tpo-.tioo m Sq Ideruiiicalion is.given by the prefix letters', casting ;uiJ 
northing by the fimil six digit,";. As u.sed on ,SurvL;y of Kenya maps. 

Agi: groups: a-d: ofdcst-yoiin sjes.t; Broad grou pings only; arb: possi ble. because many-flows do liiH 
overlap to give precise, relai innsli ips! 

Rbck de.-icripiions. The sulli.x (P) siynifios rare feldspar plienocrysis: in such rock'slhcre are itsiialiy 
abundant microphcnocrysts. Full moclal daia-vvill be published later, with the majpr elcnieni an,iiy4v*'. 
PeOo82 Sec Macdonaid and Bailey (1973), Anal Si. 
PCQQ83 Sec Macdonidd and Hailey (i973f. Anal. 83. 
P.C0O84 See Mk-donald and l);iiIcy (1973), Anal. 84; 
PCO 129 Ob,sidt.in ' 
PCO 130 Obsidian (p) 
PCOt3i Obsidian ' 
PCO 132 Obsidian 
PCO133 Obsidian 
PCOt-34 Glassy t.iva vvith abundant phenocrysts o.f feldspar, quart;, and aenigrrialitc, and I'.iri: 

c!inop.vro.-(cn(;, 
PCOt35 Classy lava with phenocrysts of feldspar, acnigmatite; and clinopyroxene. 
PCO 161 Obsidian 
PGO162 Obsidian 
PCO 1153: Obsidian. Saiiie localiiy as Anal, 8g, Macdonald-and Bailey (1973), 
PCO 164, Obsidiaii (P) 
PCO 165 Obsidian (P> 
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The FeS Content of Sphalerite Along the Chalcopyrite-
Pyrite-Bornite Sulfur Fugacity Buffer 

GERALD K . CZAMANSKE 

Abstract 

Concentrations of 0.19 ± 0.02 and 0.55 ± 0.08 mole percent FeS have been measured 
in sphalerite crystallized at 1 kbar in equilibrium vvith the chalcopyrite-pyrite-bornite 
sulfur fugacity buffer at temperatures of 271° and 395°C, respectively. These data yield 
a relationship of log C = —1353/T-i- 1.77, where C -is measured in mole percent FeS, 
T is in "K, and the pressure is 1 kb. The effect of pressure on C is evaluated. Hence
forth, indications of equilibrium or disequilibrium crystallization and estimates of tem
perature of formation may be made for the assemblage sphalerite-chalcopyrite-pyrite-
bornite at temperatures in the range 150° to 4S0°C. 

The composition of bornite in equilibrium with chalcopyrite and pyrite is found to be 
Cti5.24Feo.80S4.oo at 271°C and Cug 02̂ 0̂.0354.00 ^t 395°C. At these temperatures chalco
pyrite and pyrite in the buffer assemblage do not deviate measurably from stoichiom
etry. Bornite and chalcopyrite are found to incorporate 0.03 to 0.18 and 0.00 to 0.43 
atomic percent Zn in the range 197° to 503°C. 

Introduction 

MUCH experimental effort has been devoted to 
determining the FeS content of sphalerite in equi
librium with the assemblage pyrite-pyrrhotite, with 
a view toward developing an ore geothermometer. 
Papers representative of this effort include Scott and 
Barnes (1971), Boonnan, Sutherland, and Cherny-
shev (1971), Chernyshev and Anfilogov (1968)', 
Boorman (1967), and Kullerud (1953), as well as 
the more general paper of Barton and Toulmin 
(1966). Unfortunately, the results of these studies 
indicate that between 550°.and 300°C, a temperature 
range of rnuch interest to students of ore formation, 
sphalerite composition is constant at 20.7 ± 0.6 
mole percent FeS (Scott and Barnes, 1971) and is 
thus not useful as a geothermometer. Concentra
tion of attention on sphalerite compositions along 
the pyrite-pyrrhotite solvus reflects the tacit assump
tion that sulfur fugacities during ore formation fre
quently correspond to those of pyrite-pyrrhotite 
equilibrium. 

Associations of sphalerite with the assemblage 
chalcopyrite-pyrite-bornite (hereafter referred to 
often as cpy-py-bn) are less common, principally 
because that assemblage is stable only at sulfur fugac
ities that are higher than those typical of most ore 
environments (Holland, 1965; Barton, 1970). Bar
ton and Toulmin (1964, 1966) and Yui and Cza
manske (1971) recognized that the FeS content of 
sphalerite from the assemblage sphalerite-chalco-
pyrite-pyrite-bornite is a potentially useful geother
mometer. Barton and Toulmin (1966, fig. 17), in 
particular, presented data that suggested that the 

relative variation of the FeS content of ZnS along 
the cpy-py-bn, fg, buffer might be greater than that 
anticipated for variation in FeS content along the 
pyrite-pyrrhotite, fsj buffer. On the basis of an 
analysis of sphalerite in a cpy-py-bn assemblage from 
the limori mine, Japan, and relations set forth by 
Barton and Toulmin (1966), Yui and Czamanske 
(1971) estimated that the limori ore formed at a 
temperature below 300°C. 

Because the pertinent relationships presented by 
Barton and Toulmin (1966) are based on extrapo
lated rather than direct experimental data, they are 
uncertain, particularly in regard to the choice of' the 
Henry's law constant, which relates the activity of 
FeS to the mole fraction of FeS in sphalerite. There
fore, the studies reported here were carried out in 
order to place these relationships on a firmer experi
mental footing. 

Experimental Procedures 

To promote reactions involving sphalerite at the 
relatively low experimental temperatures of interest 
for this system, experimentation in hydrothermal 
solutions is essential. Previous experience (see, e.g., 
Czamanske and Rye, 1974; or Scott and Barnes, 
1971) has demonstrated that equilibration with ex
tensive recrystallization can be obtained in NH4CI 
and NH4I solutions by applying a thermal gradient 
of about 5°C over the 10 cm length of the platinum 
saniple tubes. 

Sulfide phases for reaction were prepared from 
high-purity elements by reaction at elevated tem
peratures in evacuated silica tubes. Synthesized in 
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TABLE 1. FeS Contents of Sphalerites Crystallized in Associntion with Chalcopyrite-Pyrite-Bornite 
Over the Temperature Range 197° to 400°C 

Experiment 
.\'umber 

176 • 
145 
202 
237 
238^ 
239 
108' 
179 
180 
227 
228 
229 
261 
262 
263 
264 
265 
266 

Crystallization 
Temperature, "C 

197 ± 3 
272 ± 3 
272 ± 3 
271 ± 3 
271 ± 3 
271 ± 3 
400 ± S 
396 ± 4 
396 ± 4 
395 ± 4 
395 ± 4 , 
395 -t-4 
394 ± 4 
394 ± 4 
394 ± 4 
394 ± 4 
394 ± 4 
394 ± 4 

Duration of 
Run, Days 

615 
220 
195 
85 
85 
85 

165 
160 
160 
99 
99 
99 

193 
193 
193 
193 
193 
193 

Solution 
Composition' 

Sat. N'H.CI 
Sat. NH4CI 
Sat. NH4I 
Sat. Nl-LCI 
Sat. NH4C1 
Sat. NI-I4CI • 
IN NHiCl 
.Sat. NH,CI 
Sat. NH,C1 
Sat. NH4CI 
Sat. NW4CI 
Sat. NH,C1 
IN N'H4CI 
IN NH4CI 
Sat. NHjCI 
Sat. NH4CI 
NH4I 
NH4I 

iV'lolc Percent 
Fe.S in 

Smarting ZnS 

0.00 
0.00 
0.00 
0.00 
1.00 
2.00 
0.00 
0.00 

40.00 
0.00 
1.00 
5.00 
0.00 
1.00 
0.00 
1.00 
0.00 
1.00 

Mole Percent 
FeS in 

Product ZnS 

0.12 ± 0 . 0 3 
0.20 ± 0.03 
0.10 ± 0 . 0 4 
0.21 ± 0.04 
0.18 ± 0.03 
0.19 ± 0.02 
0.95 ± 0 . 1 2 
0.65 ± 0.05 
0.80 ± 0.07 
0.49 ± 0.06 
0.47 ± 0.04 
0.49 ± 0.06 
0.64 ± 0.07 
0.52 ± 0.06 
0.62 ± 0.10 
0.64 ± 0.05 
0.49 ± 0.05 
0.52 ± 0.05 

' Sat. indicates solution saturated at 25°C. Concentration of NfLI in runs 265 and 266 was 7.7 gm/10 ml. 
' Runs with consecutive numbers and identical run duration are from same reaction vessel. 
' Run carried out in cold-seal vessel and contained PbS. 

this way were: a series of (Zn,Fe)S solid solutions; 
FeS2; and an intimate, fine-grained buffer mixture 
containing roughly equal portions by weight of 
CuFeS2, FeSz, and CuaFeS4. Consumption of the 
FeS2 component of the buffer mixture vvas common 
in early experiments, so experiments reported in 
Table 1 typically used 300 mg of the cpy-py-bn mix
ture, 75 mg of additional FeS2, and 50 to 75 mg of 
(Zn,Fe)S. Runs were started with compositions of 
(Zn,Fe)S that bracketed anticipated equilibrium 
compositions, so that equilibrium was approached 
from both directions. 

Reactants and solutions (Table 1) vvere loaded 
into 8 mm O.D. platinum tubes, which were flushed 
with hydrogen and flame-welded while partly im
mersed in ice water. Groups of six sample tubes 
were placed into medium-sized (22.9 cm X 6.4 cm) 
pressure vessels with modified Bridgman-type seals. 
•Vessels were lowered into vertical, gradient furnaces, 
such that nutrient and buffer phases settled to the 
lower (hotter) end of the platinum tube and crystal
lization products formed at the upper (cooler) end 
of the tube. All experiments vvere conducted at 1 
kb pressure to promote solution transport via a rela
tively dense medium. Temperature uncertainties 
reported in Table 1 include calibration of the thermo
couple and recorder, short- and long-term furnace 
fluctuations, and an estimated correction for separa
tion of thermocouple and sample (see Czamanske 
and Rye, 1974). Runs were quenched by plunging 
the vessels at pressure into a bucket filled with ice 
and vvater. Quenches to room temperature took 
several minutes, and some (Cu,Fe)-sulfide exsolu

tion textures may have resulted from the relatively 
slow quench. No reaction between the sulfides and 
the platinum tube was noted. 

Crystallization products were analyzed with an 
ARL EiMX-SM electron microprobe using an ac
celerating voltage of 15 KV and a specimen current 
of 2 X 10-* amperes on brass. Lines analyzed and 
crystals used for each element are as follows: Cu, 
Fe, and Zn, Ka, LiF; and S, Ka, ADP. Standards 
used were: chemically analyzed, stoichiometric 
bornite from Butte, IMontana, and chalcopyrite from 
O'okiep, Namaqualand, South Africa; synthetic ZnS 
containing 0.00, 1.00, 2.00, and 5.00 mole percent 
FeS; synthetic CuFeS2 containing 0.50 weight per
cent Zn; synethetic FeS containing 2.00 weight per
cent Cu; and a .synthetic bornite of composition 
Cu5.44Fe0.82S4.00. Reported analyses of sphalerites 
represent 10-second counts at 30 to 60 discrete points 
on 5 to 10 homogeneous grains; for (Cu,Fe)-sulfide 
pha.ses 8 to 20 points were analyzed. All analyses 
reported are based on direct comparison of counting 
rates for unknowns and standards of similar com
position, with appropriate corrections for background 
and instrument drift calculated by hand.' For anal
yses of sulfides, it is very important to use either a 
rigorous, theoretical correction scheme, or a low 
acceleration voltage (Desborough et al., 1971), or 
close standards. For example, at 15 KV using 
Cu5FeS4 as a standard, 38.2 rather than 34.9 weight 
percent S was obtained for CuFeS2 by direct coni-
parison of count rates. 

Many of the (Cu,Fe)-sulfide products displayed 
exsolution textures, apparently related to quenching 
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T.\ULi; 2. Compositions (in atomic percent) of Bornite 
Crystallized at 197°, 271°, and 395°C in Association 

with Stoichiometric Chalcopyrite and Pyrite 

Experiment 
Number 

IQT-C 
176T' 

Z T r C 
147T-'' 
202 A, 
202A5 
237T 
238A 
238T 
239A 
239T . 

Cu 

50.0"-

50.2 
58.7 
51.4 
51.9 
52.1 
51.9 

. 52.0 
, 52.2 

Average composition 202,'\; 

JPJ°C 
108T 
179T 
180T 
228S 
228T 
229A 
229T 
261T 
263T 
264T 
265T 
266T 

Average corr 

49.9 
49.2 
49.1 
.50.8 
50.7 
50.6 
50.7 
50.3 
50.6 
50.7 
.50.1 
50.0 

iposition 228S -

Fe 

9.9= 

8.3 
4.7 
8.7 
8.5 
8.3 
8.5 
8.4 
8.5 

- 239T, Cu6. 

9.5 
9.9 

10.0 
9.0 
9.3 
9.6 
9.2 
9.4 
9.2 
9.1 
9.4 
9.5 

- 266T, Cus.o! 

S 

40.12 

41.5 
36.6 
39.9 
39.6 
39.6 
39.6 
39.6 
39.3 

.J4Fe.8oS4 

40.6 
40.9 
40.9 
40.2 
40.0 
39.9 
40.1 
40.3 
40.2 
40.1 
40.4 
40.5 

1 Fe.93 S4 

' Letters designate material as: T—transported; S—source; 
A—annealed. 

2 Calculated standard deviations'representative for all data 
presented are Cu ± 0.5, Fe ± 0.2, and-S ± 0.6. ' 

' Poor material for analysis. 

(Brett, 1946), which made difficult the precise deter
mination of bulk phase compositions at the tempera
tures of experimentation. To obtain more homogen
eous products, several samples from each temperaure 
were annealed at identical temperatures in small-
(diameter silica tubes for which much superior 
quenches vvere obtained. Analyses of these homoge
neous products are in good agreement vvith "bulk" 
analyses for the more coarsely exsolved products 
obtained by using a defocussed beam and many 
points of analyses. 

Results 

Although experiments vvere carried out at nominal 
temperatures of 200°, 275°, 400°, and 500°G, the 
mo.st extensive and reliable results were obtained at 
271° and 395°C. All results except those for 500°C 
are summarized in Tables 1 and 2. Certain results 
are considered of greater significance than others, 
and the data will be considered in detail. Experi
ment numbers reflect the sequence of experiments. 
Results are reported in mole or atomic percent, and 
uncertainties are given as one standard- deviation, 
based on microprobe counting statistics. 

FeS content oj ZnS 

Sphalerite compositions are the principal focus of 
this study. The single experiment at 197°C is 
not given weight in the derived equation; the mea
sured FeS content of 0.12 ± 0.03 mole percent com
pares with the value 0.08 calculated from 271° and 
395° data. 

Experiments 237, 238, and 239 were planned to 
locate a point at '-'275 °C and are in good agreement. 
The average composition for these sphalerites of 
0.19 ±0.02 mole percent FeS also agrees with the 
result of earlier experiinent 145, but differs from 
the result of experiment 202 (0.10 mole percent 
FeS), which used a solution saturated in NH4I at 
25°C as the transporting agent. Although Czaman
ske and Rye (1974) have shovvn that N H J can 
have a different effect than NH4CI on solution-min
eral equilibria, experiments 265 and 266 suggest that 
this factor is not operative in the present system. 
Failure of pyrite to be reactive in the system is the 
preferred explanation for the low FeS content of 
the 202 sphalerite. 

Twelve experiments in the temperature range 394° 
to 400°C produced sphalerite crystals up to 500/i in 
size that were compositionally homogeneous as deter
mined by microprobe analysis. On the basis of 10 
of these experiments, 0.55 ± O.OS mole percent FeS 
is accepted for the composition of sphaliarite in equi
librium vvith cpy-py-bn at 395 °C, 1 kb. Results of 
experiments 108 and 180 can be explained only by 
assuming that equilibrium among the four mineral 
phases did not prevail, e.g., supersaturation in FeS2 
could be the reason. The homogeneity of crystals 
from these runs indicates that aberrant conditions 
were sustained throughout the runs. 

Data for the 500°C experiments are presented in 
only a fragmentary way, as no consistent picture 
emerges from them. Apparently because of tie-line 
switches and possible metastability iii the Cu-Fe-S, 
buffering system (Barton, 1973; Cabri, 1973) sphale
rites vvith FeS contents ranging from 1.07 to 3.77 
mole percent have been produced at 500°C. Two 
experiments produced two distinct, coexisting sphal
erite compositions, each represented by 4 to 7 homo
geneous grains to 900/x in size. As a partial ex
planation for the 500°(i results, P. B. Barton (writ
ten commun., 1973) suggests that Zn may enter the 
intermediate solid solution (iss), and stabilize it, so 
that the cpy -I- iss -I- py field persists down to, or 
below, 500°C rather than disappearing below 532°C 
(see fig. 6, Barton, 1973). Analyses of the (Cu,Fe)-
sulfide products support this interpretation by in
dicating coexistence of iss (.Cu1.20Feo.04S2.oo) and 
stoichiometric chalcopyrite in two runs, as well as 
the incorporation of significant Zn in chalcopyrite at 
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503°C (Table 3.). Considerable additional study 
will be reiiuired to clarify relationships in the Cn-
Fe-Zn-S system ih the temperature range 450° to-
535^C, 

(Cn,Pe^ -sulfide i:d,-mpositidns 

Determination of compositions of product (Cu.Fe) -
sulfide, phase's has be'eri an integral aspect of the 
present,study. At 197°, 271°, and 39S°C chalco
pyrite is homogeneoiis and sfoicbiometric within-the 
uiicei-tainty .of- microprobe analysis, with the qualifi-i 
cation that Fe GOiite.nts are: typically 0.1 'fo' 0,2 iiiole 
percent low bec.ausg of Zn stibstifutiou (Table 3) . 
On the other hand, bprnite produced at 271° and 
395°C is not stoichioraetrie (Table -2) but has a 
eo'iiipositioli along the bornite-digenite join. Born
ite crystals to' 250/* produced at l97''C are COIIIT 
positionally near stoichiometric bornite. Inasmneh 
as Yund and Kullerud (-1966,) present only schematic 
relationships belq.w 500°C, these-atialyses presently 
Gonstitu.t.e the only published data for Compositibiis 
of bornite in equilibrium with chalcopyrite arid-py
rite at low temperature, 

The non stoichioraetrie bornites display exsolution 
textures developed during guenching. Textures of 
th'e 271 °G bornites strongly resemble the "basket 
weave" texture df figure 5 in Brett (1-966),, whereas 
tho.se.,of the 395-̂  G Boriiites appear as a fine, regiila.r 
cell-work with boniite cells ;two Or'three'fimes as long 
as they are wide arranged in parallel chains and 
separated by t:hin films of digenite. (Brett ntentidn's 
development,of a dominant orientation in one.of his 
experiments on this join), 'fhis texture was ex
cellently developed during an other-wise un.satisfactory 
polishing attempt eraployiiig FezO's suspended iri 
ehromit acid ((Jameron and Van Rensburg, 1965). 

Phase rejatidhs along the diagenite-bprnite joiii,. 
as presented by Yund and Kullerud (19(50,,fig, 47), 
are apparently related to tw'o -results of (Gu^Fe)-
sulfide analysis: ( t ) experii'genf,202 at 272°G pro
duced two phases compositionally near the limits dt 
the digenite-bofnite solvus shown by Yutfd and 
Kullerud; (2) the Gompositipii ô  'bornite produced 
at 197 °C ill experimeiit 176 is stoichiometric, oj 
nearly so,, in contrast to the-distiiictly nonstoichior 
me!:ric bor-nites prGduced, at 271° and 395° C. The 
phase relations shown by Yund and Kullerud sug
gest this result, to be reasonable. Rifferenees in com
position between these phases produced at 197° and 
272° G and those predicted from" Yund and'Kulleriid, 
figure 47, may relate to equilibration with chalco
pyrite and pyrite in the present, .study, 

"Bulk" compositions .(̂ a'̂ 'ej'ages pE rep.etitiye riiea-
sunemerits with a defocussed beam) of, (Cu,Fe) -suU 
fide grains frora the 500° C experiments; typically 
plot at. the .FeSarr-ich" limit of the bornite solid solti-

TABLE J . Zinc Cdnten.ts (in •ato.iivi.c'perCe'nt) of l-lydrothermiil 
Bornite a'nd Chalcdpy'rite Grystallized in Association 

with P'yrlte-and Sphalerite 

T, "C Bbriiite Ch.ilcopyrite 

197 . 0,05 (1) 
271 0.13-0.18, O.fe (2)' ' 
395 0.03^0.12, 0.09 (3) 
503 • • •• 0,11-(i). 

0.04 (1)' 
0.00-0.05', 0.02 (4) 
0.05-0.13, 0.09 (7) 
0,33-0.43, 0.38 (4) 

' Sequence of vahies: raiige, of conceritrations measured, 
,'a'verage cTn'icentr-ation, n Limber df saini.>ks analyzed. 

tion fielcl and the CuaS-rich lirait of- intermediate 
solid solution, field, as defined for 500° C by Yund 
and Kullerud ('1956), Grains with bulk composi
tions at the limit of the-'bprtiite solid solution field 
show incipient development of a chalcopyrite exsplu-
tiofi t^xttire similar to that shown by Brett (1964, 
fig. 8) Grains -of former, intermediate solid solution 
show drainatic exsdlutioii of-chakopyrite in bornite, 
quite like the "basketsweave" fisxtUre; shown by 
Brett (fig, 3) . Average, bulk cornpositibns are 
Gu4.T(iFei.oaS4,.oo and CuLMFeo's-tSa^oo. Two runs 
produced stoichiometric chalcopyrite in association 
vvith intermediate solid solution, suggesting,-as noted 
earlier, that Zn alters the phase .relationships pf Cu-
Fe-S. One run produced stoicMometric. ehalcopyrite. 
in ,assdciatibn with â phase intermediate in: comppsi-
tioii to bornite aiid idaite, i:e., Cu4a.BFe8,4S45.i 
(atomic proportions); S. Yui (oral commun., 1573) 
has produced phases of siinilar Gompbsition, ap
parently metastably, in the course of a detailed study 
of ,idaite. 

Representative prodiict phases were ch'eckfed for 
extraneous eleraents at the 0.01 moie percent level: 
sphalerite and pyrite for Gu; pyr-ite, chalcopyrite, 
and bornite for Zn, No Gu or Zn were detected in 
pyrite and no Gu was found in sphalerite. Deter
minations of Zn'in chalcopyrite (no dal:a for iss com
positions are reported) a'nd borriite are summarized 
in Table 3. The data show a distihct increase in the 
Zn content of chalcopyrite. as a fLiilction of tempera
ture' but suggest that the Zn .content of bornite is 
relatively constarit at 0.08 to 0.16 mole percent uiider 
the conditions of experimentation. 

Discussion 

- Critical analysis of the sph'aterite coinpositional 
data is complicated bythe fact that miiior discrepan
cies exist among therraodyiiamic data for the Fe-S 
and Gu-Fe-S :£ystems, Ai, a fratne pf reference for 
discussion, Figure 1 has been constructed as follows; 
f l ) The three equilibriuin univariant ctinres other 
thati chalcopyrite ** bornite -i- pyrite, âs well as the ' 
contouring of the pyrrhotite field, have heen taken 
from vScott arid Barnes (l971, hg. 2) with modest 
extensidti of the:" isopleths fqr sphalerite cotnpositions 

http://bec.au
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FIG. 1.. Relationships'betw.een tlic composition of sphalerite in mole peircettt FeS (light, solid lihes-).and pertiiicrit uni
variant equilibria, as a fiinction of fugacity.of sulfur and teniperature at 1 bar. Severkl isopletlis: fpV as-ss in the ;ai-ea 6£ 
intei:est are shown as dbtted lines'. Measured values for mole percent FeS in sphalerite at 271" and '395° C have been cdr-
reGted'for the pressure cjiaiVg'c'frofn 1 kbar to 1 bar and ^re "indicated. Methods of compilation discussed tn text 

in the pyrrhotite field, based on their equation (2). 
The Scott-Barnes uriivfariani eufve- for pyrite ^ 
pyrrhotite has been choseri over that of Toulmin and 
Barton (1964) for three reasons.: a) with the study 
of ToiiltTiin and Barton in hand, Scott and Barnes 
located a univariant curve which is corisistenti within 
stated error limi-ts, with both sets,, ot data; b) inde
pendent studies by iSiletti et al. (1968) and Schriee^ 
berg (1973) have each supported the- slightly flatter 
curve (in log; fsa-I/T space) of Scott and Barnes; 
and c) data from the present study relate; better tb 
the Scott-Barnes univariant curve, (2) Tbe uni
variant curve- for the reaction chalcopyrite -\- Si ?^ 
bornite -I-, py'rife has been located .Oft the basis of the 
electrocherhicaj .nieasurements pf Scfaneeblsrg (1973 ), 
which fit the equatio.n .log fĝ  = 12.5.60 —' 1.1067 X 
10* (1 /T ) . S.chrieeberg's univariant curve was se
lected because it is based on more extensive and 
inherently more precise (lata than the, univariant 
.cur.yevof Eartpii -and' Toiilmin (1964) ; the two uni
variant curyes are,parallel an.d that of Barton and 
Toulmiii lies at values of fs, only 0.2 log miit lower. 

(3) Isopleths for apes within the pyrite field haye
been located as follows: a) at 475°C, the approxi-
,mate crossover point of the Toultnin-Bafton and 
Seott-Barnes pyrite-pyrrhotite univariant curves, 
apas has been calculated from the relation 2FeS -t- S3 
'*^2FeS2, using the exp'ressibh A G ° =—70,740 H-
69.04T' (Barton and Skiiiher, 1967, table 7,2). 
Based on the calGulated spacings, isopleths were 
constructed parallel t p t h e SEptt--Barnes univariant 
curve. This procedure is not entirely arbitrary be
cause the constancy pf the iron Gontent of sphal
erite; in eqtiilibrium with pyrite and pyrrhotite, from 
250° to 550° C, strpngly suggests that the isopleths 
of FeS activity in the pyrite field must paraU'el the 
pyrite-pyTrhotite univariant curve. (Minor Ihac-. 
Guracies that may exist .because a free energy ex-
pre.5J>ion has not been derived: for the SGott-Balrnes 
univariant curve are cohsidere'd to be well vvithin 
the-pvefaH uncertainties of-'thisftreatment.) (4) A 
Heiify's law constant of .2.5 for sphalerite of' low 

. FeS Gonterit is obtained frotn Baftgn and Toulrnin 
(1966) by drawing a straight line'throiigh the origin 
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^ 

of their figure 14 tangent to their array of data. 
Based on this value, sphalerite compositional points 
were located at 475 °C from the calculated aj-es values. 
Compositional isopleths were constructed parallel to 
the apes isopleths (and to the pyrite-pyrrhotite uni
variant curve) as required for a Henry's law con
stant insensitive to composition and temperature. 
(5) A field for monoclinic pyrrhotite has been 
shovvn schematically below its apparent upper 
stability limit at 248°C (Kissin and Scott, 1972). 
(6) The two data points representing the results 
of this study (see Table 1) have been presstire cor
rected to 1 bar (see below) and have been placed 
on the chalcopyrite ^ bornite -F pyrite univariant 
curve of Schneeberg (1973) at 271° and 395 °C. 

The effect of pressure upon sphalerite composition 
has received attention from Barton and Toulmin 
(1964), Scott and Barnes (1971), and Scott (1973). 
.A.long the pyrite-pyrrhotite univariant curve, in
creased pressure markedly decreases Nt̂ es at con
stant temperature. In contrast, along the chalco
pyrite ^ bornite -F pyrite univariant curve, increased 
pressure increases Nift* slightly at constant tem
perature. Using the molar volume data of Robie 
et al. (1966) for bornite and pyrite, Hall and 
Stewart (1973) for chalcopyrite, and Barton and 
Toulmin (1966) for 'Vpegsph, A"Vr is calculated to 
be^^—0.5 cal/bar for the reaction 5CuFeS2*^ 
Cu5FeS4-F 2FeS2-f [FeS],in sphaiente). It can be 
shown that 

- AV,dP = 2 RT d In (ares)-

Assuming that AVr is constant, partial integration 
gives the desired equation, 

- AV, ( P . - P,) = 2.303 RT [log(ap,s)p. 
- log(ares)pi] 

At 1 bar (the pressure for which the framework of 
Figure 1 is constructed), APUH will be ^—80 percent 
of its value at 1 kb, the pressure of experimentation. 
Values for the mole fraction ot FeS in sphalerite at 
1 bar are therefore estimated at 0.15 ± 0.02 (271 °C) 
and 0.44 ±0.07 (395°C); these values fit quite 
well into the framework of existing data (Fig. 1). 
Because ar-.s = (yi^'l) (N'̂ s;.!), where y^ll rep
resents the Henry's law. constant and Nt'ls the mole 
fraction of FeS in ZnS, another way of considering 
the nevv data is to derive the Henry's law constant 
which relates the measured N'FCS values to the con
toured ap,.s values. The calculated values of 2.5 ± 
0.3 and 2.6 ± 0.4 for 271° and 395°C, respectively, 
are in good agreement vvith the data of Barton and 
Toulmin (1966, Fig. 14) for yl̂ es at low FeS con
tents. 

Scott (1973) found that calculation of the pres
sure effect on sphalerite composition along the py

rite-pyrrhotite solvus did not agree with measure
ment unless volume changes in the coexisting phases 
as a function of temperature and pressure were con
sidered. Sphalerite compositions measured in this 
study agree reasonably with existing data when un
corrected for pressure, and well when pr.essure cor
rected; however, it seems advisable to apply correc
tions to high pressure vvith caution. 

It is appropriate to discuss the implications of the 
present study for the sphalerite from the limori 
mine, Japan, studied by Yui and Czamanske (1971), 
as this is at present the only known application of 
data from the Cu-Fe-Zn-S system to geothermome
try. Reanalysis of the limori sphalerite during the 
course of the present study suggests that 0.053 ± 
0.009 mole percent FeS is probably a better measure 
of its FeS content than the value 0.044 ± 0.009 
given by Yui and Czamanske (1971). According 
to the present study, 0.053 mole percent FeS in 
ZnS should correspond to a formation temperature 
of '~'170°C, if the sphalerite is in equilibrium with 
cpy-py-bn at 1 kb. Although this temperature ap
pears low in comparison with published estimates of 
conditions during ore formation (see Yui and Cza
manske, 1971), some students of Sanbagawa meta
morphism will find it quite realistic (Yui, oral com
mun., 1973). The possible effect of pressure on the 
calculated temperature is marked for the limori 
sphalerite because pressures of 5-7 kb have been 
postulated during formation of the limori ore. This 
pressure correction would call for even lower tem
peratures of equilibration. 
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THE FRE.E ENERGY OF SODALITE A.ND THE BEHAVIOR 
OF CHXORIDE, FLUORIDE AND 
SULFATE IN SILICATE MAGMAS 

J. C. STORJIEK, JR. A.N'D I. S. E. C.-VKMICIIAKL, Universiiy of 
California, Berkeley, California 94720 

ABSTRACT . ' 

The Gibbs free energy of formalion tor sodalite, .Na4Al:iSi30i2CI, calculated from pub
lished data on its decomposition to nepheline and NaCl is: 

T (deg. K) 
CtC/ (K cal/gfw) 

1000 1100 
-1305.8 -1273 .5 

1200 1300 1400 
-1239 .6 -1199 .9 -1160 .2 

Sodalite stability is strongly controlled hy silica activity. At high tenipcratures it will be 
found only in magmas whose silica activities .arc near or below the ncpheline-albite etiui
librium. At lower temperatures its stability field expands and it will be stable at higher 
silica activities, and will therefore precede nepheline in the crystallization sequence of 
phonolitic trachytes. I f /c i , is not morc than 10' greater than /K. , villiaumite (NaF) or 
fluorite and nepheline will take the place of sodalite. ji6'°/ for iiosean (Nas.'VIcSicOiilSOjj) 
has also been estimated, and it similarly can precede nepheline in the crystallization order 
of phonolitic trachytes. The ralio oi fuD./fci. of noscan coe.visiing with sodalite has lieen 
calculated for various temperatures antl/n,. The stability of sulphate tnosean) rather than 
sulphide minerals is controlled not only hy fo^, but also by silica aciivily and peralkalinity. 

Vaiucs of /ci. calculated from the sodalite-bcaring trachytes of Mt. Suswa, Kenya, vary 
from 10-"-' at i400°K to 10-= » tU 1000°K, and the upper limits of ft-, vary from 10"^ 
to 10~" atmospheres. Estiniiitcd fugacities of HCI and SO2 are several ortlcrs of magnitude 
lower than the partial pressures of the .same components in fumarolic gases of a hypcr-
sthene-dacitc, as is to be e.xpected. Siliceous magmas rich in Cl will generate a fluid phase 
rich in Cl which is e.vpclled as crystallization proceeds. Magm.is nf lower silica aclivitie? 
(trachytes, leucite-h.asaniles.) will retain their Cl or SO-i, as sod.alite or noscan are stable. 

INTRODUCTION 

With the exception of volcanic gases, the fugitive components in sili
cate magmas are not conveniently studied, and only analyses of quenched 
natural liquids provide any approach to their distribution and con
centration. However, if during the crystallization of a silicate niagma, 
the presence of a halogen induces a particular mineral to precipitate, then 
with the necessary thermodynamic data on that mineral, we can calculate 
a parameter (an intensive variable) which can characterize the behavior 
of the particular fugitive component. For example, the occurrence of 
sodalite in lavas can be used as a clue to the behavior of Cl, or nosean or 
hauj-ne can be used for SO3. 

As the data for sodalite arc more reliable, in this paper we consider Cl 
and its contrasting behavior with F in silicate magmas. As an indication 
of the concentration of (̂ 1 in various igneous rock types, several average 
vaUics arc given in Table 1. Granite and basalt, com'prising the vast 
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TABLE 1. CHLORIUE AnuNDANCES IN SO.ME IG.VEOUS KOCKS 

Rock Description Percent Cl 

Average Igenous Rocks 
Granite (Taylor, 1964) 
Basalt (Taylor, 19frl) 
Phonolite (NockoUls, 1954) 

0.02 
0.006 
0.23 

Pantellerites 
Pantelleria (Carmichael, 1962) 

glassy (av. of 6) 
microcrvstalline 

0.56 
0.04 

Comendites 
New Zealand (Nicholls and Cannichacl, 1968) 

glassy (av. of 5) 
microcrystalline (av. of 2) 

0.24 
0.02 

Phonolites 
Mt. Suswa, Kenya (Nash cl at., 1969) 

glassy (av. of 2) 
crystalline (av. of 7) 

0.17 
0.21 

Leucite Tcphriles and Basanites 
Vesuvius 

Savelli, 1967 (av. of 21) 
Carmichael, 1971 (av. of 4) 

0.48 
0.46 

majority of crustal igneous rocks, have less than 0.02 percent Cl; however 
one variety of acid lava, the peralkaline glassy pantellerites and com
endites contain more than ten times as much Cl (Table I ) , but the low Cl 
contents of their crystalline counterparts show tha t Cl is expelled during 
crystallization. Hovvever, in peralkaline sodic t rachytes the precipitation 
oi sodalite retains Cl, so that the glassy and crj^stalline varieties of these 
lavas contain comparable amounts (Table I ) . In the holocrystalline and 
potassic leucite-basanitcs of Vesuvius, the occurrence of sodalite in the 
groundmass similarl}' retains a high concentration of Cl (Table I ) . I t 
seems clear tha t the key to the retention of Cl in a crystalline lava lies in 
the stability or precipitation of sodalite, and in its absence, Cl will be 
expelled as part of the fluid phase. 

This fluid phase, particularly in magmas with a high silica activity 
(Carmichael cl at., 1970) is rich in NaCl (Roedder and Coombs, 1967), a 
common component of volcanic sublimates (White and Waring, 1%3). 
The work of Roedder and Coombs (1967) coupled vslth the experiments 
of Van Groos and Wyllie (1969) have indicated tha t a Cl-rich fiuid phase 
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is immiscible with silicate liquids. Thus the generation of a Cl-rich fluid is 
the alternative in magmas with high silica activities to the crystallization 
of sodalite in magmas with lower silica activities; both may initially con
tain comparable amounts of Cl (Table I). 

T H E FREE ENERGY (AG°f) OF SODALITE 

The data published by Wellman (l%9) on the vapor pressure of NaCl 
over decomposing sodalite, provides a basis for the calculation of the free 
energy of sodalite. These data vvere obtained by determining the tem
perature of precipitation of halite from the gas evolved by decomposing 
sodalite to nepheline and NaCl vapor in an evacuated quartz tube placed 
in a gradient furnace. Two slightly different methods of calculation can 
be used to determine a value for the free energy of sodalite. 

One may assume the equilibrium of sodalite, nepheline and gas at the 
temperature of the sodalite. The equilibrium of the two predominant 
sodium chloride polymers, NaCl and Na-iCU, in the gas can be calculated, 
and the free energies of nepheline and the gas summed to obtain the 
sodalite free energy. 

NaCl tos) + 3NaAISi04 = Na.,Al3Si30i-,Cl AG = 0 (1) 
(nepheline) (sodalite) 

AG°(NnClKa8) + 3i i(7 ' („cphclino) ~ - S T h i / N a C l = AG°(aoilnlito) 

(where/ = fugacity of NaCl species) (la) 

Alternatively one may assume that the sodalite and the nepheline at a 
higher temperature (Ti) are in equilibriuni vvith pure halite at a lower 
temperature (Ti) through the medium of the gas: 

NaClcboiitD.rj) + 3NaAISi04(„c„i,ciino.T,) = Na4Al3Si30i-2CI(sodaiitc.rj) (2) 

A G (hnlite.7'j) "T" 3 A G („ci.liclinc,7'i) — A G (sodalite,rO (2a) 

The calculated vahies of free energy are shovvn in Figure 1, The agree
ment bciween both sets of calculations is quite good. 

In the discussion which follows, we have assumed that all liquids and 
solids mix ideally, so that fl(aetiviiyi =-^(moi. (rnetioni- We are also concerned 
with coniponents in a liquid rather than species, 

SODALITE STABILITY AND SILICA ACTIVITY 

As sodalite is found only in silica-undcrsaturatcd rocks, and never in 
quartz-bearing assemblages, its stability is obviously strongly influenced 
by silica activity (Carmichael el al., 1970). Using the reaction (3) below, 
the effect of varying silica activity on the stability of sodalite can be 
calculated, .\t the same time the effect of varying the activity of NaCl in 

O I 

d 

u 
H 

meas 
Cain. 

i 
thci 
tog« 
fekl 
ncai -

i 

^\ijf».-i^iS"^yij:?i'->^j^;!*}.'w.y:y,^jg;^ 
MtiiT'mi—11 »yr: 



X 

ZA RMl Cll A EL 

eration of a Cl-rich fiuid is 
'ities to the crystallization 
s; both may initially con-

lODALITE 

: vapor pressure of A -̂iCI 
he calculation of the free 
y determining the tem-
•volved by decomposing 
ated quartz tube placed 
hods of calculation can 
sodalite. 

epheline and gas at the 
the two predominant 

e gas can be calculated, 
aimmed to obtain the 

AC = 0 0) 

= 4C° (snilalitc) 

'- NaCl species) (ht) 

nd the nepheline at a 
nrc halite at a lower 
Lhe gas: 

!Oi-'CI(,oj„,i,„,,^j (2) 

°Jalite,r,) (2a) 

''•gure 1, The agree-

that all liquids and 

: are also concerned 

ITY 

5cks, and never in 
trongly influenct'd 
eaction (3) below, 
'f sodalite can be 
tivity of NaCl in 

FREE ENERGY OF SODALITE 295 

1400T °. 

1300 

o 

I" 1200 
V-

1100-

1000-
1150 1200 12'56' 1300 

A G f (Kcal/gfuj) 

FlG. 1. The free energy of formation of sodalite (NaiiMsSijOijCl) calculated from 
measurements of the vapor pressure of iS'aCl over decomposing sodalite (Wellman, 1969). 
Calculations using reaction 1 shown as circles, reaction 2 as crosses. 

the liquid, aNnci"''''''', vs'hich can be taken as a measure of Cl concentration, 
together with the etTect of changing the composition of the coexisting 
feldspar, can be shown (assuniing sodalite remains stoichiometric or 
ncariy so). 

Na4Al3Si30,-.Cl + 6Si0, - NaCl -F 3NaAISi308 (3) 
sodalite li(|uid liquid albite 

l i q u i d 
log OsiOj 

1 " 

7 . 
AG° 

6 L2.303 RT 

, , "quid 

+ log fflNaCI + 3 1 
feldspar 

Og a.xaAisijOs (^a; 

In Figure 2, the limit of the stability field of sodalite is shown at two 
temperatures. If the coexisting feldspar is pure albite (oNaAisi,Os'°''''"""'= 1), 
then sodalite is stable at higher silica activities than those defined by the 
reaction 

NaAlSiO^ + 2SiO-- = NaAISijOs (4) 

in a typical phonolite assemblage (Carmichael el al., 1970). The curves in 
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Figure 2 indicate that sodalite will co-precipitate with feldspar in tra
chytic liquids before they become sulhciently poor in silica to precipitate 
nepheline; this sequence of crystallization is particularly well displayed 
in the Mt. Suswa phonolitic trachytes (Nash el al., 1969). However if the 
coexisting feldspar is not pure albite, then the precipitation of sodalite 
will be delayed at both temperatures (Fig. 2), until silica activitj- is lower 
than under the corresponding conditions of pure feldspar. The calculated 
data shown in Figure 2 may be emphasised in a different way; the lovver 
the crystallization temperature, the more likely sodalite is to precede 
nepheline in the order of crystallization of a trachytic niagma whose 
residual liquid is changing in composition so as to eventually crystallize 
nepheline. The greater the activity of NaCl or concentration of Cl in the 
trachyte magnia, the greater will this precedence of sodalite be in com
parison to nepheline (Fig. 2). 

In a paper on silica activity in igneous rocks, Carmichael el al. (1970) 
suggested that the thermodynamic data for leucite are likely to be wrong, 
and that the variation in csioj with temperature defined by the reaction 

KAlSi.Oo -h SiO. = KAlSiaOs 
leucite liquid feldspar 

(5) 

should be at higher vahies of fl.si02 than the corresponding curve for the 
nephcline-albite assemblage. This conclusion is not invalidated by the 
occurrence of sodalite in the crystalline groundmass of the Vesuvius 
leucite-basanites (Carmichael, unpublished work). In these, leucite, 
plagioclase (Auso), sodalite and phlogopite coexist, an assemblage which 
in view of the calculated stability of sodalite (Fig. 2) could well have a 
higher silica activitj' than the analogous ncpheline-albite assemblage. 

In magmas with high silica activities, namely rhyolites and siliceous 
trachytes, the Cl component, represented as NaCl (Fig. 2) will presum
ably form an immiscible fluid phase if the results of Van Groos and Wyllie 
(1969) in the immiscibility of liquid NaCl in NaAISi308 liquid arc 
applicable to siliceous magmas. 

SODALITE STAIULITY AND FLUORINE FUGACITY 

One of the intriguing contrasts between chlorine and fluorine in ig
neous rocks is seen in the absence of ;i fluoride analogue of .sodalite. Vil
liaumite (NaF) and nepheline are the stable equivalent association, and 
although very rare in nature, they do occur (Stormer and Carmichael, 
1970). Another example of the separation of these two halides is found in 
the groundmass assemblage of the Vesuvius leucite-basanites (Car
michael, 1971a) there, as noted above, sodalite is associated with chloride-
poor fluoiphlogopite. 
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FIG, 2. The stability field of sodalite at lOOO^K (727°C) and 1400''K (1127''C) as calculated by reaction 3. Sodalite will be stable at silica and 
NaCl activities below the curves: the upi^er curve is for pure albite, the lower for an activity of 9.5 albite in coexisting feldspar. The standard state 
for SiO« has been taken as silica glass (cf. Carmichael et al., 1970). The lower boundary of the shaded area labeled "quartz bearing" is defined by 
the activity of silica glass in equilibrium with crystalline quartz. Below this line quartz will not be stable. Rhyolitic magmas vvill have silica activities 
near this boundary. The upper boundary- of the shaded area labeled "nc bearing" is defined by the activity of silica in equilibrium with nepheline 
and albite. .-Miovc this line nepheline will not be stable; below il an albile-rich feldspar will not be stable. Phonolitic magmas will have silica ac
tivities near this value. Trachytic magmas will have intermediate values of silica activity. Liquid NaCl was similarly chosen as the standard state 
for sodium chloride. Therefore at temperatures below the melting temperature of halite, crystalline halite will be in equilibrium witli NaCl liquid 
a t activities less than one. The activity of liquid NaCl in equilibrium wilh halite is shown at 1000°K (727°C) by tho dashed boundary. Magmas 
having activities of liquid NaCl on this boundary, and silica activities above the sodalite stability field would contain crj-stalline halite. No natural 
example of such a magma has been reported. 
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It is possible to calculate limits of the ratio of the fugacities of F to Cl 
(fvi/fcO for rocks vvhich contain sodalite. In the following reaction 

2Na4Al3Si30i2Cl -f Fj = 2NaF -f 6NaAlSi04 + Clj 

log /FJ,//CIO 
" C / nepheline 

^ -t- 6 l o g aNaAlSi04 
2.303 RT 

(6) 

(6a) 

the ratio fvjfcu. is approximately lO"'^'' over the teniperature range 
1000°-1400°K for the equilibriuin assemblage sodalite, nepheline and 
villiaumite. If water is present as a component in reaction (6) then HF 
and HCI will be the predominant halide species, and, as hydrolysis of 
fluorine is the more complete, the corresponding fugacity ratios/H F//HCI 

vary between lO^^' and 10--* over the same temperature range (1000-
1400°K). It is therefore possible to calculate the upper limit of the two 
fugacity ratios/i.-jZ/ci, and/nrZ/nci for natural assemblages of sodalite 
and nepheline. The calculated fugacity ratios are not greatly changed if 
reaction (6) is modified to include albite (7), provided that the silica 
activity is appropriately low: 

2Na4Al3Si30r.-CI -f- 12SiO, -f F, = 2NaF -|- eNaAISiaOg + Cl, (7) 
sodalite liquid villiaumite albite 

Stormer and Carmichael (1970) have shown that villiaumite iu reac
tion (7) will be replaced by fluorite if the anorthite component of the 
feldspar exceeds about 10 mole percent. Fluorite and nepheline vvill then 
take the place of sodalite at the expense of anorthite as indicated in the 
reaction below 

2Na4Al3Si30i,Cl -f CaAI-.Si-.Os + F-, = CaF^ -f 8NaAlSi04 + Cio (8) 
sodalite anorttiile fluorite nepheline 

and 

l0g/F,//ci 
^ t J nepheline 

— -f- 8 l o g O.VaAISiO, 
2.303 RT 

feldspar 
logaCaAl-SiOs (8a) 

In Figure 3, w-e have plotted the results for the two reactions (6) and (8) 
at 120p°K. Using the data on the Vesuvius leucite-basanites where 

-sodalite coexists with An̂ e in the groundmass, the calculated stability 
curve of sodalite in Figure 3 indicates a maximttm value oi fpjfch of 
about 10"' at 927°C for these lavas. Savelli (1967) has given an average 
value of 2700 ppm F and 4800 ppm Cl for the Vesuvius lavas, vvhich 
correspond to a concentration ratio of 0,56 or 10~°-- ,̂ 
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^'aAISi04 -f CI2 

nepheline 
Og «NaAI.Si04 

(6) 

(6a) 
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FIG. 3. The stability field of sodalite as limited by high ratios of fluorine lo chlorine 
at 1200°K (927°C); see reactions 7 and 8 in lext. If a feldspar containing morc than 10 mole 
percent anorthite coexists with sodalite, iluoritc plus nc|)heline will take the place of sodal
ite, tlie ratio of fluorine to chlorine falling with increasing anorthite. If a feldspar with more 
than 10 mole percent anorthite is nol present villiaumite and nepheline will take the pk-icc 
of sodalite. These relationships remain essentialK- the same over the temperature range 
1000°K (727°C)-1400°K (1127°C). 

NOSEAN AND SULPHATE ACTIVITY 

In order to estimate the free energy of nosean (AG^j), we can assume 
that over the temperature range of interest, the sum of the free energies 
of nepheline and thenardite (Na-.S04) are equal to that of nosean in an 
analogous way to the discussion of sodalite. In other words, it can be 
assumed that AG of the following reaction is zero 

NaoS04 -I- 2Na4AlSi30,,Cl = 2NaCl •\- Na8Al6Si60-,4(S04) (9) 
Ihenardile sodalite halite nosftin 

Then 

AC°/(„o3oan) = 2A(?°/(sodnlilo) + A(?°/(ihonar<iito) — 2AG°/ (ha l i t e ) ( 9 a ) 

Since nosean can be produced from sodalite, and sodalite from nosean, in 
a flux of the appropriate sodium salt (I'auliiig, 1930), this assumption 
may not be far wrong. 

Using the estimated values of AG°/ for nosean, it is possible to calculate 

i 
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the stability of noscan at various temperatures as a function of silica 
activity and Na2S04 activity using the reaction: 

Na8Al6Si60..4(S04) + 12Si0,. = Na2S04 -f-eNaAISijOs (10) 
nosean liquid liquid albite 

The calculated curves are almost identical' to those for sodalite plotted 
in Figure 2, and indicate that nosean can precede nepheline in the order 
of crj'stallization of a trachytic magnia whose residual liquid will 
eventually precipitate nepheline. Both the experimental results of Taylor 
(1967) on the system nosean-albite-orthoclase, and observations on the 
Wolf Rock nosean phonolite (Tilley-, 1959) indicate that nosean may 
precede nepheline in niagmas crystallizing feldspar. 

Petegheni and Burley (1963) and Tomisaka and Eugster (1968) have 
investigated the sodalite-nosean join. There is a large miscibility gap, and 
both solids show limited solid solution. However there is substantial dis
agreement betvveen the two sets of results on the extent of solid solution 
in the two phases. Analyses of natural sodalite and nosean (Deer el al., 
1963; Taylor, 1967) suggest that there is considerably more solid solution 
of the chloride coinponent in nosean than of the sulphate component in 
sodalite. If the extent of the mutual solid solution in the nosean-.sodalite 
series is assumed to be minimal :it magmatic temperatures, then the 
following reaction can be used to calculate the limiting fugacity ratio 
/sOaZ/cij for nosean or sodalite. It is also assumed that SO2 is the pre
dominant sulphur-o.x.vgcn species at magmatic temperatures (Heald 
el al., 1963). 

2Na4Al3Si30i- ,Cl -f SO2 -f O , = Na8AloSi60..4(S04) -|- CI2 
sodalite noscan 

log/soj.//cij = 
AC° , sodali te 

~ Jog/oj ~ 2 log aNa,Ai,si30,»ci 
2.303 RT 

nosean 
+ log .̂\aBAlQSifi024(S04) 

(11) 

(11 a) 

The variations of the fugacity ratio/soj/Zcij with temperature and /o, has 
been plotted in Figure 4 assuming unit activity of nosean and sodalite. 
Each curve represents the/sOiZ/oij ratio for the coexistence of nosean and 

' I t may ajipcar that the stability fields of nosean and sodalite in terms of the activities 
of silica, albite and sodium salt (rcaclions (3) and (10) Fig. 2) are necessarily identical 
because of the as.sumplions used to estimate tlie free energy of nosean. However, the 
standard slate of the sodium salt in equation (3) was the pure liquid, where;is that used to 
estimate the free energy of noscan w.as the crystalline solid. As a result the stability Itekl 
of nosean in terms of these variables will dilTcr frorn lhat of sodalite by an amounl deter
mined by the difference in the solid-liquid transition energies of NauS04 and NaCl. This dif
ference is in fact negligibly sniall; at 1(K)0°K it would be represented by an increase of 
about 0.01 in the silica activity. 
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FIG. 4. Reaction 11, equilibrium between nosean and sodalite, plotted in terms of the 
ratio of SO2 to CI2 and teniperature for several oxygen fugacities. Dashed curves for con
stant oxygen fugacities. Solid curves for oxygen fugacities bulTered hy the following 
assemblages: FMQ, fayalite-magnetite-quartz; N.NO, nickel-nickel o.vide; H.M, hematite-
magnetite. 

sodalite for particular oxygen-fugacity conditions. Thus nosean in equi
librium vvith hematite and magnetite vvould have a minimum value of 
/so.y/cis of 10^ to 10^ over the temperature range of Figure 4. 

NOSEAN AND OXYGEN FUGACITY 

The presence of sulphate sulphur in a magma rather than sulphide sul
phur is often thought to require an unusually high/o, , or a t least vaiucs 
higher than those normally associated with sulphide minerals (Skinner 
and Peck, 1969, 319), But the association of nosean with olivine and 
titanifcrous magneti te in alkali olivine-basalt bombs in Quaternary cinder 
cones of northeastern New Mexico (Baldwin and Muehlberger, 1958; 
Stormer, 1970) shows t ha t unless eilher of the ferromagnesian minerals 
have extreme composition, the oxygen fugacity v\'ill not dilTer greatly from 
any other olivine-basalt, or from that in equilibritim vvith the svnthetic 
fayalite-magnetite-quartz assemblage (Carmichael and Nicholls, 1967), 
The more common paragenesis of nosean, or perhaps of hauyne, a 
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calcium-bearing sulphate variety, is in olivine-free lavas, for example, the 
etincHtes of West Africa (Tilley, 1953; Carmichael, unpublished work), 
where noscanhauyne solid solutions occur with titan-augite, titaniferous 
magnetite and perovskite. In some salic lavas, noscan or hauyne may 
occur vvith mehinite, augite titaniferous magnetite and leucite. In both 
parageneses, the absence of olivine could be suggestive of a higher/02. 

Perhaps the problem of the occurrence of sulphate rather than sulphide 
can be illustrated by the following reaction, a plausible representation of 
a nosean paragenesis 

Na8AleSi6024(S04) + FejOi + 16Si02 
nosean magnetite iitiuid 

= FeS -f 2NaFeSi-20c -|-eNaAlSisOg-h 20 , (12) 
pyrrhotite acmite albite 

A cursory inspection shovvs thatif silica activity falls, the reaction will 
run to the left,.despite/oj remaining constant. This reaction illustrates an 
essential point: the occurrence of sulphate ralhcr than sulphide need not 
require an unusua.'ly high/oj, because it is also controlled by the overall 
composition of the silicate niagma. In this example, low silica activity 
and a large coinponent of acmite in the coexisting pyroxene would pro
mote the crj'stallization of nosean. Sulphate minerals are therefore to low 
silica activity peralkaline magmas what sulphide minerals are to high 
silica activity magmas; even though/oj may be constant (at comparable 
T), witness the occurrence of olivine and titaniferous magnetite. 

CALCULATION OE FUGITIVE FUGACITIES IN IGNEOUS ASSEMBLAGES 

The volatile constituents of a magma as wc have seen are often lost in 
the later stages of crj-stallization. However, thermodj'namic data can be 
used to recalculate the activities or fugacities from analyses of the mineral 
phases whose presence and composition was controlled bj', or controlled, 
them. 

The sodalite-bearing trachytic lavas of Mt, Suswa, Kenj'a, have been 
studied by Nash el al. (1969) and analyses of the mineral phases are avail
able. The fugacity of chlorine in one lava (W158) can be calculated using 
the following reaction: 

aNaFeSijOc + 6NaAlSi04 -f CI2 

= 2Na4Al,Si30,2Cl -f 4Si02 -j- |Fe304 -h fO, (13) 
A / - 0 

log/ci, = •-•^^^-^ -r 2 log flNa.AijSijOijCi + 4 log asiOj + -j log «i.-„,04 
2.303 RT 

1 3 1 y 1 1 pyroione 
+ f l o g / o j - 2 l o g ONaFeSijO, 

nepheline 
0 l o g flNaAISiO, ( 1 3 a ) 
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The activity of silica is calculated from the data for nepheline and feld
spar (Carmichael, ei al., 1970; Nash el al., 1969). Activity coeflicients for 
nepheline obtained from the data of Perchuck and Rj'abchikov (1968) 
were used although thej' do not take the excess silica component into 
account. In the absence of any better information the activities of the 
other components vvere assumed to be equal to their mole fractions in the 
respective mineral phases. 

The fugacity of chlorine has been calculated and plotted in Figure 5 as a 
function of temperature, assuming that all the phases in reaction (9) 
coexist at a given temperature. In allprobabilitj' they coexist only for a 
limited range of temperature, which unfortunately is not known. As 
neither villiaumite nor noscan are present, only the upper limits of the 
fugacities of Fs and SO2 for the observed mineral assemblage can be cal
culated using reactions (8a) and (11a), and tliey are plotted in Figure 5. 
In order to facilitate comparison with analvsed volcanic gases, it vvas 
assumed that the fugacity of water in the lava was 1 atm and the approxi
mate fugacity of HCI calculated. Also shown in Figure 5 are the partial 
pressures of HCI and SO2 derived from analj'ses of fumarolic gases asso
ciated with the extrusion of a hypersthene dacite dome at Showa-Shinzan, 
Japan (White and Waring, 1963). The Showa-Shinzan data was selected 
because of the completeness of the analyses and the appropriateness of 
the teniperature range. HCI and SO, in these analyses are not unusually 
high vvhen compared wilh other data. A hj-persthene dacite such as this 
will, of course, hav^e a much higher silica activitj- than the phonolites 
with which it is being compared, and will no doubt generate and expel a 
fluid phase rich in Cl as crystaUization proceeds. I t is not surprising there
fore that the fugacitj' of HCI, and also SO,, is so much higher at Showa-
Shinzan than the values calculated for Mt. Suswa lavas. The most strik
ing feature of Figure 5 is the very low volatile pressure (equal to fugacity 
at 1 atm H2O) required to stabilize sodalite in trachyte lavas (cf. Nash 
el al., 1969). It is obvious that sodalite may be unstable only in a very 
thin zone of the flow crust (Nash cl a!., 1969). I t is also apparent that high 
activities of chlorine arc not necessarilj- characteristic of sodalite-bearing 
undersaturated magmas in spite of the high chloride contents of such 
rocks. Other chemical parameters, particularlj- silica activitj", are the con
trolling factors in the behavior of chloride in magmas and its distribution 
in rocks. Relativelj' silicic magmas niaj' be expected to show a rising 
activitj' of chlorine and higher fugacities of HCI upon crystallization, 
even Ihough the chloride content of the resulting rock is very lovv. Con
versely, silica-undcrsaturated peralkaline niiignias will precipitate 
sodalite and retain their chloride in the rock. The occurrence of sodalite or 
any other halide or sulfate mineral in a rock is not necessarilj' indicative 
of unusual activitv of that coinponent in the parent magma. 
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FIG. 5. Fugacities of certain volatile components calculated for one lava of Mt. Suswa, 

Kenya between 727°C (1000°K) and 1127°C (1400°K). The fugacities of Cl. and HCI 
calculalcd by reaction 13 (see text). Upper limits of the fugacities of F; and SO; were 
delermined by reactions iia and 1 la. Pariial pressures of HCI and SO2 in analysed fumarolic 
gases from a hyiiersthenc dacite at Showa-Shinzan, Jap.an are also shown. 
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THKR.MODV.N'AMIC DATA 

Sodalite (NaiAbSiiOi-jCl)—calculated from Wellman's (1969) data. 
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(numerical 

errors) 
Acmite (NaFcSijOs)—estimated by Nicholls and Carmichael (1969) 

NaCl and HF (liquid and gaseous)—JAN.\F Thermochemical Tables 

All other data—Robie and Waldbaum (1968) 
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ABSTRACT 

Bailey, J .C , 1977. Fluorine in granitic rocks and melts: A review, Chem. Geol., 19: 1— 
42. 

Proposed average fluorine contenis for granite (about 800 ppm) have limited value as 
contents range from tens of ppm to several per cent and vary greatiy within and between 
different granite typos. F may be either concentrated or released by both alkaline and 
calc-alkaline series. Enhanced contents occur in alkalic varieties, late hypabyssal stocks, 
some roof zones and margins, automeiasomatized granites, and reach a maximum in Li—F 
granites and ongonite dykes, and in alkali granite pegmatites. F-rich fluid inclusions from 
the Volhynia pegmatites, Ukraine, fuse to granitic melts and evolve continiiously into 
hydrothermal solutions. The lowest F contents occur in migmatites, and in gases from acid 
igneous volcanoes. 

Mineralogically, 30—90% of the F in calc-alkaline granites is usually located in biotite, 
with lesser amounts in hornblende, muscovite, quartz and accessories. However, accessory 
minerals — apatite, sphene, fluorite, microiite, pyrochlore, topaz, tourmaline, bastnasite, 
amblygonite, spodumene, cryolite, etc. — occasionally contribute more than 50% of the F 
notably in F-rich magmatic and metasomatic roof-zone granites (apogranites). Geo
thermometry based on F/OH ratios of biotite seems invalid for granitic series. The stability 
of Li-micas, topaz and cryolite is briefly presented. 

In granite melts F~ replaces 0 ' ~ forming Si—F bonds or it links with Na' and other 
network modifiers. It partitions into magma rather than the vapour phase, but increasing 
degassing occurs in the more siliceous, less alkaline, magmas. Addition of HF lowers the 
freezing point of granite magmas (by 36—110°C), delays the onset of crystaMization, and 
promotes quartz, topaz and feldspars above biotite in the order of crystallization. F in
creases the solubility of H ,0 in melts and with alkali silicates may cause complete tran.sition 
to hydrothermal solutions especially at higher pressures. F-rich melts may show- immiscible 
separation into a fluoridic alkaline melt and a polymerized silicate melt. 

Deviations from the generally monotonous relation of F : Li: Sn in granites are found 
in stanniferous and Li—F granites, and in grcisen. F-rich apogranites are economically 
interesting for Ta, Rb, Cs and Be; F-rich pegmatites for Li, Rb and Cs; and albitized 
riebeckite granites for Zr, Nb and REE. Fluorite deposits stem from granites, particularly 
'alkalic granites, but are usually well separated in space. Cryolite is intimately as.sociated 
.-with autometasomatized alkali gi^anite stocks and pegmatites. 

*' A contribution to the International Geological Correlation Progrsmine, Metallization 
Associated with Acid Maginas. 
* ' Address: Institute (or Petrology, University of Copenhagen, vaster 'Voldgade 5—7, 
DK-1350 Copenhagen K, Denmark. 
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INTRODUCTION 

The fluorine chemistry of granitic materials is relevant to: 
(1) Assessing the role of volatiles in petrogenesis: by initiating melting anti 

prolonging crystallization, influencing the composition and crystallization 
sequence of melts, their structure, viscosity and uptake of water and alkalis, 
and by introducing phenomena of immiscibility and element redistribution by 
volatiles. 

(2) Geothermometry vda the F/OH ratios of micas, apatite and topaz. 
(3) Economic prospecting in granitic terrains, since F is associated with 

Sn—W—Mo and REE—Zr—Ta—Be deposits, with Li—Rb—Cs pegmatites, rare-
metal greisens and albitized granites and is ultimately responsible for fluorite 
and cryolite deposits. 

Following the pioneer work of Shepherd (1940), major analytical surveys 
of F geochemistry were provided by Koritnig (1951), Seraphim (1951) and 
Kokubu (1956), while important compilations appeared in the works of 
Correns (1956), Fleischer and Robinson (1963), and Allmann and Koritnig 
(1972). 

No attempt has been made in this paper to compile every F analysis on 
granitic materials. Instead emphasis is placed on articles interpreting the 
behaviour of F in different granitic processes and environments, its experi
mental behaviour in melts, crystals and fluids, and on already existing 
compilations. 

Geochemical analysis for F has speeded up in recent years, A variety of 
colorimetric techniques are now supplemented by spectrographic, microprobe 
and specific ion electrode analysis. Commercial X-ray spectrometers should 
soon permit trace-element determinations. 

Nevertheless F continues to be a "difficult" element to analyse in many 
laboratories, especially towards the lovver levels (< 0.1%) found in many 
granitic materials. The present review largely overcomes this uncertainty by 
emphasising reputable, modern publications, and by giving averages or repeated 
examples where possible. When in doubt about the quality of the quoted data, 
the reader should consult the original publication. 

Examination of the reference list indicates that the number of papers 
discussing F in granites has nearly doubled every five years since 1950. Soviet 
publications account for about half the list. 

DISTRIBUTION OF F IN GRANITIC MATERIALS 

Absolute coritents 

According to Correns (1956) granites exhibit a range of 20—3,600 ppm F, 
averaging about 600—900 ppm F. Similarly, Vinogradov (1962) suggests an 
average value of 800 ppm F for granites, and Turekian and Wedepohl (1961) 
propose 850 ppm F for low-Ca granites and 520 ppm for high-Ca granites. 

•w«»yj>vwiwi-w.m.'.'i",'a'i'.»i reR^?>gtwi»w'~w:BW^'giwa»i»yj'^y.".'itiy«^"wfwi.;'4j.v^^ 
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The usefulness of these average values is limited as it is clear that different 
granite types, regardless of uncertain classifications and geneses, do exist and 
show greatly differing F contents (Fig, 1). 

Thus Tauson (1974) finds that fractionated granites from tholeiitic, calc-
alkaline, alkaline and K-rich alkaline series contain successively higher average 
F contents: 150, 700, 800 and 900 ppm, respectively. 

Greisens 

Alb i t ized.gre isenized 
8, minerotized g ran i le i 

Norma l granites, 
rhyol i tes 

Alkal ic granites, 
pantel ler i les 
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_? 
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Fig. 1. Normal and extreme ranges of F contents in various granitic materials. Sources of 
data in the text. 

The compilations of Allmann and Koritnig (1972) and Bowden (1974) 
suggest that F contents in pantellerites, and in alkah granites of varying 
alkalinity, most often range from about 1,000—3,000 ppm. F contents in some 
alkaline series (Table I) rise steadily (trend A), while others show a gentle 
decrease or fairly monotonous averages (trend B). The Nigerian granites 
(trend C) show a sharp F increase in the albitized riebeckite apogranites. 
Differences within provinces, e.g. the Gardar province, SW Greenland, rep
resented by columns 1, 2, 3 and 6 of Table I, and between provinces seem 
apparent. Bowden and Whitley (1974) find that F contents increase from 
1,300—2,800 ppm to 5,300 ppm as the peralkalinity index [(Na + K)/A1] 
increases from 0.88 to 1.10 in the roof zone of the outer granite ring dyke, Amo 
complex, Nigeria. Trace elements in fifteen obsidians of a pantelleritic trachyte 
—pantellerite series from Eburru Volcano, Kenya Rift Valley, fall into a 
F group (F—Zr—Rb) and a Cl group (Cl—Nb—Y) which show non-linear inter
group relations (Bailey and Macdonald, 1975). The variations in both trace 
and major elements are such that a vapour (fluid) phase, probably rich in 
halogens, is required to account for any magmatic evolution. There are no 
publications presenting F contributions from various minerals to the whole-
rock contents of alkali granites. Alkali amphiboles (riebeckite, arfvedsonite) 
often contain 2—3% F, and are probably the chief contributor when present. 
Significantly fluorite was not recorded from the peralkaline granite (ekerite) 
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TABLE I 

Selected examples of the three F trends (A, B and C) in alkaline plutonic series (F in wt.%) 

Syenite 
Quartz syenite 
Alkali granite 
Alkali apogranite 

A 

1 

0.09*' 
0.11 
0.22 

2 

0.15 

0.22 

3 

0.14 
0.21 
0.27 

B 

4 

0.11 
0.09 
0.05 

5 

0.08 
0.09 
0.05 

6 

0.27 
0.32 
0.28 

C 

7 

0.18 
0.28*' 
0.66 

1 = KunenSt complex (Upton, 1960; Union etal . , 1971; Macdonald etal . , 1973); 2 = 
Tugtut6q dykes (Macdonald and Edge, 1970); 3 = Himaussaq intrusion (Gerasimovskii, 
1969); 4 = Fukushinzan complex (Saito, 1950); 5 = Oslo province (Barth and Bruun, 1945); 
6 = Central Tugtut6q complex (Upton et al., 1971); 7 = Younger Granites, Nigeria 
(Jacobson et al., 1958; Bowden, 1966). 
*' F decreases sharply within the layered syenites due to fluorapatite extraction (Upton, 
1960). 
* ' Average alkali rhyolite has 0.127o F (Jacobson et al., 1958). 

of the Oslo province, except in degassed varieties where it is located in miarolitic 
cavities (Dietrich et al., 1965). 

Very low F contents (140 ppm average) are found in ultrametamorphic 
catazonal granites associated with gneissic terrains (Tauson, 1974). Biotite 
plagiogneisses from the Pamirs show mobilization and increasing losses of F 
during progressive granitization (migmatization or feldspathization) (Gavrilin 
et al., 1972). Quartzofeldspathic migmatite lenses and layers average about 
200 ppm F compared with about 800 ppm in the surrounding gneisses. Biotite-
rich borders to the lenses and layers contain 1,000—2,000 ppm F but are so 
rare that F has clearly been lost during migmatization. 

F exhibits three trends in the more siliceous members of calc-alkaline 
plutonic series (Table II): 

(yl) A gentle increase. 
(B) A decrease which generally follows an increase from granodiorite to 

biotite granite. 
(C) A sharp increase into apogranites (F-rich roof-zone magmatic and meta

somatized granites) which may succeed either trend A or B. 
In all these trends, late-stage aplites show a marked decrease in F contents 

while any barren and rare-metal pegmatites successively show more elevated 
values. 

Tauson (1967, 1974) considers that these three trends are respectively 
examples of closed-system fractionation, increased F degassing and re-absorption 
of the degassed F. Tbe first trend occurs in abyssal batholiths or shallower 
bodies low in volatiles. The second — the most widely recorded trend — is 
typical of mesabyssal batholiths and of hypabyssal massifs with elevated 
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T A B L E n 

Selected examples of the three fluorine trends (A, B and C) in calc-alkaline plutonic series (F in 'wt.%) 

Hob-Bi granodiorite 
Bi granite 
Mus ± Bi granite 
Leucogranite 
Apogranite 
Aphte 

A 

1 

0.100 

0.125 

0.025 

2 

0.08 
0.08 

0.09 

B 

3 

0.09 
0.16 

0.14 

0.07 

4 

0.045 
0.068 

0.058 

5 

0.074 
0.046 

0.02 

6 

0.05 

0.03 

0.02 

C 

7 

0.07 
0.12 

0.20 

8 

0.07 

0.06 
0.42 
0.04 

9 

0.16 

1.2 

10 

0.08 
0.12 
0.11 
0.09 
0.4 
0.07 

;. = Susamyr batholith (Tauson, 1967); 2 = Shakhtaminsk massif (Tauson, 1967); 3 = average for 18 Soviet 
complexes (Kosals et al., 1973); 4 = Verkhne-Undinsk batholith (Tauson, 1967); 5 = average for Hercynian 
granitoids, Caucasus (Odikadze, 1971);6 = S. Snake Range (Lee and Van Loenen, 1971); 7 = massif in 
E Transbaikalia (Tauson, 1974); 8 = Karlovy Vary massif (Klomi'nsky and Absolonova, 1974); 9 = St. Austell 
granite (Exley, 1958); 10 = average contents from 31 series, references /—8 (above), and Syritso and Chernik 
(1976), Dodge et al. (1968), Kosals and Mazurov (1968), Kostetskaya and Mordvinova (1968), Ivanov (1971), 
Groves (1972), Rozanov and Mineev (1973), Sheremet e ta l . (1973), Kozlov (1974), Tischendorf et al. (1974) 
and Zalashkova and Gerasimovskii (1974). 
Bi = biotite; Hob = hornblende; Mus = muscovite. 
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volatile contents, Apogranites are usually hypabyssal bodies, either stocks or 
apical facies, of larger massifs. 

Contaminated or hybridized granite series generally exhibit trend B (Lee 
and Van Loenen, 1970,1971; Lutkov and Mogarovskiy, 1973). Lee and Van 
Loenen (1970) argue that the contaminating xenoliths and xenocrysts, which 
represent earlier contact metasomatized materials, are enriched in volatiles. 

No attempt seems to have been made to explain these various trends by 
fractional crystallization or progressive melting models. 

F shows no clear relation to SiOa in a limited sampling of Japanese acid 
igneous volcanics and plutonics (Kokubu, 1956). Column 10 of Table II 
averages the F trend of 31 calc-alkaline plutonic series; the gentle rise and fall 
of F may merely reflect the present bias towards meso- and hypabyssal massifs. 
Comparable averaging for gneissic and extrusive calc-alkaline series is impossible 
at present. 

Palingenic alkalic granitoids average about 500 ppm F while further differ
entiation may yield granites with about 900 ppm (Tauson, 1974). 

Yusupov (1970) found that granite massifs only developed chamber 
pegmatites with abundant rock crystal when F contents in the host granite 
reached 0.082—0.150%. However, massifs containing 0.156—0.540% F developed 
quartz and quartz—fluorite greisens in association with apical and domal parts 
of the massifs. 

' Both Shcherba (1970) and Glyuk et al. (1973) found heightened average F 
contents (0.18—0.30%) in ore-bearing granitoids. Glyuk-et al. (1973) found 
that dry distillation of these granites at 1,200°C for 10 days could remove 
about 70% of the F leaving only about 0.07% F. However, Flinter et al. (1972) 
recorded that high F contents are neither indicators of nor associated with the 
occurrence of Sn, W, Mo or Cu mineralization in the New England complex, 
Australia. 

F contents in glassy rhyolites and rhyodacites from W USA range from 
20—4,900 ppm, with a mean close to 500 ppm (Powers, 1961; Coats et al., 
1963; Griffitts and Powers, 1963). Inter-provincial differences exist with, for 
example, the Cascades and Shoshone areas averaging 0.04 and 0.097% F, 
respectively, and the Big Bend subprovince averaging 0.22%. 

Noble et al. (1967) find that F contents increase from 0.07—0.08% in calc-
alkaline glassy rhyolites to 0.17—0.18% in alkalic rhyolite glasses to 1.1—1.4% 
in pantellerites of W USA. On ci^t^izatiqn.,_these,gla.sgesJpse..abo.utJialf.of 
their F PXO^bly_Jo^groundwatey3^^^ The percentage loss of F 
varierwidely, being least in peralkaline groundm'asses where arfvedsonite often 
crystallises. Some hydrated glasses also stiffer F loss. 

InJthe£pldJFlatJnembe|^Jhe Thî ^̂  
Nevada, nonhydrated densely welded glass contains 1..1—•1,4% F, hydrated 
\yelded elagsjias 0,88-1.14% F while welcl.ed rocks w:ith a devitrified ground-
masshaveonTy qL44^ag2%^F (koble et al^l967).^"" " " " *" 

Shepherd (1940) showed that increasing veiicularity in obsidians from Little 
Glass Mountain, Caiifomia, was correlated with a decrease in F values from 
640 to 340 ppm. 

^>r^,,,yV'^^.-'^^'tJHt-iv-''^-^^<y,-'^i^''''-.'i'WII/'y'l'tl'Ly«»;i'B.'-?yW^ 

file:///yelded


t^g«r ; i6!# iaggi fefaaa i fc^^ 

fier stocks or 

end B (Lee 
Lee and Van 
icrysts, which 
in volatiles. 
trends by 

anese acid 
Table II 
e rise and fall 
abyssal massifs, 
ies is impossible 

urther differ-
)• 

lamber 
ost granite 
40% F developed 
d domal parts 

led average F 
973)found 
Id remove 
eretal . (1972) 
iated with the 
id complex, 

nge from 
loats et al., 
sist with, for 
097% F, 

).08% in calc-
; to 1.1-1.4% 
bout half of 
Ige loss of F 
edsonite often 

gnimbrite, 
hydrated 

ified ground-

ms from Little 
alues from 

These F losses readily explain the difference in F averages for granitic 
(810 ppm) and rhyolitic (480 ppm) rocks noted by Allmann and Koritnig 
(1972). 

Regiorial and secular variations in granite F contents 

A map showing F-rich and F-poor rhyolite provinces in W USA has been 
published by Coats et al. (1963). These provinces correlate fairly well with 
the distribution of American fluorite deposits and F levels in water supplies. 
Peters (1958) suggested that they may stem from geochemical anomalies 
which have persisted through magmatic-sedimentary recycling since the 
Precambrian. 

However, judged on the results of Noble et al. (1967) these provincial 
variations in rhyolites are largely explained by variations in alkalinity. Most 
regional variations seem related to magma alkalinity, to lateral or vertical 
positioning in orogenic belts (Kovalenko, 1974) or to highly faulted provinces 
(Tolstoy et al,, 1973), and have only been demonstrated for short geological 
periods. 

For the Caucasus region, however, Odikadze (1971) shows that granites 
of four different ages and emplacement levels are all F-poor (Table HI). Granitic 
micas and greisens of this area are also depressed in their F contents. This 
regional impoverishment is attributed to derivation from extremely F-poor 
source rocks — basement schists. 

Consistent secular variations in granitic F contents, e.g. from areas of 
repeated granite formation, do not appear to have been pointed out. Average 
F levels were rather monotonous (0.08—0,12%) in Japanese granitoids of 
various ages (Kokubu, 1956). However, Valach (1968) considers that the F 
contents of magmas and volcanic gases in general, and also fluorite reserves, 
have all increased markedly since the end of the Precambrian, 

Association of F with Sn and Li in granites 

Granites withjiigh F, Sn and Li contents are often associated with Sn—W— 

TABLE III 

Fluorine contents in granites and their micas from the Greater Caucasus (Odikadze, 1971) 

Age 

Alpine 
Kimmerian 
Hercynian 
Caledonian 

Total 

All granite types 

F(%) 

0.07 
0.03 
0.08 
0.028 

0.050 

number 

32 
7 

179 
27 

245 

Biotite 

F(%) 

0.23 
0.21 
0.26 
0,10 

0.20 

number 

17 
11 
30 
16 

74 

Muscovites 

F(%) 

0.26 
0.12 

0.20 

number 

18 
15 

33 

I 
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Fig, 2. Proportions of F, Li and Sn in normal, stanniferous and Li—F granites. 
Full symbols: magmatic, open symbols: autometa-somatized. 
Data sources: (a) for normal granites: Vinogradov (1962), Tauson (1974), Bailey (un
published compilations, 1975; (b) for stanniferous granites: Hall (1971), Burnol (1974), 
Gundsambuu (1974), Hesp (1974), Klomfnsky and Absolonova (1974), Kozlov (1974), 
Tauson (1974); (c) for L i - F granites: Kovalenko et al. (1973b), Gundsambuu (1974), 
Jarchovsky (1974), Zalashkova and Gerasimovskii (1974). 
Small triangle links granites to derivative greisens: 1 = Mcngolia (Gundsambuu, 1974), 
2 = Cornwall (Hall, 1971), 3 = Central Transbaikalia (Kozlov, 1974), 4 = E Transbaikalia 
(Tauson, 1974), 5 = SE Australia (Hesp, 1974). 

Mo mineiglizatjfln. The inter-relations of F, Sn and Li are illustrated in Fig. 2, 
where three main groups of granites are distinguished: 

(1) Normal granites which cover the spectrum from tholeiitic, calc-alkaline 
to peralkaline granites, and from catazonal to epizonal environments (Tauson, 
1974). 

(2) Stanniferous granites where the F/(Sn -•• Li) ratio is lower than normal. 
(3) Li—F granites, including ongonite (see below), which are relatively 

poor in Sn, but contain notable amounts of Ta, Rb, Cs and sometimes Be 
(Kovalenko, 1973, 1974). 

The world-wide stanniferous granites include both magmatic and auto-
metasomatic representatives. Typically an older, more widespread, group of 
intrusions with 400—800 ppm F are intruded by smttller stocks and cupolas 
of metasomatized leucogranite with 0.1—1.0% F. In the latter, F, Sn and Li 
contents show much higher dispersion, marked positive correlations with 
each other and with Rb, Ga and ore elements, and an increase towards the 
younger, more intensely altered facies (Tauson, 1974; Rub and Pavlov, 1974; 
Tischendorf et al., 1974; Klomi'nsky and Absolonova, 1974), Mineralogically 
the younger granites are characterized by F—Li—Sn-rich micas, topaz and 
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cassiterite (Palchen and Tischendorf, 1974). 
Ryabchikov et al. (1974) found that partitioning of Sn into aqueous saline 

fluids from co-existing granitic melts was increased by an order of magnitude 
when F was introduced to the system and HF fugacity was buffered against 
topaz. Under pneumatolytic and hydrothermal conditions, Sn can be trans
ported in the form of volatile halides and halide complexes, respectively (Hesp, 
1973). 

F-zoned granite intrusions 

Intrusions may show F-zoning or -layering as follows: 
(1) Passive concentration of F by fractional crystallization into residual 

roof-zone melts (Greenland and Lovering, 1966; Gundsambuu, 1974). 
(2) F-rich residual granite bodies containing 0.2—0.3% F may exhibit 

degassed mtirgins carrying only 0.04—0.06% F and with lowered contents of 
Sn, Li, Rb and Be (Kozlov, 1974). 

(3) Intrusions where degassed F and associated mobile elements (Li, Sn, 
Be, Cs) become reconcentrated close to the roof zone and margins. The roof-
zone metasomatic granites may contain up to 1.5% F (Groves, 1974; Jarchovsky, 
1974; Zalashkova and Gerasimovskii, 1974). The most complete expression 
of th:.':; metasomatic zoning is perhaps greisen, underlain by greisenized granites, 
microclinized and muscovitized granites, albitized granites, slightly altered 
two-mica granites and then unaltered biotitic granites (Ontoev, 1974). 

Odikadze (1973) demonstrated slight migration of F and Cs into the contact 
zone of a rhyolite neck, Caucasus. Seraphim (1951) found that F contents rose 
sharply a few centimetres from two granite—sediment contacts. 

Relation of F to level of granite emplacement 

Rising granite plutons distribute their F and rare metals in mineral deposits 
'according to a rough depth scheme. In the deeper intrusions associated with 
pegmatites (2—7 km) F is located notably in various micas. At higher levels 
(1—5 km) granite stocks are often associated with greisens carrying topaz, 
mica and fluorite, and with albitization occasionally cryolite. Shallow 

Ivolcano-plutonic formations are associated with straightforward hydrothermal 
Iveins carrying fluorite (Beskin and Marin, 1974; Ginzburg et al., 1974; 
Warlamoff, 1974), 

Macdonald et al. (1973) recorded F- and K-bearing aqueous solutions 
separating from peralkaline granite sheets in the Kungnat Fjeld stock, SW 
Greenland. 

For rare-metal granites, Kozlov (1974) gives the following F levels: 

(1) palingenic granites associated with pegmatites 
(2) main facies of hypabyssal granites 
(3) subsurface granites, particularly apogranites 

0.06-0.08% 
0.08-0.12% 
about 0.3% 
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TABLE IV 

F-rich minerals associated -with granitic materials 

Name 

Fluorite 
Cryolite" 
Fluocerite 
-yttrofluorite 
Gagarinite 
Bastnasite 
Synchisite 
Farisite 
Pyrochlore 
Microiite 
Amblygonite 
Apatite 
Herderlte 
Muscovite 
Biotite 
Lepidolite 
Zinnwaldite" 
Polylithionile 
Tainiolite 
Holmquistite 
Hornblende 
Riebeckite 
Arfvedsonite 
Fcrrohastingsite 
Spodumene 
Astrophyllite 
Wohlerite 
Tourmaline 
Sphene 
Topaz 
YUrobrithioUte 

Formula 

CaF, 
Na.AlF, 
CeF, 
(Ca,Y)(F,0), 
NaCaYF. 
Cc(CO,)F 
CeCa(CO,),F 
Ce,Ca(CO,),F, 
NaCaNb,0,F 
(Ca,Na),Ta,0^(0,OH,F) 
LiAl(PO,)F 
Ca,(PO.),(F,Cl,OH) 
Ca(BePOJ(F, OH) 
KAI,(AlSi,0,.)(OH,F), 
K(Mg,Fe),(AISi,0,.)(OH), 
KLi(Fe,Mg)AI(AISi,0,,XF,OH), 
KLiFe'*Al(AISi,0,J(F,OH), 
KLi,Al(Si.O,.XF,OH), 
KLiMg,(Si,0,JF, 
Li,(Mg,Fe'*),(Al,Fe"),(Si.0„K0H,F), 
NaCa,(Mg,Fe,AI),(Si,Ai),0„(OH,F), 
Na,FerF'er(Si,0,.),(OH,F), 
Na,FerFe'-(Si,0,,),(OH,F), 
NaCa,FenAl,Fc'*)(Si.Al,0„)(OH,F), 
LiAl(SiO,), 
(K,Na),(Fe'*,Mn).TiSi.O,.(OH), 
NaCa,(Zr,Nb)0(Si,0,)F 
Na(Mg,Fe),Al.(BO,),(Si.O,.)(OH). 
CaTiSiO, 
Al,SiO.(OH,F), 
(Ce,Y),Ca,(SiO,),OH 

F (wt %) 

47.81-48.80 
53.48-54.37 
19.49-28.71 
41.64-45.54 
33.0-36.0 
6.23-9.94 
6.04-5.82 
6.74-7.47 
2.63-4.31 
0.58-8.08 
0.67-11.71 
1.35-3.77 
0.87-11.32 
0.02-2.95 
0.08-3.5 
0.62-9.19 
1.28-9.15 
3.00-7.73 
5.36-8.56 
0.14-2.55 
0.01-2.9 
0.30-3.31 
2.05-2.95 
0.02-1.20 
0.02-O.55 
0.70-0.86 
2.80-2.98 
0.07-1.27 
0.28-1.36 
13.01-20.43 
0.50-1.48 

Location 

G, P, A. Ore 
G, P, A, Ore 
P,Gre 
P. A, Gre 
A 
G, P, A, Gre 
P, A 
G,P 
G, P, A, Gre 
P, A, Gre 
G,P, A.Gre 
G, P. Gre 
P 
G,P,Gre 
G.P, A 
G,P, A,Gre 
G, P, A, Gre 
A 
A 
P 
G 
G, P, A 
G 
G 
G, P 
G, P,A 
G 
G, P, Gre 
G,P,A 
G, P, A, Gre 
P 

Information compiled mainly from Correns (1956), Kokubu (1956), Palache el al. (1957), Vlasov (1966), 
Deer et al. (1967) and Allmann and Koritnig (1972). 
G = Graniie; P = Granite pegmatite; A = Albitized riebeckite granite; Gre = Greisen. 
*' Associated with cryolite are the rare aluminofluorides: cryolithionite, ralslonite, prosopite, pachnolite, 
chiolite, thomsenolite, elpasolite, wcbcrile, jarlite and gearksutite. 
*' Zinnwaldite includes the F-poor and F-rich varieties: prololithionite and cryophyllite. 
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Location 

G,P 
G.P 

. A. Gre 

. A. Gre 
P,Gre 
P.A 
A 
G.P 
P.A 
G.P 
G.P 
P.A 
G.P. 
G.P 
P 
G.P 
G.P. 
G.P, 
G.P, 
A 
A 
P 
G 
G.P. 
G 
G 
G.P 
G.P, 
G 
G,P, 
G,P. 
G,P, 
P 

Gre 

. A. Gre 

A.Gre 
Gre 
A.Gre 
Gre 

Gre 
A 
A, Gre 
A, Gre 

A 

A 

Gre 
A 
A, Gre 

7), Vlasov (1966), 

iopite. pachnolite. 
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In general the rather incomplete evidence suggests that F contents in-
1 crease in the shallower granites, and that F-bearing solutions are significantly 
|separated and removed from their parent granite at these higher levels. 

LOCATION OF F IN GRANITES 

Following Correns (1956), F (1.36 A) is located in: 
(1) F-rich minerals — fluorite, apatjte, etc. 
(2) Replacing OH" (1.4 A) and O^ (1.4 A) ions in muscovite (mean 0.1— 

0.3% F), biotite (mean about 0.7%), hornblende (mean about 0.2%), and 
sphene (range 0.1—1.0%). 

(3) Solid and fluid inclusions — micas in feldspars, fluid inclusions in quartz. 
(4) Rock glasses — obsidians and pitchstones. 
A list of F-bearing minerals, with formulae, F contents, and distribution in 

various granitic materials is given in Table IV. 

Rock-forming minerals. In rnpst,calc-alkaline granites F.is^donunanUy,,|o£ated 
in biotite, emd to j lesser extent in hornblende^and.muscovite i t ptesent. Thus, 
biolTte'coiTtfiBtrtes'about 50—90% of the F in granites of the central Sierra 
Nevada batholith, and hornblende 10-30% (Dodge et al., 1968, 1969). F 
ranges from 0.21-0.91% in biotite, and from 0.06—0.31% in hornblende. 

Successive granite phases in the Bitu-Dzhida batholith, SW Baykalia, 
contain 4—12, 2—5 and 0—3% biotite. Whole-rock F contents fall from 5,800 
to 1,300, to 620 ppm F, while biotite successively contains 65.5, 81.0 and 
91.8% of each phase's F. The remainder occurs in sericite, apatite, sphene and 
tourmaline (Kosals and Mazurov, 1968). 

In the homogeneous El'dzhurta biotite granite massif, Caucasus, biotite 
forms 7—8% of the massif, and averages 5,100 ppm F — about 38% of the 
massif's F. Fluorite is also present (Odikadze, 1968). A similar distribution 
occurs in a biotite granite from Schierke im Harz, where Koritnig (1951) 
calculated that 34% of the F occurred in biotite, 61% in fluorite and 5% in 
apatite. 

In the two-mica granite (0.04—0.05% F) of the Marukh-Teberdin massif, 
Caucasus, biotite (0.40% F) carries 56% of the total F and muscovite (0.34% F) 
carries 41% (Odikadze, 1971). 

The granites of the Dzhida complex, W Transbaykalia, average about 600 
ppm F located in biotite (0.4-3.05% F), fluorite, sphene (0.36-0.82% F) 
and amphibole (0.75% F). Biotite contains 34—73% (average 59%) of all the 
F in five samples of the granite (Kostetskaya and Mordvinova, 1968). 

It has been proposed that the F/OH ratio of micas reflects the fugacity ratio 
ifiiF Ifn o ) in the co-existing fluid phase; it is also dependent on the interaction 
temperature and cationic ratios (Fe/Mg, Fe/Al) in the mica. Experimental 
results suggest that phlogopite is most effective in taking up F while the Fe-
biotites are much less effective (Munoz and Eugster, 1969; Munoz and Luding-
ton, 1974). With temperature decrease, /HF//II O i" tbe fluid phase and thus 
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F/OH in the co-existing mica also decrease. Under oxidising conditions when 
O may substitute for F in the biotite structure these relations may be less clear. 
From these experiments it is to be expected that under lower grade meta
morphism or during crystallization, the F contents of biotites will fall. This 

.1 , is observed when biotites from granulite facies (average 0.65% F) and amphibolite 
.j •; facies (0.24-0.38% F) are compared (Filippov et al., 1974). 

However, the same authors find that biotites in the cooler, more siliceous 
-•sf granites of a granite series, and with higher Fe/Mg ratios, have higher F 

contents (1.5% F) than early biotites (0.5%). This is a general feature. Fig. 3 
indicates that biotites in: 

(1) Calc-alkaline plutonic and volcanic series show a steady increase in F 
and F/OH. 

(2) Alkali granites have distinctly higher F and generally lower OH contents. 
(3) Three series, two of them clearly sub-alkaline, show a sharp decrease 

in F and F/OH from alkalic to calc-alkaline levels. 
The biotites of the third (Kukulbei) series are unusual in that they are 

siderophyllites with significant Li contents and the biotites in the biotite 
granites are richer in F and Fe/Mg than those in the two-mica granites (Koval 
etal., 1972), 

It may be that the experimental relation between F/OH in biotite and 
temperature breaks down at low T and P in the presence of significant F, H2O 
and Li contents (cf, Rieder, 1971). Closed-system models may not be applicable 
to granites which exhibit degassing or subsequent interaction with meteoric 
water. Dehydration of biotites, formation under oxidising conditions, and 
deficiencies in the (OH, F, O) group (Foster, 1964; RimSaite, 1967) require 
attention. 

Marakushev and Tararin (1967) also find that the average F contents within 
120 granitic biotites increase from 0.7 to 1.4%, as the AI2O3 values increase 
from 9% in phlogopite—annite biotites to 20% in biotites virtually corresponding 
to the eastonite—siderophyllite series. 

Biotites in Central Asian granodiorites developed at the late geosynclinal 
stage have lower F contents (average 0.24%) than biotites in normal and 
leucocratic granites developed at the orogenic stage (average 1.00%), presumably 
under drier conditions (Filippov et al., 1974). 

Stormer and Carmichael (^1971) have indicated the applicability and dis
crepancies in using F~—OH exchange in biotite and apatite as a geothermom
eter. 

Pegmatitic biotites contain more F than co-existing muscovite, while co
existing biotites and amphiboles in Swedish granitic rocks have F contents of 
the same magnitude (Gillberg, 1964), Godfrey (1962), however, found that 
F contents in granitic biotites nearly always exceeded those in co-existing 
hornblende. 

Haynes and Clark (1972) find that granitic biotites of N Chile contain 
164—4,450 ppm F with higher levels (6,000—9,800 ppm) in biotites from 
porphyry Cu centres. Groves (1972) also finds high F contents in biotites of 
Sn mineralized granites, NE Tasmania. 

^---.-.--:,•JoW•^^;^eJ^l»w.^,;^•. .KAJ-vf^a^.•nJ^J^^MB^>w»^u^a'gglil^^!^^ j»H.w.-«'^pi!i,yi'li<,KWMWi!.'i>!'i'»»'^*'-'';air'^''^ 
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Fig. 3. Variation of F and F/OH in biotites from various granite series. 
Data from: Larsen et al. (1937), Nockolds (1947), Godfrey (1962), Gillberg (1964), Deer 
e ta l . (1967), RimSaite (1967), Tauson,(1967), Dupuy (1968), Kosals and Mazurov (1968), 
Dodge et al. (1969), Kostetskaya et al. (1969), Lee and Van Loenen (1970). Ivanov (1971), 
Stormer and Carmichael (1971), Koval et al. (1972), Sheremet et al. (1973) and Bowden 
and Turner (1974). 

F is released during chloritization of granitic biotites; chlorites only contain 
0.04-0.31% F (Godfrey, 1962), 

Muscovite has average F contents which increase in the sequence: mica schist, 
0.09%; granites, 0.16%; pegmatites, 0.55%; and greisen (no value given). F 
values in pegmatitic muscovites range from 0.14 to 1.41%, show regional 
variations, and generally correlate with Li values (Ni^mec, 1969). Average F 
contents in different generations of muscovites in E Sayan pegmatites were: 
quartz—muscovite replacement stage (0.13—0.15%), quartz replacement stage 
(0.30%) and late alkali stage (0.08%) (Glebov et al., 1968). 

The Li-micas are virtually restricted to granite pegmatites and metasomatized 
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granites. Experimentally it has been found that with increasing F contents 
and thus /HF the stability of annite is lowered and that of Li—Fe micas 
favoured. Siderophyllite and polylithionite have an extensive stability field 
below 550°C at 2 kbar (Rieder, 1971). The experiments of Munoz (1971) at 
2 kbar on two lepidolite end-members — polylithionite and trilithionite — 
suggest that, in the absence of quartz, lepidolite may appear as a liquidus phase 
if fiip is high enough. Its usual restriction to replacement zones in pegmatites 
possibly reflects the presence of quartz, the low /HF and the effect of other 
components. 

Compilations of F contents in micas are presented by Foster (1960, 1964), 
Deer et al. (1967), RimSaite (1967) and Allmann and Koritnig (1972). 

Quartz is rarely analysed for F; the few available results from quartz in 
biotite granite, granite pegmatite and greisen all lie in the range 60—300 ppm 
(Stavrov and Bykova, 1961; Odikadze, 1971). The IR spectra of quartz crystals 
grown in fluoride solutions indicate that F enters as HF in complexes 
(Balitskiy et al., 1974). 

1 
1 '1 

'4 

Accessory minerals. In calc-alkaline plutonic series contents of apatite and 
sphene typically increase in the more calcic members (Lee and Dodge, 1964) 
but probably contribute less than 20% to the total F. Monazite and fluorite 
contents increase in the opposite direction and contents vary greatly in different 
regions. 

In the Azov massif, SE Ukrainian shield, there is a contrast between older 
geosynclinal granites rich in sphene and apatite, and younger granites of the 
platform stage poor in these phases (Table V). The final columbite-bearing 
granites are rare-metal apogranites and have high contents of fluorite and 
topaz (Rozanov and Mineev, 1973). 

Accessory minerals make a large contribution to the total F of the granites 
of SW England (Table VI). These granites show many magmatic characteristics 
but also exhibit considerable autometasomatism and recrystallization (Exley, 
1958; Exley and Stone, 1964). 

As F contents increase from 0.09% in an E Transbaykalia biotite granite 
to 0.71% in the associated metasomatic apogranite, the assemblage of F-rich 
accessories changes from apatite—fluorite to topaz—fluorite—apatite—microiite 
(Syritso and Chernik, 1967). 

Granites carrying amblygonite and spodumene are typically altered leuco-
granites (Lyakhovich, 1965). Amblygonite granites are usually greisenized, 
potassic and rich in Rb, while spodumene granites are albitized and sodic. 
VlasoV (1966) outlines the contents of fluorite, tourmaline, bastnasite, spodu
mene and amblygonite in various granite types from different regions of the 
Soviet Union. 

Layered granites from Tigssaluk fjord, SW Greenland, probably stemming 
from a magma rich in F and other volatiles, contain sphene, apatite, allanite 
and rare zircon as early accessory phases and fluorite as a ubiquitous late 
mineral (Emeleus, 1963). 

^i'St?:ft^t>*iMv.--*^iit^Jii^-v''iz.r.^iij'' '^ii-.^*if'^fiir-4ir^jm;ik.m'^^ A-gj"- ^WTJIUl^lMSiiVHi-lVarVI''^ 
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TABLE V 

Contents of F-rich 
Mineev, 1973) 

Complex 

Mineral (ppm): 
Sphene 
Apatite 
Fluorite 
Topaz 
Tourmaline 
Pyrochlore 
Bastnasite 

Total (wt.%j: 

SiO, (wt.%) 
F (wt.%) 

accessory m inerals in granitoids of the Azov Sea region (Rozanov and 

Archaean anatectic, 
geosynclinal stage 

I II 

3,741 
3,662 

24.3 
1.1 

11.0 
— 
0.1 

0.74 

66.3 
0.03 

F contribution from 
accessories (%)* 65 

4,834 
1,332 

1.0 
9.7 
— 
— 

170 

0.62 

69.0 
0.08 

10 

Proterozoic intrusives, 
platform stage 

IV 

0.2 
382 

2.8 
3.2 
1.4 
0.1 
— 

0.04 

71.9 
0.06 

4 

V 

693 
507 

4.1 
— 
— 
2.4 
9.1 

0.12 

67.5 
0.06 

5 

Via 

5.6 
317 

5.091 
10.9 
34.3 

1.0 
861 

0.56 

73.8 
0.26 

95 

VIb 

1.1 
61.1 

7,696 
1,198 

6.2 
1.5 

145 

0.90 

73.8 
0.58 

70 

I = Granodiorites, plagiogranites; II = Biotite granites; IV = Amphibole—biotite granites; V = 
Granosyenite, Via = Biotite leucogranites; Vlb = Metasomatically altered (columbite-bearing 
apogranite) from Via. 
*Estimated by author. 

F contents of apatites increase in the more siliceous igneous rocks (Taborszky, 
1962) though this relation is less clear within the granite clan. Lee et al, 
(1973) find tbat the apatite of felsic granitoids is more than 90 mole% fluor
apatite, but slightly less in the most mafic. Apatite (3.35% F) contributed 
about 10% of one sample's F. HjO-free fluorapatites from the early quartz— 
muscovite replacement zones of E Siberian pegmatites have slightly higher F 
contents (2.80—3.36% F) than those from the subsequent quartz replacement 
zone (2.37-3.02% F) (Shmakin and Shiryayeva, 1968). Biggar (1967) studied 
the stability of different apatite types. The bonding of F and OH in various 
apatites has been investigated by IR spectrometry (Engel and Klee, 1972). 

Multi-element analyses for accessory fluorite from granite do not seem to 
be available. Lyakhovich and Balanova (1971) found an average of 0.44% 
RE2O3 in accessory fluorite in intrusive granitoids. Yakubovich and Portnov 
(1967) found that post-magmatic fluorite related to alkalic rocks contains 
O.n-71.0% SrO, whereas fluorite related to granitic rocks contains O.OOn—0.0/i% 
SrO. 

Magmatic tourmalines from the granites of Devon and Cornwall are riiiher 
in F (0.6—1.25%), Mn and Fe but poorer in Mg, Ca, Sr and Sn than hydro-
thermal tourmalines (0.33—0.6% F) (Power, 1968). On this basis the remarkable 

n 
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TABLE VI 

F-bearing minerals (vol.%) and F contents in SW England granites [after Exley (1958) and Exley 
and Stone (1964.)] 

Mineral 

Biotite 
Muscovite 
Lithionite*' 
Secondary mica 
Fluorite 
Topaz 
Apatite 
Tourmaline 
Amblygonite 

SiO, (wt.%) 
F (wt.%) 

F contribution 
from accessories 
(%)*' 

F 
(wt,%) 

1,29*' 
1.94*' 
— 
— 
— 
— 
— 
1.0*" 
— 

Bioti te-
muscovite 
granite 

6.2 
2.2 
— 
— 
0.2 
0.2 

tr. 
1.3 
— 

71.50 
0.16 

50 

Early 
lithionite 
granite 

— 
— 
3.7 
9,2 
0.3 
0.4 
0.1 
3.8 
— 

73.4 
0.38 

55 

Late 
lithionite 
granite 

— 
— 
8.9 
9.2 
1.1 
2.1 
0.8 
0.1 
— 

72.5 
1.5 

70 

Fluorite 
granite 

— 

5.3 
— 

10.8 
1.6 
0.4 
0.4 
0.1 
— 

72.2 
1.36 

80 

Amblygonite-
bearing 
granite 

— 
— 
9.4 
— 
— 
2.5 

tr. 
0.2 
1.7 

71.3 
1.41 

' 

70 

tr. = trace; — = not reported. 
*' Average of five biotite analyses (Exley and Stone, 1964). 
*' Average of five muscovite analyses (Hall, 1971). 
* ' Structurally a zinnwaldite. 
*'' Average magmatic tourmaline (Power, 1968). 
* ' Estimated by author. 

quartz—tourmaline dyke of Roche Rock, Cornwall, is the product of extreme 
fractionation rather than a completely tourmalinized granite. 

Li—F granites and ongonites 

Li—F-rich granites (about 0.6% F) and dyke rpcks (ongonites, with up to 
3.5% F) have recently been described from the South Gobi igneous belt of 
S Mongolia (Kovalenko et al., 1970, 1972,1973a, b; Kovalenko, 1973). 
Approaching the walls and roof of the Li—F-rich granite pluton, continued Li 
and F accumulation has produced the sequence of residual granites in Table 
VII. The plagioclase becomes more albitic, micas change to high L i -F varieties, 
and topaz becomes stable. There is a later development in the pluton of 
albi tites and quartz—lepidolite greisen. 

Ongonite — a topaz-bearing quartz keratophyre (sodic rhyolite) dyke rock — 
is the sub-volcanic analogue of the albite—lepidolite granites. It has the highest 
F contents (up to 3.5%) among natural granitic melts. An ongonite dyke, 1—2 
m wide and over 300 m long, contained higher F contents (2.0—3.3%) in 

'VW?*';'i.T.-,iyT>^-iiij;j,'»'w-Tfj.;|i.^'.'CT.yryjg';af'>t-'"ri;jyi,'^^ 
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TABLE VII 

Sxley (1958) and Exley 

irite Amblygonite-
ite bearing 

granite 

9.4 

2.5 
tr. 

0.2 
1.7 

71.3 
1.41 

70 
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Mineralogical composition of a sequence of residual L i - F granites [after Kovalenko et al. 
(1970)] 

Granite type Mineral paragenesis Plagioclase 

Biotite granite Q •*• K-feld -̂  Plag -i- Bi -»- Mt A n , , . , , 
Albite—microcline granite Q ••-K-feld •••Plag -i-Zin ± Topaz -i-Mt An,. , , , 
Albite—amazonile granite Q-•• Amaz -•• Plag -i-Zin -i-Topaz ± Mt Ab 
Albite—lepidolite granite Q -̂  K-feld ••- Plag •*• Lepid •̂  Topaz ± Mt Ab 

Ab = albite; Amaz = amazonite; An = anorthite; Bi = biotite; K-feld = K-feldspar; Lepid = 
lepidolite; Mt = magnetite; Plag = plagioclase; Q = quartz; Zin = zinnwaldite. 

slightly higher pressure zones (pinches) than in the lower-pressure swells 
(0.8—2.0%). Those parts of the dyke saturated with F separated HF during 
crystallization and if trapped in closed pockets this HF reacted with the 
albitic components of the melt expanding the field of quartz at the expense 
of albite. Quartz/albite ratios for phenocrysts increase sharply from 0.1 at 
30% crystallization to about 0.5 at 45% crystallization. Witb this degree of 
crystallization whole-rock F contents decreased to about 1.5% though the 
glassy groundma.ss retained its original saturation level (2.0—3.3%). Lower-
pressure swells in the dyke which are undersaturated in F increase their F 
contents during crystallization until values in the glassy groundmasses level 
off at about 2.0—2.5% F. Thus, crystallization tends to homogenize the F 
contents of all tbe residual interstitial melts. Areas of the aphyric quenched 
margins of the dyke which possessed higher F contents, contained lovver 
Si02 and NajO values, and unchanged K2O and AI2O3 values, leading to an 
increase in the normative topaz, Li-mica, quartz and Na-silicate but a 
decrease in normative albite and orthoclase. The average of 86 dyke analyses 
shows: K, 2.9%; and Na, 4.17o; and in ppm: Li, 1,750; Rb, 1,950; Sr, 21; 
Ba, 24; Zr, 55; Hf, 10; Nb, 65; Ta, 68; Sn, 40; and Be, 26; yielding the ratios: 
K/Rb, 15; Zr/Hf, 5.5; and Nb/Ta, 1.0. The initial development of the ongonite 
melt is believed to be due to F accumulation in the apiccil zones of a pluton 
of alaskitic granite magma (originally containing 0.3—0.4% F). 

Also in the Li -F granite family can be placed the lithionite—amazonite— 
albite apogranites (Beus et al., 1962; Syritso and Chernik, 1967; Zalashkova 
and Gerasimovskii, 1974). They are confined to stable areas that are 
reactivated by deep faults. The amazonite granites form the marginal and 
roof facies of biotite and leucogranite bodies, 1—10 km^ in area. These 
parental granites contain 0,2—0,3% F, and through albitization (F—Na) and 
greisenization (F—Al) eventually yield the amazonite apogranites with 
0.5-0.8% F and 0.04-0.16% Li. 

Kovalenko et al. (1972) propose that the topaz-bearing, partly kaolinized, 
rhyolites of the Thomas Range, Utah, which contain 1.34—1.90% F and 
0.08-0.43% Li (Shawe et al., 1964) should tilso be placed in the L i -F gi-oup. 

»^."*"<'.5J^V(^.«JiJl.J!,m».liLk I ciMv,'B-<ia»r'i-'«»'inf»tt "'yfS^^.^'^'V*^.||^ll'lfil^llt ',fJl,lillH^^^••'^^..^l•.^.'.. ' .r.W•^'^Mf|^il^ 
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TABLE VIII 

Geochemical associations and F contents of granite pegmatites 

Locality Association F (ppm) Reference 

F-poor: 
Spruce-Pine, North Carolina 
Keystone, South Dakota 
S Norway 

F-rich: 
Quartz Creek, Colorado 
S Pohjanmaa, Finland 
Bernic Lake, Manitoba 
Ivigtut, Greenland 
Mt. Rosa, Colorado 
Miask, Urals 
Volhynia, Ukraine 
Mongolia 
Mora Co., New Mexico 
Harding, New Mexico 
Harding, New Mexico 

simple pegmatite 
simple pegmatite 
T i - N b - T a - W - B e - Z r - R E E 

F - T a - N b - L i - C s - R b - C l 
F - L i - N a - P - B e 
F - L i - C s - R b - N a - P 
F - N a - C O , - S - Z r - N b - S n 
F—Fe—Ti—Ce—Zr—Nb—Th 
F - N a - L i - B e 
F - B e - B - Z i — T h - L i - S 
F - L i - N a - T a 
F - L i - B e - T a - N b - P - B i 
F - L i - B e - T a - N b 
F - L i - B e - T a - N b 

*' Estimated by author from mineralogical descriptions, 
* ' Graphic pegmatite zone (Stavrov and Bykova, 1961). 
*.̂  Average of eleven amazonite—albite pegmatites. 

100 
1,000 

100-1 ,000* ' 

100 -6 ,000* ' 
2,000*' 
5,000*' 
5 ,000-30,000* ' 

500-5 .000* ' 
— 
5,400*' 
7,700*' 
9,000 
5,500 
6,400 

Burnham(1967) 
Norton (1970) 
Bi(#rlykke(1937) 

Staatz and Trites (1955) 
Haarpala (1966) 
Mulligan (1965) 
B(4ggild (1953) 
Gross and Heinrich (1966) 
Stepanov and Moleva (1962) 
Kalyuzhny (1962) 
Gundsambuu (1974) 
Jahns(1953) 
Jahns(1953) 
Cameron et al. (1949), 

Burnham and Jahns (1962) 
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Granite pegmatites 

The F contents of granite pegmatites are rarely determined because their 
coarse-grained and heterogeneous nature presents severe sampling problems. 
A brief survey of the literature suggests that variations in F contents, rather 
than averages, deserve more emphasis. Thus in the Quartz Creek pegmatite 
district, Colorado, rare Li—F-rich minerals only occur in less than 2% of the 
pegmatites of the district (Staatz and Trites, 1955). From mineralogical 
descriptions of this district, F contents have been estimated to range from 
100—5,000 ppm (Table VIII), Maximum F contents probably occur in those 
few alkali granite pegmatites (Ivigtut, Mt. Rosa, Miask) rich in aluminofluorides 
such as cryoHte (NajAIFg) (Gross and Heinrich, 1966). 

While it seems likely tbat complex pegmatites with rare minerals tend to 
have higher F contents, this is not always true. Thus tbe granite pegmatites 
of S Norway (Bj(?lriykke, 1937) with notable contents of Ti, Nb, Ta, W, Be, 
Zr and REE lack significant signs of F', Li and Sn. F is limited to minor 
biotite and accessory apatite, muscovites and topaz. Geochemical a.ssociations 
rich and lean in F in selected granite pegmatites are given in Table Vill. 

On the basis of 220 major-element analyses of Soviet rare-metal granite 
pegmatites, Kalita et al. (1972) divided them into five groups (Table IX). 
Group-/ pegmatites are typically lepidolite—albite pegmatites with exploitable 
contents of Li and Rb, sometimes Cs. They have the highest values and 
greatest variation of the (Na-^K-i-Li)/(Ca-t-Mg-i-Fe+Ti-i-Mn) ratio (about 9—12). 
They are thus alkalic, ultra-aluminous and, according to Table IX, probably 
F-rich. 

Heinrich (1948) has distinguished a group of N American granite pegmatites 
characterised by the association of fluorite with REE minerals, e.g. euxenite, 
monazite, allanite and gadolinite. Fluorite itself is often rich in REE. 

Mineralogically, in the simple granite pegmatites F is located in biotite and 
accessory muscovite, apatite, fluorite or tourmaline. Complex granite 
pegmatites, however, can contain a number of more exotic F-rich phases 
(Table IV), Of the Li-F phases, both spodumene and amblygonite can occur 
at the magmatic and replacement stages, while lepidolite and zinnwaldite are 
confined to the late stages often replacing earlier micas, Holmquistite develops 
in marginal zones probably by interaction with basic country rocks, REE phases 
include bastnasite occasionally found in alkali granite pegmatites and fluocerite 
generally associated with orthite and gadolinite. Microiite is a fairly abundant 
mineral of granitic pegmatites crystallising in miarolitic cavities or in replace
ment zones. Herderite is a widespread replacement product of beryl. Geo
chemically then F is associated with Na, Li, 0H~, COs^", REE, less commonly 
Ta, Be and P04''~, in the phases of complex granite pegmatites. 

During the crystallization of complex pegmatite magmas F concentrates 
in the residual melts and fluids. Only minor amounts of F are removed by 
early biotite, apatite and tourmaline into the outer granitic zones. Some F 
is precipitated in intermediate and core zones as spodumene, amblygonite. 
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TABLE IX 

Petrochemical subdivision of Soviet rare-metal granite pegmatites with F contents [after 
Kalita e ta l . (1972)] 

Group Si/AI F(%) Typical mineralization 

/ 
/ / 
/ / / 
IV 
V 

2.5-3.5 
3 .5-4 

4 - 5 
5 - 6 
6 - 7 

range 

0.16-1.70 
0.02-0.50 
0.02-1.35 

— 
— 

average 

0.87 
0.23 
0.15* 
no data 
no data 

number 

5 
4 
7 
— 
— 

Ta-Li 
L i - R b - C s - ^ a - N b - B e 
Be—Ta 
B e - Y - N b 
R E E - T h - Y - N b 

Si/AI grouping based on 220 analyses; F results are only available for sixteen samples. 
* Excluding the highest value. 

muscovite or microiite but the highest contents are probably fixed in replace
ment pockets where later generations of these minerals may be associated 
with Li-micas or coloured tourmalines, topaz, cryolite, etc. 

A different crystallization model if presented for the Li—F-rich Brown • 
Derby No.l granite pegmatite, Colorado, by Rosenberg (1972a). Following 
resurgent boiling, topaz crystals developed in the roof-zone aqueous fluid 
phase, were partly resorbed while sinking through the underlying melt, and 
then collected on the floor of the chamber. Alkalis and F selectively 
diffused into the aqueous phase which crystallised as replacement pods with 
lepidolite and cleavelandite. Rosenberg (1972b) synthesized topaz from the 
system AIF3—AljOj-Si02—HjO at 350—900° C and 2 kbar pressure. In 
F-deficient assemblages, topaz has F/OH ratios reflecting/HF//II O and thus 
temperature. Application of this tentative thermometer to the assumedly 
closed Colorado pegmatite yielded the reasonable temperature of 750°C. 

F in fluid inclusions of granites 

F contents in granitic fluid inclusions are nearly always outweighed by 
water, COj and Cl. Even in inclusions from Sn deposits often thought to 
have involved F transport contents of F are only about 0.1%. Typically 
percentages of salts in solution are beiow 10 wt. % and daughter (trapped) 
crystals are fairly rare (Roedder, 1972). 

However, dense F-rich brines occur in fluid inclusions of the Volhynia 
granite pegmatites, NW Ukraine, and are now described in some detail. This 
Precambrian pegmatite field is associated with contacts between the 
Korosten'skiy granites and older gabbro-norites. The pure-line pegmatites 
occur as dykes, veins, lenses and nests. Imperfect graphic, feldspathic and 
quartzose zones may surround a vugh. In some pegmatites an additional 
zone of leaching and recrystallization occurs (Lazarenko et al., 1968). 
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The grain size of host granites and the level of F both increase gradually into 
the pegmatites suggesting closed-system crystallization (Stavrov and Bykova, 
1961). The central vughs may contain morion, smoky and clear quartz, topaz, 
tourmaline, fluorite, zinnwaldite, etc, (Kalyuzhny, 1962). The leaching zone 
may contain siderite, calcite, rutile, opal, columbite, fluorite, bertrandite 
and tourmaline (Lazarenko et al., 1968). 

Different fluid inclusions can occur both within single crystals, within the 
same mineral of different zones of a pegmatite and within different pegmatites. 
Four groups of inclusions are here distinguished: 

Group 1. Gigashvili (1969) describes primary solid—gas inclusions in quartz 
from a zone of silicification underlying cavities in a pegmatite. The hydromica, 
albite, topaz, (?) alunite and lepidolite solid phases co-exist with a gas phase 
(15—25 vol.%). A very high temperature of 960° C is required to melt mo.st of 
the phases but pha.se tran.sformation begins at 700°C. It is assumed that the 
host quartz crystallized from a boiling aqueous solution containing many 
accidental crystallites to which bubbles of steam adhered. 

Group 2 multi-phase inclusions correspond to a high-temperature stage of 
dense brines, consisting chiefly of chlorides and fluorides of Na, K and Fe-*. 
Of lesser importance ai-e carbonates and hydrous carbonates of Mg and (?) 
Ca. These inclusions may contain up to 70—90% of crystals, but contents 
range down to 10% and (presumably) merge into group-3 varieties. Associated 
with the crystals is a vapour bubble, generally 10—20% by volume of the 
inclusion, and a solution. 

Some of the solid phases are probably accidental crystals formed (at least 
partly) at pre-inclusion temperatures, but these are subordinate to genuine 
daughter minerals (Kalyuzhny, 1962). Among tbe daughter minerals with 
their vol. % are: halite (8-12), sylvite (0.5-3), a chloride of Al and Zn (1-2) , 
elpasolite (K2NaAlF6, 2—8) and caracolite (PbOHCl-Na2S04, rare). Cryolite 
occurs as solid inclusions in topaz, as cubic crystals in some large gaseous 
inclusions, or rarely in liquid inclusions within topaz. 25 other crystals were 
distinguished but not identified or assigned an origin. 

Lyakhov (1967) studied multi-phase inclusions from the earliest, central 
morion zone of quartz crj'stals. These inclusions did not completely homogenize 
but exploded at atmospheric pressure and temperatures of 450—500°C. The 
main phases are: halite (20—25%), FeCli^HjO (20—25%), mineral 4 (unnamed, 
10—15%), mineral 5 (< 15%), elpasolite (< 15%), cryolite (< 10%), sylvite 
(< 2%) and others less than 1%. Fourteen minerals were separated but not all 
are fpund in any one inclusion. Cryolite was observed in only two inclusions 
and was less than 10%. It is considerably more abundant as solid inclusions in 
the base of the intermediate, smoky-quartz zone. 

Lemmlein et al. (1962) found cryolite, qutu-tz, muscovite and tluoritewith 
an unknown phase in inclusions in topaz. During heating to 740° C (700° C?) 
under external pressure to prevent decrepitation, large amounts of the daughter 
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minerals (about 70 vol.%) and part of the topaz host slowly dissolved to form 
a hydrous glass, though much of the quartz still had not dissolved. Other in
clusions were completely homogenized at 700° C forming a hydrous silicate 
melt. 

Motorina (1967) considers the brines to be located in pseudosecondary 
inclusions and to contain as much as 70% dissolved salts and to homogenize 
at 465—550° C. Additional photographs of multi-phase Volhynia inclusions 
are given by Roedder (1972, plates 7, 8 and 12). 

Group 3 inclusions contain more gas than those of group 2, a lower volume of 
crystals and fewer crystalline phases (1—4) of which halite is dominant. 
Appreciable Mg and Fe^* are also found, Lyakhov (1967) has described such 
inclusions from the morion and intermediate, smoky zone of quartz. They 
had a pH of about 5.2 compared with 6.6 ± 0.1 in the denser brines. 

Group 4 liquid—vapour inclusions contain quite dilute solutions in which Na*, 
Ca^*, S04^~ and HCOj" are detected. The pH varies from 6.4 to 8.0 and no 
daughter minerals occur (Kalyuzhny et al., 1967). One such inclusion contained 
5.7% NaCl, 0.22% KCl, 0.06% CaClj and 0.03% Ca(HC03)2 (Maslova, 1961). 
F~ could not be detected even qualitatively. Fifteen vapour-phase analyses 
showed that HjS (up to 94 vol.%) and CO2 (up to 73 vol. %) are the dominant 
gases. 

The minerals of the final zone of leaching and recrystallization contain fluid 
inclusions which show they originated over a temperature range of 100—450° C 
at variable pressure and solution concentration (Lazarenko et al,, 1968), 

It is here suggested that the sequence of inclusion types and chemistries 
described from groups 1—4 is the most complete expression of the evolution 
of the inclusions in the Volhynian pegmatites. The complete sequence is 
certainly not developed at every locality; more simple inclusions can be found 
in all zones of sorae pegmatites (Kalyuzhny et al., 1967). 

Based on published data and photographs an attempt has been made to 
estimate the proportions of silicates, salts plus CO2, and water in the various 
Volhynia inclusions as well as their approximate F contents (Table X, Fig. 4). 
Some of the values are highly speculative but the general evolution seems fairly 
clear. Salts and CO2 are-plotted together though their properties greatly differ 
in hydrous granite systems. 

The main trends shown by Volhynia fluid inclusions are: 
(A) The successive predominance as the temperature falls of: (i) silicate 

phases plus topaz and cryolite (700—960°C); (ii) very saline brines (perhaps 
450-750°C); and (iii) dilute hydrothermal solutions (100-450° C). 

(B) Increases in HjO, CO2 and carbonates, HjS and sulphates, HjO/Cl, Cl/F, 
Ca^*, and Fe^VFe^*. 

The evolution of fluid inclusions in the aegirine—dalyite granite (0.15% F) 
of Ascension Island shows similarities to the above scheme, but F contents are 
not available (Roedder and Coombs, 1967). 
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TABLE X 

Estimated proportions of silicates, salts plus CO, , and water as well as F values in Volhynia 
fluid inclusions 

Group Silicates Salts •*• CO, Water F (wt.%) 

I average 
range 

2 average 
range 

3 average 
range 

4 average 
range 

See text for sources 0 

73 
6 0 - 8 0 

25 
3 - 6 5 

6 
2 - 1 0 

1 
0 - 2 

if da ta . 

SUICATES 

18 
15-30 

42 
20-85 

47 
30-55 

34 
5-35 

9 
1-15 

33 
5-60 

47 
35-70 

65 
60-95 

5 

2.5 

0.5 

0.1 

(No.K.f.CI.COj.SO^ •IC.I 

Fig. 4. Evolution of silicate—salts •<• CO,—H3O in fluid inclusions of Volhynia pegmatites. 
NW Ukraine. 
Pressure equals about 0.3—0.4 kbar. Numbered points are estimated average compositions 
for inclusions in Groups 1—4. See text for sources of data. 

Role o fF during post-magmatic alteration of granites 

Under post-magmatic supercritical conditions (Shcherba, 1970) F probably 
combines with a variety of elements forming highly soluble complexes, e.g. 
[A1F2(H20)4]*, (SiFfi)^", NaAlF4, KBeFa, [Sn(OH,F)6]2". These F-bearing 
complexes may possess alkaline properties and are related to the early alkaline 
stage of post-magmatic alteration (600—450° C), As the temperature and/or 
pressure fall the early complexes decompose and F and other volatiles are 
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released, in some cases as a true gas phase. This marks the onset of greisenization 
(500—300° C). Subsequently F combines with Al and Ca in the topaz and 
fluorite of hydrothermal quartz veins (400—200° C). 

Some alkali granite stocks and sheets have suffered post-magmatic meta
somatism and conversion to F-rich albitized riebeckite granites (Nigeria, 
Kazakhstan, E Siberia), Albite, microcline, quartz and riebeckite are the 
principal minerals but common accessories are aegirine, astrophyllite, Li-
micas, fluorite, cryolite, thomsenolite, amblygonite, zircon, thorite, pyro
chlore and gagarinite. These granites nearly always show high contents of 
F — up to 1.5% — mainly due to fluorite and cryolite. Geochemically they 
are characterized by high F, Li, Rb, Be, Ga, REE, Zr and Nb and low K/Rb 
ratios (Vlasov, 1966; Archangelskaya, 1968; Bowden and Turner, 1974). 

Post-magmatic greisenization nearly always takes place under the influence 
of Si02—F—Cl-rich aqueous solutions derived from granitoids [review by 
Shcherba (1970)]. F-bearing minerals such as sericite, muscovite, Li-micas, 
tourmaline, topaz and fluorite are common in greisens, while F contents 
typically range from 0.4—6 wt.%. The associated granitoids generally contain 
higher F levels (0.05-0,19%) than normal (0.08%). Where F-metasomatism 
is dominant during greisenization, as opposed to Cl-metasomatism, then 
deposition of W, Sn, Be and Li rather than Mo is more effective. The variable 
mobilities and stabilities of F and Cl complexes of rture metals partly explains 
the depositional zonation of greisen deposits, 

Kalenov (1964) has described greisenization from E Mongolia where the 
participation of F was inconspicuous. 

In the Hercynian greisens of the Greater Caucasus, quartz—muscovite 
greisens (0.16—0.17% F) contain less F than quartz—tourmaline greisens 
(0,22—0.25% F), These low F contents, and the absence of quartz—topaz and 
quartz—fluorite greisens are part of a regional F impoverishment (see Table III), 
In the Dzirul' quartz—muscovite greisen, muscovite (0,79% F) contains 97% 
of the total F; the remainder is in quartz (0,01% F) and accessories (Odikadze, 
1971), 

Compared with the ratio of F : Li : Sn in associated granites (Fig, 2), 
greisens show a marked increase in the proportion of Sn, even though absolute 
contents of F and Li are greater than in the parent granite. 

Zakharchenko (1974) finds that gas—liquid inclusions from rich ore 
greisens contain abundant daughter minerals (up to 10—20 minerals, up to 
40—70% by volume). Many daughter minerals contain F, Li, K and other 
rare-metal mobilizers. 

Behaviour of F in volcanic gases 

The HF contents of volcanic gases and fumarole condensates are generally 
only 0.001—0.03 vol.%, though slightly higher amounts of F can be added to 
altered rocks near fumaroles. In contrast the very small Fj-gas contents released 
by crushing granites and pitchstones may amount to several volume per cent 
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of the total released gases suggesting preferred retention in rocks (magmas) 
rather than in gases (White and Waring, 1963). SiF4 is an insignificant gaseous 
species of volcanoes, and F-rich gases cannot be responsible for the removal 
of any significant amount of silica from magmas (Rosenberg, 1973). HCl/HF 
ratios in volcanic gases are neariy always greater than 10 but occasionally 
as low as 2. In contrast the molar Cl/F ratios for igneous rocks are usually 
about 0.5. 

Zies (1929) estimated 320 ppm HF in fumarole gases and an annual 
production of 0.2 • 10^ tons of HF and 1.25-10* tons of HCI over 77 km= 
of the Valley of Ten Thousand Smokes, Alaska, where rhyolitic ash flows 
were erupted. Lovering (1957) showed that rhyolitic wall rocks (0.05% F) 
to Fumarole No. 1 in the Valley of Ten Thousand Smokes gained F (0.08— 
0.21%, average 0.11%). 

F contents in gases from the dacitic Showashinzan Volcano, Japan, vary 
widely in different fumaroles from 13 ppm at 187°C to about 300 ppm at 
750°C (Sugiura et al,, 1963). F/Cl ratios in the gases decrease from 0.3 to 
0,05 at lower temperatures suggesting preferential removal of F compounds at 
these temperatures. F and F/Cl values are even lower in hot springs (0.15— 
12.5 mg/l, 10~^-10~') and seawater (1,2 mg/l, about 10"") (Kokubu, 1956; 
Sugiura et al., 1963). 

Relation of economic fluoride.'! to granite 

Fluorite is a relatively common minor gangue mineral in many types of 
ore deposits, but is of economic importance mainly in shallow-seated deposits. 
This agrees with increasing contents of fluorite in the hypabyssal and sub-volcanic 
granites (e.g. Variamoff, 1974) and reflects the increased degassing of F and 
lower solubility of CaF2 under low P—T conditions. Fluorite deposits commonly 
form in breccia pipes within vein systems indicating active corrosion and 
collapse during mineralization (Peters, 1958). In western U.S.A. fluorite 
deposits are concentrated in the eastern portion of the Cordillera (notably 
Colorado, New Mexico) and are spatially related to volatile-rich alkali granites 
and other alkalic igneous rocks. 

Cryolite is associated with alkali granites showing rare-metal mineralization 
and develops during alkali fluoride metasomatism of deep gneissic-schist 
sequences or hypabyssal stocks in re-activated, consolidated terrains (Kudrin 
and Ginzburg, 1970). Cryolite also develops at the replacement stage of a few 
alkali granite pegmatites (Gross and Heinrich, 1966). The only cryolite deposit, 
at.Ivigtut in S Greenland, amounts to about 12-10* tons and consists of units 
rich in siderite—cryolite, cryolite—fluorite, fluorite—topaz, siderite and quartz. 
It is located in the roof zone of a small, greisenized alkali granite stock (Pauly, 
1974). 

Bastnasite and monazite are the main REE-bearing phases in hydrothermal 
carbonatite — 5-10* tons with nearly 5% REE — occurring at Mountain Pass,. 
California. This carbonatite developed after emplacement of a highly potassic 
alkali granite and monzonitic rocks (Olson et al., 1954). 
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EXPERIMENTAL BEHAVIOUR OF F IN GRANITIC MELTS 

Structural position of F in granitic melts ' 

It has generally been accepted for granitic melts that the F~ ion (1.33 A), 
because of its similarity in size to the 0^~ ion (1.32 A), will mainly break up 
some of the Si—O chains forming Si—F bonds instead, i.e. depolymerize the 
melt (Buerger, 1948). However with decreasing Si02/alkali ratios, it is known 
that more and more of the F becomes linked with Na, Ca and other melt 
modifiers rather than with Si (Kogarko et al., 1968), The proportion of F 
linked in Si—F and Na—F bonds in granite melts is not clear. Insecure 
evidence comes from experiments on the anhydrous system SiOj-NajO-NaF. 
When the Na20/Si02 ratio of the melt is about 1 : 15 as in granites then the 
molar ratio of NaF/SiF4 in the co-existing gas phase is 0.3-O.35. 

When Si—F bonds in the form of NajSiFg are added to a NajO—Si02 melt, 
the F is released from the melt mainly as NaF. The addition of Al to this 
system produces aluminosilicate groups and these are known to be stable 
even in the presence of very high F contents (Kogarko, 1967). On crystalli
zation, much of the F retained in femic-poor granite melts is precipitated as 
fluorite and F does not significantly enter quartz and feldspar. When F-rich 
micas and amphiboles are significantly present in granites, the F enters the 
structure as an additional anion, like OH", forming bonds with Al, Na, Ca, 
Mg, etc., but not with Si. The Na—F bondings found in the anhydrous vapour 
phase and the Na—F and Ca—F bonds precipitated in silicates are probably 
derived from similar bonds of the parent melt, 

Kogarko and Krigman (1973) calculated from melting experiments in 
fluoride—silicate systems that the presence of high F contents does not lead 
to the depolymerization of Si—O complexes. They also calculate that in a 
system such as CaO—CaF2—Si02 where SiF4 is a potential product, the activity 
coefficient of Si02 increases as F (and F/O) values rise. 

Release of F from granitic melts 

The partition coefficient for F between vapour phase and granite magma 
is low, namely 0.33 or less (Burnham, 1967; Munoz and Eugster, 1969), When 
thepH20 of the magmatic gas phase equals 1,000 atm., the partial pressure 
of HF in equilibrium with the granitic melt was found to be 2.76 atm. 
(Evtiukhina et al., 1967). However, during differentiation towards more 
siliceous granitic melts there are increasing losses of F to the vapour phase. 
The small but increasing degassing is known from: 

(1) Anhydrous experiments where the Si02/Na20 ratio was increased, and 
there was a simultaneous increase in the molar SiF4/NaF ratio of the released 
vapours (Kogarko et al., 1968). 

(2) Thermodynamic calculations for equations such as: 

MeF + '/2 H2O + Vl SiOj Â MeSiOa + HF 
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where HjO and HF are the principal gas phases and Me may be K, Na, Ca, 
Mg, etc. An increase in the Si02 content or a decrease in the contents of the 
less electronegative cations (K(0.8) < Na (0.9) < Ca (1.0) < Mg (1.2)] causes 
a considerable increase in the separation of F into the gas phase as HF 
(Kogarko et cd., 1968). During the fractionation of peralkaline acid magmas 
the (K2O + Na20)/(CaO + MgO) ratio increases and this favours retention of 
F despite the increasing Si02 contents. However, during cooling and 
crystallization of this pantelleritic magma, much Na appears to be lost and 
the above ratio decreases. Loss of Na and peralkalinity of the melt is probably 
inter-connected with the loss of volatiles including F, since these elements 
promote each other's solubility in igneous melts. 

(3) The geological observation that greisens (HF and Si02 rnetasomatised 
granites) are typically associated with the most siliceous granites—alaskites 
(Kogarko etal., 1968). 

It seems likely that volatiles will migrate as bubbles rather than by diffusion 
through a granite melt (Burnham, 1967), though diffusion might become 
more important as alkah and volatile contents increase (Kogarko et al., 1974). 

Influence of F on utater solubility in granitic melts 

Normal granite melts contain less than 0.3% F; their maximum water 
solubility at 1 kbar pressure is found to be of the order of 4 wt. % (Burnham 
and Jahns, 1958). These authors noted that water solubility was not discernibly 
greater for the Harding, New Mexico, granite pegmatite (Table VIII) containing 
appreciable F and Li. Water saturation levels increase with pressure but are 
still only 15—20 wt.% at 10 kbar pressure. The coexisting aqueous phase is 
capable of dissolving only about 10 wt.% of solutes giving a solubility gap of 
about 70% at these deeper crustal pressures. 

The solubility of H2O in granite melts when F and other mineralizers are 
greater than 1—2 wt.% is not known quantitatively, but indirect evidence 
comes from albitic melts and qualitative results from granite melts and co
existing vapours. 

In the absence of F, an albite melt can only contain up to about 4.2 wt.% 
H2O at 1 kbar and 910-923°C (Tuttle and Bowen, 1958; Burnham and 
Jahns, 1962). However, addition of only 0,5 wt,% NaF to the melt raises the 
saturation level for H2O to 7 wt.%, while addition of more than 1 wt.% NaF 
increases the level in the univariant melt [Ab86(NaF)i4] to about 30 wt.% 
H2O (Koster van Groos and Wyllie, 1968). The co-existing hydrous vapour 
contains about 10% solids, giving an immiscibility gap of about 60%. Re
connaissance experiments in the same system indicate that the immiscibility 
gap is sharply reduced to only 15% at 4 kbar pressure, and a continuous 
gradation from volatile-rich silicate melts to silicate-rich vapours should occur 
slightly above this pressure; 

As the F content of granite—H2O systems is increased, the co-existing vapour 
phase dissolves higher contents of solutes. On quenching experimental capsules, 
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a white crust is deposited on the capsule walls. It contains quartz and probably 
different Na—Al fluorides which may be hydrated (Wyllie and Tuttle, 1961), 
Glyuk and Anfilogov (1973a) also noted precipitates within a solution of 
gel-like sediment on quenching their capsules. Crystals of Na2SiF6, K2SiF6 and 
a po'wdery mixture probably of different fluorides, alumino- and silico-
fluorides were identified. Slow cooling of these vapours should yield dense 
saline hydrothermal solutions rich in F, Si, Al and alkalis. Similar crusts and 
precipitates were not significant in F-free granite—H2O runs, 

Bumham (1967) found that the aqueous phase in equilibrium with a simple 
granite pegmatite (F, 0,01%; LizO, 0.01%) contained 2—3 wt.% solutes at 
4 kbar pressure but only 0.5—1.0 wt.% at 2 kbar. Such dilute solutions can be 
matched with the fluid inclusions typically associated with granites. 

According to Tuttle and Bowen (1958), granite magmas with abundant 
volatiles and alkali silicates may exhibit a continuum from silicate melt to 
hydrothermal solution. Luth and Tuttle (1969) attained complete miscibility 
at 5 kbar and 650°C by adding the equivalent of 11% normative Na-meta-
silicate to the granite—H2O system. While Li, HF and NaF and to some extent 
P promote water solubility and lower the solidus temperature, CO2, NH3 and 
HCI have the opposite effect (Wyllie and Tuttle, 1964). Thus, for a granite—HjO 
system at 2.75 kbar with 5 wt.% HF the solidus is located at 603°C and for 
5 wt.% Li20 at 575°C compared with 665°C for water only. 

Retention of water and other volatiles in a cooling granite melt is favoured 
by high pressure and a low water/salt ratio (roughly 0.96 ± 0.05). Thus a 
residua] melt with a ratio of 2.0 is boiling from about 520—290° C during 
which the ratio diminishes to 1.2, when the silicate melt (41% H2O, 35% 
salts, 24% silicates) ceases to exist. A melt with a ratio of 1.0 changes continu-

^ ously into a solution containing 46% H2O, 46% salts and only 8% silicates 
(Smith, 1963, fig. 12-31). 

While water solubility is probably at a maximum (10—30 wt.% ?) in some 
Li—F granite melts, especially if highly peralkaline, the contents of F, H2O 
and alkali silicate necessary for graduation to a hydrothermal solution must 
be rarely attained in the upper crust. 

Despite their lower than normal temperatures, F-rich residual granite melts 
should be less viscous. Thus Wyllie and Tuttle (1961) noted that well formed, 
large albite crystals developed when HF was added to the albite—H2O system. 
Convection currents should also be easily set up and maintained, and effective 
crystal fractionation may promote m.ineralogical banding (Kogarko, 1974). 

Phase relations in F-rich granite systems 

It is predicted that increasing the acid properties of granite melts by in
creased contents of F and H2O, will raise the activity coefficient of Si02 
(thereby expanding the quartz field) and will also raise the concentration of 
Fe^' relative to Fe'* (Kogarko, 1974). 

In fact quite complex reactions are known to occur in hydrous albite and 
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granite melts that contain large amounts of HF (Von Platen and Winkler, 
1961; Von Platen, 1965; Wyllie and Tuttle, 1961; Glyuk and Anfilogov, 1973a). 

Von Platen and Winkler (1961) and von Platen (1965) show that, for 
normal granite, the minimum melt composition co-existing with 0.5 M HF 
solution at 2 kbar vapour pressure is richer in orthoclase and albitic plagioclase 
components (Q 31, Or 34, Ab 32, An 3, Ab/An 10.7) than melts only co-existing 
with H2O at 2 kbar pressure (Q 39, Or 20, Ab 36, An 5, Ab/An 7.2). Melts 
exist to about 35° C lower in the HF-bearing system. 

On cooling at 2 kbar vapour pressure, hydrous granitic melts crystallise 
magnetite (710°C), biotite (700°C), K-feldspar (697°C), quartz (683°C) and 
plagioclase (676° C) in that order over a temperature interval of 35° C. Granite 
melts co-existing with HF, however, crystallise quartz first at 663° C, followed 
by plagioclase (655°C), biotite (653°C) and K-feldspar (640°C), giving a 
crystallization interval of about 23°C. The changes in crystallization order are 
mainly of a reactive nature as the mafics and feldspars are less stable and tend 
to dissolve in fluoridic granite melts. 

The HF-free system shows a greater degree of crystallization at a given 
temperature above the solidus. Crystallization begins at 710°C and the melt 
is 15% crystallised at 10°C above the solidus. However, crystallization in the 
HF-bearing system is delayed until a lower temperature (663°C) and even 
10°C above the solidus only 9% of the melt has crystallized. This attests to 
the greater solubility of components in the fluoridic granite melt. 

With increasing contents of F in tbe granite system the following reactions 
occur (Glyuk and Anfilogov, 1973a) (Fig. 5): 

V) 
(2) 
(3) 
(4) 

(5a) 
(5b) 

F-biotite •*• HF 
orthoclase + HF 
albite -̂  HF 
topaz -f HF 

quartz ••• HF 
F-bearing quartz •*• HF 

-*-
—* 
- > • 

-» 

-> 
-* 

topaz + quartz -i- KF •»• MgF, •*- FeSiF^ 
topaz -I- KF ••• H ,0 
topaz -H quartz •»• NaF -t- H ,0 
(a) quartz ••• A1,F. -i-H,0 
(b) F-bearing quartz -f Al,Fj -i- H , 0 
SiF, -i- H ,0 
SiF, •* H , 0 

• i - H , 0 

F-rich biotite, orthoclase and albite react with HF to form topaz, quartz, and 
add alkali and metal fluorides to the coexisting vapour and melt. As the 
temperature is raised and the percentage of co-existing melt increases, these 
reactions can take place at lower F contents. Eventually topaz gives way to 
quartz containing about 0.1—0.2% F, and this quartz and normal quartz are the 
final minerals to dissolve. Not all the Al of the feldspars is used to make topaz; 
much is transferred into the co-existing vapour which quenches to give 
aluminofluorides and silico-aluminofluorides. Topaz is never more than 10 
vol.% of all the crystalline phases. These detailed experiments confirm the 
eai-lier work at 2.75 kbar of Wyllie and Tuttle (1961), and of von Platen 
(1965) at 2 kbar, who both found that with increasing HF contents the quartz 
field expands at the expense of feldspai-s. 

Above the liquidus at about 810°C, 1 kbar pressure, and with 1—11% F in 
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Fig. 5. T—X diagram of phase relations in the system granite—H,0—HF at 1,000 kg/cm' 
(redrawn after Glyuk and Anfilogov, 1973a). 
A supercritical hydrous solution co-exists with all the fields except V̂  which is a super
critical hydrous fluoride melt. L, silicate melt, L, fluoride melt. See text for reactions 
l - 5 b . 

the system, ai silicate melt co-exists with immiscible droplets of a fluoride 
melt (Glyuk and Anfilogov, 1973a). The two melts coalesce when F is about 
11 wt.%, or at F values from 1—11 wt.% when temperatures are considerably 
higher than 820° C. Similarly in the system granite—H2O—NaF atpH20 of 
1,000 kg/cm^ separate silicate and fluoride melts exist from 4,4—99 wt,% NaF 
in the charge (Anfilogov et al,, 1973), In this system the solidus is lowered 
from 760°C (F-free) to 580°C (NaF = 4,4 wt,%), and only K-feldspar reacts 
out of the melting system. In the system granite—H2O—KF at 1,000 kg/cm^ 
(Glyuk and Anfilogov, 1973b), two immiscible melts exist from 1 to about 
10 wt.% F and the solidus is lowered by 460° C at 1 wt.% F. In this system 
melts at al lF contents have K-feldspar on the liquidus; quartz and an un
known phase appear on cooling but albite is always a subsolidus phase. 

Exposure of granite samples to the vapour of a fluosilicate melt at 1,100— 
900°C and 1 atm. pressure melts the samples completely and they gradually 
recrystallise. Primary plagioclase is replaced by K-feldspar and fluorite. At 
900—600°C granites are "baked" and feldspars acquire rims of sanidine. No 
alteration is observed at 600—500°C (Khetchikov et al., in Khitarov, 1967). 

Cryolite stability in granite systems 

Kogarko (1966) and Stormer and Carmichael (1970) have discuissed the 
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stability of cryolite, fluorite and villiaumite (NaF) in various igneous environ
ments. 

Kogarko (1966) calculates cryolite stability in a variety of chemical 
reactions not necessarily close to granitic conditions, e.g.: 

(1) NajAlFs + f Me20 3 NaF + 3 MeF •<- 7 AlzOj 

Cryolite dissociates in the presence of strong bases (K2O, Na20, CaO) at 
600° C, but is stable with the oxides of weaker bases (AI2O3, Si02). 

(2) NaaAlFfi + 2 NajSiOj ^ NaAlSi04 + 1 NaAlSijOg -<- 6 NaF 

With higher Si02 concentration in the Na-silicate (e.g., Na2Si20s as opposed 
to Na4Si04) cryolite becomes stable. 

(3) NaaAlFfi reacting with Al203-variable phases (NaA102, nepheline, albite). 
Calculations indicated slight instability with NaA102 which was confirmed 
by experiment, but stability with nepheline and especially with albite. 

In an environment with high Ca contents the complex anion AIFg''" 
dissociates, Na—F and Ca—F bonds are developed, while Al forms acid 
complexes, 

Stormer and Carmichael (1970) find for the reaction: 

acmite + NaaAlF* NaF + magnetite -1- albite -•- quartz •»- O2 

that reducing the activity of anorthite, acmite and silica will favour stability 
for cryolite rather than fluorite. However, the silica activity must not be too 
low or villiaumite will form instead of cryolite. 

The possible role of CO2 in the Ivigtut cryolite deposit is considered using 
the following reaction: 

albite •*• acmite + Fj + CO2 NaaAlFj -*- siderite •<• quartz + O2 

Fixing the activity of the other components, greater CO2 fugacities will 
encourage cryolite formation. Other volatiles especially sulphur species have 
the same effect. 

These thermodynamic equations indicate that cryolite is stable in SiO^-
volatile-rich, Ca-poor environments, in agreement with its known occurrences. 

When cryolite is mixed and melted with nepheline, albite or silica, 
immiscibility fields are developed, generally towcirds higher F and Na contents 
(Kogarko et al,, 1974), One of the liquids is essentially ionic and is rich in 
salt components such as Na*, F~ and AlFe'" while the other is a polymerized 
silicate melt. In the laboratory the separation and concentration of the two 
melts can be improved by higher F contents, introduction of coalescence 
centres, varying the charge size and by centrifugation over long periods. The 
influence of H2O on the immiscibility fields in the Na, Al, Si, O, F system is 
not known, but immiscibility is still likely as shown by the results for the 
granite—H2O—NaF system (Glyuk and Anfilogov, 1973b). 
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DISCUSSION 

It remains to assess the present measure of agreement between the experi
mental and natural behaviour of F in granitic materials, and to indicate some 
of the many gaps in information and understanding. 

An intrinsic and important property of F in the granitic envuronment is its 
gentle degassing at late and post-magmatic stages and its relocation in nearby 
melts, notably roof zones and margins, or in already crystallized plutons (Fig. 
6). This phenomenon partly explains the enormous range of F contents in 
granites. F loss is indicated by decreasing trends in some alkaline and calc-
alkaline series, by its loss during crystallization of rhyolitic magmas, by re
duced values in aplites and some marginal zones of plutons, and by the common 
occurrence of fluorite and topaz as gangue minerals in hydrothermal veins 
associated with granite intrusions. The gentleness of the loss is indicated by 
low HF and F/Cl values in volcanic gases and fluid inclusions, by vapour: 
magma partition coefficients, the low partial pressure of HF compared with 
H2O, HCI and CO2, and by thermodynamic calculations. 
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Fig. 6. Schematic flow diagram of F variation in the granite system (typically calc-
alkaline plutonic). 
Degrees of degassing and re-absorption are highly variable in nature while absolute F 
contents depend on alkalinity, level of emplacement and may vary regionally. The 
magmatic phase may evolve to either the more mafic or less mafic end members under 
progressive melting, hybridism or crystallization. 

s 
I 

The resorption of F in granite melts seems related to a particular magma-
tectonic regime and evolution. Parental melts tend to be alkalic (sometimes 
peralkaline), with Na/K > 1, and with relatively high F levels (0,1—0,3%), 
but these features are far from universal. After emplacement of this magma 
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in small epizonal plutons, differential degassing of CO2, HCI and later H2O 
concentrates the more soluble F. However slight degassing of F, probably in 
gas bubbles with about 0.1 vol.% HF, will steadily transfer F to the higher . 
levels of the magma body where most of it will be resorbed. When the parent 
magma is alkalic a small percentage loss of F is significant in absolute terms, 
while the high alkali contents will promote resorption of the F. During 
crystallization, especially if the growing F contents induce quartz and feldspars 
to crystallize early rather than biotite, F will be concentrated in residual and 
interstitial melts. With a high degree of crystallization F may become saturated 
in the interstitial melt so that considerable volumes of F are released by further 
crystallization. During late- and post-magmatic activity Na is lost from per
alkaline melts and Na and F will promote each other's resorption in any nearby 
residual melts. Small plutons are likely to show marked variations in temperature 
and degree of crystallization, so that the posc-magmatic stage (involving Na 
and F redistribution) in one part of the pluton may be coeval with a late-
magmatic stage elsewhere (involving Na and F uptake). Variable degrees of 
crystallization are compatible with chilled margins and roofs which can seal 
in the magma column. In addition the increasing F (and probably Li) contents 
increasingly delay the completion of crystallization in the residual magmas to 
lower temperatures (36—110°C according to different authors), so that these 
residual magmas still exist when F-poorer parts of the intrusion have entered 
the post-magmatic stage. Depth of magma emplacement is critical since at 
higher pressures degassing of F is minimal while at shallower levels F escapes 
very readily from plutons which themselves become rapidly solidified. 

The saturation limit for F introduced as HF in true granite melts is about 
9—11 wt.% at 1,000 kg/cm^, but glassy ongonite dykes show saturation close 
to 2.5% F while their fully crystallised plutonic analogues contain only 0.6% F. 
Addition of alkali fluorides to hydrous granite melts at 1,000 kg/cm^ indicates 
that high F (about 10 wt.%), and Na or K values, can be retained in a granite 
melt if liquation is ineffective. Such alkali fluoridic melts have not been found 
in nature. Enhanced Na and F contents should appear as cryolite and in this 
environment the instability of K-feldspar may generate and release K—F-rich 
solutions. In fact cryolite develops at post-magmatic stages during albitization 
or pegmatite replacement. This agrees with the formation of aluminofluorides 
during crystallization of solute-rich vapours which co-exist with F-rich granite 
melts. 

Kovalenko et al. (1970) pointed out that the petrology of ongonite and Li -F 
granites is compatible with experimental features of F-rich granite systems. 
Thus the granitic assemblage of Na-rich and K--rich feldspars, Li-micas, topaz 
and quartz- is known to be stable to lower than normal temperatures. The quartz 
and topaz phenocrysts of ongonite, and its high quartz/albite phenocryst ratios, 
agree with experimental phase relations. The lowest temperature melt in the 
granite—H2O—HF system at 1,000 kg/cm^ contains about 2,5 wt.% F as does 
ongonite. Typical of highly fractionated alkali acid niagmas, normative Na 
silicate increases along with F and there are high levels of Li, Sn and Be but 
very low Sr and Ba. 
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Contents of F and other salt components in experimental fluids co-existing 
with "normal" g"ranite are very low and match those of fluid inclusions in most 
granite materials. Experiments on F-rich granite, however, reveal high F 
contents in co-existing fluids; natural analogues may occur in fluid inclusions 
from Volhynian pegmatites and rich ore greisens. These inclusions may exhibit 
the continuum between granite melt and hydrothermal solution long predicted 
by experimentalists. 

The close geochernical correlation between Sn, Li and F in most granites, 
autometasomatic derivatives (Fig. 2), and granitic micas, agrees with the 
significant levels of F and Li in fluid inclusions of rich ore greisens which often 
carry cassiterite and the known ability of F-rich solutions to partition and 
transport Sn. F and Li are highly soluble in experimental melts, are combined 
in the spodumene, amblygonite and Li-micas of Li-rich pegmatites, and show 
parallel losses from degassed plutons or pluton margins. 

Future research should be aimed at better estimates of F losses during the 
magmatic, crystallization and post-crystallization stages of granites. Are the 
impressive F gains by roof-zone greisens in fact only a small percentage of the 
original F tonnage of the complete parent pluton? Knowing the chemistry 
and mineralogy of a granite or partly crystalUsed rhyolite can we reconstruct 
pre-crystallization F contents? Are other elements (Sn, Li, Rb, Cs, Be, Ga, W) 
always degassed along with F? Are F losses during catazonal granitization 
dispersed regionally or rapidly attracted to incipient melt areas? F contouring 
of plutons of different sizes and emplacement levels may tell about their de
gassing history. 

'I There is virtually no data for F from tholeiitic acid igneous series, charn
ockites, trondhjemites and from many gneisses and migmatites. F balances • 

i, are absent for these rocks, and for alkali granites and pegmatites. Analyses of 
• quartz and feldspar, before and after leaching experiments, are minimal. Modal 

analyses of spai-se, but probably widespread, F-rich accessories, and controls 
'I on their formation are hardly available. Partition coefficients for F and HjO 

between micas, amphiboles and co-existing melts during fractional crystalli
zation and melting should be sought in nature and by experiment, 

F levels exhaled by rhyolitic volcanoes of varying silica content and alkalinity 
and in ash flows, pumice and lava erupted on land or imder water remain un
checked. 

Experiments on granite—F systems point to immiscibility phenomena, 
• melts with abnormally high F, Na or K contents, and the presence of F-rich 

quartz — all features not yet found in nature. 
The granite family, of course, derives from and disintegi-ates to other rock 

types and forms only a small, albeit significant, part of the F cycle. 
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AH.STRACT 

Horowitz, A. and Cronan, D. S., 1976. The geochemistry of basal sediments from the 
Norlh Atlantic Ocean. Mar. Geol., 20: 205—228. 

Chemical analyses of North Atlantic D.S.D.P. (Deep Sea Drilling Project) sediments 
Indicate that basal sediments generally contain higher concentrations of Fe, Mn, Mg, Pb, 
jnd Ni, and similar or lov.'er concentrations of Ti, Al, Cr, Cu, Zn, and Li than the material 
ovt-rlying them. Partition studies on selected sitmples indicate that ihe enriched metals 
in lhe basal sediments are usually held in a fashion similar to that in basal sediments 
frum the Pacific, other D.S.D.P. sediments, and modern North Atlantic ridge and 
non-vidgc material. 

Allhough, on average, chemical differences between basal sediments of varying ages 
ire apparent, normalization of the data indicates that the processes leading to metal 
tnrichmcnl on the crest of the Mid-Atlantic Ridge appear to have been approximately 
constant in intensity since Cretaceous times. In addition, the bulk composition of 
ilotiital sediments also appears to have been relalively constant over the same time 
period. Paleocene sediments from site 118 are, however, an exception to this rule, 
there apparently having been an increa.sed detrital influx during this period. 

The bulk geochemistry, partitioning paUerns, and mineralogy of sediments from 
D.S.D.P. 9A indicaics thai post-deposilional migration of such elements as Mn, Ni, Cu, 
Zn, and Pb may have occurred. The basement encountered at the base of site 138 is 
lliought to be a basaltic sill, but the overlying basal sediments are geochemically similar 
to other metalliferous basal sedimervls from the North Atlantic. These results, as well 
.IS those frorn site 114 where true oceanic ba.sement was encountered, but where there 
was an estimated 7 m.y. hiatus betweeii iiasaltic extrusion and ba.sal .sediment deposition, 
indicate that ridge-crest sediments are not necessarily deposited during active volcanLsm 
but can be formed after the volcanism has ceased. The predominant processes for metal 
oiinchnient in these deposils and those formed in association with other submarine 
volcanic features is a combination of shallow hydrothermal activity, submarine 
weathering of basalt, and the formation of I'erromanganese oxides which can scavenge 
metals from seawater. In addition, il seems as though the formalion of submarine 
:nctalliferous sediments is not restricted to active-ridge areas. 

•Present address: Dept. of Earth and Environmental Sciences, Queens College, C.U.N.Y. 
Flushing, New York 11367, U.S.A. 
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INTRODUCTION 

Until fairly recently, almost all the geochemical studies concerned with 
active-ridge and other metalliferous sediments associated with submarine 
volcanic features dealt with surface or near-surface deposits (Bostrom 
and Peterson, 1966, 1969; Bostrom ct a l , 1969; Horowitz,, 1970; Bender 
et al., 1971; Cronan, 1972; Piper, 1973; Sayles and Bischoff, 1973; Bertine,-
1974), Hovvever, with the advent of the Deep Sea Drilling Project (D.S,D.P.), 
geochemists have been able to examine material covering much of the 
sedimentary column of the oceans. Since 1970, a number of occurrences 
of metalliferous sediments, usually in contact witb, or dkectly overlying 
the basement, and which are thought to be tbe ancient analogues of 
ridge-crest sediments which have moved to their present positions as a result 
of sea-floor spreading, have been reported in the literature. This type of 
sediment has been described from the Pacific by Von der Borch and Rex 
(1970), Von der Borch et al. (1971), Cook (1971), Heath and Moberly 
(1971), Cronan et al. (1972), Dymond et al. (1973) and Cronan (1974), 
from tbe Atlantic by Peterson et al. (1970) and Bostrom et ai. (1972) and 
from the Indian Ocean by Cronan et al. (1974). 

Of considerable importance in understanding the geochemistry of 
basal metalliferous sediments is the way in which different elements are 
partitioned between their various constituent phases. Cronan and Garrett 
(1973) reported that most of the Fe and Mn is located in separate phases 
(Mn in the acid-reducible phase, Fe in the HCl-soluble phase) whilst the 
other enriched metals, such as Cu, Zn, Ni, and Pb are concentrated, to 
varying degrees, throughout all phases. These results ai-e similar to those 
reported by Dymond et al. (1973) for other Pacific metalliferous sediments 
and ai'e quite similar to the results reported for surface sediments from the 
northern Mid-Atlantic Ridge (Chester and Messiha-Hanna, 1970) from the 
Reykjanes Ridge (Horowitz, 1974a), from near the East Pacific Rise (Sayles 
and Bischoff, 1973) and from normal Pacific and Atlantic sediments 
(Chester and Hughes, 1966, 1969; Chester and Messiha-Hanna, 1970). The 
major difference between Atlantic and Pacific partitioning patterns lies in 
the quantities of lattice-held metals vvhich are significantly higher in the 
Atlantic than in the Pacific, probably the result of the much greater detrital 
iriput in the former region (Ku et al., 1968), In general, it appears as if 
geochemical partitioning is similai- in both ancient and modern metalliferous 
sediments, as well as in normal pelagic sediments. 

In order to further investigate the geochemistry of basal metalliferous 
sediments, particularly from an ocean of high detrital input, a series of 
D.S,D.P. samples from three North Atlantic traverses (Legs II, XII, and XIV) 
have been obtained and analyzed. The locations of the sample sites are 
given in Fig. 1. Detailed information on both the relevant sample sites, and 
the cores obtained from them, can be found in the pertinent volumes of the 
Initial Reports (Leg II: Peterson et al., 1970; Leg XII: Laughton et ah, 1972: 
Leg XIV: Hayes et al., 1972). 
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Fig.l. The location of the D.S.D.P. North Atlantic sediment sample sites. 

.METHODS ' • ' • - • - - - -: 

The sediment samples were oven dried at < 40°C. Prior to chemical 
analysis, the samples were gi-ound to < 31 ^m with an agate pestle and 
mortar. In the case of the more indurated sediments, a pre-gi-inding with 
a tungsten-carbide pestle and mortar vvas necessary. 

Chemical analyses vvere cai-ried out on a Perkin-Elmer 403 A.A.S. after 
a combined HF—HCIO4—HNO.i digestion involving a double fuming with 
HCIO4 • All determinations were done in duplicate and the precision and 
accuracy of the analyses vvere checked by using seven internal standards 
(U.S.G.S. standards BCR-1, G-2, and W-l, jind four in-house standards 
consisting of previously analyzed sediment). The precision and accuracy 
ofthe analyses have been reported elsewhere (Horowitz, 1974a b). 

I B U L K G E O C H E M I C A L D A T A - - — • : -.- . - , , - . . . - . . - • . - . , ^' 

The bulk chemical analyses of all the D.S.D.P. samples are presented'on 
an untreated basis in Table I, as a carbonate correction or normalizing to 
pither Al -)- Fe + Mn, 4 Al + Fe + Mn -f Ti, or Alj O , , as bas been suggested 
by various other workers (Bostrom and Peterson, 1969; Bostrom et al., 
1972; Piper, 1973) does not mai-kedly alter the element distribution patterns. 

Sediment samples were obtained from various North Atlantic D.S.D.P. 
sites which bottomed in basalt in order to try to detect element trends in 
fclation to .the underlying basement. As can be seen in Table 1, no 
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T A B L E I 

Chemical analyses of the D.S.D.P. sediment samples 

to 
o 
00 

Sample 
Fe 
(%) 

Mn 
(%) 

A L O , 
(%) 

T i O , 

(%) 
Mg 
(%) 

Ca 
(%) 

Cu 
(p .p .m . ) 

Zn 
(p .p .m. ) 

Pb 
(p .p .m. 

Cr 
(p .p .m. ) 

Ni 
( p . p . m . ) 

Li 
( p .p .m . ) 

Hole 9A 
5-2-120-122* 
5-2- 77- 7 9 * 
5-2- 40- 4 2 * 
5-2- 10- 1 2 * 
5-1- 90- 9 2 * 
5-1- 60- 6 2 * 
4-1-130-132 
4-1- 80- 8 2 
3-4-125-127 
3-r- 2 5 - 2 7 
3-3- 7 5 - 77 
3-2-125-127 
3-1-105-107 
1-6- 50- 52 
1-4-100-102 
1-1- 25- 27 

C.F.B. basal 
C.F.B. non-basal 

Hole 10 
18 -5 -135 -137* 
18-5- 8 5 - 8 7 * 
18-5- 55- 5 7 * 
18-5- 5- 7* 
18-4- 77- 7 9 

6.67 
4 .05 
3.95 
5.55 
7 .35 
8.45 
4 .88 
4 .33 
5.40 
5.50 
5.23 
4.20 
7 .63 
4 .40 
2 .95 
5.00 

6.00 
4 .95 

0.28 
0.36 
0.36 
0.38 
0 .45 

0 .13 
0.09 
0.07 
0.10 
0.26 
0.39 
0 .05 
0.04 
0.57 
0.57 
0.30 
0 .33 
0.86 
0.80 
0 .55 
0.74 

0.17 
0 .48 

0.06 
0.08 
0.06 
0.07 
0.07 

18-3- 7 5 - 77 0 .35 0 .05 

C.F.B. Ij.-i.s.-il 
C.F.B. non-basal 

Hole 112 
16 -1 -108-110* 
16-1- 50- 5 2 * 
16 -1 - 10- 1 2 * 
15-6-110-112 
15-1- .30- 32 

C.F.B. 'basal 
C.F .B. n o n - b a s a l ' 

2 .30 
1.60 

3.40 
8 .45 
8.50 
4 .40 
3,88 

6 .95 
5.48 

0.1G 
0.25 

0 .23 
0 .05 
0 .05 
0.08 
0.09 

0.12 
0 .10 

9 .55 
6.90 
7.70 
6.55 

10.5 
10.6 
11.5 
10.2 
10.0 
10.4 
14.0 

8.10 
12.4 
15.6 
10 .3 
16.6 

7.75 
11.9 

0.35 
0.62 
0.98 
0.62 
1.18 
0.68 

4.16 
3.73 

4.65 
12.3 
12.2 
11 .3 
11 .3 

9 .95 
15.0 

0.42 
0.27 
0 .32 
0.27 
0 .52 
0.47 
0 .55 
0.49 
0.49 
0.50 
0.69 
0.47 
0.69 
0.59 
0 .36 
0 .52 

0 .32 
0.54 

0 .10 
0 .10 
0 .15 
0 .12 
0 .13 
0 .13 

0.77 
0.54 

0 .22 
0.54 
0 .65 
0 .52 
0 .53 

0 .48 
0.70 

0.76 
0.47 
0 .50 
0 .48 
1.15 
1.12 
1.13 

- 0 .97 
1.06 
0.24 
1.62 
0.97 
1.47 
1.58 
1.32 
1.63 

0 .75 
1.19 

0 .45 
0 .36 
0.77 
0.47 
2 .36 
0.57 

3 .38 
5.66 

1.22 
2 .11 
2 .35 
1.24 
1.14 

1.95 
1.55 

0 .30 
0 .30 
0 .40 
0 .35 
0 .40 
0 .58 
0 .38 
0 .55 
0 .55 
0 .45 
0.50 
0 .45 
0 .55 
0 .55 
0.62 
1.60 

38 .5 
39 .2 
35.4 
38.7 
33.2 
36.7 

24 
17 
19 
2 3 
42 
4 5 
87 
7 3 

1 1 3 
1 2 1 
1 2 3 

94 
174 
189 
1 4 3 
2 3 8 

28 
136 

16 
19 
17 
20 
22 
21 

119 

5.35 
0 .60 
0 .65 
9.60 

11.0 

8 8 

5 3 
19 
36 
77 
72 

39 
9 8 

70 
40 
34 
41 
90 
94 

114 
1 0 3 
162 
147 
138 
105 
167 
152 
196 
152 

62 
144 

38 
4 1 
40 
4 3 
36 
35 

35 
35 
55 
25 
70 
67 
8 5 
77 
55 
8 5 
70 
7 5 

100 
65 
4 0 
8 5 

48 
74 

77 
80 
70 
7 3 
9 5 
97 

267 
147 

46 
149 
1 5 3 

92 
100 

118 
1 0 8 

•195 
396 

4 5 
7 5 
6 3 

1 0 5 
9 5 

6 3 
1 3 3 

50 
50 
55 
55 
50 
70 
7 5 
-67 
37 
55 
90 
70 
75 

1 0 5 
8 3 
60 

55 
72 

20 
35 
23 
20 
15 
13 

•<ja»i*^'i mwjrugtoMfiBrtuwoati 

28 
20 
18 
10 
28 
40 
5 3 
37 
67 

102 
1 0 3 

58 
1 3 8 
172 

92 
160 

24 
9 8 

68 
63 
30 
4 3 
20 
50 

21 
26 
2 3 
24 
18 
17 
16 
14 
20 
22 
50 
18 
2 5 
7 3 
4 5 
SO 

22 
36 

5 
5 
5 
5 

10 
7 

'i 

162 
58 

. 50 
75 
95 
95 
80 

76 
116 

370 
1 5 0 

28 
7 3 
62 

1 2 5 
5 3 

56 
1 1 8 

3;i 
36 

51 
4 8 

. 56 
24 
24 

54 
32 

it 
H ' 

H" 



I. 

'i 

• i 

I 
I 
I 

C.F.B. basal ' 
C.F.B. non-basal 

Hole 10 
18-5-135-137* 
18-5- 85- 87* 
18-5- 55- 57* 
18-5- 5- 7* 
18-4- 77- 79 
lB-3- 7 5- 77 

C . i : U . ba.-iiil 
C.F.B. non-basal 

Hole 112 
16-1-108-110* 
16-1- 50- 52* 
16-1- 10- 12* 
15-6-110-112 
15-1- 30- 32 

C.F.B. basal 
C.F.B. non-basal 

Hole 114 
6-6-140-142* 
6-6-100-102* 
6-6- 55- 57* 
6-6- 5- 7* 
6-5-145-147* 
6-5- 80- 82* 
6-5- 10- 12* 
6-4-131-133* 
6-4-105-107* 
6-1- 49- 51* 
6-1- 18- 20* 
5-6-135-137 
5-6- 75- 77 
5-5- 75- 77 
5-4- 78- 80 
4-3- 85- 87 
3-5-100-102 
3-5- 25- 27 
3-3- 5- 7 ' ' 
2-6- 75- 77 
2-5-100-102 
2-4- 75- 77 

6.00 
4.95 

0.28 
0.36 
0.36 
0.38 
0.45 
0.35 

0.17 
0.48 

** 

0.06 
0.08 
0.06 
0.07 
0.07 
0.05 

2.,-I0 0.40 
1.60 

3.40 
8.45 
8.50 
4.40 
3.88 

6.95 
5.48 

6.90 
7.60 
5.10 
6.20 
6.40 . 
6.95 
8.10 
8.20 
7.27 
8.15 
4.90 
7.00 
6.80 
6.35 
6.80 
8.75 
7.30 
7.35 
7.90 
7.60 
8.00 
7.90 

0.25 

0.23 
0.05 
0.05 
0.08 
0.09 

0.12 
0.10 

0.10 
0.07 
0.06 
0.07 
0.08 
0.07 
0.08 
0.08 
0.05 
0.07 
0.06 
0.09 
0.06 
0.05 
0.06 
0.12 
0.10 
0.10 
0.10 
0.12 
0.10 
0.13 

7.75 
11.9 

0.35 
0.62 
0.98 
0.62 
1.18 
0.G8 

4 . J G 

3.73 

4.65 
12.3 
12.2 
11.3 
11.3 

9.95 
15.0 

9.90 
10.6 

8.05 
8.65 
9.35 
9.25 

11.7 
12.7 

6.60 
9.30 
6.05 
9.80 
7.00 
6.25 
9.80 

12.6 
10.8 
10.6 
10.3 
11.5 
13.0 
11.8 

0.32 
0.54 

0.10 
0.10 
0.15 
0.12 
0.13 
0.13 

0.77 
0.54 

0.22 
0.54 
0.65 
0.52 
0.53 

0.48 
0.70 

2.32 
2.12 
1.38 
1.58 
1.83 
1.69 
2.17 
2.64 
1.82 
2.45 
1.64 
2.10 
2.15 
2.22 
2.52 
2.47 
2.31 
1.75 
1.80 
2.02 
1.92 
2.14 

0.75' 
1.19 

0.45 
0.36 
0.77 
0.47 
2.36 
0.57 

3.38 
5.66 

1.22 
2.11 
2.35 
1.24 
1.14 

1.95 
1.55 

1.83 
1.63 
1.34 
1.66 
1.74 
1.66 
1.86 
2.02 
1.37 
1.84 
1.15 
2.00 
1.55 
1.31 
1.47 
2.42 
2.36 
1.92 
1.71 
2.50 
2.30 
2.48 

38.5 
39.2 
35.4 
38.7 
33.2 
36.7 

5.35 
0.60 
0.65 
9.60 

11.0 

11.1 
8.50 

16.3 
13.3 
12.9 
11.9 

8.10 
7.25 

14.8 
11.4 
17.5 
12.4 
16.4 
18.1 
12.7 

7.10 
10.0 

8.60 
8.30 
8.83 
6.75 
8.00 

2 8 
1 3 6 

16 
19 
17 
20 
22 
21 

1 1 9 

8 8 

5 3 
19 
36 
77 
72 

39 
9 8 

71 
87 
7 3 
7 1 
71 
72 

• 90 
100 

47 
6 5 
41 
9 3 
68 
51 
9 3 

105 
8 5 
87 
74 
94 
86 
8 6 

62 
144 

38 
41 
40 
43 
36 
35 

267 
147 

46 
149 
153 
92 
100 

118 
108 

116 
106 
86 
109 
104 
101 
113 
133 
102 
130 
98 
106 
110 
102 
112 
119 
115 
122 
137 
130 
174 
235 

48 
74 

77 
80 
70 
73 
95 
97 

495 
396 

45 
75 
63 
105 
95 

63 
133 

60 
57 
60 
56 
57 
60 
57 
47 
67 
60 
70 
70 
73 
83 
63 
60 
55 
60 
43 
57 
87 
60 

55 
72 

20 
35 
23 
20 
15 
13 

162 
58 

50 
75 
95 
95 
80 

76 
116 

75 
70 
55 
65 
65 
95 
50 
60 
60 
63 
65 
65 
53 
40 
57 
80 
75 
63 
70 
105 
87 
90 

24 
98 

68 
63 
50 
43 
20 
itO 

22 
36 

\ 

5 
5 
5 
5 

10 
7 

37 0 
150 

2 8 
7 3 
62 

125 
5 3 

56 
118 

4 8 
27 
30 
2 8 
3 3 
40 
37 
6 3 
23 
3 3 
4 8 
3 3 
3 0 
3 0 
20 
30 
4 3 
27 
20 
57 
37 
40 

3 3 
36 

51 
48 
56 
24 
24 

54 
32 

15 
17 
20 
14 
16 
15 
1 8 
17 
17 
17 
16 
16 
16 
1 6 
24 
19 
16 
14 
16 
24 
34 
24 
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V 

T.'ti 

T A B L E I ( con t inued ) to 
' ( — 1 

o 

Sample Fe-
(%) 

Mn 
"(%) 

Al jOj 
(%) 

T i O , 

{%) 

Mg 

{%) 

Ca 

(%) 
Cu 
(p .p .m. ) 

Zn 
(p .p .m:) 

Pb 
( p . p . m . ) 

Cr 
(p.p.m.) 

Ni 
(p .p .m . ) 

Li 
(p .p ;m. ) 

2-3- 7,5- 7-7 
2-2- 7 5 - 77 
2-1- 9 0 - 92 
2 - 1 - 5- 7 
1-5- 7 5 - 77 
1-3- 7 5 - 77 
l - l - 1 2 4 - r 2 6 

e . F , B . basal 
C.F .B. non-basal 

Hole I 1 7 A 
1 0 - 1 : 1 3 5 - 1 3 7 * 
10 -1 -115-117* 

9-1- 50^ 5 2 * 
9^1- 38.- 4 0 * 
8-2-145-147 
8:2- 7 5 - 77 
8:2- 5- 7 
8-1-140-142 
8.-1- 7 5 - 77 
8-1- 1 0 - 12 

C.FvB. basal 
C.F.B, non-basal 

Hole Ll-8 
19 -1 - 2 5 - 2 7 * 
19-1 - 5- 7* 
\B-2- 90- 9 2 * 
\ H - 2 - ";-,- 7 7 * 

iti-2- s o - S 2 * 
l S - l - 1 4 6.1-48 
13 -1 - 7 5 - 77 
18-1- 7 0 - 72 
17-1-145-1*47 
17-1-110-112 

C.F.B, basal 
C.F .B. non-basa l 

Hole 1 3 6 
8 -1 -148 .150* 
a-1--inn, in 9* 

7,6Q 
8:00 
'8 :35 
8.00 
6,70 
7.20 
7.17 

9.37 
8.12 

9 ,65 
10,4 
"iSltS 
8-88 
8.30 
4 .20 
6 .95 
S.95 

11.2 
7 .25 

10.5 

;s.7s 

5.10 
S.-IO 
4 .03 ' 
•s 00 

•J. f i l 

4.07 
5.05 
4 .73 ' 
4 ,S0 
4 .70 

4 ,70 
4 , 5 0 

7.40 
9 An 

0 .13 
0 .13 
:0.13 
0 .13 
0.09 
0.09 
0.07 

0 .12 
d.io, 

0.08 
0.07 
6.10 
0.09 
0.04 
0 .11 
0.06 
0.05 
0.04 
0.0% 

0.08 ' 
0 .06 

6 .34 
0 .56 
0.-26 
0 . 1 2 

12 .0 
11 .8 

. 1 1 . 9 
11.6 
1 1 . 5 
12.9 
1'3,8 

12 .6 
12 .2 

14.4 
13 .3 
11 .2 
11 .7 
1 2 . 1 

9.S0 
11 ,1 
1 2 , 2 
11 ,2 
1 3 . 1 

14 .6 
13 .3 

16-.7 
16 .7 
15 .6 
1 4 . 7 

O.GG I C I 
0.24 
0 :a9 
b,'28 
0-08 
0 .08 

0 .41 
0,18 

0.04 
nOfi 

1G.-6 
16.2: 
1 5 . 8 
1 5 . 0 
15.7 

1 6 , 1 
16 .9 

1 3 . 4 
3 .75 

2 .00 
2:04 
2.15 
2.05-
1.50 
1,77 
1.83 

2 .84 
2.34 

1 .95 
1.84 
1.45 
1.6.5 
1.91 
1.95. 
1.67 
2.'47 
2 .24 
1,82 

2 .00 
2 .33 

0 . 7 2 
0 .81 
0.62 
() f.i 

0 . C 3 
0.63 
0:7 2 
0.70 
0,79 
0 ,75 

0 .80 
0 :85 

1.18 
1.1.5 

2 .31 
2155 
2 .60 
.2.31 
2 .12 
2 .38 
2.3tj 

2 . 3 4 
2 .36 

5.'40 
6.34 
4 . 2 3 
'4 .20 
3^33 
1.56 
2 .45 
2 .63 
3.60 
2.37 

5.57 
3,00 

1.18 
1.20 
1.28 
i .3r . 

1.1a 
1.05 
1.12 
1:12 
1.16 
1.18 

1.30 
1.12 

2 .18 
l . Q l 

8 .60 
8 .25 
7.'40 
8.95 
8 .25 
5:60 
3 ,40 

2:37 
2 . 3 5 
9 i00 
8 .05 
5.^7 

1 4 , 0 
*8.20 
4 . 0 3 
:2;84 
5,60 

•0.57 
0 ,60 
2.r,2 
2 , 0 0 

0 . 9 7 
5.9 [5 
2 .50 
0 .45 
0 .60 
0 ,55 

0.67 
28:0 

.94 
9 6 
87 
95 
76 
80 
76 

9 9 
92 

64 
64 
38 

•46 
6*6 
3 8 
7 3 
52' 
47 
9 8 

60 
7 1 

53 
67 
66 
r,o 

6 7 

6 4 
67 
59 
50 
60 

• 62 
:62 

1 0 1 
3 3 

149 
159; 
143 
180 
1 2 3 
14^2 
149 

150 
156 

132 
1 1 3 
112 
116 
151 

68 
121 
187 
156 
147 

134 
156 

118 
1-36 
.1 25 
I 27 

131 
129 

l i s 
126 
120 
126 

1 0 3 
.130 ' 

191 
54 

70 
47 
53 
6 0 
40 

to 
160 

84 
86 

47 
50: 
5:5' 
60 
67 

60 
47' 
5 0 
58 
6 3 

6 6 
50 ' 

7P. 
77 

1 2 3 
50 
57 
6 5 
7 5 
5 5 

8 1 
6 0 

73 
67 

7 5 
9 3 
87 
77 
.85 
90 

1Q7 

'92 
€ 5 

2 8 0 
305-
,265 
•245 
-227 

8'5 
1 8 5 
1 7 5 
108' ' 

•^215;, 

S6'8 
188. 

80 
6 3 
so 
711 

(40 
8 2 
8 3 

1 0 0 
1 6 0 
1 1 0 

76 
9 6 

1 7 0 
60 

25' 
2 3 
27 
4"3 
2 0 
35 
55 

5 3 

P 

1 5 3 
1 7 0 
107 
l^^O 

8 8 
38 
8 3 
8S 
97 

117 

1 5 5 
96 

7 5 
9.'5 
BH 
-17 

2 5 
27 
2 3 
22 
34 
40: 
55 

2 1 
29' 

76 
30 
5 3 
55 

,25 
24 
:24 
27 
29 
35 

- '77 
31 

66 
65 
fiO 
•HI 

- 0 
53 
53 
0 3 
60 

70 
6 6 

5 5 
53 

6 : j 

61 
68 
68 
67 

7 8 
69 

6 7 
15 

«=^ 
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a -1 - 1 0 - 1 2 

CMMI. titifiiil 
(M'',lt. ni>ii-li!iKiil 

n i t i i y t l H 
Hj -1 . 25- 2 7 * 
1 9-1 - ' f). 7 * 
1 H'"',- ".lO- i)',',' 
IHV.. -/I,, •;•/-• 

:J,.I,.Z 
7-, 2 5 

lO.r. 

5.10 
ri.4(j 

-1 'Kl 

U.U4 
0.06. 

o.rm 
O.Ofi 

0,34 
o.on 
<.).'M', 
o 1 •_* 

11 .2 
13 ,1 

t-s,6 
i ;i. 3 

16.7 
•tC>.7 
Ifi.lj 
t '1 7 

2 ,24 
1.82 

2,00 
2.33 

0.72 
( ) 5 H I 
b.(52 
(1 i\ 1 

3,60 
,2,37 

5,57 
;s.t)o 

1.18 
1.20 
I. -ZH 
\ :!.-> 

, 2:S;4 
5.GO 

0.57 
0.00. 
2,ri'i. 

47 
9 8 

, 60 
: 71 

53 
67 
flli 

• ,-.6 

156 
l'--J7 

134. 
156 

1 18 
1 :tfl 
1 •-'.'-. 
Ji-7 

58= 
6 3 

6G-
60 

70 
t 7 

TO 

1 0 8 
2 1 5 

308 
.'ISS 

80 
iiri 
HO 
5!'» 

9 7 
. 117 

3 55 
96 

( • ' > 

29 
35 

77 
"• 31 

(jf! 
r.r. 

!pijrggiij?fcm-Agissg'^6"^B^# 

I 

I 

I 

J 8-2- 60- 3 2 ' 
1'8-.1-I46-148 
l S - 1 - 7 5 - 77 
18:1- 70- 72 
•17-l-145.rl47 
17-1-110-112 

C.F.B. basal 
e . F . B . non-lDasal 

Hole J 3 6 , 
S r l - 1 4 8 - 1 5 0 * 
8-1-1,00-102* 
8-1- 50- :52* 
8 - 1 - 5- 7* 
6-2-137-T39 
6-2- 70- 72 
6,7.2- 15- 17 
6-1-145-147 
6-1-100-102 
6-1- ,60- .62 
6- i - '-2'&- 27 

C F . B . basal 
C.BiF, non-basal 

Hole 13.7 
16-4-1.-4 0-142* 
16-4- '90- 9 2 * 
16-4- 60- 6 2 * 
16-4- 5: -7* 
16-3-l'^48-150 
16-3-115-117 
1 6 - 3 - 90- 92 
16-3- 20- 2 2 
16-2-146-1,4'a 

•1.9 1 
4.07 
5.05, 
4 .73 
'4 .80 
4.70 

4 .70 
4 .50 

7,-40 
2:40 
7.20 
i i 7 

11.6 
9.50 
7..10 
9 .00 
6:'35 
6 .35 
5;70,' 

7 .30 
8.10 

2:56 
1.-33 
2 .43 
4 .10 
2 . 3 3 
4 .40 
2 .53 
3.23. 
3.50' 

0.G6 
0.24 
0.19 
0.28' 
0 ,08 

. 0 .08 

0 .41 
O.ia, 

0.04 
0.06 
0.21 
0.12 
O.20 
0.16 
O . l l 
0,30 
,0,25 
0.25 
0.13 

0.14 
0.20 

0:30 
0.4X1 
0.24 
6.11 
0.24 
0.09 
0.-22 
0 .18 

oa2 

16.1 
16 .6 
i 6 . 2 
1-5.8 
15 ,0 
15 .7 

1 6 . 1 
16 .9 

• 

1 3 . 4 
3 .75 

12 .5 
12 .3 
13 .5 
1 4 . 6 ' 
14 .3 
15 .6 
14 .9 
1 5 . 3 
11.7 

12-. 5 
14 .8 

'4 .77 
2:88 
4 ,20 
6.96 
6;20 
'S.6.0 
4 . 5 0 
5.95 
6-.75 

0 .69 
o:63 
0 .72 
0.70 
0.79 
0 .75 

0 :80 
0 .85 

1.18 
1.15 
'3:50 
3.-25 
5:58 
5.09 
3';67 
4 , 1 0 
2.32 
2.06 
1.67 

3.00 
3,62 

0 .25 
0 .23 
0 .25 
0.22 
0 .26 
0.30 
0 .23 
0.24-
0 .30 

1.. 1 9 
l i 0 5 
1.12 
1.12 
1.16 
1.18-

1.30 
1.12-

2 .18 
1.01 
2 .14 
2 .28 
T.99 
;2.15 
2.03 
2 :09 
2.27 
2 .45 
1.86 

,2.35 
.2.10 

1.41 
O.KB 
0 :93 
1,42 
1.19 
1.48 
6 . 8 3 
1 .14 
1..24 

0,07 
5.95 
2 .50 
0 .45 
0 .60 
0^55 

0,67 
28 .0 

6.90 
5v57 
•3.35 
0 .92 
3 ,15 
1,70 
2 .40 
1.73 

11 .5 

24 .3 
30 ,2 
18; 3 
.10.7 
21 .0 

7 .80 
1 8 : 3 ' 
16 .9 
1 1 . 8 

67 
64 
67 
5 9 
50 
6 0 

62 
62 

101 
3 3 
70 
72 

139 
1 0 7 

49 
1 1 3 

9 1 
•85 
94 

8 3 
101 

39 
6 3 

1 4 7 
6 5 

7 5 0 
38 
3 0 
37 
5 9 

131 
129 
118 
126 
120 
126 

1 0 3 
130 

191 
54 

114 
162 

154 
1 6 0 
131 
177 ; 
17-8 
2 0 1 
1 2 6 

160 
' 1 7 0 

87 
8 3 

232-
85; 
9 9 
9 1 
6 6 
88* 

1 1 3 

123 
50 
57 
6 5 
7 5 
5 5 

8 1 
60 

7 3 
- 67 

60 
4 3 
53 
47 
5 5 
67 
70 
8 0 
73 

82 
63: 

90-
95-
9 3 
60 
8,5 
70 
57 
67 
60 

«o 
82 
8 3 . 

- 1 0 0 
100 
110 

I Q 
96 

1 7 0 
60 

l i o 
:143 
1 8 3 
140 

70 
9 3 

1 0 5 
137 ' 

93 

146 
118 

50 
4 5 
31 
4 5 
50 
,95 
4 3 
50 
4 5 

t.n. 
7 0 
53 
5 3 

1 0 3 
60 

70 
66 

55 
53 
97 
90 
97 

m 
78 

110 
58 
7 5 
77 

9 5 
82 

6 3 
8 8 
6 7 
20 
7 8 
2 8 
30 
3 0 
30 

r.-. 
6 3 
61-
68 
6 8 
67 

78! 
69 

67 
15 
47 
.50 
40 
•4.1 
49 
5 3 
51 
5 3 
4 1 

50 
5 3 

15 
12 
16 
20 
2 0 
22 
14 
14 
17 

I '. -.1 : \. 

. J r t i U f i 
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T A B L E i ( co ) i t i nued) 

Sample 

16-2-100-T02 
16-2- 4 5 - 47 
16-2- 25- 27 

C F . B . basal 
.C.F.B: non-basal 

Hole I 3 S 
6 - 3 - 1 4 5 - 1 4 7 * 
6-3- 70- 7 2 * 
6-3- 20 - 2 2 * 
6-2-145-147 
6-2-100-102 
6-2- 20- 22 

C.F .B. basal 
C,;F. B, no:n-basal 

Hole 14J 

s.iv.i* 
9-5-148-150 
9-5- 7 5- 77 
.9-5- 10- 12 -
9:4^148-150 
9-4- 7 5 - 77 
9-4- 10- 12 

C F . B , basal 
C.F.-B. no'n-basal 

Fe 

m 
3,50 
S1.95 
4:75 

5.20 
4 :65 

3.78 
3.80 
3.90 
6.30 
2.*68 
3^60 

3.98 
4 .20 

.2,4'5 
5.46 
4.83 
4:55 
4.70 
3.90 
4 . 5 5 

2.'4 5 
4 .34 

Mn 

-m 
0.12 
0 . 1 ^ 
0.04 

0 .61 
0:21 

0.8'4 
0 .63 
0 .48 
0 ,05 
0.04 
0.04 

0:67 
0,04 

-6.03 
0.07 
0,07 
0.65 
0.G6 
0 .03 
,6,04 

6 .03 
0 .05 

Al„0 ' i 

" ( % ) • 

7 .65 
•8.60 

11 .5 

8.80 
16.4 

;5:S0 
7 .55 
8'. 6 5 

12 ,0 
1 3 . 1 

9 ,90 

7 .55 
11 .7 

12 .0 
15.^8 
15 .3 
15,9 
,15:0 
14.7 
16 .4 

12,6 
15 .0 

T i O , 

,(%.) 

0 .40 ' 
6:39 
0,&2-

0 .47 
0.59 

•0.29 
0 .35 
0.34 
1:67 
1.74 
d.4'2 

0 .34 
1.30 

0 .63 
0:78-
0 .80 
0.79 
0 ,71 
0 .63 
0.79 

0 . 6 3 
0 .73 . 

Mg 
( " % • ) • 

1.61 
1.48' 
2 ,15 

2 .26 
1.91 

6 .05 
4 . 5 3 
3^92 
2:12 
1.30 
•1.78 

4 . 9 8 
1 .75 

1.2,6 
1.05 
1.03 
1.64 
1.12 
1.31 
1.'47 

1.26 
1.48 

Ca 

m -
1.2.0 
10.5 

3 .75 

1 2 . 1 
1 0 . 6 
7,e;o 
1.50 
0.90 
1.25 

0.77 
6 .40 
0.40 
0 . 4 6 
0:45 
0.-50 
0:40 

Cu 
(p .p .m,) : 

4 0 
IOS 
1T7 

1 6 7 
2 5 0 

69 
70 

1B4 
7 8 
'8.7 
55 

1 0 4 
•73 

'25 
4 8 
•51 
51 

- 4 S 
8 3 
'37 

2 5 
4 9 

Zn 
(p .p .m , ) 

88: 
i 8 2 

9 5 

-:258 
147 

a'27' 
1,09 
158 
136 

96 
131 

135 
1 2 1 . 

227 
122 
122 
1 1 3 

9 5 
1 1 3 
105 

227 
r'2S, 

P b 
(p .p .m. ) 

70 
6 5 

• -85 

:206. 
101 

8 5 ' 
40 
65 
57 
4 5 

46 

6 5 
45 

40 
45' 
60 
6 5 
55-
50 
50 

4 0 
52 

Cr 
(p .p .m . ) 

8 5 
1 0 5 
1 1 0 

1 0 0 
9 1 

•80 
4 0 
•75 

130 
-90 

1 1 0 

6 9 
107 

67 
1 3 0 
1 4 5 
140 

85 
1 5 5 
1 3 0 

67 
: i22 . 

Ni 
(P-P-m-) 

6 3 
118 

3 3 

1 5 3 
7 5 

1 2 3 

26 
56 

1 1 8 
1 5 3 

20 

69 
96 

20 
7 3 
58 

m 
' 55 

7 3 
4 8 

26 
55 

Li 

(p.p.m, j 

21 
23 
3 1 

30 
3 5 

1 6 
22 
-24 
27 
14' 
:2,4' 

.20 
24. 

20 
74 
73 
'69 
58 
7 3 
5 2 

26 
60 

!0 

C. F.B. all 
core aug. 

O, l e 

6.65 0.18 

:S.62 

6.53 

O;? 6 ],8I 8.28 

0.96 2.30 

78' 

85 

1 2 1 

148 

64 

95 

90 

118' 

62 

83: 

34 

38 

The bottom-most sample-analy zed fromeach hole, is listed first, the next closest is listed second, etc. The samples marked with an 
asterisk'(*) are considered to be basal sediments ori the basis o'f their location with respect to their distance from the basement, or 
-their, mineralogy. Actual distances, and the pertinent mineralogies can be found in the appropriate volumes of the Initial Reportsi 
The basal and non-basal averages liste'd after the individual analyses for each hole, are presented on a carbonate free basis (C.F.B.) 
to facilitate comparisons with sediments from.other areas. 

I* 

g' 
N' 

I 

i. 
I 

& : • 

I-

'•-3 



'.i. 

9-5-148-150 
9-5- 75- 77 
9-5- 10- 12 
9-4-148-150 
9-4- 75- 77 
9-4- 1 0 - 1 2 

C.F.B. basal 
C.F.B. non-basal 

5.40 
4.83 
4.55 
4.70 
3.90 
4.55 

2.45 
4.34 

0.07 
0.07 
0.05 
0.06 
0.03 
0.04 

0.03 
0.05 

15.8 
15.3 
15.9 
15.0 
14.7 
16.4 

12.0 
15.0 

0.78 
0.80 
0.79 
0.71 
0.63 
0.79 

0.63 
0.73 

1.05 
1.03 
1.04 
1.12 
1.31 
1.47 

1.26 
1.18 

0.40 
0.40 
0.40 
0.45 
0.50 
0.40 

1 0 

51 
51 

• 48 
8 3 
37 

25 
49 

i - i ^ 

122 
1 1 3 

95 
1 1 3 
105 

227 
128 

t J 

6 0 
65 
5 5 
50 
50 

4 0 
52 

A U V 

1 4 5 
140 

85 
1 5 5 
130 

67 
122 

• « 

5 8 
.58 
55 
7 3 
48 

20 
55 

. . 
7 3 

• 69 
58 
7 3 
52 

20 
60 

Aii c a r e avg. 

C.F.B. all 
core avg. 

4W.JlK.^.m:ln.mu^m^JU 

5.61 0.16 

6.65 0.18 

iiL>ii«WPi!,iiBaj,unifcj.: ••WBMUir wi,niii. Wi>jiJB.>u«auw.i 

5.62 0 .76 1.81 8.28 

6.53 0.96 2.30 

78 

85 

1 2 1 

148 95 118 83 38 

The bottom-most sample analyzed from each hole is listed first, the next closest is listed second, etc. The samples marked with an 
asterisk (*) are considered to be basal sediments on the basis of their location with respect to their distance from the basement, or 
their mineralogy. Actual distances, and the pertinent mineralogies can be found in the appropriate volumes of the Initial Reports. 
The basal and non-basal averages listed after the individual analyses for each hole, are presented on a carbonaie free basis (C.F.B.) 
to facilitate comparisons wilh sediments from other areas. 
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continuous trends were found. Hovvever, in order to investigate if any 
general differences exist between tbe basal sediments and those overlying 
them, the average chemical composition of the basal samples was compared 
with the average chemical values for the material recovered further above 
at each of the sample sites. Sites 138 and 141 have been e.-^cluded from " 
these computations as they are not thought to have bottomed in true 
oceanic basement. Of those elements that are normally enriched in 
active-ridge and basal sediments (Fe, Mn, Cu, Zn, Cr, Pb, and Ni), all 
except Cu and Zn have higher average values in the basal sediments whilst 
Al and Ti, normally depleted in active-ridge and basal sediments, generally 
have lower concentrations in the basal sediments than in the overlying 
material. These conclusions are not true for every hole individually, but are 
valid for the majority of them (Table I). 

The elevated Pb values in the basal samples generally correspond to high 
values of calcium carbonate, supporting the view that cai-bonate can act 
as a host for this metal (Horowitz, 1974a). It is also of interest to note that 
Mg generally has a higher concentration in the basal sediments than in the 
overlying material. Some of the elevated Mg levels could be due to the 
presence of dolomite vvhich has been detected in some of the basal 
sediments (Peterson et al., 1970; Laughton et al., 1972; Hayes et al., 
1972). Hovvever, elevated Mg levels also occur in basal material where no 
dolomite has been detected. Here the Mg could come from the underlying 
basaltic basement; its presence probably being caused by either basaltic 
debris and/or through the alteration of the basalt. Elevated Mg levels have 
also been found in the sediments overlying the Reykjanes Ridge and the 
Mid-Atlantic Ridge at 45° N (Horowitz, 1974a, b). 

Tlie lack of elevated Cu and Zn concentrations in the basal sediments is 
somewhat surprising as both metals are normally enriched in both active-
ridge and basal sediments (Bostrom and Peterson, 1966, 1969; Horowitz, 
1970; Bruty et al., 1972; Dymond et al., 1973; Sayles and Bischoff, 1973; 
Piper, 1973; Cronan, 1974). This lack may be due to the fact that the 
detrital phases of the North Atlantic sediments contain relatively high 
concentrations of both metals, or that the quantity of ridge-derived Cu and 
Zn is not high enough to appear elevated in compai-ison with the detrital 
contributions. This feature has already been noted for Zn in some surface 
sediments from the Mid-Atlantic Ridge by Horowitz (1970). 

It should be pointed out, that although the basal sediments described 
here do contain higher concentrations of such metals as Fe, Mn and Ni than 
in those above, there are no strikingly high metal concentrations such as 
those that have been reported for basal sediments from the Pacific (Cronan 
et al., 1972; Dymond et al., 1973). Nevertheless, the basal sediments in 
comparison with the overlying material do contain significantly higher 
concentrations of some metals, and on this basis, could be termed 
metalliferous. However, it must also he noted that some of the most metal-
rich samples in the D.S.D.P. North Atlantic suite occur well away from the 
basement (Table I). Due to the position of these samples in the various 
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holes, the elevated metal concentrations are unlikely to be attributable to 
active-ridge processes as these normally only influence the lowermost few 
iTieters of sediment (Von der Borch and Re.x, 1970; Cronan et al., 1972). 
Other processes, such as those involving scavenging of metals from seawater, 
adsorption onto clays, authigenic mineral formation, or detrital input 
\vould have to be invoked to explain these high metal levels. The fact that 
the metal concentrations are so high in some non-basal sediments would 
indicate, at least in the North Atlantic, that these other processes are at 
least as effective as active-ridge processes in concentrating and depositing 
metals. 

i GEOCHEMICAL PARTITIONING DATA 

I 
Partition studies were carried out on 16 samples selected on the basis of 

the bulk chemical analyses. Si.x of these vvere basal sediments, 8- were metal-
rich samples from core sections unassociated with basement, and 2 were 
metal-rich samples from the bottom-most section of hole 138, The methods 
employed in this study have been described elsewhere (Horowitz, 1974a). 
The results of the various chemical attacks are presented in Table II. In 
general, the Fe and Mn are in separate phases; most of the Mn (57%) is in 
the acid-reducible phase whilst most of the Fe (91%) is in the HCl-soluble 
and insoluble phases. The other trace metals, normally enriched in both 
surface and basal metalliferous sediments, are distributed in varying amounts, 
between all phases. These results are similar to those reported for surface 
sediments from the crest of the Reykjanes Ridge (Horowitz, 1974a) and 
generally, also similar to other results reported for surface sediments from 
the northern Mid-Atlantic Ridge by Chester and Messiha-Hanna (1970), 
In addition, they are similar to those reported for basal sediments from the 
East Pacific Rise area, although the hydroxylamine leach did not remove 
as great a percentage of material from the North Atlantic Samples as from 
the Pacific samples. This difference is probably due to the much greater 
detrital input in the North Atlantic than in the Pacific, resulting in a greater 
l^ercentage of resistant detrital minerals relative to the more soluble 
authigenic minerals in Atlantic sediments. The partition patterns for the 
metal-rich, non-basal sediments, fall within the reported ranges for metal-
rich basal sediments, metal-rich surface sediments an.d non-metalliferous 
sediments from the North Atlantic. This similarity in partitioning would 
indicate that the metals in mai-ine sediments are all incorporated in a 
similar fashion regardless of their time of formation or mode of origin and 
that the metal distributions in the older sediments have apparently not 
been significantly affected by diagenesis. 

The major elements Al, Ti, and Mg, and the minor element Li, which are 
usually associated vvith detrital phases, were only slightly affected by the 
acetic-acid and the hydroxylamine—HCI leaches. However, they vvere 
noticeably affected by the hot 50% HCI leach (Table II). Nevertheless, most 
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T A B L E II 

Chemical lesul ts from the pa r t i t i on s tudies of selected D.S.D.P. s ed imen t s 

N3 
I - * 

cn 

Sample Fe Mn Al jQ, T i O , Mg Ca Cu Zn Pb Cr Ni Li 

a 
(%) 

b a 
(%) (%) 

b a b a b a b a 
(%) (%) (%) (%) (%) (%) {%) (%) 

b a b a b a b a b a b a b 
(%) (p .p .m.) (%) (p .p .m. ) (%) (p .p .m. ) (%) (p .p .m. ) (%) (p .p .m. ) (%) (P .p .m. ) (%) 

% o f 
original 

2-9A-5-1-
90-92 
HAc 
Hydro X 
HCI 

2-9A-3-4-
125-127 
HAc 
Hydrox 
HCI 

2-9A-3-1-
105-107 
HAc 
Hydrox 
HCl 

2-9A-1-6-
50-52 
HAc 
Hydrox 
HCl 

2-9A-1-1-
25-27 
HAc 
Hydrox 
HCl 

12-112-16-
-1-108-110 
HAc 
Hydrox 
HCl 

7.35 0.26 
7.15 3 0.15 
7.06 1 0.03 
0.81 84 0.01 

5.40 0.57 
5.18 4 0.25 
5.08 2 0.22 
4.00 20 0.02 

7.63 0.86 
7.38 3 0.84 
6.94 6 0.33 
0.53 84 0.01 

4.40 0.80 
4.37 1 0.76 
4.12 5 0.38 
0.81 76 0.02 

5.00 0.74 
5.00 0 0.72 
4.90 2 0.21 
1.11 76 0.02 

3.40 0.23 
3.31 3 0.22 
3.05 7 0.02 
0.47 76 0.01 

10.5 
42 10.3 2 
47 10.2 1 
7 5.7 43 

0.52 
0.49 
0.44 
0.36 

1.15 
1.03 
0.91 
0.27 

10 
11 
56 

10.0 0.49 1.06 
56 9.5 5 0.45 8 0.98 8 
5 9.1 4 0.43 4 0.91 6 

37 5.2 39 0.29 29 0.23 64 

12.4 0.69 1.47 
2 12.1 2 0.65 6 1.40 5 

60 11.8 3 0.59 9 1.28 8 
37 6.3 44 0.48 14 0.24 71 

15.6 0.59 0.58 
5 14.9 4 0.60 0 1.46 8 

48 14.5 3 0.56 5 1.33 8 
45 11.1 22 0.45 19 0.37 61 

16.6 0.52 1.63 
3 16.2 2 0.49 6 1.52 7 

66 15.3 6 0.46 6 1.43 5 
28 10.1 31 0.37-17 0.37 65 

4.7 0.22 1.22 
4 4.6 1 0.22 0 1.17 4 

87 4.5 2 0.20 9 1.13 3 
5 2.9 35 0.12 37 0.25 73 

0.40 42 
0.39 2 39 
0.20 50 29 
0.13 18 7 

0.55 113 
0.43 15 109 
0.32 20 101 
0.18 25 8 

0.55 174 
0.44 20 165 
0.29 27 147 
0.16 24 12 

0.55 189 
0.51 7 181 
0.29 40 156 
0.23 11 45 

1.60 238 
1.32 18 226 
1.27 3 196 
1.02 16 88 

5.35 
0.32 94 
0.22 2 
0.17 1 

53 
52 
44 
10 

il 

I 2.1 I J-6-6-
140-142 
llac 
Hydrox 

HCI 

12-114-2-4-

7 5-77 

HAc 
Hydrox 
HCl 

12-118-19-
1-50-52 
HAc 
Hydrox 
HCl 

i i .no 
G.8-1 
6.66 
2.60 

7.90 

7.72 

7.28 

2.27 

5.40 

5.29 

5.25 

1.02 

I 
4 

57 

2 
6 

63 

2 
1 

78 

O.IO 
O.IO 
0.06 
0.04 

0.13 
0.12 
0.10 
0.02 

0.66 
0.64 
0.14 
0.02 

0 
40 
20 

•8 
15 
62 

3 
76 
18 

9.!) 
9.9 
9.6 
5.7 

11.8 

11.6 

10.8 

5.4 

16.7 

16.2 

15.4 

11.9 

0 

3 

40 

2.32 
2.25 
2.22 
1.10 

2.14 
2.08 
1.88 
0.94 

0.81 
0.76 
0.66 
0.43 

1.83 
1.70 
1.62 
0.91 

2.48 
2.20 
2.10 
0.86 

1.20 
1.14 
1.12 
0.30 

7 
5 
38 

11 
4 
50 

5 
2 

68 

11.1 
1.54 87 
1.48 1 
1.04 4 

8.00 
0.86 
0.80 
0.63 

O.GO 
0.49 
0.15 
0.10 

89 
1 
2 

18 
57 
8 

71 
67 
60 
23 

86 
79 
73 
23 

67 
63 
54 
13 

7 
24 
52 

90 
89 
78 
31 

162 
4 156 
7 124 

82 29 

167 
5 161 

11 146 
77 34 

152 
4 147 
9 127 

63 50 

5 
13 
45 

2 
15 
64 

152 
142 
118 
60 

46 
46 
42 
21 

6 
10 
52 

lir, 
109 
96 
46 

235 
8 228 
7 214 

59 65 

136 
6 128 
13 112 
62 43 

1 
12 
53 

4 
20 
58 

70 
54 
47 
27 

55 
36 
29 
16 

50 
23 49 
11 46 
18 35 

100 
4 96 
9 76 

63 28 

3 
13 
51 

7 
15 
39 

0 
9 

45 

65 
62 
49 
32 

85 
78 
52 
25 

45 
35 
26 
12 

35 
12 
24 

4 
20 
48 

5 
20 
26 

8 
31 
32 

22 
20 
31 

37 
34 
31 
20 

75 
70 
57 
29 

105 
98 
88 
41 

60 
57 
54 
43 

50 
48 
42 
15 

GO 
6 53 
11 48 
44 32 

3 
6 

63 

6 
12 
60 

64 
54 
48 
20 

77 
75 
54 
25 

11 
9 
27 

10 
10 
47 

3 
27 
38 

7 5 
72 
66 
39 

90 
87 
75 
29 

63 
59 
54 
34 

2 
6 

22 

8 
8 

30 

7 
17 
37 

7 
9 

45 

18 

4 
12 
54 

4 
8 

36 

3 
14 
51 

6 
8 

32 

28 
15 46 
10 18 
7 11 

67 
43 
39 
4 

138 
116 
62 
8 

172 
164 
85 
14 

160 
147 
83 
34 

28 
26 
16 
4 

45 
21 
7 

40 
36 
30 
7 

95 
92 
34 
9 

18 
18 
17 
13 

20 
36 18 
6 18 
52 8 

16 
40 
3« 

5 
46 
41 

8 
40 
31 

7 
36 
43 

25 
25 
25 

;o 

73 
71 
G9 
38 

80 
78 
76 
48 

51 
51 
51 
22 

0 98.2 
6 97.6 

22 88.6 

10 96.2 
0 95.6 
50 79.8 

0 96.6 
0 95.2 

40 79.9 

3 98.1 
3 97.5 

42 90.3 

3 97.9 
3 98.8 

34 85.1 

0 86.1 
0 87.0 

57 83.0 

6 
50 
30 

10 
15 
58 

3 
61 
27 

\ t t 
14 
14 
5 

24 
22 
20 
6 

65 
63 
63 
44 

7 
0 

60 

75.1 
74.3 
64,7 

8 81.6 
9 80.4 
58 72.3 

3 98.2 
0 97,6 

29 84.6 

r 

http://ii.no


2-9A-1-6-
50-52 
HAc 
Hydrox 
HCl 

2-9A-1-1-
25-27 
HAc 
Hydrox 
HCl 

12-112-16-
-1-108-110 
HAc 
Hydrox 
HCl 

'i 0.16 24 iz 

4.40 
4..37 
4.12 
0.81 

5.00 
5.00 
4.90 
1.11 

3.40 
3.31 
3.05 
0.47 

1 
5 

76 

0 
2 

76 

76 

0.80 
0.76 
0.38 
0.02 

0.74 
0.72 
0.21 
0.02 

0.23 
0.22 
0.02 
0.01 

5 
48 
45 

3 
66 
28 

4 
87 

15.6 
14.9 
14.5 
11.1 

16-6 
16.2 
15.3 
10.1 

4.7 
4.6 
4.5 
2.9 

4 
3 

22 

31 

1 
2 

35 

0.59 
0.60 
0.56 
0.45 

0.52 
0.49 
0.46 
0.37 

0.22 
0.22 
0.20 
0.12 

17 

0.58 
1.46 
1.33 
0.37 

1.63 
1.52 
1.43 
0.37 

1.22 
1.17 
1.13 
0.25 

8 
8 

61 

7 
5 

65 

4 
3 

73 

0.55 
0.51 
0.29 
0.23 

1.60 
1.32 
1.27 
1.02 

5.35 
0.32 
0.22 
0.17 

18 
3 

16 

94 
2 
1 

189 
181 
156 
45 

238 
226 
196 
88 

53 
52 
44 
10 

4 
9 

63 

5 
13 
45 

2 
15 
64 

152 
147 
127 
50 

152 
142 
118 
60 

46 
46 
4 2 
21 

3 
13 
51 

7 
15 
39 

65 
62 
49 
32 

85 
78 
52 
25 

45 
35 
2G 
12 

105 172 73 
5 98 7 164 5 71 

20 88 9 85 46 69 
26 41 45 14 41 38 

8 
31 
32 

22 
20 
,71 

60 
57 
54 
43 

50 
48 
4-.J 

160 80 
5 147 8 78 
5 83 40 76 

18 34 31 48 

12 

28 
2fi 
]'• 

51 

a t .M 
t l 7S 

3 98.1 
3 97.5 

42 90.3 

3 97.9 
3 98.8 

34 85.1 

i i «• O 

g jJJMMMWI. im imnu iWMl l l -

1 2-114-6-6-
1 4 0 - 1 4 2 
Hac 
Hydrox 
HCl 

12-118-18-
2-50-52 
HAc 
H y d r o x 
HCl 

14-136-8-1-
50-52 
HAc 
Hydrox 
HCl 

14-136-6-1-
100-102 
HAc 
H y d r o x 
HCl 

14-137-16-
4-90-92 
HAc 
Hydrox 
HCI 

14-137-16-
3-90-92 
HAc 
Hydrox 
HCI 

6 .90 
6.84 
6 .66 
2 .60 

12-114-2-4-
75-77 7.90 
HAc 7 .72 
H y d r o x ' 7 .28 
HCl 2.27 

12-118-19-
1-50-52 5.40 
HAc 5.29 
H y d r o x 5 .25 
HCl 1.02 

4 .91 
4 .75 
4 .28 
0 .68 

7 .20 
7 .20 
7 .10 
0 .55 

I 
4 

57 

2 
6 

6 3 

2 
1 

78 

3 
10 
7 3 

0 
1 

9 3 

0.3 0 
0 .10 
0 .06 
0 .04 

0 . 1 3 
0 .12 
0 .10 
0 .02 

0 .66 
0 .64 
0 .14 
0 .02 

0 .66 
0 .60 
0 .10 
0 .01 

0 . 2 t 
0 .19 
0 .05 
0 .01 

6 . 3 5 
6 .20 
5.86 
1.26 

1.33 
1.34 
1.20 
0 .25 

2 .53 
2.31 
2 .08 
0 .69 

2 
6 

72 

0 
10 
71 

0 .25 
0 .25 
0.06 
0 .01 

0.40 
0.38 
0.03 
0.01 

0.22 
0.19 
0 .03 
0.01 

0 
40 
20 

•8 
15 
6 2 

3 
76 
18 

9 
76 
13 

10 
71 
14 

0 
80 
16 

9.9 
9.9 
9.6 
5.7 

11.8 
1 1 . 6 
10 .8 

5.4 

16.7 
16.2 
15.4 
11.9 

16.1 
15.7 
14.7 
10 .5 

12 .5 
12 .5 
12.1 

2.9 

14.9 
14.9 
14.3 

8.2 

0 
3 

40 

5 
87 

5 

14 
72 
10 

2. a 2 
2 .25 
2.22 
1.10 

2.14 
2.08 
1.88 
0.94 

0.81 
0.76 
0.66 
0 .43 

0.69 
0.70 
0.64 
0.52 

3.50 
3.46 
3.29 
1.96 

2.32 
2.28 
2.16 
1.53 

2.9 
2.8 
2.8 
0.9 

4 .5 
4.1 
3.8 
2.2 

1 
2 

63 

J .8 .7 
1.70 
1.62 
0 .91 

0 .23 
0.22 
0.19 
0 .08 

1 
5 

38 

2 5 

0.23 
0.20 
0 .18 
0.14 

7 
5 

38 

2.48 
3 2.20 11 
9 2 .10 4 

44 0.86 50 

1.20 
6 1.14 5 

13 1.12 2 
28 0.30 68 

1.19 
1.07 
0 .95 
0 . 2 5 

10 
10 
58 

2.14 
2.08 3 
2 .05 1 
1.16 4 2 

I 1 . 1 

1.54 
1.48 
1.04 

8.00 
0.86 
0 .80 
0 .63 

0 .60 
0.49 
0 . 1 5 
0 .10 

0.97 
0 .42 
0 .21 
0 .14 

6 . 9 0 
0 .96 

o.-^s 
0 . 1 3 

2.27 
2.06 
1.80 
0 .44 

0.59 
0.4 5 
0.37 
0.11 

0.83 
0.77 
0.71 
0 .24 

2 
12 
6 0 

24 
13 
44 

7 
7 

57 

87 
1 
4 

89 
1 

18 
57 

8 

57 
22 

7 

73 
8 
4 

2 . 4 0 
1.16 52 
0 .24 3 8 
0 .15 4 

30-2 „ „ 
1.22 96 
0 .68 2 
0.37 1 

18 .3 
1.26 
1.09 
0 .27 

9 3 
1 
4 

67 
60 
23 

86 
79 
73 
23 

67 
6 3 
54 
13 

67 
6 5 
50 

8 

7 0 
6 8 
53 

6 

9 1 
89 
7 5 
11 

63 
6 0 
38 
12 

30 
26 
16 

7 

I 1 ,1 

G 109 
10 96 
52 46 

2 3 5 
8 228 
7 214 

59 6 5 

136 
6 128 

13 112 
62 43 

131 
3 127 

22 108 
63 33 

114 
3 110 

21 84 
67 14 

178 
2 172 

16 1 1 5 
70 33 

5 
3 5 
39 

13 
34 
30 

83 
8 0 
32 

9 

66 
57 
4 1 
19 

o 
11 
44 

3 

6 
6 3 

6 
1 2 
5 0 

r>3 
4 8 
3 2 

6 4 
5 4 
4 3 
2 0 

7 7 
7 5 
5 4 
2 5 

1 2 3 
3 1 1 5 

1 5 7 9 
5 7 1 7 

4 
2 2 
6 2 

3 
32 
47 

4 
57 
27 

14 
9 

48 

6 0 
54 
38 
11 

7 0 
6 5 
48 
22 

9 5 
7 5 
14 

7 

57 
44 
26 
10 

11 
9 

27 

10 
10 
47 

3 
27 
38 

7 
27 
52 

66 
39 

9 0 
87 
7 5 
29 

6 3 
59 
54 
34 

8 0 
76 
7 0 
42 

110 
10 109 
28 96 
44 4 5 

7 
24 
38 

21 
43 
24 

23 
31 
29 

1 0 5 
• 1 0 2 

9 3 
6 0 

4 5 
43 
37 
20 

4 3 
37 
31 
19 

30 

3 
1 4 
51 

6 
8 

32 

8 
35 

1 
12 
45 

3 
8 

32 

4 
14 
38 

14 
14 
28 

7 

4 0 
36 
30 

7 

9 5 
9 2 
34 

9 

58 
53 
24 
12 

97 
92 
47 

8 

58 
54 
24 

7 

88 
83 
34 
10 

30 
26 
10 

5 

Ifl 1 « 

s o 14 
30. & 

1 0 
1 5 
58 

2 4 
22 
20 

6 

6 5 
3 6 3 

6 1 6 3 
27 44 

9 
50 
20 

5 
47 
4 0 

7 
52 
29 

6 
5 5 
2 8 

6 5 
64 
6 3 
3 5 

47 
47 
46 

3 

51 
50 
49 
20 

12 
12 
10 

3 

14 
13 12 
54 1 1 
16 7 

7*.3 
04.7 

8 81 .6 
9 80 .4 

58 72 .3 

3 98 .2 
0 97 .6 

29 84.6 

1 9 6 . 5 
2 95 .2 

4 3 83 .3 

0 8 6 . 5 
2 84.9 

9 2 55.8 

2 96 .6 
2 96 .0 

57 74 .2 

0 34.4 
17 31.7 
58 23.9 

14 
7 

29 

54.5 
51 .5 
47 .9 

V- --< : --: f « 
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fTFT 

I 

T A B L E II (c(/nl|-m/cd) 

Sample 

14-138-6-3-
145-147 
HAc 

• Hydrox 
1 HCI 

1 14-138-6-3-
3 20-22 
1 HAn 
a Hydrox 

i H< '̂ 

Fc 

a 

(%) 

3.78 
3.54 
3 .05 
1.86 

3 .90 
3 .62 
2 .74 
1.37 

b 
(To) 

1 
2 

4 8 

7 
23 
3 5 

Mn 

a 
(To) 

0.84 
0.66 
0.21 
0.03 

0 .48 
0.27 
0.12 
0 .01 

b 
(To) 

21 
54 
21 

44 
31 
2 3 

AljQj 

a 

(%) 

5.8 
5.7 
4.9 
3.3 

8.7 
8.6 
6 .5 
4 .2 

b 

(%) 

1 
15 
28 

1 
24 
27 

T iO, 

a 
<.%) 

0.29 
0.28 
o.2ar 
0.14 

0.34 
0.32 
0.23 
0.18 

b 

(%) 

3 
14 
3 5 

6 
26 
17 

Me 

a 
(.%) 

6 .05 
5.45 
3.61 
0.49 

3 .92 
3.47 
2 .21 
0 .39 

b 

(%) 

10 
30 
52 

12 
6 

72 

Ca 

a 

(%) 

12 .1 
10 .1 

5.55 
0 .28 

7 .80 
5.46 
3.51 
0 .20 

b 

(%) 

17 
46 
44 

30 
3 5 
42 

Cu 

a 
(p .p .m.) 

69 
6 3 
42 
18 

164 
152 
1 1 5 

6 5 

b 

(%) 

9 
30 
35 

7 
23 
30 

Z n 

a 
(p .p .m. ) 

1 2 7 
1 2 0 

76 
29 

158 
141 

79 
26 

b 

(%) 

6 
34 
37 

11 
39 
3 4 

Pb 

a 
(p .p .m. ) 

85 
77 
50 
2 1 

6 5 
55 
19 
16 

b 

(%) 

9 
32 
34 

15 
71 

4 

Cr 

a 
(p .p .m. ) 

80 
77 
66 
40 

7 5 
71 
30 
26 

b 

(%) 

4 
14 
32 

5 
55 

5 

Ni 

a 
(p .p .m. ) 

123 
1 1 0 

55 
18 

50 
38 
19 

9 

b 

(%) 

1 1 
44 
30 

24 
3 8 
4 4 

Li 

a 
(p .p .m. ) 

16 
16 
14 
10 

24 
24 
18 
1 0 

b 

(%) 

0 
12 
2 5 

0 
2 5 
3 3 

J - * 

00 

% of 
original 

9 6 . 1 
8 4 . 0 
6 9 . 5 

9 4 . 8 
7 4 . 5 
6 5 . 3 

.Summary o f llic pa r l i l i on .tl uri ics 

At tack : 
HAc 
Hydrox 
HCI 
Res idue* 

3 
6 

66 
2 5 

1 4 

57 
23 

6 

2 
6 

38 
52 

4 
9 

27 
6 0 

9 
8 

58 
2 5 

48 
21 
13 
18 

6 
18 
56 
20 

5 
20 
49 
26 

13 
26 
32 
29 

5 
13 
34 
48 

13 
4 1 
34 
12 

3 
5 

46 
46 

• T h e values listed a long the row marked " R e s i d u e " havo been de t e rmined by sub t rac t ion . 
The rows labelled wilh the sample n u m b e r list the bulk chemica l c o n c e n t r a t i o n s in the samples . T h e rows labelled HAc (acet ic acid a t t a c k ) , H y d r o x ( c o m b i n e d acid-rcdutir ig 
agen t a t t a c k ) , and HCI ( h o t 50% HCl a t t ack ) refer to t h e t y p e of par t ia l a t t ack . C o l u m n a p resen t s the chemica l c o n c e n t r a t i o n s recalcula ted to t h e original sample weight and 
c o l u m n b presen ts t h e pe rcen tage of meta l iremovcd by each a t t ack . 
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of the Mg was removed by the HCl, probably indicating that most of the 
1̂(g is associated with clay minerals and other less resistant silicates and 
;i!umino-silicates. Roughly equivalent concentrations of Li were removed 
i,y the HCl as remained undissolved in the residue. 

Some of the basal and non-basal sediments (samples 2-9A-5-1-90-92, 
2.9A-3-4-125-127, 14-36-16-3-9.0-92, 14-138-6-3-145-147, and 14-138-6-3-
20-22) displayed rather unusual Mn partition patterns, A relatively high 
percentage of the Mn in these samples was removed by the acetic-acid 
attack. This type of Mn behavior has been previously noted in sediments 
by Goldberg and Arrhenius (1958), Chester and Hughes (1967) and 
Copeland (1970), Copeland (1970) has shown that if an excess of acetic 
,icid is used to attack carbonate-rich sediments, then Mn coatings can be 
broken dovra and the Mn will go into solution. Furthermore, both Goldberg 
and Arrhenius (1958) and Chester and Hughes (1967) have noted the 
ability of dilute acetic acid to attack on unidentified metal hydrate; the 
effect being .solution of both Mn and Fe, In addition, Chester and Hughes 
(1967) have found that acetic acid has the ability to remove adsorbed Mn 
from mineral surfaces and from exchange sites in clays. Because most of 
lhe D.S.D.P. samples are relatively low in carbonate, (except samples 
14-137-16-4-90-92, 14-138-6-3-145-147 and 14-138-6-3-20-22) the effect 
of acetic acid on Mn-coated carbonate is not likely to be too important; 
therefore, the majority of the Mn removed by the acid probably derives 
from a combination of the other sources listed above. 

(1 

VARIATIONS IN METAL ENRICHMENT IN THE NORTH ATLANTIC THROUGH 
•nME 

Examination of the data presented in Table III (listing the average Fe, 
Mn, Al and Ti concentrations for the basal sediments from each site where 
true oceanic basement was thought to be encountered) indicates a marked 
difference in the concentrations of these elements through time. Fe and 
Mn principally reflect the abundance of authigenic constituents whilst 
Al ai-id Ti reflect the abundance of detrital constituents. The largest Mn 
enrichments occurred in the Late Albian (site 137) and the largest Fe 
enrichments occurred in the Late Paleocene (site 117A). Detrital input or 
composition, as can be seen from the .W and Ti variations, also varied 
markedly but appears to have been gi-eatest during the Aptian—Cenomanian 
(site 136), the Paleocene (sites 118 and 117A) and during the Miocene-
Pliocene (site 114). 

In order to directly compare basal sediments of different ages, it is 
necessary to remove the dilutmg effects of biogenic carbonate and silicate, 
organic matter, dried sea salt and zeolitic water. To accomplish this, the 
fiata was normalized following the procedures outlined by Bostrom et al. 
(1972). However, P has not been included because of its known association 
with biogenic activity and/or organic matter (Bostrom et al., 1972). The 
calculated AI/4 Al -I- Fe -f Mn + Ti ratios should provide a strong indication 
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TABLE III 

Average concentrations and Al/4 Al -t- Fe -f Mn -i- Ti ratios for basal D.S.D.P. sediments 
of varying ages 

Hole 

136 
137 
9A 
10 
118 
117A 
112 
114 

Age name 

Aptian—Cenomanian 
Late Albian 
Santonian 
Campanian 
Paleocene 
Upper Paleocene 
Paleocene-Eocene 
Miocene—Pliocene 

Age 
(m.y.B.P.) 

- 1 0 6 
~103 
~ 82 
~ 76 
~ 61 
~ 56 
~ 54 
~ 11 

Fe(%) 

7.3 
5.2 
6.0 
2.3 
4.7 

10.5 
7.0 
9.6 

Mn(%) 

0.14 
0.61 ' . 
0.17 
0.46 
0.41 
0.08 
0.12 
0.12 

AI(%) 

6.60 
4.70 
4.60 
2.20 
8.50 
7.70 
5.30 
6.70 

Ti(%) 

1.80 
0.30 
0.23 
0.46 
0.48 
1,20 
0.29 
1.70 

R» 

0,11 
010 
0.10 
CIS 
0.22 
O.KS 
0.1,^ 
CIS 

*R = Al/4 AI -+ Fe -f Mn -f Ti rat io. 

According to Bos t rom et al. ( 1 9 7 2 ) , normal izat ion to 4 Al -f Fe -i- Mn -i- Ti should remove 
the diluting effects of biogenic carbonate and silicate, dried sea-salts, organic matter, and 
zeolitic water. As the concentration of the detrital phases (as indicated by Si = 3 Al, Al, 
and Ti) increases, the ratio will also increase whilst as the authigenic constituents increase 
(as indicated by Fe and Mn), the ratio will decrease. The average values for Fe, Mn, Al, 
and Ti were determined from the basal sediments, in the appropriate holes, and are 
marked with an asterisk (*) in Table I. The various ages listed in the table are based on 
the microfossil assemblages reported in the pertinent volumes of the Initial Reports. 

of the amount of metals tied up in authigenic phases (represented by the 
Fe and Mn) as well as the amount present in detrital constituents (represented 
by Si = 3A1, Al, and Ti), and should, because of the removal of most of the 
dilutents normally present in marine sediments, permit the direct comparison 
of the authigenic constituents of sediments from different locations and of 
different ages. As the detrital phases increase, the ratio will increase whilst 
as the authigenic constituents increase, the ratio will decrease. 

As can also be seen from Table III the ratio for the Paleocene (site 118) 
differs from all the others in that it is significantly higher (0,22 as compared 
to either 0,18 or 0,19), This could indicate either a decrease in authigenic 
mineral deposition or an increase and/or alteration in the chemisti-y of 
detrital input during this period in compai'ison with the sediments of other 
ages. The latter alternative is favored in view of both the high Al content 
of the Paleocene sediments (Table III) and their mineralogy (Laughton et al., 
1972). This change may be related to the major reshuffling of spreading 
centers which occurred in the North Atlantic around this time (Le Pichon 
et al., 1971; Laughton et al., 1972). 

With the exception of the Paleocene sediments, basal North Atlantic 
material appears to be fairly uniform geochemically on the basis of the 
Al/4 Al -f Fe + Mn -I- Ti ratios. This vvould indicate that both authigenic 
mineral deposition and detrital input have been, on average, relatively 
constant in this area except for the Paleocene, since Aptian—Cenomanian 
times (about 106 m.y.B.P.). 
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6.60 
4,70 
4.60 
2,20 
8,50 
7.70 
5.30 
6.70 

1.80 
0.30 
0.23 
0.46 
0.48 
1.20 
0.29 
1,70 

basal D.S.D.P scd.m 

Al(%) Ti(%) „ . 

0.!, 
0.1<j 
0 19 
0!« 
0 ?.' 

oi.» 
O.ts 
O.I«. 
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niE GEOCHEMISTRY OF SEDIMENTS FROM D.S.D.P. 9A 

.Sediments recovered at D.S.D.P. 9, above those investigated here from 
'j.S.D.P. 9A, have been examined geochemically by Bruty et al. (1973). At 
•he very bottom of hole 9A (samples from core 5, sections 1 and 2), the 
vJiments are depleted in Fe, Mn, Cu; Zn, Pb, and Ni relative to those from 
".Clio 9- This result is unusual as the basal sediments nearest to the basaltic 
j,.,joment are usually enriched in many of these metals, (Cronan et al,, 
i072; Bostrom et al., 1972; Dymond et al., 1973; this study), and may be 
,i',ie to the post-depositional breakdown of Mn oxides and the upward 
,nii.i,Tation of Mn and some of its associated metals. 

The description of the basal sediments from hole 9A includes a report 
that they contain both siderite (FeC03) and rhodocrocite (MnCoj) (Rex, 
1970). As both minerals are relatively unstable under oxidizing conditions 
(Krumbein and Garrels, 1952) it is unlikely that they represent detrital 
material. It seems much more likely that they formed after the basal 
ifdiments were deposited, when the depositional environment became 
iiiore reducing. Under such mildly reducing conditions, Duchart et al. 
(1973) have shown that the behavior of Fe and Cu as well as Zn, Ni, and Pb 
!.< variable but the general trend is for the upwaid mobility of all these 
1,'lements. This type of behavior might explain the depletion of the basal 
sediments of 9A in such metals as Fe, Mn, Ni, Cu, Zn and Pb relative to 
those above (Tables I and IV). 

The partition patterns for samples from both sections of the hole 
(Table II), are somewhat unusual in that a large proportion of the Mn, Pb, 
.md Ni were soluble in the acetic acid. If these metals were mobilized from 
below, and then diffused upward, they could have been redeposited upon 
reaching sufficiently oxidizing sediments. Under these conditions, it is 
(lossible that at least part of the Mn was deposited as thin oxide films on a 
number of the mineral grains or may have been adsorbed onto clay minerals; 
at the same time, these films would also scavenge the remobillzed Cu, Zn, 
N'i, aild Pb. As has been mentioned previously, this type of Mn deposit can 
be attacked by acetic acid. Therefore, the partitioning patterns could support 
the view that post-depositional migration has occurred, and certainly do 
not contradict it. 

It should be noted that post-depo.sitional migration of elements, although 
;ippearing to have occurred in bole 9.̂ ,̂ does not seem to be a very wide
spread process in North Atlantic D.S.D.P. sediments. This conclusion is 
based on data from the Initial Reports (II, Xll, and XIV) vvhich indicate that 
the amounts of siderite and rhodocrocite reported in these cores is not very 
kirge, and both minerals have been found at only three other North Atlantic sites. 

THE GEOCHEMISTRY OF SEDIMENTS FROM D.S.D.P. 114 

In order to investigate both long-term geochemical variations, as well as 
Ibe possibility of basal metalliferous sediments occurring near the Reykjanes 
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• Ridge, a series of samples from site 114, drilled on the eastern flank of the 
Ridge, were analyzed (Table I). With the exception of some of the Zn values 

' in core 2, and some of the Li values in core 1, all the metal concentrations 
for the D.S.D.P, 114 samples fall within the ranges found for the surface 
and near-siurface samples obtained in this area (Sarginson, 1970; Horowitz, 
1974a, b). This would tend to indicate that the geochemistry of the 
sediments in this region has been fairly constant since Miocene—Pliocene 
times. 

There are no apparent trends which extend through the entire sequence. 
The basal sediments in the core appear to be analogous to the surface 
metalliferous sediments from the Reykjanes Ridge crest which contain 
elevated concentrations of Fe, Mn, Cu, Cr, Zn, Ni, Al, and Ti relative to non-
ridge sediments from the same latitude (Horowitz, 1974a). However, 
sediments obtained further above the basement, notably those from core 2, 
contain higher concentrations of Mn, Zn, and Cr. In order to try and clarify 
this situation, a sample of basal sediment (12-114-6-6-140-142) and a sample 
from core 2 (12-114-2-4-75-77) were subjected to a series of partial 
chemical attacks (Table II). The results indicate that the basal sediment 
partition patterns ai-e similar to those in present-day sediments from the 
Reykjanes Ridge crest (Horowitz, 1974a) as well as other sediments from 
the North Atlantic in thatthe Fe and Mn are largely in separate phases and 
the other enriched metals are distributed, in varying amounts, throughout 
all phases. By contrast, the sample from core 2 displays a detrital-type 
pattern similai- to that displayed by sediments found on the surface of the 
inactive Iceland—Faroes Ridge (Horowitz, 1974a). 

The presence at this site of basal sediments similar in composition to those 
found on the crest of the Reykjanes Ridge today is somewhat unusual 
because the sediments directly overlying the basalt appear to be 7 m.y. 
younger (according to the microfossil assembla,<res) than the age of the 
basalt (estimated by pcaleomagnetic means, Laughton et al., 1972). Normally, 
metalliferous active-ridge and basal sediments are directly associated with 
the extrusion of new basalt and most of the theories proposed to explain 
Iheir formation are based on the fact that elevated temperatures are 
involved. Recently, Bertine (1974) has suggested that metalliferous sediments 
cjui form from the submarine weathering of cold tholeiitic basalt combined 
with the formation of ferromanganese oxides vvhich scavenge additional 
metal from seawater. Considering the conditions that probably prevailed 
at site 114 at the time the basal sediments were deposited, this appeai-s to 
be a more likely explanation for the formation of these sediments rather 
than direct association vvith active-ridge volcanism. 

THE GEOCHEMISTRY OP SEDIMENTS FROM D.S.D.P. 138 

The igneous rock encountered at the bottom of site 138 was considered 
on both petrographic and stratigiaphic grounds to be a basaltic sill and 
not true oceanic basement (Hayes et al., 1972). In spite of these observa-
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tions, the analytical results for the sediments obtained from the lowermost 
core section at this site (6-3, Table I), bear a strong resemblance to 
sediments that have been found in contact vvith normal oceanic 
bcisement in the North .•\tlantic (Table I), and to present-day surface 
Atlantic active-ridge metalliferous sediments. The sediments from section 
6-3, when compared with the overlying material from section 6-2, contain 
higher concentrations of Mn, Mg, and Pb and lovver concentrations of 
Al, Ti, and Cr (Table 1), the Mn levels are amongst the highest in the 
D.S.D.P. North Atlantic suite. In addition, if simiple 14-138-6-2-145-147 
which contains detrital pyrite (Hayes et al., 1972) is excluded, then the 
sediments from section 6-3 also contain more Fe than the overlying 
deposits. 

The partitioning patterns for two samples from the basal section 
(14-138-6-3-145-147 and 14-138-6-3-20-22) were similar to the pai'titioning 
patterns of other North .Atlantic basal sediments (Table II). However, the 
acetic-acid leach removed significant quantities of the Mn as it did in 
samples from 9A. The basal sediments from this site contain large amounts 
of both ankerite and dolomite and the latter shovvs signs of secondai-y 
gi-owth (Hayes et al., 1972). Some of the Mn in these sediments was 
probably incorporated as oxide coatings on these minerals and this factor, 
in addition to the others mentioned previously, would probably explain the 
acetic-acid-soluble Mn. Thus, on the grounds of both bidk geochemical data, 
as well as pai'titioning patterns, the basal sediments from site 138 appear to 
be similai- to basal sediments from other parts of the North Atlantic vvhich 
were deposited in contact with true oceanic basement. 

These findings .suggest that metalliferous sediments can occur simply in 
the presence of basalt, and the actual presence of an active ridge may not be 
necessary for their formation. This vvould tend to support the views of 
Corliss (1971) and Bertine (1974), that the metalhferous sediments found in 
association vvith active oceanic ridges are due to the presence of basalt vvhich 
has been leached by seawater rather than to some type of deep-seated 
volcanic emanation associated with sea-floor spreading as proposed by 
Bostrom and his co-workers (1966, 1969, 1972 etc.). 

If this conclusion is correct, it is necessary to explain why metalliferous 
sediments have not been reported to date on inactive, but basaltic oceanic 
ridges. The results from site 138, as well as from basal North Atlantic and 
Pacific D.S.D.P. cores indicate that the effects of the basalt occur over only 
very short distances (Von der Borch and Rex, 1970; Cronan et al, 1972; 
Cronan, 1974). Therefore, the effects of the underlying basalt would not l>e 
expected to appear in the surface sediments on inactive ridges which are 
covered by substantial sediment deposits. Nevertheless, material cored near 
the basaltic surface of an inactive ridge would, on the basis of the findings 
at D.S.D.P. 138, be expected to'have elevated metal concentrations. Bostrom 
et al. (1972) have investigated such near-basement material (site 21, Leg 111. 
D.S.D.P,) recovered on the inactive Rio Grande Rise and report that they 
have relatively high Mn concentrations (2,2 to 5.0% on a carbonate free 
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basis). In addition, the Al/4 Al -f- Fe -*• .Mn -f- Ti ratios for the Rio Grande 
Kise are similar to those found for basal North Atlantic sediments. These 
factors would tend to indicate that the basal sediments from the inactive 
Rio Grande Rise are similar to those overlying past and present sites of 
jsa-floor spreading. This would further support the view that the metal 
i-nrichments in basal and active-ridge sediments are not necessarily due to 
a volcanic process peculiar to active mid-ocean ridges, but can occur 
anywhere in the ocean in conjunction vvith submarine volcanic processes, 
.-Ulditional support for this contention is forthcoming from the recent 
observation that basal sediments overlying basalt on the inactive Ninety-
East Ridge in the Indian Ocean also display elevated Mn concentrations 
as well as enriched Cu, Zn and Ni levels relative to the overlying sediment 
(Fleet, personal communication, 1974). 

It is evident from these observations that heat may not be necessary to 
produce metal-rich sediments and that all that is required is the presence of 
basalt in contact with solutions able to leach it. It appears likely that the 
sources for most of the enriched metals in sediments on active ridges are 
a combination of hydrothermal activity of the type described by Corliss 
(1971), submarine weathering as described by Bertine (1974), and metals 
scavenged for seawater by ferromanganese oxides. Therefore, the formation 
of metalliferous sediments in the oceans may not be restricted solely to 
tictive-ridge areas. 

CONCLUSIONS 

(1) Basal sediments from the North Atlantic, when compared with overly
ing material, are enriched in Fe, Mn, Mg, Ni, Cr, and Pb and depleted in Al, 
Ti, Cu, Zn, and Li. The absolute values of the enriched metals are generally 
not as high as those reported for present-day active-ridge surface sediments 
in the North .'Atlantic but, as they contain higher concentrations than the 
overlying material, they have been termed metalliferous. 

(2) The partitioning patterns of both the basal and non-basal sediments 
aie similar to those reported for other basal sediments and for normal 
pelagic sediments. Tbe Fe and Mn is largely in separate phases and the other 
metals are distributed, in varying amounts, throughout all phases. The 
partitioning patterns indicate that there is a much larger detrital contribu
tion in basal North Atlantic sediments than in basal Pacific sediments. This .: 
'•s consistent vvith the high detrital sedimentation rates reported for the 
.-VUantic and is in agi-eement with data from present-day active-ridgo surface 
sediments from both oceans. 

(3) On the basis of bulk analyses, there have been significant variations 
tn the composition of basal North .Atlantic sediments through time. How
ever, recalculation of the data on a cai-bonate, silica, sea-salt, organic matter, 
ind zeolitic water free basis indicates that the nature of detrital input and 
authigenic mineral deposition, has been relatively constant since .Aptian— 
t-enomanian (106 m.y. B.P.) times. One exception appears to be the 
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Paleocene (site 118) vvhen a significant increase in detrital sedimentation 
occurred, 

(4) Tlie bulk geochemistry, partitioning patterns, and mineralogy of 
sediments from site 9A indicates that post-de[5ositional migi-ation of such 
elements as Mn, Ni, Cu, Zn, and Pb may have occurred. In order to evaluate 
the extent of this phenomenon throughout the North Atlantic, additional 
geochemical and mineralogical studies on other D.S.D.P. North Atlantic 
samples are required, 

(5) Detailed geochemical studies on sediments recovered on the eastern 
flank of the Reykjanes Ridge (site 114) indicate that the basal sediments are 
slightly enriched in Fe, Mn, Al, Ti, Zn, Cr, and Ni which vvould make them 
analogous to tho.se found on the surface of the Reykjanes Ridge today. 

(6) Although basalt was encountered at the bottom of site 138, it vvas 
judged to be a basaltic sill rather than true oceanic basement. The overlyini,' 
sediments, however, are geochemically similar to "normal" basal and active 
ridge metalliferous material. The results from this site and site 114, as well 
as those that have already been published on basal material recovered 
overlying basalt on the inactive Rio Grande Rise, would indicate that the 
predominant processes, for metal enrichment in sediments overlying both 
mid-ocean ridges and other submarine volcanic features, is a combination of 
shallow hydrothermal activity, submarine weathering of basalt, and the 
precipitation of ferromanganese oxides. Furthermore, the formation of 
these sediments can continue after active volcanism has ceased. 
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ABSTRACT 

Jackson, K.S. and Skippen, G.B., 1978. Geochemical dispersion of hea-vy metals via organic 
complexing: a laboratory study of copper, lead, zinc,'and nickel behaviour at a simulated 
sediment-water boundary. J. Geochem. Explor., 10: 117—138. 

Data are presented in this study from laboratory model experiments describing the 
behaviour of Cu, Pb, Zn and Ni at a simulated sediment-water boundary. The interactions 
involved are sorption by kaolin and by bentonite, organic complexing in solution by fulvic 
acid and by humic acid, carbonate reactions, hydrolysis, and desorption of the cations from 
a clay-bound phase and from their metal hydroxides by the organic acids. The organic acids 
increase the solubility of Cu, Zn and Ni in the presence of clay. The Pb solubility is variable 
and can even-decrease, particularly at acidic pH, with organic complexing likely due to 
colloidal coagulation. Both Zn and Ni are influenced by hydrolysis at basic pH, When 
carbonate was added to the metal-organic acid-clay mixtures, a further decrease in solubility 
was observed for Ni and, to a lesser extent, for Zn, The organic acids prove capable of re-
mobilizing Cu, Pb, Zn and Ni from the solid phases examined. However, there is a general 
kinetic hindrance to the desorption particularly at basic pH. Copper desorption appears to 
be the most kinetically hindered. Conclusions pertinent to the geochemical dispersion of 
these metals are dra-wn. 

INTRODUCTION 

The ability of organic acids in solution to solubilize minerals has been studied 
by many authors (e.g., Bondarenko, 1968; Baker, 1973; Kodama and Schitzer, 
1973; Rashid and Leonard, 1973; Boyle et al., 1974) including the very early 
work of Harrar (1929) and Fetzer (1946). The dispersion of elements as 
affected by this mechanism has considerable geochemical significance. Thus 
soluble humic matter has the potential to act as a strong weathering agent on 
many mineral species and may cause the release of elements from sediment. 
Mineral stability and metal-organic affinity are the probable controlling factors. 

•Present address: Bureau of Mineral Resources, Canberra, A C T . , 2601, Australia. 



118 119 

The fate of trace eleraents, once liberated from weathering mineral phases, 
is further influenced by soluble orgjmic compounds. The stabilization of various 
metallic cations in solution by organic acids has been experimentally investigated 
by many authors (e.g. Ong et al., 1970; Rashid, 1971; Bondarenko, 1972; 
Theiss and Singer, 1973). These workers have considered the effects of pH 
(hydrolysis), sulphide ion and carbonate ion on the metal-organic reaction in 
solution. Duursma (1970) has also considered the effects of sorption by a 
solid sedimentary phase of metal-inorganic and metal-organic complex species. 

Thermodynamic and conditional stability constants for various soluble metal 
fulvates and humates have been determined by several authors (e.g., Schnitzer 
and Hansen, 1970; Cheam, 1973; Gamble and Schnitzer, 1973; Stevenson et al., 
1973; Cheam and Gamble, 1974). The pH and ionic strength of the solution 
have an important effect on the stability of such complexes (Van Dijk, 1971; 
Schnitzer and Khan, 1972). From consideration of the literatiu-e, it is concluded 
that the Irving and Williams (1948) order of complex stability for bivalent 
metal ions is only partially applicable to fulvic and humic acid reactions and, 
furthermore, that humic acid will form stronger complexes them will fulvic 
acid. 

Duursma (1970) studied the effect of soluble amino acids on the sorption of 
metals by marine and river sediments at pH 8. The data showed that the sorption 
of Co and Zn is reduced by the addition of 10"^ to 10,"^ M leucine with the 
reduction almost equalling that calculated from known stability constants for 
metal-leucine complexes. In extrapolating to the lower concentrations of a 
natural system, it was concluded that such an organic influence on the metal 
distribution between sediment and water could only be a result of humic matter 
interactions. This is based on the higher natural concentration of humic 
compounds and their greater chelation capacity. 

In the present work, the interactions of dissolved metallic cation(s) with a 
solid phase and dissolved humic and fulvic acids were investigated experimentally. 
Inherent in this geochemical process is the liberation of sediment-bound cations 
into the stream water via organic complexing. So, in effect, an equilibration 
point was approached from two directions. Firstly, Cu, Pb, Zn and Ni divalent 
cations were in solution with humic or fulvic acid; a solid, inorganic (clay) 
phase was introduced and the system allowed to equilibrate. Secondly, with 
the same bulk chemistry, the equilibration point was approached witii the cations 
now initially in a solid phase either as clay adsorbed species or hydroxide 
precipitates. The influence of carbonate/bicarbonate anions on the equilibration 
points was also studied. The experiments then approach the complexity of a 
natural system and provide a basic model for studying the geochemical 
dispersion of elements in natural waters where organic chelation is involved. 

EXPERIMENTAL 

In designing experiments to model this natural process the following points 
were taken into consideration: 

(1) Humic and fulvic acids are the most abundant organic complexing agents 
found in natural waters and sediments. . 

(2) A sediment's cation-exchange capacity will be determined by its organic 
matter and clay content; for this study, clay minerals were chosen because of 
experimental ease of handling and relationship to a field study conducted as 
part of a more major project (Jackson, 1975). 

(3) Next to cation hydrolysis, inorganic reactions involving carbonate species 
were considered of most importance, particularly in relation to the natural 
streEun waters of southeastem Ontario sampled as part of the field study. 

Humic and fulvic acid extraction 

Shoreline humic sediments were collected from Lake Foirtune in the Gatineau 
Hills, Quebec. The crushed and dried mud was extracted with three 500-ml 
aliquots of 0.1 M Na^PjO,. The combined extract (1500 ml) was acidified to 
pH 2 and the acid-insoluble humic acid fraction was separated by centrifuge. 
The remaining extract solution was allowed to air-dry leaving the fulvic acid 
residue. Both fractions were washed with distilled water, taken into aqueous 
solution and passed through cation-exchange resin (Rexyn lOlH). The humic 
and fulvic acid eluates were sillowed to air dry in a fume hood and then stored 
as a dried, crushed solid in screw-capped, glass vials. Both acids were character
ized by organic carbon analyses, IR spectra and acid-base titrations. The black 
humic acid contained 49.5% C and 3.4 mequiv. COOH/g. The light yellow fulvic 
acid contained 40.5% C and 6.7 mequiv. COOH/g. 

Cation solutions 

All cation solutions were prepared by the dilution of atomic absorption 
standard reference solutions supplied by Fisher Scientific Co. The reference 
solutions used were all initially 1000 ppm divalent cation prepared as nitrate 
solution. Copper, Pb, Zn and Ni solutions were employed. 

Clay 

Two clays were employed in the study: flint clay and bentonite. The bentonit< 
was supplied by Fisher Scientific Co. and characterized as a montmorillonite clay 
•with a cation-exchange capacity of 78.20 ± 1.60 raequiv./lOO g. The flint clay 
was supplied by the National Bureau of Standards (No. 97), Washington, and 
characterized as kaolinite, both ordered and disordered, with a cation-exchange 
capacity of 7.84 ± 0.24 mequiv./lOO g. 

Design of experiments 

Sorption. The basic requirement of the experimental system was to enable 
cation solutions, in the presence and absence of organic acids, to interact 



effectively with a solid phase. To achieve this, both time and a form of mechanical 
shaking were considered important. 

The study was carried out as four reaction sequences, each being conducted 
at five pH values within the range of 4—9. The reaction sequences were: 

(a) Cation solution only: hydrolysis (initially 25 ppm each of Cu, Ni, Zn 
and Pb). 

(b) Reaction of cations and soluble organic acid: hydrolysis and organic 
complexing (initially 25 ppm each of Cu, Ni, Zn and Pb in a 0.5% w/v fulvic 
acid solution or a 0.2% w/v humic acid solution). 

(c) Reaction of cations, organic acid and sediment: hydrolysis, organic 
complexing and sorption, initially as in (b) but now in the pesence of 100-mg 
and 250-mg quantities of bentonite or of kaolinite (flint clay). 

(d) Reaction of cations and sediment: hydrolysis and sorption, initially as 
in (a) but now with the 100-mg and 250-mg quantities of clay present. 

All reactions were carried out in 4-dram plastic vials with snap caps. The four 
reaction sequences as outlined may be abbreviated in future discussions as 
follows: (a) M, (b) M -t- F or M + H, (c) M + F + K, M + F •<• B, M + H + K or 
M + H + B, and (d) M -i- K or M + B where M stands for metallic cations, F for 
fulvic acid, H for humic acid, K for kaolinite (flint clay) and B for bentonite. 

The mixtures were allowed to equilibrate with gentle shaking at room temper
ature over a period of 30 days. pH was then measured and the total cation 
content of the clear, supernatant solution determined by atomic absorption 
using a Jarrell-Ash unit. Centrifuging was usually required to clear the super
natant solution particularly for the bentonite reactions. Blanks were recorded 
on water + clay and water + organic acid and found to contribute no detectable ' 
Cu, Pb, Zn or Ni to the system. An error of ± 1 ppm was estimated for the Cu, 
Pb, Zn and Ni analyses. 

The ionic strengths of these solutions, determined partly by the sodiura and 
chloride ions added during the pH adjustment step, are low and are estimated 
to be between 0.002 and 0.005. Low ionic strength solutions were desired 
because of the correlation with the low ionic strengths encountered in natural 
waters (Garrels and Christ, 1965, p. 57). 

In selecting metal and organic acid concentrations, field Einalytical data for 
Cu, Pb, Zn, Ni emd C were taken into consideration. A reasonable estiraate for 
an average trace metal content in stream waters was taken as 10 ppb. This is 
propably somewhat low for Zn and high for Pb, Cu, and Ni. A similar estiraate 
for total dissolved organic carbon was taken as 10 ppra. A problem with relating 
field organic carbon analyses to an experimental system arises from the unknown 
relationship between total organic carbon measureraents and the actual nuraber 
of functional group or active organic acid sites that are present in the organic 
carbon. Metal contents were set initially at 25 ppm owing to analytical 
restrictions; organic-acid concentrations were set between 2000 and 5000 ppm. 

Desorption The ability of humic and fulvic acids to desorb both clay-adsorbed 
metals and hydroxide precipitates was studied using the following procedure: 

(1) Set up cation plus clay suspensions at two initial pH values, termed pHj, 
of 5.5 and 8.5, Allow these suspensions to equilibrate over 14 days (this was 
experimentally shown to be an adequate period of time). 

(2) To evaluate the effect of pH on desorption, take five cation-clay 
suspensions of each pHj and adjust pH (using NaOH and HCl solutions) to five 
values within the pH 4—9 range. 

(3) To evaluate the effect of huraic and fulvic acids on the desorption, take 
five cation-clay suspensions of each pHi, add appropriate aliquots of the organic 
acid and adjust pH to five values within the 4—9 range. 

At the end of a further 30 days, raetal contents in the supernatant solutions 
were determined again using atomic absorption as previously discussed. The 
desorption reactions are analogous in bulk chemistry to the above described 
"sorption" reactions where the clay is the last reactemt added: 

Carbonate reactions. A carbonate/bicarbonate solution of pH 9 was obtained by 
preparing a solution of 0.30M NaHCOj (25.20 gA) and 0.014M NajCOj 
(1.484 g/1). 

The effect of bicarbonate/carbonate anions on the meteil-organic acid-clay 
system was investigated by setting up reactions analogous to those discussed 
but now including the bicarbonate/carbonate retaining the same initial raetal 
and organic acid concentrations as used above. To do this, it was necessary to 
first adjust the pH of the cation alone (M) and cation plus organic (M + O) 
reaction aliquots to about 9 prior to addition of the carbonate/bicarbonate 
solution. The NaHCO3 concentration in the reaction mixture was O.IM. The 
initial pH's of the reactions were set at about 7.60, 8.10 and 8.50 by dropwise 
addition of HCl or NaOH. This will cause some loss of carbonate due to its 
acid reaction. After the setting up of these reactions, the procedures regarding 
time of interaction and subsequent analyses are as previously outlined. 

The ionic strength of these reaction solutions will be determined by the 
bicarbonate/carbonate system, in particular, the bicarbonate anion, and is 
therefore approximately 0.1, bearing in mind that the carbonate ion will be 
considerably!less than 0.014M under conditions now established. 

Desorption studies on the carbonate/bicarbonate systems were also conducted 
using a similar procedure to that previously discussed. However, it was now 
necessary to add the organic acid to the equilibrated cation—clay suspensions 
and adjust pH to about 8.5—9. The appropriate carbonate/bicarbonate solution 
aliquot was then added to three reaction suspensions and the pH adjusted to 
three values in the 7.5—8.5 range. 

RESULTS AND DISCUSSION 

Sorption 

Metal hydrolysis reaction curves are shown in Fig. 1. The order of metal 
hydroxide precipitation observed in these resictions with increasing pH is Cu and 



Pb occurring at alraost identical pH followed by Zn and then Ni. Solubility 
products for the hydroxides of Cu, Pb, Zn and Ni are recorded in Sillen and 
Martell (1964, 1971). However, the values of the solubility products presented 
vary considerably with the technique and conditions of the determination. This 
is prohibitive to a theoretical calculation of the pH for which the metal hydroxides 
will precipitate under the experimental conditions used here. It is observed that 
the solubility products given for a particular set of conditions increase in the 
order Cu, Zn and Ni. The position of Pb is variable but it usually corresponds 
fairly well with Cu. The hydrolysis reaction curves obtained are consistent 
with the solubility product data for at least the order of hydrolysis. 

The metal plus fulvic acid (M + F) and metal plus humic acid (M •<• H) reaction 
curves are shown in Figs. 1 and 2, respectively. The M -<- H reaction curves show 
that, with the four metals in competition for the humic acid active sites, only 
Cu is strongly retained in solution. The Ni and Zn solubilities exhibit a dependence 
on pH (hydrolysis). The Pb solubility at pH < 6.3 falls below the Pb hydrolysis 
curve. The large ionic size of Pb does imply that it is likely to cause humate or 
fulvate colloid coagulation in preference to Cu, Zn or Ni (Ong et al., 1970). 
It is concluded that Pb humate precipitation is occurring in this reaction. How
ever, at basic pH, the humic acid reaction holds Pb in solution. In the presence 
of fulvic acid, Zn and Cu are almost totally retained in solution throughout 
the pH range. Nickel solubility again is strongly influenced by hydrolysis at 
basic pH. Lead solubility at pH < 6.3 is interpreted as evidence for Pb fulvate 
precipitation. 

The reactions now to be discussed contain the solid phase. The sorption 
and desorption curves for a particular reaction are presented in the one figure. 
The desorption curves will be referred to later in the text. 

The raetal plus kaolin (M + K) reaction curves are shown in Fig. 3. The effect 
of hydrolysis on these curves is evident with increasing pH. Increasing the weight 
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Fig. 1. Metal—fulvic acid reaction curves (also shown are the metal hydrolysis curves). Legend 
for all figures: Q = Cu; • = Ni; o = Pb; • = Zn. 
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Fig. 3. Metal—kaolin reaction curves for both sorption and desorption. 
A. Sorption curves for 100 mg.kaolin. B. Sorption curves for 250 mg kaolin. C. Desorption 
curves for clay-bound metal (100 mg kaolin and pHj 5.5) with sorption curves from A 
also sho-wn. D. Desorption curves for metal hydroxides'(100 mg kaolin and pHj 8.5). 

of kaolin to 250 mg leads to increased sorption of all four elements but the 
increase is most pronounced for Pb and Zn. The metal plus bentonite (M + B) 
reaction curves (Fig. 4), in comparison with the M + K reaction, clearly reflect 
the larger cation-exchange capacity of bentonite. Hydrolysis is again evident 
at basic pH, With increased weight of bentonite, the metal sorption is increased 
but it is difficult to discem preferential ion exchange (sorption) among the 
four elements. 

In the presence of kaolin plus humic acid (M + H + K reaction curves shown 
in Fig. 5), all four metals are retained in solution. Cu is strongly retained in 
solution showing little reactivity in sorption and in hydrolysis. Increasing the 
kaolin weight has little effect on sorption of the Cu species in solution except 
around pH 5. The Ni solubility is influenced by hydrolysis and sorption, the 
latter point being demonstrated by the slightly decreased Ni solubility with 
increased kaolin weight and also by comparison with M + H reaction. Zinc 
solubility is also influenced by hydrolysis and sorption but sorption effects 
are now more pronounced. Lead solubility is influenced by sorption (compare 
M + H with M + H -•• K). The order of metal retention in solution by humic acid 
in competition with hydrolysis and sorption is Cu > Ni > Zn > Pb; the position 
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Fig. 4. Metal—bentonite reaction curves for both sorption and desorption. 
A Sorption cun-'es for 100 mg bentonite. B. Sorption curves for 250 mg bentonite. C 
Desorption curves for clay-bound metal (100 mg bentonite and pH,- 5.5) with sorption 
curves from A also shown. D. Desorption curves for metal hydroxides (100 mg bentonite 
and pHj 8.5). 

of Zn and Pb is pH-dependent with Zn and Pb solubilities equalizing at higher 
pH values. At lower pH values, Cu solubility does fall below that of Ni. 

The M -i- H -t- B reaction curves (Fig. 6) show metal behaviour similar to the 
above discussed M + H + K reaction. In the presence of bentonite, all four 
metals show decreased solubilities compared to the kaolin reaction; this is 
consistent with the higher cation-exchange capacity of bentonite. The increased 
weight of bentonite has little effect on the metal solubilities; Zn and also Ni 
are most strongly influenced by the increased sorption, particularly at pH < 6. 
The metal solubility order is Cu > Ni > Zn > Pb with the same variation with 
pH as was observed for the M + H ••• K reaction. 

In the fulvic acid, M -t- F + K, reactions (Fig. 7), Cu is quite strongly retained 
in solution throughout the pH range whereas Ni is affected by hydrolysis. The 
influence of sorption on Cu is most pronounced around pH 5. Zinc and Pb 
exhibit minima in their solubilities around pH 5.8. In the M -i- F reaction (Fig. 1), 
Pb showed similar behaviour. As a further point, the Pb and Zn Curves show 
decreased solubility at low pH when corapared to the M + K reafc t̂ion (Fig. 3). 
The precipitation of Pb and possibly Zn fulvates is offered as a^ explanation 
for this behaviour. The fact that the Zn curve in M -̂  F + K dc/efc not follow 
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Fig. 5. Metal—humic acid—kaolin reaction curves for both sorption and desorption. 
A Sorption curves for 100 mg kaolin. B. Sorption curves for 250 mg kaolin. C Desorption 
curves for clay-bound metal (100 mg kaolin and pHj 5.5) with sorption curves from A also 
shown. D. Desorption curves for metal hydroxides (100 mg kaolin and pHj 8.5). 

from the M + F result indicates that sorption reactions are also likely playing 
a significant role in determining the Zn solubility. Of the four elements, Zn is 
most strongly affected by the increase in kaolin weight further emphasizing 
the significance of sorption reactions in determining Zn solubility. 

Copper, Pb, Zn.and Ni are retained in solution for the bentonite plus fulvic 
acid reactions (M + F + B) shown in Fig. 8. Compared to M + F + K, metal 
solubility is reduced for the four metals in the bentonite reaction. The increase 
in bentonite weight leads to a pronounced decrease in the Cu solubility, 
particularly at acidic pH, and a somewhat less decrease in Ni and Zn solubilities. 
In the presence of 100 mg bentonite, Ni solubOity is again influenced by hydrol
ysis at basic pH values. At pH > 6, the decrease in metal solubilities observed 
when comparing M -i- F -i- K and M + F -i- B is most pronounced for Zn. This can 
be taken as further evidence of the dependence the Zn solubility has on sorption 
reactions. The Pb solubility for the bentonite reaction is low and is attributed 
to the combination of sorption, hydrolysis and Pb fulvate coagulation. For 
bentonite and kaohnite, the fulvic acid reactions show a similar order of 
soluble metal retention, Cu > Zn—Ni > Pb; Zn and Ni exhibit crossover points 
in both reactions. 
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acid active sites were in excess. In the estimation of organic acid bidentate 
active site milliequivalence, two assumptions-were-necessary. Based on the 
humic matter characterizations reported by Schnitzer and Khan (1972) and 
Gamble and Schnitzer (1973), a number average molecular weight of 950 
was assumed for the Lake Fortune humic and fulvic acids with each acid 
containing three bidentate active sites. The estimated milliequivalence ratios 
for the four metals and fulvic acid then are approximately 3:3:3:1:130 for 
Cu: Ni: Zn: Pb: fulvic acid sites. For the humic acid, the ratios are about 
3:3:3:1:50 for Cu: Ni: Zn: Pb: humic acid sites. 

However, in the following discussion, it has been assumed that the organic 
species exhibit negligible involvement in sorption reactions under the experi
mental conditions employed. 

The metal-organic acid chelation reaction can be simply represented as: 

M + L = ML 

where M is the free metal cation, L is the organic ligand (humic or fulvic acid) 
and ML is the metal-organic complex. 

Firstly, it should be noted that the equilibrium constant of this general 
reaction (i.e., the stability constant for ML) will be dependent on solution 
ionic strength. The solution ionic strength for the study varied from 0.002 to 
0.005. This variation will cause a negligible shift in the stability constant 
(Schnitzer and Khan, 1972), Sorption of M by the clay will decrease the 
activity of M thus displacing the reaction to the left with a resultant decrease 
in ML activity and hence metal solubility. The magnitude of this effect will be 
dependent on the equilibrium constant for this reaction with the effect being 
minimized for more stable complexes. Loss of M due to hydroxide formation 
(hydrolysis) would also follow the same logic. A lack of stability data applicable 
to the experimental conditions prohibits a further quantitative evaluation of 
this effect. Nevertheless, the solubilities of the four metals within the organic 
reaction mixtures discussed are considered to be a direct reflection of the metal 
humate and fulvate stabilities. 

The following conclusions regarding the behaviour of Cu, Ni, Pb and Zn can 
be made: 

(1) Humic and fulvic acid, when in excess of the cations, have the potential 
to retain Cu, Pb, Zn and Ni in solution in competition with hydrolysis and 
sorption onto clay. 

(2) Copper shows the highest affinity of the four eleraents for organic reaction 
throughout the pH range with a possible exception at pH 5. 

(3) Copper and Ni humates are more stable then their corresponding fulvates. 
(4) Zinc fulvate is more stable than the humate complex at basic pH. 
(5) All four elements are susceptible to clay sorption, even in the presence 

of organic acids, but Zn is most strongly affected. 
(6) Nickel solubility is most strongly influenced by pH (hydrolysis) as it 

decreases considerably at basic pH. 
(7) Lead humate and fulvate appear susceptible to colloidal coagulation. 

Desorption 

The sorption and desorption experiments have identical bulk chemistries 
but the effect of an increased solid weight (250 mg) was excluded from the 
desorption study. The oJDJective of this study was to investigate the reversibility 
of the following reaction: 

M + MO + C = (M-C) + (MO-C) 

where M represents metallic cation, MO the metal-organic complex, C the 
inorganic absorber including clay and hydroxide precipitate, (M—C) the clay-
baund metal species, and (MO—C) the clay-bound metal organic species. 

Such a study tests the extent to which equilibriura has been approached in 
the experiraents and also represents an altemative model for geochemical 
processes. For the sorption study, the starting point was M + MO in solution 
over a remge of pH values with subsequent addition of clay to determine how 
much metal was taken out of solution by sorption onto the clay. At basic pH, 
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the added influence of hydroxide precipitation on metal solubility was also 
determined. The sorption experiments can be considered then to model the 
ability of an inorganic phase to inhibit the dispersion of Cu, Pb, Zn and Ni 
cations in organic-rich waters. 

For the desorption study, the reaction is set up in one case (pH; 5,5) with 
(M—C) initially present and little metal hydroxide (as seen from Fig. 1). In 
the second case (pH; 8.5), the reaction is set up with predominantly metal 
hydroxide precipitate and also likely sorae (M—C). In both cases, after the 
initial equilibration, the humic- or fulvic-acid solutions are introduced and pH 
adjusted in the 4—9 range. The desorption experiments then model the ability 
of an organic acid to remobilize metals from a sediment-bound phase, either 
as clay-sorbed species or as hydroxide precipitates. Given sufficient tirae to 
attain equilibrium, the sorption and desorption reactions should reach the same 
equUibrium points. However, kinetic factors can prevent the achieveraent of 
equilibriura for either sorption or desorption in geochemical processes and a 
comparison of these reactions is likely to identify metals that might be 
susceptible to this problem. 

After the initial sorption steps and prior to' the addition of the organic acid, 
the starting soluble metal contents of the desorption solutions used in the kaolin 
and bentonite reactions were obtained frora the M •<- K and M + B reaction 
curves (Figs. 4 and 5, respectively). These initial raetal contents for the 
desorption stock solutions are given in Table L 

TABLE I 

Initial metal concentrations (in ppm) for reaction solutions used in desorption studies 

Cu Ni Pb Zn 

M-i-K 

M-i-B 

pHi 5.5* 
pHi 8.5* 

pHi 5.5* 
pHi8,5* 

3.0 
0 

1.5 
0 

20.0 
0 

4.5 
0 

3.0 
0 

1.5 
0 

20.0 
0 

4.0 
0 

*Note. An allowance was made for the change in pH during the sorption step when obtaining 
the metal concentrations from the reaction curves. pH 5.9 was used for the acidic sorption 
(pHj 5.5) and pH 7.8 for the basic sorption (pHi 8,5). 

The effect of pH variation alone has been tested in the desorption studies 
vwth the results shown in Figs. 3 and 4. For both M + K and M + B, desorption 
of a clay-bound metal (pH; 5.5) agrees within experimental limits with the 
equivalent sorption reaction indicating that no kinetic barriers exist to this 
desorption process. For the hydroxide precipitate case (pH, 8.5), sorption and 
desorption reactions do not agree. For M + K and M + B, Cu and Pb show no 
detectable desorption; Ni and Zn are desorbed to 50% or less of the values 
obtained for the sorption reactions. The failure to attain equilibriura for initially 

basic pH values is attributed to unfavourable kinetics for the dissolution of the 
hydroxide precipitates. 

For the fulvic acid reactions in the presence of kaolin, the order of metal 
solubility and the shape of the reaction curves are quite similar for sorption and 
desorption (Fig. 7). The desorption of clay-sorbed metal (pH; 5.5) does suffer 
from unfavourable kinetics at pH > 6 with the discrepancies being greatest for 
Cu and Zn suggesting that these elements are most susceptible to kinetic effects. 
Fulvic acid does dissolve the metal hydroxides (pHj 8.5) to a significant extent 
with unfavourable kinetics strongly affecting the solubilities of all four metals, 
particularly at pH > 6. 

For M -f F •<- B, desorption of both clay-sorbed raetal and metal hydroxides 
leads to a similar metal solubility (Fig. 8) and is in agreement, within experi
mental limits, with the sorption data up to about pH 8. At higher pH, the metal 
solubility is less for the desorption reaction. Hence, kinetic effects seem 
important only at higher pH for the bentonite desorption reactions. 

Kinetic effects are also apparent for the M + H + K desorption reactions 
(Fig. 5). For the initially clay-sorbed metals, all four show significant solubility 
but kinetic effects become apparent at pH > 6 with the discrepancies between 
sorption and desorption being similar for the four metals. Humic acid has a 
considerable dissolution effect on the metal hydroxides. In coraparison with 
the sorption curves, metal solubilities are decreased implying a kinetic barrier 
to the hydroxide desorption with Cu apparently the most affected. 

Desorption from the clay-sorbed phase and from the hydroxides leads to a 
sirailar end result m the M •)• H •̂  B reaction (Fig. 6). Comparison of the sorption 
and desorption curves shows agreement within experimental limits for Pb, Zn 
and Ni. The decreased Cu solubility observed in the desorption experiments at 
pH > 6 implies that Cu desorption frora both the bentonite-sorbed phase and 
the hydroxide precipitate is kinetically disfavoured. 

In summary, the experimental evidence indicates the following: 
(1) Humic and fulvic acids are capable of remobilizing Cu, Pb, Zn and Ni 

from a clay-sorbed phase and their metal hydroxide precipitates. Similar results 
have been obtained by other workers (e.g., Banat et al., 1974). 

(2) Metal desorption is generally kinetically inhibited particularly at basic 
pH; desorption from a metal hydroxide phase is the more unfavourable process. 

(3) Of the four metals, Cu desorption appears to be the most kinetically 
inhibited. 

(4) The order of metal solubility for sorption and desorption for each 
reaction is essentially the same. 

Carbonate reactions 

Bicarbonate/carbonate anions represent potentially significant inorganic 
ligsmds in stream waters of interest to the authors. As reported by Livingstone 
(1963), bicarbonate contents for several streams in Ontario and Quebec ranged 
between 6 and 230 ppm. Based on 10 ppm total dissolved organic carbon in 



stream water, these bicarbonate contents represent an approximate 10—100-fold 
excess over the organic. In the experimental system, there is an approximate 10 
times excess of bicarbonate over organic acid sites. To increase the bicarbonate 
excess would necessitate a further increase in the solution ionic strength with 
consequent major variation in the metal-huraate and -fulvate stabilities (Schnitzer. 
and Khjm, 1972). The metal- to organic acid active site milhequivalence ratios 
are the same as those estiraated for the above sorption-desorption reactions, 
i.e. organic acid sites are in excess. 

Variations in metal behaviour are observed for these reactions but ionic strength 
considerations are now iraportant. The change in ionic strength from 0.005 
(carbonate-free) to 0.1. (excess bicarbonate) leads to approximately a 10-fold 
decrease in the stability constants for Cu, Pb, Zn and Ni fulvates at pH 3 
(Schnitzer and Khan, 1972). 

The data for the metal-organic acid reactions (Fig. 9) indicate a decreased 
metal solubility compared to the carbonate-free reactions (Figs. 1 and 2). For 
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Fig. 9. Metal—organic acid reaction curves in the presence of bicarbonate/carbonate. 
A Fulvic acid. B. Humic acid. 

the fulvic acid reactions, Pb solubilities are almost identical. Nickel shows the 
greatest decrease (6—10 ppra) with Zn and Cu being affected to a lesser extent 
(3—5 ppm). For the humic acid reactions, all four cations exhibit a significant 
decrease in solubility (4—8 ppm) with Zn being the most strongly affected. 

The solubility order for M + F is Cu > Zn > Ni > Pb and, for M + H, Cu > Ni 
> Zn > Pb. 

The preferential destabilization- of Ni in the fulvic acid reactions can be 
related to the data of Rashid and Leonard (1973). These workers found that at 
pH 8.5, the order of carbonate precipitation in the presence of humic acid w£is 
Ni followed by Cu, Mn, and Fe, The humic acid reactions may more strongly 
reflect the decreased humate stability due to the increased ionic strength 
(salinity) causing preferential flocculation of the higher-molecular-weight humic 
fractions. This has led to almost equivalent, but significant decreases in 
solubility for all four elements. The fulvic acid reactions are almost certainly 
influenced by the decreased fulvate stabilities but, for Ni, there does appear to 
be a preferential destabilization due to the presence of bicarbonate/carbonate. 

Consideration of the data for the metal-fulvic acid-clay reactions (Fig. 10) 
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Fig. 10. Metal-fulvic acid—clay reaction curves in the presence of bicarbonate/carbonate. 
A Kaolin. B. Bentonite. 

leads to the same conclusion. All four metals show a decreased solubility 
compared to the carbonate-free reactions (Figs. 7 and 8) with the effect being 
most pronounced for Ni. In the M + F •̂  B reaction, Ni riow has a non-detectable 
solubility. The Cu and Pb solubihty decreases are within experimental limits 
compared to the carbonate-free system. Zinc does show a significant solubility 
decrease of about 5 ppm tn both M + F + K and M + F + B. 
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For the metal-humic acid-clay reactions (Fig, 11), a decreased solubility of 
all four raetals is again evident (corapare with Figs. 5 and 6). The variations in 
Pb solubility are within experimental limits; Cu solubility decreases by 2—3 
ppm for both bentonite and kaolin. Zn solubility decreases by about 2 ppm 
for the kaolin but by 6—7 ppm in the bentonite reaction. Nickel solubility 
decreases by about 3 ppm in the kaolin reaction and by about 5—6 ppm in the 
bentonite reaction. This represents further evidence of a preferential destabili
zation of Ni and possibly Zn fulvates and humates in the presence of bicarbonate. 

organic acids and clay. Lead and Cu solubilities decrease slightly in response to 
decreased humate and fulvate stabilities. 

Carbonate and bicarbonate are weak ligands but their possible involvement 
in mixed ligand complexes should be considered. Manning and Ramamoorthy 
(1973) showed that the inorganic ligands can be involved in such complex 
formation with a second, organic ligand. The data presented do not perrait an 
assessment of possible mixed ligand formation. 

Desorption experiments conducted for the bicarbonate/carbonate reaction 
mixtures lead to the same conclusions as discussed for the carbonate-free 
reactions. Again, comparison of the sorption and desorption reaction curves 
shows the kinetic hindrance to desorption (particularly as the carbonate 
reactions are carried out at basic pH values). Details of these data are not 
presented here in view of the volume of information involved (see Jackson, 
1975), but the conclusions drawn are relevant to this discussion: 

(1) Decreased solubilities for the desorption of clay-adsorbed cations (pHj 
5.5) are less than those observed for the desorption from metal hydroxides 
(pHi 8.5), 

(2) Decreased metal solubilities for the veurious desorption reactions are 
consistently greatest for Cu. 

25-
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Fig. 11. Metal—humic-acid—clay reaction curves in the presence of bicarbonate/carbonate. 
A. Kaolin. B. Bentonite. 

In summeury, with a significant bicarbonate excess, Cu, Pb, Zn and Ni show 
decreased solubilities. The decrease is minimal and often within experimental 
limits for Cu and Pb. Nickel appears the most affected, but Zn is also strongly 
influenced by the bicarbonate/cjirbonate reactions. It is difficult to assess to 
what extent the solubility decreases can be attributed to the change in humate 
and fulvate stabilities due to the increased solution ionic strength. Ionic strength 
effects are perhaps greatest for Zn considering that Zn exhibits the lowest 
affinity for organic complexing of the four eleraents at pH 3 (Schnitzer and 
Khan, 1972). A raajor problera is the lack of applicable stability constant data 
at basic pH values. It is concluded that bicarbonate/carbonate has a significant 
effect on Ni solubility, and possibly on Zn solubility, in the presence of soluble 

GEOCHEMICAL SIGNIFICANCE 

The experimental data presented do have certain implications regarding the 
geochemical dispersion of Cu, Pb, Zn and Ni in natural waters. In the sorption 
experiments, all four cations were stabilized in solution by humic and fulvic 
acid complexing; the effect generally decreases in the order Cu, Ni, Zn, and 
Pb. Hence, an influx of soluble organic matter into stream water will favour 
the prolonged dispersion of these elements in solution. The solubilities of Zn 
and particularly Ni are most affected by hydrolysis leading to a destabilizing 
of the soluble humate and fulvate coraplexes. Sorption onto a clay surface also 
destabilizes the Zn and Ni organic complexes. These two factors will 
shorten the dispersion of both Zn and Ni. Lead-organic complexes appear 
susceptible to colloidal coagulation phenomena producing a decreased Pb 
dispersion. However, this effect would decrease with the lowering in molecular 
weight likely encountered in natural stream water organic complexing agents. 

The geochemical significance of the desorption study is clear. Fulvic and 
humic acid prove capable of not only stabilizing Cu, Pb, Zn, and Ni in solution, 
but also of remobilizing these elements from a sediment phase including both 
metal hydroxides and metal adsorbed to clay. The geochemical dispersion of 
an element is vitally dependent upon its aqueous solubility. However, it is first 
necessary for an element to be taken up into solution from a solid phase before 
organic complexing can influence its dispersion. The desorption of all four 
raetals appears to be kinetically hindered particularly where metal hydroxides 
are involved. Copper is raost affected by unfavourable kinetics. This might lead 
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to a situation where Cu, in comparison to Ni, Zn and Pb, is released from a 
sediment phase at a considerably lower rate and is less available for organic 
complexing in solution and hence its dispersidn is restricted. 

The bicarbonate/carbonate mixtures have indicated that Ni, and possibly Zn, 
solubOities decrease due to the interference of carbonate reactions. Streams 
draining through carbonate terrains are therefore likely to be low in soluble 
Ni content irrespective of the soluble organic carbon content. Such a consider
ation is important vvhen studying the geochemical dispersion of elements within 
natural waters draining through varied bedrock geology featuring carbonate 
units. 

FUTURE WORK 

The general applicatioh of theseconclusions is still uncertain. As with any 
laboratory model, comparison-with the natural system is essential. The authors 
have done this to sorae extent (Jackson, 1975) and did find ireasonabie agreement 
between the model and the field data which wOl be published as a separate paper. 
The major limitations to the present laboratory model which could be overcome 
in future work are; (1) the use of an inorganic adsorbent only — nature employs 
both organic and inorganic adsorbents; (2) working with ppm cation levels where^ 
as natural contents areusually in the ppb range; and (3) the absolute excess of 
organic acid.sites over the total cation content. 

In natural, organic-rich streams, a similar situation would exist with organic 
sites in excess of the ppb levels of Cu, Pb, Zn, Ni, Mn and Fe. However, Ca, Mg, 
Na and K are likely in the ppm range arid m i ^ t well reduce the number of organic 
active sites-available for further reaction; the extent of organic complexing by 
these elements in natural waters is uncertain (Duursma, 1970; Beck et al., 
1974). Obvioiisly, a whole new batch of experiments should also be set up 
based on the inorganic interferences due to sulphide and Fe and Mh oxides. 
Metal accumulation by micro-organisms present in stream water could also be 
taken into account. Nevertheless, with the present model, the authors believe 
meaningful results have been obtained. 
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I. PROGRAM OVERVIEW 

Geothermal energy is the internal heat of the earth. 
Much of it is recoverable with current or near-current 
technology. Geothermal energy can be used for electric 
power production, residential and commercial space heating 
and cooling, industrial process heat, and agricultural 
applications. 

Three principal types of geothermal resources are 
exploitable through the year 2000. In order of technology 
readiness, these resources are: 

• Hydrothermal, 

• Geopressured (including dissolved natural gas), 
and 

• Hot dry rock. 

In hydrothermal systems, natural water circul-ati.on. 
moves heat from deep sources toward the earth's- surfac.e.,._ 
Geothermal fluids (water and steam) tapped by drilling can 
be used to generate electricity or provide direct heat. 

Geopressured resources, located primarily in sedimen
tary basins along the Gulf Coast of Texas and Louisiana, 
consist of water and dissolved methane at high pressure 
and moderately high teraperature. In addition to recover
able methane, geopressured resources offer thermal energy 
and mechanical energy derived from high fluid pressures. 
The methane, however, has the greatest immediate value. 

Hot dry rock (HDR) resources are geologic formations 
at accessible depths with abnormally high heat content but 
little or no water. Usable energy is extracted by circu
lating a heat transfer fluid, such as water, through deep 
wells that are connected by manmade fractures in the rock. 
Like hydrothermal energy, HDR can be used for electric 
power production pr direct heat applications. 

Of the three types, hydrothermal resources are most 
ready for commercialization, since much of this resource 
can be used economically now. Rapid commercial develop
ment of the Nation's hydrothermal resources is a major 



objective of the federal geothermal program. The program 
approach for development of hydrothermal .resources for 
electric and direct heat applications is to: (1) com
plete, with the cooperation of state and local government 
entities and the private sector, site-specific commercial
ization plans for each known hydrothermal area; (2) iden
tify technical, economic, and institutional barriers to 
development at each prospect and plan actions to overcome 
or alleviate impediments to development; (3) conduct cost-
shared demonstrations and operate experimental facilities 
where necessary to stimulate coramercial development; 
(4) encourage greater participation in the Geotherraal Loan 
Guaranty program; (5) continue resource assessment and 
reservoir confirmation activities to provide for the 
expansion of the resource base and reserves necessary to 
support the future growth of the geothermal industry; and 
(6) maintain a vigorous supporting research and develop
raent program to provide new and iraproved technology for 
finding the required resources, reducing energy conversion 
costs, and controlling potential environraental irapacts. 
In this approach, the Hydrothermal Commercialization pro
gram is supported by the Hydrothermal Resources program 
and the Geothermal Technology Developraent prograra. 

Coramercial developraent of geopressured energy may 
begin in the mid 1980's. Economic feasibility will depend 
on the amount of methane that a given well can produce, a 
'highly uncertain factor at present. The Geopressured 
•"Resources program is supported by many of activities in 
the Geothermal Technology Developraent program. 

Hot dry rock is currently seen as a longer-term pos
sibility. Significant improveraents in drilling and frac
turing technology are necessary to bring about commercial 
use of this potentially large resource. Comraercialization 
raay occur by the mid 1990's. The hot dry rock activities 
are a major coraponent of the Geothermal Technology 
Development program. 

The following sections describe each of the four geo
thermal prograra areas: (A) Hydrotherraal Resources, (B) 
Hydrothermal Commercialization, (C) Geopressured 
Resources, and (D) Geotherraal Technology Development. 
The Division of Geothermal Resource Management (DGRM) has 
responsibility for the Hydrothermal Commercialization 
Program, while the Division of Geothermal Energy (DGE) 



carries the responsibility for the Hydrothermal Resources, 
Geopressured Resources, and Geotherraal Technology Develop
ment programs. 

A. Hydrotherraal Resources 

Objectives of the Hydrothermal Resource program are 
to define and confirm high-temperature reservoirs suitable 
for electric power generation; to deraonstrate such power 
generation; to identify low-and raoderate-temperature 
prospects with potential for direct heat applications; to 
assess environmental, health, and safety factors affecting 
geothermal development; and to develop appropriate control 
technology. 

The Resource Definition subprogram includes the 
assessment of U.S. hydrotherraal reservoirs and the confir
mation of hydrothermal prospects through selective dril
ling and testing projects. DGE participates in regional 
and national assessments of hydrothermal resources in 
cooperation with the U.S. Geological Survey (USGS). Low-
to moderate-temperature reservoirs are identified through 
a cooperative program with state agencies. These low-
temperature resources are confirraed through user-coupled 
drilling programs. In addition, DGE conducts exploratory 
drilling programs in cooperation with industry to confirm 
high-temperature reservoirs with near-term commercial 
potential. 

The objectives of some 22 demonstration projects 
administered under the Non-Electric Applications subpro
gram are to provide evidence of the viability of geother
mal non-electric applications in a number of geographical 
regions and to obtain technical and economic data under 
field operating conditions. 

Assessing environraental, health, and safety concerns 
affecting geothermal development and developing ways of 
monitoring and ameliorating them are the primary 
objectives of the Environmental Control subprogram. The 
release of hydrogen sulfide to the atmosphere, land 
surface subsidence caused by the withdrawal of fluids from 
geothermal reservoirs, and seismicity induced by geo
thermal fluid extraction and injection are examples of 
geothermal environmental concerns. 



The Facilities subprogram supports field facilities 
for testing and demonstrating new techniques, equipment, 
and systems. This support includes the construction and 
operation of commercial-scale 50-raegawatt geothermal elec
tric power plants employing different energy conversion 
technologies. A raajor program objective is to deraonstrate 
the econoraic feasibility and environraental acceptability 
of producing electric power frora geothermal resources. 
These and other facilities provide a foundation for subse
quent coraraercial developraent of hydrotherraal resources. 

B. Hydrotherraal Coramercialization 

The Hydrothermal Comraercialization prograra seeks to 
accelerate coramercial utilization of hydrothermal resour
ces for electric power and for direct heat applications, 
thereby displacing fossil fuels. 

Activities of this prograra include forraulation of 
geothermal coramercial development plans, development of a 
national geothermal progress monitoring system, assessment 
of the raarket penetration potential for hydrotherraal 
resources, and identification of direct heat markets suit
able for early penetration. Further activities are devel
opment planning in cooperation with local and state 
officials and potential users, support for economic and 
engineering feasibility studies, continuing interagency 
coordination and policy development under the aegis of the 
Interagency Geotherraal Coordinating Council (IGCC), and 
outreach programs to acquaint potential users with the 
availability and competitive cost of hydrothermal energy 
and with the availability of financial assistance through 
various federal development prograras. 

C. Geopressured Resources 

The Geopressured prograra seeks to resolve key tech
nical and economic uncertainties now impeding comraercial 
developraent of geopressured resources. Major questions 
concern the size of the resource base, the araount of 



economically recoverable raethane contained in geopressured 
aquifers, the production capacities and lifetimes of 
individual reservoirs, the economic feasibility of using 
the thermal and hydraulic energy obtainable from these 
reservoirs, and possible environmental effects of energy 
production frora geopressured reservoirs, 

A raajor thrust of the program is the determination of 
reservoir characteristics of geopressured aquifers on the 
Texas and Louisiana Gulf Coast by means of production 
tests of new and existing wells. Several successful 
short-term tests of existing wells, originally drilled for 
oil and gas, have been conducted under the Wells-of-
Opportunity subprogram- Long-term tests to define charac
teristics of large reservoirs and to raonitor environraental 
effects require drilling of new wells. A new well was 
drilled successfully in Texas in FY 1979. Three new wells 
will be drilled in FY 1980 and three more in FY 1981. 

Environmental assessment activities are conducted 
concurrently with well site selection and well drilling 
and testing activities. Monitoring efforts and experi
mental programs at well sites yield information on the 
environraental effects of sustained high-volume production 
of geopressured brines. 

Engineering activities focus on conceptual design of 
surface facilities, production cost analysis, and well 
drilling and completion technology development. The Geo
pressured program is developing equipment and production 
techniques in response to the particular temperature, 
pressure, and salinity regimes characteristic of geopres
sured reservoirs. 

Finally, DGE is working with agencies at various 
levels of government and with the private sector to ana
lyze the legal, institutional, econoraic, and technological 
factors affecting geopressured resource development. 

D. Geothermal Technology Development 

The objective of the Geothermal Technology Develop
ment program is to reduce geotherraal costs by improving 
technology, thus expanding the economically recoverable 



resource base. The two major subprograms are Component 
Technology Developraent and Hot Dry Rock. 

The Component Technology subprogram is carrying out 
R&D in the five areas sumraarized below. 

The Drilling and Completion Technology subprogram, 
emphasizes iraprovements in drill bits, downhole motors, 
and drilling fluids in order to achieve a 25 percent 
reduction in well costs by 1983 and a 50 percent reduction 
by 1986. 

The Energy Conversion Technology subprogram seeks to 
reduce geothermal electric power generating -costs. The 
subprogram is directed primarily toward performance 
improveraents and cost reductions in energy conversion 
system components, particularly heat exchangers. 

The Reservoir Stimulation subprogram is developing 
new explosive and hydraulic fracturing techniques to 
increase the fluid productivity of geothermal wells. By 
increasing well productivity, stimulation technology can 
reduce the nuraber of wells required to exploit a 
reservoir. 

The Geochemical Engineering and Materials subprogram 
pursues technical solutions to problems associated with 
the handling and disposal of geothermal fluids. This work 
focuses on developraent of econoraical materials durable 
enough to be used in hostile geotherraal environraents. 

The Geosciences subprogram activities include explo
ration technology, reservoir engineering, logging instru
raentation, and log interpretation. Exploration technology 
is designed to improve the accuracy of pre-drilling reser
voir assessments. Reservoir engineering is concerned with 
accurate prediction of reservoir productivity and longe
vity. Other geosciences activities include the developraent 
of measuring devices that can survive geothermal environ
ments and of geothermal well log interpretation to deter
raine reservoir characteristics from borehole information. 

The second major subprogram is Hot Dry Rock. The hot 
dry rock resource requires a major technology advance if 
its coramercial exploitation is to start before the end of 
the century. Recent operation of a five-megawatt HDR 
thermal loop at Fenton Hill, New Mexico, has improved the 
prospects for eventual technical success. In addition to 



the Fenton Hill work, DOE is continuing regional and 
national activities to assess the HDR resource. 

Funding levels for each of the prograras and subpro
grams described above are presented in Table I-l. 

The following four sections, structured along the 
lines of the FY 1981 budget, present detailed program 
descriptions. Each program description contains a general 
discussion of relevant technical aspects, a sumraary of 
project status and plans, a milestone chart presenting 
major decision points through FY 1985, and funding levels 
for FY 1979 through FY 1981. 

A section which describes the nature and extent of 
DOE's participation in international geothermal projects 
and activities follows the program descriptions. The 
final section describes DOE geothermal program manageraent 
functions at headquarters and in the field. 



TABLE M 
Funding Levels for Geothermal Energy Programs 

FY 1979 through FY 1981 

GEOTHERMALENERGY 

HYDROTHERMAL RESOURCES 

Resource Definition 
Non-Electric Applications 
Environmental Control 
Facilities 
Capital Equipment 

Total Hydrothermal Resources 

HYDROTHERMAL 
COMMERCIALIZATION 

Planning and Analysis 
Private Sector Development 

Total Hydrothermal 
Commercialization 

GEOPRESSURED RESOURCES 

Program Coordination 
Resource Definition 
Engineering Applications 
Environmental Control 
Facilities . 
Capital Equipment 

Total Geopressured Resources 

GEOTHERMAL TECHNOLOGY 
DEVELOPMENT 

Component Technology 
Development 

Drilling and Completion 
Energy Conversion 
Reservoir Stimulation 
Geochemical Engineering and 
Materials 
Geosciences 

Subtotal Component 
Development 

Hot Dry Rock 
Capital Equipment 

Total Geothermal Tectinology 
Developmem 

TOTAL GEOTHERMAL ENERGY 

( 

ACTUAL 
FY 1979 

26,163 
10,238 

1,859 
22.968 

1,232 

62,460 

5.239 
4,410 

9,649 

1,192 
24,455 

72 
551 

0 
111 

26,381 

5,432 
9,344 
4,442 

7,071 
8,477 

34,766 

15,077 
1,479 

51,322 

149,812 

BUDGET AUTHORITY 
DOLLARS IN THOUSANDS) 

ESTIMATE 
FY 1980 

13,406 
12,200 

1,300 
33,694 

800 

61,400 

5,000 
4,860 

9,850 

882 
32,329 

839 
1,650 

0 ~ 
300 

36,000 

7,000 
7,100 
3,000 

3,500 
4,200 

24,900 

14,000 
2,100 

41.000 

148,260 

ESTIMATE 
FY 1981 

19,398 
16,000 
2,600 

15,002 
0 

53,000 

5,040 
4,960 

10,000 

2,200 
31,000 

900 
1,700 --

^0 - ' '— 
200 

36,000 

8,250 
12,800 
4,500 

5,005 
7,835 

38,390 

13,500 
1,110 

53,000 

152,000 

INCREASE 
(DECREASE) 

5,992 
3,800 
1,300 

(18,692) 
(800) 

(8,400) 

40 
100 

140 

1,318 
(1329) 

61 
— 50 -

-0 
(100) 

0 

1,250 
5,700 
1,500 

1,405 
3,635 

13,490 

(500) 
(990) 

12,000 

3,740 



II. HYDROTHERMAL RESOURCES 

Hydrothermal resources consist of hot water and steam 
trapped in porous or fractured rocks beneath overlying 
geologic forraations. A specific hydrothermal systera is 
classified as 'vapor' or 'liquid' according to the princi
pal state of the subsurface fluid. Different energy con
version systeras are used to recover the energy found in 
each of these types of hydrotherraal resources. Electric
ity is generated from dry-steam deposits by passing the 
steam directly through turbines. Liquid-dominated depos
its are exploited for power either by partially flashing 
the hot liquid into usable steam at the surface (flash-
steam system) or by transferring its heat to a secondary 
working fluid, such as freon, which in turn is passed 
through the turbines (binary-cycle system). 

Energy derived from hydrothermal resources also can 
be used for direct thermal applications. These nonelec
tric applications, primarily space and process heating, 
are feasible at temperatures suitable for electric power 
generation and at lower temperatures.' Hot water is piped 
directly from the geotherraal reservoir to the point of 
use. 

Thirty-seven states contain hydrothermal resources; 
several western regions contain known major resources. 
Substantial eleetric power and direct use capacity is 
expected to be realized by 1984. Projections of 
approximately 2600 megawatts of electric power generating 
capacity and nearly 300 megawatts of thermal power by 1984 
reflect the potential for this resource. 

The Hydrothermal Resources program provides research, 
development and demonstration (RD&D) support to hydrother
mal commercialization activities. This support includes: 

• Assessment and confirmation of geothermal 
reservoirs in cooperation with the USGS, state 
agencies, and industry. 

• Field experiments to demonstrate the engineering 
and economic aspects of direct heat uses of 
geothermal resources. The participants are selec
ted by competitive- solicitation of cost-shared 
projects. 



• Experiraental facilities constructed and operated 
to perfect new g.eothermal equipraent and process 
techniques, particularly for electric power pro
duction. These techniques will reduce the costs 
of exploiting hydrothermal resources. 

• Major demonstration plants to generate coramercial 
quantities (50 MWg) of electric power from 
moderate-and high-teraperature geotherraal fluids. 
These plants will provide operating experience 
needed to establish the technical and econoraic 
viability of the technology at full comraercial 
scale. They will be built and operated by 
industry, which will share the cost. 

The Hydrotherraal Resources prograra is divided into 
four raajor subprograms: Resource Definition, Non-Electric 
Applications, Environmental Control, and Facilities. 
Funding levels for these subprograms are presented in 
Table II-l. 

Table IM 
Funding Levels for Hydrothermal Resources 

Subprogranis 
FY 1979 through FY 1981 

HYDROTHERMAL RESOURCES 

Subprograms 

Resource Definition 

Non-Electric Applications 

Environmental Control 

Facilities 

Capital Equipment 

Total 

BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 

ACTUAL 
FY 1979 

26,163 

10,238 

1.859 

22,968 

1,232 

62,460 

ESTIMATE 
FY 1980 

13,406 

12,200 

1,300 

33,694 

800 

61,400 

ESTIMATE 
FY 1981 

19,398 

16,000 

2,600 

15.002 

0 

53,000 

INCREASE 
(DECREASE) 

5,992 

3,800 

1.300 

(18.692) 

(800) 

(8,400) 
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A. Resource Definition 

This subprogram provides quantitative assessment of 
the hydrothermal resource potential and confirms hydro-
thermal prospects through selective drilling. Other major 
objectives are to: 

• Evaluate the hydrothermal resource potential 
of the United States, 

• Deterraine the geographical distribution of the 
hydrothermal resource, 

• ' Confirm the existence and commercial potential of 
high-teraperature reservoirs suitable for both 
electric power generation and direct heat uses, 
and 

• Identify and confirm low- and raoderate-temperature 
prospects with potential for direct heat 
application. 

In pursuit of these objectives, DGE works with the 
U.S. Geological Survey in conducting regional and national 
assessraents of hydrotherraal resources. Additionally, DGE 
supports drilling to confirm high-temperature reservoirs 
with near-term comraercial potential under prograras cost-
shared with private resource developers. Areas of high 
promise for low- to raoderate-temperature reservoirs are 
the targets of geological and geophysical analyses in pro
jects supported by joint federal and state funding. Fur
ther, an exploratory drilling program focuses on several 
regions with potential for direct heat applications, but 
without confirmed hydrothermal resources. 

The map on the following page illustrates known and 
potential U.S. hydrothermal resources. 
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^ ^ Potantial Low to Modarat* 

Known and Potential Hydrothermal Resources 

Status 

National Geotherraal Resource Assessraent Update 

With DOE suppor t , the U.S. Geological Survey (USGS) 
has corapleted a major update of i t s assessraent of U.S. 
geothermal resources . The r e s u l t s were published in 
January 1979 as USGS Circular 790. The update reaff i rms 
the ex i s tence of la rge amounts of energy contained within 
the hydrothermal and geopressured resource bases . 
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This activity parallels active USGS and state parti
cipation in the DOE State-Coupled program. This program 
is directed at assessment of low- and moderate-terapera
ture geothermal resources for direct heat applications. 
This relationship will continue to provide new inforraation 
on low- and moderate-temperature resource areas. 

Industry-Coupled Reservoir Case Study 

The objective of the Industry-Coupled Reservoir Case 
Study is to accelerate confirmation of geothermal reser
voirs with apparent commercial potential for producing 
electricity. The Division of Geothermal Energy (DGE) 
shares exploratory drilling costs with industry in ex
change for publication of reservoir data. In FY 1978, six 
companies participated in the program. Twenty shallow 
thermal gradient holes and four deep exploratory wells 
were drilled in the Roosevelt Hot Springs and the Cove 
Fort-Sulfurdale areas of south central Utah. In FY 1979, 
nine companies participated in the program. The program 
was extended to northern Nevada, where twelve sites are 
being investigated as candidates for exploratory drilling. 

The National Energy Act (1978) provided incentives 
encouraging the development of geotherraal resources, 
including investraent tax credits, expensing of intangible 
drilling costs, and a percentage depletion allowance. 
These incentives will facilitate the financial involvement 
of industry in the exploration for and confirmation of 
high-temperature geothermal reservoirs, thereby minimizing 
further direct participation by DOE. 

State-Coupled Program 

Low- and moderate-teraperature resources for direct 
heat applications are being defined in a prograra that 
involves joint participation by DOE and 30 of the 37 
states identified as having hydrothermal resource poten
tial. In Phase I, analysis of existing geological and 
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geophysical data establishes the probability and distri
bution of these resources. As proraising resources are 
identified. Phase II is initiated to provide a more 
detailed assessraent of target areas with comraercial 
potential. This phase raay include the drilling of deep 
holes to confirm the existence and nature of the 
resources. One such project initiated in the Atlantic 
Coastal Plain region has delineated probable reservoir 
targets as part of the Phase I activity. Phase II 
activities are described in the next section. 

Geothermal resource raaps have been published for 
Oregon, Nevada and Arizona. Maps for Montana are being 
prepared. Maps for several other states participating in 
the State-Coupled program will be published during FY 
1980. 

• Exploratory Drilling for Low- and Moderate-
Temperature Resource Confirmation 

A limited exploratory drilling program has been com
pleted in several regions where there is significant raar
ket potential for hydrotherraal energy for non-electric 
purposes and where there are suspected but unconfirmed 
resources. Examples include the Snake River Plain, the 
Atlantic Coastal Plain, and the Mt. Hood region. An 
expanded User-Coupled Drilling program is under considera
tion. DOE would select a team comprised of a developer 
and a user to undertake a cost-shared project, consisting 
of surface exploration and exploratory drilling, to locate 
and confirm a reservoir suitable for comraercial develop)-
ment near the user. Exploratory drilling activities con
ducted by DOE include the following: 

• A 5500-foot deep test well drilled at Crisfield, 
Maryland recovered 133°F water at a potential 
flow rate of 325 gallons per minute. One addi
tional exploratory well will be drilled in the 
Atlantic Coastal Plain during FY 1980. 

• A well was drilled to a depth of 10,500 feet ih 
the Snake River Plain to explore the possibility 
of locating moderate- to high-temperature fluids. 
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A planned use of the fluids, if located, was to 
provide a source of heat for a chemical processing 
plant at DOE Idaho National Engineering 
Laboratory. The well encountered temperatures of 
300OF, but the volume of fluid found was insuffi
cient to meet plant needs. 

Two deep wells will be drilled in the Mt. Hood, 
Oregon, area in FY 1980. Hydrothermal energy at 
this location raight be useful for district heating 
in the city of Portland and for the space heating 
of facilities on or near Mt. Hood. 

ACTIVITY HYDROTHERMAL RESOURCES LEGEND ^ BEGIN MILESTONE 

SUBACTIVITY RESOURCE DEFINITION " ^ END MILESTONE 

< DECISION MILESTONE 

A COMPLETED TASK 

TASK 

Industry Coupled Reservoir 
Case Study 

State Coupled 
Program 

Exploratory 
Dril l ing (Crisf ield. 
Snake River, Mt. Hood) 

User-Coupled 
Conf irmation Dri l l ing 

TOTAL BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 
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B. Non-Electric Applications 

There is a large potential raarket for geothermal 
energy for industrial processing, agribusiness, and space 
and water heating in both coramercial and residential 
buildings. The objectives of direct applications deraon
stration projects are to provide visible evidence of the 
viability of geotherraal non-electric applications in a 
number of geographical regions and to obtain definitive 
technical and economic data under field operating 
conditions. 

The following map indicates the locations of DOE 
direct heat applications field experiments. 

o industria] Processing 
• District Heating 
o Unit Space Heating 
o Agricuiture/Aquacuiture 

DOE Direct Heat Applications Field Experiments 
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status 

The first solicitation for geothermal direct.-:7use 
field experiments was issued during the summer of 1977. 
Twenty-two proposals were received. Eight were selected 
for subsequent contracts, with the Government's share of 
the cost varying from 46 to 80 percent. A total of $2.1 
million was obligated in FY 1978 for the initial phases of 
these projects, resulting in coraraitraents of $2.9 million 
in FY 1979, and $650 thousand in FY 1980 to coraplete the 
work. 

A second solicitation issued in April 1978 resulted 
in 40 proposals; 14 were selected for initial FY 19.79 
funding of approxiraately $4.9 million. Approxiraately 
$10.0 million will be required in FY 1980 and approxi
mately $7.0 million in FY 1981 to complete this group of 
field experiraents. Governraent cost-sharing araounts to 
approximately 60 percent of the total project cost. 

Of the 22 current projects, the raajority are for 
space heating, while a few are directed at agriculture and 
aquaculture, and 3 involve industrial processing. Al
though raost of these projects are in the western states, 
greater eraphasis will be placed on locating future demon
stration sites in the East as suitable geothermal resour
ces are defined there. 

Milestones for Non-Electric Applications are shown on 
the next page. 
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ACTIVITY HYDROTHERMAL RESOURCES LEGEND ^ BEGIN MILESTONE 

SUBACTIVITY NON-ELECTRIC APPUCATIONS V END MILESTONE 

< ] DECISION MILESTONE 

A COMPLETED TASK 

TASK 

District Hea t ing ' 
Boise, idatio 

District Hea t ing ' 
Klamatti Falls, OR 

Industrial U s e ' 
Holly Sugar, 
Brawley, CA 

Space Heat ing-THS' 
Memorial Hospital 
Mari in, TX 

Direct Heat Use 
Plan 

Industrial Use 
Projects (2) 

TOTAL BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 
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C. Environmental Control 

Environmental, health and safety factors affecting 
geothermal developraent were identified and discussed in 
the Environmental Development Plan (EDP) for Geothermal 
Energy Systems. . Although the use of geotherraal heat 
causes less environmental damage than does the use of raany 
competitive energy sources, there are adverse irapacts. 
Release of hydrogen sulfide (H2S) is a major air quality 
concern and can cause corrosion of sensitive electrical 
coraponents. The withdrawal of fluids from geothermal 
reservoirs may cause land surface subsidence. Additional
ly, seisraic disturbances raay result frora geothermal fluid 
extraction and injection processes. 
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Air 

Some hydrothermal fluids contain dissolved noncon
densible gases such as hydrogen sulfide, amraonia, boric 
acid, and radon. If these are released to the air in 
large quantities, they could produce toxic effects. Fur
ther, hydrogen sulfide has a disagreeable odor which, if 
emitted in large quantities, could be a nuisance. 

Water 

Disposal of those hydrotherraal and geopressured flu
ids which may contain toxic substances is a waste manage
raent problem. Care must be taken to assure that ground 
water quality will not be affected by accidental surface 
spills or leaks in underground pipes. 

Land 

When large quantities of fluid have been extracted 
from the ground, land subsidence may occur. Earthquakes 
may be induced by the injection of water into underground 
fault structures. 

• Health and Safety 

Well blowouts have occurred during geothermal dril
ling activities. Excessive noise can result from the 
drilling of wells during the exploratory and development 
phases and from venting during the testing and operating 
phases. These events require appropriate control technol
ogy and procedures. 
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status 

The Division of Geothermal Energy (DGE) has examined 
each of these major environmental issues and has estab
lished environmental control research programs, as needed. 
Experimental impact definition studies of liquid and solid 
waste disposal and well blowout are underway. 

In addition to environmental control studies, DGE 
sponsors environmental monitoring for each of its major 
field projects in part to support program preparation of 
Environraental Assessments/Impact Stateraents (EA/EIS). To 
further assist with EA/EIS preparation, DGE has developed 
guidelines for environraental reports by contractors. 

In FY 1980, two research activities in control techno
logy will continue. The Subsidence subprograra will devel
op a systera to raonitor subsidence and compaction at depth. 
The Induced Seismicity subprograra will evaluate the poten
tial for earthquake generation from geothermal activities 
and will provide seisraic monitoring in the vicinity of 
geothermal fields under development. 

A hydrogen sulfide removal systera has been success
fully tested at The Geysers Geotherraal Field in 
California. Better than 98 percent reraoval efficiency was 
achieved. The system was developed by the EIC Corporation 
of Boston under a cost-sharing contract between DOE and 
the Pacific Gas and Electric Company (PG&E). The 
Environraental Protection Agency also- participated in the 
tests. 
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ACTIVITY HYDROTHERMAL RESOURCES LEGEND ^ BEGIN MILESTONE 

SUSACTtVtTY ENV.RONMENTAL CONTROL ^ D E a S I O N T E ' s T O N E 

A COMPLETED TASK 

TASK 

Subsidence Pro
gram 

Induced Seismic
ity Program 

H2S UOP Process 

H jS EIC Process 

Solid Waste Disposal 

Fiuid Waste Disposal 
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D. Facilities 

Geotherraal demonstration plants and other facilities 
provide technical and economic operating data, hands-on 
experience for industry, and deraonstration of new tech
niques, equipment, and systeras, all at pilot or coramercial 
scale. These facilities foster wider acceptance and use 
of this alternative energy source. In many areas, indus
try will construct comraercial plants subsequent to suc
cessful demonstrations. The following subsections 
describe DOE hydrothermal experimental facilities. 
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Demonstration Plants 

The thrust of this activity is to design, construct, 
and operate commercial-size geotherraal electric power 
plants based on proven technology. Successful demonstra
tions will stimulate nonfederal development of liquid-
dominated hydrothermal resources for generating electric 
power. 

The plants will deraonstrate that production of elec
tric power can be econoraical, environmentally sound, and 
socially acceptable. Project objectives are to: 

• Demonstrate reservoir perforraance characteristics 
of specific liquid-dominated hydrothermal reser
voirs, 

• Demonstrate the validity of reservoir engineering 
estimates of reservoir productivity (capacity and 
longevity), 

• Demonstrate comraercial-scale energy conversion 
system technologies, 

• Initiate commercial developraent at resource sites 
with great potential, 

• Reduce unnecessary regulatory requirements and 
resolve other legal and institutional irapediraents 
to geotherraal developraent, and 

• Provide the financial community with a basis for 
estimating the risks and benefits associated with 
geothermal investments. 

Each demonstration plant will generate statisti
cally reliable engineering and cost data on reservoir 
performance and on plant construction, operation, and 
raaintenance for up to five years. This in turn will 
demonstrate predictable technical, economic, and 
environraental performance with acceptable risk on a 
comraercial scale. 

For the inforraation derived from the project to be 
useful, federal involvement must not distort the data from 
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normal business practices. Therefore DOE delegates man
ageraent of the demonstration projects to industrial parti
cipants to ensure that the projects provide a realistic 
basis for the private sector to assess commercial feasi
bility. 

Status 

Under a cooperative agreement, both DOE and the com
petitively selected industrial participants will share the 
costs of design, construction, and operation of a 50-MWg 
commercial-scale geothermal flash-steam demonstration 
plant at Valles Caldera, New Mexico. The arrangement 
involves paying back to the Governraent its portion of the 
investment from operating revenues. 

In September 1977, ERDA issued the Geotherraal Deraon
stration Powerplant Program Opportunity Notice (PON-
EG-77-N-03-1717). In July 1978, the DOE Under Secretary 
determined, following presentation of the Source Evalua
tion Board findings, that negotiations for the construc
tion and operation of the 50-MWg comraercial-scale 
geothermal demonstration plant should be initiated with 
Union Oil Corapany of California and the Public Service 
Corapany of New Mexico, under a cost-shared cooperative 
agreement. The proposed site is the Baca Ranch in Valles 
Caldera, New Mexico. 

A letter cooperative agreeraent was executed between 
DOE, Union Oil, and the Public Service Company of New 
Mexico on Septeraber 29, 1978. The final cooperative 
agreeraent was corapleted on August 6, 1979. The final 
Environmental Impact Statement was scheduled for publica
tion in early 1980. The plant should be operational by 
the second quarter of FY 1982. 

An artist's conception of the first 50-MWe demon
stration plant is shown overleaf. 
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50-MWe Hydrothermal Demonstration Plant 

2. Raft River Pilot Plant 

This project is a 5-MWe binary cycle plant that 
uses a Rankine cycle to convert energy from a moderate-
teraperature hydrotherraal resource (300*̂ F) to electric 
power. Plant operating data will supply valuable informa
tion on the geothermal reservoir and plant equipraent, 
operations, and economics for future comraercialization of 
moderate-temperature resources. 
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status 

Plant construction is about 80 percent complete. The 
system is now being fitted with a turbine generator set, 
and additional well tests are being undertaken. This 
plant is expected to be operational by the end of FY 1980. 

Hawaii Geothermal Wellhead Generator 

The objective of this project is to evaluate the 
feasibility of using a wellhead generator to produce base-
load electrical power. The 3-MWe generator will use the 
geothermal fluid frora a well already drilled into the rift 
zone of an active volcano. The design calls for mounting 
of the major power plant coraponents, where econoraically 
feasible, so that they can be moved to other sites if 
threatened by lava flows. The project is expected to lead 
to comraercial applications of wellhead generators in 
remote areas of the western U.S., Hawaii, and other parts 
of the world. 

The construction phase started in the third quarter 
of FY 1979 and will be completed in the fourth quarter of 
FY 1980. The wellhead generator is being installed on a 
geothermal well in the Puna District, Hawaii. 

Construction of this facility is on schedule and 
major equipment has been ordered. The geotherraal well, 
which required recementing in FY 1979, is scheduled to 
begin production in the first quarter of FY 1981. 

4. Geotherraal Loop Experiraental Facility (GLEF) 

This facility, located near Niland, California, was 
established to evaluate the feasibility of flash-steam and 
flash-binary systems in the production of electric power 
from high-temperature/high-salinity resources. The proj
ect is cost-shared on an equal basis with the San Diego 
Gas and Electric Company. 
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The GLEF was constructed in 1975. The f a c i l i t y 
evaluated the f lash-b inary system i n i t i a l l y and was l a t e r 
modified to evaluate a two-stage flash-steam plant with 
redundant f lash t r a i n s . The l a t t e r plant design can 
increase production ef f ic iency from well below 75 percent 
to over 85 percent and s i g n i f i c a n t l y reduce e l e c t r i c i t y 
production c o s t s . 

Studies have produced e f fec t ive p r e - i n j ec t i on f luid 
treatment procedures to el irainate in jec t ion clogging 
problems. Addi t iona l ly , problems of sca l ing and corrosion 
have been solved. The f a c i l i t y completed i t s t e s t i n g 
during FY 1979. The data derived frora the f a c i l i t y have 
prompted Magma Power Company to build a 50-MWe f l a s h -
steara p lan t on t h i s s i t e . This p lan t wi l l be opera t iona l 
by l a t e calendar year 1982 or ea r ly calendar year 1983. 

5. Geotherraal Component Test Facility (GCTF) 

This f a c i l i t y provides raoderate-temperature, low-
s a l i n i t y geotherraal fluid and supporting se rv i ces to 
experiraenters for R&D t e s t i ng of equipment and coraponents 
to be used in geothermal systems. 

The GCTF, located in East Mesa, Ca l i fo rn ia , i s cur 
r e n t l y being used by several i n d u s t r i a l firms and DOE con
t r a c t o r s . I t wi l l be opera t ional u n t i l deraand dirainishes. 
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ACTIVITY HYDROTHERMAL RESOURCES LEGEND ^ BEGIN MILESTONE 
SUBACTIVITY FACILITIES "^ END MILESTONE 

<] DECISION MILESTONE 
A COMPLETED TASK 

TASK 
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Raft River 
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Well Head 
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Geolhermal Loop 
Experimental 
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III. HYDROTHERMAL COMMERCIALIZATION 

The Hydrothermal Commercialization prograra is 
designed to enable industry to maximize utilization of the 
Nation's geothermal resources in an environmentally and 
socially acceptable manner in the near term. 

The major objective of the Hydrotherraal Commercializa
tion program is to accelerate the rate of commercial 
utilization of hydrotherraal resources for electric power 
production and direct heat applications so that geothermal 
energy will make a significant contribution to domestic 
energy production. The developraent of hydrothermal 
resources will lead to the installation of new electric 
generating facilities needed to satisfy regional electric 
power deraands, displacing fossil fuel required for this 
purpose. The Hydrothermal Commercialization program con
sists of two major subprograms: Planning and Analysis and 
Private Sector Development. 

Funding levels of the Hydrothermal Commercialization 
program are presented in Table III-l. 

Table I I M 
Funding Levels for Hydrothennal 
Commercialization Subprograms 

FY 1979 through FY 1981 

HYDROTHERMAL 
COMMERCIALIZATION 

Subprograms 

Planning and Analysis 

Private Sector Development 

Total 

BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 

ACTUAL 
FY 1979 

5,239 

4,410 

9.649 

ESTIMATE 
FY 1980 

5,000 

4,860 

9,860 

ESTIMATE 
nn98i 

5,040 

4,960 

10,000 

INCREASE 
(DECREASE) 

40 

100 

140 
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A. Planning and Analysis 

This facet of the Hydrothermal Commercialization 
program comprises activities that establish program needs, 
priorities, and strategies through analyses of the econom
ics of geothermal energy use, raarket penetration, institu
tional and legal barriers, and federal policies. To this 
end, the Division of Geotherraal Resource Management (DGRM) 
prepares comraercial development plans on site-specific, 
regional, and national levels and monitors progress made 
toward accomplishment of national objectives. 

1. Planning 

Geothermal comraercial developraent plans at the local, 
state, and national levels are forraulated to proraote the 
rapid and efficient development of raajor geothermal pros
pects. State, local, and industrial entities participate 
in developing these plans. 

Status 

The statewide geotherraal developraent planning projects 
and site-specific coramercialization project planning in 15 
Western and 3 Atlantic Coastal Plain states will continue 
through FY 1980. These cost-shared cooperative projects 
are targeted for three-year federal financial support 
followed by state-supported project continuation. Pro
jects in additional states will begin in FY 1981. 

30 



2. National Progress Monitoring 

The Division of Geothermal Resource Management has 
initiated the design and implementation of a national 
geothermal progress raonitoring system as a foundation for 
assessing early indications of success or shortfall in 
commercialization. This will facilitate the adjustment of 
geothermal programs and plans. The system will provide 
periodic reports on status and progress and will maintain 
selected data bases to support progress evaluations. 

The diagram below illustrates the geotherraal progress 
monitoring network. 
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status 

The design of the system will be completed in FY 1980 
and relevant information will be acquired, analyzed, and 
published. The system will report the pace of geotherraal 
coraraercialization and thus measure the irapact of the 
federal geotherraal prograra. 

3. Interagency Coordination and Federal Policy 
Development 

The raajor purpose of this activity is to support the 
Interagency Geothermal Coordinating Council (IGCC) and to 
provide an interagency forum for the review of federal 
policies, regulations, and legislation related to geother
raal matters. This activity also coordinates the IGCC 
annual report to Congress, as required by law. 

Status 

The panels and working groups of the IGCC continu
ously review new regulations, coordinate federal coopera
tive planning, and identify regulatory and legal changes 
and new policy measures that could affect the achievement 
of coraraercialization goals. 

4. Econoraic Evaluation and Barrier Analysis 

In this effort, DGRM conducts econoraic evaluations 
and barrier analyses to "establish the market penetration 
potential for hydrotherraal resources and to support the 
design of optiraura marketing strategies. Further, impacts 
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of laws and regulations at the federal, state, and local 
levels on hydrotherraal resource coraraercialization are 
evaluated and programs to overcome barriers are imple
raented. 

Status 

The market penetration likely in various geographic 
and industrial sector categories under alternative eco
nomic, policy, and technology assumptions will be esti
raated during FY 1980. Also, a cost-benefit analysis of 
the effectiveness of present and proposed federal program 
and policy measures will be conducted. 

An analysis of existing federal, state, and local 
laws and regulations will form the basis for recommenda
tions to enhance coraraercialization, particularly for 
direct heat applications. In FY 1980, basic economic data 
necessary to support DOE analysis and program prioritiza
tion will be generated. 

Milestones for Planning and Analysis are shown on the 
following page. 

33 



ACTIVITY HYDROTHERMAL COMMERCIALIZATION 

SUBACTIVITY PLANNING ANO ANALYSIS 
LEGEND 

A BEGIN MILESTONE . 
V END MILESTONE 
< DECISION MILESTONE 
A COMPLETED TASK 

I CY1979 I CY1980 | CY 1981 | CY 1982 | CY 1983 | CY 1984 | CY 1985 
TASK 

FY 1979 FY 1980 FY 1981 FY 1982 FY 1983 FY 1984 FY 1985 

State and Local 
Planning Support 

National Progress 
Monitoring 

Interagency 
Coordination and 
Federal Policy 
Analysis 

Economic Evalua
tion and Barrier 
Analysis 

Current States 

Complete 
System 
Development 

Complete 
Annual Report 

New States 

Implementation 
I l l l 

Complete 
Annual Report 

^11 1 1 ^ 

Monthly 
Reports 

Ongoing Annual Report to Congress 
and Legislative and Regulatory 
Initiatives 

cost 1 ^ 
Benefit 
Analysis 

• 4 . ^ 
Investment 
Artalysis 

Complete 
Annual Report 

Complete 
Annual Report 

Complete 
Annual Report 

Complete 
Annual Report 

TOTAL BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 5,239 5,000 5,040 

B. Private Sector Development 

This aspect of the Hydrotherraal Coramercialization 
prograra seeks to stimulate private sec-tor dev̂ e.Iopmĵ gX 
through identification of and support for site-specific 
commercial opportunities for direct heat applications. 
Funds are provided for site- and application-specific 
engineering and econoraic studies of large-scale direct 
heat applications performed by the private sector. Sup
port of regional coramunity assistance centers is rendered 
along with technical consultation and information dissemi
nation as part of an information outreach program. 

1. Market Assessraent 

This effort seeks to identify market strategy and 
specific markets suitable for early penetration on a site-
by-site, industry-by-industry, or project-by-project 
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basis. A further goal is to establish the economic compe
titiveness of geothermal energy with alternative fuels on 
a case-specific basis through removal of barriers and 
provision of incentives. 

Status 

During FY 1980, raarket analyses will be perforraed to 
define the market according to particular end-uses, size 
of raarket, location with respect to resource, density of 
users within a geographic area, and engineering feasibil
ity. An analysis of energy supply and demand on a site-
specific basis will be initiated to predict the degree of 
market potential and to identify actions and events which 
would increase market penetration. The potential for mar
ket penetration will be assessed through evaluation of the 
cost of competing energy sources, value of special attri
butes, and effects of alternative fuel availability. 

Environmental, legal, and institutional barriers and 
financing problems related to specific projects will be 
addressed in FY 1980. A marketing strategy which consi
ders these constraints at the state and local levels will 
be developed. Cooperative studies with various industries 
will be completed to determine the market potential of 
geothermal energy. 

Hydrothermal Applications 

The aim of this activity is to stimulate private 
sector interest in development of geothermal direct heat 
applications through direct developer/user participation 
and cost-sharing in feasibility analyses and direct heat 
utilization demonstration projects. 
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status 

The technical/economic studies concerning institu
tional uses, district heating, and industrial use of 
geothermal energy will be completed. Seven to nine addi
tional assessments will be initiated to establish the 
feasibility of specific direct heat applications. A few 
selected industrial-scale site-specific pilot projects 
will be conducted under this prograra. A nuraber of cost-
shared field demonstrations will also be administered 
under the Program Opportunity Notice (PON) prograra. The 
experience gained from these projects will provide actual 
cost data for a variety of applications (see Section Il.B, 
Non-Electric Applications). 

3. Outreach Activities 

This aspect of the private sector development effort 
strives to increase the general level of public and pri
vate understanding, interest, and enthusiasm for using 
geotherraal energy as an alternative to iraported or deplet
able domestic resources. 

Status 

Outreach activities undertaken in FY 1980 will 
include technical consultation with potential industry, 
community, and utility end users and public education 
programs that involve the dissemination of inforraation on 
geothermal applications. When appropriate, DGRM will 
function as a broker between the developer and user to 
facilitate agreements and user commitments for commercial 
development. 
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4. Geothermal Loan Guaranty Prograra 

In order to encourage and assist the private sector 
in accelerating the developraent and utilization of geo
thermal resources, DGRM supports a loan guaranty prograra 
to minimize a lender's financial risk so that credit can 
be made available for the construction and operation of 
geothermal projects, research and developraent projects, 
and field exploration. Further goals of the prograra are 
to encourage norraal borrower-lender relationships and flow 
of credit to the geothermal industry in time without the 
need for loan guaranties, to enhance competition, to 
encourage new entrants into the geothermal raarket, and to 
coramercialize a wide variety of geothermal resource areas 
and utilization projects. 

Status 

The Geothermal Loan Guaranty prograra (GLGP), continu
ing in FY 1980, provides guaranties to lenders on loans 
made for geothermal projects. Lenders perform traditional 
loan servicing functions so that experience is gained with 
each geothermal project. Guaranties are provided for both 
electric and direct heat projects. 

The GLGP presently has guaranteed $43.4 million on 
four loans totalling $64.4 million. Applications are now 
pending for guaranties totaling $87.4 million on loans 
totaling $126.3 raillion. Three projects will provide an 
added 77 MWg to current electricity production, and 
other projects will provide 117 billion Btu/yr for food 
processing. 
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ACTIVITY HYDROTHERMAL COMMERCIALIZATION LEGEND ^ BEGIN MILESTONE 

SUBACTIVITY PRIVATE SECTOR DEVELOPMENT Y ^ ' ^ ^ MILESTONE 
< ] DECISION MILESTONE 
A COMPLETED TASK 

TASK 

Market Assessment 

Hydrothermal 
Appl icat ions 

Outreach 
Activit ies 

Qeothermal Loan 
Guaranty Program 

TOTAL BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 

1 CY1979 1 CY1980 | CY 1981 | CY 1982 | CY 1983 | CY 1984 | C Y 1 9 8 5 | 

FY 1979 1 FY 1980 FY 1981 

0 
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Complete Assessments 
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, ^ Team 
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IV. GEOPRESSURED RESOURCES 

Geopressured resources are high-pressure aquifers 
that contain dissolved raethane gas. Methane is the major 
target of the energy recovery process, although thermal 
and raechanical hydraulic energy may also be obtained from 
the geopressured fluids. Recovery of the latter two 
forms, however, will be contingent on economical recovery 
of methane. 

Geopressured aquifers, 12,000 to 20,000 feet deep, 
occur in the U.S. primarily in two broad zones parallel to 
the Texas/Louisiana coastline. Reservoir modeling and 
mapping of the Gulf States have identified numerous candi
date sites for exploration. Extensive data from thousands 
of deep wells, drilled originally for oil and gas, prove 
the existence of these high-temperature, high-pressure 
zones and identify the geologic conditions under which 
they occur. The resource is estiraated to contain between 
3,000 and 50,000 quads of energy and thus constitutes a 
major U.S. energy target. Geopressured energy utilization 
goals are 2000 megawatts thermal (MW^) and 3 quads per 
year raethane production by the year 2000. 

The objectives of the Geopressured prograra are to 
determine: 

• The magnitude of the resource base, 

• The amount of methane that is technically feas
ible to produce, 

• The probable production lifetimes of the indivi
dual reservoirs, 

• The econoraics of raethane production, 

• The economics of developing the associated thermal 
and raechanical energy, assuming that methane 
recovery is economical, 

and to resolve environraental and institutional issues 
associated with developing the geopressured resource. 

The existing Gulf Coast oil and gas production indus
try is expected to undertake rapid commercial development 
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of geopressured resources, provided that the resource base 
is shown to be sufficiently large and that its energy con
tent can be tapped economically without adverse environ
raental effects. 

The Division of Geotherraal Energy supports resource 
definition and environmental assessment activities at the 
University of Texas, Austin and the Louisiana State 
University, Baton Rouge. 

The program focuses on production tests of wells 
drilled into geopressured reservoirs. The results will 
reveal reservoir characteristics and . the basic drive 
raechanisras that cause fluid and gas production, thereby 
allowing reservoir productivity and longevity to be 
estimated. Because the characteristics of geopressured 
aquifiers vary widely, and because reservoir performance 
under production conditions is a complex phenomenon, a 
substantial number of tests will be required before the 
potential of the total resource can be estimated reliably. 

After the geopressured fluid has been brought to the 
surface, the associated raethane can be recovered with 
existing technology. Although sorae iraproveraents in well 
completion technology and in methods for managing reser
voir production raay be required, the conversion of thermal 
and raechanical energy to electric power (or the direct use 
of the therraal energy) apparently does not present signif
icant technical barriers. Another issue to be considered 
is disposal of the brine, which would be produced in large 
voluraes. The raost practical method appears to be injec
tion into subsurface formations, but the long-term effects 
of such operations have not yet been firmly established. 

The Geopressured prograra is divided into four raajor 
subprograms: Program Coordination, Resource Definition, 
Engineering Applications, and Environmental Control. 

Funding for each of these coraponents is presented in 
Table IV-1. 
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Table IV-l 
Funding Levels for Geopressured Resources Subprograms 

FY 1979 through FY 1981 

GEOPRESSURED RESOURCES 

ACTIVITIES 

Program Coordination 

Resource Definition 

Engineering Applications 

Environmental Control 

Facilities 

Capital Equipment 

Total 

BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 

ACTUAL 
FY 79 

1,192 

24,455 

72 

551 

0 

111 

26,381 

ESTIMATE 
FY 80 

882 

32,329 

839 

1,650 

0 

300 

36,000 

ESTIMATE 
FY 81 

2.200 

31,000 

900 

1,700 

0 

200 

• 36,000 

INCREASE 
(DECREASE) 

1,318 

(1329) 

61 

50 

0 

(100) 

0 

A. Prograra Coordination 

The purpose of this activity is to determine the 
economic, environmental, institutional, and technological 
viability of developing the geopressured resource and to 
provide overall program planning. Policy options and 
technical programs are being assessed in coordination with 
federal, state, and local government agencies, industries, 
utilities, field operators, and public interest groups. 
This coordination of regional planning activities is 
organized through Louisiana State University and the 
University of Texas. 
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status 

Under these projects, resource characterization data 
are currently being gathered. These data will be used to 
identify irapediraents to geopressured resource developraent. 
This information, along with analyses of social and insti
tutional factors that may affect geopressured energy use, 
will help identify irapediments to commercial development 
of these resources. 

In addition, studies focusing on the legal issues sur--
rounding geopressured resource development have been car
ried out by Louisiana State University and the University 
of Texas. 

DGE is also cooperating with the Gas Research Insti
tute in the investigation of the potential for recovery of 
methane frora geopressured resources. 

B. Resource Definition 

The purpose of the Geopressured Resource Definition 
subprograra is to determine location, size, teraperature, 
pressure, methane content and production characteristics 
of geopressured sandstone aquifers along the Texas and 
Louisiana Gulf Coast. This coraplex analysis is based on 
geophysical log data from thousands of existing wells 
(originally drilled for oil and gas), on seisraic surveys 
and core analyses, and on production testing of both new 
and existing wells. 

The location of Gulf Coast geopressured sandstone 
aquifers is shown on the facing page. 
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Area of Study 

Gulf Coast Geopressured Zones 

Status 

Detailed exaraination of geopressured aquifers is con
tinuing in FY 1980. The resulting data allow estimation 
of the resource base and aid in selecting sites for well 
drilling and teting projects. 

Testing of existing wells, originally drilled to 
explore for oil and gas, is a means of obtaining geopres
sured aquifer data at raoderate production rates in tests 
lasting only a few weeks. Tests of existing wells under 
the Wells-of-Opportunity subprogram will help define 
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requirements for developraent of the geopressured energy 
source. The first successful test of a geopressured aqui
fer, conducted in Vermillion Parish, Louisiana in 1977, 
produced raethane-saturated brine. Additional tests in a 
well located in St. Mary's Parish were conducted in FY 
1979. Existing well tests will continue in FY 1980 and FY 
1981. 

Though existing wells are suitable for short-term 
testing, these conventional oil and gas wells are not 
appropriate for long-term tests of fluid production at 
high flow rates. Long-terra tests are needed to define 
properly the production capacities and longevities of 
large geopressured reservoirs, to determine the technical 
and economic aspects of brine disposal, and to define the 
probability of land surface subsidence and other environ
mental effects. 

In 1979, DOE successfully drilled the Pleasant Bayou 
geopressured test well in Brazoria County, Texas, which is 
currently undergoing tests. Tests on this well will 
continue through FY 1981. 

Approximately fifteen new geopressured wells will be 
drilled and tested through 1984 (about three per year) and 
about the same number of existing wells will be subjected 
to short-term tests. 
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ACTIVITY GEOPRESSURED RESOURCES 
SUBACTIVITY RESOURCE DEFINITION 

LEGEND 
A BEGIN MILESTONE 
V E N D MILESTONE 

< DECISION MILESTONE 
A COMPLETED TASK ^ u u i w r u c i c u iMoi\ 

I CY1979 I CY1980 | CY 1981 | CY 1982 | CY 1983 I CY 198̂ 4 | CY 1985 
r-xi «» i *« \ t r \ j Me%oi\ I f V * n o < I C V * e i a ^ CW 4BOO ITV 4BOJt C V 4 a S C TASK 
FY 1978 FY 1980 FY 1981 FY 1982 FY 1983 FY 1984 FY 1985 

Design Wells 
Brazoria Test 
Program 

Sweet Lake 
Test Well 

Pare Perdue 
Test Well 

Additional Design Wells 
Existing Well Tests 

Beulah Simon 

Tenneco Fee 

Additional 
Wells 

1 r 
Initial Test 
Program 

Drill/ 
Complete 

Long-Term Production 
Tests 4 , 

/ H I ' 

Initial Long-Term 
Testing Production 

Tests 
Drill/lAl 4tA-4 
Complete 

i Well 
i j - i * 

A V 

4̂  
inltUI 
Testing 

• Reservoir 
Test Pro
gram 3 Wells/Year 

3-4 Tests/Year 

TOTAL BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 24,455 32.329 31,000 

C. Engineering Applications 

Efforts in this area are directed toward reducing the 
cost of developing and using geopressured resources. The 
program is carried out under the following basic categor
ies: (1) surface technology and resource utilization and 
(2) well drilling and completion. 

Status 

Surface technology and resource utilization activi
ties have been conducted in the areas of methane fuel 
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production, direct heat utilization, and electricity pro
duction. This work includes the conceptual design of 
facilities and preliminary economic analyses related to 
production costs. When the prelirainary results of market 
analyses and well production tests becorae available in FY 
1981, a decision will be raade whether to support experi
raental facilities for electric power generation and direct 
heat applications from geopressured resources. Appropri
ate experiments would be undertaken in FY 1982 and FY 
1983. Methane stripping studies will take place in FY 
1980. 

Well drilling and corapletion technology development 
will focus on problems related to the high temperature, 
pressure, and salinity associated with geothermal wells. 
A program to develop and demonstrate equipment and produc
tion methods suitable to geothermal geopressured resources 
will be carried out in the FY 1980-FY 1982 tirae period. 

The diagrara below conceptualizes a geopressured 
binary-cycle power plant installation. 

Geopressured Binary-Cycle Power Plant 
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ACTIVITY GEOPRESSURED RESOURCES LEGEND ^ BEGIN MILESTONE 
SUBACTIVITY ENGINEERING APPLICATIONS V END MILESTONE 

< DECISION MILESTONE 
A COMPLETED TASK 

TASK 

Direct Heat 
Applications 
Studies 

Electric Power Generation 

Drilling and 
Completion 
Technology 
Development 

Surface Equip
ment Technology 

TOTAL BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 

1 CY1979 1 CY1980 1 CY 1981 | CY 1982 | CY 1983 | CY 1984 |CY1985| 
FY 1979 

J 

Hetl 
trie 
tuc 

ian 
pin 
ies 

e 
S 

72 

FY 1980 

a?9 

FY 1981 

< 

De 
to 

1 

1 

ctsion 
Proceed 
It 1 1 

I 

-.900 

FY 1982 

Design 
- J - 1 

FY 1983 

Construction 
_ 1 A I 1 

7 

1 

— 

FY 1984 

T 

FY 1985 

D. Environmental Control 

The Geopressured prograra also includes support for 
continued research on possible environmental effects of 
sustained high volume production of geopressured brines. 
Land subsidence is the principal concern addressed by 
environmental research. The environmental, implications of 
disposing of geopressured well fluids are also being 
observed through test well monitoring. 

Status 

The Pleasant Bayou Test Well in Brazoria County, Texas 
has been instrumented to measure all environraental para
raeters, including subsidence, micro-seisraicity, and air 
and water quality. Data obtained from the monitoring of 
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the well tests will be used to assess the potential impact 
of geopressured aquifer development. 

The disposal of large volumes of brine by reinjection 
is also under study. The predictive capability of mathe
matical reservoir models will be tested against well 
performance data to confirm their reliability. 

Environmental assessment and monitoring of well sites 
in Texas and Louisiana will be accelerated to keep pace 
with the drilling. Appropriate environmental documenta
tion (Environmental Assessments) will be prepared as 
necessary in connection with well testing activities 
conducted under the Resource Definition subprogram. 

ACTIVITY GEOPRESSURED RESOURCES LEGEND ^ BEGIN MILESTONE 
SUBACTIVITY ENVIRONMENTAL CONTROL V ENO MILESTONE 

< DECISION MILESTONE 
A COMPLETED TASK 

TASK 

Well Monitoring 

TOTAL BUDQET AUTHORITY 
(DOLLARS IN THOUSANDS) 

1 CY1979 1 CY1980 | CY 1981 | CY 1982 | CY 1983 | CY 1984 |CY198S| 
FY 1979 

I 

551 

FY 1980 

• 

" 

1,650 

FY 1981 

1,700 

FY 1982 FY 1983 FY 1984 

T 

FY 1985 1 
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V. GEOTHERMAL TECHNOLOGY DEVELOPMENT 

Geothermal energy can be exploited with technology 
sirailar to that used for oil and gas exploration and 
production. Oil field and water well equipment can be 
used safely and economically for sorae low-teraperature 
geothermal applications, but conditions associated with 
moderate- and high-temperature geothermal resources often 
exceed the design capabilities of existing techniques, 
materials, and equipment. 

The objective of the Geothermal Technology Develop
raent program is to provide iraproved technology in order to 
maximize early geothermal exploitation and to expand the 
econoraically recoverable resource base. Further, industry 
is encouraged to develop and market equipraent and technol
ogy suitable for all geothermal environments. The program 
is divided into two major subprograms: Component Technol
ogy Development and Hot Dry Rock. Funding for Geothermal 
Technology Developraent is shown in Table V-1. 

Tabic V-1 
Ftinding Levels for Geothermal Technology Development Subprograms 

FY 1979 through FY 1981 

GEOTHERMAL 
TECHNOLOGY DEVELOPMEKT 

ACTIVITIES 

Component Technology 
OevelopmenI 

Drlllins & Completion 

Energy Conversion 

Reservoir Stimulation 

Geochemical Engineering 
& Materials. 

Geosciences 

Subtotal Componenl 
Development 

Hot Dry Rock 

Capilal Eoulpmeni 

Toul 

BUDGET AUTHOnrrY 
(DOLLARS IN THOUSANDS) 

ACTUAL 
FY 78 

5,432 

9,344 

4,442 

7,071 

8,477 

34.766 

15.077 

1,479 

51.322 

ESTIMATE 
FYBO 

7,000 

7,100 

3,000 

3,600 

4,200 

24,900 

14.000 

2.100 

41.000 

ESTIMATE 
FY 81 

8,250 

12,800 

4,500 

5,005 

7,835 

38,390 

13.500 

1.110 

53.000 

INCREASE 
(DECREASE) 

1,250 

5,700 

1,500 

1,405 

3,635 

13.490 

(500) 

(9S0) 

12.000 
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A. Component Technology Developraent 

The Component Technology subprograra is organized to 
correspond to the activities associated with discovery and 
exploitation of a geotherraal resource. 

Drilling and well completion technology improvements 
could reduce the cost of geotherraal wells 25 percent by 
1983 and 50 percent by 1986. These technology improve
ments would affect the cost of the projected 10,000 wells 
that raust be drilled in order to bring 25,000 MWg of 
geothermal power on line. 

The Conversion subprograra is developing pumps, heat 
exchangers, and systems for use with moderate-teraperature 
geotherraal fluid for econoraical production of electricity. 

The Reservoir Stimulation subprogram is working on 
ways to increase production frora individual wells, thereby 
reducing the nuraber of wells required to exploit a reser
voir. 

The Geochemical Engineering and Materials subprograra 
addresses the special character of geothermal fluids and 
their interaction with other raaterials. Prograra efforts 
focus on developing materials and methods to combat prob
lems of scaling, corrosion, injection well plugging, and 
materials failure. 

The Geosciences subprograra concentrates on improving 
the technologies for exploration, reservoir engineering, 
logging instrumentation, and log interpretation. 

1. Drilling and Corapletion Technology 

This subprogram supports the development of advanced 
drill bits, downhole motors, drilling fluids, well comple
tion raethods, and advanced drilling systems that could 
reduce the cost of geothermal wells by as much as 25 per
cent by 1983 and 50 percent by 1986. The projected 10,000 
wells that must be drilled in order to achieve the year 
2000 target of 25,000 MWg of geothermal electric power 
capacity would be affected by these economies. 
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In the initial stage, emphasis is placed on improve
ments in drill bits, downhole motors, and drilling fluids. 
Such improveraents are necessary to deraonstrate technology 
to meet the 25 percent cost reduction goal. The second 
stage includes the developraent of a new drilling system 
which would be required in order to achieve the 1986 cost 
reduction goal of 50 percent. 

Status 

An iraproved unsealed geothermal roller cone bit was 
developed and commercialized. This improved bit was 
designed specifically for drilling hot, hard fractured 
rock and was field tested at The Geysers Geothermal Field 
in California. The bits drilled 30 percent longer than 
conventional bits drilling the same formation at similar 
teraperatures. Use of this new bit can save a minimura of 
four percent of the total well costs. 

A successful field test of the downhole replaceable 
chain drill bit, developed by Sandia Laboratories, was con
ducted. This test confirraed the cost benefit of changing 
the cutting surface of the bit downhole. Commercialization 
efforts are presently underway. The figure on the next 
page shows the components of this "continuous chain" drill 
bit. 

A new technique for removing scale from pipe was 
demonstrated. This new cavitating descaling system is a 
critical element in overall geotherraal development, 
because it provides a nondestructive and efficient method 
for cleaning heat exchangers. The basic technology also 
will be applied to removing scale frora geothermal produc
tion and injection wells. 
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^ ^ ^ . 

I I 

Continuous Chain Drill Bit (Prototype II) 

Plans for the development of an advanced drilling 
system were formulated. A workshop including fifty parti
cipants frora industry, universities, and government was 
held to provide recoraraendations on the developraent of 
advanced geothermal•drilling systems. Concepts suggested 
for developraent include high speed motors and bits, per
cussion drilling systems, and jet drilling systems. 

The FY 1980 program is expected to bring about the 
comraercialization of the continuous chain-drill bit, 
advances in the use of raanraade diamond materials for drill 
bits, and the evaluation of candidate technology for 
advanced drilling systems. 
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ACTIVITY GEOTHERMAL TECHNOLOGY DEVELOPMENT 

SUBACTIVITY DRILLING AND COMPLETION TECHNOLOGY 
LEGEND 

A BEGIN MILESTONE 
V END MILESTONE 
< DECISION MILESTONE 
A COMPLETED TASK 

I CY1979 I CY1980 | CY 1981 | CY 1982 | CY 1983 | CY 1984 | CY 1985 
TASK 

FY 1979 FY 1980 FY 1981 FY 1982 FY 1983 FY 1984 FY 1985 

Bit Development 

Advanced Drilling 
Systems 

Completion 
Technology 

Development and Testing 

- T 
Development 

Field Test 
Well-Bore 
Descaling System 

Development Casing 
Design Criteria 

TOTAL BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 5,432 7,000 8,250 

2. Energy Conversion Technology 

Electricity derived from geothermal resources can 
serve a wide range of energy markets. The objective of 
the energy conversion technology program is to reduce 
geotherraal electric generating 
sizes conversion technology 
resources, which have a rauch 
high-teraperature resources but 
sive to exploit. 

costs. The program empha-
for moderate teraperature 
larger resource base than 
are inherently raore expen-

Binary conversion systems, which offer the greatest 
potential for reducing electric power generating costs, 
are a major focus of the program. Conversion technology 
seeks to improve perforraance and reduce costs of heat 
exchangers, which now account for 50 to 70 percent of 
binary plant costs. 

53 



status 

Major accomplishments and plans of the Conversion 
Technology subprogram include the following: 

• The one-MWg helical screw expander, a rugged, 
easily transportable wellhead generator system, 
was refurbished after a successful field test in 
Utah and made available under a cooperative agree
ment to the International Energy Agency (lEA) for 
testing at geothermal fields in Mexico, Italy, and 
New Zealand. 

• A 500-KWe skid-mounted binary power systera 
employing direct contact heat exchangers has been 
installed at East Mesa and has undergone 
preliminary testing. 

• A 100-KWe transportable power systera utilizing 
direct contact heat exchangers has been construc
ted and installed at a test site near El Dorado, 
Arkansas. Two raonths of prelirainary shakedown and 
test runs have been corapleted. This mobile power 
plant is pictured on the next page. 

• The prelirainary des^£n of components for the 
5-MW-e--=̂g-&aAs=i=fcy=,.h.e.ad binary cycle system was 
completed and major components and subsystems were 
ordered for assembly and installation in a test 
well in the Imperial Valley of California. Addi
tional phases of the test program, including dril
ling of a large diameter well and final design, 
construction, and operation, will occur in FY 1980 
through FY 1982. 

• Several raonths of unattended continuous operation 
of the 60-KWe binary plant at Raft River have 
provided new data on the reliability of binary 
systera operation with low-teraperature geothermal 
fluids. 
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100-KWp Mobile Power Plant 

• Joint DOE/Electric Power Research Institute (EPRI)' 
heat exchanger equipment tests have begun at the 
East Mesa geothermal component test facility. 

• A comprehensive source book on the utilization of 
geotherraal energy for electric power production 
will be published in FY 1980. 

Milestones for the Energy Conversion Technology sub
program are shown on the next page. 
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ACTIVITY 
SUBACTIVITY 

GEOTHERMAL TECHNOLOGY DEVELOPMENT 

ENERGY CONVERSION TECHNOLOGY 

LEGEND 
A BEGIN MILESTONE 
7 END MILESTONE 
<] DECISION MILESTONE 
A COMPLETED TASK 

I CY 1979 I CY 1980 | CY 1981 | CY 1982 | CY 1983 j CY 1984 | CY 1985 
TASK 

FY 1979 FY 1980 FY 1981 

Start-Up 
and Testing 

FY 1982 FY 1983 FY 1984 FY 1985 

100 kW Low-Temp
erature System 

Gravity Head 
Binary 

500 MW Direct 
Contact Tests 

50 kWe Binary 

Source Book 

Helical Screw 
Test 

ction Construct: 
I I I 

Preliminary 
Design Completed 

t 
Ckinstructlon & 
Subsystem 
Testing 

Well 
Drillea 

rt Binary'Cycle Optimization Studies 

T 
Publication Testing at 

Roosevelt 
Hot Springs 

Mexico 
Tests 

Italy 
Tests 

Testing 

New Zealand 
Tests 

TOTAL BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 

9,344 7,100 12,800 
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Reservoir Stiraulation 

Stiraulation technology is used to increase fluid pro
ductivity of wells. Methods for stimulating geothermal 
wells include chemical treatment, hydraulic fracturing, 
and explosive fracturing. Geotherraal stimulation methods 
can reduce the number of wells required to exploit a reser
voir, thereby decreasing costs. Because of the high tera
peratures and the geologic conditions found in geothermal 
reservoirs, requirements for geotherraal well stimulation 
technology differ frora those for oil and gas wells. Under 
the -jeothermal well stimulation program, new equipment and 
techniques are being developed to function in the geother
mal :';nvironraent. 

Statu; 

An active geotherraal well stimulation prograra was 
started in FY 1979 with the stimulation of wells at Raft 
River, Idaho. Stimulation resulted in a significant 
increase in production frora one well and no discernable 
change in production from the second. 

New tools and techniques for performing explosive 
stimulation of a well at The Geysers Geothermal Field in 
California have been developed. Newly developed high 
temperature explosives will be used in an attempt to 
increase fracture permeability. Explosive tests will be 
carried out in March 1980. 

The Stimulation subprograra will carry out at least 
four field stiraulation experiraents by the end of FY 80. 
High-temperature equipment will be developed for use in 
the field experiments. The interactions between hot 
geothermal formations and various acids used to dissolve 
calciuMi carbonate and silica in the well bore and 
formation will be evaluated. 

.milestones for this subprogram are shown on the next 
page . 
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ACTIVITY GEOTHERMAL TECHNOLOGY DEVELOPMENT LEGEND S f f ^ ' ^ " l e t l ° . 
SUBACTIVITY RESERVOIR STIMULATION V END MILESTONE 

RESERVOIR STIMULATION <] DECISION MILESTONE 
A COMPLETED TASK 

TASK 

Stimulation 
Experiments 
and Tests 

TOTAL BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 

1 CY1979 1 CY1980 | CY 1981 | CY 1982 | CY 1983 | CY 1984 (CY1985I 

FY 1979 

4,442 

FY 1980 

Ge 
Ex 
Te 

J 

yse 
plo. 
5t 

^1 

r" 
rs 
sive 

FY 1981 

F 
S 
E 

3,000 

eld 
imi 
tpe 

llat 
rim 

Pn . . fe 

on 
ent s 

4,500 

FY 1982 FY 1983 

tejor Tests/Year 

1 1 1 

FY 1984 FY 1985 1 

4. Geochemical Engineering and Materials 

The Geochemical Engineering and Materials subprogram 
seeks technical solutions to problems associated with the 
handling and disposal of geotherraal fluids. The subpro
gram addresses two main areas of interest: scale control 
and materials durability. 

Materials and chemistry considerations are closely 
related to individual resource characteristics. To 
achieve overall economy in materials of construction, 
operation, and maintenance of geothermal systems at a wide 
variety of sites, durable materials resistant to localized 
corrosion and catastrophic failure are required. 
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The objective of fltiiid chemistry activities is to 
increase plant efficiency through improved fluid manage
ment techniques. Fluid disposal procedures and high-tem
perature chemical probes are being developed to control 
waste by-product removal and to optimize the potential for 
beneficial use of these wastes.. A pilot system for 
controlling emission of hydrogen sulfide gas is pictured 
below. 

Hydrogen Sulfide Removal System at The 
Geysers Geothermal Field 

Materials development efforts seek to advance- more 
economical cons true tion mate'rials and to develop elastom
ers/ raetals, and non-metal.lics for use in the geotherma.1 
environment. Major subprograms are developing materials 
for use in logging tools, cable drill bits, and downhole 
pump bearings. Polymer conGrete is being developed to re
place: e'Xpensive stainless steel and titanium for pipes and 
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pressure vessels. Steels that resist localized corrosion 
in well casing, drill pipe, and en.ergy conversion equip--
ment are, under development. 

Status 

Major achievements and plans are described below: 

• An analysis of available raaterials for use in, geo
thermal applications has been completed. The 
work, presented in handbook, form, will aid in the 
design of geothermal electr.ic power plants. The 
handbook is now being updated to include materials 
for geothermal space heating and ind.ustrial pro
cess Systems. 

• Polymer concrete, high-temperature elastomers, and 
casing materials have been developed with 15 to 20 
percent iraprovements in durability and (iorroslon 
resistance for geotherraal environments. Polyraef 
concrete lined pipes were tested at Niland, 
California, and East Mesa, California. 

• The manufactiire of commercial prototype polymer 
concrete pipe and the technology transfer of new 
high-temperature elastomers Were initiated in 
September 1978. Two miles of the pipe and a 
non-destructive evaluation technique: for predic
tion of drill pipe failure will be field' tested in 
FY 1981. 

• An industry cost-shared program to instrument the 
Magma Power Company b i n a r y plant at East Mesa, 
California has .been initiated,- DOE will provide 
instrumentation and data interpretation and will 
gain information on fluid characteristics,. 

• An American Society fbr Testing and Materials Com
mittee (E-4 5) was initiated to standardize mate
rials-related geothermal field test procedures. 

• A series of high-ternperature Well c era ents has been 
developed and is being tested at the National 
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Bureau of Standards as part of an American 
Petroleum Institute Task Group effort for 
geothermal well cement standards development. 

Geotherraal materials work in FY 1981 will eraphasize 
developraent and testing of elastoraers, raetals, and cements 
for geotherraal use that are durable at high teraperatures 
and resistant to localized corrosion, wear, fracture, and 
fatigue failures. Improveraents in these materials are 
essential for the success of downhole pumps, cables, and 
motors, and for greater longevity of surface, well, and 
drilling equipment. 

Efforts will continue to field test and demonstrate 
alternate geothermal materials in non-electric as well as 
electric power systems. 

ACTIVITY 
SUBACTIVITY 

GEOTHERMALTECHNOLOGY DEVELOPMENT 

GEOCHEMICAL ENGlNEERtNG AND MATERIALS 

LEGEND 
A BEGIN MILESTONE 
V END MILESTONE 
< DECISION MILESTONE 

COMPLETED TASK 
I CY1979 I CY1980 | CY 1981 | CY 1982 | CY 1983 | CY 1984 | CY 1985 

TASK FY 197S FY 1980 FY 1981 FY 1982 

I 1 1 I I 
Plant Monitor/ 
Control 
Instrumentation 

FY 1983 FY 1984 FY 1985 

Geochemical 
Engineering 

Materials 
Development 

Alternate 
Materials 
Development 

Sampling 
Analysis 
Handbooks 

Engineering 
Process 
Handbook 

Non-Electric 
Materials 
Handbook 

Electric 
Materials 
Handbook 

• ^ 

^ A 1 I "^ 
Byproduct 
Recovery 

High I I 
Temperature 
Cement 

Installation of 
Polymer Concrete Pipe 

Waste Process Handtiook 

Corrosion-Resistant 
Steels 

Testing of 
Polymer Conc.rete 
Pressure Vessel 

TOTAL BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 

7,071 3,600 5,005 
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Geoscience Technoloqy Development 

The Geosciences subprogram, which is aimed at 
removing technical and economic barriers to geothermal 
developraent, includes activities in exploration technol
ogy, reservoir engineering, logging instrumentation, and 
log interpretation. The objectives of these coraponents 
are detailed below: 

• Exploration technology - to iraprove surface 
exploration equipment and techniques in order to 
reduce the number of dry holes drilled in the 
search for geothermal resources; 

• Reservoir engineering - to predict reservoir 
voluraes and productivity accurately over time; 

• Logging instrumentation. - to develop downhole 
measuring devices that can survive the geothermal 
environment; and 

• Log interpretation - to determine the character
istics of geotherraal reservoirs from borehole 
inforraation. 

Status 

Exploration technology activities seek to overcorae 
key technical problems identified by industry. These acti
vities are undertaken to improve the accuracy of predril
ling reservoir assessments, to reduce the nuraber of dry 
holes drilled, and to reduce the cost of exploration and 
assessraent. This effort seeks solutions to near-terra 
problems as well as developing raethods for finding "hidden 
resources". 

The principal objective of reservoir engineering 
activities is to improve the capability for predicting 
longevity and productivity of reservoirs. This effort is 
systematically addressing improvements in technical areas 
such as well testing, rock and fluid properties, reservoir 
perforraance analysis and prediction, and economics. 
Research in these areas is important since the performance 
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of raost hydrotherraal reservoirs has typically been unpre
dictable due to unknown subsurface conditions. Case his
tories of producing geothermal fields are being prepared 
as a basis for modeling. 

Logging instrumentation activities are aimed at up
grading tool capabilities from the present rating of 
180OC to typical geothermal temperatures up to 275°C. 
Log interpretation activities seek to analyze problems in 
data interpretation caused by significant differences 
between hydrocarbon and geothermal wells. The well log
ging services presently available are often unsuitable for 
the hostile environment of geothermal wells, and data 
essential for reservoir engineering are difficult to 
acquire. Calibration facilities for industrial facilities 
will continue to be provided as part of this effort. Both 
activities work closely with industry in an effort to test 
and evaluate new concepts. 
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ACTIVITY "GEOTHERMAL TECHNOLOGY DEVELOPMENT LEGEND " ocuim miLcaiuiMc 
SUBACTIVITY GEOSCIENCES V END MILESTONE 

< DECISION MILESTONE 
A COMPLETED TASK 

TASK 

Exploration 
Technology 

Reservoir 
Engineering 

. Logging 
Instrumentation 

Log Interpretation 

TOTAL BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 

1 CY1979 1 CY1980 | CY 1981 | CY 1982 | CY 1983 | CY 1984 |CY1985| 
FY 1979 

C 

8,477 

FY 1980 

1 
:ase Studies 

C 
2 

om 
75' 

mei 
Eq 

n 

4,200 

FY 1981 

T-r 

cia 
jipr 
r 

ize 
ner t 

7,835 

FY 1982 FY 1983 FY 1984 

V 

FY 1985 1 
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B. Hot Dry Rock 

The hot dry rock (HDR) geothermal resource is defined 
as the heat stored in rocks that contain little or no 
water. The lack of sufficient water to transport heat 
distinguishes HDR from hydrothermal resources. HDR has an 
extreraely large resource base. 

Energy is extracted from hot dry rock by drilling two 
wells, fracturing the rock between the wells to provide a 
large heat exchange surface, then establishing a circulat
ing fluid loop. Comraercialization will depend on signifi
cant iraprovements and cost reductions in drilling and 
fracturing technology. The hot dry rock geotherraal con
cept is depicted on the following page. 

The Hot Dry Rock subprogram assesses the potential of 
the HDR resource and supports development of new technical 
approaches for extracting energy frora HDR. Although HDR 
research began in 1972, the present HDR program was for
ma iiy~ ins tit ut-ed==a±=Jthe__beg inning of FY 1979 after suc
cessful "operation of a five-megawatt therraal loop at the 
Fenton Hill HDR site in New Mexico in 1978. General pro
gram objectives are (1) to deterraine the potential of the 
HDR resource, (2) to verify that the requisite technology 
for developing the resource exists, and (3) to bring about 
coramercial exploitation of HDR before the end of the cen
tury. A raajor program decision point will occur in FY 
1986, when a review of technical and economic feasibility 
will determine whether the subprogram should be continued. 

Status 

Since initiation of the HDR program, DOE has estab
lished a program office at Los Alamos Scientific Labor
atory (LASL) , prepared a draft HDR Prograra Plan, 
established the National HDR'Prograra Developraent Council, 
and prepared the draft FY 1980 Operating Plan. 

The Fenton Hill project, the largest single prograra 
eleraent at present, is progressing on schedule. The proj
ect is a multi-phase effort. Phase I, which is nearing 
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Pre-Cambrian 
Granitic Rock 

Hot Dry Rock Site Development 
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successful completion, i s an i n i t i a l f e a s i b i l i t y i n v e s t i 
gat ion of LASL's HDR heat ex t rac t ion technique. Phase I I 
involves c rea t ing and t e s t i ng a commercial-scale 20-50 
MWt thermal loop. In add i t i on , one of the Phase I wells 
wi l l be deepened to become a permanent downhole equipraent 
t e s t f a c i l i t y . Dr i l l ing of the new wells for the Phase I I 
loop has begun. As a poss ib le th i rd phase, the Fenton 
Hill s i t e could be developed for e l e c t r i c power genera
t i o n . Although such s i t e developraent i s cu r ren t ly not 
par t of the DOE Fenton Hill p r o j e c t , a local e l e c t r i c 
cooperat ive has shown i n t e r e s t in bui lding a small power 
plant i f the la rge thermal loop proves success fu l . 
Environmental su rve i l l ance a t the Fenton Hil l s i t e 
continues to give evidence of HDR as one of the most 
environmentally benign energy sources . 

Technology development a c t i v i t i e s associa ted with the 
Fenton Hill project have focused on development and t e s t 
ing of high-temperature raaterials, equipraent, and downhole 
instrumentat ion and upgrading of commercial d r i l l i n g 
equipraent. 

In addi t ion to~~the Fe nt o n_H i.l 1 wo rjc^ DOE i s cont inu
ing regional and na t iona l a c t i v i t i e s to assess the HDR 
resource . In FY 1979, DOE cooperated with USGS to de t e r 
raine HDR resource po ten t i a l and conducted geological and 
geophysical s t ud i e s in 34 s t a t e s . S i t e s for de ta i l ed 
resource i nves t i ga t i ons have been se lec ted near Boise, 
Idaho and on the Delmarva Peninsula. In add i t ion , a c a t a 
log of po ten t i a l HDR s i t e s for commercial and i n d u s t r i a l 
developraent i s being prepared. 

In a n t i c i p a t i o n of HDR coramercialization, a prel i ra i 
nary legal study has been published and a two-year indus
t r ial/econoraic study has been i n i t i a t e d . 

In accordance with the prograra objec t ive of proving 
the general a v a i l a b i l i t y of the HDR resources , a second 
HDR s i t e in a d i f f e r e n t geologic s e t t i n g wi l l be se lected 
by the end of FY 1981. Plans for FY 1980 inc lude : 

• Increased acqu i s i t i on of resource po t en t i a l data 
and publ ica t ion of a geotherraal g rad ien t map, 

• Completion of Fenton Hi l l Phase I system exper i 
mentat ion. 
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• C o n s t r u c t i o n of a 20-50 MW therraal loop a t Fenton 
H i l l , and 

• Continuation of instruraentation developraent and 
test ing a c t i v i t i e s . 

ACTIVITY GEOTHERMAL TECHNOLOGY DEVELOPMENT LEGEND ^ BEGIN MILESTONE 
SUBACTIVITY HOT DRY ROCK V END MILESTONE 

^ DECISION MILESTONE 

1 A COMPLETED TASK | 

TASK 

5 MWt Loop 
Experiments 

20-50 MWt Loop 
Development 

Evaluation of 
Prosoectivf i-Sltes 

Industr ial / 
Economic Study 

TOTAL BUDGET AUTHORITY 
(DOLLARS IN THOUSANDS) 

1 CY1979 1 CY19e0 j CY 1981 1 CY 1982 | CY 1983 | CY 1984 ICY 1985! 

FY 1979 

I 

i 

Cc 

15,077 

FY 1980 

nst rue lion 

-

• 

14,000 

FY 1981 

7 

7 

• > 

FY 1982 

Testing 

Sites 

7 

13,500 

FY 1983 

Oper 

FY 1984 

atio n V 

FY 1985 1 
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VI. INTERNATIONAL GEOTHERMAL ENERGY ACTIVITIES 

Geotherraal resource potential has been identified in 
over 20 countries. Existing worldwide installed capacity 
is 1978 MWg, with planned additional capacity of 3641 
MWe-

The United States participates in international geo
thermal energy prograras through raultilateral and bilateral 
agreements with other nations. These agreements, which 
can enhance domestic comraercialization, cover both 
exchanges of information and cooperative research and 
developraent efforts. Information exchange facilitates 
expansion of the geothermal data base and helps ensure 
that experience gained elsewhere is available to U.S. 
developers. 

Status 

In FY 1979, the United States and the Federal Republic 
of Gerraany signed an agreeraent providing for participation 
of German scientists in the Los Alamos Scientific Labora
tory (LASL) HDR program. The Federal Republic of Gerraany 
will fund 25 percent of the Fenton Hill project, up.to a 
maximum of $2.5 raillion per year. The agreement will be 
effective for an initial period of four years. In addi
tion, a cooperative agreeraent under the International 
Energy Agency (lEA) was signed for overseas testing of a 
U.S. raanufactured wellhead generator unit, the helical 
screw expander. Participating countries in this agreeraent 
are Mexico, New Zealand, and Italy. 

The U.S. also has major bilateral agreements with 
four countries. Activities carried under these agreeraents 
are summarized below: 

• The U.S. and Italy have exchanged information on 
drilling techniques and raaterials. Exchange of 
reservoir data has led to initial selection of 
wells for possible stiraulation. Reservoir 
assessment activities have included testing of a 
computer raodel at Lardarello, Italy. In addition, 
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the U.S. has provided environraental raonitoring 
equipraent and cooperated in seisraic studies. 

The first meeting of an executive coordinating 
committee for U.S.-Japan cooperation was held in 
1979. Possible cooperative projects relevant to 
binary conversion systems and the LASL hot dry 
rock prograra were discussed. 

Cooperative investigations between the U.S. and 
Mexico on the geophysical and hydrological charac-

of the Cerro Prieto field continued in 
Bilinguial proceedings of the First 
were published. The Second Syraposiura 
in December 1979. Discussions are 

underway to extend cooperation under the bilateral 
agreeraent to other geothermal areas. 

teristics 
FY 1979. 
Symposium 
was held 

mg 

• A Memorandum of Understanding between the U.S. 
and New Zealand is under negotiation. Areas of 
cooperative study will include drilling and com
pletion, logging instruraentation, chemistry and 
materials, stimulation, reservoir • engineering, 
two-phase flow studies, and brine di~spi5"sal;~ 

Future international activities include the follow-

A conference in Paris to review recent interna
tional geothermal developments. 

Observation of stimulation activities at The 
Geysers by Italian scientists. 

Expansion of U.S./Italian brine technology and 
raaterials testing activities. 

Continued reservoir assessraent and engineering 
activities by the U.S., Italy, and Mexico, 

Continued exchange of drilling and environraental 
information between the U.S. and Italy, 

Continued exchange of information between the 
U.S. and Japan, and 

Continued meetings to review progress of the 
lEA/Manraade Geotherraal Energy Systems (MAGES) 
Irapleraenting Agreeraents. 
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VII. PROGRAM MANAGEMENT 

The geothermal energy programs described in this 
report require about $150 million annually in federal 

[- funds. These funds are expended via several hundred active 
DOE contracts involving projects throughout the U.S. 
Although DOE is designated by the Congress as the lead 
agency for federal geothermal energy programs, several 
other federal agencies have substantial geotherraal respon
sibilities. The Departraent of Interior, for exaraple, has 
custody of raillions of acres of federal land containing 
geothermal resources and is responsible for leasing thera 
as appropriate for coraraerical geothermal development. The 
leasing must be coordinated with DOE reservoir definition 
and technology development prograras if the goals for 
commercial geotherraal development are to be met. 

The manageraent of this multifaceted prograra, from 
long range planning and policy analysis to the testing of 
geothermal wells and the approval of loan guarant"y~appl-i-!--
cations, is itself a complex challenge. DOE's appro'a'ch-to 
this task is to concentrate policy, planning, overall bud
get definition and program defense activities in Washing
ton headquarters, while assigning to DOE Operations 
Offices, National Laboratories and Regional Representa
tives the responsibility for project definition, day-to
day project management in the field, and coordination with 
state and local authorities. 

This chapter discusses the organizational structures 
and their, responsibilities in two sections, the first 
covering DOE headquarters, the other, field organizations. 

A. Headquarters Organization 

The Interagency Geothermal Coordinating Council 
(IGCC) serves as a board of directors for federal geother
mal prograras. This Council, chartered by the Congress 
(P.L. 93-410), is chaired by the DOE Assistant Secretary 
for Resource Applications. About 25 federal agencies are 
represented on the Council at the Assistant Secretary 
level. 
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The IGCC, which meets as a body, four times a year, 
accomplishes much of its work through' a staff committee 
and three panels. The Council reviews agency plans for 
geothermal programs to assure that together they consti
tute a coherent federal geothermal plan, submits a com
bined federal geothermal budget request to the President's 
Office of Management and Budget (OMB), and recommends 
appropriate changes in national policy and legislation. 

In FY 1979, DOE shifted the responsibility for cora
mercialization of hydrothermal resources from the Assis
tant Secretary for Energy Technology (ASET) to the 
Assistant Secretary for Resource Applications (ASRA). 
Most of the DOE geothermal energy programs remained with 
ASET. Early in FY 1980, as part of a major DOE reorgani
zation, the office of ASET was abolished, and all ASET 
geothermal program were assigned to ASRA. Therefore, DOE 
geothermal programs are now conducted under the direction 
of ASRA, with the exception of some basic research conduc
ted by the DOE Office of Energy Research and environraental 
research conducted by the Assistant Secretary for 
Environraent. 

The geotherraal program staff of ASRA is responsible 
for intitiating the geotherraal portions of the DOE annual 
congressional budget request; defending that request and 
the program itself within DOE, the Adrainistration and the 
Congress; developing overall program plans; negotiating 
manageraent agreeraents with DOE field offices and providing 
them with prograra direction and funding; and conducting 
periodic program reviews. 

B. Field Organization 

DOE field offices and some DOE National Laboratories 
have been assigned major responsibility for the coordina
tion and manageraent of substantial parts of the DOE geo
thermal program. The Los Alamos Scientific Laboratory 
(LASL), for example, has been given a lead role in the Hot 
Dry Rock subprogram. The DOE San Francisco Operations 
Office conducts the Geothermal Loan Guaranty program, and 
the Nevada Operations conducts drilling activities under 
the Geopressured Resource Definition subprograra. 

In general, the relationship between each of these 
offices and headquarters is doeuraented in a formal written 
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management agreement. Headquarters provides overall plan
ning guidance and financial and raanpower resources to the 
field offices and laboratories. The field offices and 
laboratories are responsible for project definition, con
tracting and subcontracting, project manageraent, and 
reporting. They are accountable for achieving objectives 
and railestones. 

The major manageraent 
programs are listed below. 

centers for DOE geothermal 

Nevada Operations Office 
Idaho Operations Office 
San Francisco Operations Office 
Chicago Operations Office 
Los Alamos Scientific Laboratory 
Lawrence Berkeley Laboratory 
Idaho National Engineering Laboratory 
Sandia Corporation 

The organizational relationships of Headquarters, a 
typical field office, and project contractors are dis
played below. ••— 

Contractor fi. 

OOE Assisiant Secretary 
tor Resouree 
Applications 

Geothermal 
Prooram StatI 

DOE Operations Ottice 

Geothermal 
Protect Stall 

Contractor B 

Intsragency 
Qeoinermal 
Coordinatlne 

Council 

Suppon 
Stalt 

Contractor C 

Program Management Organization 
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ABSTRACT 

Sighinolfi, G.P. and Santos, A.M., 1976. Geochemistry of gold in Archean granulite facies 
terrains. Chem. GeoL, 17: 113—123. 

Gold distribution in Archean—Precambrian granulite facies terrains from Bahia state, 
Brazil, is investigated by means of flameless A.A. spectroscopy. The average Au content 
(or 105 samples is 1.51 ppb, which is appreciably lower than normal values for intermedi-
ite-mafic igneous and sedimentary rocks. Gold distribution is discussed in terms of the 
possible effects of high-grade metamorphism and the composition of the initial material. 
Compositional patterns suggest that metamorphism had little influence on primary Au 
distribution. Alternatively, if Au was mobilized in the fluids generated by dehydration re-
Ktlons, most of it would have been reprecipitated not far from the starting point. Acid-
intermediate igneous and non-mature sediments predominate within the initial material 
of the Archean granulites. 

" 1 

lOTRODUCTION 

The purpose of the present paper is essentially two-fold: firstly to present 
data on Au distribution in high-grade metamorphic terrains, and in this con
nection to propose some tentative interpretations regarding the behaviour of 
Au during metamorphism; secondly, to shed new light on the question of the 
nature of the Archean material which, normally in the form of high-grade 
metamorphic rocks, is found to constitute the ancient necleii in shield areas. 
Light may thus be shed on the evolutionary processes of the primitive earth's 
crust, which are stUl a matter for conjecture. 

Current findings support two main hypotheses regarding the behaviour of 
Au during regional metamorphism. The first, on account of the frequent asso
ciation of Au-ore quartz veins with greenschist-facies metamorphic rocks, en-
•̂isages a certain mobility of Au during metamorphism. Some differences ob-

senred in the Au content of rocks of different metamorphic grade 
(Moiseyenko and Neronskiy, 1968; Moiseyenko et al., 1971) are seen as con
firming this view. According to the second hypothesis, Au is inert during 
regional metamorphism and the content, even in high-grade metamorphic 
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Bahltf state", ffi^ll-

NOT EŜ  Olvl' THE: GEJifES^i- ̂ Ei(5£<?<^ AKD PETRGiXMST 

Ther saiS^Ws e'.eiB^ ff6m diififefent aress froni central-eastsra Bahia^ Data 
dri' th'e' geineiSit gedld^' ato'd' p'etetS'lWgy of' sorae of tlie areas bave alretdy beei 
reporfed (F\jjinJd^y I-96'8;: ?e"dr"ei*a et aL, 1969; Si^inoLS and Fujimori, 
197"2̂ ;- Bafbdsay i973)'. In. east«6H; Bahia the oldest basement fotmations caa-
sifft of- ^afiuH^ M^e§ ftScksf uWaffected or only slightly affected by letro-
^acle' laetSfffidrpttiSfffi <5*' ̂ fffi^izatiori that appear as superimposed pro
cesses dri the saiiie' fdi*sa:4iidn» tdveards W Bahia, The granulite terrcdns extend 
widel^' ifi a N ^ difigGtidrf arfd h&ve recently been interpreted by Fyfe and • 
Leonardos (i-914) Ss S-GhSrlSd<Skiter belt (Atlantic belt) of a low-pressure type 
that" cdfitiM^ in the Afnc&i' Cdflgd and Angola. Radiometric, data (Cordani, 
1-973) oil grariulites" ̂ ve Sfes Vai?ying from about 2,600 to 1,000 m.y. •with a 
niaximu'm age frigquericy M abdut 2,000 m.y., coinciding with the Trans-Ama-
zonian eveiit. These & ^ ar^ assumed to date different episodes of gianiilite 
facies metSmdrpKisiS that have occurred in succession, after short periods— 
of retfdp'ldStidii iiiidef affiphibdlite facies conditions (Fyfe and Leonardos, 
1974), Sirice true--age pattern's v/€re obscured by metamorphism, the initial 
niaterial for gifariiililes mSy bg aceepted as being of Archean age. 

• .The great cdriipositidnSl arid structural complexity renders any identifica
tion df the nature of the pre--riSetamorphic material very difficult. Indications 
exist that meta-sediments at least predominate (Fujimori, 1968; Sighinolfi,. 
1970); rieveftfieless gedcheffiieal studies.(Sighinolfi, 1971) revealed some 
typical niagiiiatiG featiifes. Mineralogically, most of the granulites consist of 
orthdpyfdxene, Gliridpyrdxerie, plagioclase and perthites. Less common are 
the pafageiieses with fidiiibiende arid/or biotite and with only one pyroxene. 
Most df the samples eonsidefed in this work are typical granulites with char-
nockife affinities* fietails oil pa?flgeneses different from those reported above 
are given iri Table L 

ANALYTiGAL N'Qf i i ' 

Gold was deteiriflifled by a flameless A.A, procedure previously described 
by Sighinolfi afld B§a\t5s (1975), Gold was extracted from HBr solution as 
brdriaoaufate with ffiethyl isobUtyl ketone (MIBK). This phase was pipetted 
directly into the paphite tube df the Perkin-Elmer graphite furnace model 
HGA-2000 GoUpled with a ifiodel 403 spectrophotometer. Analytical sensitiv
ity is aboiit 0.6=K)i8 ppb Au fdt a 1-g sample. Two-gram samples were used 
for'analysis. Experimental eflfdf Varied between 10 and 50% depending on the 
absolute Au Gdfideftlifatjiafti 

ANALYTICAL RESULTS 
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acted from HBr solution as 
JK). This phase was pipetted 
i«ar graphite furnace model 
a©tometer. Analytical sensitiv-
'wo-gtam samples were used 
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ANALYTICAL RESULTS 

Table I reports the results of the analysis of 105 granulite samples indi
cating also the respective areas of provenance. More than 97% of the samples 
present Au abundances below 5 ppb, i.e. in the normal range for the majority 
of igneous and sedimentary rocks. Gold levels are as follows: lower than 0.4 
ppb (the determination limit) — 27 samples (25.7%); 0.4—3.5 ppb (normal 
abundances for igneous rocks) — 72 samples (68.6%); above 3.5 ppb — 6 sam
ples (5.7%). The average Au content is 1.51 ppb if the Au content of the 0.4 
ppb samples is taken as 0.2 ppb, dropping to 1.46 ppb if the Au content of 
these samples is taken as zero. Thus the average Au content for the whole 
terrain is of the same order as that of acid igneous rocks (see Table II) but is 
appreciably lower (more than 40%) than averages for most other rock types. 
This is worthy of note, since pubhshed (Sighinolfi, 1970; Sighinolfi and 
Fujimori, 1972) and unpublished chemical data on granuhtes from the areas..;. . 
considered show that "intermediate" types predominate over the acid typ^J:" 

No significant differences in the area distribution of Au are obseived; this" 
may be due to the disproportion in the number of samples analyzed from the 
various areas and to the spread of values observed •within a single area. More
over, no overall relationships between Au abundance and mineral rock compo
sition are^apparent, although Au is fretjuentiy concentiated in homblende-
and biotrbe-bearing samples. 

GOLD DISTRIBUTION AND HIG&GRADE METAMORPHISM . 

The fact "that Au levels in the majority of the metamorphie rocks are of 
thesame order as "those in common igneous and sedimentary rocks (see 
Tahle H) sxiggests that Au must be relatively inert during regional metamor
phism. Nevertheless, as reported in the introduction, results of some studies 
(Moiseyenko et al., 1971; Petrov et al., 1972) indicate that Au is mobile both 
during regi onal and contact metamorphism. 

The study of epithermal Au deposits suggests that hydrothermal solutions, 
not necessarily of igneous origin, appear to have been active in the transport 

-of An. Bolii ifliermod5Tiamic and experimei lal studies show that Au solubil
ity K appreciable bolh in alkah chloride and alkaline bisvilphide systems. In 
alkah chloride solutions the solubihty of Au as AuQj ox AuCU increases with 
B d molaMty and temperature {Anderson and Bumham:, 1964; Henley, 1972). 
A t h i ^ temperatures moleculaT solutions with gold-chloride complexes are 
stable ((Senley, 1973). Henley (1973) calculates the Au content of hydrother
mal sohitions derived from metamorphic dehydration reactions in the P—T 
range ofthe greenschist-amphibohte facies transition that have leached out aU 
the tracse An in the country rock. The figure found (max. 0.1 ppm Au) indi-
Giies that these solutions are strongly nnsaturated in relation to the experi-
mentaOy-t'etennined eqiriiibrium sohibihties at temperatures above 350—400°. 
T3sm inetamoiphism itrvolvuig dehydration reactions can result in An redistri-

* ( 
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TABLE I 

Gold content in granulite terraiiu.-

Sample Details on 
mineralogy 

Itabuna—IlheQs area (SE Bahia)r 
n 
n 
n 
n 
n 
n 
n 
n 
II 
D 
n 
n 
n 
n 
n 
n 
n 
0 
II 
n 
n 
II 
D 
II 
E 
II 
n 
n 
n 
n 
n 
u 
n 
n 
n 
n 
n 
n 
n 
n 
n 
n 
n 
n 
n 
n 

1 
6 
7 
8 
9 
10 
12 
14 
17 
18 
19 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
36 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
50 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 

garnet 
biotite-hornblende 

biotit^-hornblende-
biotite—hornblende-
anorthosite 
anorthosite-" 

biotite-hornblende-

garnet-

biotiter-homblende 

biotite-hornblende 
biotite—hornblende-
biotite—hornblende^-
amphibolite-
biotite—hornblende.! 
biotite—hornblende -
biotite-hornblende 

garnet 

biotite-hornblende -
biotite—hornblender. 
biotite—hornblende-

biotite—hornblende. 

garnet 

Au 
.(ppb) 

<0.4 
<0.4 

0.8 
2.0 
0.9 
2.8 
1.2 
0.7-

<0.4 
<0.4 
<0.4 
<0.4 

3.1 
0.8 

<0.4 
1.6 
1.3 
0.9 
L3 
4.2 
1.6 
0.7 
0.5 

<0.4 
1.8 
2.0 
2.0 

<0.4 
1.9 
0.6 
0.8 
2.2 
2.0 
0.4 

<0.4 
<0.4 

0.6 
0.5 
2.9 
0.5 
0.6 
1.0 
1.5 
1.4 

<0.4 
8.1 

^ I 

j , \ BLE I (continued^^ 

.•iimple 

n 64: 
n 66-
D er 
0 68-
D 70 
D 7L 
n 72: 
n 73" 
D 76 
D 7T 
n rs 
ll' 79 
n 82 
11 83 
lu 1. 

Details om 
m i n ^ ^ o ^ 

biatiter-hornbliHidiae 

amphibolite 
biotiter-hornblianfe 

biota ter-homblendiE 
Salvador (E Bahia):. 

UB 2 
UB 8 
UB 10 
UB 16 
P 136 

pyroxenite 

biotite 
Itaberaba-Seabra (central Bahia)::: 

RP 1 
RP I A 
RP 2 
RP 3 
RP 3A 
RP 3B 
RP 4 
RP 5 
RP 6 
RP 7 

hnrnhlwirte • 

biotite—bomblemfe 
Itaheraha-Iacii. (central BuMa^c 

KB 5 
RB 5B 
RB 53 
RB 78 
RB 253 
RB 254 
RB 266 

biotite—hornblaide 
biotite 

'Scnhor do Bonfim (NEBahia): 
CQ 3 
CO 5 

•Vonuque (S Bahia): 
f-̂  13 
t s 35 

gamet gneiss 
biotite gnass 

'<io Pardo (S Bahia): 
\P 1 
NT 13 
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TABLE I (continued) 

Sample Details on 
mineralogy 

Au 
(ppb) 

0 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 

n 
D 
Ita 

64 
66 
67 
68 
70 
71 
72 
73 
76 
77 
78 
79 
82 
83 
1 

biotite-hornblende 

amphibolite 
biotite-hornblende 

biotite-hornblende 

UB 
UB 
UB 
UB 
P 

Salvador (E Bahia): 
2 
8 

10 
16 

136 

-pyroxenite 

biotite 
Itaberaba-Seabra (central Bahia): 

RP 1 
RP IA 
RP 2 
RP 3 
RP 3A hornblende 
RP 3B 
RP 4 
RP 5 
RP 6 
RP 7 

RB 
RB 
RB 
RB 
RB 
RB 
RB 

biotite-hornblende 
Itaberaba-Iacii (central Bahia): 

5 
5B 
53 
78 
253 
254 
266 

biotite-hornblende 
biotite 

Senhor do Bonfim (NEBahia): 
CQ 3 
CO 5 

Nanuque (S Bahia): 
ES 13 gamet gneiss 
^ 35 biotite gneiss 

ifio Pardo (S Bahia): 
NP 1 
NP 13 

0.8 
2.3 
1.4 
L 4 

<0.4 
16.0 

0.5 
0.5 

<0.4 
2.8 

16.2 
<0.4 

1.4 
0.8 

18.4 

<0.4 
<0.4 
<0.4 

0.6 
2.3 

1.0 
1.0 

<0.4 
0.5 
1.0 
0.5 
0.6 
0.9 
2.3 

<0.4 

0.5 
0.5 

<0.4 
<0.4 

1.5 
4.4 
1.7 

1.1 
<0.4 

0.8 
0.9 

1.0 
0.8 
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TABLE I (continued) 

Sample Details on 
mineralogy 

Au 
(ppb) 

NP 14 
NP 15 
Rio Salgado (S Bahia): 

NS 4 
NS 5 
NS 7 
NS 10 
NS 11 
NS 12 
NS 14 

amphibolite 

biotite gneiss 
biotite-hornblende gneiss 

Various localities: 
JP 48 
GH 17 
P 323 
RP 8 
RP 10 
P 127 
P 129 

garnet 

Total average (105 samples) 
Standard deviation 

for 27 samples (25.7%) 
for 72 samples (68.6%) 
for 6 samples (5.7%) 

0.4 
0.5 

0.7 
<0.4 

1.2 
<0.4 

0.4 
0.5 
0.7 

1.0 
1.4 
1.1 
0.8 

<0.4 
3.0 

<0.4 
1.51 
Z87 

<0.4 
0 .4-3.5 

>3.5 

button, at least within individual beds of rocks, and hence in an increased 
dispersion, as pointed out by Moiseyfenko (1965). Since granuhte assemblages 
are essentially determined by dehydration reactions, the low average Au 
content found may be due to Au depletion in migratory hydrothennal. 
fluids possibly occurring not only at granulite facies temperatures but also 
during preceding stages of lower metamorphic grade. Certain factors, for 
example, abnormally high Au levels in some samples and generalized higher 
contents in correspondence of hydrated mineralogical parageneses, seem to 
indicate that Au was redistributed by migration in metamorphic hydrothermal 
fluids. Unfortunately, since such Au enrichments may be ascribed to primary 
features of the premetamorphic (igneous or sedimentary) material, the im
portance of such observations is very limited. 

STARTING MATERIAL FOR THE ARCHEAN GRANULITES 

Identification of the initial material of Archean granulites is hampered by 
two factors: firstly, our knowledge of the real constitution and, above all, the 
growth process of the primitive crust is very limited; secondly, the processes 
involved in granulite-facies metamorphism (anatexis) normally obscure most 

tABteu 

ddid i^tinAanees in ctrnimen tocM type: 

sam 

Bahia gfitnulltes:- t65 
aritl(CaO*M«0 7%y 42 
intermediaite (CaCH-MgO 7—1S%> 51 
marie (CaCKMgO 15%> 8 

Igneous roelfs: 
total inAd 
inlernM«diait« and msRe 
grartite 
rhydlita 
intermediate plutsniw 
mafic plutonic 

oceanic island b<ts;alt«-

Sedimentary racks: 
sandstone artd siitstetse-
shale 
carbonat« 
deep-sea sedimenttf -

Metamorphic roeltg! 
argillite aiild lASXa 
schists 
gneisses 

310 
188 
261 
580 
696 

4 

105 
28 
20 
28 

135 
114 
37 

of the primary features. This d 
metamorphic grade conditions 

In any case, structural and c 
material that formed, the granu 
lure of igneous and sedimentai 
.Au levels are significantly diffe 
11), Au distribution may be of 
material for Archean granuUtes 
^uly affected by metamorphisi 
cannot be classified chemicaUy 
silica sometimes used as parain 
types (Lambert and. Heier,. 196 
Ijecause: (1) acid igneous and < 
* single group; and (2) silica m; 
the average composition of rae 
1969, pp. 227-271)i the sura 
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TABLE II 

Crtid abundances.i^a^common rock types (ppb) 

" ~ 

Bahia granulites: 
Kid(CaO-^Mg0 7%) 
uiiermediate (CaO•^MgO 7 -
Bunc(CaO+Mg015%) 

Igneous rocks: 
total acid 
iotermediate and .maflc 
ptnite 
rhyolite 
intermediate plutonic 
mafic plutonic 
mlcrmediate-inafic .volcanic 
oceanic island basalts 

Sedimentary rocks: 
undstone and siltstone 
thale 
rarbonates 
deep-sea sediments 

Metamorphic rocks: 
argillite and slate 
schists 
gneisses 

......Numberof .. 
^.,... samples 

IDS ' 
42 

15%) 51 
. 8 

• 310 
- ; 188 
.-•••261 
. . . 580 
.-:. 696 

. 4 

105 
.-,; 28 

20 0 
: 28 .̂  

- - .135 
: : . U 4 . .; 

: • 37 

- Ranges 

i l l 

. jO.4-18.2 

-

- .0 .1 -40 
.0 .1-3.5 

-.0.-1-110 
-.0.-3-79 
-0.1-48 
a 2 9 - l . l 

0 .3 -12 
,-.0.66-8.6 • 
, 0 . 8 - 3 . 9 
; 0 .21-17 .3 _ 

p . 3 4 - 1 0 
r 0 .38 -9 
.0.2-22 

. Average 
aU 

.^analyses 

- 1.51 
. 0.57 
. 1.58 
- 0 . 7 3 

- 0.72 
, 2 . 8 
- 1.7 
- 1.5 

3.2 
-4 .8 

3.6 
- 0,50 

3.0 
= 2.5 

2.0 
- 3.4 

1.0 
2.2 

.3 .9 
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of the-prima^-features.-This..does-no.t.pGGur5 as-is^well-knovm, under lower 
metamorphic grade, conditions. 

In any^sasej-struc^ that the Archean 
materia, that;formed tlie-granuU^ in;,Bahia state consisted of a mix-
Utte of.igneous,ai^^edTOenta^,rpcks in-.unknovvn proportions. Since average 
.'Vu.leyelsA?e^gnifiGantly4iffereiit m,the main ignepus rock types (see Table 
'')t.Audistributionrmayj,bB^ot^ in-.investigating the starting 
niaterid,fojvArchean;gr2mtijites,-prow has not been un-
<luly affected by,metarnorphisrn^ of .their cpmplex nature, granulites 

. cannot h«^lassified chemically as iii .the.case of igneotis rocks. The total 
^'lica-.sometime^.used as, parameter to discrirmnate tlifferent granulite rock 
types (I^^i^'^iid".Heier£.|96a^ 1970.) isJargely unsatisfactory, 
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chemically, taking into account their possible starting material. In fact, both Ci 
and Mg are accepted as being inert elements during metamorphism, and the 
sum CaO+MgO increases regularly from acid to mafic igneous and affords 
satisfactory discrimination of the raain sedimentary rock types. Thus granulites 
are divided (rather arbitrarily) intotiiree groups with CaO+MgO < 7, 7—15 
and > 15%, respectively. The first group comprises most of the acid igneous 
rocks (Nockolds, 1954), sandstones and mature sediments (pelagic clays and 
geosyncline shales), the second intermediate igneous and platform shales and 
the third mafic igneous rocks. Graywackes figure mainly in the second group. 
Of the samples of granulites analyzed, the "intermediate" predominates over 
the "acid" type, while mafics are negUgible. Gold distribution in the different 
groups of granulites is represented in Fig.l. In calculating the average Au con
tents in the various groups the > 5-ppb sEimpIes were excluded so as not to 
unduly falsify the real figures. The results obtained (see also Table II) show. 
tiiat the average Au content increases markedly (from 0.57 to 1.58 ppb) 
from acid to intermediate granulites and seems to decrease in mafic granulites 
(0.73 ppb), although the latter value is hardly indicative on account of the 
low number of samples analyzed. The findings of many authors (Gottfiied 
et al., 1972; Tilling et al., 1973; Crocket, 1974) would suggest that Au distribu
tion in granulites as a whole may be regarded as a typical magmatic trend. This 
would at first sight seem to imply that acid-intermediate igneous rocks pre
dominate in the initial material of Archean granulites, in accordance with 
the "tonalite" model recently proposed by Windley (1975). . 
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Fig.l, Variations of gold in granulites as a function of the CaO -t-̂ MgO content (> 3.5-ppb 
Au samples not represented). Dashed iines: partial averages^ 
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The effect that the possible sedimentary component may have had on Au 
tiistribution is hard to evaluate, for Au contents vary widely within a given 
sedimentary rock type, and occur in frequently contrasting pattems. Crocket 
(1974), for example, affirms that conglomerates and sandstones normally tend 
to be richer in Au than other sediments, especially carbonate rock and pelagic 
sediments. On the other hand, Pchelintseva and Fel'dman (1973) found an 
elevated Au content in para-amphibolites formed by metamorphism from 
clay-carbonate beds, while silica-rich meta-sediments had the lowest content. 
In our case, most of the higher Au contents in acid-intermediate granulites 
are quasi-systematically correlated with high MgO/CaO ratios and sometimes 
with elevated TiOj contents. The MgO/CaO ratio in most of the acid-inter
mediate igneous rocks is quite uniform and generally lower than 0.5 
(Wedepohl, 1969). Of the sediments, graywackes and geosyncline shales 
present much higher MgO/CaO ratios (greater than unity). Few Au determina
tions have been carried out in graywackes, but the data available (Boyle, 1961) 
reveal high Au contents probably related to the mafic detrital components. 
Since granulites wdth a high MgO/CaO ratio are not infrequent among the 
samples analyzed, it can be deduced that a sedimentary component of a 
graywacke type may be present, and even abundant, within the starting mate
rial of the Archean granulites. This accounts for the observed Au distribution 
pattems on the one hand, and, on the other, agrees with models for the 
growth of the primitive crust (Engel et al., 1974) according to which sedimen
tation pattems underwent considerable change (from non-mature to mature 
types) from Archean to Proterozoic in concomitance with major chemical 
changes (e.g. of the Na/K ratio) in the main rock types. 

Finally, with reference to the relatively low average content of Au through
out the granulite terrains, it should be pointed out that since the igneous trend 
of Au is undoubtedly a pre-metamorphic feature, metamorphism does not 
seem to have affected Au abundances. The initial Archean material for granu
lites would therefore appear to contain less Au than present-day material. An 
altemative explanation is that Au was partially mobihzed by metamorphism 
irithout the primitive pattems being destroyed. This is feasible only in the 
<̂ ase that Au solubility in the fluids deriving from dehydration reactions is 
^tremely limited (in disagreement with the experimental results discussed 
.above) or if most of the Au present in the leaching fluids was re-deposited 
in loeo or after migration over short distances. 
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GEOCHEMICAL INDICATORS OF SUBSURFACE TEMPERATURE-
PART 1. BASIC ASSUMPTIONS 

By R. 0. FOURNIER, D. E. WHITE, and.A. H. TRUESDELL, 
Menlo Park, Calif. 

Ab.ilrnct.—'Vlii: clicmicnl anrl l.<:i)l<))<ic conipo.silioii!! of liol-.'|iring 
«;ili-r and cas .irî  iifrii lo rstiinalr .sulisiirfatr lnin|icraliirr.':. Tlir La.sir 
.tf̂ îimplions iiilirrcnl in llie rur.lliod.-; are v-rldnm sti|iMlalrd. These 
a^iiinplion.' include. (1) a Icinp'ralnic-depciKlrnl reacliun at depth, (2) 
a fiip\ily of llie .solid plia.sc iiivoln.d in the re,ii:lioii lo permil .'̂ îliiralioii 
of Ihc eonsliliieiil used for (leollierniomclry, (.3) water-rock equilibrium 
al depth, (4) ne.(di(:iblc re-equilibration as llic waler flows to llic 
.•surface, and (.5) no dilution or mixing of hot and eold waler. The firsl 
three a.'suniplions arc probably good for a fe.w reactions Ihal occur in 
in.iny places. Tlic lasl two a.ssuiiiplions probably .irc nol valid for in.iny 
hol-.-iprinp sysiems: informalion obtained is therefore for the shallower 
parls of those systems, or a limiting temperature (generally a minimum) 
is indicated. 

TIic recent' increased inlcrest in goollicriTial cncrg)' lias 
proiTi])tc(l widespread exploralion for tliis resource. As 
expected, tlic areas initially receiving the most attention arc 
those ill whicli fumaroles and hot springs of high Icinpcralurc 
arc found. Tliermal springs arc numerous in llie westerii 
United Stales. Their temperalures range from, a few degrees 
above mean annual lemperalure lo boiling. In general, their 
relative abuiiHahcc decreases with increasing lemperalure. 
From an exploration point of view, tlie critical question !.•:, 
how did a given spring attain its observed temperature? Did 
the warm lemperalure result from waler circulating deeply in a 
region of norinal or slightly above normal geothennal 
gradient; tiiat is, docs the temperaiure of the spring represent 
the highest subsurface lemperature dceji in the syslcm? Or, did 
the water come from a very high lemperalure cnviroiimeiil at 
drptli and cool on ihc way back to the surface? Wc would like 
to use lhe clicmical composilion of the waler tq answer tlicse 
questions. In practice, we have found that springs with Vigh 
rates of discharge arc most suitable for hydrogeochemical 
prospecting, whereas composiiions of springs with low rates of 
discharge are very difficult to inlerprct. 

BASIC ASSUMPTIONS 

There arc many haute a.<v.sumption8 inherent in using 
geocluinical indicalors lo cstiinale subsurface lemperaiures 
(While, 1974). Allltoiigh these assumptions may be valid in 

many places, il is unliliely lhat llicy will be fulfilled 
cvcr)wlicrc. The usual a.ssuiii|)lions arc: 

1. Temperatiire-dependenl reactions oecur al depth. 
2. All consliluenls involved in a temperature-dependent reac

tion are sufficiently abundant (thai is, supply is not a 
limiting factor). 

3. W.ilcr-rock equilibration occurs al the reservoir tempera
ture. 

4. Little or no re-cquilibration or change in composition 
occurs at lower tempernturcs as the water flows from the 
reservoir lo llie surface. 

5. The hot waler coming from deep in the sysiem docs not 
mix with cooler .shallow ground water. 

A Fclicinalic model of a hot-spring system (fig. 1) is useful in 
assessing these a.ssumplions. Crilical elements of the model 
include a heal .source of unspecified nature at the base of the 
system and inlerconncclcd permeability that permits 
eonvcetion to occur. In response to healing, water deep in the 
system decreases in density and is forced up and out of the 
syslcm, as at A, by pressure exerted by eold, dense waler. The 
cold ivalcr moves down and inlo the system al flic margins 
along permeable structures, possibly faulls or joints such as 
B—B'. There arc many alternative possibilities, including 
models in which some or all of the ascending water and gas is 
connate, mciamorphic, or even juvenile in origin. In some 
places the salinity of the deep waicr may be high enough to 
eouiileraet llic effects of lemperature on densily. Allhough 
coniKile and metamorphic water is probably dominant in some 
hot springs (While and others, 1973), isolope data indieale 
lhat most hot-spring water is predominantly meleoric in 
origin. 

If the ma.ximum tcmpcnilure attained by the water at depth 
is higher than the boiling temperaiure appropriate for 
almosphcric conditions, the waler will cool by boiling 
(adiabatically), by conduction, or by a combination of these 
processes aa it moves toward the surface. If, on the other hand, 
the maximum temperature at depth is less than the boiling 
temperature al ntmosphcric condilions, the emerging water, 
such as at A (fig. 1) may have approximately the ma.ximum 
lemperalure at depth or a lower lemperalure, depending on 
whether the rale of upflow of water is very fast or slow. 
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Figure 1.—Schematic model of a hot-spriiig system having a heal source 
of unspecified nature and interconnected permeabilily. 

Solubilities 

Solubilities of minerals generally change as fiinelioiis of 
temperature and water fircssure. Therefore, under .some 
cireuinslanees absolute quantities of dis.solved corislituciils are 
useful imiieatois of subsurface ti'm|ieralure. However, lhe 
dissolving solid |ilia.-f. must he specified and its presence must 
be asstiinid at depth. An exaiiipli- !.•; tin; .silica geolliernioineler, 
which depends on the .solubility of ipiartz roiitrolling aqiii:ous 
silica (Founiier and Kowe, ]9(i6; Malioii, 1966). 

Ill geiii'i'ul, the .solubilities of the coiiiiiion silicates inerea.sc 
with inereaaing temjieraturc and |)ressuri;. As cold suL.-iurface 
waler is healed, it dissolves more and more silicate 
eon.stitueiils, reaehiiig a maximum at the hottest (and 
generally deepest) part of the system. Deposition of silicates 
may llieii occur as the water moves back loward the surface 
and cools, particularly if the cooling is adiabatic. This may 
result ill llie self-scaling of lhe geolheniial sysleni, a.- discui^ed 
by Bodvar.=son (1964), Facca and Tonani (1967), and While, 
Muffler, and Truesdell (1971). 

The common carbonates have relrograde sulubilities 
(Holland, 1967). Other things being constant, minimuin 
solubilities are ultained at the liotte.^l and deepest parts of lhe 
syslcm. Generally "other things" are nol conslant, however. 
Carbonate solubilities are greatly aft'ected by variations in pH 
and partial pn-s.̂ ure of CO2. Unforiunateiy, siilisurfacc pll and 
Pnr\ are nol easily estiinaU'd from the. composition of 
hot-spring water and gas collecied at lhe surface. 

The eoinmon sulfates also have retrograde .solubilities. Like 
the carbonates, tlieir usefuliies.s in geolliermoineliy is 
reslricli'd lu systeins in which the solid phase i.s jiresent at 
depth. One cannot .safely a.s.sunie lhis unless sulfates have been 
found in cullings or cores from holes drilled at the locality in 
question. In'other words, there may be an iiia(le()uati! sujiply 
of the "iiulieator" consliluent in lhe reservoir, ao that the 
solution at dejith is unsaturated with reKjicel to a particular 
jilKLise; fur examjile, CaSO., or HaSOj. 

. Exchange reactions 

Equilibrium constantg for exchange and alteration reactions 
also are temperature dependent. In such reactions the ratios of 
di.ssolved consliluenls change with clianging temperature of 
e(|uilihi'ation. Liolh chemieal and isolopic reactions come 
under this category. F.xain|ilcs are N'a:K ratios of chloride 
.solutions equilibrated wilh alkali feldsjiars (Orville, 196;1: 
Hemley, 1967), Na:K ratios in natural waters (Fllis. 1970: 
While, 196.')), and Na-K-Ca relations in natural waters 
(Fournier and Truesdell, 1973). Again, as in the soliibilit) 
method of geolliermomelry, the idciility of the reaclants and 
products ill the liigli-tcmjierature environment at depth mii.̂ t 
be a.ssumed. If the assuined phases arc not present, the 
geolhemioinclcr yields anomalous results (Fournier and 
Truesdell, 1970, 1973). 

Equilibration at depth 

In order to use a geochemical method of estimating 
subsurface lemperature, one must assume equilibrium or al 
least an ajiproaeli lo equilibrium at depth for a sjiecific 
"indiealor" reaetioii. At low teinperatures, thi.s is a tenuous 
assumption. Metastable conditions also are likely to oecur. 
However, the a.ssumption of attainment of c(|iiililiriuin in a 
liigh-temjieratiire environniciil at dejilli is prohabi}' good for 
many reuclions. This assumption is particularly good where 
the residence time for water in a reser\'oir at a relatively 
uniform temperature is long and there is effeetive mixing or 
huniogeni/.ation of iiilroduci:d water with stored water. 

When an iiieremeiil of water, eheinieally equilibrated at 
de.jitli, finally does enter a channel that allows direct 
nioveinenl back lo the surface, such as A—A in fipire 1, lhe 
lime ot ujiward travel may be very short (minutes or hours) 
comjiared with tin: reaidi-nec lime in the rescr\oir. 
Coii.sequenlly, even ihough the lenijjeraliire of the waler mav 
dceriSLse markedly, litlle chemical reaetioii may occur during 
ujiward flow, and the comjio.-^ition of lhe emerging water mav 
rcfleel lhe conditions jiresent in the deep reservoir. However, 
reser\oirs al diflerent depths and temperatures mav be jiresent 
within a given geothermal .system. Hot spring.s located at C, 
E, and G in figure 1 .show variou.s j)o.s.siliilitics for water 
ri:-equililirating in .shallnw reservoirs, so that some or all of the 
ehemical geothennometers will yield estimated subsurface 
leiiijieralures lower than the maximum lemjjerature deep in 
the systein. 

A re-equilibrated water, such as that emerging at G (fig. I), 
may give a good indication of the salinity of tin- deej> water. 
More eommonly, deeji water entering sh;illiiw reservoirs will 
mix with relatively dilute, sliallow water, .so thai neither the 
temperature nor salinity of lhe deepest reservoir is iiulieated 
by the .sjiring water lhat evenlually emerges at the surface, a.-
al D and F. If the residence times of both the hot- and 
cold-water comjionents are long in the shallow aijuifer and 
mixing is thorough, the CDinjiosition of einer"iin^ .sjiriiii.'water 
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.as ill D. ina\ be indicative of the Ir^injieratnre of thai .shallow 

f riservoir. In ennlr.i.sl, if the residence time in the shallnw 

re.ser\()ir of o n e or both of the mixing waters is short , the 

composit ion of the emerging waler (spring F) m,iy give lillle or 

uo information about thai shallow reser^'oir. Under special 

eireumstanees, however, it nmy be possible to est imate the 

tempi-rature and jirojiortion of lhe hol-waler ronij ionenl o f a 

mixed water such as that emerging at F. This is diseii.spcd 

i-l.sewliere (Fomii icr and Truesdell, 1974). 

Ill the discussion lo this jininl, we have assumed essentially 

no eheniicai reaction in the channels connecting differenl 

reservoirs <ir reser\'oirs with springs. Advanl.ngeoiis condit ions 

that ininiiiiixc reactions wiihin channels are rajiid rates of 

iijiflow, low lemperalure, and noiireaelive wallrock. Where 

eont inned chemical rear.liiins do occur in the channelways 

leading lo the .surface, different geocliemical indicators yield 

differenl apjiarent temperatures, reflecting varj'ing amounts of 

re-cquilibration at intermediate temperatures. 

Enrichment of volatiles 

Tonani (1970) cmjihasizes the relative enrichments in .sjiring 

waters and fumaroles of comparatively volatile componenis , 

particularly N H 3 , B, Hg, C O j , a n d sulfureoin[iounds, that may 

indicate subsurface boiling. He generally assumes that sleam 

separates from deep boiling water aud that it carries other 

volatile const i tuents loward the surface. .At .shallow dcjilh the 

steam condenses and mixes with lhe local ground waler. 

Sjiriiig.s fed by this water are enriched in volatiles relative to 

chloride. 

T o n a n i ' s m o d e l p r o b a b l y works ver)' well for 

vajior-dominated systems, as described by White, Muffler, and 

Truesdell ( 1 9 7 1 ) . l l has yet lo be demonstrated that volatile 

eoiisl i lucnls arc enriched relalive lo chloride in neutral to 

alkaline h o t springs above hot-watcr-dominated sysiems, even 

where boiling lempcralurcs arc altaiiied al dejith. Enrichment 

of volatile consti tuents in spring waler may result from 

Jirocesses o ther than high-tempcraturc boiling. Gases such as 

CO2 and CH4, if sufficiently abundant , may scjiaratc from 

relatively cold water deep underground and escape to the 

.surface. If this gas later encounters shallow ground water , tha t 

ground water may become enriched in volatile consl i luenls . 

RECOMMENDED PROCEDURE 

For est imating subsurface lempcralures we set forth the 

following guidelines despite misgivings that they will be 

interjireted as hard-and-fast rules for always reflecting sub

surface condi t ions. The intent is simjily to suggest slarling 

.-ISSUniptions where lillle information is available aboul hydro-

locic condi t ions. As more informalion is obtained for a 

.sjieeifie area, o lher assumptions may become more reasonable. 

The recommended procedures arc based upon the tempera

ture and rale of flow of the spring water, as outlined below: 

1. Doiling s|'riiig: 

(a) Small rate tif flow: A.ssunie. mosllv conductive eooliii". 

Ajijily ehemical indicators a.ssuming little or no sleam 

hiss. 

(b ) Large rate of flow: Assuine adiabatic cooling. Apply 
chemical indicators assuming inaximum slcam loss. 

2. Sjiring below boiling: 

(a) Small rale of flow: Likely lo have no clear-cut 

inleqircla t ion. May be a water that has never been 

very h o i , a mixed water from sources of different 

leni|icratiires, or a hot water cooled entirely by 

conduct ion . Tr)' geolhcrmomcters that assume con

ductive cooling; indieated temperatures arc likely t o 

lie minima. 

(b) Large rate of flow: Assume no conduclive cooling. 

Test lo sec if geollicrmomelcrs (particularly the 

Na-K-Ca gcolhcrinometcrs (Fournier and Truesdell, 

1973)) suggest chemical ciinilibration at the temper

ature (±2.')°C) of the waler. If a higher temperature is 

indicated, treat as a mixed water aceording to the 

inethod of Founde r and Truesdell (1974). 

Wc have nol sjiecified what large and small rates of flow 

are. Our intent is lo distinguish between waters lhat cool 

hy conduet ion during their ascent and these lhat cilher cool 

mainly by boiling or do nol cool al all. This depends in part on 

the rate of upflow, lhe dcplh of the aquifer supplying the 

water, and whelher a spring is i.solated or is part of a larger 

iijiflowiiig system. For preliminar)- evaliialion, an arbitrary 

cutoff al 200 l/min is suggesicd for a single isolated 

sjiring, and 2 0 l/min for single springs of larger groups. 

CONCLUSIONS 

Chemical analyses of hot-.spring water and gas may be of 

great use in an cxjiloration program for geolhermal cncrg\'. 

Like all cxjiloration methods , a great many assumptions must 

be made in order l o interpret the data. Wc urge that these 

assumptions be kept in mind during the evaluation processes. 

REFERENCES CITED 

Bodvarsson, Gunnar, 1964, Uiilization of geothermal energy for healing 
purposes and combining schemes involving power generation, 
heating, and/or by-products, in Geothermal Energy II: Uniicd 
Nations Conf., New Sources Energy, Rome 1961, Proc, v. 3, p. 
429-436. 

Ellis, A. J.. 1970, O'lanlitativc interpretation of chemical characteristics 
of hydrothermal systems, in United Nation Symposium on Develop
ment and Utili'/.alion of Geothermal Resources, Pisa 1970, v. 2, pt, 
1: Geothermics, Spec, ksuc 2, p. 516-528. 

Facca, Giancarlo, and Tonani, Franco, 1967, The sclf-iscaling geo
thennal field: Bull. Volcanologique, v. 3D, p. 271-273. 

Fournier, R. 0., ,ind Rowe, J. J., 1966, Estimation of underground 
temperatures from the silica content of water from hot springs and 
wcl-steam wells: Am. Jour. Sci., v. 264, p. 685-597. 

Fournier, R. 0., and Truesdell, A. H., 1970, Diemical indicators of 
subsurface temperature applied to hot spring waters of Yellowstone 



262 GEOCHEMICAL INDICATORS OF SUBSURFACE TEMPERATURE-PART 1 

National Park, Wyoming, U.S.A., in United Nations Symposium on phases: Am. Jour. Sci., v. 261, p. 201-237. 
Development and Utili/ution of Gcothcrmul Hcsourcci, I'isa 1970, Tonani, F., 1970, Geocheinical meihods of exploralion for geotherrnal 
V. 2, pt. 1: Geolhermics, Spec, l.ssiu: 2, p. ,S29-535. energy, in Uniicd Nations Symposium on Development and 

• mn A • • 1 M 1/n .1 . f . I . Utilization of Ccullicrm.il Resources, Pisa 1970, v. 2, pl. I: 
1973, An empirical Na-K-La geothermomeler fnr natural walers: ,-, • . o • „ .„„ - . -
r f , n 1- A . on l o r r tnnr OcothcrmiCK, Spcc. Issiit 2, D. 492-515. 
Geochim. cl Cosmochim Acta., V. 37, p. 1255-1270. „ „ . . „ r tnur c r . r j - . i • i-i j • 
t n t A r- I • I • e . r i r . . n . n Whilc, U. L., 1965, baliMc walcrs of .sedimentary rocks, in lluids in 
1974, (icoclicmical indicators of subsurface teinperature—Part 2, , , . , . . n , 

r. ,. .. e . . I f . - r I . . • 1 -.1. subsurface cnvironmtiits—A sympoauim: Am. As.soc. IVIrnlciiiii 
Estimation of temperature and fraction of hot water mixed with „ , . . . , „ .„ _ , , 

11 . l i e << i c 1 i> 1 o •> ni.t ntit GcoIo"i.sts Mem, 4, p. 342—366. cold v/aler:U.S. (.col.Survey Jour. Research, v.2, no.3, p.263-270. ,n->. /•. i • . , - , . . , t- , .• j 1974, GcoclicmLstry applied to the di.scovery, evaluation, and 
Hemley, J. J., 1967. Aqueous Na/K ratios in the system K,0-Na, 0- exploitation of gcoibcrmal energ)- resources, in United Nations 

A1,0, SiO,-H,0 [aks.]: Ccol Soe America, New Orleans 1967, Symposium on Development and Utili-/.alion.of Geolhermal He 
Ann. MtKS., Progiams with Abstracts, p. 94 -95 . sources, Pisa 1970: Geothennics, Spec. Issue 2. (In press.) 

Holland. H. D.. 1967, Gangue minerals in bydrolhcrnul deposils, in While, D. E.. Barnes, Ivan, and O'Neil, James, 1973 Tliermal and 
Barnes, 11. L,cd. , Geoehemisiry of hydrolhennal ore deposits," New mineral waters of nonmeteoric origin, California Coast Ranges: 
York. Holt, Rinehart. and Winston, p. 382-436. Gcol. Soc. America Bull., v. B-i, no. 2. p. 5 i7 -560 . 

Maiion, W. A. J., 1966, Sihca in hot water discharged from drillholesat White, D. E., Muffler, L. J. P., and Truesdell, A. H., 1971, Vapor. 
Wairakei, New Zealand: New Zealand Jour. Sci., v. 9, p. 135—144. dominated hydrothermal systems compared with hot-water fy.s-

Orvillc. P. M.. 1963. Alkali ion exchange between vapor and feldspar tems: Econ. Geology, v. 66, p. 75—97. 


