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Ahstract

Bergur, G, Schott, J. and Guy, Chr., 1588, Behavior of Li, Rb and Ca during baszalt glass and olivine diasolution and
chlorite, smectite and zeulite precipitation from seawater: Experimental fuvestigations and maodelization betwasn
60° and 300°C, Chem. Geol., T1: 207-312. .

This study investigates experimentally the behaviar of i, Bb and Cs durin g the hiydrothermal altaration of & basalt
glass and of forsterite.

The behavior of trace alkalis during the dissolation of 2 basalt gluss mnd forsterite has baan followed betwaen 150°
and 300°C: Rb and Cs are prefereniially leached frovt the glass while Li exhibits a stoichiumetric release with respect
tosilica. On the other hand, incongruent Ioss of Li relativa to 8i during forsierite disaohation raflects a cryatallographic
(site energy) control of the release of trace elaments from vryetalling silicetes, Tha pertitioning of Li, Rb and s
betwaen hydrothermal sobutions and ehlorites, smeetites and zaolites hae been axperimentally invesiigated between
B0 and 2680°C. The alteration phases were synthesized by altering silicate glasses in solutions countainltg the trace

. alkalis, ‘The lower the temparature, the higher the exchange capacity of the minsral or tha lower the ionic hydration
enargy, then the mare the element is incorparated into the sulid phases,

Covmputer eimulations generated with the EQS/8 soltware package and vur sxperimental data on distribubion cosf:
fietents acvount for the behavior of alkali trage elements during the alteration of basalt glasees by spawater at mid-
Dcean ridges.

1. Introduction

Knowledge of the distribution of trace els-
ments between hydrothermal solutions and
secondary silicate minerals is of primary inter-
est in understanding and modeling the large-
scale hydrothermal elteration of the oceanic
erust near mid-ocean ridges. Qur understand-
ing of the chemistry of reacting hydrethermal

0003-2541 /BB /$03.50

systems hae besn considerably advanced by
studies of the present-dny mid-ocean ridge hy-
drothermal systemns (e.g., Edmond et sl., 1979,
Motil, 1983; Staudigel and Hart, 1983; Michard
et al., 1984; Seyfried, 1987). From these and
, meny other studies on hydrothermal ore depo-
sition or geothermal systems, it is clear that

trace elements mre mobilized because of de-

struction of their host silicetes, Simultsne-

& 1984 Elsevier Science Publishers BV,
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ausly, secondary alteration minerals which
form, such as chlorites, smectites, zeolites, ap-
idotes, etc., may incorporate some Or TONE afl
the trace elements just released. Until now, de-
spite much conflicting evidenes, studies de-
voted to modeling hydrothermal alteration have
ignored the incorporation in secondary phases
of the trace elements released during hydro-
thermal alteration, largely because’of lack of
data on the distribution coefficients. It is thus
urgent to obtain such quantitetive data.

Allkaline elaments like Li, Rb and Cs, which
are minocr eonstituenta of both seawater and
rocks and are stable in agueous solutions {ah-
gence of complexation, only ong valence state),
are good candidates to follow the evolution of
hydrothermal systems. Numerous ohservations
of altered oceanic basalts show an important
enrichment of secondary phases in RBb and Cs,
particularly in the case of low-temperature al-
teration {Thompson, 1973; Hart &t al., 1974;
Heinrichs end Thempson, 1876). On the other
hand, therc have been very few experimental
investigations o documnent this problem. Filis
and Mahon (1964, 1967} have observed during
experimental alteration of voleanic rocks at
iemperatures up to §00° C that the concentra-
tion of Rh in solution is controlled by the pre-
cipitation of secondary phases, while I.i and Cs
largely accurnulate in golution, Seyfried et al.
(1984) have investigated exp grimentally Liand
B hehavior during alteration of basalt glass and
diabage by seawater at 150° and 375°C. They
brought to light the role of temmperature on Li
Lehavior it ig leached from the solid at 47600,
but is incorporated in secondary phases at
150°C, These experimenta have shown inter-
eating trends, however, they neither dizlin-
guish the pure diesolution stage [rom the
precipitation of secondary phages, nor do they
permit quantification of the distritmtion of trace
alkalis, ,

The elemental processes which control the
hydrothermal dissolution of glasses have heen
recently characterized by Berger et al. {1087)
in a study limited to the behavior of major ele-

ments and Li. Data on the partition of alk
between silicates and hydrothermal soluti
are available only for micas and feldspars |.
cite and orthoclase (Lagache, 1968, 19
nepheline and albite (Roux, 1971); sanid
muscovite and phlogopits (Volfinger, 1
1974, 1976); alkali feldspars {l.agache and
hatier, 1973; micas and feldspars (Volfinger

Robert, 1#80] ].

Jn the present study we have investigatec
perimentally the behavior of Li, Rb andCe:
ing the hydrothermal alteration of a hasalt
and of forsterite. In dissolution experim
carried out between 150° and 300°C we |
determined the distribulion coefficients o
kalis between hydrothermal solutions and
cate phases repregentative of sea-
alteration from 50° to 260°C. Finally, the t
sured distribution coeflicients have been
with the EQ3/6 computer software packa
simulate the hehavior of alkali elemenia du
the alteration of a basalt glass by seawate:

2. Methoda

Experiments have begn con ducted in orr
characterize the behavier of alkalis durin
hydrothermal dissolution of & hasalt glas
riched in Li, Bb and Cg and of a foroterit
riched in Li. Run times were less than a c
order to aveid the precipitation of seco
phases,

The distribution coetficients of Li, Rha
have been measured hetween hydrotherm
lutions and the silicate phases {chlorites, :
tites, zeolites) which precipitate durin
experimenial alteration of synthetic i
glarsos by seawater-type solutions. The
positions of hoth the reacting schation
glassea have been chosen in order to allc
precipitation of selected aolid phases. The
alkalis were initially contained only i
acueous solution.



2.1, Starting materils

2.1.1. Dissolution experiments

Silicate glaszes were prepared by mixing
knowm amounts of reagent grade hasic oxides,
and aluminosilicates in the case of Rl and Ca.
The powdered mixtures wera melted at 1600°C
in Pt crucibles, cooled and cast into slabs, The
slabe were allowed to resct with a 10—1 M HCI
solution.

A fine-grained cryatalline Li-Se-forsterite
was synihesized at 1550°0 by reaction of a mix-
ture of reagent grade Si0,, Mg0, 8,0, and Li,O
in & Pt erucible, The slectrien] charge deficit re-
suiting from the Li~-Mg substitution wag hal-
anced by an eguivalent Se-Mg substitution [the
golid-solution serics (Li,Sc}810,-Mg,Si0, has
been studied by Ito (1977) ). The cryatallinity
angd the chemical homogeneity of thes e¥nthe-
sized foraterite were observed by X-ray diffrac-
tion (XRD) and electron microprobe analysis,
The aynthetic oryatals were 3-10 M in size
(apecific area was found to be 8000 om? g~
and they were used without preliminary treat-
ment, ‘The runs were conducted in syhthetic
seawater from which Mg®* and S02- wers re-
moved in order to follow the release of Mg in
salution and to avoid precipitation of sulfates
(this solution can be viewed ag s highly reacted
hydrothermel fluid),

2.1.2. Partitioning experiments

Silicate glasses were prepared as described
above (but without trace elkalis} and ground
with an agate mortar and pestie. The 135-360.-
n fraction was separated by dry sieving, In or-
der t0 remove ultrafine particles produced by
grinding, the grains were treated with en ultra-
sonic cleaner in distilled water [Branson® Son-
ifer B-50),

The compositions of hoth solutions and
glasses have been chosen in order to allow the
Precipitation of one of the following eilicates:

Smectites. The glass had 5 hasaltic compaosi-
tion and the starting solution composition was
close to that of seawater. The aolution was pre-

200

pered according to Kester et g]. (1967) for the
90-100°C runs; for the 150-280°C rums, pH ant
Mg™", Ce®™ and 802~ concentrations were
lowered in order to avnid precipitation of an-
hydrite and magnesiurn oxysulfate during heat-
ing [this wae done in the light of Bischoff and
Seyfried's study {1978} T;

Chiprites, For the 150-260°( rune, the start-
ing materials were the same as above; for the
80-100°C rung, the gless was an Al O;-MgO-
rich/8i0,-poor glass and the starting solution
waa distiiled water;

Zeolites. The starting materials were a aodin
silicate glass and a 0.428 4 Na(l aolution. The
initial pH was raissd to 10 by addition of NaOH.

The chemical compositions of the starting
materiels are reported in Tabls I

2.2. Experimental procedure

The dissolution sxperiments ware carried out
in a hvdrothermal apparatus a3 described in
Berger (1987), 2t 200° and 300° ¢t for the hegalt
glaes, and at 160°, 200° and 2607 for forster-
ite. It coneists of a Pt reactor inserted into a
steel Prolebo® pressure vessel, heated by an
electric furnace ang agitated by rocking the en-
tire agsembiage, The initial surface area/solu-
tion volume ratios were 1.5:10-2 and 6-10-4
em™! for the basalt glass at 200° and 300°C,
reapectively, and 5 cm~? in the case of forstar.
ite. For each sxperimeit, three aliquots of the
solution were taken during the run, filtered
through a 0.2-um Millipors® filtey and then
analyzed for both major and trace elements,
Dissolved SiQ, and Al were analyzed spectro-
Photometrieally as silicomolvbdate and by the
Catechol method described in Dourgan (1974),
respactively, Fe, Li, Rb and Cs were analyzed
/by flame spectrophotometry (Perkin-Elmer®
3000 spectrophotometer); Mg and Ca were de-
termined by ion chromatography (Dionex®
20001 lon chromatograph), The pH of the re-
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TABLE I
Chemical eompaosition of the starling materials

(a) Bolids {wt.%}

Run/T [(*C) Bild;  AlD, Fe) Mgd a0 Na, 0 10,0 B:Oy L0 Rb,0 Ca.(} Sy
Mg-smectitef50-260 484 14.6 11.8 [ixy 11.1 7 01 5 - - - -
Ni-ch!nrite,f' 160 -260 48.4 14,5 11.2 B9 11,3 27 a4 (P - - - -
Mg—chlnrite,-"ﬁﬂ— 100 300 16.3 - a3.7 ~ - - 20 - - - -
Na~zﬂﬂlit&f 156-260 B4 23 - - .8 8.5 - 4.0 - - - -
Na-mn_lit&fﬁﬂ—lﬂﬂ 8.2 193 - - - 36.2 - 10 - - - -
{3lasa diszalution 45,5 119 a7 4.5 a9 28 - - .68 255 9.4 -
Forsterite dissclution 445 - .- - 54.2 - - - - 03 - - 169
(b} Balutions (107 m 1+

Run/T ("} ci- HCOS Mat Ma?F (al+ B0 - K+ rH

Mg-smea:titﬂflﬁﬂﬂﬁi} 045 2,33 4GR 40 135 14 2.9 4

Mg-smectite /50- 100 045 2.53 468 £33 10.1 28 49 1R

Ni-chlurite /160-250 548 2.33 468 4§ 1.3 14 28 4

Mg-chlorite/50-100 distilled watar

Na-zeoltite f50-280 424 - 428 - - - - 14

Glasa disepivtion 1 - - - - - - £

Forstorite dissulation  5op 238 465 - 25 - 8.0 4

*Trace alkali concentrations are reported in Table ITI.

acting solution was measured at 95°0 immedi-
ately after sampling. A fourth sample was taken
at the end of the experiments after gquenching
the solution to check that no gilicete phages
precipitated during cooling, Resulis were cor-
rected for increases in solid /solution ratio {up
to 20% ), due to the removal of solution gamples
for analyaes, hy caleulating the mase of dis-
sulved species prior to each sampling and nop-
malizing to the initial volume.

For the synthesis of ench type of secondary
silicate phase, geveral sots of axperiments were
performed under vapor pressure at 60°, 75°,
100°, 150° and 260°C, and during various times
ranging from 4 daya (at 260°C) to 3 months {at
50°C). Tha initial salution/plass mass ratips
were 50 at 160° and 260°C, and hetween 2 and
10at lowsr temperatures. These water/glass
ratios were chosen in order to keep the concen-
tration of trace elements in solution ronghly

constant during the experiments. At 5o° and
75°C the rune were canducted in tight, elosed
polypropylene bottles, wherear at 100°C thay
were carried out in Teflon® reactors. The hot.
tles and reactors were placed in an oven at con-
stant temperature. At 150° and 250°C ths
distribution experiments with smectites and
zoolites wers conducted in the Py reactor. For
the chlorite runs at 150° and 260°C the glasa
alteration was carried out in a nic kei-plated au-
toclave because preliminery rung showsd that
Ni promoted ehlorite formation at the expense
of amectite,

For each type of secondaty silicate and each
chosen reaction temperature we carrted out
several runs with various amounts of trace gl-
kaiis in the starting solution. At ihe end of each
run the concentrations of trace alkalis in golu-
tion were measured in order to cheek if they
have remained constant.



2.3. Solid analysis

After each partitioning run, in order to re-
eover the secondary silicates, the altered glass
grains were suspended in distilled water and
troated with high-energy ultrasonie cleaner.
The glass praing were separated by decanta-
tion. The secondary phases were recovered by
filtration of the svlution, rinsed with distillad
water, drisd at 40°C and identified by XRD.
Then, after a trigcid attack (HF, HNG,,
HCIO,}, the recavered secondary silicates wers
analyzed by flame Bpectrometry for Lj, Rb, Cs,
Na, K, Ca, My, Fe and Al Becauss of the uge of
hydrofuorie acid, 810, content could not be de-
termined, The smal) amaunt of secondary
phases producer during the runs {20-50 mg)
did not allow total chemien] analysis using more
specific methods sueh as microprobe or X-
Muorescence,

2.4, Computer Pragrams

In order to model the behavier of trace alkaiig
during basalt hydrotherma) alteration, bagalt—
seawater interactions have been simulated at
o0° and 260°0 using the EQ3/6 computer code
developed by Wolery (1979, 1882}, E@3 com-
putea the eguilibrium digtribution of species in
the aqueous solution, generates concentrations
and activities of jong and complexes, and cal-
culates the index gf saturation of mineral phases
with respect to the solution. EQ6 caleulates
chemical equilibria and mass transfer in
Aqueous selution-miners] gystems utilizing g
step-wise procsdure involving titration of in-
crementa of solid phases into the golution,
Product phazes may remain in the equilibrium
Bystem (“closed-system" model} or may be re-
moved as formed {“open-system” model), The
caleulations presented here are for 8 “cipsed
system”. The thermodvnamic dats of the min-
erals, agusous species and water are provided
by the supcaIT brogram developed by Helge-
Son et al, {1078, 1981), Relative reaction rates
of the reacting minerals are specified in the cal-

1) |

cialations deseribed ahove by evaluating, at each
stap of reaction PTOgress, an appropriate state-
ment of the dissolution equation Using speci-
fied values of the rate constants,

3. Resylis
3.1, Dissolution

The basalt glass diasolutione lead to the for.
mation of an irideseent ane iragile alterad skin,
Its thickness reaches 50 Hm at 300°C. No crya-
tallized phase has been identifisd within this
skin by XRD ar Bcanning electron microscopy.
Ita chemicg! composition has been detarmined
by microprobe analysis on polished sectiong of
the altered slahs apd s reported in Fig, 1. In the
light of our previong stidy on ths processes
conttrolling the hydrothermal dissolution afha-
3alt glasses {Barger et al,, 1987) and of the e]-
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TABLEII

Kinetics of glass dissolution at 200° and S00°C

Tomper- Time i, Li Eb s Mg Ca pH

ature {hr.)
(") {10~ % mal cm~%}
200 3 s 377 38 28 26 97 45

10 337 114 125 TA 40 52 3.7
i1 80 227 218 133 30 95 4.1

aon 06 458 118 262 147 65 - 46
2 Thd 236 - -E2E 220 147 246 3.8
3.5 BB3 331 628 37T 66 311 89

emental microprabe profiles at the plass—skin
boundary (increass of 8i, decrease of Al, Cs and
Mg), this skin appesrato be n residual hydrated
silicate gel which results from the non-stoichi-
ometric dissclution of the glass. The chemical
analyaes of the solutions (Table I1) reflect the
furmation of the residual gel (non-linsar re-
loase of 8i, initial increase and decreass of e
in snlution, gtc.). The behavior of alkaiis dur-
ing the firat stage of dissolution at 300°C is pre-
sented in Fig. 2a and compared to a
stoichicmetric releage with reapect to silica. Rb
and Ca present a preferential relense {in agree-
ment with the Cs microprofile in the glass near
the glass-skin boundery} while the reiense of
Li appears to be stoichiometric with raspect to
silica, At 200°C the non-stoichiometrie re-
leares of Rb and Ca ar less marked.

"The diszolution of forsterite, as that of basalt
glass, is characterized by a strong preferential
release in solution of cations with respect to sil-
ica. As an example, our experimental results at
280°C are reported in Fig. 2b. It is interesting
to note that Li exhibits a marked incongruency
with reapect to silica, in contrast to its behavior
during glass dissolution. Note also that Li re-
lease ir stoichiometric with respect to Mg’ This

- ¢cation behavior is not due to the precipitation

of secondary silicates: we checked with the EQ3
program that no secondary silicate precipitated
during the runa. From chemical analysis of the
golution it can be deduced that the thickness of

{a) 3=y
aop o 260°C

in
=]

) | tigg, |
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[ s ] ﬁ |
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Fig. 2. . Release of alkalis to eolution during glars dinan-
loiion at 200°C, compared Lo stoichiometric releass with
respect to siliea (doshed ffnes),

b. Hate of diasalution of the Li-forslerite at 200°C, com-
rared with stoichiometric reloass of Li with reapact to 81
(dastred line).

the Li—Mg-leached layer reaches 300 A afier
only 16 hr, of dissolution at 280°C.

3.2, Partitioning

The zeolite runs led to the precipitation of
analeime at 260°C, analcime with small
amounts of Na-phillipsite (A8, T.M. ref. 19-
185) at 160°C, and of a Na-chabrsite-anal-
cime—Na-phiilipeite mixture at 100°, 5= and
50°C. The chlorite runs led to the formation of
a Ni-rich chlorite (17% Ni on the average) at



260° and 150°C, and of poorly cryatallized cli-
nochlore at 100°, 75° and 50°, The smectitys
runs led to the formation of well-cryatallized
saponite at 260°C, and of poorly erystallized
seponite at 150°C, No diffraction patterns were
detected for the phares formed at 100°, 75" and
G0+ C.

The chemical compositions of thess BEcOnd-
ary silicates for both major elements and trace
alkalis are given in Table I together with the
concentrations of trace alkalis in the rescting
golutions, During synthesis of smectites and
chlorites, the small amount of altered phases
which formed did not modify the initial alknli
concentration of the solutions, But in a few zeo-
lite runs the solutions lost up to 60% of their
initial alkali content. For thess nms we took
the final zolution concentrations inta Account,
assurming that the whole alteration phase waa
in equilibrium with the fina! solution.

For ench temperature and each type of solid
phass, when the concentration in the solid of a
given nlkali is plotted va. the concentration in
solution, the representative points fall on a
straight line which passes through the origin.
This correlation reflects equilibrium betwsen
the solution and the secomdary phases, and in-
dicates that the alkali distribution obeys the
Berthelot-Nernst law, As an illuetration, Fig. 3
gives the partitioning of Cs between solution
and zeolites. For sach silicate phase, the distri-
bution coefficient D has been defined as the ppm
concentration of the trace in the solid over that
in the solution. The experimsntal results are
reported in Table IV. Note that the distribution
coefficients in this way defined are not truly
thermodynamic and may take into aceount sev-
eral elementery processes {(adsorption on the
surface, exchangs with the compenseting cat-
lons, substitution within the lattice, ste, ) which
we did not try to separate; we considered that
the global values for D are more representative
of the natural processes that we invegtigated.
Moreover, thess distribution coefficients should
be viewed as more representative of a mingrg]-
vgical structure than of a aingle mineral.

303
4. Discussion

4.1. Behavior of atkalis during basalt 2nss and
forsterite dissolution

In a previous study on the nlteration of a ba-
salt glass by seawater (Berger et al., 1987) we
have shown that dissclution is controlled by
diffusion of dissolved speciez through en s)-
tered layer. Selective removal of eations {Na,
Ca, Mg, F'e), except Li, leads to the formation
of a thick, porous Pratonated surface enriched
in 8i0,. The ssme mechanisms conirol the dig-
solution experiments réported in this siady. We
found again a stoichiometric releage of Li with
respect to silica. This affinity of Li for the glass
network has been alrsady pointed out by Gar-
ofalini and Levine (1985} which evidenced by
molecular dynamics considerations that local-
ized surface re-arrangements vecur after for-
mation of free surfaces, favoring the release of
Na and K but not that of Li.

By contrast, the dissolution experiments of
forsterite illustrate the structural control of
crystalline silicates on the release of trace eln-
ments, During forsterite dissolution, I.i and My,
which oceupy the same strustursl pite, undergo
the same preferential release. Such crystallo-
graphic control of cation release durin g silicate
miners] diseolution has besn alraady demon-
strated by Schott et al. {1981} and Schott and
Berner (1983) for pyroxenes and amphiholes.
They expleined the incongruent losses of Ca in
diopaide and tremolite, Mg in enstatite and Fe
in bronzite, in terms of the lower Madelung
energies of M, sites {and A, 4 2ites in tremolite}
velative to M, sites,

Preferential leaching of alkalis from olivines,
Byroxenes and feldspars due to lattice-strue-
tural control may strongly affect the chemical
composition of hydrothermal solutions in the
case of high water/rock ratios, However, in the
case of low water/rock ratios, this process is-
likely to have little effect because the excess of
aikaiis lost by minerdls will he negligible with
regard to the amount congruently relsased.
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TABLE ITi

Chemical compagition of the secondary phages and alkali
-_

Temperature. Smectites Solutinn
rrec) - —_ -_ . -_— .
Alg0, Fal) MpD Cal} Ii itb Ca Li Eh Ca
(wt.%) {ppm) {ppm}
o 10.9 I0.1 8.1 2l 24 380 695 1} a0 50
10,2 1.3 g2 4.4 1n 475 Tag b Th 75
11.1 11.9 &.6 4.8 & 881 1,323 1 1iH} Lin]
76 115 13.0 I 4.5 407 a8 &l al
111 13.56 6.0 47 410 ane 5 75
I1.0 2.2 .3 5% a0 1,430 Ly 100
104 132 15.4 6.7 4.4 170 Aty a5 25
12.% i4.3 6.8 5.0 440 140 alk a0
13.0 14.7 5.4 4.2 KL - 140 75
160 13.8 120 26.9 al a - - 1.2 - -
12.2 134 16,0 27 02 < 1} = 1} 15 1 1
15.6 128 15.6 28 a2 430 630 &0 a0 i}
9,71 15.4 1648 3.6 275 230 1,581 10} in 100
280 15.2 104 4.2 4.4 3 - - 0.2 - -
120 0.1 198 1.8 3 - - L5 -
i33 894 M1 3.5 27 - - i - -
11,5 10,0 166 2.4 24 <1 - 10 1 -
I2.2 b.0% 17.9 g i 200 =10 40 al 1
144 10,5 14.3 14 80 &0 410 50 10 &M
133 8.52 id.8 1ls 195 a10 T30 10 100 10
Temperaturg, Chlarites Sulwiion
{2} . -—_— -_—
Al Fa) Mg NiD Lj Iib Cs Li 51 Ca
. fwt. 5 ) {ppm) (ppm}
—_— v e -
&Q 1.6 71 15 210 200 10 100 10
11 163 210 ] To To
=2 LT 170 1 &0 50
~ a0 il - Lt 14
Th 13.0 28.4 18D 210 il 100
150 180 Ta Th
70 70 5 &M
=1 = 10 it 10
100 15.4 21 130 180 100 100
80 140 05 TS
gi} 80 Lih] 5y
=10 =10 il i0
150 0.2 11.3 a7 0 r B - - 02 - ~
&3 T8 204 188 15 12 =1n il 10 1
10.8 &7 6.72 281 a7 108 43 100 100 a0
11.8 0.2 anz 18.2 63 206 120 . 70 200 I0a
280 148 13.4 FLUN] 111 3 - - 0.2 - -
Tl 118 13.9 183 4 14 - 10 10 -
11 10.2 6.64 26.2 a0 i05 <10 i1 200 1
g8 14.3 15.2 143 20 43 ar 100 1400 100
10.1 853 110

1.0 43 G2 149 200 200 200

coneeittrations of the reacting anlitiong
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Temparature, Feolites Bolutivn
T { uC}
AlyOy Na,0 Cal Li Rh Ca Li Rh Cy
{wh 5} {pmm) {ppm]
50 17.4 18.2 240 1,304 5,366 g 44 2.6
16.4 210 176 ARd 4.5 18
17.8 20.5 3 236 1,021 0.8 07 0.5
6 172 20.9 1,836 7914 ¥ 4.9
17.6 214 a8k 4,323 4.6 2.6
17.8 20.4 51B 2,062 o0 Le
100 17.8 2.9 1,643 6,061 5 6.8
w2 21.9 T 1,009 2,748 4.2 2R
18.9 22.1 520 1,628 2.0 15
150 40,53 33.10 008 g 183 L4568 1 1 %}
20.8 43,95 0.18 4 a8 244 0.6 0.5 0.5
950 19.81 219 244 48 054 1,912 i B 5
21.868 97,13 1.3 10 362 1,660 5 4 3
2158 21,18 0,26 z 101 427 1 1 0.5

4.2. Distribution coefficients

Because alkali elements are hydrated in so-
lution, the energy associated with the exchange
reaction is the difference between the site en-
ergy of the alkali in the solid phase and ita hy-
dration energy in solution. Hydration energies
of alkalis are well known: according to Latimer
et al. (1939), the free energies of hydration at
25°Cof LiT,Bb* and Ca™ are —479.5, —282.5
and ~ 254 kJ mol—', respectively. As expected,
cur dala show that the smaller the abzolute
value of the free energy of hydration, the more
easily the cation ia incorporated into the aolid
phase {in ather words, ths higher the distribu-
tion coefficient). This inereasing incorporation
of alkalis from Cs te Li into clay structure is in
agreement with trace-element analyses in freah
and altered sea-floor baaalts {Tlig, 1982; Stau-
digel and Hart, 1983].

The varioug site energies in elay minersls are
poarly known, but as inferred by Goldschmidi's
riles and Volfinger and Robert (1980) they are
roughly proportional to the difference A be-

tween the radius of the cavity effectively cceu-
pied in the mineral structure and the radiug of
the trace cation. In other words, the smaller 4,
tho greater the tendency for the cation 1o enter
the structure. Thia hypothesis, which supposes
true substilution in the lattice, cannot be ap-
plied to most of our experiments because Rb and
Cs ure too large to he substituted for Mg in the
octahedral sites of chlorites and smectites
{ro,=1.82 A, rg,=1.68 A and rog =097 A}
or for Na in the zeolites {ro o= 1.10 A}, Ob-
viously, in chlorites and smectites Bb and Cs
are located in interlayer positions whereas in
zeolites they accupy vacancies of the latlice (see
Passaglia, 1978). In support of this hypothesis
it ahould be emphasized that for a given cation,
the distribution coefficients for the dilferent
clay structures rank in the sams order as the
exchenge capacities ("'able V). By contrast, Li
which har a smaller ionic radiva {rp;=1.00 .El}
can be loeated either in interlayera or substi-
tuted for Me in zeolites or for Mg and Fa in the
octahedral sites of chlorites and smectites.

A plot of the logarithm of the measured dis-
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Fig. 3. Plot of Ca coneentration in zeolites va. concentra-
tion in solution,

TABIEIV

Dlstribution enefficients of Ll BY and Ca baterean eolutiong and
slieration phases

Mineral Temper- £ ) eieinn, (p0ETL poimet
atura, T
{*C} Li Rb s
Chlorltes &0 1.7 +02 2.0+001 a0Ens
Th 17102 20104
i 14402 175015
160 0.8 0.1 Lip#q.1 1.0& 0,15
260 is+0.10 dx(1 LGS L02
Amectites ai 2.4 10 T5t1 1212
il BAE02 12+13
1o X B 125105
150 23 £03 21106 135125/
260 1.9 a3 [l 1A 20106
Zanlitan lil4] 3 AR k)L ] 2,064 2 ED
: 5 2 Ei6 1,700 %200
100 25510 886 £ 100
1RO AGEQ0E 18014 100 £300
260 3515 114+19 40+ 100

TABLE ¥

Order of magnitude of the exchanga capacily ofsynthesized
minerals

E Reference
{meq, 100 g)
Chloritea 10-15 [i]
Baponite 0-60 1]
Analoime 450 [2}

References: [ ] = Caillére et al. (1982 ]; [2] =Barrer (1978},

tribution coefficient against the reciprocal of
temperature (Arrhenius diagram) is shown in
Fig. 4. Except for smectites at low tempera-
tures, the distribution coefficients of the three

B-
Cs

]

(B
Zealites

-2 260

1-IEU 1IZ!IZI ?IS B0 TRC

é
1T (k™
Fig. 4. Reciprocal temperature ve. loparithmic value of dis-
tribulion coefficient of allealis {Archenius plot} betwean
solution and seeondary pheses.



alkalis decrease with increasing temperature,
For chiorites and zeolites, the linear relation-
ships between log I and 1/7 indicate that the
enthalpies of reactions are constant between
50° and 260° C. In the case of smsctites, the dis-
tribution coefficients increase from 260° to
150°¢, but remain constant at lower tempera-
ture. These latter data may reflect either the
poor crystallinity of these products or sn evo-
lution of the clays towards an interstratifisd
chlorite-smectite structure. .

The effect of temperature on the distribution
coefficients is the apposite of that generally ob-
served when frus substitution occurs within the
solid lattice, For example, in the temperature
range 400- 800° C, Volfinger (1976) has shown
that the affinity of Na, Rb and Cs for sanidine,
muscovite and phlogopite incresses with in-
creasing temperatures, The temperaturs con-
trol of alkali distribution as evidenced in our
experiments confirms that our data reflect,
rather then a true substitution, an exchange re-
aection with the compensating cations of the
minerais. Mereover, one understands that the
exchange capacity of the solids increages with
decreasing temperature hecause the poorly
erystallized solid phases synthesized to low
temperatures offer more crystallochemical de-
fects and vacancies, and because adsorption of
cations is facilitated by a decrease of thermal
agitation. It is likely that the distribution of
trace alkalis during the alteration of basalt glass
by seawater at mid-ocean ridges is controlled by
the same mechanisms, Indeed, recent obsarva-
tions show that the alteration of the oceanic
erust at high temperature (350°C) released aj-
kalis in solution, whereas at lower temparature
these elements are incorporated in altered
phages (Edmond et al., 1978; Saunders =t al.,
1978; Seyfried st al,, 1984; Stoffyn-Egly and
MacKenzie, 1984),

5, Simulation of the behavior of Li, Rb
and Cs during the alteration of a basalt
glass by seawater

Theses simulations have been generated at 50°

07

and 260° C using our experimental data and the
EQ3/6 computer software package.

The hesalt glass has a tholeiitic composition
and its alkali content is 7 ppm for Li, 3 PP for
Kb and 0.05 ppm for Cs. The starting solution
is standard seawater which contained 0.18 ppm
of Li, (.12 ppm of Rb and 0.0004 ppr of Cs
(from Martin and Whitfield, 1083). We did not
take into account the preferential relesse of Rb
and Cs from the glass because these simula-
tions deal with low water frock ratics,

The procedure of our eimulations was as
followa:

In a firat stage, the sseondary mineral assem-
blage hes been determined using the EQd/6
programs. Among the secondary phases oh-
tained in a preliminary run, numerons phases
like garnets, epidotes, feldspars, PYIOXenes,
amphiboles, wollastonite, lawsenite, prehnite
and micas (muscovite, phlogapite, pEragonite )
de not normally form in this range of temper-
ature and preasure. Accordingly, these phases
have besn prevented fram forming in the sim-
ulations presented here. The nature and the
mass of the secondary phases which precipi-
tated in our simulations are reported in Fig. 6
a8 a funetion of the mass of dissoived glass per
kg of solution {or solution/rock ratio). In the
case of chlorites, emectites and zeolites the solid
phases are regrouped according to their miner-
alogical structure. The phases which precipi-
tated in small amounts sre named “‘minor
phassa”. _

In a second stage, the amount of alkalis avail-
able in the system (mass initially preeent in so-
lution plus that releassd by glass disgclution )
was distributed hetween the solution and chlo-
rites, smectites and zeolites using our measured
distribution coefficients (Table VI). The “mi-
nor phases” (mainly carbonates, sulfates and

oxides) do not represent efficient traps for Li,
Rh and Cg, and were ignored in these caloula-

tions. The distribution of trace slements was
carried out agsuming chemical equilibrium he-
tween the reacting solution and the considersd
golid phases. At each step of the reaction prog-
ress (increment of basslt gless added sig-
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Fig. 5, Identity and amount of minerals calculated o pra-
cipitata at 50° (4} and 260°0C (b} from 1 kg of solution, ps
& fnetion of the masa of glass dissolved.

a. Mirora=gypaum, calcite, pyzite, dolorite, gihbeita, ka-
olinite, hematite; zeolites—anaicime, lavmontite; srmen-
tites = sapunite, nontronite; chiorites =daphnite.

b. Minors=anhydrite, caloite, pyrite, yaargarite, hamatita,
megnesite, ecryaotile; ohforifes=clinochlore, daphnite,
amesite; smectites=gaponits, baidellite, nontronite; zen-
fites =laumontite, analeime,

ichiomstrically to the solution), mathemetical
expressions describing mass action, mass hal-
ance, chargs balance and non-ideslity were
solved by EQ3/8 for mejor elements while mass
conservation end distribution of trace elements
was solved, using a second computer program,
from the mags conservation expression:

Cim, +Xm, =Cim, + Zm,DEC;

TABLE VI

Distribution coefficients used in the eimulatione

Minaral Tempar- Ipretidtsslatton {onn ppm =)
ature, T
[ Li Rh Ca
Chlorites &0 1.7 21 3
280 .35 N4 (.55
Smectites 311 2.3 Tl i3
280 1.9 il i
Zeolites i1 33 315 2,064
280 3.0 10 e

where m,, m, and s = mass of the golution, of
dissolved glass end of phase ¢ precipitated, re-
spectively; X7 = conesntration of trace alement
{ in the glass; C? and C,= concentration of {in
the solution before and after distribution, re-
apectively; and Df =distribution coefficient of
i for the phase g, As D is not truly thermody-
namic, this procedure implies that the chemical
compoeition of seawater is quite invariant,
which is effectively the cage.

Twa scenarios were considersd. In the first
one, at each efep of the reaction progress, dis-
solved trace elements equilibrate with the bylk
solid phase which has slready precipitated
(solid diffusion is nllowed ), whils in the seconed
scenario, trace elements equilibrate oitly with
the solid which has precipitated during the in-
crement of reaction progress considered (soiid
diffusion is not allowed). It is likely that distri-
bution of alkali oceurs within these two ways of
limiting behavior.

Cealeulated trace alkali concentrations in so-
lution are reported in Fig. 6 against the mass of
dissolved glass, The two scenarios {solid lines
and dazhed lines) gave qualitatively the same
resuits; quantitative differences concern mainly
the low water/rock ratio but do not exceed L,

Rb and Cs present very similar behavior: after
a marked trangsient maximum their concentra.
tion in solution tends to reach 8 steady state.
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For low water/rack ratios the concentrations ai:
steady state depend only on temperature. At
60° C the solution ia impoverished in RL and Cg
(the final concentrations represent 8-20% of
the initial values ) whereas at 260°C, Rband Cs
concentrations stay roughly constant.

At 50°C Li exhibits the same behavior as Rb
and Cs: after an initial increase, Li concentra-
tionin solution reaches a steady state for which
the amount of Li released by the glass is bal-
anced by the amoumt incorporated in the sec-
ondery phases. By contrast, st 280°C [
Concentration reguiarly inereases with the mass
of glags dissolved (or the water /rock ratio ¥s re-
Nlecting a atrong leaching of this element during
the glass weethering These vesults are in good
agreement with the experimental ohservations
of Seyfried et al, (1984). These authors have
Mmeaaured the amount of Li and B releass in so-
lution during basalt and disbase-seawster in-
teraction at 150° and 350°C and for several

water/rock ratios. They found, at 150°C, a de-
creass of Li concentration in solution after an
nitial increese, snd a “solublg” hehavior at
ab0°C. In the light of our simulations, the “tuyn-
around” obzerved by Seyfried et gl at 150°C
may be explained by successive precipitations
of different silicate phases.

Several authors (Edmond et al,, 1970: Mi-
chard et al., 1984; Von Damm ot al., 1985) ra-
ported the chemistry of fluids from submarine
hot springs along the Atlaritic and Pacific ridges.
At 350°C, the mlkali contents of fluids rangs
from 4 to 8 ppm for Li, 0.5 t0 2 ppm for Rb and
are <6 ppb for Cs (Cs concentration is under
the detection limit}. The Li, Rb and Cs concen-
trations from our simulations rank in the same

" order, but are slightly lower than those reported
abave for Li and Rb, This is probabiy due to the
lowsr temperature of our simulations, but it may
algo reflect in these hot springs the exisiance of
water/rock ratios lower than unity, or a basal-
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tic substrate characterized by Li and Rb con-
centrations greater than those chosen in our
experimants,

In Fig. 7 trace alkali concentrations of chio-
tites, smeetites and zealites are reported, as-
suming that at each atep of the resction Progress
trace elements equilibrate with the bulk solid
Phage. Except for Li at 260°C, the incorpora-
tien of alkalis in the solid increases with the
water/rock ratio, The same picture, with small

differences, is observed when trace elements ,

equilibrate only with the phases which have
precipitated during the increment of the renc-
tion progress considered. In all cages, chlorites
and smectites exhibit alkslj concentratione
lower than that of the atarting basalt glass, while
zeolites are significantly enriched in Rb and Ca,
At 50°C, the maximum concentrations of Rh

and Cs {24 ppm Rband 0.47 pivm Cs) are closed
to that reported by Tlig {1982) in analeime
formed during the low-tevapersture alteration
of pillow-lava (26 ppm Rh snd 0.82 ppm Cs),
In this way, the numerous ohssrvatjons of al-
tered basalte which show an envichment of Beg-
ondary phases in Rb and Ca {Thompson, 1973;
Hart et al., 1974; Heinrichs and Thompson,
1978), should bo explained hy the presence of
zeolites in the secondary phases.

6. Concluding remarks

(1) Comparisen of the vesults of dissolution
oXperiments carried out on a hasalt glass and
lorsterite between 150° and 300°C demon-
etrated a stricturs] (Madelung site energy)
control of the release of trace alkalis. The pref-
erential leaching [rom erystalline silicates {ol-
wines, foldspara, pyroxenes) may strongly
affect the composition of hydrothermal springs
issuing on the ocean floor.

(2) The distribution coefficients of i, Rband
Cs between hydrothermal solutions and chlo-
rites, smectites and zeolites have heen deter-
mined experimentally hetween 50° and 260°C.
For a given cation, the distribution coeflicients
rank in the same order as the sxchange capac-
itiga (Dm].}ﬂsmEg_}Duh|.,..}, whereas, for a
given mineral, they increase with decreasing
free energies of hydration of cations
{Lhy=Dgy=D.), These reaults, together with
the observed decrease of I with increasing tem-
perature, indicate that the distribution of al-
kelis is mainly controlled hy exchangn reactions
with the compensating cations of the mineral.

{3} From the good agreement observed ha-
tween computer simulations and analysea of
gsubmarine geothermal ayatems, it is believed
that computer sxperiments can be used sue-
cessfully to predict the evolution with time of
trace elements in solution and mineral assem-
blages during hydrothermal Proceeses,
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