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Barium 56-A-1

56-A.. Crystal Chemistry

I General

In the crystal structures of barinm minersls, Ba is surrounded by O, OH, H,O
or a halogen ion as neatest aeighbors. Tts valeaey is two and the bond type is pre-
dominantly ionie. Of the divalent positive ioas, Ba?t has the largest ionic radius
(except Ra®¥). Isostructural replacement of, or by, other large cations such as
Pb** and Sr2+ is frequently observed. Less common is replacement of K+ and
of the smaller ioa Ca?+, A few examples of crystal chemical relations which ate not
listed in the tahles helow are the following synthetic eompounds: BaFe,, Oy,
BaAl,0O,,, SiFe,Oyg, StAlL Oy cic. in the magnetoplumhite serdes; pandaite with
Ba partially replacing Ca in the pyroehlore group; isotypy of K[NO,] and witherite
Ba[CO,]; Ca—Ba-mirmetisite; heiarichite and meta-uranocircite in the torhernite
and meta-torberzite group.

The coordination of Ba has been reviewed by MamouHarR and RaAMAsesean
(1964). The coordinatdon number ranges from 6 to 12 for O, O, H,O. The existence
of a large varety of coordination polyhedra is ilustrated in Tables 51-A-1, 51-A-2,
and 51-A-3 in which crystal structures of Ba minerals and a few selected synthetic
compounds are listed. In general, oxygen atoms with disrances larger than 3.3 A
are not considered as sharing one coordination polyhedron (exception: barite).
This limitation appeats to be justifed as in the majodry of the structures the
distance of the *“next-nearest” O neighbors is suhstantially larger than the range of
distances attributed ro the first-arder coordination. In other cases, however, the
distances show 2 broad and rather uniform range of variation (e.g. Ba, in taramellite)
so that it is difficult to define the eoordination number, The type of coordination
polyhedron of Ba apparently has a minor influence on the energy balance of these
structures. Nevertheless it can control the structure type as has been demonstrated
for silicates by Liepau (1962, 1968).

The following averages for atomic distances were ohtained for the different
coordinatdon numbers indicared:

Coordi- Atomic
nafon  distance,

mumber

6 2.7, (BaO, BaZn(,, benitoite)

7 2.7, (paracelsian, Ba[GeO,] high}

8 238 (BalNiQ,, Ba(OH), - 8H,;0, BaUO,, gillespite, mramellite)

9 2.8, (Ba[S;04] - 2H,0, Ba[B{OH),]., Ba[B,Q,], cclsian, sanbornite)
10 2.8, (BaO,, BaTi,0,, Ba[B,O,], Ba;[PO,].)
12 2.9, {psilomelace, high BaTiO,, nitrobarite, barxite, norsethite,

Ba,[PO,);, **hexagonal” BaALSi,O,], «-Ba0, - 2H,Oy)
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These data demonstrate 2 general increase of distance with increasing coordination
number. This can be considered only 45 a first 2pproximation because of the rescricred
selection of minerals and artificial compounds; {for some other compounds used for
the computation of the averages, which are not listed in Tables 56-A-1, 56-A-2 and
56-A-3, see Manorar and Rasasesuan, 1964).

II. Crystal Chemistry of Some Minerals and Synthetic Compounds
a) Oxides, Halides

The structure of psilomelane (Ba, H,O),Mn O, consists of MnO, ocrahedra
and (Ba, H,0)O,, cubo-octzhedra (only oxygen atoms with distances =<3.16 A are
consideted). Ba and HyO occupy the same equipoint {partia] ordering assumed),
probably because of very similar distances of Ba—O and O—FH,O atoms and mole-
cules (H-brdges?). The cryseal structure of hollandite BaMn,Oy, has the same
coordination polyhedeen for Ba (BysTrom and Bystrom, SR 13, 1950, 186). In
synthetic oxides and hydroxides almast all coordination numbers from 6 to 12 occur;

Table 56-A-1. Coordination of Ba in some oxides and balides

Mineral or Coordinated Coordination Refer-
synthetic compound atoms, polyhedran cnces
distances o Bain A
BalflQM 60 2.76 octahedron 1
Bal9ZnllQ, 60 264—297 | octahedron, severely
. 20 3.36) distorted
Bat*INi8O, 80 2.80; 284 quadratic pdsin, severcly 3
distorted
Bal)(OH), - 8H,O 8OH 2.69—2.77 | distorted quadratic 4
anuprism
Bal1uleo, 80 2.11—-299 | irregular 5
Bal'™lQ, 8O 279 teccagonal prism with 6
20 2,68 retragonal pyramids on
two base faces
BallaTi{M O, 100 281309 | peatgonal prism 7
psilomelane, 80 2.85~-3.14 distorted cubo- B
(Ba, H,OUMallOw | 4H,0 2.78;2.88 octahedron
Bal2iTieI0, 120 2,83 cubo-octahedron 9
(high-temp. phase)
Bal®IF[4] 8F 268 cube 10
BatCl, - 2H,0 1Cl 3.14-3.38 | distorted rrigonal prism 11
2H,O 2.7 with 2C] and 1 H.Q on
top of prismatic faces |

References: 1. Genrach (SB 1913—1928, 119). 2. v, Scanering, Horre and ZEsaNN
(SR 24, 1940, 454). 3. Lawper (SR 15, 1951, 180); for srructure, sec Lampen (1951).
4, Manoxar and RamasesHan (1964). 5. Samson and Siuin (SR 11, 194748, 441).
6. ABraranms and Karwnajs (SR 18, 1954, 364). 7. TesriEron and Daveen (SR 24, 1960,
326). B. Wansrer (SR 17, 1953, 429). 9. GotnscumiDT (SE 1, 1913—1928, 333). 10. DavEY
(SB 1, 1913—1928, 187). 11. Jensen (SR 10, 19451944, 95).
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halides and hydrated halides are known with coordinadon numbers of 8 and 9.
A selection of these eompounds (especially oxides and hydroxides with coordination
polyhedrons not described fot minerals in this section) is included in Table 56-A-1.

b) Nitrates, Carbonates, Borates

The BaO,; icosahedron found in aitrobarite Ba[INO;], was also observed in
Ba[ClO,); - 3IH,0, «-BaO, - 2H,0,, Ba[SiF,] and Ba[GeEF;] (ManonAr and Ra-
MASESHAN, 1964). In the carhonate minerals, Ba replaces Ca in the aragonite series
(witherte and solid sclutions) with a coordinadon polyhedron which can be
deseribed as a distorted cube with one of its edges elongated for housing the Sth
O atom above its centre; the same coordination polyhedron is also reporred for
sanbornite Ba,{8i,0,,]. Barytocalcite BaCa[CO,], has an indepeadent stracture also
with a coordination number of 9 (two distances of 3.28 aad 3.30 A are not included).
In norsethite, BaMg[CO,],, Ba has a 6 + 6 coordination forming a distorted ditei-
gonal prism (Lipemann, 1968). No batinm borate mineral structures are known at
present. Of the synthetic borates, Ba[B(OH),], is isostructural with the correspond-
ing St borate (see subsection 38-A-II), whereas Ba[B,0,] is aot {coordination numbers
2 and 10),

<) Suifates, Phosphates

Barite Ba[SO,] is isostructural with anglesite Pb[SO,] and celesdte Sc[SO,].

{Solid solutions are known as angleso-harite, baryto-celestite and calcio-barite.)

Table 568-A-2. Coordinalion of Ba in some oxo-salir

Mineral or ] Coordinated atoma, Coordination Refer-
synthetic compound distances to Ba in A polyhedron ences
Nitrobarite, Bal*I[NQO,|, 8+60  2.86;295 | discorted 1
icasahedron
Witherite, Bal[CO,] 90 .28 see text 2
Barytocalcite, 90  2.56—2.99 3
BaPICal*I[C0O, ], (20 3.28;3.30)
Norsethite, BalIMg(e[CO, ], 64-60  272;3.18 | distorted 4
dit:rigonnl
prism
BalI[B(OH), ], Ba;: 90H 2.73—290 | uigonal prsm 5
with
Ba,: 90H 2.77-299 centered faces
Bal®iBa(el(BPIBHIO), ] Ba,: 90  2.61—3.08 | irregular 6
Bay: 100 271312
Barite, BalPI[SO,] 100  2.76—3.08 | sec texc 7
@0 330)
Bal)Ba, (3 [PO, ], Bay: 6460  2.80;3.23 | distorted 8
icosahedron
Ba,: 100 2.71—2.83 | scctext

References: 1. VEGarD and Brcnerc (SB 2, 1928—1932, 386); . Lurz (SR 24, 1960,
421). 2. Cousr and La Coste (SB 3, 193335, 407). 3. Aru (SR 24, 1960, 425), 4, Lpp-
MANN {1968). 5. Knavcnenko (1965). BLock and PErrorr (1965). 7. Sann (1963); sce also
CoLviLLE and Stavpmasurr (1967). B. Zacmariasen (SR 11, 1947—48, 388).
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The coordination polyhedton based on a cootdination number of 12 consists of
two nearly parallel dngs of 5 and 6 oxygens oo both sides of the Ba atom, with
2 12th O on top of the 6-dng (for an alternative description, see ManoHAR and
RAMASESHAN, 1964). In this coordination polyhedron, Z2Q with distances of 3.30 A
are included. Omitting them from the 5-ring would lead to a rather one-sided coordi-
nation polyhedren (Samr, 1963). Ba,[PO,],, isostructural with Sg[PO,],, has two
coordination polyhedra for Ba with coordination numhers of 12 and 10; the latter
one consists of a distorted “hexagonal® pyramid {symmetry 3 m) slightly above the
Ba atom and a triangle helow.

d) Silicates

Bal®l[SiO,] and S:[8[Si0,] are isostructural with olivine (O'DaniEL and
TscueiscywiLi, SR 9, 1942—44, 261}, Another silicate with isolated tetrahedra,
BaO - §i0), : 6H, O, has two diflerent coordination polyhedra with coordination
numbers of 8 and 10 which share faces with eaeh other but have no common corner
with the [SiO,] tetrahedron. The ten-fold coordination can be descdbed as a penta-
gonal pyramid above a square. In benitoite BaTi[SiyO,) (isomorphous to pabstite
BaSn[SiyO,]), the coordination polyhedron is severely distorted. {The next 6O atoms
heyand the nearest ligands are not eonsidered because of their distance of 3.43 A.)
Taramellite Ba,(Fe, Ti, Mg),[Si,0,5](CH),, with dngs of 4[SiO,] tetrahedra, has
three different coordination polyhedra for Ba with a coordination number of 6,
6 and 7 {?). The last coordination polyhedron can also be descohed as having a
cootdination numbher of 9 (two additional O’s ata distance of 3.12 A) ot with a coordi-
nation number of 11 (two additional oxygen atoms at a distance of 3.21 A). Ba[GeO,],
with a germanate chain of the “Zweierketten”-type, is one of the few examples
for a coordination number of 7. (Higber condensed silicate chains with Ba as cations
have been investigated by Katscrer and Liesav (1965, 1966)). In the sheet silicates,
small percentages of Ba bave been found in some muscovites. The mineral
anandite {(Ba, K}{(Fe, Mg);((Si, Al, Fe),0,,)(0, OH), was reeently descrbed as a
memher of the trioctahedral mica family (PATYIARATCHI, SAART and SanAMA, 1967).
Other Ba silicates with single shcet structures do not have the usual plane silicate
sheet of the mica type and da nor contain OH or HyO (Liesau, 1968), Sanbornite,
Ba[Si,O,], with undulating sheets built of 6-membered rings has the same coordina-
ton polyhedron for a coordination number of ¢ as desedhed for witherite. In the
structure of gillespite BaFe[Si;Oy,] (with folded sbeets of 4- and 8-memhered rings
of [5iQ),) tetrahedra), the coordinadon polyhedron of Ba can be defived from a
cube whose faces are each divided into 2 triangles to form a triangular dodecahediron
" of symmetry 4 (cf. also cuprorivaite: Papst, 1959; Mazzr and Passt, 1962). Ba
teplaces St or Ca in synthetic compounds of the melilite scres (Ba,[Fel95i.0,],
Ba, (Mnl45i,0,], cf. Wyckorr, 1968, p. 225—227)% For the non-feldspar form of
Ba[ALSi,O,], conmining douhle sheets, a bexagonal (or pseudo-bexagonal) prsm
has heen described a5 the coordination polyhedron {on the orthorhombic distordon,
of. Taxducur, SR 22, 1958, 501). The same coordination pelybedroa has been
found in cymdte Ba[AlSi;Ou(OH)]. In the Ba-feldspar celsian Ba[ALSi,Oy], the
coordination polyhedron is similar to that in witherite (if a tenth oxygen atom at a

1 The classification of tetrahedral structures follows Zovrrat's suggestion (1960).
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Table 56-A-3. Coordination of Ba in some silfcates
Mineral or Coordinated atoms, Coordination Rel.
synthetic compound distaaces o Bain A polvhedron
BaO - 5i0, - 6H,0 Ba;: 80H,H,O 2.83—290| distarted quadmtic 1
antiprism
Bay: 100H, H,O 2.83—290] sce text
Benicoite, Bal®Til*[Si,0,] 60 2.77 heavily distorted 2
octabedron
or trigonal prism
Taramellitc, Ba;: 60 2.83; 2.90 | discorced hexagon 3
Bau(Fe, Ti, Mg)FF{OBL[5i,0,]| Ba.: 60 2.73; 2.75 | distocted trigonal prism
Ba,: 70 271—3.00 | sce texr
2+20 3.12;3.21)
BalI[GelI0,] (high) 70 2.62—2.94| irregulae 4
Sanbomite, 70 2,74—294| sce rexe 5
A Bal%[Si,0,] 20 3.14
3 Gillespire, BalIFeBPH{5],0, ] B8O 2.73; 2.98 | heavily distorted ]
cube or trigonal
dodeczhedron
Bal21[AlSi.0,] 120 ~2.89 hexagonal prism 7
{*hexagonel celsian’™)
ymrite, 120 3.05 hexagonal prism 8
BaD3I[AlSi,0,(CH)] (2 %3 H,O 3.3%
Celsian, 90 2.67—3.14 | ser text
Ba®I[ALSi,0,) (10 3.42)
Paracelsian, 0 2.73—2.83| see texc 10
Bal")fALSi,O,] (20 3.32,3.37)
Barylite, 110 2.82—3.12 | distorted cubo- 11
Bal21{Bc[18i,0,] (10 3.34) octabedron
{minus one ?)
Harmotome, 80,H,0 277—3.08| scc wexr 12
Ball9[Al,SiyO,,] - 6H.O 20 3.26

References: 1. Hopne and Dornpercer-SciifF (SR 26, 1961, 513). 2. Fiscrer (1969),
3. Mazz1 and Rosst (1965). 4, Hizuer (1962), 5. Dovcrass (SR 22, 1958, 490). 6. Pansr
(SR 9, 1942-—44, 249); cf. Mazzrand Panst (1962), Passt (SR 23, 1959, 486). 7. Marsusoro
(SR 15, 1951, 304); cf. TaxévcHr (SR 22, 1958, 501). 8. Kasuasv (1966}, 9. NewnHAx and
Mecaw (SR 24, 1960, 491}. 10, Baxaxin and Berov (SR 24, 1060, 492); cf. Smrra (SR 17,
1953, 556). 11, Asrasuew, ILYuRHmN and Berov (1964). 12, Sipanaca, Marino gnd
TaxtvcHr (SR 26, 1961, 532).

distance of 3.42 A is not counted), with one susprsingly short distance of 2.67 A
(see Newwnmam and Mecaw, SR 24, 1960, 491). In the framework structure of
paracelsian (with the same chemical composirion as celsian), which has a structure
closely related to danburite Ca[BYISi,0,], 2 similar coordinarion polyhedron with
a coordination number of 9 has been described, including two distances larger than
3.3 A. Omiuing these latter two oxygen atoms, the coordinatioa polyhedron con-
sists of a distortcd rectangle with Ba nearly in its plane plus two oxygen atoms
forming a gable-coof on top of it and the seventh oxygen below its ceatre. The
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distorted cubo-octabedra atound Ba in barylite Ba[Be,Si,O,] (with one distance
larger than 3.3 A), form chains by linked triangles. Two crystal structures of natural
Ba-zeolites, ediegtonite Ba[Al,8i,0,,] - 4H,O (TayrLor and Jackson, SB 3, 1933 to
1935, 529} and barmotome Ba[ALSi,0,,] - 6H,0O are known. In hatmotome, Ba is
surrounded by ten O or H,O in a coardinadon polyhedron similar to that of
BaQ -+ §i0, - 6HO. Two of the 6 distances from Ba to framewcrk oxygen atoms
are rather long (3.26 A).
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56-B. Isotopes in Nature

Natural Ba is z mixture of seven stable isotopes (Table 56-B-1). The atomic
weight is 137.34 (Atomic Weight Conference of the Iurac, 1961, Butterworth
Scientific Publications, 1962), calculated on the basis that 12C =12.00000000.

Table 56-B-1. Ssoble Ba iretapes in nafure _
(STROMINGEN ¢f af., 1958; MarraucH ¢f al., 1965; EucsTEr #f of., 1969)

Stable % in natural Isotope masses
isotopes mixtures 13C =12,00000000
1B 0.1056 4 0.0002 120.9062

1B, 0.1012 4 0.0002 131.9051

1¥Ba 2417 40,003 133.9046

1383 6.592 4 0.002 134.9056

1348, 7.853 +0.004 135.9043

1378, 11,232 4 0.004 136,5055

1By 71.699 4 0.007 137.9050

Measurements (I) made hy Umemoro (1962) indicate an earichment of the
lighter Ba isotopes in the Pasamnnte and Nuevo Laredo achondrites and Bruder-
heim chondritz with a2 maximum of 2.5% for 1°Ba in the Bruderheim achondrite.
This potential accumulation decteases almost linearly to mass 1*Ba.

Recenr investigadons of Ba isotope distribudon in meteorites (EUGSTER ef af.,
1969) showed that differences in isoropic composidon between meteoritic and
terrestrial samples are always <{0.1% for all isotopes.

A very small amount of the short-lived 1%°Ba occurs in nature as a fission product
of 22U (Kuroba and BEowarps, 1957; HeEvpeGGER and Kuropa, 1959).

Revited ipt received: Scprember 1971
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56-C. Abundance in Cosmos, Meteorites, Tektites,
and Lunpar Samples

I. Cosmos

Ba has been detected spectroscopically in stars of all spectral classes except
classes O and B. These classes correspond ro suchb high temperatures that all reso-
nance transidons of the highly ionized atoms fall into the nlravioler range, whicb is
inaccessible for terrestrial observation. Ba abundances are normally given as atomic
ratios per 10'2 H atoms or 10° 5i atoms, or as rados of Ba atoms/Fe atoms.

Atmospheres of main scquence stars always seem to contain Ba in similar con-
centrations. In Table 56-C-1, the sun is given as one cxample. Pronounced differ-
enees of Ba concentrations have been reported for two other groups of stars which
do not belong ro the main sequenee. Ball stars, which are considered to be carhoan
stars with higher temperatutes than N stars (Gorpon, 1968), exhibir an overabun-
dance of s proccss elements, including Ba (Bioeuman and Keenan, 1951; Bur-
pIoGE and BureIDcE, 1957; WARNER, 1963). Fujrra and Tsujt (1965) found s process

Table 56-C-1. Baritimr abundarnce in stars

Type of star Name log Ba Reference
for log H = 12.00

High velocity stars:

F6IV-¥y ¥ Serpencis 2.09 KEeceL {1962)

Subdwarf HD 140283 D.11 BascHEx (1962)

Horizogtal branch HD 161817 6.94 Kopara (1964)

Subdwarf HD 19445 0.35 ALLER, GREENsTEIN (1960)

Subdwarf HD 122563 —2.65 WALLERSTEIN, PARKER,
GrEENSTEIN, HELFER,
AvriEx (1963)

Main sequense stars:

G2V sun Z.10 GOLDBERG # al. (1960)

Orber stars

GBI e Virginis 2.01 Cavrer, CaTrer (1968)

(log Baflog Fe)yue
—(log Baflog Fe)yan

Main sequence tlars:

GVY B Com 0.06 £ 0.20 HEeLFrn of af. {1963)
GV 99 Her A 0.114+0.20 HELFER ¢f of. {1963)
GV 85 Pep A  —0.104020 HrLFER &f of. {1963)
Orber stars (sdgiant) :

GIV & Her 0.024.0.15 . HeLFER ¢4 al. (1963)

@ Springer-¥erlag Berlin - Heidelborg 1772
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elements ia N star Y CVn to be overabuadane by factors of 102 to 10* when compared
1o muain sequence stars, Strong enhancement of Ba lines in N stars has been dewected
by Goroon (1968) and Ursuar (1967). A certain relationship of Ball stars to S type
stars was observed (WARNER, 1965) whereas R stars show normal Ba abundances.
CravTon (1904) has developed the idea that in a spedal type of s process nucleo-
synthesis, the elements heavier than Zr are favored and this process is assumed to
wortk in Ball stars,

Population II stars which are characterized by their high velocity show higher
atomic ratios, HfBa, than main sequence stars. Nevertheless, the abundance ratios
of elements beavier than carhen are similar te maia sequenee stars {UnsdLp, 1967).
Buremce and Bursipge (1957) found that the subdwarfs HID 106223 and A Bootis
are depleted in Ba by factors of 20 to 30.

Arier (1961) gives the logardthms of the ratio, number of Ba atoms in the
sun/number of Ba atoms in the star, in the subdwarf for three typical subdwarfs:
HD 140283, IOg (Ngunf/Neear) =2.59; HD 19445, log (N,,o/Ny o) = 2.15; HD 219617,
log (N, /N,,.) =1.40. Spectral measuremenss for the CH stars HD 26 and HD 626
{WALLERSTEIN and GreENSTEIN, 1964) and comparison to the G 8101 star ¢ Virginis
showed them to he Ba defident by a factor of 30 to 50. HELFER ¢f /. (1963) gave
the logarithms of atomie ratios (Np,/NgJdaw—(INpa/Npdawn for four als stars:
¢ Herculis (+0.024 0.15), f Comae Berenicis (4 0.06 4- 0.20), 99 Herculis (+0.11 4-
0.20), 85 Pegasi (-—0.104- 0.20). Logarithms of atomic abundances of Ba in cosmos
are published by Arien (1963) as 2.11 for H=12. The weight ratio is 4.25. SuEss
and Urey (1956) and CamEron (1959) caleulated the ratio of Ba atoms per 100 5i
atoms 25 3,66; in the sun the same mdo is 3.978 (ALLER, 1961).

II. Meteorites

The published data are summarized in Tahles 56-C-2 and 3. Distribution pattetos
of Ba are plotted in Figures 56-C-1a through d. Generally metearite “finds” show
higher Ba values than “falls”, indicating a probahle tetrestrial contamination of
the “finds”. Thus 2 log of the normal disedbudon of Ba cen be observed only in
chondrite falls, whereas the “finds’ of the same class exhibit 2 random distribution.

/
/

r

i ) s 10 %0 ppm Ba

[Jcacm poor acHoNpmives
[Acatcum rick scionorres [N rvas

Fig. 56-C-1a. Distribution of Barium in achondrites
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Fig. 56-C-1b. Distribution of Barium in carbonaceous and enstatite chondrites ecc.
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Fig, 56-C-1¢. Distribution of Barium in ordinary chondrites, Class symbol CH
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Fig. 56-C-1d. Distribution of Barium in ordinary chondrites, Class symbol CL

Calcium rich achondrites are also high in Ba, whereas Ca-poor achondrites show low
Ba values, close to chondrites. In calculations of Ba averages in meteorites, the finds
have 1o he omitted. The few data available for nonsilicate meteorite phases (all
<0 ppm) indicate that Ba is definitely a lithophilic element. Table 56-C4 lists the
mean concentrations of Ba in individvual meteorite groups. Numbets of analyses
used are given in brackets. Class CH 2nd CLL meteorites are by far the most frequent
stony meteorites and by using their data, the Ba average for ebondrites is calculated
as 6.3 ppm.
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Table 56-C-2. Barinm in stony preirorites

Barium

Name of meceorite Ba comtent Refer- | Name of meteorite Ba concent  Refer-
ppm cnee ppm cnee
Calcinnr poor achondrites St. Marks 346 ]
Ae [ falls) : Ce, (falis):
Cumberland Falls 14 10 Hyvirttis 59 G
Norton County 2 10 Khairpur 6.3 G
Ab (fﬂ”‘) B Piﬂis[fcf 5.5 6
Johnstown 2.5 10 CH (findc):
5 12 Acme 120 10
Shalka 4 10 Alamagordo 26 10
Aurora 20 10
Calcinnt rich asbondriter 87;;? Kansas) 1?3 13
Aeor {falls): Coldwarer 10 10
Bununu 18.5 11 Cook 203 &
. Coolidge 32 10
ﬁii(:f:w‘ 9—27 2 Covert 115 10
26 1 Dimboola 128 6
) Farley 290 10
Moore Counry g ; Gladstone 17 10
Hugorton 200 10
PMMOntc %g 6—29 B 1; Kaldoonera Hu.l 16.3 6
28.2 3 | Kisi > 8
. c 0 Marsland 3 10
Sioux County 35 51, Modoce 3.6 7
27.2 15 -’__; g ig
S .
raner gg % Morland 5 10
53 15 Morven 10.1 6
Beteba 28.6 15 | Nerdao 129 6
Jonzac 29293 15 glrlovka lovka lg }g
. etropavlov
Angra dos Reis 21.5 15 Plainsicw 10 10
A_P finds): Ransom 28 10
Binda 2 i 7 12
Nueve Laredo 40 1 Seibert 125 10
46 7 Texline 13 10
44 13 Tulia 120 10
ggg 1% Wilmot 82 10
i CH (falls)
Alexandrowsky 10 10
Chondrites Allegan 4.6 6
Ce, (falls): 4 10
Abee 11.8 6 Aviles <1 2
1.8 13 Barbotan 1-3 2
1.6 14 Beardsley 5 10
2.41 3 3 13
295 15 Beaver Creck 5 12
Indarch 6.4 6 Cangus de Onis > 12
i9 13 Erxleben 1—3 2
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Table 56-C-2. {Continued)

56-C-6

Name of meteorice Ba content Refer- | Name of metenrite Ba content  Refer-
pPPm ence ppm once
Forest City KR 3 Hayes Cenrer 32 12
37 7 30 10
4 10 Herimirage Plains 524 6
9 12 Kingfisher 5 10
33 13 Kulnine 21.2 6
33p—3,37 15 Ladder Creek 94 10
Forest Vale 4.3 6 Lake Brown 8.4 6
Hessle 8 12 La Lande 210 10
Tchkala 4 10 Long Island 100 12
Kemouve 6 12 190 10
Kesen 4 10 Loongana (Forest 1341 &
Lumpkin ] 12 Lake}
Monroe 5 12 McKinney ] 10
Mount Browne 1.9 6 Melrose 155 10
4 10 Nardoo (2) 15.5 $
Nanjemoy 13 10 Ness County {1894) 20 10
QOchansk (1) 5. 10 Qdis 7 10
Qchansk (2) 2 10 Potter 155 10
Olmedilla de Alaccon 5 10 Rawlinna 15 10
Panrar 4 4 Roy T2 i0
3 4 Rush Creek 5 10
5 10 Silverton (N.5. 10.3 6
32 13 Wales)
29 13 Tryon 190 10
Pultusk 3 10 ¥Yincent 15.8 &
7 12 Waconda 7 12
Richardron 32 7 Yalgoo 18.2 a
4 10
Weston 6 10 Biurbal 2
Yatnor G 10 jurbdle <1
8 12
Zhovtnevyi 113 6 5 10
6 10 14.2 6
CL (finds) : Bruderheim 3.37; 3.4 3
Accalana 16.0 6 4.3 14
Adelic Land 11.3 6 3.37 15
Arriba 53 10 Chaceau Renard G 10
Asson B 12 Chantonna it3 2
Barrata 6.6 ] Colby (Wisconsin) 4.5 10
7 12 Dhurmsala 6 10
Beenbham k) 10 Elenovka 5 10
Berdyansk T 10 10.5 &
Bluff 3 10 F‘.!rmi.ngton 9.1 &
Brisco 150 10 Holhrook 279 2
Cadell 5.8 6 5.8 3
Cacunda 10.0 G 122 4
Cook 40.6 6 4 7
Coolamon 46.5 6 26 10
De Nova 115 10 9 12
Goodland 10 10 36 13
Harcisonville 7 10
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Barium

Table 56-C-2. (Continued)

Name of meteorite Ba content  Refer- | Name of metcorite Ba content Refer-
ppm ence ppm ence
Homestead 11.0 12 Tané ’ 5 10
5.1 6 Tenham 15.8 6
Khohaf: 13.8 6 Tennasilm 10 12
Knyahiaya e ¥: CLL (falls):
Krasnoi-Ugol 5 10 Fosisheim (ight) 8 2
Kuleschovka 35 10 Mangwend 2 23 :
Kunashak 4 10 ol gwen Y 10
(light) 4.8 ? Savtschenkoj 4 10
(dark) 52 9 vizchenkoje
L'Aigle 279 2 CLL {finds):
Leedey 3.76;385 3 Kelly 165 10
3.64—376 15 Lake Labyrinth 9.9 6
Marion 3 10 Shaw 26 10
Maziba 4 10 .
Mocs 21.7 6 Eﬁff ) 4 10
2 }g Karoonda 11.9 6
Narell 76 s Lancé 218 6
New Concord 4 10 : 8.2 13
Ni Kolskoje 2 10 %""ma 13‘2 2
Olivenza 16.4 6 acrenton :
Parnallee 35 10 Crys
Pavlograd 6.5 10 Orgueil 9.8 6
Perpeti 8.6 & <1 12
Pervomisky 5 10 2.4 13
Saint Michel 133 [ Hesslc 8 12
4 10 Mighei 2.5 12
Saratov 22 10 Muareay County 4 10
Stavropol 2.5 10

References (pretbods in bracketr) : 1. DURE and Sizver, 1967 (?); 2. von EnGELrARDT, 1936
(8); 3. EUGSTER e£ai., 1969 (1); 4. FreprixsoN and Keir, 1963(5); 5. Gast, 1965 (I); 6. GREEN-
LaNp and Lovermng, 1965 (S); 7. HamagucHr e al., 1957 (NJR); 8. Hey, 1966 ();
9. LAVRURHINA ¢/ 2., 1966 (N/R); 10. MooRng and Broww, 1963 (5); 11. Panrorrs ef df,,
1967 (I); 12. Pmson ¢ al., 1953 (§); 13. REED, 1963 {(N/R); 14. Surma and Honpa, 1967
(NJR); 15. TER4 ef of., 1970 (D).

Table 36-C-3. Boriwr in stony irons and irons

Name of meteorite Ba content  Refer- | Name of meteorite Ba content Refer-
ppm ence PpPm ence
M (fall): Orr (find):
Estherville 3 1 Ni poor ataxite
M (fad): Toluca (troilite) <0.1 13
Pallasite olivine 7 12 El Taco 237 3
Oy (find): Octahedrite, Weekeroe  8.70 3
Canon Diablo {troilite) 0.4 13 Station
< 0.006 13
<03 13

References: sec Table 56-C-2,
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Table 56-C4. Average Ba concentralions of siony mefeorites
Falls Finds
Ac Enstatice acbondrites 8 @
Ab Bronzire achondrites 38 (3
Ap Pigeonite-plagioclase achondkites (cucrites) 30.0 {11} 4.2 (5
Ce, Enstaticc chondrites 86 (M
Ce. Enstatite choodrites 59 (3)
CH Highb iron (H)-group chondrites 49 (42) 43 (33)
CL Low iron {L)-group chondrites 7.2 (53) 47.1 {42

All calculations of Ba averages in meteorites suffer from one or both of the
following uncerainties: inhomogencity of the samples and difficulties in analytical
methods. The ficst point was demonstrated by Mooke and Brown (1963), when
they analyzed different parts of the Holbrook chondrite, which was a fall. They got
a range of 8 to 110 ppm Ba for the different parts of the specimen.

III. Tektites

Ba concentrations in tektites are reported to be in the range of 300 to 7,700 ppm
(Table 56-C-5, Fig. 56-C-2). Older dama which, are generally lowee, are reviewed
by Gueriw (1960). All the more recent papers show Ba values to be much higher in
tektites than in any meteontic material, Whereas most investigators found Ba con-

Table 56-C-5. Barium in tektites and other natrral glasses

Locality Ba concentration No. of Method Reference
anal.
l'ﬂ.ﬂgl: mean
Tektites
Africa
Ivary Coast 648—6G5 657 2 I ScHNETZLER ¢! af. (196T)
Aria
Indomalaysia 300—320 310 2 S Pimzon ef af. (1953)
Philippines 420 1 5 - Pmson ¢ al. (1953)
Indochina 900--2,000 1,300 6 S Voror'Ev (1059)
Aunstralia
Australia 340—420 375 6 S Cuao (1963)
540—800 620 43 S Tarrorand Sacus (1964)
540—800 630 24 S Tarror (1962)
Ernrape
Czechoslovakia 2,000--7,700 3,600 10 S VoROB'EY (1960)
North America
Texas 370-1,100 610 21 S Cuao (1963)
380—1,100 580 1D b CurrrrTa #f of. (1967)
Georgia HMO—715 566 7 5 CurrrrTa of of. (1967)
Mattha's Vineyard 390 1 S CutTirTaA of af. (1967)
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Table 56-C-5. (Continued)
Lacality Ba concentratian No. of Method Reference
anal.
mnge mean
Notural plasres
Tasmania
Darwin Glass 290—369 340 8 5 Tayron and Soromon
{1964}
Darwin Glass, datk 550 1 M CuapMaN ¢f al. (196T)
Darwin Glass, light 300 1 M CHAPMAN ¢/ af. (196T)
Ansiralia
Macedon, dark 400 1 M Cuaestan of al. {196T)
Macedon, light 200 1 M CHAPMAN ¢&f al. (196T)
Henbury impact glass  600—700 650 2 5 Tavior and KoLsE (1964-)
Africa
Bosumewi Crater 533—624 579 2 I SCHNETZLER # af, (1967)
Tektites
Africa
Ivery Coast -
Asig
Indomalaysia -
Indachina —_—
Philippines 1
Auslralia —
Europe
Czechoslavakia _—
Norh-America
Texas —_—
Georgia
Martha's Vineyard .
Other natural glasses
Tasmania
Darwin Glass —
dark '
light s
Australia
Macedon dark 1
[ighl t
Henbury Impact Glass H |
I 1 L 1 Y r "I ! 1 b ¢ !ll
100 1000  ppmBa 10000

Fig. 56-C-2. Barium in tcktites and other natural glasses
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ceatrations in the range of 330 to 1,100 ppm, the values of Vorow’ev (1959, 1960)
both fot moldavites and indochinites are higber by a factor as great as tea, compared
with tektite values from the same areas investigated by othet sciendsts, Preuss
(1935) gives a mean of 450 ppm Ba for 36 rektites, 14 of which were moldavites.
Bouska and Povonpra (1964) published semiquantitative spectrographic data for
moldavites showing that six our of seven samples had 100 to 1,000 ppm Ba, and the
othet had less than 100 ppm Ba. Thus, it canaot be excluded that V oron'Ev’s values are
too higb due to a systematic ecror, especially since no simple parent marerdal can be
imagined whieh would provide so much Ba. Tavior {1965, 1966) could relate
australites by their Ba concentration and the content of othet clements to Henbury
impact glass and Henbury greywacke as parent materials. Similar investgations of
SCEVETZLER e of. (1967) showed the consistency of Ba and RE concentratons in
Ivory Coast tektires and Bosumtwi Crater impact glasses and strong similarities to
Bosumtwi phyllites. Calculations by Tarror (1962) made it ohvious that no meteo-
rite splash could affect the Ba concentrations of the tesnlting impact glasses and
tektires,

IV. Lunar Samples

Considerable effort bas been expended on analytical investgations of lunar
samples from Apollo 11 and 12 missions. From data of the individual investigarors,
averages were calculated for the different types of maredal according to the classifica-
ton established by the Lumer Sample Prelimivary Exemination Teem (1969, 1970),
(Table 56-C-6). '

The overall unweighted average for Apollo 11 maredal calculated from the
means of the pardeular barches (33) is 240 ppm Ba, s =76. The range of data for

‘Table 56-C-6. Bariunt in lunar rocks

Sample type Barium conrent (ppm) No. of
analyses

arith. mean stand, dev.

Apolla 11 ( Mare Tranguitlitatis) :

Type A: fine grained wvesicular rocks 251 130 kY
Type B: medinm grained vuggy igneous rocks 176 72 23
Type C: breccia 230 66 a7
Type I+ *lunar soil” (fines) 169 40 16
Apalle 12 (Ocean of Storms)

Basaltic rocks 72 50 13
Breccia 420 210 3
Fines 586 189 7
Sample 12013 3,088 2,256 24

References far Apoflo 11 taniples (methodsin brackeis): Axwer, and Herz (1970} (S); Brows
e# al, (1970} (X) ; ConpsTon e al. (1970) (X); Gasr ef al. (1970) (I); Gorgs ef al. (1970) (N/R);
Hasxan ef gl (1970) (N/R); MaxweLL el af. (1970) (S); Mornison e of, (19703 (N/R, M) ; Mur-
Ty etal. (1970) (I); Pricrorrsand ScHNETzLER (1970) (T) ; Saeares efal. (1970) (I); TavLor efal.
(1970) (S); Tera ¢f of. (1970) (T); Wakara & al. (1970) (N/R}; Winke ef af. (1970) (N/R).

Referenze for Apollo 12 sampler: DRaxe ef ol (1970) (M); Hussarn eral. (1970) (I);
HussarDp ¢ of. (1971) (I): LseeT (1970) (S): Maxwerr and Wk (1971} {8); Scunerzier
ef al. (1970} (0); Waxrra and Scenmrrr (1970) (N/R).
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total rock analyses covers 10 to 370 ppm Ba, but values of upto 53,900 ppm and
24,400 ppm have been found (M) in intersrital K rich (9.4 and 10.9% K,QO) phases
from 2 4 mm fragment from lunar soil (10085-LR-1) (Arzee and Cropos, 1970).
These K rich phases consist predominandy of glass and extcemely fine-grained
crystalline material. Tbeir chemical composition approaches but does not reach K
feldspar composition. The K rich phase, which is preseac in about 6 vol-% in
sample 10085-LR-1, may also be responsible for Ba, Rh, and K concentrations in
other samples, where a close relationship berween thesc elements was observed.
For several samples, a grouping to sepatate high K, Rb, Ba material from low K,
Rb, Ba material has been tried. A few samples do nor fit this separation. Seill, the
K/Ba ratios are rather eonstaar in general. Inhomogeneities of Ba eontent in differeat
chips of one sample have been reponed, especially by Waxrra ef o/, NJR, (1970).
Diflerent chips of theit batch 10019 differ hy as much as 210 ppm in their Ba conrent
(130 and 340 ppm). Analyses (N/R) of size fractions of lunar soil showed a Ba
earichment in the finer fracion (Wakrra ef al., 1970).

Earichment of Ba in moon roeks from Mare Tranquillitads is 26 to 110 times
{Gast et 4., 1970) compared to cbondritic aburdances. Within a single réek, concen-
tration factors are similar for the “incompatable elements™ Ba, U, Th, Zr, and
REE exeepr Eu.

Several individual minerals have been analyzed for Ba. The results are given in
Table 56-C-7.

Apollo 12 samples from the Ocean of Srorms show lower Ba content in the
basaltc rocks (average 72 ppm), but higher values for breccia (average 420 ppm)
and for “fines” (average 586 ppm). A most unusual roek is sample 12013 with
61% 510,, 2% K,O and an average of 3088 ppm Ba. Microprobe investigations of
individual points in alkali feldspars of this sample gave upto 8% BaO and 13.1%
K,O, i.c., compositions of celsian-orthoclase solid solution sexies (Lunatic Asylum,
1970), In rock 12013, Ba is cariched upro more than 2,000 times compared to
chondrites (HusBARD ¢ al., 1970).

Table $6-C-7. Ba conteni of individual minerals from Apofla 11 and 12 samples

Mineral Lunar sample DBa concentration Method Reference

ppm
Apalla 11:
Plagiaclase 104085 o owl; < 1;15; 1,500 M ANDERSEN ¢f af. (1970)
Plagiaclase 10044—24 7 I PHILPOTTS ¢f af. (1970)
Plagiaclase 10062—29 70.1 I PHILPOTTS of al. (1970)
Clinopyraxene 10085 <1;45 M ANDERSEN ¢f al- (1970)
Pyroxenc 10044—24 93.7 I PHILYOTTS ef of. (1970)
Pyroxene 10062—29 30.9 I PuiLvorTs ef af. (1970)
Imenite 81.2 I MurrHy ef b (1970)
Apolle 12t
Plagioclase 12013 910 M Daaxe ¢ of. (1970)
Alk. feldspar 12013 10650 M DRAKE ¢f o/. (1970)
Alk. feldspar 12013—10 895; 910; 8,680; M Lunaric Asyoum (1970)

(40) 20,400

Rewised mamueript mceivel: Scpeember 1971



Barium 56-D-1

56-D. Abundance in Rock-Forming Minerals (I)
and Barium Minerals (II)

I. Rock-Forming Minerals

In igneous rocks of the earth’s crust Ba usually does not form minerals of its
own, but is distributed among a number of silicate structures, mainly feldspars and
micas. The most important substitudon is for potassium due to tbe neacly identical
ion sizes, even with the somewhat more covalent character of the Ba—O bond.
Substitution fot Ca is observed in plagioclases, pytoxenes and amphiboles. Apatite
and calcite are the most important rock forming non-silicates containing Ba.

a) Feldspars

K feldspars are the most importaat Ba carriers. Investigations by Rox (1965,
1967) and Gar and Roy (1968) with synthetic membets have shown that a continuous
series of solid solutons exist at high temperatures between K feldspars and celsian.
In the subsolidus rcgion, two gaps of miscibility seem to exist, one close to the
microcline compaosition and the other berween hyalopbane and celsian (Fig. 56-D-1).

The system BaO—ALO,—SiQO, was recently invesdgated by LiN and Fostar
(1968, 1949).

In pature, K feldspars with BaO >2% are rare. They are mostly restricted ta
alpine type Assurcs {adularia) and deposits of manganese oxide.

Ba concentrations upto 9.5% in fcldspars of the orthoclase-eelsian scrics are
reporred from the alkalic rock complex, Magnet Cove (Ertcrson and Brape, 1963)
and from phonolites in South West Germany (WriskircHNER, 1969). Ba disui-,
bution in K feldspars has been investgated by many authors. As a general pattern,
it was found that in magmatic sequences the carly crysallized K feldspars show the
higbest Ba concentrations, whereas microclines from pegmatites weee low (S) in
this elemeat (SumER, 1943; Bray, 1942). Mctzsomatic alteration of a granite body
(Black Forcst, Germany) was discussed as a cause of abundaat K feldspar pheno-
crysts with a high and rather homogeneous Ba distribution by EsmeRMann {1968),
X). -
Discribution of Ba abundances in K feldspars is shown for igneous rocks, peg-
matites, and alpine fissures in Fig. 56-DD-2 using the data of Table 56-D-1. The histo-
grams clearly demonstrate that, in general, average pegmatitic K feldspars conmin
less Ba than those from granitic rocks.

Ba may enter the plagioclase structure depending on composidon in the An-Ab
series, temperature and pressure, of competing elements. DucuxesNe (1968) found
a correlarion between potassium and Ba concentrations. Many indications exist
supporting the vicw that all the Ba in fcldspars can be plotted in the four compo-
nent system Ab, An, Or, Cn. Plots of Ba concentradons for different members

@ Springer-Vorlig Berlir - Heidelbog 1972
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Fig. 36-D-1. Phases in the system KAISLOp—BaAl,Si,0, (GAY and Rov, 1968)
)
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Fig. 36-D-2. Distribution of Ba coocentrations in K feldspars (see Table 536-D-1 for
references)



Barlum

56-D-3

Table 56-D-1. Barium concentrations in K feldspars

Rock type No. of Barium caacentration  Method Reference
la;:: range arith,
ppm mran
Pegmaltites 7 79— 1,130 270§ Brar (1942)
38 19— 450 100 X Correra Neves (1964)
6 3— 470 132§ voN ENGELHARDT (1936)
5 200— 6,000 1,600 § Enricksonand BLapa (1963)
44 50— 3,400 710 S Heter and Tavion {1959)
17 20— 10,000 911 ] Hicazy (1953)
15 100— 1,700 S Hicazz (1949)
5 435— 5620 2408 S Hirrcwon (1960)
9 190— 4,750 1,290 X MarkarT and PREISINGER
{1964)
11 150— 600 355 S OerepaL (1961)
40 150— 1,000 436 S OrreDAL (1962)
4  <10— 9000 1,660 S OrrEDAL (1958)
16 171 10,525 4581 S Pirant and Simporr (1963)
64 76— 397 251 3 SHCHERBA ¢f of, (1964)
11 27— 3,550 495 S Taxvron et al. (1960)
4 236—6,000 5 TownenD (1966)
< Ip— 10525 863 average for 320 tamples
Alpine fisstares 13- 220— 55,800 7,730 N Rysach and Nissen (1957)
3 2400— 3270 20690 X MarkanT and PREISINGER
(1964)
15 2,600— 29,000 14,050 S “WemEL (1957)
33 630— 15,300 5,000 § WemeL and Mever (1957)
1 1,970 1,970 8 Hewrerr (1959)
220— 55,800 7,481 average for 65 samples
Jgneones rocks
Granice 11 162— 2340 1,150 5§ Bray (1942)
Grznodiorite 4 32— 1,440 810 S Bray (1942)
Quartzmonzonite 3 1,080— 1,260 1,170 S Bray (1942)
Trachyte 2 5,10— 8,600 6,850 S Canmrcnaes (1965)
G ranice 16 108— 361 200 s Eusirrani and VESPIGNANT
(1964)
Granite® 150 800— 5400 4,700 X Enuernany (1968)
Granite-larvikite 3 90— 14300 3920 S voN ENGELHARDT (1936}
Alkalic rock 4 900— 4,000 2,475 S Ericxsonand Brape (1963}
Monzonice, 25 130— 12,000 S Hzer (1960)
granite
Graaite, gneiss 41 1,000— 9500 3,840 S Hexmr and Tarior (1959)
Grenite, grano- 12 90— 5480 2,765 S Hzrz and Dutra {1966)
diorite, gneiss
Trachyte 10 360— 13,600 3,370 S HewrLerr {[959)
Granite 3 420— 2700 1,550 S HevwLerr (1959)
Charmockite 4 2,500— 5,000 S Howir (1955}
Monzonitic acen- 16 1,070— 12,100 35,000 X Jasuunp and Sgck (1964)
mulate®
Granite, gneiss 19 364— 4,620 2220 X MaRgART and PreismcER

(1964)
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Table 56-D-1. (Continued)

Rock tvpe No. of Barium concentmtion  Method Reference
ana- .
lyses range arith.
ppm mean
Alkalic rock 4 630— 5,900 314 X PeERrcHuck and RyancHixoy
(1968)
Granite il 26— 9480 2124 X Ruonzs (1969)
Granite 9 4350— 4770 43560 X Ricuyer (1966)
Quartz, monzon- 29 3— 3,000 990 S RoGERs (1958)
itic
Granire 4 835— 1,020 o5 S ScuansErY (1966)
Granite-ronalite 5 2,000— 3,000 2500 S Scw of af. (1959)
Graaite o1 45— 392 176 S SHCHERBA #f af. (1964)
Granodiorite 14 B3 S SHCHERBA ¢f af. (1964)
Adamellite 3 460 S SHCHEeRBA & al. (1964)
Syenite 4 162§ Sucuensa ¢f of. (1964)
Monzonite 2 155 § SHCHERBA ef of. (1964}
Syenodiorite 6 595 § SHCHERBA «f of. (1964)
Different rocks 32 < 200— 18000 3559 M SmrrH and Risse (1966)
Diffetent rocks® 23 <20 6200 1,183 M Snrrd and Runsg (1946)
Granire 12 277—>6,000 S TownenD {1965)
Granite 7 766— 1,526 1,240 X WartE (1966}
’ 3— 18,000 2,626 average for 598 ramples
& Sanidine.

of the plagioclase solid solutien series show thar the pure components conwin less Ba
than the intermediate plagioclases (Table 56-D-2, Fig. 56-D-3). This may be due to the
fact that the pure end members are mostly very late or secondary crystals which
formed from a Ba-poor liquid. Distribution of Ba berween coexisting K feldspars
and plagioclases is discussed as a potenrial geothermometec by Heren (1260, 1961).
Bawrrir (1961) showed that a straight line relation exists hetween log rarios of Ba in
cocxisting feldspars and log inverse absolute temperatures. He deduced that bclow
250° C, plagioclase is the preferred host mineral for Ba. Ireama (1968) studied
Ba distribution between potassium feldspars and plagioclases experimentally by hy-
drothermal runs at 600° C and 1,000 bars. His results contradict the observarions in
natural rocks as he finds higher Ba incorporation in the plagioclases than in the
coexisting K feldspars. Rupert (1970} experimentally found an incorporation of
Ba in albite at 930° Cf1 kb, upto 30 weight % of celsian molecules; Bruno and Gaz-
zoNI (1970} substimted large amounts of Ca in the modificarions of BaAl,Si,O,.
In the hexaponal modification synthesized by solid state reaction at 1,200° C,
Ca replaces Ba upto 37% (atomic fraction); in the hexagonal modification obrained
by erystallization of a melr, the replacement is limited to 25% ; the same value was
found for the monocdlinic modification by heating the mentioned modifications to
1,450° C.
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Fig. 56-D-3. Distribution of Ba concenrrations in plagioclases (sce Table 56-D-2 for
references)
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Table 56-13-2. Bariun couceniralions in plagioclases from igneour and metamorphic rocks and
rocks of bydrovbernral origin

Rock type No. of Barium concentration Method Reference
?;.1:;5 mange - arith.
ppm mean
Anoribites from;
Basalt 1 60 0 S Brers (1961)
Pumice 1 10 10 5 Coats (1952)
Anodbosice, gabbro 13 < 100— 500 <217 M CorierT and RIBBE
and others (1967
Metam. rock {amphi- 3 <45 <45 S Sen (1960)
bolite Facies)
Meram. rnck (granu- 2 <45— 80 <60 s Sen (1960)

lite facies)

Dacite-andesite 3 <45— B0 <63 s Sen {1960)
Norite 1 10 10 ] SEN ef al. (1959)
Bytonites from:
Anorthosite, norite 12 <100— 100 <100 M CorrerT and Riepe
and others {1967
Gabbro-anorthosite 9 40— 320 130 s Ewmuons (1952)
Basalt pA 22— 210 146 S Muir # of. (1964)
Metem. rack (amphibo- 7 <45— 5 <46 S Sen (1960)
fite facies)
Gabbro 2 80+ 85, 8z ] SEN ¢f al. (1959)
Labradorites frops: _
Anorthosite, gabbro 3B <100— 300 <195 M CorrETT and Riese
and others (1967)
Basalc 9 200— 800 400 s CornwalrL and Rose
(1957
Gabbro-anorthosice 9 130— 580 347 S Eunons (1952)
Anoribosite 2 a5+ 160 122 S Papezix (1965)
Metam. rack (amphi- 3 115—- 150 160 S Sen {1960)
bolite facies)
Meram. rock (granulite 4 270— 480 295 S Sern (1960)
facies)
Norite 3 45— 130 75 S SEN #¢ ai. (1959}
Gabbro 2 50— 80 &5 5 WacNeER and
MrrcueLL (1951)
Teschenite-basal, 9 BO— 1,500 451 S Wrrxnson (1959)
gabbro
Alndzsipes from:
Anocthosite 9 630— 3,500 1,250 M Anperson (1966)
Granite, granodiorite 6 370— 1,000 310 s Bray (1942}
Goeiss, anorthositc 19 <100— 600 <177 M Corpkrr and RiBpE
and others {1967
Granodiorite-anortho- 5 o0 330 224 S Euuons (1952)
site
Monzonitic accomulates 12 440— 1,020 735 X JasmunD and Secx
' {1964)
Gneiss i1 900—18,000 6,100 S OFTEDAL (1958)
Pegmacite 12 10— 1,430 300 5 Orrepac (1958)
Arnorthosite 10 150— 1,075 384 S PapezIk (1965)
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Table 56-D-2. (Continued)

56-D-7

Rock type No. of Barium coocentration Method Reference
ang=
Iyses range arith.
ppm mcan
Mctamn. rock (amphi- 15 <45— 990 <224 SEn (1960)
bolite facies)
Mermm. rock {granu- 12 45— 700 380 S SEN (1960)
lite facics)
Dacite-andesite 4 450— 870 560 S SN (1960)
Granite 2 250+ 320 285 § Sen {1960}
‘Tonalite, geanodiorie 6 80— 235 174 s SEN & al, (1959)
Gabhbro 6 200— 600 390 ] Wacer and MiTckerL
(1951)
Teschenite, gabbro 2 350+ 600 475 K] WiLkmson (1959)
Oligoclases from:
Anocthosite 1 3,480 3,480 M ANDERSON (1966)
Pegmatite, granite 43 «<100— 1,100 <134 M CorrerT and RisBE
and others (196T)
Basalt 2 7004 1,000 850 S Coanwary and Rose
{1957)
Granite 4 70— 380 132 S Exmons (1952)
Pegmatite 1 385 365 s HrrcHon (1960)
Granite 2 150— 268 209 s Pirant and SwBorr
(1963}
Granite 4 180— 250 210 s ScHARBERT (1566)
Metam, rock (amphi- 5 45— 540 205 5 SEn (1960)
bolite facies) -
Metamn. tock (granu- 7 < 90— 1,170 <425 5 Sen (1960)
lite facies)
Rhyolire-rbyodacite 2 45— 1,800 922 3 SEn (1960)
Granice 5 63— 380 155 5 SeEn (1960)
Granite, granodiorite 2 1204+ 235 175 ] Sen el al, (1559)
Albites from.
Pegmatite, alpine 36 <100— 650 <145 M Correrr and Risse
fissure (1967)
Basalt 1 700 700 5 Cornwart and Rose
(1957}
Pegmatite 6 54— B0 69 X Corrria Neves (1964)
Pegmatite 1 1 1 S Expsons {1952)
Pegmatite 1 2 2 5 vonN ENGELHARDT
{1935)
Pegmatite 1 5 5 S Hicazy (1953)
Metam, rock (green- 1 <45 <43 S SEN (1960)
schist facies)
Diflecent rocks 2 <20 <200 M Suuti and Risee (1966)
Pegmacite 5 12— 49 ~24 S TarLor & of. (1960)
Granophyre 1 30 30 S Wacer and MrrcHEIL
(1951}
Anorthoclaser from:
Basale, trachyte 2 1,000+ 1,100 1,050 ] WiLkmson (1962}
Phorolite 1 2160 2160 S HewrerT (1959)
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b) Micas and Other Important Rock Forming Minerals

Micas are the next important Ba carriers in rocks. Ranges of Ba concentrations
in these and other minerals are given in Table 56-D-3 and in Fig. 56-D-4. Bais a
concentrated [n biotites as in muscovites. Only lepidolites have much lower Ba vai-
ues. Generally micas from pegmatites show Jower Ba values than those from the
adjacent country rocks (Taxuso and TaTEkaAwA, 1954}, bur each pegmatite may
have its own “Ba level”. Extensive material on Ba contents, maialy from peg-
matite muscavites, was published by HEINRICH #f o/, (1956). These authors found Ba
concentrations from 1to9,9%00ppm in 162 samples, predominantly pegmatite mus-
covites. They calculated an average of 1,020 ppm Ba.

Petrov et o/, (1965) found that the relative concencrations of Ba in biotites io-
ercase with metamorphic grade. In rocks free of K feldspars, biotite is often the
main Ba carrier, sometimes rogether with pyroxenes and amphiboles. In skarns

K~feldspar (983} ' _.= * *
Flagioclase {377) - ' —

Nepheline (18) v ¥
Leucite{?)
Biotite (352) f IR B —
Phlogopite { 26) : X
Muscoyite [263) L A —
Lepidolite [ 35}
Chlarite {25)
Quartz (16} !
Amphibole {187) b D i —
Pyroxene [223] ¥ A3 X i
Apatite (41) Y. } 1
Tourmaline (10) + —
Sphene [19) ' ¥y
Beryl {54}
Olivine (19} _— ¥y
Garnet (151) L o |
Kyonite {26) [ . 4 L
Sillimanite {5} ; — Y
Andalusite {§) —r

136
Scapalite{42) — ¥ 1
Calcite (47) x xL ; -

:

4D

1 t | | 1
o 0 100 1000 ppmBa 10000

Fig. 56-D-4. Ba concentrarions in rock forming minerals (sec Table 56-E)4 for references).
¥ Indicaccs total averages. X Indicates group averages
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Table 56-D-3. Barinm concenfralions in rock forming minerals of igmeons and mietamorphic racks

Rock rype No. of Barium concentration Method Reference
ana- n
lyses range arith.
ppm mean
INepheline
Alkalic rack 3 < 45— 3,320 1,270 S voN EckEayann(1952)
Alkalic rack 5 100-— 3,000 1,200 8 Erickson and Brape
(1963)
Pegmatite 6 <10— 20 20 8 OrTeoaL (1962}
Alkalic rock 4 < 100— 3,400 1,670 X Percauck and
Ryascuixov (1968)
< 10— 3,400 923 average for 18 samples
L erccite
Leucite-basanirte 2 1,160— 1,250 1,200 S voN ExnGgELltannT
(1936)
Leucitopbyre-leucite 5 710— 2,250 1,180 S Hexpersoxn (19635)
basanite 710— 2250 1,186 average for 7 tomples
Bictire
Granite, granodiorite 12 &1— 720 294 3 Brax (1942)
Pegmatite 3 103— 470 241 S Bray {1942)
Schist 18 600— 1,100 700 S Butren {1967)
Metspelice 5 500— 2,000 1,500 S Caro (1964)
Rhyalite 8 1,430— 6,730 5200 M CaryucrHaerL (19672)
Granitic rock M 240— 5,000 1,405 S DoocE #f al. (1969)
Alkalic rock (catbon- 8 1,700— 6,360 4,065 8 voN EckERMANN
atite) (1952}
Granite 2 84+ 100 9 S EsmrLrant and
VEsricnant (1964)
Paragneiss 25 300— 2,200 -930 S EwncEeL and ENcEL
(1960)
Alkalic roek 4 900—12,000 4,500 S Erickson and Braoe
(1963)
Quartzdiorite-granite 13 400— 2,700 1830 8§ Hasvax (1968)
Charnnckice 2 9004 2,300 1,600 S Heizr (1960)
Pegmatice 7 45— 2,320 717 S HircHan (1960)
Gneiss, schise, 35 100— 1,200 750 S Huwzickea (1966)
arnphibolite
Gneiss, amphibolice 8 900— 3,180 ~.2.400 S KrEerz (1959)
Goeiss, schist 20 120— 2,450 810 S Moxranm (1965}
Pegmatite 3 200— 400 o s OrreE0AL (1962)
Quarzmonzonite, 24 450— 8,500 1,212 X RinsarrE (1964)
granndiorite
Goeiss, schist 17 900— 2,700 gog X Rimnvsalve (1964)
Memackase 7 472— 1,086 780 § Scuwarcz (1966)
Granite, norite 10 500— 2,500 1822 § SEN 2f af. (1959)
Pegmatite, walltock 48 <150— 2,000 873 8 StERN (1966)
Metamorphic rock 22 42— 1,410 800 S TuREKIAN and
(staurclite zone) Puimnney (1962)
Migmatite, granite 8 240— 1,335 880 X Warre (1966)
Basalt 1 2,500 2,500 S WiLkxwson (1962)
Cordierite-biorice, 8 60— 530 20 8 Wynne-EpwarDs and
gneiss Har (1962)
42— 8,500 1,198 average for 352 samples
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Table 56-D-3, (Coarinued}
Rock type No, of Barium concentration Mcthod Reference
ana- -
Iyses range arith.
ppm Mmean
Phlogopite
Wyomingite, orendite 12 3,670—10,100 7350 M Canmicuaer (19671)
Wolgidice, wyomin- 9 3,140—14,300 12,000 M CanraicHaer (1967h)
gite, Azroyite
Alkalic rock 2 1,000+ 4,000 2500 S Ericxson and BLADE
(1963}
Lamprophyre, bazalt 3 2,700— 4,850 4016 X Rrusarre (1964)
1,000—14,300 8,202 average for 26 rampler
Muscovise
Granite 7 108— 900 490 5 Brav (1942)
Pegrnatite 5 23 360 125 § “Bray (1942)
Schist 22 1,400— 2900 1,930 § BuTrer (1967)
Granite 2 1,000+ 1,100 1050 S Emiriant and
Vispronant (1964)
Pegmarite 168 2— 9,800 1,020 S Hemricr ef of. (1953)
Pegmarice 1 36 3 § Hemricy (1967
Pegmarize 13 160 S Hrrcron (1960)
Gneiss, schist 14 110— 1,200 850 S Hynzicker (1966)
Alpine fissure 2 2304+ 300 265 S SCHWANDER ¢/ af.
. (1968)
Metamecphic rock 1 21,400 21,400 W SNETSINGER (1966)
Pegmacite 28 180— 1,650 797§ StERN (1966)
2—21.400 1,057 aperage for 263 samples
L epidofite
Pegmatite 26 2— 9 3 5 Heinrice eof af. (1953}
Pegenatite 9 3— 18 7 S HemiricH (1967)
2— {8 4 ayerage for 35 samples
Chiprire
Basalc 11 20— 300 120 § Cornwali and RosE
(1957
Granite 3 ib— 50 25 S Esinrant and
VESPIGNANT (1964}
Schisc 11 17— 148 6 S Gresens (1967)
(2,100)
Garner, chlotite, 1 358 358 S Mosn (1956)
bi
sehise 10— 2,100 83 average for 26 sapiples
LQnartz
Granite 4 280— 550 416 S Brar (1942)
Pegmatite 1 30— 5D 11 8§ Hrreron {1960)
Basic jntrusion 1 7 7 8 Wacer and MrrcHELL
(1951)
— 350 112 average for 16 sampler
Ampbibole '
Metamomphic rock 3 <50— 200 100 S Caro (1964)
(amphibolitc) :
Wolgidite, orendite 4 1,800— 5,400 3,700 A CarmicHagL (1967h)
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Table 56-12-3. (Continucd)

56-D-11

Rock type No. of Barium concentration Method Reference
?;::5 range arith.
ppm meno
Schist, glaucophane 9 2— 120 20 5 CoLesaN and Pamke
(1968)
Schist, ricbeckite 4 <4— 140 74 5 CoLestaN and Parike
. (1968)
Schist, actinolite 2 124 410 211 5 CoreEman and Pasike
(1968)
Granite 17 7— 50 3 S DoncE ¢ al. (1968)
Granodiorite, quartz- 3 15— 95 (1) I DoncE ¢ al. (1968}
diorite
Metamorphic cock 24 24— 320 100 s ENGEL and ENGEL
(amphibolitc) (1962)
Diorire, porphyr 15 100— 300 150 s ExceL (1959)
Schist 13 44— 104 66 S GREsENs (1967)
Quartzdiorite 6 10— 36 20 S Haswax (1968)
Granire 4 10— 36 20 8§ Hasran {1968)
Rhyodacite 1 180 180 5 Hasram (1968)
Gneiss, schist 8 <10— 195 -80 S Huwzicker (1966)
(1,200)
Monzonitic 11 20— 1,780 7% X Jasmpnn and Seck
accumulate (1964)
Gneiss, amphibolite 16 <920— 300 160 S Krerz (1959)
Amphibolite 9 <90— 360 230 S Krerz (1960)
Gneiss, schist 20 10— 485 150 5 Moxnas (1965)
Nepbeline-syenite, 2 10+ 20 15 § OrtepaL {1962)
pegmatire
Ophioclite i 27 27 35 Pras and Hisr (1961)
Tonalite, granodiorire 12 10— 80 40 S Sewn ot ol (1959)
Essexite 2 25— 150 9% S Suirsom {1954)
Basalt 1 100 100 S Wirkinson (1962}
2— 5,400 214 average for 187 samples
Pyroxene
Basic layered rock 14 12— 22 18 5 ATrINS (1969)
Brsalc 1 G0 60 5 Brens (1961)
Basalr crc. 8 30— 800 195 & CornwarL and Rose
{1957}
Alkalic roek 9 <45— 540 160 S voN Eckzruann(1952)
Alkalic rock 32 < 10— 5,000 300 S EricksoN and BLAaoE
(1963)
Pecidotite 2 16— 18 14 S Geeed (1964)
Quartzdiorit 4 5-— 27 16 S Hascan (1968}
Granite 1 10 10 S Istnora (1967)
Mcewmmorphic rock 10 <90— 360 <145 § Knerz (1960)
{skarn)
Chamockiic 20 <5— 22 =1 S LesLananpam {1967)
Basalt, trachyre 2 104 50 ja s LeMarrne (1962)
Mectamorphic rock 38 <1— 44 12§ Moxnaxt (1960)
(skarm)
Basale 8 5— 45 21 8 Mutr & ol (1964)
Kimberlite 9 <10— 150 33 8 Nixon &f al. {1963)
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Table 56-D-3. {Continued)

Rack type No. of Barium concentrations  Method Reference
?;::s range arith.
ppm mean
Pegmatite 1 10 10 S OrreoaL (1962)
Olivie basalt 1 15 1.5 N/R  Onuwma e of. (1968)
Metamorphic rock 38 1— 65 15 § Snaw «f ol (1963)
(skacn)
Syenite, gahhro, 5 <10— 30 <21 S Smumson (1954)
- essexite
Gahbro 9 <5%— 60 16 S Wacer and MiTCHELL
{1951)
Teschenite, basale, 1 <5— 60 11§ WrLemson (1959)
gabbro
< 1— 5,000 75 overage for 223 rampler

from che Greenville province, Krerz (1960) rcports that cthe Ba content decreases in
the following sequence: biotite > amphibole > pyrozene. The structure of chain
silicaces, where Ba occupies Ca positions, scems 1o accept more Ba ar higher tem-
perature of formation; ENGEx and ENGEL (1962) found an increasing Ba content
(9, 18, 86, 106 ppm) in hornblendes from metamorphic rocks formed at 400, 500,
525, and 625° C,

Quarnz has a rather low Ba content, and it is not certain whether contamination
by other minerals was avoided in all analyses published.

From minerals of mcwamorphic origin, garnets exhibit the highest Ba values,
Kyanites, sillimanites, and andalusites arc much lower and always contain less than
100 ppm Ba.

Calcite from alkalic rocks in the form of carbonatites is somewhat entiched in
Ba. Crystals from hydrothermal vcins generally have very low Ba concentrations.
The very mare Ca-Ba-carhonates, alstonite, barytocalcite, and benstonite are of no
importance in rock formation and do not form solid solution series with the end
members, )

Dcpending on type and enviranment of formation, zeolites contain different
amounts of Ba in their structures. Upto 300 ppm Ba were found in anacime aad
nateolire (Errcrsox and Brape, 1963; Wkmson, 1959). In stilbite, thomsonite,
cbabasite, gmelinite, and gismandine, conceatrations betwcen 600 and 5,200 ppm
Ba were reported (Hoss and Roy, 1960). Phillipsites, or constituents of the series
phillipsite-harmotome, which occurin manganese nodules and in larger amounts in
certain deep sea sediments, may be extremely enriched in Ba, upto 44,500 ppm
(SHEABARA, 1950; Hoss and Rov, 1960).

¢) Barium Partition between Mineral and Host Rock
and Between Coexisting Minerals

During the first stages of differentiation of basaltic magmas, Ba is enriched ia the
liquid phase. With progressing crystallization Ba is incorporated, cspecially in
K feldspars and micas, which extract this element from the melt. Pegmaritic stages
of differcntiadon series are consequently often impoverished in Ba.



Table 56-D-4. Barim disiribution betvees minerals and total rock

Paic No. of Barium concentration range Distribution ~ Method Reference
. pairs . coefficient
mincral rock minecral rock B2eiofBarock
ppm ppm :
Sanidine Trachyte 7 140—6,900 120—1,800 1.17— B95 § Beavrin and Henprrson {1969)
Plagioclase Trachyte 5 560—3,500 T770—1,100 0.72— 398 S Bearin and Hrnpenson (1969)
Anorthaclase Phanolite 2 2,600—3,000 1,100—1,400 24— 237 5 BenLiN and Henprnson (1969)
Biotite Dacite, rhyolite 8 1,400—46,70D 400—1,100 1.6 — 15 A Canmmicraer (1967a)
tracbyte
Garact Edogite 1 150— 165 < 10—-1,140 0.13—>153 8 Hatme-Woemnmemea and Licke
(1963)
Amphibole Rhyodacite 1 180 580 031 5 HasrLaum (1968)
Biotite Meraarkose 7 472—1,086 1,190—1,730 0.20— 0465 § HasLam {1968)
Pscudoleucite Juvite, tinguaite 7 50—4,000 50—+5,500 023— 100 X HEnNDERSON {1965)
Leusice Leueire-porphyre, 5 T10—2,250 1,950—2,250 0.36— 081 X Henozrson {1965)
leucite-basanite )
Biatite Amphibolite 9 575—1,150 270— 760 1.22— 4.60 S Hunzicker (1966)
Diotite Gueiss 19 290—1,150 250—1,050 040— 244 S Hunzicxken (1966)
Muscovite Amphibalites 5 1,000—-1,200 270— 760 133— 408 § Hunzicken (1966)
Muscovite Gneiss 9 390—1,100 310—1,050 0B5— 355 5§ HunzickER (1966)
Plagioclase Granulite 12 110— 475 160—-2,500 011— 337 8§ Sun (1960}
Qrthoclase Granitic gneiss 5 3,330—5,380 706— 731 4.67— 138 X Wiure (1966}
Biotite Granitic gneiss 2 847—1,110 706— 730 1.20— 152 X Witz (1966)
Biotite Biorite gnciss 8 60— 530 103— 380 041— 395 8§ Wywne-EpwaRDS ef of, (1962)

wnueg
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Table 56-13-5, Baritm distribuiion between coexisting mircralr

Paics No. of Rock type Range Range Range of Method Ref-
- - pairs rnineral 1 minceal 11 diserib, erence
mincral I mineral II ppm Ba ppm Ba coeflic.
Biotite Muscovite 5 Gneiss, migmatite 1,250 " 63Q% 1.98 X 1
12 Schist, paragneiss 1,525a 1,970s 0,80 X 1
18 Schist 600 — 1,100 1,400 —2,900 0.31— 0.56 5 2
Biotite Orthoclase 7 Migmatire, gneiss 240 — 1,335 1,176 —6,718 0.20— 025 X 3
Biotitc Garnet 8 Paragneiss 350 — 2,200 35 —1,100 2.00—15.0 S |
22 Metam. sequence (42) 580 — 1,410 11 — 38 21,0 —75.8 5 -5
Biotite Hornblende 5 Metamorphic rock 1,000 — 3,000 15 — 60 33 —&68 6
20 Gneiss, schist 120 — 2,450 10 — 485 2.50—60 5 7
Biotite Pyroxene 2 Phonolite, thyo- 2,480 + 4,670 213 4+ 550 116 +85 I 8
{phlogopite) dacite
Biorite Ilmenite 7 Metaackose 472 — 1,086 7 — 132 0.01 — 0.28 5 9
Alk. feldsp. Plagioclase 4 Trachyre 2,700 — 6,900 560 —3,500 093 —10.8 S 10
Sanidine Plagioclase 12 Monz. cumulates 900 —12,100 394 —1,165 2.30 —15.9 X 11
Sanidine Amphibole 11 Monz, eumnulates o0 —12,100 90 —1,770 1.50 —-22.1 it 11
Orthoclase Nepheline 3 Alkalic rock 990 — 2300 100 —3,400 0.38 —25.0 X 12
Plagiocl. Amphibole 10 Monz. cumulates 395 — 1,170 415 — 1,780 0.51 — 1.69 X 11
Plagiocl. Clinopyroxene 3 Oceanite, andesite 23 — 582 1.26— 10.2 475 —18.7 I 8
Pyroxenc Amphibole 5 Skaen 26— 26 12 —>500 <0.016— 2.00 S 13
Pyroxene Scapolite 19 Skarn 1 — 3 14 — 210 0.013— 0.20 5 13
Clinopyrox, QOlivine 2(6) Ankoranite, alkali 49— 175 19 — 5.1 280 —34.5 I 8

baszalc

Referanee: 1. Rimsarte (1964); 2, Burien {1967); 3. Write (1966); 4. Encer and Excer (1960); 5. Turexran end Prinney (1962);
6. Hietanen (1971); 7. Moxuam (1265); B. Prrrrotts and Scawnerzrer (1970a); 9. Scuwarc: (1966); 10. Berern and Hemprrson (1969);

11, Jasmunb and Secx (1964); 12, PEnchucy and Ryascrukov (1968); 13, Suaw of af. (1963),

A average.

P1-0-98
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The degree of relarive incorporation of an clement into 2 specific mineral is
given by the ratio:
concentration of Ba in the phenocryst

concentration of Ba in the melt

D=

This distribution coefficicnt can be calenlated if equilibrivm phenocrysts arc com-
pated with total ground mass, for instance, of volcanic rocks. If the amount of
phenocrysts is low, the Ba content of the total rock can be used in the denominator
of the above given equation. Distribution cocfficients can also be calculated for
memmorphic rocks, which constitute equilibrfium mineral assemblages.

A number of these coefficients have been calculated from published data
(Table 56-D-4). It must be mentioned that the distribution coefficients depend on
several factors: pressure, temperature, the amount of Ba available, presence of
competing elements, etc.

Beruin and Hewpenson (1969) determined Ba in sanidine and plagioclase
crystals, and the embedding ground mass of trachytes and phonolites. They could
reconstruct, by Ba and Sr determinations, the sequence of crystallization (sanidine
or plagioclase first) and even detected in one casc indications for secondary redis-
tribution.

PuiLrorts and ScHNETZLER (19704), analyzing (I) phenocrysts and a matrix of
basic to intermediate voleanic rocks, caleulated partition coefficients (Ba concen-
tration in mineral/Bz concentration in matrix) for: plagiodases, D=0.0537 to
0.589 (9 pairs); K feldspars, D = 6.12; clinopyroxenes, D = 0.0129 to 0.388 (10 pairs);
orthopyroxenes, D =0.121 hnd 0.141; micas (biotite-phlogopite), D=1.09, 6.36
15.3; hornblendes, D =0.0996, 0.417, 0.731; gatnet, D =0.0172; and olivines,
D =0.00864 and 0.0112. Only K feldspars and micas concentrare Ba relative to the
matrix. They observed a strong coherence of Ba and K in almost all phenocrysts.
The D-value of the K{Ba ratio is within the range of 0.5 ro 2.0 in nearly all their
examples. Since this KfBa ratio js found to be extremely coasistent in basic rock
types, these authors recommend it as an “indexing critetion™ for solar systems.

Ba distribution coefficients hetween coexisting minerals {Table 56-D-5) give
some idea of the relative importance of minerals for the Ba contear of a rock. It
must be kept in mind that analyses of mineral pbases isolated from 1 certain rock do
not necessarily represent equilibrfium condidons. Ba concentration in a definite
mineral is affected by pressure, temperature, Ba availability, structure and position
in the sequence of separation from the melt, and other parameters.

A useful index of fractionation is the ratip Ba/Rb. Ba has a tendency to be
captuted in carly K minerals, whereas Rb is enriched in the residual melts dve o
its smaller charge and larper ion size. TavLor and Hrerer {1960) report a variation
of the BafRb ratio in feldspars from gncisses, granites and pegmatites from 54 to 0.04.

II. Barium Minerals

Because of their abundance, the most important Ba minerals and consequently
the main Ba carriers in the earth’s crust are: in igneous rocks, K feldspars, which
contain 4 certin percentage of celsian molecules; and in sedimenmry rocks and
hydrothermal deposits, barite. Under special condidons, a large number of well
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defined Ba minerals can form. Somedmes they are reported from only one localiry.
In Table 56-13-6 the nonsilicates and silicates are listed. Criteria for the presentation
in these lists have been: (1) reported by Struwz (1966), andfor (2) approved by the
Commission on New Mincrals of IMA.

Table 56-D-6. Barinmr minerals

Mineral Formula

Oxides

Billicsite (Ba0-6UO,)-11H,0

Hollandite Ba, Mn O,

Pandaite (Ba, 5r, Ca)(Nb, Ti, Ta},0,-H,0O
Priderite (X, Ba), 5(Ti, Fe)gOyy
Psilomelane (Ba, H,OYMn,0O,,

Rijkeboerite Bag—x(Ta, Nb):Oy(H,0)
Todnrokire (Mn, Mg, Ca, Ba, Na, K),Mn,0,,-3H,0
Carborates

Alstonite (Ba-aragonite) Balz{CQ,],

Baryuncalcite BaCa[CO,],

Benstonite (Ca, Mg, Mn),(Ba, 5£),[CO, 1,8
Burbankite (Na, Ca, Sr, Ba, Ce)ofCO;)4
Carbocernaire (Ca, RE, Na, 5r, Ba)[CO,]
Ewaldire Ba(Ca, RE, Na, K, 5r, U, O)[CO, ],
Huanghoite BaCe[CO,LLF.

Kordylite Ba(Ce, La, Nd),F;/[CO,],
Mckelveyice NagBa,CaY.[CO,],- H.O
Norserhite BaMg[CO,}.

Stenonice (S, Ba, Na),Al[CO,IF

Witherite BaCO,

Nitrate

Nitrobarite Ba[NQO,].

Sulfarzen

Barite BaS0O,

Selenire

Guillemninite Ba(UO,),[5¢0,1,(OH),-3H,0

Phosphates, Arsenates, Vanadates

Babefphite Be B, [PO,,O F- 0.35H.0
Bergenite? Ba(UO,), [PO,]:{OH),-8H.O
Dussertite BaFe+ H[AsO,],{OH),
Ferrazite© (Pb, Ba},[PO,J,-8H,O
Francevillite (Ba, PBY(U0O,).[VO, ], -8BH.O
Gamagparite Ba,(Fe, Mn),U,0,,(OH),
Gorceixite BaAl(OH),[PO,),-H.O
Heinrichite Ba(UO,),[AsD,).-10H,D
Metaankoleice {K, Ba){U0,),[PO,], - 6H.O
Meuheinrichite Ba(U0,),[ASO, ], 8H.O
Metauranacircire 1 Ba(UO,).[PO,).-8H, O
Metauranacireite 1T Ba(U0,).[PO,),-6H,0

Strontiumapatite®
Uranocircite I
Uranocircite IL
Vesignictite
Weileritet

(Sr, Bay,(Ca, RE, Mg, Na),[PO,Jo(F, OH),
Ba(U0,),[PO, ], 12H.O

Ba(UO.,}.[PO,].- 10H.O
BaCu,[VO,].(OH).

BaALH,_,[AsO,, SO OH),_,
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Table 56-D-6. (Continued}

56-D-17

Mineral

Formula

WNesosificater

Barivmuranophane
Garrelsite

Sorosilicates

Bafertisite
Barylite
Hyalotektite
Innelite
Labuatsovite
Nenandkevichice
Shcherbakavite
Yoshimuraite

Ring rificates
Armenite
Baotite
Benoiroite
Cappelenite
Muirite
Papstite
Taramellite
Traskite
Verplanckite

Chain silfeales

Batisita
Krauskopfite
Walstromite

Sheet silicates

Anandite
Bariumphlagapite
Barium-
vanadium-muscovite
Gillespice
Oeliaclierite
Sanbomite

BaH{UO,/Si0,],- 5H,O

(Be, Cﬂ)iHoSizBuoau

BaFe, TiSi,0,
BaBe,Si,0,

(Pb, Ca, Ba),B[5i,0,,](F, OH})

Bay(Na, K, Mn, TD), Ti(O, OH, F).{(S, $§0O,/51.0,]
(K, Ba, Na)(Ti, Nb)(8i, Al}.{OC, OH),-H,O

(Na, K, Ca, Ba)(Nb, Ti)[5i,0,] -2ZH.O

(K, Na, Ba)(Ti, Nb), [SLO, ],

(Ba, 31),{Mn, Fe, Mg)(Ti, Fe)}{OH, C1).[(5, P, $i)0,/51,0,]

BaCa,Al,SigQ,,-2H,0

Ba(Ti, Nb)ySi(Q.4Cl
BaTi51,0,

(Ba, Ca, Ce, Na),(Y, Ce, La)g[BO,]4[5i;0,]
Ba,oCa Mn'FiSi,005(CH, ClL, By

Ba(Sn, Ti)Si;0,

Bay(Fe*, Ti, Fe**),(OH),{3i,01,]
BagFe, TisSi;,04(OH, Cl, F)g-6H,0
Ba,(Mn, Fe, Ti}5i,040, OH, Cl, F},-3H.0

Na,BaTi.[Si,0,].
Ba&i,0,-3H,O
BaCa,S5iy0,

(Ba, K)(Te, Mg)y(5i, Al, Fe) O (O, OH},
(K, Ba)Mg,(F, OH),[AIS,0 ]
(K, Na, Bo){(Al, Ti, ¥, Mg (O H),[Al5i,0,,)

BaFe[5i,0y,)

(K, Ba)(Al, Mg), (OH, F),;[AlSi;00]

Ba,[33,0,]

Tectoriicates (wirthons zeolites)

Banalsite

Celsian
Paracelsian
Barivmalbite
Bariumplagioclase
(alciocelsian
Hyalophane
Bariumsanidine

Cymrite

Wenkite

BaNa,[Al5i,0,]
Ba[Al,5(,04]
Ba[AlSi,Oy]

solid solution Ab-Or-Ce
solid solution Ab-Aa-Ce

solid solurion Ce-An

" solid solution Or-Ce

solid solution
BaAlSi,0,(OH)

(Ba,Ca)y[SO,3A1,581,;0 5 (OH);
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Table 56-D-6. {Continned)

Mineral ' Formula

Zeolites

Barium heulandite {Ca,Ba){ Al,Si,0,,]-6H,O
DBrewsterite {Sr, Ba, Ca), Al S04, 1011,0
Edingtonite Ba Al,§1,0,,-3H,C

Harmotome Ba, Al.5i,,04,-12H.O

Wellsite solid solution phillipsite-harmotome

Unclassified silicates

Fresnoite Ba,TiSi,O,
Joaquinite NaBa(Ti, Fe),5i,0,,
Leukosphenite BalNa,(TiO).{81.C,],
Macdonaldite BaCa,Si, ,O,,-11H,O
Tienshamite Na,BaMnTiB,Si,0.,

Calciobarite (Ca), Baritocclestite, Celestobariee (Sr), Baritoanglesite, Anglesobarite,
Hokutolite, Weisbachite (Pb), Radiobarite {Ra). Revicws on composition, occurence, and
crysrallographic and physical propertics are given by Dana (1951), Hierze (1930, 1938,
1960). X-ray cvidence for the existenee of a barite-celestite isomorphous series has been
obrained by Sazine aod Youne (1954).

Bostrou ef of. (1968) studied subsolidus phase relations and lautiee constants in the
system BaSO,-5:50,-PbSO,.

3 Barite forms moce or less continuously, solid solutions with Ca, Str, Ra, and Pb
sulfates, In keeping with tespective compositions, different names are used for the members
of the series:

? No decisive vore of the IMA new mineral commission.

¢ Doubtful mineral species.

4 Nat yet appraved by IMA new mincral commission,

Revised manuseript reeeived - September 1971
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56-E. Abundance in Common Igneous Rock Types

A survey of Ba concentrations of rocks published by v. EnceLHARDT (1936)
showed that Ba content in igneous rock series normally increases with increasing
5i0, concentration. Recent data of Ba concentrations jin common igneous rocks are
summarized in Tables 56-E-1 and 2. The grouping follows the outlines of WeDE-
POHL in volume 1 of this handhook. The listing contains the range of individual
values, the arithmetie means and the standard deviation (s} of these means. Ba
distribution in the main rock types is briefly discussed, as well as its bearing on
genetic interpretations. '

I, Ultramafic Rocks

The most important ultramafic rocks in the development of magmatic scrics are
dunites and peridorites. From the available data, mosdy spectrographic, an average
of 8.8 ppm for dunite and of 25 ppm for peridotite was caleulated. In their table of
clemental distribution in the eartb’s crust, Turexi1AN and WeperouL (1961) preferred
a neutron activation value of 0.4 ppm Ba for dunite rather than a spectrographic
determination average of 6 ppm.

All data for these rocks suffer from potental contamination (sce discrepancy
between finds and falils of chondrites) and from analyrical difficulties oceurring close
to the detection limit of Ba.

Pyroxenites contain a littde more Ba (average 23 ppm); biotite pyroxenitcs
have concentrations upto 3,200 ppm Ba (Hicazy, 1954), as do kimberlites, where
phlogopite is the main Ba carrier. Very high values are also reported for carbonatites
(avcrage 3,520 ppm) which sometimes cven contain barite,

. Gabbroic and Basaltic Rocks

Gabbroic rocks of intrusive occurence (average Ba content 246 ppm) closely
resemble continental tholeiitic basalts (average Ba eontent 246 ppm).

Basaits can be divided into three groups according ro their trace clement concen-
teation (Fig. 56-E-1). The averages for Ba arc as follows: '

Oceanic tholciitic basalts 14,5 ppm Ba
Tholeiitic basalts of continents and oceanic islands 246 ppm Ba
Alkali basalts 613 ppm Ba.

All trace element data for occanic tholeiitic hasalts indicatc a geaeral uniformity
Yor widely scparated parts of the oceans. Muin ¢ /. (1964), however, determined
Ba from the rift zone of the Midadantic Ridge, at 45°N, and found 55 to 220 ppm (8).
The condnental tholeiitic basalts contain more Si, K, Ba, Cs, Pb, and Rb than
occanic tholclitic basalts (GasT, 1960).

’ 3 Springer-Verlag Berlin + Heidelberg 1972
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Table 536-E-1. Bariurr in inirnsive rocks
Rock cype No. of No. of Raoge of Arith, mean 8 References D
local-  indi- individual of means
ities vidual values gronped by
ot values localiry
No. of
mean
values _
used in ppm in ppm
Alkali granite 3 19 22— 2,100 857 11,12, 73
Granite 2§ 608 22— 3,000 732 433 6, 17, 21, 24, 26, 31,
32, 49, 50, 54, 55, 57,
62, 67,72, 73,75, 80,
83, 85, 87, 89, 93,
106, 121, 126
Granodiorite 7 53 400— 1,815 888 6,73, 83,87, 124, 131
Quartzdiorite 5 18 150— 1,250 811 87,90, 131
Quartzmonzonite 3 18 233— 6,000 1,605 12, 87, 124
Alkali syenite 4 10 300— 2,070 1,067 21, 34, 75, 109
Syenite ) 30 230—18,000 2,753 24, 34, 44, 58, 63, 97,
100, 109, 111
Monzogabbro 1 4 7,500—14,000 10,360 100
Diorte 3 25 126— 1,150 714 75, 87, 90
Gabhro 10 148 5— 1,250 246 228 4,21, 75, 87,91, 100,
101, 109, 111, 127
Anorthosice 3 66 65— 4715 171 75,91
Norite 4 18 5— 310 78 75, 87,99
Nepheline 12 524 10— 6,300 1,427 1,206 27,34, 35, 43, 44, 58,
syenice 59, 61, 75, 111, 125
Esscxite 3 8§50— 2,800 1,598 64, 88, 111
Teschenite 1 3 £50— 2,000 1,500 63
Jjolite, 5 66 88— 2,430 973 27, 35,43, 44, 75
melteigite,
facupyrangite
Dunite P 18 03— 40 88 34,39, 56, 75,98, 100
Peridoite 6 g - 1— 70 38 38, 39, 64, 75, 98
Pyroxenite 2 13 55— &7 23 75, 98
Kimberlite 4 35 20— 2560 847 23, 29, 53, 68
Carbonatite 9 215 88—54,000 3,799 23, 2729, 35, 41,

44, 64, 69, 105, 123

& g is the standard deviation of the mean values of the differeot authors, standsed

deviatioos are given oniy when 10 or more mean valucs were available.

b For list of references sce Page 56-E-4.
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Table 56-E-2. Barirnnr in volcanic rocks

56-E-3

Rock type Nb. of No. of Range of Arith, mean g8 Refersnces®
local-  indi- individual of means
jtics vidual  values grouped by
or values locality
No. of
mean
values
used in ppm in ppm
Alkali thyolite 8 126 1— 700 118 25, 30, 36, 86, 102,
103, 109
Rbyolite 20 153 5— 3,650 1,127 632 8,9,18, 25,26, 30,74,
79, 88, 89, 92, 103,
108, 109, 112, 121
Rhyodacite 3 i2 550— 1,800 1,210 18, 30, 89
Dacite 7 22 150— 1,250 629 87, 89, 118, 122
Quartz lacite 1 550 112
Alkali crachyte 2 2 800+ 1,500 1,150 88, 128
Trachyte 10 30 20— 3,000 1,177 467 3, 36,71, 88, 92,
107, 128
Latite minette 3 4 137— 2,500 1,379 18, 88, 112
Latite andesite 2 7 300— 2,250 841 88, 112
Andesite 23 185 80— 2,700 703 475 2,3, 8,39, 45,51,
74, 79, 88, 89, 108,
110, 112, 115, 118,
120, 122, 128
Tholeiitic 51 555 20— 1,160 246 197 3,5, 8, 10, 13—16,
basaic 19, 20, 22, 37, 48, 51,
52, 60, 65,74, 76, 77,
81, 87—89, 92, 94—
96, 99, 113, 114, 117,
119, 127, 128
Alkali hasale 16 100 30— 1,350 613 223 1, 3, 33, 51, 66, 76,
78, 81, 88, 116, 117,
129, 130, 132
Oceanic tholeiite 41 41 3— 4 14.5 113 33, 42, 70, 82, 84
Phonolite 5 42 10— 2,000 299 27, ¥4, 11, 88, 104
Nepheline
basanite
Nepheline
wphrite 3 g 95  250— 9,360 1,976 7, 40, G4, 88, 104,
Leucice {07, 130, 133
basanice
Leucire
ctephrite
Nephelinite 2 5 600— 5,900 3444 64, 130
Ankaratrite 1 2 1,800+ 4,000 2,900 64
Leucicite 1 9  1,800— 7,000 3,510 G4
Melilitice 1 2 2,2004-10,000 6,100 64
Alnéirs 2 22 450— 6,930 1,890 27--29, 47

® s is the standard deviation of che mean valucs of the different authors, standard deviations
are given only when 10 of more mean values were availahle,
® For list of references see Page 56-13-4.
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References (metbads in brackets): 1. Baxer, 1969 (X); Z. Baken, 1968 (5); 3. BAxER
e ol 1964 (5); 4. Baracar, 1960 (5); 5. BamttL ¢f of., 1963 (5): 6. Briver, 1965;
7. Brown and Carwrtcraer, 1969 (X}; 8. Bvers, Jr., 1961 (5); 9. CarmicHakr and
McDonarp, 1961 (S); 10. CranxE, 1970; 11. CrtrroRrD ef af., 1962 (8); 12. CLirroro of af.,
1969 {5); 13. Coaws, 1952 (5); t4. Coats, 1953 (5); 15. Coaxs, 1959 (8); 16. Coars e af.,
1961 (5); 17. Cocco, 1953 (5); 18. Cornmwacrr, 1962 (§); 19. Cornrmwarr and Rosk jk., 1957
{(8); 20. Cox and Hornung, 1966 (5, X); 21 Cox & o/., 1965 (58); 22. Cox « af., 1967 (5);
23. Dawson, 1962 (S); 24. Diermicx and Herer, 1967; 25. Dixon o of., 1968 (S);
26. Dunoay, 1968 (8); 27. v. EcKERMANN, 1948 (5); 28. v. EckerManN®, 1966(5); 29. v. ECRER-
Mann, 1967 (§); 30. Er-Hrunawr, 1962 (5); 31. Esmriiaxt and Vesrignawni, 1964 (5},
32. EumERMANN, 1968 (X); 33, EnGEL etal, 1965 (S); 4. v. ENGeLuaRDT, 1936 (3);
35. EnicrsoN and Brange, 1963 (S); 36. EwarT ¢/ al, 1968 (S); 37. FaRBAIRN o af,
1953 (8); 38. Fisuen and ExnceL, 1969 (S); 3%, Frawacan, 1969 (5, N/R, X); 40. ForRNASERT
etal,, 1963 (W; 41. Garsow, 1967; 42Z. Gasr, 1965; 43. Geraasmvovsear, 1966 (S);
44, Gerasimovskir and Bervaey, 1963 (8); 45. Giusca and Ionescu, 1965; 46. Gorp, 1963 ;
47. GoLp, [967; 48. Greenrane and Lovering, 1966 {5); 49. GrRoHwANN and ScrroLy,
1966 (5); 50. Grour, 1935 (W); 51. Gunn, 1965 (X); 52. Gunn, 1966 (X); 53. Haun-
WEINHEIMER, 1959 (5); 54, HAuN-WEINHEMER and AcKERMANN, 1967 (X); 55. Haw,
1967 (X); 56. Hamacrcn o af., 1957 (NfR}; 57. Heren, 1960 (5); 58. Heten, 1964 (S);
59. Heien, 1965 (5); 60. HeiEx ¢/ of., 1966 {8); 61. HexDERsoN, 1965 (5); 62. Herz and
Durna, 1960 (S); 63. Hicazy, 1952 (35); 64. Hicazy, 1954 (8); 65. Horz, 1953 (S);
66, HuckEnnoOLz, 1969 (X); 67. Hic1 and Swang, 1963 (§); 68. Jansg, 1962; 69, Jorn~son,
1961 (8); 70. Kay efal, 1970 (I); 71. KinGg and SurHEaLAND, 1967; 72. Kovse, 1964,
73. Koust and Tarror, 1966 {5); 74. Kuno efaf., 1957 (5); 75. LiepENBERG, 1960 (S);
76. Lienan, 1969 (S); 77. MacDoxaro and Earon, 1964 (S): 78. LE Malrre, 1962 (S);
79. MARKHININ ¢f af., 1964 (S); 80. Marwo and Sivora, 1966 (5); Bl. Marnras, 1957 (5);
82. MELsoN ¢/ o, 1968 (5); 83. Moewnxkz, 1960 (S); 84, Mutn ef /., 1964 (35); 85. MukiexjcE,
1968 (S); 86. NosLE and Harrry, 1969 (5); 87. Nockorps and Aricw, 1953 (5);
88. NocroLps and ALLEN, 1954 (8); 82. NockoLps and Acrcen, 1956 (5); 90. OeruscH
and Ricnrter, 1969 (X); 91, Parpzir, 1965 (S); 92. Parrerson, 1951 (S); 93. ParreRsoN,
1953 (S); 94. PatrErson and Swaiwe, [955 (S); 95. PATTERSON ¢ al,, 1955 (S); 96. PEck
et af., 1966 (8); 97. Prcona, 1962 (S); 98. Pinson &2 af, 1953 (8); 99. Pruwvz, 1964 (S);
100. Rean and Hag, 1963 (5); 101. Reao e al, 1965 (X); 102, REnFREW of af., 1966 (S);
103. Renerew ef af,, 1968 (5); 104. Rioiey, 1970 (S, X); 105. RusseLL ¢/ of, 1954 (5);
106, SanHama, 1945 (S); I107. SaverLr, 1967 (X); 108. Snerrown, 1955; 109. Sreonen,
1965 (8); 110. S1EGERS «f of., 1969 (X); 111. Siueson, 1954 (8); 112. Sinna znd Tiwart,
1964 (8); 113. Sinma and Karxarg, 1964a (S); 114. SinHa and Karkare, 1964b (5);
115. Smrrn, 1964 (8); 116, Surrn and Carstrcirakbr, 1969 (X); 117, SNavesy Jr. ¢ af,
1968 (S); 118. Starirsin, 1964 (5); 119. Srark and TRACEY, 1963 (S); 120, TavLor and
Whrre, 1968 (3); 121. TavLOR «/ o/, 1968 (5); 122. TayLor of af., 1969 (8}; 123. TrarrLE
and GROGAN, 1965 (X); 124. TownenD, 1966 (S); 125. Veasov #f of,, 1966 (S}); 126. Vor-
poRTH, 1962 (W); 127. Wacer and Mrroxelr, 1951 (8); 128, WageR and MircHers,
1953 (S); 129. Weperome, 1954 (5); 130. Weveronr, 1961 (8); 131. Wciner, 1960 (S);
132, Wickinson, 1959 (S); 133, Wirxinson, 1968,

Diflerences in Bz concentration amonp tholeiiic basales of pardcular regions
were found in South Africa, where Rhodesian tholeiites show vnusually high mean
Ba values upto 1,020 ppm (Cox e #/., 1967), while the basalts of Basutoland and
Swaziland are of normal tholeiitic geochemistry. GREERUAND and LoverinG (1966)
studied differentiation within a tholeiitic sill in Tasmania (Auscralia). Ba concen-
tradons increase hete, from the bottom to the 1735 {t-high top of the flow, from
160 to 500 ppm. Elements with similar enrichment wends ate F and Ga, whereas
nonparalle] behavior was found for Ni, Co, Cr and Sc.
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[[T]

QCEANIC THOLEI(ITIC BASALTS
] (SINGLE VALUES)
t 10 100 1000

THOLEINTIC
BASALTS OF CONTINENTS
ANO QCEAHIC LSLANOS

{AVERAGES )

1 2 5 fo 20

ALKALL BASALTS
(AVERAGES)

1 10 ppm Ba

Fig, 56-E-1. Darium distribution in basaltic racks

ENMGEL ef al, (1965) gave the ratio of the masses of alkali olivine basalts to tholei-
itic basalts as 2:98. Consequently, an average of 253 ppm Ba is to be assumed
for average continental basaltc rock. Prinz (1967}, in his summary of trace element
data for basalts, found an arithmetic mean for all basalts of 303 ppm and 1 geometric
mean of 220 ppm for 253 analyses. From the wide range of Ba concentrmations
within similar pctrographic types and from similar Ba values for different
petrographic types within any region, it is indicated that differences in the initial
abundance of Ba in basaltic magmas exist (Privz, 1967). The generation of such
differences is attobuted to different degrees of partial melting, mantle inhomo-
geneity or wall rock reactions (Jammeson and CLarks, 1970).

Anorthosites and norires are both lower in Ba than tholeiitic basalts. The normally
observed relationship between K and Ba is not found in Canadian anorthosites. In
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these tacks, which are rich in Ca, the Ba-Ca dizdochy is superimposed on the more
common Ba-K relation.

II. Granitic Rocks

a) High Ca Content ‘

Granitc rocks with a high Ca content, 25 in granodicrites and quarsz-diorites,
are usvally high in Ba. Averages are 888 ppm and 811 ppm, respectively; within
particular areas the Ba content may vacy considezably. An average for both rack
types, calculated with the percentages of Weprronr (1969), is 873 ppm.

b) Low Ca Cantent
Granitic rocks with low Ca content, which are tepresented by granites and
quartzmonzonites, show extremely different Ba values (Fig. 56-E-2). This may be

TR o

so0 1000 1500 2000  ppm Ba
Fig. 56-E-2. Ba distribution in granites {28 local means, scc Table 56-E-1}

[ 1 7]

partly due to origin and to differences in the respective processes of formation,
Memsomatical alterations may also have changed the Ba conrent in some granites
(cf. EMMERMANN, 1960). The granite average from 28 regional mean values is
732 ppm. Within certain granite bodies, the Ba concentration may exhibit a narrow
sptead, while the means are low or high. Gradatinnal change of Ba content was
also observed (Esseraann, 1969). For three quartzmonzonite ateas, an average of
1,605 ppm was calculated. '

The efusive equivaleats of granitic rocks contain morc Ba (averege 1,127 ppm)
than granites. The single quartz ladte value, however, is much lower than the
average quarzmonzonite conteat,

IV. Intermediate Rocks

Intermediate rocks, such as syenites and trachytes, are surongly enriched in Ba.
While the syenite average is 2,753 ppm, the effusive equivalent averages only 1,177
pptn. Turexran and Weperonr {1961} gave a value of 1,600 ppm, which was
calenlated from datz of v. ENGELHARDTY (1936) and SAranma (1945).

V. Alkalic Rocks

Alkalic tocks are all considerably ¢nriched in Ba. All averages ave higher than
1,000 ppm, with ocpheline-syenite showing 1,427 ppm, phonelite 1,000 ppm and
nepbeline-basanite 1,976 ppm Ba. In rocks of the Lovozeto alkali massif (USSR),
Ba is enrched upta 3,300 ppm (Viasov ef af., 1966). The Kola alkali complex
{(USSR) econtains upto 1,600 ppm Bz in its oepheline-syenites and upto 1,350 ppm
Ba in the foyaites (Genasmovskn and BELyasy, 1963).
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BARIUM CONCENTRATIONS IN DIFFERENTIATES FROM
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Fig. 56-E-}. Corrclation of Ba concentration and 8i0, (upper plot) and K,O content in a
differentiation series (Bakza, 1969)

Many invesdgators (v. Encermanor, 1936; Wacer and Mircuern, 1951;
NockorLps and Arren, 1953, 1954, 1956; Wiinkmson, 1959; MARKHININ &f af,,
1964; P, . Baker, 1968) found that Ba concentrations increzse during progressing -
differentiation. One example of correlation between concentradons of Ba and 510,
and KO (as parameter of diflerentiation) is given for volcanic rocks of Saint Helena
island, South Atantic (Fig. 56-E-3).

Sometimes Sr shows the same trend, while a nonparallel behavior is observed
for Ca, V, Cu, Co, Ni, and Sc. In several instances the reladon between Ba and other
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clements is not as simple; plotting versus differentiation, solidification, mafic index
or Latsen factor provides a better insight into differendation bchavior.
In series which proceed far in differentiation, Ba conceatrations normally pass a

maximum, Since Ba substitutes mostly for K, this indicates that a distribution
. Ba Ba Lo L .

coefficient (f)crystal/(f)mcl:’ larger than unity is efectivein acid magmas for at

least one major mincral — mostly porash feldspar or mica.

This type of Ba distribution prevails in the example given in Fig. 56-E-3, in the
Scottish Caledonian rocks, and the East Central Sierra Nevada rocks analyzed by
Nockorps and Arien (1953). As a consequence of this differentiation behavior,
Ba is always very low in pegmatites of eruly magmatic odigin (cf. Table 56-D-1 and
v. EnGELHARDT, 1936). A trend of K/Ba ratios to increase from 26 ro 36 in a
tholciitic sequence was found by Gurn (1965). .

Data for averages of Ba concentration in igneous rocks have been subject to
changes in the last year due to the fact that more and better data bave been published.
Consequently, the mean calculated Ba content in igneous crustal rocks lias changed,
since better insight into the reladve abundance of rock types was obtained. With the
Ba concentrations of Table 56-I-1, one arrives at a Ba average of 728 ppm tor the
upper eontinental crust of the earth, using the data for the relative amounts of
intrusive rocks by Weperour (1969, handbook; Tables 7—8). Examples for Ba
distribution between minerals of certain rocks are given in Table 56-E-3.

Compilation and interpretation of Ba data from literarure suffer somewhat from
the difficulties in analytical determinadon. This is shawn graphically by the Ba
values for the standard rocks G1and W1 (Fig. 56-E-4). The considerable spread of
valucs - - cyen wirh the same analyrical methad — cannot be explained by too coarse
grain size of the reference samples (Kreemany, 1967), since similar observarions
were made with the much more finely ground new standard rocks of the USGS
(Franacan, 1969). As the individual aovthors use their own difficrent values for
inteenal reference, difficulties arise when results fram different sources are compared.
This must be considered when the data from these paragraphs are evaluated.

Table 56-E-3. Barinm disiribution

Rock rype Toual Quartz Ortho- Plagio- Biotite
rock clase clase
Ba ppm Ba ppm Ba ppm Ba ppm Ba ppm

Hortonolice ferea gabbro 50 280

Qlivine norite 5 10

Quarcz biorite notite 300 1100 1,600
Gmunodiorite 1,000 . 3,000 S0 2,500
Granite 1,000 2,500 125s 2,000
Predazzo granite 70 108 65 100
Adamelliic porphyrice 600 275 1,250
Adamellite 110 225 120
Sphen pyroxenite 500 100 200

Teschenire 275 350

& Quartz and plagioclase.
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Fig. 56-E—4. Ba dcterminations on standard rocks (FAIRBAIRN ef af., 1951; STEVENS o af.,
1960; Frerscuew and STevens, 1962; FLersciirn, 1965, 1969; FLanacan, 1969)

in rocks

Muskovite Amphibole Pyroxene  Olivine

Method References

Ba ppm Ba ppm Ba ppm
10 10 5 Wacen and MircuerL (1951)
15 5 SEN ¢r al. (1959)
5 5 5 Sen ef af. (1959)
s SEN ¢f af, (1959)
s SEN ¢f af. (1959)
5 EsnLrant ard VESPIGNANI
(1964}
120 35 WiLkmnson ¢f af, (1964)
10 5 Burren (1953a)
20 b Errckson and Brape (1963}
10 s WiLkinson (1959)

HAcriscd rmanuscripe peceived: September 1T
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56-F. Behavior during Processes Connected
with Magmatism

I. Pegmatites

Pegmatites of magmatic origin generally conmin less Ba rhan their embedding
wallracks of magmatic or metamorphic origin. This feature is most apparent in the
main Ba carriers, feldspar and mica. By analyucal studies of alkali feldspacs from che
South Naorwegian Precambrian basement complex, Herer and Tavior (1959) found
that the concentraton of Ba in potash feldspars decreases with increasing differ-
entdadon. The K feldspars of large pegmatites in the surveyed area always contain
less Ba than che host rock. This general trend was diagramatically shown by Herer
(1962) and can also be seen in Fig. 56-D-2, for which additdonal analyses were used.
Tavior and Herer {1960) stressed the importance of the BafRb rado in feldspars
for judging the degree of fracdonation. Since Rb is more discriminated against in
the K feldspar structure thaa Ba, Rb is continuously enriched in the fuid dnring
crystallizadon. Under the assumption of constant distribution coefficienrs for both
elemenats, this leads to the highest Rb values in the lasc crystallization. Low Ba
- values in granite-pepmatite feldspars are also reported by v. ENGELHARDT (1936),
OrFrepaL (1958), and Takueo and TATEKAwA (1954). Within a pegmatte body,
OrreDAL (1999) found the younger microcline to be poorer in Ba than the older one.
Similar Ba impoverishment was found in nepheline-syenire pepmatites (v. ENGEL-
HARDT, 1936; OrreDAL, 1962) a5 compared to the lagdalite and larvikite from which
they are supposed to be derived. Biotite from granite pegmatite also is impoverished
in Ba compared to the biotite from the mother granite (TaxuBo and TATEKAWA,
1954),

Ba behavior is different in the small pegmatitc bodies which sometimes form by
memmorphic processes. In the plagioclase gneiss area of Justay, Norway, small
pegmatiric veins occur with high Ba values. HrirchHox (1960) investigated pegmatites
of three metamorphic complexes in Scotland, While two complexes showed the
usual Ba relation between pegmatite and country rock, pegmatites of the thicd
complex (Laxfordian) were markedly enriched in Ba in 21l minerals {microcline-
perthite 3,785 and 5,620 ppm: oligoclase 365 ppm; biotte 900 ppm, 760 ppm,
1,100 ppm and 2,320 ppm Ba). In these pegmacites, the Ba contetit of the individual
minerals inereases towards the core of the respective body. Tt is possible that in the
case of Laxfordian pegmatites metasomnatic processes caused a later Ba enrichment in
the pegmatite minerals.

. Metasomatism, Wallrock Alteration, Greisenization

Metasomatic chianges of Ba content of racks occur sometimes with ¢mplacement
of pegmatites. Evidence for a large scale merasomatic Ba addition in a rock body
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was found for the Albeal granite, Germany, by Eseversarse (1968, 1969). This
author javestigated the distinct differences in the distribution patterns of Ba in the
two accurring K feldspar generations and reached the conclusion that the potash
feldspar megacrysts (mean Ba coatent 4,600 ppm) had grown durng a postmagmatic
stage from a metasomatic, Ba rich fluid, whereas the groundmass K. feldspar (mean
Ba content 1,600 ppm) represents the first generation.

Metasomatic alterations in granodiorite, dacite, and gabbro related to serpen-
tinization of uwleramafic rocks in the Western United States, generally resulted in a
distnct Ba impoverishment. In a few cases, small intermediate zones with Ba
earichment were observed (CorLemaw, 1967).

Lur’ye (1963), analyzing spectrographically the silicic wallrocks of Zambarah
sinc-lead ore deposit, Central Asia, found a pronounced decrease in the concen-
tration of Ba and Sr towards the veins. The Ba content drops from 3,000 to 6,000 ppm,
in fresh rock containing abundane K feldspar, to 300 ppm as a maximum in com-
pletely sericitized, feldspar free rocks close ro the ore. He concludes that all badee
and its St contenr originates from the feldspar decamposition in the wall rocks,
Granitic wallrocks of hydrothermal veins in the Black Forest, Germany, were
analysed for Ba distdbution by D=cens (1956). Extensive studies of wallrack
alterations were carried out by Tooker (1963) in the Front Range Mineral Bel,
Colorado, USA. His spectrographic analyses showed rhat Ba, as with other large
ions, normally tends to be removed veinward from all Precambrian and Tertdary
metamorphic and igneous rocks he investipated. During alteration in the rock,
pH drops along with the decrease of K, Ba etc.

Greisenization normally proceeds with the removal of Ba from the affected rock.
In a mixtuce of samples from 24 greisen, v. ENGELHARDT (1936) found an abundance
of 160 ppm Ba. This value is far below rhe content in the respective unaltered igncous
silicic rocks. Soromon (1966) reporss Ba removal from gramites (430 ppm and
250 ppm) by greisenization (Ba in the altered rocks: 160 ppm -and 105 ppm respec-
tively) in the North Pennine ore field, Great Britain.

ITL. Ore Deposition

Probably, magmatic-hydrothermal fluids originally do not contain any significant
amount of Ba, but obtain this element by leaching suitable wallrocks. The im-
portance of this mechanism, mentioned in the previous paragraph, was alteady
stressed by v. ENGELMARDT (1936). Anotber mechanism working in sedimentary
environments is dissolution of barite from the sediment by bacterial sulfate reduc-
tion in suitable diagenetc environment (PUCHELT, 1967). As a third way of producing
Ba containing fluids, cerrain metamorphic reactions may pive off Ba because struc-
tures which had incorporared high Ba concentratons become unstable.

The most common Ba ore is barite. It is deposired by fluids with a high oxidadon
potential, where sulfur is present as sulfate. Suitable condidons of this kind occut
close ta the earth’s surface or in subsurface areas where sulfate soludons mix with
reduced Ba conraining waters (cf. Suvbsection 56-I-IV), In solution, Ba migrates to
the region of sulfate stability and thus is ofren bound to a narrow zone close to the
earth’s surface.
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Modes of barite formation and possibilities of BaSQ, transpore in solution are
discussed by Pucerr (1967). Barite contains, in all cases, certain amounts of iso-
morpbous Sr. Concentrations of this element in marine barites (upto 3.36%) are
summarized by CuyurcH (1970). Starke (1964) analvsed 2 lazge number of vein
barites which contain upto 12% 3$:30,. The conditions necessary for witherite
formation from ore forming fluids are not often fulfilled. Calcularions for BaCQ,
formation, at 250°C and CO, fugacides of 0,1, 1.0 and 100 atm., were carried out
by HoLranp (1965) for varying sulfur and oxygen fugacities.

Products of hydrothermal activities are also the alpinc fissure type minerals of
which adularia are somenmes most apparently enriched in Ba {cf. Table 56-D-1),

IV, Volcanic Exhalations, Gas Transport
The possibility of Ba transpore through hydrous gas phases was demonstrated
by the experiments of StaiBeEL (1967). Results are discussed in chaprer 56-H.
Nazsoxo (1945) found traces of Ba in fumarole sublimatcs (mostdy NaCl, KCl and
NH,C} of Klyucherskoy valcana, USSR, Minguzzt (1948} derermined traces of
Ba in fumarole producrs of Vesuvius, ltaly.

Herviwd nunuscript received : Sepomber 1974
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56-G. Behavior during Weathering
and Alteration of Rocks

LExperimental weathedng of K feldspar in distlled water (Pucuerr, 1967)
showed that Ba is preferentially released from this silicate structure into the solution.
The weight ratio K,(0/Ba0, being 18.9 in the mineral, is much lower in the weather-
ing solution (8.1).

In the naturally occurring wearbering scries biotite — hydrobiotite — ver-
miculite, BogTrcHER (1966} observed, by spectrographie zaalysis, a decrease of the
BaO content from 4,500 ppm to 300 ppm.

Rosenquist (1939) leached a granite powder (0.11% BaO) with distilled water.
In the residue of the weathering soludon BaO was enriched to 0.91%.

Extensive studies on differenc rocks and cheic weathering products were carried
out hy Butren (1953h, 1954) (Table 56-G-1). In three types, Ba is enriched in the
silt and clay fracton of the weathered matedal, while in a fourth example even che
weathering residue is leached with respect to Ba.

Table 56-G-1. Barinn dittribution drering rock weathering (ButLer, 1953 b, 1954)

Rock type Ba content {ppm) Reference
Analytieal
fresh from weathered rock ( ytieal method)
k -
roe silr Ca sacuraced
fraction  clay fraction

Granite 110 180 500 ButLER, 1953b (5)
Hornblende schist 10 190 500 ButLER, 1953b (5)
Quartz free syenite 1,000 300 870 BurLeR, 1954 (5)
Hypersthene monzonite 1,000 45 15 Burier, 1954 (5)

Both Ba increase and Ba decrease have been observed in the weathering products
in studies by a preat number of investigators. Among the factors whicb influence
Ba behavior in this process are: climate; type of clay minerals, which form during
the decomposition; amount and kind of organic material present; and sulfur or
sulfate content. Since barium sulfate is a compound of very low solubility, this lase
factor predominates in sequences originally rich in sulfides.

A survey of Ba contenc of soils was published by Swaine (1955). Most sails
contain 100 to 3,000 ppm Ba of which only trace amounts can normally be extracted
by means of 1N NH, acerate. The highest value which SwAINE reports (3.3% Ba)
comes from Tennessce, USA, from areas where barite had been mined, Older
literature is listed in Guermy (1960). Under special atd conditions of weathering in
deserts, varnishes form, which always show Ba enrichment {(ExGeL and Suarp,
1958) (S).

Reriscd nanusenipt rosived: Scpember 1571
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56-H. Solubilities of Compounds which Control
Concentrations of Barium in Natural Waters (I),
Adsorption Processes (II)

I. Solubilities

Caly two Ba compounds exist which can control the Ba content of natural
waters: BaSO, — barite, and BaCO, — witherite.

a) Solubility of BaSO,

BaSQ, is the least soluble and most abundant Ba mineral in the earth’s crusc.
Its solubility in water upto 100°C has been repeatedly determined. Some of the
available data are given in Fig. 56-H-1. Striner (1967) published data for BaSO,
solubility in rthe hydrothermal range upto 600°C. At this temperature and 1,084 bars,
he obtained 2 solubility of 9.61 4 1.95 mg BaSQ,f1,000 g H,O.

mg Ba!

per 10009 HZO
4

W 20 33 40 So 6o 7 80 90 1eoeC

Fig. 56-H-1. Solubility of barium sulfare in distilled water {KonLrauscs, 1908; MeLcuHER,
1910; Nevuann, 1933; Rossemnskr, 1958; TesmPLETON, 1960; BurTOoN ¢ of,, 1968B)

Elecrrolytes considerably increase the BaSO, solubility. TEmprerON (1960} has
investigated sodium chloside influence upto 95°C with solutdons upto 5 molal NaCl.
PuchErr (1967) radiochemically determined BaSO, solubility at 25 and 50°C in
upto 6.08 molal NaCl solutions, Experiments upro 350°C were carrded out by
UcHAMEYSHVILE ef al. {1966) with 0.25N, 1.0N and 2.0N sodium chloride solutions,
Investigadens upte 600°C with upto 2 molal (or 11.69% 7} NaCl solutions were
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performed by STaUBEL (1967). Solubility data upto the boiling point are plotted
versus NaCl molality in Fig. 56-H-2. For 600°C, 1,990 bars and 2N ( ?} NaCl solutions,
SrrUBEL reporrs a solubility of 971 mgfkg HyO. Inthe hydrothermal range, BaSO,
solubility sensitively increases with pressure. STRUBEL’S investigations show that an
area of retrograde BaSO, solubility exists between 350 and 450°C.

mg EI.SO‘
B 000y K0 L90°C

8o
ﬂ
504

o
aof

50°C

{ 2 3 H 5 6 mal NaQl

Fig. 56-H-2. Solubility of barium sulfate in NaCl splution. + TExpPLETON, 1960; X STRUBEL,
1967; o Pucuecr, 1957

Infuences of other electrolyces on BaSO, solubility in aqueous solutions were
studied by: Neusmann (1933), KCl, KNO,, MgCl,, Mg(NO,),, LaCl;, La{NO,),;
UCHAMEISHVILI ef af. (1966}, KCl, MgCly, CaCla; and Puckert (1967), KCI, MgCl,,
CaCl, Corims and Zeumvskr {1966) investigated the effect of synthetic brines
containing NaCl, MgCl,, Ca(l,, and NaHCO;3

The results of PucHELT are:

Solution Maximum solubilicy found at BaSO, solubility

__— mg/1,000 g H,0
(emperature ionic steength .

Kd 25°C 5.0 40.8

Kad 50°C 5.0 54.0

CaCl, 25°C 55 424

CaClh 50° C 55 59.8

MaCl, 25°C 6.0 7.2

MgCL 50°C 6.0 71.6

UcHAMEISHVILI ¢f af. (1966) found a strong increasc in BaSO, solubility in CaCl,
solutions with tcmperacures berween 100 and 255°C. In MgCl, solutions, too, 2
barium sulfate solubility higher than that in NaCl and KCl solutions was abserved
by tbese Invesngators.

Barium sulfate solubility in sea water was calculared by Cuow and GoLpeere
{1960), and experimentally studied st one atmosphere pressure by PucweLT (1967),
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who also made investigatons regarding the kinetics of BaSQ, precipitadon in sca
water. The solubility of 89 pg BaSO,fl (av 20°C), found by PucHELT agrees well
with the value of 87.9pg BaSQ/I (at 25°C) of Chow and Goibpnerc. Recently,
Burron ef al. (1968) obmined 2 mean value of 81 pg/l. Close to saturaton, complete
equilibrium is reached slowly., Despite seeding, Pucnerr (1967} ticeded about
80 days. He also made experiments to study the influence of salinity of sea water on
solubility and covered the range upto 87.5%, saliniry. Hanor (196%) and Crurc
(1970) calculated thc effect of aqueous cornplexing and presence of Se, Ca, and K on
the solubility of BaSQ,—5t50, mixed crystals in sea water.

Pressure increascs the solubility of BaSQ,. In pure water the soluhility product is,
by a factor of 5.4, larger at 1 kilobar than at 1 atrn. pressute. In a sodium chloride
solurion of 0.727 molality rhe same tacio is oaly 4.2.

b) Solubility of BaCO,

Bariuin carbonate solubility depends largely on the CO, pamial pressure of
equilibrium atmospbere. At 25°C gnd 1 arm. CQOy pressure, GARRELS ¢ af. (19060)
determined a dissociation constant of 10-#® for witherite. The solubility product of
UC-labeled BaCOQy; in basic aqueous solutions at 25°C was found ro be 4.0 - 10-29 1
0.5 - 10-1° by Baccanarr e of. (1908).

Increase in catbon dioxide pressure causes an increase in BaCQO, solubility. This

effect is much smaller at higher remperatures than at lower remperature (MALININ,
1963), (Fig. 56-H-3).

TOWNLEY ¢f af. (1937) showed thar LiCl, NaCl, and KCl ar 25°C and 40°C,
increased BaCQ, solubility according to tbeir respective eoncentration. In all con-
centrations investigated (upto 3 molal) LiCl produced the strongest increase in
solubility. The effect of KCl in the same molality was the least.

mg Eacﬂall
1600

00°C
1400

1200
150°C

1000

10 R 50 20 50 D atm €O, PRESSURE

Fig. 56-H-3. Solubility of BaCQ, in water with increasing CO. pressure (MaLimin, 1963)
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I II. Adsorption Processes

Ba is adsorbed from solutions by clays, hydroxides, and organic mater. In
addidon to BaSO, selubility, these processes control the amount of Ba presenc in
natural waters.

a) Claya

Ba adsorption on the sodium charged form of standard montmorillonite, illite,
and kaolinire, at 25°C was studied by PucrerT (1967) for pure and electralyte
containing soludons. Ba adsorprion decreases witb ionic strength of the exchange
solution. In sivers, the ratio of Ba which is adsorbed by suspended marter depends
on the type of suspensien and the concentration of ions competing for adsorption
sites.

Ba exchange on vermiculite and bentonite was investigated by Levi and Schre-
wer (1965). Bentonite adserbs Ba more strongly than NHF, Mgtt, and Catt+
(KoMLEV et al., 1965). CArLson and Overstreer (1967) found a high adsorpton of
incomplerely dissociated Ba hydroxide by bentonite at pH 6. The heat of exchange
of Ba icns on beetonite with H¥, Nat, and K+ were calorimetrically determined by
Tapziev and Muksmeov (1967). Gancury and MukHERJEE (1951) mvestlgate.d Ba
exchange on bentonite, kaolinite, illite, and mica.

b) Hydroxides

Ba adsorprion by hydrous ferric oxide was investigated by Duvav and Kuraatov
(1952). PucHeLT (1967) studied, experimentally, Ba adsorprdon on y MnO (OH) and
found that NaCl concentrations upto 3.5% do nor influence the amount of Ba
adsorption. ¥ MaO{OH) can adsorbh as much as 20% (by weigbt) of its Mn content
of Ba. These results probably can explain the Ba content of deep sea mangancse
nedules. PucHELT also observed that vy MnO(OH) adsorbs more than 85% of the
Ba concentration which cxists in equilibrium with 2 BaSO, precipitare. Adsorption
of Ba ions on silica gels from acid solutions depends on time of exchange, specific
surface, and pore size of the gel (Kiricnenxo ef o/, 1965).

c) Organic Substances
Bev’Kevich ef al. (1966) equilibrated 0.05 to 0.2N earth alkali solutions with
the H-form of peat. They found Ba to have the strongest tendency to substitute for
H in peat. Adsorprion of ¥¥7Ba by coal humic acid was studied by Matsumara and
Iskryama (1966). Pucuzrt (1967) cbserved that bacteria may extract Ba from
solurions, but it is not vet clear, whether this happens by adsorption or incorperation.

Revised ipt rocsivad: Beprembzee 1971
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56-1. Abundance in Natural Waters

I. Springs and Fresh Water Wells

Only very few spring and fresh waters are free of sulfate. Thus the solubility
product of BaSQ, is the limiting factor for the Ba concentration. As spdng waters
normally have only low amounrs of dissolved solids and moderate temperatutes,
0o considerable increase of BaSO, over the distilled warter solubility is to be expected.
These waters originate normally from rain water which had oaly a limited time for
equilibraion in sediments and soils. The Ba content is mainly controlled by the
solution of Ba compounds (mostly barite), and exchange of Ba from silicate struc-
tures. Several analyses are published for water whicli served medical purposes. A
survey of older datz (methods: W) is given by Derxsskasme {1900, 1902); some
values published before 1949 are tabulated by GueLn (1960). PucHeLT (1967)
surveyed the more recent literature grouping the waters in hydracarbonare, chlo-
ride, sulade and sulfate rypes according to their prevailing anion.

Table 56-1-1. Ba concenirations in Etropean spring walers. (Pucnerz, 1967}

Type of warter Nao. of Ba range Arich, mean Seandard
springs ppb ppb deviation

Hydtocarbonate 16 4—722 900 1,757 5,672

Chloride 22 12— 9,500 1,340 2,681

Sulfide 3 150— 750

Sulfate o 1— 230

In very few cases of spring water, higber values were ohserved than were expecred '
from the BaSQ, solubility product. Their existence is explained by supersaturation
which sometimes occurs for 2 sbort time after adding sulfate to Ba solutions.

Drinking water from fresh water wells was analysed in the USA by Durron and
Becker (1964). For 10 wells from all parts of the country rhey found 4.6 to 34 ppb
Ba (S).

Additional new data for ground and sprng warers were published for: South
Africa (KEenT, 1949; Keny and Russery, 1949), Bulgaria {PENCHEV e# al., 1958, 1950),
Czechoslovakia (Rupeska and Mixsovsky, 1963), Finland (WrLska, 1952), Germany
(Fracke, 1968), Hungary (Straup, 1950), Japan (IkEDaA, 1955afb; Icarxenr, 1966;
IwASAKL ¢/ al., 1963), and the Sovier Unioa (Basmvers and Rapxo, 1956; Grusuko
and SHrrrrsyw, 1948; KoNTOROVICH & 2/, 1963; Ostapumov and Russkikna, 1965;
SHiNkarRENKO, 1948; Yusurova, 1957). The highesr value reported comes from 2
Japanese warm spring of sodium chloride type and is 62 ppm Ba.
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II. Rivers and Lakes

Only North American rivers have been extensively analysed for Ba. The in-
vestigations of DuruM e/ /. (1960) 2nd Durus and Harrry (1961) cover long periods
of time, climatic conditions and disebarge for a number of rivers, In all cases they
found, over a year, a considcerable and complex variance of Ba content. One example
is given in Table 56-1-2.

Table 56-1-2. Variation of Ba concenivation in Misrissippi water uear Baton Rarge, Laisiana,

US.A.
Dare of sampling Run-off Dissolved solids Ba
m3fsec ppm ppb
May 10, 1958 24,550 160 78
Oct. 14, 1958 7.400 223 127
March 13, 1959 18.600 184 72
May 18, 1959 11.800 255 84

Durun ## al. (1960) covered 30% of the total run-oft of the North American
rivers with their analyses, and Dyrum and Harrry (1963) found 2 median Ba
concentration of 45 ppb from the available daw. BafSr ratios (by weight) vary be-
tween 0.2 and 3.9 (Pucuert, 1967), but give a geomerric mean of 0.87 for Norzh
American rivers (Durusm and HarrFry, 1963), whicb may be compared with
0.78 - 10 in the oceans, A number of dvers and lakes being used as drinking water
resources have been analysed fer Ba by Duaror and Becker (1964). By spectro-
graphic analyses, they determined a range of Ba contenr in rivers between 3.1 and
340 ppb (arithmetic mcaa: 75.7 ppb). Lakes and brackish wacer in North America
and Europe ranged from 3 to 140 ppb Ba (Durron and Becker, 1964; Brown ef o/,
1962; WiLska, 1952; LANDERGREN and ManHEIM, 1963). Conecentration manges for
several rivers ate plotted in Fig. 56-1-1.

Local variations of Bz contenc due to rock composition of the dmined area were
found by Mrrer (1961) in New Mexico and Baownx ¢ of. (1962) in Alaska. They
observed the highest Ba values from regions with sediments (sandstone, slates),
less from granites, and cobtained the lowest means from quarzite, The disceibution
of Ba along a river was studied by Levrwein and WeisE (1962) for the Mulde in
Germeny. They observed values of 5 to 100 ppb Ba in rrue solution in the river
itself but upto 730 ppb in cenain adjoining creeks which drained mining areas.
According 1o these authors, in the upper pam of the river 70% and mozre of the Ba
is transported in true solution 2s the ion. On Rowing into the Elbe afrer 245 km,
only 20% of the Ba is stll in the ionic form, 80% having been adsorbed onto clays
and organic matter. In regions with extreme sulfare concenttatons, Ba contenr is
low in accord with the BaSQ, solubility product. Turekran ef 2/, (1967) describe
the Ba variadon of rthe Neuse river (North Caroling, USA). Ba concentrarion
decreases in the upper part of the river, {16 to 5.7 ppb) in slate and granite areas,
but increases regularly downstteam to 22 ppb in slate, schist, sand and limestane
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Alriga
Orange -_— n
Asia
Mexang (Cambod.) — 2
Canada
Churchiil - (3K4)
Fraser —_ (3Xe)
St Lawrence — (3L}
Mackenzie — (3
Nelson — {3XL)
Europe
Glomma — {3
Mulde 5
USA
Apalachicola —_— {3l4)
Alchafalaya — . (3)
Colorado —SIN&)
Columbia —_— (3)
Hudson —LINLY
MIssissippi — . (36)
Mohile (&)
Heuse — ()]
Fawxenl - {8}
Sacramenlo {3)
South Plale River — (6}
Suzquehanna — 13
Yukon P = )
1 5] 100 ppb Ba

Fig. 56-1-1. Ba concentration ranges af rivers (all data obtained by spectrographic methods).

1. DEviLuers (1962); 2. Durust and Harrry (1963); 3. Durvpy o o/, (1960}; 4. Dorus znd

Harrry (1961); 5. Leurwene and Werse (1962); 6. Durrok and Becker {(1964); 7. Ture-
kian e/ al. (1967); B. HEinEL and Freser (1965)

areas. Where the petrographic composition influences the drainage waters of a certain
area distactly, no general conclusion can be drawn from trace elemenc data from
lacge river basins regarding the eorigin of the particular trace element.

0. Oceans

From all oceans, Ba determinations are availahle in surface to bottom profiles.
The concentration ranges upto 78 ppb Ba and the estimated mean is abour 20 ppb
(Turex1aN and Joumson, 1966). Analytical data are compiled in Table 56-I1-3.

In general, cthe Ba concentration seems to be lower in the Atlantic than in the
Pacific. In most cases the surface Jayers are depleted in Ba. Special features have
been observed for the distribution of Ba in the Pacific close to the equator; CHow
and GorLpeenre (1960) have found a steady increase of Ba concentration with depth
in the respectve profiles (Fig. 56-I-2a). They explained this by high biological
activity in the surface layers of this region, mcorporation or adsorption en organic
matter, and a downward transport with the organic debris. They found Ba to
resemble radium in distribution with depth. WonrGemuTH and Brorcker (1970)
could also corcelate Ba content with concentrations of other bio-important elements
and found parallels with Ra distribution. These authors sampled from very decp
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Table 56-1-3. Ba concentrations i the eceans

56-1-4

Localiry Maximum No. of Ba range Method References
sampling samples ppb
depch (m)
Patific Ocean
Central parr, close 4,752 18 10 63 1 Cnow gnd GOLDBERG
o cquator ) (1960)
4,350 4 19 —33 N/R TuRekram and JoHNsON
{1966}
Philippine Sea 4,000 10 i1 33 Turertan and Jonnson
(1966)
Anraretic 5,120 125 B —56 TuREKIAN and JonxsoN
(1966)
Sourh East Pacific 1,500 3 9 -7 Turekian and JoH~NsoN
{1966)
South West Pacific 5,000 5 19 —78 TurRekiaN and JoHrson
(1968)
Faast Pacific 4,580 13 85 312 1 WoLGEMUTH and
Broecker {1970)
East Pacific 4,000 13 6.1 —23.5 L WoLceEmuTn (1970)
Indiar Ocean
Ceneral part surface 1 14 N/R Turewian and Jopnson
(1966)
West Indian Ocean 400 3 21 —46 Turexianm and JoHNsON
{1966)
Sourh Indian Ocean 4,500 3 10 —15 N/R NoLteR &7 af. (1964)
Adlaitic Ovean
1.ong Island Sound 39 60 9 —32(65) N/R TUREKIAN and JO1mmsoN
(1966)
Caribbean, Gulf 3,019 17 5 =23 TurExtan and JouNsoN
of Mexico {1966)
South Atlantic 5,000 3 15 —2i Turexian and Jonnson
(1966)
Nocrh -Atlancc 5,061 21 9 -3 Turexian and Jorenson
(1966)
4,100 3 129 —13.1 N/R Bovrzr e/ af. (1964)
3,000 8 12 —18 i | Cnow and PaTTERSON
(1966)
2,098 16 0.04—22.8 F ANDERSEN and HuslE
(1968)
Equatorial 4,387 35 0.80—37.5 ANDERSEN and HuymEe
(1968)
English Channel surface 1 6.3 N/R BowEex {(1956)
Caribbean 4,729 20 7 =23 ) Szano and Joensuu (1967
Puerto Rico Trench 7,540 28 7.9 —19.1 1 WoLceMuTH and

and off Barbados

Broecken {1970)

ocean regions but did not find a marked Ba increase towards the sca floer. TuREKIAN
and JounsoN (1966) observed, in some places, a maximum of Ba concentration in
depths of 600 to 1,200 m (Fig. 56-1-2b) which, however, coincides with the region
of lowest Ba sulfate solubility (35 pgfl} in agreement with the interserion of tem-
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Fip. 56-1-2a and b. Barium distribution in the oceans. a Barum profiles in the Atlantic.
x Worcenurii and Broecgrer, 1970; o Chow and Parrerson, 1966; e TUREKIAN and
Joumson, 1966; A Szaso and JoEnsuvu, 1967, b Barium profiles in the Pacific. x Worce.
auth and BroeckEer, 1970; 0 Ciiow and Govrpserg, 1960; Turexian and Joiinson, 1966

perature decrease and pressute increase (Cuow and Gornsers, 1960). One possible
explanadon for these high values could be that microcrystals of barite have contam-
inated the samples. 5zap0 and JoEnsuv {1967) found in profiles in the Caribbean the
{owest concentration in the depths of abour 1,000 m (Fig. 56-I-2a), In two areas,
the equatorial Pacific and the Atlantic off southwest Africa, high values for Ba were
found both in the sediments and in sea warer, whereas jn other places no cor-
relajon could be detected.

From the Ba supply of the streams, saturation of Ba sulfate should almost be
reached in the oceans. From stream discharge (3.6 - 10¢ km?fyr) and Ba concen-
teation of 45 ppb (Durur and Harrry, 1963), ocean-mass of 1,372 - 108 km3, and
Ba content of 20 ugfl (Tusexian and Jormsow, 1966), the residence dme of Ba in
rhe sea can he calculated to be 17 - 108 years. Using a sedimentation rate of 0.05 g
SiGyfyr for diatomaceous ooze (based on 2?5i), a Ba content of 6,000 ppm and a
mean ocean depth of 5,000 m, TuREKIAN and JormnsoN computed a mesidence dme
of only 33 years ahave this particular sediment. Possibly this low value and the
observed increase of Ba content with depth indicate an additional supply of Ba
from some volcanic sovurce on the ocean floor. With an average of 20ugfl Ba, the
totzi content of the oceans is 27.4 - 10° tons of Ba.
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‘Table 56-1-4. Bariwm concentration in formalion waters
Period Country Total No.of Mean Ba Maximum Ana-  Reference
No. of samples conc. of Baconc. lyti-
samples =1 ppm samples ppm cal
Ba with Ba method
>1ppm
Precambrian  U.S.A. 1 1 4 4 5 WHITE (1965)
Ordovician  U.S.A. 4 3 61 100 ) McGrain and
Tromas (1951)
Silurian U.5.A. 1 320 320 S McGraiN and
Tromas (1951}
Devonian Cangda 2 2 2 ] Weere (1965)
Germany 2 1 11 W FRESENIUS (Sec
MicHEL 1963)
U.5.A. 37 21 218 1,140 5 Potn {1962)
13 7 205 700 W,8  Prrce e ol (1937},
WHITE & al. (1963}
69 12 828 2,000 5 Hosxixs (1947}
USS.R. 73 67 971 N Koz (1964)
Carboni-
fetous
(Missis-
sippian,
(Pennsyl-
vanian} Belgium 1 1 347 347 5 CanmeryaN (1951)
Germany 4 3 1,007 1,260 5 JAKOBSHAGEN and
MimnicH (1964)
249 I 1,006 2,860 W MicueL (1963)
225 60 832 2,806 W,S  PuchsLr (1964),
(1967}
152 38 798 2,000 W.$  Wassermirischafts-
stelfe (in PuchELT,
1967)
Great 38 22 5,100 ANDERsON (1945),
Britain Gisson (1963}
U.S.A. 152 112 447 5,530 W, S Paice ¢ of, (1937)
77 34 265 1,080 5 Porn (1962),
Hosxins (1947)
72 600 Corrins (1969)
36 20 236 1,980 3 McGraIN and
Tromas (1951}
USSR, 111 =36 -190 ) Koz (1964)
Permian Germany 4 1} 21 5 Hergstanw (1961)
U.S.A. 3 5.2 96 5 WriTe ¢f ol (1963)
U.S.5.R. 48 25 73 S Kozin (i964)
Jurassic Germany 26 7 14.8 30 5, PucHerr (1967)
Creraceous Sweden 8 2 1 1 3 Assarsorn (1948)
U.S.A. 24 14 72 BUCKLEY ¢! a/.
(1958), Wrrre of di.
{1963)
Tenizcy Japan 3 1 59 50 3 BAILEY o af, (1961)
US.A. 15 37 150 3 BALLEY ¢f af, (1961),
Warrs (1965}
Quarternary  Poland 6 2 3.6 4 Dowaciarro (1965)
U.S.A. 2 2 16 28 S WHITE ¢f ol (1963)
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IV. Formation Waters

Frequenty, Ba was discovered in formation waters which had lest their initial
sulfate coneent through bacterial activity during diagenesis. As these bacteria require
a reducing environment and otrganic substances to live on, their areas of activity
and tbus high Ba concentratons in formaron waters, are always connected with
occurences of organie matter {oil, bitumen, coal, or gas)., Ba bas been found in such
waters from beds of all geological ages from all over the world. The Ba cencen-
teation may reach 5,500 ppm, but no correlation of the Ba conceneration with any
other parameter of the solutions (dissolved solids, Sr, Ca, K concentraton) could
be found. Often the BafSt weight ratio is latger than unity. An extensive survey of
data is given by PucHELT (1967). A mose condensed compilation was prepated fot
this chapter (Table 56-1-4).

In the Sovier Union, Ba concentrations in formation warers have been successfully
used for a correlation of srratigraphic horizons (Koziy, 1964; NikovAEy ef @/, 1960).
Ba has been assayed in formation waters of a few areas, especially in connection with
oil field investigadons (AxHunnpv and Sarro, 1960; Dobonov ef af., 1949; Kar-
CHENKO and FLEGoNTOvVA, 1955, 195G; Kaveev and VAsIL’Ev, 1956; Konolrev,
1938; Kuxamiev and Sypyxov, 1962; Skropov and SamaNov, 1939; SurHAREY,
1961; Timasueva, 1963; Varov and Rowm, 1942).

Mixing of Ba-cantaining formation waters with sulfate warers is often the reason
for a scale formation in oil wells (Gates and Caraway, 1965; TeEarLeTON, 1960)
and mines (PATTEISKY, 1954; ANDERsON, 1945). Pucrert (1967) presenred evidence
for the abundant formation of eectain rypes of barite deposits from those watees,

Y. Brines

Geothermal brines were tapped by decp wells near the Salton Sea, California,
USA, an area characterized by rhyolires and Tertiary sediments, With a rotal of
319,000 ppm evaporation residue (180°C), 200 ppm Ba were reported for a 1963
sample (WHitE, 1965) whereas 1966 samples from rwo wells gave 235 and 250 ppm
Ba (SKINNER ¢7 a4/, 1967). A hot brine from the Atlantis II Deep in the Red Sea
containing more than 300 g dissolved solids per liter had almosr 1,100 ppb Ba
(MILLER ¢/ al., 1966),

Hevised i iveds Sey ber 1971
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56-K. Abundance in Common Sediments
and Sedimentary Rock T'ypes

A compilation of data on the Ba distribution in recent and fossil sediments has
been published by PucreLt (1967). An abbreviated review, but wich the important
new data included, is given below.

I. Recent Sediments
a) Deep Sea Sediments

Deep sea ¢lays were often analysed for Ba in recent years. Generally, they are
enriched in Ba compated 1o shales. WeperonL (1960) found a definite difference
between Atlantic clays {(average: 750 ppm Ba} and Pacific clays (aversge: 4,000 ppm
Ba). Since the rate of Ba deposition is about the same in both oceans, he assumed the
difference to be caused by a lower rate of detrital accumulation in the Pacific. GoLp-
BerG and Arreewnius (1958) found Ba enrichment in sediments under equatorial
waters and rclated this observation to the high biclogical productivity in the surface
layers of the waters. Several planktonic organisms are known to accumulate Ba in
their tests which carry the Ba bottomward after death. They may cause a Ba earich-
ment in layers close to the bottom, where they dissolve, and may generate local
BaSQ, precipitations (PucHELT, 1967 ; BRONGERSMA-SANDERS, 1967 ; cf. Table56-1-2).
Bardum is not deposited homogeneously on the sea floor. The zones of high biological
activity as well as the ocean ridge systems usually have higher Ba concentrations
(Turekian, 1968) than normal deep sea sediments. The origin of Ba in deep sea
sediments is a matter of discussion.

BostréM and Pererson (1966) determined upto 3.1% Ba in cores from the
‘flanks of the East Pacific Rise. From additional data for other elements and data
for the heat flow, it can be concluded that volcanic activity adds several of the
enriched elements. Turekian (1968) concluded from datr of Ba supply to the
oceans by streams, from average Ba content of clays (shales), from the model of
Ba enrichment by plankton and from some additional information, that a volcanic
ot hydrothermal Ba supply need not be assumed ro explain the observed Ba data.
Ba conccntrations in deep sea matter do not often correlate with any of the major
constituents. It has to be coneluded that Ba adsorption on clays is of less importance.
The main Ba carrier is most likely barite. Locally, manganese oxides and phillipsite
will accumulate Ba. Calcium carbonate of organic origin is usually very low in Ba
(<100 ppm, often only 10 to 30 ppm). In order ro reach comparable data for clay
sediments, TurekIAN and TauvscH (1964) have calculated their Ba determination of
Atlantic cores on calcium carbonare frce basis. Because the original data are not
given, only thesc corrected values are included in Table 56-K-1. These authors
found higher Ba values in the South Atlantic rthan in the North Atlantic. The areas

@ Springer-Vetlag Betlin - Heidelherg 1972
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Table 56-K-1. Ba concenirations in deep sea sediments
Origin No.of Ba Mcthod References
samples  content
ppm
a} Deep sea clays

Adtlantic
Area nonth of equator 1 200 5 v, EnceLmanDT (1936)
South Atlanric 2 590 5 v. ExGELHARDT (1936)
Arca north of 20° § 37 5962 5 Ericsox ¢ af. (1961)
Arez north of 10° N 62 1,100s S Turexian and Tauscir (1964}
Area south of 10° N 63 2,000 S Turexian and Tavscir (1964)
Arca north of equartor 3 010 ) EL WakecL and RiLey {19613}
North American trench, 15 725 X WepzeeonL (1960)

south part
Kap Verde Treach 3 470 X WeDEeronL {1960)
Mid Arlantic Ridge 1{9} 4,400t NfR Tunexian (1968)
Avcrage of Atlanric 189 1,260

clays
Pacific and Indian Ocean
Area south of equator 8 1,150 5 GoLnseRG and ARRHENIUs (1958}
Area north of equator 5 5,700 S GoLpBERG and Arruenius (1958)
Baja Californian 3 5,800 S GoLpeErG and ARRHENIUs (1958)

seamournts
North Pacific 2 2,450 5 GoLDBERG and ARruEeNtus (1958)
Area north of equaror 4 6,100 W2 Griv ¢ al. (1949)
Treach NINW Sixey 2 2,700 w2 Griwm o af. (1949)

Mile Bank
Indian Ccran 18 610 5 KarcueNkp and FLegonTova

(1964)

Area noeth of cquacor 8 2,120 3 Er Wakeer and Rirzy (1961a)
Indian Ocean equator 2 1,330 S Ev WaxeeL and Riter (1961a)

area
Acea noeth of equagor 20 8,050 s Younc (1954)
Area south of equaror 1 300 X Weneronr (1960}
From all over the 9 6,700 X WroeronL (1960)

Pacific
Average of Pacific 82 4,160

clays

Atlantic znd Mediterranean

Caribbean Sea

Mid Atlantic Ridge

Various plares

North Atlancic (with
clay)

South Atlantic off
Afcca

Mediterrunean

Pacific and Indian Octan
Equatorial atea, East

Pacific (manganiferous)

b) Deep sea carbonates®

2 210 ) Entcson and WoLrLin (1956)

19} 689 N/R Turexian (1968)

4 196 5 TorexkiaNn and WeperonL (1961)
4 840 S EL WakeEL and Ricey (1961a)

1 1,900 S Er WakeeL and RivLey (1961a)

2 1,600 5 EL Wakeel and Rier (1961a)

2 5,000 S GDLDBERG and ARmuENIUS (1958}
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Table 56-K-1. (Continued)

Qrigin No,of Ba Method References
samples  conrent
ppm
Equarorial area, 1 G80 5 Ei Warers and Rizex (19612a)
Central Pacific
North equator area, 3 540 § Younc (1954)

Central Pacific

v} Lrep rea sificeons wricds
Atlantic
Atlantic off African 1 700 5 EL WaxeeL and RiLcy (19612)
coast
Equatorial area, 3 3470 ] EL Waxeer and RiLey (1961a)
Central Pacific
Cenural northern 6 10,400 S Younc (1954)
Pacific
Ceotral equatorial 3 8,100 5 Younc (1954)
Pacific

t Deep-sea elays ealculated on CaCO), feee basis.
B Raw analyses af carbonare rich cores but not necessarily indicative of the pure
carhanate fractian.

closer to the continents are normally lower than the Central Ocean areas, but just
off the coast of Africa (20 to 25°S), an area with values of 4,000 ppm Ba was
derected.

TuRekiaN (1968) has analyzed samples from different depths in a deep sea corc
for Ba. Concentrations range betwcen 1,700 and 6,700 ppm Ba (calculared CaCO,
and salt free); they indicate changes in the rate of Ba deposition within the last
30,000 years. Accumulaton rates for Ba repottied by Turerian (1968) vary from
<90 pgfem? per 1,000 years to 790 ugfem? per 1,000 ycars within the special core
and arc about 1,000 pgfcm?® per 1,000 years in the Antarctic. Inm Table 56-K-1,
averages for Ba are calculated vsing the “redvced CaCO, free' data. This means
that the actual data may be lower.

Decp sea ¢arbonater. Foraminifera ooze high in carhonate contains low Ba concen-
trations (10 to 30 ppm, Table 56-L-2). The barivm content in carbonare sediments
is either due to BaSO, or to manganese oxides or clay. Since all these sources
may be active at the same time and do nor wotk coherently, a recalculation to ““pure
carbonates™ is very difficult. TuREKIAN and TavscH (1964) extrapolated deep-sea
cores in the North Atlandc to 100% CaCO, and gor 10 to 30 ppm Ba for the pure
carbonate. The availahle data are given in the mble. The value of 190 ppm Ba by
TusexiaN and WeperonL (1961) for deep sea carbonates derived from 4 globigerina
oozes from Atlantic cores is as yet the best informadon.

Manganese noduley cover wide areas of the deep sea bottam of all oceans and
contain upto 20,000 ppm Ba. A survey by Puckerr (1967) of published Literature
shows that the Ba means are 4,300 ppm, 5,200 ppm and 3,700 ppm Ba for nodules
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from the Pacific, Atlande, and Indian Oceans, cespectively. In manganese nodules,
Ba |5 either adsarbed, incorparated in acid soluble compounds (zeolites), or occurs
as barite (AraHENIUS, 1963).

Sificeons sediments occurring in deep arcas of the oceans where carbonates are no
lIonger stable can locally contain more than 1% Ba.

b) Shallow Water Sediments

The barium content of near shore and shelf sediments is influenced by the
amount and kind of detrital martec and the barium content of the rivers. A review
of literature by PuckeLT (1967) shows that clay sediments of these arcas are generally
higher in Ba than sand aad silt fractions. Clays from the Mississippi delra are
especially high in Ba, .

Theee studies of reef carbonares (STenL and Hower, 1961; SEnakoLis, 1964;
Freeoaan, 1968) demonstrated that reef debris, reef material and oolic muds
contain only limited amounts of Ba, SrEHLI and Howrr (1961) found a range from
10 to 61 ppm in 59 samples and an average of 18.4 ppm Ba. Frmpaan {(1968)
obtained specctrographically, 18 to 62 ppm Ba in corals with encrusting coralline
algae, and 15.5 to 68 ppm Ba in carbonate sands from reef aprons. Carbonate sands
with admixed terrgenous debris showed 130 to 280 ppm Ba. In the analysed
samples, Ba concenctations change parallel to the “insoluble zesidue”. Similar
observations are reported by Senakorrs (1964). Within the internal parts of rhe
reef, average Ba conteat in clastic limestone was 3.1 ppm, perpheral parts of the
reef had 436 ppm Ba.

II. Barjium in Consolidated Sediments
a) Sandstones, Cherts, Graywackes

Pure quartz sandstones are very low in Ba, but since most sandsrones contain
censiderable amounts of feldspars, these minerals are the most important Ba cacriers
besides micas, which occasionally occur. PErrijorn (1963) calculated the proportion
of sandstone rypes to be 34% quartzite, 26% graywacke, 25% subgraywacke, and
15% arkose. This combinaton has an average K,.O contenr of 1.3%, to which 2 Ba
content should be proportional. Comparson of the K/Ba ratios in low Ca granires
and in sandstones and graywackes gives addidonal support to this proportionality.
Single sandsrones vary widely in Ba contenr, since even barite coneentration {as
cement) occurs locally (ef. PucHELT, 1967). If barite is a sandstone construent,
narmally the weight ratio BajSr is greater than 10, for badte generally contains
much less than 10% 5150, The Ba content of sendstones and graywackes ranges
from § ro 900 ppm. An avermge composition caleulated from the European, Russian,
and American saadstone and graywacke is 316 ppm Ba. This value is subject to
changes when the individual data can be properly weighted. Nevertheless it is a
morc cealistic value than the X0 ppm guess of Turexran and WeoernsL (1961).
Cherts constitutc a special group in silica sediments and always exhibit higher Ba
mears.
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Table 56-K-2, Bariunt in quariz sanditones, cherts, and grayvackes

Locality Neo. of  Barium concenrration Method References
samples
range group total
Ppm mean mean
ppm  ppm
Liartz sandsione
Germany 73 50—810 406
134 X Beersca (1964)
313 X .WeneroHL (1961)
770 5 ZueLo (1963} see
PucueLr (1967)
Sunda Islands 9 5--900 150 5 v. TONGEREN {1938)
U.S.A. 289 280 SHOEMAKER #f af, ([958)
1,800 s Younc (1954)
U.5.5.R. 359 230—820 249
340 S Basmia and
KortoravicH (1966) see
Pucuerr (1967)
223 S LepenEv (1967) sce
PucHEeLT (1967}
140 S Lirvmx (1961)
250 S Lrrvoe (1963)
290 S SinkArENEC (1948)
Chert
C.5.5.R. 2 300— 3500 400 S LevrwelN (1957}
Finland 46 360— &30 495 s Sanama (1945)
Germany i 30—1,000 440 S Levrwein {(1957)
5 PrAsHNOWSKY {1957
Indonesiz 2 50—1,900 420 AtoLeE-CHARLES
{1965)
Difierent 350 350 Maxwerr {1953) sce
places PucHELT (1967)
Graywacke and arcose
Africa 258 S DancHin (1970) see
Pucuerr (1967)
Europe 51 189—670 370
290 5 v. EnceELHARDT (1936)
360 5 Kvrem (1935)
447 S Kuenen (1941)
389 S RIvALENTI and
StcHINOLF1 (1969)
270 X WeperoHL (19613
335 WESTERMANN (1961)
500 5 Zurro (1963) ses
- Puchert (1967)
North America 95 30—830 330
S Macrrerson (1958)
S WeBER and MIippLETON
{1961)
Indonesia S McLavcnrin {1955)
New Zealand } 12 30—480 252 S v. ToNGEREN (1938)
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b) Shales

Ba averages for shales reported in the literature vary from 250 to 800 ppm
(PuchELT, 1967; VinocraDOV, 1956). The average of this paper is 546 ppm (s for
the 25 means used: 212). Individual samples gave values from 10 1o 3,000 ppm.
From the data summarized in Table 56-K-3, it can be obscrved that especially low
values have been found in shales of the Dnieper-Donets depression {Russia) and the
west Siberian depression (Lrrvin, 1961, 1963; TovLxacugy, 1968). If these low

Table 56-X-3. Barinm in shales

Localicy No. of Barium concentration  Methad Refercnces
sampless
range mean
ppm ppm
Africa; 2 270-— 450 360 JuxnkR and JamEes (1947)
25 (323) 394—1,004% 681 S Daxcrux {1970}
Atfa:
Japan 1 (14) 540 X WeperonL (1960)
L.S.5. R, 8521y 150— 370b 270 5 Bapina and Kororovion (1966)
6(920) 260— 5200 394 Lusepev (1963}
19 ap— 450 &3 Lirvin {1961)
6 (32 140— 230 188 Lrrvin {(1963)
1 360 SivkaREN®O {1948)
5(185) 140— 220 182 5 ToLzacHEy (1968)
Enrope: 1 (36) 800 X WebnErOHL (1960)
Finland 17 (105) 92700 654 5 Sanama (1945)
Germany 3 480 - 540 513 S Heipc and Crrist (1953)
66 505,000 750 S Leurwain (1951}
3 (9 700— 900 824 S PrasHNDWsxy (1957)
3 390— 730v 527 5 Zunio (1963}
Great 24 210—2,240 739 S Monr (1959)
Britain
6 330—1,050 555 S NicHoLLs and Lorixg {1962)
27 325—1,280 723 S SpencER {1966)
Sweden 500 S L ANDERGREN and ManHEM
{1963)
9 450—2,150 8§66 Larssown (1932)
North 33 250-—1,000 526 5 DrecENs ¢ af. (1957)
America:
31 [00— 750 393 3 FenNER and HaGNER (1967}
41 10—1,020 470 5 MacpHERMON (1958)
26 190— 610 359 S Murnray (1954)
15 580 Snaw (19534, 1957)
17 T20 TourreLoTt {1957)
3(?) 750 S YoUNG {1954)
Parific 2 500—1,050 775 5 EL Waxeer and RiLer (1961b)
Tslands: 4 © 20—1,800 840 5 v. TonGeEREN (1938)

a No. of individual samples used for bulk samplcs, or for means, are given in paran-

theses,
¥ Range of means, not of individual sainples.
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values for Russia are omitted from averaging, the mean is 628 ppm with a standard
deviation of 157 ppm.

Ba does not se¢mn to be an environmental indicator for shales, Ving (1966) and
LerEDEV (1967) found a Ba increase in shales from fresh wates to marine environment,.
while Murray (1954) repotts apposite ohscrvations from Indiana and Illinois, USA.
In general, shales have higher Ba contents than graywackes or sandstones, bur
locally, siltstones ot sandstones may be highet in Ba (ALanov, 1963).

The mode of Ba binding in shales is camplex. Severzi indications exist which
point to a correlation of Ba with mica; parallelism wirh the amount of illite ptesent
has been found (FEnNER and HAGNER, 1967); and BaSO, was shown to be another
possible carrier, Black shales often contain more Ba than normal shales thus sug-
gesting a connectdon of Ba with organic matter, While certain shales retained their
Ba content of deposition, athers gained ot lost some. Redistribution in diageneric
processes is possible.

c) Carbonate Rocks

Literature on Ba in cacbonate rocks is summarized by Grar (1960) and PucaELT
(1967). The Ba content of catbonate rocks varies from 1 to 10,000 ppm (cf. Puchert,
1967). Using the literature cited in Table 56-K-4, an avetage Ba concentration for
catbonate rocks of 90 ppm was calculated. This value is within the tange reported
by Grar (1960) (1504110 ppm). TuREkian and WeDEroHL (1961) based theiz
average limestone value (10 ppm) on the Ba conrtent of modetn molluscan shells.
This value seems to be too low even for average carbonate, excluding detrital
material, Means calculated by area as listed in PucnEerr (1967) are plotted in Fig,
56-K-1.

=

[1[ | L1 L]

1 2 5 10 20 SD 00 200 SO0 1000 2000 S000 ppm Ba

Fig. 56-K-1. Frequency distriburion of Ba concentrations in carbonaces (PucHeLT, 1967)

High average Ba values in relation to the overall mean ate reported for 10 Ordo-
vician dolomites from Missouri, USA (620 ppm, KeLLER £ o/, 1950), Cretaceous
limestanes, USA (900 and 1,800 ppm, Younag, 1954), 91 Peansylvanian limestones
from 1linois, USA (260 ppm, OsTroM, 1957) and 6 limestones from Africa (1,330
ppm, Junnekr and JaMEes, 1947),

Ba in carbonate racks originares mainly from 3 sources or ptocesses:

1. detriral clay material,

2. redistribution during diagenetic processes, in which BaSO, can be precipitated,

3. incorporation of Ba in carbonate minerals.

In most cases processcs | and 2 are quantitatively more important, Reference is
made here ro the difference between “pure™ carbonates within recenr reefs and
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carbonate sands from their peripheral parts (cf. chapter 56-K-I). In carbonate sands
with dettiml clay, Friepman (1968) observed an increase of Ba concentrations
parallel to “insoluble residue’. Fossil carbonare sedimenes exhibit similar features
{(VINoGRrADOV &£ &l., 1952).

Durng evaporation of sea water, Ba is precipitated 2s barite which usually
occurs disseminated in the calclum carbonate (PuchHerT, 1967). Diagenetic alter-
atons may cause local BaSQ, concentrations. Thus CaMEron (1966) found between
1 and 6,100 ppm Ba in a core from carbonate rocks within a distance of 80 feer.
This diagenetic harite usually can be recognized under the microscope. Manganese-

contzining carhonate sediments are sometimes enriched in Ba (Momur and Avren,
1965).

Table 56-K-4. Bariuns in carbonate rocks

Locality No. of Barium concentration Mcthod References
samples®
range mean
ppm ppm
Ada: )
Indonesia 4 9— 450 220 5 v. TonGEREN (1938) b
U.5.5.R. 8 30— 240 65 5 GorLITsKY and KaLTAEV
(1962)
5 Lepenev (1967)
Lirvin (1963)
50 (2973) 1— 250 36 S Ronov (1956)
198 12— 650 47 SiNkaRENKO (1948)
VingGrapov and Roxov
(1956)
Ernrope: -
Germany 41 (131) 1— 300 62 S v. EnGELraRDT (1936)
S Hempe and Curist (1953)
5 Prasunowsxy (1957)
125 15— 403 92 X Bajor {1965)
Great 183 < 5— 8,000 220 S Muir ef al. (19586)
Britain
Ronmania 15 10— 300 100 s IMRrEW and EcaTearNe (1965)
Seandinavia 5 3— 330 78 s v. EnceLrarDT (1936)
S Henriques (1964)
S Saraxta (1945)
Norik America:
US.A. 10 200— 2,000 520 5 KELLER &/ af. (1950) b
420 2—10,000 106 Cannon (1955)
s Laxrar and TroMpeson (1956)
Moore (1960}
$ OsTroM (1957)
S RunnEers and SCULEICHER

(1956)

& Number of individual samples used for bulk samples, or for means, are given in
parantheses.
b Drta not induded in calculation of average.

Rerised rranosTipy received : September 1972
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56-L. Biogeochemstry

Barium is present in recent and fossil plants, in animals and fuels. Ba accumuladon
in plants and animals was found by several investigators, but there is no evidence
that chis element is physiologically necessary. Ba is maderately toxic for plants and
slightly toxic for mammals. Reviews of barium biogeochemistry are published by
PucheLt {1967) and Bowex (1966), who also makes reference to earlier compilatons.

Bowen (1966} summarizes the available literature for Ba content in dry weights
as follows:
marine plants 30 ppm

land plants 14 ppm
marine animals 0.2—3 ppm (higher in hard tissues)
land animals 0.75 ppm

1. Plants

In ash of mariae plants, Ba varies over a wide range {Table 56-L-1). Coccoliths,
which form the main consdtuents of marine carhonates, conrain 10 to 30 ppm Ba
in ash (TurexianN and TauscH, 1964). Ash of phytoplankton species from the
Black Sea (Chaetoceros Curvisius and Rbizosolenia Calear Avix) is very high in Ba
(4,000 and 20,000—30,000 ppm, rcspectvely; Vmocrapova and Kovar'skr,
1962). Since these diatoms are very abundant in surface waters in summer, they
form a considerable Ba enrichment, which may contribute ro the Ba contenr of
pelagie sediments. The tests of rhizosolenia and chaetoceros are very delicate and
under marine conditions noe stable. Thus they are subject to dissolution and are nor
to be found in sediments, although they certainly serve as barium conveyors to the
sea floor (BRONGERSMA-SANDERs, 1967),

Bowen (1966) reports concentraton factors (ppm Ba in fresh organisms/ppm Ba
in sea water) for plankton and brown algae to be 120 and 260, respectively.

Algae from the coast of Great Britain show seasonal variance in their Ba content
in ash (upto 900 ppm Ba; Brack and MrrcueLL, 1952).

For terrestrial plants, an extensive study exists for bryophytes (SHACki®TTE,
1965). Some of the spedies investigated concentrate Ba considerably. The highest
enrichment factor for Ba in bryophyte ash versus soil is 2,000. Equisetum (horsetail)
ash was analysed by CaNNoN ef a/. (1968) and Borovik-Romanova (1939). Ba con-
tent in ash of this plant (70 to 4,500 ppm) resembles approximarely the concentration
in the respective substrata.

Phanerogames teabsorb distinct amounts of Ba from the soil. Fir and spruce
have 500 to 6,200 ppm Ba in asb with the highest concentrations in twigs (Lor-
spEICH and Markwanrp, 1963). Black walnut, hickory, and red-ash leaves contain
870 to 2,570 ppm. Relative Ba enrichment was reported for oaks, which gave upto
2.30% Ba in the asb of rwigs (Bross and SrEmEer, 1960). The average for Ba in
ash of legumes is 1,420 ppm (Cannon, 1964).
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Table 56-L-1. Barium iu plants

Plant Ba in drv Ba in ash References
tissue ppm
pem
Schizophyta
Bacteria —62,000 FoersTer and Foster (1966)
Phycophyta
Coccoliths 10 —— 30 TurEkian and Tauscu (1944)
Diatoms 20 —-30,000 Vmvocravova and KovaL'skiy
(1962)
Brown algae 0.;-—420 270 — 900 Pucner (1967)2
@ 3
Red algae 50 ©0.6— 5.0 Puchert (1967)%
Bryophytz 5—--200 200 --50,000 Purcunery {1967)0
150 Bowen (1966)=
Preridophyta
Equisitinac 30 — 4,500 Carnon ¢t al. (1968)
Ferns 8 Bowen (1966)8
Spermatophyra
Conifers 10 — 100 PucHeLT (1967)2
500 — 6,200 LoTtseeecit and MarkwanD (1963)
Angiosperms 14 Bogwen (1966)=
Deciduous trees 19 — 2,700 Pucyert (1967)®
—23,000 Bross and Stemver (1960)
Rominson ¢f af. (1950)
Legumes average: 1,420 Cannon (1964)

a Compilations.

II. Animals

Otganisms 2r¢ only important for tracc elemeat geochemistry, if they occur in
latge amounts. Zooplankton (especially ctustacees) from the Black Sea shows Ba
accumulation upto 2,000 ppm in ash (ViNoGrapova and Kovav'skry, 1962). Since
these animals constitute about 80% of the plankronic populaden in the survey area,
they may also contdbute to the Ba content of marine sediments.

Protozoan skelerons and shells consisting of CaCO,; ot S5i0O, conumin upto
270 ppm Ba. They ate the soutce for Ba in pelagic glohigerina and radiolatian oozes.
From investgations of ArRrRHENIUS (1963) it must be concluded that in Recent
planktonic foraminifera, Ba is mostly bound to otganic matter (uprto 700 ppm in
ash). In Table 56-L-2 the radiolaria Acantharia and the thizopod Xenophyophors,
which concentrate BaSO;y in their skeletons, are listed. After death these skelecons
ace dissolved, but duting this ptocess they transport Ba towards the sediment. No
fossil skeletons of these species ate teported.

GoLorerG and Araxenius (1958) assume a certain Ba accumulztion by digestion
of benthonic organisms, since they found Ba enrichment in fecal pellcts from the
sca floor.
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‘Table 56-1.-2. Barinmn in animafs. (Compilations by Bowex, 1966; PucneLt, 1967)

Ba in Ba in ash Bain Mategial in
dry tissuc hard rissuc hard tissue
ppm ppm ppm
Protozoa® 10270 CaCO,
Foraminifera 180 CaCO,
500 50,
Coelanterates 11-—450 B.6—35" CaCOQ,
Corals
Cirznophora 40—2,000
Echinodermata 20— 50c 35 CaCO,
Annelida {(Vermes) 17— 504
Tentaculara
Bryozoes 12—2,000¢
Brachiopodcs
AMollusea 3 < 1-—-90v CaCO,
Lamellibranchiatcs 4_ 75 4— 500 4751
Gastropodes 4508
Cephalopodes 7.24-20
Scaphopoda }
Arthopoda 15— 800
Mammalia 2.3 6.9 aparite

* Radiolaria Acanthariz concains 5,400 ppm Ba (Arruexivs, 1963), BaSO, is the hard
tissue in the thizopod Xenophyophora (Vinocrapov, 1953j,

b Including datz by Frieosman (1969),

¢ Upro 5,000 ppm Ba were found in dry rissue of Arferias Linkii from the Barents Sea,

4 High walucs (1,000 to 1,500 ppm) ¢re reported from Black Sez plankron (Vinocrapova
and KovaLskry, 1962),

¢ Including data by Scuper and Mannens (1967).

I With eertain speeics of Anodonra, Pecten, Asrarte and ‘Tellina, higher Bz concen-
tracions (upte 500 ppm) were found,

£ Some samples of Helix speeics, Littorina species, and Neptuna species contain upto
500 ppm Ba in their shells,

Much support for Ba in molluscan shells has been published (cf. PucHeLT, 1967).
LeuTwern (1963) and Pie.key (1963) found a distince Ba enrichment in Recent mollusc
shells from fresh and brackish water cnvironments. Obviously, the sttucture of the
shells (calcite or aragonite) is of less importance as a cause of Ba incorporation than
Ba content in the water and the enviroament. A reconstruction of palaeoenviron-
menrs from Ba copcentrations of unaltered fossil shells has been attempted by
Proxorev (1964), FriepMan (1967) and others. Turexian and ArusrronG (1960,
1961), investigating Becent and fessil shells, found Bato be much higher in mollusean
shells of the Fox Hill Formation {Crevaceous), South Dakota, than in Rccent species.
According to their studies diagenetic alterations mighr considerably shift the initial
trace element composition, even with oaly slightly altcred mineralogy of the shell.
Animals do not conmin appreciable Ba concentradons. A few dam from Bowews
(1966) are included in Table 56-L-2. Additional references of demiled investigations
are compiled by GareLe (1960). :
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Table 56-L-3. Barfum in fuels

Locality Stratigraphy Ba content Method References
: in ash ppm
Brown coal
Auscralia Permian- upto 8002 5 Swaine (1967}
: "Tertiary ' Brown and SwANE (1964)
Czechoslovakia Tertiary 100— 1,000 Honek and JireLe (1965),

see Pucnerr (1967)
PreTzNER and WoLr (1964)
Rosier and Lance {1965),
sce PucnEerr (1967)
BREGER ¢f af. (1955),

see PucneLt (1967)
Brewer 2nd RYERson
(1935), sce Pucitery (1967)

Cretaccous 100— 1,000 DeuL and ANnEL (1956)

U.5.5.R. 140— 2,730 TrACHEV #f af, {1965)

Germany Tertiary 700— 7,600
Tertiary 200— 2,800

U.5.A. Tertiary 100—10,000

Hoard coal

Australia Permian 1,000—10,000
Canada 20— 2,200
Finland 360— 1,600
Germany Cacboniferons  100—27,000

CrarxE and Swaine (1962)

Hawiey (1955)

Loxxa (1943)

v. ENGELHARDY (1936)

Trano (1934), see

PucnerT (1967)

LeEuTwemn and R&sterR

(1956), see PucuELT (1967)

Rapsmacuer (1965), see

PucrerT (1967}

LetrwEmny and RUsLER

(1956), sce PucneLT (1967)
Triassic, 100 Leurwemnw and RésiEr
Jurassic {1956}, see Pucaect (1967)

Great Britain Carboniferous 90— 710 NicHoLLs and Loring

{1962), sce PucHELT (1967)

Gisson (1963}

Brown and TavLor {1960)

Coar Res. Coxpany {1949)

Butier (1953)

HEeapteg and HuNTER

(1953), see PucHeLT {1967)

Permian 160— 500

w vy w Lo whnninw

ww W

New Zealand 250— 8,400

Norwny ) average: 4,000
USA. 270—22,000

“rw

Oilr and bitumina

Germany Triassic— —10,000 S Hemne (1938), sec
Cretaceous PucheLy {1967}
US.A. Cambrian— X—X00,000 S BeLL (1960), see
Tertiary Pucuert (1967}
s ERiGKsoN & al. (19543,
see Pucnert (1967)
S Hyoen (1961)
U.5.5.R. Devoniao— 100— 3,000 Katcuenkov (1951), sce
Terdary Pucrery (1967)

& Ha concentration in dried enal.
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H1. Fuels (Including Coal)

Fuels of all geologic ages conrain Ba in their ashes; often in amounts considerabiy
above the earth’s crust mean {Table 56-L-3).

From Ba data in Recent plants ir can be deduced that ar least part of the barium
originates from living plants. During diagenetic alteration, humic acids may absorb
addidonal Ba from the involved solutons. Extremely high Ba values of coal ashes
(upto 4.76%), as reported from Great Britain (REYNOLDS, 1939), may be caused by
a secondary BaSO, mineralizadion, No general trend of Ba concentration with
maturiey of coal could be observed. In one instance, LEUTwEDN (1966) paralleled Ba
content with the amount of clays in a brown coal profile. ErsHov (1958) carried our
several electrodialysis experiments on coal samples and concluded thac Ba—in
addition to otber eclements—was present cither as soluhle minerals or in weakly
absorbed form. It is not bound as strongly as Ge, which could not be extracted by
this procedure.

It is 1o be assumed that Ba is incorporated in certain merallic-organic compounds
in oil, but no investigations on the specific types have been published.

Remised ipt received: Sep 197
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Barium

56-M. Abundance in Common Metamorphic Rock Types

Barium concentrations in memamosphic cocks exhibit a large variadon within
cach type (Table 56-M-1). They vary as widely as do values for all igneous and
sedimentary rocks. Consequently, no meaningful Ba averages can be calculated.
The only exception seems to be eclogites which form under special pressure condi-
tions. Compacison of Ba concentrations in typical metamorphic minerals such as
sillimanite, staurolite, garner etc., show that these structures have no appreciable

tolerance for Ba.

Data on Ba distribution between coexisting minerals in memamorphic rocks are

included in Table 56-D-5.

Table 56-M-1. Barium it metamorphic rocks

Roack type and No. of Barium concentration Method Reference
locatity samples
range mean
PPm ppm
Goeiss, Randesund, 8 < 100— 1,060 <605 X Bart (1966)
Narway
Slighely aleered 10 220— 1,400 610 5 Encget and
gneiss, Adirondacks, Ex~cer {1958)
U.S.A.
“ Granitized " gociss, 18 125— 2,600 980 5 EnGer and

Adirondacks, U.5.A.

Gneiss, Montana, U.5.A. 7
Gngeiss, Langoy, Norway 5
Gneiss, Lewisian, 4
Inverness-shire,
Scorland
Basie gneiss, Scotland 3
Gneiss, 5.W. Finland 40
Glaucophane schist, 11
Califomniz, U.S.A.
Delitic schise, 16
Connemara, Eire
Sillimanite schise, 2
Mantana, U.S.A.

Schise, Moine, Inverness- 5
shire, Scotland

Phyllire, Finland 174

Quartz-albite-biacite 3
schist, New Zealand

Greenschist, New Zea- [
land

1,800— 3,800 2,580
823— 1,300 1,050
300— 920 520

20— 300 110
<340— 654 £430

7— 300 92
550— 1,850 1,300
1,3004- 1,900 1,600
B0D— 1,440 270

90— 1,500 552
450— 1,500 690

10— 125 34

Ewnger (1958)

5 Fostee (1962)
5 Herer (1960)

5 LaseaerT (1964)
5 O’Hana (1961)
5 Parras (1958)
5 CoLesaN and

Lee (1963)

5 Evans (1964)

5 Foster (1962)
5 LasmBerT (1964}
S Lonka (1967}

S Taxror (1955)
5 Taryror (1955)
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Barium

Table 56-M-1. (Conrinued)

56-M-2

Rock type and Np. of Barium concenrration Metbod Reference
locality samples
rangr Mean
ppm ppm
Hornfels, Connernara, 11 670— 2,000 1,210 S Evans {1964}
Eire
Hornfels, Palaman 7 160 3 Grose (1956)
district, India
Amphibolite, Rande- 17 260— 680 450 X BaLL {1966)
sund, Norway
Amphibolite, Brazil 20 21— 270 67 S Barros-GOMES
ef of, (1964)
Amphibolite, Adiror- 16 42— 140 84 5 ENGet, and
dacks, U.8.A. ENGEL (1962)
Seridtite and bio- 11 140— 1,650 220 S EncGeL and
titc-amphibolire, EwceL {1962)
Adirgadacks, U.S.A
Amphibolite, Avsrmalian 61 <610—> 000 817 X LasmerT and
shicld Heter (1968)
Amphibolite, §. W. 26 251 5 Parnas (1958)
Finland
Grapufive, Ausrralian 89 < 420—=1,000 720 X L aspert and
shield Bzen (1968)
Merabasite, Saxonis, 9 100— 125 110 5 Marng (1969)
Germany )
Charnockite, Finland 29 570 5 ParraAs (1958)
Parachamockite, 24 672 5 Parras {1958)
Finland
Edlogite, Naustdal, 1 <5 5 Binws (1967)
Norway
Eclogite, Nordfjord, 6 <10— 30 =20 5 Bryume ¢f af,
W. Norway (1969
Eclogite, Califomia, 2 15+ 300 160 S CoLestan and
U.S.A. Lee (1963}
Edogite, different 5 5.6—136 36 1 GRipriN and
places Murtry (1968)
Eclogitic rock, Minch- 18 < 100— 355 <190 5 Haun-WEIN-

berg, Germany

HEDER (1959)

cript reccived: ey

1971



56-N-1 Barium

56-N. Behavior in Metamorphic Reactions

Only very few investigations exist on Ba behavior under metamorphism. Lonxka
(1967), analyzing Precambrian phyllites of Finland, observed no differences in Ha
concentration berween phyllites of lower and higher degree of metamorphism. Trace
element data including Ba concentradons have becn used by Tavwor (1955) ro
discuss the origin of New Zealand metamorphic rocks under the assumpdon of
isochemical metamorphism.

In the Adirondacks, New York, EnGEL and [nger (1958) studied progressive
metamorphism and granitization of the major paragneiss. They found Ba to decrease
with increasing metamorphism, while the Ba content in biotites increased (580, 717,
888, 1,766 ppm). Granitized gneisses of this area generally sbowed much higher
Ba values than normal gneisses. TurEk1ax and PHmMNEY (1962) could not detect
characterstic changes of Ba content in garnets and coexisting biodtes in a meta-
morphic sequence from Nova Scota.

A special feature of transpott during metamorphism is skarn formaton. HicAzy
(1952} observed an increase of Ba content from epidiorite, 90 ppm (S), to biodte-
cpidiorite, 270 ppm, to biotite skarn, %10 ppm. The subsequent alteradon to
Icpidomelan-skarn (720 ppm) and chlorite-skarn (270 ppm) causcd distiner decreases
in Ba. NESTERENKO ef @/, {1958) found Ba to be depleted from biotite hornfels when
this rock was altered to pyroxene-garnet-skarn.

Revised ipt recoived: September 1771
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Barium 56-0-1

56-0. Relations to Other Elements, Crustal Distribution,
Economic Importance etc.

I. Inter-element Relationships

Io igneous rocks, Ba gencrally substitutes for K in silicate structures., A certain
cotrelation of Ba and Ca in igneous rocks with low K was demonstrated in sections
56-D and E. In the sedimentary cycle, Ba preferendally occurs as barite, in clays and
in fcldspar. Presence of barite is dependant on sulfate abundance, whieh in turn
requites suitable redox conditions. In sediments, including evaporites, the correlation
Ba-K is much less pronounced thaa in igneous rocks. The substtunon Ba-Ca
observed in few carbonate minerals is of less general importance.

II. Distribution in the Earth’s Crust
Details discussed in the preceding sections are summarized in the following table:

Table 56-0-1. Absndance of Ba in imporiant maiser of the earth's srugt, (Means caleslated on
the basis of WeDErOHL'S, 1969, data on the abundance of rock units)

Igneous intrusive rocks (mean) 728 ppm
Gabbroic rocks 246 ppm
Granites 732 ppm
Granodiorires 2nd quartzdiorites 873 ppm
Diorites 714 ppm

Consolidated sedimencs (mean) 538 ppm
Sandstones (including graywackes) 316 ppm
Shales 628 ppme
Carbonate rocks o0 ppm

Sea warer 0.020 ppm

2 548 ppm, if the Russian shales low iu Ba are included.

A discrepancy exists between the Ba means for consolidated sediments and
magmadc rocks, Part of the Ba missing in the fossil sediments is bound in pclagie
clays (mean Ba content 2,000 ro 3,000 ppm; cf. Table 56-K-1) which constirute ar
least 10% of the romal sediment mass (WeperoHL, 1969). But part of the discrepancy
may be due to the fact that the individual data used for the averages could not be
weighted properly for the compilation.

III. Technical and Economic Importance

Barite and witherire are the only barium minerals of econamic interest. Descrip-
tons of deposits and their produetion are given by GueLin (1960}, Brousr (1970)
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56-0-2 Barium

and others, World production of batite has becn almost constant since 1964 at
about 4 million short tons per year (OrR, 1970; for detiled information see U.3.
Geol. Surv. Bulletin 1321).

Barite is used for drilling muds in oil and gas geology (consuming about 75%
of the world’s production) and for radiation-shiclding concrete. Chemically treated
BaSO, of fine particle size is an 1mportant filling material in the rubber, paper, and
fabric industries. It is one of the components of the white pigment “lithopone’.
Ba compounds are used in glass and enamel production as flows and for glasses
with special optical propecties. Batium chloride serves as a rat poison and insecticide;
barinm chlorate causes the green colour of pyrotechnics; barium titanate is a ferro-
clectric substance used in the electro-industry; certain barfium compounds are the
active substances of fluorescent screens.

Reviews on barium eompounds and their industrial wses ate givena by SrGHA
and FrascH (1953), in Gamemy (1960), in Rowmer (1966) and in Kizk and Oruser
(1958). A bibliograpby on barium chemistry was compiled by Scirwasp (1952).
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