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Boron 5-A-1 

5-A. Crystal Chemistry 
Boron is one of the less abundant elements, the average amount of baton in the 

earth's crust being estimated as less than 10 parts per million. However, large quanti
ties of boron are concentrated in deposits of hydrated borate minerals; these deposits 
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Table 5-A-l (Continued) 

Mineral names IStructural formula Reference 

Meyerbafferite Ca[11,,0, 3 Oll+ oa, ~ 0+0 1[B~4IBI3J03 

(OH)sJ . H~O trkl 
CmUST and CLARK (1960); 
CLARK et al. (1964) 

Inderite Mg[4U.O,20HI[B~4IB[3J03(OH)~]. 
5Hpm 

RUMANOVA and ASHIROV 

(1964,) 
Colernanire obCaCHaO. 30H+OH, D+~OI[B~41BI3104 

(OR),]' ~Om 

CHRIST et at. (1958); 
CLARK et al. (1964) 

Hydroboracite dJMg [4Ho0. 20 H1Ca(20HH (Hi, 4 01 [B~41 

B[lI10~(OH),J2 . 3H,O m 
RUMANOVA and ASHIROV 

(1964b) 
Synthetic c:,ea(3 OH+OH, 8 OJ[B~41B(310~(OH)] CLARK el al. (1962) 

Tunellite ooSrC'J HoD-Ullo0. 4 OHOJ[B~41B~310i 

(OH)2] . 4 H20 m 
CLARK (1964) 

Borax NaLGlloOl[Bi41B~310~(OH),] . 8H20 m Moar MOTa, SR 1956, 376 

Kemite ci:.Na~GJ[B~'JB~310~(OH)2] . 3H:O m GEISE (1966) 
Ulcxite NaIt HoD,,OHlea[2HoO,3 Oil. 3 Ol[B~41B~3100 

(OH).J . 5H,o trkl 
CLARK and ApPLEMAN (1964) 

Probertite doNa[3RoO+lIoO, DB, Oleacn.O, OH+20H, ID'tOJ 

[B~IJB~3]07(OH)4]. 3HP m 
RUMANOVA et ai, (1966) 

the synthetic. Other 
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Fig.5-A-l Fig.5-A:2 

Fig.5-A-1. Structure of ludwigite, (Mg, Fe")2Fe"'O:[BO,J. projected on (010). • :B; 
• Fe"'; 0 Fe"~ Mg; e oxygen 

Fig.5-A-2. Structure of Hucborite, MgaCF. OHMBOaJ, projected on (001)•• B; 0 Mg; 
OF,OH 

Fig.S-A-3 Fig.5-A-4 

Fig. 5-A-3. Structure of suanite, Mg:[B:OsJ. projected on (010).• B; 0 Mg; ~ oxygen 

Fig. 5·A-4. Structure of teepieire, N~O[B(OH)~J. projected on (001)•• B; • OR; 0 Na; 

0° 
corners j hydrogen bonds cross-link some of the oxygens. Pinnoite contains the 
dimer [BZO(0H)6]2-. consisting of two tetrahedra sharing a common corner oxygen. 

Danburite and reedmergnedte are horosilicetes in which silicate tetrahedra and 
borate tetrahedra share corners in various ways to build up framework structures. 
Danburite is built of Sij!O, and BZ01 groups sharing corners with one another to 
form a three-dimensional framework. Reedmergnerite has the low-albite 
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is due to an isotope effect during absorption of boron by clay minerals (see Sub
section 5-K-V). 

The ratio of boron isotopes lIB/lOB in terrestrial samples (Table 5-B-1) varies 
between 4.24 and 3.92. Unfortunately tbere is not much agreement between the data 
from different laboratories to allow further conclusions. 

The isotopic ratios ofB in lunar and terrestrial samples agree within 1% (EUGSTER. 

1971). The isotopic abundance of boron ia meteorites is of interest in connection 
with the nuclear synthesis of the ligbt elements. Some values for meteorites are 
reported by SHIMA (1963). 
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5-C. Abundances in Meteorites, 
Tektites and Lunar Materials 

I. Meteorites 

The data on B in meteorites were recently summarized by QUIJANO-RICO and 
WANKE (1969). The values in Table 5-C-1 indicate that the results for stone meteorites 
given by HARDER (1959) and the mineral analyses by MASON and GRAHAM (1970) 
are generally higher than the values reported by SHIMA (1962) and QUIJANO-RICO 

and WANKE (1969). Carbonaceous chondrites are usually higber in readily volatile 
elements. The values for iron meteorites given by QUIJANO-RICO and WANKE (1969) 
are considerably lower than the values of SHIMA (1962). It may be that the analysed 
sample was not homogeneous, or that dissolving by 1-4.S0, was incomplete. or that 
some meteorites were contaminated by terrestrial soils. Nevertheless all meteoritic 
values show that boron in meteorites is a lithophilic and not a siderophilic element. 

II. Tektites 

Data on boron content in tektites are given by PREUSS (1935), HARDER (1961), 
MILLS (1968) and others. These values run from 6 to 53 ppm B. The average value 
of boron in tektites may be 23 ppm B. The boron contents in the moldavires (HAR
DER) and indochinires (Mn.LS) are not uniform and vary from sample to sample. 
The boron content of tektites is much higher than that of meteorites and slightly 
higher than that in (inm�(that )Tj�0162 Tc 10)Tj�6a 0 7181 Tm�(MILLS )Tj 0 Tc 11.6083 0 0 10.712 6Baktites h 203.3182 32 Tc 1ri0 10.9 448.7939 314.094 Tmo10.5255 Tc 1.0.9.8 0 2Tm�[(6 )-102(to )]TJ�11.1aeorites c 2.755 0 Td�(mol352s )Tj�0 Tc 3.47.7181aeorites c t o f  7�(mol352s )d�(higher )Tj�0o�(ofc 1.0.9.8 0 2)Tj�EMC �/LI_Tit52Tj� 10.j�0162 T8s3.7181 Tm�s01trial 301.047 Tm�(th4.4.1aeoritesedim.042276 Tc 10.9 0 0 10.9 415.4587 3270.631.362 T8s3.7181  0 0 10.9 17298(to )-290(sample. 8 3.9 6362 T8s3.7181 observed76 Tc 10.9 0 0 1307 415.4587 3402 965362 T8s3.7181 at )c 11.1 03404Tc 10)Tj�u9481a8Tm�62 T8s3.7181 butc 11.1 00 Td�[(and )-2690 109�62 T8s3.7181 30(sample )324oldavires 
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or both (OFTEDAHL. 1964), and in metamict pegmatite minerals (OFTEDAHL,1964). 
The substitution of B for Be and P'ia to be expected from a crystallochemical point 
of view. The inhomogeneous distribution of boron in many metamict minerals in
dicates a relation between the alteration process and the boron accumulation. Most 
feldspars contain several ppm boron. It may be that an Intergrowth with reedmergne
rite, NaBSia0 8, which is isostructural with low albite, can explain the boron content 
of feldspars (AVPLEMAN and CLARK, 1965). BARSUKOV (1958) concludes that tbe 
boron content in plegioclases increase with increasing anorthite content. Higher boron 
contents in many plagioclases can, however, be explained by sericitization of the 
feldspars (HARDER, 1959a). 

b) Oxides, Carbonates, Phosphates etc. 

The boron content of quartz ranges from 0.0 to 25 ppm B (HARDER, 1959a). 
However in most magmatic rocks the boron content of quartz is very low: O.X to 
1 ppm B. During the pegmatite stage an enrichment of boron in quartz is possible. 
According to STAVROV eral. (1960) boron occurs in gas-liquid inclusions in quartz, 
but an incorporation of boron in the quartz lattice may also be possible. The amount 
of boron is controlled by the cations which compensate the charge, if a replacement 
of silicon in the SiO. tetrahedron takes place. A co-precipitation of boron together 
with sulfate minerals may be possible (see Subsection 5-K-VII). It seems that re
crystallized sulfate minerals are poor in boron. Apatites and also pbosphorites have a 
variable boron content (Table 5-D-2). Boron may be used as an indicator of the ge
nesis ofphosphorites as it is always present in marine phosphorites and is frequently 
absent from continental phosphorites (especially the non-argillaceous varieties) 
(ZANIN et ol., 1971). 

Table 5-D-2. Boron ahll1ldanus in &ommon oxides, (QrbonoJes, phosphoJu, en: (According to 
HA.RDER, 19593, except data on braunite by WASSER5TElN. 1943, on quartz by STAVROV 
tl aI., 1960. and on magnesite by BRANJ)E,NSTEINand SCHROLL, 1960). (Analytical method: S) 
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Table 5-D-3 (continued] 

Sil;f111U 

Eloairee 
Draviree 
Schoerlw 
Uviree 
Bucegeeieee 
Tienshanieee 
Axinite 
Datolire 
Bakerite 
Homilite 
Calciogadolinite 
Stillwellite 
Cappelenite 
Komerupine 
Painite 
Dumonierite 
Serendihite 
Gmndidieritc 
Howlite 
Hare 
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5-E. Abundances in Common Igneous Rock Types 
GOLDSCHMIDT and PETERS (1932) made the first fundamental contribution to the 

knowledge of the geochemistry of boron. However the analytical precision at that 
time was only half an order of magnitude. The boron content of different rock types 
seems to be extremely variable. Nevertheless unaltered rocks generally have a relative
ly small range of boron contents. Because boron is a mobile element. postmagmatic 
processes can produce high secondary accumulations however. 

Serpentine in mafic rocks and sericite in salle rocks are important boron hosts in 
altered magmatic rocks. Independent boron minerals are rare. Glass is an important 
boron carrier in volcanic rocks. 

I. Ultramafic Rocks 
The boron contents of ultramafic rocks vary widely (see Table 5-E-l). Extremely 

high values occur in kimberlite (factor of enrichment up to 100) and low values of 
several ppm are found in the common ultramafic rocks. if they are not serpentinized. 

')	 Table 5-E-l. Boron in ultramafirrorles (Analytical method: S) 

Reek Locality	 Number Abundance (ppm B) Reference 
of ana ""'go average
I"", 

Dunites, Siberia (U.S.S.R.) 300 1-10 V ARLAKOV and 
peridotites ZrrUZHCOVA (1964) 

Serpentinites Siberia (U.S.S.R.) 150 40-130 V ARLAKOV and 
ZrruSZHCOVA (1964) 

Ultramafic Siberia (U.S.S.R.) 1 VINOGRADOV (1954) 
rocks 

Ultramafic S. Lapland 1 31 SAHAMA (1950) 
rocks (Finland) 

Peridotice Sweden 1 100 LUNDECARDH (1947) 

Peridotites Tienshan B 6. ORTROSHCHENKO 
(U.S.S.R.) eJ al. (1969) 

Ultca..mafic Gennany 1 10 HAHN~WEINHEnfER 

rock (1960) 

Paleoplcrice Germany B 36-365 210 HAHN-WEINHEn.fER 
(1960) 

Paleopicrite Siberia (U.S.S.R.) 7- 60 CHEREPANOW (1967) 

Kimberlite Siberia (U.S.S.R.) 260 9-590 120 CHEREJ'ANOW (1967) 

Kimberlite 150 HARRIS and MIDDLE
(compilation) MOST (1968) 

Tentative average for ultramafic rocks (without serpentinization): 5 ppm B. 

lCSprWgt'f-Ved"f; Bc:r1iD· Hddl:lb.:rg 1974 
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High concentrations of B related to serpentinlsation have been reported by SAHAMA 
(1945) and FAUST et al. (1956). Boron can be irregularly distributed in rock massives 
and even in a single sample. Factors of enrichment up to 1,000 as compared with the 
parent mafic rocks have been observed in areas of serpentinization. In some areas of 
Siberia a very hlgb concentration of boron (150-390 ppm) in mafic rocks is related 

Table 5~E-2. Boron ill 11Iofir plutonic al/d tloko,Ji, rochs, (Analytical method: S) 

Rock Locality Number Abundance (ppm B) Reference 
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to serpentinization or tourmalinization which seems to be connected with later 
emplacement of granitoids (O'rRo::;HCHENKO eta!., 1969). Dunires are usually poorer 
in boron tban peridotites. CHEREPANOW (1967) assumes degassing of the mantle 
as the cause of the anomalously high concentration of boron in kimherlites. 

II. Gabbroic and Basaltic Rocks 
Boron data. for mafic reeks (Table 5-E-2) have also a large 
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wegian nepheline syenite (HARDER, 1959). The nurober of analyses is too small to 
compute a mean and to observe systematic differences in boron between plutonic 
and volcanic rock types. 

IV. Diorites, Andesites 

Boron seems to be slightly more abundant in intermediate than in mafic rocks and 
slighdy less abundant than in the granitic rocks. The range of variation in boron 
contents is not very large, and boron is more or less homogeneously distributed in 
intermediate rocks (see Table 5-E-4). Mineral fractions from a German diorite locality 
have small differences in boron: mafic minerals, 6 ppm B; plagioclase, 10 to 15 ppm B 
(HARDER, 1959a). The minerals ofa diorite from Central. Tlen-Shan contain: quartz, 
11 ppm; plagioclase, 23 ppm; biotite, 13 ppm; amphibole. 13 ppmE (yEZHKOV and 
LEvCHENKO, 1972). OTROSHCHENKO (1967) repons for the mineral. fractions of 
andesites: plagioclase, 20 ppm B; orthoclase, 7 ppm B; biotite, 8 ppm B; amphibole, 
11 ppm B; ground mass, 9 ppm B. A. systematic difference in boron between diorites 
and andesites can be observed, the latter having a higher average boron concentration. 

Table 5-E-4. Boron in inJ~rm~tiiaJ~ plllJonic and /lokani~ rorkI. (Analytical method: S) 

Rock Locality	 Number Abundance (ppm B) Reference 
of ana- range average
lyses 

Diorite Europe 9 6-20 14 HARDER (1959::1) 

Diorite Sweden I 20 LUNDECARDH (1947) 

Diorite Scotland 30-60 Nocxoccs and 
MITCHELL (1948) 

Diorite U,ili (U.S.S.R.) 12 <10-300 GETLINC er ai. (1958) 
porphyry 

Andesite Italy 5 3-30 TADDEUCCI (1964) 

Andesite Greece 24 HARDER (1959) 
(2 composites 
of 20) 

Inrermediare Norway 4.8 LAND!\fARK (1944) 
volcanite 

Andesite Siberia 86 7-88 20 SUKHOROKOV (1964) 

Andesite tuff Siberia 49 7-132 40 SUKHOROKOV (1964) 

Andesite New Zealand 1 22 ELLIS (1964) 

Porphyrite Ural, (U.S.S.R.) 10 20-60 35 GETLING and 
SAVINOVA (1959) 

Andesite tuff Urals (U.S.S.R.) 3 340-2,100 LJSITSYN Andesi 
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V. Granitic Rocks and Related Effusives 

The boron content of granitic 



5-E-6 Boron 

Table 5-E~5. Boron ill grotJilir rorks (Analytical method: S) 

Rock type Locality Number Range Average Reference 
of ana
lyses ppmB ppmB 

GraJl;fe 

Granite Brocken, Harz 3 11-18 13 HARDER (1959) 
(Germany) 

Granite Bracken, Harz 7 ll-{iO HARDER (1959) 
(roof area) (Germany) 

Granite Schierke, Harz 1 48 HARDER (1959) 
(Germany) 

Granite OberpIalzec Wald 2 12-20 16 fuRDER (unpub
(Germany) lisbed) 

Granite Oberpfalzer Wald 6 7-9 8 HARDER (unpub
(coofarea) (Germany) fished) 

Granite Saxcnia, Thuringia 12 4---'35 HARDER (1959) 
Vosges (Europe) 

Granite Alps etc. (Europe) 7 0.7-7 3 HARDER (1959) 

Granite Odenwald, Bayer. Wald. 14 HARDER. (1959) 
(composite Fichrelgebirge, 
of 14) Schwarzwald, Saxonia, 

Vosges, Silesia (Europe) 

Granite France, Yugoslavia, 18 2.5--40 HARDER (1959) 
Portugal, Norway 

Granite Lapland (Finland) 2 1-3 2 SAHAMA (1945) 

Rapakiwi Finland 6 SAHAMA (1945) 
granite 
(composite) 
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Table 5-E-5 (continued) 

Rock type Locality Number Range Average Reference 
of ana
lyses ppmB ppmB 

Granite Siberia (U.S.S.R.) 40 RUB (1964) 
(composite) 

Granite U.S.S.R. 20 0-19 8 STAVROV and KHI
nov (1960) 

Granite Hida Mountain (Japan) 135 0-32 7 OKADA (1956) 

Granite Kitakami Mr. (japan) 15 7-160 34 OKADA (1956) 

Granite Palaeozoic, Japan 26 0-31 11 KURODA (1955) 

Granite Mesozoic, Japan 21 0-25 8 KURODA (1955) 
(9.9 397.5627 517.5302 Tm�((91)C �cy55) 0-31 Gr5nite 
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Table 5-E-~ (continued) 

Rock type Locality Number Range Average Reference 
of ana
lyses ppmB ppmB 

Granodiorite Giglio (Italy) 20 10-200 25 TONAN'1 (1957) 

Aplite Giglio (It:L1y) 8 500-2,500 550 TONANI (1957) 

Granodiorite Canada 2 20-40 30 BOYLE (1959) 

Granodiorite, Shamakorskii Massif, 5 0.3-15 3 LYAKHOVICH 

partLy gneis Siberia (U.S.S.R.) (1965) 

Granodiorite Urals (U.s.S.R.) 3 12-25 17 DUNAEV (1959) 

Granodiorite U.S.S.R. 15 6-95 20 Srxvxov and 
KHITROV (1960) 

Granodiorite Sori, Gumma-Ken 1 5 and 7 6 CHAMP and IKEDA 

(standard (japan) in ANDO el al. 
JG-I) (1971) 

Tentative avenges; Granite 12 ppm B, granodiorite 15 ppm B. 

Table 5-E-6. Boron in mintral fractions of gramlie Tocks.fro,,, Brocktll. Harz MOlultail/J (Gtr
many). a: Granite. poor in tourmaline (17 ppm B). b: Granite, rich in tourmaline (46 ppm B) 
(Analytical method: S) 

Mineral Mineral-
content 
in% 

ppm Bin 
mineral 

% of B as fraetiori 
of total rock boron 
in :1. given minerai 

a b 

Plagioclase 
Potassiumfeldspar 
Biotite +chlorite 
Quartz 
Tourmaline 

14 
52 
5 

29 
a 0.00006 
b 0.05 

100 
15 
2 
I 

10% B203 

63 
35 
0.5 
1.3 
0.1 

37 
21 
0.3 
O.B 

41 

granites. Plagioclase (perhaps intergrown with sericite) contains about 80% of the 
total boron of granodiorites. Numerous high baton values from rocks from Elba 
(Italy) are reported by TONAN! (1957). A tentative mean value of granodiorites 
(15 ppm B) is slightly higher tban that ofgranites (12 ppm B). Loss of boron during 
metamorphism could explain the low content of granites from the Alps and from 
Scandinavia; however, this is in contradiction to the 

http:Tocks.fro
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Table 5-E·7. Boron rrJI/tmt ill Jalir vrJkanir roeiu. (Analytical method: S) 

Rock type Locality	 Number Range Average Reference 
of ana
lyses ppmB ppmB 

Rhyolite Europe	 20 1--650 HARDER (1959a) 

Liparire Sardinia 23	 HARDER (1959a) 
(2 composites	 Hungary 
of 20) 

Rhyolite ere. Siberia (U.S.S.R.) 87 6-165 24	 SUKHORUKOV er al. 
(1964) 

Silicic tuff Siberia (U.S.S.R.) 45 5-120 26	 SUKHORUKOV et al. 
(1964) 

Rhyolite dacite New Zealand 2 11-20 _16	 ELLIS (1963) 

Obsidian New Zealand 2 25-50 _38	 ELLIS (1963) 

Obsidian Europe	 10 5-155 HARDER (1959a) 

Obsidian Iceland, U.S.A., 73 HARDER (1959a) 
(composite of 8) Lipari (Italy) 

Volcanics	 Colli Albani 18 37-292 77 TADDEUCCI (1964) 
(Italy) 

Pozzolan Colli Albani 10 <10-134 TADDEUCCI (1964) 
, (Italy), 

Pozzolan	 Cimino Apparato 35 <10-1,500 TADOEUCCI (1964) 
di Vieo (Iealy) 

Lava and tuffs	 Cimino Apparato 70 <10-950 TADOEUCCI (1964) 
di Vieo (Italy) 

Obsidian	 Lipari, Vesuvius 5 <10-200 TADDEUCCI (1964) 
etc. (Italy) 

Silicic lava Siberia (U.S.S.R.) 155 7.5-36 16	 OTROSHCHENKO 
t/ et. (1969) 

Tentative average: Salie volcanic rocks 30 ppm B. 

from Monte Cimino, Italy, were reported: glass, 420 ppm B; plagioclase, 29 ppm B; 
sanidine, 10 ppm B; biotite, 33 ppm B; pyroxene, 46 ppm B, Lavas and tuffs from 
salic volcanic aetivity have similar 



5-E-10 Boron 

a model of ordinary chondrites (about 1 ppm B) or of carbonaceous chondrites 
(about 7 ppm B) (see Table 5-C-1). The latter figure is close to a tentative mean for 
ultramafic rocks, but for volatile elements the selection of the model is difficult. 
The anomalously higb concentrations of boron in kimberlite may be an indicator for 
degassing of the mantle (see Subsection 5-E-1). 

The boron content of the oceanic crust (about a quarter of the mass of tbe total 
crust) may be similar to the mean value of basaltic rocks of 5 ppm B (see Sub
section 5-E-II). Tbe average boron abundance in the upper continental crust has been 
calculated in Table 5-E-8 as being 13 ppm B. The lower crust is mainly composed of 
metamorphic rocks. Gneisses and schists 
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5-F. Behavior in Magmatogenic Processes 

Boron is an element accumulated in the late stages of magmatic crystallization. 
The primary boron content of magmatic melts is generally not high enough to form 
independent boron minerals. Solutions and vapors connected with magmatism will 
sometimes produce independent boron minerals. A moderate degree of enrichment 
in residual fractions would be expected from rbe small ionic dimensions of boron 
(GoLDSCHMIDT, 1954). 

Boron in volcanic gases has been investigated in several areas (WHITE and 
WARING, 1963). Boron in fumarolie vapor ranges from 0 to 730 mg HsB03/IHs0. 

The highest value was found in New Zealand. In Japan, values range from 0 to 
36 ppm. The ratio HaBOa{HCI generally varies from 0.001 to 0.05. In Lardarello, 
Italy. H;B0a has a concentration of 0.47% in the" active" gases. Boron in volcanic 
gases can be present as BFa (boiling point: - 1010 C),B~ (boiling point: +12.5 0 C), 
B.H10 (boiling point: + 17.6" C). B2H6 (boiling point: _92.5° C), or B:P3 (melting 
point: 2940 C). All these volatile compounds form boric acid with water. The be
havior of boron under natural conditions is characterized by its change from co
valent (Bog-) to ionic (B3+) bonding (LEBEDEV, 1960). In processes of pneumatolytic 
mobilization boron is related to elements like fluorine, lithium, tin and germanium. 

n  
It/ Springer.Verllg Berlin· H~ddbc:ra 1974 
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5-G. Behavior during Weathering and Alteration of Rocks 

Boron silicates (for instance tourmaline) are relatively stable during weathering; 
borate-minerals become soluble. During weathering, rockforming silicates containing 
boron, such as alkali-feldspars and micas, are decomposed and boron goes into 
solution with the other elements. The distance of boron mobilization in a weathering 
profile depends on the country rock and the weathering conditions. The behavior of 
boron during weathering in a humid climate was investigated by HARDER (1959b) in 
a profile of weathered granite of the Harz mountains, in which the major minerals 
and the illite are almost preserved during weathering. The general tendency of boron 
to be concentrated in residual materials together with illite leads to an enrichment of 
boron in the soils of these profiles (150 ppm B). HARDER (1959 b) has also published 
boron data from i0.0449 Tcdep30.6 391.279 2d36 0o8published 
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5-H. Processes Controlling Boron Concentrations 
in Natural Waters; Adsorption Processes 

I. Processes in Natural Waters 

During chemical weathering of rocks boron goes into solution. It is present in 
water as the B(OH)4 ion, undissociated boric acid B(OH);, and as NaB(OH)~ 
(sea water). The dissociation constant of this aqueous complex is low: 

[Na][B(OH),r ,  
[NaB(OH)IJ = 1.36 x10-2 (SILLEN and MARTELL, 1964).
 

Undisscciered boric acid is important in the buffering of sea water. The structure 
of boron as being 3- or 4-fold coordinated in aqueous solutions can be investigated 
by infrared absorption. VALYASHKO and VUSOVA (1966) report that the increase of 
alkalinity and of cation concentration causes a gradual increase of the 4-coordinated 
boron in solution. The increase of concentration leads to the polymerization of 
complexes. 

The concentration of boron in water is primarily controlled by adsorption or 
incorporation in illite minerals. 

II. Adsorption Processes and Incorporation in Clay Minerals 

Boron in sedlmenrs can be present both in detrital and authigenic clay minerals. 

a) Boron in Detrital Clay Mineca1s 

The occurrence of boron in marine sediments was assumed by LANDERGREN 
(1945) to be due to adsorption of borate ions on day mineral surfaces, being directly 
proportional to the boron concentration in solution. GOLDBERG and ARRHENIUS 
(1958) and HARDER (1958) have proved that only a minor fraction of the boron 
(less than 10%) can be removed with distilled water. The major part of the boron is 
incorporated in the clay minerals. 

By treating various clays with boroc-contalning solutions, it was shown chat 
illite and other micas are particularly capable of taking up boron in a non-exchange
able form (HARDER, 1961 b; FLEET. 1965; LERMAN, 1966; COUCH and GRIM. 1968; 
]ASMUND and LINDNER. 1972; BROCKAMl'. 1971 and 1973). The amount of boron 
taken up depends on: (1) concentration of boron in solution; (2) salinity; (3) duration 
and temperature of the treatment; (4) crystallinity and surface of the clay mineral. 

PARKS and WHITE (1952) reporred that kaolinite and bentonite in the Hvsaturared 
form do not fix boron, but when bentonite is saturated with bases, fixation ofvarying 
amounts of boron is possible. Recent investigations of BRocKAMP (1973) demonstrate 
that the boron uptake seems to be partly controlled by magnesium. If magnesium
in solution or on the surface of the day minerals - is present, boron uptake is much 

@ Spriogu.YerJog Berlin' Htidoolberg 1974 
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higher. Boron, probably as magnesium borate, is fixed to the clay mineral and cannot 
be 
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5-1. Abundance in Natural Waters and in the Atmosphere 

I. Continental Surface Waters 

Boron contents in waters are listed in Table 5-1-1.Boron in river 
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and Japan). If the surface run-off is 3S X101~ liters/year (LIVINGSTONE, 1963; TURE
KlAN: this handbook, Vol. I. P: 312), the annual boron contribution to the sea from 
rivers is approximately 3.5 X lQ6 tons. 

River waters are more than 400 times lower in boron than sea water, but the boron: 
chlorine ratio in river water (0.0013) is about four times higher than in sea water 
(0.000228). This is due to the influence of the leaching process during weathering. 
The dissolution of boron and chlorine during weathering is not related. 

Lake waters have very variable boron contents, increasing from normal fresh 
water lakes to continental salt Jakes to boron salt lakes. MUN and ZHAIMINA (1962) 
and other authors (references in GMELIN, 1954) investigated the distribution of 
boron in recent salt- and fresh-water lake sediments.· The highest concentrations of 
boron in salt water lakes are found in soda lakes and the lowest in lakes rich in 
calcium chloride and magnesia. There is a direct correlation between the accumulation 
of boron and magnesium (KOZIN, 1966). The bottom sediments of fresh-water Jakes 
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5-K. Abundance in Common Sediments and 
Sedimentary Rock Types 

The fundamental investigations of boron in marine sediments have been published 
by GOLDSCHMIDT and PETERS (1932) and LhNDERGREN (1945). Due to the mobility 
of boric add in water, steam and volcanic: emanations, ocean water and especially 
marine sediments have accumulated boron. 

Mean data on B in common sedimentary rocks are listed in Table 5-K-1. This 
table contains boron values of the most important types of sediments as determined 
in recent studies. A wide range of variation within each group of sediment types 
makes it difficult to compute reliable average values. The clays and shales have higher 
boron contents than sandstones and limestones; ironstones, especially glauconitic 
rocks, can be very rich in boron. 

Table 5-K-1. J.'vIean boron (Of/ttl/If of mm1?lOll sedimmtory rock. types 

Sediment type Number of Range Average 
analyses, 
approx. ppmB ppmB 

Clay and shale 2,000 25-800 130 
Saline clay 20 230-2,500 
Sandstone and sand 50 5-70 30 
Graywacke 20 18-37 35 
Siliceous sediment, 20 5-100 

radiolarite, chen: etc. 
Limestone 200 2-95 20 
Dolomite 30 10---400 60 (?) 
Ironstone 50 2~~200 

Manganese nodules 60 70-600 290 
Glauconite rack 10 350-2,000 

I. Limestones and Dolomites 

Limestones have striking differences in boron content. The lowest concentration 
was found in some fresh-water Iimesrone (travertines) and in very pure cbalk. Marly 
limestones and dolomites are higher in boron. An average for carbonate roeks of 
27 ppm B bas been computed from published data (HASLER, 1942; HEIDEa.nd THIELE, 
1958; fuRDER, 1959b; WEBER, 1964; see Table 5-K-2). In all calcareous skeletons 
or shells, boron could be detected (see Section 5-L). Only a few values are available 
from calcareous fresb water deposits T H I E L E ,  
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Table 5-K-3. Boron in IedifJmlfary Hlila. (Analydcal merhod i S) 





S-K-S	 Boron Table S~K_5. 

Boron ill marine ,lays and shaler of dilferelll geologk t1ge, (Analyricil method: S) Age Locality	 Number Range Average Reference
 of ana
lyses ppm B ppmB
 Recent Oceans 37-300 140	 Table S-K-8 Quaternary Gennany 240 PORR£NGA (1963) Tertiary Germany 130 ERNST (1963) Mesozoic Germany 17 90-300 150	 

HARDER (1959 b) Mesozoic Japan 10 50 HARDER (1959b)
 (composite of 10)
 

Jurassic North America 20 20-245 153	 SHAW and BUGRY
 (1966)
 Triassic (saline) North America 17 1-275A95	 SHAW and BUGay (1966) Paleozoic Japan 50 HARDER (l959 b) (composite of 14) Paleozoic EuropeA95 HARDER (1959b) (composite of 36) Paleozoic Norway 60-360 SPJELDNAES (1962) Miaaisippian U.S.A. 20 76-345 172 SHAW and BUGRY (1966) Devonian (marine?) U.S.A. 20 30-125A76 SHAW and BUGRY (1966) Devonian U.S.A. 17 94-384A278 SHAW and BUGRY (1966) Pennsylvanian North America 15 115 KEITH and DEGENS (1959) Pennsylvanian North America 17 40-300A130 OS"!"ROM (1957) 
Carboniferous Germany 81A94-189A141 

ERNST el et. (1958) 

Devonian Germany 4A38-63 51 ERNST el al, (1958) Silurian (un-U.S.A. 17 175-390A300A

SHAW and BUGRY known salinity) (1966) Cambro-Ordovician U.S.A. 20 6-286A141	 

SHAW and BUGRY (1966) Ordovician Estonia 1 185	 

ERNST et at. (1958) (U.S.S.R.) Silurian Sweden 4 40-90A 55 

LANDERGREN (1945) 
Ordovician ERNST 
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Iron ores formed in fresh water are essentially lower in boron than those of marine 
origin. Fine-grained iron oxides or hydroxides precipitared in a marine environment 
can contain as much as 300 ppm B (HARDER, 1959 b and 1961a). Chamositic rocks are 
close in boron contents, wbereas glauconitic rocks can be very rich in boron (Sub
section 5-K-IV). In iron oxide, hydroxide, and iron silicate minerals (except glau
conite). boron is probably adsorbed at the surface. This weak type of fixation is 
responsible for the decrease in boron content after even superficial weathering. The 
effects of diagenesis and metamorphism are ohviously more pronounced, as exempli
fied in the following iron silicate ores: Liassic cbamosire contains 60 ppm, whereas 
Ordovician iron ores from Thuringia, Germany. has only about 15 ppm, and a 
specimen of a completely recrystallized rock. a garnet-thuringite schist from Vivero, 
Lugo Province (Spain), has only 3.5 ppm. Considerably lower values were also 
found in various ancient hematite ores. according to the degree of recrystallization. 
The effect of weathering was observed in various specimens of Liassic ores. 
Completely fresh material from the mines had 60 ppm of boron. decreasing to 46 ppm 
in almost unweathered outcrops', and in the weathered chamosite ores, now found 
as goethite, there was only 5 to 20 ppm left. Thus, weathering substantially diminished 
the boron content of these iron ores. Tbe lowering of tbe boron content during 
weathering and diagenesis is due to the inability of oxides or the iron silicates (except 
glauconite) to incorporate horon into the crystal structure. Continental weathering 
products (bauxites, laterites ctc.) formed by disintegration are low in boron. 

IV. Argillaceous Sediments (General Observations) 

Clays contain more boron than sand or carbonate. The boron concentration in 
argillaceous sediments dependsa85.392s, of 

mo99 inabil981y 
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Fig.5-K-IA-e. Boron content in grain size fractions of: A saline shale, Reyershausen, 
near Gonicgen (Germany); B marine shale, Rhat, Goedcgen (Germany); C fresh-water 

varved clay, Frykerud, VarmIand (Sweden) 

of glauconite. Chamosite with its kaolinite-type structure only contains up to 60 ppm 
B. The assumption 
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Table 5-K-6. Boron in marine and fmb-DlaJer shalu. (Analytical method: S) 

Shale 

marine 

ppmB 

brackish fresh-water 

Carhoniferous. WUJphalia (Genna'!Y) 

BIlADACS and ERNST (1956) 

ERNST eJ al. (1958) 

ERNST and WERNER 
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Table 5-K-8. BOT011 in RC(t11t11larin~, braddrh and jrlJh-water nnimeJllr (if
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Table 5-K-B (continued) 

Sediment type Number Range 
of ana
lyses ppmB 

Average 

ppmB 

Reference 

Euxenic sediment, Baltic Sea 
fjord (salinity 5.5°/00) 

Clay muds, fresh-water 

Oay suspension, riven, 
Urals 

Carbonate, fresh-water, Lake of 
Neuenbueg, Switzerland 

43 

5 

12-159 

50-300 

62 

62 

26 

LANDERGRD: and 
CARVAJAL (1968) 

SHIMJ> tl al. (1969) 
Porrae (1964) 

OHORIN and ZALKIND 

(1964) 

fURDER (1959) 

River sediment, canadian 
Arctic 

80 49 DEWI5 tl al, (1972) 

River and delta sediment, 
Canadian Arctic 

133 2-125 74 DEWIS et al. (1972) 

British Purbeck beds; RnmBL. 1966: Te.rtiary clays, Lower Rhine, Germany). Little 
or no boron bas been taken up by some terrestrial clay minerals as they enter the 
marine environment in the polar region (MACDOUGALL and HAR.R.Is. 1969). 

Another: point that must be considered in discussing the boron content is the 
rate of deposition (HARDER. 1959b). The average content' of the Atlantic Ocean 
sediments (Table 5-K-8) is 130 ppm. and the higbest value for all ocean sediments 
is 370 ppm (GOLDBERG and ARRHENIUS, 1958). A great number ofmodern marine and 
fresh-water muds was analysed by SHIMP et al. (1969) (see Table 5-K-8). According 
to their results modem marine muds (from shallow continental shelves) contain 
about 30-45 ppm male B than fresh-water muds. Deep-sea clays have slightly higher 
boron contents than clays from the shelves. The above values demonstrate the range 
of boron contents of sediments at the same salinity and about the same temperature. 

Diagenesis (HARDER, 1961a) and transformation of 1 Md into 2M mica modi
fications (REYNOLDS. 1965) lower the boron content of illites (see Section 5-M). 
Dlites which contain more than 25% of the 2 M polymorph are not suitable for 
paleosalinity studies. Inasmuch as many factors a1fect the boron content of sediments. 
it is not a very suitable indicator element. If the various parameters can be controlled 
it can be of use in studies of pal.eosalioity. 

VI. Marine Evaporites 
Boron in oceanic evaporites is mainly accumulated in clay (see Table 5·K-9), in 

anhydrite and in potassium-magnesium salts. Halite rocks are low in boron except 
those interlayered with clay or anhydrite (HARDER, 1959b; BRAlTscH. 1961). Besides 
sulfates and micas, boron occurs in its own minerals: boeacite, stassfurtite, szaibelyite 
(escharire), pinnoite, sulfoborire, o u H B 2 o 4 i o ,  i s  1 4 9 . 7 9 8 7  T m � (  ) T j y  4 6 j � 0 . 0 3 4 4 c  2 . 2 1 5  T m � ( a n d  ) T j � 0  3 5  1  T f � 0 . 0 2 c  4 4  0 . . 1 8 9 8 3 T d � 2 2 0  T c  (  ( m i c a s 0 . 6  6 3  T c  1 0 . 6  0  . 5 0  ) 2 5 9 1 8 3 T d � 2 2 0  T c  M g r o n  ) T j � 7 7 3 3 4  T c  1 0 . 6 0  T . 5 5 1  T 8 3 T d � 2 2 0  T c  2 o 5 . 2 2 r o n  
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5-M. Abundance in Common Metamorphic Rock Types 
During diagenetic and metamorphic processes the primordial boron content of 

most sediments and several magmatic rocks decreases. Higher than primary boron 
concentrations Occur in serpentinites and contact zones of magmatic rocks. 

I. Contact Metamorphism 
Metamorphic sedimentary rocks from contacts with granite and basalt have been 

investigated by HARDBR (1961a). The altered granitic rocks of the border zone are 
higher in boron than granite from the inner core of the pluton. Boron is concentrated 
in sericite intergrown with plagioclase or in serpentine minerals. Sediments from the a n d  7 h e  
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B (LrsITsYN and Krrrmov, 1962) and wollastonite up to 200 ppm B. Magnesium 
sillcarc and borate contents in skams can be inversely related (EGOROV, 1960). 
Vesuviauite (ldocrase), the latest skarn mineral, is a major host of boron (MUESSING, 

1959). 

II. Regional Metamorphism 

There is only a limited number of reliable boron analyses of regional metamorphic 
rocks available as listed in Table S-M-l. 

Table 5-M·1. Baran in mtJaf1/o,phi, ,,,,les. (Analytical method: S) 

Rock type Locality	 Number Range Average Reference 
of ana
lyses ppmB ppm B 

Schist Germany 
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5-N. Behavior in Metamorphic Reactions 

When boron-containing minerals participate in metamorphic reactions, baton 
is 
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e 
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Fig. 5-0-1. The cycleof boron according to data published by LANDERGREN (1945), HARDER 
(1960, 1961a), and GREGOR (1965)/\

( ) 

and other refractory bcrides are resistant to heat. corrosion and abrasion. Zirconium 
boride Ius been tested for use in jets and rocket nozzles. The use of boron as a 
deoxidizer in the metallurgy of copper is also important. Boron is a hard element and 
forms hard compounds such as BN with a diamond structure, boron carbide (B",q. 
and boron silicide (B"Si). They are nearly as hard or harder (boron carbide) than 
diamond and are used as abrasives etc. B",Si and BN are stable under high temperature 
oxidizing conditions. Perbcrates serve as materials for washing and as S t u 4 2 9 9  T 9 B  3 4 D 3 1 3 . 7 8 5 G 1 a  T c  1 1 . 2 7 9 5  0  0  1 0 . 6  3 1 3 . 6 6 4 1  3 5 3 2 8 1 0 . 1 8 6 T 9 B  3 4 D 3 1 3 . 7 8 5 ( a l s o  0  0  1 0 . 6  3 7 5 . 5 4 1 � 0 . 9 n t 2 ( a s  T 9 B  3 4 D 3 1 3 . 7 8 i o x i d i z e r  ) M 8 4 5  3 2 9 a c  1 0 h k 9 6 . 3 2 T j � 0 . 0 2 5 1  T c  6 5 e o . N 0 . 6  3 3 5 . 0 3 z e r  ) M 8 4 5  3 2 9 0 9 . 0 2 5 1 8 3 8  T m � ( t e m p e r a t x 6 T 9 B  0 3 z e e m p 3 4 D 3 1 3 . 7 8 i o x  0  0  1 0 . 6  3 8 6 0 3 2 0 8  3 5 3 . 1 8 9 4  T m � 2 B  3 4 D 3 1 3 . 7 8 5 G 1 d e c  4 g  1 0 . 7 9 7 1  0  4 1 6 . 6  3 7 5 . 5 4 1 2  3 0 0 . 1 6 2 9 4 . 5 5 1 4  3 4 D 3 1 3 . 7 8 5 G 1 p r o 0 2 9 t i 6 8  0  T d � ( e t c .  8 0 9 3 4 ( a s  ) ] i t 0 . 0 1 5 6 0  T y 0 . 0 1 9 2 ( h 1 0 9 ( a 7 8  T n 0 . 8 0 9 1  0  0  1 0 . 6  4 6 3 2 0 3 5 2  3 6 6 . 8 1 0 6 6 . 2 3 0 9 3 3 4 D 3 1 3 . 7 8 i o x i n g r e d i  1 0 . 7 9 7 1 6  3 1 3 . 6 6 4 1  3 5 3 2 8 1 5 2  T 7 m � (  3 4 D 3 1 3 . 7 8 5 ( a l s o  0  0   T d � 0 . 6  3 7 5 . 5 4 1 2  3 0 0 . 1 6 3 8  T 8 1 . 7 9 2 7 d  ) - 1 0 . 6 T c  1 o a p 1 0 . 2 2  5 1 2 . - 1 . 2 8 5  3 T m � ( n s .  ) T j � 0 s 0 . 0 i c 8  0  T d � ( e t c .  6 3 e s  ) T j � 0  c  1 0 . 6  0  0 2 3  3 2 9 a c  9 7  3 3 5 . 0 3 z c j � 0 . s 0 5  T c  1  1 0 . 7  0  0  8 � ( ( B 6 . 1 4 h k 9 6 . 3 2 T S o m 1 . 2 7 9 5  0  1 6 1 5 e o . N 0 8 5 e s  ) T j � 0 i n s 0 5  3 . 5 8 2  1 0 . 6  0  0  1 3 7  3 0  T m 2 2 n s .  ) T j � 0 n t a i  1 0 . 6  0  0  9 1 ( ( B " S i 4 e s  ) T j � 0 2  T a x  1 0 . 7  0  0  9 1 ( ( B " S 1 6 1 5  ) T j � 0 M e t h y l 1 0 . 7  0  0  1 3 ( ( B " S i 4 s  ) T j � 0 2  T a t  0  0  1 0 . 7  3 - ( a s  .  ) i z i n 3  3 2 5  T c  s 0  1 0 . 6  2 2 6 3 7  3 0 0 . 1 6  1 0 2 0 2 0 3 2 2 2  T 7 5 6 r e  ) T j b e e  1 0 . 6  0  0 3 9 0 . 6  3 3 5 . 0 3 3 9  3 0 0 . 1 6 3 8  T 2 6 6 2 2 2 2  T 7 5 6 r e  ) T j T c  t e d 0  0  1 0 . 7  3 6 2 . 8 0 4 5  3 0 0 . 1 6 2 1  T 8 3 1 0 . 2 2  T 7 5 6 r e  ) T j  s 0  1 0 . 6  2 0 3 3 9  3 0 0 . 1 6 3 6 5 4 0 0 4 3 2 2 2  T 7 5 6 r e  ) T j 0 . 6 5 9 5  0  2 2  . 7  3  T 8 2  



5-0-3 Boron 

in Larderello, Toscana.Jraly, and Kertsch, USSR. Inder Area, eastern Urals). Current
ly boron-rich ground water 
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