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The chemistry of riebeckites of Massachusetts 
and Rhode Island 

PAUL C. LYONS t 

Boston University, College of Basic Studies, Boston, Massachusetts 02215, U.S.A. 

SUMMARY. Four new chemical analyses are reported for riebeckites of the hypersolvus granites of 
Massachusetts and Rhode Island. Riebeckites of southern New England are enriched in Li +, which 
appears to substitute for Fe 2+, with additional Na + coming in to compensate for the charge imbalance. 

FOUR new chemical analyses are presented (Table II, analyses 2, 6, 7, and 8) for 
riebeckites from the alkali granites of southern New England. Although early chemical 
analyses of riebeckites were provided by Chester and Cairns (1887) and Warren and 
Palache (1911), little additional data have been added. Lyons (1972) discussed amphi- 
boles from this area and reported an analysis of riebeckite from the Quincy Granite 
proper. 

General geology. The areal distribution of the hypersolvus granites of  Massachusetts 
and Rhode Island is shown in fig. I. The alkali granite plutons of this area are aligned 
in a north-east direction following the structural trend of the Appalachians. The Cape 
Ann and Peabody Granites to the north are characteristically ferrohastingsite granites, 
although some riebeckite granite has been reported from the Cape Ann pluton 
(Zartman and Marvin, I971, p. 955). The alkali granites to the south are riebeckite 
granites; the Quincy Granite and the alkali granite from the north-east corner of 
Rhode Island are riebeckite-aegirine granites and the Rattlesnake granite is a riebeckite 
granite. Modal data on these granites are presented in Table I. 

These alkali granite plutons are distinguished by a relatively high percentage of 
amphibole granite compared with biotite granite, syenite, and quartz syenite, and by 
the absence of the ring structures that are typical of similar rocks of  other areas such 
as New Hampshire (Billings, I956), Greenland, (Puklen complex, Pulvertaft, I96I), 
and Nigeria (Jacobson et al., I958). 

The age (ages .9) of these Palaeozoic granites has not been finally resolved. They are 
almost certainly post-Cambrian and most likely Silurian to Devonian in age (Zartman 
and Marvin, 1971 ; Krueger and Lyons, 1972). 

Definitions ofriebeckite and arfvedsonite. It is impossible to reliably separate riebeck- 
ite from arfvedsonite on the presently available X-ray and optical data because of 
lack of correlation with accurate chemical compositions for specific species in the 
riebeckite-arfvedsonite series. In view of this problem, chemical data will be used in 
this paper to distinguish riebeckite and arfvedsonite. Analyses reported as arfvedsonite 
almost always show higher M4+A values and lower Fe z+ values in comparison with 

i Present address: i8 Northwood Drive, Walpole, Mass. o2o8I 
�9 Copyright the Mineralogical Society. 
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T A B L E  L Modes of selected hypersolvus granites of Massachusetts and Rhode Island 

RP RV RG RI-G QP QG CA 

M i c r o p e r t h i t e *  56'5 23"4 67'7 54"5 57"5[1 62"7 66.0 
Q u a r t z  3 I ' t  67'7 26.8 37"4 26.1 29.0 27.0 
R i e b e c k i t e  I2 .2  o8"9 o4"9 o4"7 x 06.2 t r  
F e r r o h a s t i n g s i t e  . . . . . .  o7"o 
G r u n e r i t e  t r  . . . . .  t r  
A s t r o p h y l l i t e  - -  - -  - -  t r  - -  t r  x 
K a t o p h o r i t e  . . . . .  t r  
A e n i g m a t i t e  . . . . .  t r  
H e d e n b e r g i t e  . . . . . .  t r  
A e g i r i n e  - -  - -  - -  o3"4 I4"2 o1-8 - -  
A u g i t e / a e g i r . - a u g i t e  - -  - -  t r  - -  - -  t r  x 
F a y a l i t e  . . . . . .  t r  
B io t i t e  - -  - -  oo'  I x - -  oo- r x 
O p a q u e  O x i d e s t  00 '2  x 00"4 x x oo.2 x 
Z i r c o n  t r  t r  ? t r  oo'  I x t r  t r  
F l u o r i t e  - -  - -  t r  - -  x x t r  
A l l a n i t e  . . . .  x t r  t r  
S p h e n e  - -  - -  - -  x ? x x x 
C a r b o n a t e s ~  - -  - -  - -  x x x x 
Su lph ides  - -  - -  - -  t r  t r � 8 2  t r  t r**  
M u s c o v i t e  t r  t r  ? t r  t r  x t r  t r  
E p i d o t e  . . . . . .  x 
C h l o r i t e  . . . . .  t r  
A p a t i t e  . . . . . .  t r  
O t h e r  M i n e r a l s  . . . .  x '~t - -  x~::~ 
A b  c o n t e n t  o f  

M i c r o p e r t h i t e w  34 - -  53 - -  - -  53 55 

* M i c r o c l i n e  m i c r o p e r t h i t e ,  i nc ludes  sma l l  a m o u n t s  o f  a lb i te .  
~ M a i n l y  m a g n e t i t e ,  less  c o m m o n l y  i lmen i t e ,  r a r e ly  h e m a t i t e .  

M a i n l y  calc i te ,  less c o m m o n l y  s ider i te .  
w L y o n s  0 9 6 9 ) ,  T o u l m i n  0 9 6 4 ) .  
[l 22'5 % mic roc l i ne ,  35"o % a lb i t e  ( cen t ra l  p o c k e t  o f  F a l l o n  pegma t i t e ) .  

�82 G a l e n a ,  spha le r i t e ,  c h a l c o p y r i t e ,  a n d  m o l y b d e n i t e .  
** In  pegma t i t e s ,  m o l y b d e n i t e ,  ga lena ,  spha le r i t e ,  pyr i te ,  p y r r h o t i n e ,  a n d  dana l i t e .  
t t  Par i s i te ,  a n a t a s e ,  becke l i t e ,  wul fen i te .  
~ In  p e g m a t i t e s ,  a va r i e ty  o f  r a r e - e a r t h  m i n e r a l s ,  i n c l u d i n g  cyr to l i t e ,  f e rguson i t e ,  

y t t roce r i t e ,  t an ta l i t e ,  thor i t e ,  a n d  g a d o l i n i t e ;  c r y o p h y l l i t e  ( l i t h i u m  mica) .  

R P  
R V  
R G  
R I - G  
Q P  
Q G  
C A  
x 

R a t t l e s n a k e  p e g m a t i t e ,  L y o n s  (I969) .  
R a t t l e s n a k e  q u a r t z  vein ,  L y o n s  (I969) .  
R a t t l e s n a k e  g ran i t e ,  L y o n s  0 9 6 9 ) .  
R h o d e  I s l a n d  Q u i n c y  g ran i t e ,  Q u i n n  ( t 9 7 I  ; w r i t t en  c o m m u n i c a t i o n ,  I972).  
Q u i n c y  p e g m a t i t e ,  W a r r e n  a n d  P a l a c h e  (~9I I).  
Q u i n c y  g ran i t e ,  W a r r e n  0 9 1 3 ) .  
C a p e  A n n  g ran i t e ,  W a r r e n  a n d  M c K i n s t r y  ( I924) ;  T o u l m i n  ( I964) .  
I n d i c a t e s  p resen t ,  b u t  a m o u n t  n o t  k n o w n ;  x ' s  t o t a l  2-2 in  QP.  
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reported riebeckite analyses. For  the purpose of this paper, the writer separates 
riebeckites and arfvedsonites on the basis of  the atomic ratios of  ( N a + K ) / F e  3+ as 
follows: riebeckite: (Na+K) /FeS+<  1.5o; arfvedsonite: ( N a + K ) / F e  3+ /> 1.5o. 

Fig. 2 shows a plot of  representative riebeckites and arfvedsonites based on this 
criterion. Such a classification scheme causes a 'riebeckite' of  Chapman and Williams 
(I935) to be renamed arfvedsonite and one of the arfvedsonites of  Miyashiro (~957) to 
be reclassified as riebeckite. Fig. z also shows that all the soda-iron amphiboles o f  
Massachusetts and Rhode Island fall into the category of riebeckite. 
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FIGS. I and  2: FIG. I (left). Areal  distr ibut ion o f  hypersolvus  granites o f  eastern Massachuse t t s  and  
R h o d e  Island.  FIG. 2 (right). ( N a + K ) / F e  3+ a tomic  rat ios of  selected riebeckites and  arfvedsonites .  

Preparation andpurity of concentrates. Riebeckite samples (Table II,  analyses 2, 6, 
7, and 8) were hand-picked and concentrated by heavy liquids and magnetic separa- 
tion. The purity of the samples, based on 5oo grain counts for each concentrate, 
ranged from 93"5 to 98"8 wt. % riebeckite. The only impurities observed were quartz 
and alkali feldspar, except for grunerite in analysis 8. Estimates of  the impurities and 
their probable compositions are shown at the bot tom of Table II. Compositions o f  
impurities, except for grunerite, are known with a great deal of  certainty as K and N a  
determinations by atomic absorption were made on the alkali feldspars and quartz 
has a composition very close to Ioo % SiO2. 

Formula calculation method and cation assignment scheme. The chemical formulae 
of the new analyses were calculated following the methods of Deer et al. 0966) on the 
basis of 24(0, OH, F). 

Cations in Table I I I  were assigned in the order of Z, M4, and Y sites. Si, A1, and Fe 3+ 
(if needed) were assigned to the Z sites until they totalled 8.oo cations. The Y cations 
were not specifically assigned to M 1, M2, and M3 sites in Table I I I  because of lack o f  
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TABLE II .  Chemical compositions of riebeckites of southern New England and selected 
riebeckites 

1 2 3 4 5 6 7 8 9 lO 11 12 

SiO~ 52'13 48'50 50"62 47"06 49"65 48'47 5O'Ol 49"20 43"46 47"7 ~ 5I'9O 44'45 
Al~Oa n.d. 3"74 o-68 2"36 I '34 1"75 2"07 2,28 1.18 1.15 1.25 4"28 
TiO2 n.d. o,8o 1"28 1.53 n.d. 1-o6 1"39 o'94 o'54 1'o4 o'55 1"o6 
]7e208 15"53 I6"I3 14"51 I2"9I I7"66 16'38 16"51 16"39 19'57 12"9o 15"o0 17"74 
FeO 21"25 I8"97 2I '43 20"92 I9'55 I9"20 I7"9o I7"2I 18.oo 22.57 I6.IO 17"5o 
MgO 0"22 O'32 O'IO 0"30 n.d. o-Io o ' I  4 0"09 0.32 0"44 0"35 1-oo 
M n O  n.d. 0'59 1'15 0"76 n.d. 0"76 0"55 0"72 0"29 0"54 3"1o 0"42 
C a O  n.d. I 'Z9 1.28 3"76 3 ' I6  0"87 0"27 o'15 5'83 2-22 0"45 0"32 
Na20  6"26 5,91 6.i 5 5"96 7"61 6"70 6'23 7"48 4"75 6'36 7"60 7"22 
KzO n.d. o"55 I.IO 1.22 n.d. 1"42 1.22 1"65 0-42 1"14 I '25 1"24 
LizO n.d. 0"56 n.d. 0"38 n.d. o'96 0"75 I . I6  o-26 0"52 n.d. 0'83 
H z O +  3'95 2'23 1"3o 1"64 I"67 1"55 1"83 1"85 2.oi 1"7o 2"07 n.d. 
H~O-- O'OO o'41 O'IO 0"28 n.d. 0-20 0"43 0'27 - -  o'12 - -  1"69 
F n.d. o'74 o.2o 1.16 n.d. 1-45 I.O8 I '49 3"5o 1"3I n.d. 1"oo 
Tota l  99"34 lOO'74 99'9o lOO'64 lOO"24 lOO'87 IOO'38 lOO.88 lOO'13 lOl.2O* 99"62 98:75 

O F o-oo o'31 0-09 o'49 o'oo o'57 o'45 o.6o 1-46 0'56 o-oo 0'42 

99"34 lOO'43 99'81 99'75 lOO"64 lOO"3O 99"93 lOO'28 98"67 IOO'64 99"62 98'33 

I Crocidolite, Cumberland,  Rhode Island (RI-G),  Chester & Cairns (I887). 
2 F r o m  granite, Cumberland,  Rhode Island (RI-G),  Lat. 41~ 59' 38 ", Long. 71 ~ 27' 17", (I23F). 
3 F r o m  pegmatite,  Quincy, Mass.  (QP), Warren  and Palache (191I), Fallon Quarry.  
4 F rom granite, Quincy, Mass.  (QG),  Lyons (1972), Lat. 420 I4" 36", Long. 7 l~ 1'  52", (123G). 
5 F r o m  granite, Cape Ann,  Mass. (CA), Warren  and Palache ( I9I  I). 
6 F r o m  quartz vein, Rattlesnake Hill, (RC), Sharon, Mass. ,  Lat. 42 ~ 5" 4o", Long. 71~ 8 '  z8", (118). 
7 F r o m  granite, Rattlesnake Hill, (RG),  Sharon, Mass. ,  Lat. 42 ~ 5 '  I7", Long. 7 l~ 8 '  58" (74K). 
8 F r o m  pegmatite,  Ratt lesnake Hill, (RP), Sharon, Mass.,  Lat. 42o 5 '  4o", Long. 71 ~ 8 '  28" (I I8C). 
9 Calciriebeckite, Tuva,  U.S.S.R.,  Kovalenko et al., (I966). 

IO Arfvedsonitic riebeckite, Nigeria,  Borley (1963). *Includes: ZrOz, 0'87; ZnO,  0'50; P205, 0"07; CI, o"o5. 
I1 F r o m  granite,  Fort-Trinquet,  Mauretania,  N.W.  Africa, Fabri6s and Rocci 0972).  
12 Riebeckite, Ulkan Pluton, U.S.S.R.,  Gamaleya  (197o). 

New Analyses:  Analyst, Tadashi  Asari;  Methods of  analysis--gravimetr ic:  SiO~, AI~O3, MgO,  CaO,  HzO(4-),  HzO(- - ) ;  
Volumetric:  FezOs, FeO;  Colorimetric:  TiO~, MnO,  F;  Flame Photometr ic:  NazO, KzO, Li; Standard Deviat ions:  SiOz, 
0'55 %;  AIzOs, 2-20 %;  Fe203, 6"13 %;  FeO, 2'09 %; CaO, 2-i6 %; MgO,  3'40 %;  Na~O, 4"45 %;  K~O, IO'4O %;  H z O + ,  
21'3 %;  HzO- - ,  25'0 %;  TiO~, 5"85 %;  F, I5'O %;  Li, io.o %. 

New analyses corrected for impurities (wt. %) as follows, anal. 2: quartz, 2-6 %, feldspar (OrsoAbs0), 3"0 %; anal. 6: 
quar tz  4"4 %, feldspar (Or65Ab35), 2 . 1 %  ; anal, 7 : quartz 0.8 %, feldspar (Or4~Ab58), 0"4 % ; anal. 8 : quartz, 0'7 %, gruner- 
ite [Fe+ZSisO~2(OH)2], 3'6 %. 

precise information on their distribution in riebeckites and arfvedsonites. Ca, K, and 
Na were assigned to the M4 sites until they totalled 2-oo cations; the remaining Na 
was assigned to the A site. In one case (4, Table III) octahedral Na, as predicted from 
the Na and Li relations to be discussed later, was assigned to the Y positions. The 
remaining cations were assigned to the Y positions. 

Crystal chemistry of riebeckites 

The chemical compositions of  riebeckites of  Massachusetts and Rhode Island and 
some selected riebeckites from other areas are presented in Table II. Formulae are 
given in Table III .  

A-site occupancy varies from zero in riebeckites of  ironstones, through intermediate 
values in arfvedsonites, to a maximum in magnesioriebeckites and magnesioarfvedson- 
ites, which indicates that higher temperatures favour the filling of the A site. 

One of the most  unusual cations that occurs in the Y sites of  riebeckite is Li. 



C H E M I S T R Y  O F  N E W  E N G L A N D  R I E B E C K I T E S  

T A B L E  I I I .  Atomic ratios of riebeckites of Table II 
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I 2 3 4 5 6 7 8 9 i o  I I  I 2  

Si 78I 743 784 74I 765 752 766 754 735 749 8oi 695 
AI iv (I9) 57 I4  44 23 3I 34 4 t  24 2T oo 92 
( F ~  iv oo OO oz I5 I z  I7 oo 05 4I  30 co 13 
Z 800 800 800 800 800 800 800 800 800 800 8oi 800 
A F  i oo io oo oo oo oo 03 oo oo oo 23 oo 
(Fe3+) vi I 9 I  185 167 138 I83 172 19o I84 208 I22 174 217 
Ti  (I4) 09 15 18 IZ I2  I6 I I  07 12 06 08 
F ~  + 266 242 277 276 243 249 230 220 254 296 208 235 
Mn (lO) 07 I5 lo (IO) Io  07 09 04 07 40 06 
Mg (03) 07 02 07 (o4) 02 03 02 08 tx 08 I4 
Li (44) 34 (44) 24 (67) 60 46 72 I8 33 (4I)  20 
Na  vi oo oo oo 27 oo oo oo oo oo oo oo oo 
Y 528 494 520 500 519 505 495 498 499 48I 500 500 
Ca (I3) 2I 2I  63 5I I4 O5 O4 I06 38 O7 05 
N a  viil I63 168 157 I12 I25 I58 171 I I 2  86 139 I68 173 
K ~ 4 )  I I  22 25 (24) 28 24 34 08 23 25 22 
Mt  200 200 200 200 200 200 200 200 200 200 200 200 
A (Na)  2 i  07 27 43 92 44 t5 60 69 55 59 42 
O H  380 228 I34 I73 174 16o I88 I89 124 178 207 (I5 ~ ) 
F ( 7 0  36 I2 58 (58) 7t 53 72 (t85) 65 - -  50 

Value divided by Ioo equals the n u m b e r  o f  ions per  fo rmula  unit. 
Fo rmulas  z, 6, 7, and  8 were calculated on  the basis of  24(0 ,  OH,  F). 
Values in parentheses are  estimates. 

Previously, Sundius (1946) suggested that Li (0"65 cations per formula unit) substitutes 
for Mg in the Y positions in eckermannite, NazMg4A1SisO22(OH)2, from a nepheline 
syenite of southern Sweden. He also suggested that Li (VlZ cations per formula unit) 
substitutes for Na in the 2144 site of holmquistite (glaucophane) of Uto ,  Sweden 
(Sundius, I946). 

Recent chemical data indicate major quantities of Li (up to 1.31 cations per formula 
unit) in riebeckites and arfvedsonites (Borley, I963; Kovalenko et al., I966; Afonina 
et aL, I969; Gamaleya, 1970; and Lyons, I972). Older chemical analyses of riebeckites 
do not give Li and further analyses of these riebeckites will probably reveal, in many 
cases, appreciable quantities of Li. 

Addison and White (I968) offer spectroscopic evidence that Li substitutes for Fe z+ 
in riebeckites, but this is only supported by limited chemical data. Li may also sub- 
stitute for Fe 3+ as in the riebeckites of the metasomatic zones between granites and 
gabbro in Tuva, U.S.S.R. (Kovalenko et al., I966). 

Li increases as Fe z+ decreases in riebeckites of Nigeria, the Ulkan pluton (U.S.S.R.), 
and southern New England. This inverse relation between Li and Fe ~+ is strong 
evidence that Li substitutes for Fe 2+ in riebeekites of these areas. Coupled with this 
fact is one of the major findings of this paper: Li and Na correlate positively in riebeck- 
ites of southern New England. This is shown graphically in fig. 3. This relation is also 
shown in data from other regions (Borley, I963; Gamaleya, I97o), although the 
lines have different slopes, probably indicating varying oxygen fugacities and bulk 
chemistries. The more arfvedsonitic amphiboles of Nigeria depart from this relation, 

Ii 
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FIG. 3. Relation of atomic non-octahedral Na to Li 
in riebeckites of Massachusetts and Rhode Island. Na 
value for riebeckite of Quincy Granite is predicted. 

probably due to substitution of Li + for 
Fe 3+ in 3/2 sites, thus requiring two 
additional Na  + to maintain the charge 
balance. 

Li is most likely preferred in the M3 
site (Whittaker, I97I ) or M 1 site, as 
opposed to the Ms site, as these are the 
preferred sites of  Fe 2+ (Bancroft and 
Burns, I969; Burns and Prentice, ]968). 
I t  is suggested that for every Fe 2+ re- 
placed by Li +, one Na + comes into the 
A site to balance the charge difference 
between Li + and Fe 2+. 

Fluorine values increase with the 
values M4+A in the riebeckites and 
arfvedsonites of  the U.S.S.R. and 

Nigeria (Afonina et al., ]969). This relation also holds for the riebeckites of southern 
New England. I t  is not clear whether this is due to N a F  being one of the reactants 
involved or to some other mechanism. 

Phase relations and paragenesis 

The phase relations of  riebeckite and riebeckite-arfvedsonite solid solutions have 
been determined by Ernst (I962). Riebeckite is stable to a maximum temperature of  
515 ~ under high oxygen fugacities (hematite-magnetite buffer); under more reducing 
conditions (wttstite-iron buffer) riebeckite-arfvedsonite solid solutions are stable to 
a maximum temperature of about 7 [o ~ The phase relations indicate that the absence 
of fayalite and the occurrence of quartz, aenigmatite, and aegirine (acmite) in the 
Quincy Granite are consistent with magmatic temperatures of  65o to 75o ~ low 
oxygen fugacities, and fluid pressures below 7oo bars (Lyons, ]972). 

Riebeckites of  alkali granites probably crystallized at temperatures much higher 
than 515 ~ as indicated by their association with hypersolvus feldspar that crystal- 
lized above 66o ~ (Tuttle and Bowen, ]958). The occurrence of fibrous riebeckites 
(crocidolites) in hematite-magnetite (ironstone) formations indicates crystallization 
below 5oo ~ and authigenic riebeckite(?) in the Green River Formation of Utah 
(Milton and Eugster, I959) may indicate crystallization as low as [oo ~ 
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Note added in proof:  A recently reported chemical analysis of the authigenic riebeckite (?) of the 
Green River Formation indicates magnesioarfvedsonite (Milton et. al., 1974, Amer. Min. 59, 83o. 


