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ABSTRACT. Honessite and hydrohonessite from Unst, 
Shetland, and Linden, Wisconsin, are sulphate-containing 
members of the pyroaurite group and are analogous 
to reevesite. The structural formula can be written 
(Nis.ssMg0.10Fe2a~s)(OH)16(SO4)l.ls .XH20 for the 
Unst material, with sulphate groups replacing the inter- 
layer carbonate groups in reevesite. Microprobe analyses 
of the Unst materiaJ show amounts of SO 3 in excess of 
that required to balance all trivalent cations and this may 
be due to the presence of an amorphous nickel sulphate 
material. We find no evidence for the presence of trivalent 
nickel in honessite. 

The Unst material occurs in both 8.8 (honessite) and 
1t.1/~ (hydrohonessite) forms, depending on composi- 
tion, humidity, and temperature, similar to carrboydite, 
motukoreaite, and SO4-exchanged takovite. The Wiscon- 
sin material occurs only with an 8.8 A basal spacing. The 
increase from the 7.7/~ basal spacing of reevesite is due 
to the difference in molecular geometry of carbonate and 
sulphate groups. The presence of the sulphate molecule 
is unambiguously shown by the infra-red spectra, and 
the observed bands are consistent with the sulphate 
groups lying in the interlayer with their trigonal axes 
parallel to c. The Unst material is found intimately mixed 
in variable proportions with reevesite, distributed in 
patches on chromite, and the mixed nature is revealed 
by X-ray powder diffraction, by variations in total SO3 
content, and by the presence of absorptions due to both 
SO~- and CO ]-  in the infra-red spectra. 

IN 1959 Heyl et al. described a basic nickel, iron 
sulphate mineral which occurred as an alteration 
product of millerite, violarite, and bravoite (?), all 
of which form abundant accessory minerals in 
lead-zinc deposits near Linden, Wisconsin. On the 
basis of three micro-chemical analyses and limited 
X-ray powder data (4 lines) the mineral was believed 
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to be a new species and named honessite. From 
1959 to the present, honessite has remained in the 
literature as an inadequately described species. 
Applying the results of anion-exchange experiments 
on pyroaurite-type minerals and using the data of 
Heyl et al. (1959) and Finkelman (personal com- 
munication), Bish (1980) concluded that honessite 
was a sulphate form of reevesite, Ni6Fe2a+(OH)16 
CO3.4H20 (White et al., 1967). 

Macpherson and Livingstone (1974) described 
several unnamed nickel hydroxides (one blue-green 
and the second yellow) from the chromite deposits 
at Hagdale, Unst, Shetland, and further work on 
the yellow material has shown it to be a mixture 
of reevesite and honessite in variable proportions. 
It is from this material that a fuller understanding 
of the structure, chemistry, and paragenesis of 
honessite has become possible. 

Occurrence and physical properties. The reevesite- 
honessite-hydrohonessite mixture occurs as very 
thin, scaly, citron-yellow encrusting films, distri- 
buted in patches on chromite. It may be associated 
with blue-green nickel hydroxide and zaratite but 
commonly occurs independently and is very soft, 
easily breaking into tiny flakes. The only sulphides 
positively identified (by X-rays) in the chromitite 
are pentlandite and heazlewoodite, and green nickel 
hydroxide is seen around the latter. 

Under high magnification and plane-polarized 
light, the mixture is obscurely platy to fibrous with 
a mean refractive index of 1.635. The material is 
slowly soluble in weak, cold HC1, H2SO4, and 
HNO 3 but rapidly soluble in hot, very dilute HCI. 

X-ray powder data. X-ray powder diffraction 
data for the yellow crusts were given by Macpherson 
and Livingstone and a salient feature of the patterns 
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is the set of intense 11.1 and 7.7 A lines of approxi-  
mately equal intensity. After taking many more 
powder  photographs  of very minute single flakes 
using a 114.6 mm-diameter Debye-Scherrer  camera, 
it became apparent  that  the 11.1:7.7 A intensity 
ratio was not  constant  and a mixture of two phases 
was obvious. Electron-probe microanalysis of pre- 
viously X-rayed flakes which possessed different 
11.1 to 7.7 A intensity ratios enabled the 7.7 A line 
to be at tr ibuted to reevesite whereas the 11.1 A 
line was at tr ibuted to the sulphur-bearing phase. 
The problem was made more  interesting by the 
discovery of two minute flakes which gave an 8.8 A 
basal spacing. Subsequent  t reatment  of  this materi- 
al with glycerol for 24 hours resulted in an expansion 
to 11.1 A, although the 8.8 A line did not  completely 
disappear. 

X-ray data  indexed on a three-layer rhombo-  
hedral cell and refined cell parameters  for the 11.1, 
8.8, and 7.7 A material are presented in Table I, 
together with X-ray data  for sulphate-exchanged 

takovite, [Ni rA12(OH)l rSO4.4H20]  from Var, 
France (Bish, 1980). F r o m  Table I it should be 
noted that  there is a very close similarity between 
honessite and 8.9/~ SO4-takovite and between 
hydrohoness i t e  and  10.9A SO4-takovite.  The 
hydrohonessi te  pat tern is very similar to that  of 
the sulphate-takovite,  a l though the hydrohonessi te  
a parameter  is larger. The hydrohonessi te  pat tern 
shows several lines not  indexable on a three-layer 
rhombohedra l  cell; the 7.65/~ is due to  admixed 
reevesite and the remaining very weak extra lines 
are probably due to an unknown impurity. The 
reevesite is indexed on a three-layer cell with an a 
parameter  of  about  3 A;  this indexing scheme is 
different than that  used by White et al. (1967) and 
de Waal and Viljoen (1971) but is consistent with 
the pyroaurite-type structure determined by Ingrain 
and Taylor (1967) and Allmann (1968). 

Infra-red spectra. In order  to more  fully under-  
s tand the nature of the anions in these materials, 
infra-red spectra of the yellow hydroxide and 

TABLE I. X-ray powder data for honessite, hydrohonessite, and reevesite from Unst and sulphate-takovite 
exchanoed from natural Var, France takovite 

Var, takovite* 30% RH Honessite Var, takovite* 100% RH Hydrohonessite Reevesite 

hkl dme~. I d,,,r I hkl dmr I dm~s. I hkl d . . . .  I 

003 8.95A 100 
006 4.46 52 
009 3.00 8 
101 2.62 6 
012 2.58 2 
104 2.50 8 
015 --  - -  
0.0.12 2.24 5 
018 2.06 2 
1.0.10 1.86 8 
0.0.15 1 
0.1.11 ) 1.77 4 

0.1.14 1.55 2 
110 1.513 5 
113 1.490 5 
116 1.436 4 

8.84 100 003 10.89 100 11.12 s t 003 7.68 100 
4.43 40 7.65 vbr 006 3.84 50 
- -  006 5.41 40 5.58 s 101 2.64 10 
2.65 10 (?) 4.31 vw 012 2.59 60 
2.62 20 009 3.62 20 3.74 ms 104 2.42 5 

(?) 3.07 vw 015 2.32 40 
2.39 10 (?) 2.89 vw 107 2.07 5 
- -  - -  101 - -  - -  2.67 ms 018 1.957 20 
2.09 8 012 2.59 10 --  - -  1.0.10 1.741 5 
1.90 2 104 2.49 3 - -  - -  0.1.11 1.640 5 
1.79 2 015 2.43 8 2.50 m 110 1.545 30 

107 --  - -  2.33 mw 113 '1.508 30 
- -  - -  018 2.21 5 2.25 mw 116 1.433 10 
1.54 15 0.0.15 2.16 3 - -  - -  202 1.330 10 
1.52 15 1.0.10 2.05 3 2.09 mw 0.0.18 1.285 5 
1.46 2 0.1.11 1.97 5 2.01 mw 208 1.211 5 

1.0.13 1.81 3 - -  - -  
1.0.16(?) - -  1.624 m 
110 1.51 10 1.536 m, sh 
113 1.482 5 - -  - -  
116 1.452 7 1.497 mw 
1.0.19 1.437 5 - -  - -  
119 / 
0.1.20 1.385 5 1.437 w 

1.1.12 --  - -  1.339 w 
a = 3.024(1)A a = 3.083(4) a = 3.024(2) a = 3.087(8) a = 3.081(3) 
c = 26.74(4) c = 26.71(9) c = 32.47(4) c = 33.4(3) c = 23.05(4) 

* Bish (1980). t s = strong, m = medium, w = weak, mw = medium weak, vw = very weak, ms = medium 
strong, vbr = very broad, sh = sharp. 
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FIG. 1. Infra-red absorption spectra of (a) the type 
honessite from Wisconsin, and (b) the Unst hydrohonessite. 

honessite from Wisconsin (kindly supplied by B. 
Finkelman) were examined using KBr pellets and a 
Nicolet Fourier Transform Infrared Spectrometer. 
The spectra are shown in fig. 1 and are distinctly 
similar. Both show strong absorptions at about 
500, 650, 1140, 1615, and 3400cm -1. There are 
also weak bands in the region of 980, 1030, and 
1390 cm-1. The bands below 1500 cm-1 are due 
to internal vibrations of SO 2- groups; vl at 
980 cm-1, v2 at about 500 cm-1, the split v3 at 
around 1140 cm -1, and v4 at 650 cm -1. The weak 
band at about 1390cm -1 is characteristic of the 
v3 carbonate band in mixed hydroxides of the 
pyroaurite-type and is due to a minor reevesite 
component in both samples. The vibrations above 
1500 cm-  1 are due to H~O-H bending (1615 cm-  1) 
and O - H  stretching (3400 cm-  1). The presence of 
v 1, v2, v3, and v, SO 2-  bands coupled with the 
splitting of the v3 band is consistent with a threefold 
site symmetry for the SO 2- ion. 

Chemical  data.  Microchemical analyses of the 
Heyl et al. honessite showed it to be essentially a 
basic nickel sulphate with ferric iron. Their analyses 
revealed a considerable variation in composition, 
with NiO ranging between 33.4 and 42.69/0, total 
iron reported as Fe203, 10.5-15.89/o, and SO3 
between 8.6 and 10.89/o. For the Unst material, 
sulphur-rich areas were analysed using a Cambridge 
Instruments Microscan V with standardization on 
pyrite, iron and nickel metals, synthetic MgO, and 
jadeite. Nine analyses of the yellow material are 
presented in Table II; the materials contain appre- 
ciable Ni, Fe, and S, with minor amounts of Mg, 
A1, Cr, and Na. Analyses 1 to 7 are of sulphur-rich 
areas in samples with both 11.1 and 7.7 A material 

present; 1 and 2 are from material having a high 
1 1 . 1  : 7.7 A intensity ratio, 3 and 4 are from samples 
having approximately equal 11.1 and 7.7/~ reflec- 
tions, and analyses 5 and 6 are from materials with 
a low i1.1:7.7 A intensity ratio. Analyses 8 and 9 
are of honessite only. It is noteworthy that the 
calcium reported in one analysis (10.59/o) by Heyl 
et  al. does not feature in the Unst material; calcium 
appears likely to be a non-essential constituent in 
honessite. The quite variable totals in Table II 
probably reflect a large range in water content and 
together with the variations in the cation ratios 
are indicative of considerable deviations from 
the ideal formula (having a divalent to trivalent 
cation ratio of 3 : 1). Single-spot analyses on areas 
very low in SO3 give compositions which match 
very well with that of reevesite (approximately 
Ni6Fe2(OH) t 6CO 3 . 4H20), and representative an- 
alyses ar~ included in Table II, analyses 10 and 11. 
Optical absorption spectra of the yellow hydroxide 
material show three spin-allowed bands from Ni 2 + 
and two weak spin-forbidden bands due to Fe 3+. 
There may be some minor Fe 2§ present in the 
material. 

Discussion. The yellow hydroxide from Unst is 
an intimate mixture, in variable proportions, of 
hydrohonessite and reevesite. The mixed nature of 
the material is revealed by the presence of 11.1 and 
7.7 A basal reflections in the X-ray powder patterns, 
by the absorptions in the infra-red spectra due to 
both carbonate and sulphate, and by the variable 
amounts of SO3 in the chemical analyses. Although 
the totals in the chemical analyses are quite variable 
due to the problems inherent in probing fine- 
grained hydrous minerals, the Ni: Fe ratios are very 
uniform (with the exception of analyses 2 and 7), 
clustering around 2.47: 1. We did not determine the 
amounts of ferrous iron, but the minimum divalent: 
trivalent ratio for our analyses is about 2.50:1 (al- 
though analyses 2 and 7 have ratios of about 1.8 : 1). 
Literature values of the divalent-trivalent ratio 
for pyroaurite minerals typically fall between 3 : 1 
and 2:1 (Taylor, 1973). On a sixteen-hydroxyl basis, 
the formula of Unst hydrohonessite is approximately 
(Nis.55"MgoAoFe2.ss)(OH)16(SO,)x.18. xH20.  It 
should be noted that both Unst and the type 
honessite and reevesite have a parameters of about 
3.08/~; applying the determinative curve of Brindley 
and Bish (1976), we find that this value of a is 
compatible with a cation composition of approxi- 
mately Ni6Fe2 a +, with little Fe 2 § present. 

Analyses 1 to 7 show amounts of SO3 in excess 
of that required to balance the trivalent cations in 
hydrohonessite, especially when we consider the 
possible presence of Fe 2 +. A similar situation exists 
for the mineral jamborite (Morandi and Dalrio, 
1973) and it has been suggested (B. Finkelman, 
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T ABLE I I. Microprobe analyses o f  Hagdale honessite, hydrohonessite, and reeves ite 

1 2 3 4 5 6 7 8 9 10 11 

NiO 43.4 40.0 42.2 40.7 36.7 28.7 33.3 37.5 35.2 48.5 46.9 
Fe20 3 18.3 18.0 17.6 17.4 15.9 12.6 19.7 15.3 16.1 20.4 22.4 
A 1 2 0 3  - -  3.7 --  0.4 --  0.2 0.2 - -  - -  --  
MgO 0.5 0.9 0.4 0.5 0.7 0.4 0.6 . . . .  
Na20 --  1.6 0.7 1.6 0.8 0.8 . . . . .  
SO 3 10.1 12.2 11.3 13.8 10.4 9.3 10.6 3.4 2.5 0.9 0.7 

Total 72.3 76.4 72.2 74.4 64.5 52.0 64.4 56.2 53.8 71.0" 70.9* 

Formulae on basis of eight cations, i.e. (OH)I 6 

Ni 5.65 5.01 5.75 5.56 5.56 5.50 5.16 5.78 5.60 5.64 5.46 
Fe 2.23 2.11 2.25 2.24 2.24 2.28 2.84 2.22 2.40 2.22 2.44 
A1 - -  0.68 0.08 --  0.07 . . . .  
Mg 0.12 0.20 - -  0.12 0.20 0 . 1 5  . . . .  
S 1.22 1.43 1.44 1.77 1.47 1.67 1.53 0.50 0.38 0.1 0.08 
+2 /+3  2.59 1.87 2.55 2.44 2.57 2.40 1.81 2.60 2.33 2.39 2.15 

Analyses 1-7 are of 11.1 A (hydrohonessite) sulphur-rich areas in reevesite and 8 and 9 are of 8.8 A (honessite) 
flakes only. Analyses 3 and 4 are two single-spot analyses on the same grain and 8 and 9 are single-spot analyses 
on two separate grains. On an eight cation basis, the + 2 : + 3  cation ratio is 6:2 for a 3:1 ratio and 5.33:2.67 for 
a 2:1 ratio. Analyses 10 and 11 are of reevesite. 

* The total for number 10 contains 1.2% Cr203 (0.14 Cr ions/8 cations) and the total for number 11 contains 
0.9% Cr203 (0.1 Cr ions/8 cations). 

personal communication) that the mineral contains 
an amorphous Ni-sulphate. This may well be the 
case for the Unst  hydrohonessite-reevesite mixture. 
Analyses 8 and 9 have amounts  of SOs which are 
too small to balance all trivalent cations if we 
assume that all iron is present as Fe 3 +. This is very 
likely due to a mixture with COl - - con t a in ing  
material, i.e. reevesite. It  may also b e  due to 
material containing CO 2-  and SO 2-  mixed on 
a unit-cell scale but the available infra-red evidence 
(Bish, 1977) does not support  such a conclusion. 

The structural, chemical, and paragenetic data  
presented here support the conclusions of Bish 
(1980) that honessite is a sulphate form of reevesite. 
The infra-red spectra clearly show the presence of 
SO 2-  and are very similar to those given by Bish 
(1980) for related minerals. X-ray data for the Unst  
honessite and hydrohonessite are in excellent agree- 
ment with the data for other SO2--conta in ing 
pyroaur i te- type  minerals ;  sulphate-exchanged 
takovite (Bish, 1980), carrboydite (Nickel and 
Clarke, 1976), and motukoreai te /Brindley,  1979) 
all have approximately 8.8 and 11 A basal spacings 
depending on temperature and humidity. Bish 
(1980) showed that sulphate-exchanged takovite 
expanded to about  11.5/k with ethylene glycol, 
similar to the expansion of the Unst  honessite in 
glycerol. While the type honessite described by 

Heyl et al. occurred only in an 8.7 A form, the 
Unst material occurs in both 8.8 and 11.1 A forms. 
Bish (1980) has shown that the sulphate forms of 
pyroaurite-type minerals exist in both 8.8 and 11 A 
forms, depend ing  both on composit ion and on 
temperature and humidity. Nickel and Clarke 
(1976) also observed the same behaviour for carr- 
boydite. It is probable that the type honessite will 
expand in a hydrous or ethylene glycol atmosphere 
just as the 8.8/k Unst  material did. 

It is noteworthy that we find only Ni(OH)2 
around heazlewoodite, NiaS2, and it is obvious 
that trivalent cations, Fe 3 § in this case, are necessary 
for the formation of pyroaurite-type minerals. To 
our knowledge, there are no substantiated occur- 
rences of Ni  a+ in minerals so that we expect 
honessite and hydrohonessite to form only in 
proximity to pentlandite, (Fe, Ni)9Ss. Without  
thermodynamic data  for hydrohonessite, it is diffi- 
cult to predict its stability range in solution. 
However,  from the law of mass action it follows 
that less Ni 2 § will be required for the precipitation 
of hydrohonessite with high sulphate concentrations 
than with low concentrations of sulphate. It appears, 
with even small trivalent ion concentrations, that 
hydrohonessite will form before pure Ni(OH)2 as 
we seldom find Ni(OH)2 intimately associated 
with the hydrohonessite.  Without  further data, 
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however, it is impossible to determine whether 
hydrohonessite precipitation is a significant factor 
in controlling sulphate, Fe, and Ni mobility. 

Based on the anion-exchange results of Bish 
(t980), it is tempting to draw conclusions as to 
whether the hydrohonessite represents a primary 
phase or a sulphate-exchanged reevesite. Precipita- 
tion of hydrohonessite or reevesite at the low 
pH's commonly associated with weathering sul- 
phides will require high concentrations of Ni and 
Fe. However, Thornber (1975) has shown that the 
pH's of solutions in weathering Ni-sulphide ore 
bodies and, in particular, of pentlandite, may 
exceed 7. In general, the pH of solutions from 
weathering pentlandite and heazlewoodite will tend 
to be more alkaline than those from pyrite and 
pyrrhotine. Thus, although our knowledge of the 
pH and the concentrations of Ni, Fe, SO z-,  and 
C O l -  on a microscopic scale is very limited, 
Thornber's results plus our chemical data, showing 
the presence only of Ni and Fe in substantial 
amounts in hydrohonessite, suggest that honessite 
may precipitate directly from weathering solutions 
if SO ] concentrations are high enough. Synthesis 
experiments of carbonate and sulphate forms of 
pyroaurite-type minerals (Bish, 1977) show that 
these materials have a marked preference for CO I- 
over SO2-; therefore, precipitation of SO~-- 
containing pyroaurite-type minerals must require 
either unusually low C O l -  concentrations or very 
high SO 2- concentrations. The predominant oc- 
currence of hydrohonessite intimately mixed with 
reevesite shows that SO 2- concentrations were 
not high enough to preclude the formation of 
COl--bearing material. Further work on the 
solubility of various pyroaurite-type minerals and 
on the preference of these structures for C O l -  
over SO 2- must be done before more quantitative 
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statements can be made regarding the conditions 
of formation of the various forms of these interesting 
minerals. 
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