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ABSTRACT

The possible solid solution series between

melanterite (FeSo7H2o) and boothite (Cusok7H2o) was

investigated to ascertain the extent to which the series

exists. Sy-ritheses of these compounds and an intermediate

minera1 pisanite [(Fe,Cu)SQk7H2O], were attempted by

introducing copper sulfate into an aqueous solution of

ferrous sulfate.

Temperature, concentration, and time of crystalli-

zation were varied in an effort to crystallize the desired

products. Under various conditions, it was possible to

crystallize all three of the compounds, but no intermediate

mixtures or compounds other than pisanite could be isolated.

Thus, a solid solution series between melanterjte and

boothite does not exist, but rather is prepresented. by

crystals of the end members arid one intermediate compound

pisanite for which the new formula of (FeObO

which represents 2O.O3 Cu++ is proposed.

Compounds formed were checked for composition by

X-ray diffraction and polarography. Whereas crystal growth

was attempted for many varied intermediate compositions,

all samples representing intermediate compositions proved

to be pisanite-type material. This leads to the conclusion
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that the melanterite structure cannot support substitution

of copper for iron except in the amount stated above.

Cell dimensions of the artificial boothite formed

were determined by single crystal X-ray methods and were

found to agree closely with those of the isostructural

artificially formed nielanterite. Boothite dehydrates

easily and is converted to chalcanthite (Cu8045H20) at

room temperature and low humidity. For this reason, boothite

as a pure compound cannot exist in nature except under very

special conditions.



INTRODUCTION

Ever since the first description of boothite by

W. T. Schaller in 1903, the question of the existence of

a solid solution series between the ferrous iron and

member, nielanterite, and the then newly described cupric

copper end member, boothite, has been of interest (Doelter,

1929). An intermediate cuprian inelanterite (pisanite) has

been found and existed as the only known natural compound

between the end members. Owing to the similar ionic radii

of ferrous iron (0.74k) and cupric copper (0.72), a solid

solution was suspected and the fact that one intermediate

member was already known further supported this idea.

C. Doelter (1929) during the period 1926-1929 per-

formed a series of experiments in which the substitution

of various elements was made into the many vitriols. It

was found that magnesium, zinc, and cobalt could substitute

in part for the ferrous iron in mnelanterite. Little has

been done on the copper substitution for iron since it has

proven to be quite difficult to form and stabilize boothite,

the pure copper end member.

L. de Boisbaudran (1867) apparently prepared a

monoclinic copper sulfate by nucleating a supersaturated
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solution of copper sulfate with a nionoclinic crystal of

ferrous sulfate between 15_200 c.

Many attempts were made in this study to follow

de Boisbaudran's procedure with the result that the only

products formed were pisanite-type crystals, the remaining

copper sulfate crystallizing as chalcanthite. Even at

very low temperatures (0°-10°C) the only crystallization

product was chalcanthite. It was found that the only

method by which monoclinic crystals of boothite could be

formed was by very slow evaporation of a dilute solution

of cupric sulfate at about 0°C. This method produced

crystals of fine quality and clarity which gave excellent

X-ray patterns when sealed in a capillary tube to prevent

dehydration. With success in growing boothite crystals,

a detailed study of the series could be attempted.

A precise and detailed set of' standard solutions

of iron and copper sulfates was made from their respective

dissolved analytical reagent salts. These solutions were

combined in various ratios so as to afford a wide range

of solution compositions. A series of polarograms of

these standards was taken. These polarograms were then

compared with polarograms obtained from the products

obtained by crystallization from a given solution. All

curves obtained from the precipitated crystals were

identical and indicated that the copper content was 20.03%



which is the weight percentage of copper in pisanite

(Doelter, 1921; Eckel, 1933). Thus, all attempts to

obtain any other crystallized product of another copper

content were futile.

Crystallization of the products was attempted at

0°C, 22°C (room temperature) and 75°C to determine

whether temperature variation would permit more copper

to be included In the iron sulfate structure. All

attempts resulted only in pisanite-type material with

excess iron sulfate crystallizing as melanterite and

excess copper sulfate as chalcanthite. The color of the

final crystaline product varied in hue from blue green

to deep rich blue depending upon the percentage of the

various crystallizing salts.

A representative group of crystals picked at

random was chosen from each crystallized solution for

analysis in order to obtain an accurate sampling of each

series of crystalline products. The crystals showed

little zoning and very little twinning, but many over-

growths of melanterite on pisanite and pisanite on

ohalcanthite were noted. No boothite was detected.

Distinction of crystallization products by the index of

refraction method was attempted by the use of immersion

oils, but this proved to be unsatisfactory since the oils

tended to dehydrate and destroy the products.

3
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Stability of the final crystallized products at

room temperature, atmospheric pressure, and low humidity

varied from less than 10 minutes for boothite up to 2 hours

for melanterite before partial or complete dehydration

occurred. Eckel (1933) has shown that pisanite dehydrates

when the relative humidity drops to 30.7% or below at 22°C.

Although an accurate measurement of the humidity in the

laboratory was not made, it was not likely to have been

as high as 30.7%. For this reason the oroduots had to be

sealed in containers with surplus mother liquor. This

stabilized the crystals for many days. Boothite was

stable only when kept in the crystallizing solution and

in the freezer compartment of a refrigerator at between

00 and -2°C with no apparent alteration below this

temperature.

Because of rapid breakdown of the crystals by

dehydration, no accurate gonioinetric morphology was deter-

mined. Only rough sketches of morphology and rapid

comparisons were made. The quality of the crystals tended

to be good and development of well-defined faces was noted

in most products.

The development of crystals of more acicular habit

was noted as the copper content of the solution was

increased. Boothite crystals were long prismatic, with
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the c-axis the direction of elongation. The pisanite-type

crystals tended to take on a blue cast as the copper in

the solution was increased.



E)ERIMENTAL WORK

In the following description of the products

obtained from the crystallization of various aqueous

solutions, the name melanterite will be used to indicate

the ferrous sulfate heptahydrate (Fe504'7H20) and as such

does not indicate the mineral, but is used only to mdi-

cate a material of the composition of the named mineral.

Likewise, pisanite will be used for the cuprian melanterite

[(Fe,Cu)5Ok7H2O and boothite for the pure copper sulfate

heptahydrate (CuSO47H2O).

Nelanterite: FeSO7H2O

Because the normal crystallized product produced

from a saturated solution of iron virtiol (most common

form of FeSO1, in most laboratories) is the heptahydrate,

it is only necessary to recrystallize the salt from a

slightly acid supersaturated solution (1 0.1 N H2304 to

keep the iron in the reduced state), to obtain large,

well-formed holohedral monoclinic crystals.

The major forms observed on a selection of the

ferrous sulfate crystals were as follows in order of

decreasing importance.

in Liio3 ; o 0O1 ; o {oii ; v1O1I?c
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The crystals generally were short prismatic with

few twins. The color was a pale green and most crystals

were clear and free of internal flaws. Upon dehydration,

the clarity diminished and the crystals became coated with

a very pale, greenish-white powder assumed to be the

pentahydrate, siderotil.

Melanterite crystallizes at room temperature (22°C),

at low temperature (0°C), and at elevated temperature

(75°C) yielding crystals which are well formed and show

little variation in form or clarity. The largest crystals

of an over-all length of up to 9 mm were grown at standard

conditions.

Melanterite was found to form as overgrowths on

pisanite, occuring mostly on the m 3I11O face of the

pisanite, when a ferrous sulfate solution containing oupric

ion is allowed to crystallize. No gradation could be

noted between the two crystals, and no copper was detected

in the overgrowths. These facts suggest that no

melanterite can form until all available copper has been

used in the formation of pisanite and that the iio}

face is preferred as the plane for overgrowth.

Pisanite: (Fe0Cu02)SO4'7H2O

The mineral pisanite is an oxidation product found

in many copper mining areas (Keating and. Berry, 1953;

Sohaller, 1903). It occurs as encrustations, pulverulent
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coatings, and rarely as short, prismatic, ill-formed

crystals. The ratio of' copper to iron, as reported in the

literature (Doelter, 1921; Eckel, 1933) appears to be

fixed at 1:5.

A series of known ratios of copper to iron in

solution were prepared approaching the stated 1:5 ratio

from the pure iron end member and also from the pure

copper end member. In this way the crystals forming

should have ranged in composition from 100$ ferrous iron

to 100 cupric copper were solid solution complete. It

was believed that a progressive selection across the

series should be sufficient to test the solid solution

possibility of the series. A range of copper percentages

from 5.97$ to 96.21% by weight were chosen as a representa-

tive range to study the copper uptake by the iron salt and

vise versa. The results of these runs follow.

13.8% (8:1 Fe:Cu) Run

Weighed amounts of cupric sulfate and ferrous

sulfate were mixed to give a weight percent of 13.68

percent copper. These weighed quantities were then

dissolved, with heating, in 20 ml of deinineralized water.

When all solid reactants had dissolved, the solution had

attained room temperature, and a sufficient time was

allowed for crystallization, small crystals formed at first

followed by larger ones which reached a maximum (2-3 nun)
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after about two days. The first crystals were pale blue

green (Munsell 7.5 B.G. 7/4) and were distinctly mono-

clinic with m (iio} ; c 1ooi ; and o (oiij the

major faces. The crystals were short prismatic and clear

with some liquid inclusions.

Encrusting these crystals were small (less than 1

mm up to 2 mm) melanterite crystals which were typically

pale green and showed no preferred orientation on the blue-

green crystals. No zoning between the two could be seen

and the melanterite showed no copper content within the

limits (0.1-0.5%) of the polarographic analytical procedure

used.

The blue green crystals were dissolved in a solution

composed of 10 ml demineralized water, 3 ml 0.1 M KC1, and

2 drops of 0.01% aqueous gelatin solution and the solution

was then tested with the polarograph and the wave height

recorded. The melanterite crystals also were run in order

to ascertain their copper content, if any. The remaining

crystals were maintained in the excess crystallizing

solution and sealed in a plastic vial in order to preserve

them against dehydration and oxidation. This method

enabled the crystals to be kept for a period of over two

weeks with little alteration and. dehydration.

In order best to analyze the products formed, a

series of standards was prepared from a 0.20 ± 0.05%
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ferrous sulfate and 0.13$ ± 0.05$ cupric sulfate solutions.

Pipetted. amounts of each solution were mixed in order to

give the weight percentages of 13.68, 20.03, 28.10, 55.90,

71.72, 85.69, and 86.38 copper. These standards were then

run by the method described under analytical procedure used.

in this study. The wave heights of each standard were

recorded to be used as a comparison against the unknown

crystallization products. In this way, the ratio of the

unknown could be read directly from the graph prepared

from the knowns.

After the standard curve has been obtained, the

wave height of the blue green crystals (proposed. 13.68$

copper crystals) obtained. was compared against the curve

and, found to agree with the 20.03$ ± 0.1$ standard. Several

additional runs were made on additional crystals from the

run and yielded the same 20.03$ value. It was therefore

concluded that pisanite had formed until no more copper

remained in the solution, then the excess iron crystallized

out as melanterite as an overgrowth on the pisanite. This

indicates that an oxidizing fluid would deposit pisanite

until its copper content was depleted at which point

melanterite was formed.

20.03% and. 28.10% (5:1 and 2:1 Fe:Cu) Runs

The 20.03% and 28.10% runs were made using methods

similar to those above. These runs yielded similar products
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except that the crystals tended to be extended or elongated

along the c-axis. The faces were again m {iio3 , c

fooi , and small o {oii . The color of the 20.03%

copper crystals was bright blue green (Munsell 10 B.G.

7/6), but they were slightly cloudy and many penetration

twins were noted.

The two sets of crystals were again overgrown by

melanterite crystals. A random selection of the blue

green crystals yielded the sample analyzed for each per-

centage. As before, the wave heights were compared against

the standard curve and. in both cases the copper content

was again 20.03$ which agreed with the percentage for

pisanite. This agreement indicates that even as the

crystallizing solution increased in copper content, the

copper percentage in the pisanite-type crystals remained

constant.

The melanterite overgrowths again proved to contain

only a few tenths (0.2%) of a percent copper. Even in a

more copper-rich environment, the formation of pisanite is

first, followed by melanterite overgrowths.

The crystals were stored in sealed containers with

the excess crystallizing fluid in order to prevent dehy-

dration and oxidation. These crystals could be kept for

a period in excess of two weeks without noticeable change.
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55.9O (1:1 Fe: Cu) un

In the 55.90 run, the first major change was

noted. In the previous runs pisanite formed first,

followed by melanterite overgrowths. In this run, the

higher copper content of the solution caused the formation

first of chalcanthite crystals which were then followed

by an overgrowth of the pisarilte crystals. This reversal

of crystallization sequence may be explained by the fact

that the copper sulfate is less soluble than the pisanite.

The chalcanthite crystals were well- formed and easily

recognized as such from morphology.

The pisanite crystals which had overgrown on the

chalcanthite were rich blue (Munsel 5 13 5/6) in color and

appeared to be of a distorted monoclinic form. They were

clear and quite small in size, (less than 0.1 mm to 1 mm).

No twins were observed and the crystals appeared to be

well-separated individuals.

The temperature at which the crystals were grown

was kept low (00 to -2°C) in an effort to obtain boothite

as the "excess copper" mineral. X-ray analysis of the

copper sulfate crystals showed them to be chalcanthite;

There was no indication of boothite.

The crystals which formed on the chaloanthite

were analyzed and the wave height compared to that of the

standards. As before, the 20.03 by weight copper was
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obtained for the overgrowth crystals. The chalcanthite

showed some variance from the standard curve for 100%

copper, but this was attributed to some iron up-take in

the chalcanthite. The iron present in chalcanthite was

less than a few tenths (0.2-0.3%) of a percent and may

represent some nielanterite amixed as small inclusions.

Again, little interaction was noted between the two sets

of crystals indicating that there was an essential comple-

tion of growth of one kind of crystal before the other

nucleated. This would suggest, when the copper in the

solution is in excess or in equal amounts with the iron,

that chalcanthite should be expected the crystallize and

from an analysis of the crystallization products it may

be possible to postulate the relative amounts of copper

and iron in the oxidizing fluid of a natural system.

71.72%, 86.38%, 91.02%(1:2, 1:5, and 1:8 Fe:Cu) Runs

This series of runs (71.72%, 86.38, and 91.02%)

was conducted in the same manner as the 55.90% copper run.

The temperature was again kept low for these three runs.

The temperature of crystallization was between 00 and -2°C

in the humid atmosphere of a refrigerator. Because an

excess of copper sulfate was introduced over the amount

necessary to form pisanite with the available ferrous

iron, it was anticipated that boothite crystals should

form instead. However, the crystals first formed were
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chalcanthjte instead of boothite. The overgrowth crystals

deposited on the chalcanthite crystals retained the rich

blue color of the previous run, but were more acicular.

There appeared to be little twinning and the clarity was

good in all three cases.

An analysis of the pisanite-type crystals yielded,

as before, 20.039 copper. This again is the same per-

centage as for pisanite. This concurrence was interpretated

to mean that the copper percentage is fixed and does not

vary from the accepted content of pisanite. No matter

what change was made in physical environmental conditions,

the same result was obtained.

The pisanite-type crystals remained small (less

than 0.1 to 1 mm) and of good quality. In the 86.3 and

91.O2 copper runs, grouping of the crystals was noted

whereas in the 55.9O7 and 71.72 runs, there was no

grouping. Many of the crystals were so small as to form

only crusts on the large chalcanthite crystals.

To further demonstrate that a solid solution

series did not exist a series of lower temperature

experiments was conducted. The 13.6%, 20.039, and 3.80

experiments formerly made at 22°C were now made at 0°C.

The 55.9OY0, 71.72%, 86.38$, and 91.02% runs which had

been performed at 0°C were now made at 22°C.
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The results of this series of experiments were the

same except for the size of the crystals. Those grown in

the colder environment tended to be small with respect to

those grown at room temperature. The same 20.03% copper

was found in the crystals deposited. The order of crystal-

lization also remained the same.

In order to test the series even further, a set of

experiments was made at 75°C. In this case, the results

were also the same--pisanite was the only copper-iron

compound formed with either melanterite or chalcanthite.

Thus, temperature variation experiments were per-

formed in order 'best to see if the solid solution series

existed. Since all runs continued to give only pisanite,

it was concluded the series was represented by the end

members and the one intermediate compound with possibly

very limited substitution near the end members.

The color change may also serve as a guide in

evaluating the copper content of the oxidizing solution.

The acicularity of the crystals may also be an indication

of the copper content of the original solution since the

more copper rich solutions tended to form more acicular

pisanite crystals.

These two factors, color and crystal habit, might

be a means in evaluating natural systems to a first approx-

imation since the pisanite deposited may reflect the degree
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of oxidation of the metal ions present. Thus, a deep blue,

long-needled pisanite crystal group would most probably

indicate a copper rich environment, whereas short blue-

green crystals would indicate a low copper-high iron

solution. These factors could then be used to indicate

whether the oxidizing solutions were richer in copper or

Mel = Melanterite Fe$07H20

Pis = Pisanite (Fe0 8Cu0 2)S0'7H20

Cha = Chalcanthite CuS05H20

The runs made at 75°C are the same as those above

for all values. The above chart clearly indicates the

regularity and consistency of the formation of pisanite.

iron ions.

Summary of Results

Wt % Cu Temp C Products Overgrowths

13.68 22° Mel + Pis Mel on Pis

20.03 22 Mel + Pis Mel on Pis

28.10 22 Mel + Pis Mel on Pis

55.90 0 Cha + Pis Pis on Cha

71.72 0 Cha + Pis Pis on Cha

86.38 0 Cha + Pis Pis on Cha

91.02 0 Cha + Pis Pis on Cha

13.68 0 Mel + Pis Mel on Pis

20.03 0 Mel + Pis Mel on Pis
28.10 0 Mel + Pis Mel on Pis

55.90 22 Cha + Pis Pis on Cha

71.72 22 Cha + Pis Pis on Cha

86.38 22 Cha + Pis Pis on Cha

91.02 22 Cha + Pis Pis on Cha
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Boo thite CuS01' 7H20

The last member of the series was the pure copper

sulfate heptahydrate (Cus04'7H20), boothite. This compound

was first described by Schaller (190:3) from the type locale

in Leoria Heights, Alameda County, California. It occurs

there as a crystalline, fibrous massive coating on the

walls of the Alma pyrite mine. It occurs in association

with chalcanthite, rnelanterite, and pisanite and other

oxidation products resulting from the breakdown of pyrite

and chalcopyrite. Pisanite occurs as incrustations of

small, short greenish-blue crystals suggesting, as inter-

preted in light of the above discussion, that the ferrous

iron ion was in excess of copper in the oxidizing solution.

L. de Boisbaudran (1867) had described the forma-

tion of artificial monoclinic cupric sulfate crystals in

1867. As the original paper was unavailable to the writer,

his technique as described in Palache (1963) was tried with-

out success; only chalcanthite and small amount of pisanite

were formed. The writer suggests that pisanite, deep blue

in color, may have been the monoclinic copper sulfate

described by de Boisbaudran and not boothite.

The only technique for growing boothite crystals

that was found to be successful was one of slow evaporation

over an extended period of time at low temperatures. A

supersaturated solution of cupric sulfate was prepared and



placed in the refrigerator at a temperature between 00

and. -2°C and allowed to crystallize. After the first

batch of chalcanthite crystals had formed in about two

days time, the liquid portion was decanted and replaced in

the refrigerator. This solution was then left for three

weeks in the cold humid atmosphere. After this period of

time, extremely fine acicular, prismatic crystals 3 to 6mm

long had gron in a large radiating group. These crystals

appeared to be monoclinic and well formed having slightly

distorted terminations. The prominent faces noted in

decreasing order of importance are m iio3 , c [ooi
e {iii3 , and t 101

The crystals were a paler blue (Munsell 5 B 7/6)

than chalcanthite and water clear. There were inclusions,

but on the whole the crystals were of excellent quality.

Facial angles were measured on the reflecting goniometer

and checked within acceptable limits (± 5t) of the values

for boothite given in Dana (1963). It was concluded that

the crystals were monoclinic and are believed to be boothite.

Single crystal X-ray patterns were made of a small

crystal sealed in a capillary tube in order to determine

the cell dimensions. Using a copper target at LI.0 KV and

20 ma, a rotation photograph was obtained in about 1

hours. The zeta values were measured using a Bernal chart

and the rotation parameter was calculated using the
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equation c0(a0 b) - . The value of A used was the

weighed value of Cu and Cu K2, 1.5418 . The value

of C0 determined from the measurement of six zeta values

(0.15, 0.30, 0.45, 0.60, 0.75, and 0.90) was 20.56 ± 0.01 .

This compares well with the c parameter of' melanterite

which is 20.06 (3). The value of c0 for chalcanthite is

only 5.96 (Palache, et al., 1963) which defines a smaller

cell than the one measured.

Using the given axial ration for boothite 1.1622:-

1:1.5000 (Palache, et al., 1963), the b0 and a0 parameters

were calculated and found to be a0 = 15.90 and b0 =

13.71 L TheAangle for boothite as reported in Dana

(Palache, et al., 1963) is 105° 36'. These values were

checked by taking a rotation around, the b-axis of the

crystal to determine that parameter.

Using the same procedure used for c0 described

above, a rotation photograph of the b-axis was obtained and

measured with the Bernal chart. The parameter was calculated

using five best zeta values (0.11, 0.23, 0.34, 0.45, and

0.54). The value obtained was 13.70 ± 0.01 which

agrees well with the value calculated from the axial ratio

stated above.

With the two parameters determined, the third was

assumed to be correct and thus the cell dimensions are as
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follows: a0 = 15.90 , b0 = 13.71 , end c = 20.56 .

This cell is similar to a Inelanterite cell whose values

are: a0 = 15.37 , bc = 13.01 , and
o

= 20.06 (Palache,

et al., 1963)e
The fi angle was then obtained from a zero level

ieissenberg photograph. The value derived was 105° 1?t

(± 5) which compares favorably with the accepted value

of 105° 36' (Palache, et al., 1963). This angle is

sufficiently different from that of chalcanthite (107° 10'

as reported in Dana) that it can be considered the angle

of boothite and not chalcanthite.

Since the calculated cell parameters, the measured

facial angles, and the calculated angle all agree closely

with the accepted values of boothite it is then concluded

that the compound formed was in fact boothite and not

chalcanthi te.

With proof of formation of boothite, the determin-

ation of the series was complete. Since boothite is

unstable and tends easily to dehydrate to ohalcanthite,

it probably does not exist for any long period of time

under changed conditions and any boothite which may have

formed has been altered to a mixture of hydrous copper

sulfates. The marked instability of the compound attests

to the fact that copper sulfate does not form the melanterite

structure easily, but prefers to assume the chaloanthite
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structure. The lower symmetry of the latter is more

desirable to the cupric ion than is the iron sulfate

structure. This may well be the reason why only partial

substitution of copper for iron in the pisanite structure

is allowable.



ANALYTI CAL PRO CEDURE

The procedure for determining the copper-iron

ratio in the crystallization products and. standards was

through the use of a Sargent-Heyrous1y Model XII polaro-

graph. The polarograph was operated at a shunt ratio of

500, and. E.M.F. of 1 volt and a D.M.E. of 1 drop per

second in an aqueous solution of the copper-iron salt,

0.1 N Nd, and a few drops of 0.01$ gelatin solution.

This procedure was suitable for the determination of the

small quantities of one element in the presence of a large

quantity of another element.

The half wave potential for cupric copper (Cu)

is -0.03 volts and. that for ferrous iron (Fe) is -1.33

volts, hence the wide separation of the two ions.

The reaction flask was the standard Heyrousky

flask of 25 ml and. dry nitrogen was the eluting gas. All

runs were made on approximately the same concentration of

metallic Ions so as to replicate each analysis as nearly

as possible. Potassium chloride (0.1 N) was added to the

copper-iron solution as the unreducable carrier electrolyte.

Each analysis was recorded. on photographic paper.

The developed paper, using Dektol paper developer, showed

the light-exposed trace as a heavy black curve. The curve

height could then be read from this trace.
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The wave height or traces recorded on the polaro-

gram were measured by drawing tangents to the uppermost

part of the wave and the lowest point. The value in

millimeters was recorded and the graph prepared from the

values of the standard's wave heights.

Trace amounts of iron were determined by first

precipitating the hydroxide at a pH of 5.5 or above and

dissolving any precipitate in hydrochloric acid and testing

the neutralized solution with potassium thiocyanate. Less

than one percent iron proved to be present in the fpuref

copper sulfate crystals tested. Thiocyanate in an acid

solution was used to test for any traces of copper in

melanterite since this kept the iron in the ferrous state.

Less than one percent copper was detected and only slight

coloration was seen.

With the above procedure, rapid accurate analyses

of the many crystallization products were determined. The

same procedure was followed for all runs so as to insure

the closest agreement between standards and. unknowns. All

the wave height of the pisanite unknowns analyzed were

within 0.25 mum (0.5% copper) of the accepted standard

value obtained from the standard solution with a known

20.O3 copper content. This close agreement shows the

degree to which the ratio is fixed in the pisanite material.



DISCUSSION

From the data collected, it is concluded that under

normal temperature conditions a solid solution series does

not exist between melanterite arid boothite. The only

intermediate member found was pisarilte, the 20.03% copper

member. Since there has been no published work in the area

of the solid solution series of melanterite and. boothite,

the chemical formula of pisanite has been written as a

substitution of copper for iron. With the conclusion of

this present work, it is felt that this formula should be

written as the stoichiometric compound with a 5:1 Fe:Cu

ratio L(Fe0,8Cuo.2)SO7H20J. This could. not be stated.

before, since no proof had been presented. to show that

copper could not substitute for iron in a complete series.

The fact that the only percentage which was stable

between the end. members was the 20.03% copper phase may be

a reflection of the stability of' the melanterite structure

when the smaller cupric ion (0.72 ) is substituted in the

ferrous iron (0.74 ) position. The ferrous iron atom

is related to the oxygens of the seven water molecules in

the structure (yckoff, 1960). The copper atom, in

chalcanthite, is bonded to the four structural waters and

to two oxygens of the sulfate groups (Wyckoff, 1960).
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Thus the copper is held in co-ordination by six oxygens,

four related to the structural waters and two co-ordinating

the sulfate radicals. If boothite is assumed to be iso-

structural with melanterite because of its monoclinic

structure and similar cell size, the copper is co-ordinated

to six oxygens of the six structural water molecules with

no bonds to the sulfates. Because the ferrous iron ion

is quite stable it will just fit into the octahedral hole

between the six water molecules.

The copper ion has an attraction for the sulfate

oxygen and since it is buffered by the water molecules,

the structure could adjust and expel the two extra waters

and the copper will co-ordinate with the sulfate. If this

happens the chalcanthite structure will be stable. Perhaps

this is why the boothite structure is unstable and is

formed only at low temperatures.

Since copper is more stable in the chalcanthite

structure, it will not assume the boothite structure unless

forced into it. This may be why the pisanites formed

from the more copper rich solutions yielded chalcanthite

crystals first and only deposited pisanite when the ferrous

ion became so concentrated as to cause the melanterite

structure to become important. As the melanterite formed

some copper ions were incorporated and these copper ions

caused the cell to alter and as such caused an elongation
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along the c-axis. The critical percentage of 2O.O3

copper may reflect the maximum amount of copper that can

replace the ferrous iron in the melanterite structure

before the structure will no longer be stable with respect

to further substitution of copper ions.

The fact that only 2O.O3 copper is found. in

crystals of pisanite, crystallizing from the iron rich

solution, may reflect a saturating of the structure by

the copper before excess iron crystallizes as melanterite.

The color of the pisanite formed may well reflect

the iron positions occupied by the copper ions in the

melanterite structure. Since a different selection of

sites would cause different color centers, pisanite

should grade in color and this was noted.

The pale blue color of the boothite crystals,

as compared to the color of chalcanthite, may be caused

by the lack of the bonding to the sulfate oxygen by the

copper.



CON CLUS IONS

The reasons that an ionic substitution series

between melanterite and boothite does not exist may well

be a function of the two crystal structures possible,

triclinic and monoclinic, for copper sulfate. Since

nature always seeks to lower the energy of a system, the

chalcanthite structure is a more general structure and

may be preferred since it is a more general system for

copper sulfate that is the monoclinic boothite.

The crystallizing sequence is most likely only

dependent upon the solubility and concentration of the

individual salts. The lack of intergrowth of the two

salts appears to be because the one ceases to crystallize

before the other begins.

Thus the ionic difference of ferrous iron and

cupric ions, its preference for the chalcanthite structure,

and. the formational energy differences between the salts

combine to prevent the series from forming a solid solution

between its end members.

27



SELECTED BIBLIOGRAPHY

de Boisbaudran, L., 1867, C. H.
, pp. 1249.

Doelter, C., 1929, Handbuch der Mineral-Chemie, Vol. 4
part 2, Dresden Und Leipzig.

Eckel, E. B., 1933, "Stability Relations of a Colorado
Pisanite (Cuprian Melanterite)," Am. Mm. 1, pp.449.

Harley, J. H. and Wiberley, S. E., 1954, Instrumental
Analysis, John Wiley and Sons, New York.

Holden, Alan and Singir, P., 1960, Crystals and Crystal
Growi, Anchor Books, Garden City.

Keating, L. F. and Berry, L. G., 1953, "Pisanite from Fun
Flon, Manitoba," Am. Mm. 38, pp. 501.

Kilthoff, I. M. and Lingane, J. J., 1952, Polarography
2nd Edition, Vol. 2, Interscience Publishers.

Palache, Charles, et al., 1963, Dana's System of Mineralogy,
7th Edition, Vol. II, John Wiley and Sons, New York.

Schaller, W. T., 1903, "Minerals from Leona Heights,
Alameda Co., California," Bull. Dept. Geology,
University of California 3, No. 7.

, 1904, "Notes on Some California Minerals," Am.
Jour. of Sd. 17, pp. 191.

Wyckoff, Ralph, 1960, Crystal Structures 2nd Edition, Vol.
3, Interscience Publishers, New York.

28


