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Differential thermal analysis and r-ray diffraction have been applied to nearly 100

specimens of hydrous ferric oxide aggregates.

The thermal curves of goethite;d lepidocrocite are sufficiently different to permit

semi-quantitative estimation of these minerals in natural mixtures. The common occur-

rence of lepidocrocite in most aggregates of natural hydrous ferric oxides (limonite) is

surpnsmg.
Thermal curves of artificial mixtures

interpret the natural mixtures. Synthetic

and the thermal curves discussed.

of these minerals are given and are used to

hydrous ferric oxide of lwo types was prepared
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Since the hydrous iron oxides are of considerable significance in geology'

it is of interest to define the thermal curves for these minerals and the

and suggestions.
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Mineral specimens were obtained from the mineral collection of the
Department of Geology, Columbia University.

Egurruonr aNo PnocBounB

The experimental procedures used in this investigation included dif-
ferential thermal analysis, r-ray diffraction, and optical examination.

The differential thermal analysis equipment and technique used is de-
scribed by Kerr and Kulp (1948,1949).

The theory of difierential thermal analysis has been treated in several
papers (Speil et al. 1945), (Kerr and Kulp 194g). A dual-terminal thermal
couple is used, one terminal inserted in a thermally inert material, the
other in the mineral to be tested. The rate of heating is maintained con-
stant. Results are shown by plotting temperature-difference of the dual
couple against temperature. Reactions involving heat change are in-
dicated by characteristic deviations from a straight base line. The nature
of the heat changes determines the direction and amplitude of the devia-
tion. Loss of adsorbed or lattice water, decomposition, or changes in
structure all may produce peaks.

All specimens were prepared for thermal analysis by grinding to 1g0_
200 mesh to minimize variations due to particle size.

Debye powder patterns of the samples were taken with iron radiation.
rn general, the component of mixtures of iron oxide minerals could not
be detected by r-ray technique unless their concentration was sreater
than 10/6.

Artificial mixtures were prepared from ground sampres of the pure
components. The components were weighed with an analytical chemical
balance and thoroughly mixed prior to (thermal) testing.

TUB Hyonous FBnnrc Oxrtns

I. Hyd,rous Ferric Oxide Minerals

Descriptions of the naturally occurring hydrous iron oxides have re-
sulted in a sizeable list of mineral names. The members of the group
have included turgite, goethite, lepidocrocite, hydrogoethite, limonite,
xanthosiderite, hydrohematite, ehrenwerthite, kaliophite, hypoxanthite,
melanosiderite, avasite, esmeraldaite and limnite.

Dehydration and r-ray studies of both natural and synthesized mate-
rial have shown most of the former "minerals" to be invalid. posnjak
and Merwin (1919) have shown that no series of iron oxide hydrates
exists, and their results have been substantiated by other investigators.

Only goethite (HFeO) and lepidocrocite FeO(OH) have been ac_
cepted as minerals of the hydrous iron oxides in the 7th Edition of
Dana's system of Mineralogy. considerable information is availabre on

24
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the physical and chemical properties of these minerals, but a detailed

thermal structural study has not been published.

2. Chemislry oJ Hyd.rous Ferric Orid'es

Thermal curves of individual specimens labelled goethite or lepido-

crocite have been published by Grim and Rowland (1942) and by Speil

e t .  a l  (1945).
The hydrous iron oxide occurrences found as gossans are the result of

the weathering of sulfide ore bodies. These characteristically have moder-

ate to high iron content but negligible aluminum. Therefore, aluminum

ions would not be present in any abundance during the formation of the

hydrous iron oxide mineral and would not be observed as a substitution

product.
The hydrous tjasic iron oxides, which are colloidally transported, are

later precipitated as goethite or lepidocrocite. Aluminum is usually

transported as colloidal clay particles (kaolinite, montmorilionite, or

illite). These colloids have sufficiently difierent properties from the

hydrous iron oxide colloids that they tend to be separated in precipita-

tion. Moreover, ftee aluminirm ions are not present for reaction during

sedimentation and diagenesis.
The result is that the geochemical conditions generally separate iron

and aluminum in rveathering processes even though from a structural

point of view substitution seems feasible.
Hydrous ferric oxide may be easily prepared by adding a soluble base,

such as ammonium hydroxide, to a solution containing ferric ions. The

precipitate formed will be of extremely small particle size. This can be

attributed to the very low solubility of ferric oxide which produces a

high degree of supersaturation preceding precipitation. A large quantity

of water is entrained in these particles.
The o-ray difiraction patterns of such precipitates fail to indicate

crystallinity.
However, if this "amorphous" material is aged under water for a suf-

ficiently long time, crystallinity will appear accompanying the process of

dehydration. This emphasizes the instability of form of hydrous ferric

oxide gel and its general absence in nature.
Weiser and Mill igan (1934, 1935) aged precipitates prepared by adding

ammonium hydroxide to ferric chloride solution and examined the result-

ing material by r-ray difiraction methods. At room temperature, lines

began to appear only after five months, and in order to obtain good pat-

terns, aging for one year was found necessary. At 100o C., the transforma-

tion was visible after only one hour, and the lines were sharp after seven-

teen hours. The color changed from brown to red and, in every case, the
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final product was alpha-FezOr. This led Weiser and Milligan to conclude
that the brown gel was nothing more than particles of alpha-Fe2Oa of a
size below r-ray detection, containing absorbed water.

The polymorphs of the monohydrate of iron are:
1. Alpha-Fero3'Hzo (goethite), gives alpha-Fe2o3 (hematite) on dehydration.
2. Beta-FezO:.H:O (not known in nature) also gives alpha-Fe:O3 on dehydration.
3. Gamma-Fe:Oa.HrO (lepidocrocite), gives gamma-FezOa (ferromagnetic) on dehy-

dration.

Alpha-FezOa.HzO may be formed by the aging of the brown gel formed
by the oxidation of ferrous compounds or slow hydrolysis of most ferric
salts. A more hydrous form of alpha-Fe2oa.FI2O may be formed by the
oxidation of ferrous bicarbonate solution with peroxide, oxygen, or air at
room temperature. This hydrous material will lose its absorbed water if
heated in a stream of dry air at 1000 c. for 48 hours, changing to the same
composition as alpha-Fe2Oa. HrO.

The simplest method for preparing alpha-Fe2Oa.HzO is by the slow
hydrolysis of certain iron salts, such as ferric acetate, nitrate, bromide,
and oxalate.

Gamma-FerOa'HzO is synthesized by the oxidation of freshly prepared
hydrous Fe3Oa, hydrous 2FezOa.3FeO, Fe2S3, and FeS, and ferrous chlo_
ride, the latter in the presence of pyridine or sodium azide in a sorution
with a pH of 2.0 to 6.5.

rt is of interest to note that direct neutralization of ferric iron solutions
results in hydrous ferric oxide which upon aging transforms to hematite
rather than either to goethite or to lepidocrocite.

The color of hydrous and anhydrous oxides of iron is of interest. The
red and the yellow hydrates have been found in nature side by side. It
was once thought that the yellow type was the more unstable form and,
upon dehydration produced the red monohydrate. posnjak and Merwin
(1919) believed both monohydrates to be stable at any possible normal
surface temperature of the earth. The color difierences appear to be
Iargely determined by particle size.

ExppnruBNrar, Rrsurrs
Goethite

Figure 1 shows the differential thermal curves of some of the purest
goethite specimens tested. The curve for pure goethite is apparently
characterized by a single endothermic peak between 385 and 4050 C.
This endothermic reaction is due to the decomposition of the goethite
lattice. All of the specimens are characterized.by coarse crystallinity. The
observed habits of these specimens included: fibrous, with fibers in con-
centric radial growth; fibrous, forming bands with the fibers arranged
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To study the efiect of particle size on the thermal curve of a single

specimen, a series of samples were thermally analyzed'

The results are shown in Table 1. All six samples gave thermal curves

with very similar shapes except the powdered material which started de-

composing at about 3000 C. instead of 3400 C' (See Figure 1')

T.q.sln 1' Perrrcrn Srzr Srunv-CoRNwALl, Excrexn

Particle Size Peak Temperature

Coarser than 50 mesh
50-80 mesh
80-100 mesh

100-120 mesh
120-200 mesh
Powdered

405 'c
405
400
400
395
390

50-80 mesh goethite was intimetely mixed with similarly ground hema-

tite in various proportions. The hematite acted as an inert impurity'

since it undergoes no decomposition or phase change in the temperature

interval used. The calibration curve obtained by plotting height of reac-

tion peak against concentration of goethite can be used to estimate the

p"r..rrtug" 
-of 

coursely crystalline goethite in natural mixtures. Since

hematite is a common constituent, the mixture was suitable. To a first

approximation, other thermally inert constituents in a natural mixture

creased with the depression of the peak temperatures'

It is doubtful that this factor influenced the peak temperature of the

goethite curves shown in Fig. 1, since the impurities were less than 5/6 of

the volume of the material tested.
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Frc.  1.  Goethi te sPecimens.*

Curve No. Museum Label LocalitY

FL
l-2
t -J

t-4
l-J

1-6
L _ '

1-8
1-9
1-10
1-11
1-12
I _ I  J

l-14
1-15
r-16

M2-2 Limonite and hematite
32-2 Limonite

185-5 Limonite (Fibrous)
185-6 Limonite (Fibrous)
160-1 Goethite
160-5 Goethite
33-5 Goethite

430-1 Goethite
162-1 Goethite
162-2 Goethite
169-5 Limonite
430-3 Goethite
430-2 Goethite
430-4 Goethite
430-5 Goethite
430-6 Goethite

Lake Superior

Lake Superior

Lake Superior

Lake Superior

Superior Mine, Mich'

Ironwood, Mich.

Negaumee, Mich.

Needle fronstone, Jackson Mine, Mich'

Cornwall, England

Restormed Mine, Cornwall, England

Schwartzenburg, SaxonY

Friedrichsrode, Thuringia

Brazil
Pikes Peak

Pikes Peak

Tavistock, Devonshire

* All specimens were l-rayed and showed only goethite lines'

Lepid.ocrocite
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The differential thermal curve peak occurs' of course, at a temperature

such water would cause.
The grain size, purity, and physical structure are also important in

determining the temperature of decomposition'

Generally speaking, a decrease in grain size tends to lower the peak

temperature, but does not afiect the area under the curve'

Impurities may also be expected to produce a downward shift in the

temperature of the peak with an accompanying decrease in amplitude

(Speil, et al. 1945).' 
The high purity specimens 3-2 and' 3-3 show the highest peak tem-

peratures. These werl the coarsest specimens analyzed' Specimens 3-14

and 3-15 contain considerable inert impurity' 3-14 also contains some

357' C. down to 348o C.
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Frc. 3. Lepidocrocite specimens'

33

Tt":" 
Museum Label X-Ray IdentificationLocality

3-1 34-2 Lepidocrocite Easton, Pa.
3'2 431-3 Lepidocrocite Easton, Pa'
3-3 507-3 Lepidocrocite Northampton, Pa.
3-4 452-1 Limonite Ore Hill, Salisbury
3-5 452-2 Limonite RoxburY, Conn.
3-6 442-1 Limonite Rimon Valley, Duchess

County, N. Y.
3-7 34-4 Lepidocrocite Richmond, Mass.
3-8 185-3 Limonite Gaston County, N. C.
3-9 163-1 Limonite Michigan
3-10 169-1 Limonite Camaria, Jahsio, Mexico
3-11 169-2 Limonite Englenho, Velho, Brazii
3-12 1842 Limonite Steiberg, Sweden
3-13 185-1 Limonite Schwartzenberg, Saxony
3-l+ 32-1 Limonite Sasa, Saxony
3-15 34-lXanthosideriteHuttenholz,Thuringia

Lepidocrocite, Goethite

Lepidocrocite

Lepidocrocite

Lepidocrocite
Lepidocrocite
Lepidocrocite

Lepidocrocite
Lepidocrocite
Lepidocrocite
Lepidocrocite, Hematite

To show the efiect of inert constituents on mixtures of lepidocrocite

and goethite, artificial mixtures of lepidocrocite, goethite' and hematite'

in various proportions were prepared and analyzed thermally' Figure 5

shows these results. The peak of the goethite is lowered from 400o C' to

394o C., and the lepidocrocite from 357o C. to 350o c. It is of interest

that hematite alone lowered the peak of goethite more than a mixture

of hematite and lepid.ocrocite. It is also important to note the relative

amplitudes of the goethite and lepidocrocite peaks. These thermal curves

(Figs. + and 5) may be used to estimate the concentration of goethite

and lepidocrocite from thermal curves of natural mixtures. Caution must

be exercised to take into account particle size effects'

Natural Aggregates

Figures 6, 7, and.S give the thermal curves of natural aggregates of

hydrous ferric oxide. In each case the museum label name has been in-

cluded so that the correlation of the actual mineral composition with

common hand specimen identification may be appreciated'

importance of lepidocrocite in these natural aggregates'
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Frc. 5. Natural hydrous ferric oxide aggregates

(mostly goethite and lepidocrocite).

til: Museum Label X-Ray IdentificationLocality

6-1

6-2
6-3
6-4

G5
6-6
6-7
6-8
6-9

160-2 Goethite

182-3 Limonite
431-5 Goethite
162-6 Limonite

162-5 Limonite
33-2 Goethite
33-1 Goethite
36-2 Limonite
345 Limonite

6-10 32-3 Limonite
6-11 32-5 Limonite after

PYrite
6-12 185-2 Limonite
6-13 184-1 Limonite
6-14 182-6 Limonite
6-15 184-3 Limonite

Siegen, Prussia

Siegen, Prussia
Herdorf, Siegen
Gaston CountY, N' C.

Antonio Perciea, Brazil
Roxbury, Conn.
Lake Superior
Easton, Pa.
Northampton, Pa'

Woodstock, Ala.
Brunleya, Va.

Wilson, Wis.
Salisbury, Conn.
Salisbury, Conn'
Llano CountY, Texas

Lepidocrocite, Goethite,

Hematite
Lepid., Goethite

Lepid., Goethite

Lepid., Goethite'

Hematite

Goethite

Lepid., Goethite

Lepid., Goethite'

Hematite

Lepid., Goethite'

Hematite

Lepid., Goethite

Goethite, Lepid.

specimen consisting of hematite and quartz.

Substitution

An examination of the thermal curves of Figs. 1 and 3 does not reveal

The structures of goethite and, diaspore are the same as are the structures

of Iepidocrocite and boehmite. One must conclude that the absence of
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Frc. 7. Natural hydrous ferric oxide aggregates.

39

7-I 3tl-3 Lepidocrocite
7-2 36-5 Goethite
7-3 36-3 Turgite
7-4 431-1 Goethite
7-5 431-2 Goethite
7-6 160-6 Goethite
7-7 507-2Lepidocrocite

Rossbach, Siegen

Piizbram, Bohemia

Woodstock, Ala.

Jackson Mine, Mich.

Marquette, Mich.
Marquette, Mich.

Siegen

Goethite, Hematite

Hematite
Goethite, Hematite

Lepid., Goethite,
Kaolinite

Hematite
Goethite

Lepidocrocite
Goethite, Hematite

7-8 507-5 Goethite Rossbach, Siegen
7-9 507-6 Goethite Piizbram, Bohemia
7-10 452-3 Turgite Lehigh County, Pa
7-11 452-4 Turgite Shelby County, AIa.
7-12 452-5 Turgite & Limonite Lancaster County, Pa.
7-13 161-1 Goethite California
7-14 161-2 Goethite Pikes Peak
7-15 161-5 Goethite Gotha, GermanY

substitution of ferric ion by aluminum is due to the geochemical separa-

tion of these ions in the process of weathering and deposition'

In the case of ordinary rock weathering the aluminum is generally

locked up in the clay minerals. In gossans the iron is released from sulfide

minerals essentially in the absence of free aluminum ions' Thus the

chemical environment is not favorable to the formation of substituted

goethite or lepidocrocite. The absence of evidence for substitution in

these numerous natural aggregates is consistent with this concept'

Prepared. Hydrous Ferric Orides

An interesting set of thermal curves was obtained from the precipita-

tion of ferric iron as the hydrous oxide under difierent laboratory condi-

tions. The results of these experiments are shown on Fig' 9'

The first determination (1) was made on the iron precipitated by add-

ing saturated FeCla solution dropwise to a concentrated NHaOH solu-

tion. The dense precipitate which was formed was filtered' washed once

with dilute NH4OH and allowed to dry at room temperature' Formation

therefore took place under the conditions of rapid plecipitation at a pH

of 10 and a temperature of 25o C' The dried precipitate was analyzed

thermally.
Its first endothermic reaction occurs slightly under 200o C', and is



0 . C r r a t  C . n t l g r o d .
r O O  3 O O  5 O 0  7 o o  9 O O  , r o o

I

2

3

4.

5

6,

L

I

9

t o

t l

lz

r 3

t 4

r 5

l t t l

Frc. 8. For legend see top p.41.



TEERMAL ANALYSIS OF HI.DROUS FNKRIC OXIDES

Frc. 8. Natural hydrous ferric oxide aggregates.

Curve
No.

Museum Label Locality
X-Ray

Identification

8-1 183-5 Limonite
8-2 183-6 Limonite
8-3 431-6Lepidocrocite
8-4 186-1 Limonite
8-5 442-3 Limonite
8-6 M2-ALimonite

8-7 442-5 Limonite
8-8 M2-6 Limontte
8-9 182-1 Limonite
8-10 182-2 Limonite
8-11 182-4 Limonite
8-12 182-5 Limonite
8-13 33-3 Goethite
8-14 33-4 Goethite
8-15 507-1 Turgite

Terra do Curral, Brazil
Pico de Italina, Brazil
Herdorf, Siegen
L'Ause, Lake Superior
Osmond Mine, Kings Mtn., N. C.

Easton, Pa.

New York
Roxbury, Conn.
Salzburg, Austria
Brazil (yellow)

Brazil (brown)

Lenox, Mass.
Plizbram, Boehmia
Pikes Peak
Lake Superior

Lepid, Hematite

Lepid., Goethite

Lepidocrocite
Goethite, Hematite,

Kaolinite
Lepidocrocite

Goethite

Hematite
Lepid., Goethite
Hematite, quartz

of NH4OH. Thus, as might be expected, this method of preparation

simply yielded colloidal FezOs'rHzO which dehydrates to hematite.

Curve 2 shows the thermal record of material prepared by adding con-

centrated NH4OH dropwise to a saturated solution of FeCls' At the end

of the precipitation the solution was faintly acid to litmus. The rapid

precipitation took place at a pH of 5 and a temperature of 25o C. The color

of the precipitate was a much lighter brown than that of the material ob-

tained by the former method at a pH of 10. The precipitate was washed

thoroughly with water.
The first large endothermic reaction at 1780 C. is almost identical to

that of Curve 1, but of slightly smaller amplitude. The exothermic peak

at 2780 C. is to be attributed to the recrystallization of amorphous Fe2O3

to hematite. This reaction is apparently catalyzed by the presence of

hydrogen ions. A small endothermic kick is found at 400o C. which is

due to a trace of NH4OH not removed in the washing.
These experiments strongly suggest that in nature hematite is gen-

erally formed by the autodehydration of the hydrous ferric oxide gel

which is a result of direct neutralization of a ferric ion solution. Goethite

and lepidocrocite are not formed under these conditions but rather by

the slow oxidation of certain ferrous compounds and the slow hydrolysis

of ferric salts (goethite) or oxidation of iron sulfides and hydrous FerOa

gels (lepidocrocite).
The remaining curves represent mixtures of prepared hydrous ferric

oxides precipitated in the presence of kaolinite. The reduced peaks of the
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Frc. 9. Prepared hydrous ferric oxides.

+J

Curve No. Conditions

9-1
9-2
9-3
9-4
9-5
9-6

Precipitation at pH10; 25" C, thorough washing with dil' NH4OH

Precipitation at pH5; 25o C, thorough washing with HzO

Precipitation at pH5; 25' C,40 gms. FeCl3, 40 gms' kaolinite

Precipitation at pH5; 25' C,25 gms. FeC[, 40 gms' kao]inite

Precipitation at pH5; 25' C, 15 gms' FeC[, 40 gms. kao]inite

Precipitation at pHS; 25' C., 5 gms. FeCl3, 40 gms. kaolinite

kaolin may be seen at 579o C. and 9520 C. The hydrous ferric oxides were

prepared by adding NH4OH dropwise to a solution containing FeCIg and

tuolinit". The solution was acid to litmus during the precipitation' The

precipitate was filtered, washed with water, and dried at room tempera-

iure for 3 days. In these experiments, the washing was not as thorough as

in the case of curve (2). Note the decrease in the NH+OH peak with the

the oxide formed in the acid and basic solutions gave alpha-FezOa lines.

Thus it appears that under these conditions colloidal hydrous iron oxide

formed directly which goes over to hematite on dehydration'

CoNcrusroNs

The typical differential thermal curve of goethite seems characterized

by a single endothermic reaction. For a heating rate of 12o C' per minute

the peak on the thermal curve appears at 395o C.i10o C' depending

somewhat on the crystallite size.
The typical lepidocrocite thermal curve also has a single endothermic

reaction which seems to have a peak temperature close to 3500 C. This is

followed by an exothermic peak, due to the phase change of gamma to

alpha-FezOs.
It is possible, then, to distinguish between goethite and Iepidocrocite

on the basis of their thermal curves.
Analysis of a large number of natural hydrous ferric oxide aggregates

shows the presence of both lepidocrocite and goethite. Lepidocrocite ap-

pears to be much more common than is generally appreciated'

It is possible to estimate the percentage composition of the hydrous

iron oxide minerals in these natural mixtures.

Inert impurities are efiective in lowering the peak temperature of these
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minerals and frequently cause a broadening of the peaks, and a decrease
of the amplitude.

Differences in particle size affect the peak temperatures. It was found
that the smaller particle sizes produced lower peak temperatures. The
difierence in the temperature of the peaks may be as much as 25o c. when
coarsely crystalline goethite is ground to pass 300 mesh.

substitution of iron by other common cations was not detected in this
study. This is related to the geochemical environment in which they are
formed.

Artificially prepared hydrous ferric oxides gave thermar curves which
depended on the pH of the solution in which they were formed. The
presence of hydrogen ion catalyzes the recrystaliization to hematite.

Differential thermal analysis appears applicable to a systematic study
of gossans, since both goethite and lepidocrocite may be estimated semi-
quantitatively. systematic variations in the hydrous iron oxide mineral
with position of an ore body or with type of ore mineral present might be
expected. such variations would certainly reflect changing geochemical
conditions.
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