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ABSTRACT

In lateritic deposits, the upper levels of the weathering profile consist mainly of iron oxy-
hydroxides and kaolinite-group minerals. However, if the parent rock contains 2:1 phyllosilicates,
they can remain, although transformed, up to the most altered horizons, becoming in addition to the
iron oxy-hydroxides efficient metal traps.

This article deals with two lateritic deposits formed under humid tropical climate conditions
in Brazilian Amazonia. They are the Cu deposit of Salobo 3A and the Ni deposit of Vermelho, both
containing the metals associated mainly with the two phases above mentioned. Partitioning of the
metals among the phases in the mineralized horizons has been investigated through microchemical
and X-ray diffratometric techniques. The iron oxy-hydroxides display a large range of crystallinity,
being the transition metals preferentially associated with the less crystallized phases. The
phyllosilicates are progressively transformed and enriched in the transition metals toward the most
altered horizons. The presence of such phyllosilicates enhances the grade of the oxidized ore, but,
on the other hand, can lead to difficulties in applying the hydrometallurgical techniques classically
employed for the treatment of this type of ore.

RESUMO

Nos depdsitos laterfticos, os niveis superiores do perfil de alteragdo consistem, principalmente,
de oxi-hidroxidos de ferro e de minerais do grupo da caolinita. Entretanto, se a rocha-mae contiver
filossilicatos 2:1, estes podem permanecer, embora transformados, até os niveis mais alterados,
constituindo, junto com os 6xi-hidréxidos de ferro, armadilhas eficientes para os metais.

Este artigo trata de dois depdsitos lateriticos formados sob clima tropical imido, na Amazonia
brasileira. Sdo os depésitos de Cu do Salobo 3A e o depdsito de Ni do Vermelho, ambos contendo
metais associados, principalmente, as duas fases acima mencionadas. A parti¢do dos metais entre as
fases nos horizontes mineralizados foi investigada através de técnicas difratométricas e
microquimicas. Os 6xi-hidréxidos de ferro apresentam uma larga gama de cristalinidade, estando
os metais de transi¢do, preferencialmente, associados as fases menos bem cristalizadas. Os
filossilicatos encontram-se progressivamente transformados e enriquecidos nos metais de transicédo
em dire¢do aos horizontes mais alterados. A presenga desses filossilicatos melhora o teor do minério
oxidado mas, por outro lado, pode causar dificuldades na aplicagdo das técnicas hidrometalurgicas,
classicamente utilizadas no tratamento desse tipo de minério.

INTRODUCTION

In humid tropical regions, the intensity elements. In this process, there is a broad con-
of the weathering processes leads to the devel- servation of the original crystal network with
opment of thick lateritic profiles that can be ionic substitutions in the interlayer sheet and
enriched in Ni, Co, Cr, Mn, Cu etc. In the up- in the 2:1 layer as well. Thus, in addition to
per horizons of these profiles, which represent iron oxy-hydroxides, phyllosilicates contribute
the most evolved products of lateritisation, an to enhance the retention of transition metals in
essentially neoformed paragenesis prevails, an environment specially favorable to intense
formed by iron oxy-hydroxides and kaolinite- leaching. As a consequence, the oxidized hori-
group minerals. Some transition metals, origi- zons become richer and more interesting for
nally associated with the hypogene minerals, exploration. On the other hand, the distribu-
can be more or less retained by the iron oxy- tion of the metal among different phases that
hydroxides. The retention of such metals de- are differentially susceptible to the extraction
pends mainly on the sorption of the ion by the processes could be a problem for the establish-
hydroxides. Ionic radius, charge and electronic ment of ore dressing techniques.
configuration of the ion are important factors. This paper aims to examine and compare

However, if the parent rock contains 2:1 the case of two lateritic deposits, formed un-
phyllosilicates, some of them, although trans- der the same climatic conditions, with miner-
formed, can remain in the profile, up to the alized horizons containing the transition ele-
upper horizons and incorporate the transition ments partitioned between the iron oxy-hydrox-
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ides and the phyllosilicates inherited from the
parent rock. The examples are the copper de-
posit of Salobo 3A and the nickel deposit of
Vermelho, both belonging to the “Carajas Min-
eral Province”, Brazilian Amazonia.

REGIONAL CONTEXT

“Serra dos Carajas” is one of the most
important Brazilian mineral provinces, known,
above all, by its iron mines, but also including
important deposits of Al, Mn, Ni, Au, Cu, etc.
It is situated in the State of Para, 500km south
of the city of Belém (Fig.1). The region is domi-
nated by plateaus, at altitudes between 400 and
700m, drained by the Itacaiunas river, a left
affluent of the Tocantins river.

The climate of the area is typically tropi-
cal, with alternating seasons. There is a long
humid season from November to May and a
drier season from June to October. Mean an-
nual rainfall is about 2200mm and mean an-
nual temperatures range between 19 and 31°C.
Vegetation is dominantly forest.

Geologically, the province belongs to the
oriental part of the meridional Amazonian Cra-
ton. There is a granitic-gneissic Archean base-

ment (Xingu Complex), which is covered by
the following Proterozoic units: Salobo-Pojuca
Sequence, Grdo-Pard Group, Rio Fresco For-
mation, Uatumd Group, Gorotire Formation
and Tocantins Group (Hirata et al., 1982).
Lateritisation has been pervasive, affecting all
these units and is responsible for the forma-
tion of most of the ore deposits.

GEOLOGY OF THE DEPOSITS

The nickel deposit of Vermelho (Alves
et al., 1986) lies 60km south-westward of the
principal iron mines, and it is formed by
lateritisation of a mafic-ultramafic massif that
is interpreted as part of the greenstone belt se-
quences incorporated to the high grade terrains
of the Xingu Complex. The massif is composed
of two. bodies, designated V1 and V2, formed
by concentrically disposed units: gabbros, py-
roxenites and serpentinized peridotites/dunites.
The mafic zones correspond to flat areas at al-
titudes of about 300-350m and their weather-
ing products are a dark reddish brown argilla-
ceous saprolite without nickel enrichment. The
serpentinized ultramafic rocks, in the center of
the bodies at altitudes reaching 500m, are al-
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Figure 1 - Location map of Vermelho and Salobo 3A deposits.
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most entirely covered by a thick siliceous cap.
The rock is generally a serpentinite with typi-
cal mesh texture composed mainly of antigorite
and chlorite, with chromite and magnetite in
minor amounts. The weathering profile, over-
lying the serpentinite, contains horizons en-
riched in nickel. It is a classic example of a
lateritic nickel deposit, totaling 40.106t with
1.2 to 1.8% Ni on average.

The copper deposit of Salobo 3A (Amaral
et al., 1986), situated 50km north-eastward of
the large iron body, is included in the Salobo-
Pojuca Sequence, originally volcano-sedimen-
tary rocks, but now metamorphosed to the am-
phibolite facies. In the vicinities of the deposit,
the lithological units consist of lower gneisses,
schists, banded iron formation, upper gneisses
and quartzite. This sequence is almost vertical,
outcropping at altitudes of about 500m. The
primary mineralization is made up of dissemi-
nated sulfides, mainly confined within the
schists at the contact with the lower gneisses.
The more abundant ore minerals are bornite and
chalcocite with subordinate chalcopyrite, mo-
lybdenite, gold and silver. Capping the primary
deposit is a weathering blanket up to 100m thick
-the “altered ore”-, composed, mainly, of goet-
hite and clay minerals. The resources add 109t
of sulfide ore with 0.84% Cu and 103t of al-
tered ore with 0.75% Cu.

THE VERMELHO ALTERED ORE

The weathering profile

Despite local variations due to the het-
erogeneity of the parent rock, a typical profile
for the deposit can be outlined (Bernardelli et
al., 1983). From bottom to top, it can be subdi-
vided into the following horizons: a fresh to
slightly altered rock, a coarse saprolite, a fer-
ruginous saprolite and a lateritic soil. Figure 2
shows the profile with the different horizons
and the average Ni grades of the ore. Only the
two intermediate horizons are considered nickel
ore, corresponding to the classically described
silicated and oxidized ores, such as, for in-
stance, in the nickeliferous laterites of New
Caledonia (Trescases, 1975). However, for the
purpose of this paper, both mineralized hori-
zons are considered together as “altered ore”
in a broad sense.

The fresh to slightly altered rock is made
up of mainly three generations of serpentine
associated with finely grained magnetite and
Cr-spinels, generally fractured and crisscrossed
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Figure 2 - Typical weathering profile of the Vermelho
deposit.

by serpentine. Chlorite occurs as irregular ag-
glomerates, forming a network crossing serpen-
tine or as a rim around chromite crystals. A
change in the coloration of the serpentine crys-
tals toward brownish tones and an enhancement
in birefringence are the first signs of the weath-
ering action. Table 1 shows the average chemi-
cal composition for the different horizons of
the typical profile in V1 and indicates that the
fresh to slightly altered rock contains high
amounts of MgO, and NiO grades between 0.33
to 0,64%. It is the protore of the deposit.

Gradually, the rock changes into a coarse
saprolite becoming softer and friable, but pre-
serving the original parent rock texture. This
horizon still contains serpentine and chlorite,
already transformed and somewhat dissolved.
New phases gradually appear, such as quartz,
goethite, ferruginous amorphous compounds
and small amounts of smectite. Only excep-
tionally, this mineral is abundant in certain ho-
rizons of the profile. The chemical composi-
tion (Table 1) reflects these transformations:
MgO contents decrease and Fe203 contents in-
crease. NiO contents are on average 1.8%, but,
locally, can attain up to 4.5%.

The transition to the ferruginous sapro-
lite is marked by a strong decrease in MgO
contents (Table 1) as a consequence of the al-
most total dissolution of serpentine. It is a fri-
able and low density material with poorly pre-
served original textures made up, essentially,
of goethite, but containing also chlorite, quartz
and spinels. The NiO contents average 1.7%.



Table 1 - Mean chemical composition (wt %) of the different weathering horizons at the Vermelho

deposit.

Vi SiOp MgO FepO3 Al)O3 Crp03 MnO2 NiO CoO CuO LOI
FR (n=3) 33,18 23593 11,69 1,05 1,36 0,10 0,33 0,01 0,00 14,40
SAR (n=7) 36,43 31,17 13,86 1,66 0,80 0,16 0,64 0,02 0,01 15.73
CS (n=12) 35,64 22,07 24,82 171 1,13 0,21 1,78 0,03 0,01 13,39
FS (n=11) 11,34 3,36 65,74 3,85 2,98 0,96 1,71 0,16 0,02 9,40

n = number of samples

FR = fresh rock

SAR = slightly altered rock
CS = coarse saprolite

FS = ferruginous saprolite

The lateritic soil that caps the profile is
rich in goethite and quartz, with NiO contents
always under 1%, being, therefore, considered
a barren horizon.

Distribution of Ni among phases in the
altered ore (Table 2)

The main nickel-bearing phase at the
bottom of the profile is serpentine; upwards
smectite, chlorite and goethite become also
important (Carvalho e Silva & Oliveira, 1995).
Whenever rich in Ni, serpentine crystals are
brownish. Maximum content is 5,2% NiO, but
on average serpentine contains 2.5% NiO.

Smectites are neoformed minerals, prob-
ably derived from pyroxenes. They have been
identified as nontronites, according to X-ray
diffraction and infrared spectroscopic data. NiO
contents may attain up to 9 % (Carvalho e Silva,
1994).

Chlorites occur all along the weathering
profile as a residual mineral, but progressively
transformed upwards. It has been possible to
follow their chemical evolution from the fresh
rock to the oxidized horizons (Table 3). NiO
contents increase gradually, from 0.1% in the
fresh rock, attaining up to about 18% in the
more altered horizons (Fig. 3).

Goethite is a neoformed mineral, derived
mainly from the hydrolysis of serpentine, with

Table 2 - Nickel distribution among phases in
the altered ore (microprobe analyses).

Ni-bearing minerals NiO (weight %)

average maximum
serpentine 2.5 52
smectite 8.0 9.0
chlorite 8.3 18,0
_goethite 1,3 1,8
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leaching of Mg and Si, and relative concentra-
tion of Fe. NiO contents range between 0.9 to
1.8%, averaging 1.3%. X-ray diffraction pat-
terns show broad and ill-defined peaks point-
ing out to poor crystallinity. A significant posi-
tive correlation has been found between the b
cell parameter, measured for goethite, and the
contents of NiO in samples of the oxidized ore
(Fig. 4). These data suggest that Ni must be, at
least partially, structurally incorporated into go-
ethite, behaving similarly to Mn (Stiers &
Schwertmann, 1985), and Cr (Schwertmann et
al., 1989) in synthetic goethites.

THE SALOBO 3A ALTERED ORE
The weathering profile

The primary ore of Salobo 3A is an iron-
rich schist with variable proportions of biotite,
amphiboles, garnets, magnetite and quartz, with
copper sulfides disseminated in millimetric to
centimetric levels, concordant with the rock
structures.

The weathering blanket, about 60m thick,
is just slightly less enriched in Cu than the pri-
mary ore. The typical weathering profile
(Fig. 5) presents from the fresh rock upwards a
transitional layer, an isalteritic saprolite, a fine
grained alloteric saprf)lite and a partially
allochtonous lateritic soil as a cover (Toledo-
Groke, 1986). The altered ore includes the
isalteritic and the alloteritic horizons.

The transitional layer, thin and discon-
tinuous, is characterized by a millimetric to
centimetric fracture network cutting the slightly
altered rock, filled with malachite and green
smectites. The CuO contents vary according
to the density of the fracture network, but is
generally not very high, about 0.3% (Table 4).
The alteration of sulfides proceeds to comple-



Table 3 - Mean chemical
of the weathering profile.

composition (microprobe data wt %) of chlorites from different horizons

SlOz A1203 FeO Fe,O; Na,O MgO K,0 Ca0 T102 Cr203 MnO CoO NiO
FR 32,29 11,56 2,06 -- 0,02 31,91 0,04 0,01 0,05 044 0,00 0,02 0,15
(n=2)
SAR 3349 11,17 495 -- 0,10 31,31 0,25 0,07 0,23 0,51 0,08 0,02 0,88
(n=15)
CS 3426 11,17 5,30 - 0,14 30,48 0,16 0,09 0,11 0,31 0,04 0,09 233
(n=4)
FS 34,14 13,71 - 4,67 0,08 19,03 0,12 0,17 0,34 0,41 0,08 0,27 11,66
(n=7)
n = number of samples
FR = fresh rock
SAR = slightly altered rock
CS = coarse saprolite
FS = ferruginous saprolite
16.00 E 5 lateritic soil
s " gl s lie | alloteritic saprolite
12.00- . | Ao =1 (0.4% Cu0)
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Figure 3 - Ni contents in chlorites (microprobe
analyses) from the different horizons of the Vermelho
deposit. .
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Figure 5 - Typical weathering profile of the Salobo
3A deposit.

tion in this horizon, so they are not found any-
more upwards.

Though friable, the isalteritic saprolite
(mean thickness about 40m) preserves the tex-
tures of the parent rock. Amphiboles and gar-
nets are altered pseudomorphically into ferrugi-
nous products. Biotites begin initially to change
towards an interestratified biotite-vermiculite
and then to vermiculite that can finally evolve
to smectite and kaolinite. Quartz and magne-
tite remain residually in this horizon. Malachite
dissolves and some accumulations of crypto-
melane begin to form. In this horizon, the CuO
content is approximately 1.4% (Table 4).



Table 4 - Mean chemical composition (wt %) of the different weathering horizons at Salobo 3A.

SiO, Fe, 04 Al,O; MgO MnO Na,0O K,O -Ca0O CuO TiO, LOI
FR (n=35) 38.18 42.32 9.47 2.03 0.64 0.52 1.71 1.31 127 (49 0.54
TL (n=9) 42.70 33.25 11.82 3.30 0.45 0.95 2.30 1.06 034 1.25 1.48
IS (n=146) 35.10 38.05 11.66 1.39 0.59 0.06 1.49 029 1.44  0.87 7.55
AS (n=23) 29.50 39.65 15.72 0.14 0.71 0.07 0.16  0.11 035 0.58. 10.63

n = number of samples
FR = fresh rock

TL = transitional layer
1S = isalteritic saprolite
AS = alloteritic saprolite

The alloteritic saprolite, about 10m thick,
does not preserve the original textures anymore.
It is composed of residual primary minerals
(quartz and magnetite), transformed primary
minerals (vermiculite changing into kaolinite)
and neoformed minerals as goethite and
cryptomelane. Here, the CuO contents decre-
ase, amounting in average to 0.4% (Table 4).

The soil layer covering the profile is thin
and partially colluvional, composed essentially
of kaolinite and iron oxy-hydroxides. CuO con-
tents are very low.

Distribution of Cu among phases in the
altered ore (Table 5)

Cu is basically associated with three
kinds of phases (Toledo-Groke, 1986):

(a) silicated phases: products derived
from the transformation of biotites, mainly
interestratified biotite-vermiculite minerals and
vermiculite containing up to 11.4% CuO (av-
erage 7%), small amounts of brown smectites
derived from the phyllosilicates with up to 6%
CuO (average 3%), and green smectites found
in the fissures at the bottom of the profile with
up to 5% CuO (2% on average);

(b) ferruginous phases: iron oxides and
hydroxides presenting a variable degree of crys-
tallinity, with up to 5% CuO (average 1.5%);

(c) other phases: cryptomelane-type min-
erals containing up to 25% CuO and malachite.

Biotites, originally depleted in copper, in-

Table 5 - Copper distribution among phases in
the altered ore (microprobe analyses).

Cu-bearing minerals CuO (weight %)

average maximum
vermiculite/biotite-vermiculite 7 11.4
brown smectite 3 6
green smeclite 2 5
e oxy-hydroxides 1.5 5
cryptomelane 10 25
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corporate this element during the weathering
transformations (Table 6). Figure 6 shows a
negative correlation between K and Cu in fresh
and altered biotites, indicating that the Cu in-
corporation occurs according to the intensity
of weathering (Ildefonse et al., 1986). Cu oc-
curs also associated with the ferruginous com-
pounds that are present along cleavage planes,
being certainly outside of the crystalline struc-
ture. The transformation of vermiculite into
kaolinite is accompanied by loss of Cu (To-
ledo-Groke et al., 1989 a and b).

The ferruginous phases occur in the ore
either replacing pseudomorphically garnets and
pyroxenes, or as a secondary plasma associ-
ated to kaolinite with variable contents of CuO,
from 0.7 to 5.5% (Toledo-Groke, 1986).
Diffratometric, microanalytical and selective
extraction studies have shown that the iron oxy-
hydroxides are present in a large range of crys-
tallinity and that Cu is rather associated to the
poorly crystallized phases (Veiga et al, 1991).

The manganese products belong to the
hollandite group and as well as malachite were
formed as a result of a transfer of solutions
through a fissure system. Although not impor-
tant as Cu-bearing phases due to their low con-
centrations in the ore, these products are the
richest Cu phases.

DISCUSSION

Lateritic metallogenesis is a process of
ore formation that takes place essentially
through the retention of metals in the weather-
ing profile, as a result of the intense leaching
of the other elements present in the protore. The
concentration of metals results either from the
accumulation of metal-bearing minerals resis-
tant to weathering as in the case of Fe, Nb and
P lateritic ores, or through the incorporation of
the metal by transformed primary phases or
secondary neoformed phases, as in the case of



Table 6 - Chemical composition (microprobe data wt %) of biotites and weathered biotites of the

Salobo 3A deposit.

SiO: A]zOg F3203 Ca0 NazO K;O MgO MnO TEOZ CuO
Biotite 33.45 13.30 3472 0.00 0.11 8.05 1.82 0.12 1.09 0.00

(average n = 20)

Weathered min 32.38 11.50 11.28 0.02 0.00 0.58 1.27 0.00 0.31 0.00
biotite max 40.69 30.33 32:15 0.26 0.16 4.44 3.19 0.12 1.19 11.40
(range)

biotite-vermiculite minerals and vermiculite
remains in the profile, whereas other primary
09 - silicates of the protore, amphibol d -
o p 3 phiboles and gar
5 - = ’ nets, are already totally altered. However, in

207} " : -
§ . o the upper horizons of the profile, they are not
- B . stable anymore, changing into kaolinite, releas-
- 05 s e ing Cu. The process is similar for chlorites.
g = . v Nevertheless, they are more resistant to weath-
= 03r = ering, being found even at the top of the pro-
o - file, despite partially dissolved along the crys-

01F tal discontinuities.
: R The iron oxy-hydroxides are the other
0.1 03 05 07 0.9

K atomic content

Figure 6 - Correlation between Cu and K (atom
contents on a O (OH), basis) in weathered
biotites throughout the profile (microprobe
analyses).

Ni, Co, Mn and Al

The deposits discussed in this paper be-
long to the second category, being made up of
an alteration blanket in which most evolved
horizons, the main neoformed phase, is goet-
hite. In both cases, the parent rock contains
phyllosilicates of primary origin as the biotite
"in the Salobo 3A deposit and of hydrothermal
origin as the chlorite in the Vermelho deposit.
Despite the extreme conditions of weathering
prevailing in the Amazonian region, these
phyllosilicates, although transformed, remain
even in the most altered horizons of the pro-
file, trapping Cu and Ni. Neoformed minerals
as smectites and manganese oxides are also
formed in such deposits incorporating the met-
als, but are transitory phases of restricted oc-
currence in the profile and generally without
major economic importance.

The transformation and concomitant in-
corporation of Cu or Ni is similar in both cases.
Biotites are transformed into interestratified
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metal-bearing phases in the upper levels of both
profiles. Their composition is almost entirely
goethitic, and yet with lower Ni contents than
the phyllosilicates, they are the most impor-
tant metal-bearing phases, due to their greater
abundance. Veiga et al. (1991) showed that the
iron oxy-hydroxides account for 80% of total
Cu in the altered ore of the Salobo 3A deposit.
As to the Vermelho deposit, the knowledge
about the mineralogical composition of the ore
at the scale of the deposit does not allow this
kind of estimate. However, it can be said that,
although goethite is also the dominant Ni phase,
at least locally, chlorite represents about 20%
of the ferruginous saprolite, accounting in this
case for up to 50% of the total Ni in the oxi-
dized ore.

The role of the iron oxy-hydroxides as
efficient scavengers of base metals is well
known and generally attributable to a high de-
gree of structural imperfection (Forbes et al,
1976, Schellmann, 1978, Schwertmann et al.,
1989, Gerth, 1990; Enzweiler & Joekes, 1991).
The proposed models for the incorporation of
metals are mainly the isomorphic substitution
and the adsorption phenomena simultaneous
with the precipitation or colloidal coagulation,
when goethite would have high surface activ-
ity. In the case of Vermelho, there is no con-
clusive evidence concerning this matter, lack-
ing investigations about the iron amorphous



phases. Nonetheless, there are indications that
at least part of the Ni would be incorporated in
the poorly-crystallized goethite. At Salobo 3A,
there is an important amount of poorly-crys-
tallized iron oxy-hydroxides to which Cu would
be adsorbed through the mechanism of adsorp-
tion-precipitation.

From the metallogenetic point of view,
the existence of 2:1 phyllosilicates inherited
from the protore and transformed during weath-
ering, has an important role in the enhance-
ment of average grades in the altered ore of the
Salobo 3A and Vermelho deposits. Due to their
resistance to weathering, these metal-bearing
phylosillicates are responsible for higher grades
than the ore would have if made up only of
iron oxy-hydroxides, of lower capacity of metal
retention. On the other hand, the incorporation
of the transition elements by the phyvllosilicates
could be itself a factor in their higher stability,
favoring their subsistence in a strongly leached
environment, not at all suitable to the persis-
tence of primary silicates.

Comparing the two cases, the effect of
enhancement of the ore grades is more con-
spicuous for Ni because chlorite remains even
in the most altered horizons, and is progres-
sively richer. As for Cu, there is a loss in the
upper horizons of the profile caused by the
change of vermiculite into kaolinite. This is
certainly due to the higher stability to weather-
ing of chlorite than vermiculite, but can also

be attributable to the different geochemical
behavior of Ni and Cu, the latter moving more
readily to the iron association than Ni. In the
lateritic profile of Ora Banda, Western Austra-
lia, formed from ultramafic rocks with Cu and
Ni, this tendency is well demonstrated by the
association of Ni with neoformed silicates in
the same horizon of the profile where Cu is
associated with the iron oxy-hydroxides
(Smith, 1977).

For lateritic ores like those discussed in
this paper, the establishment of metallurgical
processes must take into consideration that the
metal to be extracted is bound to two different
phases by strengths of different order of mag-
nitude. In the case of acid leaching, a classical
technique used for this kind of ore, it is pos-
sible to remove through a rather moderate at-
tack Cu and Ni associated with the iron phases.
However, the same attack may be inefficient
for the metals associated with the
phyllosilicates, as well as in the case of biotites
(Veiga et al., 1991), as for chlorites which cat-

ion exchange capacity is always very low
(Grim, 1962).
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