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WEATHERING OF BASALT: CHANGES IN ROCK
CHEMISTRY AND MINERALOGY

RICHARD A. EGGLETON, CHRIS FOUDOULIS, AND DANE VARKEVISSER

Department of Geology, Australian National University
Canberra, ACT 2601 Australia

Abstract—The weathering of eastern Australian basalts, sampled from the rounded, hard, core-stone to
the rind of softer weathered material, has been examined by bulk chemical analyses, thin section pe-
trography, electron microprobe, and X-ray powder diffraction analyses. Using density as a measure of
weathering intensity, data from four core-stones show that at a stage of weathering in which the total loss
due to dissolution is ¥ (i.e., at the core-stone rim), the percentages lost of the following major elements
are: Ca, 85; Mg, 80; Na, 70; K, 50-80; P, 55; Si, 45; Mn, 40; Al, 5; Fe, 0; and Ti, 0. With more intense
weathering, deposition of some elements, particularly rare earths and Ba, and mobilization and deposition
of Al and Fe make quantification impossible. The rate of weathering of individual minerals is consistent
with the well-known susceptibility series: glass ~ olivine > plagioclase > pyroxene > opaque minerals.
Clay minerals in the core-stones are dominated by smectites, whereas those in the surrounding more
intensely weathered rinds are dominated by halloysite and goethite.

Key Words —Basalt, Core-stone, Element mobilization, Goethite, Halloysite, Smectite, Weathering.

INTRODUCTION

The investigations described in this and succeeding
papers of this series were conducted to understand the
mechanism of basalt weathering by examining the pro-
cess at the maximum available resolution. Optical mi-
croscopic, X-ray powder diffraction, transmission and
scanning electron microscopic, bulk chemical, energy-
dispersive X-ray, electron microprobe, and various
other analytical techniques were used to trace mineral
alterations and to evaluate these alterations within a
broader framework of the bulk changes occurring in
the whole rock during the weathering process.

The present paper describes the larger scale aspects
of the weathering of several southeastern Australian
basalts on samples taken from the fresh, rounded, core-
stone out to the edge of the surrounding coherent
weathering rinds and discusses the changes in bulk-
rock chemistry and mineralogy that accompanied this
early weathering. Later papers will present detailed ex-
aminations of the alteration of individual minerals,
including the weathering of olivine to iddingsite and
bowlingite and the weathering of plagioclase, pyroxene,
and opaque oxides.

BACKGROUND

Rock weathering begins when weathering agents first
react chemically with the minerals of the rock; how-
ever, many weathering studies pass over these initial
reactions and concentrate on the formation of sapro-
lites and soils. The minerals in a saprolite that ulti-
mately transform to produce the constituents found in
the overlying soil are themselves alteration products
of the initial weathering of the minerals of the parent
rock. As a prelude to understanding the formation of
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saprolite zones and soil horizons formed from them,
it is vital to understand first the chemical and miner-
alogical changes that attend these early weathering re-
actions.

Many of the earlier studies of basalt weathering have
been summarized by Loughnan (1969). Volcanic glass
is the most susceptible component of such rocks; it
alters to palagonite. Almost as susceptible is olivine,
which may alter to saponite or nontronite (Craig and
Loughnan, 1964), or, after loss of magnesia and oxi-
dation of iron, to hematite, maghemite, or goethite.
Basalts in New South Wales studied by Craig and
Loughnan (1964) show the mineral susceptibility se-
quence olivine > pyroxene> plagioclase > sanidine.
The ferromagnesian minerals form pseudomorphs of
trioctahedral smectite, whereas plagioclase alters to
pseudomorphous dioctahedral smectite. Alkali feld-
spar alters to kaolinite or halloysite.

Colman’s (1982) study of the chemical weathering
of basalt and andesite core-stones synthesized the broad
chemical reactions and mineralogical transformations
that take place in early basalt weathering. He found
the susceptibility of various minerals to weathering
increases generally in the sequence: glass > olivine >
pyroxene > amphibole > plagioclase > K-feldspar,
but with some variability. Ultimately, all these min-
erals alter to a mixture of allophane, iron oxide-hy-
droxide, and clay minerals. Colman also described var-
ious stages in the alteration of the basalt and andesite
minerals, classifying each product on the basis of its
optical appearance, qualitative electron probe analysis,
and some X-ray powder diffraction observations. Many
of the alteration minerals were described in only rather
imprecise terms (e.g., ‘iddingsite’, chlorophaeite, al-
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Figure 1. Element or oxide loss in mass/unit volume related

to density. (a) General trends shown by an element present
in most minerals of the rock (e.g., Si). An element whose loss
rate is less than the average (=total) loss rate gives a lower
gradient than one whose loss rate is average. (b) Trends shown
by an element dominantly in one mineral (e.g., Na, found
only in plagioclase). A resistant mineral will give rise to a
lower gradient at the start of weathering, which steepens as
other more mobile elements are lost.

lophane, iron oxide-hydroxide), but Colman’s descrip-
tions provide a valuable basis for further study.
Colman (1982) pointed out several ways of relating
chemical movement during weathering, including
weathering indexes, standard cell calculations, ratio of
elements to an immobile element, and calculations
based on constant volume using density measurements
(isovolumetric). Density (or specific gravity) gives a
measure of the total loss through leaching, provided
that no deposition has occurred from outside the core-
stone, and neither expansion nor contraction of the
rock has taken place. Density is used throughout the
present study to convert bulk-rock elemental weight
percentages to g/cm? of rock, except for a few samples
in which specimen incoherence prevented a density
measurement. Colman (1982) speculated that a vol-
ume loss may accompany rind formation, despite the
fact that he reported no thin section evidence for such
a loss, because Ti and other less mobile elements in-
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creased in concentration, if no volume loss was as-
sumed. On the basis of constant Ti, he calculated a
volume loss of 40-50%, consistent with the very large
decreases in density reported by Hendricks and Whittig
(1968) for andesite weathering.

In a broad sense, weathering intensity increases
smoothly from the center of a core-stone outward, but
this progression may be interrupted locally by in-
creased weathering on either side of cracks. Density,
therefore, provides a more reliable estimate of weath-
ering intensity than distance from a core-stone center
or profile depth. Accordingly, density has been used as
the ordinate to compare elemental mobility during
weathering. Graphs of each element’s mass/unit vol-
ume vs. whole rock density through a weathering pro-
file can be thought of as showing single element density
vs. total element density and thereby allows a quan-
titative comparison of element loss to be made (Figure
1).

Colman (1982) concluded that for his data elemental
gains and losses were best referenced to TiO, as an
assumed immobile element, an assumption shared by
many previous workers. For a few friable samples in
the present study, on which density could not be mea-
sured, densities were calculated assuming immobile Zr,
Ti, and Nb if these three elements correlated closely
on a weight percentage basis.

ANALYTICAL METHODS

Bulk chemical analyses of various basalt core-stones
and rinds were made for all components except Na,
H,0, CO,, and Fe(II) by X-ray fluorescence analysis
(Norrish and Chappell, 1977). Sodium was determined
by flame photometry, H,O by absorption on P,O,, and
CO, by absorption on NaOH. Elemental analyses of
minerals were made by energy-dispersive electron mi-
croprobe (N. Ware, analyst) on moderately to well-
polished mineral grains. Density was measured by water
displacement using a top-loading balance. Absorbant
samples (almost all) were coated with paraffin wax after
weighing in air, and the volume measured by water
displacement was corrected by subtraction of the par-
affin wax volume estimated by weight. Clay minerals
were identified by standard X-ray powder diffraction
methods using a Philips P.W.1540 goniometer and Co
radiation.

RESULTS AND INTERPRETATION
The Baynton basalt

Description. Nine samples (B1-B9) were cut from a
continuous but cracked 90-mm section of a core-stone
and rind collected from a small road cut near Baynton,
Victoria, Australia. This outcrop of the Newer Vol-
canics of the Victorian Tertiary basalts was studied by
Wilson (1978). Fresh basalt occurs at this site (Wilson’s
sample 2-0), although the freshest sample of the present
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study (B1) has iddingsite rims on the olivine. The rock
is a tholeiitic basalt, containing olivine (11%), clino-
pyroxene (10%), orthopyroxene (5%), plagioclase (39%),
and glass (30%). Contained in the glass are ilmenite
needles, titanomagnetite, and apatite.

Chemistry. Selected elemental contents for the Baynton
samples (Table 1) are plotted in Figure 2 as g/cm? of
oxide for major elements, or as g/1000 cm? for trace
elements. Al and Fe are clearly immobile during the
weathering of this core stone as are Ti, Zr, and Nb (not
plotted). The other elements show a uniform depletion,
except for Ca and Na, for which there is evidence that
the gradient increases towards the outer part of the
rind, and K, Rb, and Mg, which show a rapid early
loss. Only Ba shows a clear increase in mass/unit vol-
- ume with increased weathering (see Table 1, which
shows that the more weathered samples B7, B8, and
B9 contain as much as twice as much Ba as sample
B1).

The major element trends are readily explained in
terms of the susceptibility of the constituent minerals
to weathering. The glass weathers most readily, re-
leasing K, Na, and Si, and the residual elements Al,
Fe, and Ti concentrate in its alteration product. The
glass is the only source of K in this basalt; hence, K is
depleted early in weathering, together with the geo-
chemically similar Rb. Average analyses of glass and
its weathered product (Table 2) show a sharp drop in
alkalis outward coinciding with a marked increase in
Fe and Ti. SiO, in weathered glass falls to almost half
its original value, and Al,O,; increases by about 30%.
Olivine weathers as early as the glass, forming Si-Mg-
depleted, Fe-enriched iddingsite rims. The iddingsite
rims become more iron-rich and Si-Mg-poor as weath-
ering proceeds. Plagioclase shows no noticeable alter-
ation until sample B4; this slow start in weathering is
reflected in the initial flatter trend of the CaO and Na,O
graphs (Figures 2f and 2g). Sr, which is normally in-
corporated in plagioclase (Henderson, 1982), shows a
similar trend. Pyroxene was also found to be unaltered
in the first three Baynton samples. In samples B4-B9
pyroxene is altered to an iddingsite-like product, with
losses of Mg, Ca, and Si.

The preceding general interpretation of the chemical
results was tested for consistency using modal analyses
and mineral compositions to calculate bulk chemistry
at various stages in the alteration. Table 3 lists the
whole-rock analysis for sample B7 and the predicted
composition calculated from mineral data. The agree-
ment between the actual and predicted bulk compo-
sition supports the interpretation of the major element
variation on the basis of mineral alteration, in that it
provides a quantitative check of the internal consis-
tency of the measurements.

The uniform slope of most of the element-loss curves
for the Baynton samples allows a quantitative estimate
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of the difference in loss of the basalt elements. The
graphs relate the loss of an individual element to the
overall loss, summarized in Table 4 as percentage loss
of the element at a 33% density decrease. This value
was chosen because it intercepts the straight line por-
tion of all graphs and occurs in the outermost weath-
ering rind of the basalt core-stones studied here. At the
stage where its density has fallen by one third, the
weathered Baynton basalt contains 8 wt. % water.

Carool basalt

Petrography. Samples of basalt from the Tertiary Lam-
ington Volcanics were collected near Carool, northern
New South Wales, Australia, in a recent road cut (Fig-
ure 3). The samples were collected over a 140-mm
interval from fresh core-stone to rind, and include more
highly weathered material than the Baynton sequence.
Samples C1-C4 are from an uncracked core-stone;
samples C5-C7 are from concentrically cracked and
color-banded rock rimming the core-stone.

The fresh basalt contains plagioclase (Ab,,) pheno-
crysts as long as 5 mm, smaller olivine (Fogs) grains,
and equant augite and orthopyroxene, surrounded by
glass containing numerous ilmenite needles and acicu-
lar clinopyroxene. Early alteration has changed the glass
to yellow palagonite and the olivine to brown iddingsite
and bowlingite. Such alteration is evident over a dis-
tance of about 20 mm, and is followed by a sharp
change to more obviously weathered rock marked by
a 5-mm-thick, orange-colored rind. The color change
is largely caused by a change in the color of the palago-
nite from yellow to orange-red and by the complete
replacement of olivine and pyroxene by a dark-red,
isotropic alteration product, predominantly goethite.
In this zone the feldspar has begun to alter, as evi-
denced by a decrease in its birefringence, the presence
of smectite lines in XRD photographs of the feldspar
alteration pseudomorph, and a large increase in the
intensity of the smectite XRD peak from the whole
rock samples. Halloysite is also present in small
amounts.

In the outer part of the Carool core-stone (samples
C5—C7) concentric cracks are filled with halloysite. Thin
section examination indicates that this part of the core-
stone has fractured and expanded by about 15%. The
altered basalt fragments between the cracks are com-
posed of smectite, halloysite, goethite, and remnant
plagioclase.

Chemistry. The elements Ti, Zr, and Nb, which are
immobile in the Baynton basalt samples, are also im-
mobile in the coherent core-stone and rind samples
C1-C4. In the expanded samples C5-C7 the ratio be-
tween these elements is constant, whereas on the basis
of measured density, the mass/unit volume of these
elements decreases. Correcting the measured density
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Table 2. Electron microprobe analyses of Baynton basalt samples Bl and B7.
Fresh minerals (B1)
- Altered minerals (B7)
Clino- Ortho-
pyrox- pyrox- Plagio- Plagio-
Glass Olivine ene ene clase Spinel Ilmenite Glass Olivine clase
(Wt. %)
Sio, 62.10 38.50 51.80 54.29 54.31 0.00 0.00 36.30 28.75 38.70
TiO, 2.10 0.00 0.64 0.24 0.00 27.40 52.14 3.40 0.36 0.18
ALO, 13.60 0.17 2.48 1.89 28.83 0.00 0.00 20.10 2.00 32.00
Fe,O, 1.60 0.00 0.00 0.00 0.00 20.90 0.00 17.10 40.86 5.40
FeO 5.00 22.50 9.10 12.32 0.82 51.70 46.20 0.00 0.00 0.00
MnO 0.00 0.22 0.19 0.12 0.00 0.00 0.50 0.00 0.20 0.00
MgO 0.40 39.20 16.33 28.58 0.00 0.00 1.10 0.70 21.16 0.00
CaO 2.90 0.21 18.48 1.85 11.77 0.00 0.00 1.40 0.29 0.17
K,0O 3.40 0.00 0.00 0.00 0.33 0.00 0.00 0.20 0.00 0.21
Na,O 4.40 0.00 0.32 0.00 4.62 0.00 0.00 0.10 0.00 0.14
Total 95.70 100.80 99.34 99.28 100.78 100.00 98.84 79.30 93.62 76.80

for the measured expansion brings the Ti, Zr, Nb, Al,
and Fe content of samples C5 and C6 close to that of
samples C1-C4, whereas sample C7 shows a mass loss.
The constancy of these elements suggests that at the
centimeter scale they are relatively immobile, although
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Table 3. Mode and comparison between estimated' and measured rock composition of weathered basalt sample B7 from

Baynton, Victoria.

Composition
Mode

Estimated Measured
(vol. %) (wt. %) (wt. %) (wt. %)
Glass 12.00 12.96 SiO, 44.4 45.40
Olivine 0.50 0.71 TiO, 2.30 2.40
Clinopyroxene 9.00 12.45 AlLO, 17.40 17.90
Orthopyroxene 2.30 3.38 Fe,0, 9.30 11.20
Plagioclase 18.30 21.35 FeO 4.20 2.70
Spinel 1.10 2.28 MnO 0.01 0.01
Ilmenite 0.50 1.08 MgO 5.80 5.10
Palagonite (altered glass) 22.20 18.71 CaO 5.60 5.20
Iddingsite 10.60 11.09 KO 0.60 0.40
Pclay? 18.50 15.99 Na,O 1.60 2.20
Void 4.90 0.00 H,O 8.90 9.20
Total 99.90 100.00 Total 100.00 101.71

! Estimated composition calculated from mode and mineral compositions listed in Table 2.

2 Pclay = alteration product of plagioclase.

weathering of plagioclase, the major constituent of this
basalt. Figure 2e shows that Mg was rapidly leached,
falling to less than half its original content in sample
C3. This early loss occurred because Mg is largely con-
centrated in readily weathered minerals. The rare earth
elements Y (Figure 1c¢) and Ce increase markedly to-
wards the outer parts of the core-stone. Rare-earth
phosphates are common minerals in soils (Norrish,
1968), and the increase in rare earth elements in core-
stone rinds may reflect their precipitation as phos-
phates. Banfield (1985) reported such a process for
granite weathering. After removal of silicates from
sample C7 by digestion in 20% HF for 2 min, XRD
patterns showed ilmenite, rhabdophane ((Ce,La)PO,-
H,0), and the five strongest lines of gorceixite.

Monaro basalts

The alkaline basalts of the Monaro region of south-
ern New South Wales were described by Kesson (1973)
and more recently by Jones and Veevers (1982). In the
present study, fresh and weathered samples were col-
lected from two localities near Cooma, New South
Wales. Their mineralogies are similar; olivine (Fog),
titanaugite, plagioclase (An,;), ilmenite, and magne-
tite.

The basalts M10-M17 were sampled from a core-
stone through successive rinds to a deeply weathered
saprolite composed chiefly of kaolin and halloysite
(Figure 4). The extensive weathering of this sequence
has produced macroscopic voids in samples M11-M13,
making density measurement unreliable. The ratios
among the elements Ti, Zr, and Nb are the same for
these three samples, apparently reflecting the immo-
bility of these elements. Relative element loss has been
estimated on this basis (i.e., constant Ti, Zr, Nb).

Samples M19-M25 are from a basalt flow having a
vesicular top. The more intensely weathered parts of

this flow were sampled from the vesicular region; hence,
their densities are not comparable to those of the mas-
sive unweathered samples. Data from the sequence are
included in Table 1, but not in Figure 2.

Petrography. Alteration of the Monaro basalts appar-
ently began with the formation of bowlingite in cracks
in the olivine. Green bowlingite is almost ubiquitous
in the Monaro basalts; many flows were probably al-
tered during final cooling. Thin section examination
clearly shows that recent weathering first enlarged the

Table 4. Element loss (% of original amount) at one-third
density decrease (33% total mass loss).

Baynton Monaro Carool

Ca 80 90 90
Mg 60 80 85
Na 65 75 70
K 80 65 50
P 50 55 60
Si 45 45 40
Mn 40 45 V!
Al 0 5 10
Fe 0 0 0
Ti 0 0 0
Y 80 0 0
Ce 70 v 5
La 80 v 30
Ba —85 v 25
Rb 90 70

Sr 80 ~90 90
Cu 25 - 30
Zn 15 v 15
Cr 0 0 0
Nb 0 0 0
Zr 0 0 0
v 10 0 0
Ni 0 0 v

! v = variable.
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Figure 3. Sample site near Carool, New South Wales, Num-
bers refer approximately to analysis numbers for samples C1-
C7. Scale marks are at 30-cm intervals,

areas of bowlingite, and then, as the conditions be-
came oxidizing, the bowlingite and the remaining ol-
ivine altered to iddingsite.

Titanaugite is the most resistant silicate in the Mon-
aro basalts; it shows no alteration in samples unless
the olivine has almost completely altered to iddingsite.
Augite apparently began to alter along cracks where it
formed iddingsite, which ultimately replaced the crys-
tal without forming a euhedral pseudomorph. In con-
trast to olivine, which altered to euhedral, deep-orange
pseudomorphs of iddingsite, the pyroxene iddingsite
shows a less definite pseudomorph shape and is a paler
orange mass.

Plagioclase weathered initially along fractures and
cleavage planes, showing the introduction of iron along
these surfaces by a yellow discoloration. The resulting
feldspar fragments were gradually replaced peripher-
ally by very fine grained, weakly birefringent yellow
material, which is pseudomorphous after the original
crystal. XRD and electron probe analyses show that at
this stage of weathering the alteration assemblage was
dominated by smectite. On further alteration, the pseu-
domorphs after olivine and feldspar remain recogniz-
able, but gradually change appearance. Iddingsite pseu-
domorphs after olivine develop a rim of isotropic

Clays and Clay Minerals

Figure 4. Sample site for Monaro sequence, samples M10—
M17. (a) General view of core-stones; box shows area of (b).
(b) Detail of sampled core-stone.

orange-brown material having oriented cleavage traces
and a core of similarly randomly oriented, colored iso-
tropic material. A zone of darker brown, more opaque
material separates the rim from the core.

The outlines of the feldspar pseudomorphs are less
distinct than those of the olivine. The final feldspar
alteration product is a colorless to yellow-brown iso-
tropic mass, dominated by halloysite with lesser goe-
thite. XRD data for the alteration sequence represented
by samples M11-M17 show that, as for the Carool
sequence, the clay mineral assemblage changes from
smectite-dominated in the early stages of weathering
(samples M11-M13, coherent core-stone) to kaolin-
halloysite-dominated in the later stages (samples M15
and M17).

Chemistry. The general chemical trends of the other
two profiles are also shown by the Monaro samples,
although less clearly. The interpretations that can be
placed on them are further limited by the assumption
of constant Ti used for samples M11-M13. Approxi-
mate values for the element loss at '3 total mass loss
are included in Table 4 for samples M10-M17. For
samples M19 to M25, the relative mobility on a wt. %
basisisCa > Na >Mg>K=Mn>Si>Fe=Ti>
Al



Vol. 35, No. 3, 1987

DISCUSSION AND CONCLUSIONS

During weathering of these three basalts, Ca, Mg, K,
Na, Rb, and Sr generally show a rapid, early loss which
can be correlated with the alteration of volcanic glass
to smectite, the formation of iddingsite, and the early
weathering of plagioclase. Si, Mn, P, Cu, and Zn appear
to be more slowly and uniformly leached, whereas Ti,
V, Cr, Fe, Ni, Zr, and Nb are essentially immobile
within coherent core-stones. Al shows a slight loss in
the outer parts of the core-stones. The rare earth ele-
ments and Ba are lost initially, but appear to be slightly
concentrated in the outer rind. Although the climate
is somewhat different in the areas studied, the rocks
examined at each locality are in near-surface positions
(alternately wet and dry), and no obvious relation be-
tween climate and relative rate of loss of the elements
has been noted, suggesting that the mechanism of core-
stone weathering has not been affected by climate, al-
though the overall rate of weathering may have dif-
fered. Claridge and Campbell (1984) reached the same
conclusion in their study of dolerite weathering in Ant-
arctica.

These results do not show clearly if any elements
were immobile during the more intense weathering that
followed exfoliation of the core-stones. In the later stages
of saprolite formation, elements leached from the core-
stone rinds, or from elsewhere in the profile, may have
accumulated in the porous weathered samples (e.g., in
the late halloysite veins at Carool). Once this has hap-
pened bulk chemical data are impossible to interpret
in terms of element movement without an associated,
detailed, mineral alteration study. This is because, for
example, a bulk analysis indicating 75% loss of an ele-
ment may be of a sample which had earlier lost 90%
of that element and subsequently became enriched.
The results presented here indicate that for the major
elements, re-enrichment is not significant within the
core-stone, but that it is significant for some trace ele-
ments (e.g., Y, Ce at Carool).

The constituent minerals of these basalts show the
foliowing pattern of weathering susceptibility: glass ~
olivine > plagioclase > pyroxene > opaque minerals.
In sample B7, for example, only 5% of the original
olivine, 30% of the glass, and 50% of the plagioclase
are left, whereas pyroxene and opaque oxides are still
essentially unaltered. Thin section examination shows
that olivine and glass began to alter at about the same
time, but that some glass remained even when the
olivine had completely altered to iddingsite. This dif-
ference may simply be because more glass was present
initially than olivine, or because isolated pockets of
glass are preserved in ‘cages’ of more resistant feldspar.

Chemical and mineralogical changes during basalt weathering
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The order of plagioclase and pyroxene susceptibility
found in this work is the reverse of that commonly
described (see, e.g., Loughnan, 1969). Although pla-
gioclase began to alter earlier than pyroxene, once start-
ed, pyroxene weathered relatively quickly, and was
completely altered before plagioclase. Consequently,
plagioclase may persist longer than pyroxene, even
though it started to weather earlier.
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