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The clay mineralogy and age of deeply weathered rock
in north-east Scotland

by
A. M. Harr, Edinburgh, A. MeELLor and M. J. WiLson, Aberdeen

with 2 figures and 2 tables

Summary. The clay mineralogy of saprolites developed on a wide range of igneous and
metamorphic rock types is described. In the less evolved gruss weathering type, clay mineral
assemblages vary according to rock type but kaolinite and mica clays are usually dominant;
gibbsite is occasionally present in the early stages of alteration of both quartz-rich and basic
igneous rocks. The more evolved clayey gruss weathering type is more kaolinitic and often
contains small amounts of hematite. Gibbsite is never associated with clayey gruss. The age
of the saprolites is assessed using evidence from clay mineralogy, sediments and morphology.
The clayey grusses probably developed under subtropical conditions in the Miocene as
kaolinite contents in North Sea sediments dropped sharply after this period. Formation of
grusses probably spans most of post-Miocene time, with formation of thick profiles under
warm temperate conditions before the onset of regional glaciation and formation of shallow
profiles during Quaternary interglacials.

Introduction

The occurrence of deeply weathered rock in formerly glaciated areas is now increas-
ingly recognised. In north-east Scotland chemically-weathered rock is particularly
widespread with over 500 weathering sites known, and is remarkably deep and
continuous in areas like central Buchan, with maximum recorded depths of weather-
ing of over 50 m (Harr 1985). The region is clearly a key area for the understanding
of weathering and long-term relief development. The widespread availability of
subsurface information has allowed preglacial weathering patterns to be identified at
different scales in North-east Scotland (HavrL 1986). These patterns have been related
to the development of differentially weathered and eroded preglacial landscapes
(Harr 1986, 1987) and also to the variable glacial transformation of a deeply weath-
ered land surface (HAaLL & SuGpen 1987). This paper is concerned with the clay
mineralogy of the saprolites and its bearing on the problem of dating the period or
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periods under which the weathering took place. An outline of the geology and
geomorphology of north-east Scotland is given in Harr (1986).

Clay Mineralogy

Previous work on the clay mineralogy of saprolites in north-east Scotland has
concentrated on basic igneous rocks and clay formation during the initial stages of
alteration of these rocks is now reasonably well understood (WiLson 1966, 1967,
1970, Basuam 1974). The more common granite weathering profiles have received
far less attention. Apart from the important early study of MiLNE (1952) in the
Aberdeen area, the only recent study of granite weathering has been a detailed
mineralogical analysis of a haematite/layer silicate clay mineral from a weathering
profile on the Bennachie granite (WiLsonN et al. 1981). Similarly, the clay mineralogy
of weathered metamorphic rocks has not been studied in detail, despite the extensive-
ness of these rocks in the region. Available information is confined to an investiga-
tion of two schist weathering profiles (IKorpr 1977). Finally, mineralogical data are
available for the weathering of granite and granulite clasts in an Old Red Sandstone
boulder conglomerate (WiLson et al. 1971) and in the late Tertiary Buchan Ridge
Gravels Formation (Koprr & FrrzPatrick 1980).

In an effort to extend information on saprolite clay mineralogy and to aid in the
characterisation of different weathering types, HaLL (1983) analysed the mineralogy
of the <2 um fraction for 62 sites using X-ray diffractometry. Weathering of a wide
range of rock types as considered and rock type was found to be a fundamental
control on clay mineralogy. Important variations in clay mineralogy were also
identified, however, within major lithological groups which reflected different de-
grees of chemical alteration and, to a lesser extent, differences in former drainage
status.

This paper aims to build on this work by presenting detailed data for 29 sites
(Fig. 1) on the clay mineralogy of saprolites in different rock types and at different
stages of chemical alteration. Granulometry is used as an index of the degree of
chemical alteration. Previous studies (WamBEkE 1962, SEpDDOH 1933) have shown
that the clay (< 2pum) and silt (2—63 pm) fractions increase as alteration progresses
and geochemical analyses of 10 profiles in north-east Scotland have confirmed that
soluble base losses increase with clay contents (Harr 1983). Here 3 granulometric
groups are defined, following established French terminology (FLageoLLer 1977),
which are taken to represent different levels of chemical alteration:

Granular Grusses median grain sizes are >1000 um, silt contents are
<15% and clay contents are <3%.
Grusses median grain sizes are <1000 pm, silt contents are

15-25% and clay contents are <6%.

Clayey Grusses median grain sizes are <1000 pm and may be <500 pm.
Silt contents are >25% and clay contents are > 6% and
may exceed 15%.

This classification is readily applicable to coarse-grained rocks, notably granite,
gabbro and psammitic metamorphic rocks, all of which break down initially by
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Fig. 1. Location Map.

ADb Aberchirder, AF Aikey Fair, Av Avochie, Bb Bucksburn, BB Boyne Bay, BCP Bennachie
Car Park, Bh Backhill, C Cairngall, CM Cairn 0’Mount, DW Drinnies Wood, F Forglen, Fd
Fedderate, Fe Fetterangus, G Gaval, GC Glen Cat, H Howford, HD Howe of Dens, K
Kinmuck, Kn Knockespock, M. Moss-side, MQ Mormond Quarry, MM Mill Maud, N
Northseat, S Sunnyside, Si Silverford, Sk Skilmafilly.

granular disintegration. It is less useful with pelitic metamorphic rocks which pro-
duce saprolites with relatively high silt contents reflecting release of primary miner-
als during weathering.

The clay mineralogy of a matrix of weathering sites has been examined which
allows the influence of both rock type and increasing chemical alteration on clay
mineralogy to be considered (Table 1). Clay mineralogy has been examined as
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Fig. 2. Representative XRD traces. Oriented runs on glass slides, untreated. Interpretations
given in Table 1.

follows. Weathered rock samples were gently disaggregated so that the original
particle size distribution was preserved. The samples were then ultrasonically dis-
persed in distilled water and the clay fraction (<2 pm) separated by centrifugation.
Oriented clay samples were prepared by sedimentation on to glass slides. X-ray
diffraction was conducted on a Philips 2 kW diffractometer using Coka radiation at
a scanning speed of 2°20 min~'. The clay samples were scanned through the range
3-35°28 before and after glycol saturation and heat treatments (300° ad 500 °C).
Representative XRD traces are shown in Fig. 2.

Granitic saprolites contain kaolinite-mica clay mineral assemblages which are
largely independent of the degree of granulometric evolution and chemical alter-
ation. In the initial stages of weathering feldspar is little affected and kaolinite and
occasionally gibbsite are associated with feldspar. Biotite may be alteted to vermi-
culite (MILNE 1952). In grusses, kaolinite dominates on acid granites wheteas halloy-
site tends to be more important on biotite granites. At Bennachie Car Park advanced
alteration of acid granite has lead to the complete replacement of many feldpsars by
kaolinite and to the development of a hematite-layer silicate clay mineral (macau-
layite) which is associated with zones of intense rubefaction (Munsell Colour IOR
5/8) in the saprolite (WiLson et al. 1981, WiLson et al. 1984).

Basic igneous saprolites contain a wide range of clay minerals. Basuay (1974)
has shown that weathering of the Insch gabbro leaves feldspar and hornblende
largely unaffected, that pyroxenc alters initially to iron oxides and later to vermi-
culite, and that biotite weathers to hydrobiotite and vermiculite and, occasionally,
kaolinite and gibbsite. Vermiculite may also dominate on the norites and gabbros of
Buchan, but kaolinite is also present commonly, in significant proportions, and
occasional gibbsite may be found, as at Fedderate. Only two sites are known where
basic igneous rocks are altered to clayey grusses and both may have been affected
by acid groundwaters. At Gaval a gabbroic dyke within quartzites is altered to
halloysite and illite, with minor vermiculite, and at Moss of Cruden a borehole
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through the kaolinitic Buchan Ridge gravels met highly altered diorite or norite
dominated by kaolinite and illite. Smectite dominates the clay fraction of the serpen-
tinite at Knockespock but is generally not present in significant amounts in other
basic saprolites.

On metamorphic rocks, quartz psammites show similar transformations to those
found in acid granites, with dominance of kaolinite and with occasional presence of
gibbsite during the early stages of alteration. Feldspar-biotite-psammites are domi-
nated by kaolinite, halloysite and illite clays, and biotite may be converted to
vermiculite (Korpr 1977). With increasing contents of ferro-magnesian primary
minerals, weathered metamorphic rocks often show decreasing kaolinite and increas-
ing smectite contents. Altered metalimestones are dominated by smectite, partly
inherited from the parent rock (WiLsox et al. 1968). Inheritance is also of consider-
able importance in the weathering of pelites, with release of illite and chlorite during
rock breakdown, and kaolinite appears to be the most important weathering product.

The dominant transformations at different stages of weathering for primary
minerals of the main rock types are shown in Table 2. A number of general points
can be made about the clay mineralogy.

1. Gibbsite is sometimes present in the early stages of alteration but is apparently
absent from more evolved saprolites.

It is most common in granular grusses and grusses developed on acid granites
and quartz schists and may be pseudomorphed after plagioclase. The association of
gibbsite with acid rocks has previously been noted in arenes from the Massif Central
(Dejou, Guyotr & RoBERT 1974, PEDRO, SEDDOH & DELMAS 1975). Gibbsite also
appears, however, as 2 minor constituent of clay fractions on basic granular grusses
and grusses where it is derived from biotite (WiLson 1966, Basnam 1974) and
plagioclase (WiLson 1969).

Table 2. Dominant transformations for primary minerals in different rock groups
Granular Gruss ~ Gruss Clayey Gruss
Acid Na-feldspar k, g k k
Granite K-feldspar - k k
Biotite Na-feldspar h, k, g h, k k
Granite K-feldspar - k k
Biotite m/fv ¢ k k
Gabbro Ca-feldspar g k, h h, k, g k, h
Pyroxene m/v m/v ?
Biotite m/v mfv, k, g mfv
Quartz Na-feldspar g, h k k
Psammite K-feldspar - k k
Feldspar Na-feldspar N/A k, h k
Biotite K-feldspar N/A k, h k
Psammite Biotite N/A c k, hm

N/A Not applicable. Other abbreviations as for Table 1.
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Gibbsite will only form when drainage is good and silica concentrations in
groundwater are low (GARDNER 1972), conditions that may be encountered in the
highly permeable medium produced by granular disintegration of rocks containing
only small amounts of weatherable minerals, for example acid crystalline rocks with
low quantities of Ca-feldspar and ferromagnesian minerals. In basic grusses the
situation is different for here aluminous hydroxides may be left as residues from the
desilicification of plagioclase (WiLson 1969).

2. Kaolinite and halloysite may be present in the early stages of alteration.

Kaolinite (usually disordered) dominates the clay fractions in granular grusses
derived from granites and quartz-schists. Halloysite is associated with less acid
parent rocks and its formation is apparently favoured by the higher concentrations
of basic cations (c.f. Dgjou et al. 1972). Kaolinite also occurs in relatively small
amounts in basic granular grusses where it is derived from biotite (WiLson 1966,
Basmam 1974) and, perhaps, also Ca-feldspar. The presence of kaolinite/halloysitic
clays during initial alteration is again a reflection of the high permeability of the
granular grusses (DEjou & PeEDRrRO 1967).

3. Mature kaolinite|illite assemblages dominate at the later stages of alteration on all
rock types.

Kaolinite is generally dominant and may be of the well-ordered or disordered
types. It is probably derived from Ca-feldspar, K-feldspar and, to a lesser extent,
biotite. Biotite is also partly altered to haematite and geothite. This has contributed
to the rubefaction of certain clayey grusses but the main source of pigmentary iron
was probably at higher levels of these weathering profiles, now denuded (WiLson
etal. 1981).

The age of the saprolites

Using data on granulometry and clay mineralogy, backed by geochemistry, HaLL
(1983, 1985) has identified two weathering types in north-east Scotland. The more
evolved but spatially-restricted ¢layey gruss weathering type includes saprolites in the
clayey gruss granulometric group which also show high (> 50%) soluble base losses
and, at some sites, rubefaction and etching of quartz. The dominance of kaolinitic-
illitic clay mineral assemblages on different rock types for these mature saprolites has
been described above. The less altered gruss weathering type is known at several
hundred sites throughout north-east Scotland. The gruss weathering type includes
the granular gruss and gruss granulometric groups and contains abundant little-
altered primary minerals. Soluble base losses are generally 50%. The varied and
relatively immature clay mineral assemblages of the grusses have already been de-
scribed. The gruss and clayey gruss weathering types described above correspond
closely with the ‘sandy’ and ‘clayey’ saprolites widely recognised in continental
Europe (BAxkEr 1967, MiLLor 1970).

The greater degree of chemical alteration of the clayey grusses implies that
saprolites of this type are older than those of the gruss weathering type. The question
of age, however, is complicated by the fact that boreholes in central Buchan show
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that thick saprolites of gruss type may occasionally underlie clayey gruesses as §

of single weathering profiles. In this area, therefore, grusses may represent the b

parts of protiles whose upper horizons were orlgmally of clayey gruss type, prio

truncation. Outside central Buchan, however, it is likely that the grusses repre:

a separate phase of deep weathering. Evidence for this includes:
the rarity of clayey grusses outside central Buchan. Only two exposures
known. These are the rubefied and kaolinised granite at Bennachie Car }
(WiLson et al. 1981), described earlier, and a highly altered metasediment fi
Clashindarroch Forest (IKopr1 1977) (Flg 1).

2. the lack of evidence from soil and drift mineralogy for the widespread gls
reworking of former highly kaolinitic saprolites (WiLsow et al. 1984).

3. the thicknesses of gruss weathering profiles, with depths of over 20 m recot
in numerous boreholes (HaLr 1986).

4. the clay mineralogy of the grusses, which generally indicates clay forma
under free draining conditions which are unlikely to have prevailed towards
base of weathering profiles.

The gruss weathering type can thus generally be regarded as the product

separate, prolonged phase of deep weathering which took place after formatio

clayey grusses had effectively ceased. The possible ages of these two period
weathering must now be assessed.

Clayey Gruss Weathering Type

The degree of alteration shown by the clayey grusses of north-east Scotland
beyond that of most saprolites reported from formerly glaciated areas and
beyond that of Pleistocene arenaceous saprolites found south of the limits of gl
tion in France and West Germany. The clayey grusses most closely resemble in
and degree of alteration mature Late Tertiary arenes in Brittany (ESTEOUELLE-Cr
1967) and Limousin (SEppoH 1973) which show elevated silt contents, kaol’
mica clay mineral assemblages and marked rubefaction.

The mineralogical changes found in the clayey grusses are similar to those fc
in weathered granites in humid tropical environments (TARDY et al. 1973) and al
certainly reflect warmer climates than those which prevailed in Scotland durin;
Pleistocene. Humid temperate conditions dominated during the Neogene ir
North Sea arca (BucuarDpT 1978) and it is possible that the clayey grusses 1«
prolonged alteration on stable sites over this period. Evidence from the miner:
of North Sea sediments suggests, however, that intense kaolinisation had alt
ceased, for kaolinite is progressively replaced by chlorite and illite from the
Miocene onwards (KarRLLsow et al. 1979, Berstap & Dyrvik 1982). The m:
change in mineralogy corresponds with abrupt cooling from subtropical to ter
ate environments at c. 10 Ma (Mupie & Hrncason 1983) and presumably re
the progressive stripping of kaolinitic regoliths developed under warm clit
carlier in the Tertiary and their gradual replacement by sandy saprolites (Ba
1967).

The Mio-Pliocene boundary defines a probable minimum age for the ¢
grusses. These saprolites may -be considerably older than this. Warm and h
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environments prevailed in Britain during much of the Palacogene and Miocene.
Palaeogene kaolinitic weathering profiles are observed in south-west England and
these, together with high kaolinite contents in contemporaneous sediments, provide
evidence of prolonged and deep kaolinisation (Isaac 1983). In central Buchan clayey
grusses are found juxtaposed with and locally underlying gravels of the Buchan
Ridge Gravels Formation, fluvial deposits of probable Late Tertiary age. These
gravels incorporate large volumes of Cretaceous flint, some of it cavernous and
little-travelled, and demonstrate that this part of Buchan has not been greatly low-
ered in the Tertiary (HaLL 1987). A Mesozoic age for the underlying kaolinised
bedrock is therefore possible, Such a great age in unlikely, however, as
1. no in situ Mesozoic sediments have yet been found in Buchan,
2. development of the clayey gruss at the isolated site at the foot of Bennachie must
post-date uplift of this granite in the Early Tertiary and
3. the flint gravels are themselves intensely weathered (KKorrt & FrrzraTrick
1980), with kaolinisation of non-resistant clasts through 25 m of deposit at Moss
of Cruden (McMiLLaN & MEeRrRrIT 1980).
The simplest view is that the clayey grusses need be no older than the Miocene.
Subtropical climates suited to kaolinisation prevailed in Scotland during the Miocene
(BucuarpT 1978) and kaolinitic clays of this age are known in offshore boreholes
(Evans et al. 1981). A greater age is possible but is currently without support.

Gruss Weathering Type

The type and degree of alteration shown by the grusses in north-east Scotland is
similar to that of other saprolites in formerly glaciated areas and to that of certain
Pleistocene arenes beyond the glacial limits in France. The appearance of kaolinite
in the early stages of alteration has been noted in central Finland (LanTr 1985) and
from the Mosvan, France (Dejou 1967). The presence of gibbsite in arenaceous
granite weathering profiles is recorded from several extra-glacial areas, including
south-west England (GreeN & Epex 1971), the Morvan (PeEpro et al. 1975) and
west-central Spain (TORRENT & BENAYAs 1977). Mica-schist arenes from the Massif
Central are dominated by kaolinite/halloysitic clays (Dejou et al. 1974), as in north-
east Scotland. Finally, the mineralogy of the basic grusses is comparable to those
found in western Norway (RoaLDser et al. 1982). In short, clay mineralogy and
granulometry show that the gruss weathering type belongs to the family of ‘sandy’
weathered rocks (Bakker 1967) which occur throughout western Europe, both
within and beyond the Pleistocene glacial limits.

The clay mineralogy of the grusses indicates development under humid tempes-
ate environments. The importance of kaolinite and presence of gibbsite in the
grusses, even on basic parent rocks, demonstrates humid conditions during weathet-
ing. Temperatures may have been somewhat higher than at present (Basnam 1974)
as the clay mineral transformations in the more evolved grusses are more advanced
than those in Holocene soils in north-east Scotland (WiLson etal. 1984) and are
comparable to those found in young arenes in France (Tarpy et al. 1973).

Humid temperate conditions prevailed in Scotland during the Pliocene, the
preglacial Pleistocene and interglacial periods. The depths of gruss development,
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with numerous boreholes recording over 20 m of gruss, indicates that many gruss
profiles reflect prolonged weathering, probably dating from the Pliocene. Many thin
grusses must represent the truncated remnants of former preglacial deep profiles.
Specific support for a preglacial age for grussification at some sites is provided by
1. the presence of norite gruss beneath a sequence of Middle Pleistocene glacial,
fluvioglacial and periglacial sediments at Kirkhill (Fig. 1} (HaLL 1984) and
2. the presence of hydromorphic Fe and Mn minerals in gruss weathering profiles
which now occupy free-graining sites on valley sides. Weathering must, there-
fore, predate regional drainage incision during the middle Pleistocene.
General support for preglacial grussification is given by the strong influence which
pre-existing weathering patterns have exerted over the morphology of land forms of
glacial and fluvioglacial erosion (Harr 1986, 1987, HarL & SucbDeN 1987).
Bedrock grussification almost certainly continued during Pleistocene inter-
glacials. Evidence for this is provided by granular disintegration of clasts in weath-
ered Saalian tills (Harr 1984) and frequently also of suseptible biotite-rich clasts in
Weichselian tills and gravels. The continuity of grussification seems assured but the
depth of gruss development during interglacials is uncertain. BoaArRpMAN (1985)
describes interglacial weathering of the pre-Devensian Thronsgill Till in Cumbria,
England, with grussification of andesite and microgranite clasts down to 15 m at one
site. The depth of weathering of this till far exceeds that recorded in pre-Weichselian
weathered tills in north-east Scotland or, indeed, anywhere else in Britain and may
reflect unusual site conditions. Bedrock weathering appears to have been very
limited during the present interglacial in north-east Scotland and even shallow
granular grusses can often be shown to be of pre-Weichselian age by the incorpora-
tion of weathering products into overlying Weichselian glacial and periglacial depos-
its. Gruss development during earlier interglacials of similar climate and duration
must also have been slight and thick gruss development would seem to require
periods considerably in excess of 10 ka.
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