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ABSTRACT

The Calciferous Sandstone Measures, but more especially the associated calcretes
of Arran and adjacent outcrops in the Firth of Clyde have been examined in detail using
petrographic, stereoscopic, cathodoluminescence, X-ray diffraction, heavy mineral
analysis, and induction coupled plasma optical emission spectroscopic techniques.

The calcretes (palaeosols) within the Kinnesswood Formation and Laggantuin
Comnstone Member formed on overbank clays in a climatic regime subject to strong
seasonal moisture contrasts. They show stages 3 and 4 maturity (of Steel) and composed
of in situ low Mg-calcite precipitated as glaebules and crystallaria within glaebules, vein
networks and laminae. Pséudo-anticlines are common. Extensive argillobedoturbation is
recognized.

Throughout the Firth of Clyde outcrops five distinctive cement zones are
recognized in the calcretes, zone 1 and 3 reflecting precipitation in freshwater phreatic
lenses, zone 2 in more reducing freshwater environment and zone 4 in more stagnant
freshwater environment. Zone 5 is the youngest cement, Fe* free and Mn*poor, and of
minor importance. Eh appears to have been more important than pH during the
precipitation of the calcrete cements, this inference being based on the variations of
Fe”, Mn* and Mg® in the zoned crystals.

The sandstones of the Kinnesswood Formation and the other Inverclyde and
Strathclyde Group formations are predominantly sublitharenites and subarkoses. Their
composition, in terms of light and heavy minerals, lithic fragments, clay minerals and
percent brown CL quartz, suggests a common provenance formed mainly of sedimentary
rocks and low-grade metamorphic rocks. A Dalradian supergroup provenance is unlikely

but the Torridonian sandstone outcrops to the NW were probably a major source.
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in the same zone..
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Plate 8-2

(a,b) Luminescent and plane-polarized light photographs showing secondary
fracture containing the full sequence of spar cements numbered from
oldest to youngest.

Plate 8-3

(a,b) Luminescent and plane-polarized light photographs of cement Zones 1,
2 and 3 filling secondary fracture.

(c,d) Luminescent and plane-polarized light photographs showing Zones 3, 4,
and 5 cements.

Plate 8-4

(a,b) Luminescent and plane-polarized light photographs showing Zones 3 and
4 cements.

(c,d) Luminescent and plane-polarized light photographs showing Zones 3 and
4 cements.

Plate 8-5

(a,b) Luminescent and plane-polarized light photographs showing the boundary
between Zones 2 and 4.

(c,d) Luminescent and plane-polarized light photographs showing pinching out
of Zones 3 and 4 toward the contact and thickening toward centre of

pores.

Plate 8-6

(a) Luminescent photomicrograph showing pale blue coloration due to
excessive heating of the mounting resin.

(b,c) Luminescent and crossed-nicols light photographs showing Zone 1

non-luminescence infilling fracture cutting an allo-orthic nodule.

Plate 8-7

(a) Close-up of zone 4 cement in plate 7-2 (a) showing irregular solutional
surface near the upper and lower boundaries.

(b) Is the same field shown in (a) under plane-polarized light.

(c) Luminescent photomicrograph showing brecciation fractures post-date

Zones 3 and 4 cements.
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(d) Luminescent photomicrograph of the cement zones illustrating their
meteoric phreatic origin.

CHAPTER NINE

Plate 9-1 244
Cathodoluminescence microphotograph of quartzitic rock fragments.

(a) Low-grade metamorphic quartzitic fragments.

(b,c) Quartzite fragments.

Plate 9.2 245
Cathodoluminescence microphotograph of quartzitic fragments.



CHAPTER 1

1.1 INTRODUCTION

The stratigraphy and structure of the late Devonian and early Carboniferous
rocks in north Arran, south Bute and the Cumbraes have been established by the
Geological Survey (Gunn, 1903; Tyrrell, 1928) following on from the studies of the
early workers (Ramsay, 1841; Bryce, 1844, 1859; Geikie, 1882, 1910; WUnsch, 1882;
Neilson, 1896). Little information is available, however, about the petrology and
sedimentary structures of these rocks and their depositional environments are only
understood in the most general way.

The sedimentology of the late Devonian and early Carboniferous rocks has
been studied in detail. An attempt is also made to describe and interpret the diagenetic
features of the sediments and to predict the most likely source areas.

The boundary between Upper Old Red Sandstone and Calciferous Sandstone
Measures is not clear cut. In the Great Cumbrae and Bute, as in Arran, the problem
is to decide where to draw the boundary between the two geologic systems. The
climate and geography - as reflected in the sediments "red beds to drab beds" -
changed so gradually that it is very difficult to fix a definite line between them.
Coming for this purpose to the Upper Old Red Sandstone/Carboniferous junction we
find on the north of both the Fallen Rocks and Corrie in Arran the undoubted Old
Red Sandstone brecciated conglomerates succeeded by a series of red mudstones,
shales and sandstones interstratified with a limestone of concretionary character and
pinkish-grey colour, which up till this time has yielded no evidence of organic life,
so its age is unknown. It overlies the Old Red Sandstone conformably and passes
upward by interbedding into red and grey mudstone, dolomitic limestone and

subordinate sandstones.



Although, a few beds of the concretionary limestone are known to occur within
strata of the undoubted Old Red Sandstone in few places, for example on Arran and
Bute, they are nowhere as characteristic a feature as they are at the uppermost part of
the Old Red Sandstone associated with the red mudstones and sandstones. This thin
zone of the cornstone-bearing strata was hitherto included in the upper Old Red
Sandstone by some authors (e.g. Geikie, 1882; Bailey, 1926) and excluded by others
(e.g. Gunn, 1903; Tyrrell, 1928; Friend et al., 1963). The question to be decided is
whether the cornstone beds, considered by Gunn (1903) and subsequent writers to be
Carboniferous are really so, or whether they are Upper Old Red Sandstone, as reported
by Geikie (1882) and (Bailey (1926). In fact without fossil evidence or more accurate
radiometric dating the question cannot be answered. To me this matters little as long
as the nature of the rock, its mode of formation and diagenesis are understood.
However, it has been observed in the present study that cornstone-bearing strata occur
at two levels in the sequence, one above and one below the "drab beds" (grey
mudstones and cementstones). The earlier of the two developments forms the topmost
part of the Upper Old Red Sandstone. A similar relationship has been documented
recently by a programme of drilling and field mapping carried out by the British
Geological Survey (BGS) in the area north and west of Glasgow.

By placing the lower cornstones in the Upper Old Red Sandstone, and the
higher cornstones with the "drab beds" in the Calciferous Sandstone Measures, this
classification obscures the essential unity of the carbonate-bearing part of the sequence.
Peterson and Hall (1986) recognize the close link between the cornstone-bearing and
cementstone-bearing beds and placed them all in one lithostratigraphical unit, named
the "Inverclyde Group" (Table 1-1). For the purpose of this study we follow the new
classification proposed by them and no attempt is made to resolve the boundary
problem nor to classify the rock units. The cornstone-bearing strata below the "drab

beds" are allotted by these authors to the Kinnesswood Formation and regarded by



NEW CLASSIFICATION

OLD CLASSIFICATION Patterson & Mall (1988) AGE
LOWER LIMESTONE GROUP
LAWMUIR FORMATION
STRATHCLYDE
GROUP
CLYDE PLATEAU VOLCANIC
FORMATION LOWER
CALCIFEROUS SANDSTONE ) CARBONIFEROUS
MEASURES (DINANTIAN)
CLYDE SANDSTONE FORMATION
BALLAGAN FORMATION pINVERCLYDE
KINNESSWOOD FORMATION
g

KNOX PULPIT FORMATION W

UPPER OLD RED DURA DEN FORMATION

SAND STRATHEDEN UPPER
e DEVONIAN
GROUP {FAMENNIAN)

GLENVALE FORMATION ,
BURNSIDE FORMATION

LOWER DEVONIAN AND OLDER ROCKS

Table 1-1

Qlassification of the late Devonian and early Carboniferous rocks in
the northem part of the Midland Valley of Scotiand.




them as the basal beds of the Inverclyde Group, while the cornstone-bearing strata
above the "drab beds" are termed the Clyde Sandstone Formation. The name Ballagan
Formation has been given to the "drab beds". In Peterson & Hall’s classification (Table
1-1) the basal division of the Strathclyde Group is composed entirely of extrusive
volcanic rocks and has been termed Clyde Plateau Volcanic Formation. Lawmuir
Formation has been assigned to the upper division which consists of sandstone,
siltstone, mudstone and seatrock, with coals. The top of the formation, and also of
the Strathclyde Group, is taken at the base of the Lower Limestone Group.

Field mapping of Gunn, 1903 provides the basis for the present study. His
six-inch maps were used to delimit the areas of outcrop of the Upper Old Red
Sandstone and early Carboniferous. Borehole records in the files of the Britsh
Geological Survey were also consulted. Field work involved an examination of all
the available exposures (see chapter 2), but the initial studies were carried out on
rocks exposed on the foreshore north of both Fallen Rocks and Corrie in Arran; south
east of Kilckattan in Bute; and on the north side of Millport Bay in Great Cumbrae,
where they are well displayed and best studied.

Methods and techniques used in the present study are based on approximately
15 measured outcrop sections. Laboratory analyses of the rock sample involved
petrographic description, cathodoluminescence, X-ray diffraction, heavy mineral
analysis, scanning electron microscope observations, and induction coupled plasma
analysis. In addition to these analyses, several other techniques that should have
provided more quantitative data to incorporate into the interpretation were also
attempted. These techniques included electron microprobe analyses of the carbonate
cements, X-ray diffraction of the non-opaque heavy minerals, and staining acetate
peels for polished slabs.

The petrographic analysis involved the study of approximately 290 thin sections

taken from outcrop samples using optical microscopy to determine mineralogy and



textural relationships. Detrital modes were quantified in 45 selected thin sections by
500 point counts, and classified after Dott, (1964). The cathodoluminescence technique
was conducted on 50 thin sections of calcrete-bearing strata from Kinnesswood
Formation and Laggantuin Cornstone Member to facilitate the interpretation of their
diagenetic history, and on 91 thin sections taken from sandstone samples covering the
whole succession in order to help in the determination of source rocks. The X-ray
diffraction technique was conducted on 44 samples to identify and quantify clay and
non-clay minerals and to supplement the identification of minerals in thin sections. X-
ray diffraction (XRD) analysis was carried out using a Phillips X-ray diffractometer.
Heavy mineral analysis was used as a correlation tool and in studies of provenance by
concentrating on the compositional variations shown by detrital garnets, which are
relatively resistant to intrastratal solution. A Hitachi S450 scanning electron microscope
equipped with an energy dispersive analyzer was used for clay minerals and
microtextural analysis of heavy mineral grains. Major and trace element analysis for
carbonate samples in addition to a few sandstone samples was carried out by induction
coupled plasma optical emission spectroscopy.

A detailed description of the application and use of all these techniques is

given in Appendix 2.

1.2 GEOLOGICAL SETTING

.To discuss the geology and stratigraphy of this area in a few pages is unjust
to such a complicated and fascinating area as the Firth of Clyde. Readers especially
interested are referred to the works of George, (1960); Macgregor and Macgregor,
(1961); McLean & Deegan, (1978); Francis, (1983); and Bluck (1984) for an account
of geology and stratigraphy. A brief summary of these accounts for the late Devonian
and early Carboniferous succession within the area of Figure 1.1 is presented here to

provide essential background information.



Figure 1.1

Geological map of Arran and the outer Firth of Clyde area (adapted
from McLean and Deegan, 1978). Inset map shows the location of
the study area.
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1.2.1 Succession.

1.2.1.1 The Upper OldRed Sandstone.

Rocks of the Upper Old Red Sandstone are seen to rest unconformably on the
Lower Old Red Sandstone over the region shown in Figure 1.1. They occur in
somewhat extensive outcrops which are scattered over the region, and lack the thick
sequences of volcanic rock which typify the Lower Old Red Sandstone. They formed
in a basin centred on the Firth of Clyde and with a palaeoflow north-eastwards and
eastwards towards the present North Sea (Bluck, 1978).

Within the Upper Firth and its environs, there is a general decrease of thickness
of Old Red Sandstone under Carboniferous, north-westwards towards the High land
Boundary Fault (McLean and Walker, 1978, p.35). George (1960) attributed this
decrease of thickness partly to Carboniferous overstep, and partly to irregularities in
relief of the floor on which the Upper Old Red Sandstone was laid down.

The stratigraphical relationship between Upper Old Red Sandstone and Lower
Carboniferous rocks of this area is uncertain. George (1958, p.241) has suggested that
no Tournaisian rocks occurred north of the Craven Lowlands, and that there is a major
break at the base of the Carboniferous rocks in Scotland. Palynological evidence
(Neves et al, (1973) contradicts this view. There is field evidence 6f angular
unconformity between Upper Old Red Sandstone and Lower Carboniferous lavas, a few
miles south-east of Hunterston, but within the area of Figure 1.1, there appears to be
a continuous passage from Upper Old Red Sandstone into the Carboniferous (see, for
example, Friend et al, 1963), and the boundary is defined arbitrarily, by distinctive

local strata.



1.2.1.2 Carboniferous.

The Carboniferous succession within the area of Figure 1.1 includes
representatives of the Calciferous Sandstone Measures with lavas, The Scottish
Carboniferous Limestone Groups, and the Coal Measures, with Passage Beds (Millstone
Grit) including volcanics, developed locally (Gunn, 1903).

Variations in thickness occur at all levels within the Carboniferous succession,
but most dramatic changes are where Lower Carboniferous strata (including the Clyde
Plateau Lavas) and Passage Beds straddle the great north-east trending faults of
Ayrshire (Dusk Water and Inchgotrick Faults). These movements are related to
persistent, contemporaneous movements, with differential subsidence of the fault blocks
(Richey et al., 1930, p. 170, Fig. 16; Anderson, 1951, pp. 250-252).

The strata of the Calciferous Sandstone Measures vary in thickness more-than
any other Carboniferous Group, because of localised volcanic activity during deposition.
The Clyde Plateau Lavas are up to 600 m thick in the north-eastern part of Figure 1.1
(Hall, 1974, p. 274, Fig. 11), but thin rapidly to the south-west. The sediments of this
age are thickest near Daily in South Ayrshire. They thin northwards and become spilt
into upper and lower sub-groups by intercalation of lavas. The lower subgroup of
sediments is absent immediately north of Ardrossan, and lavas rest directly and
unconformably on Old Red Sandstone.

Further north, around the Upper Firth, there is no clear contrast between
supposed UpperOld Red Sandstone and Calciferous Sandstone close to their common
boundary, and the definition of it is based arbitrarily, and locally, on a distinctive
bed.

On Arran, changes of the Carboniferous succession (Gunn, 1903) were
interpreted as a northerly increase of thickness into the southern Highlands by George
(1960). the maximum thickness is present on the north-eastern coast, and the

succession is seen to thin from here, first to the south, then westwards, as successive



components of change are revealed by the swing of strike. Eventually, the
Carboniferous strata disappear completely to the west of the Central Complex, by a
combination of intra-Carboniferous breaks and lateral changes, combined with westerly

over-step of the New Red Sandstone.

1.2.2 Structure.

The Midland Valley is eroded from a downthrown crustal block, which is
covered with Upper palaeozoic strata, and bounded by two major orientated faults in
a northeast-southwest direction. These faults (the Highland Boundary Fault to the
north, and the Southern Uplands Fault to the south) may have had a normal
(Macgregor & Macgregor, 1961; Kennedy, 1960) or strick slip throw (Bluck, 1980),
or may have thrust (Bluck, 1983) during the Caledonian whilst northward subduction
was in progress in the south. Following the closure of the Iapetus Ocean by the
Middle Devonian, movement along the boundary faults becomes even more obscure
(Richey, 1935; Macgregor & Macgregor, 1961 George, 1958, 1960; George, et al,
1976 ; Kennedy, 1960; Francis, 1983). A number of normal faults were active during
the Lower Carboniferous, mostly situated- in the south-western end of the Midland
Valley. Two of the most important, the Dusk Water Fault and Inchgotrick Fault swing
gradually ‘to a north-east trend as they approach the Firth of Clyde (Figure 1.1).

Another set of major faults, with associated tight anticlinal folding (’rucks’),
cuts the Old Red Sandstone and Lower Carboniferous rocks in the environs of the
firth of Clyde (Patterson, 1951, 1954). Two major fold-fault structures, the Cumbrae
Ruck and the Farland Head Ruck, both trending north-north-east, bound an upthrown
block which includes the western half of the Hunterston peninsula and the eastern
half of Great Cumbrae. They converge to the south, with the Cumbrae Ruck persisting

almost as far as the Dusk Water Fault (Figure 1.1).



The north-east Arran Trough is defined by the gravity and magnetic survayes,
which both show an area of relatively thick Upper Palaeozoic and New Red Sandstone
sediments, elongated in a north-west direction (Figure 1.1). The trough increases in
width to the south-east, where it terminates against the seaward extension of the Dusk
Water Fault Zone. It is bounded on its south-western side by Brodick Bay Fault, and

on its north-eastern side by the Sound of Bute Fault.

1.3 DESCRIPTION OF APPROACH

In order to present the information in a logical form, specific chapters will be

devoted entirely to the calcrete ( i.e. chapter 2, 3, 4, 5 and 8).

Chapter 2 provides the geographical distribution of outcrops.

Chapter 3 reviews past and prevalent thinking on terminology, definition, classification
and genesis of calcrete deposits. This is followed by an outline of the philosophy
underlying the present study of calcrete.

Chapter 4 examines the macromorphology and microrﬁorphology of calcrete.
Chapter S is concerned with the sedimentary facies of calcretes and their environmental
interpretation.

Chapter 6 is concerned with petrography .

Chapter 7 examines the mineralogy by combining petrographic and analytical
data gained from laboratory studies (X-ray diffraction, EDX, and heavy mineral
analysis).

Chapter 8 is concerned with diagenesis and mode of formation of calcretes.

The first part of chapter 8 examines the diagenesis of calcrete by combining
the cathodoluminescence petrography and the analytical data gained from laboratory
studies. The remainder of chapter 8 discusses their mode of formation.

Chapter 9 is concerned with provenance studies.



Chapter 10 summarises the results of this study, points out its limitation and makes
recommendations for future research.

Finally there are bibliography and appendices devoted to :
a) Field logs.

b) Laboratory techniques, and detailed results.



CHAPTER 2

GEOGRAPHICAL LOCATION AND DISTRIBUTION OF CALCRETES

Field studies have been undertaken in the Firth of Clyde area, namely Arran,
Bute, Great Cumbrae to examine the rocks of the Inverclyde and Strathclyde Groups.
As there is a good deal of misconception as to the position and the age of the
Kinnesswood Formation, it may be necessary to describe its distribution in some

details.

A-ARRAN

As can be seen from the map (Fig. 2.1), the Old Red Sandstone and
Carboniferous rocks have suffered doming by Tertiary granite intrusion so that their
dips are largely radial with plunging anticline centred around North Sannox, so the
pattern of outcrops is determined largely by this domal structure (Fig. 2.1b). The main
outcrops are as follows:
1- along the shore at Corrie, opposite the most northerly of Corrie houses; 2a- along
the North Eastern Coast, just after the Fallen Rocks, where it is typically developed

and easily studied; 2b- at North-West Corloch and 3- At Hutton’s Unconformity.

1- The shore section at Corrie (location 14).

Opposite the most northerly of the Corrie houses is a promontory of Upper
Red Sandstone Conglomerate (9.5m thickness). Immediately south of this conglomerate
knob there succeeds a grey and pinkish calcareous rubbly and nodular bed carrying the
calcrete horizons. Both the base and the top of the bed are defined arbitrarily, the

former being taken at the base of the lowest calcrete and the later at top of highest



Figure 2.1
(a) Location of study area in relationship to the Firth of Clyde.

(b, ¢, d): Maps to show the outcrops with the location of examined
sections mentioned in text and other figures.
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medium grained sandstone (Appendix 1, Fig.1). The calcrete Upper Old Red Sandstone
conglomerate contact is where a small gully crosses the shore in NNE direction. There
is no throw across the gully so it is not the line of a fault, although the calcretes do
appear to overlap the conglomerate . Gunn (1903), p.39 noted this and described the
junction as an unconformity. In fact the irregular growth of the calcrete concretions
across the upper surface of the conglomerate has produced the appearance of overlap.
Above this lies red shaly mudstone and then comes a nodular calcrete 4.5m, with a
red shaly matrix. A gap, 170 cm separates this from the uppermost calcrete, 95 cm
thickness, which is whitish, irregular, calcareous and somewhat mixed with reddish

sandstones and shaly below.

2- The North East coast section.
This outcrops between the south eastern and north western sides of Corloch,
across the North Sannox Fault (Fig. 2.1b). On both sides of this fault the Upper Old

Red Sandstone is overlain by the calcrete horizons.

2a- A section from north of Fallen Rocks and south eastern Corloch (locations
1 and 5).

The dip of the strata is everywhere relatively high, about 30° and 50°, and
even 56° in some places. These dips suggest a considerable thickness of beds (86.5
m) (Appendix 1, Fig. 2, 3), but it must be remembered that the general dip is in a
direction to the east of the north. In addition to this consideration it must be borne
in mind that there are some faults which repeat many beds of the formation, but there
is no doubt that we have a much greater development of calcrete horizons than we
have at Corrie (see Appendix 1, Fig. 1). The basal calcrete is pebbly and appears
discordant to the conglomerate below, like that described for the junction at Corrie.

There are in fact, two calcrete bands of calcrete each with a concretionary character,



and which are sometimes pebbly and irregular in thickness. They are separated by a
few metres of sandstone. The lithological nature of the lower calcrete bands, however,
suggest that they may be more fittingly placed within the upper part of the Old Red
Sandstone. Above these comes a series of red marls with some lenticular bands of
calcrete and red sandstones with quartz pebbles. These are bounded on the north by
a fault which crosses the foreshore in an easterly direction, and throws down on the
north an alternating series of grey shales, thin sandstones, calcareous bands and
tuffaceous or brecciated band with plant remains. Above these grey beds, there is a 43
m thickness of alternating pinkish white sandstones and red marls with shales, the red
marl containing calcrete nodules of the same character as the basal calcretes. These
beds are succeeded to the north by a thick bedded white sandstone, which continues

for a short distance and then the section is lost.

2-b North-West Coroch (location 17).

In north west Corloch, at the foot of the cliff, t~h3 Old Red Sandstone oversteps
the Dalradian schists in an unconformable mannar. The unconformity dips at 60° to
the north-east, more steeply than the cliffs, so the higher beds come in successively
before the shore. The Uppér Old Red Sandstone is overlain by beds of carrying
calcrete horizons. This locality is at (995493) section 17 (see Fig.2.1). To the east of
these is a large north-west trending fault (North Sannox Fault) with a downthrow
eastward of white sandstone (younger than the calcrete horizons).

The calcretes here apparently show a sequence of regular horizons, though well
developed calcrete nodules like those in Fallen Rocks Section (2a), are found in only
one red mudstone bed. In others only a few nodules of concretionary type are present

(Appendix 1, Fig. 4).



3 Hutton’s unconformity (location 19).

This locality is at (935520), the section extends from the north of a little
stream, the Allet Beithe, southward along the coast. It shows reddish and yellowish
sandstones associated with pale siltstones and shales resting with marked discordance
upon Dalradian schists. These sediments were at times referred to the Upper Old Red
Sandstone, but later assigned to the Calciferous Sandstone Measures (Gunn 1903,
p.52; Tyrrell 1928, p.47). The planes of schistosity in the Dalradian are inclined to
the south- southwest at angles between 40 and 50 degrees while the overlying calcretes
and sandstones dip north-west at an angle of about 30 degrees.

The calcretes are concentrated within the sandstone facies, and form indefinite
nodules of irregular shape (up to 12 cm in diameter), S,, location 19, (Appendix 1,
Figure. 5). The lithological nature of these beds , however, is similar to the calcretes

of the presumed Upper Old Red Sandstone.

B- BUTE (Kilckattan Bay Section).

In Bute, the best section is that on the shore to the south of Hawk’s Nib (see
Fig.2.1c). South of Creag a Mhara, Carboniferous lavas outcrop and though the
junction with the Old Red Sandstone is poorly exposed it is probable that an
unconformity separates the lavas from the Old Red Sandstone. There are no intervening
calcrete horizons. However, south of Hawk’s Nib calcretes are exposed at beach level
though much invaded by igneous intrusions. A passage into the Ballagan Formation
can be traced (Appendix 1, Fig. 6). The dips of these calcrete horizons are to the
south-west at angles between 25 and 30 degrees. At the top of these calcretes is an
impressive columnar sandstone which is exposed on the shore and the hill side at the
back of the raised beach. The columns are clearly bleached- the red colour has been

removed by metamorphism, probably during the intrusion of a dyke.



C- GREAT CUMBRAE

In Great Cumbrae the calcrete horizon occupies a considerable area on the
north side of Millport Bay, outcropping along a curved line from Doughand Hole
round to Ballykellet, nearly parallel to the curve of the bay on its northern side (Fig.
2.1d). There are not many exposures in the interior of the island, and the best sections
are along the coast from Doughand Hole southward to Portachur Point, then to Foul

Port Bay (Appendix 1, Fig. 7).



CHAPTER 3

INTRODUCTION TO CALCRETE STUDIES

The proliferation of calcrete studies since the early 1960s and continuing to
present has clearly indicated that calcretes can be used as reliable tools to help
interpret environmental and diagenetic histories. However, there are few published
descriptions of ancient calcrete profiles. In particular, there is a shortage of information
on details of the processes of subaerial diagenesis contributing to calcrete formation.
Furthermore, the petrographic interpretation of ancient calcrete is often hindered by the
wide variety and the irregular development of calcrete fabrics and cement. The aim
of this contribution, therefore, is to document macroscopical and microscopical
structures, textures and fabric of calcretes, before considering the petrographic evidence
for the major diagenetic processes which led to its development.

Palacozoic examples described in the literature include those by Burgess 1960;
Pick 1964; Allen 1965; Francis_et al. 1970; Friend and Moody-Stuart 1970; Walkden
1974; Woodrow et al. 1973; Walls et al. 1975; Leeder 1975; Hubert 1978; McPherson
1979; Adams 1980; Wright 1982; Esteban et al. 1983, and Molenaar 1984.

The approach used in this chapter is threefold. Firstly, the specific aims for
studying calcrete are outlined. Secondly, a re-evaluation of terminology, definition,
classification and genesis of calcrete deposits. Thirdly, an outline of my own

predilections and recommendations based on the findings of this study.



3.1 PURPOSE

b)

c)

d)
e)

g

h)

The specific aims of this part of my work are:

to describe and compare cornstone-bearing strata below and above the rocks
assigned to the Ballagan Formation (see Table 1-1) in Arran basin and adjacent
areas. |

to document the variation within and between these palaeosols, with particular
emphasis on the examination of their macromorphological features.

to study their micromorphology.

to discuss the development stage of these calcrete profiles.

to examine their mineralogy.

to study the major processes of subaerial diagenesis contributing to calcrete
formation , especially, cementation, dissolution and micritization.

to draw attention to the cement stratigraphy as a powerful tool for
understanding the lithification history of these ancient carbonates.

to discuss in view of the above, the type of pedodiagenetic processes which
operated during their formation.

to discuss the provenance of the host materials by using cathodoluminescence

petrology.

3.2 TERMINOLOGY AND DEFINITIONS OF CALCRETE

3.2.1 Terminology.

Many local names exist throughout the world for calcrete types (Goudie, 1973,

Table 2; Reeves, 1976, Table 1-1) with caliche being the alternative that has the

widest currency (Aristarain, 1971)."Caliche”, is used widely in the Americas and in

some Mediterranean countries. Blake (1902, p220) reported that the use of caliche in

Mexico and Southern Arizona referred to "a calcareous formation of considerable



thickness and volume found a few inches, or a few feet, beneath the surface-soil".
Harrison (1977) referred to caliche as secondary calcareous material accumulated in a
recognizable C,-horizon. Unfortunately, caliche has been used also to describe
non-carbonate accumulations. In California, caliche refers to gypsiferous deposits (Hunt
& Mabey, 1966). Although Aristarain (1977) advocated the term caliche to carbonate
accumulations only, the other uses of the term have limited its value. Goudie (1972,
1973) has shown that the term "Calcrete" corresponds well with other duricrust names
(e.g. silcrete, ferricrete, gypcrete, phoscrete, alcrete, magnesicrete and dolocrete.) thus
providing the basic terminology for duricrusts as suggested by Lamplugh (1902, 1907),
who regarded calcrete as indurated caliche.

On the other hand, studies of Quaternary carbonates in recent years have
generated a considerable confusion over the use of the term "Calcrete" For example,
it has been applied to carbonate impregnated soil profiles (Hay and Reeder 1978) as
well as to carbonate-cemented superficial siliclastic sands and silts, and to sediments
lithified at water table surface (Semeniuk and Meaghér 1981). Indeed for all practical
purposes calcrete and caliche are synonymous (Goudie 1972a; Reeves 1976; Netterberg
1980). Gile et al. (1966) made clear the position of calcrete within conventional soil
terminology. The calcretes deécribed here are entirely pedogenetic and used in a similar
sense to that of Netterberg (1969) in that various types of calcrete occur (nodular,
honeycomb, hardpan) related to stages of calcrete formation and the hardpan calcrete

(the "true" calcrete of some workers) is merely an advanced stage of this process.

3.2.2 Definitions.

Numerous definitions have been proposed for calcrete for example, Blake
(1902); Bretz and Horberg (1949, p.491); Gonzalez-Bonorino & Teruggi (1952, cited
in Reeves ,1976, p.1); Brown (1956, p.1); Netterberg (1969, 1971); Aristarain (1971);
Goudie (1972a); Esteban (1976); Watts (1977); and Klappa (1978).



Some definitions are usually restrictive, others are so wide as to become of
little value. Following Netterberg (1969) and Bretz & Horberg (1949) Goudie (1973)
proposed the following definition for calcrete:

"A term for temrestrial materials composed dominantly but not exclusively of

calcium carbonate which occurs in states ranging from powdery to nodular to

highly indurated and involve the cementation of, accumulation in and/or
replacement of greater or lesser quantities of soil, rock or weathered material
primarily in the vadose zone. It does not, however, embrace cave deposits

(speleothems), spring deposits (for which tufa or travertine are accepted terms),

marine deposits (such as beachrock) or lacustrine algal stromatoliths."

Although this definition avoids any genetic implication (such as a pedogenic
origin), and thereby recognizes the wide range of calcrete types and modes of
formation it has certain shortcomings. In particular not all calcretes are cemented (e.g.
powder calcrete), not all carbonate cemented sandstones are the result of calcretization.
The role of displacement by calcite accumulation is not highlighted as it should be
(Watts, 1978), and not all calcretes necessarily form in the vadose zone (Mann &
Horwtiz, 1979). The definition therefore needs some modification and Watts (1977) has
suggested the following:

"A term for terrestrial materials composed dominantly, but not exclusively, of

calcium carbonate, which occur in states ranging from powdery and nodular

to highly indurated, and are the result of displacive and/or replacive introduc-
tion of vadose carbonates into greater or lesser quantities of soil, rock or
sediment within a weathering profiles".

This definition in its turn is not wholly satisfactory, as cementation may be
an important process, which should therefore not be excluded. In addition the phrase
"weathering profile" may be not fully appropriate in this context, while restriction of
formation to the vadose zone may be unduly restrictive. In a valuable account of
Quaternary calcrete deposits from the western Mediterranean, Klappa (1978) described
calcrete simply as:

"accumulation of predominantly fine-grained low magnesium calcite having

formed within the meteoric vadose zone by pedodiagenetic alteration and
replacement of any precursor host materials."



Although this ignores Goudie’s warning with regard to the danger of
incorporating genesis in a definition, it is, nonetheless, usefully restrictive. However,
pedogenetic carbonate accumulations includes many soils that lack the features of
calcrete (for examples of non-calcrete calcareous soils see Kubiena, 1953). Moreover,
the role of displacement by calcite accumulation is not mentioned, as included in the
definition of Watts (1978).

In conclusion, it seems that most workers have formulated or used a definition
to suit their own needs. So, a suitable definition for calcrete of universal acceptance

iS needed.

3.3 CLASSIFICATION AND GENESIS OF CALCRETE

3-3.1 classification.

The classification of calcrete have been proposed and discussed by Price (1933),
Durand (1949, 1963), Brown (1956), Rutte (1958), Stuart et al. (1961), Gile et al.
(1965, 1966), Blank & Tynes (1965), Ruellan (1967), Netterberg (1969, 1971), Dumas
(1969), Reeves (1970), James (1972), Goudie (1973), Yaalon & Singer (1974), Esteban
(1976), Walls et al. (1975), and Klappa (1978).

These classifications can be divided broadly into four categories:

1) Descriptive and quantitative : based on physical characteristics, such as degree
of induration, hardness, calcium carbonate content and particle size distribution, This
scheme has been used in the classifications of Brown (1956), Gile et _al. (1965, 1966)
and Yaalon & Singer (1974).

2) Descriptive : based on morphological characteristics which provide the basis for
many field classifications. Esteban (1976), divided a typical caliche (calcrete) profile
into three main types 1- massive chalky, 2- nodular-crumbly, and 3- laminated and/or

pisolitic compact crust (caprock). Other investigators who have used morphology as a



factor for classification include Brown (1956), Rutte (1958), Blank & Tynes (1965)
and Walls et al. (1975).

3) Evolutionary : based on progressive development of compositional and fabric
changes. From field observations in southern Africa, Netterberg (1969. 1971)
recognized five basic calcrete types and placed them in an evolutionary sequence.
These types are scattered calcrete nodules, nodular calcrete, honeycomb calcrete,
hardpan calcrete and boulder calcrete.

Other classification schemes, based on progressive sequences of development,
include those proposed by Price (1963), Reeves (1970) and Stuart et.al (1961). They
used the index of maturity to describe various calcrete types. Although they used the
same terminology, the criteria used by them for identifying young, mature and old
calcrete differ.

4) Genetic : based on mode of formation, include those proposed by Durand (1949,
1963) and Dumas (1969). The practical application of their schemes depends upon two
fundamental aspects. Firstly, on correct recognition of certain features. Secondly, on
correct interpretation of the processes involved in their formation. For example, Durand

(1949) distinguished eight genetic calcareous types, the calcaire pulverulent which is

a powdery-chalky deposit is considered to be lacustrine in origin. His crfte zonaire is
interpreted as the result of lime deposition from surface sheet flood water. However,
as pointed out by Goudie (1973), morphologically similar forms may have resulted
from different processes. Furthermore, in cases where processes are considered, the
mechanism or mechanisms responsible for calcrete formation are matters for further
argument.

In fact, several schemes require detailed laboratory work before a sample can
be assigned to a particular calcrete type, others can be used only for specific areas or
for certain host materials. To combat such problems, several classifications have been

formulated by combining the previously mentioned categories in an attempt to achieve



greater flexibility and utility. For example, Goudie (1973) proposed a descriptive
evolutionary classification (see table 3.1). Using existing terminology, he considered
(1) host materials (non-limestone bedrock, limestone bedrock, sediments and soils); (2)
sequential textural and fabric changes with increasing calcium carbonate content
(diffused filaments, scattered nodules, concentrated nodules, cdalesced nodules,
honeycomb calcrete and hardpan calcrete); and (3) age (youth, maturity and senility).

In summary, as with most classification, no single scheme for classifying
calcretes neatly embraces all the recognized types. Also, it can be stated ‘that the
proposed classifications for calcrete indicate that composition and morphology of

calcrete show world-wide similarities, despite use of a varied terminology.

3.3.2 Models of calcrete formation (genesis).

Because of the interdisciplinary nature of calcrete research, a wide range of
calcretization models have been produced by Breazeale & Smith (1930), Bretz &
Horberg (1949), Brown (1956), Blank & Tynes (1965), Aristarain (1971), Gardner
(1972), Goudie (1973), Yaalon (1975), Reeves (1976), Lattman (1977), Carlisle (1978),
Morales (1979), and Mann & Horwitz (1979).

Before discussing the merits and limitations of various models, it is pertinent
to pause momentarily and point out some facts.

Calcrete formation results essentially from processes involving the solution and
subsequent precipitation of carbonate:

CO, + H,0 + CaCO, = Ca? + 2HCO,

Dissolution of calcium carbonate (reaction proceeds to the right) may be caused
by increased CO, partial pressure, decreased temperature or low pH. Precipitation
reaction (reaction proceeds to left) may be caused by such factors as a decrease in CO,
partial pressure, evaporation, the common ion effect, biological effects, or by freezing.

Evaporation, which causes rapid loss of vadose water, may lead to relatively rapid
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carbonate precipitation, and such rapid precipitation may in turn be one cause of the
generally small crystal size of much calcite in calcretes. In addition, evapotranspiration
may cause precipitation by bringing about CO, loss because of a decrease of the
pressure of pore water as a result of an increase in suction pressure (Netterberg, 1971).
Increased temperature can also cause CO, loss, while increases in soil profile pH levels
downwards could promote precipitation at depth. The common ion effect is another
possible contributory cause: the addition to a saturated solution of one salt of a
quantity of a soluble salt that possesses an ion in common with it leads to the
precipitation of the first salt.

For a calcrete to form there needs to be a source of calcium carbonate. Calcium
carbonate may be derived from the host material or introduced from elsewhere and
many of these exist. They include: bedrock; vegetation litter; shells, etc.; volcanic
emissions; atmospheric dust; rainfall; lakes; surface runoff; ground water.

In areas where precipitation is in excess of evapotranspiration there is a
tendency for carbonate from such sources to be leached from soils, sediments and
bedrock and to be removed into the rivers and ultimately oceans. However, in
semi-arid areas leaching is inadequate for carbonate to be so removed from the system,
Instead local translocation and accumulation predominate. The translocation and
accumulation processes can usefully be divided into those of a non-pedogenic variety,
those which are of a pedogenic variety, and those which have a reconstituted or
detrital form (Carlisle, 1978).

1- Non pedogenic calcretes
Non-pedogenic calcretes are those where authigenic carbonate cement has been

introduced into the host soil or sediment by absolute accumulation. There are

basically two main subdivisions: Those produced by essentially fluvial action and
those produced by ground water. The non-pedogenic calcretes are often referred to as

groundwater calcrete (Netterberg, 1969; Mann & Horwitz, 1979).




The fluvial processes may involve deposition of carbonate within channels or
valleys (e.g. Lattman, 1977) or deposition from sheet floods (Breazeale & Smith,
1930). Some carbonate may also be deposited by lateral seepage of through flow
groundwater. Probably the most common type of non-pedogenic calcrete is that caused
by the concentration of authigenic calcite externally derived from' laterally moving
groundwater. Accumulation in the vadose zone may occur through such processes as
evaporation at the capillary fringe (see Semeniuk & Meagher, 1981).

Although this model cannot be dismissed completely, and probably accounts
for some extremely thick undifferentiated calcretes (Goudie, 1973), its general
applicability has been questioned (e.g. Bretz & Horberg, 1949; Brown, 1956;
Aristarain, 1969; Gardner, 1972; Goudie, 1973).

Some of the arguments listed against the models point out the occurrence of
calcretes within impermeable host materials thereby prohibiting capillary rise from
underlying ground water; the fact that capillary rise is not feasible in very coarse
textured soils; occurrence of calcrete on slopes and areas of high relief where solutions
could never be brought to the surface by capillarity; and gravitational vadose features
which suggest downward rather than ascending water movements.

Mann and Horwitz (1979) proposed a model to account for calcrete formation
in the phreatic zone (below the water table) as an alternative to the more frequently
employed vadose models. They envisage four main stages of development:

1) the establishment of a broad drainage line with an alluvial fill.

2) the precipitation of carbonate from laterally moving solutions beneath the
water-table ‘

3) phase of maturation in which older carbonate lifted above the water-table is
continually displaced upwards (where it may be dissolved and is replaced by

the production of younger carbonate beneath).



2- Pedogenic calcretes

Pedogenic calcretes are those which form because the authigenic cement has
been concentrated essentially vertically within the soil profile, primarily by relative
accumulation. The early development of pedogenic models can be attributed to Price
(1925, 1933); Breazeale and Smith (1930), all of whom considered soil forming
processes during calcretization but thought other factors more important. The most
significant contributions, however, were from Bretz & Horberg (1949), Brown (1956),
Price (1958) and Swineford et al. (1958) who paved the way for Gile and his
co-workers (Gile 1961; Gile et al. 1965, 1966). Later Aristarain (1969), Reeves (1970),
Gardner (1972), Goudie (1973) and Yaalon (1975) argued a more convincing case for
pedogenic models.

Goudie (1973) recognized two subdivisions within this group: the per ascensum

and per descensum models. The per ascensum hypothesis states that downward moving

soil waters penetrate to a certain depth, dissolving carbonate and other materials, and
return to the surface by capillary action bringing with them dissolved carbonate which
is deposited as a result of evaporation, transpiration, etc. This mechanism was proposed
earlier by Price (1933). However, this model has found little support amongst calcrete
workers for two fundamental reasons: Firstly, when one considers the amount of
carbonate involved, unless there is an allochthonous source of calcium carbonates, the
material overlying the calcrete is generally insufficient to provide enough calcium
carbonate for the calcrete. Moreover, the same calcium carbonate will spend its
duration moving up and down and, thus, will not show any sequential profile
development. Secondly, if there is an addition of calcium carbonate from elsewhere,
its absolute accumulation will reduce gradually the porosity of the host material and
impede greatly vertical water movements.

The per descencum pedogenic hypothesis states that downward concentration

creates alluvial calcretes. Carbonate derived notably from the host material, acolian



dust, rainfall, plant litter and shell debris may be leached downward and precipitated
in the lower soil horizons as calcic or petrocalcic soil horizon depending on whether
they are friable or indurated respectively (Soil Survey Staff, 1967). Gile et al. (1965)
have proposed the term K-horizons for such accumulation.

Support for this model comes from :

a) Macroscopical and microscopical features, characteristic of soils, which are
also common to calcretes. Most workers investigating calcrete have shown
increasing favour towards models involving soil-forming processes. These
processes cause modification in sediments or weathered rocks by removal,
translocation, transformation and neoformation of mobile constituents. Such
changes generally produce horizon differentiation and, thus, the formation of
a soil profile.

b) A strong positive correlation between the annual precipitation and the depth
to calcrete (Arkley, 1963).

© The fact that calcretes commonly cross-cut bedding of older sediments
(Arisarain, 1969).

d) The downward decrease in percentage K-fabric (Gile et al.1965).

The outstanding problem of the pedogenic model is the tremendous thickness

of some calcrete profiles. Goudie (1973) has recorded a maximum thickness of 60 m

for calcrete along the Molopo valley, South Africa. To account for such thicknesses,

Brown (1956) considered that deposition of CaCO, resulted from surface evaporation

of soil moisture in an aeolian aggrading soil profile. Alternatively, the quoted thickness

of some calcretes may represent a multisequal succession of superimposed profiles.
The in_situ model of calcrete development comes in the pedogenic category.
This model involves the relative accumulation of carbonate due to the alteration of

suitable host materials, resulting from the selective removals of non-carbonate fractions



or by solution and reprecipitation causing a reconstitution of the original limestone to
produce case-hardening.
Documented examples that conform to this model include Blank & Tynes
(1965), James (1972), Goudie (1973), Harrison (1974), Ward (1975) and Arakel (1982).
Evidence to support this model include :Gradual transitions between calcrete
and unaltered parent material, in inherited (from the parent material) in situ relic grains
within upper parts of the calcrete profile and gradual obliteration of the original
bedding and primary textures.
3- The third main category of calcrete formation Reconstituted and detrital calcretes-
has an intermediate positioh between the non-pedogenic and pedogenic types. This
origin involves the lateral transportation and re-deposition of weathered fragments of

calcrete which then recalcretized by essentially in situ processes (Goudie 1973, p. 145).

There is little evidence for the widespread application of this hypothesis to major
calcretes (Read, 1974).

In conclusion therefore, it seems that while many workers accords the per
descensum model considerable importance, largely because of an increased realization
of the frequency and magnitude characteristics of dust storms (Goudie, 1979), there are
an equal number of researchers who support a number of hypotheses of calcrete
formation. For example, in situ and detrital models can be readily accommodated
within broad pedogenic models, the former representing a degrading soil profile, the
later an aggrading one. In both cases, changes that taken place by addition, removal,
translocation and transformation of mobile constituents, can be considered in terms of
soil-forming processes. But pedogenesis does not account for the total characteristics
of calcrete; there are major processes of subaerial diagenesis contributing to calcrete
formation. Thus, pedogenesis and diagenesis require equal consideration with regard

to calcrete genesis.
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3.4 PHILOSOPHY UNDERLYING THE STUDY OF CALCRETE

3.4.1 Terminology.

Calcrete v caliche- Although there is a considerable confusion over the use of
the term Calcrete, I prefer this term to Caliche (and other synonyms) .for several
reasons: Calcrete is a familiar term in most parts of the world, conforms well with
other types of duricrust names (silcrete, ferricrete, alcrete, etc.) Goudie (1973), and is
easier to handle (can be used in the plural or singular).

Pedogenetic v Pedogenic- I prefer pedogenetic to be consistent with the term
diagenetic, syngenetic, epigenetic, etc.

Host materials v parent material- Use of parent material implies that the
calcium carbonate has not been introduced to its present position but is the result of
in situ reorganization of the original substrate. So, preference is therefore given to the

host materials.

3.4.2 Petrographic nomenclature.
The terminology used here is largely geological with specific soil science

micro-morphological nomenclature (e.g. Brewer, 1964) being given where necessary.

DEFINITIONS

From a brief survey on definitions (p.45), it was concluded that a suitable
definition of calcrete is needed. Unfortunately, it is practically impossible to define
calcrete in such a way as to satisfy all workers. This is largely due to divergent
interests and use of independent terminologies which have greatly hindered
communication among workers. For example, if the requirement for calcretization is
based on cementation and/or replacement by carbonate (Netterberg, 1969; Goudie,

1972), then the calcified soils are indeed calcretes; if however, the requirement for

vy




calcretization involves cementation, replacement and/or displacement by carbonate
(Watts, 1977), then these are not calcretes as they are only cemented. So, in an at-
tempt to eradicate the aforementioned confusion it is deemed necessary, at the outset,
to identify the philosophical concepts on which this study is based.

The requirement for calcretization based on ﬁéld and laboratory observations
made during this study - involves pedodiagenetic modification or obliteration of
primary textures and fabrics, resulting from the accumulation of predominantly low
magnesium calcite within the meteoric vadose zone.

In view of the above, calcified soils should be termed calcretes
It follows that:

"Calcrete is accumulation of predominantly fine-grained low magnesium calcite

having formed within the meteoric vadose zone by pedodiagenetic alteration and

replacement and / or displacement of any precursor host materials"

Pedodiagenesis is a term adapted from (Murray & Pray, 1965) and used in a
similar sense to that of Klappa (1978). The reason for coining this hybrid term is
because pedogenesis does not generally include lithification of a soil and diagenesis

usually excludes soil-forming processes as well as weathering by inorganic agencies.

3.4.3 Classification.

Calcrete profiles result from the progressive calcification of the soil by the
alluvial concentration of calcium carbonates (Goudie, 1973) and this calcification
progresses from young profiles with scattered carbonate nodules to older, massive
limestone bed often with brecciated and laminated tops. Various stages in this sequence
can be recognized and a number of morphogenetic classifications have been devised,
based largely on the idea of the maturity of the profile (Gile_et. al., 1966; Netterberg,
1967; Reeves, 1970; Freytet, 1971; Goudie, 1973; Steel, 1974).

From my field observations, I have classified stages within a given profile on

the basis of gross morphological characteristics, namely the gross form of the carbonate
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and the approximate proportion of the host material still distinguishable (Steel, 1974).
This purely morphologic field classification provides a framework for more detailed
descriptions, both in the field and in the laboratory. Finally, in order to discuss the
interrelationships between various calcrete stages, calcrete profiles have been divided
into simple and composite forms (in sense of Allen, 1974, p.113). Although the
division is intended to be descriptive, aspects of calcrete genesis in terms of maturity
(e.g. Gile et al. 1966; Goudie, 1973) must be considered.

Simple profiles represent a single episode of calcrete formation, show a variety
of stages of maturity and are unaffected by later periods of calcrete formation. They
are therefore discrete units and are separated from overlying and underlying profiles
by uncalcretized material.

Composite profiles represent recurring episodes of calcrete formation . They
may be identified by a stacking, with overlap, of individual calcrete profiles. Where
sediment accretion takes place above a single profile and renewed calcrete formation
the underlying profile an upward composite profile is produced. Renewed calcrete
development, either after no net sediment accretion (rare) or no deflation produces a

downward composite profile.

3.4.4 Genesis.
The origin of calcrete has been, and still is, a subject for much conjectural
and intuitive thinking. However, let us pause, before arriving at a conclusion regarding

its mode of formation until my findings have been presented.



CHAPTER 4

MACROMORPHOLOGY AND MICROMORPHOLOGY OF CALCRETE

4.1 INTRODUCTION

The principal means of distinguishing palaeosols is the recognition of diagnostic
features known to occur in modern soils (Retallack, 1976). These features may be
recognized by chemical analysis, mineral analysis, or by analysis of soil fabric and
structure. Of these, only the analysis of soil fabric and structure is immediately
available in the field. In many instances, the fabric and structural aspects are so
apparent that mineral and chemical analysis is unnecessary or reduced to a secondary
corroborative role. Moreover, chemical and mineral analysis may even be impractical,
as later diagenetic overprints may have destroyed original patterns. This chapter is
intended to document the macromorpholgical and micromorphological characteristics
of the Firth of Clyde palacosols. The information is presented in two parts: a section
on the macromorpholgical features which are readily observable in the field; and a
section on the micromorphological features which can be observed only with the aid
of a microscope. Section 7.1 (Chapter 7) is concerned with the mineralogical
composition of the palaeosols. By combining compositional studies (section 7.1) and
fabric studies (this chapter), we are in a better position to examine the conditions and
processes of subaerial diagenesis contributing to calcrete formation which is the subject

of chapter 8.

4.2 PALAEOSOL MACROMORPHOLOGY
The first part of this section is concerned with the descriptions at outcrop of
the vertical succession of horizons mainly calcrete profiles, types, thickness and host

materials. The second part deals with several characteristic morphological features.



These features include glaebules (nodules), planar laminations, brecciation textures
and pseudo-anticlines. Description and interpretation of these features are presented

in turn.

4.2.1 Calcrete profiles.

The term “calcrete profile" refers to the complete vertical succession of
morphologically distinct layers or horizons. Like soil profiles, the physical and
chemical properties of calcrete profiles show a vertical anisotropy which can be
assessed by qualitative and quantitative methods. However, boundaries between
horizons tend to show gradu-al transitions rather than abrupt changes. The distribution
of boundaries between horizons was described using the intervals given in (Table 4.1).
In addition to a typical vertical anisotropy which characterises calcrete profiles,
calcretes commonly show lateral variations in sequences and thickness of horizons on
a scale of few metres wherever traceable. Lateral continuity of horizon was measured
in an attempt to quantify lateral variations in thickness.

In the following section the main characteristics and modes of occurrence of
the various Firth of Clyde calcretes are described and illustrated following the
classification of Steel (1974) in addition to the nomenclature of Netterberg (1967)

(see Chapter 3).

4.2.1.1 Calcrete types.

Calcrete profiles may show a variety of stages of maturity, varying from Type
1 to 4a (Table 4.2) in the classification outlined by Steel (1974), and hereafter referred
to as stages. The Firth of Clyde calcretes have been categorized into five stages
recognised by the gross form of the carbonate and the approximate proportions of the

host materials that are still distinguishable:



Very abrupt <0.1 cm
Abrupt 0.1 - 2.5 cm
Clear 2.5 - 6.0 cm
Gradual 6.0 - 12.5 cm
Diffuse >12.5 cm

Table 4.1 Horizon boundaries (after Birkeland ,1974).
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Gile et al. (1966) Steel (1974)

Stage 1: Faint coatings on sand grains. Type 1: (small) nodules, less than 10 %
of rock.

Stage 2: Few to common nodules. Type 2: (large) nodules, less than 50 %
of rock.

Stage 3: Many nodules and intemodulare—, Type 3: Grades upwards from T,.
fillings, coalescence to form a plugged Nodules greater than 50 % of rock.
horizon.

Type 4: Hardpan. Grades downward into
>

Stage 4: Laminar calcrete Type da: Laminar, brecciated or pisolitic
calcrete. :

Table 42 illustrating the relationships between the genetic terminology
of Gile et al. (1966), Steel (1974) and Neuerberg (1967).

l

Netterberg (1967)

Calcified soil power calcrete 1[

power calcrete
f Nodular calcrete

Honeycomb calcrete

| Hardpan calcrete

Laminar calcrete

<~ Time



Stage 1 Calcrete of this stage usually appears as calcareous filaments, and small
(usually 1-6 cm in diameter), irregularly-shaped nodules, which are occasionally crossed
by small veins of the host materials. The nodules, or glacbules (Brewer and Sleeman
1963) comprise less than 10 % of the host materials (Plates 4.1a, b ).

Stage 2 (nodular): Here the carbonate nodules are larger (up to 10 cm in diameter),
but occupy less than 50 % of the host materials. There is usually a downward
gradation into calcrete of Stage-1 (Plate 4.1c, d).

Stage 3 (nodular): The calcrete appears as nodules, vertical pipes or horizontal sheets.
Carbonate occupies more than 50 % of the host materials, but clastic sediments can
still be clearly seen within the carbonate framework. Individual nodules may be
spherical to subspherical (Plate 4.2a), irregular or cylindrical in shape. Most cylindrical
forms are vertically elongated in orientation (Plate 4.2b). The horizontal to
subhorizontal sheet calcretes occur immediately below the hardpan Stage 4 or, in
profiles lacking a hardpan, as the uppermost calcrete horizon (Plate 4.2c, d). Sheet
calcrete is distinguished from hardpan calcrete by its horizontal to subhorizontal platy
or thinly bedded habit, its planar fracture porosity and greater friability (see Plate 4.2c).
Whereas a hardpan can be broken only with a sharp hammer blow, the subhorizontal
sheets can be dug out with a rigid knife blade. Boundaries between sheet calcrete
(Stage 3) and hardpan (Stage 4) calcrete tend to be diffused. Transitional stages
suggest that hardpan represent an advanced stage of sheet calcrete development. There
is a downward gradation into calcrete nodules of Stage-2.

Stage 4 (Hardpan): The carbonate existing as beds within only rare patches of clastic
sediments can be seen. They are well indurated and lack visible porosity. The hardpan
is generally more resistant to weathering than underlying horizons and thus stands out
in sections as prominent features (Plate 4.3a). Hardpan may consists of coalesced
horizontal nodules producing a pseudo-laminar horizon (Plate 4.3b). Some hardpans

internally show evidence of nodule coalescence and growth, clay and matrix being



Plate 4-1
Calcrete stages (cf. text sect. 4.2.1.1)

(a)

(b)

(c)

@

Solutionary calcareous filaments and few irregular-shaped
calcrete nodules (S-1), truncated by the overlying x-bedded
sandstone with persistent thin clay drapes. (arrows).

Irregular-shaped calcrete nodules (less than 10 %) truncated
by x-bedded marly sandstone. Note: the sub-horizontal
orientation of nodules reflects the original bedding in the host
material.

Calcrete nodules (S-1), scattered throughout the red marl, the
nodules occupy less than 10 % of the rock (Cy) and (C,).
Top of the calcrete beds, North of Fallen Rocks, Arran.

Calcrete nodules (up to 10 cm in diameter) scattered
throughout the red marl but tend to concentrate towards the
top of the profile. Individual nodules coalesce by linkage of
carbonate to form network (S- 2), there is a downward
gradation into calcrete of (S-1). Fallen Rocks, Arran.

..................................

* Cy, Cyy refer to cycle number.
* §,: refers to maturity stage.







Plate 4-2
Calcrete stages  (cf. text sect. 4.2.1.1).

(a)

(b)

(©

(C)

Stage 3 calcrete made up of semi-coalesced nodules of various
sizes with a red shaly matrix, the nodules occupy more than
75 % of the rock (S-3),(C, ). Cormrie shore, Arran. Red arrow
is 20 cm long.

The calcretes appear as nearly vertical pipes, and irregular
nodules at the top of red marl (S-3). Note lenses of hardpan
calcrete {S-4) at the top of the profile. Red arrow is 20 cm
long.

Sub-horizontal sheets of calcrete (a) at the top of the profile
grades down into individual nodules (b).( S-3),(C;) North of
Fallen Rocks. Red arrow is 20 cm long.

Horizontal sheets of calcretes (a) at the top of the profile
grades down into individual nodules slightly coalesced by
linkage of carbonate (S-3),(C,;). North of Fallen Rocks. Red
arrow is 20 cm long.

* C,, G refer to cycle number.
* S,, S,: refer to maturity stage.






squeezed and pinched out (Plates 4.3c, d). Conglomeratic hardpans (calcretized gravels)
are a special type of Stage 4 in which the clasts are progressively replaced by
carbonate, or are brecciated and cemented (Plate 4.4a). These are well seen in Great
Cumbrae west of Portachur Point. Frequently underlain by nodular calcrete of Stage
3, hardpans have sharp upper surfaces, although their lower boﬁndaries may be
gradational. They are found all over the Firth of Clyde area.
Stage 4a : Here there are distinct horizons of laminar, brecciated or pisolitic carbonate
(see Plates 4.3b & Plate 4.4b, c), usually as a capping rock to stage-4. Towards the
top of some profiles laminar pisolitic calcrete horizons (up to 6 cm across) are
common (Plate 4.44).

One of the most obvious features of the various types of calcrete is that they
are related and have a preferred sequential arrangement. In other words, stage 4
calcrete is usually underlain by stage 3, 2 and 1 respectively, stage 3 by stage 2 and,

stage 2 by stage 1, and stage 1 by normal host material.

4.2.1.2 Calcrete profile thickness.

This is expected to be a complex function of many variables (climate,
pedodiagenesis, site in alluvial flood basin, and water table influence). There are some
ambiguities and difficulties involved in exact measurement since both upper and lower
profile boundaries are gradational. Calcrete thickness and maturity have been thought
of in terms of time and sediment accretion rate. The rate of calcretization, however,
is not constant and controlled by a number of factors e.g. the rate of supply of
calcium carbonate, the mineralogy, grain size, sorting etc. of the host material.

An analysis of calcrete profiles in terms of their stage of maturity and thickness
is given in Table 4.3. The author feels that there is insufficient data concerning stage

4 and stage 4a profiles to provide a confident mean. Thus, mean values are given

O/



Plate 4-3
Calcrete stages (cf. text sect. 4.2.1.1).

(a)

(b)

(c)

(d)

Irregular, discontinuous, hardpan calcrete (S-4) consisting of
coalesced nodules by linkage of carbonate cement (a). The
nodules are dissected by veins of calcite (b).

(S-4).

Coalesced "horizontal nodules producing a pseudo-laminar
horizon (a), (S-4, hardpan) overain by laminar calcrete
horizon (S-4a). Great Cumbrae.

Semi-coalesced horizontal nodules in a sandy marl host. (S-
4).

View looking downward onto the surface of hardpan
calcrete(S- 4) consisting of coalesced horizontal nodules by
linkage of carbonate cement (arrows). These nodules are
dissected by veins of calcite. Great Cumbrae. Red arrow is
10 cm long.

...............................

* 54, refers to maturity stage.






Plate 44
Calcrete stages (cf. text sect. 4.2.1.1).

(a)

(b)

(c)

@

Conglomeratic calcrete (S-4) in brownish shaly matrix.
Portachur Point, Great Cumbrae.

Laminar calcrete horizon (S-4a) (a) underlain by coalesced
horizontal nodules producing a pseudo-laminar horizon (S-4).
Hammer is 30 cm long.

Calcrete bed (S-4a) in a red silty mudstone (C,). Note the
argillaceous material of the cycle reduced to thin streaks and
pockets within the calcrete. Red arrow is 20 cm long.

Pisolitic dish-shaped calcrete bed (S-4a) (a) replacing almost
the whole argillaceous phase of the cycle(cy). The sandy phase
is very coarse to coarse- grained slightly cross- bedded with
a sharp erosional base (b), which cuts down into hardpan
calcrete in silty mudstone with creamy irregular patches (c),
(C,) Fallen Rocks, Amran. Hammer is 30 cm long.

* C, Cs: refer to cycle number.
* S, S, refer to maturity stage.






Maturity Arran Bute Cumbrae Total Thickness
of Fallen Corrie no of range (m)

calcrete Rocks. profiles

profiles no of profiles

Stage 1 12 - 4 2 18 0.20-0.70
2 19 2 2 1 24 0.20-0.90
3 12 1 1 - 14 0.30-2.40
4 4 1 - 2 7 0.20-0.80
4a 1 - - 1 2

Total

no of 48 4 7 6 65

profiles

Table 4.3

An analysis of calcrete profiles in terms of their stage of matuirty
and thickness, at the main localities.

Mean
(m)

0.51
0.66
1.73

70



confidently for stage 1 and 2 profiles and slightly less confidently for stage 3 profiles,
with both the lower and upper ranges for all profiles.

Individual measured profiles, likewise, show no systematic increase or decrease
of stage thicknesses with depth. Profiles due to a simple calcretization event are rarely
more than 2 m thick. Where sediment accretion has been constant but sufficiently slow
to allow calcrete to develop, thicker profiles may be formed.

The majority of calcrete profile can be considered in terms of time and
sediment accretion rate (Leeder, 1975). At low sediment accretion rates thin profiles
develop, with increasing time of calcretization giving progressively more mature forms.
High sediment accretion r&es, however, tend to produce thicker, but less mature
calcrete profiles.

Most profiles studied consist of fairly immature nodular calcretes, occasionally
passing upwards into hardpan and laminar calcretes (see calcrete logs, Appendix 1).

In fact a number of morphogenetic classifications have been devised, based
on the idea of the maturity of the profile (Gile et al., 1966; Netterberg, 1967; Reeves,
1970; Freyet, 1971; Goudie, 1973; Steel, 1974). Reeves, (1970) has designated these
as young, mature, late mature and old age profiles respectively. Radiocarbon dating
supports these genetic classifications, and suggests that at least 10* years must pass
before old stage profiles can develop.

Arran calcretes mainly correspond to stages 2 and 3 of Gile et al. (1966)
"K-fabric genetic sequence”, and to the late youth and mature stages of Reeves (1970).
Bute and Cumbrae calcretes mostly correspond to stage 1 and 2 of Gile et al. (1966)
and to young and late youth stages of Reeves (1970). Late mature, old stage profiles
indicative of lengthy and intensive pedodiagenesis are very rare. Based on modem
calcrete studies, including radiometric dating of Arran carbonate (Gile et al., 1966;
Ruhe, 1969; Reeves, 1970; William and Polach, 1971; William, 1973), it has been

found that periods in excess of approximately 4000 years and up to 10000 years are



required for nodules of stages 2 and 3 to develop. Using the analogy, the Firth of
Clyde calcretes represent a period of carbonate illuviation and pedodiagenesis in the

host material of between 4000 and 10000 years.

4.2.1.3 Calcrete profile development.

In certain areas there are marked variations in carbonate development within
these ancient red bed facies, for example, some fining upward cycles contain no
calcrete (e.g. Great Cumbrae and Arran) , whilst others contain scattered nodules or
one or more carbonate beds (Fig. 4.1). It is apparent from the general sedimentation
trends in Holocene flood plains that areas close to river channels experience greater
sediment accretion from flood episodes than those distant from the channel (Alexander
& Prior, 1971). There is also evidence from many rivers that the amount of deposition
decreases rapidly outwards from the channel margins (e.g. Alexander & Prior, 1971;
Allen, 1965). Soil development, being partially a function of time, should therefore
show some inverse relationship to rates of illuviation. It follows therefore that accretion
rates must be a function of the position of a particular site within the flood basin.

Leeder (1975) attempted to investigate controls upon the genesis of calcretes
by a consideration of alluvial accretion rates in relation to calcrete profile development
times (Fig. 4.2). Using Leeder’s graph on Holocene stream floods, an analogy has been
drawn, with these Scottish calcrete sediments.

Consider stage 1 profiles. When V>V, (see Figures 4.1 and 4.2) then no
carbonate-enriched soil horizon can form in the vertically accreting flood basin on a
level site. When V,>V>V,, then stage 1 profiles can form. Stage 2 profiles will
develop when V'<V,. At this time, considering the very low values of V (~ 0.2 mm
yr') it is probable that the calcrete profiles downward thickening rate (U) now

approximates or exceeds (V) and that the conditions of [V < U] are now reached.



Figure 4.1
Calcrete profiles to illustrate the development of carbonate palacosols.
(a) Great Cumbrae calcrete; (b) Amran calcrete.
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Figure 4.2

a: Graph to show isochrons derived from the relationship C\V.
The numbers (1-9) alongside the ordinate refer to values of
V taken by Leeder (1975) from the literature on Holocene
river flood plains.

b: Schematic diagram to show site of soil formation in flood
basin relative to a channel.

c: Definition diagram.
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Profiles should thus continue to develop and thicken, resulting in stage 3 and then
stage 4 profiles, until some other factors intervene (e.g. V increases once more).
These are the various possibilities for calcrete development in relation to flood
sediment accretion rates, then it is obvious that for these ancient calcretes normal rates
in flood basins should prohibit calcrete development. Stage 2-4 profiles thus imply that
some factors are responsible for a lowering of V- to the critical value V,. Long term
variations in V', above and below the value V-, should cause periodic profile
development in an accreting sequence. Intrabasinal and extrabasinal variations could
influence the accretion rates (Allen, 1974). Hence, they will influence the likelihood

of calcrete profile development in alluvial areas of climatic stability.

4.2.1.4 Calcrete profile relationship.

Most calcrete profiles studied here have been described as simple in the light
of Allen’s (1974: p. 113) definitions. Simple profiles represent a single episode of
calcrete formation. They show a variety of stages of maturity varying from types 1
to 4a (sece Table 4.2) in the classification outlined by Steel (1974), and hereafter
referred to as stages. They are unaffected by later periods of calcrete formation. They
are therefore discrete units and are separated from overlying and underlying profiles
by uncalcretized materials.

If the sediment accretion rate (after the first calcretization episodes) is
sufficiently high that calcretization is inhibited (Leeder, 1975) for a vertical accretion
distance greater than the thickness of the calcrete forming zone, then the renewed
calcretization of the second episode will not extend into the earlier calcrete and two
simple profiles are produced (Plate 4.5a). Where sediment accretion takes place above
a simple profile and renewed calcretization affects the underlying profile a "composite

profile" is produced.



Selected logs through profiles illustrated in figure 4.3 symbols are explained
in the calcrete log legend in Appendix 1.c p 2g1>

Simple profiles are by far the most abundant type encountered in the study area
suggesting that sediment accretion rates were quite high and fast g:nough to inhibit
calcretization for sufficiently long periods and that, calcretization was not continuous
(see figure 4.3).

Most immature and mature profiles developed in overbank sand and marl, the
stability required resulting from limited sediment accretion; the river channels having
abandoned calcrete-bearing areas of the flood plains (by avulsion or lateral migration).
River avulsion may have produced the necessary geomorphic stability for calcretization
far from the active channels. Thus, simple profiles reflect areas of limited sediment
accretion for relatively short (<10000 years ?) periods. Immature stages (1 and 2)
profiles are generally less than a metre thick, mature stage (3) is generally less than

2 metres thick (see Table 4.3).

4.2.1.5 Relationship between calcretes and host materials.

In this study special attention was given to the characteristics of the host
material (e.g. original texture, composition, and mineral stability) to find out if calcrete
formed preferentially within a particular host material (chapters 6 & 7). |

The calcretes are mainly concentrated in the argillaceous phases at the top of
the fining upward cycles - red marl and shaly mudstone - of the sequence (Arran &
Great Cumbrae). But they are also quite common in the sandstone phases (Arran &
Bute). The argillaceous phase is usually less than 3m thick, wavy or poorly developed
bedding,. reddish or purplish in colour, and always redder than the sandstones. The
colour changes from red near base to purple with greenish spots and patches towards
the top. Moreover, the units with the most mature calcretes are often the least red and

perhaps diagenetic processes have altered the colours (see Plate 4.2d). The redness is



Figure 4.3
Selected calcrete logs.
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due to the presence of fine-grained hematite pigment. This pigment, which appears
primary indicates oxidizing conditions at the time of deposition.

The sandy phase is generally sandstone with an erosional base, which cuts
down into the argillaceous bed below (Plate 4.5b). The base is commonly pebbly,
with abundant pebbles of white calcrete. Angular quartz and quartzite, usually less
than 4 cm in diameter, the angular fragments of siltstone or mudstone are also present
(Plate 4.5¢).

From the base of the sandstone phase upwards, it tends to become progressively
finer, and generally grades into the argillaceous phase. In some sequences, however,
this junction is fairly sharp. The sandstone phase in Arran ranges from 0.3 m to 3 m
in thickness, but is usually between 0.4 m to 3 m. However, in Great Cumbrae, the
same phase ranges from 0.6 m to 2.8 m with an average of about 1.4 m.

Within the sandstone phase there is a gradual change in colour upwards. Near
the base, the sandstones are generally red but higher up they tend to become purplish
red, and buff with white patches. This change in colour and the presence of purplish
and buff patches seem to be related to the increase of carbonate content as the
succession is traced upwards. The sandy phases are dominated by trough cross-strata
the sets of which decrease in size upwards, conforming to the classic fining upwards
sequences of meandering rivers (Allen, 1970).

Within the sandstones the calcrete is in the form of numerous nodules of
irregular shape (Plates 4.5d and 4.6a). In the argillaceous phase they usually occur in
scattered forms throughout the host material. But they tend to increase in concentration
upwards, and reach a maximum concentration of up to 70 % or so by volume (see
Plate 4.2a). Within these carbonate-rich horizons, some individual nodules coalesce by
linkage of carbonate to form a network (see Plate 4.1d), or thick indurated masses
which tend to stand out in relief, whereas the generally less well consolidated host

material tends to be eroded more easily (see Plates 4.3c, d).



Plate 4-§
Calcrete profile relationship (cf. text sect. 4.2.1.4).

(a) Numerous irregular lenses and nodules of calcretes (S-2) run
parallel, or at slight angles to the bedding (in two simple
profiles a & b), leaving a series of angular argillaceous
fragments enclosed in the calcretes. (C,;) Fallen Rocks, Arran.
Red arrow is 20 cm long.

Relationship between calcrete and host materials. (cf. text sect.
4.2.1.5).

) Calcrete nodules in a massive sandy marl (a), the marl is
overlain by an erosion- based channel sandstone with trough
cross bedding, which has penetrated and infilled deep cracks
in the underlying unit (b). Hammer is 30 cm long.

() Calcrete nodules (S-1) in a medium to fine-grained marly
sandstone with a disconformable base into red mard (C).
Pebbles of angular quartz and few angular fragments of
siltstone are present.

) Calcrete forming indefinite nodules of irregular shape within
the sandstone phase. Fallen Rocks, Arran. Red arrow is 20
cm long.

* The letter C,;: refers to cycle number.
* The letter S,S,: refer to maturity stage.






In rare sequences they may be conglomeratic (see Plate 4.4a) or in the form
of numerous irregular lenses and veins which commonly tend to run roughly parallel
to, or at slight angles to the bedding, leaving a series of angular argillaceous fragments
enclosed in these calcretes (see Plate 4.5a). Elsewhere the calcretes form horizontal

sheets, pisolitic beds 30 cm or so in thickness (see Plates 4.2d, 4.3b, and 4.4c, d).

4.2.2 Macromorphological features.

From field observations, I have been able to record several characteristic
macromorphological features. These features include nodules, sub-vertical anastomosing
veins, and wavy bedding. DeScription and interpretation of these features are presented
below. Moreover, the significance of these features with respect to the genesis of

calcrete deposits is also indicated.

4.2.2.1 Nodules.

In the field, nodules were described in terms of distribution, shape, size and
orientation patterns. These observations are systematically explained in the following
paragraphs.

As mentioned previously, the nodules may comprise as much as 70 % by
volume of the fine-grained unit, and show no systematic variation in size.

Individual nodules are subspherical to irregular in shape and the larger the
nodule the more irregular its shape. Maximum nodule size is about 15 cm, but larger
dimensions have been found for coalesced nodules. The nodule long axis orientation
changes from subhoizontal to subvertical (Plate 4.6b cf Plate 4.2b). In some cases
subhorizontal orientation of small nodules reflect the original bedding in the host
materials (see Plate 4.1b). Here, low angle cross-bedding controls nodule orientation.
There are also rare examples of preferential nodule growths along (desiccation ?)

cracks (Plate 4.6¢).



With more mature profiles nodule orientations are dominantly subvertical,
perhaps reflecting the ability of such fine-grained lithologies to crack into subvertical
peds during wetting and drying. Nodule growth usually occurs along such
discontinuities.

Generally speaking, the finer the sediment the more is the 'tendency for the
nodules to have a vertical orientation (see Plate 4.2b), whereas the coarser the sediment
the more the nodules have a horizontal to subhorizontal orientation (see Plate 4.5d).

Nodules may have resulted from in situ growth or may have been transported
from elsewhere and deposited in the present positions. Wieder & Yaalon (1974) have
classified the various types of nodules according to their origin and morphology:
"Orthic nodules", are composed of material similar to that of the enclosing soil matrix.

They show diffuse boundaries, and are interpreted as having formed in situ. "Disorthic

nodules" are similar to orthic nodules but have sharp rather than diffuse boundaries.
The sharp boundaries are considered to be the result of some pedoturbation. However,
they have a fabric resembling the surrounding soil matrix, suggesting that translocation
has not taken place. On the other hand "Allothic nodules", have fabrics and com-
position that are unlike the surrounding matrix. \The authors have attributed them to
transportation from a nearby horizon or being introduced into the soil from elsewhere.

In -the present study, attention is confined to the formation of orthic and
disorthic nodules. A fuller discussion on the genesis, mode of formation, and the
conditions under which they formed (environment) is given later, after the
documentation of their micromorphological characteristics carried out in the laboratory

have been described in section 4.3.



4.2.2.2 Subvertical veins.

At the top of the fine-grained units there are many deep (30-80 cm) subvertical
anastomosing veins, up to 6 cm wide, and are commonly developed with, or underlain
by calcretes (Plates 4.6d and 4.7a). The veins are commonly infilled with sandstone
from the overlying unit (see Plate 4.7b) and invariably have a greenish grey reduction
colour, even when developed in a greyish red host. These vein networks are considered
to be, or to originate from, desiccation cracks produced by clay contraction as a result
of alternating wetting and drying. They were preserved by an infilling of channel or
possibly aeolian calcareous sand. Subsequently the veins act as paths for reducing
solutions which emanated from the overlying sand and produced the characteristic
greenish grey colour. Small scale desiccation cracks are very common features of these
fine-grained units, at all levels in Great Cumbrae (Plate 4.7b).

Deep desiccation fissures of the kind seen in this study area have been
described in present soils from playa-like depressions in southwest of the United States
by White (1972), and are attributed to intense evapor;attion and resultant shrinkage of
soil texture, depression flooding rate, and depth of drying and wetting.

The fact that calcrete is commonly associated with vein networks is consistent
with a pedodiagenetic origin for both. Moreover, both are developed under a seasonally
arid climate, and the alkaline, calcium rich environment would have favoured the

formation of swelling clays.

4.2.2.3 Wavy bedding.

Wavy bedding and contorted structure, with a mean wavelength of
approximately 120 cm and an amplitude of about 20 cm, were observed in a few of
the massive, fine-grained units. The folding is of a penecontemporaneous and
non-tectonic origin because both overlying and underlying beds are undeformed. And

it has not resulted from gravity sliding because the fold axes are perpendicular to



Plate 4-6
Relationship between calcrete and host materials (cf. text sect. 4.2.1.5).

(a) Numerous irregular lenses and filaments of calcrete (S-1)
running parallel or at right angles to the bedding of the marly
sandstones.

Macromorphological features (nodules) (cf. text sect. 4.2.2.1).

(b) Calcretes forming subhorizontal nodules of irregular shape
within greenish grey shaly matrix (S-2). Great Cumbrae.
Hammer is 30 cm long.

(© Desiccation cracks infilled by calcareous materials and
associated with calcrete development in a greenish grey host.
Note the coalesced nodules in the upper right comer of the
photograph. Portachur Point, Great Cumbrae.

Macromorphological features (Subvertical veins) (cf. text sect. 4.2.2.2).
(d) Reticulate irregular fissures in red sandy mar. These fissures

are infilled with angular quartz (1 cm in diameter) cemented
by carbonate cement.

* The letter C, refers to cycle number.
* The letter S, refers to maturity stage.






bedding (see Plate 4.7b). These folds, as with the vein networks, have been ascribed
to differential expansion and contraction of the host material with periodic wetting
and drying. Consequently, the fold and the vein networks are considered analogous
to pseudo-anticlines that are a common feature of modern calcrete-bearing soils
(Reeves, 1970).

Although this section is mainly concerned with the description of the calcretes,
their micro-morphology is also important. It is to this aspect that attention is turned

in the next part.

4.3 PALAEOSOL MICROMORPHOLOGY

In this section the object is to describe the micromorphological characteristics
of the palaeosols in detail and to provide information relating to calcrete genesis.

The micromorphological methods utilized included thin section,
cathodoluminescene and scanning electron-microscope with EDX analysis facility.
Luminoscope and microprobe operating conditions in addition to microprobe analytical
techniques and results are given in Appendix 2.

The terminology used in this section is largely geological with specific soil
science micromorphological nomenclature (i.e. Brewer, 1964, 1974, 1976) being given
when necessary. The soil terminology used is defined and compared with existing

geologic terminology in Table 4.4.

4.3.1 Pedologic constituents.

The basic pedologic constituents are a framework or skeletal grains and plasma
(see table 4.4). The most common framework grains in our calcretes are lithoclast or
lithorelicts (Brewer, 1976), which are silt-sized or larger (Plate 4.8a). Some of the
lithoclasts are pedorelicts (Brewer, 1976) because they were reworked from older

calcretes (Plate 4.8b,c).



Plate 4-7

(a)

(b)

Subvertical veins up to 6 cm wide in the upper portion of a
massive greyish red fine-grained unit, which have been infilled
with sand from the overying sand unit (C,). Calcareous
nodules underlain the veins in this profile. Note the reduction
of red sediments bordering the cracks and around the calcrete
nodules. Fallen Rocks, Arran. Hammer is 30 cm long.

Small scale desiccation cracks in greenish, reddish clays
preserved by an infilling of calcareous dust. Note calcrete
nodules. Portachur Point, Great Cumbrae. Hammer is 30 cm
long.

* C,: refers to cycle number.






Pedologic Term Equivalent Geologic Term(s)

Plasma ) Soluble calcium carbonate

Framework or skeleton grain Lithoclast of parent rock, silt or larger

Lithorelict Lithoclast of parent rock

Pedorelict Clast of older caliche soil

Cutan (calcitan) Micritic coating

Plane cutan Micritic "crust® or lamina

Grain cutan Vadose pisolite, diagenetic ooid, vadose ooid, diagenetic
pisolite, coated allochem, vadoid

Glaebule Nodule, concretion, vadoid

Crystallaria (crystic plasmic Pore-fill calcite spar

tabric)

Aseptic plasmic tabric Structureless micrite

S-matrix Matrix plus lithoclasts and voids

Plasma concentration Feature formed by precipitation of CaCQ, in one place

Plasma separation In-situ modification of a surface (e.g., slickensides,
neomorphism)

Stress cutan Slickensides

Soil structure Size, shape, and arrangement of soliod particles and voids

Ped Natural soil aggregate separated from others by joints,
voids, or other planes of weakness

Table 4.4

Comparison of pedologic and geologic terms for calcrete.



Plate 4-8
Micromorphology
Pedologic constituents (cf.text sect. 4.3.1)

(a)

(b)

Planes filled by quartz sand and silt. The peds are composed
of crystic plasmic fabric. Note rounded edge of many of the
peds. these are not glacbules but fragmented calcrete.
Photographed from a stained peel. Scale = X7.5.

Photomicrograph, plane light to show pedorelicts from older
calcretes. (c) Is the same field shown in (b) under luminescent
light. Comparison of the upper and lower photographs shows
that the planes are filled with aseptic plasmic fabric; the clasts
(peds) have rounded faces and dissolution surfaces cut both
plasmic fabric and pedorelicts occurred repeatedly during
subaerial diagenesis. Sample number C-19, Great Cumbrac.
Scale = X40.






Allochems within lithoclasts or parent material are not framework grains,
because they were not distinct grains within the soil. Plasma, on the other hand, is
the relatively unstable, soluble fraction, no greater than colloidal size, that is not bound
up in framework grains (Brewer, 1976). The plasma can be moved or concentrated
easily throughout the soil profile and its physical aﬁd chemical properties can be
modified by subtle changes in the environment. In our calcretes, the plasma was most
commonly soluble calcium carbonate, but iron oxides, manganese oxides and silica, as
well as clays, also were parts of the plasma fraction.

All plasma, framework grains and voids that compose the simplest soil
structures or peds make up the s-matrix of the soil. Because of the solubility of the
plasma in the Firth of Clyde calcretes, much of it was concentrated in pedologic

features distinct from the s-matrix; hence, a well defined s-matrix is generally absent.

4.3.2 Pedologic features.

Pedologic features include inherited features (pedorelicts and lithorelicts that
compose most framework grains in the rocks of this study) and features caused by
plasma concentration (mainly glacbules) and plasma separation (micritization). Such
pedologic features are very common in our calcretes. However, only the most common
features are described here; more detailed descriptions of these and other features are
presented in Kubiena (1938), Brewer (1976) and Freytet and Plaziat (1982). Nodules
(glaebules) are globular plasma concentrations present on both megascopic and
microscopic levels. The term nodule is used here in both a geologic and pedologic
sense. Pettijohn (1949) differentiated ﬁodules from concretions in sedimentary rocks on
the basis of their irregular shape and lack of concentric internal structure. This
distinction is also made in soils for accretionary structures called glaebules that have

an undifferentiated internal fabric (Brewer, 1976).



The nodules consist largely of non-ferroan, low magnesium micrite or microspar
(as revealed by staining and EDX analysis see Appendix 2, Table 4.5, analyses Al-
A3) with a well developed rhombohedral bmorphology range varying in size from 1-
6um, but larger rhombic calcite crystals also occur (Plate 4.9a, b). The rhombic form
of the calcite crystals has been attributed to formation in the fresh water realm under
conditions of slow precipitation (Folk, 1971, 1974). The conditions proposed by Folk
(1974) for the precipitation of rhombic calcite are what one would expect for these
calcrete deposits. Petrographic investigation reveals a homogeneous fine-grained texture
within the nodules. But a clotted texture is also common; it involve the development
of dense patches of irregularly shaped cryptocrystalline micrite in a microcrystalline
matrix (Plate 4.9¢).

The relationship between carbonate nodules and the surrounding soil is
emphasized by Wieder and Yaalon (1974) as an indicator of the degree of nodule
transport. In their model," orthic" nodules have diffuse boundaries and are formed in
situ, "disorthic" nodules have sharp boundaries and moved in the soil profile, and
"allothic" nodules - which are dissimilar in composition to the surrounding soil -
have been transported into the soil. Using these criteria, most Firth of Clyde nodules
would be classified as "disorthic" (Plate 4.9c, d), although some have outer edges
which appear diffuse (Plate 4.10a, b).

Two problems arise in the application of the Wieder and Yaalon (1974) model.

The first is that.carbonate nodules appear to undergo multiple stages of in _situ growth

and recrystallization within a soil (Rabenhorst et al., 1984). This may transform a
diffuse carbonate accumulation into a nodule with a sharply defined boundary without
significant pedoturbation. Second, differential compaction of the palacosol matrix
around a lithified nodule may produce a sharp boundary to an initially diffuse nodule.

Thin section shows that calcrete nodules contain varying proportions of detrital

quartz and feldspar. These detrital grains appear to float in the micrite or microspar



Plate 4-9
Micromorphology
Pedologic features (cf.text sect. 4.3.2)

(a)

b)

(c)

Photomicrograph showing rhombic non-ferroan calcite set in
a slightly coarser crystic plasmic fabric. Sample number K-
S, Bute. Plane light. Scale = X62.

Cathodoluminescence photomicrograph of calcrete nodules.
The photo display part of the paragenetic sequence. In it one
can observe a fracture filled with calcite (orange) cutting a
cross the plasma fabric. Zoned dolomite rhombs (yellow)
partially replaced both the plasma and calcite cement. Finally
the dark thombic pyrite crystals (arrows) replaced both calcite
and dolomite. Sample number K-12, Bute. Scale= X40.

Photomicrograph showing vague clotted texture. Note.
iregular patches of dense cryptocrystalline micrite in
microcrystalline micrite/ microspar. Thin section stained with
Alizarin Red S, plane light Sample number 5-3.
Scale= XS0.





























































































































































































































































































































































































































































































































































































































































































































































































































































































