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Abstract 

This thesis describes work that examined the nature of weathering in samples of the London 

Clay Formation (LCF) using a range of analytical techniques. Visible-Near-Infrared 

spectroscopy (VNIRS), X-Ray Diffraction (XRD), X-Ray Fluorescence (XRF), Scanning 

Electron Microscopy (SEM), and Particle Size Distribution (PSD) tests were carried out on 

samples taken from 7 boreholes in the upper LCF on Hampstead Heath considered to include 

weathered material; results were compared to a similar suite of tests from the British Geological 

Survey ‘Hampstead Heath’ borehole core which was considered to be unweathered. 

Lithostratigraphic similarity between the shallow cores and the BGS core was confirmed by 

comparison of PSD data. XRF data indicate that weathering in the LCF was wet and tropical. 

SEM analyses of selected samples indicate that there are clear mineralogical and fabric 

indicators of weathering present near-surface in the shallow boreholes but absent from 

lithologically similar strata occurring at greater depth in the BGS borehole. This indicates that 

weathering in the London Clay Formation at this site is controlled by lithology. Analyses of 

the spectral data indicate that a simple visible colour index can be used to identify weathering 

grade. This robust measure enabled comparison of weathering depth in each core, 

demonstrating that the depth of weathering corresponds with a change in lithology, either the 

occurrence of a clay unit or sand unit. 
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1 Introduction 

1.1 Background to this research 

The London Clay Formation (LCF) is present at or close to the surface across much of the 

London and Hampshire Basins. Engineering problems associated with the unit are well 

documented and include landslides, settlement, foundation failures, and collapse of 

excavations. Many problems in the LCF have been related to ‘weathering’ close to surface, a 

zone characterised by reduced bearing capacity, reduced shear strength, higher plasticity and 

higher sulphide content (Reeves & Cripps, 2006). 

The distinction between ‘weathered’ and ‘unweathered’ London clay is normally based upon 

a combination of colour and stiffness. Gregory (1844) gave perhaps the earliest formal 

description of weathered ‘London Clay’ when he observed that a slip surface in a cutting had 

occurred in a transition zone between a stiff, impermeable homogeneous blue clay and an 

overlying inhomogeneous textured yellow clay that was intensely fissured in all directions by 

‘faults and breaks’. He attributed instability to ‘moisture overcharging’ in the yellow clay 

caused by seepage through joints during wet periods. Nearly 100 years later, Seaton (1938) 

described the ‘London Clay’ as bluish-grey in colour, becoming brown when weathered due to 

the oxidisation of iron sulphide to iron hydroxide. He considered that the process of oxidisation 

resulted from the penetration of aerated water into clay particles. He also noted that this change 

in nature caused instability due to the breakdown of the adhesion between adjacent particles. 

Reeves and Cripps (2006), in an extensive review of clay strata, described the un-weathered 

LCF as a ‘stiff, bluish fissured clay’, whereas when weathered it is described as ‘medium stiff 

to soft’ and coloured ‘brown to orange-brown’.  

There is a reasonable rationale for this characterisation. Jackson et al. (1948) used colour and 

mineralogy to describe the soil formation process in 13 stages, the last six of which describe a 

shift in dominant clay composition from illite, muscovite and sericite to kaolinite. In the later 

stages of weathering, this is followed by the formation of hematite, goethite and limonite which 

give colour (red, orange and yellow) to soils. However, though the method is widely accepted 

as a working technique to recognise weathering, this colour/consistency distinction is 

subjective and can only be used when the targeted material is exposed or extracted during 
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excavation work. The technique may also rely upon the abundance, alteration and preservation 

of certain minerals (iron oxides, iron hydroxides). 

Scanning Electron Microscopy (SEM) can also be used to determine weathering of clay by 

considering particle micromorphology (Velde 1992). Although SEM methods are reliable, they 

can be subjective; expert judgement is required to identify clay particles, clay species and the 

degree to which the assumed intact structure of particles has been changed. Though this process 

is fairly routine, SEM preparation and operation can be expensive and time-consuming. X-ray 

diffraction (XRD) and X-ray fluorescence (XRF) can also be used to characterise clay mineral 

and geochemical constituents that may indicate weathering, but both require careful sampling, 

preparation and expert interpretation.  

This work seeks to improve the characterisation of weathering in the LCF using a range of 

techniques including Visible-Near-Infrared-Spectroscopy (VNIRS), which has previously 

found application by geomorphologists (for instance Mason 1999, Mason et al. 1995, Ferrier 

& Pope, 2012) to determine colour and mineral composition of soils with the aim of 

characterising weathering. Spectroscopic data are supported by and corresponded with SEM, 

XRF, XRD, geotechnical and lithological data taken from ‘weathered’ core and an ‘un-

weathered control’ core. 

1.2  Research Hypothesis and Objectives 

The aim of this research is to test the hypothesis that  

‘VNIRS is an effective method to robustly characterise weathering in 

samples of the London Clay Formation.' 

This has been achieved through the following objectives: 

1. Characterisation of selected ‘weathered’ and ‘un-weathered’ samples of 

stratigraphically and spatially similar London Clay Formation using Geotechnical descriptions, 

Scanning Electron Microscopy (SEM), and X-Ray Fluorescence (XRF).  

2. Application of VNIRS to characterise the same samples as in (1), specifically to 

determine a robust technique to investigation weathered and un-weathered samples. 

3. Development of a VNIRS based relationship to characterise and better understand 

weathering in the London Clay Formation on Hampstead Heath.   
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2 Review of Literature 

2.1 Clays and Clay Formation 

The behaviour of fine-grained soils is controlled in part by the type and amount of clay particles 

present. Clay particles commonly refer to phyllosilicates particles less than 2µm in size, 

primarily consisting of hydrous aluminium silicates (Bergaya & Lagaly, 2013). However, the 

term may also refer to particles up to 4µm of phyllosilicate origin (Nichols, 2009), (Ross & 

Kerr, 1930), (Brindley, 1951). Clay is often the dominant component of fine particles in soils 

and the relative proportion of non-swelling (kaolinite, illite, chlorite) and swelling (smectite) 

often control the mechanical behaviour (shrink-swell, consolidation) of a soil (Lal, 2006), 

(Kleijn & Oster, 1982).  

Clays can be formed by a primary geological process or by a secondary process of alteration. 

There are many useful and detailed reviews of clays including discussion of their origin, nature 

and characterisation (for instance Velde 1992). It is well recognised that clay composition 

should not be considered a constant over geological time and that changes are not linear, but it 

may be possible under well-understood conditions to use clay composition to understand a 

formation/ alteration history. Studies have found that it is possible, when simulating different 

clay formation/ alteration environments to develop different end products from the same 

original constituents when different sequences of temperature, pressure and fluids are applied 

to synthetic clay mixtures, or conversely, to produce a similar end products from different 

original constituents, For instance, Kloprogge (1998) , Klopprogge et. Al (1999), Andrieux & 

Petit (2010) were able all to reform smectite from other clay minerals like illite, chlorite and 

mixed layers clay under differing laboratory conditions.  

Mitchell & Soga (2005) explained that regardless of origin, clays usually are formed the same 

process, whereby oxygen or hydroxyl ions repeatedly bond with available cations to form 

tetrahedral (4 Oxygen + 1 Silicon) or octahedral (6 Oxygen + 1 Magnesium or Aluminium) 

sheets. These sheets become stacked in a single layer (one tetrahedral, on octahedral) or double 

layer stacks (2 tetrahedral, one octahedral) which themselves can stack with or without 

interlayer water or ions to form different clay species  figure 2-1 showing how single and mixed 

layer clays originate, though a simplification, this model is a useful guide to clay formation.  
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Figure 2-1 Origin of clay minerals, after (Mitchell & Soga, 2005) 

They also describe how the resulting bond structures are defined as strong or weak by the 

strength of ionic bonding: 

Strong bonds 

1. Primary valence bonds which classified as the most influential interparticle attraction force 

between particles 

2. Particle-connecting precipitates serving as cement 

Weak bond 

1. London-van der Waals forces (classified as weak bond as it is subjected to the distance 

between particles and the colloidal state 

2. Hydrogen bonds shared between adjacent particles in which mean existence of molecular 

water) 

3. Bonds shared between sorbed cations on adjacent particles  

The resulting clays form stacked layers the relationship of which is normally used to classify 

them (Sayed Hassan et al., 2006; Velde & Meunier 2008). The most widely used system is 

based upon whether the clay mineral stacks are formed in a 1:1 ratio, (one tetrahedral layer and 
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one octahedral) or 2:1 (two tetrahedral layers and one octahedral layer). Martin et al., (1991) 

demonstrated that most clays and other hydrous phyllosilicates could be accommodated in this 

way (Table 2-1).  Particles of clay minerals often form quasicrystals or clay-tactoids. These are 

small clusters of clay platelets that often form stacks which may have clear parallel order or 

can be misordered, especially in 2:1 clay minerals like smectite (Segad et al., 2012). For the 

purpose of this research, the term crystal is used to encompass particles which may comprise 

single crystal, quasi-crystals or other stacks, though where necessary more detailed 

terminology is used. 

 

Table 2-1. Table to show how primary clay types and characteristics can be organised within a 1:1, 2:1 

system, further characterised by the nature of the interlayer mineral (Martin et al. 1991, Velde 1992). 

Layer 

type 

Interlayer 

material 

Group Octahedral 

character 

Species 

1:1 None or H2O 

only (x 0) 

Kaolin–

serpentine 

Trioctahedral Lizardite, berthierine, amesite, 

cronstedtite, nepouite, kellyite, 

fraipontite, brindleyite 

Dioctahedral Kaolinite, dickite, nacrite, 

halloysite (planar) 

Di-trioctahedral Odinite 

2:1 None (x 0) Pyrophyllite-

Talc 

Trioctahedral Talc, willemseite, kerolite, 

pimelite 

Dioctahedral Pyrophyllite, ferripyrophyllite 

Hydrated 

exchangeable 

cations (x 0.2–

0.6) 

Smectite Trioctahedral Saponite, hectorite, sauconite, 

stevensite, swinefordite 

Dioctahedral Montmorillonite, beidellite, 

nontronite, volkonskoite 

Hydrated 

exchangeable 

cations (x 0.6–

0.9) 

Vermiculite Trioctahedral Trioctahedral vermiculite 

Dioctahedral Dioctahedral vermiculite 

Non-hydrated 

monovalent 

cations (x 0.6–

1.0) 

True (flexible) 

mica 

Trioctahedral Biotite, phlogopite, lepidolite, 

etc. 

Dioctahedral Muscovite, illite, glauconite, 

celadonite, paragonite 

Non-hydrated 

divalent cations 

(x 1.8–2.0) 

Brittle mica Trioctahedral Clintonite, kinoshitalite, bityite, 

anandite 

Dioctahedral Margarite 

Hydroxide sheet 

(x=variable) 

Chlorite Trioctahedral Clinochlore, chamosite, 

pennantite, nimite, baileychlore 

Dioctahedral Donbassite 

Di-triotahedral Cookeite, sudoite 

2:1 Regularly 

interstratified 

(x=variable) 

Variable Trioctahedral Corrensite, aliettite, 

hydrobiotite, kulkeite 

Dioctahedral Rectorite, tosudite 
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Velde (1992) developed a general relationship between clay type and the geological 

environment (particularly temperature, and chemistry) where they were formed. They divided 

the geological environments for the clays origin into three categories; 

1. Surface environment, including Continental and subaqueous, in this environment, the 

formation is controlled by the amount and type of fluid available. 

2. Burial environment, distinguished by diagenesis, which is controlled by the confined 

chemical system and high-temperature effect 

3. Hydrothermal environment, where clays formation is influenced by the chemical and thermal 

conditions in a restricted space, related to magma intrusion. 

Velde (1992) also developed a general relationship between clay species and the climate under 

which they can be formed (Table 2-2). This does recognise that there is significant overlap 

between these environments and that it is not always possible to dissociate the climate of 

formation from any subsequent weathering climate. Indeed, weathering in some climates could 

occur contemporaneously with deposition. Pedro (1982) also classified clays according to an 

assumed principal mechanism of weathering. His classification is based principally upon 

whether weathering involves the breakdown of a chemical bond by acid (acidolysis) or by the 

addition of water molecules (hydrolysis) (Table 2-3).  

 

Table 2-2  Relationship between principal clay species and depositional climate (Velde, 1992) 

Climate of Formation Major Clays Types Formed 

Desert and Arctic (little chemical activity) Mica & Chlorite 

semi-arid (low rainfall) Smectite, Sepiolite, & Palygorskite 

Temperate (grassland, forest) Illite, Kaolinite & minor Smectite 

Tropical (rain & high temperature) Kaolinite 

Tropical dry (vertisol) Smectite 
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Table 2-3 Showing the resulted clay minerals depending on the Weathering process and the Principal 

mechanism, (Pedro, 1982) 

Weathering processes Principal mechanism Clay minerals 

Transformation 

Biochemical weathering under acid 

conditions with organic onions and 

typical of temperate climates 

Acidolysis Smectite 

Vermiculite 

Al-chlorite 

Neoformation 

Geochemical weathering under neutral 

conditions with no organic acid anions 

and typical of tropical environments 

Hydrolysis (Partial) Smectite 

Kaolinite 

Hydrolysis (Total) Kaolinite 

Gibbsite 

 

2.1.1 Principle clay and clay-sized minerals types in the LCF  

Burnett and Fookes (1974) demonstrated that there are four main clay mineralogies present in 

the LCF, kaolinite, illite, smectite and to a lesser amount, chlorite. They established that the 

clay mineral composition of the unit varied both with stratigraphy (Figure 2-2) and space 

(Figure 2-3). They demonstrated that the resolution of these changes, which exert significant 

influence upon geotechnical performance was in the order of 10 m, though this was also the 

approximate vertical spacing of their sampling. However, Terrington and Jones (2011), using 

far more samples found a very similar pattern. 
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Figure 2-2. Variation in primary clay mineralogy with stratigraphy of the 'London Clay', Burnett and 

Fookes (1974). 
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Figure 2-3. Spatial Variation in the volumetric clay content of the London Clay (Burnett and Fookes 

1974). 

Huggett & Knox (2006) determined that clay mineralogy in the LCF varied with stratigraphy 

at a vertical resolution of approximately 1 m. They considered that the changes were due to the 

replacement of sedimentary muscovite (silt) and ash deposits by kaolinite and smectite.  

That study, which included testing of samples from Hampstead Heath and nearby Staines 

confirmed the findings of earlier studies that for the smectite and illite were the dominant clay 

minerals, kaolinite is common but at lower amounts and chlorite was a minor constituent. It is 

useful to consider the general characteristics of each of these, summarised from Meunier & 

Velde, (2004), Velde, (1992) and Velde & Meunier (2008).  

2.1.1.1 Kaolinite 

Kaolinite is a weathering product of feldspars and common in most weathering zones and soil 

profiles, it forms one of the Kaolin–serpentine minerals group and has a 1:1 dioctahedral 

structure (Velde 1992). Typically, kaolinite is mineralogically defined as Al2Si2O5(OH)4, but 

can also be found in another form (Al1.63Fe(III).29Mg1.88)Si2O5(OH)4 or 

(K.03Na.03Ca.01)(Fe(III).06Ti.01Al1.85)Si1.99O5(OH)4 (Stevens et al., 1998). By 

comparison with other clays, Kaolinite has a relatively balanced electrical charge (Foley, 

1999). Kaolins can also be considered ‘hard’ or ‘soft’ (Hinckley, 1965), depending upon the 



10 

 

nature of the composition and crystallinity of clay particles. Hinkley (1965) suggests that 

‘softer’ kaolins with larger particle size, better-defined crystallinity and higher contents of 

Aluminium oxide were deposited in freshwater where edge to face flocculation typically 

occurs. ‘Hard’ kaolins were deposited in a marine environment, where the occurrence of Iron 

Oxide, smaller particle size and lower crystallinity result from predominantly face to face 

deposition.  

In SEM imagery, kaolinite demonstrates a distinctive hexagonal shape ( 

Figure 2-4). Grim (1968) demonstrated that well-crystallised kaolinite could be found as a 

hexagonal or even semi-hexagonal crystals with elongate parallel planes. Clusters could consist 

of 10-110 parallel planes. Velde (1992) described kaolinites as often having the form of a book, 

which is a term now commonly used. Kaolinite also commonly occurs in an almost tubular 

morphology, commonly termed vermiform ( 

Figure 2-5), Welton (1984). This is thought to represent either an early formation stage or 

freshwater origin (Wilkinson et al. 2006) but as will be described later, this was not observed 

in this research. 

 

 

Figure 2-4. Typical ‘books’ of stacked hexagonal kaolinite crystals observed using SEM imagery 

(Velde 1992). These are examples of unweathered crystals with sharp, clearly defined edges. 
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Figure 2-5. Kaolinite demonstrating the common vermiform morphology Welton (1984). 

This was not observed during this research. 

2.1.1.2 Illite 

Illite is a general name for the clay mineral constituent of argillaceous sediments belonging to 

the mica group. They are normally considered the weathering product of feldspars and felsic 

silicates (Velde and Meunier 2008), the name originating from Grim et al. (1937), who 

described samples retrieved from the USA state of Illinois. Illite is 2:1 dioctahedral in form 

and classified under flexible mica group, resulted from weathered feldspars and felsic silicates. 

Illite is considered similar to muscovite in mineral composition and some fields; they are 

considered the same material. The general chemical formula of illite is 

(K,H2O)Al2((Al,Si)Si3O10)(OH)8, but it also can be found in a variety of forms (Stevens et al., 

1998). The chemical composition variation can be considered a result of chemical isolation 

(typically source rock mineralogy) during the weathering process. Si and Al are resistant and 

residual elements of silicate rocks in the weathering environment, while iron formed as oxide 

and potassium forms illite as a stable clay (Meunier & Velde, 2004). Illite can be observed in 

many different forms under SEM and may display platy, ribbon or shale-like structures (figure 

2-6). Even though they are common, individual illite crystals are not generally accessible to 

identify, so characterisation is normally by XRD. 
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Figure 2-6 A typical form of shale-like (left) with and ribbon-like (right) crystals of illite (Keller, 

2006) 

2.1.1.3 Smectite 

Smectites are normally formed as a weathering product of igneous rock (mafic silicates) and 

are stable in arid, semi-arid, or temperate climates (Velde, 1995). However, they can also be 

generated during the weathering of sedimentary and metamorphic rocks (Harder, 1977). 

Smectite is classified into one of two main types (Velde 1992). Sodium (Na) smectite is high 

swelling smectite, due to its ability to adsorb up to 18 layers of molecules water between layers 

of clay whereas Calcium (Ca) smectite has a much lower absorbancy. It is challenging to 

identify smectite crystals in SEM imagery, but clusters of crystals can be identified as stacks 

of crystals with what appears to be a thin webby crust (Figure 2-7).  

Weir & Catt (1969) found that individual crystals of smectite were rare in the London Clay 

Formation, and it was found to occur as a mixed layer smectite-illite. They found that smectite-

illite crystals in the basal units of the London Clay Formation could be characterised as a lath 

morphology while in the younger parts, It was seen as a platy particles. 
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Figure 2-7. Smectite crystals with what appears to be a web-like (webby) crust (Welton 1984). 

2.1.1.4 Chlorite 

Chlorite is the weathering product of mafic silicates and is stable in cold, dry or temperate 

climates. Chlorite can be formed during the smectite-illite transformation process, in which 

case the chlorite is produced from a smectite crystal losing Fe3+ and Mg2+ (Velde 1992). 

Chlorite can also be produced by the breakdown of kaolinite, again by the loss of Fe3+ and 

Mg2+ (Velde 1992). Where magnesium is more abundant in the transformation environment 

chlorite might form corrensite, authigenic chlorite with a mixed-layer structure consisting of 

interstratification of trioctahedral chlorite and trioctahedral smectite, (Wilson, 1999), (Galán, 

2006). 

There is a  general formula of chlorite,  

(Mg4.78Al.91Fe(III).16Fe(II).14)(Si2.95Al1.05)2O22(OH)16, but also can be found in more 

than a twenty different chemical forms (Stevens et al., 1998). Chlorite in the LCF is rarely 

found, but it is noted in several locations (Burnett & Fookes, 1974; Huggett & Knox, 2006) 

Chlorite morphology under SEM imaging appear as aggregated rods (often termed noodles) 

and randomly arranged plates, often described as ‘rosettes’ Welton (1984) (Figure 2-8). 



14 

 

 

Figure 2-8 Chlorite crystals in a form commonly termed aa rosette pattern Welton (1984) 

2.1.1.5 Gypsum and Pyrite 

Gypsum and pyrite at clay-sized fractions are thought to constitute approximately 1% of the 

LCF clay fraction (Kemp & Wagner, 2006). In the fresh London clay, pyrite can be found in 

the perfect cubic crystal form or an altered orthorhombic form. Cubic pyrites often form 

framboidal clusters. Typical forms of both are shown (Figure 2-9), and Wilkin & Barnes (1997) 

Rainey & Rosenbaum (1989) considered pyrite breakdown to be the primary cause reason for 

acidic groundwater, which is the main reason for sulphate attack on concrete foundations 

though the test for this does not normally require SEM (British Standards Institute 2006). 

 

Figure 2-9 orthorhombic and framboidal pyrite crystals (Wilkin & Barnes, 1997) 
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As will be shown, 240 SEM images from about 60 samples have been used to examine the 

differences in clay particle morphology in fresh and weathered samples. Consideration of the 

‘freshness’ of clay particles was the key criteria. Additionally, the presence and shape of pyrite 

crystal also were essential to distinguish between weathered and unweathered samples.  

2.2 Weathering in clays  

Norbury (2016) and others have demonstrated that weathering of clays in fine-grained soil tend 

to negatively affect soil geotechnical properties through reducing strength, destructuring and 

causing chemical changes such as the release of sulphides. Clay weathering is the process by 

which clay assemblages are broken down by physical, chemical and biochemical actions, often 

accompanied by extensive ion exchange. However, as with the origin of clay materials, none 

of these processes can be considered exclusive, and it is generally accepted that clay weathering 

is a process that involves multiple processes acting contemporaneously or in a complex 

sequence. Clays are very rarely found in isolation and typically occur alongside other 

weathering products of feldspar and mica, unweathered rock minerals and minerals which 

themselves are products of the weathering of the clay minerals. Specific clay assemblages 

could indicate different environments, for instance, that hydrated oxides of aluminium 

(bauxite), and iron (goethite) are weathering products that represent weathered clay in the 

humid and tropical environment (Meunier et al., 2004) but such relationships are rarely unique 

or diagnostic. Therefore for any particular location or sample, it is unlikely that there will be a 

definitive explanation of the weathering that has occurred, though there are models which link 

origin or weathering environment to the eventual composition of a deposit (Table 2-2, Table 

2-3).  

Weathering specific to clay particles is discussed by many texts (Jackson & Sherman, 1953), 

(Bradley, 1954), (Jackson et al., 1948), (Sherman, 1990), (Hawkins & John, 2013). These 

broadly consider clay weathering to be controlled by three factors: 

1. Type of clay particles assemblage (the number of phyllosilicates layers), 2:1 layer clays 

minerals such as smectite, vermiculite and illite, during weathering process might be 

broken down and converted to 1:1 layer such as kaolinite and halloysite 

2. The acidity of the environment (pH). This factor usually affected by the presence of 

associated sulphide minerals such as gypsum, pyrite or selenite. The acidity of the 

environment may also be strongly affected by the presence of organic matter which affects 
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the formation, dissolution and oxidation of related minerals such as pyrite and may lead to 

an enhanced level of sulphur ions and thus, environmental acidity  

3. The layer charge value, which determines the cation exchange capacity and the tendency 

of the silicate layer to gain or lose an electron and this, can be explained in an example by 

the oxidation and reduction of FeIII to FeII, which is widespread phenomena in weathered 

clay minerals.  

The relationship between the ‘internal’ and ‘external’ surfaces of a clay particle and how they 

attract cations and anions Guggenheim (1997) is an important factor in determining the CEC. 

The internal surfaces are the two planes of atoms on either side of the interlayer space at the 

base of the tetrahedral sheet. This surface characterised by a negative charge and therefore is 

attractive to exchangeable cations (Figure 2-10). The external surface is the broken edges of 

the layer; these are positively charged and therefore attract exchangeable anions. Layered 

silicate structure in Montmorillonite crystal and the exchange zone taken from (Dong, 2012). 

 

Figure 2-10 Layered silicate structure in Montmorillonite crystal and the exchange zone taken from 

(Dong, 2012). 

In clay soils, swelling is a particularly important component of weathering. As mentioned, 

volume change results from shrink-swell of clay particles, destructuring of other rock minerals 

and chemical changes which themselves may result in localised expansion and void creation. 
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However, weathering induced swelling of smectite is the primary cause of the loss of strength, 

particularly when the swelling is confined (Brekke & Selmer-Olsen, 1965). The swelling and 

shrinkage behaviour of clay is controlled by the nature and size of the interlayer space (within 

quasicrystals, inter-particle space (between quasicrystals) and inter-aggregate space (pore) of 

the clay. Weathering of clays associated with this process occurs due to the adsorption of water 

(adhesion of water molecules to the clay particle surface), absorption of water (where water 

molecules enter the clay particle structure), and desorption of water (release of the water 

molecule from the clay particle) of moisture. 

Further control is provided by the Van Der Waals forces present within clay particles (Deer et 

al. 2013, Meunier, 2005, Theng, 2012). Smectite has one octahedral sheet embedded between 

2 tetrahedral sheets giving rise to a high layer charge value (Brindley, 1966), though other clays 

such as vermiculite have higher charges (Meunier & Veld, 2004). Laird (2006) studied the 

influential factors that could control the swelling of smectite and to how much the cation 

exchange capacity could contribute to swelling potential. By treating the smectite with alkali 

and alkaline cations, they identified six types of swelling: crystalline, double layer, formation 

and breakup of quasicrystals, cation demixing, co-volume and brownian swelling. They 

demonstrated that in the aqueous system one or more of these swelling types could occur 

concurrently.  

In the case of the LCF, where pyrite is a commonly associated mineral, weathering associated 

volume change may also have a geochemical component. In a wet environment, there is 

potential oxidation of pyrite, especially where the porosity of hosting materials is high. Aside 

from pyrite oxidation causing localised changes in mineralogy, decomposition of pyrite can 

cause increased secondary porosity where crystals breakdown. These micromorphological and 

chemical changes can contribute to the neoformation of other clay minerals in later weathering 

stages.  Angaji et al. (2013) have studied the deformation of smectite in acidic surroundings; 

they found that higher levels of acidity inevitably leads to partial or total destruction of the 

smectite structure. They also found that the Si tetrahedral layers were not affected at moderate 

levels of acidity but were when acidity increases. At higher levels of acidity clay plates could 

lose their original shape and become amorphous (Figure 2-11). 

Such destruction of clay plates fundamentally affect the ion exchange process and consequently 

contribute clay minerals neoformation process. Grim (1953) proposed that weathering is the 

breakdown of primary minerals followed by leaching but that this process was affected the 
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stability of clay minerals and their ability to be chemically changed during the ion exchange 

process. The stability and geochemical buffering effect of clay minerals can be affected by pH 

of the environment, for instance, that low pH environments lead to more leaching and leads to 

more weathering to kaolinite (where the source material is available). Moreover, in such an 

alkaline environment, the presence of potash promotes weathering to illite, whereas the 

presence in the environment of magnesium promotes the generation of smectite. He also 

suggests that the presence of chlorite limits the creation of smectite. 

 

Figure 2-11 Results of a series of experiments to identify the impact of exposure of smectite crystals 

to increased levels of acidity from A (untreated clay) to D (highest acid concentration), Angaji et al. 

(2013). 

2.2.1 Characterisation of Weathering in fine-grained soils 

Weathering in clays or fine-grained soils is of importance to a huge range of stakeholders 

including engineering geologists, agriculturalists, pedologists and the extractive industries. 

Thus, there are many different tools and protocols used to describe and classify ‘weathering’. 

Methods have been classified here are visual, mechanical geochemical (Table 2-4). The method 

selected depends upon the nature of the end-user, the experience of the end-user, whether the 
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classification is to be made at the site or in the laboratory and the access/ need for specific 

equipment. Cost may also be a significant consideration. 

Table 2-4. Classification of methods used to describe and classify weathering of clays in the literature. 

Technique Spee

d 

Expertis

e 

Environme

nt 

Preparati

on 

Equipment Rigour Potenti

al to 

automa

te 

Visual <1hr Modera

te 

Field or 

Laboratory 

Access to 

surface 

Basic Moderat

e? 

Low 

Mechanica

l 

<1hr High Field Access to 

site 

Ground 

Investigati

on Rig 

Moderat

e? 

Low 

Geochemic

al 

>24hr

s 

Very 

High 

Laboratory Sample 

extraction 

and 

preparati

on 

Laboratory Moderat

e? 

Low 

 

2.2.1.1 Visual Classification 

It is common to use visual properties such as colour change (from an assumption about original 

colour) and fractures to identify the weathering of rocks in-situ and in hand-specimen (British 

Standards Institute 2015). For fine-grained soil, discolouration is noted beside other macro and 

micro-morphological features such as consistency, fissuring, and composition. However, such 

schemes tend to be morpho-genetic, where observation is intrinsically linked to assumptions 

about the origin and nature of the material under investigation. For instance, observations 

regarding consistency are often linked at the time of observation to weathering state as it is 

assumed that unweathered soil is stiffer than weathered soil, and this can be noted in clayey 

soil. There is a general assumption that such judgement is made on the basis of geological 

context and that a suitably experienced operative can often make such a decision with a high 

degree of reliability (Norbury 2016).  

In engineering geology practice, visual observation is the most commonly used technique to 

distinguish between the weathered and unweathered soils including the LCF. Based on the 

methods put forward by Coates (1964), Fookes & Denness (1969) and Fookes et al., (1971) 

The Geological Society Engineering Group Working Party ''GSEGWP' (1972) produced a 

weathering classification scheme which has been widely adopted in adapted form by geological 
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practitioners in Britain. The scheme classifies weathering on a scale from fresh material to 

residual soil based on the visible physical properties such as colour changes, occurrence, type 

and size of discontinuities and the consistency of the geological material. This scheme was 

modified by Hutchinson & Gosteloe, (1976) in their detailed study on an abandoned cliff in 

London Clay in Essex.  

Chandler and Apted (1988) used ‘careful visual examination’ to identify zones of weathering 

based upon colour, consistency and morphology developed from studies into weathering bodies 

of clay of Jurassic (Chandler, 1972) and Triassic (Chandler, 1969) origin. They determined that 

visual description could be used to classify the London Clay according to a numeric scale I 

(unweathered), through II and III (partially weathered) to IV (fully weathered).  

Table 2-5 Weathering variation with depth for the London Clay at South Ockendon following a series 

of morpho-genetic observations after (Chandler & Apted, 1988) 

Zone Classification Description 

IV 

1 to 2.8m 

Fully weathered Completely remoulded clay, or a few lithorelics (up to 10 mm 

max. weathered dimension) occupying <30% of whole, in a 

matrix of soft to firm remoulded clay; brown or light grey, 

mottled brown. 

IIIb 

2.8 to 4.2m 

Partially 

weathered 

Lithorelics (10 to 30 mm average dimension; brown internally) 

completely separated by remoulded matrix and occupying 30 to 

70% of whole; fissure surfaces and matrix often light grey 

(gleyed); selenite crystals common 

IIIa 

2.8 to 4.2m 

Partially 

weathered 

Dominantly brown (oxidised), with clay fragments showing 

original clay structure (lithorelics) with 30 to 70 mm average 

dimension occupying >70% of whole; remoulded matrix 

developing in fissures and joints; some selenite crystals. 

IIb 

4.2 to 4.7m 

Partially 

weathered 

Clay fragments bounded by heavily iron stained joints and 

fissures, the brown colouration penetrating up to 20 mm; centre 

of fragments the colour of Zone IIa clay; fissure spacing 

typically 70 to 120 mm 

IIa 

4.2 to 4.7m 

Partially 

weathered 

Weathering on surfaces of discontinuities only, with rusty 

yellow staining on joint, fissure and bedding planes; bulk of 

clay grey-brown; fissure spacing typically >100 mm 

I 

Below 4.7 

Unweathered Uniformly grey-brown or grey-blue; discontinuity spacing 

typically >100 mm. 

 

Table 2-5 presents their description and weathering classification for ) for the London Clay at 

a site in South Ockendon. This demonstrates the detailed information they were able to extract 

from careful examination but also demonstrates the morph-genetic nature of their terminology  

mixing observation and interpretation. For instance, terms such as remoulded and gleyed were 
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used, which, though descriptive terms fundamentally imply some form of process change in 

the material. It is notable that in this case, there is a suggested vertical resolution of 0.1m, 

across effectively three classes of weathering to a depth of 4.7m below the surface. As will be 

demonstrated later in this thesis, this is different to what has bee observed in this study but may 

result from a different geological or weathering context. 

Visual description schemes such as these are by their nature subjective and subject to error in 

observation or interpretation. Even with extensive experience, it will be affected by the 

knowledge and experience of the investigator and the ability to observe samples or exposures 

which may be limited to borehole core or trial pits. Investigations in-situ can be particularly 

prone to error due to changes in illumination which may affect the appearance of discolouring, 

apparent orientation of fissuring and the presence of contemporary or pedalogically included 

vegetation. An arguably more objective investigation, supplemented by SEM is not usually 

economically feasible or expedient for construction works.  

Fissures and other discontinuities are a critical component of most weathering schemes that 

consider over-consolidated clays. Skempton (1966) attributed the reduction in of the stiff clay 

strength to the surfaces of weakness which is resulting from the occurrence of fissures and 

discontinuities (Table 2-6). It was reported that there is a relation between the properties of 

discontinuities and the bedding surface and the potential relative movement that could relate to 

each type of discontinuity whether it is a depositional or diagenetic feature 

Table 2-6 Classification of discontinuities in stiff clays after Skempton (1966) 

Type Occurrence  Relative movement 

Bedding Surface Bedding planes, Laminations, Partings Zero 

Joints 'brittle fracture' surface Systematic joints 'Fissures' Practically Zero 

Minor shears non-planar, 

slickensides 

Small displacement-shears and thrust-

shears 

Less than 1cm 

Principal displacement shears 

sub-planar, polished 

Principal slip surfaces in landslides faults 

bedding-plane slips 

More than 10 cm 
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2.2.1.2 Geochemical Classification 

Quantitative or semi-quantitative measures of clay weathering can be achieved using 

geochemical measures derived from laboratory tests. Many workers have undertaken estimates 

of weathering in different geological materials using X-Ray Fluorescence (XRF). This method 

is typically applied by calculating the percentage of specific oxides and interpreting the 

relationship between them. Such techniques are widely used in major rock formations as the 

basis for weathering classifications in the extractive industries for instance for granites or 

mudrocks (Nichols 2009, Nicholls 1963). 

Geochemical indices can often be related to cation exchange capacity (CEC), a measure of the 

ability of cation exchange to contribute the mineralogical changes based on their bond relative 

strength with oxygen ions (Bland & Rolls, 2016). The charge of the clay layer plays a 

significant role in the transformation and neoformation of minerals during the weathering 

process. Clay layers tend to compensate for losses or gains during weathering by exchange of 

ions with those oxides which are considered mobile cations with relatively low bond strength 

(Equation 2-1, Table 2-7, after Nicholls, 1963). From the relative strength value, it can be 

determined that some mineral oxides have high resistance to the weathering comparing with 

others, Quartz (SiO2) and Rutile (TiO2) for instance, can be classified the more resistance 

whereas others based upon Magnesium, Iron, Manganese, Calcium and Sodium have low 

resistance. 

Relative Bond Strength =  
2𝑧

(𝑟 + 1.4)2
 

 

Where: 

(z) = the charge on the ion of the less common element 

(r) = the ionic radius 

Equation 2-1. Formula for Relative Bond Strength (Nicholls 1963). 
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Table 2-7 Relative Strengths of Various Element-Oxygen Bonds in Common Rock-forming Minerals 

after  Nicholls (1963) 

 

Bond Approximate relative strength 

Si – O 2.4 

Ti – O 1.8 

Al – O 1.65 

Fe3 – O 1.4 

Mg – O 0.9 

Fe2 – O 0.85 

Mn – O 0.8 

Ca – O 0.7 

Na – O 0.35 

K – O 0.25 

 

Parker (1970) suggested a weathering index based on the occurring of principal cations Na, 

Mg, K, and Ca for silicate rocks. This index (termed here WIP) was determined as the atomic 

percentage of each oxide divided by atomic weight as shown in Equation 2-2. The index 

demonstrates an inverse relationship with weathering. 

 

𝑊𝑃 = (
2𝑁𝑎2𝑂

0.35
+

𝑀𝑔𝑂

0.9
+

2𝐾2𝑂

0.25
+

𝐶𝑎𝑂

. 07
) ∗ 100 

Where WIP =  Parkers Weathering Index 

Equation 2-2. Weathering index of silicate rocks as proposed by Parker (1970) based upon the atomic 

percentage of each oxide divided by atomic weight. 

More widely used is the Chemical Index of Alteration (CIA) by Nesbitt & Young (1982). The 

CIA can be used to calculate the weathering degree by the ratio of the residual (Al2O3) from 

the hydrolysis process of feldspar divided by the total amount oxides of Na, K, and Ca plus 

(Al2O3). The CIA value represents a stage in the weathering from feldspar-illite to kaolinite 

(Table 2-8). 
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Table 2-8 CIA Value against Clay Mineral and Weathering degree according to Nesbitt & Young (1982) 

Clay Mineral CIA Value Weathering Degree 

Kaolinite 100 High 

Illite 75-90 Medium 

Muscovite 75 Medium 

Feldspars 50 Low 

 

These and other indices useful to the understanding of clay-rich rocks and soils have been 

suggested (Table 2-9). 

 A common theme is that these indices are developed around the mobility of cations, and their 

tendency to be mobilised during mineral neoformation and weathering process. As simple 

geochemical indices, they represent a point in time, and it is likely that the process operates on 

a continuum or indeed that the ‘choice’ of replacement ions will fundamentally affect the clay 

microstructure and subsequent geochemical exchanges as weathering continues. Generally, the 

weathering degree in each weathering index is derived as a measure of the total % of oxides 

that are composed of cations (relatively weak) with the oxygen atom (Ca, Na, Mg, K), divided 

by the % of oxides that have stronger bonds with oxygen atom (for instance Si, Ti, Al). 

There are also models which relate these indices to the environment in which weathering has 

occurred. Moum & Rosenqvist (1957) proposed that in the uplifted marine clay, the new 

sedimentary deposits where the weathering process is occurring, the weathering indicator could 

be determined by observation the potassium/sodium ratio, in which means the potassium ratio 

is dominating. They assume that sodium could replace the potassium and they attributed this 

to the dominant exchange cation of potassium. 
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Table 2-10 Principal Rock and Soil Geochemical Weathering Indices identified from the literature 

Weathering 

Index 
Formula Reference 

Weathering 

Potential 

Index  
𝑊𝑃𝐼 =

(𝐶𝑎𝑂 + 𝑁𝑎2𝑂 + 𝑀𝑔𝑜 + 𝐾2𝑂 − 𝐻2𝑂) ∗ 100

𝑆𝑖𝑂2 + 𝐴𝑙2𝑂3 + 𝐹𝑒2𝑂3 + 𝐹𝑒𝑂 + 𝑇𝑖𝑂2 + 𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝐾2𝑂
 Reiche (1943) 

Product 

Index 
𝑃𝐼 =

(𝑆𝑖𝑂2 ∗ 100)

𝑆𝑖𝑂2 + 𝐹𝑒2𝑂3 + 𝐹𝑒𝑂 + 𝑇𝑖𝑂2 + 𝐴𝑙2𝑂3
 Reiche (1943) 

Silica 

Alumina 

Ratio 

Ratio of Silica to Alumina=
𝑆𝑖𝑂2

𝐴𝑙2𝑂3
 

(Ruxton, 

1968) 

Parker Index 

WP 
𝑊𝑃 = (

2𝑁𝑎2𝑂

0.35
+

𝑀𝑔𝑂

0.9
+

2𝐾2𝑂

0.25
+

𝐶𝑎𝑂

. 07
) ∗ 100 Parker (1970) 

Vogt Ratio 𝑉𝑅 =
𝐴𝑙2𝑂3 + 𝐾2𝑂

𝐶𝑎𝑂 + 𝑁𝑎2𝑂 + 𝑀𝑔𝑜
 

By VOGT 

(1927) After 

Roaldset 

(1972) 

Modified 

Weathering 

Potential 

Index 

𝑀𝑊𝑃𝐼 =
(𝐶𝑎𝑂 + 𝑁𝑎2𝑂 + 𝑀𝑔𝑜 + 𝐾2𝑂) ∗ 100

𝑁𝑎2𝑂 + 𝐾2𝑂 + 𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝑆𝑖𝑂2 + 𝐴𝑙2𝑂3 + 𝐹𝑒2𝑂3
 Vogel (1975) 

Chemical 

Index of 

Alteration 
𝐶𝐼𝐴 =

𝐴𝑙2𝑂3 ∗ 100

𝐴𝑙2𝑂3 + 𝐶𝑎𝑂 + 𝑁𝑎2𝑂 + 𝐾2𝑂
∗ 100 

Nesbitt & 

Young (1982) 

Chemical 

Index of 

Weathering 
𝐶𝐼𝑊 =

𝐴𝑙2𝑂3 + 𝐾2𝑂

𝐴𝑙2𝑂3 + 𝐶𝑎𝑂 + 𝑁𝑎2𝑂
∗ 100 

Harnois 

(1988) 

Si – Ti Index Si − Ti Index = (
𝑆𝑖𝑂2

𝑇𝑖𝑂2
)/(

𝑆𝑖𝑂2

𝑇𝑖𝑂2
+

𝑆𝑖𝑂2

𝐴𝑙2𝑂3
+

𝐴𝑙2𝑂3

𝑇𝑖𝑂2
) 

Jayawardena 

& Izawa 

(1994) 

Mobiles 

Index 
𝐼𝑚𝑜𝑏 =

(𝐾2𝑂 + 𝑁𝑎2𝑂 + 𝐶𝑎𝑂)𝐹𝑟𝑒𝑠ℎ + (𝐾2𝑂 + 𝑁𝑎2𝑂 + 𝐶𝑎𝑂)𝑊𝑒𝑎𝑡ℎ𝑒𝑟𝑒𝑑

(𝐾2𝑂 + 𝑁𝑎2𝑂 + 𝐶𝑎𝑂)𝐹𝑟𝑒𝑠ℎ
 Irfan (1996) 

 

As mentioned above, Cation Exchange Capacity (CEC) is the ability of the particle to retain 

cations when subject to chemical and physical change and is therefore considered to be an 

essential control on weathering and alteration of clays (Weaver & Pollard, 1973). Mikkelsen 

(2011) considered the primary factors that could control the influence of CEC to be soil texture 

(including a relative volume of clay); clay mineralogy and soil pH (usually controlled by the 

presence of organic matter, but in the LCF also affected by the degradation of pyrite). Any 

increase in pH leads to the hydrogen cations to be taken off organic matter, leaving a retained 

negative charge in the soil. This process can lead to a positive feedback where reducing pH can 

further encourage organic matter to shed cations. Bakhsh (1991) claimed that the high density 

of the broken bonds at the edges of clay particles could be considered an active place for ion 

exchange. It is known that the cations of soil are dissolvable in a wet environment and these 
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cations attracted to be bound to clay particle. They considered this process is reversible 

depending on the surface area, a morphology of particle and the shape of the particle edge.  

The most common method to calculate CEC was suggested by Nevins (1967) using methylene 

blue adsorption. The principle of this method is that calculating the concentration of the 

methylene blue before and after shaking of the solution, which is, consists of clay and known 

the added amount of the methylene blue, this method despite being less reliable but is still fast 

and commonly used.  

Burnett (1993) used the methylene blue adsorption on fresh core and weathered rim materials 

on London Clay from Whitecliff Bay, Isle of Wight. He found that CEC in the weathered 

materials it is higher than in the fresh core (Table 2-11). He also quantified the intuitive notion 

that increased volume of clay was a very important factor in the CEC of a sample, though the 

overall increase was small. Although there are a limited number of samples, it was shown that 

the overall CEC increased with weathering and that it was possible to relate this to assumed 

values of CEC based upon the volumetric contribution of each clay fraction, itself estimated 

from XRD.  

Table 2-11 Theoretical and laboratory cation exchange capacity of weathered and unweathered samples 

of London Clay from Whitecliff Bay, Isle of Wight after Burnett (1993). 

Mineral Assumed 

CEC 

Fresh Core Whole Weathered Rim 

Whole 

Rock 

(%) 

Calc. 

CEC 

Lab. 

CEC 

Whole 

Rock (%) 

Calc. 

CEC 

Lab. 

CEC 

Kaolinite 5 9.0 0.45  9.5 0.48  

Chlorite 10 0.5 0.5  1.7 0.17  

Illite 15 24.4 3.66  26.3 3.95  

Montmorillonite 80 19.1 15.2  18.5 14.1  

Total  53 19.36 19 56 19.4 20 

 

Geochemical indices, where they are shown to work offer an objective measure of weathering. 

However they are all subject to the same assumptions. Firstly, there must be an assumption of 

the original composition and that this can be considered representative of the whole body of 

rock. Secondly, most indices assume only one or two phases of weathering. Thirdly, that the 
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samples taken are representative of the original host rock and of the weathered mass. The 

principal disadvantage of the techniques however is that in all cases, they require careful 

preparation and of course the use of XRF, both of which are time-consuming and can be 

expensive. A final consideration of geochemical indices is illustrated by Table 2-9, that the 

indices are not transferrable, either to different geologic bodies or even weathering processes.  

2.2.1.3 VNIRS Spectroscopic Classification 

Spectroscopy was defined by Smith (2006) as “the study of light that is emitted by or reflected 

from materials and its variation in energy with a wavelength.” VNIRS utilises wavelengths in 

the range (350-2500 nm) that result typically from the solar spectrum to characterise material. 

For geological materials, spectra are controlled by mineralogy, mechanical structure and phase 

composition (Stoner & Baumgardner 1981).  

Several detailed reviews provide the physical and experimental background and typical 

approach to this method, with perhaps Burns and Ciurczak (2008), Clark (1999), Hunt (1977), 

Stoner and Baumgardner (1981), Stoner et al. (1980) the most comprehensive, and the reviews 

of Ben-Dor et al (2015), Mustard and Sunshine (1999) and Viscarra Rossel et. al. (2006) the 

most useful in describing modern techniques for the sampling, preparation and testing of soil 

samples. 

For soils, samples are typically crushed to ensure a homogenous surface and often dried to 

ensure that variation in moisture content does not interfere with any measurements, especially 

when clays are present (Ben-dor & Banin 1995). Samples are then illuminated using a halogen 

lamp and the reflected light from the sample measured using a spectrometer. This measure is 

compared to a standard reflectance panel and the resulting spectra output as a plot of reflectance 

(1-0) against wavelength of light. Reflectance characteristics at different wavelengths can then 

be interpreted using understanding of optical physics or to empirical experiments. Bedell et al. 

(2009) suggested that it is often useful to consider spectra in two parts for geological 

interpretation. Firstly the Visible (400 -700 nm) and near-infrared (NIR) between (700 -1000 

nm) to determine Iron oxides (Hematite, Goethite, Jarosite), Rare earth elements REEs, and 

vegetation. The second range lies between (1000-2500nm) can be used to identify the (OH) 

bearing minerals such as clays, phyllosilicates, amphiboles, sulphates and carbonates. 

Hunt (1977) outlined the physical principles and empirical evidence that wavelength and 

wavelength shifts can be used to predict the changes minerals composition in silicates, 
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particularly in SWIR region, because the energy levels at these specific wavelength could refer 

to the ion radius of the bonded cations to different molecules. Post & Noble (1993) studied the 

ability to identify the clay minerals and micas, reporting a linear relationship between spectra 

and dioctahedral smectite and Al2O3 content, They proposed the possibility of estimating the 

Al2O3 content of specific mineral species from the smectite group, based upon the position shift 

around 2200nm wavelength. van der Meer (1999) claimed that the asymmetries of 1400nm and 

2200nm could indicate clay mineralogy changes in soil in which the kaolinite-rich soil shows 

higher asymmetries comparative with smectite. Kariuki et al. (2004) also studied asymmetries 

of  1400 nm and 2200 nm to prove the spectroscopy efficiency to identify swelling clay 

minerals; they found that asymmetries around this wavelength are distinct and attributed that 

to the well-ordered kaolinite. (Hunt & Salisbury 1970) reported specific features caused by 

water in clays at 1300-1450, 1800-1900 and 2200-2500 nm (Table 2-12, Figure 2-12). Features 

at 1400 and 2200nm and are present in clay spectra (Hunt and Salisbury 1970). Smectites tend 

to have broad asymmetric absorptions at 1400, 2200 and 1900 nm, and diagnostic features 

around 2450 and 1160nm (Lindberg and Snyder 1972). Illites possess sharp symmetrical 

features around 1400 and 1900 nm. Kaolinites are identified by a doublet around 1405 and 

2150nm (Kruse et al. 1993).  

Importantly for weathering studies, clay features can be affected by the isomorphous 

substitution of iron to which the OH ion is attached by magnesium or aluminium (Whitney at 

al 1983). Substitution by aluminium moves the2300 nm towards 2200 nm, magnesium moves 

it towards 2300 nm and iron towards 2290 nm (Hunt 1970) through such observations were 

derived from observations of pure crystals. Viscarra-Rossel & McBratney (1998) established 

an inverse relationship between the clay content of soils and reflectance at 1900 m. Kariuki 

et al. (2000) showed that the plasticity index and activity of soils could be estimated from 

spectral signatures. However, these results again were derived from pure samples or artificially 

created mixtures. Key wavelengths for different clay minerals that have been reported as being 

useful are given in  Table 2-12, Table 2-13. 
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Table 2-12 Specific clay minerals absorption features after Hauff (2000) 

Wavelength (nm) Molecule Clay mineral 

1400 OH & H2O Kaolinite/smectites/illites 

1900 H2O Smectites/illites 

2170 Al–OH Kaolinite 

2200 Al–OH Kaolinite/smectites/illites 

2290 Fe–OH Smectite (nontronite) 

2300 Mg–OH Smectite (hectorite) 

2340 FeOH/Mg–OH Illite 

2384 Fe–OH Kaolinite 

 

Table 2-13 Specific Minerals Wavelength after Viscarra Rossel et al. (2009)  

Wavelength (nm) Mineral 

892 Hematite 

960 Goethite 

2206 Smectite 

2207 Kaolinite 

2218 Attapulgite 

2268 Gibbsite 

2338 Carbonate nodule 

2340 Calcite 

2443 Illite 

 

Of the non-clay minerals, iron is the most significant mineral in spectroscopy, causing 

absorption features, but also a broad effect across the whole spectrum (Torrent et al. ,1983). 

Ferric oxide has features around 500 and 860nm, turning soils yellow. Ferrous iron has a feature 

at 1000nm that causes redness soil (Hunt and Salisbury 1976). Iron in clays causes features 

around 435, 600, 1075, 1100, 1250, 1260, 1550, 2250, 2290 and 2320nm (Ben-Dor and Banin 

1990, 1995, Stoner et al. 1979, Townsend 1987) but these were not in soil mixtures where such 
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discrete features are likely to be mixed or obscured. Gypsum can be observed in VNIRS but is 

more easily detected in the mid-infrared (Khalil et al. 1995). 

The literature indicates that there is no consistent pattern between spectral response and particle 

size. Any relationships that have been formed are likely only to be valid for the dataset involved 

in the test. For instance pure clays show an increase in overall reflectance with decreasing 

particle size, likely due to a reduction in surface roughness (Bowers and Hanks 1965). For soil 

mixtures however, Gerberman and Neher (1979) and Viscarra Rossel & McBratney (1998) 

found the opposite to be true.  

Despite the apparent usefulness of the VNIRS technique to soil studies, it has not been widely 

adopted as a tool to examine weathering, possibly due to the complexity of weather itself and 

possibly because weathering is not normally considered a separate process in pedology to other 

soil-forming processes. However, there has been an evolution of VNIRS weathering studies. 

Early work, for instance by Davis, et. al (1978) suggested that weathering could be observed 

by a simple assumption that weathered soil must contain more water and therefore possess 

overall lower albedo in almost all wavelengths in the visible and near-infrared region down 

(Figure 2-12). Though this simple approach could be used, for instance alongside studies such 

as Chandler & Apted (1988) who found that water content increases by about 4%, it is clearly 

not appropriate to use just moisture content to define weathering. 

 

Figure 2-12 Showing the difference between the wet and dry spectral wavelength in clay and sand, 

(Davis et al., 1978) 

This empirical approach was developed by studies which compared conventional studies of 

soil classification or weathering against remote sensing imagery or spectral library data from 
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the same location. Dematte and Garcia (1999) for instance identified drainage patterns in field 

systems and used this to train remote sensing imagery to map ‘weathered areas’. This work 

was extended by Dematte and Nanni (2003) to soil profiles and related iron features in spectra 

to the degree of weathering. Mason (1999), Mason et al. (1995) and Ferrier and Pope (2012) 

also used spectra to quantify colour and determine mineral composition (specifically iron 

content) of soils with the aim of characterising weathering in landslides. Galvo et, al (2008) 

interpreted absorption features related to kaolin (2210) and gibbsite (2260) in imagery to imply 

weathering grade. 

More recent studies have tended to seek relationships between spectra and more complex 

indicators of weathering, normally derived from geochemical data, though with the aim of 

fitting soils into existing classifications rather than a numerical grading Ben-Dor et. al. (2009). 

Wetterlind et. al (2013) for instance suggested that it was appropriate to use VNIRS to 

characterise other factors (clay content and soil organic matter) and use those to estimate 

weathering. Similarly, Stenberg et al(2010) considered the application of VNIRS was more 

applicable to the identification of weathering proxies such as CEC and goethite might be 

important but did not draw specific conclusions. Wararu et al (2014) supported this premise, 

that for engineering assessment of soils, it was often more useful to correlate to another 

property rather than directly to a derived property or characteristic such as strength or 

consistency,. 

In pedology this pattern is continued, Brown et al (2006) in a global review of VNIR for soils 

doesn’t mention the term ‘weathering’ once, but does describe its applicability to predict 

particle size, clay content, organic content, FE hydroxides and CEC which can all be used to 

investigate weathering. Similarly, in large studies by Viscarra Rossel et. Al (2006), Ben-Dor 

et al (2009). In that study, and the considerably smaller study by Nocita et al (2013), it was 

necessary to first classify soils into subgroups before deriving any prediction equations, but it 

was possible to predict soil moisture and soil organic carbon, both related to weathering.  

Viscarra Rossel et al (2006) suggest that VNIR is most effective in predicting exchangeable 

AL, and exchangeable K in different soil types though reasonable predictions were found for a 

range of properties, however these samples were all derived from red tropical soils in Australia. 

Dematte et al. (2004) compared VNIR results to geochemical analyses to determine silica, 

alumina, total iron and compared this to a pre-existing pedological measure (Ki), a ratio of 

SiO2/AlO3. This ratio was effective in classifying basalt-derived soils into 3 groups according 
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to values 0-3 (<1 = oxide dominated – weathered, 1-2 = kaolinite dominated - weathered, 2-3 

= 2:1 clay and kaolinite – less weathered). They found it was possible to form a statistical 

relationship with these broad groups of their igneous derived soils in Brazil. 

Dematte and da Silva Terra (2014) extended this with a modified Ki (1.7* SiO2/AlsO3) 

alongside Kr (1.7* SiO2/(Al2O3+(Fe2O3*0.64))), with classes Ki and Kr >2 = less weathered 

(2:1mineral soils: vermiculite and montmorillonite); Ki<2 and Kr > 0.75 = intermediately 

weathered (kaolinitic soils); Ki≤0.75 and Kr >0.75 = more weathered soils (kaolinitic and 

oxidic soils); and Ki and Kr ≤0.75 = highly weathered (gibbsite and kaolinitic soils). This 

relationship was found statistically relatable to some soils in their study. In other soils, a feature 

rectilinear absorption feature between 750-2100nm as being related to highly weathered soils 

from their classification. They also used the attenuation of hydroxyl features at 1400, 1900 and 

accentuation at 2200 nm as indicators of weathering, the attenuation supposedly resulting from 

the breakdown of swelling clays. Higher levels of iron related to weathering was assumed from 

lower reflectance values 800-1000nm and around 850nm.  

Importantly, this work demonstrated that there was no single technique that could be used to 

determine weathering even in a single watershed containing soils derived from similar bedrock 

and that considerable understanding of soil context was required to aid interpretation. Gomez 

et. a; (2012) similarly used spectra to identify mineralogical characteristics (iron content, clay 

content) that were used as proxies to characterise soils into different categories which included 

weathering but could not be used without external datasets. 

An interesting study by Horta et. al. (2014), discussed the potential problems of describing 

weathering in hydrocarbon polluted soils – effectively where weathering continues to occur on 

an annual timescale. They point out that in contaminated soils the spectral properties of the 

soils can be masked by the contamination but that the nature of the masking will rapidly change 

in time. 
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2.3 The London Clay Formation in the London basin  

2.3.1 Geology of the London Basin 

Palaeogene rocks of southern England are contained by two east-west trending basins. The 

Hampshire Basin in Southern Britain and the London Basin in the south-east. The research 

presented here is focussed on the London Basin only. There is no formal description of the 

limits of the basin, but it is generally considered to extend from Harwich in the East to 

Chippenham in the West (Figure 2-13). 

 

 

Figure 2-13 London Basin boundaries sketch map London Basin and Outcrop of Palaeogene and 

Neogene strata and locality sketch map (Sumbler, 1996) 

 

The Basin is formed within a broad Chalk syncline thought to have been formed during the late 

Paleogene/ early Neogene in tectonic events contemporary with the Alpine Orogeny of 

Southern Europe (Sumbler, 1996). Umbgrove (1971) suggested that the basin is an extension 

of the North Sea Basin at its south-western part, forming during the ‘Laramide phase’, now 

considered to have occurred between 40-80Ma,  Fiero (1986). Chalk ridges constrain the basin 

to the North (Chiltern Hills and Marlborough Downs) and South (Berkshire Downs) The 
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Paleogene-Present deposits which fill the basin attain a maximum thickness of 320 m (Ellison 

& Zalasiewicz, 1996) (Middlemiss, 1974). Paleogene sediments are Thanetian (58-56Ma), to 

Bracklesham Age (40-45Ma), detail of relevant units are provided in (figure 2-16). During the 

Tertiary, the basin was subject to deposition by primary shallow marine processes, which 

included the deposition of the Thames Group, which in the London Basin are primarily 

comprised the London Clay Formation. These are dated to Ypresian (Late Palaeocene and 

Early Eocene), about 56-49 Ma ( Aldiss, 2014). 

Daley & Balson (1999) grouped Paleogene outcrops within the London Basin to be either 

‘eastern’ or ‘western’. Their eastern group mainly included outcrops in Kent, such as Pegwell 

Bay, Herne Bay, Sheppey Cliffs, Lower Upnor Sand, Charlton Sand Pit, Elmstead Rock Pit, 

Harwich, Wrabness and Walton-on-the-Naze. Their western group mostly covers Middlesex, 

including Harefield, Pincent's Kiln and Bolter End. In the central part of the basin, the 

Paleogene is exposed mostly in excavation works though it is very close to the surface in a 

number of locations, and fossil evidence can be found in ‘brash’ samples near the surface. The 

basal Crag Units are not thought to be present at Hampstead but are limited to northern parts of 

the London Basin. (Royse et al., 2012). These have been identified in ground investigations 

(Redshaw 2018 pers. Comm.) but was not considered sufficiently widespread to be a mappable 

unit in stratigraphic terms, Figure (2-14). 
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Figure 2-14 Lithostratigraphical sequence of the London Clay Formation for central London and 

Essex (Ellison et al. 2004). 
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2.3.2 Regional Stratigraphy 

2.3.2.1 Bracklesham Group 

The Bracklesham group in the London Basin consists of three formations, the Camberley, 

Windlesham and Bagshot sand (Aldiss, 2014). Since it is eroded, the Bracklesham Group in 

Hampstead Heath is only presented in the lower units of this group: the Bagshot Sands 

Formation. Younger units, the Camberley Formation and Windlesham Formation are exposed 

in the west London and east Berkshire.  

2.3.2.2  Bagshot Formation 

The Bagshot Formation is the youngest part of Eocene sediments in the London Basin (Royse 

et al., 2012), it consists of fine to coarse sand varying in colour from yellow-brown to pale grey 

or white. The Bagshot Sands (as was) covered the London Clay (as was) and was previously 

clearly exposed in some localities in Hampstead (Irving, 1886). The Bagshot Formation as it 

is now named is described in central London as a yellow, orange or brown coarse sands. The 

Bagshot Formation (BF) is a clear marker as the upper boundary of the London clay formation 

in the London area. Its maximum thickness is up to 40m in Chertsey area, 7m in Essex though 

in many areas in London it is eroded to 2m in thickness and in some areas as it is eroded or is 

absent (Bristow 1982, Sumbler 1996). 

The actual boundary between the BSF and the Thames group depends upon the presence or 

otherwise of the Claygate Beds (Dewey 1912), widely considered to be the uppermost part 

(Unit E) of the LCF (King 1981). A definite change in lithology can be recognised whether the 

Claygate Beds are present or not, with the top of the LCF from sands to silt and clays (King, 

1981). This was recognised in exposed sections in Essex by Northmore et al., (1999). The BF 

is found on the upper slopes of Hampstead Heath, (Ellison et, al. 2004) 

2.3.2.3 Thames Group: London Clay Formation 

A fundamental development of London Clay knowledge was the definition of lithostratigraphic 

sequences of units of this formation by Williams (1971). This biostratigraphic study divided 

the 'London Clay' into three zones (Lower, Middle, and Upper). Definitions of these zones 

were made using micropaleontological evidence collected samples from type sections in the 

London and Hampshire Basins. This zonation was adopted by Burnett & Fookes (1974) in a 

detailed study that investigated variation in engineering, lithological and mineralogical 
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properties. As described previously, they also demonstrated that there is a spatial variation both 

vertically and laterally in the engineering index properties of the London Clay.  

 

Figure 2-15 Units and sub-units of London Clay Formation Units and Subunits, (King, 1981) 

 

King (1981) is considered the seminal work on London Clay stratigraphy. Using 

paleontological evidence, he considered The London Clay in southern England to constitute 

part of the Early Tertiary (Palaeogene) succession. He described a sequence of marine silty 

clays, clayey and sandy silts, and subordinate sands over 150 m thick in south Essex. Based on 

the transgressive sedimentary cycles and remarkable fossils discontinuities, he divided the 
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London Clay Formation within the London Basin and Hampshire basin into five units and 

subunits, (Figure 2-15, Table 2-14).  

Units were recognised by the base of each cycle marked by a sedimentary discontinuity or a 

basal pebble-bed or glauconitic bed. This sequence has been widely adopted and was developed 

further, with details by studies such as Daley and Balson (1999). 

Table 2-14. Summary stratigraphy of the London Clay Formation in the London Basin, modified from 

King (1981) and Daley and Balson (1999). 

Unit Thickness Description and sub-units 

E 25 m Lithological changes from sandy clayey silts to silty clays, with a thin 

basal highly glauconitic unit with pebbles. Diverse foraminiferid fauna, 

well-preserved mollusc fauna (King, 1981.).  

E3: Claygate Member 16m. 

E2: sandy silt 2-6m  

E1 silty clay 6m  

D ~21.5-22 

m 

Microfauna consisting of low diversity foraminiferids. Rare Molluscs 

except at about 9-12m above the base. 

D2: Micaceous clayey silts and silty clays (15.5m) 

D1: A lower unit, with silty streaks very fine sand and sandy, clayey silt 

(7m). 

C 19-20 m Changes upwards Lithological change from micaceous silty clays with 

sand & silt partings to homogeneous silty clay, with disseminated 

glauconite at the base.  

C3: sandy clayey silts, with lignite (5m). A clear faunal marker, 

Foraminifered Osangularia sp is present. 

C2: silty clay (5m) 

C1: silty clay (9m) 

B ~25 m B2 has a 1m thick glauconite-rich horizon at its base with nodosariid 

forams. There are silt and very fine sand partings towards the top. 

B1. A basal homogeneous silty clay with thin sandy, clayey silt unit 

about 8m above the base. Occasionally recorded pebbles.  

A1 27-29 m A3: Glauconitic shelly sandy, clayey silt. This unit is distinctive with 

microfauna and macrofauna, (King, 1981a), (0-2m). 

A2: A basal pebble bed, then poorly sorted clayey silt to silty clay with 

lenses of silt and very fine sand. At the mid of this subdivision, a sandy 

glauconitic unit occurs. The unit is variably bioturbated with abundant 

lignite, scattered pebbles & sharks teeth, (King, 1981a) (12m). 

A1: Homogeneous silty clay with fine sand partings, a restricted 

calcareous Microfauna & macrofauna including scattered small 

molluscs (15m). 
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Ellison et al. (2004) developed a more straightforward ‘mapping’ stratigraphy based upon the 

principles of mapping at a 1:10 000 scale (figure 2-14). However, other sectors have not widely 

adopted this. Aldiss (2014) suggested new divisions of London Clay Formation, which largely 

coincided with the King stratigraphy, and reported four members mainly equivalent to the five 

units in King (1981). 

a) Sheppey Member: a silty clay interbedded with sandy, clayey silt; it is commonly 

glauconitic. There are several layers of calcareous concretions. Its top is marked by a 

change upwards from silty clay with common sandy, clayey silt, interbeds to silty clay with 

sandy laminae of the Claygate Member. Its base of marked by a change upwards from the 

mainly homogeneous silty clay of the Aveley Member to silty clay with common sandy, 

clayey silt interbeds. This Member is equivalent to Units E, D, and the upper part of Unit 

C in King (1981). 

b) Aveley Member: homogeneous silty clay, very silty and micaceous at some levels, regular 

discontinuous layers of claystone concretions. Its top is marked by a change upwards to 

silty clay with common sandy; clayey silt interbeds of the Sheppey Member. Its base of 

characterised by a thin basal bed of sandy, silty clay, some glauconitic. This Member is 

equivalent to the lower part of Unit C and the whole Unit B within the subunits (B1, B2) 

in King (1981). 

c) Ockendon Member: in the lower part homogeneous silty clay with several layers of grey 

claystone, upper part silty clay with many very thin layers of very fine-grained sand. Its top 

is marked by the disappearance of thin layers and partings of well-sorted, fine-grained sand. 

Its base is characterised by the upwards appearance of homogeneous strata mainly 

comprising grey clays and claystone with calcareous fossils and calcareous concretions. 

This Member is equivalent to the upper part of Unit A (sub-unit A1) in King (1981). 

d) Walton Member: partly bioturbated, silty clays and clayey silts, interbedded with fine-

grained sandy, silty clay. Micaceous, frequently with lignite debris and pyrite, thin basal 

glauconitic, it is basally marked by a flint gravel bed or a glauconitic horizon or both. The 

maximum thickness 17m. This Member is equivalent to the middle part of Unit A (the 

subunit A2) in King (1981). 
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Table 2-15 Correlation between the three primary stratigraphic models of the London Clay Formation 

Bracklesham 

Group 

Bagshot 

Sands 

Sequential thin beds of yallow fine sand commonly 

micaceous, its age back to Ypresian, reach the maximum 

thickness 45m at south-west of London 

Thames 

Group 

London Clay 

Formation 

Consists of marine deposits of Ypresian back to Eocene 

(56–49 Ma), exist it Hampshire & London basins , stiff  

bluish clay, redish brown when weathered and oxidized, 

could contain pyrite & micro fussils 

Harwich 

Formation 

glauconitic silty or sandy clays, silts and fine- to coarse-

grained glauconitic sands back to Ypresian age 

Lambeth 

Group 

Reading 

Formation 

mostly consists of mottled clay could contain sand beds, 

have a sandy basal part that could reach up to half the 

formation thickness, aged to Paleocene epoch (56-66 Ma) 

Woolwich 

Formation 

grey to grey-brown, interlaminated fine-grained sands, silts 

and clays. The basal part consists of up to 2m of shelly 

beds, aged back to Paleocene epoch (56-66 Ma). 

Thanet 

Formation 

Glauconitic flint at the base, overlain by pale yellow-

brown, fine-grained clayey sand or glauconitic sand. back 

to Thanetian Age (56-59.2 Ma) 

Crag Group Red Crag 

Formation 

Poorly sorted coarse-grained sands, the basal part consists 

of rounded flint pebbles, dark green and glauconitic or 

reddish-brown when it is oxidised, back to Piacenzian Age 

(2.588-3.6 Ma) 

Norwich 

Crag 

Formation 

Marine deposits consist of well-sorted, fine- to medium-

grained micaceous sand, the basal is laminated silty clays. 

aged between Pliocene Epoch to Early Pleistocene Epoch 
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Figure 2-16 Diagram illustrating the correlation between the different classification schemes for London 

Clay Formation units and their existence in London and Hampshire basins 
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2.3.3 Lithological Characterisation of LCF in the London Basin 

The lithology of the LCF in the London basin and the classification of units based on King 

(1981) is shown in figures (2-14)-(2-15) and (2-16). King used common mineralogical markers, 

for instance, glauconite, and lithological features such as shell beds combined with the 

transgressive sedimentary cycles to identify five units and subunits (Table 2-12). All units were 

distinguished by an up-sequence coarsening sedimentary sequence from the bottom of each 

unit, and the same scheme for the sub-units.  

Maximum thickness of each unit was estimated from field exposures. Observations from the 

field were also used to identify unit absence due to non-deposition or erosion, though this was 

expressed zero thickness. In the London area, King has built up the London clay formation 

using six boreholes and the most important one for this study is the St Aloysius College B.H. 

(London north, TQ292873), which is the closest borehole to Hampstead Heath, as it is located 

about 3km to the west of the BGS Hampstead Heath borehole. St Aloysius College B.H. covers 

the middle of division E to the top of division D. Other boreholes around this area (TQ 28NE15, 

TQ 28NE16 and TQ 28NE17) were used to determine the boundary between Bagshot sand and 

the upper unit E. 

The base of London clay formation in London basin was been defined at a depth 128.97m 

(AOD 109.65m) where lithology changes from thick clay laminae followed by a sharp 

boundary, interpreted as a potential erosion surface, above the ‘Woolwich sand’ which appears 

as a distinct lithological change (Ellison et al. 2004). The top of the LCF is defined by the BGS 

Hampstead Heath core which contains a thickness of LCF including Claygate beds of 47.74m 

in total overlain by the Bagshot Sands. As will be described in Section 4, this borehole core is 

key to this research. Using King’s stratigraphy, it was anticipated this would stratigraphically 

cover units E, D and the upper part of unit C of the LCF. For completeness however it is useful 

to review the lithological characteristics of all units using the stratification given in Figure 2-

13. 

2.3.3.1 Unit E (Claygate beds): 

Claygate beds refer to Claygate in Surrey where this unit was firstly defined by Dewey (1912) 

as clay beds at the base followed by a succession of thin clay layers enclosed in thicker beds 

of sand. This unit occurs in the London Basin only.  
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The base of unit E in western and central London Basin is characterised by highly glauconitic 

thin bed. The transition between unit E to the top of  unit D is also observed as a transition 

between the upper part of unit D (sandy clayey silts) to silty clays and clayey silt of unit E. The 

lithology change in the east of the London Basin at Essex and Sheppey is a coarsening up 

sequence from silty clay to clayey silts and then sandy silts. The thickness of unit E is 18m at 

Enborne increasing eastwards to 25m at Warden Point in Essex.  

Bristow et al. (1980), considered the Claygate in Essex to be a unit 17-25m thick that was 

defined simply by those layered deposits up stratigraphy of a boundary which distinguishes the 

homogenous London Clay. It was proposed that there are three subdivisions of this unit, upper, 

middle and the basal. The basal lithology in the field was observed a sandy horizon in south 

Essex; however, it can be found as glauconitic bioturbated sand in other localities. The next 

subdivision is the middle which is comprised of slightly laminated of glauconitic fine sand and 

subordinate clay followed by silty clay and clayey silts. The upper part of the Claygate beds 

which was classified as the third subdivision is clay characterised by its light grey colour with 

loads of sandy partings penetrate glauconitic silts and fine sands.  

2.3.3.2 Unit D: 

King (1981) suggested that unit D is about 25m thick with two lithological sub-units (D1, D2). 

The upper sub-unit (D2) changes upwards from a glauconitic base of silty clay to silty clay 

with sand partings. The lower sub-unit (D1) also has two subunits (D1a, D1b), both of which 

contain coarsening up-sequences from silty clay to sandy clay. The boundary between D1a and 

D1b is a clear glauconite zone. The base of unit D in the west of London Basin is defined by a 

pebble bed, while in the western London Basin and London area the lithology of unit D varies 

from a sandy and clayey silts to silty clay overlying the top of unit C. The thickness of unit D 

fluctuates based upon the locality between 18-26m in the west of London basin, however the 

thickness increasing in range at Essex and north Kent between 31-35m. 

2.3.3.3 Unit C: 

Unit C with estimated thickness nearly 17m has a two sub-units (C1, C2). The upper sub-unit 

(C2) was determined by a lithological change from the silty clay to silty clay with sand partings 

with a glauconite zone at the base. Sub-unit (C1) is a homogenous fissured clay with a 

glauconite zone at the base which can considered as a boundary of the top of unit (B). The base 

of unit C in the west of the London Basin is defined by a pebble-bed or as a glauconitic zone 



44 

 

when the pebbles are absent. In the London area and the east of the London Basin, the lithology 

of unit C changes from sandy clayey silt at the top followed by silty clay with a homogenous 

silty clay at the base. The thickness of unit C varies from less than 15m in the west of London 

basin; increasing eastwards to reach over 40m in South Essex and North Kent. King (1981) 

described the upper part of unit C in Essex, parts of Central and West London as glauconite 

rich clayey silts and sandy silts. As will be demonstrated in Section 4, the BGS borehole core 

examined for this research revealed this change at a depth of 56.5-57.7m, and used this to 

define the upper part of unit C 

2.3.3.4 Unit B: 

Unit (B) thickness in the London basin it is nearly 22m, also has been divided into two sub-

units (B1, B2). The lithology of sub-unit (B2) changes from homogenous fissured clay to clay 

with silt and sand partings at the top. Sub-unit (B1) is similar; a homogenous fissured clay to 

clay with silt and sand partings at the top, but there is a glauconite horizon about one meter 

above the base of this sub-unit. 

2.3.3.5 Unit A: 

The lowest unit of the London clay formation in the London basin is unit (A), it has three sub-

units (A1, A2, and A3). The top sub-unit (A3) lithology changes from homogenous fissured 

clay to clay with silt or sand partings. Sub-unit (A2) is an interbedded silty clay and sandy clay. 

King considered the basal sub-unit (A1) to be within the Harwich formation and described it 

as a shelly sandy clayey silt with a glauconite zone at the bottom 

 

2.3.4 Weathering of the London Clay Formation 

Weathering in the LCF is thought to be present at or close to the surface across much of the 

London and Hampshire Basins and causes significant problems when encountered. 

Unweathered LCF is a ‘stiff, bluish fissured clay’, whereas when weathered it is described as 

‘medium stiff to soft’ and coloured ‘brown to orange-brown’ (Reeves and Cripps, 2006). 

Bromhead (2013) reviewed the work of Gregory (1844) who noted a transition between 

weathered and unweathered ‘London Clay’ at a depth where a slip surface had destroyed a 

cutting (Figure 2-17). The transition was between a stiff, impermeable homogeneous blue clay 

and an overlying inhomogeneous textured yellow clay that was intensely fissured in all 

directions by ‘faults and breaks’. He attributed instability to ‘moisture overcharging’ in the 



45 

 

yellow clay caused by seepage through joints during wet periods. Seaton (1938) described the 

‘London Clay’ as bluish grey in colour, becoming brown when weathered due to the oxidisation 

of iron sulphide to iron hydroxide. Seaton (1938) considered ‘undisturbed’ clay to be bluish 

grey in colour that became unstable when it turned brown due to the oxidation of iron sulphide 

present to iron hydroxide. The oxidisation process was thought to result in the penetration of 

the aerated water into the clay particles, consequently the instability of clay structure increase 

due to the breakdown of the adhesion between adjacent particles.  Chandler & Apted, (1988), 

noted that the upper 5 to 10m the London Clay was often discoloured from dark grey to medium 

orangish-brown, a change that is typically linked with changes in geotechnical properties and 

attributed to weathering. They studied the effect of weathering on geotechnical and chemical 

properties of London Clay in South Ockendon, Essex. They collected samples from a pit (at 

the same location as George and Vincent, (1978), but focused the weathered clay, with depth 

to 4.7m. Weathered Clay was divided into four zones based on the weathering degree. Zone 1 

at the bottom was ‘unweathered’; Zone 2 and 3 ‘partially weathered’, and Zone 4, near-surface 

was partially weathered. The study found out that the clay mineral ratio slightly fluctuated. 

Illite and montmorillonite (smectite) comprised more than 75% of total clay content in the 

weathered zone. The proportions of these clays decreased with lower degrees of weathering. 

Additionally, the study found that in the weathered clay samples the water content increases 

by about 4% comparing with unweathered samples. Also in the weathered zones; there were 

increases in fissuring intensity, especially in Zone 3. Furthermore, the water content in the 

weathered clay higher about 4% than in the unweathered. 

 

Figure 2-17. The transition between weathered and unweathered London Clay described by (Gregory, 

1844) which was considered responsible for the presence of a shear zone (Bromhead, 2013). 
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Chandler (2000) developed this work, suggesting that the colour change in the London Clay 

was due to oxidation, from grey to brown. He suggested that the oxidation occurred during 

periods of lower groundwater levels (when oxygen could reach the soil). He found that 

weathering could also be related to the ‘Yield Stress Ratio’ - (YSR) which had values of 20-40 

(depending on depth) when fresh, but, reduced by a factor of 4 if weathering process was 

‘complete’. The yield stress is 'the point when the deformation of the material begins as a result 

of applied stress' (Koiter, 1953). The yield stress ratio for soil was defined by Burland (1990) 

as the ratio of the yield stress measured in the odometer to the vertical stress that is measured 

in situ. Bjerrum, (1967) assumed that weathering is responsible for the destruction of digenetic 

bonds developed during the geological history of clays. This assumption was supported by 

another finding of Chandler & Apted (1988) that there was a far greater incidence of fissuring 

in weathered London Clay.  

Hawkins & Higgins (1997) studied the effect of hydration heat resulting from the installing 

concretes pile in pyrite/gypsum-containing strata at Harrow on the Hill, London. They 

observed that the percentage of acid soluble sulphate in the brown weathered clay was 

significantly higher than the blue unweathered clay. They suggested that the sulphate in the 

weathered clay could be mobilised and driven by the hydration heat (during pile installation) 

to be more concentrated in the shear zone next to the pile.  

The presence of gypsum, as a breakdown or weathering product of pyrite (common throughout 

the LCF (Huggett, 1994; Kemp & Wagner, 2006)) is another possible indicator of weathering. 

In many soils, the relative proportion of gypsum has been found to increase when the soil has 

greater permeability, particularly after a drop in groundwater levels exposes the soil column to 

oxygen allowing pyrite oxidisation and gypsum production  (Ritsema & Groenenberg, 1993). 

Bessey & Lea (1953) found that in some cases gypsum occurrence could be correlated with the 

presence of silty-sandy bands in the London clay. 

Though it is not possible to be sure of the original proportion of pyrite and gypsum, it could be 

a semi-quantitative measure of weathering grade or even whether oxidisation was a result of 

exposure to oxygen (weathering) or wet environment deposition. It has been suggested that 

pyrite is a good indicator of the ‘freshness’ of the London Clay. Hight et al., (2003) 

demonstrated that the discolouring blue to brown of the London clay near ground surface is a 

result of removing the pyrite. The pyrite dissolving could produce a conversion of iron from 
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Fe2 to Fe3; they attributed this process to oxygenated groundwater due to the vertical 

discontinuities that may occur during the arid period. 

There is potential in exploring the pyrite-gypsum relationship as a measure of weathering. The 

process of gypsum neoformation is related to pyrite dissolution, which is enhanced in a wet 

environment or in the permeable soil that allows water contact. The alteration of the pyrite-

gypsum process could go through several stages, and there is potential to examine whether 

different stages or processes of weathering could be identified by geochemistry. Brady and 

Weil (2008), showed that there is a general relationship between cation exchange capacity and 

the intensity of weathering (Figure 2-18) which can result, for instance in the concentration of 

iron and aluminium oxides in some circumstances. It would be tempting to consider that the 

yellow colour of some weathered London Clay might demonstrate concentration of Fe and Al 

oxides (Goethite FeO (OH) and Gibbsite Al (OH)3), but it would require a systematic 

geochemical analysis of many samples to derive this.  

 

Figure 2-18 The relationship between the cation and anion exchange capacity and weathering intensity 

redrawn after Brady and Weil (2008). 

2.3.5 Impact of weathering upon Geotechnical properties of the London Clay Formation 

The geotechnical performance of the London Clay Formation is significantly affected by its 

degree of weathering. There are significant reviews of the nature and distribution of 

engineering properties (for instance Burnett & Fookes, 1974; Hight et al., 2003; Jones & 

Terrington, 2011; Skempton et al., 1969; Skempton, 1961; Ward, Samuels, & Butler, 1959, 
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Chandler 2000), engineering performance (Bromhead, 2013; Gasparre, 2005; D. W. W. Hight 

et al., 2003; Hutchinson & Gostelow, 1976,) and site characteristics (Deer et al., 2013; 

Dimmock & Mair, 2007; Jurečič, Zdravković, & Jovičić, 2012; Marsland & Randolph, 2009; 

Rainey & Rosenbaum, 1989; Wongsaroj, Soga, & Mair, 2013) of the of the London Clay. 

Weathering was an important element in many of these (particularly Bromhead, 2013; 

Hutchinson & Gostelow, 1976). However, there are some fundamental studies which 

specifically consider weathering. (Bell, 1992, after Cripps & Taylor, 1987) reported variation 

in several values for weathered and unweathered London clay (Table 2-16). The London Clay 

was found to exhibit changes in geotechnical properties though it is noticeable that the pattern 

is not consistent – though there is clearly a greater range in almost all reported values when 

weathered. 

Table 2-16 Engineering properties of weathered and unweathered LCF after Cripps & Taylor (1987). 

Geotechnical Property value Weathered LCF Unweathered LCF 

Liquid Limit (%) 66 -100 (80 avg.) 50 – 105 (70 avg.) 

Plastic Limit (%) 22 - 34 (28 avg.) 24 – 35 (28 avg.) 

Plasticity index (%) 36 – 55 (44 avg.) 41 – 65 (47 avg.) 

Void ratio 0.69-1.41 0.6 – 0.83 

Clay fraction < 2 µm % 42 - 72 48 - 61 

Natural water content (%) 23 - 49 19 - 28 

Bulk Density (Mg/m3) 1.7 - 2 1.92 – 2.04 

Undrained Shear Strength (kN/m2) 100 - 175 100 - 400 

Effective cohesion (kN/m2) 12 - 18 17 - 252 

Effective angle of friction 17 - 23 20 - 29 

Residual Shear strength 10.5 - 22 9.4 - 17 

Secant modulus elasticity (MN/m2) 10 - 35 25 - 141 

Coefficient of volume change (MN/m2) 0.05 – 0.18 0.01 – 0.002 

Coefficient of consolidation (m2/yr) 0.2 - 2 0.3 – 60 

 

Such variation is not unexpected as it is necessary to take into account stratigraphic, and spatial 

location when considering the original and weathered characteristics of the lithology ((Alister 
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D Burnett & Fookes, 1974; Jones & Terrington, 2011). Besides is also well known that the 

geotechnical characteristics of the London Clay are significantly affected by grain size 

variation (Dumbleton & West, 1966), Figure 2-19. 

 

Figure 2-19 Effect of silt-sized muscovite and quartz on plasticity of natural clay soils after Dumbleton 

& West (1966) 

Additionally, the Atterberg limits values of clay could be affected by other factors, for instance, 

Bain (1971) found by experimentation that increased soil alkalinity could slightly increase the 

plastic limit while having a significant impact on the liquid limit (Table 2-17).  

Table 2-17 Atterberg limits values of London clay before and after treating by Na2CO3, after Bain 

(1971) 

Clay State Plastic limit Liquid limit Plasticity index 

Untreated Clay 38 81 43 

1% sodium carbonate added 39 95 56 

2% sodium carbonate added 40 105 65 

3% sodium carbonate added 41 98 57 

 

Discontinuities are one of the most significant controls on geotechnical performance in the 

London Clay Formation both in the short term and under long-term drained conditions 
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(Skempton 1961, 1964; Terzaghi, 1936). Skempton et al. (1969) in a detailed study attributed 

the presence of fissures near the surface to weathering processes due to released stress near the 

surface. This assumption was supported by the observation of the decreasing of the mean size 

of the fissures with depth. Dixon & Bromhead, (2009) also suggested that weathering plays a 

significant factor in the controlling of slope stability where pore-water pressures and tensions 

may control the movement of rotational landslides, a pattern that supported elsewhere 

(Hutchinson & Gostelow, 1976). 

Spink (1991) studied the periglacial discontinuities in Eocene clays near Denham in 

Buckinghamshire and identified seven types of discontinuities depending on the angle of each.  

He found that all of these discontinuities sets were also recorded in the weathered zone in the 

London Clay Formation and suggested that there might be a significant relationship between 

weathering, possibly solifluction and discontinuities, It is interesting that his classification 

essentially only has two weathering grades for intact strata, an essentially binary weathering 

profile with layers above reflecting different types and styles of ground movement, (Figure 2-

20) 
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Figure 2-20 Types of discontinuities in the weathered London Clay (Spink, 1991) 
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3 Methods 

3.1 Experimental Design 

This work follows a simple premise. The results of a suite of tests were carried out on a series 

of ‘weathered’ shallow borehole cores and a corresponding deeper ‘unweathered’ core. Where 

time and equipment-time permitted, and where sampling was allowed (in the case of the 

unweathered core) SEM, XRF, XRD and PSD have been carried out to characterise the core 

and where appropriate the degree of weathering. These conventional data have been 

supplemented by a much larger dataset generated by the relatively rapid, low contact VNIRS 

(on all samples) and where available geotechnical and lithological data to create a wider 

understanding of the applicability of the data and knowledge gained from observing a wider 

context of weathering in the LCF. Figure (3-1) illustrates the Experimental Design research 

project steps. 

 
 

Figure 3-1 Flowchart showing the Experimental Design research project steps 

Stratigraphically, the work covers Zones E, D and part of D of the LCF which is the 

stratigraphic scope of the BGS Hampstead Heath Borehole considered to have been drilled and 

logged by BGS in 1987 (Pers Comm. Tracey Gallacher, BGS Curator 2016) and used as a 

stratigraphic control by Ellison (2004). For this research it was used as the ‘unweathered’ or 
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control strata. Other samples and borehole core were made available from the University of 

Portsmouth Industrial Partners GEA from different ground investigations at Hampstead Heath 

drilled in 2004-2005.  

Though all the borehole material was a decade or more old at the time of testing, materials 

stored at BGS and by GEA were stored in dry conditions either in sealed plastic containers or 

core boxes. Only samples which were in dry, sealed condition were used for this project. 

Permission has been received to use all geotechnical data from the area. Laboratory testing was 

carried out on retrieved samples to determine key geotechnical parameters (Index tests, particle 

size and in some cases strength data).  

• The first group was unweathered sample consists of 169 samples ( selected from BGS 

core) 

• The second group was weathered sample consists of 101 samples. (Extracted from GEA 

project sites). 

 

3.2 Study area 

The study area is on Hampstead Heath in London city (between 525000 – 527000 Easting, and 

185000 -187000 Northing).  Figure (3-2) shows a geological map and illustrate boreholes 

locations in the study area and the exposed units of London clay formation 

In the Hampstead area, all LCF units (A, B, C, D, E) are present, though the only E, D and C 

are found near-surface (King, 1981). The overlying Bagshot Formation is also present. In 

addition to the VNIR data, 169 samples were retrieved from the BGS Hampstead Heath 

borehole and 101 samples from 6 Boreholes in 4 sites at different elevations downslope from 

the BGS site. In terms of elevation, the highest sampling point was 128.71 m for the BGS 

borehole, while the lowest elevation 89.00 m (a range of 39.71 m) was recorded for 60 Frognal 

Road Site. All boreholes lie within a horizontal distance of 1627 m.
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Figure 3-2 Geological map showing boreholes locations in the study area and the exposed units of London clay formation 
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3.2.1 BGS ‘Unweathered’ Borehole Core at Hampstead Heath 

The BGS borehole at Hampstead Heath located in the north of London city beside the B519 

Road in an area of parkland upslope from residential development (figure 3-2). BGS chose the 

location at the highest point available at the time (Easting 526455, Northing 186890/ Ground 

level +128.71m). The borehole core log is undated, but it was thought to have been carried out 

by BGS in 1987 and logged by Dr P.J. Strange in detail to establish the stratigraphy at the site 

(Pers Comm. Tracey Gallacher, BGS Curator 2016). 

The slopes of Hampstead Heath may be considered to be mantled in mass-movement deposits 

(shallow landslides on open slopes and Head in shallow valleys) (Pers. Comm A Gibson 2015). 

However, at this higher part of Hampstead Heath, the Bagshot Formation is considered in-situ, 

as is the Claygate Beds (Unit E) of LCF. The BGS borehole extends to a depth of 66.74m 

below ground level, which gives an anticipated stratigraphic coverage of the lower part of the 

Bagshot Formation, the entirety of Units E and D and possibly part of Unit C. The number of 

samples taken for testing is given in Table 3-1. 

 

3.2.2 GEA ‘Partially Weathered’ Borehole Core at Hampstead Heath 

These boreholes were drilled by GEA Ltd. at Hampstead in the London area for the purpose of 

engineering projects. Though not specifically drilled for this project, this meant that access was 

granted to core and samples that would simply not normally be achieved. The exact locations 

and elevation from mOD are shown in Table 3-1. 101 samples at depths 0-20 m from the 

ground, covering what was anticipated to be stratigraphically Units E) and D of the LCF. As 

shown in Appendix 9.6.2.  None of the boreholes was expected to contain Bagshot Formation 

and all lie S or SW from the BGS Hampstead Heath Borehole. As shown in (figure 3-2), All 

of the GEA boreholes were retrieved from locations within the urban area downslope from the 

BGS hole. 
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Table 3-1 Locations, elevation and depths boreholes at Hampstead Heath where the tested samples 

extracted. 

Site Location Date drilled G. L. 

(mOD) 

Depth Samples 

number 

Description 

BGS 

Borehole 

526455, 

186890 

Updated. 

Presumed 1987 

(Pers. Comm. 

Tracey Gallacher 

2016) 

128.71m 66.72 169 Small samples about 

20-30gm collected for 

each 30-35cm to cover 

the whole length of the 

BGS log 

Templewood 525795, 

186157 

15/11/2011 110.10 

m 

19.50 16 Undisturbed samples 

were preserved in 

good conditions at 

various depths 

considering all 

boreholes depths to be 

covered starting from 

the ground level to the 

end of each borehole. 

The exact depth of 

each sample is 

presented in diagram 

(appendix 9.6.2) 

Oakhill BH1 525730, 

185770 

28/3/2013 96.88 m 14.00 6 

63Frognal 

BH1 

526050,  

185600 

29/11/2012 97.72 m 20.00 27 

63 Frognal 

BH2 

526055, 

185590 

03/12/2012 97.68 m 14.75 15 

63 Frognal 

BH3 

526062, 

185593 

04/12/2012 96.40 m 9.75 15  

60 Frognal 526140, 

185470 

18/05/2013 89.75 m 19.75 22 

 

3.3 Sampling and Testing 

3.3.1 Particle Size Distribution (PSD) by Laser Diffraction 

Samples from GEA were retrieved over several months 2014-15 as core became available and 

could be selected as undamaged samples. All BGS samples were retrieved in 2016 from the 

borehole drilled in 1987 from the British Geological Survey core store (1-16 January). Particle 

size distribution tests were carried out to enable correlation between the BGS borehole and 

GEA boreholes for the overlapping thickness of 48 m. It was anticipated that the data would 

also enable a local revision of the stratigraphy.  

Particle size distribution tests were carried out using a Malvern Mastersizer 3000 Laser 

diffraction particle size analyser due to the limitation of collecting big-size samples specifically 

from BGS core because of their regulations. Also, the Laser diffraction method has many 

benefits such as time-saving and high accuracy (compared with the classic wet analysis), 

particularly for the fine grains soil. All samples were wet sieved (using de-ionised water) to 
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remove particles greater than 2 mm. As was anticipated from hand descriptions, all sample 

passed entirely through the 2 mm sieve. 

A sub-sample (were collected from BGS core at BGS core store at Nottingham) from each 

specimen of 5 gm dry weight was flocculated using a method modified from BS1377, (British 

Standards Institution 1990). The flocculating solution as made by dissolving 33 g of sodium 

hexametaphosphate and 7 g of sodium carbonate in 1 l distilled water. Samples were placed in 

test tubes and shaked using a standard tube-shaker for at least 60 minutes prior to testing. 

Results obtained from the Mastersizer were output in .csv form of % volume for a wide range 

of grain sizes which could be re-calculated for % of clay, silt and sand (though standard output 

includes sub-categories of (very fine, fine, medium, coarse and very coarse). The equipment 

automatically calculates D10 and the Specific Surface Area (SSA). For the purposes of this 

work, standard categories as outline BS 1377 were used. 

270 samples were tested from the seven boreholes to carry out the particle size distribution test. 

Due to the differences in the ground level elevation of each borehole, the definite correlation 

required to unify the graphs by plotting the percentage of each particle size with elevation. The 

total content percentage of sand, silt and clay have been used to plot the particle size with 

elevation. Table 3-2 shows the source for each of the 270 sample tested for PSD, and the range 

of ground level elevation for each group. Detailed results are described in Section 4 and in 

Appendix 9-1. 

Table 3-2. Details of particle size distribution samples 

Site Samples Number Depth m G. L.(mOD) 

BGS Borehole 169 0 - 66.72 128.71m 

Templewood 16 0 - 19.50 110.10 m 

Oakhill BH1 6 0 - 14.00 96.88 m 

63Frognal BH1 27 0 - 20.00 97.72 m 

63 Frognal BH2 15 0 - 14.75 97.68 m 

63 Frognal BH3 15  0 - 9.75 96.40 m 

60 Frognal 22 0 - 19.75 89.75 m 
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3.3.2 Geotechnical Characterization (GEA data) 

All GEA cores were examined soon after drilling and logs produced by GEA. Clearly the 

samples were not in the drilled condition at the time of this research but each re-described (as 

was the BGS borehole core). Each was described according to BS5930 (British Standards 

Institution 2009 – revised in 2015) table 3-4. For the purposes of understanding potential 

weathering layers, the most important geotechnical terms were the consistency limits Griffiths 

& Martin (2017). Table (3-5) GEA also carried out Standard Penetration Testing during each 

drill, with methods followed according to ISO 2002. 

 

Table 3-3 Soil consistency discriptive terminology after BSI (2015) 

Consistency Description 

Extremely soft Finger pushed in easily to full extent, unable to maintain shape 

Very soft Finger pushed in up to 25 mm. Exudes between fingers 

Soft Finger easily pushed in by up to 10 mm. Moulds with light finger pressure 

Firm Thumb makes an impression easily. Cannot be moulded by fingers. Rolls 

in the hand to a 3-mm-thick thread without breaking or crumbling 

Stiff Can be indented slightly by thumb. Crumbles on rolling a 3-mm-thick 

thread but can then be remoulded into a lump 

Very stiff Can be indented by thumbnail. Cannot be moulded, crumbles and under 

pressure does not remould 

 

Table 3-4 Relative density classification based on N value after BSI (2015) 

Relative density N value from SPT test 

Very loose 0-4 

Loose 4-10 

Medium dense 10-30 

Dense 30-50 

Very dense >50 
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3.3.3 VNIR Spectroscopy  

Spectroscopy measurements were carried out using an Analytical Spectral Devices (ASD) 

LabSpec 5000 full-range VNIR (350-2500 nm) spectrometer with a 1 nm sampling. For the 

BGS core logging, a 4 mm foreoptic was used for detailed logging whilst all other 

measurements were taken using a 24mm window high bright probe (Figure 3-3). Testing 

followed internal procedures of the Hyperspectral Laboratory of the University of Portsmouth 

(Pers. Comm. A Gibson 2015), which closely match those used elsewhere including Ben-Dor 

(2015). All spectra were calibrated using a spectralon white reference. 

 

Figure 3-3 Equipment setup of the ASD Labspec 5000 with a 24mm high bright probe (right). 

 

3 sets of VNIRS samples were retrieved from the samples. 

• 101 samples from the six GEA boreholes at four investigation sites (Section 3.2). These 

samples were oven dried at 40℃ for 48 hours, then hand ground using a rubber mortar and 

pestle until the crushed sample passed through a 2 mm sieve. Spectra were captured in the 

Hyperspectral Laboratory, SEES, University of Portsmouth. 

• 169 subsamples (for PSD testing) were collected from the BGS borehole core at the BGS 

core store during the two weeks work at the British Geological Survey in Nottingham 

between 1-16 January 2016. Samples were collected for each 0.3 m along the core by 

negotiation with the BGS Core Store.  
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• 1280 spectra were collected from the BGS core during the work at BGS core store. Due to 

some gaps and lost materials in the BGS core, the intervals of the distance between 

measurements varied, but in general, most of the measurements were taken for 1-2 cm to 

ensure producing high-resolution spectroscopy log. This was by permission of the BGS due 

to the non-destructive nature of the testing. 

 

Spectra were captured in .asd file format which was converted as necessary into .csv files for 

analyses in a spreadsheet and .tsg files for analyses in The Spectral Geologist. Initial analysis 

was by visual assessment to identify broad characteristics of spectra, to identify any key 

spectral absorptions or apparent groupings of spectra so that analyses could be carried out in 

appropriate groupings. 

Figure 3-4 shows a typical output at this stage. Reflectance is plotted against wavelength for 

two samples from the 60 Frognal Road core. The plots are typical for LCF. The unweathered 

sample shows a subtle convex curve (hull) with shallow broad absorption features at 1350, 

1900 and 2200 nm. The weathered sample possesses a more convex hull with absorption 

features in the same location but with increased amplitude by comparison to the unweathered 

sample. It should be noted that although reflectance is measured as an index 1-0, it is a normal 

convention to adjust the Y-scale to accentuate any absorption features. 

 

Figure 3-5 demonstrates how an initial visual comparison can be used to identify groups of 

spectra which can then be considered as a separate population for further analyses or 

comparison with other results (in this case weathering). Figure 3-6 demonstrates how spectra 

from different boreholes but corresponding strata can rapidly be compared using the same 

technique. 
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Figure 3-4 showing the difference between 2 spectra from one borehole, weathered sample near 

surface and unweathered sample from the borehole bottom. 

 

 

Figure 3-5 showing a consecutive group of spectra with depth at 60 Frognal borehole. 

By comparing this with Figure 3-7, it can be seen that there are 2 populations of spectra, a low 

reflectance group which may be interpreted as unweathered, a higher reflectance group which 

may be considered weathered.  
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Figure 3-6 showing two spectra at the same elevation for a weathered sample from 60 Frognal and 

unweathered sample from BGS core. 

It is not practical to view a large number of spectra in this way. Though the same principles 

will apply spectra will be presented as bar plots which enable many more spectra to be 

compared (Appendix 9.5). 

 

3.3.3.1 Conversion of spectra from curves to images 

Spectra can be plotted as a graph line referring to the reflectance, and the absorption at varied 

wavelengths on the full range 350-2500nm of spectroscopy wavelengths figure  
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Figure 3-7 NIR Spectroscopy measurements graph showing the hydroxyl peaks and the variation of 

reflectance and absorption 

 

Interpretation of NIR spectroscopy measurements as a stacked group for borehole can be 

confusing due to overlapping readings plotted in one graph. Another method to plot 

spectroscopy data is using TSG software to present each measurement as an image can be 

gathered in one log. The principle of this method can be summarised; the TSG software has a 

built-in Auxiliary colour index containing the solar spectrum colours range from red to blue 

figure 3-8. During the simulation of NIR spectroscopy data, the TSG software deal with the 

full range of reflectance value as a group of stacked segments. Each segment will be presented 

as a specific colour based on their reflectance value (R) figure 3-9. 



64 

 

 

Figure 3-8 Showing an example of spectroscopy measurements simulation using the Auxiliary colour 

as an index after Laukamp et al. 2015. 

 

 

Figure 3-9 Showing 2 NIR spectroscopy measurements and their TSG image 
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3.3.4 X-ray Diffraction analysis 

XRD testing was carried out on 37 samples, 16 samples from 60 Frognal /BH1 and BH3, 

covering about 14m for 1m depth interval and 21 samples from the BGS core for the equivalent 

elevations (and anticipated stratigraphy). XRD testing had 3 stages, preparation, scanning and 

finally minerals quantification. Preparation involved double centrifugal separation of clay from 

5mg of dry weight sample. The residue from this process was dropped onto a glass slide. 

Diffraction was carried out in a Panalytical Xpert3 diffractometer. 3 scans were carried out, 

one prior to any treatment, one after glyconation to expand the swelling clays and one after the 

glyconated sample had been furnaced to collapse the clays. 

3.3.4.1 Samples preparation 

Sample preparation for XRD testing followed methods proposed by Dr Jennifer Huggett (Pers. 

Comm. Huggett 2015). Preparation starts with ensuring the clay samples are free of carbonates 

materials as this could affect the results. In case of likely occurrence of carbonates, the sample 

was decarbonised by using 0.2 N hydrochloric acid and then removing the acid by washing 

with deionised water. Then the clay sample was broken up into shards, mixed in a 250ml beaker 

filled up with distilled water and the clay dispersed by placing the  beakers including the 

mixture of the clay and distilled water in an ultrasonic bath for 8 to 15 minutes depending on 

the amount of clay in the tested materials. The samples is then transferred to a centrifuge bottle 

and centrifuged twice. The first centrifuging was for 20 minutes at 1000 rev/minute to remove 

sands, and the second for 20 minutes at 4000 rev/minutes to allow the clay particles to 

accumulate in the bottom of the bottle. A pipette was then used to extract the sludge and apply 

it on a ceramic disc to dry at 600C in the oven.  

3.3.4.2 Scanning Samples 

The scanning process carried out in three stages at the XRD laboratory in the School of Earth 

and Environmental Sciences (SEES), University of Portsmouth. The first scan was on  air-dried 

samples, followed by scanning the same samples after ethylene-glycol solvation by putting the 

samples suspended in a desiccator contains ethylene-glycol liquid for 45 minutes. Due to its 

ability to replace the water layers in the clay lattices and causes expansion, the primary rule of 

the ethylene-glycol is to recognise the illite-smectite mixed layers. The second scanning was 

done within 4 hours of glyonation. The final scan followed heating the samples at 490o C for 

two hours to denature the clays. 
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3.3.4.3 Quantification of Clay minerals 

The outcomes of the XRD tested sample are three curves for air-dried, glycol-solvated and 

heated samples Figure (3-10) shows the combined three curves as used for an interpretation. 

The interpretation of these curves followed the same procedure as laid out by Poppe et al (2001) 

modified by Hugget (Pers. Comm. J Hugget 2015). The primary modification was that clays 

were calculated upon spectra derived from the glycol-solvated test (Figure 3-10, 3-11, 3-12). 

This background line was subtracted from the trace to enable the quantification of the areas of 

individual absorption features. The assumption throughout the whole process is that the 

confined area between a specific three peaks represents 100% of the total amount of clay 

minerals and changes made to clay structure by swelling and de-naturing will enable the 

estimation of relative contents of clays. The first peak from the left reflects the content of the 

illite-smectite layered clays, and the second peak reflects the content of illite, while the third 

represents kaolinite and chlorite. The area of each peak was determined after drawing the 

background line using “The HighScore suite” software (Degen et al., 2014).  

 

 

Figure 3-10 Showing three curves for air-dried, glycol-solvated and heated samples of a 

scanned sample of LCF from the BGS core views in Highscore. 
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Figure 3-11 Showing how the background line is subtracted from the raw spectrum to enable 

identification of specific peak shapes The HighScore suite. 

 

Figure 3-12 Showing a background subtracted spectra of the same sample and some of the 

characteristics that can be measured using the software. 

3.3.4.4 Note on XRD results 
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It should be noted that despite the analyses carried out, the XRD results for the samples 

prepared and tested showed almost no variation. It was found that all samples were dominated 

by the presence of illite, smectite, kaolinite and chlorite. It was decided therefore not to proceed 

with further analyses or discussion of XRD data. This also enabled research to concentrate on 

other analyses. 

3.3.5 Scanning Electron Microscope 

SEM imaging was used to examine; the morphology (roughness) of clay particles particularly 

at clay particle edges. Roughness can be used to find out the effects of weathering on the LCF 

(Bouch 2005). As will be shown in Section 4, most of the ‘weathered’ samples have clay 

particles with degraded edges whilst ‘unweathered’ samples from BGS borehole at equivalent 

elevation have clay particles which retain sharp edges. Pyrite crystals were also examined. In 

similar fashion to clays, those in unweathered strata demonstrated perfect (rhomboid or 

framboidal) shape, while in the weathered samples, crystals were degraded or replaced.  

SEM tests were carried out on four groups of samples, 2 each of weathered and unweathered 

samples from corresponding strata. Weathered strata were sampled from 63 Frognal Road 

site/BH1, and the second group from Templewood. Unweathered samples were taken from the 

BGS core samples that covered the same elevation. The SEM experiments were carried out in 

the SEM laboratory in the SEES at the University of Portsmouth, with the help of the 

technicians Joseph Dunlop and Elaine Dyer regarding the samples preparations. About 240 

images have been taken for 48 samples that cover about 12m in depth at Hampstead Heath 

The approach used was adapted from that of Bouch (2005) who carried out a detailed study 

using SEM analysis for a group of samples were collected from 19 sites across the UK. The 

study demonstrates that there is a significant variation in grain size, and the grain size was 

increased from NE to SW, while the clay-content was decreasing in the same direction of the 

trend. The microstructure and the particle shape of clay minerals, determined using SEM was 

used to identify clay type according to the classification of Velde (1995).  

3.3.6 X-ray fluorescence (XRF) 

XRF data is useful in distinguishing of mineral alteration by discrimination the potential 

chemical change. In clay materials the mineral alteration can be considered a result of pyrite 

oxidation (Russell & Parker, 1979). They found that the variation of % oxides varies between 

weathered and unweathered oxford clay. By observation of the Pyrite (FeS2) widely exists in 
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the fresh London Clay and it is a possible source of gypsum (CaSO4.2H2O) neoformation when 

the pyrite oxidises in the presence of calcite. In other words, there is an inverse relationship 

between the presence of pyrite and gypsum that can potentially be related to weathering degree. 

Gypsum and pyrite crystals can be readily identified by SEM when the crystals are perfectly 

crystallised. However, where pyrite occurs in amorphous crystals or it has been disseminated, 

such identification is difficult. Russell & Parker (1979) therefore suggest that in weathered clay 

, the best method to determine the state of oxidation is to study the ratio of pyrite and gypsum  

(pyrite + calcite→gypsum) using XRF. 

3.3.6.1 Preparing samples and data collecting 

XRF test is the most common method that could be used for elemental analysis of the various 

material.. The subsequent analysis of the results is based on comparison to a standard sample 

with a known chemical composition. Following SEES internal procedures, XRF samples were 

ground to 20-80 microns using a planetary ball mill. This provides a smooth and homogeneous 

surface for scanning. After the grinding process, each 5 gm of the prepared powder mixed with 

1gm of wax sample was pressed using a manual hydraulic pellet press with maximum pressure 

up to 20 tons for 5 minutes in 32mm steel dies. The scanning of the prepared pellets was done 

at SEES X-ray laboratory at SEES, University of Portsmouth. 30 Samples from GEA sites (63 

Frognal BH1 and Templewood Borehole) and 30 samples from the equivalent elevation from 

the BGS core were done.  
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4 Results 

This section presents the results each analytical technique with further detailed information 

provided in Appendix (9.6.3) Table 4-1 presents a summary of the information gathered. 

Table 4-1 Details of tested samples and tests carried out on each borehole core 

Experiment PSD NIR XRF XRD SEM 

Borehole ID 

BGS core 169 samples 169 samples 

1280 readings 

30 samples 21 samples 19 samples 

Templewood 16 samples 16 samples 15 samples - 10 samples 

63 Frognal BH1 27 samples 27 samples 15 samples 16 samples 9 samples 

63 Frognal BH2 15 samples 15 samples - - - 

63 Frognal BH3 15 samples 15 samples - - - 

Oakhill BH 6 samples 6 samples - - - 

60 Frognal BH 22 samples 22 samples - - - 

 

4.1 BGS Hampstead Heath Borehole Cores 

4.1.1 Detailed lithostratigraphic Description of London Clay Formation at Hampstead Heath 

The BGS Hampstead Heath core was described as part of this research in January 2016. Though 

the core is over 30 years old and is dried, it is in good condition for a curated core though it 

has been sampled several times in the past. It is useful to presents a summary description that 

can be referred to in the Analyses (Section 5): 

• Bagshot Sands (basal Bagshot Formation), thickness 15.24m (from depth 3.76 to 19.00 m 

from ground level). This unit consists of sand, silt and clay. The first 3.76 m was not present 

(presumed un-recovered). 

• The Claygate Beds (Unit E) with thickness 16m (from the depth 19.00 m to 35.00 m). This 

unit consists of dominant silt in addition to sand and clay. 
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• Units D and Unit C of the LCF with thickness 31.74 m (from depth 35.00 m to 66.74 m 

which is the end of the borehole). This part of the borehole thickness consists of clay and 

silt, but clay is the dominant part of the sediments.  

Detailed descriptions of available sections were as follows: 

4.1.1.1 Bagshot Sands 

• Depth 3.9m – 7.94 m. Sand, fine-grained dark yellow-orange, ferruginous, discolour to 

brown accompanied with some bioturbation at the depth 4.5m. The materials are laminated 

to depth 6.20m with colour changes to yellowish olive grey. Laminated 6.71-7.25 m. , 

followed by lithology change from fine brown Sand to light olive brown clayey Silt 

between 7.50-7.94 m. 

• From 7.94m light olive brown, very fine-grained sand finely laminated but prominently 

laminated at the depth 9.30-9.50m. At 8.65m scattered carboniferous and pyrite patches 

were noted. 

• Silt, sandy clay between 9.50 - 10.57 m coloured from orange to brown, yellow and grey. 

0.57 to 13.35m clayey silt to sandy silt discoloured yellowish olive grey laminated at 

depth12.38-12.49. 100 mm orange bands from 12.76m. 

• 13.35 to 15.25m, sand, fine-grained to very fine-grained accompanied by colour changes 

from yellowish brown, light olive brown and followed by 250mm of olive yellow clay. 

• 15.50-19.00 m dominated by very fine-grained sand, colour with depth from brownish 

yellow to light olive brown to olive, possible erosive feature or even intrusion? 410 mm of 

silty clay, medium grey to yellowish brown at depth 16.70m. 

 

4.1.1.2 Claygate Beds 

• 19.00 – 35.00 m. From 19.00 m very fine-grained sand to silt with clay partings at 19.63 m, 

fine-grained sand at 20.15 m, clay from 21.00 to 21.50. Discolouring from olive at 19.00-

19.1 m where laminated, light olive grey at 19.63 mm, then dark yellowish brown from 

21.00-21.50 m. Laminated depth 20.15-21.0 m. 

• Very fine-grained laminated light olive sand about 21.50-21.8 m followed by dark yellow 

silty clay for 21.8-22.40 m. From depth 22.40-23.70 m, light olive grey, very fine-grained 

sand, laminated from 22.70 – 23.70 m. 
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• 23.70-30.20 m silt with sandy and clayey patches poorly laminated at depth 25.00 m. 

Discolouring from greyish brown at depth 23.70 m to yellowish brown at depth 27.00 m. 

Pyrite is noted at depth 27.00 m, in addition to glauconite grains between depths 29.00 m 

to 30.20 m. 

• 30.20-31.65 m, dark yellowish brown clay with silty and sandy patches at the depth 31.00 

m, followed by dark yellowish brown fine-grained sand to 31.60 m. Glauconite grains occur 

thoughout. 

• 31.65-35.00 m which is the bottom of Claygate Beds, starts with 0.30 m of laminated 

limestone, followed by dark yellowish brown fine-grained, laminated sand 31.95-32.80 m 

with some pyrite at the bottom. From 32.80-33.8 m, dark yellowish brown silt with bands 

of sands, followed by dark yellow, brown clay, silty at the top for about 0.4 cm. 

4.1.1.3 London Clay Formation 

In the BGS core about 31.74 m of LCF was covered and what is known that is Unit D is the 

next unit immediately after Claygate Beds which is redefined by King (1981) as (Unit E) of 

the London Clay Formation, and the literature has apparently confirmed this fact. However, in 

this thickness, it might be presented the upper part of the “Unit C”, and this will be examined 

based on the surround borehole logs from the BGS database to confirm the base of “Unit D” in 

Hampstead area. The lithology of “Unit D” of the LCF starts at the depth 35 m from the ground 

level. It does consist of yellowish brown silt fining downwards to very fine-grained silt at the 

depth 39.00 m to about 0.3m and then continue as silt to the depth about 43.00 m. Glauconite 

grains are between depths 35.00 – 43.00 m, in addition to shell fragments at the depth 42.00 m. 

• 43.00-45.50  dark yellowish brown silty clay, included dark yellow-brown of laminated silt 

band for nearly 0.3m in thickness at depth 44.70 m. 45.7-47.7 m dark yellowish brown silt 

with shell fragments at the bottom of this thickness range. 

• 47.75 greyish-brown silty clay continues to the depth 53.25 m. Laminated at 48.30 m 

followed by a carbonate nodule. Some silt bands occasionally occur between depths 49.00-

51.00 m. Pyrite patch is noted at depth nearly 50.00 m and 53.25-53.90 m dark yellowish 

brown slightly laminated silt. Limestone nodule at the bottom. 

• 54.00-57.70 m greyish brown blue silt with some shell fragments for 1 m at the top and 

glauconite for 1 m at the bottom. Dark yellow-brown silt band for 56.50-56.90 m. 

• 57.70-60.70 m dark yellowish brown silt becomes clayey to about 58.50-59.0 m. 60.80 to 

the end of the borehole at the depth 66.74 m greyish brown pure clay. Dark yellowish 
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brown silty for about 62.50 – 63.50 m. Some grains of Glauconite at 62.25 m and pyrite 

nodule at 64.50 m. 

Key observations: 

1. The core material was generally characterised by dark grey colour and very few fissures. It 

Despite being dry, the dark colour indicated that the LCF element of the core was 

unweathered.  

2. It was considered that there had been some degradation of exposed gypsum crystals, 

however pyrite partings when exposed were in good condition. Some rims and spots of 

disseminated pyrite were noted as were small gypsum nodules further indicating that the 

core is unweathered.  

3. Shells fragments occurred in many zones, and in fact were utilised by King (1981) as a key 

geological marker. The shells could be considered as the primary source of calcite required 

for pyrite oxidation process and subsequently production of gypsum in the weathered 

zones.  

4. It was not possible to determine or estimate the stiffness of BGS core material as it was 

dried and hard, however this property description adopted from the BGS logs 

(unfortunately no report was available) report that was reported by P. J. Strange. 

4.1.2 Particle Size Distribution BGS Hampstead Heath Borehole Core 

Particle size distribution for 169 samples from BGS borehole was carried out. The depth 

interval of tested samples was approximately every 0.30 m. Results are given in Appendix 9-1 

and summarised in Figure 4-1. These show that there is a variation in PSD with depth and this 

can be related to the lithostratigraphic unit. There were two gaps in the BGS borehole core 

where the core has either been over-sampled or there was no recovery. The first was from 

ground level to 3.9m depth, and the second was between 5-13.6m depth. However, the 

mentioned two gaps, did not affect the LCF as they were in the Bagshot Formation.  
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Figure 4-1 Percentage content of sand, silt and clay with elevation for BGS borehole. 

Figure 4-1 shows four coarsening up cycles, primarily identified from the % sand. The first 

cycle extends 62-70 m elevation, the second 73-83 m. the third 86-96 m and fourth up sequence 

cycle starting from elevation 98-111 m. A stratigraphic correlation between these cycles, the 

descriptions in 4.1.1. and King (1981) has been developed (Figure 4-2). The thickness 

estimation of London clay units which are given in King 1981 was varied based upon the 
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locality. However, there was no clear thickness for London clay units at Hampstead Heath in 

the north of London has been given. It is proposed that the vertical extents (elevations and 

derived thicknesses) given in Figure 4-2 be considered an accurate local stratigraphy for the 

LCF at Hampstead Heath. Unit E has a thickness of 23 m and Unit D 15.8 m.  

 

Figure 4-2 Proposed local stratigraphy for the LCF on Hampstead Heath based upon results from 169 

data, correlated with the basin-wide stratigraphy of King (1981).  

4.1.3 NIR Spectroscopy data and results with depth of BGS borehole 

Spectral measurements of the BGS Hampstead Heath borehole core have been carried out on 

the whole available core. The BGS core consists of 58 segments, each segment length about 

0.90 m. The core segments are packed in boxes Figure 4-3, and covered by a plastic film in 

order to keep them as much as possible in good condition and away from the wet and dust that 

can cause some deformation or alteration on the exposed surface of the core. As previously 
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mentioned there are two areas where core is absent in the overlying Bagshot Formation (0-

3.9 m and 5-13.6 m). 

 

Figure 4-3 BGS core segments as stored at BGS Nottingham laid out during investigation for this 

research in January 2016 

Some parts of the BGS core were damaged, making accurate measurement difficult. Also some 

areas of core were covered in dust. Each reading was taken from a substantial part of the core 

(judged to be solid by the author). If necessary (again by the judgement of the author in 

agreement with the supervisor and curator) the measurement surface was cleaned using a soft 

paintbrush. Intervals between measurements ranged from 20 mm to 50 mm based on the state 

of the core materials. A typical core, prepared for measurement is shown in Figure 4-4 .  

The 1280 spectral measurements have been used to create a high-resolution spectral log in the 

depth range 13.25-66.11m, covering the lower part of Bagshot Formation Claygate beds, unit 

D and what is proposed as the upper part of unit C. The complete ‘spectral log is presented in 

Figure 4-4, and is discussed in detail in Section 5. 

 

Figure 4-4 Preparation of a section of core for VNIR measurement at BGS. Note 

placemarkers to denote where each reading was to be taken. 
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Figure 4-5 Reflectance and HullQuot of VNIR spectra presented as a chart for the entire depth of the 

BGS unweathered core, Depth (13.23-66.74m), elevation (115.46-61.97m), number of spectral 

measurements 1280 
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4.1.4  X-ray diffraction (XRD) results for BGS unweathered core 

X-ray diffraction tests were carried out on 21 samples to quantify the clay mineralogy for BGS 

Hampstead Heath core samples at different depths (Table 4-2). The 20 samples collected for a 

depth range 32-47.59m (elevation 96.70-81.11m) to coincide with equivalent strata of GEA 

cores (appindex 9.6.2). 

Table 4-2 XRD results for BGS Hampstead Heath borehole core (20 samples). 

Sample ID Elevation m Depth m Illite % Illite-smectite 

S-rich % 

Kaolinite % 

BGS-1 96.70 32.00 22 76 1 

BGS-2 96.35 32.35 21 78 1 

BGS-3 96.00 32.70 32 68 0 

BGS-4 95.70 33.00 25 74 1 

BGS-5 94.65 34.05 31 69 0 

BGS-6 93.30 35.40 30 69 2 

BGS-7 92.50 36.20 24 74 2 

BGS-8 91.75 36.95 21 77 2 

BGS-9 90.85 37.85 29 68 3 

BGS-10 89.75 38.95 18 79 3 

BGS-11 89.00 39.70 28 69 3 

BGS-12 87.85 40.85 29 68 3 

BGS-13 86.80 41.90 33 63 4 

BGS-14 85.65 43.05 33 63 4 

BGS-15 84.72 43.98 31 66 4 

BGS-16 84.00 44.70 32 63 5 

BGS-17 82.70 46.00 25 70 5 

BGS-18 81.71 46.99 27 72 1 

BGS-19 81.61 47.09 25 73 2 

BGS-20 81.25 47.45 27 70 3 

BGS-21 81.11 47.59 23 75 2 
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Results show that there is are trends for illite, kaolinite and illite-smectite mixed layer with 

depth. Kaolinite content is low (0-1%) in the upper 2 m, increasing gradually with depth to 

reach about 5% at depth 44.7-46 (elev. 84-82.7 m). Illite content varies between 18% to 32% 

though now trend was observed in the data. Similarly, illite-smectite varies between 63-78% 

but no trends could be seen in the data. 

 

4.1.5 Scanning Electron Microscope imaging (SEM) 

The Scanning Electron Microscope imaging for the BGS core has been carried out on 20 

samples as 2 two groups, each group represents an equivalent layer in terms of elevation of 

GEA core 1 at Templewood borehole and the second one is equivalent to the same layer of 

GEA core 2 at 63 Frognal BH1 to compare the micromorphology with GEA samples. This is 

discussed in detail in Section 5.4. Specific sample depths are given in Table 5.4. 

 

4.1.6 X-ray fluorescence (XRF)  

XRF has been carried out on 30 samples divided into two groups, each group corresponding 

with equivalent depths of GEA cores as described above. Data were presented as a percentage 

of oxide content (Table 4-3 and 4-4). SiO2, Al2O3 and Fe2O3 respectively were the most 

commonly found oxides in the samples tested. 
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Table 4-3 XRF results for BGS unweathered core from 108.1-91.75 m equivalent to GEA Templewood. 

Depth m Elev. m SiO2% Al2O3% Fe2O3% MgO% K2O% CaO% SO3% MnO% Na2O% P2O5% TiO2% 

20.6 108.1 65.64 14.97 8.21 2.31 2.39 1.73 0.48 0.45 0.40 0.18 1.03 

21 107.7 68.54 13.95 8.83 1.54 2.84 1.83 0.36 0.02 0.29 0.16 1.12 

21.6 107.1 69.82 14.48 6.28 2.22 3.42 1.68 0.20 0.03 0.34 0.18 1.07 

22 106.7 66.68 15.84 8.00 2.23 3.54 1.69 0.35 0.03 0.29 0.18 1.02 

22.6 106.1 64.98 17.36 6.54 3.20 3.58 1.59 0.37 0.03 0.30 0.18 1.03 

23.6 105.1 68.87 14.32 6.04 2.54 3.67 1.09 0.15 0.03 0.31 0.18 0.95 

24.7 104 64.55 15.71 8.98 3.44 3.69 1.56 0.29 0.00 0.30 0.19 0.95 

26.2 102.5 63.99 18.14 6.98 2.86 3.75 1.25 0.30 0.04 0.31 0.20 0.94 

28 100.7 64.09 18.42 6.60 2.87 3.75 2.03 0.16 0.04 0.33 0.20 1.21 

29.4 99.3 65.67 16.04 6.33 2.90 3.79 1.46 0.49 0.00 0.33 0.19 0.97 

31.7 997 65.37 16.49 6.00 2.94 3.78 1.50 0.43 0.04 0.32 0.18 1.20 

32.7 96 61.65 18.19 7.06 3.78 3.89 1.75 0.18 0.05 0.33 0.23 1.12 

34.05 94.65 65.15 16.37 6.32 2.89 3.78 1.49 0.45 0.04 0.36 0.18 1.12 

35.6 93.1 62.04 18.43 7.15 3.20 3.99 1.61 0.23 0.04 0.31 0.19 1.04 

36.95 91.75 59.84 18.21 13.04 2.54 2.96 0.89 0.38 0.03 0.34 0.10 0.93 
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Table 4-4, Table 52 XRF results for BGS unweathered core 96.7-85.57  elevation equivalent to 63 Frognal road BH1. 

Depth m Elev. m SiO2% Al2O3% Fe2O3% MgO% K2O% CaO% SO3% MnO% Na2O% P2O5% TiO2% 

32.00 96.70 59.64 17.43 13.21 2.31 3.39 1.53 0.71 0.05 0.43 0.10 1.01 

33.00 95.70 61.51 15.91 13.83 1.54 3.37 1.63 0.59 0.02 0.32 0.08 1.10 

34.75 93.95 62.79 16.78 11.28 2.22 3.27 1.49 0.43 0.03 0.38 0.10 1.05 

35.90 92.80 59.65 15.04 13.00 2.23 3.17 1.48 0.58 0.03 0.33 0.11 1.00 

36.20 92.50 57.95 18.49 13.54 3.20 3.16 1.39 0.60 0.03 0.33 0.10 1.01 

36.95 91.75 59.84 18.21 13.04 2.54 2.96 0.89 0.38 0.03 0.34 0.10 0.93 

37.85 90.85 57.52 16.56 15.98 3.44 3.05 1.36 0.52 0.00 0.33 0.11 0.93 

38.30 90.40 56.96 19.11 13.98 2.86 3.07 1.05 0.53 0.04 0.34 0.12 0.92 

39.10 89.60 59.06 17.02 13.60 2.87 3.13 1.26 0.39 0.04 0.36 0.12 1.19 

40.25 88.45 58.64 17.39 13.33 2.90 3.13 1.30 0.72 0.00 0.36 0.11 0.95 

40.50 88.20 58.34 17.55 13.00 2.94 3.16 1.83 0.66 0.04 0.35 0.11 1.18 

41.60 87.10 54.62 19.44 14.06 3.78 2.92 1.55 0.41 0.05 0.36 0.15 1.10 

42.00 86.70 58.12 18.84 13.32 2.89 2.80 1.41 0.68 0.04 0.39 0.10 1.10 

43.05 85.65 55.01 21.26 14.15 3.20 2.22 1.33 0.46 0.04 0.34 0.11 1.02 

43.13 85.57 57.86 20.50 13.52 2.90 1.77 1.29 0.24 0.00 0.45 0.12 1.00 
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4.2 GEA core 1 at Templewood borehole, Hampstead Heath 

4.2.1 PSD 

At the Templewood borehole, 16 samples cover 20m depth from the ground level (equivalent 

to elevation range 110.1-90.1 m), (Table 4-5, Figure 4-6). The highest recorded sand content 

was 51.1% at elevation 105.1 m (5 m depth). There is general trend of coarsening up (silt and 

sand combined) sequence from the bottom to ground level. Clay content gradually increases 

with depth. There is a significant change in all three grades at 104-106 m elevation where there 

is clearly a coarse unit.  

Table 4-5, Particle size distribution for Templewood borehole 

Sample Name Depth m Elevation m Sand % Silt % Clay % 

TW 1 1.8 108.3 32.44 56.17 11.39 

TW 2 2.4 107.7 7.73 75.79 16.49 

TW 3 3 107.1 11.62 74.23 14.15 

TW 4 3.8 106.3 4.46 79.69 15.85 

TW 5 4 106.1 12.42 70.49 17.09 

TW 6 5 105.1 51.11 48.76 20.14 

TW 7 6 104.1 4.46 81.86 13.68 

TW 8 7.5 102.6 17.47 70.6 11.92 

TW 9 9.5 100.6 0.69 72.65 26.65 

TW 10 10.5 99.6 0.95 65.89 33.17 

TW 11 12.5 97.6 9.62 60.15 31.46 

TW 12 14 96.1 24.73 55.8 19.48 

TW 13 15.5 94.6 4.01 68.76 27.23 

TW 14 17 93.1 19.61 58.76 21.63 

TW 15 18.3 91.8 10.19 63.32 26.49 

TW 16 19.5 90.6 16 59.01 24.99 
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Figure 4-6, Variation of sand, silt and clay with elevation for Templewood borehole 

 

Descriptions of the samples from this borehole are presented in Table 4-6. Because of the age 

of the material, consistency was not considered as a descriptive term, however the SPT data 

and N value variation with depth has been discussed in section 5.2. weathering state was 

determined using the termology outlined in Chandler and Apted (1988). 

 

 

 

 

 



84 

 

Table 4-6 Geotechnical and visual description of Templewood borehole at Hampstead Heath 

Sample Depth Fissuring Lithology Gypsum Colour State 

TW 1 1.8 Loose Silty SAND 0 Yellowish light 

brown 

Highly 

weathered 

TW 2 2.4 Loose Sandy clayey 

SILT 

0 Light orange-

brown mottled 

Highly 

weathered 

TW 3 3 H.Fissured Sandy clayey 

SILT 

0 Orange-brown 

mottled grey 

Highly 

weathered 

TW 4 3.8 H.Fissured Sandy SILT 0 light orange-

brown mottled 

grey 

Highly 

weathered 

TW 5 4 S.Fissured Sandy SILT 0 light orange-

brown mottled 

grey 

Weathered 

TW 6 5 S.Fissured Sandy clayey 

SILT 

xx 

(gypsum 

presence) 

Yellowish 

brown mottled 

grey 

Weathered 

TW 7 6 S.Fissured Silty SAND xx 

(gypsum 

presence) 

Yellowish 

brown mottled 

grey 

Slightly 

Weathered 

TW 8 7.5 0 Clayey SILT 0 Bluish Grey Fresh 

TW 9 9.5 0 Clayey SILT 0 Dark grey Fresh 

TW 10 10.5 0 Clayey SILT 0 Dark grey Fresh 

TW 11 12.5 0 Clayey SILT 0 Dark grey Fresh 

TW 12 14 0 Clayey SILT 0 Bluish Grey Fresh 

TW 13 15.5 0 Clayey SILT 0 Bluish Grey Fresh 

TW 14 17 0 Clayey SILT 0 Dark grey Fresh 

TW 15 18.3 0 Silty CLAY 0 Dark grey Fresh 

TW 16 19.5 0 Silty CLAY 0 Dark grey Fresh 

 

4.2.2 VNIR Spectra  

Key features from the VNIR spectra data for GEA core 1 at Templewood borehole are 

presented in Table 4.7 and Figure 4.7. 16 measurements were taken covering 20 metres of 
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depth from the ground level which is equivalent to the elevation (110.1-90.1m) in the Claygate 

Beds (unit E). The borehole description taken of this core (Table 4-6) show that lithology at 

this borehole fluctuated between silty sand to silty clay, however it can be noticed there is a 

distinct lithology change at between the depths 6-7.5m where the lithology changes from silty 

sand to clay silt. 

Table 4-7 Key Spectral Features of NIR Spectroscopy measurements for theTemplewood borehole 

Depth Features 

1-4m • 2 sharp (<50nm thickness) absorption features at wavelengths 400nm 

and 500nm on a broad concave shoulder 350-550nm. 

• Single sharp (<50nm) feature at 1900nm 

4-6m • Broad convex shoulder 350-550nm with two slight absorption features 

centred 400, 500nm. 

• Moderate concave feature (c.100nm) centred around 1900nm/ 

6m+ • Broad, gentle absorption features around 500nm, 1900nm moderate 

gentle feature at 2200nm and thin, shallow absorptions at 1400  
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Figure 4-7 Normalised hull-removed spectral plot of VNIR spectra against depth for Templewood 

borehole 

4.2.3 SEM 

Samples from this borehole core were utilised for SEM imagery. 10 images were selected for 

further analysis. Details of the target samples are given in Table 5-4. 

 

4.2.4 XRF 

XRF has been carried out on 15 samples of Templewood borehole; representing 18.3 m of 

depth from the ground level, equivalent to elevations (108.3-91.8m). Collected data were 

presented as a percentage of oxide content, Table 4-8. The obtained data for 11 oxides 

represents the percentage of content with depth the highest contents of oxides percentage in 

GEA core 1 were SiO2, Al2O3 and Fe2O3 respectively. 
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Table 4-8 XRF data for GEA core 1 at Templewood, Hampstead Heath 

Depth m Elev. m SiO2% Al2O3% Fe2O3% MgO% K2O% CaO% SO3% MnO% Na2O% P2O5% TiO2% 

1.8 108.3 72.33 10.45 6.22 1.40 2.76 0.94 1.58 0.07 0.69 0.04 0.72 

2.4 107.7 72.45 10.72 5.20 1.73 2.90 0.93 2.30 0.08 0.67 0.06 0.79 

3 107.1 69.56 11.69 5.29 1.64 2.79 0.98 1.65 0.09 0.63 0.08 0.92 

3.8 106.3 73.11 12.04 4.87 1.61 2.78 0.99 1.80 0.08 0.70 0.08 1.08 

4 106.1 71.75 12.23 5.42 1.85 2.83 0.95 1.38 0.08 0.67 0.09 1.11 

5 105.1 70.06 12.89 5.37 2.21 2.93 1.50 1.15 0.08 0.70 0.08 1.00 

6 104.1 69.53 13.74 5.32 2.15 2.94 1.52 0.18 0.08 0.73 0.08 1.11 

7.5 102.6 70.26 13.74 5.14 2.05 2.83 1.54 0.23 0.08 0.73 0.07 1.03 

9.5 100.6 66.54 14.55 6.64 3.27 3.13 1.97 0.36 0.09 0.57 0.10 1.05 

10.5 99.6 72.44 12.19 5.26 2.24 2.95 1.51 0.40 0.08 0.74 0.08 1.00 

12.5 97.6 65.87 14.70 6.78 3.37 3.17 2.08 0.45 0.09 0.56 0.11 1.01 

14 96.1 67.85 13.84 6.54 3.11 3.10 1.87 0.49 0.09 0.65 0.09 1.14 

15.5 94.6 68.15 12.37 6.32 2.89 4.20 2.49 0.55 0.04 0.36 0.18 1.12 

17 93.1 65.04 15.43 8.25 3.20 3.52 1.91 0.77 0.01 0.41 0.19 1.04 

18.3 91.8 64.89 15.40 7.32 2.90 3.01 1.83 1.01 0.03 0.52 0.19 1.02 
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4.3 GEA core 2 at 63 Frognal borehole 1, Hampstead Heath 

4.3.1 PSD 

At Frognal Road 57 samples were retrieved from three boreholes for PSD analyses, the highest 

samples number, 27 collected from borehole number one (Table 4-9, Figure 4-8). The depth of 

borehole 63 Frognal BH1 is 20m from the ground level (equivalent to elevation range 97.72-

77.47m). From the borehole base at 77.72 m sand content increases from less than 1% to reach 

more than 30% at 82.72m elevation, a coarsening up cycle in less than of 10m of thickness, 

within this, three clear coarsening up sequences occur 78–83 m, 83.5–86.5 m and 88–93 m. 

Clay content generally reduces towards the surface with discrete fluctuations; a reduction 97-

89 m elevation, an increase 88-85 m and a further increase towards 88.22 m. The increasing of 

clay content is combined with a significant decreasing in sand content; these changes might 

refer to lithology change at elevation 90.9 m. As for the BGS borehole, geotechnical 

descriptions were made of each sample (Table 4-10) and these, together with SEM imagery 

indicate a weathering zone between near-surface at 6.8  of depth, though again this coincides 

with a lithological change at this elevation 

Table 4-9 Particle size distribution for 63 Frognal borehole number 1 

Sample Depth m Elevation m Sand % Silt % Clay % 

63F BH1 1 0.4 97.32 18.56 57.43 24 

63F BH1 2 0.5 97.22 14.87 63.22 21.91 

63F BH1 3 1 96.72 22.9 57.27 19.84 

63F BH1 4 2 95.72 21.17 60.01 18.82 

63F BH1 5 4 93.72 22.69 59.63 17.68 

63F BH1 6 4.75 92.97 29.61 53.76 16.63 

63F BH1 7 5.25 92.47 30.49 49.55 19.97 

63F BH1 8 6 91.72 33.28 49.68 17.04 

63F BH1 9 6.8 90.92 33.89 47.64 18.49 

63F BH1 10 7.5 90.22 26 54.01 19.99 

63F BH1 11 8.25 89.47 9.72 67.04 23.25 

63F BH1 12 9 88.72 10.34 67.24 22.42 

63F BH1 13 9.5 88.22 6.25 62.37 31.39 
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63F BH1 14 10.5 87.22 27.17 52.05 20.79 

63F BH1 15 11.25 86.47 35.81 46.43 17.76 

63F BH1 16 12 85.72 26.26 54.13 19.62 

63F BH1 17 12.5 85.22 14.21 60.16 25.64 

63F BH1 18 13.5 84.22 26.11 53.61 20.28 

63F BH1 19 14.25 83.47 23.52 56.88 19.6 

63F BH1 20 15 82.72 30.02 51.42 18.57 

63F BH1 21 15.5 82.22 19.19 59.49 21.32 

63F BH1 22 16.5 81.22 9.36 62.88 27.78 

63F BH1 23 17.25 80.47 3.56 69.54 26.9 

63F BH1 24 18 79.72 6.06 68.56 25.37 

63F BH1 25 18.5 79.22 1.12 72.37 26.51 

63F BH1 26 19.25 78.47 7.79 67.95 24.26 

63F BH1 27 19.75 77.72 0.9 71.65 27.44 
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Figure 4-8 Percentage content of sand, silt and clay with elevation for 63Frognal BH1 
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Table 4-10 Geotechnical and visual description of 63 Frognal BH1 at Hampstead Heath 

Sample Depth Fissuring Lithology Gypsum Colour State 

63F BH1 

1 

0.4 Fissured Silty sandy 

CLAY 

x (gypsum 

presence) 

Yellow to yellowish 

brown 

Highly 

weathered 

63F BH1 

2 

0.5 Fissured Silty sandy 

CLAY 

0 orange-brown mottled 

grey 

Highly 

weathered 

63F BH1 

3 

1 H. 

Fissured 

Silty sandy 

CLAY 

x (gypsum 

presence) 

light orange-brown 

mottled grey 

Highly 

weathered 

63F BH1 

4 

2 H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 

63F BH1 

5 

4 S. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Weathered 

63F BH1 

6 

4.75 S. 

Fissured 

Silty sandy 

CLAY 

xx (gypsum 

presence) 

Yellowish brown Weathered 

63F BH1 

7 

5.25 S. 

Fissured 

Silty sandy 

CLAY 

xx (gypsum 

presence) 

Orangish brown Slightly 

Weathered 

63F BH1 

8 

6 S. 

Fissured 

Silty CLAY 0 Orangish brown Slightly 

Weathered 

63F BH1 

9 

6.8 0 Silty CLAY 0 Dark grey Fresh 

63F BH1 

10 

7.5 0 Silty CLAY 0 Dark grey Fresh 

63F BH1 

11 

8.25 0 Silty CLAY 0 Dark grey Fresh 

63F BH1 

12 

9 0 Silty CLAY 0 Bluish Grey Fresh 

63F BH1 

13 

9.5 0 Silty CLAY 0 Bluish Grey Fresh 

63F BH1 

14 

10.5 0 Silty CLAY 0 Dark grey Fresh 

63F BH1 

15 

11.25 0 Silty CLAY 0 Dark grey Fresh 

63F BH1 

16 

12 0 Silty sandy 

CLAY 

0 Dark grey Fresh 

63F BH1 

17 

12.5 0 Silty sandy 

CLAY 

0 Dark grey Fresh 

63F BH1 

18 

13.5 0 Silty sandy 

CLAY 

0 Dark grey Fresh 

63F BH1 

19 

14.25 0 Silty sandy 

CLAY 

0 Bluish Grey Fresh 

63F BH1 

20 

15 0 Silty sandy 

CLAY 

0 Bluish Grey Fresh 

63F BH1 

21 

15.5 0 Silty sandy 

CLAY 

0 Dark grey Fresh 

63F BH1 

22 

16.5 0 Silty sandy 

CLAY 

0 Dark grey Fresh 

63F BH1 

23 

17.25 0 Silty CLAY 0 Dark grey Fresh 

63F BH1 

24 

18 0 Silty CLAY 0 Bluish Grey Fresh 

63F BH1 

25 

18.5 0 Silty CLAY 0 Bluish Grey Fresh 

63F BH1 

26 

19.25 0 Silty CLAY 0 Dark grey Fresh 

63F BH1 

27 

19.50 0 Silty CLAY 0 Dark grey Fresh 
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4.3.2 VNIR Spectra  

VNIR spectra for GEA core 2 at 63 Frognal borehole 1were retrieved in 27 measurements 

covering about 20 metres of depth (Table 4-11, Figure 4-9) from the ground level which is 

equivalent to the elevation (97.72-77.47m). The stratigraphy at this borehole is Claygate Bed 

which is unit E at near the surface, while the bottom of borehole is covering the upper part of 

unit D. The lithology at this borehole varied from silty sandy clay in the upper 5 m. Then 

change to silty clay at depth 6m where the weathering features like discolouring and the weak 

consistency starts to be faded  and the weathering process presumably ended up 

 

Table 4-11 Key Spectral Features of NIR Spectroscopy measurements for 63 Frognal BH 1 

Depth Features 

0-4m • 2 broad (<50nm thickness) absorption features at wavelengths 400nm 

and 500nm on a broad concave shoulder 350-550nm. 

• Single sharp (<100nm) feature at 1900nm 

• 1 broad (<100nm thickness) absorption features at wavelengths 1400nm 

6-10m • 3 broad (<50nm thickness) convex shoulder 350-450nm at depths 6, 8 

and 11m. 

• Broad concave feature (c.100nm) centred around 1900nm. 

10+ • Broad, gentle absorption features around 500nm, 1900nm moderate 

gentle feature at 2200nm and thin, shallow absorptions at 1400  
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Figure 4-9 Normalised hull-removed spectral plot of VNIR spectra against depth for 63 Frognal BH1 

4.3.3 SEM 

40 SEM images were captured from 10 samples covering 10 meters of depth from the surface 

(Table 5-4). These are discussed in Section 5. 

4.3.4 XRD  

XRD tests were carried out on 16 samples to quantify the clay mineralogy and the variation 

with depth for GEA core 2 at 63 Frognal BH1(Table 4-12) covering a range of 1.00-15.50 m 

depth, (elevation 96.72-82.22 m). Results show that there are trends for illite, kaolinite and 

illite-smectite mixed layer with depth. Kaolinite has recorded higher content than the 

equivalent elevation in the BGS core, ranging 3-10 %, with the higher recorded values at 5 m 

and 10.5 m depth. The lowest level of illite was 15% recorded at depth 1 m (elev. 96.72 m). 
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Table 4-12 XRD results from 63 Frognal borehole 1, Hampstead Heath 

Sample ID Elevation m Depth m Illite % Illite-smectite S-rich % Kaolinite % 

63 F1 96.72 1.00 15 80 5 

63 F2 95.72 2.00 22 70 8 

63 F3 94.72 3.00 17 74 7 

63 F4 93.72 4.00 21 71 7 

63 F5 92.72 5.00 21 67 10 

63 F6 91.72 6.00 16 79 4 

63 F7 90.92 6.80 18 79 3 

63 F8 89.72 8.00 13 83 4 

63 F9 88.72 9.00 29 63 6 

63 F10 87.92 9.80 16 79 4 

63 F11 87.22 10.50 32 58 10 

63 F12 86.72 11.00 24 72 5 

63 F13 85.72 12.00 30 68 3 

63 F14 84.22 13.50 32 64 4 

63 F15 83.47 14.25 33 62 5 

63 F16 82.22 15.50 26 68 5 

 

4.3.5 XRF 

XRF testing has been carried out on 15 samples, representing 12.5 m depth from ground level, 

which equivalent to the elevation (96.72-85.22m). Data are presented as a percentage of oxide 

content, Table 4-13, from the 11 oxides tested for, the most commonly detected were SiO2, 

Al2O3 and Fe2O3 respectively. 
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Table 4-13 XRF results from 63 Frognal borehole 1, Hampstead Heath 

Depth m Elev. m SiO2 % Al2O3% Fe2O3% MgO% K2O% CaO% SO3% MnO% Na2O% P2O5% TiO2% 

1.00 96.72 67.33 12.45 10.45 1.85 2.37 0.86 2.60 0.07 0.49 0.04 0.79 

2.00 95.72 67.45 12.72 9.43 1.73 2.23 0.87 2.10 0.08 0.47 0.06 0.86 

4.00 93.72 64.56 13.69 9.52 1.64 2.30 0.88 1.95 0.09 0.43 0.08 0.99 

4.75 92.97 68.11 14.04 9.10 1.61 2.26 0.91 1.89 0.08 0.50 0.08 1.07 

5.25 92.47 66.75 14.23 9.65 1.40 2.25 0.92 1.69 0.08 0.47 0.09 1.01 

6.00 91.72 65.06 14.89 9.60 2.21 2.40 1.43 1.45 0.08 0.50 0.08 1.02 

6.80 90.92 64.53 15.74 9.55 2.15 2.42 1.44 0.48 0.08 0.53 0.08 1.03 

7.50 90.22 65.26 15.74 9.37 2.05 2.41 1.45 0.53 0.08 0.53 0.07 1.04 

8.25 89.47 61.54 16.55 10.87 3.27 2.30 1.47 0.66 0.09 0.36 0.10 1.05 

9.00 88.72 67.44 14.19 9.49 2.24 2.48 1.76 0.70 0.08 0.37 0.08 1.06 

9.50 88.22 60.87 14.70 11.01 3.37 2.57 1.80 0.75 0.09 0.45 0.11 1.09 

10.50 87.22 62.85 13.84 10.77 3.20 2.99 1.84 0.79 0.09 0.54 0.09 1.12 

11.25 86.47 63.15 12.37 10.55 3.11 2.60 1.90 0.85 0.04 0.16 0.18 1.12 

12.00 85.72 60.04 15.43 12.48 2.90 2.64 2.01 1.07 0.01 0.21 0.19 1.13 

12.50 85.22 59.89 17.40 11.55 2.89 1.67 2.42 1.31 0.03 0.52 0.19 1.15 
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4.4 GEA core 3 at 63 Frognal borehole 2, Hampstead Heath 

4.4.1 PSD 

15 samples cover 15m depth from the ground level (equivalent to the elevation range 97.68 - 

82.68m of BGS borehole). As with 63 Frognal borehole 1, there is a lithological layer just 

above 91 m elevation denoted by an increase in sand content, above which there is a lower clay 

content (Table 4-14, Figure 4-10 ). This is coincidental with the depth of weathering as 

determined by specimen description (Table 4-15). 

 

Table 4-14 Particle size distribution for GEA core at 63 Frognal BH2 

Sample  Depth m Elevation m Sand % Silt % Clay % 

63F BH2 1 2 95.68 15.17 60.01 24.82 

63F BH2 2 4 93.68 23.28 52.86 23.86 

63F BH2 3 4.75 92.93 28.14 50.09 21.78 

63F BH2 4 5.25 92.43 24.49 49.55 25.97 

63F BH2 5 6 91.68 16.53 57.19 26.28 

63F BH2 6 6.5 91.18 33.03 46.58 20.38 

63F BH2 7 7.5 90.18 7.24 60.91 31.85 

63F BH2 8 8.25 89.43 16.97 55.55 27.48 

63F BH2 9 9 88.68 11.71 62.9 25.38 

63F BH2 10 9.5 88.18 0.25 62.37 37.39 

63F BH2 11 11.25 86.43 16.58 55.09 28.33 

63F BH2 12 12 85.68 13.8 62.33 23.87 

63F BH2 13 12.5 85.18 12.86 52.37 36.5 

63F BH2 14 13.5 84.18 20.11 53.61 26.28 
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Figure 4-10, Percentage content of sand, silt and clay with elevation for 63Frognal BH2 
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Table 4-15 Geotechnical and visual description of 63 Frognal BH2 at Hampstead Heath 

Sample Depth Fissuring Lithology Gypsum Colour State 

63F BH2  

1 

2 Fissured Silty sandy 

CLAY 

0 Yellow to yellowish 

brown 

Highly 

weathered 

63F BH2 

2 

4 Fissured Silty sandy 

CLAY 

0 orange-brown 

mottled grey 

Highly 

weathered 

63F BH2 

3 

4.75 H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 

63F BH2 

4 

5.25 H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 

63F BH2 

5 

6 S. 

Fissured 

Silty CLAY 0 light orange-brown 

mottled grey 

Slightly 

weathered 

63F BH2 

6 

6.5 S. 

Fissured 

Silty CLAY xx (gypsum 

presence) 

Yellowish brown Fresh 

63F BH2 

7 

7.5 S. 

Fissured 

Silty CLAY xx (gypsum 

presence) 

Grey Fresh 

63F BH2 

8 

8.25 0 Silty CLAY 0 Bluish Grey Fresh 

63F BH2 

9 

9 0 Silty CLAY 0 Dark grey Fresh 

63F BH2 

10 

9.5 0 Silty CLAY 0 Dark grey Fresh 

63F BH2 

11 

11.25 0 Silty CLAY 0 Dark grey Fresh 

63F BH2 

12 

12 0 Silty sandy 

CLAY 

0 Bluish Grey Fresh 

63F BH2 

13 

12.5 0 Silty sandy 

CLAY 

0 Bluish Grey Fresh 

63F BH2 

14 

13.5 0 Silty sandy 

CLAY 

0 Dark grey Fresh 

63F BH2 

15 

14.75 0 Silty sandy 

CLAY 

0 Dark grey Fresh 

 

4.4.2 VNIR Spectra  

VNIR spectra data are given in Table 4-16 and Figure 4-11, representing 15 measurements 

covering about 15 metres of depth from the ground level, equivalent to elevations 97.68-

82.68 m. The stratigraphy at this borehole also presents unit E at near the surface, while the 

bottom of the borehole is in the upper part of unit D. The lithology at this borehole varied from 

silty sandy clay from the surface to the depth 6 m where the lithology changes to silty clay. As 

previously at 63 Frognal Road, this spectral boundary coincides with the depth to weathering 

and a significant change in lithology.  
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Table 4-16 Key Spectral Features of NIR Spectroscopy measurements for 63 Frognal BH 2 

Depth Features 

2-4m • 2 sharp (<50nm thickness) absorption features at wavelengths 400nm 

and 500nm on a broad concave shoulder 350-550nm. 

• Single sharp (<50nm) feature at 1900nm 

4-7m • Broad convex shoulder 350-550nm with two slight absorption features 

centred 400, 500nm. 

• Broad concave feature (<50nm) centred around 1900nm/ 

7m+ • Broad absorption features around 400nm at depth 11 and 14m, 1900nm 

moderate gentle feature at 2200nm and thin, shallow absorptions at 1400  

 

 

 

Figure 4-11 Normalised hull-removed spectral plot of VNIR spectra against depth for 63 Frognal BH2 
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4.5 GEA core 4 at 63 Frognal borehole 3, Hampstead Heath 

4.5.1 PSD 

15 samples covering about 10m of depth from the ground level (equivalent to elevation range 

95.4-86.65 m) (Table 4-17). The highest sand content 29.49% was recorded at depth 3.75m 

(elev. 92.65m). The general trend of sand with depth tend to demonstrate a coarsening up 

sequence from the depth 8-4.75 m. Silt content also shows the same trend whereas clay content 

shows up an increase with depth from 2.75-7.5m (figure 4-12). As with all Frognal Road cores, 

there appears to be a change from unweathered to weathered at the depth of the sand-rich unit 

(Table 4-18). 

Table 4-17, Particle size distribution for 63 Frognal borehole number 3 

Sample Depth m Elevation m Sand % Silt % Clay % 

63F BH3 1 1 95.4 20.53 57.21 22.26 

63F BH3 2 1.75 94.65 38.44 45.11 16.45 

63F BH3 3 2.25 94.15 9.43 65.15 25.42 

63F BH3 4 2.75 93.65 28.28 50.86 20.86 

63F BH3 5 3 93.4 28.28 50.86 20.86 

63F BH3 6 3.75 92.65 29.49 47.55 22.97 

63F BH3 7 4.25 92.15 19.19 56.32 24.49 

63F BH3 8 4.75 91.65 32.28 47.68 20.04 

63F BH3 9 5 91.4 21.53 55.19 23.28 

63F BH3 10 6 90.4 25 52.01 22.99 

63F BH3 11 6.75 89.65 6.58 65.94 27.48 

63F BH3 12 7.5 88.9 11.71 55.9 32.38 

63F BH3 13 8 88.4 9.34 65.24 25.42 

63F BH3 14 8.5 87.9 26.03 51.14 22.82 

63F BH3 15 9.75 86.65 20.78 52.32 26.9 
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Figure 4-12, Percentage content of sand, silt and clay with elevation for 63Frognal BH3 
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Table 4-18 Geotechnical and visual description of 63 Frognal BH3 at Hampstead Heath 

Sample Depth Fissuring Lithology Gypsum Colour State 

63F BH3 

1 

1 Fissured Silty sandy 

CLAY 

0 Yellow to yellowish 

brown 

Highly 

weathered 

63F BH3 

2 

1.75 Fissured Silty sandy 

CLAY 

0 Orangish brown Highly 

weathered 

63F BH3 

3 

2.25 H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 

63F BH3 

4 

2.75 H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 

63F BH3 

5 

3 S. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Weathered 

63F BH3 

6 

3.75 S. 

Fissured 

Silty sandy 

CLAY 

xx (gypsum 

presence) 

Yellowish brown Weathered 

63F BH3 

7 

4.25 S. 

Fissured 

Silty sandy 

CLAY 

xx (gypsum 

presence) 

light orange-brown 

mottled grey 

Slightly 

Weathered 

63F BH3 

8 

4.75 0 Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Slightly 

Weathered 

63F BH3 

9 

5 0 Silty CLAY 0 Orangish brown Fresh 

63F BH3 

10 

6 0 Silty CLAY 0 Grey Fresh 

63F BH3 

11 

6.75 0 Silty CLAY 0 Dark grey Fresh 

63F BH3 

12 

7.5 0 Silty CLAY 0 Bluish Grey Fresh 

63F BH3 

13 

8 0 Silty CLAY 0 Bluish Grey Fresh 

63F BH3 

14 

8.5 0 Silty CLAY 0 Dark grey Fresh 

63F BH3 

15 

9.75 0 Silty CLAY 0 Dark grey Fresh 

 

 

4.5.2 VNIR Spectra 

Key absorption features and spectra are presented in Table 4-19 and Figure 4-13. 15 spectra 

were captured covering 10  m depth from ground level, equivalent to the elevation (96.4-

86.4 m). Stratigraphy at this borehole represents about 10 meters of the bottom of unit E. The 

lithology at this borehole varied from silty sandy clay from the surface to depth 5m where the 

lithology changes to silty clay and continues to the end of borehole. 
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Table 4-19 Key Spectral Features of NIR Spectroscopy measurements for 63 Frognal BH 3 

Depth Features 

1-4m • 2 sharp (<50nm thickness) absorption features at wavelengths 400nm 

and 500nm on a broad concave shoulder 350-550nm. 

• Single very sharp (<50nm) absorption feature at 1900nm 

4-10m • Broad convex shoulder 350-550nm with two slight absorption features 

centred 400, 500nm. 

• Moderate concave feature (<100nm) centred around 1900nm 

• moderate gentle feature at 2200nm and thin, shallow absorptions at 1400 

 

 

Figure 4-13 Normalised hull-removed spectral plot of VNIR spectra against depth for 63 Frognal BH3 
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4.6 GEA core 5 at Oakhill borehole, Hampstead Heath 

4.6.1 PSD 

6 samples cover 15 m depth from the ground level (equivalent to elevation 99.13-84.13 m). 

Though there are few samples to draw any detailed conclusions, there is an apparent a 

coarsening up sequence in regards to the percentage of total sand content (Table 4-20). From 

elevation above 88 m (10.5 m depth), sand content increases from 12.34% reaching 31.61% at 

94.13 m (5 m depth). All samples in this borehole were considered to be unweathered (Table 

4-21). 

Table 4-20, Particle size distribution for Oakhill borehole 

Sample Depth m Elevation m Sand % Silt % Clay % 

OKH 1 5 94.13 31.61 50.76 17.63 

OKH 2 7.5 91.63 32.49 46.55 20.97 

OKH 3 10.5 88.63 12.34 64.24 23.42 

OKH 4 12 87.13 29.17 49.05 21.79 

OKH 5 13.5 85.63 28.26 51.13 20.62 

OKH 6 14 85.13 8.62 62.47 28.91 

 

Table 4-21 Weathering characterisation of Oakhill borehole at Hampstead Heath 

Sample Depth Fissuring Lithology Gypsum Colour State 

OKH 1 5 Loose 

sandy 

Silty 

SAND 

xx Yellowish brown 

mottled grey 

Highly 

weathered 

OKH 2 7.5 0 Clayey 

SILT 

0 Bluish Grey Fresh 

OKH 3 10.5 0 Clayey 

SILT 

0 Dark grey Fresh 

OKH 4 12 0 Clayey 

SILT 

0 Dark grey Fresh 

OKH 5 13.5 0 Clayey 

SILT 

0 Bluish Grey Fresh 

OKH 6 14 0 Clayey 

SILT 

0 Bluish Grey Fresh 
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4.6.2 VNIR Spectra 

Table 4-22 and Figure 4-14, present the 6 measurements covering 14 metres of depth from 

ground level, equivalent to elevation (99.13-83.13 m). In terms of stratigraphy, this borehole 

is in the lower part of Claygate Beds, and its base represents the upper part of unit D. Lithology 

at this borehole changed from silty sand at depth 5m to silty clay up to the end of borehole.  

Table 4-22 Key Spectral Features of NIR Spectroscopy measurements for Oakhill BH 

Depth Features 

5-6m • 2 very sharp (<50nm thickness) absorption features at wavelengths 

400nm and 500nm on a broad concave shoulder 350-550nm. 

• Single broad absorption (<50nm) feature at 1900nm 

8-14m • Broad convex shoulder 350-550nm one wide absorption features centred 

450nm. 

• Broad concave feature (<100nm) centred around 1900nm 

6m+ • Broad, gentle absorption features around 1900nm moderate gentle 

feature at 2200nm and thin, shallow absorptions at 1400nm 

 

 

Figure 4-14 Normalised hull-removed spectral plot of VNIR spectra against depth for Oakhill BH5 
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4.7 GEA core 6 at 60 Frognal BH at Hampstead Heath 

4.7.1 PSD 

22 samples covering about 20 m of depth from the ground level (equivalent to elevation range 

85.5-70 m) are described in Table 4-23. Figure 4-16 shows that sand content decreases with 

depth from 35.52% at depth 6.75m to reach 12.9 % at depth 12m, while at the same range of 

depth, the % clay increases with depth from 22.6% to 30.44% at depth 12 m. As with other 

boreholes, there is a clear relationship between the depth of weathering noted in samples and 

the presence of a course unit, in this case at an elevation around 80 m (Table 4-24). 

Table 4-23, Particle size distribution for 60 Frognal borehole 

Sample Depth m Elevation m Sand % Silt % Clay % 

60F 1 4.25 85.5 31.8 47.33 20.87 

60F 2 4.75 85 18.62 50.47 30.91 

60F 3 5 84.75 35.82 40.34 23.85 

60F 4 6 83.75 18.45 52.27 29.29 

60F 5 6.75 83 35.52 41.88 22.6 

60F 6 8.25 81.5 25.35 47.99 26.66 

60F 7 9 80.75 19.32 53.2 27.47 

60F 8 9.75 80 15.128 56.04 28.84 

60F 9 10.5 79.25 13.1201 57.37 29.51 

60F 10 11.25 78.5 13.17 57.76 29.05 

60F 11 12 77.75 12.9001 56.65 30.44 

60F 12 12.75 77 22.9801 46.18 30.85 

60F 13 13.5 76.25 12.04 56.85 31.11 

60F 14 14.25 75.5 11.85 56.26 31.89 

60F 15 15 74.75 15.56 52.88 31.56 

60F 16 15.75 74 15.3 53.54 31.15 

60F 17 16.5 73.25 13.23 53.48 33.29 

60F 18 17.25 72.5 11.033 51.01 37.95 

60F 19 18 71.75 10.24 54.03 35.72 

60F 20 18.75 71 39.07 32.1 28.82 

60F 21 19.25 70.5 13.656 54.31 32.02 

60F 22 19.75 70 21.96 50.68 27.37 
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Figure 4-15 Percentage content of sand, silt and clay with elevation for 60 Frognal borehole 
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Table 4-24 Geotechnical and visual description of 60 Frognal BH at Hampstead Heath 

Sample Depth Fissuring Lithology Gypsum Colour State 

60F 1 4.25 Fissured Silty sandy 

CLAY 

0 Yellow to 

yellowish brown 

Highly 

weathered 

60F 2 4.75 Fissured Silty sandy 

CLAY 

0 orange-brown 

mottled grey 

Highly 

weathered 

60F 3 5 H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 

60F 4 6 H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 

60F 5 6.75 S. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Weathered 

60F 6 8.25 0 Silty sandy 

CLAY 

xx (gypsum 

presence) 

Yellowish brown Weathered 

60F 7 9 0 Silty sandy 

CLAY 

xx (gypsum 

presence) 

Grey Fresh 

60F 8 9.75 0 Silty CLAY 0 Bluish Grey Fresh 

60F 9 10.5 0 Silty CLAY 0 Dark grey Fresh 

60F 10 11.25 0 Silty CLAY 0 Dark grey Fresh 

60F 11 12 0 Silty CLAY 0 Dark grey Fresh 

60F 12 12.75 0 Silty CLAY 0 Bluish Grey Fresh 

60F 13 13.5 0 CLAY 0 Bluish Grey Fresh 

60F 14 14.25 0 CLAY 0 Dark grey Fresh 

60F 15 15 0 CLAY 0 Dark grey Fresh 

60F 16 15.75 0 CLAY 0 Dark grey Fresh 

60F 17 16.5 0 Silty CLAY 0 Dark grey Fresh 

60F 18 17.25 0 Silty CLAY 0 Dark grey Fresh 

60F 19 18 0 Silty CLAY 0 Bluish Grey Fresh 

60F 20 18.75 0 Silty CLAY 0 Bluish Grey Fresh 

60F 21 19.25 0 Silty CLAY 0 Dark grey Fresh 

60F 22 19.75 0 Silty CLAY 0 Dark grey Fresh 

 

4.7.2 VNIRS Spectra 

Table (4-25) and Figure (4-17), present 22 measurements covering 20 metres of depth from 

ground level, equivalent to elevation 89.75-69.75 m. The upper part of this borehole located at 

the bottom of unit E while the lower part is reaching the top of unit C, it can be said that the 

most of the middle part of this borehole covers unit D in terms of stratigraphy. The lithology 

at this borehole varied from silty sandy clay from the surface and changed to silty clay at depth 

9m and continues to the bottom of the borehole. 
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Table 4-25 Key Spectral Features of NIR Spectroscopy measurements for 60 Frognal BH  

Depth Features 

1-4m • 2 sharp (<50nm thickness) absorption features at wavelengths 400nm 

and 500nm on a broad concave shoulder 350-550nm. 

• Single sharp (<50nm) feature at 1900nm 

4-6m • Broad convex shoulder 350-550nm with two slight absorption features 

centred 400, 500nm. 

• Moderate concave feature (c.100nm) centred around 1900nm/ 

6m+ • Broad, gentle absorption features around 500nm, 1900nm moderate 

gentle feature at 2200nm and thin, shallow absorptions at 1400  

 

 

Figure 4-16 Reflectance and HullQout of NIR spectroscopy measurements with depth of 60 Frognal 

borehole 
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5 Analysis and Discussion 

For the purposes of this multi-technique study it was considered appropriate to consider the 

analyses and discussion of research topics sequentially rather than in long blocks. 

5.1 Lithostratigraphic Correlation  

London clay formation units have been subjected to many identifications and lithostratigraphic 

description procedures in terms of lithostratigraphy sequence. They were starting from Gregory 

(1844) and his study on visual depiction regarding the colour variation and the consistency of 

london clay. Burnett and Fookes (1974) have described the variation in primary clay 

mineralogy with London Clay's stratigraphy. Kings (1981) has identified the London clay 

formation based on the regression and transgression supported by microfossil features to 

rebuild the London clay units sequence. Recently some researchers have utilized the 

geotechnical properties to describe or to correlate London clay formation units; for instance, 

Standing & Burland (2006) has linked the water content with the lithology units of London 

clay besides illustrating the subunits based on collected data from five boreholes at  St James's 

Park, Hyde Park and St John's Wood in London area figure (5-1). 

 

Figure 5-1 Water contents profiles with depth and sub-divisions of London clay formation at St James’s 

Park boreholes (after Standing and Burland, 2006). 
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A key aim of this research is to ensure that there was a stratigraphic correlation between 

weathered and un-weathered strata. This correlation is critical to this study as a fundamental 

element of this research was comparing potentially weathered strata from the GEA borehole 

core with the unweathered strata from the BGS borehole core lithostratigraphic position. It was 

helpful to approach this in two ways. Firstly, consider the statistical similarity between units to 

support or question any relationships found and secondly, to consider any corresponding 

lithological variation with respect to elevation. Due to the type of available data and the number 

of variables, the best statistic processes that can be reliably done were the box plots. The 

lithology, stratigraphy and PSD results for each borehole were presented in Section 4 and 

detailed data given in Appendix 9-1.  

5.1.1 Lithological similarity of London clay formation at Hampstead Heath 

One of the statistical methods to explain data distribution is the box-plots method.  The Box-

plots method can be utilised to correlate between data groups to determine to what extent the 

similarity is confident to be used. It has been used by Jones, L. D., & Terrington (2011) for the 

normal distribution of plasticity index values of London Clay formation. 

The principle of box plot or whisker plot is a statistical method relay on the distribution of the 

values around the median as the box plot is divided into four quartiles. The first and fourth 

quartiles show the minimum and maximum value, while the second and third quartiles show 

the nearest values around the median of demonstrated values. What is essential in the plotted 

box plots is the trend likeness of values distribution around the median and the potential 

similarity. Box plot charts have been produced to characterise the corresponding between each 

group of GEA samples against the equivalent layer from the BGS borehole samples (Figure 5-3, 

Figure 5-4 and Figure 5-5). These show a remarkable lithological similarity between sand, silt 

and clay fractions in all boreholes. Though there are some differences, notably in 60 Frognal, 

there is a robust agreement between PSD at each borehole and the PSD from corresponding 

elevations. 
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Figure 5-2 showing the variation of PSD with depth  at Templewood borehole (16 samples) and the 

equivalent thickness from the BGS core (50 samples). 

 

Figure 5-3 showing the variation of PSD with depth  at 63 Frognal BH1 and the equivalent thickness 

from the BGS core 
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Figure 5-4 showing the variation of PSD with depth  at 63 Frognal BH2 and the equivalent thickness 

from the BGS core 

 

Figure 5-5 showing the variation of PSD with depth  at 63 Frognal BH3 and the equivalent thickness 

from the BGS core 
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From GEA in-site logs, all samples at three boreholes of GEA (63Frognal BH1, BH2, and 

BH3)  between depth 6-10m most samples have recorded shell fragments, furthermore during 

logging and description at Lab it has been noted that the 18 samples at those depths also have 

shown glauconitic silty sandy clay with the content of shell fragments at the bottom of this 

thickness. Back to the BGS borehole log at depths between 93.5-88.5m (coincident depths of 

5-9m of 63 Frognal boreholes), the same features of glauconite and shale also have been 

recorded figure 5-6. It is worth noting that there was one sample at Oakhill borehole between 

mentioned depths, and it has not been taken in this correlation. 

As seen in Figure 5-6, the top and bottom of a fossiliferous zone in unit E is observed at 

corresponding elevations in all boreholes. The top of the unit is observed at elevations about 

93.5m in BGS; this elevation is equivalent to the depth of 4m at Frognal and 16.5m at 

Templewood. The base of the unit is observed at elevations about 88.5m in BGS; those 

elevations are equivalent to the depth of 9m in three boreholes at 63Frognal, figure in appendix 

9.6.2. Figures 9.4.1-9.4.5 show the comparison of PSD data between the BGS Hampstead 

Heath borehole and GEA boreholes. For each borehole, there are clear areas where, despite 

differences in sample spacing, there are matching inflecations. For Templewood, there are clear 

peak/inlfections at 2-3, 4-6 and 13-15m depths which corresponds closely to equivalent 

elevations of the BGS borehole (Figure in appendix 9.6.2). 

For 63 Frognal, in three boreholes, the presented PSD data with depth has shown a clear 

corresponding with BGS borehole samples at equivalent elevations (Figures in appendices 

9.4.2, 9.4.3, and 9.4.5). Furthermore, the recorded shell fragments between depth 5-9m at 63 

Frognal BH1,BH2 and BH3 and at the same elevations range of BGS borehole is another 

evidence to support that the examined uint of London clay at Hampstead heath can be said it is 

horizontal 
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Figure 5-6 Cross-section showing the stratigraphy correlation of London clay at Hampstead Heath compared with BGS borehole log 
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5.1.2 Stratigraphic similarity between GEA and BGS Samples 

It is useful to consider the plots of lithology against depth presented in Section 4. It has been 

established already that there are strong correlations between strata of corresponding elevation. 

Though not statistically useful, it is however critical for a geological study to consider the 

stratigraphic similarity between borehole cores. Figures 5-8 and 5-9 present the results of this 

analyses with the PSD as different elevations for the BGS borehole shown with each GEA 

borehole overlain. Even taking into consideration the different sampling spacings for each 

borehole, the trends shown by the moving averages of the PSD for clay and sand clearly 

demonstrate a strong similarity of peaks and troughs, especially for 63 Frognal road. Plotted in 

this way there are clearly features which are common to all units at certain elevations. At 84, 

92, 94 and 106 m there are clear coarse units which correspond between the BGS log and those 

of corresponding GEA logs.  

Taking into account the statistical similarity and this observable lithostratigraphical pattern it 

can be said with some confidence that the GEA boreholes correspond to the BGS borehole 

logs. The match is at or close to the sampling spacing for the BGS borehole of 0.3 m. Placing 

these next to the modified stratigraphic column given (Figure 4-2) demonstrates that the GEA 

boreholes extend from near the top of unit E to near the base of Unit D of the LCF.  

5.1.3 Implications for Stratigraphy and Geological Structure in Hampstead 

It is useful to discuss the results presented in Section 4.1.2 in relation to the existing 

stratigraphic model proposed by King (1981). The King model was based upon paleontological 

studies and lithological descriptions from the BGS Hampstead core and knowledge gained 

from a wide range of other ground investigations and exposures. The detailed stratigraphy 

produced remains the standard today and has been revised only with minor amendments (King 

2017). Results of PSD analyses described in Section 4 and above in this section of this thesis 

corroborate this stratigraphy.  

However, this corroboration is essentially based upon the identification of 4 coarsening up 

sequences in a single borehole. For the first time, it has been possible to measure the elevations 

in multiple boreholes of the lithological variations based on 270 particle size distribution tests 

that identify the major stratigraphic changes and therefore derive unit thicknesses at Hampstead 

Heath. As mentioned in Section 4.1.2, it is proposed that these are a robust local stratigraphy 

that can be adopted at Hampstead Heath and potentially elsewhere in London (Table 5-1). 
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Table 5-1 Suggested local stratigraphy of the LCF (Units E and D) at Hampstead Heath. 

Unit Elevation at Top Elevation at Base Thickness 

Bagshot Sand Formation 128.71m 108.7 20 m 

LCF Unit E 108.7 m 86.7 m 22 m 

LCF Unit D 86.7 71.80 m 14.9 m 

LCF Unit C 70.90 m   

 

It is also useful to note that the resolution of this study enabled the identification of a number 

of lithological sequences in units D and unit E (Section 4.1.2) in the BGS borehole principally 

by an increase in sand content. However, due to the resolution of the sampling in the GEA 

boreholes, the same pattern was not captured, so it is not possible to verify these sequences and 

enter them into the proposed revised stratigraphy. 

Results in Section 4.1.2, Figures 4-1, 5-7 and 5-8 demonstrate with some confidence that the 

structure of the geology at Hampstead Heath is essentially flat. The borehole correlation cover 

a stratigraphic range almost the entire thickness of LCF unit E and D, a correlative thickness 

of 39 m. Although the section is not continuous, there is a maximum distance between each of 

the GEA boreholes of 385m and the distances of the GEA boreholes to the BGS borehole range 

between 985 m and 1453 m. Figures 5-7 and 5-8, there is, within the sampling resolution of the 

GEA samples, no change in the stratigraphic elevation of lithological units that can be 

identified in both BGS and GEA boreholes. Therefore it is appropriate to infer that the data 

collected indicate that there is no significant geological structural variation at Hampstead 

Heath. It is likely, though without geophysics or further borehole evidence that there are no 

significant folds, faults or other structures. This is not hugely different to published material 

on the area. The BGS printed map (North London Sheet 250 (2005) does not contain any dips 

but it is possible to calculate a dip of 1.4 degrees SE using contours.  

Crucially for this study it means that samples from equivalent elevations for each borehole can 

be considered stratigraphically coincident. 
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Figure 5-7 Correlation between sand content of samples from the BGS Hampstead Heath Borehole and GEA boreholes. 
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Figure 5-8 Correlation between clay content of samples from the BGS Hampstead Heath Borehole and GEA boreholes 
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5.2 Identification of weathering using geotechnical and visual properties 

101 samples from of six boreholes at four sites in Hampstead Heath have been studied 

regarding the geotechnical and visual properties to determine what features could characterise 

the weathered and unweathered samples. Furthermore, what are features that distinguish the 

weathered and weathered samples. Fissuring is another feature that has been observed, in all 

boreholes, the samples of London clay were loose to highly fissured and become slightly 

fissured with depth. The examined samples show that the weathered materials characterised by 

soft consistency and loose, accompanied by colour changes with depth. 

 

5.2.1 GEA core 1 of Templewood borehole at Hampstead Heath 

At the Templewood borehole, the samples near surface showed evidence of weathering. It can 

be seen from the results provided in Section 4-2 that this borehole could be considered to be 

weathered to a depth of 6 m depth, and that the degree of weathering varies between highly 

weathered in the upper 4 m, moderate to slightly weathered 4-6 m. Variation of weathering 

degree is accompanied with discolouring from yellowish light brown to light orange-brown in 

weathered zone, and then the soil colour becomes bluish grey to dark grey starting from 7.5 m 

to the end of borehole. Unfortunately for this sample there was a gap in the core between 6 and 

7.5 m depth.  

From the information available, it is appropriate to consider the depth of weathering to be at 

6 m. Lithologically, the weathered strata consist of silty sand near surface to sandy clayey silt; 

however it was clear that there was a distinct lithology change after the weathering zone where 

it is become clayey silt then silty clay from depth 7.5m (Figure 5-9) to the end of borehole.  
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Figure 5-9 showing the weathering profile of GEA core 1 at Templewood core comparing with BGS 

core in terms of lithology and elevation 

5.2.2 GEA core 2, 3 and 4 of 63 Frognal boreholes at Hampstead Heath 

For 63 Frognal borehole 1, all samples in the first six meters from the surface were observed 

to be weathered according to the GEA log and descriptions for this work. GEA logs of the core 

describe it as soft and fissured for the first four meters from the surface. Despite the consistency 

of soil become firm from the depth 4.75 m to stiff at 6 m but the soil samples between these 

depths were slightly fissured and discoloured from light orange-brown mottled grey to 

Orangish brown.  

It can be said that the soil from the ground surface up to 6 m (92 m elevation) was weathered 

(Figure 5-10) and the degree of weathering varied between highly weathered in the first two 
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meters and become moderate to slightly weathered up to 2-6 m. The weathered material was 

lithologically silty sandy clay to 5 m depth, silty clay from the depth 6-11.25 m. 

 

 

Figure 5-10 showing weathering profile of GEA core 2, 3 and 4 at 63 Frognal comparing with 

BGS core in terms of lithology and elevation 

 

5.2.3 GEA core 5 of Oakhill at Hampstead Heath 

At Oakhill borehole 1, one sample available at depth 5 m seems to be highly weathered, 

described by GEA log as loose in terms of consistency and having a sandy yellowish-brown 

mottled grey colour. This is taken as the depth of weathering (Figure 5-11) at an elevation of 

92 m. At the depth 7.5m up to the end of borehole the samples were fresh as they showed firm 

to very stiff consistency and dark grey to bluish grey colour.  
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Figure 5-11 showing weathering profile of GEA core 5 at Oakhill comparing with BGS core in terms 

of lithology and elevation 

 

5.2.4 GEA core 6 of 60 Frognal at Hampstead Heath 

At 60 Frognal Road, borehole six, samples between 4.24-8.25 m deep were determined as 

weathered from the GEA descriptions and from those made for this work. The uppermost 

samples from the surface up to depth 5 m were highly weathered, showing yellow to yellowish 

brown to light orange-brown mottled grey colour and having soft consistency. The samples 

beneath these were considered less weathered as they were firm but were fissured and 

discoloured. The depth  of weathering was 7.7 m at an elevation of 85.8 m (Figure 5-12). 
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Figure 5-12 showing the weathering profile of GEA core 6 at 60 Frognal comparing with BGS core in 

terms of lithology and elevation 

5.2.5 Depth and Lithological Control on Weathering 

From the descriptions provided of the cores at the time of drilling and examining the remaining 

material for this research, it is clear that all of the shallow GEA borehole sites have undergone 

weathering. Thus this research confirms that for all of the GEA sites, there has been weathering. 

Furthermore, it clear that the depth of weathering is consistently at a depth of 6-8 m for all 

samples. This is within the lower end of the range of weathering depth (5-10 m) reported for 

the LCF by Chandler and Apted (1988). This is perhaps not surprising as Hampstead Heath's 

area is a localised high ground with a limited water supply and generally good drainage.  

Combining Figures 5-9, 5-10, 5-11 and 5-12 as Figure 5-13 provides a useful way to analyse 

the vertical and stratigraphic weathering pattern. It is clear in this combined figure that there 

is, for all GEA samples, a relationship between weathering depth and the presence of a 

geological boundary. Weathering in Templewood terminates at 104 m at the boundary between 

clayey silt and an overlying sand unit. Weathering at Oakhill and all of the boreholes at 63 

Frognal Road end at an elevation of 92 m at the boundary between glauconitic silt and an 

overlying silty clay. Weathering in the borehole at 60 Frognal Road terminates at an elevation 
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of 80 m near a boundary between clay and overlying silt. Though there is only a population of 

7 boreholes, there is a clear pattern that weathering in each borehole is related to and possibly 

controlled by a change in lithology. Though a lithological control might seem intuitive and is 

often seen in weathering profiles elsewhere, this pattern has not been reported in the literature 

reviewed for this work. The varies from the model of Chandler and Apted (1988), who 

demonstrated that the thickness of overlying gravel deposits was often responsible for the depth 

of weathering in the LCF. However, it is not thought that the finding here is contradictory but 

may refine that model. Perhaps for drained slopes, weathering is controlled by lithological 

changes, whereas in fluvial terrains, the weathering is controlled by water in the River Terrace 

Gravel. 

At Templewood, 16 extracted samples covering 19.50m of depth. Due to the location of this 

site and its elevation, it seems that the upper part of this borehole runes across the junction 

zone between the Bagshot sand and Claygate Beds. It was clear by observation a high sand 

content, wherefore some samples near the surface at this location has shown highly 

weathering features such as the loose and yellowish of soil. The highly weathering process 

that could happen in this area can be somewhat attributed to porosity and permeability, which 

somehow allowed the water to penetrate and escalate the oxidation process near the surface. 

From the lithology summary in the table, it can be seen that there is a lithology change at 

depth 6-7.4m also. 

By reviewing the lithology change from the PSD data, it can be seen that there is a lithology 

change that distinguishes between the weathered and un-weathered samples in each borehole 

in the study area. 

In Templewood borehole, for instance, near-surface, the high sand content samples have shown 

more colours change, and it is changing from the bottom of weathering zone from yellowish-

brown mottled grey at 6m depth to yellowish light brown at 1.8m depth, passing about 4 meters 

of orange-brown mottled grey. There is an inevitable decreasing of sand content downward 

from the surface a combined with an increase of clay content in the same zone. The significant 

lithology change from silty clayey SAND at a depth of 1.8m to silty SAND at 6m. They end 

up with silty CLAY at a depth of 7.5m, whereas the weathering process effects absence occurs 

when the fresh London clay found at a depth of 7.5m downward to the end of Templewood 

borehole 19.5m
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Figure 5-13 Weathering profile at Hampstead Heath in London with elevation
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5.2.6 Variation of SPT test values with depth 

Most geotechnical studies and research have been utilised on-site data such as the visual 

description and SPT test data to evaluate the soil material. Peck et al. (1974), Bowles (1988), 

and Das (2000) have mentioned the relationship between Standard penetration, Consistency 

and unconfined compression strength table (5-2), (5-3). Furthermore, all mentioned  

correlations  have classified the type of soil based on the particle size distribution to estimate 

the geotechnical properties against the SPT number. 

Table 5-2 Empirical values for Dr, ϕ & γwet of granular soils based on SPT at 6m depth & normally 

consolidated (Bowles, 1988) 

Description Very loose Loose Medium Dense Very dense 

Relative density Dr 0 0.15 0.35 0.65 0.85 

SPT 

Fine 1-2 3-6 7-15 16-30 ? 

Medium 2-3 4-7 8-20 21-40 >40 

Coarse 3-6 5-9 10-25 26-45 >45 

Internal 

friction 

angle ϕ 

Fine 26-28 28-30 30-34 33-38 

<50 Medium 27-28 30-32 32-36 36-42 

Coarse 28-30 30-34 33-40 40-50 

γwet KN/m3 11-16 14-18 17-20 17-22 20-23 

 

Table 5-3 Consistency of clay and SPT number (Das, 2000) 

SPT Consistency Unconfined compression strength qu (KN/m2) 

0 - 2  Very soft  0 - 25 

2 - 5  Soft  25 - 50 

5 - 10  Medium stiff  50 - 100 

10 - 20  Stiff  100 - 200 

20 - 30  Very Stiff  200 - 400 

˃30  Hard  ˃400 
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The reliability of using a standard penetration test (SPT) in predicting geotechnical properties 

of soil materials is widespread. Many studies have adopted the SPT test to predict geotechnical 

properties such as soil consistency and strength (Nejad et. al., 2009),  (Zhang et. al., 2004), 

(Clayton, 1995) and (Fletcher, 1965) . For the purposes of understanding potential weathering 

layers, the most important geotechnical terms were the consistency limits Griffiths & Martin, 

2017. GEA also carried out Standard Penetration Testing during each drill, with methods 

followed according to ISO 2002. Table (5-4) illustrates  N value of SPT test from 6 boreholes 

at the GEA site. 

 

Table 5-4 N value of SPT test for six boreholes from GEA site 

60 Frognal Oakhill 63 Frognal 

BH3 

63 Frognal 

BH2 

63 Frognal 

BH1 

Templewood 

Depth N 

value 

Depth N 

value 

Depth N 

value 

Depth N 

value 

Depth N 

value 

Depth N 

value 

1.2 9 2 15 2 19 1 9 1 6 1.2 7 

2 11 4 17 4 14 3 10 3 9 2.5 13 

3 13 6 9 6.5 18 5 14 5 17 3 10 

4 15 9 14 9.55 22 8 20 8 20 4 10 

6.5 19 14.5 26   11 25 11 23 5 9 

9.5 22     14.55 27 14 25 7.5 14 

12.5 26       17 28 10.5 17 

15.5 30       19.55 33 19.5 27 

18.5 63           

19.55 37           

 

The presented SPT data with depth figures 5-14  show that the  N value increases with depth. 

However, most of the samples  from ground level to the 5m depth have recorded N value 

between 1-15, and this means the upper part of the tested layer at the study area has varied  

consistency  from very soft to medium stiff or stiff. 
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Figure 5-14 illustrates  N value of SPT test from 6 boreholes at the GEA site. 
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For instance, at Templewood site, 8 SPT measurements have been carried out, covering 16m 

of depth from the ground level. Due to this site's location and its elevation, it seems that the 

upper part of this borehole runs across the junction zone between the Bagshot sand and 

Claygate Beds. It was clear by observation a high sand content, wherefore some samples near 

the surface at this location has shown highly weathering features such as the loose and 

yellowish of soil. The highly weathering process that could happen in this area can be 

somewhat attributed to the porosity and permeability, which allowed the water to penetrate and 

escalate the oxidation process near the surface. From the lithology summary in the table, it can 

be seen that there is a lithology change at depth 6-7.4m also. 

Furthermore, there is an inevitable change in the geotechnical properties due to the increasing 

SPT test value with depth. From the lithology observation and SEM imaging and the N value 

of the SPT test as a geotechnical property, it seems that the weathering process has apparently 

affected the samples near the surface.  

 

5.3 Identification of Weathering by XRF 

XRF results were obtained for 60 samples (Section 3.3.6). A statistical concatenation have been 

carried out to establish a comparison between weathered and unweathered samples for each 

GEA core (as defined by the GEA logging and subsequent description of material for this 

project – Section 5.2). Comparison was then made between those results and those for samples 

from the equivalent strata from the unweathered BGS borehole core to determine what extent 

the variance of oxides percentage could affect the population and distribution of samples in the 

plotted graphs. Furthermore to find out whether there is segregation in terms of the content of 

the oxide in weathered and unweathered samples and whether a geochemical index could 

provide objective evidence to support the manual interpretations made for this research and by 

GEA at the time of drilling. 

To determine the discrepancy in specific oxides which could contribute the minerals alteration 

in the weathered zone, a correlation was carried out on the two data sets that made up the 

sample set from the GEA provided materials. 15 samples at 63 Frognal BH1 were divided into 

two groups, weathered samples and unweathered samples and the same procedure was 

followed on 15 samples at Templewood borehole. The minimum, maximum and average of 
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oxides percentage values were plotted in order to find out whether there is a relationship 

between weathered and unweathered samples or not. The descriptive statistics of sample oxides 

show that weathered and unweathered zone at both sites 63 Frognal BH1 and Templewood 

borehole illustrate clear differences, Figures (5-15, 5-16). For samples from both boreholes 

Weathered samples have less Al2O3, Fe2O3 and CaO and relatively higher amounts of SO3 

when compared to unweathered samples. Though tempting to suggest this is in agreement with 

the findings of Dematte et. al. (2004) and subsequent work who identified a Ki ratio which 

involved a reducing amount of Al as a key weathering indicator it must be remembered that 

that study was for basalt-derived soils. 

 

 

Figure 5-15 Oxides variation of the weathered and unweathered zone for Templewood BH 
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Figure 5-16 Oxides variation of the weathered and unweathered zone for 63 Frognal BH1 

 

XRD analyses also gives the opportunity to explore the MgO/K2O relationship which might 

aid understanding of potential ion exchange process that could happen during weathering. 

Based on Grim (1953), clay minerals stability during the weathering process controls the 

degree of leaching, and selective losses due to potential ion sources which contribute the 

neoformation clay minerals. The proportion of certain oxides may reflect in clay mineral 

alteration after weathering, for instance, the relationship between MgO/K2O could have been 

important as to whether the weathered product is dominated by illite or smectite (and hence its 

swelling capacity). In the case of an abundance of potassium in the weathering environment, 

the probability of illite occurrence is more expected. However, the higher ratio of magnesium 

could lead to smectite dominated weathered clay (Velde 2008). By plotting MgO/K2O 

percentage for weathered and unweathered sample in Templewood and 63 Frognal boreholes 

and comparing with the samples at equivalent elevation from BGS boreholes (and removing 

extreme values), it can be seen that samples which are considered to be weathered possess 
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lower amounts of both K2O and MgO in weathered materials  whereas there is no such 

separation in unweathered materials (Figure 5-17), (Figure 5-18). 

 

Figure 5-17 MgO/K2O relationship at Templewood BH (left), and Frognal Road (right). 

 

 

Figure 5-18 MgO/K2O relationship at 63 Frognal BH1 (left), including the equivalent samples from 

BGS borehole (right) 
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5.3.1 Implications from geochemical analyses  

It can be said that the geochemical data indicate significant differences of geochemical 

abundance for two different geochemical ratios. What can be inferred from this is that the 

weathered samples near the surface at Templewood and 63 Frognal boreholes were 

undoubtedly exposed to ion exchange process. In the geological context of the landscape, this 

probably involved the replacement of potassium to some extent with magnesium and some 

other ions. This may have contributed to a larger proportion of smectite in weathered samples. 

The results could reflect the assumed oxidation process during weathering clay, as the 

abundance of sulphite (SO3) comparing with other oxides Al2O3, Fe2O3 and CaO can be 

considered a reasonable interaction product of pyrite oxidation. The decreasing of CaO% in 

weathered material is another indicator of weathering as the neoformation of gypsum in 

weathered clay requires CaO. An acidic environment could promote the dissolution of CaO 

and leads to calcium oxide decomposition and thus the Ca involved in the neoformation process 

of gypsum. Many research has suggested the chemical paths of pyrite oxidation which is 

responsible for escalating of acidity, and it is worthy of mentioning some principle equations 

to clarify: 

 

4FeS2 + 15O2 +14H2O → 4Fe (OH) 3
- + 8 H2SO4                  (Nordstrom, 1982) 

Pyrite + Oxygen +Water → Ferric hydroxide (Goethite) + Sulphuric acid 

2FeS2 + 7O2 +2H2O → 2Fe2+ + SO 4
2- + 4H+                          (Williamson & Rimstidt, 1994) 

Pyrite + Oxygen +Water → Ferrous iron + Sulphate + Acidity 

4Fe2+ + O2 + 4H+ → 4Fe3+
 + 2H2O                                           (Stumm & Lee, 1961) 

Ferrous iron + Oxygen + Acidity → Ferric iron +Water 

4Fe3+ + 12H2O → 4Fe (OH) 
3- + 12H+ 

Ferric iron +Water → Ferric hydroxide (Goethite) +Acidity 

FeS2 + 14Fe3++ 8H2O → 15Fe2+ +2SO 4
2- +16H+                        (Williamson & Rimstidt, 1994) 

Pyrite + Ferric iron + Water → Ferrous iron + Sulphate + Acidity  

 

Regarding decreasing another oxides Al2O3, Fe2O3 in weathered clay, in acidic environment 

aluminium can be mobilised as a soluble form ( Environmental Resources Limited, 1983), for 

that it might be consumed during neoformation of gibbsite Al(OH) in the later stage of 

weathering or even disperse in lower depth during the leaching process. Iron oxides subject to 
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the same circumstances in weathering environment, but the Fe will be one of the components 

which evolves to neoform the Ferric hydroxide (Goethite). Both of Al(OH) and Fe(OH) are 

occurred in the late stages of the weathering process, for that the occurrence of these minerals 

could stain the clay with yellow or light orange colour. 

5.3.2 Comparison of Geochemical data between weathered and unweathered core 

Figures (5-19 – 5-26) illustrates a useful comparison between samples from the BGS core and 

GEA cores for  the percentage content of Al2O3, Fe2O3, CaO against SO3 at Templewood 

borehole and Frognal Road.  A significant change in the percentage of CaO and SO3 in the 

weathering zone (top 6 m) in which SO3 % increases while CaO % decreases. Furthermore, 

samples from the GEA show that the amount of Al2O3 and Fe2O3 were lower compared with 

the equivalent elevation ranges at the BGS borehole. Results show that in the weathering zone 

near the surface (5-6 m from ground level) in general, there is an inverse relationship between 

SO3 and the other oxides. Fe2O3 in the weathered zone at both sites shows an inverse 

relationship with Al2O3. In the unweathered zone at both sites 63 Frognal and Templwood, 

the relationships among all oxides were direct relations. However it fluctuates following ratio 

of specific oxide comparing with the others in the same sample, for instance, the CaO has a 

weak direct relationship with Al2O3 and this due to the amount of Al2O3 as it is about 25 times 

as much as the amount of CaO. 

 

Figure 5-19 SO3/Fe2O3 relationship at Templewood BH (left), including the equivalent samples from 

BGS borehole (right) 
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Figure 5-20 SO3/CaO relationship at Templewood BH (left), including the equivalent samples from 

BGS borehole (right) 

 

Figure 5-21 SO3/Al2O3 relationship at Templewood BH (left), including the equivalent samples from 

BGS borehole (right) 
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Figure 5-22 Variation with depth of spectra and XRF compared with red index for Templewood BH 

and the equivalent samples from BGS borehole. 

 

 

Figure 5-23 SO3/Fe2O3 relationship at 63 Frognal BH1 (left), including the equivalent samples from 

BGS borehole (right) 
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Figure 5-24 SO3/CaO relationship at 63 Frognal BH1 (left), including the equivalent samples from 

BGS borehole (right) 

 

Figure 5-25 SO3/Al2O3 relationship at 63 Frognal BH1 (left), including the equivalent samples from 

BGS borehole (right) 
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Figure 5-26 Variation with depth of spectra and XRF compared with red index, for 63 Frognal BH1 and 

the equivalent samples from BGS borehole 

 

5.3.3 Implications of geochemical analysis for weathering 

The geochemical evidence from the samples tested provides support for a specific weathering 

environment. The relatively high concentration of SO3 in all weathered samples, combined 

with a decrease in Fe, Al and Ca oxides indicates that weathering process in the LCF at 

Hampstead Heath was oxidisation. This implies a wet environment of weathering, most likely 

in a tropical climate (Velde 2008), further, the geochemical changes indicate that pyrite is an 

important factor. There is no literature on weathering specifically in London to compare these 

results to. However, it is widely assumed that the LCF underwent tropical weathering (Ellison 

et al 2004 for example). By comparison to other studies who incorporate such information into 

their testing programmes (Dematte et al 2004, Dematte and da Silva Terra 2014), the results 

are comparable. It was not possible to develop a diagnostic relationship, but it was possible to 

develop a relationship by comparing the results of statistical analyses to weathering data from 

other sources. Though this inherently affects the classification of the geochemical data it is the 

only way in which to develop a useful model. 
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Due to time and cost restraint, the geochemical analyses was carried out on a limited number 

of samples and the results are again affected by the sampling done on geotechnical core 

provided by GEA. However, the dataset has yielded important evidence regarding the likely 

nature and climate of weathering that cannot have been found elsewhere.  

 

5.4 Identification of weathering using SEM imaging 

SEM tests was carried out on samples from 2 boreholes, Templewood BH as this was the 

nearest one to the BGS Hampstead Heath site (985 m) and has previously provided good 

evidence of weathered material. The second chosen borehole was 63 Frognal BH1which also 

showed excellent evidence of containing weathering features. SEM analysis was carried out on 

four groups of samples at 0.5-1m of depth interval based upon the available samples 

• Ten samples were collected from Templewood borehole from ground level up to 10.5m 

(elev. 108.30-99.60 m), in addition to ten samples from the equivalent layer from BGS 

borehole at same elevation range table (5-5) 

• Ten samples were collected from 63 Frognal BH1 borehole from ground level up to 9.5 m 

(elev. 96.72-88.22 m), in addition to ten samples from the equivalent layer from BGS 

borehole at same elevation range table (5-6) 

 

From the SEM imaging, another feature has been examined.  The roughness has been 

determined based upon the perfection of clay particles, in addition to the destruction and 

sharpness of clay particle edges. The roughness feature can be easily recruited to determine the 

effects of weathering on the London clay samples.  Most of the weathered samples have shown 

broken edges, and this can be approved by observation of unweathered samples from BGS 

borehole at equivalent elevation. The fresh samples have shown perfect clay particles. 

Furthermore, the pyrite crystals also found in perfect shape. Simultaneously, in the weathered 

samples, the clay particles have lost their sharp edges, occasionally in highly weathered 

samples, the clay particles shape are totally deformed. 
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Table 5-5 Showing the tested samples for SEM imaging, Templewood BH samples and BGS samples 

at the equivalent elevation. 

BGS samples Depth m Elevation m Templewood samples Depth m Elevation m 

Sample 1 20.60 108.10 Sample 1 1.80 108.30 

Sample 2 21.00 107.70 Sample 2 2.40 107.70 

Sample 3 21.60 107.10 Sample 3 3.00 107.10 

Sample 4 22.00 106.70 Sample 4 3.80 106.30 

Sample 5 22.60 106.10 Sample 5 4.00 106.10 

Sample 6 23.60 105.10 Sample 6 5.00 105.10 

Sample 7 24.70 104.00 Sample 7 6.00 104.10 

Sample 8 26.20 102.50 Sample 8 7.50 102.60 

Sample 9 28.00 100.70 Sample 9 9.50 100.60 

Sample 10 29.40 99.30 Sample 10 10.50 99.60 

 

 

Table 5-6 Showing the tested samples for SEM imaging, 63 Frognal BH1 samples and BGS samples at 

the equivalent elevation. 

BGS samples Depth m Elevation m 63 Frognal BH1 samples Depth m Elevation m 

Sample 1 32.00 96.70 Sample 1 1.00 96.72 

Sample 2 33.00 95.70 Sample 2 2.00 95.72 

Sample 3 34.75 93.95 Sample 3 4.00 93.72 

Sample 4 36.20 92.50 Sample 4 5.25 92.47 

Sample 5 36.95 91.75 Sample 5 6.00 91.72 

Sample 6 37.85 90.85 Sample 6 6.80 90.92 

Sample 7 38.30 90.40 Sample 7 7.50 90.22 

Sample 8 40.25 88.45 Sample 8 9.00 88.72 

Sample 9 40.50 88.20 Sample 9 9.50 88.22 

 



142 

 

5.4.1 SEM imaging for BGS samples between elevation 108.10-99.30m 

Two samples from BGS borehole at depths 20.60m (Elevation 108.10m),  and 21.00m 

(Elevation 107.70m) have been imaged. Both demonstrate preserved mineral crystals in perfect 

shape such as the calcite crystals in the figure (5-27) which indicates that both samples are 

unweathered. 

 

Figure 5-27 Sample 1, BGS borehole (left) at depth 20.60m (Elevation 108.10m), sample 2 of BGS 

borehole (right) at depth 21.00m (Elevation 107.70m). 

 

Both BGS samples seem to be fresh as they preserved calcite crystals with some broken edges 

and assemblage of kaolinite plates with sharp edges. it is evidently fresh due to the well-

preserved calcite crystals 

At the equivalent elevations two samples of Templewood borehole, sample number 1 at depth 

1.80m (elevation 108.30m) figure (5-28 left) which is equivalent to sample number one of BGS 

at the same elevation it shows a distinct difference in terms of micro-morphology, there was 

no a specific feature can be noted on this sample this might be due to the weathering process 

that might occur near surface. The observed micromorphology indicates that the clay palate at 

this elevation which is near the surface has exposed to weathering process and the absence of 

pyrite could refer to dissolving this mineral that could result in an acidic environment. The 

folding of clay edges can be seen clearly which refers to the deformation of clay plate edges. 

While in sample 2 of BGS borehole calcite is seen with some broken edges (possibly caused 

by preparation) but with a bright assemblage of kaolinite plates with sharp edges that indicate 

it is unweathered. At depth 2.40m (Elevation 107.70m) Figure (5-28 right) which is equivalent 
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to Sample 2 of BGS, this sample has shown the same micromorphology of sample number one, 

the absence of pyrite crystals and the folding edges of clay plates can refer to the weathering 

environment that occurred at this depth which might be related to pyrite oxidation, it can be 

seen some traces of grains and this could be degraded pyrite crystals. 

 

 

Figure 5-28 Sample 1, Templewood borehole (left) at depth 1.80m (Elevation 108.30m), Sample 2, 

Templewood borehole (right) at depth 2.40m (Elevation 107.70m) 

Below depth 21m, the tested sample 3 of BGS borehole has been found contain a high 

proportion of fresh pyrite crystals, many in a typical and perfect crystallization shaped rhombic 

form and packs of shale Figures (5-29 left), also BGS sample contain an assemblage of 

framboidal pyrite, rhombic pyrite crystals with some broken of shale packs, and comparing 

with Templewood sample it can be said the BGS sample is unweathered. 

Sample number 3 of Templewood borehole at depth 3.00m (elevation 107.10m) Figure (5-29 

right) which is equivalent to sample number 3 of BGS at the same elevation, this sample has 

shown more clear folding of clay plates edges and the traces of grains it seems disappeared, 

this phenomena could support the assumption that mentioned in the previous section related to 

the sample number 2 about the degraded pyrite crystals. 
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Figure 5-29 Sample 3 of BGS borehole (left) at depth 21.60m (Elevation 107.10m), Sample 3 of 

Templewood borehole (right) at depth 3.00m (elevation 107.10m). 

Sample number 4 of  BGS borehole Figure (5-30 left) at depth 22.00m (Elevation 106.70m), 

is seemingly fresh due to rhombic pyrite crystals with some kaolinite packs. Templewood 

borehole at depth 3.80m (elevation 106.30m) Figure (5-30 right) which is equivalent to sample 

number 4 of BGS at the same elevation, this demonstrates the same micromorphology facies 

as the previous samples, the folding of clay plates edges 

 

Figure 5-30 Sample 4 BGS borehole (left) at depth 22.00m (Elevation 106.70m), Sample 4 

Templewood borehole (right) at depth 3.80m (elevation 106.30m). 

Sample 5 of BGS borehole figure (5-31 left) is evidently fresh due to the well-preserved 

rhombic pyrite crystals and shell fragments, whilst sample number 5 of Templewood borehole 

figure (5-31 right) at depth 4.00m (elevation 106.10m) Figure 5-38 which is equivalent to 

sample number 5 of BGS at the same elevation, this sample micromorphology demonstrates a 

degraded clay plates assemblage. It might be a kaolinite plate, the edges of plates also folded. 
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Figure 5-31 Sample 5 of BGS borehole(left) at depth 22.60m (Elevation 106.10m). Sample 5, 

Templewood borehole (right) at depth 4.00m (Elevation 106.10m) 

Sample number 6 of Templewood borehole at depth 5.00m (elevation 105.10m) is equivalent 

to sample number 6 of BGS at the same elevation; this sample micromorphology shows clear 

folded clay plates with some traces of grains, the edges of clay plates it is very folded. There 

is a clear space between the edges. 

 

Figure 5-32 Sample 6, BGS borehole (left) at depth 23.60m (Elevation 105.10m) it is seemingly fresh 

due to the rhombic pyrite crystals. Sample 6 of Templewood borehole (right) at depth 5.00m (Elevation 

105.10m) 

Sample number 7 of Templewood borehole at depth 6.00m (Elevation 104.10m) figure 5-33 

(right)  which is equivalent to sample number 6 of BGS at the same elevation, this sample 

micromorphology shows a degraded clay plate with some traces of grains, the edges of clay 

plates it is deformed and the most clay plate is seemingly disfigured, the observed features 
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indicate that the sample at the depth 5m is weathered sample, while the BGS sample it is 

seemingly fresh due to the well-preserved kaolinite plates assemblage figure 5-33 (left). 

 

Figure 5-33 Sample 7, BGS borehole (left) at depth 24.70m (Elevation 104.00m). Sample 7, 

Templewood borehole (right) at depth 6.00m (Elevation 104.10m) 

Sample number 8 of Templewood borehole at depth 7.50m (elevation 102.60m) figure 5-34 

(right) which is equivalent to sample number 7 of BGS at the same elevation, this sample 

micromorphology shows degraded clay plates with some traces of grains, the edges of clay 

plates it is deformed. The most clay plate is seemingly disfigured; the observed features 

indicate that the sample at the depth 6m is weathered. In comparison, the BGS sample (left) is 

evidently fresh due to the well-preserved framboidal assemblage of pyrite crystals and shell 

fragments. 

 

Figure 5-34 Sample 8 of BGS borehole (left) at depth 26.20m (Elevation 102.50m. Sample 8 of 

Templewood borehole (right) at depth 7.50m (Elevation 102.6m) 
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At depth 28.00m (Elevation 100.70m), sample number 9 of BGS showed a bright assemblage 

of calcite combined with some shell fragments figure (5-35 left); this sample can be considered 

unweathered due to the preserved calcite, and this could refer that there was no chemical action 

such as oxidation of pyrite at this depth. 

 

Sample number 9 of Templewood borehole at depth 9.50m (Elevation 100.60m) figure (5-35 

right) which is equivalent to sample number 9 of BGS at the same elevation, this sample 

micromorphology shows some assemblage of Kaoilinte plates, the clay plates show clear edges 

and sharpness to some extent, there are no signs of degradation on this sample. It can be said 

that this unweathered sample at depth 9.50m. Compared with the BGS samples at the same 

elevation, it seems that this sample facies is more close to sample number 10 of BGS. 

 

Figure 5-35 Sample 9 of BGS borehole (left) at depth 28.00m (Elevation 100.70m) is seemingly fresh 

due to the calcite assemblage. Sample 9 of Templewood borehole (right) at depth 9.50m (Elevation 

100.60m) 

Sample number 10 at depth 29.40m (elevation 99.30m) of BGS borehole has shown a clear 

assemblage of kaolinite plate figure 5-36 (left). The preserved particles have kept sharp and 

clear edges, and these features can refer that the sample at this elevation is unweathered. 

Sample 10 of Templewood at the same elevation figure 5-36 (right) is seemingly fresh due to 

the well-preserved kaolinite plates assemblage. The clay plates show clear edges and sharpness 

to some extent, and there are some indicators of degradation in this sample. Still, in general, 

this sample can be considered an unweathered sample. Compared with the BGS samples at the 

same elevation, it seems that this sample facies is closer to the facies of sample number 10 of 

BGS in terms of the kaolinite plates assemblage. 



148 

 

 

Figure 5-36 Sample 10 of BGS borehole (left) at depth 29.40m (Elevation 99.30m). Sample 10 of 

Templewood borehole (right) at depth 10.50m (Elevation 99.60m) 

 

From depth 21.60m (elevation 107.10m) to 26.20m (elevation 102.50m), it can be seen this 

thickness of layer about 4.60m contains a high ratio of crystalised pyrite in both types rhombic 

and framboidal in addition to calcite crystals to some extent. Also, the kaolinite plates have 

kept sharp and bright edges. The observed features on all samples between depths 20.60m 

(elevation 108.10m)-29.40m (elevation 99.30m could refer to samples' freshness. There is no 

indicator of weathering that can be considered at this thickness of the BGS layer. However, in 

terms of the collected NIR spectroscopy measurements, some fluctuation might be attributed 

to some rims of alteration resulting from the environment and circumstances of storage at the 

BGS warehouse in Nottingham. 

5.4.2 SEM imaging for Frognal BH samples between elevation 108.30-99.60m 

BGS samples were collected from elevation 32.00-40.50m, represents the equivalent layer of 

GEA core 3 at 63 Frognal BH1. 

Sample 1 of BGS borehole at depth 32.00m (elevation 96.70m), figure 5-37 (left) shows that 

there are assemblages of clay plate with sharp edges, there is no clear degradation but also the 

clay plates not showing a perfect shape, the observed features indicate that the sample is 

unweathered. While sample 1 of 63 Frognal BH1 borehole (right) at depth 1.00m (Elevation 

96.72m) weathered sample showing a clear deformed particle to some extent can determine 

their degraded edges. 
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Figure 5-37 Sample 1 of BGS borehole (left) at depth 32.00m (Elevation 96.70m). Sample 1 of 63 

Frognal BH1 borehole (right) at depth 1.00m (Elevation 96.72m) 

Sample 2 of BGS borehole at depth 33.00m (elevation 95.70m) figure 5-38 (left) shows that 

the soil material at this elevation contains calcite crystal, indicating that these crystal have been 

preserved in a stable environment with no weathering indicator. However, sample 2 of 63 

Frognal BH1 borehole (right) at depth 2.00m (Elevation 95.72m) shows deformed particles so 

that can be determined weathered sample. 

 

Figure 5-38 Sample 2 of  BGS borehole (left) at depth 33.00m (Elevation 95.70m). Sample 2 of 63 

Frognal BH1 borehole (right) at depth 2.00m (Elevation 95.72m) 

Sample 3 of BGS borehole at depth 34.75m (Elevation 93.95m) figure 5-39 (left) shows a 

foliated shale pack with sharp edges this sample has also show some degraded particle. 

However, this sample can be considered unweathered comparing with sample 3 of 63 Frognal 

BH1 borehole at depth 4.00m (Elevation 93.72m) ) figure 5-39 (right). 
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Figure 5-39 Sample 3, BGS borehole at depth 34.75m (Elevation 93.95m). Sample 3, 63 Frognal BH1 

borehole (right) at depth 4.00m (Elevation 93.72m) weathered sample 

Sample 4 of BGS borehole at depth 36.20m (Elevation 92.50m) figure 5-40 (right) showing 

some shale plates and neoformed gypsum, this gypsum cannot be considered as weathering 

product due to the potential alteration that might be occurred due to storage circumstances, 

while sample 4 of 63 Frognal BH1 borehole (right) at depth 5.75m (Elevation 92.97m) shows 

clear indicators of weathering process that has affected the clay particles, particularly at the 

edges. 

 

Figure 5-40 Sample 4, BGS borehole (left) at depth 36.20m (Elevation 92.50m). Sample 4 of 63 Frognal 

BH1 borehole (right) at depth 5.75m (Elevation 92.97m). 

Sample 5 of BGS borehole at depth 36.95m (Elevation 91.75m) figure 5-41 (left) showing a 

folded shale packs with some degraded clay plates, but sample 5 of 63 Frognal BH1 borehole 

(right) at depth 6.00m (Elevation 91.72m) is clearly weathered. 
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Figure 5-41 Sample 5, BGS borehole at depth 36.95m (Elevation   91.75m). Sample 5, 63 Frognal BH1 

borehole at depth 6.00m (Elevation 91.72m) weathered sample. 

Sample 6 of BGS borehole at depth 37.85m (Elevation 90.85m) figure 5-42 (left) showing a 

well-preserved shale pack with some degraded clay plates, while Sample 6, 63 Frognal BH1 

borehole (right) at depth 6.80m (Elevation   90.92m) it is clearly show weathering features such 

as the degraded edges and some cavities that could be resulted from dissolving some minerals. 

 

Figure 5-42 Sample 6 of BGS borehole (left) at depth 37.85m (Elevation 90.85m). Sample 6, 63 Frognal 

BH1 borehole (right) at depth 6.80m (Elevation   90.92m) 

Sample 7 of BGS borehole at depth 38.30m (Elevation 90.40m) figure 5-43 (left) showing a 

well-preserved pyrite crystal with sharp edges clay plates, and it is a seemingly unweathered 

sample. Still, sample 7 of 63 Frognal BH1 borehole (right) at depth 7.50m (Elevation 90.22m) 

is partially weathered as it contained partially weathered calcite. 
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Figure 5-43 Sample 7 of BGS borehole (left) at depth 38.30m (Elevation 90.40m). sample 7 of 63 

Frognal BH1 borehole (right) at depth 7.50m (Elevation 90.22m) 

Sample 8 of BGS borehole at depth 40.25m (elevation 88.45m) figure 5-44 (left) showing 

framboidal pyrite assemblage with a gypsum crystal pack, features indicate that it is an 

unweathered sample. Sample 8 of 63 Frognal BH1 borehole (right) at depth 9.00m  (Elevation 

88.72m) is also unweathered as it kept the sharp edges of clay plates. 

 

Figure 5-44 Sample 8 of BGS borehole (left) at depth 40.25m (elevation 88.45m). Sample 8 of 63 

Frognal BH1 borehole (right) at depth 9.00m  (Elevation 88.72m) 

Sample 9 of BGS borehole (left) at depth 40.50m (elevation 88.20m) figure 5-45 showing a 

well-preserved shale fragment, micromorphology of this sample indicate that it is unweathered. 

Sample 9 of 63 Frognal BH1 borehole (right) at depth 9.50m  (Elevation 88.22m) is also 

unweathered as it kept the sharp edges of clay plates. 
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Figure 5-45 Sample 9 of BGS borehole (left) at depth 40.50m (Elevation 88.20m). Sample 9 of 63 

Frognal BH1 borehole (right) at depth 9.50m (Elevation 88.22m) Unweathered sample 

5.4.3 Comparison of SEM imagery in weathered and unweathered core 

SEM imaging, has identified that micro-lithology of samples in the GEA cores can be 

compared to those of stratigraphically similar samples in the BGS core. This confirms the 

findings elsewhere in Section 5 of this thesis. Comparison between the weathered and 

unweathered core showed that there are two microfacies related to weathering: 

Deformed litho-microfacies (weathered): this type were recognised in weathered LCF near the 

surface at depths up to 5 m. In these samples it was seen that: 

•  clay particle edges were deformed and apparently foliated 

• there is no intact pyrite crystals 

• there is no calcite or gypsum crystals.  

At the base of this zone, some of the samples are partially deformed. Nevertheless, they are 

still weathered. There was no conclusive evidence to identify an intermediate transitional zone 

that could separate between weathered and unweathered zones. 

Undeformed litho-microfacies (unweathered): this might be considered as a dominant form of 

unweathered LCF. In this type: 

• crystals of some minerals such as rhombic pyrite, framboidal pyrite and calcite were 

perfectly preserved and can be found as intact crystals 

• edges of the deformed or foliated particle are rarely found 

• shale packs could occur in foliated form, recognised as their size is much more significant 

compared with clay particles.  
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• the general micro-morphology is sharp 

These results do not entirely agree with corresponding samples which have undergone the other 

analyses. The implication of the SEM analyses is that it is not possible, either from the 

technique or from the sampling employed, to identify a weathering gradient in the same way 

conventional analyses apparently can. It is not easy to determine which of these is the cause 

for the lack of granularity in the classification. However great care was taken when selecting 

samples for analyses to ensure that a range of weathering grades were included and a wide 

number of views were taken before imagery was captured and a huge number of images 

captured before the examples were chosen for inclusion in this thesis. In the experience of the 

author, the sampling was representative of the full range of samples. However it is clear that to 

determine whether SEM can identify weathering ‘grade’ in LCF, a wider range of samples 

needs to be analysed. 

 

5.5 Identification of Weathering by NIR spectroscopy 

5.5.1 BGS Hampstead Heath spectral log 

As described in Section 3.3.3 and 4.1.3, 1280 spectra were captured of this core at sampling 

interval between 10 and 40 mm, where the core was available. The image of this core covers 

about 53.51 m between depths (13.23-66.74m), elevation (115.48-61.97m) and is presented in 

Figure 4-5. The BGS core image has been subsampled to enable comparison with equivalent 

strata in the GEA boreholes. 

 

5.5.2 GEA core 1 at Templewood vs BGS core 

VNIR spectra for GEA core 1 at Templewood borehole (Table 5-7) have been plotted as an 

image using and presented in Figure 5-66. The built image was established based on 16 

spectroscopy readings covering about 20 meters of depth starting from the ground level at 

elevation roughly 110m from the sea level table 5-6.  



155 

 

Table 5-7 Spectroscopy data details of Templewood borehole and the equivalent thickness from the 

BGS core 

Depth Elevation Measurements 

No. 

Equivalent 

depth (BGS) 

Equivalent 

elevation (BGS) 

Measurements 

No. 

0m 110.1m 
16 spectra 

18.6m 110.11m 
398 spectra 

20m 90.1m 38.62m 90.09m 

 

 

Figure 5-46 NIR Spectroscopy reflectance (350-2500nm wavelength) of Templewood with depth 

correlated with the equivalent layer BGS Hampstead Heath core. 

 

It is possible to locate the a spectral contrast that coincides with the weathering boundary at 

depth 6m depth (104m) identified by geotechnical and visual description (Section 5-2). What 
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is shown on the image (Figure 5-46) was a clear differences between the GEA and BGS core 

at three wavelengths 1400, 1900 and 2200 nm. The anomaly is clearly sharper at depths up to 

4 m and shallower 4-6 m. These wavelengths coincide with hydroxyl peak at the three specific 

wavelengths. Though there is some shallow broad feature around 960nm related to goethite, it 

is interesting that the largest variation in spectra is in the visible wavelengths, not associated 

with specific minerals but colour (red, orange and yellow) which might results from hematite, 

goethite and limonite respectively (Jackson et al. 1948).  

5.5.3 GEA core 2 at 63 Frognal BH1 vs BGS core 

Spectra for GEA core 2 at 63 Frognal BH1 borehole (Table 5-8) have been plotted as an image 

figure 5-47 from 27 spectra covering about 20 meters of depth starting from the ground level 

at an elevation about 97.72m. The same pattern as Core 1 is observed, with the hydroxyl 

anomalies seen alongside broad changes in the visible range 350-600nm. Following Section 

5.5.2, spectra indicate that the weathering zone thickness might be reach 6 meters from the 

ground level though there me be an upper zone (0-3.5 m) and a lower zone (3.5-6 ). 

Table 5-8 Spectroscopy data details of 63 Frognal BH1 and the equivalent thickness from the BGS 

borehole 

Depth Elevation Measurements 

No. 

Equivalent 

depth (BGS) 

Equivalent 

elevation (BGS) 

Measurements 

No. 

0m 97.72m 

27 spectra 

30.97m 97.74m 

399 spectra 
20m 77.47m 51.23m 77.48m 
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Figure 5-47 NIR Spectroscopy reflectance (350-2500nm wavelength) of 63 Frognal BH1 with depth, 

correlated with the equivalent layer BGS Hampstead Heath core. 

 

5.5.4 GEA core 3 at 63 Frognal BH2 vs BGS core 

15 spectra (Table 5-9) contribute to the image for GEA core 3 at 63 Frognal BH2 borehole 

have been plotted as an image using TSG software figure 5-48. The covers about 15 meters of 

depth starting from the ground level at an elevation about 97.68 m. The same anomalies as 

above have been noted showing weathering features in terms of the absorption at wavelength 

range 350-600nm and around the wavelength 1900nm, indicate weathering 6 m depth, possibly 

with an upper zone at 0-4 m. 



158 

 

Table 5-9 Spectroscopy data details of 63 Frognal BH2 and the equivalent thickness from the BGS 

borehole 

Depth Elevation Measurements 

No. 

Equivalent 

depth (BGS) 

Equivalent 

elevation (BGS) 

Measurements 

No. 

0m 97.68m 
15 spectra 

31.02m 97.69m 
295 spectra 

15m 82.68m 46.03m 82.68m 

 

 

Figure 5-48 NIR Spectroscopy reflectance (350-2500nm wavelength) of 63 Frognal BH2 with depth, 

correlated with the equivalent layer  BGS Hampstead Heath core. 
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5.5.5 GEA core 4 at 63 Frognal BH3 vs BGS core 

15 spectra (Table 5-10) form the image for GEA core 4 at 63 Frognal BH3 borehole (Figure 5-

49) covering about 10 meters from ground level at an elevation of 96.64 m. The same anomalies 

as above are noted which shows a weathering features in terms of the absorption at wavelength 

range 350-600nm and around the wavelength 1900nm to a depth of at least 5m beyond which 

there is missing core. There does seem to be an upper layer at depth 0-3 m. 

Table 5-10 Spectroscopy data details of 63 Frognal BH3 and the equivalent thickness from the BGS 

borehole 

Depth Elevation Measurements 

No. 

Equivalent 

depth (BGS) 

Equivalent 

elevation (BGS) 

Measurements 

No. 

0m 96.4m 
15 spectra 

32.32m 96.39m 
199 spectra 

10m 86.4m 42.32m 86.39m 

 

 

Figure 5-49  NIR Spectroscopy reflectance (350-2500nm wavelength) of 63 Frognal BH3 with depth, 

correlated with the equivalent layer from BGS core Hampstead Heath 
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5.5.6 GEA core 5 at Oakhill borehole and the equivalent thickness from the BGS core 

6 spectra (Table 5-11) were used to build the image for GEA core 5 at Oakhill (Figure 5-50) 

covering about 14 m depth starting from ground level at an elevation about 99.13 m. As above, 

visual the same anomalies have been noted which shows a weathering features in terms of the 

absorption at wavelength range 350-600nm and around the wavelength 1900nm. However 

these are obtained for single sample at 6 m depth, either side of which there are no samples. 

Table 5-11 Spectroscopy data details of Oakhill borehole and the equivalent thickness from the BGS 

borehole 

Depth Elevation Measurements 

No. 

Equivalent 

depth (BGS) 

Equivalent 

elevation (BGS) 

Measurements 

No. 

0 99.13 

6 spectra 

29.56m 99.15m 

299 spectra 
14 83.13 44.58m 83.13m 

 

 

Figure 5-50 NIR Spectroscopy reflectance (350-2500nm wavelength) of Oakhill BH with depth, 

correlated with the equivalent layer from BGS core Hampstead Heath 
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5.5.7 GEA core 6 at 60 Frognal borehole and the equivalent thickness from the BGS core 

Twenty-two spectra (Table 5-12)comprise the image for GEA core6 at 60 Frognal borehole 

(Figure 5-51), covering 20 meters of depth starting from an elevation of about 89.75m. The 

same anomalies have been noted, which shows weathering features in terms of the absorption 

at wavelength range 350-600nm and around the wavelength 1900nm. The depth of the 

anomalous zone is approximately 7 m, with a response from a single spectra, possibly 

indicating an upper zone up to 4 m deep. 

Table 5-12 Spectroscopy data details of 60 Frognal borehole and the equivalent thickness from the BGS 

borehole 

Depth Elevation Measurements 

No. 

Equivalent 

depth (BGS) 

Equivalent 

elevation (BGS) 

Measurements 

No. 

0m 89.75m 
22 spectra 

38.97m 89.74m 
426 spectra 

20m 69.75m 58.97m 69.74m 

      



162 

 

 

Figure 5-51 NIR Spectroscopy reflectance (350-2500nm wavelength) of 60 Frognal BH with depth, 

correlated with the equivalent layer from BGS Hampstead Heath core 

 

5.6 Visual interpretation of VNIR for weathering characterisation   

The BGS core image has been produced in a high resolution where the distance interval 

between each spectra and the next one ranged between 1-4 cm, while the distance interval of 

collected spectroscopy measurements for GEA cores was about 1 m between each one and the 

next following to the depth where the samples were extracted. It is also important to mention 

that the differences between the BGS core and the GEA cores in terms of colour, it can be said 

that the BGS core colour was lighter than the other cores of GEA. The difference in colour can 

be attributed to the age of each core, for instance, the BGS core was dug about 40 years ago 

while the GEA cores were much younger and recent comparing with the BGS core. The realised 

colores discrepancy in the studied cores at BGS site and GEA could occur as a shifted line 

depending on how much the tested measurements could be lighter or darker. For example, the 

lighter sample has a higher reflectance value, and this will appear in the foreground of the 

plotted graphs. From the spectroscopy measurements, the obtained and interpreted results have 
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shown a significant distinction between spectra of the weathered and unweathered samples 

with depth. Moreover, when comparing each group of spectra for GEA boreholes with the 

equivalent layer from BGS borehole, there was clear discrimination between them. The most 

unambiguous discrimination was noted in the Visible (400 -700 nm) and near-infrared (NIR) 

between (700 -1000 nm). 

5.6.1 VNIR weathering index  

VNIR analyses of GEA core with depth and correlating with the same layers from BGS show 

that there are clear and distinct features around specific wavelength ranges. The sharpest 

feature was around the wavelength range 1850-1950nm and seemingly its centre 1900nm. 

Another sharp feature occurs between 400-550nm, whilst gentler features are seen at 

wavelengths 2200nm and 1400nm respectively. The most pervasive features which may be 

related to weathering seem to be in the visible spectra. This could well result from the release 

into the soil of hematite, goethite and limonite  which can be related to the visible colours (red, 

orange and yellow) respectively. 

Considering these results more closely, spectra were deconvolved into their respective mean 

reflectance value R for each visible colour red, orange, yellow and green. This has been 

adjusted by forming an albedo correction ratio around reflectance at 450 nm. The index for 

each colour is consists of the average R-value between dedicated wavelength range divided by 

R-value at wavelength 450nm (Table 5-13). 

 

Table 5-13. Wavelength range of dedicated colour and derivative colour index equation 

Colour Wavelength range Derivative colour index 

Green 500-565 (500nm : 565nm) / 450nm 

Yellow 575-585 (575nm : 585nm) / 450nm 

Orange 595-615 (595nm : 615nm) / 450nm 

Red 625-745 (625nm : 745nm) / 450nm 

 

Each index for weathered and unweathered samples of GEA cores have been plotted with depth 

against the same index for the BGS Hampstead Heath core as a control. Results are presented 
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in Figures 5-52, 5-53, 5-54 and 5-55. The same pattern is observed in each. For all colour 

ranges, the shape of the reflectance ration curve for the GEA matches the BGS curve (albeit 

with a small offset) until the depth denoted in Section 5.2 as the weathered zone. Thereafter, 

the weathered spectra increase in index value, exceeding that of the BGS core.  

The offset is considered to be a result of the very light reflectance of the considerably older 

BGS core. Interestingly the green index was derived to investigate whether the glauconite rich 

units, typically associated with a green colour would demonstrate this but they do not. The 

remaining curves all indicate that there is a clear and distinct spectral pattern in the visible 

spectrum that could be used to indicate the depth of weathering for these samples. This in itself 

is potentially useful and graphically demonstrates that spectroscopy (albeit visible) could be a 

useful technique to understand weathering.  

The key advantage of spectroscopy as seen in these figures is the numerical nature of the colour 

indices used. Unlike the geotechnical classification of weathering, the VNIR index is a factor 

on a continuum so it can be used to estimate weathering at the depths where no borehole 

samples was available. This could be extended further to suggest that there may be potential 

for the spatial prediction of weathering (i.e. if spectra were collected semi-/continuously, it 

could be the change in pattern of sampled spectra that could be used to infer that subsequent 

spectra would be weathered. The measure is also objective and potentially can be automatically 

applied. A significant advantage of it being in the visible wavelengths is that any technology 

required would be cheap.What is unknown at this stage is whether the method is transferrable 

to other parts of the LCF (geographically or stratigraphically) or even other strata. 

This relationship was investigated further following the broad methods described by Dematte 

et al (2004). Using the spectral data for each borehole, the numerical value for each colour 

index (red, orange and yellow) has been tabulated against weathering classification given by 

the original drillers of the GEA borehole core. Results are given in Tables 5-14, 5-15 and 5-16. 

Analyses of these gives a consistent pattern in the same granularity of the VNIRS weathering 

studies outlined in Section 2.2.1.3. All three indices indicate that for most samples it is possible 

to distinguish the weathering grade of samples using the formula given in Table 5-13, with 

clear discrimination in most cases between unweathered, slightly weathered and then a 

combined weathered/ highly weathered category. Thus, it is possible, with some exceptions to 

determine weathering grade of the LCF at Hampstead Heath using visible spectroscopy. The 

method is equivalent in accuracy to that put forward by Dematte (2004). 
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Table 5-14 Weathering index based on specific red index range 

Borehole Highly 

Weathered 

Weathered Slightly 

weathered 

Unweathered 

Templewood 3.46-2.85 2.71-2.02 2.02-1.7 < 1.7 

63 Frognal BH1 2.69-2.50 2-50-1.90 1.71-1.63 < 1.63 

63 Frognal BH2 2.46-1.97  1.97-1.69 < 1.69 

63 Frognal BH3 2.47-2.23 2.16-2.02 1.74-1.68 < 1.68 

Oakhill 3.05-1.7   < 1.7 

60 Frognal 2.43-1.97 2.2-2.07  < 1.7 

 

Table 5-15 Weathering index based on specific orange index range 

Borehole Highly Weathered Weathered Slightly weathered Unweathered 

Templewood 3.02-2.5 2.5-1.88 1.87-1.8 < 1.8 

63 Frognal BH1 2.36-2.23 2.20-1.80 1.60-1.55 < 1.55 

63 Frognal BH2 2.17-1.82  1.58-1.50 < 1.5 

63 Frognal BH3 2.17-1.97 1.93-1.85 1.63-1.58 < 1.58 

Oakhill 3.10-.1.59   < 1.59 

60 Frognal 2.25-1.90 2.07-1.94  < 1.61 

 

Table 5-16 Weathering index based on specific yellow index range 

Borehole Highly 

Weathered 

Weathered Slightly 

weathered 

Unweathered 

Templewood 2.81-2.32 2.33-1.78 1.78-1.60 < 1.60 

63 Frognal BH1 2.17-2.05 2.03-1.73 1.54-1.49 < 1.49 

63 Frognal BH2 2.01-1.73  1.70-1.52 < 1.52 

63 Frognal BH3 2.01-1.84 1.80-1.70 1.55-1.51 < 1.51 

Oakhill 2.84-1.52   < 1.52 

60 Frognal 2.10-1.82 1.93-1.83 1.56-1.51 < 1.51 
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Figure 5-52 Suggested weathering index based upon the effective range of Green colour wavelengths 
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Figure 5-53 Suggested weathering index based upon the effective range of Yellow colour wavelengths 
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Figure 5-54 Suggested weathering index based upon the effective range of Orange colour wavelengths 
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Figure 5-55 Suggested weathering index based upon the effective range of Red colour wavelengths
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6 Conclusions  

A range of techniques has been used to examine weathered and unweathered borehole core of 

the London Clay Formation on Hampstead Heath. Each technique (except XRD) has 

contributed an important element to the investigation. Elements considered contributions to 

knowledge are presented in bold. 

It is useful to consider the conclusions grouped as new ‘geological’ knowledge of the London 

Clay Formation and new knowledge of weathering of the London Clay Formation and the new 

methods developed to explore it. Within these groups, conclusions are presented in what the 

author considers be of descending importance. It is recognised for all conclusions that this 

study concerns a spatial distance of 1400m and lithologically only the upper part of the LCF. 

Without further study, the results are considered to be valid for the specific sample locations. 

However, as with other studies outlined in Section 2.3, it is likely that the findings can be 

applied, with some modification, across the outcrop of the London Clay Formation and could 

perhaps be applied to other sedimentary units. 

Weathering of the London Clay Formation and New Methods of Determination 

1.      A new colour index derived from NIR spectroscopy has been developed which can 

be used to classify LCF as unweathered, slightly weathered or weathered/highly 

weathered. The index is comparable to other weathering indices in the literature and results 

of other tests. 

2.      Weathering in the LCF at Hampstead Heath is strongly related and possibly 

controlled by changes in lithology at depths 6-8m beneath the surface. Geotechnical 

description and PSD analysis have identified a consistent pattern of weathering across all 

geotechnical boreholes with weathering 6-8 m deep. At each borehole, weathering was 

related to a lithological change. Though this is perhaps intuitive, this has not been 

recignised elsewhere. 

3.      A new geochemical weathering index has been developed from XRF analyses that 

can classify LCF into weathered and unweathered classes. Results were comparable to 

the NIR index. With further work it is possible that the index could be used to determine 

the Paleogene weathering environment for Hampstead Heath. 

4.      SEM analyses corroborated results from other tests but could only distinguish 2 grades 

of weathering. 
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Geological Conclusions: 

5.      A new high-resolution lithostratigraphy demonstrates that particle size 

distribution can be used to correlate boreholes for the LCF. Particle size analyses of 

270 core samples from seven sample cores, including the BGS Hampstead Heath Borehole 

has enabled a robust correlation of strata across all boreholes. Though, this may be valid 

only for correlations with relatively small spatial separation, it is believed to be a novel 

demonstration of the value of high-resolution particle size logs of the LCF for this purpose. 

6.      Specific elevations for the base of the Bagshot Formation and Units E and D of the 

London Clay Formation are given for Hampstead Heath. Further work may consider 

the importance of these findings to strata further afield. The stratigraphy developed is in 

agreement with that of King (2001). 

7.      Bedding of the LCF at Hampstead Heath is flat, at least locally (Section 4.1.2, 

Figures 4-2, 5-8 and 5-9). Crucially for this study it means that samples from equivalent 

elevations for each borehole can be considered stratigraphically coincident. 
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7 Evaluation and Recommendations for Future Research 

The main finding of this work was the determination of a new technique and resulting index to 

determine weathering in an objective manner. It has been demonstrated that a non-contact, 

rapid technique using NIR technology can determine weathering grade in the LCF to a greater 

resolution than SEM imagery and to a comparable resolution to XRF techniques. Both of these 

techniques are relatively complex, time-consuming and destructive. 

The index developed is simple and usefully, uses wavelengths of light in the visible spectrum. 

Importantly this means that high-resolution spectral techniques may not be required to 

determine weathering. This means that for the samples in this study, and perhaps elsewhere, it 

might be possible to use a relatively cheap technological solution to determine weathering 

grade of soils. This may be of great interest to engineering geology assessments in weathering 

profiles anywhere. 

•         Further work could consider whether low-cost technologies can provide a useful tool 

for determining weathering grade (and therefore geotechnical performance) in other 

geological terrains and locations. This could extend to other technologies, including 

satellite and drone based assessments of weathering. 

The main limitation of this study is the limited geographical and stratigraphical scope of work. 

Limiting the study to Hampstead Heath was fundamental to the research design as it was 

anticipated that geotechnical samples would be correlated stratigraphically with the BGS 

Hampstead Heath borehole and that detailed analyses could be carried out in a timely fashion. 

However, it must be accepted that the study has been carried out on 7 boreholes less than 2km 

apart and covering less than 50 m of stratigraphy. This does limit the extent to which the results 

can be extrapolated spatially or stratigraphically. 

•         Future work should extend this study (or elements of it) to other locations. It is likely 

that any future research would concentrate on VNIR techniques supported by XRF/ SEM. 

Work could consider slopes elsewhere in the area of Hampstead Heath (this study 

concentrates on the southern slope only). 

•         It is likely that the stratigraphic correlation for this study is likely valid at least to the 

extent of the broader Hampstead Heath area. If this was proven the NIR technique could 

be used to better understand the nature of weathering, including for instance, further 

consideration of elevation, gradient and slope aspect. 

•         Future work could be extrapolated to other locations and geological units. Subjective 

measurement of weathering grade in sedimentary sequences is not simple and this would 

be of great value to the weathering research community. 
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The second major limitation of this study was the reliance upon old core. Though the material 

came from reputable locations and had been well curated, there can be no absolute guarantee 

that the samples had not been mis-labelled or misplaced. Certainly for both the GEA and BGS 

core the material was not taken specifically for this research and had been sampled, leaving 

gaps. However, this must be balanced against the benefit of what was anticipated to be (and 

was) access to a well-contained core of recognisable stratigraphy as a cost (travel and expenses) 

far below what might be expected if the project were to drill the boreholes especially. 

•         If funding permitted, future studies should obtain fresh, high-quality samples 

specifically for the investigation of the methods described above. 

•         Alternatively, coastal sections could be examined to consider a wider spatial area of 

weathering. Initial work on this project did conduct fieldwork at Warden Point, and this 

could be revisited. 

The third major limitation of this work is that not all samples were subject to an identical suite 

of tests. This was simply a limitation of the time required to sample, prepare, test, and in the 

case of the BGS core return test samples. 

•         Future studies may consider whether fewer tests could be carried out or whether whole 

suites of tests could be ignored (as XRD was in this work) though there are significant 

problems with this approach 
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9 Appendices 

9.1 Particle size distribution comparisonde 

Table 9-1 Particle size distribution for Templewood borehole and the equivalent layer from BGS 

borehole 

Samp

le 

Dept

h m 

Elevatio

n m 

Cla

y % 

Silt 

% 

San

d % 

Samp

le 

Dept

h m 

Elevatio

n m 

Cla

y % 

Silt 

% 

San

d % 

TW1 1.8 108.3 

11.3

9 

56.1

7 

32.4

4 

BGS

19 20.6 108.1 4.39 

51.1

7 

44.4

4 

TW2 2.4 107.7 

16.4

9 

75.7

9 7.73 

BGS

20 21.0 107.7 9.49 

86.7

9 3.73 

TW3 3 107.1 

14.1

5 

74.2

3 

11.6

2 

BGS

21 21.6 107.1 7.15 

69.2

3 

23.6

2 

TW4 3.8 106.3 

15.8

5 

79.6

9 4.46 

BGS

22 22.0 106.7 8.85 

74.6

9 

16.4

6 

TW5 4 106.1 

17.0

9 

70.4

9 

12.4

2 

BGS

23 22.6 106.1 

10.0

9 

85.4

9 4.42 

TW6 5 105.1 

20.1

4 

48.7

6 

51.1

1 

BGS

25 23.6 105.1 

13.1

0 

63.7

0 

23.2

0 

TW7 6 104.1 

13.6

8 

81.8

6 4.46 

BGS

27 24.7 104.0 6.68 

76.8

6 

16.4

6 

TW8 7.5 102.6 

11.9

2 

70.6

0 

17.4

7 

BGS

30 26.2 102.5 4.92 

65.6

0 

29.4

7 

TW9 9.5 100.6 

26.6

5 

72.6

5 0.69 

BGS

36 28.0 100.7 

19.6

5 

67.6

5 

12.6

9 

TW1

0 10.5 99.6 

33.1

7 

65.8

9 0.95 

BGS

38 28.8 99.9 

25.2

1 

70.6

2 4.18 

TW1

1 12.5 97.6 

31.4

6 

60.1

5 9.62 

BGS

42 31.0 97.8 

24.4

6 

64.1

5 

11.3

8 

TW1

2 14 96.1 

19.4

8 

55.8

0 

24.7

3 

BGS

45 32.4 96.4 

12.4

8 

50.8

0 

36.7

3 

TW1

3 15.5 94.6 

27.2

3 

68.7

6 4.01 

BGS

49 33.8 94.9 

20.2

3 

63.7

6 

16.0

1 

TW1

4 17 93.1 

21.6

3 

58.7

6 

19.6

1 

BGS

54 35.6 93.1 

14.6

3 

53.7

6 

31.6

1 

TW1

5 18.3 91.8 

26.4

9 

63.3

2 

10.1

9 

BGS

58 37.0 91.8 

15.0

4 

49.6

8 

35.2

8 

TW1

6 19.5 90.6 

24.9

9 

59.0

1 

16.0

0 

BGS

62 38.3 90.4 

17.9

9 

54.0

1 

28.0

0 

  

Minimu

m 

11.3

9 

48.7

6 0.69   

Minimu

m 4.39 

49.6

8 3.73 

  

Maxim

um 

33.1

7 

81.8

6 

51.1

1   

Maxim

um 

25.2

1 

86.7

9 

44.4

4 



190 

 

  Average 

20.7

4 

66.3

7 

14.2

2   Average 

13.4

0 

65.5

0 

21.1

1 

  Median 

19.8

1 

67.3

3 

10.9

1   Median 

12.7

9 

64.8

8 

19.8

3 

 

Table 9-2, Particle size distribution for Oakhill borehole and the equivalent layer from BGS 

borehole 

Samp

le 

Dept

h m 

Elevatio

n m 

Cla

y % 

Silt 

% 

San

d % 

Samp

le 

Dept

h m 

Elevatio

n m 

Cla

y % 

Silt 

% 

San

d % 

OKH 

1 5.00 94.13 

17.6

3 

50.7

6 

31.6

1 

BGS 

52 

34.7

5 93.95 

15.6

8 

59.6

3 

24.6

9 

OKH 

2 7.50 91.63 

20.9

7 

46.5

5 

32.4

9 

BGS 

58 

36.9

5 91.75 

15.0

4 

49.6

8 

35.2

8 

OKH 

3 

10.5

0 88.63 

23.4

2 

64.2

4 

12.3

4 

BGS 

68 

40.2

5 88.45 

20.4

2 

67.2

4 

12.3

4 

OKH 

4 

12.0

0 87.13 

21.7

9 

49.0

5 

29.1

7 

BGS 

72 

41.6

0 87.10 

18.7

9 

52.0

5 

29.1

7 

OKH 

5 

13.5

0 85.63 

20.6

2 

51.1

3 

28.2

6 

BGS 

77 

43.0

5 85.65 

17.6

2 

54.1

3 

28.2

6 

OKH 

6 

14.0

0 85.13 

28.9

1 

62.4

7 8.62 

BGS 

80 

43.4

4 85.26 

23.6

4 

60.1

6 

16.2

1 

  

Minimu

m 

17.6

3 

46.5

5 8.62   

Minimu

m 

15.0

4 

49.6

8 

12.3

4 

  

Maxim

um 

28.9

1 

64.2

4 

32.4

9   

Maxim

um 

23.6

4 

67.2

4 

35.2

8 

  Average 

22.2

2 

54.0

3 

23.7

5   Average 

18.5

3 

57.1

5 

24.3

3 

  Median 

21.3

8 

50.9

5 

28.7

2   Median 

18.2

1 

56.8

8 

26.4

8 

 

 

 

Table 9-3, Particle size distribution for 63 Frognal BH1 and the equivalent layer from BGS 

borehole 

Sampl

e 

Dept

h m 

Elevatio

n m 

Clay 

% 

Silt 

% 

San

d % 

Sampl

e 

Dept

h m 

Elevatio

n m 

Clay 

% 

Silt 

% 

San

d % 
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63F 

BH1 1 0.40 97.32 

24.0

0 

57.4

3 

18.5

6 

BGS 

43 

31.3

5 97.35 

22.0

0 

57.4

3 

20.5

6 

63F 

BH1 2 0.50 97.22 

21.9

1 

63.2

2 

14.8

7 

BGS 

44 

32.0

0 96.70 

17.8

4 

57.2

7 

24.9

0 

63F 

BH1 3 1.00 96.72 

19.8

4 

57.2

7 

22.9

0 

BGS 

45 

32.3

5 96.35 

12.4

8 

50.8

0 

36.7

3 

63F 

BH1 4 2.00 95.72 

18.8

2 

60.0

1 

21.1

7 

BGS 

47 

33.0

0 95.70 

16.8

2 

60.0

1 

23.1

7 

63F 

BH1 5 4.00 93.72 

17.6

8 

59.6

3 

22.6

9 

BGS 

52 

34.7

5 93.95 

15.6

8 

59.6

3 

24.6

9 

63F 

BH1 6 4.75 92.97 

16.6

3 

53.7

6 

29.6

1 

BGS 

55 

35.9

0 92.80 

13.7

8 

50.0

9 

36.1

4 

63F 

BH1 7 5.25 92.47 

19.9

7 

49.5

5 

30.4

9 

BGS 

56 

36.2

0 92.50 

17.9

7 

49.5

5 

32.4

9 

63F 

BH1 8 6.00 91.72 

17.0

4 

49.6

8 

33.2

8 

BGS 

58 

36.9

5 91.75 

15.0

4 

49.6

8 

35.2

8 

63F 

BH1 9 6.80 90.92 

17.6

3 

48.5

0 

33.8

9 

BGS 

61 

37.8

5 90.85 

16.4

9 

47.6

4 

35.8

9 

63F 

BH1 

10 7.50 90.22 

19.9

9 

54.0

1 

26.0

0 

BGS 

62 

38.3

0 90.40 

17.9

9 

54.0

1 

28.0

0 

63F 

BH1 

11 8.25 89.47 

23.2

5 

67.0

4 9.72 

BGS 

65 

39.1

0 89.60 

21.2

5 

67.0

4 

11.7

2 

63F 

BH1 

12 9.00 88.72 

22.4

2 

67.2

4 

10.3

4 

BGS 

68 

40.2

5 88.45 

20.4

2 

67.2

4 

12.3

4 

63F 

BH1 

13 9.50 88.22 

31.3

9 

62.3

7 6.25 

BGS 

69 

40.5

0 88.20 

29.3

9 

62.3

7 8.25 

63F 

BH1 

14 

10.5

0 87.22 

20.7

9 

52.0

5 

27.1

7 

BGS 

72 

41.6

0 87.10 

18.7

9 

52.0

5 

29.1

7 

63F 

BH1 

15 

11.2

5 86.47 

17.1

9 47 

35.8

1 

BGS 

74 

42.0

0 86.70 

15.7

6 

46.4

3 

37.8

1 

63F 

BH1 

16 

12.0

0 85.72 

19.6

2 

54.1

3 

26.2

6 

BGS 

77 

43.0

5 85.65 

17.6

2 

54.1

3 

28.2

6 

63F 

BH1 

17 

12.5

0 85.22 

25.6

4 

60.1

6 

14.2

1 

BGS 

80 

43.4

4 85.26 

23.6

4 

60.1

6 

16.2

1 
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63F 

BH1 

18 

13.5

0 84.22 

20.2

8 

53.6

1 

26.1

1 

BGS 

90 

44.4

8 84.22 

18.2

8 

53.6

1 

28.1

1 

63F 

BH1 

19 

14.2

5 83.47 

19.6

0 

56.8

8 

23.5

2 

BGS 

96 

45.5

5 83.15 

17.6

0 

56.8

8 

25.5

2 

63F 

BH1 

20 

15.0

0 82.72 

18.5

7 

51.4

2 

30.0

2 

BGS 

97 

46.0

0 82.70 

16.5

7 

51.4

2 

32.0

2 

63F 

BH1 

21 

15.5

0 82.22 

21.3

2 

59.4

9 

19.1

9 

BGS 

98 

46.7

0 82.00 

19.3

2 

59.4

9 

21.1

9 

63F 

BH1 

22 

16.5

0 81.22 

27.7

8 

62.8

8 9.36 

BGS 

99 

46.8

0 81.90 

25.7

8 

62.8

8 

11.3

6 

63F 

BH1 

23 

17.2

5 80.47 

26.9

0 

69.5

4 3.56 

BGS 

105 

48.5

0 80.20 

24.9

0 

69.5

4 5.56 

63F 

BH1 

24 

18.0

0 79.72 

25.3

7 

68.5

6 6.06 

BGS 

109 

48.9

5 79.75 

23.3

7 

68.5

6 8.06 

63F 

BH1 

25 

18.5

0 79.22 

26.5

1 

72.3

7 1.12 

BGS 

110 

49.4

7 79.23 

24.5

1 

72.3

7 3.12 

63F 

BH1 

26 

19.2

5 78.47 

24.2

6 

67.9

5 7.79 

BGS 

112 

50.2

3 78.47 

24.0

5 

72.7

6 3.17 

63F 

BH1 

27 

19.7

5 77.72 

27.4

4 

71.6

5 0.90 

BGS 

118 

51.0

0 77.70 

25.4

4 

71.6

5 2.90 

  

Minimu

m 

16.6

3 47 0.90   

Minimu

m 

12.4

8 

46.4

3 2.90 

  

Maximu

m 

31.3

9 

72.3

7 

35.8

1   

Maximu

m 

29.3

9 

72.7

6 

37.8

1 

  Average 

21.9

7 

59.1

1 

18.9

2   Average 

19.7

3 

58.6

9 

21.5

8 

  Median 

20.7

9 

59.4

9 

21.1

7   Median 

18.2

8 

57.4

3 

24.6

9 
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Table 9-4, Particle size distribution for 63 Frognal BH2 and the equivalent layer from BGS 

borehole 

Samp

le 

Dept

h 

Elevatio

n 

Cla

y Silt 

San

d 

Samp

le 

Dept

h 

Elevatio

n 

Cla

y Silt 

San

d 

63F 

BH2 

1 2 95.68 

24.8

2 

60.0

1 

15.1

7 

BGS 

47 33 95.7 

16.8

2 

60.0

1 

23.1

7 

63F 

BH2 

2 4 93.68 

23.8

6 

52.8

6 

23.2

8 

BGS 

52 

34.7

5 93.95 

15.6

8 

59.6

3 

24.6

9 

63F 

BH2 

3 4.75 92.93 

21.7

8 

50.0

9 

28.1

4 

BGS 

55 35.9 92.8 

13.7

8 

50.0

9 

36.1

4 

63F 

BH2 

4 5.25 92.43 

25.9

7 

49.5

5 

24.4

9 

BGS 

56 36.2 92.5 

17.9

7 

49.5

5 

32.4

9 

63F 

BH2 

5 6 91.68 

26.2

8 

57.1

9 

16.5

3 

BGS 

58 

36.9

5 91.75 

15.0

4 

49.6

8 

35.2

8 

63F 

BH2 

6 6.5 91.18 

19.7

6 47.2 

33.0

3 

BGS 

60 

37.5

5 91.15 

12.3

8 

46.5

8 

41.0

3 

63F 

BH2 

7 7.5 90.18 

31.8

5 

60.9

1 7.24 

BGS 

62 38.3 90.4 

17.9

9 

54.0

1 28 

63F 

BH2 

8 8.25 89.43 

27.4

8 

55.5

5 

16.9

7 

BGS 

65 39.1 89.6 

21.2

5 

67.0

4 

11.7

2 

63F 

BH2 

9 9 88.68 

25.3

8 62.9 

11.7

1 

BGS 

68 

40.2

5 88.45 

20.4

2 

67.2

4 

12.3

4 

63F 

BH2 

10 9.5 88.18 

37.3

9 

62.3

7 0.25 

BGS 

69 40.5 88.2 

29.3

9 

62.3

7 8.25 

63F 

BH2 

11 

11.2

5 86.43 

28.3

3 

55.0

9 

16.5

8 

BGS 

74 42 86.7 

15.7

6 

46.4

3 

37.8

1 

63F 

BH2 

12 12 85.68 

23.8

7 

62.3

3 13.8 

BGS 

77 

43.0

5 85.65 

17.6

2 

54.1

3 

28.2

6 
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63F 

BH2 

13 12.5 85.18 36.5 

52.3

7 

12.8

6 

BGS 

80 

43.4

4 85.26 

23.6

4 

60.1

6 

16.2

1 

63F 

BH2 

14 13.5 84.18 

26.2

8 

53.6

1 

20.1

1 

BGS 

90 

44.4

8 84.22 

18.2

8 

53.6

1 

28.1

1 

63F 

BH2 

15 

14.7

5 82.93 25.6 

56.8

8 

17.5

2 

BGS 

97 46 82.7 

16.5

7 

51.4

2 

32.0

2 

            

  

Minimu

m 

19.7

6 47.2 0.25   

Minimu

m 

12.3

8 

46.5

8 8.25 

  

Maxim

um 

37.3

9 

62.9

0 

33.0

3   

Maxim

um 

29.3

9 

67.3

7 

41.0

3 

  Average 

27.0

5 

55.8

9 

17.1

8   Average 

18.1

7 

55.4

6 

26.3

7 

  Median 

25.9

7 

55.5

5 

16.5

8   Median 

17.6

2 

54.0

1 

28.1

1 

 

 

Table 9-5, Particle size distribution for 63 Frognal BH3 and the equivalent layer from BGS 

borehole 

Samp

le 

Dept

h m 

Elevatio

n m 

Cla

y % 

Silt 

% 

San

d % 

Samp

le 

Dept

h m 

Elevatio

n m 

Clay

% 

Silt 

% 

San

d % 

63F 

BH3 

1 1.00 95.40 

22.2

6 

57.2

1 

20.5

3 

BGS 

48 

33.4

5 95.25 

17.2

6 

59.2

1 

23.5

3 

63F 

BH3 

2 1.75 94.65 

16.4

5 

45.1

1 

38.4

4 

BGS 

50 

34.0

5 94.65 

11.4

5 

47.1

1 

41.4

4 

63F 

BH3 

3 2.25 94.15 

25.4

2 

65.1

5 9.43 

BGS 

52 

34.7

5 93.95 

15.6

8 

59.6

3 

24.6

9 

63F 

BH3 

4 2.75 93.65 

20.8

6 

50.8

6 

28.2

8 

BGS 

53 

35.4

0 93.30 

15.8

6 

52.8

6 

31.2

8 

63F 

BH3 

5 3.00 93.40 

20.8

6 

50.8

6 

28.2

8 

BGS 

54 

35.6

0 93.10 

14.6

3 

53.7

6 

31.6

1 
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63F 

BH3 

6 3.75 92.65 

22.9

7 

47.5

5 

29.4

9 

BGS 

56 

36.2

0 92.50 

17.9

7 

49.5

5 

32.4

9 

63F 

BH3 

7 4.25 92.15 

24.4

9 

56.3

2 

19.1

9 

BGS 

57 

36.6

0 92.10 

19.4

9 

58.3

2 

22.1

9 

63F 

BH3 

8 4.75 91.65 

20.0

4 

47.6

8 

32.2

8 

BGS 

58 

36.9

5 91.75 

15.0

4 

49.6

8 

35.2

8 

63F 

BH3 

9 5.00 91.40 

23.2

8 

55.1

9 

21.5

3 

BGS 

59 

37.2

5 91.45 

18.2

8 

57.1

9 

24.5

3 

63F 

BH3 

10 6.00 90.40 

22.9

9 

52.0

1 

25.0

0 

BGS 

62 

38.3

0 90.40 

17.9

9 

54.0

1 

28.0

0 

63F 

BH3 

11 6.75 89.65 

27.4

8 

65.9

4 6.58 

BGS 

65 

39.1

0 89.60 

21.2

5 

67.0

4 

11.7

2 

63F 

BH3 

12 7.50 88.90 

32.3

8 

55.9

0 

11.7

1 

BGS 

67 

39.7

0 89.00 

17.3

8 

77.9

0 4.71 

63F 

BH3 

13 8.00 88.40 

25.4

2 

65.2

4 9.34 

BGS 

68 

40.2

5 88.45 

20.4

2 

67.2

4 

12.3

4 

63F 

BH3 

14 8.50 87.90 

22.8

2 

51.1

4 

26.0

3 

BGS 

70 

40.8

5 87.85 

17.8

2 

53.1

4 

29.0

3 

63F 

BH3 

15 9.75 86.65 

26.9

0 

52.3

2 

20.7

8 

BGS 

74 

42.0

0 86.70 

15.7

6 

46.4

3 

37.8

1 

            

  

Minimu

m 

16.4

5 

45.1

1 6.58   

Minimu

m 

11.4

5 

46.4

3 4.71 

  

Maxim

um 

32.3

8 

65.9

4 

38.4

4   

Maxim

um 

21.2

5 

77.9

0 

41.4

4 

  

Averag

e 

23.6

4 

54.5

7 

21.7

9   

Averag

e 

17.0

9 

56.8

7 

26.0

4 

  Median 

22.9

9 

52.3

2 

21.5

3   Median 

17.3

8 

54.0

1 

28.0

0 
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Table 9-6, Particle size distribution for 60 Frognal borehole and the equivalent layer from BGS 

borehole 

Samp

le 

Dept

h m 

Elevatio

n m 

Clay 

% 

Silt 

% 

Sand 

% 

Samp

le 

Dept

h m 

Elevatio

n m 

Clay 

% 

Silt 

% 

San

d % 

60F 1 4.25 85.5 20.87 

47.3

3 31.8 

BGS 

78 

43.1

3 85.57 15.87 

62.3

3 21.8 

60F 2 4.75 85 30.91 

50.4

7 18.62 

BGS 

81 43.7 85 25.91 

65.4

7 8.62 

60F 3 5 84.75 23.85 

40.3

4 35.82 

BGS 

84 

43.9

8 84.72 18.85 

55.3

4 

25.8

2 

60F 4 6 83.75 29.29 

52.2

7 18.45 

BGS 

95 

44.9

2 83.78 24.29 

67.2

7 8.45 

60F 5 6.75 83 22.6 

41.8

8 35.52 

BGS 

96 

45.5

5 83.15 17.6 

56.8

8 

25.5

2 

60F 6 8.25 81.5 26.66 

47.9

9 25.35 

BGS 

101 

47.0

9 81.61 21.66 

62.9

9 

15.3

5 

60F 7 9 80.75 27.47 53.2 19.32 

BGS 

104 

47.7

7 80.93 22.47 68.2 9.32 

60F 8 9.75 80 28.84 

56.0

4 

15.12

8 

BGS 

108 

48.7

5 79.95 23.84 

71.0

4 5.13 

60F 9 10.5 79.25 29.51 

57.3

7 

13.12

01 

BGS 

110 

49.4

7 79.23 24.51 

72.3

7 3.12 

60F 

10 

11.2

5 78.5 29.05 

57.7

6 13.17 

BGS 

112 

50.2

3 78.47 24.05 

72.7

6 3.17 

60F 

11 12 77.75 30.44 

56.6

5 

12.90

01 

BGS 

118 51 77.7 25.44 

71.6

5 2.9 

60F 

12 

12.7

5 77 30.85 

46.1

8 

22.98

01 

BGS 

122 52.5 76.2 26.11 

71.8

5 2.04 

60F 

13 13.5 76.25 31.11 

56.8

5 12.04 

BGS 

125 53.4 75.3 26.89 

71.2

6 1.85 

60F 

14 

14.2

5 75.5 31.89 

56.2

6 11.85 

BGS 

127 54.1 74.6 26.56 

67.8

8 5.56 

60F 

15 15 74.75 31.56 

52.8

8 15.56 

BGS 

129 54.6 74.1 26.15 

68.5

4 5.3 

60F 

16 

15.7

5 74 31.15 

53.5

4 15.3 

BGS 

132 55.5 73.2 28.29 

68.4

8 3.23 

60F 

17 16.5 73.25 33.29 

53.4

8 13.23 

BGS 

134 56.1 72.6 32.95 

66.0

1 1.03 

60F 

18 

17.2

5 72.5 37.95 

51.0

1 

11.03

3 

BGS 

136 56.9 71.8 30.72 

69.0

3 0.24 
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60F 

19 18 71.75 35.72 

54.0

3 10.24 

BGS 

138 57.5 71.2 28.83 

62.6

6 8.52 

60F 

20 

18.7

5 71 28.82 32.1 39.07 

BGS 

139 57.8 70.9 18.82 57.1 

24.0

7 

60F 

21 

19.2

5 70.5 32.02 

54.3

1 

13.65

6 

BGS 

141 58.3 70.4 27.02 

69.3

1 3.66 

60F 

22 

19.7

5 70 27.37 

50.6

8 21.96 

BGS 

142 58.7 70 22.37 

65.6

8 

11.9

6 

  

Minimu

m 20.87 32.1 10.24   

Minimu

m 15.87 

55.3

4 0.24 

  

Maximu

m 37.95 

57.7

6 39.07   

Maximu

m 32.95 

72.7

6 

25.8

2 

  Average 29.60 

51.0

3 19.37   Average 24.5 

66.5

5 8.94 

  Median 

29.97

5 

53.0

4 15.43   Median 

24.97

5 

68.0

4 5.43 

            

 

 

9.2 Geotechnical description 

Table 9-7 Weathering characterisation of Templewood borehole at Hampstead Heath 

Sample Depth Fissuring Lithology Gypsum Colour State Redness 

Index 

TW 1 1.8 
Loose Silty 

SAND 

0 Yellowish light 

brown 

Highly 

weathered 

 

TW 2 2.4 

Loose Sandy 

clayey 

SILT 

0 Light orange-

brown mottled 

Highly 

weathered 

 

TW 3 3 

H. 

Fissured 

Sandy 

clayey 

SILT 

0 Orange-brown 

mottled grey 

Highly 

weathered 

 

TW 4 3.8 

H. 

Fissured 

Sandy 

SILT 

0 light orange-

brown mottled 

grey 

Highly 

weathered 

 

TW 5 4 

S. 

Fissured 

Sandy 

SILT 

0 light orange-

brown mottled 

grey 

Weathered  
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TW 6 5 

S. 

Fissured 

Sandy 

clayey 

SILT 

xx Yellowish 

brown mottled 

grey 

Weathered  

TW 7 6 

S. 

Fissured 

Silty 

SAND 

xx Yellowish 

brown mottled 

grey 

Slightly 

Weathered 

 

TW 8 7.5 
0 Clayey 

SILT 

0 Bluish Grey Fresh  

TW 9 9.5 
0 Clayey 

SILT 

0 Dark grey Fresh  

TW 10 10.5 
0 Clayey 

SILT 

0 Dark grey Fresh  

TW 11 12.5 
0 Clayey 

SILT 

0 Dark grey Fresh  

TW 12 14 
0 Clayey 

SILT 

0 Bluish Grey Fresh  

TW 13 15.5 
0 Clayey 

SILT 

0 Bluish Grey Fresh  

TW 14 17 
0 Clayey 

SILT 

0 Dark grey Fresh  

TW 15 18.3 
0 Silty 

CLAY 

0 Dark grey Fresh  

TW 16 19.5 
0 Silty 

CLAY 

0 Dark grey Fresh  

 

 

Table 9-8 Weathering characterisation of 63 Frognal borehole No.1  at Hampstead Heath 

Sample Depth Fissuring Lithology Gypsum Colour State 

63F 
BH1 1 

0.4 Fissured Silty sandy 

CLAY 

x Yellow to yellowish 

brown 

Highly 

weathered 

63F 
BH1 2 

0.5 Fissured Silty sandy 

CLAY 

0 orange-brown mottled 

grey 

Highly 

weathered 

63F 
BH1 3 

1 H. 

Fissured 

Silty sandy 

CLAY 

x light orange-brown 

mottled grey 

Highly 

weathered 

63F 
BH1 4 

2 H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 
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63F 
BH1 5 

4 S. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Weathered 

63F 
BH1 6 

4.75 S. 

Fissured 

Silty sandy 

CLAY 

xx Yellowish brown Weathered 

63F 
BH1 7 

5.25 S. 

Fissured 

Silty sandy 

CLAY 

xx Orangish brown Slightly 

Weathered 

63F 
BH1 8 

6 S. 

Fissured 

Silty 

CLAY 

0 Orangish brown Slightly 

Weathered 

63F 
BH1 9 

6.8 0 Silty 

CLAY 

0 Dark grey Fresh 

63F 
BH1 10 

7.5 0 Silty 

CLAY 

0 Dark grey Fresh 

63F 
BH1 11 

8.25 0 Silty 

CLAY 

0 Dark grey Fresh 

63F 
BH1 12 

9 0 Silty 

CLAY 

0 Bluish Grey Fresh 

63F 
BH1 13 

9.5 0 Silty 

CLAY 

0 Bluish Grey Fresh 

63F 
BH1 14 

10.5 0 Silty 

CLAY 

0 Dark grey Fresh 

63F 
BH1 15 

11.25 0 Silty 

CLAY 

0 Dark grey Fresh 

63F 
BH1 16 

12 0 Silty sandy 

CLAY 

0 Dark grey Fresh 

63F 
BH1 17 

12.5 0 Silty sandy 

CLAY 

0 Dark grey Fresh 

63F 
BH1 18 

13.5 0 Silty sandy 

CLAY 

0 Dark grey Fresh 

63F 
BH1 19 

14.25 0 Silty sandy 

CLAY 

0 Bluish Grey Fresh 

63F 
BH1 20 

15 0 Silty sandy 

CLAY 

0 Bluish Grey Fresh 

63F 
BH1 21 

15.5 0 Silty sandy 

CLAY 

0 Dark grey Fresh 

63F 
BH1 22 

16.5 0 Silty sandy 

CLAY 

0 Dark grey Fresh 

63F 
BH1 23 

17.25 0 Silty 

CLAY 

0 Dark grey Fresh 
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63F 
BH1 24 

18 0 Silty 

CLAY 

0 Bluish Grey Fresh 

63F 
BH1 25 

18.5 0 Silty 

CLAY 

0 Bluish Grey Fresh 

63F 
BH1 26 

19.25 0 Silty 

CLAY 

0 Dark grey Fresh 

63F 
BH1 27 

19.50 0 Silty 

CLAY 

0 Dark grey Fresh 

 

 

 

Table 9-9 Weathering characterisation of 63 Frognal borehole No.2 at Hampstead Heath 

Sample Depth Fissuring Lithology Gypsum Colour State 

63F 
BH2  1 2 

Fissured Silty sandy 

CLAY 

0 Yellow to yellowish 

brown 

Highly 

weathered 

63F 
BH2 2 4 

Fissured Silty sandy 

CLAY 

0 orange-brown mottled 

grey 

Highly 

weathered 

63F 
BH2 3 4.75 

H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 

63F 
BH2 4 5.25 

H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 

63F 
BH2 5 6 

S. 

Fissured 

Silty 

CLAY 

0 light orange-brown 

mottled grey 

Slightly 

weathered 

63F 
BH2 6 6.5 

S. 

Fissured 

Silty 

CLAY 

xx Yellowish brown Fresh 

63F 
BH2 7 7.5 

S. 

Fissured 

Silty 

CLAY 

xx Grey Fresh 

63F 
BH2 8 8.25 

0 Silty 

CLAY 

0 Bluish Grey Fresh 

63F 
BH2 9 9 

0 Silty 

CLAY 

0 Dark grey Fresh 

63F 
BH2 10 9.5 

0 Silty 

CLAY 

0 Dark grey Fresh 

63F 
BH2 11 11.25 

0 Silty 

CLAY 

0 Dark grey Fresh 

63F 
BH2 12 12 

0 Silty sandy 

CLAY 

0 Bluish Grey Fresh 
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63F 
BH2 13 12.5 

0 Silty sandy 

CLAY 

0 Bluish Grey Fresh 

63F 
BH2 14 13.5 

0 Silty sandy 

CLAY 

0 Dark grey Fresh 

63F 
BH2 15 14.75 

0 Silty sandy 

CLAY 

0 Dark grey Fresh 

 

 

 

 

Table 9-10 Weathering characterisation of 63 Frognal borehole No.3 at Hampstead Heath 

Sample Depth Fissuring Lithology Gypsum Colour State 

63F 
BH3 1 1 

Fissured Silty sandy 

CLAY 

0 Yellow to yellowish 

brown 

Highly 

weathered 

63F 
BH3 2 1.75 

Fissured Silty sandy 

CLAY 

0 Orangish brown Highly 

weathered 

63F 
BH3 3 2.25 

H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 

63F 
BH3 4 2.75 

H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 

63F 
BH3 5 3 

S. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Weathered 

63F 
BH3 6 3.75 

S. 

Fissured 

Silty sandy 

CLAY 

xx Yellowish brown Weathered 

63F 
BH3 7 4.25 

S. 

Fissured 

Silty sandy 

CLAY 

xx light orange-brown 

mottled grey 

Slightly 

Weathered 

63F 
BH3 8 4.75 

0 Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Slightly 

Weathered 

63F 
BH3 9 5 

0 Silty 

CLAY 

0 Orangish brown Fresh 

63F 
BH3 10 6 

0 Silty 

CLAY 

0 Grey Fresh 

63F 
BH3 11 6.75 

0 Silty 

CLAY 

0 Dark grey Fresh 

63F 
BH3 12 7.5 

0 Silty 

CLAY 

0 Bluish Grey Fresh 

63F 
BH3 13 8 

0 Silty 

CLAY 

0 Bluish Grey Fresh 
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63F 
BH3 14 8.5 

0 Silty 

CLAY 

0 Dark grey Fresh 

63F 
BH3 15 9.75 

0 Silty 

CLAY 

0 Dark grey Fresh 

 

Table 9-11 Weathering characterisation of 60 Frognal borehole at Hampstead Heath 

Sample Depth Fissuring Lithology Gypsum Colour State 

60F 1 4.25 

Fissured Silty sandy 

CLAY 

0 Yellow to yellowish 

brown 

Highly 

weathered 

60F 2 4.75 

Fissured Silty sandy 

CLAY 

0 orange-brown mottled 

grey 

Highly 

weathered 

60F 3 5 

H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 

60F 4 6 

H. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Highly 

weathered 

60F 5 6.75 

S. 

Fissured 

Silty sandy 

CLAY 

0 light orange-brown 

mottled grey 

Weathered 

60F 6 8.25 

0 Silty sandy 

CLAY 

xx Yellowish brown Weathered 

60F 7 9 

0 Silty sandy 

CLAY 

xx Grey Fresh 

60F 8 9.75 

0 Silty 

CLAY 

0 Bluish Grey Fresh 

60F 9 10.5 

0 Silty 

CLAY 

0 Dark grey Fresh 

60F 10 11.25 

0 Silty 

CLAY 

0 Dark grey Fresh 

60F 11 12 

0 Silty 

CLAY 

0 Dark grey Fresh 

60F 12 12.75 

0 Silty 

CLAY 

0 Bluish Grey Fresh 

60F 13 13.5 0 CLAY 0 Bluish Grey Fresh 

60F 14 14.25 0 CLAY 0 Dark grey Fresh 

60F 15 15 0 CLAY 0 Dark grey Fresh 

60F 16 15.75 0 CLAY 0 Dark grey Fresh 

60F 17 16.5 

0 Silty 

CLAY 

0 Dark grey Fresh 

60F 18 17.25 

0 Silty 

CLAY 

0 Dark grey Fresh 
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60F 19 18 

0 Silty 

CLAY 

0 Bluish Grey Fresh 

60F 20 18.75 

0 Silty 

CLAY 

0 Bluish Grey Fresh 

60F 21 19.25 

0 Silty 

CLAY 

0 Dark grey Fresh 

60F 22 19.75 

0 Silty 

CLAY 

0 Dark grey Fresh 
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9.3 BGS Log 
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9.4 GEA Logs 

9.4.1 Templewood borehole log 
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9.4.2 63 Frognal BH1 log 

 



214 

 

 

 

 

 



215 

 

9.4.3 63 Frognal BH2 log 
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9.4.4 63 Frognal BH3 log 
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9.4.5 Oakhill borehole log 
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9.4.6 60 Frognal borehole log 

 



221 

 



222 

 

9.5 NIR Spectroscopy imaging with depth combined with GEA borehole lithology logs 

9.5.1 Templewood borehole 
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9.5.2 Oakhill borehole 
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9.5.3 63 Frognal BH1 
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9.5.4 63 Frognal BH2 
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9.5.5 63 Frognal BH3 
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9.5.6 60 Frognal BH 
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9 . 6  B G S  a n d  G E A  b o r e h o l e s  l o c a t i o n  a n d  e l e v a t i o n   

9 . 6 . 1  B o r e h o l e  d e t a i l s  a t  H a m p s t e a d  H e a t h  

Site 
Grid 

Reference 

X 

(Eastings) 

Y 

(Northings) 
Latitude Longitude Postcode Address 

BGS 

Borehole 

TQ 26455 

86890 
526455 186890 51.56671 -0.17693 

NW3 

7HN 

Sandy Heath, Sandy Road, Hampstead, London 

Borough of Camden, London, Greater London, 

England, NW3 7HN, United Kingdom 

Templewood 
TQ 25795 

86157 
525795 186157 51.56027 -0.18671 

NW3 

7XA 

11, Templewood Avenue, West Hampstead, London 

Borough of Camden, London, Greater London, 

England, NW3 7XA, United Kingdom 

Oakhill BH1 
TQ 25730 

85770 
525730 185770 51.55681 -0.18778 

NW3 

7RD 

Oakhill Avenue, West Hampstead, London Borough 

of Camden, London, Greater London, England, NW3 

7RD, United Kingdom 

63Frognal 

BH1 

TQ 26050 

85600 
526050 185600 51.55521 -0.18323 

NW3 

6YA 

63, Frognal, Swiss Cottage, Hampstead, London 

Borough of Camden, London, Greater London, 

England, NW3 6YA, United Kingdom 

63 Frognal 

BH2 

TQ 26055 

85590 
526055 185590 51.55512 -0.18316 

NW3 

6YA 

63, Frognal, Swiss Cottage, Hampstead, London 

Borough of Camden, London, Greater London, 

England, NW3 6YA, United Kingdom 

63 Frognal 

BH3 

TQ 26062 

85593 
526062 185593 51.55515 -0.18306 

NW3 

6YA 

63, Frognal, Swiss Cottage, Hampstead, London 

Borough of Camden, London, Greater London, 

England, NW3 6YA, United Kingdom 

60 Frognal 
TQ 26140 

85470 
526140 185470 51.55402 -0.18198 

NW3 

6YA 

60 Frognal, Swiss Cottage, Hampstead, London 

Borough of Camden, London, Greater London, 

England, NW3 6YA, United Kingdom 
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9.6.2 Detailed cross-section showing the BGS and GEA boreholes, the depth of each sample and the test type, combined with lithostratigraphy correlation   

 

9.6.3 Detailed main diagram showing the BGS and GEA boreholes, illustrating and summarising the whole research work (attached separately as it is appendix outsized) 



147m 371m 392m

60 Frognal BH G.L.

63 Frognal BH3 G.L.
63 Frognal BH2 G.L. 63 Frognal BH1 G.L.

Oakhill G.L.

Templewood G.L.

12 18 24

Al2O3%

BGS Frg. W

BGS Frg. Un

8 12 16

Fe2O3%

BGS Frg. W

BGS Frg. Uw

0 1 2 3

So3%

BGS Frg. W

BGS Frg. Uw.

0 1 2 3

CaCo3%

BGS Frg. W

BGS Frg. Uw

10 15 20

Al2O3%

BGS Temp. W

BGS Temp. Uw

4 8 12 16

Fe2O3%

BGS Temp. W

BGS Temp. Uw

0 1 2 3

So3%

BGS Temp. W

BGS Temp. Uw

0 1 2 3

CaCo3%

BGS Temp. W

BGS Temp. Uw

Ground level of
Templewood BH

Variation of oxides% with depth. Graphs illustrate Templewood
BH samples, against equivalent samples of the BGS borehole.

Variation of oxides% with depth. Graphs illustrate 63 Frognal
BH1 samples, against equivalent samples of the BGS borehole.

Ground level of
63 Frognal BH1

SEM imaging illustrates the difference between weathered
and unweathered samples from Templewood borehole
and the equivalent samples of the BGS borehole.

SEM imaging illustrates the difference between
weathered and unweathered samples from 63 Frognal
BH1, and the equivalent samples of the BGS borehole.

Diagram illustrates the red-index variation (from ground level) with depth for six GEA boreholes and the equivalent layer against the BGS borehole

Weathering

boundary

Weathering
boundary.

BGS borehole

bottom

BGS borehole

bottom

Spectra image of Templewood
borehole and equivalent layer

of BGS borehole
Spectra image of Oakhill 

borehole & equivalent layer
of BGS borehole

Spectra image of  63 Frognal 
BH1 & equivalent layer

of BGS borehole

Spectra image of  63 Frognal 
BH2 & equivalent layer

of BGS borehole

Spectra image of  63 Frognal 
BH3 & equivalent layer

of BGS borehole

Spectra image of  60 Frognal 
BH & equivalent layer

of BGS borehole

Legend:

+ BGS sample     + Frg. W: Frognal Weathered sample      + Frg. Un: Frognal Unweathered sample

+ Temp. W:      Templewood  weathered sample           + Temp. Un: Templewood unweathered sample

Weathered samples showing clear
gradation starting from ground level
& ending up at different depths for
each GEA borehole based on the
weathering degree and the type of
weathered materials.Weathered samples showing clear

gradation starting from ground level
& ending up at different depths for
each GEA borehole based on the
weathering degree and the type of
weathered materials.

Unweathered BGS
samples showing
preserved crystals of
calcite, pyrite in
different perfect
forms & shale
fragments. These
indicators are mostly
the same above &
underneath the
elevation of
weathering
boundary.

Weathered GEA samples
showing deformed clay
particles specifically at
the edges , no preserved
crystal can be found.

The micromorphology
of samples below the
weathering boundary
showing some clear of
clay particles with
sharp edges

Variation of oxides with depth show that weathered samples have a higher
content of SO3% and less content of CaCo3%, Al2O3% & Fe2O3% comparing
with unweathered samples; this trend tends to comparatively disappear
underneath the weathering boundary

Weathering
boundary

9.6.3   Detailed main diagram showing the BGS and GEA boreholes, illustrating and summarising the whole research work
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