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Chapter four: Methods   

4.1: Introduction 

The PhD research aims to reconstruct the Mid to Late Quaternary palaeogeographic and 

palaeoenvironmental history of the Tequixquiac Basin. The field and laboratory methods used to address these 

research aims are justified and explained below.  

4.2: Fieldwork  

The field strategy was designed to address the objectives 1 - 4 set out in Chapter 1. Specifically, the 

mapping and the characterisation of the Quaternary sedimentary succession in the study area (objective 1) and the 

collection of representative sediment and rock samples (objective 2). A first field season in the Tequixquiac Basin 

was carried out by the author, Professor Silvia Gonzalez, Professor David Huddart, and Dr Nicholas Felstead in 

December 2009. A second field season was carried out during 2010 by the author, Professor Silvia Gonzalez, 

Professor David Huddart and Dr Hannah OôRegan. Subsequent visits to the study site occurred during 2012 and 

2013 that enabled follow up fieldwork to be carried out.  

4.2.1: Mapping 

To satisfy objective 1 (Chapter 1), mapping in the Tequixquiac Basin started with a desk-based study of 

available publications discussing the geological, sedimentological and structural features and history of the Mexico 

Basin, the Mezquital Valley (Hidalgo), and the surrounding areas to help understand these features in the study 

area (Fig 1.1). Previously documented field sites thought to cover the Late Pleistocene to Holocene, (Chapter 1 & 

3), were initially targeted. The focus of the second field season was to recognise and map the vertical and lateral 

extent of the defining sequences of Quaternary sediment in the study area. Geomorphological features in the study 

were initially located using Google Earth, and a 1: 50 topographic maps (INEGI, E14A19, 1994) which enabled 

suitable large-scale Quaternary geomorphic features to be located.  

4.2.2: Detailed sedimentological investigation  

To establish a Pleistocene to Holocene representative sequence of deposition, and a stratigraphic 

framework for the study area (objective 1, Chapter 1) 58 stratigraphic sections were described and logged at 27 

different sites, across a 226.6 km2 area with an altitude range between 2100 and 2314 m.a.s.l (meters above sea 

level) (see Chapter 5). Viable stratigraphic sections were measured in the field using a 30 m tape and drawn to 
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scale. The criteria used to identify observable erosional, depositional, and syndepositional sedimentological, and 

biological features, and textures related to clastic, mixed clastic and carbonate, and carbonate depositional systems 

in the study area are outlined in Tables 4.1, 4.2 & 4.3. By these criteria, recognisable lithological and biological 

features including; composition, grain size, shape and arrangement, bedding, biological content, and primary and 

secondary sedimentary structures were described and classified.  

 

4.2.3: Sediment sampling  

Based on preliminary C14 dates, and geochemical analysis, sediment and rock sampling during the 2010 

field season were focused at sites that had indicated viable sediments suitable for carbonate micromorphological 

analysis, geochemical (18O/13CCARBONATE ), 87S/86SrCARBONATE &TEPHRA), ICP ï OES sediment mineralogy and tephra 

bulk oxide content and LOI. Samples were collected from sections after cutting the face back at least 10 cm, when 

possible, to avoid contamination from organic oxidation. Lithified hand specimens were collected using a chisel and 

hammer at measured depths, and marked with an orientation arrow. Rock sub-samples, collected for analysis, 

were taken from unweathered surfaces.  

4.3: Petrographic analysis of hand specimens and sediment samples  

For terrestrial carbonate sediments, the criteria employed by this PhD research for the petrographic 

identification of carbonate sediment grains (Table 4.4), the classification of terrestrial carbonate deposits (Table 

4.5), and for the determination of microfacies (Table 4.6) is outlined below. For carbonate and limestone 

terminology; spring, lacustrine, palustrine, marsh (paludal), fluvial and water-lain (when there is no discernable 

origin) carbonates subdivisions are used to describe carbonates deposited in and around these environments. The 

subdivisions are applied irrespective of the water source temperature, CO2 carrier and mechanism of precipitation 

(after Brasier, 2011). The term pedogenic calcrete is used to define the terrestrial pedogenic (soil) build-up of 

surface or near-surface calcium carbonate. Groundwater calcrete defines the none-pedogenic, groundwater build-

up of carbonate (see Alonso-Zarza & Wright, 2010b; Brasier, 2011).  

Table 4.I: Hydrodynamic erosional structures. The description, defined by Boggs, 2006; Nichols, 2009 and 
Miall, 2016, outlines the criteria used for the identification of similar deposits in the study area.  

Facies Description 

Fluvial channels  Present as channel forms infilled with sediment with grain sizes and bedding structures 
distinctly different from the incised units they cut. Coarse fills can indicate energy increases.  
Abandoned channels can be filled with fine sediment and coal under low energy conditions. 

Low relief erosion 
surfaces  

Encompass entire surfaces  

Intraformational 
breccias  

Angular clasts larger than 2mm with varying degrees of matrix. Form with minimal transport, 
or by in-situ fragmentation of the same geological sequence (post-depositional).  
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4.4: Framework for the identification of depositional environments  

To reconstruct Quaternary palaeogeography and palaeoenvironments for the study area lithofacies were 

identified (see Chapter 5) and combined with petrographic (Section 4.3), and geochemical data (Section 4.5).  

4.4.1: Methodology used to describe the sediments  

In the study area, localised depositional environments are characterised based on the presence or 

absence of the main facies types known to be related to each other, and recognised for a particular depositional 

environment. The concept here is based on Walker & James, (1992) and Miall, (2016), but generally facies models 

have been widely used for the classification of lacustrine sediments (Olsen, 1990; Garcés & Aguiler, 1992; Carroll 

& Bohacs, 1999; Tanner, 2000; Freytet, 2002; Benvenuti, 2003; Anadón et al. 2009; Platt & Wright, 2009; Ghinassi 

et al. 2015), palustrine deposits (Platt & Wright, 1992; Armenteros et al. 1997; Freytet & Verrecchia, 2002; 

Gulbranson, 2004; Tófalo & Pazos, 2010; Ghannem et al. 2016), tufa deposits (Glover & Robertson, 2003; Arenas 

et al. 2007; Garcés et al. 2008; Linares et al. 2009; Guerreiro et al. 2011; Guo & Chefetz, 2012; Norwak & Weiss, 

2013; Henchiri, 2014a; Camuera et al. 2015; Pellicer et al. 2016), calcretes (Theriault & Desrochers, 1993; Horbury 

& Adams, 1996; Dhir et al. 2004; Durand et al. 2007; Khalaf & Gabar, 2008; Adamson et al. 2015; Valero et al. 

2015; Abed et al. 2016), paludal deposits (Pedley et al. 2003; Pedley & Hill, 2003; Koĸun, 2012; Henchiri, 2014b), 

Table 4.2: Hydrodynamic depositional structures. The description, defined by Boggs, 2006; Nichols, 2009 and 
Miall, 2016, outlines the criteria used for the identification of similar deposits in the study area. 
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Facies Description 

 Normal grading  Form via turbulent suspension under mass gravity transport (e.g. debris flow). 
Decreasing energy decreases flow and capacity to carry its bedload.    

Massive 
(structureless) 
beds  

Liquefaction, rapid deposition from suspension or rapid deposition by sediment gravity 
flow (e.g. flash flooding, gravity flows, fault movement) can create massive deposits.  
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Laminae (<1cm)  Short-lived depositional changes create variations in grain size, organic content, 
mineral composition and microfossil content. Form from suspension sedimentation 
(low energy, e.g. a deep lake) and via traction transport of sand in water (higher flow 
velocities, e.g. fluvial). Structures can be destroyed by burrowing and feeding activities.  
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Cross-
bedded 
ripples, 
< 4 ð 5 
cm  

Bedding features that require moderate flow velocities, regardless of water depth, and 
a hydrodynamically smooth bed to develop. Restricted to sands with grain sizes 
<0.6mm (coarse), coarser grades create bed roughness and turbulent mixing, which 
restricts the small scale flow separation needed for ripple formation.     

 
Cross -
bedding 
dunes, 
>5 cm  

Related to large scale turbulence within the whole flow. Low velocities and weak roller 
vortexes mean sand on the lea slope of the dune is not reworked, deposition occurs 
building angular based beds into the trough (planar or tubular cross-bedding). Higher 
flow velocities create stronger roller vortexes that scour a pit at the reattachment point. 
If the roller vortex counter flow is strong enough ripples can form and migrate up the 
lea slope (trough cross-bedding).  

Clast Imbrication  Traction transport or transport within sediment gravity flows. With traction, platy clast 
can be stacked up with the flattest surface dipping downstream. Fluvial depositional 
environments.  
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and in fluvial and alluvial depositional settings (Cant & Walker, 1976; Miall, 1980; Singh & Bhardway, 1991; Boyd 

et al. 2006; Fielding et al. 2009; Dalrymple, 2010; Weissmonn et al. 2010; Zhang et al. 2011; Miall, 2016). Aside 

from the fluvial (see Section 4.4.2) depositional model, the facies models used for the identification of continental 

carbonates and clastic deposits in the study area are taken from a review and compilation of available research 

published in 2010. (Carbonates in Continental Settings In developments in sedimentology, Alonso-Zarza, & Tanner. 

2010). From these, depositional systems were defined for the study area and combined with the available 

chronology to reconstruct the depositional environments that were active in the study area during the Quaternary 

(see Chapters 5 & 6).  

4.4.2: Fluvial facies and depositional model  

A synthesised version of Miallôs fluvial facies model (Miall, 1985; 1996; 1997; 2016) has been used as a 

framework of reference to identify fluvial successions in the study area (Table 4.8) (e.g. Cant et al. 1976; Singh et 

al. 1991; Gani & Alam, 2004; Gosh et al. 2014; Rivas et al. 2015; Scherer et al. 2015; Mukhopadhyoy et al. 2016). 

Miallôs facies scheme is combined with Pedley (1990 & 2009), Pedley et al. (2003) and Ford & Pedley, (1996) 

carbonate fluvial facies model to expand the model to include carbonate sediments for this PhD research. The 

addition of a carbonate fluvial facies model forms part of the tufa classification system advocated by the Jones and 

Renaut (2010) review of calcareous spring deposits in continental settings (Section 4.4.5).  

Table 4.3: Syndepositional deformation structures. The description, defined by Boggs, 2006; Nichols, 2009 and 
Miall, 2016, outlines the criteria used for the identification of similar deposits in the study area. 
Facies Description 

load casts, 
mm - cm 

Irregular lobes projecting from the base of overlying beds. Form when coarser sediment overlays 
fine sediment through the sinking of a denser sediment layer into a less dense underlying, fluidised 
bed. Can occur via gravitational instability.  

Ball and 
pillow, cm - m 

Hemispherical to kidney-shaped forms of sand encased within a stratigraphically lower sediment 
layer. Associated with the breakup of semi consolidated sand or lime-mud due to partial liquefaction 
of the underlying muds.  

Faults and 
slumps  

Develop on saturated clay deposits, particularly those deposited on a sloping surface. Form through 
a combination of fluid saturation, low cohesion, overstepping and shocking (e.g. earthquake or fault 
movement).  

Growth faults 
1 ð 50 m 

Surfaces within a sedimentary succession along which there has been displacement. They can 
form through gravitational instabilities. Failure occurs along weak horizons and progrades upwards 
forming a spoon-shaped fault within the succession.  

Desiccation 
cracks, mm - 
m 

Identified by polygonal, vertically tapering cracks that are usually 5 ï 7 sided. They are often cast 
in the lower bounding bed by the overlying bed. They develop through the subareal drying and 
desiccation of a clay-rich sediment layer.  

Mud lumps Balls or lumps of cohesive sediment that are roughly spherical of variable size. They are usually 
minor, isolated structures made of clay or mud lumps that have been gouged out of the bed surface 
within a high - energy environment (e.g. shoreline or fluvial channel). 
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4.4.3: Lacustrine carbonate facies and depositional model 

The identification of Lacustrine facies in the study area is based on a carbonate database built from facies 

information gathered from nearly 250 lakes and lake basins after Gierlowski-Kordesch, (2010), and Pedleyôs (2009) 

lacustrine tufa depositional model (Tables 4.10 & 4.11 and Fig 4.2)  The description, defined by Flügel (2010) and 

combined with Tucker & Wright, 1990; Nichols, 2009; Brasier, 2011, classification used in this PhD research. Also, 

see Table 4.9. 

 

 

Table 4.4: Carbonate grain (allogenic) classification. The description, defined by Flügel (2010) and combined 
with Tucker & Wright, 1990; Nichols, 2009 and Brasier, 2011 outlines the criteria used for the identification of 
similar deposits in the study area. Also, see Table 4.9. 

Carbonate grains 

Micrite < 4µm in 
diameter.  
  
 

Microcrystalline calcite (micritic or calc-mud). Micrite can be bioclastic, made up of shell 
fragments/bioclasts or formed in-situ via physiochemical processes (e.g. supersaturation of 
Ca) or microbial activity (e.g. photosynthetic processes). Associated with low energy lake, 
pond and marsh environments.  

Peloids <0.02 to 
1mm  

Small micritic grains, no internal structure. Ellipsoidal, sub-rounded, spherical, ovoid, or 
irregular in shape. Peliods are polygenetic and form several ways, for example from the 
shallow burial, compaction and micritization of faecal pellets or from the micritization of 
abraded grains (e.g., shell fragments and ooids) with the original grain being micritized by 
endolithic (rock-dwelling) micro-organisms. (Flügel, 2010). 
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Oncoids <1mm 
- 5 mm in 
diameter  

Oncoids have a nucleus around which partially overlapping, irregular, non-concentric 
laminae develop. Laminae can be biochemically (e.g. cyanobacteria, algae or microbes 
generated in non-skeletal forms (without visible organic microstructures), skeletal (have 
preserved tubular microstructures) or combined (two or more encrusting organisms) conjoin. 
Abiologically coated (e.g. micrite) grains have no clear lamination. Spheroidal forms are 
linked with rivers; oblate spheroidal forms with slow-flowing water and free forms are 
associated with static water environments.   

Ooids <2 mm 
in diameter
  

Concentrically laminated spheroids/ovoid grains. Lamiae is regular, smooth and, successive 
forming around a nucleus (e.g., carbonate grain, a sand grain or pollen). Laminated micro - 
fabrics can be tangential (aragonite grains with their long axis parallel to the ooid laminae), 
Radial (aragonite needles fanning out from the nucleus) or, random and mixed coatings can 
occur.       

Pisoids <2 mm 
to >1 cm in 
diameter  

Large subspherical/irregularly shaped grains with a mainly non-biogenic nucleus 
surrounded by a thick cortex that often has densely spaced laminae showing tangential and 
radial microfabrics (see above).  

Lithoclast 0.5 to 
2mm  

Grains consisting of one or more of the above/below definitions that are cemented together. 
Void spaces are filled with micrite or spar cement.    

Intraclasts (size 
variable)                                                                  
   

Synsedimentary or post-sedimentary carbonate clasts that are reworked partly consolidated 
sediment or re-worked lithified carbonate material.  Mainly form in lake, pond and marsh 
environments.     

Bioclasts (size 
variable)  

Fragmented or complete micro-organisms remains e.g. ostracods and diatoms.  
   

Phytoclast  Carbonate encrusted plant fragments, typically transported plant fragments. 

Cyanolithic 
carbonates   

Oblate to sub-spherical stromatolites are composed of cyanobacterial/cement fringes 
associations. High sphericity is linked to river systems, and oblate forms are linked to 
sluggish flow (marsh?), freeforms develop in static conditions. Can be grain supported and 
mixed with smaller intraclasts and micrite.  
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Table 4.6: Visual petrographic characteristics of spring, stream and lacustrine (SSL) carbonates and calcretes 
used for identification (from Brasier. 2011). Alpha refers to the micromorphological features of calcrete 
discussed in Section 4.4.8. 
Fabric  Spring, stream, lake (SSL) or 

calcrete  
Description  Diagram 

Nodules  Calcrete Alpha Spherical to irregular, indurated, mm - cm 
in size. Abiological  

 

Laminar crusts  Calcrete Alpha Laminar crusts found in association with 
(1), mm ï cm in size. Abiological 

 
 
 

Rhizoliths  
 

Calcrete  Organosedimentary root structures   

None-marine 
stromatolites  

SSL Laminar microbial carbonates. 
Cyanobacterial in origin  

 

Peloids  Calcrete Alpha & SSL Round micrite grains. Can be faecal 
(biological or abiological) 

 
 

Pisoliths  Calcrete Alpha & SSL Concentrically laminated spheroids > 2mm. 
Abiological, downslope movement and 
biological (fungi and lichen) 

 
 

Ooids  Calcrete Alpha & SSL Concentrically laminated spheroids < 2mm  
Coated 
Macrophyte 
stems  

SSL Carbonate cast of plant stems (e.g. 
framestone) 

 
 
 
 

 

 

 

 

Table 4.5: Carbonate grain classification and definitions. Adapted from Flügel (2010) and combined 
with Tucker & Wright, 1990; Nichols, 2009; Brasier, 2011 for this study.  

Depositional Biological Diagenetic 

Matrix-supported 
clay and silt-sized 

grains 
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Calci-
mud 
stone 

Wackest
one 

Pack 
stone 

Grain 
stone 

Frame 
stone 

Bound 
stone 

Baffle 
stone 

Cement 
stone 

Dense Fitted  Spar-
stone Grainstone 

 Float-
stone 

Rudstone       Crystals 
<10 µm: 
Micro-
spar-
stone 

 

Grains > 2mm 
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Table 4.7: The defining characteristic of tufa and travertine, from Capezzuoli et al. (2014) (numerical data is 
taken from Pentecost. 2005; Gandin & Capezzuoli. 2008 and the references within these papers.  

 Travertine  Tufa  

Deposition  Mainly abiotic  Mainly biotic  

HCO-
3 >7 <6 

ŭ13C 
(PDBă) 

-1 to +10 <0 

DIC (mmol/l >10 <8 

Water temperature  Thermal, >30°C Ambient <20°C 

Minerology  Calcite, aragonite  Calcite  

Depositional rate  High, cm/year Lower, mm 

Fabric  Bedded to laminated  Micritic to micro sparitic  

Primary porosity  Low (<30%) High (>40%) 

Biological content  Low (bacterial) High (micro to macrophytes) 

Depositional 
morphologies  

Multi-symmetrical bodies (e.g. mounds 
etc) 

Axial-symmetrical bodies (cascade 
dams etc) 

Distinctive morphologies  Coated bubbles and shrubs  Phytoherms  

Hydrological setting  Generally permanent flow  Variable, rainfall-dependent  

Climatic control  Less dependent  Strictly dependent  

Tectonic relationship  Always present  Often absent  

 

 

 

  

Figure: 4.1 Conceptual model of the degree of a continuum between different terrestrial carbonate depositional 

environments (adapted from Brasier, 2011). See section 4.4.8 
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Table 4.8: Fluvial facies model. The description, defined by Miall, 1977; 1996; 2016 and combined with Pedley 
(2009) and Arenas-Abad et al. 2010, outlines the criteria used for the identification of similar depositional 
environments in the study area. See also Tables 4.1, 4.2 & 4.3.  
Log 
Code 

Facies Sedimentary structure  Interpretation 

FGmm Massive, matrix-supported 
gravel, very poorly sorted 

Weak to no grading   Plastic debris flow deposit (high 
strength, viscous)  

FGmg Matrix-supported gravel  Inverse to normal grading  Pseudoplastic debris flow (low-
strength, viscous) 

FGci  Clast ï supported gravel  Inverse grading  Clast-rich debris flow (high - 
strength) or, pseudoplastic 

FGcm  Clast-supported massive gravel  None Pseudoplastic debris flow 
(internal bedload, turbulent flow) 

FGh Clast-supported, crudely bedded 
gravel 

Horizontally bedded, imbrication Longitudinal bars, lag deposits, 
sieve deposits 

FGt Gravel stratified  Trough cross-beds  Minor channel fill  

FGp Gravel stratified  Planar cross-beds  Transverse bars or deltaic 
growths from older remnants   

FSt  Sand, medium to very coarse, 
maybe pebbly 

Solitary or grouped trough cross-beds Sinuous-crested and linguoid 
bedforms (3D dunes) lower flow 
regime  

FSp Sand fine to very coarse, maybe 
pebbly.  

Solitary or grouped planar cross-beds  Linguoid traverse bars, sand 
waves (2D dunes) 

FSr  Sand, very fine to coarse Ripple marks, cross-lamination Ripples (lower flow regime) 

FSh Sand, very fine to very coarse, 
maybe pebbly 

Horizontal lamination, parting or 
streaming lineation  

Planar bed flow (critical flow 
regime) 

FSI  Sand fine  Low angle (<15%) cross-beds Scour fills, crevasse splays, 
antidunes, humped or washed 
out dunes.   

FSe Erosional scours containing 
intraclasts with silt or intraclasts 
lag deposits. 

Crude cross-bedding  Scour fills 

FFSs Sand, fine to coarse, maybe 
pebbly  

Board, shallow scours some cross-
bedding  

Scour fills 

FFSm Sand, fine to coarse  Massive, or with faint laminations  Sediment gravity flow   

FFl Sand, silt and mud Massive to fine lamination, very small 
ripples 

Overbank, waning flood, 
abandoned channel or drape 
deposits 

FFsc Silt, mud and clay Horizontally laminated to massive  Back swamp deposits  

FFms Mud and silt Massive with freshwater molluscs  Back swamp pond or abandoned 
channel deposits 

FFm  Mud and silt  Massive with desiccation cracks (red 
to brown) 

Overbank, abandoned channel 
or drape deposits 

FFr  Mud and silt   Massive with roots and bioturbation  Root beds, incipient soil  

FP Paleosol, carbonate (calcite or 
siderite)  

Pedogenic features (nodules and 
filaments (Figs 4.3 & 4.4)  

Soil, with chemical precipitation 
and post-depositional alteration 

FGwc  Groundwater carbonate  Massive, soft nodules and lenses or 
lobes of altered sediment (Fig 4.3 & 
Table 4.16) 

Sediment profiles with chemical 
precipitation and post-
depositional alteration 

FC Coal, carbonaceous mud Plants, muds and films Vegetated swamp deposits 

FBls  Braided fluvial limestone. 
Intraclasts and oncoids, 
interbedded with phytoclast 
lenses. Small marginal micritic 
phytoherm and flow-aligned 
boundstone on the stream bed 
(Tables 4.4 & 4.9).  

Boundstone (Tables 4.5 & 4.15) on 
the stream bed. Low-angle climbing 
ripples and laminae that makeup low 
ï domes (microherms) associated 
with stromatolite growth.  

Develop in areas of unimpeded 
active fluvial flow under relatively 
constant velocity.  
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Table 4.8: Continued  
Code Facies Sedimentary structure  Interpretation 

FpBls Barrage limestone. Down-stream 
facing, transverse phytoherms 
that dam streams with 
macrophytes (Framestone) 
(Tables 4.5, 4.14 & 4.15). Lime-
mud in ponded up-stream areas 
with local phytoherm 
development.   

The upstream: sharp contact with fine, 
uncemented lake or pool carbonate with 
intraclasts. Downstream: clinoform beds 
associated with deeper water. 

Develop on low gradient 
watercourses at pinch 
point along the course 
of the river (lighted 
areas). Phytoherm 
deposits also develop in 
slow-flowing and calm 
dammed fluvial areas.  

FpChls Charophyte phytoherm limestone 
(framestone) (Tables 4.5, 4.14 & 
4.15). 

Alteration of layers of the in-situ brushes and 
layers of fragments charophytes. Lenses and 
patches up to several meters thick and 10s of 
masters wide.  

Slow-flowing and calm 
dammed fluvial areas. 

F/LpStls Phytoherm stems dominate, 
forming cliffs and brushes 
(framestone) (Tables 4.5, 4.14 & 
4.15). 

Interbedded with cm-dm layers of rudstone, 
phytoclasts and boundstone mosses. Tabular 
to lenticular, domed, cm-dm thick and 
laterally extensive, 10s of meters  

Palustrine setting on 
fluvial banks, 
floodplains, inter-
channel areas and lake 
shorelines  

FInls Intraclastic limestone. Rudstone, 
packstone or grainstone. 
Rounded to angular clasts.  

Unorganised or with planar or trough-cross-
beds. Lenticular to tabular cm-dm in 
thickness and lateral extent.   

Flood events that erode 
and re-work previously 
deposited limestone 
deposits   

Fstmls Stromatolitic limestone. 
Alternating layers <10.5 mm of 
different colours and thicknesses. 
(Tables 4.5, 4.14 & 4.15). 

Fstmls 1: Tabular, stepped and hemidomic 
deposits dm to m thick and 10s of meters in 
lateral extent. Fstmls 2: Planer and 
undulatory layers. Bioherms. Variable 
thickness and lateral extent.   

Fstmls 1: Fast flowing 
areas on the river bed  
F/Lstmls 2: Calm fluvial 
and lacustrine areas.  

F/LMls Massive or laminated marls 
(Table 4.10).  

Structureless or with horizontal laminations, 
with or without biota. Geometry: Mostly 
lenses or patches dm up to 2 m high and 
laterally extensive. Molluscs.   

Settle out in ponds, on 
floodplains and offshore 
lake areas  

 

4.4.4: Palustrine carbonate facies and depositional model  

Palustrine carbonates in the study area have been identified based on palustrine facies described by 

Alonso-Zarza, (2003) and summarised in Alonso-Zarza & Wright, (2010a), with ñtrueò palustrine lithofacies outlined 

in Table 4.12, and lithofacies that are closely linked palustrine depositional systems in Table 4.13.  

4.4.5: Spring carbonate facies and depositional model 

The classification used to identify spring carbonate depositional environments (see Tables 4.4, 4.6 & 4.13 

ï 4.15 for common facies), and morphologies is based on the extensive work of Capezzuoli et al. (2014), Pedley, 

(1990, 1992, 2009), Ford and Pedley, (1996), Pedley and Rogerson (2010), and Pedley et al. (1996, 2000, 2003 & 

2009) (see Table 4.15). The models focus on the geometry and profile aspects of tufa outcrops and typically found 

bed associations that have defining facies for each depositional environment (Pedley, 2009b). Models commonly 

overlap with one another due to a continuum of depositional environments (Brasier, 2011; see Fig 4.1), but each is 

said to be recognisable based on one dominant facies (Pedley, 1990, 1992, 2009; Ford and Pedley, 1996; Pedley 

and Rogerson, 2010; Pedley et al. 1996, 2000, 2003 & 2009; see Table 4.15).  
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4.4.6: Pedogenic calcrete  

Several classification systems identify the morphological features of pedogenic calcrete formation (Gile et 

al. 1966; Allen, 1986: Steel, 1974; Machette, 1985). Per Wright & Tucker (1991), the most comprehensive 

classification is given by Machette (1985) (Fig 4.4). Consequently, this was used here. Pedogenic calcrete (or 

caliche, Goudie et al. 1975) horizons develop through chemical and physical weathering of the carbonate host rock, 

by soil development and the accumulation of calcium carbonate within the soil profile via evaporation and; by 

Table 4.9: Architectural elements in fluvial deposits. The description, defined by Miall, (1985), outlines the criteria 
used for the identification of similar depositional environments in the study area. See Table 4.8. 
Feature  Principle facies Geometry and relationship Interpretation  

C
H

: 

C
h

a
n

n
e

ls
 

 

Any combination  Finger, lens or sheet; concave-up 
erosional base. Scale and shape 
highly variable.   

Erosive fluvial/alluvial features  

S
G

: 

S
e
d

im
e
n

t 

g
ra

v
it
y
 f
lo

w
 

 FGmm, FGmg, FGci, 
FGcm 

Lobe, sheet typically interbedded 
with GB. Internal bedding: none, 
weak, and normal or reverse 
grading bedding.   

Plastic and pseudoplastic, high strength debris 
flow. Clast rich to matrix-supported.  

G
B

: 

G
ra

v
e

l 
b

a
rs

 

a
n
d
 b
e
d

fo
rm

s  FGp, FGt, FGh Lens, blanket. Usually tabular 
bodies. Commonly interbedded 
with SB and SG.   

Longitudinal bars, lag deposits, sieve deposits, 
minor channel fill, transverse or deltaic growths.  

S
B

:  

S
a
n

d
y
 

b
e
d

fo
rm

s
 

 

FSt, FSp, FSh, FSI, FSr, 
FSe, FFSs, FFSm, FBls, 
FPls, F/LOnls 

Lens, sheet, blanket, wedge 
shapes occurring as channel-fills, 
crevasse splays, minor bars.  

3D dunes, 2D dunes, ripples (lower flow 
regime), planar bed flow (critical flow regime, 
scour fills, crevasse splays, washed out dunes, 
and gravity flows.  

D
A

: 

D
o

w
n

s
tr

e
a
m

 

a
c
c
re

ti
o

n
 

m
a

c
ro 

fo
rm

s  FSt, FSp, FSh, FSr, 
FSe, FFSs, FInls, 
FStmls (1) 

Lenses resting on flat or 
channelised base, with convex-up 
3rd-order internal erosion surfaces 
and upper 4th-order bounding 
surfaces.  

3D dunes, 2D dunes, ripples (lower flow 
regime), planar bed flow (critical flow regime), 
and sour fills. 

L
A

: 

L
a
te

ra
l-

a
c
c
re

ti
o

n
 

m
a

c
ro 

fo
rm

s  FSt, FSp, FSh, FSI, 
FSe, FFSs, occasionally 
FGmm, FGt, FGp 

Wedge, sheet, lobe structures 
characterised by internal lateral-
accretion 3rd-order cycles.   

3D dunes, 2D dunes, planar bed flow (critical 
flow regime), scour fills, crevasse splays, 
washed out dunes, and occasionally Vicious, 
plastic debris flows, and minor channel fill, 
transverse or deltaic growths 

L
S

: 

L
a
m

in
a
te

d
 

s
a

n
d

 s
h

e
e

t  

FSh, FSI, and minor 
FSp, FSr, F/LMls 

Sheet or blanket. Planar bed flow (critical flow regime), scour fills, 
crevasse splays, washed out dunes, 2D dunes 
and ripples (lower flow regime). 

O
F

: 

O
v
e

rb
a
n

k
 

fi
n

e
s
  

FFm, FFI, FP, FFr, FFsc Thin to thick tabular blankets cm up 
to m thick. Ochre, re and grey 
Commonly interbedded with SB, 
may fill abandoned channels.  

Overbank, waning flood, abandoned channel or 
drape deposits, root beds and incipient soils, 
and soil with chemical precipitation. Settling out 
of fines.   

B
S

: 
B

a
c
k
 

s
w

a
m

p
s
 a

n
d
 

p
o
o

ls 

FFsc, FFms, FP, FFr, 
Fc, F/LOnls, F/LpStls, 
F/LMls 

Sheet or blanket  Organic-rich fines with root beds and incipient 
soils, and soil with chemical precipitation 
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saturated pore water being driven to the surface by capillary forces. Under these circumstances, physicochemical 

and microbial activity within the soil profile can lead to the development of a hard crust on the surface of the ground 

or in the upper soil horizon (Watts, 1980; Goudie, 1996; Wright & Tucker, 1991; Nash & Smith, 2003; Flügel, 2004; 

Alonso-Zarza & Wright, 2010b; Brasier, 2011).  

4.4.7: Groundwater calcrete formation 

The identification of groundwater calcrete is based on facies types outlined by Alonso-Zarza & Wright 

(2010b) (Table 4.16). Within sedimentary basins, phreatic water chemistry has control of groundwater mineralogy 

were calcite is the main precipitant and groundwater has low salinity levels (Alonso-Zarza & Wright, 2010b). 

Evaporation, evapotranspiration, CO2 degassing and the common ion effect are the main reasons for carbonate 

deposition (Mann & Horwitz, 1979; Arakel, 1986; Tandon & Gibling, 1997; Wright & Tucker, 1991; Alonso-Zarza & 

Wright, 2010b).  

Table 4.10: Common carbonate and clastic lacustrine facies, The description defined by Gierlowski-Kordesch, 
2010 (and references therein), outlines the criteria used for the identification of similar depositional environments 
in the study area. 
Code  Facies  Depo -Zone  Description  

LMs Massive  Nearshore 
to basinal 

areas 

Structureless fine-grained carbonate or clastic sediments with or without flora and 
fauna. Occurs as calc-mudstone, wackestone, packstone, grainstone, marlstone, 
fine carbonate siltstone (Table 4.5) or the equivalent clastic grain sizes. 
Oxygenated waters, low sedimentation rates, bioturbation, and sediment churning 
can erase sedimentary structures (Gierlowski-Kordesch, 2010). See also Table 4.5 
and Figure 4.3. 

LMi  Microbial  Shallow 
lake 

margins or 
shallow 

lakes < 5 m 
(Photic)  

Defined by macro and microphytes, oncoids, ooids, pisoids, algal bioherms, and 
laminated, flat-topped stromatolites and create hanging ledges (see Pedley., 2009 
& Tables 4.3, 4.4, 4.14 & 4.15). Alga Chara and micrite (Table 4.4) are common. 
Algal and bacterial mats influence sedimentation patterns on deformation and 
erosion surfaces. Beds can also contain, tufa mounds, and microbial algal crusts 
(e.g. Schneider et al., 1983; Lindqvist, 1994). Form as fixed growths on fossils, 
sediment grains and plant material as well as transported crusts, intraclasts (Table 
4.4), or form as microbial laminae (Gierlowski-Kordesch, 2010). Fluvial, ground a 
spring (e.g. Casanova & Thouin, 1990) promote microbial carbonates 
development. 

LMa Marginal  Littoral  Sedimentary structures, grains and intraclasts (Table 4.4) are present due to wave 
and current action. Can contain shells, ooids, carbonate or clastic silts and sands, 
charophyte stems, pisoids and terrace gravels (Table 4.5). Small to large scale 
cross-stratification, ripple cross-lamination, and horizontal lamination formed under 
upper and lower flow regimes are common (see Table 4.2). Encrusted intraclasts 
(Table 4.2) and fossils are common. See also Figure 4.3.   

LOw Open water  Sublittoral 
to 

profundal 

Deposited by current or density flows in open lake waters with grain sizes from silt 
to cobble. Turbidity currents and debris flows (overloading) move sediment distally 
(Gruszka, 2007; Gierlowski-Kordesch, 2010). Tectonic activity (e.g. Rodrɑguez-
Pascua et al. 2003) and large waves (seiches) (Schnellman et al. 2006) can deform 
sedimentary layers, cause brecciation and resuspension (e.g. Moretti & Sabato, 
2007) 

LP Exposed 
lake margin  

Eulittoral 
zone 

Lake marginal areas that become vegetated. Carbonaceous muds can develop 
(FC: Table 4.8). There can be further desiccated and pedogenised, eroded and re-
worked or re-submerged.  
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Table 4.11: Lake margin facies model for partially and dominantly carbonate lakes that develop with a surface 
input of carbonate. The description, defined by Gierlowski-Kordesch, (2010), outlines the criteria used for the 
identification of similar deposits in the study area. See also Table 4.10). 
Facies 
code  

Lake margin 
type  

Depositional 
environment  

Facies description 

LLeb 1: Low - 
energy 
bench (XI1) 

Steep littoral to 
sublittoral 
zones. 
Restricted wave 
action.  

Massive, microbial and bedload transported carbonate with slumps, 
turbidites and grain flows containing re-sedimented carbonate from the 
littoral zone.  

LHeb 2: High ð 
energy 
bench (XI2) 

Steep slope 
margins that 
typically get 
sediments from 
shallow water.  

Topset beds develop in the photic zone where sediments are displaced 
downslope and along-shore by reworking, grain flow, turbidity currents, 
and slumping onto cross-stratified forest beds. Bottom sets can contain 
microbial carbonates from the littoral zone interbedded with laminated 
and bedload transported carbonate. 

LLer 3: Low -
energy ramp 
(XI3) 

Margin subject 
to fluctuating 
water levels.  

Palustrine facies are typical, and high productivity adds diagenetically 
altered carbonate (Table 4.5) sediments to palaeosols when lake levels 
decline. Sublittoral to profundal zones develop massive, and bedload 
transported carbonates. Deepwater zones can also develop laminated 
carbonates   

LHer 4: High ð 
energy ramp 
(XI4) 

Marginal areas 
dominated by 
wave activity  

Bedload-transported carbonates accumulate on exposed surfaces 
while sheltered littoral and sublittoral zones develop massive 
carbonates. Microbial carbonates are also found in the littoral zone, 
and laminated carbonates can develop in the profundal zone.  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 4.2: Bench and ramp lake margin facies models for partially and dominantly carbonate lakes (from Platt 
& Wright, 1992. In: Gierlowski-Kordesch, 2010, see also Table 4.11).  

 

1: 2: 3: 4: 
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Table 4.12: Palustrine facies, defined by Alonso-Zarza, 2003 & Alonso-Zarza & Wright, (2010a) and references 
therein), outlines the criteria used for the identification of similar depositional environments in the study area. 
Code  Facies  Formation  Description 
PMot 

M
o

tt
le

d
 

c
a

rb
o

n
a

te 

Water table fluctuations 
change groundwater Eh 
and remobilise iron in 
sediments with <2% iron, 
manganese and calcium.  

Yellow-orange-red mottling outlined by desiccation cracks (Tables 4.4 
ï 4.6). Ferruginous nodules, tubular voids, concretions and crusts can 
be present (Freytet & Verrecchia, 2002). 

PNod/ 
Bre 

N
o

d
u

la
r a

n
d

 

b
re

c
c
ia

te
d

 

c
a

rb
o

n
a

te
s 

Nodules form when 
desiccation creates planar 
and curved fissures that are 
later infilled under vadose 
and phreatic oxidising 
conditions (Freytet, 1973).  

Centimetre scale irregular nodules often within a chalky micritic matrix 
or interspaced by cracks filled with microspar (Table 4.5) and sparry 
calcite (Table 4.6). The matrix can be detrital grains and whole or 
fragmented charophytes, ostracods and molluscs. Deposits can show 
mottling. Meter ï thick beds can indicate that a significant portion of 
the lacustrine sequence exposed in one or several events. Short-lived 
subaerial exposure and rewetting of lake sediments can sandwich 
lacustrine despots with brecciated or nodulised deposits. 

PRm 

C
a

rb
o

n
a

te
s
 w

it
h

 

v
e

rt
ic

a
l 
ro

o
t m

ou
ld

s Calcification around vertical 
root systems in clayey or 
soft carbonate sediments. 
Indicates well-developed 
vegetation cover during 
formation.  

Matrix dominated deposit with gastropod shells, charophytes, 
ostracods, desiccation cracks, and fenestral and alveolar structures. 
Root voids (Table 4.6) are irregular, vertical (decimetre scale) and up 
to several centimetres in width. Structures are wider at the top and can 
be empty or infilled by micrite, microspar, peloids, intraclasts, bioclasts 
and spar (Table 4.4) cement. Host sediment can also become 
brecciated and nodulised in the areas around rhizospheres, especially 
in marl. 

PMk 

M
ic

ro
k
a

rs
t Voids develop networks via 

root activity, desiccation, 
and to a lesser extent, 
dissolution.  

Carbonate with irregular and intricate voids that are small (few cm), 
circular, and elongated joining to form part of a larger network. Voids 
have sharp boundaries, and rounded margins indicate dissolution 
(Platt, 1989). The primary muddy structure is lost.  

PGran 

 G
ra

n
u

la
r 

c
a

rb
o

n
a

te
s
  

Develop in shallow marginal 
areas. Form at the top and 
bottom of packets of 
lacustrine sediment via 
repeated wetting and drying 
of carbonate muds. Root 
activity causes advanced 
fragmentation.  

Made up of peloidal, coated grain and intraclast carbonates (Tables 
4.4 & 4.6) in a calcite mosaic cement (microspar to coarsely 
crystalline) (Table 4.4). Sediments sit within different types of voids, 
forming an intricate network that show evidence of multiple phases of 
fragmentation, coating, internal sedimentation, microspar silt and 
blocky calcite cementation (Table 4.4). Fluctuations in the water table 
can cause reworking, concentration and coating on mud fragments. 

 

4.5: Geochemical analysis of sediment samples  

Ground and surface water flowing into a basin move various clastic materials and soluble ions into, around 

and sometimes out of the basin, depending on its hydrological state (closed or open). The ion concentration of 

water can cause the chemical precipitation of autogenic salts, carbonates and clays. Understanding these 

processes elucidates to the environmental conditions at the time of deposition, helping to reconstruct the 

palaeoenvironmental conditions at the time formation (e.g. Ebro Basin, Spain (Schuett, 1998, 2000); Thar Desert 

playa lakes, India (Enzel et al. 1999); Lake Tecocomulco, The Basin of Mexico (Roy et al. 2008, 2009).  

               For this PhD research, the geochemical analysis of key, representative sections of the stratigraphic 

sequence were carried to build a isotopic (ŭ18O, ŭ13C) and geochemical (ICPMS) records for depositional episodes 

in the study area which fulfils Objective 2 (Chapter 1) and is used to compare with data collected to meet objective 

3 .  
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Table 4.13: Interchangeable lacustrine, palustrine and fluvial facies defined by Alonso-Zarza, (2003) & Alonso-
Zarza & Wright, (2010a) and reference therein, outlines the criteria used for the identification of similar 
depositional environments in the study area.  
Code  Facies 

type  
Formation  Facies 

IOlsc 7: Organic 
marl and 
clay 
(stone) 

Fluctuating water levels  Massive to poorly laminated organic-rich marls and clays with 
varying amounts of fragmented plant remains, gastropod shell, 
carbonate nodules, carbonate and clay intraclasts (Alonzo-Zarza 
& Wright, 2010a). Interbedded with clastic deposits or sandwiched 
between lacustrine/palustrine carbonates with sharp transitional 
boundaries. 

ICh 8: 
Carbonate 
and clastic 
filled 
channels 

Develop during prolonged 
periods of desiccation. 
Fluvial incision and 
reworking of the lacustrine 
and palustrine sequences.  

Irregularly bedded deposits with erosive upper and lower planar 
surfaces that have root traces leading to prismatic structures. 
Channels infilled with oncoids, bioclasts, phytoclasts and 
reworked micritic grains. Can also contain clastic sediments.  

IPm 9: Green to 
brown marl 
(stone) 

Develop in vegetated 
marsh and wetlands with 
high water tables.  Distal 
fan, lake margin or mudflat 
areas.  

Green to brown massive or slightly laminated marl that can contain 
micritic nodules (mm in diameter) and root casts (Table 4.6). Often 
found interbedded with clastic sediments, carbonate sediments 
and small silt ripple beds. Root activity and desiccation lead to 
brecciation and colour changes indicative of ground and surface 
water changes.  

_ 12: None - 
palustrine 
facies 

Associated with marginal 
lake areas, ponds and 
pools  

None carbonate evaporates, dolomites, clays and dolomitic muds. 
Bioturbated, modified (plants and animals) lenticular gypsum 
formed in marginal lake areas is common.  

 

4.5.1: ICP ð OES Ů18O and Ů13C stable isotope carbonate geochemistry  

 Freshwater carbonates hold a record of the ŭ18O and ŭ13C characteristics of the water they precipitated 

from (Fig 4.5), and are environmental, hydrological, tectonic and climatological records of the time span of which 

they formed (eg Talbot, 1990; Winnograd, 1992; Chivas et al. 1993; Edwards, 1993; Andrews et al. 1997; Bar-

Matthews et al. 1997; Wei & Gasse, 1999; Matsuoka et al. 2001; Rosenmeier et al. 2002; Leng & Marshall, 2004; 

Andrews, 2006; Colman et al. 2006; Leng et al. 2006; OôBrian et al. 2006; Viles & Pentecost, 2007; Zanchetta al. 

2007; Pedley, 2009; Arenas-Abad et al. 2010; Brasier, 2010; De Filippis et al. 2012; Vázquez-Urbez et al. 2012; 

Gandin & Capezzuoli, 2014; Adamson et al. 2015; Candy et al. 2015; Tonker et al. 2015; Candy et al. 2016; Kämpf 

et al. 2016; Wendt et al. 2016).  

4.5.1.1: Isotope terminology  

Here the terms positive higher (+) and negative lower (-) to report the stable isotope ratios of samples (see 

Clark & Fritz, 1997; Kendall & McDonnell, 1998; Tucker & Wright, 2004; Leng, 2006; Sharp, 2007). The delta sign 

(ŭ) used is the standard notation for reporting the ratio of abundance of the heavy to light isotope in parts per mil 

(ă) (Clark & Fritz, 1997; Kendall, 1998; Sharp, 2007). 
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4.5.1.2: Oxygen isotopes in lacustrine and marsh limestone carbonate deposits  

Oxygen isotopes are reported relative to Vienna standard mean ocean water (VSMOW) for water samples 

and Vienna PDB or VPDB (belemnite calcite from the Pee Dee Formation) for carbonate samples (Eq 4.1).  

Equation 4.1: ŭ18O = 1000* (18O/16O sample - 18O/16O standard) 
                                               18O/16O standard  

 

 

Figure 4.3: Transitional pedogenic ï palustrine ï lacustrine facies associations. Calcrete (1 ï 3); palustrine 

carbonates (4 ï 8), from the less developed (4) to more mature deposits (8); and none pedogenically altered 

lacustrine carbonates (9) (from Alonzo-Zarza, 2003; Alonzo-Zarza & Wright, 2010b). Facies in 1 ï 3 are 

described in Figure 4.4 and Table 4.16. 5 ï 8 facies codes are defined in Tables 4.12 and 4.13. Facies 9 is 

described in Table 4.10.  

PMot 

PNod/Bre 

PRm 

PPmk 

PGran/Lma 

IX 
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Table 4.14: Classification of autogenic, freshwater carbonate that displays an organic in-situ framework. Defined 
by Cipriani et al. (1977), Pedley, (1990 & 1992) and Ford & Pedley, (1996), outlines the criteria used for the 
identification of similar depositional environments in the study area. 
Facies 
Code  

Phytoherm 
deposit name  

Facies  

StrLs 2: Stromatolitic 
(Boundstone) 

Sheets of micrite and peloids (Tables 4.4 & 4.6) (e.g. Stromatolitic tufa). Can be 
dominated by the heads of skeletal stromatolite consisting entirely of cement fringes 
associated with oscillatoriacean cyanobacteria. Can include course, detrital intraclasts 
and oncoids (Tables 4.4 & 4.6).  

FraLs 3: Framestore Living anchored framework of vertical and horizontal hydrophytes and macrophytes 
(aquatic/semi-aquatic plants (Table 4.6)) with matted microfilms of bacteria (e.g. cyano 
or fungi). Held in a low ï Mg calcite cement fringe. Cavities are filled with phytoclasts, 
micrite (peloidal), and lithoclasts (Tables 4.4 & 4.6). Has a wide fauna diversity (e.g. 
larvae & mollusc). Framework decays readily leaving distinctive porous and permeable 
fabric.     

 

Table 4.15: Carbonate depositional models defined by Capezzuoli et al. (2014), outlines the criteria used for the 
identification of similar marsh depositional environments in the study area. Also, see Tables 4.8 & 4.10.   

Model  Dominant 
facies  

Depositional 
environment  

Facies 
code  

Description  

Paludal  
(marsh) 

Photoherm 
cushions  

Low gradient 
valley floors 
that have 
sluggish 
drainage  

TPal Spring fed water seeps through bryophyte carpets, and between 
reed and bryophyte cushions leaving a carbonate coating. 
Cushions may maintain their original structure or collapse. 
Poorly cemented ñspring chalkò can collect in pools, cylindrical 
oncoids can also form. Water level fluctuations can allow 
palaeosol development. Deposits can be crudely laminated and 
include clastic layers.    

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Idealised pedogenic calcrete profile development based on Manchette, (1985) from Esteban & 
Klappa, (1983) and Alonso-Zarza & Wright, (2010b).  

 

5) Bed rock/sediment: Can be any composition or texture and can be easily separated 

from the overlaying calcrete deposit. 

4) Transitional horizon (CPedT):  At the boundary between the host and the transitional 

horizon an immature soil horizon can develop. The underlying host material gets broken-

down by mechanical, physiochemical and biological processes covering the lower host 

material with an unconsolidated layer of fragmented clastic grains and soil.  

3) Chalky Horizon (CPedC): Soft unconsolidated horizon with a micritic or microspar 

matrix containing etched and clastic grains and peloids. Although this horizon is usually 

found at this position in a pedogenic calcrete profile it can be found in other positions, or 

it may be absent. Precipitation of CaCO3 without any significant compaction and 

hardening is usually how this layer develops.  

 

2) Nodular horizon (CPedN): Powdery to indurated vertical, horizontal, irregular or 

branching nodules (Table 4.9) of CaCO3. Horizons can have spread-out boundaries 

composed of micrite and etched grains. CaCO3 precipitation occurs in discontinuous 

areas close to roots and micro-organisms. During calcification, the biological components 

of the soil become calcified forming rhizoliths and calcified filaments. Initially the nodules 

are spread out but with time get closer together until eventually join.  

Hard pan cap 

1) Platy/laminar horizon (CPedPl): This can either be in place of, or above the hardpan 

cap.  The lamina is wavy with a planar fracture, rhizoliths and needle fibre calcite. Once 

nodules (below) join to form a solid horizon roots cannot easily penetrate, and water is 

confined above this horizon.  
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Table 4.16: The six main types of Groundwater calcrete facies (adapted from Alonso-Zarza & Wright, 2010b and 
references therein).  
Code Facies Description 

CGwMa Massive 
beds 

Thick massive beds of carbonate deposited by the lateral flow of groundwater usually 
>1.5m in thickness (Wright & Tucker, 1991; Mack et al. 2000; Jutras et al. 2007; 
Alonso-Zarza & Wright, 2010b). Alpha fabrics (Table 4.9) dominate, and upper and 
lower boundaries are sharp.  

CGwNod Soft 
nodular 
layers 

Contains layered soft carbonate nodules with dispersed boundaries that follow the 
stratification of the sediment body or the convex nature of channel fill deposits 
(Khadkikar et al. 1998).   

CGwcl Cemented 
layers 

Cemented layers that form lenses up to 20 cm thick and 3 m wide with solitary, 
vertically elongated nodules (Tandon & Gibling, 1997). Some deposits have an upper 
curtain of nodules and tubules precipitated at the interface between the water table 
and the capillary fringe (Mack et al. 2000). Found in proximal and medial alluvial fan 
deposits as well as in fluvial channels (Tandon & Narayan, 1981; Nash & Smith, 1998).  

CGwRo Root 
mats 

Calcified root mats, here because they can develop by phreatophytes (deep-rooted 
plants that draw water from the phreatic zone or the capillary fringe) mostly in relation 
to perched groundwater tables (Semeniuk & Meagher, 1981).   

CGwsh Thin 
carbonate 
sheets 

Thin sheets (10 - 50cm) of carbonate in the subsurface of fluvial-aeolian sands. These 
sheets are made up of calcium carbonate aggregates that develop just above the water 
table, and deposits can transect stratigraphic boundaries and unconformities 
(Semeniuk & Meagher, 1981).   

 

 
The oxygen isotope content of lacustrine, marsh and fluvial sediments is calculable by thermodynamic 

correlation which is understood to be equilibrium mineral precipitation (Leng, 2005; Sharp, 2007 Hoefs, 2009, 

Felstead, 2012). Carbonate precipitation under equilibrium conditions is mainly caused by the removal of CO2 (Eq 

4.2).  

Equation 4.2: Ca2+ + 2HCO3         CaCO3 + CO2 + H2O  

Precipitation occurs under ambient temperatures in calcium-bicarbonate waters when dissolved CO2 in 

source waters, with high PCO2 (P= partial pressure), encounter lower PCO2 pressures and de-gassing occurs, for 

example, when spring waters emerge at the surface. This forces disequilibrium conditions and carbonate 

precipitation until the system achieves equilibrium (Eq 4.1). Under equilibrium conditions temperature and water 

isotope conditions can be linked to the isotope composition of calcite by the Craig (1965) palaeotemperature 

equation (Eq 4.3) with a 0.24ă ŭ18O shift (+ or -) in the precipitating calcite parallel to a temperature change of 1°C 

(+ or -) (Craig, 1965; Andrews, 2006). In this PhD research, the Hays and Grossman (1991) equation is used (Eq 

4.3) as it was created for use on meteoric cement of which Facies 1-7 (Chapter 5) are arguably a sub-group.  

Equation 4.3: T = 15.7 ï 4.36 (ŭ18Ocalcite - ŭ18Owater) + 0.12 (ŭ18Ocalcite - ŭ18Owater).  
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Knowledge of what may have affected the composition of the source water is vital to the interpretation of 

ŭ18O ratios in the mineral precipitate (Figs 4.5 ï 4.7). Most of these effects, like the amount effect and variations in 

air mass trajectories, are short-lived over periods of hours to weeks and have little effect on the stability of 

groundwater ŭ18O values that are relatively constant ŭ18O over time (Fig 4.5 & 4.6, Chafetz et al. 1991 a & b; 

Figure 4.6: Main regional-scale environmental factors which affect the ŭ18O and ŭ13C of 

microbial carbonates (from Andrews et al. 1997).  

Figure 4.7: Carbon isotope values of carbon sources into lakes resulting in ŭ13C TDIC 

(Total dissolved inorganic carbon). From Leng and Marsahll, (2004).  


