Chapter four: Methods

4.1: Introduction

The PhDresarch aims to reconstruct the Mid to Late Quatesiseygeographic and
palaeoenvironmentiatdy of the Tequixquiac Bdasia.field and laboratory methods used to address tf

researchimsare justified aedplainedelow
4.2:Fieldwork

The field strategy was desigmedidress thabjectives 14 set out in ChapteiSpecifially, the
mappingndthe characterisatiothef Quaternary sedimentary succession in the study area ¢oigjebtve 1)
colledbn ofepresentative sedimentrackl samples (objectivé Bjstfield season in the Tequixquiac Basi
was carried out by the author, Rmof&idda Gonzalez, Professor David Huddart, and Dr Nicholas Fels
Decembe2009. A secorigld season was caroeati durin@010 by the author, Professor Silvia Gonzals
Professor David Huddart and Drysitdaccunredidurig@®2 and
2013hat enabled follow up fieldwdrk carried out.

4.21: Mapping

Tosatisfy objectivdChapter 1napping in the Tequixquiac Beamitedvith a desBased study of
available publications discussiggdhmical, sedimentological and structural features and hidexigmf the
Basin, th&lezquital Valley (Hidalgo), and the surrounding areas to help understand these features
area(Fig 11). Previously documeriteldi sitethought to cover the Late Pleistocene to Haldbwgater L &

3), were initially targeted. The focus of the second field season was to recognise and map the verti
extent of the defingeguencesf Qaternary sedimémthe study ar€geomorphologi¢ahtures in the study
were initially located uSnggle &th, and a 1: 50 topograpligs(INEGI, E14A19, 1p@hichenabled
suitabléargescaleQuaernargeomorphic featurebédocated

4.2.2 Detailed sedimentological investigation

To establish a Pleistocene to Holocene representative sequence of deposition, and a
frameworfor the study area (objective 1, Chap8estiatigraphsectionswvere described and logged at 27
different sites, across a 2@& @rea with an altitudegebetween 2100 and 2314 m.a.s.| (medees sea

level) (see Chaptér Biabletratigraph&ections were measured in the field usingta@and drawn to
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scaleThe criteria used to identify observable erosional, depositional, and syndepositional sedimen
biological features, and textures teldtsticmixed clastic and carbonate, and carbonate depositional sy
inthe study areme outlineh Tables 4.1, 4.2 & Bpthese criteria, recognisable lithological and biolog
features including; composition, grain size, shape and arrangembeiolpgeddorgent, and primary and

secondary sedimentary steswieredescribednd classified.

Table 4.IHydrodynamécosionatructured.he descriptiotefined yoggs, 2006; Nichols, 201D
Miall, 201®utlines the criteria used for the identification of similar deposits in the study area
Facies Description

Fluvial channels Present ashannel forms infilled with sediment with grain sizes and beddir|
distinctly different from the incised uritg tbegrsdillscan indicate energy increg
Abandoned chanreds be filled withesediment and coal under low enediyarts]
Low relief erosion | Encompassére surfaces

surfaces
Intraformational Angulaclastdargethan 2mmwith varying degrees of mawm with minimal trans
breccias or by issitu fragmentation of the same geological sgmstaegositional

4.2.3: Sediment sampling

Based on preliminakydates, and geochemical analysis, sediment and rock sampling during t
field seasonenefocused at sites that had indigeteldsedimentsuitable for carbonatieromorphological
analysis, geochemié®ACcarsonath 8'SPSIcarsonaTeTEPHRY ICPT OES sediment minerakugtephra
bulk oxide contemdLA. Samplesvere collectddbm sections after cutting the face back atdeastién
possible, to avaichtaniratiorfromorganioxidatiornithified hand specimens were collected using a chisel
hammeat measured depths, and marked with an orientation asagaRptadscollectedor analysis,

were taken framweathered surfaces.

4.3: Petrographic analysis of hand specimens and sediment samples

For terrestrial carbonsgdimentghe criteria employed by RhiBresearch for the petrographic
identification of carbonate sedgrans (Table 4.#)eclassification of terrestrial carbonate deposits (Te
4.5), and for traetermitionof microfacies (Table 4s6putlinedelow For arbonateand limestone
terminologgpring lacustrine, palustrine, marsh (paludal), fluwiaiedaith(when there is discernable
origin) carbonates subdivisi@used to describe carbonates deposited in and around these efiieonme
subdivisiorese applied irrespective of the water source temperatarae@@mechanism of precipitation
(after Brasier, 2011). The term pedogenic calcrete is used to define the terrestrial pedogeoifc (sc
surface or neanrface calcium carborateundwater calcrete defines thgpadogenic, groundwater-build

up of carbonate (Fdensezarza & Wright, 201Btasier, 2011).
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Table 4.2Hydrodynamic depositional strudhesdescriptiotdefined goggs, 2006; Nichols, 201D

Miall, 201@utlines the criteria used for the identification of similar deposits in the study area
Facies Description

Normal grading | Form via turbulestispension under mass gravity transport (e.g. deh

Decreasing energy decreasearildeapacity to carry its bedload.

Mass gravity
transport

Massive Liguefactiorgpid deposition from suspengiapiditepositionysedimergravity
(structureless) | flow (e.g. flash flooding, gifbaitg fault movemengn create massive depog
beds

Laminae (<1cm)| Shodived depositional changes create variations in g@gagsizeconter
mineral composition and microfossil content. Form from sedpeesi@atio
(lowenergye.g.adeep lake) and via traction transport of sand in waftew
velocities, e.g. fluvial). Structurées cestroydsy burrowing afegding activitie

Cross Bedding features that require moderate flow velocities, regardless of wa
bedded | a hydrodynamicadiyoothbed to develoRestricted to sands with grain
ripples, | <0.6mnfcoarse)coarser grades create bed roughness and turbulemhicti
<4065 restricts themalkcaleflow separation needed for ripple formation.
cm

Relatediolargescaleturbulence within the whole flow. Low velocities and
Cross- | vortexes maaand on thieaslopeof the dunis not reworkedeposition occy
bedding | building angular based beds into the trough (plbokEroossbedding Highe
dunes, | flow velocities creatronger roller vortexes that scour a pit at the reattach
>5cm If the roller vortex counter flow is strong enough ripples can form and
lea slope (trough crbssdding).

Clast Imbrication] Traction transport or transport within sediment gravity ftaatsoni#tyclast
can bestacked upith the flattest surface dipping down§teaatiepositiong
environments.

By noncohesive flow
Crossbedding

4.4: Framework for the identification of depositional environments

Toreconstruct Quaternary palaeogeography and palaeoenvironments for litteoShicihgerea
identifie@see Chapté&)and combined with petrographic (Section 4.3), and detathdaation 8).
4.4.1: Methodology used to describe the sediments

In the study ardacalised depositional environraemthaacterisechased on thpresence or
absence of teainfaciesypesknown to be related to edbbrandrecognisefbr a paitular depositional
environmenthe concept hasdbasedn Walker & James, (1992) and Miall, (2016), but generally facies
have been widely used for the classification of lacustrine sediments (Olsen, 1990; G@2éS&rdfuilel
& Bohacs, 1999; Tanner, 2000; Freytet, 2002; Benvenuti, 2003; Anadoén et al. 2009; Platt & Wright,
et al. 2015), palustrine deposits (Platt & Wright, 1992; Armenteros et al. 1997; Freytet & Verre
Gulbranson, 2004; T& Pazos, 2010; Ghannem et al. 2016), tufa deposits (Glover & Robertson, 201
et al. 2007; Garcés et al. 2008; Linares et al. 2009; Guerreiro et al. 2011; Guo & Chefetz, 2012; Na
2013; Henchiri, 2014a; Camuera et al. 2015;tRelIREYE), calcretes (Theriault & Desrochers, 1993; Ho
& Adams, 1996; Dhir et al. 2004; Durand et al. 2007; Khalaf & Gabar, 2008; Adamson et al. 201-

2015; Abed et al. 2016), paludal deposits (Pedley et al. 2003; Pedlel{ & Killj 2003; 2 01 2 ; H
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and in fluvial and alluvial depositional settings (Cant & Walker, 1976; Miall, 1980; Singh & Bhardwze
et al. 2006; Fielding et al. 2009; Dalrymple, 2010; Weissmonn et al. 2010; Zhang et al. Z&HE Mial
fromhe fluvial (see Section 4dkegpsitional model, the favtdelsised for thidentificationf continental
carbonateand clastic depositghe study area are taken from a review and compilation of available |
published in 2010. {@aates in Continental Settgyelopmenitssedimentology, AleAatra, & Tanner.
2010).From thesalepositional systems were defimeithestudyarea and combined with the availabl
chronology to reconstruct the depositivin@hmentsat were active in the study area during the Quater
(see Chap®b & 9.
4.4.2: Fluvial facies and depositional model

A synt hesi s e dviaMaeiessnodelr(Miatl,f1985/1984; 1987s20X6) has been use
framework of reference to identify fluvial successions in the study area (Table 4.8) (e.g. Cant et al.
al. 1991; Gani & Alam, 2004; Gosh et al. 2014; Rivas et are@046alS2015; Mukhopadhyoy et al. 2011
Mi al | 6s f aombired wittedldy €996 & 2089), Pedley et al. (2003) and Ford & Pedley,
carbonate fluvial facies model to expand the model to include carbonate sedihigmseimhtiise
addition of@rboaefluvial facies model forms part of thiassiéiaionsystem advocatedigJones and

Renau2010) review of calcareous spring deposits in continental settings (Section 4.4.5).

Table 4.3Syndepositiondéformaticstructureg he descriptiotefined Byoggs, 2006; Nichols, 20@H
Miall, 201®utlines the criteria used for the idémifiéaimilar deposits in the study area
Facies Description

loadcasts Irregular lobes projecting from the lma@&zlghdeds. Form when coarser sediment o

mm-cm finesediment through the sinking of a denser sediment layer into a less dense und
bed. Can occur via gravitational instability.

Ball and Hemispherical kimineyshapedorms of sand encased within a stratigraphically lowe

pillow, cm-m | layer. Associated with the breakup obseatidated sandimemuddue to partiéuefactio
of the underlying muds.

Faults and Develop on saturated clay deposits, phrtiooda deposited on a sloping skdianehroug

slumps a combination of fluid saturation, low cohesion, overstepping and shocking (e.g. eg
movement).

Growth faults | Surfaces within a sedimentary succession along which there has been displace

1650 m form through gravitational instabilities. Failure occurs along weak horizons and pr¢

forming apoorshapedault within tlseiccession

Desiccation | Identified by polygonal, vertically tapering cracks that aiie7usigieity Sheye often ca
cracksmm- | inthe lower bounding bed byvedyindped. They develop througisubareatlrying an
m desiccation othlyrichsedimenlayer.

Mud lumps Balls or lumps of cohesive sediment that are roughly spherical of variable size.
minor, isolated structures made of clay or mud lumpbekatd@mwvgarlit of the bed surfg
within a higtenergy environment (e.g. shoreline bcHianizel).
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Table 4.4Carbonate grain (allogenic) classifithgodescription, define&ligel (20 and combing
with Tucker & Wright, 1990; Nichd@sriBrasier2011outlines the criteria used for the identific
similar deposits in the study Aleasee Table 4.9

Carbonate grains

Micrite < 4um in
diameter.

Microcrystalline calaitécfitior calanud. Micritecan bebioclastic, made up of g
fragments/bioclasts or form&itlinia physiochemical processesuf@egsaturation
C3g or microbial activity.(ehgtosynthetic process@syociatedith low energy la
pond and marsh environments.

Peloids <@2 to
1mm

Small micritic grains, no internal structure. Ellipsoidaidadbspherical, ovoic
irregular in shageeliodsare polygenetimd form several ways, for exdrapiethe
shallow burial, compaction and micritization of faecalfjefidtse micritization
abraded grains (e.g., shell fragmerdsidfdvith the original grain being micriti
endolithic (rodkvelling) miconganismgFligel, 2@).

Oncoids <1mn
-5mmin
diameter

Oncoids have a nucleus around which partially overlapping, iroema@niri
laminae develop. Laminae can be biochemically (e.g. cyanobactenaraigs
generateth norskeletal forms (without visibleniorgécrostructunesskeletal (ha
preservetlibulamicrostructures) or combined (two or more encrusting organis
Abiologically coated (e.g. micrite) grains leéesrlamination. Spheroidal faras
linkedwithrivers; oblatepheroiddiorms with sldlewingwaterand free formere
associatedith static watmvironments.

Ooids <2 mm
in diameter

Coated grains

Concentrically laminated sphenmititains. Lamigegular, smooth and, succe
forming around a nucleus. tarbonate gin, a sand grain or pollen). Laminated
fabrics can be tangential (aragonite grains with their long axis paralkiiodey
Radial (aragonite needles fanning out from the nucleus)aoiraredmoatings ¢
occur.

Pisoids<2 mm
to>1cmin
diameter

Large subspheridategularly shaped grains with a nmanhiogenic nucle
surrounded by a thick cortex that often has densdgnspaedawing tangential
radial microfabrics (see above).

Lithoclast 0.5 to
2mm

Grains consisting of one or more of the above/below defimégioamtnatiidgether
Void spacexe fillesvith micrite or spar cement.

Intraclastysize
variable

Synsedimentary or gextimentary carbonate clasts that are reworked partly cc
sediment ae-worked lithified carbonate material. Mainhtdiognpand and mar
environments.

Bioclasts (size

Fragmented or complete raiganisms remains e.g. ostracods and diatoms.

variable)

Phytoclast Carbonate encrusted glagmentsypically transported plant fragments.
Cyanolithic Oblate tasubsphericaktromatoliteare composed of cyanobacterial/cement
carbonates associations. High spheiigitinkedo riversystemsand oblate forms dir&kedto

sluggisflow (marsh?), ffeens develop in static conditions. Can be grain anp
mixed with smaller intraclasts and micrite.

4.4.3: Lacustrine carbonate facies and depositional model

The identification of Lacustiaiesn thestudy areis basedn a carbonate database built from facie
information gathered from nearly 250 |aled® &radins after GierloWskir desch, (2010) ,
lacustrine tufa depositional Ifitatds 4.10& 4.11 and Fig 4. )e description, defineBlbgel (20 and
combined with Tucker & Wright, 1990; Nichdisa2@09201dlassification used in this PhD resaisiah

see Table 4.9.
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Table 4.5Carbonate graitassification and definitiddapteddm Fligel (20 and combing
with Tucker & Wright, 1990; NicholsBi¥i8r, 2011 for this study.
Depositional Biological Diagenetic
Matrixsupported Grain
clay andiltsized In situ organisms Nonobliterate Obliterate
. supported
grains
o © c 5 i3]
2] £ Q = ]
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o
Calci | Wackest Pack| Grain| Frame | Bound| Baffle | Cement| Dense | Fitted| Spar
mud one | stone| stone| stone | stone | stone | stone Grainstone stone
stone
Float Rudstone Crystals
stone <10 pm:
Micre
Grains > 2mm spar
stone

Table 4.68Visuapetrographic characteristics of spring, stream and lacustrine (SSL) carbonate
used for identificatifromBrasier. 2011AIpha refers to the micromorphological features o

discussed in Section 4.4.8.

Fabric Spring, stream,dalSSL) or | Description Diagram
calcrete

Nodules Calcrete Alpha Spherical to irregular, induratedcmm

in sizeAbiological e O
Laminar crusts| Calcrete Alpha Laminar crusts found in association W

(1), mni cm in sizéAbiological

===

Rhizoliths Calcrete Organosedimentary root structures
Nonemarine SSL Laminar microbial carbonates. Y
stromatolites Cyanobacterial in origin e
Peloids Calcrete Alpha & SSL Round micrite grai@an be faecal

(biological or abiological) .
Pisoliths Calcrete Alpha & SSL Concentrically laminated spheroids.>

Abiological, downslope movement an

biological (fungi and lichen)
Ooids Calcrete Alpha & SSL Concentrically laminated spheroids < ®
Coated SSL Carbonateast of plant steifesg.
Macrophyte framestone)
stems
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Table 4.7Thedefining characteristic of tufa and nefrenthCapezzuoli et al. (2Qbdmerical data
taken from Pentet@®005; Gandin & Capez200i8 and the referengéhirthese papers.

Travertine Tufa
Deposition Mainly abiotic Mainly biotic
HCG >7 <6
uC -1to +10 <0
(PDR. )
DIC (mmoal/l >10 <8
Water temperature Thermal, >30 Ambient <2Q
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 Multsymmetrical bodies (e.g. moun| Axialsymmetrical bodies (cascg
mormologies etc) dams etc)

Distinctive morphologi Coated bubbles and shrubs Phytoherms

Hydrological setting | Generally permanent flow Variable, rainfdibpendent
Climatic control Less dependent Strictly dependent

Tectonic relationship | Always present

Often absent

P - Cz‘alci‘fied
/ bactl.erlaand
sinter

Speleothermsand
some groundwater /
cements /

I Increasing

biological
[ activity

Palustine
carbonates Beta
fabric +

Alpha
fabric +

X

Groundwater
calcrete

Calcrete:
Groundwater and
pedogenic

~

Spring, stream
N and lake tufa
N\ and travertine

\
\

Decrasing\
biological ‘
activity

Pedogenic
calcretes and
biological beta
fabrics

Figure: 4.1Conceptuahodelof the degree afcontinuurbetweerdifferent terrestrial carbonate depo

environmen(adaptedromBrasier, 201 8ee section 4.4.8

58



Table 4.8Fluvial facies madehe description, definellliayl, 1977; 1996; 2ahfl combined withdley
(2009) and Arendbad et al. 2016utlines the criteria used for the identification afepositong

environmenis the study areseealsoTables 4.1, 4.2 & 4.3.

IC_Z%%Ie Facies Sedimentary structure Interpretation

FGmm | Massivematrixsupported Weak to no grading Plastic debris flow deposit (h

gravel, very poorly sorted strength, viscous)

FGmg | Matrixssupportedravel Inverse to normal grading Pseudoplastic debris flow (lo
strength, viscous)

FGci Clast’ supported gravel Inverse gramhy Clastrich debris flow (high
strength) opseudoplastic

FGcm | Clastsupportethassive grave|l None Pseudoplastic debris flow
(internal bedload, turbulent fl

FGh Clastsupportectrudely bedde| Horizontally bedded, imbrication| Longitudinbbrs)ag deposits,

gravel sievedeposits

FGt Gravel stratified Trough crodseds Minor channel fill

FGp Gravel stratified Planar crodseds Transverse bars or deltaic
growths from older remnants

FSt Sand, medium to very coars{ Solitary or grouped trough treds| Sinuousrestedndlinguoid

maybeebbly bedform&D duneddpwer flow
regime

FSp Sand fine to very coansaybe | Solitary or groupgldnar crodseds | Linguoid traverse bars, sand

pebbly. waves (2D dunes)

FSr Sandyery finéo coarse Ripple marks, crdamination Ripples (lower flow regime)

FSh Sand, very fine to very coars Horizontal lamination, parting or| Planar bed flow (critical flow

maybe pebbly streaming lineation regime)

FSI Sand fine Low angle (<15étpssheds Scour fills, crevasse splays,
antidunes, humped or washe
out dunes.

FSe Erosional scours containing | Crudecrossbedding Scour fills

intraclasts with siltraraclasts
lag deposits.

FFSs Sand, fine to coars®ybe Board, shallow scours soross Scour fills

pebbly bedding

FFESm | Sand, fine to coarse Massive, or with faint laminationy Sediment gravity flow

FFI Sand, silt and mud Massive tink laminatiomery small Overbank, waning flood,

ripples abandoned channel or drape
deposits

FFsc Silt, mud and clay Horizontally laminated to massiv| Back swangeposits

FFms | Mud and silt Massive with freshwater mollusc Back swanymnd or abandon
channel deposits

FFm Mud and silt Massive with desiccation caetts| Overbank, abandoned chani

to brown) or drape deposits

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

FP Paleosolcarbonate (calcite ol Pedogenic featar@oduleand Soil, with chemical precipitat

siderite) filamentdigs 4.3 & 4.4 andpostdepositionalteration

FGwc | Groundwatearbonate Massive, soft nodules and lense{ Sediment profiles with chemi

lobes of altered sedimEigf 4.3 & | precipitation apdst

Table 4.26 depositionalteration
FC Coal, carbonaceous mud Plants, muds and films Vegetated swamp deposits
FBls Braidedluvial limestone Boundstond @bles 4.5 & 4)1dn Develop in areas of unimped

Intraclasts amehcoids
interbedded with phytoclast
lenses. Small marginaliticsicr
phytoherm and flaligned
boundstone on the stream b

(Tables 4.4 & 4.9).

the stream bedowangle climbing
ripples and laminae thakeupow
I domesnticohermpassociated
with stromatolite growth.

active fluvial flow under relat|
constant velocity.
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Table 4.8Continued

Code Facies Sedimentary structure Interpretation

FpBls | Barragéimestone. Dowtream | The upstrearsharp contact wiithe Develop olowgradient
facing, transvengkytoherms | uncemented lake or pool carbonate witl watercourses pinch
that dam streamvith intraclastsDownstrearalinoforrbeds point along tlweurse
macrophytdsramestone) associated with deeper water. of the rivetighted
(Tables 4.5, 4.844.15)Lime areas). Phytoherm
mudin ponded tgiream areas deposits also develoy
with local phytoherm slowflowing and calm
development. dammed fluvial areas

FpChis | Charophyte phytoherm limes| Alteration of layers of thatinbrushes an{ Slowflowing and calm
(frameston€Jables 4.5, 4.84 | layers of fragments charophyeses anq dammed fluvial areas
4.15). patches up to several meters thick and

masters wide.

F/LpStls| Phytoherm stemieminate Interbedded with-dm layers of rudstong Palustrine setting on
formingliffsand brushes phytoclasts and boundstone mdsdmdar| fluvial banks,
(frameston€yables 4.5, 4.84 | to lenticular, domed;dmmthick and floodplains, inter
4.15) laterally extensive, 10s of meters channel areas and la

shorelines

Finls Intraclastic limtese. Rudstone| Urorganised or with planar or tmogh Hood events that ero
packstone or grainstone. bedsLenticular to tabulardmin and rework previously
Rounded to angular clasts. | thickness and lateral extent. deposited limestone

deposits

Fstmls | Stromatolitic limestone. Fstmld: Tabulastepped and hemidomiq Fstmls 1: Fast flowing
Alternating layers <10.5 mm { deposits dm to m thick and 10s of metg areas on the river bef
different colours and thickneg lateral exterfistml®: Planer and FLstml2: Calm fluvia
(Tables 4.5, 4.844.15) undulatoriayers. Biohermriable and lacustre areas.

thickness and lateral extent.

FLMIs | Massive or laminated marls | Structureless or with horizontal laminat| Settle out in ponds,
(Table 4.10). with or without biota. Geometry: Mostly floodplains and offshi

lenses or patches dm up to 2 m high alf lake areas
laterally extensiolluscs.

4.4.4: Palustrine carbonate facies and depositional model

Palustrinearbonatem the study area have been identified based on palustrine facies desc

AlonseZarza, (2003) and summarigddniseZarza & Wright, (201Qa wi t h

fi thofacies outlimped |

in Table 4.12nd lithofacies thes closely linkpdlugtine dpositional systems in Table 4.13

4.4.5: Spring carbonate facies and depositional model

The classification used to identify spring carbonate depositional é&edrdiablestd/16& 4.13
T 4.15forcommorfacies)andmorphologies is based on the extensive work of Capezzuoli et al. (2014)
(1990, 1992, 2009), Ford and Pedley, (1996), Pedley and Rogerson (2010), and Pedley et al. (1996
2009) (see Table 4.T5e models focus on the geometry Bledispects of tufatcropand typically found
bed associations that have defining facies for each depositional envirgri2zf@ebfAedily commonly
overlap with one another due to a continuum of depositional eBvasign2@itssee Fig 4.1Hut eacls
said to be recognisable based on one dtaniegRedley1990, 1992, 20¢®rd and Pedl&y@96 Pedley

and RogerspP010QPedley et a1996, 2000, 2003 & 2G@eTabled.15)
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Table 4.9Architectural elements in fluvial depbsitdescription, definddibil(1985)outlines the crite
used for the identification of sinplasitienanvironmentis the studgreaSee Table 4.8.
Feature Principle facies Geometry and relationship | Interpretation
Any combination Finger, lens or sheetncavelp Erosive fluvial/alluvial features
i erosional bas8cale and shape
g highly variable.
T8
[ON )]
= FGmmFGmg, FGci, | Lobe, sheet typically interbedd| Plastic and pseudoplastic, high strength ¢
g8 FGcm with GB. Internal bedding: non( flow. Clast rich to megtgported.

g > weak, andormabr reverse
R g E grading bedding.
nn o

) E FGp, FGt, FGh Lens, blanket. Usually tabular | Longitudinal bars, lag deposits, sieve dep

85 bodies. Commonly interbedded minor channel fill, transverse or deltaic gr

T D with SB and SG.

588
EQ S
CRCRS
FSt, FSiFSh FSIFSTE | Lens, sheet, blanket, wedge 3D dunes, 2D dunes, ripples (lower flow
g FSe FFSsFFSmFBIs,| shapes occurring as chafilfel | regime), planar bed flow (critical flow regi

> 5 FPIs FLOnls crevasse splays, minor bars. | scour fills, crevasse splays, washed out d
25 and gravity flows.

M o o
" uma

% ” FSt, FSIFShFSy Lensesestng orflator 3D dunes, 2D dunes, ripples (lower flow

o c E FSe FFSs, Finls, channddedbase, with conveg | regime), planar bed flow (critical flow regi

ja 28 FStmls (1) 3<order internal erosion surfaq and sour fills.

O = .
- 25 9 and upperdrder bounding
Lo o5 ®
o0 £ surfaces.
" FSt, FSFSh FSI, Wedge, sheet, lobe structures| 3D dunes, 2D dunes, planar bed flow (cri
c E FSe FFSs, occasiona| characterised by internal laterg flow regime), scour fills, crevasse splays,

I -% N FGmmFGt, FGp accretion®order cycles. washd out dunes, and occasionally Vicioy
.95 g plastic debris flows, and minor channel fil
I8 @ E transverse or deltaic growths

- FSh FSI, and minor | Sheet or blanket. Planar bed flow (critical flow regime), sco

E 3 FSpFSr, RIMIs crevasse splays, washed out dunes, 2D ¢

c @ and ripples (lower flow regime).

‘= ©
G55
A Jd wn

FFm FFI, FP, FRfFsc | Thin to thick tabular blankets ¢| Overbak, waning flood, abandoned chanr]
= to m thick. Ochre, re and grey | drape deposits, root beds and incipient sq

8 Commoninterbeddedith SB, and soil with chemical precipitagtfingut
i o4 may fill abandoned channels. | of fines.

2 C
O O &

g FFs¢c FFms, FP, FFr, | Sheet or blanket Organigich fines with root beds and incipie
X g Fc, F/ILOnls, F/LpStls, soils, and soil with chemical precipitation
T FLMIs
0] %2
. 80
®78

4.4.6: Pedogenic calcrete

Several classification sysidemifyhe morphological features of pedogenic calcrete forngtion (
al. 1966; Aller1986 Steel, 1974; Machette, 1985). Per Wright &TB@R¢he most comprehensive
classificatios giverby Machette (1985) (F# €onsequentihiswas usethere.Pedogenic calcréte
caliche, Goudie et al. 1JB@Bzons develop through chesmidadhysical weatheribeafarbonate hasick,

by soil development and the accumulation of calcium carbonate within thees@ipprafiten and; by
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saturated pore waieing driveio the surface by capillary fddreker thesgrcumstancgshysicochemical
and microbial activithiwithe soil profile can lead to the develofarteand crust on the surface gifthied
or in the uppsoilhorizofWatts, 198Goudie, 1996;ght & Tucker, 1991; Nash & Smith, 2003; Flugel, 2
Alons&Zarza & Wright, 2D1Brasier, 2011).
4.4.7 Groundwater calcrete formation

The identification of groundwater ceddoasedn facies types outlinedAbynseZarza & Wright
(2010) (T#le 4.1 Within sedimentdasinsphreatic water chemistry bas@ of groundwater mineralogy
were calcite is the main precipitant and groundwater has low salinity léasta @ldiright, 26110
Evaporatioeyvapotranspiratid®Q degassing and the common ion effect are the main reagomsater

deposition (Mann & Horwitz; Aédleel, 1986; Tandon & Gibling, 1997; Wright & Tucker, 128izalonso

Wright, 20D
Table 4.20Common carbonaied clasti@custrine faciebhe description defineGieylowsH{ordesch
2010andreferences theremjtlines the criteria used for the identification of similar depositional
in the study area
Code | Facies Depo-Zone | Description
LMs Massive | Nearshore| Structurelesmegrainedarbonater clastic sedimentish or without flora 4
to basinal | faunaOccurs asalemudstone, wackestone, packstone, grainstone,
areas fine carbonate siltstoffable 4)or the egjvdent clastic grain siz
Oxygenated waters, low sedimentation rates, bioturbation, and sedin
can erase sedimentary strudi@iedowsliordesch, 2018ge alsdable 4.5
andFigure 4.3
LMi Microbial Shallow | Defined by macro anidrophytesncoidsooidspisoidsalgal bioherms, a
lake laminated, flaipped stromatolites and create hanging ledges (see Pe
marginsor | & Tables 4.3, 4.4, 4.14 &)Y AGaCharaandmicite (Table 4 )larecommon
shallow | Algaland bacterial mats influence sedimentation patterns on defo
lakes< 5 m| erosion surfaces. Beds can also contain, tufa mounds, and microbig
(Photic) | (e.g Schneider et al., 1983; Listid©94)-orm agixed growths on fosg
sediment grains and plant material as well as transpoitédhclastd,able
4.9, or form as microbial laminae (GieHanddsch, 2016)uvial, groura
spring (e.g. Casanova & Thouin, 1990) pramiotebialcarboates
development
Lva Marginal Littoral | Sedimentary structures, grains and intraalalstd fare present due to w
andcurrent actioBancontain shells, agidarbonater clastisiltsand sandg
charophyte stenmsoidsand terrace gravélable 4)5Small to large scg
crossstratification, ripptesdaminatigranchorizontd@mination formed un
upper and lower flow regemesommaiseeTable 4 )2Encrusted intraclas
(Table 4)Yand fossils are common. Seé€igise 4.3
LOw | Open waterl Sublittoral | Deposited by current or density flows in open lake waters with grain
to to cobble. Turbidity currents and debr{eveniemding) move sediment d
profundal | (Gruszka, 2007; GierloWskir d e s ¢ h , 2010) . T e-c
Pascua&t al2003) and large waves (seiches) (Schnellman et al. 2006)
sedimentary layers, cause brecciation and resuspgndanet{i & Sabat]
2007)
LP Exposed Eulittoral | Lake marginal areas that become veg€temhaceous muds can dey
lake margin zone (FC Table 4)8There can be further desiccatgrdodenisedroded and-r
worked ae-submerged.

62



Table 4.11:ake margin facies model for partially and dominantly carbonate lakes that develq
input of carbonatéhe description, defineGieylowsk#{ordesch(2010, outlines the criteria used fo
identification of similar deposits in the stu@yeaisaTable 4.20

energy rampg
(XI3)

Facies| Lake margin| Depositional | Facies description

code | type environment

LLeb | 1: Low Steep littortd | Massive, microbial and bedload transported carbonate w|
energy sublittoral turbiditeand gainflows containingsedimented carborfad@the
bench (XI1) | zones littoral zone.

Restrictediave
action.

LHeb | 2: Highd Steep slope Topset bedtevelojn the photic zone wissdiments are displa
energy margins that | downslopand alonghoréby reworking, grain ftovhiditgurrents
bench (X12) | typically get and slumping onto cretsatified forest beds. Bottom sets can

sediments fron| microbiatarbonates from the littoral zone interbedded with
shallow water. | and bedload transported carbonate.

LLer | 3: Low Margin subject| Palustrinéaciesaretypicaland figh productivity adds eliegically

to fluctuating
water levels.

altered chonateTable 4 )Ysediments to palaeosols when lakg
decline. Sublittoral to profundal zones deastogeandbedload
transported carbonal@sepwaterones can also develop lamif
carbonates

LHer | 4: Highd Marginal areas Bedloadransported carbonates accumulate on exposed
energy ramp dominated by | while sheltered littoral and sublittoral zones develop
(X14) wave activity | carbonates. Microbial carbomaatealso found the littoraone,
and laminated canlates cagievelogn the profundal zone.
marsh calcretes
oncoids | emersion desiccation
© 6 features A
\I" v —~ TV mud flat
& Y{-marlsilt | fluvial %2&%a7s] heach/bar

gastropods
foresets

bioturbated
marls

grain flow
deposits

foresets

intercalations \}, ~ bioturbated

marl/silt

bioturbated
marls

3:

burrows &

PROGRADATIONAL REGRESSIVE

turbidites turbidites — ostracodes
laminites laminites
Low energy High energy Low energy High energy
BENCH MARGIN RAMP MARGIN

Figure 4.2Bench and ramp lakargin facies models for partially and dominantly carboinanaPkitl
& Wright, 1992. Gierlowsl{ordesch, 201®ealsoTable 4 1).
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Table 4.1Palustrinéaciesdefined bylonseZzarza200&: Alons@arza & Wrigk2010aand reference
therei)) outlines the criteria used for the identification dépgositeomal environmantke study area
Code | Facies | Formation Description

PMot ® Water table fluctuations | Yelloworangeedmottlingutlinedby desiccation cra€kables 4.4
- § change groundwater Eh| 1 4.6.Ferruginous nodulegyulavoids, concretions and crusts
2 S andremob#eiron in be present (Freytet & Verrecchia, 2002).

S % | sediments with <2%.iron
=0 manganese and calcium
PNod/ Nodules form when Centimetre scale irregular nodules often within a chaihatri®
Bre desiccation creates plan| orinterspaced by craéikedwithmicrospafTable 4)mandsparry
and curved fissures #rat| calcite {able 4)6 The matrix can be detrital grains and w
T 5 4| later infillednder vadose | fragmented charophytesaosdsindmolluscs. Depositsnshow
% % § and phreatic oxidising | mottling. Metérthickbeds can indicate thatignificaqortion o
g g9 condition@-reytet, 1973).| the lacustrine sequeexposeth one or several eveStorived
09 subaerial exposure and rewetting of lake sediments can
£ 0 lacustrine despots with brecciatedlvlisedeposits.

PRm n Calcification around vert| Matrix dominated deposit with gastropod shells, che
£ 32 root systems in clayey o| ostracods, desiccation cracks, and fenestra¢é@ad sthacture
= g soft carbonate sediment{ Root voidg @ble 4)care irregular, vertical (decimetre scale)
§ = Indicates weleveloped | to several centimetres in width. Structuvekeatehe top and ci
s = vegetation cover during | be empty anfilledy micritenicrospapeloids, intraclasts, biocl
8 .S formation. and sparT@ble4.9 cement Host sediment can also beq
35 brecciated amdduliseth the areas around rhizospheres, esf
o> inmarl

PM = Voids develop networks| Carbonate with irregalad intricate voids that are smaktrey
= root activity, desiccation| circular, and elongated joining to formagargehetwork. Void
‘Ej; and to a lesser extent have sharp boundari@sd ounded margins indicate disso
§ dissolution. (Platt, 1989he primamuddy structugelost

PGran Develop in shallow marg Made up gfeloidalcoated grain amtraclastarbonated &bles

areasForm athe top and| 4.4 & 4)in a calcite mosaic cemgnicrospato coarsel)

bottom of packets of crystallingTable 44 Sediments sit within different types of

_ D lacustrine sedimeig forming an intricate nettlatshow evidence of multiple phas

% § repeated wetting and dry fragmentation, coating, internal sedimemitiospasilt and

€3 of carbonate mudRsot blocky calcite cementafiable 4 )4 Fluctuations in the water |

5 © activitgausesadvanced | can cause reworking, concentration and coating on mud fr
© | fragmentation.

45. Geochemical analysis of sediment samples

Ground and surface water flowing intoradasariouslastienaterials and soluble ions into, aroun

and sometimes out oftthsin depending @3 hydrological stétksed or operThe ion concentratiof

water can cause the chemical precipitation of autogenic salts, carbonatemderdtatalisg these

processes elucidatestiie environmental conditions at the time of depositiotp hetmingtru¢che

palaeoenvironmerm@hditions at the time form@igrebro Basin, Spain (Schuett, 1998, 2000); Thar De

playa lakes, India (Enzel &08B); Lake Tecocomulco, The Basin of RixietoaR008, 2009).

sequence

in the study area which fulfils Obje€hapfefl) and is used to compare withcddected to meet objective

3.

wer e

For this PhD research, the geochemicak ayfakgy/, representative sections of the stratigraj

¢ aOr, FCpadd geocherhiaali (ICRMS)recaords it deppsitianal epis
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Table 4.3 Interchangeable lacustpakystrinand fluvidhciesdefined bglonseZarza(2003 & Alonso
Zarza & Wrigh010& and reference thereontlines the criteria used for the identification (
depositional environmantbe study area
Code | Facies Formation Facies

type

IOlsc | 7: Organic| Fluctuating water levels| Massive to poorly laminategnigcichmarls and claysith
marl and varying amounts of fragmented plant reyasirepod she
clay carbonate nodules, carbonate and clay in{ralciaz@arza
(stone) & Wright, 2010kterbedded with clastic deposigmdwiche

baween lacustrine/palustrine carbonates with sharp tr
boundaries.

ICh | 8: Develop during prolong( Irregularly beddddpositsvith erosive upper and I@hgarar
Carbonate| periods of desiccation. | surfaces that have root traces leading to prismatic g
ard clastic | Huvialncision and Channels infilled witincoids bioclasts, phytoclasts
filled reworking of the lacustr| reworked micritic grains. Can also contain clastic sedin
channels | and palustrine sequenc

IPm | 9: Green td Develop ivegetated Green to brown massive or slightly lammagteat can contal
brown marl marsh and wetlarvdsh | micritic nodules (mm in diameter) and rodatdst)6 Often
(stone) high water tableSistal found interbedded with clastimeats, carbonate sedimi

fan lakemargirormudflat| and small silt ripple bRt activity and desiccation le;
areas. brecciation and colour changes indicative of ground ai
water changes.
12:None- | Associatedithmarginal | Norecarbonate evaporates, dolomites, clays and onldm

— palustrine | lake areas, ponds and | Bioturbated, modified (plants and animals) lenticulal

facies pools formed in marginal lake areas is common.

451: ICROE St U a #Qstable isotope daonate geochemistry

Freshwater carbonates hold a recordi8Dthea HQkthatacteristics of the waterpremjpitated
from(Fig 4.5)and are environmental, hydrological, tectonic and climatological records of the time sf
they formed (eg Talbot, 1990; Winnograd, 1992; Chivas et al. 1993; Edwards, 1993; Andrews et
Matthews et al. 1997; Wei & GasseME399¢k et al. 200Rosenmeier et al. 2002; Leng & Marshall, 20
Andrews, 2006; Colman et al. 2006; Leng et @ 62B06;i a n ; Vies & Rehtecost2 2D/ 5Zanchetta a
2007; Pedley, 2009; Arexizesd et al. 20Brasier, 201De Filippis et al.12) Vazqueirbez et al. 2012;
Gandin & Capezzuoli, 2014; Adamson et al. 2015; CandyTetrdde045;2015; Candy et al. 2016; Kamg
et al. 2016; Wendt et al. 2016).
4.5.1.1lsotope terminology

Herethe termpositive higher (+) and negative ptwaeport the staldetopeatios asample(see
Clark & Fritz, 1997; Kendall & McDonnell, 1998; Tucker & Wright, 2004; Leng, 2008ieSteltp, 2907).
(0 pseds the standard notation for repogingtithof abundance of the heavy to light isotope in parts
(a) Kendal |

(Cl ar k &, 1998;iShamp, 2007)9 9 7 ;
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-’ Carbonate nodules Desiccation cracks
Alveolar septal structure ! Micritic intraclasts -I Coated micritic grains (palustrine)

@ Microcodium Root moulds m Calcite spar cements
- Calcrete coated grains Charophytes @ Calcite spar cements and micrite matrix

Clastic deposits Primary carbonate mud

Figure 4.3Transitional pedogeénfalustring lacustrine facies associations. Calcre®®; (ialustrin
carbonates {48), from the less developed (4) to more mature deposits é)edodearocally alter,
lacustrine carbonates {@mAlonzeZarza, AWB; Alonzdarza & Wright, 2010b). Facied i@ are
described in Figure 4.4 and Table 4.86abies codes are defined in Tables 4.12 and 4.13. H
described in Table 4.10.

4.5.1.20xygen isotopes iacustrine and mardimestonecarboratedeposits
Oxygen isotopare reportaélative to Vienna standard mean ocean water (VSMOWarigulester
and Vienna PDB or VPDB (belemnite calcite from the Pee Dee Formation) for carbonate samples (!

Equatior.1: (80 = 1000800 samplel®OA0 standard)
1BOQO standard
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Table 4.14Classification of autogémshwaterarbonate thdisplagan organic-gitu frameworRefineg
by Ciprianetal. (1977, Pedley(1990 & 1992andFord & Pedlefl,996, outlines the criteria used fo
identification of simil@positional environmantke study area

Facies
Code

Phytoherm
deposit name

Facies

StrLs | 2:Stromatolitic | Sheets of micrite and peldidblés 4.4 & 4.6e.g. Stromatolitic tufa). Cal
(Boundstong dominated by the heads of skeletal stromatolite consisting entirely of ¢
associated witiscillatoriaceayanobacteria. Can include course, detrital in

andoncoidg¢Tables 4.4 & 4.6
FraLs | 3:Franestoe Living anchordrhmework of vertical and horizontal hydrophytes and m

(aquatic/seraguatic plantsdble 4 with mattadicrofilmef bacteria (e.g. cy3
or fungi). Held in a ToMg calcite cement fringe. Caartefilleavith phytoclast]
micritegeloidd) and lithoclasfBaples 4.4 & 4.6las a wide fauna diversity
larvae & molluseyameworttecayseadily leaving distinctive poroyseameabl¢
fabric.

Table 4.18Carbonate depositional matbfieed bgapezzuoli et al. (20d4ilines the criteria used fo
identification of simitearsh depositional environnretite study aredsgsee Tables 4.8 & 4.10.

Model Dominant| Depositional Facies | Description
facies environmeni code
Paludal | Photoherm| Low gradier] TPal Spring fed water seeps through bryophyte carpets, an
(marsh) | cushions | valley floor reedand bryophyte cushions leaving a carbonate
that have Cushions may maintain their original structure or
sluggish Poorly cemented fAspring
drainage oncoidscan also formWater level fluctuations can
palaeosol development. Deposits can be crudely lam
include clastic layers.

1) Platy/laminar horiz¢8PedP{)Thiscan either be in placeopgbove the hard
cap The laminiswavy with a planar fracture, rhizoliths and needle fibre ¢
nodules (below) join to form a solid horizon roots campestetr@tdgnd water
confined above this horizon

2) Nodular horizofCPedN)Powdery to indurategttical, horizontal, irregu
branchingnodulegTable 4)9of CaC® Horizonscan havespreaebut boundar
composed of micriiedetched grains. Cafd@ecipitation occurs in discont|
areas close to roatslmicreorganisms. During calcification, the biological cq
of the soil become calcified forming rhanalitizdcified filaments. Initially the
are spread out but with timelagstr together until eventually join

3) Chalky HorizofCPedC)Soft unconsolidated horizon with a micritic or
matrix containing etched and clastic grains and peloids. Although this hg
found at this position in a pedogenic calcrete profile it can be found in otl
it may be abske Precipitation of Ca@@thout any significant compactiq
hardening is usually how this layer develops.

4) Transitiondlorizon(CPedT.) At the boundary between the host and the t
horizon an immature soil horizon can develop. The underlying host matet
down by mechanical, physiochemical and biological processes covering
material with an unconselitliayer of fragmented clastic grains and soil.

5) Bed rock/sedimer@an be any composition or texture and can be easily

from the overlaying calcrete deposit.

Figure4.4 |dealised pedogenic calcrete profile development besethetg1985 fromEsteban
Klappa, (1983) ailbnsezarza & Wright, (2010b
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Table 4.16Ihe six main types of Groundwater calcretadapted froAlonseZzarza & WrigR010b an
references therein).

Code Facies Description
CGwMa Massive | Thick massive beds of carbonate deposited by the lateral flow of groun
beds >1.5m in thickness (Wright & Tucker, 1991; M&®061 autras et 2007,

Alonse&Zarza & Wright, 20L0%Ipha fabricsable 4)@dominate, and upper
lower boundaries are sharp.

CGwNod Soft Contains layered soft carbonate nodules with dispersed boundaries t
nodular | stratification of the sediment body or the convex nature 6ff clegrusit
layers (Khadkikar et #098).

CGwt Cementeq Cemented layers that form lenses2@xto thick and @ wide witholitary
layers vertically elongated nodules (Tandon & Giblin§poir8®dgposits have an u
curtain of nodules and tubules precipitated at the interface between th
and the capillary fringe (Mack et al. R@d)in proximal and medial alluvi
deposits as well as in fluvial channels (Tandon & Narayan, 1981; Nash &

CGwRo Root Calcified root mats, here because they can develop by phréaambgted
mats plants that draw wditem the phreatic zone or the capillajynfrastjgn relatior

toperched groundwater tables (Semeniuk & Meagher, 1981).
CGwsh Thin Thin sheets (180cm) of carbonate in the subsurfaneadfeolian sands. The

carbonate| sheets are made up of calcium carbonate aggregates that develop just @
sheets table and depositscan transect stratigraphic boundaries and uncor
(Semeniuk & Meagher, 1981).

The oxygen isotope content of lacustrine, marsh and fluvial sediments is calculable by the
correlatiowhichis understood to be equilibrium mineral precipitation (Leng, 2005; Sharp, 2007 Hc
Felstead, 2018arbonate precipitation under equilibrium cndignlg causbky the removal of 4Eq
42).

Equatio.2: C&*+ 2HC@e» CaCQ@+ CQ+ HO

Precipitation occurs under ambient temperatures nicaleiurate waters when dissolveid CO
source watensith high PGQP= partial pressyer)counter lower P@essures antbgasing occuygor
example, when spring waters emerge at the $hiddosces disequilibrium conditions and carbon:
precipitation until the system achieves equilibritmUaades equilibrium conditions temperature and wi
isotope conditions can be linked to the isotope composition of calcite by the Ceaigr(li288)upala
equation (Eq3}. wi t hit®Cshif+.or) id the precipitating calcite parallel to a temperature change
(+ or) (Craig, 1965; Andrews, 200@his PhBesearcithe Hays and Grossman (1991) edsati@aEq
4.3) as ivascreatedoruseon meteoremenof whickracies & (Chapter &yeargualyla subgroup

Equatiom.3: T = 15.7 4.36 [#Ccacite- 1Owate) + 0.1 208 aicite- UEQWate).
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Figured 6: Main regionatale environmental factors which affé&thea HGQbf U
microbial carbonafEem Andrews et al. 1997).

Figure4.7: Carbon isotope values of carbon sources into lakes @ETEDYIN
(Total dissolved inorganic carbon). From Leng and Marsahll, (2004).

Knowledge of what may have affected the composition of the source water is vital to the int
tBOratios in the mineral precipitag4(bigd.7). Most of these effects, like the amount effect and variatic
air mass trajectories, are 4iied over periods of hours to weeksawaelittle effect on the stability of

g r o u n d¥@aalues that are reldyic o n s ¥aaver timé-ig 4.5 &.6,Chafetz et al. 198% b;
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