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Resumen

El sector sur de la Cuenca de los Llanos en Colombia ha sido identificado coronachende el

flujo hidrodinamico ha inflenciadoel potencial de almacenamiento y produccion de hidrocarburos.

En esta zona el flujo hidrodinAmico coincide con una provincia de spedadsy extrapesads,

lo que se ha hipotetizado para esta zona, una auadi critica que disminuye el potencial de
retencion de hidrocarburos por el efecto del flujo hidrodindmico y la naturaleza geoquimica de los
fluidos. Este trabajo proporciona una vision integral para describir el impacto del flujo
hidrodinamico regional e la retencion de las acumulaciones de petréleo pesado presentes en los
reservorios que forman parte de la unidad de flujo regional mas importdetesector sur de la
Cuenca dé.lanos. La Unidad de Flujo Basal constituye una unidad de flujo a escaknda que
conecta hidraulica y lateralmente rocas desde el Cretadiestd hasta el Oligoceno (este) y se
extiende desde el margen surcidentalhasta cientos de kildmetrdsacia efforelandde la cuenca

de los Llanos, y cuya principal zona de recaidacase ha identificad hacia el flanco oriental de

la Serrania de la Macarena. Para comprender el impacto de las propiditideguimicas de los

fluidos en el potencial de retencion de hidrocarburos, analizamos la relacién entre los datos
hidraulicosy las principales caracteristicas de los fluidos presentes en la Unidad de Flujy Bsisal
mismo, su distribucién espacial en la configuracion actual de esta unidad de flujo. Este analisis
integré informacion de cabezas hidraulicas, andlisis SARA (saturadomaticos, resinas y
asfaltenos), analisis de cromatografia de gashele oil gravedaés AP| y densidades de aceite.
Ademas, se realizaron analisis hidroquimicos de los iones primarios y analisis de isétopos estables
(180 andt D) en muestras de agis subterraneas provenientes de la Unidad de Flujo Basal, los
cuales fueron integrados con datos de resistividad profunda medida en pozos de peebérea.

Los andlisis isotopicasalizados emuestras dfuentes hidricas superficialés®h & d&os > &
de estudios previos realizados en la zona, permitieron establecer la Linea de Agua Meteérica Local
LI NF 1 Odz2SyOF RS 232 [€3 yREA G HRavyda$d emBa RE K 3Idz
en los pozos profundos del area siguen la Lineagie Metedrica Local propuesta paraclaenca

de Llanos, soportando asi la presencia de aguas metedricas en la Unidad de Flujo Basal, y cuya
influencia se extiende desde la zona de recarga hasta mas de 300 km de distancia al este de la
cuenca. Los resultad permitieron identificar la esquina sur@identaldel sector sur de la Cuenca

de Llanos como la zona con mayor impacto de flujo hidrodinamico, y por tanto, la zona con menor
potencial de retencidn de hidrocarburos, atribuyendo como causas principallsspigximidad a
laszonas de recarga, y 2) el bajo contraste de densidades entre los fluidos fi@geasy crudos
pesados altamente biodegradado$o que implica altos valoretke Tilt Amplification FactofTAR.
Ademas, los cambios graduales en las resistividades y la concentracion de iones en las aguas
subterraneas sugieren el flanco oriental de la Serrania de la Macarena como la principal zona de
recargahidricapara la Unidad de Flujo BasaFinalmente, se tiizaron técnicas de simulacion
numeérica para analizar el comportamiento del drenaje de hidrocarblr@® condiciones
hidrodinamicas, obteniendo una primera aproximacion a las velocidades lipeatasdiodel flujo

de agua subterraneaentre 10°y 10* pies/dia.



Abstract

The southern sector of theLlanosBasin in Colombia has been identified as a basin where the
hydrodynamic flow has influenced the potential of hydrocarbon storage and produttitinis area
the hydrodynamic flow coincides with province of heavy and exttgavy crude oilswhich has
hypathesized for this area a critical condition that decreases thgotential for hydrocarbon
retention by the effect of hydrodynamic floand the geochemical nature of the fluidshis work
provides a comprehensiveew to describe the impact ategionalhydrodynamic flow ometention

of the heavy oilaccumulations present in the reservoirs that are parhef most importantregional
flow unitidentified in theSouthern Llanos BasifiheBasal Flow Un{BFUxonstitutes a basirscale
flow unit that hydraulicallyand laterallyconnects rockfrom the Cretaceous (west) to the Oligocene
(east) and extends from the basin's southwestern margirio hundreds of kilometers within the
Llanos foreland basjrand whose main waterecharge zone has been identified towards the eastern
flank ofthe Serrania de IMacarenaTo understand the impact of the physicochemigaiperties

of the fluids,we analyze the relationship between hydraulic data #mmain characteristics of the
fluids present in thé8FU andtheir spatial distribution orthe presentday configuration of this flow
unit. This analysis integrated information from hydraulic he &SRA analysis (Saturates, Aromatics,
Resins, and Asphianes), Whole Oil Gas Chromatography analysisgfeRity, and oil densities. In
addition, hydrochemical analysis of the primary icarsd isotopic anakis ({ *¥0 andi D) was
performed in groundwater samples from tigF-U which was integrated witlleepresistivity data
measured in producing and exploratory oil wells in the afid® new isotopic analyzes of this study

6¥ YR 150X YR RFEGF FTNRBY LINBOA2dza adGdzZRASax | ff;
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Meteoric Water Line proposed for the Llanos basin, supporting the presence of meteoric waters in
the Basal Flow Unit and whose influence it extends from the recharge zone to more than 300 km
east of thebasin.Theresultsallowed identifying the southwestern corner of the southern Llanos
Basin as the area with thiesighesthydrodynamic flow impa¢end therefore, the area with the least
potential for hydrocarbon retentiopattributing as the main causel) the proximity to recharg

areas and 2) he low contrast of fluids densities (freshwaters and highly biodegraded heavy crude
oils), implying high Tilt Amplification Factor (TAF) valuEarthermore, gradual changes in
resistivities and iogconcentration in groundwaters suggest the eastern flanthefSerrania de la
Macarena as the main recharge zoneradteoric waters intdhe BFUFinally, numerical simulation
techniqueswere usedto analyze the behavior of hydrocarbon drainage under bggnamic
conditions obtaininga first approximation to the average linear groundwafsw velocities
between 1G* and 10 ft/day.
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1. INTRODUCON

En el contexto de la industria petrolera en Colomb@yisualiza un riesgocorto y mediano plae
atribuido alos bajodndicesde reposicion de reservag hidrocarburogle las Ultimas décadas. Una
de las cuencas mas prolificas y exploragla<olombiacorresponde a la cuenca de los Llanos de
donde provieneaproximadamente unauarta parte de la producciéactual de petréleo del
territorio nacional Sin embargo, de acuerdo con los resultadaploratoriosobtenidosen los
ultimos afios, donde lasuevosdescubrimientos han estado limitados, se identifica la necesidad de
mejorar el entendimiento de los factores que han controlado la acumulagi@roduccionde
hidrocarburos ena cuenca de Llanp®n especial hacia el sector sur de la cuenca en donde el
potencial energéticoesta aso@do principainente a la presencia daceitescrudos pesados y

extrapesados.

Aunque la cuenca delanoses una de las cuencas sedimentarias més productivas de Colombia,
algunas evidencias prernente reportadasmuestran que las acumulaciones y la produccion de
hidrocarburos en la cuenca se encuentraftuienciadas pofa variablehidrodinami@ del sector. Si
bien existen evidencias de la influencia del régimen hidrodindAmico emelaca de los Llanoss
necesaricconocera configuracién de la unidad de flujo regional por doatlagua es transportada
desde superficie hasta cientos de kildmetrosihaaforebulgede la cuencay asi mismogdefinir el
impactode esteflujo hidrodinAmicoen el potencial de retencién de hidrocarburos en estructuras
previamente cargadasconsideranddas caracteristicafisicoquimicasde loscrudos y las aguas
subterraneas del areadicionalmente conocer el grado de influencia de las aguas metedricas en
la unidad de flujo regiona} su relacién con lagonas de recarga hidrica del sisterparmite
identificar lasareasque representen el mayor riesgte retencién de hidrocarburodel sector sur

de la cuenca de Llanos.

Lapresenteinvestigaciorplanteo resolveltas siguientes preguntas pagatender el fenomenalel
flujo hidrodinamicoy sus efectosrelas acumulaciones de hidrocarburas dector sur de la cuenca

de los Llanos:

- ¢, Como se relacionan las caracteristicas fisicas y quimicas de los fluidos presentes en el area

con el potencial de acumulacid@te hidrocarburoxonsiderandda condicién hidrodinamica?



- ¢,Cuales son las zonas de mayor influencia del régimen hidrodinammicooyha afectado

en el potencial de acumulacion de hidrocarburos?

- ¢, Como esta conformada lanidad de flujo por la cual tiene lugar dfansito de aguas

subterraneas erel sistema hidrodinamico?

Por su parte d hipétesis de investigacidorincipalplanteaque lasacumulaciones de hidrocarburos
en el sector sur de la cuenca de Llanos han estado controladas por la fuerza hidrodinadmica y las

caracteristicasisicoquimicas de los fluidos presentes en el &rea.

Productode la investigacion fueron sometidos dos manuscritos que resumen los resultados de la
caracterizacion del sistema hidrodinamico del sector sur de la cuenca de Haposiero de ellgs

el cualsera desplegado en elapitulo2, es (i A (i dzfmipliRedionsdof Groundwater Flow on
Preservation of Heavy and Extideavy Oil Accumulations in Southern Llanos Basin, Coloénfia

se enfoca ema descripcid del fendmendidrodindmicoa nivel regionalmostrandola extension y
configuracion actual de la Unidad de Flujo Basat donde el flujo de aguasubterraneagiene
lugar desde superficie hasta el subsuelo en el sector sur de la cuenca de Llanos. Aseenismo
presentan las caraetisticasfisicoquimicagle los fluidbs presentes en esta Unidad de Flujo Basal
(i.e.,agua yaceites crudosy se evalla el impactgue la interaccionde estos fluidoda tenidoen

el potencial de retenciémle hidrocarburosdel area De igual manera se deriben los cambios
regionalesen las concentracionede los principales iones en las aguas subterrarreasnocidas
sobrela Unidad de Flujo Basal, lo cual integrado con datagsistividades del agua de formacion
medidos en pozos, permiteelacbnaros con las principaleszonas de recarga que han sido
identificadasen el sector sur de Llandsinalmente, se proponen velocidadewales promedio de

flujo deaguas subterraneaan un area del sector sur de Llanlas, cuales fueron estimadaspartir

de técnicasde simulacion numéricautilizando como restriccion principal del modelo numérico los
datos dela inclinaciéon dé contacto aguaaceite observada erun campo petrolero del argalas
condiciones PVT (PresstWelumeTemperature) de los fluidos y las caracteristicas petrofisicas de

la Unidad de Flujo Badadcia dicho sector

Los analisis incluidos en este manuscrito ayudan a explicar el bajo potencial de acumulacion y
produccion de hidrocarburos evidenciadockala esquina suozidentalde la cuenca de los Llanos,
cerca de la Serrania de la Macarena. Este bajo potadeiatencion de hidrocarburase atribuye
principalmente a la proximidad a la zona de recarga de agua del sistema hidrodinémerte (

oriental de la Serrania de la Macarena) y al bajo contraste de densidades entre el aguay el crudo, lo
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que ha favorecido el drenaje de acumulaciones de crudo previamente cargado. A pesar de que la
mayor parte de la cuenca afectaria negativamenteldnimlad de Fijo Basatiebido al flujo de agua
subterranea, las trampas hidrodinAmicas tiggawn-dip representanunaalternativa de trampas a

explorar con mayor probabilidad de éxito.

El segundo articuldescrito en elCapitulo 3esii A (i dZDdcddifig ofGroundwater Recharge in
Deep Aquifers of Foreland Basins Using Stable Isotop¥®(andt D), and AniorCation Analysis:

A Case Study in the Southern Llanos Basin, Colognlpidescribela relacion existente entréas
zonasde recarga hidrica del sistemaudfero profundo del sector sur de la cuenca de Llanos y la
complejidad estructural del frente de deformacigne limita el borde suroccidental la cuenea,

las areas de influencia da Cordillera Oriental }a Serrania de la Macarenasi mismose evalia
regionalmenteel comportamiento isotdpico e hidroquimico dees aguas subterraneas reconocidas
en la Unidad de Flujo Basal, a partir de andlisis de isétopos establé¥del 5y andlisis de los
principales aniones y catione® las aguas subterrangalel secto(HCQ, CQ, SQ, Cl, Na, K, Ca,
Mg). Los andlisisisotopicosa su vezincluyeron muestras de las principales fuentes hidricas
superficiales desectorsur de lacuenca deRio Orinoco,0s cuales fueron integras con analisis
previamente reportadoslel &rea para construir de la Linea de Agua Meteorica Local de LEmtos
resultados fueron contrastadan lahuella isotdpica de las aguas subterrdneas tomadas sobre la
Unidad de Fl Basalpara asi evaluar el grado de influeila de las aguas meteéricas en los
principales reservorios de petroleo ldérea de estudio De igual forma,a partir de las
concentracionessotopicade las aguas subterranedseron definidosrangosprobablesde altitud
relacionados con l@rovenienciade las aguagjue actualmente estan siendo reconocidas en la
Unidad de Flujo Basd@inalmente sopresentadslas facies hidroguimicas dominantes en las aguas
subterraneas del sector sur de la cuenca de Llarlos gambios relativos en la concentracién de
iones a lo largo de la Unidad de Flujo Basslhcionados con el grado de influencialds aguas
metedricas desdéas zonas de recargeasta las partes mas distales dondsistema hidrodinamico

esta actuando
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Abstract

The southern sector of the Llanos Basin in Colonshasheavy and extraeavy crude oil provincehere

it has been hypothesized thatydrodynamic flow has influenced the potential of hydrocarbon storage
and productionIn this areathe hydrodynamic flovand the geochemical nature of the fluids are thought

to decrease the potential for hydrocarbon retention. This work provides a comprehensiveorithe

impact ofthe regional hydrodynamic flow atine retention of the hevy oil accumulations present in the
reservoirs that are part of the most important regional flow unit identified in the Southern Llanos Basin.
TheBasal Flow Unit (BFdbnstitutes a baskscale flow unit that hydraulically and laterally connects
rocks fom the Cretaceous (west) to the Oligocene (east) and extends from the basin's southwestern
margin up to hundreds of kilometers within the Llanos foreland basin, and whose main water recharge
zone has been identified towards the eastern flank of the Searderila Macarena. To understand the
impact of the physicochemical properties of the fluids hydrocarbon retention we analyze the
relationship between hydraulic data and the main characteristics of the fluids present in thasBil
astheir spatial distribution. This analysis integrated information from hydraulic heads, SARA analysis
(Saturates, Aromatics, Resins, and Asphaltenes), Whole Oil Gas Chromatography analyssityPI

and oil densities. In addition, hydrochemical anetysof the primary ions ware performed in
groundwater samples from the BFU, which was integrated with deep resistivity data measured in
producing and exploratory oil wells in the area. The results allowed identifying the southwestern corner
of the southern lanos Basin as the area with the highest hydrodynamic flow impact, and therefore, the
area with the least potential for hydrocarbon retentioWeattribute the main causes: 1) the proximity

to recharge areas, and 2) the low contrast of fluids dens{freshwaters and highly biodegraded heavy
crude oils), implying high Tilt Amplificati®actor (TAF) values (£@00). In addition, the highest values

of hydraulic heads (20400 m), groundwater with the lowest ion concentrations (up to < 5 ppin Cl
highly biodegraded crude oils, and the presence of poorly developed geological structures with low dip
angles occur in this area, which allows us to interpret that the water washing process has decreased the
hydrocarbon retention potential for this sector diie Llanos basin. Finermore, gradual changes in
resistivitiegdecreasing eastwaj@dnd ions concentratiofincreasingeastward in groundwaters suggest

the eastern flank of the Serrania de la Macarena as the main recharge zone of meteoric watdrs into t
BFU. Finally, numerical simulation techniques were used to analyze the behavior of hydrocarbon
drainage under hydrodynamic conditions, obtaining a first approximation to the average linear
groundwater flow velocities between £and 16* ft/day.



1. Introduction

Basins with oil production potential are generally analyzed under hydrostatic conditions, which

implies thatthe fluids are not affected by groundwater flow after the migration and storage of

hydrocarbons in the reservoirdHowever, a hydrodynamic effeaiccurs when groundvater

recharge processes favor the influx of water from the surface to the deep oil or gas resdrvoirs.

these casesunder specific properties of the fluids (e.g., water and hydrocarbon densities)

entrapment of hydrocarbongould be affected being partially or completely drained from a

particular geologic structurerlhis type of entrapment under hydrodynamic conditions can create

oil or gas accumulations anticlinal, homocliral, or even synclinal sictures Hubbert 1953, 196)¢

According toHubbert sconcepts(Hubbert 1940 1953, an accumulation of hydrocarbons under
hydrodynamic conditions will produce a tif the fluid interface (oHwater or gaswater). The tilt
() of the OiFWater-Contact (WC) or GadVater-Contact (GWC) will depend on theydraulic
gradient,referredto as the slope of the potentiometric surfadé, /dx, and the contrast between
the densities of the water and the hydrocarhorn/ ("w ¢ o), present in the reservoi This density
relationshipis described byHubbert (1953hs theTilt Amplification Factor (TABhd corresponds
to an amount that amplifies-times the slope of the potentiometric surfacéhe estimation othe
angle of inclination of cilvater or gaswater interfaces is given by the following equatigtubbert

1953

" aQ 8
e 0
w 8 ” ” ’Q (A) a)

where’ is the tiltangleof the oil-water orthe gaswater interface, v isthe density of the water, o
is the density ofhe oil orthe gas, andlh,/dx is the slope of the potentiometric surface of the water

in the horizontal direction (x).
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The value®sf the Tilt Amplification Factor (TAEXpressed asw/ ("w ¢ o), tend towards infinity as
"oincreass, being one (1) the lowest possible valligpical TAF values range from about 1 and 2
for gas reservoirs and about 7 and fbb oil reservoirstubbert, 1953; Dahlberg, 1998Bearing in
mind that the tilt of the interface between hydrocarbon and water is a sensitive relationship of

densities TAR, the most critical scenario is represented by heavy and ex¢avy crudepils.

Different driving mechanismsfor groundwater flow have been described for basins around the
world (Hitchon, 1969Bond, 1972; Coustau, 1977; Chiarelli, 1978; Cathles, 1990; Bredehoeft et al
1992; Deming, 1994; Villegas et al., 1994; Wolover et al., 2015; Mora et alg)28iMilarly, the
geochemical relationship between the type of waters and type of hydrocarbasseen broadly
studied(Washburn, 1914; Mills and Wells, 1919; Palmer, )3%well adts importance to facilitate

the development and production of oil arghs fields, and hydrocarbon exploratig®oyustau, 197y

In Colombia, the presence of hydrodynamic flow in the LlaBasin has been documented in
previous research, indicating a strong correlation between high values of hydraulic heads (Hw), low
ions concentration in the formation watersnd the proximity to elevated areasthe Serrania de

la Macarena(Figure J andthe Eastern flank of Eastern Cordillemd. Villegas et al., 1994; Bachu

et al., 1995; GonzaldZribe et al., 2007; Person et al.0X2; GonzalePenagos et al., 2014;
GonzalezPenagos et al., 2017; Mora et al., 2@L9n addition, this correlation has been examined
using stable isotope analysisl8O and D), which hasconfirmed the influence of meteoric waters
that have reached théaydrocarbonproducing units from the surface, especiallytlie southern
Llanos Basin (GonzaledUribe et al., 2007; Gonzadk¥enagos et al., 20)4Furthermore, his
influence has been observed from the westé&wundarytowards theforeland ofthe LlanosBasin

It appearsto be controlled by thaleformation front's structural characteristics that lintite basin

to the west finding the most favorable connection conditions between surface and subsurface

towards theSerrania de I&Macarena sectorNora et al, 201%; Arias et al., 2038 In addition,
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different authors have reported the correlation between high hydraulic head values, low water
salinities, and the presence of biodegraded heavy crude oil in both the Llanoségsiivillegas et
al.,1994; Bachu et al., 1995; Person et al., 2012; Mora et al., 2@t®hthe Putumayo basie.g.,
Wolaver et al., 2016 Likewise the relationship between geothermal gradients and hydrodynamic
flow in the Llanos basin has also been discussagl,(Bachu eal., 1995; Person et al., 2012; Mora

et al., 2019¢ finding that anomalies associated with low geothermal gradients seem to be more
related to the thermal blanketing effect of the Neogene deposition and the type of basement
underlying the Mesozoi€enozac rock units, than to the effect of the flow of meteoric waters

(Mora et al., 2019n

On the other hand, although some Cretaceous reservoirs are relsgecharine and estuarine
deposition (GonzaleZPenagos et al., 2014; Caballero et al., 2Q1#hich are environments
influenced by seawater, most of the formation waters frone southern Llanogasin have been
recognized as fresh and brackish wateBoiizalez2enagos et al., 20)4suggesting dilution of
connate water by meteoric waters associated with atogdynamic system Millegas et al., 1994;

Person et al., 201 0onzéalePenagos et al., 204

The crude oils in the Lland@asinhave a significant variation in their chemical composition and
physical characteristicShey present dower AP| gravitf< 10°API) irthe southern Llano$asin

(Garcia et al., 2015, Sanchez et al., 20¥#hich has been mainly related to biodegradation
processegDzou et al., 1999; Springer et al., 2010; Person et al., 2012; Garcia et al., 2015, Sanchez
et al., 2015; Mora et la 201%). In addition, mixing processes of oil with different geochemical
signatures associated with variations in the thermal histories of crude oils htseebeen

recognized(Springer et al., 2010

12



This research focuses on the southern LlaBasin, where a province of heavy and extreavy oil
with hydrodynamic influencéas been recognizedhe main objective ofhis studyis to descrite
the relationship between the hydrodynamic flow and the potehtfor the accumulation and
production of hydrocarbons in the southern Llari8assin and therefore, to establish thgreatest
impact areas limiting hydrocarbon explorationIn addition, we present new data abouthe
characteristics of the fluid&crude ois and groundwatersand their impact on the preservation of
hydrocarbon accumulation$/oreover,extreme TAF conditions have been recognj#iediting the

retention of hydrocarbon#g some sectors of the study arelue tothe low contrastof densities.

We study the relationship between the trend of the potentiometric surface and geochemical
characteristics of crude oils in the area, integrating information from SARA analysis, whole oil
chromatography, ARjravity,and densities from PVT analysis (PressiyelumeTemperature). In
addition, we use information from aniecation analyes of groundwater samples and deep
resistivity data from wells logs that reached the Basal Flow Urdbtumentthe lateral changes
throughout the basin and relate them to threcharge zones of the system and geochemical data.
Finally, we use numerical simulation technigtegvaluate the behavior of oil accumulations under
hydrodynamic conditionsand thus have a firstapproximationof the average linear groundwater

flow velocities in the study ared.he simulationsvere performed in theblack oilsimulatorIMEX

(from Computer Modeling Group Ltd.), evaluatihg PVT conditions dhe fluids documented in

the regionand the petrophyigal properties of the Basal Flow Uinithe southern LlanoBasin.

The recognition of the regional Basal Flow Unit as the main flow unit of the hydrodynamic system
of the southern Llanos Basimd the understanding of the impact of the fluids presenit improve
our knowledge about the effect of hydrodynamic systems in areas of heavy oil in foreland basins
and provide a starting point to delimit and have a better approximationthe hydrocarbon

potential of the area.
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2. Regional Setting

2.1. Geology

The study area corresponds to the southern LlaBasin locatedn eastern ColombiaHjgure 3. The
Llanosbasinconstitutes the foredeep of the modern Colombian foreland basin ahdimded by
the Eastern Cordillera folthrust belt to the northwest,the Serrania de ldMacarena to the
southwest(Figure ), and the Precambrian basement of the Guyana Shield to the BasE(O-

Lopez and Escalona, 20115

—— Reversd~ault Elevation(m)

== Inferred Fault Rt
E== LlanosBasinBoundary b 112
A A
Serrania de

laMacarena Southern Llano$oreland —_

7

Paleogene Neogene UpperCretaceus Paleozoic Proterozoic
Basement

Figure 1 (Above)Digital elevatiormodel (SRTM)f the study area in the southern Llanos Basi€atombia
EC: Eastern Cordillera. (Below) An illustrative esesson A-A” shows Southern Llanos Basin's regional
configuration fromthe Serrania de la Macaretathe forebulge.
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In general, the sedimentary record of the Llaisin corresponds to siliciclastic rocks freime

lower Paleozoic (GlUejar Group), Upper Cretaceus (Une, Gacheta and Guadalupe Formations),
Paleogene (Barco, Cuervos, Mirador Formations and the basal uniits Ghrbonera Formation),
Neogene (Carbonera, Ledn and Guayabo Formations) and Quaternary depegiés-arkeret al.,

2015; Mora et al., 2018 (Figure ).

One of the main structural features of the southern LlaBasin is the presence tifie Serrania de

la Macarena which constitutes an important surface topographic expression towards the
southwest, wih altitudes that vary approximately between 800 m.a.s.l. and 1600 m.a.s.l. The
Serrania de la Macarena constituted byProterozoic metamorphic basementrumpy, 1943;
Harrington and Kay, 1951bafiezMejia et al., 201l and a sedimentary cover that incles
siliciclastic rocks from the Paleozoic, Mesozoic, and Cenozoic¥eragip Geoldgico Colombigno
2015. Structurally, theSerrania de la Macarena bounded to the west and east by highgle
reverse faults, which have their detachment on the Promic basement with some back thrust
propagating westwarsl (Servicio Gedlogico Colombia2815 Arias et al., 2018 The structural
configuration relatedo the reverse faultat the eastern boundary dhe Serrania de la Macarena
(Guejar River Fault, Macarena East Fault) has favored the outcropping of Paleogene and Cretaceous
strata that are reservoir units in the bagirrias et al., 2018ylora et al., 2018). Thus, astern flank

of the Serrania de la Macarer@nstitutesthe primary source of water recharge from southern
Llanos, considering the connection observed between surface and subsuwofadegArias et al.,
2018;Mora et al., 2018). From those outcropping areas ithe Serrania de la Macarepa basin
scale syncline is ofigured, extending northeast and east towards foeelandalongthe southern
sector of the LlanoBasin, where the Basal Flow Unit of the southern Lldassn is formed(Figure

2).
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2.2. Hydroclimatology and Hydrogeology

The southern LlandBasin idocated within the Orinoco River hydrographic area, which gathers the
main drairagesoriginating from the eastern flank of the Eastern Cordillera tr@Serrania de la
Macarena, and which ultimately flow northward to the Caribbean Sea. The precipitatitresarea
increase from the eastern Orinoco River basin (2000 mm / yr to 3500 mm / yr) toward the Eastern
Cordillera (up to 7000 mm / yritango et al., 2012 This increase in precipitation is favored by the
orographic barrier effect of the Eastern @ilera on the air masses transporting moisture from the
Atlantic Ocean, which favors high rainfall along the Eastern Colombian falesnski et al., 1993;

Mora et al., 2008Saylor et al., 2009

The stratigraphic units that made up the deep aquiferteygs analyzed and described as the Basal
Flow Unit(BFU)in this study, in turn, have shown oil potential in the area. BR&) which onlag
Paleozoic strata to the east tfe Llanos foreland basjipresents twostratigraphicconfigurations

that differentiate the vertical hydraulic connectioaf the west sector of the study arerigures 2,

3 and 4. Within the southwestern sector, towards tt&errania de la Macarenthe BFUcomprises

rocks from the Une Formation (Upper Cretaceous) and the Mirador Formation (Eo€baeg rocks

are connected laterally and hydraulically to the East with rocks from the Oligocene (Carbonera
Formation)subcropping athe most distal part of the forelandfahe southern LlanoBasin(Figure

2). This configuration towards the southwestern sector at the same time favors the véstaralulic
connection between the Une Formation and the Mirador Formation due to the partial or total

absence of the aquitard dhe Gachet4 Formation (Upper Cretaceo(&s)., ReyesHarkeret al.,

2015 (Figure 3.
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On the other hand towards the northwestern sector of the studyea the BFUis composedof
sandstones of the Une Formatidaolatedfrom younger stratigraphic unitsf the Paleocene (Barco
Formation) and Eocene (MiradoFormation by a thick aquitard correspondintp the Gacheta
Formation(Figures3 and 4). As to the southernmost stor, the Basal Flow Unit in the northwestern
sector extends to the East, connecting with younger rocks towards the foreland of the southern

LlanosBasin(Figure 3.

On a regional scale, the aquitards confining the BFU in the southern Barivsare relged to

mudstones and claystones of low permeability and low effective porosity fhenGacheta (Upper
Cretaceous) anthe Carbonera (Eocene and Oligocef@)nations inthe westernmaost sector, and
the Carbonera (Eocene and Oligocene) and Ledn (Miodeneationstowards the eastern and

central sectos (e.g, ReyesHarkeret al., 2019 (Figures 2, 3 and)4

2.3. Geochemistry of Oils

Themain potential for accumulation and production of hydrocarbimghe southern Llanos heavy
and extra heavy oil provinces linked to thesandstones from thdJpper Cretaceous (Une and
Guadalupgormations), Paleocene (Barco Formation), Eocene (Miradandi@n) and Oligocene
(Carbonera Formation)nits. The geochemistry of crudeils from the LlanosBasin is complex,
considering the processes of thermal maturity, alteration, and mixing of crude oils that have been
recognized in the are@Dzou et al., 1999Springer et al., 2010; Person et al., 2012; Garcia et al.,

2015.

For the Llanos Basin, the presence of crude oil generated mainly from source rocks of marine origin,
and, to a lesser extent, terrigenous origin has been confirniah(on et al., 20Q1Cortes et al.,

201Q Garcia et al., 2035
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Toward the southern Llanos Basin, crude oils of marine origin are recognized. They have the lowest
APlgravities and the highest biodegradatiintensity in the Llanos Basin, with evidelefpletion of
n-paraffins in the gashromatograms and high proportions of nitrogen, sulfur, and oxygen {NSO
compounds) Peters et al., 2005; Garcia et al., 2Pp1%his biodegradation process is mainly
attributed to longer residence times of the hydrocarbons in the reservairemperatures lower

than 80° CGarcia et al., 20)3ue the effect of shallower and cooler conditions in the southern
Llanos BasirHermeston and Nemcok, 2013; Garcia et al., 2015;Heanet al., 2015Mora et al.,

20198.

3. Methods

In this work, we integrated information from gifoducing and exploratory weltkilled in the area

to analyze the impact of the hydrodynamic system on the hydrocarbon accumulation potential of
the southern Llanos. The integrated information included historical data of formation pressure, fluid
analysis (crude oils and formation water samples), andtiébet well logsLikewise, new data on

the geochemical characteristics of the crude oils and the hydrochemical characteristics of the
groundwater were carried out in the laboraies of the Innovation and Technology Center of
Ecopetrol S.Aln addition, numerical simulation models were built considering the fluids and
petrophysical properties of the Basal Flow Unit. These dynamic models altbeedaluaton of

the dynamic behavior of the typical fluids simulating a hydrodynamic condition.

3.1.Hydraulic Heads

The total hydraulic heads (Hw) were estimatiedm pressure data acquiredlringDSTs(Drill Stem
Test) or MDT (Modular Dynamic Formation Tester) tests carried out in wBtiscalculate the

hydraulic heads (Hw) based on the previousrimfation, weused the followingEquation(2):
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where Hw is the hydraulic head (metersj,is the elevation with respect to selavel (0 TVDSS) of
the point at which the pressure is measured (metelP3¥, the pressure at the point of measurement
(Pa),” is the density of water (1000 Kgfmn andg is the gravitational acceleration (9.8 nfjsThe
selected data for the analysis included 43 wells where original pressure information was
acquired on the Basal Flow Unit to obtain the general view of the potentiometric surface and thus

evaluate the regional flow pattern of water through the southé&tanosBasin.
3.2. Hydrochemistry of Formation Waters

The hydrochemical characterization of the groundwater of the southern LI&ss included

analysis of the main anions and cations (HCO3, CO3, Cl, SO4, Na, K, Ca, and Mg) in 93 samples of
formation waters taken from oiproducingwells (63) and exploratoryells (24) Thegroundwater

samples for analysis of the main metals were preserved with HNO3 (up to.gkl<sgmples were
refrigerated (<6°Cfom the moment of sampling until thearrivedat the laboratoryBased on these

results, Stiff diagrams were madsesing the Python code available on the Gidahatari website
(Montoya, 2016 to observe the variations across the study area and thus relate the ion

concentratian in the waters with the relsarge zones identified in the study area.
3.3.Geochemistry of Crude Qils

The geochemical analysis includedole oil Gas Chromatography with Flame lonization Detection
(GCGFID) to obtain the concentrations of timealkanes hydrocarbons, mainly in the rangomn-C5
to n-C42. The angsis included crude oil samples from the westernmost sector close tSdh@ania
de laMacarenaandthe central and eastern sectors of the foreland of the southern Li&asm, to

observe thepotential relationshis betweenthe hydrodynamic flow and the geochemical footprint
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of the crude oils in the area. In turn, a total of 55 SARA agmlzaturatesAromatics, Resins and
Asphaltenes) were included. Thiactionation is based on the difference between the solubility and

polarity of the four fractions: Saturates, Aromatics, Resins, and Asphalteae®f al., 2020

To analyze this information andelate it with the geochemical data, we established the
Compositional Trend Index (CTI) from the results of the fractions obtained from SARA ahladysis
index was estimated bgrouping the light fractions (Saturate Aromatis) and the heavy fractions

of the crude oils (Resi+ Agphaltenes), and finally expressed as the sum of saturates and aromatics
per the sum of resins and asphaltenes as shovEdqgnation(3):

Y "Y"OD YOO 61 DI £ a0 QD
PYQiI Qbioi @Wa o Qe Qi

The Compositional Trend Index (CT]I) is a variation of the Colloidal Instability Index (CIl) which is used
for determining the asphaltene stability in crude gidssomaning & Watkinson, 2000; Asomaning,
2003. However, the CTI proposed in teisidy aims to identify the areas with the highest content

of heavy fractions of crude oils and evaluate their relationship with biodegradation and

hydrodynamic flow.

In addition, AP{gravity data of crude oils (34 samples) and densities (30 samplesyeatvod
conditions were integratedThisoil density informationat reservoir conditions was used as the
primary input for estimating the TAF values of the area. According to the low concentrations of
anions and cations recognized in the Basal Flow Uttiecfouthern LlanoBasin, for the estimation

of the TAF values, the density of the water was used as a constant value equal n*1 g/c
3.4.Resistivity Analysis

Based orsecondaryinformation from electricalogs of exploratory and production wellsilled in

the Basal Flow Unjn analysis of deep resistivities (RT) was performed using information from 128
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wells. The deep resistivity values attributed to the roekter system were extractetom water
zones, avoiding the influence ohydrocarbors. Once the water zone was defined, the deep
resistivity, porosity (estimated from the density log), and temperature (T) well logs were used to
estimate formation water resistivity (Rwa) values using the madebosed byArchie (1942)as
descibed inEquation (4).
Y O Y'Y O&

where'Y is theresistivity of theformation water (Ohm.m)gis a dimensionless tortuosity factor,

is the effective porosity of the formation (frjyisthe cementation exponent, ant "¥the true
resistivity of the formation (ohm.m)n this study the cementation exponent/sf) is1.8 and the
tortuosity factor €) is 1,according to the experimental measurements of formations resistivity
factor thatwe have carried ouin the Special Core Analysigloratoly (SCAL)f the Innovation and
Technology Center of Ecopetrol Sa@h core samples from sandstonestbé Basal Flow UnifThis
analysis was correlated with the concentrations of the main catiokisaaions of thegroundwater

samples and allowedsto evaluate their relationship with the recharge zones reported in the study

area.

3.5. Numerical Simulation

The numerical simulation allowed us to evaluate the dynamic interaction between thefhaisisnt

in the reservoirs under the hydrodynamic influenaecludingthe features of the rocks and fluids.
The properties considered in numerical models include effective porosity, permeability, relative
permeabilities, water saturation, fluid densitigsessure, and temperature. The dynamic models
simulated different flow velocities scenari@sth different hydrocarbon densities and simulation

times in geological scaepto 10 My.
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2D and 3D grids were constructed for the numerical simulation. Thelations were performed
using the black oil simulator IMEX of Computing Modeling Group LTD (CMG), which uses the finite
difference method as a numerical solution in solving partial differential equations of flow in porous

media.

A realistic 2D grid with 1800 cells(areal cell size: 100 x 100 mvas constructed using, as the
primary input, the information of an oil fielthat produces from the Basal Flow Unior this
purpose, we used the inverse problem approach using numerical simulation. Thus, model
parameters such as the average lingaoundwater flow velocities/ere estimatedrom known data
(e.g.fluid densities, petrophysical properties, structure geometry, thicknesses, and the OWC tilt of
an oil field. The OWC tiltvas usedas the main constrainh the approximation of the groundwaters

flow velocities in the Basal Flow Unit. The simulation was complemented with a sensitivity analysis
consideringvariations in density (0.92 git® - 0.95 g/an®), permeability (500 mD5000 mD), and

the tilt of OWC (1% 1.5°) In addition, a&3D grid was built. The model included a total of 105,000
cells(areal cell size: 100 x 100 myith an average porosity of 20%, average permeability of 2000
mD, and oil density of 0.95/cm®. This 3D grid considered contigiso structures, separated
approximately 1.25 km between them, where the behavior of thewaiter-contact of each

structure was evaluated under dowdip and updip flow scenarios.

In all the models (2D and 3D), an initial equilibrium with the OWC at engttigie's spill point was
consideredas thebaseline scenari¢Time 0 My) According to the reservoir conditions identified in
the central part of the southern Llan@asin, the temperature and pressure conditions considered
in the models were approximatel00°F and 2,992 Psi, respectively (date8m51 ft True Vertical

Depth Subsea).
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4. Results

4.1. Hydraulic Heads

The hydraulic head values estimated from pressure data in different wells ranged from 84.41 m to
490 m, with the highest values argdraulc gradients of the potentiometric surfaceccurring
towards the western sector of the study area, close to the Serrania de la Macarena and Eastern
Cordillera Table 1, Figure§ and 6). The dominant trend of the potentiometric surface defines a
general NNE dipping surfadeigure5) with local perturbations in the southwestern sectors of the
study area presumably related to the proximity of the mountains and potential recharge zones. The
data available from the easternmost wells also suggest a more gently dipping trend eastwards in
the easternmost sector of the study arel@igure5). The described general tendency suggests the
importance of the structural relief in the basin controllifgetspatial patterns of the hydraulic heads

(Figureb).

4.2 Geochemistry of oils and TAF

The densities of crude oil range between 0g#6m? and 0.99y/cm?, and more than 70% of the data
show density values greater than 0.9ffcm?® (Table 2). According to these densities, the Tilt
Amplification Factor (TAF) values range from 10 to 100, where more than 70% of the data
corresponds to TAF values greater tH2h (Table2, Figure J. The ARbravities recognized in the
crude oils in the study area range between 4.9° APl and APRHowever, more than 94.2% of the
integrated data corresponds to API gravities lower than 20° API, related to heavy antieaisa

oil (Table 3, Figure 8\ The highest ARjravity values are associated with wells from the
northwestern sector of the study area, toward the west of the Castilla Fault, where the production
comes mainly from Cretaceous (Une and Gaclieténations), and the Basal Flow Unit deepens

(Figure8A).
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The Compositional Trend Index (CTI) values estimated from SARA analigilsocain crude oil
samples range from 0.1 to 9, where more than 83.6% of the data report CTI values lower than 3,
which are related to havy crude oils of high densitydble 4, Figur@B). The fraction of Saturates
rangesbetween 3.6% and 71%, Aromatics between 4.5% and 37.1%, Resins between 6% and 41.3%,

and 4% and 41.6 for Asphaltenes.

Based onte results fromwhole oil chromatographycrude oils from the southern Llanos Basin
show a low abundance of both light and heavyparaffins, as well as pristane and phytane
isoprenoidsA characteristic pattern in the biodegraded crude oils from the study area is defined by
the lifting of the baseline, forming a UCM (Unresolved Complex Mixture), as observed in the great
majority of chromatograms shown Figure9. However, the relatively higher abundance of light
paraffins in some samples from the area suggests the occceref an oil rechargeafter the

biodegradatiorprocess (i.e., refreshinguhichslightly improves the quality of the crude oil.

4.3 Anions and Cations in Groundwater

Hydrochemical analysis in water samples from wells showed relatively low concentrafitims

main cations and anions. The groundwater samples taken from different wells present a domain of
mainly sodium bicarbonate and sodium chloride waters. The concentrations of bicarbonate range
between 30.5 ppm to 2,120 ppm, 0 ppm to 120 ppm for carlben@ ppm to 160 ppm for sulfate,

and 4.1 ppm to 1,278 ppm for chloride. Cation concentrations ranged from 4.7 ppm to 1,589 ppm
for sodium, 2.2 ppm 254 to 165 ppm for potassium, 0 ppm to 54 ppm for magnesium, and O ppm to

136 ppm for calciunfTable5, Figue 10.

4.4 Resistivity Analysis

The Resistivity analysis show variations in average deep resistivity of théuidckystem (RT)

between 3.41 Ohm.m and 8,600 Ohm.m for the Basal Flow Uatil¢6, Figures11 and 13. On the
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other hand, theestimation of water formation resistivities (Rwa) reported values between 0.04
Ohm.m and 481.74 Ohm.m, where about 82% of the data presents values lower than 20 Ohm.m
(Table §. The average effective porosity estimated from density logs in sandy intefithls Basal

Flow Unit is 22%, where more than 87.5% of the data report values are greater thafihadhy.
temperaturesin intervals where the resistivities of théormation water were estimatedrary

between 30°C and 104.7°C.

4.5 Numerical Simulation

The numerical simulation models allowed treensitivity analysisof critical variablesand the
approximation of the groundwater flow velocitiedongthe Basal Flow UnifThis evaluation was
carried outunder controlled scenarios of the fluid flow dynamicmsidering typical structures of

the southern LlanoBasin

From the 2D model that simulated a geological structure of an oil field located in the western sector
of the Castilla &ult, whosemain production comes from the Basal Flow Unit, the average linear
groundwater flow velocities range between 0.00018 ft/day and 0.0086 ft/day, with an average value
of 0.0023 ft/day Table 7, Figure 13The stabilization time® reachthe final OWC inclinatiofrom
equilibrium(0 My)ranged between 0.3 and 0.5yapproximatelyThe stabilization times decrease

at higher permeabilies reaching hydrodynamic equilibriusoonerthan when considering low

permeabilities.

For the updip and downdip hydrodynamidlow scenarios evaluated on the 3D grid, we observed a
similar tilt of oilwater contacts in each structure buh the opposite direction if the same
groundwater flow velocity and fluidock properties are considerd@igure 4). On the other hand,
retention potentialwill favor downdip scenarios, as reported by different authoesg Hubbert,

1953; Dahlberg, 199.
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5. Discussion

The convergence between the regional hydrodynamic flow and the geochemical nature of the fluids
present in the BUhasconfigured for the southern Llanos Basin a condition of particular interest to
understand the hydrocarbon retention potential for the area. In this way, understanding the
relationship between the physicochemical characteristics of the fluids present iBFhk the flow

of groundwater, and the zones that influence water recharge allows redefining and delimiting the

area's oil potential.

5.1 Regional View of Southern Llanos Potentiometric Surface

The highest values of hydraulic heads are identified in thiksvmear theSerrania de IdMacarena,

which has previously been proposed as the main recharge area of the deep aquifer systems in the
southern Llano8asin Villegas et al., 1994; Bachu et al., 199yra et al., 2018). Although with

lower magnitudes of ydraulic heads, similar behavis observed towards the southernmost sector

in proximity tothe Serrania de Lindoskigure5).

The flow direction shows regional wesast and southweshortheasttrends. Towards the eastern
sector, a change in flodirection is interpreted northwesterly, whose trend has been reported in
the eastern oil field§Gomez et al., 200%ora et al., 2018; Macdlari, 2021). However, the absence
of hydraulic heads data towards the easternmgsrt of the southern Llano$Basn limits

understandingpf the phenomenornin that sector.
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Figure5. Potentiometric surface of the Basal Flow Unit generated from hydraulic heads estimated from
wellbore reservoir pressure tesia exploratory and o#producing wells of the southern Llan&asin. EC:
Easter Cordillera.

The southwestern sectdroststhe areas with the most negative impact of hydrodynamic flow on
the potential for accumulation and production of hydrocarbons in the area, which has been
confirmed with multiple exploratory wells drilled in the area, corresponding to dry or low potential
wells. Thuswe interpret that in the southwestern sector, the effect of the hydrodynamic flow in
the Basal Flow Unit is amplified mainly due to three factors: 1) the proximity to the main recharge
zone related tothe Serrania de IMacarena, with high hydwulic gradientand hydraulic heads
(Figureb); 2) a greater hydraulic connection due to the better development of saindte Basal
Flow Unit and the partiadr total absence of the aquitard that constitutes the Gacheta Formation
(See Section BB’ kigue 2), resulting in better hydraulic connectivity of the system, and therefore,
favoring the drainage of previously charged accumulatiemsl 3) the low contrast of densities
between fluids (wateioil) due to the presence of heavy crude oil and freshwatecognized in the

sectoras discussed below
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Northwestwards, close tthe Castilla Fault, productidinom adjacent oil fieldeomes mainly from

the Cretaceous (Unend Gachetdormations) and Paleogenenits (Barco and Miradoformations)

This area coinides with a thicker development of the aquitard that makes up the Gacheta
Formation (See Section@ inFigure 3, acting as a vertical barrier that limits the influenaie
hydrodynamic flow fromthe BFUto the Paleogene reservoirs. Thasratigraphic configuration
identifiedin the northwesernsector has been corroborated with the historical behavior of pressure
data. In that sector, the presence of pressure maintenance over time has been documented in the
Upper Cretaceous formations (BFWhile the Paleogenestrata (Barco and Mirador formations)
have undergone a typical depletiorelated with a hydrostatic condition. In this way, the
hydrodynamic flow has been recognized in the most basal formations that make up the Basal Flow

Unit (Upper Cretaceousormations, Fm. Une mainly).

Although the changesbservedin the direction of hydrodynamic flow towards the eastern sector
(Figure5) will still be a matter of research and discussinrthe future it is important to observe
the relationship of the stratural highs with the regional hydrodynamic flopatterns Three
prominent structural highs are recognized: La Macarena, El Viento, and G&#jguna 6). The latter
can be tracedn an SWNE direction from Colombia towards Venezuela, whereciliedthe EIBaul

High €.g., MoreneLopezand Escalona, 2015

Based on the potentiometric surfaces showrFigures 5 and 6,LaMacarena and El Viento highs
would constitute areagavoringwater recharge in the sector. In contrast, the Guyana high could be
acting as a boundary towards the easternmost sector, which would explain the changes in the flow
direction (SE- NW) reported towards the eastern sector of the ardadure6). However, ¢ date,

there are no datao the easternmost sectoto support this hypothesisbout the effect of the

Guyana High as a limit to the east of hydrodynamic system
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Figure6. Hydraulic heads map and basement structural highs in the southern Llanos Basin built from Bouguer
anomaly map. The basement structural highs are oriented saotth in the southern Llanos Basin. However,

the Guyana high changes its orientation towardssbathwestnortheast extending to VenezuelaC: Easter
Cordillera.

5.2 Fluids and Their Implications in the Tilt Amplification Factor

The densities of the recognized fluids in the area (heavy and-betay crude oils and freshwaters)

set acritical condition in terms of TAF. This condition is due to two factors: 1) the low densities of
F2NXIEGA2Yy g I3 &dabiated With law idine Goicentration associated with meteoric
waters, and 2) the high densities of heavy and ekigavy crudeils recognized in the sector. 8$e
characteristic®f the fluids present ilBFUead to high TAF values (¢A00) due to the lowdensity
contrast betweerpil and water These TAF values, added to high hydraulic gradients (southwestern

sector) and the porly developedstructures (high interlimb anglegonstitute a favorable scenario
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for the partial or total drainage of hydrocarbon accumulations because of the hydrodynamic flow

effect (Figure7, Tables2 and 8.

The rangeof crude oildensities in the are€0.90g/cm?®to 0.99g/cm? at reservoir conditionsTable

2) coincides with the range of valuagere the low contrast of densities between the fluids (heavy
oil and freshwater) will present the most significant effect in terms df TiAerefore, it will imply

that the hydrodynamic condition will have the most drastic drainage effect on previously loaded oil
accumulations Figure 3. The TAF valuén the southern Llanos Basin are almost ten times the
highestreported byDahlberg(199), based indifferent combinations of hydrocarbon densities and
formation water salinitiegTable §. These high TAF values could explh&limited potential for
accumulation and production of hydrocarbons observed in exploration in recent yspesially in

the southwestern sector of the study area.
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Figure?. Relationship between TAF values and oil densit@s the southern Llanos Basihhe water density
value for estimating the TAF values in tplet is 1g/cm®. The yellow dotscorrespond to the TAF values
according to the crude oil densities reservoir conditiongrom the southern Llano8asin.
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Table 8 Tilt Amplification Factor (TAF) values as a function of crude oil and water denEligirst row
shows the range of typéddensities and TAF values considering the fluids present in the southern Basins
Modified fromDahlberg (199).

Salinity (NaCl) and Density of Formation Waters

Average Density
APLGravity 200,000 100,000 100- 1000
(API degrees) 9™ ppm pom ey PP
(1.14g/cm®) (1.07g/cm3) 9 (1 g/cmd)
Southern _
UEiee 13 0.90-0.99 TAEO‘O e
(Present study)
20 0.93 TAF55 TAF=7.9 TAF=13.3
Dehlberg 30 0.87 TAF=43 TAF=55 TAF=75
(1994) 40 0.82 TAF=3.6 TAF=44 TAF=55
50 0.78 TAF=3.2 TAF=37 TAF=4.4

The TAF values reported in the present sttolyard the eastern sector (TAE2 and 2Qelated with
oil densites 0.92g/cm?® - 0.95g/cm?®) alsocontrast withthose publishedy Macellari (2021jor the
samesector(close to 1which is not a expectedraluebearing in mindhe low contrast oflensities
in the area. In addition, and ontrary to the interpretation ofMacdlari (2021) the tilt of OWC
identified in some oil fields could be controlled mainly by @Aa€ tothe low hydraulic gradients

recognized towards the eastern sector.
5.3 Geocbkmistry of Crude Oils and Hydrodynamics

The distribution of ARgravitiesand Compositional Trend Index (CTI) towards the southwestern and
southern sectos shows that the lowest valugbeavier crude oilscoincide with the highest values

of hydraulic heds nearthe Serrania de Isacarena andhe Serrania déindosafigure8). The API
map Figure8A) showsthe dominance of heavy and extheeavy crudes oils in the study area, with
the most unfavorable zone in the southwestern sector where densitiege betweer0.97 g/cm?

and 0.99 g/cm?, and thereforeresult inhigh TAFvalues(Figure8A). However, there is gradual
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relative improvement in the quality of the crude oils towards the eastern and centndhern

sectors, where the crude oil densitiemngebetween 0.90y/cm?® and 0.97g/cm?® (Figure8A).

o
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Figure8. (A) APigravity map of crude oils in the southern LlamBasin.Representativelensity ranges shown
in some sectors of the map are in unitsgdEm?. (B) Compositional Trend Index (CTI) map generated from
SARA analysis in crude oil samples from the sonthEmoBasin.EC: Eastern Cordillera.
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Thegeochemical characteristics of crude ailsserved towards the western sector of the Castilla
Faultare bimodal when considering the Cretaceous and Paleogene reservoirs, isolated from each
other by the Gacheta Fmation aquitard.Even in the deepest stratigraphic units, heavy and extra
heavy crude oils predominate in oil field production. Howevawme light crude oils from

Cretaceous formations have been recogniethe northwestern corner of the study area.

Westward ofthe Castilla Fault, crude oils from the Cretaceous units (operationally named K1 and
K2) withrelatively highAPtgravities and the highest CTI valusae recognizedrelatedto higher
depths (> 2.75 Km below sea levebhijgh temperatures (> 113C) and the recent charge of
hydrocarbongrefreshing) Thus, he Cretaceous formations in theFUwill havethe largest drainage
impact of previously loaded crude oil accumulaticiue to hydrodynamic flow, which will increase

as the oil densit increase (e.g.heavy oils fromCretaceous formations in the Castilla and
Chichimene Oil fields). However, this impact under hydrodynamic ettipslow conditions may
represent opportunities for hydrocarbon accumulations such as those reported in thac€oets

units (Basal Flow Uniby Person et al(2012), who recognize a tilted OW®ith angles betweeri®

to 1.5° approximately.

Similarly, the CTI map indicates that the southwestern and southern séaoee the crude oils with
the relatively highest frations of resins and asphaltenes (relatively low CTI values), consistent with
the API distribution and coinciding with the high values of hydraulic heads in the sector. As
evidenced in the API distributioRigure8A), towards the northern sector, an imprement in crude
oil quality is evidenced in response to the relative increase in the percentage of saturated and

aromatic compounds (relatively high CTI vajuaghese crude oildgure8B).

Heavy and extrdeavy crude oils of the southern LlanBasin have beerassociatedwith high

biodegradation intensity, controlling the physical characteristics of the crude oils in theRetag
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et al., 2005; Garcia et al., 2Q15hebiodegradatiorprocesshas been understood as a sum of factors
that favoredhigh residence times of crude oils in theservoirs at low temperatures (< 80°This
isdue to the tilt of the basinwhichcontributed tothe shallower and cooler conditions of crude oils

in the southern Llano$asin Hermeston and Nemcok, 2013; Garcia et al., 2015; Sanchez et al.,
2015. Whole oil chromatograms show evidence of such biodegradatiosughout the southern

UanosBasin(Figure9).

Different results suggest thahé biodegradation of crude oil in the southern LlamBasincan be

mainly attributed to the past configuration of the basin (pal@odegradation)(Hermeston and
Nemcok, 2013; Garcia et al., 2015; Sanchez et al., B0dra et al, 2019). In agreementwith the
abovementioned pointsMora et al. (2014 and B suggest that the current hydrodynamic flow is
interpreted as a less relevant factor in the biodegradation of crude oil. Howewertothe current
configuration of the southern Llandasin, favoral# conditionsfor the current biodegradation of

crude oils have been identifigtemperatures < 80C and groundwater flow), especially near to the
structural basement highs: La Macarena, El Viento, and eastward of foreland in the southern Llanos
Basin (e.g Rubiales oil field) where shallpand lowtemperature conditionsare found(55¢ 60 °C

in Rubiales Field)igure9).

The process of groundwater washing commonly accompanies the biodegradation of crude oils
(Palmer, 1998 Moreover, dastichiodegradaions in reservoirsvorldwide are generally related to

the movement of lowsalinity meteoric waters in shallow areéSvans et al.1971, Milner et al,

1977, Connan1984; Palmer 1993 Likewise, highedegrees of biodegradation hee been identified
towards oitwater interfaceqe.g.,Conan, 1984; Bata et al., 2Q18ence, thdilt of such interfaces

can be used s.an indicatorof where the biodegradation process is occurr{eg., Lafargue and

Baker, 1988
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Thus, the presentlay configuration of the southern LlanBasin the action ofhydrodynamic flow
on the Basal Flow Uniand some evidence of tilted ailater interfacesywould indicateappropriate
conditionsfor active biodegradation of crude oilThis biodegradatiorof crude oilsadds to the
factors that decrease the hydrocarboetention potential, considering the increase in density

generated by the biodegradatigorocess itself

5.4 lons in Water and Regional Resistivity Analysis

Analyses of major anions and cations (HGTDR, SQ, Cl, Na, K, Ca, Mg) gnoundwatersof the
southern Llano8asinhave shown the presence of freshwaters throughout the basig. (Villegas
et al. 1994; Person et al., 2012 and Gonz&lemagos et al., 2014, Mora et al., 28L9Vith waters
dominantly fesh or dightly saline (according toSwenson and Baldwinl965, higher iors
concentration in the Basal Flow Unit are recognizedhe eastern sector, while the lowest
concentratiors are found inthe western sector in the direction dhe Serrania de [Macarena
(Figurel0). These results coincide withe recharge zoneislentified for the southern LlanoBasin.
Consequently, te hydrochemical facieare mainly bicarbonatesodic and, to a lesser extent,

chloride-sodic €.g.,Gonzalez’enagos et al., 20)4

Similar to the distribution of ARjravity and Compositional Trend Indexestwardof the Castilla
Fault, low ion concentraticsare presentin the formation watersamplesecovered from the Basal
Flow Unit from Cretaceous formations. In contrast, tbemation watersfrom the Paleogeneinits
(Mirador and Barco Formationgpavehigher ion concentratios As explained isection 5.3 this
behavior is mainly attributed to theestriction of the vertical connection controlled by the aquitard

of the Gacheta Formation.
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Unlike the behavior bthe ions concentrationKigurel10), the electricalell logs show the highest
deep resistivity values of the rodkiid system Table § towards the wessouthwest sector,
decreasing towards the foreland of the basitigures 11 and 13. Thehigh resistivities are related

to saturated rocks with waters of low ion concentrations (near the Serrania de la Macangmia)

the lowest resistivities are related to rocks saturated with waters of relatively higher ion
concentrations recognized mairtiywards the foreland of the southern Llanos Basimg@reslo, 11

and 12. The high deep resistivity valuestendingin a northward and northeast directior(dark

blue colors in the maps iRigures 11 and 12 near the Serrania de Macarena may be due tihe
proximity of the recharge zone and a better hydraulic connection in that direction. péitern
coincides with the pressure maintenance in the Cretaceous units (K2, K1) shown in the oil fields from
the northwestern sector, west of the Castilla Faulhere the effect of hydrodynamic flow on the

Basal Flow Unit has been confirm@dg.,Pearson et al., 20)2
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Figure 11 (Above) Deep resistivity map generated from electrical well logs measured in wells that reached the Basal Flow Wsduihehe Llanos Basin. (Bottom) Regional
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Water resistivity (Rw) values will be variable in time and tend to increase as the hydrodynamic flow
continues to incorporate waters of lower ion concentration (freshwater) from the west to the east.
Thus, it is expected that the future behavior of resitittg over time (e.g., thousands or millions of
years) will show the advance of meteoric waters towards the foreland of the basin (darker blue

colors towards the east in the mapskifjures 1land12).

The regional view of theRJin the southern LlanoBasinillustrates that the BFU gets thinner and
shallower eastwardgcrosssection E¢ E” inFigure11). It alsointercepts riverson the surface,
especially from the eastern front of the northern sectottlod Serrania de IMacarena Sichis the
case of he Qiejar River neathe vilages oMesetas and San Juan de Arama (Meta Department),
where the connection betweethe surface and subsurface of the Basal Flow Unit is evidrégies

11 and 12, as has been confirmed by recent geological mapping in thest (@rias et al., 2018
These connection zones are characterizedpobyennialrivers and streams floing from the high
zones othe Serrania de IMacarenaand Eastern Cordilletawards the foreland of the southern
LlanosBasin. The crossectionEE shown inFigurellreveals thain these connection zonds the
north of the Serrania oMacarenathe Basal Flow Unit exhibits the highest values of formation
water resistivitieamarked bythe presence of freshaters (dark blue in crossectionEE" of Figure

11). Gadually, the resistivitieglecrease towards the foreland of the basin (light blue in cezsgion
EE"of Figurell), where the presence of watessith relatively higher ions concentration has been
confirmed. Tlese observationshowa strong influence of meteoric waters in tB&U preferentially
towards the west, where the main recharge zone of BieUhas been identifiedArias et al., 2018
Mora et al., 2019 It also coincides with the highest values of hydraulic head and hydraulic
gradient. Thee patterns would explain the low potential for hydrocarbon accumulation and
production confirmed with the drilling of dry or velgw hydrocarbon potential wells in thareas

nearthe Serrania of thdacarena.
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When the different maps are comparedme relevant patterns are revealed

-A region located west of the Castilla oil field where the map of API graviigime8 shows the
lightest oils of the study area. Howayehe resistivities are high-{gures 11 and 12 suggesting the
presence of fresh waters, as it was also documentedvioya et al (2019a) Therefore, despite
having reservoirs with fresh water these sectads not seem to be affected by active
biodegradationMoreover, in that area there are reservoirs located deeper than the hottest lower
boundary of biodegradation (8Celsius), but they combine heavy oils with API gravities lower than
13°APl,and other adjacent compartments with coeval reggirs display API gravities higher than
20° API(e.g., Mora et al., 2019a The heaviest oils in that area with reservoirs at current
temperatures higher than 8@ suggest paledniodegradation (e.g., Chichimene and Castilla oil

fields) aphenomenorthat has been alreadgroposed byGarcia et al. (2015)

-Our chromatograms from that areshowthe presence of peaks with light compounds in highly
biodegradectrudeoils Figure9). This suggests a second charge of lighter oils after the initial charge

which issuperimposed on palebiodegradation(Dzou et al., 1999Garcia et al., 2095

-The coexistence oflominanty fresh waterwith lighter oilsin the northwestern sectorsuggests
active charge, which modifies the oils from those areas having deservoirs and paleo
biodegradation. However, wmaintain that theremight be shallower reservoirs receiving active
hydrocarbon charge but also fresh water, which means active biodegradation. Following previous
studies €.g.,Garcia et al., 2015; Mora et 2019h, the areas not receiving modern hydrocarbon
charge include most of the study area. This is supported by the fact that most of the hydrocarbons
in the southern Llanos Basin come from Cretaceous marine source @aisd et al., 201Feters

et al, 2005 which are currently located within the areas of the Eastern Cordillera which were

already exhumed by the late Oligoceaarly Miocene€.g.,Mora et al., 2013; Mora et al., 201.3n
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contrast, the currently active kitchens are mostly related vétirigenous Cretaceous and Cenozoic
source rock$ocated farther to the eadie.g.,Garcia et al., 2015; Sanchez et al., 2015; Sanchez et al.,

2021).

-Nevertheless, firstly, the fact that deep areas underwent pddemlegradation, and secondly the
premisethat the shallowest sectors not receiving active recharge from the predentpods of
active source rocks in the basin were even shallower in the past, allow us téhafenost of the
petroleum charge in the study area should have happened before mbsthe Miocene
sedimentation. Along those lines, palbmdegradation should be the dominant process
responsible for the presence beavy to ultraheavy oils in the studyea Therefore, the modern
conditions of hydrodynamic flow can be potentially exinégied several millions to tens of millions
of years into the past. Previougorkssuggest similar configurations in the study area staritirtpe

Oligocenelora et al., 2018).

5.5 Flow Velocity and Fluids Impact from Numerical Simulation Approach

The gproximation of groundwater velocities using numerical simulation in ae2ilistic grid built
parallel to the approximate hydrodynamic flow direction in the area allowsdo suggestthe
distribution and orders of magnitude of groundwater flow velocities and fluids saturation
throughoutthe geologic structure from an oil field whose production is coming fromBRE In
Figure B, we present the results of two of the simulated sceaarnip to 10 M, showing the water
saturation Figure Ba) and groundwater flow velocities modelEigure Bb), consideringtwo
scenarios 0OWCilt (1° and 1.5f, with an oil density of 0.9§/cm?® and an average permeability of
2000 mD. The results of tlmther scenarios evaluated in the numerisahulationsare summarized

in Table 7
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The results obtained suggest that the flow velocities towards the west sector of the Castilla Fault
would bearound10* ft/day to 1072 ft/day (Figure Bcand Table 7. However, the most likely flow
velocities in the area could be in the order of magnitude of fttlay, considering the high
permeabilities thatwe have experimentally measured in core samgtesn wells in the area from
routine core analysis (e.g., plugs Side Wall Core samples), which range from 1,000 mD to more

than 10,000 mDKigure Bd).

For all scenarios evaluated, the highest flow velocities are towards the central part of the structure,
below the oitwater interface (Figure Bb). The velocities decrease towards the zomdth no
hydrocarbon accumulationyherethe flow areais greaterandremairs relatively constantKigures

13a andb). On the other hand, the groundwater flow velocities above thewailer interface are

null (V =0) and correspond to the zone where the hydrocarbon is retained after the hydrodynamic
equilibrium is reachedUnlike the null velocities above the -@viater interface high velocitiesre
evidenced in the central zone of the model, below theveker interface, due to the restriction of

the area available for water flow (according to Darcy's Law equation), sincttemccupied by

the hydrocarbon, acts as a vertical barrier thatlucethe area exposed to the water flowigure

13b).
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This approach using numerical simulation for the estimation of groundwater velocity, using as the
main constraint the tilted oilvater interface, together with petrophysical and fluids propertiasy
represent a more reliable approach than considering estimation of groundwater flow velocities in
largescale systems (e.g., basinale), dueto high deviations in groundwater flow velocities

calculationsEreeze and Cherry, 1979; Kreitler, 1989; Maaut Nativ, 199p

Finally, the 3D simulation model allows visualizing thedigpand downrdip drainage effect of
hydrodynamic flow inadjacentgeologic structures with hydrocarbons usually recognized in the
study area. According to the results obtainedrfr the 3D simulation model, the dowdip flowis
less critical (even favorable) thdhe up-dip, as reported bysomeauthors €.g., Hubbert, 1953;
Dahlberg, 198) (Figure X). In addition, theinclination of the oil-water contact responds
independentlyfor each of the structures, even thougjiey are affected by the same hydrodynamic
flow (Figure Xc). Thisis a very important observation to keep in mitalavoid misinterpretations

of regional oHwater contact across different sictures which can lead to errors in estimating the

hydrocarbon potential of an area.

On the other handhydrocarbon retention in each of the structures will be controlled by the-spill
points. Under an updip hydrodynamic flowthe spillpoint will work the same as in a hydrostatic
condition For a downdip hydrodynamic flow, the spifioints are inverted and would be towards
the lower part of the structure that retains the hydrocarbdfiqure #c). In the case of the current
configuration otthe BFUn the southernLlanos basifFigurell), the hydrodynamic flow in most of

the basin corresponds to an wgp flow. This configuration of BFAdlded toadditional factors such

as the high crude oil densities, poorly developedeologicalstructures, and the presence of
freshwaters, restricts the hydrocarbon retention potential in a large portion of the southern Llanos
Basin However the downdip structures represent an exploratory play of interest, which has

confirmed its potential in sme crude oil accumulations in the ar@ag, Pearson et al., 20)2
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Figure ¥. Numerical simulation results in the 3D grid, from equilibrium (@ k& 10 My, considering an
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flow up-dip and down dip. (a) 3D view showing the adjacent structures at the initial equilibrium, (b} cross
section at the end of the simulation in the 4 scenario, and (c) crosgction at the end of tb simulation

in the downdip scenario. Sor: Residual oil saturation.

Although hydrodynamic flow has been documented in the Llanos Bagin\(illegas et al., 1994;

Bachu et al., 1995; Person et al., 2012; GonZa&mgos et al., 201&onzalePenagos et al., 2017;
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Lasso et al.2018; Mora et al.2018; Mora et al., 2018), more recent approaches attribute the
inclination of the watetoil contacts to active tectonic controls, associated with the current uplift of
the southern area ofthe Rio Meta lineamentMacellari, 202), suggesting that the OV
stabilization rates are slower than the uplift ratdowever, although an OWC tilt of 0.3° toward the
Rubiales Field is proposeé.d., Macellari 2021), which is low according to valuesported
worldwide €.9., Wendebourg et al., 20},8here is no data of uplift rates in the southern area of

the Rio Meta lineament, neither OWC stabilization times on geologic time scale. Likewise, although
the hypothesis shown biylacellari(2021)deservesattention and further investigation, it would not
explain the pressure support over time that has been evidenced in the reservoirs of the eastern
sector of the southern Llanos Basie.q., Gomez et al., 2009 Moreover, as we mentioned
previously, the TAF values estimated in this study towards the Rubiales Field area range between 12
and 20 and differ significantly from the value reported\dgicellari(2021) who reports TAF values

that would not represent the fluids ithe area.

The analyzes included in this study help to explain the low potential for accumulation and
production of hydrocarbons evidenced towards the southwestern corner of the Llanos basin, close
to the Serrania de la Macarena. This low potential iipaittributed to the proximity to the water
recharge zone of the hydrodynamic system (Eastern Front of the Serrania de la Macarena) and the
low-density contrast between water and crude oil, which has favored the drainage of accumulations
of previously loded crude Althoughmost of the basin would negatively affect the BFU due to the
flow of groundwater, the dowsdip type hydrodynamic traps represent the alternative traps to be

explored with the greatest probability of exploratory success.
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6. Conclusions

The hydrodynamic system recognized in BfeUlimits the potential for hydrocarbon accumulation
and production in the area. The effect of hydrodynamic flow on crude oil accumulations in the
southern Llanodasin is amplified by two main factors: the lalgnsity contrast caused by the
presence of heavy and extteavy oils in the presence of freshwater (high TAF values) and the
presence of poorly developed structures identified in the area, with low dip amdleh decreases

the hydrocarbon retention potential. The southwestern corner of the southern LiBas#, near

the Serrania de IMacarena, is recognized as the most critical area for hydrocarbon retention and
coincides with the highest values of hydiatheads, groundwaters of low ions concentration, and

the presence of highly biodegraded cruaiés.

TheBFUis a basirscale diachronous unit, hydraulically connected along the southern LBasis,

resting on Paleozoic rocks, and whose connection betwseeface and subsurface was favored by

the uplift ofthe Serrania de IMacarenaclose tothe zones ofinfluenceof the Giejar River Fault
andthe EasterrMacarena Faultlits tectonic evolution turned the eastern front of ti&errania de

la Macarena intothe main recharge zone and connection of the hydrodynamic system of the
southern Llano8asinas it was proposed in previous studigis connection favors the percolation

of meteoric waters from the surface up to hundreds of kilometers towards thedodebf the Llanos

Basin. This has been confirmed with hydrochemical analyses of groundwater samples and deep
resistivity data, which identify waters with low ions concentration along the Basal Flow Unit,
recognizing a gradual decrease of ions concentraitiothe groundwaters from the east towards

the Serrania de IMacarena.

Although the biodegradation of southern Llanos crudsisib process that has been mainly related

to past processes, the preseday hydrodynamic flow and the current configuratiohtbe basin
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may be contributing tathe current biodegradation processes, coinciding these zones with the
basement highs (i.e., La Macarena High, and El Viento High) and towards the forebulge of the
southern Llano8asin, in sectors where reservoirs becostallower and temperatures are reduced
(<800). Thus, palediodegradation and preserday biodegradation processes, which have
producedcrude oils witHow APigravityandhigh fractions ofesins and asphaltenesonstitute an
additional variable that réduces the hydrocarbon retention potential of the area, leaving crude oils

of higher density that favor high TAF values {1ID0), which underthe current hydrodynamic
conditionlimits the potential for hydrocarbon accumulation and production in the aespecially

in the southwestern corner of the southern LlarBasin towardshe Serrania de IMacarenaThose

areas affected by palebiodegradation which would be still affected by biodegradation today,
should be restricted to the shallow areas with regsrs receiving active hydrocarbon charge. Based

on our new data and previous studies, we suggest that the areas undergoing active biodegradation
are restricted within the study area. Therefore, most of the hydrocarbon charge must have occurred
before the onset of Miocene sedimentation with concomitant early patdodegradation. This
means that the modern recharge zones and hydrodynamic conditions may have been persistent for

several millions of years or tens of millions of years.

In hydrodynamic systemsfluencing hydrocarbon reservoirs, the inclination angles of thavatkr

or gaswater contacts constitute asefultool for the derivation of the groundwater flow velocities
considering a fieldcale (e.g., oil field). According to the values ofaaiter contact inclination
reported in the western Castilla Fault areand from numerical simulation models, values of
groundwater flow velocities were derived and would indicate that for Bie) the average linear
groundwater flow velocity rangebetween orders of magnitude of FOft/day and 10* ft/day.
However, these results are only representatofehe analyzed field and do not represent the flow

velocities of the entire hydrodynamic system. Likewise, we suggest the future use of envirohmenta

52



tracers or the use of downhole instrumentation for the calibration of flow velocities in different

parts of the southern Llanos basin.

Although the hydrodynamic effect towards the eastern sector of the southern LBasis is still
under investigationthe data documented hersuggest that the hydrodynamic effect on the Basal
Flow Unit extends eastward to the distal part of the southern LldBasén. Pressure support over
time, the presence of freshwater in the presence of heavy crude ails the presat-day
configuration of the Basal Flow Unit constitute ideal scenario for theénfluence ofhydrodynamic

flow that in some cases magven favor thepresence othydrocarbon accumulations ispecific

areas. However, additional analyses are needed to dithlihe timing between different processes

to establish whether the tilt of the OWC observed in some oil fields towards the eastern sector is a

response to tectonic effects, hydrodynamics, or perhaps a mixture of these two processes.
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Tables

Table 1 Hydraulic Heasl(Hw) estimated from initial reservoir pressure dataniells of southern Llanos Basin
in the Basal Flow Un{h=43).

Hydraulic HeadHw)

Sample ID Long (W) Lat (N) (m)
W-1 71.774064 3.846359 88.8
W-5 73.943412 3.443077 409.96
W-6 73.443317 3.684937 168.94
W-7 72.933759 3.455608 215.23
W-11 73.393446 3.689463 196.23
W-17 71.818042 3.767322 84.41
W-18 73.191202 3.813505 146.27
W-19 71.688706 3.707948 113.51
W-21 73.596643 3.458762 216.47
W-24 73.226297 3.826055 131.86
W-26 73.030112 3.238458 245.36
W-27 73.031124 3.181783 245.29
W-29 73.110375 3.028119 271.54
W-31 71.739712 3.712175 114.31
W-38 73.60964 3.284817 366.4
W-39 73.677906 2.989145 282.25
W-50 73.471747 3.66663 138.33
W-53 72.634872 3.354711 167.26
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Hydraulic HeadHw)

Sample ID Long (W) Lat (N) (m)
W-54 72.660242 3.90954 143.56
W-55 72.966474 3.523389 200.82
W-60 73.730986 3.769707 286.62
W-65 72.700291 3.123672 203.14
W-72 73.156969 3.835778 140.52
W-78 73.143745 3.796591 154.43
W-82 73.743292 3.305889 308.8
w-83 73.465256 3.616413 144.12
W-84 73.505136 3.605417 144.72
W-85 73.482313 3.670392 104.8
W-86 73.890152 3.278947 365.16
W-87 73.775375 3.09621 254.52
W-88 73.986479 3.456747 490.68
W-89 72.042915 3.794142 132.57
W-90 73.352221 3.459513 241.49
W-91 72.458583 3.66802 127.74
W-92 72.564819 3.711219 112.44
W-93 73.203656 2.936272 283.71
W-94 73.23045 3.192421 244.87
W-95 72.836564 3.066075 294
W-96 72.927806 2.945268 329.41
W-97 72.994571 3.127304 273.64
W-98 73.222927 3.085625 212.31
W-99 73.203663 2.936717 244.05
W-100 73.852122 3.376585 227.98

Table 2. Oil density from PVT analysis and Tilt Amplification Factédj(values for crude oils from the
southern Llanos Basifor the estimation of TAF values, a water density @fcin® was considered.

Sample ID Long (W)  Lat(N)  OnDensity g
(g/lcm®)
W-2 73.6807 3.9794 0.97 33.3
W-5 73.9434 3.4431 0.98 50
W-6 73.4433 3.6849 0.95 20
W-7 72.9338 3.4556 0.98 50
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Oil Density

Sample ID  Long (W) Lat (N) (glcmd) TAF
W-8 73.3984 3.6385 0.93 14.3
W-17 71.8180 3.7673 0.92 12.5
W-24 73.2263 3.8261 0.93 14.3
W-26 73.0301 3.2385 0.97 33.3
W-29 73.1104 3.0281 0.97 33.3
W-31 71.7397 3.7122 0.97 33.3
W-32 72.2324 3.4635 0.97 33.3
W-36 71.4001 3.7921 0.962 26.3
W-37 71.5379 3.7982 0.951 20.4
W-62 73.9371 3.3500 0.99 100
W-64 73.7473 3.8832 0.97 33.3
W-66 71.5161 3.8155 0.948 19.2
W-67 73.7380 3.9369 0.97 33.3
W-68 72.6609 3.9020 0.9 10
W-69 73.6043 3.8947 0.98 50
W-70 73.6658 3.8367 0.93 14.3
W-71 73.0846 3.0356 0.97 33.3
W-72 73.1570 3.8358 0.97 33.3
W-73 73.0841 3.0351 0.96 25
W-74 73.9018 3.2768 0.99 100
W-75 71.6808 3.7118 0.95 20
W-76 73.1909 3.1479 0.94 16.7
W-77 73.0420 3.1135 0.98 50
W-78 73.1437 3.7966 0.96 25
W-79 73.9863 3.4562 0.98 50
W-80 71.4209 3.7943 0.961 25.6

Table3. API gravity of crude oil from wells of the southern Llanos Basin (h=34)

Sample ID Long (W) Lat (N) ° API
W-1 71.7741 3.8464 15.02
W-5 73.9434 3.4431 8.5
W-6 73.4433 3.6849 11.6
W-7 72.9338 3.4556 9.07
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Sample ID Long (W) Lat (N) ° API
W-8 73.3984 3.6385 14
W-10 73.6201 3.8751 13.5
W-17 71.8180 3.7673 16
W-18 73.1912 3.8135 14.1
W-24 73.2263 3.8261 11.8
W-27 73.0311 3.1818 10
W-28 73.4727 4.0882 40.2
W-29 73.1104 3.0281 10
W-31 71.7397 3.7122 11.03
W-32 72.2324 3.4635 10.5
W-33 73.7475 3.8832 8.47
W-36 71.4001 3.7921 12.4
W-37 71.5379 3.7982 12
W-39 73.6779 2.9891 4.9
W-42 73.8841 3.2994 6.5
W-50 73.4718 3.6667 11.68
W-53 72.6349 3.3547 13
W-54 72.6602 3.9095 18
W-55 72.9665 3.5234 16.5
W-56 73.3876 4.0648 16.9
W-57 73.4548 4.0193 335
W-58 73.6510 3.9835 8.93
W-59 73.7105 3.9406 8.55
W-60 73.7310 3.7697 10
W-61 71.6720 3.6935 12
W-62 73.9371 3.3500 10
W-63 72.1813 3.4738 10
W-64 73.7473 3.8832 8.74
W-65 72.7003 3.1237 9
W-66 71.5161 3.8155 12.2

65



Table4. SARA Analysis fractions (Saturates, Aromatics, Resins and Asphaltenes) and Compositional Trend
Index CT) of crude oils ofthe southern Llanos Basin.

Sample ID Long (W) Lat (N) Sat(l;/z?tes Aro(r;)a;tics R(eozi)ns Aspfg;it)enes R%%;Iopr)]; * Comlpnods;t)i(o(rgl_l';rend
W-1  71.7741 3.8464 434 27.6 - - 29.0 2.45
W-2  73.6807 3.9794  18.8 316 316 17.9 - 1.02
W-3 725187 3.7780  36.2 24.8 - - 38.9 1.57
W-4  73.3879 4.0816 415 32.0 - - 26.5 2.77
W-5 73,9434 3.4431 252 29.2 - - 45.6 1.19
W-6  73.4433 3.6849 153 29.6  39.7 15.4 - 0.82
W-7 72,9338 3.4556  19.6 298 39.2 11.4 - 0.98
W-8  73.3984 3.6385 30.9 24.3 - - 44.8 1.23
W-9 73,5855 3.7775 254 16.0 - - 58.6 0.71
W-10 73.6201 3.8751 334 29.5 12.2 25.0 - 1.17
W-11  73.3935 3.5990 21.9 254 - - 52.7 0.90
W-12  73.1026 2.9927  38.9 11.4 - - 49.7 1.01
W-13  73.7332 3.9161 14.2 30.8 39.8 15.2 - 0.82
W-14  73.6755 3.9422  24.6 29.0 279 18.6 - 1.15
W-15  73.9167 3.3266  20.5 28.2 - - 51.3 0.95
W-16  73.9478 3.5535 194 31.0 - - 49.6 1.02
W-17 71.8180 3.7673  48.3 29.9 - - 21.8 3.59
W-18 73.1912 3.8135  31.7 308 221 15.4 - 1.67
W-19 71.6887 3.7081  39.1 35.2 14.3 11.4 - 2.88
W-20 71.6978 3.6952  46.7 31.0 - - 22.3 3.48
W-21  73.5967 3.4588  25.5 26.2 - - 48.3 1.07
W-22  73.6115 3.4867 16.6 222  30.6 30.6 - 0.63
W-23  73.3686 4.0947  34.0 278 26.0 12.2 - 1.62
W-24  73.2263 3.8261 34.4 26.0 229 16.7 - 1.53
W-25  72.1909 3.4708  18.0 30.4 - - 51.7 0.94
W-26 73.0301 3.2385  15.2 349 39.1 10.8 - 1.00
W-27 73.0311 3.1818  17.7 371 36.1 9.1 - 1.21
W-28 73.4727 4.1063  71.0 19.0 6.0 4.0 9.00
W-29 73.1104 3.0281 27.1 24.7 - - 48.2 1.07
W-30 73.5007 3.8619 124 11.2 - - 76.4 0.31
W-31 71.7397 3.7122 414 28.4 - - 30.2 2.31
W-32 72.2324 3.4635  34.5 20.1 - - 45.5 1.20
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Saturates Aromatics Resins Asphaltenes

Resins +

Compositional Trend

Sample ID Long (W) Lat (N) %) %) (%) %) Ag/op)h Index (CTI)
W-33 73.7475 3.8832 224 23.2 37.8 16.6 - 0.84
W-34  73.4985 3.9863 16.6 33.0 - - 50.4 0.99
W-35 73.5100 3.9746 13.6 29.4 - - 57.0 0.76
W-36 71.4001 3.7921  48.3 33.2 - - 18.6 4.39
W-37 71.5379 3.7982  48.4 27.6 - - 24.0 3.17
W-38 73.6096 3.2848 4.4 4.5 - - 91.1 0.10
W-39 73.6779 2.9891  27.8 24.4 - - 47.8 1.09
W-40 73.7626 3.1492 239 24.0 - - 52.1 0.92
W-41 73.9302 3.3578  22.0 21.9 - - 56.1 0.78
W-42  73.8841 3.2994  26.7 26.6 - - 46.7 1.14
W-43 71.0702 4.0338 51.1 13.1 - - 36.5 1.76
W-44  71.1602 3.8090 45.9 32.9 6.5 14.7 - 3.72
W-45 73.4392 4.0426  69.3 20.6 - - 10.1 8.90
W-46 71.5160 3.8155  39.2 32.3 - - 23.5 3.04
W-47  71.6431 3.5332 16.1 12.3 - - 71.6 0.40
W-48 71.4260 3.6130 16.5 7.2 - - 76.3 0.31
W-49  71.7864 3.0720 3.6 5.8 - - 90.6 0.10
W-50 73.4717 3.6666 18.2 24.2 41.3 16.3 - 0.74
W-51 71.4473 3.6358 56.8 18.0 - - 25.2 2.97
W-52  72.1114 3.5461  33.1 24.8 - - 42.1 1.38
W-53  72.6349 3.3547  24.3 27.1 - - 48.6 1.06
W-54 72.6602 3.9095  58.3 22.4 - - 19.3 4.18
W-55 72.9665 3.5234  28.5 32.6 25.2 13.7 - 1.57

Table5. Anions and cationgompositions(mg/L) for groundwater samples from the southern

(n=93)

LlarBssin

Sample ID Long (W) Lat (N)

Anion (mg/L)

Cation (g/L)

HCO3 CO3 S04 Cl Na K Ca Mg
W-1 71.7741 3.8464 671.0 0.0 40 4070 4315 481 522 6.8
W-5 73.9434 3.4431 1144 0.0 29 5.0 42.1 87 171 1.0
W-6 73.4433 3.6849 2670 00 40 1830 1670 3.2 290 48
W-7 72.9338 3.4556 610.0 0.0 40 74.8 290.0 10.7 688 57
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Sample ID Long (W) Lat (N)

Anion (mg/L)

Cation mg/L)

HCO3 CO3 S04 Cl Na K Ca Mg
W-11 73.3935 3.6895 366.0 0.0 4.0 126.0 1990 22 302 0.7
W-17 71.8180 3.7673 6405 0.0 4.0 3340 426.0 158 215 57
W-18 73.1912 3.8135 1983 0.0 4.0 50.1 355 404 379 88
W-19 71.6887 3.7079 7320 30.0 1.0 291.0 588.0 15.0 413 8.6
W-20 71.6978 3.6952 6405 0.0 4.0 183.0 3425 172 8.7 1.6
W-21 73.5966 3.4588 167.8 0.0 4.0 91.4 1269 25 102 0.8
W-24 73.2263 3.8261 488.0 0.0 15.7 96.6 2459 425 115 20
W-26 73.0301 3.2385 285.0 0.0 1.0 41.8 166.4 45 197 0.9
W-27 73.0311 3.1818 366.0 0.0 1.0 42.8 2036 9.7 454 19
W-31 71.7397 3.7122 9455 0.0 1.0 284.0 533.0 119 225 41
W-35 73.5100 3.9746 427.0 120.0 113.9 715.0 1128.0 22.0 9.0 0.1
W-53 72.6349 3.3547 3279 0.0 9.1 49.3 1611 4.7 6.2 0.6
W-55 72.9665 3.5234 6100 0.0 4.0 57.0 103.0 6.2 33.0 10.8
W-58 73.6771 3.9456 1159.0 0.0 17.0 430.0 500.0 26.6 93.7 4.2
W-75 71.6808 3.7118 7625 0.0 4.0 175.0 370.2 193 112 19
W-78 73.1437 3.7966 99.1 150 4.0 6.2 71.0 3.8 2.9 0.5
W-79 73.9863 3.4562 100.0 0.0 4.2 49.0 42.0 37 3.1 0.6
W-83 73.4652 3.6164 289.8 0.0 4.0 58.8 1530 26 378 2.9
W-90 73.3522 3.4595 488.0 0.0 4.0 37.4 2200 8.3 481 2.7
W-94 73.2304 3.1924 2669 0.0 0.0 96.3 146.0 44 372 20
W-118 73.6747 3.9507 366.0 0.0 1.0 56.3 147.0 129 149 15
W-125 73.2438 3.1634 1300.0 0.0 42.0 360.0 725.0 165.0 3.8 5.7
W-126 73.1951 3.1257 5150 0.0 31.0 255.0 330.0 140 15 54.0
W-127 73.2138 3.1642 780.0 0.0 57.0 490.0 7350 660 3.7 17.0
W-128 73.1890 3.1451 490.0 8.1 140 84.0 260.0 370 1.2 4.8
W-134 71.6720 3.6935 7015 30.0 4.0 1470 399.0 105 155 20
W-141 73.0420 3.1135 475.0 0.0 20 50.0 180.0 7.3 0.0 8.7
W-144 71.7402 3.7122 793.0 0.0 4.0 2100 404.0 104 6.1 1.6
W-147 73.2494 3.7373 106.8 0.0 4.0 35.8 40.0 169 119 06
W-153 71.4483 3.7964 988.4 0.0 9.1 90.3 4099 100 7.3 0.0
W-154 71.4831 3.7599 6950 0.0 27.0 127.0 351.0 6.0 6.1 0.0
W-174 73.6702 3.9482 305 0.0 3.1 5.8 4.7 4.3 5.9 1.2
W-175 73.6825 3.9355 38.1 0.0 21 35.7 15.0 78 137 16
W-176 73.6825 3.9332 534 00 4.8 22.8 20.7 5.7 8.3 1.6
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Sample ID Long (W) Lat (N)

Anion (mg/L)

Cation mg/L)

HCO3 CO3 S04 Cl Na K Ca Mg
W-177 73.6690 3.9520 458 0.0 1.0 8.9 10.8 5.2 6.6 1.0
W-178 73.6839 3.9385 46.0 0.0 3.8 9.8 10.5 59 6.5 13
W-179 73.6781 3.9354 2745 0.0 9.6 195.0 1704 147 322 41
W-180 73.6727 3.9504 839 0.0 9.0 19.6 29.7 75 104 12
W-181 73.6774 3.9453 61.0 0.0 3.7 6.4 14.8 6.2 6.8 1.2
W-182 73.7146 3.9192 2120.0 0.0 0.0 1267.0 1589.0 118.8 110.8 8.0
W-183 73.6899 3.9981 854.0 0.0 33.6 806.0 1032.0 189 355 3.8
W-184 73.6899 3.9981 793.0 0.0 4.0 359.0 575.0 246 595 46
W-185 73.6899 3.9981 7625 0.0 4.0 369.0 578.0 296 174 34
W-186 73.6899 3.9981 7778 0.0 4.0 3700 575.0 256 198 3.6
W-187 73.6899 3.9981 7320 0.0 8.0 408.0 566.0 259 175 39
W-188 73.6899 3.9981 732.0 0.0 114.0 400.0 599.0 258 164 4.0
W-189 73.6899 3.9981 7320 0.0 7.0 413.0 558.0 257 156 3.5
W-190 73.6899 3.9981 915.0 0.0 3.9 6287 874.0 254 39.2 4.1
W-191 73.6899 3.9981 976.0 0.0 7.5 629.0 887.0 29.0 388 4.6
W-192 73.7624 3.9388 1159.0 0.0 34.8 672.0 876.0 123 338 1.7
W-193 73.7624 3.9388 1260.0 0.0 117.0 513.0 808.2 145 323 238
W-194 73.7624 3.9388 1159.0 0.0 135.0 563.0 1016.0 18.0 436 1.9
W-195 73.7624 3.9388 15555 0.0 89.0 1080.0 1749.0 191 754 33
W-196 73.6899 3.9981 7320 0.0 8.0 408.0 566.0 259 175 39
W-197 73.6899 3.9981 7320 0.0 7.0 413.0 558.0 25.7 156 3.5
W-198 73.3756 4.0737 2440 0.0 389 823.0 625.0 157 281 5.1
W-199 73.3773 4.0702 153.0 00 11.8 178.0 136.5 10.7 340 20
W-200 73.4034 4.0881 5490 0.0 176 1139 186.0 53.8 27.7 2.8
W-201 73.3751 4.0862 73.3 00 336 250 42.0 6.3 137 0.9
W-202 73.6274 3.8684 1220 0.0 161 6.8 50.9 3.6 8.3 1.0
W-203 73.3810 4.0710 2593 0.0 90.2 318.0 239.0 186 787 6.2
W-204 73.3715 4.1006 628.3 0.0 160.0 585.0 825.0 414 8.0 4.0
W-205 73.3894 4.0833 183.0 0.0 134.0 490.0 396.0 164 521 49
W-206 73.3898 4.0792 70.2 0.0 20.7 109 20.5 56 139 11
W-207 73.3731 4.0871 885 00 251 289 41.9 70 210 16
W-208 73.4512 4.0224 198.3 0.0 0.0 533.0 230.8 139 571 6.7
W-209 73.4450 4.0252 915 00 116 137 31.0 70 102 1.0
W-210 73.4505 4.0290 1281.0 0.0 34.6 1278.0 1333.3 179 53.0 8.8
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Sample ID Long (W) Lat (N)

Anion (mg/L)

Cation mg/L)

HCO3 CO3 S04 Cl Na K Ca Mg
W-211 73.4499 4.0235 61.0 0.0 174 502.0 1544 32.1 136.0 13.1
W-212 73.4553 4.0283 2135 0.0 327 4470 2952 218 656 6.8
W-213 73.4434 4.0354 2135 0.0 0.0 685.0 233.0 135 576 6.7
W-214 73.4524 4.0465 175.4 0.0 1.0 31.0 570 204 259 16
W-215 73.4407 4.0382 700 00 41 6.9 14.2 46 103 1.0
W-216 73.4297 4.0483 53.4 75 4.0 4.1 20.5 58 126 1.0
W-217 73.4420 4.0410 61.0 75 4.0 11.9 234 182 107 11
W-218 71.7526 3.7414 9150 0.0 4.0 2510 395.0 106 6.7 1.8
W-219 71.7556 3.7684 1281.0 0.0 4.0 5410 889.0 228 435 338
W-220 71.4287 3.7928 5490 0.0 45 2595 340.1 200 7.3 0.0
W-221 71.4898 3.7665 943.0 0.0 1.0 260.0 483.0 7.5 1.2 125
W-222 71.4442 3.7817 641.0 0.0 1.0 221.0 385.0 13.0 25 1238
W-223 71.4146 3.8307 1050.0 0.0 6.0 240.0 815.0 420 99 200
W-224 71.3441 3.8330 6100 0.0 45 200.0 3200 140 25 7.0
W-225 71.5156 3.9043 950.0 4.0 3.1 165.0 4400 430 51 110
W-226 71.4711 3.8859 835.0 0.0 0.0 72.0 340.0 180 3.5 6.9
W-227 71.5547 3.7493 825.0 0.0 8.1 195.0 395.0 250 46 9.7
W-228 71.4178 3.7502 750.0 34.0 72.0 245.0 495.0 17.0 26.0 44.0
W-229 71.5233 3.7362 590.0 0.0 11.0 110.0 3100 71 1.9 7.4
W-230 71.4629 3.8383 985.0 0.0 20 1250 400.0 350 438 8.3
W-232 73.3586 4.0786 549.0 0.0 1.0 1177.0 993.8 11.1 38.0 1.2

Table 6. Deep resistivity¢ RT (ohm.m), temperature (°C), effective porosity (fr), and formation water
resistivityRwa (ohm.m) estimated from well logs of southern Llanos Basin (n=128).

Salrgple Long (W) Lat (N) Pepth Interval () A\(/Oer:zring?ren;? T Te/;\r:lpeé?agtira E:)ergg\i%e/ (ot?r\;\l-?n)

Top Bottom °C) (Frac) m=1.8
W-5  73.9434 3.4431 3868 4305 2007.67 49.37 0.15 65.23
W-6  73.4433 3.6849 7436 7787 403.82 84.53 0.19 20.71
W-7 729338 3.4556 3647 3770 211.11 47.27 0.15 7.03
W-8 73.3984 3.6385 6957 7269 228.41 55.07 0.20 12.16
W-9 73.5855 3.7775 5542 5820 52.66 58.23 0.24 4.16
W-11 73.3934 3.6895 6813 7031 382.33 65.12 0.19 19.97
W-15 73.9167 3.3266 781 1499 5306.33 33.00 0.18 252.04
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SaPe Long (W) Lat (N) oeph el @ A‘(':frﬁq;ﬂ Teﬁlsé?agtira E:)erccyts“l/tf/ (or?r\;\l-?n)

Top Bottom (°C) (Frac) m=1.8
W-16 73.9479 3.5535 3862 4437 787.56 49.72 0.14 21.42
W-17 71.8180 3.7673 3271 3399 20.61 45.19 0.27 1.98
W-18 73.1912 3.8135 7395 7663 271.42 81.44 0.20 15.52
W-19 71.6887 3.7079 2912 3032 19.95 43.18 0.27 1.93
W-21 73.5966 3.4588 6655 6935 378.35 64.42 0.22 25.40
W-24 73.2263 3.8261 7577 7881 282.97 80.38 0.22 18.09
W-26 73.0301 3.2385 3090 3270 170.72 63.24 0.26 15.21
W-27 73.0311 3.1818 2873 2978 36.13 65.62 0.27 3.49
W-29 73.1104 3.0281 2572 2671 38.16 41.23 0.30 4.26
W-31 71.7397 3.7122 3010 3256 15.21 44.07 0.31 1.79
W-32 72.2324 3.4635 3330 3362 24.83 45.26 0.29 2.66
W-37 71.5379 3.7982 2882 3017 24.97 43.05 0.27 2.33
W-38 73.6096 3.2848 4206 4784 4.45 49.82 0.25 0.36
W-39 73.6779 2.9891 4931 4960 108.45 54.14 0.27 10.00
W-40 73.7626 3.1492 5601 5738 99.48 58.16 0.22 6.25
W-44 71.1602 3.8090 2536 2629 22.26 41.01 0.30 2.49
W-46 71.5160 3.8155 2906 3033 24.75 43.16 0.26 2.24
W-47 71.6431 3.5332 2818 2893 24.36 42.53 0.26 2.14
W-49 71.7864 3.0720 2099 2219 21.71 38.66 0.28 2.25
W-50 73.4717 3.6666 7564 7721 244.93 84.92 0.20 13.40
W-52  72.1114 3.5461 3182 3279 12.82 44.61 0.30 1.44
W-53 72.6349 3.3547 2781 2857 47.08 42.33 0.29 5.07
W-54 72.6602 3.9095 5466 5937 238.99 58.34 0.07 2.20
W-55 72.9665 3.5234 4144 4260 520.08 74.06 0.06 3.39
W-60 73.7310 3.7697 7191 7851 538.38 68.45 0.15 16.86
W-61 71.6720 3.6935 2803 3028 17.69 42.87 0.29 1.92
W-63 72.1813 3.4738 3360 3433 20.93 45.53 0.30 2.37
W-66 71.5161 3.8155 2907 3033 24.52 43.17 0.25 2.01
W-68 72.6609 3.9020 5420 6957 34.93 61.05 0.05 0.16
W-70 73.6658 3.8367 2093 2224 682.96 38.66 0.12 14.36
W-71 73.0846 3.0356 2480 2512 53.01 73.90 0.29 5.57
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SaPe Long (W) Lat (N) oeph el @ frvisadil remperaura Porosly  (ohmom)

Top Bottom (°C) (Frac) m=1.8
W-75 71.6808 3.7118 2855 3171 18.58 43.41 0.32 2.39
W-76 73.1909 3.1479 4474 4867 269.06 52.61 0.30 31.37
W-78 73.1437 3.7966 6893 7044 266.23 65.38 0.20 14.17
W-79 73.9863 3.4562 3997 4201 1647.65 49.44 0.22 111.51
W-82 73.7433 3.3059 6261 6507 1952.56 62.13 0.21 119.68
W-84 73.5051 3.6054 7280 7676 542.14 77.80 0.19 26.00
W-86 73.8902 3.2789 1383 1934 8600.00 35.88 0.18 373.22
W-88 73.9865 3.4567 2653 2886 982.72 42.05 0.17 38.78
W-89 72.0429 3.7941 3906 3939 74.67 48.46 0.17 2.95
W-90 73.3522 3.4595 5738 5769 50.97 85.84 0.20 2.92
W-91 72.4586 3.6680 4092 4252 16.27 49.85 0.27 1.58
W-92 725648 3.7112 5508 5618 447.85 57.57 0.02 0.39
W-93 73.2037 2.9363 2361 2424 32.46 39.96 0.21 1.97
W-96 72.9278 2.9453 2084 2112 62.50 38.32 0.13 1.66
W-97 72.9946 3.1273 2529 2921 109.49 41.80 0.05 0.52
W-98 73.2229 3.0856 3194 3279 54.19 44.65 0.26 4.80
W-101 73.7624 3.9388 3024 3150 170.99 43.82 0.16 6.17
W-102 73.6899 3.9981 9110 9400 105.27 78.08 0.18 4.62
W-100 73.8521 3.3766 6314 6833 3351.26 63.19 0.16 125.17
W-103 73.7201 3.9517 2762 2811 159.43 42.15 0.17 6.78
W-104 73.6905 3.5175 2137 2300 521.91 38.99 0.16 18.42
W-105 72.6621 2.7677 1187 1328 63.98 33.65 0.21 3.85
W-106 72.8999 3.1810 2283 2643 4.42 40.35 0.26 0.39
W-107 73.3968 3.6370 6940 7032 374.54 90.47 0.24 28.06
W-108 73.6376 3.8896 7664 7931 298.45 69.99 0.19 14.45
W-109 73.6390 3.8679 7736 7887 572.70 70.07 0.17 23.59
W-110 73.6638 3.8517 6823 7539 366.05 39.15 0.15 12.18
W-111 73.6638 3.8658 2197 2297 387.94 39.17 0.18 17.53
W-112 73.6601 3.8398 6538 7016 725.67 64.32 0.16 26.50
W-113 73.6542 3.8720 2177 2325 606.26 39.17 0.18 26.31
W-114 73.6363 3.8569 6356 7311 562.23 64.63 0.16 20.76
W-115 73.6697 3.8332 6663 7092 830.28 64.87 0.16 29.30
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SUTP L ong () Lt () o o Average RT ol porosiy  (ohmm

Top Bottom (°C) (Frac) m=1.8
W-116 73.7300 3.9074 8807 8999 505.31 76.13 0.13 13.38
W-117 73.6771 3.9456 8545 8701 2606.02 85.12 0.18 123.78
W-118 73.6747 3.9507 8603 8938 661.51 75.39 0.16 23.34
W-119 73.9508 3.3757 918 1627 907.15 33.74 0.15 29.47
W-120 73.8514 3.3868 3795 3967 361.94 48.23 0.28 35.43
W-121 73.9027 3.2940 767 1387 4090.38 32.65 0.19 200.02
W-122 73.8934 3.2708 444 979 7859.78 30.62 0.21 481.74
W-123 73.9001 3.2792 300 896 4589.60 29.99 0.20 251.02
W-124 73.0907 3.0097 2335 2488 28.45 70.99 0.22 1.82
W-125 73.2438 3.1634 3767 3852 42.16 65.13 0.31 5.00
W-126 73.1951 3.1257 3321 3347 70.90 45.19 0.30 8.22
W-127 73.2138 3.1642 3692 3765 26.31 47.38 0.26 2.36
W-128 73.1890 3.1451 3464 3507 131.25 87.21 0.31 16.31
W-129 73.1985 2.9649 2458 2524 29.10 76.05 0.20 1.58
W-130 73.0433 3.1202 2689 2780 38.14 41.86 0.21 2.26
W-131 73.0389 3.0930 2568 2586 32.56 61.41 0.27 3.06
W-132 73.0054 3.1250 2396 2501 41.04 104.74 0.21 2.49
W-133 72.6331 3.2673 2684 2776 19.38 41.83 0.25 1.58
W-134 71.6720 3.6935 3969 4043 17.06 48.92 0.24 1.32
W-135 73.5848 3.8037 8871 9172 371.05 76.79 0.16 14.17
W-136 73.1708 3.1305 3201 3221 16.97 4451 0.25 1.44
W-137 73.7861 3.8584 8248 9246 140.74 75.26 0.10 2.03
W-138 72.9584 2.8460 1166 1238 23.45 33.34 0.21 1.37
W-139 72.2335 3.4391 3209 3305 20.60 44.76 0.27 1.99
W-140 72.7742 3.6642 4477 4618 125.71 51.93 0.28 12.47
W-141 73.0420 3.1135 2659 2685 97.50 41.51 0.29 10.63
W-142 73.0422 3.1135 2662 2695 103.99 41.55 0.29 11.06
W-143 73.5832 3.9350 8637 8864 417.02 75.28 0.18 19.23
W-144 71.7402 3.7122 3004 3244 14.94 44.02 0.33 2.01
W-145 725733 3.9336 5641 5987 64.71 58.97 0.22 4.17
W-146 71.4920 4.0550 3266 3406 20.69 45.20 0.26 1.88
W-147 73.2494 3.7373 6971 7140 462.44 88.85 0.22 30.55
W-148 71.7417 3.7808 3173 3429 13.92 45.01 0.27 1.33
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SUTP L ong () Lt () o o Average RT ol porosiy  (ohmm

Top Bottom (°C) (Frac) m=1.8
W-149 71.6335 4.0014 3403 3648 15.92 46.25 0.26 1.38
W-150 71.5742 3.7442 2409 2495 9.48 40.29 0.34 1.38
W-151 71.4449 3.7670 2707 2768 26.50 41.87 0.29 2.77
W-152 71.5085 3.7962 2834 2964 20.74 42.77 0.26 1.77
W-153 71.4484 3.7964 2746 2858 23.07 42.23 0.30 2.66
W-154 71.4832 3.7599 2733 2852 20.27 42.18 0.27 191
W-155 71.3881 3.7336 2407 2553 18.78 40.45 0.28 1.94
W-156 73.0516 3.4051 4052 4117 70.76 49.36 0.25 5.63
W-157 73.2344 3.2545 4401 4481 41.34 51.34 0.25 3.51
W-158 73.3618 3.2920 3744 4910 341 50.70 0.19 0.18
W-159 72.1884 3.1908 2384 2497 15.31 40.22 0.26 1.37
W-160 72.6471 3.1935 2755 2829 14.01 42.18 0.17 0.57
W-161 72.6245 3.3110 2820 2867 18.89 42.46 0.24 1.39
W-162 72.3322 3.3015 2809 2828 14.89 42.32 0.24 1.14
W-163 72.3776 3.0376 1507 2073 6.95 36.61 0.20 0.37
W-164 71.7499 3.8563 3350 3665 14.31 46.15 0.26 1.29
W-165 72.0766 2.9557 1840 1985 26.46 37.29 0.28 271
W-166 71.8802 3.3551 2597 2711 12.20 41.41 0.29 1.34
W-167 71.6485 3.4084 2597 2835 20.17 41.75 0.27 1.92
W-168 73.4718 3.6667 8083 8525 426.88 88.75 0.17 17.40
W-169 73.4434 3.6848 7754 8245 381.43 88.48 0.20 21.43
W-170 72.1382 3.6042 3525 3612 16.18 46.49 0.29 1.79
W-171 72.9329 3.5507 5103 5136 200.92 55.11 0.01 0.04
W-172 73.5562 3.9612 9315 9546 495.31 79.06 0.15 15.90
W-173 73.6887 3.7700 6860 7218 164.94 65.77 0.12 3.85
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Table 7 Summary of stimated average lineaigroundwater velocities considering different ranges of oil
densities, tilt of OWC and Permeabilitidhie average porosity for each scenario wa%?20

Average Linear

Oil Density Tilt of OWC Permeability Groundwater Velocity
(g/cm?3) (degrees (mD) (ft/day)
(min - max)
500 0.00033- 0.00063
1° 2000 0.0014- 0.0025
5000 0.0034-0.0063
0.92
500 0.00045- 0.00086
1.5° 2000 0.0019-0.0034
5000 0.0049- 0.0086
500 0.00018-0.00036
1° 2000 0.00076- 0.0015
5000 0.0019- 0.0035
0.95
500 0.00028- 0.00054
1.5° 2000 0.0012-0.0022
5000 0.0030-0.0053
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Abstract

The topographic and structural configuration of the deformation front in foreland basins has
implications in the process of hydrgjic recharge of deep aquifer systems. Deep aquifer systems

are favored when tectonic deformation has exhumed aquifer units to the surface, creating a
connection between the surface and subsurface. The indirect water recharge processes established

by this ©onnection allow meteoric water to infiltrate and travel long distances through a basin.
Therefore, establishing recharge zones and determining the influence of meteoric waters in deep
aquifers represents a challenge to understand the dynamics and hydpatéintial of this type of

system. This study presents new oxygen and hydrogen isotopic data from 162 samples of surface

water and 109 samples from groundwater. Groundwater samples were taken from deep wells (700

m to 4000 m deep) that penetrated the ageiifunits that make up th8asal Flow Unit (BFp)esent

in the southern Llanos basin in Colombia. In addition, anjoand cation (+) analysis (HSCQG?,

SQ?, Ci, Nd, K, Cd? Mg? was performed on 67 surface water samples and 93 groundwater

samples from wells to evaluate their composition and existing relationship with the recharge areas.

2SS dzaSR G(KS&S Aa¥aebl ODEFRLRARNROKEYHOLt RIGI G2
and degree of influence of meteoric waters in the Basal Flont. Thus, we evaluated the isotopic

behavior of the Andean Foreland in Colombia. These data allowed us to propose the altitude ranges

of the recharge zones for a deep regional aquifer (BFU) that extends along the southern Llanos basin

Ay /2t 2 Y%A N Re K Bom@urfdcelz@ater sources showed consistency with respect

to the isotopic behavior reported in global datasets (GMWL), the Local Meteoric Water Line (LMWL)
established for Llanos basin, and data from ABPstations examined inthi & (1 dzR & ®#*0¢ KS y S g
YR +5 |Fylfearar G(G23SGKSNJ gAGK RIGFaSia FTNRY LN
L2aaAroftsS G2 SadlofArakK GKS [20Ff aSiS2NAO 21 GSNI |
=7.840.10)x1 %0 + 11.66%0.75)4% | yR +5 @I fdzSa 2F ANRdzyRél 1SNJI a
wells follow the proposed Llanos Local Meteoric Water Line. It supports a high influence of meteoric

waters in theBasal Flow Unitfrom areas close to the recharge zones up to more than 300 kay aw

to the east of the basin and suggesting its origin from approximate altitude ranges that vary between

580 m and 2060 m, related to the La Macarena Range and the eastern flank of the Eastern Cordillera.

The physicochemical data was used as an additigraky and showed the lowest ion
concentrations in proximity to the recharge zones, recognizing in general groundwater with low
concentrations of C(4.1- 1278 mg/L) and Na (4.q 1749 mg/L) along the BFU present in the

southern Llanos basin.

Keywords:DeS LJ | |j dzZA F SN& = B@-i 5at § ¥, kall@isi(2) adGtar Fecharge.
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1. Introduction

Identifying the recharge areas of a hydrogeological system is essential for the understanding of the
dynamics and characteristics gfoundwater in a given region. Two main types of recharge are
recognized: direct recharge that occurs by direct percolation of precipitation, and indirect recharge,
which occurs following runoff or through the beds of surface watercoursemér et al., 290;
Simmers, 1997; Lloyd, 198@However, the recognition of these recharge zones is theoretically
simple and relatively intuitive (but by no means easy to quantify) when it comes to a recharge
controlled mainly by precipitationLérner et al., 1990 When the recharge is indirect (e.g., river
aquifer), the determination of the recharge zones represents an additional challenge in the
characterization of the aquifer systems, especially when it comes to connected aquifers from the
surface to depths of the der of thousands of meters. In addition, the challenge becomes greater
when considering groundwater flow paths of hundreds of kilometédey, 2009. Many authors

have reported the water recharge analysis in deep aquifers referring to depths that dexoetd

on average 500 meters (e.gharma and Huges, 1985; Yang et al., 1999; De Vries et al., 2000; Alley
2009; Currell et al., 2010; Xu et al., 2017; Tirumalesh et al., 2017; Guo et al., 2019; Huang et al.,
2019. However, recharge processes of aquitanected with the surface become efficient even

at depths of the order of kilometer8éir et al., 1985; Garven, 1985; Hitchon, 1969

Stable isotopes of water are useful in determining groundwater's provenance, revealing the mixing
processes, and tradinthe isotopic evolution of groundwatelKong et al., 2017 These isotopes are
commonly used to identify linkages between the surface water and the groundwater systems and
provide insights into water movement&éndall and Caldwell, 1998The integrationof stable
Aaz2i2LISa *0)SasHcheical thagers (e.g., HC@Q? SQ? Ci, Nd, K, Cad% Mg?),

constitute a powerful tool for the understanding of recharge processes and residence times of
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groundwater Edmunds and Wright, 1979; Edmundsaét 2003; Negrel et al., 2011; Monjerezi et

al., 2011; Negrel et al., 2012; Carucci et al., 2012; Giambastiani et al., 2013; Zabala et)al., 2015

This research focuses on the Llanos basin, which is located in the esagtain sector o€olombia
(Figure J. Previous research has documented the flow directions in the Llanos Basin by correlating
zones of water with low concentrations of aniorsdnd cations (+) in the basin which match with
regions with high hydraulic head associated wite Eastern Cordillera and La Macarena Range in
the orogenic beltVillegas et al., 1994; Bachu et al., 1995; Gondatéd® et al., 2007; Person et al.,
2012; GonzalePenagos et al., 2014; Gonzakenagos et al., 2017; Mora et al., 2019; Gémez

Moncadaet al., 2022. (Sedrigure 1for location).

The isotopic analyses presented Bpnzale2Penagos et al. (2014how that meteoric waters
already influence some reservoirs of the central and northern Llanos basin. On the other hand,
GonzaledJribe et al. (20073how that towards the foothills of the Eastern Cordillera, the influx of
meteoric waters is not as effait as towards the adjacent foreland basin. It was confirmed with the
presence of high concentrations of ions in groundwater, and isotopic concentrations of groundwater
that move away from the local Colombian meteoric water line presenteBdyriguez (204), or

even in the global datasets (e.@raig, 1961Rozanski et al., 1993

The main goal of this study is to focus on identifying the provenance and ionic concentrations of
groundwater in deep aquifers that are connected from the surface to more48800 m.a.s.| deep,
along the southern Llanos basin. Moreover, we evaluate the degree of influence of meteoric water
in different structural styles. We document that water would be traveling long distances from the
elevated zones related with the deformatidront to the distal part of the basin (>300 Km) and

passing through high pressure (608500 Psi) and high temperature (58626°C) conditions.
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and cations (+) (Na K, Cd?% Md? were used to understand the recharge process of these deep
groundwater, which has reached different stratigraphic units along the southern Llanos basin.
Likewise, we compare the isotopic composition of groundwaters wiglightopic signal of meteoric
waters, comparing how deviated is the isotopic sighal from groundwater with respect to the Local
Meteoric Water Line (Llanos LMWL) and the Global Meteoric Water Lines (GMWIQrgggy.1961
Rozanski et al., 1993An addiional important goal of the isotopic study was to propose altitude
ranges for the different isotopic values obtained from groundwater samples. These altitude ranges
were estimated using the altitude model proposed3aylor et al. (2009Yhe key outcomefdhese
analyses would be to associate the isotopic values coming from groundwater, whose waters have a
potential provenance from meteoric waters, with altitude ranges of the recharging zones. The
isotopic analysis was integrated with the results repoiitethe northwestern part of the basin (e.g.,
GonzaledJribe et al., 2007; Gonzal®enagos et al., 2014; Saylor et al., 20G8lowing us to
establish the Llanos Meteoric Water Line, and likewise propose the potential recharge areas of the

Basal Flow Unit
2. Regional Setting

2.1. Geology

The study area is located in the northwestern corner of South America, in the southern Llanos basin
of eastern Colombia. This sedimentary basin is a foreland basin bounded by the Eastern Cordillera
fold-thrust belt to the northwest, La Macarena Range to the southwest, and the Precambrian

basement of the Guyana Shield to the edgb(eno-Lopez and Escalona, 2Qibigure J.
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Figure 1 Digital elevation model (from the Sttke Radar Topography MissiBRTM) of central Colombia
showing regional hydrology and sample locatioBE: Eastern Cordillera. Cresstions A Q3 Q> - §R /
are showed irFFigure 11 All samples except for those represented by the red asteriskiiaripand cations

(+)] correspond to isotopic analysis.

The sedimentary record of the Llanos basin was controlled by the tectonics associated with the
Northern Andean orogenyCpoper et al., 1995; Parra et al., 2009, 2010; Mora et al., 2010b; Mora

et al.,, 2013, and corresponds to siliciclastic deposits from the Paleozoic (undifferentiated),
Mesozoic and Cenozoic Eras. Ages of stratigraphic units from Mesozoic and Cenozoic eras range
from the Upper Cretaceous (Une, Gacheta, and Guadalupe Formationsg&ad®arco, Cuervos,
Mirador, and Carbonera (887) Formations), Neogene (Carbonera-@1§, Leon and Guayabo

Formations) and Quaternary depositsiqure 2 from ReyesHarker et al., 20156 In the southern
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Llanos basin, towards La Macarena Range, the Paleocene stratigraphic units (Barco and Cuervos
Formations) are absent, since these units are restricted to the deep western sector of the basin, but

no including La Macarena Range (eRpyesHarker et al., @15; Mora et al., 2019

Alongstrike of western boundary of Llanos basin, changes in structural style impact the degree of
connectivity between the surface and ssbrface aquifers. In the eastern flank of the Eastern
Cordillera, the complexity of the de&y of deformation decreases to the southwest toward La
Macarena Range. The decreased structural complexity and outcropping areas favors direct
connection between surface water and rocks of the Upper Cretaceous and Paleogene with aquifer
potential (e.g.,Mora et al., 2010a, 2010b; Mora et al., 2013, Moreno et al., 2013; Jimenez et al.,

2013; Mora et al., 2014; Mora et al., 2019; Gorvkancada et al., 2022 (Figures 2b, 2c

2.2. Hydrogeology

Aquifer potential is related to the sandstones and minor conglates of the Une, Guadalupe,
Barco, Mirador, and Carbonera formations, while the main aquitards correspond to the Gacheta
Formation and the muddy sediments of the Eocene and Oligodeigeré 3. These units onlap
Paleozoic strata to the east, forming amagamated high porosity and permeability flow unit,

directly above the Paleozoic strata, and which is referred to in the present study BasaéFlow
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Unit. (Figure 3. The aquitard associated with the Gacheta Formation is restricted to the western
sector of the study ared={gure 3. It controls westward the vertical connection between the basal
Cretaceous aquifer (Une Formation) and the Paleogene and Neogene aquifer units. In turn, the
thickness of the Gacheta Formation varies drastically, gemgyativo different hydrological
configurations. In the northwestern the Gachetd Formation aquitard is >150 meters thick and
restricts the vertical connection between the Une Formation and the Guadalupe, Barco, and
Mirador formations Figure 3. In contrast,in the south, adjacent tthe La Macarena Range, the
thickness of the Gachetda Formation aquitard is drastically reduced (< 30 meters), and even it gets
to be absenin some places, favoring the vertical connection between the Une Formation and the
Mirador Formation Figure 3h Wells: LI, LLS3, and LL8). The largest aquitards covering the
most area that overlie and confine the Basal Flow Unit are made up of the muddy sediments from
the Eocene, Oligocene, and Miocene, which extend throughout the soutbector of the Llanos

basin.

2.3 Physiography and Hydroclimatology

The area of interest is located in the Llanos foreland basin and is part of the eastern topographically
flat-lying sectors of Colombia which are adjacent (east) to the Eastern CordillegaEastern
Cordillera has an average altitude of 2600 m.a.s.| with mountain peaks that exceed 5300 m.a.s.|,
whereas La Macarena Range, has an average altitude of 800 m.a.s.| with peaks of 1600 m.a.s.l. In
comparison, the Llanos foreland plain towards tBeinoco has low altitudes, on average 200
m.a.s.l., and continues to decrease eastward. Rivers that drain the Eastern Cordillera, including the
Meta, Ariari, Guayabero, and Manacacias, ultimately flow northward to the Orinoco River and the

Caribbean Sea.
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The Eastern Cordillera forms an effici@mbgraphic barrier that favors high rainfall across the
eastern flank of the rangeMora et al., 2008 Precipitation varies between 2000 mm/yr to 3500
mm/yr towards the central and eastern sectors of the Orinoco River basin, and up to 7000 mm/yr
towards he eastern flank of Eastern Cordillerrdngo et al., 2012 The annual cycle of rainfall

along north tropical South America is dominated by the latitudinal oscillation of the Intertropical
Convergence Zone (ITCKle(ia et al., 1999; Poveda et al., 20@8pinoza et al., 2009, Sierra et al.,

2015; Espinoza et al., 2020rhe annual cycle of precipitation in western and central Colombia
exhibits a mostly bimodal behavior with two wet seasons (MakphitMay and September
OctoberNovember) and two drier ssons (DecembefanuaryFebruary and JundulyAugust)

(Bendix and Lauer, 1992; Poveda et al., 2001; Poveda, 2004; Rodriguez, 2004; Saylor et al., 2009;

Ricaurte et al., 2019; Espinoza et al., 2020

The orography of the Andes is a key factor controllirginitiation and evolution of the convective
precipitation system that dominates the tropical and subtropical Andega$ et al., 2021 The
AmazonAndes transition region constitutes a biogeophysical system that controls the hydrology of
this region, reulting from interactions between climates and the complexity of Andean topography
(Hoorn et al., 2010; Rangel et al., 2018; Espinoza et al.) Z0R6 eastern Andes and Amazon basin
constitute an interconnected system, where de Amazon region favorsdah#ibution de water
vapor to the Andes through the moistutaden trade winds (e.gGarreaud, 1999; Poveda et al.,
2006; Zemp et al., 2017; Espinoza et al., 2020is phenomenon favors hightensity rainfall rates

over the eastern foothills of the Ared Espinoza et al., 2009; Espinoza et al., 2015; Chavez and

Takahashi, 2017; Kumar et al., 2019; Espinoza et al.).2020

The eastern flank of tropical Andes (which includes the eastern flank of Eastern Cordillera in

Colombia) is the wettest region in Antaa (e.g.Figueroa and Nobre, 1990; Espinoza et al., 2009;
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Espinoza et al., 2020The rainfall variability in the Amaz@mdes transition region is interpreted
as a conjunction of processes such as the regional atmospheric circulation, temperaturgstontr
(lowlandhighland), and Andean topographRRdnchail and Gallaire, 2006; Espinoza et al., 2015;
Segura et al., 2016; Junquas et al., 2018; Espinoza et al), ZB28e processes produce high rainfall
rates of around 60007000 mm/year Johnson, 19765iovannettone and Barros, 2009; Poveda et

al., 2014; Espinoza et al., 2015; Chavez and Takahashi, 2017; Espinoza ef)al., 2020

The main oceanic and continental atmospheric moisture sources for most of the north tropical
Andes are the Atlantic Ocean ancetAmazon rainforest, respectivelxrias et al., 2015; Hoyos et

al., 2017; Zemp et al., 2017; Espinoza et al., ROPRis area which includes the And&siazon
transition zone in Colombia is dominated by the physiographic contrast between the Eastern
Cordllera and the Llanos Basin. The Amazon rainforest is the main supply of humidity for tropical
South AmericaEspinosa et al., 2020Recent estimations show that around-26% of total annual
rainfall in the tropical Andes is originated from Amazon foreahspiration, moisture that is
subsequently transported westward by trade win@dal et al., 2018; Espinoza et al., 202tis
water vapor evapotranspired by the Amazonian rainforest is transported by the trade winds from
eastern to western Amazoniss lifted by the orography of the Andes, and then condensed and
converted into rainfall. These processes of condensation and conversion to rainfall occur several
times in the region, favoring precipitation recyclifigspinoza et al., 2020This behavior ithe
explanation for why the rainiest areas are related to the foothills of the Andes of Colombia, Ecuador,
Peru, and Bolivigespinoza et al., 2009; Espinoza et al., 2@2@ high precipitation recycling rates

in the Andes{emp et al., 2014; Staal et,@2018; Espinoza et al., 202Bigure 4.

AlvarezVilla et al. (2011present these orographic effects, who explicitly relate the relationship

between the longerm mean annual precipitation and the topography through regional eross
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sections (for latitués 2°N, 4°N, 6°N, and 8°N) that cross from the Orinoco basin to the Pacific Ocean
(Figure 4. AlvarezVilla et al. (2011%how the low values of loagerm mean annual precipitation
over the flat terrain of the Orinoco region in Colombia (Llanos basinghwttntrasts with the

significant increase in loAgrm mean annual precipitation in the Eastern Cordillera (around 4°N)

(Figure 3.
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Figure 4 (Left) Digital Elevation Model (SRTM) of Colombia showing the location of thesextigs F=~ for

latitude 4°N through the foreland Llanos basin and the Colombian Andes to the Pacific Ocean. (Right) Cross
section FF* showing the topography (green slvag) and krigingestimated longterm mean annual
precipitation (blue line) at latitude 4°N. WC: Western Cordillera, CC: Central Cordillera, EC: Eastern Cordillera.
LTMAPRKED: Long Term Mean Annual Precipitation using Kriging with an External DrifteMydifnAlvarez

Villa et al. (2011)

3. Methods

3.1. Sampling Methods

To calibrate the LMWL we analyzed 162 samples from the main surface water bodies (rivers and
streams) Figure ). Surface water samples were taken both in the dry period (Jarfesloyuay

2018) and in the rainy period (Aphay 2019), in order to cover the isotopic variations of the
hydrological cycle documented in Colombia (eBendix and Lauer, 1992; Poveda et al., 2001;

Poveda, 2004; Rodriguez, 2004; Rodriguez, 2004; Saylor20G8;, Ricaurte et al., 2019; Espinoza
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et al., 2020. We included samples from the main rivers of the Orinoco River basin, as well as some
creeks with lower flow, covering the area of the deformation front associated with the topographic
highs of the Easter Cordillera, La Macarena Rand& Lindosa Range and samples at lower
elevations within the lowlands in the foreland Llanos basin. To complement information to the east
and south of Colombia and compare the local trend of the southern Llanos basin withglonal

trend of Colombia, we also examined IAGINP data from 33 stations in Colombia, 2 stations from

Brazil, 1 from Peru, and 1 from Ecuador.
3.2. Stable Isotope Analysis (Surface water and Groundwater)

The samples for isotopic analysis were packeglass vials with a septgpe hermetic cap (20 ml).

Before the isotopic analysis, all samples were filtered using glass microfiber filtersui@) 4td a

volume of 2 ml was transferred to a glass vial to be subsequently analyzed in the spectrometer.
Measurements of oxygen isotopes ratié¥(**0)andfH/Ml 0 | NB Ay LI NI A& LISNJ (K 2 dz
02 G0KS AYGSNyrdazylrt adglkryRFNR £{ah2 6xASyYyyl {4y
were measured on a Picarro A2120i High Precision GRwvigDown spectrometer using VSMOW,

GISP, and-8LAP standard reference materials for calibration.

2S O2YLINB (GKS [a2][] o6lFlaSR 2y @#KSI yBNFISODI §I1diB&EN
groundwater from petroleum wells included 109 samples from five produoinhdields and 2

exploratory wells. Sampled wells have depths approximately betw@@d m.a.s.l ta3000 m.a.s.l.

To establish the provenance of the groundwater present Basal Flow Unit, we used the altitude
model proposed bySaylor et al. (2009and thet®h | yR 15 3ANRdzyRégl G SN O2YLJ
groundwater samples from this study) to estimate the elevations where the waters are coming from.
C2NJ GKS dza$S 2F GKS I (A%hdzREn oY 2RSSR SR SEKIS RSH (45 @4

estimated for all 2 dzy Rg I G SNJ al YLI SazX GKAOK O%yaliyaRi at 27T |
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compositions to be able to make comparative analyses with paleoelevation st@&hgk( et al.,

2009.

3.3. Physicochemical analysis (Surface water and Groundwater)

The samples for physicochemical analysis were stored in 1000 ml plastic bottles with a hermetic
seal. All samples were transported and refrigerated (2°C to 5°C) before analysis. For eaclicsample
physicochemical analysis, two plastic bottles were taken: one for arjaanélysis (HGO CQ?,

SQ72, and C) and the other for cation (+) analysis (N&, C&? Mg™). The samples for cation (+)
analysis were preserved with Hi®ith a pH < 2. Physicochemical analyses were completed on

67 of the 162 surface water samples where isotopic analyses were performed. The idea of
conducting this type of analysis was to characterize the water samples regarding the abundance of
different anions {) andcations (+) in Sitff and Pipper diagrams which would allow to understand the
lateral variations of groundwater in different locations and correlate them with potential influence
from meteoric waters. In the case of groundwater samples, 93 physicochearieglses were
carried out, which included 69 samples from oil producing wells (from Fields 1, 2, 4, 5) and 24
additional samples from exploratory wells. The physicochemical analysis used in this study
corresponded to the main anions) (HC@, CQ?, SQ?, Ci) and cations (+) (NaK, Cd?2 Mg™.
Sampling elevations are referred to a digital elevation model (DEM) from the Shuttle Radar
Topography Mission (SRTM), of 12 meters resolution, according to coordinates of a handheld GPS

with anaccuracy of 7 meters in the horizontal plane and 14 meters in vertical plane (altitude).

4. Results
Stable isotope compositions of surface water samples collected in this study rangeffromp ¢ 3= { 2
MOpd : x{ #DAnd-FRND Lp OdR : = { DIFable DANILINBORAMA G GA2y

values for the IAEA/GNIP stations in Colombia (33), and additional stations from Brasil (2), Ecuador
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(1) and Peri (1) range from m @ cpy 'z +f amp 2z {pah®nk R +2687h2 (2

+{ah2 FT2NJ 150

Inthe case of @ dzy Rg I 1 SNJ & | Y LY §& vaiedPange omf @ nfpA §£ R&HFZa hz (2
cdnc 3t +{ ahz2ppldER::F NRfdaohdy (i:2 = { a Hrable 3, ZMbving Sessod

variation of isotope compositions than data from surface water samples. The depths of the open

flow intervals in the sampled oil producing wells range frd@@0 m.a.s.l. to3000 m.a.s.l. The
temperature conditions of the reservoirs from different wells vary between 58° C to 126° C, with

the lowest temperatures in Field 5, located to the East ofttasin and the highest in the fields close

to the Eastern Cordillera (Fields 1, 2, 3 andldple 3. The same behavior in pressure is observed

with variations between 600 Psi and 4500 Psi.

Physicochemical analysis of groundwater samples generally shamedoncentrations of NaCl,
which varied between 39 ppm and 3718 ppm, corresponding to fresh and slightly saline waters
(according toSwenson and Baldwin, 1965The anion-f concentrations for groundwater range
between 4.1 ppm to 1278 ppm for C30.5 ppn to 2120 ppm for HGO 0 ppm to 160 ppm for SO

and 0 ppm to 120 ppm for G& Cation (+) concentrations for groundwater ranged from 4.7 ppm to
1589 ppm for N§ 2.2 ppm to 165 ppm for*K0 ppm to 136 ppm for C%and O ppm to 54 ppm for

Mg*? (Table 3. For surface water samples the aniendoncentrations range between 0.51 ppm to
92.1 ppm for Cl 0 ppm to 174 ppm for HGPO0.51 ppm to 408 ppm for S@nd 0 ppm for C&F.

For cations (+), the concentrations for surface water range from 1.14 pph2.68 ppm for Ng

0.87 ppm to 7.01 ppm for*K0.22 ppm to 183 ppm for Gaand 0.01 ppm to 63 ppm for NfgTable

3).
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5. Discussion

5.1 Llanos Local Meteoric Water Line

The leas@ |j dzZ NBBhTF ALy R @ 54 A &2 02 LIS O2 Y kddrées filo Bofithern2

Llanos basin, including additional data from previous reseddigiuke 5 (e.g..GonzalezdJribe et al.,
2007; GonzalePenagos et al., 2014; Saylor et al., 20@3ults in the following th&quation 1

15 T +0rl@®y *®+11.66 ¢£0.75) (R2=0.96) n =260 (1)

# T Vs |=
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Figure 8> 6o I Yy R 15 O2YLI2aAidAizya yR [20Ff aSiS2NRO

the southern Llanos basin (including data fr@onzaledJribe et al. (2007), Saylor et al. (20G)dGonzabz
Penagos et al. (2014kvaporation lines are froRodriguez (2004and Saylor et al. (2009)

a dzNJF

2 | G SNJ

The model for southern Llanos basin differs slightly from the model proposed for Colombia by

Rodriguez (2004as seen irfEquation 2

15 M1y +9.6 (2

92



and the main difference, like the model proposed®mpaig (1961 )lies in the excess of deuterium,

GKAOK Ay (KAA 62N] A& mMmMdcc :: x{ah2?2 0p HPcc :: ={
Hdcy :: *{ah20 dzaAy3 DafsGard (29eGvhich defR ik FIdess DR

SIFOK LI AN 2F LRAy(Ga &«yid®. NBalLlsSOl G2 GKS Da2[ 615
The Local Meteoric Water Line for the southern Llanos basin is also similar to the Local Meteoric

Line proposed bgaylor et al. (2009yvhose data come mainly from tleastern flank of the Eastern

Cordillera Equation 3:

15 T xiy’@A12.12%1.8) (R2=0.95)n=76 (3)

¢CKS adaNFI OS 461 GiSNIa2yRLIAGVO2YIIE 2L BR2 VY diKAE aidc
with isotopic IAEM b Lt & d | {*h 2 ¥ 3D®aleKfsl on the LMWL from Colombia. The

model that describes the local meteoric water line for Colombia integrating the 37-GAHRRA

stations follow theEquation 4

L5 T 003 o+ 9.4£0.27) (R2 = 0.99) n = 1011 4)

which becomes very similar to LMWL proposed for ColombiRdnjriguez (2004)kven in the d
SEOSaa @I tdzS odpdc 3: £{ah20d

5.2 Comparison to GMWL

Llanos LMWL is very similar to the GMWL proposdgdaanski et al. (199Based on the longerm
annual precipitatioramount weighted mean stable isotope composition from the IAEA/WMO
global network (including the Bogota station in Colombia 2N7J4.13W) as seen ikquation 5

1D = 8.20 (+ 0.0&} 0 + 11.27 (+ 0.65). (5)

Rozanski et a1993)present a small variation with respect to the Global Meteoric Water Line

(GMWL) proposed b@raig (19613lescribed irEquation 6

1D = &40 + 10 (6)
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Saylor et al(2009) explains that waters recovered in the Eastern Cordilerge suffered a minimal

isotopic modification since their evaporation from the Atlantic OceBnzanski et al. (1993)

attributes this behavior to the barrier effect that the Andes exerts on the air currents that come

from the Atlantic, making the contimgal and altitude effect substantially less, and therefore

causing less isotopic depletion. On the other hand, thexdess values that have been recognized

in the study area are relatively higher compared to the GMWL proposéttdig (1961)However,

this behavior has been documented in IAEA / WMO stations with continental influence from

different latitudes worldwide (e.gRozanski et al., 1993

We identify the isotope signal of meteoric water from the southern Llanos basin as a transition zone.
Thea8 NI 3S Jht dz§ ¥BUE2NRAO ¢+ USNIAYRAOFGSE By Aaz2iz2l
values from the Amazon basin stations located in the east of Colombia (e.g., Manaos and Sao Gabriel
aldladAz2ya FNBY GKS L! 9! K8 goapositiaght & metebric Weleli flod NJ 0 @ Ly
the southern Llanos basin become higher than the annual average reported at the Bogota station

(Figure §. Bogota station reveals much higher isotope depletion than meteoric water samples from

the southern Llanos basin. iEhsotope depletion would be attributed mainly to the altitude effect

due to the orographic uplift of the air masses on the Eastern flank of the ARte=iiski et al.,

199 @ ¢KS | OSNh ISy gRtzBl @F 61 GSNI 2F GKS &2dzi KSNY
VSMOW (dry season and rainy season data sets), representing an intermediate value between the
average annual valuesported byRozanski et al. (1993} the Sao Gabriel stations in Brazill@.

S, 67.08° W) in the Amazon basin and the Bogota station in the Colombian Aigies §. The

I @S NI IS 8@ TompbkitiSn of meteoric water from the southern Llanos basin, which
NBLINBaSyida [ YO chypistionwbewednlthé Behavior dfe stations of the Amazon

basin and the Andes, coincides with the inflection point between the foreland and the Colombian

Andes domains.
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According taSalati et al. (1979%at and Matsui (1991 andRozanski et al. (1993he Colombian
Amazon basin hasraduced continentality effect from the Manaus station (3.12 ° S, 60.02 ° W) to
the west (including the Colombian foreland), which is attributed to the high intensity of recycling of
moisture by evapotranspiration of Amazon Basin. This can be recognibeddontinental gradient
2 F1801in precipitation, which becomes very small to the west of Manaus Station in BRazir(ski

et al., 1993 (Figure 6.
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Figure 6 1180 isotope composition in precipitation as a function of the distance from Atlantic Ofwgan
selected stations located in the Amazon Basin in Brazil (Belem, Santarem, Manaus and Sao Gabriel Stations)
and Colombian Andes (Bogota Station). Green square is the averatf®©ad$otope composition of meteoric

water from the southern Llanos basintdaincluding dry and rainy seasons (Modify frRimzanski et al. 1993
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5.3 Isotope Compositions in Groundwater (wells)

The groundwater samples recovered from oil fields show particular pressure and temperature
conditions Table 3. Fields closer tthe eastern flank of Eastern Cordillera (Fig¢|d2, 3 and 4)
exhibit the highest pressure and temperature conditions due to its proximity to the Llanos basin
foredeep, while the Fiel&, which is located towards the Llanos foreland, it is the shallowast a

has the lowest pressures and temperaturéaifle 3.

Craig (1961KF & R2OdzYSyGSR GKI G | LI¥h2 (0 SIN® didaK S 54 87220 2f LA
well defined pattern for meteoric waters, that is even valid worldwide. That plot was defined as the
Global Meteoric Water Line (GMWL) and from that general trend, also Local Meteoric Water Lines
(LMWL, e.g. see the one for the southern LlandSigiuire § can be derived. In contrastlayton et

al. (1966) show that water from selected oil fields do rfotlow that pattern but they yield lines of
different slopes Figure 7A. These cases were associated@igyton et al. (196&p waters with

Sy NR OK Y8 \byieffextf isotopic exchange between water and reservoir rocks, especially in
waters of highe salinity, which can be interpreted as a disconnection with meteoric water influx

and considerable transit times.

The groundwater samples from the southern Llanos basin of this study all follow the trend of the

LMWL and the GMWIFigure 7B. Projectingk S*®ht | yR 15 O2YLRRaAdAizya 27F 3
the southern Llanos basin onto the plot Gfayton et al. (19663uggests that our groundwater

samples (southernmost sector of Llanos) show no influence by the oxygen exchange between water

and rock like the groundwater samples taken from different oil fields describedldyton et al.

(1966) (Figure 7A. This observ#on is of interest when considering that the depositional
environments of the formations that make up the Basal Flow Unit involved saline waters and

brackish waters (marine environments), suggesting a dilution of ions in the water due to the
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percolation d meteoric waters over timeGonzale£enagos et al., 2014; Caballero et al., 2015;

GdémezMoncada et al., 2022
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Figure 7 (A)t 80 andt D compositions of groundwater samples from different oil fields describedl@yton

et al. (1966),showing an exterige oxygen exchange by effect of interaction between groundwater and
reservoir rocks (modified fror@layton et al. (196%)(B) 80 andt D compositions for groundwater samples
from different oil fields and exploratory wells in the southern Llanos bakimofange closed polygon showed
in (A) corresponds to the isotope composition of the groundwater from southern Llanos basin.
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Spatial variability in-@xcess values from groundwater samples (from this study) suggests a greater

degree of connectivity betwaemeteoric water recharge zones and deep aquifers in the southern

Llanos Basin than in the central or northern Llanos Basin. All groundwater samples from the oil fields

(Fieldl, 2, 3, 4, and 5) fall on the proposed Local Meteoric Water Line of the southaros basin

and Colombian Local Meteoric Water Line, showing similar trend and isotope compositions
compared with surface waters-igures 8AL, 8A2 and 8. The mean estimated for-elxcess in

ANRdzy RgF SN a4l YLX Sa 0GKA& & laddRtiosimladito hheirdemam :': =+ { a

4

SalAYFUSR G2 YSGS2NRO 41 USNAR Ay UKS gSauSNyvyzal

N

6p MPHT 03X Oft2aS G2 [ al OF NBYl wIFgwEe®. They R (GKS
groundwater samples with the &st variation in isotopic composition is the Figld These

ANRBdzyRgl GSNI &l Yidalde ok 0@ S8 4: ¥Slayh21 65 ndmo :: x{ah?
15 @ nde®cpF:: x{ah2 05 nodcp 3+ x{ah20 FtYyR Ala O02YlI

waters fromthe southern Llanos basin.

Although some variation of the isotope concentration is observed for the groundwater samples, the
data is consistent with influence of meteoric waters, even for fields far from the deformation front
(e.g., Field 5). In contragtart of the data reported bysonzalezJribe et al. (2007and Gonzalez
Penagos et al. (2014elated with groundwater samples show significant deviation from the Llanos
LMWL Figure 8B1 and 8B2). According to the data reported lyonzaleaJribe et al. 2007) it is
observed that 66% of the groundwater samples taken in wells from Cretaceous and Cenozoic
formations, move away from the Llanos LMWig(re 10. Most of these groundwater samples are
associated with the zone of greatest structural deformatibaetween segments limited by reverse
faults that border the deformation front of the Eastern Cordillera. In turn, the data fGanzalez

Uribe et al. (20078how that towards the foreland of the Llanos basin, the groundwater samples

tend to follow the Llans LMWLKigure 10.
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Figure 8 (A1) *0 andt D compositions for groundwater samples from different oil fields, exploratory wells
and surface waters (blue dots) in the southern Llanos basih) {0 andt D compositions for groundwater
samples including information frorBonzaledJribe et al. (2007jand GonzaleZPenagos et al. (2014)nd
surface waters (blue dotsXC)1 180 and+D compositions from southern Llanos basin (surface water and
groundwater from th$ study) and in the background the data from 37 IADNP stations (grey dots).-2A
Comparison between the isotope composition$®Q andt D) of the groundwater samples from the southern
Llanos basin (without oxygen enrichment) in contrast with the sasy@ported byClayton et al. (1966yhere

the oxygen enrichment of the waters is evidenced2jBomparison between the isotope composition$Q
and! D) of the groundwater samples from the areas of structural compléxitlye Llanos foothills (datadm
GonzaledJribe et al. (2007and GonzalezPenagos et al. (2014)and the samples reported [¥layton et al.
(1966) where the oxygen enrichment of the waters is evidenced.
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