Proc. IAHS, 385, 231-237, 2024
https://doi.org/10.5194/piahs-385-231-2024

© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

Open Access

PIAHS

Isotope study of monthly rainfall and its response in the
Santos Formation phreatic aquifer, Mesa de Los Santos,
Santander (Colombia)

Maria Alejandra Cetina', Jean-Denis Taupin?, Sully Gémez', and Nicolas Patris?

Grupo de investigacién en Recursos Hidricos-GPH, Escuela de Ingenierfa Civil,
Universidad Industrial de Santander, Bucaramanga, Colombia
2Hydrosciences, Univ. Montpellier, IRD, CNRS, 34090 Montpellier, France

Correspondence: Maria Alejandra Cetina (mariacetina26 @ gmail.com)

Received: 29 May 2022 — Revised: 6 April 2023 — Accepted: 21 April 2023 — Published: 18 April 2024

Abstract. Mesa de Los Santos is an elevated plateau located in the Eastern Cordillera of Colombia (Andean
region) in the Department of Santander (altimetric variation 300 to 1800 ma.s.l.). The region is marked by a
shortage of potable surface water. The isotopic study of the rain and its relation to Los Santos Formation phreatic
and fractured aquifer was carried out. Four rain stations were installed on top of the plateau (1275 to 1684 ma.s.1.)
to collect monthly rainwater samples for stable isotopes. The rainwater stations recorded 1469 to 764 mm from
North to South, and the seasonal patterns of stable isotopes were similar in all stations. The preliminary Local
Meteoric Water Line is 8*H =8.22 x §'30 4 13.9, slightly above the GMWL with an intercept of +13.9 %o,
possibly indicating continental vapor recycling. The rain-weighted annual isotope means showed more depleted
values in the southmost rain station (8'30 = —8.99 %o, 1275 m a.s.1.). From the phreatic and fractured aquifer, 35
groundwater points were monitored bimonthly for stable isotopes (n = 134) and three trends were differentiated
in the isotopic content value of §'80. Large temporal variability characterized 10 groundwater points (amplitudes
greater than 1%o in 8'80 for each point) consistently with the seasonal behaviour of the rain, indicating flows
with rapid transit on a monthly scale. 21 groundwater points showed a low temporal variability with year-round
differences under 1 %o and presenting a spatial distribution of 880 with enriched values towards the north (be-
tween —6.71 %o and —6.00 %0) and depleted values towards the south (—8.97 %o to —8.14 %o), which tends to be
also consistent with the rainwater isotope distribution observed. The stability of year-round groundwater isotopic
values is a sign of efficient mixing of groundwater and a slower transit. Finally, 4 groundwater points presented
signs of evaporation, showing d-excess values between —6.4 %o and +4.3 %o, in connection with surface water
bodies that undergo evaporation before infiltration.

Keywords. Rainwater; sedimentary groundwater; spatial and tem-
poral isotope variability; Colombian Andes

1 Introduction

Deuterium and Oxygen-18, stable isotopes of water, are
broadly distributed throughout the terrestrial system and are
commonly used as conservative tracers (Clark and Fritz,
1997). The isotopic fractionation of Deuterium and Oxygen-
18 in rainfall, resulting from factors such as temperature,
mass or continentality effect, latitude and altitude, can be

used to determine the connection between groundwater and
its recharge zone, the prevailing climatic conditions during
infiltration, the dynamics of the water cycle, etc. (Blavoux
and Letolle, 1995; Gonfiantini et al., 2001; Binet et al., 2017;
Saranya et al., 2020).

Mesa de Los Santos is an elevated plateau located in the
Eastern Cordillera (Andean region, Fig. 1a) of Colombia in
the Department of Santander (Fig. 1a). The study zone cov-
ers an area of 430 km?, has a population of approximately
18 850 inhabitants CNPV, 2018; CNA, 2014), and features
a semi-arid temperate to cold-dry climate, with a tempera-
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ture difference of 10 °C between the bottom (28 °C) and top
areas (18 °C) (Ingeoexploraciones-CAS, 2016). The rainfall
regime is bimodal, with two low-rain seasons (December—
February and June to August) and two rainy seasons (April—
May and September to November), the mean annual rain-
fall is 1145mmyr~! (calculated over a period of 20 years,
from 1995 to 2014), highlighting a critical situation in the
southwestern zone with a decrease to 863 mmyr~!, and
the actual evapotranspiration is 815 mmyr~! (Becerra and
Parra, 2016).

Historically, this region has been suffering from short-
age of potable surface water (mainly in the southwestern)
(FUNDEMESA, 2009). The hydrographic network is made
up of the tributaries of Sogamoso (Honda, Los Angelinos,
Del Potrero, Santera, Chivatera and El Zanjoén Aguas Gor-
das streams) and Chicamocha (Chinavega and La Mojarra
streams) rivers (Alcaldia Los Santos, 2003; Fig. 1b). The re-
gion is geographically isolated resulting from its elevated
plateau landform nature, which restricts the surface water
resources to only the contribution of rainfall that occurs in
the area. During the dry seasons, (from 1 to 4 months with-
out rain), the supply of surface water is limited, resulting in
shortages. Considering this setting, groundwater is one of the
main resources of water supply for the population.

Geologically, in the Mesa de Los Santos emerge Paleo-
zoic metamorphic rocks of the Silgard Formation (schists),
Jurassic igneous rocks Granito de Pescadero unit (granites),
Jurassic sedimentary rocks Jorddn (quartzarenite, siltstones
and sandstone) and Gir6n (conglomeratic sandstones) forma-
tions and Lower Cretaceous sedimentary rocks Los Santos
(quartzarenite, siltstones and conglomerates), Rosa Blanca
(limestone), Paja (shale) and Tablazo (Sandy limestone) for-
mations (Ingeominas-UIS, 2007, Fig. 1b). Metamorphic, ig-
neous and Jurassic sedimentary rocks emerge on the mod-
erately to steeply sloping hillsides and escarpments of the
plateau boundaries. The Lower Cretaceous sedimentary se-
quence forms the top of the plateau where most of the people
live. Los Santos Formation is the geological unit with the
greatest area exposure at the top of the Mesa and is divided
into three members: the Lower Member (conglomerates and
quartz sandstones) with 56 to 152 m thickness, the Middle
Member (siltstones, claystones and sandstones) with a thick-
ness of 22 to 41 m, and the Upper Member (quartzarenites
well cemented), 33 to 54 m thick (Ingeominas-UIS, 2007).
The Upper Member of the Los Santos Formation presents
the greatest hydrogeological potential of the study area and
configures a phreatic and fractured aquifer (Ingeominas-UIS,
2007; Diaz et al., 2009). The aim of the present study is ana-
lyzing the isotopic composition of rainfall in the Mesa de Los
Santos area and the isotope response of groundwater flows in
the phreatic and fractured aquifer of the Los Santos Forma-
tion Upper Member sandstones, to contribute to the knowl-
edge of groundwater circulation and provide tools for water
resource management.
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2 Materials and methods

The present study is based mainly on rain and groundwa-
ter isotopic data acquired during 2020-2021 with comple-
mentary chemical data and Tritium to refine the interpreta-
tion of flow circulation. On the plateau, 4 rainwater stations
(Rs) were installed on the plateau top (Fig. 1b) to collect
monthly rainwater samples for stable isotopes (n = 45) from
September 2020 to August 2021. From the phreatic aquifer,
35 groundwater points (22 wells, 8 boreholes, and 5 springs)
were monitored to measure water level, electrical conduc-
tivity, and stable isotopes (n = 134, Fig. 1b, Table 2) in the
months of December 2020, February, April, June, and Au-
gust 2021. The tritium units (TU) were measured (n = 20) in
December 2020 and the major ion concentrations were ana-
lyzed (n = 30) in October 2021. The isotopic analyses were
carried out at the LAMA Stable Isotope Laboratory of Hy-
droSciences Montpellier in France, using an ISOPRIME iso-
tope ratio mass spectrometer (IRMS) with an analytical er-
ror of +0.8 %o for §2H and £0.05 %o for §'80: values are
expressed in %o vs. VSMOW. Tritium was measured at the
LHA-Avignon (analytical error 0.2-0.6 TU). The major ions
were determined at the Industrial Consulting Chemical Lab-
oratory of the Santander Industrial University (UIS).

3 Results and discussion

3.1 Rainwater isotopic composition

The monthly isotopic composition of rainwater (§'30 and
82H), the monthly precipitation amounts and the rain-
weighted annual average isotopic values in each station
are shown in Table 1. The seasonal behaviour of §'30
and 8°H is similar in the four stations and is rather con-
sistent with the precipitation amount effect which is pre-
dominant in the tropical zone (Clark and Fritz, 1997),
with a moderate correlation of R2: Rs1=0.41; Rs2 = 0.36;
Rs3 =0.14; and Rs4 = 0.38. The preliminary Local Meteoric
Water Line (LMWL) calculated for the 12 months of iso-
tope rainfall monitoring is §°H = 8.22x §'30 + 13.9 (Fig. 2),
which presents a similar slope than the Global Meteoric Wa-
ter Line (GMWL, §”H= 8 x §'30+10) (Craig, 1961), the
LMWL determined in Santander Massif (Gémez et al., 2015,
§2H=238.15 x §'80 + 12.81), and the most of the LMWL de-
termined in the Central Andes (Valdivielso et al., 2020). The
LMWL show a greater deuterium excess compared to the
GMWL (Craig, 1961; Rozanski et al., 1993), possibly in-
dicating continental vapor recycling process (e.g., Gallaire
et al., 2010). Gémez et al. (2015) determined an altitudinal
8180 gradient of —0.16 %o per 100m in the Santander Mas-
sif. In our case no correlation was found with elevation, prob-
ably due to the low elevation range (AAltitude =408 m).
However, the values shown an isotopic composition more de-
pleted in lowest one in elevation toward the south (Rs4).
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Figure 2. Global meteoric water line (GMWL), local meteoric wa-
ter line (LMWL), rain, groundwater, and rain-weighted annual av-
erage isotopic values.

The upper limit of the range of d-excess values in each
rain station (Rs1: +10.9 to +15.8; Rs2: +5.0 to +15.0; Rs3:
+9.5 to +16.0; Rs4: +7.4 to +12.0) showed values proba-
bly affected by continental vapor recycling process. A few
monthly samples (d excess under +8 %o0) showed signs of
evaporation, concerning months with lower rain amounts. In
almost every month (except April 2021) a marked difference
is observed in the deuterium excess values of the southern
station (Rs4) which are generally lower than the other sta-
tions, which could indicate two moisture mass trajectories
present in the area, possibly one from Santander Massif orig-
inated from the north and the second from canyons of the
Chicamocha and Sogamoso rivers. The previous hypothesis
could also explain the differences in the fractionation process
of the stable isotopes (8'80) between north and south zone.
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3.2 Groundwater isotopic composition

The Upper Member of the Los Santos Formation is pro-
posed as a phreatic and fractured aquifer. Despite the lithol-
ogy composed of quartzarenites-type sedimentary rocks, the
high content of siliceous cement reduces the primary poros-
ity and allows to define a circulation through fractures (Diaz
et al., 2009). Further, the top of the plateau presents an un-
dulating geomorphology, which may control the directions
of the groundwater and configuring disconnected reservoirs.
Although the systems are complex the isotopic composition
allowed to define preliminary groundwater behaviors. Three
behaviors in the isotopic composition of §'80 (V-SMOW)
can be identified: Large temporal variability, Low temporal
variability, and evaporation marks (Table 2, Fig. 2). These
behaviours can be observed throughout the entire study area
(with no discernible spatial relationship).

For 10 groundwater points: 7 wells (W1, W2, W4, W7,
W11, W19 and W21), 1 borehole (B1), and 2 springs (S2, S5)
(Table 2), a relatively large temporal isotope variability pre-
vails showing amplitudes greater than 1%. in §'80. The
wells and the borehole show a shallow water level less than
10 m deep (water table averages between 1.4 and 5.1 m). The
8180 signal amplitude over the year varies between 1.67 %o
(W7) and 8.39 %0 (W21), this last point also showing the
most enriched non-evaporated §'80 values (—1.07 %o and
—3.80%0). The high temporal variability observed is con-
sistent with the isotopic monthly behaviour of the rain. The
TU values show a high activity in 3 samples (W11 =2.5TU,
W19=2.1TU, and W21 =1.9TU) supporting a rapid tran-
sit process with young water (Table 2). This implies a rapid
infiltration possibly occurring through the fractures network,
and water levels close to the surface possibly limiting the

Proc. IAHS, 385, 231-237, 2024
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mixing in the unsaturated zone. The electrical conductivity
data show three types of groundwater mineralization: low (17
to 86 uS cm™!), medium (99 to 344 uS cm~!) and high (640
to 1629 uS cm™!). The first and second modes are consistent
with the lithology (quartzarenites) that implies low to moder-
ate mineralization, while the third seems linked possibly to a
contamination with anomalies in C1~, SOZ_, Na™, and Kt.

Twenty-one groundwater points show a low temporal vari-
ability (differences less than 1%o over the year): 12 wells
(W3, W5, W6, W10, W12, W13, W14, W15, W16, W17,
W18 and W22), 6 boreholes (B2, B3, B4, B6, B7 and BS),
and 3 springs (S1, S3, S4). The wells water levels average
between 2.2 and 7.1 m, with extremes values of 11.7 and
0.46 m. There is no information about the static level of all
boreholes (because they have sealed borehead, except B4),
but the depth of the submersible pumps evidence samples
taken between 21 and 59 m from the surface. The ampli-
tudes of §'80 time series vary between 0.06 (B8) and 0.71 %o
(W3), indicating an efficient mixing of the groundwater. Spa-
tially, this set of values present a distribution of §'80 with
enriched values towards the north (between —6.71 %o and
—6.00%0) and depleted values towards the south (—8.97 %o
to —8.14 %o), which tends to be also consistent with the
rain isotope distribution also marked with depleted values
towards the south. The TU values show activities less than
2.0TU, with two samples close to 1.0 TU (W16=1.0TU,
and B4 = 0.8 TU) confirming an older water component with
respect to the first group (Table 2) implying a slower tran-
sit, with deeper water levels and longer residence times.
The electrical conductivity shows low (13 to 89 uScm™!) to
medium (94 to 339 uS cm™!) groundwater mineralization de-
pending on lithology with no evidence of contamination, ex-
cept for the point W5 where the moderate electrical conduc-
tivity (281 uS cm™) is related to positive anomalies for C1~,
and Nat and K%, implying a local contamination problem
related to a very shallow phreatic level (less than 1 m).

The last 4 groundwater points present signs of evaporation
(Fig. 2): 3 wells (W8, W9 and W20) and 1 borehole (BS)
which show a shallow water level, with 830 values between
—6.2 %0 and —3.1 %o, d-excess values between —6.4 %o and
+4.3 %o. These points (Fig. 2) are situated on a local evap-
oration line: 82H =4.29 x §'80-16.7. The 3 wells are close
(distance less than 5m) to small surface water bodies and
present a continuous pumping favouring the drainage of sur-
face water which is submitted to evaporation before infiltra-
tion. The borehole is located inside an upper sub-basin, near
a small water body, and also subjected to frequent pumping.

4 Conclusions
The isotopic composition of rainwater in the Mesa de Los
Santos area shows a geographic distribution with more de-

pleted values towards the south of the area, suggesting possi-
bly two different moisture pathways to the plateau (the San-

https://doi.org/10.5194/piahs-385-231-2024



235

Response to rainfall isotope signal in Andean phreatic aquifer (Colombia)

M. A. Cetina et al.:

‘(Surdwind Aq pa193Je) [9AS] OTWRUL(] ,, ‘[IAS] BS SAOQE SIAJOW = '['S'B W ‘ANIALONPUOD [RILIS[S = DF

€0 61 €€0vy0— L6T— 01 T0r— S6€—01pes— €01yl - 0S €S 6291 sjoyaiog cd

['€E=0¢p— G0E—00LE— STE— O YTH—  +I¥ 01801 §TOIEL0 - % 0891 IE7'N ozm

€0 81T OV—0ILS— 90— 0yee— TI'E—0L9¢—  60C01C0] LY'TOILTL - Y 9¢91 °M 6M

€Y 09— 8101 ['Sh— €CE— 01819~ PrEOIPE] LY'9 01 L8Y - 8 YOLL °M 8M

suSts pajerodeaq

£€60176 6'09— 0¥ C9—  €6'8—01L68— 60 I - - - L191 Suudg ¥S

90 LT $Trool 8YS—016'6S— VI'B—OILL8— €V 0I0C - - - 0591 Suudg €S

01 01¢6 LCE—019°CC—  PLL—0VIT8— P60 LE - - - €ILI Suudg IS

960176 P'6S—016°65— LS8 01€9'8— YL OIOY - 0€ (33 9L91 djoyalog 84

€0 ¢l 69979 6'€C— 01796~ PSL— 0168 L— LEOIGL - v 6¢ 8L91 djoyalog L4

6068 TLS— O g LS—  €T8— 01 IE8— [ILIOLL - o 8 9L91 d[oyalog 94

0 80 0019T6 €CC— O eS—  TLL— 018 L— 681 0168 6£'6£ 01 T9LE 65 €9 8L91 d[oyalog ¥4

1'60198 05 01 €05~ 9EL— Oy’ L— TCCOCII - 0S 99 6791 dloyalog ced

0 9T TO0I0T6 9Iy— 0 gTr— LE9— 01 6v'9 ¥6S O10LT - IC (44 8691 djoyalog [4:!

€0 9T  9019T0I 90S— O SY¥S—  LLL—OIpI'8— 0€ 9] 1S°€019L°0 - 9 YELL 1E7N M

€0 't §L0999 I'IS—01g¢S—  0CL—01LSL— €901¢] *S'El ad! Sl 6L91 17N 8IM

€01 0168 0'86—0168S— 9€'8—01C9'8—  6£€ 01 8SI 966 01 €T'L - I 8891 IE7'N LIM

€0 0T  €0I101¢6 6'6S— 01 €8C—  ST8—01LG8— TSI OIP] xL - 6 9891 IE7'N 9IM

PI101€01 I'6v—010'1S— CY'L—O019L'L— 880ICE PI'LOI8L'T 81 0C L891 PM SIM

L1101 601 TOY— O 1'0S—  LY'LOVV9'L— €901 [T L'11 01867 0C (44 1691 IE7'N yim

[4Y 6’1 TIIOg6 Yer—09¢h— 6590 61°L— 291 01 8L [ARACE - S6'v S691 °M cIM

0 v TCro Il 68— 06’ 16—  €S°L—0196'L— L8OIIT SLY o ge - L ¥91 1E7N [49,\\

€0 LT L1109 701 SYy—018'Ly— 989— 016 L— TEl O 8Y er'8 01 9Ty - 4! 8091 1E7 0rm

¥'01 0196 LIy—0169y— [S9—01yI'L— 80l 01 ey 908 019L°¢ - €8 €0LT 1IE7N IM

VIO OW— 0 evr—  €L9—01969—  SIE 0101 L8'00191°0 - 0l 9891 1E7N SM

01101 €01 LLE=010'Er— 009— OV [L9— €501 /LT w1080 - 88 6891 PM €M

Anqiqerrea [eiodwa) mo|

99010°¢ €GE—01TI9— 6I'S—O1Ly'8— 98016C - - - w9l Sundg SS

SI1o106 90€E—0168S— LTS~ 01058~  SPOILI - - - LS9 Suudg [

€0 60 I'SIOvTI EW— 08 IS— 89— 01678~ 9110105 90801908 81 LT 6091 djoyalog 1d

€0 6’1  SLIOTOI 6801969~ LO'T—019¥'6—  90L 0166 95'€ 0 6¢°1 - 8 6991 1E7N Iem

€0 I'c 011986 ['Cr— 01y L9—  +¥9°9— 0199°6— €lE 0Tyl LYLOYVO'S - Sl 9L91 IE7'N 6IM

€0 ¢ S60%9 6'Ch— O y'6S— LI'9O—0IpG8— €801 L] 779 019C°¢ - 6 6191 IE7'N [TAM

0 11 091%°01 89¢—010'6h— 06S—010S'L— 6C910318L 9ST0I9¢°] - 0l €0L1 °M LM

1'¢rorLol 6'9€— 01 T°CC— 66— 01TY'8—  0¥9 0 C0¢ 60 - 8 €691 IE7'N 4

1C1o 911 9°CE—01TeC—  96'C—OILI'8—  LYCTOI8E] w0y 090 - L 9991 PM wm

0ClLO6ll €CC—0TLE— vI9—01€08—  8EC OV I8I VIOV ITT - L 6091 °M M

Anqiqerrea [eiodwo) o8re|

F LN °%9x9 %80 2% S0°0 (j—wog ) (w) ydep (ur) ydap (w)wdep  (Tseuwr) odAL wurod
Joug r F He? F0g¢ o | pempunory  sdund Joyaloq  QpmMIN[Y  I9EMPUNOID

LN dlqisrowqng - /IPM

"(HZ9 PUE Qg ¢) suontsodwod 51dojost pue sonsueloeIeyod J)empunoin -z ajqeL

Proc. IAHS, 385, 231-237, 2024

https://doi.org/10.5194/piahs-385-231-2024



236 M. A. Cetina et al.: Response to rainfall isotope signal in Andean phreatic aquifer (Colombia)

tander Massif and the canyons Sogamoso and Chicamocha
Rivers). The isotopic signatures of rainwater and groundwa-
ter allow us to recognize the rapid response of the under-
ground system in the phreatic Upper Member of the Los
Santos Formation due to the fractures network controlling
the percolation and circulation. The groundwater points with
large temporal isotopic variability suggest a flow with rapid
transit occurring at the monthly scale with a water table near
the surface. The groundwater points with variability stable
isotopic signature consistent with the rain isotopic distribu-
tion, indicate a good mix of water within the aquifer, with
slower flow transit and groundwater circulations deeper than
the previous behaviour. Finally, the isotopic behaviour of a
number of points evidenced the mixing of evaporated surface
waters into the ground, promoted by active pumping.
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