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INTRODUCTION
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METHODOLOGY

FIELD WORK
Sampling campaigns in 2010 and 2015 (60 samples).
Collection of water samples in surface and inside the tunnel following the Colombian regulation (IDEAM).

Primary physico-chemical parameters were measured in field (pH, electrical conductivity, temperature and dissolved oxygen) using portable
multi-parameter probes.

Samples were collected in 2000 ml plastic bottles for physico-chemical analysis and 250 ml ambar plastic bottles for the stable isotopes.
Laboratories for the physico-chemical and Stable isotopes analyses:

Accredited laboratory of Environmental Engineering of Universidad Nacional de Colombia in Bogota.
University of Waterloo in Canada.

Measured parameters: Ca®+, Mg?+, KT, Nat, ClI", F~, NO;, NO; SO3— Fe, Mn, Si HCO; TDS

DATA ANALYSIS

Statistical analysis were performed in samples with charge balance error below 10%.

Multivariate statistical analysis (Guller et al. 2002, Montcoudiol et al. 2014 and Ghesquiere et al. 2015).
Graphical analysis

Stable isotopes analysis

RESULTS
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Multivariate statistical analysis

METHODOLOGY
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METHODOLOGY
°H

e Its Introduction to the
hydrologic cycle was first in
1952, as a result of large-scale
atmospheric testing of
thermonuclear bombs.

Stable isotopes analysis

Clark, 2015
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Parameter

pH
EC
Na™T
Ca2+
Mg2+
KT
Mn?2+
Fet2
HCO;
Cl—

1 2—
504_
NO,
S1049
TDS
5120 (%)
82H (%)
3H (TU)

S-1
AVGESD
7.71+0.87

152.8+£89.17
2.08£0.63
19.60£10.00
6.43+£3.23
0.94+0.48
0.05£7.24
0.21£0.56
75.74+42.95
0.53£0.68
14.50+12.4
0.16£0.13
30.73£6.04

154.17£179.13

NA
NA
NA

S-11
AVGLESD
8.201+0.26

24731311
7.384+4.45
20.0£10.5
5.69+£2.73
1.5240.59
0.05=0.00
0.36=0.19

103.8+50.46
2.62+2.45
19.30£13.3
0.13+0.07
22.021+4.92
147.78£71.79

-11.20£0.53

-78.97L3.97

NA

S : Surface samples / T : Tunnel samples

| : 2010 / Il

: 2015
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T-I T-11
AVCLSD AV LS
09.031+0.83 8.2310.10

301.5£72.05 253.6x43.41
4.7942.25 11.6+11.8
27.31+6.69 34.60+£8.75
16,046,558 9214574
0.79+0.54 0.70+0.57
0.06+0.14 0.03+0.03
0.0440.00 0.40+0.98
156.2+36.53 151.5+33.40
1.234+1.'S3 0.51+0.23
29.2+15.20 29.60+17.10
0.11+0.04 0.11+0.05
4.8246.95 20.524+4.44

187.53+40.00  409.35+346.20|

NA -11.30=0.60

NA -81.30+4.02

NA . 6

Higher

concentrations in
tunnel samples
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DATA ANALYSIS

Parameter S-1 S-11 T-I T-11
AVGASD AVGELSD AVGESD AVGELSD
pH 7.71+0.87 8.20=0.26 0.03+0.83 8.23+0.10 Higher in 2010 than in 2015
EC 152.8489.17  247.3+131.1  301.5+£72.05  253.6+43.41 . .
Na TUSTU.03 T 33T 115 TT0T2.25 TT6LILS Storage water in the massif
CaZt 10.60+10.00 20.0+10.5 27.346.60 34.60L8.75
Mg2+ 6.4313.23 5.60+2.73 16.0£6.58 9.2115.74 Carbonate reacctions
K+ 0.04-0.48 1.5240.59 0.79+0.54 0.7020.57
Mn2+ 0.0547.24 0.0520.00 0.060.14 0.03+0.03 Weathering of silicate or
Fet3 0.2140.56 0.3620.19 0.04-0.00 0.40+0.98 carbonate rocks
HCO; 75.74+42.95  103.8+50.46  156.2436.53  151.5+33.40
I & IR EEIN S P EDN A R IR ETIRR - -
S0O2- 14.50+12.4 10304133 20241520  29.60+17.10 Leg_chmg of klgneous or
NO, 016013 0135007 0TTE0.04 0TTZ005 sedimentary rocks
Si0, 30.73+6.04 22.02+4.92 41.824+6.95 20.52+4.44
TDS 154.174+179.13  147.78+71.79  187.53+40.00  409.35+346.20
5180 (%) NA -11.2040.53 NA ~11.30+0.60
62H (%) NA _78.97+3.97 NA -81.30+4.02
3H (TU) NA NA NA 6

S : Surface samples / T : Tunnel samples

|:2010 /11 :

2015
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pH
EC
Na™
Ca?t
Mg2+
KT
Mn?+
Fet3
HCO4
Cl™

1 E—
504_
NO,
S1049
TDS

5120 (%)
82H (%)
3H (TU)

Parameter

S-1
AVGESD
7.71+0.87

152.8+£89.17
2.08£0.63
19.60£10.00
6.43+£3.23
0.94+0.48
0.05£7.24
0.21£0.56
75.74+42.95
0.53£0.68
14.50+12.4
0.16£0.13
30.73£6.04
154.17£179.13

NA

NA

NA

S-11
AVGLESD
8.201+0.26

24731311

7.384+4.45
20.0£10.5
5.6912.73
1.5220.59
0.05=0.00
0.36=0.19

103.8+50.46

2.62+2.45
19.30+13.3

0.13+0.07
22.021+4.92

147.78£71.79
-11.20£0.53
-78.97L3.97

NA

S : Surface samples / T : Tunnel samples

| : 2010 / I

02 @

1986 = 2016 “co ons

: 2015
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T-1
AVGESD
9.03£0.83

301.5£72.05

4.79+42.25
27.316.69
16.0x£6.58
0.794-0.54
0.064-0.14
0.04=£0.00

156.2+36.53

1.23£1."S;
29.2415.20

0.11£0.04
4.82+6.95

187.53=40.00

NA
NA
NA

T-11
AVGESD
8.23+0.10

253.6+43.41
11.6+11.8
34.60L£8.75
09.21+5.74
0.700.57
0.03=0.03
0.40+0.98
151.5+33.40
0.51+0.23
29.601+17.10
0.110.05
20.52+4.44
409.35+346.20
-11.30+0.60
-81.30+4.02
i 6

DATA ANALYSIS

54 samples were kept in order to
guarantee the quality of the
analysis (charge balance error
below 10%).

11 parameters were considered:

Positively skewed

|PH NatMn?+ Fe Mg2+ Cl- K ﬂ

Ca’+ HCO3 SO?I— S1
Normally distributed
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Factor Analysis

Parameter
pH
Na™t
Calt
M g2+
K+
Mn?2+
Fe
HCO4
Cl™

o
SO}
S1

Explained variance

Explained variance (%)
Cumulative % of variance

Programa de Doctorado en Ingenieria
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FA-I
Factor 1 Factor 2
0.650 -0.457
0.653 -0.363
0.278
0.915 -0.238
0.172
-0.149
-0.314
-0.276
0.346
0.518
0.256 0.107
3.866 1.745
0.351 0.159
35.1 51.0

Area Curricular de Ingenieria Civil y Agricola

Factor 3
-0.270

0.271

-0.364
0.273
0.915
0.083

59.3

Factor 1

0.261
0.22

0.588

-0.516
-0.362
0.598
-0.314

3.182
0.289
28.9

Linea de Investigacion en

RESULTS

FA-II
Factor 2 Factor 3
0.379 0.285
0.521 0.355
0.1
0.474
0.398 0.486
-0.114 0.245
0.248
-0.101
0.635
-0.212 0.543
0.02
1.537 1.289
0.14 0.117
42.9 4.6

INGENIERIA DEL AGUA Y DEL AMBIENTE




o
s
a
£
G
1)

DEL AGUAY DEL AMBIENTE

[-02a+iM

l3=1

IFES

IFLS

85

[FOLL+0M

[FOLs

] rt=

IFLs

IFls

8Ls

125

[FOCE+ 1M

[FO0S+0M

[FSLF+ 1M

[FB58+LM

w_ r;;;i il

Il |

[-OZ0+0M

[FOEB+EX

Sampling Il

IOt r+au

[OFL+EM

["OZL+EM

[FSL0+EM

[FSFO+EM

[FOLO+5H

[FGET+LM

=T

[OFa+EM

[00Z+ 1M

[O86+ 1M

[058+ 1M

[-DB6+0M

["O0Z+5M

[FOLE+LM

[l L2440

[FOLE+EM

[F298+9H

[FOLE+EM

[FOLE+SM

[FOZE+5H

[OFE+0M

= T;ﬁfﬁ | e

[FO2F+EM

[FOS%F+ 1M

|
o —
-
oy
(]
o
o
=

=]
—
w

17 Gl oL G

ey wBlay

sisAjeue 1335 jed1ydRIBIH

[

Progre

c,oz:

4

\‘P A
eI Area

\DAD

S

*
oé‘

Tainn

ANDS

POSGRADOS
INGENIERIR CVIL

1966 = 2016

20



stiff Diagrams

G2-
G3-l
Surface
- &
i I

1966 = 201

Meg/L 325 2151 05 0 058 1 156 2 25 3
I T T T T T T T 1 T T T 1
Kv
s cl
Gl Ca HC02+CO3|
Mg S04+N0O2

Kis-Pzc

KE+925-|

KO+940-1

K5+200-]

KO+980-1

KA+850-1

K1+980-] —};
]

K1 +200-1

e
r
Us

K3+6401 ——
K7+2350 — |

K2+720] —

KE+740] ———

KE+440-|
KO+020-1 :l_

K7+880-1 —

| Bundwes

Meg/L

325 2 151

05 0 051 15 2 25 3

G1-ll

KA +480-1
K24+480-11 :l_

G2-lI

G4-ll

G5-lI

—
<>

K5+220- —

K54370- —

K5+270-

KE+BEa-1|

KE+270-1

HO+771-1l

K7 +270-1

K5+010-ll ——

K2+045-1] }
K2+015-1

74858 ———

Ge-ll

Surface

G7-ll

U g

S1-ll

S2-

S10:11 ‘
5.1 :l_—|
S6-l

H1+415-1 u
KO+500-11 l
1420011

KO4+770ll ———

S8l —

S7-ll

83l

Sd-ll

RESULTS

II Buydwes



RESULTS

*

®Gl-l ©® G4l @ G7-
® G2l O G5
O G311 @ Gé-l

® Gl1-ll O G4-ll @ G7-lI

® G2l O G5
® G6-Il
75°34'30"W 75°33'0"W
Legend Geology
5 HNUS —— — Creeks = = = PILOT TUNNEL [ JTrad[@@ kv [ ]Pzc
POSERADOS [ ]kis [ Kv-Kis
1o Faults MAIN TUNNEL




5

1966 = 2016

Piper Diagrams

ANDS

POSGRADDS =

INGENIERIR CIVIL

2

e
CoL on®

a)

ol
4

Calcica

RESULTS

& Surface
8 Quebradagrande
O Cajamarca

Figure 6: Pipper Diagram,

Programa de Doctorado en Ingenieria

;@v«%INGENIERIA CIVIL

Sl Area Curricular de Ingenieria Civil y Agricola

a) 2010 and b) 2015 sampling

Linea de Investigacion en

INGENIERIA DEL AGUA Y DEL AMBIENTE




RESULTS

Stable Isotopes

? T T T T T T T
Py
P

Cajamarca el
Grﬂup .’ '._Q.—

/ *  GataT CML

Gata 5

X
[
[=

MaskaT | . o e
. - | o VientoT 0°H = (8.03 + 0.28)0180 + 9.6
x . Chorros 5 ,
. 2 o *  ChomosT Rodriguez, 2004
- ) o - . Estacion T i
sl : e ) 4  Estacion S
- o o, - Pzc T
g S ~., Geoth I et
__,/ . . & In?gm;Ea Cristalina T

&H
&
T
N

| Tolima's Portal
y A N | Rivers L
. # Waca T LM L
;\. - /,‘ CML

<2 _ C18
P Zusbradagrande Group CML O H T 770 O _I_ 72

| — 1 | ] ]

~13 ~125 -12 ~11.5 —11 ~10.5 -10 -95 -9
8%

-
\i
=,

A
¥

|
ou]
in

1

[=

Figure 10: §2H vs §'®0. The Colombian Meteoric Line (CML) and Local Meteoric Line
(LML). Triangles for surface samples and circles for inflows inside the tunnel

Programa de Doctorado en Ingenieria

of | e :*@—JNGENIERIA CIVIL

Linea de Investigacion en

POSGRADDS =
INGENIERIA CVIL ; , S . i
R n -l Arca Curricular de Ingenieria Civil y Agricola INGENIERIA DEL AGUAY DEL AMBIENTE




RESULTS

Stable Isotopes
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CONCLUSIONS

CONCLUSIONS

Hydrogeochemical and isotopes analysis are useful tools for a better understanding of
the hidrogeological behaviour of a highly fractured massif like La Linea mountain.

Fractures defined preferential flow paths, connecting surface sources like creeks with
underground infrastructure works like tunnels.

Most samples are classied by cations as Ca2+ in a major proportion followed by Mg2+
dominance. According to the anions, all samples are HCO3- type.

Factor Analysis (FA) and Hierachical Cluster Analysis (HCA) combined with graphical
analysis let us to identify seven clusters for each year and to relate with the geology of
the zone.

It is observed an evolution of the water type related with the interaction with the host
rock.
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