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A sampling campaign on Mannolada Gla cier (Dolomites, Italy) was
under taken on 7-8 septembe r 200 1, ill o rder to collect samples of icc,
snow and surface wate rs for chemical analyses. Such analyses, con duc ted
on the field with port able elcctroan alyrical instru mentation and ill the an­
ulyrical laboratory, suggested the occur rence of strong chemical interac­
tions between melt ing water s and the limeston e bed rock. Evidence for a
strong anthropic pressure on the glacier, related to winter and summer
spo rt act ivit ies. is also repor ted.
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CE I.I.l D. & POZZI A., Cbiacciaio del/tl Alamu~/(/(ltl : 11110 studio del cbimi­
smo c dcll'impatto t/1/fropico mediallft' I'anolisi cbimica di acque difusionc
e j!,bitlccio. rrr ISSN 039 1-9838, 2003 ).

Nei giorn i 7-8 scrrcr nbrc 200 1 c stare cffcrruara una campag na d i
campionament o di ghiaccio , neve cd llcq ue supcrficial i sui ghiacciaio del ­
la Mannolada (Dolom iti) che ha intcressaro siahi zona di accurnulo delle
prccipitaz ioni ncvosc sia 'lu ella di ablez ione del gbiacc iaio aile fronti oc­
cidcntalc, centrale cd or ientale. Lc analisi chimiche effcrruare sin direrra­
mente Sil l gbiac ciaio mediante snumem azione eleu roanalitica po rtatile
che in laborato rio, hnnnc rnesso in cviden za lc imerazioni chimic he che
avvcngnno tm le aCljuc di [usionc del ghiaccio e lc rocce carbo natichc del
bacino. c gli cffcu i dell'elevato impatto amropico legato all'auivita spor t i­
va praticara sui gbiac ciaio sin d'invern o chc d 'cstat c.

TElt \IINI Cl IIAVE: Ghiacciaio, Impan o amropiro, Marmoladu , Alpi.
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nncbc, !"isiebe c MllfeUlt/fiche, Vit/ Va//eggio 11, 22100 Como (ltoiy),
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Como /Ire j!,rafe/u//y tlCkJlOlvlt'dged /01" tbo useful discussions mul m gges­
tions obont tbc cbcmicalfnnnrcs 0/tbe present study.

INTRODUCTION

Geographic and geomorpbologic Jetting

Th e Ma rmolada Massif is located in the Dolomites
(Vene tian region , N E Italy) at the boundary of the Belluno
and Trcnro provinces. This mountain ridge represent s the
divide between the hydrographic catchment basins of the
River Pia ve and Ad ige. T he Marmolada Massif includes
seve ral peaks higher than 3000 meters, the highest being
Punta Pcnia (3343 m a.s.l.), Th e Marmolad a mountain
range is bound ed northwards by the deep and large Fcdaia
basin (Fcdaia Pass: 2056 m a.s.l.), whereas it is bounded
southward by the Contrin and O mbretta valleys, the latter
start ing from the Ombretta Pass (2704 m a.s.l.). The
stre ams situated on the western side of the massif are trib­
utari es of the Avisio River (Adigc system), while the east­
ern ones are tributaries of the Pettorinn River (Piavc sys­
tem) (Mattana, 1995 , fig. 1).

Th e Marmolad a G lacier is the largest glacier o f the
Dolomit es and it extends on the northern side of the mas­
sif; a 600-1000 meter high and five-kilometre long very
steep rock wall represents instead the southern side . The
watershed between Adige and Piave water systems is de­
velope d just in the middle of the glacier (see fig. 2).

The Marmoladn Massif is composed of fossil-rich clear
limestones known as Calcare del Latemar and Calcnrc del­
la Marmol ada Formation s of Upp er Anisian-Ladinian age,
derived from a carbonatic shelf and det ritic material accu­
mulatcd at the shelf bottom toward the basin and minor
volcanic effusions of Ladinian age (Leonardi & alii, 1968),
T he fro ntal glacial basin is developed above the Ca lcare
del Late ma r Fo rmation (Cap uto & alii, 1999),

At present , the Marmolada G lacier has a trapezoidal
shape and extends over 2.6 km' (it is 1.5 km long an d 2.5
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FJc . 1 - Geographic sell ing of the Mann olada Massif

km large, at maximum ) with an average dip of 53 %. On
the western front the glacier extends between 3340 and
2490 meters of altitu de (Mana na. 1995), It is constituted
by an upper elongated zone separating into three tongues,
which descend northwards in the di rection of the Fed aia
Lake. T he centra l tongue is located between Sasso delle
Und id to the east and Sasso delle Dodici peak to the west,
within high and steep ridges. At present , due to the very
scarce snowfall during the winter and the high summer
temperature, the three tongues arc disapp earing and their
fron ts are retreating inducing a relevant change in the gla­
cial morphology of the basin.

The goals of this work are both to study the geochemi­
cal featu res of the Marmolada system with particular focus
on the chemical reactions between icc, melting water and
carbonatic rock, and to evaluate the hu man impact on the
glacier using simple chemical analytical parameters.

The chemical analyses of ice, snow and surface waters
have been integrated with ;:1 morphological antilysis of the
glacier and the related preglacial area, carried out by re­
searchers of the University of Padova during the annual
survey of the Comitato G laciologico Italiano.

EXPEIUMENTAL SECTION

Sampling sites were chosen so as to cover the whole
front o f the Marmolada G lacier , from the western to the

eastern end. Seven significant sampling sites for icc, snow
and melting water were selected and their locations are
repor ted in fig. 2.

Site Iv11) ice sample taken from a crevasse near Pi~lI1 dci
Fiacchi (2780 m a.s.l.), above the arrival of the
chair lift coming from Fedaia Pass;

Site Iv12) superficial snow fallen in the previous days (15
em layer), in the same position as site 1;

Site IvB) ice sample taken at the \'(1cstern front at a 40 em
dept h (2675 m a.s.l.):

Site M4) melting water from the stream exiting the small
glacial basin below Punta Pcnia, .after the wate r
has flown for about 200 m on rocks;

Site M5) icc sample from a scrac of deep hlu e ice in th e
Central front (2550 m a.s.l.) from a depth of
10 ern;

Site M6) ice sample on the eastern front (2640 m u.s.l.)
from a depth of 10 em;

Site ,vI7) water collected from the small lake at the end of
the eastern front (2630 m a.s.l.), 1 meter from
the shore and at a depth of 20 em.

Ice, snow and water samples were collected in low­
density polyethylene bottl es (capacity 250 ml. l. The bot ­
tles were cleaned by soaking in dilut ed ultrapu re nit ric
acid (H N0 3 Suprapur. Merck) and then rinsed with sever-

72



al port ion s of ultrapure MilliQ water (Millipore MilliQ
System , 18 MIl 'cm resistivity).

lee W:IS sam pled by an ice axe, which was previously
cleaned with dcioniscd water : the uppermost layer of icc
\ \ ' ;:IS d ischarged , as it is likely to he heavily con taminated.
Snow was collected hy dipp ing a large mouth bou le into
it, while water was sampled directly by hand.

Hardness, alkalinity and the physicochemical parame­
ters (temperature , p l l an d co nd uc tivity ) were determ ined
in the aqueous samples on the field . Temperature and pl 1
were measured th rough a po rtable Hanna 11I9025C
pi Imeter and con ductivity through a portab le Hanna
Hl9033 conductivity meter: bot h instrument s were cali­
b rated daily on the field . Hardness and alkalinity were de­
termined through Aquamerek portable kits from Merck
Eurolab.

The concentrations of major ions were determined in
the laborato ry by means of ion chromatog raphy (IC761
from Mctrohm, Hcrisau . Switzerland); this techniq ue is, in
fact. largely em ployed for ice and snow ana lysis (sec Le­
grand & alii, 1993 and Huben & alii, 200 1). A Phcnomcn­
ex Sta rlon A300 column was used for anion separat ion
with a flux of 1.5 mL/m in of a carbonate/bicarbonate clu-

ent (1.8 111M Na,CO, + L7 111M NaI-lCO,) . Cations were
separated on a Met rohm Metroscp Cation 1-2 column
with an eluen t compos ition of 4 mM tart aric acid and t
mM dipicolinic acid and a flux of 1.0 mL/ min. The meas­
ured limits of detection (LO D) are 3 ug/L for anions and
10-25 ug/L for cations.

Bicarbonate determination was perfo rmed by titra ting
the sample with 0.01 M hyd roch loric acid through a com­
puter based automatic titrator developed in our laboratory
(Dossi & alii, 2000).

RESULTS AND DISCUSSIO N

. The results of the analyses of major ions highlighted
the presence of pollutants like nit rate, nitri te and chlo ride
that have to be certainly ascribed to the high anthropic
pressure exerted on this glacier. In fact, the weather ing of
rock and sed iments by itself is not able to accou nt for the
chemical composition of melting waters. The effects of hu ­
m;:111 activities are evide nt on the glacier: plast ic, vegetable
and organic debris are clearly visible over the surface or­
the uppermost part of the glacier. The spreading of this

. FIG. 2 . Simplified to pog raphic
Ill;l l ' of the 1\!.lrll1o!;ld:l Massif
with sampling sires. 111e Last
Glacial Maximu m bounda ry (ca.
18501 is ind icated by the dashed
line; the 20CH posit io n of the
glacial fron t is ind io l1ed by the
doncd line. Scale I:25000, from
sheer «La Marmolada» F.o II I(
N.E., dai tipi dcll 'I srinu o C eo­
grafico Militurc (uutorizzaxiouc

11 . 5569, 12/0-1 /2( 02),
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T ABU: 1 . in situ analyt ical da ta fo r sur face wate rs

T '\ IlLE 2 • Bicarbonate co nce nt rat ions measured in icc, SIlOW 1I1ll1

water samples

pollution downhill to the whole glacier is anyhow to be ex­
pected because of the ablation action of the glacier in­
creased by the steepness of the slope. Winter and summer
skiing arc pra ctised since many years and several ski lifts,
cablecars and cahlcways have been built increasing steadi­
ly the anthropic pressure on this glacier . Moreover , the re­
sidual snow pack still present on most of the Alps at the
end of the summer of 2001 did not allow an effective as­
sessment of the annual advancement or reti rement of the
glacier front.

The results of the in situ analyses of the water samples
M4 and M7 are shown in tab. 1. pH values higher than 8
were observed, in accordance with previous measurements
(Ek, 1966 and Fairchild & alii, 1994). These high values of
pH arc frequent in carbonatic bedrocks because of the sol­
ubility of calcium and magnesium carbonates in melting
waters in which CO, is likely to be at the equilibrium with
the atmosphere. The presence of carbonates leads to the
buffe ring of the mineral acidity deriving from acid rain,

Analytical par ameter

which would have otherwise decreased the values of pH
between 55 and 65 as it is observed in crystalline bedrock.

To gain a deeper insight , the concentratio ns of bicar­
bonate ions were determined in all the samples and the re­
sults are reported in tab . 2. The highest ccucemrarions of
bicarbonates were measured in surface melting waters, as
the interaction between water and rock is much stronger
tha n between ice and rock. The strong weathering of car­
bonatie rocks is evidenced by thc direct relation between
pH values (8.39 and 8.7 1) and the concentration of hydro­
gen carbonates (27.9 and 34.1 mg/ L) measured for sam­
ples M4 and M7. O n the other hand, the ice und snow
samples have very low or even negative carbonate concen­
trations, This latter result is not an analytical error, but it
is related to the presence of mineral acidity in the ice and
snow samples, leading to a negative intercept in Gran's
plot. In fact , nitrogen oxides (<<NOll» ) and sulphur diox­
ide (Sa l) are known to oxidise in the atmosphere and lead
to the format ion of nitric and sulphuric acid after reacting
with water (Legrand & Mayewski, 1997, Prcunkerr & alii,
2000 , and references therein). Modern techniques of ion
chromatography were thu s employed to determine the
chemical composition of the samples in term of major ions
and , hence, to gain a bett er understanding of the chemis­
try of this system. Th e result s arc reported in tab. 3 (Novo
& Rossi, 1998 for a comparison to oth er Alpine sites). As
a first consideration, very low ion concentrations were
measured in ice and snow samples and , for some of them,
they resulted even lower than the limit of detection (see
Experimental) .

Melting water samples exhibit instead much higher
concentrations of the analysed ions because of the strong
chemical weathering of carbonatic rocks. Calcium and
magnesium carbonates arc in fact qu ite easily soluhilised
by both the carbon dioxide dissolved in water, and nit ric
and sulphuric acids deriving from atmospheric deposi­
tions. Both mechanisms lead to the formation of soluble
hydrogen carbonates of calcium and magnesium. It should
also be noticed that these two mechanisms act synergisti­
cally, as the attack by minera l acidi ty strongly eases the
subsequent dissolution by carbon dioxide.

Beside calcium and magnesium , the concentration of
sulphate ions is also higher in melting waters with respect

5.5
8.7 1

7 1.2

o
- 0.3
17.3
27.9
o
3.3

H.I

Small lake (site 1\ 17)

. Bicarbonat e conccnrrarion (mg/L)

4.4
8.39

8 1.9

Stream wate r (site M.J)

Sample,natur e

Deep icc
Sur face SIl O\\ '

DCCI} icc
Melting water
Deep icc
Deep icc
Mell ing water

Site

MJ
1.12
j\ 13

1\ 14
M5
M6
1.17

Temperatu re (OC)

pH
Cond uctivity (pSlcm)

TABLE 3 - Major union lind cat io n couc cm rarions deter mined by ion chromatograph y

Ion co nce ntrations (r ng/L)

Site Sam ple na ture Ch loride N itrite N itrate Sulphate Sodi um Pot assium Calc ium 1\ llIgnes iulIl

CI NO; NO,- SO,'" Na K· C 1. Mg~ '.a

1.11 Deep icc 0.141 < LOO 0.205 0.189 0.111 < LOO 0.057 < LO O
1.12 Surface snow 0.026 < LOO o-roo 0.087 < LO O < 1.0 0 < 1.00 < LO D
M3 DL"CP icc 0.395 0.04l 0.25 t 0.068 0.23 1 0.066 5.52 0 .069
M4 Melting water 0. t57 < 1.0 0 1.80 0.520 0.118 < 1.0 0 7 .84 1.31

M5 Deep ice 0.094 < 1.0 0 0.074 0.045 0.125 < 1.0 0 0.249 < 1.0 0
M6 Deep ice 0.078 < 1.0 0 0.156 0.030 0.106 < 1.0 0 1.1 1 < 1.0 0
1.17 Melting water 0.200 0.040 l AO 0.406 0.213 0.067 9.58 1.37
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to th e icc and snow samples. Th e presen ce of th is ion is to
be ascribed to two sources . O n the one hand, th e pres­
ence of 50/ - in ice and snow is du e to the ox idation of
sulphu r contai ning compo unds during the com b ustion of
foss il fuels. O n th e other hand, the dissolu tion of roc ks
containing sulphates, like gyps um (CaSO.j), lead s to a
strong enrichment of this ion in meltin g waters. In fact ,
calcium sulphate is mu ch more soluble than the corre ­
spo ndi ng car bonate, in the absence of CO2 and acidity too
(Keg ley & Andrews, 1998) and can th us he released more
eas ily from roc ks.

It sho uld also be noted th at the highest levels of chlo­
rid e ion were determin ed in the sam pling sites mor e
st ressed by human activities, i.e. sites !vB and M7. Th e
first is located near a b usy track close to the cable lift arri ­
val and the latter in a cold area favourable for summe r ski­
ing, right below extensively used liftst. the presence of
chlor ide, together with sod ium, is in fact a good ind icato r
of human and animal wastes.

No n-negligib le concent rations of nitrite ions (N02- )

are anot her fingerprint of human pollu tion of sites M3 and
M7. Nit rite is a metastable and very to xic species pro­
duced by bacteria d ur ing the 'oxidation of proteins accord ­
ing to the sequence : protein - ammo nium - nitrite· nit rate .
Ni trite is thus an import ant indicatio n of pollution du e to
o rgan ic matter. Moreover , N02- is suitable for thi s kind of
stu dies, as it can be determined at very low levels by
means of port able inst rumentation with the precision and
sensitivity required by environme ntal resea rch.

CONCLUSIONS

Th e environmental observatio ns and che mical data col­
lected during th e yearly survey of the Murmoladn G lacier
gave interesting clues abo ut th e d ry and wet accumulation
mechan isms of the atmos pheric po llu tants and abo ut th e
weat hering of rocks by ice and melting waters. T he evalua­
tion of simp le che mica l like major ion co ncentra tions
proved to be a powerful tool for the assessment of the pol­
lution on the glacier surface: in the investigated area , a
very high level of pollution was registered . Moreover, the
canalisat ion of melting waters, used for supp lying both the
hydroelectrical power plant and the devices used fo r ar tifi­
cia l snow pr oduction , comp letely hind ers a more det ailed
stu dy of the water-rock int eraction s along th e ice stream,
from the glacie r margin to Fedaia Lake.

A be tter assessment of the effect of human act ivit ies on
the reduction of th e glacier mass can be accomplished by
studying tra ce eleme nts like iro n, copper and manganese
and the ir reactivity with organic matter in water th rough
speciation analysis (Achtenberg & alii , 1997 ).
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