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ABSTRACT

Arctic hydrothermal springs at Bockfjorden, Svalbard, have isotope and trace element signatures indicative of deri-

vation from glacial melt waters with minor contribution from seawater. Downstream gradients in water chemistry,

isotopic composition and carbonate precipitation rates have been documented for the Troll spring and travertine

terrace system. The main controls on the downstream evolution of these parameters are carbon dioxide degas-

sing, calcite precipitation, evaporation and biological activity. The carbonate precipitation rates not only show an

approximately parabolic dependence on the calcite supersaturation levels, but depend also on local hydrodynam-

ics. Downstream loss of light isotopes of oxygen and hydrogen can be explained as an effect of evaporation, as

estimated using chloride as a conservative marker. Biological activity affects nitrate and bromide concentrations

and influences the morphology of calcite precipitates.
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INTRODUCTION

The Troll and Jotun thermal spring complexes at Bockfjor-

den, Svalbard (Hoel & Holtedahl 1911; Banks et al.

1998), are the northernmost documented hot springs on

land, with the Troll springs situated at 79�23¢N, 13�26¢E
(Fig. 1). The temperature of the spring waters is moderate,

with 28.3�C as the highest recorded value (Hoel & Holte-

dahl 1911). The temperatures at the sources are

remarkably stable through the year, and the springs remain

ice-free throughout winter (J. Heldmann, personal com-

munication). These springs are situated along a major fault

line, in the vicinity of volcanoes that may have been active

as recently as the Pleistocene (Skjelkvåle et al. 1989).

Banks et al. (1998) characterized the water chemistry of

the main springs in detail, and found that the Troll springs

are supplied with sodium and bicarbonate-rich waters.

They suggested that the waters originate from a deep res-

ervoir of thermal, probably fossil, seawater modified by

water–rock interaction and dilution with considerable

amounts of cold groundwater.

Both the Troll and Jotun springs deposit calcium carbo-

nate in the form of calcite, with the source presumably in

the underlying Proterozoic marble of the Generalfjellet

Formation. Several of the Troll springs have produced spec-

tacular travertine rimstone and terrace morphologies. The

3A spring system in the Troll Spring area (nomenclature

from Banks et al. 1998) is associated with a terraced area

around 100 m across, although only the topmost pools are

presently filled with water (Fig. 2). We visited Bockfjord in

August 2003, and briefly in August 2004, with the purpose

of studying travertine geomorphology and pattern forma-

tion, as well as carbonate precipitation processes and the

spatial distribution of chemical parameters within the Troll

3A spring.

In other springs around the world, it is believed that

travertine precipitation is mainly driven by CO2 degassing

(Buhmann & Dreybrodt 1985; Dreybrodt et al. 1992;

Fouke et al. 2000; Lu et al. 2000). When the water first

comes in contact with the atmosphere it is typically

somewhat acidic, due to high concentrations of carbon

dioxide. As the water moves downstream carbon dioxide is
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progressively lost to the atmosphere, increasing the pH

and consequently the calcium carbonate supersaturation

levels. By mapping local variations in water chemistry

within the Troll 3A spring, we can clearly document such

trends, as well as the effects of water evaporation and the

influence of biological activity in the pools.

METHODS

Field procedures

The geometry of the Troll 3A pools filled with water in

2003, and the positions of the fluid sampling points as well

as the placement points for the experimental slabs and

slides were determined using a Leica TCRA1103 total sta-

tion (theodolite and laser ranging device). These sampling

and deployment points are shown in Fig. 3.

Temperatures were measured with a digital thermometer

to a precision of 0.05�C. A Hanna Instruments HI 9025

pH meter that was calibrated in the field with pH 7.00

and 10.01 buffer solutions (0.05 log units) was used for

in situ pH measurements. Similarly, conductivity was meas-

ured in the field with a Hanna Instruments HI 7031 con-

ductivity meter (0.02 mS cm)1).

Water samples for chemical analyses were collected

close to the surface of the Troll 3A pools at each samp-

ling point (Fig. 3) by filling acid-washed plastic bottles to

the rim to avoid degassing. In addition, several upstream

and downstream fluid samples from the main springs as

well as a cold spring sample (corresponding to sample

K1 of Banks et al. 1998) were collected for isotopic ana-

lyses. Calcium concentrations were measured immediately

in the field using an Aquamerck calcium test kit (Merck).

Carbon dioxide concentrations were also measured in the

field using a Hach digital titrator kit. Alkalinity, calcium

and total hardness were measured on board of the

expedition ship about 6 h after sampling (bottles were

filled to the rim to prevent degassing), using Hach digi-

tal titrator kits. The calcium values measured in this way

were consistently around 10% lower than those measured

in the field. This was probably a consequence of the slow

equilibration reactions in the field caused by the lower

temperatures. Alkalinity values were in general agreement

with a smaller number of control titrations made in the

field.

Fig. 2. Aerial photograph of the Troll 3A travertine terrace system, about

100 m across. Source in the upper left of the picture (arrow). Only the

uppermost terraces are currently filled with water.

Fig. 3. Map of wet areas within the Troll 3A spring, with sample positions.

Fig. 1. Sketch of the Bockfjorden area, with the Troll (T) and Jotun (J)

springs. White areas on land are glaciers, moraine or sandur.
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In order to estimate carbonate precipitation rates the

method of Zaihua et al. (1995) was used. Ten limestone

slabs (4 · 2 · 0.5 cm) were polished, washed in ethanol

and dried for 24 h at 60�C before weighing on a digital

scale. The slabs were submersed in the travertine pools for

73 h, and kept clear of the bottom by metal clips. Further-

more, ethanol-cleaned microscope slides were placed at

two points in the pools (points 11 and 12, Fig. 3) in such

a way that the slides were either fully submerged or were

sticking out above the water–air interface by about 5 mm.

All measurements reported here were taken during our

visit in August 2003. When re-visiting the site in August

2004, we found that the water had found a new route

from the upper pool, possibly because of travertine precipi-

tation. As a result of this, the lower pools from 2003 had

become stagnant, while other old, previously dry pools had

been reactivated.

Laboratory measurements

Anion concentrations were measured in filtered water sam-

ples (Whatman 0.45 lm polycarbonate filters) using ion

chromatography (IC, precision RSD <5%), while cations

were determined from acidified samples (HNO3) using

inductively coupled plasma-mass spectrometry (ICP-MS) at

the Department of Earth Sciences, University of Leeds

(precision RSD <3%).

Stable isotope compositions were measured from separ-

ate aliquots of the water samples at the Bjerknes Centre,

University of Bergen (d18O and d13C) and at the Sou-

thampton Oceanography Institute (dD). Reported preci-

sions were <0.1& (O and C) and <1% (D). Oxygen and

hydrogen values are reported relative to the SMOW stan-

dard, and carbon relative to PDB.

The deployed limestone slabs were retrieved after 73 h

and stored in centrifuge tubes. Back in the laboratory, the

slabs were washed thoroughly in ethanol, dried for 24 h

and weighed, to a precision of ±0.05 mg. The weight

increase (precision ±0.1 mg; control slabs showed zero

weight gain) was used to calculate the precipitation rate

following the method of Zaihua et al. (1995). The weigh-

ing precision provides an expected precision of

±0.002 mg cm)2 day)1 for the reported precipitation rates.

The newly formed precipitates on selected slabs were

imaged using scanning electron microscopy (SEM,

15–20 kV) after gold coating.

Similarly, selected microscope slides were retrieved after

70 h and stored in centrifuge tubes until analysis. The

formed precipitates were characterized using a field-emis-

sion scanning electron microscope (FEG-SEM, LEO

1530). The slides were deposited on stubs, air-dried, coa-

ted with a 3-nm palladium layer and examined at 1–3 keV

at a working distance of 2–4 mm using an in-lens secon-

dary electron detector.

RESULTS

Source fluid characteristics

The oxygen and hydrogen isotopic ratios for a number of

upstream and downstream samples in the Troll hydrother-

mal springs 1A, 2A and 3A are shown in Fig. 4. The values

follow a downstream trend away from the meteoric line, as

an effect of evaporation (see below). The oxygen isotopic

composition at the source is ca. )17.5&. A sample from a

nearby cold spring is shown for comparison, displaying less

negative isotopic ratios ()15.8& d18O). Ice core records

from the Lomonosovfonna glacier at 78�44¢N, 17�34¢E,

1020 m above sea level, show a mean d18O value of

)15.7& from the period 1920 to 1997 (Isaksson et al.

2001), in good accordance with the Troll cold spring

value. Similarly, the average d18O ice core value at

Fig. 4. Oxygen versus hydrogen isotopic ratios. Left: all samples from the Troll hot springs 1A, 2A and 3A, and the Troll cold spring. The ‘Glacial’ point

represents the 1920–97 average from the Lomonosovfonna ice core (Isaksson et al. 2001). Right: close-up of the samples within spring 3A, with sample

numbers as given in Fig. 3.
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Austfonna, Nordaustlandet, further to the east in Svalbard

(750 m above sea level), is )16.7& for the period from

1900 to 2000, while the average from 1400 to 1900 is

)18.7& (Watanabe et al. 2001). We conclude from this

that the Troll cold spring is sourced from relatively recent

surface waters. Assuming that the source for the hot spring

fluids is predominantly groundwater, mainly derived from

the close upland glaciers, the isotopic data indicate a

source of more ancient origin, at least before 1900. Most

likely, these melt waters derive from snow precipitated at

somewhat lower altitudes than those of Lomonosovfonna

and Austfonna, and are therefore expected to show less

negative d18O values for equal ages (e.g. Poage & Cham-

berlain 2001).

There are no systematic changes in the d13C composi-

tion from source to sink in the pool. d13C values of spring

waters scatter around )1&, broadly consistent with carbon

derivation from dissolved marine carbonates (marbles) at

depth.

The elevated salinity of the spring water (but below

1 ppt) is most likely mainly due to seawater influx (Banks

et al. 1998). The Br concentration at the source of the

Troll 3A spring is 0.89 mg l)1. Using a typical seawater Br

concentration of 65 mg l)1, and assuming that Br behaved

as an inert species at depth, this indicates an amount of

seawater corresponding to about 1.4% in the Troll fluids.

Na/Br and Cl/Br ratios for the Troll hot springs are

shown in Fig. 5. The fluids are relatively enriched in Na

and depleted in Cl relative to seawater, most likely as a

result of water–rock interactions modifying the meteoric-

seawater mix. A gain in Na and a drop in Cl relative to

seawater are expected from reactions involving feldspar dis-

solution and growth of sheet silicates at depth. The linear

trend through the origin is most easily explained by

removal of Br within the pools (see below).

Downstream water chemistry in the Troll 3A spring

The hydrochemical parameters at different sampling points

(Fig. 3) are shown in Tables 1 and 2, and are portrayed

graphically in Figs 6 and 7. The contour maps of Fig. 6

are of course relatively unconstrained due to the small

number of sampling points, but are still useful for visual-

ization and show a consistent downstream trend for most

parameters.

Temperature drops from an initial 27.4�C at the source

down to 13.9�C at the most distal sampling point in the

travertine pools (Fig. 6B). The air temperature varied

between 8.6 and 14.9�C in the 24 h before measurement.

Banks et al. (1998) measured 25.6�C at their sampling

point 3A1 (exact position within spring 3A not given).

Although the gas composition was not measured, visible

gas bubbling in the source most probably involves CO2

degassing, although the smell of H2S was also noticeable.

Dissolved carbon dioxide was measured only at selected

locations, partly because sampling without strong agitation

was difficult in shallow water (Table 1). Nevertheless, the

systematic downstream removal of CO2 is obvious

(Fig. 6D), and <40% of the original concentration is

retained at the most distal location. As carbon dioxide was

measured with an acidity titration method, it is not sur-

prising that there is a strong downstream increase in pH,

from an initial 6.58 at the source up to 8.41 at the most

distal sampling point 8 (Figs 6C and 7A). Banks et al.

(1998) measured a pH of 6.83 at their sampling point

3A1, corresponding to our value between sampling points

2 and 3.

The concentration of dissolved calcium decreases from

110 mg l)1 at the source down to 70–90 mg l)1 at distal

sampling points (ICP-MS values; Figs 6E and 7B). Banks

et al. (1998) and also Hoel & Holtedahl (1911) similarly

reported a calcium concentration of 110 mg l)1.

Our values for alkalinity (478–579 mg l)1) are slightly

lower than those measured by Banks et al. (1998), who

reported 13.1 mEq l)1 (655 mg l)1 as CaCO3). This may

be a consequence of the manual titration method

employed in the field. In fact, the charge balance as calcu-

lated from ICP-MS, IC, pH and titrated alkalinity shows a

negative charge balance error of up to 8.5% (in sample 7).

This error virtually disappears when using the higher alka-

linity values of Banks et al. (1998). We therefore assume

that our alkalinity values are somewhat too low, but the

presented downstream trends are still valid.

Ba and Sr concentrations correlate positively with Ca

(Fig. 7) and show a decrease by ca. 10% from the spring

source to the terrace rims. The trends in Fig. 7 can be

used to constrain the partitioning of these elements
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Fig. 5. Na/Br and Cl/Br mass ratios for samples within the Troll 3A spring

complex.
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between the spring water and the precipitating carbonates

along the flow path (see below).

Calcite saturation indices (SI) are given as the log ratio

of the calcite ion activity product to the solubility product

of calcite. Calcium concentrations were taken from the

ICP-MS data, while carbonate concentrations were estima-

ted from pH and titrated alkalinity. Activities were correc-

ted using the measured ionic strengths (conductivities). SIs

as given here were calculated by hand. Using the computer

program PHREEQC version 2, Parkhurst & Appelo (1999)

produced comparable results, except for a very slight

(<0.05 log units) reduction in calcite SI values due to the

inclusion of Mg in the calculations. The log calcite SI is

within 0.2 units from zero in samples 0–3, confirming that

the water is saturated with respect to calcite in the 3A

spring (Banks et al. 1998). In sample 4 the SI has a value

of 0.9, increasing up to a maximum of 1.4 in samples 6–9.

Increasing alkalinities to the levels measured by Banks et al.

(1998) raises SI by up to 0.1 log units.

Conductivity (ionic strength) decreases downstream,

from 1.7–1.8 mS cm)1 in the upstream samples to

1.3–1.6 mS cm)1 in the distal samples. Banks et al. (1997)

reported a conductivity of 16.3 mS cm)1, which seems to

be too high by a factor of 10.

The weight increases on the limestone slabs are shown

in Table 1. There was no precipitation at sample points

1–3. This is consistent with the near-absence of travertine

in this region above the first travertine pool, and provides

a check on the accuracy of measurements. The lack of cal-

cium carbonate precipitation is associated with pH values

below 7.0. Precipitation rates increase systematically down-

stream (Fig. 6J). SEM images of the retrieved slabs con-

firmed that the weight increase (up to 70.4 mg) was

mainly due to calcite precipitation. Figure 8A shows an

SEM micrograph of limestone sample 1 (source) with no

visible precipitation but signs of weak dissolution, while

Fig. 8B–D presents precipitates on the most distal sample

7 showing a rich population of calcite crystals.

Table 1 Field measurements from the Troll 3A

spring.
Sample T pH

Ca2+

(mg l)1)

CO2

(mg l)1)

Alk

(mg l)1) TH

EC

(mS cm)1) Precipitation SI

0 27.4 6.58 134 372 579 163 1.74 )0.2
1 27.0 6.70 133 330 560 154 1.72 0.00 )0.1
2 27.1 6.70 122 558 154 1.73 )0.01 )0.1
3 25.9 7.01 112 562 148 1.70 0.00 0.2

4 23.1 7.75 116 286 572 286 1.69 0.16 0.9

5 18.6 7.90 112 228 484 110 1.46 0.72 1.0

6 14.6 8.36 96 500 96 1.58 0.25 1.4

7 14.2 8.37 100 140 498 107 1.34 1.26 1.4

8 13.9 8.41 90 484 98 1.57 1.30 1.4

9 14.7 8.26 110 498 111 1.61 0.65 1.3

10 16.2 8.24 100 478 110 1.60 0.32 1.2

11 23.2 7.66 116 320 564 153 1.67 0.8

12 14.8 8.28 103 262 502 106 1.36 1.3

13 14.4 8.17

Alk, alkalinity; TH, total hardness; SI saturation index. Alkalinity is given in units of mg l)1 as CaCO3.
Carbonate precipitation rate in mg cm)2 day)1. Log-transformed SI calculated using ICP-MS values for
calcium.

Table 2 Laboratory analysis (isotopic, ICP-MS and IC) of water samples.

Sample d18O dD Ca2+ Mg2+ Na+ Si4+ Ba2+ Sr2+ Cl) Br) SO2�
4 NO�

3

0 )17.39 )132.37 109.90 33.07 203.1 18.5 0.153 1.154 149.66 0.89 60.51 0.07

1 )17.53 )131.58 109.40 32.25 199.3 17.9 0.152 1.130 149.70 0.81 60.20 0.20

2 )17.48 )132.00 114.90 33.29 203.3 18.2 0.159 1.167 148.81 0.78 59.76 0.18

4 )17.17 )130.84 90.13 32.01 200.1 18.2 0.144 1.138 151.12 0.72 64.10 0.10

5 )17.11 )131.47 93.30 33.18 204.8 18.6 0.149 1.165 151.42 0.81 60.39 0.21

7 )16.84 )128.11 84.30 34.30 208.7 19.4 0.168 1.090 139.34 31.72

10 )16.85 )129.91 72.05 33.31 207.2 18.3 0.131 1.097 154.46 0.90 61.92 0.15

11 105.20 33.31 205.9 18.3 0.146 1.139 158.72 0.68 62.04 0.23

12 86.37 34.92 217.7 19.0 0.134 1.129 157.55 0.65 62.81 0.18

14 )17.11 )130.34 79.07 32.85 205.9 19.3 0.136 1.106 153.94 0.83 61.15 0.14

15 )17.50 )132.18 103.30 34.73 215.8 19.2 0.157 1.208 151.20 0.80 60.52 0.31

16 )16.96 )130.45 69.71 32.89 205.1 18.9 0.133 1.057 148.56 0.68 58.99 0.19

Oxygen and hydrogen isotope ratios are relative to SMOW. Ion concentrations are in mg l)1.
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On all deployed microscope slides the newly formed pre-

cipitates were well-crystalline, single or aggregated euhedral

calcites either of pinacoidal, rhombohedral or hexagonal

habit. The morphologies and distribution/aggregation pat-

terns on the slides depended on the deployment mode.

When the slides were fully immersed in the pool, usually

single well-crystalline habits with smooth surfaces formed

at times (Fig. 9A,B). When the slides were immersed with

part of the slide protruding above the water–air interface,

the resulting precipitates developed aggregates and clusters

primarily on the slide edge (Fig. 9C). The rate of growth

on the slide edge was much faster than when the slides

were fully immersed. When compared with the deployed

limestone slabs, the crystal habits of the newly formed pre-

cipitates were substantially different (compare Figs 8B,C

and 9A–C), and although a quantification of the growth

rates on the slides was not possible, the microscopic obser-

vations of calcite precipitated on the slides support those

from the slabs.

To elucidate the role micro-organisms have on calcite

precipitation rates and habits, a piece of the travertine mat

from the edge of the pool (point 14, Fig. 3) was also

imaged. In the presence of bacterial mats that colonized

the newly formed travertine sinters the morphology of the

calcite changes, forming much smoother and rounded cal-

cite aggregates (Fig. 9D) intercalated with microbial fila-

ments and diatoms (Fig. 9E,F).

DISCUSSION

The consistent downstream temperature drop indicates

that there is little or no addition of hydrothermal water

from the ground below the pools, and that the primary

fluid source is the spring above the pools.

The downstream increase in pH is directly connected

with the loss of carbon dioxide. It is reasonable to assume

that much of this loss is due to degassing, although biolo-

gical removal may also play a part (see the discussion in

Fouke et al. 2000). It is of interest to note the excellent

congruency between the spatial distributions of tempera-

ture and pH (Fig. 6B,C). As loss of heat and inorganic loss

of carbon dioxide to the atmosphere are controlled by

Fig. 6. Contour maps of parameters across the Troll 3A spring sys-

tem. The water source is located at the bottom. (A) Topography

(n ¼ 400); (B) temperature (n ¼ 14); (C) pH (n ¼ 14); (D) carbon

dioxide (n ¼ 7); (E) calcium (ICP-MS; n ¼ 13); (F) chloride (n ¼ 12);

(G) sodium (n ¼ 12); (H) nitrate (n ¼ 11); (I) d18O (n ¼ 10); (J) cal-

cite precipitation (n ¼ 10).
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analogous physical processes (fluid dynamics, advection

and diffusion), this pattern strengthens the case for outgas-

sing rather than biological removal being the dominating

process. Micro-organisms are present in the sinters, but the

bacteria seem to colonize the precipitates and therefore

influence the calcite crystal morphology only once an initial

sinter surface has formed, while the diatom frustules most

likely represent dead specimens (Fig. 9E,F). The increase

in pH produces a progressive oversaturation of calcium car-

bonate, leading to precipitation of travertine. Correspond-

ingly, the concentration of dissolved calcium decreases

downstream.

The systematic downstream reduction in alkalinity can

be explained by calcium carbonate precipitation from

sampling point 4 and below. Alkalinity stays relatively con-

stant in samples 0–3, but then drops in the more distal

Fig. 7. Scatterplots of parameters versus temperature. Ion concentrations are in mg l)1. Sample positions are as shown in Fig. 4.
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samples. The reduction in alkalinity from the average in

upstream samples 0–3 to the average in downstream sam-

ples 7, 10 and 12 is 72.1 mg l)1 alkalinity as CaCO3, or

28.9 mg l)1 as Ca2+. This fits well with the measured

reduction in calcium (30.5 mg l)1), indicating that the

reduction in alkalinity is mainly due to the precipitation of

calcium carbonate. As ions are removed from solution,

conductivity (ionic strength) decreases downstream.

The Ba and Sr data portrayed in Fig. 7 can be used to

estimate the average partition coefficient between fluid and

precipitated carbonate between any pair of sampling points

A and B along the fluid flow path. The assumption is that

all Ca lost from solution in the same interval is consumed

by calcite precipitation. Simple mass balance calculation

gives:

DSr ¼
ð½Sr2þ�A � ½Sr2þ�BÞ=ð½Ca2þ�A � ½Ca2þ�BÞ
ð½Sr2þ�A þ ½Sr2þ�BÞ=ð½Ca2þ�A þ ½Ca2þ�BÞ

:

Average D-values across the upper pools from fluid

source to terrace margin (points 2–10) are DBa ¼ 0.42 and

DSr ¼ 0.13. The strontium value is broadly consistent with

the partition coefficients measured at relatively high super-

saturation ( log X > 1) and precipitation rates R >

2 nmol mg)1 min)1 (cf. Tesoriero & Pankow 1996).

Supersaturation levels between point 2 and 10 in the Troll

3A pool varies from near zero to log X ¼ 1.2 (Fig. 10).

The Ba value is however about one order of magnitude

higher than expected for calcite precipitation at similar

rates (Tesoriero & Pankow 1996). The reason for such

high values is not known, but any precipitation of arago-

nite, which has been observed in the sinters that form in

the presence of bacteria, would increase the compatibility

of both Ba and Sr in the carbonate precipitate.

The mass of precipitates on the limestone slabs

increases systematically downstream, correlating well with

pH. The precipitation rate increases quadratically with the

degree of supersaturation (Fig. 10), with two major

exceptions: precipitation is anomalously high at sample 5,

in a region of shallow water and particularly fast flow, and

anomalously low at sample 6, which is the only deep-

water sample and also in a region of stagnant flow. The

highest precipitation rates are measured in the shallow,

distal regions of the pools, where flow rates are low due

to lack of outflow (water is removed through diffuse infil-

tration) but the supersaturation is very high. These data

therefore indicate that precipitation rates are controlled by

a combination of overall water chemistry driven by the

gradual removal of CO2, and local hydrodynamics (Zaihua

et al. 1995).

We refrain from inferring any particular regime of

growth kinetics from the quadratic form of the saturation/

precipitation curve, as this curve will be heavily influenced

Fig. 8. SEM pictures of limestone slabs after 73-h immersion in the Troll 3A spring. (A) Sample 1, placed close to water source at supersaturation index

SI ¼ )0.1. Triangular features are interpreted as shallow etch pits. (B) Sample 7, close to rim in the most distant pool (SI ¼ 1.4). There is considerable build-

up of calcite crystals of different habits. (C) Detail of (B). (D) Another region of sample 7, with different crystallization domains. A pennate diatom frustule is

embedded into the surface (arrow).
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by the large differences in slab surface area generated dur-

ing crystal growth.

The highest precipitation rate was 1.30 mg cm)2 day)1,

or 475 mg cm)2 year)1, measured at sample point 8 at

around 2 cm depth close to the terrace edge but inside the

pool. Assuming a density of fresh travertine of roughly

2.5 g cm)3, this indicates a precipitation rate of around

2 mm year)1. However, there is reason to believe that pre-

cipitation would be much faster than this on the top and

outside of terrace edges, where we were not able to meas-

ure precipitation rates.

Effects of evaporation

In contrast to the downstream reduction in Ca and alkalin-

ity resulting from precipitation of carbonate, the concen-

trations of Na, Cl, Mg and sulphate are highest in the

large, stagnant uppermost pool. We interpret this as an

effect of evaporation. The ratio of Cl between stagnant

backwater pool (sample 10) and source is 1.032, the cor-

responding ratio for Na is 1.020 and for sulphate 1.023.

This corresponds to 2–3% evaporation. Relatively strong

wind and high temperatures during the period of field

observation, low flow rates and the large surface to volume

ratio in the water bodies in the pools are all factors that

would contribute to this effect.

The 18O/16O ratio shows a clear trend of downstream

increase (Fig. 6I), correlating well with the chemical param-

eters connected with carbonate precipitation. However,

such an increase in the oxygen isotopic ratio has been

assumed to be linked to water evaporation rather than CO2

degassing and carbonate precipitation (Fouke et al. 2000).

At a location L, the ratio between evaporation E and

inflow I is given in terms of the isotopic compositions as

Fig. 9. FEG-SEM microphotographs of newly formed calcite habits that have grown on microscope slides. (A) Slide fully immersed at position 11 shows well-

developed calcite crystals mostly as singular grains on the slide (bar ¼ 10 lm). (B) High magnification micrograph of a singular calcite crystal showing the

smooth crystal edges (bar ¼ 2 lm). (C) Calcite crystals grown at the top of the slide at the water–air interface; note the habits are similar to the singular

slides grown under water but here aggregates of crystals cover the whole slide edge (bar ¼ 100 lm). (D) Calcite crystals grown in the sinter mats at the

edge of the pool; note the much more rounded and fuzzy shape of the resulting crystals (bar ¼ 10 lm). (E) Intercalated filamentous bacteria and rounded

calcite crystals from a mat at the edge of the pool (bar ¼ 20 lm). (F) Dense filamentous microbial colony and a diatom that are entwined with calcite aggre-

gates grown at the sinter edge (bar ¼ 20 lm).
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E

I
¼ �I � �L

�E � �L
;

where the isotopic composition dE of the evaporative flux

can be estimated using the linear resistance model of Craig

& Gordon (1965):

�E ¼ ð1 þ 10�3"�Þ�L � h�A � "� � "K

1 � h þ 10�3"K
:

The relative humidity h was set to 0.85, based on histor-

ical records for Spitzbergen in August. The parameter e*,

representing equilibrium fractionation, was estimated using

the empirical relation of Horita & Wesolowski (1994):

"� ¼ �7:685 þ 6:7123
103

T

� �
� 1:6664

106

T 2

� �

þ 0:3504
109

T 3

� �

with T ¼ 294 K.

The value eK represents kinetic effects, and was estimated

using the relation of Gonfiantini (1986):

"K ¼ 14:2ð1 � hÞ:

The isotopic composition of ambient moisture dA was

not measured, but was estimated from the composition of

rain water as dA ¼ dP ) e* (but see Gibson et al. 1999 for

problems with this approach). The IAEA GNIP database

reports dP ¼ )12.8& relative to SMOW in nearby Ny

Alesund in August 2000. Using the oxygen isotopic

composition of sample 0 (source) as the inflow value, and

sample 10 (uppermost, stagnant pool) as the locality L,

this method gives an evaporation of 1.2%. A dP value of

)15.1, as measured by us in the presumably meteorically

sourced cold spring K1 close to the Troll springs, gives an

evaporation of 1.6%. Both these values are somewhat lower

than the evaporation calculated above using Cl as a conser-

vative marker. The isotopic estimate of evaporation is very

rough, mainly because of the sensitivity to the value of dA

that was not measured, but still indicates that evaporation

is more than sufficient as a mechanism to explain the trend

in oxygen isotopic composition, because the observed

reduction in light oxygen is not even as large as expected

from the evaporation calculated from chloride concentra-

tions.

Bioeffects

Bromide does not follow the distribution pattern of chlor-

ide, and the Br concentration decreases downstream

(Fig. 5). This loss of bromide is unlikely to be due to inor-

ganic precipitation in the travertine, and is possibly an

effect of organic uptake. Considerable assimilation of bro-

mide by green plants is now well documented (Whitmer

et al. 2000), and the photosynthetic purple bacteria that

are found throughout the Troll 3A system (A. Steele, per-

sonal communication) may be a possible bromide sink.

Organic uptake is furthermore supported by the positive

correlation between Br and SO4.

Nitrate concentrations are low compared with typical nat-

ural levels, but highest in a region around the inlet of the

uppermost pool (sample 15), where there is lush growth of

algal and bacterial filaments. Nitrate levels are comparatively

low in the source itself and in the most distal pools.

The effect of biota on sinter formation is supported by

the microscopic evidence showing that only calcite mats

that precipitate at the sinter edges are full of micro-organ-

isms (Fig. 9E,F). Their presence in the waters themselves is

obvious but presumably they do not influence calcite preci-

pitation in the waters until after colonizing the formed

sinter edge.

CONCLUSION

The measured downstream trends in water chemistry at the

Troll 3A spring are consistent with a model of calcite preci-

pitation driven by progressive loss of CO2, most likely due

to degassing. Evaporation is also an important control on

water chemistry. Nitrate and bromide concentrations may

be controlled by biological activity. The main precipitate is

calcite, and a maximum precipitation rate of around

2 mm year)1 was measured. This rate is controlled in part

by calcium carbonate saturation, which in turn is controlled

by CO2 levels, and partly by water depth and flow rate.

Fig. 10. Calcium carbonate saturation index (log) versus precipitation rate

for 10 samples within the Troll 3A spring. Carbonate precipitation rate in

mg cm)2 day)1. The log-parabolic curve is fitted to all points except 5 and

6, which were measured under atypical flow conditions (5 under fast, shal-

low flow, 6 in deep, stagnant water). Reduced major axis regression,

R ¼ 0.21X2, r2 ¼ 0.994 (linearized).
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