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Abstract 

As part of the FP7 FutureVolc project, Work Package 7 (WP7) uses a multi-parameter 

approach to assess the source parameters of a volcanic eruption. In order to assist volcanic 

gas observations of improved accuracy and temporal resolution, a number of novel gas 

monitoring instruments have been realised within the project. The Holuhraun fissure 

eruption of Bárðarbunga volcano in 2014-2015 was a test of the ability of the novel gas 

network to be rapidly deployed (within 1 day) at volcanic systems which have started 

showing independent signals of unrest, or where an eruption has commenced. 

This report discusses the main results acquired during the eruption and their implications. 
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1 Introduction 

This report summarises volcanic gas work carried out in Work Package 7 of the FutureVolc 

project.  This WP aims at using a multi-parameter approach to estimate volcanological 

parameters relevant to hazard management during an eruption.   

One of the aim of WP7 is develop a new generation of quick-deployment, portable versions of 

gas monitoring instruments that can be rapidly deployed at volcanic systems where an 

eruption is imminent or has commenced. The objective of these gas measurements is to 

quantify the total flux of volcanic gases released during an eruption and -  scaling to pre-

eruptive volatile contents in melts (from melt inclusions) - to obtain independent estimates of 

magma degassing budgets.  

The 2014-2015 eruption within the Bárðarbunga volcanic system, which began in the 

morning of 31 August 2014 and ended on 27 February 2015, generated the largest (by 

volume) basaltic lava flow in Iceland since the 1783-1784 Laki eruption. This “Holuhraun” 

lava flow eruption was an ideal test site for the newly developed gas monitoring instrument. 

This report has two main sections. We initially describe the instruments that have been set 

up, and then present the main results of the gas observations, and their implications. 
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2 Instruments installed  

The ability to respond to a volcanic crisis in Iceland using gas observations has significantly 

improved over the last few years, largely due to activities within the FutureVolc project. 

FutureVolc has made available to the Icelandic (and EU) volcanological communities some of the 

cutting-edge modern technologies for volcanic gas observations, which have specifically been 

adapted to the environmental conditions of Iceland. This section discusses briefly each type of 

instrument.  

 

2.1 A quick-deployment Multi-GAS 

Within FutureVolc, a gas monitoring system has been developed that can be rapidly deployed 

(within 1 day) at sites with potentially high concentrations of gases. During a volcanic eruption, 

the measurements from the system will allow quantification of volatile flux.  

The quick-deployment portable version of the MultiGAS (Multi-component Gas Analyzer 

System) instrument was developed by UNIPA and delivered to IMO in May 2013 and modified 

for use within Iceland by UNIPA and IMO. This instrument (Fig. 1) measures (at 0.1 Hz rate) in-

plume concentrations of the major volcanic gas species (H2O, CO2, SO2, H2S, H2).  It integrates 

(i) an infrared spectrometer for CO2 (Gascard II, calibration range 0 – 10000 ppmv; accuracy 

±2%, resolution, 0.8 ppmv); (ii) three specific electrochemical sensors for measurement of SO2 

(CityTechnology, sensor type 3ST/F, calibration range, 0 - 50 ppmv, accuracy, ±5%, resolution, 

0.1 ppmv), H2S (CityTechnology, sensor type 2E, calibration range, 0 – 50 ppmv, accuracy,  ±5%, 

resolution, 0.1 ppmv) and H2 (CityTechnology) ; and (iii) temperature, pressure and relative 

humidity (Galltec sensor, measuring range, 0 – 100 % Rh, accuracy, ±2%) sensors for 

calculation of H2O concentrations. 

 Figure 1. Interior of the portable MultiGas and the station at work on Grímsfjall, which is the caldera rim 

of Grímsvötn volcano with active fumaroles (05/06/2013) 
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The system is fully operative, and can be utilized for field campaigns and for rapid installation 

(within 1 day) at volcanic systems which have started showing independent signals of unrest, 

or when an eruption has commenced. The instrument has been used in the field since 2013 at 

several volcanic targets in Iceland, including Grímsvötn volcano (firstly to measure the baseline 

gas-ratios during a quiescent period), at Sveinstindur (Fig. 2), Sólheimajökull, and Holuhraun. 

Since the station was first delivered to the IMO it has undergone significant modifications to 

withstand the Icelandic environment. Initially the station consisted of a very rugged and 

strong case (Peli case) housing the MultiGAS instrument, two 100 Ah batteries, power cables 

and communication devices (a 3G modem or a radio-link). Batteries keep the station running 

autonomously for about 30 days (depending on the interval of measurements); the station has 

full telemetry capability with two possible options, through a 3G/GPRS router or freewave 

radios.  

 

 

On the Grímsfjall site of Grímsvötn volcano, the station ran autonomously for up to 5 days in 

2013, 2014, and 2015 and data was successfully gathered during the days of the campaign with 

no maintenance problems. In 2014 a small jökulhlaup originating from one of Katla's 

geothermal areas was monitored as it flooded the river Jökulsá á Sólheimasandi. The 

instrument was on site for one week, gathering data hourly for the first day and then every 3 

hours with a direct telemetry link to the IMO. Measurements attempted to provide the 

Icelandic civil protection information on the level of potentially toxic gas species, and to 

obtain the first gas dataset from Mýrdalsjökull (Katla Volcano). 

Figure 2. The MultiGAS at Sveinstindur. Left: Radio receiver setup. Right: MultiGas with solar panel. 
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During the 2014-2015 Holuhraun eruption within the Bárðarbunga system a portable 

MultiGAS instrument was also deployed at the eruption site (by IMO UNIPA scientists) (Fig. 

3). Ratios between magmatic volatiles within the eruptive plume and in the plumes generated 

by the degassing lava flows were calculated. The results show clear temporal changes for the 

gas composition during different phases of the eruption (see below).  

 

 

 

 

  

 

Figure 3 The MultiGAS at Holuhraun 
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2.2 A quick deployment Scanning mini-DOAS instrument for gas emission 

monitoring GAS 

The second quick-deployment system developed used within FutureVolc is a modified NOVAC 

Scanning DOAS instrument described in D5.3 that is adapted to be quickly deployed at any 

Icelandic volcano in case of an imminent eruption. Two modes of operation are facilitated; 

normal flux measurements providing emission estimates with 5 minutes time resolution and 

fast sensitive slant column measurements indicating the onset of gas emission without 

quantifying the emission rate. It should be possible to install the instrument within one day and 

deliver SO2 emission rates with 5 minutes time resolution in real time, provided the 

meteorological conditions are suitable and that the volcanic activity (ash and condensed water) 

does not hamper the measurements. 

 

The standard NOVAC instruments have proven to work well at low- and mid-latitudes and today 

82 instruments are running on 30 volcanoes worldwide. However, so far there is only limited 

experience of running these instruments at high latitudes. Two major problems may be 

anticipated: 

1. Low UV light conditions. During summer the days are long at high latitudes, but the Solar 

Zenith Angle is relatively large which reduces the UV-component of the scattered 

sunlight. In addition the higher stratospheric ozone levels in the polar vortex further 

reduces the UV light. During winter the high Solar Zenith Angle and short daylight 

duration minimizes the hours available for measurements. 

2. The harsh weather conditions, especially the freezing/thawing conditions during spring 

and fall, may cause problems with external moving parts, such as the rotating hood of 

the standard NOVAC version I system. 

To address these problems, two major changes have been made; (i) change to a more UV-

sensitive spectrometer, and (ii) modification of the scanning device to avoid external moving 

parts.  These developments are described in more detail in D5.3.  

The modifications to a standard NOVAC instrument consist of replacing the standard 

OceanOptics SD2000 spectrometer with the more UV sensitive spectrometer MayaPro2000, as 

well as using a closed scanner with a cylindrical quartz tube replacing the rotating hood with 

window.  A further modification is that a cylindrical lens is implemented in the optical system.  

This changes the field-of-view (FOV) of the instrument to become rectangular instead of 

circular, covering the full 7.2° angle used as scan interval. Using a fixed exposure time of 150 ms 

and co-adding 15 spectra results in a total time of 2 minutes to complete a scan. 
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The instrument has been tested on a field campaign in Alaska in July-September 2013. This 

campaign offered a possibility to test the instrument under realistic conditions, at a high 

latitude location with a degassing volcano. The instrument was installed at the Martin volcano (N 

58.16642°, W 115.35380°, alt 1727 m), about 3 km north of the crater and data was 

downloaded from a base camp site about 14 km away using FreeWave FGR2-PE-U 900 MHz 

transceivers. The installation at Martin volcano is shown in Figure 4 and an example of a scan 

made with this instrument, yielding 76.5 ton/day SO2 is shown in Figure 5. 

 

 
Figure 4. A quick deployment Scanning DOAS installed at the Martin volcano in Alaska. 

 

Figure 5. Example of a measurement made by the Scanning DOAS instrument at Martin volcano on 15 July 

2013. The red columns represent the vertical columns of SO2  in a scan from one horizon to the other. The scan 

started at 12.09 and the SO2  flux was evaluated to 76.5 ton/day. White and yellow dots show spectrum max 

intensity and fit interval intensity respective. The white bars indicate spectral evaluation error.  
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As it is possible that the onset of SO2 gas emission may be an early indicator of increased 

activity it was decided that an alternative mode of operation of the instrument that can provide 

measurements of SO2  integrated over specific areas, with high sensitivity and time resolution 

but without quantifying the emission, should be implemented. Thus, the Quick Deployment 

system can be operated in an alternative mode where it is constantly measuring the slant 

column of SO2 in a fixed direction with the purpose of simply detecting the presence of SO2.  

In this mode of operation, the instrument will have a rectangular FOV covering 0.5° × 7.2°.  A 

first test of this mode of operation was made in Alaska in July 2013, and Figure 6 shows the 

detection limit for SO2  as a function of time on a day with moderate cloud cover.  It can be seen 

that between 09.00 and 19.00 a detection limit below 5 ppmm is achieved.  Note that Solar 

noon occur at 14.00 in Alaska. 

 

 

Figure 6. Error in the spectral evaluation plotted against time of day for the measurements at Martin volcano on 

15 July 2013.  Between 09.00 and 19.00 the error is less than 5 ppmm. 

In Iceland, the system was installed in September 2013 at Rauðaskál near Hekla volcano, co-

located with a stationary Scanning DOAS system in connection with the First Annual 

FUTUREVOLC meeting. The instrument integrates all SO2 molecules along a rectangular FOV 

located just above the rim of the volcano as seen in Figure 7.  Data is collected with a time 

resolution of 10 seconds and can be downloaded in near real time to IMO via a hub at Búrfell, 

located 5 km north of Hekla. As the prevailing wind direction at Hekla is from southwest it can 

be expected that a possible SO2 plume is intersected along a considerable distance, yielding a 

very good sensitivity to the presence of SO2. As an example, if the plume is intersected over 1 

km we will be able to detect concentrations as low as 5 ppb if the weather conditions are 

favourable. A software routine for automatic real-time download and display of data was 

implemented at IMO in May 2014. 
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Figure 7. Hekla viewed from the Raudaskal site (volcano in the background). A rectangle representing the Field 

of View of the Fast Response DOAS system is shown over the summit of Hekla. 

At the onset of the volcanic fissure eruption at Holuhraun on 31 August 2014, one of the 

ScanDOAS systems allocated for rapid deployment was located at IMO, ready for deployment; 

while the second system was installed at Hekla to complement the fixed ScanDOAS systems 

there by a novel fast measuring mode (see above). Already on the second day of the eruption 

the available ScanDOAS instrument was installed by IMO at the eruption site. On 2 September 

Chalmers arrived with a second ScanDOAS, made available through cooperation with Prof. 

Konradin Weber at Fachhochschule Düsseldorf. Data transfer and evaluation was fully 

implemented at IMO within the first couple of days. The initial locations of the 2 ScanDOAS 

instruments are shown in Figure 8. After about 2 weeks one of the instruments, DOAS 2 in 

Figure 8, was surrounded by active lava flows and eventually stopped transmitting data as 

power supply as power was not secured.  

  

Figure 8. Map showing the initial location of the two ScanDOAS systems at Holuhraun. The prevailing wind 

direction is towards NE. Also shown is a photo of DOAS 2, facing the eruption site. 

DOAS 1 

DOAS 2 
Fissure 

eruption 



D7.6 – Gas release and volatile budgets  
 

 

 

  

- 10 - 

During the remaining 6 months of the eruption between 1 and 4 ScanDOAS instruments 

were used, from various locations surrounding the eruption site, which changed significantly 

throughout due to the voluminous lava flows.  

Because of the extremely high emissions of SO2 from the fissure eruption at Holuhraun in 

combination with severe atmospheric scattering, it was not possible to apply standard 

ScanDOAS evaluation procedures. Thus three approaches were undertaken; 

 First the spectral evaluation window was changed to longer wavelengths (319 – 325 

nm) where the absorption by SO2 is weaker, light intensity is higher and atmospheric 

scattering lower. 

 The second approach involved advanced filtering of the data to sort out the data which 

was least affected by the atmospheric scattering and other errors. This work was 

undertaken by IMO and involved a statistical analysis of the results where various 

factors have been considered. The results show that wind direction had the strongest 

impact because the further away the plume was from the instrument, the largest were 

the effects due to the scattering processes. 

 The third approach involves applying a novel algorithm on the spectral data to make a 

first order compensation for the atmospheric scattering effect. This work is still on-

going and is expected to be completed during 2015. 

To obtain emission rates from the ScanDOAS data a knowledge of plume height as well as 

wind speed and wind direction at plume height is needed. Plume height was initially obtained 

from the two ScanDOAS instruments. When two instruments simultaneously measure the 

same plume, then plume height can be derived by triangulation. After about 2 weeks the 

second ScanDOAS instrument was lost to an active lava flow and alternative methods was 

necessary to determine the plume height. Direct observations from the field, aerial 

observations and web-cam images have then been used to estimate plume heights. 

Wind direction and wind speed at plume height was obtained from the meteorological 

model operated by IMO. HARMONIE numerical weather prediction (NWP) model is running 

on a regional scale over Iceland with a horizontal resolution of 2.5 km each six hours. 

Atmospheric parameters calculated by the model at an altitude of about 850hPa have been 

assumed to be representative of the conditions at the plume height for processing the 

ScanDOAS. 
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3 Observations and implications 

As the Holuhraun lava flow eruption started in later summer 2014, the two above-mentioned 

gas instruments (MultiGAS and ScanDOAS) were rapidly deployed in the field at the eruption 

site. This section summarises the main results obtained, and describes the modelling efforts 

spent to quantify the volatile budget for the eruption. 

 

3.1 Gas composition 

The Holuhraun eruption (August  31st 2014 – February 27th 2015, erupted volume 1.6km3 

of lava)  provided a unique opportunity to characterise composition and fluxes of magmatic 

gases released by a flood basalt eruption. The conditions for carrying out ground–based gas 

measurements were particularly challenging at Holuhraun, due to remote location, frequent 

clouds and precipitation, and infrequent grounding of the plume near–source (Fig. 9, right). 

The rapidly advancing, extensive and hot lava field hampered deployment of the Multi-GAS at 

one single permanent location. Eleven Multi-GAS acquisitions of sufficient quality were made 

during 30 August–21 January. The location of the measurement sites is indicated in Figure 9 

(left). 

 

Figure 9 (left) A map showing the different locations where DOAS traverses and Multi-GAS measurements were 

taken. The lava flow seen on the map covers an area of about 85km
2
; (right) Multi-GAS measurements in the 

Holuhraun eruptive plume 
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The eleven CO2/SO2 ratios and five H2O/SO2 ratios decrease over time. There is a distinct 

change in ratios after the beginning of the eruption. Multi-GAS results show that, after a brief 

phase of CO2-rich gas being released at the eruption onset (CO2/SO2 > 5 and up to 30), the 

ratio of CO2 and SO2 in the eruptive plume stabilised at values between 0.3 and 1.7 (Fig. 10, 

upper panel). The values measured within the first four days are averaged to represent the 

beginning of the eruption (molar ratios CO2/SO2 = 4.2 and H2O/SO2 = 278) and the later 

values are averaged to represent the rest of the eruption (molar ratios CO2/SO2 = 0.5 and 

H2O/SO2 = 75) (Gislason et al. 2015; Pfeffer et al., 2015). 

When put in the context of available gas information in Iceland (Di Napoli et al., 2015) (Fig. 

10, bottom panel), the Holuhraun gas shows similar CO2/SO2 ratio composition relative to 

other “magmatic gases” such as those observed during the Surtey and Eyjafjallajökull 

eruptions, but is distinctly more H2O-rich (e.g., higher H2O/CO2 ratios). We believe this 

unusual H2O-rich compositions partly (or, even, mostly) arises from addition of external 

water (e.g., re-evaporated meteoric water) to the plume.  

 

Figure 10 Upper panel: Evolution of CO2/SO2 ratios in the first hours/days of the Holuhraun eruption. Lower 

panel: Scatter plot comparing the composition of Holuhraun gas  with other gas manifestations in Iceland.  

 

Event 1 

Event 2 

Just prior onset of Event 

2 
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3.2 SO2 fluxes  

Two different DOAS configurations were used in connection with the volcanic fissure eruption 

at Holuhraun, ScanDOAS and MobileDOAS. All the work related to DOAS measurements has 

been done in close co-operation between Chalmers and IMO. 

ScanDOAS: Due to the extremely high SO2 emission in combination with severe 

atmospheric scattering, special actions were needed regarding data evaluation from the 

ScanDOAS instruments (see Section 2.2). Results from the first 10 days of measurements are 

given in Table 1. 

 

Table 1. Table showing daily averages of SO2 emission measured by the ScanDOAS instruments. Plume height 

and plume direction are derived from the DOAS instruments, while plume speed is obtained from a 

meteorological model. Data from 4 September is strongly affected by rain and have unclear plume direction and 

is thus excluded from the average calculation. Average 725 kgs
-1

. 

Due to the high gas columns and atmospheric scattering conditions it is likely that these 
data result in severe underestimations. Thus a second measurement approach that is less 
affected by these problems, the MobileDOAS was used in addition to the automatic ScanDOAS 
measurements. 

 
MobileDOAS: In the MobileDOAS measurements the instrument is mounted in a mobile 

platform with the telescope collecting light from zenith. By traversing under the plume while 
collecting spectra from the sky, and at the same time record the positions using a GPS, the total 
amount of SO2 in a cross section of the plume can be determined. After multiplication with 
wind speed the emission rate in kgs-1 is obtained.  
The modified MobileDOAS instrument has been used as an alternative method to derive SO2 
emission rates as well as to plot the plume dispersion characteristics. In most of the traverse 
measurements a state-of-the-art in-situ SO2 monitoring instrument (Thermo Scientific model 
43i-TLE) was been used in combination with the MobileDOAS, in order to map the ground level 
concentrations under the plume. This data may be important for public health warnings, as well 
as for vertical plume dispersion studies. 
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An example of a MobileDOAS measurement made on 21 September is shown in Figure 11 and 
Figure 12. The average of 2 traverses, using a wind speed at plume height of 12 ms-1, yielded an 
emission rate of 1200 kgs-1. 
 

 
Figure 11. MobileDOAS traverse made along the Ring road no 1 on 21 September.  The plume was located just 

east of Myvatn. Using a wind speed of 13 ms
-1

 an emission rate of 1300 kgs
-1

 was obtained. 

 

 

Figure 12. Example of traverse made on 21 September along the Ring road, north of the eruption site. The graph 

shows simultaneous recordings of  the total column of SO2 above the instrument (blue line), and ground level in-

situ measurements of SO2 concentration (green line). 

Figure 13 shows all the MobileDOAS measurements made during the 6 months duration of the 
eruption. Applying a linear best fit a total emission of 11.8 Mt SO2 is estimated for the eruption.  
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Figure 13.  MobileDOAS measurements made along the Ringroad during the 6 months of the eruption. The gap 

in data during December –January is due to bad weather conditions and very low UV-radiation, limiting the 

hours each day that were usable for measurements.  

 

3.3 A volatile budget for the eruptions  

At Holuhraun, the MultiGAS was operated for half an hour inside the gas plume, preceded 

by at least a 10 minute warm up cycle. After acquisition, the data was detrended and analysed 

for ratios between the measured gases and the calculated H2O concentration. Ratios are 

determined reliable if the r2 value was greater than 0.5. The measurements were only 

possible when the plume was grounded near source. Thirteen days spent in the field yielded 

11 ratios between CO2 and SO2 and five ratios between H2O and SO2.  

We observed a distinct change in ratios after the beginning of the eruption. The values 

measured within the first four days are averaged to represent the beginning of the eruption 

(molar ratios CO2/SO2=4.2 and H2O/SO2=278) and the later values are averaged to represent 

5 September 5 2014– January 21 2015 (molar ratios CO2/SO2=0.5 and H2O/SO2=75). 

Utilizing the flux of SO2 as measured with the DOAS traverses and the MultiGAS ratios, the 

CO2 and H2O budgets for the eruption were reconstructed. Our inferred total CO2 output for 

the Holuhraun eruption is 5.6 ± 3.6 Mt, which corresponds to a time-averaged CO2 flux of 358 

kg/s (with peak fluxes of 1500 kg/s for the first week of the eruption and lower fluxes of 200 

kg/s for the following months). We stress these fluxes are among the highest ever measured 

on active volcano to date, demonstrating the exceptional gas productivity of the Holuhraun 

eruption.  

Importantly, the gas-based SO2 and CO2 outputs (of respectively 11.8 Mt and 5.6 ± 3.6 Mt) 

are fairly well in agreement with petrological estimates based on magma extrusion rate and 

melt inclusion composition (respectively, 10.7 ± 3.0 Mt and 6.33 ± 1.7 Mt) (Gislason et al., 

2015).  
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This agreement provides mutual validation for the two techniques. In contrast, the gas-

based H2O output (284 Mt) is significantly larger than the petrologically estimated output 

(16.8 ± 3.6). This confirms that the measured (DOAS +MultiGAS) H2O emissions are not 

exclusively magmatic in origin, particularly in the beginning of the eruption, when there was a 

large contribution from meteoric water.  
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