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Figure 3 Major element composition plotted against age in thousand years (ka). Age is calculated from soil

accumulation rate (Oladéttir et al. Manuscript 2). Analytical error is smaller than the size of symbols. Same symbols as
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in Fig. 2 except black symbols represent samples analysed for trace elements concentrations. Activity of each volcanic
system is divided into time periods based on observed repose periods shown with broken grey lines and numbered from
oldest to youngest period. Grimsvotn shows eight different activity periods, Bardarbunga nine and Kverkfjoll three.
Black broken vertical line in Grimsvétn K,O shows division in G-I and G-II (G-1<0.4 K,O<G-II).

during ~750 years with an average K,O value of 0.42 wt% (range 0.36-0.50 wt%), and an
average MgO concentration of 5.60 wt% (range 5.14-6.28 wt%). The next 900 years show
again somewhat less evolved magma, although more evolved than those produced during the
first ~4200 years, with average of K,O and MgO of 0.40 and 5.71 wt%, respectively (range
0.34-0.45 and 5.18-6.15 wt%, respectively). The following ~700 years show that Grimsvétn
have produced simultaneously two different chemical compositions, both the least (K,O and
MgO average 0.33 and 6.62 wt%, respectively) and most (K,O and MgO average 0.47 and
5.24 wt%, respectively) evolved basalts erupted from Grimsvétn during the 7600 years under
consideration. Similar compositional range is observed before 7 ka but the division in two
groups is not as clear as it is from ~1.7-1 ka and the volcanic activity was not nearly as high.
The remaining ~1 ka shows major element composition between the two extremes observed
in the preceding 700 years with a K,O and MgO average of 0.40 and 5.90 wt%, ranging from
0.34-0.46 and 5.32-6.48 wt%, respectively. This composition is similar to that formed during
the 900 years before the formation of the two extremes.

Bérdarbunga produces basalts with an average composition of 0.19 wt% K,O and
MgO of 7.19 wt% (Fig. 3). During the first ~1300 years the composition scatters with a K,O
range of 0.15-0.23 wt%, averaging at 0.19 wt%, and the MgO value ranges from 6.75-7.80
wt%, with an average of 7.36 wt%. The next ~2800 years are characterised by the least
evolved magma produced by the volcanic system, the composition remains stable showing
K,O value close to 0.15 wt% although a few eruptions produced more evolved magma
extending the range from 0.12 to 0.23 wt%, the MgO value for the same time period has an
average of 7.72 wt% (range 6.86-8.16 wt%). The following ~1200 years show slightly more
evolved magma with an average K,O and MgO value of 0.20 and 7.07 wt%, respectively,
(range 0.15-0.24 and 6.60-7.64 wt%, respectively). During 500 years, from 1.8-1.3 ka, the
Bardarbunga volcanic system produced the most evolved basalt observed during the 7.6 ky
studied here, with an average value of K,O of 0.25 wt% (range 0.15-0.33 wt%) and a MgO
average value of 6.45 wt% (range: 5.91-7.77 wt%). The remaining ~1000 years show slightly
less evolved magma composition but still more evolved than the ~1200 year long period

preceding the 500 years. During this time the K,O average is 0.23 wt% and MgO 6.67 wt%.
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Figure 4 Molar [CaO]/[Al,O;] versus Mg#. Compositional fields of the volcanic systems are shown
in sky blue, green and blue indicating Grimsvotn, Bardarbunga and Kverkfjoll, respectively. Inside
each compositional field there are numbered lines; representing different time periods (see Fig. 3).
Vectors shown in the inset indicate effects of fractional crystallisation of clinopyroxene (Cpx),
olivine (Ol) and plagioclase (Plag) on the derived melt composition. The eight different time periods
in Grimsvotn display identical slopes indicating similar evolution pattern controlled by Cpx
crystallisation. Bardarbunga shows two main evolution trends, one controlled by Cpx crystallisation
and removal (1, 2, 7, 8), and a second one showing increased role of Plag fractionation (4, 5, 6, 9).
Kverkfjoll produce more evolved magma with liquid-lines-of-decent indicating stronger role for Cpx
fractionation (relative to plag) with time (see text for further discussion). Two sigma error is 3%.
Mg# is calculated from the molar proportions of MgO and FeO where FeO is calculated from the
total FeO* using the weight ratio Fe,03/Fe0=0.15.
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Kverkfjoll produce the most evolved magma of the three volcanic systems with an
average K,O value of 0.63 wt% (range 0.51-0.75 wt%). The time prior to ~4.7 ka is
characterised by production of magma of a similar composition with an average of 0.62 wt%
K,0 and an MgO value of 4.78 wt%. However, several eruptions during this time period do
produce magma with considerably less evolved magma showing K,O concentrations as low
as 0.51 wt%. Following these ~2900 years a repose period of ~1700 years is observed and the
first two eruptions after the repose show the most evolved magma observed during the 7.6 ky
under consideration in this study, with K,O concentration of 0.75 and 0.71 wt%. The
following two eruptions show less evolved magma than the average value before, or K,O
values from 0.56-0.57 wt%, but the last two observed eruptions show values close to the
average again or 0.65 and 0.62 wt%.

Although the chemical composition produced by the three volcanic systems varies
slightly with time these variations are not the principal characteristics of their activity, but
rather the irregular repose periods between eruptions. The division into time periods based on
repose in activity is shown with grey horizontal broken lines on Fig. 3 and numbered on the
right hand side of the figure. Grimsvotn magma is thus divided into eight activity periods;
Bardarbunga has nine and Kverkfjoll three (see Table 2). These periods are indicated with
matching numbered lines in Fig. 4 where the molar [CaO]/[Al,O3] versus Mg# is shown. The
overall variability of Grimsvétn magma composition shows a [CaO]/[Al,O3] range from 1.23-
1.56 and an Mg# range of 38.1-59.8, whereas Bardarbunga has somewhat narrower range
from 1.35 to 1.65 [CaO]/[Al,O3] and Mg# range from 48.7 to 63.0. Kverkfjoll, the least active
volcanic system of the three (Oladéttir et al. Manuscript 2.; Fig. 3), has the tightest range of
[CaO]/[Al,O3] from 1.15 to 1.33 and the Mg# is in the range of 38.1-43.8.
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Table 1 Major and trace element compositions samples from Bardarbunga, Grimsvotn (G-I and G-1I) and

Kverkfjoll

Bdrdarbunga
Log# Hrau5 Hraul9 Sau42 Kdr30 Hrau5 Sau54 Sau67  S3-12 Saulll S$3-29
Age 5960 5550 4220 6090 5960 3140 2510 1170 1134 1740
wt%
SiO, 48.90 49.16 49.11 49.70 49.19 48.94 50.21 49.44 50.01 50.55
TiO, 1.34 1.42 1.52 1.54 1.64 1.77 1.78 1.89 1.94 2.09
AL O3 14.47 14.51 14.71 14.31 13.96 14.31 1417 14.09 13.94 13.83
FeO 10.25 10.73 10.69 11.23 11.59 11.42 11.81 12.39 12.63 12.89
MnO 0.18 0.21 0.20 0.18 0.23 0.21 0.25 0.22 0.22 0.22
MgO 8.17 7.76 7.83 7.25 714 7.26 714 6.32 6.35 5.91
CaO 13.01 12.86 12.70 12.18 12.08 11.92 11.93 10.89 11.15 10.38
Na,O 1.91 1.97 2.00 2.18 2.14 2.26 2.21 2.42 2.37 2.56
K,0 0.14 0.14 0.14 0.20 0.19 0.20 0.20 0.31 0.24 0.33
P,0s 0.11 0.13 0.15 0.13 0.11 0.17 0.17 0.18 0.20 0.22
Total 98.47 98.90 99.06 98.88 98.26 98.45 99.88 98.13 99.04 98.98
ppm
A\ 289 306 345 319 334 357 370 337 351 354
Cr 267 205 285 127 87 117 115 38 34 23
Ni 88 73 100 72 62 80 80 46 46 42
Rb 3.2 3.0 3.0 4.1 4.2 4.0 4.4 6.8 4.6 7.2
Sr 143 142 142 138 161 154 155 151 149 154
Y 18.5 16.7 22.8 21.0 21.0 24.3 26.3 31.0 24.8 28.1
Zr 56.4 51.1 65.6 70.7 70.1 81.0 87.1 112.5 87.6 107.7
Nb 6.0 6.0 6.4 7.3 8.5 7.8 8.2 9.9 8.4 10.5
Cs 0.044 0.039 - 0.045 0.045 - - 0.072 0.057 0.093
Ba 26.9 27.3 28.0 36.6 39.0 36.9 39.0 53.5 42.3 54.0
La 4.65 4.48 5.05 5.95 6.15 6.38 6.52 9.00 7.03 9.05
Ce 115 11.9 9.4 15.7 15.7 16.1 17.0 21.3 18.2 22.2
Pr 1.70 1.60 1.88 2.10 2.15 2.34 2.42 3.06 2.50 3.10
Nd 7.25 8.32 9.32 9.88 10.03 11.81 11.61 14.22 12.88 14.05
Sm 2.35 2.54 2.71 3.07 3.13 3.39 3.48 4.15 3.53 4.00
Eu 0.85 0.98 1.02 1.07 1.07 1.17 1.22 1.40 1.27 1.27
Gd 2.45 2.46 2.78 2.98 3.15 3.22 3.28 4.44 3.53 3.94
Dy 3.40 3.24 4.71 3.97 3.71 4.78 5.17 5.90 4.65 5.26
Er 1.80 1.82 2.56 2.29 2.15 2.71 2.95 3.52 2.57 3.05
Yb 2.01 1.99 2.53 2.41 2.45 2.68 2.91 3.43 2.71 3.07
Lu 0.259 0.278 0.406 0.350  0.281 0.395 0.472 0.510 0.371 0.442
Hf 1.32 1.48 2.00 1.98 2.05 2.32 2.43 3.36 2.50 3.09
Ta 0.310 0.348 0.480 0.504 0.445 0.561 0.558 0.720 0.650 0.708
Pb 0.396 0.365 0.413 0.628 0.565 0.540 0.507 0.700 0.790 0.967
Th 0.323 0.307 0.338 0.536 0.415 0.421 0.501 0.950 0.617 0.917
U 0.130 0.100 0.110 0.166 0.148 0.146 0.153 0.277 0.207 0.310
[CaO/Al, O3] 1.64 1.61 1.57 1.55 1.57 1.51 1.53 1.41 1.45 1.36
Mg# 62.7 60.4 60.7 57.6 56.5 57.2 56.0 51.8 51.5 49.2
La/Yb 2.32 2.25 2.00 2.47 2.51 2.38 2.24 2.62 2.59 2.95
Rb/Y 0.17 0.18 0.13 0.19 0.20 0.16 0.17 0.22 0.19 0.26
Sr/Th 443 461 420 258 388 365 309 159 242 168
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Table 1 Continued

Grimsvotn G-1

Log# Nups15° Stein24  Nupsl8 Saul05  Stein22 Sau97 Hrau3l Hrau30* Sau50 Sau44 Hrau6
Age 1510 1330 1590 1180 1420 1450 4740 4840 3550 4070 5950
wt%

SiO, 49.55 49.44 49.11 49.42 49.48 49.39 49.17 48.86  48.77 49.38 49.22
TiO, 1.95 2.00 2.02 2.10 2.15 2.16 2.21 2.44 2.48 2.54 2.91
ALO; 14.54 14.32 14.37 14.29 14.29 14.51 14.13 13.87 14.09 1414  13.30
FeO 10.61 10.97 10.85 11.25 11.51 11.59 11.47 12.33 12.56 12.34 13.64
MnO 0.19 0.23 0.18 0.19 0.15 0.15 0.22 0.19 0.15 0.20 0.21
MgO 7.46 7.46 7.32 7.04 6.98 6.81 6.96 6.51 6.27 6.15 5.67
CaO 12.26 12.26 12.05 11.80 11.72 11.50 11.73 11.15 10.91 10.79  10.30
Na,O 2.18 2.23 2.23 2.37 2.30 2.51 2.31 2.51 2.66 2.64 2.72
K,0 0.27 0.26 0.29 0.30 0.31 0.30 0.30 0.33 0.35 0.35 0.38
P,0s 0.19 0.19 0.21 0.19 0.21 0.22 0.24 0.21 0.30 0.25 0.29
Total 99.22 99.36 98.62 98.95 99.11 99.16 98.73 98.40  98.53 98.80 98.64
ppm

v 304 303 294 334 320 349 326 355 367 355 394
Cr 225 258 191 172 155 130 173 102 149 82 52
Ni 70 79 62 72 63 62 66 55 54 44 38
Rb 5.3 5.2 5.5 5.9 6.2 6.7 5.7 6.3 7.3 6.7 71
Sr 225 213 209 216 217 216 216 216 211 208 209
Y 21.2 20.0 19.2 25.6 23.5 26.4 22.7 24.2 29.4 26.5 29.2
Zr 89.3 85.0 82.5 108.5 100.9 114.5 100.4 107.3 128.9 121.1 131.6
Nb 10.4 10.2 9.5 10.9 10.8 11.7 11.2 12.8 12.9 13.2 15.4
Cs 0.059 0.051 0.057 - 0.055 - 0.062 0.063 - - 0.090
Ba 51.6 51.3 50.1 54.7 56.8 58.3 54.4 61.4 65.1 64.4 73.9
La 8.56 8.08 7.76 8.75 9.16 9.41 8.65 9.53 10.73 10.35 11.60
Ce 21.5 20.5 20.1 22.6 22.9 234 22.1 24.5 26.5 26.0 28.5
Pr 2.91 2.93 2.90 3.08 3.28 3.31 3.06 3.43 3.70 3.53 3.97
Nd 14.71 13.93 13.39 14.73 15.78 16.09 14.47 16.41 18.45 17.36  19.71
Sm 3.91 3.73 3.68 3.93 4.31 4.70 3.99 4.43 4.75 4.73 5.31
Eu 1.43 1.37 1.46 1.37 1.52 1.67 1.50 1.50 1.65 1.75 1.97
Gd 3.46 3.55 3.59 3.90 4.11 4.27 417 4.18 4.53 4.48 5.20
Dy 4.20 412 4.06 5.35 4.71 5.40 4.69 4.95 6.08 5.47 6.28
Er 2.22 2.16 2.12 2.75 2.52 2.72 2.46 2.51 3.21 2.83 3.17
Yb 2.13 2.23 2.08 2.60 2.47 2.59 2.50 2.63 3.02 2.85 2.99
Lu 0.324 0.313 0.292 0.373 0.354  0.392 0.320 0.363 0.478 0.427 0.433
Hf 2.34 2.38 2.36 3.09 2.86 3.38 2.48 2.86 3.65 3.23 3.27
Ta 0.650 0.675 0.675 0.728 0.734  0.766 0.707 0.800 0.937 0.808  0.897
Pb 0.698 0.625 0.746 0.761 0.803 0.650 0.819 0.797 0.820 0.885
Th 0.600 0.568 0.546 0.661 0.713 0.738 0.591 0.640 0.773 0.758  0.787
U 0.187 0.225 0.179 0.213 0.232 0.233 0.175 0.240 0.278 0.231 0.247
[Ca0/AlLO;] 1.53 1.56 1.52 1.50 1.49 1.44 1.51 1.46 1.41 1.39 1.41
Mg# 59.7 58.9 58.7 56.9 56.1 55.3 56.1 52.7 51.3 51.2 46.7
La/Yb 4.02 3.63 3.73 3.37 3.71 3.64 3.46 3.62 3.56 3.63 3.88
Rb/Y 0.25 0.26 0.29 0.23 0.26 0.26 0.25 0.26 0.25 0.25 0.24
Sr/Th 375 375 382 327 305 293 365 337 273 275 266
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Table 1 Continued

Grimsvotn G-11

Log# Kdr30 Nups66 Sneelll Nups65 Hrau30* Saul09 Kdrl26
Age 6090 3530 7070 3520 4840 1150 1140
wt%

SiO, 49.78 49.93 49.59 49.86 49.17 49.76 49.30
TiO, 2.91 2.96 2.96 2.98 3.04 3.07 3.13
ALO; 13.14 13.15 13.61 13.25 13.14 13.48 13.36
FeO 14.71 14.04 13.52 14.10 14.19 13.78 14.05
MnO 0.20 0.19 0.20 0.20 0.26 0.23 0.28
MgO 4.87 5.11 5.38 5.10 5.58 5.28 5.61
CaO 9.22 9.48 9.72 9.48 10.08 9.73 9.68
Na,O 2.79 2.85 2.68 2.82 2.78 2.71 2.84
K,0 0.40 0.46 0.46 0.47 0.40 0.46 0.46
P,Os 0.30 0.34 0.33 0.34 0.32 0.35 0.34
Total 98.31 98.52 98.46 98.62 98.96 98.84 99.05
ppm

\Y% 459 384 385 407 405 417 378
Cr 35 14 68 12 32 62 54
Ni 31 24 41 24 35 41 32
Rb 9.3 9.5 8.2 9.6 8.4 10.0 8.9
Sr 164 207 188 216 222 219 213
Y 39.7 32.9 30.9 34.4 32.2 39.4 30.8
Zr 155.1 152.9 136.3 159.5 150.5 177.7 146.4
Nb 16.5 15.4 15.4 16.6 16.5 18.2 17.6
Cs 0.103 0.089 0.090 0.106 0.064 0.083 0.104
Ba 74.7 80.7 71.9 84.6 77.7 84.6 80.8
La 13.17 12.92 12.28 13.63 12.45 14.38 13.20
Ce 32.2 31.9 30.7 33.9 31.0 35.8 33.8
Pr 4.63 4.30 4.40 4.80 4.30 4.90 4.64
Nd 21.57 21.58 19.60 22.74 21.79 23.73 21.81
Sm 5.96 5.55 5.40 6.24 5.60 6.22 5.88
Eu 2.03 1.98 1.73 2.06 2.00 2.10 1.96
Gd 6.20 5.87 5.51 6.07 5.71 6.20 5.78
Dy 7.73 6.59 6.31 7.18 6.54 8.11 6.49
Er 4.27 3.48 3.57 3.69 3.42 4.32 3.41
Yb 4.33 3.54 3.36 3.72 3.61 4.23 3.38
Lu 0.651 0.490 0.498 0.510 0.487 0.635 0.482
Hf 4.30 4.13 3.54 4.29 3.93 4.95 3.86
Ta 1.057 1.000 0.972 1.120 1.100 1.200 1.080
Pb 1.067 1.200 1.048 1.140 0.950 1.111 1.064
Th 1.167 1.067 0.982 1.106 1.000 1.166 1.040
U 0.357 0.353 0.341 0.359 0.275 0.350 0.333
[CaO/AlLO;] 1.28 1.31 1.30 1.30 1.39 1.31 1.32
Mg# 411 43.4 45.6 43.3 45.3 44.7 45.7
La/Yb 3.04 3.65 3.66 3.66 3.45 3.39 3.91
Rb/Y 0.23 0.29 0.27 0.28 0.26 0.25 0.29
Sr/Th 141 194 191 195 222 188 205
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Table 1 Continued

Grimsvotn G-11

Log# Kar89 S3-7 Kdrl25 Sau73 Nupsl5° Saul7 S3-11 Nupsl7
Age 2360 1150 1140 2330 1510 6180 1165 1540
wt%

SiO, 49.44 49.42 49.38  49.68 49.96 50.04 49.41 49.32
TiO, 3.14  3.14 3.18 3.23 3.40 3.42 3.43 3.47
AlLO; 13.19 13.32 13.38 13.53 13.08 13.17 12.98 12.83
FeO 13.83 13.99 14.23 13.97 14.66 14.98 14.30 14.90
MnO 0.49 0.23 0.27 0.22 0.25 0.25 0.23 0.24
MgO 5.26 5.16 5.25 5.18 4.81 4.71 4.78 4.68
CaO 9.73 9.62 9.60 9.61 9.03 8.91 8.93 8.88
Na,O 2.83 2.77 2.81 2.73 2.85 2.81 2.74 2.88
K,O 0.43 0.48 0.47 0.45 0.51 0.53 0.55 0.52
P,0s 0.33 0.32 0.35 0.34 0.36 0.41 0.36 0.37
Total 98.68 98.44 98.93 98.94 98.91 99.25 97.70 98.09
ppm

\Y% 445 382 415 407 394 443 411 426
Cr 27 50 63 39 23 10 29 9
Ni 35 30 36 28 22 26 29 20
Rb 9.4 10.0 10.4 9.6 9.7 11.1 11.4 10.3
Sr 219 210 189 224 212 198 216 217
Y 38.1 37.8 34.1 35.7 37.0 42.5 42.2 34.9
Zr 168.0 174.0 138.0 166.7 167.3 199.0 197.0 163.3
Nb 17.0 17.7 16.6 18.6 19.3 20.4 20.4 19.9
Cs - 0.104 0.108 0.095 0.099 0.134 0.123 0.114
Ba 79.5 85.9 915 86.1 87.9 98.7 95.9 89.4
La 13.37 14.81 13.37  14.81 15.19 16.89 17.05 14.51
Ce 337 355 31.2 35.9 37.0 417 41.3 37.9
Pr 467  5.03 4.30 5.05 5.23 5.68 5.98 5.18
Nd 23.00 23.10 19.69 25.15 2570 25.63 27.53 24.92
Sm 6.61 6.25 5.23 6.18 6.39 6.98 7.40 6.40
Eu 2.10 2.10 1.88 2.23 2.21 2.32 2.34 2.38
Gd 6.20 6.57 5.69 6.65 6.37 6.82 7.57 6.69
Dy 7.90 7.29 6.52 7.47 7.62 8.80 8.51 712
Er 4.28 4.10 3.60 3.89 412 4.64 4.91 3.73
Yb 4.13 3.95 3.71 3.94 3.83 4.69 4.45 3.68
Lu 0.600 0.550 0.524  0.554 0.524 0.635 0.700 0.508
Hf 4.40 4.65 3.70 4.46 4.58 5.41 5.55 4.21
Ta 1.200 1.200 0.957 1.325 1.325 1.400 1.475 1.260
Pb 1.067 1.200 1175 1.030 1131 1.265 1.414 1.160
Th 1.100 1.275 1180 1.125 1.225 1.265 1.496 1.140
U 0.303  0.391 0.343  0.340 0.385 0.431 0.453 0.378
[CaO/AlLOs] 1.34 1.31 1.30 1.29 1.26 1.23 1.25 1.26
Mg 445 43.8 43.7 43.9 40.9 39.9 41.3 39.8
La/Yb 324 3.75 3.61 3.76 3.97 3.60 3.83 3.94
Rb/Y 0.25 0.26 0.30 0.27 0.26 0.26 0.27 0.29
Sr/Th 199 165 160 199 173 157 144 190
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Table 1 Continued

Kverkfjoll

Log# Kvi Sau5 Kv2-2 Kv2-1 Kadrill3 Hrau20 Kar8 Sau76 Sau60 Hraul3 Hrau22
Age 6990 1380 5520 7280 2240 2880 5680 5390
wt%

SiO, 48.73 50.19 49.23 50.09 49.68 49.92 49.84 4943 50.25 48.72 49.24
TiO, 2.64 3.06 3.08 3.10 3.11 3.20 3.20 3.38 3.27 3.28 3.69
ALO; 13.82 1412 13,50 13.68 13.33 13.52 1349 13.27 13.45 13.36 12.62
FeO 13.08 1442 14.65 14.60 14.18 1440 13.83 1435 14.31 14.36 15.45
MnO 0.25 0.24 0.23 0.28 0.32 0.24 0.24 0.31 0.23 0.32 0.23
MgO 5.38 4.82 4.80 4.77 4.75 4.66 4.74 4.56 4.34 4.69 4.82
CaO 10.09 9.15 9.15 9.24 9.22 8.94 9.09 8.96 8.52 9.16 9.02
Na,O 2.77 2.80 2.39 1.94 2.90 2.89 3.03 2.90 3.02 2.88 2.64
K,0 0.61 0.62 0.64 0.66 0.62 0.68 0.69 0.57 0.71 0.65 0.52
P,05 0.27 0.40 0.44 0.40 0.41 0.35 0.36 0.41 0.41 0.34 0.38
Total 97.65 99.84 98.10 98.76 98.52 98.80 98.52 98.14 98.51 97.75 98.61
ppm

A\ 398 434 414 411 344 393 419 464 326 379 404
Cr 20 19 15 15 10 13 20 26 22 14
Ni 34 27 25 24 23 20 25 27 7 27 20
Rb 12.7 13.4 12.6 13.5 12.0 11.4 13.4 14.1 13.4 11.4 11.0
Sr 241 229 230 237 232 228 232 209 248 219 207
Y 30.0 36.4 34.3 354 36.6 31.6 34.4 41.3 33.9 25.8 34.8
Zr 160.2 1885 1756 180.8 184.2 168.7 1824 208.7 1879 139.3 171.8
Nb 17.5 19.3 18.5 19.0 21.4 18.5 19.1 22.4 22.6 19.4 22.4
Cs 0.151 0.120 0.137 0.143 0.119 0.120 0.138 0.153 0.150 0.150 0.118
Ba 1136 113.7 1134 1189 102.0 108.6 119.3 105.8 121.8 108.7 98.7
La 1513 17.03 16.30 17.31 16.68 16.24 1735 1845 17.20 14.76 16.40
Ce 36.2 40.3 39.6 42.5 41.2 36.7 41.7 45.3 41.7 37.0 42.5
Pr 4.88 5.46 5.43 5.90 5.81 5.07 5.65 6.17 5.80 5.05 5.74
Nd 22.64 26.51 2550 26.83 27.67 23.34 2737 2849 26.45 22.45 26.43
Sm 5.56 6.30 6.20 6.90 714 6.44 6.85 7.61 7.02 5.62 6.76
Eu 1.89 2.16 217 2.37 2.48 1.98 2.19 2.47 2.39 1.81 2.33
Gd 5.40 6.42 6.17 6.67 6.93 6.48 6.48 6.94 6.55 5.60 6.79
Dy 6.58 7.90 7.68 7.96 7.70 6.75 7.06 8.76 713 5.53 7.27
Er 3.10 3.85 3.62 4.04 3.97 3.66 3.81 4.58 3.64 2.90 3.99
Yb 3.13 3.96 3.67 4.14 3.82 3.32 3.62 4.56 3.46 2.89 3.89
Lu 0.464 0.560 0.517 0.638 0.530 0.515 0.500 0.681 0.498 0.383 0.529
Hf 4.35 5.10 4.45 4.95 4.83 4.40 4.85 5.84 4.49 3.43 4.55
Ta 1.150 1.238 1.270 1.333 1.396 1.300 1.389 1.533 1.317 1.107 1.290
Pb 1.224 1400 1.073 1.389 1.297 1.167 1325 1422 1.367 1.175 1.350
Th 1.317 1540 1.386 1.567 1.390 1.400 1.471 1.533 1.533 1.213 1.171
U 0.429 0.442 0.433 0.470 0.457 0.383 0.468 0.503 0.439 0.393 0.440
[CaO0/Al, O3] 1.33 1.18 1.23 1.23 1.26 1.20 1.23 1.09 1.15 1.25 1.30
Mg# 46.4 41.3 40.9 40.8 41.4 40.6 41.9 36.2 39.0 40.8 39.7
La/Yb 4.83 4.30 4.45 419 4.37 4.90 4.80 4.05 4.96 5.11 422
Rb/Y 0.42 0.37 0.37 0.38 0.33 0.36 0.39 0.34 0.39 0.44 0.32
Sr/Th 183 149 166 152 167 163 157 136 162 181 177
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Table 1 Continued

Gigoldur | Unidentified

Log# Di1-2 D4-1 : HKV5 Nups4 Snelll Snell2 SneS1 SneS3 SneS4 Hrau60
Age L 770 1190 7070 7080 3490

wt% .

SiO, 48.57 49.02 : 49.01 49.93 49.03 49.21 48.76 48.30 48.57 49.65
TiO, 1.17 1.35 1.13 3.47 1.82 2.00 1.80 1.88 1.84 1.81
ALO; 14.81 14.34 1499 13.01 14.76 14.36 14.69 14.68 14.64 14.31
FeO 10.19 11.33: 10.42 15.01 10.90 11.39 10.76 11.21 10.75 11.58
MnO 0.22 0.18 1 0.20 0.22 0.15 0.13 0.19 0.16 0.17 0.20
MgO 8.14 7.33 . 7.94 4.68 7.54 7.18 7.44 7.40 7.47 6.77
CaO 13.31 1231 1 12.76 8.88 12.18 11.76 12.29 12.22 12.12 11.58
Na,O 1.81 2.06 2.08 2.90 219 2.41 2.20 2.25 2.28 2.39
K,0 0.10 0.18 0.14 0.57 0.23 0.24 0.23 0.24 0.23 0.26
P,0; 0.11 0.13 : 0.07 0.37 0.14 0.15 0.16 0.18 0.20 0.18
Total 98.43 98.23 98.76  99.04 98.95 98.84 98.51 98.53 98.28 98.73
ppm ;

\Y% 309 343 . 293 378 316 309 317 305 305 310
Cr 406 260 | 323 20 271 131 253 236 224 71
Ni 105 81 93 22 85 66 84 86 76 52
Rb 21 3.9 1.3 11.0 41 4.3 4.2 4.8 4.3 5.3
Sr 117 142 120 208 209 194 199 195 192 183
Y 19.9 21.6 . 16.2 36.8 21.5 221 20.3 19.7 20.4 18.0
Zr 49.8 59.1 1 347 1771 83.6 88.6 80.4 83.9 83.4 80.5
Nb 3.8 5.6 2.7 20.7 8.5 8.5 8.3 8.7 8.3 10.2
Cs - - - 0.107 0.069 0.055 0.047  0.052 - 0.068
Ba 18.3 347 173 95.9 45.6 46.5 43.8 48.1 43.5 47.9
La 3.14 484 257 16.19 7.27 7.37 6.81 7.30 7.08 8.56
Ce 8.8 11.9 6.8 38.1 18.5 18.7 18.3 18.6 17.8 22.6
Pr 1.37 1.76 ¢ 1.05 5.44 2.70 2.65 2.58 2.61 2.63 2.96
Nd 6.83 882 : 528 2582 12.67 12.98 12.20 12.37 12.62 13.86
Sm 2.44 261 1.90 6.80 3.72 3.59 3.50 3.29 3.42 3.35
Eu 0.88 1.03 0.80 2.26 1.31 1.35 1.32 1.27 1.30 1.24
Gd 2.10 263 210 6.63 3.60 3.63 3.31 3.40 3.37 3.32
Dy 3.92 387 3.1 7.56 4.43 4.50 4.11 4.02 4.13 3.78
Er 2.19 2.42 1.89 3.97 2.33 2.37 2.23 2.18 2.10 1.95
Yb 2.32 241 2.02 3.90 2.33 2.27 2.11 2.05 2.03 2.07
Lu 0.384 0.374: 0.281 0.568 0.293 0.355 0.298 0.293 0.318 0.282
Hf 1.66 1.82 1.19 4.71 2.37 2.40 2.22 2.25 2.14 2.07
Ta 0.311  0.378 : 0.184 1.433 0.626 0.583 0.557 0.557 0.558 0.620
Pb 0.396 0.485: 0.243 1.486 0.603 0.791 0.676  0.851 0.751 0.664
Th 0.254 0.345 0.149 1.341 0.467 0.513 0460 0526  0.502 0.540
U 0.069 0.090 : 0.054 0.437 0.157 0.169 0.155 0.180 0.180 0.210
[Ca0/ALO;] 163 156| 155 1.4 1.50 1.49 1.52 1.51 1.50 1.47
Mg# 62.7 577 61.6 39.7 59.3 57.0 59.3 58.2 59.4 55.2
La/Yb 1.35 2.01 1.24 4.15 3.12 3.25 3.22 3.56 3.48 4.13
Rb/Y 0.10 0.18 : 0.08 0.30 0.19 0.19 0.21 0.24 0.21 0.30
Sr/Th 461 413 1 809 155 449 377 433 371 384 340

°and * two trace element compositions in the same tephra, making the total number of analyses shown in the

table 26 even though the total analysed sample number is 24 (see page 11)
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Trace elements

Trace elements were analysed in 53  Taple 2 Age division of activity periods shown in Fig. 3
and 4 for Grimsvotn, Bardarbunga and Kverkfjoll.

samples of which 45 come from

Activity Badrdarbunga Kverkfjoll Grimsvotn
Grimsvotn, Bardarbunga and _ Periods # Age (ka) Age (ka) Age (ka)
1 7.6-6.5 7.6-6.0 7.6-6.8
Kverkfjoll. Of the 45 analysed 2 6.5-5.3 5.7-4.7 6.6-5.1
, . 3 4.8-4.7 3.0-1.4 4.8-4.4
samples 24 are from Grimsvotn, 10 4 4.4-3.7 4.2-4.0
from Bardarbunga and 11 from g gggg gg?g
Kverkfjoll ~ (Oladéttir et al. 4 1.8-1.6 1.9-0.8
8 1.5-1.0 0.7-0.0
Manuscript 1; Table 1). For several 9 0.7-0.0

samples the major element composition is not different enough to tell between evolved
Grimsvotn magma and Kverkfjoll magma. Hence, trace elements where analysed in many
samples that could either have Grimsvotn or Kverkfjoll composition based on major elements
alone. The trace element systematic showed that most of these tephra originated from
Grimsvotn (Oladéttir et al. Manuscript 1), explaining why most of the samples analysed for
trace elements are from Grimsvotn. Moreover, Grimsvotn basalts clearly form two distinct
compositional groups; one (named G-II) that has spectra similar to those of Kverkfjoll on a
primitive mantle normalised multi-element diagram. These spectra are characterized by a
marked depletion in Sr concentrations and a slight High Field Strength Elements (HFSE)
enrichment (Fig. 5). The chondrite normalised REE concentrations confirm the similarities
between the G-II basalts and those from Kverkfjoll. Nevertheless, the Kverkfjoll basalts have
significantly higher Light Rare Earth Element (LREE) concentrations than G-II basalts
whereas Heavy Rare Earth Elements (HREE) are indistinguishable in basalts from the two
volcanic systems. In contrast, the less evolved basalts from Grimsvotn (named G-I) have trace
element spectra of very similar shape as those from Bardarbunga. The principal difference is
higher concentrations in the most incompatible elements in G-I relative to Bardarbunga,
whereas, again, both volcanic systems produce basalts with very similar HREE concentrations
(Fig. 5). Each volcanic system thus clearly has distinct trace element ratios while the
Grimsvotn magma division in G-I and G-II is only based on differences in concentrations (G-
I>Th=0.9>G-II; Fig. 6; Table 1). The concentrations of the most incompatible elements show
a three-fold increase in the whole data set (Table 1), and thus amplify the resolving power for

identifying the principal magmatic processes from the compositional variability.
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Figure 5 Primitive-mantle normalized multi-element diagrams (to the left; Sun and McDonough 1989) and
chondrite normalized REEt (to the right; Sun and McDonough 1989) for Kverkfjoll (blue), Grimsvétn (sky blue)
and Bardarbunga (green). The two uppermost diagrams show results of all analyses obtained, whereas the two in
the middle show the average value and the two at the base show the most primitive value of each compositional
group. Grimsvotn tephra forms two groups, one that shows a Sr depletion and mimics the Kverkfjoll spectra in
all ways (G-II) and another more akin to the Bardarbunga spectra (G-I). The REE diagram shows LREE
enrichment in Kverkfjoll and the G-II Grimsvétn basalt whereas the G-I and Bardarbunga basalts show less
difference between LREE and HREE values when normalised to chondrite. Element order on primitive mantle
normalised diagram is from Martin and Sigmarsson (2007).

6.6 Discussion

The Vatnajokull volcanoes produce magma of tholeiitic composition with each of the three
volcanic systems producing basalts at somewhat different evolutionary stages despite
significant compositional overlap. Bardarbunga produces the least evolved magma of the
three, showing the highest MgO, Ni and Cr concentrations and lowest incompatible element
concentration of the three systems, followed by Grimsvotn and the Kverkfjoll basalts are the
most evolved (Table 1, Fig. 2, Fig. 7). The true compositional difference between basalts from
these three volcanoes can be clearly seen from the concentrations of excluded oxides such as
K;0 and TiO, for a given MgO concentration, illustrating somewhat different origin of
basalts beneath each one of the volcanic system (Fig. 2). This difference is amplified in the
trace element compositions that can be used to decipher deep-seated processes at the origin of

the different parental magma for each volcanic system. Moreover, at a given volcano the
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subtle temporal variations in the major element compositions allow inferences to be drawn on

the architecture of the plumbing systems under the central volcanoes.
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Figure 6 Trace element compositional fields for
Grimsvotn (sky blue), Bardarbunga (green) and
Kverkfjoll (blue), shown on three different element
ratio plots. The coloured fields show a conservative
estimate (enveloping the data and associated 2 sigma
error) of trace element composition fields obtained in
this study. Grimsvdtn magma groups G-I and G-II
clearly separates on these plots. The compositional
fields of each group are marked with darker sky blue
while the whole compositional field of Grimsvotn
connects the two groups. Inset: Illustration of
expected compositional trends caused by crystal
fractionation (CF) and partial melting (PM).

Magma origin and evolution — trace element

constraints

The evolved basalt composition from
Kverkfjoll and its potential link to the
underlying mantle plume has been known for
decades

1974),

(Sigvaldason and Steinthérsson

whereas more recent studies,
integrating isotope arguments, have inferred
significant crustal contamination in the
evolved tholeiites of Iceland (e.g. Oskarsson
et al. 1982; Hémond et al. 1988; Sigmarsson
et al. 1991). Crustal contamination has been
examined in details for the Laki 1783-84
basalts, which has a typical G-II
composition, and is thought to be dominated
by stoping and almost total melting of
hydrothermally altered metabasaltic crust
(Sigmarsson et al. 1991; Bindeman et al.
2006). For illustrating the importance of
crustal contribution to the basalts from the
Vatnajokull volcanoes, the behaviour of Ba
is scrutinized in Figure 8. The well known
fluid-mobile character of Ba makes it an
element of choice for tracing the potential
composition of the crustal contaminant.

From the Ba versus Th concentration plot, it

is clear that only the G-I basalts extrapolate through the origin as requested for melts derived

from fractional crystallisation only. This is simply due to the fact that the mineral phases

extracted contain neither Ba nor Th and will plot at the origin in this diagram. In contrast, best

linear-fits through the results from Bardarbunga, G-II, and Kverkfjoll do not extrapolate

through the origin. Instead, these have a common intercept at Ba and Th concentrations equal
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to 130 and 2.6 ppm, respectively, corresponding to highly evolved basalt. Further discussion

of this contaminant, which may have common characteristics beneath each of the central

volcanoes, is outside the scope of this paper and will be discussed elsewhere.

Only the least evolved composition
from all volcanoes plot on the fractional
crystallisation vector that in turn can be
regarded as revised partial melting curve
indicating  highest melting beneath
Bardarbunga and lowest melting in the
roots of Kverkfjoll (Fig. 8). The systematic
decrease  of  incompatible element
concentrations from Kverkfjoll basalts,
through those from Grimsvotn and to the
lowest concentrations in Bardarbunga, is
readily explained by decreasing mantle
melting. That is, Kverkfjoll, located farther
away from the assumed centre of the
mantle plume, produce basalts formed by
less mantle melting that in turn may
explain lower eruption frequency observed
there (Oladéttir et al. Manuscript 2). This

idea can be further tested by plotting the
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Figure 7 Concentrations of the compatible elements Cr
and Ni versus the incompatible Th concentration. The
initial Th value for parental magma composition can be
estimated as 0.3 ppm in Béardarbunga and 0.5 ppm in
Grimsvotn (broken lines). Colour code as in Fig. 2, G-I
is shown with sky blue open squares whereas G-II is
shown with filled sky blue squares.

concentrations of strongly compatible elements, Ni and Cr, against those of a highly

incompatible element, such as Th (Fig. 7). Although little can be affirmed for Kverkfjoll

basalts on these diagrams due to dominating effect of fractional crystallisation and crustal

contamination (via assimilation-fractional crystallisation (AFC) process), the initial Th values

for parental magma composition at both Grimsvétn and Bardarbunga can be estimated as 0.5

ppm and 0.3 ppm, respectively. If the mantle source is relatively homogeneous beneath the

NW Vatnajokull-region, these results strongly indicate significantly higher melting degrees

beneath Bardarbunga. Decreasing La/Yb from Kverkfjoll through Grimsvétn to Bardarbunga

also support the interpretation of increasing melting degrees towards the centre of the mantle

plume.
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Figure 8 Concentrations of Ba versus Th revealing
complex magmatic evolution beneath Vatnajokull
volcanoes. Only Grimsvétn G-I is controlled by crystal
fractionation alone, having an intercept of a best-fit line at
the origin (see text for further discussion). Bardarbunga,
Grimsvotn G-II and Kverkfjoll are all significantly
affected by crustal contamination, and their best-fit lines
intercepts at Ba and Th close to 130 and 2.6 ppm,
respectively (see arrows). This intercepts represent the
composition of the crustal contaminant. The most
primitive samples from each group (except G-II) plot on
the G-I liquid-line-of-decent. This is consistent with
increasing mantle melting during the formation of the
basalts from Kverkfjoll through Grimsvétn to
Bardarbunga, rather than a common parental magma for all
the three volcanoes. According to the location of the three
volcanic systems above the assumed centre of the
Icelandic mantle plume and on its edge, it is readily
understandable that the contaminant appears to be of
basaltic composition. High eruption frequency of similar
basalts indicates that the magma either lacks time to
further differentiate and form acidic magma or that the
surrounding country rock is of such elevated temperatures
that partial melting of the crust can be high, causing
basaltic crustal melt to form rather than silicic one. In this
respect it is worth noting that negligible silicic formations
are known at these volcanoes and very few tephra with
high silica content have been erupted. Compositional fields
drawn around data points include 2 sigma SD error of the
data points.

3.00

The  question of  mantle

homogeneity is  fundamental for

quantitative  estimates of  different
melting behaviour beneath Vatnajokull
and evaluation of possible links between
basalt production at depth and eruption
frequency  observed  at  surface.
Sigmarsson et al. (2000) showed that the
historical eruptions of Bardarbunga and
Grimsvotn (G-I compositions) produce
basalts with distinct Sr- and O-isotope
ratios that may either reflect higher input
of metabasaltic crustal melts beneath

Grimsvotn  or heterogeneous mantle
composition. Halldorsson et al. (2008)
measured highly variable Sr-isotope
ratios in accumulative plagioclase from
the large prehistoric lava flows from
Béardarbunga volcanic system, which

origin remains unexplained. Before

thorough studies of melt inclusions in the
most primitive minerals from these
volcanic systems, the assessment of
mantle homogeneity or heterogeneity
must wait further results. Nevertheless,
ratios of highly

most incompatible

elements analyzed in this study (such as Th/U, Ce/Pb, Zr/Hf, Th/Ta, Nb/Ta etc.) are

indistinguishable in basalts from the three volcanic systems, and thus support the notion of

relative mantle homogeneity. The possibility of a straight link between degree of mantle

melting and magma productivity, and hence eruption frequency, can thus be suggested and

will be worth examination in further geochemical studies of these basalts. However, changes

in the eruption frequency for each volcano is most likely related to the structure of the

plumbing system at depth as discussed in next chapter.
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Magmatic evolution and plumbing systems - major elements

Based on the molar ratio [CaO]/[Al,O3] versus Mg# each volcanic systems shows similar
general evolutionary trends when focusing on all the data set or the 7.6 ka being studied
(coloured clouds on Fig. 4). However, after dividing the data series from each volcanic system
into different activity periods based on repose periods of variable duration (Fig. 3), different

evolutionary trends emerge.

Grimsvotn

Grimsvotn is mostly controlled by Cpx crystallisation. It is worth noting that period 7 (~1.9 to
~0.8 ka; Table 2) during which basalts with lowest and highest Mg# are observed corresponds
to the episode when magmas of two contrasting compositions were erupted simultaneously
from Grimsvotn (Fig. 3).

The less evolved basalt composition, G-I, is likely to originate from further depth than
the more evolved G-II basalts, which reflect additional fractionation in colder environment
closer to the surface. The G-I composition dominates the first ~4.2 ka or until ~3.4 ka (periods
1-5) although G-II magmas were occasionally erupted as well (Fig. 3). The G-II basalts are
principally produced during period 7, possibly in a sill and dyke complex at shallow depth
that appears to have played a significant role during the bi-modal magma production beneath
Grimsvotn. Just before and after this bi-modal activity (period 7) basalts of intermediate
basaltic composition (close to the average of G-I and G-II) dominate the magmatism. Such
intermediate basalts are likely to be generated in a small magma chamber that could have
formed in the lower part of the hypothetical sill and dyke complex but Michaut and Jaupart
(2005) have demonstrated that a sill and dyke complex often merge and form a magma
chamber. This sill and dyke complex has been occasionally active during the whole 7.6 ka as
suggested by the sporadic G-II eruptions. Judging from the magmatic evolution (slightly
increasing K,0), the magma chamber in which the mixing of G-I and G-II basalts took place
became progressively dominant from ~3.4 ka until ~1.9 ka when period 7 starts and the two
magma types are contemporaneously erupted either leaving the magma chamber inactive or
dominating it. Interestingly, the eruption frequency of Grimsvotn is highest during period 7
(Oladéttir et al. Manuscript 2), which concurs with results from Katla volcano showing
highest eruption frequency when magma plumbing system is dominated by a sill and dyke
complex (Oladéttir et al. 2008). The magmatic pressure of the G-I basalts from below seems
to have been such that these basalts found a way from deeper magma source straight to the

surface, either by-passing the sill and dyke complex or destroying part of it. At the same time
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the sill and dyke complex is forced to erupt, possibly from increased magma pressure at depth
that finally “cleaned out the pipes” and made space for the actual magma chamber to form

(period 8 to present day; see conceptual model in Fig. 9).

Grimsvétn Grimsvotn Grimsvdtn Bardarbunga

Activity periods 1-5 Activity period 6, 8 Activity period 7
Eruption
frequency
very high

Vatna® Vatna 0___‘ Vatna®
jokull okull jokull

Activity
G-l G-I
Lol . . Vel G+GHl 1o . " pericds
R \4 Sill and dike ~\ =<4 Formation of —\_::_5 Sill and dlk.E 15,60
complex starts - magma chamber 6 complex active et
toformbut  Activity from part of Magma Activity
stays very period 6 the sill and dike chamber periad 3
calm and 8 complex inactive
G-I Deep magma source G-I Deep magma source G-I Deep magma source Activity periods 1,2,7,8
Activity periods 1-5 Activity periods 1-5 Activity periods 1-5,7

Figure 9 A conceptual evolutionary model for Grimsvotn and Bardarbunga based on major and trace element
composition. Grimsvétn mainly produce magma of G-I composition during the first ~4.2 ka with individual
eruptions showing G-II composition, i.e. influence of crustal contamination. With time part of the sill and dyke
complex responsible for G-II compositional magma merges to a magma chamber producing magma with a
composition intermediate between G-I and G-II. From ~1.7-1 ka, when the eruption frequency in Grimsvétn was
at its peak, the magma chamber becomes inactive or is completely over taken by G-I magma from the deep
magma source and the sill and dyke complex is activated by high pressures from below. After this high eruption
frequency period the magma chamber producing magma with an average composition of G-I and G-II becomes
ruling again. Bardarbunga shows an evolution from a deep magma source until ~5.2 ka when a shallow magma
chamber has formed. It remains active until ~2 ka when the eruption frequency of Béardarbunga peaks and
magma from the deep magma source becomes ruling again. The activity remains high during 1 ky or until 1 ka
when the magma chamber is reactivated. During the time period 2-1 ka the magma production in the mantle
plume seems to have been so high that the plumbing systems beneath Grimsvotn and Bardarbunga were more or
less cleaned out resulting in eruptions of magma generated deep down in the plumbing systems.

Bdrdarbunga

Bardarbunga produces basalts forming two distinct evolutionary trends, one controlled by
important Cpx fractionation (lines no. 1, 2, 7, 8; Fig. 4) and the other slightly more influenced
by Plag fractionation (lines no. 4, 5, 6, 9; Fig. 4).

Increased Cpx fractionation relative to plagioclase from basalts of similar composition
most likely reflects higher pressure of crystallization (Kinzler and Grove 1992a; b), and this
fact can be utilized to infer two different magma sources for Bardarbunga basalt. During
periods 1 and 2 the magma erupted comes from the deeper magma source, whereas during
period 3 the liquid-line-of-descent reflects the change from the stable deep magma source to a
shallower magma storage zone (magma chamber, sill and dyke complex etc.) that was

established during period 4 and remained active until the end of period 6. During period 7-8
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the deeper magma source takes over again and controls the magmatic evolution in
Bérdarbunga until the end of period 8 or until ~1 ka. Interestingly these periods, 7-8, cover the
millennia showing the highest eruption frequency observed in Bardarbunga during the 7.6 ka
covered in this study (Oladéttir et al. Manuscript 2). Thousand years ago the eruption
frequency decreased again and the shallow magma chamber becomes reactive (see conceptual
model Fig. 9). Thus, there appears to be fundamental differences in what controls the eruption
frequency at a rift-related volcanic system such as Bérdarbunga, compared with those
experiencing little or no rifting, Grimsvétn and Katla, where the type of plumbing system is

more controlling in the latter.

Kverkfjoll

Kverkfjoll is by far the least active volcanic system of the three with only 34 identified tephra
units making it difficult to speculate much about temporal changes in the plumbing system
beneath the volcano. It produces the most evolved magma and the differentiation trends in
Figure 4 indicate increasing relative proportion of Cpx fractionation through time. This does
not necessarily suggests changing magma source depth as the evolved magma is approaching
its eutectic point, crystallising all three phases, Cpx, Ol and Plag together, and relatively
larger proportions of Cpx with time. This observation suggests that Kverkfjoll may be in a

waning stage unless reactivated with more primitive basalt from depth.

6.7 Conclusions

Results from major and trace element analyses of tephra with provenance in Grimsvétn,
Bérdarbunga and Kverkfjoll have revealed difference in magmatic evolution between the
volcanic systems located close to the assumed centre of the Icelandic mantle plume. Magma
from the volcanic systems shows different amount of mantle melting, Kverkfjoll magma
shows the least melting and Bardarbunga the most. Grimsvdétn basalts form two compositional
groups, one named G-II that shows Sr depletion and mimics the Kverkfjoll spectra on
primitive mantle normalised multi element diagram in all ways. Chondrite normalised REE
concentrations further confirm the similarities between G-II and Kverkfjoll. The other
Grimsvotn group is named G-I and is more akin to the Bardarbunga spectra on primitive
mantle normalised multi element diagram and chondrite normalised REE concentrations.
However each volcanic system has distinct trace element ratios while the Grimsvotn division

in G-I and G-II is only based on differences in concentrations.
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The magmatic evolution of the three volcanic systems is controlled by crystal
fractionation of clinopyroxene, plagioclase and olivine in different ratios but additionally all
systems are influenced by crustal contamination from a contaminant of an evolved basaltic
composition. However the G-I part of Grimsvotn magma is not affected by the contamination
but is controlled solely by crystal fractionation.

The plumbing system beneath Grimsvétn has evolved from a simple plumbing system
characterised by magma travelling straight to the surface from a deep magma source although
a sill and dyke complex has started to form early in the evolutionary process. Part of this sill
and dyke complex has then evolved to a small magma chamber active during ~1.4 ka but was
taken over by very high magmatic inflow from below during the period 1.7-1 ka, when the sill
and dyke complex is reactivated along with the simple plumbing system during the period of
highest eruption frequency observed in Grimsvétn.

Bardarbunga also shows a simple plumbing system to begin with or until ~5.2 ka.
After that a magma chamber evolves that stays active during 1.4 ka or until the eruption
frequency of Bardarbunga reaches a maximum ~2-1 ka and the plumbing system is overfilled
with magma originated in the deep magma source characterising the magmatic composition
during this period. When the magma chamber is reactivated the eruption frequency lowers
again and magma characterised by more plagioclase fractionation becomes dominating.

According to these models the actual plumbing systems beneath both Grimsvétn and
Bardarbunga are characterised by active magma chambers. However, a fundamental
difference is observed in what controls eruption frequency in Bardarbunga, a rift-related
volcanic system, and Grimsvotn, a volcanic system experiencing little or no rift, where the

type of plumbing system is of much more importance for frequency control in the latter one.

6.8 Acknowledgement

This paper is based on a PhD-study at the Laboratoire Magmas et Volcans (LMV), CNRS-
Université Blaise Pascal in Clermont-Ferrand and the University of Iceland. It was financed
by the Icelandic Science Foundation, Landsvirkjun, Eimskip and Research Fund of the
University of Iceland, the French government student’s grant and the French-Icelandic
collaboration programme, Jules Verne. Jean-Luc Devidal at LMV and Paul Mason and Gijs
Nobbe at the Utrecht University are genuinely thanked for their help during and after EPMA
and ICP-MS laser ablation analyses.

114



6.9 Reference

Ablay GJ, Kearey P (2000) Gravity constraints on the structure and volcanic evolution of
Tenerife, Canary Islands. Journal of Geophysical Research-Solid Earth 105(B3):5783-5796.

Albarede F (1993) Residence Time Analysis of Geochemical Fluctuations in Volcanic Series.
Geochimica Et Cosmochimica Acta 57(3):615-621.

Alfaro RB, Brandsdoéttir B, Rowlands DP, White RS, Gudmundsson MT (2007) Structure of
the Grimsvotn central volcano under the Vatnajokull icecap, Iceland. Geophysical Journal
International 168:863-876.

Bindeman IN, Sigmarsson O, Eiler J (2006) Time constraints on the origin of large volume
basalts derived from O-isotope and trace element mineral zoning and U-series disequilibria
in the Laki and Grimsvotn volcanic system. Earth and Planetary Science Letters 245(1-
2):245-259.

Bjornsson H, Einarsson P (1990) Volcanoes beneath Vatnajokull, Iceland: Evidence from
radio echo-sounding, earthquake and jokulhlaups. Jokull 40:147-168.

Condomines M, Tanguy JC, Michaud V (1995) Magma Dynamics at Mt Etna - Constraints
from U-Th-Ra-Pb Radioactive Disequilibria and Sr Isotopes in Historical Lavas. Earth and
Planetary Science Letters 132(1-4):25-41.

Cortini M, Scandone R (1982) The Feeding System of Vesuvius between 1754 and 1944.
Journal of Volcanology and Geothermal Research 12(3-4):393-400.

Einarsson P, Brandsdéttir B, Gudmundsson MT, Bjornsson H, Grénvold K, Sigmundsson F
(1997) Center of the Iceland hotspot experiences volcanic unrest. Eos Trans. AGU,
78(35):369.

Fitton JG, Kilburn CRJ, Thirlwall MF, Hughes DJ (1983) 1982 Eruption of Mount Cameroon,
West-Africa. Nature 306(5941):327-332.

Grove TL (2000) Origin of Magmas. In: Sigurdsson H (ed) Encyclopedia of Volcanoes.
Academic press, San Diego, pp 133-149.

Gudmundsson A (1983) Form and Dimensions of Dykes in Eastern Iceland. Tectonophysics
95(3-4):295-307.

Gudmundsson A (1984) Formation of dykes, feeder-dykes, and the intrusion of dykes from
magma chambers. Bulletin of Volcanology 47:537-550.

Gudmundsson MT, Milsom J (1997) Gravity and magnetic studies of the subglacial
Grimsvotn volcano, Iceland: Implications for crustal and thermal structure. Journal of
Geophysical Research-Solid Earth 102(B4):7691-7704.

Gudmundsson MT, Hognadéttir T (2007) Volcanic systems and calderas in the Vatnajokull
region, central Iceland: Constraints on crustal structure from gravity data. Journal of
Geodynamics 43(1):153-169.

Halldérsson SA, Oskarsson N, Gronvold K, Sigurdsson G, Sverrisdéttir G, Steinthérsson S
(2008) Isotopic-heterogeneity of the Thjérsa lava-Implications for mantle sources and
crustal processes within the Eastern Rift Zone, Iceland. Chemical Geology 255(3-4):305-
316.

Hémond C, Condomines M, Fourcade S, Allegre CJ, Oskarsson N, J avoy M (1988) Thorium,
Strontium and Oxygen Isotopic Geochemistry in Recent Tholeiites from Iceland - Crustal
Influence on Mantle-Derived Magmas. Earth and Planetary Science Letters 87(3):273-285.

Jakobsson SP (1979) Petrology of recent basalts of the Eastern Volcanic zone, Iceland. Acta
Naturalia Islandica 26:1-103.

115



Jarosewich E, Nelen JA, Borberg JA (1979) Electron microprobe reference samples for
mineral analysis. In: Fudali RF (ed) Smithsonian Institution Contributions to the Earth
Sciences No. 22. Smithsonian Institution Press, Washington, D.C., pp 68-72.

Johannesson H, Semundsson K (1998) Geological map of Iceland, 1:500,000. Tectonics.
Icelandic Institute of Natural History and Iceland Geodetic Survey, Reykjavik.

Kinzler RJ, Grove TL (1992a) Primary Magmas of Mid-Oceanic Ridge Basalts 1.
Experiments and Methods. Journal of Geophysical Research 97(B5):6885-6906.

Kinzler RJ, Grove TL (1992b) Primary Magmas of Mid-Oceanic Ridge Basalts 2.
Applications. Journal of Geophysical Research 97(B5):6907-6926.

Martin E, Sigmarsson O (2007) Low-pressure differentiation of tholeiitic lavas as recorded in
segregation veins from Reykjanes (Iceland), Lanzarote (Canary Islands) and Masaya
(Nicaragua). Contributions to Mineralogy and Petrology 154(5):559-573.

Melengreu B, Lénat J-F, Froger J-L (1999) Structure of Réunion Island (Indian Ocean)
inferred from the interpretation of gravity anomalies. Journal of Volcanology and
Geothermal Research 88(131-146).

Merlet C (1994) An Accurate Computer Correction Program for Quantitative Electron-Probe
Microanalysis. Mikrochimica Acta 114:363-376.

Michaut C, Jaupart C (2005) A new model for crystallisation and differentiation in magma
chambers. Eos Trans AGU 86(52), Fall Meet Suppl, V11A-03.

Oladéttir BA, Sigmarsson O, Larsen G, Thordarson T (2008) Katla volcano, Iceland: magma
composition, dynamics and eruption frequency as recorded by Holocene tephra layers.
Bulletin of Volcanology 70(4):475-493.

Oskarsson N, Sigvaldason GE, Steinthdérsson S (1982) A dynamic model of rift zone
petrogenesis and the regional petrology of Iceland. Journal of Petrology 23:28-74.

Pagli C, Sigmundsson F, Pedersen R, Einarsson P, Arnadéttir Th, Feigl KL (2007) Crustal
deformation associated with the 1996 Gjalp subglacial eruption, Iceland: InSAR studies in
affected areas adjacent to the Vatnajokull ice cap. Earth and Planetary Science Letters
259(1-2):24-33.

Sigmarsson O, Condomines M, Fourcade S (1992) A Detailed Th, Sr and O Isotope Study of
Hekla - Differentiation Processes in an Icelandic Volcano. Contributions to Mineralogy and
Petrology 112(1):20-34.

Sigmarsson O, Karlsson HR, Larsen G (2000) The 1996 and 1998 subglacial eruptions
beneath the Vatnajokull ice sheet in Iceland: contrasting geochemical and geophysical
inferences on magma migration. Bulletin of Volcanology 61(7):468-476.

Sigmarsson O, Condomines M, Gronvold K, Thordarson T (1991) Extreme Magma
Homogeneity in the 1783-84 Lakagigar Eruption - Origin of a Large Volume of Evolved
Basalt in Iceland. Geophysical Research Letters 18(12):2229-2232.

Sigvaldason GE, Steinthérsson S (1974) Chemistry of tholeiitic basalts from Iceland and their
relation to the Kverkfjoll hot spot. In: Kristjansson L (ed) Geodynamics of Iceland and the
North Atlantic Area. D. Reidel, Dordrecht, Holland, pp 155-164.

Steinthdrsson S (1977) Tephra layers in a drill core from the Vatnajokull Ice Cap. Jokull 27:2-
27.

Sturkell E, Einarsson L, Sigmundsson F, Hreinsdoéttir S, Geirsson H (2003) Deformation of

Grimsvotn volcano, Iceland: 1998 eruption and subsequent inflation. Geophysical Research
Letters 30(4), 1182, doi:10.1029/2002GL016460.

116



Sun SS, McDonough WF (1989) Chemical and isotopic systematics of oceanic basalts:
Implication for the mantle composition and processes. Geological Society, Special
Publications 42:313-345.

Thordarson T, Self S (1993) The Laki (Skaftar-Fires) and Grimsvétn Eruptions in 1783-1785.
Bulletin of Volcanology 55(4):233-263.

Thordarson T, Hoskuldsson A (2002) Iceland Terra Publishing, Harpenden, UK, p 200.

Thordarson T, Larsen G (2007) Volcanism in Iceland in historical time: Volcano types,
eruption styles and eruptive history. Journal of Geodynamics 43(1):118-152.

Thornber CR, Sherrod DR, Siems DR, Heliker CC, Meeker GP, Oscarsson RL, Kauahikaua
JP (2002) Whole rock and glass major-element geochemistry of Kilauea Volcano, Hawaii,
near-vent eruptive products: September 1994 through September 2001. In: USGS, open file
report 02-17.

Vilmundardéttir EG, Snorrason SP, Larsen G (2000) Geological map of subglacial volcanic
area soutwest of Vatnajokull ice cap, Iceland, 1:50.000. In: National Energy Authority and
National Power Company, Reykjavik.

Walker GPL (1963) The Breiddalur central volcano, eastern Iceland. The Quarterly Journal of
the Geological Society of London 119:29-63.

Wilson SA (1997) The collection, preparation, and testing of USGS reference material BCR-
2, Columbia River, Basalt. In: U.S. Geological Survey Open-File Report 98-xxx.

Wolfe CJ, Bjarnason IT, VanDecar JC, Solomon SC (1997) Seismic structure of the Iceland
mantle plume. Nature 385(6613):245-247.

117



7. General conclusions

The main objective of this study was to assess the Holocene eruption history and temporal
magma evolution of the NW Vatnajokull volcanoes, Grimsvotn, Bardarbunga and Kverkfjoll
through studies of tephra. The location of these volcanoes, close to the assumed centre of the
Icelandic mantle plume, makes them particularly interesting as the relationship between the
mantle plume and manifested volcanic activity can be evaluated and compared to volcanic
activity elsewhere in Iceland, away from its influence.

The project was divided in three parts each one presented in a paper manuscript. The
first was to identify primary tephra and confidently trace its provenance. In the second part
the focus was on correlation of tephra around the Vatnajokull ice cap and estimating the
eruption frequency of the three volcanic systems. The third and last part deals with the magma
origin of Grimsvotn, Bardarbunga and Kverkfjoll and its transfer from source to surface
through temporal changing plumbing systems. The principal conclusions of the project are as

follows:

1) Field observations, combined with chemical composition of tephra, determine primary
volcanic or secondary eolian origin of tephra. Major element composition of primary tephra is
sufficient for identifying provenance for most basaltic tephra from Grimsvotn, Bardarbunga
and Kverkfjoll by comparing them to a reference compositional field (RCF) made up of
published analyses mostly lava flows of known origin within the three volcanic systems. The
data obtained during this study significantly improved the RCF. Nevertheless, the chemical
composition fields of the three volcanic systems do slightly overlap. The provenance of 85%
of the remaining unknown samples, from the overlapping parts of the compositional fields, is
confirmed based on their trace element composition. Both major and trace elements RCF
provide good indication of tephra provenance and the new analyses of tephra from the last
~7.6 ky have greatly improved knowledge of the compositional range within each volcanic
system.

Four major elements, K,O, TiO,, MgO and FeO, and their ratios, mostly tells apart
tephra from Grimsvétn, Bardarbunga and Kverkfjoll volcanic systems and three trace element
compositional ratios, Rb/Y, La/Yb and Sr/Th further improve fingerprinting of tephra that
plot on two overlapping fields. These results demonstrate the usefulness of combined major
and trace element analyses in delineating the provenance of basaltic tephra having similar

major element composition.
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2) The prehistoric eruption history of the ice-covered part of Grimsvotn, Bardarbunga and
Kverkfjoll going back ~7.6 ky has been revealed using correlated tephra stratigraphy based on
dated marker tephra layers. Soil accumulation rate (SAR) age calculations and major element
chemistry of the volcanic glass provide a record of 348 prehistorical tephra layers, whereof
137, 87 and 18 were erupted in Grimsvotn, Bardarbunga and Kverkfjoll, respectively.

The ratio of Grimsvotn and Bardarbunga tephra preserved outside the ice cap during
the last 8 centuries of historical time in Iceland was applied to obtain an estimate of the actual
eruption frequency in prehistoric time, resulting in a total of 980 eruptions in Grimsvotn,
Bardarbunga and Kverkfjoll during the last ~8000 years. During historical and prehistoric
time total number of eruptions on the ice covered part of the Grimsvotn volcanic system is
~560, making it the most active Icelandic volcanic system in terms of eruption frequency. It
has two peaked eruption frequency profile showing high frequency 7-6 ka with 56 eruptions
per 1000 years and again 2-1 ka when in total 140 eruptions took place. Such increased
eruption frequency is also observed in the Bardarbunga volcanic system, which is the second
most active volcanic system with ~350 eruptions during the last ~8000 years. Its frequency
profile is two peaked and like Grimsvotn the eruption frequency is highest 2-1 ka but the
older peak lags that of Grimsvotn by 1000 years. Both systems show a strong frequency
decrease during the last millennium. Kverkfjoll shows considerably less eruption frequency
and only ~70 eruptions were inferred during the ~6500 years studied during prehistoric time,
which is still significantly higher than historical activity which is none. Kverkfjoll shows
highest eruption frequency 7-5 ka but showed some activity during the first 4 ka observed in
this study (8-4 ka) and again 3-1 ka although low, 4-32 eruptions per 1000 years.

All three volcanic systems show a lull in eruption frequency between 5 and 2 ka
caused by decrease in volcanic activity that is traced to periodic magma generation and
delivery from the mantle plume rather than changes in environmental factors such as changing
ice load and ice cover. During prehistoric time a 1-3 thousand years age difference is found
between frequency peaks above the mantle plume (Grimsvétn and Béardarbunga) and at
volcanoes located farther SW on the non-rifting part of the Eastern Volcanic Zone (EVZ; e.g.
Katla). This lag suggests that a significant increase could be expected in volcanism on this
part of the EVZ in the future since the highest observed eruption frequency was only 2-1 ka in

Grimsvotn and Bardarbunga.

3) Results from major and trace element analyses of tephra with provenance in Grimsvotn,

Bardarbunga and Kverkfjoll have revealed difference in magmatic evolution between the
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volcanic systems located close to the assumed centre of the Icelandic mantle plume. Magma
from the volcanic systems shows different amount of mantle melting, Kverkfjoll magma
shows the least melting and Bardarbunga the most. Grimsvétn basalts form two compositional
groups, one named G-II that shows Sr depletion and mimics the Kverkfjoll spectra on
primitive mantle normalised multi element diagram in all ways. Chondrite normalised REE
concentrations further confirm the similarities between G-II and Kverkfjoll. The other
Grimsvotn group is named G-I and is more akin to the Béardarbunga spectra on primitive
mantle normalised multi element diagram and chondrite normalised REE concentrations.
However each volcanic system has distinct trace element ratios while the Grimsvotn division
in G-I and G-II is only based on differences in concentrations. The magmatic evolution of the
three volcanic systems is controlled by crystal fractionation of clinopyroxene, plagioclase and
olivine in different ratios but additionally all systems are influenced by crustal contamination
from a contaminant of an evolved basaltic composition. However the G-I part of Grimsvétn
magma is not affected by the contamination but is controlled solely by crystal fractionation.

The plumbing system beneath Grimsvétn has evolved from a simple plumbing system
characterised by magma travelling straight to the surface from a deep magma source although
a sill and dyke complex has started to form early in the evolutionary process. Part of this sill
and dyke complex evolved to a small magma chamber active during ~1.4 ka, from ~3.3-1.9
ka, but was taken over by very high magmatic inflow from below during the period from 1.7-
1 ka, when the sill and dyke complex is reactivated along with the simple plumbing system
during the period of highest eruption frequency observed in Grimsvétn.

Bardarbunga also shows a simple plumbing system to begin with or until ~5.2 ka.
After that a magma chamber evolves and stays active during 2.4 ka, from ~4.4-2.2 ka, or until
the eruption frequency of Bardarbunga reaches a maximum from ~2-1 ka and the plumbing
system overfilled with magma originated in the deep magma source that characterises the melt
composition during this period. When the magma chamber is reactivated the eruption
frequency lowers again and magma characterised by more plagioclase fractionation becomes
dominating.

According to these models the present plumbing systems beneath both Grimsvotn and
Bardarbunga are characterised by active magma chambers. However, a fundamental
difference is observed in what controls eruption frequency in Bardarbunga, a rift-related
volcanic system, and Grimsvotn, a volcanic system experiencing little or no rift, where the

type of plumbing system is of much more importance for frequency control in the latter one.
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This work has improved the scientific knowledge of temporal variations in chemical
composition of three volcanic systems and at the same time extended the chemical reference
compositional fields for each system. The study has added vast amount of data on eruption
behaviour of the NW Vatnajokull volcanoes allowing more precise predictions about their
future behaviour. Additionally, this work has partly revealed the magma origin of the three
volcanic systems as well as allowing speculations on factors controlling changing eruption

frequency in relation to different geological settings of volcanoes.
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