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Abstract

The Seiland Igneous Province, of which 5400 km? is exposed, is hosted within a
discrete terrane within the northernmost part of the Caledonian orogenic belt. The
Province consists of numerous mafic and ultramafic plutons emplaced into a
sedimentary succession indicative of a continental setting. Accompanying this mafic
magmatism is a significant volume of intermediate monzonitic and dioritic rock
(10% of the total exposed igneous rock), as well as numerous nepheline syenite and

carbonatitic intrusions.

This study reports ID-TIMS U-Pb analyses on magmatic zircons from a range of
intrusions, which indicate that the bulk of the Seiland magmatism took place between
560 Ma and 570 Ma, whereas previous studies had produced a range of ages between
420 Ma and 830 Ma. The data indicate that only one magmatic episode is represented
in the rocks of the Seiland Igneous Province, invalidating previous models involving

multiple rifting events over a period of 300 m.y.

Detailed geochemical investigation of several plutons from an evolved high alkali
suite of gabbroic intrusions in the Seiland Igneous Province has shown that these
plutons are generally enriched in trace elements compared to layered intrusions from
other areas across the globe, but that geochemically the gabbros are relatively
homogenous. The rocks yield eyr and exg values for the gabbroic rocks ranging from
+8 to -6 and from +4 to -4, respectively, indicative of the contamination of mantle-
derived material with crustal material. The most primitive isotopic values are similar
to those obtained from the carbonatites and nepheline syenites, indicating the same
mantle source gave rise to the magmas that were subsequently emplaced as the
Seiland Igneous Province. The homogeneous trace element content of the different
mafic rocks most likely indicates a relatively homogeneous mantle source for the
original magmas of the province, which has subsequently been affected by processes
of assimilation and crustal contamination. The monzonitic and dioritic bodies in the
Seiland Igneous Province are not derived from melted silicic crustal material and

may have been formed by the melting of pre-existing mafic material.
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The new geochronology invalidates the metamorphic framework previously
proposed for the Seiland Igneous Province, which postulated several orogenic events
between the emplacement of the magmas and the Caledonian Orogeny. There is no
evidence for metamorphic activity in the period between 570 Ma and 420 Ma, and
there are monazites in gneissic rocks hosted within mafic rocks of Seiland age that
preserve an age of 640 Ma. This leads to the conclusion that only one metamorphic
event, the 420 Ma Caledonian Orogeny caused by the collision of Baltica and

Laurentia, affected the Seiland terrane after the emplacement of the Seiland magmas.

The new data obtained lead to a model for the evolution of the Seiland Province in
which a number of heavily modified and contaminated mantle-derived mafic
magmas derived from the mantle were emplaced into the continental crust of the
Seiland nappe between 560 and 570 Ma. This magmatism was accompanied by the
injection of alkaline magmas into the same area of the crust, and the melting of mafic
rock emplaced earlier. This magmatic event is considered to have occurred in an
extensional stress regime, possibly during intracontinental rifting or back-arc
spreading. This event took place well before the 420 Ma Caledonian Orogeny, and
thus the Seiland Igneous Province can be considered a remnant of an older geological
terrane that was emplaced onto the margin of Baltica during the Caledonian

Orogeny.
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Table 5.3. CIPW norms for rocks from the SIP

Ne
Q
Or
Pl
Cor
Cpx
Opx
ol
Ap
Mt

Il
Chr

Ne

Or
PI
Cor
Cpx
Opx
Ol
Ap

Il
Chr

- Normative composition is calculated by the CIPW norm. Mineral names: Ne = nepheline, Or = orthoclase, Pl = plagioclase, Cpx =

RJR02-30B RJR03-114 RJR03-102  RJR03-125  RJR03-112  RJR03-120A RJR03-129C RJR03-130 RJR03-109  RJR03-113B
1.28 7.61 11.73 0.38 4.51 1.11
3.72 3.96 8.62 2.36 5.02 5.97 4.08 3.72 7.80 0.47

55.49 41.26 43.72 58.26 40.53 49.73 48.21 53.23 45.91 46.99
17.28 12.91 12.62 13.16 14.51 19.11 17.95 16.76 16.67 28.60
28.28 13.52 13.45 6.60
15.11 5.26 15.15 5.77 16.25 14.02 6.39 9.34 15.73 19.72
0.55 1.09 3.76 0.87 1.20 1.31 1.18 1.29 1.03 0.04
1.75 1.86 2.02 1.73 2.09 2.04 2.20 2.19 2.19 1.01
3.73 4.44 5.93 4.62 7.99 6.54 6.62 6.39 5.46 0.88
0.07 0.13 0.02 0.04 0.02 0.03 0.03 0.02 0.06 0.13
98.98 99.19 99.45 100.33 99.34 99.13 100.11 99.54 99.36 98.95
RJR0O3-108A  RJR03-129D RJR03-119B  RJR03-129A RJR03-101A RJR03-101E  RJR02-08 RJR03-115  RJR03-116
1.68 14.06 20.58
0.72 46.35 1.03
0.24 9.10 6.38 17.02 31.14 38.59 43.97 21.75 27.36
11.44 12.84 88.40 31.67 58.12 53.21 50.33 59.08 47.92
0.41 0.97 0.42 2.45 1.34
17.11 0.42 5.07 411
59.06 3.54 217 1.81 0.37 3.22
64.65 15.35 1.71 2.31 2.40 2.34
0.07 0.28 0.11 0.15 0.39 0.31 0.15 0.04 0.07
2.86 1.94 0.22 0.26 0.59 0.49 0.32 0.30 0.30
1.25 0.52 0.44 1.41 0.76 0.76 0.79 0.13 0.18
0.35 0.11 0.01 0.02 0.03 0.01 0.01 0.01 0.01
99.65 99.62 100.23 100.02 99.62 100.16 100.24 100.22 100.10

clinopyroxene, Opx = orthopyroxene, Ol = olivine, Ap = apatite, Mt = magnetite, Il = ilmenite, Chr = chromite
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Figure 5.2- Harker plots of data from Table 5.1. Mafic rocks are represented with
squares, intermediate and granitic rocks with diamonds, ultramafic rocks with
asterisks, and nepheline syenites with triangles.
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In general, the mafic rocks range between 44 and 50% SiO,, between 13 and 17%
Al,O3, and between 2 and 3.5% TiO,. One rock, olivine gabbro RJR-03-109 from the
Tappeluft Ultramafic Complex on @ksfjord, has the lowest SiO, content (41.4 %), and
highest Al,O3 (18.5%) and TiO, (4.2%) relative to the other rocks in the SIP. In
contrast, olivine gabbro RJR-03-113 is depleted in many elements compared to the
other mafic rocks, but is the most enriched in MgO. The low content of K,O, P,0s
and TiO, coupled with a Mg# of 80 indicate that this rock is more primitive than
suggested by the normative and modal observations. Reference to the thin section
(Chapter 2) shows that a large portion of the rock now consists of orthopyroxene-
spinel intergrowths formed by metamorphism of olivine, indicating that the rock
originally contained significantly more olivine than is now present. RJR-03-113 is

relatively high in SiO, and Al,O3 compared to the other ultramafic rocks.

Amongst the other rocks investigated, most plot according to their mineralogy. The
two nepheline syenites behave similarly in all plots, as they are high in Al and Na but
low in most other elements. The granitic rock RJIR-03-129A plots separately from the
other rocks, as might be expected by a rock dominated by quartz whereas the other
intermediate rocks are dominated by feldspars. The three monzonitic rocks plot away
from the dioritic rock (RJR-03-119), and the intermediate rocks are clearly separated

from the mafic rocks.

The trace element data for the SIP rocks, as presented in Table 5.2, can be examined
in various different ways. Figure 5.3 shows a series of bivariate diagrams illustrating
the variation between various pairs of trace elements. In some diagrams, such as

Figure 5.3A (Rb vs. Sr), a strong mineralogical control on the two elements can be
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observed in the separation of rocks into gabbroic (K-feldspar not present) and

intermediate (K-feldspar-bearing) rocks.
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Figure 5.3- Bivariate diagrams for trace elements from SIP rocks. Data from Table

5.2.

In general, most of the igneous rocks in the SIP show similar variation in their trace

element contents, regardless of their mineralogical composition. One rock, diorite

RJR-03-119, diverges from the other rocks in the data set, and is also clearly different

from the granitoid, RJR-03-129A, which is known from U-Pb TIMS investigation to

have inherited some components from an older protolith (Chapter 4). A further

observation is that the trace element abundances of the two alkaline rocks, nepheline
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syenites RJIR-03-115 and 116 differ radically, despite their nearly identical

mineralogical, chronological and geographical natures.

One set of important trace elements is the rare-earth elements. These elements are
generally immobile during weathering and metamorphism. Figures 5.4 — 5.7 show the
rare-earth patterns for the different rocks of the SIP, normalised to the chondritic
values of Sun & McDonough (1989). Figure 5.4 shows the mafic rocks of the SIP, to
which the other rocks in the province are compared. The mafic rocks show a negative
slope from La to Lu, with only minor Eu anomalies. Furthermore, the rocks show a
limited variation in their REE contents, and are all enriched relative to profiles

reported from other continental mafic intrusions (see discussion below).
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Figure 5.4- Rare earth element plot for the mafic rocks of the SIP. Data from Table
5.2, normalised to the chondritic values of Sun & McDonough (1989)

Figure 5.5 shows the ultramafic rocks of the SIP in comparison to the mafic rocks.
Also included in this plot is RIR-03-113B, the olivine gabbro identified in the major

element plots as significantly different from most of the other mafic rocks. It can be
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seen that all three rocks are less abundant in the rare earths than the mafic rocks.
Furthermore, it can be observed that orthopyroxenite RJIR-03-129D is closest to the
mafic rocks in pattern, and is relatively light REE enriched profile but a prominent

negative Eu anomaly.
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Figure 5.5- REE profiles for ultramafic rocks from the SIP. Data from Table 5.2,
normalised to the chondritic values of Sun & Mcdonough (1989). REE profile for the
mafic rocks taken from Figure 5.4.

Figure 5.6 displays the REE profiles for the intermediate and granitic rocks of the SIP.
Granite RJR-03-129A and monzonites RJIR-03-101A and RJR-03-101E are similar in
profile to the mafic rocks. Monzonite RJR-02-08 and diorite RJR-03-119 show
significantly different REE profiles, with much larger positive Eu anomalies and a

steeper slope between La and Lu than is present in the mafic rocks. The positive Eu

anomaly in these rocks is unusual and needs to be addressed.
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Figure 5.6- REE profiles for intermediate and granitic rocks from the SIP. Data from
Table 5.2, normalised to chondritic values from Sun and McDonough (1989). Mafic
rock profile taken from figure 5.4.
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Figure 5.7- REE profiles for nepheline syenites from the SIP. Data from Table 5.2,
normalised to the chondritic values of Sun & McDonough (1989)
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Figure 5.7 shows the two nepheline syenites from Breivikbotn in comparison to the
mafic rocks. It can clearly be seen that the profiles for both rocks differ from that of
the mafic rocks, and from each other. RJR-03-115 has much higher levels of heavy

REEs than RJR-03-116, an issue that needs to be discussed.

5.3.2. Hf isotope chemistry

As detailed in Chapter 3, the measurement of the Hf isotopic systematics in rare earth
separates obtained from zircon by anion exchange chemistry has a number of
advantages. Of prime importance is the abundance of Hf (0.5- 5% wt. of zircon)
relative to Lu (averaging 2000 ppm in zircon), which negates the problem of having to
back-calculate *"°Hf/*""Hf ratios to the time of formation, since at 570 Ma, the
correction is less than the error on the analyses. Furthermore, a relatively simple
preparation is all that is required to remove potential interferences on the Hf signal
obtained by mass spectrometry, ensuring accurate measurement of the signal (e.g.

Patchett & Tatsumoto, 1980).

Owing to the extensive U-Pb geochronological programme undertaken for this study
(Chapter 4), a large number of samples were available for *"°Hf/*"’Hf analysis. Table
5.4 lists the samples and their measured *"°Hf/*""Hf ratios, together with an &us value
calculated at the age of the rocks. Geochemical data for some of these rocks are not

available, but these rocks are included in this table for completeness.
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Table 5.4. Y®Hf/*""Hf ratios measured in samples from the SIP

Zircon Age 20

No. Sample Rock Type "5Ht/" " HE 20 error (Ma) error Ent Error
Mafic Rocks

63/54  RJR02-3d Gabbro 0.282551  0.000006 565 9 35 0.2
52/14  RJR02-3d Gabbro 0.282560  0.000007 565 9 38 0.3
74/57  RJR02-29i Gabbro 0.282429  0.000002 562 6 -0.9 0.1
74/60  RJR02-29i Gabbro 0.282424  0.000003 562 6 1.1 0.1
74/55  RJR03-129c ~ Gabbronorite 0.282564  0.000008 569 9 41 0.3
83/62  RJR03-129d ~ Gabbronorite 0.282351  0.000004 566 1 36 0.1
83/60 RJR03-129d ~ Gabbronorite 0.282391  0.000080 566 1 21 28
Intermediate

5111 RJRO3-40b Monzodiorite 0.282522  0.000003 566 4 25 02
512  RJR03-40b Monzodiorite 0.282509  0.000004 566 4 20 03
63/59 RJRO2-40p Monzodiorite 0.282519  0.000004 566 4 24 03
63/60  RJRO2-41c Monzonite 0.282598  0.000004 565 5 52 0.3
63/51  RJR02-35 Diorite 0.282586  0.000004 571 4 49 03
66/54  RJR02-8 Monzonite 0.282477  0.000006 560 5 08 0.4
66/55  RJR02-8 Monzonite 0.282452  0.000004 560 5 -0.1 0.3
66/56  RJR02-8 Monzonite 0.282456  0.000012 560 5 00 0.9
Alkaline Rocks

98/6  RJR04-245 Nepheline Syenite 0.282507  0.000007 579 14 23 02
98/7  RJR04-246 Nepheline Syenite 0.282626  0.000003 570 2 63 0.1
98/8  RJR04-246 Nepheline Syenite 0.282626  0.000005 570 2 63 02
98/9  RJR04-246 Nepheline Syenite 0.282637  0.000009 570 2 67 03
95/26  RJR03-116 Nepheline Syenite 0.282648  0.000005 570 2 70 02
66/57 RJR03-116 Nepheline Syenite 0.282648  0.000005 570 2 70 02
66/60 RJR03-116 Nepheline Syenite 0.282650  0.000006 570 2 741 0.2
66/62  RJR03-116 Nepheline Syenite 0.282638  0.000005 570 2 67 02
75/60  RJR03-116 Nepheline Syenite 0.282668  0.000003 570 2 78 0.1
75/61  RJR03-116 Nepheline Syenite 0.282634  0.000002 570 2 66 0.1
75/58  RJR03-116 Nepheline Syenite 0.282635 0.000003 570 2 66 0.1
81/20  RJR02-34e Carbonatite 0.282588  0.000005 574 5 5.0 0.2
81/21  RJR02-34e Carbonatite 0.282582  0.000005 574 5 48 0.2
Granitic Rocks

74/54  RJR03-120p  Ciranite 0.282323  0.000003 561 4 47 0.2
78/54  RJR03-120p  Ciranite 0.282469  0.000008 561 4 05 0.5
52/13  RJR02-37a Granite 0.282374  0.000013 563 2 28 0.9

Note: Measured *"®Hf/*’"Hf ratios are not corrected for "°Lu. & values are calculated at the age of the
rock. Values for present day CHUR are "°Hf/*""Hf = 0.282818, *"°Lu/*""Hf= 0.332, with a decay

constant for ®Lu of 1.94 x 10! (Workman & Hart, 2005).
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Figure 5.8- The gy variation amongst the rocks of the SIP. Data from Table 5.4, with
curves for the Depleted Mantle, Enriched Depleted Morb-like Mantle (E-DMM)
obtained from values in Workman & Hart (2005).

Figure 5.8 displays the variation in the measured *"®Hf/*""Hf rocks amongst the rocks
of the SIP. The most primitive ratios are those obtained from nepheline syenite RIR-
03-116 and another syenite from Breivikbotn, RJIR-03-246. The rest of the rocks form
a continuum from gy = +8 to ey = -5. It can be seen that granitoid RJR-02-37A and
granite RJR-03-129B have the lowest g5 values. It should be noted that one portion of
zircon from RJR-03-129B plots very differently to the other portion sampled. This can
be explained with reference to the U-Pb systematics of this granitoid, which revealed

that a large proportion of the zircons (and thus the Hf) recovered from the rock was

inherited from a much older protolith. Thus, the variation in this sample reflects a
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varying amount of inherited material. Furthermore, the monzonitic rocks collected
from the @ksfjord peninsula (RJR-02-40B and 41C) and the diorite from Breivikbotn
(RJR-02-35) have ey values similar to or higher than those of the mafic rocks with

which they are interlayered.

5.3.3. Sm-Nd geochemistry

Sm-Nd geochronological work has been conducted on many rocks in the SIP, and
includes rocks from areas not included in this study (Daly et al., 1991; Mgrk & Stabel,
1991; Cadow 1993). A comprehensive Sm-Nd and Rb-Sr study was also conducted
on the Hasvik pluton by Tegner et al. (1999). It is possible to recalculate this previous
work to the new ages provided in Chapter 4, to detail the **Nd/***Nd character of the
SIP rocks. Furthermore, a small range of rocks were analysed for Sm-Nd isotope
chemistry during this study, including granitoids and nepheline syenites not analysed
by previous studies. These analyses, together with previous work and ages for the

different rocks, are recorded on Table 5.5.

These data show a wide variation in calculated eng Values (Figure 5.9). The most
primitive rocks are the nepheline syenites from Breivikbotn (RJR-03-115 and 116),
and gabbros collected from the island of Stjerngy (Daly et al., 1991; Cadow 1993),

with eng values range from +4 to +5.1 for these rocks.
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Table 5.5. Sm-Nd data for rocks in the SIP

Rock Type Nd/"**Nd Sm/"Nd Age (Ma)  "Nd/"™Nd  &nq
Today Today Initial
This Study
RJR-03-115 Nepheline syenite 0.512450 0.0856 570 £ 2 0.512130 4.4
RJR-03-116 Nepheline syenite 0.512329 0.0588 570 £2 0.512109 4.0
RJR-02-3B Gabbro 0.512366 0.1002 565 + 9 0.511995 1.7
RJR-03-125 Gabbro 0.512423 0.1316 565 + 9 0.511936 0.5
RJR-03-129A Granite 0.511986 0.1179 561 + 4 0.511553 -7.1
RJR-03-129B Granite 0.512022 0.1139 561 + 4 0.511603 -6.1
RJR-03-129C Gabbro 0.512318 0.1295 569 + 9 0.511835 -1.4
RJR-03-129D Orthopyroxenite 0.512206 0.1253 566 * 1 0.511742 -3.3
Mark & Stabel (1991)
031 Gabbro 0.512781 0.1904 560 + 10 0.512095 3.2
032 Gabbro 0.512746 0.1740 560 + 10 0.512119 3.7
043 Gabbro 0.512765 0.1826 560 + 10 0.512107 3.5
033a Gabbro 0.512723 0.1606 560 + 10 0.512144 4.2
033b Gabbro 0.512686 0.1608 560 + 10 0.512107 3.5
042 Gabbro 0.512768 0.1685 560 + 10 0.512161 4.5
028a Gabbro 0.512432 0.1153 569 + 9 0.512002 1.9
09 Gabbro 0.512422 0.1338 569 + 9 0.511923 0.4
Cadow (1993)
LAC20RC Gabbro 0.512508 0.0985 569 + 9 0.512141 46
LACF40KK Gabbro 0.512655 0.1417 569 + 9 0.512127 4.3
LAC102RC Gabbro 0.512693 0.1417 569 + 9 0.512165 5.1
Daly et al. (1991)
oks3wr Gabbro 0.512529 0.1301 569 + 9 0.512044 2.7
sja.kviwr Gabbro 0.512812 0.1697 569 £ 9 0.512179 5.4
Tegner et al. (1999)
Hasvik lower zone  Gabbro 0.512689 0.1604 562 + 6 0.511973 3.6
Hasvik Upper Zone  Gabbro 0.512367 0.1739 562 + 6 0.511727 -3.7
Contaminant Quartzite 0.512528 0.1671 562+ 6 0.511528 -7.5

Note: Values for present day CHUR is taken as ***Nd/***Nd= 0.512638, **’Sm/***Nd=
0.1967, and a decay constant of 6.54 x 10™ (DePaolo & Wasserburg, 1976)
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Figure 5.9- eng values for the rocks of the SIP, recalculated to the age of the rock.

Depleted mantle curve from Workman & Hart (2005), data from table 5.5.

It can also be observed that many of the gabbros in the SIP display a large range of

eng values, ranging from +3 to -4. The data from the Hasvik Gabbro, as provided by

Tegner et al. (1999), show a range from +4 to -4, which has been attributed to variable

crustal contamination. The most evolved rocks in the sequence are the granites RJR-

03-129B and RJR-03-129A, which display what would normally be considered crustal

signatures of eyg =-6 and -7, respectively.
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5.4. Interpretation of results

5.4.1. Major element geochemistry of the SIP mafic rocks

The major element chemistry of a suite of mafic rocks is generally representative of
the mineralogical composition of the rock samples, and thus changes with the mineral
composition of the rock. As such, the bulk chemistry of the starting magma is of great
importance, and different magmas yield different crystallisation sequences depending
on the initial magma composition and processes such as magma mixing and
contamination. However, this is only true for rocks which have crystallised in-situ,
since rocks comprised of cumulus minerals are effectively collections of minerals
formed at disparate times and positions in the crystallising liquid. In the absence of
known parental liquid compositions for the rocks of the SIP, it is useful to investigate
the major element variations present to assess the possible variability of the starting

magmas for different plutons.

Various elements can be considered in relation to the question of multiple starting
magma compositions for the different plutons of the SIP. Figure 5.10 shows the CaO
percentage in the rocks plotted against the Mg# (Mg/(Mg+Fe) for the different rocks.
In this diagram, the stratigraphic trend for the Hasvik Gabbro is plotted, showing how
the cumulus rocks in the layered series in that pluton evolve from the Lower Zone,
through the Main Zone to the Upper Zone, possibly paralleling the fractionation trend
in the original liquid (Tegner et al., 1999). Also shown is the Rognsund Intrusion,
divided into the Contaminated Zone and the Layered Sequence. In general, the three
data sets plot very differently in this diagram- the Hasvik Gabbro has generally higher
Mg numbers than the Rognsund gabbro or the rocks analysed for this study.

Furthermore, the rocks analysed in this study are lower in CaO than the Rognsund
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rocks, but do show some overlap with both the Rognsund Contaminated and Layered

Series rocks.
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Figure 5.10- CaO (%) versus Mg#, for gabbroic samples from Table 5.1. Additional
samples from Hasvik Gabbro (Tegner et al., 1999) and the Rognsund Gabbro (Robins,

1982).
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Mg# versus alkali content for the gabbroic rocks of the SIP is considered in Figure
5.11. It can clearly be seen that the rocks sampled in this study are high in alkalis and
low in Mg compared to the detailed studies of the two gabbros, although the one rock
in overlap between the studies (sample RJR-02-30B from the Upper Zone of the

Hasvik Gabbro) plots amongst the other Upper Zone rocks from this study.

It is clear from these observations that the sample set obtained in this study is not as
representative as could be hoped. Using the classification scheme of Robins &
Gardner (1975), the sample set has only one example of a tholeiitic gabbro (RJR-02-
30B) and no examples of clinopyroxene gabbros. Although Robins & Gardner (1974)
offer no firm geochemical definitions for their rock classification scheme, it is likely
that the gabbros studied in this scheme would all be classified as “syenogabbros”. A
better term for these rocks would be evolved high-alkali gabbros, since they contain
relatively high values of alkali elements and are enriched in Fe compared to Mg. This

term is used in the rest of the discussion.

5.4.2. The trace element variation amongst the mafic rocks of the SIP

It has already been noted that amongst the rocks sampled in this study, there is only
limited trace element variation. This limited variability can also clearly be seen in the
REE profiles for the studied rocks. Another approach to investigating possible linear
relationships between pairs of trace elements is to consider the behaviour of ratios of
elements. Figure 5.12 shows a variety of these ratio plots, wherein the ratio of two
incompatible elements is graphed against the concentration of the less compatible of
the two elements. It can be seen in these plots that none of the data shows a clear

trend, although the rocks generally behave similarly. Importantly, it can be observed
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Figure 5.12- Plots of elemental ratios versus incompatible elements for rocks from the

SIP. Data from Table 5.2.
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Figure 5.13- Zr versus Ce for gabbroic samples from Table 5.1. Additional samples
from Hasvik Gabbro (Tegner et al., 1999) and the Rognsund Gabbro (Robins, 1982).
that the Ba/Rb ratio for the SIP gabbros is extremely variable. A similar observation
can be made for Th, and one gabbro, RJR-03-125, shows an abnormal Ba/La ratio.
Rb and Ba are elements that can be mobile during metamorphism, and it is possible
that these elements have been lost from some of the SIP rocks, an observation
supported by the the re-setting of the Rb-Sr isotopic system in many plutons of the

SIP (Roberts et al., 2006).

Ideally, this data set should be compared with trace element data from the tholeiitic
and clinopyroxene gabbros from the SIP. However, only a very limited set of trace
elements is available for the other gabbros. Figure 5.13 shows the variation of Zr and
Ce within the rocks of the SIP, incorporating data from the Hasvik Gabbro (Tegner et
al. (1999) and the Rognsund Gabbro (Robins, 1980). It can be seen in Figure 5.13
that the high alkali gabbros from this study are enriched in both Zr and Ce compared

to the two gabbros from the literature. However, the limited data sets from the other
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gabbroic suites make it difficult to extend the conclusions from this figure to the SIP

as a whole.

5.4.3. Comparison with REE geochemistry of other layered intrusions

Ideally, the REE geochemistry recorded in cumulus rocks can be linked to the
enrichment of trace elements in the liquid trapped in the intercumulus spaces between
minerals. However, this approach requires knowledge of the original igneous
petrography present in the samples to be investigated. In the case of the SIP gabbros
in this study, that information is not available, having been obscured by the growth of
decompression-related symplectites and recrystallisation of plagioclase (Chapter 2,
Appendix A). All of the rocks in this study have experienced amphibolite facies
metamorphism, as can clearly be seen in the photomicrographs in Appendix A. As
such, it is very difficult to ascertain the original ratio of cumulus minerals to
intercumulus space in these rocks. Since most highly incompatible elements,
including the rare earths, are concentrated into the intercumulus fluid prior to
crystallisation, an estimate of such is required for modelling the trace element
evolution. This lack of a control on the percentage of intercumulus liquid in the
original cumulus rocks means that any form of trace element modelling is necessarily

unconstrained and inconsistent.

In the absence of other gabbros from the SIP to which one can compare the trace
element data, and the lack of suitable petrography, it is instructive to compare the
trace element chemistry of the SIP rocks with other igneous intrusions. It has been
stated above that the high alkali SIP gabbros have extremely high concentrations of

REEs compared to other gabbroic intrusions enriched, and this point is emphasised
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when comparing the SIP gabbros to other layered intrusions. A selection of rocks
from three different layered intrusions has been plotted in Figure 5.14 for comparison
with the SIP gabbros. In Figure 5.14A, eight rocks from the Main and Upper Critical
Zones of the Bushveld Complex in South Africa are plotted (Maier & Barnes, 1998).
The Bushveld Complex is the largest layered intrusion known on Earth, and was
formed through the repeated injections of fresh magma into the magma chamber
(Eales & Cawthorn, 1996). Though the exact degree of crustal contamination involved
in the formation of the Bushveld Complex is unknown, it is generally thought to be
quite high (Harris et al., 2005). In Figure 5.14B, the REE profiles from parts of the
extensively studied Skaergaard Complex in East Greenland are presented (McBirney,
2002). Skaergaard, although relatively small, has been shown to have experience
measurable crustal contamination (Stewart & De Paolo, 1990), and also features the
Sandwich Horizon, a zone wherein the remaining, incompatible-enriched melt left by
bottom-up and top-down crystallisation was trapped. Figure 5.14C shows the REE
profiles from the Bjerkreim-Sokndal Intrusion in southern Norway (Charlier et al.,
2005). Not only is the parental jotunite magma for this intrusion theorised to be
enriched in trace elements, the intrusion itself has undergone crustal contamination

(Tegner et al., 2005).
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Figure 5.15- REE Profiles from selected layered intrusions. A- Bushveld Complex,
data from Maier & Barnes (1998) with some data extrapolated, B- Skaergaard
Complex, data from McBirney (2002), C- Bjerkreim-Sokndal Intrusion, data from
Charlier et al. (2005).
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It is immediatedly clear on examination of these profiles that only two rocks, from the
Sandwich Horizon and the top of Upper Zone in the Skaergaard Intrusion, have REE
abundances that reach or exceed those of the SIP gabbros. The rest of the rocks have
REE abundances lower than those of the SIP rocks. Furthermore, the Skaergaard and
Bushveld Complexes show considerably more relative variation in their REE contents
than the SIP gabbros. If one considers the lowest La value reported for each intrusion
compared to the highest La value for each intrusion, the Bushveld shows a 10-fold
variation, the Skaergaard Complex a 30-fold variation, the Bjerkreim-Sokndal

Intrusion a 3-fold variation and the SIP gabbros a 4-fold variation.

If the SIP gabbros are enriched in REEs relative to other layered intrusions, then it is
perhaps appropriate to compare their trace element abundances not only with layered
intrusions, but with ocean island basalts (OIB) which are enriched compared to the
mid-ocean ridge basalts (MORB). The liquids parental to many continental layered
intrusions are often considered to be similar to those parental to MORB (e.g. Halama
et al., 2004; Tegner et al., 2005). Halliday et al. (1995) and Allegre et al. (1995)
presented large data of OIB analyses, and Allégre et al. (1995) also presented a set of
averaged MORB analyses. Although the REE dataset for these samples is minimal, it
is of interest to plot the SIP gabbros alongside these oceanic basalts for a variety of

elements, as can be seen in Figure 5.15.

In this figure, it can be noted that the SIP gabbros generally plot in the same field as

the OIBs, rather than with MORB or the other layered intrusions. However, it can be

shown that the Rb and Th data from some SIP gabbros are often lower than the
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Figure 5.15- Comparison of SIP gabbros with oceanic basalts and layered intrusions.
OIB data are taken from Halliday et al. (1995) and Allegre et al. (1995), MORB data
are taken from Allégre et al., (1995), and layered intrusion data are taken from
Charlier et al (2005), Maier & Barnes (1998) and McBirney (2002).

general OIB trend, which may indicate that these elements have been removed from

the SIP rocks during metamorphism. Tying all these threads together, it is possible to

confirm that the SIP gabbros analysed in this study have trace element abundances

which are anomalous compared to other gabbroic sequences in well-known layered

intrusions such as Skaergaard and the Bushveld. Owing to the over-representation of

the high alkali gabbros in the current data set, this conclusion can only tentatively be
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extended to the whole SIP. However, it should be remembered that the SIP gabbros
are spatially and temporally associated with relatively large volumes of alkaline
magmatism, including nepheline syenites and carbonatites, which are generally
considered to be trace element enriched and sourced in volatile-enriched mantle

regions, which lends credence to the analysed abundances.

5.4.4. The isotopic variation amongst the rocks of the SIP

It is clear from figures 5.8 and 5.9 that the rocks of the SIP show considerable
variation in their isotopic signatures. Both the Sm-Nd and Lu-Hf systematics show
that the rocks range from mantle to crustal values. In the case of the Hasvik Gabbro,
for which a complete profile is available (Tegner et al., 1999), it can be seen that this
variation can be modelled in terms of crustal contamination of the starting magma
composition, causing a change in eng from +4 to -4. It is a logical conclusion that
similar processes may have affected the other plutons in the SIP, and much of the

variation in the SIP can be explained through such a mechanism.

The highest ey values sampled are present in the nepheline syenites and carbonatites
of the SIP. The volatile-rich nature of these magmas makes it hard for them to
assimilate any significant amount of material, and these rocks are generally consider
to preserve the mantle signature of their source (Bell & Blenkinsop, 1987).
Correlating this observation with the Sm-Nd data, it can be seen that gabbros sampled
from Stjerngy (Daly et al., 1991; Cadow, 1993) have eng values which overlap with
the eng Values for the SIP nepheline syenites. These gabbros are emplaced into pre-
existing gabbro and do not abut country rocks at any point, which limits the possible

crustal contamination possible for such rocks after emplacement. This is a strong
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indication that the source region for these gabbros is the same as that for the nepheline

syenites, and it is likely, considering the close spatial and temporal relationships

between the different rocks of the SIP, that the SIP magmatism was all sourced in the

same mantle region. Such a mantle region would appear to have a depleted mantle

signature.

It is possible to consider the question of contamination amongst the zircons of the SIP

by considering the variation in the isotopic signatures for the two isotopic signatures

more carefully. Figure 5.16 shows the variation in *"’Hf/*"°Hf relative to the variation

in 1/Hf, and figure 5.17 shows the same variation in ***Nd/***Nd versus 1/Nd. A third

figure, 5.18, shows the covariation between the two systems for the limited range of

rocks for which both sets of data are available.
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Figure 5.16- *""Hf/*"®Hf versus 1/Hf for rocks of the SIP, data from table 5.4.
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Figure 5.18- Y"Hf/*"°Hf versus ***Nd/***Nd for rocks for rocks of the SIP.
It can clearly be seen in these diagrams that there is significant variation in both
isotopic systems. In the absence of analyses from potential contaminants such as the

country rocks surrounding the different intrusions, forward modelling of the AFC
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processes in these rocks was found to be unconstrained, owing to the lack of
information on potential contaminants. However, the forward modelling clearly
indicated that a single set of AFC parameters, such as that present by Tegner et al.
(1999), is insufficient to explain the variation present in the SIP, and it is also clear
from the figures above that a single contaminant as suggested by Tegner et al. (1999)
Is unable to account for the variation in rocks such as RJR-03-129D. Thus, in the

treatment of the isotopic data below, a qualitative approach to the data was taken.

Tegner et al. (1999) suggested one possible contaminant for the Hasvik Gabbro. This
contaminant has a ***Nd/***Nd value close to that of granite RJIR-03-129A, and this
granitoid is used to extrapolate the suggested contaminant to all three diagrams. The
nepheline syenites are taken to represent the isotopic composition of a possible mantle
source. If one considers the assimilation-fractional contamination (AFC) projections
given by De Paolo (1981) relative to these diagrams, it can be seen that the suggested
contaminant cannot be the only contaminant involved in the contamination of the SIP
rocks. It is especially apparent that RJIR-03-129D, an orthopyroxenite, which plots
close to the suggested contaminant, would have to comprise primarily crustal material
in order to satisfy the demands of AFC calculations using the contaminant suggested
by Tegner et al. (1999). If AFC processes are to be the driving mechanism behind the
variation amongst the SIP gabbros, then several contaminants are likely to be

involved.

Another important conclusion to draw from the isotopic data is that not all the gabbros

investigated in this study have isotopic signatures indicative of considerable crustal
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contamination. This has implications for the interpretation of the trace element

profiles detailed above.

5.4.5. The relationship between the intermediate and the mafic rocks of the SIP
Intermediate, feldspar- and quartz- rich igneous rocks such as monzonites and diorites
are generally considered to be the products of the melting of crustal materials, rather
than the direct products of mantle-derived magmas. The separation of significant
quantities of felsic melt from a mafic melt is unfeasible on petrologic grounds, and a
mafic melt can be expected to produce less than 5% felsic melt by volume by
fractionation (Hess, 1985). Thus, it should be expected that in the case of the SIP,
where 10% of the rocks are felsic, the felsic rocks associated with the SIP would be

crystallised from crustally derived melts.

This is patently not the case in the dataset presented. Not only are most of the
monzonites and diorites sampled indistinguishable from the mafic rocks in terms of
REE profiles, but the intermediate rocks also have mantle isotopic signatures,
commonly more primitive than the associated mafic rocks. Since these rocks are
difficult to contaminate owing to their silica-rich nature, this “mantle” signature can
be considered to be that of the crustal rocks from which the melt parental to the
intermediate rocks was derived. These rocks can readily be contrasted to the single
granite body sampled in this study, which has a crustal isotopic signature and a

different REE profile to the other intermediate rocks.

Another significant feature of these rocks is the positive Eu anomaly present in most

of the profiles. A rock derived from the melting of crustal material should show a
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negative Eu anomaly. A positive anomaly in a mafic rock would normally be
interpreted as indicative of a high cumulus plagioclase content. Although the felsic
rocks are commonly rich in plagioclase, it is unlikely that significant separation and
accumulation of plagioclase would occur in a high viscosity felsic melt. An alternative
explanation for the positive Eu anomaly could be that the Eu anomaly represents the

trace element content of the source rocks

If the intermediate rocks are not the direct products of mafic melts, then the most
likely explanation for the similarities between the mafic and intermediate rocks is that
the intermediate rocks are the products of melted mafic material, i.e. the intermediate
rocks form through the melting of previously emplaced and solidified SIP gabbro.
Such a process will preserve the mantle isotopic signal and the rare earth profile in the
rocks, and it is known that the SIP gabbros were emplaced over several million years
(Roberts et al., 2006). This theory does need to be confirmed by detailed petrographic
and mineralogical investigation of the intermediate and the mafic rocks, and

especially of the plagioclase minerals present in both rock types.

5.5. Discussion

The data presented here indicate that the high alkali gabbros in the SIP are enriched in
trace elements relative to other mafic intrusions, and contain levels of trace elements
more indicative of ocean island basalts than of continental layered intrusions. In
comparison, of the layered intrusions commonly considered to have been derived
from depleted mantle sources, only the Sandwich Horizon and the top of the Upper
Zone of the Skaergaard Complex (McBirney, 2002) have similar levels of enrichment

in the REEs and other trace elements. These represent, respectively, the repository for
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late-stage, highly evolved magmatic fluid enriched in incompatible elements, and a
heavily contaminated zone in which up to 20% by mass of the rock present is derived

from sedimentary sources (Stewart and De Paolo, 1990).

In contrast, the dataset from the SIP comprises samples from several spatially distinct
plutons, with most samples displaying the growth of spinel-orthopyroxene
symplectites after olivine, indicative of an olivine-bearing mineral assemblage. These
rocks do not contain significant apatite or zircon that would indicate that they were
formed from a highly differentiated magma, and so are not similar to the Sandwich
Horizon in Skaergaard. Furthermore, the homogeneity of the SIP gabbros argues
against high degrees of fractional crystallisation. It has been observed that in the
limited datasets consulted from both Skaergaard and the Bushveld that the variation in
REE content in both these complexes is significantly more than amongst the SIP
gabbros, each of which can be expected to have undergone its own, unique magmatic

evolution after emplacement.

It should noted that the trace element contents of cumulus rocks is directly related to
the percentage of melt trapped in the intercumulus spaces within the rock. Thus, it is
possible that the enriched nature of the SIP rocks could be related to a high proportion
of trapped liquid in the cumulates of the SIP plutons. This is difficult to ascertain on
the mineral assemblages currently present in the rocks, as these assemblages have
experienced significant metamorphism since emplacement. However, it is unlikely
that all the rocks in this study, derived from numerous different plutons, would all

contain similar amounts of trapped liquid.
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If the fractional crystallisation of a magma derived from the depleted mantle is
insufficient to explain the enrichment of the SIP gabbros, it is appropriate to consider
whether the crustal contamination of mantle-derived magmas would have resulted in
the trace element enrichment present in the rocks. Crustal rocks are generally enriched
in incompatible trace elements and REEs, and Tegner et al. (1999) postulated that at
least one pluton in the SIP, the Hasvik Intrusion, had undergone significant crustal
contamination. De Paolo (1981) pointed out that while a magma generally has
sufficient energy from the latent heat of crystallisation to melt a large portion of
country rock, its ability to assimilate large quantities of such melt is limited by a
variety of factors such as the size of the intrusion and its surface area, which
determine the rate of assimilation and the rate of cooling. As such, it can be argued
that if the same magma was emplaced into a variety of differently shaped chambers in
different volumes, the amount of assimilation-fractional crystallisation (AFC) each
magma chamber will undergo may differ greatly (e.g. Davidson et al., 2002). Tegner
et al. (2005) noted that between three different essentially basaltic gabbroic intrusions,
radically different rates of assimilation and volumes of assimilated material were

present.

The homogeneity of the REE element data from the SIP does not fit comfortably with
the isotopic variation observed in the rocks of the SIP. Whereas the REE content of
the high alkali SIP gabbros is extremely uniform, the isotopic ratios in the SIP
gabbros vary greatly, from mantle values to crustal values. Tegner et al. (1999) noted
such large variations within a single pluton in the SIP, and ascribed the process to
progressive contamination of an essentially basaltic magma derived from the depleted

mantle. A similar range of isotopic values has been noted amongst chemically similar,
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but isotopically diverse ocean island basalts (e.g. Halliday et al., 1995; Allegre et al,
1995), and ascribed to differences in the isotopic signatures between otherwise
homogenous mantle sources. Both of these hypotheses need to be considered in the

light of the data presented here.

The idea that the plutons of the SIP are derived from a wide variety of isotopically
diverse mantle sources similar to ocean island basalts is not considered reasonable,
since all the plutons are constrained to a very limited area, and any magmas derived
from the mantle below the SIP can reasonably be expected to have interacted and re-
equilibrated with the surrounding mantle rock during their ascent (O’Hara &
Herzberg, 2002). The isotopic variation amongst the SIP gabbros is much more
readily explained by positing a single depleted mantle source, as evidenced by the
overlapping isotopic values for the alkaline rocks from Breivikbotn and gabbros from
Stjerngy, which has been modified by assimilation of crustal material during or after

emplacement.

In a comprehensive study of the Hasvik Gabbro, Tegner et al. (1999) posited that the
assimilation of a large amount of country rock adjacent to the Hasvik pluton was
responsible for the contamination. The contaminant suggested by Tegner et al. (1999),
a melt derived from quartzofeldspathic gneisses adjacent to the Hasvik Intrusion, will
have contained abundant incompatible elements, the addition of which to a basaltic
magma should be readily apparent in the REE profiles and trace element data
presented above, especially in the quantity (20% of the Hasvik Intrusion by volume)
suggested by Tegner et al. (1999). However, it is possible that whereas cumulus

minerals crystallising from a contaminated melt retain the contaminated isotopic ratio,
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the cumulates formed in the chamber do not trap sufficient liquid for the enriched
trace element characteristics of the liquid to be retained in the trace element
abundances in the crystalline rock. This would, however, contradict the idea that the
trace element contents of the SIP rocks reflect a high percentage of trapped liquid in
the original cumulus rocks. Therefore, the current data set implies that the trace
element enrichment in the rocks of the SIP is a primary feature of the parental

magmas, rather than a secondary feature introduced by AFC processes.

It has been noted that the dataset used in this study shows a number of differences
with previously analysed data from the Hasvik and Rognsund Gabbros. This makes it
difficult to compare the REE profile from the Hasvik pluton with the other profiles in
the dataset. It has been noted that despite the similarities in the REE profiles of the
high alkali gabbros, some of the gabbros display uncontaminated isotopic signatures.
This contradicts any hypothesis in which random sampling has resulted in a data set
comprising only heavily contaminated gabbros. If crustal contamination of the high
alkali gabbros is present in the isotopic data but not in the trace element data, the
implication is the volume of assimilated material is either small or that the
contaminant is depleted in trace elements. However, if only a small volume of
material is to be assimilated, then the contaminants involved in the process should
have a distinctly different isotopic signature from the SIP source in order to produce
the large range of isotopic variation present in the SIP gabbros. Although the Klubben
Quiartzite country rocks, into which the Hasvik Intrusion is emplaced, are of
Proterozoic age (1.8 Ga; Kirkwood & Daly, 20034), most of the other intrusions on
the @ksfjord peninsula are emplaced into the slightly older Eidvageid gneiss

(Akselsen, 1982). This gneiss comprises both ortho- and paragneissic horizons, and
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has been metamorphosed to granulite facies and provides a likely source for the

contamination of the SIP magmas.

The enriched nature of the SIP gabbros must still be addressed. If crustal
contamination was not the contributing factor to the production of such enrichment,
then the enrichment must have been inherent to the original magma prior to
emplacement. The limited variation amongst the REE content of the SIP gabbros is
similar to that observed in ocean island basalts (Halliday et al., 1995; Allegre et al.,
1995), in which case the limited variation is ascribed to a two-component lower
mantle source below the garnet stability field, in which only one mineral species,
pyroxene, undergoes small fractions of melting, and the melt is extracted rapidly

without time to re-equilibrate with the surrounding mantle.

Furthermore, the SIP comprises numerous carbonatitic and alkaline intrusions that are
generally coeval with the mafic magmatism (Chapter 4), so the mantle source area for
the SIP must have been enriched in volatiles and especially CO, at some stage in its
evolution. Mantle metasomatism is commonly mentioned in conjunction with the
production of such volatile-rich magmas (Bell & Blenkinsop, 1987), and has also
been posited as a possible model for the production of ocean island basalts (Pilet et
al., 2005). Therefore, variable metasomatism of a lower mantle region could have
produced both the alkaline rocks and the mafic rocks of the SIP, and could explain the
enriched nature of the SIP gabbros. Such metasomatism could occur during the ascent
of a mantle plume, but, considering the close association between carbonatites and rift
zones, it is likely that the metasomatism occurred as a response to extension in either

a rift or a back-arc setting.
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This study has shown that the SIP magmatism is considerably variable in its

geochemical character. Investigation of the variation in the sampled rocks relative to

other rocks has highlighted the need for detailed geochemistry and petrography on a

much wider variety of gabbroic rocks than has previously been undertaken, and the

scope of this discussion is mainly limited to the high alkali suite of gabbros in the SIP.

More data from not only this suite but the tholeiitic and clinopyroxene suites would

greatly enhance the conclusions drawn from this limited dataset, and aid in

understanding the evolution of the SIP better.

5.6. Summary of Geochemical and Isotopic Data

1)

2)

3)

4)

5)

The Seiland Igneous Province comprises mafic, intermediate and alkaline rock
types of the same age.

The mafic rocks sampled in this study appear distinct from tholeiitic and
clinopyroxene gabbros previously studied in the SIP, and are considered to be
high alkali gabbros, containing >3% alkalis in contrast to the <3% alkalis
present in the Hasvik and Rognsund intrusions.

The mafic rocks sampled in this study from several different plutons show
homogeneous REE profiles, but are isotopically diverse.

The ey and eng values for the gabbroic rocks range from +8 to -6 and from +4
to -4 respectively. Most intermediate rocks show depleted mantle isotopic
values.

The gabbroic rocks are highly enriched not only in the rare earth elements but

also in other trace elements. The trace element concentrations preserved in the

141



6)

7)

8)

9)

rocks are similar to those in ocean island basalts, and significantly higher than
those in the Skaergaard, Bushveld and Bjerkreim-Sokndal intrusions.

These observations are not compatible with either a range of mantle sources or
with the variable contamination of a single mantle-derived magma.

It is hypothesised that these rocks are formed from a melt produced from a
metasomatised mantle source.

During emplacement, this parental melt was contaminated by the assimilation
of small amounts of ancient crustal material, so as to preserve the original
trace element concentrations.

Such a hypothesis is compatible with emplacement in an extensional tectonic

setting such as intracontinental rifting or back-arc extension.
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Chapter 6: Revisiting the metamorphic history of the SIP- towards a new

tectono-metamorphic model

6.1. Introduction

Geochronology and metamorphic petrology are two complementary fields of study
when dealing with areas with a long and complex history of deformation. Until this
study, the age chronology for the SIP was both lacking and misleading (Chapter 1 and
4). Therefore, metamorphic studies on the area, although based on robust data, have
come to conclusions as to the tectono-metamorphic history of the SIP that are

inconsistent in the light of the data presented in this thesis.

In previous chapters, the following conclusions have been reached:

- The SIP was largely emplaced between 560 Ma and 570 Ma, with
some alkaline magmatism occurring as late as 520- 530 Ma.

- The setting for the SIP magmatism was most likely extensional rifting,
possibly in an intra-continental setting.

- There is evidence from the U-Pb zircon systematics for a metamorphic
event affecting the nepheline syenites of the SIP at 420 Ma, resulting in
the growth of new zircon and Pb-loss from existing zircon.

- There is no evidence for any other metamorphic events recorded in the

zircon systematics.

These conclusions clash with previous interpretations of the evolution of the SIP. The

oldest ideas for the evolution of the SIP posit that the SIP was emplaced sequentially
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during a series of Cambrian compressional tectonic events (Sturt et al., 1978; Ramsay
et al., 1985). This chronology was based on K-Ar and Rb-Sr dating, which produced
ages that were too young for the SIP. Newer ideas for the SIP, based on Sm-Nd and
Rb-Sr ages, hypothesise a 300 m.y. period of extensional magmatism from 850 Ma to
550 Ma (Reginiussen, 1996), after which several metamorphic events affected the SIP
in the Late Precambrian and Early Cambrian periods (Elvevold & Andersen, 1993,
Elvevold et al, 1994). These older models therefore need revision in the light of the

new data.

This chapter does not aim to produce a comprehensive new overview for the
metamorphic evolution of the SIP, but rather aims to re-examine and revise the
existing metamorphic understanding of the SIP in the light of the new information
gathered during the course of this study. One new set of U-Pb age data is presented,

and used to disprove part of the previous metamorphic work.

6.2. Previous metamorphic work on the SIP

6.2.1. Pressure and temperature estimates from contact metamorphic aureoles.
Contact metamorphism accompanying the emplacement of the SIP is preserved in the
aureoles of many plutons. Various authors working on the different plutons of the SIP
have offered estimates of the temperatures and pressures during contact
metamorphism. Most of the estimates are empirical and based on correlating the
observed metamorphic assemblage with theoretical mineral stability curves, although
some of the later work (Tegner et al., 1999) is based on direct microprobe analyses of

the minerals present in the metamorphic aureoles of the plutons.
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Sturt and Taylor (1971) used a variety of mineral stability curves to constrain the
contact metamorphic aureole of the Storelv Gabbro to 7- 9 kbar, based on the
presence of kyanite, sillimanite, cordierite, and staurolite in the gneisses adjacent to
the gabbro. Bennett (1974), working with the Reinfjord Ultramafic Complex, gave a
minimum pressure of 5.5 kbar for contact metamorphism, based on the co-existence
of kyanite and sillimanite in the country rock. Speedyman (1983) also reports the
coexistence of kyanite and sillimanite in the country rocks to the Husfjord Complex,
and reports a pressure in excess of 5.5 kbar. In all these cases, only a pressure
estimate is given, although temperatures required for the formation of the various
mineral assemblages are in excess of 500° C (e.g. Sturt & Taylor, 1974; Bennett,
1974; Robins et al., 1990). These studies also assumed that the country rocks hosting
the intrusions have not been metamorphosed before, or have been completely
overprinted by the contact metamorphism. Considering the identification of much
older magmatic (Daly et al., 1991) and metamorphic (Corfu et al., 2006) events than

the SIP in the Kalak Nappes, this assumption is not necessarily warranted.

Robins et al. (1990) reported that the aureole of the Lille Kufjord gabbroic pluton
showed two distinct metamorphic assemblages. A quartz-hercynite assemblage is
overgrown by garnet and sillimanite. The early assemblage was held to represent the
peak of metamorphism, at >770° C, with the later assemblage of garnet and cordierite
representing the equilibrium assemblage attained during cooling, at temperatures

around 650- 700°C and pressures between 5.4 and 8.2 kbar (Robins et al., 1990).

Elvevold et al. (1994) reported extensive microprobe work on contact metamorphic

assemblages grown in contact-metamorphosed xenoliths within the @ksfjord gabbros,
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as well as on spinel-quartz porphyroblasts within paragneisses adjacent to the
gabbros. In their study, pressure and temperature during contact metamorphism
accompanying the SIP magmatism are given as 5- 6.5 kbar and 930- 960° C
respectively, using garnet-orthyproxene geothermobarometry (Elvevold et al., 1994).
Reginiussen, in unpublished work (1996), and in a subsequent paper (Tegner et al.,
1999), reports that the aureole of the Hasvik Intrusion records a pressure of 6- 7.5
kbar with temperatures around 875°C, based on geothermobarometric calculations on
a mineral assemblage including orthopyroxene, spinel, cordierite, corundum and

garnet.

In general, pressure estimates for the contact metamorphism caused by the intrusion
of the SIP range between 5.5 and 9 kbar, with most estimates between 5.5 and 7 kbar.
This would indicate that the SIP gabbros were emplaced into the crust at a depth of
between 20 and 30 km. However, the temperature estimates given by the various
studies are only consistent in that most postulate a temperature in excess of 500°C.
Temperature is a function of the distance from the intrusion to the contact
metamorphosed rock, and the thermal conductivity of the rock itself, and different
lithologies may thus record different temperatures. It should be noted that the highest
estimates of temperature during contact metamorphism are obtained from xenoliths
completely enclosed in mafic rock (Elvevold et al., 1994; Reginiussen, 1996), which
Is not unexpected considering that such xenoliths would have been exposed to the

greatest heat from the intrusions for the greatest period of time.
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6.2.2. Regional metamorphic studies on the SIP

Although it is generally accepted that the igneous rocks of the SIP have seen upper
amphibolite facies metamorphism (Sturt et al., 1978; Ramsay et al., 1985; Tegner et
al., 1999), very little work has been done on this post-emplacement phase of
metamorphism. However, two studies have attempted to quantify the post-
emplacement metamorphism of the SIP. Elvevold & Andersen (1993) reported fluid
inclusion data from a variety of rocks within the SIP. Elvevold et al. (1994) reported
electron microprobe geothermobarometry from rocks in the SIP. Both papers

identified the following three stages of metamorphism:

- M1- Contact metamorphism preserved in xenolithic rafts of paragneiss
within metamorphosed gabbro. This assemblage is marked by
orthopyroxene, garnet, plagioclase, K-feldspar, hercynite spinel,
ilmenite, and sometimes cordierite within the xenoliths. This phase is
associated with pure CO; inclusions, and took place at temperatures of
750- 950°C and pressures of 5 kbar.

- M2- Regional metamorphism at some point between 850 Ma and 550
Ma. This phase of metamorphism is responsible for the formation of a
foliation in both the paragneiss and the gabbros. This metamorphic
event is marked by the presence of clinopyroxene, orthopyroxene,
plagioclase, ilmenite and sometimes hornblende in the mafic rocks of
the SIP, and garnet, sillimanite, orthopyroxene, k-feldspar, quartz,
plagioclase, biotite and ilmenite in the paragneisses adjacent to the

gabbros. Fluid inclusions with a mixed CO,-N, composition mark this
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phase of metamorphism. Temperatures of 700- 750°C and pressures of
5- 7 kbar are estimated.

- M3- Regional metamorphism after 500 Ma. This phase of
metamorphism is limited to narrow ductile shear zones, and is marked
by the overgrowth of new minerals on the M2 assemblage. This phase
of metamorphism is marked by garnet, clinopyroxene, orthopyroxene,
plagioclase, rutile and quartz in the gabbros, and garnet, kyanite,
quartz, plagioclase, K-feldspar, biotite and rutile in the paragneisses.
This event is linked to pure N, inclusions in late- stage garnet.

Temperatures of 650- 700°C and pressures of 8- 10 kbar are estimated.

This metamorphic scheme, although intricate and based on a significant amount of
electron microprobe data, does not fit with the conclusions reached during this study.
The previous metamorphic work is based on two assumptions that can be questioned:
- Metamorphic events M2 and M3 are based on the correlation of
metamorphism in the gabbros with metamorphism in the paragneisses.
If the paragneiss is much older than the gabbros, the metamorphic
assemblages present in the rock may be related to earlier metamorphic
events.
- The time gaps postulated in this scheme are based on flawed
geochronology. If only two significant metamorphic events have
affected the SIP, it is possible that either M1 and M2, or M2 and M3,

represent different parts of the same metamorphic event.
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6.3. Results from U-Pb age dating of @ksfjord paragneiss

The paragneissic body sampled by Elvevold et al. (1994) and used to defined the
metamorphic phases M2 and M3 is found as a long ribbon of gneissic material
running through the @ksfjord peninsula (Figure 6.1). This paragneiss is a highly

foliated, garnetiferous rock in outcrop (Fig. 6.2).

Q kaj O rd 0 fegend M Paragneiss

| 22°13'05"E Clacier . Ullrarmafic rock

——— Feut Mafic Rock
——Rood [ Metcsedrment

RJR-02-40B 70°15'N

Figure 6.1- Map of the @ksfjord peninsula, showing the paragneiss sampled by
Elvevold et al. (1994), and the position of the sample taken for this study.
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Figure 6.2- Paragneiss, as developed at location RJR-02-4. The paragneiss hosts mafic
dykes which has experienced post-emplacement strain, resulting in a boudinaged
structure.

One sample of the paragneiss, RIR-02-4, was analysed for U-Pb ID-TIMS dating
(Table 6.1). Five fractions of zircon and two monazites were analysed. The zircons
are extremely discordant, with a lower intercept of 592 + 190 Ma and an upper
intercept of 1459 + 360 Ma (Fig. 6.3). The lower intercept is similar in age to the SIP,
and the upper intercept is similar to the proposed age for Klubben Quartzite (Kirkland
& Daly, 2003), but the age is extremely imprecise. However, more importantly for the
matter at hand, two monazites retrieved from the paragneiss are concordant. These

two monazites plot at 641 and 635 Ma, and are considered to represent an age of

metamorphic mineral growth in the rock.

150



Table 6.1: U/Pb analyses of Oksfjord paragneiss

RJR02-4B

Footnotes
a

® Q O T

No. Type Weight u Th/U?° Pbcom’
[ug] [ppm] [pal
A 1 small brown zircon 1 637 3.56 0.9
B Several small clear zircons 10 416 0.27 3.6
C Several small brown zircons 3 249 0.53 3.5
D Euhedral brown fragments 6 279 0.20 274
E Elongated fragments 2 406 0.37 0.9
M1 Monazite 1 8958 7.63 49.5
M2 Monazite 1 781 6.66 7.3

Model value calculated from 208Pb/206Pb ratio and the age of the sample
Total common lead, including analytical blank and initial common lead in the sample

Corrected for spike contribution and fractionation

ZUSPb/2U4Pb c 207Pb/235Pb d 206Pb/238Pbd I‘hO 207Pb/206Pbd 207Pb/206Pb
Age (Ma)®

7100 1.6416+0.00760 0.15007+0.0068 0.890 0.07934+0.00017 901.3

10459 1.5408+0.00365 0.14463+0.0003 0.936 0.07726+0.00006 870.8

1996 1.5359+0.0075 0.14716+0.00062 0.890 0.0757+0.00017 885.0

493 1.233910.0097 0.12413+0.00058 0.550 0.07209+0.00048 754.3

7393 1.2493+0.0053 0.12672+0.00049 0.930 0.0715+0.00011 769.1

1191 0.8697+0.004 0.1035+0.00044 0.760 0.06094+0.00019 634.9

719 0.8797+0.0081 0.1045+0.00041 0.680 0.06106+0.00041 640.7

Corrected for spike contribution, fractionation, blank and initial common lead (as calculated from Stacey and Kramers, 1975), errors reported at 20

20 absolute errors reported in Ma
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Figure 6.3- Concordia plot for zircons and monazites from paragneiss RJR-02-4.

6.4. Discussion

6.4.1. Metamorphism of paragneiss RJR-02-04
Paragneiss RJR-02-04 clearly records metamorphism that is much older than the
emplacement of the SIP. Two monazites plot concordantly at 630- 640 Ma, similar to
ages derived from granitoids on Porsanger (Corfu et al., in press), in a rock that is at
least Mid-Proterozoic in age. This leads to two conclusions:
- The paragneiss has experienced metamorphism prior to the
emplacement of the SIP
- Metamorphism and magmatism accompanying the SIP, and subsequent
metamorphic events, has not been sufficient to reset the age given by

the monazites in the paragneiss.
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Under the metamorphic scheme postulated by Elvevold et al. (1994), the oldest
metamorphic assemblage in the paragneiss was deemed to be related to the intrusion
of the SIP. The new monazite data makes it clear that this was not the case. Therefore,
it is inappropriate to use metamorphic petrology from the paragneiss in conjunction
with metamorphic data from the metamorphosed mafic rocks of the SIP, as
metamorphic events cannot be reliable correlated between the older paragneiss and

younger gabbros.

6.4.2. Reappraising the M2 metamorphic event

If the geothermobarometry from Elvevold et al. (1994) is re-evaluated without
including any data from the @ksfjord paragneisses, then a radically different view of
the metamorphic history of the SIP emerges. Of the three metamorphic events
recognised by Elvevold et al (1994), the event most dependent on data from the
paragneiss is the M2 event. A garnet-orthopyroxene thermometer (Powell and
Holland, 1988) and a garnet- Al,SiOs- plagioclase- quartz barometer (Hodges &
Crowley, 1985) from the paragneisses, supported by two-pyroxene thermometry from
the gabbros (Powell and Holland, 1988), originally defined M2 metamorphic
pressures and temperatures of 5-7 kbar and 700- 750°C, respectively. Excluding the
paragneiss data leaves only a temperature estimate of 700- 750°C for the M2 event.
This temperature range is similar to the temperatute range postulated for the later M3
event (Elvevold et al., 1994), and removes the necessity to consider the M2 event as a

metamorphic event distinct from either M1 or M3.
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6.4.3. A metamorphic model for the SIP

The U-Pb systematics preserved in the zircons of the Breivikbotn Alkaline Complex

(Chapter 4) indicate that only one episode of metamorphism postdates the

emplacement of the SIP in the Kalak Nappes. As the identification of M1, a contact

metamorphic event, is constrained to data obtained from xenolithic rafts in the

gabbros of the SIP, it seems likely that the mineral assemblages M2 and M3, as

preserved in the igneous rocks of the SIP and identified by Elvevold et al (1994),

represent the same metamorphic event. Thus, a model for the metamorphic history of

the SIP that best fits the available data is the following:

1)

2)

3)

The sediments forming the Kalak Nappe Complex were originally
deposited at or before 1800 Ma (Kirkland & Daly, 2003; Corfu et al.,
in press), and deformed and metamorphosed at least once, at 630- 640
Ma (MO- P, T conditions unknown, but sufficient to allow the growth
of monazite).

The igneous rocks of the SIP were emplaced during extensional rifting
at 560- 570 Ma, at pressures of 5.5- 7kbar (20-30 km depth). Contact
metamorphism accompanied the emplacement of the SIP plutons, with
local temperatures between 500 and 900°C (M1).

Subsequent to the emplacement of the SIP, the Kalak Nappes were
involved in the Scandian (420 Ma) phase of the Caledonian Orogeny.
During this event, the rocks experienced a pressure increase, and peak
metamorphic conditions are estimated at 650- 750°C and 8-10 kbar

(M2).
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This new model needs to be evaluated thoroughly by careful petrological
investigation, but is considered a more reasonable model of the evolution of the SIP

than the previous three-stage model presented by Elvevold et al, (1994).
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Chapter 7- Conclusions

The Seiland Igneous Province is hosted as a discrete terrane within the northernmost
part of the Caledonian orogenic belt. The Province consists of numerous mafic and
ultramafic plutons emplaced into a sedimentary succession indicative of a continental
setting. The plutons are relatively small in area, but are numerous, with more than ten
discrete mafic plutons and five large ultramafic bodies having been detailed in the
literature. Accompanying this mafic magmatism is a significant volume of
intermediate monzonitic and dioritic rock (10% of the total exposed igneous rock), as
well as numerous nepheline syenite and carbonatitic intrusive material. This alkaline
rock is present in both discrete complexes and as distributed dykes, and is generally
crosscutting in its relationship with the mafic plutons that host this magmatism. This
collection of mafic and ultramafic plutons and their associated intermediate and

alkaline intrusions has been interpreted in several different ways in the past.

Previous geochronological studies have yielded inconsistent results for different
plutons within the Seiland Igneous Province. This study reports ID-TIMS U-Pb
analyses on zircon and lesser monazite from a variety of different igneous rocks
across the Province. Whereas previous studies had produced a range of ages between
420 Ma and 830 Ma, this study has shown that primary igneous zircons from not only
the mafic plutons but also monzonitic, granitic and alkaline intrusions from @ksfjord
and Sgrgy are all of similar ages. These analyses, from rocks previously considered to
be of different ages (age spans of up to 300 m.y.), indicate that the bulk of the Seiland
magmatism took place between 560 Ma and 570 Ma. These data contrast with the

previous isotopic work. For instance, Sm-Nd analysis of the Hasvik Gabbro produced
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an age of 700 Ma, which can be contrasted with the age of 562 Ma obtained from
zircons from the intrusion. The age data thus indicate that only one magmatic episode
is represented in the rocks of the Seiland Igneous Province, invalidating previous

models involving multiple rifting events over a period of 300 m.y.

Furthermore, the close spatial and temporal relationship between the mafic
magmatism and the alkaline magmatism that generally crosscut the mafic plutons
indicates that the most likely setting for the emplacement of the Seiland Igneous
Province is an extensional setting, possibly in an intracontinental rift or in a back-arc
setting. It is also apparent from the age of the magmatism and the age of the sediments
into which the magma was emplaced that the Seiland terrane need not be para-

authochthonous to the Baltican mainland, and could easily be allochthonous in origin.

The contemporaneous nature of the magmatism is important to bear in mind when
considering the geochemical characteristics of the Seiland Igneous Province. Previous
studies had divided the mafic plutons into three different classes on structural,
chronological and petrological grounds. This study has shown that this classification
is relevant and can be sustained on geochemical grounds. The detailed investigation of
several plutons from an evolved high alkali suite of gabbroic intrusions has shown
that these plutons are generally enriched in rare earth elements and other trace
elements compared to layered intrusions from other areas across the globe, but that
geochemically the gabbros are relatively homogenous, far more than would be
expected from a suite of plutons undergoing relatively dissimilar fractionation and

emplacement processes.
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This chemical homogeneity can be contrasted with the isotopic heterogeneity of the
mafic plutons. The rocks yield Lu-Hf and Sm-Nd isotopic values that range from
mantle to crustal values, with those plutons insulated from the surrounding country
rock showing the most primitive isotopic values (the eys and eng Values for the
gabbroic rocks range from +8 to -6 and from +4 to -4, respectively). The most
primitive isotopic values are similar to those obtained from the carbonatites and
nepheline syenites associated with the igneous province, which indicates that a similar
mantle source gave rise to the magmas which were subsequently emplaced as the
Seiland Igneous Province. The spread of isotopic values amongst the mafic plutons is

considered indicative of crustal contamination.

It is difficult to reconcile the isotopic and geochemical characteristics of the rocks.
The homogeneous trace element content of the different mafic rocks most likely
indicates a relatively homogeneous mantle source for the original magmas of the
province. However, processes of assimilation and crustal contamination have
contributed to the current composition of the igneous rocks, both during the ascent of
the magmas and during their emplacement. Such contamination is not visible in the
trace element profiles, which may indicate that the amount of contaminant involved
was relatively small, but of significantly different isotopic composition in order to

produce the isotopic variation observed.

It is also apparent in dealing with the isotopic data that many of the monzonitic and
dioritic bodies in the Seiland Igneous Province are not derived from melted silicic
crustal material, since these rocks report isotopic values of clearly mantle provenance.

Since it is unlikely that large amounts of magma of intermediate composition could be
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produced by fractionation of a mafic melt, it has tentatively been concluded that the
intermediate rocks of the province have been formed by the melting of pre-existing
crustal mafic material. This hypothesis requires significant petrological and

geochemical investigation before it can be confirmed.

The new geochronology also poses numerous problems for the metamorphic
framework previously proposed for the Seiland Igneous Province. There is direct
evidence from the zircons that the alkaline rocks were subjected to metamorphism at
420 Ma during the Caledonian Orogeny, and indirect evidence from the mafic rocks
that they also underwent metamorphism at this time. However, there is no evidence
for metamorphic activity in the period between 570 Ma and 420 Ma, and there are
monazites in gneissic rocks hosted within mafic rocks of Seiland age that preserve an
age of 640 Ma. This leads to the conclusion that only one metamorphic event affected
the Seiland terrane after the emplacement of the Seiland magmas, and invalidates
much of the previous geothermobarometry, which was based on coeval
metamorphism in both the gneissic and mafic rocks in the terrane. Therefore, a new
metamorphic investigation is required to incorporate the new age scheme for the

Seiland magmatism with the metamorphic development of the areas.

This study has provided a large amount of new information on the igneous rocks of
the Seiland Igneous Province. These data have led to a model for the evolution of the
Seiland Province in which a number of heavily modified and contaminated mafic
magmas derived from the mantle were emplaced into the lower continental crust of
the Seiland nappe between 560 and 570 Ma. This magmatism was accompanied by

the injection of volatile-rich alkaline magmas into the same area of the crust, and the
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melting of mafic rock emplaced earlier. This magmatic event is considered to have
occurred in an extensional stress regime, possibly during intracontinental rifting or

back-arc spreading.
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