
Earth and Planetary Science Letters 524 (2019) 115713
Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

In situ evidence of earthquakes near the crust mantle boundary 

initiated by mantle CO2 fluxing and reaction-driven strain softening

Bjørn Eske Sørensen ∗, Thomas Grant, Eric James Ryan, Rune B. Larsen

Department of Geoscience and Petroleum, Norwegian University of Technology and Science (NTNU), Sem Sælands vei1, 7491 Trondheim, Norway

a r t i c l e i n f o a b s t r a c t

Article history:
Received 7 March 2019
Received in revised form 27 June 2019
Accepted 12 July 2019
Available online 2 August 2019
Editor: J. Brodholt

Keywords:
CO2

CO2 emission
grain size sensitive creep
reaction driven strain softening
earthquake
olivine

This study aims to understand the process behind the worldwide connection between deep crustal/upper 
mantle earthquakes and CO2 emissions along faults in rift zones. We do this by studying CO2-induced 
mineral reactions that facilitate strain localization in peridotites from an ancient rift zone in the Seiland 
Igneous Province (SIP), North Norway.
Strain localization in association with hydration processes is well documented in all types of tectonic 
settings and has major implications for rheological behavior in active plate margin processes. The 
implications of CO2-bearing fluids are less studied, though experiments have shown how CO2 can 
influence the flow laws of olivine by imposing a brittle and more localized type of deformation.
This study documents narrow shear zones observed within ultramafic rocks from the Seiland Igneous 
Province (SIP) comprising large volumes (>20,000 km3) of mafic, ultramafic, silicic and alkaline melts 
that were emplaced into the lower continental crust (25–30 km) between 570 and 560 Ma under an 
extensional regime. The extensional shear zones are mm cm-scale and contain extremely fine-grained 
material with a distinct shape preferred orientation (SPO), but weak to absent crystallographic preferred 
orientation. The shear zones offset dykes across numerous micro-faults that are documented in areas 
close to a major fault zone cutting through the area. Within the shear zones, olivine and clinopyroxene 
react to form orthopyroxene and dolomite at approximately 11 kb and 850 ◦C according to the reaction:
2 Olivine + Clinopyroxene + 2 CO2 = Dolomite + 2 Orthopyroxene
This reaction formed coronas of orthopyroxene and dolomite between olivine and clinopyroxene in the 
shear zones. In addition, large olivine grains proximal to the shear zones show a microfabric with 
subgrain walls decorated by rounded grains of dolomite and more irregular and elongated grains of 
orthopyroxene. Clinopyroxene grains are separated from the enstatite and dolomite by at least hundreds 
of microns, suggesting material transport within the shear zone. The shear zones thus provide a unique 
insight into the interplay between CO2-metasomatism and reaction accommodated strain softening. 
Carbonation-driven cracking and mineral reaction also serves to reduce grain size, making grain boundary 
sliding an efficient process, further enhancing the rheological contrast between the shear zone and 
the host rock. The sudden decrease in rock strength could lead to rapid deformation and triggered 
pseudotachylite formation during earthquake events in the near proximity of the micro-shear zones. 
Our observations match the relations between CO2 emissions and earthquakes observed in present rift 
environments such as the East African rift and in New Zealand, and underline the importance of active 
shear zones as fluid conduits in the lower crust and upper mantle.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The flux of CO2 from the mantle, through the crust, and into 
the atmosphere in large igneous provinces and continental rifts 
may alter the global climate and is linked to mass extinction 
events (Brune et al., 2017; Foley and Fischer, 2017; Wignall, 2001). 
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Although large amounts of CO2 can be released from magmas 
through degassing, in areas with no, or low amounts of volcanic 
activity, seeping along deep crustal faults is considered to be a pri-
mary source of atmospheric CO2 (Lee et al., 2016). Lower crustal 
seismicity and earthquake swarms around the margins of veloc-
ity anomalies interpreted as intrusions are also well documented 
in these areas, such as in the East-African rift (Lee et al., 2016;
Roecker et al., 2017; Weinstein et al., 2017) and New Zealand 
(Reyners et al., 2007). The depths at which these earthquakes oc-
cur (30–40 km), is close to the depths at which CO2 is released 
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from basaltic melts (Dixon, 1997; Gerlach et al., 2002), implying a 
link between lower crustal seismicity and CO2 fluids (Lindenfeld 
et al., 2012; Okubo and Wolfe, 2008; Takeuchi and Arai, 2015;
Wilshire and Kirby, 1989). This is supported by fluid dynamic mod-
els (Balmforth et al., 2005). There is also evidence of the fluxing of 
mantle-derived CO2 along major shear zones rooted in the man-
tle (Pili et al., 1997, 1999). However, the mechanisms by which 
CO2 fluids initiate seismic events in the deep crust or upper man-
tle remains poorly understood, and is mostly based on theoretical 
modeling and observations correlating mantle derived CO2 emis-
sions along fault zones in the east-African rift and lower crustal 
seismicity (Hunt et al., 2017; Lee et al., 2016; Roecker et al., 2017;
Weinstein et al., 2017).

The role of H2O during deformation of ultramafic rocks in the 
lower crust and upper mantle is relatively well studied, yet lit-
tle is known about the effects of CO2. Experiments and observa-
tions on xenoliths in basalt have shown that CO2 can influence 
the flow laws of olivine by imposing a brittle, and more local-
ized type of deformation (Rovetta et al., 1987, 1986). Fluids rich 
in CO2 are abundant and highly reactive in the upper mantle. Re-
actions between these CO2 fluids and ultramafic rocks leads to 
carbonates (Wyllie et al., 1983). However, evidence of these reac-
tions in mantle xenoliths may be destroyed during decompression 
and/or later heating (Canil, 1990; Canil and Scarfe, 1990). There 
is potential for both deformation and metasomatism in the upper 
mantle and lower crustal rocks in the presence of CO2-rich flu-
ids.

Here, we present data from a deep crustal ultramafic intru-
sion associated with Ediacaran continental rifting and the break-up 
of Rodinia (Larsen et al., 2018), which record the mechanisms by 
which CO2 fluids induce deformation in peridotite. This work pro-
vides a missing link in understanding the processes through which 
CO2 may catalyze deep crustal faulting during fluxing from the 
upper mantle, through the lower crust, and into the atmosphere 
along deep crustal fault zones.

2. Geological setting and sampling localities

The Seiland Igneous Province (SIP) in Northern Norway, con-
tains an exposure of more than 5000 km2 of mafic and ultramafic 
intrusions with minor alkaline, carbonatite and felsic rocks, in-
truded into the lower continental crust at depths of 25 to 35 
km. The SIP is geochemically and temporally correlated to dyke 
swarms throughout Scandinavia at 560–610 Ma and is linked to 
magmatic provinces in W-Greenland and NE-America collectively 
known as the Central Iapetus Magmatic Province (CIMP) (Larsen et 
al., 2018).

Revised mapping shows that the SIP exposures are 85–90% lay-
ered tholeiitic-alkaline- and syeno-gabbros, 8–10% peridotitic com-
plexes, 2–4% carbonatite, syenite and diorite. All of the intrusive 
bodies formed within a narrow (<10 Ma) time frame in the Edi-
acaran (560–570 Ma) (Roberts et al., 2006). The ultramafic com-
plexes in the SIP comprise deep-seated transient magma chambers 
that facilitated mixing and homogenization of a rich diversity of 
fertile asthenospheric melts en-route to the upper parts of the con-
tinental crust (Larsen et al., 2018).

For this study we mapped and sampled one of these conduits, 
the Reinfjord Ultramafic Complex, in the southwestern part of 
the SIP, which consists of modally and cryptically layered dunites, 
wehrlites and olivine clinopyroxenites formed through multiple 
recharge events (Grant et al., 2016) (Fig. 1a). The widespread oc-
currence of clusters of dolomite bearing metasomatic assemblages 
Grant et al. (2016) suggest that the cumulates were infiltrated by a 
late CO2-rich melt phase that was most likely co-genetic with the 
melts that formed the rest of the intrusion (Larsen et al., 2018). 
The ultramafic rocks are transected by a km scale fault, which can 
be recognized as an escarpment in the landscape, filled with snow 
(Fig. 1a). Asymmetric folding in the footwall (western block of the 
fault) documents that the fault is extensional with down throw of 
the eastern block on an eastward dipping fault plane (Fig. 1b). The 
central part of the fault is rarely exposed and is intensely altered 
by later serpentinization. However, a well-preserved sample was 
recovered, displaying ultramafic pseudotachylites (Fig. 1a and d). 
The pseudotachylites are recognized in the field as mm-thick dark 
planes, with a spacing of 0.5–1 cm (Fig. 1d). Micro shear zones 
with carbonation reactions are common throughout the area, but 
later serpentinization commonly overprints the carbonation related 
textures. In areas with pyroxenite dykes the micro shear zones 
intersect and offset pyroxenite dykes (Fig. 1c). A well-preserved 
micro shear zone sample was selected for more detailed studies 
(Fig. 1e).

3. Methods

3.1. EPMA (Electron Probe Micro Analysis)

Mineral data was obtained at NTNU, Trondheim using a JEOL 
JXA-8500F thermal field emission electron probe micro-analyzer 
(EPMA). Silicates and oxides were analyzed with 15 KeV and 20 
nA using mineral and metal standards. Beam widths were fully 
focused to 1 μm for olivine, orthopyroxene, clinopyroxene and ox-
ides. Wider beams of 2 μm were used for amphibole. Special care 
was taken when analyzing dolomite by using lower beam currents 
of 5 nA and the widest beams possible for the size of the grains 
(>5 μm), closely following the method described in Franzolin et al.
(2011).

3.2. EBSD (Electron Backscatter Diffraction)

Standard oriented thin sections, cut orthogonal to the foliation 
and parallel to the stretching lineation, were used for petrographic 
investigations and to investigate the crystallographic preferred ori-
entation (CPO) of the vein-related quartz by EBSD analysis at the 
Scanning Electron Microscope (SEM).

To remove surface damage and thereby enhance the diffraction 
signal, the thin sections were polished using colloidal silica for 5 
min (Moen et al., 2003) and placed in a Hitachi VP-SEM with a 
Nordif UF-1000 EBSD detector (Chen et al., 2012) at a 70 tilt to the 
horizontal (Prior et al., 2009).

To acquire satisfactory pattern quality, the accelerating voltage 
used was 20.0 kV at 34 nA absorbed current. This was done as 
a compromise between high signal and avoiding sample damage 
and charging effects. Higher beam currents gave higher pattern in-
tensity, but lower pattern quality. The working distance was set 
to 25.3 mm and the step size to 2 μm. The SEM was run in low 
vacuum mode to avoid both charging and the effects of carbon 
coating on the EBSD patterns. Data was collected offline at a rate 
of 50 frames per second. All the patterns were stored on a hard 
disk using the NORDIF 2.0 software and then indexed later on 
a computer using the TSL-OIM ver. 7.2 software. Because of the 
high resolution of the Hough, 0.25 degree step, 240 × 240 pixel 
resolution, and the many phases the indexing was considerably 
slower with a rate of 2–4 frames per second. Indexing was re-
fined several times by adjusting the Hough settings in order to 
best index and distinguish the 9 phases. The confidence index for 
map production varied from phase to phase. Orthopyroxene gen-
erally had poorer patterns than the other minerals, resulting in 
less successful indexing, and incorrect indexing of clinopyroxene 
was common. Olivine had the best indexing with an estimated 
correct indexing of 99.5%. Subsequently, the data were processed 
using the open source Matlab toolbox MTEX 4.2.1 (Bachmann et 
al., 2010, 2011; Mainprice et al., 2015). To filter out incorrectly 
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Fig. 1. Geological map and field observations. (a) of the Reinfjord intrusion. Major NS fault related to carbonation reactions drawn in blue. Later normal fault related 
to serpentinization drawn in red. Eastern block is inferred to have a downward movement on the carbonation fault, whereas the western block moved down on the 
serpentinization fault. Rock units are CS: central series, ULS: upper layered series, LLS: lower layered series. Modified after Larsen et al. (2018). The length of the carbonation 
fault is about 2 km. Letter label relates to field photographs b-e in this figure. (b) Asymmetric folds in the footwall of main fault show a down throw of the eastern block. 
(c) Micro shear zones offsetting dykes in complex pattern in footwall close to main fault. The micro shear zones are recognized both by their offset of the dykes and they 
have a more orange/yellow weathering color compared to the host rock. (d) Field image of the pseudotachylite sample, dark lines on the rock surface are serpentine veins 
and pseudotachylites. (e) Field image of micro shear zone sample. The micro shear zones are visible as orange colored lines on the weathered rock surface, which are barely 
recognizable in the field. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
indexed points, a custom script was made in MTEX with specific 
success criteria based on pattern quality and confidence index for 
the different phases. Final processed maps were compared to SEM-
backscatter and SEM-EDS maps to confirm the phase interpretation 
from the EBSD. The Grain-boundary discrimination angle was set 
to 5 degrees, as it showed the best agreement with pattern quality 
maps, with coherent low pattern quality lines representing grain-
boundaries.
3.3. Phase diagram calculations

Phase diagrams were calculated using Perple_x version 6.8.0 
(Connolly, 1990, 2005) using the 2011 version of the updated 
Holland and Powell (1998) thermodynamic database (Holland 
and Powell, 2011). Solution models for minerals orthopyrox-
ene (Opx(HP)) and clinopyroxene (Cpx(HP)) (Holland and Powell, 
1996), olivine (O(HP)) (Holland and Powell, 1998) and carbonate 
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Fig. 2. Crossed polarized optical images of the micro shear zone sample thin section, 
locations of EBSD maps of wide part of micro shear zone (A1), Shear zone offshoot 
(A3) and narrow shear zone (A4) are marked with green boxes. a) View across the 
whole thin section displaying the variability in shear zone thicknesses from the 
wide part in the left. b) Area denoted by A1–A3 green box in a), with larger, 0.5 cm 
long. Areas mapped by EBSD, Backscatter and EDS are shown by numbered squares 
(A1, A2, A3, and A4) in figures a and b.

(Franzolin et al., 2011) were used in the calculation. A simplified 
version of the bulk composition was used to match both the prod-
uct assemblage and the original bulk volume mineral proportions 
(Table S1). To calculate volume expansion due to mineral reac-
tion during carbonation, two bulk compositions (with and without 
CO2) were used. The outputs from Perple_x program Werami were 
processed in Matlab to obtain the volume change during carbon-
ation reaction and compared to unreacted wehrlite at the given 
PT-conditions, assuming preservation of mass during reaction. The 
local volume changes were calculated by using the volumes of the 
products compared to the reactants actually involved in the reac-
tion.

4. Results

4.1. Microstructural observations

Numerous samples taken from near the main faults contain 
micro shear zones. Here we focus on the best preserved micro 
shear zone sample, which contains features typical of the Rein-
fjord shear zones. The sample consists of large cumulus olivine 
(84 vol%) with interstitial clinopyroxene grains (16 vol%) and less 
than 1 vol% minor phases. In thin section, strain localization oc-
curs in a 0.9 mm to 0.1 mm thick shear zone with very fine-
grained material cutting though larger olivine grains (Fig. 2). Both 
the mineralogy and the SPO vary between the wide and narrow 
segments of the shear zone. An increase in internal deformation 
in the olivine adjacent to the shear zones is observed as deforma-
tion bands in microphotographs (Fig. 2). SEM and EBSD investiga-
tions show that in addition to being more fine-grained, the shear 
Fig. 3. EBSD phase map a) and pole figures of olivine in the central shear zone A1 
in the wide part. Insert shows the SPO of grains in the shear zone. Black square 
denotes the location of the proximal part of the shear zone shown in Fig. 4. b) Pole 
figures of grains inside the central fine-grained part of the shear zone.

zone has a different modal mineralogy compared to the host rock, 
with dolomite and orthopyroxene filling the interstices between 
elongated olivine grains (Figs. 3–6). The amounts of secondary or-
thopyroxene and dolomite vary both across, and along the shear 
zone. In the central parts of the widest section of the shear zones, 
both orthopyroxene and dolomite are fine-grained with a mean 
grain size below 15 μm (Fig. S1). In the wide part of the shear 
zone, the dolomite grain size increases away from the shear zone 
center and dolomite and orthopyroxene grain-aggregates tend to 
form a network parallel to the SPO defined by the olivine grains 
(Figs. 3 and 4). Clinopyroxene grains are mantled by orthopyrox-
ene in a flame-like structure, with the strings of orthopyroxene 
extending outward into large olivine grains, which are broken into 
several fragments, and separated by orthopyroxene and dolomite 
(Figs. 3 and 4). EBSD reveals that the new grains between the 
enstatite and dolomite can be divided into two groups based on 
Grain Orientation Spread (GOS) (Fig. 4b). In the first group, the 
grains show similar GOS as the parent grains, whereas the sec-
ond group is characterized by lower GOS than the parent grains 
(Fig. 4b). Grains of the two groups have similar orientations, show-
ing a clear orientation inheritance from the parent grains (Fig. 4c 
and d).

The shear zone offshoots, shown in Fig. 5 and Fig. S1, have sim-
ilar characteristics to the host rock adjacent to the wide part of the 
shear zone, where fragments of broken old grains represented by 
grains with high grain orientation spread (GOS) and inherited ori-
entations, and low GOS olivine grains with a new CPO. This is par-
ticularly visible in the (010) pole figure (Fig. 4c and d), where the 
parent-grain maxima on the edges of the pole figure, are shifted 
towards a more central maximum.

In contrast to the wide part of the shear zone, the narrow seg-
ments of the shear zone contain less orthopyroxene and dolomite 
and they preserve fine-grained clinopyroxene (Fig. 6). There is an 
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Fig. 4. Magnification of proximal part of the wide shear zone with optical and EBSD maps and olivine pole figures. a) Optical image. Few micro sized calcite grains are 
observed as bright inclusions in olivine and along sub-grain boundaries. b) Grayscale color-coded of olivine GOS and other phases colored according to legend. c) Pole figures 
of all grains in the more deformed area in the olivine grain. Grain selection marked with red. d) Pole figures of low GOS grains in more deformed in the large olivine grain. 
Grain selection marked with red in the insert to the left. Black crosses in the pole figures show orientations of the large surrounding grains.
abrupt transition from the fine-grained shear zone to the coarse-
grained dunite outside the shear zone. This sharp change is in 
contrast to the wider part of the shear zone, where the transi-
tion is more gradual. The CPO in the narrow segment of the shear 
zone is weak, and shows an inheritance relationship with the rem-
nants of larger parent grains. The SPO of olivine is also absent in 
the narrow part of the shear zone (Fig. 6).

4.2. Pressure-temperature calculations

Thermodynamic modeling reveals that the shear zones formed 
at high pressures and temperatures of at least 8 kb and 775 ◦C, re-
spectively (Fig. 8a). The predicted reaction of olivine plus clinopy-
roxene to dolomite and enstatite is similar to those previously 
reported (Ueda et al., 2008; Wyllie et al., 1983). At this point it 
is not possible to precisely date the formation of the shear zones. 
However, the temperature estimates fall below those of the in-
trusion (Grant et al., 2016) and above those likely for Caledonian 
metamorphism (Gasser et al., 2015) (Fig. 8b). This suggests that 
the shear zones are pre-Caledonian, and most likely formed during 
cooling of the intrusion. From metamorphic grade and geometric 
relationships, it is clear that the shear zones are not related to 
later low-temperature (lizardite) serpentinization, which cuts the 
shear zones (Grant et al., 2017).

5. Discussion

5.1. Coupled deformation and fluid metasomatism

There is mounting evidence to suggest that deformation and 
mineral reactions are closely interlinked during strain localization 
(Incel et al., 2017; Newman et al., 1999). For example, quartz 
deformation has been documented as a result of dissolution-re-
precipitation processes during H2O infiltration into dry quartz-
bearing rocks, giving rise to contrasting behavior in quartz grains 
over the distance of a few microns (Sørensen and Larsen, 2009). 
Similar behavior is documented in olivine, relating to OH defects in 
experimentally deformed olivine aggregates (Précigout and Stünitz, 
2016). Mineral reactions, and the formation of secondary phases, 
and may lead to an increase in volume, and small increases can 
be sufficient to lead to significant fracturing (Røyne and Jamtveit, 
2015).

The differences in modal mineralogy off the shear zones and 
the wall rock, namely the increases in dolomite and enstatite 
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Fig. 5. EBSD maps and pole figures of olivine in the shear zone offshoot (A2-1) in the wide part of the shear zone. a) Optical image. Note that olivine grains and subgrains 
can be followed across the shear zone offshoot, indicating little or no displacement. b) Grayscale color-coded of olivine GOS and other phases colored according to legend. 
c) Pole figures of all grains in the shear zone offshoot. Grain selection marked with red. d) Pole figures of low GOS olivine grains in the shear zone offshoot. Grain selection 
marked with red in the insert to the left. Black crosses in the pole figures show orientations of the large surrounding grains.
at the expense of olivine and clinopyroxene, attest to the cou-
pling between deformation and metasomatism via a CO2-rich fluid. 
Late CO2 bearing carbonate-rich alkaline melts metasomatize the 
ultramafic rocks of Reinfjord, producing slots of carbonate bear-
ing assemblages and free CO2-bearing fluids (Grant et al., 2016;
Larsen et al., 2018). The assemblage of olivine + clinopyroxene +
CO2 is stable until, during cooling, a reaction boundary is passed 
with the formation of dolomite + enstatite and loss of olivine 
and clinopyroxene (Wyllie et al., 1983). When crossing the re-
action curve (Fig. 8) an increase in bulk volume occurs, leading 
to fracturing. The addition of weaker secondary phases, in com-
parison to the primary phases, also leads to deformation and 
strain localization (Escartin et al., 2001; Herwegh et al., 2011;
Linckens et al., 2011). The change in volume of the mineral assem-
blage during the formation of orthopyroxene and dolomite from 
olivine and clinopyroxene is 2.5 vol% in the bulk reacted volume 
with local volume increase of up to 7 vol%. Similar changes in vol-
ume and grain size reduction due to mineral reactions have been 
demonstrated to lead to the brittle failure in eclogite facies rocks 
(Incel et al., 2017). We suggest that a similar response occurs from 
the mineral volume expansion in our samples. These features may 
well be associated with pseudotachylites and paleo-earthquakes, as 
observed by Ueda et al. (2008) in the Ivrea zone, Italy.
The coupling between deformation and metasomatism provides 
an explanation for the complex variations in CPO, SPO and min-
eralogy observed across the shear zones. The changes in grain 
size and the localization of strain is discussed in more detail be-
low.

5.2. Reduction in grain size and strain localization

5.2.1. Reaction-induced grain breakage
Mineral reaction led to grain size reduction as observed for 

dolomite and orthopyroxene products along olivine subgrain
boundaries, with mean grain sizes dropping from mm-scale to tens 
of microns. Given that fluid mobility in the host rock must be lim-
ited by the high pressures and temperatures, volatiles are assumed 
to have been mobilized along shear zones. Because permeability 
will likely be reduced by recrystallization at high temperatures 
and pressures, volatile transport and reaction were probably con-
current with deformation.

Fusseis et al. (2009) documented how active shear zones gen-
erate a dynamic permeability during deformation in the diffusion 
creep regime by viscous grain-boundary sliding, creep cavitation, 
dissolution and precipitation. Such permeability has been docu-
mented by X-ray tomography (Fusseis et al., 2009; Menegon et al., 
2015) and through C’ type shear bands with weak CPO (Menegon 
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Fig. 6. EBSD maps and pole figures of the narrow part of the shear zone (A4). a) Optical image. Note the sharp boundary of the shear zone. Black box denotes the location of 
the EBSD map. b) Grayscale color-coded of olivine GOS and other phases colored according to legend. Note, portions of the upper grain are included in the shear zone, and 
the small clinopyroxene grains inside the shear zone have not reacted with the olivine. c) Pole figures of all olivine grains in the narrow shear zone. d) Pole figures of small 
olivine grains in the shear zone offshoot. Grain selection marked with red. Green crosses in the pole figures show orientations of the large surrounding grains.
et al., 2015). We suggest a similar model for the fluid trans-
fer in the Reinfjord shear zones, necessary for continued reaction 
within the existing and propagating fracture and shear zone sys-
tems. Therefore, we infer that fluid flow occurred during active 
deformation, with syntectonic carbonate mineral reaction forming 
orthopyroxene and dolomite. The volume expansion of reaction in 
the deforming shear zone is thus likely to induce fracturing and 
strain localization in fracture systems promoted by local fluid over-
pressure.

5.2.2. Relation between grain size and rheology
The grain size reduction induced by mineral reactions dur-

ing early stages of deformation may be responsible for a change 
in deformation processes and rock rheology. Experimental data 
document strain localization in fine-grained domains in olivine 
aggregates under constant stress boundary conditions (Hansen 
et al., 2012). Localized deformation then leads to focused me-
chanical work inducing even finer grain sizes, leading to larger 
strength contrast between the coarse and fine-grained domains 
(Hansen et al., 2012). Though strains are often assumed to be 
uniform in large-scale tectonic models, according to large scale 
convergence rates, these convergence rates may be accomplished 
by heterogeneous strain rates with varying shear zone thick-
nesses at constant stress (Platt and Behr, 2011). As specific do-
mains become more fine-grained, strain localization and local 
strain rate increase as shear zones become thinner. Addition-
ally, as grain size decreases, the deformation mechanism evolves 
from dislocation creep to grain-size sensitive creep, in the form 
of dislocation-accommodated grain boundary sliding (disGBS) and 
diffusion-accommodated grain boundary sliding (difGBS) (Fig. 9a).

In our samples, the lack of CPO and the lack of correlation be-
tween CPO strength and grain-size reduction are best explained 
by difGBS deformation. DifGBS, in contrast, leads to CPO develop-
ment, which may lead to seismic anisotropy (Hansen et al., 2016, 
2011; Ohuchi et al., 2015). In many respects, our observations 
in the shear zones match those associated with diffusion creep 
and GBS reported in the literature, such as CPO weakening in the 
fine-grained domains and existence of large olivine fragments in 
the fine-grained matrix (Drury et al., 2011; Fliervoet et al., 1999;
Menegon et al., 2015; Précigout and Stünitz, 2016; Torgersen et al., 
2015; Warren and Hirth, 2006).

The change in grain size from the host rock with mm-cm 
sized olivine grains to the micro shear zones with approximately 
10 μm olivine grains, results in a change in deformation mecha-
nism from dislocation creep, as indicated by subgrains in the wall 
rock, to disGBS, or difGBS in the fine-grained shear zones. This 
change in deformation is consistent with deformation mechanism 
maps calculated using a modified version of the MATLAB scripts 
of Warren and Hirth (2006), implementing the flow laws for dry 
olivine (Hirth and Kohlstedt, 2003). The grain-size reduction and 



8 B.E. Sørensen et al. / Earth and Planetary Science Letters 524 (2019) 115713
Fig. 7. Optical textures of the pseudotachylite bearing samples. a) Overview of micro shear zone with veins of pseudotachylite material. b) Close-up of the pseudotachylite 
vein intruding into a large, pervasively fractured olivine grain with grain size <1.5 μm. c) Carbonate-rich CO2 inclusions comprised by CO2 and carbonates in large olivine 
grains.
the resulting decrease in strength, leads to a more than two orders 
of magnitude increase in strain rate, possibly as much as 10−9/s 
(Fig. 9). Toy et al. (2010) reported similar observations in ultra-
mafic rocks from the Twin Sisters Massif in Washington, where 
strain localization in dunite along clinopyroxenite and orthopy-
roxenite dikes is caused by grain size reduction due to mineral 
reactions near the dikes.

5.2.3. Role of the secondary phases in rheology
Another important factor controlling deformation is the strength 

of the newly crystallizing phases in the shear zone. Experimen-
tal data indicate that the strength of dolomite is an order of 
magnitude lower than olivine (Holyoke et al., 2014). However, as 
dolomite does not form an interconnected network in the flow 
plane of the shear zones. Thus, we assume that the properties of 
olivine dominated the rheology.

The grain-boundary pinning of olivine due to the presence of 
secondary phases (opx and dol) is also important for the over-
all rheology. The widely distributed orthopyroxene and dolomite 
in the grain aggregate may have limited olivine grain growth, and 
hence maintained the fine grain size in the high strain domain, 
promoting strain softening. Herwegh et al. (2011) reviewed the 
effects of secondary phases in the grain size and rheology of poly-
mineral samples. In their studies, minor amounts of secondary 
phases resulted in behavior similar to those of the matrix phase, 
whereas larger amounts of secondary phases changed the prop-
erties of the deforming aggregate through the pinning of grain 
boundary movement of the primary phase. This would also result 
in a finer dynamically recrystallized grain size than predicted by 
grain size paleo piezometers that are based on dynamic recrystal-
lization processes. The grain-size of olivine is approximately 10 μm 
equivalent circle diameter (EQD) for both the narrow and wide 
parts of the shear zone centers. The grain-size of the secondary 
phases averaging about 5 μm. The Zener parameter (Z) was calcu-
lated according to the method of (Herwegh et al., 2011), according 
to the equation Z = dp/fp, where dp is the grain size and fp is the 
volume fraction of secondary phases. The calculated Zener param-
eter of in the wide and narrow part of the shear zone was 28 and 
22 respectively. Plotted in Zener diagrams, the Reinfjord data are 
well within the field controlled by secondary phases, at even finer 
grain sizes than reported in the literature (Herwegh et al., 2011;
Linckens et al., 2011) (Fig. 9).

Not only do the secondary phases preserve the fine grain size, 
thereby maintaining the weak and preferentially deformed shear 
zone, mineral reactions along sub-grain boundaries also lead to 
grain sizes at least two orders of magnitude lower than in the 
original rock. The sub-grain structures in the larger olivine grains 
are the result of dislocation creep in the coarser grained parts 
of the rock. Strain localization in the fine-grained domains may 
lead to the incorporation of almost all the strain within these do-
mains. Strain localization may lead to ultrafast deformation and 
the formation of the pseudotachylites, which also show evidence 
of carbonate-rich CO2 bearing fluids as micro-inclusions intersect-
ing larger olivine grains (Fig. 7).

5.3. Relation between shear zones, fluid flow, magmatic CO2 and 
earthquakes in the lower crust and upper mantle

It has been demonstrated that lower crust and upper mantle 
fluids are CO2-rich (Frezzotti and Touret, 2014; Larsen et al., 1998;
Touret and Huizenga, 2012). This may be related to pervasive 
fluxing of CO2 from the mantle (Frezzotti and Touret, 2014) in 
magmatic environments, or the intrusion of CO2 bearing mag-
mas at the base of the crust (Lee et al., 2016; Pili et al., 1999;
Takeuchi and Arai, 2015). More specifically, CO2-bearing fluids 
were observed in association with contact metamorphism, and 
later granulite facies metamorphism in the nearby Øksfjord Penin-
sula (Elvevold and Andersen, 1993). This highlight the regional 
importance of CO2 in the SIP. The origin of the CO2-bearing flu-
ids in granulite facies rocks in the Øksfjord Peninsula is poorly 
constrained; however, a significant amount of CO2 may have been 
transported from the mantle to the lower crust by the alkaline, 
mafic and ultramafic melts that form the SIP (Larsen et al., 2018). 
Carbonatite complexes in the SIP have isotopic signatures (Nd, 
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Fig. 8. P-T-path of the Reinfjord complex. (a) The apparent P-T loop of the Rein-
fjordultramafic complex with Caledonian data from the Hasvik gabbro consisting 
of (1) The pre-intrusion temperature, (2) Conditions of contact metamorphism, (A) 
P-T of the picritic/komatiitic melts, (B) Cooling temperatures of the Reinfjord com-
plex from two-pyroxene thermometry, (C) crystallization temperatures of lamproitic 
dykes, (D) P-T from pseudosections of extensional shear zones, (III) PT condition of 
the Caledonian uplift from the Hasvik gabbro and (IV) Late alteration of dolomite 
and olivine to form brucite + calcite and chalcopyrite to form native copper. Mod-
ified after Larsen et al., 2018. (b) Detailed pseudosection of the shear zone assem-
blages, based on stability of orthopyroxene + olivine + dolomite assemblage and 
volume expansion compared to volatile free rock. Calculated with Perplex version 
677 and HP11 database using Opx(W), Ol(HP), Cpx(HP) and carbonate (odCcMS(EF)) 
solution models. Abbreviation in diagram olivine (O), clinopyroxene (Cpx), Orthopy-
roxene (Opx), Carbonate solid solution (Carb).

Hf, O, C, S) that strongly suggest they originated in the mantle 
(Larsen et al., 2018; Roberts et al., 2010; Wulff-Pedersen, 1992). 
Furthermore, the presence of clots and veins of carbonate-bearing 
magmatic assemblages observed throughout the ultramafic rocks 
in Reinfjord, indicates infiltration by late stage alkaline melts in 
the intrusion enriched in CO2 (Larsen et al., 2018).

Mantle-derived CO2 lost from the mantle may be transported 
through lithospheric scale fault systems extending down into the 
mantle (Pili et al., 1999), as evident from the co-seismic mantle 
derived CO2 emissions from fault zones in the East-African Rift 
(Hunt et al., 2017; Lee et al., 2016; Weinstein et al., 2017). The 
role of CO2 in shear zone formation has been demonstrated in 
rocks from the upper crust to lower crustal granulites (Pili et al., 
1997, 1999), in upper mantle rocks (Ueda et al., 2008) and here 
proposed in lower crustal to upper mantle ultramafic rift-related 
intrusions in association with the infiltration of volatile-rich alka-
line melts. This study shows that CO2 within shear zones initiates 
localized shear zone development in ultramafic rocks via a coupled 
deformation-metasomatic process. Propagation of CO2 along shear 
Fig. 9. (a) Deformation mechanism maps after Warren and Hirth (2006). Shaded 
grey areas mark the grain size (fine grained) and in the original rock and in the 
shear zone (coarse grains). (b) The shear zone sample Zener diagram after (Herwegh 
et al., 2011), lines denote the results from different temperatures (Herwegh et al., 
2011), and micro shear zone sample is marked by the black star. See text for dis-
cussion.

zones initiates further deformation at shallower levels of the crust, 
providing a pathway for further fluid migration and resulting in a 
positive feedback mechanism. Hence faults acts as conduits where 
mantle-derived CO2 emissions are then pumped through the active 
fault system.

We propose that a coupled deformation – metasomatic reaction 
between CO2 and peridotite is the most likely mechanism that re-
sulted in faulting and possibly seismicity in Reinfjord during the 
post-magmatic cooling phase in the late history of the intrusion.

6. Conclusions

• CO2 was a common volatile in the Reinfjord system, intro-
duced together with juvenile asthenospheric mantle melts.

• CO2 reaction with ultramafic rocks induced mineral reactions, 
which involved large changes in volume. Local expansion lead 
to fracturing of larger grains along sub grain boundaries and a 
reduction in grain size.
– This reduces rock strength and increases strain rates by two 

orders of magnitude.
– Local increased strain rates induces very high deformation 

rates which in turn facilitates formation of pseudotachylites.
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• Despite few other reports of carbonated mantle shear zones, 
we expect that the processes observed in Reinfjord are com-
mon in lower crustal and mantle shear zones typically asso-
ciated with continental extension and rifting. The signature 
mineral assemblages decompose during exhumation, partic-
ularly the carbonated assemblages. Commonly, the only sur-
viving evidence are CO2 fluid inclusions in olivine originating 
from decarbonation reactions during exhumation.

• The observed link between seismicity (pseudotachylites) and 
the carbonated mineral assemblages provides a model for deep 
crustal and upper mantle earthquakes in active rift zones, such 
as the East African Rift, where lower crustal and upper mantle 
rocks are infiltrated by CO2-rich magmas. This is supported 
by the observations of co-seismic mantle-CO2 emissions along 
deep normal faults in magmatic rifts of E Africa and N Zealand.
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