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ABSTRACT:  

Intracrystalline distortions (like undulose extinction, dislocations, and subgrain 

boundaries) in olivine from naturally-deformed peridotites is generally taken as a sign 

of dislocation creep. However, similar features in olivine phenocrysts that were found 

in basaltic magmas are still not well understood. In particular, whether subgrain 

boundaries in olivine phenocrysts arise from plastic deformation or grain growth is 

still debated (In the latter case, they are essentially grain boundaries but not subgrain 

boundaries. Therefore, we used hereinafter subgrain-boundary-like structures instead 

of subgrain boundaries to name this kind of intracrystalline distortion). Here we 

carried out a detailed study on dislocations and subgrain-boundary-like (SG-like) 

structures in olivine phenocrysts from two Hawaiian basaltic lavas by means of 

petrographic microscopy, scanning electron microscopy, and transmission electron 

microscopy (TEM). Abundant and complex dislocation substructures (free 

dislocations, dislocation walls, and dislocation tangles) were observed in the 

decorated olivine grains, similar to those in olivine from peridotite xenoliths entrained 

by the Hawaiian basalts. The measured average dislocation density is 2.9 ± 1.3 × 1011 

m-2, and is three to five orders of magnitude higher than that in laboratory-synthesized, 

undeformed olivine. TEM observations on samples cut across the SG-like structures 

by FIB (focused ion beam) demonstrated that this kind of structures is made of an 

array of dislocations. These observations clearly indicate that these structures are real 

subgrain boundaries rather than grain boundaries. These facts suggested that the 



Une
dit

ed

 

 

observed high dislocation densities and subgrain boundaries were not resulted from 

crystal crystallization/growth, but were formed by plastic deformation. These 

deformation features do not prove that the olivine phenocrysts (and implicitly mantle 

xenoliths) were deformed after their capture by the basaltic magmas, but can be 

ascribed to a former deformation event in a dunitic cumulate, which was formed by 

magmatic fractionation, then plastically deformed, and finally disaggregated and 

captured by the basaltic magma that brought them to the surface. 

 

KEY WORDS: olivine phenocryst, dislocation, subgrain boundary; deformation; 

Hawaiian basalts 
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1 INTRODUCTION  

Olivine is volumetrically dominant (commonly > 60 vol.%) and probably the weakest 

mineral in the Earth’s upper mantle. It is therefore believed to control the rheological 

behavior of the upper mantle (Mackwell et al., 1990). During mantle convection, 

olivine can shape significant intragranular plastic deformation features, such as 

various dislocation substructures, undulose extinction, and subgrain boundaries. 

These features can in turn be used to acquire knowledge about how mantle flow 

proceeds, and also provide part of the necessary link between experimental and 

natural deformation processes. For instance, dislocation characteristics of olivine 

within orogenic, xenolithic and ophiolitic peridotites have been extensively studied to 

gain insight into the deformation mechanism (Park and Jung, 2014; Wang et al., 2013; 

Green and Radcliffe, 1972) and magnitude of differential stress (Cao et al., 2017; 

Toriumi, 1979; Durham et al., 1977) prevailing in the upper mantle. 

 

Significant intracrystalline plastic deformation, in addition to strong crystallographic 

preferred orientation (CPO), in olivine from naturally-deformed mantle peridotites has 

been generally considered as a robust indicator of dislocation-creep deformation by 

many previous studies (e.g., Tommasi and Ishikawa, 2014; Soustelle et al., 2010). 

Intracrystalline distortions, such as dislocation substructures and SG-like structures, 

are often observed in olivine phenocrysts that crystallized from basalts as well (e.g., 
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Welsch et al., 2013; Sakyi et al., 2012; Vinet and Higgins, 2010). However, 

disagreements remain whether these features reflect plastic deformation or not. For 

example, Sakyi et al. (2012) suggested based upon dislocation observations of olivine 

phenocrysts from the Hawaiian basalts that these olivine phenocrysts were plastically 

deformed prior to their entrainment in the host magma. In contrast, Welsch et al. 

(2013) argued that olivine phenocrysts containing the SG-like structures are derived 

from dendritic growth and ripening rather than plastic deformation.  

 

If, as suggested by Welsch et al. (2013), the SG-like structures in olivine phenocrysts 

are due to dendritic growth, one would expect that there are no dislocations in these 

boundaries and few within the grain interiors. On the other hand, if these SG-like 

structures arise from plastic deformation, then dislocations should be abundant in 

these boundaries and grain interiors. Therefore, whether the olivine phenocrysts from 

basaltic magmas contain abundant dislocations (especially in their SG-like structures) 

is key to resolve the above-mentioned disputes. However, few efforts have been made 

to reveal the dislocation features and no attempts have been made to illustrate the 

dislocation features in the SG-like structures in basalt-borne olivine phenocrysts so 

far.  

 

The purpose of this study is to clarify whether olivine phenocrysts that crystallized 

from basaltic magmas contain abundant dislocations, and especially, whether the 
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SG-like structures in these olivine phenocrysts are of deformation origin. To this end, 

we carried out a detailed investigation of dislocation substructures in olivine 

phenocrysts from two Hawaiian basalts by means of optical microscopy and SEM 

(scanning electron microscopy) observations of decorated olivine. In particular, we 

also used transmission electron microscopy (TEM) to analyze the dislocation features 

in grain interiors and SG-like structures of olivine prepared by the traditional ion 

thinning method and the novel focused ion beam (FIB) method, respectively.  

 

2 SAMPLES AND METHODS  

The two Hawaiian basalt samples, one from the O’ahu Island and the other from the 

Big Island, used for this study had been previously investigated by Wen et al. (2018). 

They are both tholeiitic lavas with SiO2 of 46.99-47.38 wt% and Na2O + K2O of 

1.49-2.61 wt% (Wen et al., 2018). The major-element compositions of the olivine 

phenocrysts from these two basalts were also reported by Wen et al. (2018).  

 

To reveal dislocation substructures in the olivine phenocrysts, we first employed the 

oxidation decoration technique following Kohlstedt et al. (1976). The basic principle 

of this method is that during firing in air, FeO in olivine is oxidized to Fe2O3, which 

precipitates at dislocations and thus making them visible using optical or SEM. This 

method had been widely used to investigate dislocation substructures in naturally and 

experimentally deformed olivine (Park and Jung, 2014; Hanson and Spetzler, 1994; 
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Bai and Kohlstedt, 1992; Gueguen, 1977). The detailed procedure for dislocation 

decoration in this study is as follows. The samples were first cut to rock slabs of ~ 3.5 

× 2 × 1 cm3 and polished on one side (~ 3.5 × 2 cm2 in area) to within 0.05 um using 

alumina slurry. The rock slabs were then put into a muffle furnace with the polished 

surface upward. The temperature was increased to 900 ºC with a ramp rate of ~ 7 

ºC/min and hold for 30 min. After slowly cooled down to room temperature, the rock 

slabs were taken out and attached with their polished surface to glass slides using 

epoxy resin. The thin sections were then prepared in sequence by cutting, grinding, 

and polishing to within 0.05 um using alumina slurry.  

 

Our observations of dislocations were made by a combination of petrographic 

microscope and SEM, with the latter greatly improving the spatial resolution (Karato 

and Sato, 1982). SEM observations of dislocations were conducted using a Quanta 

450 field emission gun scanning electron microscope housed at the State Key 

Laboratory of Geological Processes and Mineral Resources, China University of 

Geosciences (Wuhan) (GPMR-CUGW). The operating conditions are an acceleration 

voltage of 15 kV and a beam current of 20 nA. To reveal the intracrystalline 

misorientation, we also performed electron backscatter diffraction (EBSD) analyses 

on the decorated olivine grains. EBSD patterns were collected automatically by a 

NordlysNano detector and processed using the Aztec software. The operation 

conditions during EBSD analyses were a working distance of 23–25 mm, an 



Une
dit

ed

 

 

accelerating voltage of 20 kV, and a spot size of 6. 

 

The traditional TEM specimens were prepared by a Gatan 656 dimple grinder and a 

Gatan-600 ion mill for physical and ion thinning, respectively. In addition, we also 

used FIB technique to prepare TEM specimens to reveal dislocation features in the 

SG-like structures. The ultra-microstructures of olivine were observed using a Philips 

CM12 transmission electron microscopy (TEM) at an accelerating voltage of 120 kV, 

which yields a point-to-point resolution of 0.34 nm and a line resolution of 0.2 nm.  

 

To estimate the free dislocations density in olivine phenocrysts, 31 backscattered 

images of different positions covering all the decorated thin sections were taken by 

SEM at a 6,000 × magnification. These images were then processed using ImageJ 

(http://rsbweb.nih.gov/ij/) following the method detailed in Farla et al. (2010). 

SG-like structures/dislocation walls were excluded in measuring dislocation density. 

The 3D dislocation density (ρ) was calculated as:  

                     （1） 

where A is the total area imaged, l0 is the true dislocation line length, and d = 6.2×10-7 

m was used at 15 kV in this study (See Farla et al., 2010).  

 

3 RESULTS 

The phenocrysts in the studied samples are mainly composed of randomly-oriented 
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olivine, clinopyroxene, and minor plagioclase (Fig. 1a). The olivine phenocrysts are 

euhedral and tabular with a grain size of 0.5-2.5 mm and an average axial ratio of 1.6 

± 0.3. Some of them contain inclusions of basaltic glass or plagioclase. SG-like 

structures are often observed in these olivine phenocrysts (Fig. 1b-d). No 

intracrystalline deformation is observed in the clinopyroxene grains. 

 

Figure 1. Microphotographs showing petrography and microstructures of olivine 

phenocrysts from the Hawaiian basalts. (a) Photomicrograph showing the 

petrographic features of the Hawaiian basalts (plane polarized light). Note the 

abundant euhedral olivine phenocrysts. (b-d) SG-like structures (SGBs) in the olivine 

phenocrysts (cross polarized light). Cpx, clinopyroxene; Ol, olivine; Pl, plagioclase. 
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Under a petrographic microscope, the decorated olivine shows abundant dislocations, 

which are reddish brown (Fig. 2). In addition, the decorated olivine phenocrysts also  

 

Figure 2. Photomicrographs showing dislocation substructures in the decorated 

olivine phenocrysts from the Hawaiian basalts. Plane polarized light. (a) Dislocation 

walls (white arrows). (b) Dislocation walls (white arrows) and free dislocations (blue 

arrow). (c) Dislocation tangle (green arrow). (d) Free dislocations (blue arrows). 

 

show more variable and complex dislocation substructures, including free dislocations 

(i.e., randomly distributed, isolated dislocations that are not organized into a 

dislocation wall), dislocation walls (i.e., a linear array of well-organized dislocations), 

dislocation tangles (i.e., a pile of dislocations that are intricately interwoven). The 
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average (geometric mean) density of free dislocation was estimated to be 2.9 ± 1.3 × 

1011 m-2 using high-resolution backscattered electron images (Fig. 3). There is no 

significant difference in the dislocation density  

 

Figure 3. Estimation of dislocation densities in the decorated olivine phenocrysts. 

(a-c) Backscattered electron images showing various dislocation densities within 

different olivine grains. Yellow arrows indicate the dislocation walls, which are 

excluded during measurements of dislocation density. (d) Histogram showing the 

dislocation density distribution and the average (geometric mean) dislocation density 

for the studied samples. 
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between coarse and fine olivine phenocrysts, although dislocations are 

heterogeneously distributed within each olivine grain. EBSD mappings show that 

olivine develops SG-like structures with an internal misorientations of 3º～7º, which 

are nearly coincident with those revealed by the oxidation decoration technique (Fig. 

4). We also used the method detailed in Soustelle and Manthilake (2017) to determine 

the slip systems of dislocations in these SG-like structures. Analyses of 14 olivine 

grains show that the active slip systems can be grouped into two categories with equal 

amounts, i.e., the (010)[100] and the (001)[100] slip systems. 

 

 

Figure 4. Typical EBSD results of the decorated olivine phenocrysts. (a) 

Photomicrograph showing the olivine phenocryst after decoration. Plane polarized 

light. (b) Orientation map showing the internal misorientation of the olivine 

phenocryst in (a) relative to the reference point (indicated as a red star). Note that this 

image illustrates subgrain boundaries in the olivine phenocryst almost the same as 

those in the decorated one. (c) Diagram showing the continuous change of 

misorientation angle from point to point (violet line) and with respect to the first point 

(blue line) along the profile A-B in (b).  
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TEM observations (Fig. 5) showed dislocation substructures comparable to those 

revealed by the oxidation decoration method, including edge dislocations, dislocation 

walls and dislocation tangles. Analyses of slip systems for 4 free dislocations show 

that the slip systems are exclusively (010)[100]. In particular, our observations show 

that the SG-like structures in studied olivine are essentially composed of an array of 

well-organized dislocations (Fig. 5e).  

 

Figure 5. TEM-revealed dislocation features in the olivine phenocrysts. (a) 

Dislocation walls. (b) Dislocation tangle. (c) Photomicrograph showing the position 

(black rectangle) where a FIB cut was made to analyze the dislocation features in the 
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SG-like structure (SGB). (d) Micrograph showing the sample prepared by FIB. (e) 

The SG-like structure was made of organized dislocations (white arrows). Ol, olivine. 

Scale bars are 400 nm if not specified. 

 

4 DISCUSSION AND CONCLUSION 

The low Mg# [= the molar ratio of 100 × Mg/(Mg + Fe2+); < 86], euhedral crystal 

form, and inclusions of basaltic glass or plagioclase in olivine phenocrysts all point to 

that these olivine grains were crystallized products from the magma rather than relics 

of captured mantle peridotites (Wen et al., 2018). However, these olivine phenocrysts 

contain a considerable amount of dislocations, with an average dislocation density of 

2.9 ± 1.3 × 1011 m-2. This value is comparable to those (1010-1011 m-2) determined for 

deformed olivine within peridotite xenoliths from Hawaii (Gueguen and Darot, 1980; 

Gueguen, 1977), but is three to five orders of magnitude higher than those synthetic, 

undeformed olivine from experiments (Hanson and Spetzler, 1994; Hanson et al., 

1991; Hosoya and Takei, 1982). In addition, in contrast to undeformed olivine 

synthesized in laboratory (Hanson and Spetzler, 1994), which is characterized mainly 

by a few straight dislocations and dislocation tangles, the decorated olivine 

phenocrysts show more variable and complex dislocation substructures. These 

dislocation features are indistinguishable from those observed by previous studies in 

olivine from mantle xenoliths (Gueguen, 1977), indicative of dislocation creep as the 

dominant deformation mechanism (Green and Radcliffe, 1972). EBSD mapping of 
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decorated olivine also revealed evident internal misorientation consistent with 

deformation occurring by the motion of dislocations. These facts suggest that 

dislocations within the studied olivine phenocrysts could not be ascribed to the 

crystallization processes.  

 

Sakyi et al. (2012) investigated the dislocation substructures of olivine phenocrysts in 

three Hawaiian basaltic lavas (Kilauea, Mauna Loa, and Koolau). They identified two 

types of olivine grains with distinct morphology: one is blocky (deformed) and the 

other is rod-shaped (undeformed). The blocky olivine shows regularly-shaped 

dislocation substructures and high dislocation densities (> 1010 m-2), whereas the 

rod-shaped olivine shows extremely low dislocation densities (< 7 × 106 m-2). 

Combined with other petrographic and compositional features, the authors concluded 

that the rod-shaped olivine crystals should have formed during rapid cooling of the 

host magmas, while the blocky olivine grains are relics of dunitic cumulates formed 

by an earlier magmatic fractionation. The plastic deformation of the blocky olivine 

phenocrysts was inherited from those of the dunitic cumulates in the presence of 

interstitial melt (Sakyi et al., 2012). Because the dislocation substructures and 

densities of the blocky olivine is quite similar to those of olivine phenocrysts in this 

study, we considered that the observed dislocation substructures probably have the 

same origin as those in Sakyi et al. (2012), i.e., they reflected a former deformation 

event in a dunitic cumulate. This inference is reasonable considering that olivine 
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phenocrysts are more competent than basaltic magmas and should not be plastically 

deformed after their entrapment by the magmas. The rod-shaped olivine was not 

observed in our samples; they were only restricted to the picritic lavas (Sakyi et al., 

2012). 

 

SG-like structures in olivine phenocrysts that crystallized from basaltic magmas are 

not uncommon (e.g., Welsch et al., 2013; Vinet et al., 2011; Helz, 1987). Although 

several previous studies have suggested that the olivine phenocrysts containing 

SG-like structures were plastically deformed crystals derived from tectonized dunites 

(e.g., Vinet et al., 2011; Clague and Denlinger, 1994; Herz, 1987), Welsch et al. (2013) 

argued that these structures result from lattice mismatches caused by dendritic growth, 

rather than by plastic deformation. In fact, the so-called “subgrain boundaries” in 

Welsch et al. (2013) are grain boundaries between some misaligned, independent 

olivine crystals that form parallel grouping and happen to have up to 15º 

misalignments. Strictly speaking, they are only SG-like strctures but not real subgrain 

boundaries. By implication, no dislocations are expected to present in these 

boundaries. In contrast, our TEM observations on samples cut by FIB across the 

SG-like structures clearly demonstrated that these structures are composed of 

regularly organized dislocations. This strongly indicates that these structures are 

caused by dislocation motion through dislocaiton climb (Davis et al., 2011) and are 

real subgrain boundaries. Most likely, the subgrain boundaries and dislocaitons in the 
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studied olivine phenocrysts were generated by the same deformation event(s) that was 

(were) superimposed on the former dunitic cumulates. Therefore, these deformation 

features cannot be taken as evidence that mantle xenoliths entrained by basaltic 

magmas do not faithfully preserve mantle deformation. In a word, the dislocations and 

subgrain boundaries in olivine phenocrysts from our studied samples both originated 

from plastic deformation rather than crystal crystallization/growth.  

 

The slip systems inferred based on analyses of subgrain boundaries and of free 

dislocations using TEM are different: the former reveals both (010)[100] and 

(001)[100] and the latter reveals only (010)[100] as the dominant slip system(s). This 

discrepancy suggests that the dislocations in the subgrain boundaries may not be 

representative of the most active slip systems during deformation. A similar 

conclusion has also been drawn based on detailed microstructural studies of olivine 

from peridotite xenoliths by several previous studies (e.g., Zaffarana et al., 2014; 

Soustelle et al., 2010; Falus et al., 2008). If we accept that the slip system determined 

by TEM represents the true active slip system during deformation of the olivine 

phenocrysts, then it can be concluded that these olivine grains were probably 

deformed under high temperature, low stress, and relatively dry conditions (e.g., Jung 

and Karato, 2001). 

 

Based on the above discussion, we revised the model for the formation of the olivine 
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phenocrysts from the Hawaiian basalts proposed by Wen et al. (2018). In Wen et al. 

(2018), the olivine phenocrysts were interpreted as direct crystallization products 

from the host basaltic magma. In contrast, we considered here that the olivine 

phenocrysts, at least the studied ones, most likely originated from a former dunitic 

cumulate that formed by a former magmatic fractionation. This cumulate was 

subsequently plastically deformed, leading to intracrystalline deformation features 

within the olivine grains, followed by disaggregation and capture by the hosting 

magma. Euhedral and low-Mg# olivine from cumulates have been frequently reported 

in literature (e.g., Tribuzio et al., 2008; Müntener and Piccardo, 2003; Nielsen, 1981). 

Therefore, the low-Mg# and euhedral characters of the olivine phenocrysts most 

likely were inherited from their precusor olivine grains in the dunitic cumulate. 

However, this new model does not affect the major conclusions in Wen et al. (2018).  
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