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ABSTRACT  40 
 41 

Oceanic core complexes (OCCs) are a fundamental component of slow-to-ultraslow spreading mid-42 
ocean ridges, yet the processes that control OCC formation and evolution are poorly understood 43 
especially with respect to their high-temperature lithospheric roots. We present detailed analyses of 44 

high-temperature ductile deformation preserved in drill-core from IODP Hole U1601C, on the Atlantis 45 
Massif OCC (30°N, MAR). We show that gabbroic intrusions within peridotite accommodated 46 
significant high-temperature deformation, especially within Fe-Ti oxide-bearing assemblages. This 47 
deformation spatially localizes in zones of high lithological heterogeneity created by meter-to-48 
submeter-scale gabbroic intrusions within peridotite. High-temperature ductile deformation often 49 

localizes close to, and/or along, intrusive contacts, accompanied by localized, evolved, melt-reactive 50 
porous flow (crystallizing Fe-Ti oxides), and followed by fluid-rock reaction that enhanced and 51 
sustained further ductile deformation. These spatially controlling relationships between magmatism, 52 
deformation, and late melt ± fluid infiltration are a direct consequence of the lithological heterogeneity 53 
within moderately-magmatic OCCs, which are the dominant style of OCC along the Mid-Atlantic 54 

Ridge and other slow-spreading ridges. 55 

 56 
 57 

TEASER 58 
Lithological heterogeneity controls high-temperature ductile deformation & melt infiltration 59 
in the lower lithosphere of MM-OCCs 60 
 61 

     62 
  63 
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INTRODUCTION 64 

Mid-ocean ridges are a fundamental component of Earth’s plate tectonic system that have been active 65 

for at least the last 2 billion years [1, 2]. At slow- (50-20 mm/yr, full spreading rate) and ultraslow-66 

spreading (<20 mm/yr) ridges, oceanic core complexes (OCCs) locally accommodate up to 100% 67 

asymmetric plate spreading for short periods of time (100’s kyr to 1 Myr) and as much as ~40-60% of 68 

full plate spreading over geological timescales [3-5]. Hydrothermal circulation within OCCs alters the 69 

composition and rheology of oceanic lithosphere [6-8] and modifies seafloor and ocean chemistry 70 

through biogeochemical processes that include H2-production, C-sequestration, and metal-sulphide 71 

mineralization [7, 9-12]. Furthermore, OCCs provide an excellent opportunity to sample and study 72 

seafloor-exposed rocks that originated from the asthenospheric mantle and lower lithosphere [1, 13]. 73 

But to fully understand and constrain the controls and impacts of processes stemming from OCCs, we 74 

first need to understand the deformation and magmatic processes that control the formation and 75 

evolution of OCCs and the resulting lithological and structural architecture that they create.  76 

To address this problem we present the first detailed investigation of the macro-to-microscale character 77 

and spatial-temporal distribution of high-temperature deformation processes preserved in rock core 78 

from International Ocean Discovery Program (IODP) Hole U1601C on the Atlantis Massif OCC [14, 79 

15]. Hole U1601C was drilled during IODP Expedition 399 to a depth of 1267.8 mbsf (meters below 80 

sea floor), and represents the most complete and scientifically valuable section of mantle and lower 81 

crustal rocks drilled to date from the ocean [14-16]. Crucially, the partial extent of serpentinization and 82 

the paucity of low-temperature overprints within gabbroic sections in Hole U1601C offers an 83 

invaluable opportunity to investigate the high-temperature processes that operate in the lithospheric 84 

roots of OCCs, and the impacts of those processes on the formation and evolution of OCCs and their 85 

magmatic and hydrothermal systems [14-16]. Here, we capitalize on this opportunity, to reveal how 86 

lithological heterogeneity created by the magmatic architecture of “moderately-magmatic” OCCs, 87 

spatially controls high-temperature ductile deformation, late evolved melt infiltration, and early fluid-88 

rock interaction. 89 

 90 

Oceanic Core Complexes and Detachment Faults 91 

OCCs form via deformation-accommodated asymmetric plate spreading, whereby the plate interface 92 

is defined by a lithospheric-scale detachment fault. The OCC forms the footwall to the detachment 93 

fault, and is characterised by exhumed lower lithospheric and/or asthenospheric rocks, which have 94 

been exposed to the seafloor through a combination of uplift, bending, and rotation of the footwall 95 

during displacement on the detachment fault [1, 13, 17-19]. 96 

A variety of geomorphic and/or litho-structural styles and classifications have been reported for 97 

detachment faults and OCCs that highlight differences in the styles of seafloor detachment [3, 20], the 98 

volume of magmatism, and bathymetric structure of the footwall [21-24]. For clarity, we use the term 99 

“detachment fault system” to refer to all styles of detachment fault and their associated footwalls as 100 

well as any associated structures within the underlying lithosphere. We use the term “OCC” to refer to 101 

detachment fault systems with kilometre-scale domal bathymetric structures and variable proportions 102 

and gabbroic and ultramafic footwall rocks (Fig. 1B-C), of which many display a corrugated-seafloor 103 

detachment fault [20, 25, 26]. OCCs are the dominant style of detachment fault system along the slow-104 

spreading Mid-Atlantic Ridge (MAR) [26-31]. They  are distinct from “near-amagmatic detachment 105 
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systems” (Fig. 1A) which dominate along the ultraslow-spreading South West Indian Ridge (SWIR) 106 

and Gakkel Ridge (Arctic Ocean), with footwalls almost entirely composed of serpentinized peridotite 107 

[3, 32, 33].  108 

Due to the variability of the volume of magmatism and associated extent of magmatic deformation 109 

(hyper-solidus strain of a magma during emplacement) observed between OCCs [e.g., 26, 34], we 110 

subdivide OCCs into moderately-magmatic and highly-magmatic OCCs (MM-OCCs / HM-OCCs). 111 

HM-OCCs (Fig. 1C) are  dominated by thick gabbroic plutons with comparably minor proportions of 112 

mantle rocks. HM-OCCs such as Atlantis Bank (SWIR) and Godzilla (Philippine Sea) form the largest 113 

of all detachment fault systems with the largest detachment fault zones by both area and thickness, but 114 

their occurrence is rare in comparison to MM-OCCs [23, 34]. MM-OCCs (Fig. 1B) comprise greater 115 

proportions of serpentinized peridotite and variable mafic plutonic and volcanic rocks [4, 20, 26, 27, 116 

31, 35]. MM-OCCs such as Atlantis Massif (the focus of our study) are commonly reported from ridge 117 

segments with intermediate to low volumes of magmatism (~30-50% magmatic accretion) and are 118 

consequently the dominant style of detachment fault system reported from the Atlantic Ocean [26-31]. 119 

 120 

Deformation processes in detachment fault systems and OCCs 121 

Deformation reported from seafloor-exposed detachment fault surfaces is dominated by 122 

hydrothermally-assisted, ductile-to-brittle processes (we use the term “ductile deformation” as 123 

describing deformation by dislocation creep and/or diffusion creep) . This style of deformation typifies 124 

the “detachment fault zone”, which is a ubiquitous feature of all detachment fault systems, comprising 125 

strongly altered ultramafic and/or mafic rocks and metasomatic assemblages that deformed at low to 126 

intermediate temperatures (approximately ≤400-500 °C) in the middle to upper lithosphere [6, 31, 36].  127 

In contrast, observations of higher temperature deformation processes (approximately ≥500-600 °C up 128 

to hypersolidus conditions) which take place in the lower lithosphere portions of detachment fault 129 

systems are less abundant, in part due to the overprinting nature of later, low-temperature deformation 130 

[37-43].  131 

Importantly, high-temperature deformation processes appear to vary with detachment fault system 132 

style [3, 21, 33]. Near-amagmatic detachment systems and HM-OCCs can be viewed as deformation 133 

endmembers, reflecting the impacts of the absence or dominance of magmatism on the character of 134 

deformation in the system. Near-amagmatic detachment systems (Fig. 1A) display high-temperature, 135 

solid-state deformation of peridotite characterized by dislocation creep with dynamic recrystallization 136 

controlling strain localization via grainsize-reduction of olivine [41]. HM-OCCs (Fig. 1C) display 137 

high-temperature deformation characterized by magmatic deformation (hyper-solidus strain of a 138 

magmatic body during emplacement) and melt-present solid-state ductile deformation (solid-state 139 

deformation of a solid crystalline framework in presence of a low volume of interstitial melt) of 140 

gabbroic intrusions, with strain localization controlled by magmatic intrusions and crystal mush zones 141 

[34, 38]. 142 

In contrast, the style(s) of deformation which control the lower lithospheric roots of MM-OCCs (Fig. 143 

1B) is unclear. Studies continue to debate the relative importance of hydrothermally-assisted strain 144 

localization processes versus magmatic/melt-assisted strain localization processes, especially with 145 

respect to lower lithospheric deformation processes in MM-OCCs [6, 24-27, 37, 39, 40, 44-46]. This 146 

has implications for the vertical and lateral extent of MM-OCC detachment faults (or fault zones), the 147 
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depth of magmatic intrusions, hydrothermal alteration fronts [5, 22, 24, 25, 27, 37, 47, 48], and the 148 

associated spatial extent of hydrothermal circulation that deformation in MM-OCCs permits [6, 10, 149 

29, 31, 45, 47]. Constraining the high temperature, lower lithosphere deformation processes that 150 

control the formation and evolution of MM-OCCs is therefore fundamental to our understanding of 151 

slow-spreading and ultraslow-spreading MORs and the oceanic lithosphere and hydrothermal systems 152 

that they create, especially in the Atlantic Ocean where MM-OCCs dominate [1, 4, 7, 9, 11, 27-30, 39]. 153 

  154 

The Atlantis Massif MM-OCC: Previous work 155 

Located at 30°N on the MAR, the Atlantis Massif MM-OCC covers a 12 x 12 km area on the North 156 

American plate, adjacent to the MAR axial valley and the Atlantis transform (Fig. 2A). Atlantis Massif 157 

is capped by a NNE-SSW-striking, ESE-dipping corrugated seafloor detachment fault that was active 158 

between ~0.4-2 Ma [48-51], with a damage zone thickness of ~100-200 m [6, 8, 40, 45]. The Central 159 

Dome exposes a thick gabbroic intrusion drilled during IODP Expeditions 304/305 and 399 at Site 160 

U1309 (Fig. 2D) to a sub-seafloor depth of 1489 mbsf [14, 52, 53]. To the south, the crest of the 161 

Southern Ridge of Atlantis Massif (Fig. 2A) exposes serpentinized peridotite, talc-tremolite schist, 162 

variably altered mafic to intermediate intrusive rocks, diabase, and calcareous sediments, sampled by 163 

seafloor drilling (<17 mbsf) during IODP Expedition 357 [54]. Below the ridge, the South Wall 164 

exposes variably deformed serpentinized peridotite with an uppermost portion of amphibole-bearing 165 

“blackwall” assemblages and meter-thick mafic intrusions observed and sampled by submersible 166 

expeditions [6, 8, 40]. Footwall rotation of Atlantis Massif is estimated to be ≥60-70°, with 46±6° 167 

rotation recorded after exhumation through ~580 °C [19].  168 

Along the Southern Ridge and Wall of Atlantis Massif, Ti-in-zircon thermometry from individual 169 

zircon spot analyses [55] records crystallization of magmatic veins in altered ultramafic rocks between 170 

919-757 °C (n=25). Across the massif (Southern Ridge and Site U1309), Ti-in-zircon thermometry 171 

(individual zircon spot analyses) records magmatic crystallization of gabbro at 799-730 °C (n=12) and 172 

of oxide-gabbro and plagiogranite samples at 830-676 °C (n=74). This overlaps with secondary growth 173 

and alteration of zircon in the presence of aqueous fluids at 971-658°C (n=33, Grimes et al.’s “Type 174 

3” zircon). Post-magmatic hydrothermal precipitation of zircon from aqueous fluids, interpreted from 175 

individual spot analyses of luminescent rims, is recorded at 642-604 °C (n=7) [55]. 176 

Previous analyses report a variety of deformation fabrics and features recorded from pyroxene-177 

hornfels/granulite facies temperatures through to albite-epidote hornfels/greenschist facies 178 

temperatures [6, 40, 52, 56]. At the crest of the South Ridge, deformation observed in drill cores 179 

recovered during IODP Expedition 357 (maximum depth of 17 mbsf) is associated with the seafloor 180 

detachment fault, dominated by fault breccia and sheared talc-tremolite-chlorite schist; breccia 181 

included clasts of reworked amphibolite facies mylonite, cataclasite and fault gouge.  182 

Alvin submersible observations along the South Wall of Atlantis Massif, at ~0-200 m and ~350-500 m 183 

below the crest record deformation in variably serpentinized peridotite and meter-scale mafic 184 

intrusions [40]. High temperature ductile deformation is sparsely distributed across the depth transect, 185 

reported from mafic and, to a lesser extent, ultramafic samples, broadly constrained to pyroxene-186 

hornfels/granulite to hornblende-hornfels/amphibolite facies temperatures. Amphibole-plagioclase 187 

thermometry and undeformed ilmenite lamellae in magnetite hosted by mylonitized gabbroic rocks 188 

indicate ductile deformation temperatures of 900-650°C  [40]. Lower temperature (≤500°C) semi-189 
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brittle to brittle deformation is concentrated in the uppermost 90 m of the South Wall and includes 190 

cataclasis, brecciation, and mylonitization of altered mafic rocks, serpentinite (especially the 191 

amphibole-dominated blackwall assemblage), and talc-tremolite schist. The most intense brittle 192 

deformation is restricted to the upper 10 m associated with the seafloor detachment fault [6, 40]. 193 

Serpentinization is interpreted to have occurred at ≤425°C [6]. Textures of albite-epidote 194 

hornfels/greenschist alteration assemblages appear to be mostly static at hand-sample scale, although 195 

deformation of these assemblages is observed at the microscale [6, 40]. Serpentine fabrics were 196 

initially interpreted as mostly static [56], however, X-ray diffraction analysis has since shown that 197 

some serpentinites have a strong lizardite crystallographic preferred orientation suggesting mineral 198 

growth during detachment faulting at serpentine-stable conditions [57]. 199 

On the Central Dome of Atlantis Massif, IODP Hole U1309D was drilled to 1498 mbsf during Exp 200 

304/305 and 399. The recovered rocks are notable for their paucity of ductile deformation [26, 45, 53]. 201 

Faulting, brecciation, and cataclasis, at and below albite-epidote hornfels/greenschist facies conditions, 202 

characterises deformation in mafic and minor ultramafic intrusive rocks in upper ~170 mbsf, and is 203 

interpreted as the seafloor detachment fault zone [45, 51]. Intervals hosting ductile deformation 204 

account for <3% of the curated core at Site U1309 (Fig. 2E) and are localized in the upper ~320 mbsf 205 

[53]. Where present, protomylonitic to mylonitic intervals typically localize at gabbroic-gabbroic and 206 

gabbroic-ultramafic contacts, especially within oxide gabbro and troctolite/troctolitic gabbro intervals, 207 

and indicate pyroxene-hornfels/granulite to hornblende-hornfels/amphibolite deformation 208 

temperatures (approximately ≥700 °C) [53], consistent with constraints from the Southern Ridge [40, 209 

55]. Geospeedometry of olivine-rich troctolites suggest melt-rock reactions began at ~1230°C and 210 

continued to segregate into gabbroic intrusions down to ~850°C  [58]. 211 

 212 

IODP Expedition 399 provides a unique record of high-temperature deformation processes 213 

from the Atlantis Massif MM-OCC 214 

In this study, we present the first detailed macro-to-microscale structural analysis of high-temperature 215 

deformation process recorded throughout the entire length of new rock core from IODP Hole U1601C, 216 

drilled from the Atlantis Massif MM-OCC (Fig. 2). Hole U1601C was drilled from the Southern Ridge 217 

of Atlantis Massif during IODP Expedition 399 (Fig. 2). With total core recorvery of >70%, Hole 218 

U1601C represents the deepest and most complete section of mantle rocks with gabbroic intrusions 219 

drilled from the seafloor [14-16].  Below 200 mbsf, the high recovery and structural continuity of this 220 

core includes many 10’s of meters of ultramafic and mafic cores at 90-100% recovery, allowing for 221 

analyses of mantle and mid-ocean ridge-related processes at a resolution and a level of structural 222 

context not previously possible.  223 

IODP Expedition 399 shipboard analyses recorded brittle, semi-brittle, and ductile deformation from 224 

Hole U1601C [16]. Surprisingly, the extent of high-strain brittle to semi-brittle deformation intervals 225 

was relatively low in comparison to high-strain ductile intervals [16]. Additionally, intervals of 226 

medium-to-low temperature ductile deformation (approximately ≤400-500 °C) associated with the 227 

seafloor detachment fault zone, as typified by deformed talc-tremolite-chlorite schists reported from 228 

IODP Expeditions 304/305 and 357 and Alvin dives [6, 8, 40, 45, 51, 54], were rare to absent across 229 

Site U1601 (Holes A and C) [16]. Consequently, in this study we focus on the record of high-230 

temperature ductile deformation (approximately ≥500-600 °C up to hypersolidus conditions) recorded 231 
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from Hole U1601C. This includes shipboard core analyses of U1601C, supplemented with subsequent 232 

post-cruise analyses of the core at the hand-sample to thin-section scale.  233 

Our study provides a detailed synthesis of the macro-to-microscale character and distribution of high-234 

temperature ductile deformation throughout Hole U1601C, which we relate our findings to the 235 

structural and magmatic evolution of the Atlantis Massif MM-OCC. Our observations indicate that 236 

lithological heterogeneity defined by zones with a high density of meter-scale gabbroic intrusions 237 

contacting against peridotite controlled the distribution and localization of high-temperature ductile 238 

deformation. That high-temperature ductile deformation preferentially localized in gabbroic intrusions, 239 

especially towards gabbroic-ultramafic and gabbroic-gabbroic contacts, and temporally and spatially 240 

overlapped with localized late, evolved, melt infiltration and associated Fe-Ti oxide crystallization 241 

within gabbroic intervals in the lower lithosphere beneath Atlantis Massif. Furthermore, we show that 242 

late evolved melt infiltration followed the spatial distribution of ductile deformation at the margins of 243 

mafic intrusions. We suggest that this style of high-temperature lower lithosphere ductile strain 244 

localization may be a unique characteristic of MM-OCCs where lithological heterogeneity in the 245 

detachment footwall represents a key defining feature of this type of OCC. 246 

 247 

RESULTS 248 

Observations from IODP Hole U1601C 249 

Site U1601 [16] is located on the corrugated-seafloor detachment surface at the crest of the Southern 250 

Ridge (Fig. 2AB). Site U1601 lies ~800 m north of the Lost City Hydrothermal Field [10], within 251 

~~20-60 m distance from Hole M0069, 100-300 m distance from M0072, and M0076 (IODP 252 

Expedition 357) [54], and 4.7 km due-south of Site U1309 [53] (Fig. 2A).  253 

At Site U1601,  889.2 m of core was recovered from Hole U1601C between 23.0-1267.8 mbsf (71% 254 

recovery). Recovery from the upper 200 mbsf of Hole U1601C  is low (44%) compared to rest of the 255 

hole (76% recovery below 200 mbsf). The core comprises serpentinized peridotite (68%), mafic 256 

intrusive rocks (32%), and rare intermediate intrusive rocks (<1%) ([16], Fig. 2B).  257 

Ultramafic rock types recovered in Hole U1601C (67 %) are dominated by variably serpentinized 258 

harzburgite, with subordinate dunite and orthopyroxene-bearing dunite, and rare lherzolite. Mafic to 259 

intermediate intrusive rock types (Fig. 2F) include olivine gabbro (7.5%; includes olivine-bearing 260 

gabbro), gabbro (10.1%), disseminated oxide gabbro (0.6%; “disseminated” defined as 1-2% oxide 261 

content), oxide gabbro (1.8%; includes oxide-bearing gabbro, oxide gabbronorite, and rare oxide 262 

diorite; “oxide-bearing” defined as 2<5% oxide content), disseminated oxide gabbronorite (0.7%), 263 

gabbronorite (11.7%), and minor (<1%) of troctolite, diabase, and diorite. These intrusions range in 264 

thickness from mm’s to 10’s of metres and their contacts with ultramafic rocks have dips ranging from 265 

0-90°, but typically >30°([15]; Fig. S1). We note that hole-parallel (i.e., sub-vertical) contacts are 266 

usually under-sampled by drill core [59], and that dip directions are unconstrained due to rotation of 267 

core pieces during recovery. The spatial variability of gabbroic-ultramafic contact dips appears to be 268 

random, suggesting that the heterogenous distribution of variably sized gabbroic intrusions represent 269 

a net-vein complex (e.g., [15]), potentially emanating from larger gabbroic bodies within the Central 270 

Dome of the massif to the north (i.e., Hole U1309D) and/or below Hole U1601C [e.g., 14]. 271 

The relative proportion of gabbroic vs ultramafic rock types increases down-hole (Fig. 2B) defining 3 272 

domains: Domain 1  -  dominantly ultramafic rocks (23-637 mbsf);  Domain 2 – variable, but in many 273 

places comparable, proportions of gabbroic intrusions within ultramafic rocks (637-950 mbsf); and (3) 274 
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Domain 3 dominated by gabbroic intrusions, including 5m- to 80 m-thick intervals of 100% gabbroic 275 

rocks with high proportion of gabbronorite (950-1268 mbsf). These domains (Fig. 2B) form the broad 276 

lithostratigraphic framework for our analysis of ductile deformation in Hole U1601C. 277 

 278 

Distribution of ductile deformation in Hole U1601C 279 

We characterize ductile deformation in Hole U1601C based on macroscopic observations of 280 

continuous, penetrative deformation fabrics. The distribution and intensity of ductile deformation was 281 

recorded during shipboard and post-cruise analyses of macroscale fabrics in core specimens, and 282 

microscale fabrics in thin sections. Classification of recovered intervals hosting ductile deformation 283 

are based on the macro-scale intensity of solid-state deformation and encompasses dynamic 284 

recrystallization by both dislocation and diffusion creep processes (see Materials and Methods section 285 

below). Observed ductile deformation intervals account for 8% (79.7 m) of the curated core thickness 286 

(Fig. 2C; Table S1). High strain fabrics (protomylonite, mylonite, ultramylonite) account for 61% 287 

(48.6 m) of these intervals (Table S1). Recovered zones of ductile deformation are up to 3.8 m thick, 288 

some of which concentrate into 10-50 m zones of ductile deformation. Ductile fabric dips vary from 289 

0-90° with a higher proportion of dips between 30-60° (Fig. S1). There is no systematic variation in 290 

the spatial or lithological distribution of ductile fabric dips, except at intrusive contacts where fabric 291 

orientations typically mimic contact orientation (detailed below). 292 

Gabbroic intervals lacking solid-state deformation typically display isotropic magmatic fabrics and 293 

occasional grain size and/or modal layering. Intervals of magmatic deformation were rarely observed 294 

(0.8% of recovered core). Where present, these formed cm-scale intervals of magmatic foliation 295 

defined by aligned plagioclase and are mostly confined to the middle portions of larger gabbroic 296 

sections away from contacts (see Lang et al 2025a). 297 

 298 

Lithological distribution of ductile deformation 299 

Ductile deformation is concentrated in gabbroic intervals (Fig. 2G), accounting for 82% of the 300 

observed total ductile deformation in Hole U1601C. These deformed intervals in gabbroic rocks are 301 

reported from cm-scale through to >10m-scale intrusive bodies throughout the hole (Figs. 3 & S2-3). 302 

Many of these deformation intervals are localized along intrusive contacts with peridotite, displaying 303 

mylonitic fabrics that are parallel or sub-parallel to contact orientations (Figs. 3D-E & S4-5). In 304 

Domains 2 and 3, ductile deformation also localizes at intrusive contacts between different gabbroic 305 

bodies, most commonly at the margins of oxide-bearing gabbroic intervals (Figs. 3C & S5). In some 306 

cases, ductile deformation intervals at gabbroic-ultramafic contacts and gabbroic-gabbroic contacts 307 

display a strain gradient which increases in strain intensity towards the contact.  308 

Within gabbroic intervals, ductile deformation is partitioned into: gabbro (22%), gabbronorite (23%), 309 

oxide gabbro (14%), disseminated oxide gabbro (7%), disseminated oxide gabbronorite (6%), and 310 

olivine gabbro (10%) (Fig. 2G). Comparing the proportion of ductile deformation in each gabbroic 311 

lithology (Fig. 2G) to the overall distribution of that lithology throughout Hole U1601C (Fig. 2F) 312 

highlights a preference for localization in evolved gabbroic compositions over primitive olivine-313 

bearing gabbro. Most notably, oxide-bearing gabbroic compositions show an overwhelming preference 314 

for ductile strain localization, accounting for 27% of all ductile intervals, but only 3% of Hole U1601C 315 

(Fig. 2F-G). This translates to 74% of the total cumulative length of oxide-bearing gabbroic intervals 316 

in Hole U1601C displaying ductile deformation fabrics.  317 
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The remaining ductile deformation is reported from ultramafic rock types including harzburgite (7%), 318 

orthopyroxene-bearing dunite (8%), and dunite (3%), (mostly weak to strong foliations, Fig 2G) and 319 

rare talc-tremolite schist intervals (<1%). Ductile deformation within ultramafic intervals is almost 320 

exclusively restricted to the contacts with deformed gabbroic intrusions (Fig. S4I-J, M-O). These 321 

intervals form continuums of deformation that transition from the mafic intrusions into the adjacent 322 

ultramafic rocks.  323 

 324 

Spatial distribution of ductile deformation 325 

Fig. 4 shows the spatial distribution and down-hole length of recovered drill-core intervals hosting 326 

ductile deformation alongside rock type. The localization of ductile deformation within gabbroic 327 

intrusions and at contacts between gabbroic intrusions and peridotite imparts a strong spatial control 328 

on the distribution of deformation. Consequently, 90% of the total ductile deformation in Hole U1601C 329 

is recorded in Domains 2 and 3, equating to 15% of the total curated core thickness below 637 mbsf, 330 

where the proportion of mafic to ultramafic lithologies is significantly higher.  331 

In Domain 1, (0-637 mbsf) minor zones of ductile deformation are concentrated between 100-200 332 

mbsf where there is also a higher concentration of gabbroic intrusions up to ~10 m (Fig. 4). Notably, 333 

the low recovery rate in the upper 200m of Hole U1601C may mean that ductile deformation at this 334 

depth is underrepresented. In Domain 2 (637-950 mbsf) ductile deformation localizes in mixed 335 

gabbroic-ultramafic cores  (Fig. 4, turquoise cores = 33-66% mafic intervals), and in mantle- or mafic-336 

dominated cores (Fig. 4, dark green cores  = >66% ultramafic intervals; blue cores = >66% mafic 337 

intervals) that are adjacent to mixed gabbroic-ultramafic cores. This reflects the high number of 338 

gabbroic-ultramafic contacts which are observed to preferentially localize ductile deformation within 339 

these cores. In Domain 3 (950-1268 mbsf), where most cores have >66% mafic intervals (Fig. 4, blue 340 

cores), ductile deformation localizes at the margins of 5-80 m-thick mafic intervals, and at gabbroic-341 

gabbroic contacts involving oxide-bearing compositions and/or gabbronorite, with little to no record 342 

of ductile deformation in their interiors.  343 

 344 

High strain zones within Hole U1601C 345 

Six ‘high strain zones’ (HSZs) characterised by greater concentrations and thicker intervals of ductile 346 

deformation (Fig. 4), are defined in Hole U1601C. These HSZs are recognized in Domains 2 and 3 347 

between 637 mbsf and 1176 mbsf, have downhole thicknesses of 6-28 m, and are characterized by 31-348 

91% ductile deformation (Table S3) (22-83% high strain ductile deformation).  349 

The locations and thicknesses of the HSZs show a spatial correlation with the distribution of gabbroic 350 

rocks, which account for 93% of the ductile intervals reported from all six HSZs. But in detail, the 351 

mafic lithologic distribution of ductile deformation of each HSZ varies (Fig. 5, Table S4). There is a 352 

down-hole decrease in the proportion of ultramafic ductile deformation intervals from HSZ 1 (32%), 353 

to HSZs 2-3 (11-9%), to HSZs 4-6 (0%), coincident with a down-hole increase in the proportion of 354 

evolved mafic ductile deformation intervals (Fig. 5). Ductile deformation intervals in olivine gabbro 355 

decrease from 19-44% in HSZs 1-3, to 2-0% in HSZs 4-6. In contrast, ductile deformation intervals in 356 

evolved gabbroic rocks (oxide gabbro, disseminated oxide gabbro/gabbronorite, and gabbronorite), 357 

increases down-hole from 7% in HSZ 1, to 33-48% in HSZs 2 to 4, to 93-100% in HSZs 5 and 6. 358 

The locations of HSZs coincide with notable changes in lithostratigraphy (Fig. 4). HSZ 1 is located at 359 

the first major increase in the proportion of mafic rocks (Fig. 4), after a ~400m-long section dominated 360 
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by ultramafic rocks. HSZs 2 and 4 are located in mixed zones of sub-meter to meter-scale gabbroic 361 

intrusions of varying composition within ultramafic rocks (Fig. 4). HSZs 3, 5 and 6 are located at the 362 

boundaries of 20 m- to 80 m-thick gabbroic intervals that also mark the upper boundaries of three 363 

distinct gabbronorite bodies dominating core sections at ~975-1025 mbsf and ~1130-1268 mbsf (Fig. 364 

4). Notably, in HSZ 5 there is a down-hole increase in the intensity of ductile deformation which also 365 

corresponds with a change in composition, from disseminated oxide gabbro to gabbronorite (Fig. 4). 366 

 367 

Thermal and temporal constraints for ductile deformation in Hole U1601C 368 

The following sections report macro- and microscale observations that provide constraints on the 369 

temperature(s) and relative timing of the reported ductile deformation. In part, this is constrained on 370 

the basis that detachment fault footwalls cool with time as they exhume towards the seafloor [50]. 371 

Firstly, we present constraints from the deformation of primary phases which formed early in the 372 

footwall’s history. This is followed by constraints from the deformation of later secondary phases. 373 

Where presented, our temperature estimates are made through comparison of our observations with 374 

equivalent microstructural assemblages, petrographic relationships and comparable samples reported 375 

in previous studies from Atlantis Massif and other OCCs [38, 40, 42-44, 60, 61]. 376 

 377 

Ductile deformation of primary mineral phases 378 

In this section we present observations of ductile deformation of primary minerals in gabbroic and 379 

ultramafic rocks with the exclusion of deformation of Fe-Ti oxide assemblages. These Fe-Ti oxide 380 

assemblages provide a more complex set of observations that warrant more detailed description and 381 

interpretation in the subsequent section. 382 

Macroscopic and petrographic observations of high-strain ductile intervals in gabbroic rocks record 383 

well-developed mylonitic foliations with localized to pervasive grain size reduction by dynamic 384 

recrystallization, and strong grain shape fabrics of primary phases (Figs. 6, & S2-3) including 385 

plagioclase, orthopyroxene, clinopyroxene, and olivine. Plagioclase domains display strong 386 

crystallographic preferred orientation fabrics (Figs. S2E,H & S3H). Mylonitic deformation (i.e., 387 

ductile deformation with dynamic recrystallization and grain size reduction) of clinopyroxene and 388 

orthopyroxene into neoblasts (Figs. 6A,D & 7B,D) indicates pyroxene-hornfels/granulite facies 389 

deformation temperatures (>800°C e.g., [38, 42, 43]).  390 

Dynamic recrystallization of plagioclase includes higher-temperature grain boundary migration and 391 

subgrain microstructures in equilibrium with recrystallized pyroxene (Fig. 6A,D), and lower-392 

temperature grain boundary bulging microstructures (e.g., [60]) in equilibrium with recrystallized 393 

secondary amphibole-after-pyroxene (Figs. 6B, 7B-D & 8F). These relations indicate mylonitic 394 

deformation of plagioclase continued down to hornblende-hornfels/amphibolite facies temperatures 395 

(600-500 °C) (e.g., [60]). In lower-strain ductile intervals (weakly foliated/strongly foliated), 396 

comparable styles of dynamic recrystallization of primary phases are observed albeit with less 397 

recrystallization. 398 

Ductile deformation at, and across, intrusive gabbroic-gabbroic contacts displays a variety of 399 

relationships that provide relative temporal constraints for the timing of deformation. Rare examples 400 

of (1) mylonitic intervals of diabase intruding gabbroic rocks (Figs. S5AB); and (2) undeformed 401 

microgabbro cutting mylonitic gabbroic rock (Fig. S5C-E), indicate that multiple stages of magmatism 402 

occurred during and after mylonitic deformation of mafic intervals.  403 
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At gabbroic-ultramafic contacts, primary minerals within the gabbroic intervals display contact sub-404 

parallel mylonitic foliations (Figs. 3D-E, S4). In most cases, ultramafic assemblages adjacent to these 405 

contacts are completely altered to secondary phases (Figs. 3D, 8C, S4); however, two samples showed 406 

evidence of dynamic recrystallization of olivine, including a grain shape alignment parallel to 407 

mylonitic foliation in the adjacent gabbroic interval (Figs. S4J, O).  408 

Away from intrusive contacts, rare intervals of coarse-grained ultramafic protomylonite and mylonite 409 

are defined by sigmoidal to lozenged shapes orthopyroxene porphyroclasts in a serpentine matrix (Fig. 410 

S6Q-S). These fabrics were initially interpreted as a record of deformation at asthenospheric conditions 411 

[16, 62], however, it is also possible these fabrics formed during ductile deformation in the lowermost 412 

lithosphere, where temperatures remain high enough for ductile deformation of peridotite primary 413 

phases. A minority of peridotite samples contain primary olivine grains (Fig. S6E-L). In most cases, 414 

primary olivine grains are subhedral to anhedral, with interlocking grain shapes that do not suggest 415 

high temperature ductile deformation of peridotite in the lower lithosphere (Fig. S6E-L). Away from 416 

contacts, dynamic recrystallization of olivine in peridotite has been observed in one only sample from 417 

Hole U1601C. Schroeder and John [40] also observed mylonitic deformation of peridotite in one 418 

sample collected ~50 m below the top of the Southern Ridge. 419 

 420 

Ductile deformation of Fe-Ti oxide assemblages 421 

In oxide-bearing gabbroic intervals, assemblages of magnetite, ilmenite, and rare iron-sulfides display 422 

a variety of deformed and undeformed petrographic relationships (Figs. 3BC, 6C-F, 7B-D, & S3). 423 

Experimental studies demonstrate Fe-Ti oxide assemblages can form through the fractional 424 

crystallization of late-stage MORB [63].  Textural observations from Atlantis Massif and other 425 

detachment fault systems on slow/ultraslow-spreading MORs indicate that these Fe-Ti oxide 426 

assemblages typically form as the crystallization products from reactive porous flow of a highly 427 

differentiated, evolved melt through pre-existing gabbroic crystal mush rather than through in-situ 428 

fractional crystallization (e.g., [38, 44, 61, 64-66]). In either case, both explanations indicate that Fe-429 

Ti oxide assemblages reflect a later and lower temperature component of the magmatic system and can 430 

thus provide important information on the influence and relative timing of ductile deformation with 431 

respect to magmatic evolution. 432 

Fe-Ti oxides in gabbroic intervals of Hole U1601C are spatially associated with zones of ductile 433 

deformation at both macro- and micro-scale (Fig. 4). Strongly deformed, finer-grained, oxide-rich 434 

gabbroic intervals are often juxtaposed against undeformed/less deformed, coarser-grained, gabbro or 435 

disseminated oxide gabbro, separated by sheared contacts (Figs. 3C & 6C). Mylonitic fabrics in oxide-436 

rich domains typically display a higher intensity of deformation than adjacent oxide-free mylonitic 437 

fabrics, indicated by a greater extent of grain size reduction and strong plagioclase and pyroxene grain-438 

shape fabrics and crystallographic fabrics (Figs. 6C-E & S3H). Oxide-rich domains form foliation-439 

parallel layers of interconnected Fe-Ti oxide grains within bands of pyroxene and plagioclase neoblasts 440 

(Figs. 6D-E, 7B-D). In some cases, these plagioclase and pyroxene neoblasts have rounded grain 441 

shapes ± cuspate embayments along their grain boundaries, indicating resorption (Fig. 6D-F, 7BC). 442 

Some Fe-Ti oxide domains form sigmoidal pressure shadows around large pyroxene porphyroclasts 443 

(Figs. 6D, 7B, S7B). Within silicate-dominated foliation bands isolated, interstitial Fe-Ti oxide grains 444 

have irregular cuspate grain shapes and low dihedral grain boundary triple junction angles (Figs. 7D, 445 

S7BC). This is consistent with precipitation from a low-volume interstitial melt localizing in pore 446 

spaces within a solid framework [38, 44, 61]. Collectively, these petrographic relationships indicate 447 

that in these samples, ductile deformation occurred after and/or during crystallization of Fe-Ti oxides 448 
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from a late-stage, evolved melt (note that these observations do not rule out the possibility of 449 

deformation also occurring before Fe-Ti oxide crystallization in addition to during/after Fe-Ti oxide 450 

crystallization).  451 

In some deformed oxide-bearing samples, temporal relationships can be constrained more tightly:  452 

In zones of lower-strain mylonitic gabbroic rocks, localized zones of dynamically recrystallized 453 

plagioclase form along thin Fe-Ti oxide veins (Fig. S3M). In these examples, infiltration of the evolved 454 

melt has locally promoted further dynamic recrystallization and grain size reduction of plagioclase.  455 

In some mylonitic to ultramylonitic intervals, oxide-rich domains contain multi-grain clasts of 456 

plagioclase neoblasts plucked from the Fe-Ti oxide vein walls, which have cuspate embayments 457 

produced by resorption into the surrounding melt, and are sometimes folded parallel to the mylonitic 458 

foliation (Figs. 6D-F, 7BD, & S3B,C,O). The occurrence of these multi-grain clasts of plagioclase 459 

neoblasts with resorption microstructures dictates that, at least in the case of these particular samples, 460 

mylonitic deformation of plagioclase and pyroxene was already underway before the mm-thick melt 461 

bands intruded the rock and crystallized Fe-Ti oxides. The folded nature of multi-grain clasts of 462 

recrystalized plagioclase (Fig. S3O), along with the presence of sigmoidal Fe-Ti oxide pressure 463 

shadows around pyroxene and plagioclase porphyroclasts (Figs. 6D,  S7E) indicates that ductile 464 

deformation continued during and/or after late melt infiltration.  465 

Had the melt bands been present prior to dynamic recrystallization of plagioclase and pyroxene, the 466 

weak rheology of the melt and Fe-Ti oxides would have preferentially localized deformation instead 467 

of the surrounding silicates solid-framework. Similarly, had the isolated Fe-Ti oxide grains within 468 

mylonitized bands of plagioclase crystallized before mylonitic deformation of the plagioclase, they 469 

would no longer retain their cuspate, interstitial grain shapes with low dihedral triple junction angles.  470 

Collectively these observations indicate (1) that these Fe-Ti oxide assemblages are the products of 471 

reactive porous flow of a late stage evolved melt  (e.g., [38, 44, 61, 64, 65]); and (2) that ductile 472 

deformation and infiltration of this late-stage evolved melt spatially and temporally overlapped. 473 

Whether or not deformation continued after these Fe-Ti oxide domains crystallized is not always clear; 474 

however, well-formed ilmenite exsolution lamellae within magnetite observed in some samples (Fig. 475 

S7D) suggest that those grains have not deformed below 600°C (e.g., [67, 68]). 476 

 477 

Ductile deformation of secondary phases 478 

Gabbroic and ultramafic intervals include a range of secondary alteration assemblages, some of 479 

which display ductile deformation fabrics. Within mylonitic gabbroic intervals, amphibole grains 480 

display a range of textural relationships with their surrounding ductile deformation fabrics.  481 

Brown amphibole in mafic intervals is often spatially associated with Fe-Ti oxide assemblages and is 482 

observed as (1) isolated interstitial grains within a matrix of plagioclase and pyroxene neoblasts (Fig. 483 

S7E); (2) mantles surrounding pyroxene (Figs. 7EF & 8A); and (3) as partial to complete replacements 484 

of pyroxene (Figs. 8B-E). In some mylonitic and ultramylonitic intervals clinopyroxene neoblasts have 485 

mantles of brown amphibole at their edges which form foliation-parallel, sigmoidal pressure shadows 486 

(Figs. 8A  & S7F). The grain distributions and morphologies of these brown amphibole and their 487 

spatial association with Fe-Ti oxide assemblages suggest that these examples are likely magmatic in 488 

origin and grew as a reaction product during reactive porous flow of a late-infiltrating evolved melt 489 

([e.g., 69]). 490 
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A minority of mylonitic gabbroic samples host domains of brown amphibole and ilmenite with 491 

interlocking, subhedral, blocky to sub-rounded grain shapes (Figs. 8B & S3A-D,I-J). In one example, 492 

this amphibole-ilmenite assemblage clearly intrudes a pre-existing mylonitic plagioclase fabric but 493 

lacks a deformation fabric of its own (Fig. S3A-D). In another example, this amphibole-ilmenite 494 

assemblage forms foliation-parallel bands with a weak foliation-parallel grain shape alignment (Fig. 495 

8B & S3I-J) whereas pyroxene is completely replaced by brown and green-brown amphibole. Based 496 

on these observations, we interpret the amphibole-ilmenite domains as a replacement assemblage of 497 

former magnetite + ilmenite + pyroxene domains that are more typically observed in the oxide-bearing 498 

gabbroic intervals.  499 

Many of the observed mylonitic gabbroic samples include secondary alteration assemblages that are 500 

also deformed as part of the encompassing mylonitic fabric. Assemblages of colourless-to-pale-green-501 

brown amphibole ± minor talc, formed at the expense of pyroxene (typically clinopyroxene), create 502 

mylonitic bands with a foliation-parallel grain shape alignment, indicating growth during ductile 503 

deformation (Figs. 3A, 6B, 7A,E-F & 8C-D). In some samples, olivine porphyroclasts have rims of 504 

secondary orthopyroxene and olivine neoblasts which form mylonitic foliation-parallel bands between  505 

plagioclase layers  (Figs. 6B, 7A). Similarly, in some mylonitic gabbroic intervals, secondary 506 

overgrowths of colourless-to-pale-green-brown amphibole ± talc, talc veins, and amphibole veins are 507 

deformed alongside lower temperature dynamic recrystallization microstructures ± brecciation and 508 

cataclasis of plagioclase, including at the contacts between mylonitized mafic and ultramafic intervals 509 

(Fig.  8C-D). In some mylonitized mafic intervals, ultrafine (<20 µm) plagioclase and amphibole 510 

grains form mm-thick ultramylonitic bands, suggestive of diffusion-controlled, granular flow at 511 

amphibole-stable conditions (Figs. 7F, 8E).  512 

This colourless-to-pale-green-brown amphibole alteration assemblage is near-ubiquitously observed 513 

at gabbroic-ultramafic contacts and commonly displays a mylonitic fabric sub-parallel to the contact 514 

(Figs. 8C-D & S4). In some instances, the growth of this secondary assemblage is such that the former 515 

gabbroic rock and any pre-existing magmatic or mylonitic fabric is completely replaced (Fig. S4A-516 

H). At some contacts, this alteration assemblage also replaces parts of the ultramafic rock (Fig. S4I-517 

J).  518 

Importantly, not all occurrences of colourless-to-pale-green-brown amphibole are deformed and in 519 

some gabbroic samples, undeformed colourless-to-pale-green-brown amphibole veins and talc veins 520 

are observed truncating mylonitic fabrics. Lower temperature alteration assemblages are largely 521 

undeformed and cut and/or statically overprint mylonitic and undeformed gabbroic intervals alike. 522 

Common lower temperature alteration assemblages can include dark green-brown amphibole, chlorite, 523 

talc, albite prehnite, zeolite, quartz, and carbonate (Figs. 8C-E, S4A-B,E-H). Undeformed chlorite, 524 

calcite and serpentine ± magnetite veins are observed cross-cutting gabbroic-ultramafic contacts and 525 

mylonitic foliations (Fig. 8C). An extensive account of the full range and diversity of alteration 526 

assemblages in U1601C is reported in Lang et. al [16].  527 

 528 

Summary of deformation temperature estimates 529 

Collectively, the deformation fabrics displayed by (1) brown amphibole, likely to be of late-magmatic 530 

origin; and (2) colourless-to-pale-green-brown amphibole  ± minor talc assemblages, alongside lower 531 

temperature dynamic recrystallization microstructures ± brecciation and cataclasis of plagioclase, 532 

indicate that ductile deformation of gabbroic intervals continued as temperatures cooled from 533 

pyroxene-hornfels/granulite facies deformation temperatures (>800°C) and melt-present conditions, 534 

into subsolidus hornblende-hornfels/amphibolite facies deformation temperatures (≥500-600°C). 535 
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Importantly, the undeformed nature of lower temperature alteration phases, and undeformed amphibole 536 

veins, talc veins, chlorite veins, and carbonate veins that crosscut mylonitic fabrics, indicate that high-537 

intensity ductile deformation of gabbroic intervals in Hole U1601C is largely absent at and below 538 

albite-epidote hornfels/greenschist facies temperatures (≤400-500°C). 539 

 540 

DISCUSSION  541 

 542 

The impact of serpentinization on the record of high temperature deformation in Hole U1601C 543 

As over 70% of Hole U1601C is ultramafic, it is important to consider the impact of serpentinization 544 

on the record of high-temperature ductile deformation in ultramafic intervals. The degree of 545 

serpentinization is spatially variable ranging from 100% to as low as ~40% (Fig. S6), allowing for 546 

some interpretation of the degree of ductile deformation of peridotite prior to serpentinization. Our 547 

observations of primary phases in partially serpentinized ultramafic intervals suggest that high-548 

temperature ductile deformation of peridotite was not a significant process in localizing strain in the 549 

lower lithosphere of Atlantis Massif. This is consistent with general understanding of the rheological 550 

properties of mafic and ultramafic rock types which predicts that at solid-state, high to intermediate 551 

temperature conditions (e.g., ~800-1000 oC to ~500-600oC), gabbroic intervals should preferentially 552 

localize deformation over peridotite [e.g., 70]; similar interpretations have been made from 553 

observations of deformed gabbroic intrusions in the moho transition zone of the Oman ophiolite [70]. 554 

Evidence for melt-present deformation in gabbroic intervals (Figs. 6D-E & 7D-F) strengthens this 555 

argument further [e.g., 71, 72]. We therefore consider gabbroic intrusions and melt-present 556 

deformation to be key controlling factors for strain localization in the lower lithosphere of Atlantis 557 

Massif, whilst cautiously acknowledging that serpentinization may have overprinted a subordinate 558 

component of high-temperature ductile deformation of peridotite. 559 

 560 

The spatial, thermal, and temporal evolution of high-temperature ductile deformation in Hole 561 

U1601C 562 

Petrographic constraints based on the range of deformed and undeformed mineral assemblages indicate 563 

that solid-state ductile deformation of gabbroic intervals occurred broadly from pyroxene-564 

hornfels/granulite temperatures (≥800°C) through hornblende-hornfels/amphibolite facies 565 

temperatures (≥500-600°C). This is supported by Ti-in-zircon thermometry and amphibole-plagioclase 566 

thermometry from undeformed and deformed gabbroic rocks collected from the Southern Ridge and 567 

Wall of Atlantis Massif [40, 55], and consistent with two-pyroxene thermometry and amphibole-568 

plagioclase thermometry from comparably deformed and undeformed gabbroic rocks from Atlantis 569 

Bank on the SWIR [38, 42, 43]. Observations of magmatic deformation (i.e. hypersolidus strain of a 570 

magmatic body during emplacement) are rare and restricted to the centres of the largest gabbroic 571 

bodies. It is possible that emplacement of gabbroic intrusions included a component magmatic 572 

deformation along their contacts, but if this is the case, then that record of magmatic deformation has 573 

been overprinted by subsequent solid-state deformation and hidden from our observations. 574 

The spatial distribution of undeformed, lower-temperature alteration assemblages indicates that ductile 575 

deformation within gabbroic intervals at and below albite-epidote hornfels/greenschist facies 576 

temperatures (≤400-500°C) was not widespread in U1601C. However, we acknowledge that poor 577 
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recovery in the upper 200m of the Hole does not negate the occurrence of medium-to-low temperature 578 

ductile deformation associated with the detachment fault zone [e.g., 6, 8, 45]). 579 

Ductile deformation is observed in all gabbroic rock types, from primitive olivine gabbro to evolved 580 

oxide gabbro, oxide gabbronorite, and gabbronorite (Fig. 2G). This includes HSZs 1 to 6 which display 581 

the full range of gabbroic lithologies in varying proportions (Fig. 5). Consequently, although oxide-582 

bearing gabbroic compositions accommodate the most ductile deformation of all gabbroic lithologies 583 

within the HSZs, their presence is not a pre-requisite for ductile deformation and the formation of 584 

HSZs. This lithological distribution within HSZ, along with (1) cross-cutting relationships between 585 

mylonitic and undeformed gabbroic and diabase intrusions, and (2) the localization of ductile intervals 586 

at the boundaries between contrasting compositions of gabbroic rock types, indicate that deformation 587 

and magmatism overlapped spatially and temporally during the magmatic evolution of the system; this 588 

is most clearly demonstrated by the localization of HSZs 3, 5, and 6 at the boundaries of the 10-60 m-589 

thick gabbronorite bodies in Domain 3 (Fig. 4). 590 

Oxide-bearing gabbroic lithologies are clearly the most important rock types for promoting strain 591 

localization. Differences in the intensity of mylonitic fabrics across lithological contacts between 592 

oxide-bearing and oxide-free compositions (Figs. 3C & 6C-D) indicate that the former provide 593 

important weak zones that accommodate significantly higher amounts of strain. Within these intervals, 594 

Fe-Ti oxide assemblages represent the crystallization products of late-stage evolved melt migrating by 595 

reactive porous flow through a pre-existing gabbroic mush/framework, as is commonly observed from 596 

lower crustal mid-ocean ridge samples [38, 44, 61, 64-66, 69]. Crucially in Hole U1601C, 597 

petrographically constrained temporal relationships indicate that mylonitic deformation of the 598 

plagioclase solid framework began prior to emplacement of mm-thick melt bands and subsequent Fe-599 

Ti oxide crystallization (Fig. 6D). As solid phases, Fe-Ti oxides are weaker than most silicates, 600 

including plagioclase, olivine, and pyroxene, and so it is possible that these Fe-Ti oxide assemblages 601 

continued to accommodate strain by diffusion and dislocation creep mechanisms down to ~450-500°C 602 

[46, 73]. Collectively, this implies (1) that most late reactive porous flow followed the distribution of 603 

active ductile deformation; and (2) that Fe-Ti oxide crystallization during reactive porous flow 604 

subsequently enhanced the degree of ductile strain localization in those locations. This relationship is 605 

further supported by (1) microstructural features that we interpret as evidence of melt-present 606 

deformation (Figs. 6D-E & 7B-D), which are comparable to similar observations and interpretations 607 

previously reported for oxide-bearing gabbroic rocks from Atlantis Massif and Atlantis Bank [38, 44, 608 

61]; and (2) the spatial distribution of oxide-bearing intervals which are typically at the margins of the 609 

HSZs and within deformed sections with significant lithological heterogeneity (Fig. 4). This explains 610 

why a relatively minor rock type (3% of the recovered core) accommodates the greatest amount of 611 

ductile deformation (27% of all ductile intervals throughout Hole U1601C; 44% of all ductile intervals 612 

within HSZs) (Figs. 2F-G & 5). 613 

With decreasing temperatures to sub-solidus conditions, widespread mylonitic deformation of 614 

gabbroic intervals continued in the presence of secondary colourless-to-pale-green-brown amphibole  615 

(Figs. 8A-D & S4). This is especially prevalent along intrusive contacts between gabbroic and 616 

ultramafic rocks, where secondary amphibole accommodates further strain localization 617 

contemporaneous with ductile, and later cataclastic deformation of plagioclase (Figs. 3A, 8C, S4). 618 

Widespread ductile deformation in Hole U1601C is not observed in albite-epidote hornfels/greenschist 619 

facies or lower temperature alteration assemblages in gabbroic intervals (Fig. 8E), signalling a change 620 

in deformation modes and mechanism(s) of strain localization as the footwall continued to cool. As 621 

such, our observations indicate that gabbroic intrusions and the lithological heterogeneity they create 622 

controlled ductile strain localization during the high-temperature lower lithospheric evolution of the 623 

Atlantis Massif footwall.  624 
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 625 

The lithospheric-scale structure and significance of high-temperature ductile deformation 626 

during the evolution of Atlantis Massif 627 

The distribution of ductile deformation in Hole U1601C is summarised in Fig. 9. Our observations 628 

demonstrate the significance of high-temperature ductile deformation in the lower lithosphere of 629 

Atlantis Massif, however, the structural relationship(s) of this deformation to the larger OCC system 630 

is less clear. Ductile deformation fabrics located at intrusive contacts between gabbroic and ultramafic 631 

rocks typically display contact-parallel orientations, indicating that the meter-scale magmatic 632 

architecture of the net-vein complex (Domain 2) and larger intrusive layers (Domain 3) (Fig. 9) control 633 

the local orientation of high-temperature ductile deformation, rather than the strain field of the 634 

spreading-ridge. Whether or not the magmatic architecture of the system places a similar control on 635 

the 3D kilometre-scale structure(s) and orientation(s) of the HSZs is unclear.   636 

Whilst the structural continuity and detail preserved in core recovered from Hole U1601C provides an 637 

outstanding record of OCC processes within ultramafic and intrusive gabbroic rocks, we acknowledge 638 

that our field of view is restricted with respect to the full structural evolution of the Atlantis Massif 639 

OCC. Local-scale variations in deformation kinematics could be explained by strain partitioning, 640 

which summates to a consistent and systematic strain-field at a larger scale. Additionally, the strain 641 

field and deformation kinematics within the OCC footwall may differ from that of the detachment fault 642 

zone and axial ridge [17, 18]. These hypotheses remain untested as we currently have no constraint on 643 

the local-scale declination or kinematics of high-temperature ductile deformation. This problem is 644 

exacerbated further by the unconstrained degree of footwall rotation that must have occurred at Site 645 

U1601. Paleomagnetic restoration of Hole U1309D indicates footwall rotation of ≥60-70°, with 46±6° 646 

rotation recorded after exhumation through ~580 °C [19]. Therefore, the observed high-temperature 647 

ductile deformation in Hole U1601C likely occurred prior to footwall rotation (Fig. 10A).  648 

Based on these limitations, three viable hypotheses can be proposed to explain the observed 649 

deformation in terms of the lithospheric-scale structural evolution of Atlantis Massif:  650 

(1) The lower-lithospheric ductile root of the detachment fault zone [e.g., 25, 27, 37, 48]: Whilst 651 

conceptually simple, this model does not easily explain why ductile deformation only becomes 652 

prominent from ~630 m below the detachment fault surface; one possibility is that high-653 

temperature ductile deformation close to the detachment fault was mostly unrecovered  in the 654 

upper 200 m of the hole. The small concentration of high-temperature ductile deformation in 655 

the upper 200 mbsf, along with high-temperature ductile deformation in gabbroic and peridotite 656 

samples collected from the top of the Southern Ridge [40, 56] could represent parts of  a 657 

shallow-depth HSZ coincident with the detachment fault.  658 

(2) Internal deformation of the OCC footwall during exhumation via bending and rotation [e.g., 659 

17, 18]: In Hole U1601C the apparent 630 m disconnect between the HSZs and the seafloor 660 

detachment surface may indicate that the observed deformation corresponds to a form of 661 

internal footwall deformation rather than a higher-temperature component of the detachment 662 

fault zone. 663 

(3) Transform-related deformation [e.g., 28, 30, 34, 74-77]: Numerical modelling and active 664 

seismicity suggest that transform-related deformation contributes to OCCs located on inside 665 

corners of ridge-transform intersections [76, 77]. However, the exact role or influence of 666 

transforms on detachment fault systems remains largely unconstrained [34, 75]. 667 

It is possible that more than one and perhaps all of these hypotheses are valid. Future analyses of the 668 

paleomagnetic remanence directions combined with borehole imaging datasets [e.g., 19, 78, 79] will 669 
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provide a vitally important pre- and post-rotation geographic framework with which to test these 670 

hypotheses, as well as a valuable opportunity to constrain the orientations of intrusive contacts, 671 

serpentine and peridotite fabrics and magmatic flow directions. 672 

 673 

The importance of lithological heterogeneity and intrusive contacts for high-temperature ductile 674 

deformation, melt infiltration, and fluid flow 675 

Despite the uncertainty of how the observed high-temperature ductile deformation relates to the larger 676 

structural architecture of Atlantis Massif, the spatial, temporal, and lithologic distribution of this 677 

deformation provide new constraints on the factors that control strain localization in the lower 678 

lithosphere of Atlantis Massif. The paucity of ductile deformation towards the centres of gabbro-679 

dominated portions of Hole U1601C (Fig. 9) indicates that the volume of gabbroic intrusions is not 680 

the only controlling property for ductile strain localization. Rather, our observations demonstrate that 681 

strain localization occurs in gabbroic intrusions within zones of high lithological heterogeneity, 682 

typically towards and/or along intrusive contacts. This includes zones with high concentrations of 683 

meter- and submeter-scale gabbroic intrusions, typifying the net-vein complex structure of Domain 2 684 

(HSZs 1, 2, and 4), or zones at the margins of thicker gabbroic bodies (HSZs 3, 5, and 6) that 685 

characterise Domain 3 (Fig. 9). We propose that the localization of high-temperature ductile 686 

deformation towards the margins of gabbroic intrusions occurs in response to changes in rheological 687 

properties as the intrusions cool and crystallize.  688 

This influence of lithological contacts on high-temperature ductile strain localization is highlighted by 689 

the distribution of oxide-bearing gabbroic rock types (Fig. 4) and loci of significant colourless-to-pale-690 

green-brown amphibole alteration (concentrated at contacts; Figs. 8C & S4). This highlights a strong 691 

spatial relationship between (1) the location of gabbroic-ultramafic contacts (Fig. 10C); (2) the 692 

localization of high-temperature ductile strain (Fig. 10D); (3) the concentration of late-stage evolved 693 

melt infiltration (Fig. 10E); and (4) the concentration of fluids which resulted in significant amphibole  694 

growth (Fig. 10F).  695 

Given the paucity of oxide-bearing intervals at undeformed contacts (Fig. 4), we argue that late 696 

evolved melt infiltration was drawn towards actively deforming zones close to and along gabbroic-697 

ultramafic, contacts (e.g., [80]) during the high-temperature, lower-lithospheric evolution of the 698 

Atlantis Massif footwall (Fig. 10E). Once localized, the concentration of this late evolved melt then 699 

promoted and enhanced further high-temperature strain localization at these contacts (Fig. 10E).  700 

The controlling relationships that govern the localization of fluids and associated colourless-to-pale-701 

green-brown amphibole alteration at gabbroic-ultramafic contacts is less certain. This alteration 702 

assemblage is found at both deformed and undeformed contacts (Fig. S4) suggesting that the presence 703 

of the contact has a greater control on the localization of fluids and alteration than the prior localization 704 

of deformation. It remains possible that temporally and spatially overlapping deformation could 705 

enhance fluid flow and alteration at these contacts (Fig. 10F), but this hypothesis requires further 706 

investigation.  707 

Importantly, once this scenario is established, this deforming regime has the potential to sustain itself 708 

further as melt-rock and fluid-rock interactions create new weak mineral assemblages that continue to 709 

deform with decreasing temperature into and through sub-solidus conditions (Fig. 10E-F). 710 

Furthermore, this scenario naturally creates the conditions required for the eventual localization of the 711 

detachment fault within highly altered amphibole-talc assemblages prior to the onset of 712 

serpentinization as proposed by Picazo et. al [37] for MM-OCCs at 13°N and 14’45°N,  MAR.  713 
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 714 

Lithological heterogeneity and melt-present deformation as controlling factors for lower 715 

lithosphere strain localization in MM-OCCs 716 

Our observations from Hole U1601C lead us to hypothesize that lithologic heterogeneity created by 717 

high concentrations of meter-scale to submeter-scale gabbroic intrusions within peridotite applies a 718 

fundamental control on high-temperature ductile strain localization, late melt infiltration and 719 

subsequent fluid flow and alteration in the lower lithosphere of Atlantis Massif (Fig. 10). Our 720 

hypothesis also provides a reasonable explanation for the paucity of high-temperature ductile 721 

deformation reported from Hole U1309D (Fig. 2D-E) at the Central Dome of Atlantis Massif [e.g., 26, 722 

53]. In that hole, the dominance of gabbroic rocks leads to significantly lower occurrences of gabbroic-723 

ultramafic contacts and thus lower concentrations and less widely distributed intervals of high-724 

temperature ductile deformation (Fig. 2D-E). Furthermore, where recorded, the limited occurrences 725 

of high-temperature ductile deformation in Hole U1309D are commonly localized at gabbroic-726 

ultramafic contacts and oxide-bearing gabbroic-gabbroic contacts [53]. Our proposed mechanism for 727 

the localization of high-temperature ductile deformation in Hole U1601C is therefore entirely 728 

consistent with observation from Hole U1309D. 729 

The lithologic heterogeneity observed in Hole U1601C (Fig. 10B) is, in part, a function of the volume 730 

of magmatism during the formation of Atlantis Massif. Consequently, we propose that the controlling 731 

relationships between the magmatic architecture of the Atlantis Massif footwall (Fig. 10B) and the 732 

localization of (1) high-temperature melt-present to subsolidus solid-state ductile deformation (Fig. 733 

10D); (2) late evolved melt infiltration (Fig. 10E); and (3) fluid flow and amphibole  alteration (Fig. 734 

10F), are a distinct characteristic of MM-OCCs.  735 

For comparison, drill core from the Atlantis Bank HM-OCC show significantly wider zones of 736 

continuous high-temperature ductile deformation and a significantly greater portion of magmatic 737 

deformation (which is rarely reported from U1601C), neither of which show a consistent spatial 738 

relationship with the recorded lithologic heterogeneity [34]. Likewise, in near-amagmatic detachment 739 

systems, there are simply not enough gabbroic intrusions for lithological heterogeneity to play an 740 

important role, at least with respect to the distribution of gabbroic-ultramafic contacts [c.f., 33, 41].  741 

Recent subsurface tomographic modelling of the Rainbow MM-OCC on the MAR led Jian et. al [29] 742 

to propose that intrusive contacts beneath OCCs control fluid flow on a lithospheric scale. Our 743 

observations from Hole U1601C support this interpretation and suggest that the distribution and 744 

kinematics of late melt infiltration and fluid flow may also be distinct between amagmatic detachment 745 

systems, MM-OCCs, and HM-OCCs, due to differences in their magmatic architecture. Given the 746 

concentration of MM-OCCs within the Atlantic Ocean, and their relative paucity in the SW Indian 747 

Ocean and Arctic Ocean, any such differences between OCC-endmember styles may translate into 748 

important basin-scale to tectonic plate-scale differences in the composition, hydrology, and rheology 749 

of the lower oceanic lithosphere. The findings of our study therefore highlight a potential systematic 750 

pathway to (1) constrain lower-lithospheric processes within OCCs, based on their endmember-style 751 

(near amagmatic, moderately magmatic, highly magmatic); and (2) to predict or model global 752 

variations in the properties of slow/ultraslow-spread oceanic lithosphere, based on the basin-scale 753 

distribution of OCC end-member style(s). 754 

 755 

MATERIALS AND METHODS 756 

 757 
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Core analyses 758 

Core from IODP Hole U1601C was recovered during Spring 2023 using the JOIDES Resolution 759 

scientific drilling vessel during IODP Expedition 399 and was described by the authors. The science 760 

party analysed split cores both at sea and onshore at the IODP core repository at TAMU (College 761 

Station, TX). Petrographic observations were made from thin sections cut from core pieces during the 762 

expedition and subsequently during post-expedition analyses.  763 

Intervals of ductile deformation were reported from core observations during core description. Interval 764 

thicknesses were reported and measured from the down-hole drilled thickness, and do not consider the 765 

dip of the ductile fabrics. Ductile deformation intervals were ranked qualitatively from 1 to 5 in terms 766 

of deformation intensity, defined as (1) weakly foliated; (2) strongly foliated; (3) protomylonite; (4) 767 

mylonite; (5) ultramylonite. Ranks 3 to 5 are defined based on the amount of recrystallized mylonitic 768 

matrix versus porphyroclasts, whereby protomylonite = 10-50% recrystallized matrix; mylonite = 50-769 

90% recrystallized matrix; ultramylonite = >90% recrystallized matrix. Ranks (1) and (2) are classed 770 

as ‘low strain’, whereas ranks (3) to (5) are classed as ‘high strain’. This excludes coarse-grained 771 

protogranular and porphyroblastic fabrics created by pyroxene (or bastite) within peridotite (or 772 

serpentinite) which were classified and reported separately as mantle fabrics during shipboard analyses 773 

and generally interpreted to have formed at asthenospheric conditions [62]. Further details of the 774 

analytical procedures used in this study with a detailed record of all observations and shipboard data 775 

collected during Expedition 399 are presented in the Expedition 399 Proceedings [16, 62].  776 

Note that the term “ductile” deformation in this study, is referred to in the original ship-based analyses  777 

as “crystal plastic” deformation [16, 62]. We have made this change in recognition of the fact some of 778 

our reported mylonitic fabrics formed by diffusion-controlled processes that lack a threshold yield 779 

stress (i.e., not plastic). “Ductile deformation” is therefore a more appropriate term that accounts for 780 

mylonitic fabrics produced by both crystal plastic and diffusive deformation processes. 781 

 782 

Electron Microscopy 783 

Back-scatter electron (BSE) images and electron-dispersive spectroscopy (EDS) spot analyses and 784 

EDS-element maps were recorded from thin sections using the JEOL IT800 Field Emission scanning 785 

electron microscope operated at 20 keV at the Plymouth Electron Microscopy Centre (PEMC), 786 

University of Plymouth, UK. EDS spot analyses and element maps were collected using the Oxford 787 

Instruments Ultimax 65 mm2 EDX detector. Oxford Instruments Aztec 6.1 software was used for data 788 

acquisition and processing including final output of BSE-element map montages. 789 
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Figure Captions 1001 

 1002 

Fig. 1. Schematic cartoons depicting our classifications for (A) Near-Amagmatic Detachment Fault 1003 

Systems; (B) Moderately-Magmatic Oceanic Core Complexes (MM-OCCs); and (C) Highly-1004 

Magmatic Oceanic Core Complexes (HM-OCCs). Previous classifications used to describe these 1005 

models are shown, along with specific examples for each classification. MAR – Mid-Atlantic Ridge; 1006 

PSP – Philippine Sea Plate; SWIR – South West Indian Ridge. 1007 

 1008 

Fig. 2. The Atlantis Massif OCC. (A) Bathymetric map of Atlantis Massif with locations of IODP 1009 

Holes U1601C and U1309D, the Lost City Hydrothermal Field (LCHF), and the location Meg4 seismic 1010 

line [14, 16]. (B) Recovered lithologies from Hole U1601C (10 m running average) [after 15] showing 1011 

locations of Domains 1 to 3. (C) U1601C Ductile deformation intensity rank (see methods for 1012 

explanation). (D-E) Recovered lithologies from Hole U1309D (20 m running average) and U1309D 1013 

ductile deformation intensity rank (see methods for explanation) [after 15, 53]. (F) Percentage 1014 

distribution of lithologies throughout Hole U1601C. (G) Percentage distribution of lithologies in 1015 

ductile deformation intervals in Hole U1601C [from 15]. Data presented in (B), (C), (F), and (G) is 1016 

listed in Data S1. 1017 

 1018 

Fig. 3. Core photographs of representative mylonitic deformation in gabbroic intervals and at gabbroic-1019 

ultramafic contacts. (A) Ultramylonitic gabbro. Brown colouration due to secondary amphibole. Talc 1020 

veins are sheared at bottom of sample. Undeformed talc veins crosscut mylonitic foliation (U1601C-1021 

134R-2W 110-114cm; ~666mbsf). (B) Protomylonitic to mylonitic oxide-bearing gabbro (U1601C-1022 

176R-1W 81-90cm; ~867mbsf). (C) Mylonitic to ultramylonitic oxide gabbro and gabbro. 1023 

Deformation is preferential localized within oxide gabbro (U1601C-130R-4A 30-45cm; ~643mbsf). 1024 

(D) Mylonitic deformation across contact between serpentinized harzburgite and gabbro with static 1025 

alteration (amphibole, talc, chlorite) overprinting the gabbro (U1601C-129R-3A 67-73cm; ~642mbsf; 1026 

see Fig. S4J for photomicrograph of contact). (E) Mylonitic deformation across contact between 1027 

serpentinized harzburgite and olivine gabbro (U1601C-178R-2W 15-22cm; ~876mbsf). 1028 

 1029 

 1030 

Fig. 4. Downhole distribution of lithospheric ductile deformation intervals grouped as Low Strain 1031 

Ductile Deformation (grey bars; weak foliation, strong foliation) and High Strain Ductile Deformation 1032 

(black bars; protomylonite, mylonite, ultramylonite). Core lithologies are displayed as a function of 1033 

proportion of mafic to ultramafic lithologies per core, grouped as (1) >66% ultramafic (dark green); 1034 

(2) 33% to 66% mafic and 33% to 66% ultramafic (teal); (3) >66% mafic (blue). Discrete lithology 1035 

intervals (i.e. not grouped) are shown to the right of each column; oxide-bearing intervals shown 1036 

protruding outwards from the right side of each discrete lithology column. Colourless sections show 1037 

zones of no recovery. Depth distribution of Domains 1 to 3, ductile high strain zones (HSZs) 1 to 6, 1038 

and the shallow mylonite zone are shown.  1039 

 1040 

Fig. 5. (A-F) Pie charts showing the lithology distribution (%) of ductile intervals reported from HSZs 1041 

1 to 6. 1042 
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 1043 

 1044 

Fig. 6. Photomicrographs of ductile deformation fabrics. (A) U1601C-258R-1, 82-86 cm (TS273 – 1045 

1259 mbsf): Gabbronorite protomylonite showing dynamic recrystallization and grainsize reduction 1046 

of plagioclase, orthopyroxene, and clinopyroxene. (B) U1601C-131R-1, 43-46 cm (TS80 – 649 mbsf): 1047 

Olivine-bearing gabbro mylonite showing dynamic recrystallization and grainsize reduction of 1048 

plagioclase, olivine, and clinopyroxene. Plagioclase microstructure is indicative of lower temperature 1049 

dynamic recrystallization. Secondary amphibole after clinopyroxene and secondary orthopyroxene 1050 

after olivine, are also deformed within the mylonitic foliation (see Fig. S7A for SEM image). (C) 1051 

U1601C-206R-1, 35-38 cm (TS120 – 1013 mbsf): Oxide gabbronorite ultramylonite (top right) in 1052 

sheared contact with gabbronorite protomylonite. (D) U1601C-159R-3, 29-32 cm (TS99 – 788 mbsf): 1053 

Oxide gabbronorite ultramylonite. Multigrain clasts of plagioclase neoblasts in Fe-Ti oxide vein (white 1054 

arrowheads) and Fe-Ti oxide strain shadows on pyroxene porphyroclasts indicate deformation 1055 

occurred prior to and during late melt intrusion. White box shows location of 6E. Yellow box shows 1056 

area of SEM image in Fig. 7B. (E) Zoomed in portion of 6D (white box) showing resorption 1057 

microstructures and rounded pyroxene grains (yellow arrowheads) suspended in Fe-Ti oxide matrix 1058 

due to melt-rock reaction during melt-reactive porous flow of a late evolved melt.  (F) U1601C-211R-1059 

1, 52-55 cm (TS121 – 1037 mbsf): Oxide gabbronorite protomylonite. Thick and irregular shape of 1060 

Fe-Ti oxide intrusion indicates intrusion occurred after deformation. Yellow arrowheads show 1061 

resorption microstructures due to melt-rock reaction (same as 6D and 6E). Abbreviations: amp – 1062 

amphibole; cb – carbonate; chl – chlorite; cpx – clinopyroxene; il – ilmenite; mg – magnetite; opx – 1063 

orthopyroxene; ox – Fe-Ti oxide (undetermined); pl – plagioclase; px – pyroxene; S – iron sulfide; sp 1064 

– serpentine; tl – talc.  1065 

 1066 

Fig. 7. Back scatter electron (BSE) plus electron dispersive  spectroscopy (EDS) element map montage 1067 

images of melt-present ductile deformation fabrics and alteration assemblages. Grey scale BSE images 1068 

show distribution of elementally heavy (bright) vs. elementally light (dark) minerals. Colour image 1069 

overlays are layered images of Mg (green), Ca (purple), Al (blue), Na (turquoise), Ti (red), and S 1070 

(yellow) EDS element maps. (A) U1601C-131R-1, 43-46 cm (TS80 – 649 mbsf): Olivine-bearing 1071 

gabbro mylonite. Olivine (light green) porphyroclasts are recrystallised to olivine neoblasts and 1072 

secondary orthopyroxene (dark green). Clinopyroxene (pink) neoblasts form clast within dynamically 1073 

recrystallized secondary amphibole (turquoise). Plagioclase (blue-to-indigo) rims (white arrowheads) 1074 

show enrichment in Na relative to Al and Ca. (B) U1601C-159R-3, 29-32 cm (TS99 – 788 mbsf): 1075 

Oxide gabbronorite ultramylonite showing clinopyroxene porphyroclasts (lower left) with a 1076 

mylonitized pressure shadow of clinopyroxene (purple) and orthopyroxene (green) neoblasts and 1077 

interstitial ilmenite (pale red), magnetite (white), and iron sulfide (yellow). SEM image location shown 1078 

in Fig. 6D (yellow box). (C) Same sample as 7B showing Fe-Ti oxide domains of ilmenite (purple), 1079 

magnetite (white), and rare Fe-sulfide (yellow) forming a pseudomorph of melt containing isolated 1080 

neoblasts of clinopyroxene (green) and plagioclase (blue). Interstitial secondary amphibole (turquoise 1081 

– black arrowheads) forms melt-pseudomorphs between plagioclase neoblasts. (D) U1601C-206R-1, 1082 

35-38 cm (TS120 – 1013 mbsf): Oxide gabbronorite ultramylonite showing interstitial ilmenite (pink) 1083 

and magnetite (white) forming melt-pseudomorphs with low dihedral grain boundary triple junction 1084 

(black arrowheads) angles between plagioclase (blue), clinopyroxene (purple), and orthopyroxene 1085 

(green) neoblasts. (E) Same sample as 7A, showing dynamically recrystallized secondary amphibole 1086 

(turquoise) with a foliation-parallel grain shape alignment (black double-headed arrows), indicating 1087 

growth during mylonitic deformation. (F) U1601C-133R-1, 19-22 cm (TS85 – 689 mbsf): Gabbro 1088 
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mylonite showing ultramylonitic granular flow band with dynamically recrystallized plagioclase (blue) 1089 

and amphibole (green). Mineral abbreviations are listed in Fig. 6. caption. 1090 

 1091 

Fig. 8. Photomicrographs of secondary mineral assemblages. (A) U1601C-133R-1, 19-22 cm (TS85 – 1092 

689 mbsf): Gabbro mylonite showing foliation-parallel, wing-shaped pressure shadows of secondary 1093 

brown amphibole mantling clinopyroxene neoblasts (black arrowheads). SEM image of central 1094 

clinopyroxene neoblast is shown in Fig. S7F. (B) U1601C-163R-1, 33-36 cm (TS101 – 804 mbsf): 1095 

Gabbro mylonite showing brown amphibole and Fe-Ti oxide domain (right) and solid-state dynamic 1096 

recrystallized brown amphibole (left – black arrowheads). (C) U1601C-147R-1, 95-97 cm (TS130 – 1097 

727 mbsf): Gabbro mylonite in contact with serpentinized dunite, cut by undeformed carbonate veins. 1098 

Cataclasis and brecciation overprints low-temperature plagioclase mylonitic fabric (black arrowheads) 1099 

alongside dynamic recrystallization of secondary colourless-to-pale-green-brown amphibole  (white 1100 

arrowheads). White box shows location of 8D. (D) U1601C-147R-1, 95-97 cm (TS130 – 727 mbsf): 1101 

Close-up of 8C showing plane polar (PPL) and cross-polar (XPL) views of low-temperature mylonitic 1102 

plagioclase fabric overprinted by cataclasis and brecciation alongside dynamic recrystallization of 1103 

secondary colourless-to-pale-green-brown amphibole. (E) U1601C-133R-1, 19-22 cm (TS85 – 689 1104 

mbsf): Plane polar (PPL) and cross-polar (XPL) views of a gabbro mylonite showing ultramylonitic 1105 

granular flow band of plagioclase and amphibole (top-right) (see Fig 8F. for SEM image). Secondary 1106 

green-brown amphibole alteration overprint on coarse-grained domain is undeformed. Mineral 1107 

abbreviations are listed in Fig. 6. caption. 1108 

 1109 

 1110 

Fig. 9. Summary diagram showing distribution of ductile deformation with respect to lithology. High 1111 

strain ductile deformation concentrates in Domain 2 and 3 where lithological heterogeneity is highest. 1112 

 1113 

Fig. 10. Summary of findings: (A) Sketch section of an OCC with a  generalized thermal structure 1114 

based on [22, 50], showing distributed zone of high-temperature ductile deformation in the lower 1115 

lithosphere. (B) Schematic cartoon representation of the spatial relationships between lithological 1116 

heterogeneity and high-temperature ductile deformation as reported from Hole U1601C. Deformation 1117 

localizes in lithological heterogeneity zone, with high density of mafic intrusive contacts (HSZs shown 1118 

by hatched zones). Note: the declination of contacts and ductile deformation fabrics is unconstrained. 1119 

(C-F) Cartoon sequence of events shown at a micro-scale (not to scale) with key shown below: (C) 1120 

Gabbroic intrusion ± emplacement-related magmatic deformation. (D) High-temperature solid-state 1121 

ductile deformation ± melt-present deformation of plagioclase, pyroxene, and olivine localized at 1122 

intrusive contact. (E) Focused late melt infiltration and Fe-Ti oxide precipitation localized at deforming 1123 

intrusive contact. Melt infiltration enhances and sustains further deformation. (F) Fluid flow and 1124 

alteration forms early amphibole alteration assemblage at intrusive contacts which accommodates 1125 

further ductile deformation.  1126 

 1127 

 1128 
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Fig. S1. 

Summary of downhole lithology and ductile deformation fabrics in Hole U1601C. (A) Percentage 

distribution of lithologies as a rolling average. White portions show percentage of no recovery. (B) 

Normalized percentage distribution of mafic lithologies normalized as a rolling average, not 

including intervals of no recovery. (C) Downhole distribution of ductile deformation intervals, 

plotted as a function of Ductile Fabric Intensity; 1 = weak foliation; 2 = strong foliation; 3 = 

protomylonite; 4 = mylonite; 5= ultramylonite. (D) Ductile fabric dip (0° to 90°). (E)  Mafic-

ultramafic contact dip (0° to 90°). Data presented in (C), (D), and (E) is listed in Data S1. 
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Fig. S2A-K. 

Close-up core images, thin-section scans, and photomicrographs of representative high-strain 

ductile deformation intervals, including protomylonite, mylonite, and ultramylonite.  
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Fig. S2 
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Fig. S2 continued. 
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Fig. S2 continued. 
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Fig. S2 continued. 
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Fig. S3A-O. 

Close-up core images, thin-section scans, and photomicrographs of representative high-strain 

ductile deformation intervals in oxide-bearing gabbroic lithologies.  
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Fig. S3 
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Fig. S3 continued. 
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Fig. S3 continued. 
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Fig. S3 continued. 
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Fig. S4A-O. 

Close-up core images, thin-section scans, and photomicrographs of representative high-strain 

ductile deformation intervals localizing at ultramafic-mafic contacts.  
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Fig. S4 
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Fig. S4 continued. 
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Fig. S4 continued. 
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Fig. S5A-I. 

Close-up core images, thin-section scans, and photomicrographs of representative high-strain 

ductile deformation intervals localizing at mafic-mafic contacts.  
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Fig. S5 
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Fig. S5 continued. 
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Fig. S6. 

Representative core images and thin section scans of serpentinized peridotite intervals within Hole 

U1601C, showing a range of mantle fabrics including protogranular, porphyroclastic – weakly 

foliated, porphyroclastic – strongly foliated, and porphyroclastic / protomylonitic. Further 

descriptions and explanations of mantle fabrics described from Hole U1601C are presented in 

McCaig et al 2025. 
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Fig. S6 
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Fig. S6 continued. 
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Fig. S6 continued. 
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Fig. S6 continued. 
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  Fig. S6 continued. 
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Fig. S7.  

Back scatter electron (BSE) plus electron dispersive  spectroscopy (EDS) element map montage 

images of melt-present ductile deformation fabrics and alteration assemblages. Grey scale BSE 

images show distribution of elementally heavy (bright) vs elementally light (dark) minerals. 

Colour image overlays are layered images of Mg (green), Ca (purple), Al (blue), Na (turquoise), 

Ti (red), and S (yellow) EDS element maps. (A) U1601C-131R-1, 43-46 cm (TS80 – 649 mbsf): 

Olivine-bearing gabbro mylonite (BSE-EDS image of Fig. 6B), showing olivine (light green) 

porphyroclasts surrounded by olivine neoblasts and secondary orthopyroxene (dark green), and 

clinopyroxene (pink) neoblasts within foliation bands of dynamically recrystallized secondary 

amphibole (turquoise). Plagioclase (blue-to-indigo) rims show enrichment in Na relative to Al and 

Ca. (B) U1601C-206R-1, 35-38 cm (TS120 – 1013 mbsf): Oxide gabbronorite ultramylonite with 

ilmenite (pale red) and magnetite (white) forming melt pseudomorphs in sigmoidal pressure 

shadows of orthopyroxene, indicating melt-present mylonitic deformation. (C) Same sample as 

S7B showing irregular shaped interstitial grains of ilmenite and magnetite with low dihedral grain 

boundary triple junction angles indicative of melt-psuedomorphs. (D) U1601C-159R-3, 29-32 cm 

(TS99 – 788 mbsf): Oxide gabbronorite ultramylonite with magnetite grains showing ilmenite 

exsolution lamellae. (E) U1601C-131R-2, 62-64 cm (TS82 – 651 mbsf): Gabbronorite mylonite 

showing interstitial secondary amphibole with low dihedral grain boundary triple junction angles 

surrounded by plagioclase, indicative of melt-pseudomorphs. (F) U1601C-133R-1, 19-22 cm 

(TS85 – 689 mbsf): BSE image of Fig. 8A - Gabbro mylonite showing foliation-parallel, wing-

shaped pressure shadows of secondary brown amphibole mantling clinopyroxene neoblasts. 

Mineral abbreviations are listed in Fig. 6. caption. 
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Fig. S7 
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  Ductile Deformation Intervals Interval Thickness (m) 

Low 
Strain 

weakly foliated/lineated 14.22 

strongly foliated/lineated 16.95 

High 
Strain 

protomylonite 33.27 

mylonitic 14.72 

ultramylonitic 0.60 

   

 Total Thickness - All Ductile Intervals 79.7 m 

 Total Thickness - All High Strain Intervals 48.6 m 

 Total Thickness of Ductile Intervals Below 637 mbsf 72.1 m 

 % of Ductile Intervals below 637 mbsf 90.4% 

   

    % of U1601C Currated Thickness 

Ductile Intervals 8.2% 

High Strain Ductile Intervals 5.0% 

Ductile Intervals below 637 mbsf 15.1% 

High Strain Ductile Intervals below 637 mbsf 9.2% 

 

Table S1. 

Ductile deformation interval thicknesses
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Table S2. 

Ductile deformation interval thickness and % distributed by lithology.

Lithology

Ductile Interval 

thickness (cm)

weakly 

foliated/lineated

strongly 

foliated/lineated protomylonite mylonite ultramylonite

low 

strain

high 

strain

dunite 206 8 198 0 0 0 206 0

orthopyroxene-bearing dunite 635 56 486 30 63 0 542 93

Harzburgite 574 121 161 283 9 0 282 292

olivine-bearing gabbro 379 34 68 186 91 0 102 277

olivine gabbro 263 22 44 85 100 12 66 197

orthopyroxene-bearing olivine gabbro 16 0 0 5 0 11 0 16

olivine-bearing gabbronorite 160 0 29 97 34 0 29 131

olivine gabbronorite 8 0 0 8 0 0 0 8

Gabbro 1748.5 165 174.5 1034 348 27 339.5 1409

orthopyroxene-bearing gabbro 233 61 159 13 0 0 220 13

gabbronorite 1553.5 442.5 168 431 503 9 610.5 943

oxide-bearing gabbro 360 159 42 114 45 0 201 159

disseminated oxide gabbro 557 276 43 225 13 0 319 238

oxide gabbro 651.5 41 95 412 102.5 1 136 515.5

disseminated oxide gabbronorite 497 36 0 313 148 0 36 461

oxide gabbronorite 106 0 0 91 15 0 0 106

talc schist 27 0 27 0 0 0 27 0

SUM 7974.5 1421.5 1694.5 3327 1471.5 60 3116 4858.5

Lithology (Grouped)

Ductile Interval 

thickness (cm)

weakly 

foliated/lineated

strongly 

foliated/lineated protomylonite mylonite ultramylonite

low 

strain

high 

strain

Ultramafic 1415 185 845 313 72 0 1030 385

Olivine gabbro/gabbronorite 826 56 141 381 225 23 197 629

Gabbro 1748.5 165 174.5 1034 348 27 339.5 1409

disseminated oxide gabbro 557 276 43 225 13 0 319 238

oxide gabbro 1117.5 200 137 617 162.5 1 337 780.5

disseminated oxide gabbronorite 497 36 0 313 148 0 36 461

gabbronorite 1786.5 503.5 327 444 503 9 830.5 956

7974.5 1421.5 1667.5 3327 1471.5 60 3089 4858.5

Lithology

Ductile Interval 

thickness (cm)

weakly 

foliated/lineated

strongly 

foliated/lineated protomylonite mylonite ultramylonite

low 

strain

high 

strain

dunite 2.58% 0.56% 11.68% 0.00% 0.00% 0.00% 6.61% 0.00%

orthopyroxene-bearing dunite 7.96% 3.94% 28.68% 0.90% 4.28% 0.00% 17.39% 1.91%

Harzburgite 7.20% 8.51% 9.50% 8.51% 0.61% 0.00% 9.05% 6.01%

olivine-bearing gabbro 4.75% 2.39% 4.01% 5.59% 6.18% 0.00% 3.27% 5.70%

olivine gabbro 3.30% 1.55% 2.60% 2.55% 6.80% 20.00% 2.12% 4.05%

orthopyroxene-bearing olivine gabbro 0.20% 0.00% 0.00% 0.15% 0.00% 18.33% 0.00% 0.33%

olivine-bearing gabbronorite 2.01% 0.00% 1.71% 2.92% 2.31% 0.00% 0.93% 2.70%

olivine gabbronorite 0.10% 0.00% 0.00% 0.24% 0.00% 0.00% 0.00% 0.16%

Gabbro 21.93% 11.61% 10.30% 31.08% 23.65% 45.00% 10.90% 29.00%

orthopyroxene-bearing gabbro 2.92% 4.29% 9.38% 0.39% 0.00% 0.00% 7.06% 0.27%

gabbronorite 19.48% 31.13% 9.91% 12.95% 34.18% 15.00% 19.59% 19.41%

oxide-bearing gabbro 4.51% 11.19% 2.48% 3.43% 3.06% 0.00% 6.45% 3.27%

disseminated oxide gabbro 6.98% 19.42% 2.54% 6.76% 0.88% 0.00% 10.24% 4.90%

oxide gabbro 8.17% 2.88% 5.61% 12.38% 6.97% 1.67% 4.36% 10.61%

disseminated oxide gabbronorite 6.23% 2.53% 0.00% 9.41% 10.06% 0.00% 1.16% 9.49%

oxide gabbronorite 1.33% 0.00% 0.00% 2.74% 1.02% 0.00% 0.00% 2.18%

talc schist 0.34% 0.00% 1.59% 0.00% 0.00% 0.00% 0.87% 0.00%

SUM 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%

Lithology (Grouped)

Ductile Interval 

thickness (cm)

weakly 

foliated/lineated

strongly 

foliated/lineated protomylonite mylonite ultramylonite

low 

strain

high 

strain

Ultramafic 18% 13% 50% 9% 5% 0% 33% 8%

Olivine gabbro/gabbronorite 10% 4% 8% 11% 15% 38% 6% 13%

Gabbro 22% 12% 10% 31% 24% 45% 11% 29%

disseminated oxide gabbro 7% 19% 3% 7% 1% 0% 10% 5%

oxide gabbro 14% 14% 8% 19% 11% 2% 11% 16%

disseminated oxide gabbronorite 6% 3% 0% 9% 10% 0% 1% 9%

gabbronorite 22% 35% 19% 13% 34% 15% 27% 20%

100% 100% 98% 100% 100% 100% 99% 100%
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Table S3. 

Thicknesses of High Strain Zones (HSZs) 1 to 6 showing total ductile deformation interval thickness and % within each HSZ.

` HSZ1 HSZ2 HSZ3 HSZ4 HSZ5 HSZ6

Top depth (mbsf) 637.41 867.2 949.5 1036.85 1130.175 1169.5

Bottom depth (mbsf) 665.89 884.83 975.95 1053.06 1151.98 1175.98

Top Core 128R3 176R1 193R1 211R1 230R2 238R2

Bottom Core 134R2 179R3 198R2 214R2 234R3 239R3

Hole thickness (m) 28.48 17.63 26.45 16.21 21.805 6.48

Currated thickness (m) 23.85 11.45 14.76 11.815 16.075 5.84

Recovered thickness (m) 21.51 11.49 11.05 10.98 14 3.91

Currated Thickness (% of Hole Thickness) 84% 65% 56% 73% 74% 90%

Recovered Thickness (% of Hole Thickness) 76% 65% 42% 68% 64% 60%

Ductile Intervals Combined Thickness (m) 7.5 6.655 5.04 4.23 12.19 5.31

Ductile Intervals Combined Thickness - Low Strain (m) 2.19 1.88 0.75 1.2 3.09 0.49

Ductile Intervals Combined Thickness - High Strain (m) 5.31 4.775 4.29 3.03 9.1 4.82

Ductile Intervals (% of Currated Thickness) 31% 58% 34% 36% 76% 91%

Low Strain Ductile Intervals (% of Currated Thickness) 9% 16% 5% 10% 19% 8%

High Strain Ductile Intervals (% of Currated Thickness) 22% 42% 29% 26% 57% 83%
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Table S4. 

Thickness and percentage distribution of ductile deformation interval lithology for HSZs 1 to 6  

 

  

Lithology HSZ1 HSZ2 HSZ3 HSZ4 HSZ5 HSZ6

orthopyroxene-bearing dunite 0.15 0.63 0 0 0 0

Harzburgite 2.24 0.09 0.44 0 0 0

olivine-bearing gabbro 0.73 1.06 0.97 0 0 0

olivine gabbro 0.58 0.8 0.44 0.1 0 0

orthopyroxene-bearing olivine gabbro 0.11 0 0 0 0 0

olivine-bearing gabbronorite 0 0 0.81 0 0 0

olivine gabbronorite 0 0 0 0 0 0

Gabbro 3.19 0.885 0.74 2.5 0 0.38

orthopyroxene-bearing gabbro 0 0 0 0 0 0

gabbronorite 0.22 0 0.54 0 7.15 0

oxide-bearing gabbro 0 0.77 0 1.35 0 0.31

disseminated oxide gabbro 0.06 2.01 0.15 0.28 2.75 0

oxide gabbro 0.22 0.41 0.04 0 1.06 1.06

disseminated oxide gabbronorite 0 0 0 0 1.23 3.56

oxide gabbronorite 0 0 0.91 0 0 0

TOTAL 7.5 6.655 5.04 4.23 12.19 5.31

Lithology HSZ1 HSZ2 HSZ3 HSZ4 HSZ5 HSZ6

orthopyroxene-bearing dunite 2.0% 9.5% 0.0% 0.0% 0.0% 0.0%

Harzburgite 29.9% 1.4% 8.7% 0.0% 0.0% 0.0%

olivine-bearing gabbro 9.7% 15.9% 19.2% 0.0% 0.0% 0.0%

olivine gabbro 7.7% 12.0% 8.7% 2.4% 0.0% 0.0%

orthopyroxene-bearing olivine gabbro 1.5% 0.0% 0.0% 0.0% 0.0% 0.0%

olivine-bearing gabbronorite 0.0% 0.0% 16.1% 0.0% 0.0% 0.0%

olivine gabbronorite 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Gabbro 42.5% 13.3% 14.7% 59.1% 0.0% 7.2%

orthopyroxene-bearing gabbro 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

gabbronorite 2.9% 0.0% 10.7% 0.0% 58.7% 0.0%

oxide-bearing gabbro 0.0% 11.6% 0.0% 31.9% 0.0% 5.8%

disseminated oxide gabbro 0.8% 30.2% 3.0% 6.6% 22.6% 0.0%

oxide gabbro 2.9% 6.2% 0.8% 0.0% 8.7% 20.0%

disseminated oxide gabbronorite 0.0% 0.0% 0.0% 0.0% 10.1% 67.0%

oxide gabbronorite 0.0% 0.0% 18.1% 0.0% 0.0% 0.0%

TOTAL 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

Lithology (Grouped) HSZ1 HSZ2 HSZ3 HSZ4 HSZ5 HSZ6

Ultramafic 32% 11% 9% 0% 0% 0%

Olivine gabbro/gabbronorite 19% 28% 44% 2% 0% 0%

Gabbro 43% 13% 15% 59% 0% 7%

disseminated oxide gabbro 1% 30% 3% 7% 23% 0%

oxide gabbro 3% 18% 19% 32% 9% 26%

disseminated oxide gabbronorite 0% 0% 0% 0% 10% 67%

gabbronorite 3% 0% 11% 0% 59% 0%

TOTAL 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
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Data S1. (separate file) 

Ductile deformation interval and lithology interval datasets used in this study presented in an excel 

file, alongside Tables S1 to S4 (above) 
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