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Materials and Methods 

Materials and Methods 

Rock description 5 

Rock descriptions are based on combined core and thin section observations. Lithological units 
were designated on the basis of mineral proportions. For peridotite, we used the following 
subdivision based on orthopyroxene proportions: harzburgite (≥10% orthopyroxene); 
orthopyroxene-bearing dunite (1-10% orthopyroxene); dunite (<1% orthopyroxene). 
Orthopyroxene proportions were estimated from macroscopic observations: because of their 10 
relatively large size and uneven distribution, macroscopic estimates were considered more 
reliable than thin section estimates. Clinopyroxene and Cr-spinel proportions were also estimated 
macroscopically, and olivine proportions were then calculated by subtraction. Due to low 
abundance, macroscopic estimates of clinopyroxene proportions are subject to uncertainty. To 
obtain a more robust estimate of clinopyroxene proportions, ‘digital point counting’ was 15 
performed on thirty thin sections. These thin sections were selected to be representative of the 
peridotites in Hole U1601C and were taken away from gabbroic intervals; they are closely 
associated with the samples selected for geochemical analyses (see below). Digital point 
counting comprised two steps: first, all clinopyroxene in thin sections was traced digitally on thin 
section scans. The resulting line drawings were then subject to image analysis to determine 20 
clinopyroxene proportions.    
The extent of serpentinization is based on thin section observations of harzburgites, 
orthopyroxene-bearing dunites, and dunites. No thin sections were included that cross a contact 
with gabbros, magmatic veins or dikes. Modal abundances of each individual mineral and the 
extent of alteration for each mineral individually were estimated based on thin section 25 
observations. The total extent of serpentinization was then calculated using mass balance 
calculations using the estimated modal abundances of olivine, orthopyroxene and clinopyroxene 
and the extents of alteration of olivine, orthopyroxene and clinopyroxene.  
The presence of carbonates in U1601C cores was determined in a collaborative fashion during 
shipboard description based on macroscopic observations. Systematic tests with hydrochloric 30 
acid (HCl) were performed throughout the borehole. With the exception of massive carbonate 
veins, carbonates were generally too small to be observed with a hand lens and are therefore 
inferred by reaction with acid. The carbonate mineralogy can only be confirmed in those 
locations where thin sections or X-ray diffraction analyses (XRD) are currently available. As 
Mg-carbonates (e.g., dolomite and magnesite) do not react to HCl, their presence or absence is 35 
not included in the carbonate distributions. As a consequence, the downhole carbonate estimation 
might be underestimated. Core observations were supplemented onshore by scanning electron 
microscope observations on selected samples, using a VEGA3 TESCAN Scanning Electron 
Microscope in backscatter electron imaging mode with an accelerating voltage of 20 kV and a 
working distance of 16.8 mm. 40 

Whole-rock geochemistry 
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35 serpentinized peridotites were selected by the Expedition 399 Shipboard Scientific Party as 
representative of the rocks recovered at Site U1601 (6 at Hole U1601A and 29 at Hole U1601C) 
for shipboard bulk rock geochemical analyses. They comprised 31 harzburgites, two opx-bearing 
dunites and two dunites. A thin section or an XRD sample was located next to each geochemistry 
rock sample to determine its modal composition and degree of alteration. 5 

The 35 serpentinized peridotite samples were prepared from 30 to 150 cm3 of rock cut from cores 
and their outer surfaces cleaned to remove altered rinds resulting from drilling and cutting, then 
crushed according to the D/V JOIDES Resolution protocols (e.g., (61)). Crushed chips were 
ground to a fine powder using a SPEX 8515 Shatterbox powdering system with a tungsten carbide 
mill, except for five of the Hole U1601C samples that were powdered at Géosciences Montpellier 10 
using a Fritsch Pulverisette 2 with agate mortar and bowl. After powdering, each sample was 
ignited for 4 h at 1025°C to determine weight loss on ignition (LOI). 

Bulk rock major and minor element analyses were conducted on splits of ignited powders using 
inductively coupled plasma optical emission spectroscopy (ICP-OES) on an Agilent 5110 
spectrometer on-board D/V JOIDES Resolution for Hole U1601A samples and for 24 Hole 15 
U1601C samples, and on a Thermofisher iCAP Duo 7400 spectrometer at the AETE-ISO 
analytical facility (OSU OREME, University of Montpellier) for the five remaining Hole 
U1601C samples. 
On board the D/V JOIDES Resolution, the digestion of rocks and subsequent ICP-OES analyses 
followed the protocol described in (62), summarized hereafter. 100.0 mg splits of whole-rock 20 
powders were mixed with LiBO2 as a fluxer and LiBr as a non-wetting agent, then fused in Pt-
Au crucibles in an internally rotating induction furnace (Bead Sampler NT-2100). The beads 
were dissolved in a 10% HNO3 solution, then diluted to a dilution factor of ca. 5000. Be, In and 
Sb were used as an internal standard to correct for drift and matrix effects. Nine certified 
reference materials and one blank were prepared following the same protocol and used as 25 
calibration solutions. 
At the AETE-ISO facility, 100 mg of rock powder was weighted and mixed with LiBO2 and 
LiBr. Alkali fusion was conducted at 1000°C for 15 min using a Katanax X600 fluxer. After 
fluxing, the melt was mixed with 10% HNO3 and diluted to a dilution factor of ca 2000. Sc was 
used as an internal standard. Six certified reference materials and one blank were prepared 30 
following the same protocol and used as calibration solutions. 
  
Natural Gamma Radiation (NGR) 
Gamma rays are emitted from rocks primarily as a result of the radioactive decay of 40K and the 
decay of isotopes in the decay series of 238U and 232Th. The natural gamma radiation (NGR) of 35 
the in situ formation surrounding the borehole was determined by wireline logging. The Hostile 
Environment Natural Gamma Ray Sonde (HNGS; Schlumberger) measures natural radioactivity 
in the borehole wall using two bismuth germanate scintillation detectors. Concentrations of K, 
Th, and U, whose radioactive isotopes dominate the natural radiation spectrum, were computed 
by Schlumberger’s proprietary spectroscopy method. The tool string was sent to the bottom of 40 
the hole while recording a partial set of data and was then pulled up at a constant speed (typically 
250–500 m/h) to acquire the reported data.  
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The HNGS was deployed on four separate tool string deployments, yielding highly correlative 
profiles of computed K, Th, and U concentrations. In order to stabilize the drill string during 
wireline logging, the lowermost few tens of meters are stationary inside the borehole and the 
topmost 20-30 m of data logged through the pipe are invalid. The logging depth scale (WMSF = 
Wireline log matched depth below sea floor) is slightly different from the coring depth scale 5 
(typically up to a few dm discrepancy at any stratigraphic level) due to the different tools and 
methods used to measure and compute depth, respectively.  
 
The HNGS Standard (total) Gamma Ray (HSGR) data is reported in standard gamma ray units of 
the American Petroleum Institute (gAPI). The HNGS Computed Gamma Ray (HCGR) data is 10 
the HSGR minus the uranium component. 
 
  
Moisture and density (MAD) 
Mass and volume measurements on discrete samples were made to determine bulk, dry, and 15 
grain density. The method is IODP standard for hard rocks and consists of a vacuum water 
saturator, a dual balance system, and a custom-built Helium hexapycnometer. 
After saturating the cube samples with seawater, the wet mass was measured. The samples were 
subsequently dried in a 105°C oven for 24 h and then cooled to room temperature in a desiccator 
for 3 h, after which their dry mass was obtained for MAD measurements. The volume of the dry 20 
cube samples was then obtained using Helium pycnometry. Bulk density, dry density, and grain 
density were then calculated from wet mass, dry mass, and dry volume measurements using 
IODP Method C (63). 
Dual balance system 
A dual balance system was used to measure both wet and dry masses. Two analytical balances 25 
(Mettler-Toledo XS204) compensate for ship motion; one acts as a reference and the other 
measures the sample. The discrete samples were placed in aluminum trays, which were used to 
tare the reference and unknown balances. A standard mass of similar mass to that of the sample 
was placed on the reference balance to increase accuracy. Using a reference mass within ~10% 
of the sample mass, an accuracy of 0.005 g is readily attainable. 30 

Hexapycnometer system 
The hexapycnometer is an IODP custom-built system, using six Micromeritics cell units, custom 
electronics, and custom control programs. The system measures dry sample volume using 
pressurized Helium-filled chambers with a precision of 0.02 cm3. For each measurement series, 
five cells contained unknowns and one cell contained two stainless steel calibration spheres (3 35 
and 7 cm3) with a total volume of ~10 cm3. Calibration spheres were cycled through the cells to 
identify any systematic error and/or instrument drift. Spheres are assumed to be known to within 
1% of their total volume.  Three Helium purge cycles were carried out for each sample for 
increased accuracy.  
Moisture and density calculations 40 

For density calculations, both mass and volume are first corrected for the salt content of the pore 
fluid: 
Ms = [S(Mw − Md)]/(1 − S) (1) 
where 



Submitted Manuscript: Confidential 
Template revised November 2023 

5 
 

•        Ms = mass of salt, 
•        S = pore water salinity, (seawater with salinity 35 psu or 0.035 g/cm3), 
•        Mw = wet mass of the sample, and 
•        Md = dry mass of the sample. 
  5 
Grain density (ρg) is determined from the dry mass (Md) and dry volume (Vd) measurements: 
ρg = (Md − Ms)/[Vd − Ms/ρs)] (2) 
where ρs is the density of salt (2.20 g/cm3) (63). 
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Fig. S1: The Atlantis Massif, seismic data, and IODP drilling. (A) Bathymetric map (15) 
showing the Atlantis Massif, seismic lines, the corrugated detachment fault surface, the Lost City 
hydrothermal field (LCHF) and IODP drilling locations. (B) Meg4 seismic line with full 5 
waveform inversion (FWI) processing, modified from (64). The solid white line marks the limit 
of the ray coverage for the tomographic inversion. Hole U1309D, drilled in IODP Expeditions 
304/305 (14), was deepened by 80m during Expedition 399. Hole U1601C and a 55m pilot hole 
(U1601A) were drilled during Expedition 399. (C) Meg9 seismic line (65), with Hole 1601C 
shown. FWI has not been published for this line. In both this and Meg4, velocities >6km/s are 10 
assumed to be gabbro. Blue squares on the slope indicate dredge samples of gabbro exposed on 
the seafloor. 
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Fig. S2: Cross section of the South wall of Atlantis Massif. The South wall is dominated by 
variably altered peridotites with gabbroic lenses. Estimated 100 m thick detachment fault zone 
containing talc-tremolite-chlorite metasomatic schists is at the summit (16). In Expedition 399, 
the fault zone was found to be <30 m thick. MAR = Mid-Atlantic Ridge. Modified from (66). 5 
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Fig. S3: Previous drilling of oceanic crust. Summary of all DSDP/ODP/IODP holes >100m in 
depth in igneous basement, modified from (67). Hole U1601C is more than six times as deep as 
the previous record in serpentinized peridotite. 5 
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Fig. S4: lithological percentages of rocks recovered from Hole U1601A (A), Hole U1601C 
(B) and Site U1601 (C). 
  5 
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Fig. S5: Downhole model abundance (%) of clinopyroxene from digital point counting.  
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Fig. S6:  Orthopyroxene size-abundance relationships. Data are for Hole U1601C harzburgite, 
opx-bearing dunite and dunite. Symbol size is proportional to number of datapoints. 
  5 
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Fig. S7: Mantle fabrics. (A) Strongly foliated porphyroclastic harzburgite (Interval 399-
U1601C-148R-3, 69 -121 cm). (B) Protogranular harzburgite (Interval 399-U1601C-113R-4, 93 
-117 cm).  5 
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Fig. S8: Size distribution of gabbroic intrusions in Hole U1601C 
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Fig. S9: Gabbro-peridotite dips. Histogram and downhole distribution of dip of gabbro-
peridotite contacts in Hole U1601C. The distribution predicted for randomly orientated planes in 
drill core in red is superimposed on the histogram (50). 
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Fig. S10: Variably serpentinized peridotite in Hole U1601C. (A) Serpentinized harzburgite 
with common orthopyroxene and olivine relicts. Note that chrysotile veins are absent (Interval 
399-U1601C-149R-3, 55-70 cm). (B) Highly serpentinized (~90%) harzburgite containing green 5 
and grey bastite after orthopyroxene. A set of white, fibrous to massive, subparallel horizontal 
ansgranular to locally paragranular chrysotile (Ctl) veins crosscuts the serpentinized harzburgite 
(Interval 399-U1601C-148R-2, 10-20 cm). (C) Highly serpentinized harzburgite (>90%) 
containing black and grey bastite after orthopyroxene. Black areas are commonly found around 
bastite. The serpentinite is cut by a few chrysotile veins (Interval 399-U1601C-175R-1, 72-93 10 
cm). The white bar is 1 cm.   
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Fig. S11: Relatively fresh harzburgite. Whole thin section images (plane- and cross-polarized 
light) of Interval 399-U1601C-149R-3, 94-97 cm (A, B) and Interval 399-U1601C-148R-3, 118-
121 cm (C, D) show abundant relict olivine and largely fresh orthopyroxene (opx) and sparse 5 
clinopyroxene (cpx) in harzburgite. 
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Fig. S12: Close-up images of the main vein type occurrences in serpentinized peridotites 
and at serpentinized peridotite-gabbroic rock contacts in Hole U1601C. (A) Hydrothermally 
overprinted magmatic vein composed of clinopyroxene (Cpx), amphibole (Amp?), prehnite 5 
(Prh), and secondary plagioclase (Pl) cut by a set of green massive picrolite veins (Interval 399-
U1601C-169R-2, 112-129 cm). (B) Contact between serpentinized peridotite and altered gabbro 
(Interval 399-U1601C-105R-1, 34-41 cm). Set of talc (Tlc)-carbonate (Cb) veins branches at the 
contact and further continues in gabbro but not in serpentinite. A few picrolite veins cut through 
serpentinite and grade into prehnite veins when propagating in gabbro. (C) Hydrothermally 10 
overprinted magmatic vein cut by a set of composite chrysotile-picrolite veins (Interval 399-
U1601C-191R-1, 11-22 cm). Picrolite vanishes away from magmatic vein. 
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Fig S13. Close-up images of the main alteration features of gabbroic rocks in Hole U1601C. 
(A) Contact between a ductily-deformed and isotropic gabbro. Amphibole veins cut through the 
isotropic gabbro. Secondary plagioclase and chlorite form after plagioclase (Interval 399-
U1601C-130R-4, 30-45 cm). (B) Highly deformed and altered (prehnite) gabbro cut by chlorite-5 
amphibole veins overprinted by late carbonate(?) veins (Interval 399-U1601C-130R-2, 21-33 
cm). (C) Highly altered and bleached gabbro composed of amphibole, secondary plagioclase, 
and prehnite and cut by late possible zeolite veins (Interval 399-U1601C-97R-1, 117-128 cm). 
(D) Contact between altered gabbro and serpentinized peridotite. Towards the contact, the degree 
of alteration in the gabbro increases and igneous minerals are completely replaced by amphibole, 10 
secondary plagioclase, and prehnite. It is cut by late talc-carbonate-prehnite veins (Interval 399-
U1601C-91R-1, 18-27 cm). (E) Talc-carbonate veins cutting through a deformed gabbro. Talc, 
prehnite, and possibly clay minerals pervasively replace the gabbro at the vicinity of the veins 
(Interval 399-U1601C-99R-4, 33-47 cm). The scale bars are 1 cm.   
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Fig. S14: Highly weathered and serpentinized peridotite. Fe-(oxy)hydroxide veins locally 
reuse former serpentine veins and cut through the serpentine-magnetite veins (mesh network) 
and bastite suggesting weathering postdates serpentinization (Interval 399-U1601C-27R-1, 28-55 5 
cm). 
  



Submitted Manuscript: Confidential 
Template revised November 2023 

20 
 

 
 
Figure S15. Wireline natural gamma ray (NGR) data. (A) Total signal (HSGR, black) and the 
computed signal without the uranium component (HCGR, gray). Concentrations of (B) 
potassium (C) thorium and (D) uranium computed by Schlumberger's proprietary spectroscopy 5 
method.   
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Fig. S16: Extensive carbonate veining and alteration in serpentinized peridotite and altered 
gabbro. Interval 399-U1601C-177R-1, 35-38 cm. (A)Whole thin section image (plane-polarized 
light) showing carbonate veins cutting gabbro completely altered to amphibole (Amp), chlorite 5 
(Chl), clay minerals, and locally secondary plagioclase, in contact with highly serpentinized 
peridotite. The contact is highlighted by the yellow dashed line. (B) Cross-polarized light image 
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showing coarse amphiboles and a relict plagioclase grain (Pl), altered to secondary plagioclase. 
Location of panel (C) is shown, and the decrease in disseminated and vein carbonate away from 
the contact can be seen by the reduction in birefringence. (C) Backscatter SEM image showing 
the boundary between gabbro and serpentinized peridotite. Disseminated calcium carbonate 
(EDS analysis shows no magnesite is present) is interpreted to overprint serpentine (serp) in the 5 
ultramafic layer. Cr-spinel is altered to serpentine and clay/chlorite. In the gabbro layer, a 
plagioclase grain (small relicts visible beyond the field of view) is almost completely altered to 
carbonate, serpentine, and probably chlorite. Thin carbonate veins cut the contact, indicating that 
they represent the latest event.  

10 
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