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Abstract
Cores and downhole measurements recovered during International Ocean Discovery Program
(IODP) Expedition 376 to Brothers volcano in the Kermadec arc provided unprecedented in situ
data in an active submarine arc caldera with extensive hydrothermal alteration. Pressure (P)-wave
velocities were measured on the R/V JOIDES Resolution at atmospheric pressures and saturated
with seawater. To complement these shipboard measurements, seven new samples were selected
representing various primary lithologic and alteration mineralogic compositions in the three
deepest holes (U1527C, U1528D, and U1530A) for further shore-based laboratory testing. P- and
shear (S)-wave velocities and porosity were measured on seven samples at atmospheric pressure
and dry conditions. In addition, P- and S-wave velocities of two of these samples were measured
under effective pressure dry and brine saturated. Such data aids in situ porosity, saturation, and
pressure sensitivity elastic data interpretation from downhole measurements acquired in Hole
U1530A. The clear waveforms obtained and overall similarities to measurements from the nearest
shipboard samples ensure that the results are reliable at atmospheric pressures. All shore-based
samples have higher porosity than shipboard samples. This difference could be explained by gas-
versus water-connected porosity. The two saturated samples measured at effective pressures of the
borehole sample depths show that P-wave speeds are 13%–20% higher than the ship atmospheric
pressure measurements. The pressure dependence of wave speeds also enables the qualitative
interpretation of pore shapes for these submarine, hydrothermally altered rocks.

1. Introduction
International Ocean Discovery Program (IODP) Expedition 376 drilled a series of holes at Broth-
ers volcano in 2018 (de Ronde et al., 2019a; de Ronde et al., 2019b). Brothers volcano is an active
submarine caldera and one of 34 large volcanic complexes of the Kermadec arc (de Ronde et al.,
2001, 2003). Volcanic rocks span a wide range in physical and hydraulic properties, the result of
their varied lithologies and associated microstructures, vesicularity, fracturing (primary and sub-
sequent faulting), alteration mineral assemblages, alteration intensity, and compaction as a conse-
quence of sequential deposition of volcanic products (McPhie and Allen, 1992; Bartetzko et al.,
2005; Wyering et al., 2014; Heap et al., 2017; Clarke et al., 2020; Durán et al., 2019; Kanakiya et al.,
2021).

Elastic property measurements of core samples support interpretation of in situ porosity, satura-
tion, and pressure sensitivity elastic data of both downhole sonic measurements as conducted in
Hole U1530A during Expedition 376 (Massiot et al., 2022). It may assist in future time-to-depth
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conversions of seismic reflection surveys to reveal the internal structure of Brothers volcano (de 
Ronde et al., 2019a).

Shipboard physical properties measurements included P-wave velocity but not S-wave velocity. P-
wave velocity analysis was conducted at atmospheric pressure and temperature. Shipboard mea-
surements are reported in de Ronde et al. (2019a) and are available through the IODP laboratory 
information management system (LIMS) data portal (https://web.iodp.tamu.edu/LORE). Inter-
pretations of shipboard core sample physical properties and downhole measurements for Holes 
U1530A and U1528D are summarized in Massiot et al. (2022). The acquisition of S-wave velocity 
data allows for the estimation of rock dynamic elastic moduli, aids converted-wave seismic inter-
pretation, and can be used to quantitatively invert for pore shape. Measurements at atmospheric 
conditions are useful and rapid to obtain, but they do not directly reflect the in situ subseafloor 
conditions where the samples were collected.

This study aims to provide two types of measurements not acquired shipboard: (1) combined P- 
and S-wave velocities and porosity at atmospheric temperature and pressure in dry conditions and 
(2) P- and S-wave velocities on dry and water-saturated samples under effective pressure.

2. Materials
Seven core samples were analyzed in this study, representing a variety of primary rock textures 
and alteration mineral assemblages across the three main holes (U1527C, U1528D, and U1530A) 
at Brothers volcano (Table T1). Samples from Hole U1527C are matrix-supported, polymict tuff-
breccia (Sections 14R-2 and 14R-3). Samples from Hole U1528D are clast-supported, polymict 
lapillistone (Section 17R-1); matrix-supported, polymict lapilli-tuff (Section 20R-1); and an altered 
volcanic rock part of a unit dominantly composed of volcaniclastic rocks (Section 42R-1). Samples 
from Hole U1530A are matrix-supported, monomict lapilli-tuff (Section 25R-1) and an altered 
volcanic rock showing overprinted volcanic textures (Section 50R-1). In this latter case, Massiot et 
al. (2022) proposed that the surrounding interval consists dominantly of altered lava flows. All 
samples are intensely hydrothermally altered. Alteration mineralogy for each sample is summa-
rized in Table T1, based on shipboard visual core descriptions and X-ray diffraction measure-
ments (de Ronde et al., 2019a).

3. Methods
Shipboard P-wave velocity was measured on cube-shaped water-saturated samples using the P-
wave caliper (PWC) of the P-wave gantry system (de Ronde et al., 2019a). Cubes were vacuumed 
and saturated with seawater for 2 h at ambient pressure. Ultrasonic (500 kHz) P-wave waveforms 
were measured in three orthogonal directions on these saturated samples. Traveltimes are auto-
matically picked by the IMS 10 velocity software in the PWC system and checked manually. The 
shipboard values reported in Table T1 are the averaged P-wave velocities in the x-, y-, and z-direc-
tions, following standard IODP conventions. However, S-wave velocities were not acquired. Bulk 
dry density, grain density, and connected porosity were measured on the cube samples using the 
moisture and density apparatus that uses a dual-balance system (de Ronde et al., 2019a). Some of 
these cube samples were subsequently used in thermal demagnetization experiments for paleo-
magnetism (de Ronde et al., 2019a), which likely altered the samples’ physical properties through 
exposure to temperatures as high as 600°C.

Shipboard samples could not be used in this study because of their shape and exposure to thermal 
impact. The shore-based high-pressure ultrasonic system used in this study requires cylindrically 
shaped samples (“CYL” in IODP sample naming convention). Measurements obtained from shore-
based samples are compared to the results from the nearest shipboard samples (i.e., showing an 
offset of <50 cm; Table T1).

Table T1. Properties of samples measured in this study and the closest shipboard measurements, Holes U1527C, U1528D, 
and U1530A. Download table in CSV format. 
201.2022 publications.iodp.org · 2
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In this study, the following tests were conducted:

• Porosity (nitrogen gas) and P- and S-wave velocities (VP and VS) were measured at atmospheric 
pressure in dry conditions on seven samples.

• P- and S-wave velocities were measured under pressure in dry and saltwater-saturated condi-
tions for Samples CYL9673831 and CYL9674801, which are both from Hole U1530A.

Atmospheric condition porosity and wave speed data were acquired on dry samples with the ni-
trogen Vinci pycnometer and Olympus ultrasonic transducers (0.5 MHz central frequency), re-
spectively.

P- and S-wave velocities measured at high pressure used an in-house built ultrasonic transducer 
system (one P-wave and two orthogonal S-waves; 1 MHz central frequency) at the University of 
Auckland (New Zealand), including capabilities of up to 68 MPa (10,000 psi) of confining pres-
sures and 62 MPa (9,000 psi) of fluid pressure (Durán Quintero, 2018). A Teledyne Isco 65DM 
syringe pump controls the fluid pressures with independent pressure and fluid controls. A high-
pressure transfer vessel allows the saturation of saline water (NaCl at 35 g/L) into the samples. 
Error bars were estimated to be about 30 m/s for P-waves and 60–100 m/s for S-waves.

The effective pressure of the depth from where these cores were extracted in the borehole is not 
fully known. That is because the fluid pressure is unknown. We infer that the fluid column does 
not influence the fluid pressure but rather the lithostatic load. The water column (~1.6 km) and 
the weight of the rocks act as the lithostatic pressure. The fluid pressure was assumed to be that of 
when the rocks erupted (i.e., the water column pressure), referring to 15 MPa. Effective pressure is 
the difference between the lithostatic and fluid pressures. Therefore, for these rocks, the effective 
pressure is 3.1 and 1.6 MPa for Samples CYL9674801 (376-U1530A-50R-1, 69–71 cm; 242.59–
242.61 meters below seafloor [mbsf ]) and CYL9673831 (25R-1 41–43 cm; 122.31–122.33 mbsf ), 
respectively.

The measurements under effective pressure were conducted per the following procedure:

1. Measurements of samples in dry conditions were subjected to increasing and then decreasing 
pressure. The recorded (main) cycle referred to the instrument run with decreasing pressure to 
reduce hysteresis. Wave speeds were recorded at regular pressure increments.

2. Samples were saturated for 2–4 days with saltwater (NaCl at 35 g/L) at 2 MPa fluid pressure 
and 4.1 MPa (600 psi) confining pressure. Fluid pressure was kept constant at 2 MPa for all the 
saturated experiments.

3. The first pressure cycle on saturated samples was performed at low effective pressures to avoid 
permanent sample deformation. The maximum effective pressures were 1.6 MPa (240 psi) for 
Sample CYL9673831 and 4.5 MPa (650 psi) for Sample CYL9674801, which enabled measure-
ment of in-place sample depths: 1.6 MPa (232 psi) for Sample CYL9673831 and 3.1 MPa (447 
psi) for Sample CYL9674801.

4. The second water-saturated cycle was performed at higher effective pressure: up to 31 MPa 
(4500 psi) for Sample CYL9674801 and 13.8 MPa (2000 psi) for Sample CYL9673831. This cy-
cle was done after low effective pressures to guarantee that samples were not permanently de-
formed during the third part of the test.

4. Results
The results of shore-based measurements are presented in Table T1 and TABLE in Supplemen-
tary material alongside shipboard measurements of the closest samples. Shipboard and shore-
based samples have similar porosity (absolute difference < 5%), and most P-wave velocity differ-
ences are within 250 m/s (Figure F1; Table T1). Samples from Hole U1527C are 1.6 m apart in the 
stratigraphic succession and are part of the same petrophysical subunit (2b) and alteration subtype 
(IIa) (Massiot et al., 2022), thus, their wave speeds and porosity are similar. Samples from other 
boreholes do not belong to the petrophysical unit or alteration type and were not sampled within 
.201.2022 publications.iodp.org · 3
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a short stratigraphic distance. Therefore, because samples are few in number, we cannot propose 
any generalization or statistical trends on velocity versus porosity data presented here. Shipboard 
samples were measured water saturated, whereas present samples at atmospheric conditions were 
dry. It is unclear why shipboard seawater-saturated VP are similar to shore-based dry VP.

Nitrogen porosity of shore-based samples is consistently slightly higher than seawater-saturated 
connected porosity from shipboard samples. This is expected because nitrogen can reach smaller 
pores than water because of reduced capillary forces, resulting in a higher estimate of connected 
porosity.

One doublet of samples shows large differences in porosity and wave speed between shore-based 
and shipboard samples. Sample 376-U1528D-20R-1, 114–117 cm, has higher grain density (3.4 
g/cm3) and P-wave velocity (3848 m/s) than the nearest shipboard sample (20R-1, 100–102 cm; 
2.66 g/cm3 and 2526 m/s, respectively). This core section consists of a matrix-supported, polymict 
lapilli-tuff, meaning the matrix supports clasts of various sizes (de Ronde et al., 2019a) possibly 
resulting in sample heterogeneity. Figure F2 shows line section images of the core section from 
which the samples were extracted. In this section (20R-1), visual core description revealed a high 
sulfur abundance, with native sulfur infilling vugs throughout the matrix as well as disseminated 
pyrite (de Ronde et al., 2019a). The difference between the two samples only 20 cm apart along 
the core section is thus likely due to a variable pyrite content and sulfur-filled vugs, which can 
result in higher rock density and velocity.

Figure F1. Wave velocities as a function of porosity. A. VP, shipboard and nearest shore-based samples (this report). B. VP and 
VS, shore-based samples. Large symbols are measurements at effective pressure representative of core downhole depth 
(1.6 MPa for 376-U1530A-25R-1, 41–43 cm; 3.4 MPa for 50R-1, 69–71 cm). Shipboard data from de Ronde et al. (2019a).
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High-quality waveforms and classic relationships yield good confidence in the results performed 
in this study. Figure F3 displays ultrasonic waveforms for the measurements under effective pres-
sure. Traveltimes were picked and converted to wave speed for all saturation conditions and effec-
tive pressures (Figure F4). First, VP in saturated condition is greater than VP in dry condition and 
VS in saturated condition is lower than VS in dry condition. Second, dry wave speeds under pres-
sure are higher than measurements at atmospheric pressure. Both samples show a significant 
increase in wave speeds after applying only a few megapascals of effective pressure when com-
pared to the atmospheric velocity data.

Although Sample 376-U1530A-25R-1, 41–43 cm, has higher porosity than Sample 50R-1, 69–71 
cm, the lower pressure dependence of VP and VS (Figure F4) suggests that Sample 25R-1, 41–43 
cm, has higher aspect ratio and stiffer pores than Sample 50R-1, 69–71 cm, with the latter having 
more low-aspect ratio pores (i.e., microfractures). This result is consistent with other physical 
properties (Massiot et al., 2022).

For both samples, VP on seawater-saturated samples after the high-pressure cycle (Step 4 above) is 
lower than the first low-pressure cycle and the dry pressure cycle. This directly indicates that the 
sample underwent permanent deformation during the second, high-pressure cycle. Such experi-
ments show that care needs to be taken when performing velocity measurements on core material 
at high confining pressures. When comparing core physical property data to downhole measure-
ments, measurements that correspond to the core-downhole pressure conditions first need to be 
performed before attempting any experiments at higher effective pressures.

Figure F2. Core section images (376-U1528D-20R-1, 87–106 cm, and 107–127 cm), highlighting location where Samples 
CUBE9633271 and CYL9664571 were extracted. Section was described in de Ronde et al. (2019a) as matrix-supported, poly-
mict lapilli-tuff. Section has pervasive alteration and is dominated by 1–3 mm sized light gray to dark gray clasts that are 
highly silicified in a fine network of clay- and silica-dominated matrix. Native sulfur infills vugs throughout the matrix. Pyrite 
is disseminated and seems to be more concentrated in clasts. Photos are in color.

U1528D-20R-1, 100-102 cm

CUBE9633271 (Ship)

U1528D-20R-1, 114-117 cm

CYL9664571 (Shore)
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Figure F3. Ultrasonic waveforms for measurements under effective pressure for dry and water-saturated (WET) samples, 
Hole U1530A.
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