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Abstract: The remotely operated vehicle (ROV), a vital deep-sea platform, offers key
advantages, including operational duration via continuous umbilical power, high task
adaptability, and zero human risk. It has become indispensable for deep-sea scientific
research and marine engineering. To enhance surveys of cobalt-rich crusts (CRCs) on com-
plex seamount terrains, the 4500-m-class Haima ROV integrates advanced payloads, such
as underwater positioning systems, multi-angle cameras, multi-functional manipulators,
subsea shallow drilling systems, sediment samplers, and acoustic crust thickness gauges.
Coordinated control between deck monitoring and subsea units enables stable multi-task
execution within single dives, significantly improving operational efficiency. Survey results
from Caiwei Guyot reveal the following: (1) ROV-collected data were highly reliable, with
high-definition video mapping CRCs distribution across varied terrains. Captured crust-
bearing rocks weighed up to 78 kg, drilled cores reached 110 cm, and acoustic thickness
measurements had a 1-2 cm margin of error compared to in situ cores; (2) Video and
cores analysis showed summit platforms (3-5° slopes) dominated by tabular crusts with
gravel-type counterparts, summit margins (5-10° slopes) hosting gravel crusts partially
covered by sediment, and steep slopes (12-15° slopes) exhibiting mixed crust types under
sediment coverage. Thicker crusts clustered at summit margins (14 and 15 cm, respectively)
compared to thinner crusts on platforms and slopes (10 and 7 cm, respectively). The Haima
ROV successfully investigated CRC resources in complex terrains, laying the groundwork
for seamount crust resource evaluations. Future advancements will focus on high-precision
navigation and control, high-resolution crust thickness measurement, optical imaging
optimization, and Al-enhanced image recognition.

Keywords: remotely operated vehicle; Haima ROV; cobalt-rich crusts; Caiwei Guyot;
deep-sea scientific research; acoustic thickness measurement of crusts

1. Introduction

Cobalt-rich ferromanganese crusts (commonly called “crusts”) are sedimentary min-
eral deposits of manganese—iron oxides and hydroxides that accumulate over millennia on
exposed bedrock of seamounts, island slopes, and other elevated seabed terrains at depths
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of 4004000 m. These crusts can reach thicknesses of 25 cm and hold significant resource po-
tential [1-6]. Globally distributed across the Pacific, Indian, and Atlantic Oceans, CRCs are
most concentrated in the central and western Pacific. Their elemental composition varies
significantly among ocean basins [7,8]. Spatial distribution and thickness are influenced by
multiple factors, leading to notable disparities, even between adjacent seamounts within
the same marine basin [4,6,7,9-12].

Large-scale crust exploration began in the 1980s [13,14]. Early investigations relied
on geological dredging for sample collection, but this method lacked precise location data,
had low operational efficiency, and offered limited spatial resolution. Technological ad-
vancements have since introduced more sophisticated survey tools—including TV-guided
grab samplers, deep-sea shallow drills, and seabed imaging systems with underwater
positioning—that have significantly improved survey precision. While direct sampling
remains essential for resource assessment, its effectiveness is often constrained by oper-
ational limitations, weather conditions, and seafloor topography [15-18]. Over the past
two decades, acoustic survey techniques have gained prominence in marine exploration
due to their inherent advantages [19-22]. Advances in multibeam echo sounders, side-scan
sonar, sub-bottom profilers, and in situ high-frequency thickness measurement systems
have enabled widespread applications in crust resource exploration. Multibeam systems
provide full-coverage bathymetric mapping [23,24] and analyze backscatter intensity for
seabed substrate classification [16,17,24]. Side-scan sonar is widely used for large-scale
seabed surveys to capture geomorphic and target data [25,26]. Sub-bottom profiling,
when combined with geological samples and seabed imagery, differentiates sediment
type, identifies bedrock/crust layers, and delineates sediment-crust boundaries, allowing
regional-scale crust thickness estimation [27-30]. However, acoustic data from surface
vessels remain lower in resolution than those from near-seabed platforms such as ROVs
and autonomous underwater vehicles (AUVs).

In detailed exploration of complex terrains such as seamount escarpments, ridges, and
gullies, conventional methods—including seabed cameras, drills, and shipboard acous-
tic surveys—face operational limitations. ROVs and AUVs equipped with optical cam-
eras, coring drills, and acoustic crust thickness profilers effectively overcome these chal-
lenges [31]. ROV-mounted shallow deep-sea drills enable precise sampling in structurally
complex areas [32,33]. Integrating ROV-deployed three-dimensional (3D) optical systems
and acoustic thickness profilers allows crust exposure recognition and thickness determina-
tion through image reconstruction and acoustic data processing [34,35]. ROV /AUV-based
in situ high-frequency thickness measurements have proven effective for high-resolution
crust mapping and resource estimation [34-39]. The advanced capabilities of deep-sea
robotic platforms for localized, high-precision surveys highlight the importance of ongoing
technological advancements in crust exploration. The 4500-m-class Haima ROV exemplifies
this progress, integrating multi-angle imaging systems, robotic manipulators, seabed drills,
and acoustic thickness gauges to refine crust surveys in complex seamount terrains. This
paper reviews the Haima ROV’s application in seamount crust exploration, using Caiwei
Guyot as an example. It highlights methodological innovations, operational outcomes, and
future directions to inform deep-sea mineral resource researchers.

2. Materials and Methods
2.1. Survey Equipment

The Haima (Chinese for “Sea horse”) ROV —jointly developed by the Guangzhou
Marine Geological Survey and Shanghai Jiao Tong University, China—is a 4500-m-class
deep-sea heavy-duty operational system comprising a support vessel, deck control system,
and a deck launch and recovery system, including an A-frame, swing restrictor, winch,
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umbilical cable, and heave compensation device. It also includes the ROV body and
a suite of subsea tools [40,41]. The ROV integrates subsystems such as an underwater
power distribution system, control system, hydraulic system, propulsion system, lighting,
cameras, detection instruments, and operational tools (Figure 1) [42]. Its modular design
enables functional expansion and modification to accommodate diverse seabed tasks. For
deep-sea seamount crust surveys, the system features specialized payloads in addition
to standard high-definition cameras and manipulator sampling tools. These include a 4K
ultra-high-definition (UHD) camera (Figure 1a), a sediment sampling system, a deep-sea
rock drill (Figure 1b) [32], and an acoustic crust thickness gauge. The main configurations
of the Haima ROV body and its crust survey equipment are summarized in Table 1.

Um

bilical cable,mushroom head

looking sonar
terial

oam ma

Buoyancy f

Sediment coring sampling system
5-function manipulator
Subsea drilling system
~ Thruster

7-function manipulator Sémpling basket

Figure 1. The primary components of the Haima ROV platform and its mission payload. (a) The
front view of the Haima ROV displays critical operational modules, including the sediment sampling
system, manipulator arms, high-definition cameras, and forward-looking sonar. (b) The lateral view
displays specialized subsea tools such as the seabed drilling system.

Table 1. Main configurations of the Haima ROV and crust survey equipment.

Category

Specifications and Performance

Dimensions, Weight, Power

e  Dimensions: 3.45m (L) x 2.1 m (W) x 2.63 m (H)
Weight: 5.6 t
Power: 150 hp

Underwater Lighting

e 24 VDC LED lamps (8 channels)
220 VAC HMI high-intensity lamps (2 channels)

Auxiliary Sensors

cNODE Mini 16-180-5t USBL beacon (1 unit)
Tritech Gemini 720is Forward looking sonar (1 unit)
Kongsberg 1007 altimeter (1 unit)

Depth sensor (1 unit)

Gyrocompass (1 unit)

Underwater Cameras

1-channel 4K UHD video (ILCE-7RM2 model)
3-channel 1080i HD video (wide-angle, zoom)
8-channel standard video

Gimbal systems (2 units: electric/hydraulic)
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Table 1. Cont.

Category

Specifications and Performance

e  Titan 4 7-function manipulator (max. lifting capacity: 454 kg; max. reach: 1922 mm)
Manipulation System and e  RigMaster2 5-function manipulator (max. lifting capacity: 270 kg; max. reach: 1372 mm)
Chassis e  Heavy-duty claw (1 unit)
e  Sampling basket chassis (1 unit)
e  Hydraulic cutting machine (1 unit)
Drilling System e 1.5 m subsea drilling system (1 set)

e 1.5 m sediment coring system (1 set)

Acoustic Detection System

Acoustic crust thickness gauge (1 set): Nonlinear parametric array (primary frequency: 1 MHz,
difference frequency: 100 kHz)

2.2. Detailed Survey Methods

Before deploying the ROV, high-precision bathymetric surveys must be conducted
using the support vessel to ensure operational safety. During ROV operations, sea state con-
ditions must not exceed Level 4, and the support vessel must maintain dynamic positioning
throughout the mission. The submersible procedure consists of six key phases: pre-dive
inspection, launch and water entry, descent, seabed operations, recovery, and post-dive
inspection. The ROV employs directional and altitude control for seabed locomotion [43],
while coordinated slow movement with the support vessel extends its observational cov-
erage. The HiPAP 101 acoustic positioning system provides decimeter-level accuracy in
both horizontal and vertical dimensions, minimizing path redundancy and improving
operational efficiency.

During seabed transects or stationary observation, the ROV video recording system
utilizes multiple cameras for environmental documentation (Figure 2a). A wide-angle
camera enables large-FOV target reconnaissance, while a high-definition zoom camera
(10801 resolution) with a pan-tilt mechanism (£360° azimuth, +90° elevation) supports
multi-angle close-range inspections [41]. An ultra-high-definition (4K) camera captures
fine structural details. Upon identifying CRCs via video or forward-looking sonar, the
ROV executes a precision landing for sampling operations. Gravelly crusts are directly
collected using manipulators and stored in sample baskets for surface retrieval (Figure 2b).
For sedimentary substrates, either manipulator-operated push core samplers (Figure 2c) or
ROV-mounted sediment sampling systems are used. Tabular crust sampling is performed
with a 1.5 m seabed drill rig integrated into the ROV (Figure 2d).

After video data acquisition, the seabed image recognition and mosaicking system
processes the footage through frame extraction, feature point detection, and matching,
ultimately generating a tiled 3D image (Figure 3) [44].

At key drilling sites, the ROV is precisely controlled to maintain an altitude of ~1 m
above the seabed, where an onboard acoustic crust thickness gauge measures crustal thick-
ness. This protocol ensures systematic validation between acoustically derived thickness
data and physical core samples, improving measurement accuracy for marine mineral
resource assessments.

The ROV-mounted acoustic crust thickness gauge consists of a subsea control unit and
a parametric acoustic array probe. Data are transmitted in real-time to the deck-mounted
control system via the ROV’s umbilical cable [45]. Measurable boundary reflections arise
from acoustic impedance contrasts between crusts and bedrock. During the operation, the
transducer emits a 1 MHz primary and a 100 kHz differential frequency. The software first
detects primary frequency echoes to identify the seawater—crust interface, then analyzes dif-
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ferential frequency echo envelopes to determine crust-bedrock interface timing. Thickness
is calculated based on time-of-flight (TOF) differences between these interfaces [38,39].

Figure 2. Schematic of ROV seabed operational methods. (a) Multi-angle seabed imaging; (b) Robotic
grasping of gravelly crusts; (c) Push core sediment sampling; (d) 1.5 m subsea drill coring.

Figure 3. 3D composite imagery of deep-sea crust development zone. (a) Video frame extraction;
(b) Feature point identification; (c) Feature matching across tiles; (d) 3D image assembly.

2.3. Data Collection Process in Caiwei Guyot

The Caiwei Guyot (14.9-16.1° N, 154.4-156° E), located east of Guam and the Mariana
Trench within the Pacific Prime Crust Zone (PPCZ), extends 110 km in length and 95 km in
width with a northeast-trending distribution. Its geomorphology consists of flat-topped
summits and steep upper slopes transitioning to gentler lower slopes [46]. As a designated
cobalt-rich ferromanganese crust exploration area, China has conducted extensive inves-
tigations, including bathymetric mapping, deep-sea drilling, and sub-bottom profiling.
Exploration results indicate thick CRCs on the slopes of the Caiwei Guyot [47,48]. This
paper presents a comprehensive ROV survey of Caiwei Guyot as a case study, detailing the
data collection process.

Real-time ROV positioning on the seafloor is achieved through communication be-
tween the HiPAP 101 underwater positioning and navigation system on the support ship
and the cNode mini USBL beacon mounted on the ROV. During a seamount survey in the
western Pacific Ocean, the ROV traversed various complex terrains, including the summit
platform, summit margin, and slopes (Figure 4). The ROVO01 site dive traveled about
3.5 km from the summit platform to the summit margin while conducting high-definition
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video recording, sampling of gravelly crusts via the manipulator, sediment sampling, sub-
sea drilling, and acoustic crust thickness measurements. The ROV02 site dive traveled
about 3.6 km from the summit margin to the seamount slope (Figure 4). These opera-
tions integrated multi-angle visual recording and core sampling with quantitative acoustic
characterization, enabling a comprehensive assessment of crust distribution, thickness
variations, and substrate relationships across the seamount’s complex bathymetry.
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Figure 4. The ROV conducted precise crust surveys across complex seamount terrains. (a) Shows
the regional location of the Caiwei Guyot, situated east of Guam and the Mariana Trench, within the
PPCZ, with the location of (b) indicated by a red rectangle. (b) 3D topographic map of the Caiwei
Guyot, with the location of (c) indicated by a black rectangle. (c) The ROV’s continuous traversal
across diverse terrains, including the summit platform, summit margins, and seamount slopes, with
purple lines representing ROV trajectories. During dives (ROV01 and ROV02), operations included
seafloor video recording, imaging, crusts and sediments sampling, subsea drilling, and crust acoustic
thickness measurements.

3. Results
3.1. Optical Imaging: Spatial Distribution of Crusts

Multi-angle transect surveys using high-definition video imaging and in situ ROV
exploration with manipulators and operational tools systematically revealed the crust types,
spatial distribution patterns, and sediment characteristics within the study area. The pre-
dominant crust types—tabular and gravelly crusts—exhibited distinct spatial heterogeneity
across varying water depths and slope gradients.
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On the summit platform (2000-2200 m water depth), tabular crusts dominated, with
minor gravelly crusts, forming continuous distributions (Figure 5a,b), although partially
obscured by thin sediment layers. At the seamount summit (2200-2800 m), gravelly crusts
prevailed, with sporadic sediment-covered tabular crusts (Figure 5¢,d), while some areas
contained only sediments and minimal gravelly crusts (blue segments in Figure 6). Along
the seamount slope (2800-3400 m), both crusts were present (Figure 5e,f), although certain
zones were sediment-mantled—particularly at depths below 3200 m, where only sediments
and sparse gravelly crusts were observed (blue segments in Figure 6).

a Seamount summit platform 4 b Seamount summit platform

Tabular crusts Tabular and gravelly crusts

¢ Seamount summit margin d Seamount summit margin

Gravelly crusts with sediment cover Gravelly crusts with sediment cover

e Seamount slope

Gravelly crusts

Figure 5. Crust development characteristics across distinct seamount zones based on ROV subsea
observations. (a,b) The summit platform is dominated by continuous tabular crusts with associated
gravelly crusts. (c,d) The margin primarily features gravelly crusts that are partially covered by thin
sediment layers. (e f) Along the seamount slope, both gravelly and tabular crusts are observed.

Notably, continuous and partially sediment-covered tabular crusts predominantly
occurred on the summit platform with gentle slopes of 3-5° (red and green segments in
Figure 6). In contrast, gravelly crusts dominated steeper slopes: 5-10° at the seamount
margin and 12-15° on the slope (purple segments in Figure 6), highlighting slope-dependent
crust differentiation.

High-definition video captured across seamount slope zones was processed using
intelligent mosaicking to generate 3D seafloor imagery, enabling the identification of
sediment zones, crust development areas, and crust—sediment boundaries (Figure 7).
Sediment-covered crusts were observed in both tabular and gravelly crust zones, confirming
that not all seamount crusts are fully exposed (Figure 7a). Additionally, sediment ripples
in sediment-covered areas suggest the influence of directional deep-sea bottom currents
on crust formation (Figure 7b). These findings highlight the spatial heterogeneity of crust
distribution, where even seamount summit platforms dominated by tabular and gravelly
crusts contain localized sediment patches or thin sediment-covered crusts.
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Figure 6. Crust distribution patterns across seamount zones, derived from ROV transect video
analysis. Red segments indicate continuous tabular crusts, green segments represent tabular crusts
with thin sediment cover, purple segments indicate gravelly crusts mixed with sediments, and
blue segments indicate sediments with minimal gravelly crusts. The inset illustrates the slopes
corresponding to different crust types. The spatial distribution of these crusts varies with water depth
and slope gradient.

Crust development zone

Crust-sediment coverage boundary

Sediment-covered area

[++] crust-sediments boundary
sand ripples

=] crusts

[©] sediments

Figure 7. 3D mosaic imagery revealing fine-scale crust distribution on seamount slopes. (a) displays
ROV-derived 3D mosaic images, while (b) provides interpretive annotations. The corresponding
location is mapped in Figure 4c. The mosaics delineate sediment zones, crust development zones,
and transitional boundaries, with sediment ripple features suggesting bottom currents may influence
crust growth.
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3.2. Sampling and Acoustic Measurements: Crust Thickness and Sample Component

ROV-based seafloor sampling primarily employs three methods: (1) collecting gravelly
crusts with ROV manipulators, (2) retrieving core samples from tabular crust zones with
ROV-mounted drilling rigs, and (3) acquiring sediment samples from sediment-covered areas
with ROV-operated push corers. Tabular crust thickness was measured with ROV-deployed
acoustic gauges. The results exhibited spatial variability of crusts, with thicker deposits at the
summit margin (flat-top edges) and thinner crusts on the summit platform and slopes.

At Site S1, a 110 cm core sample was obtained via ROV drilling, consisting of a
10 cm crust layer, 50 cm of gravel-bearing carbonate rock, and 50 cm of volcaniclastic rock
(Figure 8a). Gravelly crust samples weighing 78 kg were collected using ROV manipulators.
At Site 52, no crust was retrieved, but a 16 cm sediment core (1.7 kg) was collected using
ROV sediment sampling. The sediment showed minor disturbance, transitioning from
coarse foraminiferal sand at the top to fine-grained whitish calcareous ooze at the base,
with low moisture content and uniform coloration (Figure 8a). At Sites S3 and S4, ROV
drilling yielded 23 cm and 21 cm cores, with crust layers of 15 cm and 14 cm, respectively
(Figure 8a). In situ acoustic thickness measurements at sites S3 and S4 (Figure 8b, Table 2)
showed crust thicknesses consistent with values from 2500 m/s and 3000 m/s acoustic
velocities, with errors of 1-2 cm (Table 2). When the acoustic velocity was 2500 m/s, the
minimum relative errors (Min. RE) of crust thickness measurements at Sites S3 and 54 were
8.0% and 4.3%, respectively (Table 2). At Site S5, a 100 cm core revealed a 7 cm crust layer,
40 cm of whitish conglomerate, 40 cm of volcaniclastic rock, and 13 ¢cm of basalt, while
26.3 kg of gravelly crusts were collected (Figure 8a). These samples provided critical data
on crust thickness, stratigraphy, and crust-substrate interactions, facilitating analysis of
vertical metal element enrichment patterns and seamount evolution.
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Figure 8. Samples were collected during ROV submersible dives and in situ acoustic crust testing
results. (a) Core samples from S1 and S3-5S5 indicate crust thicknesses ranging from 7-15 cm. Bulk
gravelly crusts retrieved at S1 and S5 confirm the coexistence of gravelly and tabular crusts on the
summit platform and slope. (b,c) show in situ acoustic-derived crust thickness measurements at Sites
53 and 54, respectively, demonstrating strong consistency with core-based data.
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Table 2. Comparison of acoustic measurements of crust thickness with actual thickness in the core.

Acoustic Crust Thickness (cm)

Site Thicgz:: (emy Velocity:  Velocity:  Velocity: ~ Min.RE  Slope()  Depth (m)
2500 m/s 3000 m/s 3500 m/s
s1 10.0 / / / / 3.1 2046.3
2 0 / / / / 5.0 2192.1
S3 15.0 138 165 193 8.0% 6.9 2307.0
S4 14.0 134 16.1 187 4.3% 10.0 2682.8
S5 7.0 / / / / 12.5 3095.0

Acoustic velocity in the CRCs, a key parameter for resource exploration, ranged
from 2500-3500 m/s in prior studies [35,49-51]. In Figure 8b,c, the black curve repre-
sents the distance between the crust-water interface and the acoustic array, while the
red, green, and blue curves denote distances to the crust-substrate interface at assumed
velocities of 2500 m/s, 3000 m/s, and 3500 m/s, respectively. Differences between these
curves and the black curve reflect crust thickness estimates under varying velocities. Core-
derived thicknesses closely aligned with values calculated at 2500-3000 m/s, validating
the acoustic methodology.

Despite having only five observations, a strong quadratic relationship appears to exist
between slope and depth. The coefficient of determination (R?) is 0.9968, with the fitted
equation (Figure 9a):

Slope = —5 x 107 x Depth? + 0.0363 x Depth — 48.748, R? = 0.9968

Additionally, a slight positive correlation is observed between crusts thickness and
both slope and depth (R? values are 0.6792 and 0.7371, respectively), with the following
linear equations (Figure 9b,c):

Thickness = 1.0695 x Slope, R? = 0.6792

Thickness = 0.0037 x Depth, R? = 0.7371

a 14 i
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Figure 9. Correlation fitting results among seamount depth, slope, and crust thickness. (a) Fitting
results for slope versus depth exhibit a strong correlation. (b,c) Fitting results for crust thickness with
slope and depth, respectively, show slight positive correlations.
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According to the fitting results from the study area data, seamount depth and slope
exhibit a strong correlation, while crust thickness shows slight positive correlations with
both slope and depth (Figure 9). This indicates that crust thickness is jointly influenced
by depth and slope. It is crucial to emphasize that the limited sample size may lead to
potential deviations between the fitting results and actual conditions, and more detailed
conclusions require further research.

4. Discussion

4.1. Analysis of Spatial Distribution and Thickness Characteristics of Crusts in Seamount
Complex Terrain

The Haima ROV survey results in the complex seamount terrain reveal that tabular
crusts, nodular crusts, and sediments coexist in the Caiwei Guyot. Globally, seamount crust
distribution is controlled by water depth, slope gradient, and sedimentation [13]. In the
study area, tabular crusts are mainly found on the summit platform (3-5° slopes), while
gravelly crusts are concentrated at the summit margins (5-10° slopes). This distribution
aligns with the low-slope stable zone crust growth model, identified through fractal analysis
of crusts on West Pacific seamounts, where tabular crusts occur on low-slope bedrock, and
gravelly crusts, influenced by sedimentation, appear at the seamount base or flat summit
areas [52]. The localized distribution of gravelly crusts at summit margins may be linked to
variations in local bottom current scouring or sediment coverage [53].

Crust thickness in the study area is greatest at the seamount summit margins (14
and 15 cm, respectively) and decreases on the summit platform (10cm) and steeper slopes
(7 cm) (Figure 8, Table 2), which is consistent with previous findings on crust thickness
and seamount distribution [47,54,55]. The thickest crusts on West Pacific seamounts are
typically found at slope-break zones (3-7° slopes), corresponding to the “summit margin”
identified in this study [47]. Tabular crusts in these zones can exceed 10 cm in thickness,
while reduced thickness on the summit platform may be due to sediment coverage. The
thinner crust on steep slopes is likely a result of enhanced erosion and increased risk
of detachment [52,56]. Substrate type may also influence thickness variations in tabular
crusts [57].

Although current core and acoustic thickness data are limited, preliminary analysis
suggests that summit margins may represent the maximum crust thickness (Figure 8).
However, the fitting results from the five collected samples indicate that crust thickness
is influenced by water depth and slope, exhibiting slight positive correlations with both
parameters (Figure 9); these trends may reflect potential bias due to insufficient sample
size. Future studies should incorporate additional sampling to validate the slope-thickness
relationship and analyze core data to better understand seamount mineralization mecha-
nisms [58].

4.2. Characteristics and Advantages of ROV-Based Fine-Scale Surveys in Complex
Seamount Terrain

Through ROV applications in seamount crust resource exploration, we identified
several advantages of ROV platforms. Compared to traditional deep-sea methods like
towed seafloor cameras, seabed drilling, and shipborne acoustic surveys, ROV-based
operations offer superior efficiency, precision, adaptability to complex terrains, and real-
time data transmission capabilities. Deep-towed cameras [45] and acoustic systems [59,60]
struggle with steep slopes (>20°), while seabed drills lack visual guidance and mobility,
often failing in core sampling under rugged topography [32]. Shipborne acoustic tools
(e.g., multibeam sonar, sub-bottom profilers) operate at frequencies below 1-2 MHz, which
is insufficient for direct crust thickness or distribution mapping. However, current ROV
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systems have limitations in maneuverability and lack mobile continuous crust thickness
measurements using acoustic gauges. Future upgrades to the Haima ROV will integrate
mobile acoustic thickness profiling to expand survey coverage and enhance resource
assessment accuracy.

ROVs, human operated vehicles (HOVs), AUVs, and deep tow systems (DTSs) each
have distinct advantages for fine-scale surveys of CRCs on deep-sea seamounts, although
their operational scenarios differ significantly. These near-seabed platforms operate in
various modes: ROVs navigate freely, HOVs/AUVs perform untethered missions, and
DTSs are towed. ROVs have advantages in mission duration (>12 h), maneuverability,
modular expandability, real-time data transmission, and supporting heavy drilling rigs for
sampling without risk to underwater personnel. In contrast, HOVs have limited operational
duration, payload capacity (restricted to small drilling tools), and delayed data retrieval,
despite their untethered mobility. AUVs are also untethered, lack real-time data capabilities,
and cannot carry heavy equipment due to power constraints. DTSs, which are towed and
limited in their configuration, prioritize acoustic, optical, or chemical sensors but lack
flexibility for multi-task precision in complex terrains. A comparative analysis of these
platforms is summarized in Table 3.

Table 3. Comparative analysis of typical deep-sea fine-scale survey platforms.

Platform Operational Mode Advantages Limitations
Extended operational duration (>12 h),
high power capacity, superior modular High dependency on support
ROV Tethered, free navigation, expandability, high maneuverability in ~ vessels, limited operational depth
bottom landing localized areas, real-time data range, constrained survey coverage
transmission; capable of deploying (expanded via vessel mobility)
heavy drilling rigs
Limited mission duration (8-12 h),
S Exceptional maneuverability, full ocean restricted survey coverage, elevated
Untethered, free navigation, s . - : -
HOV - depth capability, real-time personnel safety risks, insufficient
bottom landing : .
human-in-the-loop control power capacity for heavy
drilling equipment
Short mission duration (hours to
High maneuverability, operational days), frequent recovery
e requirements, delayed data
Untethered, autonomous stability, support for swarm . ..
AUV M ’ retrieval; limited to
navigation collaboration, low dependency on . . .
acoustic/optical /chemical sensors,
support vessels :
incapable of heavy
equipment deployment
Poor maneuverability (large
Most extended operational duration, f;rfg;r;r% crla(rjll;ri)i, css?ﬁ:t?i,:g(ioto
DTS Tethered, towed navigation real-time data transmission, p Y !

acoustic/optical /chemical sensors,
incapable of heavy
equipment deployment

centimeter-level positioning accuracy

5. Conclusions

The Haima ROV has provided valuable insights into the spatial distribution and
metallogenic mechanisms of CRCs on seamounts through the integrated acquisition of
acoustic, optical, and core samples. Horizontally, it revealed distinct zonation between
tabular and gravelly crusts, while vertically, it delineated thickness variations across dif-
ferent topographic zones of the seamount. Video and cores analysis showed summit
platforms (3-5° slopes) dominated by tabular crusts with gravel-type counterparts, summit
margins (5-10° slopes) hosting gravel crusts partially covered by sediment, and steep
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slopes (12-15° slopes) exhibiting mixed crust types under sediment coverage. Thicker
crusts clustered at summit margins (14 and 15 cm, respectively) compared to thinner crusts
on platforms and slopes (10 and 7 cm, respectively). Future studies should incorporate
additional sampling to validate the slope—-thickness relationship and analyze core data to
better understand seamount mineralization mechanisms.

Equipped with an advanced survey platform, including underwater positioning sys-
tems, multi-angle cameras, multi-functional manipulators, shallow subsea drills, sediment
sampling systems, and acoustic crust thickness gauges, the Haima ROV enabled stable
multi-task operations in a single dive, significantly improving data acquisition efficiency
in complex terrains. The ROV-based precision survey system offers unique advantages,
including prolonged operational duration (unconstrained by power limitations), modu-
lar expandability, and risk-free personnel deployment. Future advancements will focus
on high-precision navigation, high-resolution thickness measurement, optical imaging,
and Al-enhanced image recognition for crust morphology analysis, further optimizing its
capabilities in deep-sea mineral exploration.
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