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Abstract: This study investigates the grain-size distribution and sediment characteristics
of the Anoi Itam coastal waters, Sabang City, Aceh Province, Indonesia. The objective
was to determine spatial variations in sediment texture and their relationship with hydro-
dynamic energy conditions and depositional environments. Sediment samples were col-
lected from three stations representing distinct energy zones along the Anoi Itam coastal
Gravelor [Ty gl transect using a Van Veen grab sampler. Laboratory analysis employed the dry-sieving

coarse sand

method, and grain-size fractions were classified following the Wentworth and Folk &
Ward scales. The results revealed significant spatial variability among stations, reflecting
a clear gradient of hydrodynamic energy. Station 1 was dominated by coarse and very

coarse sands, indicating a high-energy nearshore environment. Station 2 exhibited a mix-
ture of coarse and medium sands, representing moderate-energy transitional conditions, while Station 3 consisted mainly
of medium to fine sands, typical of low-energy depositional zones. The overall trend shows progressive fining from Station
1 to Station 3, consistent with decreasing flow energy and increasing depositional stability. These findings demonstrate that
sediment distribution in the Anoi Itam coastal system is primarily influenced by hydrodynamic sorting, geomorphological
features, and sediment transport direction, providing essential baseline data for coastal management and environmental
assessment.

Keywords: Sediment composition, Grain size distribution, Hydrodynamic energy, Anoi Itam Waters, Pulau Weh, Coastal

processes

1. Introduction

Aquatic Coastal environments, such as those found on Pulau Weh, Indonesia, are essential for understanding
sediment dynamics due to the distinctive characteristics of their coastal sediments, particularly the volcanic sands
prevalent in zones like Anoi Itam. The sedimentary processes operating in these regions are closely linked to local
hydrodynamic conditions, which strongly influence geomorphological development and benthic ecosystems. Sediment
characteristics, especially grain size, provide crucial insights into the hydrodynamics and sediment transport mechanisms
shaping these dynamic intertidal zones [1,2]. Grain-size analysis serves as a fundamental tool for determining depositional
environments and sediment transport pathways. Coarse sediments typically occur in high-energy environments, where
vigorous wave action and tidal currents prevent the deposition of fine materials. Conversely, finer sediments accumulate
in low-energy settings, promoting deposition and sediment stability. Hence, examining the spatial variability of sediment
textures in Anoi Iltam can elucidate local hydrodynamic processes and geomorphological controls that govern
sedimentation patterns and influence coastal ecosystem health [5]. The unique volcanic origin of Pulau Weh, coupled with
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the complex hydrodynamic interactions generated by tidal currents and monsoonal winds, creates dynamic sedimentary
conditions at Anoi Itam. Changes in wind direction, wave energy, and current strength can significantly modify sediment
transport and deposition along the coastline [6,7]. In addition, anthropogenic activities such as coastal infrastructure
development and land reclamation can amplify natural processes, accelerating coastal erosion and altering sediment
balance [6,7]. Despite the ecological and geomorphological importance of the Anoi Itam coastline, comprehensive
sedimentological studies of this region remain limited. Research focusing on grain-size distribution is vital for generating
baseline data that support coastal management, erosion monitoring, and habitat assessment [8,9]. By investigating spatial
variations in sediment composition, researchers can better understand the interaction between hydrodynamics and
geomorphic settings that regulate sedimentation in the Anoi Itam coastal system. Such insights are essential for
environmental monitoring and sustainable coastal management, as sediment texture and composition directly influence
nutrient cycling, pollutant retention, and ecosystem stability [10,11].

Accordingly, this study aims to analyze the sediment grain-size distribution across three sampling stations in the Anoi
Iltam coastal waters. The objectives of this research are (a) to determine the percentage composition of different sediment
size fractions (gravel, sand, and mud) at each sampling station, (b) to identify spatial variations in grain size and relate them
to the hydrodynamic energy conditions of the environment and (c) to interpret the depositional characteristics and
sedimentary processes governing the sediment distribution in the study area. The outcomes of this study are expected to
contribute to a better understanding of sediment dynamics and coastal processes in volcanic island systems like Pulau
Weh, and to provide a scientific basis for future coastal management and environmental conservation efforts in the region.

2. Results

2.1. Sediment Analysis

The sediment grain-size distribution in the Anoi Itam coastal waters showed clear spatial variations among the three
sampling stations, reflecting differences in hydrodynamic energy and depositional conditions. The analysis was conducted
across seven grain-size classes of 2 mm, 1 mm, 500 pm, 250 pm, 125 pm, 63 pm, and 38 um and expressed as the
percentage of total sediment weight for each station. At Station 1, the sediments were dominated by coarse materials. The
500 um (coarse sand) and 1 mm (very coarse sand) fractions accounted for the majority of the sediment, representing
approximately 74-81% of the total weight across all plots. The 2 mm (gravel) fraction contributed about 10-11%, while the
250 um (medium sand) fraction represented between 10% and 22%. Finer fractions, including particles smaller than 125
pum, were negligible and together made up less than 1% of the total sediment composition. This dominance of coarse
material indicates that Station 1 is characterized by a high-energy nearshore environment, where strong wave and current
activity continuously rework and transport sediments, preventing the accumulation of finer particles.

Table 1. Percentage of Sediment Weight in Station 1

Plot 2mm 1mm 500 um 250 um 125 pm 63 um 38 um
1 10.38766 20.51256 45.63882 22.60101 0.798526 0.0546 0.006825
2 11.32458 28.85758 47.46149 10.39599 1.896325 0.056925 0.007116
3 9.426642 32.91477 53.46502 4.08399 0.097731 0 0

In contrast, Station 2 displayed a shift toward finer sediment textures compared with Station 1. The 500 pm (coarse
sand) fraction remained the most abundant, ranging from 65% to 79%, followed by the 1 mm (very coarse sand) fraction,
which contributed approximately 16-27%. The 2 mm (gravel) fraction decreased substantially, ranging only from 1% to 4%.
Finer fractions, including 250 pm (medium sand), 125 um (fine sand), and smaller particles, each contributed less than 3%
to the total composition. This pattern suggests that Station 2 represents a moderate-energy depositional environment,
where the flow velocity is reduced compared to Station 1, allowing partial deposition of medium sands but still dominated
by coarser materials due to persistent, though weaker, hydrodynamic activity.

Table 2. Percentage of Sediment Weight in Station 2

Plot 2mm 1 mm 500 pm 250 pm 125 pm 63 um 38 um
1 3.699313 20.447474 0.024695 73.09725 2.563343 0.158048 0.009878
2 3.366956 27.262395 64.75825  3.684235 0.767154  0.146801 0.014207
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3 1.331646 16.284044 79.25102 1.352736  1.750422 0.030128 0

At Station 3, sediments showed a further increase in finer materials, though coarse sand still predominated. The 500
pm (coarse sand) fraction accounted for 55-68% of the total, while the 250 pm (medium sand) fraction ranged from 24% to
40%. The 1 mm (very coarse sand) and 2 mm (gravel) fractions decreased markedly, with proportions between 0.6% and
4.8%. Finer fractions below 125 pm remained very low, contributing less than 3% in total. This composition indicates that
Station 3 is a low-energy or sheltered depositional environment, where wave and current intensity are considerably
reduced, allowing finer sediments to settle and accumulate.

Table 3. Percentage of Sediment Weight in Station 3

Plot 2mm 1 mm 500 pm 250 ym 125 pm 63 um 38 um
1 0.643636 1.454545 55.39636 39.63636 2.585455 0.283636 0
2 1.305006 3.328543 59.00105 35.27401 1.068086 0.023304 0
3 1.828397 4.795002 68.41111 24.00649 0.871818 0.087182 0

Furthermore, when comparing the average sediment composition across all stations, a clear fining trend was
observed from Station 1 toward Station 3. The proportion of gravel and very coarse sand decreased consistently, while
coarse and medium sands became increasingly dominant offshore. On average, gravel accounted for 10.38% at Station 1
but declined to 2.80% at Station 2 and 1.26% at Station 3. Similarly, the very coarse sand fraction decreased from 27.43%
at Station 1to 21.33% at Station 2 and only 3.19% at Station 3. Conversely, the coarse sand fraction increased progressively
from 31.04% at Station 1 to 48.01% at Station 2 and 60.94% at Station 3. Medium sand followed a similar pattern, with
values of 28.82%, 26.05%, and 32.97% for Stations 1, 2, and 3, respectively. The finer fractions, including fine sand, very
fine sand, and mud, remained consistently low (below 2%) at all stations. These results collectively demonstrate that the
sediments of the Anoi Itam coastal area are dominated by sand-sized particles, with minimal silt and clay content. The
overall trend, from coarse, gravel-rich sediments nearshore to finer sands offshore, suggests a progressive decrease in
hydrodynamic energy along the transect. Station 1, being closest to the shore, experiences strong wave and current activity
that transports and retains only coarse materials. Station 2 represents a transitional zone of moderate energy, where partial
deposition of medium sands occurs. Station 3, located further from direct wave influence, represents a relatively calm
depositional area dominated by finer sands.

3. Discussion

The sediment size distributions observed across the three sampling stations at Pulau Weh exhibit a clear spatial gra-
dient, transitioning from coarse to fine textures, which indicates systematic variations in hydrodynamic energy and deposi-
tional conditions across the study area. At Station 1, the predominance of coarse sand (500 pm) and very coarse sand (1-2
mm) fractions, along with notable gravel content, suggests a high-energy environment where dynamic conditions transport
coarse particles while winnowing finer materials; such conditions are typical of nearshore zones or channel margins where
strong currents and wave action prevail [12]. In contrast, Station 2 presents a more balanced grain-size distribution, with
coarse and medium sands (500-250 pm) dominating the sediment composition. The reduction in gravel content and in-
creased presence of medium sand indicate a moderate-energy environment in which current velocities remain sufficient to
transport coarser grains yet low enough to permit some deposition of finer material; this setting likely represents a transi-
tional depositional zone (e.g., inner shelf or tidal flat) where sediment sorting occurs under fluctuating hydrodynamic forces
[13].

Station 1: Sediment Size Fractions Station 2: Sediment Size Fractions Station 3: Sediment Size Fractions
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Figure 1. Sediment size fraction on Station 1-3
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The characteristics of Station 3 differ markedly from those of Stations 1 and 2. Here, sediments are primarily com-
posed of fine to medium sands (250-125 pym), with minimal contributions from coarser fractions, indicating a low-energy
depositional setting in a more sheltered area where flow energy dissipates substantially and reworking is limited, favoring
the accumulation of fine particles and organic matter [14,15]. Across all stations, the consistently low proportion of the fine
fraction (silt and clay) implies that bedload and saltation dominate sediment transport, with minimal suspended-load dep-
osition and frequent reworking by waves and currents. The observed transition from coarse to fine sediments is attributable
to hydraulic sorting, whereby the capacity of the flow to transport sediment decreases along the transport path, leading to
preferential deposition of smaller grains as energy dissipates [16,17].

Average Sediment Composition by Station
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Figure 2. Average sediment composition

Moreover, based on sedimentological perspective, these textures can be grouped into distinct facies linked to energy
regimes: Station 1 corresponds to a coarse-grained, poorly sorted facies typical of high-energy settings; Station 2 corre-
sponds to a moderately sorted sand facies formed under transitional conditions; and Station 3 represents a well-sorted,
fine-grained facies indicative of calmer waters. This gradation provides strong evidence for a hydrodynamic energy gradient
along the sampling profile [18,19]. Patterns of sediment provenance suggest transport pathways governed by a single dom-
inant source of detrital material. Coarser sediments near Station 1 imply proximity to a sediment source (e.g., riverine input
or coastal erosion). With increasing distance from the source, finer particles are progressively deposited in more distal,
sheltered zones, consistent with the documented fining trend [20]. The dominance of sand-sized fractions across stations
further indicates that grain-size sorting, rather than mineralogy, primarily controls the spatial sediment variability [21].

Averaged sediment composition reinforces these interpretations: coarse sand is the dominant fraction across all sta-
tions (30->60%), gravel and very coarse sand are concentrated at Station 1, and medium-fine sands increase toward Sta-
tion 3. This pattern reflects a classic grading sequence tied to decreasing transport energy and progressive deposition along
the flow path [22]. From an ecological standpoint, coarse, well-oxygenated substrates at Station 1 likely favor epifaunal
assemblages adapted to turbulent conditions, whereas the finer, more stable sediments at Station 3 are conducive to in-
faunal communities; the fining trend also implies a net transport direction from Station 1 toward Station 3 under prevailing
hydrodynamic regimes [23].

4. Materials and Methods

4.1. Study Area and Materials & Methods

This study was conducted in the Anoi Itam Waters, located in Sabang City, Aceh Province, Indonesia. The collection
took place on April 14, 2018, between 08:00 and 18:00 Western Indonesian Time. The study area lies along the eastern coast
of Pulau Weh, which forms part of the northernmost tip of Indonesia. The region is characterized by volcanic-origin black-
sand beaches, a feature unique to the Anoi ltam coastline, and represents a dynamic nearshore environment influenced by
both marine and terrestrial processes. Geographically, the Anoi Itam waters are positioned within a tropical maritime cli-
mate zone, with hydrodynamic conditions strongly affected by the northeast and southwest monsoon systems. The area
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experiences semi-diurnal tidal cycles, with alternating high and low tides that drive periodic sediment resuspension and
redistribution. The coastal morphology consists of gently sloping sandy substrates interspersed with rocky outcrops,
providing an ideal setting for studying sediment composition and grain-size variability along an energy gradient. Following
field sampling, sediment identification and laboratory analyses were performed on May 10, 2018, at the Marine Chemistry
Laboratory, Faculty of Marine and Fisheries, Syiah Kuala University, located in Darussalam, Banda Aceh. All collected sam-
ples were processed and analyzed under controlled conditions to ensure accuracy and reproducibility of results.

4.2. Field Sampling Procedures

Sediment samples were collected from three sampling stations (Station 1, Station 2, and Station 3) distributed along
the Anoi Itam coastal zone to capture spatial variations in hydrodynamic energy and sediment deposition. Each station
represented a distinct environmental setting: Station 1 (nearshore, high-energy zone), Station 2 (mid-energy transitional
area), and Station 3 (offshore or sheltered low-energy zone). At each station, three replicate samples (Plot 1, Plot 2, and Plot
3) were taken using a Van Veen grab sampler covering a surface area of approximately 0.05 m?>. The upper 2 cm of the sur-
face sediment was subsampled to represent the actively reworked sediment layer. Samples were placed in pre-labeled
polyethylene bags, stored in anice chest, and transported to the laboratory. Upon arrival, all samples were air-dried at room
temperature, gently disaggregated using a porcelain mortar and pestle, and cleaned of visible organic debris and shell frag-
ments before further analysis.

4.3. Grain Size Analysis

Grain-size distribution was determined through the dry-sieving technique, following the standard procedure de-
scribed by Folk and Ward (1957) and Wentworth (1922). Approximately 100 g of each dried sediment sample was placed in
a nest of stainless-steel sieves arranged in decreasing mesh size order: 2 mm, 1 mm, 500 pm, 250 pm, 125 pm, 63 pm, and
38 pm. The sieve stack was subjected to mechanical agitation for 15 minutes using a Retsch mechanical shaker to ensure
complete separation of particle sizes. Each retained fraction was weighed with a precision digital balance (+0.01 g), and the
mass of each fraction was converted into percentage composition relative to the total dry weight of the sample.

4.4. Sediment Classification

The grain-size fractions were classified according to Wentworth’s (1922) scale into the following categories as (a)
Gravel: >2 mm, (b) Very Coarse Sand: 1-2 mm, (c) Coarse Sand: 500-1000 pm, (d) Medium Sand: 250-500 pm, (e) Fine Sand:
125-250 pm, (f) Very Fine Sand: 63-125 pm and (g) Mud (Silt + Clay): <63 pm. For each sample, the percentage weight of
each fraction was calculated. Subsequently, sediment textural parameters, including mean grain size (Mz), sorting (o,),
skewness (Sk,), and kurtosis (K,), were computed using the Folk and Ward (1957) graphical moment method.

4.5. Data Analysis and Visualization

The results from the three plots at each station were averaged to obtain representative mean percentage composi-
tions and standard deviations. Data visualization was performed using Python (Matplotlib and Seaborn libraries) to generate
stacked bar charts and comparative grouped plots, which illustrate the relative abundance of sediment size fractions
across stations. Statistical summaries were computed in Microsoft Excel and R (version 4.3). Descriptive statistical anal-
yses were used to evaluate spatial differences in grain-size distribution among stations, providing the basis for interpreting
hydrodynamic energy gradients and depositional trends within the Anoi Itam coastal system.
4.5. Quality Assurance and Control

To ensure data reliability, all sieves were thoroughly cleaned after each run, and each sample was sieved twice. Dif-
ferences between repeated measurements were maintained below 2%, ensuring analytical precision. The weighing balance
was calibrated daily using certified standard weights. Randomly selected subsamples were reanalyzed to confirm repro-
ducibility. All laboratory work adhered to standardized sedimentological procedures, ensuring consistent and comparable
results across stations.

4.6. Data Interpretation Framework

The interpretation of grain-size data followed classical sedimentological principles, where coarser fractions indicate
higher hydrodynamic energy, and finer fractions correspond to low-energy depositional environments. The spatial variation
in sediment texture among the three stations was thus used to infer differences in sediment transport dynamics, deposi-
tional processes, and energy regimes along the Anoi Itam coastline. The resulting data formed the basis for identifying
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sedimentary facies, assessing energy gradients, and establishing the environmental implications of sediment distribution
patterns in the study area.

5. Conclusions

The analysis of sediment grain-size distributions across the three sampling stations in the Anoi ltam coastal waters
of Pulau Weh reveals a distinct spatial gradient that reflects variations in hydrodynamic energy and depositional processes.
The results demonstrate a clear fining trend from coarse, gravel-rich sediments at Station 1 to finer, sand-dominated de-
posits at Station 3, indicating a gradual decline in energy from the nearshore zone toward more sheltered offshore areas. At
Station 1, the dominance of coarse and very coarse sands signifies a high-energy nearshore environment characterized by
strong wave action and active sediment reworking. Station 2 represents an intermediate energy regime, where both coarse
and medium sands coexist, suggesting transitional depositional conditions influenced by fluctuating hydrodynamic forces.
In contrast, Station 3 is typified by fine to medium sands with minimal gravel content, indicative of a low-energy depositional
environment where finer particles settle and accumulate under calmer conditions.

The overall sedimentary pattern points to hydraulic sorting as the principal mechanism governing sediment distribu-
tion, with transport primarily occurring through bedload and saltation, and minimal contribution from suspended-load dep-
osition. The consistent dominance of sand-sized particles across all stations suggests that sediment sorting, rather than
compositional variation, is the key driver of textural differences in the Anoi Itam system. Based on an environmental per-
spective, these textural variations have direct implications for benthic habitat diversity and sediment stability. Coarse, well-
oxygenated substrates at the high-energy stations provide suitable habitats for epifaunal species adapted to turbulent con-
ditions, whereas finer, stable sediments in low-energy zones favor infaunal communities and organic matter accumulation.

In conclusion, the study confirms that the Anoi Itam coastal system operates under a well-defined hydrodynamic
gradient, where decreasing current strength and wave energy with distance from the shore produce predictable patterns of
sediment fining and sorting. These findings contribute valuable baseline information for future coastal monitoring, sedi-
ment management, and ecological assessment in the volcanic coastal environments of Pulau Weh and similar high-energy
tropical shorelines.
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