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Large-river deltaic estuaries and adjacent continental shelves have experi-
enced multiple phases of transgressions and regressions to form interlayered
aquifer-aquitard systems and are expected to host vast paleo-terrestrial
groundwater hundreds of kilometres offshore. Here, we used offshore
hydrogeology, marine geophysical reflections, porewater geochemistry, and
paleo-hydrogeological models, and identified a previously unknown offshore
freshened groundwater body with a static volume up to 575.6 + 44.9 km® in the
Pearl River Estuary and adjacent continental shelf, with the freshwater
extending as far as 55 km offshore. An integrated analysis of stable isotopic
compositions and water quality indices reveals the meteoric origins of such
freshened groundwater and its significance as potential potable water or raw
water source for desalination. Hotspots of offshore freshened groundwater in
large-river deltaic estuaries and adjacent continental shelves, likely a global
phenomenon, have a great potential for exploitable water resources in highly

M Check for updates

urbanized coastal areas suffering from freshwater shortage.

Many coastal megacities are facing prominent water shortages due
to densified population and water contamination, and these pro-
blems are believed to worsen under changing climate. Seeking
alternative freshwater resources is very important to deal with the
increasing freshwater demand worldwide. Offshore freshened
groundwater (OFG) is the water stored in the pores of sediments and
fractures of rocks in the sub-seafloor that has a total dissolved solids
(TDS) concentration below that of the overlaying seawater®. For
most coastal cities that rely heavily on desalinization as the main
domestic water supply, the costs of this process remain con-
siderably high if merely using seawater as the raw water*®. The
utilization of OFG would enhance the resilience of coastal societies
to increased water demand during periods of intense droughts. In
some coastal areas, OFG has been already inadvertently exploited by
the onshore pumping’®. The available evidence suggests the global

volume of OFG is on the order of 10°-10° km?, which is about two to
three orders of magnitude larger than the volume of groundwater
extracted globally from continental aquifers since 1900
(-4.5 x10° km?®) (Fig. 1a)>*, and roughly 5-10% of the total storage of
fresh groundwater worldwide (estimated at 13 x10°km* and
21.8 x10°km*'°). Although OFG bodies may serve as a potential
freshwater supply in the future, numerous scientific gaps in knowl-
edge remain that preclude us from currently exploiting OFG as a
sustainable source of freshwater’. The formation and evolution
mechanisms of OFG remain poorly understood, and many first-order
questions related to geometry, provinces, flow dynamics, water
origin, and relevant engineering problems need to be urgently
addressed”". This mainly arises from a paucity of appropriate off-
shore hydrogeological data, in particular the limited coverage of
sub-seafloor borehole data”. Direct observation of offshore
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Fig. 1| Global map of estimated offshore freshened groundwater (OFG) static
volumes in the continental shelves and regional setting of the study area.

a OFG static volumes stored in the continental shelves worldwide as estimated by
2D numerical tools*. We show locations in the large-river delta-front estuaries
(LDEs) and its adjacent continental shelves where the OFG has been demonstrated
by direct observational data (yellow points) or inferred by numerical modelling or
onshore indicators (red points) (more information can be found in Table S3, sup-
plementary materials). The global eustatic sea-level curve during the past 200 kyr is
also inserted here". b The average annual discharge and catchment area for the
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world’s largest river. ¢ The main larger rivers and subaqueous deltas developed in
the LDEs on the continental shelf of the South China Sea. The Pearl River is the
largest river in southern China with an annual discharge of 3.6 x 10" m® to the South
China Sea. The buried paleochannel systems were widely developed in the sub-
aqueous deltas”. d The locations of onshore sampling (groundwater and river
water) sites, offshore boreholes, and different types of marine seismic profiles (sub-
bottom seismic (SBS), single-channel seismic (SCS), multi-channel seismic

(MCS) profiles) obtained in this study.

groundwater reservoir structure and geochemical analyses of
porewater data remain very sparse on a global scale™,
Approximately 87% of Earth’s land surface is connected to
oceans by rivers. By 2025, an estimated 75% of the world’s popula-
tion is expected to live in the area from the shoreline to an elevation
of 200 m on land, with many of the remaining 25% living near major
rivers’®, Large-river delta-front estuaries (LDEs) as the natural
“recorders” of global environmental change represent vital inter-
faces between continents and oceans”. Generally, LDE usually cov-
ers subaerial and subaqueous delta systems, including inland areas
such as deltaic plains, lowland floodplains, and offshore areas that
may extend to the adjacent continental shelf”'®, During the Qua-
ternary period, sea level significantly fluctuated near LDEs (see left-
bottom subplot in Fig. 1a), and transgression and regression
occurred periodically in this period”. Therefore, during delta-front
progradation, sedimentation is dominated by coarse-grained fluvial
deposits, and the river networks will extend further to the sea,
whereas during transgressions, fine-grained marine sediments,
dominated by clay, silt, or fine sand are deposited®. From a

hydrogeological perspective, this geologic scenario leads to the
formation of multi-aquifer-aquitard systems in current continental
shelves, with high-permeability alluvial and fluvial deposits forming
aquifers and low-permeability marine and fluvial over-bank deposits
forming interlayered aquitards®. Fluvial paleochannels that
are usually infilled with high-permeability sediments also act as
preferential pathways and have a hydraulic connection to onshore
freshwater aquifers, facilitating the further extension of fresh
groundwater offshore”. Preliminary studies speculate that the OFG
may be widely stored in the LDEs and their adjacent continental
shelves (Fig. 1a, b), such as those associated with the Yangtze
River*?, Pearl River®, Mekong River”, and Niger River*. For exam-
ple, two offshore pumping tests were conducted in the Yangtze
River estuary at an offshore distance of 45 km; the pumping rates
were 30.7 and 119.3 m> h™ and yielded water with a TDS of 1.277 and
8.131g L7, respectively?, suggesting useful freshwater aquifers may
be present in the Yangtze River Estuary and its adjacent shelf.
Building on these clues, we hypothesize that the LDEs to be the
hotspots of OFG on a global scale. Meanwhile, an in-depth
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Fig. 2 | Reconstructed Quaternary isopach map and paleochannels of the
subaqueous delta and measured salinity profiles of offshore boreholes in the
Pearl River estuary (PRE) and adjacent continental shelf. a Reconstructed
Quaternary isopach map and paleochannels based on offshore borehole logs and
high-resolution marine single-channel and sub-bottom seismic profiles on the basis
of previous studies?®>>>**, b Salinity profiles of offshore boreholes, BH5 and HK10

were drilled for sea sand exploration and only limited cores were sampled for
porewater. Data were missing in some sections of other boreholes because of low
recovery rates in these sections with coarse materials. The measured salinity pro-
files of other offshore boreholes in the PRE and adjacent continental shelf can be
found in Fig. S2 in the supplementary materials.

understanding of the formation and evolution mechanisms of OFG
in the LDEs still lack, preventing effective exploitation of these
readily accessible OFG as alternative water sources.

The South China Sea is a marginal sea of the Western Pacific Ocean
with an area of 3.5 x 10° km?, and the buried paleochannel systems are
widely distributed in the broader continental shelves exposed during
the Last Glacial Maximum (LGM) (Fig. 1c)®. The preliminary static
volume of OFG stored in the whole continental shelves of the South
China Sea was roughly estimated to be 5.0 x 10* km**, which is equal to
the total annual discharge of the 100 largest rivers in the world
(Fig. 1b). This could be overestimated as the calculation is made by
simply summing up OFG stored in each generalized coastal segment
with a 2D numerical modelling crossing entire shelves. However, their
finding suggests that the South China Sea to be a hotspot area of OFG
as five subaqueous deltas developed in the LDEs and adjacent shelves
as shown in Fig. 1¢”’. Among them, the Pearl River is the second largest
river in China in terms of water discharge'® and the Pearl River Estuary
(PRE) is located at the northern margin of the South China Sea. The
runoff of Pearl River mainly drains from three tributaries, namely West
River, East River, and North River (Fig. 1d) with an annual discharge of
3.43 x10*km® y and a sediment loading of 8.5 %107 tons y™ into the
estuary and adjacent shelf. The total area of the Pearl River subaerial
delta is about 8.7 x 10° km? with an average elevation of 3 m?., These
settings allow the estuaries and adjacent shelves of the Pearl River to
be the natural recorder of the formation and mechanisms of the OFG.

To address the key scientific issues raised in OFG stored in the
LDEs and adjacent continental shelves, we have conducted decadal
offshore hydrogeology, marine seismic profiles, porewater geochem-
istry, and paleo-hydrogeological models in the paleo-delta and adja-
cent continental shelf of the Pearl River. As such, a paucity dataset of 31

offshore boreholes, associated with the high-resolution porewater
geochemistry profiles, have been obtained in this work (Data and
methods subsection: “onshore sampling” and “offshore porewater
extraction and analysis”; Text S1 in supplementary). Paleo-
hydrogeological models based on borehole logs and dense marine
seismic profiles are also established to study the formation of the OFG
(Data and methods subsection: “Integrated marine geophysical pro-
files”; “Paleo-hydrogeological modelling”; and Text S3-S5 in supple-
mentary). We intend to answer the following fundamental questions
related to OFG in the LDEs and their adjacent continental shelves:
(1) Are estuaries and adjacent continental shelves of the larger river to
be a hotspot to store OFG? (2) What are the provinces and formation
mechanisms of OFG in the typical LDEs and adjacent continental
shelves; (3) What are the primary water sources of OFG in the LDEs and
adjacent continental shelves; (4) By considering the water quality
indices and static volumes of OFG, can these readily accessible OFG be
a potential alternative source for domestic and industrial usages, i.e.,
freshwater supply and raw water for desalination? This work repre-
sents the first systematic study of the OFG in a large-river deltaic
estuary and its adjacent continental shelf, and the findings may have
significant implications for understanding the distribution of OFG in
other large-river deltaic estuaries in the world.

Results and discussion

The salinity of porewater in offshore boreholes

The boreholes are mainly located in the subaqueous delta of the Pearl
River on the continental shelf within 50 m of the water depth (Fig. 2a),
which is a suitable region for OFG development”. The porewater in
sediment cores of offshore boreholes was extracted with Rhizon
samplers, except that in HK4-10 which was extracted using a
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mechanical squeezer”*. Overall, the salinity of porewater in all off-
shore boreholes consistently decreases with depth in the PRE and
adjacent continental shelf (Fig. 2b). For boreholes HK10, BH5, ZK8, and
ZKS in particular, the values of practical salinity decrease to 1.0 (the
salinity of adjacent bottom seawater has an average value of 32.5) at a
depth of 20 m below seafloor (m.b.s.f), which is the upper acceptable
limit as drinking water as defined by the World Health Organization.
Furthermore, the salinity of porewater in sand and gravel layers for
most offshore boreholes is less than 10.0, an economic threshold of
OFG for the purpose of desalination*. However, there are two sites
(PR3 and HK9-10) near Hong Kong with porewater salinity greater than
15.0. This phenomenon may be caused by geologic heterogeneity or
anthropogenic activities. This offshore area has been impacted by
intensive offshore engineering projects, including cross-sea bridges
and tunnels, navigation channels, sea sand dredging activities, and
large-scale nearshore land reclamation projects®", all of which may
create some saltwater infiltration into the offshore aquifers. For-
tunately, this relatively high salinity OFG seems local and isolated since
other boreholes (EH1 and HK10) around these two holes have salinity
much lower, for example, EH1 has a salinity as lower as 6.2 and the basal
aquifer of HK10 has an average salinity of 5.0.

The salinity of porewater at the top of the offshore boreholes
(near the bottom seawater) is influenced by the overlying seawater and
varies from 30.0 to 35.0, depending on the offshore distance. The
values of salinity lower than the standard seawater is caused by the
dilution effects from the freshened plume of the Pearl River
discharge®. However, most offshore boreholes are within 55 km of the
shoreline and show that the OFG is widely developed in the Pearl River
Estuary and adjacent continental shelf. For example, the salinity of
porewater in offshore borehole ZK3 still remains at 8.0-9.0 down to
27.5m.b.s.f, and the aquifers in the outer shelf is still connected with
the nearshore aquifers. This suggests the OFG may extend further to
the southeast. Furthermore, most offshore boreholes drilled for
hydrogeochemical profiles for this study (Fig. 2) do not penetrate the
entire Quaternary formation and the salinity still decreases as the
depth increases, so the bottom boundary of OFG should be deeper
than that exposed by the boreholes in Fig. 2.

Subaqueous delta and paleochannel systems
According to the offshore boreholes ZK1, ZK3, and BHI1-13, the
occurrence of OFG in the PRE and adjacent continental shelf are closely
related to the offshore Quaternary aquifer systems and buried
paleochannels*?. Therefore, the delineation and interpretation of
sedimentary and seismic facies, together with Quaternary geochro-
nological data and buried paleochannel morphometric parameters,
can provide the foundation for understanding the emplacement
mechanisms and potential distribution associated with OFG in this
region. The offshore Quaternary strata in the seismic reflections are
usually delineated by continuous, high-amplitude, and mid-strong
reflections and labelled T20, which can be continuously tracked in the
study area®*™ (see Fig. S4, supplementary materials). The recon-
structed isopach map of Quaternary strata of the Pearl River subaqu-
eous delta is shown in Fig. 2a based on the previous studies?®******’, The
thickness of Quaternary deposits gradually increases from the estuary
to the adjacent shelf (to -20.2° N), with a maximum thickness of
400 m.b.s.f. at a water depth of 120-150 m. The area of the subaqueous
delta is about 3 x 10* km? with a regular fan shape. The LGM occurred
~20,000 years ago®**° when the mean sea level in this area was about
120 m lower than that at present conditions (Fig. 1a), so most areas of
the subaqueous delta on the continental shelf were once exposed to
the land surface with river networks, lakes, and rainfall infiltration.
The spatial distribution of buried paleochannels within the study
area was also reconstructed based on the high-resolution marine
seismic profiles and offshore boreholes logs. In summary, the buried
paleochannels show a typical characteristic of discontinuities and “V”

or “U” shape downcutting in the seismic facies'® (see Fig. S4a, sup-
plementary materials). According to the interpreted results shown in
Fig. 2a, the paleochannels in the subaqueous delta are dominated by a
NS or NW trend with a maximum length of 205 km on the continental
shelf. The infills of the fluvial sediments in the buried paleochannels
are mainly dominated by gravel and coarse sand (Fig. S2 and Fig. S4a,
supplementary materials) but are usually covered with much more
low-permeability materials, i.e., clay or silt which can be regarded as a
complete preferential flow channel or offshore sub-seafloor confined
aquifer®.

Estimation of potential static volume of OFG

The Pearl River subaqueous delta can be divided into inner shelf and
outer shelf and the boundary between them is roughly along the water
depth of 40 m*. The static volume of OFG in the inner shelf is esti-
mated first where abundant boreholes and porewater profiles are
available. From the perspective of water resource exploitation, only
the OFG bodies stored in sand and occasional gravel layers (hereafter
referred to as sand layers or aquifers) is incorporated into the calcu-
lations, because the porewater in the clay or silt cannot be easily
extracted by pumping wells in the field. The three-dimensional (3D)
morphological distribution and volume of the aquifers in the inner
shelf is cross-validated by high-resolution marine sub-bottom and
single-channel seismic profiles together with abundant offshore
boreholes (Fig. 3a). These data are processed in the Groundwater
Modelling System software (GMS 10.5.6) with geostatistical tools.
Furthermore, the distribution of sediment basement depth is also
recognized by multi-channel seismic profiles (Fig. 3b). Two widely
distributed offshore aquifers above the basement are identified. The
shallower aquifer is dominated by fine sand, and the deep aquifer is
dominated by medium to coarse sand (Figs. S6a, b, supplementary
materials). According to the results of particle size analysis of the core
samples and previous studies®" (Fig. S7, supplementary materials), the
average porosity of the fine sand and medium to coarse sand are set to
0.35 and 0.30, respectively. Therefore, the static volume V; of OFG
stored in the pores of sand layers in the inner shelf is calculated to be
61.7 km?, and the 3D morphological distribution of the OFG for this
region is shown in Fig. 3c.

We then further estimated the potential static volume of OFG in
the whole subaqueous delta. The OFG must exist beyond the inner
shelf because the salinity of porewater in boreholes ZK3, ZK4, and BH1-
13 in the margin of the inner shelf is only at 1.0-9.0, and the offshore
aquifers revealed by boreholes in the subaqueous delta on the outer
shelf are connected with the nearshore aquifers (Fig. S6a, supple-
mentary materials). A set of 2D hydrogeological models based on the
cross-section A-B are built to estimate the volume of OFG in the whole
subaqueous delta (Data and methods: “Paleo-hydrogeological model-
ling”), with similar model settings to other studies when calculating
OFG volumes”?****3, Furthermore, the Pearl River subaqueous delta is
generalized into a fan with a radius of 250 km and a central angle of 97°
to simplify the calculation of OFG volume with a polar coordinates
integration (Fig. S6c, supplementary materials)*. Comprehensive
strata log diagram and geological boreholes in the Pearl River sub-
aqueous delta (Fig. 2) also indicate that the stratigraphic structure in
the outer shelf is similar to the cross-section A-B*>***,

Our hydrogeological model results suggest that the majority of
the OFG is emplaced during the LGM (Fig. 4a). The maximum offshore
extent for a present-day OFG in the Pearl River subaqueous delta, as
estimated by hydrogeological models, is about 250.6 km (Table 1). The
total volume of OFG estimated by the base case (Fig. 4b) is 586.2 km®
with an offshore distance of 221.8 km. When the hydraulic con-
ductivities of the clay layers in the hydrogeological model are assumed
to be 10 to 10®ms™, the OFG volume changes from 597.4 to
472.5km? (Fig. 4c, d). This result shows that when the clay layers,
especially the top layers are less permeable, the offshore aquifers tend
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distribution map of basement as interpreted from the multi-channel seismic (MCS)
profiles (red lines) (more information can be found in Fig. S5, supplementary
materials). ¢ The interpreted 3D distribution of offshore freshened groundwater
(OFG) stored in sand layers for the nearshore region. The topography and offshore
bathymetry data in Figs. 3b, ¢ are sourced from GEBCO (https://download.
gebco.net).

to be highly resistant to the intrusion of overlying seawater; hence,
more OFG can be sequestered in the offshore aquifers (Fig. 4c). The
effect of hydraulic conductivity of the shallow fine sand layers on the
development of the OFG volume is similar to the clay layers. As shown
in Fig. 4e, f, when the hydraulic conductivity of the fine sand is set to
1x10°ms™, the calculated volume is 605.2km?, but decreases to
572.5km? as the hydraulic conductivity increases to 1x10™*ms™ for
the fine sand. The deeper medium to coarse sand layers are basically
separated from the overlying seawater due to the low permeability of
the top clay or silt layers, and all scenarios show a persistent increase in
the volume of OFG when the hydraulic conductivity of the basal
aquifer is increased (Fig. 4g, h). These comprehensive scenario analysis
by the hydrogeological model leads to an average OFG volume esti-
mate of 575.6 +44.9 km®.

To compare the static OFG volume in the PRE and adjacent con-
tinental shelf with other passive continental margins, the average
volume of OFG per km (Vg7) calculated by the hydrogeological model
is equivalent to 4.7 + 0.44 km® km™, while the volume of OFG in other
passive continental margins mainly ranges between 1.0 and
48km*km™, ie., 3.24-478km’km™ offshore of Canterbury’,
1.7 km? km™ offshore of New England*?, 4.4 km®km™ offshore of New
Jersey, 1.0 km*> km™ offshore of Jakarta, and 3.1km?km™ offshore of
Gippsland®.

Origin of OFG in the LDE and adjacent shelf
The values of 60 and 6°H together with the Cl of the porewater can
also be used as the indirect constraints for the origin of OFG*". As

shown in Fig. 4i, j, the 680 and 6°H values of the freshened porewater
in the PRE and adjacent shelf are similar to the onshore groundwater
and river water and intersect with the LMWL, suggesting a pre-
dominantly meteoric water source. The freshened porewater does not
originate from the dehydration of clay minerals (a low-salinity anomaly
in Fig. S3ais discussed in the supplementary materials). This is because
freshening due to clay mineral dehydration leads to highly enriched
60 values and highly depleted 6°H values*®. For example, ref. 47
provide endmembers of +10%. (6®0) and —32%o (6*H) for the fresh-
ened porewater caused by clay mineral dehydration from the Eastern
Mediterranean.

Furthermore, the unconsolidated seabed sediments in the
northern margin of the South China Sea are also rich in gas hydrates,
and freshened water can be released by the decomposition of buried
gas hydrates (i.e., a low-salinity anomaly in Fig. S3b is discussed in the
supplementary materials)*®, but this process will cause a shift to more
positive values for both 60 and 6°H (Fig. 4i, j), e.g., +2.5%o (6'*0) and
+22%o (6°H) at the Hydrate Ridge, Cascadia margin*® and +1.6%. (6™0)
and +8%. (6°H) in the eastern Pearl River Mouth Basin, northern margin
of the South China Sea*®. Therefore, Fig. 4i and j clearly show that the
freshened porewater collected from the offshore boreholes in the PRE
and adjacent continental shelf most likely originate from the meteoric
recharge and not the decomposition of buried gas hydrates.

The volume of porewater collected from the marine sediments
from offshore boreholes (usually 20-50 mL) does not reach the
detection quantity limit for dating absolute ages (i.e., *C, *Cl, *He,
*Ar, 8Kr)®. Therefore, whether the OFG originated from modern, or
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Fig. 4 | Hydrogeological model results with different scenarios for the cross-
section A-B and stable isotopic compositions of porewater with different
endmembers. The location of this cross-section is shown in Fig. 2a. a Computed
salinity distribution at the Last Glacial Maximum. b Computed present-day salinity
distributions for the base case. The red rectangles in a, b show the inner shelf area
with an offshore distance 55 km. The dashed black line denotes the relative sea

0
8"°0 [%0 VSMOW]

level. c-h Computed present-day salinity distributions with different hydraulic
conductivities of the key hydrogeological units. i, j Plots of 6'°0 versus 6*H and
chlorinity (Cl) for the porewater from offshore boreholes PR1, PR2, and ODP1146.
The solid blue line labelled by GMWL is the global meteoric water line, while LMWL
is the local meteoric water line.

paleo meteoric water is not clear only based on the stable isotopic
compositions. However, considering the present-day distribution of
hydraulic gradients in the Pearl River delta and adjacent continental
shelf (the average elevation of the Pearl River delta plain is around
3 m), the low-lying topography may not drive the onshore precipita-
tion recharge to flow very far seaward under the present-day condi-
tions. The most compelling explanation for the vast OFG bodies is that
the OFG was originated from the local meteoric precipitation when the
offshore areas were exposed to the atmosphere at the low-stand per-
iods since the late Pleistocene. During sea-level low-stands, topo-
graphically driven flow takes place across much of the continental
shelf, where the hydraulic gradients are about an order of magnitude
higher than that during high-stands. As the sea level rose rapidly, this
entrapped low-salinity paleo-groundwater in the offshore aquifers had
a sluggish response to the sea level rise due to the low permeability of
the overlying clay and silt layers.

Water quality of OFG in the PRE and adjacent shelf

Water quality is an important criterion to determine whether OFG can
be used as potential potable water or as a raw water source for desa-
lination. However, studies on the geochemical characteristics of direct
offshore porewater samples are rare because previous studies on OFG
were mainly based on indirect methods, i.e., marine geophysical pro-
filing and numerical modelling>*"*. Table SI in the supplementary
materials compares the typical water quality indices (i.e., major ions,
nutrients, heavy metals, and trace elements) in the OFG with sur-
rounding seawater and drinking water in the PRE and adjacent con-
tinental shelf. Some indices such as pH and salinity in some offshore
boreholes are very close to the drinking water standards, but most
exceed the limits, so directly using the OFG as drinking water is
obviously not possible. However, the OFG has a very low concentration
of major dissolved cations and anions (i.e., Na*, K*, Ca*, Mg*, CI',
S0,*) compared to the overlying seawater, and so could be used as
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Table 1| The volume of offshore freshened groundwater (OFG) in the Pearl River estuary and adjacent continental shelf

estimated by hydrogeological models

Scenarios Base case Case c Cased Case e Case f Caseg Case h
L (km) 221.8 221.9 219.8 210.2 225.0 200.1 250.6
Ver (km®km™) 4.86 4.92 3.92 4.66 4.75 4.35 5.45
Vs (km®km™) 2.50 2.57 1.95 2.38 2.19 2.39 2.58
Vs (km?) 586.2 597.4 472.5 605.2 572.5 575.5 620.3

L offshore distance (km), V¢t static volume of OFG per unit width in all materials (km®km™), Vi static volume of OFG per unit width in sand layers (km®km™), V1 total static volume of OFG in sand

layers in the whole Pearl River subaqueous delta (km?®).

raw source water for desalination with associated savings in costs and
energy compared to the sources of seawater with a higher TDS con-
centration (usually range between 31.0-33.0 in the study area).

According to the summary in Table S1, OFG has a higher NH,*
but lower SO,* and NO,” compared to the surrounding seawater,
which is due to the microbial decomposition of organic matter in the
seabed sedimentary environment. For example, the organic detritus
in the marine sediments especially in the buried paleochannels
supports an elevated microbial metabolism. An ideal environment
for microbial NO5™ reduction is thus created where NO5™ can be in
ample supply to substitute for O, during organic matter degrada-
tion, eventually leading to NH," productions via ammonification®.
This emplacement mechanism is similar to that responsible for the
abnormally high NH," of groundwater in the Pearl River Delta®. As
one of the main oxidants in marine sediments, SO,> is reduced
from the oxidation of buried organic materials, supplemented
by the anaerobic oxidation of methane at the sulfate-methane
transition zone®.

Heavy metals and trace elements are also essential indicators for
assessing the quality of water. Recently, heavy metal pollution in
estuaries and offshore seawater due to intensive anthropogenic
activities has received increasing attention worldwide®. However,
OFG is not at risk of heavy metal pollution as OFGs are mostly paleo-
terrestrial groundwater and the presence of aquitards or marine
units serves as the membrane to filter heavy metal from overlying
seawater. The key parameters pointing to portable water quality i.e.,
Ba, Cd, Cr, Cu, Pb, Sr, and Zn in the OFG of the PRE and adjacent shelf
are all below the drinking water standard. Remarkably, the con-
centration of dissolved Fe in the OFG is much higher than in the
overlying seawater (i.e., the concentration of dissolved Fe is 6527.8
and 1902.1ug L™ at the PR2 and PR1 sites respectively, which is much
higher than the average value of 68.3ugL™ in the surrounding
seawater).

In summary, the systematic analysis of the geochemical char-
acteristics of the OFG shows that such offshore freshened water bodies
may not be directly used as drinking water. However, it can be used as a
cost-effective raw source water for desalinization or as drinking water
after minor treatment on some specific ions in the coastal cities. In
particular, it can also be used as a water resource for agricultural,
domestic, and industrial purposes in some coastal regions and island
nations that experience severe water shortages as a result of changing
climate, intensified pollution, and over-exploitation caused by popu-
lation growth and urbanization.

Implications for other LDEs and adjacent continental shelves

OFG is believed to exist widely in LDEs and adjacent continental
shelves worldwide and be characterized by a much lower salinity than
seawater (Fig. 1a and Table S3 in supplementary materials). To the best
of our knowledge, this is the first study to report on such a large
number of offshore boreholes drilled to obtain direct geochemical
evidence of OFG in an LDE and adjacent shelf. During the Quaternary
period, most LDEs experienced multiple transgressions and regres-
sions, and the subaqueous deltas are widely developed in the adjacent
continental shelves;” the general evolutionary process is shown in

Fig. 5a-c. Sea level significantly decreases during glacial periods, and
the original submerged continental shelf becomes a terrestrial envir-
onment with sedimentation dominated by coarse-grained fluvial
deposits. The river networks extend further to the sea and are infilled
by gravel and coarse sand (Fig. 5a, d). However, during transgressions,
fine-grained marine sediments, dominated by clay, silt, or fine sand are
deposited, and the original subaerial delta will be submerged and
transformed into a subaqueous delta (Fig. 5b, e). Generally, this
depositional cycle will repeat many times due to the sea level fluc-
tuations during the Quaternary period (Fig. 5¢c, f). The result is the
formation of an offshore interlayered aquifer-aquitard system in this
paleo-geological sedimentary environment.

The findings of this study provide insights into understanding the
evolution and occurrence of OFG in the PRE and adjacent continental
shelf. Some favourable geological factors in LDEs are required to form
OFG and can also indicate priority areas for detecting OFG at the
preliminary stage. Specifically, these include (1) an extensive sedi-
mentary system dominated by sand and gravel to provide a large area
to store considerable amounts of fresh groundwater; (2) confining and
semi-confining formations dominated by clay and silt so that vertical
mixing of groundwater in different aquifers does not occur or is slow;
(3) large buried paleochannel systems with relict fluvial channels that
are infilled with high-permeability sediments and act as preferential
pathways to provide a hydraulic connection between the onshore and
offshore aquifers; and (4) an adequate hydraulic gradient of the
onshore freshwater source, which can force the fresh groundwater
discharge to the sea against seawater intrusion.

Methods

From May 2002 to November 2021, we collected data from 31 offshore
boreholes in the PRE and adjacent shelf of the northern South China
Sea. All offshore boreholes were drilled by the ocean scientific drilling
vessel “Haiyang Dizhi-10”, except boreholes HK4-10 which were drilled
in earlier projects in the east of the PRE and analyzed in our previous
studies™'>*°, Considering the scarcity of offshore boreholes, different
types of marine seismic profiles were also collected to provide indirect
constraints on the lithology and permeability of the seabed sediments,
distribution of the buried paleochannel systems, and geometry of the
depositional units and faults. The locations of the onshore sampling
sites, offshore boreholes, and marine seismic profiles can be found in
Fig. 1c. Below, we describe the onshore groundwater and river water
sampling, offshore porewater extraction, data analyses, and inter-
pretation of the integrated marine geophysical profiles in the PRE and
adjacent continental shelf.

Onshore sampling

Systematic onshore groundwater sampling was continuously con-
ducted from 2006 to 2022 in the Pearl River Delta (PRD)*. Ground-
water samples from boreholes, piezometers, and farm wells as well
as porewater samples from the sediment cores of boreholes were
collected. As part of the comprehensive sampling, river water in the
PRD was also individually sampled in January 2022. All water samples
for chemical analysis were filtered with 0.45um syringe filters
and analyzed in situ for salinity and pH with portable probes
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(Hanna Instruments (Pty) Ltd), and then stored at 4 °C until further
analysis. A 2% HNO; solution was added in the field to cation (Na*, K*,
Ca”, and Mg*") samples to prevent precipitation. The analysis of water
samples included conventional hydrochemical parameters (i.e., sali-
nity, pH, cations, and anions) and stable isotopes (§°H and §'°0). Major
cations and anions were determined by ion chromatography (Thermo
Scientific Dionex ICS-1100) in the Hydrogeology Laboratory of the
University of Hong Kong with analytical errors of less than 3%. Values
of 6°H and 6'®0 were measured with off-axis integrated cavity output
spectroscopy (OA-ICOS) and a Triple Isotope Water Analyzer (TIWA-
45EP) at the State Key Laboratory of Marine Geology, Tongji Uni-
versity. The standard deviations of all water samples and standards
were less than 0.5 and 0.1%. for §*H and 6'®0, respectively.

Offshore porewater extraction and analysis

Porewater was extracted from the cores of the offshore boreholes at
20 cm intervals using Rhizon samplers in the laboratory of the ocean
drillship as much as possible. Generally, a Rhizon sampler consists of
four parts: (1) a thin tube comprised of a hydrophilic membrane, (2) an
unbending wire to support the tube, (3) a flexible hose to pass water
from the tube, and (4) a connector connecting the subsequent col-
lection syringe®. The thin and porous tube is inserted directly into an
intact sediment core, and a 20 mL syringe is attached to the connector.
The vacuum in the syringe is the main driving force for the extraction
of the porewater from the sediment core. Porewater then passes from
the sediment through the porous tube and flexible hose into the col-
lection syringe. Furthermore, a three-way valve is added between the
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connector and syringe to facilitate multiple samplings in one position
(see schematic diagram in Fig. S1, supplementary materials). Given a
sufficiently small tube pore size (0.15um), the Rhizon sampler also
serves as a filter, removing microbial and colloidal contamination. The
heavy metals and trace elements of the offshore porewater samples
were measured using inductively coupled plasma mass spectrometry
(ICP-MS) (Agilent 7900 Series, USA) at the Joint Laboratory for Che-
mical Geodynamics of the University of Hong Kong with indium as an
internal standard. All samples were analyzed in triplicate, and the
relative standard deviation for analytical precision was less than 5%.
The other pre-treatments and hydrochemical analyse of the porewater
were similar to the onshore samplings as described earlier.

Integrated marine geophysical profiles

Marine seismic profiles, mainly from four separate cruises, were used to
provide indirect constraints on the distribution of paleochannels, faults,
and formations (Fig. 1c). The high-resolution sub-bottom seismic (SBS)
profiles with a total length of ~-1000 km inside the PRE were obtained in
2001 by the South China Sea Institute of Oceanology, China Academy of
Sciences, using GeoPulse and GeoChirp by Geoacoustic Corp with a shot
interval of 500 ms and a recording scale of 1000 ms. Other 1000 km
single-channel seismic SCS profiles were obtained by the Guangzhou
Marine Geology Survey and China Geological Survey in 2004 and 2005,
using an Elics Corp. system with a 250 ms recording interval*’. Fur-
thermore, to characterize the geometrics of faults and basements in the
PRE and adjacent continental shelf, 13 MCS (24-channel) profiles were
collected using a MicroEel Analog Seismic Solid Streamer with a record
length for each shot of 6s and 1ms sampling rate’. As part of the
research program of the Southern Marine Science and Engineering
Guangdong Laboratory (Zhuhai), 19 high-resolution SBS profiles
(1600 km) were also obtained in September 2020 from the PRE and
adjacent continental shelf, using an Edgetech-512i towfish and Edgetech-
4200p chip sub-bottom profiler system. The vertical and horizontal
resolutions were 0.2 and 0.5-1.0 m, respectively.

Different types of marine seismic profiles play different roles
considering their signal characteristics; for example, the SBS signal has
a higher frequency than the SCS signal and can easily penetrate the
mud and clay layers but will quickly dampen in sand and gravel
materials. However, the SCS signal can penetrate the clay and sand
layers but the signal interpretation is difficult and suffers from non-
uniqueness”’. Therefore, cross-validation between different marine
seismic profiles is necessary. The objectives of the high-resolution SBS
and SCS here are mainly two-fold: (1) to depict the geometrical mor-
phometrics and spatial distributions of buried paleochannels and (2)
to constrain and trace stratigraphic structure, especially the sand and
silt or clay layers (Fig. S4, supplementary materials). Furthermore,
because the penetration depth of the MCS signal is much greater than
for the other two types®, the MCS profiles in this study can be used to
evaluate the distribution of sediment basements and potential faults
(Fig. S5, supplementary materials). All marine seismic profiles were
interpreted by benchmarking the log information of the offshore
boreholes. The positions of different types of marine seismic profiles
can be found in Fig. 1c.

Paleo-hydrogeological modelling

To model the distribution of groundwater salinity in the PRE and
adjacent continental shelf, we used the variable-density groundwater
flow and coupled salt transport modelling code SEAWAT*® to set up a
2D model for the described transect (A-B in Fig. 2, more information
can be found in Fig. S6 in supplementary materials). It is highly prob-
able that large OFG was formed at low sea-level tens of thousands of
years ago when the continental shelf was exposed to the
atmosphere®**%. For such reasons above, the timescale considered in
this study stretches beyond one full glacial-interglacial cycle to

determine not only the current situation but also the temporal
dynamics of the regional groundwater systems similar to some pre-
vious studies**. Therefore, the model considered sea level variations
of 120 m over a 125 kyr period. The model domain is divided into 840
columns with 100 m wide cells in the horizontal, and up to 205 layers
with an average thickness of 2 m. The bottom and left boundaries of
the model domain are set to no-flow boundaries. In the offshore
domain, the uppermost model cells and the rightmost column are
assigned a specified head boundary, which equals the sea level eleva-
tion according to the reconstructed eustatic sea-level curve, with a
concentration of 35gL™. For nodes in the land above sea level, we
imposed a specified flux at the uppermost cells to simulate the rainfall
recharge. As no long-term precipitation record exists for the Pearl
River delta in most of the period of the past 125 kyr, we choose to apply
a constant uniform recharge of 1.25 mm d™, which is equal to about
25% of the current long-term precipitation average™.

We approximate the continuous sea level changes by 31 sub-
sequent stress periods®’. These stress periods are chosen to capture
the fluctuations of sea-level values and stretch over fixed time periods.
The parameters and boundary conditions in each stress period are
fixed. Since sea-level drop occurs in a large part of the glacial-
interglacial period and the dropping rate is much lower than that of the
sea-level rise period. The stress periods of the sea-level drop are longer
than that during the sea-level rise (5 and 2 kyr, respectively). These
treatments ensured that the effects of sea-level fluctuation on the
groundwater flow and salinity dynamics are captured with enough
details as suggested by previous studies*’. The models are initially set
to run for the time duration of the full glacial-interglacial cycle (125 kyr)
with modern fixed sea-level conditions. This approach is adopted to
estimate the starting groundwater salinity conditions before simulat-
ing the full glacial-interglacial cycle with the fluctuating sea-level
boundaries.

The hydraulic properties used in the hydrogeological models are
based mainly on the recent research for the PRE and adjacent con-
tinental shelf'>*° and other studies in similar deltaic systems>*"%¢2,
There are four hydrogeological units used in the cross-section: clay,
silt, fine sand, and medium to coarse sand (Fig. S6, supplementary
materials). The values of horizontal conductivities of the four units for
the base model vary between1x10° ms™and 2.5x10™* ms™ (Table S2,
supplementary materials). The vertical hydraulic conductivities of the
hydrogeological units are assumed to be 1/3 of the horizontal hydraulic
properties similar to previous studies®. Longitudinal dispersivity is set
to 50 m for all units, and the horizontal and vertical transversal dis-
persivities are assumed to be 5 and 0.5 m, respectively. These values
are consistent with the models of similar previous studies®****, We
assumed a molecular diffusion coefficient of 8.64 x10° m? d™, and
specific storage and specific yield are equal to 10 m™ and 0.25 for all
layers, respectively. In order to determine the potential range of the
static volume of OFG in the PRE and adjacent continental shelf, seven
sensitivity analyses of the hydraulic conductivities of the key hydro-
geological units were performed (Table 1).

Data availability

All data generated or analysed during this study are included in the
published article (and its supplementary information file). The raw
geochemical data for porewater from sediment cores are available
from the corresponding author and first author upon reasonable
request.

Code availability

The SEAWAT version 4 code is available from USGS: https://water.usgs.
gov/ogw/seawat. Free software packages Generic Mapping Tools
(GMT) version 6 (www.generic-mapping-tools.org) is used for creating
some figures.

Nature Communications | (2023)14:3781


https://water.usgs.gov/ogw/seawat
https://water.usgs.gov/ogw/seawat
http://www.generic-mapping-tools.org

Article

https://doi.org/10.1038/s41467-023-39507-0

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Attias, E., Thomas, D., Sherman, D., Ismail, K. & Constable, S. Marine
electrical imaging reveals novel freshwater transport mechanism in
Hawai'i. Sci. Adv. 6, eabd4866 (2020).

Berndt, C. & Micallef, A. Could offshore groundwater rescue coastal
cities? Nature 574, 36-36 (2019).

Micallef, A. et al. Offshore freshened groundwater in Continental
margins. Rev. Geophys. 59, e2020RG000706 (2021).

Post, V. E. et al. Offshore fresh groundwater reserves as a global
phenomenon. Nature 504, 71-78 (2013).

Bertoni, C., Lofi, J., Micallef, A. & Moe, H. Seismic reflection meth-
ods in offshore groundwater research. Geosciences 10, 299 (2020).
Jiao, J. & Post, V. Coastal Hydrogeology (Cambridge University
Press, 2019).

Micallef, A. et al. 3D characterisation and quantification of an off-
shore freshened groundwater system in the Canterbury Bight. Nat.
Commun. 11, 1372 (2020).

Werner, A. D. et al. Seawater intrusion processes, investigation and
management: recent advances and future challenges. Adv. Water
Resour. 51, 3-26 (2013).

Gleeson, T., Befus, K. M., Jasechko, S., Luijendijk, E. & Cardenas, M.
B. The global volume and distribution of modern groundwater. Nat.
Geosci. 9, 161-167 (2016).

Ferguson, G. et al. Crustal groundwater volumes greater than pre-
viously thought. Geophys. Res. Lett. 48, €2021GL093549 (2021).
Sheng, C., Jiao, J. J., Liu, Y. & Luo, X. Impact of major nearshore land
reclamation project on offshore groundwater system. Eng. Geol.
303, 106672 (2022).

Jiao, J. J. et al. Reconstructed chloride concentration profiles below
the seabed in Hong Kong (China) and their implications for offshore
groundwater resources. Hydrogeol. J. 23, 277-286 (2015).

Lofi, J. et al. Fresh-water and salt-water distribution in passive
margin sediments: Insights from Integrated Ocean Drilling Program
Expedition 313 on the New Jersey Margin. Geosphere 9,
1009-1024 (2013).

Van Geldern, R. Stable isotope geochemistry of pore waters and
marine sediments from the New Jersey shelf: Methane formation
and fluid origin. Geosphere 9, 96 (2013).

Bianchi, T. S. Biogeochemistry of Estuaries (Oxford University
Press, 2007).

Ludwig, W. & Probst, J. L. River sediment discharge to the oceans;
present-day controls and global budgets. Am. J. Sci. 298,
265-295 (1998).

Bianchi, T. S. & Allison, M. A. Large-river delta-front estuaries as
natural “recorders” of global environmental change. Proc. Natl
Acad. Sci. USA 106, 8085-8092 (2009).

Luo, X. et al. Significant chemical fluxes from natural terrestrial
groundwater rival anthropogenic and fluvial input in a large-river
deltaic estuary. Water Res. 144, 603-615 (2018).

Waelbroeck, C. et al. Sea-level and deep water temperature chan-
ges derived from benthic foraminifera isotopic records. Quat. Sci.
Rev. 2002, 295-305 (2002).

Chamberlain, E. L. & Térnqyvist, T. E. Shen Zhixiong, Mauz Barbara,
Wallinga Jakob. Anatomy of Mississippi Delta growth and its impli-
cations for coastal restoration. Sci. Adv. 4, 1-9 (2018).

Larsen, F. et al. Groundwater salinity influenced by Holocene sea-
water trapped in incised valleys in the Red River delta plain. Nat.
Geosci. 10, 376 (2017).

Mulligan, A. E., Evans, R. L. & Lizarralde, D. The role of paleochan-
nels in groundwater/seawater exchange. J. Hydrol. 335,

313-329 (2007).

Zhang, Z., Zou, L., Cui, R. & Wang, L. Study of storage conditions of
submarine freshwater resoureces and the submarine freshwater
resources at north Zhoushan sea area. Mar. Sci. Bull. 30,

47-52 (2011).

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Oteri, A. U. Electric log interpretation for the evaluation of salt water
intrusion in the eastern Niger Delta. Hydrol. Sci. J. 33, 19-30 (1988).
Steinke, S. et al. On the influence of sea level and monsoon climate
on the southern South China Sea freshwater budget over the last
22,000 years. Quat. Sci. Rev. 25, 1475-1488 (2006).

Zamrsky, D., Essink, G. O., Sutanudjaja, E., Van Beek, R. & Bierkens
M. F. P. Offshore fresh groundwater in coastal unconsolidated
sediment systems as a potential fresh water source in the 21st
century. Environ. Res. Lett. 17, 014021 (2021).

Xie, X. et al. Deposition in the South China Sea deep basin. Sci.
Technol. Rev. 38, 62-67 (2020).

Huang, Z., Zhang, W. & Chai, F. The submerged Pearl River (Zhu-
jiang) Delta. Acta Geogr. Sin. 50, 206-214 (1995).

Person, M., Wilson, J. L., Morrow, N. & Post, V. E. A. Continental-shelf
freshwater water resources and improved oil recovery by low-
salinity waterflooding. AAPG Bull. 101, 1-18 (2017).

Kwong, H. T. & Jiao, J. J. Hydrochemical reactions and origin of
offshore relatively fresh pore water from core samples in Hong
Kong. J. Hydrol. 537, 283-296 (2016).

Dong, L., Su, J., AhWong, L., Cao, Z. & Chen, J.-C. Seasonal variation
and dynamics of the Pearl River plume. Cont. Shelf Res. 24,
1761-1777 (2004).

He, M. et al. Rapid post-rift tectonic subsidence events in the Pearl
River Mouth Basin, northern South China Sea margin. J. Asian Earth
Sci. 147, 271-283 (2017).

Kong, L. et al. Formation pressure modeling in the Baiyun Sag,
northern South China Sea: Implications for petroleum exploration
in deep-water areas. Mar. Pet. Geol. 97, 154-168 (2018).

Li, G. et al. Post-rift faulting controlled by different geodynamics in
the Pearl River Mouth Basin, northern South China Sea margin.
Earth-Sci. Rev. 237, 104311 (2023).

Liu, H. et al. Quaternary sequence stratigraphic evolution of the
Pearl River Mouth Basin and controlling factors over depositional
systems. Mar. Geol. Quat. Geol. 39, 25-37 (2019).

Lidmann, T., Kin Wong, H. & Wang, P. Plio-Quaternary sedi-
mentation processes and neotectonics of the northern continental
margin of the South China Sea. Mar. Geol. 172, 331-358 (2001).
Zhou, D., Zhao, Z., Liao, J. & Sun, Z. A preliminary assessment on
CO2 storage capacity in the Pearl River Mouth Basin offshore
Guangdong, China. Int. J. Greenh. Gas. Control 5, 308-317 (2011).
Zong, Y. et al. The role of sea-level rise, monsoonal discharge and
the palaeo-landscape in the early Holocene evolution of the Pearl
River delta, southern China. Quat. Sci. Rev. 54, 77-88 (2012).
Tanabe, S. et al. Sedimentary facies and radiocarbon dates of the
Nam Dinh-1 core from the Song Hong (Red River) delta, Vietnam. J.
Asian Earth Sci. 21, 503-513 (2003).

Tang, C., Zhou, D., Endler, R., Lin, J. & Harff, J. Sedimentary devel-
opment of the Pearl River Estuary based on seismic stratigraphy. J.
Mar. Syst. 82, S3-516 (2010).

Wong, G. T. F., Ku, T.-L., Liu, H. & Mulholland, M. The oceanography
of the Northern south China Sea Shelf-Sea (NoSoCS) and its adja-
cent Waters—overview and Highlights11Deep-Sea Research II:
Special Issue on “Oceanography of the Northern South China Sea
Shelf-sea (NoSoCS) and its Adjacent Waters”. Deep Sea Res. Part Il
Top. Stud. Oceanogr. 117, 3-9 (2015).

Cohen, D. et al. Origin and extent of fresh paleowaters on the
Atlantic continental shelf, USA. Ground Water 48, 143-158 (2010).
Zamrsky, D. et al. Geological heterogeneity of coastal unconsoli-
dated groundwater systems worldwide and its influence on offshore
fresh groundwater occurrence. Front. Earth Sci. 7, 339 (2020).

van Engelen, J., Bierkens, M. F. P., Delsman, J. R. & Oude Essink, G.
H. P. Factors determining the natural fresh-salt groundwater dis-
tribution in Deltas. Water Resour. Res. 57, e2020WR027290 (2021).
Xu, S. et al. How much systems-tract scale, three-dimensional
stratigraphic variability is present in sequence stratigraphy?: an

Nature Communications | (2023)14:3781

10



Article

https://doi.org/10.1038/s41467-023-39507-0

answer from the middle Miocene Pearl River Mouth Basin. AAPG
Bull. 104, 1261-1285 (2020).

46. Hensen, C. et al. Sources of mud volcano fluids in the Gulf of Cadiz
—indications for hydrothermal imprint. Geochim. Cosmochim. Acta
71, 1232-1248 (2007).

47. Dahlmann, A. & de Lange, G. J. Fluid-sediment interactions at
Eastern Mediterranean mud volcanoes: a stable isotope study from
ODP Leg 160. Earth Planet. Sci. Lett. 212, 377-391 (2003).

48. Ye, J. et al. Complex gas hydrate system in a gas chimney, South
China Sea. Mar. Pet. Geol. 104, 29-39 (2019).

49. Tomaru, H., Torres, M. E., Matsumoto, R. & Borowski, W. S. Effect of
massive gas hydrate formation on the water isotopic fractionation
of the gas hydrate system at Hydrate Ridge, Cascadia margin,
offshore Oregon. Geochem. Geophys. Geosyst. 7, n/a-n/a
(20086).

50. Lai, Y. et al. Geochemistry of sediment pore water from well
GMGS2-09 in the southeastern Pearl River Mouth Basin, South
China Sea: an indication of gas hydrate occurrence. Mar. Geol.
Quat. Geol. 39, 135-142 (2019).

51. Sgrensen, J. Nitrate reduction in marine sediment: pathways and
interactions with iron and sulfur cycling. Geomicrobiol. J. 5,
401-421 (1987).

52. lJiao, J. J. et al. Abnormally high ammonium of natural origin in a
coastal aquifer-aquitard system in the Pearl River Delta, China.
Environ. Sci. Technol. 44, 7470-7475 (2010).

53. Jorgensen, B. B., Findlay, A. J. & Pellerin, A. The biogeochemical
sulfur cycle of marine sediments. Front. Microbiol. 10, 849
(2019).

54. Wang, X., Liu, B. & Zhang, W. Distribution and risk analysis of heavy
metals in sediments from the Yangtze River Estuary, China. Environ.
Sci. Pollut. Res. 27, 10802-10810 (2020).

55. Seeberg-Elverfeldt, J., Schllter, M., Feseker, T. & Kélling, M. Rhizon
sampling of porewaters near the sediment-water interface of
aquatic systems. Limnol. Oceanogr. Methods 3, 361-371 (2005).

56. Cao, J. et al. Offshore fault geometrics in the Pearl River Estuary,
Southeastern China: evidence from seismic reflection data. J.
Ocean Univ. China 17, 799-810 (2018).

57. Long, J. H., Hanebuth, T. J. J., Alexander, C. R. & Wehmiiller, J. F.
Depositional environments and stratigraphy of Quaternary paleo-
channel systems offshore of the Georgia Bight, southeastern USA. J.
Coast. Res. 37, 883-905 (2021).

58. Langevin, C.D. & Guo, W. MODFLOW/MT3DMS-based simulation of
variable-density ground water flow and transport. Ground Water
44, 339-351(2006).

59. Mulligan, A. E., Langevin, C. & Post, V. E. Tidal boundary conditions
in SEAWAT. Ground Water 49, 866-879 (2011).

60. Kuang, X., Jiao, J. J. & Wang, Y. Chloride as tracer of solute transport
in the aquifer-aquitard system in the Pearl River Delta, China.
Hydrogeol. J. 24, 1121-1132 (2016).

61. Hung Van, P., Van Geer, F. C., Bui Tran, V., Dubelaar, W. & Oude
Essink, G. H. P. Paleo-hydrogeological reconstruction of the fresh-
saline groundwater distribution in the Vietnamese Mekong Delta
since the late Pleistocene. J. Hydrol. Reg. Stud. 23, 100594
(2019).

62. Jasechko, S., Perrone, D., Seybold, H., Fan, Y. & Kirchner, J. W.
Groundwater level observations in 250,000 coastal US wells reveal
scope of potential seawater intrusion. Nat. Commun. 1,

3229 (2020).

63. Morgan, L. K., Werner, A. D. & Patterson, A. E. A conceptual study of
offshore fresh groundwater behaviour in the Perth Basin (Australia):
Modern salinity trends in a prehistoric context. J. Hydrol. Reg. Stud.
19, 318-334 (2018).

64. Gelhar, L. W., Welty, C. & Rehfeldt, K. R. A critical review of data on
field-scale dispersion in aquifers. Water Resour. Res. 28,
1955-1974 (1992).

Acknowledgements

This study was supported by grants from the Key Program of the National
Science Foundation of China and Innovation Group Project of Southern
Marine Science and Engineering Guangdong Laboratory (Zhuhai) (No.
42130702, 311021004) to J.J.J., and the Hong Kong General Research
Fund (No. 17307521) to J.J.J. Many thanks are given to Shengchao Yu,
Hongbin Liu, Jingye Xian, Long Xi, Mei Chen, Yangiong Huang, and
Meiging Lu for their kind help in the sampling campaigns and sample
analysis. Appreciation is also given to the master, technicians, and crew
of the ocean drilling vessel Haiyang Dizhi-10 for their support during the
cruise.

Author contributions

C.S. and J.J.J. designed the study, interpreted the results, and prepared
the manuscript. C.S. carried out the fieldwork, processed and analysed
the data. X.L. took part in designing the study and reviewing the
manuscript. J.Z. participated in the offshore sampling and conducted
analyses of some porewater samples. L.J. provided the raw data for
some offshore boreholes used in the study. J.C. provided and analysed
the offshore multiple-channel seismic data. All co-authors edited the
manuscript and provided suggestions on how to improve the analyses.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39507-0.

Correspondence and requests for materials should be addressed to Jiu
Jimmy Jiao.

Peer review information Nature Communications thanks Mark Person,
Guizhi Wang and the other, anonymous, reviewer(s) for their contribu-
tion to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:3781


https://doi.org/10.1038/s41467-023-39507-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Offshore freshened groundwater in the Pearl River estuary and shelf as a significant water resource
	Results and discussion
	The salinity of porewater in offshore boreholes
	Subaqueous delta and paleochannel systems
	Estimation of potential static volume of OFG
	Origin of OFG in the LDE and adjacent shelf
	Water quality of OFG in the PRE and adjacent shelf
	Implications for other LDEs and adjacent continental shelves

	Methods
	Onshore sampling
	Offshore porewater extraction and analysis
	Integrated marine geophysical profiles
	Paleo-hydrogeological modelling

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




