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Figure 1 (Color online) Station map of marine sediments collected from coral reefs in the South China Sea
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Table 1 Radioactivity in marine sediments collected from coral reefs in the South China Sea (Bq/kg)

ESl T X oL B8y 26Ra 2%Ra PR
& LA-2m 26.29+3.22 9.39+0.89 14.411.55 153.95+9.65
o i W5-1a 33.29+4.09 2.960.32 3.87+0.49 12.8+1.10
e} LHT-DI 32.17+4.11 3.02+0.40 4.42+0.67 23.09+2.13
2 Tl 29.27+2.61 4.99+0.44 5.52+0.97 4.93+0.37
S BT 20 30.25+3.14 5.09+3.02 7.05+4.95 48.69+70.56
[liEp% BJ01-03 22.10+2.74 1.47+0.19 0.630.12 3.3620.54
b HY2-2 38.18+4.83 1.66+0.15 0.51+0.26 2.15+0.71
BN M XY 25.86+1.96 1.64+0.22 1.17+0.55 2.54+0.16
M SI 29.86%2.65 2.67+0.39 1.16+0.54 5.65+0.43
M XE 23.64+1.67 2.310.22 1.66+0.58 10.82+0.46
PRV H4 1 B 27.93+6.43 1.95+0.52 1.15+0.73 4.90+3.57
RO 23 B 28.96+5.09 3.34+2.51 5.08+4.91 24.36+49.05
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AWAR R BT WSS IR R R, &
Tl AR 1 R AT S 1 K P (18,92 Barkg) iy T Ak
() 3% AR R 7K S (3.97 Ba/kg). e EE R Al 1 6 3t
TR S 7R 1) OB 5 3 S P KT A A A g A2
5 B B K (76.92 Ba/kg) FIAL vk (70.62 Bg/kg).
Rag, = Ag, +1.43X Ay +0.077x A, (3)

K Agy, A, AcZr BURE TR H72Ra, 22 Th, KK
G, Rao " Bq/kg. [ PR L3 fifi FH 2 Radd B O
SPHE R R Thi i 2457,

2.3 SRR DX CB P S PR A AR AE e AL

AR5 5 AR XA 25 R L B ()P,
I 889 8k X %) S0 AR A T80 S A 3OS ) R o B e
XA UTRR ) S A% 2, B 3 R Ra
*Ra. L KMFFE.

- S TN R X S ) Vi DR o 220Ra TP Ra
W H K [ PPUMPPThEFSE AR, SR, AHIFSE 1 30 )
Tk X U0 R 4 Hp P2ORa AP Ra £ IRl Sk A F 2P U M
PThFLEEAR W AFAE, i mA K d, N
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Table 2 Comparison of radioactivity in marine sediments collected from coral reefs and other sea regions (Bq/kg)

X3 5y %Ra Ra K Ragq Sk
WG 27.93 1.95 1.15 4.90 3.97 A 5T
FEEGTARY) 30.25 5.09 7.05 48.69 18.92 A 5T
B b 54.4 28.6 57.9 542 153.13 [23]
KiLH 32.8 24.3 40.9 628 131.14 [24]
T s T 3 44.1 32.5 48.1 625 149.41 [25]
IR P4 ND 27 37 515 119.57 [26]
Jbvk 44.4 17.6 15 410 70.62 [27,28]
MR ND 14 16 520 76.92 [29]
EFR LT HE 35 35 30 400 108.70 [30]
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BHE X GO EFOR A TAERA S BRI £), K
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Figure 2 (Color online) Illustration of the distinct mechanisms of radioactivity in marine sediments collected from coral reefs and other sea regions
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Figure 3 (Color online) Relationship between **Ra and ***U in marine sediments. The ellipse indicated marine sediments located in the atoll reefs.
Marine sediments collected from the fringing reefs was represented by the black rectangle
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Extremely low radioactivity in marine sediment of coral reefs
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Radionuclides are hazardous materials which impose ionizing radiation on humans and are valuable proxies for tracking
environmental processes. Radionuclides are widely reported in global marine sediments, which are recognized as the
final destination of radionuclides. As one of the typical marine ecosystems, coral reefs are “hotspots” of high biodiversity
providing rich biological resources and significant tourist sites for humans. Seafood consumption and SCUBA diving
would induce internal and external radiation on humans, respectively. However, radioactivity is rarely studied in coral
reef ecosystems.

Here, we exhibited radionuclides in marine sediments collected from the fringing and atoll reefs with a latitudinal
coverage of 14° (~1500 km) in the South China Sea (SCS). Naturally occurring radionuclides (40K, 22Ra, *®Ra, and,
28U) were quantified by Standard River Sediment (GBW08304a) and were validated by Irish Sea Sediment (IAEA-385)
using High Purity Germanium (HPGe) y spectrometry (Canberra BE6530). The energy resolution of HPGe
v-spectrometry (~2 keV) is much better than that of Nal y-spectrometry (~50 keV). Overall, radioactivity in marine sedi-
ments was in the order of **U(28.96 Bq/kg)>""K(24.36 Bq/kg)>"**Ra(5.08 Bq/kg)>"*"Ra(3.34 Bg/kg). Radioactivity was
higher in marine sediments collected from the fringing reefs than the atoll reefs due to the influence of terrigenous min-
erals in the fringing reefs. The occurrence of terrigenous minerals was confirmed by the mineral components (K-feldspar,
illite, and quartz) using X-ray diffraction analysis. Additionally, the rare earth elements (REE) are generally used to trace
terrigenous inputs. In the present study, the ranking pattern of the *°K activity was consistent with the concentration of
REE in marine sediments (sediments outside the coral reef regions > sediments from fringing reefs > sediments from
atoll reefs), giving supporting evidence of the influence of terrigenous minerals.

A comparison of radionuclides in marine sediments from coral reefs and other sea regions indicated that the radioac-
tive level (Radium equivalent activity, Raeq) of marine sediment in coral reefs was only 1%—10% of that of other marine
sediments and global soil. The value of Ra.q in marine sediments collected from coral reefs (3—42 Bg/kg) was also lower
than that in marine sediments collected from the pristine environment of the Arctic Ocean (70.62 Bg/kg) and Southern
Ocean (76.92 Bg/kg). Particularly, the mean value of Ra.q in marine sediments of the atoll reefs in the SCS (3.97 Bg/kg)
was less than 5% of that in global average soil (108.70 Bg/kg). Therefore, radioactivity in marine sediment was extreme-
ly low in coral reefs relative to other sea regions.

Marine sediments in coral reefs had three unique characteristics of low *’K activity, low *Ra and ***Ra activity, and
low **Ra/**U ratio. It was worth noting that the abnormally low **°Ra/***U activity ratio (<0.1) of marine sediments was
observed in the atoll reefs and was attributed to the biological process of active uptake of ***Ra and ***U from seawater
by coral polyps rather than the ingrowth process of the **U-*Th-*Ra decay chain. The mechanism of radioactive
characteristics in marine sediments was attributed to the fragmentation and weathering of biominerals in coral reefs in
contrast to the weathering and subsequent transport of soil and rocks in other marine sediments outside the coral reef re-
gion. These three characteristics have potential to be novel geochemical proxies for tracking particle dynamics in coral
reefs in addition to other traditional approaches including the Al, Ti, REE, and mineral components.

sediment, coral reefs, South China Sea, radionuclide, geochemical proxy

doi: 10.1360/N972017-01101
2183




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 650
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


