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Groundwater Drainage and Soil Formation Effect on High Natural Radiation
Exposure in Biak, Papua

Heri Syaeful, Kurnia Setiawan Widana and I Gde Sukadana

Center for Nuclear Minerals Technology, E-mail: syaeful@batan.go.id

Abstract. Unusual phenomenon of radium accumulation in soil is take place in Biak Island. Preliminary field survey
delineates the area around Maryendi, Darmapis and Denafi which indicates the high radiation dose from 50 to 4,032
nSv/h.  Further observation and measurement of soil profile yield conclusion of high radiation only consists in top most
part of soil in the thickness range of tens centimeter. Bedrock of soil is limestone, no potential source of uranium and
thorium surrounding the area such as intrusive or volcanic rocks. To gather scientific reason of this phenomenon, several
research methods applied consisted of satellite imagery analysis, chemical analysis, and scanning electron microprobe
(SEM) of the soil sample. Based on satellite imagery analysis, geomorphology and groundwater drainage plays
significant role in transport and precipitation process of radium from limestone to soil. Results of chemical analysis and
SEM conclude that soil chemical properties allows the deposition of radium in the soil. This research is very valuable for
further study or exploration of radioactive elements in the type of surficial deposits which is very scarce in tropical
climate region.
Keywords: NORM, radium, drainage, radiation, west Papua.

Introduction

International Atomic Energy Agency define
that surficial secondary uranium deposits are young
(Tertiary to Recent) near-surface uranium concen-
trations in sediments or soils (IAEA, 2009). It is
recognized that there are many cementing minerals,
which includes calcite, gypsum, dolomite, ferric
oxide, strontianite, and halite (Toens & Hambletons,
1984). Uranium dissolution and transport usually
take place under oxidizing conditions as bicarbonate
(Mckay & Miezitis, 2001). Such deposits occur in
valley-fill and in Playa Lake sediments and at the
top of the alluvial sediments (Khoury et al., 2014).
The major controlling factors are climate,
geomorphology, including physiographic and
climatic stability, and provenance, i.e., the
weathering terrane from which uranium and
associated substances are derived (Carlisle, 1984).
According to Khoury (2014), uranium exists at
different valence states: U4+ (tetravalent), U6+

(hexavalent) and U(OH)3+ (trivalent). Under
reducing conditions, uranium U4+ hydroxide or
fluoride complexes are the only dissolved species,
while hexavalent uranium is relatively soluble with
the solubility in aqueous systems controlled by three
factors: oxidation–reduction potential, pH, and
dissolved carbonate. Uranium precipitated from
solution is entirely deposited as (UO2)2+ minerals.

Biak indicated to have uranium anomaly in
surface soil, on the top of limestone bedrock, in
several area of Maryendi, Darmapis, and Denafi.
Anomalous zone indicated by existence of dark
brown to reddish brown soil with radiation dose rate
range from 2 to 4032 nSv/hour and grade of
uranium range from 20 to 325 eUppm (Suharji et al.,
2014) (Figure 1). The anomaly found in Biak is out
of the ordinary because located in tropical region

with high rate of precipitation and high dilution rate.
According to Boyle (1984), the rate and type of
weathering of source rocks and thus the mobility of
the ore-forming elements are greatly affected by
climate. In hot arid environments, the movement of
ore-forming elements is slow due to a low, sporadic
rate of precipitation, but these conditions coupled
with a high rate of evaporation are also optimal for
the precipitation of minerals such as carnotite,
calcite, dolomite and gypsum. In tropical regions, a
heavy, steady rate of precipitation, and the mobility
of elements may be so great that precipitation of
uranium cannot occur even in the most favourable
environments because of high dilution rates, heavy
surface and groundwater flushing. The purpose of
this research is to discover how the radioactive
material could be deposited in tropical region of
Biak and forms a type of surficial deposit.

0 - 50

50 - 100

100 - 250

250 – 500

500 - 2250

Dose Rate (nSv/hour)

Figure 1. Map of Biak radiation dose rate
(Suharji et al., 2014)
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Methodology

Methodology that is applied in this research is
analysis of drainage system through interpretation of
geomorphology and rainfall. Drainage system has
major role in uranium mobilization from the host
rock to the location of its deposition. Several
caselike in the basins of Ribeira da Pantanha,
Ribeira do Castelo and streams tributaries to Ribeira
de Inguias, all receiving drainage from old uranium
mines. Results showed enhancement of radionuclide
concentrations, espe-cially 226Ra. The main source
and transfer pathway of radionuclides to plants was
the irrigation water used, rather than the soil
(Carvalho et al., 2013). The drainage system
analyzed by interpretation of geo-morphic features
using digital elevation model (DEM). Besides that,
the rainfall, temperature and humidity also collected
to understand the climate regime of the area of
investigation.

According to IAEA (2003) NORM comprises
radioelements associated with the uranium and
thorium decay chains as well as 40K. These
radioelements are very long lived and have several
long-lived progenies, such as 226Ra in the Uranium
series. Spectrometry data from gamma ray surveys
has benefit to understand the areas of anomaly,
nevertheless estimation of uranium by gamma ray
spectrometry should be corrected for possible
disequilibrium between 238U and 226Ra. Syaeful et al.
(2013) has used this method to map the Naturally
Occurring Radioactive Material in Mamuju, West
Sulawesi. In the case of Biak, spectrometry data
validated by geochemical analysis of X-Ray
Fluorescence, especially on high anomalous area.
Further, samples analyzed by scanning electron
microscope (SEM) to have detail view of internal
soil condition and its composition.

Analysis and Result

Climate has very important role in the
deposition of radioactive material in surficial
deposit. Although there is no certainty of the past
climate during the deposition of the radioactive
substance, the present climate could be as estimation
of what take place on the pastten to hundred
thousands of years. Biak locatedin latitude of 0°39’
to 1°10’ in Southern hemisphere. According to data
from BPS (2012, 2014, 2015), the average
temperature of Biak in year of 2011 to 2013 constant
in 27.1°C with average relative humidity 86.3%, in
2014 average temperature is 27.2°C with 87% of
average relative humidity. During 2011 to 2014
minimum temperature is 23.4°C and maximum
temperature is 31.7°C. The air humidity is increased
during 2009 to 2014, which from 85.1% to 87,
resulting the air condition increased hotter. Average
rainfall intensity in 2011 is 287.5 mm, with highest
in August which is 456.1 mm and the lowest in
November which is 123.1 mm. Average rainfall
intensity in 2013 is 241.3 mm, with the highest in
August (437.1 mm) and the lowest in October (123.5
mm). In 2014, average rainfall is 278.5 mm with the
highest in December (457.1 mm) and the lowest in
March (77.0 mm). Based on the numbers above,
generally rainfall intensity in Biak is categorized as
low.

Based on Geologic map of Biak from Masria
(1981), stratography of the area of investigation
composed by several rock formation from old to young,
Formation (Fm) of Malihan Korido (S) with Cretaceous
of age, AuwewaFm (Teoa) with Eocene of age,
WainukendiFm (Tomw) with Lower Early Miocene of
age, WafordoriFm (Tmw) with Upper Early Miocene
of age, NapisendiFm (Tmn) with Middle Miocene of
age, KoremFm (Tmk) with Lower Late Miocene of
age, WardoFm (Tmpw) with Lower Pleistocene of age,
ManokwariFm (Qpm) with Lower Pleistocene of age,
MokmerFm (Qm) with Upper Pleistocene of age, and
recent deposit of Beach and Alluvial (Figure 3).

Temperature (°C) Humidity (%)

Figure 2. Average of temperature and relative humidity of 2010-2014 (BPS, 2014)
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Host rock of anomalous area in Biak is
Mokmer Formation, Pleistocene of age, composed
by coral limestone and chalk. Suharji et al. (2014),
described Mokmer Formation composed by clastic
limestone and reef limestone, which further if
classified according to James (1984)it is baffle
stones to floatstones with matrix of packstones,
deposited in the zone of back reef (Figure 4).
Grainstone is also identified which indicate the zone
of reef flat, and in the flank area the reef with
stalactite which indicate the reef crest.

Figure 4. Cross-section of hypothetical, zone, and
marginal reef (James, 1984).

The geomorphology and weathering play a
critical role in the distribution of radioelement
concen-trations at the earth’s surface. Several factors
affect the variation between surficial and bedrock
responses, including deposition of radiumat
groundwater seepage sites, radon loss, general loss
of K during pedogenesis, weathered of rocks, K-

depletion and U and Th-concentration in iron oxides,
K-depletion through pedogenesis of shales, and K
and Th-enrichment through silicification of shales
(IAEA, 2003).

Digital Elevation Models (DEMs) play an
important role in modern research in Earth surface
processes. First, DEMs provide a baseline dataset for
quantifying landscape morphology. Second, they
enable us to model the pathways of mass and energy
transport through the landscape by hillslope and
fluvial processes. Given the importance of DEMs in
a broad range of geoscientific research, the ability to
digitally process DEMs should be a part of every
geoscientists’ toolkit (Pelletier, 2008). DEM that is
used in the analysis is from United States Geological
Survey (USGS) with 30 m of resolution. Based on
DEM, the topographical cross section is taken on the
area of high radiation dose rate. The section A and B
show the basin and location of anomalous area.
Higher elevation of topography is in the North, with
both of North and South boundaries identified as
reef crest (Figure 5). The drainage system from this
typical morphology will be from north to center of
basin, and also from south will be flown to the north
and ended in lowest part of basin. Because of the
high porosity of limestone and also depth of
groundwater which might be more than 30 m in
depth, the drainage will be much controlled by clay
in soil as surface flow. Nevertheless, due to high air
temperature and sun shine in Biak, the process of
evaporation will limit the rate of surface flow.
During field observation, even after heavy rain soil
will be quickly dry in several hours.

Mokmer Formation: coral limestone and chalk

Wardo Formation: marly and sandy limestone rich in
foraminifera

Korem Formation: marl, chalky marl, limestone intercalation

Napisendi Formation: bedded limestone, tuffaceous clastic
limestone, intercalation of andesit-basalt conglomerate.

Wafordori Formation: marl, sandstone and crystalline limestone
intercalation

Wainukendi Formation: crystalline limestone, marl, fossiliferous
limestone, and greywacke.

Auwewa Formation, basaltic lava, tuff, crystall tuff, locally
andesitic to basaltic breccia

Korido Metamorphic: phyllite, quartzite, chert, metatuff, and
metasediments. Intruded by basalt dikes.

Legend

Figure 3. Geological map of Biak island (modified from Masria, 1981)
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Anomalous zone indicated by presence of dark
brown to reddish brown color of soil with radiation
dose rate of 1.9 to 4032 nSv/hour with grade of
uranium of 20.27 to 325 eU ppm. Geologically it is
located in valley and topographic basin in the
bedrock of limestone of MokmerFm (Suharji et al.,
2014). All of the measurement of radiation dose rate
and grade of uranium and thorium conducted in the

field by spectrometry method. In order to have the
actual value of uranium, chemical laboratory
analysis conducted to compare the spectrometry
method. Analysis of elements in the sample covers
the major, trace and some of rare earth. The result of
laboratory X-ray fluorescence of several selected
high anomalous samples can be seen in Figure 6.

Section A

Section B

N

N

S

S

Anomaly

Anomaly

A

B

Figure 5. DEM shows the morphology and topographic section of anomalous area in Biak Island
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Figure 6. Result of XRF analysis of the selected soil sample
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Based on the result and comparison of the
methods used, there is high differences between
result from spectrometry and XRF. Ratio of result
between XRF and spectrometry range from 1:3.2 to
1:17.7 (Figure 7) which indicate very high rate of
uranium disequilibrium ratio. Dickson (1984)
describes that the decay series of 238U reaches
secular equilibrium when the decay rate of each
member is equal to that of the parent, after
approximately 1 Ma. Lin Ma et al. (2010), is also
described that on a system closed to inputs or outputs
of U-series isotopes for longer than ∼1.3 Ma, these
isotopes will be in secular equilibrium. Further,
Suresh (2013) explained that for a system that has
remained closed for more than 1 Ma, all
daughter-parent activity ratios of the uranium
decay chains, e.g. (234U/238U) or (230Th/234U)
will be equalto1. Based on that and also from
field observation that the soil is recent deposit
of probably less than thousands of years, than
disequilibrium will normally occurred.

Figure 7. Comparison of grade analysis from
laboratory XRF and field spectrometry

According to Mc Sween (2000) Fe2+ may be
oxidized to form an insoluble hydroxide mineral, or
on the other word iron could be uranium precipitant.
Other researcher, Pagel (1984) also describes the
adsorption of uranium on Fe-oxyhydroxides in
several deposits, such asin the Samt Pierre du Cantal
deposit in France show good correlation between
iron and uranium as determined from chemical
analyses. The adsorption of uranium in latentic
profiles has also been described, such as in the
Vosges area, accumulations of uranium occur in
placic horizons of hydromorphic soils rich in
lepidocrocite with the uranium probably adsorbed
onto amorphous surfaces, and enrichment factors due
to adsorption can be up to one hundred times greater
than substitution in crystalline lattices.

Correlation between Fe and U among all of the
soil samples show that no definitive relation between
them. Random ratio of Fe:U in sample is from 0.16
to 1.42 with average of 0.56 (Figure 8a). Analysis on
Fe and U grade in soil profile conducted in S/6
sample. Location of S/6 is in anomaly of radiation

dose rate of up to 1205 nSv/h. The soil is brownish
yellow clay to 10 cm depth and reddish brown clay
to 100 cm, and in the depth of 100 cm limestone
bedrock. Sampling of soil conducted continuously in
0-30, 30-60, and 60-100 cm. Uranium profile in soil
is increased with depth, from 7.8 ppm in the depth of
0-30 cm, 20.8 ppm in 30-60 cm, and 26.7 ppm in 60-
100 cm. Fe in soil profile is decreased from 11.05 %
in 0-30 cm, 9.92 % in 30-60 cm, and 8.92 % in 60-
100 cm (Figure 8b). Based on description above, no
clear correlation between Fe and U in laterally
between anomalous zones or vertically in soil
profile.

Increased grade of uranium in soil and decrease
of iron due to increase of depth show contradictive
correlation between them. However it is might be
caused by disequilibrium of uranium. In many cases
uranium can dissolved due to its high mobility and
retain Radium-226. Based on PTKMR (2010)
measurement of Radium-226 in anomalous zone in
Biak, Radium-226 grade is high and comparable to
the radiation dose rate. Radium-226 might also
significant in soil layer, even has higher influence
than uranium due to its lower mobility than uranium.
Boscov (2000) research the Radium-226 mobility in
soil and concluded that radium mobility is very low,
proved by diffusion of radium solution into the soil
and found that 99.7% of radium retain in the upper
4.5 cm of soil layer and very small other percent
migrate to the subjacent layer. Churchill (1991)
states that radium mobility can be high in brines
under reducing condition because of chloride
complexes and the absence of iron oxides. Recent
Biak soil surface condition is in the state of oxidation
with high presence of iron oxides which is leading to
conclusion that radium mobility in soil surface of
Biak is low.

SEM analysis carries outin order to have a
better view of internal soil formation and the cause
of high radiation. SEM is widely used in uranium
mineral characterization study in uranium explora-
tion campaign. SEM analysis on B/6 sample show
the internal soil composition which is semi layered
of clay, with some bright color of rounded to angular
fragment/ grains. Trial of 001 and 003 quantitative
analysis of the B/6 sample of soil matrix and grain,
resulted the same grade of carbon and manganese,
nevertheless different grade of oxygen, aluminum,
calcium, iron, and molybdenum, while thorium and
uranium is below detection limit. Analysis of B/2
sample on matrix (001) and grain (002) show similar
grade of carbon, oxygen, aluminum, calcium,
manganese, iron, and molybdenum. Uranium grade
in grain is 0.32% or 3200 ppm, which is indicate
high grade of uranium, however error in
measurement is 0.48% leading to low level of
confidence (Figure 9).
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(b)(a)

Figure 8. Correlation between Fe and U for soil samples

Figure 9. SEM analysis of soil sample B/6 and B/2

Conclusion

Biak located is tropical island with high air
temperature, high relative humidity, and low rainfall
intensity. These condition makes high evaporation
rate, low dilution rate by surface and groundwater,
which is ideal for preservation of a deposit.
Anomalous zone located in basin topographic area,
in the soil above limestone of Mokmer Fm. Soil
formation in Biak is controlled by erosion, rock
resistance, and rainfall intensity, which are all low
and led to very thin of soil thickness, which is of
only 1 m in average. Further oxidation environment
of the surface brought to oxidation chemical
weathering. Eventhough relationship between iron
and uranium not statistically clear, it is deemed that
iron act as uranium precipitant. Under disequilibrium
condition due to young of age deposit, and different
in mobility rate, currently uranium is less remains
than radium.
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Discussion

Q  : Andreas Belhöfer, SPERA

Is there difference in geology between Papua and
Sulawesi ? Is there different mechanism for U
concentration ?

A : Heri Syaeful

Very different geology condition, Papua is
Limestone whereas Papua is vulcanic, so U
concentration is also different.
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