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ABSTRACT 
 
This study presents the first systematic radiological assessment of 
raw groundwater resources in Metro Manila, Philippines, 
establishing a baseline for public health protection and regulatory 
compliance. In response to increasing reliance on groundwater 
following drought-induced surface water shortages, 24 untreated 
groundwater samples were analyzed for gross alpha, gross beta, 
and dissolved 222Rn activity concentrations. Gross alpha activities 
were low (<0.04–0.18 Bq/L), remaining below the Philippine 
National Standards for Drinking Water (PNSDW) screening level 
of 0.5 Bq/L. In contrast, gross beta activities ranged from <0.2 to 
1.8 Bq/L, with three wells exceeding the national screening level 
of 1.0 Bq/L. Dissolved 222Rn activities ranged from 2 to 140 Bq/L, 
with 19 samples exceeding the PNSDW screening level of 11 Bq/L 
and three exceeding the World Health Organization reference level 
of 100 Bq/L. Elevated gross beta and 222Rn activities were 
associated with the volcanic deposits of the Guadalupe Formation 
and longer groundwater residence times. Age-dependent dose 
assessment showed that ingestion was the dominant exposure 
pathway. Mean total annual effective doses (AEDtot) were 1.298, 
0.801, and 0.727 mSv/y for infants, children, and adults, 
respectively, all exceeding the WHO individual dose criterion of 
0.1 mSv/y. Mean excess lifetime cancer risks were 2.94 × 10-3 for 
females and 2.63 × 10-3 for males, exceeding the reported global 
average value of 1.45 × 10⁻³. These findings indicate a non-
negligible radiological health risk from untreated groundwater 
consumption and underscore the need for routine radiological 
monitoring in groundwater management. 
 
 
 

INTRODUCTION 
 
Humans are chronically exposed to low-level ionizing radiation 
from cosmic rays and naturally occurring radionuclides in soil, 
water, air, food, and biota (Tulchinsky et al. 2023). Dietary intake 
represents an important pathway of exposure to naturally occurring 
radionuclides. For instance, consuming potassium-rich foods 
exposes a person to 40K, a radioactive isotope of potassium.  
Radionuclides enter food systems through root uptake and 
atmospheric deposition onto crops, subsequently transferring to 
animals via contaminated feed and water (BFS 2026; Howard 
2021). In hydrogeological settings, uranium-series radionuclides 
are mobilized into groundwater through prolonged water–rock 
interactions, contributing to internal exposure when groundwater is 
abstracted for domestic or agricultural use (Ali et al. 2025). 
Although doses are generally low, quantifying radionuclide 
concentrations remains essential for assessing population exposure 
and radiological risk (Isinkaye et al. 2023; Ofori et al. 2025). 
 
Recognizing the need for regulatory oversight of radioactivity in 
drinking water, the Philippine Department of Health issued 
Administrative Order No. 2017-0010, the Philippine National 
Standards for Drinking Water (PNSDW), harmonized with WHO 
and U.S. guidelines. The PNSDW applies to all drinking-water 
providers and includes radiological parameters such as gross alpha 
and beta activity, 222Rn, and gamma-ray determinations of key 
radionuclides. The PNSDW establishes screening levels of 0.5 
Bq/L for gross alpha activity, 1.0 Bq/L for gross beta activity, and 
11.0 Bq/L for 222Rn. These screening levels are conceptually 
similar to the International Commission on Radiological Protection 
(ICRP) reference levels, which indicate thresholds at which 
authorities should consider implementing actions to reduce public 
exposure, rather than serving as strict regulatory limits. 
Exceedance of a screening level in raw water does not necessarily 
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indicate that the water is unsafe for consumption. Instead, it serves 
as a trigger for further investigation, requiring water providers to 
perform more detailed radiological analyses to identify and 
quantify the specific radionuclides responsible for the elevated 
activity concentrations (PNSDW 2017). Conversely, when 
radioactivity concentrations remain below the screening levels, no 
additional radiological assessment is generally required, as the 
water supply is considered acceptable for routine consumption 
from a radiological protection perspective (WHO 2022). 
  
Gross alpha and beta measurements provide rapid screening, 
capturing the combined activity of major alpha-emitters (e.g., 238U, 
226Ra, 210Po) and beta-emitters (e.g., 40K, 228Ra, 210Pb, 234Th), 
though weak beta emitters such as 3H and 14C are poorly detected 
(WHO 2022; Almasoud et al. 2020). When internalized, alpha 
emitters pose greater hazards due to their high linear energy 
transfer (Bonotto and Bueno 2008). Previous studies have shown 
that ²²⁶Ra contributes substantially to the ingestion dose (>50%), 
whereas the contribution of ⁴⁰K is comparatively minor due to its 
lower dose conversion factor (Damla et al. 2006; Ho et al. 2020). 
Accordingly, a conservative assumption is usually adopted 
whereby gross alpha activity is assumed to be represented by 226Ra, 
whereas gross beta activity is assumed to be represented by either 
210Pb or 228Ra for radiological dose assessment (Ho et al. 2020; 
Pintilie et al. 2018).  
 
222Rn, a chemically inert decay product of 238U, is tasteless, 
odorless, and colorless, with a half-life of 3.82 days and potent 
alpha-emitting properties (Keith et al. 2012). It is the second 
leading cause of lung cancer after smoking (Lantz et al. 2013; Liu 
et al. 2025). Radon dissolves into groundwater in contact with 
uranium-bearing rocks and migrates through fractures into the 
atmosphere, where it may be captured by rainwater and 
subsequently deposited on the surface through wet deposition 
(Mbembe et al. 2021; Mohammed et al. 2026; Livesay et al. 2014; 
Chen et al. 2018). Household use of radon-rich water releases the 
gas indoors, exposing occupants through inhalation and ingestion. 
Inhaled radon progeny, notably polonium isotopes, adhere to lung 
tissue and emit alpha particles, elevating cancer risk (Eidy et al. 
2024; Kashkinbayev et al. 2025; Schwela and Kotzias 2005). 
Ingestion contributes to gastrointestinal exposure, albeit at lower 
risk (Barbosa-Lorenzo et al. 2017; Das 2021). Radon has been 
classified as a Group 1 human carcinogen by the International 
Agency for Research on Cancer (IARC 1988), a designation 
reinforced by evidence of its chronic accumulation in poorly 
ventilated homes. Radon activity in groundwater is strongly 
influenced by lithology, tectonic activity, and fracture density 
(Pyuskyulyan et al. 2024). Sustained monitoring of radon 
concentrations in drinking water, particularly in communities 
reliant on artesian wells and springs, is critical for early detection 
of elevated levels and for safeguarding public health. 
 
Metropolitan Manila, officially designated the National Capital 
Region, serves as the primary metropolitan hub and capital of the 
Philippines. Historically, the National Water Resources Board 
(NWRB) sought to protect the region’s hydrological integrity by 
imposing a moratorium on groundwater extraction in 2004. This 
regulatory action was prompted by evidence that excessive 
pumping had exacerbated land subsidence, seawater intrusion, and 
localized flooding (NWRB 2004). 
 
However, the region’s heavy reliance on surface water was tested 
during the severe drought of 2019, when dam levels fell to critical 
lows, resulting in widespread water shortages. In response, the 
NWRB lifted the long-standing moratorium, authorizing the 
drilling of new production wells to supplement the metropolitan 
supply. Despite this renewed dependence on subterranean sources, 
the natural radioactivity of groundwater in Metro Manila remains 

unexplored. While no publicly available local data currently exist 
on groundwater radioactivity in Metro Manila, a recent study in the 
neighboring province of Batangas—specifically in municipalities 
surrounding Taal Volcano—revealed elevated concentrations of 
222Rn (Cadungog et al. 2025), highlighting a potential radiological 
concern that warrants investigation in the capital. 
 
Geology and tectonic setting of Metro Manila 
Metro Manila (National Capital Region), the Philippines’ largest 
metropolitan area and seat of government, spans ~636 km² between 
14°28’–14°45’ N and 120°55’–121°08’ E. It comprises 16 cities 
and one municipality, with a resident population of 13.5 million 
that swells to 16–21 million daily (PSA 2020). 
 
Morphologically, the region is divided into three units: Coastal 
Lowland, Central Plateau, and Marikina Valley (Figure 1). These 
features reflect rapid sedimentation from surrounding highlands 
through the Late Cretaceous, interspersed with volcanic tuff 
deposition, followed by tectonic activity during the Late Tertiary–
Quaternary. The eastern boundary is marked by basement-ophiolite 
complexes of Rizal Province (Gervacio 1968; JICA 2010). 
 
The Coastal Lowland comprises flat plains along Manila Bay, 
including sand bars, tidal flats, the Pasig River delta, and reclaimed 
lands. Quaternary alluvial deposits reach up to 40 m thick (Miura 
et al. 2008; Daag et al. 2022), with elevations of 0–5 m in western 
Mandaluyong and Makati (JICA 2010). 
 
The Central Plateau, underlain by the Guadalupe Formation, covers 
~60% of Metro Manila. Elevations range from 20–40 m, rising to 
70–100 m in the northwest. Locally termed “adobe,” the Guadalupe 
Formation extends from Quezon City southward to Cavite (Dungca 
et al. 2018). Drilling records reveal thicknesses of 219–448 m 
without reaching the base (de la Paz et al. 1989), while estimates 
suggest 1,300–2,000 m (JICA 1992). Stratigraphy includes the 
basal Alat Conglomerate and upper Diliman Tuff (Luna et al. 
2022), though JICA (1989) subdivided it into six bedrock units. 
The formation is overlain by alluvium in the coastal areas along 
Manila Bay and in the Marikina Valley. 
 
The Marikina Valley, on the eastern edge, is a pull-apart basin 
formed by the West and East Valley Faults (Rimando et al. 2006). 
Elevations range from 2 m near Laguna de Bay to 30 m at 
Montalban (JICA 2010). Quaternary alluvium here, associated with 
the Marikina River floodplain and Laguna de Bay delta, reaches up 
to 50 m thick (Miura et al. 2008). 
 
Hydrogeologically, sandy alluvium in Manila Bay, Laguna de Bay, 
and Marikina Valley hosts phreatic aquifers, while the Guadalupe 
Sedimentary Basin (GSB) of the Guadalupe Formation contains 
multiple interconnected aquifers of tuffaceous sandstone and 
conglomerate. Up to five or six aquifers occur within 300 m depth. 
Groundwater recharge primarily occurs in the northern part of 
Novaliches, the northern and eastern areas of Montalban, the 
western portion of the Antipolo Plateau, and the southern terrace 
composed of lahar deposits contiguous with Tagaytay (JICA 1992). 
According to the Köppen climate classification, Metro Manila is 
predominantly characterized by a tropical savanna climate (Aw), 
with a pronounced dry season generally occurring from January to 
May and a wetter season from June to December. However, areas 
in the northeastern part of the metropolitan region, particularly 
those nearby the Sierra Madre foothills, exhibit characteristics of a 
tropical monsoon climate (Am), reflecting higher precipitation and 
a less pronounced dry season.  The average rainfall is 2,574.4 mm, 
with a mean annual temperature and a mean relative humidity of 
27.7°C and 78%, respectively (PAGASA 2024). 
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This study determined the gross alpha and gross beta activity 
concentrations, as well as the specific 222Rn activity concentrations, 
in raw groundwater abstracted from production wells across Metro 
Manila and estimated the annual effective radiation doses resulting 
from both ingestion and inhalation pathways for infants, children, 
and adults. This investigation constitutes the first systematic 
assessment of the radiological quality of groundwater in the 
National Capital Region, providing a critical baseline dataset for 
evaluating local radioactivity levels against national and 
international radiological protection standards. Although the 
Philippine National Standards for Drinking Water (PNSDW, 2017) 
require routine monitoring of radioactivity in drinking water 
supplies, the resulting data are generally not publicly accessible. 
Consequently, this study represents the first publicly available 
assessment of groundwater radioactivity in Metro Manila, 
contributing valuable information for water resource management, 
public health protection, and future radiological monitoring 
programs. 
 

 
Figure 1: Site map showing the boundaries of Metro Manila, its geology, 
the adjacent towns, and the sampling sites. 

 
MATERIALS AND METHODS  
 
Sample Collection 
Raw groundwater samples were collected from production wells 
across Metro Manila and its immediate vicinity. These wells are 
operated by water concessionaires and augment the water supply 
from dams for domestic and commercial use. A total of 24 
groundwater samples were obtained for analysis (Figure 1). The 
number of samples was based on existing and functioning 
production wells in the study area. 
 
Prior to sampling, wells were purged until field parameters 
stabilized to ensure representative aquifer conditions. Stabilization 
was confirmed when specific conductivity, pH, and temperature 
showed minimal variation between consecutive measurements. 
Field parameters were measured in situ using calibrated portable 

meters. Bicarbonate concentration was also measured in-situ using 
a Hach digital titration with a 1.6 N H2SO4 cartridge. The 
groundwater samples were collected directly from the well 
discharge point. For tritium measurement, samples were collected 
in 1-L high-density polyethylene (HDPE) bottles that were filled to 
the brim, ensuring no airspace or bubbles were present. For gross 
alpha and beta analyses, samples were collected in pre-cleaned 1-
L HDPE bottles and preserved with HCl to about pH 2. For 222Rn 
analysis, water samples were collected from a non-aerated faucet 
using a delivery tube. The tube outlet was positioned at the bottom 
of a 1-L amber glass bottle placed inside a 2-L beaker, allowing the 
bottle to be filled from the bottom while minimizing agitation and 
potential 222Rn loss. Water was allowed to flow gently through the 
tube until the bottle overflowed into the beaker, and flushing was 
continued until approximately 2–3 bottle volumes had been 
displaced to minimize atmospheric contamination and ensure that 
residual line water was replaced with representative aquifer 
groundwater. The bottle was then capped while submerged to avoid 
trapping air. After sealing, the bottle was inverted and inspected for 
air bubbles; if any bubbles were observed, the sampling procedure 
was repeated. The date and time of collection were recorded for 
decay correction purposes. Samples were immediately placed in 
ice-filled insulated coolers and transported to the laboratory, where 
they were stored at 4 °C until analysis 
 
Measurement of Tritium Concentrations  
Tritium concentrations in the samples were measured at the 
International Atomic Energy Agency Isotope Hydrology 
Laboratory by the 3He ingrowth method following the method 
detailed in Mabry et al. (2022). 
 
Briefly, the analysis began by thoroughly degassing a water sample 
under vacuum to eliminate all pre-existing helium isotopes. After 
the degassing was complete and the time was recorded as t0, the 
sample was stored in a leak-tight stainless-steel container for 
approximately one to three months. During this storage window, 
tritiogenic 3He accumulated as a direct product of radioactive 
tritium decay. Following the accumulation phase, the sample was 
agitated with a magnetic stirrer, and the accumulated gas was 
transferred via a water vapor stream through a series of cryogenic 
and charcoal traps designed to separate and fully purify the helium 
fraction. Subsequently, the pure helium was released into a highly 
sensitive mass spectrometer under static vacuum. The mass 
spectrometer's sensitivity was calibrated using a pure 3He spike 
running standard, allowing the final tritium concentration at the 
time of sampling to be mathematically calculated from the 
measured volume of tritiogenic 3He. 
 
Optimization of Liquid Scintillation Counting Parameters 
Prior to analysis, the PerkinElmer Tri-Carb 3180 TR/SL liquid 
scintillation counter was optimized for the measurement of alpha 
and beta activities. The calibration of the detector was carried out 
using 241Am (t1/2: 432 y; α % probability: 99.9%; Emax: 5.5 MeV) 
and 36Cl (t1/2: 3 x 105 y; β % probability: 99%; Emax: 710 keV) 
standards from the National Institute of Standards and Technology 
(NIST), USA. Solutions for each radionuclide were prepared from 
the certified reference standards. A 1-mL aliquot from the prepared 
solutions was mixed with 19 mL of Revvity (formerly 
PerkinElmer) Ultima Gold AB (P/N: 6013309) in a 20-mL low-
potassium glass vial to achieve a target count rate of approximately 
5,000 counts per minute (cpm). The standards were prepared using 
the same type of scintillant, sample-scintillant ratio, volume, and 
vials as the samples to be counted. 
 
The instrument discriminator, which differentiates alpha and beta 
events based on the decay characteristics of their scintillation 
pulses, was optimized using the Pulse Shape Analysis (PSA) 
feature of the liquid scintillation counter. The optimum PSA setting 
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was established by measuring the prepared alpha and beta 
standards to achieve maximum alpha/beta discrimination while 
minimizing event misclassification. The optimized discriminator 
setting was determined to be at 128 (Figure 2). The instrument was 
configured to acquire data over the full counting window. 
 

 
Figure 2: The determined optimized discriminator setting of the 
PerkinElmer Tricarb 3180 TR/SL. 

Gross Alpha and Beta Activity Concentration Analysis 
Gross alpha and beta activity analyses were conducted within 5 
days of sample collection, following the in-house analytical 
method developed and optimized by the Nuclear Analytical 
Techniques Application Section of the Philippine Nuclear 
Research Institute. The full method is detailed in Sucgang et al. 
(2012) and Sucgang et al. (2023). 
 
Briefly, a 100-mL aliquot of the groundwater sample was pipetted 
into a labeled beaker and evaporated to dryness on a hot plate set 
to 80°C. After drying, 1 mL of 0.1 M HCl was added to the beaker 
to dissolve the residues, and the mixture was pipetted into a 20-mL 
low-potassium glass vial. 19 mL of Revvity (formerly 
PerkinElmer) Ultima Gold AB scintillant was added, and the 
mixture was shaken. A procedural blank was prepared using “dead 
water” (i.e., deionized water that had been stored for at least one 
month) and processed following the same preparation and counting 
procedures as the samples. This blank was used to determine 
background contributions and to verify the absence of 
contamination during sample preparation and analysis. The 
prepared samples and blank were allowed to equilibrate for at least 
72 h prior to analysis. 
 
The prepared scintillation samples and three quality control 
standards of known gross alpha and beta activities (i.e., IAEA-
TERC-2022-01/02) were analyzed for gross alpha (α) and gross 
beta (β) activities using a PerkinElmer Tri-Carb 3180 TR/SL liquid 
scintillation counter. Prepared 241Am and 36Cl standards were 
analyzed with each batch to determine alpha and beta counting 
efficiencies, respectively. Samples were counted for 6 h in a single 
counting cycle to maximize counting statistics and minimize 
detection limits. All analyses were performed in duplicate to 
evaluate analytical precision. 
 
The alpha and beta specific activities were calculated using the 
equation: 
 

𝐴("/$) =
&'(!"#)	&'($#%

+	,	-&'	!)*+.	,	/!"#
                                          (1) 

where: 
• A(α/β) = gross alpha or beta activity in Bq/L 
• cpmspl = instrument count of sample in counts per 

minute 
• cpmblk = instrument count of blank in counts per minute 
• 𝜀	(𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦) = &'(!,-	)	&'($#%

0'()!,-
 

where: 
Ø AA 𝑑𝑝𝑚120  = activity of 241Am or 36Cl 

standard in disintegrations per minute 
• Vspl = volume of sample in L 

 
The Lower Limit of Detection (LLD) for alpha and beta 
measurements was calculated by the equation: 
 

𝐿𝐿𝐷 =	 3.56∗8&'($#%

-&'	!)*+.∗	+∗	/!"#
          (2) 

where: 
• 4.65 = correction factor accounting for 5% probability of 

making a Type I and Type II error (Currie 1968) 
 
The combined standard uncertainty associated with the calculated 
activity was determined using the equation: 
 

𝑈𝑛𝑐"/$ =	4(
9:&	:;2	&'(
:;2	&'(

)< + (9:&	=>>
=>>

)< +	(9:&	?@A
?@A

)<       (3) 

where: 

• Unc	net	cpm	=	4(𝑢𝑛𝑐	𝑐𝑝𝑚	BAC)< + (𝑢𝑛𝑐	𝑐𝑝𝑚	1'A)<	

(4) 
where: 

Ø 𝑈𝑛𝑐	𝑐𝑝𝑚./0/23/ 	= 	𝑐𝑝𝑚	𝑥	𝑐𝑜𝑢𝑛𝑡𝑖𝑛𝑔	𝑒𝑟𝑟𝑜𝑟	𝑓𝑎𝑐𝑡𝑜𝑟	
	

• Unc	Eff	=	4(9:&	&'(!,-
&'(!,-

)< + (9:&	0'(!,-
0'(!,-

)<	 					(5)	

where: 
Ø 𝑈𝑛𝑐	𝑑𝑝𝑚!"# 	= 	 𝑑𝑝𝑚!"#	𝑥	L(

$%&	()*
()*

)+ + ($%&	,-*./*0.1
,-*.	*0.1

)+						(6)	

	
• Unc	vol	=	!"#$%&%$	()*#+,-$#	)&	.)*/0#(+%$	1*,!!2,+#!

√4
																									(7)	

222Rn Activity Concentration Analysis 
The 222Rn activity analysis was performed within 24 h of sampling, 
using an in-house method developed and optimized by the Nuclear 
Analytical Techniques Application Section. The method is based 
on the 7500-Rn B. Liquid Scintillation Method of the Standard 
Methods for the Examination of Water and Wastewater (APHA 
2023). 
 
Briefly, a 10-mL aliquot of the groundwater sample was carefully 
pipetted into a 20 mL plastic vial, and 10 mL of scintillant was 
added; the mixture was then shaken vigorously and allowed to 
equilibrate for 3 hours. A blank sample was prepared by the same 
method using sonicated ultrapure water to ensure the absence of 
radon. A calibration standard was prepared by diluting a 226Ra 
standard solution in water and allowing it to age for at least 25 days 
to establish secular equilibrium with the generated 222Rn. The 
resulting standard was prepared to produce a target count rate of 
approximately 5,000 cpm during liquid scintillation counting. 
Additionally, a quality standard of known 222Rn activity 
concentration was included in each run. 
 
The prepared samples, standard, and blank were counted using a 
PerkinElmer Tri-Carb 3180 TR/SL liquid scintillation counter for 
a total of 1 hour, divided into two cycles. 222Rn activity and 
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uncertainties were calculated using Eqs. 1–7. However, the activity 
must be corrected due to the short half-life of 222Rn. The activity 
was corrected to the time and date of sampling using the formula:  
 
𝑁2N = 𝑁2<𝑒O2          (8) 
where: 

• 𝑁2N	=	activity concentration at the time of sampling	(t1)	
• 𝑁2<	=	activity concentration at the time of	counting	(t2)	
• 𝜆 = PQ(<)

R4/5
,	where	𝑇N/<	=	3.82	days	

• 𝑡	=	elapsed time from	t1	to	t2	
	
Estimation of annual effective doses (AED) for gross alpha and 
beta, and 222Rn by ingestion and inhalation 
To calculate the annual effective dose by ingestion (AEDing) from 
the gross alpha and beta, and 222Rn activity concentrations in water, 
the activities (Bq/L) were converted into radiation dose (Sv/y) 
using the equation: 
 
𝐴𝐸𝐷("/$/S:),U:V	(𝑆𝑣/𝑦) = 𝐶	𝑥	𝐼𝑅	𝑥	𝐷𝐶𝐹       (9) 
where:  

• 𝐶 = Activity concentration (Bq/L) 
• 𝐼𝑅 = Annual ingestion rate of water (L/year) 
• 𝐷𝐶𝐹 = Dose conversion factor (Sv/Bq) 

 
The World Health Organization (WHO, 2022) estimates the 
average annual water intake of adults at 2 L/day (approximately 
730 L/year). The United Nations Scientific Committee on the 
Effects of Atomic Radiation (UNSCEAR 2008) report provides 
age-specific annual water intake rates of 150 L/year for infants and 
350 L/year for children. 
 
For conservative purposes, gross alpha was assumed to be 
represented by 226Ra and gross beta by 210Pb. Dose conversion 
factors (DCFs) for ²²⁶Ra were used to calculate the annual effective 
dose due to ingestion (AEDing) from gross alpha activity, while the 
DCFs for 210Pb were applied for the calculation of AEDing from 
gross beta activity. The AEDing from ²²²Rn was calculated 
separately using the corresponding DCFs for ²²²Rn. Table 1 
summarizes the age-specific annual water consumption rates and 
the radionuclide-specific DCFs applied for each age group. 
 

Table 1: Age-specific annual water consumption rates and dose coefficients of different radionuclides. 
Age Groups Annual Ingestion 

rate of water 
(L/y)1 

Dose Conversion Factor (Sv/Bq) 

226Ra2 210Pb2 222Rn3 

Adult (≥ 17 y) 730 2.8 x 10-7 6.9 x 10-7 1 x 10-8 

Children (10 y) 350 8.0 x 10-7 1.9 x 10-6 2 x 10-8 

Infant (< 1 y) 150 4.7 x 10-6 8.4 x 10-6 7 x 10-8 

1WHO 2022; UNSCEAR 2008 
2ICRP 2012 
3Cadungog et al. 2025; Ezzulddin and Mansour 2017

The annual effective dose due to inhalation (AEDinh) of 222Rn that 
escaped from the drinking water into indoor air was estimated 
using the equation (UNSCEAR 2000; Elzain et al. 2024): 
 
𝐴𝐸𝐷S:,U:W(𝑆𝑣/𝑦) = 𝐶S:X		𝑥	𝑂	𝑥	𝐸>	𝑥	𝑅	𝑥	𝐷        (10) 
where:  

• 𝐶S:X = Activity of 222Rn in water in Bq/m3 
• 𝑂  = Average indoor occupancy time per individual 

(7000 h/y; UNSCEAR, 2000) 
• 𝐸> = Equilibrium factor equal to 0.4 (UNSCEAR, 2000) 
• 𝑅  = Ratio of radon in air to water equal to 10-4 

(UNSCEAR, 2000) 
• 𝐷  = Dose conversion factor equal to 9 x 10-9 

Sv/h/(Bq/m3) (UNSCEAR, 2000) 
 
In addition to the radiation dose received through ingestion and 
inhalation of radon, an additional internal dose may result from the 
transfer of dissolved radon into the bloodstream following 
inhalation. The annual effective dose attributable to this component 
was estimated using the following equation (UNSCEAR 2000; 
Pyuskyulyan et al. 2024): 
 
𝐴𝐸𝐷S:,0U(𝑆𝑣/𝑦) = 𝐶S:X		𝑥	𝑂	𝑥	𝑅	𝑥	𝐷𝐶𝐹0U      (11) 
where: 

• 𝐴𝐸𝐷S:,0U = Annual effective dose due to radon dissolved 
in blood via inhalation 

• 𝐶S:X = Activity of 222Rn in water in Bq/m3 
• 𝑂 = Average indoor occupancy time per individual (7000 

h/y; UNSCEAR, 2000) 
• 𝑅  = Ratio of radon in air to water equal to 10-4 

(UNSCEAR, 2000) 
• 𝐷𝐶𝐹0U = 0.17 x 10-9 Sv/h/(Bq/m3) (UNSCEAR, 2000) 

 

The total annual effective dose (AED) was calculated as the sum 
of: (1) the annual effective dose due to ingestion of drinking water 
containing gross alpha and gross beta emitters and dissolved ²²²Rn, 
(2) the annual effective dose due to inhalation of ²²²Rn released into 
indoor air from water use, and (3) the annual effective dose due to 
radon dissolved in blood via inhalation. 
 
AED()( = 𝐴𝐸𝐷5,%-1 + 𝐴𝐸𝐷7,%-1 + 𝐴𝐸𝐷8-,%-1 + 𝐴𝐸𝐷8-,%-9 + 𝐴𝐸𝐷8-,:% a																								
xx		

(12) 
where: 

• 𝐴𝐸𝐷",U:V	= dose from ingestion of gross alpha emitters 
• 𝐴𝐸𝐷$,U:V	= dose from ingestion of gross beta emitters 
• 𝐴𝐸𝐷S:,U:V	= dose from ingestion of dissolved 222Rn 
• 𝐴𝐸𝐷S:,U:W	= dose from inhalation of 222Rn released from 

water 
• 𝐴𝐸𝐷S:,0U  = dose due to radon dissolved in blood via 

inhalation 
 
Lifetime excess cancer risk 
The excess lifetime cancer risk (ELCR) was used to assess the 
potential carcinogenic risk to the local population arising from 
exposure to radioactivity in water. It estimates the incremental 
probability of developing cancer over a lifetime as a consequence 
of chronic exposure to radionuclides through water consumption. 
According to the WHO (2026) data from 2000 to 2021, the average 
life expectancy of Filipinos is 73.6 for females and 65.7 for males. 
The ELCR is calculated using the formula (Shouop et al. 2026): 
 
𝐸𝐿𝐶𝑅 =	𝐴𝐸𝐷2@2	𝑥	𝐷Y	𝑥	𝑅𝐹       (13) 
where: 

• 𝐷Y = average life expectancy in years 
• 𝑅𝐹 = stochastic risk factor (5.5 x 10-2/Sv; UNSCEAR 

2000; WHO 2011) 
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RESULTS AND DISCUSSION  
 
Gross Alpha, Gross Beta Activity, and 222Rn Activity 
Concentrations 
Gross alpha activity was detected above the lower limit of detection 
(LLD = 0.04 Bq/L) in 63% (15 of 24) of the groundwater samples 
(Table 2). Concentrations ranged from <0.04 to 0.18 Bq/L, with a 
mean of 0.078 ± 0.059 Bq/L and a median of 0.055 Bq/L. To 
prevent statistical bias and artificial truncation of variance, non-
detect values (<LLD) were imputed using the LLD/√2 substitution 
method rather than zero-substitution (Hornung and Reed 1990). 
This approach is optimized for naturally skewed, log-normal 
biological or environmental concentrations, as it provides a robust 
mathematical approximation of the geometric mean and geometric 
standard deviation of the censored data segment (Hornung and 
Reed 1990; Lubin et al. 2004). Notably, all samples remained well 
below the 0.5 Bq/L screening level mandated by the Philippine 
National Standards for Drinking Water (PNSDW 2017). 
 
In contrast, gross beta activity exceeded its LLD (0.2 Bq/L) in 14 
samples, ranging from <0.2 to 1.8 Bq/L (mean: 0.51 ± 0.50 Bq/L; 

median: 0.25 Bq/L). Three samples exceeded the 1.0 Bq/L 
screening level: two from the southern sector of Metro Manila (1.8 
Bq/L) and one from Makati City (1.1 Bq/L). Relatively high gross 
beta activity concentrations were measured in water samples 
collected along the Guadalupe Formation, which extends south 
towards Tagaytay City in Cavite Province, compared to samples 
from Marikina Valley and Coastal Lowland (Figure 3). The 
Guadalupe Formation is composed largely of ancient volcanic ash, 
tuff, and magmatic debris, which are naturally rich in radioactive 
elements such as 40K and trace products of uranium and thorium. 
As groundwater interacts with and weathers these volcanic 
minerals, beta-emitting isotopes are leached into solution. In 
contrast, the sediments in the Marikina Valley and Coastal 
Lowland have either already been thoroughly leached of these 
highly soluble radioactive elements over millennia of river 
transport, or they lack the inherent volcanic mineral composition 
required to elevate beta activity. Measured gross alpha and beta 
activity concentrations in Metro Manila are higher than in Serbia 
and Albania but lower than in most countries (Table 3). 
 

Table 2: Gross alpha, gross beta, and 222Rn activity concentrations of the groundwater samples with corresponding uncertainties. 

Sample 
Code Location pH EC 3H Gross Alpha 

(Bq/L) 
Gross Beta (Bq/L) 222Rn (Bq/L) 

μS/cm TU Aα Unc.** Aβ Unc.** A222Rn Unc.** 
PHI/MM/01 Parañaque City 8.5 664 0.02 0.18 0.04 0.70 0.1 38 4 
PHI/MM/02 Las Piñas City 8.1 790 0.19 0.18 0.04 0.50 0.1 19 3 
PHI/MM/03 Quezon City 8.3 426 0.02 <0.04  0.20 0.1 23 3 
PHI/MM/04 Quezon City 8.4 415 0.02 0.18 0.04 <0.20  86 6 
PHI/MM/05 Marikina City 8.4 523 0.13 0.04 0.03 0.50 0.2 24 3 
PHI/MM/06 Marikina City 7.9 400 0.45 0.06 0.03 <0.20  15 3 
PHI/MM/07 Antipolo City, 

Rizal 
7.5 289 0.56 0.08 0.03 <0.20  6 2 

PHI/MM/08 Antipolo City, 
Rizal 

7.9 230 0.53 0.11 0.03 <0.20  2 2 

PHI/MM/09 Pasay City 8.3 3,940 0.13 0.06 0.03 0.60 0.2 34 4 
PHI/MM/10 Caloocan City 8.3 476 0.02 0.05 0.03 <0.20  8 2 
PHI/MM/11 Valenzuela 

City 
8 339 0.39 0.04 0.03 <0.20  14 3 

PHI/MM/12 Las Piñas City 8.3 557 0.02 0.09 0.03 <0.20  107 6 
PHI/MM/13 Imus, Cavite 8.3 506 0.02 0.12 0.03 <0.20  115 7 
PHI/MM/14 San Jose Del 

Monte, 
Bulacan 

8.3 513 0.18 0.18 0.05 0.20 0.1 8 2 

PHI/MM/15 San Jose Del 
Monte, 
Bulacan 

8.1 535 0.15 <0.05  0.70 0.1 11 2 

PHI/MM/16 Bacoor, Cavite 8.1 545 0.02 <0.05  1.80 0.1 21 3 
PHI/MM/17 Cavite City, 

Cavite 
8.2 717 0.02 0.18 0.05 1.80 0.1 98 6 

PHI/MM/18 Rodriguez, 
Rizal 

7.6 583 0.13 0.04  1.00 0.2 17 3 

PHI/MM/19 Pasig City 7.8 445 0.14 <0.04  0.80 0.2 33 4 
PHI/MM/20 Quezon City 7.8 413 0.25 <0.04  0.60 0.2 37 4 
PHI/MM/21 Makati City 7.8 552 0.11 <0.04  1.10 0.2 91 6 
PHI/MM/22 Mandaluyong 

City 
7.9 444 0.02 0.06 0.04 0.30 0.1 93 6 

PHI/MM/23 Malabon City 7.9 443 0.02 <0.04  <0.20  140 11 
PHI/MM/24 Navotas City 7.7 450 0.02 <0.04  <0.20  58 11 
Mean ± SD*     0.078 

± 
0.059 

 0.509 
± 

0.497 

 47.0 ± 
43.6 

 

Median*     0.055  0.25  35.5  
Range     <0.04 – 0.18 <0.2 – 1.8 2 - 140 

*Values for “<LLD” are treated as LLD/√2 
** Unc. = uncertainty calculated by error propagation
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Figure 3: Spatial distribution of measured gross alpha and gross beta activity concentrations in groundwater samples. Each bar is labeled with the 
corresponding gross alpha and gross beta activity concentrations, separated by a comma.

Table 3: Comparison of the gross alpha and beta activity concentrations determined in groundwater samples with those reported in other countries. 

Region/Country Aα (Bq/L) Aβ (Bq/L) References Mean Range Mean Range 
Albania – 0.01 – 0.126 – 0.09 – 0.884 Cfarku et al. 2014 
Balaton, Hungary 0.189 0.035 – 1.749 0.209 0.033 – 2.105 Jobbágy et al. 2011 
Brazil – <0.001 – 0.428 – 0.08 – 5.22 Bonotto 2019 
China 0.029 0.000498 – 0.49 0.075 0.005 – 1.26 Sang et al. 2021 
Enugu State, Nigeria 0.2174 0.015 – 0.546 32.105 2.153 – 122.663 Avwiri et al. 2016 
Galati, Romania 0.022 <0.06 – 0.852 0.076 <0.025 – 0.435 Pintilie et al. 2016 
Italy – <0.008 – 0.186 – <0.048 – 0.150 Forte et al. 2007 
Metro Manila, 
Philippines 

0.078 <0.04 – 0.18 0.51 <0.2 – 1.8 This study 

Nevsehir, Türkiye 0.192 0.08 – 0.380 0.579 0.120 – 3.47 Turhan et al. 2013 
Northern Saudi Arabia 3.51 0.96 – 8.97 3.48 1.26 – 6.63 Almasoud et al. 

2020 
Serbia – 0.001 – 0.013 – 0.041 – 0.173 Jankovic 

 et al. 2012 
Southern Vietnam 0.183 0.024 – 0.748 0.15 0.027 – 0.632 Ho et al. 2020 

Dissolved ²²²Rn activity concentrations ranged from 2 to 140 Bq/L, 
with mean and median values of 45.75 ± 41.3 Bq/L and 28.5 Bq/L, 
respectively (Table 2; Figure 4). Nineteen samples exceeded the 
Philippine screening level of 11 Bq/L, eight exceeded the 
UNSCEAR (2000) reference level of 40 Bq/L, and three exceeded 
the WHO (2022) reference value of 100 Bq/L. While relatively 
high 222Rn activity concentrations can be observed from samples 
along the Guadalupe Formation, high 222Rn activity concentrations 
were also observed in samples along the Coastal Lowland, 
signifying that other factors, beyond local geology, contribute to 
elevated radon concentrations. As the Coastal Lowland is a 
regional discharge zone, groundwater from higher regions flows 
downhill and accumulates in this basin. This slow-moving, deeply 
circulating groundwater has had a very long time to absorb radon 
along its journey before pooling in the coastal area. Additionally, 
coastal areas often have thick, impermeable layers of marine clay 

overlying the water. The low-permeability clay layer functions as 
an effective confining unit that restricts the upward migration of 
radon gas. As a result, radon is retained within the saturated zone, 
promoting its dissolution into groundwater rather than allowing its 
diffusion and escape to the atmosphere. 
 
Compared with other volcanic aquifer systems worldwide, the 
observed ²²²Rn concentrations in Metro Manila were elevated but 
remain within reported international ranges (Table 4). For example, 
groundwater from the Batangas volcanic area in the Philippines has 
222Rn activity concentrations of 4–51 Bq/L (Cadungog et al. 2025), 
while groundwater from volcanic regions in Italy ranges 1.00–
37.23 Bq/L (Iannone et al. 2024). These comparisons indicate that 
Metro Manila groundwater exhibits moderate-to-high radon 
enrichment consistent with fractured volcanic lithologies and 
prolonged water–rock interaction. 
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Pearson correlation analysis was performed to determine the 
relationship between gross alpha, gross beta, 222Rn activity 
concentrations, bicarbonate concentrations, electrical conductivity, 
pH, and tritium concentration (Table 5). Using the conventional 
significance threshold of p < 0.05, only four correlations were 
statistically significant in the dataset: gross alpha vs. pH, gross beta 
vs. bicarbonate, gross beta vs. electrical conductivity, and 222Rn 
vs tritium. The remaining correlations were not statistically 
significant, even though some have moderate correlation 
coefficients. 
 
Gross alpha and gross beta activity concentrations vary 
independently, indicating that the radionuclides contributing to 
each are likely different and controlled by distinct 
hydrogeochemical processes. No statistically significant linear 
correlation was observed between gross alpha activity and 222Rn 
concentrations, indicating that the factors controlling 222Rn 
occurrence were largely independent of those governing the 
distribution of dissolved alpha-emitting radionuclides in 
groundwater. The same was observed between gross beta and 
222Rn. 
 
Gross alpha activity showed a moderate positive correlation with 
pH (r = 0.493; p = 0.014). This correlation suggests tha the mobility 
of alpha-emitting radionuclides is influenced by pH-dependent 
processes, possibly by adsorption/desorption reactions and changes 
in aqueous speciation. A plausible mechanism is that as 
groundwater pH increases, bicarbonate (HCO₃⁻) and carbonate 
(CO₃²⁻) concentrations generally increase, promoting the formation 
of highly stable and soluble uranyl carbonate complexes that 
enhance uranium mobility. Concurrently, the increasing alkalinity 
alters the surface charge of clay minerals and iron (oxyhydr)oxides, 
reducing the adsorption affinity of uranium and other alpha-
emitting radionuclides. Consequently, previously sorbed 
radionuclides are desorbed from mineral surfaces and released into 
the aqueous phase, resulting in elevated alpha activity in 
groundwater. 
 
Gross beta activity showed significant positive correlations with 
bicarbonate (r = 0.514; p = 0.010) and EC (r = 0.547; p = 0.006), 
both indicators of groundwater evolution and water-rock 
interaction. This suggests that beta-emitting radionuclides became 
more abundant as groundwater acquired dissolved ions through 
mineral weathering and prolonged contact with aquifer materials. 
This is consistent with the geochemical behavior of 210Pb or 228Ra 
(Jobbágy et al. 2010; Avwiri et al. 2016; Szabo et al. 2012; 
Matthews et al. 2018; Faraj et al. 2020). 
 
The absence of significant correlations between 222Rn activity and 
pH, bicarbonate, electrical conductivity, gross alpha, and gross beta 
activities indicate that dissolved radon is not primarily controlled 
by aqueous geochemical processes. As a chemically inert noble 
gas, 222Rn does not undergo adsorption, complexation, or redox 
reactions in groundwater. Instead, its occurrence is governed by 
physical processes, including alpha recoil from the decay of 226Ra, 
diffusion through pore spaces, emanation from mineral grains into 
groundwater, and accumulation during groundwater residence. The 
significant inverse relationship between 222Rn and tritium (r = –
0.559, p = 0.004) further supports this interpretation, indicating that 
older groundwater generally contains higher radon concentrations 
due to prolonged contact with radium-bearing aquifer materials 
(Assefa 2025). 
 

 
Figure 4: Spatial distribution of measured 222Rn activity concentrations 
in groundwater samples. 

Table 4: Comparison of the 222Rn activity concentrations determined in 
groundwater samples with those reported in other countries. 

Location 
222Rn activity 

concentration (Bq/L) References 
Mean Range 

Yerevan, 
Armenia 

3.78 <LLD – 
11.4 

Pyuskyulyan et 
al. 2024 

Dongpo, Hunan, 
China 

10.47 1.29 – 
31.31 

Tan et al. 2019 

Shimoga district, 
Karnataka, India 

31.42 6.44 – 
87.02 

Shilpa et al. 
2017 

Dadri, India 33 17 – 68 Kumar et al. 
2022 

Campania region, 
Italy 

9.71 1.00 – 
37.23 

Iannone et al. 
2024 

Calabria region, 
Italy 

– 7.4 – 164 Caridi et al. 
2023 

Baling, Malaysia 5.7 1.9 – 
11.9 

Ahmad et al. 
2018 

Batangas, 
Philippines 

16.84 4 – 51 Cadungog et 
al. 2025 

Metro Manila, 
Philippines 

47 2 – 140 This study 

Makkah, Saudi 
Arabia 

2.851 0.426 – 
18.628 

Hassan and 
Almatani 2022 

Extremadura 
Region, Spain 

98 0.15 – 
1,200 

Galán Lopez et 
al. 2004 

Gezira State, 
Sudan 

7.68 1.55 – 
18.38 

Elzain et al. 
2024 

Edu, Kwara, 
North-central 
Nigeria 

24.16 21.59 – 
27.93 

Ajibola et al. 
2021 

Morocco 52.99 0.36 – 
577.1 

Tairi et al. 
2024 
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Table 5: Pearson correlation analysis  
Gross Alpha (Bq/L) Gross Beta (Bq/L) Rn-222 (Bq/L) 

Gross Alpha (Bq/L) 1 
  

Gross Beta (Bq/L) -0.003 (p=0.99) 1 
 

Rn-222 (Bq/L) 0.104 (p=0.63) 0.020 (p=0.93) 1 
Bicarbonate 0.281 (p=0.18) 0.514 (p=0.010) 0.124 (p=0.57) 
Conductivity 0.400 (p=0.052) 0.547 (p=0.006) 0.197 (p=0.36) 

pH 0.493 (p=0.014) -0.033 (p=0.88) 0.106 (p=0.623) 
Tritium -0.046 (p=0.83) -0.275 (p=0.19) -0.559 (p=0.004) 

Evaluation of the annual effective dose from groundwater 
ingestion 
The specific radionuclides contributing to gross alpha and gross 
beta activities were not directly identified in this study. For 
conservative estimation, gross alpha activity was assumed to be 
represented by 226Ra, as previous studies have shown that it 
contributes substantially to the ingestion dose (Damla et al. 2006). 
Gross beta was assumed to be represented by 210Pb, which 
possesses relatively higher age-dependent ingestion dose 
coefficients than 40K (Pintilie et al. 2018). It was further assumed 
that groundwater was consumed directly at the source without 

storage or treatment. This assumption represents a conservative 
exposure scenario. 
 
The annual effective dose from ingestion (AEDing) of ²²⁶Ra, ²¹⁰Pb, 
and ²²²Rn was evaluated for infants, children, and adults (Figure 5; 
Table 6). Mean ²²⁶Ra ingestion doses were relatively low across all 
age groups (0.055, 0.022, and 0.016 mSv y⁻¹ for infants, children, 
and adults, respectively), and no sample exceeded the WHO 
individual dose criterion (IDC) or screening level of 0.1 mSv y⁻¹. 
 

Table 6: The annual effective doses due to the ingestion of radionuclides in groundwater 

Radionuclides 
Infant (mSv/y) Child (mSv/y) Adult (mSv/y) 

Mean Range Mean Range Mean Range 
Ra-226 0.055 ± 0.042 0.020 – 0.127 0.022 ± 0.017 0.008 – 0.050 0.016 ± 0.012 0.006 – 0.037 
Rn-222 0.480 ± 0.434 0.021 – 1.470 0.320 ± 0.289 0.014 – 0.980 0.334 ± 0.302 0.015 – 1.022 
Pb-210 0.641 ± 0.626 0.178 – 2.268 0.338 ± 0.331 0.094 – 1.197 0.256 ± 0.250 0.071 – 0.907 
Total 1.177 ± 0.773 0.277 – 3.424 0.681 ± 0.445 0.139 – 1.933 0.606 ± 0.397 0.108 – 1.659 

 
Figure 5: Annual effective doses due to ingestion (AEDing) of (a)Radium-
226, (b) Lead-210, and (c) Radon-222 in groundwater samples. The red 
line represents the WHO individual dose criterion or screening level of 
0.1 mSv/y. 

In contrast, ²¹⁰Pb contributed substantially to the ingestion dose. 
Mean ²¹⁰Pb doses reached 0.641 mSv/y in infants, 0.338 mSv/y in 
children, and 0.256 mSv/y in adults, all exceeding the IDC. 222Rn 
was also a dominant contributor to ingestion dose, with mean doses 

of 0.480, 0.320, and 0.334 mSv/y for infants, children, and adults, 
respectively.  
 
Total AEDing values ranged from 0.277–3.424 mSv/y (mean: 1.177 
mSv y⁻¹) for infants, 0.139–1.933 mSv/y (mean: 0.681 mSv/y) for 
children, and 0.108–1.659 mSv/y (mean: 0.606 mSv y⁻¹) for adults.  
The calculated total AEDing exceeded the IDC in all samples, with 
several samples also exceeding 1 mSv y⁻¹, the recommended 
annual effective dose limit for members of the general public. 
These estimates are indicative and should be interpreted as 
conservative screening-level assessments rather than definitive 
measures of radiological risk. 
 
Infants consistently received higher ingestion doses than children 
and adults because of their greater water intake relative to body 
mass and their higher age-dependent ingestion dose coefficients 
(Bem et al. 2014). Enhanced skeletal uptake of ²²⁶Ra during periods 
of active bone growth further increases internal radiation burden 
among younger age groups (Muth and Glöbel 1983; Kawamura et 
al. 1991; Bronzovic and Marovic 2005). 
 
Overall, alpha- and beta-emitting radionuclides each contributed 
approximately 50% of the total annual effective dose from 
ingestion. Despite their comparable contributions to the total dose, 
alpha-emitting radionuclides are radiologically more significant 
because alpha particles have a radiation weighting factor of 20, 
compared with 1 for beta particles, reflecting their much greater 
ionization density and biological effectiveness following internal 
exposure (ICRP 2007). These findings underscore the importance 
of considering not only radionuclide activity concentrations but 
also radiation weighting factors when evaluating the potential 
health risks associated with groundwater consumption. 
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Evaluation of the annual effective dose from inhalation of 222Rn 
released into indoor air 
In addition to ingestion, the inhalation pathway associated with 
²²²Rn degassing during domestic water use was evaluated (Table 

7). In all age groups, ingestion remained the dominant exposure 
pathway, while inhalation and radon dissolved in blood contributed 
comparatively smaller fractions than ingestion (Figure 6). 
 

Table 7: Total annual effective dose (mSv/y) from radon in drinking water. 

Sample 
Code 

AEDing (mSv/y) 
AEDinh 
(mSv/y) 

AEDRn,di 
(mSv/y) 

AED to Stomach and Lungs 
(mSv/y) 

Total AED due to 222Rn 
(mSv/y) 

Infant Child Adult 
Stomach 

Lungs Infant Child Adult 
Infant Child Adult 

PHI/MM/01 0.399 0.266 0.277 0.096 0.005 0.048 0.032 0.033 0.011 0.499 0.366 0.378 
PHI/MM/02 0.200 0.133 0.139 0.048 0.002 0.024 0.016 0.017 0.006 0.250 0.183 0.189 
PHI/MM/03 0.242 0.161 0.168 0.058 0.003 0.029 0.019 0.02 0.007 0.302 0.222 0.229 
PHI/MM/04 0.903 0.602 0.628 0.217 0.010 0.108 0.072 0.075 0.026 1.130 0.829 0.855 
PHI/MM/05 0.252 0.168 0.175 0.060 0.003 0.030 0.02 0.021 0.007 0.315 0.231 0.239 
PHI/MM/06 0.158 0.105 0.110 0.038 0.002 0.019 0.013 0.013 0.005 0.197 0.145 0.149 
PHI/MM/07 0.063 0.042 0.044 0.015 0.001 0.008 0.005 0.005 0.002 0.079 0.058 0.060 
PHI/MM/08 0.021 0.014 0.015 0.005 0.000 0.003 0.002 0.002 0.001 0.026 0.019 0.020 

PHI/MM/09 0.357 0.238 0.248 0.086 0.004 0.043 0.029 0.03 0.010 0.447 0.328 0.338 
PHI/MM/10 0.084 0.056 0.058 0.020 0.001 0.010 0.007 0.007 0.002 0.105 0.077 0.080 
PHI/MM/11 0.147 0.098 0.102 0.035 0.002 0.018 0.012 0.012 0.004 0.184 0.135 0.139 
PHI/MM/12 1.124 0.749 0.781 0.270 0.013 0.135 0.09 0.094 0.032 1.406 1.031 1.063 
PHI/MM/13 1.208 0.805 0.840 0.290 0.014 0.145 0.097 0.101 0.035 1.511 1.108 1.143 
PHI/MM/14 0.084 0.056 0.058 0.020 0.001 0.010 0.007 0.007 0.002 0.105 0.077 0.080 
PHI/MM/15 0.116 0.077 0.080 0.028 0.001 0.014 0.009 0.010 0.003 0.145 0.106 0.109 
PHI/MM/16 0.221 0.147 0.153 0.053 0.002 0.026 0.018 0.018 0.006 0.276 0.202 0.209 
PHI/MM/17 1.029 0.686 0.715 0.247 0.012 0.123 0.082 0.086 0.030 1.288 0.945 0.974 
PHI/MM/18 0.179 0.119 0.124 0.043 0.002 0.021 0.014 0.015 0.005 0.223 0.164 0.169 
PHI/MM/19 0.347 0.231 0.241 0.083 0.004 0.042 0.028 0.029 0.010 0.434 0.318 0.328 
PHI/MM/20 0.389 0.259 0.27 0.093 0.004 0.047 0.031 0.032 0.011 0.486 0.357 0.368 

PHI/MM/21 0.956 0.637 0.664 0.229 0.011 0.115 0.076 0.080 0.028 1.196 0.877 0.904 
PHI/MM/22 0.977 0.651 0.679 0.234 0.011 0.117 0.078 0.081 0.028 1.222 0.896 0.924 
PHI/MM/23 1.470 0.980 1.022 0.353 0.017 0.176 0.118 0.123 0.042 1.839 1.349 1.391 
PHI/MM/24 0.609 0.406 0.423 0.146 0.007 0.073 0.049 0.051 0.018 0.762 0.559 0.576 
Mean 0.480 

± 
0.434 

0.320 
± 
0.289 

0.334 
± 
0.302 

0.115 ± 
0.104 

0.0054 ± 
0.0049 

0.058 
± 
0.052 

0.038 
± 
0.035 

0.040 
± 
0.036 

0.014 
± 
0.013 

0.601 
± 
0.543 

0.441 
± 
0.398 

0.455 
± 
0.411 

 
Figure 6: The contribution of doses to the total effective dose due to 
222Rn in infant, children, and adult age groups. 

 

The annual effective dose from inhalation of radon released into 
indoor air ranged from 5 to 353 μSv/y, with a mean value of 155 ± 
104 μSv/y. The dose associated with radon dissolved in blood was 
relatively minor, ranging from 0.2 to 16.7 μSv/y (mean: 5.4 ± 4.9 
μSv/y). 
 
Organ-specific doses indicate that ingestion primarily affected the 
stomach, while inhalation mainly affected the lungs (Shah et al. 
2024). Estimated stomach doses ranged from 0.003 to 0.176 mSv/y 
in infants, 0.002 to 0.118 mSv/y in children, and 0.002 to 0.123 
mSv/y in adults. Lung doses ranged from 0.001 to 0.042 mSv/y 
across all age groups. 
 
Lifetime excess cancer risk and implications for groundwater 
management 
Estimated total annual effective doses (AEDtot) from combined 
ingestion and inhalation pathways ranged from 0.282–3.683 mSv/y 
(mean: 1.298 ± 0.841) for infants, 0.144–2.192 mSv/y (mean: 
0.801 ± 0.524) for children, and 0.114–1.918 mSv/y (mean: 0.727 
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± 0.487) for adults. These calculated doses indicate that the mean 
AEDtot values for all age groups exceeded the World Health 
Organization (WHO) individual dose criterion of 0.1 mSv/y. The 
estimated mean AEDtot values for children and adults remained 
below the recommended annual dose limit of 1 mSv/y for members 
of the general public, whereas the estimated mean value for infants 
was slightly above this benchmark. Nevertheless, the estimated 
mean AEDtot for all age groups remained below the global average 
annual effective dose from natural background radiation of 2.4 
mSv/y. As these dose estimates are based on conservative 
assumptions regarding water consumption, equilibrium factors, 
and dose conversion coefficients, they should be regarded as 
indicative screening-level assessments rather than definitive 
measures of individual radiological risk. 
 
The excess lifetime cancer risk (ELCR) estimates the incremental 
probability of developing cancer following lifetime exposure to 
low-dose ionizing radiation. This metric was calculated for adult 
male and female residents of Metro Manila (Table 8). The 
estimated ELCR was slightly higher for females than for males, 
reflecting the longer average life expectancy assumed in the risk 
model. For female residents, estimated ELCR values ranged from 

4.60 × 10⁻⁴ to 7.76 × 10⁻³ (approximately 4–77 potential cases per 
10,000 individuals), with a mean of 2.94 × 10⁻³ (approximately 29 
potential cases per 10,000 individuals). For male residents, 
estimated ELCR values ranged from 4.10 × 10⁻⁴ to 6.93 × 10⁻³ 
(approximately 4–69 potential cases per 10,000 individuals), with 
a mean of 2.63 × 10⁻³ (approximately 26 potential cases per 10,000 
individuals). The mean estimated ELCRs for both populations were 
above the reported global average value of 1.45 × 10⁻³ but remained 
below the recommended reference level of 3.75 × 10⁻³ (Oni et al. 
2025). Although these estimates are subject to uncertainties 
associated with radionuclide attribution, water consumption 
patterns, and dose conversion factors, they suggest that chronic 
consumption of radionuclide-bearing groundwater could 
contribute to an increased probability of stochastic health effects, 
with relatively higher estimated risks for females because of their 
longer projected lifetime (Hançerlıoǧullari et al. 2019; Salman et 
al. 2025). Accordingly, the ELCR values should be interpreted as 
conservative, screening-level indicators of potential long-term 
radiological risk rather than definitive predictions of cancer 
incidence. 
 

Table 8: Excess lifetime cancer risk for male and female residents of Metro Manila due to ingestion of radionuclides in drinking water. 

Sample Code Location AEDtot (mSv/y) ELCR 
Male Female 

PHI/MM/01 Parañaque City 0.77 0.00277 0.00311 
PHI/MM/02 Las Piñas City 0.48 0.00173 0.00193 
PHI/MM/03 Quezon City 0.34 0.00121 0.00136 
PHI/MM/04 Quezon City 0.96 0.00348 0.00390 
PHI/MM/05 Marikina City 0.50 0.00180 0.00202 
PHI/MM/06 Marikina City 0.23 0.00084 0.00094 
PHI/MM/07 Antipolo City, Rizal 0.15 0.00053 0.00060 
PHI/MM/08 Antipolo City, Rizal 0.11 0.00041 0.00046 
PHI/MM/09 Pasay City 0.65 0.00236 0.00264 
PHI/MM/10 Caloocan City 0.16 0.00058 0.00065 
PHI/MM/11 Valenzuela City 0.22 0.00079 0.00089 
PHI/MM/12 Las Piñas City 1.15 0.00417 0.00467 
PHI/MM/13 Imus, Cavite 1.24 0.00448 0.00501 
PHI/MM/14 San Jose Del Monte, Bulacan 0.22 0.00078 0.00088 
PHI/MM/15 San Jose Del Monte, Bulacan 0.47 0.00170 0.00190 
PHI/MM/16 Bacoor, Cavite 1.12 0.00406 0.00454 
PHI/MM/17 Cavite City, Cavite 1.92 0.00693 0.00776 
PHI/MM/18 Rodriguez, Rizal 0.68 0.00245 0.00275 
PHI/MM/19 Pasig City 0.74 0.00266 0.00298 
PHI/MM/20 Quezon City 0.68 0.00244 0.00274 
PHI/MM/21 Makati City 1.46 0.00529 0.00593 
PHI/MM/22 Mandaluyong City 1.09 0.00393 0.00440 
PHI/MM/23 Malabon City 1.47 0.00531 0.00594 
PHI/MM/24 Navotas City 0.65 0.00236 0.00265 
Mean ± SD  0.727 ± 0.487 0.00263 ± 0.00176 0.00294 ± 0.00197 

The increasing reliance on groundwater abstraction in Metro 
Manila following drought-induced water shortages underscores the 
need to incorporate radiological parameters into routine 
groundwater monitoring programs. Public communication 
regarding groundwater radiation hazards is particularly important 
for households with infants and children. 
 
Mitigation measures such as aeration, storage prior to distribution, 
or blending with low-radon water sources could substantially 
reduce exposure, especially in wells with elevated ²²²Rn 
concentrations (National Research Council 1999). Future work 
should include radionuclide-specific analyses and 
hydrogeochemical modeling to better constrain the radionuclide 
sources and transport mechanisms within the aquifer system. 
 

CONCLUSION 
 
This investigation provides the first publicly available systematic 
radiological profile of Metro Manila’s groundwater resources, 
highlighting important links between hydrogeology, regulatory 
compliance, and public health. The results demonstrate that, while 
dissolved alpha-emitting radionuclides remain well within the 
national screening level, natural leaching of radionuclides from the 
volcanic deposits of the Guadalupe Formation contributes to 
elevated gross beta activity. Furthermore, prolonged groundwater–
rock interaction promotes the accumulation of 222Rn, resulting in 
concentrations exceeding the national screening level of 11 Bq/L 
in 19 of the 24 surveyed production wells. These findings highlight 
the dominant influence of local geology and groundwater residence 
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time on the occurrence of naturally occurring radionuclides in the 
Metro Manila aquifer system. 
 
The estimated total annual effective doses, particularly for infants 
and children, and the excess lifetime cancer risk estimates that 
exceeded global reference values in some cases indicate a potential 
for increased long-term stochastic health risks associated with 
prolonged consumption of untreated groundwater from these 
aquifers. However, these findings should be interpreted within the 
context of the conservative exposure assumptions adopted in this 
study and should not be construed as evidence of a direct or causal 
health effect. Rather, the estimated doses and cancer risks serve as 
screening-level indicators derived from standardized radiological 
risk-assessment models and are subject to uncertainties related to 
radionuclide attribution, exposure frequency and duration, age-
specific consumption patterns, and dose-conversion factors. 
Accordingly, they should be interpreted as indicative of potential 
radiological concerns that warrant continued monitoring and more 
site-specific investigations, rather than as definitive measures or 
predictions of individual health risk. Nevertheless, the findings 
highlight the value of practical public health interventions, 
including routine radiological monitoring of groundwater 
resources, optimization of community-level aeration and storage 
practices to facilitate radon removal, and, where feasible, blending 
of high-radon groundwater with low-radon sources to reduce 
public exposure. Collectively, these results provide an important 
baseline for water resource managers and policymakers to guide 
future monitoring programs, refine risk assessments, and support 
the sustainable management of groundwater resources in the face 
of the region's growing dependence on them. 
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