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Abstract

This study compiles a comprehensive dataset on the occurrence, distribution, and potential
impacts of Naturally Occurring Radionuclides (NORMSs) near offshore oil and gas platforms.
It encompasses data, including activities (Bq/1) and exposure levels (Msv), derived from
various environmental matrices. A particular emphasis is placed on petroleum products
and waste, such as produced water, scales, and sludges. The dataset contributes to a
better understanding of the distribution of NORM wastes in marine environments, informs
future radiological safety standards, contributes to the formulation of regulatory policies,
and facilitates the design of mitigation strategies. The information—literature and data
from five continents over the past 70 years—has been carefully compiled and organized to
support intuitive analysis, making it a valuable tool for policymakers and researchers.

Dataset: https://doi.org/10.5281/zenodo.10729910 (accessed on 10 May 2025).
Dataset License: Creative Commons Attribution 4.0 International (CC BY 4.0)
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1. Summary

Naturally occurring radionuclides (NORMSs) associated with the 2381y, 232Th, 235U, and
40K decay series (Figure 1) are ubiquitous in the natural environment. Derived from various
geological media, these long-lived radionuclides and their progenies (e.g., 2?°Ra, 22°Th,
210pb) undergo specific geological or geochemical processes, and their relative abundance
has been studied extensively to solve major scientific problems in the realms of geoscience
and marine science in past centuries [1]. In certain scenarios, both natural phenomena
and anthropogenic activities can amplify their concentrations and distribution, posing
radiological safety challenges.
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Figure 1. NORM wastes radioisotopes decay series.

Human activities—such as mining, fertilizer production, mineral processing, oil extrac-
tion, and power generation—can lead to “Technologically Enhanced NORMs” (TENORMs) [2]
characterized by elevated concentrations in products or by-products [3]. This distinction is
crucial because TENORMSs can pose significant regulatory concerns, unlike NORMs in their
native states [4]. While the term “TENORM” is widely used in existing literature, the Inter-
national Atomic Energy Agency now recommends the terms “NORM residue” or “NORM
waste” depending on the context in which the word is used [5,6]. “NORM waste” will be
used in this manuscript based on the assumption that the NORMs transferred to the marine
environment are those for which there is no further foreseen use and are intended for disposal,
and to conform with the IAEA standard [5] practice for nomenclature.

Scientific exploration over the past century has revealed the presence of NORM
waste in petroleum products [3,7,8]. Uranium, thorium, and radium, found abundantly
in rock reservoirs housing significant hydrocarbon quantities, are the primary NORM
contaminants. The concentrations vary among different reservoirs and can be partitioned
among petroleum wastes (e.g., produced water, scales, and sludges) [9] based on their
chemical nature and technological enhancements. Large volumes of produced water are
generated in the oil and gas industry, and current projections show that these volumes
are likely to increase in the future [10]. This water is often produced in high proportions
relative to hydrocarbon yield, with oil-to-water ratios ranging from 1:1 to 1:100 depending
on reservoir characteristics and extraction technologies. It thereby poses challenges for
wastewater management, and there is a resulting need to better understand produced
water generation, management, and disposal options, particularly in terms of its chemical
constituents [11].

In the marine environment, NORM wastes in produced waters can pose a direct
ecological threat due to elevated levels of radioactivity [12-16]. It has been suggested that
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the increase in radioactivity can affect marine life, particularly for filter feeders and bottom-
dwelling species, and cause potential long-term damage for the health and sustainability of
oceanic food chains [17,18]. Bioaccumulation of isotopes along the marine food chain can
also create potential public health concerns related to seafood consumption [18,19]. Thus,
new radioecological understanding of processes, such as the interaction of waterborne ra-
dionuclides with suspended particles and sediments or the biological uptake and turnover
of radionuclides [20-22], are needed to contribute to a better understanding of transfer of
radionuclides along the food chain.

In the United States, produced water constitutes approximately 90% of petroleum-
associated waste and is typically enriched with radium isotopes exhibiting gross radioac-
tivity ranging between 1-10 Bq/kg [23]. Scales found within pipes and tubes can also show
high radioactivity. Sludges may contain lower activities, but have been associated with
a myriad of other isotopes in addition to radium [24]. Substantial amounts of produced
water, mixed with scales and sludges, are discharged into marine environments during
oil and gas extraction and production activities. Elevated levels of ??°Ra, 2?Ra, and ?!°Pb
have been reported in produced water discharged from the Norwegian sea [12]. A similar
trend is observed in the Gulf of Mexico [25]. Yet, systematic studies assessing NORM waste
occurrences in the United States and global oceans are sporadic and lack organization. Past
compilation attempts often lack comprehensive regional and global coverage. Furthermore,
few studies have directly assessed oil- and gas-activity-related radionuclide discharges’
impacts on marine biota, although conceptual models suggest such impacts exist [16].

This data compilation fills a current gap by providing a comprehensive dataset on
the occurrence, distribution, and potential impacts of NORM wastes in various marine
environmental matrices near offshore oil and gas platforms [26]. The data will support
decision-making related to future radiological safety measures, regulatory policies, and
mitigation strategies. The completed data product offers an easy and user-friendly way
for policymakers and researchers to access the data. It includes research from the past
70 years covering five continents. Radio-ecological models, such as D-DAT [27], ERICA [28],
and MARIS [29], are available in the public domain for modelling biological transfer
of radioisotopes. These models can also calculate (with certain assumptions) activity
concentrations of radioisotopes in fish, crustaceans, mollusks, and macro-algae starting
from measured activity concentrations in seawater that are being reported in this dataset.

2. Data Description

The NORM waste dataset is publicly available at the following data repository link
https://doi.org/10.5281/zenodo.10729910 (accessed on 10 May 2025) and consists of HTML
and Excel files. The HTML file is gridded into a world map (Figure 2) and can easily be
zoomed into an area of specific interest, such as the Gulf of Mexico (Figure 3). Due to
size limitations, the interactive HTML map may not preview properly online; therefore,
users are advised to download the HTML file locally for full functionality. The type of
radioisotope, the date of collection, type of sample, and name of the literature cited can be
retrieved for every data point plotted. There are a total of 12 radioisotopes—??®Ra, 2!°Pb,
228Th, 40K 224Rq, 234U, 235U, 238U, 210Pg, 230Th, 232Th, and 2¥Bi—included in the dataset,
with 228Ra being the most robust subset of the data. The specific activity in Bq/L is shown
as an overlay on top of the data point when hovering over it. Specific isotope layers can be
toggled on and off for mapping. The Excel file contains more detailed information about
the data, including specific latitude and longitude information. It also includes country
information for where the samples were taken from.
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Figure 3. Map showing dissolved activity of 2?®Ra associated with offshore oil and gas activities in
the Gulf of Mexico.

The global distribution of available data is uneven. There is a dearth of data in the
Asian Pacific region due to the lack of literature and research in that region. The North
Sea dataset is inequitably robust because of extensive oil and gas exploration missions
and meticulous data-keeping habits by DSA. Some of the data in the North Sea region
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are new data that have never been previously published. In contrast to the North Sea,
the Gulf of Mexico does not have sufficient coverage in terms of information on NORM
wastes despite being an area of major offshore oil and gas activities. Recent comprehensive
reviews (e.g., [30]) further contextualize Ra-226/228 distributions across global petroleum
provinces and align with the spatial variability observed in this dataset.

3. Methods

The global marine offshore oil and gas NORM wastes database was compiled in
2022-2023 following the PRISMA (“Preferred Reporting Items for Systematic reviews and
Meta-Analyses”) guidelines for systematic reviews and meta-analyses (Figure 4 of [31]).
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Figure 4. Prisma flowchart detailing literature selection and database compilation procedure.

In the identification phase of the review, 125 publications were identified in Web of Science,
and 315 were identified in ScienceDirect using keywords such as “TENORMs”, “NORM
wastes”, and “Marine Radioactivity”. An additional 75 publications were identified through
expert knowledge and examining literature cited in review papers. One dataset was identified
through personal communications with a representative from the Direktoratet for strilevern og
atomsikkerhet (DSA, Norwegian Radiation and Nuclear Safety Authority, Osterds Norway).

In the screening phase, the titles and abstracts of 330 studies were screened after
removing duplicates. Of this, 180 studies were excluded because they did not report data
from offshore stations, and 50 studies were excluded because they did not report primary
research (i.e., original measurements).

During the eligibility phase, 100 studies were examined. Of these, 38 were excluded
because they did not contain data related to oil and gas activities, 22 were excluded because
they did not report relevant radioisotopes, and three were excluded because they reported
data in quantity instead of concentrations (making comparison between studies impossible).
The final offshore NORM wastes dataset related to offshore oil and gas activities included
37 studies from which a total of 3100 georeferenced NORM waste entries were extracted.

Averages of the minimum and maximum were included in the dataset when data were
only reported in a range. In cases where data were presented as a mean or median =+ error term,
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only the mean and median were included. For situations where NORM waste concentrations
were reported in figures instead of tables, the concentrations were extracted from the figure
using Plot Digitizer (https:/ /plotdigitizer.com/). When studies did not indicate the exact
sampling or measurement location in geographical coordinates (i.e., latitude, longitude) but
instead only revealed the general sampling area or presented it in maps, the coordinates of
the specific location were approximated using Google Earth Pro.

This dataset is compatible with widely used radio-ecological risk models like ERICA
and D-DAT. These tools can simulate the bioaccumulation and trophic transfer of radionu-
clides in marine organisms (e.g., fish, crustaceans, algae) using initial seawater activity
concentrations such as those included in this dataset. By providing concentration data in a
standardized and georeferenced format, this dataset facilitates direct input into these tools.
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