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1. Introduction
Much of the Earth's land surface is experiencing anthropogenically driven land use change and erosion at un-
precedented rates (Owens, 2020; Russell et al., 2017; Shi et al., 2021). The rapid conversion of natural and rural 
landscapes into urban systems has diminished agricultural productivity, increased sediment pollution, and has 
counteracted urban sustainability (Chang et al., 2020; Zarnaghsh & Husic, 2021). The global urban population is 
expected to double by 2050 (Bettencourt et al., 2018), which will be met with increasing urban development as 
well as agricultural activity to satisfy population demands.

Managing erosion and tracing sediment back to its origin is complicated by uncertainties in the connectivity of 
pathways, flow-dependence of source-zone activation, and sensitivity of tracers to successfully identify sources 
(Husic et al., 2020; Michalek et al., 2021; Owens, 2020). The most widely employed radioisotope, Cesium-137 
(137Cs, t1/2 = 30.2 years), was deposited on surficial soil in large quantities during nuclear weapons testing in the 
1960s (Ritchie & McHenry, 1990). However, in the intervening decades, 137Cs has reduced to just ∼25% of its 
original levels, rendering its application more challenging as time progresses limiting its utility as a tracer with 
conventional techniques (Alewell et al., 2017; Collins et al., 2020) although recent analytical advancements are 
allowing sensitive detection of 137Cs (Povinec, 2018). A recent study of radionuclides in sediment tracing calls 
on the community to identify new tracers for soil redistribution as depleted tracers lose some viability (Alewell 
et al., 2017).

Plutonium (239+240Pu) has garnered significant attention as an alternative tracer of erosion as it was globally 
deposited in the same manner as 137Cs, but consists of two major long-lived isotopes (239Pu, t1/2 = 24,110 years; 

Abstract Sediment management is currently limited by uncertainties in the applicability of existing 
radionuclide tracers and the effects of urbanization. Here, we use plutonium isotopes (239+240Pu) from weapons-
testing fallout to trace sediment transport across five watersheds in an urbanizing landscape in Kansas, USA. 
Historic flooding in the region provided an opportunity to assess extreme connectivity of sediment sources. 
239+240Pu activity of transported sediment decreased as catchments urbanized, indicating a greater contribution 
from subsurface bank sediment; Bayesian modeling predicted 50% (8%–80%) bank sourcing in the most rural 
watershed, which rose to 93% (73%–100%) in the most urban catchment. 239+240Pu activity provides explanatory 
information on the superposition of sediment sources, which is beyond that given by traditional organic and 
geochemical tracers that primarily infer vegetative and geologic sourcing, respectively. Our study demonstrates 
the utility of 239+240Pu as a sediment tracer for managing erosion under anthropogenic change.

Plain Language Summary Sediment is one of the most common contaminants in rivers around 
the globe. The susceptibility of soil to erosion increases as humans convert natural landscapes into rural and 
urban systems. Uncertainties remain regarding how urbanization alters sediment pathways and what tools are 
appropriate for quantifying this alteration. Radioactive isotopes, generated from nuclear weapons testing in the 
1950s, have proven useful in this regard, although the most prominent tracer, for example, cesium, is losing 
some utility due to a short half-life and extensive radioactive decay. We suggest that plutonium isotopes, which 
have longer half-lives, are a viable option for tracing sediment in modern landscapes. Plutonium results suggest 
that in rural basins the source of sediment transitions from upland soil during low-flows to bank material at 
high-flows. On the other hand, urban streams always deliver bank sediment, regardless of storm intensity. Our 
study demonstrates the utility of plutonium as an alternate sediment tracer and highlights how urbanization 
changes the pathways and mechanisms of fluvial sediment transport.
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Key Points:
•  239+240Pu activity is a robust tracer 

for describing sediment sources and 
fluvial mixtures in a rapidly urbanizing 
landscape

•  Frequentist and Bayesian models were 
consistent in estimating increased bank 
erosion with increasing urban land use

•  Sediment sourcing is dependent on 
discharge in rural watersheds whereas 
it is independent of discharge in urban 
watersheds
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Abstract Sector field inductively coupled plasma mass

spectrometry (SF-ICPMS) has been used with analysis of

solution samples and laser ablation (LA) of electrodepos-

ited alpha sources to characterize plutonium activities and

atom ratios prevalent in the western USA. A large set of

surface soils and attic dusts were previously collected from

many locations in the states of Nevada, Utah, Arizona, and

Colorado; specific samples were analyzed herein to char-

acterize the relative contributions of stratospheric fallout vs.

Nevada Test Site (NTS) plutonium. This study illustrates

two different ICPMS-based analytical strategies that are

successful in fingerprinting Pu in environmental soils and

dusts. Two specific datasets have been generated: (1) soils

are leached with HNO3-HCl, converted into electrodepos-

ited alpha sources, counted by alpha spectrometry, then re-

analyzed using laser ablation SF-ICPMS; (2) samples are

completely dissolved by treatment with HNO3-HF-H3BO3,

Pu fractions are prepared by extraction chromatography, and

analyzed by SF-ICPMS. Optimal laser ablation and ICPMS

conditions were determined for the re-analysis of archived

alpha spectrometry “planchette” sources. The best ablation

results were obtained using a large spot size (200 μm), a

defocused beam, full repetition rate (20 Hz) and scan rate

(200 μm s−1); LA-ICPMS data were collected with a rapid

electrostatic sector scanning experiment. Less than 10% of

the electroplated surface area is consumed in the LA-ICPMS

analysis, which would allow for multiple re-analyses. Ex-

cellent agreement was found between 239+240Pu activities

determined by LA-ICPMS vs. activity results obtained by

alpha spectrometry for the same samples ten years earlier.

LA-ICPMS atom ratios for 240Pu/239Pu and 241Pu/239Pu

range from 0.038–0.132 and 0.00034–0.00168, respectively,

and plot along a two-component mixing line (241Pu/239Pu=

0.013 [240Pu/239Pu] – 0.0001; r2=0.971) with NTS and

global fallout end-members. A rapid total dissolution proce-

dure, followed by extraction chromatography and SF-ICPMS

solution Pu analysis, generates excellent agreement with

certified 239+240Pu activities for standard reference materi-

als NIST 4350b, NIST 4353, NIST 4357, and IAEA 385.
239+240Pu activities and atom ratios determined by total

dissolution reveal isotopic information in agreement with

the LA-ICPMS dataset regarding the ubiquitous mixing of

NTS and stratospheric fallout Pu sources in the regional

environment. For several specific samples, the total disso-

lution method reveals that Pu is incompletely recovered by

simpler HNO3-HCl leaching procedures, since some of the

Pu originating from the NTS is contained in refractory

siliceous particles.
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and Pu sources were prepared by electroplating on stainless

steel planchette disks. Additional analytical details are

given in previous papers [14, 15].

Total dissolution (dataset 2) was performed using 2–3 g

pulverized soil. Material was dry-ashed for 4 h at 600 °C,

then spiked with 0.007 Bq (ca. 50 pg) of 242Pu. 242Pu tracer

was prepared from NIST 4334 g stock solution. Dissolution

was accomplished in 125-mL fluorinated ethylene–propylene

bottles with 20 mL of 29 M HF and 20 mL of 16 M HNO3.

Sample bottles were heated at 75 °C in a convection oven

for 1–3 days until dissolution was complete. Thereafter,

20 mL additional 16 M HNO3 and 30 mL water were added;

samples were treated with a slight stoichiometric excess of

H3BO3, thereby converting unreacted HF to BF!4 . The re-

sulting aqueous solution contains approximately 7 M HNO3.

Sodium nitrite (2.0 g) was added to each sample to reduce

Pu to Pu(IV); thereafter 0.15 g TEVA resin (EIChrom,

Darien, IL, USA, 100–150 μm) was added, and the mixtures

were gently agitated for 2–3 h. The TEVA material

effectively retains Pu(IV) from a wide range of aqueous

HNO3 concentrations, since the capacity factor, k′, exceeds

103 in the range 0.3–10 M [16, 17]. On standing, the TEVA

resin that settled to the top of the solution was carefully

removed with a transfer pipet without disturbing any solids

present on the bottom of the container. It is noted that upon

standing, and after cooling, addition of boric acid, NaNO2,

and TEVA resin, some hydrated SiO2 did re-precipitate,

though this would not affect sample–spike equilibration

already achieved after the initial heating step and complete

dissolution.

The resin fractions, containing recovered Pu, were

loaded onto 10-mL pipet tip “columns” equipped with

tightly packed glass wool plugs; these completely retained

all of the relatively large 100- to 150-μm TEVA resin

particles. The columns were rinsed with five 5-mL portions

of 2 M HNO3 (discarding U), and two 5-mL portions of

8 M HCl (discarding Th). Pu was eluted using the

sequence: 2 mL H2O, 2 mL 0.05 M aqueous ammonium

oxalate, and 1 mL H2O. This Pu fraction is suited for direct

solution analysis by ICPMS without further preparations,

and contains adequate recovered Pu along with being

sufficiently decontaminated of U and Th for SF-ICPMS

measurements.

Laser ablation SF-ICPMS measurements for dataset 1

An LSX-213 laser ablation system (Cetac Technologies,

Inc., Omaha, NE, USA) was coupled to a sector field

ICPMS located at UNLV (Axiom; VG Elemental, now

Thermo Fisher Scientific, Inc., Waltham, MA, USA).

Instrumental conditions for the current study are provided

in Table 1. The RF power used in this study (1,200 W) was

similar to the optimal setting found by Boulyga et al. [10]

(1,150 W), whereas our optimal nebulizer flow rate was

slightly higher, 1.2 L min−1 versus 1.1 L min−1. The laser

was operated using the largest spot size available (200 μm),

a defocused beam (setting 1,250), a rapid scan rate

(200 μm s−1), and near full energy (80%) to maximize the

width of the laser beam and produce a relatively large stable

signal. The nebulizer gas was passed through a CETAC

Aridus II prior to entering the laser ablation unit. The

Aridus II consists of a PFA nebulizer followed by a semi-

permeable desolvating membrane and allows optimization

of plasma conditions with a dry aerosol. A U tuning solu-

tion was also used for investigating hydride formation and

instrumental mass bias (see below).

Data for the planchettes were collected in low resolving

power mode (R=420 at 10% height) using electrostatic

Fig. 1 Map of the southwestern
USA, depicting the locations
of sampled areas relative to the
Nevada Test Site

524 Anal Bioanal Chem (2008) 390:521–530
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Abstract

Plutonium in Polish forest soils and the Bór za Lasem peat bog is resolved between Cher-
nobyl and global fallout contributions via inductively coupled plasma mass spectrometric
measurements of 240Pu=239Pu and 241Pu=239Pu atom ratios in previously prepared NdF3 a
spectrometric sources. Compared to global fallout, Chernobyl Pu exhibits higher abun-

dances of 240Pu and 241Pu. The ratios 240Pu=239Pu and 241Pu=239Pu co-vary and range from

0.186 to 0.348 and 0.0029 to 0.0412, respectively, in forest soils (241Pu=239Pu ¼ 0:2407#
½240Pu=239Pu% & 0:0413; r2 ¼ 0:9924). Two-component mixing models are developed to ap-

portion 239þ240Pu and 241Pu activities; various estimates of the percentage of Chernobyl-

derived 239þ240Pu activity in forest soils range from <10% to >90% for the sample set. The
240Pu=239Pu 241Pu=239Pu atom ratio mixing line extrapolates to estimate 241Pu=239Pu and the
241Pu=239þ240Pu activity ratio for the Chernobyl source term (0:123( 0:007; 83( 5; 1 May

1986). Sample 241Pu activities, calculated using existing alpha spectrometric 239þ240Pu activi-

ties, and the 240Pu=239Pu and 241Pu=239Pu atom ratios, agree relatively well with previous
liquid scintillation spectrometry measurements. Chernobyl Pu is most evident in locations

from northeastern Poland. The 241Pu activities and/or the 241Pu=239Pu atom ratios are more

sensitive than 240Pu=239Pu or 238Pu=239þ240Pu activity ratios at detecting small Chernobyl
239þ240Pu inputs, found in southern Poland. The mass spectrometric data show that the

! Corresponding author. Tel.: +1-928-523-7055; fax: +1-928-523-8111.
E-mail address: michael.ketterer@nau.edu (M.E. Ketterer).

0265-931X/$ - see front matter # 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvrad.2003.09.001

The A0 and A1 horizons were collected from 30! 30 cm and 20! 20 cm areas,
respectively. The approximate locations of the samples analyzed in the present work
are shown in Fig. 1. Also analyzed were two 100 cm cores (W1 and W2) obtained
from the Bór za Lasem peat bog, which is situated in the Orawsko-Nowotarska

Valley of southern Poland at 49.42
v
N, 19.75

v
E. The Bór za Lasem peat bog and

its radionuclide characteristics have been discussed in Boroń et al. (2001).
Samples were dried at 105

v
C and homogenized by grinding. 20–40 g subsamples

of soil (i.e. 10–20% of the total sample mass) and 7–230 g peat were prepared for
Pu determinations. Procedures for dry-ashing, decomposition, alpha spectrometry,
and determination of 241Pu by LSC are given elsewhere (Mietelski and Was, 1995;
Mietelski et al., 1999; Boroń et al., 2001). Previously prepared NdF3 a spectro-
metric sources have been re-analyzed in the present work. Since the original studies
utilized 236Pu (t1=2 ¼ 2:85 years) as a yield tracer, the NdF3 sources contain only
the indigenous distribution of the heavier Pu isotopes.

2.2. Solution preparation for ICPMS analyses

The NdF3 sources consisted of material collected on a 25 mm diameter mem-
brane affixed to a Cu disk (Mietelski and Was, 1995). The membranes were

Fig. 1. Location of sampling sites. Further details are given by Mietelski and Was (1995) and Boroń
et al. (2001).

187M.E. Ketterer et al. / J. Environ. Radioactivity 73 (2004) 183–201
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error in 242Pu spike concentration. Further details of the operating conditions and 94 

instrument performance are provided in Table 2. 95 

Table 2 Analytical parameters and settings of ICP-MS Xseries II 96 
Parameters ICP-MS Xseries II 
Power 1400 W 
Gas flows Cool gas: 13 L/min 
 Auxiliary gas: 0.60-0.65 L/min 
 Nebulizer gas: 0.74-0.78 L/min 
Sensitivity (238U) 3 x 106 cps/ppb 
Backgrounds (2% HNO3) <0.5 cps 
Oxides (Ce) and double charge ions (Ba) < 3% 
Sample Inlet System ESI APEX IR 
Spray and flow rate Self-aspirating PFA nebulizer: 0.28 mL/min 
Cones Ni sample and skimmer cones (Xs) 
Standard resolution 0.75 amu (10% of peak height) 
238U1H/238U 3 x 10–5 

 97 

Purification procedure To the dissolved sample was added a known quantity of 98 
242Pu (0.7-1.2 x 1012 atoms) tracer that was previously prepared from NIST SRM 4334G. 99 

A purified 237Np/Pu sample was prepared for ICP-MS assay by first pre-concentrating the 100 

transuranium elements using a LaF3 precipitation step, followed by anion exchange 101 

column chromatography. Details of column preparation, valence adjustment and wash 102 

volumes have been previously reported [10]. Minor fractionation of 237Np and Pu that 103 

occurs during the purification process was corrected by measuring the fractionation of an 104 

in-house 237Np/242Pu standard that is analyzed in parallel with the environmental samples 105 

[10]. Confidence in the analytical procedure was provided through measurements of acid 106 

dissolution blanks and laboratory process blanks that were processed in parallel with the 107 

lichen samples. From these data an estimated method detection limit of ~5 x 106 atoms 108 

was established. In addition the procedure was used to analyze aliquots of a stock 109 

solution of dissolved NIST SRM 4357 (natural matrix radioactivity standard) for 237Np, 110 
239Pu, and 240Pu isotopes. Aliquots of SRM 4357 containing ~0.27 g of dissolved 111 

sediment (~1.6 x 109 atoms of 239Pu) were selected for analysis alongside the 112 

environmental samples to mimic the concentrations of transuranic isotopes expected in 113 

the lichen samples. These quality control results are presented in Table 3 and compare 114 

well with previous reports (see [10] and references therein). 115 

239Pu and 240Pu are detected at very 
high ion count rates in Acid Canyon 
water sample 07022024-01.  The 
detection thresholds are ~ 2 counts per 
second at mass 239 and 1 cps at mass 
240; both isotopes are present (third 
and fourth columns in the lower 
image).  

The ion count rates shown in the scan 
(left to right) are:  237Np, 238U, 239Pu, 
240Pu, and 242Pu (spike).  

The ratios of the 240Pu vs. 239Pu signals 
indicate an 240Pu/239Pu atom ratio of ~ 
0.01.

The instrumentation used at NAU for 
the measurements is the same 
make/model as was used by LANL 
researchers in the following study:  
https://link.springer.com/article/10.10
07/s10967-015-4402-0 

Ketterer LANL study 13Aug2024 11
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Surface soils and post-bomb sediments 
typically contain well under 1 pCi/g  239+240Pu 
from 1950’s-1960’s atmospheric nuclear tests 
with a characteristic 240Pu/239Pu = 0.18; lower 
activities are expected in arid areas

2 dpm/g = 0.9 pCi/g, State of Colorado, 
construction dust standard for workers in areas 
with contaminated soils

50 pCi/g, remediation standard applied by DOE to 
the COU at Rocky Flats (not accessible by public)

Sediments from Acid Canyon exhibited a wide 
range of 239+240Pu activities, all of LANL provenance
min 0.43; max 78, geometric mean 14 pCi/g

8 pCi/g, remediation standard applied by USAF at 
the Fort Dix BOMARC missile silo fire site (not 
accessible by public)

Ketterer NM 15Nov2024 testimony
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Most natural waters contain 239+240Pu at 
concentrations too low to be plotted on this 
scale, and that are challenging to detect at all

0.15 pCi/L, State of Colorado, 
enforceable under the Rocky Flats 
Legacy Management Agreement

2 pCi/L, State of New Mexico, 
guidance for the Rio Grande only

50 pCi/L, enforceable Federal gross 
alpha activity standard for water

Four samples of Acid Canyon water collected 
on July 2 and 17, 2024 contained 78, 70, 51 
and 86 pCi/L of 239+240Pu of LANL provenance  

Ketterer NM 15Nov2024 testimony
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ROCKY FLATS LEGACY MANAGEMENT AGREEMENT 
 

 
February 2007  - 3 - 

 UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 
 REGION 8 
 and 
 THE STATE OF COLORADO 
 
 
IN THE MATTER OF: ) FEDERAL FACILITY 
 ) AGREEMENT AND 
 ) CONSENT ORDER 
UNITED STATES DEPARTMENT ) 
OF ENERGY ) 
 ) 
ROCKY FLATS ) 
SITE ) CERCLA 8-96-21 
 ) RCRA(3008(h)) 8-96-01 
 ) 
 ) STATE OF COLORADO 
 ) DOCKET # 96-07-19-01 
 
 
 

  

 

ROCKY FLATS LEGACY MANAGEMENT AGREEMENT 

PART 1  PARTIES AND JURISDICTION 

1.  The Parties to this Agreement are the United States Environmental Protection Agency, Region 8 
(EPA), the Colorado Department of Public Health and Environment (CDPHE or “State”), and the 
United States Department of Energy (DOE). 

2. EPA enters this Agreement pursuant to sections 104 and 120(e) of the Comprehensive 
Environmental Response, Compensation, and Liability Act (CERCLA), 42 U.S.C. §§ 9604, and 
9620(e), as amended by the Superfund Amendments and Reauthorization Act of 1986 (SARA), 
Pub. L. 99-499 (hereinafter jointly referred to as CERCLA); sections 6001, 3008(h), and 3004(u) and 
(v) of the Resource Conservation and Recovery Act (RCRA), 42 U.S.C. §§ 6961, 6928(h), 6924(u) 
and (v), as amended by the Hazardous and Solid Waste Amendments of 1984 (HSWA),  
Pub. L. 98-616 and the Federal Facility Compliance Act of 1992, Pub. L. No. 102-386 (hereinafter 
jointly referred to as RCRA); and Executive Orders 12088 and 12580. 

ROCKY FLATS LEGACY MANAGEMENT AGREEMENT 
 

Table 1. Surface Water Standards (continued) 
 

 
 December 2018 
 Attachment 2, Page 12 

Analyte 
CAS 

Reference 
Number 

Standards [a] 
(mg/L) Basis [a, b] PQLs [c] 

(mg/L) 
Analyte 

Category [d] 

Pyrene 129-00-0 2.10E-01 W+F, WS  SVOCs 

Selenium [e] 7782-49-2 4.60E-03 AL  Metals 

Silver, dissolved  7440-22-4 6.00E-04 TVS [h] 5.00E-03 Metals 

Styrene 100-42-5 1.00E-01 WS  VOCs 

1,1,2,2-Tetrachloroethane 79-34-5 1.70E-04 W+F 2.00E-03 VOCs 

Tetrachloroethene  127-18-4  5.00E-03 W+F, WS  VOCs 

Toluene 108-88-3 1.00E+00 W+F, WS  VOCs 

1,2,4-Trichlorobenzene 120-82-1 3.50E-02 W+F  VOCs 

1,1,1-Trichloroethane 71-55-6 2.00E-01 WS  VOCs 

1,1,2-Trichloroethane 79-00-5 2.70E-03 W+F  VOCs 

Trichloroethene  79-01-6 2.50E-03 W+F  VOCs 

Vinyl chloride 75-01-4 2.30E-05 W+F 5.00E-04 VOCs 

Xylene (total) 1330-20-7 1.00E+01 WS  VOCs 

Zinc, dissolved 7440-66-6 1.68E-01 TVS [h]  Metals 

RADIONUCLIDES [l] 
Americium 241 [e] 14596-10-2 0.15 (pCi/L) BS  Other 

Plutonium 239/240 [e] 10-12-8 0.15 (pCi/L) BS  Other 

Uranium, total [e] 7440-61-1 16.8 (µg/L) SS  Other 

Notes: 
 
[a] The values in these columns reflect the promulgated Colorado WQCC classifications and standards.  

[b] Acronyms: AG = Agriculture; AL = Aquatic Life; BS = Basic Standard; SS = Site Specific Standard;  
TVS = Table Value Standard; WS = Water Supply; W+F = Water plus Fish 

[c] Whenever the practical quantitation limit (PQL) for a pollutant is higher (less stringent) than a standard or 
temporary modification, "less than" the PQL will be used as the compliance threshold.  

[d] Specific analyte categories are referenced in Table 2 for the RFLMA monitoring locations. Analytes categorized as 
‘other’ are specified individually in Table 2, if targeted for that location.  

[e] Groundwater samples collected from monitoring wells for analysis of metals, Pu, Am, and U will be field-filtered. 
Analytical results will be evaluated against the corresponding Table 1 value whether the standard is listed as 
dissolved or total.  

[f] The second number in the range for arsenic and 1,2-Dichloroethene (cis) is applied as the corresponding or 
applicable Table 1 standard in the flowcharts in Figures 7 through 11. 

[g] Per the Basic Standards, the Total Trihalomethane (TTHM) standard applies to the sum of the four TTHM 
compounds. For dibromochloromethane the TTHM value for water supply, 80 parts per billion, was applied.  

[h] Table value standards for metals are based on a toxicity equation which uses a hardness value of 143 mg/L. 

[i] Chromium analyses for RFLMA monitoring locations are reported as the total concentration of chromium, which 
includes both trivalent (Cr-III) and hexavalent (Cr-VI) forms. These data are evaluated against the chromium water 
supply standard of 50 µg/L established for those waters classified for domestic water use. [5 Colorado Code of 
Regulations 1002-38.6(3), table footnote 5] 

[j] Nitrate analyses are reported as nitrate + nitrite (as Nitrogen) and are evaluated against the nitrate standard.  

[k] The total PCB standard in the Basic Standards is based on the sum of the Aroclor analytes. 

https://lmpublicsearch.lm.doe.gov/lmsites/1679-rflma.pdf
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