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Abstract

Beryllium has been historically machined, handled and stored in facilities at Lawrence
Livermore National Laboratory (LLNL) since the 1950s. Additionally, outdoor testing of
beryllium-containing components has been performed at LLNL's Site 300 facility.
Beryllium levels in local soils and atmospheric particulates have been measured over
three decades and are comparable to those found elsewhere in the natural environment.
While localized areas of beryllium contamination have been identified, laboratory
operations do not appear to have increased the concentration of beryllium in local air or
water. Variation in airborne beryllium correlates to local weather patterns, PM10 levels,
normal sources (such as resuspension of soil and emissions from coal power stations) and
not to LLNL activities. Regional and national atmospheric beryllium levels have
decreased since the implementation of the EPA's 1990 Clean-Air-Act. Multi-element
analysis of local soil and air samples allowed for the determination of comparative ratios
for beryllium with over 50 other metals to distinguish between natural beryllium and
process-induced contamination. Ten comparative elemental markers (Al, Cs, Eu, Gd, La,
Nd, Pr, Sm, Th and TI) were selected to ensure background variations in other metals did
not collectively interfere with the determination of beryllium sources in work-place
samples at LLNL. Multi-element analysis and comparative evaluation is recommended
for all workplace and environmental samples suspected of beryllium contamination. The
multi-element analyses of soils and surface dusts were helpful in differentiating between
beryllium of environmental origin and beryllium from laboratory operations. Some
surfaces can act as "sinks" for particulate matter, including carpet, which retains
entrained insoluble material even after liquid based cleaning. At LLNL, most facility
carpets had beryllium concentrations at or below the upper tolerance limit determined by
sampling facilities with no history of beryllium work. Some facility carpets had beryllium
concentrations above the upper tolerance limits but can be attributed to tracking of local
soils, while other facilities showed process-induced contamination from adjacent
operations. In selected cases, distinctions were made as to the source of beryllium in
carpets. Guidance on the determination of facility beryllium sources is given.
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1. Introduction

Beryllium (Be) is a naturally occurring element used in many industries in a variety of
forms - most commonly metals, oxides, and alloys for the manufacture of materials
ranging from nuclear components and electronics to golf clubs and aircraft brakes.
Beryllium has been machined, handled and stored in several buildings at LLNL for 60
years. Beryllium contamination (air, soil, water etc) has been identified at 73 US
Department of Defense (DOD) facilities (USGAO, 2001), and over 300 Department of
Energy (DOE) related sites including contractors (USDOE, 2010; USGAO, 2001), with
OSHA identifying hundreds of beryllium-use sites across the US (USGAO, 2001).

In 1999, the United States Department of Energy acknowledged the hazards associated
with the machining of beryllium and the necessary protection of workers by releasing 10
CFR Part 850 “Chronic Beryllium Disease Prevention Program; Final Rule” (USDOE,
1999). The rule implements the required measurement and control of exposure to
airborne beryllium in the workplace, setting a limit of surface contamination for
releasable items to 0.2 pg/100cm’, an action level of 0.2 pg/m’ for a worker’s breathing
zone and defers to 29 CFR 1910.1000 “Occupational Safety and Health Standards”
(OSHA 1999) for an occupational exposure limit of 2.0 pg/m’. In fact, 10 CFR Part 850
allows for a more stringent airborne exposure limit to be implemented beyond those in 29
CFR 1910.1000 if found necessary. Furthermore, 10 CRF 850 sets release rates for bulk
samples at " the concentration level of beryllium in local soil at the point of release”.
Because bulk samples are commonly (and usefully) taken when assessing soil or facility
contamination, the lack of specific guidance and criteria for assessment of beryllium in
bulk samples often presents a problem, especially where natural beryllium levels in soils
are high, or where Be is present as an impurity rather than a commodity. For example,
Taiwo et al. (2010) recently found a prevalence of beryllium sensitization among
aluminum smelter workers who had no direct contact with beryllium processing.
Comparing the concentration of beryllium with other metals in environmental and
workplace samples may provide useful insight into the nature and behavior of beryllium
in that environment, specifically determining whether beryllium is present from natural
sources such as soil, or process-induced.

The geochemical behavior of Be in soils is poorly understood (Taylor et al., 2003), but
most studies agree that the chemistry of Be in the environment is similar to that of
aluminum (Bohn, 1972; Romney and Childress, 1965; Sutton and Burastero, 2003); for a
contrary view, see Anderson et al (1990). Analysis of dissolved and acid available
particulate beryllium in UK surface waters showed linear correlation with aluminum,
cobalt, chromium, iron, manganese, nickel, yttrium and the lanthanides (Neal, 2003).
USGS data on soils (Smith et al., 2005) allowed comparison of the elemental
composition in the top 5 cm of soil across the US, which is the preferred sample medium
of the public health community. Not surprisingly, the USGS data showed a correlation
between Be and Al, with a national ratio of 2.81 x10” (n =275, r = 0.77). Beryllium
minerals typically contain Si and Al (Hormann, 1969), and conversely, aluminum
minerals contain beryllium. Additionally, the highest beryllium correlations were also
observed using USGS soil data for cesium, gallium, lanthanum, potassium, rubidium,



thorium and yttrium (Smith et al., 2005). All other metals in the USGS study had a
correlation coefficient below 0.75 when compared on a national level. The data suggest
that some metals (including Al, Cs, Ga, La, K, Rb, Th and Y) may behave similarly to Be
in soils or deposits, but also that correlations may vary for certain specific sites. Given
that the composition of airborne particulates is typically driven by soil resuspension and
industrial processes, it is reasonable to assume that soil, air and surfaces that are
contaminated with man-made beryllium would have elevated beryllium concentrations in
relation to these analogous elements. Ogurek (2004) and Gran and Word (2011) have
recently identified beryllium contamination at Nevada offices associated with the Nevada
Test Site using Be/Y ratios, despite Nevada having some of the highest background Be
content in soil (Smith et al., 2005).

Unfortunately, some of these comparative metals are generated from industrial processes
that may interfere with the measurement of beryllium to metal ratio. For example,
aluminum is used in many industrial applications, cesium in the oil industry, gallium in
semiconductors, lanthanum in hybrid automobile batteries, potassium in fertilizers,
rubidium in telecommunication testing standards, thorium in aircraft engines, yttrium in
television phosphors, and a variety of elements in recycling plants. Moreover, there is
local and regional variation in natural soil and particulate matter composition. Therefore,
comparison with as many metals as possible should be used in determining whether
anthropogenic beryllium contamination is present, and the ratios in local soils with
correlation coefficients higher than those derived from the USGS or other national body
should be preferred. In addition, since air particle concentrations and soil composition
can be affected by local emissions, and given then varying nature of soil in other regions
and countries, it is also recommended that samples from nearby locations be taken to
assess specifically which elemental markers best represent natural analogues for each
beryllium-handling facility or environment. For the LLNL study, those metals were Al,
Cs, Eu, Gd, La, Nd, Pr, Sm, Th and Tl. Analytical techniques such as inductively coupled
plasma mass-spectrometry (ICP-MS) provide multi-element data, typically in a once-
through analysis, providing a large number of elemental ratios to compare with beryllium
(or other metal of interest) in a minimum amount of time.

Recently, beryllium was detected in LLNL facility carpets, including in some buildings
that did not historically house beryllium activities (Sutton and Lee, 2009). LLNL soils
and airborne particulates have routinely been collected and analyzed for hazardous and
radioactive contamination for more than 30 years. This study compares the historical data
with multi-element analysis of archived samples and recently collected facility carpet
dust. Subsequently, historical beryllium abundance in LLNL soils and airborne
particulates was assessed and compared to facility dust samples utilizing ratios with other
correlated elements allowing a determination of natural versus process-induced beryllium
in the workplace.



2. Data, Materials and Methods
2.1 Historical soil samples and data

Historical data evaluated in this article include soil samples that were collected as part of
two studies. The first study is an ongoing effort to monitor hazardous chemicals at LLNL,
maintained internally by the Environmental Functional Area, where soil samples have
been taken at various locations across both the LLNL main site (S200) in Livermore, CA
and the LLNL Experimental Test Facility (S300) located between Livermore and Tracy,
CA. Routine annual beryllium monitoring in S200 soil began in 1988 and ceased in 1994.
Soil samples continue to be taken at S200, but they are not specifically analyzed for Be.
Beryllium monitoring at S300 soil began in 1991 and continues to be monitored annually.
Typically, soil samples are taken from the top 5 cm of soil at specific locations. From
1974 to 1988, LLNL’s Hazards Control team performed sample digestions and analyses.
Between 1989 and 2001, samples were analyzed by an off-site independent laboratory,
and from 2002 onwards digested and analyzed by LLNL’s on-site Environmental
Monitoring Radioanalytical Laboratory (EMRL).

A separate in-house soil study was performed by LLNL in 2007 in which soil samples
were collected from 60 locations at S200 to a depth of 1 cm (Mullins and Kamerzell,
2007). Samples underwent microwave digestion in nitric acid at 100°C for 25 minutes
and were then analyzed by inductively coupled plasma — atomic emission spectrometry
(ICP-AES). Selected multi-element analysis (including Al, Ba, Cu, Fe, Mn, Ni, V and
Zn) of each sample in 2007 provided evidence that beryllium to aluminum ratios could be
used to distinguish between naturally occurring beryllium (e.g. soil and atmospheric dust)
and localized anthropogenic contamination (e.g. from machining, handling, testing and
tracking). The report noted that several points were removed from the analysis because of
their proximity to potentially contaminated sites, but did not specifically identify those
locations. We identify two outliers (discussion below), likely due to isolated beryllium-
contaminated soil.

2.2. Historical air filter samples and data

LLNL’s Environmental Functional Area performs monthly evaluations of airborne
beryllium and other hazardous chemicals at 6 sampling locations within the S200
boundary and up to 11 different sampling locations in and around S300, including a
control station placed near a traffic intersection in Tracy, CA. Filters are changed
monthly, digested and analyzed for beryllium and other hazardous materials. As of the
end of 2010, 2913 samples have been collected at S200, and 2375 samples collected from
S300. As with soil data, the trend in results is published yearly as part of the LLNL
Environmental Reports, the most recent of which is for calendar year 2010 (Jones et al.,
2011), however no published analysis of historical data has previously been reported.



2.3 Facility carpet samples

Bulk environmental sampling at LLNL was conducted to investigate the presence and
relative level of beryllium entrained in carpets in work areas associated with buildings
identified on the suspect beryllium facilities list. This was part of a larger effort to
characterize surfaces in LLNL facilities by evaluation of bulk analysis data resulting from
the collection of samples of dust from soil and work areas.

The collection of carpet dust samples is detailed elsewhere (Sutton and Lee, 2009).
Specifically, this procedure was based on a combination of ASTM Method D5438-05
“Standard Practice for Collection of Floor Dust for Chemical Analysis”, LLNL’s
industrial hygiene experience and instructions provided by the manufacturer. Bulk
samples were obtained via a vacuum surface sampling collection method to collect
particulate matter from the carpet or bare floor via vacuum-induced suction and separated
mechanically by a cyclone. A high volume small surface vacuum sampler (HVS-3,
Envirometrics, Inc. Venice FL) was used to effectively remove, separate and collect
particles ~5 pm diameter and larger. A subset of these samples that included both
facilities with known contamination and facilities that have never housed beryllium work
were chosen for further analysis in this article.

2.4 Recent multi-element analysis of selected historical soil, air and facility samples

Archived soil samples were digested following the total silicate digestion method EPA
3052, with some modifications. Samples were aliquoted, weighed, and added to clean
microwave vessels. A 3:1 mixture of concentrated HNOs to concentrated HF was added
to each vessel. Samples were digested in a two-step process at 170-180 °C for a total of
15 minutes. Samples were removed from the microwave vessels, transferred to clean
Teflon vials, and dried down. Samples were dissolved in concentrated HCIO4 to remove
residual fluorides. Samples were dried down at 210 °C to drive off HCIO4, and dissolved
in 3M HCI to produce stock solutions. This digestion method was chosen because it
offers complete digestion of the sample rather than a hard leach. For analysis, splits of the
stock solutions were aliquoted, dried down, dissolved in HNOs, and diluted to produce
solutions with trace element concentrations within the dynamic range of quadrupole ICP-
MS instrumentation.

Digested soil samples were analyzed for trace element concentrations using a Thermo
XSeries Quadrupole ICP-MS. Reproducibility and accuracy of trace element
concentrations were assessed by measurements of soil standards NIST SRM 2709 and
2587. Concentration measurements of these standards were within the uncertainty of their
certified values for most elements, including Al. Although no soil standards currently
exist with certified Be concentrations, NIST SRM 2587 has an “information” Be
concentration of 9.2 mg/kg (measured for the Certificate of Analysis by ICP-AES). We
used this standard to assess elemental recovery of Be in the soil samples. Our
measurement of Be in SRM 2587 was high by about 50 %; this result may be due to
uncertainty in the “information” Be concentration. A recent beryllium oxide powder



standard (NIST SRM 1877) may be used in future analyses to determine recovery of
beryllium oxide, particularly in matrix-matched samples (Winchester et al., 2009 and
Oatts et al., 2012). The high-fired beryllium oxide standard is more representative of the
process-induced contamination that is likely to be found in beryllium handling and
machining facilities. However, the use of beryllium oxide powder may necessitate
additional beryllium controls in an analytical or industrial hygiene laboratory.
Furthermore, future determination of beryllium may compare currently used HNOs/HF
digestion with NH4HF, extraction as detailed in ASTM D7458-08 “Standard Test
Method for Determination of Beryllium in Soil, Rock, Sediment, and Fly Ash Using
Ammonium Bifluoride Extraction and Fluorescence Detection”.

3. Results and Discussion
3.1 Beryllium in local soil

Beryllium concentrations in soil taken from a wide range of sampling locations in 2007
(Mullins and Kamerzell, 2007) at S200 fall between 0.10 and 0.65 mg/kg. However, the
authors noted several outliers but did not specifically identify their location or value. The
authors performed multi-element analysis on the samples collected to determine the
nature of the beryllium in each sample and found good correlation between Be, Al, Ni
and V, with derived tolerance limits for each normalized Be ratio that encompassed 95%
of the normal population with 95% confidence. Using Mullin and Kamerzell’s upper
tolerance limit (UTLosoos0;) for Be:Al of 5.07 x107°, we identified two outliers (Figure 1)
in the southeast and southwest corners of a facility in an area that was historically used
for beryllium activities including machining, waste handling, and storage (Dreicer, 1985).
Excluding these two contaminated soil outliers from the population of background soils,
the UTLose,950, for ratio of Be:Al is recalculated as 4.73 x107° with a correlation
coefficient (R) of 0.70. The soil concentrations measured by Mullins and Kamerzell
(2007) were similar to those historically measured at LLNL from 1988 onward as part of
the annual environmental surveillance monitoring.

Statistical analyses of both historical (1988-1994) soil and Mullins and Kamerzell’s
(2007) data for S200, and the historical data for S300 (1991-2010) are shown together in
Figure 2 and tabulated in Table 1. The results show that there is a difference in beryllium
concentration in soils analyzed at S200 and S300, possibly due to beryllium-related
activities at S300, but more likely due to the difference in soil type in the two locations.
Livermore (S200) soils are typically loamy-skeletal, mixed, superactive, thermic pachic
haploxeroll and whereas Altamont (S300) soils are fine, smectitic, thermic aridic
haploxerert (USDA, 2008). Without analysis of natural soil levels at S300 before
beryllium activities began, it is difficult to quantitatively assess the difference between
S200 and S300 background levels, but it is fair to assume that the smectite-clay nature of
the S300 soils would result in higher aluminum (and therefore higher beryllium) levels.
At S300, beryllium concentrations in soil appear to have decreased from the early 2000s
compared to their peak values in the mid 1990s. While there have been environmental
remediation efforts at S300, these have been largely focused on volatile organic carbon



compounds, PCBs and depleted uranium, and have not specifically targeted beryllium
cleanup.

Taylor et al. (2003) provides a good review of levels of beryllium in various
environmental media and systems. Most notably, Be concentrations in soil range from 0.1
mg/kg to 40 mg/kg (Anderson et al., 1990). Beryllium in soil at Moffett Field, CA
(approximately 50 miles from LLNL) has Be concentrations ranging from 1.099 to 1.479
mg/kg (Shireman et al., 1995). Beryllium content of common rocks spans 1 to 10 mg/kg
(Fishbein, 1981) and world soil concentrations range from 0.1 to 40 mg/kg with an
average of 6 mg/kg (Bowen, 1966; Drury et al., 1978). Beryllium concentrations in soil at
Los Alamos, NM lie between 1.0 and 4.4 mg/kg, and sediments range from < 0.1 to 49.2
mg/kg (LANL, 2001). In Nevada, soils at the Nevada Test Site (NTS) contained between
0.46 mg/kg and 4.65 mg/kg beryllium (Patton, 1992), and at the Yucca Mountain
Program facility soils ranged from 0.116 to 1.5 mg/kg (Ogurek, 2004). Further analysis
of the USGS data shows that the mean beryllium concentration in California soils is 1.1
mg/kg, while Nevada has a mean concentration of 2.4 mg/kg. It is clear that Be
concentrations in soil vary widely between sites, states, countries and geologies.

A study of three areas within the southeastern US found beryllium concentrations in soil
ranging from 0 to 17.8 mg/kg, although the mean Be concentration in each of the three
areas studied was less than 0.15 mg/kg (Aelion et al., 2009). An earlier study by the same
author (Aelion et al., 2008) in South Carolina found Be concentrations in soil to range up
to 1.3 mg/kg with a mean of 0.41 mg/kg. Previous studies by Shacklette and Boerngen
(1984) report Be concentrations in soil ranging from <1 to 15 mg/kg, while studies by
Canova (1999) report a mean of 0.6 mg/kg.

Soils on or near beryllium processing sites (for example at beryllium processing plant in
India) have Be concentrations between 1.42 to 2.75 mg/kg (Thorat et al., 2001). In more
contaminated sites, Be has been reported at the Franklin Slag Pile copper smelting plant
to be as high as 129 mg/kg in the slag pile and 113 mg/kg in the surrounding soil
(USEPA, 2001).

As noted earlier, USGS data on soils (Smith et al 2005) suggests good correlation
between Be and other metals such as Al, Cs, Ga, K, La, Rb, Th and Y; and the Mullins
and Kamerzell data (2007) for LLNL soil showed that Be correlated best with Al. More
recent and thorough multi-element data has been collected on archived LLNL S200 soils
from 2009. The results of correlation and UTLgse,950, for these three studies are shown in
Table 2. Figure 3 provides an example of the Be:Al data for S200 compared to the USGS
data. Here it can be seen that LLNL soils are typical of those found in the US based on
the Be:Al ratio. The UTLgse,9s0, Be:Al ratio for LLNL soil collected in 2009 (this study)
is calculated as 2.04 x107, compared to the recalculated value from Mullins and
Kamerzell of 4.73 x10” and the national value of 5.90 x107 calculated here from USGS
data (Smith et al., 2005). This suggests that LLNL S200 soil is typical of other national
US soils. The results also provide information that can be used to determine the natural
levels of beryllium with respect to other metals below which surfaces and samples can be
considered free from anthropogenic beryllium contamination per USDOE 10 CFR Pt 850



(USDOE, 1999), further discussed in section 3.3.

3.2 Beryllium in local airborne particulate matter

While there is evidence that dermal exposure to beryllium causes beryllium sensitization
(Tinkle et al., 2003), the most significant hazard associated with beryllium is from
inhalation of insoluble particles that can lead to incurable lung scaring known as Chronic
Beryllium Disease (which occurs in approximately a few percent of those exposed).
Monthly historical airborne particulate data collected at LLNL S200 from 1974 to 2010
and at S300 from 1981 to 2010 were examined, with the results shown in Table 3 and
Figure 4. There is close agreement between the airborne beryllium concentrations in the
two locations, which is not surprising given their relatively close proximity (15 miles),
geographic location (inland) and similar weather patterns. The results are also plotted
over time in Figure 5. LLNL is required to comply with Bay Area Air Quality
Management District Reg 11 Rule 3 (BAAQMD, 1982), which prohibits releases
exceeding 10,000 pg/m’ averaged over 30 days at any one sample location. It is clear
from Figure 5 that this requirement has never been exceeded since records began in 1974.
Additionally, 99.96% of monthly air samples fell below the mean US atmospheric
beryllium concentration of ~500 pg/m’ reported by Fishbein (1981). It also appears from
the data in Figure 5 that the airborne concentration of beryllium has fallen over time, with
an average of ~25 pg/m’ overall from 1974 to 2010 but only 5 pg/m” in 2010.

To further investigate the change in beryllium-containing particulate matter, national
annual PM10 data from 1990 to 2010 (USEPA, 2012) is plotted in Figure 6 together with
the average annual LLNL S200 beryllium airborne particulate concentration. The PM-10
standard includes particle matter with an aerodynamic diameter of 10 pm or less and is a
metric used by the EPA and other regulatory organizations to monitor air quality. This
figure shows that there has been a significant reduction in beryllium particulate matter
concentrations over LLNL corresponding to reduction in national PM10 levels since the
implementation of the EPA’s 1990 Clean Air Act which (among other criteria) required
most power station scrubbers to be activated and forced many power stations to switch to
coal with a lower SO, content (such as powder river basin coal) (USEPA, 1990). The rule,
which was primarily aimed at improving air quality and reducing acid rain, identified
beryllium as one of the 189 hazardous chemicals requiring regulation and reduction. The
decrease in airborne beryllium measured by LLNL corresponds to the national decrease
in PM10 since the Clean Air Act. We conclude that LLNL’s Be activities have not
impacted local air quality.

Beryllium in the atmosphere results from both natural and anthropogenic sources.
According to the CDC (ATSDR-CDC, 2002), 9.5 metric tons of beryllium and beryllium
compounds are released annually to the atmosphere, of which 54% is from natural
sources (windblown dust and volcanic particles), with 81% of the anthropogenic
beryllium coming from electric utilities. Fishbein (1981) provided useful information on
the sources, transport and alterations of beryllium in the environment, and projected 260
tons of Be annual air emissions from stationary sources in 1983, the vast majority of



which originate from coal combustion. The magnitude of global coal-derived beryllium is
not well known, ranging from 0.1 to 1,000 mg/kg Be, and oil typically contains 0.08
mg/kg (Bowen, 1966; Gluskoter et al., 1977; Heindl, 1970; Ruch et al., 1974). The
elemental composition of coal burned at two western US power stations is given by
Ondov et al.(1979), showed that the ratio of Be/Al for the selected coal was between 4.07
and 5.28 x107, not dissimilar to the ratio for soil in the US (5.90 x10”, Smith et al., 2005).
However, it appears that much of the beryllium in the fuel is associated with organic
material and emitted as particulates (Tepper and VanOrdstrand, 1972) rather than the
alumino-silicate fractions.

Before the implementation of the EPA’s Clean Air Act, atmospheric beryllium
concentrations of between 1.58 and 1.87 mg/kg may have originated from slag and ash
produced by thermal power stations (Kubiznakova, 1987). Beryllium in the atmosphere is
suspected to fall to earth as dry deposition or entrained in precipitation (Drury et al.,
1978) and the highly insoluble nature of many Be-containing minerals (and BeO) limits
the amount of Be particles that dissolve in precipitation or in bodies of water.

Analysis of the monthly LLNL airborne particulate data also reveals seasonal variations
in beryllium concentrations. The monthly data for S200 are shown in Figure 7 together
with average monthly temperature, wind speed and rainfall at S200 between 2006 and
2010. The results clearly show seasonal periodicity with highs in late summer / early fall
corresponding to elevated temperatures and wind speed, and lower precipitation. Lows in
beryllium particulate matter occurs in the winter months relating to lower temperatures
and wind speed, combined with and greater precipitation. The variation in a given year is
typically an order of magnitude between summer and winter. The periodicity has existed
each year since records began in 1974 and also occurs at S300 and the Tracy control
station.

Beryllium-7 (Be-7) is a cosmogenic radionuclide (half-life ~53 days) produced by the
continuous bombardment of earth's atmosphere by cosmic radiation. Be-7 attaches
predominantly to aerosols in the submicron size range, and is susceptible to the same
transport and depositional processes governing these aerosols, making it a useful tracer of
atmospheric particulate matter (Doering and Akber, 2008). Several studies have shown
that atmospheric Be-7 concentrations are seasonally variable, with a maximum in the
summer season and a minimum in the fall/winter months (Azahra et al., 2004; Doering
and Akber, 2008; Yamamoto et al., 2006). Feely et al. (1989) investigated the

atmospheric Be-7 concentration at a large number of sites across the world. Two of the
locations reported by Feely et al. (1989) are Richmond, CA from 1973 to 1977 and Tracy,
CA from 1977-1981. Feely et al. (1989) note that while these two locations are
geographically close (i.e. in the San Francisco Bay Area, ~50 miles apart), their weather
behavior is very different, with Richmond on the coast and subject to coastal fog, and
with Tracy inland and subject to higher temperatures. To compare the trend in LLNL data,
we overlaid S200 airborne total beryllium mass data from 1973-1980 (green solid line,
right axis) with Feely’s Be-7 activity data (red and blue broken lines, left axis) in Figure

8. There is close agreement between S200 data and that reported by Feely for Tracy, CA.
In late fall and winter, rain occurs in both coastal and inland areas, so particulate matter



concentrations are similar due to rain-out. In the spring, summer and early fall, coastal
areas are cooler with onshore flow fog, while inland areas are hot, dry and windy
resulting in higher levels of particulate matter including beryllium.

In the historical LLNL particulate data, one of the highest peaks of beryllium particulate
matter occurs in the summer months of 2008. To verify that the peak was not caused by
LLNL activities, nine archived air filters (COW and MET from S200, and EOBS from
S300 collected in January, May and September) were reanalyzed using ICP-MS for a
suite of metals. Excellent correlations (Table 2) were found between Be and other metals
(including Al, Ce, Co, Cs, Fe, Ga, K, Mn, Ni, Rb, Th, U, V and many of the rare earth
elements). Ten elements were chosen as markers based on their correlation with
beryllium in both soil and air samples, namely Al, Cs, Eu, Gd, La, Nd, Pr, Sm, Th and TL
Europium and gadolinium are found in TV phosphors and alloys (the latter is also used in
the manufacture of compact discs). Neodymium and samarium are found in laser
components and various alloys (the former is also found in magnets). Praseodymium is
found in cigarette lighters, carbon act loams and in coloring of glass and enamel, while
thallium is present in rodenticide and ant killing applications. Figure 9 shows that the
ratio of Be to these metals did not increase significantly during September, when an
increase in beryllium had been observed in the historical data. These results demonstrate
that airborne beryllium particles in and around LLNL’s S200 and S300 perimeter are not
associated with LLNL research activities. The results also show that there is poor
correlation between Be, Na and industrial metals such as Zn and Cu, suggesting that
beryllium in the local atmosphere is not associated with marine aerosol or industrial
manufacturing processes.

The analysis of airborne beryllium particulate matter at LLNL’s S200 and S300 indicate
negligible impact from LLNL research activities, and suggests that beryllium detected at
monitoring stations is from soil resuspension and previous coal fired power station
burden.

3.3 Beryllium entrained in facility carpets

The distribution of beryllium concentrations found in LLNL facility carpets (both S200
and S300) vacuumed in 2009 is shown in Figure 10a. Facilities (or parts of facilities)
known to have beryllium contamination from historical activities were excluded from the
study to assess background carpet concentrations. Vacuuming of facility carpets found
between 0.002 to 0.480 pg/100 cm” Be (mean: 0.080 pg/100cm?, o: 0.086 pg/100 cm?,
median: 0.053 pg/100 cm?). These values should be compared to the DOE release
criterion of 0.2 pg/100 cm®. In some cases, the beryllium in carpets is above the release
criteria with respect to mass per unit area. However, the release criterion does not
explicitly consider carpet cleanliness (e.g. dirt loading, age, foot traffic, proximity to
exterior door/window, cleaning frequency). Natural beryllium may occur in carpets from
tracking of natural soil and deposition of local natural airborne particulates. Process-
induced beryllium may occur in carpets due to direct dispersion into the room and
subsequent deposition into the carpet, or by tracking beryllium contamination from a
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work area. In comparison, samples taken from the Peek Street Industrial Site,
Schenectady, NY (Foley et al., 1994) showed beryllium surface concentration in
overhead-collected dust to range from 19.4 to 151 pg/100 cm?, and floor-level dust
ranging from 0.47 to 11.84 pg/100 cm®. Sanderson et al. (1999) studied beryllium worker
contamination in personal vehicles and noted values up to 76.9 ug/100 cm’. Vincent et al.
(2009) sampled 554 surfaces of industrial establishments known to have beryllium
processes or materials and found a range of contamination from 0.03 to 805 pug/100 cm®
(mean: 11.78 pg/100 cm?, median: 0.075 pug/100 cm?) with the highest levels in
industries associated with the manufacture of basic metals, fabricated metal products,
medical precision and optical instruments including watches and clocks, and furniture. A
study by Day et al. (2007) found beryllium surface levels ranging from 0.05 to 13.60
11g/100 cm” in the front offices and wire annealing/pickling areas respectively of a Cu-Be
alloy facility. Sanderson (2008) measured Be surface contamination at a munitions plant
(some above the I0CFR 850 surface contamination limit of 3.0 pg/100 cm”® near sanders
and grinders) and surrounding reference sites (some above the I0CFR 850 release criteria
level of 0.2 pg/100 cm?, with a maximum of 0.44 pg/100 cm?). These studies clearly
indicate that surface contamination existed and that contamination can travel within a
facility.

We assessed background beryllium concentrations in background LLNL carpet dirt, with
facilities selected based on the lack of known beryllium spills. The results are shown in
Figure 10b, with mass concentrations ranging from 0.15 to 1.9 mg/kg (mean: 0.38 mg/kg,
o: 0.25 mg/kg, median: 0.31 mg/kg). The UTLgso9s50, was calculated and determined to
be 1.10 mg/kg (Sutton and Lee, 2009). This compares to a maximum of 0.71 mg/kg for
S200 soil and 2.10 mg/kg for S300 soil. Higher concentrations were noticed in S300
carpets compared to S200, which is not surprising given the higher content of beryllium
in S300 soil. However, the results suggested that additional beryllium contamination
existed in areas of S200 not immediately identified as having known contamination.
Samples from facilities known to have contamination ranged from uncontaminated levels
to 33 mg/kg in a room where beryllium powder had been accidentally spilled on the floor.

Subsequently, the dirt loading (g/100 cm?) was calculated to gauge how dirty (either
natural or process-induced) carpets were. The amount of beryllium in the carpet dirt was
then assessed to determine whether soil tracking and deposition could account for the
beryllium loading (Sutton and Lee, 2009). In some cases, where dirty old carpets had
been cleaned, soluble components of the dirt may be leached into the wash solution,
leaving entrained insoluble components (including beryllium) in the carpet and
effectively enhancing the natural concentration of beryllium. It was therefore important to
compare many of the elemental ratios shown in Table 2 to those measured for carpet
samples in an effort to assess the nature of the beryllium. The ten elemental marker ratios
selected earlier based on having good correlation coefficients in both LLNL soil and air
were compared for each facility. Table 4 shows the Be:M ratios of selected elemental
comparative markers for some LLNL facility carpets. Values underlined are greater than
the UTLose,959 for LLNL soil, while values in italics are greater than the UTLgso950, for
LLNL air particulates. While it was noted that uranium also had a good correlation with
beryllium, it was assumed that the uranium ratios could be biased by historical uranium
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activities at both S200 and S300. Subsequently, uranium was not used as a comparative
marker for beryllium contamination. Review of the tabulated results in Table 4 allows a
better understanding of the source of beryllium in each facility carpet.

Facilities A and B were indicative of buildings where no historical beryllium activities
had been occurring. Particles entrained in carpet inside building A had two elemental
markers greater than soil and three markers greater than air. Carpet dirt from building B
had three markers greater than soil and one marker greater than air. In each case of
elevated ratios, the measured values were less than two times greater than the UTLogso;950.
These exceedences may result from leaching during carpet cleaning, and subsequent
enrichment of the remaining insoluble or trapped components of dirt in the carpet; and
highlight the importance of using multiple markers in baseline studies.

Facility C was also a building with no known prior or current beryllium activities
occurring inside, while facilities D, E and F were known to house historical beryllium
activities and in many cases had known beryllium contamination. Carpet from buildings
C and E contained dirt that had nine markers greater than soil and nine markers greater
than air. Building C is a multi-floor office building that has no associated historical
beryllium activities. Samples taken from other floors in the same facility did not indicated
elevated levels of beryllium, and the source of beryllium contamination is unknown. In
building E, it is believed that beryllium contamination was tracked from a processing area
to the adjacent carpeted sampling location. The carpet in this facility has subsequently
been removed. Buildings D and F were known to have elevated concentrations of
beryllium due to historical activities and had all ten elemental ratio markers above the
soil and air UTL values. Beryllium sputtering activities occurred in building D, and it is
believed that elevated levels of beryllium were tracked into the adjacent office. The
marker ratios for facility D were typically an order of magnitude above the soil and air
UTL, and the carpet has subsequently been removed. Carpet in building F was found to
have process-induced beryllium and it is believed tracking from a contaminated work
area to the facility carpeted exit occurred. The carpet in facility F has subsequently been
removed.

Building G is located near a beryllium machine shop but the facility itself did not
specifically house beryllium activities. Analysis of the 2007 report by Mullins and
Kamerzell (2007) found contaminated soil outside the machine shop facility in agreement
with data in Dreicer (1985), but it is unlikely that foot traffic through the contaminated
soil to the carpet location was responsible. Rather, it is suspected that tracking of
beryllium from the neighboring machine shop had occurred (Sutton and Lee, 2009).
Building G had seven markers greater than soil and seven markers greater than air,
suggesting tracking did occur from a neighboring contaminated facility, but also
suggesting that dispersal from activities in the vicinity did not directly contaminate the
carpet.

Building H did not house beryllium-machining activities, but the facility does house

equipment that contains beryllium parts. This facility was chosen for multi-element study
because vacuum samples (characterized in terms of mass per surface area and mass per g
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dust) were inconsistent with activities (Sutton and Lee, 2009). The multi-element markers
indicate that one location in building H had all markers below both soil and air, and
another location had 10 markers above soil and nine markers above air ratios, a pattern
consistent with localized beryllium contamination that has not been tracked to other parts
of the building. On closer inspection of the facility, large portions of the carpet had been
replaced before the sampling study. A sample taken from the newer carpet (H-1) fell
below the background level, while a sample taken from the older portion of carpet that
remained (H-2) indicated localized beryllium contamination. Interestingly, all Be:TI
ratios were above background soil and air particulate data with the exception of the clean
carpet in building H.

While having one marker above the UTL might indicate beryllium contamination, it does
not screen for interferences from high background. Therefore, having more than three
marker ratios above UTLoso,0s0, in a carpet samples appears to positively identify
beryllium contamination based on our results. The number and magnitude of marker ratio
exceedences can be used to assess both the existence and degree of contamination and the
subsequent effectiveness of the restoration, but the exact number and magnitude may
vary from site to site.

4. Conclusions

This study established a new value for background beryllium in LLNL main site (S200)
soils. Beryllium in S200 soil is typical in both concentration and its correlation to other
metals of local and US soils. Soil at LLNL S300 contains a higher level of beryllium

compared to LLNL S200, likely due to the difference in soil type between the two sites.

Analysis of historical air filters have shown that LLNL beryllium activities have had
negligible impact on the Be content of airborne particulate matter in and around LLNL’s
main campus and annex facility. Seasonal variations in airborne beryllium levels are due
to local meteorological phenomena (dry, hot, windy weather in the summer/fall months)
and burden from both global resuspension of soil and/or coal fired power stations. The
EPA’s Clean Air Act had a significant impact on the reduction of beryllium associated
with inhalable particulate matter (specifically PM10). The results may be used to evaluate
the timing of outdoor activities for those individuals already sensitized to beryllium who
have an increased likelihood of developing chronic beryllium disease from inhalation of
beryllium.

Multi-element analysis of archived soil samples showed Be:M ratios for correlated metals
at or below national soils measured by the USGS. This technique provides useful
information in determining the nature and source of beryllium in future environmental
and industrial hygiene samples and allows the exclusion of other environmental impacts
such as industrial contamination. Be:M ratios provided additional information on the
source of beryllium found in carpets located in both beryllium processing areas and areas
free from beryllium activities. In some cases, with additional information on historical
beryllium activities, it is possible to distinguish between direct (intra-facility)
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contamination and tracked (inter-facility) contamination based on the number of Be:M
ratios exceeding the natural background levels. It is recommended that other beryllium-
handling facilities use multi-element analysis and multiple elemental marker ratios as a
confirmatory tool to supplement current beryllium surveillance activities in cases where
suspected elevated beryllium results are generated from traditional analysis. Since
atmospheric dust can be affected by nearby emissions and soil composition varies by
region, it is recommended that local, regional and national uncontaminated samples be
analyzed or sought to help distinguish between natural and process-induced beryllium in
the workplace and environment. The results of such studies should be compared to this
study and USGS data referenced here to assess the relevance of international data.
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Figure 1. Beryllium and aluminum concentrations for 60 S200 soil samples analyzed in
2007 (Mullins and Kamerzell, red circles considered outliers using a UTLgso; 950, = 5.07

x107 , red dashed line)
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Tables

Table 1. Statistical data for beryllium in soil at LLNL S200 and S300 (mg/kg)

S200 S300
Years Sampled 1988 — 1994, 2007 1991 - 2010
N 87 60
Range 0.10-0.71 0.20-2.10
Mean 0.31 0.79
Standard deviation 0.13 0.48
Median 0.28 0.68

29



Table 2. UTLose,95% and correlation coefficient (R) for the ratio of beryllium to

metal concentrations found in national and local soil and air samples

Be:M Ratio USGS Soil® Mullins LLNL Soil® LLNL Soil° LLNL Air?
UTLoso405% R UTLoso405% R UTLoso405% R UTLoso405% R
Ag - - - - 7.24E+00 0.55 - -
Al 5.90E-05 0.77 4.73E-05 0.70 2.04E-05 0.72 3.76E-05 1.00
As - - - - 2.55E-01 0.14 1.90E-02 0.25
Ba 4.67E-09 0.34 2.23E-03 0.53 2.02E-03 0.12 2.24E-03 0.76
Ca 1.04E-03 -0.01 - - 1.39E-04 -0.74 3.68E-05 0.88
Cd - - - - 4.53E-01 -0.20 2.91E-01 0.60
Ce 5.37E-08 0.73 - - 3.61E-02 0.50 2.88E-02 0.99
Co 5.08E-07 -0.02 - - 1.32E-01 0.08 7.66E-02 0.97
Cr 1.64E-07 -0.15 - - 2.17E-02 -0.33 8.96E-03 0.90
Cs 1.20E-06 0.75 - - 5.66E-01 0.86 3.65E-01 0.99
Cu 3.09E-07 0.19 2.69E-02 -0.01 5.92E-02 -0.47 4.74E-03 0.70
Dy - - - - 5.16E-01 0.59 6.61E-01 0.99
Er - - - - 8.99E-01 0.67 - -
Eu - - - - 1.33E+00 0.85 1.81E+00 0.98
Fe 1.44E-04 0.36 8.17E-05 0.34 4 34E-05 0.36 3.16E-05 0.96
Ga 2.02E-07 0.81 - - 3.40E-02 0.30 9.82E-02 0.99
Gd - - - - 2.52E-01 0.76 4.45E-01 0.99
Ge - - - - 3.83E-01 0.66 - -
Hf - - - - 7.50E-01 0.47 1.30E+00 0.88
Ho - - - - 2.68E+00 0.59 3.42E+00 0.99
K 2.71E-04 0.78 - - 9.01E-05 0.52 1.08E-04 0.93
La 1.03E-07 0.77 - - 6.93E-02 0.72 5.34E-02 0.99
Li 1.46E-07 0.41 - - - - - -
Lu - - - - 6.41E+00 0.55 9.92E+00 0.99
Mg 9.62E-04 -0.09 - - 3.15E-04 0.37 7.21E-05 0.76
Mn 6.51E-09 0.22 2.44E-03 0.14 2.34E-03 -0.22 1.72E-03 0.92
Mo 3.92E-06 0.24 - - 1.09E+00 -0.61 1.28E-01 0.37
Na 1.15E-03 0.44 - - 1.36E-04 0.00 5.41E-05 0.32
Nb 3.60E-07 0.73 - - 1.91E-01 0.32 1.88E-+00 0.59
Nd - - - - 7.43E-02 0.94 7.56E-02 1.00
Ni 2.39E-07 -0.15 1.58E-02 0.20 3.03E-02 -0.07 9.14E-03 0.94
Pb 1.15E-07 0.11 - - 1.29E-01 -0.13 9.06E-03 0.90
Pd - - - - 3.18E+00 0.83 - -
Pr - - - - 2.93E-01 0.94 2.77E-01 0.99
Rb 5.86E-08 0.88 - - 2.54E-02 0.52 3.13E-02 0.98
Sb - - - - 1.79E+00 -0.11 2.49E-01 -0.49
Sc 4 40E-07 0.29 - - - - - -
Se - - - - 4.56E-01 -0.41 - -
Sm - - - - 3.93E-01 0.76 4.27E-01 0.99
Sn 1.82E-06 0.69 - - 1.50E-02 -0.18 5.73E-02 -0.19
Sr 2.37E-08 0.37 - - 6.43E-03 -0.14 5.18E-03 0.83
Ta - - - - 1.88E-+00 0.89 - -
Tb - - - - 2.97E+00 0.55 2 98E+00 0.98
Th 3.54E-07 0.83 - - 2.13E-01 0.78 1.57E-01 0.99
Ti 1.28E-03 0.37 - - 4.09E-04 0.41 1.17E-03 0.92
Tl - - - - 3.33E+00 0.89 3.58E+00 0.98
Tm - - - - 6.70E+00 0.41 9.96E+00 0.99
U 1.21E-06 0.72 - - 7.33E-01 0.81 6.86E-01 0.93
vV 5.57E-08 0.30 1.48E-02 0.39 1.80E-02 0.57 1.41E-02 0.95
W 4.18E-06 0.75 - - 1.36E+00 0.46 - -
Y 2.00E-07 0.75 - - 1.04E-01 0.44 1.18E-01 0.97
Yb - - - - 1.00E+00 0.44 1.45E+00 0.99
Zn 4.65E-08 0.32 9.86E-03 -0.20 1.88E-02 0.08 2.32E-03 0.48
Zr - - - - 2.28E-02 0.59 3.84E-02 0.82

Notes: (a) Smith et al. (2005), (b) Mullins and Kamerzell (2007), (¢) This study

(sampling during 2009), (d) This study (sampling during 2008)
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Table 3: Statistical data for atmospheric beryllium (pg/m’) at LLNL S200 and S300

S200 S300
Years Sampled 1974 -2010 1981 -2010
N 2913 2375
Range 0.1-540 0.3-430
Mean 259 24.6
Standard deviation 42.8 42.8
Median 12.6 11.0

Table 4. Ratios of 10 selected comparative markers for Be:M in facility carpet
samples

Facility ID
A B C D E F G H-1
Known Be activity" / equipment” No No No Yes® Yes® Yes® No Yes®
Be:M Ratio LLSN(; I;l LLZI;
AL (10°%) 2.04 3.76 2.91 231 16.0 187 174 789 1.55 1.86
Cs 0.566 0.365 0.481 0.118 0.272 0.707 0.333 4.19 1.13 0.227
Eu 1.33 1.81 1.09 1.38 8.00 37.6 829 170 267 0.659
Gd 0.252 0.445 0.218 0.206 1.50 11.0 1.81 3.75 0.246 0.153
La (107) 6.93 5.34 3.74 3.60 16.0 314 17.2 106 5.26 3.15
Nd (10?) 743 7.56 451 3.92 31.8 445 340 492 10.4 3.77
Pr 0293 0277 | 0.174  0.156 111 17.9 118 203 0449  0.143
Sm 0393 0427 | 0266  0.125 1.70 18.3 165 804  0.615 0207
Th 0213 0157 | 0169  0.128 1.51 23.0 1.63 332 0404  0.139
Tl 3.33 3.58 5.00 6.56 117 589 13.6 290 9.64 2.90
Number > LLNL Soil 2 3 9 10 9 10 7 0
Number > LLNL Air 3 1 9 10 9 10 7 0
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