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(ABSTRACT) 
 

 A detailed study has been made of the distribution of lead on a public shotgun 

range in the George Washington-Jefferson National Forests in southwestern Virginia.  

Sampling of more than 100 sites has yielded data on the distribution pattern of the lead 

shot.  Since opening in 1993 through 2000, 11.1 metric tons of lead has accumulated over 

an area 220 by 300 m (66,000 m2) with an average rate of accumulation of 1.4 metric 

tons per year.  More than 85 % of the total dispersed lead lies scattered in the forest that 

surrounds the approximately 60 by 60 m cleared shooting surface.  Lead is irregularly 

distributed because of the use of stationary targets and the general trajectory of launched 

clay targets.  Maximum concentrations occur at distances of about 28 m about 80 m, and 

at about 180 m reach a maximum value of more than 5000 g per m2.  Significant amounts 

of fine particulate lead, generated during shooting and as a result of impact occur close to 

the shooting box but absent at distances beyond 50 m.  
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INTRODUCTION 

Lead munitions, expended in hunting and in recreational shooting, constitute the 

largest influx of lead into the American environment today.  The reservoir of spent 

munitions, from the 20th Century alone, totals more than 3.5 million metric tons and is 

increasing at a rate of approximately 55,000 metric tons per year.  Shooting ranges, with 

lead loading measured as high as many kilograms per square meter, represent the most 

highly lead polluted areas in the country and thus have the potential to serve as point 

sources to contaminate surface and ground waters.  Hunting areas are similar in nature 

but generally contain more dispersed lead and can serve as non-point sources for lead.  

The proposed study is designed to examine the amount and nature of lead munitions on 

selected shooting ranges, to determine the nature and rates of formation of the corrosion 

phases, and to examine the degree to which lead is solubilized.  This will involve 

measurement of lead on and around shooting ranges, analysis of the mineral corrosion 

phases formed, determination of the distribution of lead and other metals (As, Sb, Cu, Zn) 

in primary and secondary phases, analysis of surface and ground water, examination of 

the impact of lead on the fauna and flora of the ranges, and modeling of the solubility of 

the phases.  

 Lead, despite a long history of beneficial use to humankind, has now been 

recognized as toxic and posing as a widespread threat to wildlife and humans.  Munitions, 

expended in hunting and recreational shooting, presently constitute the largest flux of 

lead into the environment and increases the present 3.5 million metric ton reservoir of 

spent and widely distributed lead by approximately 55,000 metric tons per year in the 

United States alone (U.S. Geol. Survey 1997).  The greatest concentrations of lead occur 
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on shooting ranges (designated or merely heavily used sites on public or private land) and 

in areas where there has been extensive hunting over long periods of time.  There exists 

little information on the degree of lead loading, little information on the nature of the lead 

corrosion products, almost no data on the kinetics of lead oxidation, very little data on the 

immediate and lateral impacts on plants and wildlife, no data on the movement of lead in 

surface and ground waters from these sites, and no systematic information on the 

differences in the behavior of lead munitions in diverse soil environments.  

 Lead was one of the earliest metals known and its usage dates from at least as 

early as 5000 B.C., the age of a lead-spinning bobbin found at Merv in Russia.  Within a 

thousand years it was being used by Egyptians in makeup, pottery glazes, writing tablets, 

chains, and sling projectiles (Woodbury 1985).  Within another thousand years, its use 

ranged from the Mediterranean to China and down the east coast of Africa.  By the 

Roman Era, lead, with its ease of smelting, low melting point, ease in molding, casting 

and soldering, and relative resistance to corrosion, found usage in many aspects of 

Roman life.  It was so useful that the Romans exploited lead mines in Sardinia, Spain, 

England, and Germany with as many as 40,000 miners.  The rich ores at Laurium in 

Greece were also exploited as major sources of silver used for ornamentation and 

coinage.  Later, lead served widely in printers' type, in lead glass, in water pipes, roof 

coatings, paints, munitions, batteries, and gasoline.  Ever since the development of 

cannon and other firearms, lead has been the primary metal of choice for the projectiles 

because it was cheap, was easily shaped, did not damage the barrels, carried well, and 

deformed on impact.  Consequently, lead in the form of spent munitions has been spread 

around the world as the result of military activities, hunting, and recreational shooting for 
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hundreds of years. 

 Complaints about the potential negative health effects of lead date from at least as 

early as 1556 when George Bauer (Agricola) wrote in De Re Metallica, "It is claimed . . . 

that lead is a pestilential and noxious metal" and there has been speculation that lead 

poisoning contributed to the downfall of the Roman Empire (Nriagu 1983).  In the United 

States, serious concerns about the environmental impacts of lead and potential harm to 

human health became focused in the 1970s.  As a consequence, lead was withdrawn from 

American gasoline in 1975, lead was banned from household paints in 1978, and greater 

restrictions on the permissible levels of lead in drinking water went into effect in early 

1990s.  The literature regarding the human health effects of lead, especially on urban 

children, is voluminous, but a concise summary has recently been offered by Lamphear 

(1998) who notes that 1 of every 20 children in the United States today suffers from sub 

clinical lead toxicity.  He notes that "the results of . . . studies . . . argue that efforts to 

prevent neurocognitive impairment associated with lead exposure should emphasize 

primary prevention-the elimination of...lead hazards".  The deleterious effects of lead on 

wildlife, especially from dispersed lead hunting shot has also been heavily documented 

and is effectively summarized by Sanderson and Bellrose (1986) and Pain (1990). 

 Presently, the United States uses approximately 1.5 million metric tons of lead 

annually with about 30 percent derived from new mining and about 70 percent derived 

from recycling of lead from storage batteries.  Despite the high rate of recycling, there is 

still the major flux of lead introduction into the environment in the form of spent 

munitions (Socolow and Thomas 1997).  The expenditure of lead in hunting and 

recreational shooting represents, by far, the largest release of lead into the American 
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environment today, and is currently at a level of approximately 55,000 metric tons per 

year (U.S. Geol. Survey 1997).  Although detailed records of the use of lead-bearing 

munitions in the United States date only from the 1920's, it is clear that hunting activities 

by the mid-1800s were spreading large quantities.   

The total amount of lead reported as processed into munitions (this does not 

include military usage) from 1920 through 1997 was 3,540,000 metric tons (3,900,000 

short tons).  Reasonable extrapolations back to 1900 and through the end of 1999 give 

total lead usage greater than 4,100,000 metric tons  (4,500,000 short tons) of expended 

munitions during the 20th Century.  Although there is some usage of indoor shooting 

ranges and there is retrieval of lead at a few shooting ranges, the vast proportion of the 

lead has been expended into the environment with no effort at recovery.  Accordingly, the 

release of lead in the form of spent munitions represents the major pathway by which 

lead is released into the American environment, and those munitions represent, by far, the 

most rapidly growing reservoir of lead.  The usage of munitions, and hence the 

approximate rate at which it is accumulating in the environment, has been 50,000 to 

60,000 metric tons per year and is likely to continue at that rate for the foreseeable future.  

Thus the amount of dispersed lead which has the potential to health problems of wildlife 

and humans will likely increase on the order of 1 million metric tons every twenty years 

unless the nature of the munitions is changed.   

 There have existed in 20th Century three other major fluxes of lead into the 

environment - lead storage batteries, lead paints, and lead additives in gasoline.  Although 

batteries have at times in the past been discarded, most either went into landfills or found 

their way back to recyclers because there was sufficient value in the lead to make the 
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recycling worthwhile.  In the past 20 years, that natural economic incentive has been 

further encouraged by many state laws that make land filling of batteries illegal and the 

recycling of batteries mandatory.  There exist few concrete data to get an accurate picture 

of the amount of lead in discarded batteries but that flux has ended, and much of the older 

material is probably reasonably securely contained in old landfills.  Lead has long been 

used in paint pigments (so called "white lead" utilizing lead carbonate and lead 

hydroxycarbonate and "red lead" utilizing lead oxide).  Although it is clear that the total 

usage has been at least several million metric tons, specific data are often not available 

and much of the data is combined in yearly reports.   Much of the red lead paint was used 

as primers on steel to minimize rusting, was then heavily covered by other paints, and 

remains today isolated and intact.  White lead paints were much more commonly used in 

buildings, but the recognition that these paints, especially when deteriorating with age, 

can yield significant amounts of chalk-like dust and fine fragments which can easily be 

ingested by small children led to the ban of lead-based paints in 1978.  Although these 

paints still represent true health hazards in many older homes, much of the threat from 

aging paints has been mitigated by removal of materials to landfills or has been over 

coated by later generations of non-lead based paints.  Thus, it is effectively removed from 

impact on wildlife or humans.  The ban on the use of lead as a general paint-pigmenting 

agent has effectively ended the flux of lead from this source into the environment. 

The remaining large flux that of gasoline additives had its origins in the 1920's 

with the discovery that tetraethyl lead could effectively and cheaply raise the octane 

rating of gasoline.  The use of the tetraethyl lead in the United States rapidly increased, 

reaching levels of more than 200,000 metric tons of lead content per year from 1960 
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through 1977.  The total use of lead from gasoline additives is estimated to have totaled 

approximately 7 million metric tons by the time it was phased out in the 1980s (Nriagu, 

1989, 1990; Thomas, 1995).  Although this is larger than the total from munitions, it is no 

longer being introduced into the environment.  It was never as concentrated as much of 

the lead from munitions, and much of it has been dissipated in the intervening years.   

 Wildlife impacts from expended munitions became evident as early as 1874, 

when there were reports of waterfowl dying as a result of ingesting lead shot (Feierabend, 

1983).  Early 1900s studies linked many waterfowl deaths to ingested lead and more than 

30 "die-offs" in each of which more than 100 birds (and as high as 1600 birds) perished 

due to lead ingestion were reported between 1937 and 1957.   Increasing awareness of the 

effects of lead shot on birds resulted in the complete ban on the use of lead shot for 

waterfowl hunting in 1994.    Nevertheless, the use of lead shot and bullets in nearly all 

other types of hunting and the widespread and increasing interest in recreational shooting 

is presently introducing at approximately 55,000 metric tons of lead into the American 

environment every year.  Furthermore, virtually none of the large quantities of lead shot 

already dispersed during the hunting of waterfowl has been cleaned up or reclaimed.  The 

concentration of lead in the environment varies widely and is no doubt highest in long 

used hunting areas, especially wetlands along the routes of migratory ducks.  The U.S. 

Fish and Wildlife Service (1985) estimated that hunters averaged 8.6 shots per bird 

bagged (with each shot expending 29-44 grams of lead).  
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SCOPE AND LOCATION OF THE STUDY 

Scope: 

 The present study is part of a larger investigation to examine the pattern of lead 

accumulation at a public shooting range located approximately 5 km west of Blacksburg, 

Montgomery County, Virginia approximately 0.4 km north of Route 460 (37o 18' N; 80o 

26' 30" W) in the George Washington-Thomas Jefferson National Forest.  It consists of 

two clear range surfaces, for shotgun and rifle use respectively, on the southeast flank of 

Brush Mountain.  This study is confined to the shotgun range and attempts to define the 

limits of the area impacted by recreational shooting and the patterns of lead accumulation 

on that range surface and in the adjacent forest.  The derivation of these data are a logical 

first step in accessing the overall distribution of lead in the forest and in evaluating the 

potential for the lead to impact on wildlife.  The data are presented and discussed in terms 

of lead content, primarily in grams per square meter of the range.  Other metals are also 

present - copper in some casings and as coatings on some shot, zinc in some brass casings 

and coatings, and arsenic and antimony as hardening agents in some of the shot and 

bullets, aluminum and iron in a variety of target materials - but these probably do not 

constitute more than 2 or 3 percent of the total metal on the shotgun range.  Accordingly, 

metal concentrations are expressed in terms of lead, recognizing that there are a small 

component of other metals present.  Data derived from this thesis study has contributed to 

the database used for a series of presentations at professional meetings and one larger 

paper.  These are: Craig, et al, 1999, Edwards, et al, 1999, Rimstidt and Craig, 2000, 

Scanlon, et al, (1979).  
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Recreational shooting is becoming increasingly popular with the American public 

and there is a growing need for facilities to accommodate this activity.  Local, state, and 

federal organizations and agencies continue to develop shooting facilities, sometimes in 

isolated forest areas so that the discharge of weapons can be carried out safely. Shooting 

ranges vary from sites that are rigidly structured with high backstops to simple open 

clearings with or without a constructed backstop.  Some are completely supervised 

whereas others are unsupervised and self policed.  In most cases, the sites are chosen and 

oriented such that they offer little or no direct threat to human habitation or normal 

activities.  In large forested areas open to the public, such as the National Forests in 

Virginia, the establishment of formal shooting ranges has greatly decreased the incidence 

of shooting vandalism in the forest and along roads.  As a result, the safety of the 

recreating public on the forest is improved, and the potential for shot impacting on 

neighboring lands is reduced. 

At the same time that formal ranges provide a clear benefit to the public, there is a 

growing concern among the public about the dispersal and fate of heavy metals such as 

lead in the environment. It is clear that the establishment of formal shooting ranges 

results in the accumulation of significant amounts of lead and other metals used in the 

manufacture of bullets and shot.  The effects of lead on waterfowl in fluvial, lacustrine, 

and marine environments are well documented (Feierabend 1983; Sanderson and Bellrose 

1986; Pain 1990) but much less attention has been given to the ecological and 

environmental effects of lead on birds and other organisms in upland environments 

(Kendall and others 1996). 
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Location: 

This study was initiated as part of Forest Service monitoring of an active 

shooting range that is operated in the George Washington and Thomas Jefferson 

National Forests of the U.S. Department of Agriculture (USDA) Forest Service. It is 

about 5 km west of Blacksburg, Montgomery County, in southwestern Virginia (37o18'N; 

80o26'30"W) (Fig. 1).  The range contains two shooting areas (Fig. 2), a rifle range and a 

shotgun range, and lies on the southeast flank of Sinking Creek Mountain approximately 

0.4 km north of Route 460.  The shooting range lies at an elevation of about 685 m in a 

second growth mixed hardwood forest on the Devonian Brallier Formation that is 

composed primarily of deeply weathered black shale.  The ridge top is composed of 

Silurian sandstone, the float from which is scattered across the forested mountainside.  

The rifle range was cut into the slope such that there is a 4-5 m high backstop behind the 

100-meter long shooting lanes.  The shotgun range occupies a cleared 60 m long by 60 m 

wide slightly sloping surface now covered with grass (Fig. 3).  The shooting ranges are 

completely surrounded by second growth forest, last cut over in the 1930s, dominated by 

red and white oaks that are up to 31 cm in diameter and contain as many as 60 growth 

rings; some pine up to 33 cm in diameter contain up to 90 growth rings.  The shooting 

range was established in 1993, has been in continuous use since that time, and appears to 

be receiving increasing amounts of use. Actual attendance data and the numbers of 

rounds fired are not known with accuracy but the USDA Forest Service made a rough 

estimate of 1 million rounds per year for both the rifle and shotgun areas (W. Compton, 

personal communication, 1998).  Limited range attendance data taken from a vehicle 

counter on the entrance road are:  1998 - 17,620 vehicles; 1999 - 13,071; 2000 - 18,258; 
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2001 through March 5 - 7,052.  The counter has not been operative at all times, so these 

are conservative figures.  Assuming estimates of 1.3 occupants per vehicle and the 

discharge of 50 rounds by each occupant on each visit, the numbers of rounds fired per 

year would be 1997 - 1.15 million rounds; 1999 - 0.85 million rounds; 2000 - 1.19 

million rounds.  These data all support the estimate of at least 1 million rounds being 

fired per year.  Observations by the authors suggest that 90 % of the total range usage is 

on the rifle range. 

The Blacksburg range offers an excellent site for the study of metal distribution 

and accumulation because it is well defined geographically, has no encroachment by 

other metal distributing activities, has remained in continuous operation, and is expected 

to remain open for the foreseeable future.  The range appears to be typical in terms of 

simple construction and typical in terms of clientele served (target shooters, sports 

shooters, and hunters).  The attendance is probably somewhat higher than that of many of 

the more remote shooting ranges in the National Forest but is probably less than on 

ranges near greater population centers.  It is important to note that this is an unsupervised 

range, so there are a wide variety of shooting activities and a very wide variety of 

firearms used at the site.  Hence, samples from nearly any part of the range areas can 

contain bullets and shot of many types because shooters use ammunition designed for 

target shooting as well as those designed for hunting.  The discussions in this paper will 

refer to lead because it is the overwhelmingly dominant (probably 97% or more) metal 

present on the range. Other metals present are as jackets and firing caps (copper), pellets 

(steel), hardening agents (arsenic and antimony), casings (brass, aluminum, steel), and 

targets (all types of metals), but all of these together are estimated to total no more than 2 
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or 3% of the total metal present.  The USDA does carry out periodic range cleaning 

which clears the heaviest of the target debris on the shotgun range and many of the 

casings from the shooting box areas; little or none of the bullets and shot have been 

removed by cleaning.  The authors believe that this range has similar characteristics with 

many outside ranges in the United States and therefore can serve as a representative 

model from which many useful conclusions may be drawn.   

SHOTGUN RANGE USAGE 

The Blacksburg shooting range is generally open for public usage from dawn to 

dusk more than 350 days each year; it is closed periodically for maintenance and general 

cleaning.  Although the two shooting areas are designated as a rifle range and a shotgun 

range, the ranges are not continuously supervised and there is some crossover of range 

usage as evidenced by the presence of bullets on shotgun range and shotgun casings on 

the rifle range.  Most shooting on the shotgun range is conducted with 12 gauge shotguns 

using number 6 to number 8 shot as evidenced by the discarded shells, boxes, and 

recovered pellets.  There is also limited usage of 10 gauge, 20 gauge, and 410 gauge 

shotguns.  The shotgun range has a centrally located shooting box that apparently is used 

by most shooters.  A clay target-launching site is located approximately 7 meters to the 

right of the shooting box.  Shooters may use mechanical launching devices or may have 

colleagues hand-throw the clay targets.  No firm data exist on the numbers of shells 

discharged by individual shooters, but random observations of, and discussions with, 

typical shooters indicate that trips to the shooting range usually result in the discharge of 

a minimum of 30 shells and probably an average of 50 shells. Assuming that the average 

12-gauge shotgun shell contains 30-45 g of lead, the typical shooter would discharge 
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1500 to 2250 g of lead shot per trip to the range.  In general, bullets constitute only a few 

percent of the total lead recovered from any sampling site on the shotgun range.  

However, along the centerline where targets are placed, bullets are more abundant.  The 

greatest concentration of bullets was observed at a distance of 28 m on the centerline 

where they constituted 874 g (or 17 percent) of the total 5048 g of lead per m2.  

DESCRIPTION OF THE SHOTGUN RANGE 

This paper presents data and discusses the lead distribution and loading on the 

area impacted by shooting activities on the shotgun range.  This range (Fig. 3) consists of 

an open gently sloping surface, approximately 60 m in length by about 60 m in width that 

was cleared in the forest.  It is bounded on all sides by mixed hardwood second growth 

forest dominated by oak trees.  The surface slopes slightly from left to right (from the 

shooters perspective) and rises away from the shooter at about a 5 to 6 % slope.  The 

ultimate area of study for which data are reported is approximately 220 m across by 

approximately 300 m in length.  The study area as shown on the diagrams in this article is 

bounded by the shooting box (set as the 0 coordinate) and extends 100 m to the left of the 

shooter and 120 m to the right of the shooter.  This slight asymmetry results from the 

positioning of the rifle range, which lies at about 100 m to the left of the shooting box.  

Hence any measurements farther to the left than 100 m would be influenced more by the 

rifle range than by the shotgun range.  The right side limit of 120 m and the maximum 

range limit were determined by the concentrations of shot recovered.   

This study is part of a larger project examining the entire shooting range, both the 

rifle range and the shotgun range, to determine: (1) the area of impact of the shot (2) the 

nature and uniformity, or lack thereof, of the lead distribution (3) the loading 
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(concentration) of the lead on the range (4) the impacts of shooting on the vegetation 

immediately adjacent to the range surface (5) any evidence of lead transport from the 

range or surrounding surfaces (6) the nature of the corrosion phases on the lead (7) 

whether lead is present in ground and surface waters.  A study of lead in surface water 

has been published (Craig and others, 1999) and preliminary results on the corrosion of 

the lead shot have been presented (Rimstidt and Craig 2000). 

SAMPLING METHODS AND PATTERNS 

Two of the major objectives of this study of the shotgun range were to determine 

the area impacted by lead shot and the uniformity (or lack of uniformity) of lead 

distribution.  The first estimate at the Blacksburg shotgun range was that much of the shot 

would occur on the approximately 60 by 60 m surface that had been cleared in front of 

the shooting box. Accordingly, the initial sampling was carried out at 5 m intervals along 

a line extending directly outward from the center of the shooting box toward the center of 

the far edge of the cleared area. 

Progression of sampling to the outer limit of the cleared area indicated that much 

shot must have carried beyond that area; hence, sampling was carried out at 10 or 20 m 

intervals to a distance of 320 m from the shooting box.  It was apparent from the outset 

that shooting distributes shot in arc-like patterns because much of the shooting is at 

targets that have been launched or thrown (generally right to left) at varying heights.  

Observation of shooters revealed that shots ranged over a wide angle and at highly 

variable trajectories that would carry shot from far to the right of the open area, across the 

center, and far to the left of the open area.  Accordingly, sampling was also carried out on 

a series of traverses at right angles to the centerline.  Most intensively, samples were 
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taken along traverses at 50 m, 100 m, 150 m, and 200 m out from the shooting box.  The 

full sampling included more than 100 sites as indicated on Figure 7 and given in Table 1. 

The lead concentrations from the shotgun range activities have dropped to 20 to 25 g per 

m2 at 100 m to the left; thus the impact of the shotgun range activity becomes small 

beyond that distance.  Sampling was conducted farther to the right side of the range 

because there was no influence from a rifle shooting area that would contaminate the data 

and because there appears to be a slight right-hand bias to the shot distribution.  That is, 

there are higher lead values at 80 and 100 m to the right than to the left. This probably 

results from some bias to shoot at aerial targets, launched from the right-hand side before 

they reach the center of the range. 

Initially the workers did not know the depth to which shot might have penetrated 

or been worked by subsequent activity.  After testing several areas of various dimensions, 

it was found that sampling areas 50 cm by 50 cm (one-quarter of a square meter) 

provided a significant arial coverage and when sampled to depths of 3 to 10 cm, provided 

1 to 8 kilograms of total sample (soil, spent shot, pieces of clay targets, shot cups, various 

target materials, and wood or grass fragments).  Thus, 50 by 50 cm² areas (Fig. 4) were 

located and sampled to a depth where it became apparent that there had not been deeper 

penetration by the shot and that there had not been reworking of material on the surface.  

Usually this occurred at the base of the A-soil zone, which was the relatively darker and 

more organic-rich than the underlying, yellow-orange, clay-rich, lead-free soil.  All 

material within the 50 by 50 cm square was extracted and sieved through a 6 mm metal 

sieve.  Clods of soil and masses of root or organic material were disaggregated and 

worked until it was clear that there could not be shot left adhering to them.  The coarser 
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material included primarily shards of clay targets, pebbles, leaves, roots, shotgun shells 

and cups, and miscellaneous target materials (boxes, milk jugs, glass bottles, electronic 

devices, etc. (Fig. 5). 

The progression of sampling revealed that most of the lead shot are dispersed in 

the surrounding forest; hence, most samples were taken from that area where the soil is 

covered by 5 to 10 cm thick mass of flattened, overlapping, and decomposing leaves with 

penetrating roots (commonly referred to as "duff").  Recently fired shotgun shot pellets 

could be seen lying on or between the most recently fallen leaves whereas older shot 

were found dispersed throughout the mulch-to peat-like mass.  These samples were 

carefully extracted so that pellets did not drop out before being collected and were then 

thoroughly disaggregated to release the shot.  The investigators attempted to take samples 

which were unbiased but did recognize that large trees clearly act as backstops and it was 

common to observe high concentrations of lead shot directly in front of the large tree 

trunks; many shot bounce off or just drop and accumulate in front of the trees.  

Conversely, behind the large trees, there were shadow zones where there were few or no 

shot because they were shielded by the tree trunk.  Accordingly, samples were not taken 

directly in front of, or directly behind, large trees because of the bias resulting from the 

backstop or shielding effects.  Where such sites fell in the sampling patterns, the sample 

site was adjusted approximately one-quarter of a meter, left or right or front or back.  

This avoided the bias but kept the sample in the same square meter area being 

represented.  During sample processing, all material retained on the top of the sieve was 

examined before being discarded and all bullets and casings were extracted and retained 

to be added to the shot.  Numerous samples also contained bullets of a variety of caliber; 
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these were added to the recovered shot as they represent metals contributed to the range 

by the recreational shooting activities. The material that passed through the one-quarter 

inch sieve were collected in plastic bags, labeled, and returned to the laboratory for 

processing. 

The disaggregated samples were dumped into 20 liter plastic buckets.  The 

buckets were filled with tap water and the mass of the material was stirred and agitated 

until the heavier fractions (the lead and related metals) had settled to the bottom.  The 

floating organic material and much suspended fine clay and target waste were decanted 

off several times.  Samples were then transferred to a 36 cm Garrett Gravity Trap gold 

pan that was used to separate the lead and related metals from the much lower-density 

soil, sand, target fragments, and glass particles. When properly used, the gold pan is 

extremely efficient in separating the heavier from the lighter materials and it is relatively 

easy to monitor the presence and movement of lead shot or fragments in the pan.  The 

lead shot, bullets, and shot and bullet fragments were separated and dried (Fig. 6).  Once 

dried, the recovered metal materials were examined under a binocular microscope and all 

remaining extraneous materials were removed; the samples were then weighed on a top-

loading balance with an accuracy of 0.1 g.  The separation procedure was tested for 

reliability by adding100.0 g of typical lead shot to a lead-free mass of soil and organic 

matter which weighed several kilograms and which was typical of the organic debris in 

the forest.  This test sample was processed in the same manner as the regular samples; the 

result was recovery of 99.5 g of lead shot.  It is recognized that some material could be 

lost during the recovery efforts at any site; however, the test indicated a very high rate of 

recovery - one that the principal investigators believe is typical.  Nevertheless, it is proper 
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to note that the potential for small losses means that the results given below are 

conservative: There was no opportunity for the introduction of lead into samples, but 

there was the possibility of small losses.  Shot samples recovered from most of the range 

surface and the surrounding forest area consisted of intact shotgun pellets that appear to 

have fallen undamaged to the ground after traveling on a normal arc from the shooting 

box outward.  However, careful examination of samples taken close to the shooting box 

revealed that they contained significant amounts of finer and very irregular fragments of 

lead (and minor amounts of brass or other metals) as shown in Figure. 8.  These 

fragments are apparently generated by the abrasion of the shot against one another or 

against the choke at the mouth of the gun barrel as they exit the shotgun barrel. Because 

they do not possess so much mass as the larger pellets and are not very aerodynamic, they 

do not travel very far before falling to the ground. The particles range in size from 1 mm 

downward to 0.01 mm or less.  This fine size makes their recovery more difficult and 

required very careful panning (and in some cases, re-panning of the finest debris) to 

affect their recovery.  No doubt, some of the finest material was lost, but the high specific 

gravity of the lead and other metals still allows for very high recovery rates.  The 

presence of these particles is potentially very important as discussed below. 

STATISTICAL METHODS 

The evolving sampling procedure resulted in non-uniform sampling of the 

shotgun range.  Subsequently, O. Schabenberger and J. A. Birch of the Virginia Tech 

Statistics Department undertook statistical analysis of the data; the following discussion 

and the results shown in Figure 10 is based on their work.  In particular, this resulted in 

much more intense sampling along the center axis of the range (X = 100 in Table 1) than 
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on other parts of the area.  Consequently, it was not appropriate to weight all samples 

equally and simply average the data from all sites.  The higher lead concentrations along 

the center axis would have biased the total and would have given a gross overestimate of 

the lead.  For example, the average lead concentration of all samples was 572 g per m2; 

extrapolation onto the entire 220 by 300 m area would have yielded an estimated total of 

37.7 metric tons for the entire range area.  Any similar statistical analysis based on simple 

summary statistics such as sample means will fail to produce a good match between the 

predicted lead profile (Fig. 10) and actual measurements because it does not take into 

account the spatial autocorrelation in lead distribution.  In other words, having found high 

(or low) amounts of lead at a given site, it is reasonable to expect high (or low) 

concentrations in nearby sites.  

To obtain a profile of the actual (not average) amount of lead on the range, which 

allows unbiased estimation in the presence of a systematic and non-representative 

sampling design, geostatistical principles were applied.  In this case, universal krieging 

(Cressie 1993, Chilès and Delfiner 1999, Schabenberger and Pierce 2001) was used.  This 

best linear unbiased prediction method combines information about the spatial 

autocorrelation with a mean trend across the shooting range to reconstruct the profile of 

lead shot concentrations.  This analysis was performed on the log-transformed data for 

four reasons.  The spatial autocorrelation structure for these data is more easily 

discernible on the logarithmic scale, back-transformed predictions of lead are guaranteed 

to be non-negative, the back-transformed values will not overestimate the actual amount, 

and the average lead amount can be modeled as a standard response surface on that scale.  

The result of the universal krieging takes into account the higher concentration along the 
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center axis (Fig. 9) and permits development of a three dimensional surface as shown in 

Fig. 10.  This accurately shows the areas of maximum concentration and the much lower 

concentrations over most of the area and yields an estimate of 11.1 metric tons of lead for 

the entire area affected. 

RESULTS AND DISCUSSION 

LEAD DENSITIES: 

In more than 100 samples taken on and around the shotgun shooting range, the 

amounts of dispersed shotgun pellets and bullets ranged from zero to more than 5000 g 

per m2.  Lead shot constituted more than 95% of all of the metal recovered in most 

samples except those taken at the sites where ad hoc stationary targets were set.  

Actually, the only sample ever taken that had no pellets was a sample taken 20 m behind 

and 20 m to the right of the shooting box.  Every other sample (including one 20 m 

behind and 20 m to the left of the shooting box) had at least one pellet present.  The 

greatest densities of lead shot lay along the center axis (the profile shown in Fig. 9 and 

the line where x = 0 in Fig. 10) where the lead loading rises to more than 5000 g per m2 at 

a distance of 28 m.  The lead concentration then drops down to about 1100 g per m2 at a 

distance of 40 to 65 m and then rises to more than 3000 g per m2 at a distance of about 80 

m.  Beyond that maximum, the concentration of lead drops to a value of less than 400 g 

per m2 at 130 m before rising to a third maximum of more than 750 g per m2 at about 180 

m. 

To relate the lead concentrations to the numbers of shotgun pellets occurring in 

various areas, representative samples of the lead shot were examined and it was found 

that there were approximately 12.5 shot pellets per g.  Thus, concentrations of 100 g per 
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m2 are equivalent to approximately 1250 shotgun pellets per m2.  Given that typical 12 

gauge shotgun shells contain 30-45 g of shot, the 100 g per m2 areas are equivalent to 

about 3 shotgun shell loads per square meter.  The most lead-rich sample (at 28 m along 

the center line) contained 4174 g of shot per m2 (and 874 g of bullets).  The 4174 g of 

shot per m2 are equivalent to approximately 115 shotgun shell loads per m2.  Assuming 

that 95% of the 11.1 metric tons of total lead on the shotgun range is present as shot, 

there are approximately 132,000,000 individual pellets dispersed over the affected area.  

This is roughly equivalent to approximately 285,000 shotgun shells discharged there 

since the range opened in 1993. 

 

SHOT DISTRIBUTION: 

The primary objective of the study was to determine the distribution of the lead 

and related metals that have accumulated on the shooting range since it was opened in 

1993.  This information would provide a real measure of the total area of impact from 

activities on the shooting range, provide an estimate of the total amount of lead dispersed 

at the range, reveal areas of anomalous accumulation of lead, and provide background 

information that might prove valuable in the planning of other similar shooting ranges.  

The recovery and analysis of lead and related metals from more than 100 samples 

distributed across the shotgun shooting area of the Blacksburg shooting range revealed 

that the lead is not distributed in a regular pattern but rather that there are distinct areas of 

high concentration.  The scope of these anomalies is evident in a perusal of the data set in 

Table 1, in Figure 9, a profile outward along the center axis of the range, and in Figure 

10, a three-dimensional model of the lead distribution.  
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Universal krieging predictions of the shot distribution profile based on a second-

order response model for the average lead amount and a spherical autocorrelation model 

without nugget effect are shown in Figure 10 after back-transformation onto the original 

scale. The total amount of lead under this profile gives an estimate of the total lead 

amount on the range, which equals 11.1 metric tons or an average of 168 g of lead per 

square meter.  At the outset of the study, the investigators did not know the distance to 

which shot would be distributed into the forest beyond or beside the approximately 60 by 

60 m cleared area.  No data existed on the types of shot being used, the trajectories of the 

shooting, or the degree to which the forest trees (up to 12-15 m in height) might 

effectively reduce the travel distance of the shot.  During the study, it was found that the 

National Shooting Sports Foundation (1997) had presented some diagrams of idealized 

shot distribution for skeet ranges where shooting was carried out under supervised 

conditions using approved shot and targets.  Their diagrams indicated flight trajectories 

up to approximately 225 meters.  Hence, the investigators anticipated that some samples 

of lead shot might be found 150 m or so beyond the cleared area.  The Blacksburg shot 

gun range is, of course, significantly different than the NSSF ranges because of 

unsupervised general use of many types of fire arms and detailed study revealed that 

more than 100 g of lead per square meter existed in samples at distances of 260 and 280 

m out from the shooting box.  The farthest sample taken, 320 m from the shooting box 

along the centerline, still contained two lead pellets (0.8 g per m2).  It was thus apparent 

that the area affected by the shotgun pellets extended outward as much as 300 m and 

laterally from -100 m on the left to +120 m on the right side.  This is equivalent to 66,000 

m2. 



 22

The distribution of the lead shot on the shotgun range reflects the patterns of firearms use 

on the range.  Hence, it is clear that the two principal anomalies result from two different 

shooting modes.  The close anomaly at 25 to 30 m results from users mounting targets at 

this distance as shown in Figure 11.  The investigators have observed numerous range 

users firing at targets that have been set in the center of the cleared area at 25-30 m.  

Figure 11 shows targets set against a small log and the pattern of cleared vegetation 

resulting from shooting along the centerline is clearly evident.  Common targets include 

clay targets, golf balls, plastic milk jugs, glass bottles, small cardboard boxes, fruits and 

vegetables.  The investigators have also observed shooting at sofas.  Numerous small 

pieces of wire and resistors, and even a small piece of a gold contact, apparently derived 

from electronic devices such as digital phones have been recovered (Fig. 12a).  The 

investigators have been told of shooters using computers as targets; although the reports 

are anecdotal, confirmation appears to exist in the discovery of numerous damaged 

computer keyboard keys (Fig. 12b).  The placement of the targets at 25-30 m results in 

the accumulation of large amounts of lead at this distance, especially since there is a 

slight rise in the range surface at this distance that would tend to retain much of the shot.  

Samples taken from 20 to 40 m, and especially at 25-30 m, commonly contain rifle and 

pistol bullets as well as shot (Fig. 12c); this indicates that some shooters use the shotgun 

range for target practice with other types of firearms.  The peak of lead concentration is 

quite narrow because targets are generally set in or very close to the center of the range.  

The breadth results from some spacing of targets, ricochet, and use of shotguns, which 

spread the shot over some width.  The total amount of lead dispersed on the cleared area 

of the shooting range (approximately 3200 m2) is estimated to be 1.72 metric tons, which 
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is equivalent to approximately 15.5 % of the total lead dispersed at the shotgun range.  

The high lead concentration at approximately 80 m apparently results from the 

accumulation of lead fired at elevated trajectories in attempts to hit clay targets that have 

been launched or thrown.  Because the launching pad is approximately 7 m to the right of 

the shooting box, most targets are moving from right to left in front of the shooter.  They 

are, however, moving in a very wide range of trajectories - from nearly straight up over 

the shooter to very low across in front of the shooter.  Even when shooters are successful 

in hitting the flying targets, most of the shot do not strike the target but rather travel well 

beyond it.  The 80 m anomaly is wider than the closer one because of the spread of the 

shot at a greater distance and because shooters are tracking a moving target across the 

range as they are firing.  The peak at approximately 80 m apparently results from the 

combined effect of the normal low trajectory of much of the shot and from the slowing of 

some of the shot by leaves and branches of trees at the edge of the cleared area.  There is 

a slight right-hand bias to the peak of concentration, probably resulting from the tendency 

of the shooters to fire early in the flight of the flying targets.   

The cause of the third, and much smaller anomaly, at approximately 180 m out 

from the shooting box is not so clear as the two nearer and larger anomalies.  The tree 

trunks precluded any of the shot in a low trajectory from reaching the site, so it must 

result from a higher trajectory that arcs up over the first line of trees and falls at that 

distance.  There is no clear explanation why there is a minimum between the second large 

anomaly at about 80 meters and the third anomaly but the data clearly define these 

features.    
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SHOT SIZES AND FINE LEAD PARTICLES: 

Throughout most of the cleared surface and surrounding forested area, more than 

90% of the shot is number 6 to number 8 pellets; this is consistent with information on 

the large number of discarded shot boxes and shot gun casings.  The pellets are generally 

2-3 mm in diameter as shown in Fig. 8a.  Occasionally there are smaller birdshot and 

larger 4-5 mm buckshot.  More than 95% of the pellets appear as standard lead pellets; 

only about 5% are copper jacketed shot and the number or steel shot is trivially small.  

Sectioning and examining many shot reveals that at least some contain hardening agents 

such as copper, arsenic, and antimony; data in hand are insufficient to determine the 

quantities of those metals presently on the range. 

Careful examination of the shot recovered from the range surface near the 

shooting box revealed that those samples contained significant quantities of fine 

particulate lead as shown in Figure 8b.  These samples were carefully panned to insure a 

high recovery of these fine materials.  The "fine" materials shown in Figure 8b have 

passed through a 1 mm sieve and range in size down to less than 0.01 mm.  They are 

apparently formed either as the result of lead shot colliding with each other as they exited 

the gun or as the result of abrasion on the choke of the guns as they were fired.  A series 

of samples were taken at 4-meter intervals along the center axis (Fig. 10) to specifically 

determine the quantity of the fine lead particles.  These data are shown in the insert in 

Figure 9 and reveal that the amount of fine particulate lead rises until about 30 meters and 

then declines rapidly.  The importance of these particles is that they have a much larger 

surface area per gram of lead than do the complete lead shot and hence could leach more 

lead per gram than intact shot.  An additional consideration is that some recovery 
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methods that sieve shot and bullets out of soils as a means of recovery or cleaning will 

probably not recover the fine particulate lead present near the shooting box. 

EFFECTS ON THE TREES:  

The cleared surface of the shotgun range has been cut out of a 60 year old second 

growth mixed hardwood forest (see Fig. 2) and is bounded by forest on all sides.  The 

trees along the forest margin of the cleared area at approximately 60 m from the shooting 

box and along the sides of the cleared area range from 1 to 35 cm in diameter and are 

primarily oaks.  There are, however, scattered pine, maple, gum, dogwood, and other 

hardwoods.  When the trees are leafed out, it is apparent that some of the trees along the 

back margin of the open area are distressed as evidenced by fewer live branches and 

leaves than are present on the trees along the sides.  Examination of the trees in the first 

five meters beyond the back margin of the developed area reveals that much of the lead 

shot has sufficient velocity to penetrate the smooth bark of 1 to 10 cm diameter maples 

and to penetrate the somewhat cork-like bark of the pines.  Leaves of trees and shrubs 

along the back margin have numerous holes from shotgun pellets.  At distances of 70 or 

more m from the shooting box (that is more than about 5 m into the forest beyond the 

margin of the cleared area), there is no visible evidence of shotgun pellet damage to the 

hardwoods, although a few scattered trees have bullets stuck in them.  Out to distances of 

more than 100 m from the shooting box, the softer cork-like bark of the pines does 

contain numerous embedded shotgun pellets (Fig. 13a).  The number of pellets embedded 

and the small impressions left by shot that bounced off the pine trees declines with 

distance (Fig. 13b) until about 130 m, beyond which there is no longer any visible effect 

on the trees. 
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SUMMARY AND CONCLUSIONS 

The Blacksburg Shooting Range in the George Washington and Thomas Jefferson 

National Forests is a typical public recreational shooting area with a rifle range and a 

shotgun range.  It has similar characteristics with many outdoor ranges in the United 

States.  More than 100 separate 50 by 50 cm sites have been sampled on the shotgun 

range area to determine the area impacted by lead shot dispersal, the patterns of lead 

dispersal, and quantity of lead present.  Lead has been dispersed over an area 

approximately 220 m wide by 300 m in length.  The total quantity of lead in the shotgun 

range area is estimated as 11.1 metric tons.  The highest concentrations of lead occur 

along the center axis of the range at distances of approximately 30 and 80 m; a lesser 

concentration occurs along this axis at about 180 m.  These concentrations result from 

shooting patterns at stationary targets and at air-borne targets.    

The geostatistical analysis yielded an estimate of total lead on the range surface of 

11.1 metric tons, which is considerably less than a biased overestimate obtained from 

extrapolating the sample mean to the reference area of 220 by 300 m2. This estimate is a 

conservative assessment for several reasons. Lead can only be lost from a sample during 

sampling, not added to it. Great care has been exercised in the collection and processing 

of the samples to minimize losses, but some small losses cannot be ruled out. Shot lodged 

in the vegetation, such as pine bark, was not been collected and collection areas in front 

of tree trunks in the forested area were avoided. Shooting has continued since the sample 

collection and shot continues to accumulate on the range. Finally, the statistical analysis 
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of the lead concentration on the logarithmic scale followed by back transformation 

(exponentiation) to the original scale is likely to yield slight underestimates of the actual 

amount. Only in certain special cases, such as normally distributed data, can precise bias 

corrections be applied. Because the log-lead concentrations were clearly non-normally 

distributed, these corrections were not applied here. Fortunately, (universal) krieging 

remains a best linear prediction method even if the data are not normally distributed 

(Schabenberger and Pierce 2001). 

The average rate of lead accumulation on the shot gun range is approximately 1.4 

metric tons per year based upon the total estimated lead and the time since the range was 

opened in 1993 through the end of 2000.  Periodic range cleaning by Forest Service 

personnel or volunteers removes much of the larger debris, such as targets and shells, but 

does not recover much, if any, of the dispersed shot.  Accordingly, it is reasonable to 

extrapolate that lead will continue to build up on the range area at a rate of at least 1.4 

metric tons per year.  More than 80% of the lead is dispersed in the forest beyond and 

adjacent to the roughly 60 by 60 m cleared range surface.   
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          TABLES 

Table 1.  Lead concentration data from Blacksburg shotgun range.  Samples were taken 

on one-quarter square meter areas and then multiplied by four to give these data, which 

represent concentrations per square meter.  The data cover the area shown in Figure 3 and 

are assigned the same x and y coordinates as are shown on that figure.  Data are rounded 

to the nearest full gram. 

X Y Pb, g X Y Pb, g X Y Pb, g X Y Pb, g 

-100 50 20 0 4 191 0 95 861 20 240 60 

-100 200 35 0 5 216 0 100 778 40 20 18 

-80 100 14 0 8 195 0 105 616 40 50 298 

-80 150 50 0 10 552 0 110 585 40 100 113 

-80 200 64 0 12 852 0 115 674 40 150 290 

-60 20 4 0 15 1973 0 120 527 40 170 428 

-60 40 19 0 16 1122 0 130 371 40 200 153 

-60 60 29 0 20 1425 0 140 413 40 280 4 

-60 100 74 0 25 2642 0 150 337 60 20 9 

-60 150 72 0 28 5048 0 160 243 60 40 42 

-60 200 103 0 30 2600 0 170 390 60 60 96 

-60 240 25 0 32 2072 0 180 766 60 100 66 

-40 20 16 0 35 1669 0 200 624 60 150 109 

-40 50 124 0 36 2416 0 220 223 60 200 208 

-40 100 313 0 40 1047 0 240 89 60 240 57 

-40 150 206 0 44 629 0 260 30 80 40 12 
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X Y Pb, g X Y Pb, g X Y Pb, g X Y Pb, g 

-40 200 248 0 45 824 0 280 12 80 60 38 

-40 280 1 0 50 1526 0 300 1 80 100 32 

-20 10 17 0 55 1336 0 320 1 80 150 172 

-20 20 75 0 60 1752 20 10 18 80 200 236 

-20 30 392 0 65 1188 20 20 62 100 100 5 

-20 50 517 0 70 1478 20 50 952 100 150 164 

-20 100 660 0 75 1650 20 100 886 100 200 101 

-20 150 292 0 80 3065 20 150 361 120 150 70 

-20 200 236 0 85 1673 20 170 525 120 200 78 

-20 240 49 0 90 2618 20 200 283    
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FIGURES 

 

Figure 1. General location map of the shooting range, which is located in the George 
Washington and Jefferson National Forests in Montgomery County in southwestern 
Virginia, approximately 5 km west of Blacksburg. 
 
 

 

Figure 2. Oblique aerial photograph of the Blacksburg shooting range showing the rifle 
range (elongate area in the foreground) and shotgun range (more equate area behind the 
rifle range).  The photograph was taken in January 2001 and the small white zones are 
residual snow accumulations.  (Photograph by J.R. Craig).  
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Figure 3. Recreational shooters shooting out across the shotgun range from the shooting 
box.  The closest trees at the back margin of the cleared area are 60-65 m from the 
shooting box and the width of the cleared area is approximately 60 m. 
 

 

Figure 4. Typical 50 by 50 cm sampling sites (a) on the cleared range.  The surface 
materials were removed and all shot and/or bullets recovered.  Sampling was carried out 
to a depth to which there was not additional shot found and to which there was no 
evidence of disturbance.  The sampling depth thus varied from as little as 3 cm on parts 
of the cleared area to as much as 10 cm in portions of the forest where shot and leaves 
continually accumulate. 
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Figure 5. An example of the variety and density of debris that accumulates on the range 
as a result of normal recreational shooting.  Sampling of areas at approximately 35 m out 
from the shooting box have yielded as much as 25 kg of debris per m2 (not including lead 
shot).   The most abundant materials are broken clay targets, shotgun shells, packing for 
pellets, and miscellaneous target materials (glass, plastics, wood, etc.) 

 

 

Figure 6. An example of the typical materials recovered during the processing of samples 
in the present study.  The majority of the lead and related metals occurs as lead shot of 
many different sizes, but significant amounts of metal may also occur as bullets and 
buckshot at some areas on the range surface.  This sample was taken at 28 m out from the 
shooting box along the centerline and contains several bullets apparently used for target 
practice. 
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Figure 7. Distribution of sample sites (marked by squares) used in the present study.  The 
heavy line at the bottom marks the location of the shooting box and the dashed line marks 
the margin of the cleared area.  A total of more than 100 sample sites were used in the 
model calculations presented in this paper. 
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Figure 8. (a) Shot recovered from a sample site at 180 m are typical of samples found on 
most of the impacted area.  (b) Much finer material (photographed at the same scale) 
occurs near the shooting box along with typical shot (sample from 8 meters).  The finer 
irregular fragments are released upon firing but do not travel very far because of their 
smaller mass and irregular shapes and hence accumulate close to the shooting box.  All 
these materials passed through a 1 mm sieve but particles range downward in size to 0.01 
mm or smaller.  The photographs were shot at the same camera settings and the scale bar 
is 5 mm in length. 
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Figure 9. A profile of the distribution of lead, in grams per square meter, along the center 
axis of the shotgun range from the shooting box to a distance of 320 m.  This is a profile 
along the x = 0 line in Figure 10.  It is apparent that there are two maxima at 
approximately 30 m and at approximately 80 m and a smaller maximum at about 180 m.  
See discussion in text.  The insert shows the concentration of fine lead particles (<0.1 mm 
and ash shown in Fig. 8 b) along the center axis of the shotgun range.  These particles 
have much larger surface areas per gram of lead and thus have much greater potential for 
surface reaction or dissolution than do the normal shotgun pellets. 
 

 
Figure 10.  Three-dimensional surface prepared by using krieging to analyze the data set 
given in Table 1.  The contours on the surface are at 100 gm intervals.  This clearly 
shows the presence of the two maxima at approximately 30 and 80 m and the minor 
anomaly at about 180 m.  It also shows a slight right hand bias to the lead distribution; 
that is, there is a slightly higher concentration of lead to the right of the centerline than to 
the left.  This bias probably results from the release of flying targets from the right hand 
side of the shooting box and a slight tendency to shoot before they have reached the 
center axis of the range.  
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Figure 11. Targets are commonly placed at 25-30 m, especially in the center of the 
cleared surface area, as shown in this photograph.  The targets are most commonly clay 
pigeons, golf balls, bottles, boxes, and assorted fruit but may range widely as shown in  
Figure 5. 
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Figure 12. At approximately 30 m, the targets used vary widely in nature and the firearms 
employed range from shotguns to pistols and rifles.  (a) Parts of small electronic devices 
intermixed with the shot evidence that shooters employ a wide variety of targets 
including cellular phones and computers.  (b) The presence of numerous damaged 
computer keyboard keys appears to verify reports of computers being used as targets.  
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Figure 13.  Trees in the forest beyond the cleared area of the shotgun range contain 
embedded shotgun pellets and small impressions from the pellets out to a distance of 
approximately 130 m from the shooting box.  The intensity of the visible impacts 
declines with distance as evidenced by photographs of the bark of Virginia pines at (a) 91 
m and (b) 142 m. 
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