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ACCUMULATION OF FLUORIDE IN PLANTS EXPOSED
TO GEOTHERMAL AND INDUSTRIAL WATER

GW Miller,a JL Shupe and OT Vedina
Logan, Utah, U.S.A.

SUMMARY: Fluoride content was determined in geothermal (Yellowstone National Park and Idaho), ranch (Idaho) and industrial waters (Utah and Idaho). Geothermal waters have been found to contain high levels of fluorides up to 30 ppm. Excessive amounts are also present in waters from both naturally occurring hot springs and geysers, and some wells developed for energy or irrigation. Our analyses show wells with fluoride concentration over 15 ppm.


Accumulation of fluoride in the leaf tissue of alfalfa, sugar beet, corn and pasture grasses occurs after sprinkle-irrigation with water containing high fluoride concentration. In the vicinity of a phosphate plant 2.5 miles downwind in a South-East direction, fluoride concentration in vegetation reached 700 ppm.
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INTRODUCTION

The demand for quality water for irrigation of crops is ever increasing, while the supply remains relatively constant in most parts of the world where irrigation takes place. The portion of water allocated to agriculture is steadily declining because of urban and industrial encroachment of fertile farmland. Agricultural development and expansion must increase if a growing population is to be fed. Pressures on the available water supply are intense between industry and agriculture. Lower quality water is currently being used to satisfy the needs of agriculture. Such water includes geothermal water, and effluents from industry may contain high concentrations of salts including toxic substances such as fluoride, lead, arsenic and boron.

When industrial waters or geothermal waters are used in agriculture they may cause increases of toxic substances within the plant tissue. In forage crops, increases in tissue levels of toxic substances may cause problems to grazing livestock. The manufacture of phosphorus fertilizers may release particulates and effluents as air pollutants with a high fluoride content. Even with modern scrubbers, the concentration of fluoride in the effluent may be high enough to cause problems within several miles of the emitting source. A primary problem with fluoride in agriculture is the absorption of fluoride by forage crops (grasses and alfalfa) and the build-up of high concentrations in plant tissue. Such forage crops, when consumed by livestock, may induce problems particularly in the skeleton and teeth.

MATERIALS AND METHODS

Sample Collection

Most of the samples were collected during the year 1995 according to the following procedure: plant samples were first taken from areas most remote from the sources of fluoride and then from areas closer to the sources of fluoride so as to avoid sample contamination. These samples were collected using a "Z" pattern. Each sample consisted of at least 10 clippings taken no less than 10 feet apart.

Analytical Procedure

For analyses of plant materials, samples were oven-dried in paper sacks at 80(C for at least 48 hours, finely ground in a Wiley mill, and stored in a dry place until used.

A potentiometric method outlined by the Association of Official Analytical Chemists was followed in preparing the various vegetation samples for fluoride determinations and in making fluoride standard curves.1
For analysis, one-fourth gram of a previously-ground sample was placed in an acid-cleaned plastic beaker to which was added 1 mL of analytical grade acetone for wetting the dry material. Most of the acetone was allowed to evaporate from the sample in a fume hood. Next, 20 mL of 0.05 N nitric acid solution was added. This mixture was stirred for at least 30 min with a magnetic stirrer, following which 20 mL of 0.1 N potassium hydroxide solution was added and stirred an additional 30 min. Finally, 5 mL of 0.2 N nitric acid solution was added along with 5 mL of 0.4 M sodium citrate solution (pH 5.5) containing 1 part per million (ppm) fluoride. Samples from at least two different digests were analyzed in duplicate using two or more different fluoride electrodes. The amount of fluoride in each sample was calculated as ppm dry weight of plant material by the equation:

ppm F (µg/g) =
(C – 0.1) 50
       W

Where:
C = ppm F from standard curve.


W = grams of sample used.


0.1 = ppm of F present in the sodium citrate solution.


50 = total mL of solution.

Water samples were buffered and analyzed using the fluoride-ion electrode. Other elemental analyses were conducted using atomic absorption spectroscopy.

RESULTS AND DISCUSSION

Geothermal and industrial waters characteristically contain chemical impurities from run-off streams or underground origin. The total concentration of salts, in geothermal waters of Yellowstone National Park and Idaho, varies from less than a hundred to several thousand mg per litre (Tables 1 and 2). In Utah the salt concentrations in geothermal water varies from 214 to 45,000 mg/L.2 The types and amounts of salts are dependent on the temperature, pressure and the nature of the rocks in the geothermal basin. Sodium chloride and sulfate salts of potassium, calcium and magnesium are dominant. Alkalic rocks yield high concentrations of pollutants, particularly fluoride.

Table 1.  Salinity and fluoride content of
waters from Yellowstone National Park

Sample identification
Salinity
mg/L
F
mg/L

Alum Creek
672
8.0

Yellowstone River Above Elk horn
  Creek- Hayden Valley
63
0.5

Old Faithful Geyser
975
17.5

Blue Star Geyser Upper Geyser Basin
1024
20.0

Firehole River Above Upper Geyser Basin
85
2.7

Firehole River at Biscuit Basin
260
6.3

Geyser Drainage, Midway Geyser Basin
1050
24.0

Firehole River, Midway Geyser Basin
296
7.4

Lower Firehole River
342
8.0

Madison River, about 5 miles
  west of Madison Museum
333
7.4

Table 2.  Salinity and fluoride concentrations
in some selected thermal water in Idaho

Location
Salinity
mg/L
F
mg/L

Ada County
299
24

Adams County
1440
9

Blaine County
324
16

Boise County
306
17

Cassia County
3360
14

Cassia County
372
14

Custer County
320
15

Franklin County
1110
10

Franklin County
9830
12

Owyhee County
416
30

Valley County
258
17

To assess the problem of fluoride toxicosis, water samples were collected in Yellowstone National Park and Idaho. These waters have been found to contain high levels of fluorides. In Table 1 the salinity and fluoride concentration of waters collected in Yellowstone National Park are shown. Geyser water can contain over 1000 ppm of salt and in excess of 20 ppm fluoride. Values for selected thermal waters in Idaho are shown in Table 2 as to salinity and fluoride content. Fluoride was found at levels up to 30 ppm and salinity over 9000 ppm. There was no direct correlation between fluoride concentration and salinity. Data from more than three hundred geothermal waters in the Western States indicate that at least 68 percent of them contain fluoride ranging from 2.1 to 30 mg/L.3 These waters may be consumed directly by animals or used for irrigation (particularly by sprinkler) of forage crops that are eaten by animals, which may subsequently develop symptoms and lesions of fluoride toxicosis. Preliminary experiments in our laboratory indicate that forage crops, when sprinkle-irrigated with geothermal water, accumulate fluoride in concentrations that can cause fluoride toxicosis in animals.

Animals normally ingest variable low-level amounts of fluoride with little or no adverse effect, but when excessive amounts are ingested, toxic effects are induced. Fluorides in geothermal waters have caused fluoride toxicosis in cattle, horses, sheep, elk, buffalo, moose, and deer.3
Symptoms of fluoride toxicosis in animals are characteristic. Major lesions of long-term excess fluoride ingestion are found in permanent teeth (dental fluorosis) and bones (osteofluorosis). Teeth are affected during their period of formation and calcification, but bones may be adversely affected anytime during the life of the animal. Normally, only trace amounts of fluoride are located in soft tissues, visceral organs, and milk.4 Toxic levels of fluoride in food and water for various species of livestock have been set by a subcommittee of the National Research Council on Animal Nutrition.5 According to some investigators, fluoride concentrations significantly below these accepted tolerance levels for cattle, when ingested over an extended period of time, may cause stunting of calves, fluorotic lesions of temporary teeth and decreases in milk production.6-8
Fluoride levels in various waters of Yellowstone National Park are high (Table 2), and therefore it is not surprising that neighboring vegetation would also contain high amounts of fluoride (Table 3). Depending on sample location, vegetation fluoride concentration varies over a very wide range from 3 to 430 ppm.

Levels of fluoride found in industrial waste water after being used for cooling in a Utah power plant are shown in Table 4. This water shows a high pH and high salt and fluoride levels up to 3.8 ppm compared to normal fresh water with 0.3 ppm. The average EC (electrical conductivity) of the waste water was 6.1 mmhos/cm compared to 2.0 mmhos/cm in the water before being used for cooling purposes.

Table 3.  Fluoride content of vegetation from Yellowstone National Park

Location of sample
Average F content
ppm (dry weight)

Near mouth of Alum Creek, Hayden Valley
6

Near mouth of Elk Horn Creek, Hayden Valley
3

Near Aurum Geyser, Upper Geyser Basin
430

In water from Aurum Geyser,
Upper Geyser Basin
58

From Biscuit Basin Area
255

From Midway Basin ( wet area)
142

From Midway Basin Area (dry area)
29

Table 4.  Fluoride in waste water from a coal-fired Power Plant

Area of sample
collection
Fluoride ppm
pH
Electrical conductivity mmhos/cm

East pond (fresh water)
0.3
8.3
2.0 x 103

Waste water:




  Rec pond
3.4
8.3
5.0 x 103

  South pond
2.4
6.0
7.6 x 103

  East Irrigation
2.6
7.4
7.2 x 103

  IIB
3.7
8.3
5.6 x 103

  III
3.6
7.6
5.6 x 103

  IV
3.5
7.7
5.7 x 103

  I
3.3
–
–

  I
3.7
7.8
7.1 x 103

  IA
3.3
8.3
7.2 x 103

  IIB
3.6
8.0
7.0 x 103

  IIB feeder
3.8
8.2
6.8 x 103

  III
3.8
8.0
7.0 x 103

  IIIA low spot
3.5
8.1
7.0 x 103

Plants are able to absorb nutrients and toxic agents through the leaf when such substances are present in water, especially important with sprinkle irrigation. Leaf absorption takes place through the stomatal pores as well as through the waxy cuticular layers. The waxy cuticle contains channels that allow penetration of compounds through the cuticle into the intercellular spaces and then through active uptake involving energy into cells. Translocation throughout the plant may occur through the vascular system.9
Results of an experiment in which plants were sprayed weekly for one month with 4 ppm fluoride or 4 ppm fluoride + 30 gms soil/liter of tap water (0.3 ppm F) are illustrated in Table 5. Plants accumulated up to 36 ppm F (dry weight), but a significant amount of this could be removed by washing the leaves (distilled water rinse). A similar experiment with 6 ppm F showed a leaf analysis up to 55 ppm F in the unwashed leaves compared to 35 ppm F in the washed leaves (Table 6). Results of sprays with up to 20 ppm F and the accumulation in leaves of barley plants over a period of 35 days are shown in Table 7.

Sprays at five-day intervals induced fluoride concentrations up to 480 ppm with the 15 ppm F spray. Significant increases in F were also found in the lower fluoride sprays. Data show that after foliar application a considerable amount of fluoride is deposited on the outer surface of leaves (average 40-50%). Some fluoride may penetrate directly through the stomata, the outer wax layers and the cuticle. Direct correlation was found between fluoride concentration in spray solutions and fluoride accumulation in leaf tissue (Tables 5, 6, and 7).

The concentrations of fluoride measured in Idaho ranch waters are shown in Table 8. The consumption of warm ranch water causes dental fluorosis in humans and cattle. When used for sprinkle irrigation, such geothermal water induces high fluoride levels in alfalfa and pasture grasses. Such levels ingested by cattle cause severe problems. A large dairy farm developed a warm water well that was used as a source of water for the animals. In about one year many of the animals had severe fluoride-induced dental and bone lesions, and lameness. Use of the geothermal well was discontinued and a cool water well was drilled for drinking water. The animals improved, but five years later the affected cows still showed lesions characteristic of fluoride toxicosis. The fluoride concentration in the metacarpal, metatarsal, mandibular, and rib bones from these animals was 4 times the normal amount.

Table 5.  Fluoride content in leaf tissue after foliar
application of 4 ppm fluoride in the spray solution

Plant
Spray treatment
ppm fluoride (dry weight)



Unwashed
Washed

Alfalfa
Water only
9.4
5.8


Water + soil
8.3
5.0


4 ppm F solution + soil
36.0
13.3


4 ppm F solution only
23.6
13.9


4 ppm F solution, water only last 2 days 
24.2
16.0

Corn
Water only
4.3
5.5


Water + soil
4.3
4.0


4 ppm F solution + soil
23.8
16.0


4 ppm F sol., water only
25.2
15.8


4 ppm F sol., water only last 2 days
24.1
12.8

Table 6.  Fluoride content in leaf tissue after foliar
application of 6 ppm fluoride in the spray solution

Plant
Spray treatment
ppm fluoride (dry weight)



Unwashed
Washed

Alfalfa
Water only
18.5
9.7


Water + soil
13.4
7.9


6 ppm F solution + soil
54.8
32.7


6 ppm F solution only
48.9
35.3


6 ppm F sol., water only last 2 days
44.8
31.3

Corn
Water only
10.3
10.2


Water + soil
9.3
6.2


6 ppm F solution + soil
43.5
23.8


6 ppm F solution only
39.2
26.7


6 ppm F solution water only last 2 days
36.2
20.7

Table 7.  Accumulation of fluoride in barley plants from aerial sprays 

Time after treatment initiation days
ppm fluoride in spray


0
1
5
10
20


ppm fluoride in tissue (dry weight basis)

0
< 5





5
< 5
12
70
72
230

10
< 5
--
90
180
380

15
< 5
24
82
160
480

20
< 5
20
80
150
370

25
< 5
11
70
160
340

30
< 5
13
80
160
380

35
< 5
8
48
82
210

Table 8.  Fluoride content of ranch waters in Idaho

Water source
F mg/L

Ranch A - Grandview


  Regular Well
0.8

  Warm Well
14.2

Ranch B - Bruneau


  Culinary Water
8.4

  Pump Well Outlet
9.7

  Ditch from Flowing Well
11.6

  Flowing Well Outlet
11.5

Raft River Area


  Geothermal Irrigation Water
5.4 - 10.4

The levels of fluoride found in forage crops and sugar beet sprinkle-irrigated with high fluoride water are shown in Table 9. The data indicate that fluoride levels in crops depend on method of irrigation, fluoride concentration in water, and plant species. Fluoride accumulation in plants after geothermal water-sprinkle irrigation ranged from 50 to 397 ppm compared to 12 to 60 ppm for fresh water-sprinkled. On the other hand, the fluoride level was considerably lower in alfalfa after flood irrigation using geothermal water (Table 9). With such waters, flood irrigation may be used with no build up of fluoride in the leaf tissue. Although the fluoride level in forage crops is high with sprinkle irrigation using geothermal water (Table 10), the total digestible nitrogen, etc. is not affected. The high levels of calcium and vitamin D in alfalfa may to some extent alleviate the toxic effects of fluoride.

Waters from the power plant that were used for cooling were high in fluoride (Table 4). Pasture grass sprinkle-irrigated with this water showed high levels of fluoride (Table 11). In addition copper and boron were present in high concentrations. Boron at the concentration found in the water was toxic to growing plants. A normal range of boron in alfalfa is 15 - 50 ppm. However, values over 300 ppm were found in pasture mix.

Plants require boron for growth, but it does not appear to be required by animals. Moreover, the concentration range between the level required by plants and toxic levels is very narrow. Little is known about boron toxicosis in animals.

Table 9.  Fluoride in alfalfa and forage grasses,
as affected by flood and sprinkle irrigation

Identification
Water
F mg/L
Crop
F ppm

Raft River Trials



  Alfalfa
Geothermal Sprinkled
5 - 10
120


Geothermal Flood
5 - 10
15


Fresh Sprinkled
2
44


Fresh Flood
2
14

  Brome
Geothermal Sprinkled
5 - 10
397


Fresh Sprinkled
2
60

  Orchard
Geothermal Sprinkled
5 - 10
81


Fresh Sprinkled
2
37

  Alta Fescue
Geothermal Sprinkled
5 - 10
242


Fresh Sprinkled
2
44

Farm Trials


  Sugar beet
Geothermal Sprinkled
5 - 10
50


Fresh Water Sprinkled
2
12

Table 10. Fluoride content of forage mixture as influenced
by amount and method of application of geothermal water*


Fluoride, ppm

Crop
Geothermal water irrigation-sprinkler
One application of irrigation-sprinkler geothermal water one application fresh. Both sprinkled

Alfalfa
130
45

Brome
106
45

Orchard
97
49

Alta Fescue
102
48

Alfalfa
Fresh water Irrigation
  9

*Analysis of geothermal water varied 5.4 - 10.4 ppm F.

Levels of fluoride in vegetation around a modern phosphate plant are shown in Table 12. This fluoride is present in air in the form of particulate fluorides and hydrogen fluoride gas. Levels during the season in some areas reached 700 ppm F. Highest fluoride levels were found South and East of the phosphate plant, and opposite the source of prevailing winds and within a 2.5-mile radius.

Table 11.  Fluoride, boron and heavy metal content of plant

material (pasture grass) from a power plant research farm.

Area
Harvest
ppm dry weight



F
Pb
Cu
Zn
Cd
B

III B
6/15
7.0
9.3
6.8
24.6
0.4
112.7

III A
7/22
18.2
14.6
19.3
40.7
0.7
343.4

III A
8/22
51.8
8.4
20.2
34.6
0.7
143.6

Table 12.  Fluoride content in 1995 in vegetation around a phosphate plant

Site
Type of vegetation
Fluoride content, ppm



6/1
7/12
8/10
9/14
9/29

  2.  E (2 miles)
Grass
55
64
110
59
90

  3.  NE (1.5 miles)
Alfalfa
20
12
8
13
22

  4. NE (3 miles)
Grass
22
11
28
23
31

  5. NE (3 miles)
Alfalfa
20
6
*
11
13

  6. NE (4 miles)
Grass
17
4
12
10
13

  8. NE (5 miles)
Grass
17
10
22
18
17

10. NW (3 miles)
Grass
17
8
22
17
8

14. NW (4 miles)
Grass
18
6
7
15
12

15. NW (1 mile)
Grass
25
*
11
*
14

18. SE (1 mile)
Grass
443
351
*
585
718

18. SE (1 mile)
Sage
618
172
*
242
292

19. SE (2.5 miles)
Grass
109
220
*
234
292

19. SE (2.5 miles)
Sage
122
88
*
77
142

20. SE (3.5 miles)
Grass
43
12
*
16
13

20. SE (3.5 miles)
Sage
37
15
*
15
9

*Sample was less than 2 inches from over grazing or harvesting of crop.

CONCLUSION

Fluoride levels may be high in warm geothermal and industrial waters. Such waters should not be used for drinking by animals. Alternative fresh water sources should be developed. The use of high-fluoride waters for sprinkle irrigation may introduce toxic levels of fluoride, heavy metals and boron into the soil. Such accumulation in plants may be avoided by not wetting the leaf during irrigation. Alternative irrigation techniques with these waters, such as flood and furrow irrigation, may be used safely, especially in calcareous high pH soils.

Forage crops around phosphate plants should be monitored carefully before their extensive use for grazing or winter feed. Foraging animals may also ingest high amounts of fluoride from sagebrush and range grass. It is important, therefore, to monitor all sources of fluoride, heavy metals, etc. intake by animals to prevent toxicosis. These sources include not only feed, but also water and supplements.

This work was presented in part at the XXIst Conference of the International Society for Fluoride Research in Budapest, August 1996.
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