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Abstract 5 

Previous investigations on the military relevant metal, tungsten (W), have paved the way for further 6 

exploration of its relevant environmental and biological pathways.  This investigation presents the most 7 

robust known trophic transfer study of W between plant and animal models.  Steady state of W in 8 

cabbage (Brassica oleracae) was reached at 114-days with a bioaccumulation factor (BAF) of 0.55.  For 9 

the herbivorous snail Otala lactea, the steady state of W bioaccumulation from direct exposure to 10 

contaminated soil was reached in 23 days with a hepatopancreas BAF of 0.05.  Trophic transfer of W 11 

bioaccumulation from consumption of W-grown cabbage resulted in significantly greater body burdens 12 

with steady state estimated at 5-days and a hepatopancreas BAF of 0.36.  These results indicate that 13 

consumption of contaminated food is the most important pathway for W movement into the snail 14 

model, likely because cabbage is more bioavailable to the plant model.  Investigations into how W is 15 

compartmentalized into the snail model found that higher concentrations were found in the 16 

hepatopancreas as compared to the rest of the snail.  Chemical speciation showed a higher degree of 17 

polytungstates within the hepatopancreas in comparison to the rest of the body, which was 18 

predominantly monomeric species of tungsten.  The pathways that W taken within the snail model 19 

reveal that there is substantial evidence that W is incorporated into the shell matrix during exposure 20 

and that the shell can be utilized as biomonitoring tool. 21 

Introduction  22 

Tungsten is ubiquitous in the environment at low concentrations [1,2].  It is found in naturally occurring 23 

chemical compounds and minerals such as scheelite (CaWO4) and wolframite ((Mn, Fe) WO4).  Both of 24 

these minerals are formed by contact metamorphism, where inclusions of magma at relatively shallow 25 

depths and a large gradient of local heat are responsible for mineral formation, and can be found in 26 

granite as well as quartz and tin veins.  Tungsten is largely lithophilic, though it does show some 27 

siderophilic tendencies that are very similar to uranium and thorium, and which have similar partitioning 28 

coefficients [3].  Robert Scheele first discovered tungsten in 1781, and its properties make it a unique 29 

element.  Tungsten has one of the greatest densities (19.25 g/cm3), after only uranium and platinum and 30 

melting points (3422°C), after only carbon on the periodic table.  Of the metals, it has the lowest 31 

coefficient of thermal expansion.  Strong covalent bonding is the main reason behind these properties, 32 

and its strong bonding ability greatly lends itself to alloying with other metals, dramatically increasing 33 

the alloy’s toughness.  The industrial usage of tungsten has grown dramatically since alloying with steel, 34 

to the point of now being ubiquitous in household settings.  Tungsten is utilized in light bulbs, x-ray 35 



tubes, SEM filaments, and welding equipment, and almost anywhere that there is high heat with a need 36 

for toughness [1,4].  Tungsten carbide alloys are commonly used in hand tools, but also for industrial 37 

applications such as mine drilling heads and grinding bits.  Considering its weight and relative inertness, 38 

tungsten was considered a greener alternative to lead and is now found in fishing weights, darts, and 39 

golf clubs [1], but further investigations have shown W is not inert [5, 6].   40 

The Department of Defense saw an opportunity to replace lead with tungsten during the Green 41 

Armament Technology Program (GATP, 1997) [1, 7, 8,2].  In 2002, nearly 180 million small arms rounds 42 

were produced and by 2005, with 120 million of these rounds used in training.  At this time, several 43 

military installations suspended their use because tungsten was detected in adjacent groundwater [1,2].  44 

Military usage did not begin with the Green Ammunition Program.  Germany began production of 45 

tungsten carbide armor-piercing rounds for anti-armor weaponry during World War II.  General Erwin 46 

Rommel’s forces used, for the first time, the high velocity tungsten carbide penetrators against British 47 

tanks that nearly led to Germany’s success in its North Africa Campaign [9].  After perfecting the 48 

technology a few years later, American forces used the penetrators against German forces with great 49 

success.  The development of advanced armor systems in the 1960s made the previous penetrators 50 

obsolete, but improvements were made and again the tungsten carbide penetrators were used [10].  It 51 

was not until depleted uranium began to be utilized in the 1970s that tungsten carbide penetrators 52 

were phased out.  By the 1990s, the concern over public health risks associated with depleted uranium 53 

usage led to the return of using tungsten carbide penetrators for many of these applications. 54 

Investigations on the environmental implications of W were rare considering its relative inertness as an 55 

alloy.  However, the USEPA has since listed W as an emerging contaminant [11].  Attempting to backfill 56 

knowledge to catch up to environmental exposures and usages of tungsten has been arduous [4,6,12,13, 57 

14, 15, 16].  Thermodynamic data are elusive, but gains were made with respect to identification of the 58 

variability of the many tungsten species.  While tungsten is commonly found in the environment as a 59 

tungstate anion (e.g.    
     Bednar et al, [5] showed that it polymerizes with other anions to form 60 

complex poly- and heteropoly-tungstates with diverse geochemical and toxicological properties [17].  61 

However, metallic tungsten is naturally thermodynamically stable, although its mobility and speciation 62 

varies when the system is not in equilibrium [1,18].  The development of new analytical processes and 63 

increased resolution allow for determination of how species are processed, accumulated, and 64 

transformed, and which of them may have an adverse effect on the environment and human health [5, 65 

6,19].  66 

This study provides a more robust follow-up investigation to Kennedy et al [20] and will explore the 67 

fundamentals of tungsten interactions between soil, plant, and gastropods.  Further, this study provides 68 

the most robust known trophic transfer investigation of W between plant and animal models.  Our 69 

objectives include determining the trophic transfer kinetics of W from soil to plant or gastropod and 70 

from plant to gastropod (trophic transfer), which will lead to a better understanding of how quickly 71 

tungsten accumulates in plant and animal tissue.  Building upon the kinetics work, our intent was to 72 

discern where the greatest accumulation and compartmentalization (whole snail, hepatopancreas, 73 

mantle, and shell) of trophically transferred tungsten occurs within the gastropod, by chemical species 74 

and total tungsten.  In addition, examination of which W species tends to be the most mobile and what 75 



trophic pathway provides the highest tissue burdens.  The use of this novel gastropod model allowed us 76 

to demonstrate tungsten integration into the shell matrix during normal growth and re-growth of 77 

damaged shell.  These findings may ultimately result in use of snail shells as a useful biomonitoring tool 78 

in the environment.     79 

Materials and Methods 80 

Chemicals and soils 81 

Test materials utilized were previously described in Kennedy et al [20].  An aged spiked soil was 82 

generated by mixing a Grenada Loring silt loam soil [previously described 6, 13,21] with 7000 mg/kg 83 

tungsten [21], then aged for 4 years in 55 gal drums to reach W species equilibrium.  A 500 mg/kg W soil 84 

for plant and animal exposures was created by thoroughly homogenizing clean silt loam Grenada-Loring 85 

soil with the 7000 mg/kg aged tungsten Grenada-Loring soil created a test soil with a nominal tungsten 86 

concentration of 500 mg/kg.  This concentration represents the highest concentration that did not 87 

impose deleterious effects to exposed species [20].  Soil was neutralized with 0.250 M NaOH (VWR) by 88 

adding 450 ml of solution to 3 kg batches of soil, mixing by hand and then sieved through a U.S. 89 

Standard #5 mesh to disperse clumps and thoroughly homogenize the soil.  Neutralization was required 90 

to avoid pH-induced inhibition of plant growth and avoidance by selected gastropod.  NaOH was utilized 91 

to neutralize the soil in these exposures rather than the CaCO3 used previously in Kennedy et al [20] to 92 

avoid Ca2+ binding W, which could alter its bioavailability.   93 

Plant and gastropod uptake kinetics experiments 94 

Stonehead Cabbage (Brassica oleracae) seeds (Guerney Seed and Nursery, Greendale, IN, USA) were 95 

sown in clean Grenada-Loring control soil and the aged tungsten spiked Grenada-Loring soil.  Growth 96 

facility and equipment were as previously described [20].  Concisely, growth chambers, lighting, and 97 

humidifiers were utilized to maintain ideal environmental conditions for plant growth throughout this 98 

exposure.  Four seeds were sown per 1.145 kg of soil in 16.5 cm pots (AZE0650G, Grower’s Supply, 99 

Salem, OR) per soil type (clean and aged W).  This experiment consisted of six replicates per exposure 100 

per planting period (n=6, C=2) with each planting period separated by approximately 2 weeks.  101 

Collection of leaves from one plant per replicate occurred on days 10, 18, 35, and 53 to assess tissue 102 

weight and tungsten concentration.  On day 35, three whole plants were sampled to assess total tissue 103 

growth (excluding roots) and tungsten concentrations.  On day 67, the remaining whole plants were 104 

sampled, total tissue masses (excluding roots) recorded, and tungsten concentrations analyzed.  Leaf 105 

and whole plant samples were rinsed with reverse osmosis (RO) water, dried, weighed, vacuum sealed 106 

using custom cut 28 cm wide bags (Food Saver, model V3020) and stored at -80ºC (REVCO, Model ULT 107 

1386-5-A35, Kendra Laboratory Products, Asheville NC) prior to chemical analysis. 108 

The gastropod Otala lactea (Carolina Biological Supply, Burlington, NC, USA) was exposed to three 109 

different treatment regimens over 21 days (n=5): control (clean soil and clean food), soil (aged W-spiked 110 

soil), and cabbage (clean soil and cabbage grown in W-spiked aged soil.)  Reverse Osmosis (RO) water 111 

(192 ml) was used to moisten 650 g soil of each replicate to 75% water-holding capacity, and the interior 112 



of 16x13x13 cm replicate tanks was subsequently lined with soil.  Exposure to the control regimen 113 

occurred in three replicates and all sampling occurred on day 0 and 21.  Exposure to the soil regime 114 

occurred over 21 days with 3 replicates per time point at 0, 3, 7, 14, and 21 days.  Exposure to the 115 

cabbage regimen occurred over 21 days with 3 replicates per time point at 0, 3, 7, 14, and 21 days.  116 

These exposures occurred concurrently.  The experiment was performed in environmental rooms 117 

(Darwin, St. Louis, MO, USA) in order to maintain humidity, temperature, and light cycle (80%, 25 ± 1 °C, 118 

16h:8h light/dark respectively).  Soil moisture was maintained by manually misting the exposure tanks 119 

twice daily with RO water.  Depending on exposure regimen rations of clean and W grown cabbage (1 g 120 

cabbage per snail), were provided twice weekly.  Cabbage rations were available to snails with the 121 

remainder removed after 24 hours of feeding.  At the completion of the test, snails were removed from 122 

treatments to allow purging of any consumed food.  At the completion of the test the snails were placed 123 

in a freezer (-20 ºC, Kenmore, Model 363.78162891) prior to dissection.  Dissection occurred by 124 

separating the hepatopancreas from the rest of the snail and then homogenizing the samples with a 125 

handheld tissue homogenizer (Omni, Kennesaw, GA, USA).  After homogenization, the samples were 126 

frozen again (-20 ºC) before chemical analysis.   127 

Soil and Trophic Transfer experiments 128 

 129 

Mirroring the exposure regimens from uptake kinetics, O. lactea was tested for 28-days in control, soil, 130 

and cabbage treatments, each consisting of five experimental replicates containing five individuals.  Soil 131 

was hydrated at the rate of 192 ml RO water to 650g soil for each replicate (to 75% water holding 132 

capacity) and then used to coat the interior of 16x13x13 cm tanks.  In addition to the five snails, three 133 

additional snails per exposure in three of the replicates had a section of their shell removed by cutting a 134 

window (~1 cm2) into the outer whirl of the shell with a Dremal 300 rotary diamond blade (model 135 

EZ545), to eliminate potential W-blade contamination.  To regulate environmental parameters, the 136 

exposures were run in a Darwin environmental chamber (Model KB030, St. Louis, MO, USA).  Feeding 137 

rations were given twice a week as in the kinetic test.  During the removal of the residual cabbage, fecal 138 

material was removed and stored for analysis.  At the completion of the 28-day exposure, snails were 139 

purged for 24 hours, frozen and later dissected, as previously described.  The mantle was also removed 140 

from one snail per replicate and four of them were composited and homogenized, while the rest of 141 

those bodies were discarded and the remaining mantle was prepared for synchrotron analysis.  Re-142 

growth shell windows were removed by a Dremal rotary diamond blade and then prepared for 143 

synchrotron analysis.   144 

Dermal exposure to tungsten species 145 

To determine the dermal-only bioavailability of tungstate and polytungstate species to gastropods, an 146 

elutriate of the 7000 mg/kg soil was prepared as per American Society for Testing and Materials Guide E 147 

1391 (22) and USEPA-U.S. Army Corps of Engineers (USEPA-USACOE 1998).  In a ratio, (1:4) soil to 148 

dechlorinated tap water, the mixture is rigorously aerated for 30 minutes, allowed to settle for 1 hour, 149 

and then the supernatant was filtered to 0.45 µm (HAWP04700, membrane, Millipore, Billerica, MA, 150 

US).  Utilizing similar methods to the dermal exposure described in Kennedy et al (20), two 151 

concentrations were made by saturating microfiber clothes in the W elutriate and a control, consisting 152 



of dechlorinated water.  In each exposure (n=5) and three snails per replicate, feeding rations were 153 

given as per previous exposures for 7 days.  To compensate for evaporative loss, 6 ml of RO water 154 

maintained moisture content without increasing W concentration.  The saturated cloth was replaced 155 

with a freshly W-spiked cloth on the fourth day of exposure.  Exposures occurred in Darwin 156 

environmental rooms to maintain ambient parameters.  Upon completion, snails were frozen (-20 ºC) 157 

and then prepared for analysis by dissection and separation of whole snail from hepatopancreas.  158 

Samples of elutriate, saturated cloth, whole snail, and hepatopancreas were preserved for analysis by 159 

freezing (-20 ºC). 160 

 De ovo maternal transfer 161 

Snail cultures were performed in the presence of tungsten-contaminated cabbage in order to 162 

demonstrate maternal transfer to shell and uniform distribution of tungsten to growing young.  Two 163 

cultures of O. lactea were maintained in 37 L aquaria by placing 50:50 mix (by volume) of Magic Worm 164 

Bedding (Carolina, Cat# 141684) and clean sand to the depth of a 16.5 cm pot and hydrated to 75% 165 

water holding capacity.  Propagation ratios for tank dimensions indicated fourteen snails for best results 166 

(23).  To maintain humidity and temperature with a reversed light cycle, in order to observe activity 167 

during the day while it was dark in their enclosure, Darwin environmental chambers housed the 168 

cultures.  A Misting System (Big Apple Herpetological, Hauppauge, NY, USA) maintained moisture within 169 

the aquaria.  One culture was fed clean-grown matured Stonehead Cabbage and the exposed culture 170 

was fed matured Stonehead Cabbage grown in tungsten-spiked soil.  Placing entire cabbage plant, 171 

(plant, roots, soil and pot), within the aquaria allowed feeding until consumption of the entire head had 172 

occurred.  To prevent snails from consuming and touching the soil surface, pea gravel covered the bare 173 

soil in the pots.  When offspring hatched from egg masses laid in the bedding and sand mix, a sample 174 

was taken to ensure that only maternal transfer of tungsten occurred.  After approximately 400% 175 

growth a second sample was taken.  Samples were frozen and then desiccated in a 60 ºC drying oven 176 

(Fisher Scientific, Isotemp Oven, 655G) overnight, sonicated for 10 minutes (Branson, 8510, Danbury, CT, 177 

USA) to remove any remaining tissue, and dried again in the drying oven in order to prepare for 178 

synchrotron analysis. 179 

Chemical Analytical methods 180 

Chemical analyses of soil and tissue samples are similar to Kennedy et al (20).  Concisely, soil and tissue 181 

water extracts were prepared for tungsten speciation according to Bednar et al (5, 6).  The extracts were 182 

then analyzed by HPLC-ICP-MS methods (5).  Total tungsten determination was achieved after acid 183 

digestion extraction with analysis by ICP-AES and ICP-MS (24,25). 184 

Synchrotron methods 185 

Soft tissue fixation was started with 10% neutral-buffered formalin up to 24 hours.  A dehydration 186 

process followed to remove free and bound water from tissues efficiently at a series of 70%, 90% and 187 

100% ethanol (VWR, Suwannee, GA).  Then, to remove the residual ethanol the tissue was placed in 188 

Xylene (VWR).  The final step, embedding, involves infiltrating the tissue with the embedding agent, 189 

paraffin wax (paraplast, VWR), at 56ºC and sectioning the tissues on an Olympus microtome to 10-15 190 

microns, followed by mounting on mylar film slides.  Soft tissue (hepatopancreas, cabbage leaf) was 191 



sectioned at 20-50 µm using a microtome (Olympus Cut 4060, Olympus America, Lake Success, NY, USA).  192 

Shells were sectioned using a diamond blade model EZ545 on a Dremel 300 Series prior to mounting on 193 

diglycidyl ether resin and nonylphenol hardener (Allied High Tech epoxy, Rancho Dominguez, CA, USA) 194 

and cut in cross-section with a Buehler Isomet Low Speed Saw to expose the fragile new growth and old 195 

growth shell.  Tissue samples were mounted onto 3 µm thick mylar film.  Tungsten was calibrated to the 196 

LIII-edge of 10207 eV using a W foil.  X-ray Fluorescence (XRF) data were generated at the microprobe 197 

beamline (2-3) at the Stanford Synchrotron Radiation Lightsource (SSRL, Stanford University, Menlo 198 

Park, CA).  Beam size on the sample was approximately 2 µm x 2 µm using Pt-coated Kirkpatrick-Baez 199 

focusing optics.  X-rays were selected using a water cooled Si(111) double crystal monochromator. XRF 200 

data were collected using a single element Si Vortex detector.  The Mylar film and resin were analyzed 201 

for total metal content to minimize contamination of the W signal.  Samples were prepared directly 202 

before arrival at the synchrotron facilities.  Due to an overlap with the zinc Kα1 line and the W LIII 203 

emission lines, the XRF maps were collected both above and below the W edge.  Data collected were 204 

analyzed using the SMAK microtoolkit. 205 

Statistical analysis 206 

All statistical comparisons and determinations of data normality (Kolmogorov-Smirnov test) and 207 

homogeneity (Levene’s test) were performed using SigmaStat v3.5 or SigmaPlot v10 software (SSPS, 208 

Chicago, IL, USA).  One-way, two-way (factors: exposure regimen vs. tissue compartment) and three-way 209 

(factors: exposure regimen vs. tissue compartment vs. treatment (control vs. W)) ANOVAs were 210 

performed to determine statistically significant differences (α= 0.05).  If data failed normality or 211 

homogeneity tests, log10 transformations were performed.  Uptake and elimination rate kinetics in 212 

addition to the time (in days) required for acquisition of 95% steady state body burdens (i.e., stable 213 

tissue concentrations) were calculated according to a non-linear one component-uptake model and 214 

associated equations were provided in ASTM[26].  While the one-compartment model appeared to have 215 

application to the cabbage, a caveat must be made that the cabbage violated the model assumption of 216 

minimal growth during the exposure period.  Bioaccumulation Factors (BAF) were calculated as the ratio 217 

of the measured concentration of W in tissue to the concentration of W within the exposure medium.  218 

Results and Discussion 219 

Soil Analysis 220 

Total measured tungsten present in the clean Grenada-Loring soil control was 2.37 ± 0.21 mg/kg, which 221 

is in the range of normal background levels [1, 2].  For all tungsten-spiked soil exposures, the nominal 222 

500 mg/kg mix was 547 ± 34 mg/kg.  Soil species were 90% mono-tungstate and 10% poly-tungstate as 223 

compared to previous reporting of 37% mono-tungstates and 63% poly-tungstates [20], suggesting 224 

variation between neutralization methods may alter species equilibrium distribution and thus 225 

bioavailability. 226 



Kinetic Comparisons 227 

Separate kinetic bioaccumulation experiments determined steady state tissue residues and the time to 228 

reach steady state (in days) for cabbage exposed to contaminated soil, snails exposed to contaminated 229 

soil and snails fed contaminated cabbage (trophic transfer).  Time-course sampling of cabbage plants 230 

over a 65 day exposure period to tungsten contaminated soil resulted in successful modeling of uptake 231 

(ku) and elimination rate (ke) constants of 0.015 ± 0.03 g/g/d (p < 0.05) and 0.03 ± 0.01 1/t (p = 0.07), 232 

respectively (Figure 1a).  Populating the one compartment uptake model [26] with these rate constants 233 

and the measured soil concentration yielded a modeled steady state concentration of 287 mg/kg 234 

reached after 114-day exposure.  The resulting steady state BAF was 0.55, which was comparable to a 235 

BAF range of 0.53 – 0.72 for B. oleracae previously reported by Kennedy et al [20], suggesting that there 236 

was no substantial difference in total measureable W bioavailability with CaCO3 vs. NaOH soil 237 

neutralization methods.    238 

As previously reported [20], W concentrations in snail tissue were substantially lower relative to W in 239 

cabbage tissue.  Within the snail, W was substantially more concentrated in the hepatopancreas relative 240 

to the rest of the snail tissue.  Kinetic tissue data were successfully obtained for the hepatopancreas, 241 

yielding ku and ke values of 0.008 ± 0.002 g/g/d (p = 0.03) and 0.13 ± 0.05 1/t (p = 0.09), respectively.  242 

The relatively fast elimination rate is relatable to relatively fast elimination of W previously reported for 243 

rodents [27].  These rates were used to model a steady state concentration of 34 mg/kg after 23 days of 244 

exposure.  The relatively low steady state BAF of 0.06 was similar to a range in hepatopancreas BAFs of 245 

0.03 to 0.4 previously reported for O. lactea exposed to W contaminated soil (20).  Attempts to model 246 

uptake and elimination rate kinetics for the rest of the snail body did not result in significant fits (p = 247 

0.16 to 0.23); however, visual inspection of the uptake curve (Figure 1b) suggested that an approximate 248 

steady state concentration of 3.2 mg/kg (BAF = 0.01) was obtained after 14-days of exposure.  Similarly, 249 

the kinetic model did not provide a significant fit to the dietary uptake of W into snails (p = 0.15 – 0.43).  250 

However, visual inspection of the uptake curves indicated a much higher steady state concentration 251 

(85.9 mg/kg) and faster time to steady state (5 days) for the snail hepatopancreas; the steady state 252 

concentration for the rest of the body was slightly lower than the hepatopancreas (36.7 mg/kg) 253 

(Figure1c). However, the higher steady state BAFs for the hepatopancreas and body of 0.36 and 0.15, 254 

respectively, indicated that the trophic transfer of W was a much more important uptake pathway for 255 

this herbivore relative to direct exposure to contaminated soil.  Further, the ratio of W in the body 256 

relative to that in the hepatopancreas was much greater in the dietary exposure (43%) than in the soil 257 

exposure (9%), suggesting that W bioaccumulation thorough trophic transfer resulted is substantially 258 

greater assimilation efficiency.               259 

Soil and Trophic Transfer 260 

The total W concentration in the cabbage tissue grown in W-spiked soil was 212.83 ± 46 mg/kg.  Total W 261 

in the mantle (12.8 mg/kg) and shell (1.25 ± 0.56 mg/kg ) in feeding experiments relative to background 262 

shell concentrations from the control (< 0.1 mg/kg) provide a direct line of evidence that the trophic 263 

transfer pathway delivered W to the shell.  Fecal data (not presented) were inconclusive due to contact 264 

with soil and likelihood of skewed results either through W transfer to soil or soil W to fecal material.  265 

There was virtually no difference in W-chemical species between soil and cabbage exposures for the 266 



analyzed compartments (Figure 2a).  Comparing tungsten tissue burdens for gastropods exposed to 267 

contaminated soil compared to contaminated food in the tissue compartments, there was a significantly 268 

(p<0.001) greater burdens in the trophic transfer relative to the soil exposure.  (Figure 2b; α to β).  269 

While there was no significance (p>0.05) when comparing parallel tissue compartments (Figure 2b; A to 270 

A, B to B, C to C) between exposure types, there was significance (p<0.001) when comparing between 271 

compartments overall within the exposures (Figure 2b; A to B to C to A).  Comparison of all 272 

compartments for the soil and cabbage exposures demonstrated significance (p< 0.001) for this test 273 

(Figure 2b, 1-6).  There was no significance (p>0.05) in the difference in total concentrations between 274 

exposures for the mantle.  It is worth noting that the average concentrations were nearly identical for 275 

the mantles in the soil and cabbage exposures, 12.2 and 12.8 mg/kg, respectively.  Unfortunately, due to 276 

limited mantle tissue, speciation was not possible for this exposure.  These values suggest that the 277 

mantle limits the W utilized for the shell matrix. 278 

Dermal exposure 279 

Total measurable tungsten in the cloth-test medium was 265.67 ± 30 mg/kg.  Significantly more 280 

monomeric tungstates, relative to polytungstates, were detected in all tissue compartments (Figure 3).  281 

On average, there was no significant difference between monomeric and polytungstates, or between 282 

the elutriate water, saturated cloth, snail hepatopancreas, and the whole snail (Figure 3).  Interestingly 283 

the whole body speciation analysis demonstrated absolutely no polytungstate present in any analyzed 284 

sample.  This indicates that the dermal absorption of the available tungsten species is not as bioavailable 285 

in this type of exposure as they are within dietary related studies.  In the four days between creating the 286 

elutriate and the second saturation of the cloth, there was a 5% increase in polytungstates in the 287 

elutriate liquid, which was not a significant change statistically, though it demonstrates that species 288 

redistribution of tungsten was occurring.    289 

 Culture 290 

Integration of tungsten throughout the shell is visible via synchrotron analysis.  It does not appear to 291 

have any particular arrangement and orientation within the structure.  It is evident that W uptake occurs 292 

throughout growth of the snail and is fairly uniform (figure 4).   293 

Building upon Kennedy et al [20] investigations of tungsten, this study answers the questions of uptake 294 

pathway kinetics, compartmental concentrations dependent on exposure medium, and relates the 295 

pathway of tungsten incorporation within the shell.  Pathway kinetics demonstrates the rapid uptake 296 

and distribution of W within the different compartments of the snail.  The analyzed compartments 297 

(whole snail, hepatopancreas, mantle, and shell) represent pathways and fate of tungsten once 298 

absorbed or consumed.  The hepatopancreas is akin to a liver in mammals and all food is filtered 299 

through it before dispersal to other compartments or release of fecal material.  The mantle is the 300 

pathway that the snail uses to exude a chemical matrix that grows and repairs the shell.  The shell 301 

therefore would contain a lifetime of chemical constituents that the gastropod was exposed to or 302 

consumed, so the shell is similar to how bones accumulate elements in the human body.  The whole 303 

snail compartment represents the rest of the snail tissue.  While total tungsten and liquid speciation 304 



analyses demonstrate the presence and ratios of tungsten in the different tissue compartments, 305 

synchrotron analysis confirms the distribution pathways of W (Figure 5a, b, c).  Since the synchrotron 306 

analysis of juvenile snail shells demonstrates the full integration and distribution of W within the shells 307 

and the liquid chemistry of adult tissue and shell compartments corroborate the evidence that W is 308 

distributed via examined pathways, conclusions can be drawn that utilization of the snail shells as a 309 

biomonitoring tool is feasible.  Future work to bring this into practical usage should include the 310 

development of lifecycle uptake rates to better discern how elements such as W are integrated over a 311 

lifetime of exposure.  312 

  313 



Figures: 314 

Figure 1.  Tungsten uptake kinetics from soil to cabbage (panel a), soil to gastropods (panel b) 315 

and cabbage to snails (panel c). 316 

(a) 317 

 318 

(b) 319 

 320 

  321 

 

 

T
u

n
g
s
te

n
 m

g
/k

g
 

T
u

n
g
s
te

n
 m

g
/k

g
 



(c) 322 

 323 

 324 

325 

 

 

T
u

n
g
s
te

n
 m

g
/k

g
 



Figure 2a. Relative percentages of liquid-phase extracted monomer and polytungstates in snail 326 

hepatopancreas and the rest of the snail body 327 
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Figure 2b.  Relative tissue residues in different gastropod compartments after exposure to 330 

contaminated soil or through trophic transfer.  Alpha and beta indicate the entire exposure for 331 

soil and cabbage, respectively. 332 
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335 



Figure 3.  Relative percentages of liquid phase extracted monomeric and polytungstates in 336 

water, cloth, snail hepatopancreas and the rest of the snail body. 337 

 338 

Figure 4.  3D tomography of juvenile snail shell from tungsten snail-culture.  Warm colors indicate higher 339 

density of concentration of the indicated element.  This map is of a whirl of a juvenile snail after 340 

approximately 400% growth from hatching. 341 

  342 



Figure 5a,b,c.  Synchrotron mapping of Cabbage, regrowth of shell matrix, and mantle. Warm 343 

colors of red and yellow indicate higher concentrations of indicated elements (Ca and W).  5a 344 

indicates that W is distributed across the entire leaf structure, with a high ratio located in the 345 

central leaf vein.  5b displays the W dispersal through the mantle.  5c indicates that there is W 346 

integration into the shell matrix on the outside of the new growth, but there is also a thin layer 347 

of W matrix being integrated in the interior of the shell. 348 
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