Surface analysis and depth profiling of corrosion products formed in lead pipes used to supply low alkalinity drinking water
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Abstract

Modern analytical techniques have been applied to investigate the nature of lead pipe corrosion products formed in pH adjusted, orthophosphate-treated, low alkalinity water, under supply conditions. Depth profiling and surface analysis have been carried out on pipe samples obtained from the water distribution system in Glasgow, Scotland, UK. X-ray diffraction spectrometry identified basic lead carbonate, lead oxide and lead phosphate as the principle components. Scanning electron microscopy / energy-dispersive x-ray spectrometry revealed the crystalline structure within the corrosion product and also showed spatial correlations existed between calcium, iron, lead, oxygen and phosphorus. Elemental profiling, conducted by means of secondary ion mass spectrometry (SIMS) and secondary neutrals mass spectrometry (SNMS) indicated that the corrosion product was not uniform with depth. However, no clear stratification was apparent. Indeed, counts obtained for carbonate, phosphate and oxide were well-correlated within the depth range probed by SIMS. SNMS showed relationships existed between carbon, calcium, iron, and phosphorus within the bulk of the scale, as well as at the surface. SIMS imaging confirmed the relationship between calcium and lead and suggested there might also be an association between chlorine and phosphorus.
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INTRODUCTION

Lead enters drinking water mainly through dissolution of lead pipe corrosion products (“lead scale”). A phased reduction in maximum admissible concentration of lead in water is currently being implemented in the European Union. The current value of 50 g Pb L-1 will be reduced to 25 g Pb L-1 in April 2003, and then to 10 g Pb L-1 in 2013 (Commission of the European Union, 1995). 

The UK water industry has made significant progress towards compliance with the new legislation. Implementation of appropriate water treatment regimes (pH adjustment and orthophosphate dosing) has reduced plumbosolvency. Lead communication pipes have been removed from many water distribution systems, although debate continues about whether such an undertaking is necessary (Hayes et al., 1997). However, whether or not water suppliers choose to eliminate lead in supply networks, the reluctance of many consumers to undertake lead pipe replacement within their own properties means that health effects associated with lead in drinking water are likely to remain of concern for the foreseeable future. 

An improved understanding of the nature of lead scale is important since it will allow water suppliers to optimise plumbosolvency control strategies and thus minimise lead concentrations in potable water. Early work (Sheiham and Jackson, 1981; Schock and Gardels, 1983) indicated scale to be composed mainly of lead carbonate (PbCO3) and / or basic lead carbonate (Pb3(CO3)2(OH)2). Evidence from lead pipe test rig studies suggested that a pyromorphite-like species, probably hydroxypyromorphite (Pb5(PO4)3OH) formed when orthophosphate was added to the water supply. Scanning electron microscopy (SEM) has been applied to scale samples obtained by running high alkalinity water through a test rig (Colling et al., 1987). Results showed that the water used, and the addition of phosphate, affected the physical appearance of the corrosion product. Hexagonal, plate-like deposits were identified as basic lead carbonate whilst lead carbonate had a smoother, more uniform, appearance. The deposit formed in phosphate-treated water consisted of rounded particles. Although the mineral could not be precisely identified, elemental analysis (energy-dispersive x-ray spectrometry (EDX) revealed it to contain lead, phosphorus and some calcium. 

More recent studies on the Pb2+-CO32--PO43- system, by Grimes et al. (1995), used powder x-ray diffraction spectroscopy and Raman spectroscopy to study the results of dispersing normal and basic lead carbonates in orthophosphate solution. Replacement of carbonate species by hydroxypyromorphite occurred over a period of 900 days. The same researchers exposed new lead pipes to water from the public supply that had been spiked with different concentrations of orthophosphate. A variety of analytical techniques were used to characterise the corrosion products formed. Complex, stratified materials were found. With no phosphate addition, a basal layer of tetragonal lead (II) oxide (PbO) was mixed with normal lead carbonate and overlain with basic lead carbonate. In the presence of orthophosphate, the lead oxide was overlain by hydroxypyromorphite. Evidence was also reported for the isomorphous substitution of lead by calcium, to yield a mineral (Pb5-xCax(PO4)3OH) with composition intermediate between hydroxypyromorphite and hydroxyapatite (Ca5(PO4)3OH).

Few studies have investigated the nature of lead pipe corrosion products formed under supply conditions. Peters et al. (1999) analysed samples from the City of Glasgow by Fourier transform infra-red spectrometry (FTIR), ion chromatography and flame atomic absorption spectrometry. Glasgow is supplied with water from Loch Katrine, a freshwater lake ~ 50 km north west of the city. The supply had been pH-adjusted since 1978 (typical alkalinity 10 mg HCO3- L-1) and dosed with orthophosphate since 1989 (initial dose 1.0 mg P L-1, subsequently reduced to 0.6 mg P L-1). Corrosion products obtained from pipes exhumed prior to phosphate dosing were composed of normal and/or basic lead carbonate, whilst those collected in the late 1990’s contained up to 30 % (w/w) of an apatite-like species, most probably hydroxypyromorphite, in addition to carbonates. Calcium was detected in some of the samples. 
Subsequent analysis of corrosion products collected from lead pipes removed from the Glasgow distribution system has involved the application of ion chromatography and Fourier transform infra-red spectrometry. Inductively coupled plasma atomic emission spectrometry and thermogravimetry have also been used to gain information on heavy metals and organic matter, respectively. In addition, a number of surface analysis techniques, which can be applied directly to corrosion products in situ (i.e. without removal from the pipe surface) have been investigated. X-ray diffraction spectrometry (XRDS), SEM/EDX, secondary ion mass spectrometry (SIMS) and secondary neutrals mass spectrometry (SNMS) have been used. 

This contribution will focus on the results of surface analysis and depth profiling of selected lead water pipes collected from the Glasgow water distribution system.

METHODS

Lead communication pipes were exhumed in the City of Glasgow, Scotland, UK as part of West of Scotland Water’s pipe replacement programme. The pipes were returned to the laboratory where they were cut into ~ 15 cm segments and then sectioned lengthways. The scale was either (a) scraped from the interior surfaces using a plastic spatula (EDX) or (b) studied in situ (XRFS, SEM/EDX and SIMS/SNMS). For SIMS and SNMS, a small section was cut from the pipe (~ 1 cm2) suitable for insertion into the ion source of the mass spectrometer.

The XRDS measurements were carried out using a Philips PW 1820 goniometer with PW 1830 generator (Philips, Eindhoven, The Netherlands). The radiation used was Cu K with  geometry. SEM measurements were made with an environmental scanning electron microscope, model FEI-Philips XL30-ESEM-FEG (from FEI Company, Eindhoven, The Netherlands).

SIMS and SNMS analysis were undertaken by MATS UK (Warrington, Cheshire) using a quadrupole instrument. Negative ion SIMS was performed using ion bombardment (Ar+ primary ions, 80 nA beam current). SNMS was performed by post-sputtering electron impact ionisation of neutral species in the plume generated by a (2 A) Ar+ primary ion beam.
RESULTS and DISCUSSION

XRDS

Both the external and the internal surfaces of the same pipe were analysed. Examination of the external surface indicated the presence of lead carbonate, quartz (SiO2) and calcite (CaCO3). Residual contamination may be responsible for the presence of common soil minerals. Results of analysis of two separate areas of the internal surface revealed the presence of basic lead carbonate, lead oxide, and lead phosphate (Pb9(PO4)6). Lead carbonate was also observed when Glasgow pipes were analysed by FTIR (Peters et al. 1999) and the detection of PbO is concordant with the work of Grimes et al. (1995). However, lead carbonate has not previously been reported as a component of lead scale. No evidence was found for the presence of the expected phosphate species, hydroxypyromorphite.
SEM / EDX

Results of elemental analysis of both pipe exterior and corrosion product scraped from the pipe interior are presented in Table 1. The high levels of carbon and oxygen present on both surfaces may be correlated with carbonate, oxide and possible hydrated species. Silicon and aluminium on the exterior are probably due to residual soil contamination. The presence of small amounts of phosphorus in the interior is consistent with the suggestion that the scale may be composed mainly of lead carbonate or oxide species but with a minor phosphate component. The presence of calcium is consistent with findings of other workers (Colling et al., 1987; Grimes et al. 1995).

SEM images of the interior of a section of pipe are shown in Figures 1 and 2. When the elemental composition of the surface was mapped, it was found that the dark area to the right of Figure 1 was associated with high concentrations of oxygen, phosphorus and lead, and with moderate levels of calcium and iron. The lighter area to the left was predominantly lead. It would thus appear that the dark area is corrosion product and the light region mainly base metal. Figure 2 shows the detailed structure of the lead scale. Both plate-like structures (possible basic lead carbonate) and nodular features (which could represent pyromorphite) are evident.
Table 1:
Quantitative elemental analysis of pipe exterior and internal corrosion product
	Element
	Pipe exterior
	
	Corrosion product
	

	
	Percentage by mass
	Mole percent
	Percentage by mass 
	Mole percent

	C
	23.39
	33.00
	30.77
	58.13

	O
	53.19
	56.34
	24.36
	34.55

	Al
	6.87
	4.32
	0.03
	0.02

	Si
	8.27
	4.99
	0.31
	0.25

	P
	0.40
	0.22
	2.25
	1.65

	K
	0.35
	0.15
	ND
	

	Ca
	0.24
	0.10
	0.95
	0.54

	Fe
	1.30
	0.39
	0.45
	0.18

	Cu
	ND
	
	0.78
	0.28

	Pb
	5.99
	0.49
	40.08
	4.39


ND :
not detected
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Figure 1: SEM of the interior surface of a pipe
Figure 2: SEM showing detailed structure of
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SIMS and SNMS

Profiling was carried out on two pipes (obtained from different geographic areas of Glasgow) to investigate variations in chemical composition through the depth of the scale product. Both negative ion SIMS and SNMS were used. In SIMS, the scale is “cratered” slowly due to the low ion beam current used. Detailed information on composition close to the surface is obtained. The higher ion beam intensity used in SNMS means the sample is sputtered much more rapidly, allowing the material to be probed to greater depth. A disadvantage of SIMS is that ion yields vary markedly across the periodic table, depending on the ionisation potential (for positive SIMS) or electronegativity (for negative SIMS) of the analyte element. This effect is reduced, though not eliminated, in SNMS.

Figure 3 shows the SIMS depth profile for pipe A. Note that in this, and subsequent, figures “time” is related to “depth”. Unfortunately, precise depth calibration is not possible because of the complex nature of the sample and the lack of suitable standard materials. Total carbon and phosphorus counts decreased slightly with depth. In contrast, the CO3-, PO3- and PbO2- ions increased. The difference between total and inorganic C, and between total and inorganic P, may be due to the presence of organic species at the surface of the pipe deposit. Chlorine was also detected, although the high apparent concentration may be an artefact caused by the relative ease of formation of the Cl- ion. The SIMS profile for pipe B is shown in figure 4.
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Figure 3: Negative ion SIMS depth profile of Pipe A
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Figure 4: Negative ion SIMS depth profile of Pipe B

Lower counts for carbon were present (both total C and CO3-) than in pipe A. However, broadly similar trends were apparent. The similarity in profiles obtained for the oxyanions, CO3-, PO3- and PbO2- may indicate a direct relationship between the concentrations of carbonate, phosphate and lead oxide in the scale samples, within the depth range investigated, rather than clear stratification as reported by Grimes et al. (1995).
SNMS results for pipes A and B are shown in Figures 5 and 6, respectively. The count for the lead ion was higher than that obtained by the SIMS technique, more accurately reflecting the true concentration of this element relative to the other analytes present in the sample. Carbon, phosphorus, calcium and iron followed similar trends with depth. They each gave approximately the same response up to 1000 sec and then decreased. A small enhancement in concentrations of these four elements at the surface was also apparent. The increase in lead concentration, and decrease in other elements, from 1000-2000 sec profiling time may indicate that the Ar+ ion beam has ablated all the way through the scale and into base metal. Scanning the mass range identified the presence of minor elemental components in the sample, namely aluminium, magnesium, potassium, sodium and tin. The counts obtained for potassium, sodium and tin were consistent throughout the depth range, while the counts for magnesium and aluminium decreased with depth.
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Figure 5: SNMS depth profile of Pipe A
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Figure 6: SNMS depth profile of Pipe B

SNMS of pipe B again revealed high lead levels and similar trends in the counts obtained for calcium and phosphorus. The iron concentration decreased with depth. Carbon content was lower than in pipe A, as previously shown by SIMS. Trace amounts of common water cations were again detected, but no tin. 

It was also possible to obtain elemental maps of areas of the interior pipe surface by SIMS. Spatial correlations were observed between concentrations of phosphorus and chlorine (by negative ion SIMS) and between calcium and lead (by positive ion SIMS) (Peters, 1999). 

CONCLUSIONS

Four analytical techniques have been used to investigate the nature of lead pipe corrosion products which had formed in pH adjusted, orthophosphate-treated, low alkalinity water, under real supply conditions. XRDS identified basic lead carbonate, lead oxide and lead phosphate as the principle components. SEM/EDX revealed a crystalline structure within the corrosion product and also showed spatial correlations existed between calcium, iron, lead, oxygen and phosphorus.         Elemental profiling indicated that the corrosion product was not uniform with depth, but clear stratification was not apparent. Indeed, counts obtained for carbonate, phosphate and oxide were well-correlated within the depth range probed by SIMS. SNMS showed relationships between carbon, calcium, iron, and phosphorus existed within the bulk of the scale, as well as at the surface. SIMS imaging confirmed the relationship between calcium and lead and suggested there might also be an association between chlorine and phosphorus. 
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		1717.28260872		6599		5579		274676		12		761		301		0.01		1		223		1287

		1962.60869568		7135		5521		395661		29		1552		445		0.01		0.01		233		2128

		2207.93478264		5350		4660		322866		23		2298		632		2		2		275		2459

		2453.2608696		3969		3880		252409		25		2816		679		0.01		0.01		184		1640

		2698.58695656		3410		3905		252111		28		4905		1333		0.01		0.01		204		2113

		2943.91304352		2735		3348		216784		30		5436		1549		0.01		0.01		148		1551

		3189.23913048		2232		2880		190774		25		5779		1460		0.01		0.01		150		1252

		3434.56521744		2046		2625		185553		36		6941		1896		0.01		0.01		151		1376

		3679.8913044		1791		2258		158397		29		6469		1628		0.01		0.01		118		1092

		3925.21739136		1678		2314		153548		18		7437		2017		0.01		0.01		110		1118

		4170.54347832		1712		2366		159766		43		9183		2579		1		0.01		125		1342

		4415.86956528		1620		2210		159753		26		8492		2305		0.01		0.01		125		1200

		4661.19565224		1796		2295		163466		32		9582		2659		1		0.01		132		1349

		4906.5217392		2243		2836		198374		53		10769		2965		2		0.01		169		1516

		5151.84782616		1893		2253		169520		34		9084		2369		1		0.01		136		1508

		5397.17391312		1820		2109		160274		42		8629		2448		0.01		1		169		1446

		5642.50000008		1686		2046		141502		37		7699		2100		1		1		128		1375
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17002

				12 C		23 Na		24 Mg		27 Al		21 P		39 K		40 Ca		56 Fe		120 Sn		208 Pb

		0		574		3268		129		773		4805		2542		5155		2555		2		44616

		163.84117648		42		2215		111		315		5702		1837		6883		2064		1		39918

		327.68235296		34		1541		68		180		4989		1586		7195		1784		3		46435

		491.52352944		43		1235		83		157		4639		1514		7019		1394		0.01		60925

		655.36470592		40		958		55		114		3960		1348		5863		970		0.01		74186

		819.2058824		54		1031		44		77		3829		1639		6053		703		1		97920

		983.04705888		37		1030		63		71		4714		1601		6833		578		2		112574

		1146.88823536		64		979		60		68		4570		1796		6274		474		0.01		131240

		1310.72941184		49		858		28		44		3226		1661		4248		269		0.01		154156

		1474.57058832		41		823		25		29		2534		1717		3208		219		0.01		191564

		1638.4117648		33		959		20		39		1777		2091		2334		170		1		251685

		1802.25294128		37		960		11		39		1324		2129		1720		124		2		304058

		1966.09411776		25		944		8		45		911		2341		1266		96		0.01		380510

		2129.93529424		27		902		7		30		603		2296		984		65		0.01		416596

		2293.77647072		19		853		10		18		405		2145		781		59		1		526587

		2457.6176472		13		773		2		33		263		2105		638		44		3		550620

		2621.45882368		19		916		8		23		322		2318		642		46		0.01		583060

		2785.30000016		13		622		6		15		150		1911		543		37		0.01		528874
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6000

				12 C-		31 P-		35 Cl-		60 CO3-		63 PO2-		79 PO3-		120 Sn-		151 SnP-		208 Pb-		240 PbO2-

		0		35160		3887		20212		1770		1997		1305		70		9		252		793

		245.76101694		29354		3477		21192		2747		3246		2006		57		16		277		1185

		491.52203388		26158		3176		20984		3102		3862		2404		54		35		288		2061

		737.28305082		25243		3153		23212		3446		6831		3559		58		28		276		2278

		983.04406776		24355		2856		27019		4660		9009		4571		46		55		271		4128

		1228.8050847		23570		2615		27118		5043		8283		4060		40		87		352		5234

		1474.56610164		23494		2842		33261		9248		10347		5628		55		112		337		7418

		1720.32711858		22889		2909		37068		10989		13355		7329		44		128		411		9739

		1966.08813552		24964		3141		42954		11875		14927		7729		45		134		397		9084

		2211.84915246		24898		2993		42937		9508		16546		8998		52		106		382		8774

		2457.6101694		23679		2898		46131		9291		14765		8810		60		117		412		8105

		2703.37118634		23864		2756		47073		7446		12360		8194		52		113		362		6137

		2949.13220328		23166		2762		50402		8700		13445		8910		41		107		388		8282

		3194.89322022		23508		2763		56653		8436		13812		9189		55		116		431		8431

		3440.65423716		22937		2736		64324		9638		15257		10510		52		146		396		7597

		3686.4152541		22787		2748		76585		18647		25574		17501		60		213		476		14804

		3932.17627104		22240		2749		87967		28904		31834		21381		66		273		475		17864

		4177.93728798		22475		2601		92688		27717		40358		24395		64		261		500		17779

		4423.69830492		22564		2548		94549		23614		42324		28267		61		206		468		11655

		4669.45932186		21332		2473		88337		33485		37919		26106		58		282		489		18279

		4833.29999982		19817		2351		76483		20465		30700		22333		49		180		449		15692
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6001

				12 C		23 Na		24 Mg		27 Al		21 P		39 K		40 Ca		56 Fe		120 Sn		208 Pb

		0		353		1165		88		359		1646		1923		2147		1169		568		69258

		163.84117648		216		1196		74		225		1270		2018		1860		608		521		65586

		327.68235296		229		1176		104		212		1386		2005		2067		466		487		64964

		491.52352944		196		1243		100		206		1469		2199		2163		438		495		76431

		655.36470592		187		1214		94		185		1777		2098		2412		451		412		71148

		819.2058824		186		1176		72		161		1687		2118		2082		325		396		72980

		983.04705888		239		1251		67		126		1397		2427		1709		277		378		86608

		1146.88823536		188		1379		45		110		859		2753		1198		145		373		105101

		1310.72941184		121		1552		36		122		855		2822		1040		149		315		133414

		1474.57058832		87		1393		32		92		742		2707		1073		129		339		195684

		1638.4117648		62		1293		28		83		626		2717		857		124		342		256044

		1802.25294128		58		1242		17		76		468		2598		697		95		410		349984

		1966.09411776		46		1174		14		53		319		2537		650		76		479		464839

		2129.93529424		28		1068		8		51		335		2469		570		59		515		469426

		2293.77647072		42		1116		9		48		217		2363		456		70		502		476702

		2457.6176472		23		1033		9		37		163		2374		445		45		509		477664

		2621.45882368		24		877		12		43		137		2027		448		55		446		452026

		2785.30000016		22		825		5		39		101		1969		406		55		447		431891





17000

				12 C-		31 P-		35 Cl-		60 CO3-		63 PO2-		79 PO3-		120 Sn-		151 SnP-		208 Pb-		240 PbO2-

		0		2021		5221		15671		0.01		9		8		0.01		0.01		66		9

		245.32608696		2574		6187		16054		0.01		10		3		0.01		0.01		78		7

		490.65217392		2662		6122		20535		1		18		5		0.01		1		74		3

		735.97826088		4522		7636		39246		1		39		21		0.01		0.01		146		54

		981.30434784		5894		7091		66256		4		142		44		0.01		1		111		141

		1226.6304348		5933		6541		119446		1		182		85		0.01		0.01		132		316

		1471.95652176		6029		5789		154115		8		377		152		0.01		0.01		156		654

		1717.28260872		6599		5579		274676		12		761		301		0.01		1		223		1287

		1962.60869568		7135		5521		395661		29		1552		445		0.01		0.01		233		2128

		2207.93478264		5350		4660		322866		23		2298		632		2		2		275		2459

		2453.2608696		3969		3880		252409		25		2816		679		0.01		0.01		184		1640

		2698.58695656		3410		3905		252111		28		4905		1333		0.01		0.01		204		2113

		2943.91304352		2735		3348		216784		30		5436		1549		0.01		0.01		148		1551

		3189.23913048		2232		2880		190774		25		5779		1460		0.01		0.01		150		1252

		3434.56521744		2046		2625		185553		36		6941		1896		0.01		0.01		151		1376

		3679.8913044		1791		2258		158397		29		6469		1628		0.01		0.01		118		1092

		3925.21739136		1678		2314		153548		18		7437		2017		0.01		0.01		110		1118

		4170.54347832		1712		2366		159766		43		9183		2579		1		0.01		125		1342

		4415.86956528		1620		2210		159753		26		8492		2305		0.01		0.01		125		1200

		4661.19565224		1796		2295		163466		32		9582		2659		1		0.01		132		1349

		4906.5217392		2243		2836		198374		53		10769		2965		2		0.01		169		1516

		5151.84782616		1893		2253		169520		34		9084		2369		1		0.01		136		1508

		5397.17391312		1820		2109		160274		42		8629		2448		0.01		1		169		1446

		5642.50000008		1686		2046		141502		37		7699		2100		1		1		128		1375
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17002

				12 C		23 Na		24 Mg		27 Al		21 P		39 K		40 Ca		56 Fe		120 Sn		208 Pb

		0		574		3268		129		773		4805		2542		5155		2555		2		44616

		163.84117648		42		2215		111		315		5702		1837		6883		2064		1		39918

		327.68235296		34		1541		68		180		4989		1586		7195		1784		3		46435

		491.52352944		43		1235		83		157		4639		1514		7019		1394		0.01		60925

		655.36470592		40		958		55		114		3960		1348		5863		970		0.01		74186

		819.2058824		54		1031		44		77		3829		1639		6053		703		1		97920

		983.04705888		37		1030		63		71		4714		1601		6833		578		2		112574

		1146.88823536		64		979		60		68		4570		1796		6274		474		0.01		131240

		1310.72941184		49		858		28		44		3226		1661		4248		269		0.01		154156

		1474.57058832		41		823		25		29		2534		1717		3208		219		0.01		191564

		1638.4117648		33		959		20		39		1777		2091		2334		170		1		251685

		1802.25294128		37		960		11		39		1324		2129		1720		124		2		304058

		1966.09411776		25		944		8		45		911		2341		1266		96		0.01		380510

		2129.93529424		27		902		7		30		603		2296		984		65		0.01		416596

		2293.77647072		19		853		10		18		405		2145		781		59		1		526587

		2457.6176472		13		773		2		33		263		2105		638		44		3		550620

		2621.45882368		19		916		8		23		322		2318		642		46		0.01		583060

		2785.30000016		13		622		6		15		150		1911		543		37		0.01		528874
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Chart7

		0		0		0		0		0		0

		245.32608696		245.32608696		245.32608696		245.32608696		245.32608696		245.32608696

		490.65217392		490.65217392		490.65217392		490.65217392		490.65217392		490.65217392

		735.97826088		735.97826088		735.97826088		735.97826088		735.97826088		735.97826088
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		1717.28260872		1717.28260872		1717.28260872		1717.28260872		1717.28260872		1717.28260872

		1962.60869568		1962.60869568		1962.60869568		1962.60869568		1962.60869568		1962.60869568

		2207.93478264		2207.93478264		2207.93478264		2207.93478264		2207.93478264		2207.93478264

		2453.2608696		2453.2608696		2453.2608696		2453.2608696		2453.2608696		2453.2608696

		2698.58695656		2698.58695656		2698.58695656		2698.58695656		2698.58695656		2698.58695656

		2943.91304352		2943.91304352		2943.91304352		2943.91304352		2943.91304352		2943.91304352

		3189.23913048		3189.23913048		3189.23913048		3189.23913048		3189.23913048		3189.23913048

		3434.56521744		3434.56521744		3434.56521744		3434.56521744		3434.56521744		3434.56521744

		3679.8913044		3679.8913044		3679.8913044		3679.8913044		3679.8913044		3679.8913044

		3925.21739136		3925.21739136		3925.21739136		3925.21739136		3925.21739136		3925.21739136

		4170.54347832		4170.54347832		4170.54347832		4170.54347832		4170.54347832		4170.54347832

		4415.86956528		4415.86956528		4415.86956528		4415.86956528		4415.86956528		4415.86956528

		4661.19565224		4661.19565224		4661.19565224		4661.19565224		4661.19565224		4661.19565224

		4906.5217392		4906.5217392		4906.5217392		4906.5217392		4906.5217392		4906.5217392

		5151.84782616		5151.84782616		5151.84782616		5151.84782616		5151.84782616		5151.84782616

		5397.17391312		5397.17391312		5397.17391312		5397.17391312		5397.17391312		5397.17391312

		5642.50000008		5642.50000008		5642.50000008		5642.50000008		5642.50000008		5642.50000008
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6000

				12 C-		31 P-		35 Cl-		60 CO3-		63 PO2-		79 PO3-		120 Sn-		151 SnP-		208 Pb-		240 PbO2-

		0		35160		3887		20212		1770		1997		1305		70		9		252		793

		245.76101694		29354		3477		21192		2747		3246		2006		57		16		277		1185

		491.52203388		26158		3176		20984		3102		3862		2404		54		35		288		2061

		737.28305082		25243		3153		23212		3446		6831		3559		58		28		276		2278

		983.04406776		24355		2856		27019		4660		9009		4571		46		55		271		4128

		1228.8050847		23570		2615		27118		5043		8283		4060		40		87		352		5234

		1474.56610164		23494		2842		33261		9248		10347		5628		55		112		337		7418

		1720.32711858		22889		2909		37068		10989		13355		7329		44		128		411		9739

		1966.08813552		24964		3141		42954		11875		14927		7729		45		134		397		9084

		2211.84915246		24898		2993		42937		9508		16546		8998		52		106		382		8774

		2457.6101694		23679		2898		46131		9291		14765		8810		60		117		412		8105

		2703.37118634		23864		2756		47073		7446		12360		8194		52		113		362		6137

		2949.13220328		23166		2762		50402		8700		13445		8910		41		107		388		8282

		3194.89322022		23508		2763		56653		8436		13812		9189		55		116		431		8431

		3440.65423716		22937		2736		64324		9638		15257		10510		52		146		396		7597

		3686.4152541		22787		2748		76585		18647		25574		17501		60		213		476		14804

		3932.17627104		22240		2749		87967		28904		31834		21381		66		273		475		17864

		4177.93728798		22475		2601		92688		27717		40358		24395		64		261		500		17779

		4423.69830492		22564		2548		94549		23614		42324		28267		61		206		468		11655

		4669.45932186		21332		2473		88337		33485		37919		26106		58		282		489		18279

		4833.29999982		19817		2351		76483		20465		30700		22333		49		180		449		15692
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6001

				12 C		23 Na		24 Mg		27 Al		21 P		39 K		40 Ca		56 Fe		120 Sn		208 Pb

		0		353		1165		88		359		1646		1923		2147		1169		568		69258

		163.84117648		216		1196		74		225		1270		2018		1860		608		521		65586

		327.68235296		229		1176		104		212		1386		2005		2067		466		487		64964

		491.52352944		196		1243		100		206		1469		2199		2163		438		495		76431

		655.36470592		187		1214		94		185		1777		2098		2412		451		412		71148

		819.2058824		186		1176		72		161		1687		2118		2082		325		396		72980

		983.04705888		239		1251		67		126		1397		2427		1709		277		378		86608

		1146.88823536		188		1379		45		110		859		2753		1198		145		373		105101

		1310.72941184		121		1552		36		122		855		2822		1040		149		315		133414

		1474.57058832		87		1393		32		92		742		2707		1073		129		339		195684

		1638.4117648		62		1293		28		83		626		2717		857		124		342		256044

		1802.25294128		58		1242		17		76		468		2598		697		95		410		349984

		1966.09411776		46		1174		14		53		319		2537		650		76		479		464839

		2129.93529424		28		1068		8		51		335		2469		570		59		515		469426

		2293.77647072		42		1116		9		48		217		2363		456		70		502		476702

		2457.6176472		23		1033		9		37		163		2374		445		45		509		477664

		2621.45882368		24		877		12		43		137		2027		448		55		446		452026

		2785.30000016		22		825		5		39		101		1969		406		55		447		431891





17000

				12 C-		31 P-		35 Cl-		60 CO3-		63 PO2-		79 PO3-		120 Sn-		151 SnP-		208 Pb-		240 PbO2-

		0		2021		5221		15671		0.01		9		8		0.01		0.01		66		9

		245.32608696		2574		6187		16054		0.01		10		3		0.01		0.01		78		7

		490.65217392		2662		6122		20535		1		18		5		0.01		1		74		3

		735.97826088		4522		7636		39246		1		39		21		0.01		0.01		146		54

		981.30434784		5894		7091		66256		4		142		44		0.01		1		111		141

		1226.6304348		5933		6541		119446		1		182		85		0.01		0.01		132		316

		1471.95652176		6029		5789		154115		8		377		152		0.01		0.01		156		654

		1717.28260872		6599		5579		274676		12		761		301		0.01		1		223		1287

		1962.60869568		7135		5521		395661		29		1552		445		0.01		0.01		233		2128

		2207.93478264		5350		4660		322866		23		2298		632		2		2		275		2459

		2453.2608696		3969		3880		252409		25		2816		679		0.01		0.01		184		1640

		2698.58695656		3410		3905		252111		28		4905		1333		0.01		0.01		204		2113

		2943.91304352		2735		3348		216784		30		5436		1549		0.01		0.01		148		1551

		3189.23913048		2232		2880		190774		25		5779		1460		0.01		0.01		150		1252

		3434.56521744		2046		2625		185553		36		6941		1896		0.01		0.01		151		1376

		3679.8913044		1791		2258		158397		29		6469		1628		0.01		0.01		118		1092

		3925.21739136		1678		2314		153548		18		7437		2017		0.01		0.01		110		1118

		4170.54347832		1712		2366		159766		43		9183		2579		1		0.01		125		1342

		4415.86956528		1620		2210		159753		26		8492		2305		0.01		0.01		125		1200

		4661.19565224		1796		2295		163466		32		9582		2659		1		0.01		132		1349

		4906.5217392		2243		2836		198374		53		10769		2965		2		0.01		169		1516

		5151.84782616		1893		2253		169520		34		9084		2369		1		0.01		136		1508

		5397.17391312		1820		2109		160274		42		8629		2448		0.01		1		169		1446

		5642.50000008		1686		2046		141502		37		7699		2100		1		1		128		1375
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17002

				12 C		23 Na		24 Mg		27 Al		21 P		39 K		40 Ca		56 Fe		120 Sn		208 Pb

		0		574		3268		129		773		4805		2542		5155		2555		2		44616

		163.84117648		42		2215		111		315		5702		1837		6883		2064		1		39918

		327.68235296		34		1541		68		180		4989		1586		7195		1784		3		46435

		491.52352944		43		1235		83		157		4639		1514		7019		1394		0.01		60925

		655.36470592		40		958		55		114		3960		1348		5863		970		0.01		74186

		819.2058824		54		1031		44		77		3829		1639		6053		703		1		97920

		983.04705888		37		1030		63		71		4714		1601		6833		578		2		112574

		1146.88823536		64		979		60		68		4570		1796		6274		474		0.01		131240

		1310.72941184		49		858		28		44		3226		1661		4248		269		0.01		154156

		1474.57058832		41		823		25		29		2534		1717		3208		219		0.01		191564

		1638.4117648		33		959		20		39		1777		2091		2334		170		1		251685

		1802.25294128		37		960		11		39		1324		2129		1720		124		2		304058

		1966.09411776		25		944		8		45		911		2341		1266		96		0.01		380510

		2129.93529424		27		902		7		30		603		2296		984		65		0.01		416596

		2293.77647072		19		853		10		18		405		2145		781		59		1		526587

		2457.6176472		13		773		2		33		263		2105		638		44		3		550620

		2621.45882368		19		916		8		23		322		2318		642		46		0.01		583060

		2785.30000016		13		622		6		15		150		1911		543		37		0.01		528874
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6000

				12 C-		31 P-		35 Cl-		60 CO3-		63 PO2-		79 PO3-		120 Sn-		151 SnP-		208 Pb-		240 PbO2-

		0		35160		3887		20212		1770		1997		1305		70		9		252		793

		245.76101694		29354		3477		21192		2747		3246		2006		57		16		277		1185

		491.52203388		26158		3176		20984		3102		3862		2404		54		35		288		2061

		737.28305082		25243		3153		23212		3446		6831		3559		58		28		276		2278

		983.04406776		24355		2856		27019		4660		9009		4571		46		55		271		4128

		1228.8050847		23570		2615		27118		5043		8283		4060		40		87		352		5234

		1474.56610164		23494		2842		33261		9248		10347		5628		55		112		337		7418

		1720.32711858		22889		2909		37068		10989		13355		7329		44		128		411		9739

		1966.08813552		24964		3141		42954		11875		14927		7729		45		134		397		9084

		2211.84915246		24898		2993		42937		9508		16546		8998		52		106		382		8774

		2457.6101694		23679		2898		46131		9291		14765		8810		60		117		412		8105

		2703.37118634		23864		2756		47073		7446		12360		8194		52		113		362		6137

		2949.13220328		23166		2762		50402		8700		13445		8910		41		107		388		8282

		3194.89322022		23508		2763		56653		8436		13812		9189		55		116		431		8431

		3440.65423716		22937		2736		64324		9638		15257		10510		52		146		396		7597

		3686.4152541		22787		2748		76585		18647		25574		17501		60		213		476		14804

		3932.17627104		22240		2749		87967		28904		31834		21381		66		273		475		17864

		4177.93728798		22475		2601		92688		27717		40358		24395		64		261		500		17779

		4423.69830492		22564		2548		94549		23614		42324		28267		61		206		468		11655

		4669.45932186		21332		2473		88337		33485		37919		26106		58		282		489		18279

		4833.29999982		19817		2351		76483		20465		30700		22333		49		180		449		15692
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6001

				12 C		23 Na		24 Mg		27 Al		21 P		39 K		40 Ca		56 Fe		120 Sn		208 Pb

		0		353		1165		88		359		1646		1923		2147		1169		568		69258

		163.84117648		216		1196		74		225		1270		2018		1860		608		521		65586

		327.68235296		229		1176		104		212		1386		2005		2067		466		487		64964

		491.52352944		196		1243		100		206		1469		2199		2163		438		495		76431

		655.36470592		187		1214		94		185		1777		2098		2412		451		412		71148

		819.2058824		186		1176		72		161		1687		2118		2082		325		396		72980

		983.04705888		239		1251		67		126		1397		2427		1709		277		378		86608

		1146.88823536		188		1379		45		110		859		2753		1198		145		373		105101

		1310.72941184		121		1552		36		122		855		2822		1040		149		315		133414

		1474.57058832		87		1393		32		92		742		2707		1073		129		339		195684

		1638.4117648		62		1293		28		83		626		2717		857		124		342		256044

		1802.25294128		58		1242		17		76		468		2598		697		95		410		349984

		1966.09411776		46		1174		14		53		319		2537		650		76		479		464839

		2129.93529424		28		1068		8		51		335		2469		570		59		515		469426

		2293.77647072		42		1116		9		48		217		2363		456		70		502		476702

		2457.6176472		23		1033		9		37		163		2374		445		45		509		477664

		2621.45882368		24		877		12		43		137		2027		448		55		446		452026

		2785.30000016		22		825		5		39		101		1969		406		55		447		431891





17000

				12 C-		31 P-		35 Cl-		60 CO3-		63 PO2-		79 PO3-		120 Sn-		151 SnP-		208 Pb-		240 PbO2-

		0		2021		5221		15671		0.01		9		8		0.01		0.01		66		9

		245.32608696		2574		6187		16054		0.01		10		3		0.01		0.01		78		7

		490.65217392		2662		6122		20535		1		18		5		0.01		1		74		3

		735.97826088		4522		7636		39246		1		39		21		0.01		0.01		146		54

		981.30434784		5894		7091		66256		4		142		44		0.01		1		111		141

		1226.6304348		5933		6541		119446		1		182		85		0.01		0.01		132		316

		1471.95652176		6029		5789		154115		8		377		152		0.01		0.01		156		654

		1717.28260872		6599		5579		274676		12		761		301		0.01		1		223		1287

		1962.60869568		7135		5521		395661		29		1552		445		0.01		0.01		233		2128

		2207.93478264		5350		4660		322866		23		2298		632		2		2		275		2459

		2453.2608696		3969		3880		252409		25		2816		679		0.01		0.01		184		1640

		2698.58695656		3410		3905		252111		28		4905		1333		0.01		0.01		204		2113

		2943.91304352		2735		3348		216784		30		5436		1549		0.01		0.01		148		1551

		3189.23913048		2232		2880		190774		25		5779		1460		0.01		0.01		150		1252

		3434.56521744		2046		2625		185553		36		6941		1896		0.01		0.01		151		1376

		3679.8913044		1791		2258		158397		29		6469		1628		0.01		0.01		118		1092

		3925.21739136		1678		2314		153548		18		7437		2017		0.01		0.01		110		1118

		4170.54347832		1712		2366		159766		43		9183		2579		1		0.01		125		1342

		4415.86956528		1620		2210		159753		26		8492		2305		0.01		0.01		125		1200

		4661.19565224		1796		2295		163466		32		9582		2659		1		0.01		132		1349

		4906.5217392		2243		2836		198374		53		10769		2965		2		0.01		169		1516

		5151.84782616		1893		2253		169520		34		9084		2369		1		0.01		136		1508

		5397.17391312		1820		2109		160274		42		8629		2448		0.01		1		169		1446

		5642.50000008		1686		2046		141502		37		7699		2100		1		1		128		1375
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17002

				12 C		23 Na		24 Mg		27 Al		21 P		39 K		40 Ca		56 Fe		120 Sn		208 Pb

		0		574		3268		129		773		4805		2542		5155		2555		2		44616

		163.84117648		42		2215		111		315		5702		1837		6883		2064		1		39918

		327.68235296		34		1541		68		180		4989		1586		7195		1784		3		46435

		491.52352944		43		1235		83		157		4639		1514		7019		1394		0.01		60925

		655.36470592		40		958		55		114		3960		1348		5863		970		0.01		74186

		819.2058824		54		1031		44		77		3829		1639		6053		703		1		97920

		983.04705888		37		1030		63		71		4714		1601		6833		578		2		112574

		1146.88823536		64		979		60		68		4570		1796		6274		474		0.01		131240

		1310.72941184		49		858		28		44		3226		1661		4248		269		0.01		154156

		1474.57058832		41		823		25		29		2534		1717		3208		219		0.01		191564

		1638.4117648		33		959		20		39		1777		2091		2334		170		1		251685

		1802.25294128		37		960		11		39		1324		2129		1720		124		2		304058

		1966.09411776		25		944		8		45		911		2341		1266		96		0.01		380510

		2129.93529424		27		902		7		30		603		2296		984		65		0.01		416596

		2293.77647072		19		853		10		18		405		2145		781		59		1		526587

		2457.6176472		13		773		2		33		263		2105		638		44		3		550620

		2621.45882368		19		916		8		23		322		2318		642		46		0.01		583060

		2785.30000016		13		622		6		15		150		1911		543		37		0.01		528874
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