
	In	1923	Victor	Moritz	Goldschmidt,	the	father	
of	modern	geochemistry,	proposed	the	

geochemical	classifica-on	of	the	elements	
(Goldschmidt,	1923	;	Mason,	1992	).	

	The	classificaAon	of	the	
elements:	lithophile	(affinity	for	
silicate),	siderophile	(affinity	for	

iron–nickel),	chalcophile	
(affinity	for	sulfide),	and	
atmophile	(affinity	for	the	

gaseous	state)	

Go l d s c hm i d t	 i n c l u d ed	 i n	 h i s	
classificaAon	 the	 biophile	 elements.	
They	 are	 defined	 as	 ‘‘those	 elements	
that	are	 the	most	 typical	 in	organisms	
and	 organ ic	 mater ia l ,	 o r	 a re	
concentrated	 in	 and	 by	 living	 plants	
and	 animals’’	 (Bates	 and	 Jackson,	
1984	).		
	

The	biophile	elements	all	occur	as	
lithophile	and/or	chalcophile	elements.	

Biophile	elements	include	carbon,	
hydrogen,	oxygen,	nitrogen,	

phosphorus,	sulfur,	chlorine,	iodine,	
bromine,	calcium,	magnesium,	

potassium,	sodium,	vanadium,	iron,	
manganese,	and	copper.	





	Arsenic,	lead,	and	mercury	
have	great	affinity	to	

concentrate	in	the	biosphere.		
	

Under	certain	condi8ons	they	
will	reach	relaAvely	high	
concentra:ons	in	coal	and	

humans.	
	

They	are	biophile	because	of	
subsAtuAons	(lead	for	calcium),	
bioaccumulaAon		(arsenic	and	
mercury),	and	methylaAon	

(mercury).	

	Research	indicates	that	addiAonal	
classificaAon	of	these	tradiAonal	chalcophile	

elements	as	biophile	elements	is	indispensable	
to	future	proper	understanding	

and	uAlizaAon	of	arsenic,	lead,	and	mercury	in	
the	modern	industrial,	

developing,	and	impoverished	world.	



Biophile	elements	
	
The	 beauty	 of	 Goldschmidt’s	 classificaAon	 is	
that	 it	 is	 based	 on	 the	 distribuAon	 of	 the	
elements.	 The	 siderophile,	 chalcophile,	
lithophile,	 and	 atmophile	 elements	 are	 well	
described	and	long	accepted	(GarreT,	2005).	

	Goldschmidt’s	original	list	
of	major	biophile	elements	
was	C,	H,	O,	N,	P,	S,	Cl,	and	
I.	His	list	of	minor	biophile	
elements	was	B,	Ca,	Mg,	K,	
Na,	V,	Mn,	Fe,	and	Cu.		

	
Biophile	elements	are	

enriched	in	the	biosphere
—life,	organic	waste,	dead	
remains,	and	naturally	

processed	materials	from	
the	biosphere	(coal,	oil,	

natural	gas,	and	kerogen).	
The	most	significant	
biophile	elements	are	

carbon,	hydrogen,	oxygen,	
nitrogen,	phosphorus,	and	

sulfur.	





















Goldschmidt	 (1954)	 	 had	 listed	eight	major	 (C,	H,	
O,	N,	P,	S,	Cl,	and	I)	and	nine	minor	(B,	Ca,	Mg,	K,	
Na,	V,	Mn,	Fe,	and	Cu)	biophile	elements.		
	
Based	 on	 the	 abundance	 of	 elements	 in	 humans	
(Lindh,	 2005	 ),	Na,	Mg,	 K,	 and	Ca	 are	 included	 as	
major	biophile	elements	and	iodine	is	considered	a	
minor	biophile.		
	
AddiAonal	elements	included	as	minor	biophile	are	
the	essen:al	micronutrient	elements	Fe,	Cu,	Zn,	I,	
Se,	Mn,	Mo,	Cr,	F,	and	Co.	FuncAonal	similariAes	in	
size	 and	 charge	 and	 its	 ease	 of	 subsAtuAon	 for	
calcium	 in	 human	 bones	 place	 lead	 as	 a	 minor	
biophile	element.	

	 Other	 minor	 biophile	 elements	 that	 subsAtute	
into	bone	 include	Si,	As,	Br,	 Sr,	 and	Cd.	Another	
type	 of	 funcAonal	 similarity	 is	when	 an	 element	
located	directly	below	an	element	on	the	periodic	
table	readily	 	subsAtutes	for	 it.	For	example,	the	
chalcophile	 mineral	 sphalerite,	 ZnS,	 has	 as	 a	
common	 subsAtute	 for	 zinc	 the	 element	
cadmium	(Greenwood	and	Earnshaw,	1997	).		
	
Extending	 this	 type	 of	 funcAonal	 similarity	 to	
biophile	 elements	 adds	 Rb,	 Sr,	 Cd,	 and	 Te	 as	
biophile	 elements	 because	 of	 their	 easy	
subsAtuAon	for	K,	Ca,	Zn,	and	Se,	respecAvely.	



Environmental	geochemistry	and	anthropogenic	dispersion	of	
arsenic,	lead,	and	mercury	
Arsenic,	As	
	
At	1.8	ppm	arsenic	 is	the	53rd	most	abundant	
element	in	the	earth’s	crust.	
	
Arsenic’s	typical	concentraAon	in	soil	is	5	ppm,	
while	 its	 average	 concentraAon	 in	 the	 United	
States	 coal	 is	 22	ppm.	Arsenic’s	 abundance	 in	
seawater	 is	 3	 ppb.	 The	 oxidaAon	 states	 of	
Arsenic	are	As5+,	As3+,	As,	As2-,	 and	As3-.	Most	
arsenic	 used	 in	 industry	 is	 obtained	 as	 As2O3	
from	 flue	 dust	 at	 lead	 and	 copper	 smelters,	
though	 it	 is	 also	 obtained	 from	 arsenopyrite,	
FeAsS,	and	lollingite,	FeAs2.		



	Arsenic	is	ojen	considered	the	classic	example	of	a	substance	that	is	very	toxic	(Fergusson,	1990	;	
Thornton,	 1996	 ;	 ATSDR,	 2000	 ).	 The	 toxicity	 of	 ingested	 arsenic	 varies	with	 oxida:on	 state	 and	
whether	it	is	organic	or	inorganic.	Reduced	forms	are	more	toxic	than	oxidized	forms	and	inorganic	
arsenic	 is	more	 toxic	 than	organic	 arsenic.	 The	 largest	human	 intake	of	 arsenic	 is	 from	 food	 (e.g.,	
seafood).	 Organic	 arsenic	 is	 of	 	 low	 toxicity.	 As5+	 	 is	more	 soluble	 than	 As3+	 .	 Inorganic	 forms	 of	
arsenic	occurring	in	groundwater	are	most	toxic.	







	 Arsenic	 in	 groundwater	 can	 be	 a	 risk	 because	 it	 is	 both	 reduced	 and	 inorganic	 and	
arsenic	compounds	readily	dissolve	in	water.	Drinking	water	has	caused	cases	of	chronic	
and	 acute	 arsenic	 poisoning	 in	 Taiwan,	 ArgenAna,	 China,	 and	Mexico.	 A	 tragic	modern	
epidemic	 of	 arsenic	 poisoning	 from	 groundwater	 is	 occurring	 in	 17	 naAons	 including	
regions	 	 of	 Bangladesh,	 southern	 Nepal,	 China,	 Vietnam,	 and	West	 Bengal	 and	 Bihar,	
India.	Shallow	tube	wells	were	dug	in	these	regions	to	provide	drinking	water	free	of	the	
threats	of	diarrhea,	dysentery,	typhoid,	cholera,	and	hepaAAs	common	in	surface	water.	











Ini:al	differen:a:on	is	the	
formaAon	of	the	earth	and	its	

separaAon	from	the	solar	system.	
Primary	differen:a:on	is	the	

separaAon	of	earth	into	core	and	
primiAve	mantle.	Secondary	

differen:a:on	is	the	formaAon	
of	crust.	Ter:ary	differen:a:on	
is	the	process	of	formaAon	and	
development	of	hydrosphere	and	

biosphere,	and	lithophile	
enrichment	of	crust	by	plume	
and	plate	tectonic	acAvity.	













Mercury,	Hg	
Mercury	 is	 a	 classic	 chalcophile	 element	 occurring	 most	 commonly	 as	 cinnabar,	 HgS.	
Natural	occurrences	of	high	mercury	concentraAons	are		limited	to	a	few	areas	in	the	crust	
where	hydrothermal	processes	have	concentrated	cinnabar	with	lesser	amounts	of	naAve	
mercury.	 Outside	 of	 these	 mineral	 deposits	 mercury	 is	 a	 rare	 substance;	 Hg	 is	 68th	 in	
abundance	at	80	ppb	in	the	earth’s	crust,	while	the	concentraAon	in	seawater	is	0.03	ppb	
Hg.	OxidaAon	states	of	mercury	are	Hg,	Hg+	,	and	Hg2+	.	

The	 world	 producAon	 and	 United	 States	
producAon	 and	 consumpAon	 of	 mercury	 from	
1900	to	2002.	Total	world	producAon	of	Hg	from	
1900	 to	 2002	 is	 esAmated	 to	 be	 530,000	 tons.	
United	 States	 consumpAon	 from	 1900	 to	 1997	
was	 130,000	 tons.	 There	 has	 been	 no	 Hg	
producAon	in	the	United	States	since	1992.	Data	
from	USGS	(2003,	2004).	





Use	of	mercury	 in	selected	years	 in	the	United	States	(Jasinski,	1994;	Sznopek	and	Goonan,	2000).	
From	1941	to	1996	an	esAmated	93,000	tons	of	Hg	was	used	in	the	United	States.	Major	uses	were	
for	 electrical	 (18,000	 tons,	 including	baTeries,	wiring	devices	 and	 switches,	 and	 lighAng),	 chlorine	
and	 causAc	 soda	 manufacture	 (12,500	 tons),	 paint	 (8400	 tons),	 laboratory	 and	 measuring	 and	
control	instruments	(8700	tons),	pharmaceuAcal	(3400	tons),	agricultural	chemicals	(5500	tons)	and	
dental	 (2700	 tons).	 Recovery	 by	 amalgamaAon	 of	 gold	 and	 silver	 is	 part	 of	 ‘‘other’’.	 Before	 1978	
mercury	in	baTeries	was	included	
within	electrical.	






